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'HQGULPHUV�DUH�V\QWKHWLF�PDFURPROHFXOHV
ZLWK� D� WUHH�OLNH� EUDQFKHG� VWUXFWXUH�� 7KH
VFKHPDWLF� UHSUHVHQWDWLRQ� RI� �QG� JHQHUDWLRQ
GHQGULPHU�RQ�FXELF�ODWWLFH�LV�JLYHQ�LQ�)LJ����
5HVHDUFKLQJ�GHQGULPHUV�LV�D�SDUW�RI�PROHFX�
ODU� QDQRVFLHQFH� ZLWK� WKH� SXUSRVH� RI� WDLORU�
LQJ� PDWHULDO� SURSHUWLHV� DW� PROHFXODU� OHYHO�
$� FRQVLGHUDEOH� QXPEHU� RI� UHVHDUFKHV� ZHUH
GHGLFDWHG� WR� FRPSXWHU� VLPXODWLRQ� RI� GHQ�
GULPHU� SURSHUWLHV� �VHH� H�J�>�Ü�@��� +RZHYHU
OHQJWK� RI� GHQGULPHU� EUDQFKHV� RI� WKH� UH�
VHDUFKHG� VWUXFWXUHV� ZDV� UHVWULFWHG� WR� VHY�
HUDO� �XS�WR�VHYHQ��VSDFHUV��ZKLFK� OHG�WR�WKH
GHSHQGHQFH� RI� GHQGULPHU� VFDOLQJ� SURSHUWLHV
RQ�WKH�GHWDLOV�RI�FRQFUHWH�PRGHO�>����@��7KH
SXUSRVH� RI� WKH� SUHVHQW� ZRUN� LV� WR� FRQGXFW
FRPSXWHU�PRGHOLQJ�RI�GHQGULPHUV�ZLWK�ORQJ
IOH[LEOH� EUDQFKHV�� FRQWDLQLQJ� D� ODUJH� QXP�
EHU� �XS� WR� ILIW\�� RI� VSDFHUV�� 6XFK� GHQ�

GULPHUV�� OLNH� OLQHDU� SRO\PHUV�� DUH� H[SHFWHG
WR�REH\�XQLYHUVDO�VFDOLQJ�ORZV�LQGHSHQGHQWO\
RI� GHWDLOV� RI� WKHLU� EXLOGLQJ�� ,Q� WKH� SUHVHQW
ZRUN�GHQGULPHU�SURSHUWLHV� DUH�PRGHOLQJ�E\
0RQWH�&DUOR� PHWKRG� XVLQJ� DOJRULWKPV�� GH�
VFULEHG�LQ�WKH�QH[W�VHFWLRQ����

,Q� WKH� SUHVHQW� ZRUN� GHQGULPHU� FKDLQ� LV
PRGHOHG�E\�D�UDQGRP�ZDON�DORQJ�WKH�ULEV�RI
FXELF� ODWWLFH�� WKH� OHQJWK� RI� HDFK� ULE� WDNHQ
HTXDO� WR� XQLW\�� ([FOXGHG� YROXPH� LQWHUDF�
WLRQV�DUH�PRGHOHG�E\�SURKLELWLRQ�WR�WKH�GHQ�
GULPHU� FKDLQ� WR� YLVLW� WKH� VDPH� ODWWLFH� QRGH
PRUH� WKHQ� RQFH�� $FFRUGLQJ� WR� >�@� VXFK
PRGHO� FRUUHVSRQGV� WR� D�PDFURPROHFXOH� LQ� D
JRRG� VROYHQW� ZKHUH� UHSXOVLRQ� EHWZHHQ� LWV
VHJPHQWV� PXFK� H[FHHGV� WKH� DWWUDFWLRQ�� ,Q
WKH� SUHVHQW� ZRUN� GHQGULPHU� PRGHOLQJ� ZDV
UHDOL]HG�YLD�WKH�IROORZLQJ�DOJRULWKPV�
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'XULQJ� WKH� ILUVW� VWHS� RI� GHQGULPHU� FRQ�
VWUXFWLRQ�� WZR� UDQGRP� FKDLQV� �EUDQFKHV��
FRQWDLQLQJ�0�OLQNV�HDFK�DUH�EXLOW�E\�FRQVH�
TXHQW� DGGLQJ� OLQNV�� VWDUWLQJ� IURP� FHQWUDO
QRGH��(DFK�OLQN�LV�UHSUHVHQWHG�E\�RQH�ODWWLFH
ULE�ZKLOH�WKH�HQG�SRLQWV�RI�HDFK�OLQN�UHSUH�
VHQW� GHQGULPHU� EHDGV� �VLPLODU� WR� WKRVH� LQ
EHDG�URGH� PRGHO� >�@��� 2ULHQWDWLRQ� RI� HDFK
QHZO\� JURZQ� OLQN� LV� UDQGRPO\� FKRVHQ� IURP
WKH� DYDLODEOH� IUHH� SRVLWLRQV� WR� ZKLFK� QHZ
EHDG�FRXOG�EH�SODFHG��7KHQ��GXULQJ�WKH�VHF�
RQG� VWHS�� WZR� QHZ� FKLOG� EUDQFKHV� DUH� EXLOW
LQ� WKH� VDPH� ZD\� VWDUWLQJ� IURP� WKH� HQG
EHDGV� RI� SUHYLRXVO\� EXLOW� SDUHQW� FKDLQV�
$IWHU�*�VWHSV��GHQGULPHU�RI�JHQHUDWLRQ�*�LV
EXLOW�� $� VFKHPDWLF� UHSUHVHQWDWLRQ� RI� �QG
JHQHUDWLRQ� GHQGULPHU� ZLWK�0� ��� RQ� FXELF
ODWWLFH� LV� JLYHQ� LQ�)LJ�����$OO� EUDQFKHV�� RE�
WDLQHG� DW� N�WK� VWHS� RI� FRQVWUXFWLQJ� JLYHQ
GHQGULPHU� FRQVWLWXWH� LWV� N�WK� VKHOO�� 7KH
WRWDO� QXPEHU� RI� GHQGULPHU� EHDGV� 1WRW
HTXDOV�WR��*��0��,W�LV�SRVVLEOH�WKDW�DW�VRPH
PRPHQW� EUDQFK� JHWV� VWDFN�� L�H�� LW� KDV� QR
SODFH�IRU�IXUWKHU�JURZWK��,Q�WKLV�FDVH�D�OLP�
LWHG� QXPEHU� RI� WULHV�� QWULHV�� WR� EXLOW� JLYHQEUDQFK� LV�PDGH�VWDUWLQJ�IURP�WKH�VDPH�HQG
QRGH�RI�WKH�SDUHQW�EUDQFK��,I�HYHQ�WKHQ�WKH
QHZ� EUDQFK� FDQ� QRW� EH� EXLOW�� WKH� HQWLUH
VWUXFWXUH�LV�GLVFDUGHG�DQG�WKH�JURZWK�SURFH�
GXUH�VWDUWV�DJDLQ�IURP�WKH�FHQWUDO�EHDG��7R
HDFK�GHQGULPHU�'M��REWDLQHG�E\�DOJRULWKP�,�WKH�VWDWLVWLFDO�ZHLJKW�:M�LV�DVFULEHG�
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WKDW� LV� HTXDO� WR�SUREDELOLW\� WR� REWDLQ�JLYHQ
VWUXFWXUH� LI� HDFK� VWUXFWXUH� ZDV� GLVFDUGHG
DIWHU� ILUVW� XQVXFFHVVIXO� WU\� WR� EXLOW� QHZ
EUDQFK��

$YHUDJH� YDOXH� RI� DQ\� PDFURVFRSLF� FKDU�
DFWHULVWLF�=� RI�GHQGULPHUV�RI�JLYHQ�JHQHUD�
WLRQ�LV�GHWHUPLQHG�DV�
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ZKHUH� WKH� VXPPDWLRQ� LV� FRQGXFWHG� RYHU� DOO
REWDLQHG�VWUXFWXUHV�

/HW� XV� QRWH� WKDW� WKHUH� LV� QR� JXDUDQWHH
WKDW� FRQIRUPDWLRQV�ZLWK� WKH� KLJKHVW� VWDWLV�
WLFDO� ZHLJKW� :M� FDQ� EH� REWDLQHG� E\� DOJR�ULWKP�,��,W�LV�HYLGHQW��WKDW��GXH�WR�H[SRQHQ�
WLDO� JURZWK� RI� QXPEHU� EUDQFKHV� ZLWK� VKHOO
QXPEHU��RXWHU�VKHOOV�RI�GHQGULPHU�'M�PDNHJUHDWHU�FRQWULEXWLRQ�WR�LWV�VWDWLVWLFDO�ZHLJKW
WKDQ� LQQHU� RQHV�� 2Q� WKH� RWKHU� KDQG�� DOJR�
ULWKP�,�OHDYHV�PRUH�IUHH�VSDFH��DYDLODEOH�IRU

JURZWK��WR�LQQHU�VKHOOV��WKHQ�WR�RXWHU�RQHV�
,Q� RUGHU� WR� GLPLQLVK� JLYHQ� GUDZEDFN�� WKH
IROORZLQJ� LPSURYHPHQW� RI� WKH� GHVFULEHG� DO�
JRULWKP�LV�SURSRVHG�

7KH� LGHD�RI� VXFK�DOJRULWKP�LV�WR��DUWLIL�
FLDOO\�� H[WHQG� LQQHU� EUDQFKHV� RI� GHQGULPHU
LQ� RUGHU� WR� DOORZ�PRUH� VSDFH� IRU� WKH� RXWHU
RQHV�� ,Q� WKH�SUHVHQW�ZRUN� WKLV� LGHD� LV� UHDO�
L]HG� YLD� UHJXODWLQJ� WKH� WZR� IROORZLQJ� SD�
UDPHWHUV��7KH�ILUVW�UHJXODWHG�SDUDPHWHU�LV�

.� �UFKLOG���USDUHQW_USDUHQW_ � ���

ZKHUH�UFKLOG�LV�D�YHFWRU�FRQQHFWLQJ�ILUVW�DQGODVW�EHDGV�RI�D�EUDQFK�IURP�WKH�JLYHQ�VKHOO
ZKLOH�USDUHQW�LV�WKH�VDPH�YHFWRU�IRU�WKH�SDU�HQW�EUDQFK�RI�WKH�SUHYLRXV�VKHOO��VHH�)LJ�����
,Q� IDFW� SDUDPHWHU�.� SUHVHQWV� VRPH�NLQG� RI
�HIIHFWLYH� VWLIIQHVV�� RI� GHQGULPHU�� ,QFUHDVH
RI� .� GLPLQLVKHV� SUREDELOLW\� IRU� WKH� FKLOG
FKDLQ� WXUQ�EDFNZDUGV�UHODWLYH� WR� LWV� SDUHQW
FKDLQ�� WKXV� OHDGLQJ� WR� GHQGULPHU� VZHOOLQJ
DQG� DOORZLQJ� RXWHU� EUDQFKHV�PRUH� VSDFH� WR
JURZ�� /HW� XV� QRWH� WKDW� SDUDPHWHU� .� KDV
ORFDO� FKDUDFWHU� DQG� GRHV� QRW� DSSO\� RQ� GHQ�
GULPHU�UHTXLUHPHQWV�RI�VSKHULFDO�V\PPHWU\�
$V�LW�ZLOO�EH�VKRZQ�EHORZ��WKLV�LV�LPSRUWDQW
GXH�WR�SURQRXQFHG�IUDFWDO�VWUXFWXUH�RI�PRG�
HOHG� GHQGULPHUV�� 6HFRQG� UHJXODWHG� SDUDPH�
WHU�LV�

5FHQWHU� ���_UFKLOG����UFKLOG�_� ���

ZKHUH�UFKLOG��DQG�UFKLOG��DUH�WZR�EUDQFKHV�RID� JLYHQ� VKHOO� RULJLQDWLQJ� IURP� WKH� VDPH
EHDG��VHH�)LJ������,QFUHDVH�RI�5FHQWHU�OHDGV�WRVHSDUDWLRQ� LQ� VSDFH� RI� WZR� EUDQFKHV� SRLQWV
RI�WKH�VDPH�VKHOO�ZLWK�WKH�VPDOOHVW�WRSRORJL�
FDO�GLVWDQFH�EHWZHHQ�WKHP��

)LJ�����$�VFKHPDWLF�UHSUHVHQWDWLRQ�RI�VHFRQG�
JHQHUDWLRQ�GHQGULPHU�RQ�FXELF�ODWWLFH�

0�5DWQHU���6FDOLQJ�SURSHUWLHV�RI�GHQGULPHUV����
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,Q� WKH� SUHVHQW� ZRUN� SDUDPHWHUV� .� DQG
5FHQWHU� IRU� HDFK� EUDQFK� ZHUH� OLPLWHG� IURPEHORZ��7KH�VWDWLVWLFDO�ZHLJKW�����RI�REWDLQHG
VWUXFWXUHV� ZDV� FDOFXODWHG� ZLWK� DFFRXQW� RI
VWXFN� EUXQFKHV� DV� ZHOO� DV� RI� GLVFDUGHG
EUDQFKHV�� WKDW� GLG� QRW� VDWLVI\� UHVWULFWLRQV
IRU�.� DQG�5FHQWHU�� ,Q� RUGHU� WR� LQFUHDVH� HOH�PHQW� RI� UDQGRPQHVV�� WKH� ORZHU� OLPLWV� RI
WKHVH�SDUDPHWHUV�ZHUH�FKRVHQ�UDQGRPO\�IRU
HDFK� EUDQFK�� %RWK� XQLIRUP� DQG� *DXVVLDQ
UDQGRP� GLVWULEXWLRQV� ZLWK� YDULRXV� GLVSHU�
VLRQV� ZHUH� XVHG� IRU� WKLV� SXUSRVH�� WKHQ
VWUXFWXUHV� ZLWK� PD[LPDO� VWDWLVWLFDO� ZHLJKW
ZHUH�VHOHFWHG��5HVXOWV�ZLWK�WKH�EHVW�VWDWLVWL�
FDO�ZHLJKW�ZHUH� DFKLHYHG� E\� UHJXODWLQJ� SD�
UDPHWHU�5FHQWHU�RQO\�IRU�WKH�ILUVW�DQG�VHFRQGVKHOOV�DQG�SDUDPHWHU�.�RQO\�IRU�WKH�UHVW�RI
VKHOOV�� 7KH� ERWK� GHVFULEHG� JURZWK� DOJR�
ULWKPV� ZHUH� XVHG�� 6WDUWLQJ� IURP� WKH� VL[WK
JHQHUDWLRQ�� VWUXFWXUHV�� REWDLQHG� E\� DOJR�
ULWKP� ,,� KDYH� ODUJHU� VWDWLVWLFDO� ZHLJKW�
6WDUWLQJ� IURP� WKH� VHYHQWK� JHQHUDWLRQ�� RQO\
DOJRULWKP�,,�FDQ�SURYLGH�IXUWKHU�GHQGULPHU
JURZWK�� ,Q� WKH� SUHVHQW� ZRUN� GHQGULPHUV
ZLWK�0� ����ZHUH� LQYHVWLJDWHG��7KH�UHVXOWV
ZHUH� DYHUDJHG� ZLWK� DFFRXQW� RI� VWDWLVWLFDO
ZHLJKW�����RYHU������FRQIRUPDWLRQV�IRU�HDFK
GHQGULPHU�JHQHUDWLRQ��

7KH�H[DPSOHV�RI�GHQGULPHU�UDGLDO�GHQVLW\
DQG� FRQFHQWUDWLRQ� SURILOHV� U�5�� DQG� F�5��
WKDW�LV�WKH�QXPEHU�DQG�WKH�FRQFHQWUDWLRQ�RI
GHQGULPHU� EHDGV�� IRXQG�DW�GLVWDQFH�5� IURP
WKH� FHQWUDO� EHDG�� DUH� SUHVHQWHG� LQ� )LJV���
DQG���FRUUHVSRQGLQJO\�� ,W� FDQ�EH� VHHQ� IURP
WKH�ILJXUHV��WKDW��DOWKRXJK�PD[LPDO�FRQFHQ�
WUDWLRQ� LV� DFKLHYHG� DW� 5� ���� PRVW� RI� WKH
EHDGV�DUH�IRXQG�DW�UHODWLYHO\� ODUJH�GLVWDQFH
IURP�WKH�FHQWUDO�RQH��$W�GHQGULPHU�JHQHUD�
WLRQ�*������ WKH�UDGLDO�GHQVLW\�SURILOHV�KDYH
DV\PPHWULF� VKDSH� VLPLODU� WR� OLQHDU� FKDLQV
ZLWK� H[FOXGHG� YROXPH� >�@�� ZLWK� OHIW� VORSH

HVVHQWLDOO\�VWHHSHU�WKHQ�WKH�ULJKW�RQH��:KHQ
GHQGULPHU�JHQHUDWLRQ�UHDFKHV�ILYH��VKDSH�RI
GHQVLW\� SURILOHV� FKDQJHV�� EHFRPLQJ� DOPRVW
V\PPHWULF�ZLWK� ULJKW� VORSH� VOLJKWO\� VWHHSHU
WKHQ�WKH�OHIW�RQH�

,Q�RUGHU�WR�LQYHVWLJDWH�WKH�GHVFULEHG�SKH�
QRPHQD� LQ�PRUH�GHWDLOV�� OHW�XV�FRQVLGHU�DY�
HUDJH� GLVWDQFH� 5HQG�*�� RI� WKH� GHQGULPHUHQGSRLQWV� WR� FHQWUDO� EHDG� �VHH�)LJ������ 7KLV
FKDUDFWHULVWLF� LQWHUHVWLQJ� GXH� WR� HDV\� DQDO�
RJ\�ZLWK� OLQHDU�SRO\PHUV� RI� WKH� OHQJWK�/� 
0*��,QGHHG��DV�LW�FDQ�EH�VHHQ�IURP�)LJ������DW
*������WKH�GHSHQGHQFH�RI�5HQG�RQ�*�LV�FORVH�WRWKDW�SUHGLFWHG�E\�VFDOLQJ�WKHRU\�IRU�OLQHDU�SRO\�
PHU�RI�OHQJWK�/� �0*��VHH�H�J��>�@��

5HQG�*�� �0*Q�Q�|���e���*������ ���
$W�*�!���5HQG�*��LV�ZHOO�DSSUR[LPDWHG�E\WKH�H[SRQHQWLDO�GHSHQGHQFH�RQ�*�

5HQG�*��I�5HQG�*FU���*���*FU�QIUDFW��
QIUDFW�|������

���

6XFK�GHSHQGHQFH�FDQ�EH�H[SODLQHG�E\�WKH
IUDFWDO� SURSHUWLHV� RI� GHQGULPHUV� FRQVLGHUHG
LQ�WKH�QH[W�VXEVHFWLRQ�

,W� FDQ� EH� H[SHFWHG� WKDW� GHQGULPHUV� SRV�
VHVV�IUDFWDO�SURSHUWLHV�VLQFH��IURP�WKH�WRSR�
ORJLFDO� SRLQW� RI� YLHZ�� HDFK� GHQGULPHU� EHDG
RI� N�WK� VKHOO� LV� D� FHQWHU� RI�*ÜN� JHQHUDWLRQ
GHQGULPHU��,QGHHG�IUDFWDO�SURSHUWLHV�RI�GHQ�
GULPHUV�ZLWK�D�VPDOO�QXPEHU�RI�VSDFHUV�EH�
WZHHQ� EUDQFKLQJ� SRLQWV� ZHUH� GHVFULEHG� LQ
ZRUN�>�@�ZLWK�IUDFWDO�GLPHQVLRQ�H�FORVH�WR���
,Q�WKH�SUHVHQW�ZRUN��DV�LW�FDQ�EH�VHHQ�IURP
)LJ����� GHQGULPHUV� RI� JHQHUDWLRQ� *� ODUJHU
WKDQ� FULWLFDO� YDOXH� *FU� ��� SRVVHVV� IUDFWDOSURSHUWLHV�ZLWK�IUDFWDO�GLPHQVLRQ�H�FORVH�WR
�����RQ�WKH�VFDOH�ODUJHU�WKDQ�5HQG�*FU���,W�LVQDWXUDO�WR�VXSSRVH�WKDW�WKHVH�SURSHUWLHV�DUH

)LJ����� 7KH� GHSHQGHQFH� RI� EHDGV� FRQFHQWUD�
WLRQ�F�RQ�WKH�GLVWDQFH�U�IURP�GHQGULPHU�FHQ�
WHU��*HQHUDWLRQ�QXPEHU�IRU�HDFK�FXUYH� LV� LQ�
GLFDWHG�LQ�WKH�ILJXUH�

)LJ����� 7KH� GHSHQGHQFH� RI� EHDGV� UDGLDO� FRQ�
FHQWUDWLRQ� U� RQ� WKH� GLVWDQFH� U� IURP� GHQ�
GULPHU� FHQWHU�� *HQHUDWLRQ� QXPEHU� IRU� HDFK
FXUYH�LV�LQGLFDWHG�LQ�WKH�ILJXUH�

0�5DWQHU���6FDOLQJ�SURSHUWLHV�RI�GHQGULPHUV����

)XQFWLRQDO�PDWHULDOV������������� ���



GXH�WR�WKH�IDFW�WKDW�ZKHQ�V\VWHP�VFDOLQJ�LV
GLPLQLVKHG�E\�K�WLPHV�HDFK�GHQGULPHU�'*�RIJHQHUDWLRQ�*�!�*FU� LV� VSOLW� LQWR�KH�SDUWLDOO\
RYHUODSSLQJ� VXE�� RI� JHQHUDWLRQ� *�Ü�KH� WKDW
UHSHDW� VWUXFWXUH� RI� LQLWLDO� GHQGULPHU�� &HQ�
WUDO� EHDGV� RI� QHZ� VXE�GHQGULPHUV� DUH� VHSD�
UDWHG� LQ� VSDFH� YLD� H[WHQVLRQ� RI� WKHLU� FRQ�
QHFWLQJ� EUDQFKHV�� 7KH� SURFHVV� RI� VSOLWWLQJ
FRQWLQXHV� XQWLO� VXE�GHQGULPHU� JHQHUDWLRQ
UHDFKHV� LWV� PLQLPDO� YDOXH� *FU�� ,W� FDQ� EHHDVLO\� VHHQ� WKDW� FKDUDFWHULVWLF� VL]H� 5�*��a
5HQG�*�� RI� VXFK� V\VWHP� LV� RI� WKH� RUGHU� RI5�*FU���*���*F��e�H��WKDW�ZHOO�DJUHHV�ZLWK�(T���
7KXV��DFFRUGLQJ�WR�WKH�UHVXOWV�RI�QXPHULFDO
VLPXODWLRQV��DW�*���*FU�|���GHQGULPHUV�VKRZVWUXFWXUH�VLPLODU�WR�OLQHDU�SRO\PHU�FRLO�ZLWK
WKH� VDPH� GHSHQGHQFH� RI� FKDUDFWHULVWLF� VL]H
RQ� WRWDO� QXPEHU� RI� EHDGV� ZKLOH� DW�*�!�*FUWKH� WUDQVIHU� WR� IUDFWDO� VWUXFWXUH� RFFXUV�� ,Q
WKH�QH[W�VXEVHFWLRQ�WKHRUHWLFDO�HVWLPDWLRQ�LV
PDGH� RI� WKH� GHSHQGHQFH� RI� H� DQG� *FU� RQGHQGULPHU�JHQHUDWLRQ�QXPEHU�*� DQG�VSDFHU
OHQJWK�0��

:KHQ� WUDQVIHU� IURP� �FRLO�� WR� �IUDFWDO�
VWDWH�RFFXUV�DW�*� �*FU���QG�VKHOO�EUDQFKLQJSRLQWV� RI�GHQGULPHU�EHFRPH� FHQWHUV� RI�QHZ
VXE�GHQGULPHUV� RI� JHQHUDWLRQ�*FU�Ü���� 6XFKWUDQVIHU� LV� DFFRPSDQLHG� E\� H[WHQVLRQ� RI
EUDQFKHV� WKDW� FRQQHFW� �QG� VKHOO� EUDQFKLQJ
SRLQWV�ZLWK� FHQWUDO� EHDG� DQG� FRUUHVSRQGLQJ
WRWDO� IUHH� HQHUJ\� LQFUHDVH� )��*��� 2Q� WKHRWKHU� KDQG�� FRQFHQWUDWLRQ� RI� EHDGV� LQ� HDFK
VXE�GHQGULPHU�GHFUHDVHV��DV�FRPSDUHG�WR�LQ�
LWLDO�GHQGULPHU��WKDW� OHDGV�WR�WKH�WRWDO�IUHH
HQHUJ\� GHFUHDVH� )Ü�*��� ,W� LV� HYLGHQW� WKDWWUDQVIHU� IURP� �FRLO�� WR� �IUDFWDO�� VWDWH� RF�
FXUV�DW�WKH�YDOXH�RI�*�ZKHQ�)��*��DQG�)Ü�*�EHFRPH�FRPSDUDEOH��7KH�SDUW�RI�IUHH�HQHUJ\
)FRLO�*���FRQQHFWHG�ZLWK�WKH�LQQHU�GHJUHHV�RI

IUHHGRP�RI�D�GHQGULPHU�FDQ�EH�HVWLPDWHG�DV
WKDW� RI� OLQHDU� SRO\PHU�� FRQWDLQLQJ� �*0
OLQNV�DQG�SODFHG�LQWR�WKH�FDYLW\�ZLWK�OLQHDU
VL]H� 5�*��a�5HQG�*�� GHWHUPLQHG� E\� (T����6XFK�HVWLPDWH�JLYHV��VHH�H�J��>�@��
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7KHQ� IUHH� HQHUJ\� GHFUHDVH� GXH� WR� WUDQV�
IHU�WR�IUDFWDO�VWUXFWXUH�LV
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7KH�IUHH�HQHUJ\�LQFUHDVH�)��*�� LV�GXH�WRVSDFH�VHSDUDWLRQ�RI�WKH�VHFRQG�VKHOO�EUDQFK�
LQJ� SRLQWV��)��*�� FDQ� EH� HVWLPDWHG� DV� WKDWIRU� D� OLQHDU� SRO\PHU� FKDLQ� ZLWK� H[FOXGHG
YROXPH�� FRQWDLQLQJ��0�EHDGV�DQG�H[WHQGHG
WR� WKH� GLVWDQFH� �5�*�Ü���� �PHDVXUHG� LQ� WKH
XQLWV� HOHPHQWDU\� OLQN� OHQJWK��� 7KHQ� HVWL�
PDWH� RI� )��*��� REWDLQHG� IURP� OLQHDU� SRO\�PHU�VFDOLQJ�SURSHUWLHV��VHH�H�J��>�@��JLYHV�

)��*��I�5�*���e���0��Q� ��*�e����� ���
7KXV�)��*��DQG�)Ü�*��EHFRPH�FRPSDUDEOH�DW

*FU�I��
�Q

�Q��*FU�|������*FU� ����

)URP� (T������ IROORZV� WUDQVIHU� IURP
�FRLO�� WR� IUDFWDO�� VWDWH� RFFXUV� DW� FULWLFDO
GHQGULPHU�JHQHUDWLRQ�*FU�|���LQ�IXOO�DFFRUG�DQFH� ZLWK� QXPHULFDO� UHVXOWV�� 0RUHRYHU�
(T������SUHGLFWV�WKDW�WKH�QXPEHU�RI�FULWLFDO
JHQHUDWLRQ�*FU� LV� LQGHSHQGHQW� RQ� WKH� QXP�

)LJ�����7KH�GHSHQGHQFHV�RI�FHQWHU�WR�HQG�GLV�
WDQFH�5HQG� RQ� GHQGULPHU� JHQHUDWLRQ�*� �VROLGFXUYH��� 7KH� DSSUR[LPDWLQJ� IXQFWLRQV� DUH
I��*�� ���*���� �VKRUW� GDVKHV�� DQG� I��*�� 
�������*����������

)LJ����� 7KH� GHSHQGHQFHV� RI� WKH� QXPEHU� RI
ILOOHG�FHOOV�RQ�FHOO�VL]H��IRU�EUDQFKLQJ�SRLQWV��
'HQGULPHU�JHQHUDWLRQ�LV�LQGLFDWHG�LQ�WKH�ILJ�
XUH�� 7KH� OLQHDU� ILW� IRU�*� ��� LV� LQGLFDWHG� E\
GDVKHG�OLQH�

0�5DWQHU���6FDOLQJ�SURSHUWLHV�RI�GHQGULPHUV����

��� )XQFWLRQDO�PDWHULDOV�������������



EHU� RI� OLQNV� LQ� WKH� EUDQFK�0�� ,QGHHG�� SUH�
OLPLQDU\� VLPXODWLRQV� ZLWK�0� ���� DQG� ��
VKRZ�WKH�VDPH�WUDQVIHU�IURP��FRLO��WR�IUDF�
WDO��VWDWH�DW��FULWLFDO��JHQHUDWLRQ�*FU�|����,Q�RUGHU�WR�FKHFN�WKH�GHSHQGHQFH�RI�IUDF�
WDO�GLPHQVLRQ�H�RQ�0�WKH�IUHH�HQHUJ\�RI�WKH
V\VWHP�VKRXOG�EH�HVWLPDWHG�ZLWK�DFFRXQW�RI
LQWHUSHQHWUDWLRQ� RI� GLIIHUHQW� VXE�GHQ�
GULPHUV�� /HW� XV� FRQVLGHU� VXE�GHQGULPHU� RI
JHQHUDWLRQ� 4����� ZLWK� FKDUDFWHULVWLF� VL]H
/�4������ WKDW� LV� VSOLW� LQWR� WZR�VPDOOHU� VXE�
GHQGULPHUV� RI� JHQHUDWLRQ� 4� DQG� FKDUDF�
WHULVWLF�VL]H�/�4���6XE�GHQGULPHU�RI�JHQHUD�
WLRQ� 4����� FDQ� IURP� JHRPHWULFDO� SRLQW� RI
YLHZ� EH� FRQVLGHUHG� DV� D� VSKHUHV� RI� WKH� UD�
GLXV�5�4������HTXDO�WR�/�4��������ZKLOH�WKH
VPDOOHU�VXE�GHQGULPHUV�RI�JHQHUDWLRQ�4�SUH�
VHQWV�WZR�RYHUODSSLQJ�VSKHUHV�RI�UDGLL�HTXDO
WR�/�4����DQG�GLVWDQFH�EHWZHHQ�WKHLU�FHQWHUV
HTXDO� WR��5FHQWHU�� VR� WKDW�/�4������ �/�4����5FHQWHU�� &RQVLGHULQJ� WKH� VKDSH� RI� VXE�GHQ�GULPHUV�WR�EH�VSKHULFDO��RQH�HDVLO\�ILQGV�WKH
YROXPH�9LQWHUVHF�RI�RYHUODSSLQJ�DUHD��

9LQWHUVHF�4�
9�4� � �����5FHQWHU�

�5��4����
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5FHQWHU
5�4� �
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7KXV�� VLPLODU�WR� WKH�ZD\� LW�ZDV�PDGH� LQ
VXEVHFWLRQ���������VXE�GHQGULPHUV�RI�JHQHUD�
WLRQ�4�FDQ�EH�DVVRFLDWHG�ZLWK�OLQHDU�SRO\PHU
FKDLQV� ZLWK� WKH� VDPH� QXPEHU� RI� OLQNV�
SODFHG� LQWR� WKH� FDYLWLHV� RI� WKH� UDGLL� 5�4��
7KHQ�IUHH�HQHUJ\�RI�WKH�V\VWHP�FDQ�EH�HVWL�
PDWHG�DV
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+HUH� ILUVW� WHUP� FRUUHVSRQGV� WR� IUHH� HQ�
HUJ\� LQFUHDVH� GXH� WR� VSDFH�VHSDUDWLRQ� RI
VXE�GHQGULPHUV�� �QG� WHUP� FRUUHVSRQGV� WR
WKHLU� LQWHUQDO� HQHUJ\� DQG� �UG� WHUP� FRUUH�
VSRQGV� WR� LQWHUDFWLRQ� RI� VXE�GHQGULPHUV
ZLWK�HDFK�RWKHU��

6XEVWLWXWLQJ� (T������ LQWR� (T������ DQG
PLQLPL]LQJ� WKH� IUHH� HQHUJ\� ����� ZLWK� UH�
VSHFW�WR�5�RQH�REWDLQV

UFHQWHU��4�
5�4� � � �

�Q�����|�����
����

DQG

O� � /�4�
/�4������ �

UFHQWHU��4����5�4�
5�4� �|����������

1RZ�WKH�IUDFWDO�GLPHQVLRQ�RI�WKH�V\VWHP
FDQ�EH�HVWLPDWHG�XVLQJ� WKH� IDFW�WKDW�DV�WKH
VFDOLQJ�/� RI� IUDFWDO�V\VWHP�GLPLQLVKHV�E\�O
WLPHV��WKH�QXPEHU�RI�ILOOHG�FXELF�FHOOV�ZLWK
ULE�OHQJWK�/�LQFUHDVHV�WZLFH���
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6XEVWLWXWLQJ�(T����LQWR�(T�����RQH�REWDLQV
H�|����� WKDW� LV� FORVH� WR� REWDLQHG�QXPHULFDOO\
YDOXH� H�|������� $V� LW� IROORZV� IURP� (TV������
������ WKH� IUDFWDO� GLPHQVLRQ� H� RI� D�GHQGULPHU
LV��LQGHSHQGHQW�RQ�*�DQG�0��DW�*�!�*FU��,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW�� DV� LW� IRO�
ORZV�IURP�(TV�����Ü�����WKH�EHVW�FRLQFLGHQFH
RI� WKHRUHWLFDOO\� DQG� QXPHULFDOO\� REWDLQHG
IUDFWDO�GLPHQVLRQ�YDOXHV�LV�DFKLHYHG�DW�FULWL�
FDO�LQGH[�YDOXH�QIUDFW�|������VOLJKWO\�VPDOOHUFULWLFDO� LQGH[� YDOXH� Q�|������ RI� OLQHU� SRO\�
PHU�FKDLQV��2Q�WKH�RWKHU�KDQG��DV�LW�IROORZV
IURP�(T����WKH�IROORZLQJ�HTXDOLW\�LV�PHW�

5�*��I�1WRW�*�QIUDFW���QIUDFW� ������ ����
7KXV��LW�FDQ�EH�VXSSRVHG�WKDW�DOO�SURSHU�

WLHV�RI�GHQGULPHU�DW�*�!�*FU�DUH�GHWHUPLQHGE\� WKH� VLQJOH� FKDUDFWHULVWLF� VL]H�1WRW�*�QIUDFW
DQG� FULWLFDO� LQGH[� QIUDFW� SOD\V� IRU� GHQ�GULPHUV�WKH�VDPH�UROH�DV�FULWLFDO�LQGH[�YDOXH
Q�IRU�OLQHDU�SRO\PHUV��

,Q� FRQFOXVLRQV�� 0RQWH�&DUOR� FRPSXWHU
VLPXODWLRQ�DV�ZHOO�DV�WKHRUHWLFDO�HVWLPDWH�RI
WKH� SURSHUWLHV� RI� GHQGULPHUV� ZLWK� ORQJ�
IOH[LEOH� EUDQFKHV� LQ�JRRG� VROYHQW�ZHUH� FRQ�
GXFWHG�� ,W�ZDV�VKRZQ�WKDW� VXFK�GHQGULPHUV
GHPRQVWUDWH�XQLYHUVDO�EHKDYLRU�LQGHSHQGHQW
RQ�GHWDLOV�RI�WKHLU�LQWHUQDO�EXLOGLQJ��,Q�SDU�

)LJ����� 6QDSVKRWV� RI� FRQFHQWUDWLRQ� GLVWULEX�
WLRQ� RI� WKH� VDPH� �WK� JHQHUDWLRQ� GHQGULPHU�
7KH�VSDWLDO� VFDOH�/�RI�GHQVLW\�DYHUDJLQJ� LV� LQ�
FUHDVHG� E\� �� WLPHV� IRU� VQDSVKRWV� D�� E� DQG� F
FRQVHTXHQWO\�� %ODFN� DUHDV� UHODWH� WR� FRQFHQWUD�
WLRQV�VL[�WLPH�KLJKHU�WKDQ�KW�JUH\�RQHV��

0�5DWQHU���6FDOLQJ�SURSHUWLHV�RI�GHQGULPHUV����
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WLFXODU��WKHUH�H[LVW�D�FULWLFDO�GHQGULPHU�JHQ�
HUDWLRQ� QXPEHU� *FU�|��� WKDW� VLJQLILHV� WKHWUDQVIHU�IURP�FRLO�W\SH�VWUXFWXUH�ZLWK�SURS�
HUWLHV�VLPLODU�WR�OLQHDU�SRO\PHU�FRLO�WR�IUDF�
WDO� VWUXFWXUH� �ZLWK� IUDFWDO� GLPHQVLRQ
H�|��������1XPHULFDO� VLPXODWLRQV� DV�ZHOO� DV
WKHRUHWLFDO�HVWLPDWH�VKRZV�WKDW�ERWK�*FU�DQGH� �DW�*�!�*FU�� DUH� LQGHSHQGHQW�RQ� WKH�QXP�EHU� RI� VSDFHUV�0� LQ� GHQGULPHU� EUDQFK� DQG
RQ� GHQGULPHU� JHQHUDWLRQ�*� �DW�*�!�*FU��� ,WZDV�VKRZQ�WKDW�ERWK�LQ��FRLO��DQG��IUDFWDO�
VWDWHV� GHQGULPHUV� SRVVHVV� XQLYHUVDO� VFDOLQJ
SURSHUWLHV�� WKH� GHSHQGHQFH� RI� GHQGULPHU�V
FKDUDFWHULVWLF�VL]H�RQ�LWV�JHQHUDWLRQ�QXPEHU
EHLQJ�GHWHUPLQHG�E\�(TV�����������,Q�SDUWLFX�
ODU�� LW�ZDV�VKRZQ�WKDW�GHQGULPHU�LQ�IUDFWDO
VWDWH�LV�VSOLW�LQWR�VXE�GHQGULPHUV�WKDW�LQWHU�
DFW� ZLWK� HDFK� RWKHU� LQ� WKH� VDPH� ZD\� DV
SDUWV�RI�D�OLQHDU�SRO\PHU�FKDLQ��EOREV��ZLWK
WKH�VDPH�QXPEHU�RI�OLQNV��EXW�ZLWK�FULWLFDO

LQGH[� QIUDFW�|������ VOLJKWO\� VPDOOHU� WKDQWKDW�IRU�OLQHDU�SRO\PHUV��Q�|�������
$FNQRZOHGJHPHQW�� $XWKRU� LV� WKDQNIXO

IRU�'U�2�=KLNRO�IRU�WKH�KHOS�ZLWK�FRPSXWHU
SURJUDPPLQJ��

5HIHUHQFHV
� ���*�5�1HZFRPH��&�1�0RRUHILHOG��)�9RJWOH��'HQ�

GULPHUV� DQG� 'HQGURQV�� :LOH\� :&K�� :HLQ�
KHLP��*HUPDQ\��������

� ���0�%DOODXII��&K�1�/LNRV��$QJHZ��&KHP��,QW��(G��
����������������

� ���'�$�7RPDOLD��-�0�-�)UHFKHW��'HQGULPHUV�DQG
2WKHU�'HQGULWLF� 3RO\PHUV��:LOH\�� &KLFKHVWHU
�������

� ���,�2�*ROW]H�� &�1�/LNRV�� 0DFURPROHFXOHV�� ���
������������

� ���$�<X�*URVEHUJ�� $�<X�.KRKORY�� 6WDWLVWLFDO
3K\VLFV� RI� 0DFURPROHFXOHV�� 1DXND�� 0RVFRZ
�������>LQ�5XVVLDQ@�
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