
2EWDLQLQJ�DQG�REVHUYDWLRQ�RI�PLFUR��DQGQDQR�VL]H�9�2� VWUXFWXUHV
9�1�6KHYFKXN��<X�1�8VDWHQNR��3�<X�'HPFKHQNR�2�7�$QWRQ\DN��5�<D�6HUNL]

'HSDUWPHQW�RI�(OHFWURQLFV��,��)UDQNR�1DWLRQDO�8QLYHUVLW\�RI�/YLY�
���'UDKRPDQRYD��������/YLY��8NUDLQH�����6FLHQWLILF�DQG�7HFKQLFDO�&HQWHU�RI�/RZ�7HPSHUDWXUH�,QYHVWLJDWLRQV�

,��)UDQNR�1DWLRQDO�8QLYHUVLW\�RI�/YLY�����'UDKRPDQRYD��������/YLY��8NUDLQH,QWHUGHSDUWPHQW�6FLHQWLILF�DQG�(GXFDWLRQDO�/DERUDWRU\�RI�;�UD\
6WUXFWXUH�$QDO\VLV��,��)UDQNR�1DWLRQDO�8QLYHUVLW\�RI�/YLY�

��.\U\OD�DQG�0HIRGL\D��������/YLY��8NUDLQH'HSDUWPHQW�RI�3K\VLFV��,��)UDQNR�1DWLRQDO�8QLYHUVLW\�RI�/YLY�
��.\U\OD�DQG�0HIRGL\D��������/YLY��8NUDLQH

5HFHLYHG�1RYHPEHU���������
6LPSOH�JURZLQJ�FORVHG�YROXPH�WHFKQLTXH�DV�VLPLODU�WR�WKH�%ULGJPDQ�PHWKRG�IRU�REWDLQ�

LQJ� RI� WKH� 9�2�� PLFUR�� DQG� QDQRFU\VWDOOLQH� VWUXFWXUHV� LV� FRQVLGHUHG�� 7KH� PRUSKRORJ\IHDWXUHV� RI� SURGXFHG� FU\VWDOOLQH� VWUXFWXUHV� ZHUH� LQYHVWLJDWHG� XVLQJ� VFDQQLQJ� HOHFWURQ
PLFURVFRSH�DQG�;�UD\�GLIIUDFWLRQ�PHWKRG��7KH�VRPH�REVHUYHG�9�2�� VWUXFWXUHV�DUH�EULHIO\GHVFULEHG�ZLWK�DFFRXQW�RI�WKH�SK\VLFRFKHPLFDO�FRQGLWLRQV�RI�SUHSDUDWLRQ��
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���,QWURGXFWLRQ
9DQDGLXP�R[LGHV�DUH�DWWUDFWHG�VWURQJ�LQ�

WHUHVW�PDWHULDO�VFLHQWLVWV�RYHU�WKH�SDVW�\HDUV
IRU� WKHLU� HOHFWULFDO�� RSWLFDO�� HOHFWURFKHPLFDO
SURSHUWLHV��PHWDO�WR�LQVXODWRU� WUDQVLWLRQ� IRU
PRVW� YDQDGLXP� R[LGHV�� HOHFWULFDO� VZLWFKLQJ
RI�9�2���KLJK�LRQ�LQWHUDFWLRQ�FDSDFLW\��KLJKVHQVLWLYLW\� RI� DFWLYH� HOHPHQWV� IRU� JDV� VHQ�
VRUV� HWF� >�Ü�@�� 9DQDGLXP� SHQWR[LGH� LQ� GLI�
IHUHQW� IRUPV� LV� LQWHQVLYHO\� VWXGLHG�� 7KH
QDQR�FRPSRXQGV�9�2�� DUH� XQLTXH�PDWHULDOVZLWK� SURSHUWLHV� ZKLFK� GHSHQG� RQ� REWDLQLQJ
FRQGLWLRQV��

7KHUH� LV�D�QXPEHU�RI�UHFHQW�FRPPXQLFD�
WLRQV� DERXW� V\QWKHVLV� RI� HORQJDWHG� VWUXF�
WXUHV� EDVHG� RQ� WKH�9�2��� ,Q� SDUWLFXODU�� YD�

QDGLXP� SHQWR[LGH� QDQRURGV� DQG� QDQRZLUHV
KDYH� EHHQ� V\QWKHVL]HG� E\� UHYHUVH� PLFHOOH
WHFKQLTXH� >�@��7KH� OHQJWK�FDQ�EH�WXQHG�HDV�
LO\�E\�NHHSLQJ�WKH�SDUWLFOHV�LQ�PLFHOODU�VROX�
WLRQ� DIWHU� WKH� V\QWKHVLV� IURP� ��� QP� WR
��PP��$XWKRUV�>�@�GHVFULEHG�D�IDFLOH�PHWKRG
WR� VHOI�DVVHPEOH�9�2�� QDQRURGV� LQWR�PLFUR�VSKHUHV�� ,Q� SDSHU� >�@� LW� ZDV� SURSRVHG� WKH
V\QWKHVLV� RI� YDQDGLXP� SHQWR[LGH� QDQRURGV
EDVHG�RQ� WKHUPDO�GHFRPSRVLWLRQ�RI� FKORULGH
YDQDGLXP� YDSRU�� 7KH� PLFUR�� DQG� QDQRURGV
ZLWK�WKH�WKLFNQHVV�LQ�WKH�UDQJH�IURP����QP
WR��PP�DQG�OHQJWK�XS�WR���PP�ZHUH�REWDLQHG
LQ� WKH� ZRUN� >�@�� 7KH� 9�2�� FRPSDFWHGQDQRSRZGHU� ZHUH� XVHG� E\� DXWKRUV� >�@� DQG
QDQRURGV�DQG�QDQRWLSV�ZLWK�WKH�WKLFNQHVV�LQ

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

)XQFWLRQDO�PDWHULDOV������������� ���



WKH�UDQJH�IURP����QP�WR�����QP�RQ�WKH�WRS
RI�URGV�RI�ODUJHU�VL]H�ZHUH�JRW�LQ�WKLV�FDVH�

,Q�WKH�SUHVHQW�VWXG\�WKH�V\QWKHVLV�RI�VLQ�
JOH� FU\VWDOV� RI� 9�2�� ZDV� UHDOL]HG� DQG� WKHFRQGLWLRQV� RI� PLFUR�� DQG� QDQR�FU\VWDOOLQH
IRUPDWLRQV� GXULQJ� JURZWK� SURFHVV� RI� YDQD�
GLXP� SHQWR[LGH� ZHUH� FRQVLGHUHG�� )RU� WKLV
DLP� ZH� REWDLQHG� WKH� QRPLQDOO\� SXUH� 9�2�DQG� ZLWK� DGGLWLRQV� ��� DQG� ��� PDVV����� RI
6L2��SRZGHU��7KH�PRUSKRORJ\�RI�PLFUR��DQGQDQR�IRUPDWLRQV� LQ� REWDLQHG� VDPSOHV� ZDV
FRQVLGHUHG�� ,W� LV� QRWH�� WKDW� LW� LV� WKH� ILUVW
VWHS�RI�9�2��V\QWKHVLV�RI�VLQJOH�DQG�PLFUR�FU\VWDOV�� 2XU� ZRUNV� ZLWK� WKH� DLP� � WR� RSWL�
PL]H� WKH� FRQWUROOHG� V\QWKHVLV� UHJLPHV� DUH
FRQWLQXHG��

���([SHULPHQWDO
8VLQJ� 9�2�� SRZGHU� WKHUH� ZHUH� REWDLQHG9�2�� FU\VWDOV� DQG� HORQJDWHG� PLFUR�� DQGQDQR�VWUXFWXUHV�ZLWK�GLPHQVLRQ�LQ�WKH�UDQJH

IURP� ���� PP� WR� ���� PP�� &RQVLGHUHG� VWUXF�
WXUHV�ZHUH�IURP����PP�WR�����PP�PD[LPDO
OHQJWK�� 7KH� LQYHVWLJDWHG� QDQR�� DQG� PLFUR�
VL]H�FU\VWDOOLQH�VWUXFWXUHV�ZHUH�JRW�LQ�FORVHG
YROXPH� �VLOLFD� DPSRXOH��� 7KH� JURZLQJ�SURF�
HVV�ZDV�EDVHG�RQ�%ULGJPDQ�PHWKRG��7KH�LP�
DJHV� RI� WKH� V\QWKHVL]HG� 9�2�� VWUXFWXUHVZHUH� REWDLQHG� E\� VFDQQLQJ� HOHFWURQ� PLFUR�
VFRSH��6(0���7KH�SKDVH�FRPSRVLWLRQV�RI�WKH
PLFUR�� DQG� QDQR�VWUXFWXUHV� ZHUH� FRQWUROOHG
XVLQJ�WKH�;�UD\�GLIIUDFWLRQ��;5'��PHWKRG��

2XU� H[SHULPHQWDO� GDWD� RQ� JURZLQJ� RI
QDQR�� DQG�PLFUR�VL]H�9�2�� FU\VWDOOLQH� HORQ�JDWHG� VWUXFWXUHV� ZHUH� UHFHQWO\� UHSRUWHG� LQ
>����@�� 9DQDGLXP� R[LGHV� KDYH� EHHQ� H[WHQ�
VLYHO\� VWXGLHG� EHFDXVH� RI� WKHLU� LPSRUWDQW
SURSHUWLHV�� 7KH� 9�2�� FRPSRXQG� KDV� DQ� RU�WKRURPELF�VWUXFWXUH�ZLWK�ODWWLFH�SDUDPHWHUV
D� ��������QP��E� ��������QP��F� ��������QP
>�@�� 7KH� EXLOGLQJ� EORFN� LV� D� GHIRUPHG� RFWD�
KHGURQ�� 7KH� VKRUWHVW�9±2� ERQG� OHQJWK� FRU�
UHVSRQGV� WR�D�GRXEOH�YDQDG\O�ERQG� �9±2�� ������� QP��� 7KH� RWKHU� R[\JHQV� DUH� ODEHOHG
2�� ERQGHG� WR� WZR� YDQDGLXPV�� DQG� 2��ERQGHG� WR�WKUHH�YDQDGLXPV��7KH� ORQJHVW�9±
2� ERQG� �9±2�� �������� QP�� LV� D� ZHDN� YDQGHU�:DDOV�ERQG��7KH�9�2��KHQFH�KDV�D�OD\HUVWUXFWXUH�ZLWK�DQ�HDVLO\�FOHDYDJH�SODQH��WKH
F�SODQH���

9DQDGLXP�SHQWR[LGH�KDV�WKH�ORZ�PHOWLQJ
SRLQW� ����� .� >��@�� DQG� FU\VWDOV� REWDLQHG
HDVLO\�IURP�WKH�PHOW��'XULQJ�JURZLQJ�SURF�
HVV� EDVHG� RQ� %ULGJPDQ� WHFKQLTXH� >��@� LQ
WKLV� ZRUN� ZH� REWDLQHG� WKH� 9�2�� FU\VWDOV�)LJ�����DQG�GLIIHUHQW�VWUXFWXUHV�ZLWK�PLFUR�
DQG�QDQR�GLPHQVLRQV��9�2��FU\VWDOV�JURZLQJZDV� SHUIRUPHG� LQ� TXDUW]� HYDTXDWHG� DPSX�

OHV��7KH�YHUWLFDO�GLVSODFHPHQW�VSHHG�ZDV�VH�
OHFWHG�DERXW���PP�K��7HPSHUDWXUH�RI�DFWLYH
]RQH�ZDV� KLJKHU� WKDQ� WKH�PHOWLQJ� WHPSHUD�
WXUH�SHU�a���.��7KH�JURZQ�GLPHQVLRQV�ZHUH
FRROHG� WR� URRP� WHPSHUDWXUH� DW� WKH� VZLWFK
RII�UHJLPH�RI�IXUQDFH��

9�2��ZLWK�VWRLFKLRPHWULF�SXULW\�!������ZDV� XVHG� DV� VWDUWLQJ� PDWHULDO� IRU� FU\VWDO
JURZWK�� 7KH� QRQ�FRQWUROOHG� LPSXULWLHV� FRQ�
WHQW�ZDV�LQ�WKH�UDQJH�RI�����Ü�����PDVV����
,Q�SDUWLFXODU�� WKH�6L�FRPSRXQGV�FRQWHQWV�WR
DYHUDJH������PDVV�����%HIRUH�V\QWKHVLV�WKH
VWDUWLQJ�PDWHULDO�ZDV� FDOFLQHG� DQG�SXULILHG
E\� KRUL]RQWDO� IORDWLQJ�]RQH�PHOWLQJ�PHWKRG
�WKHUPDO�WUHDWHG�VWDUWLQJ�SRZGHU���)RU�FRP�
SDULVRQ�ZLWK�VWDQGDUG�FDVH� �IUHH�IRU�VSHFLDO
DGGLWLRQV�� ZH� DGGHG� WR� WKH� VWDUWLQJ� 9�2�SRZGHU�WKH�KLJK�GLVSHUVH�6L2����Ü���PDVV�����'HWDLOV� DERXW� REWDLQHG� VDPSOHV� DUH� GH�
VFULEHG�LQ�WKH�SDSHU�>�@�

)LJ����� 3KRWR� RI� D� 9�2�� FU\VWDO� REWDLQHG� E\WKH�%ULGJPDQ�PHWKRG�

)LJ�����7\SLFDO�;�UD\�SDWWHUQV�RI�9�2�� VWDUW�LQJ� PDWHULDO� �D�� DQG� JURZQ� 9�2�� QRPLQDOO\SXUH�FU\VWDO��E��DW�����.�

9�1�6KHYFKXN�HW�DO����2EWDLQLQJ�DQG�REVHUYDWLRQ�RI����
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6XUIDFH�PRUSKRORJ\�DQG�;�UD\�PLFURDQD�
O\VLV�RI�WKH�VDPSOHV�ZHUH�VWXGLHG�XVLQJ�WKH
5(00$�������� VFDQQLQJ� HOHFWURQ� PLFUR�
VFRSH��;5'�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�D
672(�67$',�3�SRZGHU�'LIIUDFWLRQ�6\VWHP�
7KH� DUUD\V� RI� H[SHULPHQWDO� LQWHQVLWLHV� DQG
UHIOHFWLRQ�DQJOHV�IURP�WKH� LQYHVWLJDWHG�SDW�
WHUQV�ZHUH� REWDLQHG�XVLQJ� DERYH�PHQWLRQHG
GLIIUDFWRPHWHU�ZLWK� D� OLQHDU� SRVLWLRQDO� VHQ�
VLWLYH� GHWHFWRU� 36'� XSRQ� PRGLILHG� *KLQLHU
JHRPHWU\� VFKHPH�� ZLWK� %UDJJ�%UHQWDQR
PRGHV� IRU� WUDQVPLVVLRQ�� &RQGLWLRQV� RI� WKH
PHDVXUHPHQWV� ZHUH� WKH� IROORZLQJ�� SXUH
&X.D�� UDGLDWLRQ� �O� ����������c��� EHQW
-RKDQ� W\SH� >���@� *H�PRQRFKURPDWRU�
�T�Z�VFDQLQJ�� �T�DQJOH� UDQJH� LV
�������d��T��� ���������� GHWHFWRU�V� VWHS� LV
���������T���VWHS�VFDQQHG�WLPH�LV�����V��2WK�
HUV� ;5'�PHDVXUHPHQW� GHWDLOV� ZHUH� WKH
VDPH� DV� SUHYLRXVO\� GHVFULEHG� LQ� >��@�� 7KH
LQYHVWLJDWLRQV� ZHUH� FDUULHG� RXW� DW� URRP
WHPSHUDWXUH�

���5HVXOWV�DQG�GLVFXVVLRQ
$�JURZQ�9�2�� FU\VWDO� ERXOH� LV� VKRZQ� LQ)LJ����� 7KH� REWDLQHG� FU\VWDOV� DUH� EURZQ� RU

\HOORZ�EURZQ�FRORUHG�� FOHDYH� LQWR� OD\HUV�� ,Q
FU\VWDO� EXON� WKH� PDFURGHIHFWV� �PLFURSRUHV
FKDQQHO�� DUH� RFFDVLRQDOO\� REVHUYHG�� 7KH

;5'�DQDO\VLV�GDWD�RI� VWDUWLQJ�PDWHULDO�DQG
WKH� JURZQ� FU\VWDO� DUH� JLYHQ� LQ� )LJ����� $V
VKRZQ�WKH�;5'�DQDO\VLV��WKH�REWDLQHG�FU\V�
WDO� LV�PRQR�SKDVH��7KH�YDQDGLXP�SHQWR[LGH
9�2�� FU\VWDO� VWUXFWXUH� LV� EHORQJHG� WR� WKHURPELF� '���KÜ3PPQ� VSDFH� JURXS� RI� 9�2�VWUXFWXUH� W\SH�� ,Q� WKH� 7DEOH��� WKH� FU\VWDO�
ORJUDSKLF� FKDUDFWHULVWLFV� DQG� PLFURVWUXFWX�
UDO� SDUDPHWHUV� RI� LQYHVWLJDWH� FU\VWDOV� DUH
SUHVHQWHG�� 7KH� FRRUGLQDWHV� DQG� LVRWURSLF
WKHUPDO� SDUDPHWHUV� LQ� VWUXFWXUH� DUH� GH�
VFULEHG� LQ� WKH� 7DEOH���� 7KH� VWURQJ� WH[WXU�
L]HG�VXUIDFH�RI� VDPSOHV� �WKH�GRPLQDWHG�RUL�
HQWDWLRQ� RI� DWRPLF� SODQHV�� DUH� REVHUYHG� LQ

7DEOH����7KH�SDUDPHWHUV�RI�VWUXFWXUH�UHILQHPHQW�DQG�FU\VWDOORJUDSK\�GDWD��XQLW�FHOO�SDUDPHWHUV
�c��D��E��DQG�F��IDFWRUV�RI�UHOLDELOLW\�53��5:3��DQG�5%��DYHUDJH�VL]H��G!�RI�FRKHUHQW�GLVSHUVLRQGRPDLQ��DQG�DYHUDJH�PD[LPDO�VWUHVV��H!��SUHYDLO�GLUHFWLRQ�'�DQG�SDUDPHWHU�G�RI�RULHQWDWLRQ��IRU
YDQDGLXP�R[LGHV��7KH�PHDVXUHPHQW�IRU�VWDUWLQJ�SRZGHU�SRLQWHG�DV��,���WKH�VDPSOH�REWDLQHG�IURP
WKHUPDO�QRQ�WUHDWHG�VWDUWLQJ�SRZGHU�Û��,,���VDPSOH�DIWHU�WKHUPDO�WUHDWHG�VWDUWLQJ�SRZGHU�GXULQJ
SXULILFDWLRQ�E\�IORDWLQJ�]RQH�PHWKRG�Û��,,,��
9�2� D E F 53��5:3��5%��� �G!��c���H!��� '��G
�,� ���������� ���������� ����������� ���������������� ���r�� >���@
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7DEOH���� 3RVLWLRQDO� �[�� \�� ]�� DQG� WKHUPDO� SDUDPHWHUV� �%LVR�� RI� DWRPV� LQ�9�2�� VWUXFWXUH� IRU� WKHVDPSOH�,,,��VHH�7DEOH����
$WRP 3RVLWLRQ [ \ ] %LVR���c��
9 �H ��� ��������� �������� �������
2� �H ��� �������� �������� ������
2� �H ��� ��������� �������� ������
2� �D ��� ��� �������� �������

)LJ����� 6(0�LPDJH� RI� WKH� 9�2�� FU\VWDOOLQHOD\HUV�

9�1�6KHYFKXN�HW�DO����2EWDLQLQJ�DQG�REVHUYDWLRQ�RI����
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)LJ�����;�UD\�PLFURDQDO\VLV�SHUIRUPHG�IRU�9�2��IUHH�SXUH�VXUIDFH�VDPSOH��D��DQG�IRU�6L2��SUHFLSL�WDWHV��E��DV�DGGLWLRQ�WR�9�2��FRPSRXQG��7KH�VXLWDEOH�WHVW�SODFH�VLJQHG�DV��PDUN����DQG��PDUN����

)LJ����� 6(0�LPDJHV� RI� WKH� W\SLFDO� REVHUYHG� 9�2�� FU\VWDOOLQH� VWUXFWXUHV�� WKH� V\QWKHVL]HG� ODPHOODUPLFURFU\VWDOV� �D��� WHUUDFHG� VXUIDFH� DQG� HORQJDWHG� URG�VKDSHG� VWUXFWXUHV� �E�� F��� QHHGOH�OLNH� DQG
HORQJDWHG�IRUPDWLRQV��G���URG�GLYLGHG�E\�VHFWLRQV��H��DQG�VWDLUV�OLNH�VWUXFWXUHV��I��

9�1�6KHYFKXN�HW�DO����2EWDLQLQJ�DQG�REVHUYDWLRQ�RI����
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WKH� >���@� DQG� >���@� GLUHFWLRQV�� 2EWDLQHG
GDWD� WHVWLI\� WR�GHSHQGHQFH�;5'�SDUDPHWHUV
RQ� SUHOLPLQDU\� WKHUPDO� WUHDWPHQW� RI� VWDUW�
LQJ�PDWHULDOV��7KHVH�GLIIHUHQFHV�PRVW�OLNHO\
FDXVHG� E\� YDFDQF\� GHIHFWV� RI� VWUXFWXUH� LQ
R[\JHQ�VXEODWWLFH��

7KH� 6(0�GDWD� �)LJ����� IRU� V\QWKHVL]HG
9�2��FU\VWDO�VKRZV�WKH�UHDO�OD\HU�OLNH�VWUXF�WXUH� DQG� WHVWLI\� DERXW� HTXLOLEULXP� JURZWK
SURFHVV��0LQLPDO� YLVLEOH� �E\�PLFURVFRSH� GL�
PHQVLRQ�� VWUXFWXUH� HOHPHQWV� �)LJ����� DUH
DERXW� ���� QP�� 7KH� GDWD� RI� HOHPHQW� ;�UD\
PLFURDQDO\VLV�DUH� VKRZQ�RQ�)LJ����� ,Q�FU\V�
WDOV�IUHH�IRU�QDQRFU\VWDOOLQH�6L2���VXUIDFH�LVIUHH� IRU� 6L2�� DJJUHJDWHV� RI� VSKHULFDO�OLNHIRUP�� DV� VKRZQ� LQ� WKH� )LJ���D�� WKH� EDVLF
HOHPHQWV� RI� YDQDGLXP� R[LGH� VDPSOHV� Ü� 9
DQG�2�DUH�UHJLVWHUHG��7KH�VSKHULFDO�OLNH�IRU�
PDWLRQ� �GLDPHWHU� LV� DERYH� �Ü�� PP�� LV� WKH
6L2��SKDVH��)LJ���E��)LJ����DÜI�� VKRZQ� WKH� W\SLFDO� REVHUYHG
PLFUR��DQG�QDQRVWUXFWXUHV� LQ� VDPSOHV�� ,W� LV
VLJQLILFDQW�� WKDW� LQ� XQGRSHG� 9�2�� VDPSOHVWKH� FU\VWDOOLQH� PLFUR�� DQG� QDQRVWUXFWXUHV
DUH�SUDFWLFDOO\�QRW�REVHUYHG��,Q�WKH�FRPSRV�
LWH�RI�9�2��6L2��WKH�6L2��SUHVHQFH�WRJHWKHUZLWK� OD\HU�QDWXUH� RI�9�2�� VWUXFWXUH�FDXVHGWKH� IRUPDWLRQ�RI� REVHUYHG�FU\VWDOOLQH�QDQR�
DQG�PLFUR�VWUXFWXUHV��)LJ�����

2XU� V\QWKHVL]HG� QDQR�� DQG� PLFUR�VL]H
FU\VWDOOLQH� VWUXFWXUHV� ����y����PP� PLQLPDO
DQG� ��y����PP� PD[LPDO� GLPHQVLRQV�� DUH
VLPLODU�WR�WKH�GHVFULEHG�GDWD��VHH�H�J��>�Ü��
��Ü��@�� LW� WKHVH� ZRUNV� V\QWKHVLV� ZDV� UHDO�
L]HG�E\�GLIIHUHQW�PHWKRG���,Q�WKLV�ZRUN�IRU�
PDWLRQ� RI� URG�VKDSHG� FU\VWDOV�� ZKLVNHUV�
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