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%\HUV�������6��1RZLFNL��6HDUF\��DQG�3HWHUV�������6Q\GHU�DQG�&UHDQ]D��������'HVSLWH�WKH�ULVN

WKDW�SRRU�VRQJ�OHDUQLQJ�SRVHV�WR�DQ�LQGLYLGXDO¶V�UHSURGXFWLYH�VXFFHVV��YRFDO�OHDUQLQJ�KDV

SHUVLVWHG�IRU�a���PLOOLRQ�\HDUV�LQ�WKH�2VFLQH�VXERUGHU�RI�WKH�SDVVHULQH�ELUGV��2UGHU�

3DVVHULIRUPHV���7KLV�FRQWUDVWV�ZLWK�WKH�VLVWHU�VXERUGHU�RI�WKH�RVFLQHV��WKH�VXERVFLQHV��ZKLFK

JHQHUDOO\�VLQJ�XQOHDUQHG�VRQJV���.URRGVPD�DQG�.RQLVKL ������7RXFKWRQ��6HGGRQ��DQG�7RELDV

�������EXW�VHH �.URRGVPD�HW�DO����������)RU�HIIHFWLYH FRPPXQLFDWLRQ�WR�WDNH�SODFH��D�VHQGHU�PXVW

WUDQVPLW�D�VLJQDO�WKDW�LV�FRUUHFWO\�UHFRJQL]HG�E\�D�UHFHLYHU��RYHU�HYROXWLRQDU\�WLPH��GHYLDWLRQV�LQ

WKHVH�VLJQDOV�DUH�JHQHUDOO\�VHOHFWHG�DJDLQVW��L�H��VWDELOL]LQJ�VHOHFWLRQ��VLQFH�WKHVH�GHYLDWLRQV�DUH

OLNHO\�WR�LPSHGH�UHFRJQLWLRQ �5\DQ�DQG�5DQG������� 7KH�FRUH�IXQFWLRQ�RI�VRQJ�LQ�VSHFLHV

UHFRJQLWLRQ�PLJKW�WKHUHIRUH�VHHP�LQFRPSDWLEOH�ZLWK�OHDUQLQJ��D�FRPSDUDWLYHO\�ULVN\�DQG�XQVWDEOH

IRUP�RI�LQKHULWDQFH�UHODWLYH�WR�JHQHV��'HVSLWH�WKLV�ULVN��YRFDO�OHDUQLQJ�KDV�EHHQ�UHVLVWDQW�WR�ORVV

RYHU�HYROXWLRQDU\�WLPH��ZLWKLQ�WKH�2VFLQH�VXERUGHU��WKH�DELOLW\�WR�OHDUQ�YRFDOL]DWLRQV�KDV

DSSDUHQWO\�QHYHU�EHHQ�ORVW�LQ�DQ\�RI�WKH�������H[WDQW�VSHFLHV��7KH�UHVXOW�LV�DQ�H[WUDRUGLQDU\

GLYHUVLW\�RI�VSHFLHV�VSHFLILF�VRQJV�WKDW�HYROYHG�DQG�GLYHUJHG�LQ�WKH�FRQWH[W�RI�FRPSOH[

HFRORJLFDO��SK\VLRORJLFDO��DQG�VRFLDO�IDFWRUV�

7KH�GULYHUV�RI�ELUGVRQJ�HYROXWLRQ�RQ�PLFUR��DQG�PDFURHYROXWLRQDU\�VFDOHV�DUH�WKXV�OLNHO\

WR�EH�PXOWLIDFHWHG��QHFHVVLWDWLQJ�WKH�LQWHJUDWLRQ�RI�GLYHUVH�FRQFHSWV��GDWD�W\SHV��DQG�DSSURDFKHV

WR�H[DPLQH�ERWK�GLUHFW�REVHUYDWLRQV�RI�LQGLYLGXDO�VSHFLHV�DQG�WKH�H[WUDRUGLQDU\�GLYHUVLW\�RI

YRFDOL]DWLRQV�DFURVV�WKH�VRQJELUG�SK\ORJHQ\��,Q�WKLV�WKHVLV��,�ZLOO�SUHVHQW�VWXGLHV�WKDW�HQFRPSDVV
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ERWK�ZLWKLQ��DQG�EHWZHHQ�VSHFLHV�VRQJ�YDULDWLRQ�LQ�WKH�FRQWH[W�RI�GLIIHUHQW�VHOHFWLRQ�SUHVVXUHV

DQG�OLIH�KLVWRU\�VWUDWHJLHV��7R�DSSURDFK�WKH�FRPSOH[�TXHVWLRQV�RI�KRZ�DQG�ZK\�VRQJV�HYROYH��,

GUDZ�IURP�VHYHUDO�GLIIHUHQW�DUHDV�RI�VWXG\�WKDW�DUH�LQWHJUDO�WR�XQGHUVWDQGLQJ�VRQJELUG�HYROXWLRQ�

LQFOXGLQJ�WKH�FRPSRVLWLRQ�DQG�FRPSOH[LW\�RI�ELUGVRQJ��WKH�VRQJ�OHDUQLQJ�SURFHVV�

QHXURGHYHORSPHQWDO�SK\VLRORJ\�DQG�GHYHORSPHQWDO�VWUHVV��HQYLURQPHQWDO�HIIHFWV�RQ�SKHQRW\SH

GHYHORSPHQW��DQG�VRFLDO�PDWLQJ�V\VWHPV��7R�RULHQW�WKH�UHDGHU��,�JLYH�DQ�LQWURGXFWLRQ�WR�WKHVH

FRQFHSWXDO�IUDPHZRUNV�LQ�WKH�VXEVHFWLRQV�WKDW�IROORZ�

6WUXFWXUH�DQG�IXQFWLRQ�RI�ELUGVRQJ

6RQJV�DUH�FRPSRVHG�RI�V\OODEOHV��ZKLFK�DUH�W\SLFDOO\�GHILQHG�DV�SHULRGV�RI�FRQWLQXRXV

SURGXFWLRQ�RI�VRXQG��VHSDUDWHG�E\�D�EULHI�SHULRG�RI�VLOHQFH��6\OODEOHV�FDQ�EH�FRPSRVHG�RI

PXOWLSOH�QRWHV��ZKLFK�DUH�GHILQHG�DV�FRQWLQXRXV�VRXQGV�RQ�ERWK�D�WLPH�DQG�IUHTXHQF\�VFDOH��7KH

V\ULQ[��WKH�PXVFXODU�VRQJ�SURGXFWLRQ�RUJDQ�LQ�WKH�VRQJELUG�UHVSLUDWRU\�WUDFW��LV�VSOLW�LQWR�WZR

EUDQFKHV��HDFK�VLGH�RI�ZKLFK�FDQ�EH�FRQWUROOHG�LQGHSHQGHQWO\�DORQJ�ZLWK�WKH�FRUUHVSRQGLQJ�OXQJ

�6FKPLGW��������'XH�WR�WKLV�XQLTXH�VWUXFWXUH��D�ELUG FDQ�SURGXFH�WZR�GLVWLQFW�VRXQGV

VLPXOWDQHRXVO\��WKXV�HQDEOLQJ�FRPSOH[�PXOWL�QRWH�V\OODEOHV �6XWKHUV��������$�VRQJ�
ERXW
�FDQ�EH

GHILQHG�DV�D�SHULRG�RI�VLQJLQJ�WKDW�LV�VHSDUDWHG�IURP�RWKHU�VXFK�ERXWV�E\�D�SHULRG�RI�VLOHQFH�WKDW

LV�JHQHUDOO\�PXFK�ORQJHU�WKDQ�LQWHU�V\OODEOH�VLOHQFHV��:KHQ�WKHVH�ERXWV�DUH�FRPSRVHG�RI�PXOWLSOH

UHSHWLWLRQV�RI�WKH�VDPH�V\OODEOH�VHTXHQFH��WKHVH�UHSHDWHG�SDWWHUQV�RI�V\OODEOHV�DUH�WHUPHG�SKUDVHV

RU�PRWLIV �%UHQRZLW]��0DUJROLDVK��DQG�1RUGHHQ������� �)LJXUH������6RQJV�FDQ�YDU\

LQWUDVSHFLILFDOO\�DQG�LQWHUVSHFLILFDOO\�RQ�HDFK�RI�WKHVH�VFDOHV��7KH�V\OODEOHV�SUHVHQW�LQ�VRQJ��WKH

LQWHUQDO�FRPSRVLWLRQ�RI�VRQJ��DQG�WKH�RUGHU�RI�WKH�V\OODEOHV�DQG�WKH�SDWWHUQ�RI�PRWLIV�DUH�DOO

W\SLFDOO\�OHDUQHG �7FKHUQLFKRYVNL�HW�DO�������� $Q\ RI�WKHVH�FRPSRQHQWV�FDQ�FRQWULEXWH�WR�WKH
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FRPSOH[LW\�RU�HODERUDWLRQ�RI�D�VRQJ��EXW��JHQHUDOO\��VRQJ�FRPSOH[LW\�LV�PHDVXUHG�DV�WKH�QXPEHU

RI�XQLTXH�V\OODEOHV�RU�VRQJV�WKDW�D�ELUG�XVHV��DOVR�NQRZQ�DV�LWV�V\OODEOH�RU�VRQJ�UHSHUWRLUH �6ODWHU

�������$OWHUQDWLYHO\��FRPSOH[LW\�FDQ�EH�FRQVLGHUHG WKH�LQWHUQDO�GLYHUVLW\�RI�D�ELUG¶V�VRQJV�E\

XVLQJ�WKH�PHDQ�QXPEHU�RI�XQLTXH�V\OODEOHV�SHU�VRQJ�DV�D�PHWULF �5HDG�DQG�:HDU\�������

,QGLYLGXDO�V\OODEOHV�FDQ�DOVR�YDU\�LQ�FRPSOH[LW\�EDVHG�RQ�WKH�QXPEHU�RI�QRWHV�WKH\�FRQWDLQ�

+LVWRULFDOO\��WDEXODWLQJ�V\OODEOH�UHSHUWRLUH�DQG�VRQJ�UHSHUWRLUH�KDV�EHHQ�GRQH�VXEMHFWLYHO\��ZLWK�D

KXPDQ�YLVXDO�DVVHVVPHQW�RI�V\OODEOH�VLPLODULW\�DQG�XQLTXHQHVV��VLQFH�WKHUH�LV�D�FHUWDLQ�OHYHO�RI

YDULDWLRQ�ZLWKLQ�V\OODEOH�W\SHV�WKDW�DUH�HVVHQWLDOO\�WKH�VDPH��H�J� �+XJKHV�HW�DO���������

)LJXUH������6SHFWURJUDP�DQQRWDWHG�ZLWK�HOHPHQWV�RI�D�VRQJ� 6\OODEOHV�DUH�VHSDUDWHG�IURP�RQH

DQRWKHU�E\�SHULRGV�RI�VLOHQFH��EXW�ZLWKLQ�D�V\OODEOH�WKHUH�FDQ�EH�PXOWLSOH�QRWHV��HDFK�D�GLVWLQFW

SXOVH�RI�VRXQG�DW�GLIIHUHQW�IUHTXHQFLHV��5HSHDWHG�VHWV�RI�V\OODEOHV�DUH�FDOOHG�SKUDVHV�RU�PRWLIV�

7KH�VRQJ�IHDWXUHV�WKDW�DUH�DVVRFLDWHG�ZLWK�KLJKHU�DWWUDFWLYHQHVV�PD\�GLIIHU�EHWZHHQ

VSHFLHV��)RU�H[DPSOH��LQ�VZDPS�VSDUURZV��VWXGLHV�VXJJHVW�WKDW�IHPDOHV�SUHIHU�PDOHV�ZLWK�D

KLJKHU�UDWH�RI�V\OODEOH�SURGXFWLRQ �%DOOHQWLQH��+\PDQ� DQG�1RZLFNL��������,Q�]HEUD�ILQFKHV�

IHPDOHV�SUHIHU�VRQJV�FRQWDLQLQJ�V\OODEOHV�ZLWK�FOHDUO\�GHILQHG�KDUPRQLFV��DV�RSSRVHG�WR�QRLVLHU

V\OODEOHV �7RPDV]\FNL�DQG�$GNLQV�5HJDQ��������,Q�VHYHUDO RWKHU�VSHFLHV��IHPDOHV�WHQG�WR�FKRRVH

PDOHV�ZLWK�PRUH�FRPSOH[�RU�HODERUDWH�VRQJV��SRWHQWLDOO\�EHFDXVH�WKHVH�VRQJV�DUH�PRUH�GLIILFXOW

WR�OHDUQ �%\HUV�DQG�.URRGVPD�������5RELQVRQ�DQG�&UHDQ]D ������6RPD�DQG�*DUDPV]HJL������
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,Q�VRQJ�VSDUURZV��IHPDOHV�KDYH�EHHQ�VKRZQ�WR�SUHIHU�PDOHV�WKDW�OHDUQHG�WKHLU�VRQJV�PRUH

DFFXUDWHO\ �/DFKODQ�HW�DO��������6WHSKHQ�1RZLFNL� 6HDUF\��DQG�3HWHUV��������/HDUQLQJ�DFFXUDF\

LV�W\SLFDOO\�DVVHVVHG�E\�GLUHFWO\�PHDVXULQJ�VRQJ�VLPLODULW\�EHWZHHQ�D�WXWRU¶V�DQG�SXSLO¶V�VRQJV

DQG�LQFOXGHV�WKH�SHUFHQWDJH�RI�V\OODEOHV�WKDW�DUH�FRSLHG�DV�ZHOO�DV�KRZ�FORVHO\�HDFK�FRSLHG

V\OODEOH�PDWFKHV�WKH�RULJLQDO��FRPSXWDWLRQDO�WRROV�IRU�TXDQWLI\LQJ�SXSLO�WXWRU�VRQJ�VLPLODULW\�DUH

EURDGO\�XVHG�LQ�VRQJELUG�UHVHDUFK �7FKHUQLFKRYVNL HW�DO����������)HPDOH�SUHIHUHQFH�LV�PHDVXUHG

E\�VHYHUDO�GLIIHUHQW�PHWKRGV�WKDW�RIWHQ�GLIIHU�EHWZHHQ�VSHFLHV��WKHVH�PHDVXUHV�DUH�DOVR

FKDOOHQJLQJ�WR�FRPSDUH�EHWZHHQ�ODE�DQG�ILHOG�VWXGLHV��FRPSOLFDWLQJ�WKH�LQWHUSUHWDWLRQ�RI�IHPDOH

SUHIHUHQFH�WHVWV �%\HUV�DQG�.URRGVPD�������5RELQVRQ DQG�&UHDQ]D��������7KHVH�GLIIHUHQW

PHWKRGV�LQFOXGH�IHPDOH�FKRLFH�WHVWV�LQ�ODERUDWRU\�VHWWLQJV��ZLWK�RU�ZLWKRXW�HVWURJHQ

DGPLQLVWUDWLRQ��ZKLFK�FDQ�EH�FRQGXFWHG�E\�WDOO\LQJ�FRSXODWLRQ�VROLFLWDWLRQ�GLVSOD\V�WR�GLIIHUHQW

VRQJ�SOD\EDFNV�DQG�E\�DOORZLQJ�IHPDOHV�WR�FKRRVH�ZKLFK�RI�WZR�VRQJ�SOD\EDFNV�WR�WULJJHU�RU

DSSURDFK �%DNHU�HW�DO��������&DUGRVR�DQG�0RWD������ &DWFKSROH��'LWWDPL��DQG�/HLVOHU��������DV

ZHOO�DV�IHPDOH�SUHIHUHQFH�WHVWV�LQ�WKH�ILHOG��ZKLFK�DUH�JHQHUDOO\�REVHUYDWLRQDO�VWXGLHV�LQ�ZKLFK�D

SUR[\�RI�IHPDOH�FKRLFH��VXFK�DV�SDLULQJ�GDWH�RU�ILUVW�HJJ�GDWH��LV�DVVRFLDWHG�ZLWK�SURSHUWLHV�RI�WKH

PDOH¶V�VRQJ �.UHEV��$VKFURIW��DQG�:HEEHU�������0RXQWMR\ DQG�/HPRQ�������6HDUF\������

7KH�VRQJ�OHDUQLQJ�SURFHVV

7KH�XQGHUVWDQGLQJ�RI�ELUGVRQJ�DV�D�OHDUQHG�EHKDYLRU�LQ�:HVWHUQ�VFLHQFH�LV�UHODWLYHO\�UHFHQW��DQG

LWV�GLVFRYHU\�ZDV�URRWHG�LQ�D�SKHQRPHQRQ�WKDW�HPHUJHV�IURP�OHDUQLQJ�RQ�D�JHRJUDSKLFDOO\

VWUXFWXUHG�SRSXODWLRQ�VFDOH��GLDOHFWV �0DUOHU������� ,Q�WKLV�FDVH��FKDIILQFK�VXESRSXODWLRQV�ZHUH

REVHUYHG�WR�VLQJ�VOLJKWO\�GLIIHUHQW�VRQJV�LQ�VRPHZKDW�VSDWLDOO\�VHSDUDWHG�DUHDV��7KLV�LV

UHPLQLVFHQW�RI�ODQJXDJH�GLDOHFWV�LQ�KXPDQV��DQG�WKH�REVHUYDWLRQ�LQVSLUHG�HDUO\�ELUGVRQJ
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UHVHDUFKHUV�WR�WHVW�ZKHWKHU�VRQJV�ZHUH�DOVR�OHDUQHG��DQG�WKXV�ZKHWKHU�FXOWXUDO�WUDQVPLVVLRQ

H[SODLQHG�WKH�VRQJ�GLDOHFW�SDWWHUQV�WKDW�ZHUH�REVHUYHG��%HFDXVH�VRQJ�LV�OHDUQHG��LW�PD\�EH

LQIOXHQFHG�E\�ERWK�JHQHWLF�DQG�FXOWXUDO�HYROXWLRQDU\�SUHVVXUHV��,W�PLJKW�WKHUHIRUH�H[KLELW�PRUH

FRPSOH[�HYROXWLRQDU\�G\QDPLFV�WKDQ�JHQHWLFDOO\�LQKHULWHG�WUDLWV�VLQFH�LWV�IHDWXUHV�FDQ�EH

WUDQVPLWWHG�REOLTXHO\��IURP�DQ\�DGXOW��LQVWHDG�RI�RQO\�YHUWLFDOO\��IURP�SDUHQW�WR�RIIVSULQJ

�:LOOLDPV�������

:KLOH�SODVWLFLW\�LV�LQKHUHQW�WR�OHDUQHG�EHKDYLRUV��WKHUH�GR�H[LVW�ELRORJLFDO�FRQVWUDLQWV�WR

VRQJ�GHYHORSPHQW��)LUVW��WKHUH�DUH�PRUSKRORJLFDO�FRQVWUDLQWV��WKH�W\SHV��IUHTXHQFLHV��DQG�UDWHV�RI

QRWHV�SURGXFHG�DUH�GHSHQGHQW�RQ�WKH�VWUXFWXUDO�IHDWXUHV�RI�WKH�EHDN��WKH�UHVSLUDWRU\�V\VWHP��DQG

WKH�V\ULQ[ �3RGRV�DQG�6XQJ��������)RU�H[DPSOH��LQ 'DUZLQ¶V�ILQFKHV��EHDN�VL]H�DQG�VKDSH�LV

XQGHU�VHOHFWLRQ�UHODWHG�WR�IRRG�DFTXLVLWLRQ��EXW�ERWK�WKH�VL]H�DQG�VKDSH�RI�WKH�EHDN�LQIOXHQFH�WKH

IUHTXHQF\�EDQGZLGWK�DQG�WULOO�UDWH�WKDW�D�ELUG�LV�FDSDEOH�RI�SURGXFLQJ �3RGRV��������,Q�DGGLWLRQ

WR�WKHVH�PRUSKRORJLFDO�FRQVWUDLQWV��PDQ\�VSHFLHV�KDYH�DQ�LQQDWH�DXGLWRU\�VRQJ�WHPSODWH�WKDW

JXLGHV�MXYHQLOHV¶�QDwYH�SUHIHUHQFH�IRU�DQG�DWWHQWLYHQHVV�WR�FRQVSHFLILF�VRQJ �0DUOHU�HW�DO�������

0DUOHU�DQG�3HWHUV�������1HOVRQ�DQG�0DUOHU�������7KRUSH�Q�G����,Q�WKH�FDFRSKRQ\�RI�WKH�QDWXUDO

ZRUOG��WKH�IHDWXUHV�RI�D�VRQJ�WKDW�FXH�D�MXYHQLOH�WR�OHDUQ�D�FRQVSHFLILF�VRQJ�YDU\�EHWZHHQ�VSHFLHV�

)RU�H[DPSOH��VRPH�VSHFLHV��VXFK�DV�VRQJ�VSDUURZV��DUH�FXHG�E\�D�FHUWDLQ�V\QWDFWLFDO�VWUXFWXUH�

ZKLOH�RWKHUV��VXFK�DV�WKH�FORVHO\�UHODWHG�VZDPS�VSDUURZ��DUH�DWWXQHG�WR�VRQJV�WKDW�FRQWDLQ

V\OODEOHV�ZLWK�FHUWDLQ�SKRQHWLF�FKDUDFWHULVWLFV �0DUOHU DQG�3HWHUV��������������7KHUH�DUH�DOVR

VSHFLHV�WKDW�UHVSRQG�WR�D�VSHFLILF�VRXQG�DW�WKH�EHJLQQLQJ�RI�WKHLU�VSHFLHV¶�VRQJ��VXFK�DV�WKH

GLVWLQFW�ZKLVWOHV�DW�WKH�VWDUW�RI�ZKLWH�FURZQHG�VSDUURZ�DQG�JROGHQ�FURZQHG�VSDUURZ�VRQJ

�+XGVRQ��&UHDQ]D��DQG�6KL]XND�������6RKD�DQG�0DUOHU��������6RPH�VSHFLHV��VXFK�DV�WKRVH�LQ�WKH

IDPLO\�0LPLGDH��ZKLFK�LQFOXGHV�PRFNLQJELUGV�DQG�RWKHU�PLPLFV��VHHP�WR�KDYH�D�FRPSDUDWLYHO\
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SHUPLVVLYH�LQQDWH�VRQJ�WHPSODWH��DV�HYLGHQFHG�E\�WKHLU�WHQGHQF\�WR�OHDUQ�D�ZLGH�UDQJH�RI

KHWHURVSHFLILF�VRQJV��FDOOV�RI�RWKHU�DQLPDOV��DQG�DQWKURSRJHQLF�VRXQGV�DV�ZHOO�DV�WR�LPSURYLVH

DQG�LQYHQW�V\OODEOHV �*ROOHU�DQG�6KL]XND�������+DWFK ������.URRGVPD�HW�DO��������/RYH�

+RHSIQHU��DQG�*ROOHU��������,Q�VSHFLHV�ZLWK�PRUH�SUHVFULSWLYH LQQDWH�WHPSODWHV��WKH�WHPSODWH

VHHPV�WR�HQDEOH�VRFLDOO\�LVRODWHG�MXYHQLOHV�WR�GHYHORS�FUXGH�VRQJV�WKDW�VWLOO�H[KLELW�VRPH

UXGLPHQWDU\�HOHPHQWV�RI�W\SLFDO�FRQVSHFLILF�VRQJ �%DSWLVWD DQG�3HWULQRYLFK�������.URRGVPD

������0DUOHU�DQG�6KHUPDQ������ DQG�GHDIHQHG�MXYHQLOHV WR�PDNH�VRXQGV�WKDW��ZKLOH�DEQRUPDO�

VWLOO�UHWDLQ�WKH�PRVW�EDVLF�IHDWXUHV�RI�VRQJ��VXFK�DV�FRQWDLQLQJ�GLVFUHWH�V\OODEOHV �/RYH�HW�DO�������

0DUOHU�DQG�6KHUPDQ��������,VRODWHG�ELUGV�LQKHUHQWO\ LPSURYLVH�RU�LQYHQW�WKH�HOHPHQWV�LQ�WKHLU

VRQJV��EXW�LPSURYLVDWLRQ�RI�V\OODEOHV��VRQJ�VHJPHQWV��DQG�VRQJ�V\QWD[HV�KDV�DOVR�EHHQ�REVHUYHG

LQ�ELUGV�RI�VHYHUDO�VSHFLHV��LQFOXGLQJ�WKH�VHGJH�ZUHQ�DQG�WKH�$PHULFDQ�URELQ��ZKR�ZHUH�H[SRVHG

WR�FRQVSHFLILF�VRQJ�LQ�ODERUDWRU\�VHWWLQJV�-RKQVRQ ������.URRGVPD�HW�DO���������,W�LV�QRW�ZHOO

XQGHUVWRRG�ZK\�D�ELUG�GHYHORSLQJ�LQ�D�W\SLFDO�VRFLDO�HQYLURQPHQW�PLJKW�LPSURYLVH�HOHPHQWV�RI

LWV�VRQJ��EXW�RQH�K\SRWKHVLV�LV�WKDW�ELUGV�LPSURYLVH�RU�LQYHQW�DGGLWLRQDO�VRQJ�HOHPHQWV�ZKHQ�WKHLU

WXWRU¶V�VRQJ�KDV�ORZ�FRPSOH[LW\��WKHUHE\�LQFUHDVLQJ�WKH�FRPSOH[LW\�RI�LWV�RZQ�VRQJ

�7FKHUQLFKRYVNL��(LVHQEHUJ�(GLGLQ��DQG�-DUYLV�������

6RQJ�GHYHORSPHQW�WDNHV�SODFH�RYHU�VHYHUDO�VWDJHV�WKDW�RFFXU�GXULQJ�D�³VRQJ�OHDUQLQJ

ZLQGRZ�´�ZKLFK�PD\�DOVR�EH�UHIHUUHG�WR�DV�D�³FULWLFDO�SHULRG´�RU�D�³VHQVLWLYH�SHULRG´ �0DUOHU�DQG

3HWHUV���������>1�%��7KHUH�LV�YDULDWLRQ�LQ�WKH�WHUPLQRORJ\ LQ�WKH�OLWHUDWXUH��ZKLOH�WKH�ODWWHU�WHUPV

H[LVW�LQ�RWKHU�ILHOGV�VXFK�DV�KXPDQ�ODQJXDJH�DFTXLVLWLRQ��ZKHUH�WKH\�KDYH�GLVWLQFW�PHDQLQJV��WKH\

DUH�RIWHQ�XVHG�LQWHUFKDQJHDEO\�LQ�ELUGVRQJ�OLWHUDWXUH�@�7KLV�SURFHVV�DQG�WKH�WLPLQJ�DQG�GXUDWLRQ

RI�WKHVH�VWDJHV�GLIIHUV�EHWZHHQ�VSHFLHV�DQG�YDULHV�EDVHG�RQ�WKH�GXUDWLRQ�RI�WKH�VRQJ�OHDUQLQJ

ZLQGRZ��,Q�PDQ\�VSHFLHV��VRQJ�OHDUQLQJ�EHJLQV�ZLWK�D�VHQVRU\�SHULRG��GXULQJ�ZKLFK�MXYHQLOHV
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FDQ�EHJLQ�WR�PHPRUL]H�VRQJV�WKH\�DUH�H[SRVHG�WR�ZLWKRXW�DFWLYHO\�SUDFWLFLQJ�YRFDOL]DWLRQV��8SRQ

KHDULQJ�DQG�LGHQWLI\LQJ�D�FRQVSHFLILF�VRQJ��D�MXYHQLOH�RU�\RXQJ�DGXOW�IRUPV�D�PHPRU\�RI�WKH

VRQJ��WHUPHG�WKH�³DFTXLUHG�DXGLWRU\�WHPSODWH´ �$GUHW �������7KH�VHQVRU\�SHULRG�LV�IROORZHG�E\

WKH�VHQVRULPRWRU�SKDVH��GHILQHG�DV�WKH�SHULRG�LQ�ZKLFK�D�MXYHQLOH�SUDFWLFHV�VLQJLQJ��LQLWLDOO\

SURGXFLQJ�QRQ�VWHUHRW\SHG�³VXEVRQJ´�WKDW�LV�PRGLILHG�WKURXJK�D�SURFHVV�RI�SUDFWLFLQJ�D

YRFDOL]DWLRQ��DVVHVVLQJ�ZKHWKHU�LW�LV�FORVHU�WR�PDWFKLQJ�WKHLU�PHPRUL]HG�VRQJ�WHPSODWH��DQG

VHOI�HGLWLQJ��WR�FRQYHUJH�RQ�D�VRQJ�VWUXFWXUH��9RFDOL]DWLRQV�SURGXFHG�LQ�WKH�ODWHU�SDUW�RI�WKH

VHQVRULPRWRU�SKDVH�DUH�FRQVLGHUHG�³SODVWLF´�VRQJ��ZKHUH�WKH�RYHUDOO�VWUXFWXUH�RI�D�VRQJ�LV�VWDEOH�

EXW�FKDQJHV�FDQ�VWLOO�RFFXU�ZKLOH�WKH�ELUG�FRQWLQXHV�WR�SUDFWLFH�DQG�FRQYHUJH�RQ�D�VWHUHRW\SHG

VRQJ��6RQJ�OHDUQLQJ�FRQFOXGHV�ZLWK�VRQJ�FU\VWDOOL]DWLRQ��DIWHU�ZKLFK�SRLQW�D�ELUG�FDQQRW�DOWHU�LWV

VRQJ��7KH�WLPLQJ�RI�WKHVH�SKDVHV�YDULHV�E\�VSHFLHV��LQ�VRPH�VSHFLHV��VXFK�DV�WKH�]HEUD�ILQFK��WKH

VHQVRU\�DQG�VHQVRULPRWRU�SHULRGV�RYHUODS��ZKLOH�LQ�RWKHUV�WKH\�DUH�VHSDUDWHG�E\�D�VLJQLILFDQW

SHULRG�RI�WLPH��7KLV�ODWWHU�SDWWHUQ�W\SLFDOO\�RFFXUV�LQ�VHDVRQDOO\�EUHHGLQJ�ELUGV��VXFK�DV�WKH

ZKLWH�FURZQHG�VSDUURZ��ZKLFK�DFTXLUHV�LWV�VRQJ�WHPSODWH�LQ�LWV�KDWFK�\HDU��EXW�GRHV�QRW�EHJLQ

SUDFWLFLQJ�LWV�VRQJ�XQWLO�WKH�IROORZLQJ�EUHHGLQJ�VHDVRQ �%UDLQDUG�DQG�'RXSH��������$GGLWLRQDOO\�

WKH�DJH�DW�ZKLFK�FU\VWDOOL]DWLRQ�RFFXUV�YDULHV�ZLGHO\�EHWZHHQ�VSHFLHV �.LSSHU�DQG�.LHIHU������

5XQGVWURP�DQG�&UHDQ]D��������=HEUD�ILQFKHV�XQGHUJR VRQJ�FU\VWDOOL]DWLRQ�DW�DSSUR[LPDWHO\���

GD\V�SRVW�KDWFK��DQG�DUH�XQDEOH�WR�PRGLI\�WKHLU�VRQJV�DIWHU�WKLV�SRLQW �7FKHUQLFKRYVNL�HW�DO�

�������2WKHU�VSHFLHV�PDLQWDLQ�SODVWLF�VRQJ�XQWLO�RQH RU�WZR�\HDUV�SRVW�KDWFK��7KHVH�VSHFLHV�WKDW

DW�VRPH�SRLQW�FHDVH�FKDQJLQJ�WKHLU�VRQJ�DQG�PDLQWDLQ�D�VWDEOH�VRQJ�IRU�WKH�UHVW�RI�WKHLU�OLIHWLPH

KDYH�EHHQ�KLVWRULFDOO\�UHIHUUHG�WR�DV�³FORVHG�HQGHG�OHDUQHUV´��$�IHZ�VSHFLHV�GR�QRW�DSSHDU�WR�HYHU

IXOO\�FU\VWDOOL]H�WKHLU�VRQJV��7KHVH�DUH�³RSHQ�HQGHG�OHDUQHUV�´ �%UHQRZLW]������
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6RQJ�QHXURELRORJ\

7KH�QHXUDO�EDVLV�RI�VRQJ�OHDUQLQJ�DQG�SURGXFWLRQ�UHOLHV�RQ�WKH�LQWHUGHSHQGHQW�LQWHUDFWLRQV

EHWZHHQ�VHYHUDO�QXFOHL�RI�WKH�VRQJELUG�EUDLQ��FROOHFWLYHO\�WHUPHG�WKH�³VRQJ�V\VWHP�´ �1RWWHERKP

����� 7KH�VRQJ�V\VWHP�FRPSULVHV�WZR�PDMRU��LQWHUWZLQHG SDWKZD\V��WKH�VRQJ�PRWRU�SDWKZD\

�603��FRQWUROV�WKH�SURGXFWLRQ�RI�VRXQGV�DQG�VRQJV��DQG�WKH�DQWHULRU�IRUHEUDLQ�SDWKZD\��$)3�

PHGLDWHV�VRQJ�OHDUQLQJ��7KH�UREXVW�QXFOHXV�RI�WKH�DUFRSDOOLXP��5$��DQG�3DVVHULIRUPHV�VSHFLILF

EUDLQ�UHJLRQ�+9&��XVHG�DV�D�SURSHU�QDPH��DUH�LQWHJUDO�LQ�ERWK�SDWKZD\V��7KH�603�RULJLQDWHV

IURP�SURMHFWLRQ�QHXURQV�LQ�WKH�+9&�WKDW�SURSDJDWH�WKH�VLJQDO�GLUHFWO\�LQWR�WKH�5$��ZKLFK�WKHQ

DFWLYDWHV�WKH�PRWRU�QHXURQV�QHFHVVDU\�IRU�VRQJ�SURGXFWLRQ��7KH�$)3�LV�UHVSRQVLEOH�IRU�DXGLWRU\

SURFHVVLQJ�GXULQJ�VRQJ�SURGXFWLRQ��7KLV�SDWKZD\�VHQGV�UHDO�WLPH�IHHGEDFN�WR�WKH�5$��WKXV

PRGXODWLQJ�VRQJ�SURGXFWLRQ���)LJXUH������6RQJ�SURFHVVLQJ IRU�FRPPXQLFDWLRQ�DQG�OHDUQLQJ

RFFXUV�YLD�WKH�DVFHQGLQJ�DXGLWRU\�SDWKZD\��VLPSOLILHG�LQ )LJXUH���� ZLWK�EOXH�OLQHV��$XGLWRU\

VLJQDOV�IURP�WKH�FRFKOHDU�QXFOHXV��&1��DUH�GLUHFWHG�YLD�WZR�SDWKZD\V��ERWK�XOWLPDWHO\�HQGLQJ�LQ

WKH�+9&��:KLOH�OLVWHQLQJ�WR�VRQJ��WKH�UHFXUUHQW�PRWRU�SDWKZD\�HQJDJHV�VHYHUDO�QXFOHL�WKDW�DUH

LQWHJUDO�WR�VRQJ�SURGXFWLRQ �0RRQH\���������)LJXUH �����7KH�RUJDQL]DWLRQ�DQG�LQWHUFRQQHFWLRQ

RI�WKHVH�SDWKZD\V�EURDGO\�UHVHPEOHV�WKDW�RI�WKH�KXPDQ�ODQJXDJH�OHDUQLQJ�DQG�VSHHFK�SURGXFWLRQ

SDWKZD\V �5HLQHU�HW�DO���������7KLV�SDUDOOHOV�D�NH\ EHKDYLRUDO�VLPLODULW\�EHWZHHQ�VRQJELUG�DQG

KXPDQ�YRFDO�OHDUQLQJ��LQ�ERWK�V\VWHPV��SUDFWLFLQJ�WKH�SURGXFWLRQ�RI�VRXQGV�DQG�DFWLYHO\

FRPSDULQJ�WKRVH�SURGXFHG�VRXQGV�WR�WKH�PHPRUL]HG�DXGLWRU\�WHPSODWH�LV�HVVHQWLDO�IRU�HIIHFWLYH

OHDUQLQJ�
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)LJXUH������7KH�VRQJ�V\VWHP�LQ�WKH�VRQJELUG�EUDLQ� 0RWRU�DQG�VHQVRU\�QHXUDO�DFWLYLW\�DUH

LQWHJUDWHG�GXULQJ�VRQJ�OHDUQLQJ�DQG�SURGXFWLRQ��7KH�VRQJ�PRWRU�SDWKZD\��ZKLFK�FRQWUROV�VRQJ

SURGXFWLRQ��LV�VKRZQ�LQ�UHG��WKH�DQWHULRU�IRUHEUDLQ�SDWKZD\��ZKLFK�PHGLDWHV�VRQJ�OHDUQLQJ��LV

VKRZQ�LQ�EODFN��DQG�D�VLPSOLILHG�DXGLWRU\�SDWKZD\��ZKLFK�FRQQHFWV�VRXQGV�KHDUG�WKURXJK�WKH�HDU

WR�WKH�VRQJ�SDWKZD\V�YLD�+9&��LV�VKRZQ�LQ�EOXH�

3DUDOOHOLQJ�WKH�GLYHUVLW\�RI�ELUG�VRQJ��VRQJELUG�QHXUDO�GHYHORSPHQW�DQG�DQDWRP\�FDQ�YDU\

ZLGHO\�EHWZHHQ�VSHFLHV��LQGLYLGXDOV��DQG�HYHQ�VHDVRQV�WR�UHIOHFW�OLIH�KLVWRU\��LQGLYLGXDO�YDULDWLRQ�

RU�WKH�LPSRUWDQFH�RI�VRQJ�SURGXFWLRQ�DW�D�JLYHQ�WLPH��7KH�YROXPH�RI�+9&�FRYDULHV�ZLWK�VRQJ

FRPSOH[LW\�LQWHUVSHFLILFDOO\��VSHFLHV�ZLWK�VLPSOH�VRQJV�KDYH�VPDOOHU�+9&�YROXPH�UHODWLYH�WR

WRWDO�EUDLQ�YROXPH�WKDQ�VSHFLHV�ZLWK�PRUH�FRPSOH[�VRQJV �'HYRRJG�HW�DO���������+9&�DOVR

YDULHV�LQWUDVSHFLILFDOO\��QRQ�VRQJ�SURGXFLQJ�IHPDOHV�W\SLFDOO\�KDYH�VPDOOHU�VRQJ�QXFOHL�WKDQ

PDOHV�RI�WKH�VDPH�VSHFLHV��DQG�VRQJ�OHQJWKV�DQG�FRPSOH[LWLHV�FRYDU\�ZLWK�+9&�DQG�5$�YROXPH

LQ�PDOHV�ZLWKLQ�VSHFLHV���*DKU��������*DUDPV]HJL�	�(HQV��������:DGH�	�$UQROG��������7KH

��
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YROXPH�RI�DQG�QHXURQ�GHQVLW\�ZLWKLQ�NH\�VRQJ�QXFOHL�DOVR�YDU\�ZLWKLQ�DQ�LQGLYLGXDO�RQ�D

VHDVRQDO�EDVLV��WHVWRVWHURQH�LQGXFHV�QHXURJHQHVLV�LQ�WKH�+9&�OHDGLQJ�XS�WR�WKH�EUHHGLQJ�VHDVRQ

LQ�VHDVRQDO�EUHHGHUV��VXFK�DV�FDQDULHV��FRUUHVSRQGLQJ�WR�FKDQJHV�LQ�YDULRXV�VRQJ�PHWULFV

�%UHQRZLW]�DQG�/DUVRQ�������1RWWHERKP�DQG�1RWWHERKP��������7KLV�RFFXUV�SUHVXPDEO\�LQ�DOO

VRQJELUG�VSHFLHV�WKDW�EUHHG�VHDVRQDOO\ �%UHQRZLW] ������%UHQRZLW]�DQG�/DUVRQ��������,Q�WKH

]HEUD�ILQFK��DQ�RSSRUWXQLVWLF�EUHHGHU�DQG�\HDU�URXQG�VLQJHU��QHXURJHQHVLV�VORZV�DIWHU�VRQJ

OHDUQLQJ�KDV�HQGHG��EXW�FRQWLQXHV�LQWR�DGXOWKRRG��XOWLPDWHO\�GRXEOLQJ�WKH�QXPEHU�RI�QHXURQV�LQ

WKH�+9&�ZLWKRXW�LQFUHDVLQJ�WKH�YROXPH �.LUQ������ :DOWRQ��3DULVHU��DQG�1RWWHERKP������

:LOEUHFKW�DQG�.LUQ�������

6H[XDO�6HOHFWLRQ

6H[XDO�VHOHFWLRQ�LV�WKH�SDUW�RI�QDWXUDO�VHOHFWLRQ�WKDW�FRQFHUQV�RQO\�UHSURGXFWLYH�ILWQHVV��RU

WKH�DELOLW\�WR�SURSDJDWH�JHQHV�LQWR�IXWXUH�JHQHUDWLRQV��7KHUH�DUH�VHYHUDO�PHFKDQLVPV�E\�ZKLFK

WKLV�RFFXUV��EXW�WKH�WZR�PDLQ�W\SHV�DUH�LQWUDVH[XDO�VHOHFWLRQ��RU�FRPSHWLWLRQ�EHWZHHQ�PHPEHUV�RI

WKH�VDPH�VH[��DQG�LQWHUVH[XDO�VHOHFWLRQ��RU�PDWH�FKRLFH��,Q�VRQJELUGV��PDOHV�DUH�W\SLFDOO\�WKH�VH[

WKDW�FRPSHWHV�DQG�LV�FKRVHQ�E\�IHPDOHV��6RQJ��D�WUDLW�XVHG�LQ�ERWK�PDOH�PDOH�FRPSHWLWLRQ�DQG

PDWH�FKRLFH��IXQFWLRQV�LQ�VRPH�ZD\V�DV�DQ�RUQDPHQW��D�ELRORJLFDOO\�IULYRORXV�WUDLW�WKDW�H[LVWV

SULPDULO\�WR�PHGLDWH�FRQVSHFLILF�VRFLDO�LQWHUDFWLRQV�E\�VLJQDOLQJ�LQGLYLGXDO�TXDOLW\�WR�SRWHQWLDO

FRPSHWLWRUV�DQG�PDWHV��0DQ\�RUQDPHQWDO�WUDLWV�DUH�WKRXJKW�WR�VHUYH�DV�KRQHVW�VLJQDOV�RI�ILWQHVV

H[SUHVVO\�EHFDXVH�WKH\�DUH�GLIILFXOW�WR�GHYHORS�DQG�PDLQWDLQ��VR�FDQ�RQO\�EH�H[KLELWHG�E\

LQGLYLGXDOV�ILW�HQRXJK�WR�WKULYH�GHVSLWH�WKHP �=DKDYL �������,QGLYLGXDOV�DUH�PRWLYDWHG�WR�FKRRVH

D�ILW�PDWH�IRU�WZR�PDLQ�UHDVRQV��ILUVW��WR�JDLQ�GLUHFW�EHQHILWV��ZKLFK�LV�UHVRXUFH�RU�DFWLRQ�WKDW

JLYHV�D�ILWQHVV�EHQHILW�WR�WKH�FKRRVLQJ�LQGLYLGXDO�DQG�WKH�SDLU¶V�SRWHQWLDO�EURRG��VXFK�DV�D�KLJK
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TXDOLW\�QHVW�RU�WHUULWRU\�RU�DFWLYH�DQG�UHOLDEOH�QXWULHQW�SURYLVLRQLQJ�GXULQJ�LQFXEDWLRQ�DQG�EURRG

UHDULQJ��VHFRQG��JDLQ�LQGLUHFW�EHQHILWV�E\�FKRRVLQJ�D�PDWH�WKDW�ZLOO�SDVV�RQ�WUDLWV�WKDW�LQFUHDVH�WKH

ILWQHVV�RI�RIIVSULQJ��7KH�WZR�PDLQ�K\SRWKHVHV�IRU�KRZ�LQGLUHFW�EHQHILWV�DUH�VHFXUHG�E\�FKRRVLQJ

D�PDWH�EDVHG�RQ�WKH�HODERUDWHQHVV�RI�DQ�RUQDPHQW�DUH�³VH[\�VRQV´�DQG�³JRRG�JHQHV�´�7KH�³VH[\

VRQV´�K\SRWKHVLV��QDPHG�VXFK�EHFDXVH�PDOHV�DUH�W\SLFDOO\�WKH�VH[�WKDW�GHYHORSV�RUQDPHQWV�

VXSSRVHV�WKDW�IHPDOHV�WKDW�SUHIHU�PDOHV�ZLWK�DQ�HODERUDWH�RUQDPHQW�HQVXUH�WKDW�PDOH�RIIVSULQJ

LQKHULW�JHQHV�WKDW�HQFRGH�WKDW�DXJPHQWHG�RUQDPHQW��WKHUHE\�LQFUHDVLQJ�WKHLU�IXWXUH�UHSURGXFWLYH

ILWQHVV��ZKLOH�IHPDOH�RIIVSULQJ�LQKHULW�D�SUHIHUHQFH�IRU�WKH�HODERUDWH�WUDLW��7KLV

SUHIHUHQFH�HODERUDWLRQ�F\FOH�FDQ�UHVXOW�LQ�D�SRVLWLYH�IHHGEDFN�ORRS�WHUPHG�³UXQDZD\�VH[XDO

VHOHFWLRQ�´�,Q�WKH�PRVW�H[WUHPH�FDVHV��LW�LV�SUHGLFWHG�WKDW�WKH�RUQDPHQW�ZRXOG�EHFRPH�VR

GHWULPHQWDO�WR�RYHUDOO�ILWQHVV�WKDW�WKH�VSHFLHV�LV�GULYHQ�WR�H[WLQFWLRQ �.RNNR�DQG�%URRNV�������

7KH�³JRRG�JHQHV´�K\SRWKHVLV�SRVLWV�WKDW�WKULYLQJ�LQ�VSLWH�RI�KDYLQJ�D�FXPEHUVRPH�RU�H[SHQVLYH

RUQDPHQW�LQGLFDWHV�WKDW�D�SRWHQWLDO�PDWH�PXVW�KDYH�RWKHU�WUDLWV�WKDW�LQFUHDVH�ILWQHVV�WKDW�ZRXOG�EH

EHQHILFLDO�IRU�RIIVSULQJ�WR�LQKHULW�

'HYHORSPHQWDO�VWUHVV�K\SRWKHVLV

)HPDOHV�LQ�QXPHURXV�VSHFLHV�KDYH�EHHQ�VKRZQ�WR�DVVHVV�PDOH�VRQJV�DQG�FKRRVH�PDWHV

EDVHG�RQ�WKH�TXDOLW\�RI�WKRVH�VRQJV �&DWFKSROH������ +DVVHOTXLVW��%HQVFK��DQG�YRQ�6FKDQW]

������/DFKODQ�DQG�6ODWHU�������5HLG�HW�DO�������� :KLOH�WKHUH�LV�QR�HYLGHQFH�WKDW�KLJK�TXDOLW\

VRQJ�SURYLGHV�DQ\�GLUHFW�ILWQHVV�EHQHILW�RXWVLGH�RI�WHUULWRU\�GHIHQVH��VRQJ�TXDOLW\�KDV�LQGHHG�EHHQ

VKRZQ�LQ�YDULRXV�VSHFLHV�WR�EH�DQ�KRQHVW�DQG�UHOLDEOH�VLJQDO�RI�PDOH�ILWQHVV�DV�PHDVXUHG�E\�ERG\

FRQGLWLRQ��LPPXQH�V\VWHP�UREXVWQHVV��OLIH�VSDQ��DQG�SHUFHQW�RI�RIIVSULQJ�DQG�IXUWKHU�GHVFHQGDQWV

VXUYLYLQJ�WR�EH�DGXOWV�LQ�WKH�SRSXODWLRQ �3IDII�HW DO��������5HLG�HW�DO��������6SHQFHU�DQG
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0DF'RXJDOO�6KDFNOHWRQ�������:RRGJDWH�HW�DO�������� 7KLV�SUHVHQWV�D�SX]]OH��ZKHUHDV�KRQHVW

VLJQDOV�W\SLFDOO\�HYROYH�GXH�WR�FRVWV�DVVRFLDWHG�ZLWK�PDNLQJ�WKH�VLJQDO��L�H��WKH�ULVN�RI

DQQRXQFLQJ�SUHVHQFH�WR�D�SUHGDWRU��PHWDEROLF�FRVW�RI�SURGXFLQJ�VLJQDOV��HWF����VPDOO�FKDQJHV�LQ

VRQJ�VWUXFWXUH�DQG�FRPSOH[LW\�DPRXQW�WR�D�QHJOLJLEOH�GLIIHUHQFH�LQ�GLUHFW�FRVWV�RI�VRQJ

SURGXFWLRQ�LQ�PDOHV��VR�FRVW�GRHV�QRW�H[SODLQ�WKH�HYROXWLRQ�RI�IHPDOH�SUHIHUHQFH�WRZDUGV�WKH

KLJKHVW�TXDOLW\�YHUVLRQV�RI�WKHLU�VSHFLHV¶�VWHUHRW\SHG�VRQJ�

7KH�SURSRVHG�VROXWLRQ�WR�WKLV�SX]]OH�RI�ZKDW�PDNHV�VRQJ�D�FRVWO\�VLJQDO�OLNHO\�KLQJHV�RQ

WKH�VRQJ�OHDUQLQJ�SURFHVV�LWVHOI �6HDUF\�DQG�1RZLFNL �������$�GHYHORSLQJ�ELUG�PXVW�LQYHVW�D�ORW

RI�HQHUJHWLF�UHVRXUFHV�LQ�LWV�QHXUDO�GHYHORSPHQW�WR�UREXVWO\�OD\�WKH�JURXQGZRUN�IRU�KLJK�TXDOLW\

VRQJ�OHDUQLQJ��,QGHHG��MXYHQLOH�H[SRVXUH�WR�DQ\�RI�QXWULWLRQDO��KRUPRQDO��WKHUPDO��VRFLDO��RU

SDUDVLWLF�VWUHVV�KDV�EHHQ�VKRZQ�WR�QHJDWLYHO\�FRUUHODWH�ZLWK�VRQJ�TXDOLW\�LQ�DGXOWKRRG��OLNHO\

EHFDXVH�LW�FDQQRW�IXOO\�LQYHVW�LQ�WKH�QHXUDO�XQGHUSLQQLQJV�RI�VRQJ�OHDUQLQJ �$QQH�.ULVWHO�<X

������%DQHUMHH�HW�DO��������0DF'RXJDOO�6KDFNOHWRQ�DQG�6SHQFHU�������1RZLFNL�HW�DO��������

&RQVLVWHQW�ZLWK�WKLV�K\SRWKHVLV��GHYHORSPHQWDO�VWUHVV�LV�QHJDWLYHO\�FRUUHODWHG�ZLWK�WKH�YROXPH�RI

+9&�DQG�$UHD�;�DQG�QHXURQDO�UHFUXLWPHQW�WR�+9& �*LO HW�DO���������)XUWKHU��VHYHUDO�VWXGLHV

KDYH�VKRZQ�WKDW�IHPDOHV�WHQG�WR�SUHIHU�WKH�VRQJV�RI�PDOHV�ZLWK�D�OHVV�VWUHVVIXO�GHYHORSPHQWDO

KLVWRU\ �6HDUF\�HW�DO��������6SHQFHU�HW�DO�������� 7KXV��LW�KDV�EHHQ�VXJJHVWHG�WKDW�WKH�KRQHVW\�RI

VRQJ�LV�PDLQWDLQHG�E\�WKH�FRVWV�RI�OHDUQLQJ�VRQJ��HVSHFLDOO\�HODERUDWH�VRQJ��DQG�WKDW�SRRUHU

TXDOLW\�VRQJV�DFFXUDWHO\�VLJQDO�D�PRUH�GLIILFXOW�XSEULQJLQJ�

7KH�HYROXWLRQDU\�EHQHILW�RI�IHPDOHV�DFFXUDWHO\�GHWHFWLQJ�D�PDOH¶V�KLVWRU\�RI

GHYHORSPHQWDO�VWUHVV�UHPDLQV�XQGHUVWXGLHG��EXW�WKHUH�DUH�WZR�PDLQ�K\SRWKHVHV�����D�VWUHVVIXO

XSEULQJLQJ�FRXOG�EH�LQGLFDWLYH�RI�GHILFLHQFLHV�LQ�IRUDJLQJ�RU�RWKHU�DELOLWLHV��ZKLFK�FRXOG�WUDQVODWH

LQWR�D�UHGXFWLRQ�LQ�SURYLVLRQLQJ�RU�RWKHU�GLUHFW�EHQHILWV�IURP�D�SRWHQWLDO�PDWH��RU�D�UHGXFWLRQ�LQ
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LQGLUHFW�EHQHILWV�LI�WKRVH�GHILFLHQFLHV�KDYH�JHQHWLF�XQGHUSLQQLQJV�DQG�DUH�LQKHULWHG�E\�RIIVSULQJ�

���GHYHORSPHQWDO�VWUHVV�GLUHFWO\�LPSDFWV�KHDOWK�DQG�ILWQHVV��VR�D�GHYHORSPHQWDO�VWUHVV�DIIHFWHG

SRWHQWLDO�PDWH�PD\�EH�PRUH�VXVFHSWLEOH�WR�LQIHFWLRQ�RU�HDUO\�PRUWDOLW\��WKXV�FRPSURPLVLQJ�WKHLU

UHOLDELOLW\�DV�D�EUHHGLQJ�SDUWQHU �6SHQFHU�DQG�0DF'RXJDOO�6KDFNOHWRQ �������7KHUH�LV�D�FRPSOH[

UHODWLRQVKLS�EHWZHHQ�VWUHVV�GXULQJ�GHYHORSPHQW�DQG�ODWHU�SKHQRW\SHV��DQG�ELUGV�ZKR�H[SHULHQFH

DFXWH�VWUHVVRUV�DW�FHUWDLQ�GHYHORSPHQWDO�VWDJHV�FDQ�VKRZ�HLWKHU�EHQHILWV�RU�FRVWV�ODWHU�LQ�OLIH�

GHSHQGLQJ�RQ�WKH�VWUHVVRU �:DGD�DQG�&RXWWV������� )RU�H[DPSOH��DFXWH�WHPSHUDWXUH�VWUHVV�GXULQJ

GHYHORSPHQW�FDQ�OHDG�WR�LQFUHDVHG�WKHUPRWROHUDQFH��HQKDQFLQJ�ILWQHVV�LI�WKH�DGXOW�LV�WKHQ�H[SRVHG

WR�H[WUHPH�WHPSHUDWXUHV �+RIIPDQ��)LQJHU��DQG�:DGD ������1RUG�DQG�*LURXG��������+RZHYHU�

H[WHQGHG�WKHUPDO�VWUHVV�GXULQJ�GHYHORSPHQW�LQFUHDVHV�PRUWDOLW\�DQG�GHFUHDVHV�KDWFKLQJ�VXFFHVV

�1RLYD��0HQH]HV��DQG�3HOHWHLUR�������3DWDHO�HW�DO��������:DGD�HW�DO�������� 6LPLODUO\��ZKLOH�WKH

VWUHVV�UHVSRQVH�FDQ�HQKDQFH�LPPXQH�UHVSRQVH�WR�D�SDWKRJHQ�LQ�WKH�VKRUW�WHUP��SURORQJHG�VWUHVV

DOVR�VLJQLILFDQWO\�LPSDLUV�LPPXQLW\�DQG�OHDYHV�DQ�RUJDQLVP�ZLWK�LQFUHDVHG�VXVFHSWLELOLW\�WR

SDWKRJHQV �'KDEKDU��������&KURQLF�VWUHVV�LV�DVVRFLDWHG ZLWK�VKRUWHQHG�WHORPHUHV��ZKLFK�FDQ�OHDG

WR�FHOOXODU�G\VIXQFWLRQ �(SHO�HW�DO���������:KLOH EUDLQV�VKRZ�UHPDUNDEOH�SODVWLFLW\�DQG�DELOLW\�WR

WROHUDWH�LQMXU\��SURORQJHG�HOHYDWLRQ�RI�JOXFRFRUWLFRLGV��VXFK�DV�RFFXUV�GXULQJ�FKURQLF�VWUHVV�

FDXVHV�UHGXFHG�QHXURJHQHVLV�DQG�VXUYLYDO�RI�QHZ�QHXURQV�LQ�WKH�VKRUW�WHUP�LQ�VHYHUDO�PRGHO

PDPPDOLDQ�VSHFLHV �-RsOV�HW�DO��������:RQJ�DQG�+HUEHUW �������6WUHVV�GXULQJ�GHYHORSPHQW�KDV

DXJPHQWHG�HIIHFWV�WKDW�FDQ�ODVW�ZHOO�EH\RQG�WKH�GXUDWLRQ�RI�WKH�VWUHVVRU��ZLWK�LPSDLUHG�QHXURQDO

UHFUXLWPHQW��SDUWLFXODUO\�LQ�WKH�VRQJ�V\VWHP�RI�WKH�VRQJELUG�EUDLQ �*LO�HW�DO���������)LQDOO\��ERWK

GHYHORSPHQWDO�DQG�FKURQLF�VWUHVV�FDQ�DFW�WR�GRZQUHJXODWH�KRUPRQHV�LQYROYHG�LQ�VHYHUDO�VWDJHV�RI

UHSURGXFWLRQ��ZKLFK�FDQ�GLUHFWO\�FRQWULEXWH�WR�UHGXFHG�IHUWLOLW\ �$KPHG��0XVD��DQG�6LIDOGLQ

������5LYLHU�DQG�5LYHVW�������8EXND��%HQWOH\��DQG�7VXWVXL��������,Q�VXP��WKHUH�DUH�FRPSOH[�DQG
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WLPH�GHSHQGHQW�HIIHFWV�RI�VWUHVV��EXW�FKURQLF�H[SRVXUH�WR�VWUHVVRUV�GXULQJ�GHYHORSPHQW�WHQGV�WR

KDYH�QHJDWLYH�HIIHFWV�RQ�SK\VLRORJ\�DQG�ILWQHVV�DV�ZHOO�DV�RQ�VRQJ��DQG�D�IHPDOH¶V�DELOLW\�WR

GHWHFW�VWUHVV�UHODWHG�VRQJ�GLIIHUHQFHV�FRXOG�KHOS�KHU�FKRRVH�D�PDWH�ZLWK�D�KLJK�SRWHQWLDO

UHSURGXFWLYH�RXWSXW�

6WUHVV�DQG�WKH�HQYLURQPHQW

8QGHUVWDQGLQJ�KRZ�HQYLURQPHQWDO�VWUHVV�GXULQJ�GHYHORSPHQW�FDQ�DIIHFW�D�ELUG¶V�VRQJ�

DQG�LQ�WXUQ�LWV�IXWXUH�UHSURGXFWLYH�VXFFHVV��LV�FUXFLDO�LQ�OLJKW�RI�WKH�VKLIWLQJ�ODQGVFDSH�RI

HQYLURQPHQWDO�FRQGLWLRQV�GXH�WR�FOLPDWH�FKDQJH��(QYLURQPHQWV�VKDSH�RUJDQLVPDO�GHYHORSPHQW�LQ

FRPSOH[�ZD\V��DQG�WKH�DPRXQW�RI�LQWUDVSHFLILF�YDULDWLRQ�WKDW�H[LVWV�GXH�WR�JHQHWLF�YDULDWLRQ�DV

RSSRVHG�WR�JHQH�E\�HQYLURQPHQW�LQWHUDFWLRQV�LV�GLIILFXOW�WR�GHWHUPLQH��(QYLURQPHQW�HIIHFWV�DUH

PRVW�VLJQLILFDQW�GXULQJ�DQ�LQGLYLGXDO¶V�GHYHORSPHQW��VR�LQ�VSHFLHV�ZKHUH�GHYHORSPHQW�KDSSHQV

RYHU�D�UHODWLYHO\�VKRUW�WLPH��HYHQ�WUDQVLHQW�HQYLURQPHQWDO�IOXFWXDWLRQV�WKDW�KDSSHQ�WR�FRLQFLGH

ZLWK�GHYHORSPHQW�FDQ�KDYH�ODUJH�HIIHFWV�RQ�DQ�RUJDQLVP¶V�SKHQRW\SH�WKDW�FDQ�SHUVLVW�LQWR

DGXOWKRRG��0DQ\�RI�WKHVH�IOXFWXDWLRQV�PD\�EH�DGDSWLYH��VXFK�DV�HSLJHQHWLF�WHPSHUDWXUH

DFFOLPDWL]DWLRQ �+X�DQG�%DUUHWW��������3KHQRW\SLF SODVWLFLW\�FDQ�WKXV�EH�HYROXWLRQDULO\

EHQHILFLDO��VLQFH�LW�DOORZV�D�VSHFLHV�WR�KHGJH�LWV�EHWV��WKULYLQJ�LQ�DQ�HQYLURQPHQW�WKDW�IOXFWXDWHV

RYHU�SRWHQWLDOO\�PXOWL�JHQHUDWLRQDO�WLPH�SHULRGV�ZLWKRXW�ORVLQJ�WKH�JHQHWLF�DUFKLWHFWXUH�WKDW

HQFRGHV�WKH�SRWHQWLDO�DOWHUQDWH�SKHQRW\SH�WKDW�ZRXOG�KDYH�D�KLJKHU�ILWQHVV�LQ�D�GLIIHUHQW�FOLPDWH�

6RQJELUG�PDWLQJ�V\VWHPV

7KH�HYROXWLRQ�RI�GLIIHUHQW�PDWLQJ�VWUDWHJLHV�LV�WKH�UHVXOW�RI�VH[XDO�VHOHFWLRQ�LQ�WKH�FRQWH[W

RI�FRPSOH[�VRFLDO�V\VWHPV��7KH�YDVW�PDMRULW\�RI�VRQJELUG�VSHFLHV�����������W\SLFDOO\�IRUP
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VRFLDOO\�PRQRJDPRXV�SDLU�ERQGV�ZLWK�RIIVSULQJ�RIWHQ�UHFHLYLQJ�ELSDUHQWDO�FDUH��7KH�UHVW�H[KLELW

VRFLDO�SRO\J\Q\��SRO\J\QDQGU\��SURPLVFXLW\��RU��UDUHO\��SRO\DQGU\ �&RFNEXUQ���������3RO\J\Q\��D

PDWLQJ�V\VWHP�LQ�ZKLFK�RQH�PDOH�FDQ�EH�PDWHG�WR�VHYHUDO�IHPDOHV�VLPXOWDQHRXVO\��KDV�HYROYHG

QXPHURXV�WLPHV�LQ�ELUGV �/DFN�������5KRDGV������� 6LQFH�SRO\J\QRXV�PDOH�ELUGV�KDYH�WKH

SRWHQWLDO�WR�UDLVH�FOXWFKHV�RI�RIIVSULQJ�ZLWK�PXOWLSOH�IHPDOHV��LW�LV�H[SHFWHG�WKDW�WKHUH�ZLOO�EH

VXEVWDQWLDOO\�KLJKHU�YDULDQFH�LQ�WKH�ILWQHVV�RI�LQGLYLGXDO�PDOHV�LQ�SRO\J\QRXV�VSHFLHV�FRPSDUHG

WR�PRQRJDPRXV�VSHFLHV�LQ�ZKLFK�PDOHV�KDYH�RQO\�RQH�PDWH�DW�D�WLPH �(POHQ�DQG�2ULQJ��������,Q

RWKHU�ZRUGV��ZLWK�D�URXJKO\�HTXDO�VH[�UDWLR�RI�PDOHV�WR�IHPDOHV��D�SRO\J\QRXV�PDOH�FRXOG

PXOWLSO\�KLV�SRWHQWLDO�QXPEHU�RI�RIIVSULQJ�E\�WKH�QXPEHU�RI�PDWHV�KH�FDQ�DWWUDFW��7KXV��SRO\J\Q\

FRXOG�FDXVH�GLIIHUHQFHV�LQ�UHSURGXFWLYH�VXFFHVV�EHWZHHQ�PDOHV�RQ�WKH�RUGHU�RI�VHYHUDO�KXQGUHG

SHUFHQW��7KLV�LV�VXEVWDQWLDO��FRQVLGHULQJ�WKDW�ILWQHVV�GLIIHUHQFHV�RI�RQO\�D�IHZ�SHUFHQW�KDYH�WKH

SRWHQWLDO�WR�VKLIW�WKH�HYROXWLRQDU\�G\QDPLFV�LQ�D�SRSXODWLRQ��H�J� �/HQVNL�DQG�7UDYLVDQR������

/HY\�HW�DO����������$�SRO\J\QRXV�PDWLQJ�VWUDWHJ\�DOVR OHDYHV�PRUH�PDOHV�XQSDLUHG�WKDQ

PRQRJDP\��WKHVH�PDOHV�FRXOG�KDYH�]HUR�UHSURGXFWLYH�VXFFHVV�XQOHVV�WKH\�ZHUH�VXFFHVVIXO�LQ

H[WUD�SDLU�IHUWLOL]DWLRQV �:HVWQHDW��'��)���6KHUPDQ� 3��:���	�0RUWRQ��0��/���������6LQFH�WKH

VWDNHV�DUH�KLJKHU�WR�VXFFHVVIXOO\�DWWUDFW�RQH�RU�PRUH�PDWHV��WKH�SUHGLFWHG�KLJK�YDULDQFH�LQ

UHSURGXFWLYH�VXFFHVV�WKDW�LV�SUHGLFWHG�IRU�SRO\J\QRXV�VSHFLHV�FRXOG�DPSOLI\�WKH�UROH�RI�VH[XDO

VHOHFWLRQ�FRPSDUHG�WR�PRQRJDPRXV�VSHFLHV��)HPDOHV�LQ�SRO\J\QRXV�VSHFLHV�PLJKW�DOVR�UHFHLYH

IHZHU�ILWQHVV�EHQHILWV�IURP�WKHLU�PDWHV²IRU�H[DPSOH��OHVV�KHOS�ZLWK�SDUHQWDO�FDUH²ZKLFK�FRXOG

LQIOXHQFH�WKHLU�PDWH�FKRLFH�GHFLVLRQV�WRZDUG�VKRZ\�VLJQDOV�

'DUZLQ�PDGH�WKLV�FRQQHFWLRQ�LQ 7KH�'HVFHQW�RI�0DQ DQG�6HOHFWLRQ�LQ�5HODWLRQ�WR�6H[�

VWDWLQJ�WKDW�SRO\J\Q\�³OHDGV�WR�WKH�VDPH�UHVXOWV�DV�ZRXOG�IROORZ�IURP�DQ�DFWXDO�LQHTXDOLW\�LQ�WKH

QXPEHU�RI�WKH�VH[HV��IRU�LI�HDFK�PDOH�VHFXUHV�WZR�RU�PRUH�IHPDOHV��PDQ\�PDOHV�ZLOO�QRW�EH�DEOH
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WR�SDLU��DQG�WKH�ODWWHU�DVVXUHGO\�ZLOO�EH�WKH�ZHDNHU�RU�OHVV�DWWUDFWLYH�LQGLYLGXDOV�«7KDW�VRPH

UHODWLRQ�H[LVWV�EHWZHHQ�>SRO\J\Q\@�DQG�WKH�GHYHORSPHQW�RI�VHFRQGDU\�VH[XDO�FKDUDFWHUV��DSSHDUV

QHDUO\�FHUWDLQ��DQG�WKLV�VXSSRUWV�WKH�YLHZ�WKDW�D�QXPHULFDO�SUHSRQGHUDQFH�RI�PDOHV�ZRXOG�EH

HPLQHQWO\�IDYRXUDEOH�WR�WKH�DFWLRQ�RI�VH[XDO�VHOHFWLRQ´���'DUZLQ��������SS�����������

([WUD�SDLU�SDWHUQLW\��(33��LV�FRPPRQ�LQ�2VFLQH�VSHFLHV��DQG�VLPLODU�WR�SRO\J\Q\��PD\

DOVR�GULYH�D�YDULDWLRQ�LQ�UHSURGXFWLYH�VXFFHVV�LQ�PDOHV�LQ�D�SRSXODWLRQ �*ULIILWK��2ZHQV��DQG

7KXPDQ�������:HVWQHDW�DQG�6WHZDUW��������,Q�ERWK�PRQRJDPRXV DQG�SRO\J\QRXV�VSHFLHV�ZKHUH

H[WUD�SDLU�SDWHUQLW\�LV�FRPPRQ��IHPDOHV�ZLOO�RIWHQ�IRUP�D�VRFLDOO\�PRQRJDPRXV�ERQG�ZLWK�D

VLQJOH�PDOH�SDUWQHU��EXW�VHHN�H[WUD�SDLU�PDWHV �3HWULH DQG�.HPSHQDHUV��������6HHNLQJ�H[WUD�SDLU

FRSXODWLRQV�FRXOG�DFW�DV�D�EHW�KHGJLQJ�VWUDWHJ\�WKDW�DOORZV�IHPDOHV�WR�FRPELQH�WKHLU�JHQRW\SHV

ZLWK�WKRVH�RI�VHYHUDO�PDOHV��ZKLFK��LQ�WKHRU\��FRXOG�LQFUHDVH�D�IHPDOH¶V�LQGLUHFW�UHSURGXFWLYH

ILWQHVV�E\�LQFUHDVLQJ�WKH�JHQHWLF�GLYHUVLW\�RU�ILWQHVV�RI�KHU�RIIVSULQJ �&RUGHUR�������<DVXL�DQG

<RVKLPXUD��������6LQFH�VH[XDO�VHOHFWLRQ�RFFXUV�LQ WKH�FKRRVLQJ�RI�WKHVH�H[WUD�SDLU�PDWHV��DV�KDV

EHHQ�VKRZQ�LQ�VHYHUDO�2VFLQH�VSHFLHV �.HPSHQDHUV�HW DO��������:HOOV��6DIUDQ��DQG�'DOH�������

PDOHV�ZLWK�OHVV�DWWUDFWLYH�VHFRQGDU\�FKDUDFWHULVWLFV�PD\�EH�GRXEO\�SHQDOL]HG��RQFH�LQ�REWDLQLQJ�D

VRFLDO�PDWH��DQG�DJDLQ�LQ�DWWDLQLQJ�FRSXODWLRQV�ZLWK�DOUHDG\�PDWHG�IHPDOHV��EXW�LW�UHPDLQV

XQFOHDU�ZKHWKHU�IHPDOHV�FKRRVH�VRFLDO�PDWHV�DQG�H[WUD�SDLU�PDWHV�E\�WKH�VDPH�FULWHULD�

7KLV�WKHVLV�LV�EURNHQ�LQWR�WZR�VHFWLRQV�EDVHG�RQ�WKH�PHWKRGV�DQG�W\SHV�RI�GDWD�XVHG�LQ

HDFK��DV�ZHOO�DV�WKH�HYROXWLRQDU\�VFDOH�WKH\�HDFK�FRYHU��7KH�ILUVW�VHFWLRQ�FRQVLVWV�RI�WZR�SURMHFWV

LQYHVWLJDWLQJ�ELUGVRQJ�RQ�WKH�PDFURHYROXWLRQDU\�VFDOH��)RU�WKHVH�PDQXVFULSWV��,�FROOHFWHG

VSHFLHV�OHYHO�PHDVXUHPHQWV�RI�WKUHH�VRQJ�IHDWXUHV�WKDW�PHDVXUH�LQ�VRPH�ZD\�VRQJ�HODERUDWLRQ�RU

FRPSOH[LW\��V\OODEOH�UHSHUWRLUH��V\OODEOHV�SHU�VRQJ��DQG�VRQJ�UHSHUWRLUH��DQG�WZR�WKDW�DUH�PHWULFV

DVVRFLDWHG�ZLWK�VRQJ�SHUIRUPDQFH��VRQJ�GXUDWLRQ�DQG�LQWHU�VRQJ�LQWHUYDO���7KH
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SHUIRUPDQFH�DVVRFLDWHG�PHWULFV�ZHUH�DOVR�FRPELQHG�WR�PDNH�WZR�DGGLWLRQDO�PHWULFV��VRQJ�UDWH

DQG�FRQWLQXLW\��,�DOVR�FROOHFWHG�VSHFLHV�OHYHO�GDWD�RQ�OLIH�KLVWRU\�WUDLWV�UHODWHG�WR�PDWLQJ�V\VWHPV

LQ�RUGHU�WR�DVVLJQ�FODVVLILFDWLRQV�RI�VRFLDOO\�PRQRJDP\�RU�SRO\J\Q\�WR�����VSHFLHV�DQG�KLJK�RU

ORZ�UDWHV�RI�H[WUD�SDLU�SDWHUQLW\�WR�����VSHFLHV��&KDSWHU�����DV�ZHOO�DV�GDWD�RQ�VRQJ�OHDUQLQJ

ZLQGRZ�XVLQJ�DGXOW�VRQJ�VWDELOLW\�DV�D�SUR[\�PHWULF�IRU����VSHFLHV��&KDSWHU�����,�REWDLQHG

SK\ORJHQHWLF�WUHHV�IURP�%LUG7UHH�RUJ��ZKLFK�,�XVHG�WR�SHUIRUP�SK\ORJHQHWLF�FRPSDUDWLYH

DQDO\VHV�XVLQJ�WKHVH�GDWDEDVHV��7KHVH�FRPSXWDWLRQDO�PHWKRGV�FRPELQHG�ZLWK�WUHHV�WKDW�ZHUH

VFDOHG�E\�HYROXWLRQDU\�WLPH�DOORZHG�PH�WR�SUREH�WKH�UHODWLRQVKLSV�EHWZHHQ�PDWLQJ�V\VWHPV�DQG

VRQJ�HYROXWLRQ��DQG�OHDUQLQJ�DQG�VRQJ�HYROXWLRQ��DQG�DVN�TXHVWLRQV�QRW�RQO\�UHJDUGLQJ�KRZ�WKHVH

WUDLWV�DUH�FRUUHODWHG�LQ�H[WDQW�VSHFLHV��EXW�DOVR�KRZ�HYROXWLRQDU\�FKDQJHV�LQ�RQH�WUDLW�FDQ�GULYH

HYROXWLRQ�RI�WKH�RWKHU�

,Q�WKH�VHFRQG�VHFWLRQ��,�LQYHVWLJDWH�ELUGVRQJ�RQ�D�PLFURHYROXWLRQDU\�VFDOH�E\�IRFXVLQJ�RQ

SRSXODWLRQV�RI�WZR�FRPPRQ�VSHFLHV��WKH�VRQJ�VSDUURZ�DQG�GDUN�H\HG�MXQFR��LQ�D�VSHFLILF

JHRJUDSKLF�UHJLRQ�RYHU�D�SHULRG�RI�������\HDUV��'XULQJ�WKLV�SHULRG��IURP�-XQH�WKURXJK�$XJXVW

������ZHVWHUQ�1HZ�<RUN�H[SHULHQFHG�DQ�XQSUHFHGHQWHG�GURXJKW�WKDW�UHVXOWHG�LQ�ORZ�YHJHWDWLRQ

JURZWK�IRU�ZHHNV�WR�PRQWKV��7KH�DUHD�ZLWK�WKH�KLJKHVW�GURXJKW�VHYHULW\��ZKLFK�LQFOXGHV�,WKDFD�

1<��UHFHLYHG�RQO\�����RI�LWV�QRUPDO�SUHFLSLWDWLRQ�LQ�-XQH�DQG�-XO\��������DIWHU�DOUHDG\

H[SHULHQFLQJ�D�GHILFLW�RI�UDLQIDOO�IURP�0DUFK�WKURXJK�0D\������RI�WKH�QRUP����1(�5HJLRQDO

&OLPDWH�&HQWHU���7KHUH�ZDV�D�VKDUS�GHFUHDVH�LQ�SODQW�JURZWK�DQG�ZDWHU�DYDLODELOLW\��ZKLFK�OLNHO\

OHG�WR�IRRG�VFDUFLW\�DQG�GHK\GUDWLRQ�WKURXJKRXW�WKH�SRSXODWLRQ��7KH�DUHD�VXUURXQGLQJ�,WKDFD�

1HZ�<RUN��ZLWK�LWV�SUR[LPLW\�WR�&RUQHOO�8QLYHUVLW\�DQG�WKH�&RUQHOO�2UQLWKRORJLFDO�/LEUDU\��KDV�D

KLJK�GHQVLW\�RI�ELUG�VRQJ�UHFRUGLQJV�REWDLQHG�E\�ERWK�DFDGHPLFV�DQG�FRPPXQLW\�ELUG�HQWKXVLDVWV

RYHU�WKH�SDVW�IHZ�GHFDGHV��ZLWK�D�VKDUS�LQFUHDVH�LQ�UHFRUGLQJV�LQ�WKH�SDVW�ILYH�WR�WHQ�\HDUV�
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6LQFH�VRQJ�LV�FXOWXUDOO\�WUDQVPLWWHG��WKH�ILGHOLW\�ZLWK�ZKLFK�LW�LV�OHDUQHG�E\�HDFK

JHQHUDWLRQ�LV�D�NH\�IDFWRU�LQ�LWV�HYROXWLRQ��,�SRVLW�WKDW�WKH������GURXJKW�VHUYHG�DV�D

SRSXODWLRQ�ZLGH�HQYLURQPHQWDO�VWUHVVRU�DQG�LQFUHDVHG�WKH�DYHUDJH�LQWHQVLW\�RI�VWUHVV�ZRXOG

LQFUHDVH�DFURVV�WKH�HQWLUH�SRSXODWLRQ��ZKLFK�FRXOG�KDYH�WKHRUHWLFDOO\�FDXVHG�DQ�HQWLUH�FRKRUW�WR

OHDUQ�PRUH�SRRUO\�WKDQ�QRUPDO��,�K\SRWKHVL]H�WKDW�WKLV�SHUWXUEDWLRQ�LQ�VRQJ�FDQ�EH�GHWHFWHG�LQ

VXEVHTXHQW�\HDUV�LQ�WKH�SRSXODWLRQV�E\�DQDO\]LQJ�WKH�FRPPXQLW\�VFLHQFH�UHFRUGLQJV�WKDW�DUH

SXEOLFO\�DYDLODEOH�RQ�WKH�UHSRVLWRULHV�0DFDXOD\�/LEUDU\�DQG�[HQR�FDQWR��,�WHVW�WKLV�K\SRWKHVLV�E\

DQDO\]LQJ�DYHUDJH�VRQJ�IHDWXUHV�LQ�HDFK�UHFRUGLQJ�LQ�ERWK�GDUN�H\HG�MXQFRV�DQG�VRQJ�VSDUURZV

�&KDSWHU�����DV�ZHOO�DV�E\�WUDFNLQJ�VRQJ�VSDUURZ�SRSXODWLRQ�VRQJ�FRPSRVLWLRQ�E\�FRQVLGHULQJ

LQGLYLGXDO�V\OODEOHV�DV�XQLWV�RI�LQKHULWDQFH��&KDSWHU����
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5HIHUHQFHV

$GUHW��3DWULFH��������³,Q�6HDUFK�RI�WKH�6RQJ�7HPSODWH�´ $QQDOV�RI�WKH�1HZ�<RUN�$FDGHP\�RI
6FLHQFHV �����������±���

$KPHG��$EGHONDUHHP�$���+DVVDQ�+��0XVD��DQG�$PDO�=��6LIDOGLQ��������³3UHQDWDO�&RUWLFRVWHURQH
([SRVXUH�3URJUDPV�*URZWK��%HKDYLRU��5HSURGXFWLYH�)XQFWLRQ�DQG�*HQHV�LQ�WKH�&KLFNHQ�´
$VLDQ�3DFLILF�-RXUQDO�RI�5HSURGXFWLRQ ��������±���

$QQH�.ULVWHO�<X��������³(DUO\�/LIH�&ROG�([SRVXUH�'HFUHDVHV�*OREDO�0HWK\ODWLRQ�/HYHOV�LQ
-XYHQLOHV�DQG�$WWHQXDWHV�WKH�&RUWLFRVWHURQH�5HVSRQVH�DIWHU�5HVWUDLQW�LQ�$GXOW�=HEUD
)LQFKHV��7DHQLRS\JLD�*XWWDWD��´�*HRUJLD�6WDWH�8QLYHUVLW\�

%DNHU��0\URQ�&KDUOHV��7RUH�.��%MHUNH��+HOHQH�/DPSH��DQG�<QJYH�(VSPDUN��������³6H[XDO
5HVSRQVH�RI�)HPDOH�*UHDW�7LWV�WR�9DULDWLRQ�LQ�6L]H�RI�0DOHV¶�6RQJ�5HSHUWRLUHV�´ 7KH
$PHULFDQ�1DWXUDOLVW ����������±���

%DOOHQWLQH��%DUEDUD��-HUHP\�+\PDQ��DQG�6WHSKHQ�1RZLFNL��������³9RFDO�3HUIRUPDQFH�,QIOXHQFHV
)HPDOH�5HVSRQVH�WR�0DOH�%LUG�6RQJ��$Q�([SHULPHQWDO�7HVW�´ %HKDYLRUDO�(FRORJ\��2IILFLDO
-RXUQDO�RI�WKH�,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO�(FRORJ\ ���������±���

%DQHUMHH��6XQD\DQD�%���$GDP�6��$UWHUEHU\��'DQLHO�-��)HUJXV��DQG�(OL]DEHWK�$GNLQV�5HJDQ�������
³'HSULYDWLRQ�RI�0DWHUQDO�&DUH�+DV�/RQJ�/DVWLQJ�&RQVHTXHQFHV�IRU�WKH
+\SRWKDODPLF�3LWXLWDU\�$GUHQDO�$[LV�RI�=HEUD�)LQFKHV�´ 3URFHHGLQJV��%LRORJLFDO�6FLHQFHV��
7KH�5R\DO�6RFLHW\ �������������±���

%DSWLVWD��/XLV�)���DQG�/HZLV�3HWULQRYLFK��������³6RFLDO�,QWHUDFWLRQ��6HQVLWLYH�3KDVHV�DQG�WKH
6RQJ�7HPSODWH�+\SRWKHVLV�LQ�WKH�:KLWH�&URZQHG�6SDUURZ�´ $QLPDO�%HKDYLRXU
���������±���

%UDLQDUG��0LFKDHO�6���DQG�$OOLVRQ�-��'RXSH��������³:KDW�6RQJELUGV�7HDFK�8V�DERXW�/HDUQLQJ�´
1DWXUH �������������±���

%UHQRZLW]��(��$���'��0DUJROLDVK��DQG�.��:��1RUGHHQ��������³$Q�,QWURGXFWLRQ�WR�%LUGVRQJ�DQG
WKH�$YLDQ�6RQJ�6\VWHP�´ -RXUQDO�RI�1HXURELRORJ\ ���������±����

%UHQRZLW]��(OLRW�$��������³3ODVWLFLW\�RI�WKH�$GXOW�$YLDQ�6RQJ�&RQWURO�6\VWHP�´ $QQDOV�RI�WKH
1HZ�<RUN�$FDGHP\�RI�6FLHQFHV ��������±���

%UHQRZLW]��(OLRW�$���DQG�7UDF\�$��/DUVRQ��������³1HXURJHQHVLV�LQ�WKH�$GXOW�$YLDQ�6RQJ�&RQWURO
6\VWHP�´ &ROG�6SULQJ�+DUERU�3HUVSHFWLYHV�LQ�%LRORJ\ ������GRL�
��������FVKSHUVSHFW�D�������

%\HUV��%UXFH�(���DQG�'RQDOG�(��.URRGVPD��������³)HPDOH�0DWH�&KRLFH�DQG�6RQJELUG�6RQJ
5HSHUWRLUHV�´ $QLPDO�%HKDYLRXU ��������±���

&DUGRVR��*��&���DQG�3��*��0RWD��������³)HPDOH�6HULQ��6HULQXV�6HULQXV��5HVSRQVHV�WR�6RQJ�'R
1RW�)DYRXU�WKH�3UHGRPLQDQW�6RQJ�6\QWD[�´ (WKRORJ\ (FRORJ\�	�(YROXWLRQ ���������±���
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&DWFKSROH��&��.��������³%LUG�6RQJ��6H[XDO�6HOHFWLRQ�DQG�)HPDOH�&KRLFH�´ 7UHQGV�LQ�(FRORJ\�	
(YROXWLRQ �������±���

&DWFKSROH��&��.���-��'LWWDPL��DQG�%��/HLVOHU��������³'LIIHUHQWLDO�5HVSRQVHV�WR�0DOH�6RQJ
5HSHUWRLUHV�LQ�)HPDOH�6RQJELUGV�,PSODQWHG�ZLWK�2HVWUDGLRO�´ 1DWXUH �������������±���

&DWFKSROH��&OLYH�.���DQG�3HWHU�-��%��6ODWHU������� %LUG�6RQJ��%LRORJLFDO�7KHPHV�DQG�9DULDWLRQV�
&DPEULGJH�8QLYHUVLW\�3UHVV�

&RUGHUR��3HGUR�-��������³([WUD�3DLU�3DWHUQLW\�LQ�%LUGV��CJRRG�*HQHV¶�DQG�6RPHWKLQJ�(OVH�´
7UHQGV�LQ�(FRORJ\�	�(YROXWLRQ ����������

'DUZLQ��&KDUOHV������� 7KH�'HVFHQW�RI�0DQ��DQG�6HOHFWLRQ LQ�5HODWLRQ�WR�6H[���E\�&KDUOHV
'DUZLQ�

'HYRRJG��7��-���-��5��.UHEV��6��'��+HDO\��DQG�$��3XUYLV��������³5HODWLRQV�EHWZHHQ�6RQJ
5HSHUWRLUH�6L]H�DQG�WKH�9ROXPH�RI�%UDLQ�1XFOHL�5HODWHG�WR�6RQJ��&RPSDUDWLYH�(YROXWLRQDU\
$QDO\VHV�DPRQJVW�2VFLQH�%LUGV�´ 3URFHHGLQJV��%LRORJLFDO 6FLHQFHV���7KH�5R\DO�6RFLHW\
������������±���

'KDEKDU��)LUGDXV�6��������³(QKDQFLQJ�YHUVXV�6XSSUHVVLYH�(IIHFWV�RI�6WUHVV�RQ�,PPXQH
)XQFWLRQ��,PSOLFDWLRQV�IRU�,PPXQRSURWHFWLRQ�DQG�,PPXQRSDWKRORJ\�´
1HXURLPPXQRPRGXODWLRQ ���������±����

(POHQ��6���DQG�/��2ULQJ��������³(FRORJ\��6H[XDO�6HOHFWLRQ��DQG�WKH�(YROXWLRQ�RI�0DWLQJ
6\VWHPV�´ 6FLHQFH �������������±���

(POHQ��6WHSKHQ�7��������³$Q�([SHULPHQWDO�$QDO\VLV�RI�WKH�3DUDPHWHUV�RI�%LUG�6RQJ�(OLFLWLQJ
6SHFLHV�5HFRJQLWLRQ�´ %HKDYLRXU �����������±���

(SHO��(OLVVD�6���(OL]DEHWK�+��%ODFNEXUQ��-XH�/LQ��)LUGDXV�6��'KDEKDU��1DQF\�(��$GOHU��-DVRQ�'�
0RUURZ��DQG�5LFKDUG�0��&DZWKRQ��������³$FFHOHUDWHG�7HORPHUH�6KRUWHQLQJ�LQ�5HVSRQVH�WR
/LIH�6WUHVV�´ 3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\ RI�6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI
$PHULFD �������������±���

*LO��'LHJR��0DUF�1DJXLE��.DWKDULQD�5LHEHO��$OLVRQ�5XWVWHLQ��DQG�0DQIUHG�*DKU��������³(DUO\
&RQGLWLRQ��6RQJ�/HDUQLQJ��DQG�WKH�9ROXPH�RI�6RQJ�%UDLQ�1XFOHL�LQ�WKH�=HEUD�)LQFK
�7DHQLRS\JLD�*XWWDWD��´ -RXUQDO�RI�1HXURELRORJ\ �����������±���

*ROOHU��0DULD��DQG�'DL]DEXUR�6KL]XND��������³(YROXWLRQDU\�2ULJLQV�RI�9RFDO�0LPLFU\�LQ
6RQJELUGV�´ (YROXWLRQ�/HWWHUV ��������±���

*ULIILWK��6LPRQ�&���,DQ�3��)��2ZHQV��DQG�.DWKHULQH�$��7KXPDQ��������³([WUD�3DLU�3DWHUQLW\�LQ
%LUGV��$�5HYLHZ�RI�,QWHUVSHFLILF�9DULDWLRQ�DQG�$GDSWLYH�)XQFWLRQ�´ 0ROHFXODU�(FRORJ\
�����������±�����

+DOO��0LFKHOOH�/��������³$�5HYLHZ�RI�+\SRWKHVHV�IRU�WKH�)XQFWLRQV�RI�$YLDQ�'XHWWLQJ�´
%HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ ���������±���
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+DVVHOTXLVW��'HQQLV��6WDIIDQ�%HQVFK��DQG�7RUEM|UQ�YRQ�6FKDQW]��������³&RUUHODWLRQ�EHWZHHQ
0DOH�6RQJ�5HSHUWRLUH��([WUD�3DLU�3DWHUQLW\�DQG�2IIVSULQJ�6XUYLYDO�LQ�WKH�*UHDW�5HHG
:DUEOHU�´ 1DWXUH �������������±���

+DWFK��-HUHP\�-RKQ��������³',9(56,7<�2)�7+(�621*�2)�02&.,1*%,5'6��0,086
32/<*/27726��5($5('�,1�',))(5(17�$8',725<�(19,5210(176�´

+RIIPDQ��$OH[DQGHU�-���-RKQ�:��)LQJHU�-U��DQG�+DUXND�:DGD��������³(DUO\�6WUHVV�3ULPLQJ�DQG
WKH�(IIHFWV�RQ�)LWQHVV�5HODWHG�7UDLWV�)ROORZLQJ�DQ�$GXOW�6WUHVV�([SRVXUH�´ -RXUQDO�RI
([SHULPHQWDO�=RRORJ\��3DUW�$��(FRORJLFDO�DQG�,QWHJUDWLYH�3K\VLRORJ\ ������������±���

+XGVRQ��(PLO\�-���1LFROH�&UHDQ]D��DQG�'DL]DEXUR�6KL]XND��������³7KH�5ROH�RI�1HVWOLQJ
$FRXVWLF�([SHULHQFH�LQ�6RQJ�'LVFULPLQDWLRQ�LQ�D�6SDUURZ�´ )URQWLHUV�LQ�(FRORJ\�DQG
(YROXWLRQ ���GRL� ��������IHYR������������

+XJKHV��0HOLVVD��6WHSKHQ�1RZLFNL��:LOOLDP�$��6HDUF\��DQG�6XVDQ�3HWHUV��������³6RQJ�7\SH
6KDULQJ�LQ�6RQJ�6SDUURZV��,PSOLFDWLRQV�IRU�5HSHUWRLUH�)XQFWLRQ�DQG�6RQJ�/HDUQLQJ�´
%HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ ���������±���

+X��-���DQG�5��'��+��%DUUHWW��������³(SLJHQHWLFV�LQ�1DWXUDO�$QLPDO�3RSXODWLRQV�´ -RXUQDO�RI
(YROXWLRQDU\�%LRORJ\ ����������±���

-RsOV��0DULDQ��+HQN�.DUVW��+DUPHQ�-��.UXJHUV��DQG�3DXO�-��/XFDVVHQ��������³&KURQLF�6WUHVV�
,PSOLFDWLRQV�IRU�1HXURQDO�0RUSKRORJ\��)XQFWLRQ�DQG�1HXURJHQHVLV�´ )URQWLHUV�LQ
1HXURHQGRFULQRORJ\ ��������±���

-RKQVRQ��6WHYHQ�/��������³'R�$PHULFDQ�5RELQV�$FTXLUH�6RQJV�%\�%RWK�,PLWDWLQJ�$QG
,QYHQWLQJ"´ 7KH�:LOVRQ�-RXUQDO�RI�2UQLWKRORJ\ ����������±���

.HPSHQDHUV��%DUW��*HHUW�5��9HUKH\HQ��0DUOHHQ�9DQ�GHQ�%URHFN��7HUU\�%XUNH��&KULVWLQH�9DQ
%URHFNKRYHQ��DQG�$QGUp�'KRQGW��������³([WUD�3DLU�3DWHUQLW\�5HVXOWV�IURP�)HPDOH
3UHIHUHQFH�IRU�+LJK�4XDOLW\�0DOHV�LQ�WKH�%OXH�7LW�´ 1DWXUH �������������±���

.LSSHU��6LONH��DQG�6DUDK�.LHIHU��������³&KDSWHU�����$JH�5HODWHG�&KDQJHV�LQ�%LUGV¶�6LQJLQJ
6W\OHV��2Q�)UHVK�7XQHV�DQG�)DGLQJ�9RLFHV"´�3S����±����LQ $GYDQFHV�LQ�WKH�6WXG\�RI
%HKDYLRU��9RO������HGLWHG�E\�+��-��%URFNPDQQ��7��-� 5RSHU��0��1DJXLE��.��(�
:\QQH�(GZDUGV��-��&��0LWDQL��DQG�/��:��6LPPRQV��$FDGHPLF�3UHVV�

.LUQ��-RKQ�5��������³7KH�5HODWLRQVKLS�RI�1HXURJHQHVLV�DQG�*URZWK�RI�%UDLQ�5HJLRQV�WR�6RQJ
/HDUQLQJ�´ %UDLQ�DQG�/DQJXDJH ���������±���

.RNNR��+DQQD��DQG�5REHUW�%URRNV��������³6H[\�WR�'LH�IRU"�6H[XDO�6HOHFWLRQ�DQG�WKH�5LVN�RI
([WLQFWLRQ�´ $QQDOHV�=RRORJLFL�)HQQLFL ���������±���

.UHEV��-RKQ��5XWK�$VKFURIW��DQG�0LNH�:HEEHU��������³6RQJ�5HSHUWRLUHV�DQG�7HUULWRU\�'HIHQFH
LQ�WKH�*UHDW�7LW�´ 1DWXUH �������������±���

.URRGVPD��'��(��������³$�5H�(YDOXDWLRQ�RI�6RQJ�'HYHORSPHQW�LQ�WKH�6RQJ�6SDUURZ�´ $QLPDO
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%HKDYLRXU ���������±���

.URRGVPD��'��(���3��:��+RXOLKDQ��3��$��)DOORQ��DQG�-��$��:HOOV��������³6RQJ�'HYHORSPHQW�E\
*UH\�&DWELUGV�´ $QLPDO�%HKDYLRXU ���������±���

.URRGVPD��'RQDOG�(���DQG�%UXFH�(��%\HUV��������³7KH�)XQFWLRQ��V��RI�%LUG�6RQJ�´ $PHULFDQ
=RRORJLVW ���������±���

.URRGVPD��'RQDOG�(���DQG�0DVDND]X�.RQLVKL��������³$�6XERVFLQH�%LUG��HDVWHUQ�3KRHEH�
6D\RUQLV�3KRHEH��'HYHORSV�1RUPDO�6RQJ�ZLWKRXW�$XGLWRU\�)HHGEDFN�´ $QLPDO�%HKDYLRXU
���������±���

.URRGVPD��'RQDOG�(���:DQ�&KXQ�/LX��(OLMDK�*RRGZLQ��DQG�3DXO�$��%HGHOO��������³7KH�(FRORJ\
RI�6RQJ�,PSURYLVDWLRQ�DV�,OOXVWUDWHG�E\�1RUWK�$PHULFDQ�6HGJH�:UHQV�´ 7KH�$XN
����������±���

.URRGVPD��'RQDOG��'HEUD�+DPLOWRQ��-XOLR�(��6iQFKH]��%UXFH�(��%\HUV��+HUQiQ�)DQGLxR�0DULxR�
'DYLG�:��6WHPSOH��-LOO�0��7UDLQHU��DQG�*HRUJH�9��1��3RZHOO��������³%HKDYLRUDO�(YLGHQFH
IRU�6RQJ�/HDUQLQJ�,Q�WKH�6XERVFLQH�%HOOELUGV��3URFQLDV�6SS���&RWLQJLGDH��´ 7KH�:LOVRQ
-RXUQDO�RI�2UQLWKRORJ\ ��������±���

/DFKODQ��5��)���5��&��$QGHUVRQ��6��3HWHUV��:��$��6HDUF\��DQG�6��1RZLFNL��������³7\SLFDO�9HUVLRQV
RI�/HDUQHG�6ZDPS�6SDUURZ�6RQJ�7\SHV�$UH�0RUH�(IIHFWLYH�6LJQDOV�WKDQ�$UH�/HVV�7\SLFDO
9HUVLRQV�´ 3URFHHGLQJV��%LRORJLFDO�6FLHQFHV���7KH 5R\DO�6RFLHW\ �������������������

/DFKODQ��5REHUW�)���DQG�3HWHU�-��%��6ODWHU��������³7KH�0DLQWHQDQFH�RI�9RFDO�/HDUQLQJ�E\
*HQH±FXOWXUH�,QWHUDFWLRQ��7KH�&XOWXUDO�7UDS�+\SRWKHVLV�´ 3URFHHGLQJV�RI�WKH�5R\DO�6RFLHW\
RI�/RQGRQ�%��%LRORJLFDO�6FLHQFHV �������������±��

/DFN��'DYLG�/DPEHUW������� (FRORJLFDO�$GDSWDWLRQV IRU�%UHHGLQJ�LQ�%LUGV�

/HQVNL��5��(���DQG�0��7UDYLVDQR��������³'\QDPLFV�RI�$GDSWDWLRQ�DQG�'LYHUVLILFDWLRQ��$
�������*HQHUDWLRQ�([SHULPHQW�ZLWK�%DFWHULDO�3RSXODWLRQV�´ 3URFHHGLQJV�RI�WKH�1DWLRQDO
$FDGHP\�RI�6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD �����������±���

/HY\��6DVKD�)���-DPLH�5��%OXQGHOO��6DQGHHS�9HQNDWDUDP��'PLWUL�$��3HWURY��'DQLHO�6��)LVKHU��DQG
*DYLQ�6KHUORFN��������³4XDQWLWDWLYH�(YROXWLRQDU\�'\QDPLFV�8VLQJ�+LJK�5HVROXWLRQ
/LQHDJH�7UDFNLQJ�´ 1DWXUH �������������±���

/RYH��-D\��$PDQGD�+RHSIQHU��DQG�)UDQ]�*ROOHU��������³6RQJ�)HDWXUH�6SHFLILF�$QDO\VLV�RI�,VRODWH
6RQJ�5HYHDOV�,QWHUVSHFLILF�9DULDWLRQ�LQ�/HDUQHG�&RPSRQHQWV�´ 'HYHORSPHQWDO
1HXURELRORJ\ ���������±���

/RZ��0DWWKHZ��6|QNH�(JJHUV��'HERUD�$UOW��DQG�7RPDV�3lUW��������³'DLO\�3DWWHUQV�RI�1HVW�9LVLWV
$UH�&RUUHODWHG�ZLWK�$PELHQW�7HPSHUDWXUH�LQ�WKH�1RUWKHUQ�:KHDWHDU�´ -RXUQDO�RI
2UQLWKRORJ\���'2�* ����������±���

0DF'RXJDOO�6KDFNOHWRQ��6FRWW�$���DQG�.DUHQ�$��6SHQFHU��������³'HYHORSPHQWDO�6WUHVV�DQG
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%LUGVRQJ��&XUUHQW�(YLGHQFH�DQG�)XWXUH�'LUHFWLRQV�´ -RXUQDO�RI�2UQLWKRORJ\���'2�*
����������±���

0DUOHU��3��������³9DULDWLRQ�LQ�WKH�6RQJ�RI�WKH�&KDIILQFK�)ULQJLOOD�&RHOHEV�´ 7KH�,ELV
���������±���

0DUOHU��3HWHU��DQG�6XVDQ�3HWHUV��������³7KH�5ROH�RI�6RQJ�3KRQRORJ\�DQG�6\QWD[�LQ�9RFDO
/HDUQLQJ�3UHIHUHQFHV�LQ�WKH�6RQJ�6SDUURZ��0HORVSL]D�0HORGLD�´ (WKRORJ\��)RUPHUO\
=HLWVFKULIW�)XU�7LHUSV\FKRORJLH ���������±���

0DUOHU��3HWHU��DQG�6XVDQ�3HWHUV��������³$�6HQVLWLYH�3HULRG�IRU�6RQJ�$FTXLVLWLRQ�LQ�WKH�6RQJ
6SDUURZ��0HORVSL]D�0HORGLD��$�&DVH�RI�$JH�/LPLWHG�/HDUQLQJ�´ (WKRORJ\��)RUPHUO\
=HLWVFKULIW�)XU�7LHUSV\FKRORJLH ��������±����

0DUOHU��3HWHU��DQG�9LUJLQLD�6KHUPDQ��������³,QQDWH�'LIIHUHQFHV�LQ�6LQJLQJ�%HKDYLRXU�RI
6SDUURZV�5HDUHG�LQ�,VRODWLRQ�IURP�$GXOW�&RQVSHFLILF�6RQJ�´ $QLPDO�%HKDYLRXU
��������±���

0DUOHU��3���DQG�6��3HWHUV��������³6HOHFWLYH�9RFDO�/HDUQLQJ�LQ�D�6SDUURZ�´ 6FLHQFH
�������������±���

0DUOHU��3���6��3HWHUV��*��)��%DOO��$��0��'XIW\�-U��DQG�-��&��:LQJILHOG��������³7KH�5ROH�RI�6H[
6WHURLGV�LQ�WKH�$FTXLVLWLRQ�DQG�3URGXFWLRQ�RI�%LUGVRQJ�´ 1DWXUH �������������±���

0DUOHU��3���DQG�9��6KHUPDQ��������³6RQJ�6WUXFWXUH�ZLWKRXW�$XGLWRU\�)HHGEDFN��(PHQGDWLRQV�RI
WKH�$XGLWRU\�7HPSODWH�+\SRWKHVLV�´ 7KH�-RXUQDO�RI 1HXURVFLHQFH��7KH�2IILFLDO�-RXUQDO�RI
WKH�6RFLHW\�IRU�1HXURVFLHQFH ��������±���

0F(ZHQ��%��6���DQG�(��6WHOODU��������³6WUHVV�DQG�WKH�,QGLYLGXDO��0HFKDQLVPV�/HDGLQJ�WR
'LVHDVH�´ $UFKLYHV�RI�,QWHUQDO�0HGLFLQH ������������±�����

0RRQH\��5LFKDUG��������³1HXUDO�0HFKDQLVPV�IRU�/HDUQHG�%LUGVRQJ�´ /HDUQLQJ�	�0HPRU\
����������±���

0RXQWMR\��'��-���DQG�5REHUW�(��/HPRQ��������³)HPDOH�&KRLFH�IRU�&RPSOH[�6RQJ�LQ�WKH
(XURSHDQ�6WDUOLQJ��$�)LHOG�([SHULPHQW�´ %HKDYLRUDO (FRORJ\�DQG�6RFLRELRORJ\
��������±���

1HOVRQ��'RXJODV�$���DQG�3HWHU�0DUOHU��������³,QQDWH�5HFRJQLWLRQ�RI�6RQJ�LQ�:KLWH�&URZQHG
6SDUURZV��$�5ROH�LQ�6HOHFWLYH�9RFDO�/HDUQLQJ"´ $QLPDO %HKDYLRXU ���������±��

1RLYD��5XWH�0���$QWyQLR�&��0HQH]HV��DQG�0DULD�&��3HOHWHLUR��������³,QIOXHQFH�RI�7HPSHUDWXUH
DQG�+XPLGLW\�0DQLSXODWLRQ�RQ�&KLFNHQ�(PEU\RQLF�'HYHORSPHQW�´ %0&�9HWHULQDU\
5HVHDUFK ������

1RUG��$QGUHDV��DQG�6\OYDLQ�*LURXG��������³/LIHORQJ�(IIHFWV�RI�7KHUPDO�&KDOOHQJHV�'XULQJ
'HYHORSPHQW�LQ�%LUGV�DQG�0DPPDOV�´ )URQWLHUV�LQ�3K\VLRORJ\ ���
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1RWWHERKP��)HUQDQGR��������³7KH�2ULJLQV�RI�9RFDO�/HDUQLQJ�´ 7KH�$PHULFDQ�1DWXUDOLVW
������������±���

1RWWHERKP��)HUQDQGR��������³7KH�1HXUDO�%DVLV�RI�%LUGVRQJ�´ 3/R6�%LRORJ\ �����H����

1RWWHERKP��)HUQDQGR��DQG�0DUWD�(��1RWWHERKP��������³5HODWLRQVKLS�EHWZHHQ�6RQJ�5HSHUWRLUH
DQG�$JH�LQ�WKH�&DQDU\��6HULQXV�&DQDULXV�´ =HLWVFKULIW )�U�7LHUSV\FKRORJLH ���������±����

1RZLFNL��6���:��$��6HDUF\��DQG�6��3HWHUV��������³%UDLQ�'HYHORSPHQW��6RQJ�/HDUQLQJ�DQG�0DWH
&KRLFH�LQ�%LUGV��$�5HYLHZ�DQG�([SHULPHQWDO�7HVW�RI�WKH�µ1XWULWLRQDO�6WUHVV�+\SRWKHVLV�¶´
-RXUQDO�RI�&RPSDUDWLYH�3K\VLRORJ\��$��1HXURHWKRORJ\��6HQVRU\��1HXUDO��DQG�%HKDYLRUDO
3K\VLRORJ\ ���������������±���

1RZLFNL��6WHSKHQ��DQG�:LOOLDP�$��6HDUF\��������³6RQJ�)XQFWLRQ�DQG�WKH�(YROXWLRQ�RI�)HPDOH
3UHIHUHQFHV��:K\�%LUGV�6LQJ��:K\�%UDLQV�0DWWHU�´ $QQDOV RI�WKH�1HZ�<RUN�$FDGHP\�RI
6FLHQFHV ��������±���

1RZLFNL��6WHSKHQ��:LOOLDP�$��6HDUF\��0HOLVVD�+XJKHV��DQG�-HIIUH\�3RGRV��������³7KH�(YROXWLRQ
RI�%LUG�6RQJ��0DOH�DQG�)HPDOH�5HVSRQVH�WR�6RQJ�,QQRYDWLRQ�LQ�6ZDPS�6SDUURZV�´ $QLPDO
%HKDYLRXU ����������±���

1RZLFNL��6WHSKHQ��:LOOLDP�$��6HDUF\��DQG�6XVDQ�3HWHUV��������³4XDOLW\�RI�6RQJ�/HDUQLQJ
$IIHFWV�)HPDOH�5HVSRQVH�WR�0DOH�%LUG�6RQJ�´ 3URFHHGLQJV� %LRORJLFDO�6FLHQFHV���7KH�5R\DO
6RFLHW\ ��������������±���

2GRP��.DUDQ�-���DQG�/DXU\Q�%HQHGLFW��������³$�&DOO�WR�'RFXPHQW�)HPDOH�%LUG�6RQJV�
$SSOLFDWLRQV�IRU�'LYHUVH�)LHOGV�´ 7KH�$XN ����������±���

2GRP��.DUDQ�-���0LFKHOOH�/��+DOO��.DWKDULQD�5LHEHO��.HYLQ�(��2PODQG��DQG�1DRPL�(��/DQJPRUH�
������³)HPDOH�6RQJ�,V�:LGHVSUHDG�DQG�$QFHVWUDO�LQ�6RQJELUGV�´ 1DWXUH�&RPPXQLFDWLRQV
�������

3DWDHO��7RPHU��<RJHY�3LHVWXQ��$UDG�6RIIHU��6KDURQ�0RUGHFKD\��6KORPR�<DKDY��6DQGUD�*�
9HOOHPDQ��DQG�2UQD�+DOHY\��������³(DUO\�3RVWKDWFK�7KHUPDO�6WUHVV�&DXVHV�/RQJ�7HUP
$GYHUVH�(IIHFWV�RQ�3HFWRUDOLV�0XVFOH�'HYHORSPHQW�LQ�%URLOHUV�´ 3RXOWU\�6FLHQFH
����������±���

3HWULH��0DULRQ��DQG�%DUW�.HPSHQDHUV��������³([WUD�3DLU�3DWHUQLW\�LQ�%LUGV��([SODLQLQJ�9DULDWLRQ
EHWZHHQ�6SHFLHV�DQG�3RSXODWLRQV�´ 7UHQGV�LQ�(FRORJ\ 	�(YROXWLRQ ��������±���

3IDII��-HUHP\�$���/LDQD�=DQHWWH��6FRWW�$��0DF'RXJDOO�6KDFNOHWRQ��DQG�(OL]DEHWK�$�
0DF'RXJDOO�6KDFNOHWRQ��������³6RQJ�5HSHUWRLUH�6L]H�9DULHV�ZLWK�+9&�9ROXPH�DQG�,V
,QGLFDWLYH�RI�0DOH�4XDOLW\�LQ�6RQJ�6SDUURZV��0HORVSL]D�0HORGLD��´ 3URFHHGLQJV�
%LRORJLFDO�6FLHQFHV���7KH�5R\DO�6RFLHW\ ��������������±���

3RGRV��-��������³&RUUHODWHG�(YROXWLRQ�RI�0RUSKRORJ\�DQG�9RFDO�6LJQDO�6WUXFWXUH�LQ�'DUZLQ¶V
)LQFKHV�´ 1DWXUH �������������±���
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3RGRV��-HIIUH\��DQG�+D�&KHRO�6XQJ��������³9RFDO�3HUIRUPDQFH�LQ�6RQJELUGV��)URP�0HFKDQLVPV
WR�(YROXWLRQ�´�3S�����±���LQ 7KH�1HXURHWKRORJ\�RI %LUGVRQJ��HGLWHG�E\�-��7��6DNDWD��6��&�
:RROOH\��5��5��)D\��DQG�$��1��3RSSHU��&KDP��6SULQJHU�,QWHUQDWLRQDO�3XEOLVKLQJ�

5HDG��$��)���DQG�'��0��:HDU\��������³7KH�(YROXWLRQ�RI�%LUG�6RQJ��&RPSDUDWLYH�$QDO\VHV�´
3KLORVRSKLFDO�7UDQVDFWLRQV�RI�WKH�5R\DO�6RFLHW\�RI�/RQGRQ��6HULHV�%��%LRORJLFDO�6FLHQFHV�

5HLG��-DQH�0���3HWHU�$UFHVH��$OLFH�/��(��9��&DVVLG\��6DUD�0��+LHEHUW��-DPHV�1��0��6PLWK��3KLOLS
.��6WRGGDUG��$P\�%��0DUU��DQG�/XNDV�)��.HOOHU��������³6RQJ�5HSHUWRLUH�6L]H�3UHGLFWV
,QLWLDO�0DWLQJ�6XFFHVV�LQ�0DOH�6RQJ�6SDUURZV��0HORVSL]D�0HORGLD�´ $QLPDO�%HKDYLRXU
����������±���

5HLG��-DQH�0���3HWHU�$UFHVH��$OLFH�/��(��9��&DVVLG\��6DUD�0��+LHEHUW��-DPHV�1��0��6PLWK��3KLOLS
.��6WRGGDUG��$P\�%��0DUU��DQG�/XNDV�)��.HOOHU��������³)LWQHVV�&RUUHODWHV�RI�6RQJ
5HSHUWRLUH�6L]H�LQ�)UHH�/LYLQJ�6RQJ�6SDUURZV��0HORVSL]D�0HORGLD��´ 7KH�$PHULFDQ
1DWXUDOLVW ����������±����

5HLQHU��$QWRQ��'DYLG�-��3HUNHO��/DXUD�/��%UXFH��$QQ�%��%XWOHU��$QGUiV�&VLOODJ��:D\QH�.XHQ]HO�
/RUHWD�0HGLQD��*HRUJH�3D[LQRV��7RUX�6KLPL]X��*HRUJ�6WULHGWHU��0DUWLQ�:LOG��*UHJRU\�)�
%DOO��6DUDK�'XUDQG��2QXU�*�QW�UN�Q��'LDQH�:��/HH��&ODXGLR�9��0HOOR��$OLFH�3RZHUV�
6WHSKDQLH�$��:KLWH��*HUDOG�+RXJK��/XELFD�.XELNRYD��7RP�9��6PXOGHUV��.D]XKLUR�:DGD�
-HQQLIHU�'XJDV�)RUG��6FRWW�+XVEDQG��.HLNR�<DPDPRWR��-LQJ�<X��&RQQLH�6LDQJ��(ULFK�'�
-DUYLV��2QXU�*�W�UN�Q��DQG�$YLDQ�%UDLQ�1RPHQFODWXUH�)RUXP��������³5HYLVHG
1RPHQFODWXUH�IRU�$YLDQ�7HOHQFHSKDORQ�DQG�6RPH�5HODWHG�%UDLQVWHP�1XFOHL�´ 7KH�-RXUQDO
RI�&RPSDUDWLYH�1HXURORJ\ ����������±����

5KRDGV��6DPXHO�1��������³3UREDEOH�&DXVHV�RI�3RO\JDP\�$PRQJ�%LUGV�´ 7KH�$PHULFDQ
1DWXUDOLVW ������������±���

5LHEHO��.DWKDULQD��.DUDQ�-��2GRP��1DRPL�(��/DQJPRUH��DQG�0LFKHOOH�/��+DOO��������³1HZ
,QVLJKWV�IURP�)HPDOH�%LUG�6RQJ��7RZDUGV�DQ�,QWHJUDWHG�$SSURDFK�WR�6WXG\LQJ�0DOH�DQG
)HPDOH�&RPPXQLFDWLRQ�5ROHV�´ %LRORJ\�/HWWHUV ���������������

5LYLHU��&���DQG�6��5LYHVW��������³(IIHFW�RI�6WUHVV�RQ�WKH�$FWLYLW\�RI�WKH
+\SRWKDODPLF�3LWXLWDU\�*RQDGDO�$[LV��3HULSKHUDO�DQG�&HQWUDO�0HFKDQLVPV�´ %LRORJ\�RI
5HSURGXFWLRQ ���������±���

5RELQVRQ��&ULVWLQD�0���DQG�1LFROH�&UHDQ]D��������³6SHFLHV�/HYHO�5HSHUWRLUH�6L]H�3UHGLFWV�D
&RUUHODWLRQ�EHWZHHQ�,QGLYLGXDO�6RQJ�(ODERUDWLRQ�DQG�5HSURGXFWLYH�6XFFHVV�´ (FRORJ\�DQG
(YROXWLRQ ����������±���

5XQGVWURP��3DUNHU��DQG�1LFROH�&UHDQ]D��������³6RQJ�/HDUQLQJ�DQG�3ODVWLFLW\�LQ�6RQJELUGV�´
&XUUHQW�2SLQLRQ�LQ�1HXURELRORJ\ ������±���

5\DQ��0LFKDHO�-���DQG�$��6WDQOH\�5DQG��������³6SHFLHV�5HFRJQLWLRQ�$QG�6H[XDO�6HOHFWLRQ�$V�$
8QLWDU\�3UREOHP�,Q�$QLPDO�&RPPXQLFDWLRQ�´ (YROXWLRQ� ,QWHUQDWLRQDO�-RXUQDO�RI�2UJDQLF
(YROXWLRQ ���������±���
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6FKPLGW��0DUF�)��������³8VLQJ�%RWK�6LGHV�RI�<RXU�%UDLQ��7KH�&DVH�IRU�5DSLG�,QWHUKHPLVSKHULF
6ZLWFKLQJ�´ 3/R6�%LRORJ\ ������H����

6HDUF\��:LOOLDP�$��������³6RQJ�5HSHUWRLUH�6L]H�DQG�)HPDOH�3UHIHUHQFHV�LQ�6RQJ�6SDUURZV�´
%HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ ���������±���

6HDUF\��:LOOLDP�$���DQG�6WHSKHQ�1RZLFNL��������³%LUG�6RQJ�DQG�WKH�3UREOHP�RI�+RQHVW
&RPPXQLFDWLRQ��+RZ�,V�WKH�+RQHVW\�RI�$QLPDO�6LJQDOV�0DLQWDLQHG�:KHQ�([DJJHUDWLRQ
DQG�%OXII�$UH�VR�7HPSWLQJ"´ $PHULFDQ�6FLHQWLVW ���������±���

6HDUF\��:LOOLDP�$���6XVDQ�3HWHUV��6LONH�.LSSHU��DQG�6WHSKHQ�1RZLFNL��������³)HPDOH�5HVSRQVH
WR�6RQJ�5HIOHFWV�0DOH�'HYHORSPHQWDO�+LVWRU\�LQ�6ZDPS�6SDUURZV�´ %HKDYLRUDO�(FRORJ\
DQG�6RFLRELRORJ\ ����������±���

6ODWHU��3HWHU�-��%��������³%LUGVRQJ�5HSHUWRLUHV��7KHLU�2ULJLQV�DQG�8VH�´ 7KH�2ULJLQV�RI�0XVLF
��±���

6Q\GHU��.DWH�7���DQG�1LFROH�&UHDQ]D��������³)RRG�6HHNLQJ�%HKDYLRU�+DV�&RPSOH[�(YROXWLRQDU\
3UHVVXUHV�LQ�6RQJELUGV��/LQNLQJ�3DUHQWDO�)RUDJLQJ�WR�2IIVSULQJ�6H[XDO�6HOHFWLRQ�´ 7KH
%HKDYLRUDO�DQG�%UDLQ�6FLHQFHV ���H���

6RKD��-��$���DQG�3��0DUOHU��������³$�6SHFLHV�6SHFLILF�$FRXVWLF�&XH�IRU�6HOHFWLYH�6RQJ�/HDUQLQJ
LQ�WKH�:KLWH�&URZQHG�6SDUURZ�´ $QLPDO�%HKDYLRXU ���������±����

6RPD��0DVD\R��DQG�/iV]Oy�=VROW�*DUDPV]HJL��������³5HWKLQNLQJ�%LUGVRQJ�(YROXWLRQ�
0HWD�$QDO\VLV�RI�WKH�5HODWLRQVKLS�EHWZHHQ�6RQJ�&RPSOH[LW\�DQG�5HSURGXFWLYH�6XFFHVV�´
%HKDYLRUDO�(FRORJ\��2IILFLDO�-RXUQDO�RI�WKH�,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO�(FRORJ\
���������±���

6SHQFHU��.DUHQ�$���DQG�6FRWW�$��0DF'RXJDOO�6KDFNOHWRQ��������³,QGLFDWRUV�RI�'HYHORSPHQW�DV
6H[XDOO\�6HOHFWHG�7UDLWV��7KH�'HYHORSPHQWDO�6WUHVV�+\SRWKHVLV�LQ�&RQWH[W�´ %HKDYLRUDO
(FRORJ\��2IILFLDO�-RXUQDO�RI�WKH�,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO�(FRORJ\ �������±��

6SHQFHU��.��$���-��+��:LPSHQQ\��.��/��%XFKDQDQ��3��*��/RYHOO��$��5��*ROGVPLWK��DQG�&��.�
&DWFKSROH��������³'HYHORSPHQWDO�6WUHVV�$IIHFWV�WKH�$WWUDFWLYHQHVV�RI�0DOH�6RQJ�DQG
)HPDOH�&KRLFH�LQ�WKH�=HEUD�)LQFK��7DHQLRS\JLD�*XWWDWD��´ %HKDYLRUDO�(FRORJ\�DQG
6RFLRELRORJ\ ���������±���

6XWKHUV��5��$��������³3HULSKHUDO�&RQWURO�DQG�/DWHUDOL]DWLRQ�RI�%LUGVRQJ�´ -RXUQDO�RI
1HXURELRORJ\ ���������±���

7FKHUQLFKRYVNL��2IHU��6RSKLH�(LVHQEHUJ�(GLGLQ��DQG�(ULFK�'��-DUYLV��������³%DODQFHG�,PLWDWLRQ
6XVWDLQV�6RQJ�&XOWXUH�LQ�=HEUD�)LQFKHV�´ 1DWXUH�&RPPXQLFDWLRQV �����������

7FKHUQLFKRYVNL��2IHU��)HUQDQGR�1RWWHERKP��&KLQJ�(OL]DEHWK�+R��%LMDQ�3HVDUDQ��DQG�3DUWKD
3UDWLP�0LWUD��������³$�3URFHGXUH�IRU�DQ�$XWRPDWHG�0HDVXUHPHQW�RI�6RQJ�6LPLODULW\�´
$QLPDO�%HKDYLRXU ����������±���
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7FKHUQLFKRYVNL��2���7��-��/LQWV��6��'HUHJQDXFRXUW��$��&LPHQVHU��DQG�3��3��0LWUD��������³6WXG\LQJ
WKH�6RQJ�'HYHORSPHQW�3URFHVV��5DWLRQDOH�DQG�0HWKRGV�´ $QQDOV�RI�WKH�1HZ�<RUN�$FDGHP\
RI�6FLHQFHV ��������±���

7FKHUQLFKRYVNL��2���3��3��0LWUD��7��/LQWV��DQG�)��1RWWHERKP��������³'\QDPLFV�RI�WKH�9RFDO
,PLWDWLRQ�3URFHVV��+RZ�D�=HEUD�)LQFK�/HDUQV�,WV�6RQJ�´ 6FLHQFH ��������������±���

7KRUSH��:��+��Q�G��³7KH�/HDUQLQJ�RI�6RQJ�3DWWHUQV�E\�%LUGV��ZLWK�(VSHFLDO�5HIHUHQFH�WR�WKH
6RQJ�RI�WKH�&KDIILQFK�)ULQJLOOD�&RHOHEV�´ 7KH�,ELV� GRL�
��������M���������;������WE������[�

7RPDV]\FNL��0LFKHOOH�/���DQG�(OL]DEHWK�$GNLQV�5HJDQ��������³([SHULPHQWDO�$OWHUDWLRQ�RI�0DOH
6RQJ�4XDOLW\�DQG�2XWSXW�$IIHFWV�)HPDOH�0DWH�&KRLFH�DQG�3DLU�%RQG�)RUPDWLRQ�LQ�=HEUD
)LQFKHV�´ $QLPDO�%HKDYLRXU ���������±���

7RXFKWRQ��-DQHHQH�0���1DWKDOLH�6HGGRQ��DQG�-RVHSK�$��7RELDV��������³&DSWLYH�5HDULQJ
([SHULPHQWV�&RQILUP�6RQJ�'HYHORSPHQW�ZLWKRXW�/HDUQLQJ�LQ�D�7UDFKHRSKRQH�6XERVFLQH
%LUG�´ 3OR6�2QH �����H������

8EXND��7DND\RVKL��*HRUJH�(��%HQWOH\��DQG�.D]X\RVKL�7VXWVXL��������³1HXURHQGRFULQH
5HJXODWLRQ�RI�*RQDGRWURSLQ�6HFUHWLRQ�LQ�6HDVRQDOO\�%UHHGLQJ�%LUGV�´ )URQWLHUV�LQ
1HXURVFLHQFH �����

:DGD��+DUXND��DQG�9LFWRULD�&RXWWV��������³'HWULPHQWDO�RU�%HQHILFLDO"�8QWDQJOLQJ�WKH�/LWHUDWXUH
RQ�'HYHORSPHQWDO�6WUHVV�6WXGLHV�LQ�%LUGV�´ 7KH�-RXUQDO RI�([SHULPHQWDO�%LRORJ\ ��������
GRL� ��������MHE��������

:DGD��+DUXND��%XGGKDPDV�.ULHQJZDWDQD��1DWDOLH�$OOHQ��.LPEHUO\�/��6FKPLGW��.LUDQ�.��6RPD�
DQG�6FRWW�$��0DF'RXJDOO�6KDFNOHWRQ��������³7UDQVLHQW�DQG�3HUPDQHQW�(IIHFWV�RI
6XERSWLPDO�,QFXEDWLRQ�7HPSHUDWXUHV�RQ�*URZWK��0HWDEROLF�5DWH��,PPXQH�)XQFWLRQ�DQG
$GUHQRFRUWLFDO�5HVSRQVHV�LQ�=HEUD�)LQFKHV�´ 7KH�-RXUQDO RI�([SHULPHQWDO�%LRORJ\ ����3W
��������±���

:DOWRQ��&ODUH��(EHQ�3DULVHU��DQG�)HUQDQGR�1RWWHERKP��������³7KH�=HEUD�)LQFK�3DUDGR[��6RQJ�,V
/LWWOH�&KDQJHG��EXW�1XPEHU�RI�1HXURQV�'RXEOHV�´ 7KH -RXUQDO�RI�1HXURVFLHQFH��7KH
2IILFLDO�-RXUQDO�RI�WKH�6RFLHW\�IRU�1HXURVFLHQFH ���������±���

:HOOV��6DUDK�-���5HEHFFD�-��6DIUDQ��DQG�-DPHV�'DOH��������³3LHFLQJ�7RJHWKHU�)HPDOH�([WUD�3DLU
0DWH�&KRLFH��)HPDOHV�5HDOO\�'R�3UHIHU�0RUH�2UQDPHQWHG�0DOHV�´ 0ROHFXODU�(FRORJ\
�����������±���

:HVWQHDW��'DYLG�)���DQG�,DQ�5��.��6WHZDUW��������³([WUD�3DLU�3DWHUQLW\�LQ�%LUGV��&DXVHV�
&RUUHODWHV��DQG�&RQIOLFW�´ $QQXDO�5HYLHZ�RI�(FRORJ\� (YROXWLRQ��DQG�6\VWHPDWLFV
���������±���

:HVWQHDW��'��)���6KHUPDQ��3��:���	�0RUWRQ��0��/��������³7KH�(FRORJ\�DQG�(YROXWLRQ�RI
([WUD�3DLU�&RSXODWLRQV�LQ�%LUGV�´ &XUUHQW�2UQLWKRORJ\ �����±���
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:LOEUHFKW��/LQGD��DQG�-RKQ�5��.LUQ��������³1HXURQ�$GGLWLRQ�DQG�/RVV�LQ�WKH�6RQJ�6\VWHP�
5HJXODWLRQ�DQG�)XQFWLRQ�´ $QQDOV�RI�WKH�1HZ�<RUN�$FDGHP\ RI�6FLHQFHV ��������±���

:LOOLDPV��+HDWKHU��������³0HFKDQLVPV�RI�&XOWXUDO�(YROXWLRQ�LQ�WKH�6RQJV�RI�:LOG�%LUG
3RSXODWLRQV�´ )URQWLHUV�LQ�3V\FKRORJ\ ����������

:LQJILHOG��-RKQ�&���'RQQD�/��0DQH\��&UHDJK�:��%UHXQHU��-HUU\�'��-DFREV��6KDURQ�/\QQ��0DULO\Q
5DPHQRIVN\��DQG�5DOSK�'��5LFKDUGVRQ��������³(FRORJLFDO�%DVHV�RI�+RUPRQH²EHKDYLRU
,QWHUDFWLRQV��7KH�µHPHUJHQF\�/LIH�+LVWRU\�6WDJH�¶´ $PHULFDQ�=RRORJLVW ���������±����

:RQJ��(��<��+���DQG�-��+HUEHUW��������³5DLVHG�&LUFXODWLQJ�&RUWLFRVWHURQH�,QKLELWV�1HXURQDO
'LIIHUHQWLDWLRQ�RI�3URJHQLWRU�&HOOV�LQ�WKH�$GXOW�+LSSRFDPSXV�´ 1HXURVFLHQFH ���������±���

:RRGJDWH��-RVHSK�/���0\OHQH�0��0DULHWWH��$QGUHZ�7��'��%HQQHWW��6LPRQ�&��*ULIILWK��DQG
.DWKHULQH�/��%XFKDQDQ��������³0DOH�6RQJ�6WUXFWXUH�3UHGLFWV�5HSURGXFWLYH�6XFFHVV�LQ�D
:LOG�=HEUD�)LQFK�3RSXODWLRQ�´ $QLPDO�%HKDYLRXU ���������±���

<DVXL��<XNLR��DQG�-LQ�<RVKLPXUD��������³%HW�+HGJLQJ�DJDLQVW�0DOH�&DXVHG�5HSURGXFWLYH
)DLOXUHV�0D\�([SODLQ�8ELTXLWRXV�&XFNROGU\�LQ�)HPDOH�%LUGV�´ -RXUQDO�RI�7KHRUHWLFDO
%LRORJ\ �������±���

=DKDYL��$PRW]��������³0DWH�VHOHFWLRQ²$�6HOHFWLRQ�IRU�D�+DQGLFDS�´ -RXUQDO�RI�7KHRUHWLFDO
%LRORJ\ ���������±���
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.DWH�7��6Q\GHU� DQG�1LFROH�&UHDQ]D�


�9DQGHUELOW�8QLYHUVLW\�'HSDUWPHQW�RI�%LRORJLFDO�6FLHQFHV� ������VW�$YH��6RXWK��1DVKYLOOH��71
�����

 $GGUHVV�IRU�FRUUHVSRQGHQFH� QLFROH�FUHDQ]D#YDQGHUELOW�HGX

$GDSWHG�IURP 6Q\GHU��.�7���&UHDQ]D��1��3RO\J\Q\�LV OLQNHG�WR�DFFHOHUDWHG�ELUGVRQJ�HYROXWLRQ�EXW

QRW�WR�ODUJHU�VRQJ�UHSHUWRLUHV� 1DW�&RPPXQ ������� �������

KWWSV���GRL�RUJ���������V�����������������

2QOLQH�6XSSOHPHQWDU\�0DWHULDOV�FDQ�EH�IRXQG� KWWSV���GRL�RUJ���������V�����������������

,QWURGXFWLRQ

3RO\J\Q\��D�VRFLDO�PDWLQJ�V\VWHP�LQ�ZKLFK�RQH�PDOH�FDQ�EH�PDWHG�WR�VHYHUDO�IHPDOHV

VLPXOWDQHRXVO\��KDV�HYROYHG�QXPHURXV�WLPHV�LQ�ELUGV �/DFN�������5KRDGV��������6LQFH

SRO\J\QRXV�PDOH�ELUGV�KDYH�WKH�SRWHQWLDO�WR�UDLVH�FOXWFKHV�RI�RIIVSULQJ�ZLWK�PXOWLSOH�IHPDOHV��LW

LV�H[SHFWHG�WKDW�WKHUH�ZLOO�EH�VXEVWDQWLDOO\�KLJKHU�YDULDQFH�LQ�WKH�ILWQHVV�RI�LQGLYLGXDO�PDOHV�LQ

SRO\J\QRXV�VSHFLHV�FRPSDUHG�WR�PRQRJDPRXV�VSHFLHV�LQ�ZKLFK�PDOHV�KDYH�RQO\�RQH�VRFLDO�PDWH

DW�D�WLPH �(POHQ�DQG�2ULQJ�������3D\QH��������,Q�RWKHU ZRUGV��D�SRO\J\QRXV�PDOH�FRXOG

PXOWLSO\�KLV�SRWHQWLDO�QXPEHU�RI�RIIVSULQJ�E\�WKH�QXPEHU�RI�PDWHV�KH�FDQ�DWWUDFW��OHDGLQJ�WR

GLIIHUHQFHV�LQ�UHSURGXFWLYH�VXFFHVV�WKDW�FRXOG�EH�PXFK�ODUJHU�WKDQ�WKH�ILWQHVV�GLIIHUHQFHV�RI�RQO\

D�IHZ�SHUFHQW�WKDW�KDYH�EHHQ�VKRZQ�WR�VKLIW�HYROXWLRQDU\�G\QDPLFV�LQ�D�SRSXODWLRQ��H�J� �/HQVNL
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DQG�7UDYLVDQR�������/HY\�HW�DO����������$�SRO\J\QRXV�PDWLQJ�VWUDWHJ\�DOVR�OHDYHV�PRUH�PDOHV

XQSDLUHG�WKDQ�PRQRJDP\��WKHVH�PDOHV�FRXOG�KDYH�]HUR�UHSURGXFWLYH�VXFFHVV�XQOHVV�WKH\�ZHUH

VXFFHVVIXO�LQ�H[WUD�SDLU�IHUWLOL]DWLRQV �:HVWQHDW� '��)���6KHUPDQ��3��:���	�0RUWRQ��0��/��������

6LQFH�WKH�VWDNHV�DUH�KLJKHU�WR�VXFFHVVIXOO\�DWWUDFW�RQH�RU�PRUH�PDWHV��WKH�KLJK�YDULDQFH�LQ

UHSURGXFWLYH�VXFFHVV�SUHGLFWHG�IRU�SRO\J\QRXV�VSHFLHV�FRXOG�DPSOLI\�WKH�UROH�RI�VH[XDO�VHOHFWLRQ

FRPSDUHG�WR�PRQRJDPRXV�VSHFLHV�

([WUD�SDLU�SDWHUQLW\��(33��LV�FRPPRQ�LQ�2VFLQH�VSHFLHV�DQG��OLNH�SRO\J\Q\��PD\�DIIHFW

WKH�YDULDQFH�RI�UHSURGXFWLYH�VXFFHVV�LQ�PDOHV�LQ�D�SRSXODWLRQ �*ULIILWK��2ZHQV��DQG�7KXPDQ

������:HVWQHDW�DQG�6WHZDUW��������,Q�ERWK�PRQRJDPRXV DQG�SRO\J\QRXV�VSHFLHV�ZKHUH�(33�LV

FRPPRQ��IHPDOHV�ZLOO�RIWHQ�IRUP�D�VRFLDO�ERQG�ZLWK�D�VLQJOH�PDOH�SDUWQHU�EXW�DOVR�FRSXODWH�ZLWK

RWKHU�PDOHV �3HWULH�DQG�.HPSHQDHUV��������6HHNLQJ H[WUD�SDLU�IHUWLOL]DWLRQV�FRXOG�DFW�DV�D

EHW�KHGJLQJ�VWUDWHJ\�WKDW��LQ�WKHRU\��FRXOG�LQFUHDVH�D�IHPDOH¶V�LQGLUHFW�UHSURGXFWLYH�ILWQHVV��IRU

H[DPSOH�E\�LQFUHDVLQJ�WKH�JHQHWLF�GLYHUVLW\�RU�WKH�ILWQHVV�RI�KHU�RIIVSULQJ �&RUGHUR�������<DVXL

DQG�<RVKLPXUD��������6LQFH�VH[XDO�VHOHFWLRQ�FDQ�RFFXU ZKHQ�FKRRVLQJ�WKHVH�H[WUD�SDLU�PDWHV

�.HPSHQDHUV�HW�DO��������:HOOV��6DIUDQ��DQG�'DOH������� PDOHV�ZLWK�OHVV�DWWUDFWLYH�VHFRQGDU\

FKDUDFWHULVWLFV�PD\�EH�GRXEO\�SHQDOL]HG��RQFH�LQ�REWDLQLQJ�D�VRFLDO�PDWH��DQG�DJDLQ�LQ�DWWDLQLQJ

FRSXODWLRQV�ZLWK�DOUHDG\�PDWHG�IHPDOHV��7KXV��(33�FRXOG�SRWHQWLDOO\�LQFUHDVH�YDULDQFH�LQ

UHSURGXFWLYH�ILWQHVV��H�J� �%\HUV�HW�DO���������EXW VHH �/HELJUH�HW�DO����������2Q�WKH�RWKHU�KDQG�

(33�FRXOG�SXWDWLYHO\�GHFUHDVH�WKH�YDULDQFH�LQ�ILWQHVV�LQ�D�SRSXODWLRQ��VLQFH�VRFLDOO\�SDLUHG�PDOHV

PLJKW�LQYHVW�UHVRXUFHV�LQ�QRQ�JHQHWLFDOO\�UHODWHG�RIIVSULQJ�GXH�WR�(33��DQG�HYHQ�XQSDLUHG�PDOHV

ZRXOG�KDYH�WKH�RSSRUWXQLW\�WR�VLUH�RIIVSULQJ�YLD�(33��H�J� �9HGGHU�HW�DO����������,Q�WKLV�FRQWH[W��LW

LV�XQFOHDU�ZKDW�NLQG�RI�DVVRFLDWLRQ�ZH�ZRXOG�H[SHFW�WR�ILQG�EHWZHHQ�(33�DQG�OHDUQHG�VRQJ��2Q

RQH�KDQG��IHPDOHV�FRXOG�SRWHQWLDOO\�GLYHUVLI\�WKHLU�PDWHV�E\�H[KLELWLQJ�D�GLIIHUHQW�VHW�RI�VRQJ
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SUHIHUHQFHV�ZKHQ�WKH\�VHHN�RXW�H[WUD�SDLU�FRSXODWLRQV�WKDQ�ZKHQ�WKH\�FKRRVH�VRFLDO�PDWHV�

WKHUHE\�SODFLQJ�FRQWH[W�GHSHQGHQW�HYROXWLRQDU\�SUHVVXUH�RQ�VRQJ��$OWHUQDWLYHO\��KLJK�(33�FRXOG

FDXVH�PRUH�IUHTXHQW�RSSRUWXQLWLHV�IRU�IHPDOHV�WR�DFW�XSRQ�WKH�VDPH�SUHIHUHQFHV�GLVSOD\HG�IRU

VRFLDO�PDWHV��ZKLFK�ZRXOG�K\SRWKHWLFDOO\�GULYH�VRQJ�FRPSOH[LW\�KLJKHU�

)RU�VRQJELUGV��FODVV��$YHV��RUGHU��3DVVHULIRUPHV��VXERUGHU��2VFLQH���VRQJ�LV�DQ�LPSRUWDQW

DQG�QHDUO\�XELTXLWRXV�EHKDYLRU�WKDW�KDV�IXQFWLRQV�LQ�PDWH�FKRLFH��LQWUDVH[XDO�FRPSHWLWLRQ��DQG

PHGLDWLQJ�RWKHU�VRFLDO�LQWHUDFWLRQV �%DSWLVWD�DQG 0RUWRQ�������/DFKODQ�DQG�6ODWHU�������/LX�DQG

.URRGVPD��������%LUGVRQJ�FRXOG�EH�D�SDUWLFXODUO\�VDOLHQW WDUJHW�IRU�VH[XDO�VHOHFWLRQ�VLQFH��DV�D

OHDUQHG�EHKDYLRU��LW�KDV�WKH�SRWHQWLDO�IRU�UDSLG�FKDQJH�RYHU�JHQHUDWLRQV�DQG�ODUJH�YDULDWLRQ�ZLWKLQ

D�SRSXODWLRQ��,QGHHG��VRQJV�RI�PDOH�VRQJELUGV�KDYH�EHHQ�GHPRQVWUDWHG�WR�LQIOXHQFH�PDWH�FKRLFH

LQ�VHYHUDO�VSHFLHV��IHPDOH�VRQJELUGV�DFURVV�PXOWLSOH�SDVVHULQH�IDPLOLHV�KDYH�EHHQ�VKRZQ�WR

FKRRVH�PDWHV�ZLWK�ODUJHU�V\OODEOH�UHSHUWRLUHV��PRUH�V\OODEOHV�SHU�VRQJ��ORQJHU�VRQJV��DQG�ODUJHU

VRQJ�UHSHUWRLUHV �%\HUV�DQG�.URRGVPD�������1RZLFNL DQG�6HDUF\�������6RPD�DQG�*DUDPV]HJL

�������)RU�H[DPSOH��LQ�WKH�JUHDW�UHHG�ZDUEOHU��D�SRO\J\QRXV VSHFLHV��IHPDOHV�SUHIHUUHG�ODUJHU

UHSHUWRLUHV�ERWK�ZKHQ�VHOHFWLQJ�D�VRFLDO�PDWH�DQG�ZKHQ�VHHNLQJ�H[WUD�SDLU�FRSXODWLRQ�DQG

IHUWLOL]DWLRQ �+DVVHOTXLVW��%HQVFK��DQG�YRQ�6FKDQW] �������+RZHYHU��FRXQWHU�H[DPSOHV�KDYH�DOVR

EHHQ�UHSRUWHG��IRU�LQVWDQFH��IHPDOH�FROODUHG�IO\FDWFKHUV�DSSHDUHG�WR�SUHIHU�PDOHV�WKDW�KDG�VPDOOHU

UHSHUWRLUHV �+HJ\L�HW�DO��������

7KHVH�ILQGLQJV�VXJJHVW�D�SRVVLEOH�OLQN�EHWZHHQ�WKH�PDWLQJ�V\VWHP�RI�D�VSHFLHV�DQG�LWV

VRQJ�HYROXWLRQ��,Q�SDUWLFXODU��D�K\SRWKHVLV�KDV�EHHQ�UHSHDWHGO\�SURSRVHG��WKH�LQWHQVLILHG�VH[XDO

VHOHFWLRQ�LQ�SRO\J\QRXV�PDWLQJ�V\VWHPV�VKRXOG�GULYH�WKH�HYROXWLRQ�RI�LQFUHDVHG�VRQJ�FRPSOH[LW\

�&DWFKSROH�������,UZLQ��������6HYHUDO�SDSHUV�KDYH LQYHVWLJDWHG�WKLV�K\SRWKHVLV�WKDW�PDWLQJ

V\VWHP�DQG�VRQJ�HYROXWLRQ�DUH�QRW�LQGHSHQGHQW��ZLWK�PL[HG�UHVXOWV �6HDUF\�DQG�<DVXNDZD������
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�7DEOH�������)RU�H[DPSOH��D�VWXG\�RI�QLQH�VSHFLHV�RI�1RUWK�$PHULFDQ�ZUHQV�IRXQG�WKDW�WKH

SRO\J\QRXV�VSHFLHV�KDG�ODUJHU�VRQJ�UHSHUWRLUHV �.URRGVPD �������,Q�D�PHWD�DQDO\VLV�RI����

VSHFLHV�DFURVV�VHYHUDO�IDPLOLHV�WKDW�GLG�QRW�DFFRXQW�IRU�VKDUHG�DQFHVWU\�EH\RQG�VXSHUIDPLO\

FODVVLILFDWLRQ��5HDG�DQG�:HDU\ �5HDG�DQG�:HDU\������ IRXQG�WKDW�SRO\J\QRXV�VSHFLHV�KDYH

KLJKHU�QXPEHUV�RI�V\OODEOHV�SHU�VRQJ��,Q�FRQWUDVW��D�VWXG\�RI����1HZ�:RUOG�EODFNELUG�VSHFLHV

IRXQG�QR�FRUUHODWLRQ�EHWZHHQ�VRQJ�DQG�V\OODEOH�UHSHUWRLUH�VL]HV�DQG�PDWLQJ�V\VWHP �,UZLQ�������

)XUWKHU��WZR�VWXGLHV�VKRZHG�WKDW�WKH�WZR�SRO\J\QRXV�VSHFLHV�RI $FURFHSKDOXV ZDUEOHUV�KDG

VLPSOHU�UHSHUWRLUHV�WKDQ�WKH�IRXU�PRQRJDPRXV�VSHFLHV�LQFOXGHG�LQ�WKH�VWXGLHV �&DWFKSROH������

/HLVOHU�DQG�&DWFKSROH��������7DNHQ�WRJHWKHU��WKHVH UHVXOWV�KLQW�DW�D�SRVVLEOH�UHODWLRQVKLS�EHWZHHQ

VRQJ�DQG�PDWLQJ�V\VWHP��EXW�LW�GRHV�QRW�DSSHDU�WR�FRQVLVWHQWO\�IROORZ�WKH�SUHGLFWLRQ�WKDW

LQFUHDVHG�VH[XDO�VHOHFWLRQ�YLD�QRQ�PRQRJDPRXV�PDWLQJ�V\VWHPV�IDYRUV�PRUH�HODERUDWH�VRQJ

UHSHUWRLUHV�

(33�KDV�EHHQ�SUHYLRXVO\�VWXGLHG�LQ�WKH�FRQWH[W�RI�VRQJ�FKDUDFWHULVWLFV��EXW�PRVWO\�ZLWKLQ

WKH�VFRSH�RI�D�VLQJOH�VSHFLHV��6RPH�VWXGLHG�VSHFLHV�VKRZ�D�SRVLWLYH�WUHQG��UDWHV�RI�(33�ZHUH

KLJKHU�LQ�PDOHV�ZLWK�ODUJHU�UHSHUWRLUHV��JUHDW�UHHG�ZDUEOHUV �+DVVHOTXLVW�HW�DO���������RU�LQFUHDVHG

VRQJ�GLYHUVLW\��UHHG�EXQWLQJ �6XWHU�HW�DO��������� ,Q�FRQWUDVW��WKHUH�ZDV�QR�REVHUYHG�FRUUHODWLRQ

EHWZHHQ�VRQJ�FKDUDFWHULVWLFV�DQG�(33�LQ�WKH�VRQJ�VSDUURZ �+LOO�HW�DO������� DQG�D�QHJDWLYH

FRUUHODWLRQ��ZLWK�JUHDWHU�(33�DVVRFLDWHG�ZLWK�VPDOOHU�UHSHUWRLUHV��LQ�WKH�VHGJH�ZDUEOHU �0DUVKDOO�

%XFKDQDQ��DQG�&DWFKSROH��������)XUWKHU��VRPH�VWXGLHV WKDW�WHVWHG�IRU�D�FRUUHODWLRQ�EHWZHHQ

UHSHUWRLUH�VL]H�DQG�UDWHV�RI�(33�IRXQG�RWKHU�IDFWRUV�WR�EH�SUHGLFWLYH�LQVWHDG��VXFK�DV�VLQJLQJ

HDUOLHU��EOXH�WLW �3RHVHO�HW�DO����������PRUH�FRQVLVWHQWO\ �FKHVWQXW�VLGHG�ZDUEOHU �%\HUV���������RU

DW�KLJKHU�DPSOLWXGH��GXVN\�ZDUEOHU �)RUVWPHLHU�HW DO����������2Q�D�ODUJHU�VFDOH��(33�ZDV�QRW

FRUUHODWHG�ZLWK�VRQJ�FRPSOH[LW\�LQ�D�VWXG\�RI����VSHFLHV�LQ�ZKLFK�WKH�DXWKRUV�FRQWUROOHG�IRU
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VKDUHG�DQFHVWU\�EXW�GLG�QRW�LQFOXGH�V\OODEOH�UHSHUWRLUH�GDWD �*DUDPV]HJL�DQG�0¡OOHU��������0RUH

UHFHQWO\��D�VWXG\�DFURVV����VSHFLHV�LQGLFDWHG�WKDW�ZLWKLQ�VRQJ�FRPSOH[LW\��H�J��V\OODEOHV�SHU�VRQJ�

VRQJ�GXUDWLRQ��ZDV�FRUUHODWHG�ZLWK�UDWHV�RI�(33�RFFXUUHQFH��EXW�EHWZHHQ�VRQJ�FRPSOH[LW\��H�J�

VRQJ�UHSHUWRLUH��V\OODEOH�UHSHUWRLUH��ZDV�QRW �+LOO HW�DO������� �7DEOH������

&LWDWLRQ �
VSHFLHV

3K\ORJHQHWLF�FRQWURO 6RQJ�SDUDPHWHUV 0DWH
SDUDPHWHUV

7HVW 5HVXOWV

�.URRGVPD
�����

� 2QH�IDPLO\�
7URJORG\WLGDH

6\OODEOH�UHSHUWRLUH�
6\OODEOHV�VRQJ��6RQJ�W\SH
UHSHUWRLUH��'XUDWLRQ�
&RQWLQXLW\

0RQRJDP\��
3RO\J\Q\

4XDOLWDWLYH
REVHUYDWLRQ

3RO\J\QRXV�VSHFLHV�KDG�ORQJHU
DQG�PRUH�FRPSOH[�VRQJV��VSHQW
PRUH�ERXW�WLPH�VLQJLQJ��DQG
VZLWFKHG�VRQJV�PRUH�UDSLGO\

�&DWFKSROH
�����

� 2QH�IDPLO\�
$FURFHSKDOLGDH

'XUDWLRQ��&RPSOH[LW\ 0RQRJDP\��
3RO\J\Q\

4XDOLWDWLYH
REVHUYDWLRQ

��SRO\J\QRXV�VSHFLHV�VKRUWHU�
VLPSOHU��OHVV�YDULDEOH�VRQJV

�&DWFKSROH
DQG
0F*UHJRU
�����

� 2QH�IDPLO\�
(PEHUL]LGDH

6RQJ�UHSHUWRLUH��9DULDELOLW\
ZLWKLQ�D�SRSXODWLRQ

0RQRJDP\��
3RO\J\Q\

4XDOLWDWLYH
REVHUYDWLRQ

2QH�SRO\J\QRXV�VSHFLHV�
VPDOOHU�VRQJ�UHSHUWRLUH��OHVV
YDULDWLRQ�ZLWKLQ�SRSXODWLRQV

�,UZLQ������ �� 2QH�IDPLO\��,FWHULGDH
$QDO\]HV�PRUH�FORVHO\
UHODWHG�VSHFLHV�ILUVW���
JURXSV��FRZELUGV��JUDFNOHV�
DJHOLQH�EODFNELUGV�
PHDGRZODUNV�
RULROHV�FDFLTXHV�

6\OODEOH�UHSHUWRLUH��6RQJ
UHSHUWRLUH��9HUVDWLOLW\

0RQRJDP\��
3RO\J\Q\

5DQN�RUGHU $JHODLXV�EODFNELUGV�DQG
FRZELUGV��YHUVDWLOLW\�DVVRFLDWHG
ZLWK�PRQRJDP\�
2ULROHV�FDFLTXHV��V\OO�UHS
SRVVLEO\�DVVRFLDWHG�ZLWK
SRO\J\Q\��*UDFNOHV��YHUVDWLOLW\
DVVRFLDWHG�ZLWK�SRO\J\Q\

�6KXWOHU�DQG
:HDWKHUKHDG
�����

�� 2QH�IDPLO\�
3DUXOLQDH
6RPH�DQDO\VHV�ZLWKLQ
JHQHUD

6\OODEOHV�VRQJ��6RQJ
UHSHUWRLUH��'XUDWLRQ��6RQJ
UDWH��7LPH�VLQJLQJ�
)UHTXHQF\

0RQRJDP\��
3RO\J\Q\

0DQQ�
:KLWQH\

0RQRJDPRXV�VSHFLHV�KDG
KLJKHU�V\OODEOH�UHSHUWRLUHV

�5HDG�DQG
:HDU\������

��� 7HVW�ZLWKLQ�VXSHUIDPLOLHV�
7\UDQQRLGHD��&RUYRLGHD�
)ULQJLOORLGHD��6\OYLRLGHD�
7XUGRLGHD

6\OODEOHV�VRQJ��6RQJ
UHSHUWRLUH��,QWHUYDO�
'XUDWLRQ��6RQJ�UDWH�
&RQWLQXLW\��9HUVDWLOLW\

0RQRJDP\��
3RO\J\Q\

%LQRPLDO
5DQN�RUGHU

3RO\J\Q\�DVVRFLDWHG�ZLWK�ORZHU
VRQJ�UDWHV�DFURVV�DOO�VSHFLHV�
6\OOV�VRQJ�SRVLWLYHO\�DVVRFLDWHG
ZLWK�SRO\J\Q\�DFURVV�DOO�VSHFLHV

�*DUDPV]HJL
DQG�0¡OOHU
�����

�� 3K\ORJHQHWLF�FRQWURO��
JHQHUDOL]HG�OHDVW�VTXDUHV
PRGHOV�YLD�VRIWZDUH
&RQWLQXRXV��3DJHO�������
�����

6\OODEOHV�VRQJ��6RQJ
UHSHUWRLUH��,QWHUYDO�
'XUDWLRQ��6RQJ�UDWH�
&RQWLQXLW\��9HUVDWLOLW\

(33
�&RQWLQXRXV�

*HQHUDOL]HG�OHDVW
VTXDUHV�PRGHOV
IRU�FRQWLQXRXV
YDULDEOHV

1R�FRUUHODWLRQ�EHWZHHQ�VRQJ
FKDUDFWHULVWLFV�DQG�(33

�6RPD�DQG
*DUDPV]HJL
�����

������ 1RQH��IRU�WKHVH�GDWD� ³&RPSOH[LW\´�WHUP
HQFRPSDVVLQJ�V\OODEOH
UHSHUWRLUH��VRQJ�UHSHUWRLUH�
DQG�VRQJ�YHUVDWLOLW\

(33���
JURXSV��
0RQRJDP\�
)DF�
3RO\J\Q\�
3RO\J\Q\

0HWD�UHJUHVVLRQ
DQDO\VLV

1R�VLJQLILFDQW�FRUUHODWLRQ
EHWZHHQ�VRQJ�FRPSOH[LW\�DQG
(33�RU�PDWLQJ�V\VWHP

�+LOO�HW�DO�
�����

�� 3K\ORJHQHWLF�FRQWURO��
3*/6�DQDO\VLV

6\OODEOH�UHSHUWRLUH�
6\OODEOHV��VRQJ��6RQJ
UHSHUWRLUH��'XUDWLRQ�
9HUVDWLOLW\��6\OO�
WUDQVLWLRQV�VRQJ�
:LWKLQ�VRQJ�FRPSOH[LW\

(33
�FRQWLQXRXV��
0RQRJDP\��
´3RO\JDP\´��
&RRSHUDWLYH

/LQHDU�UHJUHVVLRQ 6\OODEOHV�SHU�VRQJ��XQLTXH��
V\OODEOH�WUDQVLWLRQV�SHU�VRQJ�
RYHUDOO�ZLWKLQ�VRQJ�FRPSOH[LW\
SRVLWLYHO\�FRUUHODWHG�ZLWK�(33

��
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&XUUHQW
VWXG\

��� 3K\ORJHQHWLF�FRQWURO 6\OODEOH�UHSHUWRLUH
�1 ������6\OODEOHV�VRQJ
�1 ������6RQJ�UHSHUWRLUH
�1 ������,QWHUYDO��1 �����
'XUDWLRQ��1 ������6RQJ
UDWH��1 ������&RQWLQXLW\
�1 ����


(33
�/RZ�+LJK�
�1 �����
0RQRJDP\��
3RO\J\Q\
�1 ����



3K\O$129$�
%URZQLH�
%D\HV7UDLWV�
3*/6��*/00
�VHH�PHWKRGV�

6\OODEOH�UHSHUWRLUH�DQG�VRQJ
GXUDWLRQ�HYROYH�IDVWHU�LQ
SRO\J\QRXV�VSHFLHV��6\OODEOH
UHSHUWRLUH�LV�VPDOOHU�LQ�VSHFLHV
ZLWK�KLJK�(33

7DEOH������3UHYLRXV�FRPSDULVRQV�RI�VRQJ�DQG�PDWLQJ�V\VWHP�HYROXWLRQ� 
'HILQLWLRQV�RI�VRQJ

WHUPV�WHVWHG�LQ�WKLV�VWXG\��6\OODEOH�UHSHUWRLUH��DYHUDJH�WRWDO�QXPEHU�RI�XQLTXH�V\OODEOHV�DQ

LQGLYLGXDO�SURGXFHV��6\OODEOHV�SHU�VRQJ��6\OODEOHV�VRQJ���DYHUDJH�QXPEHU�RI�XQLTXH�V\OODEOHV

XVHG�SHU�VRQJ��6RQJ�UHSHUWRLUH��DYHUDJH�WRWDO�QXPEHU�RI�XQLTXH�VRQJV�DQ�LQGLYLGXDO�SURGXFHV�

,QWHUVRQJ�,QWHUYDO��,QWHUYDO���DYHUDJH�OHQJWK�RI�WLPH�VHSDUDWLQJ�VRQJV�ZLWKLQ�D�SHULRG�RI

FRQVLVWHQW�VLQJLQJ�EHKDYLRU��PHDVXUHG�LQ�VHFRQGV��6RQJ�GXUDWLRQ��'XUDWLRQ���DYHUDJH�OHQJWK�RI�D

VRQJ�LQ�VHFRQGV������6RQJ�UDWH��WKH�QXPEHU�RI�IXOO�VRQJ�F\FOHV�SURGXFHG�SHU�PLQXWH��FDOFXODWHG�DV

����'XUDWLRQ���,QWHUYDO�������6RQJ�FRQWLQXLW\��WKH�SURSRUWLRQ�RI�WRWDO�VRQJ�SHUIRUPDQFH�WLPH

VSHQW�SURGXFLQJ�VRQJ��FDOFXODWHG�DV�'XUDWLRQ��'XUDWLRQ���,QWHUYDO���6RPH�SUHYLRXV�VWXGLHV�XVHG

GLIIHUHQW�WHUPV�WR�UHIHU�WR�WKH�VDPH�EHKDYLRUDO�WUDLW��VHH�0HWKRGV��

'HILQLWLRQV�RI�PDWLQJ�V\VWHP

WHUPV�XVHG�LQ�WKLV�VWXG\��0RQRJDP\�3RO\J\Q\��VRFLDO�PRQRJDP\�YV�VRFLDO�SRO\J\Q\��EDVHG�RQ

TXDOLWDWLYH�RU�TXDQWLWDWLYH�GHVFULSWLRQV��,I�TXDQWLWDWLYH��SRSXODWLRQV�ZLWK�����PDOHV�ZLWK

PXOWLSOH�VRFLDO�PDWHV�FODVVLILHG�DV�PRQRJDPRXV��(33��([WUD�SDLU�SDWHUQLW\��SULPDULO\�TXDQWLWDWLYH

EDVHG�RQ�JHQHWLF�SDUHQWDJH�WHVWLQJ�RI�FKLFNV�LQ�D�SRSXODWLRQ��6SHFLHV�ZLWK������RIIVSULQJ�LQ�D

SRSXODWLRQ�VLUHG�E\�PDOH�ZKR�LV�QRW�WKH�VRFLDO�PDWH�RI�WKH�IHPDOH�FRQVLGHUHG�WR�KDYH�D�ORZ�UDWH

RI�(33�

+HUH��ZH�VHHN�WR�XQGHUVWDQG�WKH�UHODWLRQVKLS�EHWZHHQ�PDWLQJ�VWUDWHJLHV�DQG�VRQJ�DFURVV

WKH�HYROXWLRQDU\�KLVWRU\�RI�VRQJELUGV�WKURXJK�FRPSXWDWLRQDO�DQG�SK\ORJHQHWLFDOO\�LQIRUPHG

DQDO\VHV��)LUVW��ZH�EURDGHQ�DQG�GHHSHQ�WKH�VFRSH�RI�WKLV�W\SH�RI�DQDO\VLV�E\�FRPSLOLQJ�GDWD�IURP

��



PDQ\�VRXUFHV�RQ�PDWLQJ�V\VWHP��H[WUD�SDLU�SDWHUQLW\��DQG�QXPHURXV�VRQJ�FKDUDFWHULVWLFV�IURP

SXEOLVKHG�OLWHUDWXUH�DQG�FXUDWHG�ILHOG�JXLGHV��VHH 7DEOH���� IRU�GHILQLWLRQV�RI�WKHVH�WUDLWV��

*DWKHULQJ�GDWD�RQ�PXOWLSOH�VRQJ�PHWULFV�HQDEOHV�XV�WR�VWXG\�IHDWXUHV�RI�VRQJ�WKDW�KDYH�EHHQ

WUDGLWLRQDOO\�FDWHJRUL]HG�DV�PHDVXUHPHQWV�RI�VRQJ�FRPSOH[LW\��VXFK�DV�WRWDO�LQGLYLGXDO�V\OODEOH

UHSHUWRLUH��DYHUDJH�V\OODEOHV�SHU�VRQJ��DQG�LQGLYLGXDO�VRQJ�UHSHUWRLUH��DV�ZHOO�DV�IHDWXUHV�WKDW�DUH

RIWHQ�XVHG�WR�PHDVXUH�VRQJ�SHUIRUPDQFH��VXFK�DV�DYHUDJH�VRQJ�GXUDWLRQ��LQWHUVRQJ�LQWHUYDO��DQG

FRPSXWHG�PHWULFV�RI�VRQJ�UDWH�DQG�FRQWLQXLW\��,Q�FRQWUDVW�WR�PRVW�SULRU�VWXGLHV��ZH�DQDO\]H�VRQJ

HYROXWLRQ�LQ�WKH�FRQWH[W�RI�ERWK�PDWLQJ�V\VWHP��PRQRJDP\�SRO\J\Q\��DQG�UDWH�RI�(33��:H

SHUIRUP�WKHVH�DQDO\VHV�ZKLOH�FRQWUROOLQJ�IRU�VKDUHG�DQFHVWUDO�KLVWRU\�XVLQJ�ODUJH�VFDOH�DYLDQ

SK\ORJHQLHV �-HW]�HW�DO������� RI�WKH�2VFLQH�VXERUGHU�

2XU�ILQGLQJV�VXJJHVW�D�PRUH�FRPSOH[�HYROXWLRQDU\�UHODWLRQVKLS�EHWZHHQ�SRO\J\Q\�DQG

(33�DQG�VH[XDO�VHOHFWLRQ�RQ�VRQJ�FKDUDFWHULVWLFV�WKDQ�SUHYLRXVO\�KDV�EHHQ�K\SRWKHVL]HG��:H�WHVW

QXPHURXV�VRQJ�SDUDPHWHUV�LQ�WKLV�FRQWH[W��LQ�SDUWLFXODU��ZH�KLJKOLJKW�UHVXOWV�IURP�RXU�DQDO\VHV�RI

V\OODEOH�UHSHUWRLUH�VL]H��D�PHDVXUH�RI�VRQJ�FRPSOH[LW\�WKDW�HQDEOHV�FRPSDULVRQ�DFURVV�PDQ\

VRQJELUG�IDPLOLHV��&RQWUDU\�WR�WKH�K\SRWKHVLV��ZH�ILQG�WKDW�SRO\J\QRXV�ELUGV�GR�QRW�KDYH

V\VWHPDWLFDOO\�ODUJHU�V\OODEOH�UHSHUWRLUHV�WKDQ�PRQRJDPRXV�ELUGV��+RZHYHU��ZH�GR�ILQG�D

VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�UDWH�RI�VRQJ�HYROXWLRQ�EHWZHHQ�SRO\J\QRXV�DQG�PRQRJDPRXV�ELUGV�

V\OODEOH�UHSHUWRLUH�VL]H�VHHPV�WR�KDYH�HYROYHG�VLJQLILFDQWO\�IDVWHU�LQ�SRO\J\QRXV�OLQHDJHV��EXW�WKLV

UDSLG�HYROXWLRQ�GRHV�QRW�SXVK�WKH�V\OODEOH�UHSHUWRLUH�VL]H�FRQVLVWHQWO\�KLJKHU��,QVWHDG��ZH�ILQG

WKDW�WKH�FRPELQDWLRQ�RI�SRO\J\Q\�DQG�YHU\�VPDOO�UHSHUWRLUHV�RU�YHU\�ODUJH�UHSHUWRLUHV�DUH�ERWK

HYROXWLRQDULO\�XQVWDEOH��SRO\J\Q\�VHHPV�WR�GULYH�WKH�HYROXWLRQ�RI�PRUH�PRGHUDWH�VL]HG

UHSHUWRLUHV��2XU�DQDO\VHV�RI�H[WUD�SDLU�SDWHUQLW\�DQG�VRQJ�FKDUDFWHULVWLFV�DOVR�\LHOG�UHVXOWV�WKDW

UXQ�FRXQWHU�WR�H[SHFWDWLRQ��ZH�ILQG�WKDW�V\OODEOH�UHSHUWRLUH�VL]HV�DUH�VLJQLILFDQWO\�ODUJHU�LQ�VSHFLHV

��
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ZLWK�ORZ�(33��DQG�WKH�FRPELQDWLRQ�RI�ORZ�(33�DQG�VPDOO�V\OODEOH�UHSHUWRLUHV�LV�D�UDUH�DQG

VHHPLQJO\�XQVWDEOH�VWDWH�LQ�HYROXWLRQDU\�KLVWRU\�

5HVXOWV

$VVHPEOHG�'DWDEDVH

+HUH��ZH�FRPSLOHG�D�GDWDEDVH�RI�PDWLQJ�V\VWHPV�DQG�VRQJ�FKDUDFWHULVWLFV�DFURVV�WKH

VRQJELUG�OLQHDJH�IURP�SXEOLVKHG�OLWHUDWXUH�DQG�FXUDWHG�ILHOG�JXLGHV��GDWD�LQ 2QOLQH

6XSSOHPHQWDU\�'DWD����YDULDEOH�GHVFULSWLRQ�LQ 7DEOH ���� IXOO�GDWD�FXUDWLRQ�SURWRFRO�LQ

0HWKRGV���WKLV�GDWDEDVH�LQFOXGHV�����VSHFLHV�ZLWK�D�PDWLQJ�V\VWHP�FODVVLILFDWLRQ�RI�HLWKHU�VRFLDO

PRQRJDP\�RU�SRO\J\Q\�DQG�����VSHFLHV�WKDW�FRXOG�EH�LGHQWLILHG�DV�KDYLQJ�KLJK�RU�ORZ�LQFLGHQFH

RI�H[WUD�SDLU�SDWHUQLW\��,Q�DGGLWLRQ��ZH�FDWDORJXHG�VRQJ�FKDUDFWHULVWLF�GDWD��GHILQHG�LQ 7DEOH�����

IRU�����RVFLQH�VSHFLHV������VSHFLHV�ZLWK�V\OODEOH�UHSHUWRLUH�VL]H�GDWD������VSHFLHV�ZLWK�V\OODEOHV

SHU�VRQJ�GDWD������VSHFLHV�ZLWK�VRQJ�UHSHUWRLUH�VL]H�GDWD������VSHFLHV�ZLWK�VRQJ�LQWHUYDO�GDWD�

����VSHFLHV�ZLWK�VRQJ�GXUDWLRQ�GDWD��DQG�����VSHFLHV�ZLWK�ERWK�VRQJ�LQWHUYDO�DQG�GXUDWLRQ�GDWD�

DOORZLQJ�FDOFXODWLRQ�RI�VRQJ�UDWH�DQG�FRQWLQXLW\��,Q�WRWDO��WKH�GDWDVHW�FDWDORJXHV�WZR�PDWLQJ

VWUDWHJ\�WUDLWV�DQG�VHYHQ�VRQJ�WUDLWV������VSHFLHV�DFURVV����IDPLOLHV�KDYH�GDWD�IRU�RQH�RU�PRUH�RI

WKHVH�WUDLWV��7DEOH�������7KLUW\�QLQH�RI�WKHVH�VSHFLHV DUH�VXERVFLQHV��DQ�RXWJURXS�WR�WKH�RVFLQH

VRQJELUGV�LQ�ZKLFK�OHDUQHG�VRQJ�KDV�QRW�EHHQ�REVHUYHG��WKXV��WKH\�ZHUH�QRW�XVHG�LQ�WKH�DQDO\VHV

WHVWLQJ�FRUUHODWLRQ�EHWZHHQ�PDWLQJ�V\VWHP�DQG�VRQJ�HYROXWLRQ�LQ�WKLV�VWXG\��:H�XVHG�WKHVH

VSHFLHV�WR�URRW�RXU�SK\ORJHQHWLF�WUHHV�DQG�LQFOXGHG�DQ\�ZLWK�UHOHYDQW�PDWLQJ�V\VWHP�(33�GDWD�LQ

WKH�FDOFXODWLRQ�RI�WKH�UDWHV�RI�WUDQVLWLRQ�EHWZHHQ�PRQRJDP\�DQG�SRO\J\Q\�DQG�EHWZHHQ�ORZ�(33

DQG�KLJK�(33��ZKLFK�ZHUH�XVHG�LQ�ODWHU�DQDO\VHV��:KHQ�ZH�IRXQG�PXOWLSOH�PHDVXUHV�IRU�WKH�VDPH

��



VSHFLHV��ZH�LQFOXGHG�DOO�RI�WKHP�LQ�RXU�GDWDEDVH��,I�DQ�DQDO\VLV�UHTXLUHG�D�VLQJOH�VSHFLHV�PHDVXUH

IRU�D�VRQJ�IHDWXUH��ZH�SHUIRUPHG�WKH�DQDO\VLV�RQ�WKH�PHGLDQ�YDOXH�IRU�HDFK�VSHFLHV�DQG�UHSHDWHG

WKH�DQDO\VLV�ZLWK�PLQLPXP�DQG�PD[LPXP�YDOXHV��,I�WKH�DQDO\VLV�FRXOG�DFFRPPRGDWH�PXOWLSOH

PHDVXUHV�IURP�D�VSHFLHV��ZH�LQFOXGHG�DOO�PHDVXUHV�

&RUUHODWLRQV�EHWZHHQ�VRQJ�FKDUDFWHULVWLFV�DQG�PDWLQJ�V\VWHP

7R�WHVW�ZKHWKHU�PDWLQJ�V\VWHP�DQG�H[WUD�SDLU�SDWHUQLW\�ZHUH�DVVRFLDWHG�ZLWK�GLIIHUHQFHV

LQ�VRQJ�FKDUDFWHULVWLFV�ZKLOH�FRQWUROOLQJ�IRU�VKDUHG�DQFHVWU\��ZH�XVHG�D�SXEOLVKHG�SK\ORJHQ\

FRQWDLQLQJ������DYLDQ�VSHFLHV �-HW]�HW�DO�������� 6LQFH�QHDUO\�DOO�H[WDQW�SDVVHULQH�VSHFLHV�DUH

LQFOXGHG�LQ�WKLV�WUHH��ZH�ZHUH�DEOH�WR�SHUIRUP�VSHFLHV�OHYHO�SK\ORJHQHWLFDOO\�FRQWUROOHG�DQDO\VHV

RQ�DOO�RI�RXU�PDWLQJ�V\VWHP��(33��DQG�VRQJ�GDWD� :H PHDVXUHG�ZKHWKHU�FORVHO\�UHODWHG�VSHFLHV

WHQGHG�WR�KDYH�VLPLODU�VRQJ�FKDUDFWHULVWLFV�XVLQJ�WZR�GLIIHUHQW�PHWKRGV��3DJHO¶V Ȝ �3DJHO������

DQG�%ORPEHUJ¶V ț �%ORPEHUJ��*DUODQG��DQG�,YHV������� DOO�VHYHQ�VRQJ�FKDUDFWHULVWLFV�VKRZHG

VLJQLILFDQW�SK\ORJHQHWLF�VLJQDO�ZLWK�ERWK�3DJHO¶V Ȝ DQG�%ORPEHUJ¶V ț �2QOLQH�6XSSOHPHQWDU\

7DEOH����

7R�FRPSDUH�WKH�GLVWULEXWLRQ�RI�VRQJ�SKHQRW\SHV�EHWZHHQ�VSHFLHV�ZLWK�GLIIHUHQW�PDWLQJ

V\VWHPV�ZKLOH�DFFRXQWLQJ�IRU�WKH�VWDWLVWLFDO�QRQ�LQGHSHQGHQFH�RI�FORVHO\�UHODWHG�WD[D��ZH

SHUIRUPHG�D�SK\ORJHQHWLF�$129$��3K\O$129$��5�SDFNDJH��SK\WRROV �5HYHOO��������EDVHG�RQ

WKH�DOJRULWKP�LQ �*DUODQG�HW�DO����������:H�IRXQG WKDW�QR�VRQJ�FKDUDFWHULVWLF�ZDV�VLJQLILFDQWO\

GLIIHUHQW�EHWZHHQ�PRQRJDPRXV�DQG�SRO\J\QRXV�VSHFLHV�DIWHU�PXOWLSOH�K\SRWKHVLV�FRUUHFWLRQ�IRU

VHYHQ�WHVWV�ZLWK�WKH�+ROP�%RQIHUURQL�PHWKRG��)LJXUH �����7DEOH�������:H�WKHQ�UHFRQVWUXFWHG�WKH

DQFHVWUDO�VWDWHV�RI�ERWK�PDWLQJ�V\VWHP�DQG�VRQJ�FKDUDFWHULVWLF�DQG�PDSSHG�WKHP�RQWR�WKH

SK\ORJHQLHV��)LJXUH������2QOLQH�6XSSOHPHQWDU\�)LJXUHV �±����1R�WHVWV�RI�FRUUHODWLRQ�EHWZHHQ

��

https://paperpile.com/c/QhQTWt/CNYqP
https://paperpile.com/c/QhQTWt/X950S
https://paperpile.com/c/QhQTWt/2nk9S
https://paperpile.com/c/QhQTWt/vfy7P
https://paperpile.com/c/QhQTWt/BeiVP


PDWLQJ�V\VWHP�DQG�VRQJ�WUDLWV�ZHUH�VLJQLILFDQW��WKRXJK�ZH�QRWH�WKDW�RXU�UHVXOWV�IRU�V\OODEOHV�SHU

VRQJ�DQG�VRQJ�UDWH�WUHQG�LQ�WKH�VDPH�GLUHFWLRQ�DV�WKH�UHVXOWV�RI�5HDG�DQG�:HDU\ �5HDG�DQG�:HDU\

�������ZKR�IRXQG�WKDW�WKDW�SRO\J\QRXV�VSHFLHV�WHQGHG WR�KDYH�D�ORZHU�VRQJ�UDWH�DQG�KLJKHU�PHDQ

V\OODEOHV�SHU�VRQJ��ZKLFK�WKH\�WHUP�³V\OODEOH�UHSHUWRLUH´���)LJXUH������

:KHQ�WHVWLQJ�IRU�FRUUHODWLRQV�EHWZHHQ�(33�DQG�VRQJ�FKDUDFWHULVWLFV��ZH�ILQG�WKDW�V\OODEOH

UHSHUWRLUH�LV�VLJQLILFDQWO\�KLJKHU�LQ�VSHFLHV�ZLWK�ORZ�(33��HYHQ�ZKHQ�FRQWUROOLQJ�IRU�PXOWLSOH

K\SRWKHVLV�WHVWLQJ��)LJXUHV�����DQG������7DEOH����� 2QOLQH�6XSSOHPHQWDU\�)LJXUHV�������

7KHVH�UHVXOWV�GLG�QRW�TXDOLWDWLYHO\�GLIIHU�ZLWK�D�MDFNNQLIH�UHVDPSOLQJ�WHVW��UHPRYLQJ�HDFK�IDPLO\

LQ�WXUQ��2QOLQH�6XSSOHPHQWDU\�'DWD�����1R�RWKHU�VRQJ FKDUDFWHULVWLFV�VLJQLILFDQWO\�GLIIHUHG

EHWZHHQ�KLJK�DQG�ORZ�(33�VSHFLHV�DIWHU�FRUUHFWLQJ�IRU�PXOWLSOH�K\SRWKHVLV�WHVWLQJ��ZH�IRXQG�D

WUHQG�WRZDUG�KLJKHU�V\OODEOHV�SHU�VRQJ�LQ�VSHFLHV�ZLWK�ORZ�UDWHV�RI�(33�WKDW�GLG�QRW�SDVV�WKH

WKUHVKROG�IRU�VLJQLILFDQFH�ZLWK�WKH�+ROP�%RQIHUURQL�FRUUHFWLRQ��2QOLQH�6XSSOHPHQWDU\�7DEOH

���

5DWHV�RI�VRQJ�HYROXWLRQ�XQGHU�GLIIHUHQW�PDWLQJ�V\VWHPV

1H[W��ZH�DVVHVVHG�ZKHWKHU�VRQJ�FKDUDFWHULVWLFV�HYROYHG�DW�GLIIHUHQW�UDWHV�GXULQJ

SRO\J\QRXV�YHUVXV�PRQRJDPRXV�SHULRGV�LQ�HYROXWLRQDU\�KLVWRU\�XVLQJ�WKH�%URZQLH�DOJRULWKP

�2¶0HDUD�HW�DO���������7KLV�DOJRULWKP�WHVWV�ZKHWKHU D�FRQWLQXRXV�WUDLW�HYROYHV�DW�GLIIHUHQW�UDWHV

GXULQJ�WKH�GLIIHUHQW�DQFHVWUDO�VWDWHV�RI�D�GLVFUHWH�WUDLW��IRU�H[DPSOH��ZKHWKHU�V\OODEOH�UHSHUWRLUH

VL]H�HYROYHG�IDVWHU�LQ�SRO\J\QRXV�RU�PRQRJDPRXV�OLQHDJHV��)LUVW��ZH�HVWLPDWHG�WKH�DQFHVWUDO

VWDWHV�RI�D�GLVFUHWH�PDWLQJ�V\VWHP�WUDLW²KHUH��SRO\J\Q\�YV��PRQRJDP\�DQG�ORZ�YV��KLJK�(33²

DQG�UDWHV�RI�WUDQVLWLRQ�DFURVV�D�SK\ORJHQ\�XVLQJ�DOO�RVFLQH�DQG�VXERVFLQH�VSHFLHV�IRU�ZKLFK�ZH

KDG�WUDLW�GDWD��8VLQJ�WKH�UHVXOWLQJ�HVWLPDWHG�UDWHV�RI�WUDQVLWLRQ�EHWZHHQ�WKHVH�VWDWHV��ZH�JHQHUDWHG

��
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�����XQLTXH�VWRFKDVWLF�FKDUDFWHU�PDSV�WR�VLPXODWH�WKH�HYROXWLRQDU\�KLVWRU\�RI�WKHVH�DQFHVWUDO

VWDWHV�RQ�WKH�SK\ORJHQ\��H�J� 2QOLQH�6XSSOHPHQWDU\ )LJXUH���� �%ROOEDFN�������5HYHOO�������

:H�WKHQ�XVHG�WKH�%URZQLH�DOJRULWKP�WR�WHVW�ZKHWKHU�PDWLQJ�V\VWHP�DIIHFWV�WKH�HYROXWLRQDU\�UDWH

RI�VRQJ�FKDUDFWHULVWLFV�E\�FRPSDULQJ�WKH�DYHUDJH�ORJ�OLNHOLKRRG�RI�WKH�RQH�UDWH�PRGHO��L�H��QXOO

PRGHO��VRQJ�WUDLW�HYROXWLRQ�RFFXUV�DW�VDPH�UDWH�UHJDUGOHVV�RI�PDWLQJ�V\VWHP��WR�WKDW�RI�WKH

WZR�UDWH�PRGHO��L�H��WKH�UDWH�RI�HYROXWLRQ�RI�D�VRQJ�WUDLW�GLIIHUV�LQ�PRQRJDPRXV�YV�SRO\J\QRXV

VWDWHV� 2QOLQH�6XSSOHPHQWDU\�)LJXUHV���±�����:H�GLG QRW�LQFOXGH�UXQV�WKDW�IDLOHG�WR�FRQYHUJH

ZLWKLQ��������LWHUDWLRQV�LQ�RXU�DYHUDJH�ORJ�OLNHOLKRRG�

:LWK�WKLV�SURFHGXUH��ZH�ILQG�WKDW�WKH�UDWH�RI�V\OODEOH�UHSHUWRLUH�VL]H�HYROXWLRQ�LV�KLJKHU�LQ

SRO\J\QRXV�OLQHDJHV�WKDQ�PRQRJDPRXV�OLQHDJHV��D�UHODWLRQVKLS�WKDW�LV�UREXVW�WR�MDFNNQLIH

DQDO\VLV�DFURVV�IDPLOLHV�DQG�SHUVLVWV�ZKHQ�XVLQJ�HLWKHU�WKH�PLQLPXP�RU�PD[LPXP�V\OODEOH

UHSHUWRLUH�YDOXHV�IRXQG�LQ�WKH�OLWHUDWXUH��)LJXUH ���$� 7DEOH������2QOLQH�6XSSOHPHQWDU\�)LJXUH

����6XSSOHPHQWDU\�'DWD�����7KXV��SRO\J\Q\�DSSHDUV WR�OHDG�WR�IDVWHU�HYROXWLRQ�RI�V\OODEOH

UHSHUWRLUH�VL]H��EXW�QRW�WR�V\VWHPDWLFDOO\�ODUJHU�UHSHUWRLUHV��7KLV�UDSLG�EXW�QRQ�GLUHFWLRQDO

HYROXWLRQ�FRXOG�LQGLFDWH�WKDW�VWRFKDVWLF�IOXFWXDWLRQV�RI�V\OODEOH�UHSHUWRLUH�RFFXUUHG�IUHTXHQWO\�LQ

HYROXWLRQDU\�KLVWRU\��RU�WKDW�WKH�GLUHFWLRQ�RI�HYROXWLRQ�YDULHV�IRU�GLIIHUHQW�UDQJHV�RI�V\OODEOH

UHSHUWRLUHV��VXFK�DV�SRO\J\Q\�GULYLQJ�V\OODEOH�UHSHUWRLUH�WRZDUG�HLWKHU�H[WUHPH�RU�PRGHUDWH

YDOXHV�

:LWK�WKH�VDPH�W\SH�RI�DQDO\VLV��ZH�DOVR�REVHUYHG�WKDW�VRQJ�GXUDWLRQ�HYROYHG�VLJQLILFDQWO\

IDVWHU�LQ�PRQRJDPRXV�OLQHDJHV��DJDLQ�ZLWKRXW�SURGXFLQJ�DQ�DSSUHFLDEOH�GLIIHUHQFH�LQ�GXUDWLRQ

EHWZHHQ�PRQRJDPRXV�DQG�SRO\J\QRXV�VSHFLHV �)LJXUH ���%���7KLV�UHVXOW�ZDV�DOVR�PRVWO\�UREXVW

WR�D�MDFNNQLIH�DQDO\VLV��ZLWK�HDFK�IDPLO\�UHPRYHG�LQ�WXUQ��ZH�REVHUYHG�D�VLPLODU�UDWH�GLVWULEXWLRQ�

EXW�ZLWK�WKH�UHPRYDO�RI�WZR�IDPLOLHV��WKH�GLIIHUHQFH�LQ�UDWHV�ZDV�QR�ORQJHU�VLJQLILFDQW��%URZQLH

��
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-DFNNQLIH�OLNHOLKRRG�UDWLR�WHVW��,FWHULGDH S �������)ULQJLOOLGDH S ������ 2QOLQH�6XSSOHPHQWDU\

)LJXUH�����6XSSOHPHQWDU\�'DWD����

:H�DOVR�ILQG�WKDW�WKH�UDWH�RI�HYROXWLRQ�RI�V\OODEOHV�SHU�VRQJ�LV�VLJQLILFDQWO\�KLJKHU�LQ

PRQRJDPRXV�OLQHDJHV�WKDQ�SRO\J\QRXV�OLQHDJHV��+RZHYHU��WKLV�UHVXOW�ZDV�QRW�UREXVW�WR�RXU

MDFNNQLIH�DQDO\VLV�DV�LW�DSSHDUV�WR�EH�GULYHQ�VROHO\�E\�WKH�0LPLGDH�IDPLO\��ZKHQ�WKH�IRXU�PLPLG

VSHFLHV�LQ�WKLV�GDWDVHW��DOO�PRQRJDPRXV��DUH�UHPRYHG��ZH�ILQG�WKH�RSSRVLWH�UHVXOW�WKDW�WKH�UDWH�RI

HYROXWLRQ�IRU�V\OODEOHV�SHU�VRQJ�LV�KLJKHU�LQ�WKH�SRO\J\QRXV�VWDWH��(33�GLG�QRW�VLJQLILFDQWO\�DIIHFW

WKH�UDWH�RI�HYROXWLRQ�RI�DQ\�VRQJ�WUDLW��LQFOXGLQJ�V\OODEOH�UHSHUWRLUH��)LJXUH����&��

&RUUHODWHG�HYROXWLRQ�EHWZHHQ�VRQJ�DQG�PDWLQJ�YDULDEOHV

'R�FKDQJHV�LQ�V\OODEOH�UHSHUWRLUH�VL]H�RFFXU�LQGHSHQGHQWO\�RI�PDWLQJ�EHKDYLRUV��RU�DUH

VRQJ�FKDQJHV�PRUH��RU�OHVV��OLNHO\�LQ�QRQ�PRQRJDPRXV�OLQHDJHV"�7R�GHWHFW�QRQ�OLQHDU

HYROXWLRQDU\�WUHQGV�WKDW�PLJKW�SURGXFH�WKH�FRPSOH[�SDWWHUQV�RI�HYROXWLRQDU\�UDWH�DQG�GLUHFWLRQ

REVHUYHG�LQ )LJXUHV����±�����ZH�GHYLVHG�D�PHWKRG�WR WHVW�IRU�FRUUHODWHG�HYROXWLRQ�EHWZHHQ

PDWLQJ�VWUDWHJ\�DQG�VRQJ�FKDUDFWHULVWLFV�DFURVV�WKH�IXOO�UDQJH�RI�FRQWLQXRXV�VRQJ�WUDLW�YDOXHV�E\

VHSDUDWLQJ�WKHVH�FRQWLQXRXV�YDOXHV�LQWR�D�VHULHV�RI�GLVFUHWH�FDWHJRULHV��7KH�UHVXOWV�RI�WKLV�DQDO\VLV

WR�GHWHFW�FRUUHODWHG�HYROXWLRQ��%D\HV7UDLWV �3DJHO ������3DJHO�DQG�0HDGH��������DGG�D�OD\HU�RI

FRPSOH[LW\�WKDW�KHOSV�H[SODLQ�WKH�ILUVW�WZR�UHVXOWV��:KHQ�ZH�EUHDN�GRZQ�RXU�V\OODEOH�UHSHUWRLUH

VL]H�YDOXHV�LQWR�GLVFUHWH�WUDQVLWLRQV�EHWZHHQ�VPDOOHU�DQG�ODUJHU�UHSHUWRLUHV��ZH�ILQG�HYLGHQFH�IRU

FRUUHODWHG�HYROXWLRQ�EHWZHHQ�PDWLQJ�V\VWHP�DQG�V\OODEOH�UHSHUWRLUH�VL]H��)LJXUH�������WKH

FRPELQDWLRQ�RI�SRO\J\Q\�DQG�YHU\�VPDOO�V\OODEOH�UHSHUWRLUHV�LV�HYROXWLRQDULO\�XQVWDEOH��ZLWK�DQ

XUH����$���,Q�DGGLWLRQ��SRO\J\Q\�ZLWK�YHU\�ODUJH�V\OODEOH UHSHUWRLUHV�LV�DOVR�DQ�XQVWDEOH

FRPELQDWLRQ��ZLWK�VSHFLHV�WHQGLQJ�WRZDUG�VPDOOHU�V\OODEOH�UHSHUWRLUHV��)LJXUH����&��

��
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,QWHUHVWLQJO\��ZH�IRXQG�D�TXDOLWDWLYHO\�VLPLODU�SDWWHUQ�RI�FRUUHODWHG�HYROXWLRQ�IRU�HDFK�RI�RXU

VWXGLHG�VRQJ�FKDUDFWHULVWLFV��:KHQ�FRPELQHG�ZLWK�SRO\J\Q\��ERWK�YHU\�KLJK�DQG�YHU\�ORZ�YDOXHV

RI�VRQJ�FKDUDFWHULVWLFV�ZHUH�UHODWLYHO\�XQVWDEOH��ZLWK�HOHYDWHG�UDWHV�RI�HYROXWLRQDU\�WUDQVLWLRQV

WRZDUG�PRUH�PRGHUDWH�YDOXHV�RI�V\OODEOHV�SHU�VRQJ��VRQJ�UHSHUWRLUH�VL]H��LQWHUVRQJ�LQWHUYDO��VRQJ

GXUDWLRQ��VRQJ�UDWH��DQG�VRQJ�FRQWLQXLW\��2QOLQH�6XSSOHPHQWDU\ )LJXUHV���±����

:H�DOVR�WHVWHG�IRU�FRUUHODWHG�HYROXWLRQ�RI�VRQJ�FKDUDFWHULVWLFV�DQG�(33��2XU�UHVXOWV

FRPSOHPHQW�RXU�ILQGLQJ�WKDW�V\OODEOH�UHSHUWRLUH�VL]HV�DUH�ODUJHU�LQ�VSHFLHV�ZLWK�ORZ�UDWHV�RI�(33�

ZH�ILQG�SDWWHUQV�RI�FRUUHODWHG�HYROXWLRQ�WKDW�VXJJHVW�WKDW�WKH�FRPELQDWLRQ�RI�ORZ�UDWHV�RI�(33�DQG

VPDOO�V\OODEOH�UHSHUWRLUHV�LV�XQVWDEOH��ZLWK�HOHYDWHG�WUDQVLWLRQ�UDWHV�OHDYLQJ�WKLV�VWDWH��)LJXUH

������6LPLODUO\��WKHUH�DUH�UDSLG�HYROXWLRQDU\�WUDQVLWLRQV DZD\�IURP�WKH�FRPELQDWLRQ�RI�ODUJH

UHSHUWRLUHV�DQG�KLJK�UDWHV�RI�(33��7KHVH�REVHUYDWLRQV�DJUHH�ZLWK�WKH�ILQGLQJV�WKDW�VSHFLHV�ZLWK

ORZ�UDWHV�RI�(33�KDYH�ODUJHU�V\OODEOH�UHSHUWRLUHV�RQ�DYHUDJH��:KHQ�ZH�WHVWHG�IRU�FRUUHODWHG

HYROXWLRQ�EHWZHHQ�(33�DQG�RWKHU�VRQJ�FKDUDFWHULVWLFV��ZH�IRXQG�D�VLPLODU�SDWWHUQ�ZLWK�V\OODEOHV

SHU�VRQJ��UDWHV�RI�HYROXWLRQDU\�WUDQVLWLRQ�ZHUH�IDVWHVW�ZKHQ�OHDYLQJ�WKH�FRPELQDWLRQV�RI�ORZ�(33

ZLWK�ORZ�V\OODEOHV�SHU�VRQJ�DQG�KLJK�(33�ZLWK�KLJK�V\OODEOHV�SHU�VRQJ��2QOLQH�6XSSOHPHQWDU\

)LJXUH������)RU�WKH�UHPDLQLQJ�VRQJ�FKDUDFWHULVWLFV� ZH�REVHUYHG�HLWKHU�QR�VLJQLILFDQW�HYLGHQFH

IRU�FRUUHODWHG�HYROXWLRQ�ZLWK�(33��VRQJ�UHSHUWRLUH�VL]H��VRQJ�UDWH��RU�TXDOLWDWLYHO\�GLIIHUHQW

SDWWHUQV�IURP�WKDW�RI�(33�DQG�V\OODEOH�UHSHUWRLUH�VL]H��LQWHUVRQJ�LQWHUYDO��VRQJ�GXUDWLRQ��VRQJ

FRQWLQXLW\���2QOLQH�6XSSOHPHQWDU\�)LJXUHV��������

,Q�RUGHU�WR�DFFRXQW�IRU�YDULDWLRQ�LQ�WUHH�EUDQFK�OHQJWKV�DQG�WRSRORJ\��ZH�UHSHDWHG

3K\O$129$��%URZQLH��DQG�%D\HV7UDLWV�DQDO\VHV�XVLQJ�D�FRQVHQVXV�WUHH�FRPSXWHG�IURP�WUHHV

RQO\�FRQWDLQLQJ�VSHFLHV�ZLWK�JHQHWLF�GDWD�DQG�XVLQJ�PXOWLSOH�LQGLYLGXDO�WUHHV��7KHVH�UHVXOWV�ZHUH

��



FRQVLVWHQW�ZLWK�WKRVH�SHUIRUPHG�XVLQJ�RXU�RULJLQDO�FRQVHQVXV�WUHH��2QOLQH�6XSSOHPHQWDU\

)LJXUHV������� DQG 6XSSOHPHQWDU\�7DEOH����

&RPELQHG�HIIHFWV�RI�PDWLQJ�V\VWHP�DQG�(33�RQ�VRQJ�HYROXWLRQ

)LQDOO\��ZH�VRXJKW�WR�WHVW�ZKHWKHU�WKHUH�DUH�LQWHUDFWLQJ�HIIHFWV�RI�PDWLQJ�V\VWHP�DQG�(33

RQ�WKH�HYROXWLRQ�RI�VRQJ�FKDUDFWHULVWLFV��:H�SHUIRUPHG�SK\O$129$V�WR�WHVW�ZKHWKHU�WKHUH�ZDV�D

VLJQLILFDQW�GLIIHUHQFH�LQ�VRQJ�FKDUDFWHULVWLFV�EHWZHHQ�WKH�GLIIHUHQW�FRPELQDWLRQV�RI�PDWLQJ

V\VWHP�DQG�(33��0RQRJDP\�/RZ(33��1 ����0RQRJDP\�+LJK(33��1 ����

3RO\J\Q\�/RZ(33��1 ����3RO\J\Q\�+LJK(33��1 ����6\OODEOH�UHSHUWRLUH�VL]H�ZDV�VLJQLILFDQWO\

DVVRFLDWHG�ZLWK�VSHFLHV¶�FRPELQHG�PDWLQJ�V\VWHP�(33�FODVVLILFDWLRQ��3K\O$129$ S  ���������

7KLV�VLJQLILFDQW�UHVXOW�VHHPV�WR�EH�DWWULEXWDEOH�WR�WKH�VLJQLILFDQWO\�ODUJHU�V\OODEOH�UHSHUWRLUHV�LQ

WKH�3RO\J\Q\�/RZ(33�JURXS��1 ���FRPSDUHG�WR�WKH�0RQRJDP\�+LJK(33�JURXS��1� ����

�3K\O$129$ S  ���������QR�RWKHU�SDLUZLVH�FRPSDULVRQV ZHUH�VLJQLILFDQW��2QOLQH

6XSSOHPHQWDU\�)LJXUH��� DQG 2QOLQH�6XSSOHPHQWDU\�7DEOH ����1H[W��ZH�XVHG�3*/6�WR�WHVW

ZKHWKHU�VRQJ�FKDUDFWHULVWLFV�VKRZ�D�UHODWLRQVKLS�WR�PDWLQJ�V\VWHP��(33��DQG�WKH�LQWHUDFWLRQ

EHWZHHQ�WKH�WZR��7KH�3*/6�UHFDSLWXODWHG�WKH�UHVXOW�VKRZLQJ�+LJK�(33�WR�EH�FRUUHODWHG�ZLWK

ORZHU�V\OODEOH�UHSHUWRLUH��EXW�GLG�QRW�VKRZ�HYLGHQFH�WKDW�WKH�LQWHUDFWLRQ�EHWZHHQ�(33�DQG�PDWLQJ

V\VWHP�KDV�LQIOXHQFHG�V\OODEOH�UHSHUWRLUH��2QOLQH 6XSSOHPHQWDU\�7DEOH�����)LQDOO\��ZH

SHUIRUPHG�D�*HQHUDOL]HG�/LQHDU�0L[HG�0RGHO��*/00���ZKLFK�DOORZHG�XV�WR�ERWK�WHVW�WKH

LQWHUDFWLQJ�HIIHFWV�RI�PDWLQJ�V\VWHP�DQG�(33�DQG�FRQWURO�IRU�PXOWLSOH�VRQJ�PHDVXUHV�IURP�D

VLQJOH�VSHFLHV�ZKHQ�ZH�KDG�PRUH�WKDQ�RQH�SXEOLVKHG�HVWLPDWH�LQ�RXU�GDWDEDVH��7KLV�*/00

DQDO\VLV�DOVR�UHDIILUPHG�RXU�UHVXOW�WKDW�(33�VLJQLILFDQWO\�SUHGLFWV�V\OODEOH�UHSHUWRLUH��*/00 S �

��������EXW�QR�RWKHU�VRQJ�YDULDEOH�ZDV�DVVRFLDWHG�ZLWK�(33��0DWLQJ�V\VWHP�DQG�WKH�LQWHUDFWLRQ

��



EHWZHHQ�PDWLQJ�V\VWHP�DQG�(33�ZHUH�QRW�VLJQLILFDQW�SUHGLFWRUV�RI�DQ\�VRQJ�YDULDEOH��2QOLQH

6XSSOHPHQWDU\�)LJXUHV����DQG��� DQG 6XSSOHPHQWDU\ 7DEOH�����)LQDOO\��WKH�*/00�DQDO\VLV

FRUURERUDWHG�WKH�UHVXOWV�RI�RXU�WHVWV�IRU�SK\ORJHQHWLF�VLJQDO��EXLOGLQJ�D�OLQHDU�PL[HG�PRGHO�ZLWK

RQO\�SK\ORJHQHWLF�UHODWLRQVKLSV��ZLWKRXW�DQ\�PDWLQJ�EHKDYLRU�GDWD��OHG�WR�UHDVRQDEOH�SUHGLFWLRQV

RI�PRVW�VRQJ�FKDUDFWHULVWLFV��2QOLQH�6XSSOHPHQWDU\ )LJXUH�����

'LVFXVVLRQ

+HUH��ZH�DVVHPEOH�D�ODUJH�VFDOH�GDWDEDVH�RI�PDWLQJ�V\VWHP�FODVVLILFDWLRQV�DQG�VRQJ

FKDUDFWHULVWLFV�DFURVV�VRQJELUG�VSHFLHV��ZKLFK�SURPLVHV�WR�EH�D�XVHIXO�WRRO�IRU�IXWXUH�HYROXWLRQDU\

VWXGLHV��%\�H[WUDFWLQJ�LQIRUPDWLRQ�IURP�SXEOLVKHG�VRXUFHV��LQFOXGLQJ�DFDGHPLF�MRXUQDOV�DQG

FXUDWHG�ILHOG�JXLGHV��ZH�SURGXFH�D�V\QWKHVL]HG�GDWDEDVH�LQFOXGLQJ�PDWLQJ�V\VWHP�FODVVLILFDWLRQ

�SRO\J\QRXV�YV��PRQRJDPRXV��IRU�����VSHFLHV��(33�FODVVLILFDWLRQ��KLJK�YV��ORZ�UDWHV��IRU����

VSHFLHV��DQG�DW�OHDVW�RQH�VRQJ�FKDUDFWHULVWLF��RXW�RI�V\OODEOH�UHSHUWRLUH�VL]H��VRQJ�UHSHUWRLUH�VL]H�

V\OODEOHV�SHU�VRQJ��VRQJ�GXUDWLRQ��VRQJ�UDWH��VRQJ�LQWHUYDO��DQG�VRQJ�FRQWLQXLW\��IRU�����VSHFLHV

�����RVFLQH����VXERVFLQH���2QOLQH�6XSSOHPHQWDU\�'DWD ����:H�V\QWKHVL]H�WKLV�GDWDEDVH�ZLWK�DQ

DYLDQ�SK\ORJHQ\�DQG�VKRZ�WKDW�VRQJ�FKDUDFWHULVWLFV�KDYH�VWURQJ�SK\ORJHQHWLF�VLJQDO�

XQGHUVFRULQJ�WKH�LPSRUWDQFH�RI�FRQWUROOLQJ�IRU�VKDUHG�DQFHVWU\�

:LWK�WKLV�GDWDEDVH��ZH�SHUIRUP�SK\ORJHQHWLFDOO\�FRQWUROOHG�DQDO\VHV�WR�DVVHVV�ZKHWKHU

PDWLQJ�VWUDWHJLHV�DOWHU�WKH�HYROXWLRQDU\�G\QDPLFV�RI�OHDUQHG�VRQJ��6LQFH�SRO\J\Q\�LQ�D�VSHFLHV

OLNHO\�LQFUHDVHV�WKH�YDULDQFH�LQ�UHSURGXFWLYH�VXFFHVV�DQG�SRWHQWLDOO\�DXJPHQWV�VH[XDO�VHOHFWLRQ

SUHVVXUHV �3D\QH��������WKHUH�LV�D�ORQJ�GHEDWHG�K\SRWKHVLV WKDW�SRO\J\QRXV�VSHFLHV�VKRXOG

HYROYH�PRUH�FRPSOH[�RU�HODERUDWH�VRQJV �&DWFKSROH ������&DWFKSROH�DQG�0F*UHJRU�������,UZLQ

������.URRGVPD�������/DQGH�������5HDG�DQG�:HDU\�������6KXWOHU�DQG�:HDWKHUKHDG��������:H
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VKRZ�WKDW��FRQWUDU\�WR�WKLV�SUHGLFWLRQ��SRO\J\QRXV�VSHFLHV�RYHUDOO�GR�QRW�KDYH�V\VWHPDWLFDOO\

ODUJHU�V\OODEOH�RU�VRQJ�UHSHUWRLUHV�WKDQ�PRQRJDPRXV�VSHFLHV��+RZHYHU��ZH�ILQG�WKDW�WKH�UDWH�RI

HYROXWLRQ�RI�V\OODEOH�UHSHUWRLUH�VL]H�LV�VLJQLILFDQWO\�KLJKHU�LQ�SRO\J\QRXV�OLQHDJHV��EXW�WKLV�UDSLG

HYROXWLRQ�GRHV�QRW�FRQVLVWHQWO\�SXVK�WKH�V\OODEOH�UHSHUWRLUH�WRZDUG�LQFUHDVHG�FRPSOH[LW\��,QVWHDG�

ZH�ILQG�WKDW�WKH�FRPELQDWLRQV�RI�SRO\J\Q\�ZLWK�YHU\�VPDOO�UHSHUWRLUHV�DQG�SRO\J\Q\�ZLWK�YHU\

ODUJH�UHSHUWRLUHV�DUH�ERWK�XQVWDEOH��DQG�SRO\J\Q\�DSSHDUV�WR�GULYH�DQ�DFFHOHUDWHG�UDWH�RI�VRQJ

HYROXWLRQ�WRZDUG�PRGHUDWH�YDOXHV�RI�V\OODEOH�UHSHUWRLUHV��)LJXUH������

:KHQ�ZH�DQDO\]H�VRQJ�HYROXWLRQ�LQ�WKH�FRQWH[W�RI�H[WUD�SDLU�SDWHUQLW\��ZH�ILQG�GLIIHUHQW

SDWWHUQV�IURP�ZKDW�KDV�EHHQ�SUHYLRXVO\�SUHGLFWHG��V\OODEOH�UHSHUWRLUHV�DUH�VLJQLILFDQWO\�ODUJHU�LQ

VSHFLHV�ZLWK�ORZ�UDWHV�RI�(33��DQG�WKHUH�LV�FRUUHODWHG�HYROXWLRQ�WKDW�IDYRUV�WUDQVLWLRQV�WR�VWDWHV

FRPELQLQJ�ORZ�UDWHV�RI�(33�ZLWK�ODUJH�V\OODEOH�UHSHUWRLUHV�DQG�KLJK�UDWHV�RI�(33�ZLWK�VPDOO

V\OODEOH�UHSHUWRLUHV��7KHVH�UHVXOWV�DUH�LQ�FRQWUDVW�WR�WKH�UHFHQW�DQDO\VLV�RI����VSHFLHV�E\�+LOO HW�DO�

�+LOO�HW�DO���������ZKLFK�SUHVHQWHG�D�SK\ORJHQHWLFDOO\ FRQWUROOHG�UHJUHVVLRQ�DQDO\VLV�RI�(33

SHUFHQWDJH�DQG�WKHLU�RZQ�PHDVXUHG�GDWD�IURP�WKUHH�LQGLYLGXDO�VRQJ�UHFRUGLQJV�IRU�HDFK�VSHFLHV�

:LWK�WKHVH�TXLWH�GLIIHUHQW�PHWKRGV�DQG�GDWD�W\SHV��WKH\�UHSRUWHG�D�SRVLWLYH�DVVRFLDWLRQ�EHWZHHQ

(33�DQG�ZLWKLQ�VRQJ�FRPSOH[LW\��EXW�QRW�IRU�VRQJ�RU�V\OODEOH�UHSHUWRLUH�VL]H��ZDUUDQWLQJ

IROORZ�XS�VWXGLHV�ZLWK�PRUH�FRPSDUDEOH�GDWDVHWV�

2XU�UHVXOWV�JHQHUDWH�QHZ�TXHVWLRQV�WKDW�QHFHVVLWDWH�IXUWKHU�LQYHVWLJDWLRQ��)LUVW��ZK\�GR

SRO\J\QRXV�VSHFLHV�DSSHDU�WR�HYROYH�PRGHUDWH�VL]HG�VRQJ�FKDUDFWHULVWLFV"�2QH�K\SRWKHVLV�FRXOG

EH�WKDW�WKH�DPSOLILHG�VH[XDO�VHOHFWLRQ�RI�SRO\J\Q\�IDYRUV�UHSHUWRLUH�VL]HV��DQG�SHUKDSV�VRQJ

FKDUDFWHULVWLFV�PRUH�JHQHUDOO\��WKDW�VWULNH�D�EDODQFH�EHWZHHQ�EHLQJ�FKDOOHQJLQJ�WR�OHDUQ�IRU�WKH

PDOH�DQG�UHTXLULQJ�D�ORZ�WLPH�LQYHVWPHQW�WR�DVVHVV�E\�WKH�IHPDOH��6HFRQG��ZK\�PLJKW�SRO\J\Q\

OHDG�WR�DFFHOHUDWHG�UDWHV�RI�HYROXWLRQ�RI�V\OODEOH�UHSHUWRLUH�VL]H�DQG�VRQJ�GXUDWLRQ"�7KLV�UHVXOW
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DSSHDUV�WR�EH�OLQNHG�WR�RXU�REVHUYDWLRQ�WKDW�YHU\�ODUJH�DQG�YHU\�VPDOO�UHSHUWRLUHV��DV�ZHOO�DV�YHU\

ORQJ�DQG�YHU\�VKRUW�VRQJV��HYROYH�WR�PRUH�PRGHUDWH�YDOXHV�LQ�SRO\J\QRXV�OLQHDJHV��7KH

HFRORJLFDO�PHFKDQLVP�XQGHUO\LQJ�WKLV�UDSLG�HYROXWLRQ�UHPDLQV�XQFOHDU��EXW��LQWXLWLYHO\��ZH�PLJKW

WKLQN�RI�WKLV�DV�WKH�HIIHFW�RI�FRPELQHG�IRUFHV�RI�WZR�UHSHOODQW�VWDWHV�DW�HLWKHU�H[WUHPH�HQG�RI�WKH

VSHFWUXP�IRU�D�JLYHQ�VRQJ�FKDUDFWHULVWLF�DW�ZKLFK�VHOHFWLYH�SUHVVXUH�LQFUHDVHV��7KLUG��GRHV�(33

LQFUHDVH�RU�GHFUHDVH�VH[XDO�VHOHFWLRQ�SUHVVXUH��DQG�LV�WKLV�HIIHFW�GLIIHUHQW�LQ�SRO\J\QRXV�YHUVXV

PRQRJDPRXV�VSHFLHV"�2XU�UHVXOWV�LQGLFDWH�WKDW��FRQWUDU\�WR�SUHGLFWLRQV��(33�VHHPV�WR�GHFUHDVH

WKH�LQWHQVLW\�RI�VHOHFWLRQ�IRU�ODUJH�V\OODEOH�UHSHUWRLUH��SRWHQWLDOO\�WR�WKH�SRLQW�RI�VHOHFWLQJ�DJDLQVW

ODUJHU�V\OODEOH�UHSHUWRLUHV��7KLV�UHVXOW�DOVR�VWDQGV�LQ�FRQWUDVW�WR�RXU�ILQGLQJV�UHJDUGLQJ�PDWLQJ

V\VWHP�GHSHQGHQW�UDWHV�RI�HYROXWLRQ�RI�V\OODEOH�UHSHUWRLUH��7DNHQ�WRJHWKHU��WKLV�VXJJHVWV�WKDW�(33

DQG�SRO\J\Q\�GR�QRW�KDYH�XQLIRUP�HIIHFWV�RQ�VH[XDO�VHOHFWLRQ�RI�VRQJ��7KXV��WKHLU�LQWHUDFWLRQV

PD\�SURGXFH�PRUH�FRPSOH[�SDWWHUQV�RI�VHOHFWLRQ��OHDGLQJ�XV�WR�K\SRWKHVL]H�WKDW�WKH�HIIHFWV�RI

(33�RQ�YDULDQFH�LQ�PDOH�UHSURGXFWLYH�VXFFHVV�LV�LQWULQVLFDOO\�GHSHQGHQW�XSRQ�WKH�GRPLQDQW

VRFLDO�PDWLQJ�V\VWHP�RI�WKH�VSHFLHV��$OWHUQDWLYHO\��IHPDOHV�LQ�PRQRJDPRXV�YV�SRO\J\QRXV

VSHFLHV�PD\�KDYH�GLIIHUHQW�SUHIHUHQFHV�LQ�VRQJ�RU�GLIIHUHQWLDOO\�YDOXH�RWKHU�IHDWXUHV�UHODWLYH�WR

VRQJ�LQ�VRFLDO�PDWHV�YHUVXV�H[WUD�SDLU�PDWHV��1RQH�RI�RXU�DQDO\VHV�WKDW�FRPELQHG�PDWLQJ�V\VWHP

DQG�(33�\LHOGHG�VLJQLILFDQW�UHVXOWV�IRU�DQ\�VRQJ�FKDUDFWHULVWLF��EXW�WKLV�PD\�EH�GXH�WR�WKH

UHODWLYHO\�ORZ�QXPEHUV�RI�VSHFLHV�WKDW�KDG�D�FRPELQDWLRQ�RI�PDWLQJ�VWUDWHJLHV�RWKHU�WKDQ�VRFLDOO\

PRQRJDPRXV�ZLWK�KLJK�(33��7KLV�TXHVWLRQ�VKRXOG�EH�UHYLVLWHG�DV�PDWLQJ�VWUDWHJ\�DQG�VRQJ�GDWD

EHFRPHV�DYDLODEOH�IRU�PRUH�VSHFLHV�

,W�LV�GLIILFXOW�WR�GLUHFWO\�FRPSDUH�VRQJ�FKDUDFWHULVWLFV�DFURVV�ELUG�VSHFLHV�WKDW�VWUXFWXUH

WKHLU�VRQJV�YHU\�GLIIHUHQWO\��,Q�RUGHU�WR�PLWLJDWH�WKHVH�GLIILFXOWLHV��ZH�KLJKOLJKW�UHVXOWV�RQ�V\OODEOH

UHSHUWRLUH�VL]H�DV�D�PHWULF�WKDW�FDQ�EH�LQWHUSUHWHG�DFURVV�WKH�VRQJELUG�OLQHDJH��2WKHU�PHWULFV��VXFK

��



DV�V\OODEOHV�SHU�VRQJ�DQG�VRQJ�UHSHUWRLUH�VL]H��FDQ�EH�LQIOXHQFHG�ERWK�E\�KRZ�D�VSHFLHV�VWUXFWXUHV

LWV�VRQJ�DQG�E\�KRZ�KXPDQ�REVHUYHUV�GHILQH�D�µXQLW¶�RI�VRQJ��PDNLQJ�WKHP�OHVV�LGHDO�IRU�D�ODUJH

FURVV�VSHFLHV�DQDO\VLV��7KHVH�PHWULFV�PD\�EH�SDUWLFXODUO\�XQUHOLDEOH�IRU�VSHFLHV�ZLWKRXW

VWHUHRW\SHG�VRQJ�ERXWV��VXFK�DV�0LPLG�VSHFLHV��,QGHHG��H[FOXGLQJ�WKH�0LPLGDH�IDPLO\�IURP

VRPH�DQDO\VHV�OHG�WR�VWDWLVWLFDOO\�GLIIHUHQW�UHVXOWV��0DWLQJ�6\VWHP���6\OOVRQJ��%URZQLH�

FRPSDUHG�WR�ZKHQ�0LPLGV�DUH�LQFOXGHG��2QOLQH�6XSSOHPHQWDU\ 'DWD�������,Q�DGGLWLRQ��IRU

WUDFWDELOLW\�ZH�HQFRGHG�ERWK�PDWLQJ�V\VWHP��SRO\J\Q\�DQG�PRQRJDP\��DQG�UDWH�RI�H[WUD�SDLU

SDWHUQLW\��KLJK�(33�DQG�ORZ�(33��DV�ELQDU\�WUDLWV��+RZHYHU��WKH�PDWLQJ�V\VWHPV�RI�SDVVHULQHV�DUH

PRUH�QXDQFHG�WKDQ�LV�UHIOHFWHG�LQ�WKLV�VWXG\��IRU�H[DPSOH��UDWHV�RI�SRO\J\Q\�FDQ�YDU\�ZLGHO\

DPRQJ�SRO\J\QRXV�VSHFLHV��$GGLWLRQDOO\��WKH�UDUHU�PDWLQJ�V\VWHPV�RI�SRO\DQGU\��SRO\J\QDQGU\�

DQG�SURPLVFXLW\�DUH�QRW�UHIOHFWHG�LQ�WKLV�VWXG\�

)XUWKHU��DOWKRXJK�VRQJ�FRPSOH[LW\�DQG�UHSHUWRLUH�VL]H�FDQ�IUHTXHQWO\�SUHGLFW�PDWH�FKRLFH

LQ�ODERUDWRU\�H[SHULPHQWV��PDWH�FKRLFH�LQ�WKH�ZLOG�LV�FRPSOLFDWHG�E\�QXPHURXV�RWKHU�IDFWRUV�

7HUULWRU\�TXDOLW\��SDUWLFXODUO\�LQ�WKH�VHQVH�RI�IRRG�DYDLODELOLW\��PLJKW�EH�SDUWLFXODUO\�VDOLHQW�WR

SRWHQWLDO�PDWHV�RI�SRO\J\QRXV�PDOHV��VLQFH�WKH�WHUULWRU\�PLJKW�QHHG�WR�VXSSRUW�PXOWLSOH�FOXWFKHV

ZLWK�OHVV�FRQWULEXWLRQ�WR�QHVW�SURYLVLRQLQJ�IURP�WKH�SRO\J\QRXV�PDOH��0RUSKRORJLFDO�WUDLWV�VXFK

DV�SOXPDJH�FRORUDWLRQ�DQG�VH[XDO�VL]H�GLPRUSKLVP�DUH�DOVR�VXEMHFW�WR�VH[XDO�VHOHFWLRQ�DQG�PD\

SOD\�D�JUHDWHU�UROH�LQ�PDWH�FKRLFH�LQ�VRPH�VSHFLHV��6RQJ�HYROXWLRQ�LV�DOVR�PDGH�PRUH

FRPSOLFDWHG�E\�RWKHU�IXQFWLRQV�RI�VRQJ�WKDW�PD\�DOVR�EH�VHOHFWHG�XSRQ��6RPH�RI�WKHVH�IXQFWLRQV�

VXFK�DV�LQWUDVH[XDO�DJJUHVVLRQ�DQG�WHUULWRU\�GHIHQVH��PD\�SXW�VLPLODU�HYROXWLRQDU\�SUHVVXUHV�RQ

VRQJ�DV�PDWH�FKRLFH��EXW�RWKHU�VRFLDO�IXQFWLRQV�PD\�QRW��)LQDOO\��WKH�HYROXWLRQ�RI�IHPDOH�VRQJ�KDV

EHHQ�KLVWRULFDOO\�XQGHUVWXGLHG��EXW�FRXOG�EH�FRUUHODWHG�ZLWK�PDOH�VRQJ�HYROXWLRQ�ZKLOH�EHLQJ

VXEMHFW�WR�GLIIHUHQW�VHOHFWLYH�SUHVVXUHV�

��



+HUH��ZH�XVH�SK\ORJHQHWLFDOO\�FRQWUROOHG�FRPSXWDWLRQDO�DQDO\VHV�WR�GHPRQVWUDWH�WKDW

PDWLQJ�V\VWHP�DQG�H[WUD�SDLU�SDWHUQLW\�FDQ�DIIHFW�WKH�HYROXWLRQ�RI�VRQJ�LQ�PXOWLSOH�ZD\V²E\

LQIOXHQFLQJ�WKH�GLUHFWLRQ�RI�HYROXWLRQ��WKH�UDWH�RI�HYROXWLRQ��RU�WKH�OLNHOLKRRG�RI�WUDQVLWLRQLQJ�WR�D

SDUWLFXODU�VWDWH��,Q�FRQWUDVW�WR�WKH�ORQJ�GLVFXVVHG�SUHGLFWLRQ�WKDW�SRO\J\Q\�VKRXOG�OHDG�WR�WKH

HYROXWLRQ�RI�PRUH�HODERUDWH�VRQJV��WKHVH�REVHUYDWLRQV�VXJJHVW�PRUH�FRPSOH[��QRQOLQHDU

G\QDPLFV��LQGLFDWLQJ�WKDW�WKH�HYROXWLRQDU\�DVVRFLDWLRQV�EHWZHHQ�QRQ�PRQRJDPRXV�PDWLQJ�DQG

VH[XDOO\�VHOHFWHG�FKDUDFWHUV�VKRXOG�EH�DQDO\]HG�LQ�EURDGHU�FRQWH[WV�DQG�XVLQJ�PHWKRGV�WKDW

LQFRUSRUDWH�WKH�UDWH�DQG�GLUHFWLRQ�RI�HYROXWLRQ��,Q�DGGLWLRQ��H[WUD�SDLU�SDWHUQLW\�KDG�D�VLJQLILFDQW

UHODWLRQVKLS�WR�VRQJ�HYROXWLRQ�LQ�WKH�RSSRVLWH�GLUHFWLRQ�WKDQ�KDV�EHHQ�W\SLFDOO\�SUHGLFWHG�IRU

QRQ�PRQRJDPRXV�PDWLQJ��VXJJHVWLQJ�WKDW�GLIIHUHQW�W\SHV�RI�QRQ�PRQRJDPRXV�PDWLQJ�EHKDYLRUV

FDQ�KDYH�GUDPDWLFDOO\�GLIIHUHQW�HIIHFWV�RQ�VH[XDO�VHOHFWLRQ��%XLOGLQJ�XSRQ�WKHVH�FRPSOH[

G\QDPLFV��ZH�SURSRVH�WKDW�(33�DQG�PDWLQJ�V\VWHP�PD\�QRW�LQIOXHQFH�VH[XDO�VHOHFWLRQ�RQ�VRQJ

LQGHSHQGHQWO\�IURP�RQH�DQRWKHU��IXUWKHU�LQYHVWLJDWLRQ�LQWR�WKHLU�LQWHUDFWLQJ�HIIHFWV�LV�QHHGHG�

0HWKRGV

'DWDEDVH�DVVHPEO\

7R�DVVHPEOH�WKH�PRVW�FRPSUHKHQVLYH�GDWDEDVH�RI�PDWLQJ�V\VWHPV�IRU�SDVVHULQH�ELUGV��ZH

FRPSLOHG�LQIRUPDWLRQ�IURP�PXOWLSOH�VRXUFHV��7KHVH�LQFOXGHG�FXUDWHG�ILHOG�JXLGHV��SUHYLRXV

VWXGLHV�WKDW�LQYHVWLJDWHG�PDWLQJ�V\VWHP�HYROXWLRQ��VRQJ�HYROXWLRQ��RU�ERWK��DQG�RWKHU�VWXGLHV�WKDW

ZH�IRXQG�YLD�WDUJHWHG�VHDUFKHV�XVLQJ�*RRJOH�6FKRODU�DQG�:HE�RI�6FLHQFH��DV�GHWDLOHG�EHORZ�

��



0DWLQJ�V\VWHP�DQG�H[WUD�SDLU�SDWHUQLW\�GDWD�FROOHFWLRQ

%LUGV�RI�1RUWK�$PHULFD�2QOLQH��%1$ �)HUHU�Q�G����LV DQ�RQOLQH�HQF\FORSHGLD�FXUDWHG�E\

WKH�&RUQHOO�/DE�RI�2UQLWKRORJ\�FRQWDLQLQJ�SURILOHV�RI�VHYHUDO�KXQGUHG�DYLDQ�VSHFLHV�WKDW�UHVLGH�LQ

RU�PLJUDWH�WKURXJK�1RUWK�$PHULFD��LQFOXGLQJ�+DZDLL��3URILOHV�LQFOXGH�OLIH�KLVWRULHV�FRPSLOHG

IURP�SHHU�UHYLHZHG�OLWHUDWXUH��ILHOG�JXLGHV��DQG�SHUVRQDO�REVHUYDWLRQV�RI�SURILOH�DXWKRUV��DV�ZHOO

DV�PXOWLPHGLD�IURP�0DFDXOD\�/LEUDU\ �&RUQHOO�8QLYHUVLW\ &RUQHOO�/DE�RI�2UQLWKRORJ\������ DQG

H%LUG �6XOOLYDQ�HW�DO���������3URILOHV�IRU�����2VFLQH DQG����6XERVFLQH�VSHFLHV�ZHUH�DYDLODEOH�

ZLWK�YDU\LQJ�GHJUHHV�RI�GRFXPHQWDWLRQ��7KH�DYDLODEOH�VHDUFK�IXQFWLRQ�LQ�%1$�RQO\�TXHULHG

VSHFLHV�QDPHV��VR��LQ�RUGHU�WR�JHQHUDWH�DQ�LQLWLDO�GDWDEDVH��ZH�QDYLJDWHG�WR�HDFK�VSHFLHV�SDJH�DQG

XVHG�WKH�VHDUFK�SDJH�IXQFWLRQ�WR�ILQG�WKH�WHUPV�³PRQRJDP\´�³PRQRJDPRXV´�DQG

³SRO\J\Q\´�³SRO\J\QRXV´�XVLQJ�WKH�FKDUDFWHU�VWULQJV�³PRQRJDP´�DQG�³SRO\J\Q´��UHVSHFWLYHO\�

7KLV�VHDUFK�\LHOGHG�SUHOLPLQDU\�PDWLQJ�V\VWHP�GDWD�IRU�����VSHFLHV��7KHVH�LQFOXGHG�SDVVDJHV

WKDW�GLG�QRW�TXDOLI\�WR�EH�LQFOXGHG�LQ�WKH�ILQDO�GDWDVHW�LQ�LVRODWLRQ�GXH�WR�DPELJXRXV�ZRUGLQJ��L�H�

³SUREDEO\�PRQRJDPRXV�´�³XVXDOO\�PRQRJDPRXV�´�HWF����,I�D�FLWDWLRQ�IRU�D�GLJLWDOO\�DYDLODEOH

SHHU�UHYLHZHG�VWXG\�ZDV�SURYLGHG��ZH�DWWHPSWHG�WR�ILQG�WKH�FLWHG�VRXUFH�DQG�RWKHU�SULPDU\

OLWHUDWXUH�E\�VHDUFKLQJ�³�VSHFLHV�QDPH�´���³PRQRJDP
�SRO\J\Q
´��EDVHG�RQ�HDFK�VSHFLHV¶�%1$

HQWU\��LQ�*RRJOH�6FKRODU�DQG�:HE�RI�6FLHQFH��WKRXJK�ZH�GLG�QRW�UHPRYH�RWKHUZLVH�GHILQLWLYHO\

FODVVLILHG�PDWLQJ�V\VWHP�GDWD�IRU�ZKLFK�ZH�FRXOG�QRW�ORFDWH�WKH�RULJLQDO�VRXUFH��:H�VHDUFKHG

PRUH�EURDGO\�IRU�VRXUFHV�WKDW�FRPSLOHG�GDWD�RQ�VSHFLHV�PDWLQJ�V\VWHPV�XVLQJ�*RRJOH�6FKRODU

DQG�:HE�RI�6FLHQFH�ZLWK�WKH�VHDUFK�WHUPV�³3DVVHULIRUPHV´�³VRQJELUG´���³PDWLQJ�V\VWHP´�³VRFLDO

PRQRJDP
´�³SRO\J\Q
´�´H[WUD�SDLU´�

:H�VXSSOHPHQWHG�GDWD�RQ�PDWLQJ�V\VWHPV�DQG�(33�IRXQG�LQ�WUDGLWLRQDO�SXEOLFDWLRQV�ZLWK

VSHFLHV�GHVFULSWLRQV�IRXQG�LQ�+DQGERRN�RI�%LUGV�RI�WKH�:RUOG�2QOLQH��+%: �GHO�+R\R�HW�DO�
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Q�G�����:KLOH�QRW�SHHU�UHYLHZHG��+%:�LV�ULJRURXVO\�HGLWHG�RQ�D�\HDUO\�EDVLV�ZLWK�D�GHPRQVWUDEO\

KLJK�VWDQGDUG�IRU�GDWD��DQG�VHYHUDO�RWKHU�VWXGLHV �3ULFH�DQG�*ULIILWK�������4XLQWHUR�DQG�-HW]

������6D\RO�HW�DO������� KDYH�XVHG�LW�DV�D�SULPDU\ VRXUFH��:H�VHDUFKHG�IRU�SDJHV�XVLQJ�WKH

IROORZLQJ�VHDUFK�WHUPV�ZLWK�DVVRFLDWHG�\LHOGV������SRO\J\Q
�$1'�VRQJ�127��SUHVXPDEO\

SRO\J\QRXV��127��SUREDEO\�SRO\J\QRXV�� �����VSHFLHV������PRQRJDP
�$1'�VRQJ�127

�SUHVXPDEO\�PRQRJDPRXV��127��SUREDEO\�PRQRJDPRXV´� �����VSHFLHV��³:H�LQFOXGHG�³VRQJ´

DV�D�VHDUFK�WHUP�WR�DWWHPSW�WR�OLPLW�UHVXOWV�WR�SDVVHULQH�VSHFLHV�DQG�PDQXDOO\�HOLPLQDWHG�VHDUFK

UHVXOWV�IURP�QRQ�SDVVHULQH�VSHFLHV��:H�UHDG�WKH�³%UHHGLQJ´�DQG�³9RLFH´�VHFWLRQ�RI�HDFK�VSHFLHV

WKDW�ZDV�UHWXUQHG�LQ�WKH�KLJKOLJKWHG�VHDUFKHV�DERYH�WR�JDWKHU�DQ\�DYDLODEOH�GDWD�RQ�PDWLQJ

V\VWHP�DQG�VRQJ�FKDUDFWHULVWLFV��UHVSHFWLYHO\�

$Q\�VSHFLHV�ZLWK�XQDPELJXRXV�PDWLQJ�V\VWHP�LQIRUPDWLRQ�ZDV�LQFOXGHG�LQ�WKH�ILQDO

GDWDVHW��:H�DOVR�LQFOXGHG�VSHFLHV�GHVFULEHG�ZLWK�WKH�WHUPV�³SULPDULO\

PRQRJDPRXV�SRO\J\QRXV´��:H�LQFOXGHG�VSHFLHV�ZLWK�QRWHV�LQFOXGLQJ�³DSSDUHQWO\´�RU�³DSSHDUV

PRQRJDPRXV�SRO\J\QRXV´�RQO\�LI�WKHUH�ZDV�DQRWKHU�FRUURERUDWLQJ�VRXUFH��:H�XVHG�VSHFLHV

GHVFULEHG�DV�³PRVWO\�´�³QRUPDOO\�´�³W\SLFDOO\�´�DQG�³JHQHUDOO\�PRQRJDPRXV�SRO\J\QRXV´�RQO\�LI

TXDQWLWDWLYH�PHDVXUHPHQWV�ZHUH�DOVR�JLYHQ��6SHFLHV�ZLWK�³2FFDVLRQDO�´�³2SSRUWXQLVWLF�´�RU

³)DFXOWDWLYH´�SRO\J\Q\�ZHUH�FRQVLGHUHG�PRQRJDPRXV�XQOHVV�RWKHU�SXEOLVKHG�VWXGLHV�SURYLGHG

GLVSXWLQJ�HYLGHQFH�

6RQJ�GDWD�FROOHFWLRQ

:H�SHUIRUPHG�VHDUFKHV�LQ�*RRJOH�6FKRODU�DQG�:HE�RI�6FLHQFH�XVLQJ�WKH�TXHULHV

JHQHUDWHG�E\�WKH�IROORZLQJ�VHDUFK�WHUPV��>VSHFLHV�QDPH@���³V\OODEOH�UHSHUWRLUH´��³3DVVHULIRUPHV´

��³V\OODEOH�UHSHUWRLUH´��DQG�´VRQJELUG´���³V\OODEOH�UHSHUWRLUH´��:H�WKHQ�UHSHDWHG�WKHVH�VHDUFK
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TXHULHV�XVLQJ�³VRQJ�UHSHUWRLUH´�LQVWHDG�RI�³V\OODEOH�UHSHUWRLUH´��)RU�DOO�VHDUFKHV��>VSHFLHV�QDPH@

ZDV�UHSODFHG�ZLWK�WKH�WKH�WD[RQRPLF�DQG�FRPPRQ�QDPH�RI�HDFK�VSHFLHV�IRU�ZKLFK�%LUGV�RI�1RUWK

$PHULFD�\LHOGHG�PDWLQJ�V\VWHP�GDWD��7KLV�ZDV�VXSSOHPHQWHG�ZLWK�YDOXHV�REWDLQHG�YLD�+%:�

0DWLQJ�V\VWHP�GDWD�FODVVLILFDWLRQ

7KHUH�ZHUH�RIWHQ�PXOWLSOH�VRXUFHV�IRU�D�VSHFLHV¶�PDWLQJ�V\VWHP��,Q�WKH�HYHQW�WKDW�VRXUFHV

GLVDJUHHG��ZH�XVHG�WKH�IROORZLQJ�SURFHGXUH�WR�GHFLGH�ZKLFK�PDWLQJ�V\VWHP�WR�FRGH�LQ�RXU

GDWDEDVH�����,I�DQ\�VRXUFH�JDYH�D�SHUFHQWDJH�RI�WKH�PDOH�SRSXODWLRQ�WKDW�ZHUH�SRO\J\QRXV�

GHILQHG�DV�PDOHV�ZLWK�!��VRFLDO�PDWHV �+DVVHOTXLVW DQG�6KHUPDQ��������ZH�XVHG�WKDW�YDOXH�ZLWK

D�WKUHVKROG�RI����RI�VDPSOHG�PDOHV�H[KLELWLQJ�SRO\J\Q\�WR�GHWHUPLQH�WKH�VSHFLHV�PDWLQJ�V\VWHP�

L�H��LI�����RI�PDOHV�H[KLELWHG�SRO\J\Q\��ZH�FODVVLILHG�WKH�PDWLQJ�V\VWHP�DV�VRFLDO�PRQRJDP\��LI

����RI�PDOHV�H[KLELWHG�SRO\J\Q\��ZH�FODVVLILHG�WKH�PDWLQJ�V\VWHP�DV�SRO\J\Q\��:H�GR�QRW

VXJJHVW�WKDW�WKLV�WKUHVKROG�YDOXH�LV�LQKHUHQWO\�ELRORJLFDOO\�UHOHYDQW��EXW�LW�LV�FRQVLVWHQW�ZLWK

SUHYLRXV�VWXGLHV �+DVVHOTXLVW�DQG�6KHUPDQ�������/DFN ������0¡OOHU�������6RPD�DQG

*DUDPV]HJL�������9HUQHU�DQG�:LOOVRQ��������DOORZLQJ XV�WR�HYDOXDWH�RXU�UHVXOWV�LQ�WKH�FRQWH[W�RI

HDUOLHU�UHVHDUFK�����,I�PXOWLSOH�VRXUFHV�SURYLGHG�SHUFHQWDJHV�RI�SRO\J\Q\�LQ�D�SRSXODWLRQ�WKDW

\LHOGHG�FRQIOLFWLQJ�PDWLQJ�V\VWHP�FODVVLILFDWLRQ��WKH�PHGLDQ�YDOXH�RI�WKRVH�SHUFHQWDJHV�ZDV�XVHG�

���,I�PXOWLSOH�VRXUFHV�SURYLGHG�TXDOLWDWLYH�GDWD�RQ�PDWLQJ�V\VWHP�WKDW�ZHUH�LQ�GLVDJUHHPHQW�

+%:�ZDV�XVHG�WR�GHWHUPLQH�WKH�ILQDO�PDWLQJ�V\VWHP�FODVVLILFDWLRQ��,I�+%:�GLG�QRW�PHQWLRQ

PDWLQJ�V\VWHP�LQ�LWV�HQWU\�IRU�D�SDUWLFXODU�VSHFLHV�ZKHQ�WKHUH�ZDV�VXFK�D�GLVFUHSDQF\��WKH�VSHFLHV

ZDV�RPLWWHG�IURP�WKH�GDWDVHW�

([WUD�SDLU�SDWHUQLW\�GDWD�FODVVLILFDWLRQ

��
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7R�GHWHUPLQH�ZKHWKHU�D�VSHFLHV�H[KLELWHG�KLJK�RU�ORZ�LQFLGHQFH�RI�H[WUD�SDLU�PDWLQJ��ZH

SULRULWL]HG�VRXUFHV�ZLWK�JHQHWLF�SDUHQWDO�GHWHUPLQDWLRQ�GDWD��$�UHYLHZ�RI�H[WUD�SDLU�SDWHUQLW\

VWXGLHV�HVWLPDWHG�WKH�FURVV�VSHFLHV�DYHUDJH�WR�EH�a����RI�RIIVSULQJ�SHU�QHVW�WR�EH�DWWULEXWDEOH�WR

H[WUD�SDLU�PDWHV �*ULIILWK�HW�DO���������,Q�OLQH�ZLWK WKLV�HVWLPDWH�DQG�ZLWK�SUHYLRXV�VWXGLHV �6RPD

DQG�*DUDPV]HJL��������ZH�XVHG�D�����WKUHVKROG�IRU HLWKHU�H[WUD�SDLU�\RXQJ�RU�QHVWV�FRQWDLQLQJ

DW�OHDVW�RQH�H[WUD�SDLU�FKLFN�WR�HVWLPDWH�WKH�IUHTXHQF\�RI�H[WUD�SDLU�SDWHUQLW\�LQ�WKDW�VSHFLHV

������ �ORZ�(33������� �KLJK�(33���,I�D�VRXUFH�SURYLGHG�GDWD�RQ�ERWK�WKH�SHUFHQWDJH�RI

RIIVSULQJ�LQ�D�SRSXODWLRQ�WKDW�ZHUH�JHQHWLFDOO\�XQUHODWHG�WR�WKHLU�VRFLDO�IDWKHU�DQG�WKH�SHUFHQWDJH

RI�QHVWV�WKDW�FRQWDLQHG�DW�OHDVW���H[WUD�SDLU�\RXQJ��ZH�XVHG�WKH�IRUPHU�PHWULF��ZKLFK�LV�PRUH

FRPPRQO\�XVHG��WR�GHWHUPLQH�VSHFLHV�(33��(LWKHU�YDOXH�PLJKW�EH�SDUWLDOO\�GHWHUPLQHG�E\�FU\SWLF

IHPDOH�PDWH�VHOHFWLRQ��ZKLFK�LV�D�SRWHQWLDOO\�LPSRUWDQW�PHFKDQLVP�E\�ZKLFK�IHPDOHV�PD\

LQIOXHQFH�ZKLFK�PDOHV�DFKLHYH�JHQHWLF�SDWHUQLW\�DIWHU�H[WUD�SDLU�FRSXODWLRQ��5DUHO\��VWXGLHV�KDYH

UHSRUWHG�H[WUD�SDLU�PDWLQJ�EHKDYLRU�LQ�WHUPV�RI�REVHUYHG�FRSXODWLRQV��:H�GLG�QRW�LQFOXGH�WKHVH

YDOXHV�IRU�FDWHJRUL]DWLRQ�RI�(33�LQ�RXU�GDWDEDVH�GXH�WR�WKH�UDULW\�RI�WKH�GDWD�DQG�VLQFH�DOO�VSHFLHV

IRU�ZKLFK�WKLV�ZDV�UHSRUWHG�DOVR�KDG�D�UHSRUWHG��(33��,I�ZH�IRXQG�PXOWLSOH�VWXGLHV�ZLWK�XQLTXH

�(33�YDOXHV�IRU�D�VSHFLHV��ZH�EDVHG�WKH�FODVVLILFDWLRQ�RQ�WKH�PHGLDQ�RI�DOO�UHSRUWHG��(33

YDOXHV�

&RQWUROOLQJ�IRU�GLIIHUHQW�PHWULFV�RI�H[WUD�SDLU�SDWHUQLW\

:KHQ�VWXGLHV�UHSRUW�D�UDWH�RI�H[WUD�SDLU�SDWHUQLW\��WKH\�W\SLFDOO\�XVH�RQH�RI�WZR�PHWULFV�

7KH�ILUVW��UHIHUUHG�WR�DV�³H[WUD�SDLU�\RXQJ�´��(3<��³H[WUD�SDLU�IHUWLOL]DWLRQV�´��(3)��RU�MXVW�(33

�DV�XVHG�LQ�WKLV�PDQXVFULSW���UHIHUV�WR�WKH�SHUFHQW�RI�WKH�WRWDO�\RXQJ�LQ�D�SRSXODWLRQ�WKDW�DUH�QRW

JHQHWLF�RIIVSULQJ�RI�WKHLU�VRFLDO�IDWKHU��7KH�VHFRQG�LV�XVXDOO\�UHIHUUHG�WR�DV�³H[WUD�SDLU�EURRGV´
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�(3%���DQG�UHSUHVHQWV�WKH�SHUFHQW�RI�EURRGV�LQ�D�SRSXODWLRQ�WKDW�KDYH�DW�OHDVW�RQH�HJJ�FKLFN�WKDW

LV�QRW�WKH�JHQHWLF�RIIVSULQJ�RI�WKHLU�VRFLDO�IDWKHU��:H�SULRULWL]HG�(33�(3)�(3<�YDOXHV�DQG�XVHG

(3%�YDOXHV�RQO\�LI�WKH�IRUPHU�ZHUH�XQDYDLODEOH��7R�WHVW�ZKHWKHU�WKH�GLIIHUHQW�PHWULFV�RI�(33

PLJKW�LQIOXHQFH�RXU�FRQFOXVLRQV��ZH�SHUIRUPHG�DQRWKHU�WHVW�XVLQJ�(33�FODVVLILFDWLRQV�WKDW�ZHUH

LQFOXVLYH�RI�(3%�YDOXHV��,Q�WKLV�PHWKRG��LI�D�VWXG\�UHSRUWHG�ERWK�(3<�DQG�(3%�IRU�D�VLQJOH

SRSXODWLRQ��ZH�XVHG�WKH�PHDQ�RI�WKH�YDOXHV�DV�WKDW�VWXG\¶V�(33�YDOXH��LQVWHDG�RI�MXVW�WKH

(3<�(3)�YDOXH��:H�WKHQ�XVHG�WKH�PHGLDQ�RI�DOO�VWXGLHV��LQFOXGLQJ�VWXGLHV�WKDW�RQO\�UHSRUWHG

(3%��WR�REWDLQ�WKH�(33�YDOXH�ZH�XVHG�LQ�WKH�����WKUHVKROG�FODVVLILFDWLRQ�RI�WKH�VSHFLHV��8VLQJ

WKLV�PHWKRG�GLG�QRW�FKDQJH�WKH�UHVXOW�RI�SK\O$129$�IRU�(33�DQG�V\OODEOH�UHSHUWRLUH��WKH�RQO\

WHVW�LQYROYLQJ�(33�WKDW�\LHOGHG�D�VLJQLILFDQW�UHVXOW��QRU�RI�DQ\�RWKHU�WHVW�

6RQJ�GDWD�FODVVLILFDWLRQ

1RPHQFODWXUH�IRU�VRQJ�FKDUDFWHULVWLFV�LV�YDULDEOH�DFURVV�VRXUFHV��)RU�H[DPSOH��LQ�VRPH

VRXUFHV��³V\OODEOH�UHSHUWRLUH´�PHDQV�WKH�DYHUDJH�WRWDO�QXPEHU�RI�V\OODEOHV�DQ�LQGLYLGXDO�XVHV�LQ

VRQJ��KRZHYHU��VHYHUDO�RWKHUV��LQFOXGLQJ�5HDG�DQG�:HDU\ �5HDG�DQG�:HDU\��������KDYH

FRQVLGHUHG�WKLV�WHUP�WR�PHDQ�³DYHUDJH�QXPEHU�RI�XQLTXH�V\OODEOHV�SHU�VRQJ�´�:H�FKHFNHG�WKH

SULPDU\�VRXUFH�PHWKRGV�ZKHQHYHU�SRVVLEOH�WR�HQVXUH�ZH�FODVVLILHG�HDFK�VRQJ�SDUDPHWHU

FRUUHFWO\��:H�FDWHJRUL]HG�VHYHUDO�PHDVXUHV�WKDW�KDYH�JHQHUDOO\�EHHQ�XVHG�DV�SUR[LHV�RI�VRQJ

FRPSOH[LW\��HODERUDWHQHVV��RU�YDULHW\��DV�IROORZV������6\OODEOH�UHSHUWRLUH�VL]H��6\OO�5HS���GHILQHG

DV�WKH�DYHUDJH�WRWDO�QXPEHU�RI�XQLTXH�V\OODEOHV�DQ�LQGLYLGXDO�XVHV�DFURVV�VRQJV��6RPH�VWXGLHV

DOVR�FDOOHG�WKLV�µVRQJ�UHSHUWRLUH�¶�VR�ZH�UHDG�WKH�UHOHYDQW�PHWKRGV�VHFWLRQV�IRU�FODULILFDWLRQ�����

6\OODEOHV�SHU�VRQJ��6\OO�VRQJ���WKH�DYHUDJH�QXPEHU�RI�XQLTXH�V\OODEOHV�XVHG�SHU�VRQJ��DOVR

RFFDVLRQDOO\�FDOOHG�V\OODEOH�UHSHUWRLUH��H�J� �5HDG DQG�:HDU\������������6RQJ�UHSHUWRLUH�VL]H

��
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�6RQJ�5HS���WKH�DYHUDJH�WRWDO�QXPEHU�RI�XQLTXH�VRQJV�DQ�LQGLYLGXDO�SURGXFHV��:H�DOVR

FDWHJRUL]HG�VRQJ�PHWULFV�WKDW�KDYH�WUDGLWLRQDOO\�EHHQ�XVHG�DV�SUR[LHV�RI�VRQJ�SHUIRUPDQFH��DV

IROORZV������,QWHUVRQJ�,QWHUYDO��,QWHUYDO���WKH�DYHUDJH�OHQJWK�RI�WLPH�VHSDUDWLQJ�VRQJV�ZLWKLQ�D

SHULRG�RI�FRQVLVWHQW�VLQJLQJ�EHKDYLRU��PHDVXUHG�LQ�XQLW��VHFRQGV������6RQJ�GXUDWLRQ��'XUDWLRQ��

WKH�DYHUDJH�OHQJWK�RI�D�VRQJ��GHILQHG�DV�WKH�QXPEHU�RI�VHFRQGV�RI�FRQVLVWHQW�VLQJLQJ�EHWZHHQ

SHULRGV�RI�VLOHQFH��VRXUFHV�PD\�KDYH�GLIIHUHG�LQ�WKLV�GHILQLWLRQ������6RQJ�UDWH��5DWH���WKH�QXPEHU

RI�IXOO�VRQJ�F\FOHV�SURGXFHG�SHU�PLQXWH��FDOFXODWHG�DV�����'XUDWLRQ���,QWHUYDO�������6RQJ

FRQWLQXLW\��WKH�SURSRUWLRQ�RI�WRWDO�VRQJ�SHUIRUPDQFH�WLPH�VSHQW�SURGXFLQJ�VRQJ��FDOFXODWHG�DV

'XUDWLRQ��'XUDWLRQ���,QWHUYDO��

:KLOH�ZH�LQFOXGHG�RWKHU�VRQJ�FKDUDFWHULVWLFV�ZKHQ�DYDLODEOH��ZH�RQO\�DFWLYHO\�VHDUFKHG

IRU�VSHFLHV¶�V\OODEOH�UHSHUWRLUHV�DQG�VRQJ�UHSHUWRLUHV��6HYHUDO�VRXUFHV�DQG�SUHYLRXV�VWXGLHV

SURYLGHG�WKHVH�RWKHU�PHWULFV�LQ�DGGLWLRQ�WR�UHSHUWRLUH�RU�PDWLQJ�V\VWHP�GDWD��$Q\�YDOXH�ZH

HQFRXQWHUHG�GXULQJ�WKLV�VHDUFK�ZH�UHFRUGHG�LQ 6XSSOHPHQWDU\ 'DWD����EXW�WKH�GDWDEDVH�VKRXOG

QRW�EH�FRQVLGHUHG�H[KDXVWLYH��)RU�YDOXHV�RI�V\OODEOH�UHSHUWRLUH�REWDLQHG�IURP�0RRUH HW�DO�

�0RRUH�HW�DO���������ZH�XVHG�RQO\�WKH�YDOXH�IURP�WKH VLQJOH�VWXG\�WKH\�XWLOL]HG��VLQFH�WKH\�ZHUH

V\VWHPDWLF�LQ�WKHLU�VHOHFWLRQ�RI�GDWD��2FFDVLRQDOO\�ZH�FRXOG�LQIHU�WKH�V\OODEOH�UHSHUWRLUH�RI�D

VSHFLHV�LI�ZH�KDG�GDWD�IRU�µV\OODEOHV�SHU�VRQJ¶�DQG�WKH�VRQJ�UHSHUWRLUH�ZDV�HTXDO�WR���

,I�DQ\�VRQJ�GDWD�ZDV�JLYHQ�IRU�DQ\�VSHFLHV�DV�D�UDQJH��ZH�XVHG�WKH�PHGLDQ�YDOXH��,I

PXOWLSOH�VRXUFHV�ZHUH�IRXQG�IRU�D�SDUWLFXODU�VSHFLHV��ZH�XVHG�WKH�PHGLDQ�YDOXH�DFURVV�VRXUFHV

DQG�QRWHG�LQ�WKH�GDWDVHW�WKH�PLQLPXP�DQG�PD[LPXP�YDOXHV�REVHUYHG�IRU�WKDW�VSHFLHV��:H

ORJ���QRUPDOL]HG�WKH�GDWD�IRU�DOO�VRQJ�FKDUDFWHULVWLFV� 6RPH�VSHFLHV��LQ�SDUWLFXODU�WKRVH�EHORQJLQJ

WR�WKH�0LPLG�IDPLO\��GR�QRW�KDYH�GLVFUHWH��VWHUHRW\SHG�VRQJV��LQVWHDG�LPSURYLVLQJ�WKHLU�VRQJV�IRU

DQ�H[WHQGHG��RIWHQ�XQLQWHUUXSWHG�SHULRG�RI�WLPH��2FFDVLRQDOO\�WKHVH�VSHFLHV�KDG�PHDVXUHG�YDOXHV
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IRU�V\OODEOH�UHSHUWRLUH��V\OODEOHV�SHU�VRQJ��DQG�RU�VRQJ�UHSHUWRLUH�LQ�WKH�OLWHUDWXUH��EXW�PRUH�RIWHQ

WKH\�ZHUH�TXDOLWDWLYHO\�GHVFULEHG�DV�³ODUJH�´�3UHYLRXV�VWXGLHV�RQ�VRQJ�HYROXWLRQ�LQFOXGHG�WKHVH

VSHFLHV�LQ�TXDQWLWDWLYH�DQDO\VHV�E\�DVVLJQLQJ�DQ�DUELWUDULO\�KLJK�YDOXH�WR�WKHVH�FKDUDFWHULVWLFV

UDQJLQJ�IURP�����WR�������GHSHQGLQJ�RQ�WKH�VWXG\ �*DUDPV]HJL DQG�0¡OOHU������

0DFGRXJDOO�6KDFNOHWRQ�������5HDG�DQG�:HDU\�������6RPD�DQG�*DUDPV]HJL��������)RU�VSHFLHV

WKDW�ZHUH�DVVLJQHG�µODUJH¶�RU�DUELWUDU\�UHSHUWRLUHV�LQ�WKH�OLWHUDWXUH�DQG�KDG�QR�RWKHU�TXDQWLWDWLYH

DVVHVVPHQW�RI�UHSHUWRLUH�DYDLODEOH��ZH�DVVLJQHG�V\OODEOH�UHSHUWRLUH��VRQJ�UHSHUWRLUH��V\OODEOHV�SHU

VRQJ��DQG�VRQJ�GXUDWLRQ�WR�KDYH�D�PLQLPXP�YDOXH�RI������D�PD[LPXP�YDOXH�RI�������DQG�D

PHGLDQ�YDOXH�RI�����

$VVHPEOLQJ�SK\ORJHQLHV

:H�DVVHPEOHG�WZR�SK\ORJHQLHV�IRU�XVH�LQ�RXU�DQDO\VHV��RQH�LQFOXGLQJ�RQO\�DYLDQ�VSHFLHV

ZKLFK�KDG�JHQHWLF�VHTXHQFH�GDWD�LQWHJUDWHG�LQWR�WKH�WUHH�DQG�RQH�ZKLFK�DOVR�LQWHJUDWHG�VSHFLHV

ZLWKRXW�JHQHWLF�VHTXHQFH�GDWD��)RU�WKH�ODWWHU��ZH�REWDLQHG������WUHHV��HDFK�FRQWDLQLQJ�����

VSHFLHV�IURP�%LUGWUHH�RUJ �-HW]�HW�DO������������� Q�G�� E\�UDQGRPO\�FKRRVLQJ�RQH�RI�WHQ�VHWV�RI

�����WUHHV�DYDLODEOH�LQ�WKH�%LUG7UHH�GDWD�GRZQORDGV��7KHVH�WUHHV��+DFNHWW6WDJH������±�����

ZHUH�EXLOW�E\�JHQHUDWLQJ�UHOD[HG�FORFN�PROHFXODU�WUHHV�IRU�HDFK�RI�����FODGHV��WKHQ�DUUDQJLQJ

WKHVH�FODGHV�RQ�D�DYLDQ�ZLGH�WUHH�XVLQJ�WKH�EDFNERQH�GHWHUPLQHG�LQ�+DFNHWW HW�DO� �+DFNHWW�HW�DO�

����� �IXOO�PHWKRGV�LQ�-HW] HW�DO��-HW]�HW�DO��������� :H�XVHG�FRQVHQVH�LQ�3K\OLS �)HLVHQVWHLQ

����� WR�JHQHUDWH�D�FRQVHQVXV�WUHH�WKDW�VSHFLILHG KRZ�PDQ\�RXW�RI�WKH������LQSXW�WUHHV�VXSSRUWHG

HDFK�QRGH��IXOO�FRQVHQVXV�WUHH�LQ 6XSSOHPHQWDU\�'DWD �±����:H�XVHG�WKH�IXQFWLRQ

FRQVHQVXV�HGJHV��5�SDFNDJH��SK\WRROV��PHWKRG��PHDQ�HGJH��WR�FRPSXWH�D�FRQVHQVXV�WUHH�ZLWK

EUDQFK�OHQJWKV�IURP�WKH������WUHH�VDPSOH��)RU�DQ\�QRGHV�WKDW�UHVXOWHG�LQ�PXOWLIXUFDWLRQ��ZH�XVHG

��
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IXQFWLRQ�PXOWL�GL��5�SDFNDJH��DSH��WR�UDQGRPO\�UHDVVLJQ�PXOWLIXUFDWLRQV�DV�D�VHULHV�RI

GLFKRWRPRXV�QRGHV��UHVXOWLQJ�LQ�D�ELIXUFDWLQJ�WUHH�QHFHVVDU\�IRU�WUDLW�DQDO\VHV��7KH�HGJHV

JHQHUDWHG�WKURXJK�WKLV�PHWKRG�DUH�GHILQHG�E\�GHIDXOW�DV�KDYLQJ�D�OHQJWK�RI�]HUR��ZKLFK�WKH

VWDWLVWLFDO�WHVWV�EHORZ�FDQQRW�SURFHVV��:H�VHW�WKHVH�HGJH�OHQJWKV�WR�DQ�DUELWUDULO\�YHU\�ORZ�YDOXH

RI���í�����:H�IRXQG�QR�TXDOLWDWLYH�GLIIHUHQFHV�LQ RXU�UHVXOWV�ZLWK�GLIIHUHQW�YDOXHV�RI�WKLV�EUDQFK

OHQJWK��VHH�6XSSOHPHQWDU\�,QIRUPDWLRQ���)RU�PRUH�HIILFLHQW�FRPSXWDWLRQ��ZH�XVHG�GURS�WLS

�SDFNDJH��DSH��WR�HOLPLQDWH�VSHFLHV�IRU�ZKLFK�ZH�KDG�QHLWKHU�VRQJ�FKDUDFWHULVWLFV�QRU�PDWLQJ

V\VWHP�GDWD��)RU�VXEVHTXHQW�DQDO\VHV�FRPSDULQJ�PDWLQJ�V\VWHP�DQG�VRQJ�FKDUDFWHULVWLFV��ZH

GURSSHG�WLSV�RI�VSHFLHV�ZLWK�QR�GDWD�IRU�D�JLYHQ�FRPSDULVRQ��VHH�FRGH�LQ 6XSSOHPHQWDU\

6RIWZDUH���+DFNHWW�HW�DO������� :H�UHSHDWHG�WKLV�SURFHGXUH XVLQJ�D�VHW�RI������WUHHV�ZLWK�RQO\

WKH������VSHFLHV�IRU�ZKLFK�-HW] HW�DO� �-HW]�HW�DO� ����� KDG�D�JHQHWLF�VHTXHQFH��+DFNHWW6WDJH�

������������7R�HQVXUH�WKDW�UHVXOWV�ZHUH�UREXVW�WR�GLIIHUHQFHV�LQ�EUDQFK�OHQJWKV�DQG�WUHH

WRSRJUDSK\��ZH�UHSHDWHG�DOO�DQDO\VHV�XVLQJ�WKLV�*HQH�7UHH��DV�ZHOO�DV�RQ�HDFK�RI�WKH�ILUVW����

WUHHV�LQ�+DFNHWW6WDJH������������IRU�3K\O$129$�DQG�%URZQLH��DQG�WKH�ILUVW����WUHHV�IRU

%D\HV7UDLWV�

3K\ORJHQHWLF�FRPSDUDWLYH�DQDO\VHV

:H�XVHG�D�VHW�RI�SK\ORJHQHWLF�FRPSDUDWLYH�DQDO\VHV WR�GHWHUPLQH�WKH�UHODWLRQVKLS

EHWZHHQ�WKH�HYROXWLRQ�RI�PDWLQJ�V\VWHPV�DQG�HDFK�VRQJ�FKDUDFWHULVWLF�LQ�WXUQ��)LUVW��ZH

SHUIRUPHG�DQ�DQFHVWUDO�FKDUDFWHU�HVWLPDWLRQ �3DUDGLV� &ODXGH��DQG�6WULPPHU������ XVLQJ�WKH�DFH

IXQFWLRQ��5�SDFNDJH��DSH��IRU�HDFK�WUDLW�VHSDUDWHO\��:H�FDOFXODWHG�WKH�DQFHVWUDO�VWDWH�DW�HDFK�QRGH

IRU�HDFK�WUDLW��ERWK�FRQWLQXRXV��VRQJ�YDULDEOHV��DQG�GLVFUHWH��PDWLQJ�V\VWHP�FODVVLILFDWLRQ�
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H[WUD�SDLU�SDWHUQLW\���:H�XVHG�WKLV�WR�YLVXDOL]H�WKH�OLNHOLKRRG�WKDW�HDFK�WUDLW�ZDV�SUHVHQW�DW�HDFK

DQFHVWUDO�QRGH�RI�WKH�WUHH�

7R�DVVHVV�WKH�SK\ORJHQHWLF�VLJQDO�RI�HDFK�VRQJ�FKDUDFWHULVWLF��ZH�FDOFXODWHG�ERWK�3DJHO¶V Ȝ

�3DJHO������DQG�%ORPEHUJ¶V ț �%ORPEHUJ�HW�DO������� XVLQJ�WKH�IXQFWLRQ�SK\ORVLJ�LQ�SK\WRROV

�5HYHOO��������)RU�3DJHO¶V Ȝ��ZH�DVVHVVHG�VLJQLILFDQFH ZLWK�WKH�LQFOXGHG�SHUPXWDWLRQ�WHVW�

UHVDPSOLQJ���������WLPHV��)RU�HDFK�VRQJ�FKDUDFWHULVWLF��ZH�DQDO\]HG�DOO�RI�WKH�VSHFLHV�IRU�ZKLFK

ZH�KDG�GDWD�IRU�WKDW�FKDUDFWHULVWLF��HYHQ�LI�ZH�GLG�QRW�KDYH�FRUUHVSRQGLQJ�PDWLQJ�V\VWHP�GDWD�IRU

WKDW�VSHFLHV�

7R�DVVHVV�ZKHWKHU�ELUG�VSHFLHV�KDG�VLJQLILFDQWO\�GLIIHUHQW�VRQJ�FKDUDFWHULVWLFV�GHSHQGHQW

RQ�WKHLU�PDWLQJ�VWUDWHJLHV��ZH�XVHG�WKH�IXQFWLRQ�SK\O$129$��5�SDFNDJH��SK\WRROV �5HYHOO

�������WR�GHWHUPLQH�ZKHWKHU�VRQJ�WUDLWV�ZHUH�VLJQLILFDQWO\ GLIIHUHQW�EHWZHHQ�SRO\J\QRXV�DQG

PRQRJDPRXV�VSHFLHV�RU�EHWZHHQ�VSHFLHV�ZLWK�ORZ�(33�DQG�KLJK�(33��FRQWUROOLQJ�IRU�SK\ORJHQ\�

:H�DOVR�FDOFXODWHG�WKH�UHVLGXDOV�RI�WKH�$129$��2QOLQH 6XSSOHPHQWDU\�)LJXUHV���±����

1H[W��ZH�XVHG�WKH�%URZQLH�DOJRULWKP �2¶0HDUD�HW�DO� ����� WR�DVVHVV�ZKHWKHU�WKH�UDWH�RI

HYROXWLRQ�RI�VRQJ�FKDUDFWHULVWLFV�ZDV�VLJQLILFDQWO\�GLIIHUHQW�EHWZHHQ�SRO\J\QRXV�DQG

PRQRJDPRXV�EUDQFKHV�RI�WKH�SK\ORJHQ\��)LUVW��ZH�PDS�WKH�HYROXWLRQ�RI�PDWLQJ�V\VWHP�RQWR�WKH

SK\ORJHQ\�DQG�WHVW�ZKHWKHU�HYROXWLRQDU\�WUDQVLWLRQV�EHWZHHQ�PRQRJDP\�DQG�SRO\J\Q\�RFFXU�DW

HTXDO�UDWHV��(TXDO�5DWHV��(5��PRGHO��RU�ZKHWKHU�WKH�WUDQVLWLRQ�IURP�PRQRJDP\�WR�SRO\J\Q\

RFFXUV�DW�D�VLJQLILFDQWO\�GLIIHUHQW�UDWH�WKDQ�WKH�WUDQVLWLRQ�IURP�SRO\J\Q\�WR�PRQRJDP\��$OO�5DWHV

'LIIHUHQW��$5'��PRGHO���7R�GR�WKLV��ZH�FDOFXODWHG�WKH�UDWHV�RI�HYROXWLRQ�RI�PDWLQJ�V\VWHP�DFURVV

WKH�IXOO�WUHH�DQG�GDWDVHW�XVLQJ�DFH��5�SDFNDJH�DSH��XVLQJ�ERWK�DQ�(5�DQG�$5'�PRGHO�WR�HVWLPDWH

WUDQVLWLRQ�UDWHV��:H�SHUIRUPHG�DQ�DQRYD��5�SDFNDJH��VWDWV��RQ�WKH�WZR�PRGHOV�WR�GHWHUPLQH

ZKHWKHU�WKH�$5'�WUDQVLWLRQ�UDWH�PRGHO�ZDV�D�VLJQLILFDQWO\�EHWWHU�ILW��:H�VLPLODUO\�WHVWHG�WKH

��
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WUDQVLWLRQV�EHWZHHQ�KLJK�DQG�ORZ�UDWHV�RI�(33��7KH�$5'�PRGHO�ZDV�D�VLJQLILFDQWO\�EHWWHU�ILW�IRU

SRO\J\Q\��$129$ S  �����î��í����ORJ�OLNHOLKRRG�(5  �í��������$5'� �í���������DQG�(33

�$129$ S  ���������ORJ�OLNHOLKRRG�(5� �í�������$5'  �í�������VR�ZH�UHFRUGHG�WKH�WUDQVLWLRQ

UDWHV�IURP�WKH�$5'�PRGHO��PRQRJDPRXV�WR�SRO\J\QRXV����������SRO\J\QRXV�WR�PRQRJDPRXV�

��������ORZ�(33�WR�KLJK�(33����������KLJK�(33�WR�ORZ�(33����������DQG�XVHG�WKHP�WR�JHQHUDWH

WKH�VWRFKDVWLF�FKDUDFWHU�PDSV��VLPPDSV �%ROOEDFN������� IRU�DOO�VXEVHTXHQW�%URZQLH�WHVWV��)RU

HDFK�VRQJ�WUDLW��ZH�JHQHUDWHG������VLPPDSV�IURP�WKH�VXEVHWWHG�WUHH�DQG�GDWDVHW�IRU�WKDW�PDWLQJ

V\VWHP�VRQJ�WUDLW�FRPELQDWLRQ�XVLQJ�WKH�UDWHV�GHULYHG�IURP�WKH�IXOO�WUHH�

:H�WKHQ�UDQ�EURZQLH�OLWH��5�SDFNDJH��SK\WRROV��RQFH�SHU�VLPPDS��)RU�HDFK�UXQ��WKLV

IXQFWLRQ�FDOFXODWHV�WKH�ORJ�OLNHOLKRRG�RI�DQ�(5�PRGHO��L�H��WKH�VRQJ�WUDLW�HYROYHV�DW�HTXDO�UDWHV

UHJDUGOHVV�RI�WKH�PDWLQJ�V\VWHP�VWDWH�WKH�DQFHVWUDO�VSHFLHV�RFFXSLHV��DQG�$5'�PRGHO��L�H��WKH

VRQJ�WUDLW�HYROYHV�DW�D�UDWH�GHSHQGHQW�RQ�DQ�DQFHVWUDO�VSHFLHV¶�PDWLQJ�V\VWHP���7R�GHWHUPLQH

ZKHWKHU�WKH�$5'�PRGHO�LV�D�VLJQLILFDQWO\�EHWWHU�ILW�WKDQ�WKH�(5�PRGHO��ZH�FDOFXODWHG�WKH�DYHUDJH

ORJ�OLNHOLKRRG�RI�WKH�RQH�UDWH�PRGHO�DQG�WKH�DYHUDJH�ORJ�OLNHOLKRRG�RI�WKH�WZR�UDWH�PRGHO�RYHU

RXU������UXQV�DQG�SHUIRUPHG�D�OLNHOLKRRG�UDWLR�WHVW��DVVHVVLQJ�VLJQLILFDQFH�ZLWK�WKH�IXQFWLRQ

SFKLVT�LQ�5��)RU�VRPH�UXQV��WKH�%URZQLDQ�PRWLRQ�UXQ�GRHV�QRW�FRQYHUJH�E\�WKH�WLPH�LW�UHDFKHV

WKH�PD[LPXP�QXPEHU�RI�LWHUDWLRQV��ZH�XVHG�PD[LW� ��������LQFUHDVHG�IURP�D�GHIDXOW�RI��������,I

WKH�PRGHO�GLG�QRW�FRQYHUJH�RU�GLG�QRW�ILQLVK�LQ�WKH�PD[LPXP�UXQWLPH�����VHFRQGV���ZH�GLVFDUG

WKHVH�UXQV�IURP�RXU�ILQDO�DQDO\VLV�DQG�GR�QRW�LQFOXGH�WKHP�LQ�WKH�DYHUDJH�ORJ�OLNHOLKRRG�

&XUUHQWO\��WKHUH�LV�QR�SXEOLVKHG�PHWKRG�WR�WHVW�IRU�FRUUHODWHG�HYROXWLRQ�EHWZHHQ�D�GLVFUHWH

WUDLW�DQG�D�FRQWLQXRXV�WUDLW��WR�RXU�NQRZOHGJH��:H�GHYHORSHG�D�PHWKRG�WR�XWLOL]H�WKH�PD[LPXP

OLNHOLKRRG�WHVW�RI�GHSHQGHQW�WUDLW�HYROXWLRQ�RI�WZR�GLVFUHWH�WUDLWV�DYDLODEOH�LQ�%D\HV7UDLWV�WR�WHVW

IRU�FRUUHODWHG�HYROXWLRQ�EHWZHHQ�PDWLQJ�VWUDWHJ\�DQG�VRQJ�DFURVV�WKH�IXOO�UDQJH�RI�FRQWLQXRXV

��
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VRQJ�WUDLW�YDOXHV��7KLV�DOJRULWKP�FDOFXODWHV�ZKHWKHU�WKH�UDWH�RI�HYROXWLRQ�RI�RQH�WUDLW�LV�GHSHQGHQW

RQ�WKH�VWDWH�RI�DQRWKHU�WUDLW��)RU�H[DPSOH��ZH�FDQ�XVH�WKLV�DOJRULWKP�WR�DVN�ZKHWKHU�DQ

HYROXWLRQDU\�FKDQJH�LQ�PDWLQJ�V\VWHP�DOWHUV�WKH�OLNHOLKRRG�RI�DQ�HYROXWLRQDU\�FKDQJH�LQ�D�VRQJ

FKDUDFWHULVWLF��%D\HV7UDLWV�FRPSDUHV�FXUUHQW�VSHFLHV�GDWD�ZLWK�VLPSOH�DQG�FRPSOH[�FRQWLQXRXV

0DUNRY�PRGHOV�RI�HYROXWLRQ�RI�GLVFUHWH�WUDLWV�RQ�D�JLYHQ�SK\ORJHQ\�WR�GHWHUPLQH�ZKHWKHU�WKH

FRPSOH[�PRGHO��L�H��GHSHQGHQW�WUDLW�HYROXWLRQ��GHVFULEHV�WKH�GDWD�VXIILFLHQWO\�EHWWHU�WKDQ�WKH

VLPSOH�PRGHO��L�H��LQGHSHQGHQW�WUDLW�HYROXWLRQ��WR�MXVWLI\�DFFHSWLQJ�WKH�FRPSOH[�PRGHO�

%D\HV7UDLWV�UHSRUWV�PDUJLQDO�OLNHOLKRRGV�IRU�WKH�FRPSOH[�DQG�VLPSOH�PRGHOV��IXQFWLRQ�'LVFUHWH

LQ�SDFNDJH�EWZ���:H�XVHG�IXQFWLRQ�/5WHVW��SDFNDJH��OPWHVW���ZKLFK�UHWXUQV�WKH�OLNHOLKRRG�UDWLR

VWDWLVWLF��/5VWDW��DQG S�YDOXH��WR�SHUIRUP�WKH�OLNHOLKRRG UDWLR�WHVW�WR�GHWHUPLQH�ZKHWKHU�WR�DFFHSW

WKH�FRPSOH[�PRGHO�RI�GHSHQGHQW�HYROXWLRQDU\�UDWHV�RYHU�WKH�VLPSOHU�PRGHO�RI�LQGHSHQGHQW

HYROXWLRQDU\�UDWHV��6LQFH�WKLV�PRGHO�UHTXLUHV�ERWK�WUDLWV�WR�EH�ELQDU\��ZH�FODVVLILHG�FRQWLQXRXV

VRQJ�FKDUDFWHULVWLFV�DV�ELQDU\�JURXSV��ORZ�RU�KLJK��EDVHG�RQ�D�GHOLQHDWLQJ�WKUHVKROG��,QVWHDG�RI

FKRRVLQJ�WKH�WKUHVKROG�DUELWUDULO\��ZH�XVHG�5�SDFNDJH�EWZ��%D\HV7UDLWV�:UDSSHU��WR�SHUIRUP�WKH

WHVWV�XVLQJ�HDFK�XQLTXH�YDOXH�RI�WKH�VRQJ�FKDUDFWHULVWLF�GDWD�DV�WKH�WKUHVKROG��UHSHDWLQJ�WKH�WHVW

����WLPHV�DW�HDFK�WKUHVKROG��:H�SORWWHG�WKH S�YDOXHV RYHU�WKH�WKUHVKROG�XVHG�IRU�DOO�WHVWV���)LJXUH

���'� ���'�

(DFK�UHSHWLWLRQ�RI�WKH�WHVW�DQDO\]HG�ZKHWKHU�WKH�HYROXWLRQ�RI�PDWLQJ�V\VWHP�DQG�VRQJ

ZHUH�FRUUHODWHG�E\�SHUIRUPLQJ�D�ORJ�OLNHOLKRRG�FRPSDULVRQ�EHWZHHQ�D�FRQWLQXRXV�WLPH�0DUNRY

PRGHO�ZKHUH�WKH�WUDLWV�HYROYH�LQGHSHQGHQWO\�DQG�D�PRGHO�RI�FRUUHODWHG�HYROXWLRQ��LQ�ZKLFK�WKH

HYROXWLRQ�RI�RQH�WUDLW�LV�GHSHQGHQW�RQ�WKH�VWDWH�RI�WKH�RWKHU�WUDLW��%D\HV7UDLWV�:UDSSHU�IXQFWLRQ

EWZ�UHWXUQV�WKH�FRPSXWHG�UDWHV�RI�WUDQVLWLRQ�EHWZHHQ�WKH�IRXU�WRWDO�VWDWHV�DQG�D S�YDOXH�LQGLFDWLQJ

ZKHWKHU�ZH�FDQ�UHMHFW�WKH�QXOO�K\SRWKHVLV�WKDW�HYROXWLRQ�RI�WKH�WZR�WUDLWV�RFFXUUHG�LQGHSHQGHQWO\�

��



7KH�FRPSXWHG�WUDQVLWLRQ�UDWHV�YDU\�GUDPDWLFDOO\�DFURVV�WKH�UDQJH�RI�VRQJ�WUDLW�YDOXHV��GHSHQGLQJ

RQ�WKH�WKUHVKROG�GHOLQHDWLQJ�WKH�ORZ�DQG�KLJK�YDOXH�FDWHJRULHV��:KHQ�WKH�WKUHVKROG�LV�VHW�DV�D

ORZHU�YDOXH��WKH�WHVW�HIIHFWLYHO\�HYDOXDWHV�WKH�UDWH�RI�VRQJ�WUDLW�YDOXHV�VZLWFKLQJ�IURP�YHU\�ORZ�WR

PRGHUDWH�DQG�YLFH�YHUVD��:KHQ�LW�LV�VHW�DV�D�KLJKHU�YDOXH��WKH�FDOFXODWHG�UDWHV�DUH�WKH�UDWHV�RI

VZLWFKLQJ�EHWZHHQ�YHU\�KLJK�VRQJ�WUDLW�YDOXHV�DQG�PHGLXP�ORZ�YDOXHV��7R�DFFRXQW�IRU�WKLV

QXDQFH��ZH�VHJPHQWHG�WKH�YHFWRU�RI�XQLTXH�VRQJ�WUDLW�YDOXHV�LQWR�ELQV�DQG�FDOFXODWHG�WKH�PHDQ

DQG�����FRQILGHQFH�LQWHUYDO�RI�HDFK�VWDWH�WUDQVLWLRQ�UDWH�IURP�DOO�RI�WKH�UXQV�DFURVV�DOO�RI�WKH

WKUHVKROGV�LQ�HDFK�ELQ��:H�SUHVHQW�WKH�UHVXOWV�ZLWK�WKH�WKUHVKROGV�ELQQHG�LQWR�WKUHH�JURXSV�LQ�WKH

PDLQ�WH[W��EXW�DOVR�LQFOXGH�WKH�DQDO\VHV�ZLWK�WKH�WKUHVKROGV�GLYLGHG�LQWR�WZR��IRXU��DQG�ILYH

JURXSV�LQ 2QOLQH�6XSSOHPHQWDU\�)LJXUHV���±���

$FFRXQWLQJ�IRU�YDULDWLRQ�LQ�PHDVXUHPHQWV

7R�DFFRXQW�IRU�YDULDWLRQ�LQ�VRQJ�FKDUDFWHULVWLF�PHDVXUHPHQWV�DFURVV�VWXGLHV��ZH�UHSHDWHG

3K\O$129$�DQG�%URZQLH�FDOFXODWLRQV�ZLWK�WKH�PLQLPXP�DQG�PD[LPXP�YDOXHV�RI�HDFK�VSHFLHV¶

VRQJ�FKDUDFWHULVWLFV�REWDLQHG�IURP�WKH�OLWHUDWXUH��)RU�WKHVH�UXQV��DQ\�VSHFLHV�IRU�ZKLFK�ZH�KDG

RQO\�RQH�GDWD�VRXUFH�IRU�WKH�VRQJ�WUDLW�LQ�TXHVWLRQ�NHSW�WKDW�WUDLW�YDOXH��:H�UHSODFHG�WKH�PHGLDQ

YDOXHV�RI�DQ\�VSHFLHV�ZLWK�PXOWLSOH�VRXUFHV�ZLWK�WKH�PLQLPXP�DQG�PD[LPXP�WUDLW�YDOXHV�

UHVSHFWLYHO\��IRU�D�WRWDO�RI�WKUHH�UXQV�SHU�VRQJ�FKDUDFWHULVWLF��:H�FDOFXODWHG�WKH�YDOXHV�IRU�VRQJ

UDWH�DQG�FRQWLQXLW\�LQ�RXU�GDWDEDVH�EDVHG�RQ�WKH�PHGLDQ�VRQJ�GXUDWLRQ�DQG�LQWHUVRQJ�LQWHUYDO

YDOXHV�LQ�WKH�OLWHUDWXUH��)RU�ERWK�VRQJ�UDWH�DQG�FRQWLQXLW\��WKH�PLQLPXP�DQG�PD[LPXP�YDOXHV

ZHUH�FDOFXODWHG�XVLQJ�WKH�PD[LPXP�GXUDWLRQ�DQG�LQWHUYDO�YDOXHV�DQG�PLQLPXP�GXUDWLRQ�DQG

LQWHUYDO�YDOXHV��UHVSHFWLYHO\�

��



7HVWLQJ�IRU�DQ�LQWHUDFWLRQ�EHWZHHQ�PDWLQJ�V\VWHP�DQG�(33

:H�SHUIRUPHG�D�SK\ORJHQHWLF�JHQHUDOL]HG�OHDVW�VTXDUHV��3*/6��DQDO\VLV�XVLQJ�WKH

IXQFWLRQ�JOV��5�SDFNDJH��QOPH �3LQKHLUR�HW�DO��������� FRPSXWLQJ�SK\ORJHQHWLF�FRUUHODWLRQ�XVLQJ

WKH�IXQFWLRQ�FRU%URZQLDQ��5�SDFNDJH�DSH���7KLV�WHFKQLTXH�HQDEOHV�XV�WR�DQDO\]H�ZKHWKHU�WKHUH�LV

D�UHODWLRQVKLS�EHWZHHQ�VRQJ�FKDUDFWHULVWLFV�DQG�PXOWLSOH�YDULDEOHV�DW�RQFH��PDWLQJ�V\VWHP��(33�

DQG�WKH�LQWHUDFWLRQ�EHWZHHQ�PDWLQJ�V\VWHP�DQG�(33�

:H�DOVR�SHUIRUPHG�D�*/00�IRU�HDFK�VRQJ�FKDUDFWHULVWLF�XVLQJ�IXQFWLRQ�0&0&JOPP��5

SDFNDJH��0&0&JOPP �+DGILHOG��������ZKLFK�DOORZHG�XV WR�LQFOXGH�DOO�YDOXHV�IRXQG�LQ�WKH

OLWHUDWXUH�IRU�HDFK�VSHFLHV��)RU�WKLV�*/00��ZH�VXEVHWWHG�WKH�GDWD�WR�LQFOXGH�RQO\�WKRVH�VSHFLHV

IRU�ZKLFK�ZH�KDG�ERWK�PDWLQJ�V\VWHP�DQG�(33�FODVVLILFDWLRQV��ZKLFK�DOVR�DOORZHG�XV�WR�HYDOXDWH

WKH�LQWHUDFWLQJ�HIIHFWV�RI�PDWLQJ�V\VWHP�DQG�(33��:H�YHULILHG�WKH�FRPSXWHG�PRGHO�XVLQJ

SRVWHULRU�SUHGLFWLYH�FKHFNV�XVLQJ�IXQFWLRQV�SUHGLFW�DQG�VLPXODWH�LQ�WKH�SDFNDJH�0&0&JOPP�

&RQWUROOLQJ�IRU�GLIIHUHQFHV�EHWZHHQ�IDPLOLHV

7R�HQVXUH�WKDW�RXU�3DVVHULIRUPHV�ZLGH�ILQGLQJV�ZHUH UREXVW�DQG�QRW�GULYHQ�E\�DQ\

SDUWLFXODU�IDPLO\��ZH�SHUIRUPHG�D�MDFNNQLIH�DQDO\VLV�LQ�ZKLFK�ZH�UHUDQ�DOO�DQDO\VHV�RQ�D�VHULHV�RI

VXEVHWWHG�GDWDVHWV�ZLWK�HDFK�IDPLO\�UHPRYHG�LQ�WXUQ��:H�GHWHUPLQHG�WKH�IDPLO\�RI�HDFK�VSHFLHV

EDVHG�RQ�LWV�FODVVLILFDWLRQ�LQ�WKH������YHUVLRQ�RI�WKH�H%LUG�&OHPHQWV�,QWHJUDWHG�&KHFNOLVW

�&OHPHQWV�������

7HVWLQJ�WKH�HIIHFW�RI�PXOWLIXUFDWLRQV�RQ�RXU�UHVXOWV

7KH�DYLDQ�SK\ORJHQ\�FRQVWUXFWHG�E\�-HW]�HW�DO��FRQWDLQV�QXPHURXV�PXOWLIXUFDWLRQV��ZKLFK

ZH�REVHUYHG�ERWK�LQ�WKH�VDPSOH�RI������WUHHV�WKDW�ZH�H[WUDFWHG�IURP�WKHLU�WUHH�GLVWULEXWLRQ�DQG�LQ

��
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WKH�FRQVHQVXV�WUHH�ZH�FRQVWUXFWHG�IURP�WKRVH������WUHHV��6LQFH�D�GLFKRWRPRXV��ELIXUFDWLQJ�WUHH�LV

UHTXLUHG�IRU�SK\ORJHQHWLF�FRPSDUDWLYH�DQDO\VHV��ZH�XVHG�WKH�IXQFWLRQ�PXOWL�GL��SDFNDJH��DSH��WR

UHVWUXFWXUH�PXOWLIXUFDWHG�QRGHV�RQ�WKH�FRQVHQVXV�WUHH�LQWR�UDQGRPO\�RUJDQL]HG�GLFKRWRPRXV

QRGHV�ZLWK�DUELWUDULO\�VPDOO�EUDQFK�OHQJWKV�EHWZHHQ�WKHP��6LQFH�WKH�ELIXUFDWLRQV�DUH�DVVLJQHG

UDQGRPO\��ZH�UHSHDWHG�WKH�PXOWL�GL�SURFHGXUH����WLPHV�ZLWK�DQ�DUELWUDU\�EUDQFK�OHQJWK�RI������

DQG����WLPHV�ZLWK�DQ�DUELWUDU\�EUDQFK�OHQJWK�RI������ 7KHQ��ZH�UHSHDWHG�RXU�SK\O$129$�DQG

%URZQLH�DQDO\VHV�ZLWK�HDFK�RI�WKHVH�WUHHV��1RQH�RI�WKHVH�FRPSXWHG�GLIIHUHQFHV�OHG�WR�TXDOLWDWLYH

GLIIHUHQFHV�LQ�WKH�UHVXOWV�RI�DQ\�WHVW�

'DWD�$YDLODELOLW\

7KH�DXWKRUV�GHFODUH�WKDW�DOO�GDWD�VXSSRUWLQJ�WKH�ILQGLQJV�RI�WKLV�VWXG\�DUH�DYDLODEOH�ZLWKLQ�WKH

SDSHU�DQG�LWV�VXSSOHPHQWDU\�LQIRUPDWLRQ�ILOHV��'DWD�DUH�DOVR�VWRUHG�RQ

*LW+XE�FRP�&UHDQ]D/DE�0DWLQJ%HKDYLRUV$QG6RQJ(YROXWLRQ�

&RGH�$YDLODELOLW\

7KH�DXWKRUV�GHFODUH�WKDW�DOO�FRGH�XVHG�LQ�WKH�DQDO\VLV�RI�GDWD�ZLWKLQ�WKLV�SDSHU�DUH�DYDLODEOH�LQ�WKH

DVVRFLDWHG�VXSSOHPHQWDU\�LQIRUPDWLRQ�ILOHV��6XSSOHPHQWDU\ 6RIWZDUH���&RGH�LV�DOVR�DYDLODEOH�DW

*LW+XE�FRP�&UHDQ]D/DE�0DWLQJ%HKDYLRUV$QG6RQJ(YROXWLRQ�

��



6RQJ�7UDLW 'HILQLWLRQ

6\OODEOH�UHSHUWRLUH
0HDQ�WRWDO�QXPEHU�RI�XQLTXH�V\OODEOHV�DQ�LQGLYLGXDO�XVHV�DFURVV�VRQJV

6\OODEOHV�SHU�VRQJ 0HDQ�QXPEHU�RI�XQLTXH�V\OODEOHV�XVHG�SHU�VRQJ

6RQJ�UHSHUWRLUH 0HDQ�WRWDO�QXPEHU�RI�XQLTXH�VRQJV�DQ�LQGLYLGXDO�SURGXFHV

,QWHUVRQJ�LQWHUYDO 0HDQ�OHQJWK�RI�WLPH�VHSDUDWLQJ�VRQJV�ZLWKLQ�D�SHULRG�RI�FRQVLVWHQW
VLQJLQJ�EHKDYLRU��XQLW��VHFRQGV�

6RQJ�GXUDWLRQ 0HDQ�OHQJWK�RI�D�VRQJ��PHDVXUHG�DV�WKH�OHQJWK�RI�WLPH�RI�FRQVLVWHQW
VLQJLQJ�RU�GLVFUHWH�VRQJV�EHWZHHQ�SHULRGV�RI�VLOHQFH��VRXUFHV�PD\�KDYH
GLIIHUHG�LQ�GHILQLWLRQ�EDVHG�RQ�WKH�VRQJ�VWUXFWXUH�RI�D�VWXGLHG�VSHFLHV
�XQLW��VHFRQGV�

6RQJ�UDWH

1XPEHU�RI�IXOO�VRQJ�F\FOHV�SURGXFHG�SHU�PLQXWH

6RQJ�FRQWLQXLW\

3URSRUWLRQ�RI�WRWDO�VRQJ�SHUIRUPDQFH�WLPH�VSHQW�SURGXFLQJ�VRQJ

7DEOH������'HILQLWLRQV�IRU�VRQJ�FKDUDFWHULVWLFV�XVHG�LQ�WKLV�SDSHU� +HUH��ZH�QRWH�WKH�GHILQLWLRQ

WKDW�ZH�XVHG�WKURXJKRXW�RXU�DQDO\VHV��6RPH�SUHYLRXV�VWXGLHV�KDYH�FKDUDFWHUL]HG�ELUGVRQJ�LQ

GLIIHUHQW�WHUPV��IRU�H[DPSOH��ZKDW�ZH�WHUP�D�µV\OODEOH¶�LV�DOVR�FDOOHG�D�VWURSKH��QRWH��HOHPHQW��HWF�

)XUWKHU��5HDG�DQG�:HDU\��������GHILQH�D�µV\OODEOH�UHSHUWRLUH¶�DV�WKH�QXPEHU�RI�V\OODEOHV�LQ�D

VLQJOH�VRQJ��ZKHUHDV�ZH�FODVVLILHG�WKDW�GDWD�DV�µV\OODEOHV�SHU�VRQJ¶�LQ�RXU�GDWDEDVH��:KHQ�ZH

JDWKHUHG�VRQJ�FKDUDFWHULVWLF�GDWD�IURP�FLWHG�VRXUFHV��ZH�FODVVLILHG�WKHVH�GDWD�DFFRUGLQJ�WR�WKH

GHILQLWLRQV�JLYHQ�LQ�WKDW�VRXUFH��UHJDUGOHVV�RI�WKH�WHUPV�XVHG�

��



6\OODEOH
UHSHUWRLUH

6\OODEOHV
SHU�VRQJ

6RQJ
UHSHUWRLU
H

,QWHUVRQJ
LQWHUYDO

6RQJ
GXUDWLRQ

6RQJ
UDWH

6RQJ
FRQWLQXLW\

0DWLQJ�V\VWHP
��RI�VSHFLHV �� ��� ��� �� ��� �� ��
3K\O$129$
S�YDOXH ���� ������ ����� ����� ����� ������ �����
0LQ��0D[ ������

�����
������
�����

������
����� ����������� ������������ �����������

�����
������

-DFNNQLIH�UHVDPSOLQJ
1RQH

VLJQLILFDQW

����
IDPLOLHV
S�����

����
IDPLOLHV
S�����

1RQH
VLJQLILFDQW

1RQH
VLJQLILFDQW

����
IDPLOLHV
S ����

1RQH
VLJQLILFDQW

%URZQLH
S�YDOXH ������ ������ ������ ������ ������ ������ ������
5DWH�KLJKHU�LQ� 3RO\J\Q\ 1�$ 1�$ 1�$ 0RQRJDP\ 3RO\J\Q\ 1�$
0LQ��0D[ ������

�����
������
�����

������
����� ������������ ������������

������
�����

������
�����

-DFNNQLIH�UHVDPSOLQJ

�����
IDPLOLHV
S�����

����
IDPLOLHV
S�����

1RQH
VLJQLILFDQ

W
�����IDPLOLHV

S�����

������IDPLOLHV
S�������,FWHULGDH

S ������
)ULQJLOOLGDH

S �����

�����
IDPLOLHV
S�����

1RQH
VLJQLILFDQW

(33
��RI�VSHFLHV �� �� �� �� �� �� ��
3K\O$129$
S�YDOXH ����� ���� ����� ����� ����� ����� �����
0LQ��0D[ ������

�����
������
�����

������
����� ������������ �����������

������
�����

������
�����

-DFNNQLIH�UHVDPSOLQJ �����
IDPLOLHV
S������

�����
IDPLOLHV
S�����

1RQH
VLJQLILFDQ

W
�����IDPLOLHV

S�����
1RQH

VLJQLILFDQW
1RQH

VLJQLILFDQW

����
IDPLOLHV
S�����

%URZQLH
S�YDOXH ������ ������ ������ ������ ������ ������ ������
5DWH�KLJKHU�LQ� 1�$ 1�$ 1�$ 1�$ 1�$ 1�$ 1�$
0LQ��0D[ ������

�����
������
�����

������
����� ������������ ������������

������
�����

������
�����

-DFNNQLIH�UHVDPSOLQJ
1RQH

VLJQLILFDQW
1RQH

VLJQLILFDQW

1RQH
VLJQLILFDQ

W
1RQH

VLJQLILFDQW
�����IDPLOLHV

S�����
1RQH

VLJQLILFDQW
1RQH

VLJQLILFDQW
7DEOH������5HVXOWV�RI�SK\ORJHQHWLFDOO\�FRQWUROOHG�DQDO\VHV�RI�PDWLQJ�EHKDYLRUV�DQG�VRQJ

FKDUDFWHULVWLFV�:H�WHVWHG�ZKHWKHU�VRQJ�FKDUDFWHULVWLFV ZHUH�VLJQLILFDQWO\�GLIIHUHQW�EHWZHHQ

SRO\J\QRXV�DQG�PRQRJDPRXV�VSHFLHV�DQG�EHWZHHQ�KLJK�DQG�ORZ�(33�VSHFLHV��SK\O$129$���:H

DOVR�WHVWHG�ZKHWKHU�VRQJ�FKDUDFWHULVWLFV�HYROYHG�IDVWHU�LQ�SRO\J\QRXV�YHUVXV�PRQRJDPRXV

OLQHDJHV�RU�LQ�KLJK�YHUVXV�ORZ�(33�OLQHDJHV��)RU�HDFK�DQDO\VLV��ZH�DVVHVVHG�WKH�UREXVWQHVV�RI�RXU

��



ILQGLQJV�E\�WHVWLQJ�ZKHWKHU�WKH�PLQLPXP�DQG�PD[LPXP�YDOXHV�RI�VRQJ�FKDUDFWHULVWLFV�IURP�WKH

OLWHUDWXUH�\LHOGHG�WKH�VDPH�UHVXOWV��0LQ��0D[���,Q�DGGLWLRQ��ZH�UHPRYHG�HDFK�DYLDQ�IDPLO\�IURP

WKH�DQDO\VLV�LQ�WXUQ�DQG�UHSHDWHG�WKH�DQDO\VHV��-DFNNQLIH�UHVDPSOLQJ���VXPPDUL]HG�KHUH�EXW

UHSRUWHG�LQ�IXOO�LQ 2QOLQH�6XSSOHPHQWDU\�'DWD����� ,I�WKH�UHPRYDO�RI�DQ\�IDPLO\�OHG�WR

VLJQLILFDQW�UHVXOWV�DW�WKH������OHYHO��ZH�QRWH�WKH�QXPEHU�RI�IDPLOLHV�WKDW�PHW�WKLV�WKUHVKROG�RXW�RI

WKH�WRWDO�QXPEHU�WHVWHG�

��



)LJXUHV

)LJXUH������'LIIHUHQFHV�LQ�VRQJ�FKDUDFWHULVWLFV�IRU�GLIIHUHQW�UDWHV�RI�SRO\J\Q\�DQG�H[WUD�SDLU

SDWHUQLW\� (DFK�SORW�VKRZV�WKH�GLVWULEXWLRQ�RI�VRQJ FKDUDFWHULVWLFV�IRU�VSHFLHV�LQ�RXU�GDWDEDVH�

7KH�WRS�URZ��JUHHQ��FRPSDUHV�PRQRJDPRXV�DQG�SRO\J\QRXV�VSHFLHV��ZLWK�SRO\J\Q\�GHILQHG�DV

!���RI�PDOHV�WDNLQJ�PXOWLSOH�PDWHV�ZKHQ�TXDQWLWDWLYH�GDWD�LV�DYDLODEOH��DQG�WKH�ERWWRP�URZ

�RUDQJH��FRPSDUHV�VSHFLHV�ZLWK�ORZ�DQG�KLJK�UDWHV�RI�(33��ZLWK�D�KLJK�UDWH�RI�(33�GHILQHG�DV

!����RI�RIIVSULQJ�LQ�D�SRSXODWLRQ�EHLQJ�WKH�SURGXFW�RI�H[WUD�SDLU�IHUWLOL]DWLRQ��VHH�PHWKRGV�IRU

IXOO�FODVVLILFDWLRQ�FULWHULD���%R[�SORWV�LQGLFDWH�WKH�PHGLDQ��EODFN�EDU��LQWHUTXDUWLOH�UDQJH��,45�

ER[��DQG�4�í���
,45��4�����
,45��ZKLVNHUV��RI�HDFK�GLVWULEXWLRQ��DQG�VFDWWHU�SORWV�RI�WKH�GDWD

DUH�VKRZQ�WR�WKH�ULJKW�RI�HDFK�ER[�SORW��:H�FRPSDUHG�HDFK�SDLU�RI�GLVWULEXWLRQV�ZLWK

SK\ORJHQHWLF�$129$��SK\O$129$��WHVWV��ZKLFK�FRQWURO�IRU�VKDUHG�DQFHVWU\� S�YDOXHV�IRU�WKHVH

WHVWV�DUH�VKRZQ�DERYH�HDFK�ER[�SORW��ZLWK�VWDWLVWLFDOO\�VLJQLILFDQW�UHVXOWV�VKRZQ�LQ�UHG�

��



)LJXUH������$QFHVWUDO�FKDUDFWHU�HVWLPDWLRQ�RI�SRO\J\Q\�DQG�V\OODEOH�UHSHUWRLUH� $W�WKH�WLSV�RI

WKH�WUHH��PRQRJDP\�LV�LQGLFDWHG�E\�EODFN�FLUFOHV�DQG�SRO\J\Q\�LV�LQGLFDWHG�E\�ZKLWH�FLUFOHV��$W

WKH�QRGHV�RI�WKH�WUHH��EDUV�LQGLFDWH�WKH�UHVXOWV�RI�DQ�DQFHVWUDO�FKDUDFWHU�HVWLPDWLRQ�DOJRULWKP��ZLWK

WKH�EODFN�IUDFWLRQ�RI�WKH�EDU�LQGLFDWLQJ�WKH�SHUFHQW�OLNHOLKRRG�WKDW�WKH�DQFHVWRU�DW�WKDW�QRGH�ZDV

PRQRJDPRXV��7KH�FRORUV�DORQJ�WKH�EUDQFKHV�RI�WKH�WUHH�LQGLFDWH�WKH�HVWLPDWHG�DQFHVWUDO�V\OODEOH

UHSHUWRLUH�VL]H��7KH�V\OODEOH�UHSHUWRLUH�VL]HV�UDQJHG�IURP���WR������LQ�WKHVH�VSHFLHV�DQG�ZHUH

��



ORJ�� WUDQVIRUPHG�IRU�DQDO\VLV��$VWHULVNV�LQGLFDWH�QRGHV�WKDW�KDG�OHVV�WKDQ�����VXSSRUW�DFURVV

�����WUHH�UHSOLFDWHV��QR�QRGH�KDG�OHVV�WKDQ�����VXSSRUW�RQ�WKLV�WUHH��0RQRJDPRXV�DQG

SRO\J\QRXV�VSHFLHV�GLG�QRW�KDYH�VLJQLILFDQWO\�GLIIHUHQW�V\OODEOH�UHSHUWRLUH�VL]HV��3K\O$129$ S

 ���������,PDJHV�UHSUHVHQWLQJ�WD[D�ZHUH�XVHG�RU�PRGLILHG�IURP�3K\OR3LF��KWWS���SK\ORSLF�RUJ��

6HYHUDO�LPDJHV�DUH�XVHG�XQGHU�&UHDWLYH�&RPPRQV�OLFHQVHV��ZLWK�FKDQJHV�PDGH�ZKHUH�LQGLFDWHG�

6WXUQLGDH��FUHGLW�WR�0D[LPH�'DKLUHO��KWWS���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\��������(VWULOGLGDH

�FUHGLW�WR�-LP�%HQGRQ�IRU�SKRWRJUDSK\�DQG�7��0LFKDHO�.HHVH\�IRU�YHFWRUL]DWLRQ�

KWWSV���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�VD��������)ULQJLOOLGDH��FUHGLW�WR�)UDQFHVFR�9HURQHVL

�YHFWRUL]HG�E\�7��0LFKDHO�.HHVH\���KWWSV���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�QF�VD�������

(PEHUL]LGDH��FUHGLW�WR�/��6K\DPDO��KWWSV���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�VD�������WKLV�LPDJH

ZDV�DOVR�DGDSWHG�IRU�3DUXOLGDH���DQG�0LPLGDH�DQG�0RWDFLOOLGDH��FUHGLW�WR�0LFKHOOH�6LWH�

KWWSV���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�QF�������ERWK�DGDSWHG�IURP�WKH�RULJLQDO�LPDJH��

��
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)LJXUH������$QFHVWUDO�FKDUDFWHU�HVWLPDWLRQ�RI�H[WUD�SDLU�SDWHUQLW\�DQG�V\OODEOH�UHSHUWRLUH�

$W�WKH�WLSV�RI�WKH�WUHH��ORZ��������(33�LV�LQGLFDWHG�E\�EODFN�FLUFOHV�DQG�KLJK�(33�LV�LQGLFDWHG�E\

ZKLWH�FLUFOHV��$W�WKH�QRGHV�RI�WKH�WUHH��EDUV�LQGLFDWH�WKH�UHVXOWV�RI�DQ�DQFHVWUDO�FKDUDFWHU

HVWLPDWLRQ�DOJRULWKP��ZLWK�WKH�EODFN�IUDFWLRQ�RI�WKH�EDU�LQGLFDWLQJ�WKH�SHUFHQW�OLNHOLKRRG�WKDW�WKH

DQFHVWRU�DW�WKDW�QRGH�KDG�ORZ�(33��$V�LQ )LJXUH����� WKH�FRORUV�IURP�UHG�WR�ZKLWH�DORQJ�WKH

��



EUDQFKHV�RI�WKH�WUHH�LQGLFDWH�WKH�HVWLPDWHG�DQFHVWUDO�V\OODEOH�UHSHUWRLUH�VL]H��$VWHULVNV�LQGLFDWH

QRGHV�WKDW�KDG�OHVV�WKDQ�����VXSSRUW�DFURVV������WUHH�UHSOLFDWHV��QR�QRGH�KDG�OHVV�WKDQ����

VXSSRUW�RQ�WKLV�WUHH��7KH�V\OODEOH�UHSHUWRLUH�VL]HV�UDQJHG�IURP�����WR�����LQ�WKHVH�VSHFLHV�DQG

ZHUH�ORJ�� WUDQVIRUPHG�IRU�DQDO\VLV��:H�IRXQG�WKDW VSHFLHV�ZLWK�KLJK�(33�KDG�VLJQLILFDQWO\

VPDOOHU�V\OODEOH�UHSHUWRLUHV�WKDQ�VSHFLHV�ZLWK�ORZ�(33�ZKHQ�FRQWUROOLQJ�IRU�SK\ORJHQ\

�3K\O$129$ S  ���������,PDJHV�UHSUHVHQWLQJ�WD[D�ZHUH XVHG�RU�PRGLILHG�IURP�3K\OR3LF

�KWWS���SK\ORSLF�RUJ���6HYHUDO�LPDJHV�DUH�XVHG�XQGHU &UHDWLYH�&RPPRQV�OLFHQVHV��ZLWK�FKDQJHV

PDGH�ZKHUH�LQGLFDWHG��6WXUQLGDH��FUHGLW�WR�0D[LPH�'DKLUHO�

KWWS���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\��������(VWULOGLGDH��FUHGLW�WR�-LP�%HQGRQ�IRU�SKRWRJUDSK\

DQG�7��0LFKDHO�.HHVH\�IRU�YHFWRUL]DWLRQ��KWWSV���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�VD�������

)ULQJLOOLGDH��FUHGLW�WR�)UDQFHVFR�9HURQHVL��YHFWRUL]HG�E\�7��0LFKDHO�.HHVH\��

KWWSV���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�QF�VD��������(PEHUL]LGDH��FUHGLW�WR�/��6K\DPDO�

KWWSV���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�VD�������WKLV�LPDJH�ZDV�DOVR�DGDSWHG�IRU�3DUXOLGDH���DQG

0LPLGDH�DQG�0RWDFLOOLGDH��FUHGLW�WR�0LFKHOOH�6LWH�

KWWSV���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�QF�������ERWK�DGDSWHG�IURP�WKH�RULJLQDO�LPDJH��

��
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)LJXUH������$QDO\VLV�RI�WKH�HIIHFW�RI�PDWLQJ�V\VWHP�DQG�(33�RQ�WKH�UDWH�RI�V\OODEOH

UHSHUWRLUH�VL]H�HYROXWLRQ���$�0DWLQJ�V\VWHP�DQG�V\OODEOH UHSHUWRLUH��:H�JHQHUDWHG�����

��



VWRFKDVWLF�FKDUDFWHU�PDSV²VLPXODWLRQV�RI�WKH�HYROXWLRQDU\�KLVWRU\�RI�PRQRJDP\�DQG�SRO\J\Q\

PDSSHG�RQWR�WKH�SK\ORJHQ\²DQG�WKHQ�ZH�WHVWHG�ZKHWKHU�V\OODEOH�UHSHUWRLUH�VL]H�HYROYHG�DW

GLIIHUHQW�UDWHV�LQ�PRQRJDPRXV�YHUVXV�SRO\J\QRXV�EUDQFKHV�RI�WKH�WUHH��)URP�DOO�UXQV�WKDW

FRQYHUJHG�RXW�RI������WRWDO�UXQV�RI�WKH�%URZQLH�DOJRULWKP��ZH�SORW�WKH�GLVWULEXWLRQ�RI�WKH�UDWH�RI

HYROXWLRQ�RI�V\OODEOH�UHSHUWRLUH�VL]H�LQ�PRQRJDPRXV�OLQHDJHV��EOXH��DQG�WKH�UDWH�RI�HYROXWLRQ�RI

V\OODEOH�UHSHUWRLUH�VL]H�LQ�SRO\J\QRXV�OLQHDJHV��UHG���'LVWULEXWLRQV�DUH�NHUQHO�GHQVLW\�SORWV

JHQHUDWHG�XVLQJ�WKH�5�IXQFWLRQ�GHQVLW\�ZLWK�D�*DXVVLDQ�VPRRWKLQJ�NHUQHO��7KH�GDVKHG�OLQH

LQGLFDWHV�WKH�UDWH�RI�HYROXWLRQ�HVWLPDWHG�ZKHQ�V\OODEOH�UHSHUWRLUH�VL]H�LV�DVVXPHG�WR�HYROYH�DW�WKH

VDPH�UDWH�LQ�PRQRJDPRXV�DQG�SRO\J\QRXV�SHULRGV�RI�HYROXWLRQDU\�KLVWRU\��:H�ILQG�WKDW�V\OODEOH

UHSHUWRLUH�VL]H�HYROYHV�VLJQLILFDQWO\�IDVWHU�LQ�SRO\J\QRXV�EUDQFKHV��%URZQLH�OLNHOLKRRG�UDWLR�WHVW

S  �������� �%�0DWLQJ�V\VWHP�DQG�VRQJ�GXUDWLRQ��7KH UDWH�RI�HYROXWLRQ�RI�VRQJ�GXUDWLRQ�DOVR

GLIIHUHG��HYROYLQJ�VLJQLILFDQWO\�IDVWHU�LQ�PRQRJDPRXV�OLQHDJHV� �&� (33�DQG�V\OODEOH�UHSHUWRLUH�

:H�SHUIRUPHG�D�VLPLODU�DQDO\VLV�ZLWK�KLJK�DQG�ORZ�UDWHV�RI�(33�PDSSHG�RQWR�WKH�SK\ORJHQ\��DQG

WHVWHG�ZKHWKHU�V\OODEOH�UHSHUWRLUH�VL]H�HYROYHG�DW�GLIIHUHQW�UDWHV�LQ�SHULRGV�RI�KLJK��UHG��YHUVXV

ORZ��EOXH��UDWHV�RI�(33��:H�GR�QRW�UHMHFW�WKH�QXOO�K\SRWKHVLV�WKDW�V\OODEOH�UHSHUWRLUH�VL]H�HYROYHG

DW�WKH�VDPH�UDWH�LQ�KLJK�(33�DQG�ORZ�(33�EUDQFKHV�RI�WKH�WUHH�

��



)LJXUH����� 'HWHFWLQJ�FRUUHODWHG�HYROXWLRQ�RI�PDWLQJ V\VWHPV�DQG�V\OODEOH�UHSHUWRLUH�VL]H�

:H�WHVWHG�WKH�FRUUHODWHG�HYROXWLRQ�RI�V\OODEOH�UHSHUWRLUH�VL]H�DQG�SRO\J\Q\�XVLQJ�%D\HV7UDLWV�

ZLWK�V\OODEOH�UHSHUWRLUH�VL]H�PDGH�ELQDU\�EDVHG�RQ�D�WKUHVKROG�GHOLQHDWLQJ�VPDOOHU�YHUVXV�ODUJHU

V\OODEOH�UHSHUWRLUHV��(DFK�YDOXH�RI�V\OODEOH�UHSHUWRLUH�ZDLV�XVHG�DV�WKH�WKUHVKROG�IRU�����UXQV�RI

%D\HV7UDLWV�SHU�WKUHVKROG��)RU�HDFK�SORW��WKHUH�DUH�HLJKW�SRVVLEOH�WUDQVLWLRQV�EHWZHHQ�WKH�IRXU

WUDLW�SDLUV��VKRZQ�E\�DUURZV� �$±&�:H�JHQHUDWHG�WUDQVLWLRQ SORWV�E\�FDOFXODWLQJ�WKH�PHDQ�UDWH

DQG�����FRQILGHQFH�LQWHUYDO��LQ�SDUHQWKHVHV��IRU�HDFK�RI�WKH�HLJKW�WUDQVLWLRQV� �$�:KHQ�WKH

��



WKUHVKROG�EHWZHHQ�VPDOOHU�DQG�ODUJHU�V\OODEOH�UHSHUWRLUHV�LV�LQ�WKH�ORZHVW�WKLUG�RI�REVHUYHG�YDOXHV

����XQLTXH�WKUHVKROGV����DQG�����V\OODEOHV��UHG�DUURZV���SRO\J\Q\�LV�XQVWDEOH�ZLWK�ORZ�V\OODEOH

UHSHUWRLUHV� �%�:KHQ�WKH�WKUHVKROG�EHWZHHQ�VPDOOHU DQG�ODUJHU�V\OODEOH�UHSHUWRLUHV�LV�LQ�WKH

PLGGOH�WKLUG�RI�REVHUYHG�YDOXHV�����XQLTXH�WKUHVKROGV�����DQG�������V\OODEOHV��\HOORZ�DUURZV��

WKH�WUDQVLWLRQV�EHWZHHQ�VPDOOHU�DQG�ODUJHU�V\OODEOH�UHSHUWRLUHV�GR�QRW�DSSHDU�WR�EH�HOHYDWHG�LQ

HLWKHU�PRQRJDP\�RU�SRO\J\Q\� �&�:KHQ�WKH�WKUHVKROG EHWZHHQ�VPDOOHU�DQG�ODUJHU�V\OODEOH

UHSHUWRLUHV�LV�LQ�WKH�KLJKHVW�WKLUG�RI�REVHUYHG�YDOXHV�����XQLTXH�WKUHVKROGV�������DQG������

V\OODEOHV��EOXH�DUURZV���WKH�FRPELQDWLRQ�RI�ODUJH�V\OODEOH�UHSHUWRLUHV�DQG�SRO\J\Q\�LV�XQVWDEOH�

ZLWK�WKH�KLJKHVW�WUDQVLWLRQ�UDWH�SRLQWLQJ�WR�D�GHFUHDVH�LQ�UHSHUWRLUH�VL]H�LQ�WKH�SUHVHQFH�RI

SRO\J\Q\��7KHVH�UHVXOWV�ZHUH�UREXVW�WR�MDFNNQLIH�UHVDPSOLQJ�DFURVV�IDPLOLHV��2QOLQH

6XSSOHPHQWDU\�)LJ������ �'� )RU�HDFK�UXQ�RI�%D\HV7UDLWV� ZH�SHUIRUPHG�D�OLNHOLKRRG�UDWLR�WHVW

WR�DVVHVV�ZKHWKHU�WKH�PRGHO�RI�FRUUHODWHG�HYROXWLRQ�EHWZHHQ�PDWLQJ�V\VWHP�DQG�V\OODEOH

UHSHUWRLUH�VL]H�ZDV�D�VLJQLILFDQWO\�EHWWHU�ILW�WR�WKH�GDWD�WKDQ�WKH�LQGHSHQGHQW�HYROXWLRQ�PRGHO�

S�YDOXHV�DUH�SORWWHG�DJDLQVW�WKH�V\OODEOH�UHSHUWRLUH VL]H�YDOXHV�GHILQLQJ�WKH�WKUHVKROG�

��



)LJXUH����� 'HWHFWLQJ�FRUUHODWHG�HYROXWLRQ�RI�H[WUD�SDLU SDWHUQLW\�DQG�V\OODEOH�UHSHUWRLUH

VL]H�:H�WHVWHG�IRU�FRUUHODWHG�HYROXWLRQ�RI�V\OODEOH UHSHUWRLUH�VL]H�DQG�(33�XVLQJ�WKH�VDPH

SURFHGXUH�DV�LQ )LJXUH����� �$�:KHQ�WKH�WKUHVKROG EHWZHHQ�VPDOOHU�DQG�ODUJHU�V\OODEOH

UHSHUWRLUHV�LV�LQ�WKH�ORZHVW�WKLUG�RI�REVHUYHG�YDOXHV�����XQLTXH�WKUHVKROGV�EHWZHHQ�����DQG���

V\OODEOHV��UHG�DUURZV���ORZ�UDWHV�RI�(33�ZLWK�VPDOO�V\OODEOH�UHSHUWRLUHV�DUH�XQVWDEOH��DQG�ZH

REVHUYH�HOHYDWHG�WUDQVLWLRQ�UDWHV�HLWKHU�WRZDUG�ODUJHU�UHSHUWRLUHV�RU�WRZDUG�KLJKHU�UDWHV�RI�(33�

�%�:KHQ�WKH�WKUHVKROG�EHWZHHQ�VPDOOHU�DQG�ODUJHU V\OODEOH�UHSHUWRLUHV�LV�LQ�WKH�PLGGOH�WKLUG�RI

��
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/LX��:DQ�&KXQ��DQG�'RQDOG�(��.URRGVPD��������³621*�/($51,1*�%<�&+,33,1*
63$552:6��:+(1��:+(5(��$1'�)520�:+20�´ 7KH�&RQGRU �����������

0DFGRXJDOO�6KDFNOHWRQ��6FRWW�$��������³6H[XDO�6HOHFWLRQ�DQG�WKH�(YROXWLRQ�RI�6RQJ
5HSHUWRLUHV�´�3S����±����LQ &XUUHQW�2UQLWKRORJ\�

0DUVKDOO��5XSHUW�&���.DWKHULQH�/��%XFKDQDQ��DQG�&OLYH�.��&DWFKSROH��������³6RQJ�DQG�)HPDOH
&KRLFH�IRU�([WUDSDLU�&RSXODWLRQV�LQ�WKH�6HGJH�:DUEOHU��$FURFHSKDOXV�6FKRHQREDHQXV�´
$QLPDO�%HKDYLRXU ���������±���

0¡OOHU��$QGHUV�3DSH��������³0DWLQJ�6\VWHPV�DPRQJ�(XURSHDQ�3DVVHULQHV��$�5HYLHZ�´ 7KH�,ELV
����������±���

0RRUH��-RUGDQ�0���7DPiV�6]pNHO\��-y]VHI�%�NL��DQG�7LPRWK\�-��'HYRRJG��������³0RWRU�3DWKZD\
&RQYHUJHQFH�3UHGLFWV�6\OODEOH�5HSHUWRLUH�6L]H�LQ�2VFLQH�%LUGV�´ 3URFHHGLQJV�RI�WKH
1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD �������������±���

1RZLFNL��6WHSKHQ��DQG�:LOOLDP�$��6HDUF\��������³6RQJ�)XQFWLRQ�DQG�WKH�(YROXWLRQ�RI�)HPDOH
3UHIHUHQFHV��:K\�%LUGV�6LQJ��:K\�%UDLQV�0DWWHU�´ $QQDOV RI�WKH�1HZ�<RUN�$FDGHP\�RI
6FLHQFHV ��������±���

2¶0HDUD��%ULDQ�&���&pFLOH�$Qp��0LFKDHO�-��6DQGHUVRQ��DQG�3HWHU�&��:DLQZULJKW��������³7HVWLQJ
IRU�'LIIHUHQW�5DWHV�RI�&RQWLQXRXV�7UDLW�(YROXWLRQ�8VLQJ�/LNHOLKRRG�´ (YROXWLRQ�
,QWHUQDWLRQDO�-RXUQDO�RI�2UJDQLF�(YROXWLRQ ���������±���

3DJHO��0��������³'HWHFWLQJ�&RUUHODWHG�(YROXWLRQ�RQ�3K\ORJHQLHV��$�*HQHUDO�0HWKRG�IRU�WKH
&RPSDUDWLYH�$QDO\VLV�RI�'LVFUHWH�&KDUDFWHUV�´ 3URFHHGLQJV RI�WKH�5R\DO�6RFLHW\�%�
%LRORJLFDO�6FLHQFHV ������������±���

3DJHO��0DUN��������³,QIHUULQJ�WKH�+LVWRULFDO�3DWWHUQV�RI�%LRORJLFDO�(YROXWLRQ�´ 1DWXUH
�������������±���

3DJHO��0DUN��DQG�$QGUHZ�0HDGH��������³%D\HVLDQ�$QDO\VLV�RI�&RUUHODWHG�(YROXWLRQ�RI�'LVFUHWH
&KDUDFWHUV�E\�5HYHUVLEOH䇲-XPS�0DUNRY�&KDLQ�0RQWH�&DUOR�´ 7KH�$PHULFDQ�1DWXUDOLVW
����������±���

3DUDGLV��(PPDQXHO��-XOLHQ�&ODXGH��DQG�.RUELQLDQ�6WULPPHU��������³$3(��$QDO\VHV�RI
3K\ORJHQHWLFV�DQG�(YROXWLRQ�LQ�5�/DQJXDJH�´ %LRLQIRUPDWLFV ���������±���

3D\QH��5REHUW�%��������³6H[XDO�6HOHFWLRQ��/HN�DQG�$UHQD�%HKDYLRU��DQG�6H[XDO�6L]H
'LPRUSKLVP�LQ�%LUGV�´ 2UQLWKRORJLFDO�0RQRJUDSKV �����LLL ±����

3HWULH��0DULRQ��DQG�%DUW�.HPSHQDHUV��������³([WUD�3DLU�3DWHUQLW\�LQ�%LUGV��([SODLQLQJ�9DULDWLRQ
EHWZHHQ�6SHFLHV�DQG�3RSXODWLRQV�´ 7UHQGV�LQ�(FRORJ\ 	�(YROXWLRQ ��������±���

3LQKHLUR��-���'��%DWHV��6��'HE5R\��DQG�'��6DUNDU��������³/LQHDU�DQG�1RQOLQHDU�0L[HG�(IIHFWV
0RGHOV�´ 5�3DFNDJH�9HUVLRQ���
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3RHVHO��$QJHOLND��+DQVMRHUJ�3��.XQF��.DWKDULQD�)RHUVWHU��$ULOG�-RKQVHQ��DQG�%DUW�.HPSHQDHUV�
������³(DUO\�%LUGV�$UH�6H[\��0DOH�$JH��'DZQ�6RQJ�DQG�([WUDSDLU�3DWHUQLW\�LQ�%OXH�7LWV�
&\DQLVWHV��IRUPHUO\�3DUXV��&DHUXOHXV�´ $QLPDO�%HKDYLRXU ���������±���

3ULFH��-��-RUGDQ��DQG�6LPRQ�&��*ULIILWK��������³2SHQ�&XS�1HVWV�(YROYHG�IURP�5RRIHG�1HVWV�LQ
WKH�(DUO\�3DVVHULQHV�´ 3URFHHGLQJV��%LRORJLFDO�6FLHQFHV ��7KH�5R\DO�6RFLHW\ �����������GRL�
��������UVSE�����������

4XLQWHUR��,JQDFLR��DQG�:DOWHU�-HW]��������³*OREDO�(OHYDWLRQDO�'LYHUVLW\�DQG�'LYHUVLILFDWLRQ�RI
%LUGV�´ 1DWXUH �������������±���

5HDG��$��)���DQG�'��0��:HDU\��������³7KH�(YROXWLRQ�RI�%LUG�6RQJ��&RPSDUDWLYH�$QDO\VHV�´
3KLORVRSKLFDO�7UDQVDFWLRQV�RI�WKH�5R\DO�6RFLHW\�RI�/RQGRQ��6HULHV�%��%LRORJLFDO�6FLHQFHV
�������������±���

5HYHOO��/LDP�-��������³3K\WRROV��$Q�5�3DFNDJH�IRU�3K\ORJHQHWLF�&RPSDUDWLYH�%LRORJ\��DQG
2WKHU�7KLQJV��´ 0HWKRGV�LQ�(FRORJ\�DQG�(YROXWLRQ�� %ULWLVK�(FRORJLFDO�6RFLHW\
��������±���

5KRDGV��6DPXHO�1��������³3UREDEOH�&DXVHV�RI�3RO\JDP\�$PRQJ�%LUGV�´ 7KH�$PHULFDQ
1DWXUDOLVW ������������±���

6D\RO��)HUUDQ��-RDQ�0DVSRQV��2ULRO�/DSLHGUD��$QGUHZ�1��,ZDQLXN��7DPiV�6]pNHO\��DQG�'DQLHO
6RO��������³(QYLURQPHQWDO�9DULDWLRQ�DQG�WKH�(YROXWLRQ�RI�/DUJH�%UDLQV�LQ�%LUGV�´ 1DWXUH
&RPPXQLFDWLRQV ��������

6HDUF\��:LOOLDP�$���DQG�.HQ�<DVXNDZD������� 3RO\J\Q\ DQG�6H[XDO�6HOHFWLRQ�LQ�5HG�:LQJHG
%ODFNELUGV�

6KXWOHU��'DYH��DQG�3DWULFN�-��:HDWKHUKHDG��������³7$5*(76�2)�6(;8$/�6(/(&7,21�
621*�$1'�3/80$*(�2)�:22'�:$5%/(56�´ (YROXWLRQ��,QWHUQDWLRQDO -RXUQDO�RI
2UJDQLF�(YROXWLRQ ����������±���

6RPD��0DVD\R��DQG�/iV]Oy�=VROW�*DUDPV]HJL��������³5HWKLQNLQJ�%LUGVRQJ�(YROXWLRQ�
0HWD�$QDO\VLV�RI�WKH�5HODWLRQVKLS�EHWZHHQ�6RQJ�&RPSOH[LW\�DQG�5HSURGXFWLYH�6XFFHVV�´
%HKDYLRUDO�(FRORJ\��2IILFLDO�-RXUQDO�RI�WKH�,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO�(FRORJ\
���������±���

6XOOLYDQ��%ULDQ�/���-RFHO\Q�/��$\FULJJ��-HVVLH�+��%DUU\��5LFN�(��%RQQH\��1LFKRODV�%UXQV��&DUHQ
%��&RRSHU��7KHR�'DPRXODV��$QGUp�$��'KRQGW��7RP�'LHWWHULFK��$QGUHZ�)DUQVZRUWK��'DQLHO
)LQN��-RKQ�:��)LW]SDWULFN��7KRPDV�)UHGHULFNV��-HII�*HUEUDFKW��&DUOD�*RPHV��:HVOH\�0�
+RFKDFKND��0DUVKDOO�-��,OLII��&DUO�/DJR]H��)UDQN�$��/D�6RUWH��0DWWKHZ�0HUULILHOG��:LOO
0RUULV��7LQD�%��3KLOOLSV��0DUN�5H\QROGV��$PDQGD�'��5RGHZDOG��.HQQHWK�9��5RVHQEHUJ�
1DQF\�0��7UDXWPDQQ��$QGUHD�:LJJLQV��'DYLG�:��:LQNOHU��:HQJ�.HHQ�:RQJ��&KULVWRSKHU
/��:RRG��-XQ�<X��DQG�6WHYH�.HOOLQJ��������³7KH�H%LUG�(QWHUSULVH��$Q�,QWHJUDWHG�$SSURDFK
WR�'HYHORSPHQW�DQG�$SSOLFDWLRQ�RI�&LWL]HQ�6FLHQFH�´ %LRORJLFDO�&RQVHUYDWLRQ ������±���

6XWHU��6WHIDQ�0���'DYLG�(UPDFRUD��1DGLD�5LHLOOH��DQG�'LHWULFK�5��0H\HU��������³$�'LVWLQFW�5HHG
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%XQWLQJ�'DZQ�6RQJ�DQG�,WV�5HODWLRQ�WR�([WUDSDLU�3DWHUQLW\�´ $QLPDO�%HKDYLRXU
���������±���

9HGGHU��2VFDU��-DQ�.RPGHXU��0DUFR�YDQ�GHU�9HOGH��(OVNH�6FKXW��DQG�0LFKDHO�-��/��0DJUDWK�
������³3RO\J\Q\�DQG�([WUD�3DLU�3DWHUQLW\�(QKDQFH�WKH�2SSRUWXQLW\�IRU�6H[XDO�6HOHFWLRQ�LQ
%OXH�7LWV�´ %HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ ���������±���

9HUQHU��-DUHG��DQG�0DU\�)��:LOOVRQ��������³0DWLQJ�6\VWHPV��6H[XDO�'LPRUSKLVP��DQG�WKH�5ROH
RI�0DOH�1RUWK�$PHULFDQ�3DVVHULQH�%LUGV�LQ�WKH�1HVWLQJ�&\FOH�´ 2UQLWKRORJLFDO
0RQRJUDSKV �����±���

:HOOV��6DUDK�-���5HEHFFD�-��6DIUDQ��DQG�-DPHV�'DOH��������³3LHFLQJ�7RJHWKHU�)HPDOH�([WUD�3DLU
0DWH�&KRLFH��)HPDOHV�5HDOO\�'R�3UHIHU�0RUH�2UQDPHQWHG�0DOHV�´ 0ROHFXODU�(FRORJ\
�����������±���

:HVWQHDW��'DYLG�)���DQG�,DQ�5��.��6WHZDUW��������³([WUD�3DLU�3DWHUQLW\�LQ�%LUGV��&DXVHV�
&RUUHODWHV��DQG�&RQIOLFW�´ $QQXDO�5HYLHZ�RI�(FRORJ\� (YROXWLRQ��DQG�6\VWHPDWLFV
���������±���

:HVWQHDW��'��)���6KHUPDQ��3��:���	�0RUWRQ��0��/��������³7KH�(FRORJ\�DQG�(YROXWLRQ�RI
([WUD�3DLU�&RSXODWLRQV�LQ�%LUGV�´ &XUUHQW�2UQLWKRORJ\ �����±���

<DVXL��<XNLR��DQG�-LQ�<RVKLPXUD��������³%HW�+HGJLQJ�DJDLQVW�0DOH�&DXVHG�5HSURGXFWLYH
)DLOXUHV�0D\�([SODLQ�8ELTXLWRXV�&XFNROGU\�LQ�)HPDOH�%LUGV�´ -RXUQDO�RI�7KHRUHWLFDO
%LRORJ\ �������±���
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&ULVWLQD�5RELQVRQ��
��.DWH�7��6Q\GHU��
��1LFROH�&UHDQ]D��䘗
� 'HSDUWPHQW�RI�%LRORJLFDO�6FLHQFHV��9DQGHUELOW�8QLYHUVLW\� 1DVKYLOOH��71�86$������

�&RQWULEXWHG�HTXDOO\
䘗 QLFROH�FUHDQ]D#YDQGHUELOW�HGX

$GDSWHG�IURP�&ULVWLQD�0�5RELQVRQ��.DWH�7�6Q\GHU��1LFROH�&UHDQ]D��������&RUUHODWHG�HYROXWLRQ

EHWZHHQ�UHSHUWRLUH�VL]H�DQG�VRQJ�SODVWLFLW\�SUHGLFWV�WKDW�VH[XDO�VHOHFWLRQ�RQ�VRQJ�SURPRWHV

RSHQ�HQGHG�OHDUQLQJ�H/LIH���H������KWWSV���GRL�RUJ���������H/LIH������

6XSSOHPHQWDU\�0DWHULDOV��/DEHOOHG�³ILJXUH�VXSSOHPHQW´��³6´���RU�³VRXUFH�GDWD´���FDQ�EH�IRXQG�

KWWSV���GRL�RUJ���������H/LIH������

,QWURGXFWLRQ

6RQJ LV D OHDUQHG EHKDYLRU ZLWK D FRPSOH[ HYROXWLRQDU\ KLVWRU\ LQ WKH RVFLQH VRQJELUGV�

%LUGV¶ VRQJV KDYH PXOWLSOH IXQFWLRQV� LQFOXGLQJ VSHFLHV UHFRJQLWLRQ� WHUULWRU\ GHIHQVH� DQG PDWH

DWWUDFWLRQ �&DWFKSROH DQG 6ODWHU ������ $OO VSHFLHV VWXGLHG LQ WKLV H[SDQVLYH FODGH KDYH FHUWDLQ

OLIH VWDJHV GXULQJ ZKLFK WKH\ DUH PRUH OLNHO\ WR OHDUQ DQG DFTXLUH VRQJV� WHUPHG VHQVLWLYH SHULRGV

�%UHQRZLW] DQG %HHFKHU ����� 0DUOHU ����� 0DUOHU DQG 3HWHUV ����� 5DXVFKHFNHU DQG 0DUOHU

������ ,Q VRPH VSHFLHV� OHDUQLQJ LV UHVWULFWHG WR D VKRUW VHQVLWLYH SHULRG HDUO\ LQ OLIH� DOVR FDOOHG D

µFULWLFDO SHULRG¶ �IRU H[DPSOH� aGD\ ��±�� LQ ]HEUD ILQFKHV�� DIWHU ZKLFK QR QHZ VRQJ HOHPHQWV
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DUH DFTXLUHG �%|KQHU ����� ,PPHOPDQ ����� 1RWWHERKP ������ 2WKHU VSHFLHV DSSHDU WR GHOD\

VRQJ FU\VWDOOL]DWLRQ XQWLO VRPH WLPH LQ DGXOWKRRG �'RZVHWW�/HPDLUH ����� .LSSHU DQG .LHIHU

����� 0DUWHQV DQG .HVVOHU ������ IRU H[DPSOH� FKLSSLQJ VSDUURZV KDYH EHHQ REVHUYHG WR KDYH D

VHFRQG VHQVLWLYH SHULRG LPPHGLDWHO\ DIWHU WKHLU ILUVW PLJUDWLRQ� IROORZLQJ ZKLFK WKH VRQJ

FU\VWDOOL]HV �/LX DQG .URRGVPD ����� /LX DQG 1RWWHERKP ������ 6WLOO RWKHU VSHFLHV FDQ FRQWLQXH

WR DFTXLUH QHZ V\OODEOHV RU VRQJV WKURXJKRXW WKHLU OLYHV �$GUHW�+DXVEHUJHU� *�WWLQJHU� DQG

0HUNHO ����� (VSPDUN DQG /DPSH ����� *LO� &REE� DQG 6ODWHU ����� +DXVEHUJHU� -HQNLQV� DQG

.HHQH ����� 0RXQWMR\ DQG /HPRQ ����� 3ULFH DQG <XDQ ������ 7\SLFDOO\� WKLV VSHFWUXP RI

YDULDWLRQ LQ WKH WLPLQJ RI WKH VHQVLWLYH SHULRG LV VLPSOLILHG LQWR D GLFKRWRP\ RI µRSHQ�HQGHG

OHDUQLQJ¶ DQG µFORVHG�HQGHG OHDUQLQJ�¶ :KLOH WKHVH WHPSRUDO GLIIHUHQFHV LQ WKH VRQJ�OHDUQLQJ

ZLQGRZ KDYH EHHQ VWXGLHG IRU GHFDGHV� LW LV XQNQRZQ KRZ WKH\ LQWHUDFW ZLWK WKH HYROXWLRQ RI

VRQJ� 3UHYLRXV K\SRWKHVHV KDYH VXJJHVWHG WKDW VHDVRQDO IDFWRUV� VXFK DV HQYLURQPHQWDO YDULDWLRQ

DQG EUHHGLQJ VHDVRQ OHQJWK� SOD\ D UROH LQ VKDSLQJ DGXOW VRQJ OHDUQLQJ �1RWWHERKP� 1RWWHERKP�

DQG &UDQH ����� 6PLWK HW DO� ����� 7UDPRQWLQ HW DO� ������ +RZHYHU� HYLGHQFH IURP D VPDOO�VFDOH

FRPSDUDWLYH DQDO\VLV VXJJHVWV WKDW D ORQJHU OHDUQLQJ ZLQGRZ LQ D VSHFLHV PD\ EH DVVRFLDWHG ZLWK

ODUJHU�DYHUDJH�V\OODEOH�UHSHUWRLUH�VL]HV �&UHDQ]D� )RJDUW\��DQG�)HOGPDQ�������

%LUGVRQJ LV FRPSRVHG RI ERWK FXOWXUDOO\ DQG JHQHWLFDOO\ LQKHULWHG IHDWXUHV� DQ\ RI ZKLFK

PD\ EH VXEMHFW WR HYROXWLRQDU\ SUHVVXUHV� 7ZR NH\ PRGHV RI VHOHFWLRQ RQ VRQJ PLJKW DFW LQ

FRQMXQFWLRQ� IHPDOH FKRLFH FDQ IDYRU FHUWDLQ VRQJ FKDUDFWHULVWLFV� VXFK DV VXSHULRU UHSHUWRLUH

VL]H� OHDUQLQJ TXDOLW\� RU VRQJ SHUIRUPDQFH �%HHFKHU DQG %UHQRZLW] ����� *LO DQG *DKU �����

6HDUF\ DQG $QGHUVVRQ ����� 6HDUF\ DQG 0DUOHU ������ ZKLOH WKH LQKHUHQW PHWDEROLF FRVW RI

QHXURSODVWLFLW\ VKRXOG WKHRUHWLFDOO\ IDYRU D VKRUWHU VRQJ�OHDUQLQJ ZLQGRZ DQG WKXV UHGXFH WKH

RSSRUWXQLW\ IRU D ELUG WR DOWHU LWV VRQJ LQ DGXOWKRRG �*DUDPV]HJL DQG (HQV ����� 1RWWHERKP HW
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DO� ����� 7UDPRQWLQ DQG %UHQRZLW] ������ 7KHUHIRUH� ZKLOH OHDUQLQJ LQ DGXOWKRRG RU HORQJDWHG

VHQVLWLYH SHULRGV KDYH QRW EHHQ VKRZQ WR EH GLUHFWO\ XQGHU SRVLWLYH VHOHFWLRQ �VH[XDO RU QDWXUDO�

RU WR SOD\ DQ H[SOLFLW UROH LQ IHPDOH SUHIHUHQFHV� VH[XDO VHOHFWLRQ DFWLQJ RQ FHUWDLQ VRQJ IHDWXUHV

FRXOG LQGLUHFWO\ IDYRU ORQJHU RU VKRUWHU VRQJ�OHDUQLQJ ZLQGRZV� +RZHYHU� WKLV WKHRUL]HG

FRQQHFWLRQ EHWZHHQ VH[XDO VHOHFWLRQ DQG DGXOW OHDUQLQJ KLQJHV RQ HVWDEOLVKLQJ WKH HYROXWLRQDU\

UHODWLRQVKLS EHWZHHQ VRQJ DV WKH WDUJHW RI VH[XDO VHOHFWLRQ DQG WKH QHXUREHKDYLRUDO SKHQRW\SH RI

VRQJ�OHDUQLQJ��ZKLFK�KDV�QRW�\HW�EHHQ�GRQH�

)XUWKHUPRUH� VH[XDO VHOHFWLRQ LV K\SRWKHVL]HG WR EH DPSOLILHG LQ SRO\J\QRXV VRFLDO

PDWLQJ V\VWHPV DQG LQ VSHFLHV ZLWK KLJK UDWHV RI H[WUD�SDLU SDWHUQLW\ �(33�� $ UHFHQW ODUJH�VFDOH

VWXG\ IRXQG WKDW SRO\J\Q\ GULYHV IDVWHU� EXW QRQ�GLUHFWLRQDO� HYROXWLRQ RI V\OODEOH UHSHUWRLUH VL]H�

DQG WKDW V\OODEOH UHSHUWRLUH VL]H LV QHJDWLYHO\ FRUUHODWHG ZLWK WKH UDWH RI (33 �6Q\GHU DQG

&UHDQ]D ������ %HFDXVH RI WKH HYROXWLRQDU\ OLQNV EHWZHHQ WKHVH PDWLQJ VWUDWHJLHV DQG VRQJ

IHDWXUHV� KLJKHU UDWHV RI (33 DQG SRO\J\Q\ FRXOG SRWHQWLDOO\ EH DVVRFLDWHG ZLWK ORQJHU OHDUQLQJ

ZLQGRZV� :H WKHUHIRUH LQYHVWLJDWH WKH HYROXWLRQDU\ UHODWLRQVKLS EHWZHHQ WKH FULWLFDO OHDUQLQJ

SHULRG�DQG�PDWLQJ�VWUDWHJLHV�

+HUH� ZH WDNH D FRPSDUDWLYH� FRPSXWDWLRQDO DSSURDFK WR WKH HYROXWLRQDU\ KLVWRU\ RI RSHQ�

DQG FORVHG�HQGHG VRQJ OHDUQLQJ� :H PLQHG WKH OLWHUDWXUH IRU ORQJLWXGLQDO ILHOG DQG ODERUDWRU\

REVHUYDWLRQV WR FODVVLI\ VSHFLHV DV H[KLELWLQJ µDGXOW VRQJ VWDELOLW\¶ RU µDGXOW VRQJ SODVWLFLW\¶� 7KLV

FODVVLILFDWLRQ LV D TXDQWLILDEOH SUR[\ IRU FORVHG� DQG RSHQ�HQGHG OHDUQLQJ� DV WKH WUXH OHQJWK RI

WKH VRQJ�OHDUQLQJ ZLQGRZ LV GLIILFXOW WR DVVHVV GLUHFWO\ LQ QDWXUH� XOWLPDWHO\� ZH REWDLQHG GDWD IRU

WKH FODVVLILFDWLRQ RI �� VSHFLHV� )RU WKHVH VSHFLHV� ZH DOVR FRPSLOHG D GDWDEDVH RI VHYHQ

VSHFLHV�OHYHO VRQJ FKDUDFWHULVWLFV WKDW FDQ UHSUHVHQW HLWKHU VRQJ FRPSOH[LW\ �V\OODEOH UHSHUWRLUH�

V\OODEOHV SHU VRQJ� DQG VRQJ UHSHUWRLUH� RU VRQJ SHUIRUPDQFH �VRQJ GXUDWLRQ� LQWHU�VRQJ LQWHUYDO�
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VRQJ UDWH� DQG VRQJ FRQWLQXLW\�� :H WKHQ SHUIRUPHG SK\ORJHQHWLFDOO\ FRQWUROOHG DQDO\VHV WR

HYDOXDWH WKH HYROXWLRQ RI VRQJ DQG PDWLQJ VWUDWHJLHV DORQJVLGH WKH UHODWLYH SODVWLFLW\ RI VRQJ RYHU

WLPH� :H ILQG WKDW DGXOW VRQJ SODVWLFLW\ KDV HYROYHG QXPHURXV WLPHV LQ ELUG VSHFLHV� )XUWKHU� ZH

ILQG HYLGHQFH RI FRUUHODWHG HYROXWLRQ EHWZHHQ WKH DGXOW VRQJ VWDELOLW\ DQG SODVWLFLW\ DQG VRFLDO

PDWLQJ V\VWHP� ZLWK VKLIWV LQ VRFLDO PDWLQJ V\VWHP RFFXUULQJ PRUH UDSLGO\ LQ OLQHDJHV ZLWK DGXOW

VRQJ SODVWLFLW\� ,Q DGGLWLRQ� ZH ILQG D VLJQLILFDQW HYROXWLRQDU\ SDWWHUQ� VSHFLHV ZLWK SODVWLF VRQJV

JHQHUDOO\ KDYH ODUJHU UHSHUWRLUHV WKDQ VSHFLHV ZLWK VWDEOH VRQJV� 6SHFLILFDOO\� WKH HYROXWLRQ RI

ODUJHU V\OODEOH DQG VRQJ UHSHUWRLUHV DSSHDUV WR GULYH DQ HYROXWLRQDU\ WUDQVLWLRQ WRZDUG

RSHQ�HQGHG�OHDUQLQJ�

5HVXOWV

,Q WKLV VWXG\� ZH DQDO\]HG WKH OHQJWK RI WKH VRQJ�OHDUQLQJ ZLQGRZ XVLQJ WKUHH

FODVVLILFDWLRQ VFKHPHV� )LUVW� ZH FODVVLILHG �� VSHFLHV DV KDYLQJ HLWKHU DGXOW VRQJ SODVWLFLW\ �L�H�

WKRVH WKDW FKDQJH WKHLU V\OODEOH UHSHUWRLUH DIWHU WKHLU ILUVW EUHHGLQJ VHDVRQ HQGV� RU DGXOW VRQJ

VWDELOLW\� 6HFRQG� ZKHQ SRVVLEOH� ZH UHFODVVLILHG WKH VSHFLHV LQWR WKUHH FDWHJRULHV� �� WKRVH WKDW

VWRS FKDQJLQJ WKHLU VRQJ EHIRUH WKHLU ILUVW EUHHGLQJ VHDVRQ� �� WKRVH WKDW PRGLI\ WKHLU VRQJV

GXULQJ WKHLU ILUVW EUHHGLQJ VHDVRQ EXW QRW DIWHU� DQG �� WKRVH WKDW PRGLI\ WKHLU VRQJV DIWHU WKHLU

ILUVW EUHHGLQJ VHDVRQ KDV HQGHG� 7KLV WKUHH�VWDWH FODVVLILFDWLRQ ZDV SRVVLEOH IRU �� RXW RI WKH ��

VSHFLHV� 7KLUG� IRU WKH VDPH �� VSHFLHV� ZH XVHG UHSRUWHG HVWLPDWHV RI WKH DJHV DW ZKLFK VRQJ

VWDELOL]HV WR FUHDWH D FRQWLQXRXV PHDVXUH RI WKH VRQJ�OHDUQLQJ ZLQGRZ� 7KHUH ZHUH H[FHHGLQJO\

IHZ VWXGLHV WKDW H[DPLQHG VRQJ FKDQJHV DIWHU WKH VHFRQG EUHHGLQJ VHDVRQ� VR RXU FRQWLQXRXV

PHWULF UDQJHV IURP ]HUR WR WZR \HDUV� :H WKHQ H[DPLQHG WKH HYROXWLRQDU\ SDWWHUQV RI DGXOW VRQJ

��



VWDELOLW\ DQG SODVWLFLW\� DV ZHOO DV WKHLU LQWHUDFWLRQV ZLWK VSHFLHV�OHYHO VRQJ FKDUDFWHULVWLFV DQG

PDWLQJ�EHKDYLRUV�

+RZ�KDV�DGXOW�VRQJ�SODVWLFLW\�HYROYHG�DFURVV�FODGHV"

:H ZHUH ILUVW LQWHUHVWHG LQ H[DPLQLQJ WKH UDWH RI HYROXWLRQ RI DGXOW VRQJ VWDELOLW\ YHUVXV

DGXOW VRQJ SODVWLFLW\ DQG ZKHQ DQG ZKHUH HYROXWLRQDU\ WUDQVLWLRQV LQ WKHVH WUDLWV RFFXUUHG RQ D

SK\ORJHQHWLF WUHH �-HW] HW DO� ����� XVLQJ DQFHVWUDO VWDWH UHFRQVWUXFWLRQ� $V ZLWK DQ\

UHFRQVWUXFWLRQ RI HYROXWLRQDU\ KLVWRU\� WKHVH VLPXODWLRQV FDQQRW H[DFWO\ SUHGLFW WKH DQFHVWUDO

VWDWHV EXW DLP WR DSSUR[LPDWH WKHP� )XUWKHUPRUH� ZH QRWH WKDW RQO\ D VXEVHW RI RVFLQH IDPLOLHV

FRXOG EH LQFOXGHG LQ RXU DQDO\VLV� DQG PRVW RI WKH HDUO\ EUDQFKLQJ OLQHDJHV WKDW ZRXOG EH

UHTXLUHG WR DVVHVV WKH DQFHVWUDO VWDWH IRU DOO RVFLQH VSHFLHV FRXOG QRW EH LQFOXGHG LQ RXU GDWDVHW�

8OWLPDWHO\� ZH FRXOG QRW PDNH D FRQFOXVLRQ DERXW DQFHVWUDO VWDWH IRU WKH ODVW FRPPRQ DQFHVWRU

IRU WKH VSHFLHV LQFOXGHG LQ WKLV VWXG\� EXW RXU UHVXOWV KLQW WKDW WKHUH PLJKW KDYH EHHQ VHYHUDO HDUO\

WUDQVLWLRQV LQ WKLV WUDLW� OHDGLQJ WR FODGHV WKDW SUHGRPLQDQWO\ KDYH DGXOW VRQJ VWDELOLW\ RU SODVWLFLW\�

FRXSOHG ZLWK D QXPEHU RI PRUH UHFHQW WUDQVLWLRQV �VHH SLH FKDUWV LQ )LJXUH ���$ IRU WKH SUHGLFWHG

OLNHOLKRRG RI HDFK VWDWH DW HDFK QRGH�� :H IRXQG WKDW D PRGHO DOORZLQJ WKH WUDQVLWLRQ UDWH IURP

VRQJ VWDELOLW\ WR SODVWLFLW\ WR EH GLIIHUHQW IURP WKH WUDQVLWLRQ UDWH IURP SODVWLFLW\ WR VWDELOLW\

�DOO�UDWHV�GLIIHUHQW PRGHO >$5'@� GLG QRW ILW WKH GDWD VLJQLILFDQWO\ EHWWHU WKDQ D VLPSOHU PRGHO

DOORZLQJ IRU RQO\ RQH UDWH RI WUDQVLWLRQ EDFN DQG IRUWK EHWZHHQ VRQJ VWDELOLW\ DQG SODVWLFLW\

�HTXDO UDWHV PRGHO >(5@� �/RJ/LNHOLKRRG(5 ������� /RJ/LNHOLKRRG$5' ������� S ������ $W OHDVW

�� WUDQVLWLRQV ZHUH UHTXLUHG WR H[SODLQ WKH FXUUHQW ELQDU\ VRQJ�VWDELOLW\ VWDWHV RI RXU VXEVHW RI

ELUG VSHFLHV� ([SODLQLQJ WKH GLVWULEXWLRQ RI VRQJ SODVWLFLW\ LQ RXU VXEVHW RI VSHFLHV PRVW

��
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SDUVLPRQLRXVO\ UHTXLUHV DW OHDVW � WUDQVLWLRQV WR DGXOW VRQJ SODVWLFLW\ LI WKH ODVW FRPPRQ DQFHVWRU

ZDV VRQJ�VWDEOH DQG � WUDQVLWLRQV WR VRQJ VWDELOLW\ LI WKH FRPPRQ DQFHVWRU ZDV VRQJ�SODVWLF�

�)LJXUH�������ILJXUH�VXSSOHPHQW����

:KLFK�VRQJ�WUDLWV�GLIIHU�EHWZHHQ�VSHFLHV�ZLWK�VWDEOH�YHUVXV�SODVWLF�VRQJV"

:H QH[W WHVWHG ZKHWKHU VRQJ FKDUDFWHULVWLFV ZHUH DIIHFWHG E\ WKH OHQJWK RI WKH

VRQJ�OHDUQLQJ ZLQGRZ RQ DQ HYROXWLRQDU\ VFDOH� ,QWXLWLYHO\� LW PDNHV VHQVH WKDW D VSHFLHV WKDW KDV

D ORQJHU WLPH�ZLQGRZ WR OHDUQ PLJKW EH DEOH WR DFFXPXODWH D ODUJHU UHSHUWRLUH� ,QGHHG� WKLV

UHODWLRQVKLS LV FRQVLVWHQW ZLWK WKH SDWWHUQ RI VRQJ VWDELOLW\ DQG UHSHUWRLUH VL]H LQ VHYHUDO FODGHV�

VXFK DV WKH 3K\OORVFRSXV VSHFLHV �)LJXUH ����� +RZHYHU� PDQ\ LQGLYLGXDO VSHFLHV GR QRW IROORZ

WKLV SUHGLFWLRQ� IRU H[DPSOH� $FURFHSKDOXV SDOXVWULV DSSHDUV WR OHDUQ D ODUJH UHSHUWRLUH LQ D VLQJOH

\HDU �'RZVHWW�/HPDLUH ������ DQG 3KLOHVWXUQXV UXIXVDWHU PRGLILHV LWV VRQJ IRU PXOWLSOH \HDUV

EXW PDLQWDLQV D VPDOO UHSHUWRLUH �-HQNLQV ������ )XUWKHU� QXPHURXV VSHFLHV ZLWK DGXOW VRQJ

SODVWLFLW\ GR QRW VLJQLILFDQWO\ LQFUHDVH WKHLU UHSHUWRLUH VL]HV RYHU WLPH �(ULNVHQ� 6ODJVYROG� DQG

/DPSH ����� *DOHRWWL HW DO� ����� *DUDPV]HJL HW DO� ����� 1LFKROVRQ HW DO� ������ 7KXV� DQ

HYROXWLRQDU\ OLQN EHWZHHQ DGXOW VRQJ SODVWLFLW\ DQG ODUJHU UHSHUWRLUH VL]HV FDQQRW EH DVVXPHG�

8VLQJ D SK\ORJHQHWLFDOO\ FRQWUROOHG $129$ �*DUODQG HW DO� ����� 5HYHOO ������ ZH IRXQG WKDW

VSHFLHV ZLWK DGXOW VRQJ SODVWLFLW\ GLG SRVVHVV VLJQLILFDQWO\ ODUJHU V\OODEOH UHSHUWRLUHV WKDQ VSHFLHV

ZLWK DGXOW VRQJ VWDELOLW\ �)LJXUHV ���$� ���$� 7DEOH ����� 7KLV FRQFXUV ZLWK D SUHYLRXV DQDO\VLV

XVLQJ D VPDOOHU GDWDVHW �&UHDQ]D HW DO� ������ 6LPLODUO\� ZH IRXQG WKDW VRQJ�SODVWLF VSHFLHV KDG

VLJQLILFDQWO\ ODUJHU VRQJ UHSHUWRLUHV WKDQ VRQJ�VWDEOH VSHFLHV �)LJXUH ���%� )LJXUH ��� � ILJXUH

VXSSOHPHQW����DQG�7DEOH������
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7KHUH ZHUH QR VLJQLILFDQW GLIIHUHQFHV EHWZHHQ VRQJ�SODVWLF DQG VRQJ�VWDEOH VSHFLHV IRU

WKH RWKHU VRQJ FKDUDFWHULVWLFV WKDW ZH WHVWHG� V\OODEOHV SHU VRQJ� LQWHU�VRQJ LQWHUYDO� VRQJ

GXUDWLRQ� VRQJ UDWH �FDOFXODWHG DV ����LQWHUYDO � GXUDWLRQ��� RU VRQJ FRQWLQXLW\ �FDOFXODWHG DV

GXUDWLRQ��GXUDWLRQ � LQWHUYDO�� �7DEOH ���� )LJXUH ��� � ILJXUH VXSSOHPHQWV ����� :KHQ ZH XVHG

WKH FODVVLILFDWLRQ VFKHPH ZLWK WKUHH VWDWHV� ZH FRXOG RQO\ WHVW IRU GLIIHUHQFHV LQ V\OODEOH

UHSHUWRLUH� VRQJ UHSHUWRLUH� DQG V\OODEOHV SHU VRQJ EHWZHHQ JURXSV� DV WKHUH ZHUH YHU\ IHZ HDUO\

VRQJ�VWDEOH VSHFLHV IRU ZKLFK ZH KDG GDWD RQ WKH RWKHU VRQJ WUDLWV� :H IRXQG QR VLJQLILFDQW

GLIIHUHQFHV EHWZHHQ HDUO\ VRQJ�VWDEOH DQG GHOD\HG VRQJ�VWDEOH VSHFLHV IRU DQ\ WHVWHG WUDLWV� EXW

ERWK RI WKHVH JURXSV KDG VLJQLILFDQWO\ VPDOOHU V\OODEOH DQG VRQJ UHSHUWRLUHV FRPSDUHG WR

VRQJ�SODVWLF VSHFLHV �)LJXUHV �%� �&� 7DEOHV ��� DQG ����� :KHQ SHUIRUPLQJ D SK\ORJHQHWLF

JHQHUDOL]HG OHDVW VTXDUHV �3*/6� DQDO\VLV XVLQJ FRQWLQXRXV HVWLPDWHV RI WKH GXUDWLRQ RI VRQJ

SODVWLFLW\� ZH IRXQG VLPLODU UHVXOWV� ERWK V\OODEOH UHSHUWRLUH DQG VRQJ UHSHUWRLUH ZHUH FRUUHODWHG

ZLWK GXUDWLRQ RI VRQJ SODVWLFLW\� VXFK WKDW UHSHUWRLUH VL]H LQFUHDVHG ZLWK WKH VRQJ�SODVWLFLW\

GXUDWLRQ��)LJXUH����'��7DEOH������

'R�VRQJ�FKDUDFWHULVWLFV�HYROYH�DW�GLIIHUHQW�UDWHV�LQ�VRQJ�VWDEOH�RU�VRQJ�SODVWLF�VSHFLHV"

2XU UHVXOW WKDW VSHFLHV ZLWK DGXOW VRQJ SODVWLFLW\ KDG VLJQLILFDQWO\ ODUJHU V\OODEOH DQG VRQJ

UHSHUWRLUHV UDLVHG WKH TXHVWLRQ RI ZKHWKHU VRQJ VWDELOLW\ YHUVXV SODVWLFLW\ DOVR DIIHFWHG WKH UDWH RI

HYROXWLRQ IRU DQ\ RI WKH VRQJ FKDUDFWHULVWLFV� 7R H[DPLQH WKLV SRVVLELOLW\� ZH XVHG WKH %URZQLH

DOJRULWKP �2¶0HDUD HW DO� ������ ZKLFK WHVWV ZKHWKHU D PRGHO ZLWK WZR UDWHV RI HYROXWLRQ IRU

HDFK VRQJ FKDUDFWHULVWLF²RQH UDWH IRU DQFHVWUDO SHULRGV RI VRQJ VWDELOLW\ DQG DQRWKHU UDWH IRU

VRQJ SODVWLFLW\²ILWV WKH GDWD VLJQLILFDQWO\ EHWWHU WKDQ D PRGHO WKDW DOORZV IRU RQO\ RQH UDWH RI

HYROXWLRQ RI HDFK VRQJ FKDUDFWHULVWLF UHJDUGOHVV RI WKH DQFHVWUDO VWDWHV RI VRQJ VWDELOLW\� (DFK

��
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FDOFXODWLRQ RI WKH WZR�UDWH PRGHO LV EDVHG RQ RQH VWRFKDVWLF SURMHFWLRQ RI WKH DQFHVWUDO WUDLWV

DFURVV WKH SK\ORJHQHWLF WUHH� VR ZH JHQHUDWHG ���� GLIIHUHQW VWRFKDVWLF VLPXODWLRQ PDSV WR XVH

ZLWK %URZQLH� :H SORWWHG WKH GLVWULEXWLRQ RI SRWHQWLDO UDWHV �)LJXUHV ������ DQG FRPSDUHG WKH

DYHUDJH ORJ OLNHOLKRRG RI WKH WZR�UDWH PRGHOV WR WKH ORJ OLNHOLKRRG RI WKH RQH�UDWH PRGHO �7DEOH

�����

:H IRXQG WKDW DOORZLQJ IRU WZR GLIIHUHQW UDWHV RI VRQJ WUDLW HYROXWLRQ GHSHQGLQJ RQ VRQJ

VWDELOLW\ RU SODVWLFLW\ GLG QRW OHDG WR D VLJQLILFDQWO\ EHWWHU ILW PRGHO WKDQ XVLQJ RQH

%URZQLDQ�PRWLRQ UDWH IRU HLWKHU V\OODEOH UHSHUWRLUH VL]H RU VRQJ UHSHUWRLUH VL]H� HYHQ WKRXJK

V\OODEOH UHSHUWRLUHV DQG VRQJ UHSHUWRLUHV ZHUH ERWK VLJQLILFDQWO\ ODUJHU LQ VSHFLHV ZLWK DGXOW VRQJ

SODVWLFLW\ �)LJXUH ���$ DQG % DQG 7DEOH ����� ,Q FRQWUDVW� WKH WZR�UDWH PRGHO OHG WR D

VLJQLILFDQWO\ EHWWHU ILW IRU V\OODEOHV SHU VRQJ� VRQJ UDWH� LQWHU�VRQJ LQWHUYDO� DQG VRQJ GXUDWLRQ

�)LJXUH ���&� � DQG 7DEOH ����� LQGLFDWLQJ WKDW HYROXWLRQ RI WKHVH VRQJ FKDUDFWHULVWLFV ZDV IDVWHU

LQ�VRQJ�SODVWLF�OLQHDJHV��)LJXUH����&�DQG����UHG�WUDFHV��

:H UHSHDWHG WKLV DQDO\VLV ZLWK WKH WKUHH�VWDWH FDWHJRUL]DWLRQ IRU V\OODEOH UHSHUWRLUH� VRQJ

UHSHUWRLUH� DQG V\OODEOHV SHU VRQJ� IRU RWKHU VRQJ FKDUDFWHULVWLFV� ZH GLG QRW KDYH HQRXJK VSHFLHV

LQ WKH HDUO\ VRQJ VWDELOLW\ JURXS� :H IRXQG WKDW WKH WKUHH�UDWH PRGHO ZDV VLJQLILFDQWO\ EHWWHU WKDQ

WKH RQH�UDWH PRGHO IRU V\OODEOHV SHU VRQJ DQG VRQJ UHSHUWRLUH� EXW QRW IRU V\OODEOH UHSHUWRLUH

�)LJXUH ���'�) DQG 7DEOH ����� +RZHYHU� WKH WKUHH�UDWH PRGHO ZDV RQO\ VLJQLILFDQWO\ EHWWHU WKDQ

WKH WZR�UDWH PRGHO IRU VRQJ UHSHUWRLUH �7DEOH ����� 7KXV� WKH WZR�UDWH PRGHO VXIILFLHQWO\

DSSUR[LPDWHV WKH HYROXWLRQ RI V\OODEOHV SHU VRQJ� :H QRWLFHG WKDW IRU ERWK VRQJ UHSHUWRLUH DQG

V\OODEOH UHSHUWRLUH� WKH UDWH RI HYROXWLRQ LQ GHOD\HG VRQJ�VWDEOH OLQHDJHV �SXUSOH WUDFHV LQ )LJXUH

��� '� (� ZDV YHU\ VLPLODU WR WKH UDWH LQ VRQJ�SODVWLF OLQHDJHV �FRUUHVSRQGLQJ UHG WUDFHV�� :H

WHVWHG RQH PRUH VHW RI PRGHOV ZKHUH ZH FRPELQHG GHOD\HG VRQJ�VWDEOH VSHFLHV ZLWK VRQJ�SODVWLF

��



VSHFLHV WR FUHDWH D ³ORQJHU OHDUQLQJ´ JURXS� ZKLOH HDUO\ VRQJ�VWDEOH VSHFLHV ZHUH DVVLJQHG WR D

³VKRUWHU OHDUQLQJ´ JURXS� )RU WKLV FRPSDULVRQ RI VKRUWHU YHUVXV ORQJHU OHDUQLQJ� WKH WZR�UDWH

PRGHO ZDV VLJQLILFDQWO\ EHWWHU WKDQ WKH RQH�UDWH PRGHO IRU VRQJ UHSHUWRLUH DQG WUHQGLQJ LQ WKDW

GLUHFWLRQ IRU V\OODEOH UHSHUWRLUH �)LJXUH ��� *� + DQG 7DEOH ����� 7KH WKUHH�UDWH PRGHO ZDV QRW

VLJQLILFDQWO\ EHWWHU WKDQ WKH ORQJHU�VKRUWHU�OHDUQLQJ WZR�UDWH PRGHO IRU HLWKHU V\OODEOH RU VRQJ

UHSHUWRLUH �7DEOH ����� 7DNHQ WRJHWKHU ZLWK RXU SK\O$129$ UHVXOWV� WKLV SDWWHUQ VXJJHVWV WKDW

VSHFLHV ZLWK HDUO\ VRQJ VWDELOLW\ HYROYH WKHLU VRQJ UHSHUWRLUHV DQG SRWHQWLDOO\ WKHLU V\OODEOH

UHSHUWRLUHV DW D VORZHU UDWH WKDQ GHOD\HG VRQJ�VWDEOH DQG VRQJ�SODVWLF VSHFLHV� KRZHYHU� RQO\

VRQJ�SODVWLF�VSHFLHV�GLUHFWLRQDOO\�HYROYH�WRZDUGV�ODUJHU�VRQJ�DQG�V\OODEOH�UHSHUWRLUHV�

,V VRQJ VWDELOLW\ RU SODVWLFLW\ LQIOXHQFHG E\ WKH HYROXWLRQ RI VRQJ WUDLWV DQG PDWLQJ VWUDWHJLHV�

RU�YLFH�YHUVD"

:KLOH WKH %URZQLH DOJRULWKP WHVWHG ZKHWKHU DGXOW VRQJ SODVWLFLW\ DIIHFWHG WKH UDWH RI

HYROXWLRQ IRU VRQJ FKDUDFWHULVWLFV� LW GLG QRW DGGUHVV ZKHWKHU WKH RSSRVLWH PLJKW EH WUXH� :H XVHG

%D\HV7UDLWV �3DJHO ����� 3DJHO DQG 0HDGH ����� WR WHVW ZKHWKHU WKH UDWH DQG RUGHU RI

HYROXWLRQDU\ WUDQVLWLRQV LQ RQH WUDLW LV GHSHQGHQW RQ WKH VWDWH RI DQRWKHU WUDLW� %HFDXVH WKH VRQJ

IHDWXUHV ZHUH FRQWLQXRXV YDULDEOHV� ZH ELQDUL]HG WKHP E\ VHWWLQJ D VHULHV RI WKUHVKROG YDOXHV WR

GHOLQHDWH ³ORZ´ DQG ³KLJK´ FDWHJRULHV� XVLQJ HDFK REVHUYHG VRQJ IHDWXUH YDOXH DV D WKUHVKROG LQ

WXUQ� :H WKHQ WHVWHG ZKHWKHU WKHUH ZDV FRUUHODWHG HYROXWLRQ EHWZHHQ WKH ELQDU\ FODVVLILFDWLRQV RI

DGXOW�VRQJ�SODVWLFLW\�YHUVXV�VWDELOLW\�DQG�HDFK�RI�WKH�VHYHQ�VRQJ�FKDUDFWHULVWLFV�

,Q WKH ORZHVW WKLUG RI V\OODEOH UHSHUWRLUH WKUHVKROGV� DGXOW VRQJ SODVWLFLW\ ZLWK VPDOO

V\OODEOH UHSHUWRLUHV ZDV DQ HYROXWLRQDULO\ XQVWDEOH VWDWH� ZLWK UDSLG WUDQVLWLRQV SULPDULO\ WRZDUGV

D VRQJ�VWDEOH VWDWH DQG VHFRQGDULO\ WRZDUGV ODUJHU UHSHUWRLUHV ���� RI UXQV VLJQLILFDQW LQ WKLV

��
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UDQJH� )LJXUH ����� ,Q WKH PLGGOH WKLUG RI V\OODEOH UHSHUWRLUH WKUHVKROGV� VRQJ�VWDELOLW\ ZLWK

VPDOOHU V\OODEOH UHSHUWRLUHV LV DQ HYROXWLRQDULO\ VWDEOH DWWUDFWRU VWDWH� ZLWK KLJK UDWHV RI WUDQVLWLRQ

REVHUYHG IURP ODUJH WR VPDOO V\OODEOH UHSHUWRLUHV LQ VRQJ�VWDEOH VSHFLHV DQG IURP SODVWLFLW\ WR

VWDELOLW\ ZLWK D VPDOO V\OODEOH UHSHUWRLUH� 7KHVH UDWH GLIIHUHQFHV DUH KLJKO\ VLJQLILFDQW ����� RI

UXQV VLJQLILFDQW LQ WKLV UDQJH�� ,Q WKH KLJKHVW WKLUG RI V\OODEOH UHSHUWRLUH WKUHVKROGV� DGXOW VRQJ

VWDELOLW\ ZLWK D ODUJH V\OODEOH UHSHUWRLUH LV DQ HYROXWLRQDULO\ XQVWDEOH VWDWH� WUDQVLWLRQLQJ SULPDULO\

WRZDUGV DGXOW VRQJ SODVWLFLW\ ���� RI UXQV VLJQLILFDQW LQ WKLV UDQJH� )LJXUH ����� :H IRXQG

VLPLODU WUHQGV ZKHQ XVLQJ WZR� IRXU� DQG ILYH ELQV IRU WKH VRQJ FKDUDFWHULVWLF WKUHVKROG YDOXHV�

ZLWK VXEWOH GLIIHUHQFHV� :KHQ XVLQJ IRXU RU ILYH ELQV� ZH VWLOO REVHUYH WKDW VRQJ VWDELOLW\ ZLWK

ODUJHU V\OODEOH UHSHUWRLUHV LV DQ XQVWDEOH FRPELQDWLRQ� +RZHYHU� IRU WKH KLJKHVW ELQ RI WKUHVKROG

YDOXHV� WKH WUDQVLWLRQ UDWHV DUH IDVWHU ZKHQ FKDQJLQJ WR VRQJ SODVWLFLW\� ZKHUHDV IRU WKH

VHFRQG�KLJKHVW ELQ� ZH REVHUYH IDVWHU WUDQVLWLRQ UDWHV WRZDUG UHSHUWRLUH VL]H LQFUHDVHV �)LJXUH ���

� ILJXUH VXSSOHPHQW ��� 7R UXOH RXW WKH SRVVLELOLW\ WKDW V\OODEOH UHSHUWRLUH VL]H HYROXWLRQ LV IDVWHU

LQ VSHFLHV ZLWK ODUJHU UHSHUWRLUH VL]HV UHJDUGOHVV RI OHDUQLQJ SURJUDP� ZH WHVWHG WKH UDWHV RI

HYROXWLRQ RI V\OODEOH UHSHUWRLUH VL]H DFURVV PRQRSK\OHWLF VSHFLHV SDLUV LQ RXU GDWDVHW� :H IRXQG

WKDW OLQHDJHV ZLWK ODUJHU V\OODEOH UHSHUWRLUH VL]HV GR QRW V\VWHPDWLFDOO\ XQGHUJR IDVWHU RU VORZHU

V\OODEOH�UHSHUWRLUH�VL]H�HYROXWLRQ��)LJXUH�������ILJXUH VXSSOHPHQW����

$W ORZ VRQJ UHSHUWRLUH WKUHVKROG YDOXHV� VRQJ SODVWLFLW\ ZLWK D VPDOO UHSHUWRLUH LV DQ

HYROXWLRQDULO\ XQVWDEOH VWDWH� WKHUH LV UDSLG WUDQVLWLRQ DZD\ IURP WKLV FRPELQDWLRQ� SUHGRPLQDQWO\

WUHQGLQJ WRZDUGV VRQJ VWDELOLW\ EXW DOVR WUDQVLWLRQLQJ VHFRQGDULO\ WR D ODUJHU VRQJ UHSHUWRLUH� ZLWK

YHU\ KLJK VLJQLILFDQFH ����� RI UXQV VLJQLILFDQW LQ WKLV UDQJH�� $W PRGHUDWH VRQJ UHSHUWRLUH

WKUHVKROGV� WKH KLJKHVW UDWH LV REVHUYHG IRU VSHFLHV ZLWK VPDOO UHSHUWRLUHV WUDQVLWLRQLQJ IURP VRQJ

SODVWLFLW\ WR VRQJ VWDELOLW\� DOVR ZLWK YHU\ KLJK VLJQLILFDQFH ����� RI UXQV VLJQLILFDQW LQ WKLV

��



UDQJH�� $W KLJK VRQJ UHSHUWRLUH WKUHVKROGV� WKH SULPDU\ VKLIW LV IURP VRQJ VWDELOLW\ WR VRQJ

SODVWLFLW\ LQ VSHFLHV ZLWK ODUJH VRQJ UHSHUWRLUHV ���� RI UXQV VLJQLILFDQW LQ WKLV UDQJH� �)LJXUH

����� :KHQ DQDO\]LQJ WKH UHVXOWV XVLQJ ILYH ELQV� WUDQVLWLRQV LQ WKH XSSHU UDQJH RI VRQJ UHSHUWRLUH

YDOXHV EHFRPHV PRUH QXDQFHG� LQ WKH KLJKHVW ELQ� VRQJ VWDELOLW\ ZLWK D ODUJHU VRQJ UHSHUWRLUH LV

YHU\ XQVWDEOH� EXW LV UHODWLYHO\ VWDEOH LQ WKH VHFRQG�KLJKHVW ELQ� ,Q WKH ORZHU IRXU ELQV� WKH

GRPLQDQW WUDQVLWLRQ LV IURP SODVWLF WR VWDEOH VRQJ ZLWK VPDOOHU VRQJ UHSHUWRLUHV �)LJXUH ��� �

ILJXUH VXSSOHPHQW ��� 7KH UHVXOWV IRU V\OODEOHV SHU VRQJ VKRZ VRPH JHQHUDO WUHQGV WKDW DUH

FRPSOLFDWHG E\ WKH VWURQJ HIIHFW RI WKH PLPLG VSHFLHV �VHH UHVXOWV RI MDFNNQLIH DQDO\VLV EHORZ��

:H GLG QRW ILQG HYLGHQFH IRU FRUUHODWHG HYROXWLRQ EHWZHHQ DGXOW VRQJ VWDELOLW\ RU SODVWLFLW\ VWDWH

DQG�DQ\�RI�WKH�RWKHU�VRQJ�FKDUDFWHULVWLFV��)LJXUH ������ILJXUH�VXSSOHPHQWV������

,Q DGGLWLRQ� LW KDV EHHQ SURSRVHG WKDW SRO\J\Q\ DQG H[WUD�SDLU SDWHUQLW\ �(33� PD\

LQFUHDVH VH[XDO VHOHFWLRQ SUHVVXUHV RQ VH[XDOO\ VHOHFWHG WUDLWV� LQFOXGLQJ VRQJ �(POHQ DQG 2ULQJ

����� 3D\QH ������ DQG LQFUHDVHG VHOHFWLRQ SUHVVXUH GXH WR SRO\J\Q\ ZDV WKHRUL]HG WR DFFHOHUDWH

WKH HYROXWLRQ RI VRQJ OHDUQLQJ LQ D PDWKHPDWLFDO PRGHO �$RNL ������ :H WHVWHG IRU FRUUHODWHG

HYROXWLRQ EHWZHHQ DGXOW VRQJ SODVWLFLW\ YHUVXV VWDELOLW\ DQG ERWK VRFLDO PDWLQJ V\VWHP �SRO\J\Q\

YV� PRQRJDP\� DQG H[WUD�SDLU SDWHUQLW\ �ORZ YV� KLJK (33�� ZLWK WKH FDYHDW WKDW PDQ\ VSHFLHV LQ

RXU GDWDVHW ODFNHG PDWLQJ EHKDYLRU FODVVLILFDWLRQV ��� VSHFLHV ZLWK VRFLDO PDWLQJ V\VWHP GDWD� ��

ZLWK (33 GDWD�� :H GLG QRW ILQG HYLGHQFH IRU FRUUHODWHG HYROXWLRQ EHWZHHQ VRQJ VWDELOLW\ DQG

(33� 7KHUH ZDV� KRZHYHU� HYLGHQFH IRU FRUUHODWHG HYROXWLRQ EHWZHHQ SRO\J\QRXV�PRQRJDPRXV

PDWLQJ V\VWHPV DQG VRQJ SODVWLFLW\ ����� RI UXQV VLJQLILFDQW�� ZLWK HOHYDWHG UDWHV RI WUDQVLWLRQ

EHWZHHQ�SRO\J\Q\�DQG�PRQRJDP\�LQ�WKH�VRQJ�SODVWLF�VWDWH��)LJXUH�������ILJXUH�VXSSOHPHQW����

��
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'R�RXU�UHVXOWV�GHSHQG�RQ�WKH�SDUWLFXODU�YDOXHV�RU�IDPLOLHV�LQFOXGHG�LQ�DQDO\VHV"

,Q PDQ\ FDVHV� WKHUH ZHUH PXOWLSOH VWXGLHV WKDW JDYH GLIIHUHQW HVWLPDWHV IRU D JLYHQ VRQJ

WUDLW LQ RQH VSHFLHV� VR ZH XVHG WKH PHGLDQ YDOXHV DFURVV VWXGLHV IRU RXU PDLQ DQDO\VLV� 7R WHVW

ZKHWKHU RXU UHVXOWV GHSHQGHG RQ WKH SDUWLFXODU YDOXHV ZH XVHG� ZH UHSHDWHG WKH 3K\O$129$ DQG

%URZQLH DQDO\VLV XVLQJ HLWKHU WKH PD[LPXP RU PLQLPXP YDOXHV UHSRUWHG LQ WKH OLWHUDWXUH� 7KLV

GLG QRW VLJQLILFDQWO\ DOWHU RXU 3K\O$129$ UHVXOWV IRU DQ\ VRQJ IHDWXUH ZKHQ VSHFLHV ZHUH VSOLW

LQWR VRQJ�VWDEOH DQG VRQJ�SODVWLF JURXSV �7DEOH 6��� WKRXJK ZKHQ WKH HDUO\ VRQJ�VWDEOH�

GHOD\HG�VRQJ VWDEOH� DQG VRQJ�SODVWLF GDWDVHW ZDV XVHG� XVLQJ WKH PD[LPXP YDOXHV IRU VRQJ

UHSHUWRLUH OHG WR QRQ�VLJQLILFDQW UHVXOWV �7DEOH 6����� :KHQ VSHFLHV ZHUH VSOLW LQWR WKRVH ZLWK

DGXOW VRQJ SODVWLFLW\ DQG DGXOW VRQJ VWDELOLW\� WKH %URZQLH DQDO\VLV VXJJHVWHG WKDW V\OODEOHV SHU

VRQJ ZDV HYROYLQJ VLJQLILFDQWO\ IDVWHU LQ VRQJ�SODVWLF OLQHDJHV ZKHQ ZH XVHG WKH PHGLDQ YDOXH�

EXW XVLQJ WKH PLQLPXP YDOXHV OHG WR QRQ�VLJQLILFDQW UHVXOWV �7DEOH 6��� :KHQ VSHFLHV ZHUH VSOLW

LQWR WKUHH VWDWHV �HDUO\ VRQJ VWDELOLW\� GHOD\HG VRQJ VWDELOLW\� DQG VRQJ SODVWLFLW\�� ZH IRXQG WKDW

WKH WKUHH�UDWH PRGHO ZDV QRW EHWWHU WKDQ WKH RQH�UDWH PRGHO ZKHQ WKH PLQLPXP YDOXHV IRU VRQJ

UHSHUWRLUH ZHUH XVHG� ZKLOH WKH WKUHH�UDWH PRGHOV IRU V\OODEOH UHSHUWRLUH EHFDPH VLJQLILFDQW ZKHQ

HLWKHU�WKH�PD[LPXP�RU�WKH�PLQLPXP�YDOXHV�ZHUH�XVHG��7DEOH�6���

,Q RXU GDWDVHW� �� VRQJELUG IDPLOLHV ZHUH UHSUHVHQWHG E\ � WR �� VSHFLHV HDFK� 7KLV PHDQW

WKDW IDPLOLHV KDG XQHTXDO LQIOXHQFH RQ WKH RXWFRPHV RI WKH DQDO\VHV� :H SHUIRUPHG D MDFNNQLIH

DQDO\VLV WR H[DPLQH ZKHWKHU RXU UHVXOWV ZHUH DIIHFWHG E\ H[FOXGLQJ LQGLYLGXDO IDPLOLHV

UHSUHVHQWHG E\ � RU PRUH VSHFLHV LQ WKH IXOO GDWDVHW� ([FOXVLRQ RI LQGLYLGXDO IDPLOLHV GLG QRW

VLJQLILFDQWO\ DOWHU DQ\ RI WKH SK\O$129$ UHVXOWV �7DEOHV 6������ ,Q JHQHUDO� H[FOXVLRQ RI

LQGLYLGXDO IDPLOLHV GLG QRW DIIHFW WKH %URZQLH UHVXOWV �7DEOHV 6������ RU WKH %D\HV7UDLWV UHVXOWV

��



�)LJXUH ��� � ILJXUH VXSSOHPHQWV ���� )LJXUH ��� � ILJXUH VXSSOHPHQW ��� +RZHYHU� WKHUH ZHUH

VHYHUDO�QRWDEOH�H[FHSWLRQV��GHWDLOHG�EHORZ�

,Q VHYHUDO FDVHV� UHPRYLQJ D VLQJOH IDPLO\ DOWHUHG WKH VLJQLILFDQFH RI RXU ILQGLQJV�

5HPRYDO RI WKH 0XVFLFDSLGDH �� VSHFLHV� IURP WKH %URZQLH DQDO\VLV RI LQWHU�VRQJ LQWHUYDO

FUHDWHG D WZR�UDWH PRGHO WKDW GLG QRW ILW WKH GDWD VLJQLILFDQWO\ EHWWHU WKDQ WKH RQH�UDWH PRGHO

�7DEOH 6���� )RU VRQJ GXUDWLRQ� UHPRYDO RI )ULQJLOOLGDH �� VSHFLHV� OHG WR D WZR�UDWH PRGHO WKDW

ZDV QRW VLJQLILFDQWO\ EHWWHU ILW WKDQ WKH RQH�UDWH PRGHO �7DEOH 6���� 5HPRYDO RI 0LPLGDH ��

VSHFLHV� IURP WKH %URZQLH DQDO\VLV RI V\OODEOHV SHU VRQJ GUDVWLFDOO\ FKDQJHG WKH UHVXOWV� VXFK WKDW

WKH WZR�UDWH PRGHO ZDV QR ORQJHU VLJQLILFDQWO\ EHWWHU ILW WKDQ WKH RQH�UDWH PRGHO �7DEOH 6���� $OO

RI WKH LQFOXGHG 0LPLGDH VSHFLHV DUH VRQJ�SODVWLF� VR WKHVH GDWD VXJJHVW WKDW PLPLGV PD\ EH

GULYLQJ WKH ILW RI WKH WZR�UDWH PRGHO IRU V\OODEOHV SHU VRQJ� ,Q DGGLWLRQ� UHPRYDO RI 0LPLGDH IURP

WKH %D\HV7UDLWV DQDO\VLV RI VRQJ SODVWLFLW\ DQG V\OODEOHV SHU VRQJ DOWHUHG WKH REVHUYHG WUHQGV� $W

ORZ WKUHVKROG YDOXHV RI V\OODEOHV SHU VRQJ� VRQJ�SODVWLFLW\ ZLWK ORZ V\OODEOHV SHU VRQJ LV DQ

XQVWDEOH VWDWH� ZLWK KLJK UDWHV RI WUDQVLWLRQ WRZDUGV HLWKHU KLJKHU V\OODEOHV SHU VRQJ RU WRZDUGV

VRQJ VWDELOLW\ ���� RI UXQV VLJQLILFDQW LQ WKLV UDQJH�� KRZHYHU� ZKHQ PLPLG VSHFLHV DUH UHPRYHG�

JDLQLQJ PRUH V\OODEOHV SHU VRQJ LQ WKH VRQJ�SODVWLF VWDWH EHFRPHV IDU PRUH OLNHO\� $W PRGHUDWH

YDOXHV RI V\OODEOHV SHU VRQJ� WKHUH DUH HOHYDWHG UDWHV RI WUDQVLWLRQ ERWK WRZDUGV PRUH V\OODEOHV SHU

VRQJ DQG WRZDUGV IHZHU V\OODEOHV SHU VRQJ LQ VRQJ�SODVWLF VSHFLHV ����� RI UXQV VLJQLILFDQW LQ

WKLV UDQJH�� WKHUH LV D FRPSDUDEOH WUHQG ZKHQ PLPLG VSHFLHV DUH UHPRYHG� $W KLJK WKUHVKROG

YDOXHV� PRUH V\OODEOHV SHU VRQJ ZLWK VRQJ�VWDELOLW\ LV DQ XQVWDEOH VWDWH ���� RI UXQV VLJQLILFDQW LQ

WKLV UDQJH� )LJXUH ��� � ILJXUH VXSSOHPHQW ��� KRZHYHU� ZLWK PLPLGV UHPRYHG� PRUH V\OODEOHV

SHU VRQJ ZLWK VRQJ SODVWLFLW\ EHFRPHV WKH PRVW XQVWDEOH VWDWH �)LJXUH ��� � ILJXUH VXSSOHPHQW

���

��



'XH WR WKH VWURQJ HIIHFW WKDW WKH LQFOXVLRQ RI 0LPLGDH KDG RQ WKH %URZQLH DQDO\VLV RI

V\OODEOHV SHU VRQJ� ZH SHUIRUPHG D VHFRQG MDFNNQLIH DQDO\VLV� LQ ZKLFK HDFK RI WKH IRXU PLPLG

VSHFLHV ZDV UHPRYHG LQ WXUQ� ([FOXVLRQ RI 7R[RVWRPD UXIXP RU 'XPHWHOOD FDUROLQHQVLV KDG OLWWOH

HIIHFW RQ WKH UHVXOWV �7DEOH 6���� OHDGLQJ WR VLJQLILFDQW VXSSRUW IRU WKH WZR�UDWH PRGHO� +RZHYHU�

H[FOXVLRQ RI 0LPXV SRO\JORWWRV �S ������ RU RI 0LPXV JLOYXV �S ������ OHG WR D WZR�UDWH PRGHO

WKDW GLG QRW ILW WKH GDWD VLJQLILFDQWO\ EHWWHU WKDQ WKH RQH�UDWH PRGHO �7DEOH 6���� 7KHUHIRUH� ZH

FRQFOXGHG WKDW WKH WZR 0LPXV VSHFLHV GURYH WKH HVWLPDWHG HYROXWLRQDU\ UDWH RI V\OODEOHV SHU VRQJ

LQ VRQJ�SODVWLF VSHFLHV WR EH PXFK JUHDWHU WKDQ LQ VRQJ�VWDEOH VSHFLHV� DQG WKDW IDVWHU HYROXWLRQ

IRU�V\OODEOHV�SHU�VRQJ�PD\�QRW�QHFHVVDULO\�EH�D�XQLYHUVDO�WUHQG�IRU�VRQJ�SODVWLF�VSHFLHV�

0HPEHUV RI 0LPLGDH DUH UHQRZQHG IRU WKHLU YRFDO PLPLFU\� IUHTXHQWO\ H[KLELWLQJ

LPSURYLVDWLRQ DQG LQYHQWLRQ RI V\OODEOHV EH\RQG VLPSOH LPLWDWLRQ� DQG WKXV WKH\ ODFN WKH

JHQHUDOO\ VWHUHRW\SHG VRQJ VWUXFWXUH VKRZQ LQ RWKHU RVFLQH IDPLOLHV� )XUWKHUPRUH� PLPLGV RIWHQ

KDYH SHULRGV RI FRQWLQXRXV VLQJLQJ ZLWK PLQLPDO UHSHWLWLRQ RI HOHPHQWV DQG LUUHJXODU V\OODEOH

VSDFLQJ� 7KXV� TXDQWLILFDWLRQ RI VRQJ GXUDWLRQ RU QXPEHU RI V\OODEOHV SHU VRQJ IRU PLPLGV FRXOG

EH KLJKO\ VXVFHSWLEOH WR OLVWHQHU SHUFHSWLRQ �:LOGHQWKDO ������ 7KHUHIRUH� WKRXJK ZH

DFNQRZOHGJH WKDW PLPLGV DUH DQ LPSRUWDQW FDVH VWXG\ LQ H[WHQGHG OHDUQLQJ GXUDWLRQV� RXU UHVXOWV

IRU WKH HYROXWLRQDU\ UDWH RI V\OODEOHV SHU VRQJ PLJKW EH PRUH PHDQLQJIXO DFURVV DOO ELUG VSHFLHV

ZKHQ PLPLGV DUH H[FOXGHG� LQ ZKLFK FDVH ZH ILQG WKH UDWH RI HYROXWLRQ RI V\OODEOHV SHU VRQJ LV EH

LQGHSHQGHQW�RI�DGXOW�VRQJ�SODVWLFLW\�

'LVFXVVLRQ

3UHYLRXVO\� LW ZDV XQNQRZQ ZKHWKHU WKH VRQJ�OHDUQLQJ ZLQGRZ HYROYHG LQ FRQFHUW ZLWK

VRQJ IHDWXUHV DVVRFLDWHG ZLWK VH[XDO VHOHFWLRQ� DV SUHGLFWHG E\ D FRPSXWDWLRQDO PRGHO RI VRQJ

��
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OHDUQLQJ �&UHDQ]D HW DO� ������ 7KLV LV D FULWLFDO PLVVLQJ SLHFH RI WKH SX]]OH RI VRQJ OHDUQLQJ

HYROXWLRQ� DV SUHYLRXV HYLGHQFH KDV VXJJHVWHG WKDW VH[XDO VHOHFWLRQ RQO\ DFWV XSRQ WKH IHDWXUHV RI

VRQJ DQG QRW WKH OHQJWK RI WKH VRQJ�OHDUQLQJ ZLQGRZ RU PDLQWHQDQFH RI WKH VRQJ�OHDUQLQJ

SDWKZD\V LQ WKH EUDLQ� +HUH� ZH SHUIRUPHG SK\ORJHQHWLFDOO\ FRQWUROOHG DQDO\VHV WR DVVHVV WKH

LQWHUDFWLRQV EHWZHHQ WKH OHQJWK RI WKH VRQJ�OHDUQLQJ ZLQGRZ²XVLQJ DGXOW VRQJ VWDELOLW\ YHUVXV

SODVWLFLW\ DV D SUR[\²DQG WKH HYROXWLRQ RI VRQJ FKDUDFWHULVWLFV� ,QWHUHVWLQJO\� ZH QRWHG WKDW

VHYHUDO HYROXWLRQDU\ HYHQWV UHODWLYHO\ HDUO\ LQ SDVVHULQH HYROXWLRQ DFFRXQWHG IRU PXFK RI WKH

GLYHUVLW\ LQ WKH VRQJ�SODVWLFLW\ SHULRG LQ RXU VDPSOH RI VSHFLHV� 2XU UHVXOWV SUHGLFW WKDW D ELUG¶V

DELOLW\ WR PRGLI\ LWV VRQJ DV DQ DGXOW QRW RQO\ DIIHFWV WKH FKDUDFWHULVWLFV RI LWV RZQ VRQJ EXW DOVR

PD\ LQWHUDFW ZLWK WKH HYROXWLRQ RI ODUJHU UHSHUWRLUH VL]HV� VLQFH VH[XDO VHOHFWLRQ IRU ODUJH

UHSHUWRLUHV�FRXOG�GULYH�HYROXWLRQ�RI�LQFUHDVHG�VRQJ�SODVWLFLW\�

:H IRXQG WZR NH\ WUHQGV LQ WKH WUDLW FRUUHODWLRQ �SK\O$129$� DQG HYROXWLRQDU\ UDWH

�%URZQLH� DQDO\VHV� )LUVW� VRQJ SODVWLFLW\ DIIHFWHG WKH GLUHFWLRQ RI HYROXWLRQ LQ WUDLWV WKDW FDQ EH

FRQVLGHUHG PHWULFV RI VRQJ FRPSOH[LW\ �V\OODEOH DQG VRQJ UHSHUWRLUH VL]H� )LJXUH ��� DQG ����

7DEOH ����� OHDGLQJ WR ODUJHU UHSHUWRLUHV LQ VSHFLHV ZLWK DGXOW VRQJ SODVWLFLW\� )XUWKHU� VSHFLHV ZLWK

HDUO\ VRQJ VWDELOLW\ HYROYHG WKHLU UHSHUWRLUHV DW D VORZHU UDWH WKDQ VSHFLHV ZLWK ORQJHU OHDUQLQJ

�GHOD\HG VRQJ VWDELOLW\ DQG VRQJ SODVWLFLW\� 7DEOH ����� EXW VRQJ�SODVWLF VSHFLHV GLG QRW HYROYH

WKHLU UHSHUWRLUHV DW D IDVWHU UDWH WKDQ VSHFLHV ZLWK HDUO\ RU GHOD\HG VRQJ VWDELOLW\ FRPELQHG �7DEOH

������� 7KXV� ZKLOH UHSHUWRLUHV RQO\ HYROYH GLUHFWLRQDOO\ LQ VRQJ�SODVWLF VSHFLHV �7DEOH �������

RXU UHVXOWV VXJJHVW WKDW H[WHQGHG OHDUQLQJ WKURXJK WKH ILUVW EUHHGLQJ VHDVRQ DOORZV IRU IDVWHU� EXW

QRW GLUHFWLRQDO� HYROXWLRQ RI UHSHUWRLUH VL]H� ,W LV SRVVLEOH� WKHQ� WKDW GHOD\HG VRQJ OHDUQLQJ DOORZV

LQGLYLGXDOV WR PRGLI\ WKHLU VRQJV DIWHU PLJUDWLRQ DQG WKXV DGDSW WKHLU VRQJ WR WKHLU QHZ

VXUURXQGLQJV RQFH WKH\ HVWDEOLVK D WHUULWRU\� ZLWKRXW QHFHVVDULO\ FRUUHVSRQGLQJ ZLWK VH[XDO
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VHOHFWLRQ IRU ODUJHU UHSHUWRLUHV� 7KLV DELOLW\ IRU DQ LQGLYLGXDO WR DGDSW WR D QHZ ORFDO VRQJ PLJKW

EH EHQHILFLDO� SDUWLFXODUO\ ZKHQ VSHFLHV KDYH ORFDO GLDOHFW VWUXFWXUH� KRZHYHU� WKLV ZRXOG QRW OHDG

WR GLUHFWLRQDO HYROXWLRQ IRU DQ\ SDUWLFXODU VRQJ IHDWXUH� 6HFRQG� VRQJ SODVWLFLW\ LQFUHDVHG WKH UDWH

RI HYROXWLRQ SULPDULO\ LQ WUDLWV WKDW FDQ EH FRQVLGHUHG PHWULFV RI VRQJ SHUIRUPDQFH �VRQJ

GXUDWLRQ� LQWHUVRQJ LQWHUYDO� DQG VRQJ UDWH )LJXUH ���� 7DEOH ����� :KLOH WKHVH

SHUIRUPDQFH�UHODWHG VRQJ WUDLWV HYROYHG IDVWHU LQ VRQJ�SODVWLF OLQHDJHV� WKLV UDSLG HYROXWLRQ GLG

QRW OHDG WR VLJQLILFDQW GLIIHUHQFHV LQ WKRVH VRQJ FKDUDFWHULVWLFV FRPSDUHG WR VRQJ�VWDEOH OLQHDJHV�

$ SRVVLEOH H[SODQDWLRQ PD\ EH WKDW LQFUHDVHV LQ UHSHUWRLUH VL]H QHFHVVLWDWH FKDQJHV WR VRQJ

VWUXFWXUH� EXW PXOWLSOH VWUXFWXUDO DVSHFWV RI VRQJ FDQ EH DOWHUHG WR DFFRPPRGDWH WKHVH FKDQJHV�

7KXV� WKHUH LV QR RYHUDOO SDWWHUQ RI GLUHFWLRQDO HYROXWLRQ LQ WKHVH RWKHU VRQJ FKDUDFWHULVWLFV�

$OWHUQDWLYHO\� ELUG VSHFLHV PD\ EH UHTXLUHG WR DGDSW WR LQFUHDVLQJ UHSHUWRLUH VL]HV ZKLOH

PDLQWDLQLQJ VSHFLHV�VSHFLILF FRQVWUDLQWV LPSRVHG E\ LQQDWH DVSHFWV RI VRQJ VWUXFWXUH RU IHPDOH

SUHIHUHQFHV IRU GLIIHUHQW SHUIRUPDQFH FKDUDFWHULVWLFV� ,Q WKH ODWWHU FDVH� LI LQIRUPDWLRQ DERXW

LQQDWH FKDUDFWHULVWLFV DQG IHPDOH SUHIHUHQFHV DUH NQRZQ� LW PD\ EH SRVVLEOH WR SUHGLFW KRZ VRQJ

WUDLWV�ZLOO�FKDQJH�LQ�UHVSRQVH�WR�LQFUHDVLQJ�UHSHUWRLUH�VL]HV�DQG�JUHDWHU�DGXOW�VRQJ�SODVWLFLW\�

:LWK RXU DQDO\VHV RI FRUUHODWHG HYROXWLRQ� ZH DLPHG WR GHWHFW ZKHWKHU WKH VWDWH RI WKH

UHSHUWRLUH VL]H RU DGXOW VRQJ VWDELOLW\ YHUVXV SODVWLFLW\ FRQVLVWHQWO\ FKDQJHV ILUVW LQ HYROXWLRQDU\

KLVWRU\� IDFLOLWDWLQJ D FKDQJH LQ WKH RWKHU WUDLW� 2YHUDOO� RXU UHVXOWV VXJJHVW WKDW WKHUH LV QRW D

FRQVLVWHQW RUGHU RI HYROXWLRQDU\ WUDQVLWLRQV �)LJXUH ������� )RU H[DPSOH� VRQJ VWDELOLW\ ZLWK YHU\

ODUJH V\OODEOH RU VRQJ UHSHUWRLUHV� DQG VRQJ SODVWLFLW\ ZLWK YHU\ VPDOO V\OODEOH RU VRQJ UHSHUWRLUHV

ERWK IRUPHG HYROXWLRQDULO\ XQVWDEOH VWDWHV� ZLWK KLJK HYROXWLRQDU\ UDWHV RI WUDQVLWLRQ LQ ERWK

UHSHUWRLUH VL]H DQG VRQJ�OHDUQLQJ ZLQGRZ� +RZHYHU� ZH GR QRWH WKDW WKH IDVWHVW UDWHV RI WUDQVLWLRQ

LQ RXU DQDO\VHV ZHUH WKRVH VZLWFKLQJ EHWZHHQ VRQJ�VWDELOLW\ DQG VRQJ�SODVWLFLW\ WR OHDYH WKRVH

��



XQVWDEOH VWDWHV� 7KLV WUHQG VXJJHVWV WKDW WKH PDJQLWXGH RI D VSHFLHV¶ UHSHUWRLUH PD\ EH PRUH

OLNHO\ WR GULYH WKH HYROXWLRQ RI OHDUQLQJ ZLQGRZ WKDQ YLFH YHUVD �)LJXUH ������� 7KLV LV FRQVLVWHQW

ZLWK WKH LGHD WKDW VHOHFWLRQ DFWLQJ XSRQ VRQJ IHDWXUHV FRXOG LQGLUHFWO\ SODFH VHOHFWLYH SUHVVXUHV

RQ WKH OHDUQLQJ ZLQGRZ� :H SURSRVH VHYHUDO K\SRWKHVHV WKDW FRXOG H[SODLQ WKHVH HYROXWLRQDU\

G\QDPLFV� �� LW PD\ EH GLVSURSRUWLRQDWHO\ FRVWO\ WR PDLQWDLQ VRQJ SODVWLFLW\ ZKHQ V\OODEOH RU

VRQJ UHSHUWRLUH VL]HV DUH YHU\ VPDOO� SHUKDSV EHFDXVH WKH EHQHILW RI H[WUD WLPH WR OHDUQ GRHV QRW

RXWZHLJK WKH PHWDEROLF FRVW RI PDLQWDLQLQJ SODVWLFLW\� RU �� VSHFLHV ZLWK VPDOO V\OODEOH RU VRQJ

UHSHUWRLUHV PD\ KDYH KLJKO\ VWHUHRW\SHG VRQJV ZKLFK DUH VHOHFWHG IRU EDVHG RQ DFFXUDF\ RI

OHDUQLQJ DQG FRQVLVWHQF\ RI VRQJ SURGXFWLRQ� IDYRULQJ PDOHV WKDW RQO\ OHDUQ IURP WKHLU IDWKHUV RU

HDUO\�OLIH QHLJKERUV� $OWHUQDWLYHO\� LQ VSHFLHV ZKHUH IHPDOHV SUHIHU ODUJHU UHSHUWRLUHV� �� LW PD\

VLPSO\ UHTXLUH PRUH WLPH WR OHDUQ D ODUJH VRQJ RU V\OODEOH UHSHUWRLUH WKDQ LV DYDLODEOH ZLWK D VKRUW

OHDUQLQJ ZLQGRZ� RU �� OHDUQLQJ ODUJH UHSHUWRLUHV PD\ UHTXLUH WRR PXFK HQHUJ\ GHYRWHG WR VRQJ

SUDFWLFH GXULQJ WKH FUXFLDO SHULRG RI GHYHORSPHQW EHIRUH DQG GXULQJ IOHGJLQJ� IDYRULQJ ELUGV WKDW

FDQ OHDUQ IRU ORQJHU SHULRGV� )XUWKHU UHVHDUFK LQWR WKH SK\VLRORJLFDO RU UHSURGXFWLYH FRVWV RI VRQJ

SODVWLFLW\�LV�QHHGHG�

%HJLQQLQJ ZLWK 'DUZLQ �'DUZLQ ������ QXPHURXV UHVHDUFKHUV KDYH SURSRVHG WKDW

SRO\J\QRXV PDWLQJ V\VWHPV FRXOG OHDG WR DPSOLILHG VH[XDO VHOHFWLRQ �(POHQ DQG 2ULQJ �����

3D\QH ������ 7KH HOHYDWHG UDWHV RI WUDQVLWLRQ WKDW ZH REVHUYHG EHWZHHQ VRFLDO PDWLQJ V\VWHPV LQ

VRQJ�SODVWLF OLQHDJHV VXJJHVW DQ LQWHUHVWLQJ K\SRWKHVLV IRU IXUWKHU LQYHVWLJDWLRQ� SHUKDSV KDYLQJ D

SODVWLF�VRQJ�OHDUQLQJ�SURJUDP�IDFLOLWDWHV�HYROXWLRQDU\�WUDQVLWLRQV�LQ�PDWLQJ�V\VWHPV�

2XU UHVXOWV SURYLGH NH\ HYLGHQFH WKDW VH[XDO VHOHFWLRQ XSRQ VRQJ FKDUDFWHULVWLFV PLJKW

LQGLUHFWO\ DFW XSRQ WKH VRQJ�OHDUQLQJ ZLQGRZ� :H GR QRW IXOO\ XQGHUVWDQG WKH PHFKDQLVPV

XQGHUO\LQJ WKH PDLQWHQDQFH RU UHRSHQLQJ RI WKH VRQJ OHDUQLQJ ZLQGRZ LQ DGXOWKRRG� EXW JHQHWLF�
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HQYLURQPHQWDO� KRUPRQDO� DQG VRFLDO IDFWRUV DUH OLNHO\ FRQWULEXWRUV �(DOHV ����� ����� .URRGVPD

DQG 3LFNHUW ����� 0RUULVRQ DQG 1RWWHERKP ����� 1RWWHERKP ������ )RU H[DPSOH� ZKHQ ]HEUD

ILQFKHV ZHUH UHDUHG LQ LVRODWLRQ� WKHLU VHQVLWLYH SHULRGV ZHUH OHQJWKHQHG� 7KHVH LVRODWHG ELUGV

PDLQWDLQHG ERWK JHQH H[SUHVVLRQ SURILOHV DVVRFLDWHG ZLWK VRQJ OHDUQLQJ LQ WKH VRQJ V\VWHP DQG

KLJK OHYHOV RI QHXURQDO DGGLWLRQ WR WKH +9& �D NH\ UHJLRQ LQ WKH VRQJ V\VWHP RI WKH VRQJELUG

EUDLQ� IRU ORQJHU WKDQ ELUGV UHDUHG ZLWK DQ DGXOW PDOH WXWRU �.HOO\ HW DO� ����� :LOEUHFKW HW DO�

������ OLQNLQJ WKH QHXUDO XQGHUSLQQLQJV RI VRQJ OHDUQLQJ WR WKH OHQJWK RI WKH VRQJ�OHDUQLQJ

ZLQGRZ �%UHQRZLW] DQG %HHFKHU ����� 1RUGHHQ ����� 1RUGHHQ DQG 1RUGHHQ ����� 1RWWHERKP

������ )XUWKHUPRUH� D SRVLWLYH DVVRFLDWLRQ EHWZHHQ +9& YROXPH DQG VRQJ UHSHUWRLUH VL]H KDV

EHHQ GHPRQVWUDWHG ERWK LQWUDVSHFLILFDOO\ �LQ VRQJ VSDUURZV� �3IDII HW DO� ������ DQG

LQWHUVSHFLILFDOO\ �'HYRRJG HW DO� ������ ,Q OLJKW RI RXU ILQGLQJV WKDW DGXOW VRQJ SODVWLFLW\

FRUUHODWHV ZLWK DQ LQFUHDVH LQ VRQJ UHSHUWRLUH VL]H� WKHUH LV D ORJLFDO SUHGLFWLRQ WKDW H[WHQGHG VRQJ

OHDUQLQJ PD\ EH DVVRFLDWHG ZLWK LQFUHDVHG +9& YROXPH DFURVV VSHFLHV� 7KLV LV DQ LPSRUWDQW

DYHQXH�IRU�IXWXUH�UHVHDUFK�

$OWKRXJK RXU GDWD VHW LQFOXGHV VSHFLHV IURP �� GLIIHUHQW VRQJELUG IDPLOLHV� PDQ\ IDPLOLHV

DUH QRW UHSUHVHQWHG GXH WR D ODFN RI GDWD DERXW VRQJ VWDELOLW\� ,W ZLOO EH LPSRUWDQW WR H[SDQG WKLV

GDWDVHW LQ IXWXUH VWXGLHV� ,W ZRXOG DOVR EH LQWHUHVWLQJ WR H[SORUH WKH HYROXWLRQDU\ LQWHUDFWLRQV

EHWZHHQ DGXOW VRQJ SODVWLFLW\ DQG PLPLFU\ RI KHWHURVSHFLILF VRXQGV� ZKLFK KDV EHHQ REVHUYHG LQ

0LPLGDH DQG QXPHURXV RWKHU FODGHV DFURVV WKH VRQJELUG OLQHDJH �*ROOHU DQG 6KL]XND ������

:LWK RXU FXUUHQW GDWDVHW� ZH FRXOG QRW DGHTXDWHO\ H[SORUH WKH HIIHFWV RI PLPLFU\ RQ WKH HYROXWLRQ

RI VRQJ OHDUQLQJ RXWVLGH RI WKH PLPLGV� EXW WKH UHSHDWHG HYROXWLRQ RI PLPLFU\ PDNHV LW D

SDUWLFXODUO\ LQWHUHVWLQJ WRSLF IRU IROORZ�XS VWXGLHV RQ WKH OHQJWK RI WKH VRQJ�OHDUQLQJ ZLQGRZ� ,Q

DGGLWLRQ� GLIIHUHQW VRQJ PHWULFV WKDW DUH WDLORUHG WR PLPLFU\ ZRXOG EH LPSRUWDQW LQ VWXG\LQJ WKH
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HYROXWLRQ RI YRFDO PLPLFV DQG WKH G\QDPLFV RI WKHLU XQLTXH YRFDO SDWWHUQV� )XUWKHUPRUH� WKHUH LV

LQFUHDVLQJ LQWHUHVW LQ WKH LPSRUWDQFH RI IHPDOH VRQJ LQ VSHFLHV� ZKLFK LV PRUH FRPPRQ WKDQ

SUHYLRXVO\ WKRXJKW �/DQJPRUH ����� 2GRP HW DO� ������ 2XU GDWDVHW LQFOXGHV QXPHURXV VSHFLHV

ZKHUHLQ IHPDOHV DUH NQRZQ WR VLQJ DW OHDVW RFFDVLRQDOO\ �/DQJPRUH ������ EXW WKH OHQJWK RI WKH

VRQJ�OHDUQLQJ ZLQGRZ LQ IHPDOHV KDV QRW EHHQ DVVHVVHG LQ DQ\ RI WKHVH VSHFLHV� 7KHUH LV�

KRZHYHU� VRPH HYLGHQFH WKDW IHPDOH ELUGV FDQ PRGLI\ WKHLU VRQJ SUHIHUHQFHV LQ DGXOWKRRG �1DJOH

DQG .UHXW]HU ������ 7KXV� LW UHPDLQV DQ RSHQ TXHVWLRQ ZKHWKHU VRQJ SODVWLFLW\ DIIHFWV WKH

HYROXWLRQ RI IHPDOH VRQJ LQ WKH VDPH ZD\ LW DIIHFWV PDOH VRQJ� DQG ZKHWKHU VSHFLHV ZLWK DGXOW

VRQJ�SODVWLFLW\�LQ�PDOHV�DOVR�KDYH�DGXOW�VRQJ�SODVWLFLW\�LQ�IHPDOHV�

2XU ILQGLQJV VKHG QHZ OLJKW RQ WKH EURDGHU VXEMHFW RI VRQJ HYROXWLRQ� VSHFLILFDOO\ WKH

HYROXWLRQ RI WKH SURFHVV RI VRQJ OHDUQLQJ� :H K\SRWKHVL]H WKDW VH[XDO VHOHFWLRQ RQ FHUWDLQ DVSHFWV

RI VRQJ FRXOG LQ WXUQ DOWHU WKH VHOHFWLRQ SUHVVXUHV RQ WKH OHQJWK RI WKH VRQJ�OHDUQLQJ ZLQGRZ�

+HUH� ZH SHUIRUP SK\ORJHQHWLFDOO\ FRQWUROOHG DQDO\VHV DFURVV �� VRQJELUG VSHFLHV WR DVVHVV WKH

HYROXWLRQDU\ LQWHUDFWLRQV EHWZHHQ VRQJ FKDUDFWHULVWLFV DQG VRQJ SODVWLFLW\ LQ DGXOWKRRG� :LWK

WKHVH DQDO\VHV� ZH VKRZ WKH ILUVW HYLGHQFH IRU WKLV HYROXWLRQDU\ UHODWLRQVKLS� $GXOW VRQJ VWDELOLW\

YHUVXV SODVWLFLW\ LV HYROXWLRQDULO\ GHSHQGHQW XSRQ WKH SURSHUWLHV RI WKH VRQJ LWVHOI� ODUJH V\OODEOH

DQG VRQJ UHSHUWRLUHV DSSHDU WR GULYH WKH HYROXWLRQ RI DGXOW VRQJ SODVWLFLW\ DQG WKXV RSHQ�HQGHG

VRQJ OHDUQLQJ� 7KLV SURYLGHV FRQWH[W IRU WKH UHPDUNDEOH LQWHUVSHFLILF YDULDWLRQ LQ VRQJ�OHDUQLQJ

ZLQGRZV DFURVV WKH VRQJELUG OLQHDJH DQG VXJJHVWV DQ HYROXWLRQDU\ PHFKDQLVP E\ ZKLFK VH[XDO

VHOHFWLRQ�PLJKW�KDYH�LQIOXHQFHG�WKH�HYROXWLRQ�RI�VRQJELUG�EUDLQV�
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0HWKRGV

'DWD�FROOHFWLRQ

,W LV GLIILFXOW WR SUHFLVHO\ PHDVXUH WKH OHQJWK RI WKH VRQJ�OHDUQLQJ ZLQGRZ LQ ERWK ILHOG

DQG ODE VWXGLHV� ,Q ILHOG VWXGLHV� LI D ELUG LV UHFRUGHG VLQJLQJ D QHZ VRQJ HOHPHQW LQ LWV VHFRQG

\HDU� UHVHDUFKHUV RIWHQ FDQQRW UXOH RXW WKH SRVVLELOLW\ WKDW LW OHDUQHG WKDW HOHPHQW GXULQJ LWV ILUVW

\HDU EXW GLG QRW LQFRUSRUDWH LW LQWR LWV VRQJ XQWLO ODWHU �0DUOHU DQG 3HWHUV ����� 9DUJDV�&DVWUR�

6iQFKH]� DQG %DUUDQWHV ������ /LNHZLVH� LI D ELUG OHDUQV D QHZ HOHPHQW LQ LWV VHFRQG \HDU EXW

HOHFWV QRW WR SURGXFH LW� D UHFRUGLVW ZRXOG EH XQOLNHO\ WR FDSWXUH LW� ,Q FRQWUDVW� UDLVLQJ ELUGV LQ

WKH ODERUDWRU\ ZLWK NQRZQ VRQJ H[SRVXUH HQDEOHV UHVHDUFKHUV WR DVVHVV ZKHQ D ELUG OHDUQHG D

SDUWLFXODU VRQJ HOHPHQW �&KDLNHQ� %|KQHU� DQG 0DUOHU ����� 0DUOHU DQG 3HWHUV ����� 1HOVRQ

����� 1RWWHERKP ����� EXW DOVR UDLVHV TXHVWLRQV DERXW ZKHWKHU WKH ODE�UHDUHG ELUGV DUH

H[KLELWLQJ WKHLU QRUPDO EHKDYLRUV �%DSWLVWD DQG 3HWULQRYLFK ����� .URRGVPD DQG 3LFNHUW ������

,Q DGGLWLRQ� WKHVH ODE�UHDULQJ SURFHGXUHV KDYH RQO\ EHHQ SHUIRUPHG LQ D KDQGIXO RI VSHFLHV� ,Q

WKLV SDSHU� ZH H[DPLQHG VWXGLHV WKDW LQFOXGH ORQJLWXGLQDO PHDVXUHV RI DGXOW VRQJ VWDELOLW\ YHUVXV

SODVWLFLW\ �H�J� �1RUGE\ HW DO� ������ WR GHWHUPLQH ZKHWKHU VRQJ LV PRGLILHG DFURVV WLPH DV D

SUR[\�IRU�WKH�OHQJWK�RI�WKH�VRQJ�OHDUQLQJ�ZLQGRZ�

:H SHUIRUPHG D OLWHUDWXUH VHDUFK WR JDWKHU LQIRUPDWLRQ RQ WKH VWDELOLW\ RU SODVWLFLW\ RI

PDOH VRQJ LQ RVFLQH VSHFLHV� 6WXGLHV ZLWK LQIRUPDWLRQ DERXW OHDUQLQJ VW\OH ZHUH IRXQG YLD

*RRJOH 6FKRODU XVLQJ WKH IROORZLQJ VHDUFK WHUPV� >VSHFLHV QDPH@ RU >FRPPRQ QDPH@ LQ

FRPELQDWLRQ ZLWK ³RSHQ�HQGHG�´ ³FORVH�HQGHG�´ ³FORVHG�HQGHG�´ ³DJH�OLPLWHG�´ ³FU\VWDO
�´

³DGXOW OHDUQLQJ�´ DQG ³VRQJ FKDQJHV�´ :H XVHG WKUHH VWUDWHJLHV WR DVVLJQ WKH VRQJ VWDELOLW\

FODVVLILFDWLRQ IRU D VSHFLHV� :H ILUVW GHILQHG D VSHFLHV DV KDYLQJ DGXOW VRQJ VWDELOLW\ �µVRQJ�VWDEOH

VSHFLHV¶� LI WKH OLWHUDWXUH LQGLFDWHG WKDW PDOHV GLG QRW PRGLI\ WKHLU VRQJV DIWHU WKH ILUVW EUHHGLQJ
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VHDVRQ� 6SHFLHV LQ ZKLFK PDOHV PRGLILHG WKHLU V\OODEOH UHSHUWRLUHV DIWHU WKHLU ILUVW EUHHGLQJ

VHDVRQ ZHUH FODVVLILHG DV KDYLQJ DGXOW VRQJ SODVWLFLW\ �µVRQJ�SODVWLF VSHFLHV¶�� 7KLV VWUDWHJ\ ZDV

PHDQW WR DSSUR[LPDWH WKH GLFKRWRP\ RI RSHQ� DQG FORVHG�HQGHG OHDUQHUV RIWHQ XVHG LQ WKH ILHOG�

:H PDGH WZR H[FHSWLRQV WR WKLV IRU WKH VSHFLHV &DFLFXV FHOD DQG 3KRHQLFXUXV RFKUXURV� LQ ZKLFK

PDOHV GR QRW JDLQ WKHLU PDWXUH SOXPDJH XQWLO WKHLU VHFRQG EUHHGLQJ VHDVRQ DQG PD\ WKHUHIRUH EH

GHOD\HG LQ UHDFKLQJ VH[XDO PDWXULW\ UHODWLYH WR RWKHU ELUG VSHFLHV �'UDJDQRLX HW DO� ����� 7UDLQHU

DQG 3DUVRQV ������ %HFDXVH WKHVH ELUGV FHDVH PRGLI\LQJ WKHLU UHSHUWRLUHV EHIRUH UHDFKLQJ WKHLU

VHFRQG EUHHGLQJ VHDVRQ ZLWK PDWXUH SOXPDJH� WKH\ ZHUH FRQVLGHUHG VRQJ�VWDEOH �'DWDVHW 6���

$GGLWLRQDOO\� SDVW UHVHDUFK GHILQHG 0HORVSL]D OLQFROQLL DV DQ ³RSHQ�HQGHG LPSURYLVHU�´ ,W LV

XQFOHDU ZKHWKHU LPSURYLVDWLRQ WKURXJKRXW WKH OLIHVSDQ LV HTXLYDOHQW WR OHDUQLQJ WKURXJKRXW WKH

OLIHVSDQ� KRZHYHU LW GRHV ILW RXU GHILQLWLRQ IRU DGXOW VRQJ SODVWLFLW\� )RU WKH PDLQ DQDO\VLV� ZH

FRQVLGHUHG WKLV VSHFLHV WR KDYH DGXOW VRQJ SODVWLFLW\� EXW ZH UHSHDWHG WKH PDLQ DQDO\VLV ZLWK WKLV

VSHFLHV UHFODVVLILHG DV KDYLQJ DGXOW VRQJ VWDELOLW\� 7KLV UHFODVVLILFDWLRQ SURGXFHG D QHJOLJLEOH

HIIHFW RQ RXU UHVXOWV �7DEOHV 6������� )RU RXU VHFRQG VWUDWHJ\� ZH VHSDUDWHG VRQJ�VWDEOH VSHFLHV

LQWR WZR VXE�JURXSV� HDUO\ VRQJ�VWDEOH �VSHFLHV WKDW FHDVH PRGLI\LQJ WKHLU VRQJV EHIRUH WKH ILUVW

EUHHGLQJ VHDVRQ� DQG GHOD\HG VRQJ�VWDEOH �VSHFLHV WKDW PRGLI\ WKHLU VRQJV GXULQJ WKHLU ILUVW

EUHHGLQJ VHDVRQ EXW QRW DIWHU�� 7KHUH ZDV QRW HQRXJK LQIRUPDWLRQ WR PDNH WKLV GHWHUPLQDWLRQ IRU

VRPH VSHFLHV� VR RXU GDWDVHW ZDV UHGXFHG WR �� VSHFLHV� :H XVHG WKHVH VDPH �� VSHFLHV WR

JHQHUDWH D FRQWLQXRXV PHDVXUH RI VRQJ VWDELOLW\ IRU RXU WKLUG VWUDWHJ\� %HFDXVH QR LQIRUPDWLRQ

ZDV DYDLODEOH DERXW WKH SUHYDOHQFH RI VRQJ FKDQJHV EH\RQG WKH VHFRQG EUHHGLQJ VHDVRQ IRU PRVW

RI WKH VSHFLHV LQ RXU GDWDVHW� WKLV PHDVXUH RQO\ UDQJHV IURP � WR � \HDUV� DQG DOO VRQJ�SODVWLF

VSHFLHV ZHUH DVVLJQHG D YDOXH RI �� )XUWKHUPRUH� LW ZDV QRW FOHDU H[DFWO\ ZKHQ PRVW RI WKH

GHOD\HG VRQJ�VWDEOH VSHFLHV VWRSSHG OHDUQLQJ� VR WKH\ ZHUH JLYHQ D YDOXH RI ����� DW ZKLFK SRLQW
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WKH ILUVW EUHHGLQJ VHDVRQ VKRXOG KDYH HQGHG� 7KH WZR VSHFLHV PHQWLRQHG DERYH WKDW GLVSOD\

GHOD\HG�VRQJ�DQG�SOXPDJH�PDWXUDWLRQ�ZHUH�DVVLJQHG�D�YDOXH�RI���

7R JDWKHU GDWD RQ WKH VRQJ FKDUDFWHULVWLFV� ZH SHUIRUPHG D OLWHUDWXUH VHDUFK YLD *RRJOH

6FKRODU DQG :HE RI 6FLHQFH XVLQJ WKH VHDUFK WHUPV ³3DVVHULIRUPHV´ RU >VSHFLHV QDPH@ LQ

FRPELQDWLRQ ZLWK ³V\OODEOH UHSHUWRLUH´ RU ³VRQJ UHSHUWRLUH�´ 7KLV \LHOGHG D PL[ RI SULPDU\

VRXUFHV DQG VWXGLHV WKDW KDG SUHYLRXVO\ DJJUHJDWHG UHSHUWRLUH VL]H GDWD� :H DOVR JDWKHUHG GDWD

IURP WKH FXUDWHG ILHOG JXLGHV %LUGV RI 1RUWK $PHULFD �5RGHZDOG ����� DQG +DQGERRN RI %LUGV

RI WKH :RUOG �GHO +R\R HW DO� Q�G��� :H GLG QRW SHUIRUP H[SOLFLW VHDUFKHV IRU DQ\ RI WKH RWKHU

LQFOXGHG VRQJ FKDUDFWHULVWLFV� EXW ZH FROOHFWHG WKLV GDWD ZKHQHYHU ZH HQFRXQWHUHG LW� 6RQJ

FKDUDFWHULVWLF QRPHQFODWXUH LV YDULDEOH DFURVV VWXGLHV� VR� ZKHQ SRVVLEOH� ZH UHDG WKH PHWKRGV RI

WKH SULPDU\ VRXUFHV WR HQVXUH WKH DXWKRUV XVHG WKH VDPH GHILQLWLRQV IRU VRQJ FKDUDFWHULVWLFV WKDW

ZH�GLG�

:H�XWLOL]HG�WKH�IROORZLQJ�GHILQLWLRQV�IRU�VRQJ�FKDUDFWHULVWLFV�

6\OODEOH�UHSHUWRLUH� WKH�PHDQ�QXPEHU�RI�XQLTXH�V\OODEOHV VXQJ�SHU�LQGLYLGXDO

6\OODEOHV�SHU�VRQJ� WKH�PHDQ�QXPEHU�RI�XQLTXH�V\OODEOHV SHU�VRQJ

6RQJ�UHSHUWRLUH� WKH�PHDQ�QXPEHU�RI�XQLTXH�VRQJV�SURGXFHG SHU�LQGLYLGXDO

6RQJ GXUDWLRQ� WKH PHDQ OHQJWK RI D VRQJ� GHOLQHDWHG E\ SDXVHV RU EHJLQQLQJV RI D UHSHDWHG

PRWLI��VHFRQGV�

,QWHUVRQJ�LQWHUYDO� WKH�PHDQ�SDXVH�OHQJWK�EHWZHHQ VRQJV��VHFRQGV�

6RQJ UDWH� WKH PHDQ QXPEHU RI VRQJV SURGXFHG SHU PLQXWH �FDOFXODWHG YDOXH� 5DWH  

����'XUDWLRQ���,QWHUYDO��
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&RQWLQXLW\� WKH IUDFWLRQ RI VLQJLQJ WLPH VSHQW DFWLYHO\ SURGXFLQJ VRQJ �FDOFXODWHG YDOXH�

&RQWLQXLW\� �'XUDWLRQ��'XUDWLRQ���,QWHUYDO��

)RU WKUHH VSHFLHV ZLWK VRQJ�OHDUQLQJ ZLQGRZ GDWD� V\OODEOH UHSHUWRLUH VL]H HVWLPDWHV ZHUH

QRW DYDLODEOH LQ WKH OLWHUDWXUH� VR ZH HVWLPDWHG WKHVH UHSHUWRLUH VL]HV IURP SXEOLVKHG VRXUFHV RU

VRQJ UHFRUGLQJV� )RU 3KLOHVWXUQXV UXIXVDWHU �7DEOH 6���� -HQNLQV �-HQNLQV ����� FRGHG VRQJV

LQWR GLIIHUHQW W\SHV DQG JDYH WKH VRQJ UHSHUWRLUH W\SHV RI HDFK PDOH VWXGLHG LQ 7DEOH � RI WKDW

SDSHU�,QIRUPDWLRQ IURP RQH PDOH ZDV PLVVLQJ IURP WKLV WDEOH� :H GHGXFHG WKH UHSHUWRLUH RI WKH

PLVVLQJ PDOH E\ ILUVW ORRNLQJ DW 7DEOH � IURP WKDW SDSHU �-HQNLQV¶V 7DEOH ��� ZKLFK VKRZHG WKDW

�� PDOHV KDG D UHSHUWRLUH VL]H RI RQH VRQJ� 2QO\ �� RI WKH PDOHV LQ -HQNLQV¶V 7DEOH � KDG D

UHSHUWRLUH VL]H RI RQH VRQJ� 7KXV� WKH PLVVLQJ PDOH KDG D UHSHUWRLUH VL]H RI RQH VRQJ� :H WKHQ

FRPSDUHG WKH EDQGV RI PDOHV SUHVHQW LQ -HQNLQV¶V 7DEOH � WR WKH WHUULWRU\ PDS LQ )LJXUH � RI WKDW

SDSHU� DQG $B5: ZDV WKH RQO\ PDOH PLVVLQJ IURP -HQNLQV¶V 7DEOH �� $B5: ZDV ORFDWHG LQ WKH

'& UHJLRQ RI -HQNLQV¶V )LJXUH �� VR ZH DVVLJQHG WKDW DV KLV UHSHUWRLUH� -HQNLQV QRWHV WKDW

QHLJKERULQJ PDOHV VKDUH VRQJ W\SHV� VR WKH RQO\ RWKHU VRQJ $B5: FRXOG KDYH NQRZQ LQVWHDG RI

'& ZDV ==� ZKLFK KDV WKH VDPH QXPEHU RI XQLTXH V\OODEOHV DV '&� )RU *HRVSL]D IRUWLV �7DEOH

6��� DQG *� VFDQGHQV �7DEOH 6���� ZH XVHG UHFRUGLQJV IURP WKH 0DFDXOD\ /LEUDU\ DW WKH &RUQHOO

/DE RI 2UQLWKRORJ\ �$QRQ ����� WR HVWLPDWH WKH V\OODEOH UHSHUWRLUH VL]H DQG V\OODEOHV SHU VRQJ�

)RU *� IRUWLV� ZH DOVR XVHG WKH VRQRJUDP H[DPSOHV SUHVHQW LQ �*UDQW� 5RVHPDU\ *UDQW� DQG *UDQW

������

:KHQ WKH VRQJ UHSHUWRLUH IRU D VSHFLHV HTXDOOHG RQH� ZH DVVXPHG WKDW LWV V\OODEOH

UHSHUWRLUH ZDV HTXDO WR LWV QXPEHU RI V\OODEOHV SHU VRQJ� ,Q PDQ\ FDVHV� WKHUH ZHUH PXOWLSOH

VWXGLHV WKDW JDYH GLIIHUHQW HVWLPDWHV IRU D JLYHQ VRQJ YDULDEOH LQ RQH VSHFLHV� 7R KDQGOH WKHVH
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GLVFUHSDQFLHV� ZH FUHDWHG WKUHH GDWDVHWV �'DWDVHW 6��� )RU RQH� WKH PDLQ GDWDVHW� ZH XVHG WKH

PHGLDQ YDOXH DFURVV VWXGLHV� )RU WKH VHFRQG GDWDVHW� ZH DOZD\V XVHG WKH PLQLPXP YDOXH UHSRUWHG

LQ WKH OLWHUDWXUH� DQG IRU WKH WKLUG� ZH XVHG WKH PD[LPXP YDOXH UHSRUWHG LQ WKH OLWHUDWXUH� :H

ORJ�QRUPDOL]HG DOO VRQJ WUDLW GDWD� 7KH WKUHH GDWDVHWV UHYHDOHG VLPLODU UHVXOWV� DQDO\VHV XVLQJ WKH

PD[LPXP�DQG�PLQLPXP�OLWHUDWXUH�YDOXHV�DUH�SUHVHQWHG�LQ 7DEOHV�6��6��

:H DOVR FDWDORJXHG GDWD RQ PDWLQJ EHKDYLRU DW WKH VSHFLHV OHYHO� ,Q SDUWLFXODU� ZH

DVVHPEOHG ELQDU\ FODVVLILFDWLRQV RI VRFLDO PDWLQJ V\VWHP �PRQRJDP\ YV SRO\J\Q\� DQG

H[WUD�SDLU SDWHUQLW\ �ORZ (33 YV KLJK (33�� :H FRQVLGHUHG D VSHFLHV WR EH PRQRJDPRXV RU

SRO\J\QRXV ZKHQ D VRXUFH XQDPELJXRXVO\ FDWHJRUL]HG WKDW VSHFLHV¶ VRFLDO PDWLQJ V\VWHP� L�H� ZH

GLG QRW DVVLJQ D VRFLDO PDWLQJ V\VWHP WR VSHFLHV ODEHOHG ³SUREDEO\�´ ³XVXDOO\�´ ³PRVWO\�´

³QRUPDOO\�´ ³W\SLFDOO\�´ DQG ³JHQHUDOO\ PRQRJDPRXV�SRO\J\QRXV�´ HWF� XQOHVV TXDQWLWDWLYH

PHDVXUHPHQWV ZHUH DOVR SURYLGHG� :KHQ TXDQWLWDWLYH GDWD ZHUH DYDLODEOH� VSHFLHV ZHUH GHILQHG

DV SRO\J\QRXV ZKHQ DW OHDVW �� RI PDOHV KDYH PRUH WKDQ RQH VRFLDO PDWH� DV LQ �6Q\GHU DQG

&UHDQ]D ������ $ UHYLHZ RI H[WUD�SDLU SDWHUQLW\ VWXGLHV HVWLPDWHG DQ DYHUDJH RI a��� RI

RIIVSULQJ SHU QHVW ZHUH DWWULEXWDEOH WR H[WUD�SDLU PDWHV DFURVV VSHFLHV �*ULIILWK� 2ZHQV� DQG

7KXPDQ ������ ,Q DFFRUGDQFH ZLWK WKLV HVWLPDWH DQG ZLWK SUHYLRXV VWXGLHV WKDW XVHG D ELQDU\

FODVVLILFDWLRQ RI (33 �6Q\GHU DQG &UHDQ]D ����� 6RPD DQG *DUDPV]HJL ������ ZH XVHG D ���

WKUHVKROG IRU HLWKHU H[WUD�SDLU \RXQJ RU QHVWV FRQWDLQLQJ DW OHDVW RQH H[WUD�SDLU FKLFN WR HVWLPDWH

WKH IUHTXHQF\ RI H[WUD�SDLU SDWHUQLW\ LQ WKDW VSHFLHV �����  ORZ (33� ����  KLJK (33�

'DWDVHW�6���
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$VVHVVLQJ�WKH�HYROXWLRQDU\�KLVWRU\�RI�DGXOW�VRQJ�SODVWLFLW\

7R SUHGLFW WKH UDWH RI WUDQVLWLRQ EHWZHHQ DGXOW VRQJ VWDELOLW\ DQG DGXOW VRQJ SODVWLFLW\� ZH

XVHG WKH DFH IXQFWLRQ IURP WKH 5 SDFNDJH 3K\WRROV DQG D SK\ORJHQ\ IURP -HW] HW DO� �-HW] HW DO�

������ :H QRWH WKDW WKLV SK\ORJHQ\ KDV EURDG FRYHUDJH RI RVFLQH VRQJELUGV EXW LV EDVHG RQ

OLPLWHG JHQHWLF GDWD� VR WKH WRSRORJ\ FRXOG FKDQJH DV PRUH DYLDQ JHQRPHV DUH VHTXHQFHG �-DUYLV

HW DO� ����� /DPLFKKDQH\ HW DO� ����� :LWK WKLV WUHH� ZH WHVWHG ZKHWKHU DQ DOO UDWHV GLIIHUHQW

�$5'� PRGHO ILW WKH GDWD VLJQLILFDQWO\ EHWWHU WKDQ WKH HTXDO UDWHV �(5� PRGHO XVLQJ DQ $129$�

:H WKHQ XVHG WKH EHWWHU�ILW HTXDO UDWHV PRGHO WR JHQHUDWH ����� WUHHV ZLWK PDNH�VLPPDS

�3K\WRROV�� 7KLV IXQFWLRQ XVHV WKH UDWH IURP DFH DQG D SK\ORJHQHWLF WUHH ZLWK DQQRWDWHG WLSV WR

FUHDWH VWRFKDVWLF VLPXODWLRQ PDSV IRU WKH SRWHQWLDO HYROXWLRQDU\ WUDQVLWLRQV EHWZHHQ WKH

VRQJ�VWDEOH DQG VRQJ�SODVWLF VWDWHV� :H IRXQG WKH SUHGLFWHG DQFHVWUDO VWDWH IRU HDFK RI WKHVH

����� VLPXODWLRQV DQG XVHG FRXQW6LPPDS �3K\WRROV� WR FRXQW WKH WRWDO QXPEHU RI WUDQVLWLRQV WKDW

RFFXUUHG LQ HDFK PDS� 7KH PLQLPXP QXPEHU RI SUHGLFWHG HYROXWLRQDU\ WUDQVLWLRQV DFURVV WKHVH

����� VLPXODWLRQV ZDV FRQVLGHUHG WR EH WKH PRVW SDUVLPRQLRXV� ZH DOVR FRPSDUHG WKLV WR D

PDQXDO�FRXQW�RI�HYROXWLRQDU\�WUDQVLWLRQV�VWDUWLQJ�IURP�HLWKHU�DQFHVWUDO�VWDWH�

'HWHFWLQJ�GLIIHUHQFHV�LQ�VRQJ�FKDUDFWHULVWLF�HYROXWLRQ�LQ�VRQJ�VWDEOH�YV��VRQJ�SODVWLF�VSHFLHV

7R WHVW ZKHWKHU WKHUH ZHUH VLJQLILFDQW GLIIHUHQFHV EHWZHHQ VRQJ�VWDEOH VSHFLHV DQG

VRQJ�SODVWLF VSHFLHV IRU WKH VRQJ WUDLWV� ZH SHUIRUPHG D SK\ORJHQHWLFDOO\ FRQWUROOHG $129$

�SK\O$129$� 3K\WRROV� IRU HDFK VRQJ FKDUDFWHULVWLF� :H UHSHDWHG WKLV DQDO\VLV ZLWK WKH VXEVHW

RI VSHFLHV ZH FODVVLILHG LQWR HDUO\ VRQJ�VWDEOH� GHOD\HG VRQJ�VWDEOH� DQG VRQJ�SODVWLF� %HFDXVH

WKHUH ZDV D OLPLWHG QXPEHU RI HDUO\ VRQJ�VWDEOH VSHFLHV LQ WKLV GDWDVHW� ZH RQO\ SHUIRUPHG WKLV

UH�DQDO\VLV IRU VRQJ WUDLWV WKDW KDG GDWD IRU DW OHDVW � HDUO\ VRQJ�VWDEOH VSHFLHV �V\OODEOH UHSHUWRLUH
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VL]H� � VSHFLHV ZLWK HDUO\ VRQJ VWDELOLW\� VRQJ UHSHUWRLUH VL]H� � VSHFLHV� DQG V\OODEOHV SHU VRQJ� ��

VSHFLHV�� ,Q WKLV SDSHU� ZH YLVXDOL]H WKH SUHGLFWHG DQFHVWUDO WUDLWV RQ WKH SK\ORJHQHWLF WUHH ZLWK

FRORU DQG SLH JUDSKV� KRZHYHU� WKH UDZ YDOXHV DUH DYDLODEOH LQ )LJXUH ��� � VRXUFH GDWD �� 7R WHVW

IRU FRUUHODWLRQV EHWZHHQ VRQJ FKDUDFWHULVWLFV DQG WKH FRQWLQXRXV YDOXHV IRU WKH GXUDWLRQ RI VRQJ

SODVWLFLW\� ZH SHUIRUPHG D SK\ORJHQHWLF JHQHUDOL]HG OHDVW VTXDUHV �3*/6� DQDO\VLV� :H XVHG WKH

IXQFWLRQ JOV �5 SDFNDJH� QOPH�� ZLWK WKH ³FRUUHODWLRQ´ SDUDPHWHU ODPEGD FRPSXWHG XVLQJ WKH

IXQFWLRQ�FRU3DJHO��5�SDFNDJH��DSH��

7R WHVW ZKHWKHU DGXOW VRQJ VWDELOLW\ RU SODVWLFLW\ DIIHFWHG WKH UDWH RI HYROXWLRQ IRU WKH VRQJ

FKDUDFWHULVWLFV� ZH XVHG WKH IXQFWLRQ EURZQLH�OLWH �5 SDFNDJH� SK\WRROV�� 7KLV IXQFWLRQ ILUVW

FDOFXODWHV D RQH�UDWH PRGHO RI HYROXWLRQ IRU D VRQJ FKDUDFWHULVWLF XVLQJ D SK\ORJHQHWLF WUHH DQG

WKH FXUUHQW VWDWHV RI WKH WLSV IRU WKDW VRQJ WUDLW� 7KLV RQH�UDWH PRGHO DVVXPHV WKDW FKDQJH LQ WKH

YDOXH RI WKH VRQJ FKDUDFWHULVWLF LV UDQGRP DFURVV HYROXWLRQDU\ WLPH DQG FDQ EH DSSUR[LPDWHG E\

%URZQLDQ PRWLRQ� 1H[W� D PRGHO LV JHQHUDWHG ZKHUHLQ WZR GLIIHUHQW UDWHV DUH FDOFXODWHG� WKLV

WZR�UDWH PRGHO DVVXPHV WKDW WKH HYROXWLRQ RI WKH VRQJ FKDUDFWHULVWLF KDV RQH UDWH LQ WKH

VRQJ�VWDEOH VWDWH DQG D GLIIHUHQW UDWH LQ WKH VRQJ�SODVWLF VWDWH� 7KLV PRGHO UHTXLUHV HVWLPDWLRQV IRU

WKH DQFHVWUDO VWDWHV RI VRQJ VWDELOLW\ IRU HDFK EUDQFK RI WKH SK\ORJHQ\� 7R FUHDWH WKHVH HVWLPDWHV�

ZH XVHG WKH IXQFWLRQ DFH WR FDOFXODWH WKH UDWH RI WUDQVLWLRQ EHWZHHQ WKH VRQJ�VWDEOH DQG

VRQJ�SODVWLF VWDWHV IRU WKH IXOO GDWDVHW� :H WKHQ XVHG WKHVH WUDQVLWLRQ UDWHV WR JHQHUDWH ����

GLIIHUHQW VWRFKDVWLF VLPXODWLRQ PDSV �PDNH�VLPPDS� IRU WKH VXEVHW RI VSHFLHV WKDW KDG GDWD IRU

HDFK VRQJ WUDLW� )RU WKH %URZQLH DQDO\VLV� ZH WHVWHG ZKHWKHU WKH WZR�UDWH PRGHO ILW WKH GDWD

VLJQLILFDQWO\ EHWWHU WKDQ WKH RQH�UDWH PRGHO E\ SHUIRUPLQJ D FKL�VTXDUH WHVW RQ WKH PHDQ ORJ

OLNHOLKRRGV RI WKH WZR PRGHOV� :H UHSHDWHG WKLV DQDO\VLV IRU WKH VHW RI VSHFLHV ZH FODVVLILHG DV

HDUO\ VRQJ�VWDEOH� GHOD\HG VRQJ�VWDEOH� DQG VRQJ�SODVWLF IRU WUDLWV IRU ZKLFK ZH KDG GDWD RQ DW

���



OHDVW � HDUO\ VRQJ�VWDEOH VSHFLHV� :H FRPSDUHG WKH WKUHH�UDWH PRGHO WR WKH RQH�UDWH PRGHO� :H

DOVR UHUDQ WKH WZR�UDWH PRGHO LQ WKLV UHGXFHG GDWD VHW E\ FRPELQLQJ WKH HDUO\ DQG GHOD\HG

VRQJ�VWDEOH JURXSV DQG WHVWLQJ ZKHWKHU WKH WKUHH�UDWH PRGHO ZDV EHWWHU WKDQ WKH WZR�UDWH PRGHO�

%HFDXVH WKH GHOD\HG VRQJ�VWDEOH WUDFH SHDNHG DW D VLPLODU SRVLWLRQ WR WKH VRQJ�SODVWLF WUDFH IRU

V\OODEOH DQG VRQJ UHSHUWRLUH VL]H �)LJXUH ���'�(�� ZH DOVR FRPSDUHG WKH WKUHH�UDWH PRGHO WR

DQRWKHU YHUVLRQ RI WKH WZR�UDWH PRGHO� LQ ZKLFK RQH JURXS ZDV HDUO\ VRQJ�VWDEOH �VKRUWHU

OHDUQLQJ���DQG�WKH�RWKHU�ZDV�GHOD\HG�VRQJ�VWDEOH�DQG�VRQJ�SODVWLF�FRPELQHG��ORQJHU�OHDUQLQJ��

:H XVHG %D\HV7UDLWV WR WHVW IRU FRUUHODWHG HYROXWLRQ EHWZHHQ VRQJ VWDELOLW\ DQG VRQJ

FKDUDFWHULVWLFV� RU� LQ RWKHU ZRUGV� ZKHWKHU WKH UDWH DQG GLUHFWLRQ RI HYROXWLRQDU\ WUDQVLWLRQV RI

RQH WUDLW DUH GHSHQGHQW RQ WKH VWDWH RI DQRWKHU WUDLW� DQG ZKHWKHU DQ RUGHU RI WUDQVLWLRQ HYHQWV FDQ

EH LQIHUUHG� 6SHFLILFDOO\� ZH WHVWHG WKH K\SRWKHVLV WKDW DQ HYROXWLRQDU\ FKDQJH LQ VRQJ VWDELOLW\

LQFUHDVHV WKH OLNHOLKRRG RI DQ HYROXWLRQDU\ FKDQJH LQ FHUWDLQ VRQJ YDULDEOHV RU PDWLQJ EHKDYLRUV�

RU YLFH YHUVD� %D\HV7UDLWV FRPSDUHV WZR PRGHOV RI GLVFUHWH WUDLW HYROXWLRQ IRU D SDLU RI ELQDU\

WUDLWV DQG D JLYHQ SK\ORJHQHWLF WUHH� �� DQ LQGHSHQGHQW PRGHO �L�H� WKH HYROXWLRQ RI RQH WUDLW GRHV

QRW GHSHQG RQ WKH RWKHU WUDLW� DQG �� D GHSHQGHQW PRGHO �L�H� WKH HYROXWLRQDU\ WUDQVLWLRQV RI HDFK

WUDLW GHSHQG RQ WKH VWDWH RI WKH RWKHU WUDLW� VXJJHVWLQJ FRUUHODWHG HYROXWLRQ�� 8VLQJ WKH PD[LPXP

OLNHOLKRRG PHWKRG� %D\HV7UDLWV UHSRUWV PDUJLQDO OLNHOLKRRGV IRU WKH FRPSXWHG GHSHQGHQW DQG

LQGHSHQGHQW PRGHOV �IXQFWLRQ 'LVFUHWH LQ SDFNDJH EWZ >%D\HV7UDLWV:UDSSHU@�� DOORZLQJ XV WR

GHWHUPLQH ZKHWKHU WKH GHSHQGHQW PRGHO GHVFULEHV WKH GDWD VLJQLILFDQWO\ EHWWHU WKDQ WKH

LQGHSHQGHQW PRGHO� :H XVHG IXQFWLRQ /5WHVW �SDFNDJH� OPWHVW� WR SHUIRUP WKH OLNHOLKRRG UDWLR

WHVW� 6LQFH WKLV PRGHO UHTXLUHV ERWK LQSXW WUDLWV WR EH ELQDU\� ZH FODVVLILHG WKH FRQWLQXRXV VRQJ

FKDUDFWHULVWLFV DV ELQDU\ JURXSV �³ORZ´ RU ³KLJK´� EDVHG RQ D GHOLQHDWLQJ WKUHVKROG� ,QVWHDG RI

FKRRVLQJ WKH WKUHVKROG DUELWUDULO\� ZH XVHG HDFK XQLTXH YDOXH RI WKH VRQJ FKDUDFWHULVWLF GDWD DV

���



WKH WKUHVKROG DQG UHSHDWHG WKH DQDO\VLV ��� WLPHV DW HDFK WKUHVKROG� 7KLV PHWKRG RI XVLQJ D

VSHFWUXP RI WKUHVKROGV WR GHOLQHDWH WKH ³ORZ´ DQG ³KLJK´ YDOXH FDWHJRULHV UHVXOWHG LQ WUDQVLWLRQ

UDWHV WKDW YDULHG GUDPDWLFDOO\ GHSHQGLQJ RQ ZKHUH WKH WKUHVKROG ZDV SODFHG� ,Q HVVHQFH� ZKHQ WKH

WKUHVKROG LV VHW DV D YDOXH LQ WKH ERWWRP WKLUG RI WKH XQLTXH WUDLW YDOXHV SUHVHQW LQ WKH GDWD� WKH

DQDO\VLV HYDOXDWHG WKH UDWH WUDQVLWLRQ IURP ORZ WR PRGHUDWH DQG ODUJHU YDOXHV IRU D VRQJ WUDLW DQG

YLFH YHUVD� :KHQ WKH WKUHVKROG LV VHW DV D YDOXH LQ WKH XSSHU UDQJH RI WKH XQLTXH WUDLW YDOXHV

SUHVHQW LQ WKH GDWD� WKH DQDO\VLV FDOFXODWHV WKH UDWHV RI WUDQVLWLRQ IURP KLJKHU VRQJ WUDLW YDOXHV WR

PHGLXP DQG ORZHU YDOXHV� 7R DFFRXQW IRU WKLV QXDQFH� ZH ELQQHG WKH WKUHVKROG GDWD LQWR WZR WR

ILYH ELQV� ZLWK WKUHH ELQV DV WKH GHIDXOW� ORZ �ERWWRP WKLUG RI XQLTXH WUDLW YDOXHV�� PHGLXP

�PLGGOH WKLUG� DQG KLJK �WRS WKLUG�� :H WKHQ FDOFXODWHG WKH PHDQ RI HDFK VWDWH WUDQVLWLRQ UDWH LQ

HDFK ELQ� ,Q DGGLWLRQ WR WKH VRQJ FKDUDFWHULVWLFV� ZH DOVR DQDO\]HG VRQJ VWDELOLW\ YHUVXV VRFLDO

PDWLQJ V\VWHP �L�H� VRFLDO PRQRJDP\ RU SRO\J\Q\� DQG UDWH RI (33� 7KHVH DQDO\VHV ZHUH

SHUIRUPHG�IRU������UXQV�HDFK�

-DFNNQLIH�$QDO\VLV

6RPH IDPLOLHV RI ELUGV ZHUH ZHOO UHSUHVHQWHG LQ RXU VDPSOH� ZKLOH RWKHUV ZHUH RQO\

UHSUHVHQWHG E\ RQH RU WZR VSHFLHV� 7R WHVW ZKHWKHU DQ\ ZHOO�UHSUHVHQWHG IDPLO\ VLJQLILFDQWO\

VNHZHG RXU UHVXOWV� ZH UHPRYHG HDFK IDPLO\ WKDW ZDV UHSUHVHQWHG E\ IRXU RU PRUH VSHFLHV LQ WKH

IXOO GDWDVHW LQ WXUQ� DQG UHSHDWHG WKH SK\O$129$� EURZQLH�OLWH� DQG %D\HV7UDLWV DQDO\VHV�

-DFNNQLIH DQDO\VHV ZHUH RQO\ SHUIRUPHG ZKHQ VLJQLILFDQW UHVXOWV ZHUH REWDLQHG LQ WKH PDLQ

DQDO\VLV� 7KXV� DOO VRQJ WUDLWV H[FHSW FRQWLQXLW\ ZHUH WHVWHG LQ WKH SK\O$129$ DQG EURZQLH�OLWH

MDFNNQLIH DQDO\VLV� ZKLOH RQO\ V\OODEOH UHSHUWRLUH� VRQJ UHSHUWRLUH� DQG V\OODEOHV SHU VRQJ ZHUH

WHVWHG LQ WKH %D\HV7UDLWV MDFNNQLIH DQDO\VLV� (DFK %URZQLH DQDO\VLV ZDV UXQ RQ ���� XQLTXH

���



VWRFKDVWLF FKDUDFWHU PDSV� DQG HDFK %D\HV7UDLWV DQDO\VLV ZDV UHSHDWHG �� WLPHV� :H GHWHUPLQHG

WKH IDPLO\ RI HDFK VSHFLHV EDVHG RQ LWV FODVVLILFDWLRQ LQ WKH ���� YHUVLRQ RI WKH H%LUG &OHPHQWV

,QWHJUDWHG &KHFNOLVW �&OHPHQWV ������ 7KH IDPLO\ /RFXVWHOOD ZDV FRPELQHG ZLWK

$FURFHSKDOLGDH� DV $FURFHSKDOLGDH ZDV SDUDSK\OHWLF ZKHQ /RFXVWHOOD ZDV FRQVLGHUHG WR EH D

VHSDUDWH IDPLO\� 7KH 0LPLGDH IDPLO\ DORQH KDG D ODUJH HIIHFW RQ WKH V\OODEOHV SHU VRQJ PHWULF� VR

ZH SHUIRUPHG DQRWKHU MDFNNQLIH DQDO\VLV ZLWK SK\O$129$ DQG EURZQLH�OLWH E\ UHPRYLQJ HDFK

PLPLG�VSHFLHV�LQ�WXUQ�

&RUUHFWLRQ�IRU�0XOWLSOH�7HVWLQJ

:H XVHG D +ROP�%RQIHUURQL FRUUHFWLRQ WR FRQWURO IRU WHVWLQJ PXOWLSOH K\SRWKHVHV ZLWK WKH

VDPH GDWD �+ROP ������ 7KLV FRUUHFWLRQ LV DSSURSULDWH IRU GDWD ZKHUHLQ WKH RXWFRPH RI RQH WHVW

LV OLNHO\ WR EH UHODWHG WR WKH RXWFRPH RI DQRWKHU WHVW� DV ZDV OLNHO\ WR EH WKH FDVH IRU VRQJ

FKDUDFWHULVWLFV�

���
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7DEOHV

7DEOH ���� 3K\O$129$ UHVXOWV IRU DOO VRQJ WUDLWV ZKHQ ELUGV DUH GLYLGHG LQWR VSHFLHV ZLWK

DGXOW VRQJ VWDELOLW\ RU DGXOW VRQJ SODVWLFLW\� 6RQJ WUDLWV DUH VRUWHG IURP PRVW WR OHDVW

VLJQLILFDQW� 6RQJ�6WDEOH DQG 6RQJ�3ODVWLF FROXPQV VKRZ PHDQV� &RUUHFWHG Į LQGLFDWHV WKH

WKUHVKROG IRU VLJQLILFDQFH ZLWK WKH +ROP�%RQIHUURQL FRUUHFWLRQ� 
 GHQRWHV WUDLWV ZLWK

VLJQLILFDQWO\�GLIIHUHQW�JURXSV�

7DEOH ���� 3K\O$129$ UHVXOWV IRU DOO VRQJ WUDLWV ZKHQ ELUGV DUH GLYLGHG LQWR HDUO\ VRQJ

VWDELOLW\� GHOD\HG VRQJ VWDELOLW\� DQG VRQJ SODVWLFLW\� 6RQJ WUDLWV DUH VRUWHG IURP PRVW WR OHDVW

VLJQLILFDQW� (DUO\� 'HOD\HG� DQG 3ODVWLF FROXPQV VKRZ PHDQV� &RUUHFWHG Į LQGLFDWHV WKH WKUHVKROG

IRU VLJQLILFDQFH ZLWK WKH +ROP�%RQIHUURQL FRUUHFWLRQ� 
 GHQRWHV WUDLWV ZLWK VLJQLILFDQWO\ GLIIHUHQW

JURXSV�

���



7DEOH ���� 3RVW�KRF SDLUZLVH SK\O$129$ WHVWV IRU VLJQLILFDQW VRQJ WUDLWV ZKHQ ELUGV DUH

GLYLGHG LQWR HDUO\ VRQJ VWDELOLW\� GHOD\HG VRQJ VWDELOLW\� DQG VRQJ SODVWLFLW\� 
 GHQRWHV WUDLWV

ZLWK�VLJQLILFDQWO\�GLIIHUHQW�JURXSV�

7DEOH ���� 5HVXOWV RI 3*/6 DQDO\VLV EHWZHHQ VRQJ FKDUDFWHULVWLFV DQG FRQWLQXRXV VRQJ

VWDELOLW\� 7HVW SHUIRUPHG RQ WKH QDWXUDO ORJ VFDOH YDOXHV RI VRQJ FKDUDFWHULVWLFV� Ȝ LV WKH YDOXH E\

ZKLFK RII�GLDJRQDO HOHPHQWV LQ WKH %URZQLDQ PRWLRQ PRGHO DUH PXOWLSOLHG WR PDNH WKH

FRUUHODWLRQ VWUXFWXUH� &RUUHFWHG Į LQGLFDWHV WKH WKUHVKROG IRU VLJQLILFDQFH ZLWK WKH

+ROP�%RQIHUURQL FRUUHFWLRQ� 6RQJ WUDLWV DUH VRUWHG IURP PRVW WR OHDVW VLJQLILFDQW� 
 GHQRWHV

VLJQLILFDQW�VORSHV�

���



7DEOH ���� %URZQLH UHVXOWV IRU VRQJ WUDLWV ZKHQ ELUGV DUH GLYLGHG LQWR VSHFLHV ZLWK DGXOW

VRQJ VWDELOLW\ RU DGXOW VRQJ SODVWLFLW\� )RU 7DEOHV ������ UDWH FROXPQV VKRZ PHDQ ORJ

OLNHOLKRRG� 6RQJ WUDLWV DUH VRUWHG IURP PRVW WR OHDVW VLJQLILFDQW� 
 GHQRWHV WUDLWV ZKHUH WKH PRUH

FRPSOH[�PRGHO�ILW�WKH�GDWD�VLJQLILFDQWO\�EHWWHU�WKDQ�WKH�VLPSOHU�PRGHO�

7DEOH ���� %URZQLH UHVXOWV IRU VRQJ WUDLWV ZKHQ ELUGV DUH GLYLGHG LQWR HDUO\ VRQJ VWDELOLW\�

GHOD\HG�VRQJ�VWDELOLW\��DQG�VRQJ�SODVWLFLW\�

���



7DEOH ���� %URZQLH UHVXOWV IRU VRQJ WUDLWV ZKHQ ELUGV DUH GLYLGHG LQWR HLWKHU VRQJ VWDELOLW\

�HDUO\ DQG GHOD\HG� DQG VRQJ SODVWLFLW\ �7ZR 5DWHV� RU HDUO\ VRQJ VWDELOLW\� GHOD\HG VRQJ

VWDELOLW\��DQG�VRQJ�SODVWLFLW\��7KUHH�5DWHV��

7DEOH ���� %URZQLH UHVXOWV IRU VRQJ WUDLWV ZKHQ ELUGV DUH GLYLGHG LQWR VKRUWHU OHDUQLQJ

�HDUO\�VRQJ�VWDELOLW\��DQG�ORQJHU�OHDUQLQJ��GHOD\HG�VRQJ�VWDELOLW\�DQG�VRQJ�SODVWLFLW\��

7DEOH ���� %URZQLH UHVXOWV IRU VRQJ WUDLWV ZKHQ ELUGV DUH GLYLGHG LQWR HLWKHU VKRUWHU

OHDUQLQJ �HDUO\ VRQJ VWDELOLW\� DQG ORQJHU OHDUQLQJ �GHOD\HG VRQJ VWDELOLW\ DQG VRQJ

SODVWLFLW\� �7ZR 5DWHV� RU HDUO\ VRQJ VWDELOLW\� GHOD\HG VRQJ VWDELOLW\� DQG VRQJ SODVWLFLW\

�7KUHH�5DWHV��

���



)LJXUHV

)LJXUH ���� 6\OODEOH UHSHUWRLUH VL]H LV ODUJHU LQ VSHFLHV ZLWK DGXOW VRQJ SODVWLFLW\ HYHQ ZKHQ

FRQWUROOLQJ IRU SK\ORJHQ\� 7KHVH SK\ORJHQLHV VKRZ WKH FDOFXODWHG HYROXWLRQ RI QDWXUDO�ORJ

WUDQVIRUPHG V\OODEOH UHSHUWRLUH VL]H DQG HLWKHU �$� VWDEOH DQG SODVWLF VRQJ VWDELOLW\ VWDWHV RU �%�

HDUO\ VRQJ�VWDEOH� GHOD\HG VRQJ�VWDEOH� DQG VRQJ�SODVWLF VWDWHV� 'RWV DW WKH WLSV RI EUDQFKHV

UHSUHVHQW WKH FXUUHQW VRQJ�VWDELOLW\ VWDWH� 3LH FKDUWV UHSUHVHQW WKH OLNHOLKRRG WKDW WKH FRPPRQ

���



DQFHVWRU DW WKDW QRGH ZDV LQ HDFK VRQJ�VWDELOLW\ VWDWH� 'DUN SXUSOH FRORUV UHSUHVHQW VPDOO V\OODEOH

UHSHUWRLUHV ZKLOH ZKLWH UHSUHVHQWV ODUJH UHSHUWRLUHV� )RU WKH VDNH RI YLVXDOL]DWLRQ� WKH FRORU UDQJH

ZDV WUXQFDWHG EDVHG RQ WKH GLVWULEXWLRQ RI WKH GDWD� VXFK WKDW WKH ORZHVW YDOXH ZDV WKH ��WK

SHUFHQWLOH PLQXV WKH UDQJH RI WKH ��WK WR ��WK SHUFHQWLOH DQG WKH KLJKHVW YDOXH ZDV WKH ��WK

SHUFHQWLOH�SOXV�WKH�UDQJH�RI�WKH���WK�WR���WK�SHUFHQWLOH��6HH 7DEOH���� IRU�3K\O$129$�UHVXOWV�

���



)LJXUH ���� &RPSDULVRQ RI VRQJ VWDELOLW\ VWDWH DQG VRQJ H[DPSOHV LQ 3K\OORVFRSXV VSHFLHV� 3�

FROO\ELWD� D VSHFLHV ZLWK DGXOW VRQJ VWDELOLW\� KDV D VPDOOHU V\OODEOH UHSHUWRLUH VL]H WKDQ 3�

WURFKLOXV DQG 3� IXVFDVWXV� WZR VSHFLHV ZLWK DGXOW VRQJ SODVWLFLW\� &RORUV RI EUDQFKHV DQG QRGHV

FRUUHVSRQG ZLWK )LJXUH ���� 6RQRJUDPV ZHUH JHQHUDWHG IURP UHFRUGLQJV REWDLQHG IURP

[HQR�FDQWR�RUJ� ;&������ UHFRUGHG E\ 7RP :XOI �3� IXVFDWXV�� ;&������ UHFRUGHG E\ )UDQN

���



/DPEHUW �3� FROO\ELWD�� DQG ;&������ UHFRUGHG E\ +DQV 0DWKHYH �3� WURFKLOXV�� 6RQRJUDPV DUH

XVHG RQO\ WR GHPRQVWUDWH FRPSDUDWLYH UHSHUWRLUH VL]H IURP RQH LQGLYLGXDO IRU HDFK VSHFLHV DQG

ZHUH�VWUHWFKHG�KRUL]RQWDOO\�WR�ILW�WKH�DOORWWHG�VSDFH�

���



)LJXUH ���� 'LVWULEXWLRQ RI UHSHUWRLUH VL]HV LQ VSHFLHV ZLWK GLIIHUHQW VRQJ VWDELOLW\ VWDWHV� �$�

VKRZV WKH GLVWULEXWLRQ RI V\OODEOH UHSHUWRLUHV DQG �%� VKRZV WKH GLVWULEXWLRQ RI VRQJ UHSHUWRLUHV

ZKHQ VSHFLHV DUH EURNHQ LQWR WZR JURXSV EDVHG RQ VRQJ VWDELOLW\� �&� VKRZV WKH GLVWULEXWLRQ RI

V\OODEOH UHSHUWRLUHV ZKHQ VSHFLHV DUH EURNHQ LQWR WKUHH JURXSV EDVHG RQ VRQJ VWDELOLW\� %R[HV

LQGLFDWH WKH ��WK� ��WK� DQG ��WK SHUFHQWLOH� 7KH ORZHU ZKLVNHU LV HLWKHU WKH PLQLPXP YDOXH RU

WKH ��WK SHUFHQWLOH PLQXV ��� WLPHV WKH LQWHUTXDUWLOH UDQJH� ZKLFKHYHU ZDV ODUJHU� 7KH XSSHU

���



ZKLVNHU LV HLWKHU WKH PD[LPXP YDOXH RU WKH ��WK SHUFHQWLOH SOXV ��� WLPHV WKH LQWHUTXDUWLOH UDQJH�

ZKLFKHYHU ZDV VPDOOHU� 'RWV DUH WKH UDZ YDOXHV DV D VFDWWHU SORW� 6ROLG GRWV DUH ZLWKLQ WKH UDQJH

RI WKH ER[ DQG ZKLVNHUV� ZKLOH RSHQ GRWV DUH RXWOLHUV� �$�%� 6SHFLHV ZLWK DGXOW VRQJ SODVWLFLW\

KDG VLJQLILFDQWO\ ODUJHU V\OODEOH DQG VRQJ UHSHUWRLUHV� 6HH 7DEOH ��� IRU IXOO 3K\O$129$ UHVXOWV�

�&� 6SHFLHV ZLWK DGXOW VRQJ SODVWLFLW\ KDG VLJQLILFDQWO\ ODUJHU V\OODEOH UHSHUWRLUHV WKDQ HDUO\ VRQJ

VWDEOH DQG GHOD\HG VRQJ VWDEOH VSHFLHV� EXW WKHUH ZDV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ HDUO\ DQG

GHOD\HG VRQJ VWDEOH VSHFLHV �S ������� 6HH 7DEOHV ��� DQG ��� IRU IXOO 3K\O$129$ UHVXOWV� �'�

VKRZV WKH FRQWLQXRXV UHODWLRQVKLS EHWZHHQ V\OODEOH UHSHUWRLUH VL]H DQG VRQJ VWDELOLW\ ZKHQ VRQJ

VWDELOLW\�LV�WUXQFDWHG�DW���\HDUV�GXH�WR�ODFN�RI�GDWD�LQ�VXEVHTXHQW�\HDUV�

���



)LJXUH ���� 'LVWULEXWLRQV RI UDWHV IRU QDWXUDO�ORJ WUDQVIRUPHG VRQJ WUDLWV UHODWHG WR

FRPSOH[LW\� 7KH ER[HV DW WKH WRS LOOXVWUDWH KRZ ZH JURXSHG WKH VSHFLHV IRU HDFK PRGHO� &ROXPQ

� �$�&�� %OXH WUDFHV DUH VRQJ�VWDEOH� ZKLOH UHG WUDFHV DUH VRQJ�SODVWLF� &ROXPQ � �'�)�� %OXH

WUDFHV DUH HDUO\ VRQJ�VWDEOH� SXUSOH WUDFHV DUH GHOD\HG VRQJ VWDEOH� DQG UHG WUDFHV DUH VRQJ�SODVWLF�

&ROXPQ � �*�+�� %OXH WUDFHV DUH HDUO\ VRQJ�VWDEOH� ZKLOH UHG WUDFHV DUH GHOD\HG VRQJ�VWDEOH DQG

���



VRQJ�SODVWLF FRPELQHG� 7KH EODFN OLQH VKRZV WKH UDWH YDOXH IRU WKH RQH�UDWH PRGHO LQ DOO FROXPQV�

$VWHULVNV LQGLFDWH WKDW WKH UDWH RI HYROXWLRQ RI WKDW VRQJ FKDUDFWHULVWLF VLJQLILFDQWO\ GLIIHUHG

EHWZHHQ JURXSV� /RZHUFDVH ]HWD �ᵞ� LQGLFDWHV WKH PXOWL�UDWH PRGHO WKDW EHVW ILW WKH GDWD ZKLOH

XVLQJ WKH IHZHVW QXPEHU RI UDWHV� ,Q WKH FDVH RI V\OODEOH UHSHUWRLUH� WKH PXOWL�UDWH PRGHOV ZHUH

QRW�VLJQLILFDQWO\�EHWWHU�WKDQ�WKH�RQH�UDWH�PRGHO��6HH 7DEOHV������ IRU�FKL�VTXDUH�WHVW�UHVXOWV�

���



)LJXUH ���� 'LVWULEXWLRQV RI UDWHV IRU QDWXUDO�ORJ WUDQVIRUPHG VRQJ WUDLWV UHODWHG WR

SHUIRUPDQFH� %OXH WUDFHV DUH VRQJ�VWDEOH� ZKLOH UHG WUDFHV DUH VRQJ�SODVWLF� 7KH EODFN OLQH

VKRZV WKH UDWH IRU WKH RQH�UDWH PRGHO� $VWHULVNV LQGLFDWH WKDW WKH UDWH RI HYROXWLRQ RI WKDW VRQJ

FKDUDFWHULVWLF VLJQLILFDQWO\ GLIIHUHG EHWZHHQ VRQJ�VWDEOH DQG VRQJ�SODVWLF OLQHDJHV� 6HH 7DEOH ���

IRU�FKL�VTXDUH�WHVW�UHVXOWV�

���



)LJXUH ���� $QDO\VLV RI FRUUHODWHG HYROXWLRQ EHWZHHQ DGXOW VRQJ VWDELOLW\�SODVWLFLW\ DQG

V\OODEOH UHSHUWRLUH VL]H� :H UHSHDWHG WKH %D\HV7UDLWV WHVW XVLQJ HDFK YDOXH RI WKH FRQWLQXRXV

VRQJ WUDLW DV WKH WKUHVKROG GHOLQHDWLQJ WKH ODUJHU DQG VPDOOHU V\OODEOH UHSHUWRLUH JURXSV� :H

SHUIRUPHG D WRWDO RI ��� UXQV SHU WKUHVKROG� :H SRROHG WKH UHVXOWV RI DOO RI WKH UXQV LQWR WKUHH

JURXSV EDVHG RQ ZKHWKHU WKH WKUHVKROG ZDV LQ WKH ORZHVW� PLGGOH� RU KLJKHVW WKLUG RI WKH XQLTXH

WUDLW YDOXHV� :LWKLQ WKHVH JURXSV� ZH FRPSXWHG WKH PHDQ SHUFHQWDJH RI UXQV WKDW ZHUH VLJQLILFDQW

DW S � ���� DW HDFK WKUHVKROG� �$�&� 5DWH RI WUDQVLWLRQ SORWV ZKHQ WKH ORZHVW �UHG�� PLGGOH

���



�\HOORZ�� DQG KLJKHVW �EOXH� WKLUGV RI WKH XQLTXH V\OODEOH UHSHUWRLUH YDOXHV LQ WKH GDWDVHW ZHUH

XVHG DV WKH WKUHVKROG� 5DWHV DUH WKH DYHUDJH DFURVV DOO UXQV ZKHQ WKH WKUHVKROG GHQRWLQJ

VPDOO�ODUJH UHSHUWRLUH VL]HV ZDV GHILQHG DV HDFK YDOXH ZLWKLQ HDFK VHJPHQW� $UURZV DUH ODEHOHG

ZLWK WKH PHDQ UDWH DQG WKH ��� FRQILGHQFH LQWHUYDO� $UURZ ZHLJKWV DUH VFDOHG WR WKH PHDQ UDWH

YDOXHV� �'� 3�YDOXHV IURP WKH ��� UXQV SHU WKUHVKROG� SORWWHG DJDLQVW WKUHVKROG� &RORUHG EDUV

GHQRWH�ORZ��PLGGOH��DQG�KLJK�WKUHVKROG�VHJPHQWV��%OXH�OLQH�GHQRWHV S  ������

���



)LJXUH ���� $QDO\VLV RI FRUUHODWHG HYROXWLRQ EHWZHHQ DGXOW VRQJ VWDELOLW\�SODVWLFLW\ DQG VRQJ

UHSHUWRLUH�VL]H� /DEHOLQJ�LV�WKH�VDPH�DV�LQ )LJXUH ���

���
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&DWFKSROH��&OLYH�.���DQG�3HWHU�-��%��6ODWHU������� %LUG�6RQJ��%LRORJLFDO�7KHPHV�DQG�9DULDWLRQV�
&DPEULGJH�8QLYHUVLW\�3UHVV�

&KDLNHQ��0DUWKDOHDK��-|UJ�%|KQHU��DQG�3HWHU�0DUOHU��������³5HSHUWRLUH�7XUQRYHU�DQG�WKH�7LPLQJ
RI�6RQJ�$FTXLVLWLRQ�LQ�(XURSHDQ�6WDUOLQJV�´ %HKDYLRXU ���������±���

&OHPHQWV��-DPHV�)������� 7KH�&OHPHQWV�&KHFNOLVW�RI %LUGV�RI�WKH�:RUOG��&RPVWRFN�3XEOLVKLQJ
$VVRFLDWHV�

&UHDQ]D��1LFROH��/DXUHO�)RJDUW\��DQG�0DUFXV�:��)HOGPDQ��������³&XOWXUDO�1LFKH�&RQVWUXFWLRQ�RI
5HSHUWRLUH�6L]H�DQG�/HDUQLQJ�6WUDWHJLHV�LQ�6RQJELUGV�´ (YROXWLRQDU\�(FRORJ\
���������±����

'DUZLQ��&KDUOHV������� 7KH�'HVFHQW�RI�0DQ��DQG�6HOHFWLRQ LQ�5HODWLRQ�WR�6H[��/RQGRQ��-�
0XUUD\�

'HYRRJG��7��-���-��5��.UHEV��6��'��+HDO\��DQG�$��3XUYLV��������³5HODWLRQV�EHWZHHQ�6RQJ
5HSHUWRLUH�6L]H�DQG�WKH�9ROXPH�RI�%UDLQ�1XFOHL�5HODWHG�WR�6RQJ��&RPSDUDWLYH�(YROXWLRQDU\
$QDO\VHV�DPRQJVW�2VFLQH�%LUGV�´ 3URFHHGLQJV��%LRORJLFDO 6FLHQFHV���7KH�5R\DO�6RFLHW\
������������±���

'RZVHWW�/HPDLUH��)UDQoRLVH��������³7KH�,PLWDWLYH�5DQJH�2I�7KH�6RQJ�2I�7KH�0DUVK�:DUEOHU
$FURFHSKDOXV�3DOXVWULV��:LWK�6SHFLDO�5HIHUHQFH�7R�,PLWDWLRQV�2I�$IULFDQ�%LUGV�´ 7KH�,ELV
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����������±���

'UDJDQRLX��7XGRU�,���$XUpOLHQ�0RUHDX��/XFLH�5DYDX[��:LP�%RQFNDHUW��DQG�1LFRODV�0DWKHYRQ�
������³6RQJ�6WDELOLW\�DQG�1HLJKERXU�5HFRJQLWLRQ�LQ�D�0LJUDWRU\�6RQJELUG��WKH�%ODFN
5HGVWDUW�´ %HKDYLRXU ����������±���

(DOHV��/XF\�$��������³6RQJ�/HDUQLQJ�LQ�=HEUD�)LQFKHV��6RPH�(IIHFWV�RI�6RQJ�0RGHO
$YDLODELOLW\�RQ�:KDW�,V�/HDUQW�DQG�:KHQ�´ $QLPDO�%HKDYLRXU ����������±�����

(DOHV��/XF\�$��������³6RQJ�/HDUQLQJ�LQ�)HPDOH�5DLVHG�=HEUD�)LQFKHV��$QRWKHU�/RRN�DW�WKH
6HQVLWLYH�3KDVH�´ $QLPDO�%HKDYLRXU ����������±���

(POHQ��6���DQG�/��2ULQJ��������³(FRORJ\��6H[XDO�6HOHFWLRQ��DQG�WKH�(YROXWLRQ�RI�0DWLQJ
6\VWHPV�´ 6FLHQFH �������������±���

(ULNVHQ��$QH��7RUH�6ODJVYROG��DQG�+HOHQH�0��/DPSH��������³9RFDO�3ODVWLFLW\���$UH�3LHG
)O\FDWFKHUV��)LFHGXOD�+\SROHXFD��2SHQ�(QGHG�/HDUQHUV"´ (WKRORJ\ ����������±���

(VSPDUN��<QJYH�2���DQG�+HOHQH�0��/DPSH��������³9$5,$7,216�,1�7+(�621*�2)�7+(
3,('�)/<&$7&+(5�:,7+,1�$1'�%(7:((1�%5((',1*�6($6216�´ %LRDFRXVWLFV
���������±���

*DOHRWWL��3DROR��1LFROD�6DLQR��(OHQD�3HUDQL��5REHUWR�6DFFKL��DQG�$QGHUV�3DSH�0¡OOHU�������
³$JH䇲UHODWHG�6RQJ�9DULDWLRQ�LQ�0DOH�%DUQ�6ZDOORZV�´ ,WDOLDQ�-RXUQDO�RI�=RRORJ\
���������±���

*DUDPV]HJL��/iV]Oy�=���'LHWHU�+H\OHQ��$QGHUV�3��0¡OOHU��0DUFHO�(HQV��DQG�)ORUHQWLQR�GH�/RSH�
������³$JH�'HSHQGHQW�+HDOWK�6WDWXV�DQG�6RQJ�&KDUDFWHULVWLFV�LQ�WKH�%DUQ�6ZDOORZ�´
%HKDYLRUDO�(FRORJ\ ���������±���

*DUDPV]HJL��/iV]Oy�=VROW��DQG�0DUFHO�(HQV��������³%UDLQ�6SDFH�IRU�D�/HDUQHG�7DVN��6WURQJ
,QWUDVSHFLILF�(YLGHQFH�IRU�1HXUDO�&RUUHODWHV�RI�6LQJLQJ�%HKDYLRU�LQ�6RQJELUGV�´ %UDLQ
5HVHDUFK��%UDLQ�5HVHDUFK�5HYLHZV �����������±���

*DUODQG��7���$��:��'LFNHUPDQ��&��0��-DQLV��DQG�-��$��-RQHV��������³3K\ORJHQHWLF�$QDO\VLV�RI
&RYDULDQFH�E\�&RPSXWHU�6LPXODWLRQ�´ 6\VWHPDWLF�%LRORJ\ ���������±���

*LO��'LHJR��-DPHV�/��6��&REE��DQG�3HWHU�-��%��6ODWHU��������³6RQJ�&KDUDFWHULVWLFV�$UH�$JH
'HSHQGHQW�LQ�WKH�:LOORZ�:DUEOHU��3K\OORVFRSXV�7URFKLOXV�´ $QLPDO�%HKDYLRXU
���������±���

*LO��'LHJR��DQG�0DQIUHG�*DKU��������³7KH�+RQHVW\�RI�%LUG�6RQJ��0XOWLSOH�&RQVWUDLQWV�IRU
0XOWLSOH�7UDLWV�´ 7UHQGV�LQ�(FRORJ\�	�(YROXWLRQ ���������±���

*ROOHU��0DULD��DQG�'DL]DEXUR�6KL]XND��������³(YROXWLRQDU\�2ULJLQV�RI�9RFDO�0LPLFU\�LQ
6RQJELUGV�´ (YROXWLRQ�/HWWHUV ��������±���

*UDQW��%��5RVHPDU\��%��5RVHPDU\�*UDQW��DQG�3HWHU�5��*UDQW��������³&XOWXUDO�,QKHULWDQFH�RI�6RQJ
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DQG�,WV�5ROH�LQ�WKH�(YROXWLRQ�RI�'DUZLQ¶V�)LQFKHV�´ (YROXWLRQ �����������

*ULIILWK��6LPRQ�&���,DQ�3��)��2ZHQV��DQG�.DWKHULQH�$��7KXPDQ��������³([WUD�3DLU�3DWHUQLW\�LQ
%LUGV��$�5HYLHZ�RI�,QWHUVSHFLILF�9DULDWLRQ�DQG�$GDSWLYH�)XQFWLRQ�´ 0ROHFXODU�(FRORJ\
�����������±�����

+DXVEHUJHU��0���3��)��-HQNLQV��DQG�-��.HHQH��������³6SHFLHV�6SHFLILFLW\�DQG�0LPLFU\�LQ�%LUG
6RQJ��$UH�7KH\�3DUDGR[HV"�$�5HHYDOXDWLRQ�RI�6RQJ�0LPLFU\�LQ�WKH�(XURSHDQ�6WDUOLQJ�´
%HKDYLRXU ���������±���

+ROP��6��������³$�6LPSOH�6HTXHQWLDOO\�5HMHFWLYH�0XOWLSOH�7HVW�3URFHGXUH�´ 6FDQGLQDYLDQ
-RXUQDO�RI�6WDWLVWLFV��7KHRU\�DQG�$SSOLFDWLRQV �������±���

GHO�+R\R��-���$��(OOLRWW��-��6DUJDWDO��'��$��&KULVWLH��DQG�(���HGV����GH�-XDQD��Q�G��³+DQGERRN�RI�WKH
%LUGV�RI�WKH�:RUOG�$OLYH�´ /\Q[�(GLFLRQV��%DUFHORQD� 5HWULHYHG�����
�KWWS���ZZZ�KEZ�FRP���

,PPHOPDQ��.��������³6RQJ�'HYHORSPHQW�LQ�WKH�=HEUD�)LQFK�DQG�2WKHU�(VWULOGLG�)LQFKHV�´ %LUG
9RFDOL]DWLRQV ��±���

-DUYLV��(ULFK�'���6LDYDVK�0LUDUDE��$QGUH�-��$EHUHU��%R�/L��3HWHU�+RXGH��&DL�/L��6LPRQ�<��:��+R�
%UDQW�&��)DLUFORWK��%HQRLW�1DEKRO]��-DVRQ�7��+RZDUG��$OH[DQGHU�6XK��&ODXGLD�&��:HEHU�
5XWH�5��GD�)RQVHFD��-LDQZHQ�/L��)DQJ�=KDQJ��+XL�/L��/RQJ�=KRX��1LWLVK�1DUXOD��/LDQJ�/LX�
*DQHVK�*DQDSDWK\��%DVWLHQ�%RXVVDX��0G�6KDPVX]]RKD�%D\]LG��9RORG\P\U�=DYLGRY\FK�
6DQNDU�6XEUDPDQLDQ��7RQL�*DEDOGyQ��6DOYDGRU�&DSHOOD�*XWLpUUH]��-DLPH�+XHUWD�&HSDV�
%KDQX�5HNHSDOOL��.DVSHU�0XQFK��0LNNHO�6FKLHUXS��%HQW�/LQGRZ��:HVOH\�&��:DUUHQ��'DYLG
5D\��5LFKDUG�(��*UHHQ��0LFKDHO�:��%UXIRUG��;LDQJMLDQJ�=KDQ��$QGUHZ�'L[RQ��6KHQJELQ�/L�
1LQJ�/L��<LQKXD�+XDQJ��(OL]DEHWK�3��'HUU\EHUU\��0DGV�)URVW�%HUWHOVHQ��)UHGHULFN�+�
6KHOGRQ��5REE�7��%UXPILHOG��&ODXGLR�9��0HOOR��3HWHU�9��/RYHOO��0RUJDQ�:LUWKOLQ��0DULD
3DXOD�&UX]�6FKQHLGHU��)UDQFLVFR�3URVGRFLPL��-RVp�$OIUHGR�6DPDQLHJR��$PKHG�0LVVDHO
9DUJDV�9HOD]TXH]��$ORQ]R�$OIDUR�1~xH]��3DXOD�)��&DPSRV��%HQW�3HWHUVHQ��7KRPDV
6LFKHULW]�3RQWHQ��$Q�3DV��7RP�%DLOH\��3DXO�6FRILHOG��0LFKDHO�%XQFH��'DYLG�0��/DPEHUW�
4L�=KRX��3ROLQD�3HUHOPDQ��$P\�&��'ULVNHOO��%HWK�6KDSLUR��=LMXQ�;LRQJ��<RQJOL�=HQJ�
6KLSLQJ�/LX��=KHQ\X�/L��%LQJKDQJ�/LX��.XL�:X��-LQ�;LDR��;LRQJ�<LQTL��4LXHPHL�=KHQJ�
<RQJ�=KDQJ��+XDQPLQJ�<DQJ��-LDQ�:DQJ��/LQQHD�6PHGV��)UDQN�(��5KHLQGW��0LFKDHO�%UDXQ�
-RQ�)MHOGVD��/XGRYLF�2UODQGR��)��.HLWK�%DUNHU��.QXG�$QGUHDV�-¡QVVRQ��:DUUHQ�-RKQVRQ�
.ODXV�3HWHU�.RHSIOL��6WHSKHQ�2¶%ULHQ��'DYLG�+DXVVOHU��2OLYHU�$��5\GHU��&DUVWHQ�5DKEHN�
(VNH�:LOOHUVOHY��*DU\�5��*UDYHV��7UDYLV�&��*OHQQ��-RKQ�0F&RUPDFN��'DYH�%XUW��+DQV
(OOHJUHQ��3HU�$OVWU|P��6FRWW�9��(GZDUGV��$OH[DQGURV�6WDPDWDNLV��'DYLG�3��0LQGHOO��-RHO
&UDFUDIW��(GZDUG�/��%UDXQ��7DQG\�:DUQRZ��:DQJ�-XQ��0��7KRPDV�3��*LOEHUW��DQG�*XRMLH
=KDQJ��������³:KROH�*HQRPH�$QDO\VHV�5HVROYH�(DUO\�%UDQFKHV�LQ�WKH�7UHH�RI�/LIH�RI
0RGHUQ�%LUGV�´ 6FLHQFH ��������������±���

-HQNLQV��3��)��������³&XOWXUDO�7UDQVPLVVLRQ�RI�6RQJ�3DWWHUQV�DQG�'LDOHFW�'HYHORSPHQW�LQ�D
)UHH�/LYLQJ�%LUG�3RSXODWLRQ�´ $QLPDO�%HKDYLRXU �����±���

-HW]��:���*��+��7KRPDV��-��%��-R\��.��+DUWPDQQ��DQG�$��2��0RRHUV��������³7KH�*OREDO�'LYHUVLW\
RI�%LUGV�LQ�6SDFH�DQG�7LPH�´ 1DWXUH �������������±���
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.HOO\��7KHUHVD�.���6RPD\HK�$KPDGLDQWHKUDQL��$GDP�%ODWWOHU��DQG�6DUDK�(��/RQGRQ�������
³(SLJHQHWLF�5HJXODWLRQ�RI�7UDQVFULSWLRQDO�3ODVWLFLW\�$VVRFLDWHG�ZLWK�'HYHORSPHQWDO�6RQJ
/HDUQLQJ�´ 3URFHHGLQJV��%LRORJLFDO�6FLHQFHV���7KH 5R\DO�6RFLHW\ �����������GRL�
��������UVSE�����������

.LSSHU��6LONH��DQG�6DUDK�.LHIHU��������³$JH�5HODWHG�&KDQJHV�LQ�%LUGV¶�6LQJLQJ�6W\OHV�´�3S�
��±����LQ $GYDQFHV�LQ�WKH�6WXG\�RI�%HKDYLRU�

.URRGVPD��'RQDOG�(���DQG�5REHUWD�3LFNHUW��������³(QYLURQPHQWDOO\�'HSHQGHQW�6HQVLWLYH
3HULRGV�IRU�$YLDQ�9RFDO�/HDUQLQJ�´ 1DWXUH �������������±���

.URRGVPD��'RQDOG�(���DQG�5REHUWD�3LFNHUW��������³6HQVLWLYH�3KDVHV�IRU�6RQJ�/HDUQLQJ��(IIHFWV
RI�6RFLDO�,QWHUDFWLRQ�DQG�,QGLYLGXDO�9DULDWLRQ�´ $QLPDO %HKDYLRXU ���������±���

/DPLFKKDQH\��6DQJHHW��-RQDV�%HUJOXQG��0DUNXV�6lOOPDQ�$OPpQ��.KXUUDP�0DTERRO��0DQIUHG
*UDEKHUU��$OYDUR�0DUWLQH]�%DUULR��0DUWD�3URPHURYi��&DUO�-RKDQ�5XELQ��&KDR�:DQJ��1HGD
=DPDQL��%��5RVHPDU\�*UDQW��3HWHU�5��*UDQW��0DWWKHZ�7��:HEVWHU��DQG�/HLI�$QGHUVVRQ�
������³(YROXWLRQ�RI�'DUZLQ¶V�)LQFKHV�DQG�7KHLU�%HDNV�5HYHDOHG�E\�*HQRPH�6HTXHQFLQJ�´
1DWXUH �������������±���

/DQJPRUH��1��(��������³)XQFWLRQV�RI�'XHW�DQG�6ROR�6RQJV�RI�)HPDOH�%LUGV�´ 7UHQGV�LQ�(FRORJ\
	�(YROXWLRQ ���������±���

/LX��:DQ�&KXQ��DQG�'RQDOG�(��.URRGVPD��������³6RQJ�/HDUQLQJ�E\�&KLSSLQJ�6SDUURZV��:KHQ�
:KHUH��DQG�IURP�:KRP�´ 7KH�&RQGRU �����������

/LX��:DQ�&KXQ��DQG�)HUQDQGR�1RWWHERKP��������³$�/HDUQLQJ�3URJUDP�7KDW�(QVXUHV�3URPSW
DQG�9HUVDWLOH�9RFDO�,PLWDWLRQ�´ 3URFHHGLQJV�RI�WKH 1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�WKH
8QLWHG�6WDWHV�RI�$PHULFD �������������±����

0DUOHU��3��������³6RQJ�/HDUQLQJ��7KH�,QWHUIDFH�EHWZHHQ�%HKDYLRXU�DQG�1HXURHWKRORJ\�´
3KLORVRSKLFDO�7UDQVDFWLRQV�RI�WKH�5R\DO�6RFLHW\�RI�/RQGRQ��6HULHV�%��%LRORJLFDO�6FLHQFHV
�������������±���

0DUOHU��3HWHU��DQG�6XVDQ�3HWHUV��������³$�6HQVLWLYH�3HULRG�IRU�6RQJ�$FTXLVLWLRQ�LQ�WKH�6RQJ
6SDUURZ��0HORVSL]D�0HORGLD��$�&DVH�RI�$JH�/LPLWHG�/HDUQLQJ�´ (WKRORJ\��)RUPHUO\
=HLWVFKULIW�)XU�7LHUSV\FKRORJLH ��������±����

0DUOHU��3HWHU��DQG�6XVDQ�3HWHUV��������³6HQVLWLYH�3HULRGV�IRU�6RQJ�$FTXLVLWLRQ�IURP�7DSH
5HFRUGLQJV�DQG�/LYH�7XWRUV�LQ�WKH�6ZDPS�6SDUURZ��0HORVSL]D�*HRUJLDQD�´ (WKRORJ\�
)RUPHUO\�=HLWVFKULIW�)XU�7LHUSV\FKRORJLH ��������±���

0DUOHU��3���DQG�6��3HWHUV��������³6SDUURZV�/HDUQ�$GXOW�6RQJ�DQG�0RUH�IURP�0HPRU\�´ 6FLHQFH
�������������±���

0DUWHQV��-RFKHQ��DQG�3KLOLSS�.HVVOHU��������³7HUULWRULDO�6RQJ�DQG�6RQJ�1HLJKERXUKRRGV�LQ�WKH
6FDUOHW�5RVHILQFK�&DUSRGDFXV�(U\WKULQXV�´ -RXUQDO RI�$YLDQ�%LRORJ\ ���������±����

���

http://paperpile.com/b/dfxVJ5/QBFNl
http://paperpile.com/b/dfxVJ5/QBFNl
http://paperpile.com/b/dfxVJ5/QBFNl
http://dx.doi.org/10.1098/rspb.2018.0160
http://paperpile.com/b/dfxVJ5/QBFNl
http://paperpile.com/b/dfxVJ5/RIbY8
http://paperpile.com/b/dfxVJ5/RIbY8
http://paperpile.com/b/dfxVJ5/YVGtV
http://paperpile.com/b/dfxVJ5/YVGtV
http://paperpile.com/b/dfxVJ5/K7jGM
http://paperpile.com/b/dfxVJ5/K7jGM
http://paperpile.com/b/dfxVJ5/oZjpf
http://paperpile.com/b/dfxVJ5/oZjpf
http://paperpile.com/b/dfxVJ5/oZjpf
http://paperpile.com/b/dfxVJ5/oZjpf
http://paperpile.com/b/dfxVJ5/oZjpf
http://paperpile.com/b/dfxVJ5/0Z1Kp
http://paperpile.com/b/dfxVJ5/0Z1Kp
http://paperpile.com/b/dfxVJ5/rhAM9
http://paperpile.com/b/dfxVJ5/rhAM9
http://paperpile.com/b/dfxVJ5/sizig
http://paperpile.com/b/dfxVJ5/sizig
http://paperpile.com/b/dfxVJ5/sizig
http://paperpile.com/b/dfxVJ5/z1veF
http://paperpile.com/b/dfxVJ5/z1veF
http://paperpile.com/b/dfxVJ5/z1veF
http://paperpile.com/b/dfxVJ5/ApO6K
http://paperpile.com/b/dfxVJ5/ApO6K
http://paperpile.com/b/dfxVJ5/ApO6K
http://paperpile.com/b/dfxVJ5/9z37m
http://paperpile.com/b/dfxVJ5/9z37m
http://paperpile.com/b/dfxVJ5/9z37m
http://paperpile.com/b/dfxVJ5/ZwrNp
http://paperpile.com/b/dfxVJ5/ZwrNp
http://paperpile.com/b/dfxVJ5/jSCG4
http://paperpile.com/b/dfxVJ5/jSCG4


0RUULVRQ��5��*���DQG�)��1RWWHERKP��������³5ROH�RI�D�7HOHQFHSKDOLF�1XFOHXV�LQ�WKH�'HOD\HG�6RQJ
/HDUQLQJ�RI�6RFLDOO\�,VRODWHG�=HEUD�)LQFKHV�´ -RXUQDO RI�1HXURELRORJ\ ����������±���

0RXQWMR\��-DPHV�'���DQG�5REHUW�(��/HPRQ��������³([WHQGHG�6RQJ�/HDUQLQJ�LQ�:LOG�(XURSHDQ
6WDUOLQJV�´ $QLPDO�%HKDYLRXU ���������±���

1DJOH��/���DQG�0��/��.UHXW]HU��������³$GXOW�)HPDOH�'RPHVWLFDWHG�&DQDULHV�&DQ�0RGLI\�7KHLU
6RQJ�3UHIHUHQFHV�´ &DQDGLDQ�-RXUQDO�RI�=RRORJ\ ����������±���

1HOVRQ��'��$��������³([WHUQDO�9DOLGLW\�DQG�([SHULPHQWDO�'HVLJQ��7KH�6HQVLWLYH�3KDVH�IRU�6RQJ
/HDUQLQJ�´ $QLPDO�%HKDYLRXU ���������±���

1LFKROVRQ��-RDQQH�6���.DWKHULQH�/��%XFKDQDQ��5XSHUW�&��0DUVKDOO��DQG�&OLYH�.��&DWFKSROH�
������³6RQJ�6KDULQJ�DQG�5HSHUWRLUH�6L]H�LQ�WKH�6HGJH�:DUEOHU��$FURFHSKDOXV
6FKRHQREDHQXV��&KDQJHV�ZLWKLQ�DQG�EHWZHHQ�<HDUV�´ $QLPDO�%HKDYLRXU ����������±���

1RUGE\��-��&XOO\��-��&XOO\�1RUGE\��6��(OL]DEHWK�&DPSEHOO��DQG�0LFKDHO�'��%HHFKHU��������³$GXOW
6RQJ�6SDUURZV�'R�1RW�$OWHU�7KHLU�6RQJ�5HSHUWRLUHV�´ (WKRORJ\��)RUPHUO\�=HLWVFKULIW�)XU
7LHUSV\FKRORJLH ���������±���

1RUGHHQ��(��-���DQG�.��:��1RUGHHQ��������³1HXURJHQHVLV�DQG�6HQVLWLYH�3HULRGV�LQ�$YLDQ�6RQJ
/HDUQLQJ�´ 7UHQGV�LQ�1HXURVFLHQFHV ��������±���

1RUGHHQ��.��:��������³1HXUDO�&RUUHODWHV�RI�6HQVLWLYH�3HULRGV�LQ�$YLDQ�6RQJ�/HDUQLQJ�´ $QQDOV
RI�WKH�1HZ�<RUN�$FDGHP\�RI�6FLHQFHV �������±����

1RWWHERKP��)HUQDQGR��������³7KH�µ&ULWLFDO�3HULRG¶�IRU�6RQJ�/HDUQLQJ�´ 7KH�,ELV ����������±���

1RWWHERKP��)HUQDQGR��������³%LUGVRQJ�DV�D�0RGHO�LQ�:KLFK�WR�6WXG\�%UDLQ�3URFHVVHV�5HODWHG
WR�/HDUQLQJ�´ 7KH�&RQGRU ����������

1RWWHERKP��)HUQDQGR��������³7KH�6HDUFK�IRU�1HXUDO�0HFKDQLVPV�7KDW�'HILQH�WKH�6HQVLWLYH
3HULRG�IRU�6RQJ�/HDUQLQJ�LQ�%LUGV�´ 1HWKHUODQGV�-RXUQDO RI�=RRORJ\ ���������±����

1RWWHERKP��)���0��(��1RWWHERKP��DQG�/��&UDQH��������³'HYHORSPHQWDO�DQG�6HDVRQDO�&KDQJHV�LQ
&DQDU\�6RQJ�DQG�7KHLU�5HODWLRQ�WR�&KDQJHV�LQ�WKH�$QDWRP\�RI�6RQJ�&RQWURO�1XFOHL�´
%HKDYLRUDO�DQG�1HXUDO�%LRORJ\ ���������±���

2GRP��.DUDQ�-���0LFKHOOH�/��+DOO��.DWKDULQD�5LHEHO��.HYLQ�(��2PODQG��DQG�1DRPL�(��/DQJPRUH�
������³)HPDOH�6RQJ�,V�:LGHVSUHDG�DQG�$QFHVWUDO�LQ�6RQJELUGV�´ 1DWXUH�&RPPXQLFDWLRQV
�������

2¶0HDUD��%ULDQ�&���&pFLOH�$Qp��0LFKDHO�-��6DQGHUVRQ��DQG�3HWHU�&��:DLQZULJKW��������³7HVWLQJ
IRU�'LIIHUHQW�5DWHV�RI�&RQWLQXRXV�7UDLW�(YROXWLRQ�8VLQJ�/LNHOLKRRG�´ (YROXWLRQ�
,QWHUQDWLRQDO�-RXUQDO�RI�2UJDQLF�(YROXWLRQ ���������±���

3DJHO��0DUN��������³'HWHFWLQJ�&RUUHODWHG�(YROXWLRQ�RQ�3K\ORJHQLHV��$�*HQHUDO�0HWKRG�IRU�WKH
&RPSDUDWLYH�$QDO\VLV�RI�'LVFUHWH�&KDUDFWHUV�´ 3URFHHGLQJV RI�WKH�5R\DO�6RFLHW\�RI�/RQGRQ�
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6HULHV�%��%LRORJLFDO�6FLHQFHV ������������±���

3DJHO��0DUN��DQG�$QGUHZ�0HDGH��������³%D\HVLDQ�$QDO\VLV�RI�&RUUHODWHG�(YROXWLRQ�RI�'LVFUHWH
&KDUDFWHUV�E\�5HYHUVLEOH䇲-XPS�0DUNRY�&KDLQ�0RQWH�&DUOR�´ 7KH�$PHULFDQ�1DWXUDOLVW
����������±���

3D\QH��5REHUW�%��������³6H[XDO�6HOHFWLRQ��/HN�DQG�$UHQD�%HKDYLRU��DQG�6H[XDO�6L]H
'LPRUSKLVP�LQ�%LUGV�´ 2UQLWKRORJLFDO�0RQRJUDSKV �����LLL ±����

3IDII��-HUHP\�$���/LDQD�=DQHWWH��6FRWW�$��0DF'RXJDOO�6KDFNOHWRQ��DQG�(OL]DEHWK�$�
0DF'RXJDOO�6KDFNOHWRQ��������³6RQJ�5HSHUWRLUH�6L]H�9DULHV�ZLWK�+9&�9ROXPH�DQG�,V
,QGLFDWLYH�RI�0DOH�4XDOLW\�LQ�6RQJ�6SDUURZV��0HORVSL]D�0HORGLD��´ 3URFHHGLQJV�
%LRORJLFDO�6FLHQFHV���7KH�5R\DO�6RFLHW\ ��������������±���

3ULFH��-��-RUGDQ��DQG�'DYLG�<XDQ��������³6RQJ�7\SH�6KDULQJ�DQG�0DWFKLQJ�LQ�D�%LUG�ZLWK�9HU\
/DUJH�6RQJ�5HSHUWRLUHV��WKH�7URSLFDO�0RFNLQJELUG�´ %HKDYLRXU ����������±���

5DXVFKHFNHU��-RVHI�3���DQG�3HWHU�0DUOHU������� ,PSULQWLQJ DQG�&RUWLFDO�3ODVWLFLW\��&RPSDUDWLYH
$VSHFWV�RI�6HQVLWLYH�3HULRGV��:LOH\�,QWHUVFLHQFH�

5HYHOO��/LDP�-��������³3K\WRROV��$Q�5�3DFNDJH�IRU�3K\ORJHQHWLF�&RPSDUDWLYH�%LRORJ\��DQG
2WKHU�7KLQJV��´ 0HWKRGV�LQ�(FRORJ\�DQG�(YROXWLRQ�� %ULWLVK�(FRORJLFDO�6RFLHW\
��������±���

5RGHZDOG��3���HG������� 7KH�%LUGV�RI�1RUWK�$PHULFD� +WWSV���ELUGVQD�RUJ��&RUQHOO�/DERUDWRU\�RI
2UQLWKRORJ\��,WKDFD��1<�

6HDUF\��:���DQG�0��$QGHUVVRQ��������³6H[XDO�6HOHFWLRQ�DQG�WKH�(YROXWLRQ�RI�6RQJ�´ $QQXDO
5HYLHZ�RI�(FRORJ\�DQG�6\VWHPDWLFV ���������±���

6HDUF\��:LOOLDP�$���DQG�3HWHU�0DUOHU��������³,QWHUVSHFLILF�'LIIHUHQFHV�LQ�WKH�5HVSRQVH�RI�)HPDOH
%LUGV�WR�6RQJ�5HSHUWRLUHV�´ =HLWVFKULIW�)�U�7LHUSV\FKRORJLH ���������±���

6PLWK��*��7���(��$��%UHQRZLW]��0��'��%HHFKHU��DQG�-��&��:LQJILHOG��������³6HDVRQDO�&KDQJHV�LQ
7HVWRVWHURQH��1HXUDO�$WWULEXWHV�RI�6RQJ�&RQWURO�1XFOHL��DQG�6RQJ�6WUXFWXUH�LQ�:LOG
6RQJELUGV�´ 7KH�-RXUQDO�RI�1HXURVFLHQFH��7KH�2IILFLDO -RXUQDO�RI�WKH�6RFLHW\�IRU
1HXURVFLHQFH �����������±���

6Q\GHU��.DWH�7���DQG�1LFROH�&UHDQ]D��������³3RO\J\Q\�,V�/LQNHG�WR�$FFHOHUDWHG�%LUGVRQJ
(YROXWLRQ�EXW�1RW�WR�/DUJHU�6RQJ�5HSHUWRLUHV�´ 1DWXUH &RPPXQLFDWLRQV ����������

6RPD��0DVD\R��DQG�/iV]Oy�=VROW�*DUDPV]HJL��������³5HWKLQNLQJ�%LUGVRQJ�(YROXWLRQ�
0HWD�$QDO\VLV�RI�WKH�5HODWLRQVKLS�EHWZHHQ�6RQJ�&RPSOH[LW\�DQG�5HSURGXFWLYH�6XFFHVV�´
%HKDYLRUDO�(FRORJ\��2IILFLDO�-RXUQDO�RI�WKH�,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO�(FRORJ\
���������±���

7UDLQHU��-LOO�0���DQG�5\DQ�-��3DUVRQV��������³'(/$<('�92&$/�0$785$7,21�,1
32/<*<1286�<(//2:�5803('�&$&,48(6�´ 7KH�:LOVRQ�%XOOHWLQ ����������±���
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7UDPRQWLQ��$QWKRQ\�'���DQG�(OLRW�$��%UHQRZLW]��������³6HDVRQDO�3ODVWLFLW\�LQ�WKH�$GXOW�%UDLQ�´
7UHQGV�LQ�1HXURVFLHQFHV ���������±���

7UDPRQWLQ��$QWKRQ\�'���1LFROH�3HUILWR��-RKQ�&��:LQJILHOG��DQG�(OLRW�$��%UHQRZLW]�������
³6HDVRQDO�*URZWK�RI�6RQJ�&RQWURO�1XFOHL�3UHFHGHV�6HDVRQDO�5HSURGXFWLYH�'HYHORSPHQW�LQ
:LOG�$GXOW�6RQJ�6SDUURZV�´ *HQHUDO�DQG�&RPSDUDWLYH (QGRFULQRORJ\ ��������±��

9DUJDV�&DVWUR��/XLV�(���1DWDOLH�9��6iQFKH]��DQG�*LOEHUW�%DUUDQWHV��������³6RQJ�3ODVWLFLW\�RYHU
7LPH�DQG�9RFDO�/HDUQLQJ�LQ�&OD\�&RORUHG�7KUXVKHV�´ $QLPDO�&RJQLWLRQ ����������±���

:LOEUHFKW��/LQGD��+HDWKHU�:LOOLDPV��1LGKL�*DQJDGKDU��DQG�)HUQDQGR�1RWWHERKP��������³+LJK
/HYHOV�RI�1HZ�1HXURQ�$GGLWLRQ�3HUVLVW�:KHQ�WKH�6HQVLWLYH�3HULRG�IRU�6RQJ�/HDUQLQJ�,V
([SHULPHQWDOO\�3URORQJHG�´ 7KH�-RXUQDO�RI�1HXURVFLHQFH� 7KH�2IILFLDO�-RXUQDO�RI�WKH
6RFLHW\�IRU�1HXURVFLHQFH �����������±���

:LOGHQWKDO��-R\FH�/��������³6WUXFWXUH�LQ�3ULPDU\�6RQJ�RI�WKH�0RFNLQJELUG��0LPXV
3RO\JORWWRV��´ 7KH�$XN ���������±���
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.DWH�7��6Q\GHU���0DULD�6HOOHUV���1LFROH�&UHDQ]D�
� 'HSDUWPHQW�RI�%LRORJLFDO�6FLHQFHV��9DQGHUELOW�8QLYHUVLW\� 1DVKYLOOH��71�86$������

$ PRGLILHG YHUVLRQ RI WKLV FKDSWHU LV DYDLODEOH DV D SUHSULQW RQ ELR5[LY ZLWK GRL�
�������������������������

,QWURGXFWLRQ

7KH�QDWXUDO�ZRUOG�LV�SXQFWXDWHG�E\�FDWDVWURSKLF�HYHQWV�WKDW�FDQ�GUDPDWLFDOO\�FKDQJH

QDWXUDO�VHOHFWLRQ�SUHVVXUHV��DOWHULQJ�WKH�FRXUVH�RI�D�VSHFLHV¶�HYROXWLRQ �3ULFH�HW�DO��������'RQLKXH

HW�DO���������7KH�GRFXPHQWHG�H[DPSOHV�RI�WKHVH�VKRUW�WHUP SKHQRPHQD�RQ�D�SRSXODWLRQ�VFDOH�DUH

FKDUDFWHUL]HG�E\�XQXVXDOO\�KLJK�PRUWDOLW\�UDWHV�DIWHU�DOO�LQGLYLGXDOV�DUH�VXEMHFWHG�WR�H[WUHPHO\

KRVWLOH�FRQGLWLRQV��ZKHUH�WKRVH�LQGLYLGXDOV�WKDW�H[KLELW�FHUWDLQ�DGDSWLYH�WUDLWV�GLVSURSRUWLRQDWHO\

VXUYLYH�WR�SDVV�RQ�WKHLU�JHQHV�WR�WKH�QH[W�JHQHUDWLRQ �%��5��*UDQW�DQG�*UDQW�������3��5��*UDQW

DQG�*UDQW�������%URZQ�DQG�%URZQ��������7KHVH�VWXGLHV KDYH�FHQWHUHG�RQ�WUDLWV�WKDW�DUH�DVVXPHG

WR�EH�JHQHWLFDOO\�GHWHUPLQHG�DQG�QRW�SODVWLF�LQ�DGXOWKRRG��KRZHYHU��UHFHQW�UHVHDUFK�KDV�VKRZQ

WKDW�JHQH�E\�HQYLURQPHQW�LQWHUDFWLRQV�FDQ�KDYH�VLJQLILFDQW�RXWFRPHV�RQ�SKHQRW\SHV��ZKLFK

FRXOG�WKHRUHWLFDOO\�DOVR�GULYH�D�VSHFLHV¶�HYROXWLRQ��VLQFH�QDWXUDO�VHOHFWLRQ�SULPDULO\�DFWV�RQ

H[SUHVVHG�SKHQRW\SHV��7KHUH�DUH�VHYHUDO�SRWHQWLDO�PHGLDWRUV�RI�SKHQRW\SLF�FKDQJH�EDVHG�RQ

LQWHUDFWLRQV�EHWZHHQ�RUJDQLVPV�DQG�WKHLU�HQYLURQPHQWV��LQFOXGLQJ�HSLJHQHWLF�PRGLILFDWLRQV�

PLFURELRPH�FRPSRVLWLRQ��DQG�OHDUQHG�RU�FRQGLWLRQHG�EHKDYLRUV �6HSHUV�HW�DO��������+HQU\�HW�DO�
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������&DVSL�HW�DO���������7KHVH�IDFWRUV�FDQ�DOO�EH�DIIHFWHG�E\�WKH�SK\VLFDO�DQG�VRFLDO

HQYLURQPHQW��HVSHFLDOO\�WKRVH�H[SHULHQFHG�GXULQJ�GHYHORSPHQW��LQ�SRWHQWLDOO\�ORQJ�ODVWLQJ�ZD\V

WKDW�FDQ�EH�DGDSWLYH��FRQGLWLRQDOO\�DGDSWLYH�LQ�D�JLYHQ�HQYLURQPHQW��RU�PDODGDSWLYH �%R\FH�

6RNRORZVNL��DQG�5RELQVRQ�������%UDVV�HW�DO��������*LHQDSS�HW�DO��������5HJDQ�HW�DO��������

%LUGVRQJ�LV�D�OHDUQHG�EHKDYLRU�WKDW�LV�H[WUHPHO\�GLYHUVH�DFURVV�WKH�������VSHFLHV�WKDW

H[KLELW�LW�LQ�WKH�VRQJELUGV��VXERUGHU��2VFLQH��2UGHU��3DVVHULIRUPHV���/HDUQLQJ�GXUDWLRQ�YDULHV

EHWZHHQ�VSHFLHV��ZLWK�VRPH�VSHFLHV�OHDUQLQJ�RQO\�LQ�WKH�ILUVW�\HDU�RI�OLIH��DIWHU�ZKLFK�WKH\�GR�QRW

PRGLI\�WKHLU�VRQJV��WHUPHG�³FORVHG�HQGHG�OHDUQHUV´���DQG�RWKHUV�OHDUQLQJ�IRU�VHYHUDO�\HDUV�RU

WKURXJKRXW�WKHLU�OLIHWLPHV��³RSHQ�HQGHG�OHDUQHUV´���6RQJ�HYROXWLRQ�LV�LQIOXHQFHG�E\�VH[XDO

VHOHFWLRQ��DV�LW�SULPDULO\�IXQFWLRQV�LQ�PDWH�DWWUDFWLRQ��VSHFLHV�LGHQWLILFDWLRQ��DQG�WHUULWRU\�GHIHQVH�

6RQJV�DUH�FRPSRVHG�RI�V\OODEOHV��GHILQHG�DV�SHULRGV�RI�FRQWLQXRXV�VRXQG�WKDW�DUH�VHSDUDWHG�E\�D

VKRUW�SHULRG�RI�VLOHQFH��7KH�GLYHUVLW\�RI�VRQJ�LV�W\SLFDOO\�FKDUDFWHUL]HG�XVLQJ�D�VHW�RI�PHWULFV�WKDW

LQFOXGH�PHDVXUHPHQWV�RI�SLWFK��IUHTXHQF\�PRGXODWLRQ��GXUDWLRQ��VSHFWUDO�HQWURS\��DQG�V\OODEOH

GLYHUVLW\��2QH�NH\�PHWULF�LV�³V\OODEOH�UHSHUWRLUH�´�RU�WKH�WRWDO�QXPEHU�RI�XQLTXH�V\OODEOHV�DQ

LQGLYLGXDO�SURGXFHV��7KH�DYHUDJH�V\OODEOH�UHSHUWRLUH�ZLWKLQ�D�VSHFLHV�UDQJHV�IURP����H�J��LQ�WKH

FKLSSLQJ�VSDUURZ �0DUOHU�DQG�,VDDF��������WR�RYHU ������LQ�WKH�EURZQ�WKUDVKHU �.URRGVPD�DQG

3DUNHU���������DQG�LV�FRQVLGHUHG�D�PHWULF�RI�VRQJ FRPSOH[LW\�DQG�OHDUQLQJ�FDSDFLW\ �5RELQVRQ�

6Q\GHU��DQG�&UHDQ]D�������&UHDQ]D��)RJDUW\��DQG�)HOGPDQ��������7KH�VRQJ�SUHIHUHQFHV�RI

IHPDOHV�YDU\�ZLGHO\�EHWZHHQ�VSHFLHV��EXW�LQ�ODERUDWRU\�DQG�ILHOG�VWXGLHV�DFURVV�VHYHUDO�VSHFLHV��LW

KDV�EHHQ�IRXQG�WKDW�IHPDOHV�WHQG�WR�SUHIHU�PRUH�FRPSOH[�VRQJV��DV�PHDVXUHG�E\�D�PDOH¶V�V\OODEOH

UHSHUWRLUH��QXPEHU�RI�XQLTXH�V\OODEOHV�SHU�VRQJ��RU�QXPEHU�RI�XQLTXH�VRQJV �&DWFKSROH��'LWWDPL�

DQG�/HLVOHU�������6HDUF\�������5HLG�HW�DO��������
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%LUGVRQJ�LV�DQ�HQHUJHWLFDOO\�FRVWO\�EHKDYLRU��UHTXLULQJ�VLJQLILFDQW�LQYHVWPHQW�LQ

VSHFLDOL]HG�QHXUDO�GHYHORSPHQW�DQG�WLPH�GHGLFDWHG�WRZDUGV�SUDFWLFLQJ�VRQJ �1RZLFNL�DQG�6HDUF\

�������6WUHVV�GXULQJ�GHYHORSPHQW�KDV�EHHQ�VKRZQ�WR LPSDLU�VRQJ�OHDUQLQJ�DELOLW\�LQ�VHYHUDO

VSHFLHV��XVLQJ�VRQJ�OHDUQLQJ�DFFXUDF\�RU�VRQJ�FRPSOH[LW\�DV�SUR[\�PHWULFV �%UXPP��=ROOLQJHU�

DQG�6ODWHU�������0DF'RXJDOO�6KDFNOHWRQ�DQG�6SHQFHU��������7KH�GHYHORSPHQWDO�VWUHVV

K\SRWKHVLV�SRVLWV�WKDW�ELUGVRQJ�LV�DQ�KRQHVW�LQGLFDWRU�RI�ILWQHVV�EHFDXVH�IHPDOHV�FDQ�JDLQ

DFFXUDWH�LQIRUPDWLRQ�DERXW�D�PDOH¶V�GHYHORSPHQWDO�HQYLURQPHQW�E\�DVVHVVLQJ�VRQJ�TXDOLW\�

HQDEOLQJ�WKHP�WR�FKRRVH�D�PDWH�WKDW�KDG�D�QRQ�VWUHVVIXO�XSEULQJLQJ �1RZLFNL�DQG�6HDUF\�������

7KH�FRQGLWLRQV�FDXVLQJ�VWUHVV��VXFK�DV�IRRG�DYDLODELOLW\�DQG�SDUDVLWH�ORDG��DUH�XVXDOO\�DVVXPHG�WR

YDU\�DFURVV�D�SRSXODWLRQ��ZLWK�VRPH�ELUGV�H[SHULHQFLQJ�OLWWOH�VWUHVV�GXULQJ�GHYHORSPHQW��DQG

DWWUDFWLYH�VRQJ�FKDUDFWHULVWLFV�DUH�IDYRUDEO\�VHOHFWHG�E\�IHPDOHV��+RZHYHU��FHUWDLQ�H[WUHPH

HQYLURQPHQWDO�HYHQWV�PLJKW�HIIHFWLYHO\�DSSO\�VWUHVV�WR�DQ�HQWLUH�SRSXODWLRQ�VLPXOWDQHRXVO\�

ZKLFK�FRXOG�UHVXOW�LQ�DQ�HQWLUH�JHQHUDWLRQ�RI�ELUGV�ZLWK�LPSDLUHG�VRQJ�OHDUQLQJ�

*HQHWLFDOO\�GHWHUPLQHG�SKHQRW\SHV�LQ�D�SRSXODWLRQ�DUH�FRQVWDQWO\�XQGHUJRLQJ�PLQRU

FKDQJHV�DV�LQGLYLGXDOV�H[KLELW�YDULHG�VXFFHVV�IURP�\HDU�WR�\HDU��EXW�PDMRU�VKLIWV�LQ�SRSXODWLRQ

SKHQRW\SH�KDSSHQ�IDU�PRUH�UDSLGO\�XQGHU�H[WUHPH�FRQGLWLRQV �3ULFH�HW�DO���������&RXOG�D�VLPLODU

SKHQRPHQRQ�RFFXU�LQ�D�FXOWXUDOO\�WUDQVPLWWHG�SKHQRW\SH�VXFK�DV�VRQJ�WKDW�GRHV�QRW�JLYH�D

VHOHFWLYH�DGYDQWDJH�XQGHU�WKH�HQYLURQPHQWDO�FKDQJH"�6SHFLILFDOO\��LI�D�VWUHVVRU�ZDV�DSSOLHG

DFURVV�DQ�HQWLUH�EUHHGLQJ�VRQJELUG�SRSXODWLRQ�VLPXOWDQHRXVO\��VXFK�WKDW�YLUWXDOO\�DOO�MXYHQLOHV

H[SHULHQFHG�LPSDLUHG�OHDUQLQJ��ZRXOG�WKHUH�EH�D�GHWHFWDEOH�SHUWXUEDWLRQ�LQ�SRSXODWLRQ�VRQJ�LQ�WKH

QH[W�EUHHGLQJ�VHDVRQ"�,I�WKHVH�MXYHQLOHV¶�VRQJV�EHFDPH�WKH�PRGHOV�IRU�IXWXUH�JHQHUDWLRQV��FRXOG

VXFK�D�SXQFWXDWHG�VWUHVVRU�XOWLPDWHO\�LQGXFH�D�ODVWLQJ�FKDQJH�LQ�WKH�SRSXODWLRQV¶�VRQJV"�:H

SUHGLFW�WKDW�HFRV\VWHP�OHYHO�VWUHVVRUV�PD\�FDXVH�SRSXODWLRQ�OHYHO�FKDQJHV�WR�ELUG�VRQJ�DV�HQWLUH
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FRKRUWV�WKDW�H[SHULHQFH�GHYHORSPHQWDO�VWUHVV�VXEVHTXHQWO\�OHDUQ�WKHLU�VRQJV�LPSHUIHFWO\��)XUWKHU�

LI�WKHVH�LQGLYLGXDOV�EHFRPH�WKH�VRQJ�WXWRUV�IRU�IXWXUH�JHQHUDWLRQV��WKHVH�DOWHUHG�VRQJV�FRXOG

WKHRUHWLFDOO\�VSUHDG�LQ�WKH�SRSXODWLRQ�DQG�EHFRPH�DQ�HVWDEOLVKHG�GLDOHFW�

:KLOH�WKH�ELRORJLFDO�HIIHFW�RI�GHYHORSPHQWDO�VWUHVV�XSRQ�WKH�VRQJ�TXDOLW\�RI�LQGLYLGXDOV

KDV�EHHQ�ZHOO�VWXGLHG��WKH�FXOWXUDO�HIIHFW�RI�DQ�HQYLURQPHQWDO�VWUHVVRU�DSSOLHG�WR�DQ�HQWLUH�QDWXUDO

SRSXODWLRQ�KDV�QRW��WR�RXU�NQRZOHGJH��EHHQ�LQYHVWLJDWHG��:H�KDYH�LGHQWLILHG�DQ�HFRORJLFDO

RSSRUWXQLW\�WKURXJK�ZKLFK�WR�DWWHPSW�WR�REVHUYH�WKH�HIIHFWV�RI�VXFK�D�SKHQRPHQRQ��)URP�-XQH

WKURXJK�1RYHPEHU�������1HZ�<RUN�6WDWH��ZKLFK�W\SLFDOO\�KDV�D�KXPLG�FOLPDWH��H[SHULHQFHG�D

VHYHUH�GURXJKW��7KH�PRVW�VHYHUHO\�DIIHFWHG�UHJLRQ��FHQWUDO�ZHVWHUQ�1HZ�<RUN�6WDWH��LQFOXGLQJ

,WKDFD�DQG�WKH�VXUURXQGLQJ�DUHD��VSHQW�RYHU�WZR�PRQWKV�XQGHU�WKH�FODVVLILFDWLRQ�RI�³([WUHPH

'URXJKW´�>,QIRUPDWLRQ�IURP�WKH�'URXJKW�0RQLWRU �6YRERGD HW�DO���������DFFHVVHG�YLD

KWWSV���GURXJKWPRQLWRU�XQO�HGX�1$'0�+RPH�DVS[@��$LU�WHPSHUDWXUHV�LQ������LQ�WKLV�UHJLRQ�ZHUH

DOVR�KLJKHU�WKDQ�QRUPDO��DURXQG�WKH���WK�SHUFHQWLOH�UHODWLYH�WR�WKH�SUHYLRXV����\HDUV �6ZHHW�HW�DO�

�������7KHVH�FRPELQHG�IDFWRUV�KDG�VLJQLILFDQW�HIIHFWV RQ�YHJHWDWLRQ��XVLQJ�DJULFXOWXUH�ORVVHV�DV�D

SUR[\�PHWULF��LQ�WKH�PRVW�KHDYLO\�LPSDFWHG�UHJLRQ��1HZ�<RUN�'URXJKW�5HJLRQ�9,,��ZKLFK

HQFRPSDVVHV�7RPSNLQV��&D\XJD��2QRQGDJD��6FKX\OHU��6HQHFD��<DWHV��2QWDULR��/LYLQJVWRQ��DQG

:\RPLQJ�FRXQWLHV��IDUPV�UHSRUWHG�DYHUDJH�QRQ�LUULJDWHG�FURS�ORVVHV�UDQJLQJ�IURP�����ORVV�RI

ILHOG�FURSV�WR�����ORVV�RI�IUXLW�FURSV �6ZHHW�HW�DO� �������,QFLGHQWDOO\��WKLV�DUHD�LV�DOVR�D�KRWVSRW

IRU�VRQJELUG�UHFRUGLQJV��WKH�DUHD�VXUURXQGLQJ�,WKDFD��1HZ�<RUN��ZKLFK�LV�KRPH�WR�&RUQHOO

8QLYHUVLW\��WKH�&RUQHOO�/DE�RI�2UQLWKRORJ\��DQG�WKH�0DFDXOD\�/LEUDU\�RI�1DWXUDO�6RXQGV��KDV�D

KLJK�GHQVLW\�RI�SXEOLFO\�DYDLODEOH�ELUG�VRQJ�UHFRUGLQJV�REWDLQHG�E\�ERWK�DFDGHPLFV�DQG

FRPPXQLW\�ELUG�HQWKXVLDVWV�RYHU�WKH�SDVW�IHZ�GHFDGHV��ZLWK�D�VKDUS�LQFUHDVH�LQ�UHFRUGLQJV�LQ�WKH

SDVW�ILYH�WR�WHQ�\HDUV�
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:KLOH�WKHUH�GRHV�QRW�VHHP�WR�EH�UREXVW�DQDO\VLV�RU�V\VWHPDWLF�GRFXPHQWDWLRQ�RI�HIIHFWV

RQ�SDVVHULQHV�GXULQJ�WKLV�GURXJKW��UHVHDUFK�RQ�SDVVHULQH�VSHFLHV�IURP�RWKHU�GURXJKW�HYHQWV�FDQ

SURYLGH�VRPH�SUHGLFWLRQV�DV�WR�WKH�SRWHQWLDO�HIIHFWV��,Q�PDQ\�VSHFLHV��LQFOXGLQJ�VRQJ�VSDUURZV�

UHSURGXFWLRQ�DQG�UHSURGXFWLYH�SK\VLRORJ\�LV�QHJDWLYHO\�DIIHFWHG�E\�WKH�DEVHQFH�RI�ZDWHU

�:LQJILHOG�HW�DO��������3ULRU��+HLPRYLFV��DQG�6RPD�������.R]ORYVN\�HW�DO���������7KLV�H[WHQGV

WR�GHFUHDVHV�LQ�QHVWLQJ�EHKDYLRU�DQG�HJJ�OD\LQJ �/DQJLQ HW�DO���������'URXJKW�OHDGV�WR

SK\VLRORJLFDO�VWUHVV�DQG�PRUWDOLW\�LQ�LQGLYLGXDOV�E\�UHGXFLQJ�WKH�DYDLODELOLW\�RI�SODQW�DQG

DUWKURSRG�ELRPDVV�WKDW�VHUYH�DV�IRRG�VRXUFHV�IRU�PDQ\�ELUG�VSHFLHV��DV�ZHOO�DV�WKURXJK

GHK\GUDWLRQ �/DQJLQ�HW�DO��������%RDJ�DQG�*UDQW������� 7KHVH�HIIHFWV�PD\�EH�PRVW�SURQRXQFHG

LQ�VSHFLDOLVW�VSHFLHV��EXW�JHQHUDOLVWV�DUH�DOVR�DIIHFWHG�QHJDWLYHO\�E\�ODFN�RI�ZDWHU�DYDLODELOLW\�DQG

WUHH�DQG�SODQW�PRUWDOLW\ �5REHUWV�HW�DO��������

+HUH��ZH�SUHVHQW�DQDO\VHV�RI�WKH�VRQJV�RI�WZR�IRFDO�VSHFLHV��WKH�GDUN�H\HG�MXQFR��-XQFR

K\HPDOLV��DQG�WKH�VRQJ�VSDUURZ��0HORVSL]D�PHORGLD�� UHFRUGHG�LQ�FHQWUDO�ZHVWHUQ�1HZ�<RUN

6WDWH�EHWZHHQ������DQG�������:H�DQDO\]H�WKHVH�UHFRUGLQJV�REWDLQHG�IURP�SXEOLFO\�DFFHVVLEOH

UHSRVLWRULHV�ZLWK�D�VSHFLILF�SUHGLFWLRQ�WKDW�WKH�SRSXODWLRQ�GLVWULEXWLRQV�RI�FHUWDLQ�VRQJ�IHDWXUHV

ZLOO�VKLIW�IURP�EHIRUH�WKH������GURXJKW�WR�DIWHU�WKH�GURXJKW��:H�K\SRWKHVL]H�LQ�SDUWLFXODU�WKDW

PHWULFV�RI�VRQJ�FRPSOH[LW\�LQ�VRQJ�VSDUURZV�ZLOO�VKLIW�WRZDUGV�VLPSOHU�VRQJ��VLQFH�VRQJ

FRPSOH[LW\�KDV�SUHYLRXVO\�EHHQ�VKRZQ�WR�QHJDWLYHO\�FRUUHODWH�ZLWK�PHWULFV�RI�VWUHVV�LQ�VRQJ

VSDUURZV �6FKPLGW�HW�DO���������:H�SUHGLFW�WKDW�WKHUH ZLOO�DOVR�EH�D�ODUJHU�YDULDQFH�LQ�WKHVH

IHDWXUH�GLVWULEXWLRQV�DIWHU�WKH�GURXJKW��VLQFH�UHFRUGLQJV�DIWHU������DUH�OLNHO\�WR�UHSUHVHQW�D�PL[�RI

LQGLYLGXDOV�WKDW�OHDUQHG�WKHLU�VRQJV�SULRU�WR�������LQGLYLGXDOV�WKDW�OHDUQHG�WKHLU�VRQJV�GXULQJ

GURXJKW�SHULRG��DQG�LQGLYLGXDOV�WKDW�PD\�KDYH�OHDUQHG�WKHLU�VRQJV�IURP�WKH�GURXJKW�\HDU�ELUGV�
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0HWKRGV

6LWH�6HOHFWLRQ

,Q�WKH�VXPPHU�RI�������D�ODUJH�DUHD�RI�1HZ�<RUN�6WDWH�H[SHULHQFHG�D�GURXJKW�WKDW�ZDV

XQSUHFHGHQWHG�LQ�UHFRUGHG�KLVWRU\�IRU�WKH�UHJLRQ��7KLV�SURYLGHG�D�XQLTXH�RSSRUWXQLW\�IRU�D

QDWXUDO�H[SHULPHQW�WR�VWXG\�WKH�HIIHFWV�RI�HQYLURQPHQWDO�VWUHVV�RQ�ELUGVRQJ�RQ�D�SRSXODWLRQ�ZLGH

VFDOH��7RPSNLQV�&RXQW\��KRPH�WR�WKH�&RUQHOO�/DE�RI�2UQLWKRORJ\��ZDV�FODVVLILHG�DV�EHLQJ�XQGHU

GURXJKW�FRQGLWLRQV�IURP�ODWH�-XQH�XQWLO�ZHOO�LQWR�1RYHPEHU�RI�WKDW�\HDU��ZLWK�RYHU�WZR�PRQWKV

VSHQW�XQGHU�WKH�FODVVLILFDWLRQ�RI�³([WUHPH�'URXJKW�´�8VLQJ�WKH�DPSOH�FRPPXQLW\�VFLHQFH

ELUGVRQJ�UHFRUGLQJ�GDWD�DYDLODEOH�LQ�WKLV�DUHD��FROOHFWHG�EHIRUH��GXULQJ�DQG�DIWHU�WKH�GURXJKW��ZH

TXDQWLI\�IHDWXUHV�RI�WKH�VRQJV�RI�LQGLYLGXDO�VSHFLHV�WR�DVVHVV�ZKHWKHU�WKH�GURXJKW�KDG�D

GHWHFWDEOH�HIIHFW�RQ�VRQJV�LQ�WKH�DIIHFWHG�SRSXODWLRQV��:H�FRPSDUH�WKH�VRQJV�IURP�WKH�GURXJKW

DUHD�ZLWK�VRQJV�LQ�D�FRQWURO�UHJLRQ�RI�DSSUR[LPDWHO\�VLPLODU�ODQG�DUHD��7KH�FRQWURO�UHJLRQV�ZHUH

VHOHFWHG�E\�ILQGLQJ�WKH�DUHD�ZLWK�WKH�QH[W�KLJKHVW�GHQVLW\�RI�UHFRUGLQJV�DIWHU�ZHVWHUQ�1HZ�<RUN

IURP�WKH�SRRO�RI�DYDLODEOH�UHFRUGLQJV�RQ�0DFDXOD\�/LEUDU\�DQG�[HQR�FDQWR��:H�DVVHVVHG�WKH

GHQVLW\�RI�UHFRUGLQJV�IRU�HDFK�WDUJHW�VSHFLHV�DQG�ERWK�WLPH�SHULRGV�������-XQH�������EHIRUH

GURXJKW��DQG������������DIWHU�GURXJKW��DQG�VHOHFWHG�WKH�UHJLRQV�WKDW�ZHUH�QRW�LPSDFWHG�RU�ZHUH

OHVV�VHYHUHO\�LPSDFWHG�E\�WKH������GURXJKW�DQG�WKDW�KDG�WKH�JUHDWHVW�QXPEHU�RI�DYDLODEOH

UHFRUGLQJV�EHIRUH�DQG�DIWHU�WKH�GURXJKW�SHULRG��)RU�ERWK�VSHFLHV��ZH�RQO\�FRQVLGHUHG�UHJLRQV�LQ

WKH�HDVWHUQ�KDOI�RI�WKH�FRQWLQHQWDO�8�6��VLQFH�WKHUH�DUH�ZHOO�GRFXPHQWHG�GLIIHUHQFHV�LQ�VRQJ

GLDOHFWV�DQG�VLQJLQJ�EHKDYLRU�EHWZHHQ�HDVW�DQG�ZHVW�FRDVW�SRSXODWLRQV�RI�VRQJ�VSDUURZV �+XJKHV

HW�DO���������DQG�GLIIHUHQW�GDUN�H\HG�MXQFR�VXEVSHFLHV DUH�SUHVHQW�LQ�WKH�:HVW �)HUUHH�������

6LQFH�QR�UHJLRQV�RXWVLGH�RI�ZHVWHUQ�1HZ�<RUN�KDG�DW�OHDVW����UHFRUGLQJV�IRU�GDUN�H\HG�MXQFRV

IURP������������ZH�FKRVH�WKH�GDUN�H\HG�MXQFR�FRQWURO�UHJLRQ�EDVHG�RQ�WKH�DEXQGDQFH�RI
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UHFRUGLQJV�IURP������������DQG��RI�WKRVH�RSWLRQV��FKRVH�WKH�UHJLRQ�WKDW�GLG�QRW�DOVR�H[SHULHQFH

VHYHUH�GURXJKW�GXULQJ��������)LJXUHV�6���$�%��)RU VRQJ�VSDUURZV��RQO\�RQH�SRWHQWLDO�FRQWURO

DUHD�KDG�UHODWLYHO\�GHQVH�UHFRUGLQJ�DYDLODELOLW\�ERWK�EHIRUH�DQG�DIWHU�������DQG�LW�KDG

H[SHULHQFHG�PRGHUDWH�GURXJKW�GXULQJ��������)LJXUHV 6���&�'�

)LJXUH������0DSV�RI�GURXJKW�VHYHULW\�DQG�UHFRUGLQJ�ORFDWLRQV� �$��0DS�IURP�8�6��'URXJKW

0RQLWRU �6YRERGD�HW�DO������� IURP�6HSWHPEHU����� VKRZLQJ�WKH�VHYHULW\�DQG�JHRJUDSKLF�H[WHQW

RI�WKH�GURXJKW�LQ�ZHVWHUQ�1HZ�<RUN���%��0DS�RI�VRQJV�IRU�VRQJ�VSDUURZV�DQG�GDUN�H\HG�MXQFRV

LQ�RXU�DQDO\VHV��7KH�UHG�ER[�HQFRPSDVVHV�WKH�UHFRUGLQJV�RI�ERWK�VRQJ�VSDUURZV��RUDQJH��DQG

GDUN�H\HG�MXQFRV��SXUSOH��LQ�WKH�GURXJKW�UHJLRQ��)RU�D�VLPLODUO\�VL]HG�FRQWURO�UHJLRQ�WKDW�GLG�QRW

H[SHULHQFH�D�GURXJKW��ZH�IRXQG�WKH�GHQVHVW�VDPSOLQJ�RI�VRQJ�VSDUURZ�UHFRUGLQJV�LQ�QRUWKHUQ

1HZ�-HUVH\�DQG�VRXWKHUQ�1HZ�<RUN�DQG�&RQQHFWLFXW�DQG�RI�GDUN�H\HG�MXQFR�UHFRUGLQJV�LQ

HDVWHUQ�1HZ�<RUN��9HUPRQW��1HZ�+DPSVKLUH��DQG�ZHVWHUQ�0DVVDFKXVHWWV�
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6SHFLHV�6HOHFWLRQ�&ULWHULD

:H�VHOHFWHG�VRQJ�VSDUURZV�DQG�GDUN�H\HG�MXQFRV�DV�WDUJHW�VSHFLHV�EDVHG�RQ�VHYHUDO

IDFWRUV�UHODWHG�WR����IHDVLELOLW\�RI�VWXG\�����OLNHOLKRRG�RI�GURXJKW�LPSDFW�RQ�LQGLYLGXDOV��DQG���

OLNHOLKRRG�WKDW�DQ\�GURXJKW�DVVRFLDWHG�LPSDFW�RI�VRQJ�FRXOG�EH�GHWHFWHG�LQ�\HDUV�IROORZLQJ�WKH

GURXJKW��5HJDUGLQJ�WKH�IHDVLELOLW\�RI�VWXG\��ZH�FRQVLGHUHG�WKH�QXPEHU�RI�VRQJ�UHFRUGLQJV

DYDLODEOH�DQG�VRQJ�VWUXFWXUH��,Q�HDUO\�������ZH�UHWULHYHG�PHWDGDWD�IRU�DOO�DXGLR�UHFRUGLQJV�IURP

7RPSNLQV�&RXQW\��1HZ�<RUN�ZKLFK�ZHUH�WDJJHG�DV�FRQWDLQLQJ�³VRQJ´�LQ�WKH�0DFDXOD\�/LEUDU\

RQOLQH�UHSRVLWRU\��:H�H[FOXGHG�DQ\�VSHFLHV�ZLWK�OHVV�WKDQ�����UHFRUGLQJV��:H�DOVR�HOLPLQDWHG

DQ\�VSHFLHV�WKDW�VLQJ�FRQWLQXRXVO\��RU�WKDW�GR�QRW�KDYH�D�FOHDU�VHSDUDWLRQ�EHWZHHQ�VRQJ�ERXWV�WR

IDFLOLWDWH�FRQVLVWHQW�VRQJ�DQDO\VLV�XVLQJ�RXU�DFRXVWLF�DQDO\VLV�SURJUDP��&KLSSHU �6HDUIRVV��3LQR�

DQG�&UHDQ]D��������'URXJKW�DVVRFLDWHG�LPSDFWV�RQ�VRQJ ZLWKLQ�D�SRSXODWLRQ�ZRXOG�EH�GLOXWHG�E\

KLJK�UDWHV�RI�LPPLJUDWLRQ�RU�HPLJUDWLRQ��VR�ZH�VRXJKW�VSHFLHV�IRU�ZKLFK�WKHUH�LV�OLPLWHG�GLVSHUVDO

RU�DW�OHDVW�VRPH�HYLGHQFH�RI�SKLORSDWU\��VR�WKDW�DGXOW�ELUGV�UHFRUGHG�LQ�D�ORFDWLRQ�DUH�OLNHO\�WR

KDYH�KDWFKHG�QHDU�WKDW�ORFDWLRQ��:H�DOVR�IRFXVHG�RQ�VSHFLHV�WKDW�GR�QRW�PRGLI\�WKHLU�VRQJ

UHSHUWRLUHV�DIWHU�WKHLU�ILUVW�EUHHGLQJ�VHDVRQ��L�H��³FORVHG�HQGHG´�OHDUQHUV���VLQFH�ZH�K\SRWKHVL]HG

WKDW�HIIHFWV�RI�WKH�GURXJKW�RQ�VRQJ�OHDUQLQJ�FRXOG�EH�OHVV�SURQRXQFHG�LQ�³RSHQ�HQGHG´�OHDUQHUV�

ZKR�FDQ�FRQWLQXH�WR�PRGLI\�WKHLU�VRQJ�LQ�VXEVHTXHQW�EUHHGLQJ�VHDVRQV �%UHQRZLW]�DQG�%HHFKHU

�������%DVHG�RQ�WKHVH�FULWHULD��ZH�VHOHFWHG�WKH�GDUN�H\HG MXQFR��-XQFR�K\HPDOLV��DQG�WKH�VRQJ

VSDUURZ��0HORVSL]D�PHORGLD���WKH�WZR�VRQJELUG�VSHFLHV ZLWK�WKH�PRVW�UHFRUGLQJV�LQ�WKH�GURXJKW

DUHD��ERWK�RI�ZKLFK�DUH�FORVHG�HQGHG�OHDUQHUV�DQG�VKRZ�HYLGHQFH�RI�SKLORSDWU\ �:HDWKHUKHDG�DQG

)RUEHV�������/LHEJROG��*HUODFK��DQG�.HWWHUVRQ������� VXJJHVWLQJ�WKDW�WKHUH�ZRXOG�EH�FRQWLQXLW\

LQ�SRSXODWLRQ�PDNHXS�LQ�WKH�DUHD�IURP�EHIRUH�WR�DIWHU�WKH�GURXJKW�
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(QYLURQPHQWDO�OLPLWDWLRQV�WR�IRRG�VRXUFHV�PD\�KDYH�EHHQ�D�PDMRU�FRQWULEXWRU�WR

GHYHORSPHQWDO�VWUHVV�GXULQJ�WKH�GURXJKW �+XEHUW\�DQG�'HQQR�������:KLWH��������7KH�����

GURXJKW�KDV�EHHQ�VKRZQ�WR�KDYH�KDG�D�ODUJH�GHWULPHQWDO�HIIHFW�RQ�DJULFXOWXUDO�YHJHWDWLRQ�DQG

ZLOG�YHJHWDWLRQ�DOLNH �6ZHHW�HW�DO���������7KH�GLHW RI -XQFR�K\HPDOLV LV�FRPSRVHG�SULPDULO\�RI

SODQW�PDWWHU��ZKLFK�FRPSULVHV�����RI�WKHLU�GLHW������RI�ZKLFK�LV�VHHGV��DQG�WKH\�KDYH�EHHQ

NQRZQ�WR�VXSSOHPHQW�WKHLU�GLHW�ZLWK�LQVHFWV�RQ�RFFDVLRQ �'HO�+R\R�HW�DO���������$OWKRXJK�WKH

GLHW�RI 0HORVSL]D�PHORGLD LV�DOVR�SULPDULO\�FRPSRVHG RI�SODQW�PDWWHU�IRU�PRVW�RI�WKH�\HDU��GXULQJ

WKH�EUHHGLQJ�VHDVRQ�WKHLU�GLHWV�UHO\�PRUH�KHDYLO\�RQ�DQLPDO�IRRG�VRXUFHV��VXFK�DV�EHHWOHV�

EXWWHUIOLHV��DQG�VPDOO�JDVWURSRGV �'HO�+R\R�HW�DO� ������

7KH�WZR�IRFDO�VSHFLHV�IRU�RXU�VWXG\�KDYH�QRWDEOH�YDULDWLRQ�LQ�VRQJ�FRPSOH[LW\��7KH

GDUN�H\HG�MXQFR�KDV�D�UHODWLYHO\�VLPSOH�DQG�FRQVLVWHQW�VRQJ��W\SLFDOO\�FRQVLVWLQJ�RI�RQH�V\OODEOH

VXQJ�UHSHWLWLYHO\��ZKHUHDV�WKH�VRQJ�VSDUURZ�VLQJV�PDQ\�VRQJV�FRPSRVHG�RI�PXOWLSOH�V\OODEOHV�

'DUN�H\HG�MXQFRV�KDYH�VPDOO�UHSHUWRLUHV�RI�DURXQG���VRQJV�RQ�DYHUDJH��DQG�KDYH�EHHQ�NQRZQ�WR

VLQJ�WKH�VDPH�VRQJ�XS�WR�����WLPHV�LQ�D�URZ�EHIRUH�VZLWFKLQJ�WR�D�QHZ�VRQJ �&DUGRVR�HW�DO�������

:LOOLDPV�DQG�0DF5REHUWV�������1HZPDQ��<HK��DQG�3ULFH��������6RQJ�VSDUURZV��RQ�WKH�RWKHU

KDQG��W\SLFDOO\�F\FOH�EHWZHHQ������GLIIHUHQW�VRQJ�W\SHV��RIWHQ�VLQJLQJ�VHYHUDO�UHQGLWLRQV�RI�RQH

W\SH�EHIRUH�VZLWFKLQJ�WR�WKH�QH[W �:RRG�DQG�<H]HULQDF ������

2EWDLQLQJ�5HFRUGLQJV

7ZR�FLWL]HQ�VFLHQFH�UHFRUGLQJ�OLEUDULHV��0DFDXOD\�/LEUDU\�DQG�;HQR�FDQWR��SURYLGHG

PRVW�RI�WKH�UHFRUGLQJV�IRU�WKLV�VWXG\��:H�XWLOL]HG�WKH�VHDUFK�HQJLQHV�RI�WKHVH�GLJLWDO�GDWDEDVHV

ZLWK�WKH�VHDUFK�WHUPV�³-XQFR�K\HPDOLV´�DQG ³0HORVSL]D PHORGLD´�ZLWK�WKH�ILOWHUV�³/RFDWLRQ� 

1HZ�<RUN��8QLWHG�6WDWHV

�DQG�³6RXQGV� �6RQJ�´�)URP�WKHVH�GLJLWDO�GDWDEDVHV��ZH�ZHUH�DEOH�WR
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REWDLQ�D�WRWDO�RI�����UHFRUGLQJV�IRU�GDUN�H\HG�MXQFRV��DQG�����UHFRUGLQJV�IRU�VRQJ�VSDUURZV�IURP

ZLWKLQ�WKH�WZR�DQDO\VLV�UHJLRQV�IURP������������$IWHU�H[DPLQLQJ�HDFK�UHFRUGLQJ��ZH�GLVFDUGHG

DQ\�WKDW�PLVLGHQWLILHG�WKH�VSHFLHV��RQO\�FRQWDLQHG�FDOOV��ZHUH�QRWHG�LQ�WKH�UHFRUGLQJ�PHWDGDWD�WR

FRQWDLQ�MXYHQLOH�RU�SODVWLF�VRQJ��RU�KDG�H[FHVVLYH�EDFNJURXQG�QRLVH��,Q�FDVHV�ZKHUH�PXOWLSOH

UHFRUGLQJV�H[LVWHG�IURP�WKH�VDPH�UHFRUGLVW�RQ�WKH�VDPH�GDWH�DQG�DW�WKH�VDPH�WLPH�RU�ORFDWLRQ��ZH

XVHG�RQO\�RQH�UHFRUGLQJ�LQ�RUGHU�WR�DYRLG�GRXEOH�FRXQWLQJ�LQGLYLGXDO�ELUGV�ZKR�PD\�KDYH�EHHQ

UHFRUGHG�PRUH�WKDQ�RQFH��XQOHVV�LW�ZDV�FOHDUO\�QRWHG�LQ�WKH�UHPDUNV�WKDW�WKH�UHFRUGLQJV�ZHUH�RI

GLIIHUHQW�LQGLYLGXDOV�

:H�VXSSOHPHQWHG�WKHVH�UHFRUGLQJV�ZLWK�RQHV�UHFRUGHG�LQ�WKH�ILHOG�E\�RQH�DXWKRU��.76��LQ

-XO\�������'XULQJ�WKLV�WULS��.76�YLVLWHG�VHYHUDO�SXEOLFO\�DFFHVVLEOH�ORFDWLRQV�LQ�7RPSNLQV

&RXQW\��ZLWKLQ�WKH�UHJLRQ�WKDW�KDG�H[SHULHQFHG�WKH�KHDYLHVW�GURXJKW�GXULQJ�������7KLV�DGGHG�DQ

DGGLWLRQDO���GDUN�H\HG�MXQFR�DQG���VRQJ�VSDUURZ�UHFRUGLQJV�WKDW�ZHUH�XVDEOH��5HFRUGLQJV�IURP

EHIRUH������WKURXJK�-XQH������ZHUH�FDWHJRUL]HG�DV�EHIRUH�WKH�GURXJKW��$Q\WKLQJ�UHFRUGHG�IURP

-XO\������WKURXJK�'HFHPEHU������ZDV�FRQVLGHUHG�WR�KDYH�RFFXUUHG�GXULQJ�WKH�GURXJKW��DQG�WKXV

UHPRYHG�IURP�DQDO\VLV��$Q\�UHFRUGLQJV�IURP������RU�ODWHU�ZHUH�GHILQHG�DV�DIWHU�WKH�GURXJKW�

'XH�WR�WKH�VSDUVHQHVV�RI�UHFRUGLQJV�LQ�SXEOLF�UHSRVLWRULHV�IURP�HDUOLHU�\HDUV��ZH�GLG�QRW�LQFOXGH

DQ\�UHFRUGLQJV�SULRU�WR������

3URFHVVLQJ�6RQJ�5HFRUGLQJV

0DQ\�RI�WKH�UHFRUGLQJV�FROOHFWHG�FRQWDLQHG�PXOWLSOH�VRQJ�ERXWV�IURP�WKH�VDPH�ELUG��)RU

WKH�SXUSRVHV�RI�WKLV�VWXG\��ZH�GHILQH�D�ERXW�DV�D�FRQWLQXRXV�SHULRG�RI�V\OODEOH�SURGXFWLRQ�ZLWKLQ

WKH�UHFRUGLQJ�WKDW�LV�YLVLEO\�VHSDUDWH�IURP�RWKHU�SHULRGV�RI�VRQJ��:LWKLQ�WKHVH�ERXWV��V\OODEOHV�DUH

���



VHSDUDWHG�IURP�RQH�DQRWKHU�E\�VLOHQFH��DQG�GLVFUHWH�SXOVHV�RI�VLJQDO�WKDW�DUH�QRW�VHSDUDWHG�E\

VLOHQFH�DUH�WHUPHG�QRWHV��)LJXUH������

)LJXUH������([DPSOH�VSHFWURJUDP�RI�D�VLQJOH�ERXW�RI�GDUN�H\HG�MXQFR�VRQJ�ZLWK�SDUWV�RI�WKH

VRQJ�KLJKOLJKWHG� 6\OODEOHV�DUH�SHULRGV�RI�VLJQDO VHSDUDWHG�E\�VLOHQFHV��:LWKLQ�WKHVH�V\OODEOHV�

QRWHV�DUH�WKH�GLVFUHWH�SXOVHV�RI�VLJQDO�WKDW�DUH�QRW�VHSDUDWHG�IURP�RQH�DQRWKHU�E\�VLOHQFHV�

,QGLYLGXDO�ERXWV�ZHUH�H[WUDFWHG�IURP�UHFRUGLQJV�XVLQJ�$XGDFLW\�YHUVLRQ�������DQG

H[SRUWHG�DV�VHSDUDWH�:$9�ILOHV�ZLWK�VDPSOLQJ�UDWH�VHW�WR�������+]��'XH�WR�LQKHUHQW�GLIIHUHQFHV

EHWZHHQ�VSHFLHV�VRQJ��GLIIHUHQW�ERXW�VHOHFWLRQ�SURWRFROV�ZHUH�LPSOHPHQWHG�IRU�MXQFRV�DQG�VRQJ

VSDUURZV��6LQFH�GDUN�H\HG�MXQFRV�UHSHDW�WKH�VDPH�VRQJ�W\SH�PDQ\�WLPHV�LQ�D�URZ��PRVW�RI�WKH

UHFRUGLQJV�LQ�FRPPXQLW\�VFLHQFH�GDWDEDVHV�DUH�RI�D�VLQJOH�VRQJ�W\SH �&DUGRVR�HW�DO�������

:LOOLDPV�DQG�0DF5REHUWV��������,I�WKHUH�ZHUH�PXOWLSOH GLVWLQFW�VRQJ�W\SHV�LQ�D�VLQJOH�UHFRUGLQJ�

ZH�FROOHFWHG�DW�OHDVW�RQH�ERXW�RI�HDFK�W\SH��EXW�RWKHUZLVH��ZH�FROOHFWHG�XS�WR�WKUHH�ERXWV�SHU

UHFRUGLQJ��SUHIHUHQWLDOO\�FKRRVLQJ�RQHV�WKDW�ZHUH�OHDVW�DIIHFWHG�E\�EDFNJURXQG�QRLVH��6RQJ

VSDUURZV��LQ�FRQWUDVW��F\FOH�EHWZHHQ�VRQJ�W\SHV�PRUH�IUHTXHQWO\ �:RRG�DQG�<H]HULQDF��������,Q

RUGHU�WR�REWDLQ�WKH�JUHDWHVW�SRVVLEOH�YDULDWLRQ�LQ�VRQJV��ZH�SDUVHG�RXW�HYHU\�DYDLODEOH�ERXW�IURP

VRQJ�VSDUURZ�UHFRUGLQJV�
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6\OODEOH�6HJPHQWDWLRQ�LQ�&KLSSHU

%RXWV�ZHUH�VHJPHQWHG�LQWR�GLVFUHWH�V\OODEOHV�E\�D�UHVHDUFKHU�EOLQG�WR�WKH�UHJLRQ�DQG�\HDU

RI�HDFK�UHFRUGLQJ�XVLQJ�WKH�RSHQ�VRXUFH�VRIWZDUH�&KLSSHU �6HDUIRVV��3LQR��DQG�&UHDQ]D�������

&KLSSHU�XVHV�D�)DVW�)RXULHU�7UDQVIRUP�WR�JHQHUDWH�D�VSHFWURJUDP�IURP�WKH�:$9�ILOH�RI�HDFK�VRQJ

ERXW�DQG�WKHQ�SUHGLFWV�V\OODEOH�ERXQGDULHV�XVLQJ�IOXFWXDWLRQV�LQ�WKH�VLJQDO�DPSOLWXGH��7KH�XVHU

FDQ�ILUVW�LPSOHPHQW�KLJK�SDVV�DQG�ORZ�SDVV�ILOWHUV�WR�UHGXFH�EDFNJURXQG�QRLVH�DQG�WKHQ�PRGLI\

WKH�SUHGLFWHG�V\OODEOH�ERXQGDULHV�E\�DGMXVWLQJ�SDUDPHWHUV�VXFK�DV�WKH�VLJQDO�WR�QRLVH�WKUHVKROG�

WKH�PLQLPXP�VLOHQFH�GXUDWLRQ�UHTXLUHG�WR�GLVWLQJXLVK�EHWZHHQ�V\OODEOHV��DQG�WKH�PLQLPXP

GXUDWLRQ�RI�V\OODEOHV��6RQJ�ERXWV�ZHUH�GLVFDUGHG�LI�WKH\�KDG�D�VLJQDO�WR�QRLVH�UDWLR�WKDW�PDGH�LW

GLIILFXOW�WR�UHOLDEO\�GHWHFW�V\OODEOH�ERXQGDULHV��,Q�DGGLWLRQ��DQ\�ILOHV�WKDW�KDG�ELUGV�VLQJLQJ�LQ�WKH

EDFNJURXQG�WKDW�LQWHUIHUHG�ZLWK�WKH�VRQJ�RI�WKH�ELUG�RI�LQWHUHVW�LQ�WKH�UHFRUGLQJ�ZHUH�UHPRYHG�

6LQFH�GDUN�H\HG�MXQFRV�JHQHUDOO\�VLQJ�D�UHSHDWHG�V\OODEOH��ZH�FRXOG�H[WUDFW�V\OODEOH�SURSHUWLHV

HYHQ�ZKHQ�RQO\�D�VXEVHW�RI�WKH�VRQJ�ERXW�ZDV�XVDEOH��WKHVH�ILOHV�ZHUH�H[FOXGHG�IURP�DQDO\VHV�RI

WZR�VRQJ�IHDWXUHV��QXPEHU�RI�V\OODEOHV�DQG�ERXW�GXUDWLRQ�

7KH�UHVXOWLQJ�VSHFWURJUDP�RI�HDFK�VRQJ�LV�VWRUHG�DV�D�PDWUL[�LQ�ZKLFK��DW�D�VDPSOLQJ�UDWH

RI�������+]��HYHU\�URZ�UHSUHVHQWV�a���+]�DQG�HYHU\�FROXPQ�UHSUHVHQWV�������PLOOLVHFRQGV

�6HDUIRVV��3LQR��DQG�&UHDQ]D��������7KH�YDOXH�LQ�HDFK HOHPHQW�RI�WKLV�PDWUL[�UHSUHVHQWV�WKH

VLJQDO�LQWHQVLW\�DW�WKDW�IUHTXHQF\�DQG�WLPH��HDFK�HOHPHQW�LQ�WKH�PDWUL[�EHFRPHV�D�SL[HO�LQ�WKH

VSHFWURJUDP�LPDJH��H�J� )LJXUH�������$IWHU�WKH�XVHU DGMXVWV�WKH�VLJQDO�WR�QRLVH�WKUHVKROG��VLJQDO

LQWHQVLWLHV�DERYH�WKLV�YDOXH�DUH�UHWDLQHG�LQ�D�ELQDU\�VSHFWURJUDP�ZKHUH�µ�¶�RU�µ�¶�LQGLFDWHV�WKDW

VLJQDO�LV�SUHVHQW�RU�DEVHQW�DW�WKDW�IUHTXHQF\�DQG�WLPH�

&KLSSHU�DOVR�H[HFXWHV�DQ�DGGLWLRQDO�VWDJH�RI�QRLVH�UHGXFWLRQ�E\�PHDVXULQJ�HDFK�QRWH�

GHILQHG�DV�DQ�DUHD�RI�FRQWLQXRXV�VRXQG�DFURVV�WKH�WLPH�DQG�IUHTXHQF\�D[HV��DQG�GLVFDUGLQJ�DQ\
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WKDW�KDYH�DQ�DUHD�LQ�SL[HOV�OHVV�WKDQ�D�XVHU�VSHFLILHG�QRLVH�WKUHVKROG��&KLSSHU�DOORZV�WKH�XVHU�WR

HPSLULFDOO\�GHWHUPLQH�WKLV�DYHUDJH�QRLVH�WKUHVKROG��WKH�PLQLPXP�DUHD�LQ�SL[HOV�WKDW�D�QRWH�PXVW

EH�LQ�RUGHU�WR�QRW�EH�GLVFDUGHG�DV�QRLVH��DV�ZHOO�DV�DQ�DYHUDJH�V\OODEOH�VLPLODULW\�WKUHVKROG��WKH

SHUFHQW�RYHUODS�WKDW�GHWHUPLQHV�ZKHWKHU�WZR�V\OODEOHV�DUH�FRQVLGHUHG�WKH�VDPH�RU�GLIIHUHQW���7R

DVVHVV�WKHVH�WKUHVKROGV��ZH�VHOHFWHG�a�������VLQJOH�ERXW�ILOHV�IRU�HDFK�VSHFLHV�DQG�PDQXDOO\�VHW

WKH�QRLVH�WKUHVKROG�DQG�V\OODEOH�VLPLODULW\�WKUHVKROG�IRU�HDFK�ILOH��$FURVV�WKHVH�WHVW�ILOHV��WKH

DYHUDJH�QRLVH�WKUHVKROG�IRU�VRQJ�VSDUURZV�ZDV������SL[HOV��DQG�WKH�DYHUDJH�VLPLODULW\�WKUHVKROG

ZDV�������V\OODEOH�RYHUODS��7KH�DYHUDJH�QRLVH�WKUHVKROG�IRU�GDUN�H\HG�MXQFRV�ZDV�����SL[HOV�

DQG�WKH�DYHUDJH�VLPLODULW\�WKUHVKROG�ZDV�����V\OODEOH�RYHUODS��:H�XVHG�WKHVH�DYHUDJH�YDOXHV�DV

WKH�WKUHVKROGV�LQ�VXEVHTXHQW�DQDO\VHV��2FFDVLRQDOO\��D�V\OODEOH�ZRXOG�RQO\�FRQWDLQ�QRWHV�ZLWK

DUHDV�EHORZ�WKH�QRLVH�WKUHVKROG��ZH�PDQXDOO\�FKHFNHG�WKHVH�UHFRUGLQJV�WR�GHFLGH�ZKHWKHU�WKH

VRQJV�VKRXOG�EH�UH�DQDO\]HG�ZLWK�GLIIHUHQW�SDUDPHWHUV�RU�GLVFDUGHG�

6RQJ�DQDO\VLV

$IWHU�V\OODEOH�VHJPHQWDWLRQ��ZH�XVHG�&KLSSHU�WR�PHDVXUH�D�VOLJKWO\�GLIIHUHQW�VHW�RI�VRQJ

IHDWXUHV�IRU�GDUN�H\HG�MXQFRV�DQG�VRQJ�VSDUURZV��FKRRVLQJ�PHWULFV�WKDW�ZHUH�PRUH�OLNHO\�WR�EH

PHDQLQJIXO�EDVHG�RQ�WKH�VWUXFWXUH�DQG�IHDWXUHV�RI�HDFK�VSHFLHV¶�VRQJ��)RU�ERWK�VSHFLHV��ZH

PHDVXUHG�ERXW�GXUDWLRQ��WRWDO�QXPEHU�RI�V\OODEOHV��QXPEHU�RI�XQLTXH�V\OODEOHV��WRWDO�QXPEHU�RI

QRWHV��QXPEHU�RI�QRWHV�SHU�V\OODEOH��PHDQ�V\OODEOH�GXUDWLRQ��VWDQGDUG�GHYLDWLRQ�RI�V\OODEOH

GXUDWLRQ��UDWH�RI�V\OODEOH�SURGXFWLRQ��FDOFXODWHG�DV�WKH�QXPEHU�RI�V\OODEOHV�GLYLGHG�E\�WKH

GXUDWLRQ�RI�WKH�VRQJ�ERXW���GHJUHH�RI�V\OODEOH�UHSHWLWLRQ��FDOFXODWHG�DV�WKH�QXPEHU�RI�V\OODEOHV

GLYLGHG�E\�WKH�QXPEHU�RI�XQLTXH�V\OODEOHV���RYHUDOO�IUHTXHQF\�UDQJH��DYHUDJH�PD[LPXP

IUHTXHQF\�RI�V\OODEOHV��DQG�DYHUDJH�PLQLPXP�IUHTXHQF\�RI�V\OODEOHV��)RU�GDUN�H\HG�MXQFRV�

���



ZKLFK�JHQHUDOO\�VLQJ�PXOWLSOH�UHSHWLWLRQV�RI�WKH�VDPH�V\OODEOH��ZH�DOVR�PHDVXUHG�WKH�PHDQ

V\OODEOH�VWHUHRW\S\��GHILQHG�DV�WKH�PHDQ�V\OODEOH�RYHUODS�YDOXH�IRU�V\OODEOHV�WKDW�ZHUH�GHHPHG�WR

EH�UHSHWLWLRQV�RI�WKH�VDPH�V\OODEOH��)RU�VRQJ�VSDUURZV��ZKLFK�JHQHUDOO\�VLQJ�ERWK�VKRUW�DQG�ORQJ

V\OODEOHV��ZH�DOVR�PHDVXUHG�WKH�GXUDWLRQ�RI�WKH�VKRUWHVW�V\OODEOH�DQG�WKH�GXUDWLRQ�RI�WKH�ORQJHVW

V\OODEOH��)HDWXUHV�WKDW�GHVFULEH�GXUDWLRQ�DUH�PHDVXUHG�LQ�PLOOLVHFRQGV��DQG�IHDWXUHV�WKDW�GHVFULEH

IUHTXHQF\�DUH�PHDVXUHG�LQ�+HUW]�

)RU�HDFK�IRFDO�VSHFLHV�DQG�VRQJ�IHDWXUH��ZH�XVHG�D�VHW�RI�6KDSLUR�:LON�WHVWV�WR�DVVHVV�WKH

GLVWULEXWLRQ�RI�RXU�VRQJ�IHDWXUH�GDWD�EHIRUH�DQG�DIWHU�WKH�GURXJKW�LQ�ERWK�WKH�GURXJKW�UHJLRQ�DQG

WKH�FRQWURO�UHJLRQ��:KHQ�DW�OHDVW�RQH�JURXS�LQ�HDFK�FRPSDULVRQ�ZDV�QRW�QRUPDOO\�GLVWULEXWHG

�7DEOH�6����ZH�ORJ�WUDQVIRUPHG�WKH�VRQJ�IHDWXUH�GDWD� ,I�WKH�ORJ�WUDQVIRUPHG�YDOXHV�IRU�WKDW�VRQJ

IHDWXUH�ZHUH�VWLOO�QRW�QRUPDOO\�GLVWULEXWHG��ZH�DQDO\]HG�WKH�VRQJ�IHDWXUHV�XVLQJ�QRQ�SDUDPHWULF

VWDWLVWLFDO�WHVWV��L�H��XVLQJ�D�:LOFR[RQ�UDQN�VXP�WHVW�LQVWHDG�RI�D W�WHVW�WR�FRPSDUH�GDWD�EHIRUH

YHUVXV�DIWHU�WKH�GURXJKW�LQ�ERWK�WKH�GURXJKW�UHJLRQ�DQG�WKH�FRQWURO�UHJLRQ��ZLWK�D

+ROP�%RQIHUURQL�FRUUHFWLRQ�IRU�PXOWLSOH�K\SRWKHVHV��:H�DOVR�DVVHVVHG�WKH�KRPRJHQHLW\�RI

YDULDQFH�EHIRUH�YHUVXV�DIWHU�WKH�GURXJKW�LQ�ERWK�UHJLRQV�XVLQJ�%URZQ�)RUV\WKH�WHVWV��$OO

VWDWLVWLFDO�DQDO\VHV�ZHUH�LPSOHPHQWHG�LQ�5�ZLWK�FXVWRP�FRGH��DYDLODEOH�DW

JLWKXE�FRP�&UHDQ]D/DE�%LUGVRQJB'URXJKW6WUHVV�

5HVXOWV

���



'DUN�H\HG�MXQFR�VRQJ�DQDO\VLV

:H�DQDO\]HG�����GDUN�H\HG�MXQFR�ERXWV�IURP�����XQLTXH�UHFRUGLQJV�LQ�WRWDO��7DEOH�6���

:H�GLVFDUGHG����RI�RXU�RULJLQDO�����UHFRUGLQJV��WKHVH�ZHUH�HLWKHU�UHFRUGHG�GXULQJ�WKH�GURXJKW���

UHFRUGLQJV���UHFRUGHG�VOLJKWO\�RXWVLGH�WKH�GURXJKW�UHJLRQ��RU�KDG�QR�DQDO\]DEOH�VRQJ�GXH�WR

H[FHVVLYH�QRLVH�RU�SRRU�VLJQDO�WR�QRLVH�UDWLR��,Q�WKH�GURXJKW�UHJLRQ��ZH�DQDO\]HG����UHFRUGLQJV

�����ERXWV��IURP�EHIRUH�WKH������GURXJKW�DQG����UHFRUGLQJV������ERXWV��IURP�DIWHU��)URP�WKH

FRQWURO�UHJLRQ��ZKHUH�WKH�GURXJKW�ZDV�OHVV�VHYHUH�RU�DEVHQW��ZH�DQDO\]HG���UHFRUGLQJV�����ERXWV�

IURP�EHIRUH������DQG����UHFRUGLQJV�����ERXWV��IURP�DIWHU������

8VLQJ�&KLSSHU��ZH�VHJPHQWHG�WKHVH�GDUN�H\HG�MXQFR�VRQJ�ERXWV�LQWR�V\OODEOHV�DQG

PHDVXUHG�WKLUWHHQ�SURSHUWLHV�IURP�HDFK��ERXW�GXUDWLRQ��QXPEHU�RI�V\OODEOHV��QXPEHU�RI�XQLTXH

V\OODEOHV��WRWDO�QXPEHU�RI�QRWHV��GHJUHH�RI�V\OODEOH�UHSHWLWLRQ��HTXDO�WR�WKH�WRWDO�QXPEHU�RI

V\OODEOHV�GLYLGHG�E\�WKH�QXPEHU�RI�XQLTXH�V\OODEOHV�SHU�ERXW���PHDQ�QXPEHU�RI�QRWHV�SHU

V\OODEOH��UDWH�RI�V\OODEOH�SURGXFWLRQ��PHDQ�V\OODEOH�GXUDWLRQ��VWDQGDUG�GHYLDWLRQ�RI�V\OODEOH

GXUDWLRQ��PHDQ�V\OODEOH�VWHUHRW\S\��IUHTXHQF\�UDQJH��DYHUDJH�PD[LPXP�IUHTXHQF\�RI�V\OODEOHV�

DQG�DYHUDJH�PLQLPXP�IUHTXHQF\�RI�V\OODEOHV�

,I�D�UHFRUGLQJ�KDG�PXOWLSOH�ERXWV��ZH�WRRN�WKH�PHDQ�YDOXH�RI�HDFK�VRQJ�IHDWXUH�DFURVV

ERXWV�VR�WKDW�HDFK�UHFRUGLQJ�ZRXOG�EH�ZHLJKWHG�HTXDOO\�LQ�WKH�FRPSDULVRQ��)RU�ERWK�WKH�GURXJKW

UHJLRQ�DQG�WKH�FRQWURO�UHJLRQ��QR�VRQJ�IHDWXUHV�ZHUH�VLJQLILFDQWO\�GLIIHUHQW�EHIRUH�YV��DIWHU�WKH

�����GURXJKW��)LJXUH������7DEOH�6������,Q�DGGLWLRQ� ZH�GLG�QRW�UHMHFW�WKH�QXOO�K\SRWKHVLV�WKDW

HDFK�VRQJ�IHDWXUH�KDG�HTXDO�YDULDQFH�EHIRUH�YHUVXV�DIWHU�WKH�GURXJKW��7DEOH�6�����

���



)LJXUH������6RQJ�IHDWXUH�GLVWULEXWLRQV�ZLWKLQ�GDUN�H\HG�MXQFR�SRSXODWLRQV�EHIRUH�DQG�DIWHU

WKH������GURXJKW� (DFK�ER[SORW�VKRZV�GDUN�H\HG�MXQFR PHDQ�VRQJ�IHDWXUH�YDOXHV�SHU�UHFRUGLQJ�

�$��QXPEHU�RI�QRWHV�SHU�V\OODEOH���%��QXPEHU�RI�V\OODEOHV���&��GHJUHH�RI�UHSHWLWLRQ��QXPEHU�RI

V\OODEOHV�GLYLGHG�E\�WKH�QXPEHU�RI�XQLTXH�V\OODEOHV����'��QXPEHU�RI�XQLTXH�V\OODEOHV���(��PHDQ

V\OODEOH�GXUDWLRQ��DQG��)��UDWH�RI�V\OODEOH�SURGXFWLRQ�1R�GDUN�H\HG�MXQFR�VRQJ�IHDWXUH

VLJQLILFDQWO\�GLIIHUHG�LQ�PHGLDQ�RU�YDULDQFH�ZKHQ�ZH�FRPSDUHG�UHFRUGLQJV�EHIRUH�YHUVXV�DIWHU�WKH

GURXJKW��1RWH�WKDW�ZH�ORJ�WUDQVIRUPHG�VRQJ�IHDWXUHV�ZKHQ�WKH\�ZHUH�QRW�QRUPDOO\�GLVWULEXWHG

�DOO�SDQHOV�H[FHSW�&���7KH�PLGOLQH�RI�HDFK�ER[SORW�UHSUHVHQWV�WKH�PHGLDQ��ZLWK�WKH�ER[HV

UHSUHVHQWLQJ�WKH�LQWHUTXDUWLOH�UDQJH��,45���7KH�ZKLVNHUV�DUH�����
�,45��7KHVH�VSHFLILFDWLRQV�DOVR

DSSO\�WR�WKH�ER[�SORWV�LQ�)LJXUH�����

���



7KH�GDUN�H\HG�MXQFR�VLQJV�D�UHODWLYHO\�VLPSOH�VRQJ�FKDUDFWHUL]HG�E\�D�VLQJOH�V\OODEOH

UHSHDWHG�PXOWLSOH�WLPHV��:H�VRXJKW�WR�YLVXDOL]H�D�µW\SLFDO¶�VRQJ�IURP�HDFK�RI�WKH�IRXU�JURXSV�

EHIRUH�DQG�DIWHU�WKH�GURXJKW�IURP�WKH�GURXJKW�UHJLRQ�DQG�EHIRUH�DQG�DIWHU�WKH�GURXJKW�IURP�WKH

FRQWURO�UHJLRQ��:H�LGHQWLILHG�WKH�PRVW�UHSUHVHQWDWLYH�ERXW�IRU�HDFK�JURXS�E\�ILUVW�UHVFDOLQJ�WKH

VRQJ�IHDWXUHV�ZLWK�WKH�ODUJHVW�GLIIHUHQFHV�IURP�EHIRUH�WR�DIWHU�WKH�GURXJKW�IRU�HDFK�ERXW²WKH

QXPEHU�RI�QRWHV�SHU�ERXW��ERXW�GXUDWLRQ��DQG�GHJUHH�RI�UHSHWLWLRQ²VR�WKDW�WKHLU�YDOXHV�ZRXOG�EH

FRPSDUDEOH�WR�RQH�DQRWKHU��EDVH�5�IXQFWLRQ�µVFDOH¶���:H�FDOFXODWHG�WKH�DYHUDJH�YDOXH�IRU�HDFK

VFDOHG�IHDWXUH�DPRQJ�WKH�ERXWV�LQ�HDFK�UHFRUGLQJ��DQG�IRXQG�WKH�PHGLDQ�YDOXH�RI�HDFK�IHDWXUH

DFURVV�UHFRUGLQJV�ZLWKLQ�HDFK�JURXS���)LJXUH������ :H�WKHQ�LGHQWLILHG�DQG�SORWWHG�WKH

VSHFWURJUDPV�RI�WKH�ERXWV�WKDW�ZHUH�WKH�VPDOOHVW�(XFOLGHDQ�GLVWDQFHV�IURP�WKH�SRLQW�ORFDWHG�DW�WKH

PHGLDQ�YDOXH�RI�WKH�WKUHH�VRQJ�IHDWXUHV�IRU�HDFK�JURXS��)LJXUH������

)LJXUH������9LVXDOL]LQJ�GDUN�H\HG�MXQFR�VRQJ�IHDWXUHV� )RU�HYHU\�DQDO\]HG�GDUN�H\HG�MXQFR

ERXW��ZH�YLVXDOL]HG�WKH�WZR�VRQJ�IHDWXUHV�ZLWK�WKH�ODUJHVW�GLIIHUHQFHV�EHIRUH�YHUVXV�DIWHU�WKH

���



GURXJKW��QXPEHU�RI�QRWHV�DQG�ERXW�GXUDWLRQ��LQ�ERWK�$��WKH�GURXJKW�UHJLRQ�DQG�%��WKH�FRQWURO

UHJLRQ��7DEOH�6������WKRXJK�WKHVH�GLIIHUHQFHV�GLG QRW�UHDFK�VWDWLVWLFDO�VLJQLILFDQFH�ZLWK�D

+ROP�%RQIHUURQL�FRUUHFWLRQ��7KH�\HOORZ�VKDSHV�LQGLFDWH�WKH�PHGLDQ�YDOXH�RI�ERWK�RI�WKHVH�VRQJ

IHDWXUHV�

)LJXUH������6SHFWURJUDPV�IURP�UHSUHVHQWDWLYH�GDUN�H\HG�MXQFR�VRQJV� 7KH�VRQJV�WKDW�ZHUH

FORVHVW�WR�WKH�PHGLDQ�YDOXHV�RI�WKH�WKUHH�VRQJ�IHDWXUHV�WKDW�VKRZHG�WKH�JUHDWHVW�GLIIHUHQFH�EHIRUH

YHUVXV�DIWHU�WKH�GURXJKW²WKH�WRWDO�QXPEHU�RI�QRWHV��ERXW�GXUDWLRQ��DQG�GHJUHH�RI�UHSHWLWLRQ²DUH

���



VKRZQ�IRU�HDFK�UHJLRQ��7KH�JURXSV�WKDW�WKHVH�VRQJV�UHSUHVHQW�GLG�QRW�VLJQLILFDQWO\�GLIIHU�IURP

RQH�DQRWKHU�LQ�DQ\�RI�WKH�PHDVXUHG�VRQJ�IHDWXUHV�

6RQJ�VSDUURZ�VRQJ�DQDO\VLV

:H�DQDO\]HG������VRQJ�VSDUURZ�ERXWV�IURP�����XQLTXH�UHFRUGLQJV�LQ�WRWDO��7DEOH�6�����

:H�GLVFDUGHG�����RI�RXU�RULJLQDO�����UHFRUGLQJV��QXPHURXV�UHFRUGLQJV�ZHUH�VXEPLWWHG�E\�WKH

VDPH�UHFRUGLVW��RU�D�JURXS�RI�UHFRUGLVWV�LQ�WKH�VDPH�ORFDWLRQ��RQ�WKH�VDPH�GD\��DQG�ZH�HOLPLQDWHG

DOO�EXW�RQH�IURP�RXU�VDPSOH�XQOHVV�ZH�FRXOG�FRQILUP�WKDW�WKH�UHFRUGLQJV�ZHUH�GLIIHUHQW�ELUGV

EDVHG�RQ�WKH�LQIRUPDWLRQ�SURYLGHG�E\�WKH�UHFRUGLVWV��,Q�DGGLWLRQ��ZH�HOLPLQDWHG�VRQJV�WKDW�ZHUH

HLWKHU�UHFRUGHG�GXULQJ�WKH�GURXJKW����UHFRUGLQJV���UHFRUGHG�VOLJKWO\�RXWVLGH�WKH�GURXJKW�UHJLRQ��RU

KDG�QR�DQDO\]DEOH�VRQJ�GXH�WR�H[FHVVLYH�EDFNJURXQG�QRLVH�RU�SRRU�VLJQDO�WR�QRLVH�UDWLR��,Q�WKH

GURXJKW�UHJLRQ��ZH�DQDO\]HG����UHFRUGLQJV������ERXWV��IURP�EHIRUH�WKH������GURXJKW�DQG����

UHFRUGLQJV������ERXWV��IURP�DIWHU��)URP�WKH�FRQWURO�UHJLRQ��ZKHUH�GURXJKW�FRQGLWLRQV�UHDFKHG

RQO\�PRGHUDWH�VHYHULW\��ZH�DQDO\]HG����UHFRUGLQJV�����ERXWV��IURP�EHIRUH������DQG���

UHFRUGLQJV������ERXWV��IURP�DIWHU������

)RU�HDFK�RI�WKH�ILIWHHQ�VRQJ�IHDWXUHV�ZH�DQDO\]HG�IRU�VRQJ�VSDUURZV��ZH�FDOFXODWHG�WKH

PHDQ�YDOXH�DFURVV�ERXWV�LQ�HDFK�UHFRUGLQJ�DQG�FRPSDUHG�UHFRUGLQJV�EHIRUH�YHUVXV�DIWHU�WKH�����

GURXJKW�LQ�ERWK�WKH�GURXJKW�DQG�FRQWURO�UHJLRQV��,Q�WKH�GURXJKW�UHJLRQ�RQO\��WKUHH�VRQJ�IHDWXUHV

ZHUH�VLJQLILFDQWO\�GLIIHUHQW�DIWHU�WKH������GURXJKW��WKH�QXPEHU�RI�V\OODEOHV��S �����î�������WKH

QXPEHU�RI�QRWHV�SHU�V\OODEOH��S �����î�������DQG�WKH GHJUHH�RI�UHSHWLWLRQ��S �����î�������)LJXUH

�����7DEOH�6������+RZHYHU��DV�ZLWK�WKH�GDUN�H\HG�MXQFR� ZH�GLG�QRW�UHMHFW�WKH�QXOO�K\SRWKHVLV�WKDW

HDFK�VRQJ�IHDWXUH�KDG�HTXDO�YDULDQFH�EHIRUH�YHUVXV�DIWHU�WKH�GURXJKW��7DEOH�6�����

���



)LJXUH������6RQJ�IHDWXUH�GLVWULEXWLRQV�ZLWKLQ�VRQJ�VSDUURZ�SRSXODWLRQV�EHIRUH�DQG�DIWHU�WKH

�����GURXJKW� (DFK�ER[SORW�VKRZV�VRQJ�VSDUURZ�PHDQ VRQJ�IHDWXUH�YDOXHV�SHU�UHFRUGLQJ���$�

QXPEHU�RI�QRWHV�SHU�V\OODEOH���%��QXPEHU�RI�V\OODEOHV���&��GHJUHH�RI�UHSHWLWLRQ��QXPEHU�RI

V\OODEOHV�GLYLGHG�E\�WKH�QXPEHU�RI�XQLTXH�V\OODEOHV����'��QXPEHU�RI�XQLTXH�V\OODEOHV���(��PHDQ

V\OODEOH�GXUDWLRQ��DQG��)��UDWH�RI�V\OODEOH�SURGXFWLRQ��7KH�QXPEHU�RI�QRWHV�SHU�V\OODEOH��QXPEHU

RI�V\OODEOHV��DQG�GHJUHH�RI�UHSHWLWLRQ��$�&��ZHUH�VLJQLILFDQWO\�GLIIHUHQW�IURP�EHIRUH�WR�DIWHU�WKH

GURXJKW�LQ�WKH�GURXJKW�UHJLRQ�RQO\��ZLWK�%RQIHUURQL�+ROP�FRUUHFWLRQ�IRU�PXOWLSOH�K\SRWKHVLV

WHVWLQJ��,Q�WKH�GURXJKW�UHJLRQ��WKH�GLIIHUHQFH�LQ�WKH�UDWH�RI�V\OODEOH�SURGXFWLRQ�IURP�EHIRUH�WR

DIWHU�WKH�GURXJKW�KDG�D�:LOFR[RQ�UDQN�VXP�WHVW S  ��������EXW�ZDV�QRW�VLJQLILFDQW�DIWHU

%RQIHUURQL�+ROP�FRUUHFWLRQ�IRU�PXOWLSOH�K\SRWKHVLV�WHVWLQJ��7KH�QXPEHU�RI�XQLTXH�V\OODEOHV�ZDV

���



QRUPDOO\�GLVWULEXWHG��6KDSLUR�:LON�WHVW S !�������LQ�ERWK�WLPH�SHULRGV�DQG�GLG�QRW�QHHG�WR�EH

ORJ�WUDQVIRUPHG���7DEOH�6����

6RQJ�VSDUURZV�VLQJ�D�UHODWLYHO\�FRPSOH[�VRQJ��SDUWLFXODUO\�IRU�FORVHG�HQGHG�OHDUQHUV

�0DUOHU�DQG�3HWHUV��������0DQ\�RI�WKHLU�V\OODEOHV DUH�FRPSRVHG�RI�PXOWLSOH�QRWHV��DQG�WKH\�F\FOH

WKURXJK�WKHLU�V\OODEOH�UHSHUWRLUH�RI�DSSUR[LPDWHO\�������V\OODEOHV�E\�VLQJLQJ�GLIIHUHQW�VRQJ�W\SHV

FRQWDLQLQJ�RYHUODSSLQJ�VXEVHWV�RI�WKHLU�V\OODEOH�UHSHUWRLUH��7R�FDSWXUH�WKLV�YDULDWLRQ��ZH�DQDO\]HG

DV�PDQ\�ERXWV�DV�SRVVLEOH�IURP�HDFK�LQGLYLGXDO�UHFRUGLQJ��%RXW�OHYHO�GDWD�IURP�WKH�WZR�VRQJ

IHDWXUHV�WKDW�VKRZHG�WKH�VWURQJHVW�WHPSRUDO�GLIIHUHQFH�LQ�WKH�GURXJKW�UHJLRQ��WKH�QXPEHU�RI�QRWHV

SHU�V\OODEOH�DQG�WKH�QXPEHU�RI�V\OODEOHV�SHU�QXPEHU�RI�XQLTXH�V\OODEOHV��DUH�VKRZQ�LQ )LJXUH�����

7R�YLVXDOL]H�D�µW\SLFDO¶�VRQJ�ERXW�IURP�HDFK�UHJLRQ�DQG�HDFK�WLPH�SHULRG��ZH�UHVFDOHG�WKH�WKUHH

VLJQLILFDQWO\�GLIIHUHQW�VRQJ�IHDWXUHV�VR�WKDW�WKH\�ZRXOG�EH�FRPSDUDEOH�ZLWK�RQH�DQRWKHU��DQG�ZH

IRXQG�WKH�VRQJ�ERXW�WKDW�ZDV�FORVHVW�WR�WKH�PHGLDQ�YDOXH�RI�DOO�WKUHH�IHDWXUHV��)LJXUH������

���
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)LJXUH������9LVXDOL]LQJ�VRQJ�VSDUURZ�VRQJ�IHDWXUHV� )RU�HYHU\�DQDO\]HG�VRQJ�VSDUURZ�ERXW��ZH

YLVXDOL]HG�WKH�WZR�VRQJ�IHDWXUHV�ZLWK�WKH�ODUJHVW�GLIIHUHQFHV�EHIRUH�YHUVXV�DIWHU�WKH�GURXJKW�

QXPEHU�RI�QRWHV�SHU�V\OODEOH�DQG�GHJUHH�RI�UHSHWLWLRQ��7DEOH�6������ERWK�RI�ZKLFK�ZHUH

VLJQLILFDQWO\�GLIIHUHQW�LQ�WKH�WZR�WLPH�SHULRGV�LQ�WKH�GURXJKW�UHJLRQ��$��EXW�QRW�LQ�WKH�FRQWURO

UHJLRQ��%���$IWHU�WKH�GURXJKW��VRQJ�VSDUURZ�VRQJV�RQ�DYHUDJH�KDG�OHVV�V\OODEOH�UHSHWLWLRQ�DQG

PRUH�QRWHV�SHU�V\OODEOH��7KHUH�ZHUH�QR�VLJQLILFDQW�GLIIHUHQFHV�LQ�WKH�FRQWURO�UHJLRQ�

)LJXUH������6SHFWURJUDPV�IURP�UHSUHVHQWDWLYH�VRQJ�VSDUURZ�VRQJV� 7KHVH�VRQJV�ZHUH�FORVHVW

WR�WKH�PHGLDQ�UHVFDOHG�YDOXHV�RI�WKH�WKUHH�VRQJ�IHDWXUHV�WKDW�VKRZHG�VLJQLILFDQW�GLIIHUHQFHV

���



EHIRUH�YHUVXV�DIWHU�WKH�GURXJKW�LQ�WKH�GURXJKW�UHJLRQ��DV�LQ )LJXUH������&RPSDUHG�WR�EHIRUH�WKH

GURXJKW��VRQJ�VSDUURZ�VRQJV�DIWHU�WKH�GURXJKW�KDG�VLJQLILFDQWO\�PRUH�QRWHV�SHU�V\OODEOH��IHZHU

WRWDO�V\OODEOHV�SHU�ERXW��DQG�D�ORZHU�GHJUHH�RI�UHSHWLWLRQ��+HUH��WKH�µPHGLDQ¶�VRQJ�IURP�EHIRUH�WKH

GURXJKW�KDV����V\OODEOHV�DQG����XQLTXH�V\OODEOHV��ZLWK�D�GHJUHH�RI�V\OODEOH�UHSHWLWLRQ�RI������WKH

µPHGLDQ¶�VRQJ�DIWHU�WKH�GURXJKW�KDV����V\OODEOHV�DQG����XQLTXH�V\OODEOHV��WKXV�D�GHJUHH�RI

V\OODEOH�UHSHWLWLRQ�RI�����

'LVFXVVLRQ

+HUH��ZH�DQDO\]H�FRPPXQLW\�VFLHQFH�ELUGVRQJ�UHFRUGLQJV�IURP�WZR�FRPPRQ�VSHFLHV�RI

VRQJELUG��WKH�GDUN�H\HG�MXQFR�DQG�WKH�VRQJ�VSDUURZ��,Q�SDUWLFXODU��ZH�FRPSDUH�WKH�WLPH�SHULRG

EHIRUH�DQG�DIWHU�D�VHYHUH�GURXJKW�LQ�ZHVWHUQ�1HZ�<RUN��DQG�FRPSDUH�WKHVH�UHVXOWV�WR�VRQJV�IURP

FRQWURO�UHJLRQV��LQ�ZKLFK�GURXJKW�ZDV�DEVHQW�RU�RQO\�PRGHUDWH��RYHU�WKH�VDPH�WLPH�SHULRG

�)LJXUH�������%HFDXVH�SK\VLRORJLFDOO\�VWUHVVIXO�FRQGLWLRQV GXULQJ�GHYHORSPHQW�FDQ�GLVUXSW

VRQJ�OHDUQLQJ�RQ�DQ�LQGLYLGXDO�OHYHO��ZH�K\SRWKHVL]HG�WKDW�D�SRSXODWLRQ�ZLGH�VWUHVVRU�FRXOG�KDYH

PHDVXUDEOH�HIIHFWV�RQ�WKH�VRQJ�GLVWULEXWLRQ�RI�D�SRSXODWLRQ��)RU�GDUN�H\HG�MXQFRV��D�VSHFLHV�WKDW

JHQHUDOO\�VLQJV�D�VLPSOH�VRQJ�RI�RQH�UHSHDWHG�V\OODEOH��ZH�REVHUYHG�QR�VLJQLILFDQW�FKDQJHV�LQ�DQ\

PHDVXUHG�VRQJ�IHDWXUH�LQ�HLWKHU�WKH�GURXJKW�UHJLRQ�RU�WKH�FRQWURO�UHJLRQ��,Q�WKH�VRQJ�VSDUURZ��D

VSHFLHV�WKDW�KDV�D�UHODWLYHO\�ODUJH�V\OODEOH�UHSHUWRLUH�DQG�SURGXFHV�FRPSOH[�PXOWL�QRWH�V\OODEOHV�

ZH�REVHUYHG�VLJQLILFDQW�GLIIHUHQFHV�LQ�VRQJ�IHDWXUHV�UHODWHG�WR�ERWK�V\OODEOH�FRPSOH[LW\��QRWHV

SHU�V\OODEOH��DQG�VRQJ�FRPSOH[LW\��QXPEHU�RI�V\OODEOHV��GHJUHH�RI�UHSHWLWLRQ��LQ�WKH�GURXJKW

UHJLRQ��EXW�QRW�WKH�FRQWURO�UHJLRQ��6SHFLILFDOO\��VRQJ�VSDUURZV�DIWHU�WKH�GURXJKW�VDQJ�VRQJV�ZLWK

PRUH�QRWHV�SHU�V\OODEOH��OHVV�UHSHWLWLRQ��DQG�IHZHU�V\OODEOHV�RYHUDOO��,W�LV�QRWDEOH�WKDW�ZH�VHH�WKHVH

VLJQLILFDQW�HIIHFWV�LQ�WKH�VSHFLHV�ZLWK�PRUH�FRPSOH[�VRQJV��VLQFH�ZH�K\SRWKHVL]HG�WKDW�VSHFLHV

���



ZLWK�FRPSOH[�VRQJV�ZRXOG�EH�PRUH�VHQVLWLYH�WR�WKH�SRWHQWLDO�VWUHVV�DVVRFLDWHG�OHDUQLQJ

GLVUXSWLRQ��+RZHYHU��WKH�EHKDYLRUDO�FRQVHTXHQFHV�RI�WKH�FKDQJHV�ZH�REVHUYHG�DUH�QRW

FRPSOHWHO\�FOHDU��PRUH�QRWHV�SHU�V\OODEOH�DIWHU�WKH�GURXJKW�LV�VXJJHVWLYH�WKDW�V\OODEOHV�LQ�WKH�ODWHU

JURXS�PLJKW�EH�PRUH�FRPSOH[��ZKHUHDV�IHZHU�RYHUDOO�V\OODEOHV�SHU�ERXW�FRXOG�VXJJHVW�UHGXFHG

VRQJ�FRPSOH[LW\��7KH�UHGXFWLRQ�LQ�WKH�GHJUHH�RI�UHSHWLWLRQ�DIWHU�WKH�GURXJKW��)LJXUH����&��LV�OHVV

VWUDLJKWIRUZDUG��EXW�ZKHQ�WDNHQ�LQ�FRQFHUW�ZLWK�WKH�WUHQGV�WRZDUGV�ORQJHU�DYHUDJH�V\OODEOH

GXUDWLRQV�DQG�D�ORZHU�UDWH�RI�V\OODEOH�SURGXFWLRQ��)LJXUHV����(��)���LW�PD\�LQGLFDWH�WKDW�WKH�VKLIW

RFFXUV�PRVW�SURPLQHQWO\�LQ�WKH�WULOO�VHFWLRQ�WKDW�H[LVWV�LQ�PRVW�VRQJ�VSDUURZ�VRQJV��LQ�ZKLFK�D

VLQJOH�V\OODEOH�LV�UDSLGO\�UHSHDWHG�RQ�DYHUDJH�����WLPHV �%RUURU��������D�VPDOOHU�QXPEHU�RI

V\OODEOH�UHSHWLWLRQV�LQ�WKH�WULOO�ZRXOG�GHFUHDVH�WKH�RYHUDOO�GHJUHH�RI�UHSHWLWLRQ�DQG��LI�WKH�WULOO�ZDV

DSSUR[LPDWHO\�WKH�VDPH�GXUDWLRQ��WKH�UDWH�RI�V\OODEOH�SURGXFWLRQ�LQ�WKH�WULOO��:H�SHUIRUPHG�D

IROORZ�XS�DQDO\VLV�WR�FKHFN�ZKHWKHU�WKLV�LQWHUSUHWDWLRQ�LV�ERUQH�RXW�LQ�WKH�GDWD�E\�REWDLQLQJ�IRU

HDFK�ERXW�WKH�QXPEHU�RI�WLPHV�WKH�PRVW�UHSHDWHG�V\OODEOH�W\SH�ZDV�SURGXFHG�LQ�WKDW�ERXW��:H

DYHUDJHG�WKHVH�YDOXHV�DFURVV�DOO�ERXWV�ZLWKLQ�HDFK�UHFRUGLQJ�WR�REWDLQ��IRU�HDFK�UHFRUGLQJ��WKH

³PHDQ�QXPEHU�RI�UHSHWLWLRQV�RI�WKH�PRVW�UHSHDWHG�V\OODEOH�W\SH�SHU�ERXW´�DQG�IRXQG�WKDW�WKLV�ZDV

VLJQLILFDQWO\�ORZHU�DIWHU�WKH�GURXJKW�LQ�WKH�GURXJKW�UHJLRQ�RQO\ �)LJXUH�6������7KLV�SURYLGHV

IXUWKHU�HYLGHQFH�WKDW�WULOOV�PD\�KDYH�PHDQLQJIXOO\�FKDQJHG�GXH�WR�WKH�GURXJKW��EHFRPLQJ�HLWKHU

VKRUWHU�LQ�GXUDWLRQ�RU�VORZHU�LQ�WKH�UDWH�RI�V\OODEOH�SURGXFWLRQ��1RWDEO\��D�ORZHU�UDWH�RI�V\OODEOH

SURGXFWLRQ�FRXOG�EH�LQGLFDWLYH�RI�SRRUHU�SHUIRUPDQFH��WKRXJK�WKH�FKDUDFWHULVWLFV�WKDW�GHWHUPLQH

WULOO�TXDOLW\�KDYHQ¶W�EHHQ�VWXGLHG�LQWUDVSHFLILFDOO\�LQ�VRQJ�VSDUURZV��WULOOV��HVSHFLDOO\�RQHV�WKDW

FRYHU�ODUJH�IUHTXHQF\�UDQJHV��DUH�FRQVLGHUHG�WR�EH�SK\VLFDOO\�GLIILFXOW�WR�SHUIRUP�DFURVV�VSHFLHV�

DQG�WKXV�D�KLJKHU�UDWH�RI�WULOO�SURGXFWLRQ�LV�FRQVLGHUHG�WR�EH�LQGLFDWLYH�RI�KLJKHU�TXDOLW\�RU�JUHDWHU

VNLOO �3RGRV��������7KHUH�LV�HYLGHQFH�IURP�VHYHUDO RWKHU�VSHFLHV�WKDW�WULOO�UDWH�LV�LPSRUWDQW�LQ

���

https://paperpile.com/c/UXvqnA/WeNr
https://paperpile.com/c/UXvqnA/XiBX


IHPDOH�FKRLFH��WHUULWRU\�GHIHQVH��DQG�LQWUDVH[XDO�FRQIOLFW �%DOOHQWLQH��+\PDQ��DQG�1RZLFNL������

&UDPHU�������&DUR�HW�DO��������6HDUF\�HW�DO�������� )XUWKHU��WKHUH�LV�VRPH�HYLGHQFH�WKDW�UDWH�RI

V\OODEOH�SURGXFWLRQ�PD\�EH�DIIHFWHG�E\�GHYHORSPHQWDO�KLVWRU\�LQ�VZDPS�VSDUURZV��D�FORVH

UHODWLYH�RI�VRQJ�VSDUURZV �6HDUF\�HW�DO��������

6RQJ�VSDUURZV�KDYH�D�ORQJ�VWXG\�KLVWRU\�LQ�WKH�ILHOG�RI�VRQJELUG�QHXURHWKRORJ\��SURYLGLQJ

DGGLWLRQDO�FRQWH[W�IRU�WKHVH�REVHUYDWLRQV��7KHUH�KDYH�EHHQ�VHYHUDO�ODE�EDVHG�VRQJ�SUHIHUHQFH

VWXGLHV�LQ�ZLOG�FDXJKW�VRQJ�VSDUURZV�WKDW�KDYH�IRXQG�WKDW�IHPDOHV�H[KLELW�VWURQJHU�SUHIHUHQFHV

IRU�IDPLOLDU�VRQJ�W\SHV�WKDQ�XQIDPLOLDU�W\SHV �2¶/RJKOHQ DQG�%HHFKHU�������2¶/RFKOHQ�DQG

%HHFKHU�������+HUQDQGH]�HW�DO������� DQG�IRU�ODUJHU VRQJ�UHSHUWRLUHV �6HDUF\��������,Q�ILHOG

VWXGLHV��PDOHV�ZLWK�ODUJHU�VRQJ�UHSHUWRLUHV�KHOG�WHUULWRULHV�ORQJHU�DQG�H[SHULHQFHG�JUHDWHU

UHSURGXFWLYH�VXFFHVV �+LHEHUW��6WRGGDUG��DQG�$UFHVH �������DV�ZHOO�DV�KDG�D�KLJKHU�SUREDELOLW\�RI

PDWLQJ�LQ�WKHLU�ILUVW�EUHHGLQJ�\HDU �5HLG�HW�DO�������� DOWKRXJK�RWKHU�VWXGLHV�KDYH�QRW�IRXQG�VXFK

UHODWLRQVKLSV�EHWZHHQ�VRQJ�UHSHUWRLUH�DQG�UHSURGXFWLYH�VXFFHVV�LQ�WKH�ILHOG �6HDUF\�������

6WXGLHV�LQYHVWLJDWLQJ�VWUHVV�DQG�VRQJ�LQ�VRQJ�VSDUURZV�KDYH�VKRZQ�WKDW�WUHDWPHQW�ZLWK

FRUWLFRVWHURQH��WKH�KRUPRQH�WKDW�PHGLDWHV�WKH�VWUHVV�UHVSRQVH�LQ�ELUGV��RU�IRRG�UHVWULFWLRQ�GXULQJ

GHYHORSPHQW�GLG�QRW�OHDG�WR�D�GLIIHUHQFH�LQ�WULOO�UDWH�RU�VRQJ�W\SH�VWHUHRW\S\�EXW�GLG�OHDG�WR

VPDOOHU�V\OODEOH�DQG�VRQJ�UHSHUWRLUHV �6FKPLGW�HW DO���������)XUWKHU��DGXOW�DVVD\V�RI�VWUHVV

UHDFWLYLW\�IRXQG�D�QHJDWLYH�FRUUHODWLRQ�EHWZHHQ�WKH�PDJQLWXGH�RI�WKH�DFXWH�VWUHVV�UHVSRQVH�DQG

VRQJ�FRPSOH[LW\�DV�D�FRPELQHG�PHDVXUH�RI�V\OODEOH�DQG�VRQJ�UHSHUWRLUHV �6FKPLGW�HW�DO��������

7RJHWKHU��WKHVH�ILQGLQJV�VXJJHVW�WKDW��LQ�VRQJ�VSDUURZV��PHWULFV�RI�VRQJ�FRPSOH[LW\��VXFK�DV�VRQJ

UHSHUWRLUH��PD\�EH�ERWK�PRUH�ELRORJLFDOO\�PHDQLQJIXO�DQG�PRUH�UHVSRQVLYH�WR�HDUO\�OLIH�VWUHVV

WKDQ�PHWULFV�RI�VRQJ�SHUIRUPDQFH��OLNH�WKH�UDWH�RI�V\OODEOH�SURGXFWLRQ�
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7KH�KLJK�EDVHOLQH�OHYHO�RI�FRPSOH[LW\�RI�VRQJ�VSDUURZ�VRQJV�PD\�SUHYHQW�XV�IURP

GUDZLQJ�VROLG�FRQFOXVLRQV�DERXW�ELRORJLFDO�FDXVHV�DQG�FRQVHTXHQFHV�RI�DQ\�VKLIWV�LQ�VRQJ�XVLQJ

RQO\�PHDQ�VRQJ�IHDWXUH�YDOXHV�DFURVV�UHFRUGLQJV��VLQFH��IRU�H[DPSOH��GUDPDWLF�FKDQJHV�LQ�V\QWD[

RU�V\OODEOH�FRPSRVLWLRQ�FRXOG�RFFXU�EXW�QRW�EH�UHIOHFWHG�LQ�WKH�DYHUDJH�YDOXHV�ZH�DQDO\]HG�

+RZHYHU��WKH�REVHUYHG�VKLIWV�LQ�FHUWDLQ�IHDWXUHV�PD\�KLQW�DW�PRUH�QXDQFHG�FKDQJHV�KDSSHQLQJ�LQ

VRQJ�RU�V\OODEOH�VWUXFWXUH��)XWXUH�DQDO\VLV�RI�LQGLYLGXDO�V\OODEOH�W\SHV�FRXOG�SUREH�WKHVH�IDFHWV�RI

VRQJ�LQ�JUHDWHU�GHSWK�

7KHUH�DUH�VHYHUDO�ZD\V�LQ�ZKLFK�WKLV�VWXG\�V\VWHP�DQG�VLWH�PD\�QRW�EH�LGHDO�IRU�DVVHVVLQJ

VRQJ�FKDQJHV�RQ�D�SRSXODWLRQ�VFDOH��$V�ZLWK�DOO�FRPPXQLW\�VFLHQFH�EDVHG�DQDO\VHV��ZH�ODFN

PHWDGDWD�WKDW�ZRXOG�EH�XVHIXO�LQ�LQWHUSUHWLQJ�RXU�DQDO\VHV��VXFK�DV�WKH�DJH�RI�WKH�ELUG�LQ�WKH

UHFRUGLQJ��2QH�SRWHQWLDO�FKDOOHQJH�RI�VWXG\LQJ�VHYHUH�HQYLURQPHQWDO�VWUHVV�LV�WKDW�PHPEHUV�RI�D

SRSXODWLRQ�PLJKW�FRQVHUYH�UHVRXUFHV�E\�UHGXFLQJ�WKHLU�UHSURGXFWLYH�RXWSXW��IRU�H[DPSOH�E\

DEDQGRQLQJ�QHVW�EXLOGLQJ�DFWLYLWLHV�RU�IDLOLQJ�WR�SURYLVLRQ�FKLFNV��,Q�WKH�FRQWH[W�RI�WKLV�VWXG\��WKLV

ZRXOG�PHDQ�WKDW�WKHUH�ZRXOG�EH�YHU\�IHZ�MXYHQLOHV�GHYHORSLQJ�GXULQJ�WKH�KHLJKW�RI�WKH�GURXJKW�

DQG�WKXV�D�PLQLPDO�HIIHFW�RQ�WKH�UHSUHVHQWHG�VRQJV�LQ�WKH�IROORZLQJ�\HDUV��+RZHYHU��WKH�WLPLQJ

RI�WKH�GURXJKW�PLJKW�KDYH�PLWLJDWHG�WKLV�FKDOOHQJH��VLQFH�WKH�GURXJKW�GLG�QRW�UHDFK�LWV�KLJKHVW

OHYHO�RI�VHYHULW\�XQWLO�PLG�VXPPHU��PDQ\�VSHFLHV�ZRXOG�OLNHO\�KDYH�DOUHDG\�EUHG�DQG�UDLVHG

FKLFNV�WR�DW�OHDVW�IOHGJOLQJ�DJH��LQFUHDVLQJ�WKH�OLNHOLKRRG�WKDW�HQRXJK�MXYHQLOHV�ZHUH�H[SRVHG�WR

GURXJKW�VWUHVV�WR�VLJQLILFDQWO\�DIIHFW�SRSXODWLRQ�VRQJ�

7R�GHWHFW�VKLIWV�LQ�VRQJ�WKDW�FRXOG�SRWHQWLDOO\�EH�OLQNHG�WR�LPSDLUHG�OHDUQLQJ�GXH�WR�WKH

GURXJKW��DV�RSSRVHG�WR�RFFXUULQJ�GXH�WR�QRUPDO�VWRFKDVWLFLW\�LQ�SRSXODWLRQ�VRQJ��ZH�FRPSDUHG

WKH�GURXJKW�UHJLRQ�WR�D�FRQWURO�UHJLRQ��KRZHYHU��WKH�EHVW�VDPSOHG�FRQWURO�UHJLRQV�ZH�FRXOG�ILQG

VWLOO�KDG�PXFK�VPDOOHU�QXPEHUV�RI�UHFRUGLQJV�WKDQ�WKH�GURXJKW�UHJLRQ��UHGXFLQJ�RXU�SRZHU�WR

���



GHWHFW�DQ\�SRWHQWLDO�VKLIWV�LQ�WKH�VRQJV�LQ�WKHVH�FRQWURO�UHJLRQV��)XUWKHU��WKH�RQO\�UHDVRQDEO\

ZHOO�VDPSOHG�SRWHQWLDO�FRQWURO�UHJLRQV�DOVR�H[SHULHQFHG�DEQRUPDOO\�GU\�DQG�PRGHUDWH�GURXJKW

FRQGLWLRQV��UHVSHFWLYHO\��GXULQJ�������VLQFH�WKLV�GURXJKW�ZDV�D�UHJLRQDO�SKHQRPHQRQ�WKDW

DIIHFWHG�PXFK�RI�WKH�QRUWKHDVW�8QLWHG�6WDWHV�

6RQJ�LQ�D�SRSXODWLRQ�FRXOG�VKLIW�VLJQLILFDQWO\�DIWHU�DQ�HQYLURQPHQWDO�VWUHVVRU�IRU�UHDVRQV

RWKHU�WKDQ�LPSDLUHG�OHDUQLQJ��)LUVW��LI�WKHUH�ZDV�KHLJKWHQHG�PRUWDOLW\�LQ�WKH�SRSXODWLRQ��VRQJV

FRXOG�XQGHUJR�D�ERWWOHQHFN�HIIHFW�DNLQ�WR�WKH�VWRFKDVWLF�ORVV�RI�JHQHWLF�GLYHUVLW\�DIWHU�H[WUHPH

SRSXODWLRQ�UHGXFWLRQ��,Q�VXFK�D�FDVH��ZH�PLJKW�H[SHFW�WR�VHH�D�QDUURZHU�GLVWULEXWLRQ�RI�RQH�RU

PRUH�RI�WKH�VRQJ�IHDWXUHV�DIWHU�WKH�UHGXFWLRQ�LQ�SRSXODWLRQ�GLYHUVLW\�WKDW�RFFXUV�GXULQJ�WKLV�W\SH

RI�ERWWOHQHFN�HYHQW��:H�GLG�QRW�REVHUYH�VXFK�D�VKLIW�LQ�YDULDQFH�LQ�DQ\�VRQJ�IHDWXUHV�

$OWHUQDWLYHO\��LI�VRQJ�IHDWXUHV�ZHUH�FRUUHODWHG�ZLWK�DQRWKHU�WUDLW�WKDW�ZDV�XQGHU�VHOHFWLRQ�SUHVVXUH

GXULQJ�GURXJKW�FRQGLWLRQV��IRU�H[DPSOH�ERG\�VL]H��WKHUH�FRXOG�EH�LQGLUHFW�HIIHFWV�RQ�VRQJ

LQGHSHQGHQW�RI�OHDUQLQJ�DELOLW\��6HFRQG��D�GURXJKW�FRXOG�LQGXFH�LQGLYLGXDOV�WR�HPLJUDWH�IURP�WKH

UHJLRQ�LQ�SXUVXLW�RI�PRUH�KRVSLWDEOH�FRQGLWLRQV��RU�WR�QRW�UHWXUQ�WR�LW�DIWHU�PLJUDWLRQ��,I�WKHVH

LQGLYLGXDOV�GLG�QRW�UHWXUQ�LQ�WKH�IROORZLQJ�\HDU�RQFH�GURXJKW�FRQGLWLRQV�KDG�DEDWHG��RWKHUV�PD\

GLVSHUVH�LQWR�WKRVH�WHUULWRULHV��FKDQJLQJ�WKH�UHJLRQ¶V�VRQJ�GLVWULEXWLRQ�E\�FKDQJLQJ�WKH�PHPEHUV

RI�WKH�UHJLRQ��7KLUG��DGXOW�VRQJV��GHVSLWH�EHLQJ�FU\VWDOOL]HG�DQG�WKXV�QRW�H[SHFWHG�WR�UDGLFDOO\

FKDQJH��FRXOG�WKHRUHWLFDOO\�EH�GLIIHUHQW�GXULQJ�GURXJKW�FRQGLWLRQV��IRU�H[DPSOH�LI�WKH�DPELHQW

WHPSHUDWXUH�DQG�KXPLGLW\�DOWHUHG�DLUIORZ�WKURXJK�WKH�V\ULQ[�RU�VRXQG�WUDQVPLVVLRQ�WKURXJK�WKH

DLU �3DQGLW��%ULGJH��DQG�5RVV��������,Q�WKLV�FDVH� MXYHQLOHV�SHUFHLYLQJ�WKRVH�VRQJ�GLIIHUHQFHV

FRXOG�K\SRWKHWLFDOO\�OHDUQ�WKH�VRQJ�DV�SHUFHLYHG�WKURXJK�WKDW�³ILOWHU´�DQG�SURSDJDWH�LW�WR�IXWXUH

SXSLOV�
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2WKHU�V\VWHPV�PD\�SURYH�PRUH�UREXVW�IRU�WHVWLQJ�WKH�K\SRWKHVHV�DQG�DSSURDFKHV�ZH

SURSRVH�KHUH��$Q�LGHDO�VWXG\�V\VWHP�ZRXOG�OLNHO\�EH�D�ORQJ�WHUP�ILHOG�VWXG\�RQ�D�LVRODWHG�RU

LVODQG�SRSXODWLRQ�ZKHUH�KLVWRULFDO�GDWD�H[LVW�RQ�UDWHV�RI�PRUWDOLW\�DQG�UHFUXLWPHQW�SHU�\HDU�

HVSHFLDOO\�GXULQJ�\HDUV�ZKHQ�D�VWUHVVIXO�HQYLURQPHQWDO�HYHQW�RFFXUV��DPSOH�KLVWRULFDO�UHFRUGLQJV

RI�VRQJV�IURP�\HDUV�SULRU�WR�WKH�HQYLURQPHQWDO�VWUHVVRU��DQG�HQYLURQPHQWDO�GDWD�LQFOXGLQJ�ZDWHU

DYDLODELOLW\�DQG�D�VXUYH\�RI�DYDLODEOH�QXWULHQW�VRXUFHV��,I�WKH�VSHFLHV�SUHGRPLQDQWO\�H[KLELWV

KLJK�ILGHOLW\�YHUWLFDO�OHDUQLQJ��RU�OHDUQLQJ�IURP�SDUHQW�WR�RIIVSULQJ�ZLWK�OLWWOH�LPSURYLVDWLRQ�RQ

WKH�SDUW�RI�WKH�SXSLO��KDYLQJ�GDWD�RQ�SDUHQWDJH�DQG�LGHQWLW\�OLQNHG�VRQJ�UHFRUGLQJV�ZRXOG�DOORZ

IRU�FRPSDULVRQV�EHWZHHQ�VRQJV�RI�WKH�WXWRU�DQG�SXSLO�GLUHFWO\��%\�PHDVXULQJ�WKH�VLPLODULW\

EHWZHHQ�WKHVH�VRQJV��LW�ZRXOG�EH�SRVVLEOH�WR�PRUH�GLUHFWO\�DWWULEXWH�DQ\�FKDQJHV�LQ�VRQJ�WR

PLVWDNHV�LQ�OHDUQLQJ�DQG�WUDFN�WKH�IUHTXHQF\�RI�PLVWDNHV�RYHU�VWUHVVIXO�DQG�QRQ�VWUHVVIXO�\HDUV�

6WXG\LQJ�D�OHDUQHG�EHKDYLRU��VXFK�DV�VRQJ��LQ�WKH�FRQWH[W�RI�SRSXODWLRQ�ZLGH�HYROXWLRQDU\

SUHVVXUHV�LV�SDUWLFXODUO\�LQWHUHVWLQJ�VLQFH�WKH�UHVXOWLQJ�FXOWXUDO�HYROXWLRQDU\�G\QDPLFV�FRXOG�EH

VLJQLILFDQWO\�PRUH�UDSLG�WKDQ�JHQHWLF�HYROXWLRQ��(YHQ�ZLWKRXW�VHOHFWLRQ�IRU�D�QRYHO�VRQJ�W\SH��WKH

FRPELQDWLRQ�RI�GULIW�DQG�REOLTXH�WUDQVPLVVLRQ²IURP�DQ�DGXOW�WR�DQ�XQUHODWHG�MXYHQLOH²FRXOG

OHDG�WR�IL[DWLRQ�RI�QRYHO�VRQJ�YDULDQWV�IDU�PRUH�UDSLGO\�WKDQ�SRVVLEOH�ZLWK�D�JHQHWLF�PXWDWLRQ�

:KHWKHU�RU�QRW�WUDQVLHQW�OHDUQLQJ�GHILFLWV�LQ�D�VXEVHW�RI�D�SRSXODWLRQ�FRXOG�LQGXFH�D�SHUVLVWHQW

VKLIW�LQ�VRQJ��DQG�WKHUHIRUH�LQIOXHQFH�WKH�ORQJ�WHUP�WUDMHFWRU\�RI�WKH�SRSXODWLRQ��OLNHO\�ZRXOG

GHSHQG�RQ�VHYHUDO�IDFWRUV�

+HUH��ZH�SUHVHQW�D�VWXG\�RI�WKH�VRQJV�RI�WZR�ZHOO�UHFRUGHG�VSHFLHV�LQ�D�UHJLRQ�WKDW

H[SHULHQFHG�D�VHYHUH�GURXJKW�FRPSDUHG�WR�D�UHJLRQ�WKDW�GLG�QRW��DQG�ZH�REVHUYH�D�VXLWH�RI�VRQJ

FKDQJHV�EHIRUH�YHUVXV�DIWHU�WKH�WLPH�RI�WKH�GURXJKW�LQ�RQO\�WKH�VSHFLHV�ZLWK�WKH�PRUH�FRPSOH[

VRQJ��,I�WKH�WUHQGV�ZH�REVHUYHG�LQ�WKH�WKUHH�\HDUV�VLQFH�WKH�GURXJKW�ZHUH�WR�SHUVLVW�DQG�D

���



SRSXODWLRQ¶V�VRQJ�XQGHUZHQW�D�ODVWLQJ�FKDQJH��WKHUH�FRXOG�EH�VLJQLILFDQW�LPSOLFDWLRQV�IRU

FRQVHUYDWLRQ��SDUWLFXODUO\�LQ�WKH�IDFH�RI�FOLPDWH�FKDQJH�WKDW�LV�OLNHO\�WR�PDNH�VHYHUH�ZHDWKHU

HYHQWV�PRUH�FRPPRQ��,I�WKHVH�FKDQJHV�ZHUH�SDUWLFXODUO\�VDOLHQW�LQ�D�JLYHQ�VSHFLHV¶�VRQJ²IRU

H[DPSOH��LI�WKH�VRQJ�FKDQJHG�LQ�IHDWXUHV�WKDW�DUH�LPSRUWDQW�IRU�PDWH�FKRLFH²D�SRSXODWLRQ¶V�VRQJ

FRXOG�WKHRUHWLFDOO\�EHFRPH�XQDWWUDFWLYH�WR�D�VLVWHU�SRSXODWLRQ�WKDW�PDLQWDLQHG�WKH�W\SLFDO

DQFHVWUDO�VRQJ��7KLV�ZRXOG�VXJJHVW�D�SRWHQWLDO�VLGH�HIIHFW�RI�DQWKURSRJHQLF�FOLPDWH�FKDQJH�WKDW

KDV�QRW�EHHQ�VWXGLHG��WKDW�WKH�VXEOHWKDO�H[SHULHQFHV�RI�LQGLYLGXDOV�FRXOG�LPSDFW�WKH�GHYHORSPHQW

RI�EHKDYLRUV�WKDW�DUH�FXOWXUDOO\�WUDQVPLWWHG�WR�IXWXUH�JHQHUDWLRQV��OHDGLQJ�WR�DQ�LQFUHDVH�LQ

UHSURGXFWLYH�LVRODWLRQ�E\�VH[XDO�VHOHFWLRQ�RI�WKLV�WUDLW�WKDW�LV�ERWK�SODVWLF�DQG�VHQVLWLYH�WR�KRVWLOH

FRQGLWLRQV �0HQGHOVRQ�DQG�6DIUDQ�������

���
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5HIHUHQFHV

%DOOHQWLQH��%DUEDUD��-HUHP\�+\PDQ��DQG�6WHSKHQ�1RZLFNL��������³9RFDO�3HUIRUPDQFH�,QIOXHQFHV
)HPDOH�5HVSRQVH�WR�0DOH�%LUG�6RQJ��$Q�([SHULPHQWDO�7HVW�´ %HKDYLRUDO�(FRORJ\��2IILFLDO
-RXUQDO�RI�WKH�,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO�(FRORJ\ �����������±���

%RDJ��3��7���DQG�3��5��*UDQW��������³7KH�&ODVVLFDO�&DVH�RI�&KDUDFWHU�5HOHDVH��'DUZLQ¶V�)LQFKHV
�*HRVSL]D��RQ�,VOD�'DSKQH�0DMRU��*DOiSDJRV�´ %LRORJLFDO -RXUQDO�RI�WKH�/LQQHDQ�6RFLHW\�
/LQQHDQ�6RFLHW\�RI�/RQGRQ �����������±���

%RUURU��'RQDOG�-��������³6RQJ�9DULDWLRQ�LQ�0DLQH�6RQJ�6SDUURZV�´ 7KH�:LOVRQ�%XOOHWLQ �������
�±���

%R\FH��:��7KRPDV��0DUOD�%��6RNRORZVNL��DQG�*HQH�(��5RELQVRQ��������³*HQHV�DQG
(QYLURQPHQWV��'HYHORSPHQW�DQG�7LPH�´ 3URFHHGLQJV�RI WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV
RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD ���������������±���

%UDVV��'RPLQLF�3���&KULVWLQD�$��&REEROG��'DYLG�$��(ZLQJ��%HWKDQ�9��3XUVH��$PDQGD�&DOODJKDQ�
DQG�6WHYHQ�0��:KLWH��������³3KHQRW\SLF�3ODVWLFLW\�DV�D�&DXVH�DQG�&RQVHTXHQFH�RI
3RSXODWLRQ�'\QDPLFV�´ (FRORJ\�/HWWHUV �������������±���

%UHQRZLW]��(OLRW�$���DQG�0LFKDHO�'��%HHFKHU��������³6RQJ�/HDUQLQJ�LQ�%LUGV��'LYHUVLW\�DQG
3ODVWLFLW\��2SSRUWXQLWLHV�DQG�&KDOOHQJHV�´ 7UHQGV LQ�1HXURVFLHQFHV �����������±���

%URZQ��&KDUOHV�5���DQG�0DU\�%RPEHUJHU�%URZQ��������³,17(16(�1$785$/�6(/(&7,21
21�%2'<�6,=(�$1'�:,1*�$1'�7$,/�$6<00(75<�,1�&/,))�6:$//2:6
'85,1*�6(9(5(�:($7+(5�´ (YROXWLRQ��,QWHUQDWLRQDO�-RXUQDO RI�2UJDQLF�(YROXWLRQ ��
���������±���

%UXPP��+HQULN��6XH�$QQH�=ROOLQJHU��DQG�3HWHU�-��%��6ODWHU��������³'HYHORSPHQWDO�6WUHVV�$IIHFWV
6RQJ�/HDUQLQJ�EXW�1RW�6RQJ�&RPSOH[LW\�DQG�9RFDO�$PSOLWXGH�LQ�=HEUD�)LQFKHV�´
%HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ ������������±���

&DUGRVR��*RQoDOR�&���-RQDWKDQ�:��$WZHOO��(OOHQ�'��.HWWHUVRQ��DQG�7UHYRU�'��3ULFH��������³6RQJ
7\SHV��6RQJ�3HUIRUPDQFH��DQG�WKH�8VH�RI�5HSHUWRLUHV�LQ�'DUN�(\HG�-XQFRV��-XQFR
+\HPDOLV��´ %HKDYLRUDO�(FRORJ\��2IILFLDO�-RXUQDO�RI WKH�,QWHUQDWLRQDO�6RFLHW\�IRU
%HKDYLRUDO�(FRORJ\ �����������±��

&DUR��6DPXHO�3���.HQGUD�%��6HZDOO��.DWULQD�*��6DOYDQWH��DQG�.HLWK�:��6RFNPDQ��������³)HPDOH
/LQFROQ¶V�6SDUURZV�0RGXODWH�7KHLU�%HKDYLRU�LQ�5HVSRQVH�WR�9DULDWLRQ�LQ�0DOH�6RQJ
4XDOLW\�´ %HKDYLRUDO�(FRORJ\��2IILFLDO�-RXUQDO�RI WKH�,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO
(FRORJ\ �����������±���

&DVSL��7DO��-DFRE�5��-RKQVRQ��0D[�5��/DPEHUW��&KULVWRSKHU�-��6FKHOO��DQG�$QGUHZ�6LK�������
³%HKDYLRUDO�3ODVWLFLW\�&DQ�)DFLOLWDWH�(YROXWLRQ�LQ�8UEDQ�(QYLURQPHQWV�´ 7UHQGV�LQ�(FRORJ\
	�(YROXWLRQ �������������±�����
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&DWFKSROH��&��.���-��'LWWDPL��DQG�%��/HLVOHU��������³'LIIHUHQWLDO�5HVSRQVHV�WR�0DOH�6RQJ
5HSHUWRLUHV�LQ�)HPDOH�6RQJELUGV�,PSODQWHG�ZLWK�2HVWUDGLRO�´ 1DWXUH ���������������±���

&UDPHU��(PLO\�5��$��������³9RFDO�'HYLDWLRQ�DQG�7ULOO�&RQVLVWHQF\�'R�1RW�$IIHFW�0DOH
5HVSRQVH�WR�3OD\EDFN�LQ�+RXVH�:UHQV�´ %HKDYLRUDO�(FRORJ\� 2IILFLDO�-RXUQDO�RI�WKH
,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO�(FRORJ\ ������� ���±���

&UHDQ]D��1LFROH��/DXUHO�)RJDUW\��DQG�0DUFXV�:��)HOGPDQ��������³&XOWXUDO�1LFKH�&RQVWUXFWLRQ�RI
5HSHUWRLUH�6L]H�DQG�/HDUQLQJ�6WUDWHJLHV�LQ�6RQJELUGV�´ (YROXWLRQDU\�(FRORJ\ �������
���±����

'HO�+R\R��-RVHS��-RVHS�'HO�+R\R��$QGUHZ�(OOLRWW��DQG�-RUGL�6DUJDWDO������� +DQGERRN�RI�WKH
%LUGV�RI�WKH�:RUOG��9RO�����/\Q[�HGLFLRQV�%DUFHORQD�

'RQLKXH��&ROLQ�0���$OH[�0��.RZDOHVNL��-RQDWKDQ�%��/RVRV��$GDP�&��$OJDU��6LPRQ�%DHFNHQV�
5REHUW�:��%XFKNRZVNL��$QQH�&ODLUH�)DEUH��HW�DO��������³+XUULFDQH�(IIHFWV�RQ�1HRWURSLFDO
/L]DUGV�6SDQ�*HRJUDSKLF�DQG�3K\ORJHQHWLF�6FDOHV�´ 3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\
RI�6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD ��������� �����±���

)HUUHH��(OLVH�'��������³*HRJUDSKLF�9DULDWLRQ�LQ�0RUSKRORJ\�RI�'DUN�(\HG�-XQFRV�DQG
,PSOLFDWLRQV�IRU�3RSXODWLRQ�'LYHUJHQFH�´ 7KH�:LOVRQ -RXUQDO�RI�2UQLWKRORJ\ ��������
���±���

*LHQDSS��3KLOOLS��9HURQLND�1��/DLQH��$��&��0DWHPDQ��.HHV�YDQ�2HUV��DQG�0DUFHO�(��9LVVHU�������
³(QYLURQPHQW�'HSHQGHQW�*HQRW\SH�3KHQRW\SH�$VVRFLDWLRQV�LQ�$YLDQ�%UHHGLQJ�7LPH�´
)URQWLHUV�LQ�*HQHWLFV ���$XJXVW�������

*UDQW��%DUEDUD�5RVHPDU\��DQG�3HWHU�5D\PRQG�*UDQW��������³(YROXWLRQ�RI�'DUZLQ¶V�)LQFKHV
&DXVHG�E\�D�5DUH�&OLPDWLF�(YHQW�´ 3URFHHGLQJV�RI�WKH 5R\DO�6RFLHW\�RI�/RQGRQ��6HULHV�%�
%LRORJLFDO�6FLHQFHV ���������������±���

*UDQW��3HWHU�5���DQG�%��5RVHPDU\�*UDQW��������³&DXVHV�RI�/LIHWLPH�)LWQHVV�RI�'DUZLQ¶V�)LQFKHV
LQ�D�)OXFWXDWLQJ�(QYLURQPHQW�´ 3URFHHGLQJV�RI�WKH 1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�WKH
8QLWHG�6WDWHV�RI�$PHULFD ������������±���

+HQU\��/XFDV�3���0DUMROHLQ�%UXLMQLQJ��6LPRQ�.��*��)RUVEHUJ��DQG�-XOLHQ�)��$\UROHV��������³7KH
0LFURELRPH�([WHQGV�+RVW�(YROXWLRQDU\�3RWHQWLDO�´ 1DWXUH &RPPXQLFDWLRQV �������������

+HUQDQGH]��$OH[DQGUD�0���-HUHP\�$��3IDII��(OL]DEHWK�$��0DF'RXJDOO�6KDFNOHWRQ��DQG�6FRWW�$�
0DF'RXJDOO�6KDFNOHWRQ��������³7KH�'HYHORSPHQW�RI�*HRJUDSKLF�6RQJ�3UHIHUHQFHV�LQ
)HPDOH�6RQJ�6SDUURZV�0HORVSL]D�0HORGLD�´ (WKRORJ\� )RUPHUO\�=HLWVFKULIW�)XU
7LHUSV\FKRORJLH ������������±���

+LHEHUW��6DUD�0���3KLOLS�.��6WRGGDUG��DQG�3HWHU�$UFHVH��������³5HSHUWRLUH�6L]H��7HUULWRU\
$FTXLVLWLRQ�DQG�5HSURGXFWLYH�6XFFHVV�LQ�WKH�6RQJ�6SDUURZ�´ $QLPDO�%HKDYLRXU ��
�)HEUXDU\������±���

+XEHUW\��$QGUHD�)���DQG�5REHUW�)��'HQQR��������³3/$17�:$7(5�675(66�$1'�,76
&216(48(1&(6�)25�+(5%,925286�,16(&76��$�1(:�6<17+(6,6�´ (FRORJ\�
KWWSV���GRL�RUJ�����������������
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+XJKHV��0HOLVVD��6WHSKHQ�1RZLFNL��:LOOLDP�$��6HDUF\��DQG�6XVDQ�3HWHUV��������³6RQJ�7\SH
6KDULQJ�LQ�6RQJ�6SDUURZV��,PSOLFDWLRQV�IRU�5HSHUWRLUH�)XQFWLRQ�DQG�6RQJ�/HDUQLQJ�´
%HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ �����������±���

.R]ORYVN\��'RYLG�<���&DUULH�/��%UDQFK��$QJHOD�0��3LWHUD��DQG�9ODGLPLU�9��3UDYRVXGRY�������
³)OXFWXDWLRQV�LQ�$QQXDO�&OLPDWLF�([WUHPHV�$UH�$VVRFLDWHG�ZLWK�5HSURGXFWLYH�9DULDWLRQ�LQ
5HVLGHQW�0RXQWDLQ�&KLFNDGHHV�´ 5R\DO�6RFLHW\�2SHQ 6FLHQFH ��������������

.URRGVPD��'RQDOG�(���DQG�/LQGD�'��3DUNHU��������³9RFDO�9LUWXRVLW\�LQ�WKH�%URZQ�7KUDVKHU�´ 7KH
$XN �����������±���

/DQJLQ��.DWKU\Q�0���7��6FRWW�6LOOHWW��-RQJPLQ�<RRQ��+HOHQ�5��6RIDHU��6FRWW�$��0RUULVRQ��DQG
&DPHURQ�.��*KDODPERU��������³5HSURGXFWLYH�&RQVHTXHQFHV�RI�DQ�([WUHPH�'URXJKW�IRU
2UDQJH�&URZQHG�:DUEOHUV�RQ�6DQWD�&DWDOLQD�DQG�6DQWD�&UX]�,VODQGV�´�,Q 3URFHHGLQJV�RI
WKH�6HYHQWK�&DOLIRUQLD�,VODQGV�6\PSRVLXP��,QVWLWXWH IRU�:LOGOLIH�6WXGLHV�

/LHEJROG��(ULF�%���1LFROH�0��*HUODFK��DQG�(OOHQ�'��.HWWHUVRQ��������³6LPLODULW\�LQ�7HPSRUDO
9DULDWLRQ�LQ�6H[�%LDVHG�'LVSHUVDO�RYHU�6KRUW�DQG�/RQJ�'LVWDQFHV�LQ�WKH�'DUN�(\HG�-XQFR�
-XQFR�+\HPDOLV�´ 0ROHFXODU�(FRORJ\ �������������±���

0DF'RXJDOO�6KDFNOHWRQ��6FRWW�$���DQG�.DUHQ�$��6SHQFHU��������³'HYHORSPHQWDO�6WUHVV�DQG
%LUGVRQJ��&XUUHQW�(YLGHQFH�DQG�)XWXUH�'LUHFWLRQV�´ -RXUQDO�RI�2UQLWKRORJ\���'2�* ���
��������±���

0DUOHU��3HWHU��DQG�'RQDOG�,VDDF��������³3K\VLFDO�$QDO\VLV�RI�D�6LPSOH�%LUG�6RQJ�DV�([HPSOLILHG
E\�WKH�&KLSSLQJ�6SDUURZ�´ 7KH�&RQGRU �����������±���

0DUOHU��3HWHU��DQG�6XVDQ�3HWHUV��������³$�6HQVLWLYH�3HULRG�IRU�6RQJ�$FTXLVLWLRQ�LQ�WKH�6RQJ
6SDUURZ��0HORVSL]D�0HORGLD��$�&DVH�RI�$JH�/LPLWHG�/HDUQLQJ�´ (WKRORJ\��)RUPHUO\
=HLWVFKULIW�)XU�7LHUSV\FKRORJLH ����������±����

0HQGHOVRQ��7DPUD�&���DQG�5HEHFFD�-��6DIUDQ��������³6SHFLDWLRQ�E\�6H[XDO�6HOHFWLRQ�����<HDUV�RI
3URJUHVV�´ 7UHQGV�LQ�(FRORJ\�	�(YROXWLRQ �������� ����±���

1HZPDQ��0HOLVVD�0���3DPHOD�-��<HK��DQG�7UHYRU�'��3ULFH��������³6RQJ�9DULDWLRQ�LQ�D�5HFHQWO\
)RXQGHG�3RSXODWLRQ�RI�WKH�'DUN�(\HG�-XQFR��MXQFR�+\HPDOLV��´ (WKRORJ\��)RUPHUO\
=HLWVFKULIW�)XU�7LHUSV\FKRORJLH ������������±���

1RZLFNL��6WHSKHQ��DQG�:LOOLDP�$��6HDUF\��������³6RQJ�)XQFWLRQ�DQG�WKH�(YROXWLRQ�RI�)HPDOH
3UHIHUHQFHV��:K\�%LUGV�6LQJ��:K\�%UDLQV�0DWWHU�´ $QQDOV RI�WKH�1HZ�<RUN�$FDGHP\�RI
6FLHQFHV ������-XQH������±���

2¶/RFKOHQ��$��/���DQG�0��'��%HHFKHU��������³0DWH��1HLJKERXU�DQG�6WUDQJHU�6RQJV��$�)HPDOH
6RQJ�6SDUURZ�3HUVSHFWLYH�´ $QLPDO�%HKDYLRXU ������� ��±���

2¶/RJKOHQ��$��/���DQG�0��'��%HHFKHU��������³6H[XDO�3UHIHUHQFHV�IRU�0DWH�6RQJ�7\SHV�LQ�)HPDOH
6RQJ�6SDUURZV�´ $QLPDO�%HKDYLRXU �����������±���

3DQGLW��0HHO\Q�0���(OL�6��%ULGJH��DQG�-HUHP\�'��5RVV��������³(QYLURQPHQWDO�&RQGLWLRQV�/HDG�WR
6KLIWV�LQ�,QGLYLGXDO�&RPPXQLFDWLRQ��:KLFK�&DQ�&DXVH�&DVFDGLQJ�(IIHFWV�RQ�6RXQGVFDSH
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&RPSRVLWLRQ�´ (FRORJ\�DQG�(YROXWLRQ ���������H�����

3RGRV��-HIIUH\��������³$�3(5)250$1&(�&21675$,17�21�7+(�(92/87,21�2)
75,//('�92&$/,=$7,216�,1�$�621*%,5'�)$0,/<��3$66(5,)250(6�
(0%(5,=,'$(��´ (YROXWLRQ��,QWHUQDWLRQDO�-RXUQDO�RI 2UJDQLF�(YROXWLRQ �����������±���

3ULFH��7��'���3��5��*UDQW��+��/��*LEEV��DQG�3��7��%RDJ��������³5HFXUUHQW�3DWWHUQV�RI�1DWXUDO
6HOHFWLRQ�LQ�D�3RSXODWLRQ�RI�'DUZLQ¶V�)LQFKHV�´ 1DWXUH ���������������±���

3ULRU��1RUD�+���6DUDK�$��+HLPRYLFV��DQG�.LUDQ�.��6RPD��������³(IIHFWV�RI�:DWHU�5HVWULFWLRQ�RQ
5HSURGXFWLYH�3K\VLRORJ\�DQG�$IILOLDWLYH�%HKDYLRU�LQ�DQ�2SSRUWXQLVWLFDOO\�%UHHGLQJ�DQG
0RQRJDPRXV�6RQJELUG��WKH�=HEUD�)LQFK�´ +RUPRQHV�DQG %HKDYLRU �����������±���

5HJDQ��&KDUORWWH�(���.ULVWLQD�%��%HFN��.HLWK�0F0DKRQ��6DP�&URIWV��-RVK�$��)LUWK��DQG�%HQ�&�
6KHOGRQ��������³6RFLDO�3KHQRW\SH�'HSHQGHQW�6HOHFWLRQ�RI�6RFLDO�(QYLURQPHQW�LQ�:LOG
*UHDW�DQG�%OXH�7LWV��$Q�([SHULPHQWDO�6WXG\�´ 3URFHHGLQJV� %LRORJLFDO�6FLHQFHV���7KH�5R\DO
6RFLHW\ ���������������������

5HLG��-DQH�0���3HWHU�$UFHVH��$OLFH�/��(��9��&DVVLG\��6DUD�0��+LHEHUW��-DPHV�1��0��6PLWK��3KLOLS
.��6WRGGDUG��$P\�%��0DUU��DQG�/XNDV�)��.HOOHU��������³6RQJ�5HSHUWRLUH�6L]H�3UHGLFWV
,QLWLDO�0DWLQJ�6XFFHVV�LQ�0DOH�6RQJ�6SDUURZV��0HORVSL]D�0HORGLD�´ $QLPDO�%HKDYLRXU ��
���������±���

5REHUWV��/��-D\��5\DQ�%XUQHWW��-DPHV�7LHW]��DQG�6DP�9HOR]��������³5HFHQW�'URXJKW�DQG�7UHH
0RUWDOLW\�(IIHFWV�RQ�WKH�$YLDQ�&RPPXQLW\�LQ�6RXWKHUQ�6LHUUD�1HYDGD��$�*OLPSVH�RI�WKH
)XWXUH"´ (FRORJLFDO�$SSOLFDWLRQV��$�3XEOLFDWLRQ�RI WKH�(FRORJLFDO�6RFLHW\�RI�$PHULFD ��
�����H������

5RELQVRQ��&ULVWLQD�0���.DWH�7��6Q\GHU��DQG�1LFROH�&UHDQ]D��������³&RUUHODWHG�(YROXWLRQ
EHWZHHQ�5HSHUWRLUH�6L]H�DQG�6RQJ�3ODVWLFLW\�3UHGLFWV�7KDW�6H[XDO�6HOHFWLRQ�RQ�6RQJ
3URPRWHV�2SHQ�(QGHG�/HDUQLQJ�´ H/LIH ���6HSWHPEHU�� KWWSV���GRL�RUJ���������H/LIH�������

6FKPLGW��.LP�/���$LQVOH\�$��)XUORQJHU��-DQHW�0��/DSLHUUH��(OL]DEHWK�$�
0DF'RXJDOO�6KDFNOHWRQ��DQG�6FRWW�$��0DF'RXJDOO�6KDFNOHWRQ��������³5HJXODWLRQ�RI�WKH
+3$�$[LV�,V�5HODWHG�WR�6RQJ�&RPSOH[LW\�DQG�0HDVXUHV�RI�3KHQRW\SLF�4XDOLW\�LQ�6RQJ
6SDUURZV�´ +RUPRQHV�DQG�%HKDYLRU �����������±���

6FKPLGW��.LP�/���6��'UHZ�0RRUH��(OL]DEHWK�$��0DF'RXJDOO�6KDFNOHWRQ��DQG�6FRWW�$�
0DF'RXJDOO�6KDFNOHWRQ��������³(DUO\�/LIH�6WUHVV�$IIHFWV�6RQJ�&RPSOH[LW\��6RQJ�/HDUQLQJ
DQG�9ROXPH�RI�WKH�%UDLQ�1XFOHXV�5$�LQ�$GXOW�0DOH�6RQJ�6SDUURZV�´ $QLPDO�%HKDYLRXU ��
�������±���

6HDUF\��:LOOLDP�$��������³6RQJ�5HSHUWRLUH�6L]H�DQG�)HPDOH�3UHIHUHQFHV�LQ�6RQJ�6SDUURZV�´
%HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ �����������±���

6HDUF\��:LOOLDP�$���6XVDQ�3HWHUV��6LONH�.LSSHU��DQG�6WHSKHQ�1RZLFNL��������³)HPDOH�5HVSRQVH
WR�6RQJ�5HIOHFWV�0DOH�'HYHORSPHQWDO�+LVWRU\�LQ�6ZDPS�6SDUURZV�´ %HKDYLRUDO�(FRORJ\
DQG�6RFLRELRORJ\ ������������±���

6HDUIRVV��$ELJDLO�0���-DPHV�&��3LQR��DQG�1LFROH�&UHDQ]D��������³&KLSSHU��2SHQ䇲VRXUFH
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6RIWZDUH�IRU�6HPL䇲DXWRPDWHG�6HJPHQWDWLRQ�DQG�$QDO\VLV�RI�%LUGVRQJ�DQG�2WKHU�1DWXUDO
6RXQGV�´0HWKRGV�LQ�(FRORJ\�DQG�(YROXWLRQ���%ULWLVK (FRORJLFDO�6RFLHW\ �����������±���

6HSHUV��%HUQLFH��.ULVWD�YDQ�GHQ�+HXYHO��0HODQLH�/LQGQHU��+HLGL�9LLWDQLHPL��$ULOG�+XVE\��DQG
.HHV�YDQ�2HUV��������³$YLDQ�(FRORJLFDO�(SLJHQHWLFV��3LWIDOOV�DQG�3URPLVHV�´ -RXUQDO�RI
2UQLWKRORJ\���'2�* �������������±�����

6YRERGD��0DUN��'RXJ�/H&RPWH��0LNH�+D\HV��5LFKDUG�+HLP��.DULQ�*OHDVRQ��-LP�$QJHO��%UDG
5LSSH\��HW�DO��������³7+(�'528*+7�021,725�´ %XOOHWLQ RI�WKH�$PHULFDQ
0HWHRURORJLFDO�6RFLHW\ ������������±���

6ZHHW��6KDQQDQ�.���'DYLG�:��:ROIH��$UWKXU�'H*DHWDQR��DQG�5HEHFFD�%HQQHU��������³$QDWRP\
RI�WKH������'URXJKW�LQ�WKH�1RUWKHDVWHUQ�8QLWHG�6WDWHV��,PSOLFDWLRQV�IRU�$JULFXOWXUH�DQG
:DWHU�5HVRXUFHV�LQ�+XPLG�&OLPDWHV�´ $JULFXOWXUDO�DQG )RUHVW�0HWHRURORJ\ ���
�'HFHPEHU������±���

:HDWKHUKHDG��3DWULFN�-���DQG�0DUN�5��/��)RUEHV��������³1DWDO�3KLORSDWU\�LQ�3DVVHULQH�%LUGV�
*HQHWLF�RU�(FRORJLFDO�,QIOXHQFHV"´ %HKDYLRUDO�(FRORJ\� 2IILFLDO�-RXUQDO�RI�WKH
,QWHUQDWLRQDO�6RFLHW\�IRU�%HKDYLRUDO�(FRORJ\ ������ ���±���

:KLWH��7��&��5��������³7KH�$EXQGDQFH�RI�,QYHUWHEUDWH�+HUELYRUHV�LQ�5HODWLRQ�WR�WKH�$YDLODELOLW\
RI�1LWURJHQ�LQ�6WUHVVHG�)RRG�3ODQWV�´ 2HFRORJLD �� �������±����

:LOOLDPV��/DLGODZ��DQG�0LFKDHO�+��0DF5REHUWV��������³,QGLYLGXDO�9DULDWLRQ�LQ�6RQJV�RI
'DUN�(\HG�-XQFRV�´ 7KH�&RQGRU �����������±���

:LQJILHOG��-RKQ�&���.LPEHUOH\�6XOOLYDQ��-HVVLFD�-D[LRQ�+DUP��DQG�6LPRQH�/��0HGGOH�������
³7KH�3UHVHQFH�RI�:DWHU�,QIOXHQFHV�5HSURGXFWLYH�)XQFWLRQ�LQ�WKH�6RQJ�6SDUURZ��0HORVSL]D
0HORGLD�0RUSKQD��´ *HQHUDO�DQG�&RPSDUDWLYH�(QGRFULQRORJ\ ������������±���

:RRG��:LOOLDP�(���DQG�6WHSKHQ�0��<H]HULQDF��������³6RQJ�6SDUURZ��0HORVSL]D�0HORGLD��6RQJ
9DULHV�ZLWK�8UEDQ�1RLVH�´ 7KH�$XN ������������±���
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&+$37(5��
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$1'�(19,5210(17�$1'�5(&200(1'$7,216�)25�7+(�)8785(�2)�%,5'621*

5(6($5&+

%LUGVRQJ�LV�DPRQJ�WKH�PRVW�FRPSOH[�DQG�GLYHUVH�DXGLWRU\�VLJQDOV�WKDW�H[LVW�LQ�ELRORJ\�

7KH�RYHUDUFKLQJ�JRDO�RI�WKLV�WKHVLV�ZDV�WR�GHPRQVWUDWH�KRZ�ELUGVRQJ�KDV�UHDFKHG�WKLV�SURIRXQG

GLYHUVLW\�YLD�WKH�FRQVLVWHQW�LQWHUDFWLRQ�RI�WZR�NH\�IDFWRUV��VH[XDO�VHOHFWLRQ�DQG�OHDUQLQJ��,�KDYH

DSSURDFKHG�WKLV�WDVN�ZLWK�GLYHUVH�VWXGLHV�WKDW�SUREH�WKH�H[WUHPHV�RI�HYROXWLRQDU\�KLVWRU\�IRU�WKLV

FODGH��IURP�SUHGLFWLQJ�WKH�VRQJ�SURSHUWLHV�RI�WKH�PRVW�UHFHQW�FRPPRQ�DQFHVWRU�RI�2VFLQH

VRQJELUGV�WR�H[SORULQJ�ZKHWKHU�GHWHFWDEOH�FKDQJHV�LQ�VRQJ�SDWWHUQV�HPHUJH�ZLWKLQ�D�VLQJOH

SRSXODWLRQ�DV�D�UHVXOW�RI�LQGLYLGXDOV�FRSLQJ�ZLWK�DQ�DGYHUVH�HQYLURQPHQW�WKURXJK�WKH�VWUHVV

UHVSRQVH��DQ�HYHQ�PRUH�DQFLHQW�SK\VLRORJLFDO�DGDSWDWLRQ�

,Q�&KDSWHU����,�VKRZHG��XVLQJ�QRQ�PRQRJDPRXV�PDWLQJ�V\VWHPV�DV�D�SUR[\��WKDW

LQFUHDVHG�VH[XDO�VHOHFWLRQ�GRHV�QRW�GULYH�VSHFLHV�LQH[RUDEO\�WRZDUGV�PRUH�HODERUDWH�VRQJV�YLD

)LVKHULDQ�UXQDZD\��EXW�LQVWHDG�LQIOXHQFHV�VRQJ�HYROXWLRQ�ZLWKLQ�D�PRUH�FRPSOH[�UHDOLW\�RI�PRUH

VXEWOH�IDFWRUV��VXFK�DV�GLIIHULQJ�UDWHV�RI�HYROXWLRQ��WKDW�WRJHWKHU�OHDG�WR�LQVWDELOLW\�LQ�VRQJ

HODERUDWLRQ�RYHU�HYROXWLRQDU\�WLPH��,Q�&KDSWHU����,�HOXFLGDWHG�WKH�LGHQWLW\�DQG�HIIHFW�RI�RQH�RI

WKHVH�RWKHU�IDFWRUV��WKH�OHQJWK�RI�WKH�VRQJ�OHDUQLQJ�ZLQGRZ��,�GHPRQVWUDWHG�WKDW�H[WHQGHG�VRQJ

SODVWLFLW\�DQG�VRQJ�HODERUDWLRQ�FRHYROYH�LQ�D�SDWWHUQ�RI�PXWXDO�UHLQIRUFHPHQW��HLWKHU�FRPELQDWLRQ

RI�RQH�ZLWKRXW�WKH�RWKHU�LV�OLNHO\�WR�KDYH�EHHQ�HYROXWLRQDULO\�XQVWDEOH��+RZHYHU��WKH�HYROXWLRQDU\

SURFHVVHV�DQG�VHOHFWLRQ�SUHVVXUHV�WKDW�ZH�VXSSRVH�KDYH�DFWHG�XSRQ�WKHVH�WZR�IHDWXUHV�DUH

GLVWLQFW��6RQJ�HODERUDWLRQ�LV�QRW�JHQHWLFDOO\�KDUG�ZLUHG��EXW�LV�LQVWHDG�WKH�SURGXFW�RI�FXOWXUDO

���



WUDQVPLVVLRQ�DQG�SHUKDSV�D�JHQHWLF�SUHGLVSRVLWLRQ�LQ�WKH�IRUP�RI�DQ�LQQDWH�VRQJ�WHPSODWH��DQG�WKH

HPHUJHQW�EHKDYLRU�RI�D�FRPSOH[�VRQJ�LV�WKH�IHDWXUH�WKDW�LV�DFWXDOO\�H[SRVHG�WR�VH[XDO�VHOHFWLRQ�

2Q�WKH�RWKHU�KDQG��WKH�OHDUQLQJ�ZLQGRZ�LV�JHQHWLFDOO\�HQFRGHG��ZLWK�DSSDUHQWO\�OLWWOH�YDULDWLRQ

ZLWKLQ�VSHFLHV��KRZHYHU��WKHUH�LV�QR�HYLGHQFH�WKDW�OHDUQLQJ�ZLQGRZ�LWVHOI�LV�XQGHU�VH[XDO

VHOHFWLRQ��$Q�H[WHQGHG�OHDUQLQJ�ZLQGRZ�PLJKW�EH�GLUHFWO\�VHOHFWHG�DJDLQVW�XQGHU�QDWXUDO

VHOHFWLRQ�LI�WKHUH�DUH�FRVWV��IRU�H[DPSOH�PHWDEROLF�FRVWV��DVVRFLDWHG�ZLWK�LW��EXW�ZH�FDQ�UHDVRQDEO\

FRQFOXGH�WKDW�OHDUQLQJ�ZLQGRZ�HYROXWLRQ�LV�RWKHUZLVH�GULYHQ�E\�VHOHFWLRQ�SUHVVXUHV�RQ�VRQJ�

6H[XDO�VHOHFWLRQ�FRXOG�WKXV�LQGLUHFWO\�GULYH�OHDUQLQJ�ZLQGRZ�LQ�HLWKHU�GLUHFWLRQ��SRVLWLYHO\��LI

VRQJ�FRPSOH[LW\�LV�IDYRUHG��RU�QHJDWLYHO\��IRU�H[DPSOH�LI�VRQJV�ORVW�UHFRJQL]DELOLW\�GXH�WR

H[FHVVLYH�GULIW�LQ�IHDWXUHV�RYHU�DQ�H[WHQGHG�OHDUQLQJ�SHULRG��,QGHHG��RXU�ILQGLQJV�KLQWHG�DW�WKLV

SDWWHUQ�WKDW�VH[XDO�VHOHFWLRQ�RQ�VRQJ�GULYHV�WKH�H[WHQVLRQ�RI�DGXOW�VRQJ�SODVWLFLW\�

:KLOH�&KDSWHUV���DQG���ZHUH�EDVHG�RQ�FURVV�VSHFLHV�DQDO\VHV�WR�HOXFLGDWH�SDVW

LQWHUDFWLRQV�RI�WKHVH�WUDLWV��LQ�&KDSWHU����,�IRFXVHG�RQ�WKH�PLFUR�HYROXWLRQDU\�SDWWHUQV�RI�VRQJ

FKDQJH�RQ�WKH�SRSXODWLRQ�VFDOH��$Q\�WUHQG�WKDW�RFFXUV�LQ�HYROXWLRQ�QHFHVVDULO\�HPHUJHV�DIWHU

WUDYHOLQJ�WKURXJK�D�ORQJ�OLQH�RI�VXFFHVVLYH�DQG�SHUSHWXDOO\�FKDQJLQJ��IXVLQJ��DQG�VSOLWWLQJ

SRSXODWLRQV��7KLV�VWXG\�ZDV�DQ�HQGHDYRU�WR�FDSWXUH�D�VQDSVKRW�RI�DFFHOHUDWHG�HYROXWLRQ�LQ�DFWLRQ

LQ�D�QRYHO�ZD\��7KLV�ZDV�EDVHG�RQ�D�SURSRVDO�WKDW�HPHUJHQW�EHKDYLRUV�PD\�EH�OLQNHG�RYHU�VHYHUDO

VFDOHV��WKDW�KRVWLOH�FRQGLWLRQV�FKDQJH�SK\VLRORJ\��ZKLFK�UHVSRQGV�DGDSWLYHO\�WR�WKH�SUR[LPDWH

WKUHDW��EXW�DW�D�FRVW�RI�SRWHQWLDOO\�PDODGDSWLYH�VLGH�HIIHFWV�OLNH�LPSDLUHG�OHDUQLQJ��7KLV�VXJJHVWV

DQRWKHU�PHFKDQLVP�E\�ZKLFK�WKH�HQYLURQPHQW�PD\�LQIOXHQFH�HYROXWLRQ��E\�LQIOXHQFLQJ�OHDUQLQJ�

DQG�WKHUHIRUH��LQGLUHFWO\��OHDUQHG�EHKDYLRUV��,QWHUDFWLRQV�ZLWK�ELRWLF�DQG�DELRWLF�IDFWRUV�LQ�WKH

HQYLURQPHQW�IRUP�WKH�EDVLV�RI�QDWXUDO�VHOHFWLRQ�LQ�LWV�VLPSOHVW�IRUP��VXUYLYDO�DJDLQVW�WKH

HOHPHQWV��7KLV�SURSRVHG�PHFKDQLVP�DFWV�RQ�HYROXWLRQ�EDVHG�RQ�LQGLYLGXDOV¶�DELOLW\�WR�WKULYH
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DJDLQVW�WKH�HOHPHQWV�DQG�WKHUHIRUH�JDLQ�RSSRUWXQLWLHV�WR�UHSURGXFH��OLQNLQJ�HQYLURQPHQW�WR�VH[XDO

VHOHFWLRQ��&KDSWHU���DWWHPSWV�WR�VKHG�OLJKW�RQ�D�VLQJOH�FRQQHFWLRQ�LQ�WKLV�ZHE�RI�LQWHUDFWLQJ

SKHQRPHQD��IURP�HQYLURQPHQWDO�SUHVVXUH�WR�VRQJ��D�EHKDYLRU�QRW�GLUHFWO\�OLQNHG�WR�WKDW�SUHVVXUH�

7KH�)XWXUH�RI�/DUJH�VFDOH�6RQJ�$QDO\VLV

$Q�HVVHQWLDO�SDUW�RI�WKLV�ERG\�RI�ZRUN�LV�WKH�XVH�RI�ELUGVRQJ�UHFRUGLQJV�FROOHFWHG�E\

FRPPXQLW\�VFLHQWLVWV�DQG�PDGH�IUHHO\�DQG�SXEOLFO\�DYDLODEOH��7KHVH�DUH�PRVW�FHQWUDO�WR�RXU�ZRUN

LQ�&KDSWHU����ZKHUH�FRPPXQLW\�VFLHQFH�VRQJ�UHFRUGLQJV�DUH�WKH�SULPDU\�GDWD�ZH�XVHG�LQ�WKH

DQDO\VHV��$GGLWLRQDOO\��,�FRQWULEXWHG�UHFRUGLQJV�RI�P\�RZQ�IRU�WKHVH�DQDO\VHV��:KLOH�WKHUH�DUH

VRQJ�UHFRUGLQJV�DYDLODEOH�IURP�EHIRUH�������WKH�GHQVLW\�RI�DYDLODEOH�UHFRUGLQJV�LV�JHQHUDOO\�TXLWH

ORZ�IRU�DQ\�JLYHQ�VSHFLHV�H[FHSW�QHDU�D�IHZ�KRWVSRWV��VR�VDPSOLQJ�WR�GHWHFW�VRQJ�GLIIHUHQFHV�RYHU

VSDFH�LV�ODUJHO\�LQHIIHFWLYH�

+RZHYHU��WKH�QXPEHU�DQG�JHRJUDSKLF�GLVWULEXWLRQ�RI�UHFRUGLQJV�KDV�LQFUHDVHG

VLJQLILFDQWO\�LQ�UHFHQW�\HDUV��VR�IXWXUH�VWXGLHV�ZLOO�EH�PXFK�PRUH�OLNHO\�WR�EH�DEOH�WR�DVN�QXDQFHG

TXHVWLRQV�DERXW�SRSXODWLRQ�VRQJV��GLDOHFWV��VRQJ�GLVSHUVDO��DQG�FXOWXUDO�WUDQVPLVVLRQ��DV�ZHOO�DV

TXHVWLRQV�DERXW�FKDQJHV�RYHU�WLPH�RQ�\HDUO\�RU�HYHQ�PRQWKO\�VFDOHV��)RU�H[DPSOH��ZKHUH�FHUWDLQ

PLJUDWRU\�SRSXODWLRQV�DQG�VSHFLHV�RYHUZLQWHU�UHPDLQV�HQLJPDWLF�IRU�WKH�YDVW�PDMRULW\�RI

SRSXODWLRQV��GHVSLWH�WKLV�EHLQJ�H[WUHPHO\�ELRORJLFDOO\�UHOHYDQW�IRU�WKHVH�VSHFLHV��$V�FRPPXQLW\

VFLHQFH�VLJKWLQJV�DQG�UHFRUGLQJV�EHFRPH�PRUH�FRPPRQ�LQ�WKH�*OREDO�6RXWK��WZR�TXHVWLRQV�PD\

EHFRPH�DQVZHUDEOH�����:KLFK�VSHFLHV�FRQWLQXH�WR�VLQJ�LQ�WKHLU�RYHUZLQWHULQJ�JURXQGV"����:KHUH

DUH�WKH�RYHUZLQWHULQJ�JURXQGV�RI�SRSXODWLRQV�DQG�VSHFLHV"

,W�LV�SRVVLEOH�WKDW�WKHUH�LV�PRUH�GLYHUVLW\�LQ�VRQJ�OHDUQLQJ�EHWZHHQ�VSHFLHV�WKDQ�LV

FXUUHQWO\�NQRZQ�EHFDXVH�WKHUH�DUH�VHYHUDO�D[HV�RI�VRQJ�YDULDWLRQ�WKDW�DUH�QRW�ZHOO�FKDUDFWHUL]HG

���



LQ�ODUJH�QXPEHUV�RI�VSHFLHV��IRU�H[DPSOH��V\QWD[��WKH�IUDFWLRQ�RI�V\OODEOHV�WKDW�DUH�VKDUHG��DQG�WKH

IUDFWLRQ�RI�ZKROH�VRQJV�WKDW�DUH�VKDUHG�ORFDOO\��,Q�VRQJ�VSDUURZV��LW�KDV�EHHQ�VKRZQ�WKDW�LQ�DQ

(DVWHUQ�8�6��SRSXODWLRQ��VRQJV�DUH�FRPSRVHG�RI�V\OODEOHV�DFTXLUHG�IURP�PXOWLSOH�WXWRUV��ZKLOH�LQ

D�:HVWHUQ�8�6��SRSXODWLRQ��ELUGV�WHQG�WR�OHDUQ�HDFK�VRQJ�HQWLUHO\�IURP�RQH�LQGLYLGXDO�WXWRU

�+XJKHV�HW�DO���������:KDW�PLJKW�GULYH�WKHVH�GLIIHUHQFHV LQ�OHDUQLQJ�WHQGHQFLHV"�,Q�WKH�IXWXUH�

DQDO\VLV�RI�VRQJ�VWUXFWXUHV�LQ�D�JHRJUDSKLF�FRQWH[W�FRXOG�KHOS�GHWHUPLQH�ZKHWKHU�YDULRXV�VSHFLHV

W\SLFDOO\�LQKHULW�HQWLUH�VRQJV�RU�GHYHORS�VRQJV�FRPSRVHG�RI�V\OODEOHV�IURP�VHYHUDO�WXWRUV��RU�LI

SDWWHUQV�RI�DFTXLVLWLRQ�YDU\�ZLWKLQ�VSHFLHV��:LWK�HQRXJK�VSHFLHV�OHYHO�GDWD��FRPSDUDWLYH�PHWKRGV

PD\�KHOS�XQFRYHU�FRQGLWLRQV�WKDW�GULYH�OHDUQLQJ�WHQGHQFLHV�RU�LGHQWLI\�WUHQGV�RI�VRQJ�IHDWXUH

HYROXWLRQ�WKDW�HPHUJH�IURP�GLIIHUHQW�SDWWHUQV�RI�VRQJ�DFTXLVLWLRQ�

:KLOH�GHWHUPLQLQJ�FHUWDLQ�OLIH�KLVWRU\�WUDLWV��VXFK�DV�VRFLDO�RU�VH[XDO�PDWLQJ�V\VWHPV��DQG

VSHFLHV�W\SLFDO�OHDUQLQJ�PHFKDQLVPV�RQ�D�VSHFLHV�OHYHO�VWLOO�UHTXLUH�LQWHQVLYH�ILHOG�VWXGLHV�RQ

HDFK�VSHFLHV��LGHDOO\�DFURVV�PXOWLSOH�SRSXODWLRQV��GHWHUPLQLQJ�VRQJ�FKDUDFWHULVWLFV�RI�VSHFLHV

PD\�EH�DFKLHYDEOH�WKURXJK�DQDO\VLV�RI�FRPPXQLW\�VFLHQFH�UHFRUGLQJV��7KLV�ZLOO�DOORZ�IRU�JUHDWHU

VDPSOH�VL]HV�DQG�WKHUHIRUH�PRUH�UREXVW�VWXGLHV�XVLQJ�SK\ORJHQHWLF�FRPSDUDWLYH�PHWKRGV�LQ�WKH

IXWXUH��)XUWKHU��VHYHUDO�PHWKRGV�RI�SK\ORJHQHWLFDOO\�FRQWUROOHG�WUDLW�FRPSDULVRQ�FDQ�DFFRXQW�IRU

YDULDWLRQ�ZLWKLQ�VSHFLHV��$JJUHJDWLQJ�YDOXHV�DFURVV�PDQ\�UHJLRQV�ZLOO�DOORZ�WKLV�IXQFWLRQDOLW\�WR

EH�XVHG�WR�D�JUHDWHU�H[WHQW��&HUWDLQ�PHWULFV�RI�VRQJ�ZLOO�EH�HDVLHU�WR�FDOFXODWH�WKDQ�RWKHUV�XVLQJ

FRPPXQLW\�VFLHQFH�UHFRUGLQJV��)RU�H[DPSOH��WKH�QXPEHU�RI�XQLTXH�V\OODEOHV�SHU�VRQJ��VRQJ

GXUDWLRQ��DQG�LQWHU�VRQJ�LQWHUYDO�IRU�DQ�LQGLYLGXDO�DUH�DOO�HDV\�WR�FDOFXODWH�ZLWK�HYHQ�EULHI

UHFRUGLQJV��6\OODEOH�UHSHUWRLUH�DQG�VRQJ�UHSHUWRLUH�VL]HV�ZRXOG�UHTXLUH�ORQJHU�UHFRUGLQJV�WKDQ�DUH

RIWHQ�FRQWULEXWHG�E\�FRPPXQLW\�VFLHQWLVWV��EXW�UHFRUGLQJV�RI�VLQJOH�ELUGV�WKDW�DUH�RYHU����RU���

PLQXWHV�LQ�GXUDWLRQ�GR�H[LVW��DQG�WKHVH�PD\�EH�VXIILFLHQW�IRU�PDQ\�VSHFLHV�ZLWK�UHODWLYHO\�VPDOO
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UHSHUWRLUHV �*DUDPV]HJL�HW�DO��������3HVKHN�DQG�%OXPVWHLQ��������$Q�LPSRUWDQW�FDYHDW�LV�WKDW

WKLV�PD\�ELDV�VDPSOLQJ�WRZDUGV�VSHFLHV�ZLWK�VPDOOHU�UHSHUWRLUHV��VSHFLHV�WKDW�VLQJ�IRU�ORQJHU

SHULRGV�RI�WLPH�LQ�RQH�ORFDWLRQ��DQG�VSHFLHV�WKDW�KDYH�VPDOOHU�LQWHU�VRQJ�LQWHUYDOV��)XUWKHU��LQ

VHYHUDO�VSHFLHV��LW�LV�FRPPRQ�IRU�LQGLYLGXDOV�WR�DOWHUQDWH�VLQJLQJ�ZLWK�D�QHLJKERU��ZKLFK�FRXOG�EH

HDVLO\�PLVWDNHQ�DV�D�VLQJOH�ELUG�LQ�D�UHFRUGLQJ��LQ�WKHVH�FDVHV��LW�ZLOO�EH�LPSRUWDQW�WKDW�WKH�QXPEHU

RI�LQGLYLGXDOV�UHSUHVHQWHG�LQ�WKH�UHFRUGLQJ�LV�QRWHG�LQ�WKH�UHFRUGLQJ�PHWDGDWD�

,I�WKH�XSZDUG�WUHQG�LQ�VRQJ�UHFRUGLQJ�FRQWULEXWLRQ�E\�FRPPXQLW\�VFLHQWLVWV�FRQWLQXHV��DW

VRPH�SRLQW�UHFRUGLQJV�LQ�FHUWDLQ�DUHDV�PD\�EH�IUHTXHQW�HQRXJK�WKDW�XQLTXH�UHFRUGLQJV�FDQQRW�EH

UHOLDEO\�DVVXPHG�WR�EH�GLIIHUHQW�LQGLYLGXDO�ELUGV��)RU�VWXGLHV�WKDW�WUHDW�LQGLYLGXDO�UHFRUGLQJV�DV

XQLTXH�ELUGV�LQ�DQDO\VHV��DV�,�GLG�LQ�&KDSWHU����WKLV�PD\�UHVXOW�LQ�RYHUVDPSOLQJ�SUROLILF�VLQJHUV�RU

ELUGV�WKDW�KDSSHQ�WR�RFFXS\�D�WHUULWRU\�WKDW�LV�DFFHVVLEOH�DQG�UHJXODUO\�WUDYHUVHG�E\�KXPDQV��VXFK

DV�D�SXEOLF�SDUN��KLNLQJ�WUDLO��RU�VFKRRO�FDPSXV��,�HQFRXQWHUHG�WKLV�ZKHQ�VDPSOLQJ�IURP�WKH

,WKDFD��1<�UHJLRQ��ZKLOH�,�KDG�DOUHDG\�EHHQ�WUHDWLQJ�UHFRUGLQJV�WKDW�ZHUH�FROOHFWHG�E\�WKH�VDPH

UHFRUGLVW�RQ�WKH�VDPH�GD\�DV�WKH�VDPH�ELUG�XQOHVV�H[SOLFLWO\�QRWHG�LQ�WKH�UHFRUGLQJ�UHPDUNV��,

IRXQG�WKDW�,�KDG�PLVVHG�FDVHV�ZKHUH�GLIIHUHQW�UHFRUGLVWV�FOHDUO\�UHFRUGHG�WKH�VDPH�ELUG�RQ�WKH

VDPH�GD\��,Q�RQH�FDVH��IRXU�UHFRUGLQJV�E\�IRXU�GLIIHUHQW�UHFRUGLVWV�ZHUH�FROOHFWHG�RQ�WKH�VDPH

GD\��FRRUGLQDWH�ORFDWLRQ��DQG�QHDUO\�WKH�VDPH�WLPH��XQVXUSULVLQJO\��LQVSHFWLRQ�RI�WKH

VSHFWURJUDPV�UHYHDOHG�SUDFWLFDOO\�LQGLVWLQJXLVKDEOH�VRQJV��DQG�WKHVH�ZHUH�YLUWXDOO\�JXDUDQWHHG�WR

EH�IURP�WKH�VDPH�ELUG��7KLV�VHHPHG�TXLWH�SUHGLFWDEOH�RQFH�,�VDZ�WKH�QDPH�RI�WKH�ORFDWLRQ�

6DSVXFNHU�:RRGV��WKH�QDWXUH�UHVHUYH�DGMDFHQW�WR�DQG�DIILOLDWHG�ZLWK�WKH�&RUQHOO�/DE�RI

2UQLWKRORJ\��$IWHU�WKLV�ILQGLQJ��,�UH�FKHFNHG�WKH�UHFRUGLQJV�,�ZDV�XVLQJ�DQG�GLVFDUGHG�DOO�EXW�RQH

RI�DQ\�JURXS�RI�UHFRUGLQJV�WKDW�ZHUH�FROOHFWHG�RQ�WKH�VDPH�GDWH�DQG�ORFDWLRQ��XQOHVV�WKH�UHFRUGLVW

H[SOLFLWO\�QRWHG�WKDW�WKH�LQGLYLGXDOV�LQ�WKH�UHFRUGLQJV�ZHUH�FRQILUPHG�GLIIHUHQW�LQGLYLGXDOV�±�DQ
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LPPHQVHO\�EHQHILFLDO�SLHFH�RI�PHWDGDWD�WKDW�SUHYHQWHG�WKH�SUHHPSWLYH�UHPRYDO�RI�YDOXDEOH

VDPSOHV�IURP�WKH�VWXG\��7R�HQVXUH�WKH�XWLOLW\�DQG�UHOLDELOLW\�RI�FRPPXQLW\�VFLHQFH�UHFRUGLQJV�LQ

VFLHQWLILF�LQTXLU\�LQ�WKH�IXWXUH�DV�UHSHDWHG�VDPSOLQJ�LQHYLWDEO\�EHFRPHV�PRUH�FRPPRQ�

HVWDEOLVKLQJ�D�QRUP�RU�D�GHVLJQDWHG�PHWDGDWD�ILHOG�IRU�UHFRUGLVWV�WR�QRWH�ZKHQHYHU�UHFRUGLQJV�DUH

NQRZQ�WR�EH�RI�GLIIHUHQW�LQGLYLGXDOV�RU�D�VLQJOH�LQGLYLGXDO�ZRXOG�EH�LPPHQVHO\�EHQHILFLDO�

$OWHUQDWLYHO\��LI�VRQJ�DQDO\VLV�FRXOG�HYHQWXDOO\�OHDG�WR�WKH�LGHQWLILFDWLRQ�RI�LQGLYLGXDOV

EDVHG�RQ�VRQJ�UHFRUGLQJV�DORQH��SRVVLEO\�WKURXJK�PLQXWH�GLIIHUHQFHV�LQ�WLPEUH�DQG�KDUPRQLFV

WKDW�FRUUHVSRQG�ZLWK�SK\VLRORJLFDO�GLIIHUHQFHV�UDWKHU�WKDQ�VWULFWO\�FXOWXUDO�RQHV��WKH�LVVXH�RI

XQLQWHQWLRQDO�RYHUUHSUHVHQWDWLRQ�RI�WKH�VDPH�LQGLYLGXDO�ELUG�DFURVV�PXOWLSOH�UHFRUGLQJV�FRXOG�EH

DPHOLRUDWHG��,I�WKLV�LQGLYLGXDO�LGHQWLILFDWLRQ�DELOLW\�LV�GHYHORSHG��LW�ZRXOG�DOVR�RSHQ�XS

VLJQLILFDQW�SRVVLELOLWLHV�IRU�VWXG\LQJ�RWKHU�HOHPHQWV�RI�DYLDQ�ELRORJ\��)RU�H[DPSOH��NQRZOHGJH�RQ

GLVSHUVDO�DQG�SKLORSDWU\�LV�H[WUHPHO\�OLPLWHG��VLQFH�WKH�PDLQ�ZD\�WKDW�WKHVH�SKHQRPHQD�DUH

LQYHVWLJDWHG�LV�WKURXJK�FDSWXUH�UHFDSWXUH�WHFKQLTXHV��DQG��WR�D�PXFK�OHVVHU�H[WHQW��WKURXJK

JHRWDJJLQJ�DQG�UHPRWH�VHQVLQJ��,W�PD\�EH�SRVVLEOH�WR�HIIHFWLYHO\�VFDQ�ODUJH�GDWDEDVHV�RI�SDVVLYH

DXGLR�UHFRUGLQJV�IRU�YRFDO�PDWFKHV�WR�VSHFLILF�LQGLYLGXDOV�WR�GHWHUPLQH�ZKHWKHU�WKH�LQGLYLGXDO�LV

SUHVHQW�LQ�DQ�DUHD�LQ�ZKLFK�LW�ZDV�SUHYLRXVO\�GHWHFWHG��RU�HYHQ�ZKHWKHU�LW�LV�SUHVHQW�LQ�RWKHU

UHJLRQV��,W�LV�SRVVLEOH�WKDW�WKLV�W\SH�RI�DQDO\VLV�FRXOG�DOVR�XWLOL]H�UHFRUGLQJV�RI�FDOOV��DV�RSSRVHG

WR�VRQJV�DORQH��WR�GHWHFW�YRFDO�VLJQDWXUHV�WKDW�FKDUDFWHUL]H�SDUWLFXODU�LQGLYLGXDOV�

&RPPXQLW\�VFLHQFH�VRQJ�UHFRUGLQJV�DOVR�KDYH�VLJQLILFDQW�SRWHQWLDO�WR�HQDEOH�IROORZ�XS

VWXGLHV�WR�WKH�ZRUN�LQ�&KDSWHUV���DQG����&HUWDLQ�K\SRWKHVHV�WKDW�IROORZ�QDWXUDOO\�IURP�WKH�ZRUN

LQ�&KDSWHUV���DQG���ZHUH�XQDEOH�WR�EH�WHVWHG�GXH�WR�D�ODFN�RI�GDWD�IRU�D�VXIILFLHQW�QXPEHU�RI

VSHFLHV�WR�SHUIRUP�D�UREXVW��SK\ORJHQHWLFDOO\�FRQWUROOHG�DQDO\VLV��)RU�H[DPSOH��WKH�GLIIHUHQW

HIIHFWV�RQ�WKH�HYROXWLRQ�RI�VRQJ�FRPSOH[LW\�E\�VRFLDO�QRQ�PRQRJDP\�YV��VH[XDO�QRQ�PRQRJDP\
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�H[WUD�SDLU�SDWHUQLW\��(33��ZRXOG�EHQHILW�IURP�WKH�IROORZ�XS�RI�WHVWLQJ�WKH�LQWHUDFWLQJ�HIIHFWV�RI

WKHVH�WZR�WUDLWV��+RZHYHU��WKHUH�ZHUH�JDSV�LQ�WKH�GDWD��DQG�QRW�DOO�VSHFLHV�ZLWK�ERWK�D�VRFLDO

PRQRJDP\�YV�VRFLDO�SRO\J\Q\�FODVVLILFDWLRQ�DQG�D�ORZ�(33�YV�KLJK�(33�FODVVLILFDWLRQ�DOVR�KDG

SXEOLVKHG�YDOXHV�IRU�VRQJ�IHDWXUH�YDOXHV��6SHFLHV�WKDW�KDYH�SUHYLRXVO\�EHHQ�XQGHUVWXGLHG�

HVSHFLDOO\�VSHFLHV�LQ�WKH�*OREDO�6RXWK��PD\�EH�DEOH�WR�EH�GRFXPHQWHG�E\�ORFDO�FRPPXQLW\

VFLHQWLVWV��ZLWKRXW�UHVHDUFKHUV�IURP�HOVHZKHUH�WUDYHOLQJ�WR�UHFRUG�VRQJ�GDWD�WKHPVHOYHV��0RUH

FDQ�DQG�VKRXOG�EH�GRQH�WR�HPSRZHU�UHVLGHQWV�DFURVV�JHRJUDSKLHV�WR�WDNH�WKH�OHDG�LQ�FROOHFWLQJ

DQG�DQDO\]LQJ�ELUGVRQJ�GDWD�IURP�VSHFLHV�WKDW�DUH�ORFDOO\�VLJQLILFDQW�

'HILQLQJ�0HDQLQJIXO�6\OODEOH�%RXQGDULHV��$�1HXURVFLHQWLILF�$SSURDFK

$�FRPPRQ�WKUHDG�DFURVV�DOO�RI�P\�FKDSWHUV�LV�WKH�ILQGLQJ�WKDW�WKH�XQLTXHQHVV�RI�V\OODEOHV

LV�DQ�LPSRUWDQW�PHDVXUH�RI�VRQJ�FRPSOH[LW\�DQG�GLYHUVLW\��+RZHYHU��WKH�PHWKRGRORJ\�EHKLQG

FDOFXODWLQJ�V\OODEOH�UHSHUWRLUH�UHPDLQV�KLJKO\�VXEMHFWLYH��:KLOH�FRPSLOLQJ�GDWD�IRU�XVH�LQ�P\�ILUVW

WZR�FKDSWHUV��DQG�DJDLQ�VXUYH\LQJ�MRXUQDO�DUWLFOHV�ZKLOH�GHVLJQLQJ�WKH�PHWKRGV�IRU�P\

ZLWKLQ�SRSXODWLRQ�DQDO\VHV��,�LQIRUPDOO\�QRWHG�D�FRQVLVWHQW�SDWWHUQ��ZKHQHYHU�XQLTXH�V\OODEOHV

DUH�GHWHUPLQHG��HVSHFLDOO\²EXW�QRW�H[FOXVLYHO\²LQ�ILHOG�VWXGLHV��WKH�PHWKRGV�W\SLFDOO\�VD\�OLWWOH

PRUH�WKDQ�³V\OODEOHV�ZHUH�HQXPHUDWHG�E\�KDQG´�RU�³XQLTXH�V\OODEOHV�ZHUH�GHWHUPLQHG�YLVXDOO\´

�H�J� �9DUJDV�&DVWUR��6iQFKH]��DQG�%DUUDQWHV�������� 7R�PDNH�WKHVH�DSSURDFKHV�PRUH�UREXVW��D

FRPPRQ�RSWLRQ�KDV�KLVWRULFDOO\�EHHQ�WR�KDYH�PXOWLSOH�LQGLYLGXDOV�SHUIRUP�WKH�VDPH�V\OODEOH

FODVVLILFDWLRQ�WDVN��+RZHYHU��D�FRPPRQ�RXWFRPH�DSSHDUV�WR�EH�WKDW�WKHUH�DUH�GLVFUHSDQFLHV�LQ

UHVXOWV�ZKHQ�WKH�WDVNV�DUH�GRQH�VHSDUDWHO\��DQG�LW�LV�YHU\�GLIILFXOW�IRU�LQGLYLGXDOV�WR�UHDFK�WKH

VDPH�FRQFOXVLRQV�ZLWKRXW�GLVFXVVLRQ�DQG�FRRUGLQDWLRQ��6RPH�FRPSXWDWLRQDO�PHWKRGV�H[LVW�WKDW

GR�D�GHFHQW�MRE�RI�JURXSLQJ�V\OODEOH�W\SHV�LQWR�FOXVWHUV��6RXQG�$QDO\VLV�3UR�GRHV�WKLV�IRU�]HEUD
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ILQFK�VRQJ�IDLUO\�ZHOO�LQ�WKH�FRQWH[W�RI�DQ�RQWRJHQ\��ZKHUH�WKHUH�LV�W\SLFDOO\�JUDGXDO�FKDQJH�LQ�D

V\OODEOH�W\SH�IRU�VHYHUDO�GD\V�RU�ZHHNV �7FKHUQLFKRYVNL HW�DO���������7KHVH�VRIWZDUH�WRROV�WHQG�WR

ZRUN�EHVW�LQ�ODE�VHWWLQJV��LQ�VLQJOH�VSHFLHV��ZLWKLQ�WKH�VDPH�DQLPDO�RU�HYHQ�WKH�VDPH�VRQJ�

&KDOOHQJHV�RI�FRPSXWDWLRQDO�V\OODEOH�VRUWLQJ�DQG�PDWFKLQJ�LQFOXGH�YDULDEOH�QRLVH�WKDW�PD\�PHDQ

TXLHWHU�SDUWV�RI�V\OODEOHV�JHW�WRVVHG��KDUPRQLFV��YLEUDWLRQV�DW�PXOWLSOHV�RI�WKH�IXQGDPHQWDO

IUHTXHQF\���TXDOLW\�DQG�VLJQDO�WR�QRLVH�UDWLR�GLIIHUHQFHV��DQG�WLPH�ZDUSLQJ�RI�V\OODEOHV�RU�WUDLOLQJ

HFKRHV��PDNLQJ�RYHUOD\LQJ�V\OODEOHV�RU�PDWFKLQJ�EDVHG�RQ�IHDWXUH�YDOXHV�PHDVXUHG�RYHU�VPDOO

VOLFHV�RI�WLPH�HLWKHU�QRW�DFFXUDWH�RU�HYHQ�PRUH�FRPSXWDWLRQDOO\�LQWHQVLYH�

9HU\�IHZ�VWXGLHV�WKDW�KDYH�PXOWLSOH�LQGLYLGXDOV�SHUIRUP�WKLV�SDWWHUQ�LGHQWLILFDWLRQ�DQG

GLVFULPLQDWLRQ�WDVN�RQ�WKH�VDPH�UHFRUGLQJV�DOVR�SXEOLVK�WKH�UHVXOWV�RI�WKH�SDUWLFLSDQWV�VHSDUDWHO\�

VR�LW�LV�QRW�NQRZQ�ZKDW�WKH�SRWHQWLDO�PDUJLQ�RI�HUURU�LV�IRU�WKHVH�PHWULFV�LQ�DQ\�JLYHQ�VWXG\�

+RZHYHU��DW�OHDVW�IRU�V\OODEOH�UHSHUWRLUH�DQG�WKH�QXPEHU�RI�XQLTXH�V\OODEOHV�SHU�VRQJ��YDULDWLRQ

DFURVV�VWXGLHV�DQG�DFURVV�LQGLYLGXDO�ELUGV�ZLWKLQ�VWXGLHV�FDQ�EH�TXLWH�ODUJH��/LWWOH�KDV�EHHQ

GHWHUPLQHG�DERXW�KRZ�UREXVW�RU�SHUVLVWHQW�DQ\�GLIIHUHQFHV�EHWZHHQ�SRSXODWLRQV�PD\�EH��RU�ZK\

WKRVH�GLIIHUHQFHV�PD\�H[LVW��,Q�&KDSWHUV���DQG����WR�DFFRXQW�IRU�WKHVH�GLIIHUHQFHV��ZH�UHSHDWHG�DOO

RI�RXU�WHVWV�XVLQJ�WKH�PLQLPXP�DQG�PD[LPXP�YDOXHV�SHU�SRSXODWLRQ�UHSRUWHG�LQ�SULRU�VWXGLHV�IRU

HDFK�VSHFLHV��7KH�SRVLWLYH�WDNHDZD\�LV�WKDW��GHVSLWH�VSHFLHV�IHDWXUH�YDOXHV�IUHTXHQWO\�YDU\LQJ�E\

XS�WR�����EHWZHHQ�VWXGLHV��WKH�SDWWHUQV�RI�KRZ�WKHVH�IHDWXUHV�UHODWH�EHWZHHQ�VSHFLHV�WHQG�WR�EH

EURDGO\�PDLQWDLQHG��DOO�VLJQLILFDQW�UHVXOWV�ZH�REWDLQHG�UHJDUGLQJ�WKH�FRUUHODWHG�HYROXWLRQ�RI

V\OODEOH�UHSHUWRLUH�DQG�VRFLDO�PDWLQJ�V\VWHP�RU�OHDUQLQJ�ZLQGRZ�UHPDLQHG�VLJQLILFDQW�ZKHQ

UHSHDWLQJ�WKH�WHVW�XVLQJ�WKH�PLQLPXP�DQG�PD[LPXP�YDOXHV�IRU�HDFK�VSHFLHV�LQVWHDG�

7KH�IDFW�UHPDLQV�WKDW�VWXGLHV�RI�V\OODEOH�GLYHUVLW\�FRQWLQXH�WR�EH�KLJKO\�VXEMHFWLYH�DQG

ZLOO�FRQWLQXH�WR�EH�DV�ORQJ�DV�ZH�OHDYH�V\OODEOH�GLVFULPLQDWLRQ�GHFLVLRQV�XS�WR�LQGLYLGXDO
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REVHUYHUV��HVSHFLDOO\�ZLWKRXW�DQ\�JXLGHOLQHV��,W�ZRXOG�EH�EHQHILFLDO�WR�UHDFK�D�FRQVHQVXV�ZLWK�D

VHW�RI�FULWHULD�WR�FRQVLGHU�ZKHQ�GHFLGLQJ�ZKHWKHU�WZR�V\OODEOHV�RU�V\OODEOH�JURXSV�VKRXOG�EH

FRQVLGHUHG�WKH�VDPH��+RZHYHU��ZKLOH�WKLV�PLJKW�JR�VRPH�ZD\�WRZDUGV�UHGXFLQJ�WKH�YDULDELOLW\�RI

ILQGLQJV�DFURVV�LQGLYLGXDO�REVHUYHUV��WKLV�VWLOO�GRHV�QRW�DGGUHVV�DQRWKHU�IXQGDPHQWDO�LVVXH�ZLWK

WKLV�PHWKRGRORJ\��DQ�LQKHUHQW�ELDV�WRZDUGV�KXPDQ�SHUFHSWLRQ�RI�SDWWHUQV��)RU�DQ\�FRQVHQVXV�ZH

PLJKW�UHDFK�UHJDUGLQJ�KRZ�PXFK�YDULDWLRQ�LV�SHUPLVVLEOH�ZLWKLQ�V\OODEOH�W\SHV�±�RU�KRZ�PXFK

FRQVWLWXWHV�D�GLIIHUHQW�W\SH�DOWRJHWKHU�±�KRZ�GR�ZH�NQRZ�WKDW�RXU�FODVVLILFDWLRQV�DUH�ELRORJLFDOO\

UHOHYDQW�WR�WKH�ELUGV�WKHPVHOYHV"�:KDW�DPRXQW�RI�YDULDWLRQ�LQ�ELUGVRQJ�V\OODEOHV�LV�HWKRORJLFDOO\

PHDQLQJIXO"

7KLV�ZRXOG�UHTXLUH�DQ�H[SHULPHQW�WR�SUREH�D�ELUG¶V�SHUFHSWLRQ�DQG�DQ�DELOLW\�WR�PHDVXUH�D

UHVSRQVH�WKDW�FDQ�LQGLFDWH�VRPH�NLQG�RI�GLVFULPLQDWLRQ��7KH�WKUHH�PDLQ�W\SHV�RI�EHKDYLRUDO

H[SHULPHQWV�WKDW�FDQ�EH�XVHG�WR�DVVHVV�VRQJ�GLVFULPLQDWLRQ�DUH�IHPDOH�SUHIHUHQFH�WHVWV�

VWLPXODWLQJ�PDOH�DJJUHVVLRQ�ZLWK�VLPXODWHG�WHUULWRU\�LQFXUVLRQ��DQG�WXWRULQJ��KRZHYHU��QRQH�RI

WKHVH�DUH�OLNHO\�WR�SURYLGH�LQWHUSUHWDEOH�UHVXOWV�ZKHQ�GLVFULPLQDWLQJ�EHWZHHQ�VXEWO\�GLIIHUHQW

VWLPXOL��$Q\�EHKDYLRUDO�H[SHULPHQW�ZRXOG�ILUVW�UHTXLUH�VDPSOH�VRQJV��:KLOH�WKH�TXHVWLRQ�LV�DERXW

WKH�GLIIHUHQFHV�EHWZHHQ�LQGLYLGXDO�V\OODEOH�W\SHV��ELUGV�ZRXOG�QRW�HQJDJH�LQ�VRQJ�WULJJHUHG

EHKDYLRUV�LI�SURYLGHG�ZLWK�RQO\�RQH�V\OODEOH��RU�RQH�V\OODEOH�UHSHDWHG�LQ�D�ZD\�LQFRQVLVWHQW�ZLWK

WKH�VSHFLHV¶�W\SLFDO�VRQJ�VWUXFWXUH��,QVWHDG��VRQJV�WKDW�DUH�HVVHQWLDOO\�LGHQWLFDO�H[FHSW�IRU�RQH

V\OODEOH�ZRXOG�QHHG�WR�EH�XVHG��7KH�FKRLFH�RI�WHVW�V\OODEOH�ZLOO�GHWHUPLQH�WKH�W\SHV�RI�YDULDWLRQ

WKDW�FDQ�EH�WHVWHG��EXW�VRPH�H[DPSOHV��IURP�D�FRPSOH[�PXOWL�QRWH�V\OODEOH��UHPRYH�RQH�RI�WKH

QRWHV��VKLIW�D�V\OODEOH�XS�RU�GRZQ�LQ�SLWFK��DSSO\�D�WLPH�ZDUS�WR�WKH�V\OODEOH�WR�FRPSUHVV�RU

VWUHWFK�LW��SUHIHUDEO\�ZLWKRXW�FKDQJLQJ�WKH�WLPLQJ�RU�UK\WKP�RI�WKH�UHVW�RI�WKH�VRQJ��ZKLFK�FRXOG

LQIOXHQFH�D�ELUG¶V�RYHUDOO�SHUFHSWLRQ�LQGHSHQGHQW�RI�WKH�WHVW�V\OODEOH��$OO�RI�WKHVH�DUH�H[DPSOHV�RI

���



VPDOO�YDULDWLRQV�WKDW�FRXOG�EH�FRQVLGHUHG�QHJOLJLEOH�E\�D�KXPDQ�FRPSOHWLQJ�D�V\OODEOH�VRUWLQJ

WDVN��,Q�D�IHPDOH�FKRLFH�WHVW��D�IHPDOH�ZRXOG�EH�SUHVHQWHG�ZLWK�WZR�SHUFKHV�RU�NH\V�DW�RSSRVLWH

HQGV�RI�D�FDJH�WKDW��ZKHQ�ODQGHG�XSRQ�RU�SHFNHG��ZRXOG�WULJJHU�WKH�SOD\EDFN�RI�RQH�RI�WZR

VRQJV��7KH�VRQJ�ZKLFK�LV�WULJJHUHG�WKH�PRVW�LV�LQWHUSUHWHG�WR�EH�WKH�PRUH�DWWUDFWLYH�VRQJ��)XMLL�HW

DO��������,Q�D�PDOH�DJJUHVVLRQ�WHVW��SOD\EDFN�VSHDNHUV�DUH�EURXJKW�LQWR�WKH�ILHOG��JHQHUDOO\�WR�WKH

HGJH�RI�D�PDOH¶V�WHUULWRU\��DQG�DQ�REVHUYHU�PHDVXUHV�KRZ�FORVHO\�WKH�PDOH�DSSURDFKHV�D�VSHDNHU

DV�LW�SOD\V�D�VHULHV�RI�GLIIHUHQW�FRQVSHFLILF�VRQJV��ZLWK�SDXVHV�WR�SUHYHQW�KDELWXDWLRQ��FORVHU

DSSURDFKHV�WR�WKH�VSHDNHU�DUH�XVHG�DV�D�PHDVXUH�RI�WKH�PDOH¶V�DJJUHVVLYHQHVV�DQG�WKXV�WKH�VRQJ¶V

TXDOLW\��+RZHYHU��VRQJV�XVHG�LQ�WKHVH�DUH�W\SLFDOO\�PXFK�PRUH�GLIIHUHQW�WKDQ�RQH�QXDQFH�RI�D

V\OODEOH��H�J� �'HUU\EHUU\��������)LQDOO\��WXWRULQJ D�MXYHQLOH�ZRXOG�LQYROYH�WXWRULQJ�ZLWK

SOD\EDFN��2QH�DSSURDFK�ZRXOG�EH�WR�WXWRU�ELUGV�ZLWK�WKH�VDPH�VRQJ�VHWV�DV�LQ�WKH�IHPDOH�FKRLFH

RU�PDOH�DJJUHVVLRQ�WHVWV��,I�WKH�MXYHQLOHV�HQG�XS�SURGXFLQJ�RQO\�RQH�RI�WKH�WHVW�V\OODEOHV��LW�PD\

PHDQ�WKH\�SHUFHLYHG�WKH�GLIIHUHQFH�DQG�FKRVH�WR�OHDUQ�WKH�V\OODEOH�HDFK�SUHIHUUHG��%XW��XQOHVV

WKHUH�LV�D�GLUHFWLRQDO�SUHIHUHQFH��LW�ZRXOG�EH�GLIILFXOW�WR�FRQILGHQWO\�PDNH�FRQFOXVLRQV��$�VHFRQG

DSSURDFK�ZRXOG�EH�WR�WXWRU�PDQ\�MXYHQLOHV�ZLWK�WKH�VDPH�VRQJ�RU�OLYH�WXWRU��WUDFN�WKH

GHYHORSPHQW�RI�HDFK�V\OODEOH��DQG�FRPSDUH�DOO�RI�WKH�LQGLYLGXDO�V\OODEOHV�WKDW�FDPH�IURP�RQH

FRPPRQ�V\OODEOH�DIWHU�FU\VWDOOL]DWLRQ��7KH�YDULDWLRQ�LQ�WKDW�V\OODEOH�LQ�WKH�MXYHQLOHV�PLJKW

LQGLFDWH�DQ�DPRXQW�RI�YDULDWLRQ�WKDW�FDQ�H[LVW�ZLWKLQ�RQH�V\OODEOH�W\SH��KRZHYHU��WKDW�DVVXPHV

WKDW�WKH�MXYHQLOHV�DWWHPSWHG�WR�OHDUQ�DFFXUDWHO\��L�H��GLG�QRW�LPSURYLVH�XSRQ�WKH�V\OODEOH��DQG�GLG

QRW�OHDUQ�SRRUO\���QHLWKHU�RI�ZKLFK�FDQ�EH�UXOHG�RXW�

5HVHDUFKHUV�LQ�WKH�ILHOG�PD\�EH�DEOH�WR�WDNH�DGYDQWDJH�RI�D�XQLTXH�IHDWXUH�RI�VRQJELUGV�

0DOHV�WKDW�DUH�DQHVWKHWL]HG�H[KLELW�QHXUDO�DFWLYLW\�LQ�WKH�VRQJ�V\VWHP�QXFOHL�/0$1��$UHD�;�

P/'��DQG�+9&�ZKHQ�H[SRVHG�WR�FRQVSHFLILF�VRQJ��DQG�WKHVH�VLJQDOV�FDQ�EH�UHOLDEO\�PHDVXUHG

���

https://paperpile.com/c/N5dqmf/r9Ex


ZLWK�HOHFWURSK\VLRORJ\�WHFKQLTXHV��)DVFLQDWLQJO\��WKH�DPSOLWXGH�RI�WKLV�VLJQDO�LQFUHDVHV

VLJQLILFDQWO\�DQG�DFWLYLW\�VSLNHV�RFFXU�URXJKO\�LQ�V\QFKURQ\�ZLWK�HDFK�V\OODEOH�RI�WKH�SOD\EDFN

ZKHQ�H[SRVHG�WR�D�KLJKO\�VSHFLILF�VWLPXOXV��WKH�ELUG¶V�RZQ�VRQJ �3RLULHU�HW�DO��������6ROLV�DQG

'RXSH��������7KH�UHVSRQVH�LV�HYRNHG�LQ�MXYHQLOHV�ZKHQ WKH\�KHDU�D�SOD\EDFN�RI�WKHLU�WXWRU¶V

VRQJ��EXW�LQ�DGXOWKRRG��WKH�UHVSRQVH�WR�WKH�WXWRU¶V�VRQJ�ZHDNHQV�ZKLOH�WKH�UHVSRQVH�WR�KHDULQJ�D

SOD\EDFN�RI�D�ELUG¶V�RZQ�VRQJ�EHFRPHV�UREXVW��7KLV�KLJKO\�VSHFLILF�JDWLQJ�PHFKDQLVP�FRXOG�EH

H[SORLWHG�WR�HVVHQWLDOO\�WDS�LQWR�D�ELUG¶V�SHUFHSWLRQ�WR�GHGXFH�ZKHWKHU�LW�FDQ�WHOO�WKH�GLIIHUHQFH

EHWZHHQ�LWV�RZQ�XQDOWHUHG�VRQJ�DQG�LWV�VRQJ�EXW�ZLWK�RQH�V\OODEOH�DUWLILFLDOO\�PRGLILHG��6LQFH�D

ELUG�LV�QRW�H[SHFWHG�WR�EHFRPH�KDELWXDWHG�WR�LWV�RZQ�VRQJ��PDQ\�UHSHDWHG�PHDVXUHPHQWV�RI

PXOWLSOH�WHVW�V\OODEOH�PRGLILFDWLRQV�FDQ�EH�SHUIRUPHG�ZLWKLQ�D�VLQJOH�VHVVLRQ��ZKLFK�LV�QRW

SRVVLEOH�ZLWK�DQ\�RI�WKH�RWKHU�EHKDYLRUDO�GLVFULPLQDWLRQ�WHVWV�

&RQFOXGLQJ�5HPDUNV

,Q�VXP��WKLV�ERG\�RI�ZRUN�VKHGV�OLJKW�RQ�NH\�IDFWRUV�DQG�IRUFHV�LQ�WKH�HYROXWLRQ�RI

ELUGVRQJ��,Q�DGGLWLRQ��,�SURSRVH�D�QHZ�DYHQXH�RI�VWXG\�WR�H[DPLQH�WKH�UROH�RI�HQYLURQPHQWDO�DQG

HFRORJLFDO�IDFWRUV�RQ�OHDUQLQJ�DQG�OHDUQHG�EHKDYLRUV��ZLWK�EURDG�SRWHQWLDO�LPSDFWV�LQ�WKH�ILHOG�RI

FXOWXUDO�HYROXWLRQ��,�IXUWKHU�SURYLGH�D�SURRI�RI�FRQFHSW�VWXG\�XVLQJ�FRPPXQLW\�VFLHQFH�GDWD�WR

LQYHVWLJDWH�WKH�HIIHFWV�RI�SRSXODWLRQ�VFDOH�HQYLURQPHQWDO�VWUHVV�DQG�RIIHU�LQLWLDO�ILQGLQJV�WKDW�ZLOO

KRSHIXOO\�PRWLYDWH�IXUWKHU�VWXGLHV�RI�WKLV�NLQG��,�KRSH�WKDW�,�KDYH�ODLG�WKH�JURXQGZRUN�IRU�IXWXUH

HQGHDYRUV�WR�VXFFHHG�LQ�VKRZLQJ�D�VQDSVKRW�RI�HYROXWLRQ�RI�D�OHDUQHG�EHKDYLRU�E\�SURELQJ�WKH

HIIHFWV�RI�H[WUHPH�FOLPDWLF�HYHQWV��SDUDOOHOLQJ�WKH�HDUOLHU�ZRUN�RI�JLDQWV�LQ�WKH�ILHOG�RI

HYROXWLRQDU\�ELRORJ\�
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5HIHUHQFHV

'HUU\EHUU\��(OL]DEHWK�3��������³(YROXWLRQ�RI�%LUG�6RQJ�$IIHFWV�6LJQDO�(IILFDF\��$Q
([SHULPHQWDO�7HVW�8VLQJ�+LVWRULFDO�DQG�&XUUHQW�6LJQDOV�´ (YROXWLRQ��,QWHUQDWLRQDO�-RXUQDO
RI�2UJDQLF�(YROXWLRQ ����������±���

*DUDPV]HJL��/iV]Oy�=���7KRUVWHQ�-��6��%DOVE\��%HQ�'��%HOO��0DUWD�%RURZLHF��%UXFH�(��%\HUV�
7XGRU�'UDJDQRLX��0DUFHO�(HQV��:ROIJDQJ�)RUVWPHLHU��3DROR�*DOHRWWL��'LHJR�*LO��/HHQ
*RULVVHQ��3RXO�+DQVHQ��+HOHQH�0��/DPSH��6WHIDQ�/HLWQHU��-DQ�/RQWNRZVNL��/DXUHQW�1DJOH�
(UZLQ�1HPHWK��5LDQQH�3LQ[WHQ��-HDQ�0DUF�5RVVL��1LFROD�6DLQR��$XUpOLH�7DQYH]��5XVVHOO
7LWXV��-iQRV�7|U|N��(OV�9DQ�'X\VH��DQG�$QGHUV�3��0¡OOHU��������³(VWLPDWLQJ�WKH�&RPSOH[LW\
RI�%LUG�6RQJ�E\�8VLQJ�&DSWXUH�5HFDSWXUH�$SSURDFKHV�IURP�&RPPXQLW\�(FRORJ\�´
%HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ ���������±���

+XJKHV��0HOLVVD��6WHSKHQ�1RZLFNL��:LOOLDP�$��6HDUF\��DQG�6XVDQ�3HWHUV��������³6RQJ�7\SH
6KDULQJ�LQ�6RQJ�6SDUURZV��,PSOLFDWLRQV�IRU�5HSHUWRLUH�)XQFWLRQ�DQG�6RQJ�/HDUQLQJ�´
%HKDYLRUDO�(FRORJ\�DQG�6RFLRELRORJ\ ���������±���

3HVKHN��.DWKOHHQ�5���DQG�'DQLHO�7��%OXPVWHLQ��������³&DQ�5DUHIDFWLRQ�%H�8VHG�WR�(VWLPDWH
6RQJ�5HSHUWRLUH�6L]H�LQ�%LUGV"´ &XUUHQW�=RRORJ\ ���������±����

3RLULHU��&ROOLQH��7LQ\�%RXPDQV��0DUOHHQ�9HUKR\H��-DFTXHV�%DOWKD]DUW��DQG�$QQHPLH�9DQ�GHU
/LQGHQ��������³2ZQ�6RQJ�5HFRJQLWLRQ�LQ�WKH�6RQJELUG�$XGLWRU\�3DWKZD\��6HOHFWLYLW\�DQG
/DWHUDOL]DWLRQ�´ 7KH�-RXUQDO�RI�1HXURVFLHQFH��7KH 2IILFLDO�-RXUQDO�RI�WKH�6RFLHW\�IRU
1HXURVFLHQFH ����������±���

6ROLV��0LFKHOH�0���DQG�$OOLVRQ�-��'RXSH��������³&RQWULEXWLRQV�RI�7XWRU�DQG�%LUG¶V�2ZQ�6RQJ
([SHULHQFH�WR�1HXUDO�6HOHFWLYLW\�LQ�WKH�6RQJELUG�$QWHULRU�)RUHEUDLQ�´ 7KH�-RXUQDO�RI
1HXURVFLHQFH �����������±���

7FKHUQLFKRYVNL��2���)��1RWWHERKP��&��(��+R��%��3HVDUDQ��DQG�3��3��0LWUD��������³$�3URFHGXUH�IRU
DQ�$XWRPDWHG�0HDVXUHPHQW�RI�6RQJ�6LPLODULW\�´ $QLPDO %HKDYLRXU ����������±���

9DUJDV�&DVWUR��/XLV�(���1DWDOLH�9��6iQFKH]��DQG�*LOEHUW�%DUUDQWHV��������³5HSHUWRLUH�6L]H�DQG
6\OODEOH�6KDULQJ�LQ�WKH�6RQJ�RI�WKH�&OD\�&RORUHG�7KUXVK��7XUGXV�*UD\L��´ 7KH�:LOVRQ
-RXUQDO�RI�2UQLWKRORJ\ ����������±���
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$33(1',;

6XSSOHPHQWDU\�7DEOHV

1XPEHU�RI�XQLTXH
UHFRUGLQJV��GDUN�H\HG�MXQFR

'URXJKW�5HJLRQ &RQWURO�5HJLRQ

�����-XQH�������3UH�GURXJKW� ����ERXWV�IURP����UHFRUGLQJV
����0/����;&�

���ERXWV�IURP���UHFRUGLQJV
���0/�

-XO\������'HF�������'XULQJ� ���ERXWV�IURP���UHFRUGLQJV
���0/�

�

�����������3RVW�GURXJKW� ����ERXWV�IURP����UHFRUGLQJV
����0/����;&����VHOI�

���ERXWV�IURP����UHFRUGLQJV
����0/����;&�

7DEOH�6���$��'LVWULEXWLRQ�RI�UHFRUGLQJV�RI�GDUN�H\HG�MXQFRV�LQ�WKH�GURXJKW�DQG�FRQWURO
UHJLRQV�

1XPEHU�RI�XQLTXH
UHFRUGLQJV��VRQJ�VSDUURZ

'URXJKW�5HJLRQ &RQWURO�5HJLRQ

�����-XQH�������3UH�GURXJKW� ����ERXWV�IURP����UHFRUGLQJV
����0/����;&�

���ERXWV�IURP����UHFRUGLQJV
���0/�����;&�

-XO\������'HF�������'XULQJ� ��ERXWV�IURP���UHFRUGLQJV���
0/�

��ERXWV�IURP���UHFRUGLQJV���
0/����;&�

�����������3RVW�GURXJKW� ����ERXWV�IURP����
UHFRUGLQJV������0/����;&���
VHOI�

����ERXWV�IURP����UHFRUGLQJV
����0/����;&�

7DEOH�6���%��'LVWULEXWLRQ�RI�UHFRUGLQJV�RI�VRQJ�VSDUURZV�LQ�WKH�GURXJKW�DQG�FRQWURO
UHJLRQV�

���



6RQJ�)HDWXUH
/RJ
WUDQVIRUPHG

6KDSLUR�
:LON
%HIRUH�
'URXJKW
5HJLRQ

6KDSLUR�
:LON
$IWHU�
'URXJKW
5HJLRQ

6KDSLUR�
:LON
%HIRUH�
&RQWURO
5HJLRQ

6KDSLUR�
:LON�$IWHU�
&RQWURO
5HJLRQ

S�YDOXH
%HIRUH
YV�$IWHU�
'URXJKW
5HJLRQ

S�YDOXH
%HIRUH
YV�$IWHU�
&RQWURO
5HJLRQ

+ROP�%RQ
IHUURQL
7KUHVKROG�
'URXJKW
5HJLRQ

6LJQLILFDQW
$IWHU
%RQIHUURQL
��'URXJKW
5HJLRQ

+ROP�%RQ
IHUURQL
7KUHVKROG�
&RQWURO
5HJLRQ

6LJQLILFDQW
$IWHU
%RQIHUURQL�
&RQWURO
5HJLRQ

%URZQ�
)RUV\WKH�WHVW
IRU�XQHTXDO
YDULDQFH�
%HIRUH�YV
$IWHU��'URXJKW
5HJLRQ

%URZQ�
)RUV\WKH�WHVW
IRU�XQHTXDO
YDULDQFH�
%HIRUH�YV
$IWHU��&RQWURO
5HJLRQ

DYHUDJH�PLQLPXP
IUHTXHQF\�RI�V\OODEOHV 1R ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

RYHUDOO�IUHTXHQF\�UDQJH 1R ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

QXPEHU�RI�QRWHV�SHU
V\OODEOH <HV ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

QXPEHU�RI�XQLTXH
V\OODEOHV <HV ����(��� ����(��� ����� ����(��� ����� ����� ������ )$/6( ������ )$/6( ����� �����

DYHUDJH�PD[LPXP
IUHTXHQF\�RI�V\OODEOHV <HV ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

PHDQ�V\OODEOH�GXUDWLRQ <HV ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

VWDQGDUG�GHYLDWLRQ�RI
V\OODEOH�GXUDWLRQ <HV ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

UDWH�RI�V\OODEOH
SURGXFWLRQ <HV ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

WRWDO�QXPEHU�RI
V\OODEOHV <HV ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

PHDQ�V\OODEOH
VWHUHRW\S\ <HV ����� ����(��� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

GHJUHH�RI�V\OODEOH
UHSHWLWLRQ 1R ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

WRWDO�QXPEHU�RI�QRWHV <HV ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

ERXW�GXUDWLRQ <HV ����� ����� ����� ����� ����� ����� ������ )$/6( ������ )$/6( ����� �����

7DEOH�6�����6WDWLVWLFDO�DQDO\VLV�RI�GDUN�H\HG�MXQFR�VRQJV�:KHQ�DOO�6KDSLUR�:LON�WHVWV�ZHUH
QRW�VLJQLILFDQW��LQGLFDWLQJ�QRUPDOLW\��ZH�FRPSDUHG�VRQJ�IHDWXUHV�XVLQJ�D�W�WHVW��2WKHUZLVH��ZH
ORJ�WUDQVIRUPHG�DQG�XVHG�D�:LOFR[RQ�UDQN�VXP�WHVW��:H�FRUUHFWHG�IRU�PXOWLSOH�K\SRWKHVLV�WHVWLQJ
ZLWK�D�+ROP�%RQIHUURQL�FRUUHFWLRQ��1R�VRQJ�IHDWXUHV�ZHUH�VLJQLILFDQWO\�GLIIHUHQW�EHIRUH�YV��DIWHU
WKH�GURXJKW�LQ�HLWKHU�WKH�GURXJKW�RU�FRQWURO�UHJLRQ�

���



6RQJ�)HDWXUH
/RJ
WUDQVIRUPHG

6KDSLUR�
:LON
%HIRUH�
'URXJKW
5HJLRQ

6KDSLUR�
:LON
$IWHU�
'URXJKW
5HJLRQ

6KDSLUR�
:LON
%HIRUH�
&RQWURO
5HJLRQ

6KDSLUR�
:LON
$IWHU�
&RQWURO
5HJLRQ

S�YDOXH
%HIRUH
YV�$IWHU�
'URXJKW
5HJLRQ

S�YDOXH
%HIRUH
YV�$IWHU�
&RQWURO
5HJLRQ

+ROP�
%RQIHUURQL
7KUHVKROG�
'URXJKW
5HJLRQ

6LJQLILFDQW
$IWHU
%RQIHUURQL
��'URXJKW
5HJLRQ

+ROP�
%RQIHUURQL
7KUHVKROG�
&RQWURO
5HJLRQ

6LJQLILFDQW
$IWHU
%RQIHUURQL
��&RQWURO
5HJLRQ

%URZQ�
)RUV\WKH�WHVW
IRU�XQHTXDO
YDULDQFH�
%HIRUH�YV
$IWHU��'URXJKW
5HJLRQ

%URZQ�
)RUV\WKH�WHVW
IRU�XQHTXDO
YDULDQFH�
%HIRUH�YV
$IWHU��&RQWURO
5HJLRQ

GHJUHH�RI�V\OODEOH
UHSHWLWLRQ <HV ����� ����� ����� �����

����(��
� ����� ������ 758( ������ )$/6( ����� �����

QXPEHU�RI�QRWHV�SHU
V\OODEOH <HV ����� ����(��� ����� ����� ������ ����� ������ 758( ������ )$/6( ����� �����

WRWDO�QXPEHU�RI
V\OODEOHV 1R ����� ����� ����� ����� ������ ����� ������ 758( ������ )$/6( ����� �����

UDWH�RI�V\OODEOH
SURGXFWLRQ <HV ����� ����� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

PHDQ�V\OODEOH�GXUDWLRQ <HV ����� ����� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

DYHUDJH�PLQLPXP
IUHTXHQF\�RI�V\OODEOHV <HV ����� ����� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

VWDQGDUG�GHYLDWLRQ�RI
V\OODEOH�GXUDWLRQ <HV ����� ����� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

ERXW�GXUDWLRQ <HV ����� ����(��� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

GXUDWLRQ�RI�WKH�ORQJHVW
V\OODEOH <HV ����� ����(��� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

WRWDO�QXPEHU�RI�QRWHV <HV ����� ����� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

RYHUDOO�IUHTXHQF\�UDQJH <HV ����(��� ����(��� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

GXUDWLRQ�RI�WKH�VKRUWHVW
V\OODEOH <HV ����� ����� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

DYHUDJH�PD[LPXP
IUHTXHQF\�RI�V\OODEOHV <HV ����� ����� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

QXPEHU�RI�XQLTXH
V\OODEOHV <HV ����� ����� ����� ����� ������ ����� ������ )$/6( ������ )$/6( ����� �����

7DEOH�6�����6WDWLVWLFDO�DQDO\VLV�RI�VRQJ�VSDUURZ�VRQJV�:KHQ�DOO�6KDSLUR�:LON�WHVWV�ZHUH�QRW
VLJQLILFDQW��LQGLFDWLQJ�QRUPDOLW\��ZH�FRPSDUHG�VRQJ�IHDWXUHV�XVLQJ�D�W�WHVW��2WKHUZLVH��ZH
ORJ�WUDQVIRUPHG�DQG�XVHG�D�:LOFR[RQ�UDQN�VXP�WHVW��:H�FRUUHFWHG�IRU�PXOWLSOH�K\SRWKHVLV�WHVWLQJ
ZLWK�D�+ROP�%RQIHUURQL�FRUUHFWLRQ��7KUHH�VRQJ�IHDWXUHV�ZHUH�VLJQLILFDQWO\�GLIIHUHQW�EHIRUH�YV�
DIWHU�WKH�GURXJKW�LQ�WKH�GURXJKW�UHJLRQ��DQG�QR�VRQJ�IHDWXUHV�GLIIHUHG�LQ�WKH�FRQWURO�UHJLRQ�

���



6XSSOHPHQWDU\�)LJXUHV

)LJXUH�6���$��'DUN�H\HG�MXQFR�UHFRUGLQJV�SXEOLFO\�DYDLODEOH�RQ�0DFDXOD\�/LEUDU\�RU
[HQR�FDQWR�UHFRUGHG�EHWZHHQ������DQG������ 2I�DOO UHJLRQV�FHQWHUHG�RQ�HDFK�YDOXH�RI
�/RQJLWXGH��/DWLWXGH��UDQJLQJ�IURP���:�WKURXJK���:�DQG���1�WKURXJK���1��WKH�SORWWHG��ILOOHG
FLUFOH�UHJLRQV�DUH�WKH�RQO\�UHJLRQV�WKDW�FRQWDLQ�DW�OHDVW����UHFRUGLQJV��7KH�IRXU�FLUFOHV�VKRZQ�KHUH
DOO�LQFOXGH�SDUW�RI�7RPSNLQV�&RXQW\��1<�

���



)LJXUH�6���%��'DUN�H\HG�MXQFR�UHFRUGLQJV�SXEOLFO\�DYDLODEOH�RQ�0DFDXOD\�/LEUDU\�RU
[HQR�FDQWR�UHFRUGHG�EHWZHHQ������DQG������ 2I�DOO UHJLRQV�FHQWHUHG�RQ�HDFK�YDOXH�RI
�/RQJLWXGH��/DWLWXGH��UDQJLQJ�IURP���:�WKURXJK���:�DQG���1�WKURXJK���1��WKH�SORWWHG��ILOOHG
FLUFOH�UHJLRQV�DUH�WKH�RQO\�UHJLRQV�WKDW�FRQWDLQ�DW�OHDVW����UHFRUGLQJV��,QODLG�WDEOH�VKRZV�WKH�H[DFW
FRXQWV�IRU�HDFK�FLUFOH�DQG�WKH��/RQJLWXGH��/DWLWXGH��FHQWHU�RI�WKH�SORWWHG�FLUFOH�

���



)LJXUH�6���&��6RQJ�VSDUURZ�UHFRUGLQJV�SXEOLFO\�DYDLODEOH�RQ�0DFDXOD\�/LEUDU\�RU
[HQR�FDQWR�UHFRUGHG�EHWZHHQ������DQG������ 2I�DOO UHJLRQV�FHQWHUHG�RQ�HDFK�YDOXH�RI
�/RQJLWXGH��/DWLWXGH��UDQJLQJ�IURP���:�WKURXJK���:�DQG���1�WKURXJK���1��WKH�SORWWHG��ILOOHG
FLUFOH�UHJLRQV�DUH�WKH�RQO\�UHJLRQV�WKDW�FRQWDLQ�DW�OHDVW����UHFRUGLQJV�

���



)LJXUH�6���'��6RQJ�VSDUURZ�UHFRUGLQJV�SXEOLFO\�DYDLODEOH�RQ�0DFDXOD\�/LEUDU\�RU
[HQR�FDQWR�UHFRUGHG�EHWZHHQ������DQG������ 2I�DOO UHJLRQV�FHQWHUHG�RQ�HDFK�YDOXH�RI
�/RQJLWXGH��/DWLWXGH��UDQJLQJ�IURP���:�WKURXJK���:�DQG���1�WKURXJK���1��WKH�SORWWHG��ILOOHG
FLUFOH�UHJLRQV�DUH�WKH�UHJLRQV�WKDW�FRQWDLQ�DW�OHDVW�����UHFRUGLQJV�

���



)LJXUH�6�����'LVWULEXWLRQV�RI�DYHUDJH�FRXQWV�RI�WKH�PRVW�UHSHDWHG�V\OODEOH�SHU�ERXW�SHU
UHFRUGLQJ�ZLWKLQ�VRQJ�VSDUURZ�SRSXODWLRQV�EHIRUH�DQG�DIWHU�WKH������GURXJKW��)RU�HDFK
ERXW��ZH�IRXQG�WKH�PRVW�UHSHDWHG�V\OODEOH�W\SH�EDVHG�RQ�WKH�V\OODEOH�W\SH�DVVLJQPHQW�IURP�WKH
&KLSSHU�DQDO\VLV��FRXQWHG�WKH�QXPEHU�RI�WLPHV�WKH�PRVW�UHSHDWHG�V\OODEOH�ZDV�SURGXFHG��DQG
DYHUDJHG�WKRVH�FRXQWV�DFURVV�DOO�ERXWV�VDPSOHG�IURP�D�JLYHQ�UHFRUGLQJ��2YHUDOO��LQ�UHFRUGLQJV
DIWHU�WKH�GURXJKW��WKH�PRVW�UHSHDWHG�V\OODEOH�W\SH�SHU�ERXW�ZDV�UHSHDWHG�IHZHU�WLPHV�RQ�DYHUDJH
�W�WHVW S  ��������

���


