
'HWHUPLQDWLRQ�RI�LURQ��QLFNHO�DQG�FREDOW�LQ�JODVV�PHOWV���D�

FRPSDULVRQ�RI�QRQ�VWHDG\�VWDWH�DQG�VWHDG\�VWDWH�WHFKQLTXHV��

-��'H�6WU\FNHUD�E��3��:HVWEURHND��(��7HPPHUPDQD�
D*KHQW�8QLYHUVLW\��'HSDUWPHQW�RI�$QDO\WLFDO�&KHPLVWU\��.ULMJVODDQ�����6����%������*HQW�%HOJLXP�

E5HVHDUFK�DVVLVWDQW�RI�WKH�)XQG�IRU�6FLHQWLILF�5HVHDUFK�)ODQGHUV��%HOJLXP��):2���

��

7KH�GHWHUPLQDWLRQ�RI�SRO\YDOHQW�HOHPHQWV�LQ�JODVV�PHOWV�KDV�EHHQ�WKH�VXEMHFW�RI�PDQ\�GLIIHUHQW�VWXGLHV�
GXULQJ�WKH�ODVW�GHFDGHV��(OHFWURFKHPLFDO�WHFKQLTXHV�SURYHG�WR�EH�YHU\�HIILFLHQW�IRU�WKLV�SXUSRVH��+RZHYHU��

PRVW�RI�WKHVH�PHWKRGV�ZHUH�WUDQVLHQW�WHFKQLTXHV�UHVXOWLQJ�LQWR�WLPH�GHSHQGHQW�HOHFWURGH�VLJQDOV��5HFHQWO\��

D�URWDWLQJ�GLVF�FRQILJXUDWLRQ�IRU�PROWHQ�JODVV�HQYLURQPHQW�ZDV�GHYHORSHG�
�
��7KLV�FRQILJXUDWLRQ�JLYHV�ULVH�WR�

WLPH�LQGHSHQGHQW�HOHFWURGH�VLJQDOV��ZKLFK�FDQ�EH�XVHG�IRU�FRQWLQXRXV�FRQFHQWUDWLRQ�GHWHUPLQDWLRQ��,Q�WKLV�

ZRUN� WKH� GHWHUPLQDWLRQ� RI� WKH� FRQFHQWUDWLRQ� RI� WKH� SRO\YDOHQW� HOHPHQWV� LURQ�� QLFNHO� DQG� FREDOW� LQ� JODVV�

PHOWV�ZDV�SHUIRUPHG� DW� D� URWDWLQJ� SODWLQXP�GLVF� HOHFWURGH� LQ� FRPELQDWLRQ�ZLWK� FKURQRDPSHURPHWU\� LQ� D�
ZLGH�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH�UDQJH��$OWHUQDWLYHO\��VTXDUH�ZDYH�YROWDPPHWU\�DW�D�VWDWLF�SODWLQXP�GLVF�

HOHFWURGH� ZDV� XVHG�� 7KH� FXUUHQW� VLJQDOV� IRU� ERWK� WHFKQLTXHV� ZHUH� DQDO\VHG� DV� D� IXQFWLRQ� RI� WKH�

FRQFHQWUDWLRQ��)RU�WKH�WKUHH�VSHFLHV�D�OLQHDU�UHODWLRQVKLS�ZDV�REWDLQHG��7KH�VHQVLWLYLWLHV�DQG�GHWHFWLRQ�OLPLWV�

ZHUH�FRPSDUHG�DW�GLIIHUHQW�WHPSHUDWXUHV��

�

,QWURGXFWLRQ�

'XULQJ� WKH� SDVW� GHFDGHV� PXFK� UHVHDUFK� ZRUN� KDV� EHHQ� H[HFXWHG� RQ� WKH� VWXG\� RI�
SRO\YDOHQW� HOHPHQWV� LQ� JODVV�� 2IWHQ� WKHVH� VWXGLHV� KDG� WR� GR� ZLWK� WKH� R[LGDWLRQ�UHGXFWLRQ�
HTXLOLEULD�RI�WKHVH�SRO\YDOHQW�HOHPHQWV�IRU�YHU\�GLIIHUHQW�JODVV�FRPSRVLWLRQV��(OHFWURFKHPLFDO�
WHFKQLTXHV� VXFK� DV� OLQHDU� VZHHS� YROWDPPHWU\�� F\FOLF� YROWDPPHWU\�� SXOVH� YROWDPPHWU\��
FKURQRSRWHQWLRPHWU\�� LPSHGDQFH� VSHFWURVFRS\� DQG� VTXDUH�ZDYH�YROWDPPHWU\� KDYH�SURYHQ�
WR�EH�YHU\�XVHIXO�IRU�PHDVXUHPHQWV�LQ�PROWHQ�JODVV�HQYLURQPHQWV��+RZHYHU��PRVW�RI�WKHVH�
PHWKRGV�DUH�WUDQVLHQW�WHFKQLTXHV�UHVXOWLQJ�LQWR�WLPH�GHSHQGHQW�HOHFWURGH�VLJQDOV���

,Q� DTXHRXV� VROXWLRQV�� WLPH� LQGHSHQGHQW� HOHFWURGH� VLJQDOV� VKRZHG�PDQ\� DGYDQWDJHV� LQ�
WKH� VWXG\� RI� WKH� R[LGDWLRQ�UHGXFWLRQ� EHKDYLRXU� DQG� WKH� SURSHUWLHV� RI� SRO\YDOHQW� HOHPHQWV��
$Q� H[SHFWHG� DGYDQWDJH� RI� WLPH� LQGHSHQGHQW� HOHFWURGH� VLJQDOV� LQ� JODVV� PHOWV� LV� DOVR� WKH�
FRQWLQXRXV� DQG�RQ�OLQH�GHWHUPLQDWLRQ�RI� WKH�FRQFHQWUDWLRQ�RI�PHWDO� LRQV��7KLV�RSHQV�QHZ�
SHUVSHFWLYHV� FRQFHUQLQJ� WKH� RQ�OLQH�PRQLWRULQJ� DQG� DXWRPDWLF� FRQWURO� RI� JODVV� SURGXFWLRQ�
SURFHVVHV��

,Q�WKLV�ZRUN�DQ�HOHFWURGH�FRQILJXUDWLRQ��ZKLFK�JLYHV�ULVH�WR�WLPH�LQGHSHQGHQW�HOHFWURGH�
VLJQDOV�LQ�JODVV�PHOW�HQYLURQPHQWV�ZDV�WHVWHG��7KH�UHVXOWV�ZHUH�FRPSDUHG�ZLWK�GDWD�REWDLQHG�
IURP�VTXDUH�ZDYH�YROWDPPHWULF�H[SHULPHQWV��

�
([SHULPHQWDO�

,Q� ILJXUH� �� D� VFKHPDWLF� GUDZLQJ� RI� WKH� H[SHULPHQWDO� VHW�XS� LV� VKRZQ��7KH� IXUQDFH�
ZDV�KRPH�PRGLILHG�ZLWK�D�'&�SRZHU�VXSSO\�WR�DYRLG�GLVWRUWLRQ�RI�WKH�RULJLQDO�$&�SRZHU�
VXSSO\�RQ�WKH�HOHFWURFKHPLFDO�H[SHULPHQWV��$�KLJK�WRUTXH�YDULDEOH�VSHHG�PRWRU�ZDV�XVHG�RQ�
WRS� WR�REWDLQ�DQG�FRQWURO�D�ZDQWHG� URWDWLRQ�UDWH��7KH�ZRUNLQJ�GLVF�HOHFWURGH�FRQVLVWV�RI�D�
SODWLQXP�URG�IL[HG�LQ�DQ�DOXPLQD�WXEH�ZLWK�D�FHUDPLF�ELQGHU�LQ�VXFK�D�ZD\�WKDW�RQO\�WKH�FURVV�
VHFWLRQ� RI� WKH� URG� LV� H[SRVHG� WR� WKH� JODVV� PHOW�� %HIRUH� HDFK� H[SHULPHQWDO� VHULHV� D� SUH�



WUHDWPHQW� RI� WKUHH� SROLVKLQJ� VWHSV� DQG� DQ� XOWUDVRQLF�
FOHDQLQJ�VWHS�ZDV�LQWURGXFHG�WR�REWDLQ�D�IUHVK�VXUIDFH��7KH�
FRXQWHU� HOHFWURGH� LV� D� ORQJ� VPDOO� SODWLQXP� IRLO�� ZKLFK� LV�
VWXFN�WR�WKH�ZDOO�RI�WKH�HOHFWURFKHPLFDO�FHOO��7KH�UHIHUHQFH�
HOHFWURGH�LV�D�]LUFRQLD�SUREH�IOXVKHG�ZLWK�DLU��$OO�SRWHQWLDOV�
PHQWLRQHG�UHIHU�WR�WKLV�UHIHUHQFH��

7KH�EDVLF�FKHPLFDO�FRPSRVLWLRQ��PDVV����RI�WKH�JODVV�
XVHG�LV�������6L2��������1D�2������&D2������%�2�������
0J2������.�2�DQG�����$O�2���$IWHU�SUHSDULQJ�WKLV�JODVV�
IURP�DQDO\WLFDO�JUDGH�UHDJHQWV��LW�ZDV�FUXVKHG�DQG�D�FHUWDLQ�
DPRXQW� RI� D� SRO\YDOHQW� HOHPHQW� DGGHG� DQG�PHOWHG� LQ� WKH�
HOHFWURFKHPLFDO� FHOO�� 7KH� FHOO� FRQVLVWHG� RI� D� ����� �� SXUH�
DOXPLQLXP�R[LGH�FUXFLEOH��

�
5HVXOWV�DQG�GLVFXVVLRQ�

7KH� ILUVW� SRO\YDOHQW� HOHPHQW� VWXGLHG�ZLWK� WKH� URWDWLQJ�
GLVF�HOHFWURGH�ZDV� LURQ��7KHUHIRUH�PHOWV�FRQWDLQLQJ�����XS�
WR� ��� PDVV�� )H�2�� ZHUH� SUHSDUHG�� ,Q� D� QRUPDO� OLQHDU�
VZHHS� YROWDPPRJUDP� DW� D� VWDWLF� GLVF� HOHFWURGH� WZR�
UHGXFWLRQ� ZDYHV� FDQ� EH� REVHUYHG�� RQH� DVVXPHG� WR�
FRUUHVSRQG� ZLWK� WKH� )H�,,,�� WR� )H�,,�� UHGXFWLRQ� DQG� WKH�
RWKHU�RQH�ZLWK�WKH�UHGXFWLRQ�RI�)H�,,��WR�PHWDOOLF�LURQ���

�
)RU� WHVWLQJ� WKH� URWDWLQJ�GLVF� HOHFWURGH�FRQILJXUDWLRQ� D�

FKURQRDPSHURPHWULF�PHDVXUHPHQW�DW�D�SRWHQWLDO�������9�YV��
]LUFRQLD� SUREH�� VOLJKWO\� PRUH� QHJDWLYH� WKDQ� WKH� SHDN�
SRWHQWLDO� RI� WKH� )H�,,,�� WR� )H�,,�� OLQHDU� VZHHS� UHGXFWLRQ�
ZDYH�ZDV� SHUIRUPHG��'XULQJ� URWDWLRQ� D� WLPH�LQGHSHQGHQW�
VWHDG\�VWDWH�FXUUHQW�LV�REWDLQHG�DIWHU�����V��5HVXOWV�RI�WKHVH�
H[SHULPHQWV� ZHUH� VKRZQ� LQ� ILJXUH� �� IRU� IRXU� GLIIHUHQW�
URWDWLRQ� UDWHV�� 7KH� KLJKHVW� URWDWLRQ� UDWH� JLYHV� ULVH� WR� WKH�
KLJKHVW� OLPLWLQJ� FXUUHQW� DV� SUHGLFWHG� E\� WKH� /HYLFK�

HTXDWLRQ���:KHQ�WKHVH�OLPLWLQJ�FXUUHQWV�ZHUH�GUDZQ�YHUVXV�WKH�FRQFHQWUDWLRQ�RI�WKH�LURQ�LQ�
WKH�PHOW�� D� OLQHDU� UHODWLRQVKLS� LV� REWDLQHG� RYHU� WKH�ZKROH� LQYHVWLJDWHG� FRQFHQWUDWLRQ� UDQJH�
�����XS�WR����PDVV��)H�2����7KLV�UHODWLRQVKLS�LV�VKRZQ�LQ�ILJXUH����$W�D�URWDWLRQ�UDWH�RI������

USP�DQG������.�D�GHWHFWLRQ�OLPLW�RI������±������PDVV��DQG�D�VHQVLWLYLW\�RI������±������P$�
PDVVD����LV�REWDLQHG�ZLWK�WKH�URWDWLQJ�GLVF�HOHFWURGH�IRU�WKH�GHWHUPLQDWLRQ�RI�)H�,,,��LQ�WKH�
PHOW��$W� RWKHU� URWDWLRQ� UDWHV� WKH�GHWHFWLRQ� OLPLW� LV� DOZD\V� KLJKHU� DQG� WKH� VHQVLWLYLW\� ORZHU��
7KH� URWDWLRQ� UDWH� RI� ����� USP� LV� DOVR� WKH� RSWLPDO� YDOXH� IRU� FDOLEUDWLRQ� FXUYHV� DW� ORZHU�
WHPSHUDWXUHV���

,Q� D� VHFRQG� VHULHV� RI� H[SHULPHQWV�� F\FOLF� DQG� VTXDUH� ZDYH� YROWDPPHWULF� FXUYHV� ZHUH�
UHFRUGHG� LQ� PHOWV� FRQWDLQLQJ� WKH� VDPH� DPRXQWV� RI� LURQ� DV� IRU� WKH� H[SHULPHQWV� ZLWK� WKH�
URWDWLQJ�GLVF�HOHFWURGH��$�SORW�RI�WKH�REWDLQHG�SHDN�FXUUHQW�YHUVXV�WKH�LURQ�FRQFHQWUDWLRQ�LV�
JLYHQ� LQ� ILJXUH���� ,W� FDQ�EH�VHHQ� WKDW� DJDLQ�D� OLQHDU� UHODWLRQVKLS� LV�REWDLQHG�RYHU� WKH�HQWLUH�
LQYHVWLJDWHG�FRQFHQWUDWLRQ�UDQJH�IRU�WKH�RSWLPDO�IUHTXHQF\�DQG�VFDQ�UDWH�RI����+]�DQG�����

P9�V���UHVSHFWLYHO\��)RU�VTXDUH�ZDYH�YROWDPPHWU\�D�GHWHFWLRQ�OLPLW�RI������±������PDVV��LV��
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)LJXUH����6FKHPDWLF�GUDZLQJ�

RI� WKH� URWDWLQJ� GLVF�

FRQILJXUDWLRQ�� ��� OLIW�� ���

IXUQDFH�����FRROLQJ�IODQJH�����

UHIHUHQFH� HOHFWURGH�� ���

FRXQWHU�HOHFWURGH�����ZRUNLQJ�

HOHFWURGH�� ��� FUXFLEOH�� ���

SUHVV� VFUHZV�� ��� FRSSHU�

KROGHU�� ���� FRQWDFW� EUXVKHV��

����FRQWDFW�VFUHZ����
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)LJXUH���&KURQRDPSHURPHWULF�H[SHULPHQWV�DW�D�SODWLQXP�URWDWLQJ�GLVF�HOHFWURGH�DW�

±����9�DQG�������&�ZLWK�HOHFWURGH�URWDWLRQ�UDWHV�RI������������������������DQG�

��������USP��
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ORJ��F���P DVVD��

ORJ��_,
O
_���P$�

�

)LJXUH���&DOLEUDWLRQ�SORW�IRU�GHWHFWLRQ�RI�)H�,,,��DW�D�URWDWLQJ�GLVF�HOHFWURGH�DW������.�DQG�

�����USP��



REWDLQHG��7KLV�LV�ILYH�WLPHV�ORZHU�WKDQ�IRU�F\FOLF�YROWDPPHWU\��7KH�VHQVLWLYLW\�LV�FRPSDUDEOH��

DERXW������±������P$�PDVVD�����
� )RU� WKH� SRO\YDOHQW� HOHPHQWV� QLFNHO� DQG� FREDOW�ZHUH� WKH� VDPH� W\SH� RI� H[SHULPHQWV�
FDUULHG�RXW�LQ�D�FRQFHQWUDWLRQ�UDQJH�RI���XS�WR�����PDVV���$OVR�IRU�WKHVH�HOHPHQWV�D�OLQHDU�
FDOLEUDWLRQ�SORW� LV�REWDLQHG�RYHU�WKH�LQYHVWLJDWHG�FRQFHQWUDWLRQ�UDQJH�ZLWK�WKH�URWDWLQJ�GLVF�
HOHFWURGH�DV�ZHOO�DV�ZLWK�VTXDUH�ZDYH�DQG�F\FOLF�YROWDPPHWU\��7KH�VHQVLWLYLW\�DQG�GHWHFWLRQ�
OLPLWV�ZHUH�FRPSDUDEOH�WR�WKRVH�REWDLQHG�IRU�JODVV�PHOWV�GRSHG�ZLWK�LURQ��

&RQFOXVLRQ�

,Q�WKLV�ZRUN�WKH�UHVXOWV�REWDLQHG�DW�D�URWDWLQJ�GLVF�HOHFWURGH�ZHUH�FRPSDUHG�ZLWK�VTXDUH�
ZDYH�DQG�F\FOLF�YROWDPPHWULF�GDWD��$� OLQHDU�FDOLEUDWLRQ�SORW�ZDV�IRXQG�IRU� LURQ��QLFNHO�DQG�
FREDOW� LQ� WKH� LQYHVWLJDWHG�FRQFHQWUDWLRQ� UDQJHV��:LWK� WKH� DLG�RI� WKH� URWDWLQJ�GLVF� HOHFWURGH�
WKH�GHWHFWLRQ� OLPLW� LV� LQ� WKH� VDPH�RUGHU�RI�PDJQLWXGH�DV� IRU� VTXDUH�ZDYH�YROWDPPHWU\�EXW�
FRQVLGHUDEO\� ORZHU� WKDQ� IRU� F\FOLF� YROWDPPHWU\�� 7KH� EHVW� VHQVLWLYLW\� LV� REWDLQHG� ZLWK� WKH�
URWDWLQJ�GLVF�HOHFWURGH��7KH�URWDWLQJ�GLVF�HOHFWURGH�FDQ�EH�XVHG�DV�D�GHWHFWLRQ�PHWKRG�LQ�WKH�
DQDO\VLV� RI� JODVV�PHOWV� DQG� RSHQV� QHZ� SRVVLELOLWLHV� IRU� FRQWLQXRXV� GHWHUPLQDWLRQ� RI�PHWDO�
LRQV�XQGHU�VWHDG\�VWDWH�FRQGLWLRQV��

�

��'H�6WU\FNHU��-���:HVWEURHN��3���7HPPHUPDQ��(��-��1RQ�&U\VW��6ROLGV����������������������

��%DUG��$���-���)DXONQHU��/���5��(OHFWURFKHPLFDO�PHWKRGV�)XQGDPHQWDOV�DQG�$SSOLFDWLRQV��-RKQ�:LOH\�	�
6RQV��1HZ�<RUN��������
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F��PDVVD��
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S
��P$�

)LJXUH���3ORW�RI�WKH�SHDN�FXUUHQW�YHUVXV�FRQFHQWUDWLRQ�RI�)H�2��DW������.�REWDLQHG�

ZLWK��J��VTXDUH�ZDYH�YROWDPPHWU\��I� ����+]�HQ��S��F\FOLF�YROWDPPHWU\��Y� �����

P9�V����
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