
3RO\HWK\OHQH�7HUHSKWKDODWH�6WULSV�DV�D�6RLO�UHLQIRUFHPHQW��
3��.XNOtN���0��âHMQRKD���-��9DFHN��

6XPPDU\�
7KLV� SDSHU� VXPPDUL]HV� VHYHUDO� YDOXDEOH� UHVXOWV� GHULYHG� IURP� WKH� FRPSOH[�

H[SHULPHQWDO�SURJUDP�FRQGXFWHG�DW�RXU�XQLYHUVLW\�RQ�VRLO�LPSURYHPHQW��+HUH�ZH�SUHVHQW�
WKH�PRVW� LPSRUWDQW� REVHUYDWLRQV� SHUWLQHQW� WR� DSSOLFDWLRQV� RI�ZDVWH�PDWHULDO� DV� SRWHQWLDO�
VRLO�UHLQIRUFHPHQW��,Q�SDUWLFXODU��DQ�DSSOLFDELOLW\�RI�SRO\HWK\OHQH�WHUHSKWKDODWH�VWULSV�FXW�
IURP�VRIW�GULQN�ERWWOHV� LV�GLVFXVVHG��([SHULPHQWDO� UHVXOWV�REWDLQHG�IURP�ERWK� ODERUDWRU\�
DQG�LQ�VLWX�PHDVXUHPHQWV�VKRZ�D�SRVLWLYH�FRQWULEXWLRQ�RI�VXFK�D�W\SH�RI�UHLQIRUFHPHQW�WR�
WKH� VWDELOLW\� RI� VRLO� VWUXFWXUHV�� +RZHYHU�� UHVXOWV� GHULYHG� IURP� WKH� VWDQGDUG� LVRWURSLF�
FRQVROLGDWLRQ� WHVW� VXJJHVW� WKDW� FDXWLRQ� VKRXOG�EH� WDNHQ�ZKHQ�DSSO\LQJ� WKH�SRO\HWK\OHQH�
VWULSV�WR�VDWXUDWHG�VRLOV�����

,QWURGXFWLRQ�
7KH�LGHD�RI�LPSURYLQJ�WKH�VKHDULQJ�UHVSRQVH�RI�VRLOV�KDV�EHHQ�DURXQG�IRU�PRUH�WKDQ�D�

GHFDGH� RU� WZR��2ZLQJ� WR� WKHLU� UHFHQW� JURZWK� LQ� HQJLQHHULQJ� DSSOLFDWLRQV�� JHRV\QWKHWLF�
UHLQIRUFHPHQWV�VXFK�DV�JHRWH[WLOHV�KDYH�DWWUDFWHG�D�ODUJH�FRPPXQLW\�RI�UHVHDUFKHUV���0RVW�
RI� WKH� H[SHULPHQWDO� UHVHDUFK�� KRZHYHU�� KDV� EHHQ� FRQILQHG� WR� DVVHVVLQJ� WKH� SXOORXW�
UHVLVWDQFH� RI� JHRJULG� DQG� JHRWH[WLOH� UHLQIRUFHPHQWV� XQGHU� GU\� FRQGLWLRQ� �XQVDWXUDWHG�
VRLOV�� WR�PDNH�FOHDU� WKH�SXOORXW�PHFKDQLVPV�RI� WKH� UHLQIRUFHG� VRLOV��0RVW�RI� WKH�GHVLJQ�
FDOFXODWLRQV�WKDW�HPSOR\�H[SHULPHQWDOO\�GHULYHG�SXOORXW�UHVLVWDQFH�YDOXHV�ZHUH�EDVHG�RQ�
OLPLW�HTXLOLEULXP�DQDO\VHV��>�@��>�@�WR�FLWH�D�IHZ����

1RZ� D� QHZ� VROXWLRQ� LV� LQWURGXFHG� IRU� UHXVH� DQG� UHF\FOLQJ� HFRORJLFDOO\� VDIH� ZDVWH�
PDWHULDOV�� ,Q� D� YLHZ� RI� RXU� ODWHU� DSSURDFK�ZH� DWWHPSW� KHUH� WR� SURSRVH� D� QHZ� SRWHQWLDO�
DSSOLFDWLRQ� RI� WKH� XVH� RI� SRO\HWK\OHQH� WHUHSKWKDODWH� ERWWOH� VWULSV� DV� VRLO� UHLQIRUFHPHQW��
7KH�SUREOHP�ZLWK�OLTXLGDWLRQ�RI�WKH�SRO\HWK\OHQH�ERWWOHV�LV�QRW�VDWLVIDFWRU\�UHVROYHG�DQG�
WKLV�ZD\�VHHPV�WR�EH�D�JRRG�LGHD�RI�WKHLU�UHF\FOLQJ��)RU�LQVWDQFH��LQ�WKH�&]HFK�5HSXEOLF�
WKH�SURGXFWLRQ�E\�WKH�ODUJHVW�FRPSDQ\�LV�PRUH�WKHQ���������������ZDWHU�ERWWOHV�D�\HDU��

'LUHFW�6KHDU�7HVW�&ODVVLFDO�6FDOH�
��������7R� DVVHVV� DQ� DSSOLFDELOLW\� RI� VFUDS� ERWWOHV� DV� SRWHQWLDO� VRLO� UHLQIRUFHPHQW� ZH�

VWDUWHG� IURP�D� VWDQGDUG�GLUHFW� VKHDU� WHVW��$� VDPSOH�RI� FOHDQ�TXDUW]� VDQG� IURP�3URYRGLQ�
�ORFDOLW\�LQ�&]HFK�5HSXEOLF��ZLWK�JUDLQ�VL]H�UDQJLQJ�IURP�����±���PP�ZDV�VHOHFWHG�IRU�WKH�
WHVW�� %RWK� UHLQIRUFHG� DQG� YLUJLQ� VDQGV� ZHUH� WHVWHG�� 5HLQIRUFHG� VDQG� ZDV� SUHSDUHG� E\�
���������������������������������������������������������������&78�LQ�3UDJXH��)DFXOW\�RI�&LYLO�(QJLQHHULQJ��7KiNXURYD�����������3UDJXH����&]HFK�5HSXEOLF���&78�LQ�3UDJXH��.ORNQHU�,QVWLWXWH��âROtQRYD�����������3UDJXH����&]HFK�5HSXEOLF�
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PL[LQJ�WKH�VDQG�ZLWK�SRO\HWK\OHQH�VWULSV�KDYLQJ�WKH�ZLGWK�HTXDO�WR�����PP�DQG�WKH�OHQJWK�
DSSUR[LPDWHO\� RI� ���PP��7KH� GHJUHH� RI� UHLQIRUFHPHQW�ZDV�PD[LPDOO\� ���RI� WKH� VDQG�
ZHLJKW��)LJ����LOOXVWUDWHV�WKH�VKDSH�RI�VWULSV�DQG�WKH�WHVW�VHWXS���

�

��������)LJXUH����3RO\HWK\OHQH�WHUHSKWKDODWH�VWULSV�DQG�WHVW�VSHFLPHQ�

� 7KH� SRVLWLYH� LQIOXHQFH� RI� WKH� UHLQIRUFHPHQW� �)LJ�� �� VROLG� OLQH�� LV� PDQLIHVWHG� E\�
LQFUHDVHG�VWDELOLW\�RI�WKH�PDWHULDO��2WKHU�DGYDQWDJHRXV�DUH�WKH�KLJKHU�VWUHQJWK��UHVLVWDQFH�
DJDLQVW� ODWHUDO� VOLGLQJ�DQG� OLPLWHG�SRVW�SHDN� UHGXFWLRQ� �WKH� ODWWHU�HIIHFW�ZDV�REVHUYHG� LQ�
WKH�FDVH�RI�ORZHU�GHJUHH�RI�UHLQIRUFHPHQW���$�VORZHU�ULVH�RI�VKHDU�VWUHVV�RI�UHLQIRUFHG�VRLO�
DW�LQLWLDO�VWDJH�FDQ�EH�DWWULEXWHG�WR�LQVXIILFLHQW�FRPSDFWLQJ�UHVXOWLQJ�LQ�KLJKHU�SRURVLW\�RI�
D�VDPSOH��)URP�D�GLIIHUHQW�SRLQW�RI�YLHZ��LW�VXJJHVWV�ORZHU�LQLWLDO�ZHGJLQJ�RI�VRLO�JUDLQV������

�� 7KH� WHQVLOH� VWUHQJWK� RI� SRO\HWK\OHQH� WHUHSKWKDODWH� VWULSV� LV� IDLUO\� LQFUHGLEOH�
�DSSUR[LPDWHO\� WKH� RQH� KDOI� RI� WKH� VWHHO� ILEHU� WHQVLOH� VWUHQJWK��� 6WUHVV�VWUDLQ� GLDJUDP� LV�
SUHVHQWHG�LQ�)LJ�����,W�LV�ZRUWK�WR�QRWH�D�VLJQLILFDQWO\�KLJKHU�VWUHQJWK�RI�WKH�PDWHULDO�ZKHQ�
FXWWLQJ�WKH�ERWWOH�SHUSHQGLFXODUO\�WR�LWV�D[LV�DV�RSSRVH�WR�FXWV�WDNHQ�LQ�WKH�D[LDO�GLUHFWLRQ��
2QH� RI� WKH� GUDZEDFNV� LV� OLQNHG� WR� KLJK� FRPSOLDQFH� RI� WKLV� W\SH� RI� PDWHULDO�� 7KH�
UHLQIRUFHPHQW�WKXV�EHFRPHV�DFWLYH�QRW�XQWLO�ODUJHU�GHIRUPDWLRQV����

�7R�KLJKOLJKW�WKH�LQWURGXFHG�LQIOXHQFH�RI�3(7�ERWWOHV�VFUDSV�DV�VRLO�UHLQIRUFHPHQW��LQ�
D� VPDOO� VFDOH��ZH� FRQWLQXHG� WKLV� UHVHDUFK� RQ� VSHFLDOO\� SUHSDUHG� ODUJH�VFDOH� GLUHFW� VKHDU�
WHVW�DSSDUDWXV���

�
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'LUHFW�VKHDU�WHVW�����N3D
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'LUHFW�6KHDU�7HVW�/DUJH�6FDOH�
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����� �
)LJXUH����'LUHFW�VKHDU�WHVW�DSSDUDWXV�DQG�VDPSOH�SUHSDUDWLRQ�

7KH�H[SHULPHQWDO� VHWXS�DSSHDUV� LQ�)LJ�����7KH�GLPHQVLRQV�RI� WKH�DSSDUDWXV�ER[�DUH�
���[���[����PP��7KH�UHLQIRUFHG�VDPSOH�ZDV�SUHSDUHG�LQ�VHYHUDO�OD\HUV�PL[LQJ�WKH�VRLO�
ZLWK�VWULSV�RI�����PP�LQ�OHQJWK�DQG�����PP�ZLGWK��6RLO�ZLWK�ORDP\�VDQG�JUDLQV�RI�VL]H�
�����������PP�ZDV�XVHG��7KH�VDPSOH�ZDV�FRQWLQXRXVO\�FRPSDFWHG��7KH�UHVXOWV�DSSHDU�LQ�
)LJ�����

$QDO\VLV�
([SHULPHQWDO�PHDVXUHPHQWV�DORQH��KRZHYHU��GR�QRW�VXIILFH�DQG� WKH�EDFN�DQDO\VLV� LV�

XVXDOO\�FDOOHG�WR�VXEVWDQWLDWH�WKH�DVVXPSWLRQV�XVHG�LQ�WKH�GHVLJQ��7KH�WHQVLOH�VWUHQJWK�WHVW�
RI� WKH� UHLQIRUFHPHQW� WRJHWKHU�ZLWK� LWV� YROXPH� IUDFWLRQ� DQG� VSDWLDO� GLVWULEXWLRQ�ZLWKLQ� D�
VRLO�VDPSOH�VKRXOG�UHYHDO�DQ�DFWXDO�FRQWULEXWLRQ�RI�WKH�UHLQIRUFHPHQW�WR�WKH�VWDELOLW\�RI�D�
VRLO�VWUXFWXUH��1HYHUWKHOHVV�� LW�VWLOO�LPSRUWDQW�WR�DVVHVV�WKH�OLPLWLQJ�YDOXH�RI�WKH�HIIHFWLYH�
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VWUHVV�VWDWH��ZKLFK�GRHV�QRW�SURPRWH�D�SXOORXW�RU�IUDFWXUH�RI� WKH�UHLQIRUFHPHQWV�� � ,Q� WKLV�
UHJDUG�� WKH� DFWXDO� YROXPH� IUDFWLRQ� RI� UHLQIRUFHPHQWV� �GHJUHH� RI� UHLQIRUFHPHQW�� SOD\V� D�
VLJQLILFDQW�UROH���
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�
$�VLPSOH� OLPLW� DQDO\VLV�EDVHG�PHWKRG�ZDV�DSSOLHG� WR� URXJKO\�HVWLPDWH� WKH�HIIHFW�RI�

UHLQIRUFHPHQW��%RWK� ORFDWLRQ�DQG�RULHQWDWLRQ�RI� VWULSV�ZLWKLQ�D� VDPSOH�ZHUH�DVVXPHG� WR�
FRPSO\�ZLWK�VWDWLVWLFDOO\�XQLIRUP�GLVWULEXWLRQ��3URYLGLQJ� WKH�IDLOXUH�]RQH� LV�NQRZQ��H�J��
WKH�SUHGHILQHG�VOLS�VXUIDFH�IRU�WKH�GLUHFW�VKHDU�WHVW��LW�LV�SRVVLEOH�WR�HVWLPDWH�D�QXPEHU�RI�
VWULSV�EULGJLQJ�WKH�VOLS�VXUIDFH���,Q�DGGLWLRQ��LQIRUPDWLRQ�DERXW�WKH�SXOO�RXW�IRUFH�DQG�WKH�
IRUFH�UHTXLUHG�WR�EUHDN�D�VWULS�DUH�QHHGHG��7KRVH�DUH�VXIILFLHQW�LQIRUPDWLRQ�WR�HVWLPDWH�DQ�
LQFUHDVH�LQ�WKH�VKHDU�UHVLVWDQFH�GXH�WR�SUHVHQFH�RI�UHLQIRUFHPHQW��6XFK�D�WKHRUHWLFDO�UHVXOW�
FDQ�EH�HDVLO\�YHULILHG�XVLQJ�H[SHULPHQWDO�PHDVXUHPHQWV�GLVSOD\HG�LQ�)LJ�����FRPSDUH�WKH�
VROLG�DQG�GRWWHG� OLQHV���7KH�FDOFXODWLRQ� WDNHV� LQWR�DFFRXQW�ERWK� WKH�VKDSH�DQG� OHQJWK�RI�
VWULSV��,QIOXHQFH�RI�SDUDPHWHUV�LV�FOHDUO\�GHPRQVWUDWHG�LQ�)LJ�����6LQFH�LQ�WKLV�FDVH�WKH�SXOO�
RXW�PHFKDQLVP�LV�GHFLVLYH��LW�EHFRPHV�HYLGHQW�WKDW�VKRUW�VWULSV���[��PP��H[SHULHQFHG�QR�
DQFKRUDJH� OHQJWK�� 6LPLODUO\�� FRPSDULQJ� ��� PP� DQG� ��� PP� ORQJ� VWULSV� UHYHDOV� DQ�
DGYDQWDJH� RI� ORQJHU� DQFKRUDJH� OHQJWK� IRU� ��� PP� ORQJ� VWULSV�� � 7KH� VDPH� UHVXOW� ZDV�
REWDLQHG�IURP�WKH�ODUJH�VFDOH�GLUHFW�VKHDU�WHVW�����

0XFK� EHWWHU� WKHRUHWLFDO� HVWLPDWLRQ� LV� H[SHFWHG� ZKHQ� DFFRXQWLQJ� IRU� WKH� DFWXDO�
PLFURVWUXFWXUH� RI� UHLQIRUFHG� VRLO� VDPSOH�� 7R� WKDW� HQG�� LPDJHV� WDNHQ� IURP� UHDO�PDWHULDO�
VDPSOHV� FDQ�EH�XVHG� WR� DVVHVV� D� VSDWLDO� GLVWULEXWLRQ�RI� UHLQIRUFHPHQWV� DQG� WR�YHULI\� WKH�
GHJUHH�RI�DQFKRULQJ�RI�VWULSV�LQVLGH�WKH�VRLO�ERG\��������

&RQFOXVLRQ�
� %RWK�ODERUDWRU\�DQG�LQ�VLWX�PHDVXUHPHQWV�SURYHG�WKH�DSSOLFDELOLW\�RI�SRO\HWK\OHQH�

WKHUHSKWDODWH� VWULSV� DV� VRLO� VWDELOL]HU�� 7KH� SRVW� SHDN� UHGXFWLRQ� RI� WKH� VKHDU� EHDULQJ�
FDSDFLW\�ZDV� QRW� LQ� JHQHUDO� REVHUYHG��2Q� WKH�RWKHU�KDQG� WKH�GUDZEDFN�DVVRFLDWHG�ZLWK�
ORZHU� LQLWLDO� UHVLVWDQFH� RI� UHLQIRUFHG� VRLOV� �UHFDOO� ORZHU� UDWH� RI� FRQVROLGDWLRQ� LQ� FDVH�RI�
UHLQIRUFHG� VRLOV�� VKRXOG� QRW� EH� QHJOHFWHG��0XFK�ZRUN� KDV� \HW� WR� EH� GRQH� LQ� DVVHVVLQJ�
RSWLPDO�VKDSH�DQG�DPRXQW�RI� UHLQIRUFHPHQW� WR�H[SORLW� LWV� IXOO�SRWHQWLDO��7KLV�SUREOHP�LV�
VWLOO�XQGHU�FXUUHQW�LQYHVWLJDWLRQ������

$FNQRZOHGJHPHQW�
)LQDQFLDO�VXSSRUW�IRU�WKLV�SURMHFW�ZDV�SURYLGHG�E\�*$ý5�������������

�
5HIHUHQFH�

�����%HUJDGR�'�7���&KDL�-����������3XOORXW�)RUFH�'LVSODFHPHQW�5HODWLRQVKLS�RI�([WHQVLEOH�
*ULG� 5HLQIRUFHPHQWV�� *HRWH[WLOHV� DQG� *HRPHPEUDQHV� ���� ����� (OVHYLHU� 6FLHQFH���
3XEOLVKHU�/WG��(QJODQG��SS�����������
���� $EUDPHQWR� 0��� :KLWWOH� $�� -�� �������� $QDO\VLV� RI� 3XOORXW� 7HVW� IRU� 3ODQDU� 6FLHQFH�����
5HLQIRUFHPHQW�LQ�6RLO��-RXUQDO�RI�*HRWHFKQLFDO�(QJLQHHULQJ��-XQH�������SS�����������
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