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&UDFN�LQLWLDWLRQ� EHKDYLRU� RI� FKHPLFDOO\� DQG� WKHUPDOO\� VWUHQJWKHQHG� IORDW� JODVV�ZDV� VWXGLHG� XVLQJ� D�

UHFRUGLQJ�PLFURLQGHQWHU�� � 3RVW�WHVW�PLFURVFRS\�ZDV� SHUIRUPHG� WR� FKDUDFWHUL]H� GLIIHUHQFHV� LQ� LQGHQWDWLRQ�

SDWWHUQV� DQG�FUDFN� OHQJWKV�� �'UDPDWLF�GLIIHUHQFHV� LQ�FUDFN� LQLWLDWLRQ�ZHUH�REVHUYHG�EHWZHHQ� WKH�VDPSOHV���

6WUHQJWKV�RI�VSHFLPHQV�LPSDFWHG�ZLWK�TXDUW]� VDQG�ZHUH�PHDVXUHG�LQ�ELD[LDO� IOH[XUH�� �7KH� LRQ�H[FKDQJHG�

VSHFLPHQV� KDG� WKH� KLJKHVW� VWUHQJWKV� LQ� WKH� DV�UHFHLYHG� FRQGLWLRQ�� � +RZHYHU�� WKH� WKHUPDOO\� VWUHQJWKHQHG�

VSHFLPHQV�KDG�WKH�KLJKHVW�VWUHQJWKV�DIWHU�LPSDFW���7KH�KLJKHU�VWUHQJWKV�DIWHU�LPSDFW�VKRZQ�E\�WKH�WKHUPDOO\�

VWUHQJWKHQHG�VSHFLPHQV�FRUUHODWH�ZHOO�ZLWK�WKH�IDFW�WKDW�WKHVH�VSHFLPHQV�DOVR�KDG�WKH�VKRUWHVW�UDGLDO�FUDFNV���

7KH�FRPELQDWLRQ�RI�UHFRUGLQJ�PLFURLQGHQWDWLRQ�WHVWLQJ�DQG�VWUHQJWK�WHVWLQJ�SURYHG�WR�EH�DQ�HIIHFWLYH�ZD\�WR�

FRPSDUH�WKH�EHKDYLRU�RI�WKHVH�VSHFLPHQV�ZKHQ�VXEMHFWHG�WR�FRQWDFW�GDPDJH���7KH�WKHUPDOO\�VWUHQJWKHQHG�

JODVVHV�WHVWHG�LQ�WKLV�VWXG\�VKRZHG�WKH�EHVW� UHVLVWDQFH�WR�FUDFNLQJ� LQ� WKH�PLFURLQGHQWDWLRQ� WHVWV��DQG� WKH\�

KDG�WKH�KLJKHVW�VWUHQJWKV�DIWHU�LPSDFW�ZLWK�VKDUS�TXDUW]�VDQG�SDUWLFOHV��

,QWURGXFWLRQ�

&RQWDFW� EHWZHHQ� D� JODVV� VXUIDFH� DQG� KDUG� REMHFWV� �SDUWLFOHV� RU� ODUJHU� REMHFWV�� RIWHQ�
SURGXFHV�FUDFNV�WKDW�OHDG�WR�VWUHQJWK�UHGXFWLRQV��6XUIDFH�FRPSUHVVLYH�VWUHVVHV�SURYLGH�VRPH�
SURWHFWLRQ� DJDLQVW� WKH� SURGXFWLRQ� RI� FRQWDFW� GDPDJH�� 7KH� WZR� VWDQGDUG� PHWKRGV� IRU�
SURGXFLQJ� VXUIDFH� FRPSUHVVLYH� VWUHVVHV� �ZLWK� EDODQFLQJ� LQWHUQDO� WHQVLRQ�� DUH� WKHUPDO� DQG�
FKHPLFDO� VWUHQJWKHQLQJ�� EXW� WKH� VWUHVV� SURILOHV� DUH� YHU\� GLIIHUHQW� IRU� WKHVH� WZR� PHWKRGV���
7KHUPDO� VWUHQJWKHQLQJ� SURGXFHV� D� FRPSUHVVLYH� OD\HU� WKDW� H[WHQGV� WR� D� GHSWK� EHORZ� WKH�
VXUIDFH� WKDW� LV� DERXW� RQH�ILIWK� RI� WKH� JODVV� WKLFNQHVV�� &KHPLFDO� VWUHQJWKHQLQJ� SURGXFHV� D�

FRPSUHVVLYH�OD\HU�WKDW�LV�RQ�WKH�RUGHU�RI�����µP�GHHS��6LQFH�WKH�GHJUHH�RI�SURWHFWLRQ�DJDLQVW�
FRQWDFW�GDPDJH�DQG�WKH�VXEVHTXHQW�LQIOXHQFH�RQ�VWUHQJWK�VKRXOG�EH�UHODWHG�WR�WKH�OHYHO�DQG�
SURILOH� RI� VXUIDFH� FRPSUHVVLYH� VWUHVV�� WKH� SUHVHQW� LQYHVWLJDWLRQ�ZDV� GHVLJQHG� WR� VWXG\� WKLV�
FRUUHODWLRQ� XVLQJ� HVWDEOLVKHG� ODERUDWRU\� WHFKQLTXHV� RI� SURGXFLQJ� FRQWDFW� GDPDJH� XVLQJ�
PLFURLQGHQWDWLRQ��

([SHULPHQWDO�3URFHGXUH�

)ORDW�JODVV�VSHFLPHQV�VXEMHFWHG�WR�ILYH�GLIIHUHQW�VWUHQJWKHQLQJ�WUHDWPHQWV�ZHUH�XVHG�LQ�
WKH� VWXG\�� � 7KUHH� LRQ�H[FKDQJH� DQG� WZR� WKHUPDO�WHPSHULQJ� WUHDWPHQWV� ZHUH� XVHG�� DQG�
DQQHDOHG� IORDW� JODVV� ZDV� DOVR� LQFOXGHG�� � 7KH� H[SHULPHQWDO� VHW�XS� XVHG� WR� PDNH� WKH�
LQGHQWDWLRQV� DQG� WR� UHFRUG� WKH� DFRXVWLF� HPLVVLRQ� DQG� FUDFNLQJ� SURFHVVHV� LV� VKRZQ�
VFKHPDWLFDOO\�LQ�)LJXUH�����$�SLH]RHOHFWULF�DFWXDWRU�ZDV�XVHG�WR�SXVK�D�9LFNHUV�GLDPRQG�LQWR�
WKH� VDPSOH��ZKLOH� WZR� FDSDFLWDQFH�GLVSODFHPHQW� JDJHV� DQG� D� VWUDLQ�JDJH� ORDG� FHOO� UHFRUGHG�
WKH�GLVSODFHPHQW�LQWR�WKH�JODVV�DQG�ORDG�RQ�WKH�LQGHQWHU��UHVSHFWLYHO\���$Q�DFRXVWLF�HPLVVLRQ�
VHQVRU� ZDV� DWWDFKHG� WR� WKH� VDPSOH� YLD� KLJK�YDFXXP� JUHDVH�� DQG� D� YLGHR� FDPHUD� V\VWHP�
UHFRUGHG� WKH� HQWLUH� SURFHVV� RQ� WDSH�� �7KH� UHVROXWLRQ� RI� WKH� GLVSODFHPHQW� JDJHV�ZDV�a� ���
QDQRPHWHUV��ZKLOH�WKH�ORDG�FHOO�UHVROXWLRQ�ZDV�a������JUDPV���������1HZWRQV���
�
�
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7KH�LQGHQWHU��DFRXVWLF�HPLVVLRQ��DQG�YLGHR�FDPHUD�V\VWHPV�ZHUH�VWDUWHG�VLPXOWDQHRXVO\���7KH�

GLVSODFHPHQW�UDWH�RI�WKH�LQGHQWHU�LQWR�WKH�JODVV�ZDV�VHW�DW�����µP�V��DQG�WKH�PD[LPXP�ORDG�
ZDV�VHW�WR���.J��8SRQ�UHDFKLQJ�WKH�PD[LPXP�ORDG��WKH�LQGHQWHU�ZDV�ZLWKGUDZQ�DW�WKH�VDPH�
UDWH�XQWLO�WKH�ORDG�UHDFKHG�]HUR�JUDPV��7KH�IRUPDWLRQ�RI�FUDFNV�ZDV�PRQLWRUHG�WKURXJKRXW�
WKH�HQWLUH�ORDGLQJ�XQORDGLQJ�F\FOH�DV�D�IXQFWLRQ�RI�ORDG���7KH�WLQ�VLGHV�RI�WKH�VDPSOHV�ZHUH�
LQGHQWHG���)LIWHHQ�LQGHQWDWLRQV�ZHUH�PDGH�RQ�HDFK�VDPSOH��DQG�LQGHQWDWLRQV�ZHUH�SHUIRUPHG�
IDU�HQRXJK�DSDUW�VXFK�WKDW� LQWHUDFWLRQV�EHWZHHQ�LQGHQWDWLRQV�ZHUH�RI�QR�FRQFHUQ��3RVW�WHVW�
PLFURVFRS\�ZDV�SHUIRUPHG�RQ�WKH�LQGHQWDWLRQ�VLWHV��

%LD[LDO� IOH[XUH�VWUHQJWKV�RI� WKH�VXSSOLHG�VSHFLPHQV�ZHUH�PHDVXUHG�EHIRUH�DQG�DIWHU� LPSDFW�
ZLWK� TXDUW]� VDQG�� 7KH� FRQFHQWULF�ULQJ� PHWKRG� ZDV� XVHG�� ZLWK� WKH� GLDPHWHUV� RI� WKH�
VXSSRUWLQJ� DQG� ORDGLQJ� ULQJV� EHLQJ� ���PP� DQG� ���PP� UHVSHFWLYHO\�� 7HQ� VSHFLPHQV�ZHUH�
EURNHQ�IRU�HDFK�WHVW�FRQGLWLRQ��

5HVXOWV�

)RU�DOO�WUHDWPHQWV��QR�UDGLDO�FUDFNV�LQLWLDWHG�RQ�ORDGLQJ��7KLV�ZDV�H[SHFWHG�EDVHG�RQ�SUHYLRXV�
ZRUN�LQ�WKH�DUHD���+RZHYHU��DFRXVWLF�HPLVVLRQ�ZDV�GHWHFWHG�RQ�ORDGLQJ�WR�GLIIHULQJ�GHJUHHV�
IRU� WKH� GLIIHUHQW� VDPSOHV�� � ,Q� SDUWLFXODU�� WKH� WKHUPDOO\� WHPSHUHG� VDPSOHV� KDG� WKH� PRVW�
DFRXVWLF� HPLVVLRQ� DFWLYLW\�� IROORZHG� E\� WKH� DQQHDOHG� VDPSOH�� DQG� WKHQ� WKH� WKUHH� LRQ�
H[FKDQJHG� VDPSOHV� IRU� WKH� ORDGLQJ� SRUWLRQV� RI� WKH� WHVWV��1RWH� WKDW� DOO� RI� WKH� WHVWV� RQ� WKH�
WKHUPDOO\�VWUHQJWKHQHG�VDPSOHV�KDG�DFWLYLW\�RQ�ORDGLQJ��ZKLOH�WKLV�ZDV�QRW�WUXH�IRU�WKH�LRQ�
H[FKDQJHG� DQG� IRU� WKH� DQQHDOHG� VDPSOHV�� 7DEOH� ,� VXPPDUL]HV� DOO� WKH� DFRXVWLF� HPLVVLRQ�
DFWLYLW\�IRU�WKH�GLIIHUHQW�VDPSOHV��7KH�QXPEHUV� LQ�EUDFNHWV�IRU�WKH�KLWV�RQ� ORDGLQJ�UHIHU� WR�
WKH�QXPEHU�RI�WHVWV�RXW�RI�ILIWHHQ�WKDW�H[KLELWHG�DFRXVWLF�HPLVVLRQ�DFWLYLW\�RQ�ORDGLQJ���,(���

��DUH�WKH� LRQ�H[FKDQJHG�VSHFLPHQV��ZLWK�GHSWKV�RI�FRPSUHVVLRQ�RI����µP��,(���������µP�



�,(�����DQG�����µP��,(������7KH�WKHUPDOO\�VWUHQJWKHQHG�VSHFLPHQV�DUH�76����'65� �����DQG�
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7DEOH�,��$FRXVWLF�HPLVVLRQ�GDWD�VXPPDU\��

6SHFLPHQ� +LWV�RQ�/RDGLQJ� +LWV�RQ�8QORDGLQJ� 7RWDO�$(�(QHUJ\�
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$QQHDOHG� ������������������ ���������� �����������
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76��� ������������������� ���������� ������������

�

2Q�XQORDGLQJ��DOO�LQGHQWDWLRQ�WHVWV�IRU�DOO�VL[�WUHDWPHQWV�H[KLELWHG�DFRXVWLF�HPLVVLRQ�DFWLYLW\��
ZKLFK�ZDV�QHDUO\�WKH�VDPH��H[FHSW�WKDW�IRU�WKH�DQQHDOHG�VDPSOH��ZKLFK�VKRZHG�ORZHU�DFWLYLW\�
RQ�XQORDGLQJ����

2Q�XQORDGLQJ��SULPDU\� UDGLDO�FUDFNV� LQLWLDWHG� IRU�DOO�VL[� WUHDWPHQWV�DQG�IRU�DOO� LQGHQWDWLRQV���
7KH�FUDFNV� ¶SRSSHG�LQ·� VXGGHQO\� DQG�ZHUH� DOZD\V�GHWHFWHG�E\� WKH�$(�XQLW�� �)RXU�SULPDU\�
UDGLDO�FUDFNV�DOZD\V�IRUPHG��EXW�QRW�DOO�IRXU�LQLWLDWHG�DW�WKH�VDPH�WLPH��3ULPDU\�UDGLDO�FUDFN�
IRUPDWLRQ�ZDV�VRPHWLPHV�DFFRPSDQLHG�E\�WKH�IRUPDWLRQ�RI�VHFRQGDU\�UDGLDO�FUDFNV�VKRUWO\�
DIWHUZDUGV���'HHS�ODWHUDO�FUDFNV�IRUPHG�QHDU�WKH�HQG�RI�FRPSOHWH�XQORDGLQJ��DQG�DGGLWLRQDO�
VHFRQGDU\� UDGLDO� FUDFNV� VRPHWLPHV� DFFRPSDQLHG� WKH� ODWHUDO� FUDFNV�� � 6RPHWLPHV� VHFRQGDU\�
UDGLDOV�RQO\�LQLWLDWHG�ZLWK�WKH�ODWHUDO�FUDFNV���6KDOORZ�ODWHUDO�FUDFNV��ZKLFK�EURNH�WKURXJK�WR�
WKH�VXUIDFH�RFFDVLRQDOO\��RFFXUUHG�DV�ZHOO��

7KH�PRVW�REYLRXV�GLIIHUHQFH�LQ�FUDFN�LQLWLDWLRQ�ZDV�WKH�ORDG�DW�ZKLFK�WKH�ILUVW�SULPDU\�UDGLDO�
FUDFNV� LQLWLDWHG� RQ� XQORDGLQJ� IRU� WKH� GLIIHUHQW� VDPSOHV�� )LJXUH� �� VKRZV� WKH� DYHUDJHV� DQG�
VWDQGDUG�GHYLDWLRQV�IRU�WKLV� LQ�JUDSKLFDO�IRUP��7KH� WKHUPDOO\� WHPSHUHG�JODVVHV�KDG�SULPDU\�
UDGLDO� FUDFNV� IRUP� DW� WKH� ORZHVW� ORDGV� RQ� XQORDGLQJ�� )RU� WKH� VDPH� PD[LPXP� WHVW� ORDG��
GLIIHUHQFHV�LQ�WKH�ORDGV�DW�ZKLFK�FUDFNV�¶SRS�LQ·�LV�LQGLFDWLYH�RI�WKH�GLIIHUHQW�VWUHVV�OHYHOV�LQ�
WKH�JODVVHV�DV�D�UHVXOW�RI�WKH�GLIIHUHQW�VWUHQJWKHQLQJ�PHWKRGV��,Q�RUGHU�IRU�WKH�VWUHVV�WR�EXLOG�
XS� WR� WKH� FULWLFDO� OHYHO� UHTXLUHG� IRU� FUDFN� LQLWLDWLRQ�� WKH� LQWHUQDO� FRPSUHVVLYH� VWUHVVHV�PXVW�
ILUVW� EH� RYHUFRPH�� )RU� WKH� WHPSHUHG� JODVVHV�� WKHUH� PXVW� KDYH� EHHQ� KLJKHU� FRPSUHVVLYH�
VWUHVVHV� SUHVHQW� DW� WKH� LQLWLDWLRQ� GHSWK� LQ� WKH� JODVV�� FRPSDUHG� WR� WKH� RWKHU� VDPSOHV�� WKXV�
UHTXLULQJ� WKH� UHDFKLQJ�RI� D� ORZHU� ORDG�GXULQJ�XQORDGLQJ� WR�EXLOG� WKH� VWUHVV� OHYHO�XS� WR� WKH�
FULWLFDO�YDOXH��7KH�GHSWK�RI�VWUHQJWKHQLQJ� LV� MXVW�DV� LPSRUWDQW�D�IDFWRU�DV� WKH�VWUHVV� OHYHO�DW�
WKDW�GHSWK�LQ�WKH�FUDFN�LQLWLDWLRQ�EHKDYLRU��



)LJXUH����3ORW�RI�WKH�GDWD�IRU�FUDFN�LQLWLDWLRQ�ORDGV�GXULQJ�XQORDGLQJ�VKRZLQJ�WKH�ODUJH�

GLIIHUHQFHV�LQ�WKHVH�ORDGV�IRU�WKH�GLIIHUHQW�VSHFLPHQV��

�

,QGHQWDWLRQ� VLWH� PRUSKRORJ\� DOVR� VKRZHG� GLIIHUHQFHV�� SDUWLFXODUO\� EHWZHHQ� WKH� WKHUPDOO\�
WHPSHUHG�JODVVHV�DQG�WKH�LRQ�H[FKDQJHG�JODVVHV���0XFK�ODUJHU�VXEVXUIDFH�ODWHUDO�FUDFNV�ZHUH�
REVHUYHG� LQ� WKH� LRQ�H[FKDQJHG� VDPSOHV�� FRPSDUHG� WR� WKH� WHPSHUHG� VDPSOHV�� DV� VHHQ� LQ�
)LJXUH�����3ULPDU\�UDGLDO�FUDFN�OHQJWKV�IRU�WKH�WHPSHUHG�DQG�H[FKDQJHG�JODVVHV�ZHUH�VLPLODU��
EXW�PXFK�ORQJHU�FUDFNV�ZHUH�REVHUYHG�LQ�WKH�DQQHDOHG�VDPSOH��

)LJXUH�����$Q�LQGHQWDWLRQ�VLWH�LQ�,(���LRQ�H[FKDQJHG�JODVV��OHIW��DQG�WKHUPDOO\�WHPSHUHG�

JODVV��76����ULJKW����%RWK�LPDJHV�DUH�����µP�ZLGH�E\�����µP�WDOO��
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7KH� VWUHQJWK� UHVXOWV� DUH� VXPPDUL]HG� LQ�7DEOH� ,,�� � 7KH� LRQ�H[FKDQJHG� VSHFLPHQV� KDYH� WKH�
KLJKHVW�VWUHQJWKV� LQ�WKH�DV�UHFHLYHG�FRQGLWLRQ��DV�H[SHFWHG�� �9HU\�KLJK�VXUIDFH�FRPSUHVVLYH�
VWUHVVHV� FDQ� EH� REWDLQHG� WKURXJK� FKHPLFDO� VWUHQJWKHQLQJ�� � +RZHYHU�� WKH� WKHUPDOO\�
VWUHQJWKHQHG�VSHFLPHQV�KDYH� WKH�KLJKHVW�VWUHQJWKV�DIWHU� LPSDFW�ZLWK�WKH�VKDUS�TXDUW]�VDQG�
SDUWLFOHV���7KH�JUHDWHU�GHSWK�RI�VXUIDFH�FRPSUHVVLRQ�KHOSV�LQ�VWUHQJWK�UHWHQWLRQ�DIWHU�LPSDFW�
XQGHU�WKHVH�FRQGLWLRQV���&RPSDULQJ�WKH�VWUHQJWK�UHVXOWV�ZLWK�WKH�FUDFN�LQLWLDWLRQ�UHVXOWV��WKH�
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KLJKHU�VWUHQJWKV�DIWHU�LPSDFW�VKRZQ�E\�WKH�WKHUPDOO\�VWUHQJWKHQHG�VSHFLPHQV�FRUUHODWH�ZHOO�
ZLWK�WKH�IDFW�WKDW�WKHVH�VSHFLPHQV�DOVR�KDG�WKH�VKRUWHVW�UDGLDO�FUDFNV��

7DEOH�,,���6XPPDU\�RI�VWUHQJWK�GDWD��

6SHFLPHQ� 6WUHQJWK�EHIRUH�LPSDFW��03D�� 6WUHQJWK�DIWHU�LPSDFW��03D��

,(��� ��������� �������

,(��� ���������� ��������

,(��� ��������� ��������

$QQHDOHG� ��������� �������

76��� ��������� ���������

76��� ��������� ���������

�

6XPPDU\�

7KH�FRPELQDWLRQ�RI�UHFRUGLQJ�PLFURLQGHQWDWLRQ�WHVWLQJ�DQG�VWUHQJWK� WHVWLQJ�SURYHG�WR�
EH�DQ�HIIHFWLYH�ZD\�WR�FRPSDUH�WKH�EHKDYLRU�RI�WKHVH�VSHFLPHQV�ZKHQ�VXEMHFWHG�WR�FRQWDFW�
GDPDJH�� 5HFRUGLQJ� PLFURLQGHQWDWLRQ� SURYLGHV� D� ZD\� WR� VWXG\� FUDFNLQJ� EHKDYLRU� XQGHU�
XQLIRUP�� ZHOO�FRQWUROOHG� FRQGLWLRQV�� ,PSDFW� ZLWK� SDUWLFOHV� LV� OHVV� XQLIRUP� DQG� FRQWUROOHG��
HVSHFLDOO\�ZLWK� UHVSHFW� WR�SDUWLFOH�WR�SDUWLFOH�YDULDWLRQV� LQ�VL]H�DQG� VKDSH��+RZHYHU�� LPSDFW�
WHVWLQJ�PRUH�FORVHO\�GXSOLFDWHV�ZKDW�KDSSHQV�WR�WKH�JODVV�XQGHU�VHUYLFH�FRQGLWLRQV��

7KH� WKHUPDOO\� VWUHQJWKHQHG� JODVVHV� WHVWHG� LQ� WKLV� VWXG\� VKRZHG� WKH� EHVW� UHVLVWDQFH� WR�
FUDFNLQJ�LQ�WKH�PLFURLQGHQWDWLRQ�WHVWV��DQG�WKH\�KDG�WKH�KLJKHVW�VWUHQJWKV�DIWHU�LPSDFW�ZLWK�
VKDUS�TXDUW]�VDQG�SDUWLFOHV��

$FNQRZOHGJPHQWV�

7KH�DXWKRUV�JUDWHIXOO\�DFNQRZOHGJH�6LHUUDFLQ�6\OPDU�&RUS��IRU�SURYLGLQJ�WKH�VSHFLPHQV�
DQG�ILQDQFLDO�VXSSRUW�DQG�WKH�16)�,QGXVWU\�8QLYHUVLW\�&HQWHU�IRU�*ODVV�5HVHDUFK�DW�$OIUHG�
8QLYHUVLW\�IRU�SURYLGLQJ�ILQDQFLDO�VXSSRUW��

������������������������������ �������������������

��5�)��&RRN�DQG�*�0��3KDUU��-��$P��&HUDP��6RF������S��������������
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