
,QWHUIDFH�UHDFWLRQV�EHWZHHQ�EDULXP�EDVH�VHDODQW�JODVVHV�DQG�

KLJK�FKURP�VWHHO�IRU�62)&V�DSSOLFDWLRQ�

3��*HDVHH��,��.UHXW]HU��DQG�5��&RQUDGW�
5:7+�$DFKHQ��,QVWLWXWH�RI�0LQHUDO�(QJLQHHULQJ��'HSDUWPHQW�RI�JODVV�DQG�&HUDPLF�&RPSRVLWHV��

0DXHUVWUDVVH����������$DFKHQ��*HUPDQ\�
�

7�6FKZLFNHUW��8��5HLVJHQ��DQG�-��5HPPHO�
)RUVFKXQJV]HQWUXP�-XHOLFK�*PE+��������-XHOLFK��*HUPDQ\�

�

%DULXP�VLOLFDWH�EDVHG�JODVV� VHDODQWV� IRU�D� VROLG�R[LGH� IXHO�FHOO� �62)&��GHVLJQ�ZHUH�GHYHORSHG��7KH�

VHDODQWV�ZHUH�DSSOLHG�DV�JODVV�VOXUULHV�WR�IRUP�SDUWLDOO\�FU\VWDOOL]HG�VHDOV��6HYHUDO�SURPLVLQJ�FRPSRVLWLRQV�

ZHUH� LGHQWLILHG� ZKLFK� PHW� WKH� UHTXLUHPHQWV� RI� D� KLJK� WKHUPDO� H[SDQVLRQ� FRHIILFLHQW� α� ������⋅����.��
��

VLPLODU� WR� WKH� VWHHO��� KLJK� HOHFWULFDO� UHVLVWDQFH�� JRRG� FKHPLFDO� FRPSDWLELOLW\� ZLWK� WKH� DGMDFHQW� IXHO� FHOO�

PDWHULDOV��DQG�HYDSRUDWLRQ�VWDELOLW\�DJDLQVW�WKH�IXHO�DQG�IOXH�JDV�DWPRVSKHUHV�DW�RSHUDWLRQ�WHPSHUDWXUHV�RI�

����WR�����
R
&��7KH�ORQJ�WHUP�HYDSRUDWLRQ�VWDELOLW\��WLPH�FRQVWDQF\�RI�WKH�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�α��

DQG�RI�WKH�PLQHUDO�SKDVH�FRQWHQW�ZHUH�LQYHVWLJDWHG��6SHFLDO�DWWHQWLRQ�ZDV�SDLG�WR�WKH� LQWHUDFWLRQ�EHWZHHQ�

VHDODQWV�DQG�VWHHO�VXUIDFH��7KH�EHVW�FDQGLGDWH�PDWHULDOV�DOORZHG�WR�SURGXFH�VDQGZLFK�FHOOV�ZKLFK�UHPDLQHG�

JDV� WLJKW� �+H� OHDN� WHVW�� XQGHU� PXOWLSOH� WKHUPDO� F\FOLQJ� EHWZHHQ� URRP� DQG� RSHUDWLRQ� WHPSHUDWXUH�� 7KH�

PHFKDQLFDO�VWUHQJWK�RI�WKH�VHDOV�H[FHHGHG����03D�ZLWK�D�:HLEXOO�H[SRQHQW�!�����

�

���,QWURGXFWLRQ�

$GKHUHQFH� RI� HQDPHO� WR� FRQYHQWLRQDO� VWHHO� DQG� DOOR\V� KDV� EHHQ� LQWHQVLYHO\� VWXGLHG�
GXULQJ�WKH�SHULRG�����������E\�PDQ\�UHVHDUFKHUV�������*RRG�ZHWWLQJ��VDWXUDWLRQ�RI�WKH�R[LGH�
IURP�VWHHO� DW� WKH� LQWHUIDFH� �)H2�IRU�)H� VWHHO��� FKHPLFDO� HTXLOLEULXP�RI� WKH� LQWHUIDFLDO� OD\HU��
DQG�PHFKDQLFDO�ERQG�IURP�VRPH�DGKHUHQFH�SURPRWHUV��&R2�RU�1L2�IRU�HQDPHOLQJ�RI�LURQ�
VWHHO��KDYH�EHHQ�XVHG�DV�EDVLF�UHTXLUHPHQWV�RI�D�JRRG�DGKHVLRQ��0RVW�HQDPHO�FRPSRVLWLRQV�
FRQWDLQ�DONDOL�ERURVLOLFDWH�RU�DONDOL�SKRVSKRVLOLFDWH��ZKLFK�DUH�TXLWH�GLIIHUHQW�IURP�WKH�VHDODQW�
GHYHORSHG�IRU�WKH�62)&��)RU�WKH�62)&��VXFK�FRPSRVLWLRQV�FDQQRW�EH�XVHG�EHFDXVH�RI�WKH�
UHTXLUHPHQWV�RI�FKHPLFDO� VWDELOLW\� DW�RSHUDWLRQ� WHPSHUDWXUHV�RI��������� R&�LQ�+�� DQG�+�2�
DWPRVSKHUHV� IRU� PRUH� WKDQ� ������� K�� ,QVWHDG�� EDULXP� VLOLFDWH� EDVHG� JODVVHV� KDYH� EHHQ�
GHYHORSHG�� 7KH� EHVW� FDQGLGDWH� VHDODQWV� ZHUH� PRGLILHG� E\� VPDOO� DGGLWLRQV� RI� 1L2�� &R2��
&X2�� DQG�9�2��� 6SHFLDO� DWWHQWLRQ�ZDV� SDLG� WR� WKH� LQWHUIDFH� UHDFWLRQ� EHWZHHQ� VHDODQWV� DQG�
VWHHO�VXUIDFH��

�

���([SHULPHQW�

$GGLWLRQV�RI�������DQG���ZW����RI�1L2��&R2��DQG�&X2���������DQG����ZW����IRU�9�2���WR�
WKH�EDVH�JODVV�6���ZHUH�WHVWHG��VHH�WDEOH�����7KH�DPRXQWV�ZHUH�FKRVHQ�LQ�VXFK�D�ZD\�WKDW�WKH�
RFFXUUHQFH�RI�KLJK�WKHUPDO�H[SDQVLRQ�SKDVHV�%6���%�6��DQG�&�%6��GXULQJ�FU\VWDOOL]DWLRQ�ZDV�
PDLQWDLQHG���*ODVV�EDWFKHV�ZHUH�PHOWHG�LQ�DQ�LQGXFWLRQ�IXUQDFH�DW������R&�IRU���K��7KH�JODVV�
ZDV� VWLUUHG� IRU� KRPRJHQHLW\� GXULQJ� VRDNLQJ� DQG� FRROHG� LQ� LFH� ZDWHU�� 'U\� VDPSOHV� ZHUH�

JURXQG�WR�D�SDUWLFOH�VL]H������µP��3DVWHV�RI�JODVV�SRZGHU�ZLWK�RUJDQLF�ELQGHUV�ZHUH�XVHG�IRU�
MRLQLQJ�WHVWV��6RPH�JODVV�SRZGHUV�ZHUH�LQVSHFWHG�E\�KHDWLQJ�PLFURVFRSH���%RWK�JODVV�VDPSOHV�
DQG� FU\VWDOOL]HG� SUHVVHG� SRZGHU� VDPSOHV� ZHUH� XVHG� IRU� GLODWRPHWULF� DQG� YLVFRVLPHWU\�
PHDVXUHPHQW��



�

7KH�SURSHUWLHV��WKHUPDO�H[SDQVLRQ�FRHIILFLHQWV�α�RI�JODVVHV�DQG�SDUWLDOO\�FU\VWDOOL]HG�JODVVHV��
YLVFRVLW\�� PHOWLQJ� EHKDYLRU� DQG� ZHWWLQJ� SURSHUWLHV�� WKH� FU\VWDOOL]DWLRQ� EHKDYLRU�� DQG� SKDVH�
FRQWHQWV�ZHUH�LQYHVWLJDWHG�E\��GLODWRPHWHU��EHDP�EHQGLQJ�YLVFRVLPHWHU��KHDWLQJ�PLFURVFRSH��
'7$��DQG�;5'�� UHVSHFWLYHO\��7KH�PLFURVWUXFWXUH�RI� LQWHUIDFHV�EHWZHHQ� VHDO� DQG� VWHHO�ZDV�
VWXGLHG�E\�VFDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��DQG�HQHUJ\�GLVSHUVLYH�;�UD\�DQDO\VLV��(';����
�
7DEOH����&KHPLFDO�FRPSRVLWLRQV�RI�GLIIHUHQW�JODVVHV�LQ�ZW����

JODVV�FRGHV�
R[LGHV�

6��� $� %� &� '� (� )� *� +� ,� -� .�
6L2�� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
%D2� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
&D2� �� �� �� �� �� �� �� �� �� �� �� ��
$O�2�� �� �� �� �� �� �� �� �� �� �� �� ��
%�2�� �� �� �� �� �� �� �� �� �� �� �� ��
1L2� �� �� �� �� �� �� �� �� �� �� �� ��
&R2� �� �� �� �� �� �� �� �� �� �� �� ��
&X2� �� �� �� �� �� �� �� �� �� �� �� ��
9�2�� �� �� �� �� �� �� �� �� �� �� ��� ���
DGGLWLYHV� �� �� �� �� �� �� �� �� �� �� �� ��
� �IXUWKHU�WUDQVLWLRQ�PHWDO�R[LGHV��

�
���5HVXOWV�DQG�GLVFXVVLRQ�

3DUWLDOO\�FU\VWDOOL]HG�VDPSOHV�SURGXFHG�E\�VLQWHULQJ�RI�SUHVVHG�SRZGHU�VDPSOHV�DW�����R&�
IRU����K�ZHUH�XVHG�IRU�WKHUPDO�H[SDQVLRQ�DQDO\VLV��$GGLWLRQV�RI����ZW����9�2��ZHUH�IRXQG�

WR�LQFUHDVH�WKH�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW��α��PRUH�HIIHFWLYHO\�WKDQ�1L2��&R2��DQG�&X2��
7KLV� HIIHFW� DJUHHV� ZHOO� ZLWK� GDWD� UHSRUWHG� E\� 'RQDOG��� $W� ORZHU� DPRXQWV� RI��

�����ZW����9�2��� D� GHFUHDVH� RI�α� LV� REVHUYHG� EHFDXVH� RI� DQ� LQFUHDVHG� FU\VWDOOL]DWLRQ� UDWH��
7KH�UHVXOWV�IRU�6����$��(��DQG�,�VDPSOHV�DUH�SUHVHQWHG�LQ�ILJXUH��D��VKRZLQJ�WKH�XQIDYRUDEOH�
HIIHFW�RI�ORZ�9�2��FRQWHQW��

7KH�YLVFRVLW\�PHDVXUHPHQW�RI�JODVVHV�ZLWK���ZW����RI�&X2��1L2��9�2����DQG�&R2�VKRZ�
D� VKLIW� RI� WKH� YLVFRVLW\� FXUYHV� WRZDUGV� ORZHU� WHPSHUDWXUHV� E\� ���� ���� ���� DQG� ���.��
UHVSHFWLYHO\��ILJXUH��E���

;5'� UHVXOWV� RI� SDUWLDOO\� FU\VWDOOL]HG� JODVVHV� VKRZ� EDULXP� VLOLFDWHV� �%�6�� DQG� %6��� DQG�
FHOVLDQ� SKDVHV� �%$6��� %�  � %D2�� $�  � $O�2��� DQG� 6�  � 6L2��� LQ� JODVV� 6��� �VHH� ILJXUH� �D���
'LEDULXP]LQFVLOLFDWH��%�=6��=� �=Q2��ZDV� IRXQG� LQ�DOO�JODVVHV�FRQWDLQLQJ�1L2��&R2��DQG�
&X2��H[FHSW� IRU�JODVVHV�ZLWK�DGGLWLRQV�RI�9�2���7KLV�SKDVH�ZDV� DOVR� IRXQG�ZLWK�JODVV�6���
VLQWHUHG� DW� ���� R&�KRZHYHU�� DIWHU� VRDNLQJ� IRU�PRUH� WKDQ� RQH�ZHHN� RQO\��7KLV�PHDQV� WKDW�
1L2��&R2�DQG�&X2�DFW�DV�D�QXFOHDWLQJ�DJHQW�IRU�WKH�IRUPDWLRQ�RI�%�=6��%\�ERQG�VWUHQJWK�
FRQVLGHUDWLRQV��%�=6�LV�H[SHFWHG�WR�ORZHU�WKH�RYHUDOO�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW���

7KH�PHOWLQJ�EHKDYLRU�DQG�ZHWWLQJ�SURSHUWLHV�GHWHFWHG�E\�KHDWLQJ�PLFURVFRSH�VKRZ�WKDW�
JODVVHV�$��'��DQG�,�UHDFK�WKH�SRLQW�RI�VSKHULFDO�VKDSH�DW�WHPSHUDWXUHV�VLPLODU�WR�6����VHH�

�
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)LJ�����'LODWRPHWULF�PHDVXUHPHQW��D��RI�FU\VWDOOL]HG�JODVVHV�DIWHU�VLQWHULQJ�DW�����
R
&�IRU���

G��DQG�YLVFRVLW\�WHPSHUDWXUH�IXQFWLRQ��E��IRU�VDPSOHV�ZLWK�DGGLWLRQDO�R[LGHV�

ILJXUH��E���$W�KLJKHU�DPRXQWV�RI�DGGLWLRQDO�R[LGHV��WKH�SRLQW�RI�VSKHULFDO�VKDSH�ZDV�VKLIWHG�
WR�KLJKHU�WHPSHUDWXUHV�GXH�WR�IDVWHU�FU\VWDOOL]DWLRQ��,Q�WKLV�UHVSHFW��FRSSHU�R[LGH�KDV�D�YHU\�
VWURQJ�HIIHFW��DGGLWLRQV�RI�RQO\���ZW����OHDG�WR�D�IDVW�WUDQVLWLRQ�IURP�WKH�UHFWDQJXODU�VKDSH�WR�
FRPSOHWH�PHOWLQJ��WKH�VSKHULFDO�VKDSH�LV�QRW�REVHUYHG�DW�DOO��

)RU� WKH� MRLQLQJ� WHVW� RI� WKH� VDPSOHV� LQ� WDEOH� ��� JODVVHV� 6���� *�� DQG�+� VKRZ� WKH� EHVW�
WKHUPDO� F\FOLQJ� DELOLW\� RYHU� ��� F\FOHV� EHWZHHQ� URRP� WHPSHUDWXUH� DQG� ���� R&�� 7KLV� ZDV�
FRQILUPHG�E\�D�KHOLXP�OHDN�WHVW��%\�FRQWUDVW��JODVVHV�$��%��&��'��(��DQG�)�UHDFK�OHVV�WKDQ���
F\FOHV�� DQG� QR� JDV� WLJKWQHVV� ZDV� IRXQG� IRU� JODVVHV� ,�� -�� DQG� .�� 7KH� EDVH� JODVV� 6��� ZDV�
VHOHFWHG�IRU�PHDVXULQJ�WKH�MRLQLQJ�VWUHQJWK��-RLQLQJ�SDUWQHUV�ZHUH�KHDWHG�WR�����R&�IRU����K�
DQG� FRROHG� WR� URRP� WHPSHUDWXUH� EHIRUH� WHVWLQJ�� 7KH� PHFKDQLFDO� VWUHQJWK� RI� WKH�
VWHHO�VHDODQW�VWHHO�VDQGZLFKHV�H[FHHGHG����03D�ZLWK�D�:HLEXOO�H[SRQHQW�!�����

)LJXUHV� �D�G� VKRZ� WKH� UHVXOWV� RI� LQWHUIDFH� UHDFWLRQV� EHWZHHQ� JODVVHV� DQG� WKH� KLJK�
FKURPLXP�VWHHO�VXEVWUDWH��VDQG�EUXVKHG�VXUIDFH���6PDOO�ZKLWH�SDUWLFOHV�QHDU�WKH�LQWHUIDFH�LQ�
VDPSOHV� $� DQG� *� ZHUH� LGHQWLILHG� E\� (';� DV� 1L� DQG� &X�� UHVSHFWLYHO\�� ,W� VKRXOG� EH�
PHQWLRQHG� WKDW� JODVV� *� WHQGV� WR� IRUP� ELJJHU� SDUWLFOHV� GXH� WR� LWV� KLJK� *LEEV� HQHUJ\� RI�
UHDFWLRQ�� $W� KLJK� WHPSHUDWXUH�� R[LGHV� LQ� WKH� JODVV� �1L2�� &X2�� DQG� 3E2�� DUH� UHGXFHG� WR�
PHWDO�SDUWLFOHV��1L��&X��DQG�3E��E\�PHWDOOLF�)H��&U�RU�0Q��DQG�PHWDO�LRQV�ERQG�ZLWK�R[\JHQ�
WR�IRUP�PHWDO�R[LGHV��)H2��&U2�RU�&U�2���DQG�0Q2���7KH�IROORZLQJ�UHDFWLRQV�FDOFXODWHG�DW�
����R&�JLYH�DQ�RYHUYLHZ�RI�WKHVH�UHGXFWLRQ�R[LGDWLRQ�UHDFWLRQV���

�0Q�� ��2���  �0Q2� � � ∆*� ��������N-�PRO�2���������������������������

���&U����2���  ����&U�2�� � � ∆*� ��������N-�PRO�2����������������������������������������������������������

�=Q�� ��2���  ��=Q2� � � ∆*� ��������N-�PRO�2������������������������������������������

���)H����2���  ����)H�2�� � � ∆*� ��������N-�PRO�2������������������������������������������������

�&R�� ��2���  ��&R2� � � ∆*� ��������N-�PRO�2������������������������������������������

�1L�� ��2���  ��1L2� � � ∆*� ��������N-�PRO�2������������������������������

�3E�� ��2���  ��3E2� � � ∆*� ��������N-�PRO�2����
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)LJ�����;�UD\V�SDWWHUQV��D��RI�VDPSOHV�VLQWHUHG�DW�����
R
&�IRU����K��DQG�VLQWHULQJ�EHKDYLRU�

�E��RI�GLIIHUHQW�JODVVHV�WHVWHG�E\�KHDWLQJ�PLFURVFRSH�DW�D�KHDWLQJ�UDWH�RI�����.�PLQ�WR�

�����R&�

�&X�� ��2���  ��&X�2� � � ∆*� ��������N-�PRO�2�����������������������������������������������

�&X�� ��2���  ��&X2� � � ∆*� ��������N-�PRO�2����

)URP� WKH� DERYH� UHDFWLRQV�� &X2� KDV� WKH� KLJKHVW� SRWHQWLDO� WR� R[LGL]HG� &U� RU� )H�PHWDO� WR�
&U�2��DQG�)H2��9HU\�VPDOO�SDUWLFOHV�RI�3E2��ZHUH�IRXQG�LQ�JODVV�6����7KHVH�SDUWLFOHV�ZHUH�

ORFDWHG� DW� WKH� LQWHUIDFLDO� UHDFWLRQ� OD\HU� �WKLFNQHVV�a����µP���(';�DQDO\VLV� VKRZHG�D� KLJK�
FRQWHQW� RI�&U� DQG�)H� LQ� WKH� OD\HU�� 6DPSOHV�$� DQG�*�GLG� QRW� KDYH� DQ\� UHDFWLRQ� OD\HU� DQG�
WKHUHIRUH�PHWDO�SDUWLFOHV�FRXOG�GLIIXVH�FORVHU�WR�WKH�PHWDO�VXUIDFH��&U�DQG�)H��GDUN�FRORU�LQ�
ILJXUH��E��ZHUH�IRXQG�WR�KDYH�SHQHWUDWHG�GHHSO\�LQWR�WKH�JODVV�PDWUL[��6R�&X2�VXSSRUWV�WKH�
WUDQVSRUW� RI� &U� WKXV� DYRLGLQJ� WKH� IRUPDWLRQ� RI� FKURPDWH� SKDVH� LQ� WKH� LQWHUIDFH� ZKLFK�
RWKHUZLVH�VWURQJO\�LPSDLU�VWLFNLQJ��3HUKDSV��WKH�ORZ�YLVFRVLW\�RI�WKLV�JODVV�DOVR�VXSSRUWV�WKLV�
PHFKDQLVP��)LJXUH��G�VKRZV�D�YHU\�VWURQJ�FRUURVLRQ�RI�WKH�PHWDO�VXUIDFH��7KH�VDPSOH�ZDV�
SUHSDUHG�XQGHU�VWURQJO\�UHGXFLQJ�FRQGLWLRQ��7KLV�UHVXOW�PD\�EH�FDXVHG�E\�WKH�IRUPDWLRQ�RI�

PHWDO�QLWULGHV��UHDFKLQJ�����µP�LQWR�WKH�JODVV��

���&RQFOXVLRQ�

$GGLWLRQDO� R[LGHV�� DWPRVSKHUHV�� DQG� VWHHO� VXUIDFH� FRQGLWLRQV� LQIOXHQFH� WKH� ZHWWLQJ�
SURSHUWLHV� DQG� DGKHVLRQ� RI� WKH� MRLQW�� $GGLWLRQV� RI� 1L2� �� &R2�� DQG� 9�2�� LQFUHDVH� WKH�
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FU\VWDOOL]DWLRQ� YHORFLW\� ZKLFK� UHVXOWV� LQ� D� SRRU� JDV� WLJKWQHVV�� &X2� R[LGH� VXSSRUWV� WKH�
WUDQVSRUW�RI�&U�IURP�VWHHO�VXUIDFH�LQWR�WKH�JODVV�PDWUL[�DQG�HQKDQFHV�VWLFNLQJ�E\�VXSSUHVVLQJ�
WKH� IRUPDWLRQ� RI� GHWULPHQWDO� FKURPDWH� SKDVHV� DW� WKH� LQWHUIDFH�� � 7KH� LQWHUIDFLDO� UHDFWLRQ�
PHFKDQLVPV� EHWZHHQ� JODVV� DQG� VWHHO� FDQ� EH� H[SODLQHG� E\� WKHUPRG\QDPLF� UHDFWLRQV��

&DOFXODWHG� UHVXOWV� RI�∆*�VKRZ� WKDW�&X2�DQG�3E2�DUH� HDVLO\� UHGXFHG� WR�&X�DQG�3E�PHWDO�
SDUWLFOHV�E\�PHWDOOLF�&U��)H�DQG�0Q��)URP�WKH�WKHUPDO�F\FOLQJ�WHVW��JODVVHV�6����*��DQG�+�DUH�
WKH�PRVW�SURPLVLQJ�FDQGLGDWH�VHDODQWV�IRU�WKH�SODQDU�62)&���
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�
)LJ�����6(0�LPDJHV�RI�JODVVHV��D��$�LQ�DLU��E��*�LQ�DLU��F��6���LQ�DLU��DQG�G��6���LQ�1���

���O�K��DOO�VDPSOHV�ZHUH�SUHSDUHG�LQ�WKH�KHDWLQJ�PLFURVFRSH�DW���.�PLQ�WR������
R
&��WKH�

VL]H�EDU�HTXDOV����µP��

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

��:H\O�:�$��DQG�0DUERH�(�&���LQ�7KH�FRQVWLWXWLRQ�RI�JODVVHV��$�G\QDPLF�LQWHUSUHWDWLRQ��9RO��,,��SDUW�
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