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$FNQRZOHGJHPHQW�

L�

�

$FNQRZOHGJHPHQW�

7KLV� GRFWRUDO� WKHVLV� ZDV� ZULWWHQ� E\� PH� DW� WKH� ,QVWLWXWH� RI� (QHUJ\� DQG� &OLPDWH� 5HVHDUFK��
0LFURVWUXFWXUH�DQG�3URSHUWLHV��,(.�����DW�WKH�)RUVFKXQJV]HQWUXP�-�OLFK�*PE+��,�ZRXOG�OLNH�
WR�H[SUHVV�P\�JUDWLWXGH�WR�3URI��'U��/��6LQJKHLVHU�IURP�,(.���IRU�WKH�VXSHUYLVLRQ�RI�P\�ZRUN�
DQG�KLV�H[FHOOHQW�VXSSRUW���

,�ZRXOG�OLNH�WR�VLQFHUHO\�WKDQN�'U��%��$��3LQW�IURP�2DN�5LGJH�1DWLRQDO�/DERUDWRU\��251/��
IRU�KLV�VXSSRUW�E\�H[FKDQJLQJ�H[SHULPHQWDO�DQG�IRU�WKH�IUXLWIXO�GLVFXVVLRQV�GXULQJ�WKH�)=-���
251/�ZRUNVKRSV��7KH�YDOXDEOH�FRPPHQWV�RQ�WKH�UHVXOWV�ZHUH�HVVHQWLDO�IRU�WKLV�WKHVLV��,�DOVR�
H[SUHVV� PDQ\� WKDQNV� WR� WKH� RWKHU� FROOHDJXHV� DW� 251/�� HVSHFLDOO\� .�� 8QRFLF�� IRU� D� YHU\�
VXFFHVVIXO�FRRSHUDWLRQ��

,�DP�YHU\�JUDWHIXO�WR�P\�VFLHQWLILF�VXSHUYLVRU�DW�,(.���3URI��'U��,QJ��:��-��4XDGDNNHUV�IRU�KLV�
FRQWLQXRXV�H[FHOOHQW� VXSSRUW�GXULQJ�P\�ZRUN��0DQ\�RI� WKH�YHU\�YDOXDEOH�GLVFXVVLRQV�DERXW�
WKH�SURJUHVV�RI�WKH�LQYHVWLJDWLRQV�ZHUH�YHU\�KHOSIXO�IRU�LQWHUSUHWLQJ�P\�UHVXOWV�DQG�H[WHQVLYHO\�
EURDGHQHG�P\� WHFKQLFDO� NQRZOHGJH�� ,� ZRXOG� OLNH� WR� WKDQN� 'U��,QJ�� 3�� +XF]NRZVNL� IRU� KLV�
GDLO\�VXSSRUW�GXULQJ�P\�ZRUN��HVSHFLDOO\�KLV�SDWLHQFH�DQG�DVVLVWDQFH�ZLWK�KLV� VFLHQWLILF�DQG�
H[SHULPHQWDO�NQRZ�KRZ��0\�VLQFHUH�JUDWLWXGH�WR�'U��,QJ��$��-DORZLFND�IRU�FDUU\LQJ�RXW�SDUW�
RI�WKH�7KHUPRFDOF�FDOFXODWLRQV�DQG�HVSHFLDOO\�IRU�KHU�H[FHOOHQW�DVVLVWDQFH�LQ�WKH�H[SHULPHQWDO�
ZRUN�ZKLFK�OHW�WKH�SURMHFW�UXQ�IOXHQWO\�GXULQJ�P\�PDWHUQLW\�OHDYH��

7KLV�SURMHFW�ZRXOG�QRW�KDYH�EHHQ�SRVVLEOH�ZLWKRXW�WKH�VXSSRUW�RI�P\�FROOHDJXHV�LQ�FDUU\LQJ�
RXW� R[LGDWLRQ� H[SHULPHQWV� DV� ZHOO� DV� WKH� FKDUDFWHUL]DWLRQ� RI� WKH�PDWHULDOV�� ,� ZRXOG� OLNH� WR�
WKDQN� +�� &RVOHU�� 5�� 0DKQNH� DQG� $�� .LFN� IRU� FDUU\LQJ� RXW� WKH� R[LGDWLRQ� H[SHULPHQWV�� 9��
*XW]HLW�DQG�-��%DUWVFK�IRU�PHWDOORJUDSKLF�LQYHVWLJDWLRQV��'U��(��:HVVHO�DQG�'U��'��*U�QHU�IRU�
6(0� �ZLWK� (';� DQG� (%6'�� DQDO\VLV� DQG�'U��,QJ��:��1RZDN� IRU�*'2(6�PHDVXUHPHQWV��
$VVLVWDQFH�ZLWK�,&3�2(6�DQDO\VLV�SURYLGHG�E\�+��/LSSHUW�DQG�9��1LVFKZLW]�IURP�WKH�&HQWUDO�
,QVWLWXWH�IRU�(QJLQHHULQJ��(OHFWURQLFV�DQG�$QDO\WLFV��=($����DW�WKH�)RUVFKXQJV]HQWUXP�-�OLFK�
*PE+� LV� JUHDWO\� DSSUHFLDWHG�� $� VSHFLDO� JUDWLWXGH� WR� 'U�� $� &K\UNLQ� IRU� FDUU\LQJ� RXW� WKH�
',&75$� FDOFXODWLRQV� DV� ZHOO� DV� KLV� KHOSIXO� GLVFXVVLRQV� UHODWHG� WR� WKHUPRG\QDPLFV� DQG�
NLQHWLFV� RI� SKDVH� WUDQVIRUPDWLRQV�� ,� DP� JUDWHIXO� WR� 'U�� 5�� 3LOODLெV� DGYLVHV� LQ� UHVSHFW� WR�
0$7/$%�SURJUDPPLQJ���

,�H[SUHVV�P\�VLQFHUH�JUDWLWXGH�WR�DOO�WKH�RWKHU�FROOHDJXHV�LQ�WKH�+LJK�7HPSHUDWXUH�&RUURVLRQ�
JURXS�� '�� 1DXPHQNR�� 9�� 6KHPHW�� -�� =XUHN�� (�� +HMUDQL�� 0�� 6FKLHN� DQG� 7�� *DOLXOOLQ� IRU�
DVVLVWDQFH� DQG� IUXLWIXO� GLVFXVVLRQV�� QLFH� FRQFHUQ� DQG� JUHHWLQJV� GXULQJ� P\� SUHJQDQF\� DQG�
PDWHUQLW\�OHDYH��DQG�IRU�D�JUHDW�WLPH�LQ�WKH�LQVWLWXWH��

7KH�FRQWLQXRXV�VXSSRUW�DQG�SDWLHQFH�RI�P\�SDUHQWV�DQG�P\�SDUHQWV�LQ�ODZ�DQG�HVSHFLDOO\�P\�
KXVEDQG�0U��3HQJIHL�/LX�ZHUH�HVVHQWLDO� IRU�P\�VXFFHVVIXO�ZRUN��7KDQNV� WR�P\� ORYHO\� VRQV�
$OH[DQGHU�DQG�:LOOLDP�IRU�EULQJLQJ�PH�PRWLYDWLRQ�DQG�KRSH�LQ�P\�OLIH�DQG�ZRUN��

,� ZRXOG� DOVR� OLNH� WR� DFNQRZOHGJH� WKH� ³%XQGHVPLQLVWHULXP� I�U� %LOGXQJ� XQG� )RUVFKXQJ´�
�%0%)��IRU�WKH�ILQDQFLDO�VXSSRUW�RI�WKLV�ZRUN�XQGHU�*UDQW�1R����(.������



3XEOLFDWLRQV�DQG�SUHVHQWDWLRQV�
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3XEOLFDWLRQV�DQG�SUHVHQWDWLRQV�

3DUW�RI�WKH�UHVXOWV�SUHVHQWHG�LQ�WKLV�WKHVLV�KDV�DOUHDG\�EHHQ�SXEOLVKHG�LQ�WKH�IROORZLQJ�DUWLFOHV�

DQG�DW�WKH�IROORZLQJ�FRQIHUHQFHV��

$��-DORZLFND��5��'XDQ��3��+XF]NRZVNL��$��&K\UNLQ��'��*U�QHU��%��$��3LQW��.��$��8QRFLF�DQG�

:�� -�� 4XDGDNNHUV�� ³(IIHFW� RI� 6SHFLPHQ� 7KLFNQHVV� RQ� 0LFURVWUXFWXUDO� &KDQJHV� 'XULQJ�

2[LGDWLRQ� RI� WKH�1L&U:�$OOR\� ���� DW� ���������&´�� �� YRO�� ���� QR�� ���� SS�� �����������

������

5��'XDQ��$�� -DORZLFND�� 3��+XF]NRZVNL��$��&K\UNLQ��'��*U�QHU�� %�� 3LQW��.��8QRFLF��:�� -��

4XDGDNNHUV��³3UHGLFWLQJ�2[LGDWLRQ�/LPLWHG�/LIHWLPH�RI�7KLQ�:DOOHG�&RPSRQHQWV�RI�1L&U:�

$OOR\����´�� ��YRO������QR�����SS���������������

3RVWHU� SUHVHQWDWLRQ� DW�*RUGRQ�&RQIHUHQFH�+LJK�7HPSHUDWXUH�&RUURVLRQ��1HZ�/RQGRQ��1+��

86$����������-XO\�������$��-DORZLFND��5��'XDQ��3��+XF]NRZVNL��$��&K\UNLQ��'��*U�QHU��%��$��

3LQW��.��$��8QRFLF��0�� -��/DQFH��:�� -��4XDGDNNHUV�� ³(IIHFW� RI�ZDOO� WKLFNQHVV� RQ�R[LGDWLRQ�

LQGXFHG�PLFURVWUXFWXUDO�FKDQJHV�RI�1L�&U�:�DOOR\�����LQ�WKH�WHPSHUDWXUH�UDQJH����������&´�

3RVWHU�SUHVHQWDWLRQ�DW�(852&255��*UD]��$X���������6HSWHPEHU�������5��'XDQ��$��-DORZLFND��

3��+XF]NRZVNL��$��&K\UNLQ��'��*U�QHU��%��3LQW��:��-��4XDGDNNHUV��³3UHGLFWLRQ�RI�R[LGDWLRQ�

LQGXFHG�OLIHWLPH�OLPLWV�RI�WKLQ�ZDOOHG�FRPSRQHQWV�RI�1L�EDVHG�VXSHUDOOR\V�LQ�WKH�WHPSHUDWXUH�

UDQJH����������&´��

�



$EVWUDFW��
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�

$EVWUDFW�

:LWK�DQ�LQFUHDVLQJ�DSSOLFDWLRQ�RI�KLJK�WHPSHUDWXUH�DOOR\V��HVSHFLDOO\�1L�EDVHG�VXSHUDOOR\V�LQ�
DXWRPRELOH�DQG�RWKHU�LQGXVWULDO�ILHOGV�� WKH�DELOLW\�WR�SUHGLFW�FRPSRQHQWVெ�OLIHWLPH�EHFRPHV�D�
SUHGRPLQDQW� GHPDQG� IURP� ERWK� VDIHW\� DQG� HQHUJ\� FRQVXPSWLRQ� DVSHFWV�� ,Q� WKH� SUHVHQW�
LQYHVWLJDWLRQ�� DQ� DWWHPSW� ZDV� PDGH� WR� GHYHORS� D� JHQHUDOL]HG� R[LGDWLRQ� OLIHWLPH� PRGHO� IRU�
FKURPLD�IRUPLQJ� )&&� DOOR\V� WKDW� FDQ� EH� LQFRUSRUDWHG� LQWR� DOOR\� GDWD� VKHHWV� DQG� HDVLO\�
XQGHUVWRRG�DQG�HPSOR\HG�E\�FRPSRQHQW�GHVLJQHUV��7KH�PRGHO� FDSWXUHV� WKH�PRVW� LPSRUWDQW�
GDPDJLQJ� R[LGDWLRQ� HIIHFWV� UHOHYDQW� IRU� FRPSRQHQW� GHVLJQ�� ZDOO� WKLFNQHVV� ORVV�� VFDOH�
VSDOODWLRQ�DQG�WKH�RFFXUUHQFH�RI�³EUHDNDZD\´�R[LGDWLRQ��7KH�PDWHULDO�XVHG�IRU�GHYHORSPHQW�
RI�WKH�FRQFHSW�ZDV�WKH�ZURXJKW�1L&U:�EDVH�DOOR\�������

)RU�GHULYLQJ�PRGHOLQJ�LQSXW�SDUDPHWHUV�DQG�IRU�YHULILFDWLRQ�RI�WKH�PRGHO�DSSURDFK��VSHFLPHQV�
RI� WKLV� DOOR\� ZLWK� GLIIHUHQW� WKLFNQHVVHV� ZHUH� H[SRVHG� F\FOLFDOO\� IRU� GLIIHUHQW� WLPHV� DW�
WHPSHUDWXUHV�LQ� WKH�UDQJH������������&�LQ�VWDWLF� ODERUDWRU\�DLU��7KH�VWXGLHV�FRQFHQWUDWHG�RQ�
WKLQ� VSHFLPHQV� �WKLFNQHVV� ���� �� ���� PP�� WR� REWDLQ� GDWD� IRU� FULWLFDO� VXEVFDOH� GHSOHWLRQ�
SURFHVVHV� UHVXOWLQJ� LQ� ³EUHDNDZD\´�R[LGDWLRQ�ZLWKLQ� UHDVRQDEO\� DFKLHYDEOH� WHVW� WLPHV� XS� WR�
�����K��7KH�R[LGDWLRQ�NLQHWLFV�DQG�R[LGDWLRQ�LQGXFHG�VXEVFDOH�PLFURVWUXFWXUDO�FKDQJHV�IURP�
WKH� ORQJ� WHUP� WHVWV� ZHUH� FRPELQHG� ZLWK� UHVXOWV� IURP� WKHUPRJUDYLPHWULF� DQDO\VHV� �7*$����
VFDQQLQJ�HOHFWURQ�PLFURVFRS\� �6(0��ZLWK�HQHUJ\�GLVSHUVLYH�[�UD\� �(';��VSHFWURVFRS\�DQG�
HOHFWURQ� EDFNVFDWWHU� GLIIUDFWLRQ� �(%6'��� DV� ZHOO� DV� JORZ� GLVFKDUJH� RSWLFDO� HPLVVLRQ�
VSHFWURVFRS\��*'2(6����

2[LGDWLRQ� LQGXFHG� PLFURVWUXFWXUDO� FKDQJHV� DV� IXQFWLRQ� RI� VSHFLPHQ� WKLFNQHVV�� WLPH� DQG�
WHPSHUDWXUH� ZHUH� HVWLPDWHG� DQG� PRGHOHG� XVLQJ� WKH� VRIWZDUH� SDFNDJHV� 7KHUPRFDOF� DQG�
',&75$��7KH�PRGHOLQJ�RI�WKH�R[LGH�VFDOH�VSDOOLQJ�DQG�UH�IRUPDWLRQ�ZDV�EDVHG�RQ�WKH�F\FOLF�
R[LGDWLRQ� VSDOODWLRQ� SURJUDP� �&263��� ZKLFK� ZDV� SXEOLVKHG� SUHYLRXVO\�� 7KH� SURJUDP� ZDV�
PRGLILHG� WR�DGDSW� WKH�DSSURDFK� WR� WKH�SUHVHQW�H[SHULPHQWDO�REVHUYDWLRQV��$�QHZ�PRGHO�ZDV�
GHYHORSHG�WR�GHVFULEH�DFFHOHUDWHG�R[LGDWLRQ�RFFXUULQJ�DIWHU�ORQJHU�H[SRVXUH�WLPHV�LQ�FDVH�RI�
WKH�WKLQQHVW�VSHFLPHQV��7KH�FDOFXODWHG�R[LGDWLRQ�NLQHWLFV�ZDV�FRUUHODWHG�ZLWK�WKH�&U�UHVHUYRLU�
HTXDWLRQ�� E\� PHDQV� RI� ZKLFK� WKH� UHODWLRQ� EHWZHHQ� WKH� FRQVXPSWLRQ� DQG� WKH� UHPDLQHG�
FRQFHQWUDWLRQ�RI� WKH�VFDOH� IRUPLQJ�HOHPHQW� �&U�� LQ� WKH�DOOR\V� LV�HVWDEOLVKHG�DV�D� IXQFWLRQ�RI�
WHPSHUDWXUH� DQG� VSHFLPHQ� WKLFNQHVV�� 7KH� UHVXOWV� REWDLQHG� E\� WKH� UHVHUYRLU� DSSURDFK� ZHUH�
FRPSDUHG�ZLWK�FDOFXODWLRQV�RI�&U�FRQFHQWUDWLRQ�SURILOHV�XVLQJ�D�ILQLWH�GLIIHUHQFH�PRGHO��%DVHG�
RQ�WKLV�DSSURDFK��D�JHQHUDOL]HG�OLIHWLPH�GLDJUDP�LV�SURSRVHG�LQ�ZKLFK�ZDOO�WKLFNQHVV�ORVV�DV�
IXQFWLRQ�RI� WLPH��VSHFLPHQ� WKLFNQHVV�DQG� WHPSHUDWXUH�DV�ZHOO�DV� WLPHV� WR� UHDFKLQJ�D�FULWLFDO�
FKURPLXP�VXEVFDOH�GHSOHWLRQ�DUH�SUHVHQWHG��7KH�VDPH�DSSURDFK�ZDV�VXEVHTXHQWO\�DSSOLHG�WR�
WKH�QLFNHO�EDVH�DOOR\V�;�DQG�1L&U������DV�ZHOO�DV�WKH�DXVWHQLWLF�VWHHO�1LFURIHU�������%RWK�1L�
EDVH�DOOR\V�VKRZHG�VKRUWHU�WLPHV�WR�FULWLFDO�VXEVFDOH�GHSOHWLRQ�WKDQ�DOOR\������DOOR\�;�PDLQO\�
GXH�WR�KLJKHU�VFDOH�JURZWK�UDWHV��DOOR\�1L&U������GXH�WR�SRRUHU�VFDOH�DGKHUHQFH�DQG�D�ORZHU�
LQLWLDO�&U�FRQWHQW��7KH�DXVWHQLWLF�VWHHO�VKRZHG�WKH�VKRUWHVW�OLIHWLPH�PDLQO\�GXH�WR�0Q�DQG�7L�
LQGXFHG�KLJK�JURZWK�UDWHV�RI�WKH�FKURPLD�VFDOH�DQG�UHVXOWLQJ�ORZ�&U�LQWHUIDFH�FRQFHQWUDWLRQV��
�



.XU]IXVVXQJ�

LY�
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.XU]IDVVXQJ�

:HJHQ� GHV� ]XQHKPHQGHQ� (LQVDW]HV� YRQ� +RFKWHPSHUDWXUZHUNVWRIIHQ�� LQVEHVRQGHUH� YRQ�
1LFNHOEDVLVOHJLHUXQJHQ� LP� $XWRPRELOEDX� XQG� DQGHUHQ� LQGXVWULHOOHQ� $QZHQGXQJHQ�� ZHUGHQ�
]XYHUOlVVLJH�0RGHOOH�]XU�/HEHQVGDXHUYRUKHUVDJH�YRQ�LPPHU�JU|�HUHU�%HGHXWXQJ���,Q�GHU�YRUOLHJHQGHQ�
$UEHLW� ZXUGH� HLQ� DOOJHPHLQ� DQZHQGEDUHV� 0RGHOO� HQWZLFNHOW�� GDV� GLH� 9RUKHUVDJH� GHU�
R[LGDWLRQVEHGLQJWHQ� /HEHQVGDXHUJUHQ]HQ� YRQ� FKURPR[LGELOGHQGHQ� NXELVFK� IOlFKHQ]HQWULHUWH� �.)=��
/HJLHUXQJHQ� HUP|JOLFKW��0LW� GHP�0RGHOO� VROOWH� HLQH�'DUVWHOOXQJ� ]XU�9HUI�JXQJ� JHVWHOOW� ZHUGHQ� LQ�
GHP�2[LGDWLRQVVFKlGLJXQJ�QDFK�VWDQGDUGLVLHUWHQ�9HUIDKUHQ�TXDQWLWDWLY�EHVFKULHEHQ�ZLUG�XQG�VRPLW�LQ�
:HUNVWRIIGDWHQEOlWWHU�DXIJHQRPPHQ�ZHUGHQ�NDQQ��(V�LVW�VRPLW�HLQ�HLQIDFK�DQZHQGEDUHV�7RRO�I�U�GLH�
%HU�FNVLFKWLJXQJ� YRQ� 2[LGDWLRQVVFKlGLJXQJ� EHL� GHU� .RPSRQHQWHQDXVOHJXQJ�� 'DV� 0RGHOO�
EHU�FNVLFKWLJW� GLH� ZLFKWLJVWHQ� R[LGDWLRQVEHGLQJWHQ� 6FKlGLJXQJVPHFKDQLVPHQ� GLH� I�U� GLH�
.RPSRQHQWHQDXVOHJXQJ� UHOHYDQW� VLQG�� QlPOLFK� :DQGGLFNHQYHUOXVW�� 'HFNVFKLFKWDESODW]HQ� XQG�
$XIWUHWHQ� YRQ� Ä%UHDNDZD\�2[LGDWLRQ³�� )�U� GLH� (QWZLFNOXQJ� GHV� 0RGHOOV� ZXUGH� GLH� ZXUGH� GLH�
1L&U:�%DVLVOHJLHUXQJ� ���� YHUZHQGHW�� =XU� (UPLWWOXQJ� GHU� (LQJDEHSDUDPHWHU� I�U� GDV�5HFKHQPRGHOO�
XQG�]XU�9HULILNDWLRQ�GHU�/DQJ]HLWH[WUDSRODWLRQHQ�HUIROJWHQ�]\NOLVFKH�2[LGDWLRQVYHUVXFKH�LQ�UXKHQGHU�
/DERUOXIW� PLW� 3UREHQ� XQWHUVFKLHGOLFKHU� 'LFNH� LP� 7HPSHUDWXUEHUHLFK� ���� �� �����&�� 8P� ]X�
JHZlKUOHLVWHQ�� GDVV� NULWLVFKH� &KURPYHUDUPXQJHQ� XQG� VRPLW� Ä%UHDNDZD\�2[LGDWLRQ³� LQQHUKDOE�
YHUWUHWEDUHU� 9HUVXFKV]HLWHQ� YRQ�PD[LPDO� ����K� HUUHLFKW�ZHUGHQ� NRQQWHQ�� ODJ� GHU� 6FKZHUSXQNW� GHU�
8QWHUVXFKXQJHQ� EHL� G�QQHQ� 3UREHQ� �'LFNH� ���� �� ���� PP��� 'LH� 2[LGDWLRQVNLQHWLN� XQG� GLH�
R[LGDWLRQVEHGLQJWH� &KURPYHUDUPXQJ� XQWHUKDOE� GHU� R[LGLVFKHQ� 'HFNVFKLFKWHQ� ZXUGHQ� PLWWHOV�
/DQJ]HLWYHUVXFKHQ� HUPLWWHOW�� 'LH� 5HVXOWDWH� ZXUGHQ� PLW� 5HVXOWDWHQ� DXV� WKHUPRJUDYLPHWULVFKHQ�
$QDO\VHQ� �7*$��� *OLPPHQWODGXQJVVSHNWURVNRSLH� �*'2(6��� 5DVWHU�(OHNWURQHQPLNURVNRSLH� �5(0��
PLW� HQHUJLHGLVSHUVLYHU� 5|QWJHQDQDO\VH� �(';�� XQG� (OHNWURQHQU�FNVWUHXEHXJXQJ� �(%6'�� NRUUHOLHUW��
2[LGDWLRQVEHGLQJWH�bQGHUXQJHQ�GHU�/HJLHUXQJVPLNURVWUXNWXU�DOV�)XQNWLRQ�GHU�3UREHQGLFNH��=HLW�XQG�
7HPSHUDWXU� ZXUGHQ� PLW� +LOIH� GHU� 6RIWZDUHSDNHWH� 7KHUPRFDOF� XQG� ',&75$� PRGHOOLHUW�� 'LH�
PDWKHPDWLVFKH� %HVFKUHLEXQJ� GHU� $ESODW]NLQHWLN� XQG� QDFKIROJHQGHU� 1HXELOGXQJ� GHU� R[LGLVFKHQ�
'HFNVFKLFKWHQ�EDVLHUWH�DXI�GHP�IU�KHU�SXEOL]LHUWH�3URJUDPP�&263��/HW]WHUHV�ZXUGH�PRGLIL]LHUW�]XU�
$QSDVVXQJ� GHV� PDWKHPDWLVFKHQ� $QVDW]HV� DQ� GLH� LQ� GHU� YRUOLHJHQGHQ� $UEHLW� JHPDFKWHQ�
H[SHULPHQWHOOHQ� %HREDFKWXQJHQ�� =XU� %HVFKUHLEXQJ� GHU� EHVFKOHXQLJWHQ� 2[LGDWLRQ� GLH� QDFK�
/DQJ]HLWDXVODJHUXQJ� EHL� GHQ� G�QQVWHQ� 3UREHQ� ����� PP�� DXIWUDW�� ZXUGH� HLQ� QHXHV� PDWKHPDWLVFKHV�
0RGHOO� HQWZLFNHOW��'LH�EHUHFKQHWH�2[LGDWLRQVNLQHWLN�ZXUGH�PLW� GHP�&U�5HVHUYRLU� LQ�GHU�/HJLHUXQJ�
NRUUHOLHUW��+LHUGXUFK� HUIROJWH� HLQH�%H]LHKXQJ� ]ZLVFKHQ�9HUEUDXFK� XQG� YHUEOHLEHQGHU�.RQ]HQWUDWLRQ�
GHV� VFKLFKWELOGHQGHQ� /HJLHUXQJVHOHPHQWHV� �KLHU� &U�� DOV� )XQNWLRQ� YRQ� =HLW�� 7HPSHUDWXU� XQG�
3UREHQGLFNH�� 'LH�PLW� GLHVHP�5HVHUYRLU�$QVDW]� HUPLWWHOWHQ� (UJHEQLVVH�ZXUGHQ�PLW� GHQ� &U�3URILOHQ��
ZHOFKH� PLWWHOV� HLQHV� )LQLWH�'LIIHUHQ]HQ�3URJUDPPV� EHUHFKQHW� ZXUGHQ�� YHUJOLFKHQ�� %DVLHUHQG� DXI�
GLHVHQ�PDWKHPDWLVFKHQ�$QVlW]HQ�ZXUGH�HLQ�DOOJHPHLQ�DQZHQGEDUHV�/HEHQVGDXHUGLDJUDPP�HUDUEHLWHW��
LQ� GHP�:DQGGLFNHQYHUOXVW� DOV� )XQNWLRQ� YRQ�=HLW�� 3UREHQGLFNH� XQG�7HPSHUDWXU�� VRZLH� GLH� =HLW� ELV�
]XP�(UUHLFKHQ� HLQHU� NULWLVFKHQ�&KURPNRQ]HQWUDWLRQ� DQ� GHU�*UHQ]IOlFKH�2[LG�/HJLHUXQJ�� GDUJHVWHOOW�
ZLUG��

'HU�JOHLFKH�$QVDW]�ZXUGH�DQVFKOLH�HQG�DXI�GLH�1LFNHOEDVLVOHJLHUXQJHQ�;�XQG�1L&U������VRZLH�GHQ�
DXVWHQLWLVFKHQ�6WDKO�1LFURIHU������DQJHZHQGHW��%HLGH�1L�%DVLVOHJLHUXQJHQ�]HLJWHQ�N�U]HUH�=HLWHQ�ELV�
]XP� $XIWUHWHQ� HLQHU� NULWLVFKHQ� &KURPYHUDUPXQJ� DOV� /HJLHUXQJ� ����� %HL� /HJLHUXQJ� ;� ZDU� GLHV�
YRUZLHJHQG�DXI�HLQHU�K|KHUHQ�2[LGZDFKVWXPVUDWH�]XU�FN]XI�KUHQ��%HL�1L&U������DXI�GLH�VFKOHFKWHUH�
2[LGKDIWXQJ�XQG�GHQ�JHULQJHUHQ�$XVJDQJV�&U�*HKDOW�GHU�/HJLHUXQJ��

'HU�DXVWHQLWLVFKH�6WDKO�1LFURIHU������]HLJWH�GLH�N�U]HVWH�/HEHQVGDXHU�GHU�XQWHUVXFKWHQ�/HJLHUXQJHQ��
'LH�ZLFKWLJVWH�8UVDFKH� GDI�U�ZDUHQ� GLH� GXUFK�0Q�XQG�7L� LQGX]LHUWHQ� K|KHUHQ�:DFKVWXPVUDWHQ� GHU�
&KURPR[LGVFKLFKWHQ� XQG� GLH� GDGXUFK� EHGLQJWHQ� VHKU� QLHGULJHQ� &U�.RQ]HQWUDWLRQHQ� DQ� GHU�
*UHQ]IOlFKH�2[LGVFKLFKW�/HJLHUXQJ��
�
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���� &XUUHQW�DSSOLFDWLRQV�RI�KLJK�WHPSHUDWXUH�VXSHUDOOR\V����������������������������������������������������������������������������������
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�� $LP�RI�SUHVHQW�VWXG\��������������������������������������������������������������������������������������������������������������
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���� .LQHWLFV�RI�R[LGDWLRQ������������������������������������������������������������������������������������������������������������������������������������
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���� ([DPSOH�RI�R[LGDWLRQ�NLQHWLFV�DQG�VXEVFDOH�FKURPLXP�GHSOHWLRQ���������������������������������������������������������������
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���,QWURGXFWLRQ�

��

�

� ,QWURGXFWLRQ�

���� &XUUHQW�DSSOLFDWLRQV�RI�KLJK�WHPSHUDWXUH�VXSHUDOOR\V�

+LJK�WHPSHUDWXUH� DOOR\V� KDYH� EHHQ� ZLGHO\� XVHG� LQ� PDQ\� LQGXVWULDO� DSSOLFDWLRQV�� LQFOXGLQJ�

SRZHU�JHQHUDWLRQ��FKHPLFDO�SODQWV��DQG�HQJLQH�WHFKQRORJLHV��,Q�WKH�IDPLO\�RI�KLJK�WHPSHUDWXUH�

DOOR\V�� WKH� VXSHUDOOR\V� DUH� KLJK� SHUIRUPDQFH� QLFNHO��� LURQ�QLFNHO��� DQG� FREDOW�EDVH� DOOR\V��

ZKLFK�DUH�XVHG�DW� WHPSHUDWXUHV�DERYH�DSSUR[LPDWHO\�����&�GXH�WR�DQ�RXWVWDQGLQJ�R[LGDWLRQ�

DQG� FUHHS� UHVLVWDQFH� >�@�� 7KH� JURXS� RI� LURQ�QLFNHO�EDVHG� VXSHUDOOR\V� LV� DQ� H[WHQVLRQ� RI�

FRPPRQ� VWDLQOHVV� VWHHOV�� )URP� WKH� YLHZSRLQW� RI� R[LGDWLRQ� UHVLVWDQFH� >�@� DQ� DSSUR[LPDWH�

LQGLFDWLRQ�RI�PD[LPXP�DSSOLFDWLRQ�WHPSHUDWXUHV�FDQ�EH�GHILQHG��DXVWHQLWLF�VWDLQOHVV�VWHHOV�WKDW�

IRUP�D�&U�2��H[WHUQDO�VFDOH�GXULQJ�KLJK�WHPSHUDWXUH�VHUYLFH�PD\�EH�DSSOLHG�DV�FRQVWUXFWLRQ�

PDWHULDO�XS�WR�����&��QLFNHO�EDVHG�&U�2��IRUPLQJ�DOOR\V�XS�WR�DERXW�����&��ZKLOH�1L�EDVHG�

$O�2�� IRUPLQJ� DOOR\V� FDQ� EH� XVHG� HYHQ� DW� WHPSHUDWXUHV� DV� KLJK� DV� �����&�� +RZHYHU�� WKH�

DFWXDO�DSSOLFDEOH�PD[LPXP�RSHUDWLQJ�WHPSHUDWXUHV�GHSHQG�RQ�QXPHURXV�SDUDPHWHUV�VXFK�DV�

GHWDLOHG� DOOR\� FRPSRVLWLRQ�� VHUYLFH� HQYLURQPHQW�� UHTXLUHG� OLIHWLPH�� FRPSRQHQW� GHVLJQ�� HWF��

7KH� H[FHOOHQW� KLJK� WHPSHUDWXUH� VWUHQJWK� PDNHV� QLFNHO�EDVHG� VXSHUDOOR\V� WR� EH� WKH� LGHDO�

PDWHULDOV�LQ�WKH�PDQXIDFWXUH�RI�JDV�WXUELQH�FRPSRQHQWV�XVHG�LQ�ERWK�FRPPHUFLDO�DQG�PLOLWDU\�

DLUFUDIW�� SRZHU� JHQHUDWLRQ�� DQG� PDULQH� SURSXOVLRQ�� 2WKHU� DSSOLFDWLRQ� ILHOGV� LQFOXGH� VSDFH�

YHKLFOHV��VXEPDULQHV��QXFOHDU�UHDFWRUV��PLOLWDU\�HOHFWULF�PRWRUV��FKHPLFDO�SURFHVVLQJ�YHVVHOV��

DQG�KHDW�H[FKDQJHUV�>�@��

'XH� WR� WKH�KLJK�R[LGDWLRQ�DQG�FUHHS� UHVLVWDQFH�RI�QLFNHO�EDVHG�VXSHUDOOR\V��QHZ�MHW�HQJLQHV�

SHUIRUP�PRUH�HIILFLHQWO\�DW�KLJKHU�WHPSHUDWXUHV��DQG�WKHLU�HPLVVLRQ�LV�DOVR�UHGXFHG�DV�D�UHVXOW�

RI�D�PRUH�FRPSOHWH�FRPEXVWLRQ��)LJXUH�˪����VKRZV�WKH�DSSOLFDWLRQ�RI�QLFNHO�EDVHG�VXSHUDOOR\V�
LQ� WKH�KRW�VHFWLRQ�RI�D� MHW�HQJLQH��7KH�VXSHUDOOR\V�DUH�DOVR�ZLGHO\�XVHG�IRU� WKLQ�ZDOOHG�KLJK�

WHPSHUDWXUH� FRPSRQHQWV� VXFK� DV�PLFUR� KHDW� H[FKDQJHUV� IRU� 6ROLG�2[LGH� )XHO�&HOO� �62)&��

PDGH�E\�D�QLFNHO�EDVHG�VXSHUDOOR\�VKRZQ�LQ�)LJXUH� ˪�����KHUH�ZLWK�D�W\SLFDO�ZDOO�WKLFNQHVV�RI�
����PP��
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)LJXUH� ˪����� 6FKHPDWLF� LOOXVWUDWLQJ� DSSOLFDWLRQ� RI� QLFNHO�EDVHG� VXSHUDOOR\V� DV� FRQVWUXFWLRQ�
PDWHULDOV�IRU�YDULRXV�FRPSRQHQWV��PRVWO\�LQ�KRW�VHFWLRQ�RI�D�MHW�HQJLQH�>�@��

�

�
)LJXUH�˪�����0LFUR�KLJK�WHPSHUDWXUH�KHDW�H[FKDQJHU�IRU�62)&�V\VWHP�IDEULFDWHG�XVLQJ�1L&U�

EDVH�DOOR\�>�@��

7KH� XVH� RI� QLFNHO� KDV� LQFUHDVHG� RYHU� WLPH� DQG� LV� FRUUHODWHG�ZLWK� WKH�ZRUOGZLGH� HFRQRPLF�

GHYHORSPHQW�� $OWKRXJK� WKH� PDLQ� XVDJH� RI� QLFNHO� LV� QRZDGD\V� WKH� SURGXFWLRQ� RI� VWDLQOHVV�

VWHHOV�� WKH� FRQVXPSWLRQ� RI� QLFNHO� LQ� SURGXFLQJ� VXSHUDOOR\V� LV� VLJQLILFDQWO\� JURZLQJ��

)LJXUH�˪����LOOXVWUDWHV�WKH�ILUVW�XVH�RI�QLFNHO�LQ�������ZKHUH�³ILUVW�XVH´�PHDQV�WKH�XVH�RI�QHZO\�

SURGXFHG�QLFNHO��7KH�XVDJH�RI�QLFNHO�LQ�VXSHUDOOR\V�LV�LQFOXGHG�LQ�WKH�FDWHJRU\�RI�QRQIHUURXV�

&ROG�VHFWLRQ +RW�VHFWLRQ
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DOOR\V��)ROORZLQJ�WKH�FDWHJRU\�RI�SODWLQJ��WKLV�FDWHJRU\�LV�EHFRPLQJ�RQH�RI�WKH�PRVW�LPSRUWDQW�

DSSOLFDWLRQ�VHFWRUV�IRU�QLFNHO�DQG�DFFRXQWV�IRU����RI�WKH�WRWDO�QLFNHO�XVH�>�@��

�
)LJXUH�˪�����7KH�ZRUOG�ILUVW�XVH�RI�QLFNHO�LQ������>�@��

���� &ODVVLILFDWLRQ�RI�KLJK�WHPSHUDWXUH�VXSHUDOOR\V�

7KH�QLFNHO�EDVHG�DOOR\V�FDQ�EH�FODVVLILHG�LQWR�ZURXJKW�DQG�FDVW�DOOR\V�>�@��:URXJKW�DOOR\V�DUH�

DOOR\V��ZKLFK�DUH�FRPPRQO\�IRUJHG�RU�UROOHG�WR�VKHHW�RU�RWKHU�VHPL�ILQLVKHG�SURGXFWV��+LJKHU�

DOOR\HG��VR�FDOOHG�FDVW�QLFNHO�EDVHG�DOOR\V�FDQQRW�EH�PDQXIDFWXUHG�LQWR�VHPL�ILQLVKHG�SURGXFWV�

E\� WKH� VWDQGDUG� PHWKRGV� GHVFULEHG� DERYH� DQG� DUH� WKHUHIRUH� XVHG� LQ� WKH� DV�FDVW� FRQGLWLRQ��

$PRQJ� WKH� FDVW� DOOR\V�� VSHFLDO� JURXSV� RI� PDWHULDOV� DUH� GLUHFWLRQDOO\� VROLGLILHG� DQG� VLQJOH�

FU\VWDO�VXSHUDOOR\V��)URP�WKH�YLHZSRLQW�RI�VWUHQJWKHQLQJ�� WKH�ZURXJKW�DOOR\V�FDQ�EH�GLYLGHG�

LQWR� VROLG�VROXWLRQ�VWUHQJWKHQHG� DQG� SUHFLSLWDWLRQ�VWUHQJWKHQHG� DOOR\V�� ,Q� VROLG�VROXWLRQ�

VWUHQJWKHQHG� DOOR\V�� WKH� DOOR\LQJ� HOHPHQWV� H[LVW� DV� VXEVWLWXWLRQDO� RU� LQWHUVWLWLDO� DWRPV� LQ� WKH�

EDVH� IDFH�FHQWHUHG�FXELF��)&&�� ODWWLFH�� ,Q�SUHFLSLWDWLRQ�VWUHQJWKHQHG�DOOR\V��D�VHFRQG�SKDVH��

VXFK�DV�FDUELGHV�RI�DOOR\LQJ�HOHPHQWV��ɀԢ ��ɀԢԢ �RU�R[LGH�SUHFLSLWDWHV�LQ�2'6��R[LGH�GLVSHUVLYH�
VWUHQJWKHQHG��VXSHUDOOR\V��LV�SUHFLSLWDWHG�DQG�RU�GLVSHUVHG�DW�WKH�JUDLQ�ERXQGDULHV�LQ�WKH�DOOR\�

PDWUL[�>�@��7DEOH�����OLVWV�VHOHFWHG�W\SLFDO�ZURXJKW�DQG�FDVW�VXSSHUDOOR\V��

�

�

�
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7DEOH� ˪�����&ODVVLILFDWLRQ�RI�W\SLFDO�LURQ�QLFNHO��DQG�QLFNHO�EDVH�VXSHUDOOR\V�>����@�

� $OOR\V� 1RPLQDO�FRPSRVLWLRQ�LQ�ZW�����

:URXJKW�DOOR\V�

6ROLG�VROXWLRQ�VWUHQJWKHQHG�DOOR\V��

+D\QHV����� ��1L���)H���&U���&R��0R����:�

� ,QFROR\����� ����1L�����)H���&U�

+D\QHV����� 1L���&U����$O��)H�

� +D\QHV����� 1L���&U���:��&R��0R�

� +D\QHV����� 1L���&U�����)H�����&R��0R�����$O�

� +DVWHOOR\�;� 1L���&U�����)H��0R����&R�

3ULFLSLWDWLRQ�KDUGHQLQJ�DOOR\V��

,QFROR\����� ��1L���)H�����&U����0R����7L�

$VWUROR\� 1L���&U���&R�����0R����7L����$O�

� +D\QHV����� 1L��&U���0R����&R��)H�

� 5HQH���� 1L���&U���&R���0R����7L����$O�

� :DVSDOR\� 1L�����&U�����&R����0R��7L����$O��)H�

&DVW�DOOR\V��

5HQH���� 1L���&U����&R��0R��7L��$O�

� ,QFRQHO����� 1L���&U����&R�����0R����:����$O����7L�

'LUHFWLRQDO�VROLGLILHG�DOOR\� 6LHPHW�'6� 1L���&U��&R��7D����0R����:����$O����7L�

6LQJOH�FU\VWDO�DOOR\� &06;��� 1L����&U��&R��7L����$O����0R��:����7D�

� &06;��� 1L���&U��&R����$O����7L��0R��7D�

�

���� 2[LGDWLRQ�UHVLVWDQFH�RI�QLFNHO�EDVH�VXSHUDOOR\V�

:URXJKW� QLFNHO�EDVH� DOOR\V� FRPELQH� SURSHUWLHV� WKDW� PDNH� WKHP� LGHDOO\� VXLWHG� IRU� D� ZLGH�

YDULHW\� RI� HOHYDWHG� WHPSHUDWXUH� DSSOLFDWLRQV� LQFOXGLQJ� WKH� DHURVSDFH�� SRZHU� JHQHUDWLRQ� DQG�

FKHPLFDO� SURFHVVLQJ� LQGXVWU\� >���@�� 7KH� KLJK� WHPSHUDWXUH� FUHHS� UHVLVWDQFH� RI� WKLV� FODVV� RI�

DOOR\V�PDLQO\�UHOLHV�RQ�VROLG�VROXWLRQ�VWUHQJWKHQLQJ�E\�DOOR\LQJ�DGGLWLRQV�VXFK�DV�&U��0R��&R�

DQG�:�DV�ZHOO� DV�SUHFLSLWDWLRQ� VWUHQJWKHQLQJ�E\�FDUELGHV� �H�J��0��&�� RU�0�&���ZKLFK� IRUP�

ZLWK� &� DGGLWLRQV� RI� a����� �� ����� >��� ��@�� 'HSHQGLQJ� RQ� DOOR\� FRPSRVLWLRQ�� LQWHUPHWDOOLF�

SKDVHV� DOVR�PD\� FRQWULEXWH� WR� WKH� FUHHS� VWUHQJWK��0RVW�ZURXJKW�1L�EDVH� DOOR\V� IRUP� VORZ�

JURZLQJ�� SURWHFWLYH� FKURPLD�EDVH� VXUIDFH� VFDOHV� GXULQJ� KLJK� WHPSHUDWXUH� H[SRVXUHV� GXH� WR�

VHOHFWLYH�&U�R[LGDWLRQ�>������@��7KLV�VFDOH�IRUPDWLRQ�LV�EDVHG�RQ�W\SLFDO�&U�FRQWHQWV�RI���� ��

�����7KHVH�DOOR\V�DUH�WKHUHIRUH�FRPPRQO\�WHUPHG�FKURPLD�IRUPHUV��DOWKRXJK�RWKHU�DOOR\LQJ�
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HOHPHQWV� �H�J��0Q�� 7L�� 6L�� $O�� 1E�� SDUWLFLSDWH� LQ� WKH� R[LGH� IRUPDWLRQ� ZKLFK�PD\� UHVXOW� LQ�

PXOWLSKDVH�VXUIDFH�VFDOHV��

,QYHVWLJDWLRQ� DQG� TXDQWLILFDWLRQ� RI� R[LGDWLRQ� UHVLVWDQFH� LV� FRPPRQO\� GRQH� E\� FRPELQLQJ�

JUDYLPHWULF�UHVXOWV�ZLWK�GDWD�RI�D�YDULHW\�RI�FKDUDFWHUL]DWLRQ�WRROV�VXFK�DV� OLJKW�DQG�HOHFWURQ�

PLFURVFRS\� DV�ZHOO� DV� VXUIDFH� DQDO\VLV�PHWKRGV� >�����@��:HLJKW� FKDQJHV� DUH� D�PHDVXUH� RI�

R[LGH� JURZWK� NLQHWLFV� GXULQJ� VWHDG\� VWDWH� VFDOH� JURZWK� DV� ZHOO� DV� DQ� LQGLFDWRU� RI� VFDOH�

VSDOODWLRQ��PDLQO\�RFFXUULQJ�DV�D�UHVXOW�RI�WKHUPDO�F\FOLQJ�>��@��7KH�GLVDGYDQWDJH�RI�XVLQJ�WKH�

PHDVXUHG�ZHLJKW�FKDQJH�GDWD�IRU�FKDUDFWHUL]DWLRQ�RI�WKH�R[LGDWLRQ�EHKDYLRU�LV�WKDW�WKHVH�GDWD�

GR� QRW� SURYLGH� LQIRUPDWLRQ�� ZKLFK� LV� GLUHFWO\� XVDEOH� LQ� WKH� GHVLJQ� RI� KLJK� WHPSHUDWXUH�

FRPSRQHQWV��)RU�FRPSRQHQW�GHVLJQ��PRUH�UHOHYDQW�R[LGDWLRQ�LQGXFHG�GDPDJH�SURFHVVHV�DUH��

�� /RVV�LQ�ZDOO�WKLFNQHVV�UHVXOWLQJ�LQ�ORVV�RI�ORDG�FDUU\LQJ�FURVV�VHFWLRQ�>��@��

�� 6SDOODWLRQ� RI� WKH� VFDOHV� HVSHFLDOO\� RFFXUULQJ� DV� D� UHVXOW� RI� WKHUPDO� VWUHVVHV� LQ�

FRPELQDWLRQ� ZLWK� YRLG� IRUPDWLRQ�FUDFNLQJ� LQ� WKH� VFDOH� GXULQJ� WHPSHUDWXUH� F\FOLQJ� >��@��

6SDOOHG�R[LGHV�PD\�EORFN�QDUURZ�JDV�SDVVDJHV�ZKLFK�PD\�LQKLELW�KHDW�WUDQVIHU�DQG�WKXV�FDXVH�

ORFDO�RYHUKHDWLQJ��

�� 6XEVXUIDFH�ORVV�RI�&U�DV�D�UHVXOW�RI�FRQVXPSWLRQ�E\�VFDOH�JURZWK�DQG�UH�KHDOLQJ�DIWHU�

VSDOODWLRQ�� 7KLV� SURFHVV� PD\� HYHQWXDOO\� OHDG� WR� D� GHFUHDVH� RI� WKH� &U� FRQFHQWUDWLRQ� DW� WKH�

DOOR\�VFDOH�LQWHUIDFH�WR�VXFK�D�ORZ�OHYHO�WKDW�WKH�JURZWK�RI�WKH�SURWHFWLYH�FKURPLD�VFDOH�FDQ�QR�

ORQJHU�EH� VXVWDLQHG��7KLV� OHDGV� WR� IRUPDWLRQ�RI�RWKHU� OHVV�SURWHFWLYH�R[LGH�SKDVHV��ZKLFK� LV�

IUHTXHQWO\� WHUPHG� ³EUHDNDZD\� R[LGDWLRQ´� >��@� DQG� LV� RIWHQ� FRUUHODWHG� ZLWK� WKH� HQG� RI�

FRPSRQHQW�OLIH��

���� 6WDWXV�RI�VWXGLHV�RQ�OLIHWLPH�SUHGLFWLRQ�

$OWKRXJK� LW� LV�ZLGHO\� NQRZQ�� WKDW� WKH� R[LGDWLRQ� UHVLVWDQFH� LV� DQ� LPSRUWDQW� FKDUDFWHULVWLF� RI�

QLFNHO�EDVHG�VXSHUDOOR\V��GHVLJQ�UHOHYDQW�TXDQWLWDWLYH�GDWD�UHODWHG�WR�R[LGDWLRQ�UHVLVWDQFH�DUH�

KDUGO\� SURYLGHG� LQ� GDWD� VKHHWV� RI� VXSHUDOOR\V�� 7KH� FRPPRQ� LQIRUPDWLRQ� DERXW� R[LGDWLRQ�

UHVLVWDQFH� LV� XVXDOO\� SUHVHQWHG� E\� PHQWLRQLQJ� D� PD[LPXP� WHPSHUDWXUH� DW� ZKLFK� VDIH�

DSSOLFDWLRQ�PD\�EH�H[SHFWHG���

&RQVLGHULQJ�WKH�ZLGH�DSSOLFDWLRQ�RI�QLFNHO�EDVHG�VXSHUDOOR\V�LQ�D�YDULHW\�RI�FRPSRQHQWV�XVHG�

LQ�ERWK�FLYLO�DQG�PLOLWDU\�DSSOLFDWLRQV��WKH�GHVLJQHU�RI�WKH�FRPSRQHQW�VKRXOG�DOZD\V�VWDQG�LQ�
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WKH� VDIH� VLGH�� 7KHUHIRUH�� WKH� OLIHWLPH� RI� WKH� VXSHUDOOR\� WXUQV� RXW� WR� EH� D� YHU\� LPSRUWDQW�

UHIHUHQFH�WR�WKH�GHVLJQHU��

$SDUW�IURP�WKH�DERYH�PHQWLRQHG�GHVLJQ�UHOHYDQW�GDPDJH�SURFHVVHV��R[LGDWLRQ�PD\�DOVR�UHVXOW�

LQ�PLFURVWUXFWXUDO�FKDQJHV��ZKLFK�DIIHFW�PHFKDQLFDO�SURSHUWLHV��7KLV�LV�WKH�UHVXOW�RI�FKDQJLQJ�

WKH� DPRXQW� DQG�GLVWULEXWLRQ�RI�SUHFLSLWDWHV� LQ� WKH� FRPSRQHQW� DV� D� UHVXOW� RI�GHSOHWLRQ�RI� WKH�

VFDOH�IRUPLQJ�HOHPHQW��,W�LV�REYLRXV�WKDW�GHSOHWLRQ�LQGXFHG�SURFHVVHV�ZLOO�EH�PRUH�VLJQLILFDQW�

LQ� WKLQ�� WKDQ� LQ� WKLFN�ZDOOHG� FRPSRQHQWV�� )RU� DFFXUDWH� PRGHOLQJ� RI� ORQJ�WHUP� FRPSRQHQW�

OLIHWLPH��WKHVH�R[LGDWLRQ�UHODWHG�GDPDJH�SURFHVVHV�PXVW�DOO�EH�LQFOXGHG��

,Q� WKH� OLWHUDWXUH�� QXPHURXV� SDSHUV� JLYH� PRGHOLQJ� DSSURDFKHV� SURYLGLQJ� �VHPL��TXDQWLWDWLYH�

GHVFULSWLRQV� RI� VFDOH� JURZWK� NLQHWLFV� >��@�� VFDOH� VSDOODWLRQ� DQG� KHDOLQJ� >�����@� DV� ZHOO� DV�

SUHGLFWLQJ� EUHDNDZD\� R[LGDWLRQ� >�����@�� 7DEOH� ˪���� VXPPDUL]HV� WKH� H[LVWLQJ� PRGHOV�
FRQFHUQLQJ� R[LGDWLRQ� EHKDYLRU� DQG�RU� OLIHWLPH� SUHGLFWLRQ� ZLWK� WKHLU� SXEOLFDWLRQ� WLPH� DQG�

SULQFLSOHV��+RZHYHU��QR�JHQHUDOO\�DSSOLFDEOH�TXDQWLWDWLYH�PRGHO�RU�VWDQGDUGL]HG�PHWKRG�KDV�

EHHQ� HVWDEOLVKHG� ZKHUH� WKH� DERYH� PHQWLRQHG� GDPDJH� PHFKDQLVPV� DUH� DOO� LQFOXGHG��

$GGLWLRQDOO\��DOOR\�GDWD�VKHHWV�IURP�PDQXIDFWXUHUV�FRQWDLQ�PRVWO\�TXDOLWDWLYH�GHVFULSWLRQV�RI�

WKH� UHODWLYH� R[LGDWLRQ� EHKDYLRU� RI� D� JLYHQ� DOOR\�� H�J�� SURYLGLQJ� D� PD[LPXP� RSHUDWLQJ�

WHPSHUDWXUH�RU�SUHVHQWLQJ�UHODWLYH�GLIIHUHQFHV�LQ�R[LGDWLRQ�EHKDYLRU�DPRQJ�D�JURXS�RI�VLPLODU�

DOOR\V��+RZHYHU��WKLV�LQIRUPDWLRQ�GRHV�QRW�SURYLGH�FRPSRQHQW�GHVLJQHUV�ZLWK�WKH�TXDQWLWDWLYH�

GDWD� QHHGHG�� IRU� H[DPSOH�� WR� VSHFLI\� WKH� ZDOO� WKLFNQHVV� RI� D� KHDW� H[FKDQJHU� IRU� ������� K�

VHUYLFH�DW�����&��

7DEOH� ˪����� 0RGHOV� FRQFHUQLQJ� JURZWK� RI� SURWHFWLYH� R[LGH� DQG� OLIHWLPH� OLPLW� RI� KLJK�

WHPSHUDWXUH�DOOR\V��

0RGHO�
<HDU�RI�ILUVW�
SXEOLFDWLRQ�

3ULQFLSOH�

)=-�PRGHO�>��������@� �����
(VWLPDWLRQ� RI� /LIHWLPH� OLPLW� E\� HTXDWLQJ� WKH� UDWH� RI� HOHPHQW�

FRQVXPSWLRQ�ZLWK�LWV�VXSSO\�LQ�WKH�EXON�DOOR\�

0XOWLVWDJH�PRGHO�>��@� �����
'HYHORSPHQW�RI�)=-�PRGHO� WR�DFFRXQW� IRU�GLIIHUHQW� VWDJHV�RI� WKH�

R[LGDWLRQ�SURFHVV�

:KLWWOHெV�PRGHO��

>�����������@>�����@�
�����

6ROYLQJ�WKH�HTXDWLRQ�RI�)LFNெV�VHFRQG�ODZ�DQDO\WLFDOO\�WR�FDOFXODWH�

GHSOHWLRQ�SURILOHV�GXULQJ�LVRWKHUPDO�R[LGDWLRQ�

)=-�FRQFHSW�>��@� �����
(VWLPDWLRQ� RI� OLIHWLPH� OLPLW� RI� &U�2�� IRUPLQJ� QLFNHO� EDVH� DOOR\V�

XQGHU�LVRWKHUPDO�R[LGDWLRQ�EDVHG�RQ�:LWWOHெV�PRGHO�

�
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7DEOH������FRQWLQXHG���
)LQLWH�'LIIHUHQF�0HWKRG�

�)'0��>�����@�
�����

8VH� ILQLWH� GLIIHUHQFH� WHFKQLTXHV� WR� VROYH� GLIIXVLRQ� SUREOHP� DQG�

SUHGLFW�GHSOHWLRQ�SURILOHV�

7HGPRQெV�PRGHO�>��@� �����
6LPXODWLQJ� ZHLJKW� FKDQJH� FXUYH� ZLWK� SDUDOLQHDU� NLQHWLFV� RI�

PDWHULDOV�IRUPLQJ�YRODWLOH�R[LGH�VSHFLHV�

&25(67�>��@� �����
&RPSXWHU� SURJUDP� WR� FDOFXODWH� ZHLJKW� FKDQJH� RI� WKH� PDWHULDOV�

IRUPLQJ�YRODWLOH�R[LGH�VSHFLHV�

:DMV]HOெV�PRGHO�>��@� ����� 6LPXODWLQJ�ZHLJKW�FKDQJH�FXUYH�FRQVLGHULQJ�YRODWLOH�VSHFLHV�

&263�>�����@� �����
&\FOLF� R[LGDWLRQ� VSDOODWLRQ� SURJUDP�� SDUDEROLF� JURZWK� RI� R[LGH��

LWHUDWLYH�FDOFXODWLRQ�

',&260�>��@� ����� 'HWHUPLQLVWLF�LQWHUIDFLDO�F\FOLF�R[LGH�VSDOODWLRQ�PRGHO�

S�.S�PRGHO�>��������@� �����
&\FOLF� R[LGDWLRQ� VSDOODWLRQ�PRGHO� XVLQJ� SUREDELOLW\� RI� VSDOODWLRQ�

DV�PRGHO�SDUDPHWHU�



���$LP�RI�SUHVHQW�VWXG\�

��

�

� $LP�RI�SUHVHQW�VWXG\�

,Q�WKH�SUHVHQW�LQYHVWLJDWLRQ�DQ�DWWHPSW�LV�PDGH�WR�GHYHORS�D�JHQHUDOL]HG�PHWKRG�IRU�SUHVHQWLQJ�

R[LGDWLRQ�LQGXFHG�GDPDJH�RI�QLFNHO�EDVH�ZURXJKW�DOOR\V�ZKHUHE\�WKH�DERYH�PHQWLRQHG��PRVW�

LPSRUWDQW� GHVLJQ� UHOHYDQW� R[LGDWLRQ� LQGXFHG� GDPDJH� SURFHVVHV� DUH� EHLQJ� FRQVLGHUHG�� )LQDO�

DLP� RI� WKHVH� VWXGLHV� ZRXOG� EH�� WR� SURYLGH� D� WRRO� ZKLFK� DOORZV� LQFRUSRUDWLQJ� TXDQWLWDWLYH�

LQIRUPDWLRQ� RQ� R[LGDWLRQ� LQGXFHG� GDPDJH� SURFHVVHV� LQ� PDWHULDO� GDWD� VKHHWV�� LQ� D� VLPLODU�

VWDQGDUG� PDQQHU� DV� LV� H�� J�� FRPPRQ� IRU� D� QXPEHU� RI� SK\VLFDO� DQG� PHFKDQLFDO� PDWHULDOV�

SURSHUWLHV��

7KH�PDWHULDO�VHOHFWHG�IRU�WKH�GHYHORSPHQW�RI�WKLV�DSSURDFK�LV�WKH�FRPPHUFLDO�&U�2��IRUPLQJ�

1L�EDVH�DOOR\�����IUHTXHQWO\�XVHG�LQ�KLJK�WHPSHUDWXUH�VHUYLFH�>��@��)RU�GHULYLQJ�LQSXW�GDWD�IRU�

WKH� PRGHOLQJ� DQG� IRU� YHULILFDWLRQ� RI� WKH� GHYHORSHG� PRGHO�� R[LGH� JURZWK� DQG� VSDOODWLRQ�

NLQHWLFV�DV�ZHOO�DQ�RFFXUUHQFH�RI�FULWLFDO�FKURPLXP�GHSOHWLRQ�SKHQRPHQD�ZHUH�VWXGLHG�GXULQJ�

DLU� R[LGDWLRQ� LQ� WKH� WHPSHUDWXUH� UDQJH� ���������&�� XVLQJ� VSHFLPHQV� RI� GLIIHUHQW� WKLFNQHVV��

0DLQ� HPSKDVLV� ZDV� SXW� RQ� WKH� EHKDYLRU� RI� WKLQ� ZDOOHG� FRPSRQHQWV� WKXV� DOORZLQJ� WKH�

H[SHULPHQWDO�GHWHFWLRQ�RI�EUHDNDZD\�R[LGDWLRQ�DV�IXQFWLRQ�RI�R[LGDWLRQ�WHPSHUDWXUH��ZLWKLQ�D�

UHDVRQDEOH�WLPH�OLPLW��7KH�R[LGDWLRQ�LQGXFHG�PLFURVWUXFWXUDO�FKDQJHV�RI�WKH�VWXGLHG�DOOR\V�DUH�

DOVR� GLVFXVVHG�� 7KH� SUHVHQW� VWXG\� GHDOV� ZLWK� VWDWLF� FRQGLWLRQV�� L�H�� FRQGLWLRQV� ZKHUH� WKH�

IRUPDWLRQ�RI�YRODWLOH�FKURPLXP�VSHFLHV�LV�QRW�RI�JUHDW�LPSRUWDQFH��

6XEVHTXHQWO\�� WKH� UHVXOWV� RI� VLPLODU� VWXGLHV� ZLOO� EH� LOOXVWUDWHG� REWDLQHG� IRU� WKH� FRPPHUFLDO�

QLFNHO�EDVH�DOOR\�;��D�PDWHULDO�ZKLFK�FRQWDLQV�D�VXEVWDQWLDO�DPRXQW��DSSUR[LPDWHO\����ZW�����

RI�LURQ��7KHQ�UHVXOWV�RI�DOOR\�����DQG�;�ZLOO�EH�FRPSDUHG�ZLWK�WKRVH�REWDLQHG�IRU�DOOR\�1L&U�

������ L�H�� D� PDWHULDO� ZKLFK� LV� FORVH� WR� D� ELQDU\� PRGHO� 1L&U� DOOR\� FRQWDLQLQJ� KDUGO\� DQ\�

VWUHQJWKHQLQJ�DOOR\LQJ�DGGLWLRQV��)LQDOO\�� WKH� UHVXOWV�REWDLQHG� IRU� WKH� WKUHH�FKURPLD� IRUPLQJ�

QLFNHO�EDVH�DOOR\V�ZLOO�EH�FRPSDUHG�ZLWK�WKRVH�RI�D�)H�EDVH�PDWHULDO��L�H��WKH�DXVWHQLWLF�VWHHO�

1LFURIHU��������
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� %DVLFV�RI�R[LGDWLRQ�

���� 7KHUPRG\QDPLFV�RI�R[LGDWLRQ�

7KH�JHQHUDO�R[LGDWLRQ�UHDFWLRQ�RI�D�PHWDO�FDQ�EH�ZULWWHQ�DV�

฀฀฀฀฀฀฀฀฀ � ˪�����

)URP�WKH�VHFRQG�ODZ�RI�WKHUPRG\QDPLFV��WKH�FKDQJH�RI�*LEEV�IUHH�HQHUJ\��*͛��LV�D�IXQFWLRQ�

RI�WKH�UHDFWLRQ�HQWKDOS\�DQG�WKH�HQWURS\��H[SUHVVHG�DV�>�����@�

฀Ԣ ฀Ԣ �7฀Ԣ � � ˪�����

ZKHUH� +͛� LV� WKH� HQWKDOS\�� 7� WKH� WHPSHUDWXUH�� DQG� 6͛� WKH� HQWURS\� RI� WKH� V\VWHP�� :KHWKHU�

UHDFWLRQ�������SURFHHGV�IURP�OHIW�WR�ULJKW�RU�YLFH�YHUVD�LV�GHWHUPLQHG�E\�WKH�FKDQJH�RI�*LEEV�

IUHH� HQHUJ\� ¨*͛�� ,I� ¨*͛���� VSRQWDQHRXV� UHDFWLRQ� LV� H[SHFWHG�� LI� ¨*͛ ��� WKH� V\VWHP� LV� LQ�

HTXLOLEULXP��LI�¨*͛!���WKH�R[LGDWLRQ�UHDFWLRQ�GRHV�QRW�RFFXU�>�@��

)RU�D�FKHPLFDO�UHDFWLRQ�LQ�WKH�IRUP�RI��

慁 ฀ 扂 ฀ 捃 ฀ 摄 � �˪�����

¨*͛�LV�H[SUHVVHG�DV�>�����@��

ο฀Ԣ ฀ ο฀฀฀ 剔 ฀汮 ቆ฀฀฀฀฀฀
฀฀฀฀฀฀

ቇ� �˪�����

ZKHUH�¨*��LV�WKH�IUHH�HQHUJ\�FKDQJH�ZKHQ�DOO�VSHFLHV�DUH�SUHVHQW�LQ�WKHLU�VWDQGDUG�VWDWHV��5�LV�

WKH�JDV�FRQVWDQW��D�LV�WKH�WKHUPRG\QDPLF�DFWLYLW\��ZKLFK�PD\�EH�H[SUHVVHG�IRU�D�JLYHQ�VSHFLHV�

L�DV�>�@��

฀฀฀
฀฀
฀฀฀
� �˪�����

+HUH� SL� LV� HLWKHU� WKH� YDSRXU� SUHVVXUH� RYHU� D� FRQGHQVHG� VSHFLHV� RU� WKH� SDUWLDO� SUHVVXUH� RI� D�

JDVHRXV�VSHFLHV��SRL�LV�WKH�YDSRXU�SUHVVXUH�FRUUHVSRQGLQJ�WR�WKH�VWDQGDUG�VWDWH�RI�VSHFLHV�L��

,I�HTXLOLEULXP�SUHYDLOV��¨*͛ ��DQG�(T���˪�����LV�UHGXFHG�WR�(T���˪������
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ο฀฀฀ െ剔 ฀汮 ቆ฀฀฀฀฀฀

฀฀฀฀฀฀
ቇ� � ˪�����

7KH� WHUP� LQ� SDUHQWKHVHV� LV� FDOOHG� WKH� HTXLOLEULXP� FRQVWDQW� �.�� DQG� LV� XVHG� WR� GHVFULEH� WKH�

HTXLOLEULXP�VWDWH�RI�WKH�UHDFWLRQ�V\VWHP�>��@��

7KHUHIRUH�WKH�FKDQJH�RI�WKH�*LEEV�IUHH�HQHUJ\�IRU�UHDFWLRQ��˪�����LV�H[SUHVVHG�DV��

ο฀฀฀െ 剔 汮 ቆ ฀฀฀฀
฀฀฀฀฀

ቇ฀ � ˪�����

�
,I� WKH� DFWLYLWLHV� RI� PHWDO� 0� DQG� PHWDO� R[LGH� 02�� DUH� WDNHQ� DV� XQLW\�� WKH� R[\JHQ� SDUWLDO�

SUHVVXUH�DW�ZKLFK�WKH�PHWDO�DQG�R[LGH�FRH[LVW��L�H���WKH�GLVVRFLDWLRQ�SUHVVXUH�RI�WKH�R[LGH�02��

>��@��FDQ�EH�GHULYHG��

฀฀฀
฀ ฀฀฀Τ ฀ 數฀

ο฀฀
剔 ฀ � ˪�����

,Q�FRQVLGHULQJ�DOOR\�R[LGDWLRQ��WKH�DFWXDOO\�SUHYDLOLQJ�DFWLYLW\�RI�WKH�PHWDO�DQG�R[LGH�PXVW�EH�

WDNHQ�LQWR�DFFRXQW��

�

฀฀฀
敱 ฀

฀฀฀฀
฀฀

數฀
ο฀฀
剔 ฀

฀฀฀฀
฀฀

฀฀฀
฀ ฀฀฀Τ �

˪������

�
7KH�GLVVRFLDWLRQ�SUHVVXUH�RI�WKH�UHVSHFWLYH�R[LGH�WKXV�FDQ�EH�FDOFXODWHG�XVLQJ�(T���˪�����RU��˪�����

WDNLQJ� NQRZQ� WHPSHUDWXUH� GHSHQGHQW� ¨*� YDOXHV� RI� WH[W� ERRNV� >��@� RU� WKHUPRG\QDPLF�

GDWDEDVHV�IURP�VRIWZDUHV�OLNH�7KHUPR�&DOF�>��@�RU�)DFW6DJH�>��@��:KHQ�DVVXPLQJ�PHWDO�DQG�

R[LGH�WR�H[LVW�DV�SXUH�SKDVHV��L�H��WKHLU�DFWLYLWLHV�DUH�WDNHQ�DV�XQLW\��WKHQ�WKH�YDOXHV�RI�฀฀฀
฀ ฀฀฀Τ �

DV� JLYHQ� E\� (T�� �˪����� PD\� EH� REWDLQHG� GLUHFWO\� IURP� WKH� VR�FDOOHG� (OOLQJKDP� GLDJUDP�
�)LJXUH�˪������

,Q� WKLV� W\SH� RI� GLDJUDP�� WKH� VWDQGDUG� IUHH� HQHUJ\� RI� IRUPDWLRQ� � *��� LV� SORWWHG� YHUVXV�

WHPSHUDWXUH�IRU�WKH�FRPSRXQGV�RI�D�W\SH��H�J���R[LGHV��VXOSKLGHV��FDUELGHV�HWF���7KH�YDOXHV�RI�

*��DUH� H[SUHVVHG� LQ�)LJXUH� ˪���� DV�N-�PRO���2�� VR� WKH� VWDELOLWLHV�RI�YDULRXV�R[LGHV�PD\�EH�

FRPSDUHG�GLUHFWO\��L�H��DW�D�JLYHQ�WHPSHUDWXUH��WKH�ORZHU�WKH�SRVLWLRQ�RI�WKH�OLQH�LQ�WKH�GLDJUDP��

WKH�ORZHU�WKH�GLVVRFLDWLRQ�SUHVVXUH�RI�WKH�R[LGH��DQG�WKXV�WKH�PRUH�WKHUPRG\QDPLFDOO\�VWDEOH�

LV� WKH�R[LGH�>��@��7KH�GLVVRFLDWLRQ�SUHVVXUH�FDQ�EH�REWDLQHG�E\�GUDZLQJ�D�VWUDLJKW� OLQH�IURP�

WKH�RULJLQ�PDUNHG�³2´�WKURXJK�WKH�IUHH�HQHUJ\�OLQH�DW�WKH�WHPSHUDWXUH�RI�LQWHUHVW�DQG�UHDGLQJ�
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WKH�R[\JHQ�SDUWLDO�SUHVVXUH�IURP�LWV�LQWHUVHFWLRQ�ZLWK�WKH�VFDOH�DW�WKH�ULJKW�VLGH�ODEHOHG�³S2�´�

>��@��

�
)LJXUH� ˪�����(OOLQJKDP�GLDJUDP�VKRZLQJ�VWDQGDUG�IUHH�HQHUJ\�RI�IRUPDWLRQ��ο฀฀��RI�VHOHFWHG�
R[LGHV�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�>�����@��

$�PRUH�FRQYHQLHQW�ZD\�RI�SUHVHQWLQJ� WKH�GLVVRFLDWLRQ�SUHVVXUHV� LV� LOOXVWUDWHG� LQ�)LJXUH� ˪����
VKRZLQJ�H�J�� WKDW� WKH�GLVVRFLDWLRQ�SUHVVXUH�RI�&U�2�� LV�VXEVWDQWLDOO\� ORZHU� WKDQ�WKDW�RI�1L2��

7KLV� PHDQV� WKDW� &U�2�� LV� WKHUPRG\QDPLFDOO\� VXEVWDQWLDOO\� PRUH� VWDEOH� WKDQ� 1L2�� ,Q� WXUQ��

&U�2��LV�OHVV�VWDEOH�WKDQ�0Q2��6L2��RU�$O�2���

,I� YDULRXV� SLHFHV�RI�PHWDO�ZRXOG�EH� H[SRVHG� LQ� DQ� DWPRVSKHUH� LQ�ZKLFK� WKH�R[\JHQ�SDUWLDO�

SUHVVXUH� HTXDOV� IRU� LQVWDQFH� ������ EDU� DW� �����&�� WKHQ� &U�� 0Q�� 6L� DQG� $O� ZRXOG� R[LGL]H�

ZKHUHDV�1L�DQG�)H�ZRXOG�UHPDLQ�PHWDOOLF���

�
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�
)LJXUH� ˪����� 'LDJUDP� VKRZLQJ� WKH� GLVVRFLDWLRQ� SUHVVXUHV� RI� YDULRXV� R[LGHV� DV� IXQFWLRQ� RI�
WHPSHUDWXUH�DVVXPLQJ�XQLW�DFWLYLWLHV�IRU�PHWDOV�DQG�R[LGHV�>��@��

/RZ�R[\JHQ�SDUWLDO�SUHVVXUHV�FDQ�EH�HVWDEOLVKHG�LQ�KLJK�YDFXXP�V\VWHPV��:LWK�SUHVHQWO\�XVHG�

V\VWHPV��WKH�ORZHVW�SDUWLDO�SUHVVXUHV�SUDFWLFDOO\�DFKLHYDEOH�DUH�LQ�WKH�UDQJH������ WR�������EDU��

1L2�LV�D�ERUGHUOLQH�FDVH��L�H��WKH�R[LGH�FRXOG�EH�UHGXFHG�DW�WHPSHUDWXUHV�ZHOO�DERYH������&��

ZKHUHDV�R[LGHV�RI�)H��&U��$O��6L�FDQ�HYHQ�XQGHU�VXFK�KLJK�YDFXXP�FRQGLWLRQV�QRW�EH�UHGXFHG�

>��@��0XFK�ORZHU�R[\JHQ�SDUWLDO�SUHVVXUHV�WKDQ�LQ�D� WHFKQRORJLFDOO\�DFKLHYDEOH�YDFXXP�FDQ�

EH�REWDLQHG�E\�XVLQJ�VXLWDEOH�JDV�PL[WXUHV���

,Q�D�JLYHQ�DWPRVSKHUH�ZLWK�PL[HG�JDVHV��WKH�HVWDEOLVKPHQW�RI�WKH�R[\JHQ�SDUWLDO�SUHVVXUH�RI�

R[\JHQ� S2�� LV� XVXDOO\� EDVHG� RQ� WKH� HTXLOLEULXP� RI� UHGR[� UHDFWLRQV� RI�&2�&2���+��+�2�RU�

62�62���7R�WDNH�WKH�+��+�2�HTXLOLEULXP�DV�DQ�H[DPSOH��DW�����&��LQ�WKH�JDV�PL[WXUH�RI�$U�

��+����+�2��WKH�FDOFXODWLRQ�RI�WKH�HTXLOLEULXP�S2��LV�DV�IROORZV�>�@��

+�2ሺJሻ +��
�
�2�� � ˪������

. 
S+�

ቀS2�
ቁ��

S+�2ሺJሻ � � ˪������

7DNLQJ�WKH�NQRZQ�YDOXH�RI�. ฀฀฀฀ ㄰ െ฀�>��@�DW�����&�� �

฀฀฀ ቆ.ÂS+�2ሺJሻS+�

ቇ�  ൫���î����î����൯����

�

 ����î�����EDU� � ˪������

(YHQ� ORZHU� R[\JHQ� SDUWLDO� SUHVVXUHV� FDQ� EH� REWDLQHG� LQ� JDV� PL[WXUHV� ZLWK� D� KLJKHU� +�
�J��

'LVVRFLDWLRQ�SUHVVXUHV�RI�YDULRXV�R[LGHV�DV�IXQFWLRQ�RI�WHPSHUDWXUH

���

���

���

���

���

���

� � � � � �� �� �� �� ��
��7�������.�
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DQG�RU�ORZHU�+�2�J��FRQWHQW��,PSRUWDQW�WR�QRWH�WKDW�WKH�HTXLOLEULXP�R[\JHQ�SDUWLDO�SUHVVXUH�LQ�

WKH�JDV�PL[WXUH� FKDQJHV�ZLWK� WHPSHUDWXUH� DQG�GHSHQGV�RQ� WKH�+�2�J��+�
�J��UDWLR�� QRW� RQ� WKH�

DEVROXWH�SDUWLDO�SUHVVXUHV�RI�WKH�LQGLYLGXDO�VSHFLHV�>��@��7KH�+�2�J��+�
�J��UDWLR�LQ�HTXLOLEULXP�

ZLWK�D�JLYHQ�PHWDO�DQG�R[LGH�PD\�EH�GHULYHG�IURP�WKH�(OOLQJKDP�GLDJUDP�LQ�)LJXUH� ˪����E\�
GUDZLQJ� D� VWUDLJKW� OLQH� IURP� WKH� RULJLQ� PDUNHG� ³+´� WKURXJK� WKH� IUHH�HQHUJ\� OLQH� DW� WKH�

WHPSHUDWXUH�RI�LQWHUHVW�DQG�UHDGLQJ�WKH�R[\JHQ�SDUWLDO�SUHVVXUH�IURP�LWV�LQWHUVHFWLRQ�ZLWK�WKH�

VFDOH�DW�WKH�ULJKW�VLGH�ODEHOHG�³+��+�2�UDWLR´�>�@��

���� .LQHWLFV�RI�R[LGDWLRQ�

'LIIHUHQFHV� LQ� WKHUPRG\QDPLF� VWDELOLW\� RI� YDULRXV� R[LGHV� ZKLFK� KDYH� EHHQ� GLVFXVVHG� LQ�

6HFWLRQ� ˪����GR�QRW�DOORZ�GUDZLQJ�FRQFOXVLRQV�LQ�UHVSHFW�WR�WKH�GLIIHUHQFHV�LQ�JURZWK�UDWH�RI�

WKHVH�R[LGHV�>��@��

,I� D�PHWDO�� H�J�� SXUH�1L� LV� H[SRVHG�DW� HOHYDWHG� WHPSHUDWXUH� �H�J�� �����&�� LQ� D� JDV� �H�J�� DLU��

ZKLFK�SRVVHVVHV�DQ�R[\JHQ�SDUWLDO�SUHVVXUH�ZKLFK�LV�KLJKHU�WKDQ�WKH�GLVVRFLDWLRQ�SUHVVXUH�RI�

1L2�DW�WKDW�WHPSHUDWXUH��������EDU���WKHQ�UHDFWLRQ�RI�1L�ZLWK�WKH�DWPRVSKHUH�UHVXOWV�LQ�1L�R[LGH�

IRUPDWLRQ��DFFRUGLQJ�WR�WKH�JHQHUDO�UHDFWLRQ�>�@���

乩 ฀
฀
฀฀฀

ሺ฀ሻ ฀ 乩฀ � � ˪������

,Q�WKH�YHU\�HDUO\�VWDJH�RI�H[SRVXUH��1L2�QXFOHL�VWDUW�WR�IRUP�UDQGRPO\�GLVWULEXWHG�RQ�WKH�1L�

VXUIDFH��7KH�UDWH�RI�R[LGDWLRQ�LV�LQ�WKDW�VWDJH�RI�WKH�SURFHVV�FRQWUROOHG�E\�WKH�UDWH�RI�UHDFWLRQ�

RI�WKH�1L�VSHFLPHQ�VXUIDFH�ZLWK�LQGLYLGXDO�R[\JHQ�PROHFXOHV��L�H��NLQHWLFV�RI�VXUIDFH�UHDFWLRQ��

>�@�� 8SRQ� SURORQJHG� H[SRVXUH�� WKH� QXPEHU� DQG� VL]H� RI� WKH� QXFOHL� JURZ� XQWLO� HYHQWXDOO\�� D�

FORVHG�OD\HU�RI�1L2�FRYHUV�WKH�FRPSOHWH�VXUIDFH�RI�WKH�1L�VSHFLPHQ�DQG�WKH�R[LGDWLRQ�SURGXFW�

1L2�VHSDUDWHV�WKH�PHWDOOLF�1L�IURP�WKH�JDVHRXV�HQYLURQPHQW��)XUWKHU�UHDFWLRQ��WKXV�JURZWK�RI�

WKH�1L2�OD\HU��WKHQ�UHTXLUHV�D�WUDQVSRUW�RI�QLFNHO�DQG�RU�R[\JHQ�DFURVV�WKH�R[LGH�VFDOH�VR�WKDW�

WKH�R[LGDWLRQ�UHDFWLRQ�FDQ�FRQWLQXH�>�@��,I�D�FHUWDLQ�R[LGH�WKLFNQHVV�LV�UHDFKHG��WKH�WUDQVSRUW�RI�

1L��DQG�RU�2�VSHFLHV�EHFRPHV�OLPLWHG�ZLWK�WKH�UHVXOW�WKDW�QR�ORQJHU�WKH�NLQHWLFV�RI�WKH�VXUIDFH�

UHDFWLRQ�LV�WKH�UDWH�OLPLWLQJ��L�H��WKH�VORZHVW��VWHS�LQ�WKH�R[LGDWLRQ�SURFHVV��EXW�WKH�WUDQVSRUW�RI�

1L��DQG�RU�2�VSHFLHV�DFURVV�WKH�VFDOH�>�@��,Q�PDQ\�R[LGH�VFDOHV�WKLV�VLWXDWLRQ�DOUHDG\�RFFXUV�

TXLWH�HDUO\�LQ�WKH�R[LGDWLRQ�SURFHVV��L�H��DIWHU�WKH�VFDOHV�UHDFK�D�WKLFNQHVV�RI�D�IHZ�WHQWKV�RI�D�
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PLFURPHWHU��7KH�ORQJ�WHUP�R[LGDWLRQ�EHKDYLRU�LV�WKXV�JRYHUQHG�E\�WUDQVSRUW�SURFHVVHV�LQ�WKH�

R[LGH�OD\HUV�>��@��

7KH�PHFKDQLVP� RI� R[LGDWLRQ� RI� PHWDO� DOZD\V� LQYROYHV� WKH� LRQL]DWLRQ� RI� PHWDO� DWRPV�� 7KH�

PHWDO� DWRPV� ORRVH� HOHFWURQV� DQG�EHFRPH�FDWLRQ� >�@�� )RU�PRVW� R[LGHV� UHOHYDQW� KHUH�� VXFK� DV�

)H����2��1L2��&U�2���$O�2��DQG�&R2�>��@��WKH�FDWLRQV�WUDQVSRUW�WR�WKH�R[LGH�JDV�LQWHUIDFH�DQG�

DWWUDFW� DQ� R[\JHQ� DQLRQ� WR� IRUP� R[LGH� DW� WKH� LQWHUIDFH� ZLWK� WKH� JDV�� )RU� WKH� R[LGH� ZLWK�

FKHPLFDO�IRUPXOD�RI�02��WKH�LRQL]DWLRQ�SURFHVV�LV�VLPSO\�H[SUHVVHG�ZLWK�D�FKHPLFDO�UHDFWLRQ�

DV�>�@��

฀ ฀ ฀฀฀฀ ฀฀� � ˪������

7KH�R[LGDWLRQ�SURFHVV�FDQ�EH�IXUWKHU�GLYLGHG�LQWR�WKUHH�VXE�SURFHVVHV�>�@��

D�� $GVRUSWLRQ�RI�R[\JHQ�

E�� &KHPLVRUSWLRQ�

F�� ,RQL]DWLRQ�

7DNLQJ� WKH� R[LGDWLRQ� RI�1L� DV� DQ� H[DPSOH�� WKHVH� VXE�SURFHVVHV� DUH� VFKHPDWLFDOO\� VKRZQ� LQ�

)LJXUH� ˪�����)LUVW��WKH�R[\JHQ�DWRP�LV�SK\VLFDOO\�DGVRUSWHG�RQ�WKH�R[LGH�JDV�LQWHUIDFH��VKRZQ�
DV�2�DG��>�@��7KHQ�WKH�DGVRUSWHG�R[\JHQ�DWRP�FDSWXUHV�DQ�HOHFWURQ�DQG�EHFRPHV�DQ�R[\JHQ�

DQLRQ� DQG�� EHFDXVH� RI� WKH� ORVV� RI� DQ� HOHFWURQ�� RQH� QLFNHO� FDWLRQ� LQ� WKH� QLFNHO�VXE�ODWWLFH�

REWDLQV�DQ�H[FHVVLYH�SRVLWLYH�FKDUJH�>�@��)LQDOO\��WKH�R[\JHQ�DQLRQ�FDSWXUHV�DQRWKHU�HOHFWURQ��

RQH�QLFNHO�FDWLRQ�LQ�WKH�QLFNHO�VXE�ODWWLFH�LV�DFWLYDWHG�DQG�MXPSV�WR�WKH�R[LGH�JDV�LQWHUIDFH�DQG�

FRPELQHV�ZLWK� WKH�R[\JHQ�DQLRQ� IRUPLQJ�IXUWKHU�R[LGH�>�@��$�YDFDQF\� LV� IRUPHG�GXH� WR� WKH�

MXPSLQJ�RI� WKH�QLFNHO�FDWLRQ��DQG�DZDLWV�IRU�DQ� LRQL]HG�QLFNHO�DWRP�IURP�WKH�EXON�PHWDO��RU�

OHDYHV�DV�D�SRLQW�GHIHFW�LQ�WKH�R[LGH�VFDOH�>�@���

�

�
)LJXUH� ˪�����5HSUHVHQWDWLRQ�RI�GLIIXVLRQ�FRQWUROOHG�R[LGDWLRQ�SURFHVV�RI�1L�LQFOXGLQJ�VXUIDFH�
DGVRUSWLRQ��LRQL]DWLRQ�DQG�WUDQVSRUWDWLRQ�RI�LURQ�LQ�WKH�VFDOH��EDVHG�RQ�>�@���
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7KH�GLIIXVLRQ�SURFHVVHV� LQ� WKH�R[LGH�WKXV�RFFXU�YLD�SRLQW�GHIHFWV�>��@��([FHSW�IRU� WKH�PDMRU�

W\SHV�RI�FDWLRQ�YDFDQFLHV�H[LVWLQJ�LQ�1L2��RWKHU�SRLQW�GHIHFWV�OLNH�DQLRQ�YDFDQFLHV�RU�FDWLRQ�

LQWHUVWLWLDOV�PD\�H[LVW�LQ�WKH�UHJXODU�ODWWLFH�RI�YDULRXV�R[LGHV�>�@���

,I�ZH�DVVXPH� WKH�R[LGH�VFDOH� WR�EH�SHUIHFWO\�JDV� WLJKW� �L�H�� LW�GRHV�QRW�DOORZ�SHQHWUDWLRQ�E\�

R[\JHQ�PROHFXOHV��WKH�UDWH�RI�R[LGDWLRQ�LV�JRYHUQHG�E\�GLIIXVLRQ�RI�PHWDO�DQG�RU�R[\JHQ�LRQV�

WKURXJK� WKH�R[LGH� OD\HU��8SRQ� VFDOH� WKLFNHQLQJ� WKH� GLIIXVLRQ� GLVWDQFH�ZLOO� LQFUHDVH� DQG� WKH�

H[WHQW�RI�LRQ�WUDQVSRUW�ZLOO�WKXV�GHFUHDVH�ZLWK�LQFUHDVLQJ�WLPH��7KH�WKLFNHQLQJ�UDWH�DW�D�JLYHQ�

WLPH�LV�WKXV�H[SHFWHG�WR�EH�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�WKLFNQHVV�RI�WKH�R[LGH��[��DW�WLPH��W��

>�@��

摸
摴 ฀

฀฀
฀�

� ˪������

,QWHJUDWLRQ�\LHOGV��

฀฀฀ ฀฀฀฀ή฀฀฀� � ˪������

LQ�ZKLFK�NS��XQLW�H�J�� P��V����LV�WKH�SDUDEROLF�UDWH�FRQVWDQW�RI�WKH�R[LGDWLRQ�SURFHVV��

,Q�WKH�PRVW�VLPSOH�IRUP��L�H��LI�& ��DW�W ���

฀฀฀ ฀฀฀฀ή฀� � ˪������

7KH� UDWH� FRQVWDQW� NS� FDQ� EH� GHULYHG� IURP� R[LGH� WKLFNQHVV�PHDVXUHPHQWV� LQ�PHWDOORJUDSKLF�

FURVV� VHFWLRQV� DIWHU� GLIIHUHQW� R[LGDWLRQ� WLPHV�� +RZHYHU�� WKLV� LV� TXLWH� D� WLPH� FRQVXPLQJ�

SURFHGXUH�DQG�HVSHFLDOO\�IRU�WKLQ�R[LGH�VFDOHV��LQ�WKH�UDQJH�RI�D� P�WKLFN�RU�OHVV��WKLV�PHWKRG�

LV� TXLWH� LQDFFXUDWH� >��@�� 7KHUHIRUH�� R[LGDWLRQ� NLQHWLFV� LV� IUHTXHQWO\�PHDVXUHG� XVLQJ� ZHLJKW�

FKDQJH�PHDVXUHPHQWV�>��@��,I�WKH�VSHFLPHQ�R[LGL]HV��LW�WDNHV�XS�R[\JHQ�IURP�WKH�DWPRVSKHUH�

UHVXOWLQJ� LQ� D� ZHLJKW� LQFUHDVH�� 7KH� ODWWHU� LV� GLUHFWO\� FRUUHODWHG� ZLWK� WKH� DPRXQW� RI� R[LGH�

IRUPHG�DQG�WKHUHIRUH��IRU�D�JLYHQ�R[LGH��LW�LV�SURSRUWLRQDO�WR�WKH�WKLFNQHVV�RI�WKH�R[LGH�VFDOH��

7KH�ZHLJKW�PHDVXUHPHQWV�FDQ�EH�DFFRPSOLVKHG�LQ�WZR�ZD\V�>��@��

�� GLVFRQWLQXRXVO\�� L�H��PHDVXUHPHQWV� XVLQJ� D� VWDQGDUG� HOHFWURQLF� EDODQFH� DIWHU� FRROLQJ�

WKH�VSHFLPHQV�WR�URRP�WHPSHUDWXUH�DW�GLIIHUHQW�R[LGDWLRQ�LQWHUYDOV��

�� FRQWLQXRXVO\��L�H��XVLQJ�ZHLJKW�UHFRUGLQJ�LQ�VLWX�GXULQJ�WKH�R[LGDWLRQ�SURFHVV��7KLV�VR�

FDOOHG� WKHUPRJUDYLPHWULF� �7*�� DQDO\VLV� LV� IDU�PRUH� DFFXUDWH� WKDQ� WKH� GLVFRQWLQXRXV�

PHWKRG� DQG� LW� DGGLWLRQDOO\� SUHYHQWV� D� SRVVLEOH� HIIHFW� RI� WKH� LQWHUPHGLDWH� VSHFLPHQ�

FRROLQJ�RQ�WKH�R[LGDWLRQ�SURFHVV���



���%DVLFV�RI�R[LGDWLRQ�

���

�

:KHQ�WKH�H[SHULPHQWDO�GDWD�DUH�EDVHG�RQ�JUDYLPHWULF�UHVXOWV��WKH�SDUDEROLF�R[LGDWLRQ�NLQHWLFV�

LV� FRPPRQO\� H[SUHVVHG� LQ� WHUPV� RI� DUHD� VSHFLILF� ZHLJKW� JDLQ� �οP�� DV� D� UHVXOW� RI� R[\JHQ�
XSWDNH�� ሺο฀ሻ฀฀ ฀฀฀฀ ή฀� � ˪������

,Q�PDQ\�FDVHV�WKH�R[LGDWLRQ�NLQHWLFV�GRHV�QRW�REH\�DQ�LGHDO�SDUDEROLF�EHKDYLRU��7KLV�PD\�EH�

UHODWHG�WR�D�VLJQLILFDQW�FRQWULEXWLRQ�RI�JUDLQ�ERXQGDU\�GLIIXVLRQ�LQ�FRPELQDWLRQ�ZLWK�FKDQJLQJ�

R[LGH�JUDLQ�VL]H�LQ�WKH�RYHUDOO�R[LGDWLRQ�SURFHVV�>������@��,Q�FDVH�RI�DOOR\�R[LGDWLRQ�WKH�WLPH�

GHSHQGHQW� LQFRUSRUDWLRQ�RI�PLQRU�DOOR\LQJ�DGGLWLRQV�ZLWK�KLJK�R[\JHQ�DFWLYLW\��H�J��0Q��6L��

$O��7L��1E��LQWR�WKH�R[LGH�VFDOH�PD\�UHVXOW�LQ�GHYLDWLRQV�IURP�LGHDO�SDUDEROLF�EHKDYLRU�>�� �

��@�� ,Q� VXFK� FDVHV�� WKH� R[LGDWLRQ� EHKDYLRU� FDQ� IUHTXHQWO\� EH� GHVFULEHG� ZLWK� UHDVRQDEOH�

DFFXUDF\�E\�VXE�SDUDEROLF�NLQHWLFV�>��@��ο฀฀฀ή฀฀� �˪������

LQ�ZKLFK�N�LV�WKH�SRZHU�ODZ�UDWH�FRQVWDQW�DQG�Q�WKH�R[LGDWLRQ�H[SRQHQW�ZKHUHE\�Q�������

)RU�R[LGDWLRQ�ZLWK�VLJQLILFDQW�IRUPDWLRQ�RI�YRODWLOH�VSHFLHV��H�J��LQ�FDVH�RI�SXUH�&U�RU�FKURPLD�

IRUPLQJ�DOOR\��SDUDOLQHDU�NLQHWLFV�SUHYDLO�DQG�(T��� ˪������FKDQJHV�WR�(T��� ˪�������ZKHUH�NY�LV�WKH�
OLQHDU� UDWH� FRQVWDQW� LQGLFDWLQJ� WKH� ORVV� RI� WKH� R[LGH� GXH� WR� VXUIDFH� HYDSRUDWLRQ� RI� YRODWLOH�

VSHFLHV�>��@��

摸
摴 ฀

฀฀
฀െ฀฀� � ˪������

0HWDOOLF� PDWHULDOV� DUH� IUHTXHQWO\� WHUPHG� DV� ³R[LGDWLRQ� UHVLVWDQW´� ZKHQ� FRPSDULQJ� WKH�

UHVSHFWLYH�PHWDOV� RU� DOOR\V�ZLWK� RWKHU� W\SHV� RI�PDWHULDOV�� H[KLELWLQJ� KLJKHU� R[LGDWLRQ� UDWHV��

+RZHYHU�� WKH� H[SUHVVLRQ� ³R[LGDWLRQ� UHVLVWDQW´� LV� RQO\� D� UHODWLYH� H[SUHVVLRQ� >��@�� $V� WKH�

GLVVRFLDWLRQ�SUHVVXUHV�RI�FRPPRQO\�XVHG�PHWDOOLF�PDWHULDOV�DUH�XVXDOO\�ORZHU�WKDQ�WKH�SDUWLDO�

SUHVVXUH� RI� R[\JHQ� SURYLGHG� E\� PRVW� VHUYLFH� HQYLURQPHQWV� LQ� SUDFWLFDO� DSSOLFDWLRQV� DW�

HOHYDWHG� WHPSHUDWXUHV��R[LGDWLRQ�RI� WKH�PDWHULDOV�FDQ� LQ�PRVW�DSSOLFDWLRQV�QRW�EH�SUHYHQWHG��

7KHUHIRUH�� WKH�DLP�RI� VHOHFWLRQ�DQG�GHVLJQ�RI�R[LGDWLRQ� UHVLVWDQW�PDWHULDOV� LV�QRW� WR�SUHYHQW�

R[LGDWLRQ��EXW�WR�VORZ�GRZQ�WKH�R[LGDWLRQ�NLQHWLFV�WR�UHGXFH�WKH�R[LGDWLRQ�LQGXFHG�GDPDJHV�WR�

DFFHSWDEOH�OLPLWV�>��@��
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$V�H[SODLQHG�DERYH��GLIIXVLRQ�LQ�D�JDV�WLJKW�VFDOH�SULPDULO\�RFFXUV�YLD�SRLQW�GHIHFWV��7KHUHIRUH�

LW� FDQ� JHQHUDOO\� EH� VDLG� WKDW�� DOWKRXJK� DOVR� GLIIHUHQFHV� LQ� PRELOLW\� RI� SRLQW� GHIHFWV� DUH� RI�

LPSRUWDQFH� IRU� R[LGDWLRQ� NLQHWLFV� >��@�� R[LGHV� ZLWK� KLJK� FRQFHQWUDWLRQV� RI� SRLQW� GHIHFWV�

FRPPRQO\�H[KLELW�KLJKHU�JURZWK�UDWHV�WKDQ�R[LGHV�ZLWK�ORZ�FRQFHQWUDWLRQV�RI�SRLQW�GHIHFWV�>���

��@��)LJXUH� ˪����VKRZV�H[SHULPHQWDOO\�GHWHUPLQHG�SDUDEROLF�UDWH�FRQVWDQWV�NZ��KHUH�H[SUHVVHG�
LQ�WKH�XQLW�J��FP���V����IRU�R[LGH�IRUPHG�RQ�YDULRXV�PHWDOOLF�PDWHULDOV���

�
)LJXUH� ˪����� 3DUDEROLF� UDWH� FRQVWDQWV� NZ� IRU� WKH� JURZWK� RI� YDULRXV� R[LGHV� DV� IXQFWLRQ� RI�
UHFLSURFDO�WHPSHUDWXUH��8SSHU�KRUL]RQWDO�D[LV�LQGLFDWHV�WHPSHUDWXUHV�LQ�.��>��@��EDVHG�RQ�>�@���

7R�EH�QRWHG�LV�WKDW�WKH�SDUDEROLF�R[LGDWLRQ�UDWHV�NZ�IRU�WKH�YDULRXV�R[LGHV�DUH�QRW�FRUUHODWHG�

ZLWK� WKH� GLVVRFLDWLRQ� SUHVVXUHV� VKRZQ� LQ� )LJXUH� ˪����� )RU� LQVWDQFH�� )H2� DQG� &U�2�� ERWK�

SRVVHVV�D�ORZHU�GLVVRFLDWLRQ�SUHVVXUH�WKDQ�1L2�EXW�WKH�JURZWK�UDWH�RI�1L2�LV�KLJKHU�WKDQ�WKDW�

RI�&U�2��ORZHU�WKDQ�WKDW�RI�)H2��,W�LV�DOVR�DSSDUHQW�IURP�WKH�DERYH�GLDJUDP�WKDW�WKH�R[LGDWLRQ�

UDWHV�LQFUHDVH�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��&RQVLGHULQJ�WKDW�WKH�R[LGDWLRQ�SURFHVV�LV�JRYHUQHG�

E\�GLIIXVLRQ�SURFHVVHV�LQ�WKH�R[LGH�VFDOH��LW�LV�QRW�VXUSULVLQJ�WKDW�WKH�R[LGDWLRQ�UDWHV�H[KLELW�D�

VLPLODU��$UUKHQLXV�W\SH��WHPSHUDWXUH�GHSHQGHQFH�DV�IRU�GLIIXVLRQ�SURFHVVHV�LQ�JHQHUDO�>�@��

฀฀฀ ฀฀฀฀數฀ ൬െ฀剔 ൰� � ˪������

ZKHUH�NZ��LV�WKH�SUH�H[SRQHQWLDO�IDFWRU�DQG�4�WKH�DFWLYDWLRQ�HQHUJ\�RI�WKH�R[LGDWLRQ�SURFHVV��
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���� 2[LGDWLRQ�RI�DOOR\V�

2[LGDWLRQ� SURWHFWLRQ� RI� KLJK� WHPSHUDWXUH� DOOR\V� LV� FRPPRQO\� EDVHG� RQ� WKH� VR�FDOOHG�

³VHOHFWLYH�R[LGDWLRQ´��ZKLFK�PHDQV�WKDW�D�GHQVH��FRQWLQXRXV��UHODWLYHO\�VORZ�JURZLQJ�H[WHUQDO�

R[LGH�VFDOH�RI�RQH�RU�PRUH�DOOR\LQJ�HOHPHQWV�LV�IRUPHG��,Q�GHVFULELQJ�VHOHFWLYH�R[LGDWLRQ��LW�LV�

LPSRUWDQW� WR� FRQVLGHU� WKH� GLVVRFLDWLRQ� SUHVVXUHV� DQG� WKH� JURZWK� UDWHV� RI� WKH� GLIIHUHQW�PHWDO�

R[LGHV��%HVLGHV��WKH�FRQWHQWV�RI�DOOR\LQJ�HOHPHQWV�LQ�WKH�DOOR\�V\VWHPV�SOD\�D�FULWLFDO�UROH�LQ�

WKH� R[LGDWLRQ� EHKDYLRU�� ,QWHUQDO� R[LGDWLRQ� RI� D� VROXWH� LQ� D� ELQDU\� DOOR\� ZLOO� RFFXU� LI� WKH�

IROORZLQJ�FRQGLWLRQV�DUH�IXOILOOHG�>�@��

� 7KH�R[LGH�RI� WKH�VROXWH�HOHPHQW� LV� WKHUPRG\QDPLFDOO\�PRUH�VWDEOH� WKDQ� WKH�R[LGH�RI�

WKH�EDVH�PHWDO��

� 6XIILFLHQW�VROXELOLW\�DQG�GLIIXVLYLW\�RI�R[\JHQ�WR�HVWDEOLVK�D�QHFHVVDU\�R[\JHQ�SDUWLDO�

SUHVVXUH�LQ�WKH�DOOR\��

� 7KH� FRQFHQWUDWLRQ� RI� WKH� VROXWH� LV� ORZHU� WKDQ� WKDW� UHTXLUHG� IRU� IRUPLQJ� DQ� H[WHUQDO�

R[LGH��

&RQVLGHULQJ� IRU� H[DPSOH�� D� ORZ�DOOR\HG�1L���ZW����&U� DOOR\� H[SRVHG� LQ� DLU� DW� �����&�� WKH�

R[\JHQ�SDUWLDO�SUHVVXUH�LQ�WKH�DWPRVSKHUH�LV�PXFK�KLJKHU�WKDQ�HLWKHU�WKH�GLVVRFLDWLRQ�SUHVVXUH�

RI�1L2�RU�WKDW�RI�&U�2���VHH�)LJXUH� ˪������,Q�WKLV�FDVH��SXUH�1L2�ZLOO�IRUP�DV�H[WHUQDO�R[LGH�RQ�
WRS� RI� WKH� DOOR\�� ZKHUHDV� WKH� &U� LV� R[LGL]HG� LQ� WKH� VXE�VXUIDFH� UHJLRQ�� 7KH� LQWHUQDO�

SUHFLSLWDWLRQ� RI� R[LGHV� IUHTXHQWO\� RFFXUV� DORQJ� JUDLQ� ERXQGDULHV��)LJXUH� ˪���� LOOXVWUDWHV� WKH�

FURVV� VHFWLRQ� RI� DQ� R[LGL]HG�1L���ZW����&U� DOOR\�� VKRZLQJ� IRUPDWLRQ� RI� H[WHUQDO�1L2�� DQG�

RQO\�D�VPDOO�DPRXQW�RI�&U�2��SUHFLSLWDWH�LV�IRUPHG�EHQHDWK�WKH�1L2�OD\HU�>��@��

,QFUHDVLQJ� WKH�FKURPLXP�FRQWHQW� LQ� WKH�QLFNHO�DOOR\�KDV�DV� FRQVHTXHQFH� WKDW� WKH�DPRXQW�RI�

LQWHUQDO�R[LGH�SUHFLSLWDWHV�LV�LQFUHDVHG�DQG��LQ�SDUDOOHO��WKH�LQFUHDVHG�R[LGH�LV�FRQFHQWUDWHG�LQ�D�

WKLQQHU�]RQH�>�@��7KHUHIRUH��D�VWHDG\�LQFUHDVH�RI�WKH�&U�FRQWHQW�LQ�WKH�DOOR\�ZLOO�KDYH�DV�UHVXOW�

WKDW�DERYH�D�FULWLFDO�&U�FRQWHQW� LQ� WKH�DOOR\�� WKH� LQWHUQDO�R[LGDWLRQ�]RQH�FKDQJHV� WR�D�FORVHG�

OD\HU�� WKXV� IRUPLQJ� D� GHQVH� &U�2�� OD\HU�� 7KH� R[\JHQ� SDUWLDO� SUHVVXUH� DW� WKH� &U�2��DOOR\�

LQWHUIDFH�HTXDOV�WKH�GLVVRFLDWLRQ�SUHVVXUH�RI�&U�2���LQ�HTXLOLEULXP�ZLWK�WKH�&U�DFWLYLW\�LQ�WKH�

DOOR\���$V�WKLV�GLVVRFLDWLRQ�SUHVVXUH�LV�PXFK�ORZHU�WKDQ�WKDW�RI�1L2��WKH�H[WHUQDO�&U�2��VFDOH�

SUHYHQWV�WKH�EDVH�PHWDO��1L��IURP�IXUWKHU�R[LGDWLRQ��7KH�YRLG�IRUPDWLRQ�LQ�WKH�VFDOH�DQG�RU�DW�
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WKH� DOOR\�VFDOH� LQWHUIDFH� LV� IUHTXHQWO\� UHODWHG� WR� FRQGHQVDWLRQ� RI� LQZDUGO\� PRYLQJ� FDWLRQ�

YDFDQFLHV�>��@��

�

)LJXUH�˪�����0HWDOORJUDSKLF�FURVV�VHFWLRQ�RI�R[LGH�VFDOH�DQG�LQWHUQDO�R[LGDWLRQ�]RQH�IRUPHG�RQ�

1L���ZW���&U�DOOR\�GXULQJ�R[LGDWLRQ�DW������&�IRU�����K�LQ�DLU�>��@��

$Q�H[DFW� WUHDWPHQW� >�@� UHYHDOV� IRU� WKH�FKURPLXP�PROH� IUDFWLRQ� �1&U�� UHTXLUHG� IRU�REWDLQLQJ�

H[WHUQDO�UDWKHU�WKDQ�LQWHUQDO�R[LGDWLRQ��

฀䍲 ฀ ቈɎ฀כ฀ ฀฀
ሺ฀ሻ ฀฀฀฀

฀෩䍲 ฀䍲฀฀฀฀቉฀฀Τ � � ˪������

ZKHUH�฀฀
ሺ฀ሻLV� WKH�R[\JHQ�VROXELOLW\� LQ� WKH�DOOR\��'2�WKH�GLIIXVLYLW\�RI�R[\JHQ� LQ� WKH�DOOR\��฀฀෩ �

WKH�&U�LQWHU�GLIIXVLRQ�FRHIILFLHQW�LQ�WKH�DOOR\��DQG�฀฀�DQG�฀䍲 ฀฀⸵�DUH�WKH�PRODU�YROXPHV��H�J��

LQ�FP��PROH��RI�WKH�DOOR\�DQG�R[LGH��UHVSHFWLYHO\��7KH�IDFWRU�J
�LV�JHQHUDOO\�DSSUR[LPDWHG�DV�

DERXW�����>�@��

+RZHYHU�� VWULFWO\� VSHDNLQJ�� (T�� � ˪������ LV� RQO\� YDOLG� IRU� D� V\VWHP� ZKHUH� RQO\� &U� FDQ� EH�
R[LGL]HG�� IRU� H[DPSOH� LI� WKH� HQYLURQPHQWDO� R[\JHQ� SDUWLDO� SUHVVXUH� LV� ORZHU� WKDQ� WKH�

GLVVRFLDWLRQ�SUHVVXUH�RI�1L2�EXW�KLJKHU�WKDQ�WKDW�RI�&U�2���7KH�H[DFW�PDWKHPDWLFDO�WUHDWPHQW�

>��@� IRU� WKH� FDVH� WKDW� ERWK� 1L� DQG� &U� PD\� EH� R[LGL]HG� UHYHDOV� IRU� WKH� FULWLFDO� FKURPLXP�

FRQWHQW�DW�ZKLFK�WKH�FKDQJH�IURP�LQWHUQDO�WR�H[WHUQDO�R[LGDWLRQ�RI�&U�RFFXUV��D�VOLJKWO\�KLJKHU�

YDOXH� WKDQ� WKDW� JLYHQ� E\�(T�� � ˪������� KRZHYHU� WKH� GHSHQGHQFH� RI� WKH� FULWLFDO� FRQFHQWUDWLRQ�

GHSHQGV�LQ�D�TXDOLWDWLYHO\�VLPLODU�PDQQHU�RQ฀฀฀
ሺ฀ሻ��'2�DQG�฀฀෩ DV�GHVFULEHG�IRU�(T��� ˪�������

,I�D�WKLQ�DQG�SURWHFWLYH�R[LGH�VFDOH�LV�IRUPHG��LW�FRYHUV�WKH�DOOR\�VXEVWUDWH�DQG�SURWHFWV�LW�IURP�

UDSLG�R[LGDWLRQ�RI�WKH�EDVH�PHWDO��*HQHUDOO\��WKH�SURWHFWLYH�VFDOH�VKRXOG�PHHW�WKH�SURSHUWLHV�RI�

YRLG
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VORZ�JURZWK�UDWH��KLJK�WKHUPDO�VWDELOLW\��FRQWLQXLW\��IUHH�RI�FUDFN�DQG�SRUHV��JRRG�FRKHUHQFH�

DQG�DGKHUHQFH�WR�WKH�VXEVWUDWH�DOOR\��)RU�DXVWHQLWLF�VWHHOV�DQG�QLFNHO�EDVHG�DOOR\V��&U�RU�$O�DUH�

PRVWO\�XVHG�DV�DOOR\LQJ�DGGLWLRQV�ZKLFK�OHDG�WR�IRUPDWLRQ�RI�D�SURWHFWLYH�H[WHUQDO�VFDOH�LQ�WKH�

IRUP�RI�&U�2��RU�$O�2��� UHVSHFWLYHO\�>��@�� ,Q� WKH�SUHVHQW�VWXG\�� WKH�PDLQ�IRFXV� LV�RQ�&U�2��

IRUPLQJ�QLFNHO�EDVHG�DOOR\V�DQG�DXVWHQLWLF�VWHHOV��ZKLFK�SRVVHVV�D�)&&�ODWWLFH���

7KH�R[LGDWLRQ�RI�VR�FDOOHG�FKURPLD�IRUPLQJ�DOOR\V�DW�KLJK�WHPSHUDWXUH�LQ�D�KLJK�S2��JDV�VXFK�

DV�DLU�XQGHUJRHV�VHYHUDO�VHSDUDWH�VWDJHV��WKH�WHUPV�RI�WKH�VWDJHV�ZLOO�EH�PDUNHG�LQ�EROG�LQ�WKH�

IROORZLQJ�WH[W��

$W�WKH�YHU\�EHJLQQLQJ�RI�R[LGDWLRQ��D�VKRUW�SHULRG�RI�WUDQVLHQW�R[LGDWLRQ�>��@�RFFXUV��ZKLFK�
LV�D�VWDJH�EHIRUH�WKH�HVWDEOLVKPHQW�RI�VWDEOH�IRUPDWLRQ�RI�WKH�SURWHFWLYH�FKURPLD�VFDOH��,Q�WKLV�

VWDJH��DOO� WKH�FRPPRQ�DOOR\LQJ�HOHPHQWV�DQG� WKH�EDVH�PHWDO�FDQ�EH�R[LGL]HG��7KH�R[LGDWLRQ�

SURGXFWV� DUH� XVXDOO\� FDOOHG� WUDQVLHQW� R[LGHV� DQG� PD\� IRUP� D� WKLQ� RXWHU� R[LGH� OD\HU� �VHH�

)LJXUH� ˪������)RU�D�&U�2��IRUPHU��WKH�SURWHFWLYH�&U�2��JURZV�WRJHWKHU�ZLWK�WKH�WUDQVLHQW�R[LGHV��

$IWHU� WKH� &U�2�� IRUPV� LQWR� D� FRQWLQXRXV� OD\HU� EHQHDWK� WKH�PXOWLSKDVH� WUDQVLHQW� R[LGHV�� WKH�

WUDQVSRUW� RI� EDVH�PHWDO� WR� WKH� DOOR\�JDV� LQWHUIDFH� LV� VXSSUHVVHG�� DQG� WKH� WUDQVLHQW� R[LGDWLRQ�

VWDJH� FHDVHV� >��@�� $IWHU� WKH� WUDQVLHQW� VWDJH� RI� R[LGDWLRQ�� VWHDG\� VWDWH� JURZWK� RI� WKH�
SURWHFWLYH�FKURPLD�VFDOH�RFFXUV�ZKHUHE\�GLIIXVLRQ�RI�FDWLRQV�DQG�RU�DQLRQV�LQ�WKH�VFDOH�LV�WKH�
UDWH�GHWHUPLQLQJ�VWHS�RI�WKH�VFDOH�JURZWK�SURFHVV��7KH�NLQHWLFV�DQG�PHFKDQLVPV�KDYH�DOUHDG\�

EHHQ�GLVFXVVHG�LQ�6HFWLRQ�˪�������

7KH�FRQVXPSWLRQ�RI�WKH�VFDOH�IRUPLQJ�HOHPHQW�&U�UHVXOWV�LQ�VXEVFDOH�GHSOHWLRQ�RI�WKLV�HOHPHQW�

DQG�WKXV�LQ�IRUPDWLRQ�RI�FRQFHQWUDWLRQ�JUDGLHQWV�LQ�WKH�DOOR\�EHQHDWK�WKH�R[LGH�VFDOH��,I�LGHDO�

SDUDEROLF�NLQHWLFV��(T��� ˪�������SUHYDLO��WKH�FRQFHQWUDWLRQ��&L��RI�WKH�VFDOH�IRUPLQJ�VROXWH��&U��

DW�WKH�DOOR\�VFDOH�LQWHUIDFH�LV�YLUWXDOO\�WLPH�LQGHSHQGHQW�EHIRUH�WKH�GHSOHWLRQ�IURQW�UHDFKHV�WKH�

FHQWHU� RI� WKH� VSHFLPHQ� �ILUVW� VWDJH� RI� GHSOHWLRQ��� SURYLGHG� WKDW� WKH� VSHFLPHQ� LV� VXIILFLHQWO\�

WKLFN�>��@��7KH�VXEVFDOH�&U�FRQFHQWUDWLRQ�SURILOH�LV�GHVFULEHG�E\�>��@��

฀฀െ฀฀฀㄰฀฀
฀慬฀潹

ή ฀฀׎ቆɎ฀฀฀෩ ቇ฀฀� �˪������

+HUH�&R�LV�WKH�LQLWLDO�VROXWH�FRQFHQWUDWLRQ��&L�WKH�LQWHUIDFH�VROXWH�FRQFHQWUDWLRQ��0�WKH�DWRPLF�

ZHLJKW� RI� WKH� VROXWH��0DOOR\� WKH� DYHUDJH� DWRPLF�ZHLJKW� RI� WKH� DOOR\׎���WKH� 3LOOLQJ�%HGZRUWK�
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UDWLR� �PRODU� YROXPH� RI� R[LGH� GLYLGHG� E\� WKH�PRODU� YROXPH� RI� WKH� VROXWH�PHWDO��� DQG�฀෩�WKH�
LQWHU�GLIIXVLYLW\�RI�WKH�VROXWH�LQ�WKH�DOOR\��

,I�VXE�SDUDEROLF�NLQHWLFV�SUHYDLO��L�H��Q�LQ�(T��� ˪������LV�VPDOOHU�WKDQ�������WKH�YDOXH�RI�&L�LV�QRW�

WLPH� LQGHSHQGHQW� EXW� LQFUHDVHV� ZLWK� LQFUHDVLQJ� R[LGDWLRQ� WLPH� >��@�� ,Q� FRQWUDU\�� ³VXSHU�

SDUDEROLF´�NLQHWLFV�SUHYDLO�� L�H�� LI� WKH�YDOXH�RI� Q� LQ�(T�� � ˪������ LV� ODUJHU� WKDQ������ WKHQ�&L�

GHFUHDVHV�ZLWK�LQFUHDVLQJ�R[LGDWLRQ�WLPH�>��@��

$�YHU\� IUHTXHQWO\�REVHUYHG�SKHQRPHQRQ�GXULQJ�R[LGDWLRQ�RI�KLJK�WHPSHUDWXUH�DOOR\V� LV� WKH�

IRUPDWLRQ� RI� YRLGV� LQ� WKH� DOOR\� VXEVWUDWH� DV�ZHOO� DV� DW� WKH� DOOR\�VFDOH� LQWHUIDFH��)LJXUH� ˪����
VKRZV�DQ�H[DPSOH�RI�WKH�YRLG�IRUPDWLRQ�LQ�ERWK�WKH�EXON�PHWDO�DQG�DORQJ�WKH�JUDLQ�ERXQGDULHV�

RI�D�1L����ZW����&U�PRGHO�DOOR\��7KHUH�DUH�PDLQO\�WZR�PHFKDQLVPV�RI�YRLG�IRUPDWLRQ�>��@��

)LUVWO\��WKH�LQMHFWLRQ�RI�FDWLRQLF�YDFDQFLHV��DQG�VHFRQGO\��WKH�.LUNHQGDOO�>��@�HIIHFW���

�
)LJXUH� ˪�����6FKHPDWLF�JUDSK�VKRZLQJ�WKH�R[LGHV�JURZQ�RQ�W\SLFDO�ZURXJKW�QLFNHO�EDVH�DOOR\V��
KHUH� D��$OOR\� ���� DQG� E�� +D\QHV� ���� DW� ����&� LQ� DLU� GXULQJ� WUDQVLHQW� DQG� VWHDG\� VWDWH� RI�

R[LGDWLRQ�>��@��
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7KH� RXWZDUG� PRYHPHQW� RI� WKH� PHWDO� FDWLRQV� LQ� WKH� R[LGH� LV� DFFRPSDQLHG� E\� DQ� LQZDUG�

GLIIXVLRQ�RI�YDFDQFLHV��7R�NHHS� WKH� ORZHVW� HQHUJ\� OHYHO� RI� WKH� V\VWHP�� WKH� FRQFHQWUDWLRQ�RI�

YDFDQFLHV� ZRXOG� LQFUHDVH� DW� SUHIHUDEOH� DUHDV�� ZKHUH� WKH� GHQVLW\� RI� GLVORFDWLRQV� LV� ORZ��

UHVXOWLQJ�LQ�WKH�DJJUHJDWLRQ�DQG�VXSHU�VDWXUDWLRQ�RI�WKH�YDFDQFLHV�DQG�ILQDOO\�WKH�IRUPDWLRQ�RI�

SRURVLW\� DQG� YRLGV� RFFXUV� >��@�� 7KH� YDFDQF\� FRQGHQVDWLRQ� PD\� RFFXU� LQ� WKH� R[LGH�� DW� WKH�

DOOR\�VFDOH�LQWHUIDFH�RU�ZLWKLQ�WKH�DOOR\�>��@��

7KH� .LUNHQGDOO� HIIHFW� LV� NQRZQ� DV� WKH� PLVPDWFK� RI� WKH� GLIIXVLRQ� FRHIILFLHQW� EHWZHHQ� WZR�

GLIIXVLQJ�HOHPHQWV�ZKLFK�OHDGV�WR�D�YDFDQF\�IOX[�RI�RQH�HOHPHQW�LQ�WKH�RSSRVLWH�GLUHFWLRQ�RI�

WKH�IOX[�RI�WKH�IDVWHVW�HOHPHQW��7KLV�PHFKDQLVP�RIWHQ�FDXVHV�YRLGV�LQ�WKH�EXON�DOOR\�>��@���

�
)LJXUH� ˪�����9RLG�IRUPDWLRQ�GXULQJ�R[LGDWLRQ�RI�1L����ZW���&U�PRGHO�DOOR\�H[SRVHG�LQ�DLU�DW�
�����&�IRU�����K�>��@�

7KH� IRUPDWLRQ� RI� YRLGV� DW� WKH� DOOR\�VFDOH� LQWHUIDFH� PD\� EH� WKH� VRXUFH� RI� FUDFNV� ZKLFK�

GHWHULRUDWH� WKH� KLJK� WHPSHUDWXUH� R[LGDWLRQ� UHVLVWDQFH� RI� WKH�PDWHULDOV� E\� LQLWLDWLRQ� RI� VFDOH�

VSDOODWLRQ�>��@��,Q�VWXGLHV�RI�R[LGDWLRQ�RI�1L�&U�ELQDU\�DOOR\V��LW�LV�IRXQG�WKDW�WKH�FRDOHVFHQFH�

RI� WKH� YDFDQFLHV� PD\� LQLWLDWH� PLFURFUDFNV�� DQG� OHDGV� WR� WKH� LQJUHVV� RI� R[\JHQ�� VR� WKDW� D�

GXSOH[�VFDOH�LV�IRUPHG��RI�ZKLFK�WKH�LQQHU�OD\HU�LV�SRURXV�R[LGH�ZLWK�HTXLD[HG�JUDLQV�>��@��,Q�

FRQWUDU\�WR�WKH�FRPPRQ�UHPDUNV�DERXW�WKH�FRQVHTXHQFH�RI�YRLG�IRUPDWLRQ��WKH�SRURXV�R[LGH�

ZLWK� VPDOO� HTXLD[HG�JUDLQV� LV� WKRXJKW� WR�DFW�DV�PHGLDWH�EHWZHHQ� WKH�DOOR\�VXEVWUDWH�DQG� WKH�

RXWHU�FROXPQDU�JUDLQV�WR�LPSURYH�PDLQWHQDQFH�RI�LQWHUIDFH�DGKHVLRQ�>��@��

,Q� VWXGLHV� UHODWHG� WR� R[LGDWLRQ� RI� SXUH� &U�� LW� LV� DOVR� UHYHDOHG� WKDW� D� FHUWDLQ� FRQWULEXWLRQ� RI�

LQZDUG�JURZWK�RI�R[LGH�FDQ�GHFUHDVH�YRLG�IRUPDWLRQ�DW�WKH�DOOR\�VFDOH�LQWHUIDFH�>������@��

,Q�DGGLWLRQ�WR�IRUPDWLRQ�RI�YRLGV�DW�WKH�DOOR\�VFDOH�LQWHUIDFH��DOVR�WKHUPDOO\�LQGXFHG�VWUHVVHV�

RFFXUULQJ�GXULQJ�FRROLQJ�GXH�WR�WKH�PLVPDWFK�RI�WKH�WKHUPDO�H[SDQVLRQ�FRHIILFLHQWV�EHWZHHQ�
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DOOR\�DQG�R[LGH�DQG�HYHQ�R[LGH�JURZWK�VWUHVVHV�PD\�OHDG�WR�VFDOH�PLFUR�GDPDJH�>����������@��

$IWHU�IRUPDWLRQ�RI�VFDOH�GHIHFWV�ZLWK�D�FULWLFDO�VL]H��FRPSUHVVLYH�VWUHVVHV�LQ�WKH�VFDOH�LQGXFHG�

GXULQJ�FRROLQJ�IURP�R[LGDWLRQ�WR�URRP�WHPSHUDWXUH�PD\�HYHQWXDOO\�OHDG�WR�VFDOH�VSDOOLQJ�>��@��
'XULQJ�UH�KHDWLQJ�WKH�SURWHFWLYH�FKURPLD�VFDOH�PD\�UH�IRUP��SURYLGHG�WKDW�WKH�FRQFHQWUDWLRQ�

&L� �(T�� �˪������� LV� VXIILFLHQWO\� KLJK� IRU� H[WHUQDO� R[LGDWLRQ� RI�&U� WR� EH� IDYRUHG� RYHU� LQWHUQDO�
R[LGDWLRQ�>������@��

7KH�VFDOH�VSDOOLQJ�ZLOO�UHVXOW� LQ�HQKDQFHG�ORVV�RI� WKH�VFDOH�IRUPLQJ�HOHPHQW�DQG�WKXV�WKH�&U�

FRQVXPSWLRQ� UDWH� LV� IDVWHU� WKDQ� WKDW�JLYHQ�E\�(T�� �˪�������&RQVHTXHQWO\� WKH�YDOXH�RI�&L�ZLOO�

GHFUHDVH�ZLWK�WLPH�DQG�PD\�HYHQWXDOO\�EHFRPH�VXEVWDQWLDOO\�VPDOOHU�WKDQ�WKH�YDOXH�JLYHQ�E\�

(T�� �˪�������8SRQ�UH�KHDWLQJ�DIWHU�FRROLQJ��WKH�IRUPDWLRQ�RI�WKH�SURWHFWLYH�VFDOH�PD\�WKHQ�EH�
QR� ORQJHU� SRVVLEOH�� ,Q� FDVH� RI� W\SLFDO� 1L�&U� EDVH� ZURXJKW� DOOR\V� GLVFXVVHG� KHUH�� WKLV�

³EUHDNDZD\� R[LGDWLRQ´� PD\� OHDG� WR� IRUPDWLRQ� RI� OHVV� SURWHFWLYH�� 1L�FRQWDLQLQJ� R[LGHV��
+RZHYHU��WKLV�JHQHUDOO\�GRHV�QRW�OHDG�WR�D�VXGGHQ��FDWDVWURSKLF�R[LGDWLRQ�IUHTXHQWO\�REVHUYHG�

H�J�� LQ�)H&U$O�DOOR\V� >��@�DV� ORQJ�DV� WKH� UHVHUYRLU�RI� WKH�VROXWH�FKURPLXP�LQ�DQ�DGHTXDWHO\�

WKLFN� VSHFLPHQ� LV� VXIILFLHQWO\� KLJK� WR� �SDUWO\�� UH�IRUP� WKH� LQQHU� FKURPLD� VFDOHV� EHQHDWK� WKH�

OHVV�SURWHFWLYH�R[LGH�IRUPHG�GXULQJ�UH�KHDWLQJ��

,Q�WKLQ�VSHFLPHQV��H�J��RI�D�IHZ�WHQWKV�RI�D�PP�WKLFNQHVV��WKH�VXEVFDOH�VROXWH�FRQFHQWUDWLRQ�

SURILOHV�PD\�ZLWKLQ�UHODWLYHO\�VKRUW�WLPHV�UHDFK�WKH�FHQWHU�RI�WKH�VSHFLPHQ��7KLV�ZLOO�JHQHUDOO\�

PRUH�UDSLGO\�RFFXU�LQ�%&&��H�J��IHUULWLF�VWHHOV��WKDQ�LQ�)&&�PDWHULDOV��H�J��1L&U�EDVH�DOOR\V��

DXVWHQLWLF�VWHHOV��EHFDXVH�WKH�VROXWH�GLIIXVLYLWLHV�DUH�JHQHUDOO\�VPDOOHU�LQ�WKH�ODWWHU�WKDQ�LQ�WKH�

%&&�W\SH�DOOR\V�>��@��,I�WKH�GLIIXVLRQ�SURILOH�UHDFKHV�WKH�FHQWHU�RI�WKH�VSHFLPHQ��WKH�VHFRQG�

VWDJH�RI�GHSOHWLRQ�VWDUWV��DQG�WKH�YDOXH�RI�&L��(T�� �˪�������ZLOO� WKHQ��HYHQ�GXULQJ�VWHDG\�VWDWH�
VFDOH� JURZWK�� GHFUHDVH�ZLWK� LQFUHDVLQJ� R[LGDWLRQ� WLPH�� 7KH� VXEVFDOH� FRQFHQWUDWLRQ� SURILOHV�

WKHQ�EHFRPH� UHODWLYHO\� IODW�� DV�H�J�� IUHTXHQWO\�REVHUYHG�GXULQJ�JURZWK�RI�DOXPLQD� VFDOHV�RQ�

)H&U$O� EDVH� DOOR\V� >���� ��@� DQG� FKURPLD� VFDOHV� RQ� KLJK�&U� IHUULWLF� VWHHOV� >���� ��@�� 8SRQ�

RQJRLQJ� VFDOH� IRUPDWLRQ� WKH� VROXWH� FRQFHQWUDWLRQ� RYHU� WKH� ZKROH� VSHFLPHQ� WKLFNQHVV� ZLOO�

GHFUHDVH� ZLWK� LQFUHDVLQJ� WLPH�� 7KH� LQWHUIDFH� FRQFHQWUDWLRQ� RI� WKH� VROXWH� PD\� ILQDOO\� UHDFK�

FRQFHQWUDWLRQV�ZKLFK�DUH�VR� ORZ� WKDW�H[WHUQDO� IRUPDWLRQ�RI� WKH�SURWHFWLYH�VFDOH� LV�QR� ORQJHU�

SRVVLEOH��)RU�DOXPLQD�IRUPLQJ�IHUULWLF�VWHHOV�DW�WHPSHUDWXUHV�LQ�WKH�UDQJH�������������&�>����

��@�DQG�FKURPD�IRUPLQJ�IHUULWLF�VWHHOV�DW�����������&�>������@�LW�FRXOG�EH�VKRZQ�WKDW�WKH�WLPH�

IRU� RFFXUUHQFH� RI� EUHDNDZD\� R[LGDWLRQ� �W%�� FDQ� ZLWK� UHDVRQDEOH� DFFXUDF\� EH� GHVFULEHG� E\�

FRUUHODWLQJ� WKH� &U� �RU�$O�� FRQVXPHG� E\� WKH� JURZWK� RI� WKH� R[LGH� VFDOH�ZLWK� WKH� &U� �RU�$O��
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UHVHUYRLU�LQ�WKH�DOOR\��7KLV�OHDG�WR�WKH�IROORZLQJ�H[SUHVVLRQ�IRU�WKH�WLPH��W%��WLOO�RFFXUUHQFH�RI�

EUHDNDZD\�R[LGDWLRQ�>��@��

฀฀฀ ൤฀฀฀฀㄰ െ฀ή ሺ฀฀െ฀฀ሻ ή ɏ ή฀฀ ൨฀฀� �������

+HUH�&%�LV�WKH�FULWLFDO�VROXWH�FRQFHQWUDWLRQ�IRU�RFFXUUHQFH�RI�EUHDNDZD\��ɏ�WKH�GHQVLW\�RI�WKH�
DOOR\��฀�WKH�ZDOO� WKLFNQHVV��฀�WKH� UDWH� FRQVWDQW� RI� R[LGDWLRQ� DQG�฀�WKH� R[LGDWLRQ� H[SRQHQW� DV�

GHILQHG�LQ�(T���˪�������7KH�YDOXH�฀฀฀฀㄰ െ฀�LV�D�FRQVWDQW�YDOLG�IRU�DOXPLQD�IRUPHUV��ZKHUHDV�
IRU�FKURPLD�IRUPHUV�WKH�YDOXH�RI�WKLV�FRQVWDQW�LV�฀฀฀฀㄰ െ฀��
$VVXPLQJ�D�VLPSOH�VFDOH�VSDOOLQJ�PRGHO�WKH�YDOXH�RI�W%�FRXOG�EH�HVWLPDWHG�E\�>��@��

฀฀฀ ฀฀฀฀㄰ െ฀ή ሺ฀฀െ฀฀ሻ ή ɏ ή฀ή ሺ฀ሻെ฀฀ή ሺο฀כሻ฀฀െ฀� � ˪������

ZKHUH� WKH�ο฀ ��LVכ WKH�DUHD�VSHFLILF�ZHLJKW�JDLQ�DW� WKH� WLPH�ZKHQ�D�FRPSOHWH�VFDOH�VSDOODWLRQ�
VWDUWV�WR�RFFXU��

7KLV� DSSURDFK� DOORZHG� FRQVWUXFWLQJ� OLIHWLPH� GLDJUDPV� VKRZLQJ� WLPHV� WR� EUHDNDZD\� DV�

IXQFWLRQ�RI�FRPSRQHQW�WKLFNQHVV�IRU�YDULRXV�WHPSHUDWXUHV�>��@��

7KH� QHDUO\� IODW� VROXWH� GHSOHWLRQ� SURILOHV� DUH�� KRZHYHU�� XS� WR� TXLWH� ORQJ� H[SRVXUH� WLPHV� QRW�

REVHUYHG�LQ�FKURPLD�IRUPLQJ�)&&�PDWHULDOV��GXH� WR� WKH�KLJKHU�R[LGDWLRQ�UDWH�DQG�WKH� ORZHU�

LQWHUGLIIXVLYLW\� RI� WKH� VROXWH��$Q� H[WHQVLYH�PDWKHPDWLFDO� WUHDWPHQW� WR� GHVFULEH� WKH� VXEVFDOH�

GHSOHWLRQ�DV�IXQFWLRQ�RI� WLPH�DQG�R[LGDWLRQ�UDWH� IRU�DOOR\V�IRUPLQJ�QRQ�IODW�VROXWH�GHSOHWLRQ�

SURILOHV�ZDV�SURYLGHG�E\�%DVWRZ�HW�DO��>��@��

<RXQJ�HW�DO��>��@�VKRZHG�WKDW�WKH�%DVWRZ�:KLWWOH�DSSURDFK�FDQ�EH�QXPHULFDOO\�DSSUR[LPDWHG��

UHYHDOLQJ�DQ�H[SUHVVLRQ�WR�FDOFXODWH�WKH�WLPH�WLOO�RFFXUUHQFH�RI�EUHDNDZD\�R[LGDWLRQ��L�H�� WKH�

WLPH�DW�ZKLFK�&L�EHFRPHV�ORZHU�WKDQ�D�FULWLFDO�YDOXH�&%��

฀฀฀ ฀฀ቈ൬฀฀െ฀฀
㄰฀ ή ɏ฀Ɋ൰฀ ฀

฀฀฀
െ ɐ
฀቉� � ˪������

+HUH��Ɋ�LV� WKH� PHWDO�R[\JHQ� ZHLJKW� UDWLR� RI� WKH� VFDOH� IRUPLQJ� R[LGH��฀฀�WKH� SDUDEROLF� UDWH�
FRQVWDQW��(T�� � ˪��������ɐ�LV�D�FRQVWDQW�HTXDO�WR�฀฀฀฀㄰ െ฀��DQG�'�WKH�GLIIXVLRQ�FRHIILFLHQW�RI�
WKH�VROXWH�&U�LQ�WKH�DOOR\�LQ�FP�V����

+RZHYHU��ERWK� WKH�%DVWRZ�:KLWWOH�DSSURDFK�DV�ZHOO�DV�(T�� � ˪������ DUH�RQO\�YDOLG� LQ�FDVH�RI�
VWHDG\�VWDWH�R[LGH�JURZWK�REH\LQJ�SDUDEROLF�NLQHWLFV��3UHGLFWLRQ�RI� WKH�WLPH�WR�EUHDNDZD\�LI�
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GHYLDWLRQV�RI�LGHDO�SDUDEROLF�NLQHWLFV�SUHYDLO�DQG�HVSHFLDOO\�DFFRXQWLQJ�IRU�RFFXUUHQFH�RI�VFDOH�

VSDOOLQJ�LV�QRW�SRVVLEOH�RQ�WKH�EDVLV�RI�WKH�FRQFHSWV�LQ�UHIHUHQFH�>��@��

7KH�R[LGDWLRQ�RI�&U�2��IRUPLQJ�DOOR\V�FDQ�XQGHUJR�VFDOH�ORVV�GXH�WR�UHDFWLYH�HYDSRUDWLRQ�RI�

FKURPLXP�FRQWDLQLQJ�JDV�VSHFLHV�>��@��$�QXPEHU�RI�SRVVLEOH�&U�FRQWDLQLQJ�JDV�VSHFLHV�FDQ�EH�

IRUPHG�LQ�2��DQG�+�2�FRQWDLQLQJ�HQYLURQPHQW��VXFK�DV�YDULRXV�FKURPLXP�R[LGHV��FKURPLXP�

K\GUR[LGHV� DQG� FKURPLXP� R[\�K\GUR[LGHV�� ,Q� GU\� DLU�� WKH� SUHGRPLQDWH� JDVHRXV� VSHFLHV�

IRUPHG� LV� &U2��J��� 7KH� DFFHOHUDWHG� GHJUDGDWLRQ� GXH� WR� ZDWHU� YDSRU� DV� ZHOO� DV� VWHDP�

HQYLURQPHQWV�ZDV�ILUVWO\�GHVFULEHG�E\�.RIVWDG�>������@�LQ�WKH�EHJLQQLQJ�RI�WKH�����V��,Q�ODVW�

GHFDGHV�� WKH� HYDSRUDWLRQ� RI� &U� IURP� SURWHFWLYH� VFDOHV� RI� VWDLQOHVV� VWHHOV� >�����@� DQG� RWKHU�

DOOR\V�>�����@�ZHUH�IXUWKHU�VWXGLHG��7KH�HIIHFWV�RI�ZDWHU�YDSRU�RQ�FKURPLD�IRUPLQJ�DOOR\V�DUH�

PRVWO\�PDUNHG�IRU�)H�EDVHG�DOOR\V��LWV�LQIOXHQFH�RQ�1L�EDVHG�DOOR\V�DUH�VHHP�WR�EH�OHVV�VHYHUH�

>��@�� 2QH� RI� WKH� GLIIHUHQFHV� EHWZHHQ� )H�EDVH� DQG� 1L�EDVH� DOOR\V� LV� SRVVLEOH� IRUPDWLRQ� RI�

)H�2+���J��LQ�ZHW�DLU��ZKLFK�WKHQ�PD\�FRQYHUW�LQWR�KDHPDWLWH�RU�PDJQHWLWH�WKXV�FRQWULEXWLQJ�

WR� D� KLJKHU� UDWH� RI� R[LGDWLRQ� >��@�� )RU�1L�EDVH� DOOR\V�� WKH� IRUPDWLRQ� RI�1L&U�2�� VSLQHO� FDQ�

UHGXFH� WKH�&U� HYDSRUDWLRQ�E\�D� IDFWRU�RI��� DW� WHPSHUDWXUHV�XS� WR������&� >��@��)RU� KLJK�&U�

IHUULWLF�VWHHOV�WKH�IRUPDWLRQ�RI�RXWHU�0Q&U�2��KDV�EHHQ�VKRZQ�WR�UHGXFH�&U�HYDSRUDWLRQ�>����

��@��

,W� LV� ZHOO� HVWDEOLVKHG� WKDW� WKH� HIIHFW� RI� YRODWLOH� VSHFLHV� IRUPDWLRQ� RQ� WKH� RYHUDOO� R[LGDWLRQ�

SURFHVV� LQFUHDVHV�ZLWK� LQFUHDVLQJ�JDV� IORZ� UDWH� >�������@��8QGHU� VWDWLF� FRQGLWLRQ� LQ�R[\JHQ�

ULFK� JDVHV�ZLWK� ORZ�ZDWHU� YDSRU� FRQWHQWV�� VXFK� DV� DPELHQW� DLU�� WKH� FRQWULEXWLRQ� RI� YRODWLOH�

VSHFLHV� RQ� WKH� VFDOLQJ� SURFHVV� LV� OLPLWHG� DQG� FDQ� WKXV� XS� WR� TXLWH� ORQJ� H[SRVXUH� WLPHV� EH�

QHJOHFWHG��

,Q�GHVLJQ�RI�KLJK�WHPSHUDWXUH�DOOR\V��D�ZLGH�YDULHW\�RI�DOOR\LQJ�HOHPHQWV�DUH�DGGHG�WR�)&&�

DOOR\� V\VWHPV� LQ� RUGHU� WR� RSWLPL]H� PHFKDQLFDO� SURSHUWLHV�� VXFK� DV� KLJK�WHPSHUDWXUH� FUHHS�

VWUHQJWK��+RZHYHU��WKHVH�DOOR\LQJ�HOHPHQWV�PD\�DOVR�LQIOXHQFH�WKH�R[LGDWLRQ�EHKDYLRU�RI�WKH�

DOOR\��

$GGLWLRQ� RI� :�� 0R�� &U� DQG� &R� LQFUHDVHV� WKH� FUHHS� UHVLVWDQFH� RI� 1L�EDVH� DOOR\� E\� VROLG�

VROXWLRQ�VWUHQJWKHQLQJ��DQG�WR�VRPH�H[WHQG�VORZLQJ�GRZQ�WKH�GLIIXVLRQ�RI�DWRPV�LQ�WKH�EDVH�



���%DVLFV�RI�R[LGDWLRQ�

���
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DOOR\��,Q�1L�EDVH�DOOR\V��:��0R��&U�DQG�&R�WHQG�WR�IRUP�FDUELGH�SUHFLSLWDWHV�� WKXV�DIIHFWLQJ�

FUHHS�VWUHQJWK�>��������@��

6L�DQG�$O�IRUP�R[LGHV�ZKLFK�DUH�WKHUPRG\QDPLFDOO\�IDU�PRUH�VWDEOH�WKDQ�FKURPLD��7KHUHIRUH��

WKHVH�HOHPHQWV�PRVWO\�SUHYDLO�LQ�LQWHUQDO�R[LGHV�UDWKHU�WKDQ�EHLQJ�LQFRUSRUDWHG�LQWR�WKH�VFDOH��

,I�WKH�$O�DQG�RU�6L�FRQWHQWV�DUH�LQFUHDVHG�WR�EH\RQG���ZW�����WKH�LQWHUQDO�VLOLFD�DQG�RU�DOXPLQD�

SUHFLSLWDWLRQ�PD\�FKDQJH�LQWR�SURWHFWLYH��H[WHUQDO�VFDOH�IRUPDWLRQ��'XH�WR�WKH�H[WUHPHO\�ORZ�

JURZWK�UDWHV�RI�VLOLFD�DQG�DOXPLQD��WKLV�HIIHFW�LV�DFFRPSDQLHG�E\�D�VWURQJ�LQFUHDVH�LQ�R[LGDWLRQ�

UHVLVWDQFH� >���@�� ,W� LV� DOVR� JHQHUDOO\� DGPLWWHG� WKDW� 6L� DGGLWLRQ� GHFUHDVHV� WKH� SUREDELOLW\� RI�

EUHDNDZD\�R[LGDWLRQ��)LUVW��GXULQJ�WKH�LQLWLDO�VWDJHV�RI�R[LGDWLRQ��LQWHUQDO�SUHFLSLWDWHV�RI�VLOLFD�

IRUP�� ZKLFK� VXVWDLQV� LQWHUQDO� SUHFLSLWDWHV� RI� FKURPLD� VHWWOHPHQW�� 6LOLFD� IRUPV� EHQHDWK� WKH�

FKURPLD�VFDOH�DQG�WKH�GLVFRQWLQXRXV�OD\HU�RI�VLOLFD�DFWV�DV�D�SDUWLDO�GLIIXVLRQ�EDUULHU�DQG�OHDGV�

WR�D�GHFUHDVH�LQ�WKH�R[LGDWLRQ�UDWH�>��������@��

7L�DQG�0Q�DUH�LQFRUSRUDWHG�LQ�WKH�VFDOH�DQG�ILQDOO\�GLIIXVH�WR�RXWHU�VFDOH��PRVWO\�IRUPLQJ�7L2��

DQG�0Q&U�2���UHVSHFWLYHO\�>���@��7KH�IRUPDWLRQ�RI�WKH�VSLQHO�W\SH�R[LGH�RI�0Q�LQ�WKH�RXWHU�

SDUW�RI�WKH�VXUIDFH�VFDOH�PD\�UHGXFH�WKH�HYDSRUDWLRQ�RI�WKH�&U�LQ�R[LGDWLRQ�RI�FKURPLD�IRUPLQJ�

DOOR\V�DW�KLJK� WHPSHUDWXUHV� >��@�� ,W�ZDV�IRXQG� WKDW�0Q�KDV�D�YHU\�PLQRU�VROXELOLW\� LQ�&U�2��

ZKLFK� GHSHQGV� RQ� S2�� >���@�� ,W� KDV� DOVR� EHHQ� IRXQG� WKDW� DW� KLJK�S2��� 0Q� FDQ� UHSODFH� D�

VXEVWDQWLDO�DPRXQW�RI�&U�LQ�WKH�&U�0Q�VSLQHO�>���@��0Q�DGGLWLRQV�LQFUHDVH�WKH�R[LGDWLRQ�UDWH�

RI�1L&U�DOOR\� LQ� WKH� KLJK�S2�� HQYLURQPHQW�� SDUWO\� E\� IRUPLQJ� D� VSLQHO� OD\HU� LQ� DGGLWLRQ� WR�

&U�2��>���@��+RZHYHU��WKH�UDSLG�LQFRUSRUDWLRQ�RI�0Q�LQ�WKH�R[LGH�ZLOO�HDVLO\�OHDG�WR�FRPSOHWH�

H[KDXVWLRQ� RI� WKH� 0Q� UHVHUYRLU� LQ� WKH� R[LGL]HG� VSHFLPHQ� HVSHFLDOO\� IRU� WKLQ� VSHFLPHQV�

R[LGL]HG�DW�KLJK� WHPSHUDWXUHV��ZKLFK�ZLOO� DOWHU� WKH�GHVFULEHG�HIIHFW�RI�0Q�RQ� WKH�R[LGDWLRQ�

NLQHWLFV� >���@�� 7L� LV� DQ� DOOR\LQJ� HOHPHQW�ZLWK� D� ODUJH� LQIOXHQFH� RQ� WKH� R[LGDWLRQ� UDWH� >�����

���@��)RU�H[DPSOH��E\�DGGLQJ���ZW����RI�7L�WR�DQ�DOOR\�FRQWDLQLQJ����ZW����RI�&U��WKH�FKURPLD�

JURZWK�UDWH� LQ�VWHDP�UHIRUPLQJ�JDV�ZDV�IRXQG� WR� LQFUHDVH�E\�D� IDFWRU�RI�DERXW���GXH� WR� WKH�

:DJQHU�+DXIIH�GRSLQJ�HIIHFW� >��������@��,W�ZDV�DOVR�IRXQG�WKDW� WKH�HQULFKPHQW�RI�7L� LQ� WKH�

RXWHU�FKURPLD�LQFUHDVHV�ZLWK�LQFUHDVLQJ�S2��LQ�WKH�VXUURXQGLQJ�DWPRVSKHUH��ZKLFK�LV��VLPLODU�

WR�0Q��SUREDEO\�D�UHVXOW�RI�D�S2��GHSHQGHQW�7L�VROXELOLW\�LQ�FKURPLD�VFDOH�>�������@��

$�YDULHW\� RI� VWXGLHV� RQ� WKH� HIIHFWV� RI� VR�FDOOHG� UHDFWLYH� HOHPHQWV� �5(�� RQ� WKH� IRUPDWLRQ� RI�

SURWHFWLYH�VFDOH�ZHUH�SXEOLVKHG�>�������@��7KH�UHDFWLYH�HOHPHQWV�DUH�WKH�HOHPHQWV�LQ�*URXS�,,�

WR�*URXS�9�LQ�WKH�SHULRGLF�WDEOH��LQFOXGLQJ�/D��<��&H��+I��=U��0J��&D��HWF��7KH�EXFNOLQJ�DQG�

UHVXOWLQJ�SRRU�DGKHVLRQ�RI�WKH�VFDOH�FDQ�EH�PLQLPL]HG�E\�WKH�DGGLWLRQ�RI�5(�HLWKHU�LQ�PHWDOOLF�
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IRUP�RU�LQ�WKH�IRUP�RI�DQ�R[LGH�GLVSHUVLRQ�>��������@��7KH�PRVW�FRPPRQO\�XVHG�5(ெV��ZKLFK�

DUH�DGGHG�LQ�FRQFHQWUDWLRQV�RI�D�IHZ�KXQGUHGWKV�RU�WHQWKV�RI�D�SHUFHQW��DUH�<��/D��&H�DQG�=U��

$SDUW�IURP�WKH�LPSURYHG�VFDOH�DGKHVLRQ��WKH�GLVSHUVHG�R[LGHV�RI�5(�PD\�LQ�WKH�HDUO\�VWDJHV�RI�

R[LGDWLRQ�� SURPRWH� R[LGH� QXFOHDWLRQ� WKXV� VKRUWHQLQJ� WKH� WLPH� WR� REWDLQLQJ� VWHDG\� VWDWH�

R[LGDWLRQ��7KXV��5(�DGGLWLRQV�WHQG�WR�SURPRWH�VHOHFWLYH�H[WHUQDO�R[LGDWLRQ�RI�&U�>���@���



���([SHULPHQWDO�
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� ([SHULPHQWDO�

���� 0DWHULDOV�

)RXU�FRPPHUFLDO�KLJK�WHPSHUDWXUH�DOOR\V�ZHUH�FKRVHQ� IRU� WKH�SUHVHQW�VWXG\�� WKUHH�RI�ZKLFK�

DUH�1L�EDVH�DOOR\V��QDPHO\�DOOR\������DOOR\�;��DQG�1L&U�������7KH�IRXUWK�DOOR\�VWXGLHG�LV�WKH�

KLJK�WHPSHUDWXUH�DXVWHQLWLF�VWHHO�1LFURIHU�������

$OOR\� ���� LV� D� PDWHULDO� IUHTXHQWO\� XVHG� DV� FRQVWUXFWLRQ� PDWHULDO� IRU� D� YDULHW\� RI� KLJK�

WHPSHUDWXUH� FRPSRQHQWV� >��@�� LQFOXGLQJ� WKLQ�ZDOOHG� FRPSRQHQWV� VXFK� DV� KRQH\FRPE�

VWUXFWXUHV�DQG�KHDW�H[FKDQJHUV��$OOR\�;�LV�UHFRPPHQGHG�WR�EH�XVHG�LQ�IXUQDFH�DSSOLFDWLRQ�DV�

ZHOO�DV�LQ�WKH�ILHOG�RI�DLUFUDIW��VXFK�DV�WKH�MHW�HQJLQH�WDLOSLSHV��DIWHUEXUQHU�FRPSRQHQWV��FDELQ�

KHDWHUV�DQG�RWKHU�DLUFUDIW�SDUWV� >���@��7KH�KLJK�WHPSHUDWXUH�1L�EDVH�DOOR\�1L&U������LV�DOVR�

FRPPRQO\�QDPHG�1LFKURPH�������ZKLFK�ZDV�ILUVWO\�SDWHQWHG�LQ������DV�WKH�ROGHVW�UHVLVWDQFH�

KHDWLQJ� DOOR\� >���@�� %HFDXVH� RI� LWV� R[LGDWLRQ� UHVLVWDQFH� DQG� KLJK� PHOWLQJ� WHPSHUDWXUH�

������&���1L&U������LV�VWLOO�XVHG�LQ�D�YHU\�ZLGH�YDULHW\�RI�GHYLFHV�ZKHUH�HOHFWULF�KHDWLQJ�LV�

UHTXLUHG��7KH�FRPPRQ�FKHPLFDO�FRPSRVLWLRQ�LV�VLPSO\����ZW����1L�DQG����ZW����&U��ZKHUHDV�

VRPH� RWKHU� DOOR\LQJ� HOHPHQWV� DUH� LQHYLWDEO\� SUHVHQW� RU� LQWHQWLRQDOO\� DGGHG� GXULQJ� WKH�

SURGXFWLRQ�� 1LFURIHU� ����� LV� D� FRPPHUFLDO� KLJK� WHPSHUDWXUH� DXVWHQLWLF� VWHHO� SURYLGHG� E\�

9'0�0HWDOV�� ,W� LV�ZLGHO\�NQRZQ� WKDW� WKLV� W\SH�RI� VWDLQOHVV�VWHHO� UHSUHVHQWV�)H�EDVHG�DOOR\V�

ZLWK� KLJK� KHDW� UHVLVWDQFH�� 7KLV� DOOR\� KDV� JRRG� R[LGDWLRQ� UHVLVWDQFH� LQ� DLU� DQG� LV� DSSOLHG� LQ�

DXWRPRWLYH�DQG�HOHFWURQLF�RU�HOHFWULFDO� LQGXVWULHV�DV�ZHOO� DV�KHDWLQJ�HOHPHQWV� IRU�KRXVHKROG�

DSSOLFDWLRQV�>���@��

7KH�QRPLQDO�FRPSRVLWLRQV�RI�WKH�DOOR\V�DUH�OLVWHG�LQ�7DEOH�˪�����7KH�FKHPLFDO�FRPSRVLWLRQV�RI�
WKH� VWXGLHG�EDWFKHV�ZLOO�EH� VKRZQ� LQ� WKH� UHVSHFWLYH�FKDSWHUV� LQ�ZKLFK� WKH�H[SHULPHQWDO�DQG�

PRGHOLQJ�UHVXOWV�RI�WKH�FRUUHVSRQGLQJ�DOOR\V�DUH�SUHVHQWHG��

7KH� FKHPLFDO� FRPSRVLWLRQ� DQDO\VHV� RI� WKH� DV�UHFHLYHG� PDWHULDOV� ZHUH� SHUIRUPHG� XVLQJ�

LQGXFWLYHO\� FRXSOHG� SODVPD�RSWLFDO� HPLVVLRQ� VSHFWURVFRS\� �,&3�2(6�� DIWHU� FRPSOHWHO\�

GLVVROYLQJ�WKH�PHWDO�LQ�DTXD�UHJLD��7KH�FRQFHQWUDWLRQV�RI�&��1��2�DQG�6�ZHUH�REWDLQHG�IURP�

FRPEXVWLRQ�LQIUDUHG�DQDO\VLV��

�

�



���([SHULPHQWDO�

���

�

7DEOH� ˪�����1RPLQDO�FRPSRVLWLRQV�RI�VWXGLHG�DOOR\V�

$OOR\����>��@� 1L� &U� :� 0R� )H� 0Q� 6L� $O� &R� /D� &�

�
%DO�� ����� ����� ���� ����� ���� ���� ���� ����� ����� �����

$OOR\�;�>���@� 1L� &U� )H� 0R� &R� �:� �6L� 0Q� ��3� ��%� &�
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�PLQLPXP����PD[LPXP�

���� 3UHSDUDWLRQ�RI�VSHFLPHQV�

7KH�DV�UHFHLYHG�DOOR\V�SUHYDLOHG�LQ�IRUP�RI�VKHHW�PDWHULDOV�RI�GLIIHUHQW�WKLFNQHVVHV��7KH�VKHHW�

PDWHULDOV�ZHUH�ODVHU�FXW�LQWR�VSHFLPHQV�ZLWK�WKH�VL]H�RI����PP�î����PP��7KH�VSHFLPHQV�ZHUH�

WKHQ�JURXQG�WR�WKLFNQHVVHV�RI�����������DQG�����PP����PP��ZLWK�D�ILQDO�VXUIDFH�ILQLVK�XS�WR�

3������%HIRUH�WKH�R[LGDWLRQ�WHVWV�WKH�VSHFLPHQV�ZHUH�GHJUHDVHG�ZLWK�HWKDQRO��

���� 2[LGDWLRQ�WHVWLQJ�

7KH�SUHSDUHG�VSHFLPHQV�ZLWK�WKLFNQHVVHV�RI���������������PP��DQG�LQ�IHZ�FDVHV���PP��ZHUH�

VXEMHFWHG� WR�GLVFRQWLQXRXV�DLU�R[LGDWLRQ� WHVWV� IRU�H[SRVXUHV�XS� WR������K�DW� WHPSHUDWXUHV�RI�

����������DQG������&��)RU�WKH�DXVWHQLWLF�VWHHO�1LFURIHU������DGGLWLRQDO�WHVWV�ZHUH�FDUULHG�RXW�

DW� ����&�� )RU� WKH� ����� DQG� �����&� WHVWV� FDUULHG� RXW� DW� )RUVFKXQJV]HQWUXP� -�OLFK�� WKH�

VSHFLPHQV�ZHUH�DLU�FRROHG�DQG�ZHLJKHG�HYHU\����K��'XULQJ�WKH�R[LGDWLRQ��WKH�VSHFLPHQV�ZHUH�

KXQJ�RQ�WKLQ�DOXPLQD�URGV�LQ�DOXPLQD�FUXFLEOHV��ZKLFK�DOORZHG�WKH�PHDVXUHPHQW�RI�WKH�ZHLJKW�

FKDQJHV�RI�WKH�VSHFLPHQ��LQ�WKH�IROORZLQJ�GHVLJQDWHG�DV�³QHW�ZHLJKW�FKDQJH´��DV�ZHOO�DV�WKH�

ZHLJKW� FKDQJH� RI� WKH� VSHFLPHQ� LQFOXGLQJ� WKH� VSDOOHG� R[LGH� VFDOH� �³JURVV� ZHLJKW� FKDQJH´���

'XULQJ�WKH�R[LGDWLRQV�WHVWV�DW�����&�FDUULHG�RXW�DW�2DN�5LGJH�1DWLRQDO�/DERUDWRU\��251/��LQ�

GU\�DLU�WKH�F\FOH�ZDV����K�DQG�RQO\�WKH�QHW�ZHLJKW�ZDV�PHDVXUHG���
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,Q� DGGLWLRQ� WR� WKH� GLVFRQWLQXRXV� ORQJ�WHUP�R[LGDWLRQ� H[SHULPHQWV�� VHOHFWHG� ���� DQG�����PP�

VSHFLPHQV� ZHUH� LVRWKHUPDOO\� R[LGL]HG� �7*� WHVWV�� XVLQJ� D� 6(7$5$0� WKHUPR� EDODQFH� DW�

����&�IRU����K�������&�IRU�����K�DQG�������&�IRU����K�WR�REWDLQ�PRUH�LQIRUPDWLRQ�DERXW�WKH�

R[LGDWLRQ�DQG�&U�GHSOHWLRQ�NLQHWLFV�LQ�WKH�HDUO\�VWDJHV�RI�R[LGDWLRQ��

���� &KDUDFWHUL]DWLRQ�PHWKRGV�RI�R[LGL]HG�VSHFLPHQV�

%HIRUH� PRXQWLQJ� WKH� R[LGL]HG� VSHFLPHQV� IRU� PHWDOORJUDSKLF� FURVV� VHFWLRQ� DQDO\VHV�� WKH�

VSHFLPHQV�ZHUH�VSXWWHUHG�ZLWK�D� WKLQ�JROG� OD\HU�DQG�VXEVHTXHQWO\�HOHFWURSODWHG�ZLWK�QLFNHO��

7KLV� QLFNHO� FRDWLQJ� SURYLGHV� SURWHFWLRQ� RI� WKH� VXUIDFH� R[LGH� OD\HU� GXULQJ� JULQGLQJ� DQG�

SROLVKLQJ�DQG� LW�HQVXUHV�EHWWHU�RSWLFDO�FRQWUDVW�EHWZHHQ�R[LGH�DQG�PRXQWLQJ�PDWHULDO�GXULQJ�

WKH� OLJKW�DQG�HOHFWURQ�RSWLFDO� LQYHVWLJDWLRQV��7KH�FRDWHG�VSHFLPHQV�ZHUH�PRXQWHG� LQ�D� UHVLQ�

DQG�WKH�FURVV�VHFWLRQV�RI�WKH�VSHFLPHQV�ZHUH�SROLVKHG�WR�D�PLUURU�OLNH�VXUIDFH�ZLWK�GLDPRQG�

SDVWH�ZLWK�GLDPHWHUV�GRZQ�WR����P��D�6L2��VXVSHQVLRQ�ZLWK�SDUWLFOH�VL]H�RI������������P�ZDV�

XVHG�IRU�WKH�ILQDO�SROLVKLQJ��

7KH� R[LGH� VFDOH� DQG�PLFURVWUXFWXUH� RI� WKH� DOOR\�ZHUH� FKDUDFWHUL]HG�ZLWK� VFDQQLQJ� HOHFWURQ�

PLFURVFRS\��6(0��=HLVV�6XSUD���93�RU�=HLVV�0HUOLQ��ZLWK�HQHUJ\�GLVSHUVLYH�;�UD\�DQDO\VLV�

�(';�� ZLWK� DQ� DFFHOHUDWLQJ� YROWDJH� RI� ��� N9�� 7KH� HOHPHQW� GHSOHWLRQ� SURILOHV� RI� R[LGL]HG�

VSHFLPHQV�ZHUH� LQYHVWLJDWHG�ZLWK� (';��ZKHUHDV� IRU� SDUW� RI� WKH� VSHFLPHQV� WKHVH� GHSOHWLRQ�

SURILOHV�ZHUH�LQYHVWLJDWHG�ZLWK�JORZ�GLVFKDUJH�RSWLFDO�HPLVVLRQ�VSHFWURVFRS\��*'2(6���)RU�

VHOHFWHG� VDPSOHV�� HOHFWURQ� EDFNVFDWWHU� GLIIUDFWLRQ� �(%6'�� ZDV� XVHG� WR� FKDUDFWHUL]H� WKH�

SUHFLSLWDWH�SKDVHV�LQ�WKH�DOOR\��



���(IIHFW�RI�VSHFLPHQ�WKLFNQHVV�RQ�PLFURVWUXFWXUDO�FKDQJHV�GXULQJ�R[LGDWLRQ�RI�DOOR\�����
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� (IIHFW� RI� VSHFLPHQ� WKLFNQHVV� RQ� PLFURVWUXFWXUDO� FKDQJHV�
GXULQJ�R[LGDWLRQ�RI�DOOR\�����

���� $QDO\]HG�FKHPLFDO�FRPSRVLWLRQ�

7KH�DOOR\�����VSHFLPHQV�ZHUH�DOO�IDEULFDWHG�IURP�����PP�WKLFN�VKHHW�LQ�WKH�VROXWLRQ�DQQHDOHG�

FRQGLWLRQ�� VXSSOLHG� E\� +D\QHV� ,QWHUQDWLRQDO�� %XON� FKHPLFDO� DQDO\VHV� ZHUH� SHUIRUPHG� E\�

LQGXFWLYHO\� FRXSOHG� SODVPD�RSWLFDO� HPLVVLRQ� VSHFWURVFRS\� �,&3�2(6�� DIWHU� FRPSOHWHO\�

GLVVROYLQJ� WKH�PHWDO� LQ� DTXD� UHJLD�� 7KH� FRQFHQWUDWLRQV� RI� &��1�� 6� DQG�2�ZHUH� GHWHUPLQHG�

XVLQJ�FRPEXVWLRQ�LQIUDUHG�DQDO\VLV��7DEOH� ˪����VKRZV�WKDW�WKH�FRPSRVLWLRQ�ZDV�YHU\�FORVH�WR�
WKH�QRPLQDO�YDOXHV�� KRZHYHU�� WKH�&R�DQG�)H� FRQWHQWV�ZHUH�PXFK� ORZHU� WKDQ� WKH�PD[LPXP�

YDOXHV�DQG�/D�ZDV�QRW�XQHTXLYRFDOO\�GHWHFWHG�E\�WKH�,&3�2(6�SURFHVV��

7DEOH� ˪�����&KHPLFDO� FRPSRVLWLRQ� �LQ�ZW����� RI� WKH� VWXGLHG� DOOR\� ���� EDWFK� GHWHUPLQHG� E\�
,&3�2(6�DQG�FRPEXVWLRQ�LQIUDUHG�DQDO\VLV�FRPSDUHG�ZLWK�QRPLQDO�FRPSRVLWLRQ�VXSSOLHG�E\�

PDQXIDFWXULQJ�GDWD�VKHHW�>��@��
�

� &U� :� 0R� )H� 0Q� 6L� $O� &R� /D� &� 1� 2� 6�

1RPLQDO� ����� ����� ���� �����PD[�� ���� ���� ���� �����PD[��� ����� ����� �� �� ��

$QDO\]HG� ����� ����� ����� ����� ����� ����� ����� ����� ������ ������ ������ ������ ������

�

���� ([DPSOH�RI�R[LGDWLRQ�NLQHWLFV�DQG�VXEVFDOH�FKURPLXP�GHSOHWLRQ�

)LJXUH� ˪����VKRZV�DQ�H[DPSOH�RI�WKH�PDVV�FKDQJH�GDWD�GXULQJ�R[LGDWLRQ�DW������DQG������&�
LQ�ODERUDWRU\�DLU�LOOXVWUDWLQJ�WKH�W\SLFDO�HIIHFW�RI�VSHFLPHQ�WKLFNQHVV�RQ�R[LGDWLRQ�NLQHWLFV��7KH�

R[LGDWLRQ� NLQHWLFV� DW� ����& � VKRZHG� VLPLODU� WUHQGV� DQG� ZLOO� EH� SUHVHQWHG� LQ� WKH� IROORZLQJ�

FKDSWHU��7KH�PDVV�FKDQJH�DW������&�ZDV�IRXQG�WR�EH�LQGHSHQGHQW�RI�VSHFLPHQ�WKLFNQHVV�XQWLO�

DSSUR[LPDWHO\�����K�RI�H[SRVXUH��)LJXUH� ˪������$IWHU�ORQJHU�H[SRVXUH�WLPHV��WKH�VSHFLPHQ�DQG�
WRWDO� PDVV� FKDQJHV� IRU� WKH� ���� DQG� ���� PP� VSHFLPHQV� EHJDQ� WR� GHYLDWH� LQGLFDWLQJ� VFDOH�

VSDOODWLRQ��7KH�WRWDO�PDVV�JDLQV�IRU�ERWK�VSHFLPHQV�UHPDLQHG�VLPLODU��EXW�WKH�H[WHQW�RI�VFDOH�

VSDOODWLRQ�ZDV�VOLJKWO\�PRUH�SURQRXQFHG�IRU�WKH�WKLFNHU�VSHFLPHQ��

)RU�WKH�����PP�WKLFN�VSHFLPHQ��WKHUH�ZDV�RQO\�D�PLQRU�GLIIHUHQFH�EHWZHHQ�WKH�VSHFLPHQ�DQG�

WRWDO�PDVV�JDLQV�LQGLFDWLQJ�WKDW�OLWWOH�RU�QR�VFDOH�VSDOODWLRQ�RFFXUUHG�XS�WR������K��+RZHYHU��
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DIWHU�a����K��WKH�WRWDO�ZHLJKW�JDLQ�GHYLDWHG�IURP�QHDU�SDUDEROLF�EHKDYLRU�WR�³VXSHU�SDUDEROLF´�

RU�DOPRVW�OLQHDU�NLQHWLFV���

7KH�UHVXOWV�LQ�)LJXUH� ˪����VKRZ��DV�H[SHFWHG��VLPLODU�WUHQGV�RI�ZHLJKW�JDLQ�FXUYHV�DW������&��
EXW� LQFUHDVLQJ�R[LGDWLRQ� UDWHV�ZLWK� LQFUHDVLQJ� WHPSHUDWXUH��)RU�H[DPSOH�� WKH�ZHLJKW�JDLQ�RI�

WKH� ���� PP� VSHFLPHQ� DIWHU� ���� K� R[LGDWLRQ� LV� DERXW� ���� PJ�FP��� DW� �����& �� ZKHUHDV� WKH�

ZHLJKW�JDLQ�RI�WKH�����PP�VSHFLPHQ�LV�DERXW���PJ�FP���DW������& �DIWHU�WKH�VDPH�R[LGDWLRQ�

WLPH��

�

�
)LJXUH� ˪����� 7\SLFDO� H[DPSOH� RI� QHW� DQG� JURVV� ZHLJKW� FKDQJH� RI� DOOR\� ���� �ZLWK� VSHFLILHG�
VSHFLPHQ�WKLFNQHVVHV��GXULQJ�R[LGDWLRQ�LQ�ODERUDWRU\�DLU�DW������DQG������&��7KH�RSHQ�DQG�

FORVHG�V\PEROV�LQGLFDWH�WKH�WRWDO�DQG�VSHFLPHQ�PDVV�FKDQJHV��UHVSHFWLYHO\��
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,Q�LQWHUSUHWLQJ�WKH�PDVV�FKDQJH�GDWD��)LJXUH� ˪������LW�KDV�WR�EH�ERUQH�LQ�PLQG�WKDW�R[LGDWLRQ�RI�
FKURPLD�IRUPLQJ�DOOR\V� LQ�KLJK�S2��JDVHV��VXFK�DV�DLU��ZLOO�EH�DIIHFWHG�E\�WKH�IRUPDWLRQ�RI�

YRODWLOH�&U�VSHFLHV��VXFK�DV�&U2�� DQG�&U2��2+��� LQ� WKH�SUHVHQFH�RI�+�2�>������������@��DV�

GLVFXVVHG�LQ�6HFWLRQ�˪�������%DVHG�RQ�UHOHYDQW�GDWD�>��@��WKH�PDVV�ORVV�LQGXFHG�E\�WKLV�HIIHFW�LQ�

VWDWLF�ODERUDWRU\�DLU�LQ�WKH�WHPSHUDWXUH�UDQJH�FRQVLGHUHG�ZRXOG�EH�LQ�WKH�UDQJH�RI�D�IHZ�WHQWKV�

RI�D�PJāFP฀฀�IRU�D�SXUH�FKURPLD�VFDOH�XS�WR�WKH�PD[LPXP�H[SRVXUH�WLPH�RI������K�DQG�WKXV�

VKRXOG�QRW�IXQGDPHQWDOO\�DOWHU�WKH�PDVV�FKDQJH�NLQHWLFV�LQ�WKH�SUHVHQW�VWXG\��,W�DOVR�VKRXOG�EH�

PHQWLRQHG� WKDW� WKH�0Q�LQ�DOOR\������7DEOH� ˪����� LV�NQRZQ�WR�IRUP�D� WKLQ�RXWHU� OD\HU�RI��&U��
0Q��2��RQ�WRS�RI�WKH�FKURPLD�VFDOH�>��@��7KLV�VSLQHO�OD\HU�KDV�EHHQ�VKRZQ�>���@�WR�UHGXFH�WKH�

IRUPDWLRQ�RI�YRODWLOH�&U�VSHFLHV��7KXV��IRUPDWLRQ�RI�YRODWLOH�&U�VSHFLHV�FHUWDLQO\�RFFXUV��EXW�LW�

LV� QRW� H[SHFWHG� WR� VXEVWDQWLDOO\� DIIHFW� WKH�PHDVXUHG� NLQHWLFV� DQG� UHODWHG� VXEVFDOH� GHSOHWLRQ�

SKHQRPHQD�XQGHU�WKH�SUHYDLOLQJ�H[SHULPHQWDO�FRQGLWLRQV��

&RQVLGHULQJ�WKH�2�&U�PDVV�UDWLR�DQG�WKH�ZHOO�NQRZQ�GHQVLW\�RI�FKURPLD������J�FP����>���@�LW�

LV�HDV\�WR�GHULYH��WKDW�IRU�JURZWK�RI�D�SXUH�FKURPLD�VFDOH�DQ�DUHD�VSHFLILF�R[\JHQ�XSWDNH�RI���

PJ�FP���FRUUHVSRQGV�WR�D�VFDOH�WKLFNQHVV�RI�������P�>��@��,JQRULQJ�WKH�YHU\�PLQRU�DPRXQWV�RI�

VSLQHO�SKDVH�DQG�WKH�R[\JHQ�XSWDNH�E\�LQWHUQDO�R[LGDWLRQ��WKH�VFDOH�WKLFNQHVVHV�GHULYHG�IURP�

ZHLJKW� JDLQV�PD\�EH� FRPSDUHG�ZLWK� WKH� DFWXDOO\� SUHYDLOLQJ� VFDOH� WKLFNQHVVHV� YLVLEOH� LQ� WKH�

PHWDOORJUDSKLF� FURVV� VHFWLRQV� �)LJXUH� ˪������$V� H[DPSOH�� WKH� ����PP� VSHFLPHQ� H[KLELWHG� D�
PDVV� JDLQ� RI� ����� PJ�FP��� DIWHU� ����� K� DW� �����&�� ZKLFK� ZRXOG� FRUUHVSRQG� WR� D� VFDOH�

WKLFNQHVV�RI�������P��7KLV� LV� LQ�JRRG�DJUHHPHQW�ZLWK� WKH�YDOXH� VHHQ� LQ� WKH�PHWDOORJUDSKLF�

FURVV� VHFWLRQ� �)LJXUH� ˪����D��� ,W� LV� HDV\� WR� YHULI\� WKDW�� LQ� VSLWH� RI� WKH�PHQWLRQHG� VRXUFHV� RI�
LQDFFXUF\�� LQ� DOO� FDVHV� YHU\� UHDVRQDEOH� DJUHHPHQW� SUHYDLOV� EHWZHHQ� WKH� PHWDOORJUDSKLFDOO\�

PHDVXUHG�VFDOH�WKLFNQHVVHV�DQG�WKH�WKLFNQHVVHV�GHULYHG�IURP�WKH�ZHLJKW�JDLQ�GDWD��7KH�ZHLJKW�

JDLQ�UHODWHG�WR�R[\JHQ�XSWDNH�E\�LQWHUQDO�R[LGDWLRQ�RI�PDLQO\�6L�DQG�$O�FDQ�WKXV�EH�QHJOHFWHG��

1RW�RQO\�DW������&��)LJXUH� ˪�����EXW�DOVR�DW�����DQG������&��R[LGH�DGKHUHQFH�ZDV�IRXQG�WR�
LQFUHDVH�ZLWK�GHFUHDVLQJ�VSHFLPHQ� WKLFNQHVV��7KLV� LV� LQ�TXDOLWDWLYH�DJUHHPHQW�ZLWK�SUHYLRXV�

UHVXOWV� DQG� WKHRUHWLFDO� FRQVLGHUDWLRQV� UHODWHG� WR� WKH� HIIHFW� RI� VSHFLPHQ� WKLFNQHVV� RQ� R[LGH�

VFDOH�DGKHUHQFH�>���@��:KHUHDV�QR�LQGLFDWLRQ�IRU�R[LGH�VSDOODWLRQ�IRU�WKH�����PP�VSHFLPHQV�

ZDV� IRXQG�� WKH� ���� DQG� ���� PP� VSHFLPHQV� H[KLELWHG� DQ� RQVHW� RI� VFDOH� VSDOODWLRQ� DIWHU�

DSSUR[LPDWHO\�����K�DW������&������K�DW������&��)LJXUH� ˪�����DQG������K�DW�����&��$W�WKH�
WLPHV�DW�ZKLFK�WKH�WKLFNHU�VSHFLPHQV�VWDUWHG�WR�H[KLELW�VFDOH�VSDOODWLRQ��WKH�����PP�VSHFLPHQ�

VKRZHG�R[LGDWLRQ�NLQHWLFV�ZKLFK�ZHUH� IDVWHU� WKDQ�SDUDEROLF��7KLV�HQKDQFHG�R[LGDWLRQ�PLJKW�
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EH� UHODWHG� WR� UHOD[DWLRQ� RI� JURZWK� VWUHVVHV� E\� SODVWLF� GHIRUPDWLRQ� RI� WKH�PHWDOOLF� VXEVWUDWH�

>��������@�� UDSLG�H[KDXVWLRQ�RI� WKH�UHVHUYRLU�RI� WKH�UHDFWLYH�HOHPHQW�/D�>��������@�RU��PRUH�

OLNHO\��WR�WHQVLOH�PLFURFUDFNLQJ�RFFXUULQJ�XSRQ�UH�KHDWLQJ�DIWHU�UHSHDWHG�VSHFLPHQ�FRROLQJ��DV�

GHVFULEHG� LQ� UHIHUHQFHV� >����� ���@�� 7KH� PHFKDQLVPV� ZLOO� EH� H[WHQVLYHO\� GLVFXVVHG� LQ�

6HFWLRQ� ˪�����$�VLPLODU� VSHFLPHQ� WKLFNQHVV�GHSHQGHQFH�RI�R[LGDWLRQ�NLQHWLFV�ZDV�DOVR� IRXQG�

IRU�DOOR\�;�DQG�1L&U�������DV�ZLOO�EH�VKRZQ�ODWHU�LQ�&KDSWHU�˪��DQG����

�
)LJXUH� ˪�����%6(�LPDJH�RI�FURVV�VHFWLRQV�VKRZLQJ� WKH�R[LGH�VFDOH�PRUSKRORJ\�RI�DOOR\�����
VSHFLPHQV� RI� GLIIHUHQW� WKLFNQHVVHV� R[LGL]HG� DW� �����&� IRU� ����� K� D�F�� DQG� ����� K� G�H�� DLU�

R[LGDWLRQ��

)LJXUH� ˪���� VKRZV�&U� SURILOHV�PHDVXUHG� E\�(';� IRU� VSHFLPHQV� RI� GLIIHUHQW� WKLFNQHVV� DIWHU�
����� K� DQG� ����� K� H[SRVXUH� DW� �����&�� ,W� VKRXOG� EH� QRWHG� WKDW� WKH� (';� SRLQW� DQDO\VHV�

PHDVXUHG�WKH�&U�FRQFHQWUDWLRQ�LQ�WKH�DOOR\�PDWUL[�DQG�GR�QRW�WDNH�LQWR�DFFRXQW�&U�WLHG�XS�LQ�

SUHFLSLWDWH�SKDVHV�ZKLFK�SRVVHVV�D�VL]H�WKDW�DUH�FOHDUO\�YLVLEOH�LQ�WKH�6(0�LPDJH��$IWHU������

K��D�VXEVFDOH�&U�GHSOHWLRQ�ZDV�DSSDUHQW�DQG�WKH�&U�PDVV�IUDFWLRQ�DW�WKH�VFDOH�DOOR\�LQWHUIDFH�

IRU�DOO�RI�WKH�VSHFLPHQV�VKRZQ�LQ�)LJXUH� ˪����D�ZDV�a������$IWHU������K��)LJXUH� ˪����E��WKH�&U�
FRQFHQWUDWLRQV� DW� WKH� VFDOH�DOOR\� LQWHUIDFH� IRU� WKH� WKLFNHU� VSHFLPHQV�ZHUH� TXLWH� VLPLODU�� L�H��

a�����+RZHYHU�� IRU� WKH� ����PP� VSHFLPHQ�� WKH� GHSOHWLRQ� SURILOH� UHDFKHG� WKH� FHQWHU� RI� WKH�

VDPSOH��:LWK�D�VHYHUHO\�GHSOHWHG�&U�UHVHUYRLU��WKH�UHVXOW�ZDV�D�VXEVWDQWLDO�GHFUHDVH�LQ�WKH�&U�

LQWHUIDFH� FRQFHQWUDWLRQ�� DV� H[SHFWHG� IURP� WKHRUHWLFDO� FRQVLGHUDWLRQV� �VHH� 6HFWLRQ� ������ DQG�
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UHIHUHQFH�>��@��

�
)LJXUH� ˪����� &U� SURILOHV� PHDVXUHG� E\� (';� �PHDVXUHG� LQ� Ȗ�1L� PDWUL[�� IRU� VSHFLPHQV� RI�
GLIIHUHQW� WKLFNQHVVHV� DIWHU� D�� ����� K� DQG� E�� ����� K� H[SRVXUH� DW� �����&� �'DVKHG� OLQH�

LQGLFDWHV�WKH�RULJLQDO�&U�FRQFHQWUDWLRQ�LQ�DOOR\�����
�

���� 2[LGDWLRQ�LQGXFHG�PLFURVWUXFWXUDO�FKDQJHV�

,Q�RUGHU�WR�REWDLQ�LQIRUPDWLRQ�DERXW�WKH�DOOR\�PLFURVWUXFWXUH�ZLWKRXW�LW�EHLQJ�DIIHFWHG�E\�WKH�

VXEVFDOH�GHSOHWLRQ�SURFHVV��D�����PP�VSHFLPHQ�ZDV�LVRWKHUPDOO\�H[SRVHG�DW������&�IRU�RQO\�

����K��)LJXUH� ˪����VKRZV�WKDW�WKH�DOOR\�H[KLELWHG�D�WKUHH�SKDVH�PLFURVWUXFWXUH�FRQVLVWLQJ�RI�D�
IDFH�FHQWHUHG� FXELF� Ȗ�1L� PDWUL[� DQG� WZR� W\SHV� RI� SUHFLSLWDWHV�� (';� UHYHDOHG� RQH� RI� WKH�

SUHFLSLWDWHV��EODFN�DUURZV��WR�EH�ULFK�LQ�:�DQG�1L��OLNHO\�0�&�>��������@�ZKHUHDV�WKH�RWKHU�

W\SH�RI�SUHFLSLWDWH��ZKLWH�GDVKHG�DUURZV��ZDV�D�&U�ULFK�QLWULGH�ZLWK�W\SLFDO�FRPSRVLWLRQ�ZLWK�

UHVSHFW�WR�PHWDOOLF�FRQVWLWXHQWV�LQ�DWRPLF�SHUFHQW����&U���1L���:��0R���6L��2QO\�WUDFHV�RI�

D�&U�ULFK�FDUELGH��SUREDEO\�0��&��>���@�ZHUH�IRXQG��PDLQO\�DW�DOOR\�JUDLQ�ERXQGDULHV��7KHVH�

SUHFLSLWDWHV�ZHUH�WRR�VPDOO�IRU�TXDQWLWDWLYH�DQDO\VLV�E\�(';�DW�WKLV�VWDJH��

7KH� W\SLFDO� PLFURVWUXFWXUDO� IHDWXUHV� RI� DOOR\� ���� VSHFLPHQV� DIWHU� SURORQJHG� R[LGDWLRQ� DUH�

VKRZQ� LQ�)LJXUH� ˪����� XVLQJ� WKH� ����PP� VSHFLPHQ� DIWHU� ����� K� H[SRVXUH� DW� �����&� DV� DQ�
H[DPSOH��$SDUW�IURP�WKH�LQWHUQDO�DOXPLQXP�R[LGH��WKUHH�W\SHV�RI�SUHFLSLWDWHV�ZHUH�REVHUYHG�LQ�

WKH�DOOR\��LQ�WKH�%6(�LPDJH�DSSHDULQJ�ZKLWH�DQG�JUH\��UHVSHFWLYHO\���7KHVH�SUHFLSLWDWHV�ZHUH�

DEVHQW�EHQHDWK� WKH�VFDOH�DQG�ZHUH�PDLQO\�SUHVHQW� LQ� WKH�FHQWHU�RI� WKH�VSHFLPHQ��&RPSDULQJ�

)LJXUH� ˪���� DQG� )LJXUH� ˪����� WKH� YROXPH� IUDFWLRQ� RI� SUHFLSLWDWHV� DSSHDUHG� WR� LQFUHDVH� ZLWK�
LQFUHDVLQJ�H[SRVXUH�WLPH��
�
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�

�
)LJXUH� ˪�����%6(� LPDJH� VKRZLQJ� FURVV�VHFWLRQ� RI� EXON� DOOR\�PLFURVWUXFWXUH� �����PP� WKLFN�
VDPSOH��RI�DOOR\�����DIWHU�����K� LVRWKHUPDO�H[SRVXUH� LQ�V\QWKHWLF�DLU�DW������&��%ODFN�DQG�

ZKLWH�DUURZV�LQGLFDWH�:�ULFK�DQG�&U�ULFK�SUHFLSLWDWHV�UHVSHFWLYHO\�

7KH�SUHFLSLWDWHV�IRUPHG�DIWHU�SURORQJHG�H[SRVXUH�FRXOG�EH�XQHTXLYRFDOO\�LGHQWLILHG�E\�(';�

DQG� (%6'�� )LJXUH� ˪���� D� VKRZV� D� %6(� LPDJH� IURP� WKH� FHQWHU� RI� WKH� ���� PP� VSHFLPHQ�
R[LGL]HG�DW������&�IRU������K�DQG�)LJXUH� ˪����E�J� DUH�HOHPHQW�PDSV� IURP� WKLV� UHJLRQ��7KH�
FDUELGH� DSSHDULQJ� EULJKW� LQ� WKH�%6(� LPDJH� LV� ULFK� LQ�1L� DQG�:� �VLPLODU� WR�)LJXUH� ˪���� DQG�
)LJXUH�˪�����ZLWK�VRPH�0R�SUHVHQW��ZKHUHDV�WKH�RWKHU�FDUELGH�LV�&U�ULFK��

�

)LJXUH� ˪�����%6(�FURVV�VHFWLRQ�LPDJH�RI�����PP�WKLFN�DOOR\�����VSHFLPHQ�DIWHU�UHDFWLRQ�IRU�
����� K� LQ� ODERUDWRU\� DLU� DW� �����&��'HVLJQDWLRQV� RI� SKDVHV� DUH� EDVHG� RQ� (';� DQG� (%6'�

UHVXOWV�LQ�)LJXUH�˪����DQG�)LJXUH�˪�����

7KH� UHVXOW� RI� WKH� (%6'� SKDVH� PDS� IRU� WKH� VDPH� VSHFLPHQ� LV� VKRZQ� LQ� )LJXUH� ˪���� D��
FRQILUPLQJ�WKH�SUHVHQFH�RI�0��&��DQG�0�&�SKDVHV�DIWHU�ORQJ�WHUP�R[LGDWLRQ�DW������&��(';�

DQDO\VHV� LQGLFDWHG� W\SLFDO� FRPSRVLWLRQV� RI� WKH� PHWDOOLF� FRQVWLWXHQWV� LQ� WKH� WZR� FDUELGH�
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�

SUHFLSLWDWHV� �LQ� ZW�� ��� WR� EH� ��:���1L���&U��0R� IRU�0�&� DQG� ��&U���1L���:��0R� IRU�

0��&���

�

�
)LJXUH� ˪�����%6(�LPDJH�D��ZLWK�(';�HOHPHQW�PDSV�E�J��IURP�WKH�FHQWHU�RI�D�����PP�WKLFN�
DOOR\�����VSHFLPHQ�R[LGL]HG�IRU������K�DW������&�LQ�ODERUDWRU\�DLU��7KH�ORFDWLRQ�XVHG�IRU�WKH�

PHDVXUHPHQW�FRUUHVSRQGV�WR�WKH�OHIW�VLGH�RI�)LJXUH� ˪�����

$GGLWLRQDOO\��QLWULGH�SUHFLSLWDWHV�FRXOG�EH� LGHQWLILHG��)LJXUH� ˪����F�DQG�)LJXUH� ˪����E��ZKLFK�
ZHUH� LVRVWUXFWXUDO� ZLWK� 1L�:�1� �ʌ�SKDVH�� >����� ���@� ZLWK� W\SLFDO� FRQFHQWUDWLRQV� RI� WKH�
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�

PHWDOOLF�FRQVWLWXHQWV� �LQ�ZW�������&U���1L���:��0R��8QOLNH� WKH�QLWULGH�SKDVH�REVHUYHG� LQ�

WKH�VSHFLPHQ�H[SRVHG�IRU�RQO\�����K��)LJXUH�˪������QR�6L�ZDV�IRXQG�LQ�WKH�ʌ�SKDVH�SUHFLSLWDWHV��
,Q� VRPH� VSHFLPHQV� DQG�RU� VSHFLPHQ� DUHDV�� WKH� &U�ULFK� FDUELGHV� DQG� QLWULGHV� FRH[LVWHG�

�)LJXUH�˪����D��ZKHUHDV�LQ�VRPH�SODFHV�RQO\�FDUELGHV�RU�QLWULGHV�ZHUH�SUHVHQW��

�

)LJXUH� ˪�����(%6'�SKDVH�PDSV�IRU�$OOR\�����LQ�WZR�GLIIHUHQW�SODFHV��D��E��LQ�WKH�FHQWHU�RI�����
PP�VSHFLPHQ�RI�DOOR\�����DIWHU������K�R[LGDWLRQ�DW������&�LQ�ODERUDWRU\�DLU��,Q� WKH�(%6'�

SKDVH�PDS�UHG�FRORU�FRUUHVSRQGV�WR�Ȗ�1L�PDWUL[��\HOORZ�WR�0��&���EOXH�WR�0�&�DQG�JUHHQ�WR�ʌ�

1L�:�1�� 7KH� ORFDWLRQ� XVHG� IRU� WKH�PHDVXUHPHQW� LQ� )LJ�� D�� FRUUHVSRQGV� WR� WKH� OHIW� VLGH� RI�

)LJXUH� ˪�����WKH�ORFDWLRQ�XVHG�IRU�WKH�PHDVXUHPHQW�LQ�)LJ��E��FRUUHVSRQGV�WR�WKH�ULJKW�VLGH�RI�
)LJXUH�˪����

7KH�PLFURVWUXFWXUDO� HYROXWLRQ�RI� DOOR\�����DV� D� IXQFWLRQ�RI� WLPH�DQG� VSHFLPHQ� WKLFNQHVV�DW�

�����&� LV� VKRZQ� LQ�)LJXUH� ˪����� 7KH� WUHQGV� RI�PLFURVWUXFWXUDO� HYROXWLRQ�ZHUH� IRXQG� WR� EH�
TXDOLWDWLYHO\� VLPLODU� IRU� DOO� WKUHH� WHPSHUDWXUHV�� 7KH� FURVV� VHFWLRQV� RI� WKH� VSHFLPHQV� DIWHU�

R[LGDWLRQ�DW�����DQG������& �DUH�VKRZQ�LQ�)LJXUH�˪�����DQG�)LJXUH�˪������UHVSHFWLYHO\��

,Q� DOO� FDVHV�� WKH� VFDOH� ZDV� SUHGRPLQDQWO\� &U�2�� ZLWK� PLQRU� DPRXQWV� RI� DOXPLQD� LQWHUQDO�

R[LGDWLRQ��ZKLFK� SUHIHUHQWLDOO\� QXFOHDWHG� DORQJ� DOOR\� JUDLQ� ERXQGDULHV��7KLV�PRUSKRORJ\� LV�

YHU\�FRPPRQ�IRU�FRPPHUFLDO�1L�&U�DOOR\V�ZLWK�KLJK��!�����&U�FRQWHQWV�DQG�ORZ�$O�FRQWHQWV�

>���@�� �7KH� $O� PD\� EH� LQWHQWLRQDO� RU� DQ� LPSXULW\� DVVRFLDWHG� ZLWK� FRPPHUFLDO� DOOR\�

PDQXIDFWXULQJ���2Q�WRS�RI�WKH�FKURPLD�OD\HU��D�YHU\�WKLQ�0Q�ULFK�R[LGH��OLNHO\�0Q&U�2���ZDV�

IRXQG� WR� EH� SUHVHQW�� +RZHYHU�� GXH� WR� WKH� YHU\� OLPLWHG�0Q� UHVHUYRLU� LQ� WKH� VSHFLPHQV�� QR�

XQHTXLYRFDO�LQGLFDWLRQV�IRU�VSLQHO�IRUPDWLRQ�ZHUH�IRXQG�DIWHU�ORQJHU�H[SRVXUHV��HVSHFLDOO\�LQ�

WKH�WKLQQHVW�VSHFLPHQV��7KH�VFDOH�WKLFNQHVV�YDULHG�IURP��������ȝP��7KH�VFDOH�RQ�WKH�����PP�

VSHFLPHQV�ZDV�VXEVWDQWLDOO\�WKLFNHU�WKDQ�WKDW�RQ�WKH�����DQG�����PP�VSHFLPHQV��LQ�DJUHHPHQW�

ZLWK�WKH�JUDYLPHWULF�GDWD��)LJXUH� ˪������$GGLWLRQDOO\��PLQRU�YRLG�IRUPDWLRQ�ZDV�IRXQG�LQ�WKH�
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�

VXEVXUIDFH� ]RQH�� SUREDEO\� UHODWHG� WR� WKH�.LUNHQGDOO� HIIHFW� >��@��)LJXUH� ˪���� DQG�)LJXUH� ˪����

FOHDUO\� VKRZ� WKDW� WKH� ZLGWK� RI� WKH� UHJLRQ�� ZKLFK� ZDV� IUHH� RI� &U�ULFK� FDUELGH� DQG� QLWULGH�

SUHFLSLWDWHV� �EOXH� GDVKHG� OLQHV��� LV� VOLJKWO\�ZLGHU� WKDQ� WKDW� RI� WKH�0�&�GHSOHWLRQ� ]RQH� �UHG�

GDVKHG� OLQH���)RU� WKH� ����PP� VSHFLPHQ�� DOPRVW� DOO� RI� WKH�0�&�SUHFLSLWDWHV�ZHUH� FRQVXPHG�

DIWHU������K�DW������&��)LJXUH�˪����I���

�
)LJXUH� ˪����� %6(� LPDJHV� RI� D�� G�� ����PP�� E�� H�� ����PP� DQG� F�� I�� ����PP�WKLFN� DOOR\� ����
VSHFLPHQV�DIWHU�UHDFWLRQ�IRU�D�F�������K�DQG�G�I�������K�LQ�ODERUDWRU\�DLU�DW������&��EOXH�DQG�

UHG� GDVKHG� OLQHV� LQGLFDWH� WKH�ZLGWK� RI� WKH� ]RQHV� GHSOHWHG� LQ�0�&� DQG�&U�ULFK� SUHFLSLWDWHV��

UHVSHFWLYHO\���
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7DEOH� ˪����VXPPDUL]HV�PHDVXUHG�YROXPH�IUDFWLRQV��H[SUHVVHG�DV�D�SHUFHQWDJH�RI�0�&�DQG�WKH�

&U�ULFK� SUHFLSLWDWHV� IRUPHG� DW� �����&� DIWHU� ����� DQG� ����� K� IRU� WKH� WKUHH� VSHFLPHQ�

WKLFNQHVVHV�� 3DUWLFXODUO\� IRU� WKH� WKLQ� VSHFLPHQV�� WKH� TXDQWLWDWLYH� HVWLPDWLRQ� RI� WKH� YROXPH�

IUDFWLRQV�RI� WKH�YDULRXV�SUHFLSLWDWHV� LQ� WKH� VSHFLPHQ�FHQWHU�ZDV�GLIILFXOW�� GXH� WR� WKH� OLPLWHG�

ZLGWK� RI� WKH� SUHFLSLWDWH� FRQWDLQLQJ� ]RQH�� $OVR�� LQ� WKH� %6(� LPDJHV�� LW� ZDV� GLIILFXOW� WR�

GLVWLQJXLVK� EHWZHHQ� WKH� WZR� W\SHV� RI� &U�ULFK� SUHFLSLWDWHV� �0��&�� DQG� &U�QLWULGHV�� LQ� WKH�

$QDO\6,6�SUR�����VRIWZDUH�GXH�WR�VLPLODULW\�LQ�FRQWUDVW��7KXV��WKHVH�SUHFLSLWDWHV�ZHUH�VXPPHG�

WRJHWKHU� LQ�7DEOH� ˪����� ,Q� VSLWH� RI� WKH� TXDQWLILFDWLRQ� GLIILFXOWLHV�� WKH� UHVXOWV� VKRZ� WKDW� WKH�
YROXPH�IUDFWLRQ�RI�&U�ULFK�SUHFLSLWDWHV�LQ�WKH�FHQWHU�RI�WKH�VSHFLPHQ�LQFUHDVHG�ZLWK�H[SRVXUH�

WLPH�DQG�WKH�YROXPH�IUDFWLRQ�RI�0�&�WHQGHG�WR�GHFUHDVH��$V�LOOXVWUDWHG�H�J��LQ�)LJXUH� ˪����DQG�
)LJXUH� ˪�����&U�ULFK�0��&��DQG�ʌ�SKDVH�FR�H[LVWHG�LQ�WKH�FRUH�RI�VRPH�VSHFLPHQV��+RZHYHU��

WKHUH�ZDV�D�FOHDU�WUHQG�WKDW�ZLWK�LQFUHDVLQJ�H[SRVXUH�WLPH�DQG�GHFUHDVLQJ�VSHFLPHQ�WKLFNQHVV�

WKH�UHODWLYH�DPRXQW�RI�QLWULGH�LQFUHDVHG�DW�WKH�H[SHQVH�RI�0��&���XQWLO�LQ�WKH�WKLQQHVW�VSHFLPHQ�

DIWHU������K�WKH�&U�ULFK�SUHFLSLWDWHV�FRQVLVWHG�VROHO\�RI�QLWULGHV��)LJXUH�˪����I���

7DEOH� ˪�����9ROXPH�IUDFWLRQ�����RI�YDULRXV�W\SHV�RI�SUHFLSLWDWHV�LQ�WKH�VSHFLPHQ�FHQWHU�DIWHU�
R[LGDWLRQ�DW������&��VHH�WH[W�IRU�GHWDLOHG�H[SODQDWLRQ���

� ([SRVXUH�WLPH��K�
� ����� ����� ����� �����

6SHFLPHQ�WKLFNQHVV��PP� 0�&� &U�ULFK�SUHFLSLWDWHV�
���� ��� ��� �� ��
���� ��� �� �� ��
���� ��� �� �� ���

7KH� ZLGWK� RI� WKH� 0�&�IUHH� VXEVXUIDFH� ]RQH� LQ� WKH� ���� DQG� ���� PP� WKLFN� VSHFLPHQV� ZDV�

VPDOOHU� WKDQ� WKDW� RI� WKH� ]RQH� IUHH� RI� &U�ULFK� SUHFLSLWDWHV� �)LJXUH� ˪���� D�H��� ,Q� WKH� ���� PP�
VSHFLPHQ��D�VLPLODU�WUHQG�ZDV�REVHUYHG�LQ�WKH�VSHFLPHQ�R[LGL]HG�IRU������K��)LJXUH� ˪����F���
+RZHYHU��WKH�DUHD�LQ�ZKLFK�&U�ULFK�SUHFLSLWDWHV��KHUH�ʌ�SKDVH��ZHUH�SUHVHQW�DIWHU������K�ZDV�

OLPLWHG�WR�D�QDUURZ�]RQH�RI�DSSUR[LPDWHO\�����P�DURXQG�WKH�FHQWHU�RI�WKH�VSHFLPHQ��+DUGO\�

DQ\�SUHFLSLWDWHV�RI�0�&�ZHUH�IRXQG��)LJXUH�˪����I���

7DEOH�˪����VXPPDUL]HV�WKH�ZLGWKV�RI�WKH�FDUELGH�QLWULGH�IUHH�VXEVXUIDFH�]RQHV�DIWHU�WKH������&�

H[SRVXUHV�VKRZQ�LQ�)LJXUH� ˪�����7KH�GDWD� LOOXVWUDWH� WKDW� WKH�ZLGWKV�RI� WKH�]RQHV�ZKLFK�ZHUH�
IUHH�RI�&U�ULFK�SUHFLSLWDWHV�LQFUHDVHG�ZLWK�LQFUHDVLQJ�H[SRVXUH�WLPH�DQG�VSHFLPHQ�WKLFNQHVV��

$Q�H[FHSWLRQ�LV�WKH�WKLFNHVW�VSHFLPHQ�LQ�ZKLFK�WKH�&U�ULFK�SUHFLSLWDWH�IUHH�]RQH�DIWHU�VKRUWHU�
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H[SRVXUH�WLPH�ZDV�ODUJHU�WKDQ�DIWHU������K��7KDW�KRZHYHU��PD\�EH�FDXVHG�E\�WKH�IDFW�WKDW�WKH�

&U�ULFK� SUHFLSLWDWHV� LQ� WKH� VSHFLPHQ� R[LGL]HG� IRU� ����� K� ZHUH� YHU\� VPDOO� DQG� WKH�

PHDVXUHPHQWV�PLJKW�EH�VXEMHFW�WR�D�ODUJHU�HUURU��

7DEOH� ˪����� 'HSWK� RI� WKH� VXEVXUIDFH� ]RQHV� �LQ� �P�� ZKLFK� ZHUH� IUHH� RI� 0�&� DQG� &U�ULFK�

SUHFLSLWDWHV��FDUELGHV�DQG�QLWULGHV��LQ�VSHFLPHQV�R[LGL]HG�DW������&��

� ([SRVXUH�WLPH��K�
� ����� ����� ����� �����

6SHFLPHQ�WKLFNQHVV��PP� 0�&� &U�ULFK�SUHFLSLWDWHV�
���� ��� ��� ��� ���
���� ��� ��� ��� ����
���� ��� ��� ���� ����

7R�LOOXVWUDWH�WKH�HIIHFW�RI�WHPSHUDWXUH��)LJXUH� ˪����VKRZV�WKH�PLFURVWUXFWXUHV�RI�����PP�WKLFN�

DOOR\�����VSHFLPHQV�R[LGL]HG�IRU������DQG������K�DW�����&�DV�ZHOO�DV������DQG������K�DW�

�����&�� $W� ERWK� WHPSHUDWXUHV�� D� VXEVFDOH� UHJLRQ� IUHH� RI� FDUELGH� DQG� QLWULGH� SUHFLSLWDWHV�

GHYHORSHG�DV�D�UHVXOW�RI�&U�FRQVXPSWLRQ�E\�R[LGH�VFDOH�IRUPDWLRQ��OLNH�DW������&��+RZHYHU��

WKH�ZLGWKV�RI�WKHVH�SUHFLSLWDWH�IUHH�]RQHV�ZHUH�PXFK�OHVV�SURQRXQFHG�DW�WKH�ORZHVW�R[LGDWLRQ�

WHPSHUDWXUH�� $IWHU� ����� K� R[LGDWLRQ�� WKH� HQULFKPHQW� RI� WKH� &U�ULFK� SUHFLSLWDWHV� LQ� WKH�

VSHFLPHQ�FHQWHU�DW�����&��)LJXUH� ˪����D���ZDV��DV�H[SHFWHG��IDU�OHVV�VLJQLILFDQW�WKDQ�REVHUYHG�
DIWHU�H[SRVXUH�DW������&��)LJXUH� ˪����F��DQG�DW������&��)LJXUH� ˪����F���7R�FRPSDUH�WKH�VL]H�
DQG�DPRXQW�RI�WKH�SUHFLSLWDWHV�DIWHU�ORQJ�WLPH�RI�R[LGDWLRQ�DW�����&��)LJXUH� ˪����E��ZLWK�WKDW�
DW������&��)LJXUH� ˪����I��DQG������&��)LJXUH�˪����G���WKH�WHPSHUDWXUH�HIIHFW�RQ�WKH�HQULFKPHQW�
RI� WKH� &U�ULFK� SUHFLSLWDWHV� EHFRPHV�PRUH� VLJQLILFDQW�� �1RWH� WKDW� WKH� �����&� VSHFLPHQ�ZDV�

VWRSSHG�DIWHU������K�GXH� WR�RFFXUUHQFH�RI�EUHDNDZD\�R[LGDWLRQ�DW� WKH� VSHFLPHQ�FRUQHUV��DV�

ZLOO�EH�IXUWKHU�GLVFXVVHG�LQ�&KDSWHU�˪����

%RWK� WKH� ���� DQG� ���� PP� WKLFN� VSHFLPHQV� H[SRVHG� DW� ����&� FRQWDLQ� 0�&� DQG� &U�ULFK�

SUHFLSLWDWH�SKDVHV��)LJXUH�˪�������7KH�LPDJHV�LQ�)LJXUH�˪�����LQGLFDWH�WKDW�WKH�YROXPH�IUDFWLRQ�
RI�WKH�&U�ULFK�SUHFLSLWDWHV�QHDU�WKH�VSHFLPHQ�FHQWHU�LQFUHDVHG�ZLWK�LQFUHDVLQJ�R[LGDWLRQ�WLPH�

�FRPSDUH�)LJXUH� ˪����� D� ZLWK�)LJXUH� ˪����� E� DQG�)LJXUH� ˪����� F� ZLWK�)LJXUH� ˪����� G�� DQG�
GHFUHDVLQJ�VSHFLPHQ�WKLFNQHVV��FRPSDUH�)LJXUH�˪�����D�ZLWK�)LJXUH�˪�����F�DQG�)LJXUH�˪�����E�
ZLWK�)LJXUH�˪�����G��DV�ZDV�DOUHDG\�REVHUYHG�IRU�WKH�VSHFLPHQV�R[LGL]HG�DW������&��
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�
)LJXUH� ˪�����%6(�LPDJHV�RI�����PP�WKLFN�DOOR\�����VSHFLPHQV�DIWHU�UHDFWLRQ�IRU�D�������K�DQG�
E�������K�DW�����&�K�DQG�F�������K�DQG�G�������K�DW������&�LQ�ODERUDWRU\�DLU��%OXH�DQG�UHG�

GDVKHG�OLQHV�LQGLFDWH�WKH�ZLGWK�RI�WKH�]RQHV�IUHH�RI�0�&�DQG�&U�ULFK�SUHFLSLWDWHV�UHVSHFWLYHO\��

,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�IRU�WKH�����PP�VSHFLPHQV�DIWHU������DQG������K�DV�ZHOO�DV�IRU�WKH�

����PP�VSHFLPHQ�DIWHU������K�SUHFLSLWDWHV�RI�0�&�DV�ZHOO�DV�&U�ULFK�FDUELGH�DQG�QLWULGH�ZHUH�

IRXQG��+RZHYHU��IRU�WKH�����PP�VSHFLPHQ�DIWHU������K��QR�LQGLFDWLRQV�RI�WKH�SUHVHQFH�RI�&U�

ULFK�FDUELGHV�FRXOG�EH�GHWHFWHG��

$W� �����&�� IRU� WKH� ����PP� VSHFLPHQ�� WKH� GLVVROXWLRQ� RI� WKH�0�&� FDUELGHV� LQ� WKH� VXEVFDOH�

UHJLRQ�ZDV�VLPLODU�WR�WKH�REVHUYDWLRQV�DW������&��$�VXEVXUIDFH�]RQH�GHSOHWHG�LQ�FDUELGH�DQG�

QLWULGH�ZDV�FOHDUO\�DSSDUHQW�DIWHU�WKH������K�H[SRVXUH��)LJXUH� ˪�������7KH�&U�ULFK�SUHFLSLWDWHV�
LQ� WKH� FHQWHU� DIWHU� ����� K� H[SRVXUH�PDLQO\� FRQVLVWHG� RI� QLWULGH��7KHUH�ZDV� D� WHQGHQF\� WKDW�

VRPH�0�&�SUHFLSLWDWHV�DSSHDUHG�DJDLQ�DIWHU������K��)LJXUH� ˪������ LQ�WKH�VXEVXUIDFH�]RQH��$�
VLPLODU�REVHUYDWLRQ�ZDV�PDGH�IRU�WKH�����PP�VSHFLPHQ��)RU�WKH�����PP�VSHFLPHQ�DIWHU������

K��RQO\� D�YHU\�QDUURZ�&U�QLWULGH� OD\HU�ZDV�SUHVHQW� LQ� WKH� VSHFLPHQ�FHQWHU�� VKRZLQJ� VLPLODU�

IHDWXUHV�DV�DIWHU������K�DW������&��)LJXUH� ˪����I�DQG�)LJXUH�˪����G���
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�
)LJXUH� ˪������ %6(� LPDJHV� VKRZLQJ� PLFURVWUXFWXUH� LQ� FHQWHU� RI� DOOR\� ���� VSHFLPHQV� DIWHU�
UHDFWLRQ�IRU�D��F�������K�DQG�E��G�������K�DW�����&�LQ�ODERUDWRU\�DLU��6SHFLPHQ�WKLFNQHVV��D��E��

����PP� DQG� F�� G�� ����PP��*UH\� DSSHDULQJ� SKDVHV� DUH� &U�ULFK� SUHFLSLWDWHV�� OLJKW� DSSHDULQJ�

SKDVHV�DUH�1L�:�ULFK�0�&��
�

�
)LJXUH� ˪������%6(�LPDJHV�RI�D��E������PP��F��G������PP�DIWHU�UHDFWLRQ�IRU�D��F�������K�DQG�E��
G�� ����� K� LQ� ODERUDWRU\� DLU� DW� �����&� �EOXH� DQG� UHG� GDVKHG� OLQHV� LQGLFDWH� WKH�ZLGWK� RI� WKH�

]RQHV�GHSOHWHG�LQ�0�&�DQG�&U�ULFK�SUHFLSLWDWHV��UHVSHFWLYHO\���

㄰〠฀฀

⡡฀ ⡢฀
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�

���� 0RGHOLQJ�GLVVROXWLRQ�RI�0�&�DQG�HQULFKPHQW�RI�0��&��

,W� LV�ZHOO� HVWDEOLVKHG� WKDW� ORQJ� WHUP��KLJK� WHPSHUDWXUH�H[SRVXUH�RI�1L�EDVH�DOOR\V�JHQHUDOO\�

UHVXOWV�LQ�SUHFLSLWDWH�FRDUVHQLQJ�>���@��,Q� WKH�SUHVHQW�FDVH��KRZHYHU�� WKH�SUHFLSLWDWH�VL]H�DQG�

PRUSKRORJ\�ZDV�PDLQO\�DIIHFWHG�E\�VXEVFDOH�FKDQJHV�LQ�DOOR\�FRPSRVLWLRQ��HVSHFLDOO\�GXH�WR�

WKH� &U� GHSOHWLRQ� IRU� WKHVH� UHODWLYHO\� WKLQ� VSHFLPHQV� R[LGL]HG� DW� KLJK� WHPSHUDWXUH�� 7KH�

H[SHULPHQWDO�UHVXOWV�VKRZ�WKDW�WKH�&U�GHSOHWLRQ�OHDGV�WR�IRUPDWLRQ�RI�SUHFLSLWDWH�IUHH�VXEVFDOH�

]RQHV�DQG� WKH�ZLGWKV�RI� WKHVH�]RQHV�IRU� WKH�YDULRXV�SUHFLSLWDWH� W\SHV� �FDUELGHV�DQG�QLWULGHV��

GLIIHU�VXEVWDQWLDOO\��$OVR��WKH�YROXPH�IUDFWLRQ�RI�&U�ULFK�SUHFLSLWDWHV��0��&��DQG�&U�QLWULGHV��

LQ�WKH�VSHFLPHQ�FHQWHU�LQFUHDVHG�ZLWK�WLPH��,Q�PRVW�VDPSOHV��WKH�DPRXQW�RI�0��&��ZDV�ODUJHU�

DIWHU������K�WKDQ�DIWHU������K��ZKHUH�PDLQO\�QLWULGHV�ZHUH�IRXQG��7KHVH�HIIHFWV�LQFUHDVHG�ZLWK�

LQFUHDVLQJ� WHPSHUDWXUH� DQG� GHFUHDVLQJ� VSHFLPHQ� WKLFNQHVV�� $W� WKH� H[WUHPH� RI� WKH� ���� PP�

WKLFN� VSHFLPHQ� DIWHU� ����� K� DW� �����&� DQG� ����� K� DW� �����&�� WKH�0�&� FDUELGH� WHQGHG� WR�

YDQLVK�FRPSOHWHO\��

7KHUPRG\QDPLF�FDOFXODWLRQV�XVLQJ�7KHUPR�&DOF�DQG�WKH�GDWD�EDVH�771,��>���@�UHYHDOHG�WKDW�

IRU�WKH�&�FRQWHQW��L�H�������ZW�����SUHYDLOLQJ�LQ�WKH�DV�UHFHLYHG�DOOR\������RQO\�Ȗ�1L�DQG�0�&�

H[LVW� LQ� DGGLWLRQ� WR� D� YHU\� PLQRU� DPRXQW� RI� &U�ULFK� QLWULGH�� %DVHG� RQ� WKH� H[SHULPHQWDO�

ILQGLQJV� �)LJXUH� ˪������ LW�ZDV�DVVXPHG� LQ� WKH�FDOFXODWLRQV� WKDW� ʌ�SKDVH�ZDV� WKH�RQO\�&U�ULFK�
QLWULGH�ZKLFK�PD\�EH�IRUPHG��,I�WKH�&�FRQWHQW�ZDV�LQFUHDVHG�WR�a�����ZW�����WKH�FDOFXODWLRQ�

SUHGLFWHG�0��&�� IRUPDWLRQ�ZLWK�D� FRUUHVSRQGLQJ�GHFUHDVH� LQ�0�&�IUDFWLRQ�DV� WKH�&�FRQWHQW�

IXUWKHU�LQFUHDVHG��)LJXUH� ˪�������$V�WKH�PDMRU�SUHFLSLWDWH�SKDVH�LQ�WKH�DV�UHFHLYHG�PDWHULDO�LV�
0�&�FDUELGH�� WKH� ILUVW�SDUW�RI� WKH� IROORZLQJ�GLVFXVVLRQ� IRFXVHV�RQ� WKH�FDUELGHV�DQG� LQLWLDOO\�

LJQRUHV�WKH�QLWULGHV��

7R� DVVLVW� LQ� XQGHUVWDQGLQJ� WKH�PHFKDQLVP�RI� WKH� REVHUYHG�PLFURVWUXFWXUDO� FKDQJHV� LQ� DOOR\�

���� GXULQJ� R[LGDWLRQ�� D� VHFWLRQ� RI� WKH� 1L�&U�:�0R�&� SKDVH� GLDJUDP� DW� �����&� ZDV�

FDOFXODWHG�ZLWK� IL[HG� ���ZW����:� DQG� ��ZW����0R�� 7KH� WUHQGV� GLVFXVVHG� IRU� �����&� DUH�

TXDOLWDWLYHO\�VLPLODU�IRU�WKH�UDQJH�RI�WHPSHUDWXUHV�VWXGLHG��7KH�SKDVH�GLDJUDP�WRJHWKHU�ZLWK�&�

LVR�DFWLYLW\�OLQHV�DUH�VKRZQ�LQ�)LJXUH� ˪�������$Q�LVR�DFWLYLW\�OLQH�LV�D�ORFXV�RI�FRPSRVLWLRQV�LQ�
WKH�SKDVH�GLDJUDP�IRU�ZKLFK�WKH�FKHPLFDO�SRWHQWLDO��L�H��DFWLYLW\��RI�WKH�VHOHFWHG�HOHPHQW��KHUH�

&�� LV� FRQVWDQW���3RLQW�$� LQ�)LJXUH� ˪����� LQGLFDWHV� WKDW� WKH�EXON� FRPSRVLWLRQ�RI� DOOR\����� LV�
ORFDWHG� LQ� D� WZR�SKDVH� ILHOG� LQ�ZKLFK� WKH�1L�PDWUL[� LV� LQ� HTXLOLEULXP�ZLWK� WKH�:�ULFK�0�&�

FDUELGH��DV�VKRZQ�LQ�)LJXUH�˪������
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�
)LJXUH� ˪������0RODU� IUDFWLRQV�RI�GLIIHUHQW�SKDVHV� LQ� DOOR\�����DV� D� IXQFWLRQ�RI�&�FRQWHQW� DW�

�����&��FDOFXODWHG�E\�7KHUPR�&DOF�XVLQJ�GDWDEDVH�771,����)RU�GHWDLOV�VHH�WH[W��

'XULQJ�KLJK�WHPSHUDWXUH�R[LGDWLRQ��WKH�&U�FRQFHQWUDWLRQ�DW�WKH�VFDOH�DOOR\�LQWHUIDFH�GHFUHDVHV�

GXH�WR�WKH�FRQWLQXRXV�&U�GHSOHWLRQ�UHODWHG�WR�WKH�VFDOLQJ�SURFHVV��)LJXUH� ˪������0RYLQJ�IURP�

SRLQW�$� WR�SRLQW�3� LQ�)LJXUH� ˪����� DV� WKH�&U�FRQWHQW�GHFUHDVHV�� UHVXOWV� LQ�DQ� LQFUHDVH� LQ� WKH�
VROXELOLW\�DQG�WKXV�D�GH�VWDELOL]LQJ�RI�WKH�0�&�FDUELGH��7KLV�PD\�DW�ILUVW�VLJKW�EH�VXUSULVLQJ�DV�

WKH� FDUELGH� PDLQO\� FRQWDLQV� 1L��:� DQG� VRPH�0R�� EXW� KDUGO\� DQ\� &U�� 7KH� UHDVRQ� IRU� WKLV�

GHSHQGHQFH�RI�0�&�VROXELOLW\�RQ�&U�FRQWHQW� LV�UHODWHG�WR�WKH�WKHUPRG\QDPLF�LQWHUDFWLRQV�RI�

WKH�DOOR\LQJ�HOHPHQWV�LQ�WKH�Ȗ�1L�PDWUL[��VSHFLILFDOO\��WKH�HIIHFW�RI�&U�FRQWHQW�RQ�WKH�DFWLYLW\�

RI� &� DQG� :�� 7KH� WKHUPRG\QDPLF� FDOFXODWLRQV� LQ� )LJXUH� ˪����� VKRZ� WKDW� WKH� :� DFWLYLW\�

GHFUHDVHV�ZLWK�GHFUHDVLQJ�&U�FRQWHQW��WKXV�GH�VWDELOL]LQJ�WKH�0�&�FDUELGH��7KH�HIIHFW�RI�&U�RQ�

WKH� WKHUPDO� VWDELOLW\� RI� 0�&� LQ� D� 1L�EDVH� DOOR\� KDV� EHHQ� H[WHQVLYHO\� GLVFXVVHG� HOVHZKHUH�

>���@��)LJXUH� ˪����� DOVR� VKRZV� WKDW� &U� GHSOHWLRQ� OHDGV� WR� DQ� LQFUHDVHG�&� DFWLYLW\�� 7KH� &U�
GHSOHWHG�QHDU�VXUIDFH�UHJLRQ�RI�WKH�DOOR\�LV�WKXV�DQ�DUHD�RI�KLJK�&�DFWLYLW\�FRPSDUHG�WR�WKDW�LQ�

WKH�PLGGOH�RI�WKH�VSHFLPHQ��7KH�UHVXOWLQJ�&�DFWLYLW\�JUDGLHQW�FUHDWHV�D�GULYLQJ�IRUFH�IRU�&�WR�

GLIIXVH� IURP� WKH� &U�GHSOHWHG� VXUIDFH� UHJLRQ� WR� WKH� VSHFLPHQ� FHQWHU� LQ� RUGHU� WR� PDLQWDLQ�

HTXLOLEULXP�� ,Q�)LJXUH� ˪������ LW�PHDQV� WKDW� WKH�GLIIXVLRQ�SDWK� IRU� WKLV� WUDQVIRUPDWLRQ�ZLOO�EH�
FORVH�WR�WKH�LVR�DFWLYLW\�OLQH�IURP�SRLQW�$�WR�SRLQW�%��
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�
)LJXUH� ˪������6HFWLRQ�RI�WKH�1L�&U�:�0R�&�SKDVH�GLDJUDP�DW������&�IRU�FRQVWDQW�:�DQG�0R�

FRQWHQWV�RI����ZW����DQG���ZW�����UHVSHFWLYHO\��FDOFXODWHG�LQ�7KHUPR�&DOF�XVLQJ�WKH�771,��

GDWDEDVH��7KH�GDVKHG�OLQH�LQGLFDWHV�LVR�DFWLYLW\�IRU�ZKLFK�WKH�FKHPLFDO�SRWHQWLDO��DFWLYLW\��RI�

WKH�&�LV�FRQVWDQW��D&� �฀฀฀฀ ㄰ െ฀��

%DFN� GLIIXVLRQ� RI� &� DV� D� UHVXOW� RI� R[LGDWLRQ� LQGXFHG� &U�GHSOHWLRQ� KDV� EHHQ� GHVFULEHG� LQ�

SUHYLRXV�VWXGLHV��H�J��IRU�WKH�1L�EDVH�DOOR\�����>�������@��7KH�EDFN�GLIIXVLRQ�ZDV�JHQHUDOO\�

H[SODLQHG�WR�EH�WKH�UHVXOW�RI�WKH�&U�GHSOHWLRQ�LQGXFHG�GLVVROXWLRQ�RI�WKH�&U�ULFK�FDUELGH��7KH�

GLVVROXWLRQ�RI�WKH�FDUELGH�REYLRXVO\�UHVXOWV�LQ�DQ�LQFUHDVH�RI�WKH�&�DFWLYLW\�LQ�WKH�PDWUL[�>���@��

WKXV� SURYLGLQJ� D� FRPSRVLWLRQ� JUDGLHQW� GULYLQJ� IRUFH� IRU� &� GLIIXVLRQ� WRZDUGV� WKH� VSHFLPHQ�

FHQWHU�� 7KH�PHFKDQLVPV�ZK\� WKH� KLJKHU�&� DFWLYLW\� LQ� WKH� VXEVXUIDFH� UHJLRQV� UHVXOWV� LQ� WKLV�

FDVH�LQ�&�EDFN�GLIIXVLRQ�UDWKHU�WKDQ�LQ�GHFDUEXUL]DWLRQ�LV�GLVFXVVHG�HOVHZKHUH�>���@��

7KH� EDFN� GLIIXVLRQ� RI� &� RFFXUULQJ� GXULQJ� DLU� R[LGDWLRQ� RI� DOOR\� ���� LV� QRW� UHODWHG� WR� D�

FRPSRVLWLRQ�JUDGLHQW�DV�IUHTXHQWO\�GHVFULEHG�IRU�FDVHV�WKDW�&U�GHSOHWLRQ�UHVXOWV�LQ�GLVVROXWLRQ�

RI�&U�ULFK� FDUELGHV� >���@��+HUH� WKH�EDFN�GLIIXVLRQ�RFFXUV�GXH� WR� DQ� DFWLYLW\�JUDGLHQW�ZKLFK�

GULYHV� GLIIXVLRQ�� 7KH� LQFUHDVHG� &� DFWLYLW\� LV� PDLQO\� GXH� WR� WKH� HIIHFW� RI� &U� ORVV� RQ� 0�&�

VWDELOLW\��DV�GHVFULEHG�DERYH��DQG�WKH�WKHUPRG\QDPLF�LQWHUDFWLRQ�DPRQJ�&U��&�DQG�:�LQ�WKH�Ȗ�

1L�PDWUL[��
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�
)LJXUH� ˪������ $FWLYLWLHV� RI� GLIIHUHQW� HOHPHQWV� LQ� DOOR\� ���� DV� D� IXQFWLRQ� RI� &U� FRQWHQW� DW�
�����&��FDOFXODWHG�E\�7KHUPR�&DOF��$UHDV�LQGLFDWHG�,±,9�UHODWH�WR�SKDVH�ILHOGV�Ȗ�0��&���Ȗ��

0��&����0�&��Ȗ��0�&�0�1�&��DQG�Ȗ��0�&��ʌ��UHVSHFWLYHO\��

2EWDLQLQJ�TXDQWLWDWLYH�H[SHULPHQWDO�FRQILUPDWLRQ�RI�WKH�&�HQULFKPHQW�LQ�WKH�VSHFLPHQ�FHQWHU�

LV�QRW�SRVVLEOH�IURP�(';�RU�:';�PHDVXUHPHQWV�H�J��GXH�WR�WKH�PXOWLSKDVH�FKDUDFWHU�RI�WKH�

PLFURVWUXFWXUH��$� VXLWDEOH�PHWKRG� IRU�PHDVXULQJ� WKH� WRWDO� &� FRQWHQW� LV�*'2(6��+RZHYHU��

GHSWK� SURILOLQJ� E\� VSXWWHULQJ� WKURXJK� WKH� VXUIDFH� VFDOH� DQG� WKH� UHODWLYHO\� ZLGH� VXEVFDOH�

GHSOHWLRQ�]RQH�UHVXOWV�LQ�D�YHU\�GHHS�VSXWWHU�FUDWHU��,W�LV�ZHOO�HVWDEOLVKHG�WKDW�WKH�PHDVXUHPHQW�

DFFXUDF\� PD\� VXEVWDQWLDOO\� GHFUHDVH� ZLWK� LQFUHDVLQJ� FUDWHU� GHSWK�� EHFDXVH� RI� FUDWHU� VLGH�

HIIHFWV�DQG�QRQ�IODWQHVV�RI�WKH�VSXWWHU�FUDWHU�>��������@��7KHUHIRUH��D�GLIIHUHQW�DSSURDFK�ZDV�

XVHG�WR�PHDVXUH�WKH�&�DQG�1�FRQWHQWV�LQ�WKH�VSHFLPHQ�FHQWHU��6SHFLPHQV�RI�����PP�WKLFNQHVV�

DIWHU�H[SRVXUH�DW������&�IRU������DQG������K��FRPSDUH�PLFURVWUXFWXUHV�LQ�)LJXUH� ˪����D�DQG�E��
ZHUH� FDUHIXOO\� JURXQG� WLOO� UHDFKLQJ� WKH� FHQWHU� RI� WKH� VSHFLPHQ�� 7KLV� SURFHGXUH� ZDV�

XQIRUWXQDWHO\�QRW�SRVVLEOH�IRU� WKH�����DQG�����PP�VSHFLPHQV�GXH�WR� WKH� OLPLWHG�DFFXUDF\�RI�

WKH� JULQGLQJ� PHWKRG� DQG� WKH� YHU\� OLPLWHG� ZLGWK� RI� WKH� SUHFLSLWDWH� FRQWDLQLQJ� ]RQHV�

�)LJXUH�˪������

7KH�JURXQG�VXUIDFHV��FRUUHVSRQGLQJ�WR�WKH�FHQWHU�RI�WKH�����PP�VSHFLPHQV��ZHUH�DQDO\]HG�E\�

*'2(6��)RU�REWDLQLQJ�WKH�UHODWLYH�VHQVLWLYLW\�IDFWRUV�>���@�IRU�WKH�YDULRXV�HOHPHQWV��D�QRQ�

H[SRVHG�DOOR\�����VSHFLPHQ�ZDV�DQDO\]HG�XVLQJ�WKH�VDPH�VSXWWHULQJ�SDUDPHWHUV�DV�XVHG�IRU�

WKH� WZR� R[LGL]HG� VSHFLPHQV�� WDNLQJ� LQWR� DFFRXQW� WKH� NQRZQ� EXON� DOOR\� FRPSRVLWLRQ�
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�7DEOH� ˪������7KH�TXDQWLILHG�GHSWK�SURILOHV�DV�D� IXQFWLRQ�RI�VSXWWHULQJ� WLPH�IRU� WKH�VSHFLPHQ�
H[SRVHG�IRU������K�LQ�)LJXUH� ˪�����E�VKRZV�WKDW�WKH�DYHUDJH�&�FRQWHQW�LQ�WKH�VSHFLPHQ�FHQWHU�
ZDV������DW�����FRPSDUHG�WR������DW����SUHVHQW�LQ�WKH�DV�UHFHLYHG�PDWHULDO���)RU�WKH������K�

H[SRVXUH� VKRZQ� LQ� )LJXUH� ˪����� D� WKH� &� FRQWHQW� LQ� WKH� VSHFLPHQ� FHQWHU� ZDV� ����� DW�� ���
)LJXUH� ˪����� E� DOVR� LQGLFDWHV� WKDW� IRU� WKH� ����� K� VSHFLPHQ� DW� D� GHSWK� FRUUHVSRQGLQJ� WR� D�
VSXWWHULQJ�WLPH�RI�DSSUR[LPDWHO\������V�WKH�&�FRQWHQW�GHFUHDVHG��HYHQWXDOO\�UHDFKLQJ�YDOXHV�

ZKLFK�ZHUH� HYHQ� ORZHU� WKDQ� WKH�&� FRQWHQW� LQ� WKH� DV� UHFHLYHG�PDWHULDO�� 7KH� VSXWWHU� WLPH� DW�

ZKLFK�WKLV�HIIHFW�RFFXUV�WKXV�FRUUHVSRQGV�WR�WKH�LQWHUIDFH�ZLWK�WKH�VXEVFDOH�FDUELGH�IUHH�]RQH�

VKRZQ�LQ�)LJXUH� ˪����G��7KHVH�UHVXOWV�FOHDUO\�LOOXVWUDWH�WKDW�LQGHHG�D�&�EDFN�GLIIXVLRQ�RFFXUUHG�
DV� D� UHVXOW� RI� WKH�PHFKDQLVPV� GHVFULEHG� DERYH��$IWHU� WKH� ����� K� H[SRVXUH� DW� �����&�� WKLV�

UHVXOWHG�LQ�DQ�DSSUR[LPDWH�GRXEOLQJ�RI�WKH�&�FRQWHQW�LQ�WKH�FHQWHU�RI�WKH�����PP�VSHFLPHQ��

6SHFLPHQ� RU� FRPSRQHQW� WKLFNQHVV� LV� DQ� LPSRUWDQW� FRQVLGHUDWLRQ� IRU� WKH� GLVFXVVLRQ� RI� WKH�

R[LGDWLRQ� LQGXFHG�PLFURVWUXFWXUDO� FKDQJHV�� ,Q� WKLQ� VSHFLPHQV�� DV�ZHUH� VWXGLHG� KHUH�� WKH�&U�

UHVHUYRLU�ZDV�OLPLWHG��,Q�DGGLWLRQ��WKH�&�GLIIXVLQJ�IURP�WKH�VXUIDFH�QHDU�UHJLRQV�ZLOO�HQULFK�LQ�

WKH� FHQWHU�� )RU� D� FRPSRQHQW� VHYHUDO� PLOOLPHWHUV� WKLFN�� WKH� &� UHOHDVHG� IURP� WKH� VXEVXUIDFH�

GHSOHWLRQ�]RQH�ZLOO�RQO\�PDNH�D�PLQRU�FKDQJH�LQ�WKH�&�FRQWHQW�RI�WKH�ZLGH�]RQH�DW�WKH�FHQWHU�

RI� WKH� FRPSRQHQW�� � +RZHYHU�� IRU� WKH� YHU\� WKLQ� VSHFLPHQV� VWXGLHG� KHUH�� WKH� ZLGWK� RI� WKH�

VXEVXUIDFH� GHSOHWLRQ� ]RQH� EHFRPHV� HYHQWXDOO\� VLPLODU� RU� ODUJHU� WKDQ� WKH� ZLGWK� RI� WKH�

UHPDLQLQJ� FDUELGH�FRQWDLQLQJ� ]RQH� DIWHU� ORQJ� WLPHV� DQG�RU� DW� WKH� KLJKHVW� WHPSHUDWXUHV�� H�J��

)LJXUH� ˪����I��(YHQ�IRU�WKH�����PP�VSHFLPHQ��WKH�&�FRQWHQW�LQ�WKH�VSHFLPHQ�FHQWHU�DIWHU�D������
K�H[SRVXUH�DSSUR[LPDWHO\�GRXEOHG�FRPSDUHG�WR�WKDW�LQ�WKH�DV�UHFHLYHG�PDWHULDO��DV�VKRZQ�LQ�

)LJXUH� ˪������,Q�)LJXUH� ˪������WKLV�LQFUHDVH�LQ�&�FRQWHQW�ZRXOG�FRUUHVSRQG�WR�PRYHPHQW�RQ�WKH�
LVR�DFWLYLW\� OLQH� WR� SRLQW� 4�� 2QFH� WKH� &� FRQFHQWUDWLRQ� H[FHHGV� ����� ZW�� ��� &U�ULFK�0��&��

EHFRPHV� VWDEOH� ZLWK� D� UHVXOWLQJ� GHFUHDVH� LQ� WKH� &U� FRQFHQWUDWLRQ� LQ� WKH� Ȗ�1L� PDWUL[�� )RU�

VLPSOH�JHRPHWULFDO� UHDVRQV� LW� LV� DSSDUHQW� WKDW� WKH� UHODWLYH� HQULFKPHQW� RI�&� LQ� WKH� VSHFLPHQ�

FHQWHU�ZLOO�WHQG�WR�EH�HYHQ�ODUJHU�IRU�WKH�����DQG�����PP�VSHFLPHQV���

�
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�
)LJXUH� ˪������ (OHPHQW� FRQFHQWUDWLRQV� DV� IXQFWLRQ� RI� VSXWWHU� WLPH� IRU� ���� PP� DOOR\� ����
VSHFLPHQ�DIWHU������DQG������K�H[SRVXUH�DW������&��%HIRUH� WKH�*'2(6�PHDVXUHPHQW�� WKH�

VSHFLPHQV� ZHUH� JURXQG� WR� KDOI� WKLFNQHVV�� 7KXV�� WKH� OHIW� SDUW� RI� WKH� GLDJUDP� �VSXWWHU� WLPH�

HTXDOV���V��FRUUHVSRQGV�WR�WKH�FHQWHU�RI�WKH�VSHFLPHQ��$YHUDJHG�FRQFHQWUDWLRQV�RI�WKH�YDULRXV�

HOHPHQWV�LQ�WKH�UHVSHFWLYH�UHJLRQV�DUH�LQVHUWHG�LQ�WKH�JUDSKV��
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)RU� WKH� FDVH� ZKHQ� WKH� :�ULFK� 0�&� FDUELGHV� FRPSOHWHO\� GLVVROYHG� LQ� WKH� ���� PP� WKLFN�

VSHFLPHQ� DIWHU� ����� K� DW� �����&� �)LJXUH� ˪���� I��� WKH� &U� SURILOH� VKRZHG� VLJQLILFDQW� &U�
GHSOHWLRQ� DFURVV� WKH� HQWLUH� VSHFLPHQ�� VXFK� WKDW� WKH� DYHUDJH�&U� FRQWHQW� LQ� WKH� VSHFLPHQ�KDG�

GURSSHG� IURP� ��� GRZQ� WR� a��� ZW��� �)LJXUH� ˪���� E��� ,Q� )LJXUH� ˪������ WKDW� GHSOHWLRQ�
FRUUHVSRQGV� WR� WKH� UHG�DUURZ�SDWK� IURP�SRLQW�$� WR�SRLQW�'�DQG�D� WUDQVLWLRQ� IURP� WKH� WKUHH�

SKDVH�ILHOG�Ȗ�1L���0�&���0��&��UHJLRQ�WRZDUGV�WKH�WZR�SKDVH�ILHOG�Ȗ�1L�0��&��UHJLRQ�ZLWK�

QR� 0�&� SUHVHQW�� 2QH� DVVXPSWLRQ� LQ� )LJXUH� ˪����� LV� WKDW� WKH� FRQFHQWUDWLRQ� RI� :� DQG� 0R�

UHPDLQ�DW�WKH�RULJLQDO�OHYHOV�RI����ZW����DQG���ZW����UHVSHFWLYHO\��,Q�UHDOLW\��KRZHYHU��WKH�&U�

GHSOHWLRQ�PD\�DIIHFW� WKH�DFWLYLWLHV�RI� WKHVH�HOHPHQWV��)LJXUH� ˪������� WKXV�HVWDEOLVKLQJ�:�DQG�

0R�DFWLYLW\�JUDGLHQWV�EHWZHHQ�WKH�VXEVFDOH�GHSOHWLRQ�]RQHV�DQG�WKH�VSHFLPHQ�FHQWHU��

�

)LJXUH� ˪������ &U�� :� DQG�0R� FRQFHQWUDWLRQ� SURILOHV� LQ� WKH� Ȗ�1L� PDWUL[� PHDVXUHG� E\� (';�

�V\PEROV�� LQ� WKH�����PP�WKLFN�VSHFLPHQ�RI�DOOR\�����FRPSDUHG�ZLWK�',&75$�FDOFXODWLRQV�

�OLQHV��DIWHU������K�R[LGDWLRQ�DW������&�LQ�ODERUDWRU\�DLU��0HDVXUHG�R[LGDWLRQ�NLQHWLFV�XVHG�DV�

LQSXW�IRU�WKH�FDOFXODWLRQ�ZDV�WDNHQ�IURP�WKH�JUDYLPHWULF�GDWD�LQ�)LJXUH�˪�����

)RU� GHYHORSLQJ� D� PRUH� GHWDLOHG� GHVFULSWLRQ� RI� WKH� PHFKDQLVP� RI� WKH� 0�&�0��&��

WUDQVIRUPDWLRQ�GLVFXVVHG�DERYH��D�VHW�RI�FDOFXODWLRQV�ZDV�SHUIRUPHG�LQ�',&75$�WR�VLPXODWH�

WKH� H[SHULPHQWDOO\� REVHUYHG� R[LGDWLRQ�LQGXFHG� SKDVH� WUDQVIRUPDWLRQV�� 6LPLODU� WR� WKH�

WKHUPRG\QDPLF�FDOFXODWLRQV��ILYH�HOHPHQWV�ZHUH�WDNHQ�LQWR�DFFRXQW��L�H��1L��&U��:��0R��DQG�&��

$� WLPH�GHSHQGHQW� RXWZDUG� &U� IOX[�� GHULYHG� IURP� WKH� H[SHULPHQWDOO\� GHWHUPLQHG� R[LGDWLRQ�

GDWD��ZDV�VHW�DV�D�ERXQGDU\�FRQGLWLRQ� WR�VLPXODWH� WKH�R[LGDWLRQ� LQGXFHG�&U�GHSOHWLRQ��XVLQJ�

WKH�SURFHGXUH�GHVFULEHG� LQ� UHIHUHQFH�>���@��)LJXUH� ˪����� VKRZV� WKH�FDOFXODWHG�DQG�PHDVXUHG�
FRQFHQWUDWLRQ�SURILOHV�LQ�D�����PP�WKLFN�VSHFLPHQ�DIWHU�R[LGDWLRQ�IRU������K�DW������&��*RRG�

DJUHHPHQW�EHWZHHQ�WKH�PHDVXUHG�DQG�FDOFXODWHG�&U�SURILOHV�ZDV�REWDLQHG��ZKLFK�LPSOLHV�WKDW�
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WKH�&U�GHSOHWLRQ�NLQHWLFV�ZHUH�DFFXUDWH��+RZHYHU��WKH�FDOFXODWHG�:�SURILOH�GLG�QRW�FRPSOHWHO\�

PDWFK� ZLWK� WKH� H[SHULPHQWDO� RQH� LQ� WKH� QHDU�VXUIDFH� UHJLRQ�� DOWKRXJK� WKH� :� VXEVXUIDFH�

HQULFKPHQW�ZDV� TXDOLWDWLYHO\� FRUUHFW�� 7KH� UHDVRQ� IRU� WKH� LQDFFXUDF\� LV� OLNHO\� UHODWHG� WR� WKH�

LQDELOLW\� RI� ',&75$� WR� WDNH� LQWR� DFFRXQW� WKH� LQWHUIDFH� GLVSODFHPHQW� GXH� WR� PHWDO�

FRQVXPSWLRQ� E\� WKH� VFDOLQJ� SURFHVV�� :KLOH� WKLV� HIIHFW� LV� YLUWXDOO\� QHJOLJLEOH� IRU� WKLFN�

VSHFLPHQV��WKH�PRYLQJ�ERXQGDU\�HIIHFW�GLVWRUWV�WKH�GHSOHWLRQ�FDOFXODWLRQV�LQ�D�����PP�WKLFN�

VSHFLPHQ�� )RU� D� EHWWHU� TXDQWLWDWLYH� GHVFULSWLRQ� RI� WKH� GHSOHWLRQ� NLQHWLFV�� LQWHUIDFH�

GLVSODFHPHQW�KDV�WR�EH�LPSOHPHQWHG�LQWR�WKH�PRGHO��+RZHYHU��FRPPHUFLDO�VRIWZDUH�SDFNDJHV�

OLNH�',&75$�GR�QRW�SURYLGH� WKLV�RSWLRQ�VR� IDU��0RGHOLQJ�DSSURDFKHV�GHYHORSHG� WR�DFFRXQW�

IRU�WKLV�HIIHFW�ZHUH�GHVFULEHG�HOVHZKHUH�>��������@��EXW�IDOO�RXWVLGH�WKH�VFRSH�RI�WKH�SUHVHQW�

LQYHVWLJDWLRQ��

$FFRUGLQJ� WR� WKH� WKHUPRG\QDPLF� FDOFXODWLRQV� �VHH�)LJXUH� ˪������� WKH�0��&�� FDUELGH� LV� QRW�

VWDEOH�LQ�WKH�DV�UHFHLYHG�FRQGLWLRQ�LQ�DOOR\������%DVHG�RQ�WKH�DERYH�FRQVLGHUDWLRQV��LW�IRUPHG�

LQ�WKH�VSHFLPHQ�FHQWHU�DIWHU�EDFN�GLIIXVLRQ�KDV�UHVXOWHG�LQ�DQ�RYHUDOO�&�FRQWHQW�KLJKHU�WKDQ�WKH�

FULWLFDO�YDOXH�RI������ZW�����7KH�&�PLJUDWLRQ�IURP�WKH�&U�GHSOHWHG�]RQH�WRZDUGV�WKH�VSHFLPHQ�

FRUH�LV�D�G\QDPLF�SURFHVV�DQG�LW�UHTXLUHV�D�FHUWDLQ�WLPH�XQWLO�WKH�&�HQULFKPHQW�LQ�WKH�FHQWHU�RI�

WKH�IRLO�H[FHHGV�WKH�WKUHVKROG�IRU�0��&��IRUPDWLRQ��ZKLFK�LV������ZW����DW������&��DFFRUGLQJ�

WR�WKH�FDOFXODWHG�SKDVH�GLDJUDP��)LJXUH� ˪�������)RU�D�JLYHQ�R[LGDWLRQ�FRQGLWLRQ��L�H��GHSWK�RI�
&U�GHSOHWHG�]RQH�� WKH�FULWLFDO�&�FRQFHQWUDWLRQ� UHTXLUHG� IRU� IRUPDWLRQ� RI� WKH�&U� ULFK�FDUELGH�

ZLOO� EH� UHDFKHG� DIWHU� VKRUWHU� R[LGDWLRQ� WLPHV� LQ� D� WKLQ� WKDQ� LQ� D� WKLFN� VSHFLPHQ�� 7KLV� LV� LQ�

DJUHHPHQW�ZLWK�WKH�����&�UHVXOWV�SUHVHQWHG�LQ�)LJXUH�˪�������

7KH�',&75$�FDOFXODWLRQV�LQ�)LJXUH�˪�����WKXV�DW�OHDVW�TXDOLWDWLYHO\�FRUUHFWO\�GHVFULEH��

����WKH�IRUPDWLRQ�RI�D�VXEVFDOH�0�&�GHSOHWHG�]RQH���

����WKH�IRUPDWLRQ�RI�LQLWLDOO\�XQVWDEOH�&U�ULFK�0��&��FDUELGH�LQ�WKH�VSHFLPHQ�FHQWHU�GXH�WR�WKH�

VXEVFDOH�&U�GHSOHWLRQ�DQG�WKH�&�EDFN�GLIIXVLRQ��DQG�

����WKH�DFFRPSDQLHG�GHFUHDVH�LQ�WKH�0�&�YROXPH�IUDFWLRQ��

7KH� WRWDO� FDOFXODWHG� GHFUHDVH� LQ� YROXPH� IUDFWLRQ� RI�0�&�ZDV� VPDOOHU� WKDQ� H[SHULPHQWDOO\�

REVHUYHG��7KLV�GLVFUHSDQF\�LV�UHODWHG�WR�WKH�IRUPDWLRQ�RI�QLWULGH�DORQJ�ZLWK�R[LGDWLRQ�LQGXFHG�

&U�GHSOHWLRQ�LQ�WKH�VSHFLPHQ�FHQWHU��DV�ZLOO�EH�LOOXVWUDWHG�LQ�WKH�IROORZLQJ�VHFWLRQ��
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)LJXUH� ˪������',&75$�FDOFXODWLRQ�SURILOHV� VKRZLQJ�YROXPH� IUDFWLRQV�RI�0�&�DQG�0��&�� LQ�

WKH�����PP�WKLFN�VSHFLPHQ�RI�DOOR\�����DIWHU�D�������K�DQG�E�������K�DW������&�LQ�ODERUDWRU\�

DLU��,QSXW�NLQHWLFV�ZDV�WDNHQ�IURP�)LJXUH� ˪�����VWDUWLQJ�DOOR\�FRPSRVLWLRQ�IURP�7DEOH� ˪�����DQG�
FDOFXODWLRQV�LQ�)LJXUH�˪������

���� 0RGHOLQJ�WKH�IRUPDWLRQ�RI�QLWULGH�LQ�WKH�FHQWHU�RI�VSHFLPHQ�

7KH�KLJK�YROXPH�IUDFWLRQV�RI�QLWULGH�HVSHFLDOO\�LQ�WKH�WKLQ�VSHFLPHQ�DIWHU�ORQJ�H[SRVXUH�WLPH�

DUH� LQGLFDWLYH�RI�QLWULGDWLRQ��$SDUW� IURP�EDFN�GLIIXVLRQ�RI�1�VLPLODU� WR� WKDW�RI�&�� WKHUH�ZDV�

DOVR�VXEVWDQWLDO�1�LQJUHVV�IURP�WKH�HQYLURQPHQW��,Q�WKH�FXUUHQW�W\SH�RI�H[SHULPHQWV�LQYROYLQJ�

R[LGH�JURZWK��R[LGH�VSDOODWLRQ�DQG�1�XSWDNH�LW�ZDV�YLUWXDOO\�LPSRVVLEOH�WR�DFFXUDWHO\�HVWLPDWH�

WKH�QLWULGDWLRQ�NLQHWLFV� DQG� WKH� LQFXEDWLRQ� WLPH�EHIRUH�QLWULGDWLRQ� DSSHDUV� WR�RFFXU� DIWHU� WKH�

RFFXUUHQFH� RI� FHUWDLQ� &U� GHSOHWLRQ�� :LWK� VR� PDQ\� H[SHULPHQWDO� XQNQRZQV�� GLIIXVLRQ�

FDOFXODWLRQV�ZRXOG�EH�H[WUHPHO\�LQDFFXUDWH�DQG�LQFRQFOXVLYH���
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7KHUHIRUH�� DQRWKHU� DWWHPSW� ZDV� PDGH� WR� UDWLRQDOL]H� WKH� H[SHULPHQWDOO\� REVHUYHG�

PLFURVWUXFWXUDO�FKDQJHV��RQ�WKH�EDVLV�RI�SKDVH�HTXLOLEULD�FDOFXODWHG�E\�7KHUPR�&DOF�XVLQJ�WKH�

GDWD�EDVH�771,���%DVHG�RQ�WKH�DFWLYLW\�GDWD�LQ�)LJXUH� ˪�����WKH�VXEVFDOH�&U�GHSOHWLRQ�ZRXOG�
UHVXOW�LQ�D�EDFN�GLIIXVLRQ�RI�1�LQ�D�VLPLODU�PDQQHU�DV�GHVFULEHG�IRU�&��7KLV�ZDV�FRQILUPHG�E\�

WKH�*'2(6�UHVXOWV�VKRZQ�LQ�)LJXUH� ˪������$OWKRXJK�WKH�PHDVXUHG�FRQFHQWUDWLRQV�IRU�1�ZHUH�
QHDUHU�WR�WKH�GHWHFWLRQ�OLPLWV��DV�LQGLFDWHG�E\�WKH�ODUJHU�QRLVH�WR�VLJQDO�UDWLR��WKDQ�LV�WKH�FDVH�

IRU�&�� WKH� UHVXOWV� FOHDUO\� UHYHDOHG� WKDW� DQ� LQFUHDVH� RI� WKH�1� FRQWHQW� LQ� WKH� VSHFLPHQ� FHQWHU�

RFFXUUHG� ZKHUHE\� WKH� 1� FRQWHQW� LQFUHDVHG� ZLWK� LQFUHDVLQJ� H[SRVXUH� WLPH�� 7KH� GDWDEDVH�

771,��FRQVLGHUV�YDULRXV�W\SHV�RI�QLWULGH�SKDVHV��L�H��PDLQO\�&U�1��7KH�QLWULGH�SKDVH�SUHVHQW�

DIWHU�D�YHU\�VKRUW������K��H[SRVXUH�WLPH��)LJXUH�˪�����FRXOG��DV�GHVFULEHG�LQ�SUHYLRXV�VHFWLRQV��
QRW�XQHTXLYRFDOO\�EH�LGHQWLILHG��7KH�QLWULGH�LQ�WKH�VSHFLPHQ�FHQWHU��KRZHYHU��FRXOG�FOHDUO\�EH�

FRUUHODWHG�ZLWK�ʌ�SKDVH��VHH�)LJXUH� ˪����E���7KH�FRPSRVLWLRQ�RI�WKLV�SKDVH�DW������&�IRU�WKH�
DOOR\�����FRPSRVLWLRQ�LQ�WKH�GDWD�EDVH�771,��LV���&U���1L��0R��1��LQ�ZW�����&RPSDUHG�WR�

WKH�DFWXDOO\�PHDVXUHG�QLWULGH�FRPSRVLWLRQ����&U���1L���:��0R��1�LQ�ZW����� WKH�GDWDEDVH�

771,��GLG�QRW�WDNH�LQWR�DFFRXQW�:�VROXELOLW\��KRZHYHU��0R�VROXELOLW\�ZDV�FRUUHFWO\�GHVFULEHG���

$VVXPLQJ� LQ� WKH� FDOFXODWLRQV� WKDW� ʌ�SKDVH� LV� WKH� RQO\� QLWULGH� IRUPHG�� DOOR\� ���� VKRXOG� DW�

�����&� H[KLELW� D� PLFURVWUXFWXUH� FRQVLVWLQJ� RI� Ȗ�1L� PDWUL[�� :�ULFK� 0�&� DQG� YHU\� PLQRU�

DPRXQWV�RI�ʌ�SKDVH��)LJXUH� ˪�������$�GRXEOLQJ�RI�WKH�&�DQG�1�FRQWHQW��VHH�)LJXUH� ˪������E\�
EDFN� GLIIXVLRQ� UHVXOWHG� LQ� WKH� IRUPDWLRQ� RI� D� IRXU� SKDVH� PLFURVWUXFWXUH� FRQVLVWLQJ� RI� Ȗ�1L�

PDWUL[��:�ULFK�0�&��&U�ULFK�0��&��DQG�ʌ�SKDVH��)LJXUH�˪�����D���

&RQVLGHULQJ� WKH�GHQVLWLHV�RI� WKH�PHQWLRQHG�SKDVHV� ���J�FP��� IRU� Ȗ�1L� >���@�������J�FP��� IRU�

0�&� >���@� DQG� �� J�FP��� IRU� ʌ�SKDVH� >���@�� UHYHDOV� WKDW� WKH� YROXPH� IUDFWLRQ� RI�0�&� LQ� WKH�

DOOR\�UHJLRQ�ZKLFK�LV�QRW�DIIHFWHG�E\�R[LGDWLRQ�LQGXFHG�GHSOHWLRQ�SURFHVVHV��LV�DSSUR[LPDWHO\�

����YRO����ZKHUHDV�WKH�YROXPH�IUDFWLRQ�RI�ʌ�SKDVH�LV�H[WUHPHO\�VPDOO��,I�RQH�DVVXPHV�WKDW�WKH�

EDFN� GLIIXVLRQ� RI�1�ZRXOG� LQ� WKH� ���� DQG� ����PP� VSHFLPHQV� UHVXOW� LQ� D�1� FRQWHQW� RI� �����

ZW�����L�H��HYHQ�KLJKHU�WKDQ�IRXQG�IRU�WKH�����PP�VSHFLPHQ�DIWHU������K��)LJXUH� ˪������� WKH�
YROXPH� IUDFWLRQ� RI� ʌ�SKDVH� ZRXOG� EH� ���� ��� 7KLV� LV� VXEVWDQWLDOO\� ORZHU� WKDQ� WKDW�

H[SHULPHQWDOO\�REVHUYHG�IRU�WKH�WKLQQHVW�VSHFLPHQV�DIWHU������K�DW������&��7DEOH�˪������
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)LJXUH� ˪������&DOFXODWHG�SKDVH�IUDFWLRQV�LQ�DOOR\�����DV�IXQFWLRQ�RI�WHPSHUDWXUH�IRU�YDULRXV�&�
DQG�1�FRQWHQWV��)RU�GHWDLOV��VHH�WH[W��

7KLV� OHDGV� WR� WKH� FRQFOXVLRQ� WKDW� XSRQ� LQFUHDVLQJ� H[SRVXUH� WLPH� DQG� GHFUHDVLQJ� VSHFLPHQ�

WKLFNQHVV� WKH�KLJK�YROXPH�IUDFWLRQ�RI�QLWULGH� LQ� WKH�VSHFLPHQ�FHQWHU�ZDV�QRW�RQO\�UHODWHG� WR�

EDFN�GLIIXVLRQ�RI�1�EXW�DGGLWLRQDOO\�WR�XSWDNH�RI�1�IURP�WKH�DWPRVSKHUH��)LJXUH� ˪�����E���7KLV�
LV� SUREDEO\� UHODWHG� WR� WKH� IDFW� WKDW� WKH� VXEVWDQWLDO� GHFUHDVH� LQ� &U� LQWHUIDFH� FRQFHQWUDWLRQ�

VXEVWDQWLDOO\�ORZHU�WKDQ�a���ZW����RFFXUUHG�GXULQJ�ORQJ�WHUP�H[SRVXUH��)LJXUH� ˪�����UHVXOWHG�
LQ�D�ORVV�RI�SURWHFWLYH�SURSHUWLHV�RI�WKH�VXUIDFH�R[LGH�VFDOH��ZKLFK�WKHQ�PD\�EHFRPH�SURQH�WR�

WUDQVSRUW�RI�JDV�PROHFXOHV�VXFK�DV�1����

$VVXPLQJ�D�GRXEOLQJ�RI�&�FRQWHQW��GXH�WR�EDFN�GLIIXVLRQ��DQG�DQ�HYHQ�JUHDWHU�WKDQ�GRXEOLQJ�

RI� WKH�1�FRQWHQW� LQ� WKH�VSHFLPHQ�FRUH�� WKH�UHVXOWLQJ�FDOFXODWHG�SKDVH�IUDFWLRQV�DUH�VKRZQ�LQ�
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)LJXUH� ˪������ +HUH� WKH� &� FRQWHQW� ZDV� VHW� DW� WZLFH� WKH� RULJLQDO� YDOXH� DQG� WKH� 1� FRQWHQW�
DUELWUDULO\�WR�D�KLJK�YDOXH�RI�����ZW�����L�H��VXEVWDQWLDOO\�KLJKHU�WKDQ�WZLFH�WKH�RULJLQDO�YDOXH�

XVHG� LQ�)LJXUH� ˪������7KLV� UHVXOWHG� LQ�D�VXEVWDQWLDO� LQFUHDVH� LQ� WKH�SKDVH�IUDFWLRQ�RI�ʌ�SKDVH�
DQG�DW������&��D�VOLJKW�GHFUHDVH�LQ�SKDVH�IUDFWLRQ�RI�0�&�DV�ZHOO�DV�D�YDQLVKLQJ�RI�WKH�0��&���

ZKLFK� LV� LQ� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� REVHUYDWLRQV� �)LJXUH� ˪���� H� DQG� I��� 7KH�
GLVVROXWLRQ�RI�WKH�&U�ULFK�FDUELGH�ZLOO�REYLRXVO\�UHVXOW�LQ�DQ�LQFUHDVH�RI�WKH�&�DFWLYLW\�LQ�WKH�

FHQWHU�RI� WKH� VSHFLPHQ��7KLV� LV� H[SHFWHG� WR� UHVXOW� LQ� D� UH�GLVWULEXWLRQ�RI�&� LQ� WKH� VSHFLPHQ��

7KLV�PD\�EH�WKH�TXDOLWDWLYH�H[SODQDWLRQ�IRU�WKH�REVHUYDWLRQV�LOOXVWUDWHG�LQ�)LJXUH� ˪�����ZKHUH�

DIWHU������K�D�VXEVFDOH�0�&�IUHH�]RQH�ZDV�FOHDUO\�IRXQG��ZKHUHDV�DIWHU������K�WKLV�ZDV�QRW�

WKH�FDVH��

7KH�WKHUPRG\QDPLF�FDOFXODWLRQV�LQ�)LJXUH� ˪�����E�GR�QRW�SUHGLFW�WKDW�WKH�IRUPDWLRQ�RI�ODUJH�
YROXPH�IUDFWLRQV�RI�&U�ULFK�QLWULGHV�DIWHU�ORQJ�WLPHV�LQ�WKH�WKLQQHVW�VSHFLPHQV�LV�DFFRPSDQLHG�

E\�WKH�H[SHULPHQWDOO\�REVHUYHG�YDQLVKLQJ�RI�0�&��)LJXUH� ˪����I�DQG�)LJXUH�˪����E���7KH�HIIHFW�
RFFXUV�ZKHQ�WKH�RYHUDOO�&U�FRQWHQW�LQ�WKH�VSHFLPHQ�FRUH�VWDUWV�WR�GHFUHDVH��)LJXUH� ˪������7KH�
GLVFUHSDQF\�EHWZHHQ�FDOFXODWLRQ�DQG�H[SHULPHQW�PLJKW�EH�UHODWHG�WR�WKH�IDFW�WKDW�WKH�ʌ�SKDVH�

LQ�WKH�GDWDEDVH�771,��GRHV�QRW�FRQVLGHU�:�VROXELOLW\��7KLV�LV�FRQWUDU\�WR�WKH�H[SHULPHQWDOO\�

REVHUYHG�FRPSRVLWLRQ�LQ�ZKLFK�W\SLFDOO\����ZW����:�ZDV�SUHVHQW�LQ�WKH�ʌ�SKDVH��'XH�WR�WKLV�

KLJK�:�VROXELOLW\��IRUPDWLRQ�RI�ʌ�SKDVH�LV�H[SHFWHG�WR�VXEVWDQWLDOO\�GHFUHDVH�WKH�:�FRQWHQW�LQ�

WKH�Ȗ�PDWUL[�ZKLFK�REYLRXVO\�VKRXOG�KDYH�D�GHVWDELOL]LQJ�HIIHFW�RQ�WKH�1L�:�ULFK�0�&�SKDVH��

7KH�YDQLVKLQJ�RI�WKH�0�&�SKDVH��)LJXUH� ˪����I�DQG�)LJXUH˪�����E��LQ�WKH�VSHFLPHQ�FRUH�LV�WKXV�
OLNHO\� FDXVHG� E\� D� FRPELQDWLRQ� RI� WKH� VXEVWDQWLDO� R[LGDWLRQ� LQGXFHG� &U� ORVV� DQG� WKH�

FRQVXPSWLRQ�RI�:�E\�IRUPDWLRQ�RI�WKH�:�FRQWDLQLQJ�QLWULGH��
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���� &XUUHQW�DSSURDFK�

,Q�WKH�IROORZLQJ�DQ�DWWHPSW�ZLOO�EH�PDGH�WR�GHYHORS�D�JHQHUDOL]HG��SUDJPDWLF�DSSURDFK�ZKLFK�

DLPV� WR�FRYHU� WKH� WKUHH�PDLQ�R[LGDWLRQ� UHODWHG�GDPDJH�SURFHVVHV�PHQWLRQHG� LQ�6HFWLRQ� ˪�����

3UHYLRXV� DSSURDFKHV� IRU� DOXPLQD� IRUPLQJ� )H&U$O� EDVH� IHUULWLF� VWHHOV� >��@� DQG� FKURPLD�

IRUPLQJ� IHUULWLF� VWHHOV� >��@� SUHVHQW� JUDSKLFDOO\� VROHO\� WLPHV� WR� EUHDNDZD\� DV� IXQFWLRQ� RI�

FRPSRQHQW� WKLFNQHVV� DQG� WHPSHUDWXUH�� )RU� WKLV� W\SH� RI� PDWHULDOV� WKLV� DSSURDFK� LV� XVHIXO�

EHFDXVH�WKH�R[LGDWLRQ�LQGXFHG�ZDOO�WKLFNQHVV�ORVV�LV�LQ�PDQ\�SUDFWLFDO�DSSOLFDWLRQV�H[WUHPHO\�

VPDOO�GXH�WR�WKH�YHU\�ORZ�JURZWK�UDWHV�RI�WKH��UHDFWLYH�HOHPHQW�GRSHG�>������@��DOXPLQD��DQG�

FKURPLD�� VXUIDFH� VFDOHV�� 7KXV�� IRU� WKHVH� PDWHULDOV� D� FULWLFDO� DOXPLQLXP� �RU� FKURPLXP��

GHSOHWLRQ� UHVXOWLQJ� LQ� EUHDNDZD\� R[LGDWLRQ�PRVWO\� RFFXUV� EHIRUH�ZDOO� WKLFNQHVV� ORVV� DQG�RU�

VFDOH�VSDOOLQJ�EHFRPH�SUDFWLFDOO\�VLJQLILFDQW��$OVR��WKH�WLPH�WR�RFFXUUHQFH�RI�D�FULWLFDO�VROXWH�

GHSOHWLRQ� �UHVXOWLQJ� LQ� ³EUHDNDZD\´� R[LGDWLRQ�� LV� HDV\� WR� EH� GHWHUPLQHG� H[SHULPHQWDOO\��

%HFDXVH� RI� WKH� ODUJH� GLIIHUHQFH� LQ� NZ� YDOXH� RI� $O�� DQG� &U�� R[LGH� FRPSDUHG� WR� )H�R[LGH�

�)LJXUH� ˪������ RFFXUUHQFH� RI� EUHDNDZD\� LV� DFFRPSDQLHG� E\� D� VXGGHQ�� GUDPDWLF� LQFUHDVH� LQ�
VFDOH�JURZWK�UDWH�GXH�WR�D�FKDQJH�IURP�DOXPLQD��RU�FKURPLD��VFDOH�IRUPDWLRQ�WR�)H�EDVH�R[LGH�

IRUPDWLRQ��

'XH� WR� DQ� HDUOLHU� WHQGHQF\� IRU� VSDOOLQJ� RI� WKH� FKURPLD� EDVH� VXUIDFH� VFDOHV�� WKH� VLWXDWLRQ� LV�

GLIIHUHQW� LQ�FDVH�RI�1L&U�EDVH�ZURXJKW�DOOR\V��)RU�WKLFNHU�VSHFLPHQV��H�J�� LQ�WKH�PP�UDQJH��

ZDOO�WKLFNQHVV�ORVV�DQG�RU�VFDOH�VSDOOLQJ�PD\�EHFRPH�OLIH�OLPLWLQJ�IDFWRUV�IRU�D�FRPSRQHQW�LQ�

VHUYLFH�IDU�EHIRUH�EUHDNDZD\�W\SH�R[LGDWLRQ�RFFXUV��$GGLWLRQDOO\��WKH�GHILQLWLRQ�RI�WKH�³WLPH�

WR� EUHDNDZD\´� LV� IRU� 1L&U� EDVHG� DOOR\V� IDU� OHVV� REYLRXV� WKDQ� H�J�� LQ� FDVH� RI� WKH� DERYH�

PHQWLRQHG� )H&U$O� DOOR\V� EHFDXVH� D� FULWLFDO� FKURPLXP� GHSOHWLRQ� OHDGV� WR� D� FKDQJH� IURP�

FKURPLD� JURZWK� WR� JURZWK� RI� �FKURPLXP� FRQWDLQLQJ�� QLFNHO� ULFK� VSLQHO� W\SHV� R[LGHV�� 7KLV�

FDXVHV� DQ� LQFUHDVH�RI� WKH�JURZWK� UDWH�� KRZHYHU�� EHFDXVH�RI� WKH� UHODWLYHO\� VPDOO� NZ�YDOXH�RI�

WKHVH�PL[HG�R[LGH�DQG�1L2��)LJXUH�˪�����WKH�FKDQJH�WHQGV�WR�RFFXU�JUDGXDOO\��L�H��QRW�DEUXSW�DV�
NQRZQ�IURP�WKH�)H&U$O�EDVH�DOOR\V�DQG��WR�D�OHVVHU�H[WHQW��WKH�)H&U�EDVH�DOOR\V���

)RU� )H&U�� DQG� )H&U$O� DOOR\V� >���� ��@�� WKH� WLPH� DW�ZKLFK� EUHDNDZD\� R[LGDWLRQ� RFFXUV�ZDV�

WHUPHG� W%��)RU�1L&U�DOOR\V��D�VXGGHQ�UDSLG� LQFUHDVH� LQ�JURZWK�UDWH�GRHV�JHQHUDOO\�QRW�RFFXU�

DQG�WKHUHIRUH�WKH�H[SUHVVLRQ�³FULWLFDO�GHSOHWLRQ´�VHHPV�IRU�WKHVH�DOOR\V�WR�EH�PRUH�DSSURSULDWH�
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WKDQ�³EUHDNDZD\´��7KH�WLPH�DW�ZKLFK�WKH�&U�FRQWHQW�DW�WKH�DOOR\�VFDOH�LQWHUIDFH�UHDFKHV�D�SUH�

GHILQHG�FULWLFDO�FRQFHQWUDWLRQ�LV�WKHUHIRUH�LQ�WKH�IROORZLQJ�GHVLJQDWHG�DV�W
��$�VHFRQG�FULWLFDO�

WLPH�� W&� LQGLFDWHV� WKH� WLPH�ZKHQ� WKH�&U�GHSOHWLRQ�SURILOH�UHDFKHV� WKH�FHQWHU�RI� WKH�VSHFLPHQ�

>��@��

$FFRUGLQJ�WR�UHIHUHQFH�>���@��W&�FDQ�EH�HVWLPDWHG�ZLWK�(T���˪�����>��@��

฀฀฀฀฀฀฀ൎ ฀฀〵 ݈฀
฀ � � ˪�����

ZKHUH� �LV�WKH�KDOI�WKLFNQHVV�RI�WKH�VSHFLPHQ�LQ�FP�DQG�'�WKH�GLIIXVLRQ�FRHIILFLHQW�RI�&U�LQ�WKH�

DOOR\�LQ�FP��V฀฀฀�7KH�VFKHPDWLF�LQ�)LJXUH�˪����LOOXVWUDWHV�D�FRPSDULVRQ�RI�W&�DQG�W
��,W�LOOXVWUDWHV�

WKDW� JHQHUDOO\� W&� SURYLGHV� D� FRQVHUYDWLYH� SUHGLFWLRQ� RI� WKH� OLIHWLPH� OLPLW��$GGLWLRQDOO\��(T��
�˪�����VKRZV�WKDW�W&�LV�LQGHSHQGHQW�RI�WKH�R[LGH�JURZWK�UDWH��7KXV��IRU�D�JLYHQ�DOOR\��WKH�WLPH�
WLOO� UHDFKLQJ� D� FULWLFDO�&U� LQWHUIDFH� FRQFHQWUDWLRQ�ZRXOG�EH� LQGHSHQGHQW�RI� WKH� VFDOH�JURZWK�

UDWH�� WKLV� ZRXOG� REYLRXVO\� QRW� EH� LQ� DJUHHPHQW� ZLWK� H[SHULPHQWDOO\� REVHUYHG� R[LGDWLRQ�

GHJUDGDWLRQ�PHFKDQLVPV��

�
)LJXUH� ˪�����6FKHPDWLF�JUDSK�VKRZLQJ�FRQFHQWUDWLRQ�SURILOHV�RI� VFDOH� IRUPLQJ�HOHPHQW�DIWHU�
GLIIHUHQW� R[LGDWLRQ� WLPHV� LQ� FDVH� RI� VWHDG\� VWDWH� VFDOH� JURZWK� LOOXVWUDWLQJ� GLIIHUHQFH� LQ�

GHILQLWLRQ�RI�WLPHV�WR�FULWLFDO�VXEVFDOH�GHSOHWLRQ��W&�DQG�W
���

%DVHG�RQ�WKH�DERYH�GLVFXVVLRQV��D�GLIIHUHQW�ZD\�RI�JUDSKLFDOO\�SUHVHQWLQJ�WKH�GHVLJQ�UHOHYDQW�

R[LGDWLRQ�GDPDJH�ZLOO�EH�DWWHPSWHG��L�H��SUHVHQWLQJ�ZDOO�WKLFNQHVV�ORVV�DV�IXQFWLRQ�RI�WLPH�DQG�

WHPSHUDWXUH�� WKHUHE\� LQGLFDWLQJ� LQ� WKH� JUDSKV� WLPHV� �W
�� IRU� RFFXUUHQFH� RI� EUHDNDZD\� W\SH�

R[LGDWLRQ�DV�IXQFWLRQ�RI�VSHFLPHQ�WKLFNQHVV��

฀฀
฀฀

฀硩摥כ�
⁳฀慬฀

印 ฀ 捩 ฀ 敮 ฀捥 ฀ ฀ ฀ ฀

฀ㄠ㰠 ฀฀฀כ�
䑩 ฀ ฀ 慮 捥 ฀ 晲 潭 ⁴ 桥 ⁡ 汬 ฀ 礯 ฀ 硩 摥 ฀ ฀ ฀ ฀ 敲 ฀ 慣 ฀

䍲 ฀ ฀ 潮 ฀ 敮 ฀
佲 ฀ 杩 湡 ฀���

כ���
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���� 2[LGDWLRQ�DQG�GHSOHWLRQ�NLQHWLFV�

7KH� DUHD� VSHFLILF� �QHW�� ZHLJKW� FKDQJHV� RI� WKH� VSHFLPHQV� GXULQJ� ����� K� GLVFRQWLQXRXV�

R[LGDWLRQ� DUH� VKRZQ� DV� D� IXQFWLRQ� RI� R[LGDWLRQ� WLPH� LQ� )LJXUH� ˪����� 7KH� GDWD� ZHUH�� LQ� D�
GLIIHUHQW�ZD\�RI�SUHVHQWDWLRQ��DOUHDG\�VKRZQ� LQ�6HFWLRQ� ˪�����EXW�DUH�VXPPDUL]HG�KHUH�DJDLQ�

IRU�HDVLHU�UHDGDELOLW\�RI�WKH�WH[W��

)LJXUH� ˪���� ��)LJXUH� ˪����VKRZ�SROLVKHG�FURVV�VHFWLRQV�RI�DOOR\�����VSHFLPHQV�ZLWK�GLIIHUHQW�
WKLFNQHVVHV�DIWHU�R[LGDWLRQ�DW� WHPSHUDWXUHV�RI�����������DQG������&��7KH�VFDOHV� IRUPHG�RQ�

WKH�VSHFLPHQV�DW������&�ZHUH�DOUHDG\�VKRZQ�LQ�6HFWLRQ�˪�����EXW�DUH�SUHVHQWHG�KHUH�DJDLQ�IRU�

HDVLHU� UHDGDELOLW\�RI� WKH� WH[W��$V�H[SODLQHG� LQ�6HFWLRQ� ˪����D�FRQWLQXRXV�H[WHUQDO�&U�2�� VFDOH�

IRUPHG� RQ� WRS� RI� WKH� DOOR\� DQG� PLQRU� LQWHUQDO� $O�2�� ZDV� SUHVHQW� DORQJ� WKH� DOOR\� JUDLQ�

ERXQGDULHV��,Q�VRPH�FDVHV��PLQRU�DPRXQWV�RI�0Q&U�2��VSLQHO�SKDVH�ZHUH�IRXQG�RQ�WRS�RI�WKH�

FKURPLD��,Q�DJUHHPHQW�ZLWK�WKH�JUDYLPHWULF�GDWD�LQ�)LJXUH� ˪����E�F��WKH�����PP�VSHFLPHQ�KDV�
WKH�WKLFNHVW�&U�2��OD\HU��)LJXUH� ˪����E�DQG�)LJXUH� ˪����D�E���ZKHUHDV�WKH�&U�2��OD\HU�RQ�WKH�WRS�

RI� WKH� ����PP�DQG� HVSHFLDOO\� WKH� ����PP� VSHFLPHQ� DIWHU� ����� K� DW� �����&� DQG� ����� K� DW�

�����&��H[KLELW�ORFDO�VFDOH�VSDOODWLRQ��7KH�ODWWHU�LV�LQ�DJUHHPHQW�ZLWK�WKH�JUDYLPHWULF�GDWD��

'XULQJ�WKH�HDUOLHU�VWDJHV�RI�R[LGDWLRQ�DW�WKHVH�WHPSHUDWXUHV�� WKH�DUHD�VSHFLILF�ZHLJKW�FKDQJH�

GLG�� DV� H[SODLQHG� LQ� 6HFWLRQ� ˪���� QRW� H[KLELW� D� FOHDU� VSHFLPHQ� WKLFNQHVV� GHSHQGHQFH�

�)LJXUH� ˪������$W������&��VLPLODU�EHKDYLRU�ZDV�REVHUYHG�IRU�DOO�WKUHH�VSHFLPHQ�WKLFNQHVVHV�XS�
WR� a���� K�� $W� �����&�� WKLV� SHULRG� ZDV� PXFK� VKRUWHU� �a���� K�� ZKHUHDV� DW� ����&� LW� WRRN�

DSSUR[LPDWHO\� ����� K� EHIRUH� FOHDU� GLIIHUHQFHV� LQ� ZHLJKW� FKDQJH� EHWZHHQ� WKLFN� DQG� WKLQ�

VSHFLPHQV�EHFDPH�DSSDUHQW��

,Q�FDVH�RI�WKH�����PP�VSHFLPHQV��WKH�ZHLJKW�FKDQJH�FXUYHV�LQFUHDVHG�DIWHU�WKLV�LQLWLDO�VWHDG\�

VWDWH� R[LGDWLRQ�SHULRG�� FRQWLQXRXVO\� IROORZLQJ� D� ³VXSHU�SDUDEROLF´� R[LGDWLRQ� EHKDYLRU� DW� DOO�

WHPSHUDWXUHV��7KH�GHFUHDVH�RI�WKH�QHW�ZHLJKW�FKDQJHV�RI�WKH�����DQG�����PP�WKLFN�VSHFLPHQV�

RFFXUULQJ�DIWHU�WKLV�VWHDG\�VWDWH�VFDOH�JURZWK�ZDV�WKH�UHVXOW�RI�VFDOH�VSDOODWLRQ�DV�FRUILUPDHG�

E\� WKH�JURZ�ZHLJKW� FKDQJH�GDWD� �)LJXUH� ˪������7KH� DPRXQW� RI� VSDOOHG�R[LGH� RI� WKH�����PP�
VSHFLPHQ�ZDV�ODUJHU�WKDQ�WKDW�RI�WKH�����PP�VSHFLPHQ��)RU�WKH�����PP�VSHFLPHQV�DW������

�����&��WKH�VFDOH�GLG�QRW�VSDOO�VLJQLILFDQWO\�XQWLO�WKH�PD[LPXP�H[SRVXUH�WLPH�RI������K��,Q�

RWKHU�ZRUGV��WKH�WKLQQHVW�VSHFLPHQV�H[KLELWHG�IDU�EHWWHU�VFDOH�DGKHVLRQ�WKDQ�WKH�WKLFNHU�RQHV��

�
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)LJXUH� ˪����� $UHD� VSHFLILF� QHW� ZHLJKW� FKDQJH� FXUYHV� RI� DOOR\� ���� VSHFLPHQV�ZLWK� GLIIHUHQW�
WKLFNQHVVHV�GXULQJ�R[LGDWLRQ�IRU������K�DW�D������&�����K�F\FOH���E�������&�����K�F\FOH���DQG�

F�������&�����K�F\FOH���

�

���
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)LJXUH� ˪����� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� DOOR\� ���� VSHFLPHQV� ZLWK� GLIIHUHQW�
WKLFNQHVVHV�R[LGL]HG�DW������&�LQ�DLU�IRU�D�������K��DQG�E�������K��
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)LJXUH� ˪����� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� DOOR\� ���� VSHFLPHQV� ZLWK� GLIIHUHQW�
WKLFNQHVVHV�R[LGL]HG�DW������&�LQ�DLU�IRU�D�������K��DQG�E�������K��

7KLV� LV� LQ� TXDOLWDWLYH� DJUHHPHQW� ZLWK� ILQGLQJV� RI� RWKHU� DXWKRUV� >���� ����� ����� ���@�� ,W� LV�

JHQHUDOO\� DVVXPHG� WKDW� WKLV� GLIIHUHQFH� LQ� DGKHUHQFH� LV� UHODWHG� WR� GLIIHUHQW� PRGHV� RI� VWUHVV�

UHOD[DWLRQ��7KH�WKHUPDO�VWUHVVHV�SURGXFHG�E\�WKHUPDO�F\FOLQJ�LQ�WKH�VFDOH�DQG�WKH�EXON�DOOR\�RI�

WKH�WKLFNHU�VSHFLPHQV�DUH�UHOD[HG�E\�VFDOH�FUDFNLQJ�HYHQWXDOO\�UHVXOWLQJ�LQ�VFDOH�VSDOODWLRQ�>����

�������������@��)RU�WKH�����PP�VSHFLPHQV��WKH�VWUHVV�ZDV�OLNHO\�UHOD[HG�E\�VXEVWUDWH�FUHHS�LQ�

WKH�KLJK� WHPSHUDWXUH�UDQJH�GXULQJ�FRROLQJ�RI� WKH�VDPSOH�� UHVXOWLQJ�LQ�EHWWHU�VFDOH�DGKHUHQFH�

>���@��,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�WKH�����PP�VSHFLPHQV�VWDUWHG�WR�H[KLELW�³VXSHU�SDUDEROLF´�

R[LGDWLRQ� DIWHU� D� JLYHQ� R[LGDWLRQ� WLPH�� ZKLFK� LQFUHDVHG� ZLWK� GHFUHDVLQJ� WHPSHUDWXUH�� ,Q�

6HFWLRQ�˪����LW�ZDV�SURSRVHG�WKDW�WKLV�HQKDQFHG�R[LGH�JURZWK�UDWH�PD\�EH�UHODWHG�WR�GHSOHWLRQ�

RI� WKH� UHDFWLYH�HOHPHQW�/D� LQ� WKH�DOOR\� >�������@�� WR� UHOD[DWLRQ�RI�JURZWK�VWUHVVHV� >���@��RU��

PRUH�OLNHO\��WR�IRUPDWLRQ�RI�PLFUR�WHQVLOH�FUDFNV�LQ�WKH�R[LGH�DIWHU�VSHFLPHQ�UH�KHDWLQJ��ZKLFK�

DOORZV�LQJUHVV�RI�R[\JHQ�WKURXJK�WKH�FUDFNV�UHVXOWLQJ�LQ�IDVWHU�R[LGH�IRUPDWLRQ��

)LJXUH�˪����LV�D�VFKHPDWLF�RI�WKH�JHQHUDWLRQ�RI�GLIIHUHQW�VWUHVV�VWDWHV�LQ�WKH�VFDOH�GHSHQGLQJ�RQ�

VSHFLPHQ�WKLFNQHVV��7KH�KRUL]RQWDO�D[LV�UHSUHVHQWV�WKH�WHPSHUDWXUH��KHUH�XVLQJ�DV�DQ�H[DPSOH�

�����&�DV�WKH�WDUJHW�WHPSHUDWXUH��7KH�YHUWLFDO�D[LV�UHSUHVHQWV�WKH�VWUHVV�LQ�WKH�R[LGH��ZKHUH�ı7�
LQGLFDWHV� D� WHQVLOH� VWUHVV�� DQG� ı&� D� FRPSUHVVLYH� VWUHVV�� %HFDXVH� WKH� WKHUPDO� H[SDQVLRQ�

FRHIILFLHQW�RI�WKH�DOOR\��DSSUR[LPDWHO\���฀�����.����LV�ODUJHU�WKDQ�WKDW�RI�WKH�FKURPLXP�R[LGH�

����฀�����.����� WKH�DOOR\�VXEVWUDWH�XQGHUJRHV�PRUH�YROXPH�FRQWUDFWLRQ�WKDQ�WKH�VFDOH�GXULQJ�
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FRROLQJ��UHVXOWLQJ�LQ�JHQHUDWLRQ�RI�D�WHQVLOH�VWUHVV�LQ�WKH�DOOR\�DQG�D�FRPSUHVVLYH�VWUHVV�LQ�WKH�

VFDOH�>��������@��$W�WKH�EHJLQQLQJ�RI�WKH�FRROLQJ�SURFHVV��L�H��DW�UHODWLYHO\�KLJK�WHPSHUDWXUH��

WKH�WKLQQHU�VSHFLPHQ�WHQGV�WR�FUHHS�GXH�WR�WKH�WHQVLOH�VWUHVV�JHQHUDWHG�LQ�WKH�VXEVWUDWH�>���@��

7KLV�HIIHFW�ZLOO�EH�IDU�OHVV�SURQRXQFHG�LQ�WKH�WKLFNHU�VSHFLPHQ�EHFDXVH�RI�WKH�VPDOOHU�WHQVLOH�

VWUHVV� LQ� WKH� VXEVWUDWH� >���@��7KH�FUHHS�RI� WKH� WKLQ� VXEVWUDWH�FDXVHV�SDUWLDO� UHOD[DWLRQ�RI� WKH�

FRPSUHVVLYH� VWUHVV� LQ� WKH� VFDOH��7KH� UDWH� RI� FUHHS�GHIRUPDWLRQ� VORZV�GRZQ�ZLWK� GHFUHDVLQJ�

WHPSHUDWXUH�DQG�ILQDOO\�FHDVHV��WKHQ�ERWK�WKH�DOOR\�DQG�WKH�R[LGH�IROORZ�HODVWLF�EHKDYLRU��

8SRQ�VXEVHTXHQW�UDSLG�KHDWLQJ�WR�WKH�R[LGDWLRQ�WHPSHUDWXUH��WKLQQHU�VSHFLPHQV��IRU�ZKLFK�WKH�

UHVLGXDO� FRPSUHVVLYH� VWUHVV� LQ� WKH� R[LGH� DW� URRP� WHPSHUDWXUH� LV� VPDOOHU� WKDQ� IRU� WKLFNHU�

VSHFLPHQV�� ZLOO� ILQDOO\� JHQHUDWH� WHQVLOH� VWUHVVHV� LQ� WKH� R[LGH� XSRQ� DSSURDFKLQJ� WKH� WDUJHW�

WHPSHUDWXUH��VHH�WKH�GDVKHG�OLQHV฀楮฀)LJXUH�˪������7KH�WHQVLOH�VWUHVV�UHDFKHG�LQ�WKH�R[LGH�DW�WKH�

WDUJHW�WHPSHUDWXUH�LQFUHDVHV�ZLWK�GHFUHDVLQJ�VSHFLPHQ�WKLFNQHVV�>���@��7KHUHIRUH��WKH�VFDOHV�

RQ�WKLQQHU�VSHFLPHQV�KDYH�D�ODUJHU�WHQGHQF\�WR�H[KLELW�PLFUR�WHQVLOH�FUDFNLQJ�WKDQ�WKRVH�RQ�

WKLFNHU�VSHFLPHQV� >���@��7KH� WHQVLOH�VWUHVV� LQ� WKH�PHWDO� LQ�FDVH�RI� WKH� WKLFN�VSHFLPHQ� LV�QRW�

ODUJH�HQRXJK�WR�FDXVH�VXEVWDQWLDO�FUHHS�GXULQJ�FRROLQJ��7KH�URRP�WHPSHUDWXUH�UHVLGXDO�VWUHVV�

LQ�WKH�VFDOH�LV�VXIILFLHQW�WKDW�WKH�R[LGH�LV�SURQH�WR�VSDOODWLRQ�ZKHQ�WKH�VFDOH�UHDFKHV�VXIILFLHQW�

WKLFNQHVV�LQ�FRPELQDWLRQ�ZLWK�H[LVWLQJ�PLFUR�GDPDJH��H�J��YRLGV��>��@��

7KH�VXEVWUDWH�FUHHS�GXULQJ�FRROLQJ�DQG�WKXV�WKH�UHVXOWLQJ�WHQVLOH�FUDFNLQJ�RI�WKH�R[LGH�VFDOH�

RFFXUULQJ�GXULQJ�UHKHDWLQJ�LQ�FDVH�RI�WKH�WKLQQHVW�VSHFLPHQV�ZLOO�RQO\�EHFRPH�VLJQLILFDQW�DIWHU�

WKH�R[LGH�KDV�UHDFKHG�D�FHUWDLQ�WKLFNQHVV�>�������@��L�H��DIWHU�WKH�WHQVLOH�VWUHVV�LQ�WKH�VXEVWUDWH�

H[FHHGV�D�FHUWDLQ�FULWLFDO�YDOXH��7KH�WHQGHQF\�WR�VSDOOLQJ�REVHUYHG�IRU�WKH�WKLFNHU�VSHFLPHQV�LV�

ZHOO� NQRZQ� WR� LQFUHDVH�ZLWK� LQFUHDVLQJ� VSHFLPHQ� WKLFNQHVV� DQG� LV� DIIHFWHG�E\� IRUPDWLRQ�RI�

PLFURVWUXFWXUDO� GHIHFWV�ZLWKLQ� WKH� VFDOH� DQG�RU� DW� WKH� VFDOH�DOOR\� LQWHUIDFH� DV� D� UHVXOW� RI� WKH�

VFDOH� JURZWK� SURFHVV� >���@�� 7KLV� H[SODLQV�ZK\� WKH� VSHFLPHQV� RI� GLIIHUHQW� WKLFNQHVV� GR� QRW�

LQLWLDOO\� VKRZ�DQ\�GLIIHUHQFHV� LQ� R[LGDWLRQ�NLQHWLFV� DQG� VSDOODWLRQ�EHKDYLRU� DW� WKH� WKUHH� WHVW�

WHPSHUDWXUHV� �)LJXUH� ˪������ 7KH� HIIHFW� RI� VSHFLPHQ� WKLFNQHVV� RQ� VFDOH� VSDOODWLRQ� YDQLVKHV�
EH\RQG� D� FHUWDLQ� VSHFLPHQ� WKLFNQHVV�� KHUH� DSSDUHQWO\� DURXQG� ���� PP� �VHH� H[SODQDWLRQ� LQ�

6HFWLRQ������EDVHG�RQ�H[SHULPHQW�IRU���PP�VSHFLPHQ��
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)LJXUH� ˪����� 6FKHPDWLF� LOOXVWUDWLRQ� RI� VWUHVV� IRUPDWLRQ� LQ� WKH� R[LGH� VFDOH� GXULQJ� WKHUPDO�
F\FOLQJ�RI�VSHFLPHQV�ZLWK�WKUHH�GLIIHUHQW�WKLFNQHVVHV��EDVHG�RQ�UHIHUHQFH�>���@���6ROLG�OLQHV�

LQGLFDWH�EHKDYLRU�GXULQJ�FRROLQJ��GDVKHG�OLQHV�VKRZ�EHKDYLRU�GXULQJ�UH�KHDWLQJ�WR�R[LGDWLRQ�

WHPSHUDWXUH��

���� 6XEVFDOH�GHSOHWLRQ�SURFHVV�

)LJXUH� ˪���� LOOXVWUDWHV�DQ�H[DPSOH�RI� WKH�FRQFHQWUDWLRQ�SURILOHV�RI�1L��&U��:��DQG�0R�LQ� WKH�

EXON� DOOR\�� IRU� D� ���� PP� VSHFLPHQ� DIWHU� ����� K� H[SRVXUH� DW� ����� ����� DQG� �����&�� 7KH�

FRQFHQWUDWLRQ� RI� 1L� VOLJKWO\� LQFUHDVHG� LQ� WKH� VXEVXUIDFH� ZKHUH� WKH� &U� LV� GHSOHWHG�� 7KH�:�

FRQFHQWUDWLRQ� DOVR� QRWLFHDEO\� LQFUHDVHG� LQ� WKH� VXEVXUIDFH� ZKLFK� PD\� EH� FDXVHG� E\� D�

FRUUHODWLRQ�EHWZHHQ�WKH�DFWLYLWLHV�RI�&U�DQG�:��VHH�6HFWLRQ��˪�����'HSOHWLRQ�RI�&U�UHVXOWV�LQ�D�

GHFUHDVH�RI�WKH�:�DFWLYLW\�WKXV�SURYLGLQJ�D�GULYLQJ�IRUFH�IRU�:�WR�GLIIXVH�WRZDUGV�WKH�VXUIDFH��

VXEVWUDWH

R[LGH

R[LGH

VXEVWUDWH

R[LGH

R[LGH

VXEVWUDWH

2�

2� 2�

2�
5HKHDWLQJ

&RROLQJ

FRROLQJ

UHKHDWLQJ

7

7

&
6W

UH
VV

�LQ
�R

[L
GH

�
7KLQ�

7KLFN�

�����&



���'HYHORSPHQW�RI�OLIHWLPH�GLDJUDP�IRU�DOOR\�����

���

�

D��

�
E��

�
F��

�
)LJXUH� ˪�����([DPSOHV�RI�FRQFHQWUDWLRQ�SURILOHV�RI�1L��&U��:��DQG�0R�LQ�R[LGL]HG�DOOR\�����

KHUH� VKRZLQJ� WKH� ����PP� VSHFLPHQV� DIWHU� ����� K� DLU� R[LGDWLRQ� DW� D�� ����� E�� ����� DQG� F��
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7KH�VXEVFDOH�&U�FRQFHQWUDWLRQ�SURILOHV�RI�VSHFLPHQV�ZLWK�GLIIHUHQW�WKLFNQHVVHV�DIWHU������DQG�

�����K�R[LGDWLRQ�DW������&�ZHUH�VKRZQ�LQ�6HFWLRQ�˪�����)LJXUH� ˪����FRPSDUHV�WKHVH�GDWD�ZLWK�
WKH� UHVXOWV� REWDLQHG� DW� ���� DQG� �����&� DIWHU� H[SRVXUH� WLPHV� RI� ����� DQG� ����� K�� $W� DOO�

WHPSHUDWXUHV� WKH�&U�SURILOHV� DIWHU������K� VKRZ�KDUGO\� DQ\� VSHFLPHQ� WKLFNQHVV�GHSHQGHQFH��

(VSHFLDOO\�DW�����DQG������&��WKH�FRQFHQWUDWLRQ�SURILOHV�GLG�QRW�\HW�UHDFK�WKH�FHQWHUV�RI�WKH�

����DQG�����PP�VSHFLPHQV��L�H��WKH\�DUH�VWLOO�LQ�WKH�ILUVW�VWDJH�RU�DW�WKH�EHJLQQLQJ�RI�WKH�VHFRQG�

VWDJH�RI�WKH�GHSOHWLRQ�SURFHVV�GHVFULEHG�LQ�6HFWLRQ�˪�������7KH�&U�FRQFHQWUDWLRQ�DW�WKH�FHQWHU�RI�

WKH�����PP�VSHFLPHQ�DW������&�KDV�DOUHDG\�YHU\�VOLJKWO\�GHFUHDVHG��,W�VKRXOG�EH�PHQWLRQHG�

WKDW� WKLV� VOLJKWO\� ORZHU� &U� FRQWHQW� DOVR� PD\� EH� FDXVHG� E\� WKH� EDFN� GLIIXVLRQ� RI� &� DQG� 1�

�6HFWLRQ� ˪���� DQG� ˪������ 7KLV� SURFHVV� UHVXOWV� LQ� DQ� HQULFKPHQW� RI�&U� ULFK� FDUELGH� DQG� QLWULGH�

SUHFLSLWDWHV� LQ� WKH� VSHFLPHQ�FHQWHU� �VHH� 6HFWLRQ� ˪����� DQG� WKXV� LQ� D�&U�GHSOHWLRQ�RI� WKH� Ȗ�1L�

PDWUL[��L�H�� WKH�YDOXH�DFWXDOO\�PHDVXUHG�E\�(';��7KH�GLIIHUHQFH�EHWZHHQ�WKH�DFWXDO� WRWDO�&U�

FRQWHQW� DQG� WKH�PDWUL[�&U� FRQWHQW�ZLOO� LQFUHDVH�ZLWK� LQFUHDVLQJ� &� DQG�RU�1� FRQWHQW� LQ� WKH�

VSHFLPHQ�FHQWHU��

7KH������&�UHVXOWV�DIWHU������K��)LJXUH� ˪����F��GLVSOD\�WKH�FULWLFDO�VWDWH�ZKHQ�WKH�VSHFLPHQ�
WKLFNQHVV� FOHDUO\� VWDUWV� WR� DIIHFW� WKH�&U� FRQWHQW� DW� WKH� DOOR\�VFDOH� LQWHUIDFH� DV�ZHOO� DV� LQ� WKH�

VSHFLPHQ� FHQWHU�� 7KH� &U� SURILOHV� DW� WKH� VDPH� WHPSHUDWXUHV� EXW� DIWHU� ORQJHU� WHUP� ������ K��

R[LGDWLRQ� DUH� VKRZQ� LQ� )LJXUH� ˪���� G�I�� $W� ����&� �)LJXUH� ˪���� G��� WKH� GHSWKV� RI� WKH� &U�
GHSOHWLRQ� ]RQHV� DUH� DSSUR[LPDWHO\� ��� �P�� ZKLFK� LV� FORVH� WR� WKH� FHQWHU� RI� WKH� ���� PP�

VSHFLPHQ��7KH�&U�FRQFHQWUDWLRQ�DW�WKH�DOOR\�VFDOH�LQWHUIDFH�RI�WKH�����DQG�����PP�VSHFLPHQV�

DUH�VLPLODU��%DVHG�RQ�WKH�FRQVLGHUDWLRQV�LQ�6HFWLRQ˪��������WKLV�VXJJHVWV�WKDW�WKH�R[LGH�JURZWK�

DQG�WKXV�WKH�&U�FRQVXPSWLRQ�REH\�D�QHDU�SDUDEROLF�WLPH�GHSHQGHQFH��8SRQ�ORQJHU�R[LGDWLRQ�

WLPHV��WKH�&U�GHSOHWLRQ�SURILOH�ZLOO�UHDFK�WKH�FHQWHU�RI�WKH�����PP�VSHFLPHQ�DQG�LW�LV�H[SHFWHG�

WKDW�WKHQ�WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�RI�WKH�����PP�VSHFLPHQ�ZLOO�VWDUW�WR�GHFUHDVH��ZKLOH�

WKDW� RI� WKH� ���� PP� VSHFLPHQ� ZLOO� UHPDLQ� DW� DSSUR[LPDWHO\� WKH� VDPH� OHYHO� EHFDXVH� RI� WKH�

DGHTXDWH� UHVHUYRLU� RI� &U�� 7KLV� PHDQV� WKDW� WKH� ZLGWK� RI� WKH� GHSOHWLRQ� ]RQH� ZLOO� VWLOO� EH�

VXEVWDQWLDOO\�VPDOOHU�WKDQ�WKH�KDOI�WKLFNQHVV�RI�WKH�VSHFLPHQ��

:LWK� WKH� IDVWHU�&U� FRQVXPSWLRQ� UDWH� DW� �����&� �)LJXUH� ˪���� H��� WKH�&U� FRQFHQWUDWLRQ� DW� WKH�
DOOR\�VFDOH� LQWHUIDFH� RI� WKH� ���� DQG� ����PP� VSHFLPHQV� GR� QRW� VKRZ� D� VLJQLILFDQW� VSHFLPHQ�

WKLFNQHVV�GHSHQGHQFH� DIWHU� �����K��+RZHYHU�� WKH�&U� LQWHUIDFH� FRQFHQWUDWLRQ� LQ� WKH�����PP�

VSHFLPHQ�LV�PXFK�ORZHU�WKDQ�WKDW�RI�WKH�WKLFNHU�VSHFLPHQV�EHFDXVH�WKH�GLIIXVLRQ�SURILOH�KDV�

FOHDUO\�UHDFKHG�WKH�FHQWHU�RI�WKH�VSHFLPHQ��
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7KH�VSHFLPHQ�WKLFNQHVV�GHSHQGHQFH�RI�WKH�&U�LQWHUIDFH�FRQFHQWUDWLRQ�ZDV�PRUH�SURQRXQFHG�

DIWHU�H[SRVXUH�DW������&��)LJXUH� ˪���� I���7KH�&U�GHSOHWLRQ�UHYHDOHG�EHKDYLRU� W\SLFDO� IRU� WKH�
VHFRQG�VWDJH�RI� WKH�GHSOHWLRQ�SURFHVV��VHH�6HFWLRQ� ˪�������IRU�DOO� WKUHH�VSHFLPHQ�WKLFNQHVVHV��

ZKHUHLQ� ERWK� WKH� &U� FRQFHQWUDWLRQV� DW� WKH� DOOR\�VFDOH� LQWHUIDFH� DQG� DW� WKH� FHQWHU� RI� WKH�

VSHFLPHQ�GHFUHDVHG��DQG�UHVXOWHG�LQ�UHODWLYHO\�IODW�SURILOHV�ZLWK�LQFUHDVLQJ�R[LGDWLRQ�WLPH��$W�

�����&�QRW�RQO\�WKH�����PP�EXW�DOVR�WKH�����PP�VSHFLPHQ�FOHDUO\�H[KLELWHG�DQ�LQWHUIDFH�&U�

FRQFHQWUDWLRQ�ZKLFK�LV�PXFK�ORZHU�WKDQ�WKDW�DIWHU�WKH������K�H[SRVXUH��)RU�ERWK�VSHFLPHQV��

WKH�GLIIXVLRQ�SURILOH�KDV�FOHDUO\�UHDFKHG�WKH�VSHFLPHQ�FHQWHU��7KH�����PP�VSHFLPHQ�VKRZHG�

LQGLFDWLRQV� RI� EUHDNDZD\� R[LGDWLRQ� DW� WKH� HGJHV� RI� WKH� VSHFLPHQ� DIWHU� RQO\� ����� K�

�)LJXUH� ˪������ VR� WKH� R[LGDWLRQ� WHVW� RI� WKDW� VSHFLPHQ� ZDV� LQWHUUXSWHG� DIWHU� WKH� PHQWLRQHG�
H[SRVXUH�WLPH��

)LJXUH� ˪���� FOHDUO\� VKRZV� WKDW� WKH� GLIIXVLRQ� SURFHVV� RI� &U� LV� WLPH� DQG� VSHFLPHQ� WKLFNQHVV�
GHSHQGHQW�� 7KLFNHU� VSHFLPHQV� KDYH� ODUJHU� &U� UHVHUYRLUV� DQG� LW� WDNHV� PRUH� WLPH� IRU� WKH�

GLIIXVLRQ� IURQW� WR� UHDFK� WKH� FHQWHU� RI� WKH� VSHFLPHQ�� DQG� WKXV� DOVR� D� ORQJHU� WLPH� IRU� WKH�

LQWHUIDFH� &U� FRQWHQW� WR� EH� GHFUHDVHG� WR� D� FULWLFDO� YDOXH� DW� ZKLFK� JURZWK� RI� WKH� SURWHFWLYH�

FKURPLD�EDVH�VFDOH�FDQ�QR�ORQJHU�EH�PDLQWDLQHG��)RU�WKH�����PP�VSHFLPHQV��WKH�WLPHV�ZHUH�

TXLWH�VKRUW�GXH�WR�WKH�VPDOO�&U�UHVHUYRLU��7KHVH�REVHUYDWLRQV�DUH�LQ�TXDOLWDWLYH�DJUHHPHQW�ZLWK�

WKH�FRQVLGHUDWLRQV�LQ�6HFWLRQ�˪�������

� �
)LJXUH� ˪�����&RQFHQWUDWLRQ�SURILOHV�RI�&U�LQ�Ȗ�1L�PDWUL[��PHDVXUHG�E\�(';��RI�DOOR\�����IRU�
VSHFLPHQV�RI�GLIIHUHQW�WKLFNQHVVHV�DW�GLIIHUHQW�WHPSHUDWXUHV�DIWHU�DLU�R[LGDWLRQ�IRU�D�F�������K�
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)LJXUH� ˪�����0DFUR� LPDJH� RI� ����PP� VSHFLPHQ� RI� DOOR\� ���� VKRZLQJ� EUHDNDZD\� R[LGDWLRQ�
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���� 0RGHOLQJ�R[LGDWLRQ�LQGXFHG�GDPDJH�DQG�OLIHWLPH�OLPLWV�

7KH�JUDYLPHWULF�GDWD�VKRZQ�LQ�)LJXUH� ˪����ZHUH�XVHG�IRU�HYDOXDWLRQ�RI�WKH�R[LGDWLRQ�NLQHWLFV��
,W�ZDV�IRXQG�WKDW�IRU�WKHVH�H[SHULPHQWDO�FRQGLWLRQV��DOOR\�����H[KLELWHG�RQO\�D�VOLJKW�GHYLDWLRQ�

IURP�SDUDEROLF�NLQHWLFV�GXULQJ�WKH�VWHDG\�VWDWH�VFDOH�JURZWK�SHULRG��D�JRRG�GHVFULSWLRQ�RI�WKH�

H[SHULPHQWDO�GDWD�FRXOG�EH�REWDLQHG�DVVXPLQJ�SRZHU�ODZ�R[LGDWLRQ�NLQHWLFV��VHH�(T���˪�������
ZLWK�Q �����(T���˪�������7KH�5��WR�WKH�SRZHU�ODZ�ZLWK�Q ����LV�QHDUHVW�WR����$Q�H[DPSOH�RI�WKH�

GDWD�ILWWLQJ�LV�VKRZQ�LQ�)LJXUH�˪������

�
)LJXUH� ˪������ )LWWLQJ� RI� WKH� VSHFLILF� QHW�ZHLJKW� FKDQJH� GDWD� RI� ����PP�DOOR\� ���� VSHFLPHQ�
R[LGL]HG�DW�����&�WR�WQ��

6LPLODU�ILWWLQJ�UHVXOWV�ZHUH�REWDLQHG�IRU�DOO�VSHFLPHQV��7KHUHIRUH��WKH�JURZWK�RI�WKH�R[LGH�LV�

GHVFULEHG�KHUH�ZLWK�WKH�IROORZLQJ�SRZHU�ODZ�H[SUHVVLRQ��ο฀ ฀ ฀฀฀฀฀� � ˪����

%HFDXVH�QR�DSSDUHQW�VSHFLPHQ�WKLFNQHVV�GHSHQGHQFH�RI�WKH�JURZWK�UDWH�ZDV�REVHUYHG�GXULQJ�

VWHDG\� VWDWH� R[LGDWLRQ� �EHIRUH� WKH� DSSHDUDQFH� RI� VFDOH� VSDOODWLRQ� RU� ³VXSHU�SDUDEROLF´�

R[LGDWLRQ��� WKH� UDWH� FRQVWDQW� N� LV� WDNHQ� DV� DQ� DYHUDJH� RI� WKH� UDWH� FRQVWDQWV� REWDLQHG� IRU� WKH�

GLIIHUHQW� VSHFLPHQ� WKLFNQHVVHV��)LJXUH� ˪����� VKRZV� D� GRXEOH� ORJDULWKPLF� SORW� RI� WKH� ILWWLQJ�

FXUYHV� RI� WKH� DUHD� VSHFLILF� QHW� ZHLJKW� FKDQJH� GXULQJ� WKH� VWHDG\� VWDWH� R[LGDWLRQ� VWDJH��

FRPSDUHG�ZLWK�WKH�H[SHULPHQWDO�GDWD�DW�WKH�WKUHH�WHVW�WHPSHUDWXUHV��7KH�IXQFWLRQV�H[SUHVVLQJ�

WKH� R[LGDWLRQ� NLQHWLFV� ZLWK� WKH� DYHUDJHG� N� IRU� HDFK� WHPSHUDWXUH� DV� ZHOO� DV� WKH� VFKHPDWLF�

VWUDLJKW�OLQHV�UHSUHVHQWLQJ�WKH�IXQFWLRQV�DUH�DOVR�VKRZQ�LQ�WKH�ILJXUH��
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)LJXUH� ˪������'RXEOH�ORJDULWKPLF�SORW�RI�DUHD�VSHFLILF�QHW�ZHLJKW�FKDQJHV�DV�IXQFWLRQ�RI�WLPH�
IRU� VSHFLPHQV� RI� GLIIHUHQW� WKLFNQHVVHV� DW� GLIIHUHQW� WHPSHUDWXUHV� GXULQJ� ³VWHDG\� VWDWH� R[LGH�

JURZWK´�� L�H�� EHIRUH� RQVHW� RI� VFDOH� VSDOODWLRQ� IRU� WKH� WKLFN� VSHFLPHQV� DQG� HQKDQFHG� VFDOH�

JURZWK� UDWH� IRU� WKH�����PP�VSHFLPHQV�� ,QVHUWHG� OLQHV� LOOXVWUDWH� ILWWLQJ�RI� WKH�GDWD�XVLQJ�(T��
� ˪������

�

)LJXUH� ˪������ 5DWH� FRQVWDQW� N� �(T�� � ˪������ GXULQJ� VWHDG\� VWDWH� R[LGH� JURZWK� IRU� DOOR\� �����
6\PEROV� LQGLFDWH�PHDVXUHG�GDWD��GDVKHG� OLQH� LQGLFDWHV�H[WUDSRODWLRQ�DVVXPLQJ�DQ�$UUKHQLXV�

UHODWLRQVKLS��(T��� ˪�������

7KH�UHODWLRQVKLS�EHWZHHQ�WKH�UDWH�FRQVWDQW�N�DQG�WHPSHUDWXUH�W\SLFDOO\�FDQ�EH�GHVFULEHG�E\�DQ�

$UUKHQLXV� IXQFWLRQ� >����� ���@�� DV� KDV� EHHQ�PHQWLRQHG� LQ� 6HFWLRQ� �˪������ 7KH� R[LGDWLRQ� UDWH�
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FRQVWDQW� WKHQ� FDQ� EH� H[WUDSRODWHG� WR� RWKHU� WHPSHUDWXUHV�� VKRZQ� LQ� )LJXUH� ˪����� XVLQJ� WKH�
H[SUHVVLRQ��

汮 ฀฀ െ ㄹ㘰฀
฀ ฀ ㄳ ฀〳฀ � �˪�����

�

,Q�RUGHU�WR�GHVFULEH�WKH�QHW�ZHLJKW�FKDQJH�FXUYHV��D�PRGLILHG�&263�PRGHOLQJ�DSSURDFK�ZDV�

DSSOLHG�� 7KH� WUDGLWLRQDO�&263�PRGHO� >��@� DVVXPHV� WKDW� LQLWLDOO\� SDUDEROLF� NLQHWLFV� SUHYDLOV�

DQG�D�IUDFWLRQ�RI�WKH�VFDOH�VSDOOV�DOUHDG\�DIWHU�WKH�ILUVW�FRROLQJ�VWHS��7KH�HTXDWLRQV�XVHG�LQ�WKH�

&263�PRGHO�DUH�DV�IROORZV�>��@��

฀฀฀ ฀฀ή฀฀฀Ԣ � �˪�����

฀฀฀Ԣ ฀ ฀ή฀฀฀฀Τ ή ɒ฀฀Τ � �˪�����

฀฀฀฀ ฀฀ή฀฀฀Ԣ ฀ ฀฀ή฀฀ή฀฀ ή ɒ� �˪�����

฀฀฀฀ ฀฀฀Ԣ െ฀฀฀� �˪�����

ZKHUH�฀฀�LV� WKH�IUDFWLRQ�RI�R[LGH�JURZQ�GXULQJ� WKH�ILUVW�KHDWLQJ� WKDW�ZLOO� VSDOO�DIWHU�FRROLQJ��

฀฀฀Ԣ �WKH�DUHD�VSHFLILF�ZHLJKW�RI�WKH�JURZQ�R[LGH�GXULQJ�WKH�ILUVW�KHDWLQJ�F\FOH��฀฀WKH�UDWLR�RI�
PROHFXODU� ZHLJKW� RI� R[LGH� WR� R[\JHQ� �IRU� &U�2���฀฀ � ��������ɒ�WKH� GXUDWLRQ� RI� RQH� KHDWLQJ�
SHULRG�DQG�฀฀฀�WKH�DUHD�VSHFLILF�ZHLJKW�RI�VSDOOHG�R[LGH�DIWHU�WKH�ILUVW�FRROLQJ��,W�LV�DSSDUHQW�

IURP�(T���˪�����WKDW�WKH�IUDFWLRQ�RI�VSDOOHG�R[LGH�LV�DVVXPHG�WR�EH�D�PRQRWRQLF�IXQFWLRQ�RI�WKH�
H[LVWLQJ�R[LGH��'XH� WR� WKH� VSDOODWLRQ�RI� R[LGH�� WKH� WLPH� IRU� R[LGH� JURZWK� LQ� WKH� VXEVHTXHQW�

KHDWLQJ�F\FOHV�VKRXOG�EH�FRUUHFWHG�ZLWK�D�VR�FDOOHG�ÄÄHIIHFWLYH�WLPHெெ�฀฀��ZKLFK�LQGLFDWHV�WKH�

HTXLYDOHQW�WLPH�VSHQW�IRU�WKH�R[LGH�WR�JURZ�WR�฀฀฀�RQ�EDUH�PHWDO��7KH�฀฀฀�DQG�WKH�JURZQ�R[LGH�

DIWHU�WKH�VHFRQG�KHDWLQJ�FDQ�EH�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQV��

฀฀฀฀ ฀ή ሺ฀฀฀ሻ฀฀Τ ή฀฀฀฀฀Τ � �˪�����

฀฀฀Ԣ ฀ ฀ή ሺ฀฀฀ሻ฀฀Τ ή ሺ฀฀฀฀ ɒሻ฀฀Τ � �˪�����

7KH�PDVV�EDODQFH�WR�FDOFXODWH�WKH�DUHD�VSHFLILF�QHW�ZHLJKW�FKDQJH�RI�WKH�VSHFLPHQ�DIWHU�F\FOH�L�

�(T���˪�������DQG�WKH�WRWDO�DPRXQW�RI�&U�FRQVXPHG��(T���˪�������DUH�DV�IROORZV��

ο฀฀฀ ቀ฀物฀ ቁ െ ൬฀െ฀
฀൰ ή෍฀獩�

�˪������
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฀浩 ฀ ൬฀െ ฀
฀൰ ቀ฀物 ฀෍฀獩ቁ� �˪������

+RZHYHU��LQ�WKH�SUHVHQW�VWXG\��WKH�R[LGDWLRQ�NLQHWLFV�DSSHDUHG�WR�EH�VXE�SDUDEROLF��WKHUHIRUH��

WKH�ILUVW�PRGLILFDWLRQ�LV�WR�FKDQJH�WKH�SRZHU�ODZ�WLPH�GHSHQGHQFH��VXFK�WKDW�(T�� �˪����� LV�UH�
ZULWWHQ�DV��

฀฀฀฀฀Ԣ ฀ ฀ή฀ή ɒ฀฀฀� �˪������

:LWK�(TV�� �˪�����DQG� �˪������� WKH�฀฀฀�DQG�฀฀฀�DVVXPLQJ�D�SRZHU� ODZ�WLPH�GHSHQGHQFH�RI� WKH�

VFDOH� JURZWK�� FDQ�EH� FDOFXODWHG��$FFRUGLQJO\�(TV�� �˪����� DQG� �˪����� DUH� UHIRUPXODWHG� WR�(TV��
�˪������DQG��˪�������UHVSHFWLYHO\��

฀฀฀฀ ฀ή฀ή฀฀฀฀฀฀� �˪������

฀฀฀Ԣ ฀ ฀ή฀ή ሺ฀฀฀฀ ɒሻ฀฀฀� �˪������

7KH�VHFRQG�PRGLILFDWLRQ�LV� WR�VHW�4� ��EHIRUH�RQVHW�RI�VSDOODWLRQ�RFFXUV�IRU�WKH�����DQG�WKH�

����PP�VSHFLPHQV��)LJXUH�˪�����VKRZV�WKH�UHJLPH�VFKHPDWLFDOO\��,Q�WKH�VWHDG\�VWDWH�R[LGDWLRQ�

VWDJH��WKHUH�LV�QR�GHFUHDVH�RI�WKH�QHW�ZHLJKW�FKDQJH�GXH�WR�VSDOODWLRQ��$IWHU�D�FHUWDLQ�QXPEHU�

RI� F\FOHV�� VSDOODWLRQ� VWDUWV� WR�RFFXU� DQG� WKH�ZHLJKW� FKDQJH�FXUYH� VKRZV�DQ� LQIOHFWLRQ�SRLQW��

6XEVHTXHQWO\�WKH�QHW�ZHLJKW�FKDQJH�GHFUHDVHV�ZKLOH�WKH�JURVV�ZHLJKW�FKDQJH�LQFUHDVHV��,W�LV�

REYLRXV� WKDW� WKH� LQFUHDVH� RI� WKH� JURVV� ZHLJKW� FKDQJH� VKRXOG� DFFHOHUDWH� GXH� WR� WKH� R[LGH�

VSDOOLQJ�DQG�UH�KHDOLQJ�SURFHVV�>��@���

�
)LJXUH� ˪������ 6FKHPDWLF� LOOXVWUDWLRQ� RI� QHW� DQG� JURVV� ZHLJKW� FKDQJH� FDOFXODWHG� ZLWK� WKH�
PRGLILHG�&263�PRGHO��
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7R�GHVFULEH�WKH�³VXSHU�SDUDEROLF´�R[LGH�JURZWK�REVHUYHG�DIWHU�ORQJHU�R[LGDWLRQ�WLPHV�IRU�WKH�

WKLQQHVW�VSHFLPHQV������PP��DV�GLVFXVVHG�LQ�WKH�SUHYLRXV�VHFWLRQV��D�QHZ�SDUDPHWHU�Ʌ�ZLWK�D�
YDOXH�EHWZHHQ���DQG���LV� LQWURGXFHG��7KLV�SDUDPHWHU� LQGLFDWHV�WKDW�DIWHU�HDFK�WKHUPDO�F\FOH��

PLFUR�WHQVLOH�FUDFNV�FDXVH�D�IUDFWLRQ�Ʌ�RI�WKH�WRWDO�VXUIDFH�DUHD�RI�WKH�VSHFLPHQ�WR�EH�H[SRVHG�
WR�R[\JHQ��7DNLQJ�WKH�ILUVW�WKUHH�F\FOHV�DV�H[DPSOH��WKH�DGGLWLRQDO�R[LGH�฀฀�FDQ�EH�FDOFXODWHG�

XVLQJ�(TV���˪���������˪�������6LPLODU�WR�VSDOODWLRQ��WKH�FUDFNLQJ�HIIHFW�LV�DVVXPHG�WR�RFFXU�DIWHU�D�

FHUWDLQ�QXPEHU�RI� F\FOHV�� VR��GXULQJ� WKH� VWHDG\�VWDWH�R[LGDWLRQ� VWDJH� WKH�YDOXH�RI�Ʌ฀ LV� VHW�WR�

]HUR��

�VW�FUDFNLQJ����฀฀฀฀ Ʌ ή฀ή฀ή ɒ฀฀฀� �˪������

�QG�FUDFNLQJ���฀฀฀฀ Ʌ ή฀ή฀ή ሾሺ฀ɒሻ฀฀฀฀ ɒ฀฀฀ሿ� �˪������

�UG�FUDFNLQJ���฀฀฀฀ Ʌ ή฀ή฀ή ሾሺ฀ɒሻ฀฀฀฀ ሺ฀ɒሻ฀฀฀฀ ɒ฀฀฀ሿ� �˪������

:LWK�WKH�DGGLWLRQDO�ZHLJKW�RI�R[LGH��(T���˪�����LV�UHZULWWHQ�DV��

฀฀฀฀ ฀฀฀Ԣ ฀฀฀฀െ฀฀฀� �˪������

1R�VSDOODWLRQ�RI�R[LGH�ZDV�REVHUYHG�LQ�WKH�FDVH�RI�WKH�����PP�VSHFLPHQ��)LJXUH� ˪������VR�WKH�

YDOXH�RI�฀฀�LQ�(T���˪������HTXDOV�]HUR���

7KH�PRGHO� ZDV� SURJUDPPHG� LQ�0DWODE� YHUVLRQ� ���� �5����E��� DQG� WKH�ZHLJKW� FKDQJH� GDWD�

ZHUH� FDOFXODWHG� IRU� DOO� WKUHH� WHPSHUDWXUHV�� )LJXUH� ˪����� VKRZV� WKH� UHVXOWV� RI� WKH� PRGHOOHG�

ZHLJKW� FKDQJH� FXUYHV� IRU� WKH� DOOR\� ���� VSHFLPHQV� RI� GLIIHUHQW� WKLFNQHVV� DW� �����&�� 7KH�

GDVKHG� OLQHV� UHSUHVHQW� WKH� UHVXOWV�FDOFXODWHG�ZLWK� WKH�PRGLILHG�&263�PRGHO�XVLQJ�GLIIHUHQW�

RSWLPL]HG� YDOXHV� RI� WKH� SDUDPHWHUV�฀฀�DQG�Ʌ�� 7KH� RSWLPL]DWLRQ� ZDV� GRQH� E\� FKDQJLQJ� WKH�
YDOXHV� RI�฀฀�DQG�Ʌ�ZLWK� DQ� DFFXUDF\� OHYHO� RI� �������� :KHQ� WKH� FDOFXODWHG� SRLQWV� FOHDUO\�

GHYLDWHG�IURP�WKH�H[SHULPHQWDO�GDWD��WKH�SDUDPHWHUV�ZHUH�FKDQJHG�WR�PDNH�WKH�FXUYH�ILW�DJDLQ�

DQG�WKH�PD[LPXP�URRW�PHDQ�VTXDUH�HUURU��506(��EHWZHHQ�WKH�FDOFXODWHG�DQG�H[SHULPHQWDO�

GDWD�ZDV�OLPLWHG�WR������PJ�FP����

)RU�WKH�����PP�VSHFLPHQ�DW������&��฀฀ ���EXW�DIWHU���F\FOHV��PLFUR�WHQVLOH�FUDFNLQJ�VWDUWHG�

WR�RFFXU�ZLWK�Ʌ ��������)RU�WKH�����PP�VSHFLPHQ��WKH�R[LGH�VWDUWHG�WR�VSDOO�ZLWK�฀฀ �������
DIWHU� ��� F\FOHV�� )RU� WKH� ���� PP� VSHFLPHQ�� DIWHU� ��� F\FOHV�� WKH� R[LGH� VWDUWHG� WR� VSDOO� ZLWK�

฀฀ ��������DQG�DIWHU������K��฀฀�KDG�WR�EH�FKDQJHG�WR��������LQ�RUGHU�WR�REWDLQ�DQ�RSWLPXP�

ILW�ZLWK�WKH�H[SHULPHQWDO�GDWD��7KH�GHFUHDVH�RI�฀฀�ZLWK�WLPH�VXJJHVWV�D�UHGXFWLRQ�RI�WKH�VFDOH�

�
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VSDOODWLRQ� UDWH�� SHUKDSV� DV� D� UHVXOW� RI� WKH� VOLJKW� UHGXFWLRQ� LQ� VSHFLPHQ� WKLFNQHVV� GXULQJ�

SURORQJHG�R[LGDWLRQ��

7KH�UHVXOWV�RI�WKH�PRGHOLQJ�VKRZHG�WKDW�LQ�WKH�VWXGLHG�WHPSHUDWXUH�UDQJH��฀฀�LQFUHDVHV�ZLWK�

VSHFLPHQ� WKLFNQHVV�� ZKLFK� LV� LQ� DJUHHPHQW�ZLWK� WKH� DVVXPSWLRQ� WKDW� WKH� WHQGHQF\� RI� VFDOH�

VSDOODWLRQ�LQFUHDVHV�ZLWK�LQFUHDVLQJ�VSHFLPHQ�WKLFNQHVV�>���@��$QRWKHU�REVHUYDWLRQ�LV�WKDW�WKH�

FDOFXODWHG� JURVV�ZHLJKW� FKDQJH� FXUYHV� DUH� VOLJKWO\� KLJKHU� WKDQ� WKRVH�PHDVXUHG��7KH� UHDVRQ�

PLJKW�EH�WKH�ORVV�RI�VSDOOHG�R[LGH�RXW�RI�WKH�FUXFLEOH�GXH�WR�ÄÄH[SORVLYHெெ�VSDOODWLRQ��

$V� GHVFULEHG� LQ� 6HFWLRQ� ˪����� LW� LV� HDV\� WR� GHULYH� WKDW� IRU� JURZWK� RI� D� SXUH�&U�2�� VFDOH�� DQ�

R[\JHQ�XSWDNH�RI���PJ�FP��� �JURVV�ZHLJKW�FKDQJH��FRUUHVSRQGV� WR�D�VFDOH� WKLFNQHVV�RI������

�P�DQG�D�FRUUHVSRQGLQJ�ZDOO�WKLFNQHVV�ORVV�RI�DERXW������Ɋ฀ �RQ�RQH�VLGH�RI�WKH�VSHFLPHQ��,Q�
WKLV�PDQQHU��WKH�JURVV�ZHLJKW�FKDQJH�FXUYHV�FDQ�EH�FRQYHUWHG�LQWR�WKH�ORVV�RI�ZDOO�WKLFNQHVV��

%\�H[WUDSRODWLRQ�ZLWK�WKH�RSWLPL]HG�HVWLPDWHG�PRGHO�SDUDPHWHUV��฀฀�DQG�Ʌ���WKH�ORVV�RI�ZDOO�
WKLFNQHVV�IRU�ORQJHU�R[LGDWLRQ�WLPHV�FDQ�EH�SUHGLFWHG��VHH�WKH�VROLG�OLQHV�LQ�)LJXUH� ˪�������)RU�
DOO� VWXGLHG� WHPSHUDWXUHV�� WKH� ���� PP� VSHFLPHQV� H[KLELW� WKH� PRVW� SURQRXQFHG� ORVV� LQ� ZDOO�

WKLFNQHVV��7KLV�HQKDQFHG�ZDOO�WKLFNQHVV�ORVV�GXH�WR�WKH�DFFHOHUDWHG�R[LGDWLRQ�UDWH�LV�WKXV�PRUH�

SURQRXQFHG�WKDQ�WKDW�UHODWHG�WR�R[LGH�VSDOODWLRQ�DQG�UH�JURZWK�IRU�WKH�WKLFNHU�VSHFLPHQV��7KH�

����PP�VSHFLPHQ�VKRZV�D�KLJKHU�ORVV�RI�ZDOO�WKLFNQHVV�WKDQ�WKH����PP�VSHFLPHQ�EHFDXVH�RI�

WKH�ODUJHU�WHQGHQF\�WR�VFDOH�VSDOODWLRQ��

%HFDXVH�WKH�R[LGDWLRQ�UDWHV�GHFUHDVH�ZLWK�GHFUHDVLQJ�WHPSHUDWXUH��)LJXUH� ˪�������WKH�����PP�
VSHFLPHQ� DW� ����&� VWDUWV� WR� VKRZ� ³VXSHU�SDUDEROLF´� R[LGDWLRQ� MXVW� EHIRUH� WKH� HQG� RI� WKH�

H[SHULPHQW��)LJXUH� ˪������L�H��DIWHU�DSSUR[LPDWHO\������K��7KHUHIRUH�WKH�H[SRVXUH�WLPH�RI������
K� LV� UHODWLYHO\� VKRUW� IRU� WKH� ����&� WHVW� DQG� IRU� YHULILFDWLRQ� RI� WKH� H[WUDSRODWHG� YDOXHV� DIWHU�

�����K��WKH�H[SHULPHQWV�KDYH�WR�EH�FRQILUPHG�LQ�H[SHULPHQWV�ZLWK�ORQJHU�H[SRVXUH�WLPHV�LQ�

WKH�IXWXUH��
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)LJXUH� ˪������&RPSDULVRQ�EHWZHHQ�H[SHULPHQWDO��V\PEROV��DQG�FDOFXODWHG��GDVKHG�OLQHV��DUHD�
VSHFLILF�QHW�DQG�JURVV�ZHLJKW�FKDQJH�FXUYHV�RI�DOOR\�����IRU�VSHFLPHQV�RI�D������PP�E������
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$V�PHQWLRQHG�LQ�6HFWLRQ������ZURXJKW�1L&U�EDVH�DOOR\V�GR�FRPPRQO\�QRW�H[KLELW�D�VXGGHQ��

UDSLG� LQFUHDVH� LQ� R[LGDWLRQ� UDWH� LI� D� FULWLFDO� LQWHUIDFH� FRQFHQWUDWLRQ� RI� WKH� VFDOH� IRUPLQJ�

HOHPHQW� LV� UHDFKHG�� DV� IUHTXHQWO\� REVHUYHG� LI� H�J�� D� FULWLFDO� $O� GHSOHWLRQ� RFFXUV� LQ� FDVH� RI�

)H&U$O�EDVH�DOOR\V�>��@��,Q�UHIHUHQFH�>�����@�LW�LV�IUHTXHQWO\�PHQWLRQHG�WKDW�D�&U�FRQFHQWUDWLRQ�

RI� DSSUR[LPDWHO\� ���ZW���� LV� UHTXLUHG� WR� REWDLQ� H[WHUQDO� FKURPLD� IRUPDWLRQ� RQ�1L&U� EDVH�

DOOR\V�LQ�WKH�WHPSHUDWXUH�UDQJH�FRQVLGHUHG�LQ�WKH�SUHVHQW�VWXG\���

)URP�WKH�UHVXOWV�LQ�)LJXUH� ˪����LW�LV�DSSDUHQW�WKDW�WKH�����PP�VSHFLPHQ�VKRZHG�LQGLFDWLRQV�IRU�

³EUHDNDZD\´� W\SH� R[LGDWLRQ� DW� WKH� VSHFLPHQ� HGJHV� ZKHQ� WKH� &U� FRQWHQW� DW� WKH� VFDOH�DOOR\�

LQWHUIDFH�LV�DERXW���ZW�����)LJXUH� ˪����H���6R��LW�LV�DSSDUHQWO\�UHDVRQDEOH�WR�XVH����ZW����DV�WKH�
FULWLFDO�&U�LQWHUIDFH�FRQFHQWUDWLRQ�FRUUHVSRQGLQJ�WR�WKH�OLIHWLPH�W
��$OVR��WKH�H[WHQW�RI�LQWHUQDO�

QLWULGDWLRQ� VHHPHG� WR� VLJQLILFDQWO\� LQFUHDVH� �VHH� 6HFWLRQ� ˪����� LI� WKH� &U� FRQFHQWUDWLRQ� ZDV�

GHSOHWHG�WR�D� OHYHO�DURXQG����ZW�����7KHUHIRUH�LW�VHHPV�DSSURSULDWH�WR�GHILQH�D�&U�LQWHUIDFH�

FRQFHQWUDWLRQ�DV�D�FULWLFDO�YDOXH�ZKLFK��IRU�SUDJPDWLF�UHDVRQV��PD\�EH�FRQVLGHUHG�DV�DQ�HQG�RI�

OLIH�RI�WKH�FRPSRQHQW��7KH�HIIHFW�RI�LQWHUIDFH�&U�FRQFHQWUDWLRQV�GLIIHUHQW�IURP����ZW����RQ�W
�

ZLOO�EH�LOOXVWUDWHG�ODWHU��

7KH�VXEVFDOH�&U�FRQFHQWUDWLRQ�SURILOHV�DUH�LQLWLDOO\�TXLWH�VWHHS��)LJXUH� ˪����D�F��EXW�WKHLU�VORSH�
JHQHUDOO\� GHFUHDVHV� ZLWK� LQFUHDVLQJ� R[LGDWLRQ� WLPH� �VHH� H�J�� )LJXUH� ˪���� G�I��� (VSHFLDOO\�
EH\RQG� WKH�H[SRVXUH� WLPH� W&� DQG� WKXV�DSSURDFKLQJ� W
�� WKH�&U�FRQFHQWUDWLRQ�SURILOHV�EHFRPH�

TXLWH�IODW��VHH�)LJXUH� ˪����I���7KHUHIRUH��DV�D�UHDVRQDEOH�DSSUR[LPDWLRQ��WKH�&U�FRQFHQWUDWLRQ�LQ�
WKH�DOOR\�PD\�EH�DVVXPHG�WR�EH�WKH�VDPH�DV�WKH�&U�FRQFHQWUDWLRQ�DW�WKH�DOOR\�VFDOH�LQWHUIDFH�

WKURXJKRXW� WKH� VSHFLPHQ� XSRQ� UHDFKLQJ� W
�� 7KH� UHVHUYRLU� HTXDWLRQ� �(T�� �������� UHDUUDQJHG�
IURP�(T��� ˪������GHYHORSHG�LQ�SUHYLRXV�VWXGLHV�IRU�$O�2��IRUPLQJ�)H&U$O�DOOR\V�>��@�FDQ�WKXV�

EH�LPSOHPHQWHG��,Q�DQDORJ\�WR�WKH�DSSURDFK�LQ�UHIHUHQFH�>��@��WKH�OHIW�KDQG�VLGH�RI�(T���������
H[SUHVVHV�WKH�JURVV�ZHLJKW�JDLQ�E\�R[\JHQ�XSWDNH��IRU�WKH�FDVH�RI�VROHO\�VWHDG\�VWDWH�R[LGDWLRQ�

�(T���˪������DW�WKH�WLPH�ZKHQ�WKH�H[SRVXUH�GXUDWLRQ�HTXDOV�W
��7KH�ULJKW�KDQG�VLGH�LQGLFDWHV�WKH�
ZHLJKW�RI�R[\JHQ�FRPELQHG�ZLWK�&U�LQ�WKH�IRUP�RI�&U�2���

฀ή ሺ฀כሻ฀฀ ሺ฀฀െ฀כሻ
㄰฀ ή ɏɊ ή฀฀� �������

+HUH�&
�LV�WKH�UHPDLQLQJ�&U�FRQFHQWUDWLRQ�DW�W
��Ɋ�WKH�PHWDO�R[\JHQ�ZHLJKW�UDWLR�LQ�WKH�VFDOH�
�IRU�&U�2���� ��������ɏ�WKH�GHQVLW\�RI�WKH�DOOR\�LQ�PJ�FP����IRU�DOOR\������ɏ �����PJ�FP�����G�
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WKH�VSHFLPHQ�WKLFNQHVV�LQ�FP��,I�WKH�UDWLR�ȝ�LV�GHOHWHG�IURP�WKH�ULJKW�KDQG�VLGH�RI�(T����������
WKH�H[SUHVVLRQ�UHSUHVHQWV�WKH�FRQVXPSWLRQ�RI�&U��

:LWK�WKH�PRGLILHG�&263�PRGHO�DQG�WKH�PRGHO�IRU�GHVFULELQJ�WKH�³VXSHU�SDUDEROLF´�R[LGDWLRQ�

�(TV�� �˪������ �� �˪�������� WKH� WRWDO� FRQVXPSWLRQ� RI� &U� DIWHU� F\FOH� L� LV� FDOFXODWHG� DV�฀浩 ��(T��

� ˪��������7R�HTXDO�฀฀�WR�WKH�ULJKW�KDQG�VLGH�RI�(T���������EXW�RPLWWLQJ฀Ɋ��WKH�QHZ�HTXDWLRQ�LV�
ZULWWHQ�DV��

฀฀฀
ሺ฀฀െ฀כሻ

㄰฀ ή ɏ ή฀฀� �˪������

,W�LV�FOHDU�WKDW�IRU�D�JLYHQ�DOOR\��WKH�WRWDO�FRQVXPSWLRQ�RI�&U�DW�W
�LV�IRU�D�JLYHQ�WHPSHUDWXUH�

RQO\�GHSHQGHQW�RQ�WKH�ZDOO�WKLFNQHVV�RI�WKH�FRPSRQHQW��)RU�D�����PP�VSHFLPHQ��WKH�WRWDO�ORVV�

RI�ZDOO� WKLFNQHVV� �L�H��DFFRXQWLQJ�IRU�R[LGDWLRQ�DW�ERWK�VLGHV�RI� WKH�VSHFLPHQ��DW� W
� LV�������

�P��IRU�WKH�����DQG�����PP�VSHFLPHQV�WKH�YDOXHV�DUH�������DQG��������P��UHVSHFWLYHO\��

7R� LQVHUW� LQWR� WKH� F\FOLF� FDOFXODWLRQ� LQ� WKH�PRGLILHG�&263�DSSURDFK��(T�� �˪������ FDQ�EH� UH�
ZULWWHQ�LQ�WKH�IRUP��

฀浩 ฀
ሺ฀฀െ฀฀ሻ
㄰฀ ή ɏ ή฀฀� �˪������

7KH�WLPH�XQWLO�฀฀฀ ฀כ�LV�WKH�WLPH�W
��7KH�FDOFXODWLRQ�ZDV�GRQH�ZLWK����K�RU����K�F\FOHV�IRU�
WKH� H[SHULPHQWV� DW� ����������&� DQG� ����&�� UHVSHFWLYHO\�� VR� WKH� FDOFXODWHG� YDOXHV� RI�฀฀�DUH�

VHULHV�RI�SRLQWV�ZLWK�WLPH�LQWHUYDOV�RI����K�RU����K��

)LJXUH� ˪����� VKRZV� D� OLIHWLPH� GLDJUDP� IRU� DOOR\� ���� EDVHG� RQ� WKH� FRQVLGHUDWLRQV� LQ� WKH�

SUHYLRXV�VHFWLRQV��7KH�VROLG�OLQHV�ZHUH�GHULYHG�IURP�WKH�ZHLJKW�JDLQ�GDWD�XVLQJ�WKH�FRQYHUVLRQ�

IURP�ZHLJKW�FKDQJH�LQWR�WRWDO�PHWDO�ORVV��DV�GHVFULEHG�DERYH��7KH�YDOXHV�RI�W
�REWDLQHG�IURP�

WKH�FDOFXODWLRQV�EDVHG�RQ�(T�� �˪������ DUH� LQVHUWHG�DV� VROLG� V\PEROV��7KH�FULWLFDO�&U� LQWHUIDFH�
FRQFHQWUDWLRQ� LV� DVVXPHG� KHUH� WR� EH� ���ZW����� WKH� FULWLFDO� H[SRVXUH� WLPHV� W
� DUH� WKHUHIRUH�

GHVLJQDWHG� DV� W���� 'XH� WR� WKH� ODFN� RI� H[SHULPHQWDO� GDWD�� WKH� W���RI� WKH� ����PP� VSHFLPHQ� DW�

����&�LV�LQWHUSRODWHG��UHVXOWLQJ�LQ�D�ORFDWLRQ�QHDU�WKH�OLQH�RI�WKH�����PP�VSHFLPHQ��

7KH� RSHQ� V\PEROV� LQ� )LJXUH� ˪����� LQGLFDWH� WKH� DSSUR[LPDWH� WLPHV� WR� RFFXUUHQFH� RI� ORFDO�

EUHDNDZD\�REVHUYHG�IURP�WKH�DSSHDUDQFH�RI� WKH�R[LGL]HG�VSHFLPHQV��7KH�����PP�VSHFLPHQ�
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R[LGL]HG�DW������&�VKRZHG�REYLRXV�ORFDO�EUHDNDZD\�R[LGDWLRQ��)LJXUH�˪�����DW������K��ZKLFK�
PHDQV� WKDW������K�KDV�DOUHDG\�H[FHHGHG� WKH� WLPH� W����6R� LQ� WKH�GLDJUDP�� WKH�REVHUYHG�RSHQ�

V\PERO� LV� ORFDWHG� VOLJKWO\� KLJKHU� WKDQ� WKH� FDOFXODWHG� FORVHG� V\PERO��7KH�����PP� VSHFLPHQ�

R[LGL]HG�DW������&�GLG�QRW� \HW� VKRZ�DSSDUHQW�EUHDNDZD\�R[LGDWLRQ�� ,W� VKRXOG��KRZHYHU��EH�

YHU\�FORVH�WR�WKH�FULWLFDO�WLPH�W���DIWHU������K��EDVHG�RQ�WKH�PHDVXUHG�&U�SURILOH�LQ�WKH�DOOR\�

�)LJXUH� ˪���� H�� DQG� WKH� SUHVHQFH� RI� FRDUVHQHG� QLWULGH� LQ� WKH�PLFURVWUXFWXUH� DV� GLVFXVVHG� LQ�
6HFWLRQ� ˪�����6R�WKH�LQVHUWHG�RSHQ�V\PERO�LV�ORFDWHG�VOLJKWO\�ORZHU�WKDQ�WKH�FDOFXODWHG�FORVHG�

RQH��

7DNLQJ� WKH� �����&� UHVXOWV� DV� DQ� H[DPSOH�� WKH� WKLFNQHVVHV� RI� UHPDLQLQJ�PHWDO� DIWHU� ����� K�

R[LGDWLRQ� ZHUH� PHDVXUHG� IURP� PHWDOORJUDSKLF� FURVV� VHFWLRQ� LPDJHV� XVLQJ� WKH� VRIWZDUH�

$QDO\6,6� 3UR�� ���� DQG� DUH� FRPSDUHG� WR� WKH� FDOFXODWHG�PHWDO� WKLFNQHVVHV� �7DEOH� ˪������ 7KH�
FDOFXODWHG� UHPDLQLQJ�PHWDO� WKLFNQHVVHV�RI� WKH������ ���� DQG�����PP� VSHFLPHQV� LQ�7DEOH� ˪����

FRUUHVSRQG� WR� WKH� FORVHG� V\PEROV� RI� JUHHQ�� UHG� DQG� EOXH� FRORUV� DW� �����&� LQ�)LJXUH� ˪������
UHVSHFWLYHO\��)RU� WKH�����DQG�����PP�VSHFLPHQV� WKH�FDOFXODWHG� UHPDLQLQJ�PHWDO� WKLFNQHVVHV�

DUH� VOLJKWO\� ODUJHU� WKDQ� WKH� PHWDOORJUDSKLFDOO\� PHDVXUHG� WKLFNQHVVHV�� ZKLFK� PLJKW� EH�

H[SODLQHG�E\�FUHHS�RI� WKH� WKLQ�VSHFLPHQV�RFFXUULQJ�XQGHU� WKHUPDO�F\FOHV�DQG�E\�WKH� OLPLWHG�

DFFXUDF\�RI�WKH�WKLFNQHVV�PHDVXUHPHQWV�ZLWK�$QDO\6,6�3UR�������7KH�FDOFXODWHG�DQG�PHDVXUHG�

PHWDO� WKLFNQHVVHV�RI� WKH�����PP�FRPSRQHQW�DJUHH�YHU\�ZHOO��ZKLFK� LPSOLHV� WKDW� WKH� WKLFNHU�

VSHFLPHQ�KDV�EHWWHU�FUHHS�UHVLVWDQFH� WKDQ� WKH� WKLQQHU�RQHV��DQG� WKXV�� WKH�RQO\�XQFHUWDLQW\� LV�

WKH�HUURU�LQ�WKLFNQHVV�PHDVXUHPHQW��

7KH�OLIHWLPH�GLDJUDP�FDQ�EH�H[WUDSRODWHG�WR�RWKHU�WHPSHUDWXUHV��GRWWHG�OLQHV�LQ�)LJXUH� ˪������
XVLQJ�WKH�H[WUDSRODWHG�GDWD�RI�N�VKRZQ�LQ�)LJXUH�˪������,W�FDQ�EH�REVHUYHG�WKDW�WKH�GHYLDWLRQ�RI�
WKH�ZHLJKW�FKDQJH�FXUYHV�IURP�WKH�VWHDG\�VWDWH�R[LGDWLRQ�RFFXUV�ZKHQ�WKH�ZHLJKW�JDLQ�UHDFKHV�

DSSUR[LPDWHO\� �� PJ�FP��� DW� DOO� WKUHH� WHPSHUDWXUHV� LQ� )LJXUH� ˪����� ZKLFK� DSSUR[LPDWHO\�
FRUUHVSRQGV� WR� WKH� OHYHO� RI� �� �P� RI� ZDOO� WKLFNQHVV� ORVV� LQ� )LJXUH� ˪������ %DVHG� RQ� WKLV�
REVHUYDWLRQ��WKH�GHYLDWHG�GRWWHG�OLQHV�IURP�WKH�VWUDLJKW�GRWWHG�OLQHV�LQ�)LJXUH� ˪�����DUH�SORWWHG�

DVVXPLQJ� WKDW� WKH� WLPHV� IRU� WKH�RFFXUUHQFH�RI� WKH�GHYLDWLRQ�RI� WKH�ZHLJKW�JDLQ�FXUYHV� IURP�

VWHDG\�VWDWH�R[LGDWLRQ�DW�RWKHU�WHPSHUDWXUHV�DOVR�RFFXUV�DW�D�OHYHO�RI�ZDOO�WKLFNQHVV�ORVV�RI���

�P��,Q�WKLV�ZD\��DW�����&�DQG�ORZHU�WHPSHUDWXUHV��WKH�QRQ�VWHDG\�VWDWH�R[LGDWLRQ��SKHQRPHQD�

LQYROYLQJ� VFDOH� VSDOODWLRQ� DQG� ³VXSHU�SDUDEROLF´� R[LGDWLRQ� GXH� WR� ³WHQVLOH�FUDFN�HIIHFW´��

REYLRXVO\� RFFXU� VXEVWDQWLDOO\� ODWHU� WKDQ� DW� KLJKHU� WHPSHUDWXUHV�� :KHUHDV� DW� WHPSHUDWXUHV�

KLJKHU�WKDQ������&��WKH�QRQ�VWHDG\�VWDWH�R[LGDWLRQ�VWDUWV�DIWHU�YHU\�VKRUW�H[SRVXUH��H�J�����K�
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���

�

DW� �����&�� DQG� HYHQ� FDQQRW� EH� SORWWHG� LQ� WKH� XVHG� GRXEOH� ORJDULWKPLF� GLDJUDP� IRU�

WHPSHUDWXUHV�KLJKHU�WKDQ������&��

�
)LJXUH� ˪������/LIHWLPH�GLDJUDP�RI�DOOR\�����VKRZLQJ�FDOFXODWHG�WRWDO�ORVV�RI�ZDOO�WKLFNQHVV�DV�
IXQFWLRQ� RI� WLPH� DW� GLIIHUHQW� WHPSHUDWXUHV�� &DOFXODWLRQV� DUH� EDVHG� RQ� DVVXPSWLRQ� WKDW� ZDOO�

WKLFNQHVV�ORVV�RFFXUV�RQ�ERWK�VSHFLPHQ�VLGHV�LQ�WKH�VDPH�PDQQHU��,QVHUWHG�DUH�VROLG�V\PEROV�

LQGLFDWLQJ�WLPHV�W���IRU�VSHFLPHQV�RI�GLIIHUHQW�WKLFNQHVV�����������DQG�����PP���2SHQ�V\PEROV�

LQGLFDWH�H[SHULPHQWDOO\�REVHUYHG�WLPHV�FORVH�WR�W����

�
7DEOH� ˪�����&RPSDULVRQ�EHWZHHQ�PHDVXUHG�DQG�FDOFXODWHG�UHPDLQLQJ�WKLFNQHVV�RI�PHWDO�DIWHU�
�����K�R[LGDWLRQ�DW������&��

6SHFLPHQ�WKLFNQHVV�PP�� 0HDVXUHG�PHWDO�
WKLFNQHVV��P��

&DOFXODWHG�PHWDO�
WKLFNQHVV��P��

���� �������� ����

���� �������� ����

���� �������� ����

,W� LV� LPSRUWDQW� WR� QRWH� WKDW� RQH� FDQQRW� H[DFWO\�SUHGLFW� EHORZ�ZKLFK� VSHFLPHQ� WKLFNQHVV� WKH�

³VXSHU�SDUDEROLF´� EHKDYLRU�ZLOO� RFFXU� DW� D� JLYHQ� WHPSHUDWXUH��+RZHYHU� WKH� WUHQG� LV� WKDW� DW�

KLJKHU� WHPSHUDWXUHV�� VSHFLPHQV� WKLFNHU� WKDQ� ���� PP� DOVR� WHQG� WR� VKRZ� ³VXSHU�SDUDEROLF´�

�
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EHKDYLRU��7KLV�SKHQRPHQRQ�FRXOG�EH�REVHUYHG�IRU�DOOR\�;�DV�ZLOO�EH�GLVFXVVHG�LQ�&KDSWHU� ˪���

$W� ORZHU� WHPSHUDWXUHV� VSHFLPHQV� WKLQQHU� WKDQ� ���� PP� PD\� WHQG� QRW� WR� SUHVHQW� ³VXSHU�

SDUDEROLF´� EHKDYLRU�� 7KHUHIRUH� WKH� GHYLDWHG� OLQHV� DW� WHPSHUDWXUHV� KLJKHU� WKDQ� �����&� DUH�

DVVXPHG�WR�EH�SDUDOOHO�WR�WKH�VORSHV�RI�WKH�OLQHV�FDOFXODWHG�IRU�WKH�����PP�VSHFLPHQ�DW������&�

IRU�DOO� VSHFLPHQ� WKLFNQHVVHV��ZKHUHDV� WKH�VORSHV�RI� WKH�GHYLDWHG� OLQHV�DW� WHPSHUDWXUHV� ORZHU�

WKDQ� ����&�DUH� DVVXPHG� WR� EH� SDUDOOHO� WR� WKH� VORSHV� RI� WKH� OLQHV� FDOFXODWHG� IRU� WKH�����PP�

VSHFLPHQ�DW�����&�IRU�DOO�VSHFLPHQ�WKLFNQHVVHV��,Q�RUGHU� WR�PDNH�VXUH�WKDW� WKH�H[WUDSRODWHG�

OLQHV�DUH�DUUDQJHG�SDUDOOHO�WR�WKH�UHIHUHQFH�OLQHV��QHZ�PRGHO�SDUDPHWHUV�KDG�WR�EH�HVWLPDWHG��

)RU�H[DPSOH��WKH�ILWWHG�YDOXH�RI�WKH�SDUDPHWHU�IRU�WKH�³VXSHU�SDUDEROLF´�Ʌ��(T���˪�������LV������

DW� �����&�� ODUJHU� WKDQ� WKH� YDOXH� RI� ș� ��������� DW� �����&��ZKLFK� LV� LQ� DFFRUGDQFH�ZLWK� WKH�

WUHQG� WKDW� WKH� ³WHQVLOH�FUDFN�HIIHFW´� LV� IRU� D� JLYHQ� VSHFLPHQ� WKLFNQHVV� HQKDQFHG� ZLWK�

LQFUHDVLQJ�WHPSHUDWXUH��$W�����&��WKH�ILWWHG�YDOXH�RI�4���(T���˪������LV����������FRPSDUHG�WR�
WKH� YDOXH� RI� �������� DW� ����&��ZKLFK� LV� LQ� DJUHHPHQW�ZLWK� WKH� H[SHFWDWLRQ� WKDW� WKH� UDWH� RI�

VFDOH�VSDOODWLRQ�GHFUHDVHV�ZLWK�GHFUHDVLQJ�H[SRVXUH�WHPSHUDWXUH��

�

)LJXUH� ˪������/LIHWLPH�GLDJUDP�RI�DOOR\�����VKRZLQJ�GDWD�IURP�)LJXUH� ˪������VROLG�OLQHV��DQG�
H[WUDSRODWLRQV�WR�RWKHU�WHPSHUDWXUHV��GDVKHG�OLQHV���XVLQJ�SURFHGXUHV�GHVFULEHG�LQ�WH[W��

)LJXUH� ˪����� VKRZV�� IRU� FOHDUHU� YLVLELOLW\�� WKH� FDOFXODWHG� WLPHV� W��� DV� IXQFWLRQ� RI� VSHFLPHQ�
WKLFNQHVV�DW�GLIIHUHQW�WHPSHUDWXUHV��L�H��D�VLPLODU�ZD\�RI�SUHVHQWLQJ�FULWLFDO�GHSOHWLRQ�SURFHVVHV�

LQ�D�PDQQHU�XVHG�HDUOLHU�IRU�)H&U$O�EDVHG�DOOR\V�>������@�DQG�KLJK�&U�IHUULWLF�VWHHOV�>������@��

$V�PHQWLRQHG�DERYH��WKH�WLPH�W���RI�WKH�����PP�VSHFLPHQ�DW�����&�LV�LQWHUSRODWHG�XVLQJ�WKH�

�
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H[SHULPHQWDO� UHVXOWV� RI� WKH� ���� DQG� ���� PP� VSHFLPHQV�� 7KH� NLQNV� RI� WKH� OLQHV� �FKDQJH� RI�

VORSHV��DW�����PP�LQGLFDWH�WKH�FKDQJH�RI�R[LGDWLRQ�PHFKDQLVP�IURP�PDLQO\�VFDOH�VSDOODWLRQ�

RFFXUULQJ� IRU� WKLFNHU� VSHFLPHQV� WR� WKH� ³VXSHU�SDUDEROLF´� R[LGDWLRQ� REVHUYHG� IRU� WKLQQHU�

VSHFLPHQV���

,Q�)LJXUH� ˪������WKH�WLPHV�W���KDYH�EHHQ�H[WUDSRODWHG�WR�RWKHU�FRPSRQHQW�WKLFNQHVVHV������DQG�
��PP�ZLWK�RSHQ�V\PEROV��DQG� WHPSHUDWXUHV� ������DQG�����&���$W�D�JLYHQ� WHPSHUDWXUH�� WKH�

OLIHWLPHV�W���RI�WKH���PP�WKLFN�VSHFLPHQ�DUH�FDOFXODWHG�E\�VHWWLQJ�WKH�VDPH�PRGHO�SDUDPHWHUV�

DV�IRU�WKH�����PP�VSHFLPHQV��EHFDXVH�QR�DSSDUHQW�GLIIHUHQFH�RI�R[LGDWLRQ�NLQHWLFV�LQFOXGLQJ�

WKH�UDWH�RI�VSDOODWLRQ�ZDV�IRXQG�LQ�D�VLPLODU�WHVW�RI�D��PP�VSHFLPHQ�RI�DOOR\�����DW������&�

�VHH�)LJXUH�˪�������

7KHUHIRUH��WKH�FDOFXODWHG�W���DUH�ORFDWHG�DSSUR[LPDWHO\�RQ�WKH�H[WUDSRODWHG�VWUDLJKW�OLQHV�DW�DOO�

WKH� VWXGLHG� WHPSHUDWXUHV�� $V� DQ� DSSUR[LPDWLRQ�� WKH� W��� RI� WKH� ���� PP� VSHFLPHQ� ZHUH�

FDOFXODWHG� E\� VHWWLQJ� WKH� VDPH� PRGHO� SDUDPHWHU�� L�H�Ʌ ��(T�� �˪�������� DV� IRU� WKH� ���� PP�

VSHFLPHQ�� &RQVLGHULQJ� WKDW� WKH� ���� PP� VSHFLPHQ� ZRXOG� VXIIHU� IURP� D� PRUH� VLJQLILFDQW�

³WHQVLOH�FUDFN�HIIHFW´�WKDQ�WKH�����PP�VSHFLPHQ�GXULQJ�WKH�FRROLQJ�DQG�UHKHDWLQJ�SURFHVV��WKH�

YDOXH�RI�WKH�SDUDPHWHU�Ʌ�PLJKW�EH�XQGHUHVWLPDWHG�E\�WDNLQJ�WKH�VDPH�YDOXH�DV�WKDW�RI�WKH�����
PP�VSHFLPHQ��ZKLFK�PD\�OHDG�WR�D�VOLJKW�RYHUHVWLPDWLRQ�RI�WKH�W���IRU�WKH�����PP�VSHFLPHQ��

�
)LJXUH� ˪������&DOFXODWHG�WLPHV�W���DV�IXQFWLRQ�RI�VSHFLPHQ�WKLFNQHVV�IRU�DOOR\�����DW�GLIIHUHQW�

WHPSHUDWXUHV��
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7KH�SURFHGXUHV�RI�WKH�H[WUDSRODWLRQV�WR�KLJKHU�DQG�ORZHU�WHPSHUDWXUHV�DUH�WKH�VDPH�DV�WKRVH�

GHVFULEHG� LQ� WKH� WH[W� UHODWHG� WR�)LJXUH� ˪������7KH�LQWHUVHFWLRQV�RI� WKH�EODFN�GDVKHG�OLQHV�DQG�
WKH�KRUL]RQWDO�GRWWHG�OLQHV�LQ�)LJXUH�˪�����UHSUHVHQW�SDUW�RI�WKH�YDOXHV�LQ�)LJXUH�˪������%HFDXVH�
DW������&�WKH�VSHFLPHQV�ZLWK�DOO�WKLFNQHVVHV�DUH�DVVXPHG�WR�VKRZ�³VXSHU�SDUDEROLF´�EHKDYLRU��

WKH�H[WUDSRODWHG�YDOXHV�RI�W���IRU�WKLFN�VSHFLPHQV������DQG�RU���PP��PLJKW�EH�XQGHUHVWLPDWHG��

9LFH�YHUVD��LW�ZDV�IRU�DOO�VSHFLPHQ�WKLFNQHVVHV�DW�����&�DVVXPHG�WKDW�VFDOH�VSDOODWLRQ�LQVWHDG�

RI�³VXSHU�SDUDEROLF´�R[LGDWLRQ�RFFXUUHG��7KH�H[WUDSRODWHG�YDOXHV�RI�W��IRUWKLQ�VSHFLPHQV�������

����DQG�RU�����PP��PLJKW�WKHUHIRUH�EH�RYHUHVWLPDWHG��&RQVHTXHQWO\��WKHUH�LV�QR�DSSDUHQW�NLQN�

RI�WKH�VORSH�LQ�WKH�H[WUDSRODWHG�OLQHV�RI�����DQG������&��

)LJXUH� ˪�����VKRZV�WKH�HIIHFW�RI�XVLQJ�D�GLIIHUHQW�YDOXH�RI�FULWLFDO�LQWHUIDFH�&U�FRQFHQWUDWLRQ�

�KHUH���DQG����ZW����UHVSHFWLYHO\��RQ�WKH�WLPHV�W
��KHUH�XVLQJ�DV�H[DPSOH�WKH�GDWD�DW������&��

7KH� GLIIHUHQFHV� EHWZHHQ� W��� W���� DQG� W��� GHFUHDVH� ZLWK� GHFUHDVLQJ� VSHFLPHQ� WKLFNQHVV��

(VSHFLDOO\�IRU�����PP��WKH�GLIIHUHQFH�EHWZHHQ�W��DQG�W���LV�OHVV�WKDQ������KRXUV��2QH�UHDVRQ�LV�

WKDW� WKH� &U� UHVHUYRLU� RI� WKH� WKLQQHVW� VSHFLPHQ� WHVWHG� LV� VPDOOHU� WKDQ� WKDW� RI� WKH� WKLFNHU�

VSHFLPHQV��7KHUHIRUH�WKH�DEVROXWH�DPRXQW�RI���ZW����&U��GLIIHUHQFH�EHWZHHQ����ZW����DQG���

ZW�����LQ�WKH�WKLQQHU�VSHFLPHQ�LV�OHVV�WKDQ�WKDW�LQ�WKH�WKLFNHU�VSHFLPHQV��7KH�RWKHU�UHDVRQ�LV�

WKDW�WKH�UDWH�RI�&U�FRQVXPSWLRQ�LQ�WKH�����PP�VSHFLPHQ�LV�VLJQLILFDQWO\�IDVWHU�WKDQ�WKDW�RI�WKH�

WKLFN�VSHFLPHQ�GXH�WR�WKH�³VXSHU�SDUDEROLF´�R[LGDWLRQ��DV�GLVFXVVHG�DERYH��

�
)LJXUH� ˪������ &DOFXODWHG� WLPHV� W��� DV� IXQFWLRQ� RI� VSHFLPHQ� WKLFNQHVV� IRU� DOOR\� ���� ZLWK�
H[WUDSRODWLRQV� �RSHQ� V\PEROV�� WR� RWKHU� WHPSHUDWXUHV� DQG� VSHFLPHQ� WKLFNQHVVHV� EDVHG� RQ�

H[SHULPHQWDO�UHVXOWV�RI�VSHFLPHQV�R[LGL]HG�DW�VWXGLHG�WHPSHUDWXUHV��6HH�WH[W�IRU�GHWDLOV�XVHG�

LQ�WKH�FDOFXODWLRQ��
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H[SHULPHQWDO�GDWD
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)LJXUH� ˪������ &RPSDULVRQ� RI� QHW� DQG� JURVV�ZHLJKW� FKDQJHV� RI� ���� DQG� ��PP� VSHFLPHQV� RI�
DOOR\�����GXULQJ�R[LGDWLRQ�DW������&��
�

�
)LJXUH� ˪������7LPH�WR�UHDFKLQJ�FULWLFDO�&U�LQWHUIDFH�FRQFHQWUDWLRQ��W����DV�IXQFWLRQ�RI�VSHFLPHQ�
WKLFNQHVV�FRPSDUHG�ZLWK�WLPHV�W��DQG�W���IRU�R[LGDWLRQ�DW������&��
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�

� 0RGHOLQJ� R[LGDWLRQ� LQGXFHG� OLIHWLPH� OLPLWV� ZLWK� QRQ�VWHDG\�
VWDWH�ILQLWH�GLIIHUHQFH�PHWKRG��

���� *HQHUDO�UHPDUNV�

)RU� WKH� FDOFXODWLRQ� RI� WKH� WLPH� W
� LW� ZDV� DVVXPHG� LQ� WKH� SUHYLRXV� VHFWLRQ� WKDW� WKH� &U�

FRQFHQWUDWLRQ�SURILOHV� LQ� WKH�DOOR\�ZHUH� LGHDOO\� IODW��7KLV�VHHPHG� WR�EH� MXVWLILHG�EHFDXVH� WKH�

LQLWLDOO\� VWHHS� VXEVFDOH�&U�SURILOHV�EHFDPH�JUDGXDOO\� OHVV� VWHHS�XSRQ�DSSURDFKLQJ� W
�� ,Q� WKH�

IROORZLQJ� VHFWLRQV� LW� ZLOO� EH� HVWLPDWHG�� LQ� KRZ� IDU� WKH� FDOFXODWHG� WLPH� W
� GLIIHUV� LI� D�PRUH�

SUHFLVH�GHVFULSWLRQ�RI�WKH�WLPH�GHSHQGHQFH�RI�WKH�VKDSH�RI�WKH�&U�GHSOHWLRQ�SURILOHV�LV�WDNHQ�

LQWR�DFFRXQW��

���� %DFNJURXQG�

7KH� ILQLWH� GLIIHUHQFH� PHWKRG� �)'0�� LV� D� XVHIXO� DQG� FRPPRQO\� XVHG� WRRO� WR� VROYH� SDUWLDO�

GLIIHUHQWLDO� HTXDWLRQV�� ,W� LV� ZLGHO\� DSSOLHG� WR� VROYH� WUDQVSRUWDWLRQ� SUREOHPV� VXFK� DV� KHDW�

WUDQVSRUW� DQG� GLIIXVLRQ� LQ� GLIIHUHQW� VXEVWDQFH� VWDWHV� �JDV�� OLTXLG� DQG� VROLG�� >����� ���@�� 7KH�

RXWZDUG�GLIIXVLRQ�RI�D�SURWHFWLYH�VFDOH�IRUPLQJ�HOHPHQW��KHUH�&U��RI�KLJK�WHPSHUDWXUH�DOOR\V�

GULYHQ�E\� WKH�R[LGDWLRQ�RI� WKLV�HOHPHQW� IURP� WKH�EXON�DOOR\� WR� WKH�DOOR\�VXUIDFH� UHVXOWV� LQ�D�

VXEVFDOH�GHSOHWLRQ�RI�WKH�HOHPHQW��,Q�WHUPV�RI�R[LGDWLRQ�LQGXFHG�FKHPLFDO�IDLOXUH�RI�WKH�KLJK�

WHPSHUDWXUH�FRPSRQHQW��WKH�IDLOXUH�RFFXUV�ZKHQ�D�FULWLFDO�VROXWH��&U��FRQFHQWUDWLRQ�LV�UHDFKHG��

6HYHUDO� VWXGLHV� UHODWHG� WR� R[LGDWLRQ� RI�PHWDOOLF�PDWHULDOV� KDYH� EHHQ� FDUULHG� RXW� E\� VROYLQJ�

GLIIXVLRQ� HTXDWLRQ� �)LFNெV� VHFRQG� ODZ� >���@�� DQDO\WLFDOO\� >���� ���� ���� ���� �����@� RU�

QXPHULFDOO\�ZLWK�)'0�>�����@��LQ�RUGHU�WR�SUHGLFW�WKH�VROXWH�GHSOHWLRQ�SURILOHV�RU�WKH�OLIHWLPH�

RI� WKH� FRPSRQHQW�� 7KH� DQDO\WLFDO� DSSURDFK� FDQ� RQO\� FDOFXODWH� WKH� VROXWH� GHSOHWLRQ� GXULQJ�

VWHDG\�VWDWH� SDUDEROLF� R[LGDWLRQ�� PRVWO\� SUHYDLOLQJ� XQGHU� LVRWKHUPDO� FRQGLWLRQV�� :LWK� D�

QXPHULFDO� DSSURDFK�� DOVR� QRQ�VWHDG\� VWDWH� FRQGLWLRQV� FDQ� EH� PRGHOHG� DQG� WKH� HIIHFWLYH�

GLIIXVLRQ�FRHIILFLHQW�>��������@�RI�WKH�VROXWH�FDQ�EH�GHULYHG�E\�ILWWLQJ�FDOFXODWHG�UHVXOWV�WR�WKH�

H[SHULPHQWDO� GDWD� LI� QR� LQGHSHQGHQW� GDWD� DUH� DYDLODEOH� IURP� OLWHUDWXUH�� ,Q� SUHYLRXV� VWXGLHV��

SURJUDPV�ZKLFK�HQDEOH�WR�DSSO\�WKH�)'0�WR�R[LGDWLRQ�XQGHU�WKHUPDO�F\FOLQJ�LQFOXGLQJ�VFDOH�

VSDOODWLRQ�KDYH�EHHQ�GHYHORSHG�>������@�DQG�SURJUDPPHG�ZLWK�)RUWUDQ��+RZHYHU�WKLV�SURJUDP�

LV� VWLOO� QRW� ZLGHO\� DSSOLHG� DV� D� SUDJPDWLF� WRRO� WR� SUHGLFWLRQ� RI� FRPSRQHQW� OLIHWLPH�� ,Q� WKH�

IROORZLQJ� VHFWLRQ� DQ� )'0� PRGHO� ZLOO� EH� GHVFULEHG� IRU� SUHGLFWLRQ� RI� FRPSRQHQW� OLIHWLPH�

GHILQHG�E\�FULWLFDO�VROXWH�GHSOHWLRQ�LQ�DOOR\�����E\�LQFRUSRUDWLRQ�RI�RQH�GLPHQVLRQDO�)'0�WR�
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WKH�PRGLILHG�&263�ZKLFK�KDV�EHHQ�GHVFULEHG�LQ�&KDSWHU� ˪���7KH�FDOFXODWHG�YDOXHV�RI�W
�ZLOO�

WKHQ� EH� FRPSDUHG� ZLWK� WKH� UHVXOWV� REWDLQHG� XVLQJ� WKH� UHVHUYRLU� DSSURDFK� SUHVHQWHG� LQ�

6HFWLRQ�˪�������

���� 7LPH�GHSHQGHQW�VXEVFDOH�GHSOHWLRQ�

7KH�FDOFXODWLRQ�RI�WKLV�FKDSWHU�LV�EDVHG�RQ�WKH�VDPH�H[SHULPHQWDO�R[LGDWLRQ�NLQHWLFV�SUHVHQWHG�

LQ�&KDSWHU� ˪�� �VHH�)LJXUH� ˪������,Q�&KDSWHU� ˪��� WKH�VXEVFDOH�&U�GHSOHWLRQ�SURILOHV�PHDVXUHG�E\�
(';�DUH�VKRZQ�DV�IXQFWLRQ�RI�VSHFLPHQ�WKLFNQHVV��)LJXUH� ˪������+HUH�WKH�WLPH�GHSHQGHQW�&U�
SURILOHV�IRU�D�FHUWDLQ�VSHFLPHQ�WKLFNQHVV�DQG�WHPSHUDWXUH�DUH�LOOXVWUDWHG�LQ�)LJXUH�˪����LQ�RUGHU�

WR� PRUH� FOHDUO\� LOOXVWUDWH� WKH� GLIIXVLRQ� SURFHVV� DV� D� IXQFWLRQ� RI� WLPH�� $GGLWLRQDOO\�� WKH� &U�

FRQFHQWUDWLRQ� SURILOHV� DIWHU�7*� WHVWV� DUH� LQFOXGHG�EHFDXVH� DIWHU� WKH� VKRUW� WHVW� WLPHV� XVHG� LQ�

WKHVH�H[SHULPHQWV�WKH�VXEVFDOH�&U�SURILOHV�DUH�TXLWH�VWHHS�DQG�WKXV�VKRZ�WKH�ODUJHVW�GHYLDWLRQ�

IURP� WKH� DVVXPSWLRQ� RI� IODW� SURILOHV� PDGH� LQ� WKH� SUHYLRXV� VHFWLRQ�� 7KH� UHVXOWV� RI� ���� PP�

VSHFLPHQV�DUH�QRW�LQFOXGHG�KHUH�EHFDXVH�WKH�H[SRVXUHV�DW�����&�DV�ZHOO�DV�WKH�7*�WHVWV�ZHUH�

FRQGXFWHG�RQO\�IRU�WKH�����DQG�����PP�VSHFLPHQV��%HVLGHV��WKH�VSHFLPHQ�WKLFNQHVV�GHSHQGHQW�

&U�GHSOHWLRQ�SURILOHV�LQFOXGLQJ�WKH�����PP�VSHFLPHQV�KDYH�DOUHDG\�EHHQ�VKRZQ�LQ�)LJXUH� ˪�����
7KLV�ILJXUH�VKRZV�WKDW�WKH�GLIIHUHQFH�RI�WKH�&U�SURILOHV�EHWZHHQ�WKH�����DQG�����PP�VSHFLPHQV�

LV�QRW�YHU\�DSSDUHQW�HVSHFLDOO\�DIWHU�WKH�VKRUWHU�R[LGDWLRQ�WLPH�RI������K��7KHUHIRUH�LW�ZLOO�EH�

VXIILFLHQWO\� FOHDU� WR� H[SODLQ� WKH� PRGHOLQJ� RI� WKH� GHSOHWLRQ� SURFHVV� E\� FRPSDULQJ� WKH�

H[SHULPHQWDO�DV�ZHOO�DV�WKH�FDOFXODWHG�UHVXOWV�RI�PHUHO\�WKH�����DQG�����PP�VSHFLPHQV�LQ�WKH�

SUHVHQW�FKDSWHU��

7KH�VKRUW�WHUP�7*�WHVWV�LQGLFDWH�WKDW�WKH�&U�LQWHUIDFH�FRQFHQWUDWLRQ�GXULQJ�VWHDG\�VWDWH�VFDOH�

JURZWK� YHU\� VOLJKWO\� GHFUHDVHV� ZLWK� LQFUHDVLQJ� WHPSHUDWXUH� )LJXUH� ˪����� +RZHYHU�� WKLV�
WHPSHUDWXUH�GHSHQGHQFH�LV�TXLWH�VPDOO��WKH�LQWHUIDFH�FRQFHQWUDWLRQ�RI�&U�GXULQJ�WKLV�R[LGDWLRQ�

VWDJH�LV�DSSUR[LPDWHO\����ZW�����)LJXUH� ˪������(YHQ�DIWHU�ORQJHU�WLPH�F\FOLF�R[LGDWLRQ�XS�WR�
�����K� WKLV� LQWHUIDFH�FRQFHQWUDWLRQ� UHPDLQV�DSSUR[LPDWHO\�FRQVWDQW� DV� ORQJ�DV� WKH�GLIIXVLRQ�

GHSWK�GRHV�QRW�UHDFK�WKH�FHQWHU�RI�WKH�VSHFLPHQ��

%H\RQG�WKH�VWXGLHG�H[SRVXUH� WLPH�WKH�&U�GHSOHWLRQ�RI� WKH�����PP�VSHFLPHQ�SURFHHGV�PXFK�

IDVWHU� WKDQ� WKDW� RI� WKH� ����PP� VSHFLPHQ� GXH� WR� WKH� VPDOOHU� UHVHUYRLU� RI�&U�� 7KLV� HIIHFW� RI�

VSHFLPHQ�WKLFNQHVV�EHFRPHV��DV�H[SHFWHG��PRUH�SURQRXQFHG�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH���
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)LJXUH� ˪����� 7HPSHUDWXUH� GHSHQGHQFH� RI� VXEVFDOH� &U� FRQFHQWUDWLRQ� SURILOHV� LQ� � DOOR\� ����
VSHFLPHQV� RI� GLIIHUHQW� WKLFNQHVVHV� DIWHU� R[LGDWLRQ� DW� D�� E�� ����&�� F�� G�� �����&� DQG� H�� I��
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ZHUH�WDNHQ�IURP�6HFWLRQ� ˪�����UHVXOWV�RI����K�DQG�����K�UHODWH�WR�7*�WHVWV��7KH�����K�GDWD�DW�
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$V�D�UHVXOW��DIWHU������K�DW�����DQG������&�DQG�����K�DW������&��WKH�VHFRQG�VWDJH�RI�WKH�&U�

GHSOHWLRQ�SURFHVV�KDV�DOUHDG\�VWDUWHG�IRU�WKH�����PP�VSHFLPHQV�DV�WKH�&U�FRQFHQWUDWLRQV�LQ�WKH�

FHQWHU�RI�WKH�VSHFLPHQ�DUH�FOHDUO\�ORZHU�WKDQ�WKH�RULJLQDO�YDOXH��

)RU�WKH�����PP�VSHFLPHQV�WKH�GHSOHWLRQ�IURQW�UHDFKHV�WKH�FHQWHU�RI�WKH�VSHFLPHQ�DIWHU�PXFK�

ORQJHU�WLPH�IRU�HDFK�WHPSHUDWXUH��$OO�WKH�PHDVXUHG�LQWHUIDFH�&U�FRQFHQWUDWLRQV�RI�WKH�����PP�

VSHFLPHQV� DUH� DERXW� ��� �� ���ZW���� �)LJXUH� ˪����E�I��� 7KH� SURILOHV� LQGLFDWH� WKDW� WKH� VHFRQG�
GHSOHWLRQ�VWDJH�MXVW�VWDUWHG�DIWHU������K��7KH�VOLJKW�LQFUHDVH�RI�WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�

DW�WKH�EHJLQQLQJ�RI�WKH�VHFRQG�VWDJH�LQ�WKH�FDVH�RI�SRZHU�ODZ�NLQHWLFV��(T���˪�������ZLWK�Q�����
DV�PHQWLRQHG�DERYH�LV�QRW�FOHDUO\�REVHUYHG��7KLV�LV�OLNHO\�GXH�WR�WKH�OLPLWHG�DFFXUDF\�RI�WKH�

(';� PHDVXUHPHQW� LQ� WKH� LPPHGLDWH� YLFLQLW\� RI� WKH� DOOR\�VFDOH� LQWHUIDFH� DQG� GXH� WR� WKH�

LQWHUIHUHQFH� RI� WKH� IRUPDWLRQ� RI� LQWHUQDO� $O�2�� SUHFLSLWDWHV� LQ� WKH� VXEVFDOH� UHJLRQ�� 7KHVH�

DVSHFWV� ZLOO� IXUWKHU� EH� GLVFXVVHG� XVLQJ� WKH� UHVXOWV� RI� WKH� ILQLWH� GLIIHUHQFH� FDOFXODWLRQV� LQ�

6HFWLRQ�˪�������

%DVHG� RQ� WKH� H[SHULPHQWDO� REVHUYDWLRQV�� WKH� ���� PP� VSHFLPHQ� VKRZHG� LQGLFDWLRQV� IRU�

³EUHDNDZD\´� W\SH�R[LGDWLRQ��6HFWLRQ������DW� WKH�VSHFLPHQ�HGJHV�ZKHQ� WKH�&U�FRQWHQW�DW� WKH�

DOOR\�VFDOH� LQWHUIDFH� LV� DERXW� ��� ZW�� �� �)LJXUH� ˪���� F� H��� %HVLGHV�� WKH� H[WHQW� RI� LQWHUQDO�
QLWULGDWLRQ� DSSHDUHG� WR� VLJQLILFDQWO\� LQFUHDVH� �VHH� &KDSWHU� ˪��� LI� WKH� &U� FRQFHQWUDWLRQ� ZDV�

GHSOHWHG� WR� D� OHYHO� DURXQG� ��� ZW�� ��� 7KHUHIRUH�� LQ� WKH� SUDJPDWLF� UHVHUYRLU� DSSURDFK� IRU�

OLIHWLPH�SUHGLFWLRQ�RI�DOOR\������DQ�LQWHUIDFH�&U�FRQFHQWUDWLRQ�RI����ZW����ZDV�GHWHUPLQHG�DV�

WKH�FULWLFDO�YDOXH��ZKLFK�LV�FRQVLGHUHG�DV�WKH�HQG�RI�WKH�OLIH�RI�WKH�FRPSRQHQW��7KLV�FULWHULRQ�

ZLOO� DOVR� EH� DSSOLHG� WR� WKH� ILQLWH� GLIIHUHQFH�PRGHOLQJ� LQ� WKH� SUHVHQW� FKDSWHU�ZKHUHE\�PRUH�

DFFXUDWH�&U�GHSOHWLRQ�SURILOHV�DW� WKH�HQG�RI� WKH� OLIHWLPH�RI� WKH�FRPSRQHQWV�FDQ�EH�SUHGLFWHG�

ZLWK� WKH� )'� PRGHO� LQVWHDG� RI� DVVXPLQJ� TXDVL�IODW� SURILOHV� DV� GHVFULEHG� LQ� WKH� UHVHUYRLU�

DSSURDFK��

���� 0RGHOLQJ�RI�OLIHWLPH�OLPLWV�

7KH�GLIIXVLRQ�RI�&U�LQ�1L�EDVHG�DOOR\V�LV�TXLWH�VORZ�EHFDXVH�RI�WKH�)&&�ODWWLFH�VWUXFWXUH�>��@��

8QOLNH� WKH� FDVH� IRU� DOXPLQD� IRUPLQJ�)H&U$O� RU�1L&U$O� DOOR\V�� WKH� GHSOHWLRQ� SURILOH� RI� WKH�

VFDOH�IRUPLQJ�HOHPHQW��KHUH�&U��LV�QRW�IODW��WKHUHIRUH��WKH�IROORZLQJ�GLIIXVLRQ�HTXDWLRQ�KDV�WR�

EH�VROYHG�WR�REWDLQ�WKH�GHSOHWLRQ�SURILOH�>���@��
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μ฀μ฀฀ ฀
μ฀฀μ฀฀� � ˪�����

ZKHUH�1�GHQRWHV�WKH�PROH�IUDFWLRQ�RI�WKH�R[LGL]LQJ�VROXWH��

7KH�OLIHWLPH�SUHGLFWLRQ�PRGHO�ZLWK�)'0�LV�FRQVWUXFWHG�RQ�EDVLV�RI� WKH�HVWDEOLVKPHQW�RI� WKH�

WUDGLWLRQDO� VWHDG\�VWDWH� )'0�� LQFOXGLQJ� WKH� VHW�XS� RI� )'� HTXDWLRQV�� LQLWLDO� DQG� ERXQGDU\�

FRQGLWLRQV� DV� ZHOO� DV� WKH� GHWHUPLQDWLRQ� RI� '&U� E\� ILWWLQJ� WKH� FDOFXODWHG� SURILOH� WR� WKH�

H[SHULPHQWDO�&U�SURILOH�PHDVXUHG�ZLWK�(';��)LJXUH� ˪����VKRZV�WKH�XVHG�ERXQGDU\�FRQGLWLRQV��
WDNLQJ�D�KDOI�RI�WKH�VSHFLPHQ�WKLFNQHVV��&RQVLGHULQJ�WKH�V\PPHWULF�JHRPHWU\�RI�WKH�VSHFLPHQ��

WKH� IOX[�RI�&U� LV�]HUR� LQ� WKH�PLGGOH�RI� WKH�VSHFLPHQ��ZKHUHDV� WKH�RXWZDUG� IOX[�RI�&U�DW� WKH�

DOOR\�VFDOH� LQWHUIDFH� LV� D� IXQFWLRQ� RI� WKH� UDWH� RI� R[LGDWLRQ�� 7KH� ERXQGDU\� FRQGLWLRQ� DW� WKH�

DOOR\�VFDOH� LQWHUIDFH� LV� GHULYHG� IURP� WKDW� XVHG� LQ� UHIHUHQFH� >��@� IRU� SDUDEROLF� R[LGDWLRQ�

NLQHWLFV��

െ฀μ฀μ฀฀ ሺ฀െ฀฀ሻ ൬฀฀฀฀൰฀฀ൗ � �˪�����

+HUH�NF�LV�WKH�SDUDEROLF�UDWH�FRQVWDQW�RI�WKH�LQWHUIDFH�DOOR\�UHFHVVLRQ��DQG�WKH�VHFRQG�WHUP�RQ�

WKH� ULJKW� KDQG� VLGH� RI�(T�� � ˪����� LV� FRQYHUWHG� E\� WDNLQJ� WKH� GHULYDWLYH� RI� [&� WR� W� IURP� WKH�
SDUDEROLF� VFDOLQJ� NLQHWLFV� ZKHUH� [&� LQGLFDWHV� WKH� FRQVXPSWLRQ� RI� DOOR\� WKLFNQHVV� RQ� HDFK�

VXUIDFH�>��@��

฀฀฀฀ ฀฀฀฀� �˪�����

,Q� WKH� SUHVHQW� VWXG\�� WKH� VFDOLQJ� NLQHWLFV� REH\V� D� SRZHU� ODZ� LQVWHDG� RI� D� SDUDEROLF� WLPH�

GHSHQGHQFH��VR�(T���˪�����KDV�WR�EH�PRGLILHG�LQWR�WKH�IROORZLQJ�IRUP��െ฀μ฀μ฀฀ ሺ฀െ฀฀ሻሺ฀฀฀฀฀ή฀െ฀฀฀ሻ� �˪�����

ZKHUH�NU�LV�WKH�SRZHU�ODZ�UDWH�FRQVWDQW�RI�WKH�LQWHUIDFH�DOOR\�UHFHVVLRQ�DQG�FDQ�EH�FDOFXODWHG�

IURP�WKH�SRZHU�ODZ�UDWH�FRQVWDQW�RI�R[LGDWLRQ��DUHD�VSHFLILF�ZHLJKW�JDLQ��L�H��R[\JHQ�XSWDNH��N�

E\�WKH�IROORZLQJ�H[SUHVVLRQ��

฀฀฀฀ή ฀䍲฀䍲 ή฀฀฀䍲
฀฀฀฀

ή฀慬汯฀฀䍲
� �˪�����

ZKHUH�N�LV�WKH�SRZHU�ODZ�UDWH�FRQVWDQW�RI�R[LGDWLRQ��L�H��JLYHQ�E\�(T���˪�����ZLWK�Q �����+HUH�
9&U�LV�WKH�PRODU�YROXPH�RI�FKURPLXP�LQ�FP��PRO����0&U�WKH�PRODU�ZHLJKW�RI�&U�LQ�PJ�PRO����
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DQG�⠲฀ ฀ 䍲 ฀ ⠳฀ ฀ ฀฀Τ �WKH�ZHLJKW�UDWLR�RI�PHWDO�WR�R[\JHQ�LQ�WKH�&U�2��VFDOH��L�H��ȝ�LQ�(T��

��������HTXDO�WR���������7KH�UDWLR�RI�PRODU�YROXPH�฀慬฀潹 ฀䍲Τ ൎ ฀�IRU�DOOR\������

�

)LJXUH� ˪����� 6FKHPDWLF� LOOXVWUDWLRQ� RI� ERXQGDU\� FRQGLWLRQV� IRU� &U� IOX[�� L�H�� �฀摎摸 �� XVHG� LQ�

VWHDG\�VWDWH�)'0��� �LV�WKH�WKLFNQHVV�RI�WKH�VSHFLPHQ��

7R�DYRLG�DQ�LQILQLWHO\�ODUJH�YDOXH�DW�WKH�EHJLQQLQJ�RI�WKH�FDOFXODWLRQ�ZKHQ�WDNLQJ�W ]HUR��KHUH�

WKH�LQLWLDO�FRQGLWLRQ�LV�VHW�E\�WDNLQJ�WKH�&U�GHSOHWLRQ�GDWD�PHDVXUHG�E\�(';�DIWHU�WKH�����K�

7*�WHVW�DW������&�DQG�WKH����K�7*�WHVW�DW������&��+RZHYHU��QR�VKRUW�WLPH�UHVXOW�RI�D�7*�WHVW�

DW�����&�LV�DYDLODEOH��7KHUHIRUH��WKH�GLIIXVLRQ�FRHIILFLHQW�RI�&U�LQ�WKH�DOOR\�DW�����&�ZLOO�EH�

H[WUDSRODWHG�EDVHG�RQ� WKH�GDWD�RI������DQG������&�IRU�XVH� LQ� ODWHU�FDOFXODWLRQV��7KH� LQLWLDO�

FRQGLWLRQ� DW� ����&� FDQ� EH� H[WUDSRODWHG� IURP� WKH�&U� FRQFHQWUDWLRQ� SURILOHV� DIWHU� 7*� WHVW� DW�

�����DQG������&�EDVHG�RQ�WKH�UHODWLRQ��฀ן ξ䑴 ฀>���@��
7KH� H[SOLFLW� ILQLWH� GLIIHUHQFH� PHWKRG� >���@� LV� XVHG� IRU� WUDQVIHUULQJ� (T�� �˪����� LQWR� ILQLWH�
GLIIHUHQFH�HTXDWLRQV��ZKLFK�KDV�EHHQ�FODLPHG�WR�EH�VXLWDEOH�IRU�VROYLQJ�GLIIXVLRQ�HTXDWLRQV�LQ�

R[LGDWLRQ� SUREOHPV� E\� RWKHU� DXWKRUV� >��@�� 7KH� ILFWLWLRXV� SRLQW� WHFKQRORJ\� >���@� LV�

LPSOHPHQWHG� WR� GHDO� ZLWK� WKH� HQG� SRLQWV� DW� ERWK� ERXQGDULHV�� 7KH� '&U� LV� DVVXPHG� WR� EH�

LQGHSHQGHQW�RI�WKH�FRQFHQWUDWLRQ�JUDGLHQW�RI�DQ\�RWKHU�DOOR\LQJ�HOHPHQW��7KH�SURJUDPLQJ�DQG�

WKH�FDOFXODWLRQV�DUH�GRQH�LQ�0DWODE�YHUVLRQ������5����E���

:LWK�WKH�DERYH�GHVFULEHG�VWHDG\�VWDWH�)'0��WKH�GLIIXVLRQ�FRHIILFLHQW�RI�&U�LQ�WKH�DOOR\�FDQ�EH�

REWDLQHG�E\�ILWWLQJ�WKH�FDOFXODWHG�SURILOH�WR� WKH�H[SHULPHQWDO�GDWD��7KH�&U�SURILOHV�PHDVXUHG�

EHIRUH�UHDFKLQJ�WKH�VSHFLPHQ�FHQWHU��L�H��DIWHU������K�DW������&�DV�ZHOO�DV�WKH�RQH�PHDVXUHG�

DIWHU� ����K� DW� �����&�ZHUH� WDNHQ� IRU� WKH� HVWLPDWLRQ� RI�'&U��7KH� REWDLQHG�'&U� DW� ����� DQG�

�����&� DV� ZHOO� DV� WKH� H[WUDSRODWHG� '&U� DW� ����&� IRU� DOOR\� ���� DUH� VKRZQ� LQ� )LJXUH� ˪����
DVVXPLQJ�DQ�$UUKHQLXV�W\SH�WHPSHUDWXUH�GHSHQGHQFH��$FFRUGLQJ�WR�$WNLQVRQ�>��@��WKH�ODWWLFH�

ୢ୒ୢ୶ ൌ Ͳ��[ ��ୢ୒ୢ୶ ൌ െ ଵୈ ͳ െ �୧ ή ͲǤͶ�୰ ή �ି଴Ǥ଺��[ �
[ � [ ��

�୰ ൌ � ή �େ୰�େ୰ ή ʹǤͳ͸͹

$OOR\�VFDOH�
LQWHUIDFH

0LGGOH�RI�
VSHFLPHQ
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GLIIXVLRQ�FRHIILFLHQWV� RI�&U� LQ�1L���&U�DOOR\� LV� DERXW�฀฀㈵฀㄰ െㄲ �FP��V��DW�����&��฀฀㐸฀

㄰ െㄱ �FP��V��� DW� �����&�� DQG�฀฀㔵฀㄰ െㄱ �FP��V��� DW� �����&�� ,Q� UHIHUHQFH� >���@�� WKH� ILWWHG�

'&U�IRU�D�1L���&U���&R�0R�DOOR\�DW������&�ZDV� IRXQG� WR�EH�฀⸳฀ ㄰ െㄲ �FP��V���� ,W� UHYHDOV�

WKDW�WKH�YDOXHV�IRU�'&U�REWDLQHG�KHUH�DUH�LQ�WKH�VDPH�UDQJH�DV�WKH�GDWD�IRXQG�LQ�OLWHUDWXUH��7KH�

YDOXHV�LQ�WKH�SUHVHQW�VWXG\�DUH�VOLJKWO\�VPDOOHU�WKDQ�WKRVH�LQ�UHIHUHQFH�>��@�DW�FRUUHVSRQGLQJ�

WHPSHUDWXUHV��ZKLFK�PD\�VXJJHVW�WKDW�WKH�DOOR\LQJ�HOHPHQWV�VOLJKWO\�GHFUHDVH�WKH�GLIIXVLYLW\�RI�

&U�LQ�DOOR\�����FRPSDUHG�WR�WKDW�LQ�D�ELQDU\�1L&U�DOOR\��

8VLQJ�WKH�'&U�YDOXH�SUHVHQWHG�LQ�)LJXUH� ˪�����WKH�FDOFXODWLRQ�RI�WKH�&U�FRQFHQWUDWLRQ�SURILOHV�DW�
WKH�VWXGLHG�WHPSHUDWXUHV�IRU�HDFK�VSHFLPHQ�WKLFNQHVV�KDV�EHHQ�FRQGXFWHG�DQG�FRPSDUHG�ZLWK�

WKH�PHDVXUHG�GDWD��$V�H[SHFWHG�� WKH� UHVXOWV�RI� WKH�&U�SURILOHV�FDOFXODWHG�E\�)'0�DVVXPLQJ�

VWHDG\�VWDWH�R[LGDWLRQ�DJUHHV�ZLWK�WKH�H[SHULPHQWDO�UHVXOWV�RQO\�IRU�VKRUW�R[LGDWLRQ�WLPHV��L�H��

DV� ORQJ�DV�VWHDG\�VWDWH�R[LGDWLRQ�SUHYDLO��$Q�H[DPSOH�RI� WKH�FRPSDULVRQ�EHWZHHQ�FDOFXODWHG�

DQG�PHDVXUHG�SURILOHV��KHUH�IRU�D�����PP�VSHFLPHQ��LV�VKRZQ�LQ�)LJXUH� ˪�����7KH�&U�SURILOHV�
DIWHU�VWHDG\�VWDWH�R[LGDWLRQ�IRU�����������������DQG������K�DUH�FDOFXODWHG�DQG�SORWWHG�DV�VROLG�

OLQHV��WKH�H[SHULPHQWDO�GDWD�DIWHU������DQG������K�R[LGDWLRQ�DUH�SORWWHG�DV�GDWD�SRLQWV�ZLWK�WKH�

VDPH�FRORU�DV�WKH�UHVSHFWLYH�FDOFXODWHG�OLQHV�IRU�WKH�FRUUHVSRQGLQJ�WLPHV��

�
)LJXUH� ˪����� )LWWHG� YDOXHV� �DW� ����� DQG� �����&�� DQG� H[WUDSRODWHG� YDOXH� �DW� ����&�� IRU� WKH�
GLIIXVLRQ�FRHIILFLHQW�RI�&U�LQ�DOOR\�����DV�IXQFWLRQ�RI���7��
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���

�

7KH�R[LGDWLRQ�NLQHWLFV�RI� WKH�����PP�VSHFLPHQ�DW������&�DOUHDG\�VWDUWV�WR�GHYLDWH�IURP�WKH�

VWHDG\�VWDWH�SRZHU� ODZ�R[LGDWLRQ� DIWHU� DERXW� ����K� �VHH�)LJXUH� ˪������7KH� VR�FDOOHG� ³VXSHU�
SDUDEROLF´�R[LGDWLRQ�EHKDYLRU�RI�WKH�����PP�VSHFLPHQ�UHVXOWV�LQ�D�PXFK�IDVWHU�FRQVXPSWLRQ�

RI�&U�WKDQ�GXULQJ�WKH�VWHDG\�VWDWH�R[LGDWLRQ�VWDJH��&KDSWHU� ˪����7KHUHIRUH��WKH�FDOFXODWHG�OLQH�

DIWHU������K� LV�PXFK�KLJKHU� WKDQ� WKH�PHDVXUHG�&U�SURILOH��ZKHUHDV� WKH�FDOFXODWHG� OLQH�DIWHU�

�����K�LV�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�PHDVXUHG�GDWD��,W�FDQ�EH�FRQFOXGHG�IURP�WKLV�UHVXOW�WKDW�

WKLV� )'0� FDOFXODWLRQ� DSSURDFK� LV� RQO\� VXLWDEOH� LQ� WKH� VWHDG\�VWDWH� R[LGDWLRQ� VWDJH�� DQG� WKH�

HUURU�LQFUHDVHV�ZLWK�LQFUHDVLQJ�R[LGDWLRQ�WLPH��

7KH�DUHD�PDUNHG�E\�WKH�JUD\�GDVKHG�VTXDUH�LQ�)LJXUH� ˪����LV�DPSOLILHG�DQG�VKRZQ�DW�WKH�ORZHU�
ULJKW� FRUQHU�� 7KH� UHVXOWV� LOOXVWUDWH� WKH� FKDQJH� RI� WKH� LQWHUIDFH� &U� FRQFHQWUDWLRQ� DVVXPLQJ�

SRZHU� ODZ� R[LGDWLRQ� NLQHWLFV�ZLWK� Q �����:LWK� Q������ WKH� RXWZDUG� IOX[� RI� &U� KDV� D� ODUJHU�

GHSHQGHQFH�RQ�WLPH��WKH�IOX[�GHFUHDVHV�ZLWK�WLPH�IDVWHU�WKDQ�LQ�SDUDEROLF�NLQHWLFV���WKXV��WKH�

GHSOHWLRQ�SURILOHV�WHQG�WR�EH�IODWWHU�WKDQ�IRU�WKH�SDUDEROLF�NLQHWLFV��%HIRUH�WKH�GLIIXVLRQ�IURQW�

UHDFKHV� WKH� FHQWHU� RI� WKH� VSHFLPHQ� �L�H�� IRU� ���� DQG� ���� K��� WKH�&U� LQWHUIDFH� FRQFHQWUDWLRQ�

LQFUHDVHV�VOLJKWO\�ZLWK�WLPH��LQ�DJUHHPHQW�ZLWK�WKH�FRQVLGHUDWLRQ�LQ�6HFWLRQ��������

�
)LJXUH� ˪�����&DOFXODWHG�&U�GHSOHWLRQ�SURILOHV��XVLQJ�)'�PHWKRG��IRU�����PP�VSHFLPHQ�RI�DOOR\�
����DW������&�DIWHU�GLIIHUHQW�WLPHV�VKRZLQJ�FRPSDULVRQ�ZLWK�H[LVWLQJ�H[SHULPHQWDO�GDWD�DIWHU�

�����K�DQG������K��UHG�GDVKHG�OLQH�LQGLFDWHV�WKH�RULJLQDO�&U�FRQFHQWUDWLRQ���,QSXW�GDWD�ZHUH�

VWHDG\� VWDWH� R[LGDWLRQ� NLQHWLFV� IURP� )LJXUH� ˪����� XVLQJ� N ������� PJ�FP���K����� DQG� Q �����

,QVHW�VKRZV�FDOFXODWHG�SURILOHV�QHDU�DOOR\�VFDOH�LQWHUIDFH��
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�

,I�WKH�GLIIXVLRQ�SURILOH�UHDFKHV�WKH�FHQWHU�RI�WKH�VSHFLPHQ�� WKH�LQWHUIDFH�FRQFHQWUDWLRQ�KDV�WR�

VOLJKWO\� GHFUHDVH� LQ� RUGHU� WR� PDLQWDLQ� WKH� VDPH� IOX[�� 6R� DW� ���� K�� WKH� &U� LQWHUIDFH�

FRQFHQWUDWLRQ�LV�VOLJKWO\�ORZHU�FRPSDUHG�WR�WKDW�DW�����K��)URP�����WR������K��WKH�LQWHUIDFH�

FRQFHQWUDWLRQ�FRQWLQXHV�WR�LQFUHDVH�DQG�ILQDOO\�GHFUHDVHV�ZLWK�LQFUHDVLQJ�WLPH��H�J��IURP������

WR������K���$�GHWDLOHG�TXDQWLWDWLYH�H[SODQDWLRQ�RI� WKH�GLIIXVLRQ�PDWKHPDWLFV� FRQFHUQLQJ� WKH�

VROXWH�GHSOHWLRQ�SURFHVVHV�IDOOV�RXWVLGH�VFRSH�RI�WKH�SUHVHQW�VWXG\��DQG�ZLOO�QRW�EH�GLVFXVVHG�LQ�

GHWDLO�KHUH��

7KH�DERYH�UHVXOWV�LOOXVWUDWH�WKDW�WKH�)'0�FDOFXODWLRQ�DVVXPLQJ�VWHDG\�VWDWH�R[LGDWLRQ�FDQQRW�

EH�DSSOLHG�IRU�SUHGLFWLRQ�RI�&U�GHSOHWLRQ�SURILOHV�DIWHU�ORQJ�WLPH�R[LGDWLRQ�GXH�WR�WKH�LQDELOLW\�

WR� GHVFULEH� WKH� FRPSOH[� R[LGDWLRQ� EHKDYLRU� �VFDOH� VSDOOLQJ� DQG� ³VXSHU�SDUDEROLF´� VFDOH�

JURZWK���7R�PDNH� WKH�)'�PRGHOLQJ� DSSOLFDEOH� WR� WKH� F\FOLF� R[LGDWLRQ�SUREOHP�� WKH� VWHDG\�

VWDWH� )'0� KDV� WR� EH� FRUUHODWHG� ZLWK� WKH� F\FOLF� R[LGDWLRQ� PRGHO�� L�H�� WKH� PRGLILHG� &263�

DSSURDFK��RI�ZKLFK� WKH�FRQFHSW�DQG�PRGHO� IRUPXODWLRQV�KDYH�EHHQ�H[WHQVLYHO\�H[SODLQHG� LQ�

&KDSWHU�˪����

7KH� FRQVLGHUDEOH� HUURU� RI� WKH� )'0� FDOFXODWLRQV� LQ� GHVFULELQJ� ORQJ� WLPH� F\FOLF� R[LGDWLRQ�

DSSHDUV�EHFDXVH�WKH�DVVXPHG�VWHDG\�VWDWH�VFDOH�JURZWK�QHJOHFWV�WKH�DGGLWLRQDO�RXWZDUG�IOX[�RI�

&U�FDXVHG�E\�WKH�VFDOH�VSDOODWLRQ�DQG�UH�KHDOLQJ�RU�E\�WKH�HQKDQFHG�&U�FRQVXPSWLRQ�LQ�FDVH�RI�

³VXSHU�SDUDEROLF´�NLQHWLFV��7KHUHIRUH��WKH�ZD\�WR�UHODWH�WKH�)'0�WR�WKH�PRGLILHG�&263�LV�WR�

FKDQJH�WKH�ERXQGDU\�FRQGLWLRQ�DW�WKH�DOOR\�VFDOH�LQWHUIDFH�WR�D�PRUH�UHDOLVWLF�YDOXH�ZKLFK�KDV�

EHHQ�FDOFXODWHG�E\�WKH�PRGLILHG�&263�PRGHO�RQ�WKH�EDVLV�RI�WKH�H[SHULPHQWDOO\�GHWHUPLQHG�

R[LGDWLRQ� NLQHWLF� GDWD�� WKLV� FRQGLWLRQ� PD\� EH� GHVLJQDWHG� DV� ³LQVWDQWDQHRXV� ERXQGDU\�

FRQGLWLRQ´��:LWK� WKH� PRGLILHG� &263�PRGHO�� WKH� WRWDO� FRQVXPSWLRQ� RI� &U� DIWHU� HDFK� F\FOH�

�PP�L��FDQ�EH�FDOFXODWHG��$IWHU�WKH�VWHDG\�VWDWH�R[LGDWLRQ�VWDJH��WKH�DFFHOHUDWHG�FRQVXPSWLRQ�RI�

&U�GXH�WR�VFDOH�VSDOOLQJ�RU�GXH�WR�³VXSHU�SDUDEROLF´�R[LGDWLRQ�LV�WDNHQ�LQWR�DFFRXQW�DQG�UHVXOWV�

LQ�D�YDOXH�IRU�PP�L�DIWHU�HDFK�WKHUPDO�F\FOH��7KH�PDVV�IOX[�RI�&U�DW�WKH�DOOR\�VFDOH�LQWHUIDFH�DW�

D�JLYHQ�WLPH�LV� WKH�GHULYDWLYH�RI� WKH�&U�FRQVXPSWLRQ�WR�WLPH��$V�DQ�DSSUR[LPDWLRQ�� WKH�IOX[�

JLYHQ�LQ�(T���˪�����FDQ�EH�UHZULWWHQ�LQWR�WKH�IROORZLQJ�H[SUHVVLRQ��VHH�DOVR�)LJXUH�˪������

฀䍲 ฀
摭 ฀
摴 ൎ ο฀฀ο฀ ฀
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�

+HUH�-&U�LV�WKH�PDVV�IOX[�RI�&U��PP�L�WKH�WRWDO�FRQVXPSWLRQ�RI�&U�DIWHU�F\FOH�QXPEHU�L��DQG�ο฀�
WKH� LQFUHPHQW� LQ� WLPH�� KHUH� HTXDO� WR� WKH� F\FOH� GXUDWLRQ� ���� K� DW� ����� DQG� �����&�� ��� K� DW�

����&���)RU�FRQYHUWLQJ�WKH�PDVV�IOX[�LQWR�DWRPLF�IOX[��WKH�LQVWDQWDQHRXV�ERXQGDU\�FRQGLWLRQ�

�(T�� � ˪������ FDQ� EH� DSSOLHG� WR� WKH� VDPH� H[SOLFLW� ILQLWH� GLIIHUHQFH� HTXDWLRQV� DV� XVHG� IRU� WKH�
VWHDG\�VWDWH� R[LGDWLRQ� VWDJH�� ,Q� WKLV� ZD\�� WKH� LQVWDQWDQHRXV� ERXQGDU\� FRQGLWLRQ� ILQDOO\�

EHFRPHV� WKH�EULGJH�EHWZHHQ� WKH�F\FOLF�R[LGDWLRQ�EHKDYLRU�DQG� WKH� ILQLWH�GLIIHUHQFH�PHWKRG��

:LWK�WKH�LQVWDQWDQHRXV�ERXQGDU\�FRQGLWLRQ��WKH�SUHGLFWHG�&U�GHSOHWLRQ�SURILOH�VKRXOG�EH�IODWWHU�

DQG�WKH�FRQFHQWUDWLRQV�RI�&U�DW� WKH�DOOR\�VFDOH�LQWHUIDFH�DQG�WKH�PLG�SODQH�RI� WKH�VSHFLPHQV�

VKRXOG�GHFUHDVH�IDVWHU�WKDQ�FDOFXODWHG�XVLQJ�WKH�ERXQGDU\�FRQGLWLRQ�IRU�VWHDG\�VWDWH�R[LGDWLRQ�

�(T���˪�������

�
)LJXUH� ˪�����6FKHPDWLF�LOOXVWUDWLRQ�RI�ERXQGDU\�FRQGLWLRQV�IRU�&U�IOX[�XVHG�LQ�)'0�IRU�QRQ�

VWHDG\�VWDWH�R[LGDWLRQ�FRQGLWLRQV��� ��WKLFNQHVV�RI�VSHFLPHQ��

)LJXUH� ˪����VKRZV�WKH�&U�GHSOHWLRQ�SURILOHV�DIWHU�ORQJ�WLPH�H[SRVXUH�������DQG������K��DW�WKH�
VWXGLHG�WHPSHUDWXUHV�FDOFXODWHG�ZLWK�WKH�)'0�DQG�DUH�FRPSDUHG�ZLWK�WKH�PHDVXUHG�(';�GDWD��

$W�����&�DIWHU�ERWK������DQG������K�DQG�DW������&�DIWHU������K��WKH�GHYLDWLRQV�IURP�VWHDG\�

VWDWH�R[LGDWLRQ�ZHUH��DV�H[SHFWHG�QRW�YHU\�VLJQLILFDQW��)LJXUH� ˪������7KHUHIRUH�WKH�&U�GHSOHWLRQ�
SURILOHV� FDQ� VWLOO� EH� GHVFULEHG� ZLWK� )'0� DVVXPLQJ� VWHDG\�VWDWH� R[LGDWLRQ� DV� H[SODLQHG� LQ�

6HFWLRQ�˪�������7KH�SURILOHV�FDOFXODWHG�E\�)'0�DVVXPLQJ�VWHDG\�VWDWH�R[LGDWLRQ�DUH�PDUNHG�DV�

GDVKHG� OLQHV� LQ� RUGHU� WR� EH� GLVWLQJXLVKHG� IURP� WKH� VROLG� OLQHV� FDOFXODWHG� E\� )'0� IRU� QRQ�

VWHDG\�VWDWH�R[LGDWLRQ��)LJXUH�˪����D�G���

$W� �����&� WKH� GHYLDWLRQ� IURP� VWHDG\�VWDWH� R[LGDWLRQ� DSSHDUV� DOUHDG\� TXLWH� HDUO\� L�H�� DIWHU�

DERXW�����K��)LJXUH� ˪������7KHUHIRUH��WKH�&U�SURILOH�DIWHU������K�KDV�WR�EH�FDOFXODWHG�E\�)'0�

IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ��WKH�OLQHV�FDOFXODWHG�IRU�ERWK�WLPHV�DUH�VKRZQ�DV�VROLG�OLQHV�LQ�

)LJXUH�˪����H�I���

ୢ୒ୢ୶ ൌ Ͳ��[ ��
[ � [ ��

$OOR\�VFDOH�
LQWHUIDFH

0LGGOH�RI�
VSHFLPHQ
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)LJXUH� ˪�����&RPSDULVLRQ�EHWZHHQ�FDOFXODWHG�DQG�PHDVXUHG�&U�GHSOHWLRQ�SURILOHV�RI�DOOR\�����
DW�D��E������&��F��G�������&��DQG�H��I�������&��7KH�UHG�GDVKHG�OLQHV�LQGLFDWH�WKH�RULJLQDO�&U�

FRQFHQWUDWLRQ��WKH�VROLG�V\PEROV�UHSUHVHQW�WKH�GDWD�PHDVXUHG�E\�(';��7KH�VROLG�OLQHV�UHODWH�WR�

FDOFXODWLRQV�E\�)'0�IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ��WKH�JUHHQ�DQG�SXUSOH�GDVKHG�OLQHV�UHODWH�

WR�FDOFXODWLRQV�E\�)'0�DVVXPLQJ�VWHDG\�VWDWH�R[LGDWLRQ��
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&RPSDULVRQ�RI�)LJXUH� ˪����F�DQG�)LJXUH� ˪����UHYHDOV�IRU�WKH�����PP�VSHFLPHQ�DIWHU������K�DW�
�����&� WKDW� WKH� SUHGLFWHG� &U� FRQFHQWUDWLRQ� SURILOH� RI� WKLV� VSHFLPHQ� �DIWHU� H[WHQVLYH� &U�

FRQVXPSWLRQ�XQGHU�F\FOLF�R[LGDWLRQ��E\�)'0�IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ�VKRZV�IDU�EHWWHU�

DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� GDWD� WKDQ� WKDW� SUHGLFWHG� E\� )'0� DVVXPLQJ� VWHDG\�VWDWH�

R[LGDWLRQ��7KLV�LOOXVWUDWHV�WKDW�WKH�)'0�IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ�ZLWK�WKH�LQVWDQWDQHRXV�

ERXQGDU\� FRQGLWLRQ� H[SODLQHG� LQ�)LJXUH� ˪���� FDQ� DGHTXDWHO\� GHVFULEH� WKH� DFFHOHUDWLRQ� RI�&U�
GHSOHWLRQ� IRU� ORQJ� WHUP� F\FOLF� R[LGDWLRQ� FRQGLWLRQV�� ,W� LV� DSSDUHQW� WKDW� LQ� DOO� WKH� FDOFXODWHG�

FDVHV�JRRG�DJUHHPHQW�LV�IRXQG�EHWZHHQ�FDOFXODWHG�DQG�PHDVXUHG�GDWD�DW�DOO�WHVW�WHPSHUDWXUHV�

IRU�����DQG�����PP�VSHFLPHQV�ZLWK�DFFHSWDEOH�HUURUV��JLYHQ�WKH�FRPPRQ�LQDFFXUDFLHV�LQ�WKH�

(';�PHDVXUHPHQWV�DQG�WKH�DVVXPSWLRQV�PDGH�LQ�WKH�PRGHOLQJ��6LPLODU�JRRG�DJUHHPHQW�ZDV�

IRXQG�DOVR�IRU�WKH�����PP�VSHFLPHQV��

7KH�UHVXOV�LQ�WKH�SUHYLRXV�VHFWLRQ�VKRZ�WKDW�IRU�ORQJ�WLPH�R[LGDWLRQ�WKH�&U�GHSOHWLRQ�SURILOHV�

KDYH�WR�EH�SUHGLFWHG�E\�)'0�IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ�WR�REWDLQ�PRUH�DFFXUDWH�UHVXOWV��

7KHUHIRUH��WKH�SXUSRVH�RI�SUHGLFWLQJ�WLPHV�W
�RI�WKH�FRPSRQHQWV�VKRXOG�DOVR�EH�UHDOL]HG�E\�WKH�

)'0�WDNLQJ�QRQ�VWHDG\�VWDWH�NLQHWLFV�LQWR�DFFRXQW���

$FFRUGLQJ�WR�WKH�H[SHULPHQWDO�REVHUYDWLRQV�� WKH�HQG�RI� OLIHWLPH�LV�GHILQHG�DV� WKH�WLPH�ZKHQ�

WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�UHDFKHV����ZW����DV�GLVFXVVHG�LQ�&KDSWHU�˪���7R�GLVWLQJXLVK�IURP�

WKH�QRWDWLRQ�RI�W���XVHG�LQ�UHVHUYRLU�DSSURDFK��KHUH�WKH�OLIHWLPH�OLPLW�LV�GHVLJQDWHG�DV�W��)��7KH�

VDPH�DSSURDFK�DQG�PRGHO�SDUDPHWHUV�IRU�SUHGLFWLQJ�WKH�&U�GHSOHWLRQ�SURILOHV�DV�H[SODLQHG�LQ�

6HFWLRQ� ˪������DUH�XVHG��7KH�RQO\�GLIIHUHQFH�LV�WKDW��KHUH�WKH�FDOFXODWLRQ�LV�UXQ�XQWLO�D�FULWLFDO�

QXPEHU�RI�F\FOHV�ZKHUH�WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�KDV�GHFUHDVHG�WR����ZW�����

)LJXUH� ˪����VKRZV�WKH�FDOFXODWHG�SURILOHV�XSRQ�UHDFKLQJ�W��)�IRU�GLIIHUHQW�VSHFLPHQ�WKLFNQHVVHV�
DW� WKH� VWXGLHG� WHPSHUDWXUHV�� 7KH� UHIHUHQFH� OLQH� LQ� )LJXUH� ˪���� LQGLFDWHV� WKH� DVVXPSWLRQ� RI�
TXDVL�IODW�&U� SURILOHV� DW� WKH� HQG�RI� OLIHWLPH��ZKLFK�ZDV�� LQ� DQDORJ\� WR�)H&U$O� >���� ��@� DQG�

FKURPLD�IRUPLQJ�IHUULWLF�VWHHOV�>������@�XVHG�DV�WKH�FULWHULRQ�RI�OLIHWLPH�OLPLW�LQ�WKH�SUDJPDWLF�

UHVHUYRLU�DSSURDFK� IRU�DOOR\����� LQ�&KDSWHU� ˪���$V�H[SHFWHG�� DW� DOO� WHPSHUDWXUHV� WKH� OLIHWLPH�

OLPLWV� IRU� WKH� ���� DQG� ����PP� VSHFLPHQV� DUH�PXFK� ORQJHU� WKDQ� IRU� WKH� ����PP� VSHFLPHQ��

EHFDXVH�RI� WKH� ODUJHU�UHVHUYRLUV�RI�&U�DV�ZHOO�DV� WKH� OLPLWHG�DFFHOHUDWLRQ�RI�&U�FRQVXPSWLRQ�

FDXVHG�E\�VFDOH�VSDOODWLRQ�FRPSDUHG�WR�WKDW�FDXVHG�E\�³VXSHU�SDUDEROLF´�R[LGDWLRQ�RI�WKH�����

PP�VSHFLPHQ��&KDSWHU�˪�����
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)RU�WKH�����PP�VSHFLPHQ�DW������&���)LJXUH� ˪����E���WKH�OLIHWLPH�OLPLW�W��)�LV������K��ZKLFK�LV�
LQ� JRRG� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� REVHUYDWLRQ� WKDW� EUHDNDZD\� W\SH� R[LGDWLRQ� ZDV�

REVHUYHG� DW� WKH� HGJHV� RI� WKH� VSHFLPHQ� DIWHU� ����� K� ZLWK� DQ� LQWHUIDFH� &U� FRQFHQWUDWLRQ� RI�

DSSUR[LPDWHO\����ZW�����VHH�H�J��)LJXUH�˪����F���

,W�FDQ�EH�REVHUYHG�WKDW�IRU�D�JLYHQ�VSHFLPHQ�WKLFNQHVV�� WKH�&U�SURILOH�DW�W��)�EHFRPHV�IODWWHU�

ZLWK� LQFUHDVLQJ� WHPSHUDWXUH�� )RU� H[DPSOH�� ZLWK� WKH� VDPH� LQWHUIDFH� &U� FRQFHQWUDWLRQ� RI� ���

ZW�����WKH�PLG�SODQH�&U�FRQFHQWUDWLRQ�RI�WKH�����PP�VSHFLPHQ�LV������ZW����DW�����&�������

ZW����DW������&��DQG������ZW����DW������&��

&RQVLGHULQJ�WKH�H[SHULPHQWDOO\�REVHUYHG�QRQ�IODW�&U�SURILOHV�SUHYDLOLQJ�HYHQ�DIWHU�YHU\�ORQJ�

WLPH�R[LGDWLRQ�RI�1L�&U�DOOR\V��WKH�XVH�RI�WKH�)'0�IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ�WR�SUHGLFW�

WKH�OLIHWLPH�VKRXOG�EH�PRUH�DFFXUDWH�WKDQ�WKH�SUHYLRXVO\�XVHG�UHVHUYRLU�DSSURDFK��7KH�OLIHWLPH�

OLPLWV� RI� DOOR\� ���� DW� DOO� VWXGLHG� WKLFNQHVVHV� DQG� WHPSHUDWXUHV� FDOFXODWHG� E\� )'0� DUH�

FRPSDUHG�ZLWK�WKH�UHVXOWV�RI�WKH�UHVHUYRLU�DSSURDFK�LQ�7DEOH� ˪����DQG�)LJXUH� ˪�����%HFDXVH�RI�
WKH�ODFN�RI�H[SHULPHQWDO�GDWD��WKH�W��)�RI�WKH�����PP�VSHFLPHQ�DW�����&�LV�LQWHUSRODWHG��JUH\�

QXPEHUV�LQ�7DEOH�˪�����ZLWK�WKH�VDPH�PRGHO�SDUDPHWHUV�DV�IRU�WKH�����PP�VSHFLPHQ�DVVXPLQJ�
VLPLODU�EHKDYLRU�RI�VFDOH�VSDOODWLRQ�RI�WKH�����DQG�����PP�VSHFLPHQV�DW�����&��7KH�OLIHWLPH�

OLPLWV� REWDLQHG� E\� WKH� WZR� DSSURDFKHV� DUH� FRPSDUDEOH� ZLWKLQ� DFFHSWDEOH� UHODWLYH� HUURUV�

฀ሺ฀㄰ ฀െ ฀㄰ ሻ฀ ฀㄰ ฀�WDNLQJ� LQWR� DFFRXQW� WKH� XQFHUWDLQW\� LQ� WKH� R[LGDWLRQ� LQGXFHG� OLIHWLPH�
SUHGLFWLRQ��7KLV�UHVXOW�VXJJHVWV�WKDW�WKH�DVVXPSWLRQ�RI�D�TXDVL�IODW�&U�SURILOH�DW�WKH�HQG�RI�WKH�

OLIHWLPH� LQ� WKH� UHVHUYRLU� DSSURDFK�ZLOO� QRW� OHDG� WR� ODUJH� HUURUV� LQ� SUHGLFWLRQ� RI� W
� DQG� LV� D�

UHDVRQDEOH�PHWKRG�WR�EH�DSSOLHG�IRU�D�SUDJPDWLF�OLIHWLPH�SUHGLFWLRQ��

7DEOH� ˪�����/LIHWLPH� OLPLWV�RI�DOOR\�����VSHFLPHQV�FRPSDULQJ�FDOFXODWHG�UHVXOWV�REWDLQHG�E\�
)'0�IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ��W��)��DQG�E\�UHVHUYRLU�DSSURDFK��W�����5HVXOWV�RI�����PP�

VSHFLPHQV� DW� ����&� ZHUH� REWDLQHG� E\� XVLQJ� LQWHUSRODWHG� H[SHULPHQWDO� GDWD� �VHH� WH[W� IRU�

H[SODQDWLRQ���

3UHGLFWHG�OLIHWLPH��K��

7HPSHUDWXUH���&�� ���� ����� �����

6SHFLPHQ�WKLFNQHVV��PP�� W��)� W��� W��)� W��� W��)� W���

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

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

���� ������ ������� ������ ������ ����� ������
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7KHRUHWLFDOO\��WKH�W��)�YDOXHV�SUHGLFWHG�E\�)'0�VKRXOG�EH�VOLJKWO\�VKRUWHU�WKDQ�WKRVH�SUHGLFWHG�

E\� WKH� UHVHUYRLU� DSSURDFK�� EHFDXVH� LQ� WKH� ODWWHU�PRUH� &U� KDV� WR� EH� FRQVXPHG� WR� UHDFK� WKH�

OLIHWLPH�OLPLW�GXH�WR�WKH�DVVXPSWLRQ�RI�IODW�SURILOH��0RVW�RI�WKH�UHVXOWV�REH\�WKLV�H[SHFWDWLRQ��

KRZHYHU�DQ�H[FHSWLRQ�DSSHDUV�IRU�WKH�����PP�VSHFLPHQ�DW������&��0DQ\�IDFWRUV�FDQ�OHDG�WR�

WKLV� GLIIHUHQFH�� LQFOXGLQJ� WKH� VFDWWHULQJ� LQ� GDWD� FDXVHG� GXULQJ� WKH� H[SHULPHQW� DQG� E\� WKH�

DVVXPSWLRQV�DQG�DSSUR[LPDWLRQV� LQ� WKH�PRGHOLQJ�SURFHGXUHV��+HUH�� IRU�H[DPSOH�� WKH� ORQJHU�

W��)�FDOFXODWHG�E\�)'0�PLJKW�UHVXOW�IURP�DQ�XQGHUHVWLPDWLRQ�RI�WKH�&U�IOX[�GXULQJ�ORQJ�WHUP�

R[LGDWLRQ��

�
)LJXUH� ˪�����/LIHWLPH�OLPLWV�W���SUHGLFWHG�E\�)'0�IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ�DQG�UHVHUYRLU�

DSSURDFK�IRU�DOOR\�����RI�GLIIHUHQW�WKLFNQHVVHV�DW�VWXGLHG�WHPSHUDWXUHV��

7R�EH�QRWHG�LV�WKDW�WKH�DEVROXWH�YDOXH�RI�WKH�DYHUDJH�UHODWLYH�HUURU�GHFUHDVHV�ZLWK�LQFUHDVLQJ�

WHPSHUDWXUH��DV�VKRZQ�LQ�7DEOH� ˪�����7KH�WRWDO�&U�FRQVXPSWLRQ�XQWLO�UHDFKLQJ�WKH�OLIHWLPH�OLPLW�
FDOFXODWHG�E\�WKH�)'0�DSSURDFK�LV�OHVV�WKDQ�WKDW�FDOFXODWHG�E\�WKH�UHVHUYRLU�DSSURDFK�ZKLFK�

DVVXPHV� D� TXDVL�IODW� &U� FRQFHQWUDWLRQ� SURILOH� ZKHQ� WKH� R[LGDWLRQ� WLPH� DSSURDFKHV� W
�� )RU�

H[DPSOH�� WKH�&U� FRQFHQWUDWLRQ� SURILOH� RI� WKH� ����PP� VSHFLPHQ� DW� WKH� WLPH� W��)�DW� ����&� LV�

VWHHSHU� WKDQ� WKDW� DW� �����&� �)LJXUH� ˪���� D� F��� 7KLV� UHVXOWV� LQ� D� ODUJHU� GLIIHUHQFH� RI� WKH�
FDOFXODWHG� &U� FRQVXPSWLRQ� EHWZHHQ� WKH� YDOXHV� REWDLQHG� E\� WKH� )'0� DSSURDFK� DQG� WKH�

UHVHUYRLU� DSSURDFK� DW� ����&� WKDQ� WKDW� DW� �����&��7KHUHIRUH� WKH� UHODWLYH� GLIIHUHQFH�EHWZHHQ�

W��)� DQG� W��� RI� WKH� ����PP� VSHFLPHQ� FDOFXODWHG� IRU� ����&� LV� ODUJHU� WKDQ� WKDW� FDOFXODWHG� IRU�

�����&��
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�����
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7KH�DGYDQWDJH�RI�WKH�)'0�DSSURDFK�LV�LWV�DELOLW\�WR�SUHGLFW�WKH�OLIHWLPH�OLPLWV�W
�DV�ZHOO�DV�WR�

SUHGLFW�&U�GHSOHWLRQ�SURILOHV�DW�WKH�VDPH�WLPH��7KH�SUHGLFWHG�YDOXH�RI�W
�LV�LQ�PRVW�FDVHV�PRUH�

FRQVHUYDWLYH�WKDQ�WKRVH�SUHGLFWHG�E\�WKH�UHVHUYRLU�DSSURDFK��

7DEOH� ˪����� 7DEOH� VKRZLQJ� WKH� DYHUDJH� UHODWLYH� HUURUV� EHWZHHQ� W��)� DQG� W��� RI� DOOR\� ���� DW�
WHPSHUDWXUHV�IURP�����WR������&��

7HPSHUDWXUH���&�� ���� ����� �����

$YHUDJH�UHODWLYH�HUURU� ������ ������ �������

+RZHYHU��FRPSDUHG�WR�WKH�UHVHUYRLU�DSSURDFK��WKH�FDOFXODWLRQ�RI�)'0�QHHGV�PRUH�FRPSXWHU�

WLPH�DQG��WKXV��ORQJHU�FDOFXODWLRQ�WLPHV�WR�REWDLQ�WKH�ILQDO�UHVXOW��)RU�H[DPSOH��IRU�WKH�����PP�

VSHFLPHQ� DW� ����&�� WKH� W
� LV� PRUH� WKDQ� �������� KRXUV� DQG� LW� WDNHV� DERXW� ��� PLQXWHV� RI�

FDOFXODWLRQ�WR�UHDFK�WKLV�WLPH�ZLWK����K�WLPH�VWHSV��ZKHUHDV�RQO\�VHYHUDO�VHFRQGV�DUH�QHHGHG�

XVLQJ� WKH� UHVHUYRLU� DSSURDFK�� ,W� LV� DSSDUHQW� WKDW� WKH� WLPH� IRU� FDOFXODWLRQ� ZLWK� )'0� ZLOO�

LQFUHDVH� ZLWK� LQFUHDVLQJ� VSHFLPHQ� WKLFNQHVV�� GHFUHDVLQJ� WHPSHUDWXUH�� DQG� GHFUHDVLQJ� F\FOH�

GXUDWLRQ��L�H��VPDOOHU�WLPH�VWHS���

$QRWKHU� OLPLWDWLRQ� LPSDUWHG� E\� WKH� )'0� LV� WKH� VWDELOLW\� FULWHULRQ� �(T�� � ˪������ >���@� IRU� WKH�
H[SOLFLW�ILQLWH�GLIIHUHQFH�PHWKRG��

฀฀ο฀ο฀฀ ൑ ฀� �˪�����

+HUH� '� LV� WKH� GLIIXVLRQ� FRHIILFLHQW��ο฀�WKH� WLPH� VWHS�� DQG�ο฀�WKH� VSDFH� VWHS�� 7KLV� VWDELOLW\�
FULWHULRQ�LPSOLHV� WKDW�DQDO\]LQJ�WKH�UHVXOWV�ZLWK�JUHDW�GHWDLO� LQ�VSDFH��ZLWK�D�YHU\�VPDOO�ο฀���
DXWRPDWLFDOO\�PHDQV�WKDW� WKH�WLPH�VWHS�VKRXOG�DOVR�EH�VPDOO��+RZHYHU�LQ�WKH�SUHVHQW�PRGHO��

ZLWK�WKH�LQVWDQWDQHRXV�ERXQGDU\�FRQGLWLRQ�WKH�WLPH�VWHS�ο฀�VKRXOG�EH�WKH�VDPH�DV�WKH�GXUDWLRQ�
RI�WKH�WKHUPDO�F\FOH�XVHG�GXULQJ�WKH�H[SHULPHQWV��KHUH����K�RU����K���ZKLFK�PHDQV�WKDW�WKH�ο฀�
FDQQRW�EH�DQ�DUELWUDU\�FKRVHQ� VPDOO�YDOXH��7KH�SUREOHP�ZLOO� HVSHFLDOO\�DSSHDU�DW�YHU\�KLJK�

WHPSHUDWXUHV�DW�ZKLFK� WKH�YDOXH�RI�'� LV�TXLWH� ODUJH��)RU� H[DPSOH�� DVVXPLQJ�฀ ฀ ฀฀㄰ െㄱ �

FP��V����DFFRUGLQJ� WR�(T�� �˪������ο฀ ο฀฀Τ ൑ ㄰ ㄰ ��DQG�DQ�H[SHULPHQWDO�F\FOH�GXUDWLRQ�RI����K�

�������� V�� UHVXOWV� LQ�ο฀൒ ฀฀ ฀฀ ㄰ െ฀฀ 捭 �� 7R� PDNH� VXUH� WKDW� WKH� KDOI�WKLFNQHVV� RI� WKH�

VSHFLPHQ�LV�GLYLGHG�LQWR�DW�OHDVW����VSDFHV�����GDWD�SRLQWV�IRU�GHVFULELQJ�WKH�&U�SURILOH���WKH�

VWXGLHG� ZDOO� WKLFNQHVV� VKRXOG� QRW� EH� WKLFNHU� WKDQ� ����� PP�� 7KH� SUREOHP� RI� WKH� VWDELOLW\�
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FULWHULRQ� FDQ� EH� DYRLGHG� E\� DSSO\LQJ� WKH� &UDQN�1LFKROVRQ� PHWKRG� IRU� WUDQVIHUULQJ� WKH�

GLIIXVLRQ� HTXDWLRQ� LQWR� ILQLWH� GLIIHUHQFH� HTXDWLRQV� ZLWKRXW� ORVLQJ� DFFXUDF\� >���@�� EXW� WKH�

PRGHO�HTXDWLRQV�ZLOO�EHFRPH�KDUGHU�WR�KDQGOH�WKDQ�XVLQJ�WKH�H[SOLFLW�PHWKRG��

6XPPDUL]LQJ�LW�FDQ�EH�VDLG�WKDW�WKH�)'0�IRU�QRQ�VWHDG\�VWDWH�R[LGDWLRQ�SURYLGHV�WKH�DELOLW\�WR�

SUHGLFW� WKH� &U� GHSOHWLRQ� SURILOHV� DW� WKH� HQG� RI� WKH� FRPSRQHQW� OLIHWLPH� LQ� SDUDOOHO� WR� WKH�

SUHGLFWLRQ�RI�WKH�OLIHWLPH�OLPLWV��,W�KDV�EHHQ�IRXQG�E\�FRPSDULVRQ�RI� WKH�)'0�DQG�UHVHUYRLU�

DSSURDFK� WKDW� LQ� PRVW� FDVHV� WKH� IRUPHU� UHVXOWV� LQ� VKRUWHU�� WKXV� PRUH� FRQVHUYDWLYH� OLIHWLPH�

YDOXHV�� +RZHYHU�� WKH� UHVHUYRLU� DSSURDFK� KDV� WKH� DGYDQWDJH� WKDW� LW� FDQ� EH�� WKHRUHWLFDOO\��

DSSOLHG� WR� DOO� R[LGL]HG� VSHFLPHQV� RI�1L&U�DOOR\V�ZKRVH� OLIHWLPH� LV� OLPLWHG� E\� D� FULWLFDO�&U�

GHSOHWLRQ�ZLWKRXW�DQ\�VWDELOLW\�OLPLWDWLRQV��WKHUHE\�SURYLGLQJ�OLIHWLPH�GDWD�ZKLFK�GR�QRW�GLIIHU�

WRR� VLJQLILFDQWO\� IURP� WKH� )'0� UHVXOWV�� DOVR� LW� GHVFULEHV� WKH� GHSHQGHQFH� RI� OLIHWLPH� RQ�

R[LGDWLRQ� NLQHWLFV�� WLPH�� DQG� VSHFLPHQ� WKLFNQHVV� LQ� D� UHDVRQDEO\� DFFXUDWH� PDQQHU�� /DUJHU�

GLIIHUHQFH�EHWZHHQ� UHVXOWV� REWDLQHG�E\� WKH� WZR�PHWKRGV� DUH� IRU� DOOR\� V\VWHPV� LQ�ZKLFK� WKH�

YDOXH�RI�N�'�LV�TXLWH�ODUJH��L�H��LI�FULWLFDO�&U�LQWHUIDFH�FRQFHQWUDWLRQ�HVWDEOLVKHV�EHIRUH�D�FHUWDLQ�

³IODWWHQLQJ´�RI�WKH�&U�FRQFHQWUDWLRQ�SURILOHV�KDV�RFFXUUHG��
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� 0LFURVWUXFWXUDO�FKDQJHV�DQG�R[LGDWLRQ�LQGXFHG�GDPDJH�GXULQJ�
R[LGDWLRQ�RI�DOOR\�;�

���� $QDO\]HG�FKHPLFDO�FRPSRVLWLRQ�

6ROLG�VROXWLRQ�DQQHDOHG�SODWH�PDWHULDO�RI�DOOR\�;�ZLWK�D�WKLFNQHVV�RI���PP�ZDV�VXSSOLHG�E\�

9'0�0HWDOV�� 7KH� QRPLQDO� DQG� DQDO\]HG� FKHPLFDO� FRPSRVLWLRQV� RI� WKH� DOOR\� DUH� OLVWHG� LQ�

7DEOH� ˪�����7KH�DQDO\]HG�FRPSRVLWLRQV�RI�&U��)H��0R��&R�DQG�&�DUH�EHWZHHQ� WKH�PD[LPXP�

DQG�PLQLPXP�RI�WKH�QRPLQDO�YDOXHV��KRZHYHU�QR�:�ZDV�IRXQG�E\�WKH�,&3�2(6�PHWKRG�LQ�WKH�

VWXGLHG�EDWFK��$GGLWLRQDOO\��PLQRU�DPRXQWV�RI�WKH�HOHPHQWV�7L��1�DQG�2��QRW�FOHDUO\�VSHFLILHG�

LQ�WKH�QRPLQDO�FRPSRVLWLRQ��ZHUH�IRXQG�E\�,&3�2(6�RU�LQIUDUHG�DQDO\VLV��

7DEOH� ˪�����&KHPLFDO�FRPSRVLWLRQ�RI�VWXGLHG�EDWFK�RI�$OOR\�;��LQ�ZW�����GHWHUPLQHG�E\�,&3�
2(6� DQG� FRPEXVWLRQ� LQIUDUHG� DQDO\VLV� FRPSDUHG� ZLWK� QRPLQDO� FRPSRVLWLRQ� VXSSOLHG� E\�

PDQXIDFWXULQJ�GDWD�VKHHW�>���@��
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���� 2[LGDWLRQ�NLQHWLFV�

)LJXUH� ˪����VKRZV�WKH�DUHD�VSHFLILF�ZHLJKW�FKDQJHV�RI�DOOR\�;�VSHFLPHQV�GXULQJ�R[LGDWLRQ�DW�
�����������& ��$W�WKH�WKUHH�WHPSHUDWXUHV��QR�WKLFNQHVV�GHSHQGHQFH�RI�WKH�R[LGDWLRQ�NLQHWLFV�LV�

DSSDUHQW� GXULQJ� WKH� ILUVW� VWDJHV� RI� H[SRVXUH�� 7KH� UHVXOWV� LQ� )LJXUH� ˪���� VKRZ� WKDW� WKH�
LQGHSHQGHQFH�RI�VSHFLPHQ� WKLFNQHVV�SUHYDLOV�XS� WR�DERXW�����K�DW�����&������K�DW������&��

DQG�����K�DW������&��7KH�VKRUWHQLQJ�RI�WKLV�VWDJH�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�LV�LQ�TXDOLWDWLYH�

DJUHHPHQW�ZLWK�WKH�UHVXOWV�REWDLQHG�IRU�DOOR\������6HFWLRQ�˪������

�



���0LFURVWUXFWXUDO�FKDQJHV�DQG�R[LGDWLRQ�LQGXFHG�GDPDJH�GXULQJ�R[LGDWLRQ�RI�DOOR\�;�

����

�

D��

�
E��

�
F��

�
)LJXUH� ˪�����:HLJKW� FKDQJH� FXUYHV� RI� DOOR\� ;� VSHFLPHQV�ZLWK� GLIIHUHQW� WKLFNQHVVHV� GXULQJ�

R[LGDWLRQ�WHVWV�DW�D������&��E�������&��DQG�F�������&�LQ�DLU��
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$IWHU�WKH�ILUVW�R[LGDWLRQ�VWDJH��WKH�ZHLJKW�FKDQJH�RI�WKH�WKLQQHVW�VSHFLPHQV������PP��DOZD\V�

H[KLELWV� ³VXSHU�SDUDEROLF´� NLQHWLFV�� 7KH� VDPH� EHKDYLRU� KDV� EHHQ� REVHUYHG� IRU� WKH� ���� PP�

VSHFLPHQV�RI�DOOR\������DQG��DV�GLVFXVVHG�LQ�˪6HFWLRQ�˪�����WKH�WKLQQHU�WKH�VSHFLPHQ��WKH�VPDOOHU�

WKH� WHQGHQF\� WR� VFDOH� VSDOODWLRQ��$V� H[SODLQHG� LQ� 6HFWLRQ� ˪������� WKH� UHOD[DWLRQ� RI� WKH� VWUHVV�

GXULQJ�FRROLQJ�LQ�WKH�VFDOH�RI�WKH�WKLQQHVW�VSHFLPHQ�ZLOO�HYHQWXDOO\�FKDQJH�WKH�VWUHVV�VWDWH�LQ�

WKH�VFDOH�GXULQJ�UH�KHDWLQJ�IURP�FRPSUHVVLYH�WR�WHQVLOH�� UHVXOWLQJ�LQ�WKH�IRUPDWLRQ�RI�PLFUR�

FUDFNV�LQ�WKH�VFDOH��ZKLFK�LQFUHDVHV�WKH�R[LGDWLRQ�UDWH��6HOHFWHG�H[SHULPHQWV�ZHUH�LQWHUUXSWHG�

SULRU�WR�UHDFKLQJ�WKH�ILQDO�H[SRVXUH�WLPH�RI������K�EHFDXVH�RI�WKH�DSSHDUDQFH�RI�EUHDNDZD\�

R[LGDWLRQ��

7R�EH�QRWLFHG�LV�WKDW�DW������&��QRW�RQO\�WKH�ZHLJKW�FKDQJH�RI�WKH�����PP�EXW�DOVR�WKDW�RI�WKH�

����PP�VSHFLPHQ�VKRZV�D�VKRUW�SHULRG��VHH�WKH�UHG�SRLQWV�EHWZHHQ�����K�DQG�����K��RI�VOLJKW�

³VXSHU�SDUDEROLF´�EHKDYLRU��$W�KLJKHU�WHPSHUDWXUH��WKH�WHPSHUDWXUH�GLIIHUHQFH�EHWZHHQ�XSSHU�

DQG�ORZHU�GZHOO�WHPSHUDWXUH�GXULQJ�WKHUPDO�F\FOLQJ�LV�ODUJHU��ZKLFK�OHDGV�WR�WKHUPDO�VWUHVVHV�

DSSDUHQWO\� ODUJH� HQRXJK� WR� FDXVH� WKH� WKLFNHU� VSHFLPHQ� WR� FUHHS� DIWHU� D� FULWLFDO� QXPEHU� RI�

F\FOHV�� L�H�� DIWHU� H[FHHGLQJ� D� FHUWDLQ� VFDOH� WKLFNQHVV�� $V� VKRZQ� LQ� &KDSWHU� ˪��� WKH� ���� PP�

VSHFLPHQ�RI�DOOR\�����GLG�DW������&�QRW�VKRZ�WKH�³VXSHU�SDUDEROLF´�EHKDYLRU��7KLV�GLIIHUHQFH�

EHWZHHQ�DOOR\�����DQG�DOOR\�;�DW������&�PD\�EH�UHODWHG�WR�WKH�IDFW�WKDW�WKH�FUHHS�VWUHQJWK�RI�

DOOR\�����LV�KLJKHU�WKDQ�WKDW�RI�DOOR\�;��DV�LQGLFDWHG�LQ�WKH�SURGXFW�GDWD�VKHHWV�>������������@��

7KH�ODUJHU�WHQGHQF\�WR�³VXSHU�SDUDEROLF´�R[LGDWLRQ�PD\�DOVR�EH�UHODWHG�WR�WKH�KLJKHU�R[LGDWLRQ�

UDWH� RI� DOOR\�;�FRPSDUHG� WR� WKDW� RI� DOOR\����� �DV�ZLOO� EH� IXUWKHU� GLVFXVVHG� LQ�6HFWLRQ� ˪������

ZKLFK�PD\�OHDG�WR�D�ODUJHU�WHQVLOH�VWUHVV�LQ�WKH�VXEVWUDWH�DW�D�JLYHQ�WLPH�GXH�WR�D�WKLFNHU�R[LGH�

VFDOH��

7KH� GUDVWLF� VFDOH� VSDOODWLRQ� �UDSLG� GURS� RI� WKH� QHW� ZHLJKW� FKDQJH� FXUYHV�� RI� WKH� ���� PP�

VSHFLPHQ�DIWHU������K�DW������&�DQG�����K�DW������&�DV�ZHOO�DV�WKH�����PP�VSHFLPHQ�DIWHU�

�����K�DW������&�LV�QRW�UHODWHG�WR�VSDOODWLRQ�RI�WKH�SURWHFWLYH�FKURPLD�EDVH�VFDOH�EXW�LQGLFDWHV�

IDLOXUH�RI�WKH�VSHFLPHQV��DV�ZLOO�EH�GLVFXVVHG�ODWHU�LQ�6HFWLRQ�˪�����,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�

DW� �����&� WKH� ZHLJKW� FKDQJH� RI� DQ� DGGLWLRQDO� WHVW� VSHFLPHQ� ZLWK� D� WKLFNQHVV� RI� �� PP� LV�

DOPRVW�WKH�VDPH�DV�WKDW�RI� WKH�����PP�HVSHFLDOO\�DIWHU�ORQJ�WLPH�H[SRVXUH��VHH�)LJXUH� ˪������
7KLV� UHVXOW� VXJJHVWV� WKDW� DW� D� JLYHQ� WHPSHUDWXUH�� WKH� VSHFLPHQ� WKLFNQHVV� GHSHQGHQFH� RI�

R[LGDWLRQ� EHKDYLRU� EHFRPHV� OHVV� VLJQLILFDQW� ZKHQ� WKH� VSHFLPHQ� WKLFNQHVV� LV� ODUJHU� WKDQ� D�

FULWLFDO�YDOXH��
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)LJXUH� ˪�����&RPSDULVRQ�RI�ZHLJKW�FKDQJH�GDWD�RI���PP�DQG�����PP�VSHFLPHQV�RI�DOOR\�;�
GXULQJ�R[LGDWLRQ�DW������&�LQ�DLU��

7KH�VLPLODULW\�RI� WKH�R[LGDWLRQ�EHKDYLRU�EH\RQG�D�FULWLFDO� VSHFLPHQ� WKLFNQHVV�KDV�DOVR�EHHQ�

IRXQG�IRU�DOOR\������6HFWLRQ�˪������DQG�FDQ�EH�H[SODLQHG�LQ�WKH�IROORZLQJ�ZD\��

7KH�PDLQ�UHDVRQ�RI�WKH�WKLFNQHVV�GHSHQGHQW�R[LGDWLRQ�UDWH�LV�WKH�GLIIHUHQW�H[WHQW�RI�VXEVWUDWH�

FUHHS�� 7KHUHIRUH� LI� WKH� VXEVWUDWH� GRHV� LGHDOO\� QRW� FUHHS� RU� WKH� FUHHS� UDWH� LV� TXLWH� VORZ�� WKH�

WKLFNQHVV�GHSHQGHQFH�ZLOO�YDQLVK��

'XULQJ�ORQJ�WHUP�KLJK�WHPSHUDWXUH�R[LGDWLRQ��WKH�JURZWK�RI�WKH�R[LGHV�RQ�WKH�WRS�RI�WKH�DOOR\�

ZLOO�FUHDWH�JURZWK�VWUHVV��ɐ佘฀ ��EHFDXVH�RI�WKH�GLVWRUWLRQ�RI�WKH�ODWWLFH�>������������@�DQG�RU�

R[LGH�IRUPDWLRQ�ZLWKLQ�WKH�VFDOH�>��@��2Q�DQ�DOOR\�VXEVWUDWH�ZLWK�D�JLYHQ�WKLFNQHVV��WKH�JURZWK�

VWUHVV� LQFUHDVHV� ZLWK� LQFUHDVLQJ� R[LGH� WKLFNQHVV� >��@�� 7KH� WKHUPDO� PLVPDWFK� GXH� WR� WKH�

GLIIHUHQFH�EHWZHHQ�WKH� WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�RI� WKH�R[LGH�DQG� WKH�DOOR\��Ƚ佘 െ Ƚ฀��
UHVXOWV� GXULQJ� WKH� FRROLQJ� SURFHVV� LQ� D� FRPSUHVVLYH� WKHUPDO� VWUHVV� LQ� WKH� VFDOH� �ɐ佘䥉 �� DQG� D�

WHQVLOH�WKHUPDO�VWUHVV�LQ�WKH�DOOR\��ɐ฀䥉 ���)RU�PHFKDQLFDO�HTXLOLEULXP�WKH�IRUFH�EDODQFH�GLFWDWHV�
>���@��

ɐ฀฀฀䥉 ฀ ɐ佘฀฀䥉 ฀佘฀฀� � ˪�����
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ZKHUH�WKH�VXSHUVFULSW�,�LQGLFDWHV�WKH�JURZWK�VWUHVV��,,�WKH�WKHUPDO�VWUHVV��K2;�LV�WKH�WKLFNQHVV�RI�

WKH�R[LGH�OD\HU�IRUPHG�RQ�HDFK�VLGH�RI�D�IODW�VXEVWUDWH�RI�WKLFNQHVV��K0��

$FFRUGLQJ� WR� UHIHUHQFH� >���@�� WKH� JURZWK� VWUHVV� DQG� WKH� WKHUPDO� VWUHVV� LQ� WKH� VFDOH� FDQ� EH�

H[SUHVVHG�E\�WKH�IROORZLQJ�HTXDWLRQ��

ɐ佘䥉 ฀
฀佘ሺ฀െ฀佘 ሻ ሺȽ佘 െ Ƚ฀ሻο฀

฀฀฀ � �˪�����

:KHUH�(�LV�WKH�<RXQJெV�PRGXOXV��Y�LV�WKH�3RLVVRQ�UDWLR��DQG�5�UHSUHVHQWV�D�WHUP�LQFOXGLQJ�WKH�

R[LGH�DQG�DOOR\�WKLFNQHVV��

฀฀
฀佘 ሺ฀െ฀฀ሻ
฀฀ሺ฀െ฀佘 ሻ ή฀佘฀฀� � ˪�����

$� FRQFOXVLRQ� GUDZQ� IURP�(T�� � ˪����� DQG� �˪����� LV� WKDW� IRU� D� WKLFN� DOOR\� VXEVWUDWH��ZKHUH� WKH�

R[LGH�DOOR\�WKLFNQHVV�UDWLR�K2;�K0ا�����WKH�GHSHQGHQFH�RI�WKHUPDO�VWUHVV�LQ�WKH�VFDOH�DV�ZHOO�

DV�WKH�WKHUPDO�VWUHVV�LQ�WKH�DOOR\�VXEVWUDWH��(T���˪������RQ�K2;�K0�RU�RQ�K0�FDQ�EH�QHJOHFWHG��

7KH�FUHHS�RI� WKH�DOOR\�LV�H[SUHVVHG�JHQHUDOO\�DV�D�SRZHU�ODZ�VWUHVV�GHSHQGHQFH�RI�WKH�FUHHS�

UDWH�LQ�WKH�PHWDO�RQ�WKH�DSSOLHG�VWUHVV��IRU�HLWKHU�JURZWK�VWUHVV�RU�WKHUPDOO\�LQGXFHG�VWUHVV��DV�

>��������@�� μɂμ฀฀ ฀ή ɐ฀฀� � ˪�����

+HUH�ɂ�LV�WKH�FUHHS�VWUDLQ��.�LV�FRQVWDQW�IRU�D�JLYHQ�DOOR\�DW�D�JLYHQ�WHPSHUDWXUH�DQG�Q�LV�WKH�
FUHHS�H[SRQHQW�FRPPRQO\�XVHG�ZKHQ�GHVFULELQJ�DQ�H[SRQHQWLDO� VWUHVV�GHSHQGHQFH�RI�FUHHS�

UDWH�>��������@��7KH�FUHHS�UDWH�LQ�WKH�DOOR\�VXEVWUDWH�GXH�WR�WKH�LQGXFHG�WHQVLOH�VWUHVV�FDXVHG�

E\�WKH�FRPSUHVVLYH�JURZWK�VWUHVV�LQ�WKH�R[LGH�FDQ�WKHQ�EH�GHVFULEHG�DV��μɂμ฀฀ ฀ή ൬ɐ佘 ή฀佘฀฀൰݊ � � ˪�����

2QO\� ZKHQ� WKH� FUHHS� UDWH� H[FHHGV� D� FULWLFDO� YDOXH�� WKH� FUHHS� RI� WKH� VXEVWUDWH� ZLOO� EH�

VXIILFLHQWO\� ODUJH� WR� DIIHFW� WKH� R[LGDWLRQ� NLQHWLFV� RI� D� VSHFLPHQ� ZLWK� JLYHQ� WKLFNQHVV��

$FFRUGLQJ� WR� WKH� DERYH� GLVFXVVLRQV�� WKH� JURZWK� VWUHVV� LQ� R[LGH� � ɐ佘฀ �� GHFUHDVHV� ZLWK�

GHFUHDVLQJ�K2;�K0�UDWLR��WKHUHIRUH�DFFRUGLQJ�WR�(T�������ɐ฀฀�GHFUHDVHV�ZLWK�GHFUHDVLQJ�K2;�K0��
WKH�WKHUPDO�VWUHVV�LQ�WKH�R[LGH��ɐ฀䥉 ��GRHV�QRW�GHSHQG�RQ�WKH�K2;�K0�UDWLR�RQFH�WKH�K0�H[FHHGV�D�

FULWLFDO� YDOXH�� 7KHUHIRUH�� WKH� FUHHS� UDWH� LV� DSSUR[LPDWHO\� RQO\� GHSHQGHQW� RQ� WKH� UDWLR� RI�
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K2;�K0��7KDW�PHDQV��LI�WKH�WKLFNQHVV�RI�WKH�DOOR\�VXEVWUDWH�K0�LV�ODUJHU�WKDQ�D�FULWLFDO�YDOXH��WKH�

FUHHS� UDWH� RI� WKH� VXEVWUDWH� LV� WRR� VPDOO� WR� FDXVH� D� VLJQLILFDQW� LQIOXHQFH� RQ� WKH� R[LGDWLRQ�

NLQHWLFV��

7KHUHIRUH�� ZKHQ� WKH� VXEVWUDWH� WKLFNQHVV� LV� ODUJHU� WKDQ� D� FULWLFDO� YDOXH�� WKH� DOOR\� H[KLELWV� D�

³TXDVL�HODVWLF´�EHKDYLRU�GXULQJ�R[LGDWLRQ��,Q�WKLV�FDVH��WKH�UDWH�RI�VFDOH�JURZWK�DV�ZHOO�DV�WKH�

UDWH� RI� VFDOH� VSDOODWLRQ�ZLOO� QR� ORQJHU� GHSHQG� RQ� WKH� VXEVWUDWH� WKLFNQHVV�� 7KLV� H[SODLQV� WKH�

VLPLODULWLHV�LQ�R[LGDWLRQ�NLQHWLFV��DQG�WKH�UDWH�RI�VSDOODWLRQ�RI�WKH�����DQG���PP�VSHFLPHQV��,W�

VKRXOG�EH�PHQWLRQHG�WKDW�RWKHU�DXWKRUV�RI�UHIHUHQFH�>��@�VKRZHG�� WKDW� WKH� WHQGHQF\�WR�VFDOH�

VSDOOLQJ� LV� QRW� RQO\� DIIHFWHG� E\� VFDOH� WKLFNQHVV� EXW� DGGLWLRQDOO\� E\� IRUPDWLRQ� RI� SK\VLFDO�

GHIHFWV� �FUDFNV�� YRLGV�� LQ� WKH� VFDOH� DQG�RU� DW� WKH� DOOR\�VFDOH� LQWHUIDFH�� H�J�� DV� D� UHVXOW� RI�

YDFDQF\�FRQGHQVDWLRQ��VHH�6HFWLRQ�˪��������$�GHWDLOHG�GHVFULSWLRQ�RI�WKHVH�HIIHFWV�IDOOV�RXWVLGH�

WKH�SUHVHQW�GLVFXVVLRQ��

,W�FDQ� WKXV�EH�FRQFOXGHG� WKDW�� LQ� WKH�VWXGLHG� WHPSHUDWXUH�UDQJH�� WKH�GLIIHUHQFHV� LQ�R[LGDWLRQ�

NLQHWLFV� DIWHU� WKH� VWHDG\�VWDWH� R[LGDWLRQ� VWDJH� PLJKW� EH� FODVVLILHG� DFFRUGLQJ� WR� VSHFLPHQ�

WKLFNQHVVHV��³SODVWLF´�EHKDYLRU�IRU�����PP�DQG�WKLQQHU�VSHFLPHQV��³PL[HG´�EHKDYLRU�IRU�����

PP��DQG�³TXDVL�HODVWLF´�EHKDYLRU�IRU�����PP�DQG�WKLFNHU�VSHFLPHQV��

���� 0LFURVWUXFWUDO�FKDQJHV�DQG�VXEVFDOH�GHSOHWLRQ�

7KH� DV�UHFHLYHG�� VROXWLRQ� DQQHDOHG� DOOR\� ;� FRQVLVWV� PDLQO\� RI� D� IDFH�FHQWHUHG�FXELF� Ȗ�1L�

PDWUL[�DQG�PLQRU�DPRXQW�RI�0�&��([SRVXUHV�DW������������& �UHVXOW�LQ�SUHFLSLWDWLRQ�RI�PRUH�

0�&�SUHFLSLWDWHV�ZLWKLQ� WKH�JUDLQV� DV�ZHOO� DV� DW� WKH�JUDLQ�ERXQGDULHV��7KLV� LV� LOOXVWUDWHG�E\�

)LJXUH� ˪����VKRZLQJ�WKH�FURVV�VHFWLRQ�RI�D�����PP�VSHFLPHQ�DIWHU�D����K�VKRUW�WHUP�7*�WHVW�DW�
�����&��L�H��FRQGLWLRQV�XQGHU�ZKLFK�WKH�PLFURVWUXFWXUH�KDV�QRW�EHHQ�DIIHFWHG�E\�WKH�R[LGDWLRQ�

SURFHVV��

)LJXUH� ˪���� VKRZV� WKH� %6(� FURVV� VHFWLRQV� RI� WKH� VSHFLPHQV� DIWHU� ����� K� GLVFRQWLQXRXV�
R[LGDWLRQ�DW������&��$FFRUGLQJ�WR�WKH�(';�HOHPHQW�VSHFWUD��WKHUH�LV�D�WKLQ�OD\HU�RI�0Q��)H��

&U�ULFK�VSLQHO�SKDVH�RQ�WRS�RI�WKH�SXUH�&U�2��VFDOH�RI�WKH�����PP�VSHFLPHQ��ZKLFK�ZDV�QRW�

REVHUYHG�IRU�DOOR\������6HFWLRQ�˪������7KH�IRUPDWLRQ�RI�WKH�FRQWLQXRXV�0Q�ULFK�FKURPLD�VSLQHO�

KDV�IUHTXHQWO\�EHHQ�IRXQG�WR�EH�DFFRPSDQLHG�E\�D�KLJKHU�FKURPLD�JURZWK�UDWH�GXULQJ�DLU�RU�

$U�2��H[SRVXUH�>���@��7KLV�PLJKW�H[SODLQ�WKH�IDVWHU�R[LGDWLRQ�NLQHWLFV�RI�DOOR\�;�FRPSDUHG�WR�

WKDW�RI�DOOR\������



���0LFURVWUXFWXUDO�FKDQJHV�DQG�R[LGDWLRQ�LQGXFHG�GDPDJH�GXULQJ�R[LGDWLRQ�RI�DOOR\�;�

����

�

7KH�VSLQHO�SKDVH�ZDV�QRW�REVHUYHG�IRU�WKH�����DQG�����PP�VSHFLPHQV��ZKLFK�PD\�EH�WKH�UHVXOW�

RI�VFDOH�VSDOODWLRQ�RFFXUULQJ�DOUHDG\�DIWHU�DERXW�����K�RI�R[LGDWLRQ��)LJXUH�˪����E���7KH�FUDFNV�
LQ�WKH�XSSHU�SDUW�RI�WKH�R[LGH�VFDOH��)LJXUH� ˪����D��F��LQGLFDWH�WKDW�WKH�VFDOH�VSDOODWLRQ�RFFXUV�
YLUWXDOO\�SDUDOOHO�WR�WKH�JDV�R[LGH�LQWHUIDFH��)LQH�SDUWLFOHV�RI�LQWHUQDO�$O�2��DUH�VFDWWHUHG�LQ�WKH�

VXEVFDOH� UHJLRQ� DV� ZHOO� DV� DORQJ� WKH� JUDLQ� ERXQGDULHV�� 7KH� VL]H� RI� WKH� 0�&� FDUELGH�

SUHFLSLWDWHV�LQFUHDVHG�VOLJKWO\�FRPSDUHG�WR�WKDW�IRXQG�DIWHU�VKRUW�WLPH�R[LGDWLRQ�LQ�WKH�7*�WHVW�

�)LJXUH�˪������

�
)LJXUH� ˪�����%6(�LPDJH�VKRZLQJ�WKH�FURVV�VHFWLRQ�RI�WKH����PP�DOOR\�;�VSHFLPHQ�DIWHU����K�
7*�WHVW�DW������&��

)LJXUH� ˪���� VKRZV� WKH�R[LGH�VFDOHV�DV�ZHOO�DV� WKH�VXEVFDOH�PLFURVWUXFWXUHV�RI� WKH�VSHFLPHQV�
DIWHU������K�GLVFRQWLQXRXV�R[LGDWLRQ�DW������&��7KH�ODWHUDOO\�YDULDEOH�VFDOH�WKLFNQHVV�RI�WKH�

���� PP� VSHFLPHQ� LV� D� UHVXOW� RI� GUDVWLF� VFDOH� VSDOODWLRQ� �)LJXUH� ˪���� E��� $V� PHQWLRQHG� LQ�
6HFWLRQ�˪�����WKH�GUDVWLF�VFDOH�VSDOODWLRQ�LV�QRW�FDXVHG�E\�WKH�VSDOODWLRQ�RI�WKH�SURWHFWLYH�&U�2��

EDVHG�VFDOH��EXW�E\�WKH�VSDOODWLRQ�RI�WKH�QRQ�SURWHFWLYH��³EUHDNDZD\�W\SH´�VFDOH�LQFRUSRUDWLQJ�

UHODWLYH� ODUJH� DPRXQWV� RI� )H� DQG� 0Q�� DV� LQGLFDWHG� E\� WKH� UHVXOW� RI� SRLQW� (';� DQDO\VHV�

�)LJXUH� ˪����D���7KLV�REVHUYDWLRQ�PD\�VXJJHVW�WKDW�WKH�RQVHW�RI�GUDVWLF�VFDOH�VSDOODWLRQ��FKDQJH�
RI� WKH� VORSH� RI� WKH� QHW� ZHLJKW� FKDQJH� FXUYH� DIWHU� D� SHULRG� RI� VWHDG\� VFDOH� VSDOODWLRQ� LQ�

)LJXUH� ˪����E��DSSUR[LPDWHO\�FRUUHVSRQGV�WR�WKH�WLPH�ZKHQ�EUHDNDZD\�R[LGDWLRQ�RFFXUV��)RU�
WKH�����PP�VSHFLPHQ�� LQVWHDG�RI�D�FRQWLQXRXV�OD\HU��RQO\�IUDJPHQWV��H�J��VHH�(';�UHVXOW�RI�

SRLQW����RI�0Q��&U�VSLQHO�DUH�REVHUYHG�DV�D�UHVXOW�RI�VFDOH�VSDOODWLRQ�DV�GLVFXVVHG�DERYH��

7KH�DOOR\�PLFURVWUXFWXUHV�RI�WKH�����DQG�����PP�VSHFLPHQ�DIWHU������K�ORRN�TXLWH�VLPLODU�WR�

WKRVH�RI�WKH�����DQG�����PP�VSHFLPHQV�DIWHU������K�R[LGDWLRQ��)LJXUH� ˪����E�F���+RZHYHU��WKH�
FDUELGH�SUHFLSLWDWHV�LQ�WKH�����PP�VSHFLPHQ�DUH�UHSODFHG�E\�WKH�ʌ�SKDVH�QLWULGH�LQ�WKH�����PP�

VSHFLPHQ�DIWHU������K�R[LGDWLRQ��)LJXUH�����D���7KLV� LV�DQRWKHU� LQGLFDWLRQ�RI� WKH�FKDQJH�RI�
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R[LGH�VFDOH�SURSHUW\�IURP�SURWHFWLYH�WR�QRQ�SURWHFWLYH�DIWHU�D�FULWLFDO�&U�GHSOHWLRQ��LQ�D�VLPLODU�

PDQQHU� DV� H[SODLQHG� IRU� DOOR\� ���� LQ� 6HFWLRQ� ˪����� $GGLWLRQDOO\�� VXEVWDQWLDO� IRUPDWLRQ� RI�

LQWHUQDO�&U�2�� LQWR� WKH�EXON�DOOR\�RFFXUV� LQ� WKH�����PP�VSHFLPHQ�DIWHU������K�R[LGDWLRQ�DW�

�����& ��

�
)LJXUH� ˪����� %6(� FURVV� VHFWLRQ� LPDJHV� DQG� (';� DQDO\VLV� RI� VHOHFWHG� SRLQWV� RI� DOOR\� ;�
VSHFLPHQV�ZLWK�GLIIHUHQW�WKLFNQHVVHV�DIWHU�����K�R[LGDWLRQ�DW������&���

0RUH�FURVV�VHFWLRQ�LPDJHV�IRFXVLQJ�RQ�WKH�PLFURVWUXFWXUHV�LQ�WKH�FHQWHU�RI�WKH�VSHFLPHQV�DIWHU�

R[LGDWLRQ�RI������K�DQG������K�DW������& �DUH� VKRZQ� LQ�)LJXUH� ˪����� ,W� LV� DSSDUHQW� WKDW� WKH�
SDUWLFOH�VL]H�DQG�YROXPH� IUDFWLRQ�RI� WKH�SUHFLSLWDWHG�SKDVH��ZKLWH�FRORUHG�� LQ� WKH�EXON�DOOR\�

LQFUHDVHV�ZLWK�GHFUHDVLQJ�VSHFLPHQ�WKLFNQHVV��FRPSDUH�)LJXUH� ˪����D��E��DQG�F�RU�)LJXUH� ˪����
G��H��DQG�I��DQG�LQFUHDVLQJ�R[LGDWLRQ�WLPH��FRPSDUH�H�J��)LJXUH� ˪����E�DQG�H���7KH�TXDQWLWDWLYH�
YDOXHV�RI�YROXPH�IUDFWLRQV�RI� WKH�SUHFLSLWDWHV�LQ�WKH�VSHFLPHQV�ZHUH�PHDVXUHG�E\�$QDO\6,6�

3UR� ���� VRIWZDUH� DQG� DUH� VKRZQ� LQ� 7DEOH� ˪����� ,W� ZDV� IRXQG� E\� (';� SRLQW� DQDO\VHV� DQG�
PDSSLQJV��VHH�)LJXUH� ˪�����LQ�FRPELQDWLRQ�ZLWK�(%6'�DQDO\VLV�WKDW�WKH�SUHFLSLWDWHV�LQ�WKH�����
PP�VSHFLPHQ�DIWHU�R[LGDWLRQ�IRU������K�DW������& �DUH�0R�ULFK�0�&�FDUELGH���
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,Q� WKH� ����PP� VSHFLPHQ�� WKH� SUHFLSLWDWH� DIWHU� ����� K� LV� PRVWO\�0�&� FDUELGH� DQG� D�PLQRU�

DPRXQW� RI� QLWULGH� ZDV� IRXQG�� 7KH� FRQWUDVW� LQ� )LJXUH� ˪���� GRHV� QRW� DOORZ� DQ� XQHTXLYRFDO�
VHSDUDWLRQ� EHWZHHQ� WKH� QLWULGH� DQG� FDUELGH� SKDVHV�� ZKHUHDV� WKH� (';� HOHPHQW� PDSSLQJ�

�)LJXUH� ˪�����DQG�(%6'�SKDVH�PDSSLQJ��)LJXUH� ˪�����FOHDUO\�LOOXVWUDWH�WKH�SUHVHQFH�RI�QLWULGH�
DW�WKH�JUDLQ�ERXQGDU\�DORQJ�ZLWK�WKH�0�&�SDUWLFOHV��7KH�GDWD�VKRZV�WKDW�WKH�QLWULGH�SRVVHVVHV�

WKH�1L�0R�1�VWUXFWXUH�� LW� LV� WKH� VDPH� W\SH�RI� QLWULGH�SKDVH��GHVLJQDWHG�DV�ʌ�SKDVH� IRXQG� LQ�

DOOR\������&KDSWHU�˪˪ �����

,Q� WKH� ����PP� VSHFLPHQ�� WKH�0�&� FDUELGH� GLVDSSHDUV� DIWHU� ORQJ� WHUP� H[SRVXUH�� ,QVWHDG�� D�

QHWZRUN�RI�QLWULGH�SUHFLSLWDWHV�LV�IRUPHG��)LJXUH� ˪����E���:LWK�GHFUHDVLQJ�VSHFLPHQ�WKLFNQHVV��

WKH� FRQWHQW� RI� 1� LQ� WKH� SUHFLSLWDWH� LQFUHDVHV� DQG� WKH� RULJLQDO� 0�&� LQ� WKH� DOOR\� EHFRPHV�

HYHQWXDOO\�UHSODFHG�E\�WKH�IRUPDWLRQ�DQG�FRDUVHQLQJ�RI�WKH�QLWULGH��

�

)LJXUH� ˪����� %6(� FURVV� VHFWLRQ� LPDJHV� DQG� (';� DQDO\VLV� RI� VHOHFWHG� SRLQWV� RI� DOOR\� ;�
VSHFLPHQV�ZLWK�GLIIHUHQW�WKLFNQHVVHV�DIWHU������K�R[LGDWLRQ�DW������&��
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%HFDXVH�WKH�UHVHUYRLU�RI�&U�LQ� WKH�WKLQ�VSHFLPHQ�LV�VPDOOHU�WKDQ�WKDW�LQ�WKLFN�VSHFLPHQV��WKH�

UH�KHDOLQJ� DELOLW\� RI� WKH� &U�2�� VFDOH� DIWHU� VSDOODWLRQ� GHFUHDVHV� ZLWK� GHFUHDVLQJ� VSHFLPHQ�

WKLFNQHVV��7KHUHIRUH��DIWHU�ORQJ�WHUP�H[SRVXUH��WKH�&U�2��VFDOH�RI�WKH�WKLQQHVW�VSHFLPHQ������

PP��ORVHV�LWV�SURWHFWLYH�SURSHUW\��

�
)LJXUH� ˪����� %6(� FURVV� VHFWLRQ� LPDJHV� VKRZLQJ� WKH� VSHFLPHQ� WKLFNQHVV� GHSHQGHQW�
PLFURVWUXFWXUH�RI�DOOR\�;�VSHFLPHQV�DIWHU�D�F�������K�DQG�G�I�������K�R[LGDWLRQ�DW������&��

7KH�SRRU�SURWHFWLYH�SURSHUW\�RI�WKH�VFDOH�PDNHV�WKH�DOOR\�YXOQHUDEOH�WR�QLWULGDWLRQ�E\�DOORZLQJ�

WKH�PROHFXODU�LQJUHVV�RI�QLWURJHQ�IURP�WKH�DWPRVSKHUH��7KLV�SKHQRPHQRQ�RI�QLWULGH�IRUPDWLRQ�

LV�VLPLODU�WR�WKDW�ZDV�IRXQG�IRU�DOOR\������VHH�&KDSWHU�˪˪ ����

0�&
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7KH�(';�HOHPHQW�PDSSLQJV� �)LJXUH� ˪����� DQG�)LJXUH� ˪������RI� WKH�����PP�VSHFLPHQ�VKRZ�
DJDLQ�WKDW�WKH�SUHFLSLWDWHV�DUH�1L��DQG�0R��ULFK�QLWULGH�DQG�FRQWDLQ�PLQRU�DPRXQWV�RI�&U��7KH�

UDQGRPO\�GLVSHUVHG� VPDOO�EODFN�SDUWLFOHV� LQ� WKH�%6(� LPDJH�RI�)LJXUH� ˪����� DUH� IRXQG� WR�EH�
&U1�QLWULGH��DOVR�VHH�GDUN�EOXH�SDUWLFOHV�LQ�)LJXUH� ˪�������6LQFH�WKH�&U�LV�DQ�LPSRUWDQW�HOHPHQW�
WR�IRUP�WKH�QLWULGHV��WKH�DPRXQW�RI�QLWULGH�LQ�WKH�DOOR\�GHSHQGV�QRW�RQO\�RQ�WKH�SURSHUW\�RI�WKH�

SURWHFWLYH�VFDOH��EXW�DOVR�RQ�WKH�UHVHUYRLU�RI�&U�LQ�WKH�DOOR\��

�
)LJXUH� ˪����� %6(� LPDJH� �OHIW�� DQG� (';� HOHPHQW� PDSSLQJV� LQ� WKH� FHQWHU� RI� WKH� ���� PP�
VSHFLPHQ�RI�DOOR\�;�DIWHU������K�R[LGDWLRQ�DW������&��FRPSDUH�)LJXUH�˪����DQG�)LJXUH� ˪����I���

$IWHU������K�R[LGDWLRQ� �)LJXUH� ˪����G�I��� WKLQQHU� VSHFLPHQV� ����� DQG�����PP��H[KLELW�PRUH�
YRLG�IRUPDWLRQ�LQ�WKH�EXON�DOOR\�WKDQ�WKH�����PP�VSHFLPHQ��7KLV�PLJKW�EH�D�UHVXOW�RI�LQJUHVV�

RI�YDFDQFLHV�SURGXFHG�E\�RXWZDUG�FDWLRQ�IOX[�LQ�WKH�VFDOH��RI�.LUNHQGDOO�YRLGV�>������@�DQG�RU�

FUHHS� YRLGV� >���@� GXH� WR� VXEVWUDWH� FUHHS�� 7KH� ODWWHU� PLJKW� RFFXU� GXULQJ� FRROLQJ� �VHH�
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GLVFXVVLRQV� LQ� 6HFWLRQ� ˪������ EXW� DOVR� GXULQJ� WKH� KLJK� WHPSHUDWXUH� H[SRVXUH� DV� D� UHVXOW� RI�

FRPSUHVVLYH�R[LGH�JURZWK�VWUHVV�LQLWLDWLQJ�WHQVLOH�VWUHVVHV�LQ�WKH�VXEVWUDWH��

�
)LJXUH� ˪����� %6(� LPDJH� �OHIW�� DQG� (';� HOHPHQW� PDSSLQJV� LQ� WKH� FHQWHU� RI� WKH� ���� PP�
VSHFLPHQ�RI�DOOR\�;�DIWHU������K�R[LGDWLRQ�DW������&��FRPSDUH�)LJXUH�˪����H���
�

�
)LJXUH� ˪����� (%6'� SKDVH� PDSSLQJ� LQ� WKH� FHQWHU� RI� WKH� ���� PP� DOOR\� ;� VSHFLPHQ� DIWHU�
R[LGDWLRQ�IRU������K�DW������&��VHH�)LJXUH�˪������
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�
)LJXUH� ˪������ %6(� LPDJH� �OHIW�� DQG� (';� HOHPHQW� PDSSLQJV� LQ� WKH� FHQWHU� RI� WKH� ���� PP�
VSHFLPHQ�RI�DOOR\�;�DIWHU������K�R[LGDWLRQ�DW������&��FRPSDUH�)LJXUH�˪����G���

7KH� YRLGV� LQ� WKH� ���� PP� VSHFLPHQ� HYHQ� VWDUWHG� WR� IRUP� D� QHWZRUN� DOORZLQJ� WKH� LQWHUQDO�

R[LGDWLRQ�RI�&U�DORQJ�WKH�YRLGV��VHH�)LJXUH� ˪����G�DQG�WKH�SKDVH�LQ�DTXD�FRORU�LQ�)LJXUH� ˪�������
7KLV� HIIHFW� PD\� ILQDOO\� LQLWLDWH� IRUPDWLRQ� RI� YLWDO� WUDQVYHUVH� FUDFNV�� ,Q� DGGLWLRQ� WR� WKH�

LQGLFDWLRQV� RI� WKH� EUHDNDZD\� GLVFXVVHG� DERYH�� WKH� PDVVLYH� IRUPDWLRQ� RI� SURWUXVLRQV� RI�

LQWHUQDO�&U�2��LV�VXSSRVHG�WR�EH�DQRWKHU�VLJQ�RI�IDLOXUH�RI�WKH�VSHFLPHQ��

)LJXUH� ˪�����VKRZV�WKH�FURVV�VHFWLRQV�RI�WKH�VSHFLPHQV�DIWHU������K�DQG������K�R[LGDWLRQ�DW�
�����&��6LPLODU�WR�ZKDW�KDV�EHHQ�REVHUYHG�IRU�VSHFLPHQV�R[LGL]HG�DW������&��WKH�DPRXQW�RI�

SUHFLSLWDWHV�LQ�WKH�VSHFLPHQ�FHQWHU�DIWHU������K�R[LGDWLRQ�DW������& �LQFUHDVHV�ZLWK�GHFUHDVLQJ�

VSHFLPHQ� WKLFNQHVV� �VHH� )LJXUH� ˪����� D�F� DQG� 7DEOH� ˪������ +RZHYHU�� WKH� DPRXQW� RI� WKH�
SUHFLSLWDWHV�RI�WKH�����DQG�����PP�VSHFLPHQV�VHHPV�WR�GHFUHDVH�ZLWK�R[LGDWLRQ�WLPH��VKRZLQJ�

DQ�RSSRVLWH� WLPH�GHSHQGHQFH� WR� WKDW�REVHUYHG�DW������& � �)LJXUH� ˪�����G� H� DQG�7DEOH� ˪������
'LIIHUHQW� IURP� WKH� IRUPDWLRQ� RI� D� QHWZRUN� RI� QLWULGH� LQ� WKH� ����PP� VSHFLPHQ� DIWHU� ����� K�

R[LGDWLRQ�DW������&��)LJXUH� ˪����G���KHUH�WKH�QLWULGH�LV�QHDUO\�FRPSOHWHO\�YDQLVKHG�LQ�WKH�EXON�
DOOR\�RI�WKH�����PP�VSHFLPHQ��7KLV�VXJJHVWV�DQ�³HVFDSH´�RI�QLWURJHQ�WR�WKH�DWPRVSKHUH�DIWHU�

ORQJ�WHUP�R[LGDWLRQ�DW�KLJKHU�WHPSHUDWXUH�DV�D�UHVXOW�RI�H[WHQVLYH�&U�GHSOHWLRQ��

���ȝP

1

1L &U

0R



���0LFURVWUXFWXUDO�FKDQJHV�DQG�R[LGDWLRQ�LQGXFHG�GDPDJH�GXULQJ�R[LGDWLRQ�RI�DOOR\�;�

����

�

�

)LJXUH� ˪������%6(�LPDJH��OHIW��DQG�(';�HOHPHQW�PDSSLQJV�LQ�WKH�FHQWHU�RI�WKH�����PP�DOOR\�
;�VSHFLPHQ�DIWHU������K�R[LGDWLRQ�DW������&��FRPSDUH�)LJXUH� ˪����G���

�

�
)LJXUH� ˪������ (%6'� SKDVH� PDSSLQJ� LQ� WKH� FHQWHU� RI� WKH� ���� PP� DOOR\� ;� VSHFLPHQ� DIWHU�
R[LGDWLRQ�RI������K�DW������&��FRPSDUH�)LJXUH�˪����G���
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,W� KDV�EHHQ�PHQWLRQHG� LQ�6HFWLRQ� ˪���� WKDW� WKH� H[SHULPHQWV� DW� �����&�ZHUH� LQWHUUXSWHG�DIWHU�

�����K�GXH�WR�WKH�PDFURVFRSLFDOO\�YLVLEOH�IDLOXUH�RI�VRPH�RI�WKH�VSHFLPHQV��+HUH�WKH�����DQG�

���� PP� VSHFLPHQV� QR� ORQJHU� PDLQWDLQHG� WKH� RULJLQDO� VSHFLPHQ� VKDSH� DIWHU� ����� K��

FRUUHVSRQGLQJ�WR�WKH�GUDVWLF�VFDOH�VSDOODWLRQ�VKRZQ�E\�WKH�ZHLJKW�FKDQJH�FXUYHV�LQ�)LJXUH�˪����

F��7KH�FRQWHQW�RI�&U� LQ� WKH�����PP�VSHFLPHQ�DIWHU������K�DW������&� LV� OHVV� WKDQ����ZW����
�)LJXUH� ˪����� H��� DQG� WKH� FRQWHQW� RI�&U� LQ� WKH� ����PP� VSHFLPHQ� LV� HYHQ� OHVV� WKDQ� ��ZW����
�)LJXUH� ˪�����G���7KLV�LV�OLNHO\�WKH�PDLQ�UHDVRQ�IRU�WKH�DERYH�PHQWLRQHG�GLVVROXWLRQ�RI�QLWULGH��
7KLV� SKHQRPHQRQ� KDV� EHHQ� YHULILHG� E\� WKHUPRG\QDPLF� HTXLOLEULXP� FDOFXODWLRQV� XVLQJ�

7KHUPDO�&DOF������VHH�6HFWLRQ˪�������

)LJXUH� ˪�����VKRZV�WKH�FURVV�VHFWLRQV�RI�WKH�����DQG�����PP�VSHFLPHQV�RI�DOOR\�;�R[LGL]HG�DW�
����&�IRU������K��$V�ZDV�REVHUYHG�IRU�WKH�����PP�VSHFLPHQ�R[LGL]HG�DW������&�IRU������K�

�)LJXUH� ˪������D�WKLQ�OD\HU�RI�0Q�&U�VSLQHO�LV�SUHVHQW�LQ�WKH�RXWHU�SDUW�RI� WKH�VFDOH�RI�WKH�����

PP� VSHFLPHQ�R[LGL]HG� DW� ����&��1HLWKHU� QLWULGDWLRQ� QRU� H[WHQVLYH� LQWHUQDO� R[LGDWLRQ� RI�&U�

ZDV�IRXQG�LQ�WKH�DOOR\�VXEVWUDWH��7KHUHIRUH�QR�LQGLFDWLRQV�RI�EUHDNDZD\�ZHUH�DSSDUHQW�DIWHU�

R[LGDWLRQ�IRU������K�DW�����&�IRU�ERWK�VSHFLPHQ�WKLFNQHVVHV��7KH�VXEVFDOH�&U�FRQFHQWUDWLRQ�

SURILOH�RI�WKH�����PP�VSHFLPHQ�DIWHU�R[LGDWLRQ�RI������K�DW�����&�LV�VKRZQ�LQ�)LJXUH� ˪������
7KH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�LV�a���ZW����DQG�WKH�GHSOHWLRQ�IURQW�KDV�QRW�UHDFKHG�WKH�FHQWHU�

RI�WKH�VSHFLPHQ��7KLV�DJDLQ�LQGLFDWHV�WKDW�WKH�H[SRVXUH�WLPH�RI������K�LV�IDU�VPDOOHU�WKDQ�WKH�

OLIHWLPH�OLPLW�RI�WKLV�VSHFLPHQ��

)LJXUH� ˪����� VKRZV� WKH� WLPH� GHSHQGHQW� VXEVFDOH� &U� FRQFHQWUDWLRQ� SURILOHV� RI� DOOR\� ;�
VSHFLPHQV� RI� GLIIHUHQW� WKLFNQHVVHV� R[LGL]HG� DW� ����� DQG� �����& �� )RU� REWDLQLQJ� PRUH�

TXDQWLWDWLYH� LQIRUPDWLRQ� DERXW� WKH� WLPH� GHSHQGHQFH� RI� WKH� &U� GHSOHWLRQ� NLQHWLFV�� 7*� WHVWV�

ZHUH�FRQGXFWHG�IRU�����DQG�����PP�VSHFLPHQV�DQG�WKH�VXEVFDOH�&U�SURILOHV�DUH�DOVR�VKRZQ�LQ�

)LJXUH� ˪������ 7KH� SURILOHV� UHODWLQJ� WR� VSHFLPHQV� ZLWK� DSSDUHQW� VKDSH� FKDQJH� DIWHU� WKH�
H[SHULPHQWV�DUH�LQGLFDWHG�ZLWK�WKH�ZRUG�³IDLOXUH´��

$V�WKH�UHVXOW�RI�GLIIXVLRQ�FRQWUROOHG�&U�GHSOHWLRQ��D�TXDOLWDWLYHO\�VLPLODU�WLPH�GHSHQGHQFH�LV�

REVHUYHG� KHUH� DV� WKDW� GLVFXVVHG� IRU� DOOR\� ���� LQ� &KDSWHU� ˪�� DQG� ˪��� 7KH� LQWHUIDFH� &U�

FRQFHQWUDWLRQ� LV� DURXQG� ��� �� ���ZW���� EHIRUH� WKH� GLIIXVLRQ� IURQW� UHDFKHV� WKH� FHQWHU� RI� WKH�

VSHFLPHQ��DV�H�J��VHHQ�IURP�WKH�SURILOHV�DIWHU�WKH�����K�7*�WHVW�DW������& �RU�WKH����K�7*�WHVW�

DW������& �LQ�)LJXUH�˪������
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�
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7DEOH� ˪�����9ROXPH�IUDFWLRQ�����RI�SUHFLSLWDWHV��0�&�DQG�RU�ʌ�� LQ� WKH�VSHFLPHQ�FHQWHU�DIWHU�

R[LGDWLRQ�DW������DQG������&��UHG�QXPEHUV�LQGLFDWH�WKH�VLJQLILFDQW�QLWULGDWLRQ�DW������&�DQG�

WKH� YDQLVKLQJ� RI� QLWULGH� DW� �����&� LQ� WKH� ���� PP� VSHFLPHQ�� VHH� WKH� WH[W� IRU� GHWDLOHG�

H[SODQDWLRQ���

� ([SRVXUH�WLPH��K�
� ����� ����� ����� �����

6SHFLPHQ�WKLFNQHVV��PP� �����&��� �����&���
���� ���� ����� ���� ����
���� ���� ���� ���� ����
���� ���� ���� ���� ����
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�
)LJXUH� ˪������&RQFHQWUDWLRQ�SURILOH�RI�&U� LQ�Ȗ�1L�PDWUL[��PHDVXUHG�E\�(';��RI� WKH�����PP�
VSHFLPHQ�RI�DOOR\�;�R[LGL]HG�DW�����&�IRU������K��

$IWHU�WKH�GLIIXVLRQ�IURQW�UHDFKHV�WKH�FHQWHU�RI�WKH�VSHFLPHQV��WKH�PLG�SODQH�&U�FRQFHQWUDWLRQ�

VWDUWV� WR�GHFUHDVH��ZKHUHDV� WKH� LQWHUIDFH�&U�FRQFHQWUDWLRQ� LQFUHDVHV� VOLJKWO\� IRU�D� VKRUW� WLPH�

SHULRG�DQG�WKHQ�GHFUHDVHV�DJDLQ�WRJHWKHU�ZLWK�WKH�PLG�SODQH�&U�FRQFHQWUDWLRQ��7KH�OHYHO�RI����

ZW����&U�ZKLFK�ZDV�XVHG�DV�WKH�OLIHWLPH�FULWHULRQ�IRU�W����LQ�FDVH�RI�DOOR\������LV�PDUNHG�ZLWK�

D�VROLG� OLQH��7KUHH�&U�SURILOHV� �LQ�)LJXUH� ˪�����D�G� H��DUH�EHORZ�WKH�VROLG� OLQHV��DQG�RQH��LQ�
)LJXUH� ˪�����G��LV�RQO\�VOLJKWO\�DERYH��L�H��LW�DOPRVW�UHDFKHV�WKH�FULWLFDO�FRQFHQWUDWLRQ��7KH�IRXU�
VSHFLPHQV� LQ�ZKLFK�WKHVH�&U�SURILOHV�DUH�IRXQG��H[KLELW�VLJQLILFDQW� LQWHUQDO�&U�2�� IRUPDWLRQ�

�PDUNHG� ZLWK� UHG� DUURZV� LQ� )LJXUH� ˪���� DQG� )LJXUH� ˪������� 7KLV� ILQGLQJ� PD\� YHULI\� WKH�
FRQVLGHUDWLRQ�PDGH�DERYH��WKDW�WKH�DSSHDUDQFH�RI�VLJQLILFDQW�LQWHUQDO�&U�2��FRUUHVSRQGV�WR�D�

ORVV�LQ�SURWHFWLYH�SURSHUWLHV�RI�WKH�H[WHUQDO�VFDOH��$OWKRXJK�WKH�����PP�VSHFLPHQ�R[LGL]HG�DW�

�����&� IRU� ����� K� GRHV� QRW� VKRZ� D� FOHDU�PDFURVFRSLFDOO\� YLVLEOH� LQGLFDWLRQ� RI� EUHDNDZD\�
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)LJXUH� ˪����� LOOXVWUDWHV�WKH�FDOFXODWHG�LVRWKHUPDO�VHFWLRQ�RI�WKH�SKDVH�GLDJUDP�IRU�WKH�VWXGLHG�
EDWFK�RI�DOOR\�;�DW������DQG������&��7KXV��WKH�FRQFHQWUDWLRQV�RI�)H��0R��:��&�HWF��DUH�NHSW�

FRQVWDQW� DW� WKH� OHYHO� RI� WKH� DV�UHFHLYHG� PDWHULDO� �7DEOH� ˪������ 7KH� UHG� GRW� LQGLFDWHV� WKH�
FRPSRVLWLRQ�RI�WKH�DOOR\�EHIRUH�R[LGDWLRQ��$FFRUGLQJ�WR�WKH�FDOFXODWLRQV�WKH�DOOR\�KDV�D�WZR�

SKDVH� PLFURVWUXFWXUH� FRQVLVWLQJ� RI� Ȗ�1L� DQG� 0�&�� LQ� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO�

REVHUYDWLRQV� VKRZQ� LQ�)LJXUH� ˪����� 8SRQ� R[LGDWLRQ� IRU� ����� K� DW� �����&� IRU� WKH� ���� PP�
VSHFLPHQ� WKH� FRQFHQWUDWLRQ� RI� &U� LQ� WKH� VSHFLPHQ� FHQWHU� GHFUHDVHV� WR� DERXW� �� �� �� ZW�� ��

�)LJXUH� ˪�����D���ZKHUHDV�WKH�FRQFHQWUDWLRQ�RI�1�VKRXOG�LQFUHDVH��7KXV��WKH�FRPSRVLWLRQ�RI�WKH�
DOOR\�LV�DSSUR[LPDWHO\�ORFDWHG�LQ�WKH�SRVLWLRQ�LQGLFDWHG�E\�WKH�JUHHQ�GRW��7KH�SKDVH�GLDJUDP�DW�

�����&� VKRZV� WKDW� DIWHU� R[LGDWLRQ�� WKH� ʌ�SKDVH� �FDOFXODWHG� FRPSRVLWLRQ� LQ�ZW����� ����0R�

����1L�����&U�����1��LV�IRUPHG�LQ�DGGLWLRQ�WR�WKH�RULJLQDO�WZR�SKDVH�PLFURVWUXFWXUH�RI�Ȗ�1L�

DQG�0�&��FDOFXODWHG�FRPSRVLWLRQ�LQ�ZW����������0R������1L�����&U�����)H�����&R�����&���

:KLOH� DW� �����&��ZLWK�GHFUHDVHG�&U� FRQFHQWUDWLRQ� �KHUH� WKH�YDOXH� RI� ��ZW����DIWHU� �����K�

R[LGDWLRQ�LQ�WKH�VSHFLPHQ�RI�����PP�WKLFNQHVV�WDNHQ�IURP�)LJXUH� ˪�����G���WKH�PLFURVWUXFWXUH�

WUDQVIHUV�IURP�UHJLRQ� � WKURXJK�UHJLRQ� �DQG� � WR� UHJLRQ� ��'XULQJ� WKLV�SURFHVV�� WKH�ʌ�

SKDVH� LV� LQLWLDOO\� IRUPHG� DQG� WKHQ� EHFRPHV� VXEVHTXHQWO\� GLVVROYHG�� 7KH� ODWWHU� UHVXOWV� LQ�

IRUPDWLRQ�RI�QLWURJHQ�JDV�ZKLFK�LV�UHOHDVHG�LQWR�WKH�DWPRVSKHUH��)URP�WKH�GLDJUDP�LW�FDQ�EH�

VHHQ�WKDW��DV�ORQJ�DV�WKH�FRQFHQWUDWLRQ�RI�&U�LV�ORZHU�WKDQ�����ZW����HYHQ�LI�WKDW�RI�1�LV�KLJKHU�

WKDQ�����ZW�����WKH�QLWULGH�ZLOO�FRPSOHWHO\�GLVDSSHDU��)LJXUH�˪�����E���

)LJXUH� ˪�����VKRZV�WKH�FDOFXODWHG�PROH�IUDFWLRQV�RI�WKH�VWDEOH�SKDVHV�LQ�DOOR\�;�DV�D�IXQFWLRQ�
RI�PDVV� IUDFWLRQ� RI�1� DW� D�&U� FRQFHQWUDWLRQ� OHYHO� RI� ��ZW����� 7KLV� YDOXH� LV� DSSUR[LPDWHO\�

EHWZHHQ���ZW����������&��DQG���ZW����������&��RI�&U�LQ�WKH�FHQWHU�RI�WKH�����PP�VSHFLPHQV�

VKRZQ�LQ�)LJXUH� ˪������$FFRUGLQJ�WR�WKH�FDOFXODWLRQ��Ȗ�1L��0�&�DQG�KFS�QLWULGH��ʌ�SKDVH��DUH�

VWDEOH�SKDVHV� DW� �����&��:LWK� LQFUHDVLQJ�PDVV� IUDFWLRQ�RI�1�� WKH� IUDFWLRQ�RI�0�&�GRHV�QRW�

FKDQJH�VLJQLILFDQWO\��ZKHUHDV�WKH�IUDFWLRQ�RI�QLWULGH�LQFUHDVHV��+RZHYHU��WKH�FDOFXODWHG�PROH�

IUDFWLRQ�RI� WKH�QLWULGH� LV�PXFK�OHVV� WKDQ�H[SHULPHQWDOO\�REVHUYHG��HVSHFLDOO\�IRU� WKH� WKLQQHVW�

VSHFLPHQ��7KLV�LQGLFDWHV�WKDW�LQ�UHDOLW\��WKH�PDLQ�UHDVRQ�IRU�WKH�FRDUVHQLQJ�RI�WKH�QLWULGH�LV�WKH�

LQJUHVV�RI�1�IURP�WKH�DWPRVSKHUH��)RU�D�&U�FRQFHQWUDWLRQ�RI���ZW����DW������&�� WKH�QLWULGH�

SKDVH� QR� ORQJHU� H[LVWV��%HVLGHV�� WKH� IUDFWLRQ� RI�0�&�DW� �����&� LV� OHVV� WKDQ� WKDW� DW� �����&�

XQGHU�WKH�FRQGLWLRQV�XVHG�LQ�WKH�FDOFXODWLRQ��
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�
)LJXUH� ˪������6HFWLRQ�RI�WKH�1L�&U�)H�0R�1�SKDVH�GLDJUDP�DW������&�DQG������&�FDOFXODWHG�

LQ�7KHUPR�&DOF�XVLQJ�WKH�771,��GDWDEDVH��&RQFHQWUDWLRQV�RI�)H��0R��&�ZHUH�NHSW�FRQVWDQW�DW�

WKH�OHYHOV�JLYHQ�E\�WKH�LQLWLDO�FRPSRVLWLRQ�RI�DOOR\�;��7DEOH�˪������

�

�
)LJXUH� ˪������0ROH�IUDFWLRQV�RI�VWDEOH�SKDVHV��LQ�DGGLWLRQ�WR�Ȗ�1L��DW������&�DQG������&�LQ�

DOOR\�;�� KRZHYHU�ZLWK� D�&U� FRQFHQWUDWLRQ� RI� ��ZW���� FDOFXODWHG� LQ�7KHUPR�&DOF� XVLQJ� WKH�

771,��GDWDEDVH���

$W� �����&�� WKH� ODUJH� DPRXQW� RI� QLWULGH� IRUPHG� PDNHV� WKH� VSHFLPHQV� EULWWOH�� UHVXOWLQJ� LQ�

IRUPDWLRQ�RI�YRLGV�DQG�FUDFNV�XQGHU�F\FOLF�VWUHVVHV��ZKLFK�PD\�ILQDOO\�OHDG�WR�IUDFWXUH�RI�WKH�

VSHFLPHQ��$V�GLVFXVVHG�LQ�6HFWLRQ�˪����WKH�YRLGV�PD\�SDUWO\�EH�UHODWHG�WR�FUHHS�RI�WKH�VXEVWUDWH��

,W�ZDV�DOVR�IRXQG�WKDW��DOWKRXJK�WKH�����PP�VSHFLPHQ�DIWHU������& �H[SRVXUH�IRU������K�ZDV�
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WRWDOO\�GHVWUR\HG��QR�³FODVVLFDO´�EUHDNDZD\�R[LGDWLRQ�KDV�EHHQ�REVHUYHG��7KLV� LV�DQ�XQXVXDO�

REVHUYDWLRQ�FRPSDUHG�WR�RWKHU�)H�ULFK�1L�&U�DOOR\V�>��@��+RZHYHU��VXEVWDQWLDO�DPRXQW�RI�)H�

ULFK�R[LGH�ZHUH�SUHVHQW� LQ� WKH�RXWHU� OD\HU�RI� WKH�VFDOH�� ,Q� WKH�SUHVHQW�VWXG\�� WKH�PHFKDQLFDO�

IDLOXUH�LV�WKH�PDLQ�UHDVRQ�IRU�WKH�HQG�RI�WKH�VSHFLPHQ�OLIHWLPH��ZKLFK�PHDQV�WKDW�WKH�VSHFLPHQ�

ZDV�VWUXFWXUDOO\�GDPDJHG�E\�WKH�UHSHDWHG�VSDOODWLRQ�RI�WKH�UDSLGO\�JURZLQJ�VFDOH��ZKLFK�OHDGV�

WR�UDSLG�FRQVXPSWLRQ�RI�WKH�PHWDO��

$IWHU�WKH�&U�FRQFHQWUDWLRQ�GHFUHDVHG�WR�D�VXIILFLHQWO\�ORZ�OHYHO��WKH�SURSHUW\�RI�WKH�VFDOH�KDV�

FKDQJHG�IURP�SURWHFWLYH�WR�QRQ�SURWHFWLYH�GXH�WR�LQFRUSRUDWLRQ�RI�HOHPHQWV�OLNH�)H�DQG�0Q�WR�

IRUP�UDSLGO\�JURZLQJ�PL[HG�)H�ULFK�R[LGH�DV�GLVFXVVHG�LQ�6HFWLRQ�˪�����7KH�UDSLG�VSDOODWLRQ�RI�

WKLV� QRQ�SURWHFWLYH� R[LGH� OHDGV� WR�PXFK� ODUJHU�ZHLJKW� ORVVHV� WKDQ� LQ� FDVH� RI� SXUH� FKURPLD�

VSDOODWLRQ��WKXV��PDVVLYH�ORVV�RI�WKH�PHWDO��DFFRPSDQLHG�E\�WKH�IDLOXUH�RI�WKH�VSHFLPHQ��

���� 5HVXOWV�RI�OLIHWLPH�SUHGLFWLRQ�XVLQJ�UHVHUYRLU�DSSURDFK�

7KH�VDPH�DSSURDFK�DV�GHVFULEHG�IRU�DOOR\�����LQ�6HFWLRQ� ˪����ZDV�XVHG�IRU�FRQVWUXFWLRQ�RI�D�

OLIHWLPH�GLDJUDP�IRU�DOOR\�;��$OWKRXJK�QR�³FODVVLFDO´�EUHDNDZD\�R[LGDWLRQ�ZDV�REVHUYHG��WKH�

VSHFLPHQ�RI�����PP�DIWHU�����K�DW������&�DQG�WKH�VSHFLPHQV�RI�����DQG�����PP�DIWHU������K�

DW������&�FOHDUO\�IDLOHG�GXH�WR�WKH�PDVVLYH�ORVV�RI�WKH�PHWDO��$GGLWLRQDOO\��PDVVLYH�QLWULGDWLRQ�

ZDV�IRXQG�LQ�WKHVH�VSHFLPHQV��

$FFRUGLQJ�WR�WKH�&U�FRQFHQWUDWLRQ�SURILOHV�VKRZQ�LQ�)LJXUH� ˪�����DQG�WKH�H[SHULHQFH�JDLQHG�LQ�
WKH�WUHDWPHQW�IRU�DOOR\������WKH�FULWLFDO�YDOXH�RI����ZW����&U�LQ�WKH�DOOR\�VHHPV�DOVR�KHUH�WR�EH�

D�SUDJPDWLF�FULWHULRQ�RI�OLIHWLPH�OLPLW�W
�IRU�DOOR\�;��)LJXUH� ˪�����VKRZV�WKH�FDOFXODWHG�WLPHV�
W��� DW� GLIIHUHQW� WHPSHUDWXUHV� IRU� VSHFLPHQV�RI� GLIIHUHQW� WKLFNQHVVHV��7KH�EODFN�RSHQ� V\PERO�

VKRZV� WKH� H[SHULPHQWDO� R[LGDWLRQ� WLPH� ������ K�� RI� WKH� ����PP� VSHFLPHQ� DW� �����&� DQG� LW�

FRUUHVSRQGV�WR�DQ�LQWHUIDFH�&U�FRQFHQWUDWLRQ�RI�DSSUR[LPDWHO\����ZW�����)LJXUH� ˪�����G���7KH�
GDVKHG� OLQHV� UHSUHVHQW� H[WUDSRODWLRQV� WR�KLJKHU�DQG� ORZHU� WHPSHUDWXUHV��7KH� VWUDLJKW�SDUW�RI�

WKH�GDVKHG� OLQH�VKRZLQJ� WKH�VWHDG\�VWDWH�SRZHU� ODZ�R[LGDWLRQ� LV�FDOFXODWHG�DFFRUGLQJ� WR� WKH�

$UUKHQLXV�ODZ�RI�R[LGDWLRQ�NLQHWLFV��VHH�)LJXUH� ˪������DV�GHVFULEHG�LQ�6HFWLRQ�˪�������7KH�VWDUW�
RI� WKH� GHYLDWLRQ� IURP� WKH� VWHDG\�VWDWH� R[LGDWLRQ� DV� ZHOO� DV� WKH� VORSH� RI� WKH� OLQHV� DIWHU� WKH�

GHYLDWLRQ�DUH�SUHGLFWHG�XVLQJ� WKH� VDPH�SURFHGXUHV�GHVFULEHG� LQ� 6HFWLRQ� ˪������ IRU�DOOR\������

+HUH�WKH�GHYLDWLRQ�RFFXUV�ZKHQ�WKH�ZHLJKW�JDLQ�UHDFKHV�D�YDOXH�RI�DSSUR[LPDWHO\�����PJ�FP���

�VHH�)LJXUH�˪������
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�
)LJXUH� ˪������/LIHWLPH�GLDJUDP�VKRZLQJ�FDOFXODWHG�DQG�H[SHULPHQWDO�OLIHWLPH�OLPLWV�RI�DOOR\�;�
DW� GLIIHUHQW� WHPSHUDWXUHV� IRU� GLIIHUHQW� ZDOO� WKLFNQHVVHV�� 'DVKHG� OLQHV� DUH� H[WUDSRODWLRQV� WR�

KLJKHU� DQG� ORZHU� WHPSHUDWXUHV� EDVHG� RQ� H[SHULPHQWDO� GDWD� DQG� H[WUDSRODWHG� GDWD�

�)LJXUH�˪������XVLQJ�WKH�SURFHGXUHV�GHVFULEHG�LQ�6HFWLRQ�˪�������

,Q�WKH�VDPH�PDQQHU�DV�GRQH�IRU�DOOR\�����LQ�6HFWLRQ�˪�������WKH�FDOFXODWHG�OLIHWLPH�OLPLWV�W���RI�

DOOR\�;�DUH�SORWWHG�DV�D�IXQFWLRQ�RI�VSHFLPHQ�WKLFNQHVV�ZLWK�H[WUDSRODWLRQV�WR�RWKHU�WKLFNQHVV�

�����DQG���PP��DV�ZHOO�DV�WR�RWKHU�WHPSHUDWXUHV������DQG������&��LQ�)LJXUH� ˪������%DVHG�RQ�
WKH� H[SHULPHQWDO� UHVXOWV�� ZKLFK� VKRZHG� QR� VLJQLILFDQW� GLIIHUHQFHV� LQ� R[LGDWLRQ� NLQHWLFV�

EHWZHHQ�WKH�����PP�DQG���PP�WKLFN�VSHFLPHQV��)LJXUH� ˪������WKH�H[WUDSRODWLRQ�IRU�WKH���PP�
VSHFLPHQ� XVHG� WKH� VDPH� PRGHO� SDUDPHWHUV� DV� IRU� WKH� ���� PP� VSHFLPHQ� DW� WKH� UHVSHFWLYH�

WHPSHUDWXUH��7KH�H[WUDSRODWLRQ� WR� WKH�����PP�VSHFLPHQ�XVHG� WKH�VDPH�PRGHO�SDUDPHWHUV�DV�

XVHG�IRU�WKH�����PP�VSHFLPHQ�DW�WKH�FRUUHVSRQGLQJ�WHPSHUDWXUHV��$V�GLVFXVVHG�IRU�DOOR\������

WKLV�DVVXPSWLRQ�PD\�FDXVH�D�VOLJKW�RYHUHVWLPDWLRQ�RI�WKH�OLIHWLPH�W���RI�WKH�����PP�VSHFLPHQ��

,W�KDV�EHHQ�PHQWLRQHG�LQ�6HFWLRQ� ˪����WKDW�WKH�FUHHS�VWUHQJWK�RI�DOOR\�;�LV�SRRUHU�WKDQ�WKDW�RI�

DOOR\������%HVLGHV��DOOR\�;�H[KLELWV�IDVWHU�R[LGDWLRQ�NLQHWLFV�DQG�SRRUHU�VFDOH�DGKHUHQFH�WKDQ�

DOOR\������)LJXUH� ˪�����VKRZV�D�FRPSDULVRQ�RI�WKH�VWHDG\�VWDWH�R[LGDWLRQ�NLQHWLFV�DV�D�IXQFWLRQ�
RI� UHFLSURFDO� WHPSHUDWXUH� IRU� DOOR\�;� DQG� DOOR\� ����� 7KH� N� YDOXHV� IRU� DOOR\�;� DUH� VOLJKWO\�

KLJKHU�WKDQ�WKRVH�RI�DOOR\�����DW�DOO�WHPSHUDWXUHV��7KH�KLJK�FRQWHQW�RI�)H�LQ�DOOR\�;�OHDGV�WR�

WKH�LQFRUSRUDWLRQ�RI�)H�LQWR�WKH�R[LGH�VFDOH��DQG�LQFUHDVHV�WKH�FRQFHQWUDWLRQ�RI�SRLQW�GHIHFWV�
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>��@��ZKLFK�LQFUHDVHV�WKH�R[LGH�JURZWK�UDWH��0RUH�0Q�&U�VSLQHO�RQ�WRS�RI�WKH�VFDOH�RI�DOOR\�;��

DV� GLVFXVVHG� LQ� 6HFWLRQ� ˪����� PD\� EH� DQRWKHU� UHDVRQ� IRU� WKH� HQKDQFHG� FKURPLD� JURZWK� UDWH�

>���@��7KH�SRRUHU�VFDOH�DGKHVLRQ�RQ�WKH�WKLFNHU�VSHFLPHQV�RI�DOOR\�;�FRPSDUHG�WR�����FDQ�EH�

H[SODLQHG�E\�WKH�ODFN�RI�D�UHDFWLYH�HOHPHQW��VXFK�DV�/D��ZKLFK�KDV�WKH�HIIHFW�RI�LPSURYLQJ�WKH�

FRKHUHQFH�EHWZHHQ�WKH�DOOR\�DQG�WKH�R[LGH��VHH�6HFWLRQ�˪������DQG�H�J��UHIHUHQFH�>��������@���

)LJXUH� ˪�����VKRZV�D�FRPSDULVRQ�EHWZHHQ�WKH�FDOFXODWHG�YDOXHV�RI�W���IRU�DOOR\�����DQG�DOOR\�
;��7KH� WLPHV� W���RI�DOOR\�;�DUH� VKRUWHU� WKDQ� WKRVH�RI�DOOR\�����DW� WKH� VDPH� WHPSHUDWXUH� IRU�

VSHFLPHQV�RI� WKH�VDPH�WKLFNQHVV��0RVW�RI� WKH�OLQHV�KDYH�³FRQYH[�LQIOHFWLRQV´�DW�D�VSHFLPHQ�

WKLFNQHVV�RI�����PP��7KLV�FDQ�EH�H[SODLQHG�E\� WKH� IDFW� WKDW�GXULQJ�SURORQJHG�R[LGDWLRQ� WKH�

R[LGDWLRQ�NLQHWLFV�FKDQJHV�IURP�VXE�SDUDEROLF�RI�WKH�³VXSHU�SDUDEROLF´�IRU�WKH�YHU\�WKLQ������

PP��VSHFLPHQV��ZKHUHDV�VFDOH�VSDOODWLRQ� WHQGV� WR�RFFXU� IRU� WKH�����DQG�����PP�VSHFLPHQV��

7KH�³VXSHU�SDUDEROLF´�EHKDYLRU�UHVXOWV�LQ�D�PRUH�VXEVWDQWLDO�HQKDQFHPHQW�RI�&U�FRQVXPSWLRQ��

WKXV�VKRUWHU� OLIHWLPH�� WKDQ� WKH�HQKDQFHPHQW�RI�&U�FRQVXPSWLRQ�E\�VFDOH�VSDOODWLRQ�REVHUYHG�

IRU�WKH�WKLFNHU�VSHFLPHQV��)LJXUH� ˪������'LIIHUHQW�IURP�DOOR\������WKH�LQIOHFWLRQ�DW�����PP�LV�
QRW�FOHDUO\�DSSDUHQW�IRU�DOOR\�;�DW������&��EHFDXVH�DW�WKLV�KLJK�WHPSHUDWXUH�ERWK�WKH�����DQG�

WKH�����PP�VSHFLPHQV�RI�DOOR\�;�VKRZHG�³VXSHU�SDUDEROLF´�R[LGDWLRQ�NLQHWLFV��)LJXUH�˪����F���

�
)LJXUH� ˪������ &DOFXODWHG� WLPHV� W��� DV� IXQFWLRQ� RI� VSHFLPHQ� WKLFNQHVV� IRU� DOOR\� ;� ZLWK�
H[WUDSRODWLRQV� �RSHQ� V\PEROV�� WR� RWKHU� WHPSHUDWXUHV� DQG� VSHFLPHQ� WKLFNQHVVHV� EDVHG� RQ�

H[SHULPHQWDO�UHVXOWV�RI�VSHFLPHQV�R[LGL]HG�DW�VWXGLHG�WHPSHUDWXUHV�������������&���
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�
)LJXUH� ˪������&RPSDULVRQ�RI� UDWH�FRQVWDQW�RI�R[LGDWLRQ�N� �DVVXPLQJ�SRZHU� ODZ�NLQHWLFV�� L�H��
(T�� �˪������ ZLWK� Q ����� GXULQJ� VWHDG\� VWDWH� R[LGDWLRQ� IRU� DOOR\� ;� DQG� DOOR\� ����� &ORVHG�
V\PEROV�DUH�GHULYHG�IURP�H[SHULPHQWDO�GDWD��RSHQ�V\PEROV�DUH�H[WUDSRODWHG�YDOXHV��

�

�
)LJXUH� ˪������&RPSDULVRQ�EHWZHHQ�WKH�WLPHV�W���RI�DOOR\�;�DQG�DOOR\�����FDOFXODWHG�XVLQJ�WKH�
VDPH�³UHVHUYRLU�DSSURDFK´�GHVFULEHG�LQ�6HFWLRQ������
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� 2[LGDWLRQ�EHKDYLRU�DQG�OLIHWLPH�RI�1L&U������62�

���� $QDO\]HG�FKHPLFDO�FRPSRVLWLRQ�

7KH�VWXGLHG�VKHHW�PDWHULDO� ���PP�WKLFNQHVV��RI�1L&U������62�DOOR\�ZDV�VXSSOLHG�E\�9'0�

0HWDOV��7KH�VSHFLILHG�FKHPLFDO�FRPSRVLWLRQ�LV�VLPSO\����ZW����1L�DQG����ZW����&U��ZKHUHDV�

VRPH�PLQRU�DOOR\LQJ�HOHPHQWV�DUH�LQHYLWDEO\�RU�LQWHQWLRQDOO\�DGGHG�GXULQJ�WKH�SURGXFWLRQ��7KH�

QRPLQDO�>���@�DQG�DQDO\]HG�FRPSRVLWLRQV�DUH�SUHVHQWHG�LQ�7DEOH�˪�����

'XH�WR�LWV�VLPSOH�FRPSRVLWLRQ�DQG�WKH�YHU\�ORZ�FDUERQ�FRQWHQW��WKH�DOOR\�H[KLELWHG�XQGHU�DOO�

WHVW� FRQGLWLRQV� D� VLQJOH� SKDVH� PLFURVWUXFWXUH� FRQVLVWLQJ� RI� Ȗ�1L�� 7KHUHIRUH�� QR� GHWDLOV� RI��

FKDQJHV�LQ�DOOR\�PLFURVWUXFWXUH�DV�IXQFWLRQ�RI�WLPH��WHPSHUDWXUH�DQG�VSHFLPHQ�WKLFNQHVV�ZLOO�

LQ�WKH�IROORZLQJ�EH�GLVFXVVHG��

7DEOH� ˪�����&KHPLFDO�FRPSRVLWLRQ�RI�VWXGLHG�DOOR\�1L&U�������LQ�ZW�����GHWHUPLQHG�E\�,&3�
2(6� DQG� FRPEXVWLRQ� LQIUDUHG� DQDO\VLV� FRPSDUHG� ZLWK� QRPLQDO� FRPSRVLWLRQ� IURP�

PDQXIDFWXULQJ�GDWD�VKHHW�>���@��

� &U� )H� 0Q� 6L� 0J� &� 1� 6�

1RPLQDO� ����a����� �����PD[�� �����PD[�� ���a���� ����a����� �����PD[�� �� ��

0HDVXUHG� ����� ������ ������ ����� �� ������� ������� �������

���� 2[LGDWLRQ�NLQHWLFV�

7KH� QHW� ZHLJKW� FKDQJH� FXUYHV� PHDVXUHG� GXULQJ� R[LGDWLRQ� DW� ����&� ���� K� F\FOH�� VKRZ�

LQIOHFWLRQV� IRU� ERWK� VSHFLPHQ� WKLFNQHVVHV� DIWHU� DERXW� ����K�ZLWK�ZHLJKW� JDLQV� RI� DERXW� ����

PJ�FP����ZKLFK�LQGLFDWH�HDUOLHU�RFFXUUHQFH�RI�VFDOH�VSDOODWLRQ�FRPSDUHG�WR�WKH�SHUIRUPDQFH�DW�

KLJKHU� WHPSHUDWXUHV� �)LJXUH� ˪������7KH�KLJKHU� IUHTXHQF\�RI� WKHUPDO�F\FOLQJ� ����K��DW�����&�
PD\�FRQWULEXWH�WR�WKH�UDSLG�HVWDEOLVKPHQW�RI�WKH�VFDOH�VSDOODWLRQ�SHULRG�>���@��

7KH�ZHLJKW� FKDQJH� FXUYHV� GR� QRW� VKRZ� D� VSHFLPHQ� WKLFNQHVV� GHSHQGHQFH� GXULQJ� WKH� HDUO\�

VWDJHV�RI�R[LGDWLRQ�DW������DQG������&��)LJXUH� ˪����E�F���$W������&��WKH�VFDOH�RQ�WKH�����DQG�
���� PP� VSHFLPHQV� VWDUWV� WR� VSDOO� DIWHU� DERXW� ����� K�� ZKLOH� IRU� WKH� ���� PP� WKH� VSDOODWLRQ�

LQLWLDWHV�ODWHU��DQG�WKH�UDWH�RI�VSDOODWLRQ�LV�DSSDUHQWO\�VORZHU�WKDQ�WKDW�RI�WKH�����DQG�����PP�

VSHFLPHQV��



���2[LGDWLRQ�EHKDYLRU�DQG�OLIHWLPH�RI�1L&U������62�

����

�

D��

�
E��

�
F��

�
)LJXUH� ˪�����:HLJKW�FKDQJH�RI�DOOR\�1L&U������GXULQJ�DLU�R[LGDWLRQ�DW�D�������E��������DQG�F��

�����&��

��

����

����

����

����

�

���

���

���

���

�

� ���� ���� ����

6S
HF
LIL
F�
Z
HL
JK
W�F
KD
QJ
H�
�P
Jā
FP

��

2[LGDWLRQ�WLPH��K

����PP�QHW

����PP�QHW

����&

�

���

�

���

�

���

� ���� ���� ����
6S
HF
LIL
F�
Z
HL
JK
W�F
KD
QJ
H�
�P
Jā
FP

��

2[LGDWLRQ�WLPH��K

���PP�JURVV
���PP�QHW
���PP�JURVV
���PP�QHW
���PP�JURVV
���PP�QHW

�����&
����PP�QHW
����PP�JURVV
����PP�QHW
����PP�JURVV
����PP�QHW
����PP�JURVV

��

��

��

�

�

�

�

� ���� ���� ����

6S
HF
LIL
F�
Z
HL
JK
W�F
KD
QJ
H�
�P
Jā
FP

��

2[LGDWLRQ�WLPH��K

���PP�JURVV
���PP�QHW
���PP�JURVV
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7KH�UHDVRQ�IRU�WKH�GLIIHUHQFH�LV�WKH�ZHDNQHVV�RI�WKH�YHU\�WKLQ�VXEVWUDWH�DJDLQVW�VXEVWUDWH�FUHHS��

7KH�VFDOH�VSDOODWLRQ�RI�WKH�����PP�VSHFLPHQ�EHFRPHV�PXFK�IDVWHU�DIWHU�DERXW������K��ZKLFK�

LQGLFDWHV� D� FKDQJH� RI� WKH� R[LGDWLRQ� PHFKDQLVP� RU� PHFKDQLFDO� IDLOXUH� RI� WKH� PDWHULDO� �VHH�

)LJXUH�˪����F���$IWHU�DSSUR[LPDWHO\������K�D�VXEVWDQWLDO�ZHLJKW�LQFUHDVH�RFFXUV��

&RPSDULQJ�WKH�FXUYHV�DW������DQG������&��LW�VHHPV�WKDW�DW�ERWK�WHPSHUDWXUHV��WKH�VFDOH�VWDUWV�

WR� VSDOO� RQ� WKH� ���� DQG� ����PP� VSHFLPHQV� ZKHQ� WKH�ZHLJKW� JDLQ� LV� DSSUR[LPDWHO\� �� �� ����

PJ�FP���� $W� �����&�� WKH� FULWLFDO�ZHLJKW� JDLQ� IRU� RQVHW� RI� VFDOH� VSDOODWLRQ� LV� UHDFKHG�PXFK�

HDUOLHU��DIWHU�DERXW�����K��WKDQ�DW������&��DSSUR[LPDWHO\������K���$W������&��WKH�H[SRVXUH�RI�

WKH�����PP�VSHFLPHQ�ZDV�LQWHUUXSWHG�DIWHU������K�EHFDXVH�RI�EUHDNDZD\�R[LGDWLRQ�REVHUYHG�

DW�WKH�HGJHV�RI�WKH�VSHFLPHQ��VHH�)LJXUH� ˪����D���7KH�����PP�VSHFLPHQ�XQGHUZHQW�EUHDNDZD\�
R[LGDWLRQ�DIWHU�DSSUR[LPDWHO\������K��VHH�)LJXUH� ˪����E���$�VLPLODULW\�RI�WKH�����DQG�����PP�
VSHFLPHQV�DW������&�LV�WKDW�WKH\�DUH�ERWK�VXEMHFWHG�WR�D�VKRUW�SHULRG�RI�VFDOH�VSDOODWLRQ��DQG�

WKHQ�VWDUW�WR�H[KLELW�D�ZHLJKW�JDLQ��6LPLODU�WR�WKH�EHKDYLRU�RI�WKH�����PP�VSHFLPHQ�R[LGL]HG�DW�

�����&� IRU� ����� K� GLVFXVVHG� LQ� WKH� SUHYLRXV� SDUDJUDSK�� WKHVH�ZHLJKW� JDLQV� RFFXUULQJ� DIWHU�

ORQJHU�H[SRVXUH�WLPHV�DIWHU�D�SUHFHGLQJ�VFDOH�VSDOODWLRQ�PLJKW�DOVR�KHUH�EH�DQ�LQGLFDWLRQ�IRU�

EUHDNDZD\�R[LGDWLRQ��

� �
)LJXUH� ˪�����0DFUR�SLFWXUHV� RI� DOOR\�1L&U� ����� VSHFLPHQV� DIWHU� R[LGDWLRQ� DW� �����&� IRU� D��

�����K�RI�����PP�DQG�E�������K�RI�����PP�WKLFN�VSHFLPHQ��

���� 2[LGH�VFDOH�IRUPDWLRQ�DQG�VXEVFDOH�GHSOHWLRQ�

)LJXUH� ˪���� VKRZV� WKH� FURVV� VHFWLRQV� RI� WKH� ���� DQG� ����PP� VSHFLPHQV� RI� DOOR\�1L&U� �����
R[LGL]HG�DW�����&�IRU������K��&UDFNV�DQG�YRLGV�SRLQWHG�ZLWK�UHG�DUURZV�DUH�REVHUYHG�LQ�WKH�

FKURPLD� VFDOH�� 7KLV� LV� LQ� DJUHHPHQW� ZLWK� WKH� ZHLJKW� FKDQJH� FXUYHV�� ZKLFK� VKRZ� D� ODUJH�

WHQGHQF\�WR�VFDOH�VSDOODWLRQ��)LJXUH�˪����D��XQGHU����K�WKHUPDO�F\FOHV�DW�����&��

〮㈠浭฀

愩฀

〮㌠฀฀

戩
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)LJXUH� ˪�����%6(� LPDJHV� VKRZLQJ�FURVV� VHFWLRQV�RI� WKH� D������ DQG�E�� ����PP�VSHFLPHQV�RI�
DOOR\�1L&U������R[LGL]HG�DW�����&�IRU������K��,PDJHV�VKRZQ�LQ�D��DQG�E��ZHUH�LQYHVWLJDWHG�DW�

251/��)LJ�� F�� LV� D� KLJKHU�PDJQLILFDWLRQ� LPDJH� VKRZLQJ� FUDFNV� LQ� WKH� VFDOH� RI� WKH�����PP�

VSHFLPHQ�DQDO\]HG�DW�)=-��

,W�ZDV�YHU\�RIWHQ�REVHUYHG�WKDW�WKH�SUHVHQFH�RI�LQWHUQDO�R[LGHV�RI�H�J��$O�2��DQG�6L2��LQ�WKH�

VXEVFDOH�UHJLRQ�KDV�WKH�UHVXOW�� WKDW�SURWUXVLRQV�RI�VXEVFDOH�DOOR\�DUH�SXVKHG�RXWZDUG�DQG�DUH�

YLVLEOH� DV�PHWDO� SURWUXVLRQV� RU� QRGXOHV� RI� H[WHUQDO� R[LGH� LQ� WKH� DOOR\�VFDOH� LQWHUIDFH� UHJLRQ�

>�������@�� 7KLV� W\SH� RI� DOOR\�VFDOH� LQWHUIDFH� ZDV� REVHUYHG� IRU� DOOR\V� ���� DQG� ;� �VHH� H�J��

)LJXUH� ˪����DQG�)LJXUH� ˪����� UHVSHFWLYHO\���7KH�R[LGH�QRGXOHV�DW� WKH�DOOR\�VFDOH� LQWHUIDFH�FDQ�
KLQGHU�WKH�ODWHUDO�SURSDJDWLRQ�RI�FUDFNV�LQLWLDWHG�E\�YRLGV�DQG�WKHUHIRUH�UHGXFH�WKH�WHQGHQF\�RI�

VFDOH� VSDOODWLRQ��+RZHYHU�� WKH� ODFN�RI�$O� DQG�6L� DGGLWLRQV� LQ� DOOR\�1L&U������ OHDGV� GXULQJ�

VKRUWHU� WLPHV� RI� H[SRVXUH� WR� UHODWLYHO\� VPRRWK� DOOR\�VFDOH� LQWHUIDFHV�� ,W� KDV� IUHTXHQWO\� EHHQ�

VKRZQ�>���@�WKDW�VXFK�IODW�R[LGH�LQWHUIDFHV�DUH�QRW�EHQHILFLDO�IRU�R[LGH�DGKHUHQFH��&UDFNV�DW�

WKH�DOOR\�VFDOH� LQWHUIDFH��H�J�� LQGXFHG�E\�YRLGV�RULJLQDWLQJ� IURP�YDFDQF\�FRQGHQVDWLRQ��PD\�

HDVLO\�SURSDJDWH�DORQJ�WKH�IODW�LQWHUIDFH�>���@��L�H��PXFK�HDVLHU�WKDQ�LQ�FDVH�RI�WKH�³XQGXODWHG´�

LQWHUIDFHV� IRUPHG� LQ� FDVH� RI� DOOR\� ���� DQG� ;� �VHH� H�J�� )LJXUH� ˪���� DQG� )LJXUH� ˪�����
UHVSHFWLYHO\���$IWHU� ORQJHU� WLPH�H[SRVXUH�� WKH�FRPSUHVVLYH�JURZWK�DQG�RU� WKHUPDOO\� LQGXFHG�

VWUHVV� LQ� WKH� VFDOH�RQ�1L&U������ UHVXOWV� LQ� WKH�GHYHORSPHQW�RI� UXPSOLQJ� LQWHUIDFHV� �VHH�H�J��

����PP

D�

����PP

E�

����P

1L�FRDWLQJ

&U�2�

1L�FRDWLQJ

&U�2�

��ȝP

1L�FRDWLQJ
&U�2�

����PP

F�
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)LJXUH� ˪�����DV�D�UHVXOW�RI�SODVWLF�GHIRUPDWLRQ�RI�WKH�DOOR\�QHDU�VXUIDFH�UHJLRQ��7KLV�UHVXOWV�LQ�
FUDFN� IRUPDWLRQ�� HVSHFLDOO\�ZLWKLQ� WKH�R[LGH� VFDOH� �)LJXUH� ˪������7KH� ODUJH� WHQGHQF\� IRU� WKH�
IRUPDWLRQ� RI� WKHVH� UXPSOLQJ� LQWHUIDFHV� LV� OLNHO\� UHODWHG� WR� WKH� VXEVWDQWLDOO\� ORZHU� FUHHS�

VWUHQJWK�RI�DOOR\�1L&U������FRPSDUHG�WR�DOOR\V�����DQG�;��

)RU�WKH�����PP�VSHFLPHQ�R[LGL]HG�DW������&�GXULQJ�D�����K�7*�WHVW��WKH�VFDOH�RQ�WKH�DOOR\�

FRQVLVWV�RI�&U�2��ZLWK�DQ�DYHUDJH�WKLFNQHVV�RI�DERXW����P��ZKLFK�LV�LQ�DFFRUGDQFH�ZLWK�WKH�

ZHLJKW� JDLQ� RI� ���� PJ�FP��� �VHH� )LJXUH� ˪���� E�� NQRZLQJ� WKDW� �� PJ�FP��� ZHLJKW� JDLQ�

FRUUHVSRQGV� WR� ����� �P� &U�2�� WKLFNQHVV��� 6RPH� &U�2�� LV� GLVSHUVHG� DORQJ� DOOR\� JUDLQ�

ERXQGDULHV�LQ�WKH�VXEVFDOH�UHJLRQ�LQ�WKH�IRUP�RI�VPDOO�SDUWLFOHV��)LJXUH� ˪����D���7KH�DPRXQW�RI�
LQWHUQDO� R[LGH� LQFUHDVHV� DIWHU� ����� K� R[LGDWLRQ�� DQG� IUDJPHQWV� RI� 1L&U�2�� VSLQHO� FDQ� EH�

REVHUYHG� RQ� WKH� WRS� RI� WKH� VFDOH��$IWHU� ����� K�� WKH� WKLFNQHVV� RI� WKH� SURWHFWLYH�&U�2�� VFDOH�

VHHPV� VLPLODU� WR� WKDW� DIWHU� ����� K�� EXW� WKH� DPRXQW� RI� RXWHU� 1L�ULFK� VSLQHO� LQFUHDVHV�

VLJQLILFDQWO\� DQG� LQGLFDWLRQ� RI� VSDOODWLRQ� RI� WKH� VSLQHO� FDQ� EH� VHHQ� LQ� WKH� ULJKW� FRUQHU� RI�

)LJXUH� ˪���� F�� 7KLV� ILQGLQJ� LQGLFDWHV�� WKDW� WKH� UDSLG� VSDOODWLRQ� DIWHU� ����� K� �)LJXUH� ˪����E��
PHQWLRQHG�DERYH�LV�UHODWHG�WR�VSDOODWLRQ�RI�WKH�VSLQHO�LQVWHDG�RI�&U�2���7KH�PDVVLYH�IRUPDWLRQ�

RI�WKH�VSLQHO�LQGLFDWHV�RFFXUUHQFH�RI�D�FULWLFDO�&U�GHSOHWLRQ�LQ�WKH�DOOR\��7R�EH�QRWHG�LV�WKDW�1L�

ULFK�R[LGH� �1L2�� LV�REVHUYHG� LQ�EHWZHHQ� WKH� VSLQHO�DQG� WKH�&U�2�� OD\HU�DW� WKH�SRVLWLRQ�RI�D�

GHHS� FUDFN�RI� WKH� VXEVWUDWH�� )URP� WKH� WKHUPRG\QDPLF� SRLQW� RI� YLHZ�� WKH�1L2�R[LGH� FDQQRW�

IRUP� LQ� EHWZHHQ� WKH� VSLQHO� DQG� WKH�&U�2�� SKDVHV� GXH� WR� LWV� KLJK� GLVVRFLDWLRQ� SUHVVXUH� �VHH�

6HFWLRQ� ˪������7KHUHIRUH��WKH�ORFDO�IRUPDWLRQ�RI�WKH�1L2�PXVW�EH�WKH�UHVXOW�RI�SUHFHGLQJ�VFDOH�

FUDFNLQJ�ZKLFK�DOORZV�WKH�GLUHFW�FRQWDFW�RI�WKH�DOOR\�VXUIDFH�ZLWK�WKH�DWPRVSKHUH��

)RU� WKH� ����PP� VSHFLPHQ�PLQRU� IRUPDWLRQ� RI� WKH� VSLQHO� SKDVH�ZDV� REVHUYHG� XS� WR� ����� K�

R[LGDWLRQ�DW������&��)LJXUH�˪����D���1R�LQGLFDWLRQV�RI�VSLQHO�IRUPDWLRQ�ZHUH�IRXQG�IRU�WKH�����
PP� VSHFLPHQ� �)LJXUH� ˪������ 6RPH� FUDFNV� DW� WKH� VSLQHO�&U�2�� DV� ZHOO� DV� WKH� DOOR\�VFDOH�

LQWHUIDFHV� LQ� SDUDOOHO�ZLWK� WKH� LQKRPRJHQHRXV� VFDOH� WKLFNQHVV� LOOXVWUDWH� RFFXUUHQFH� RI� VFDOH�

VSDOODWLRQ��7KLV�LV�LQ�DJUHHPHQW�ZLWK�WKH�ZHLJKW�JDLQ�GDWD��)LJXUH� ˪����E��DQG�H[SODLQV�ZK\�WKH�
R[LGH�VFDOH�DIWHU������K�LV�ORFDOO\�HYHQ�WKLQQHU�WKDQ�WKDW�DIWHU������K��VHH�H�J��)LJXUH�˪������

7KH�FURVV�VHFWLRQV�RI�WKH�VSHFLPHQV�R[LGL]HG�DW������&�DUH�VKRZQ�LQ�)LJXUH�˪������)LJXUH�˪�����
6LPLODU� WR� WKH� FURVV� VHFWLRQV� RI� WKH� VSHFLPHQV� R[LGL]HG� DW� �����&�� D� ZDY\� DOOR\�VFDOH�

LQWHUIDFH�LV�REVHUYHG�DIWHU�ORQJHU�WLPH��)RU�WKH�����PP�VSHFLPHQ��)LJXUH�˪������KDUGO\�DQ\�1L�
&U� VSLQHO� ZDV� IRXQG� DIWHU� WKH� ��� K� 7*� WHVW�� EXW� DIWHU� ���� K�� IUDJPHQWV� RI� VSLQHO� FRXOG� EH�
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REVHUYHG� RQ� WRS� RI� WKH� &U�2�� VFDOH�� 7KH� VSLQHO� SKDVH� LV� QRW� FOHDUO\� DSSDUHQW� LQ� WKH� FURVV�

VHFWLRQ�RI�WKH�VSHFLPHQ�DIWHU������K�EHFDXVH�RI�WKH�VFDOH�VSDOODWLRQ��VHH�DOVR�)LJXUH�˪����F���

�
)LJXUH� ˪����� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� ����PP� VSHFLPHQV� RI� DOOR\�1L&U� �����
R[LGL]HG�DW������&�IRU�D������K�7*$��E�������K��DQG�F�������K��

�

�
)LJXUH� ˪����� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� ����PP� VSHFLPHQV� RI� DOOR\�1L&U� �����
R[LGL]HG�DW������&�IRU�D�������K�DQG�E�������K��

0DVVLYH�IRUPDWLRQ�RI�VSLQHO�SKDVH�DQG�IRUPDWLRQ�RI�ODUJH�YRLGV�DV�ZHOO�DV�VLJQLILFDQW�LQWHUQDO�

R[LGDWLRQ�RI�&U�LV�REVHUYHG�DIWHU������K�RI�WKH�����PP�VSHFLPHQ��)LJXUH� ˪����G��� LQGLFDWLQJ�
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IDLOXUH�RI�WKH�VSHFLPHQ��7KH�&U�FRQFHQWUDWLRQ�SURILOH�RI�WKLV�VSHFLPHQ�LQ�)LJXUH�˪�����G�VKRZV�
D�&U�LQWHUIDFH�OHYHO�RI�OHVV�WKDQ����ZW�����7KH�IRUPDWLRQ�RI�YRLGV�DQG�LQWHUQDO�&U�2��DIWHU�ORQJ�

WLPH� R[LGDWLRQ� LV� VLPLODU� WR� WKDW� IRXQG� IRU� DOOR\� ;�� ZKLFK� LQGLFDWHV� WKH� ORVV� RI� SURWHFWLYH�

SURSHUW\�RI�WKH�VFDOH�DV�VKRZQ�LQ�)LJXUH�˪������

�

)LJXUH�˪�����%6(�LPDJHV�VKRZLQJ�FURVV�VHFWLRQV�RI�����PP�VSHFLPHQV�RI�DOOR\�1L&U������
R[LGL]HG�DW������&�IRU�D������K�7*$��E�������K�DQG�F�������K��

7KH�R[LGH�VFDOH�RQ�WKH�����PP�VSHFLPHQ�LV�TXLWH�VLPLODU�WR�WKDW�RI�WKH�����PP�VSHFLPHQ�DIWHU�

R[LGDWLRQ�DW������&� �)LJXUH� ������$IWHU�����K�� VRPH�VSLQHO� IRUPHG�DQG� WKHQ�DOPRVW� WRWDOO\�
VSDOOHG� DIWHU� ����� K��$IWHU� ����� K�� WKH� ����PP� VSHFLPHQ� VKRZHG� LQGLFDWLRQV� RI� IDLOXUH� E\�

IRUPDWLRQ� RI� VSLQHO� DQG� WKH� SUHVHQFH� RI� ODUJH� DPRXQWV� RI� YRLGV�� )RU� WKH� ����PP� VSHFLPHQ�

�)LJXUH�������QR�REYLRXV�VSLQHO�IRUPDWLRQ�ZDV�IRXQG�XQWLO������K�R[LGDWLRQ�DW������&��$IWHU�
����� K�� WKH� WKLFNQHVV� RI� WKH� VFDOH� LV� TXLWH� LQKRPRJHQHRXV� GXH� WR� UHSHDWHG� VFDOH� VSDOODWLRQ�

�)LJXUH� ˪����F���6LPLODU�WR�WKH�REVHUYDWLRQV�RI�WKH�����DQG�����PP�VSHFLPHQV��WKH�DSSHDUDQFH�
RI� VLJQLILFDQW� IRUPDWLRQ� RI� WKH� VSLQHO� SKDVH� DQG� LQWHUQDO� YRLGV� LQGLFDWH� WKH� IDLOXUH� RI� WKH�

VSHFLPHQ��
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)LJXUH� ˪����� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� ����PP� WKLFN� VSHFLPHQV� RI� DOOR\�1L&U�
�����DIWHU�GLIIHUHQW�WLPHV�RI�R[LGDWLRQ�DW������&��

�

�
)LJXUH� ˪����� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� ����PP� WKLFN� VSHFLPHQV� RI� DOOR\�1L&U�
�����DIWHU�GLIIHUHQW�WLPHV�RI�R[LGDWLRQ�DW������&��

D� 1L�FRDWLQJ

&U�2�

���K�7*
���ȝP

�����K ���ȝP

F� 1L�FRDWLQJ

&U�2�

�����K ���ȝP
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1L&U�2��VSLQHO

LQWHUQDO�
&U�2� LQWHUQDO�

&U�2�
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����K ���ȝP
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�
)LJXUH� ˪����� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� ����PP� WKLFN� VSHFLPHQV� RI� DOOR\�1L&U�
�����DIWHU�GLIIHUHQW�WLPHV�RI�R[LGDWLRQ�DW������&��

)LJXUH� ˪����� VKRZV� WKH� VXEVFDOH� FRQFHQWUDWLRQ� SURILOH� RI� &U� RI� WKH� ����PP� VSHFLPHQ� DIWHU�
R[LGDWLRQ�DW�����&�IRU������K��7KH�GLIIXVLRQ�IURQW�KDV�QRW�UHDFKHG�WKH�FHQWHU�RI�WKH�VSHFLPHQ��

DQG�WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�LV�DERXW����ZW�����2QO\�OLPLWHG�GDWD�DUH�DYDLODEOH�IRU�WKH�

R[LGDWLRQ�DW�����&��VR�D�PRUH�GHWDLOHG�GLVFXVVLRQ�RI� WKH�&U�FRQFHQWUDWLRQ�SURILOHV�DUH�GRQH�

XVLQJ�WKH�GDWD�DW������DQG������&��

7KH�VXEVFDOH�FRQFHQWUDWLRQ�SURILOHV�RI�&U�DUH�SORWWHG�IRU�HDFK�WHVWHG�VSHFLPHQ�WKLFNQHVV�DIWHU�

YDULRXV�H[SRVXUH� WLPHV�DW������DQG������&�LQ�)LJXUH� ˪������6LPLODU� WR� WKH�SURILOH�VKRZQ�LQ�
)LJXUH� ˪������WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�LV�IRU�DOO�VSHFLPHQ�WKLFNQHVVHV�DSSUR[LPDWHO\������
���ZW����DIWHU������&�R[LGDWLRQ��)LJXUH� ˪�����D�E�F��L�H��EHIRUH�WKH�GHSOHWLRQ�IURQW�UHDFKHV�WKH�
FHQWHU�RI� WKH� VSHFLPHQ� �VHH�6HFWLRQ� ˪��������7KLV� LQWHUIDFH�&U�FRQFHQWUDWLRQ�RI�1L&U������ LV�

VLPLODU� WR� WKDW� RI� DOOR\� ���� DQG� DOOR\� ;� GXULQJ� WKLV� R[LGDWLRQ� VWDJH� �)LJXUH� ˪���� DQG�

)LJXUH� ˪�������7DNLQJ�LQWR�DFFRXQW�WKDW�WKH�RULJLQDO�&U�FRQWHQW�LV�DERXW����ZW�����FRPSDUHG�WR�
���ZW����IRU�DOOR\V�����DQG�;��WKH�GHFUHDVH�RI�WKH�&U�LQWHUIDFH�FRQFHQWUDWLRQ�RI�DOOR\�1L&U�

�����LV�VPDOOHU�WKDQ�LQ�WKH�RWKHU�WZR�VWXGLHG�1L�EDVH�DOOR\V��

���K�7* ���ȝP

D� 1L�FRDWLQJ
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$V�GLVFXVVHG� LQ�6HFWLRQ� ˪������� WKH� YDOXH� RI� WKH� LQWHUIDFH�&U� FRQFHQWUDWLRQ� UHPDLQV� FRQVWDQW�

GXULQJ� WKH� ILUVW� VWDJH� RI� WKH� &U� GHSOHWLRQ� LI� SDUDEROLF� NLQHWLFV� SUHYDLO�� $VVXPLQJ� SDUDEROLF�

R[LGDWLRQ� NLQHWLFV�� WKH� GLIIHUHQFH� EHWZHHQ� WKH� RULJLQDO� &U� FRQFHQWUDWLRQ� DQG� WKH� LQWHUIDFH�

FRQFHQWUDWLRQ��&��&L��LV�D�IXQFWLRQ�RI�WKH�UDWLR�฀฀฀฀෩��VHH�(T���˪��������,Q�FDVH�RI�WKH�SRZHU�ODZ�

R[LGDWLRQ�NLQHWLFV�XVHG� LQ� WKH�SUHVHQW� VWXG\�� WKH� UDWLR�฀฀฀฀෩�KDV� WR�EH�PRGLILHG� WR�D� UHODWLRQ�
EHWZHHQ�WKH�SRZHU�ODZ�UDWH�FRQVWDQW�N�DQG�WKH�LQWHU�GLIIXVLRQ�FRHIILFLHQW�฀෩��$Q�DSSUR[LPDWLRQ�
PD\�EH�GHULYHG�XVLQJ�WKH�IROORZLQJ�SURFHGXUH��

7KH�HTXDWLRQ�WR�GHVFULEH�WKH�SDUDEROLF�R[LGDWLRQ�NLQHWLFV��(T���˪�������FDQ�EH�UHZULWWHQ�DV��

฀฀ ට฀฀฀ή฀฀฀฀� � ˪�����

7KH�SRZHU�ODZ�UDWH�FRQVWDQW�RI�R[LGDWLRQ�N�LQ�WKH�HTXDWLRQ�ο฀ ฀ ฀ ฀฀ ฀ ฀��L�H��(T���˪������FDQ�EH�

UHSODFHG�E\�N͛�ZLWK�D�XQLW�RI�FP�K������FRUUHVSRQGLQJ� WR�WKH� WKLFNQHVV�RI� WKH�FKURPLD�VFDOH�[�

XVLQJ�WKH�IROORZLQJ�H[SUHVVLRQ��

฀Ԣ ฀ ฀ή฀฀฀䍲 ฀฀฀฀฀
฀฀฀฀

ή ฀ɏ䍲 ฀฀฀� � ˪�����
�

7KHQ��WKH�SRZHU�ODZ�NLQHWLFV�FDQ�EH�ZULWWHQ�DV��

฀฀ �Ԣ฀฀฀฀� � ˪�����

&RPSDULQJ�(T��� ˪�����DQG�� ˪������WKH�ඥ฀฀�FDQ�EH�UHSODFHG�E\�N�DQG�W��
ට฀฀฀ �Ԣξ฀ή฀െ฀฀฀� �˪�����

,QVHUWLQJ� LQ�(T�� � ˪������� UHYHDOV� WKDW� WKH�GLIIHUHQFH�EHWZHHQ�WKH�RULJLQDO�DQG� WKH� LQWHUIDFH�&U�

FRQFHQWUDWLRQ�LV�SURSRUWLRQDO�WR�ට฀฀ ฀෩Τ ��

฀฀െ฀฀ן฀ඨ฀฀฀෩ � � ˪�����
�

,QVHUWLQJ�(T��� ˪�����UHYHDOV�WKH�PRGLILHG�H[SUHVVLRQ��

฀฀െ฀฀ן �Ԣඥ฀෩฀െ฀฀฀� � ˪�����
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$V�DOUHDG\�PHQWLRQHG�LQ�6HFWLRQ� ˪������� WKH�LQWHUIDFH�FRQFHQWUDWLRQ�RI�&U�WKXV�LQFUHDVHV�ZLWK�

R[LGDWLRQ� WLPH� GXULQJ� VWHDG\� VWDWH� R[LGDWLRQ� H[KLELWLQJ� SRZHU� ODZ� NLQHWLFV� ZLWK� Q������

,JQRULQJ� WKH�PLQRU�GLIIHUHQFH�RI�0DOOR\� �DYHUDJH�DWRPLF�ZHLJKW�RI� WKH�DOOR\��VHH�(T�� � ˪�������
EHWZHHQ�WKH�GLIIHUHQW�VWXGLHG�1L�EDVH�DOOR\V��WKH��&��&L��IRU�WKH�YDULRXV�DOOR\V�FDQ�GLUHFWO\�EH�

FRPSDUHG�DIWHU�D�JLYHQ�R[LGDWLRQ�WLPH�DV�ORQJ�DV�VWHDG\�VWDWH�R[LGDWLRQ�SUHYDLOV��
�

�
)LJXUH� ˪������6XEVFDOH�FRQFHQWUDWLRQ�SURILOH�RI�&U�LQ�WKH�����PP�VSHFLPHQ�RI�DOOR\�1L&U������
R[LGL]HG�DW�����&�DIWHU������K��5HG�GDVKHG�OLQH�LQGLFDWHV�WKH�RULJLQDO�&U�FRQFHQWUDWLRQ�LQ�WKH�

DOOR\��

7DEOH� ˪���� OLVWV� WKH� YDOXHV� RI� WKH� SRZHU� ODZ� UDWH� FRQVWDQWV� N� �(T�� �˪������� DQG� N͛�� WKH� LQWHU�

GLIIXVLRQ�FRHIILFLHQWV��KHUH�DSSUR[LPDWHO\�UHSODFHG�E\�WKH�HIIHFWLYH�GLIIXVLRQ�FRHIILFLHQWV�'��

FDOFXODWHG�XVLQJ�)'0��VHH�6HFWLRQ�������DV�ZHOO�DV�WKH�YDOXHV�RI�WKH�UDWLR��Ԣ ξ฀Τ �IRU�WKH�WKUHH�

VWXGLHG� 1L�EDVH� DOOR\V�� $V� PHQWLRQHG� LQ� &KDSWHU� ˪�� WKH� R[LGDWLRQ� NLQHWLFV� RI� DOOR\� ���� LV�

VORZHU�WKDQ�WKDW�RI�DOOR\�;��)URP�7DEOH� ˪����LW�LV�DSSDUHQW�WKDW�WKH�R[LGDWLRQ�NLQHWLFV�RI�1L&U�

�����LV�HYHQ�VORZHU�WKDQ�WKDW�RI�DOOR\������7KH�ODUJHU�DPRXQWV�RI�DOOR\LQJ�HOHPHQWV�LQ�DOOR\�

����DQG�DOOR\�;�PLJKW�EH�WKH�UHDVRQ�RI�WKH�IDVWHU�R[LGDWLRQ�NLQHWLFV��)LUVW��WKH�FRQFHQWUDWLRQ�RI�

SRLQW� GHIHFWV� FDQ� EH� LQFUHDVHG� E\� WKH� LQFRUSRUDWLRQ� RI� WKH� DWRPLF� VROXWHV� RI� WKH� DOOR\LQJ�

HOHPHQWV� OLNH� )H�� $GGLWLRQDOO\�� DV� GLVFXVVHG� LQ� 6HFWLRQ� ˪�������0Q� DQG� 7L� FDQ� HQKDQFH� WKH�

JURZWK� RI� WKH� &U�2�� VFDOH� GXULQJ� DLU� R[LGDWLRQ� >���@�� %HVLGHV�� RXWZDUGO\� SURWUXGLQJ� DOOR\�

QRGXOHV�GXH�WR�WKH�SUHVHQFH�RI�LQWHUQDO�R[LGHV�RI�$O�2��LQ�DOOR\�����DQG�;�ZLOO�FDXVH�PLFUR�

GDPDJH� RI� WKH� VFDOH�� WKXV� DOORZLQJ� D� WUDQVSRUW� RI� JDV� PROHFXOHV� WRZDUGV� WKH� DOOR\�VFDOH�

LQWHUIDFH� UHVXOWLQJ� LQ� DQ� HQKDQFHPHQW� RI� VFDOH� JURZWK� >����� ���@�� 7KH� VOLJKWO\� ODUJHU�

GLIIXVLYLW\�RI�&U�LQ�DOOR\�1L&U������FRPSDUHG�WR�WKDW�LQ�WKH�RWKHU�WZR�DOOR\V�PLJKW�EH�D�UHVXOW�
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RI� WKH� ODFNLQJ� RI� KHDY\� HOHPHQWV� ZLWK� ODUJH� DWRPLF� UDGLL� VXFK� DV� :� DQG� 0R�� ZKLFK� DUH�

H[SHFWHG�WR�VORZ�GRZQ�WKH�GLIIXVLRQ�RI�&U�>���@���

� �

� �

� �

)LJXUH� ˪������ 7LPH� GHSHQGHQW� VXEVFDOH� FRQFHQWUDWLRQ� SURILOHV� RI� &U� RI� 1L&U� ����� ZLWK�
VSHFLPHQ�WKLFNQHVVHV�RI�����������DQG�����PP�DIWHU�R[LGDWLRQ�DW�D�F�������&�DQG�G�I�������&��
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,Q�UHIHUHQFH�>���@��LW�ZDV�SRLQWHG�RXW�WKDW�WKH�ERXQGDU\�GLIIXVLRQ�FRHIILFLHQW�RI�&U�LQ�1L�&U�)H�

DOOR\V�GHFUHDVHV�ZLWK�LQFUHDVLQJ�FDUERQ�FRQWHQW�LQ�WKH�DOOR\��7KH�PHDVXUHG�FDUERQ�FRQWHQW�LQ�

DOOR\������DOOR\�;�DQG�1L&U������LV�������ZW�����������ZW����DQG��������ZW�����UHVSHFWLYHO\��

7KLV�DJUHHV�WR� WKH�UDQNLQJ�RI� WKH�'&U�YDOXHV�RI� WKHVH�DOOR\V� LQ�7DEOH� ˪�����KRZHYHU�� LW� LV�QRW�
VXUH�ZKHWKHU�WKLV�LV�LQ�WKH�VWXGLHG�DOOR\V�LQGHHG�WKH�PDLQ�UHDVRQ�IRU�WKH�REVHUYHG�UDQNLQJ�RI�

'&U��

7DEOH� ˪�����&RPSDULVRQ�RI�WKH�SRZHU�ODZ�UDWH�FRQVWDQWV�RI�R[LGDWLRQ�N��N͛�DQG�GLIIXVLYLW\�RI�&U��

'�DV�ZHOO�DV�WKH�UDWLR��Ԣ ξ฀Τ �EHWZHHQ�WKH�VWXGLHG�1L�EDVH�DOOR\V��

N��浧 ή 捭 െ฀ή฀െ฀฀฀��
� ����&� �����&� �����&�

$OOR\�;� ������� ������� �������

$OOR\����� ������� ������� �������

1L&U������ ������� ������� �������

N͛��捭 ή฀െ฀฀฀��
� ����&� �����&� �����&�

$OOR\�;� ฀฀㠸 ฀㄰ െ฀� ฀฀㘷 ฀㄰ െ฀� ฀฀㈵ ฀㄰ െ฀�
$OOR\����� ฀฀㠲 ฀㄰ െ฀� ฀฀㌸ ฀㄰ െ฀� ฀฀㘱 ฀㄰ െ฀�
1L&U������ ฀฀〴 ฀㄰ െ฀� ฀฀㠳 ฀㄰ െ฀� ฀฀㌹ ฀㄰ െ฀�

'&U��捭 ฀ή฀െ฀��
� ����&� �����&� �����&�

$OOR\�;� ฀฀ㄳ ฀㄰ െㄲ � ฀฀㔰 ฀㄰ െㄲ � ฀฀㐰 ฀㄰ െㄱ �

$OOR\����� ฀฀ㄹ ฀㄰ െㄲ � ฀฀㔰 ฀㄰ െㄲ � ฀฀㘰 ฀㄰ െㄱ �

1L&U������ ฀฀㠵 ฀㄰ െㄲ � ฀฀㘰 ฀㄰ െㄱ � ฀฀㔰 ฀㄰ െㄱ �

฀Ԣ ඥ฀䍲Τ ��K�����

� ����&� �����&� �����&�

$OOR\�;� ฀฀㐳 ฀㄰ െ฀� ฀฀㘷 ฀㄰ െ฀� ฀฀㈴ ฀㄰ െ฀�
$OOR\����� ฀฀㌰ ฀㄰ െ฀� ฀฀ㄷ ฀㄰ െ฀� ฀฀〰 ฀㄰ െ฀�
1L&U������ ฀฀฀฀㄰ െ฀� ฀฀〱 ฀㄰ െ฀� ฀฀㠰 ฀㄰ െ฀�
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$W�D�JLYHQ�R[LGDWLRQ� WLPH�DQG� WHPSHUDWXUH�� D� ODUJHU�YDOXH�RI��Ԣ ξ฀Τ �FRUUHVSRQGV� WR� D� ODUJHU�

YDOXH�RI� WKH� WHUP��&��&L�� LQ�(T�� � ˪������7KH��Ԣ ξ฀Τ �YDOXH�RI�DOOR\�1L&U������ LV� VPDOOHU� WKDQ�

WKDW�RI� WKH�RWKHU�DOOR\V��7KLV�H[SODLQV�D�VPDOOHU� �&��&L�� ����ZW��������ZW���� ���ZW�����RI�

DOOR\�1L&U������ FRPSDUHG� WR� WKDW� RI� DOOR\�;� DQG� DOOR\� ���� �L�H�� ���ZW���� �� ���ZW���� ���

ZW������7KH��Ԣ ξ฀Τ �YDOXHV�RI�DOOR\V�����DQG�;�DUH�DW�D�JLYHQ� WHPSHUDWXUH�YHU\�VLPLODU�� WKLV�

DOVR�H[SODLQV�ZK\�WKH��&��&L��YDOXHV�RI�ERWK�DOOR\V�DUH�YHU\�VLPLODU���

7KH� &U� LQWHUIDFH� FRQFHQWUDWLRQ� RI� WKH� 1L&U� ����� VSHFLPHQV� VKRZLQJ� WKH� VWDUW� RI�

PDFURVFRSLFDOO\�YLVLEOH�EUHDNDZD\�R[LGDWLRQ� �)LJXUH� ˪���� DQG�)LJXUH� ˪�����G� H�� DUH� VOLJKWO\�
ORZHU�WKDQ����ZW�����ZKLOH�WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQV�RI�WKH�RWKHU�VSHFLPHQV�ZHUH�VWLOO�

DERYH����ZW�����)LJXUH� ˪�������7KHUHIRUH��WKH�FULWLFDO�&U�FRQFHQWUDWLRQ�WR�GHILQH�WKH�SUDJPDWLF�
OLIHWLPH�OLPLWV�W
�FDQ�DOVR�IRU�WKLV�DOOR\�UHDVRQDEO\�EH�DVVXPHG�WR�EH����ZW�����&RQVHTXHQWO\��

WKH�VDPH�SURFHGXUHV�RI�OLIHWLPH�SUHGLFWLRQ�DV�GHVFULEHG�LQ�&KDSWHU� ˪��FDQ�EH�DSSOLHG�WR�1L&U�

�����DV�ZLOO�EH�VKRZQ�LQ�WKH�QH[W�VHFWLRQ��

���� 5HVXOWV�RI�OLIHWLPH�SUHGLFWLRQ�XVLQJ�UHVHUYRLU�DSSURDFK�

6LPLODUO\�DV�VKRZQ�LQ�6HFWLRQV�����DQG�����IRU�DOOR\�����DQG�DOOR\�;��D� OLIHWLPH�GLDJUDP�LV�

FRQVWUXFWHG�IRU�1L&U�������)LJXUH� ˪�������7KH�FDOFXODWLRQV�DUH�EDVHG�RQ�WKH�R[LGDWLRQ�NLQHWLFV�
VKRZQ� LQ� )LJXUH� ˪����� $W� �����&�� WKH� ���� PP� WKLFN� VSHFLPHQ� VKRZV� VLJQLILFDQW� ³VXSHU�
SDUDEROLF´� EHKDYLRU� RI� R[LGH� JURZWK� DIWHU� DSSUR[LPDWHO\� ���� K�� 7KH� ���� PP� VSHFLPHQ�

H[KLELWV� VFDOH� VSDOODWLRQ� DIWHU� DSSUR[LPDWHO\� ����� K� DQG� D� ³VXSHU�SDUDEROLF´� EHKDYLRU� DIWHU�

DSSUR[LPDWHO\� ����� K�� 7KHUHIRUH� WKH� OLQHV� UHSUHVHQWLQJ� ZDOO� WKLFNQHVV� ORVV� RI� WKHVH� WZR�

VSHFLPHQV� LQ� )LJXUH� ˪����� GHYLDWH� IURP� WKH� EDVLF� SRZHU� ODZ� NLQHWLFV� ZLWK� D� VXEVWDQWLDO�
LQFOLQDWLRQ�� $W� ���� DQG� �����&�� WKH� PDLQ� FDXVH� RI� HQKDQFHG� &U� FRQVXPSWLRQ� LV� VFDOH�

VSDOODWLRQ��$V� D� UHVXOW�� WKH� GHYLDWLRQV� IURP� WKH� SRZHU� ODZ�NLQHWLFV� DUH� QRW� DV� VLJQLILFDQW� DV�

WKRVH�REVHUYHG�DW������&��%HFDXVH�RI�WKH�ODFN�RI�H[SHULPHQWDO�GDWD��WKH�YDOXH�RI�W���RI�WKH�����

PP�DW�����&�ZDV� LQWHUSRODWHG�XVLQJ� WKH� VDPH�SURFHGXUHV�DV�GHVFULEHG� LQ�6HFWLRQ� ˪�������$W�

�����&��WKH�����DQG�����PP�VSHFLPHQV�DOUHDG\�IDLOHG�EHIRUH�WKH�HQG�RI�WKH�H[SHULPHQWDO�WLPH�

RI� ����� K� DQG� ����� K�� UHVSHFWLYHO\� �VHH�)LJXUH� ˪���� DQG�)LJXUH� ˪����� G� H��� 7KHUHIRUH� WKH�
H[SHULPHQWDO� OLIHWLPHV� RI� WKHVH� VSHFLPHQV� LQ�)LJXUH� ˪����� �EODFN� RSHQ� V\PEROV�� LQGLFDWLQJ�
PHDVXUHG� EUHDNDZD\� DUH� ORFDWHG� KLJKHU� WKDQ� WKH� SUHGLFWHG� YDOXHV� ZKLFK� ZHUH� FDOFXODWHG�

DVVXPLQJ�WKH�FULWLFDO�&U�LQWHUIDFH�FRQFHQWUDWLRQ�WR�EH����ZW�����
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:LWK�WKH�H[WUDSRODWLRQ�RI�WKH�UDWH�FRQVWDQW�RI�R[LGDWLRQ�N��)LJXUH� ˪�������WKH�OLIHWLPH�GLDJUDP�
LV�DOVR�H[WUDSRODWHG�WR�KLJKHU�DQG�ORZHU�WHPSHUDWXUHV�LQ�)LJXUH� ˪������7KH�VDPH�SURFHGXUHV�DV�
GHVFULEHG� LQ� 6HFWLRQ� ˪������ZHUH� XVHG� IRU� H[WUDSRODWLRQ��7KH� GHYLDWLRQ� RI� WKH� OLQHV� IURP� WKH�

VWHDG\� VWDWH�SRZHU� ODZ�R[LGDWLRQ� VWDUWV� DSSUR[LPDWHO\�ZKHQ� WKH� WRWDO� ORVV�RI�ZDOO� WKLFNQHVV�

UHDFKHV����P��DVVXPLQJ�IRUPDWLRQ�RI�D�SXUH�FKURPLD�VFDOH�FRUUHVSRQGLQJ�WR�D�ZHLJKW�JDLQ�RI�

��PJ�FP����

�
)LJXUH� ˪������ /LIHWLPH� GLDJUDP� RI� DOOR\� 1L&U� ����� LQ� WKH� VWXGLHG� WHPSHUDWXUH� UDQJH� IRU�
VSHFLPHQV�RI�GLIIHUHQW�WKLFNQHVVHV�FDOFXODWHG�XVLQJ�WKH�UHVHUYRLU�DSSURDFK�RQ�WKH�EDVLV�RI�WKH�

JUDYLPHWULF�GDWD�LQ�)LJXUH� ˪�����DQG�UHVXOWV�RI�&U�GHSOHWLRQ�LQ�)LJXUH�˪������
�

�
)LJXUH� ˪������2[LGDWLRQ�UDWH�FRQVWDQW�N��(T��� ˪������ZLWK�Q �����DV�IXQFWLRQ�RI���7�IRU�VWHDG\�
VWDWH�VFDOH�JURZWK�ZLWK�H[WUDSRODWLRQ��RSHQ�V\PEROV��WR�KLJKHU�DQG�ORZHU�WHPSHUDWXUHV��
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)LJXUH� ˪������/LIHWLPH�GLDJUDP�RI�1L&U������VKRZQ�LQ�)LJXUH� ˪������KHUH�ZLWK�H[WUDSRODWLRQ�WR�
KLJKHU��������������&��DQG�ORZHU������&��WHPSHUDWXUHV��

,Q�D�VLPLODU�PDQQHU�DV�SUHYLRXVO\�DSSOLHG�IRU�DOOR\�����DQG�DOOR\�;��)LJXUH� ˪�����VKRZV�WKH�
WLPHV�W���DV�D�IXQFWLRQ�RI�VSHFLPHQ�WKLFNQHVV�DW�WKH�VWXGLHG�DQG�H[WUDSRODWHG�WHPSHUDWXUHV��7KH�

ODUJH�GLIIHUHQFH�EHWZHHQ�WKH�YDOXHV�RI�W���RI�WKH�����DQG�����PP�VSHFLPHQV�DW������&�LV�WKH�

UHVXOW�RI�WKH�DSSHDUDQFH�RI�WKH�³VXSHU�SDUDEROLF´�EHKDYLRU�QRW�RQO\�IRU�WKH�����PP�EXW�DOVR�IRU�

WKH�����PP�VSHFLPHQ��)RU�WKH�FDOFXODWLRQ�RI�W���DW������&��LW�LV�DVVXPHG�WKDW�DOO�WKH�VSHFLPHQV�

PD\�XQGHUJR�³VXSHU�SDUDEROLF´�R[LGDWLRQ��)RU�WKH�����&�GDWD��LW�LV�DVVXPHG�WKDW�QRQH�RI�WKH�

VSHFLPHQV�H[KLELWV�³VXSHU�SDUDEROLF´�R[LGDWLRQ��

)LJXUH� ˪�����FRPSDUHV�WKH�SUHGLFWHG�OLIHWLPH�OLPLWV�W���IRU�1L&U������ZLWK�WKRVH�RI�WKH�RWKHU�
WZR� VWXGLHG� 1L�EDVH� DOOR\V�� 7KH� OLQHV� FRQQHFWLQJ� WKH� W��� V\PEROV� RI� 1L&U� ����� VKRZ� D�

UHODWLYHO\�VWHDG\�LQFUHDVH�RI�W���ZLWK�LQFUHDVLQJ�VSHFLPHQ�WKLFNQHVV�DW�����DQG������&�ZLWK�D�

VOLJKW� FRQYH[� LQIOHFWLRQ� DW� ���� PP�� 7KLV� LV� GLIIHUHQW� IURP� WKH� REYLRXV� LQIOHFWLRQV� DW� WKH�

WKLFNQHVV�RI�����PP�REVHUYHG�IRU�DOOR\�����DQG�DOOR\�;��7KLV�GLIIHUHQFH�LV�PDLQO\�UHODWHG�WR�

WKH�IDFW�WKDW�DW�����DQG������&�WKH�UDWH�RI�&U�FRQVXPSWLRQ�IRU�DOOR\�1L&U������LV�WKH�UHVXOW�RI�

LQLWLDO�SRZHU�ODZ�R[LGDWLRQ�DQG�VXEVHTXHQW�VFDOH�VSDOODWLRQ�IRU�DOO�VSHFLPHQ�WKLFNQHVVHV��DQG�

WKH�HQKDQFHPHQW�RI�&U�FRQVXPSWLRQ�E\�VFDOH�VSDOODWLRQ�LV�QRW�DV�VLJQLILFDQW�DV�WKDW�FDXVHG�E\�

³VXSHU�SDUDEROLF´�R[LGDWLRQ��$W������&��WKH�OLQH�RI�1L&U������LV�YHU\�VLPLODU�WR�WKDW�RI�DOOR\�
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;��ZLWK�D�VOLJKW�FRQFDYH�LQIOHFWLRQ�DW�����PP��EHFDXVH�ERWK�WKH�����DQG�����PP�VSHFLPHQV�RI�

WKHVH� WZR� DOOR\V� VKRZ� DW� �����&� TXDOLWDWLYHO\� VLPLODU� ³VXSHU�SDUDEROLF´� R[LGDWLRQ�� 7KLV� LV�

FRQWUDU\�WR�DOOR\�����IRU�ZKLFK�RQO\�WKH�����PP�VSHFLPHQ�VKRZHG�³VXSHU�SDUDEROLF´�NLQHWLFV�

DW�WKLV�WHPSHUDWXUH��

�
)LJXUH� ˪������&DOFXODWHG�WLPHV�W���DV�IXQFWLRQ�RI�VSHFLPHQ�WKLFNQHVV�IRU�DOOR\�1L&U������ZLWK�
H[WUDSRODWLRQV��RSHQ�V\PEROV��WR�RWKHU�WHPSHUDWXUHV�DQG�VSHFLPHQ�WKLFNQHVVHV������DQG���PP��

EDVHG�RQ�H[SHULPHQWDO�UHVXOWV�RI�VSHFLPHQV�R[LGL]HG�DW�VWXGLHG�WHPSHUDWXUHV�������������&���

�

D��

�
)LJXUH� ˪������ &DOFXODWHG� WLPHV� W��� RI� DOOR\� 1L&U� ����� DV� IXQFWLRQ� RI� VSHFLPHQ� WKLFNQHVV�
FRPSDUHG� ZLWK� WKRVH� RI� D�� DOOR\� ���� DQG� E�� DOOR\� ;� DW� WKH� VWXGLHG� WHPSHUDWXUHV� ����� ��
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�� 2[LGDWLRQ�EHKDYLRU�RI�DXVWHQLWLF�VWHHO�1LFURIHU������/1L�

����� ([SHULPHQWDO�

7DEOH� �� VKRZV� WKH� QRPLQDO� DQG� DQDO\]HG� FKHPLFDO� FRPSRVLWLRQV� RI� WKH� DXVWHQLWLF� VWHHO�
1LFURIHU������/1L��7KH�DOOR\�FRQWDLQV����ZW����RI�1L�����ZW����RI�&U�DQG�OHVV�WKDQ�����ZW����

RI�$O�� ,W� LV� H[SHFWHG� WKDW� RQ�1LFURIHU� �����/1L�� DQ� H[WHUQDO�&U�2��ZLOO� IRUP��ZKHUHDV�$O��

ZKLFK�LV�FRPPRQO\�DGGHG�DV�GH�R[LGDQW��WRJHWKHU�ZLWK�6L��GXULQJ�DOOR\�PHOWLQJ��ZLOO�WHQG�WR�

R[LGL]H� LQWHUQDOO\�� ,Q�JHQHUDO��&U� LV�D�%&&�VWDELOL]HU��ZKLOH� LQ�FRQWUDVW�� WKH�1L��0Q��DQG�&R�

DQG� WKH� HOHPHQWV� &� DQG� 1� VWDELOL]H� WKH� DXVWHQLWLF� VWUXFWXUH� >���@�� $V� GLVFXVVHG� LQ�

6HFWLRQ� ˪�������0Q�DQG�7L�DUH�NQRZQ�WR� LQFUHDVH� WKH�JURZWK�UDWH�RI�&U�2�� VFDOH� LQ�KLJK�S2��

HQYLURQPHQW��

7DEOH� ˪������&KHPLFDO�FRPSRVLWLRQ�RI�VWXGLHG�DOOR\�1LFURIHU������/1L��LQ�ZW�����GHWHUPLQHG�
E\�,&3�2(6�DQG�FRPEXVWLRQ�LQIUDUHG�DQDO\VLV�FRPSDUHG�ZLWK�QRPLQDO�FRPSRVLWLRQ�VXSSOLHG�

E\�PDQXIDFWXULQJ�GDWD�VKHHW�>���@��

� )H� 1L� &U� 6L� 0Q� 7L� $O� &� 1� 2� 6�

1RPLQDO� %DO�� ��a��� ��a��� �����PD[�� �����PD[�� �����PD[�� ����PD[�� �����PD[�� �� �� ��

$QDO\]HG� %DO�� ����� ����� ����� ����� ����� ����� ������� ������� ������� �������

7KH�FUHHS�VWUHQJWK�RI�1LFURIHU������/1L�XQGHU�WHQVLOH�ORDG�LV�VXEVWDQWLDOO\�ORZHU�WKDQ�WKDW�RI�

1L�EDVH�VXSHUDOOR\V��VXFK�DV�DOOR\V�����DQG�;��7KLV�PDNHV� WKH�DOOR\�YXOQHUDEOH�WR�VXEVWUDWH�

FUHHS�DV� D� UHVXOW�RI� VFDOH�JURZWK� VWUHVV�DQG� WHQVLOH� WKHUPDO� VWUHVV�GXULQJ�FRROLQJ��7KH�\LHOG�

VWUHVVHV�RI�WKH�VWXGLHG�DOOR\V�DW�URRP�DQG�KLJK�WHPSHUDWXUHV�DUH�FRPSDUHG�LQ�7DEOH�������

$OOR\�1LFURIHU������/1L�ZDV�VXSSOLHG�E\�9'0�0HWDOV�LQ�WKH�IRUP�RI�VKHHW�ZLWK�D�WKLFNQHVV�

RI� ���� PP� DQG� D� ZLGWK� RI� ����� PP�� 7KH� UHFHLYHG� DOOR\� ZDV� FXW� LQWR� VSHFLPHQV� ZLWK�

GLPHQVLRQ�RI�㈰ ฀㄰ ฀ ฀⸶฀浭 ��$V�PHQWLRQHG�LQ�&KDSWHU��˪��DOO�VSHFLPHQV�ZHUH�JURXQG�ZLWK�

6L&�JULQGLQJ�SDSHUV�WR�WKUHH�WKLFNQHVVHV�����������DQG�����PP��XQWLO�WKH�ILQDO�VXUIDFH�ILQLVKLQJ�

RI�3������

)LUVW��WKH�JURXQG�VSHFLPHQV�ZHUH�SUHSDUHG�IRU�ORQJ�WHUP�������K��DQG�LQWHUPHGLDWH�WHUP�������

K�� DLU� R[LGDWLRQ� WHVWLQJ� DW� ���� DQG� �����&� WR� KDYH� D� GLUHFW� FRPSDULVRQ� RI� WKH� UHVXOWV�ZLWK�

WKRVH�RI�WKH�1L�EDVH�DOOR\V�GLVFXVVHG�LQ�WKH�SUHYLRXV�VHFWLRQV��
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7DEOH� ˪������&RPSDULVLRQ�RI�\LHOG�VWUHVV�DW�URRP�DQG�KLJK�WHPSHUDWXUHV�RI�WKH�VWXGLHG�DOOR\V�
>������������@��

� <LHOG�VWUHVV��5S�����LQ�0SD�
5RRP�WHPSHUDWXUH�

<LHOG�VWUHVV��5S�����LQ�0SD�
+LJK�WHPSHUDWXUH�

$OOR\����� ���� ���������&��
$OOR\�;� ൒���� ��������&��

1L&U������62� ൒���� ��

1LFURIHU������/1L� ���� ��������&��
��������&��

+RZHYHU��GXULQJ�WKH�DFWXDO�WHVWV�DW������&�WKH�KLJK�R[LGDWLRQ�UDWHV�REVHUYHG��VHH�IROORZLQJ�

VHFWLRQ�� OHDG� WR� WKH� GHFLVLRQ�� WR� LQWHUUXSW� WKH� H[SRVXUHV� DIWHU� VKRUWHU� WLPHV� �DSSUR[LPDWHO\�

����� DQG� ���� K� UHVSHFWLYHO\��� /RQJHU� H[SRVXUH� WLPHV� ZRXOG�� HVSHFLDOO\� IRU� WKH� WKLQQHU�

VSHFLPHQV��KDYH�UHVXOWHG�LQ�D�WRWDO�R[LGDWLRQ�WKXV�SUHYHQWLQJ�DQ\�XVHIXO�PHWDOORJUDSKLF�FURVV�

VHFWLRQ� LQYHVWLJDWLRQ�� (YHQ� DIWHU� ���� K�� WKH� VSHFLPHQV� VKRZHG� EUHDNDZD\� W\SH� R[LGDWLRQ��

6LPLODU�WR�WKH�REVHUYDWLRQV�DW������&��DQ�H[SRVXUH�DW�����&�IRU�D�����PP�VSHFLPHQ�ZLWK����K�

WKHUPDO�F\FOHV�FDUULHG�RXW�DW�251/�VKRZHG�WKDW�WKH�VSHFLPHQ�IDLOHG�DIWHU�VKRUW�H[SRVXUH�WLPH�

�DSSUR[LPDWHO\� ���� K�� GXH� WR� EUHDNDZD\� DQG� VXEVHTXHQW� VXEVWDQWLDO� VFDOH� VSDOODWLRQ��

7KHUHIRUH��IXUWKHU�LQYHVWLJDWLRQV�ZHUH�QRW�FRQGXFWHG�DW�WKLV�WHPSHUDWXUH��$GGLWLRQDO�H[SRVXUHV�

DW� ORZHU� WHPSHUDWXUH� �����&��ZHUH� FDUULHG� RXW� WR� REWDLQ� D� SHULRG� RI� VWHDG\�VWDWH� SURWHFWLYH�

R[LGDWLRQ� DQG� PDNH� VXUH� WKDW� R[LGDWLRQ� NLQHWLFV� DQG� R[LGDWLRQ� LQGXFHG� PLFURVWUXFWXUDO�

FKDQJHV�FRXOG�EH�DQDO\]HG�EHIRUH�RFFXUUHQFH�RI�EUHDNDZD\�R[LGDWLRQ��%HVLGHV��LVRWKHUPDO�7*�

WHVWV� IRU� VKRUW� WLPHV� DW� ����������DQG������&�ZHUH� FDUULHG�RXW� IRU�REWDLQLQJ�PRUH�GHWDLOHG�

LQIRUPDWLRQ�DERXW�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�R[LGDWLRQ�NLQHWLFV��

����� 2[LGDWLRQ�NLQHWLFV�

)LJXUH� ˪����� VKRZV� WKH�QHW�DQG�JURVV�ZHLJKW�FKDQJH�FXUYHV�RI� WKH�1LFURIHU������ VSHFLPHQV�
ZLWK�GLIIHUHQW�WKLFNQHVVHV�GXULQJ�R[LGDWLRQ�DW����������DQG������&��$W�����&��QR�VSHFLPHQ�

WKLFNQHVV�GHSHQGHQFH�RI�WKH�ZHLJKW�JDLQ�LV�REYLRXV�GXULQJ�WKH�HDUO\�VWDJHV�RI�R[LGDWLRQ��$IWHU�

DERXW�����K�LW�LV�DSSDUHQW�WKDW�WKH�WKLQQHU�VSHFLPHQ�H[KLELWV�VOLJKWO\�IDVWHU�R[LGDWLRQ�NLQHWLFV�

WKDQ� WKH� WKLFNHU� RQHV��$W� DSSUR[LPDWHO\�����K�� WKH� FXUYH�RI� WKH�����PP�VSHFLPHQ� VWDUWV� WR�

VKRZ� DQ� LQFOLQDWLRQ� WRZDUGV�PRUH� UDSLG� R[LGDWLRQ�� 7KH� ���� DQG� ����PP� VSHFLPHQV� H[KLELW�

RQVHW�RI�VFDOH�VSDOODWLRQ�DIWHU�DERXW������K��ZKLOH�WKH�VFDOH�RQ�WKH�����PP�VSHFLPHQ�GRHV�QRW�

VKRZ�D�FOHDU�LQGLFDWLRQ�RI�VSDOODWLRQ�XS�WR�DERXW������K��)LJXUH� ˪�����D�VKRZV�D�PDFUR�LPDJH�
RI�WKH�����PP�VSHFLPHQ�DIWHU�����K�H[SRVXUH�DW�����& ��L�H��MXVW�DIWHU�WKH�HQKDQFHG�R[LGDWLRQ�
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RFFXUV��7KH�R[LGH�VFDOH�DW�WKH�VSHFLPHQ�HGJH�LV�WKLFNHU�WKDQ�LQ�RWKHU�VSHFLPHQ�DUHDV��&UDFNV�

FDQ� FOHDUO\� EH� VHHQ� LQ� WKH� R[LGH� DW� WKH� HGJH� DQG� DUH� H[SHFWHG� WR� DOORZ� LQJUHVV� RI� R[\JHQ�

UHVXOWLQJ�LQ�IDVWHU�R[LGDWLRQ��7KH�SURRI�IRU�RFFXUUHQFH�RI�VFDOH�VSDOODWLRQ�GXULQJ�WKH�ODVW�SHULRG�

RI�WKH�H[SRVXUH�LV�VKRZQ�LQ�)LJXUH�˪�����E�IRU�WKH�����PP�VSHFLPHQ��

$W� ����&�� WKH� QHW� ZHLJKW� FKDQJH� FXUYH� �)LJXUH� ˪�����E�� VKRZV� WKDW� WKH� ����PP� VSHFLPHQ�
H[KLELWV� RQVHW� RI� VLJQLILFDQW� VFDOH� VSDOODWLRQ� DIWHU� DSSUR[LPDWHO\� ���� K� H[SRVXUH�� ZKLFK�

LQGLFDWHV�WKH�RFFXUUHQFH�RI�EUHDNDZD\�DOUHDG\�DIWHU�VKRUW�WLPH�RI�R[LGDWLRQ�DW�WKLV�WHPSHUDWXUH��

6LPLODU� WR� WKH� VWXGLHG�1L�EDVH�DOOR\V�� WKH� VWHDG\� VWDWH�JURZWK�RI� WKH�R[LGH� DW� ����&�FDQ�EH�

GHVFULEHG� E\� D� SRZHU� ODZ� WLPH� GHSHQGHQFH� ZLWK� Q ����� +RZHYHU�� WKH� UDWH� FRQVWDQW� N� RI�

1LFURIHU������LV�PXFK�ODUJHU�WKDQ�WKDW�RI�WKH�VWXGLHG�1L�EDVH�DOOR\V��VHH�)LJXUH� ˪�������7KH�N�
YDOXHV� RI� 1LFURIHU� ����� LQ� )LJXUH� ˪����� DUH� GHULYHG� IURP� WKH� 7*� WHVWV� DW� ����� ����� DQG�
�����&��FORVHG�EODFN�V\PEROV��DQG�WKH�JUDYLPHWULF�GDWD�RI�WKH�VWHDG\�VWDWH�R[LGDWLRQ�VWDJH�DW�

����DQG�����&��RSHQ�EODFN�V\PEROV����

$W� �����&�� WKH� ZHLJKW� JDLQV� IRU� DOO� VSHFLPHQV� UHDFK� DSSUR[LPDWHO\� �� �� �� PJ�FP฀฀� DIWHU�

DOUHDG\�����K��&RPSDULVRQ�ZLWK�WKH�GDWD�RI�WKH�1L�EDVH�DOOR\V�OHDGV�WR�WKH�FRQFOXVLRQ�WKDW�WKH�

VXUIDFH� VFDOHV� IRUPHG� RQ� WKH� DXVWHQLWLF� VWHHO� LQ� WKLV� WLPH� SHULRG� DUH� QRW� SURWHFWLYH� FKURPLD�

VFDOHV��5DWKHU��EUHDNDZD\�W\SH�R[LGDWLRQ�DOUHDG\�RFFXUUHG�DIWHU�YHU\�VKRUW� H[SRVXUH� WLPH�DV�

ZLOO� EH� LOOXVWUDWHG� LQ� WKH� IROORZLQJ� VHFWLRQ�� 7KH� HQKDQFHPHQW� RI� WKH� �JURVV�� ZHLJKW� JDLQV�

RFFXUULQJ�DIWHU�DSSUR[LPDWHO\�����K�IRU� WKH�����PP�VSHFLPHQ�DQG�VRPHZKHUH�EHWZHHQ�����

DQG� ����� K� IRU� WKH� RWKHU� WZR� VSHFLPHQV� �)LJXUH� ˪����� F�� DUH� UHODWHG� WR� D� FKDQJH� LQ� WKH�
FRPSRVLWLRQ�RI�WKH�EUHDNDZD\�VFDOH��3URWHFWLYH�FKURPLD�EDVH�VFDOH�IRUPDWLRQ�DW������&�ZDV�

RQO\�REVHUYHG�IRU�WKH�7*$�VSHFLPHQ�H[SRVHG�LVRWKHUPDOO\�IRU�����K���

7KH�NLQN��VHH�WKH�HQODUJHG�ILJXUH�RI�WKH�DUHD�LQ�WKH�\HOORZ�VTXDUH�LQ�)LJXUH� ˪�����F��RI�WKH�QHW�
ZHLJKW� FKDQJH�RI� WKH�����PP�VSHFLPHQ�DW������&�DIWHU����K� LQGLFDWHV� WKDW� VFDOH� VSDOODWLRQ�

DOUHDG\�RFFXUUHG�DIWHU�WKH�ILUVW�FRROLQJ�F\FOH��L�H��DIWHU�UHDFKLQJ�D�ZHLJKW�JDLQ�RI���PJ�FP����

7KLV�LV�LQ�DFFRUGDQFH�ZLWK�WKH�ZHLJKW�JDLQ�DW�WKH�VWDUWLQJ�SRLQW�RI�VFDOH�VSDOODWLRQ�DW�����DQG�

����& ��)LJXUH� ˪�����D�E���7KLV�PHDQV�WKDW�WKH�NLQHWLFV�DW������&�LV�VR�IDVW�WKDW�DIWHU�WKH�ILUVW�
KHDWLQJ�F\FOH�����K���WKH�WKLFNQHVV�RI�WKH�R[LGH�VFDOH�RQ�WKH�����PP�VSHFLPHQ�KDV�UHDFKHG�D�

YDOXH� ��� PJ�FP��� R[\JHQ� XSWDNH�� UHVXOWLQJ� LQ� D� VXIILFLHQWO\� ODUJH� VWUDLQ� HQHUJ\� WR� FDXVH�

VSDOODWLRQ� RI� WKH� R[LGH�� 7KLV� DJDLQ� LOOXVWUDWHV� WKDW� GXULQJ� WKH� F\FOLF� R[LGDWLRQ� DW� �����& ��
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DOUHDG\� DIWHU� YHU\� VKRUW� R[LGDWLRQ� WLPH� WKH� VFDOH� IRUPHG� RQ� WKH� VXUIDFH� LV� QRW� D� SURWHFWLYH�

FKURPLD�VFDOH��DV�PHQWLRQHG�DERYH��
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�
E��

�
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�
)LJXUH� ˪������0DFUR� LPDJHV�RI�1LFURIHU������R[LGL]HG�DW�����&��D�� VSHFLPHQ� WKLFNQHVV�����

PP�DIWHU�����K�DQG�E������PP�DIWHU������K��$UURZV�LQGLFDWH�D��RFFXUUHQFH�RI�EUHDNDZD\�DQG�
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)LJXUH� ˪����� FRPSDUHV� WKH�ZHLJKW�JDLQ� FXUYHV�GXULQJ� WKH�����K�7*� WHVWV� LQ� V\QWKHWLF� DLU� DW�
�����&�RI� DOO� WKH� VWXGLHG� DOOR\V�� ,W� FDQ� EH� VHHQ� WKDW� WKH� R[LGDWLRQ� UDWH� RI�1LFURIHU� ����� LV�

KLJKHU�WKDQ�WKDW�RI�WKH�1L�EDVH�DOOR\V��H�J��UHDFKLQJ�D�ZHLJKW�JDLQ�RI�����PJ�FP฀฀�DIWHU�����K�

R[LGDWLRQ�IRU�WKH�����PP�VSHFLPHQ��FRPSDUHG�WR������PJ�FP·ð�IRU�DOOR\�;�������PJ�FP฀฀�IRU�
DOOR\������DQG������PJ�FP฀฀�IRU�DOOR\�1L&U�������8QOLNH�WKH�ZHLJKW�JDLQ�FXUYH�RI�WKH�����PP�

VSHFLPHQ�GXULQJ� WKHUPDO�F\FOLQJ� LQ�)LJXUH� ˪�����F�� WKH�ZHLJKW�JDLQ�FXUYH�RI� WKH�����PP�LQ�
)LJXUH� ˪����� D� VKRZV� WKDW� WKH� VSHFLPHQ� GRHV� QRW� H[KLELW� VFDOH� VSDOODWLRQ� DIWHU� DERXW� ��� K�
GXULQJ�LVRWKHUPDO�R[LGDWLRQ�DW������&��7KLV�SURRIV�WKDW�WKH�WKHUPDO�VWUHVV�GXULQJ�WKH�FRROLQJ�

SURFHVV� LV� WKH� UHDVRQ� IRU� VFDOH� VSDOODWLRQ�RI� WKH�����PP�VSHFLPHQ��DQG�SRVVLEO\�DOVR�FDXVHV�

VXEVWUDWH�FUHHS�GXULQJ�FRROLQJ�DQG�VXEVHTXHQWO\�IRUPDWLRQ�RI�WHQVLOH�FUDFNV�LQ�WKH�VFDOH�GXULQJ�

UH�KHDWLQJ� IRU� WKLQQHU� VSHFLPHQV�� 7KH� VFDOH� VSDOODWLRQ� RU� VFDOH� FUDFNLQJ� ZLOO� DOORZ� ORFDO�

FRQWDFW�RI�WKH�DWPRVSKHUH�WR�WKH�EDUH�PHWDO��,I�WKH�VXEVFDOH�&U�FRQFHQWUDWLRQ�LV�ORZHU�WKDQ�WKH�

FULWLFDO�OHYHO�UHTXLUHG�IRU�UH�KHDOLQJ��WKH�)H��DQG�1L��LQ�WKH�DOOR\�ZLOO�EH�R[LGL]HG��UHVXOWLQJ�LQ�

EUHDNDZD\�W\SH�R[LGDWLRQ��

�
)LJXUH� ˪������3RZHU�ODZ�UDWH�FRQVWDQW�N��(T�� �˪������ZLWK�Q �����RI�1LFURIHU������FRPSDUHG�
ZLWK�WKH�N�YDOXHV�RI�WKH�VWXGLHG�1L�EDVHG�DOOR\V�DW�WKH�YDULRXV�WHVW�WHPSHUDWXUHV��)RU�WKH�DOOR\V�

�����;�DQG�1L&U������WKH�RSHQ�V\PEROV�UHSUHVHQW�H[WUDSRODWHG�GDWD��
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)LJXUH� ˪������:HLJKW�JDLQ�FXUYHV�GXULQJ�����K�7*� WHVW� DW������&� IRU� DOO� WKH� VWXGLHG�DOOR\V�

VKRZLQJ�D�PXFK�KLJKHU� UDWH�RI�R[LGDWLRQ�RI�1LFURIHU������FRPSDUHG� WR� WKH�1L�EDVH� DOOR\V��

�7KH�WHVW�RI�WKH�����PP�VSHFLPHQ�RI�DOOR\�;�ZDV�VWRSSHG�DIWHU����K�EHFDXVH�RI�D�PDOIXQFWLRQ�

RI�WKH�WHVW�IDFLOLW\��

����� 0LFURVWUXFWUXDO�FKDQJHV�DQG�R[LGH�IRUPDWLRQ�

,Q�WKLV�VHFWLRQ��REVHUYDWLRQV�RI�WKH�R[LGH�VFDOH�DQG�DOOR\�PLFURVWUXFWXUHV�EHIRUH�RFFXUUHQFH�RI�

EUHDNDZD\� R[LGDWLRQ� ZLOO� EH� VKRZQ� IRU� WKH� VSHFLPHQV� R[LGL]HG� DW� ����&�� 7KH� EUHDNDZD\�

R[LGDWLRQ�RI�1LFURIHU������LV�GLVFXVVHG�XVLQJ�VSHFLPHQV�R[LGL]HG�DW������&�DV�H[DPSOH���

&OHDU�LQGLFDWLRQV�RI�EUHDNDZD\�R[LGDWLRQ�ZHUH�QRW�REVHUYHG�LQ�WKH�6(0�LQYHVWLJDWLRQV�RI�WKH�

FURVV�VHFWLRQV�LQ�WKH�PLGGOH�RI�WKH�VSHFLPHQV�DIWHU�R[LGDWLRQ�DW�����&�VSHFLPHQV�HLWKHU�DIWHU�

����RU������K��)LJXUHV˪�����D�E�SUHVHQW�WKH�%6(�LPDJHV�VKRZLQJ�FURVV�VHFWLRQV�RI�WKH�����PP�
VSHFLPHQV�DIWHU�����K�DQG������K�H[SRVXUH��$V�PHQWLRQHG�LQ�6HFWLRQ��˪����IRU�WKH�HGJH�HIIHFW�
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RI�WKH�����PP�VSHFLPHQ��VHH�)LJXUH� ˪�����D���KHUH�LW�VKRZV�DJDLQ�WKH�HYLGHQFH�RI�WKH�UHDVRQ�RI�
WKH�DSSHDUDQFH�RI�WKH�HQKDQFHG�R[LGDWLRQ�DV�D�UHVXOW�RI�WKH�IRUPDWLRQ�RI�FUDFNV�SHUSHQGLFXODU�

WR�WKH�VSHFLPHQ�VXUIDFH�LQ�WKH�VFDOH��VHH�WKH�UHG�FLUFOHV�LQ�)LJXUH� ˪�������7KH�YHUWLFDO�FUDFNV�LQ�
WKH� VFDOH� DUH�PRUH� DSSDUHQW� DIWHU� ����� K� R[LGDWLRQ� WKDQ� DIWHU� ���� K� R[LGDWLRQ��1R� YHUWLFDO�

FUDFNV�DUH�REVHUYHG�LQ�WKH�VFDOH�RQ�WKH�WKLFNHU�VSHFLPHQV������DQG�����PP���H�J��WKH�����PP�

VSHFLPHQ�VKRZQ�LQ�)LJXUH� ˪�����F�G��HYHQ�DIWHU������K�R[LGDWLRQ�DW�����&��7KHVH�REVHUYDWLRQV�
DUH�LQ�TXDOLWDWLYH�DJUHHPHQW�ZLWK�WKH�R[LGDWLRQ�NLQHWLFV�VKRZQ�LQ�)LJXUH� ˪�����D�VKRZLQJ�WKDW�
WKH�WKLFN�VSHFLPHQV�H[KLELW�VFDOH�VSDOODWLRQ�LQVWHDG�RI�DQ�LQFOLQDWLRQ�WR�DFFHOHUDWHG�R[LGDWLRQ��

�
)LJXUH� ˪������%6(�LPDJHV�VKRZLQJ�FURVV�VHFWLRQV�RI�D��E������PP�DQG�F��G������PP�VSHFLPHQ�
RI�1LFURIHU������DIWHU�D��F������K�DQG�E��G�������K�R[LGDWLRQ�DW�����&��5HG�FLUFOHV�LQGLFDWH�

ORFDWLRQV�RI�FUDFNV�ZLWKLQ�WKH�R[LGH�SHUSHQGLFXODU�WR�WKH�DOOR\�VFDOH�LQWHUIDFH��

)LJXUH� ˪�����VKRZV�WKH�R[LGH�VFDOH�IRUPDWLRQ�IRU�WKH�����PP�VSHFLPHQV�RI�DOOR\�1LFURIHU������
DIWHU� R[LGDWLRQ� DW� ���� DQG� �����&� IRU� GLIIHUHQW� WLPHV�� 'XULQJ� WKH� R[LGDWLRQ� DW� ����&�

�)LJXUH� ˪�����D�F��DQG�WKH�VWHDG\�VWDWH�LVRWKHUPDO�R[LGDWLRQ�IRU�����K�DW������&��)LJXUH� ˪�����
G���LW�LV�JHQHUDOO\�REVHUYHG�WKDW�D�OD\HU�RI�&U�0Q�VSLQHO�LV�IRUPHG�RQ�WRS�RI�WKH�FKURPLD�VFDOH��

DQG� PLQRU� DPRXQWV� RI� 7L�ULFK� R[LGH� DUH� IRUPHG� LQ� WKH� RXWHUPRVW� OD\HU� RI� WKH� VFDOH�� $V�

GLVFXVVHG� LQ� 6HFWLRQ� ˪������� 7L� DQG�0Q� DUH� YHU\� IUHTXHQWO\� REVHUYHG� WR� EH� LQFRUSRUDWHG� LQ�

FKURPLD�VFDOHV�DQG�ILQDOO\�GLIIXVH�LQWR�WKH�RXWHU�OD\HU�RI�WKH�VFDOH�WR�IRUP��PRVWO\��7L2��DQG�

0Q&U�2��� UHVSHFWLYHO\�� 7KH� ILJXUH� VKRZ� WKDW� 6L2�� IRUPHG� DV� LQWHUQDO� SUHFLSLWDWHV� QHDU� WKH�

DOOR\�VFDOH� LQWHUIDFH� DQG� DORQJ� WKH� JUDLQ� ERXQGDULHV� LQ� WKH� VXEVFDOH� UHJLRQ�� $O�2�� LQWHUQDO�

R[LGH� IRUPHG� PDLQO\� DORQJ� WKH� DOOR\� JUDLQ� ERXQGDULHV�� ,W� ZDV� VRPHWLPHV� QRW� HDV\� WR�

XQHTXLYRFDOO\�GLVWLQJXLVK�$O�2��IURP�6L2��LQ�WKH�LPDJH�GXH�WR�WKH�VLPLODULW\�LQ�FRQWUDVW�RI�WKH�
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WZR�SKDVHV��7KH�(';�SRLQW�DQDO\VHV�RI�WKH�VFDOH�DQG�SUHFLSLWDWHV�DUH�VKRZQ�LQ�)LJXUH� ˪�����
WDNLQJ�WKH�����VSHFLPHQ�DIWHU�R[LGDWLRQ�RI������K�DW�����&�DV�H[DPSOH��

�
)LJXUH� ˪������%6(�LPDJHV�VKRZLQJ�FURVV�VHFWLRQV�RI�����PP�WKLFN�VSHFLPHQV�RI�1LFURIHU������
DIWHU�R[LGDWLRQ�DW�D�F������&�DQG�G�H�������&�IRU�GLIIHUHQW�WLPHV��
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H[KLELWHG�D�EUHDNDZD\� W\SH�R[LGH� �)LJXUH� ˪����� H� I���7KH�PRUSKRORJLHV�RI� WKH�EUHDNDZD\� W\SH�
R[LGH� DIWHU� ERWK� R[LGDWLRQ� WLPHV� ORRN� TXLWH� VLPLODU�� 7KH�(';�SRLQW� DQDO\VHV� RI� WKH� VFDOH� DQG�

SUHFLSLWDWHV� DUH� VKRZQ� LQ� )LJXUH� ˪����� WDNLQJ� WKH� ���� VSHFLPHQ� DIWHU� R[LGDWLRQ� RI� ����� K� DW�
�����&�DV�H[DPSOH��
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)LJXUH� ˪������%6(� LPDJH� VKRZLQJ�FURVV� VHFWLRQ�RI�����PP� WKLFN� VSHFLPHQ�RI�1LFURIHU������
DIWHU�R[LGDWLRQ�DW�����&�IRU������K�ZLWK�VSHFWUD�RI�(';�SRLQW�DQDO\VHV��FRUUHVSRQGLQJ�WR�WKH�

VSHFLPHQ�VKRZQ�LQ�)LJXUH� ˪�����F��

2Q� WKH� WRS� RI� WKH� VFDOH�� D� WZR�SKDVH� ]RQH� H[LVWV�� LQ� ZKLFK� LUUHJXODU� )H�1L�ULFK� R[LGH� LV�

GLVSHUVHG�LQ�DQ�)H�ULFK�R[LGH�PDWUL[��%HQHDWK�WKH�WZR�SKDVH�]RQH�D�UHJLRQ�LV�SUHVHQW��ZKLFK�

FRQVLVWV� RI� WZR� GDUN� JUH\� &U�ULFK� R[LGH� OD\HUV� DQG� RQH� OLJKW� JUH\� )H�1L�ULFK� R[LGH�� ,W� LV�

DVVXPHG� WKDW� WKH�XSSHU�&U�ULFK� OD\HU� LV� WKH�RULJLQDO�SURWHFWLYH�&U�2��R[LGH��KRZHYHU�ZLWK�D�

PRGLILHG�FRPSRVLWLRQ��OLNHO\�)H&U�2��DQG�1L&U�2���GXH�WR�LQFRUSRUDWLRQ�RI�SDUW�RI�WKH�&U�2��

LQWR�PL[HG�R[LGH�DIWHU�EUHDNDZD\�R[LGDWLRQ��:LWK�WKH�ODWHUDO�DQG�YHUWLFDO�FUDFNV�DV�ZHOO�DV�WKH�

SRURXV� VWUXFWXUH� LQ� WKH� EUHDNDZD\� VFDOH�� WKH� R[\JHQ� FDQ� SHQHWUDWH� GHHSHU� LQWR� WKH� ORFDWLRQ�

EHQHDWK� WKH� RULJLQDO� &U�2�� R[LGH�� ZKHUH� WKH� &U� GHSOHWLRQ� ]RQH� H[LVWV�� 7KH� )H� DQG� 1L�

FRQFHQWUDWLRQV�LQ�WKH�&U�GHSOHWLRQ�]RQH�DUH�VXEVWDQWLDOO\�KLJKHU�WKDQ�LQ�WKH�RULJLQDO�DOOR\��VR�

WKH�R[LGHV�RI�)H�DQG�1L�FDQ�HDVLO\�EH�IRUPHG��$�FRQWLQXRXV�OD\HU�RI�UHODWLYHO\�SXUH�&U�2��LV�

SUHVHQW� EHQHDWK� WKH� )H�1L�ULFK� R[LGH�ZKHQ� WKH� DOOR\� LV� FRQVXPHG� WR� D� GHSWK�ZKHUH� WKH�&U�

FRQWHQW�LV�DJDLQ�VXIILFLHQWO\�KLJK�WR�DOORZ�FKURPLD�ULFK�VFDOH�IRUPDWLRQ��%HQHDWK�WKLV�OD\HU�WKH�
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S2��LV�DSSDUHQWO\�DW�D�OHYHO�ORZHU�WKDQ�WKH�GLVVRFLDWLRQ�SUHVVXUH�RI�WKH�YDULRXV�)H��DQG�1L�ULFK�

R[LGHV��VHH�GHWDLOV�LQ�6HFWLRQ�˪������

�
)LJXUH� ˪������ %6(� LPDJH� VKRZLQJ� FURVV� VHFWLRQ� RI� ����PP� WKLFN� VSHFLPHQ� RI�1LFURIHU� �����
DIWHU�R[LGDWLRQ�DW������&�IRU������K�ZLWK�VSHFWUXPV�RI�(';�SRLQW�DQDO\VHV��FRUUHVSRQGLQJ�WR�

WKH�VSHFLPHQ�VKRZQ�LQ�)LJXUH�˪�����I��

�
7KH�%6(�LPDJHV�LQ�)LJXUH� ˪�����VKRZ�WKH�FURVV�VHFWLRQV�RI�����PP�VSHFLPHQV�R[LGL]HG�DW�����

DQG������&�IRU�GLIIHUHQW�WLPHV��$W�����&��)LJXUH� ˪�����D�E���D�SURWHFWLYH�FKURPLD�VFDOH�ZLWK�
&U�0Q�VSLQHO�DQG�7L�ULFK�R[LGH�LQ�WKH�RXWHUPRVW�OD\HU�LV�IRUPHG��VLPLODU�WR�WKDW�REVHUYHG�IRU�

WKH�����PP�VSHFLPHQV�DW� WKLV� WHPSHUDWXUH� �)LJXUH� ˪����� D�F���$W������&��D�EUHDNDZD\� W\SH�
R[LGH� VFDOH� LV� REVHUYHG� DIWHU� VKRUW� DV�ZHOO� DV� ORQJ� R[LGDWLRQ� WLPHV� �)LJXUH� ˪����� F� G��� 7KH�
PRUSKRORJ\�RI�WKH�EUHDNDZD\�W\SH�VFDOH��HVSHFLDOO\�WKH�VFDOH�IRUPHG�DIWHU�����K�R[LGDWLRQ��LV�

TXLWH�VLPLODU�WR�WKDW�REVHUYHG�IRU�WKH�����PP�VSHFLPHQV�VKRZQ�EHIRUH�LQ�)LJXUH�˪������

+RZHYHU�� DIWHU� ����� K� R[LGDWLRQ� DW� �����&�� WKH� EUHDNDZD\� VFDOH� RQ� WKH� ����PP� VSHFLPHQ�
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ULFK��)H �����DW�����R[LGH��LW�DOVR�FRQWDLQV����DW����RI�&U�DQG�VPDOO�IUDFWLRQV�RI�1L��0Q�DQG�

7L��7KH�GDUN�JUH\�OD\HU��ORFDWHG�EHQHDWK�WKH�OLJKW�JUH\�OD\HU��LV�&U�ULFK�R[LGH��DSDUW�IURP�&U�LW�

FRQWDLQV� VPDOO� IUDFWLRQV� RI� )H��1L��0Q� DQG�7L�� 7KH� RXWHUPRVW� OLJKW� JUH\� OD\HU� LV� WKH� R[LGH�

IRUPHG�DIWHU�RFFXUUHQFH�RI�EUHDNDZD\��ZKHUHDV�WKH�GDUN�JUH\�OD\HU�LV�UHODWHG�WR�WKH�RULJLQDO�

SURWHFWLYH�&U�2��IRUPHG�GXULQJ�WKH�YHU\�HDUO\�VWDJHV�RI�R[LGDWLRQ��+RZHYHU��LW�QRZ�EHFDPH�

LQFRUSRUDWHG�LQ�WKH�RWKHU�R[LGH�IRUPHG�DIWHU�WKH�EUHDNDZD\�R[LGDWLRQ�VWDUWHG��8QOLNH�WKH�W\SH�

RI�R[LGH�REVHUYHG�IRU�WKH�RWKHU�EUHDNDZD\�VSHFLPHQV��VHH�)LJXUH� ˪�����H�I��)LJXUH� ˪�����F��DQG�
DOVR�ODWHU�)LJXUH� ˪������H���QR�1L�FRQWDLQLQJ�R[LGHV�ZHUH�IRXQG�LQ�WKH�VFDOH�RI�WKLV�VSHFLPHQ��
7KLV� LV� EHFDXVH� WKH� GLVVRFLDWLRQ� SUHVVXUH� RI� 1L2� LV� KLJKHU� WKDQ� WKDW� RI� )H�ULFK� R[LGH�

�6HFWLRQ� ˪������WKXV��R[LGDWLRQ�RI�1L�FDQ�RQO\�RFFXU�LQ�DQ�HQYLURQPHQW�ZLWK�KLJKHU�S2���ZKLFK�

FDQ�EH�SURYLGHG�E\�WKH�FUDFNV�DQG�SRUHV�LQ�WKH�VFDOH��+RZHYHU��WKH�VFDOH�LV�UHODWLYHO\�GHQVH�RQ�

WKH�����PP�VSHFLPHQ�DIWHU������K�R[LGDWLRQ�DW������&��7KH�S2��LQ�WKH�LQQHU�SDUW�RI�WKH�GHQVH�

VFDOH�LV�H[SHFWHG�WR�EH�ORZHU�WKDQ�WKDW�LQ�WKH�SRURXV�VFDOH��VR�1L�LV�LQ�WKDW�FDVH�KDUGO\�R[LGL]HG���

&RQVLGHULQJ� WKDW� QR� VFDOH� VSDOODWLRQ� ZDV� REVHUYHG� DFFRUGLQJ� WR� WKH� ZHLJKW� JDLQ� GDWD� LQ�

)LJXUH� ˪�����E��WKH�GHQVH�VFDOH�IRUPHG�DW������&�RQ�WKH�����PP�VSHFLPHQ�PLJKW�EH�D�UHVXOW�RI�
VXEVFDOH� FUHHS�GXH� WR� WKH� UHGXFWLRQ�RI� WKH� VSHFLPHQ� WKLFNQHVV� DIWHU� ORQJ� WHUP�R[LGDWLRQ�� LQ�

FRPELQDWLRQ�ZLWK�WKH�UHODWLQJ�ORZ�FUHHS�VWUHQJWK�RI� WKH�VXEVWUDWH�PDWHULDO��7KH�IRUPDWLRQ�RI�

IDVW�JURZLQJ�)H�ULFK�R[LGH��VHH�6HFWLRQ� ˪�����GXULQJ�WKH�EUHDNDZD\�R[LGDWLRQ�LV�LQ�DJUHHPHQW�

ZLWK� WKH� KLJK� ZHLJKW� JDLQ� RI� WKH� ���� PP� VSHFLPHQ� DIWHU� DSSUR[LPDWHO\� ���� K� DW� �����&�

VKRZQ�LQ�)LJXUH� ˪�����E��

7KH� UDSLG� R[LGDWLRQ� RI� )H� DIWHU� EUHDNDZD\� LV� EHOLHYHG� WR� EH� FRQWUROOHG� E\� WKH� RXWZDUG�

GLIIXVLRQ�RI�FDWLRQV�WKURXJK�WKH�H[LVWLQJ�R[LGH��)RU�H[DPSOH��WKH�FDWLRQV�GLIIXVH�RXWZDUG�IURP�

WKH� DOOR\�VFDOH� LQWHUIDFH� WKURXJK� WKH� SURWHFWLYH� &U�2�� OD\HU�� EXW� VRPH� RI� WKH� FDWLRQV� DUH�

DOUHDG\� R[LGL]HG� E\� R[\JHQ� ZKLFK� GLIIXVHV� LQZDUGO\�� 7KHUHIRUH�� VPDOO� DPRXQWV� RI� )H� DQG�

RWKHU� R[\JHQ� DFWLYH� VROXWH� HOHPHQWV� DUH� IRXQG� LQ� WKH� RULJLQDO�&U�2�� OD\HU��7KH� SUHVHQFH� RI�

QLWULGHV� LQ� WKH� FHQWHU� RI� WKLV� VSHFLPHQ� LV� DQRWKHU� LQGLFDWLRQ� RI� VXEVWDQWLDO� WUDQVSRUW� RI�

PROHFXODU�JDV�VSHFLHV�WKURXJK�WKH�VFDOH��

)LJXUH� ˪������SUHVHQWV�WKH�%6(�LPDJHV�RI�WKH�FURVV�VHFWLRQV�VKRZLQJ�WKH�����PP�VSHFLPHQV�

R[LGL]HG�DW�����DQG������&� IRU�GLIIHUHQW� WLPHV��$W�����&� WKH� VFDOH� VWLOO�PDLQO\� FRQVLVWV�RI�

SURWHFWLYH� FKURPLD� EDVHG� R[LGH� IRU� WKH� ����PP� VSHFLPHQ� R[LGL]HG� XS� WR� ����� K�� DOWKRXJK�

EUHDNDZD\� DSSHDUHG� DW� WKH� HGJH� RI� WKH� ���� PP� VSHFLPHQ� DIWHU� ���� K� R[LGDWLRQ� DW� ����&�

�)LJXUH�˪�����D���
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)LJXUH� ˪������%6(�LPDJHV�VKRZLQJ�FURVV�VHFWLRQV�RI�����PP�WKLFN�VSHFLPHQV�RI�1LFURIHU������
DIWHU�GLIIHUHQW�R[LGDWLRQ�WLPHV�DW�D��E������&�DQG�F��G�������&��

7KH�VFDOH�DQG�WKH�VXEVFDOH�PLFURVWUXFWXUHV�RI�WKH�����PP�VSHFLPHQV��HLWKHU�GXULQJ�WKH�SHULRG�

RI� WKH� JURZWK� RI� WKH� SURWHFWLYH�&U�2�� VFDOH� RU� DIWHU� EUHDNDZD\�� DUH� TXDOLWDWLYHO\� VLPLODU� WR�

WKRVH�GHVFULEHG�IRU� WKH�����PP�VSHFLPHQV��)LJXUH� ˪�������7KH�FURVV�VHFWLRQV�RI� WKH�����PP�
VSHFLPHQV�DIWHU������&�R[LGDWLRQ�DUH�RQO\�VKRZQ�IRU� WKH�H[SRVXUHV�DIWHU� WKH�����K�7*�WHVW�

DQG�DIWHU�����K��EHFDXVH� WKH� VSHFLPHQ�DIWHU� ORQJHU� WHUP�H[SRVXUH�ZDV� WRWDOO\� FRQVXPHG�E\�

R[LGDWLRQ��

,Q� WKH�DV�UHFHLYHG�PLFURVWUXFWXUH�RI�DOOR\�1LFURIHU�������VPDOO�DPRXQWV�RI�7L1�SUHFLSLWDWHV�

DUH�GLVSHUVHG�LQ�WKH�Ȗ�)H�PDWUL[��7KLV�FDQ�EH�H�J��VHHQ�LQ�WKH�FURVV�VHFWLRQ�LPDJHV�RI�WKH�FHQWHU�

RI�WKH�����PP�VSHFLPHQV�DIWHU�WKH�VKRUW�WLPH�7*�WHVWV��)LJXUH� ˪������D�DQG�G���IRU�ZKLFK�WKH�
PLFURVWUXFWXUH�KDV�QRW�EHHQ�DIIHFWHG�E\�R[LGDWLRQ��
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)LJXUH� ˪������� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� ����PP� WKLFN� VSHFLPHQV� RI�1LFURIHU�
�����DIWHU�R[LGDWLRQ�DW�D�F������&�DQG�G�H�������&�IRU�GLIIHUHQW�WLPHV��

'XULQJ� H[SRVXUH� DW� ����&�� WKH� VL]H� DQG� DPRXQW� RI� WKH� 7L1� SUHFLSLWDWHV� GR� DSSDUHQWO\� QRW�

FKDQJH�XS�WR������K�H[SRVXUH��FRPSDUH�)LJXUH�˪������D�E�F���+RZHYHU�DW������&��WKH�DPRXQW�
RI�7L1�LQFUHDVHV�ZLWK�LQFUHDVLQJ�R[LGDWLRQ�WLPH�IURP�����WR�����K��$IWHU������K�R[LGDWLRQ�DW�

�����&�� QXPHURXV� SUHFLSLWDWHV� RI� QLWULGHV� LQ� WKH� IRUP� RI� VPDOO� SDUWLFOHV� RU� QHHGOHV� DUH�

REVHUYHG��L�H��QRW�RQO\�7L1��EXW�DOVR�&U1��DQG�$O1��)LJXUH�˪������I���
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)LJXUH� ˪������� %6(� LPDJHV� VKRZLQJ� FURVV� VHFWLRQV� RI� WKH� FHQWHU� RI� ����PP� WKLFN�1LFURIHU�
����� VSHFLPHQV�R[LGL]HG�DW� D�F������&�DQG�G�I�������&� IRU�GLIIHUHQW� WLPHV��7KH� VSHFWUD�RI�
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7KH� LQFUHDVLQJ� DPRXQW� RI� 7L1� DV� ZHOO� DV� WKH� SUHVHQFH� RI� &U�� DQG� $O�QLWULGHV� LV� D� FOHDU�

LQGLFDWLRQ�RI�1�LQJUHVV�IURP�WKH�HQYLURQPHQW�UHODWHG�WR�WKH�ORVV�RI�SURWHFWLYH�SURSHUWLHV�RI�WKH�

VFDOH� DJDLQVW� LQJUHVV� RI�PROHFXODU� VSHFLHV� VXFK� DV� QLWURJHQ��)LJXUH� ˪������ VKRZV� WKH� FURVV�
VHFWLRQV�RI�WKH�����DQG�����VSHFLPHQV�DIWHU�WKH����K�7*�WHVW�DW������&��$�SURWHFWLYH�FKURPLD�

VFDOH� LV� IRUPHG� GXULQJ� WKLV� VKRUW� WLPH� LVRWKHUPDO� R[LGDWLRQ� DW� �����&�� 6LPLODU� WR� WKH� VFDOH�

IRUPHG� RQ� WKH� VSHFLPHQV� DIWHU� WKH� 7*� WHVWV� DW� ORZHU� WHPSHUDWXUHV� �)LJXUH� ˪����� DQG�
)LJXUH� ˪��������7L�ULFK�R[LGH�DV�ZHOO�DV�&U�0Q�VSLQHO�LV�IRXQG�LQ�WKH�RXWHU�OD\HU�RI�WKH�VFDOH��

,QWHUQDO� R[LGHV� RI� 6L� DQG� $O� DUH� GLVSHUVHG� QHDU� WKH� DOOR\�VFDOH� LQWHUIDFH� DV� ZHOO� DV� LQ� WKH�

VXEVFDOH�UHJLRQ��

�
)LJXUH� ˪�������%6(�LPDJHV�VKRZLQJ�WKH�FURVV�VHFWLRQV�RI�WKH�D������DQG�E������PP�VSHFLPHQV�
RI�1LFURIHU������DIWHU����K�7*�WHVW�LQ�V\QWKHWLF�DLU�DW������&��

����� 6XEVFDOH�FKURPLXP�GHSOHWLRQ�

)LJXUH� ˪������ VKRZV� WKH�VXEVFDOH�&U�FRQFHQWUDWLRQ�SURILOHV�PHDVXUHG�E\�(';�LQ�VSHFLPHQV�
R[LGL]HG�DW�����DQG������&��$W�����&��WKH�LQWHUIDFH�FRQFHQWUDWLRQ�RI�&U�LV�DSSUR[LPDWHO\�����

���ZW����GXULQJ� WKH� VWHDG\� VWDWH�R[LGDWLRQ� VWDJH�� L�H�� EHIRUH� WKH�GHSOHWLRQ� IURQW� UHDFKHV� WKH�

FHQWHU� RI� WKH� VSHFLPHQ� �)LJXUH� ˪����� D� E� F��� 7KH� SURILOH� RI� WKH� ���� PP� VSHFLPHQ� DIWHU�
GLVFRQWLQXRXV� R[LGDWLRQ� RI� ���� K� DW� ����&� LQ�)LJXUH� ˪����� D� VKRZV� WKDW� WKH� GHSOHWLRQ� MXVW�
UHDFKHG�WKH�FHQWHU�RI�WKH�VSHFLPHQ��7KLV�FRLQFLGHV�ZLWK�WKH�RFFXUUHQFH�RI�WKH�PDFURVFRSLFDOO\�

REVHUYHG�EUHDNDZD\�RQ�WKH�VSHFLPHQ�HGJHV��)LJXUH� ˪�����D���

$W������&��WKH�&U�SURILOHV�RI�WKH�����DQG�����PP�VSHFLPHQV�DIWHU�WKH�����K�7*�WHVW�DUH�YHU\�

VWHHS�ZLWK�DQ�LQWHUIDFH�FRQFHQWUDWLRQ�DSSURDFKHV���ZW�����+RZHYHU��IRU�WKH����������DQG�����

PP�VSHFLPHQV�DIWHU�����K�H[SRVXUH��WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�LQFUHDVHV�WR�DSSUR[LPDWHO\�

㔠฀฀ 㔠฀฀
D������PP

7L�ULFK�R[LGH &U�0Q VSLQHO &U�2�

6L2�

7L�ULFK�R[LGH
&U�0Q VSLQHO

&U�2�

6L2�

$O�2�
$O�2�

E������PP

1L�FRDWLQJ�
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���ZW�����7KH�SURILOHV�REVHUYHG�DIWHU�WKH�7*�WHVWV�DUH�FDXVHG�E\�VHOHFWLYH�&U�R[LGDWLRQ�GXH�WR�

IRUPDWLRQ�RI� DQ� H[WHUQDO� FKURPLD�EDVHG� VFDOH� �)LJXUH� ˪�����G���'XH� WR� WKH� ORZ�&U� LQWHUIDFH�
FRQFHQWUDWLRQ� WKLV� SURWHFWLYH� VFDOH� LV� QRW� UHWDLQHG� GXULQJ� SURORQJHG� F\FOLF� H[SRVXUH� DQG� D�

EUHDNDZD\�W\SH�VFDOH�LV�IRUPHG�FRQWDLQLQJ�VXEVWDQWLDO�DPRXQWV�RI�)H�DQG�1L��)LJXUH� ˪�����H�I��
)LJXUH� ˪����� F� G�� DQG� )LJXUH� ˪������ H��� 7KLV� PHDQV� WKDW�� LQ� UHVSHFW� WR� WKH� PDLQ� DOOR\LQJ�
HOHPHQWV�)H��1L��DQG�&U�� WKH�ODWWHU�HOHPHQW�LV�QR�ORQJHU�H[FOXVLYHO\�R[LGL]HG��&RQVHTXHQWO\��

WKH�ORVV�RI�&U��UHODWLYH�WR�WKH�DOOR\�FRQFHQWUDWLRQV�RI�)H�DQG�1L��EHFRPHV�VPDOOHU�WKDQ�GXULQJ�

WKH�����K�LVRWKHUPDO�R[LGDWLRQ��7KLV�UHVXOWV�LQ�D�KLJKHU�&U�LQWHUIDFH�FRQFHQWUDWLRQ�DIWHU�����K�

H[SRVXUH� WKDQ�DIWHU�����K� LVRWKHUPDO�R[LGDWLRQ� �)LJXUH� ˪������G���$FFRUGLQJO\�� WKLV�NLQG�RI�
LQFUHDVH�RI� WKH� LQWHUIDFH�&U�FRQFHQWUDWLRQ�DIWHU�SURORQJHG�H[SRVXUH� WLPH� LV� WKH� UHVXOW�RI� WKH�

EUHDNDZD\�RI�WKH�FRUUHVSRQGLQJ�VSHFLPHQV��)LJXUH� ˪�����H�I��)LJXUH� ˪�����F�DQG�)LJXUH� ˪������
H���2QO\�DIWHU�FRQWLQXLQJ�R[LGDWLRQ�WR�H�J�������DQG������K�D�IXUWKHU�GHFUHDVH�LQ�&U�LQWHUIDFH�
FRQFHQWUDWLRQ�RFFXUV�IRU�WKH�����DQG�����PP�VSHFLPHQ��UHVSHFWLYHO\��

7KH� &U� FRQFHQWUDWLRQ� SURILOHV� LQ� WKH� ���� DQG� ���� PP� VSHFLPHQV� DIWHU� WKH� ��� K� 7*� WHVW� DW�

�����&�DUH�VKRZQ�LQ�)LJXUH� ˪�������7KH�LQWHUIDFH�&U�FRQFHQWUDWLRQV�DUH�FOHDUO\�EHORZ����ZW����
IRU�ERWK�VSHFLPHQ�WKLFNQHVVHV��ZKLFK�LV�TXDOLWDWLYHO\�VLPLODU�WR�WKDW�REVHUYHG�DIWHU�WKH�����K�

7*�WHVW�DW������&��)LJXUH� ˪������G�I���

7KH�*'2(6�SURILOHV�LQ�)LJXUH� ˪������D��DQG�E��VKRZ�WKDW�DIWHU����K�LVRWKHUPDO�R[LGDWLRQ�RI�
WKH� ���� DQG� ���� PP� VSHFLPHQV� DW� ����&� WKH� &U� FRQFHQWUDWLRQ� DW� WKH� DOOR\�VFDOH� LQWHUIDFH�

�GDVKHG� UHG� OLQH� LV� DQ� H[WUDSRODWLRQ� RI� WKH� &U� FRQFHQWUDWLRQ� WR� WKH� DOOR\�VFDOH� LQWHUIDFH�� LV�

FORVH� WR� ��� DW�� �� �HTXDOV� WR� a�� ZW�� ���� 7KLV� YDOXH� LV� YHU\� VLPLODU� WR� WKH� LQWHUIDFH� &U�

FRQFHQWUDWLRQ� PHDVXUHG� E\� (';� �)LJXUH� ˪������ D��� $FFRUGLQJ� WR� WKH� R[LGDWLRQ� NLQHWLFV�
�)LJXUH� ˪����� D�� DQG� WKH�%6(� FURVV� VHFWLRQV� VKRZQ� DERYH�� WKLV� FRQFHQWUDWLRQ� LV� DSSDUHQWO\�
VXIILFLHQWO\� ODUJH� WR� UHWDLQ� FKURPLD� JURZWK� GXULQJ� ORQJ� WHUP� WKHUPDO� F\FOLQJ� DW� ����&��$W�

����&�FKURPLD�EDVHG�VFDOH�JURZWK�RFFXUV�XS�WR�DSSUR[LPDWHO\�����K��)LJXUH� ˪�����E���

+RZHYHU�� WKH� IDFW� WKDW� IRU� WKH� ���� PP� VSHFLPHQ� EUHDNDZD\� W\SH� R[LGDWLRQ� ZDV� REVHUYHG�

GXULQJ�H[SRVXUH�DW�����&�RQ�VSHFLPHQ�HGJHV��)LJXUH� ˪�����D��LQGLFDWHV��WKDW�IRU�WKH�1LFURIHU�
�����DXVWHQLWLF�VWHHO��D�&U�LQWHUIDFH�FRQFHQWUDWLRQ�RI�DSSUR[LPDWHO\���ZW����VHHPV�WR�EH�FORVH�

WR�WKH�YDOXH�ZKLFK�LV�UHTXLUHG�WR�SUHYHQW�EUHDNDZD\�W\SH�R[LGDWLRQ��

�
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7KH�*'2(6�GHSWK�SURILOHV��)LJXUH� ˪������D��DQG�E���DOVR�VKRZ�WKDW�WKH�VXUIDFH�VFDOH�PDLQO\�
FRQVLVWV�RI�FKURPLD��RQO\�YHU\�VPDOO�DPRXQWV�RI�)H�DQG�1L��RULJLQDWLQJ�IURP�WKH�WUDQVLHQW�VWDWH�

RI�R[LGDWLRQ�DUH�SUHVHQW�LQ�WKH�RXWHU�SDUW�RI�WKH�VFDOH��7KH�RXWHU�VFDOH�UHJLRQ�H[KLELWV�D�YHU\�

VWURQJ�HQULFKPHQW�RI�7L�DQG�0Q��7KH�HQULFKPHQW�FRUUHODWHV�ZLWK�D�VXEVWDQWLDO�GHSOHWLRQ�LQ�WKH�

VXEVFDOH� UHJLRQ� IRU� ERWK� HOHPHQWV�� 7L� VKRZV� D� PLQRU� HQULFKPHQW� LQ� WKH� LQQHU� SDUW� RI� WKH�

FKURPLD�VFDOH��LQ�DJUHHPHQW�ZLWK�SUHYLRXV�REVHUYDWLRQV�>���@�DQG�WKH�S2��GHSHQGHQFH�RI�7L�

VROXELOLW\�LQ�FKURPLD�>���@��0Q�LV�HQULFKHG�DW�WKH�R[LGH�VXUIDFH��KRZHYHU��WKH�DPRXQW�RI�0Q�

GLVVROYHG� LQ� WKH� LQQHU� SDUW� RI� WKH� FKURPLD� �HTXDOV� DSSUR[LPDWHO\� �����ZW����� VHHPV� WR� EH�

YLUWXDOO\�LQGHSHQGHQW�RI�WKH�GLVWDQFH�IURP�WKH�DOOR\�VFDOH�LQWHUIDFH��9HU\�VLPLODU�HQULFKPHQWV�

RI�7L�DQG�0Q�DUH�IRXQG�LQ�WKH������)LJXUH� ˪������D���DQG�WKH�����PP�VSHFLPHQ��)LJXUH� ˪������
E���� LQGLFDWLQJ�WKDW� WKH�GHSOHWLRQ�RI�H�J��0Q�DQG�7L�DUH�QRW�\HW� VXEVWDQWLDOO\�DIIHFWHG�E\�WKH�

OLPLWHG�UHVHUYRLU�RI�WKHVH�HOHPHQWV�LQ�WKH�WKLQ�VSHFLPHQ��&KURPLXP�LV�FOHDUO\�GHSOHWHG�LQ�WKH�

VXEVFDOH� UHJLRQ�� 6L� DQG�$O� DUH�� VOLJKWO\� HQULFKHG� QHDU� WKH� DOOR\�VFDOH� LQWHUIDFH�� SUREDEO\� LQ�

IRUP�RI�6L2��DQG�$O�2���UHVSHFWLYHO\��H�J��)LJXUH�˪��������

�
)LJXUH� ˪�������6XEVFDOH�FRQFHQWUDWLRQ�SURILOHV�RI�&U�LQ�1LFURIHU������VSHFLPHQV�RI�GLIIHUHQW�
WKLFNQHVVHV�LVRWKHUPDOO\�R[LGL]HG�DW������&�IRU����K�LQ�7*�WHVW��

7KH� UHVXOWV� LQ� )LJXUH� ˪������ VKRZ� WKDW� GXULQJ� WKH� ��� K� LVRWKHUPDO� R[LGDWLRQ� D� SURWHFWLYH�

FKURPLD� VFDOH� IRUPV� HYHQ� DW� �����&��ZKLFK� LV� LQ� DJUHHPHQW�ZLWK� WKH�PLFURVWUXFWXUH� RI� WKH�

R[LGH�VFDOH�VKRZQ�LQ�)LJXUH� ˪�������7KH�GLVWULEXWLRQV�RI�WKH�PLQRU�DOOR\LQJ�HOHPHQWV�0Q��7L��

DQG�6L�DUH�TXDOLWDWLYHO\�VLPLODU�WR�WKRVH�REVHUYHG�DW�����&��ZKHUHE\�WKH�LQFRUSRUDWLRQ�RI�7L�

DQG�0Q�LQ�WKH�RXWHU�VFDOH�SDUW�VHHPV�WR�EH�PRUH�SURQRXQFHG�DW������&��
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)LJXUH�˪�������*'2(6�SURILOHV�RI�WKH�D������PP�DQG�E������PP�VSHFLPHQV�RI�1LFURIHU������
DIWHU����K�LVRWKHUPDO�7*�WHVW�LQ�V\QWKHWLF�DLU�DW�����&��

$V� GHVFULEHG� LQ� 6HFWLRQ� ˪������� LQFRUSRUDWLRQV� RI� 7L� DV�ZHOO� DV�0Q� LQ� FKURPLD� HQKDQFH� WKH�

JURZWK�UDWH�RI�WKH�VXEVXUIDFH�VFDOH�>���@��$V�WKH�LQFRUSRUDWLRQ�RI�WKHVH�HOHPHQWV�ZLOO�OLNHO\�EH�

WHPSHUDWXUH� GHSHQGHQW�� LWV� HIIHFW� RQ� R[LGDWLRQ� NLQHWLFV� LV� H[SHFWHG� WR� EH� WHPSHUDWXUH�

GHSHQGHQW�� 7KH� GDVKHG� UHG� OLQHV� LQ� )LJXUH� ˪������ LQGLFDWLQJ� WKH� H[WUDSRODWLRQ� RI� WKH� &U�
FRQFHQWUDWLRQ�WR�WKH�DOOR\�VFDOH�LQWHUIDFH�VKRZ�WKDW�WKH�&U�LQWHUIDFH�FRQFHQWUDWLRQ�DIWHU�WKH����

K�7*�WHVW�DW������&�LV�DSSUR[LPDWHO\�������DW�����HTXDOV�WR�������ZW������7KLV�YDOXH�LV�FOHDUO\�

VPDOOHU� WKDQ� WKDW� REVHUYHG� DIWHU� WKH� 7*� WHVW� DW� ����&�RI� DERXW� ��ZW���� �)LJXUH� ˪�������� LQ�
TXDOLWDWLYH�DJUHHPHQW�ZLWK�WKH�(';�GDWD��7KLV�LQGLFDWHV�WKDW�WKH�HQKDQFHPHQW�RI�WKH�FKURPLD�

JURZWK�UDWH�E\�7L�DQG�0Q�LQFUHDVHV�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�UHVXOWLQJ�LQ�D�GHFUHDVLQJ�&U�

LQWHUIDFH�FRQFHQWUDWLRQ�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��

฀

㄰

㈰

㌰

㐰

㔰

㘰

㜰

฀ ㄰ ㈰ ㌰ 㐰

䍯
฀捥
湴
牡
瑩
潮
Ⱐ
慴

⸠
฀

䑩獴฀湣攠晲潭฀瑨攠獡฀灬攠獵牦慣攬฀฀฀

฀

䙥

䍲

乩

慬฀฀礯獣慬攠฀฀฀敲฀慣฀ 愱฀

〮〰฀

〮〱

〮฀

฀

㄰

㄰฀

฀ ㄰ ㈰ ㌰ 㐰

䱯
฀฀
⡣
฀湣
敮
瑲
慴

楯
฀⽡฀

⸠
┩

䑩獴฀湣攠晲潭฀瑨攠獡฀灬攠獵牦慣攬฀฀฀

慬฀฀礯獣慬攠฀฀฀敲฀慣฀

呩

䵮

卩

䅬

฀

潵฀฀爠฀慲琠
潦฀獣慬฀

楮฀敲฀฀慲琠
潦฀獣慬฀

愲฀

฀

㄰

㈰

㌰

㐰

㔰

㘰

㜰

㠰

฀ ㄰ ㈰ ㌰ 㐰

䍯
฀捥
湴
牡
瑩
潮
Ⱐ

慴
⸠
฀

䑩獴฀湣攠晲潭฀瑨攠獡฀灬攠 獵牦慣攬฀฀฀

฀

䙥

䍲
乩

慬฀฀礯獣慬攠฀฀฀敲฀慣฀ 戱฀

〮〱

〮฀

฀

㄰

㄰฀

฀ ㄰ ㈰ ㌰ 㐰

䱯
฀฀
⡣
฀湣
敮
瑲
慴

楯
฀⽡฀

⸠
┩

䑩獴฀湣攠晲潭฀瑨攠獡฀灬攠 獵牦慣攬฀฀฀

慬฀฀礯獣慬攠฀฀฀敲฀慣฀

呩

䵮

卩 䅬

฀

潵฀敲฀฀慲琠
潦฀獣慬฀

楮฀敲฀฀慲琠
潦฀獣慬฀

戲฀



����2[LGDWLRQ�EHKDYLRU�RI�DXVWHQLWLF�VWHHO�1LFURIHU������/1L�

����

�

�

)LJXUH� ˪�������*'2(6�SURILOHV�RI�WKH�D������PP�DQG�E������PP�VSHFLPHQV�RI�1LFURIHU������
DIWHU����K�LVRWKHUPDO�7*�WHVW�LQ�V\QWKHWLF�DLU�DW������&��

(YHQ� WKH� YHU\� ORZ� LQWHUIDFH� &U� FRQFHQWUDWLRQV� GXULQJ� WKH� LVRWKHUPDO� 7*� WHVWV� DW� ����� DQG�

�����&�DUH�DSSDUHQWO\�VXIILFLHQW�WR�PDLQWDLQ�WKH�JURZWK�RI�WKH�SURWHFWLYH�FKURPLD�EDVH�VFDOH�

GXULQJ� R[LGDWLRQ� XS� WR� WKH� PD[LPXP� LVRWKHUPDO� WHVW� WLPH� RI� ��� KRXUV�� +RZHYHU�� WKHUPDO�

F\FOLQJ��UHVXOWLQJ�LQ�LQLWLDWLRQ�RI�PLFUR�GDPDJH�GXULQJ�WKH�FRROLQJ�DQG�RU�UH�KHDWLQJ�SURFHVV��

DOORZV�� IRU� D� FHUWDLQ� WLPH�� GLUHFW� ORFDO� DFFHVV� RI� JDVHRXV� VSHFLHV� WR� WKH� DOOR\� VXUIDFH�� 7KH�

ZHLJKW�JDLQ�GDWD�LQ�)LJXUH� ˪�����LOOXVWUDWH�WKDW�DW������&�DQG�DERYH��WKH�YHU\�ORZ�&U�LQWHUIDFH�
FRQFHQWUDWLRQ�GRHV�QRW�DOORZ�WKH�PLFUR�GDPDJH�WR�EH�KHDOHG�E\�UH�IRUPDWLRQ�RI�WKH�SURWHFWLYH�

FKURPLD��$W� ����&� WKLV� KHDOLQJ� LV� DVVXUHG�� KRZHYHU� WKH�PDFUR� LPDJH� �)LJXUH� ˪������ VKRZV�
LQGLFDWLRQ�RI�EUHDNDZD\�DW�WKH�HGJHV�RI�WKH�����PP�VSHFLPHQ�DIWHU�����K�R[LGDWLRQ��
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����� /LIHWLPH�GLDJUDP�RI�1LFURIHU������

$V�VKRZQ�DERYH��WKH�JURZWK�RI�SURWHFWLYH�FKURPLD�IRU�SURORQJHG�R[LGDWLRQ�ZDV�RQO\�REVHUYHG�

DW� ����&��7KHUHIRUH�� KHUH� WKH� FRQFHSW� RI� OLIHWLPH�SUHGLFWLRQ� RI� DOOR\�1LFURIHU� �����ZLOO� EH�

GHYHORSHG�PDLQO\�EDVHG�RQ�WKH�R[LGDWLRQ�EHKDYLRU�DW�����&��

$FFRUGLQJ�WR�WKH�GLVFXVVLRQV�LQ�WKH�SUHYLRXV�VHFWLRQV��LW�ZDV�IRXQG�WKDW�WKH�FULWLFDO�LQWHUIDFH�

&U�FRQFHQWUDWLRQ�IRU�PDLQWDLQLQJ�WKH�IRUPDWLRQ�RI�D�SURWHFWLYH�FKURPLD�VFDOH�GXULQJ�R[LGDWLRQ�

DW� ����&�ZLWK� WKHUPDO� F\FOHV� LV� DERXW� ���ZW����� ,W�ZDV� DOVR� REVHUYHG� WKDW� IRU� WKH� ����PP�

VSHFLPHQV��WKH�EUHDNDZD\�R[LGDWLRQ�RFFXUUHG�ZKHQ�WKH�&U�GHSOHWLRQ�IURQW�UHDFKHG�WKH�FHQWHU�

RI�WKH�VSHFLPHQV��)LJXUH� ˪������D���$IWHU�WKH�EUHDNDZD\��WKH�LQWHUIDFH�&U�FRQFHQWUDWLRQ�GRHV�
QRW�GHFUHDVH�ZLWK�LQFUHDVLQJ�R[LGDWLRQ�WLPH��UDWKHU�� WKH�&U�FRQFHQWUDWLRQ�DW�WKH�FHQWHU�RI�WKH�

VSHFLPHQ� GHFUHDVHV� ZLWK� LQFUHDVLQJ� R[LGDWLRQ� WLPH�� $� VLPLODU� GHSOHWLRQ� SURFHVV� FDQ� EH�

REVHUYHG� IRU� WKH� ���� DQG� ����PP� VSHFLPHQV� DIWHU� R[LGDWLRQ� DW� ����&�� L�H�� WKH� LQWHUIDFH� &U�

FRQFHQWUDWLRQ�GRHV�QRW�VKRZ�D�FOHDU�WLPH�GHSHQGHQFH��)LJXUH� ˪������E�F���

7KH� REVHUYDWLRQ� WKDW� EUHDNDZD\� RFFXUV� DW� D� WLPH� DW� ZKLFK� WKH� VXEVFDOH� &U� FRQFHQWUDWLRQ�

SURILOH�LV�VWLOO�YHU\�VWHHS�OHDGV�WR�WKH�FRQFOXVLRQ�WKDW�WKH�UHVHUYRLU�DSSURDFK�DSSOLHG�IRU�WKH�1L�

EDVH�DOOR\V�FRQVLGHULQJ�WKH�FULWLFDO�LQWHUIDFH�&U�FRQFHQWUDWLRQ�DVVXPLQJ�D�TXDVL�IODW�&U�SURILOH�

DW� WKH� WLPH� W
� LV�QRW� VXLWDEOH� IRU� WKH� OLIHWLPH�SUHGLFWLRQ�RI� DOOR\�1LFURIHU������� ,QVWHDG�� WKH�

WLPH�ZKHQ�WKH�GHSOHWLRQ�IURQW�UHDFKHV�WKH�FHQWHU�RI� WKH�VSHFLPHQ��GHVLJQDWHG�DV� W&�PLJKW�EH�

PRUH�VXLWDEOH�WR�GHWHUPLQH�WKH�OLIHWLPH�OLPLWV��$V�DOUHDG\�PHQWLRQHG�LQ�6HFWLRQ� ˪�����VHH�(T��
�˪������ WKLV�FULWHULRQ� LV�FRQVLGHUHG� WR�XQGHUHVWLPDWH� WKH� OLIHWLPH� OLPLWV�RI� WKH� VWXGLHG�1L�EDVH�
DOOR\V�FRPSDUHG�WR�WKH�W
�DSSURDFK��

$FFRUGLQJ� WR� WKH�&U� FRQFHQWUDWLRQ� SURILOH� RI� WKH� ����PP� VSHFLPHQ� LQ�)LJXUH� ˪������ D�� WKH�
GHSOHWLRQ�UHDFKHG� WKH�FHQWHU�RI� WKH�VSHFLPHQ�DIWHU� DSSUR[LPDWHO\�����K�R[LGDWLRQ�DW�����&��

7KH� WLPH� W&� IRU� WKH� RWKHU� VSHFLPHQ� WKLFNQHVVHV� FDQ� WKHQ� EH� FDOFXODWHG� XVLQJ� WKH� IROORZLQJ�

UHODWLRQ��GHULYHG�IURP�(T���˪������
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�

7KH�FDOFXODWHG�W&�IRU�WKH�����PP�VSHFLPHQ�LV������K��DQG�IRU�WKH�����PP�VSHFLPHQ�LW�HTXDOV�

����� K��)LJXUH� ˪������E� VKRZV� WKDW� WKH�&U� GHSOHWLRQ� IURQW� RI� WKH� ����PP� VSHFLPHQ� DOPRVW�
UHDFKHG� WKH� FHQWHU� RI� WKH� VSHFLPHQ� DIWHU� ����� K�� ZKLFK� LV� LQ� JRRG� DJUHHPHQW� ZLWK� WKH�

FDOFXODWHG�YDOXH�RI������K��

)LJXUH� ˪������VKRZV�WKH�OLIHWLPH�GLDJUDP�IRU�DOOR\�1LFURIHU������DW�WKH�VWXGLHG�WHPSHUDWXUHV��
7KH�EOXH�FXUYH�VKRZLQJ� WKH� ORVV�RI�ZDOO� WKLFNQHVV�DV�D� IXQFWLRQ�RI�R[LGDWLRQ� WLPH�DW�����&�

ZDV�FDOFXODWHG�EDVHG�RQ�WKH�JUDYLPHWULF�GDWD�RI�WKH�����PP�VSHFLPHQ�VKRZQ�LQ�)LJXUH� ˪�����D�
XVLQJ�WKH�PRGLILHG�&263�PRGHO�GHVFULEHG�LQ�6HFWLRQ�˪�����%HFDXVH�RI�WKH�VKRUW�OLIHWLPH�RI�WKH�

���� DQG� ���� PP� VSHFLPHQV�� QR� DSSDUHQW� LQFOLQDWLRQ� RI� WKH� FXUYH� RFFXUUHG� EHIRUH� WKHVH�

VSHFLPHQV�IDLO�GXH�WR�EUHDNDZD\�R[LGDWLRQ��7KHUHIRUH�WKH�V\PEROV�LQGLFDWLQJ�WKH�DSSUR[LPDWH�

OLIHWLPH�W&�RI�WKH�����DQG�����PP�VSHFLPHQV�DUH�SORWWHG�RQ�WKH�FXUYH�FDOFXODWHG�IRU�WKH�����PP�

VSHFLPHQ��7KH� W&� RI� WKH���PP�VSHFLPHQ�ZDV� DOVR� FDOFXODWHG�XVLQJ�(T�� � ˪�������7KH� V\PERO�
UHSUHVHQWLQJ� WKH� ZDOO� WKLFNQHVV� ORVV� RI� WKH� �� PP� VSHFLPHQ� DW� WLPH� W&� LV� SORWWHG� RQ� WKH�

H[WUDSRODWHG� FXUYH� IRU� WKH� ����PP� VSHFLPHQ� DFFRUGLQJ� WR� WKH� H[SHULHQFH� IURP� WKH�1L�EDVH�

DOOR\V� WKDW�QR�DSSDUHQW�GLIIHUHQFHV�RI� WKH�R[LGDWLRQ�DQG�VFDOH�VSDOODWLRQ�NLQHWLFV�ZHUH�IRXQG�

EHWZHHQ� WKH� ���� DQG� �� PP� VSHFLPHQV� �)LJXUH� ˪����� DQG�)LJXUH� ˪������ $V� GLVFXVVHG� LQ� WKH�
SUHYLRXV�VHFWLRQV��HYHQ� WKH�����PP�VSHFLPHQ�IDLOHG�DIWHU� VKRUW� WLPH�R[LGDWLRQ�GXULQJ�F\FOLF�

H[SRVXUH� DW� ���� DQG������&��7KHUHIRUH�� RQO\�RQH� V\PERO� LQGLFDWLQJ� WKH� OLIHWLPH�RI� WKH�����

PP�VSHFLPHQ�LV�SORWWHG�RQ�WKH�FXUYH�RI�����DQG������&�7KH�OLQHV�VKRZLQJ�WKH�OLIHWLPH�DW�����

DQG������&�ZHUH�DOVR�FDOFXODWHG�RQ�WKH�EDVLV�RI�WKH�JUDYLPHWULF�GDWD�VKRZQ�LQ�)LJXUH�˪������

)LJXUH� ˪������VKRZV�D�FRPSDULVRQ�EHWZHHQ�WKH�OLIHWLPH�OLPLWV�RI�DOOR\�1LFURIHU������DQG�WKH�
1L�EDVH� DOOR\V� ���� DQG� ;� DW� ����&�� 7KH� YDOXHV� RI� W��� GHULYHG� IRU� DOOR\� ���� DQG� ;� ZHUH�

DOUHDG\�VKRZQ�LQ�)LJXUH�˪�����DQG�)LJXUH�˪������UHVSHFWLYHO\��:LWK�WKH�OLIHWLPH�FULWHULRQ�EDVHG�

RQ� W&�� WKH� OLIHWLPH� OLPLWV�RI�DOOR\�1LFURIHU������DUH�PXFK�VKRUWHU� WKDQ� WKRVH�RI� WKH�1L�EDVH�

DOOR\V�IRU�D�JLYHQ�VSHFLPHQ�WKLFNQHVV�DQG�WHPSHUDWXUH��$V�H[SODLQHG�EHIRUH�� D�PDMRU�UHDVRQ�

IRU� WKLV�GLIIHUHQFH� LQ�EHKDYLRU�EHWZHHQ� WKH�QLFNHO�EDVH�DOOR\V�DQG� WKH�DXVWHQLWLF� VWHHO� LV� WKH�

KLJK� R[LGH� JURZWK� UDWH� RI� WKH� ODWWHU�PDWHULDO�� ,W� LV� LPSRUWDQW� WR� QRWH� WKDW�� DFFRUGLQJ� WR� WKH�

SURGXFW� VKHHW�RI�1LFURIHU������ >���@�� WKLV� DOOR\�FDQ�EH�XVHG�DW� WHPSHUDWXUHV�XS� WR������&��

+RZHYHU��DFFRUGLQJ�WR�WKH�SUHVHQW�VWXG\��D�FRPSRQHQW�ZLWK�D�ZDOO�WKLFNQHVV�RI�����PP�FDQ��DW�

WHPSHUDWXUHV� KLJKHU� WKDQ� �����&�� RQO\� VDIHO\� EH� RSHUDWHG� XQGHU� LVRWKHUPDO� FRQGLWLRQV�� $W�

WKHVH�KLJK�WHPSHUDWXUHV��WKHUPDO�F\FOLQJ�ZLOO�FDXVH�HDUO\�EUHDNDZD\�R[LGDWLRQ��
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)LJXUH� ˪�������/LIHWLPH�GLDJUDP�FDOFXODWHG�IRU�DOOR\�1LFURIHU������VKRZLQJ�WKH�GHSHQGHQFH�
RI�ZDOO�WKLFNQHVV�ORVV�DV�D�IXQFWLRQ�RI�R[LGDWLRQ�WLPH��6\PEROV�VKRZ�WKH�FDOFXODWHG�WLPHV�W&�

IRU�VSHFLPHQV�RI�GLIIHUHQW�WKLFNQHVVHV��7KH�GDVKHG�OLQH�IRU�����&�LV�H[WUDSRODWHG�EDVHG�RQ�WKH�

ZHLJKW�JDLQ�NLQHWLFV�GXULQJ�GLVFRQWLQXRXV�R[LGDWLRQ�DW�����DQG�����&��

�
)LJXUH� ˪�������&RPSDULVRQ�EHWZHHQ�OLIHWLPH�OLPLWV�W&�RI�DOOR\�1LFURIHU������DQG�RI�WKH�VWXGLHG�
1L�EDVH�DOOR\V��W����DW�����&��
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6XPPDU\�DQG�FRQFOXVLRQV�

,Q�WKH�SUHVHQW�LQYHVWLJDWLRQ��DQ�DWWHPSW�ZDV�PDGH�WR�GHYHORS�D�JHQHUDOL]HG�R[LGDWLRQ�OLIHWLPH�

PRGHO� IRU� FKURPLD�IRUPLQJ�)&&� DOOR\V� WKDW� FDQ� EH� LQFRUSRUDWHG� LQWR� DOOR\� GDWD� VKHHWV� DQG�

HDVLO\� XQGHUVWRRG� DQG� HPSOR\HG� E\� FRPSRQHQW� GHVLJQHUV�� 7KH� PRGHO� FDSWXUHV� WKH� PRVW�

LPSRUWDQW� GDPDJLQJ� R[LGDWLRQ� HIIHFWV� UHOHYDQW� IRU� FRPSRQHQW� GHVLJQ�� ZDOO� WKLFNQHVV� ORVV��

VFDOH� VSDOODWLRQ� DQG� WKH� RFFXUUHQFH� RI� FULWLFDO� GHSOHWLRQ� RI� WKH� VFDOH� IRUPLQJ� HOHPHQW� &U��

ZKLFK�HYHQWXDOO\�UHVXOWV�LQ�³EUHDNDZD\´�R[LGDWLRQ��7KH�PDWHULDO�XVHG�IRU�GHYHORSPHQW�RI�WKH�

FRQFHSW�ZDV�WKH�ZURXJKW�1L&U:�EDVH�DOOR\������

)RU� REWDLQLQJ� LQSXW� GDWD� IRU� WKH� PRGHOLQJ� DQG� IRU� YHULILFDWLRQ� RI� WKH� SUHGLFWLRQV� RI� WKH�

GHYHORSHG�PRGHOLQJ� DSSURDFKHV�� VSHFLPHQV� RI� DOOR\� ����ZLWK� WKLFNQHVVHV� YDU\LQJ� EHWZHHQ�

����������PP��LQ�VHOHFWHG�FDVHV���PP��ZHUH�R[LGL]HG�DW������������&�LQ�ODERUDWRU\�DLU�IRU�XS�

WR� ����� K�� $IWHU� H[SRVXUH�� WKH� VSHFLPHQV� H[KLELWHG� D� PLFURVWUXFWXUH� FRQVLVWLQJ� RI� D� Ȗ�1L�

PDWUL[��1L�:�ULFK�0�&�DQG�RU�&U�ULFK�SUHFLSLWDWHV��0��&��DQG�ʌ�QLWULGHV���W\SH�DQG�DPRXQW�RI�

SUHFLSLWDWHV�GHSHQG�RQ�VSHFLPHQ�WKLFNQHVV��WHPSHUDWXUH�DQG�WLPH��7KH�R[LGDWLRQ�LQGXFHG�ORVV�

RI�&U�UHVXOWHG�LQ�D�&U�GHSOHWHG�VXEVXUIDFH�]RQH�LQ�ZKLFK�WKH�&U�ULFK�SUHFLSLWDWHV�GLVVROYHG��,Q�

DGGLWLRQ��WKH�&U�OHDQ�0�&�ZDV�DOVR�GHSOHWHG�LQ�WKLV�]RQH��7KH�ZLGWK�RI�WKH�0�&�IUHH�]RQH�ZDV�

DOZD\V�VPDOOHU� WKDQ�WKDW�RI� WKH�]RQH�ZKLFK�ZDV�IUHH�RI�&U�ULFK�SUHFLSLWDWHV��FDUELGHV�DQG�RU�

QLWULGHV��� ,Q� WKH� FHQWHU� RI� WKH� VSHFLPHQV��&U�ULFK�0��&�� DQG� ʌ�QLWULGHV�ZHUH� IRUPHG�� 7KHVH�

HIIHFWV�LQFUHDVHG�ZLWK�R[LGDWLRQ�WLPH��WHPSHUDWXUH�DQG�GHFUHDVLQJ�VSHFLPHQ�WKLFNQHVV��8VLQJ�

WKHUPRG\QDPLF� DQG� NLQHWLF� PRGHOLQJ�� D� PHFKDQLVP� ZDV� GHYHORSHG� WR� H[SODLQ� WKHVH�

REVHUYDWLRQV�ZKHUHLQ� WKH� &U� GHSOHWLRQ� LQ� WKH� VXEVXUIDFH� ]RQH� LQFUHDVHG� WKH� ORFDO� &� DQG�1�

DFWLYLW\��UHVXOWLQJ�LQ�DQ�DFWLYLW\�JUDGLHQW�WKDW�GURYH�&�DQG�1�EDFN�WR�WKH�FHQWHU�RI�WKH�VSHFLPHQ��

,Q�FDVH�RI�WKH�&U�OHDQ�0�&�WKH�GHVWDELOL]DWLRQ�RI�WKH�FDUELGH�SKDVH�LQ�WKH�VXEVFDOH�]RQH�ZDV�

UHODWHG�WR�D�GHFUHDVH�RI�WKH�:�DFWLYLW\�DV�D�UHVXOW�RI�WKH�GHFUHDVLQJ�&U�FRQFHQWUDWLRQ��%HFDXVH�

WKH�VSHFLPHQV�ZHUH�WKLQ��WKH�UHODWLYH�FKDQJH�LQ�&�DQG�1�FRQWHQW�LV�VXIILFLHQW�WR�VWDELOL]H�WKH�

&U�ULFK� FDUELGH� �0��&��� DQG� QLWULGH� �ʌ�SKDVH�� QHDU� WKH� VSHFLPHQ� FHQWHU�� 7KHUPRFDOF� DQG�

',&75$� FDOFXODWLRQV� XVLQJ� WKH� PHDVXUHG� R[LGDWLRQ� NLQHWLFV� DV� LQSXW� GDWD� VXFFHVVIXOO\�

SUHGLFWHG� WKH� PHDVXUHG� &U� GHSOHWLRQ� SURILOHV� DQG� TXDOLWDWLYHO\� H[SODLQHG� WKH� RWKHU� DERYH�

PHQWLRQHG�PLFURVWUXFWXUDO�FKDQJHV��:LWK�LQFUHDVLQJ�H[SRVXUH�WLPH�DQG�GHFUHDVLQJ�VSHFLPHQ�

WKLFNQHVV��SUHFLSLWDWH�IRUPDWLRQ�LQ�WKH�VSHFLPHQ�FHQWHU�JUDGXDOO\�EHFDPH�DIIHFWHG�E\�1�XSWDNH�

IURP�WKH�HQYLURQPHQW��7KLV�SURFHVV�UHVXOWHG�LQ�HQKDQFHG�QLWULGH�IRUPDWLRQ�DW�WKH�H[SHQVH�RI�
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WKH�&U�ULFK�FDUELGHV��LQ�TXDOLWDWLYH�DJUHHPHQW�ZLWK�WKH�WKHUPRG\QDPLF�FDOFXODWLRQV��2QJRLQJ�

&U�GHSOHWLRQ�HYHQWXDOO\�UHVXOWHG�LQ�DQ�HYHQWXDO�GLVVROXWLRQ�RI�WKH�0�&�SUHFLSLWDWHV��

)RU�GHYHORSLQJ�WKH�OLIHWLPH�GLDJUDP��D�0DWODE�EDVHG�WRRO�ZDV�GHYHORSHG�WR�GHVFULEH�WKH�R[LGH�

JURZWK�DQG�VSDOODWLRQ�NLQHWLFV�RQ�WKH�EDVLV�RI�D�PRGLILHG�&263�DSSURDFK��7KH�FDOFXODWHG�&U�

FRQVXPHG�E\�R[LGDWLRQ�ZDV�WKHQ�FRUUHODWHG�ZLWK�PHDVXUHG�NLQHWLFV�RI�&U�GHSOHWLRQ�LQ�WKH�EXON�

DOOR\��$�FULWLFDO�YDOXH�IRU�VXEVFDOH�&U�GHSOHWLRQ�DW� WKH�DOOR\�VFDOH�LQWHUIDFH�RI����ZW����ZDV�

XVHG� EDVHG� RQ� WKH� PHDVXUHG� &U� FRQFHQWUDWLRQ� SURILOHV�� DQG� PDFURVFRSLFDOO\� YLVLEOH�

³EUHDNDZD\´�DW� VSHFLPHQ�HGJHV�DQG�RFFXUUHQFH�RI�H[WHQVLYH�QLWULGDWLRQ�� ,Q� WKLV�DSSURDFK��D�

TXDVL�IODW� &U� FRQFHQWUDWLRQ� SURILOH� ZDV� DVVXPHG� DW� WKH� HQG� RI� WKH� OLIHWLPH�� 7KHUHIRUH�� WKH�

FDOFXODWHG� OLIHWLPH� OLPLWV� DUH� GHSHQGHQW� RQ� WKH� UHVHUYRLU� RI� &U� LQ� WKH� VSHFLPHQV� ZKLFK�

GHFUHDVHV�ZLWK�GHFUHDVLQJ�VSHFLPHQ�WKLFNQHVV���

)RU�JHWWLQJ�D�PRUH�SUHFLVH�GHVFULSWLRQ�RI�WKH� OLIHWLPH�OLPLWV��D�ILQLWH�GLIIHUHQFH��)'��PHWKRG�

ZDV� VHW�XS� WR� GHVFULEH� WKH� VXEVFDOH� &U� FRQFHQWUDWLRQ� SURILOHV� RI� DOOR\� ���� DIWHU� ORQJ� WLPH�

R[LGDWLRQ�LQ�WKH�VWXGLHG�WHPSHUDWXUH�UDQJH������������&��7KLV�)'�PHWKRG�DOORZHG�REWDLQLQJ�D�

PRUH�GHWDLOHG�FRUUHODWLRQ�EHWZHHQ�WKH�QRQ�VWHDG\�VWDWH�R[LGDWLRQ�NLQHWLFV�DV�D�UHVXOW�RI�VFDOH�

VSDOODWLRQ�RU�³VXSHU�SDUDEROLF´�R[LGH�JURZWK�RFFXUULQJ�ZLWK�WKH�VXEVFDOH�GHSOHWLRQ�NLQHWLFV��,Q�

WKH� )'� FDOFXODWLRQV� DQ� LQVWDQWDQHRXV� &U� IOX[� ZDV� XVHG� DV� WKH� ERXQGDU\� FRQGLWLRQ� IRU� WKH�

FDOFXODWLRQV�� 7KLV� DSSURDFK� UHVXOWHG� LQ� FDOFXODWHG� VXEVFDOH� &U� SURILOHV� ZKLFK� VKRZHG� YHU\�

JRRG�DJUHHPHQW�ZLWK�WKH�PHDVXUHG�SURILOHV��7KHUHIRUH��WKH�ILQLWH�GLIIHUHQFH�PHWKRG�IRU�QRQ�

VWHDG\�VWDWH� R[LGDWLRQ� ZDV� XVHG� WR� FDOFXODWH� WKH� OLIHWLPH� RI� WKH� DOOR\� ���� VSHFLPHQV�� 7KH�

FDOFXODWHG�YDOXHV�RI�OLIHWLPH�IRU�WKH�DOOR\�����VSHFLPHQV�E\�WKH�)'�PHWKRG�ZHUH��DV�H[SHFWHG��

JHQHUDOO\�VKRUWHU�WKDQ�WKH�YDOXHV�FDOFXODWHG�XVLQJ�WKH�UHVHUYRLU�DSSURDFK��KRZHYHU�WKH�DFWXDO�

GLIIHUHQFHV�EHWZHHQ�WKH�FULWLFDO�WLPHV�FDOFXODWHG�E\�WKH�WZR�PHWKRGV�ZHUH�QRW�YHU\�VLJQLILFDQW���

$IWHU� GHYHORSPHQW� RI� WKH� OLIHWLPH� GLDJUDP� IRU� DOOR\� ����� D� VLPLODU� SURFHGXUH� ZDV� XVHG� WR�

GHYHORS�WKH�VDPH�W\SH�RI�OLIHWLPH�GLDJUDPV�IRU�WKH�1L�EDVH�DOOR\V�;�DQG�1L&U������DV�ZHOO�DV�

WKH�DXVWHQLWLF�VWHHO�1LFURIHU�������

7KH�DV�UHFHLYHG�DOOR\�;�H[KLELWHG�DIWHU�H[SRVXUH�D�PLFURVWUXFWXUH�ZKLFK�FRQVLVWHG�RI�D�Ȗ�1L�

PDWUL[�DQG�0�&�FDUELGH�SUHFLSLWDWHV��$IWHU������K�R[LGDWLRQ�DW������&��WKH�WKLQ������DQG�����

PP�� VSHFLPHQV� H[KLELWHG� VLJQLILFDQW� IRUPDWLRQ�RI�QLWULGH� �ʌ�SKDVH��GXH� WR� WKH� LQJUHVV�RI�1�

IURP� WKH� HQYLURQPHQW� DV� ZHOO� DV� D� SDUWLDO� FKDQJH� RI� WKH� R[LGDWLRQ� RI� &U� IURP� H[WHUQDO� WR�

LQWHUQDO��%RWK�REVHUYDWLRQV�LQGLFDWHG�WKH�ORVV�RI�SURWHFWLYH�SURSHUWLHV�RI�WKH�H[WHUQDO�FKURPLD�
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VFDOH��)DU�OHVV�VXEVWDQWLDO�IRUPDWLRQ�RI�QLWULGH�ZDV�REVHUYHG�LQ�WKH�WKLQ�VSHFLPHQV�RI�DOOR\�;�

DIWHU������K�R[LGDWLRQ�DW������&�� LQ� VSLWH�RI� D�YHU\� ORZ� OHYHO�RI� VXEVFDOH�&U�FRQFHQWUDWLRQ�

�DERXW���ZW������7KH�SKDVH�GLDJUDP�REWDLQHG�E\�HTXLOLEULXP�FDOFXODWLRQV�XVLQJ�7KHUPDO�&DOF�

VKRZHG�WKDW�DW������&�WKH�QLWULGH�GLVVROYHG�ZLWK�GHFUHDVLQJ�&U�FRQFHQWUDWLRQ�LQ�WKH�DOOR\��$W�

����&�� QR� IRUPDWLRQ� RI� QLWULGH� ZDV� REVHUYHG� HYHQ� DIWHU� ����� K� H[SRVXUH� EHFDXVH� RI� WKH�

UHODWLYHO\�VPDOO�FRQVXPSWLRQ�RI�&U�LQ�WKH�DOOR\�DQG�WKXV�PDLQWHQDQFH�RI�WKH�SURWHFWLYH�VFDOH�

SURSHUWLHV���

$� OLIHWLPH� GLDJUDP� IRU� DOOR\�;�ZDV� FRQVWUXFWHG� XVLQJ� WKH� VDPH� SURFHGXUHV� DQG� FULWHULD� IRU�

HYDOXDWLQJ� WKH� H[SHULPHQWDO� UHVXOWV� DV� GRQH� IRU� DOOR\������7KH� WLPHV� WR� FULWLFDO� VXEVFDOH�&U�

GHSOHWLRQ�ZHUH�VKRUWHU�WKDQ�WKRVH�IRU�DOOR\������WKH�PDLQ�UHDVRQ�EHLQJ�WKH�KLJKHU�VFDOH�JURZWK�

UDWH�LQ�FDVH�RI�DOOR\�;��7KH�GLIIHUHQFH�LQ�OLIHWLPH�ZDV�HVSHFLDOO\�SURQRXQFHG�IRU�WKH�����PP�

VSHFLPHQ� DW� �����&� EHFDXVH� WKLV� WHQGHG� WR� H[KLELW� ³VXSHU�SDUDEROLF´� R[LGDWLRQ�ZKHUHDV� LQ�

FDVH�RI�DOOR\�����WKLV�ZDV�RQO\�REVHUYHG�IRU�WKH�WKLQQHVW�VSHFLPHQ�RI�����PP��

$OOR\�1L&U������H[KLELWHG�D�VLQJOH�SKDVH�PLFURVWUXFWXUH�GXH�WR�WKH�ODFN�RI�DOOR\LQJ�DGGLWLRQV�

VXFK�DV�:�DQG�RU�0R�DQG�HVSHFLDOO\�EHFDXVH�RI�WKH�H[WUHPHO\�ORZ�&�FRQWHQW��'XH�WR�WKH�ODFN�

RI�PLQRU�DOOR\LQJ�DGGLWLRQV�RI�$O�DQG�6L�KDUGO\�DQ\�LQWHUQDO�R[LGDWLRQ�RFFXUUHG�DQG�WKXV�WKH�

³XQGXODWHG´� DOOR\�VFDOH� LQWHUIDFHV� W\SLFDOO\� IRUPHG�RQ�DOOR\�����DQG�;��ZHUH�QRW� IRXQG� IRU�

1L&U� ������ 7KH� VPRRWK� DOOR\�VFDOH� LQWHUIDFH� RQ� WKH� ODWWHU� DOOR\� LV� EHOLHYHG� WR� SURPRWH�

SURSDJDWLRQ�RI�YRLG�UHODWHG�FUDFNV�DORQJ�WKH�LQWHUIDFH��UHVXOWLQJ�LQ�SRRU�VFDOH�DGKHVLRQ�GXULQJ�

F\FOLF� R[LGDWLRQ�� 7KH� SRRU� FUHHS� UHVLVWDQFH� RI� WKH�PDWHULDO� KDV� DV� UHVXOW� WKDW� R[LGH� JURZWK�

VWUHVVHV�DQG�WKHUPDOO\�LQGXFHG�VWUHVVHV�GXULQJ�F\FOLQJ�OHDG�WR�SODVWLF�GHIRUPDWLRQ�RI�WKH�DOOR\�

LQ�WKH�VXEVXUIDFH�]RQHV��DFFRPSDQLHG�E\�FUDFN�IRUPDWLRQ�ZLWKLQ�WKH�R[LGH�VFDOH��7KH�VWHDG\�

VWDWH�R[LGH�JURZWK�UDWH�RI�WKH�1L&U������LV�VPDOOHU�WKDQ�WKDW�RI�DOOR\V�����DQG�;��PDLQO\�GXH�

WR� WKH� ODFN� RI� 0Q� DQG� 7L�� L�H��� HOHPHQWV� ZKLFK� DUH� NQRZQ� WR� HQKDQFH� WKH� JURZWK� UDWH� RI�

FKURPLD�GXULQJ�DLU�R[LGDWLRQ��,Q�VSLWH�RI�WKH�ORZHU�JURZWK�UDWHV�WKH�WLPHV�W���XQWLO�RFFXUUHQFH�

RI� FULWLFDO�&U� LQWHUIDFH� FRQFHQWUDWLRQV�ZHUH� IRU� DOOR\�1L&U� ����� VKRUWHU� WKDQ� IRU� DOOR\� �����

7KLV�ZDV�PDLQO\�UHODWHG�WR�WKH�SRRUHU�VFDOH�DGKHUHQFH�DQG�WKH�ORZHU�LQLWLDO�&U�FRQWHQW�RI�RQO\�

���ZW�����

7KH� R[LGDWLRQ� NLQHWLFV� RI� WKH� DXVWHQLWLF� VWHHO� 1LFURIHU� ����� ZDV� IRXQG� WR� EH� VLJQLILFDQWO\�

KLJKHU� WKDQ� WKDW� RI� WKH� VWXGLHG� 1L�EDVH� DOOR\V�� 7KH� *'2(6� SURILOHV� VKRZHG� VXEVWDQWLDO�

HQULFKPHQWV� RI� 7L� DQG� 0Q� LQ� WKH� RXWHU� SDUW� RI� WKH� FKURPLD� VFDOH� DQG� FKDUDFWHULVWLF�

FRQFHQWUDWLRQV�RI�GLVVROYHG�HOHPHQWV�LQ�WKH�LQQHU�SDUW�RI�WKH�VFDOH��7KHVH�GLVWULEXWLRQV�DUH�LQ�
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DFFRUGDQFH�ZLWK� WKH� NQRZQ�S2�� GHSHQGHQFH� RI� WKH� VROXELOLW\� RI� WKHVH� HOHPHQWV� LQ� FKURPLD�

WKXV�H[SODLQLQJ�WKH�KLJK�JURZWK�UDWH�RI�WKH�VXUIDFH�VFDOH��7KLV�KLJK�JURZWK�UDWH�UHVXOWV�LQ�YHU\�

ORZ� &U� LQWHUIDFH� FRQFHQWUDWLRQV� GXULQJ� VKRUW� WHUP� LVRWKHUPDO� R[LGDWLRQ�� WKH� FRQFHQWUDWLRQ�

GHFUHDVLQJ� ZLWK� LQFUHDVLQJ� WHPSHUDWXUH�� 'XULQJ� F\FOLF� R[LGDWLRQ� DW� ����&� DQG� DERYH�� WKLV�

UHVXOWV� LQ� YHU\� HDUO\� EUHDNDZD\� R[LGDWLRQ� RI� 1LFURIHU� ������ 2QO\� DW� ����&�� D� ORQJ� WHUP�

JURZWK� RI� D� SURWHFWLYH� FKURPLD� VFDOH� ZDV� VXVWDLQHG�� 7KHUHIRUH�� RQO\� D� VLPSOLILHG� OLIHWLPH�

GLDJUDP�FRXOG�EH�FRQVWUXFWHG�IRU�WKLV�PDWHULDO�WDNLQJ�LQWR�DFFRXQW�WHPSHUDWXUHV�DW�DQG�EHQHDWK�

����&��

7KH� SKLORVRSK\� DQG� VLJQLILFDQFH� RI� WKH� XVHG� DSSURDFK� IRU� WKH� GHYHORSPHQW� RI� OLIHWLPH�

GLDJUDPV� IRU� FKURPLD� IRUPLQJ� )&&� PDWHULDOV� LV� LOOXVWUDWHG� LQ� )LJXUH� 6� �� D�� VKRZLQJ� WKH�
UHVXOWV�RI�DOOR\�����DW������&�DV�H[DPSOH��7KH�ORVV�RI�ZDOO�WKLFNQHVV�LV�SORWWHG�DV�IXQFWLRQ�RI�

WLPH�XVLQJ�WKH�GDWD�SUHVHQWHG�LQ�6HFWLRQ�����IRU�WKH�����PP�VSHFLPHQ��%DVHG�RQ�WKH�UHVXOWV�LQ�

6HFWLRQ��������LW�ZDV�DVVXPHG�WKDW�VSHFLPHQV�ZLWK�D�WKLFNQHVV�RI�����PP�RU�PRUH�H[KLELW�WKH�

VDPH� NLQHWLFV� IRU� VFDOH� VSDOODWLRQ� DQG� UH�KHDOLQJ�� 7KH� WLPHV� W��� IRU� GLIIHUHQW� VSHFLPHQ�

WKLFNQHVVHV�ZHUH� FDOFXODWHG� XVLQJ� WKH� SURFHGXUH� H[SODLQHG� LQ� 6HFWLRQ� �������7KH� UHVXOWV� DUH�

FRPSDUHG�ZLWK� R[LGDWLRQ� GDWD� RI� DQ� DOXPLQD� IRUPLQJ� DOOR\� �KHUH� WKH�2'6� DOOR\�30�������

WDNHQ� IURP� UHIHUHQFH� >���@�� 7KH� R[LGDWLRQ� NLQHWLFV� DQG� HVWLPDWHG� WLPHV� WR� EUHDNDZD\� �WKH�

ODWWHU�RFFXUULQJ�DIWHU�WKH�$O�FRQWHQW�GHFUHDVHG�IURP�����WR�����ZW�����>���@�IRU�VSHFLPHQV�RI�

GLIIHUHQW� WKLFNQHVV� ZHUH� UH�FDOFXODWHG� DQG� WUDQVIHUUHG� LQWR� D� SUHVHQWDWLRQ� DV� XVHG� LQ� WKH�

/LIHWLPH�'LDJUDPV�GHYHORSHG�LQ�WKH�SUHVHQW�SURMHFW��

$SDUW� IURP� WKH� GLIIHUHQFHV� LQ� DEVROXWH� WLPHV� WR� RFFXUUHQFH� RI� FULWLFDO� GHSOHWLRQ� RI� VFDOH�

IRUPLQJ� HOHPHQW� �&U� RU� $O�� WKH� ILJXUH� FOHDUO\� VKRZV� WKH� IXQGDPHQWDO� GLIIHUHQFH� ZKHQ�

HVWLPDWLQJ�GHVLJQ�UHOHYDQW�R[LGDWLRQ�GDPDJH�RI�WKH�WZR�W\SHV�RI�PDWHULDOV��)RU�ERWK�PDWHULDO�

W\SHV�WKH�PDLQ�OLIHWLPH�FULWHULRQ�IRU�WKH�WKLQQHVW�VSHFLPHQV��D�IHZ�WHQWKV�RI�D�PP��LV�WKH�WLPH�

IRU�RFFXUUHQFH�RI�³EUHDNDZD\�R[LGDWLRQ´�GXH�WR�FULWLFDO�&U�RU�$O�GHSOHWLRQ��)RU�FRPSRQHQWV�RI�

VHYHUDO�PP�WKLFN��KRZHYHU��WKH�FKURPLD�IRUPLQJ�DOOR\�����H[KLELWV�VHYHUH�ZDOO�WKLFNQHVV�ORVV�

DQG�VXEVWDQWLDO�DPRXQWV�RI�VSDOOHG�R[LGH��)LJXUH�6���E��EHIRUH�WKH�FULWLFDO�&U�GHSOHWLRQ�DW�W���
LV� UHDFKHG�� )RU� VXFK� FRPSRQHQWV� WKH� OLIHWLPH� FRQVLGHUDWLRQV� ZLOO� LQ� PRVW� FDVHV� QRW� EH�

JRYHUQHG�E\�FULWLFDO�&U�GHSOHWLRQ�EXW�E\�WKH�H[WHQW�RI�ZDOO�WKLFNQHVV�ORVV�DQG�RU�VSDOOHG�R[LGH��

)RU�WKH�VHOHFWHG�DOXPLQD�IRUPLQJ�PDWHULDO��KRZHYHU��WKH�ORVV�LQ�ZDOO�WKLFNQHVV�DQG�WKH�DPRXQW�

RI�VSDOOHG�R[LGH�DUH�VWLOO�VPDOO�LI�WKH�WLPH�IRU�FULWLFDO�$O�GHSOHWLRQ�H�J��IRU�D�VSHFLPHQ�RI���PP�

WKLFNQHVV�LV�UHDFKHG��
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)LJXUH� 6� ��� )LJ�� D�� VKRZV� WKH� ORVV� RI� ZDOO� WKLFNQHVV� DV� IXQFWLRQ� RI� WLPH� IRU� DOOR\� ���� DW�
�����&�� 7KH� GDWD� DUH� GHULYHG� IURP� WKH� UHVXOWV� VKRZQ� LQ� )LJXUH� ����� DQG� H[WUDSRODWHG�
DVVXPLQJ� WKDW� WKH� NLQHWLFV� RI� VFDOH� VSDOOLQJ� DQG� KHDOLQJ� ZDV� LQGHSHQGHQW� RI� VSHFLPHQ�
WKLFNQHVV��WKXV��WKH�³VXSHU�SDUDEROLF´�R[LGDWLRQ�REVHUYHG�IRU�WKH�WKLQQHVW������PP��VSHFLPHQ�
ZDV�LJQRUHG��,QVHUWHG�V\PEROV�LQGLFDWH�FDOFXODWHG�WLPHV�W���IRU�VSHFLPHQV�RI����������������DQG�
�� PP�� 7KH� UHVXOWV� DUH� FRPSDUHG� ZLWK� WKRVH� IRU� WKH� DOXPLQD� IRUPLQJ� PDWHULDO� 30� ������
:HLJKW� JDLQ� GDWD� IRU� WKLV� DOOR\� ZHUH� WDNHQ� IURP� UHIHUHQFH� >���@� DQG� UHFDOFXODWHG� LQWR� WKH�
JRYHUQLQJ�R[LGDWLRQ�GDPDJH�SDUDPHWHUV�XVHG�LQ�WKH�SUHVHQW�VWXG\��6\PEROV�LQGLFDWH�WLPHV�WR�
EUHDNDZD\�R[LGDWLRQ�GHULYHG�IURP�>���@�IRU�VSHFLPHQV�RI�GLIIHUHQW� WKLFNQHVV��)LJ��E��VKRZV�
WKH� VSHFLILF� ZHLJKW� RI� VSDOOHG� R[LGH� DV� D� IXQFWLRQ� RI� R[LGDWLRQ� WLPH� FRUUHVSRQGLQJ� WR� WKH�
FDOFXODWHG�UHVXOWV�VKRZQ�LQ�)LJ��D���

7KH� DSSURDFK� XVHG� WR� FRQVWUXFW� OLIHWLPH� GLDJUDPV� XVLQJ� WLPH� WR� EUHDNDZD\� DV� IXQFWLRQ� RI�

FRPSRQHQW�WKLFNQHVV�IRU�YDULRXV�WHPSHUDWXUHV�>��������������@�LV�WKXV�IRU�WKH�DOXPLQD�IRUPLQJ�

PDWHULDOV� IXOO\�DGHTXDWH��+RZHYHU�� IRU� WKH�FKURPLD� IRUPLQJ�)&&�PDWHULDOV� GLVFXVVHG� LQ� WKH�

SUHVHQW�VWXGLHV��WKLV�LV�REYLRXVO\�QRW�WKH�FDVH��

�

��

���

����

��� ���� ����� ������ �������

/R
VV
�R
I�Z

DO
O�W
KL
FN
QH
VV
��
P

2[LGDWLRQ�WLPH���K

��PP

����PP

����PP

��PP
��PP

��PP

����PP
����PP

30�����

$OOR\�����

�����&D�

�

��

���

���

���

���

��� ���� ����� ������ �������

6S
HF
LIL
F�
Z
HL
JK
W�R
I�V
SD
OOH
G�
R[
LG
H�
P
J�
FP

Ёϸ
2[LGDWLRQ�WLPH���K

��PP

����PP
����PP

��PP

��PP

��PP

����PP

����PP

30�����

$OOR\�����

�����&
E�



6XPPDU\�DQG�FRQFOXVLRQV�

����

�

7KH�GHYHORSHG�OLIHWLPH�GLDJUDPV�DUH�WKXV�EHOLHYHG�WR�EH�YHU\�XVHIXO�WRROV�IRU�WDNLQJ�R[LGDWLRQ�

LQGXFHG�GDPDJH�LQWR�DFFRXQW�LQ�FRPSRQHQW�GHVLJQ��7KH�DSSOLFDWLRQ�RI�VXFK�GLDJUDPV�PLJKW�

OLNHO\�EH�H[WHQGHG�LI�IXWXUH�GHYHORSPHQWV�ZRXOG�DOORZ�WDNLQJ�DGGLWLRQDO�GDPDJH�PHFKDQLVPV��

H�J��IRUPDWLRQ�RI�YRODWLOH�&U�VSHFLHV�LQ�UDSLGO\�IORZLQJ��ZDWHU�YDSRXU�ULFK�JDVHV��LQWR�DFFRXQW��
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