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5HFHLYHG�6HSWHPEHU���������
7KH� UHVXOWV� RI� FRQWURO� SRVVLELOLW\� LQYHVWLJDWLRQ� IRU� FUXFLEOHOHVV� $+3� FU\VWDO� JURZWK

PHWKRG� DUH� FRQVLGHUHG�� 1XPHULFDO� VWXGLHV� KDYH� EHHQ� FDUULHG� RXW� EDVLQJ� RQ� D� VSHFLDOO\
GHVLJQHG�JOREDO�KHDW� H[FKDQJH�PRGHO�� 7KH� FRQWURO�PHWKRGV� EDVHG� RQ� UDGLDWLRQ� IOX[�YDUL�
DWLRQ� �DUH�FRQVLGHUHG��7KH�FKDQJHV�RI�GLDSKUDJP�RSHQLQJ� LQ�D�GLDWKHUPLF�FDYLW\�XQGHU�D
FU\VWDO� DQG� FLUFXODU� JDS� LQ� WKH� ODWHUDO� WKHUPDO� LQVXODWLRQ� DJDLQVW� WKH�PHOW� VXUIDFH� KDYH
EHHQ� IRXQG� WR�FKDQJH� VXEVWDQWLDOO\� WKH� WHPSHUDWXUH� ILHOGV�DQG� WKHUPDO� IOX[HV�DW� FU\VWDO�
OL]DWLRQ�IURQW�GXH�WR�WKH�YDULDWLRQV�RI�UDGLDWLRQ�IOX[HV�WR�WKH�HQYLURQPHQW��7KH�HIIHFW�RI
WKH�GLDSKUDJP�KHLJKW� ORFDWLRQ�DQG�RI�GLDSKUDJP�DQG�VXUURXQGLQJ�FRQVWUXFWLRQV�WKHUPDO�
SK\VLFDO�SURSHUWLHV�RQ�WKH�FU\VWDOOL]DWLRQ�IURQW�VKDSH�KDYH�EHHQ�FRQVLGHUHG��
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7KHUH� DUH� QXPHURXV� PHWKRGV� RI� FU\VWDO
JURZWK� IURP� PHOW�� ZKLFK� DUH� GLYLGHG� LQWR
WKUHH�ODUJH�JURXSV�DFFRUGLQJ�WR�WKH�IHDWXUHV
RI� WKH� VLQJOH� FU\VWDO� VKDSH� IRUPDWLRQ� DQG
QXFOHDWLRQ�����JURZWK�PHWKRGV�LQ�DPSRXOHV�
���JURZWK�PHWKRGV�E\�SXOOLQJ�IURP�PHOW�RQ
VHHG����� JURZWK�PHWKRGV� IURP�PHOW� RQ� VLQ�
JOH�FU\VWDO�VHHG�XVLQJ�WKH�VKDSLQJ�FDSLOODU\
HOHPHQWV�� ,Q� WKLV� ZRUN�� FU\VWDO� JURZWK� E\
QHZ�FUXFLEOHOHVV�PHWKRG�� UHIHUUHG� WR�DV� WKH
�D[LDO� KHDW� IOX[�QHDU� FU\VWDOOL]DWLRQ� IURQW�
�$+3�� PHWKRG� >�@�� LV� FRQVLGHUHG�� 7KH
FUXFLEOHOHVV� $+3� PHWKRG� LV� EDVHG� RQ� PHOW
KROGLQJ� �GXH� WR� ZHWWLQJ� IRUFHV�� RQ� WKH
KHDWHU�SODFHG�QHDU�WKH�SKDVH� LQWHUIDFH��7KH
$+3�PHWKRG� SURYLGHV� DOPRVW� IODW� LVRWKHUP

DQG� FU\VWDOOL]DWLRQ� IURQW� VKDSH� RYHU� WKH
ZKROH�FU\VWDO�FURVV�VHFWLRQ��7KH�PHOW�IORZ�LV
ODPLQDU��$Q�HIIHFWLYH�FRPSRVLWLRQ�FRQWURO�LV
SRVVLEOH� LQ�$+3�PHWKRG�ZKLFK�LV�HVSHFLDOO\
LPSRUWDQW�DW�FU\VWDOOL]DWLRQ�RI�PXOWL�FRPSR�
QHQW�RU�GRSHG�FU\VWDOV�� ,Q�WKLV�PHWKRG��WKH
FU\VWDO� IDFHV� DUH� IRUPHG� DW� ODUJH� WHPSHUD�
WXUH� JUDGLHQWV� LQ� WKH� PHOW�� DQG� WKHLU� VL]H
FDQ�RFFXS\� WKH�ZKROH� VHFWLRQ�DUHD�RI�JURZ�
LQJ� FU\VWDO�� $OO� WKHVH� IDFWRUV� VLPSOLI\� VXE�
VWDQWLDOO\� WKH�SURFHVV�GHVFULSWLRQ�DQG�PDNH
LW�SRVVLEOH�WR�GHYHORS�TXDQWLWDWLYH�PRGHOV�RI
KHDW�DQG�PDVV�WUDQVIHU�
7KH� SUREOHP� RI� FU\VWDO� JURZWK� SURFHVV

FRQWURO�FRQVLVWV�RI�WZR�WDVNV��WKH�FRQWURO�RI
WKH�FU\VWDOOL]DWLRQ�SURFHVV�LWVHOI�DQG�FU\VWDO
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VKDSLQJ� FRQWURO� >�@�� 7KH� FU\VWDOOL]DWLRQ
SURFHVV�FRQWURO�FDQ�EH�FDUULHG�RXW�E\�GLIIHU�
HQW�ZD\V��IRU�H[DPSOH��E\�PRYLQJ�WKH�FU\V�
WDO�PHOW� V\VWHP� ZLWKLQ� D� YDU\LQJ� WHPSHUD�
WXUH�ILHOG�RU�E\�WHPSHUDWXUH�ILHOG�YDULDWLRQ
E\� WKH� KHDWHU� SRZHUV� FRQWURO�� 'HYHORSPHQW
RI�VLPLODU�FRQWURO�PHWKRGV�LV�EDVHG�RQ�VLPX�
ODWLRQ�RI�WKHUPDO�SURFHVVHV�>�@��7KDW�LV�ZK\
WKH�PDQXIDFWXULQJ� DQG� SURFHVVLQJ� RI� VHPL�
WUDQVSDUHQW� PDWHULDOV� LV� FORVHO\� UHODWHG� WR
WKH� UHVHDUFK� GHYHORSPHQW� LQ� WKH� DUHD� RI
FRPSOH[� KHDW� H[FKDQJH� DW� KLJK� WHPSHUD�
WXUHV��7KH�UROH�RI�UDGLDWLRQ�FRQGXFWLYH�KHDW
H[FKDQJH� IRU� WKH� FUXFLEOH� YDULDQW� RI� $+3
PHWKRG� LV� VKRZQ� LQ� >�@�� ,Q� WKLV� ZRUN�� DQ�
RWKHU� SURFHVV� FRQWURO� WHFKQLTXH� LV� FRQVLG�
HUHG� EDVHG� RQ� WKH� UDGLDWLRQ� IOX[� FRQWURO� LQ
WKH�V\VWHP�RI�WUDQVSDUHQW�DQG�VHPLWUDQVSDU�
HQW�ERGLHV�>�@�
7KH� DLP� RI� WKLV� ZRUN� LV� WR� FRQVLGHU� WKH

FRQWURO� SRVVLELOLWLHV� DW� FU\VWDO� JURZWK� IURP
PHOW�XVLQJ�QXPHULFDO�PRGHOV�ZLWKLQ�D�ZKROH
FU\VWDO�JURZWK�VHWXS��8QOLNH�SUHYLRXV�ZRUNV
>�@��ZKHUH� FRQVLGHUHG�ZHUH� WKH� FRQWURO� SRV�
VLELOLWLHV�E\�WKH�FU\VWDO�PHOW�V\VWHP�PRYLQJ
LQ�D�YDU\LQJ� WHPSHUDWXUH� ILHOG�DQG�E\� WHP�
SHUDWXUH� ILHOG� YDULDWLRQ� E\� PHDQV� RI� WKH
KHDWHU�SRZHUV�FKDQJH��WKLV�ZRUN�LV�DLPHG�DW
DQRWKHU�YDULDQW�RI�SURFHVV�FRQWURO�EDVLQJ�RQ
WKH� UDGLDWLRQ� IOX[� FRQWURO� LQ� WKH� V\VWHP� RI
WUDQVSDUHQW�DQG�VHPLWUDQVSDUHQW� ERGLHV��7R
WKDW�HQG��D�GLDSKUDJP� �VFUHHQ��DQG�JDSV� LQ
FHUWDLQ� VHWXS� SDUWV� FDQ� EH� XVHG�� 7KH� VWXG\
PHWKRGV�DUH�QXPHULFDO�H[SHULPHQWV�

7KH� SUREOHP� GHILQLWLRQ�� $VVXPH
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�:N ���5�� LV� DQ� DUHD� FRQVLVWLQJ� RI

VHWV�:N��FRQVWUXFWLRQ�HOHPHQWV�RI�WKH�FU\VWDOJURZWK� VHWXS��� ERXQGDULHV� RI�ZKLFK� IRUP� D
FRPELQDWLRQ� RI� SLHFH�IODW� VHWV� *� �*����*��DW� N� ���P
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�P�0�� VROLGV� ZKHUH� WKH� KHDW� H[�

FKDQJH� LV� GXH� WR� KHDW� FRQGXFWLYLW\� DUH� H[�
DPLQHG�� ZKLOH� DW� N� �P����0�

BBBBBBBBB
� GLDWKHUPLF

FDYLWLHV� ZKHUH� WKH� UDGLDWLRQ� KHDW� H[FKDQJH
PHFKDQLVP� DFWV�� 2Q� *��� WKH� FRQVWUXFWLRQ� �HQYLURQPHQW�ERXQGDULHV�DQG�V\PPHWULHV�DUH
FRQVLGHUHG�� DQG� *�� LV� D� VHW� RI� FRQWDFWV� EH�WZHHQ� GLIIHUHQW� FRQVWUXFWLRQ� HOHPHQWV�� %H�
FDXVH� RQ� *�� YDULRXV� ERXQGDU\� FRQGLWLRQV�%&��DUH�VSHFLILHG��OHW�WKLV�ERXQGDU\�EH�SUH�
VHQWHG� DV� WKH� IROORZLQJ� VHW�� *�� �*����*��ZKHUH�*��DUH�FU\VWDOOL]HU�V\PPHWU\�ERXQGD�ULHV�� *�� DUH� DQ� H[WHUQDO� FRQVWUXFWLRQ
ERXQGDULHV� ZLWK� FRQYHFWLYH� %&�� 'XH� WR� UD�
GLDWLRQ� KHDW� H[FKDQJH�� WKH� *�� ERXQGDU\� LVFRPELQHG��*�� �*�7���*�75��ZKHUH�*�7�LV�WKH

VHW� RI� FRQWDFWV� EHWZHHQ� GLIIHUHQW� KHDW�FRQ�
GXFWLQJ�ERGLHV�:N�RQO\��*�75�LV�VHW�RI�FRQWDFWERXQGDULHV� EHWZHHQ� GLDWKHUPLF� FDYLWLHV� DQG
KHDW�FRQGXFWLQJ�HOHPHQWV�RI�FRQVWUXFWLRQ�
,Q� WHUPV� RI� WKH� DERYH�� WKH� WHPSHUDWXUH

ILHOG� 7� LQ�:� FRQVLGHULQJ� FRPSOH[� KHDW� H[�
FKDQJH� FDQ� EH� GHVFULEHG� E\� WKH� IROORZLQJ
V\VWHP� RI� HTXDWLRQV� �KHDW� FRQGXFWLRQ� HTXD�
WLRQ� DQG� WKDW� RI� UDGLDWLRQ� KHDW� H[FKDQJH
EHWZHHQ� RSDTXH� VXUIDFHV�� ZLWK� SURSHU
ERXQGDU\�FRQGLWLRQV�
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ZKHUH� ON�7�� LV� WKH� :N� KHDW� FRQGXFWLYLW\�
:��P�z��� 7�� WHPSHUDWXUH�� z�� ��� +DPLO�
WRQLDQ�� ;�[�\�]��:�� &DUWHVLDQ� FRRUGLQDWHV�
P�� � TQN�� LQWHQVLW\� RI� WKH� LQWHUQDO� KHDW
VRXUFH� LQ� :N�� :W�P��� V�� 6WHIDQ�%ROW]PDQ
FRQVWDQW��:��P��z����)��WKH�GLDWKHUPLF�DUHD
VXUIDFH�� _[Ü\_� U��GLVWDQFH�EHWZHHQ�SRLQWV�[
DQG�\�RQ�WKH�)�VXUIDFH��P��H��WKH�)�VXUIDFH
HPLVVLYLW\� IDFWRU�� M[�� M\� DQJOHV� EHWZHHQQRUPDOV�WR�VXUIDFH�)�LQ�SRLQWV�[��\�DQG�WKH
YHFWRU� U�� UDG�� TU�� UDGLDQW� IOX[� GHQVLW\�:�P���7FU��WKH�FU\VWDOOL]DWLRQ�WHPSHUDWXUH�
z�� '7�� WKH� VPRRWKLQJ� LQWHUYDO�� z�� Q�� DQ
H[WHUQDO� QRUPDO� WR� ERXQGDU\�*��DHII�� HIIHF�
WLYH� KHDW� WUDQVIHU� FRHIILFLHQW�� :��P��z��
7G�� WKH� HQYLURQPHQW� WHPSHUDWXUH�� z�� ^7� 7�Ü7Ü��7r`��YDOXHV�RI�IXQFWLRQ�RQ�WKH�ULJKW
DQG�RQ� WKH� OHIW�RI�*���z�� ^Q�TO� �Q�� �TO�ÜQÜ�TOÜ�� TO�� YHFWRU� RI� WKH� FRQGXFWLYH� KHDW� IOX[

9�,�'HVKNR�HW�DO����'HYHORSPHQW�RI�WKHUPDO�UHJLPH����
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GHQVLW\�� :�P���T6� ��TO��TU�� WRWDO�KHDW�IOX[GHQVLW\� LQ� GLDWKHUPLF� PHGLXP�� :�P��� T6� TU��WRWDO�KHDW�IOX[�GHQVLW\�LQ�WUDQVSDUHQW�PH�GLXP�� :�P��� T6� �TO�� WRWDO� KHDW� IOX[� GHQ�VLW\� LQ� QRQ�WUDQVSDUHQW� PHGLXP� �KHDW� FRQ�
GXFWLYLW\� PHGLXP��� :�P��� :NL�� WKH� VROLG�PHOW� MRLQW� VSDFH�� 0�� QXPEHU� RI� DUHDV
�FRQVWUXFWLRQ� HOHPHQWV��� E�[�\�� ��� LI� SRLQW
²� LV� YLVLEOH� IURP�SRLQW�\�� RWKHUZLVH� ���7KH
V\VWHP�����RI�LQWHJUDO�GLIIHUHQWLDO�HTXDWLRQV
LQ� FRPELQDWLRQ� ZLWK� ERXQGDU\� FRQGLWLRQV
���Ü����LV�D�FRPSOHWH�PDWKHPDWLFDO�IRUPXOD�
WLRQ� RI� WKH� SUREOHP� GHILQHG�� UHSUHVHQWLQJ
WKH�WKHUPDO�FRQGLWLRQV�DW�FU\VWDO�JURZWK�E\
$+3� PHWKRG� LQ� IXOO� HQRXJK�� ,W� KDV� EHHQ
WDNHQ�LQWR�DFFRXQW�WKDW�FRQYHFWLRQ�LQIOXHQFH
RQ� WKH� KHDW� H[FKDQJH� FRQGLWLRQV� LQ�PHOW� LV
QHJOLJLEOH�LQ�$+3�PHWKRG�>�@�

7KH� JOREDO� KHDW� H[FKDQJH� PRGHO� IRU
FUXFLEOHOHVV� $+3� PHWKRG� KDV� EHHQ� GHYHO�
RSHG�� WKH� VL]HV� RI� DUHDV�:N�� FRUUHVSRQGLQJWR�FRQVWUXFWLRQ�HOHPHQWV�DUH�VKRZQ�LQ�VFDOH
LQ� )LJ����� ZKLFK� JLYHV� WKH� FRQFHSW� RI� WKH
PRGHO�JHRPHWULFDO�GLPHQVLRQV��7KH�VROXWLRQ
PHWKRG�IRU�WKH�SUREOHP�IRUPXODWHG�LV�EDVHG
RQ�ERXQGDU\�HOHPHQWV�PHWKRG�>�Ü�@��8QOLNH
>��@�� LW� LV� DVVXPHG� LQ� WKH� PRGHO� WKDW� WKH
KHDW� H[FKDQJH� LQ� D� FU\VWDO� DQG� GLDWKHUPLF
FDYLWLHV� LV� FDXVHG� RQO\� E\� UDGLDWLRQ�� 7KH
PRGHO� LV� D[LDO�V\PPHWULF�� WKHUHIRUH�� RQO\
ULJKW�SDUW�RI�ORQJLWXGLQDO�VHFWLRQ�LV�VKRZQ�
$� FU\VWDO� LV� DVVXPHG� WR� EH� IXOO\� WUDQVSDU�
HQW�� ZLWK� UHIUDFWLRQ� LQGH[� HTXDO� WR� ��� DQG
QRQ�KHDW�FRQGXFWLQJ�� 7KH� PRGHO� SURYLGHV
WKH�G\QDPLF�LWHUDWLYH�PRYHPHQW�RI�WKH�FU\V�
WDOOL]DWLRQ� IURQW� EDVLQJ� RQ� WKH� GDWD� DERXW
FU\VWDOOL]DWLRQ� WHPSHUDWXUH� LVRWKHUP� FDOFX�
ODWHG� DW� WKH� SUHYLRXV� LWHUDWLRQ�� 7KXV�� WKH
PRGHO�DOORZV�WR�WUDFH�WKH�SRVLWLRQ�DQG�IRUP
RI� FU\VWDOOL]DWLRQ� IURQW� �XQGHU� DVVXPSWLRQ
WKDW�KHDW� UHPRYDO� IURP�WKH� IURQW� LV� FDXVHG
RQO\�E\�UDGLDWLRQ��
7KHUPDO�SK\VLFDO� SURSHUWLHV� RI�PDWHULDOV

XVHG� LQ� WKH�PRGHO�DUH�DV�IROORZV��KHDW� FRQ�
GXFWLYLW\��:��P�.���RI�WKH�PHOW������KHDWHUV
�HIIHFWLYH�� ���� GLDSKUDJP� PDWHULDO� DQG� WX�
EXODU� FU\VWDO� VXSSRUW� ���� XSSHU� URG� �HIIHF�
WLYH�� ��� DOXQGXP� WXEHV� DQG� GLVNV� ��� KHDW
LQVXODWLRQ�PDWHULDO����HPLVVLYLW\�RQ�ERXQGD�
ULHV� *�75� RI� WKH� PHOW� VXUIDFH� ������ GLD�SKUDJPV�DQG�FU\VWDO�VXSSRUW�������DOXQGXP
WXEHV�DQG�GLVNV������$+3�KHDWHU��LQVXODWLRQ
DQG� XSSHU� URG� ����� 7KH� FRQWDFW� EHWZHHQ
WKHVH� KHDW�FRQGXFWLQJ� HOHPHQWV� FRUUHVSRQGV
WR� *�7� ERXQGDU\� FRQGLWLRQV�� DQG� IRU� HOH�PHQWV� DGMDFHQW� WR� WKH� V\PPHWU\� D[LV�
ERXQGDU\� FRQGLWLRQV� *�� DUH� VSHFLILHG�� 7KH

IROORZLQJ� FRQYHFWLYH� ERXQGDU\� FRQGLWLRQV
ZHUH�VSHFLILHG�IRU�DOXQGXP�WXEHV�DQG�XSSHU
URG� H[WHUQDO� VXUIDFHV��DPELHQW� WHPSHUDWXUH
W� ����&� ����� .��� KHDW� WUDQVIHU� FRHIILFLHQW
D� ����:��P�z���)RU� WKH�FDOFXODWLRQ�RI� UD�
GLDWLRQ� KHDW� H[FKDQJH� ZLWK� HQYLURQPHQW�
WKH�DPELHQW�WHPSHUDWXUH�LV�DOVR�DVVXPHG�WR
EH� ���� .�� 7KH� FU\VWDOOL]LQJ� PDWHULDO� LV
FKDUDFWHUL]HG� E\� SURSHUWLHV� VLPLODU� WR� ELV�
PXWK�JHUPDQDWH�%L�*H�2����%*2���WKXV��WKHFU\VWDOOL]DWLRQ�WHPSHUDWXUH�LV�DVVXPHG�WR�EH
����� .�� 7R� YHULI\� WKH� PRGHO� DGHTXDF\�� LW
ZDV� WHVWHG�E\�FRPSDULQJ� WR� WKH� VWULFW�PRG�
HOV� RI� UDGLDWLRQ�FRQGXFWLYH�KHDW� WUDQVIHU� LQ
VHPLWUDQVSDUHQW�PDWHULDOV� >��@�DQG�WR�PRG�
HOV� ZLWK� FRQGXFWLYH� HOHPHQWV� DQG� HIIHFWLYH
KHDW�FRQGXFWLYLW\�>��@�

&RPSXWDWLRQ�UHVXOWV��6HYHUDO�FDOFXODWLRQV
VHULHV� RI� TXDVL�VWHDG\�VWDWH� FRQGLWLRQV� KDYH
EHHQ�FDUULHG�RXW�XVLQJ�WKH�GHYHORSHG�JOREDO
KHDW�H[FKDQJH�PRGHO��7KH�FDOFXODWLRQV�PDGH
IRU�WKH�GLIIHUHQW�YDULDQWV�RI�GLDSKUDJP�SR�
VLWLRQ� LQ� KHLJKW� DQG� LWV� RSHQLQJ�� FLUFXODU
JDS� ZLGWKWV� LQ� ODWHUDO� KHDW� LQVXODWLRQ�� DQG

)LJ����� *HQHUDO� YLHZ� RI� FUXFLEOHOHVV� $+3
FU\VWDO� JURZWK� VHWXS�� ��� FU\VWDO�� ���PHOW����
PRYDEOH� GLDSKUDJP�� ��� WXEXODU� FU\VWDO� VXS�
SRUW�� ��� ��� $+3�KHDWHU� DQG� URG� DERYH� LW�� ��
KHDW�LQVXODWLRQ�����GLDWKHUPLF�FDYLWLHV��������
DOXQGXP�GLVNV�DQG�WXEHV������ODWHUDO�KHDWHUV�
XSSHU��PLGGOH�DQG� ORZHU������FLUFXODU�JDS� LQ
ODWHUDO�KHDW�LQVXODWLRQ��������������Û�FRUUH�
VSRQGLQJ�LVRWKHUPV��z��SRVLWLRQV�
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DOVR� FKDQJH� VRPH� RWKHU� JHRPHWULFDO� DQG
WKHUPDO�SK\VLFDO� SDUDPHWHUV� RI� PRGHO�� 7KH
GLDSKUDJP�RSHQLQJ� LQ�WKLV� FDVH� LV�WKH�UDWLR
RI� GLDSKUDJP� DSHUWXUH� GLDPHWHU� WR� FU\VWDO
GLDPHWHU�� N� �G��GFU����� ��� DW� N� ���� WKH
GLDSKUDJP� LV� IXOO\� FORVHG�� DW� N� �������
FRPSOHWHO\�RSHQHG��L�H��DEVHQW�
$V�WKH�LQLWLDO�PRGHO�VWDWH��WKH�GLDSKUDJP

DEVHQFH� DQG� WKH� ODWHUDO� KHDW� LQVXODWLRQ� JDS
VL]H� RI� �� PP� LV� DVVXPHG�� 7KH� GLDSKUDJP
RSHQLQJ�ZDV�YDULHG�IRU�LWV�KHLJKW�SRVLWLRQ�DW
WKH� OHYHO� RI� ���� PP� IURP� WKH� GLDWKHUPLF
FDYLW\� ERWWRP�� WKDW� FRUUHVSRQGV� ��PP� GLV�
WDQFH� IURP� WKH� GLDSKUDJP� WRSVLGH� WR� WKH
ORZHU� VXUIDFH� RI� �FU\VWDO�� �KDYLQJ�D�KHLJKW
RI� ���PP��� ,Q� WKHVH� FRQGLWLRQV�� WKH� KHDWHU
SRZHUV�ZHUH�VHOHFWHG�IRU�SURYLGLQJ�WKH�VXLW�
DEOH� WHPSHUDWXUH� ILHOGV� DQG� JUDGLHQWV� LQ
PHOW�DW�FRPSOHWHO\�RSHQHG�GLDSKUDJP��N� ����
7KXV��WKLV�SRVLWLRQ�ZDV�FKRVHQ�DV�WKH�LQLWLDO
RQH��WKH�SRZHUV�RI�KHDWHUV�EHLQJ�DV�IROORZV�
$+3� KHDWHU�� ��� :�� XSSHU� ODWHUDO� RQH�
�����:��PLGGOH�ODWHUDO�������:��ORZHU�ODW�
HUDO������:��7KH� WHPSHUDWXUH� ILHOG� IRU� WKH
LQLWLDO�VWDWH�LV�VKRZQ�LQ�)LJ����
7R� HVWLPDWH� TXDQWLWDWLYHO\� WKH� LQIOXHQFH

RI� WKH� PRGHO� SDUDPHWHUV� RQ� WKH� FU\VWDO�
OL]DWLRQ� IURQW� SRVLWLRQ�� WKH� SDUDPHWULF
DQDO\VLV� RI� PRGHO� VHQVLWLYLW\� KDV� EHHQ� FDU�
ULHG�RXW��7KH�IROORZLQJ�LQIOXHQFLQJ�SDUDPH�
WHUV�ZHUH�FRQVLGHUHG�����GLDSKUDJP�RSHQLQJ�
���GLDSKUDJP�SRVLWLRQ�LQ�KHLJKW��FORVHG�DQG
SDUWLDOO\� RSHQHG�� N� ���� ���� ��� KHLJKW� RI
JDS� LQ� ODWHUDO� KHDW� LQVXODWLRQ� DJDLQVW� WKH
PHOW� DW� WKH� RSHQHG� DQG� FORVHG� GLDSKUDJP�
���KHDW�FRQGXFWLYLW\�OWXEH� DQG�HPLVVLYLW\�RIWXEXODU� VXSSRUW� XQGHU� WKH� FU\VWDO� DW� WKH
RSHQHG� DQG� FORVHG� GLDSKUDJP�� ��� SRZHU� RI

HDFK�KHDWHU��3���c���c�� �XSSHU��PLGGOH� DQGORZHU� ODWHUDO� RQHV�� UHVSHFWLYHO\�� DQG� 3$+3�D[LDO��� $V� WKH� VHQVLWLYH� FKDUDFWHULVWLF�� WKH
FU\VWDO� WKLFNQHVV� ZDV� FKRVHQ�� 7KH� FU\VWDO
WKLFNQHVV� WKDW� GHILQHV� WKH� FU\VWDOOL]DWLRQ
IURQW� SRVLWLRQ� LV� SUHVHQWHG� E\� WZR� TXDQWL�
WLHV�� WKH� FU\VWDO� WKLFNQHVV� DW� WKH� V\PPHWU\
D[LV� �LQ� WKH� FHQWHU�� DQG� DW� LWV� SHULSKHU\
�ODWHUDO� VXUIDFH��� 7KH� VHQVLWLYLW\� DQDO\VLV
FRQVLVWV�LQ�D�VHTXHQWLDO�GLVWXUEDQFH��FKDQJH
IURP�WKH�FKRVHQ�LQLWLDO�SRVLWLRQ��RI�HDFK�SD�
UDPHWHU� VHSDUDWHO\� IROORZHG� E\� QXPHULFDO
FDOFXODWLRQ� DFFRUGLQJ� WR� WKH�PRGHO� DQG� FDO�
FXODWLRQ�RI�VHQVLWLYLW\�YDOXH�DV�

=L� �'3'\ ���
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3��

����

ZKHUH�3���'3� DUH� WKH� LQLWLDO�YDOXH�RI� LQIOX�
HQFLQJ�SDUDPHWHU�DQG�LWV�FKDQJH��\���'\��WKHLQLWLDO� YDOXH� RI� FU\VWDO� KHLJKW� DQG� LWV
FKDQJH��
7KH� UHVXOWV� RI� VHQVLWLYLW\� DQDO\VLV� DUH

SUHVHQWHG� LQ�7DEOH��7KH� VWURQJHVW� LQIOXHQFH
RQ� WKH� IURQW� SRVLWLRQ� LV� VHHQ� WR� EH� GXH� WR
FKDQJHV� RI� KHDWHU� SRZHUV� �WKH� $+3� KHDWHU
LQIOXHQFH�ORRNV�UHODWLYHO\�ORZ�EHFDXVH�RI�ORZ
DEVROXWH� YDOXH� RI� LWV� SRZHU��� DV� ZHOO� DV� WR
WKH� GLDSKUDJP� RSHQLQJ� DQG� LWV� SRVLWLRQ�
*HQHUDOO\��LQIOXHQFH�RI�PRVW�SDUDPHWHUV�DS�
SHDUV� PRUH� VXEVWDQWLDO� LQ� WKH� SHULSKHUDO
�ODWHUDO��DUHDV�RI�WKH�V\VWHP��WKDQ�LQ�FHQWUDO
RQH� �FORVH� WR� WKH� D[LV��� +RZHYHU�� LW� LV� WR
QRWH� WKDW� WKH� GLVSODFHPHQW� RI� WKH� SDUWO\
RSHQHG�GLDSKUDJP�LQIOXHQFHV�ILUVW�RI�DOO�WKH
FHQWUDO� DUHDV�� 7KLV� ORFDO� LQIOXHQFH� EHFDPH
HYHQ�PRUH�LQFUHDVHG�DV�WKH�FU\VWDO�KHLJKW�LV
GLPLQLVKHG�� 2EYLRXVO\�� WKH� HIIHFW� RI� GLD�

7DEOH��5HVXOWV�RI�SDUDPHWULF�VHQVLWLYLW\�DQDO\VLV�

1R� ,QIOXHQFLQJ�SDUDPHWHU 6HQVLWLYLW\�YDOXH
RQ�D[LV RQ�SHULPHWHU

� 'LDSKUDJP�RSHQQHVV�GHJUHH�Û
������������������������

���������������
�������������

���������������
�������������

� 3RVLWLRQ�RI�FORVHG�GLDSKUDJP����������PP �������������� �������������
� 3RVLWLRQ�RI������RSHQHG�GLDSKUDJP

����PP������PP
������������� Ü��������Ü�����

� *DS���PP�����PP�DW�RSHQHG�GLDSKUDJP ������������ ������������
� *DS���PP�����PP�DW�FORVHG�GLDSKUDJP ������������� �������������
� OWXEH� ���:��P�z�������:��P�z��

FORVHG�GLDSKUDJP�DW�XSSHU�SRVLWLRQ
������������� ��������������

� OWXEH� ���:��P�z�������:��P�z��
FORVHG�GLDSKUDJP�DW�ORZHU�SRVLWLRQ

������������� ��������������

� 3RZHUV�3����3����3����3$+3 Ü��������Ü�������
Ü��������Ü�����

Ü��������Ü�������
Ü��������Ü������
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SKUDJP�DQG�JDS�FKDQJH�FDXVHG�E\�UDGLDWLRQ
KHDW�H[FKDQJH�KDV�WKH�OHDVW�LQHUWLD�DW�WKHU�
PDO� UHJLPH� FRQWURO�� 7KH� LQIOXHQFH� RI� WKHU�
PDO�SK\VLFDO� SURSHUWLHV� �KHDW� FRQGXFWLYLW\
DQG�HPLVVLYLW\��RI�WXEXODU�VXSSRUW�LV�QRWLFH�
DEOH� RQO\� DW� FORVHG� GLDSKUDJP� EHLQJ� LQ
ORZHU�SRVLWLRQ�
7KH� QXPHULFDO� H[SHULPHQWV� KDYH� VKRZQ

WKDW� DV� WKH� RSHQLQJ� RI� GLDSKUDJP� �ORFDWHG
LQ� XSSHU� SRVLWLRQ� �� PP� IURP� WKH� FU\VWDO
ERWWRP�DW�LQLWLDO�KHLJKW��LV�YDULHG��WKH�WHP�
SHUDWXUH� ILHOGV� DQG� WKHUPDO� IOX[HV� DW� WKH
FU\VWDOOL]DWLRQ� IURQW� FKDQJH� YHU\� VXEVWDQ�
WLDOO\�GXH� WR�FKDQJHV� LQ�UDGLDWLRQ� IOX[HV�WR
HQYLURQPHQW� �GRZQZDUG��� &RPSDULVRQ� ZLWK
WKH� FRPSOHWHO\� FORVHG� GLDSKUDJP� VWDWH
VKRZV� WKDW� DV� GLDSKUDJP� LV� RSHQHG�� WKH
WKHUPDO�IOX[�DW�WKH�FU\VWDOOL]DWLRQ�IURQW�LQ�
FUHDVHV�E\�VHYHUDO�WLPHV��DSSUR[LPDWHO\�E\�D
IDFWRU�RI�����DFFRUGLQJO\��DW�FRQVWDQW�KHDWHU
SRZHUV�� WKH� PHOW� WHPSHUDWXUH� JRHV� GRZQ
VKDUSO\�� UHVXOWLQJ� LQ� FU\VWDOOL]DWLRQ� DQG
PHOW� WKLFNQHVV� GHFUHDVH� GRZQ� WR� �Ü�� PP�
7KH�PRVW�FRQVLGHUDEOH�FKDQJHV�WDNH�SODFH�LQ
FLUFXODU� DUHDV� FRUUHVSRQGLQJ� WR� WKH� RSHQ�
LQJ�FORVLQJ�GLDSKUDJP�DUHD��+RZHYHU��VKDUS
VWDWH�FKDQJHV�PD\�RFFXU�LQ�RWKHU�DUHDV��)RU
H[DPSOH��D�FRROLQJ�LV�SRVVLEOH�LQ�WKH�SHULSK�
HUDO� PHOW� DUHDV� DW� SDUWLDO� GLDSKUDJP� RSHQ�
LQJ� GXH� WR� WKH� FLUFXODU� JDS� LQIOXHQFH�� UH�
VXOWLQJ� LQ� FU\VWDOOL]DWLRQ� LQ� WKLV� DUHD� DQG
FRQFDYH�FU\VWDOOL]DWLRQ�IURQW�VKDSH��,Q�VRPH
FDVHV�� WKH� WHPSHUDWXUH� RI� WKH� $+3� KHDWHU
DQG�PHOW�PD\�GURS�EHORZ�WKH�FU\VWDOOL]DWLRQ
WHPSHUDWXUH� DQG�� FRQVHTXHQWO\�� FU\VWDO�
OL]DWLRQ� RI� WKH� ZKROH� PHOW� OD\HU� RFFXUV�

7KHUHIRUH�� WR� FRQWURO� WKH� FU\VWDOOL]DWLRQ
SURFHVV� SUHFLVHO\�� LW� LV� VXIILFLHQW� WR� FKDQJH
WKH� GLDSKUDJP� RSHQLQJ� ZLWKLQ� D� QDUURZ
UDQJH�� 7KH� FU\VWDOOL]DWLRQ� IURQW� VKDSH� DQG
SRVLWLRQ�IRU�GLIIHUHQW�RSHQLQJ�YDOXHV�RI�GLD�
SKUDJP��EHLQJ�LQ�XSSHU�SRVLWLRQ��DUH�VKRZQ
LQ�)LJ����
$V� WKH� GLDSKUDJP� �IXOO\� RU� SDUWLDOO\

FORVHG�� LV� GLVSODFHG� LQ� KHLJKW�� WKH� WHPSHUD�
WXUH�ILHOGV�DQG�WKHUPDO�IOX[HV��DQG�WKXV�WKH
IURQW�SRVLWLRQ��DOVR�FKDQJH�FRQVLGHUDEO\��$W
LQLWLDO�GLDSKUDJP�PRYHPHQW�GRZQZDUGV�DS�
SUR[LPDWHO\�WR�WKH�PLGGOH�SRVLWLRQ��WKH�PHOW
WKLFNQHVV� LQFUHDVHV�� ZKLOH� DW� IXUWKHU� GLD�
SKUDJP� ORZHULQJ�� LW� GHFUHDVHV�� 7KLV� HIIHFW�
SUHVHQWHG�LQ�)LJ����IRU�WKH�IURQW�SRVLWLRQ�DW
WKH� D[LV� DQG� DW� WKH� SHULSKHU\�� FDQ� EH� H[�
SODLQHG�E\�WKH�GLDSKUDJP�WHPSHUDWXUH�UDWLR
DV�ZHOO�E\�WKDW�EHWZHHQ�WKH�XSSHU�DQG�ORZHU
SDUWV� RI� FU\VWDO� VXSSRUW�� DORQJ� ZKLFK� WKH
GLDSKUDJP�PRYHV�� 7KH� XSSHU� VXSSRUW� SDUW�
EHLQJ� KHDWHG� E\� ODWHUDO� KHDWHUV�� KDV� WKH
KLJKHVW� WHPSHUDWXUH�� DQG� SUDFWLFDOO\� GRHV
QRW� LQIOXHQFH� WKH� FU\VWDO�PHOW� V\VWHP� DW
XSSHU� GLDSKUDJP� SRVLWLRQ�� EXW� DGGLWLRQDOO\
KHDWV� WKH� V\VWHP�DW�SDUWLDO� GLDSKUDJP� ORZ�
HULQJ�� $� GLDSKUDJP� KDV� D� IHZ� ORZHU� WHP�
SHUDWXUH� EHFDXVH� LW� HPLWV� KHDW� WR� HQYLURQ�
PHQW� �GRZQZDUG��� ,Q� WKH� ORZHU� GLDSKUDJP
SRVLWLRQ�� WKH�FROGHVW� ORZHU�SDUW� RI� WKH� VXS�
SRUW�LQIOXHQFHV�DOVR�FU\VWDO�PHOW�V\VWHP��UH�
VXOWLQJ� LQ� PHOW� FRROLQJ� DQG� LWV� WKLFNQHVV
GLPLQXWLRQ�� *HQHUDOO\�� WKH� KHDWHU� SRZHUV
UDWLR� �HVSHFLDOO\� ODWHUDO� PLGGOH� DQG� ORZHU�
DQG� WKHUPDO�SK\VLFDO� SURSHUWLHV� RI� GLD�
SKUDJP� DQG� WKH� VXSSRUW� �KHDW� FRQGXFWLYLW\
DQG� UHIOHFWLYLW\�� FDQ� FKDQJH� FRQVLGHUDEO\

)LJ�����&U\VWDOOL]DWLRQ� IURQW�SRVLWLRQ�GHSHQG�
HQFH� RQ� WKH�GLDSKUDJP�RSHQLQJ� GHJUHH����Û
GLDSKUDJP� ������ RSHQHG�� ��Û���������Û
��������Û���������Û�GLDSKUDJP�FORVHG�

)LJ����� &U\VWDO� KHLJKW� DW� WKH� D[LV� ���� DQG� DW
SHULSKHU\� ���� GHSHQGHQFH� RQ� FORVHG� GLD�
SKUDJP�SRVLWLRQ�LQ�KHLJKW�
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WKH� FKDUDFWHU� DQG� H[WHQW� LQIOXHQFH� RI� WKH
GLDSKUDJP� SRVLWLRQ� RQ� WKH� IURQW� SRVLWLRQ
DQG�VKDSH�
7KH� LQIOXHQFH� RI� WKH� GLDSKUDJP� RSHQLQJ

ZDV� VWXGLHG� DGGLWLRQDOO\� DW� LWV� FORVHU� SRVL�
WLRQ� WR� FU\VWDOOL]DWLRQ� IURQW� �K� �����PP��
WKH� FU\VWDO� KHLJKW� ZDV� DVVXPHG� WR� EH� RI
���PP��7KH�GLVWDQFH�EHWZHHQ�IURQW�DQG�GLD�
SKUDJP� LQ� WKLV� FDVH� ZDV� DSSUR[LPDWHO\
���PP��7KH�VXSSRVHG� LQIOXHQFH� LQWHQVLILFD�
WLRQ� RI� GLDSKUDJP� RSHQLQJ� RQ� FU\VWDO�
OL]DWLRQ� IURQW� VKDSH� DQG� SRVLWLRQ� DW� LWV� DS�
SURDFKLQJ� WR� WKH� IURQW�KDV� EHHQ�FRQILUPHG�
,W� VKRXOG� EH� QRWHG� WKDW� DW� GLDSKUDJP�SRVL�
WLRQ�FORVH�WR�WKH�IURQW�DQG�LWV�SDUWLDO�RSHQ�
LQJ��WKH�GLDSKUDJP�LQIOXHQFH�RQ�WKH�IURQW�LV
PDLQO\� ORFDO�� 7KDW� LV�� WKH� IURQW� LQ� LWV� FHQ�
WUDO� DUHD� �FRUUHVSRQGLQJ� WR� WKH� GLDSKUDJP
RSHQHG�DUHD��KDV�D�VPDOOHU�WKLFNQHVV�WKDQ�LQ
SHULSKHU\� DUHD� �LI� QRW� FRQVLGHU� WKH� FLUFXODU
JDS� HIIHFW�� VHH� EHORZ��� ZKLOH� DV� WKH� GLD�
SKUDJP� LV� PRYHG� RII� IURP� WKH� IURQW�� WKH
FKDQJH�LQ�LWV�RSHQLQJ�LQIOXHQFHV�PRUH�JORE�
DOO\�RQ�WKH�IURQW�DV�D�ZKROH��VHH�)LJ�����
7R� VWXG\� WKH� FLUFXODU� JDS� ZLGWK� LQIOX�

HQFH�� D� VHULHV� RI� FDOFXODWLRQV� KDV� EHHQ� FDU�
ULHG�RXW�DW�LWV�GLIIHUHQW�YDOXHV��7KH�FU\VWDO�
OL]DWLRQ� IURQW�SRVLWLRQ�DQG�VKDSH�GHSHQGLQJ
RQ�WKH�JDS�ZLGWK�DUH�SUHVHQWHG�LQ�)LJ����IRU
RSHQHG� DQG� FORVHG� GLDSKUDJP� EHLQJ� LQ� LQ�
LWLDO�SRVLWLRQ��,W�LV�VHHQ�WKDW�WKH�SUHVHQFH�RI
FLUFXODU� JDS� LQ� ODWHUDO� KHDW� LQVXODWLRQ
DJDLQVW�WKH�RSHQHG�PHOW�VXUIDFH�UHVXOWV�LQ�D
FRQVLGHUDEOH� FRROLQJ� RI� WKH�PHOW� SHULSKHUDO
DUHD�� WKDW� PRVWO\� UHVXOWV� LQ� FRQFDYH� LQWHU�
IDFH�VKDSH��HVSHFLDOO\�LQ�SHULSKHUDO�DUHDV��,Q
RUGHU� WR� DYRLG� WKLV� HIIHFW�� HLWKHU� WKH� JDS
ZLGWK� GHFUHDVH� �WKLV� HIIHFW� LV� LQVLJQLILFDQW
DW�WKH�JDS�OHVV�WKDQ���PP��RU�LWV�VFUHHQLQJ
�ZLWK� EULHI� RSHQLQJ� ZKHQ� QHFHVVDU\�� LV
QHHGHG�� 7KXV�� LW� LV� SRVVLEOH� WR� FRQWURO� WKH
FU\VWDOOL]DWLRQ�IURQW�VKDSH�E\�WKH�JDS�ZLGWK
FKDQJH� RU� LWV� VFUHHQLQJ� �DW� D� QDUURZ� JDS�
WKH� IURQW� VKDSH� LV� FRQYH[�� DW� ZLGHU� RQH�
FRQFDYH���DQG�DOVR�WR�FKDQJH�WKH�PHOW�WKLFN�
QHVV� ZLWKLQ� VRPH� OLPLWV� �PDLQO\� LQ� WKH� SH�
ULSKHUDO�DUHD��ZKLOH�WKH�GLDSKUDJP�DW�VPDOO
RSHQLQJ� LQIOXHQFHV� PDLQO\� WKH� FHQWUDO�PHOW
DUHD��� 7KXV�� FKDQJH� RI� ODWHUDO� KHDW� LQVXOD�
WLRQ�JDS�ZLGWK�LV�DQRWKHU�PHWKRG�RI�FU\VWDO�
OL]DWLRQ�IURQW�FRQWURO��
7R� FRQFOXGH�� WKH� FDOFXODWLRQV� UHVXOWV� DUH

REWDLQHG�FKDUDFWHUL]LQJ�FU\VWDOOL]DWLRQ�WKHU�
PDO� UHJLPH� FRQWURO� SRVVLELOLWLHV� EDVHG� RQ� D
UDGLDWLRQ� KHDW� H[FKDQJH� IRU� FUXFLEOHOHVV
$+3�PHWKRG��7KH� GLDSKUDJP�RSHQLQJ�YDUL�
DWLRQ�LQ�GLDWKHUPLF�FDYLW\�XQGHU�WKH�FU\VWDO
KDV� EHHQ� IRXQG� WR� UHVXOW� LQ� FRQVLGHUDEOH
YDULDWLRQV� RI� WKH� WHPSHUDWXUH� ILHOGV� DQG

WKHUPDO� IOX[HV� DW� WKH� FU\VWDOOL]DWLRQ� IURQW
GXH� WR� FKDQJHV� RI� UDGLDWLRQ� IOX[HV� IURP
RSHQHG� ORZHU� FU\VWDO� EXWW� WR� WKH� HQYLURQ�
PHQW��7KH�PRVW�VXEVWDQWLDO�FKDQJHV�RFFXU�LQ
FLUFXODU� DUHDV� FRUUHVSRQGLQJ� WR� GLDSKUDJP
DUHDV� EHLQJ� RSHQHG�FORVHG�� ,W� LV� HQRXJK� WR
FKDQJH� WKH�GLDSKUDJP�DSHUWXUH�ZLWKLQ�QDU�
URZ� OLPLWV� IRU� SUHFLVH� FRQWURO� RI� FU\VWDO�
OL]DWLRQ�SURFHVV��7KH�GLDSKUDJP�KHLJKW�SRVL�
WLRQ�DQG�WKHUPDO�SK\VLFDO�SURSHUWLHV�RI�GLD�
SKUDJP�DQG�VXUURXQGLQJ�FRQVWUXFWLRQV�KDYH
EHHQ�FRQVLGHUHG��,W�LV�SRVVLEOH�WR�FRQWURO�WKH
FU\VWDOOL]DWLRQ� IURQW� VKDSH� DV� ZHOO� DV� WR
FKDQJH�WKH�PHOW�WKLFNQHVV�ZLWKLQ�VRPH�OLP�
LWV�E\�KHLJKW�FKDQJH�RU�VFUHHQLQJ�RI�WKH�JDS
LQ� ODWHUDO� KHDW�LQVXODWLRQ� DJDLQVW� WKH� PHOW
RSHQHG�DUHD�
7KLV� ZRUN� ZDV� VXSSRUWHG� SDUWLDOO\� E\
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