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.H\ZRUGV � )HLVW¶V�DFLG��0HWDO�RUJDQLF�IUDPHZRUN��&KLUDO�OLJDQG�

6LQFH� 0�� *UDPDFFLROL� SXEOLVKHG� WKH� SDSHU� RQ� FU\VWDO
VWUXFWXUHV� RI� ]LQF� JOXWDPDWH� GLK\GUDWH��� D� ODUJH� QXPEHU� RI
FRRUGLQDWLRQ�SRO\PHUV�ZLWK� FDUER[\ODWH� OLJDQGV�KDYH�EHHQ
VWUXFWXUDOO\� FKDUDFWHUL]HG� DQG� WKH� GHVLJQ� RI� FRRUGLQDWLRQ
SRO\PHUV� ZLWK� VSHFLILF� SK\VLFRFKHPLFDO� SURSHUWLHV� KDYH
EHHQ� WR� HOLFLW� LQWHQVH� LQWHUHVW��� 1RZDGD\V�� PHWDO�RUJDQLF
IUDPHZRUN��02)��VWUXFWXUHV�H[SHFW�WR�EH�SUHGLFWDEOH�RQ�WKH
EDVLV�RI�RUJDQLF�OLJDQG�GHVLJQ�DQG�NQRZQ�PHWDO�FRRUGLQDWLRQ
SDWWHUQV��HYHQ�WKRXJK�PRVW�RI�WKHVH�PDWHULDOV�KDYH�QRW�EHHQ
GLVFRYHUHG� LQ� VHUHQGLSLWRXV�PRGH�ZLWK� UHVSHFW� WR�SRWHQWLDO
DSSOLFDWLRQV��� 7KH� UHFHQW� LQWHUHVW� LQ� QHZ� SRURXV� 02)
PDWHULDOV�ZLWK� DGYDQFHG� IXQFWLRQDOLW\� KDV� FRQFHQWUDWHG� RQ
WKH� GHVLJQ� RI� SRURXV� QHWZRUN� PDWHULDOV� ZLWK� WKH� DLG� RI
FU\VWDO�HQJLQHHULQJ�WHFKQLTXHV�IURP�SUH�GHVLJQHG�PROHFXODU
EXLOGLQJ�EORFNV�
/LPLWHG� VWXGLHV�� KRZHYHU�� KDYH� EHHQ� RQO\� DYDLODEOH

UHJDUGLQJ�WKH�DSSOLFDWLRQV�RI�02)�PDWHULDOV�WR�FDWDO\VWV�VR
IDU��ZKLOH�$R\DPD�KDV� UHSRUWHG� WKH�XVH�RI�RUJDQLF�]HROLWLF
PDWHULDOV� WR� HQKDQFH� HQGR�VHOHFWLYLW\� LQ� 'LHOV�$OGHU� UHDF�
WLRQV�����)RU�H[DPSOH��>=Q�2�/�+��@Â�+�2Â��+�2��/ &��+��2��
3267���� VKRZV� HQDQWLRVHOHFWLYH� FDWDO\WLF� DFWLYLW\� IRU� WKH
WUDQVHVWHULILFDWLRQ� RI� ��SKHQ\O���SURSDQRO� ZLWK� IHZ� �
HQDQWLRPHULF�H[FHVV���,W�LV�WKH�ILUVW�FKLUDO�FDWDO\VW�RI�SRURXV
02)� FRPSOH[HV� XVLQJ� D� FKLUDO� RUJDQLF� EXLOGLQJ� EORFN�
DOWKRXJK� &G����¶�ELS\ULGLQH���12���� DQG� =U��32���39�;�

DUH� FDWDO\VWV� IRU� WKH� F\DQRVLO\ODWLRQ� RI� DOGHK\GHV� DQG� WKH
SURGXFWLRQ�RI�+�2��IURP�+��DQG�2��� UHVSHFWLYHO\��3267��
XVHG�WKH�ZHOO�GHILQHG�FKLUDO�WDUWDULF�GHULYDWLYH�DV�D�EXLOGLQJ
EORFN�� )HLVW¶V� DFLG� KDV� D� VLPLODU� VWUXFWXUDO� FKDUDFWHU� ZLWK
WDUWDULF� DFLG�� ,W� KDV� EHHQ� XVHG� IRU� WKH� FRQIRUPDWLRQDOO\
UHVWULFWHG�DQDORJXHV�RI�DPLQR�DFLG�RU�DV\PPHWULF�V\QWKHVLV
RI�FKLUDO�FRPSRXQGV�DV�VWDUWLQJ�PDWHULDO���+HUH�ZH�GHVFULEH
WKH� V\QWKHVLV� DQG� VWUXFWXUH� RI�02)�XVLQJ� D� FKLUDO� RUJDQLF
EXLOGLQJ� EORFN�� )HLVW¶V� DFLG�� ��PHWK\OHQHF\FORSURSDQH�
WUDQV�����GLFDUER[\OLF�DFLG��+�0&3'���

([SHULPHQWDO�6HFWLRQ

)HLVW¶V� DFLG�� FDGPLXP�,,�� QLWUDWH� WHWUDK\GUDWH� DQG� 1�1�
GLPHWK\OIRUDPLGH� �'0)�� ZHUH� XVHG� DV� UHFHLYHG� IURP
$OGULFK��$�'0)��WROXHQH������P/��PL[WXUH�RI�&G�,,��QLWUDWH
WHWUDK\GUDWH�������PJ�������PPRO��DQG�)HLVW¶V�DFLG������PJ�
�����PPRO��ZDV�DGGHG�LQWR�D�VPDOO�YLDO��ZKLFK�ZDV�SODFHG
LQ�D�ODUJHU�YLDO�FRQWDLQLQJ���ZW��RI�WULHWK\ODPLQH�LQ�WROXHQH
���P/���7KH� ODUJHU�YLDO�ZDV� VHDOHG�DQG� OHIW�XQGLVWXUEHG�DW
URRP� WHPSHUDWXUH� IRU� �� GD\V�� 7KH� EORFN� FU\VWDOV� ZHUH
LVRODWHG�DQG�WKHQ�ZDVKHG�ZLWK�� × ���P/�RI�WROXHQH�WR�JLYH
���PJ�������RI�SURGXFW��$QDO��&DOFG��)RU�&G�&��+��2��1�

 �&G��0&3'�����12���'0)����&���������+��������1�������
)RXQG��&���������+��������1��������)7�,5� �.%U����������
FP−����������EU���������Z���������YV���������YV���������V��

7DEOH����&U\VWDO�'DWD�DQG�6WUXFWXUH�5HILQHPHQW�IRU�&G��0&3'�����
�12���'0)��

(PSLULFDO�IRUPXOD� &���+���&G��1��2��

)RUPXOD�ZHLJKW� ������

7HPSHUDWXUH� �������.

:DYHOHQJWK� ��������c

&U\VWDO�V\VWHP��6SDFH�JURXS� 7ULJRQDO��5����F��1R������

8QLW�FHOO�GLPHQVLRQV D� ������������c�α� ����
E� ������������c�β� ����
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9ROXPH ����������c�

= ��

'HQVLW\��FDOFXODWHG� ������0J�P�

$EVRUSWLRQ�FRHIILFLHQW ������PP−�

)����� ����

&U\VWDO�VL]H �����×������×������PP�

θ�UDQJH�IRU�GDWD�FROOHFWLRQ �����WR�������

/LPLWLQJ�LQGLFHV ��� � K � ������� � N � ����
��� � O � ��

$EVRUSWLRQ�FRUUHFWLRQ 6$'$%6��7PD[� ��������7PLQ� �
������

5HIOHFWLRQV�FROOHFWHG�XQLTXH �����������>5�LQW�� �������@

'DWD�UHVWUDLQWV�SDUDPHWHUV ����������

*RRGQHVV�RI�ILW�RQ�)� �����

)LQDO�5�LQGLFHV�>,!�σ��,�@ 5�� ���������Z5�� �������
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/DUJHVW�GLII��SHDN�DQG�KROH ������DQG��������H�c−�
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������YV���������V���������P���������Z���������Z��������Z��
�����Z��������Z��������P��������P��������Z��
6LQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ�GDWD�ZHUH�FROOHFWHG�RQ�D

VWDQGDUG�%UXNHU�60$57�$3(;�&&'�EDVHG�;�UD\�GLIIUDF�
WRPHWRU�HTXLSSHG�ZLWK�D�QRUPDO�IRFXV�0R�WDUJHW�;�UD\�WXEH
�λ  ������� c���'DWD�IUDPHV�IRU�WKH�(ZDOG�KHPLVSKHUH�ZHUH
FROOHFWHG�ZLWK�D� VFDQ�ZLGWK�RI����R� LQ�ω�ZLWK�DQ�H[SRVXUH
WLPH� RI� ��� V�IUDPH�� 7KH� IUDPHV� ZHUH� LQWHJUDWHG� ZLWK� WKH
%UXNHU�6$,17�VRIWZDUH�SDFNDJH�ZLWK�D�QDUURZ�IUDPH�DOJR�
ULWKP��7KH� LQWHJUDWLRQ�RI� WKH�GDWD�\LHOGHG�D� WRWDO�RI������
UHIOHFWLRQV�WR�D�PD[LPXP��θ�YDOXH�RI������R�RI�ZKLFK�����
ZHUH� LQGHSHQGHQW� DQG� �����ZHUH� JUHDWHU� WKDQ� ��σ�,��� 7KH
ILQDO�FHOO�FRQVWDQWV��7DEOH����ZHUH�EDVHG�RQ�[\]�FHQWURLGV�RI
����� UHIOHFWLRQV� DERYH� ��� σ�,��� 7KH� FROOHFWHG� ;�UD\� GDWD
ZLWK�(ZDOG�KHPLVSKHUH�FRQWDLQLQJ�)ULHGHO�SDLUV¶�UHIOHFWLRQV
DUH�FRPSRVHG�RI�PDQ\�VHWV�RI�UHGXQGDQW�UHIOHFWLRQV��7KHVH
GDWD�ZHUH�PHUJHG�WR�SURGXFH�XQLTXH�UHIOHFWLRQV��7KLV�JDYH
ULVH� WR� WKH� FRQVSLFXRXV� UHGXFWLRQ�RI� WKH� QXPEHU� RI� UHIOHF�
WLRQV� IURP� ������ WR� ������ $QDO\VLV� RI� WKH� GDWD� VKRZHG
QHJOLJLEOH� GHFD\� GXULQJ� GDWD� FROOHFWLRQ�� 7KH� VWUXFWXUH�ZDV
VROYHG� E\� GLUHFW� PHWKRGV� DQG� WKH� VXEVHTXHQW� GLIIHUHQFH
)RXULHU� PHWKRGV�� 5HILQHPHQW� SURFHVVHV� ZHUH� FDUULHG� RXW
ZLWK�WKH�%UXNHU�6+(/;7/��YHUVLRQ�������VRIWZDUH�SDFNDJH�
XVLQJ� WKH�FHQWURV\PPHWULF� VSDFH�JURXS�5����F�ZLWK�=  ��
IRU� WKH� IRUPXOD��� $OO� QRQ�K\GURJHQ� DWRPV� ZHUH� UHILQHG
DQLVRWURSLFDOO\��$OO�K\GURJHQ�DWRPV�ZHUH�DOVR�LQFOXGHG�ZLWK
LGHDO�JHRPHWU\��7KH�UHOLDELOLW\�IDFWRUV�FRQYHUJHG�WR�5��)��� 
������� DQG� Z5��)���  �������� $GGLWLRQDO� GHWDLOV� DUH� SUH�
VHQWHG�LQ�7DEOH���DQG�VHOHFWHG�ERQG�GLVWDQFHV�DQG�DQJOHV�LQ
7DEOH� ��� )UDFWLRQDO� DWRPLF� FRRUGLQDWHV�� DQLVRWURSLF� GLV�
SODFHPHQW�SDUDPHWHUV��DQG�K\GURJHQ�FRRUGLQDWHV�DUH�JLYHQ
DV�VXSSOHPHQWDU\�

&U\VWDOORJUDSKLF�GDWD�IRU�WKH�VWUXFWXUH�UHSRUWHG�KHUH�KDYH
EHHQ� GHSRVLWHG�ZLWK� WKH�&DPEULGJH�&U\VWDOORJUDSKLF�'DWD
&HQWHU��'HSRVLWLRQ�1R��&&''&����������7KH�GDWD�FDQ�EH
REWDLQHG� IUHH� RI� FKDUJH� YLD� ZZZ�FFGF�FDP�DF�XN�FRQWV�
UHWULHYLQJ�KWPO� �RU� IURP� WKH� &&'&�� ��� 8QLRQ� 5RDG�
&DPEULGJH�&%���(=��8.�� ID[�������������������H�PDLO�
GHSRVLW#FFGF�FDP��DF�XN��

5HVXOWV�DQG�'LVFXVVLRQ

%ORFN�FU\VWDOV�RI� WKLV�FRPSRXQG�ZHUH�SURGXFHG�DW� URRP
WHPSHUDWXUH�XSRQ�GLIIXVLQJ�WULHWK\ODPLQH�LQWR�D�FOHDU�'0)�
WROXHQH� VROXWLRQ� FRQWDLQLQJ�&G�12���Â�+�2� DQG�+�0&3'
LQ�DQ�� � ��PROH�UDWLR��,WV�)7�,5�VSHFWUXP�VKRZHG�WKH�H[SHFW�
HG�DEVRUSWLRQV�IRU�WKH�YLEUDWLRQV�RI�0&3'�������DQG�����
FP−����'0)�������FP−����DQG�QLWUDWH�������FP−����,W�VKRZHG
QR�DEVRUSWLRQV�IRU�DQ\�SURWRQDWHG�0&3'�������FP−����LQGL�
FDWLQJ�WKH�FRPSOHWH�GHSURWRQDWLRQ�RI�+�0&3'�E\�DGGLWLRQ
RI�WULHWK\ODPLQH�WR�WKH�UHDFWLRQ�PL[WXUH���
$�VLQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ�VWXG\�UHYHDOHG�DQ�H[WHQG�

HG���'�IUDPHZRUN�IRUPXODWHG�DV�&G��0&3'�����12���'0)���
ZKLFK�LV�FRQVLVWHQW�ZLWK�WKDW�GHULYHG�IURP�HOHPHQWDO�PLFUR�
DQDO\VLV��6HOHFWHG�ERQG�OHQJWKV�DQG�DQJOHV�DUH�JLYHQ�LQ�7DEOH
���7KH�IXQGDPHQWDO�EXLOGLQJ�XQLW�RI� WKH�FU\VWDO�VWUXFWXUH� LV
VKRZQ�LQ�)LJXUH����,W�LV�FRPSRVHG�RI�WZR�GLIIHUHQW�FDGPLXP
�,,�� FHQWHUV� �&G��� &G��� WKDW� EULGJHG� E\� FDUER[\ODWHV� �2��
2���2�&��2�&��2�'��2�'��RI�VHSDUDWH�0&3'�XQLWV��$OO�WKH
V\PPHWU\�HTXLYDOHQW�2��DWRPV�DUH�OLQNHG�WR�&G���DQG�DOO�WKH
V\PPHWU\�HTXLYDOHQW�2��DWRPV�DUH� OLQNHG� WR�&G���3URJUH�

7DEOH����6HOHFWHG�%RQG�/HQJWKV�>c@�DQG�$QJOHV�>�@�IRU�&G��0&3'�����
�12���'0)��

&G����2���� �������� &G����2��6�� ��������

&G����2���� �������� &G����2��$�� �������
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2��6��&G����2��'� ��������� 2����&G����2��$� ��������

2��6$��&G����2��� ��������� 2��&��&G����2��$� ��������

2��&��&G����2��� ��������� 2����&G����2��$¶� ��������

2��'��&G����2��� ��������� 2��&��&G����2��$¶� ������

&����2����&G��� �������� &��6��2��6��&G��� ��������

&����2����&G��� �������� 2����&����2��� ��������

2����&����&��� �������� 2����&����&��� ��������

&����&����&��$� ������� &����&����&��� ��������

&��$��&����&��� �������� &����&����&��� ��������

&����&����&��$� �������� &����&����&��$� �������

)LJXUH����$�SHUVSHFWLYH�GUDZLQJ�RI�WKH�EXLOGLQJ�EORFN�XQLW�IRU�WKH
VWUXFWXUH� RI� &G��0&3'�����12���'0)���� UHSUHVHQWHG� E\� ���
WKHUPDO� HOOLSVRLGV�� 7KH� FRRUGLQDWHG� QLWUDWH� DQLRQ� LV� VWDWLVWLFDOO\
GLVRUGHUHG� DERXW� WKH� FU\VWDOORJUDSKLF� ��IROG� D[LV� RI� WKH� XQLW� FHOO
ZKLFK�SDVVHV�WKURXJK�&G���&G���1�$�DQG�2�$�
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VVLRQ�RI�WKH�IUDPHZRUN�LQ�WKH�VWUXFWXUH�HPSOR\V�WKLV�XQLW�DQG
LWV� OLQNDJH�PRWLI� XVLQJ� WKH� UHPDLQLQJ� FDUER[\ODWH� R[\JHQV
�2�%��2�%��� ,Q� WKLV�ZD\��HDFK�0&3'�XQLW�DFWV�DV�D� WHWUD�
GHQWDWH�XQLW��OLQNLQJ�WZR�SDLUV�RI�FDGPLXP�DWRPV�WR�\LHOG�D
WLJKWO\�KHOG�IUDPHZRUN��7KH�UHPDLQLQJ�SRVLWLRQV�RQ�&G��DQG
&G��DUH�UHVSHFWLYHO\��RFFXSLHG�E\�WKUHH�'0)�OLJDQGV��2�6�
2�6$�� 2�6%�� &G��2�6� ��������� c�� DQG� RQH� GLVRUGHUHG
ELGHQWDWH�QLWUDWH��2�$��2�$$��OLJDQG��7KH�QLWUDWH�LRQV�DUH
ERXQG�WLJKWO\�WR�WKH�FDGPLXP�WR�JLYH�D�&G��2�$¶�GLVWDQFH

RI���������c��ZKLFK�GRHV�QRW�DOORZ�IRU�WKHLU�LRQ�H[FKDQJH��,W
VKRXOG� EH� QRWHG� WKDW� WKH� ORZ� SUHFLVLRQ� RI� WKH� ILQDO� ERQG
OHQJWKV�DQG�DQJOHV�LV�QRW�XQH[SHFWHG�JLYHQ�E\�WKH�LQKHUHQW
GLVRUGHU�RI�WKH�QLWUDWH�LRQ��7KLV�EXLOGLQJ�XQLW�LV�FRQQHFWHG�WR
DQRWKHU�EXLOGLQJ�XQLW� WKURXJK�FDUER[\ODWHV�RI� WKH�OLJDQG�WR
IRUP�D�GLPHU��>&G��0&3'���12����'0)��@��HDFK�RI�ZKLFK
0&3'�OLJDQGV�LV�OLQNHG�WRJHWKHU��7KLV�DUUDQJHPHQW�OHDGV�WR
D����PHPEHUHG�ULQJ�FRPSRVHG�RI���GLPHUV�OLQNHG�E\�WKUHH
0&3'�XQLWV��DQG�WKH�RYHUDOO�FU\VWDO�VWUXFWXUH�RI�WKLV�PDWHULDO
UHVXOWV�IURP�IXVLQJ�VXFK�ULQJV�WRJHWKHU�DV�VKRZQ�LQ�)LJXUH���
([WHQVLRQ� RI� WKH� VWUXFWXUH� JLYHV� D� ��'� OD\HUHG�&G�0&3'
QHWZRUN�DV�VKRZQ�LQ�)LJXUH����ZKLFK�LV�WKH�SURMHFWLRQ�YLHZ
RI� WKH� SDFNLQJ� IUDPHZRUN� DORQJ� WKH� F� GLUHFWLRQ�� 7ZR
QHLJKERULQJ�OD\HUV�DUH�VHSDUDWHG�E\�F��������GLVWDQFH�RI�WKH
F�D[LV� OHQJWK�� DQG� UHODWHG� E\� DQ� LQYHUVLRQ� V\PPHWU\��2QH
HQDQWLRPHULF�0&3'V�DUH�SDUWLFLSDWHG� LQ�RQH� OD\HU�DQG� WKH
RWKHU�0&3'V�LQ�WKH�RWKHU�OD\HU��ZKLFK�PHDQV�WKDW�HDFK�OD\HU
LV�FKLUDO�EXW�WKH�DGMDFHQW�OD\HU�KDV�LWV�PLUURU�FRQILJXUDWLRQ�
7KHUHIRUH�WKHVH�OD\HUV�DUH�DOWHUQDWLYHO\�VWDFNHG�DORQJ�WKH�F�
D[LV�WR�JLYH�D�FHQWURV\PPHWULF�DQG�DFKLUDO�VWUXFWXUH�
$� WKHUPRJUDYLPHWULF� VWXG\� RI� &G��0&3'�����12���'0)��

ZDV�SHUIRUPHG�LQ�D�QLWURJHQ�DWPRVSKHUH��7ZR�GLVWLQFW�ORVVHV
RI�PDVV�ZHUH�REVHUYHG�DURXQG�����DQG�����R&��,W�VKRZV�WKDW
WKH� FRPSOH[� LV� VWDEOH� XS� WR� ���� R&� EHFDXVH� WKHUH� LV� QR
H[SHFWHG� VSDFH� DYDLODEOH� IRU� JXHVW� PROHFXOHV� LQ� WKH� ���
PHPEHUHG�ULQJ��ZKLFK�FDQ�DIIHFW�WKH�IUDPHZRUN¶V�VWDELOLW\�
$W�����R&��WKH�REVHUYHG�PDVV�ORVV�RI�����FRUUHVSRQGV�WR��
'0)V� ERXQG� SHU� IRUPXOD� XQLW�� %HWZHHQ� ���� DQG� ���� R&
VORZ�PDVV�ORVV�RI�����FRUUHVSRQGV�WR�����0&3'V��7KH�QH[W
PDVV�ORVV�RI����DURXQG�����R&�FRUUHVSRQGV�WR�FRRUGLQDWHG
QLWUDWH��
,Q�FRQFOXVLRQ��D�QHZ�FDGPLXP�,,����PHWK\OHQHF\FORSURSDQH�

W�����GLFDUER[\ODWH� FRPSRXQG�ZDV� V\QWKHVL]HG� DV� D� VLQJOH
FU\VWDO�E\�VORZ�GLIIXVLRQ�PHWKRG��,W�LV�WKH�ILUVW�02)�XVLQJ
0&3'��ZKLFK�IUDPHZRUN�VXSSRUWV�D���'�OD\HUHG�VWUXFWXUH

)LJXUH����7RSRORJLFDO�YLHZV�RI�WKH�&G�0&3'�IUDPHZRUN�OD\HU�RI
&G��0&3'�����12���'0)��� LQ� WKH� DE� SODQH� �WRS�� DQG� EF� SODQH
�ERWWRP��

)LJXUH����3URMHFWLRQ�YLHZ�RI�WKH�IUDPHZRUN�RI�&G��0&3'�����12���'0)���DORQJ�WKH�F�GLUHFWLRQ��(DFK�FKLUDO�OD\HU�LV�VHSDUDWHG�E\�F���DQG
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