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&ODVVLFDO�PROHFXODU�G\QDPLFV�KDV�EHHQ�XVHG�WR�LQYHVWLJDWH�SK\VLFDO�SURFHVVHV�RFFXUULQJ

ZKHQ�D�ULJLG�DGKHVLYH�QDQREXPS�RI�D�FU\VWDOOLQH�VXUIDFH�LV�DSSURDFKHG�WR�DQG�OLIWHG�IURP
D� JUDSKLWH� VDPSOH�� 1DQREXPSV� ZLWK� WZR� GLIIHUHQW� ODWWLFH� FRQVWDQWV� DUH� FRQVLGHUHG�� 7KH
EHKDYLRU� RI� WKH� V\VWHP� LV� VWXGLHG�XQGHU�FRQGLWLRQV� RI� VHYHUDO� LQWHUDFWLRQ�YDOXHV�EHWZHHQ
WKH� WZR� LQWHUIDFLQJ�PDWHULDOV� DQG� WKH� QDQREXPS�PRYHPHQW�� 9DOXHV� RI� WKH� EXPS�VDPSOH
LQWHUDFWLRQ�HQHUJLHV�VXIILFLHQW�IRU�PLFURPHFKDQLFDO�FOHDYDJH�RI�D�JUDSKLWH�VXUIDFH��UHVXOW�
LQJ�LQ�WKH�IRUPDWLRQ�RI�D�JUDSKHQH�OD\HU�DWWDFKHG�WR�WKH�QDQREXPS�DUH�GHWHUPLQHG�
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���,QWURGXFWLRQ
*UDSKHQH� LV� D� VLQJOH� OD\HU� RI� FDUERQ

DWRPV�GHQVHO\�SDFNHG� LQ�D�KRQH\FRPE�FU\V�
WDO� ODWWLFH� >���@�� *UDSKHQH�PD\� H[KLELW� XQ�
XVXDO� HOHFWURQLF� EHKDYLRU�� )RU� H[DPSOH�
FKDUJH� FDUULHUV� LQ� JUDSKHQH� EHKDYH� DV
PDVVOHVV�'LUDF� IHUPLRQV� >�@�� DQG� VXFK� SKH�
QRPHQD� DV� WKH� LQDFFHSWDELOLW\� RI� WKH� %RUQ�
2SSHQKHLPHU�DSSUR[LPDWLRQ�>�@�DQG�D�URRP�
WHPSHUDWXUH� TXDQWXP� +DOO� HIIHFW� >�@� KDYH
EHHQ�REVHUYHG��*UDSKHQH�H[KLELWV�VLPXOWDQH�
RXVO\� KLJK� SODVWLFLW\� �IROGV� DQG� EHQGV� DUH
FRPPRQO\�REVHUYHG��DQG�EULWWOHQHVV��LW�IUDF�
WXUHV�OLNH�JODVV�DW�KLJK�VWUDLQV���

5HFHQWO\�� VLJQLILFDQW� SURJUHVV� ZDV
DFKLHYHG� LQ� GHYHORSLQJ� WKH� PHWKRGV� RI� XO�
WUDVRQLF� FOHDYDJH� RI� JUDSKLWH� >�@� DQG� VRPH
HSLWD[LDO� JURZWK� WHFKQLTXHV� >�@�� +RZHYHU�
WKH�IXOO�JURZLQJ�F\FOH�RI�D�VLQJOH�OD\HU�JUD�
SKHQH� KDV� QRW� \HW� EHHQ� GHPRQVWUDWHG�� 7KH
VWDQGDUG�SURFHGXUH�RI�JUDSKHQH�SUHSDUDWLRQ
LV�WKH�PLFURPHFKDQLFDO�FOHDYDJH� >�Ü�@�� WKDW

DOORZV� VSOLWWLQJ� WKLV� VWURQJO\� OD\HUHG�PDWH�
ULDO�LQWR�LQGLYLGXDO�DWRPLF�SODQHV��

0LFURPHFKDQLFDO� FOHDYDJH� RU� H[IROLDWLRQ
WHFKQLTXH� KDV� EHHQ� VWXGLHG� PDLQO\� LQ� H[�
SHULPHQW�� ([IROLDWLRQ� RI� JUDSKLWH� SOD\V� DQ
LPSRUWDQW� UROH� LQ� QDQRWULERORJ\��ZKHUH� WKH
VXSHUOXEULFLW\�SKHQRPHQRQ�LV�PDLQO\�DWWULE�
XWHG� WR� WKH� FOHDYDJH� RI� JUDSKLWH� VXUIDFH�
UHVXOWLQJ� LQ� D� VPDOO� IODNH� DWWDFKHG� WR� WKH
WLS�RI�D�IULFWLRQ�IRUFH�PLFURVFRSH��))0��>�@�
7KHRUHWLFDO�FRQILUPDWLRQ�RI�WKH�IODNH�FOHDY�
DJH� DQG� WKH� GHWHUPLQDWLRQ� RI� LWV� IRUPDWLRQ
FRQGLWLRQV�FDQ�RI�SUDFWLFDO�LQWHUHVW�>������@�

7KH� PHQWLRQHG� IDFWV� KDYH� VSXUUHG� FRP�
SXWHU� H[SHULPHQWV� GHVFULEHG� LQ� WKLV� SDSHU�
7KH�PRGHO�RI�D�FU\VWDOOLQH�QDQREXPS�LQWHU�
DFWLQJ� ZLWK� D� JUDSKLWH� VDPSOH� LV� VWXGLHG
XVLQJ� FODVVLFDO� PROHFXODU� G\QDPLFV� �0'��
7KH� FRQVLGHUHG� V\VWHP� PLPLFV� JUDSKHQH
SUHSDUDWLRQ� E\� PLFURPHFKDQLFDO� FOHDYDJH
DQG� WKH� H[SHULPHQWV� FRQFHUQLQJ� WKH� VXSHU�
OXEULFLW\�� 7KH� QDQREXPS� FDQ� EH� FRQVLGHUHG
DV�D�SDUW�RI�WKH�VFRWFK�WDSH�VXUIDFH�XVHG�IRU
JUDSKLWH�SHHOLQJ�RU�DV�D�QDQREXPS�RI�D�))0

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

��� )XQFWLRQDO�PDWHULDOV�������������



WLS��7KH�QDQREXPS�PRYHPHQW�SURFHVV�FDQ�EH
FRQVLGHUHG� DV� WKH� QDQRLQGHQWDWLRQ� RI� WKH
JUDSKLWH� VXUIDFH�� DV� LW� PD\� KDSSHQ� LQ� WKH
H[SHULPHQWV�ZKHUH�WKH�))0�WLS�LV�LQYROYHG�
7KH� PDLQ� DLPV� RI� WKH� VLPXODWLRQV� DUH� WR
LQYHVWLJDWH� WKH� LQIOXHQFH� RI� WKH� QDQREXPS
ODWWLFH� FRQVWDQW�� WKH� PDJQLWXGH� RI� WKH� WLS�
VDPSOH� LQWHUDFWLRQ� DQG� WKH� QDQRLQGHQWDWLRQ
UDWH� RQ� WKH� V\VWHP� EHKDYLRU� DQG� WR� GHILQH
WKH� FRQGLWLRQV� IDYRUDEOH� IRU� JUDSKLWH� H[IR�
OLDWLRQ� DQG� WKH� IRUPDWLRQ� RI� D� JUDSKHQH
IODNH�

���0HWKRGRORJ\
7KH� JUDSKLWLF� VDPSOH� FRQVLVWV� RI� WKUHH

JUDSKHQH�OD\HUV�ZLWK�$%�VWDFNLQJ�ZKLFK�UH�
IOHFWV�D�IRUP�RI�JUDSKLWH��)LJ������7KH�DUP�
FKDLU�DQG�]LJ]DJ�JUDSKHQH�HGJHV�OLH�DORQJ�[
DQG�\�FRRUGLQDWHV�D[HV��UHVSHFWLYHO\��DQG�SH�
ULRGLFDO� ERXQGDU\� FRQGLWLRQV� DUH� DSSOLHG� LQ
WKH� [\� SODQH�� (DFK� OD\HU� LV� FRPSRVHG� RI
��u��� KRQH\FRPEV�� WKXV� FRQWDLQLQJ� ����
FDUERQ�DWRPV�DQG�WKH�OHQJWKV�DORQJ�[�DQG�\
GLUHFWLRQV�DUH��������QP�DQG�������QP��UH�
VSHFWLYHO\��7R�KROG�WKH�VDPSOH�LQ�SODFH��WKH
ERWWRP�JUDSKLWLF�OD\HU�UHPDLQV�ULJLG�GXULQJ
WKH�VLPXODWLRQV�

7KH� JUDSKLWH� VXUIDFH� LQWHUDFWV� ZLWK� DQ
DEVROXWHO\�ULJLG�VTXDUH�S\UDPLGDO�QDQREXPS
�ZKLFK� ZLOO� EH� DOVR� UHIHUUHG� WR� DV� WKH� WLS��
$OWKRXJK� LQ� UHDO� H[SHULPHQWV� PDWHULDOV
KDYH� ILQLWH� VWLIIQHVV�� WKH� DEVROXWHO\� ULJLG
VXUIDFHV� DUH� RIWHQ�XVHG� LQ�0'�H[SHULPHQWV
>��Ü��@� DQG� VXFK� DQ� DSSUR[LPDWLRQ� LV� DS�
SOLHG�WR�WKH�QDQREXPS�LQ�WKH�SUHVHQW�VWXG\�
7KH� EXPS� FRQVLVWV� RI� ILYH� OD\HUV� RI� DWRPV
SDUDOOHO� WR� WKH� [\� SODQH� DQG� SDUWLFOHV� DUH
DUUDQJHG�LQ�D�SHUIHFW�EFF�ODWWLFH��7ZR�YDOXHV
RI� ODWWLFH� FRQVWDQW� D� HTXDO� WR� ������� QP
DQG� ������� QP� DUH� FRQVLGHUHG�� ZKHUH� WKH
IRUPHU� YDOXH� FRUUHVSRQGV� WR� WKH� FU\VWDO
VWUXFWXUH�RI� WXQJVWHQ� >��@�ZKLFK� LV�XVHG� LQ
H[SHULPHQWV�ZLWK�))0��7KH�WDSHUHG�VKDSH�LV
SURYLGHG�E\�DGGLQJ�RQH�DWRPLF�URZ�LQ�[�DQG
\� GLUHFWLRQV� SHU� OD\HU� ZKHQ� PRYLQJ� IURP
WKH�WLS�ERWWRP�WR�LWV�WRS��7KH�ERWWRP�DWRPLF
OD\HU� H[SRVHV� ������ FU\VWDOORJUDSKLF� SODQH
DQG� FRQWDLQV� ��u��� DWRPV�� 7KH� QDQREXPS
FRQWDLQV� ����� DWRPV� DQG� WKH� WRWDO� QXPEHU
RI� SDUWLFOHV� LQYROYHG� LQ� WKH� VLPXODWLRQV� LV
�������:H� FRQVLGHU� WZR� YDOXHV� RI�D� WR� LQ�
YHVWLJDWH� WKH� LQIOXHQFH� RI� WKH� VXUIDFH� HQ�
HUJ\� DQG� WLS� GLPHQVLRQV� RQ� WKH� V\VWHP� EH�
KDYLRU�

7KH� %UHQQHU� SRWHQWLDO� >������Ü��@� LV
XVHG� IRU� FRYDOHQW� ERQGV� EHWZHHQ� FDUERQ
DWRPV� ZLWKLQ� WKH� WZR� XSSHU� G\QDPLF� JUD�
SKHQH�OD\HUV��,W�KDV�WKH�IRUP�
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,Q� WKLV� VWXG\�� H[SUHVVLRQV� RI� D� VHFRQG�
JHQHUDWLRQ� UHDFWLYH� HPSLULFDO� ERQG� RUGHU
�5(%2�� IRUP�RI� WKH�SRWHQWLDO� >��@�DUH�XVHG
IRU� SDLU�DGGLWLYH� LQWHUDFWLRQV� 95�ULM�� DQG9$�ULM���7KH\�DUH�GHILQHG�DV�IROORZV�
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+HUH� %�� ����������� H9�� E�� �������cÜ��
4� �������c��%�� ��������H9��E�� �������cÜ��
$� ����������� H9�� %�� �������� H9�� E�� 
������cÜ��� D� �������cÜ��� 'PLQ� �����c�
'PD[� �����c��7KH� IXQFWLRQ�IF�U�� LQ� ����DQG����OLPLWV�WKH�UDQJH�RI�WKH�FRYDOHQW�LQWHUDF�
WLRQV�DQG�KDV�WKH�IRUP�
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ZKHUH� 5LM���� �'PLQ� DQG� 5LM���� �'PD[� DUHFXWRII�GLVWDQFHV�
7KH�ERQG�RUGHU�IXQFWLRQ�ELM�LQ�����LV�FKR�VHQ�DV�LQ�WKH�ILUVW�YHUVLRQ�RI�%UHQQHU�SRWHQ�

WLDO�ZLWK�SDUDPHWHUV�IRU�SRWHQWLDO�,,�LQ�>��@�
7KH� FKRVHQ� VLPSOLILHG� SRWHQWLDO� IRUP� LP�
SOLHV� WKDW� ZH� GR� QRW� LQWHQG� WR� DFFXUDWHO\
VLPXODWH� WKH� LQ�SODQH� EHKDYLRU� RI� JUDSKHQH
OD\HUV�� 7KH� LQWHUDFWLRQV� IURP� %UHQQHU� SR�
WHQWLDO� DUH� FRPSXWHG� XVLQJ� SDUDOOHO� DOJR�
ULWKP�SUHVHQWHG�LQ�>��@�

)RU� UHDOLVWLF� PRGHOLQJ� RI� SURFHVVHV� UH�
ODWHG� WR� JUDSKLWH� FOHDYDJH�� WKH� FUXFLDO� UROH
PD\�SOD\�WKH�SURSHU�GHVFULSWLRQ�RI�WKH�LQWHU�
DFWLRQV� EHWZHHQ� JUDSKHQH� OD\HUV� >������@�� ,Q
WKLV� ZRUN�� ZH� XVH� UHJLVWU\�GHSHQGHQW� LQWHU�

)LJ���� 3HUVSHFWLYH� YLHZ� RI� WKH� LQLWLDO� DWRPLF
FRQILJXUDWLRQ� RI� WKH� V\VWHP� IRU� D ������QP
�DOO�VQDSVKRWV�LQ�WKLV�ZRUN�DUH�SURGXFHG�XVLQJ
9LVXDO�0ROHFXODU�'\QDPLFV�VRIWZDUH�>��@��

$�9�.KRPHQNR��1�9�3URGDQRY���0ROHFXODU�G\QDPLFV�RI����

)XQFWLRQDO�PDWHULDOV������������� ���



OD\HU� SRWHQWLDO� �5'3�� WKDW� FDQ� GHVFULEH� WKH
SRWHQWLDO� UHOLHI� LQ� JUDSKLWLF� V\VWHPV� DW� D
UHDVRQDEOH� DFFXUDF\� >��@�� ,W� LV� GHILQHG� DV
IROORZV�
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+HUH�O� �������cÜ���]�� ������c��&� �������PH9��$� ��������PH9��7KH�SRWHQWLDO� FRQWDLQV� �UÜ�
YDQ�GHU�:DDOV� �YG:��DWWUDFWLRQ�DQG�DQ�H[�
SRQHQWLDOO\� GHFD\LQJ� UHSXOVLRQ� GXH� WR� WKH
LQWHUOD\HU� ZDYHIXQFWLRQ� RYHUODS�� 7R� UHIOHFW
WKH�RYHUODS�DQLVRWURS\��WKH�IXQFWLRQ�I�LV�LQ�
WURGXFHG� ZKLFK� UDSLGO\� GHFD\V� ZLWK� WKH
WUDQVYHUVH�GLVWDQFH�U�

I�U�� �H��U�e�G��¦&�Q�U�e�G��Q� ���

ZKHUH� &�� ������� PH9�� &�� �������PH9�
&��  ������� PH9� DQG� U� LV� GHILQHG� YLD� WKHGLVWDQFH�ULM� EHWZHHQ� SDLUV� RI� DWRPV� L� DQG� MEHORQJLQJ� WR� GLVWLQFW� OD\HUV� DQG� WKH� YHFWRU
QN��N� �L�M��ZKLFK�LV�QRUPDO�WR�WKH�VS��SODQHLQ�WKH�YLFLQLW\�RI�DWRP�N�

ULM� �ULM�����QLULM����UML� �ULM�����QMULM��� ���
,Q� WKLV� VWXG\�� QN� LV� FRPSXWHG� DV� WKH�ORFDO��QRUPDO��L��H��DV�DYHUDJH�RI�WKH�WKUHH

QRUPDOL]HG� FURVV� SURGXFWV� RI� WKH� GLVSODFH�
PHQW� YHFWRUV� WR� WKH� QHDUHVW� QHLJKERUV� RI
DWRP� N�� DQG� WKLV� FRUUHVSRQGV� WR� 5'3�� LQ
>��@�� )RU� ORQJ�UDQJH� YG:� WHUP�� WKH� FXWRII
GLVWDQFH� LV� HTXDO� WR� UF� ����]�� ��������QP�7KH�LQWHUOD\HU�ELQGLQJ�HQHUJ\�LV�FDOFXODWHG�DV
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,Q� ����� VXPPDWLRQ� LV� SHUIRUPHG� RYHU
FDUERQ�DWRPV�RI�WKH�WZR�DGMDFHQW�OD\HUV�DQG
IXQFWLRQ�9�LV�GHILQHG�XVLQJ�IRUPXOD�����

7KH� SUHVHQFH� RI� QRUPDOV� LQ� WKH� 5'3
PDNHV� LW� LQ� HVVHQFH� D� PDQ\�ERG\� SRWHQWLDO
ZKLFK� UHTXLUHV� PXFK� PRUH� FRPSXWDWLRQDO
HIIRUW�DV�FRPSDUHG�WR�VLPSOH�SDLUZLVH�SRWHQ�
WLDOV�� ,Q� WKLV� VWXG\�� RQO\� LQWHUDFWLRQV� EH�
WZHHQ� WKH� DGMDFHQW� OD\HUV� DUH� FRQVLGHUHG
DQG�WKH\�DUH�FRPSXWHG�XVLQJ�D�VSHFLDOO\�GH�
YHORSHG� SDUDOOHO� DOJRULWKP� EDVHG� RQ� OLQNHG
FHOO�OLVWV�>������@�

7KH� WLS� LV� DVVXPHG� WR� LQWHUDFW� RQO\� ZLWK
WKH�XSSHU�JUDSKLWLF�OD\HU�DQG�LQWHUDFWLRQV�EH�
WZHHQ�WKH�WLS�DQG�FDUERQ�DWRPV�DUH�GHVFULEHG
YLD�/HQQDUG�-RQHV��/-��SDLUZLVH�SRWHQWLDO
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ZKHUH� U� LV� WKH� GLVWDQFH� EHWZHHQ� D� SDLU� RI
DWRPV� LQ� LQWHUIDFLQJ� PDWHULDOV�� V� ����]��DQG�WKH�FXWRII�GLVWDQFH�UF�LV�WKH�VDPH�DV�IRUWKH�5'3���$V�WKH�WUXH�YDOXHV�RI�IRUFHV�DFW�
LQJ�EHWZHHQ�WKH�WLS�DQG�WKH�VXUIDFH�DUH�QRW
ILUPO\� HVWDEOLVKHG�� ZH� LQYHVWLJDWH� WKH� V\V�
WHP� EHKDYLRU� IRU� VHYHUDO� YDOXHV� RI� H�
QDPHO\�� ����� ������ ����� ��� DQG� �� H9�� 7KH
HTXDWLRQV� RI� PRWLRQ� DUH� LQWHJUDWHG� XVLQJ
WKH� OHDSIURJ� PHWKRG� >��@� XVLQJ� WKH� WLPH
VWHS� 'W� ����� IV�� 7KH� KHDW� LV� GLVVLSDWHG
WKURXJK� WKH� %HUHQGVHQ� WKHUPRVWDW� FRXSOHG
ZLWK� WZR� G\QDPLF� JUDSKLWLF� OD\HUV� DQG� LP�
SOHPHQWHG�DV�LQ�>��@�

:H� ZLOO� VWXG\� WZR� PRGHV� RI� WKH
QDQREXPS�PRYHPHQW�� 7KH� ILUVW� LV� LQGHQWD�
WLRQ� ZKLFK� WDNHV� SODFH� ZKHQ� WKH� WLS� LV� DO�
ORZHG�WR�DGYDQFH�SDVW�WKH�FRQWDFW�SRLQW�DQG
WKH�VDPSOH�LV�FRPSUHVVHG�E\�WKH�QDQREXPS�
7KH� VHFRQG� LV� FRQWDFW� ZKLFK� LV� REVHUYHG
ZKHQ� WKH� WLS� LV� SXOOHG� WRZDUG� WKH� VXUIDFH
RQO\� XS� WR� FRQWDFW�� DIWHU� ZKLFK� LW� LV� UH�
WUDFWHG� IURP� WKH� VDPSOH�� 7KH� LQGHQWDWLRQ
SURFHVV�SURFHHGV�DV�IROORZV��$IWHU�HTXLOLEUD�
WLRQ�RI�WKH�V\VWHP�GXULQJ���SV�ZLWK�WKH�WLS
RXWVLGH� WKH� UDQJH� RI� LQWHUDFWLRQ� KXQJ� DW
�����QP�DQG������QP�DERYH�WKH�VXUIDFH�IRU
D� HTXDO� WR� ������� QP� DQG� ������� QP�� UH�
VSHFWLYHO\��WKH�EXPS�LV�ORZHUHG�WRZDUGV�WKH
VXUIDFH��7KH�WLS�PRYHPHQW�RFFXUV�E\�FKDQJ�
LQJ�]�FRRUGLQDWHV�RI�WKH�WLS�DWRPV�LQ�LQFUH�
PHQWV� RI� �������� QP� DQG� �������� QP� IRU
WKH�ODUJHU�DQG�VPDOOHU�D��UHVSHFWLYHO\��1RWH
WKDW� QDQREXPS� ZLWK� D� �������� QP� GRHV
QRW� UHDFK� WKH� HTXLOLEULXP� SRVLWLRQ� RI� WKH
XSSHU� JUDSKHQH� OD\HU� DQG� WKH� VPDOOHVW� GLV�
WDQFH�EHWZHHQ�SUR[LPDO� OD\HUV�RI�WKH� LQWHU�
IDFLQJ�PDWHULDOV�LV�DERXW�������QP��,Q�FRQ�
WUDVW��VPDOOHU�WLS�LV�ORZHUHG�EHORZ�WKH�XSSHU
JUDSKLWH� OD\HU� E\� DERXW� ������ QP�� $IWHU
UHDFKLQJ� WKH� PLQLPXP� GLVWDQFH�� WKH� WLS� LV
LPPHGLDWHO\� SXOOHG� DZD\� IURP� WKH� VXUIDFH�
7KH� HQWLUH� V\VWHP� LV� HTXLOLEUDWHG� IRU� ����
DQG� ����� SV� LQ� EHWZHHQ� WKH� QDQREXPS� GLV�
SODFHPHQWV��7KH�PHQWLRQHG�TXDQWLWLHV�FRUUH�
VSRQG� WR� WKH� LQGHQWDWLRQ� VSHHGV� RI
������P�V�DQG�������P�V��:KHQ�FRQWDFW� LV
FRQVLGHUHG��WKH�WLS�LV�QRW�LPPHGLDWHO\�ZLWK�
GUDZQ� IURP� WKH� VXUIDFH� EXW� DIWHU� UHDFKLQJ
WKH�PLQLPXP�KHLJKW� RI� DERXW� ���� QP� UHOD�
WLYHO\� WR� WKH� XSSHU� JUDSKHQH� OD\HU�� LW� LV
KXQJ�IRU�����SV�LQ�RUGHU�WR�DOORZ�WKH�IRUPD�
WLRQ� RI� WKH� FRQWDFW� EHWZHHQ� WKH� VXUIDFHV�
7KH�FRQWDFW�PRGH�LV�XVHG�PDLQO\�WR�LQYHVWL�
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JDWH� WKH� IODNH� IRUPDWLRQ� DQG� PXFK� KLJKHU
LQGHQWDWLRQ� VSHHGV� HTXDO� WR� ����� P�V� DQG
����� P�V� IRU� ODUJHU� DQG� VPDOOHU� WLS� DUH
XVHG� LQ� WKLV� FDVH�� 7KH� GXUDWLRQ� RI� VLPXOD�
WLRQV� DW� ORZ� DQG� KLJK� VSHHG� LV� ��� SV� DQG
����SV��UHVSHFWLYHO\�

,Q� H[SHULPHQWV� XVLQJ� IRUFH� PLFURVFRS\�
IRUFH�YHUVXV�GLVWDQFH� FXUYHV� DUH� REWDLQHG�
ZKLFK� UHIOHFW� WKH� FKDQJHV� RI� WKH� QRUPDO
IRUFH�DFWLQJ�RQ�WKH�WLS�DV�D�IXQFWLRQ�RI�WKH
GLVWDQFH� WR� WKH� VXUIDFH�� ,Q� WKLV� ZRUN�� WKLV
IRUFH�)�LV�FRPSXWHG�DV�WKH�VXP�RI�]�FRPSR�
QHQWV� RI� IRUFHV� DFWLQJ� RQ� WKH� QDQREXPS
DWRPV� IURP� WKH� JUDSKLWLF� VDPSOH�� DQG� LW� LV
DYHUDJHG�RYHU�WKH�ODVW������SV�RI�WKH�HTXLOL�
EUDWLRQ� SURFHGXUH� LQ� EHWZHHQ� WKH� WLS� GLV�
SODFHPHQWV��7KH�QH[W�VHFWLRQ�SUHVHQWV�WKHVH
FXUYHV� DQG� RWKHU� UHVXOWV� REWDLQHG� LQ� WKH
VLPXODWLRQV�

���5HVXOWV�DQG�GLVFXVVLRQ
'XULQJ� �� SV� DIWHU� WKH� HTXLOLEUDWLRQ� SH�

ULRG�RI� WKH�VLPXODWLRQV�ZKHQ�WKH�IRUFHV�EH�
WZHHQ�WKH�WLS�DQG�WKH�VDPSOH�DUH�VWLOO�]HUR�
WKH� DYHUDJH� YDOXHV� RI� LQWHUOD\HU� GLVWDQFH
DQG� WKH� HQHUJ\� EHWZHHQ� WKH� XSSHU� WZR� G\�
QDPLF� JUDSKHQH� OD\HUV� DUH� DERXW
�����r������QP� DQG� ����r����PH9�� UHVSHF�
WLYHO\�� 7KHVH� YDOXHV� GLIIHU� IURP� ������ QP
DQG����PH9�FRPSXWHG�IRU�ULJLG�OD\HUV�XVLQJ
5'3� >��@� E\� DERXW�����DQG������� UHVSHF�

WLYHO\��7KH�GLVFUHSDQF\�PD\�EH�DWWULEXWHG�WR
WKH�ILQLWH�FXWRII�GLVWDQFH�XVHG�LQ�WKLV�VWXG\�
WKHUPDO�IOXFWXDWLRQV�RI�QRUPDOV�DQG�WKH�XVH
RI� ORFDO� QRUPDOV� LQVWHDG� RI� VHPLORFDO� RQHV�
1HYHUWKHOHVV�� WKH� REWDLQHG� YDOXHV� DUH� YHU\
FORVH�WR�WKH�H[SHULPHQWDO�RQHV�>��@�

7KH�UHVXOWV�REWDLQHG�LQ�VLPXODWLRQV�RI�LQ�
GHQWDWLRQ� DQG� FRQWDFW� ZLOO� QRZ� EH� FRQVLG�
HUHG�VHSDUDWHO\�

,QGHQWDWLRQ�� )LJ���D� VKRZV� IRUFH�YV�GLV�
WDQFH�FXUYH�DQG�WLPH�GHSHQGHQFH�RI�WKH�QRU�
PDO� IRUFH� )� DFWLQJ� RQ� WKH� QDQREXPS� DW
D� �������� QP�� )ROORZLQJ� DQ� LQLWLDO� VORZ
YDULDWLRQ�RI� WKH� IRUFH�EHWZHHQ� WKH�JUDSKLWH
VXEVWUDWH�DQG�WKH�QDQREXPS�DV�WKH�ODWWHU�LV
EHLQJ� SXOOHG� WRZDUG� WKH� VXUIDFH�� WKH� RQVHW
RI� DQ� LQVWDELOLW\� LV� REVHUYHG��PDQLIHVWHG� DV
D� VKDUS� LQFUHDVH� LQ� WKH� DWWUDFWLRQ� EHWZHHQ
WKH� WZR� �SRLQW� $� LQ� )LJ���D��� 7KLV� FRUUH�
VSRQGV� WR� D� MXPS�WR�FRQWDFW� �-&�� SKHQRPH�
QRQ� >������@�ZKLFK�RFFXUV�DV�D� IDVW�SURFHVV
ZKHUH�FDUERQ�DWRPV�XQGHU�WKH�EXPS�DUH�GLV�
SODFHG� WRZDUG� LW� LQ� D� VKRUW� WLPH� VSDQ� RI
DERXW� ���� SV� DQG� LW� LV� DVVRFLDWHG� SULPDULO\
ZLWK�D�WLS�LQGXFHG�VDPSOH�GHIRUPDWLRQ�>��@�
,Q�)LJ���D��RQH�FDQ�QRWH�WKH�FRQVHTXHQFH�RI
-&� DV� D� VPDOO� ORFDO�PD[LPXP� RI� WKH� LQWHU�
OD\HU� HQHUJ\�(LO� IRU� H� ��� H9� LQ� EHWZHHQ��DQG� �� SV�� 7KH� -&� UHVXOWV� LQ� FROOLVLRQV� RI
FDUERQ� DWRPV� ZLWK� DEVROXWHO\� ULJLG
QDQREXPS� DQG� WKH\� FDXVH� D� VKDUS� SHDN� LQ
WKH� IRUFH�GLVSODFHPHQW� FXUYH� �SRLQW� %� LQ

)LJ����� 1RUPDO� IRUFH� DFWLQJ� RQ� WKH� QDQREXPS� DV� LW� LQGHQWV� LQ� DQG� WKHQ� LV� ZLWKGUDZQ� IURP� WKH
JUDSKLWLF� VXUIDFH� IRU� H� ����� H9� DQG� D� �������� QP� �D��� D� �������� QP� �E��� 7KH� DEVFLVVD� YDOXHV
FRUUHVSRQG�WR�WKH�YHUWLFDO�GLVWDQFH�EHWZHHQ�WKH�ULJLG�JUDSKHQH�OD\HU�DQG�WKH�ERWWRP�DWRPLF�OD\HU�RI
WKH�WLS��6ROLG�OLQHV�GHSLFW�WKH�ZHLJKWHG�DYHUDJHV�RI�PHDVXUHG�GDWD�DQG�DUH�VKRZQ�WR�JXLGH�WKH�H\H�
$UURZV� LQGLFDWH� WKH� GLUHFWLRQ� RI� WKH� QDQREXPS�PRYHPHQW�� 'DVKHG� OLQH� SUHVHQWV� WKH� HTXLOLEULXP
SRVLWLRQ�RI�WKH�XSSHU�FDUERQ�OD\HU�ZKLFK�LV�DVVXPHG�WR�EH�������QP�IURP�WKH�ERWWRP�FDUERQ�OD\HU�
,QVHW�LQ��D���WLPH�GHSHQGHQFH�RI�IRUFH�)��WLPH�YDULHV�IURP���WR����SV��RUGLQDWH�YDOXHV�DUH�WKH�VDPH
DV�LQ�WKH�PDLQ�ILJXUH�
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)LJ���D��� 7KH� IXUWKHU� DGYDQFHPHQW� RI� WKH
WLS� WRZDUGV� WKH� VDPSOH� UHVXOWV� LQ� WKH� LQ�
FUHDVH� RI� DWWUDFWLRQ� �%&� VHJPHQW� RI� WKH
FXUYHV��� DQG� DIWHU� UHDFKLQJ� WKH� SRLQW� &�� D
QHZ� GUDPDWLF� LQFUHDVH� RI� UHSXOVLRQ� LV� RE�
VHUYHG�VXJJHVWLQJ� WKH�UHSXOVLYH�ZDOO� UHJLRQ
DQG� WKH� LQGHQWDWLRQ� RI� WKH� VDPSOH� >��@�
9LGHR� DQLPDWLRQ� VHTXHQFHV� RI� WKH� VLPXOD�
WLRQV� LQGLFDWH� WKDW� LQGHQWDWLRQ� UHVXOWV� LQ� D
IXUWKHU� VDPSOH� GHIRUPDWLRQ� FKDUDFWHUL]HG
E\� DQ� DGKHVLRQ�LQGXFHG� IORZ� RI� FDUERQ
DWRPV� ZKLFK� ZHW� WKH� WLS� HGJHV�� 7KH� UHOD�
WLYHO\� GHHS� SHQHWUDWLRQ� RI� WKH� QDQREXPS
XVHG� IRU� D� �������� QP� UHVXOWV� LQ� VKDUS
SHDNV� DW� DERXW� �� SV� LQ�)LJ���D�� /LIWLQJ� WKH
WLS�IURP�WKH�VDPSOH�UHVXOWV�LQ�HQKDQFHG�DG�
KHVLRQ� EHWZHHQ� WKH� QDQREXPS� DQG� WKH� VXU�
IDFH��7KLV� LV� HYLGHQFHG�E\�K\VWHUHVLV� LQ� WKH
IRUFH� FXUYHV� LQ� )LJ���D� DQG� DOVR� E\� WKH� LQ�
FUHDVH� RI� WKH� LQWHUOD\HU� HQHUJ\�(LO� LQ� )LJ��D�� ZKLFK� VXJJHVWV� WKH� VHSDUDWLRQ� RI� WKH
JUDSKHQH� OD\HUV��+RZHYHU�� WKH� ILQDO� KHLJKW
XVHG� LQ� WKH� SUHVHQW� VLPXODWLRQ� LV� LQVXIIL�
FLHQW� IRU� FRPSOHWH� H[IROLDWLRQ� RI� WKH� XSSHU
JUDSKHQH� OD\HU�DV� FDQ�EH� VHHQ� IURP�)LJ���D
ZKHUH�WKH�ILQDO�DWRPLF�FRQILJXUDWLRQ�RI�WKH
V\VWHP�LV�VKRZQ�

7KH� ORDGLQJ� SDUW� RI� WKH� IRUFH�GLVSODFH�
PHQW� FXUYH� REWDLQHG� GXULQJ� LQGHQWDWLRQ� RI
WKH� VDPSOH� ZLWK� D� ODUJHU� QDQREXPS� �)LJ�
�E�� LV�TXDOLWDWLYHO\�VLPLODU�WR�WKH�GHVFULEHG
DERYH� IRU� WKH� VPDOOHU� WLS�� ,W� LQGLFDWHV� WKH
SUHVHQFH�RI�D�-&��SRLQW�$� LQ�)LJ���E��ZKLFK
FRUUHVSRQGV�WR�ORFDO�PD[LPD�RI�(LO�REVHUYHGLQ� EHWZHHQ� �� DQG� �� SV� LQ�)LJ���E��7KHUH� LV
DOVR�D�VKDUS�SHDN�LQ�SRLQW�%�DQG�D�UHSXOVLYH
ZDOO� UHJLRQ� �VHJPHQW� &'��� 7KH� ZLWKGUDZDO
SDUW�RI�WKH�IRUFH�GLVSODFHPHQW�FXUYH�LQ�)LJ�

�E��KRZHYHU��LV�TXDOLWDWLYHO\�GLIIHUHQW�IURP
WKDW�VKRZQ�LQ�)LJ���D��$�PRGHUDWH�GHFUHDVH
RI� UHSXOVLRQ� GXULQJ� WKH� LQLWLDO� UHWUDFWLRQ
VWDJH�WLOO�SRLQW�(�LV�IROORZHG�E\�WKH�VHJPHQW
()�ZKHUH� WKH� IRUFH� EHFRPHV� UHSXOVLYH� RQFH
PRUH� DQG� LW� UHWDLQV� WKH� SRVLWLYH� VLJQ� WLOO
SRLQW� *� LV� UHDFKHG�� 7KLV� H[KLELWV� WKH� WHQ�
GHQF\� RI� FDUERQ� DWRPV� WR� SXVK� WKH� WLS� XS�
ZDUGV� DQG�KHQFH� WR�PRYH� LQ� WKLV�GLUHFWLRQ�
WKXV�VWLPXODWLQJ�WKH�H[IROLDWLRQ�RI�WKH�XSSHU
OD\HU��$�VXGGHQ�FKDQJH�RI�UHSXOVLRQ�WR�DWWUDF�
WLRQ�DIWHU�SRLQW�*� LQ�)LJ���E� LV� LQGLFDWLYH�RI
WKH� ILQDO� VWDJH� RI� H[IROLDWLRQ�� ZKHUH� IRUFHV
EHWZHHQ� JUDSKHQH� VKHHWV� DW� WKHLU� ERXQGDULHV
VKRXOG� EH� RYHUFRPH� DQG� WKH� EHQGLQJ� RI� WKH
XSSHU� OD\HU� LV� REVHUYHG�� 7KH� XOWLPDWH� FRQ�
ILJXUDWLRQ� LQFOXGHV� WKH� FRPSOHWHO\� UHPRYHG
XSSHU� OD\HU� �)LJ���E�� FRUUHVSRQGLQJ� WR� ]HUR
LQWHUOD\HU�HQHUJ\�LQ�)LJ���E�

&RPSDULQJ�WKH�IRUFH�GLVSODFHPHQW�FXUYHV
IRU� VPDOOHU� DQG� ODUJHU� WLSV�� RQH� FDQ� QRWH
WKDW� GDWD� VFDWWHULQJ� LV� PXFK� PRUH� PDQL�
IHVWHG� LQ� WKH� ODWWHU� FDVH�� 7KLV� PD\� EH� DV�
FULEHG� WR� WKH� ODUJHU� VXUIDFH� DUHD� RI� WKH
QDQREXPS�ZLWK�D� ��������QP�DQG�LWV� ORZHU
VXUIDFH� HQHUJ\� ZKLFK� SURYLGH� WKH� FRQGLWLRQV
IRU�JUHDWHU�QXPEHU�RI�LUUHJXODU�DWRPLF�FROOL�
VLRQV�ZLWK� WKH� WLS� GXH� WR� WKHUPDO�PRWLRQ� RI
FDUERQ� DWRPV�� ,Q� VRPH� ZRUNV�� WKH� IRUFH�GLV�
SODFHPHQW�FXUYHV�DUH�DYHUDJHG�DGGLWLRQDOO\�WR
ILOWHU� RXW� WKH� QRLVH� IURP� WKHUPDO� YLEUDWLRQV
>������@��7KLV�SURFHGXUH�KDV�QRW�EHHQ�FDUULHG
RXW�LQ�WKLV�VWXG\�

7KH� LQIOXHQFH� RI� WKH� WLS�VDPSOH� LQWHUDF�
WLRQ�PDJQLWXGH�H�RQ�WKH�V\VWHP�EHKDYLRU�FDQ
EH�FRQFOXGHG�IURP�)LJ�����)RU�D� ��������QP�
WKH� WLPH� GHSHQGHQFHV� RI�(LO� GXULQJ� UHWUDF�

)LJ�����7LPH�GHSHQGHQFHV�RI� WKH�ELQGLQJ�HQHUJ\�RI� WKH�XSSHU� WZR�JUDSKLWH� OD\HUV� �DIWHU� HTXLOLEUDWLRQ
SHULRG��IRU�GLIIHUHQW�PDJQLWXGHV�RI�WLS�VDPSOH�LQWHUDFWLRQV��D� ��������QP��D��DQG�D� ��������QP��E��
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WLRQ��ZKLFK�EHJLQV�DIWHU���SV��H[KLELW�D�VORZ
LQFUHDVH� IRU� DOO� H� H[FHSW� ���� H9� �)LJ���D��
7KH� ODUJHU� H� FDXVH� ODUJHU� (LO� LQGLFDWLQJ� DKLJKHU�WUHQG�WR�H[IROLDWLRQ�ZLWK�LQFUHDVH�LQ
H�� 7KH� FRPSOHWH� H[IROLDWLRQ�� KRZHYHU�� ZDV
QRW� REVHUYHG� IRU� WKH� VPDOOHU� WLS� GXH� WR� D
UDWKHU� VPDOO� XOWLPDWH� GLVWDQFH� EHWZHHQ� WKH
QDQREXPS�DQG�WKH�VDPSOH��)RU�H� �����H9�LQ
)LJ���D�� WKHUH� LV� D� VPDOO� ORFDO�PD[LPXP�DW
DERXW� �� SV� DIWHU�ZKLFK�(LO� KDV� DOPRVW� FRQ�VWDQW� YDOXH�� 7KLV� VXJJHVWV� WKDW� WKH
QDQREXPS��ORVVHV��WKH�XSSHU�JUDSKHQH�OD\HU
DQG�FDUERQ�DWRPV�UHWXUQ�WR�WKH�HTXLOLEULXP
YHUWLFDO�SRVLWLRQ�RI�WKH�XSSHU�OD\HU��)RU���D
 ��������QP�� LW� LV� WR�QRWH�WKH�DEVHQFH�RI�D
VKDUS�SHDN�DW�DERXW���SV�IRU�DOO�H�LQ�)LJ���E
GXH� WR� VKDOORZ� LQGHQWDWLRQ�� ,Q� WKLV� FDVH�
WKHUH� LV� QR� VLJQLILFDQW� DGKHVLRQ� IRU� H� 
���� H9�� ZKHQ� DW� H� ������ H9�� WKH� WLS
�ORVVHV�� FDUERQ� DWRPV� DQG� H� YDOXHV� RI
���� H9� DQG� ODUJHU� FDXVH� WKH� FRPSOHWH� H[IR�
OLDWLRQ�RI�WKH�XSSHU�JUDSKHQH�OD\HU�

&RQWDFW�� ,Q� RUGHU� WR� H[SORUH� WKH� IRUPD�
WLRQ� SRVVLELOLW\� RI� D� IODNH� DWWDFKHG� WR� WKH
QDQREXPS��VHFRQG�VHULHV�RI�VLPXODWLRQV�KDV
EHHQ� FDUULHG� RXW� ZKHUH� FRQWDFW� KDV� EHHQ
FRQVLGHUHG�� ,Q� WKHVH� FRPSXWHU� H[SHULPHQWV�
WKH� WLS� LV�PRYHG� DW� KLJK� VSHHGV� DQG� LV� QRW
DOORZHG�WR�FRPSUHVV�WKH�VXEVWUDWH��EXW�DIWHU
WKH� FRQWDFW� IRUPDWLRQ� WKH�EXPS� LV� LPPHGL�
DWHO\�SXOOHG�DZD\�IURP�WKH�VDPSOH��6LJQLIL�
FDQWO\� KLJKHU� VSHHGV� DV� FRPSDUHG� ZLWK� WKH
LQGHQWDWLRQ�DUH�UHTXLUHG�WR�SURYLGH�WKH�FRQ�
GLWLRQV� ZKHUH� WKH� H[FHVV� KHDW� KDV� QRW
HQRXJK� WLPH� WR� GLVVLSDWH�� 7KLV� KHOSV� WR
UHDFK�KLJK�WHPSHUDWXUH�YDOXHV�VXIILFLHQW�WR
FRQWULEXWH� WR�EUHDNLQJ�RI�FRYDOHQW�ERQGV� LQ
D�JUDSKHQH�VKHHW��$V�WKH�VLPXODWLRQV�VKRZ�
JUHDWHU� YDOXHV� RI� H� DUH� UHTXLUHG� IRU� WKH
IODNH� IRUPDWLRQ�� :H� FRQVLGHU� WKH� H� ���H9
YDOXH� DQG� WKH� FDVH� RI� D� �������� QP�� )RU

ODUJHU�WLS��WKH�UHVXOWV�DUH�TXDOLWDWLYHO\�VLPL�
ODU�� 1RWH� RQO\� WKDW� IRU� D� ��������QP�
DERXW�GRXEOH�PRYHPHQW�VSHHGV�DUH�UHTXLUHG
WKDQ�IRU�WKH�VPDOOHU�WLS�

:KHQ� WKH� WLS� LV� SXOOHG� WRZDUG� WKH� VXU�
IDFH�� D� JUDGXDO� LQFUHDVH� RI� WKH� DWWUDFWLRQ
EHWZHHQ� WKH� VXUIDFHV� LV� REVHUYHG�� ZKLFK� LV
IROORZHG� E\� D� MXPS�WR�FRQWDFW� �SRLQW� $� LQ
)LJ���D��� $� VXGGHQ� MXPS� LQ� IRUFH� LV� UHSUH�
VHQWHG�E\�VHJPHQW�$%��VLPLODU�WR�WKH�LQGHQ�
WDWLRQ�FDVH��7KH�WLS� LV�KXQJ�LQ�VHJPHQW�%&
LQ�RUGHU�WR�DFKLHYH�HQRXJK�ERQGLQJ�EHWZHHQ
WKH� VXUIDFHV�� 7KH� UHWUDFWLRQ� EHJLQV� DIWHU
SRLQW�&� DQG� FDXVHV� D� VKDUS� LQFUHDVH� RI� DW�
WUDFWLRQ�� ZLWK� PD[LPXP� LQ� SRLQW� '�� DIWHU
ZKLFK� LW� EHJLQV� WR� GHFD\� DQG� VXGGHQO\� LV
VZLWFKHG�WR�UHSXOVLRQ�DIWHU�SRLQW�(��$V�DQL�
PDWHG� YLGHR� VKRZV�� WKH� GHFUHDVH� LQ� DWWUDF�
WLRQ� LV� FDXVHG� E\� UXSWXUH� RI� LQWHUDWRPLF
ERQGV� LQ� WKH� XSSHU� JUDSKHQH� OD\HU�� 7KH
EUHDNLQJ� RI� WKH� PDMRULW\� RI� ERQGV� FDXVHV
WKH� IRUPDWLRQ� RI� D� IODNH�� PDQLIHVWHG� DV� D
FRQVLGHUDEOH�IRUFH�FKDQJH�DIWHU�SRLQW�(��7KH

)LJ�����6\VWHP�DW�WKH�HQG�RI�WKH�VLPXODWLRQ�RI
LQGHQWDWLRQ� ZLWK� H� ����� H9�� D� ��������QP
�D��DQG�D� ��������QP��E��

)LJ������D��7LPH�GHSHQGHQFHV�RI�WKH�QRUPDO�IRUFH
)�DFWLQJ�RQ�WKH�QDQREXPS�ZLWK�D� ��������QP
LQ� WKH� VLPXODWLRQ� FRQFHUQLQJ� LWV� FRQWDFW� ZLWK
WKH� JUDSKLWH� VXUIDFH�� ,QVHW�� IRUFH�GLVSODFHPHQW
FXUYH� IRU� WKLV�FDVH��GLVWDQFH� LV�FRPSXWHG�DV� LQ
)LJ����� RUGLQDWH� YDOXHV� DUH� WKH� VDPH� DV� LQ� WKH
PDLQ�ILJXUH�� WKH�PLQLPXP�DEVFLVVD�YDOXH�FRLQ�
FLGHV�ZLWK�WKH�HTXLOLEULXP�SRVLWLRQ�RI�WKH�XSSHU
JUDSKHQH�OD\HU�DQG�WKH�PD[LPXP�DEVFLVVD�YDOXH
LV� ���� QP�� �E�� 6QDSVKRW� RI� WKH� V\VWHP� FRUUH�
VSRQGLQJ�WR�SRLQW�(�LQ��D��
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V\VWHP�DWRPLF�FRQILJXUDWLRQ�DW�WKLV�SRLQW�LV
VKRZQ� LQ�)LJ���E��ZKHUH� WKH� IODNH� DWWDFKHG
WR�WKH�WLS�FDQ�EH�REVHUYHG��7KH�IODNH�LV�YHU\
GHIRUPHG�DQG�KDV�DOPRVW�FRPSOHWHO\�ORVW�LWV
KRQH\FRPE�ODWWLFH��7KH�UHVXOWV�REWDLQHG�JLYH
UHDVRQ� WR� FRQFOXGH� WKDW� LW� LV� XQOLNHO\� WR
H[SHULPHQWDOO\� REVHUYH� WKH� FRQVLGHUHG� VFH�
QDULR�RI� IODNH� IRUPDWLRQ�ZKLFK�RFFXUV�UHOD�
WLYHO\� IDU� DZD\� IURP� WKH� JUDSKHQH� HGJHV�
EHFDXVH� LW� UHTXLUHV� YHU\� KLJK� LQGHQWDWLRQ
UDWHV�DQG�VXUIDFH�HQHUJLHV�RI� WKH� WLS��0RUH
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