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��)DFXOW\�RI�0DULQH�7HFKQRORJ\��$PLUNDELU�8QLYHUVLW\�RI�7HFKQRORJ\�7HKUDQ�

$EVWUDFW
,Q� OLQH�ZLWK� WKH�FXUUHQW� UHVHDUFK�RQ� WKH�XOWLPDWH�VWUHQJWK�DVVHVVPHQW�RI� VKLS�KXOO�

JLUGHUV�� FDUHIXO� XQGHUVWDQGLQJ� RI� WKH� FROODSVH� EHKDYLRXU� RI� XQVWLIIHQHG� SODWH� HOHPHQWV�
ZLWKLQ�WKH�VKLS�KXOO�JLUGHUV�LV�DQ�LPSRUWDQW�DQG�QHFHVVDU\�WDVN��,Q�WKLV�SDSHU��WKH�FROODSVH�
EHKDYLRXU� RI� XQVWLIIHQHG� SODWHV� XQGHU� ORQJLWXGLQDO� DQG� WUDQVYHUVH� WKUXVW� LV� VWXGLHG� E\�
HODVWRSODVWLF� ODUJH� GHIOHFWLRQ� )(0� DQG� WKH� FKDUDFWHULVWLFV� RI� WKH� FROODSVH� PRGHV� DUH�
KLJKOLJKWHG�
.H\ZRUGV��3ODWH� 7KUXVW� %XFNOLQJ� 8OWLPDWH�6WUHQJWK

� � $VVLVWDQW�3URIHVVRU�RI�0DULQH�6WUXFWXUDO�(QJLQHHULQJ

,QWURGXFWLRQ
6KLS� LV� EDVLFDOO\� D� WKLQ�ZDOOHG� ER[�

JLUGHU� VWUXFWXUH� FRPSRVHG� RI� D� QXPEHU�
RI� SODWHV� DQG� VWLIIHQHG� SODWHV�� )LJ�� ���
6WLIIHQHG� SODWH� LQ� VKLSV� DUH� W\SLFDOO\� VR�
GHVLJQHG� WKDW� ORFDO�SDQHO�EXFNOLQJ� WDNHV�
SODFH� ILUVW�� IROORZHG�E\�RYHUDOO�EXFNOLQJ�
RI� WKH� VWLIIHQHG� SODWH�� 7KHUHIRUH�� DQ�
DFFXUDWH� PRGHO� RI� WKH� SODWH� SDQHO� LV�
UHTXLUHG� WR� SUHGLFW� LWV� FROODSVH� DQG
LQIOXHQFH� RQ� WKH� EHKDYLRXU� RI� WKH�
VWLIIHQHG�SODWH�DV�D�ZKROH��6XFK�D�PRGHO�
LV�SDUWLFXODUO\�LPSRUWDQW�IRU�WKH�ORDG�FDVH�
RI� WKUXVW� RU� LQ�SODQH� FRPSUHVVLRQ��
/RQJLWXGLQDO� EHQGLQJ� RI� WKH� KXOO� JLUGHU�
VXEMHFWV�HLWKHU�WKH�GHFN�RU�WKH�ERWWRP�RI�
D� VKLS� WR� ORQJLWXGLQDO� WKUXVW�� 7UDQVYHUVH�
EHQGLQJ� RI� WKH� ERWWRP� VWUXFWXUH� GXH� WR�
ZDWHU� SUHVVXUH� DQG� FDUJR�ZHLJKW� FDXVHV�
WUDQVYHUVH� WKUXVW� LQ�ERWWRP�SDQHOV��3ODWH�
SDQHOV�DIIHFWHG�E\�ERWK� ORQJLWXGLQDO�DQG�
WUDQVYHUVH� EHQGLQJ� DUH� VXEMHFWHG� WR�
ELD[LDO�WKUXVW��)LJ�����
7KHUH�KDYH�EHHQ�PDQ\�UHVHDUFK�ZRUNV�RQ�
WKH� FROODSVH� EHKDYLRXU� RI� SODWH� SDQHOV��

ERWK� H[SHULPHQWDO�� H�J� >�@�� DQG�
QXPHULFDO�� H�J�� >���@�� +RZHYHU�� LQ� WKLV�
VWXG\�� HODVWRSODVWLF� ODUJH� GHIOHFWLRQ�
DQDO\VHV�KDYH�EHHQ�FDUULHG�RXW�ZLWK�)($�
VSHFLILFDOO\�WR�FODULI\�WKH�FROODSVH�PRGHV�
RI�SODWH�SDQHOV�XQGHU�WKUXVW�
,Q� ZKDW� IROORZV�� JHQHUDO� FKDUDFWHULVWLFV�
RI� WKH� )($� XVHG� LQ� WKLV� VWXG\� DQG�
PDWHULDO�SURSHUWLHV�DUH�VXPPDUL]HG�ILUVW��
/DWHU�� WKH�UHVXOWV�RI�)($�DQDO\VHV�XQGHU�
ORQJLWXGLQDO�WUDQVYHUVH� WKUXVW� IRU� VTXDUH�
DQG� UHFWDQJXODU� SODWH� SDQHOV� DUH� VKRZQ�
ZLWK�DQ�HPSKDVL]H�RQ�WKH�FKDUDFWHULVWLFV�
RI�WKH�FROODSVH�PRGHV�

)LJ���� 6KLS�DV�D�WKLQ�ZDOOHG�ER[�JLUGHU�
VWUXFWXUH
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1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

)LJ���� 3ODWH�SDQHOV�XQGHU�WKUXVW

)($�0RGHO
$OO� )($� FDOFXODWLRQV� DUH� SHUIRUPHG�

ZLWK� WKH� LQ�KRXVH� FRGH� 8/6$6�� 7KH�
DSSOLFDELOLW\� RI� 8/6$6� WR� WKH�
EXFNOLQJ�SODVWLF� FROODSVH� DQDO\VLV� RI�
VWHHO�SODWHG� VWUXFWXUHV� KDV� EHHQ�
H[DPLQHG� DQG� FRQILUPHG� WKURXJK�
EHQFKPDUN� FDOFXODWLRQV� DW� WKH� WHFKQLFDO�
FRPPLWWHH� RI� ,QWHUQDWLRQDO� 6KLS� DQG�
2IIVKRUH�6WUXFWXUHV�&RQJUHVV��,66&���>��
�@��$Q� LVRSDUDPHWULF� VKHOO� HOHPHQW�ZLWK�
IRXU�QRGDO�SRLQWV�>�@ LV�XVHG�LQ�8/6$6��
6XFK�HOHPHQW�LV�FKDUDFWHULVHG�DV�EL�OLQHDU�
GHJHQHUDWHG� HOHPHQW� ZLWK� UHGXFHG�
LQWHJUDWLRQ�� %RWK� PDWHULDO� DQG�
JHRPHWULFDO� QRQOLQHDULWLHV� DUH�
FRQVLGHUHG�� 7KH� DQDO\VLV� XVLQJ� VXFK�
HOHPHQW� KDV� WKH� IROORZLQJ�
FKDUDFWHULVWLFV�

��� 7KH�YLUWXDO�ZRUN� HTXDWLRQ� LV�
H[SUHVVHG� LQ� WHUPV� RI� XSGDWHG�
*UHHQ
V� VWUDLQ� FRPSRQHQWV� DQG� WKH�
XSGDWHG� .LUFKKRII
V� VWUHVV�
FRPSRQHQWV� WR� GHULYH� HOHPHQW���
VWLIIQHVV�PDWUL[�

��� 7KH� FDOFXODWHG� .LUFKKRII
V�
VWUHVV� LQFUHPHQWV� DUH� WUDQVIRUPHG�
LQWR�WKH�-DXPDQQ
V�VWUHVV� LQFUHPHQWV�
DW� HDFK� LQFUHPHQWDO� VWHS�>�@�� ,Q� WKLV�
WUDQVIRUPDWLRQ�� WKH� QRUPDO� VWUDLQ�
LQFUHPHQW� LQ� WKH� WKLFNQHVV� GLUHFWLRQ�
LV�GHWHUPLQHG�VR�WKDW�WKH�SODQH
VWUHVV� FRQGLWLRQ� LV� PDLQWDLQHG�� 7KLV�
VWUHVV� WUDQVIRUPDWLRQ� HQDEOHV� WR�

SHUIRUP� XOWUD� ODUJH� GHIOHFWLRQ�
DQDO\VLV�

��� 7KH� SODVWLF� IORZ� WKHRU\� LV�
DSSOLHG�FRQVLGHULQJ�WKH�0LVHV
V�\LHOG�
FRQGLWLRQ�DV�D�SODVWLF�SRWHQWLDO��

��� 7KH� PDWHULDO� LV� DVVXPHG� WR�
IROORZ� WKH� FRPELQHG� KDUGHQLQJ� ODZ�
RI� NLQHPDWLFV� DQG� LVRWURSLF�
KDUGHQLQJV�� ,Q� WKH� SUHVHQW� DQDO\VLV��
KRZHYHU�� WKH� VWUHVV�VWUDLQ�
UHODWLRQVKLS� LV� DVVXPHG� WR� IROORZ�
WKDW� RI� DQ� HODVWLF�SHUIHFWO\� SODVWLF�
PDWHULDO��

��� 7KH� VWLIIQHVV� SURSRVHG� E\�
.DQRN�1XNXOFKDL� >�@ LV� LQFOXGHG� LQ�
WKH� HOHPHQW� VWLIIQHVV� PDWUL[� WR�
HOLPLQDWH� VLQJXODULW\� UHJDUGLQJ� WKH�
LQ�SODQH ULJLG�ERG\�URWDWLRQ��

��� 7KH� VWLIIQHVV� SURSRVHG� E\�
)ODQDJRQ�DQG�%HO\WVKNR�>��@ LV�DOVR�
LQFOXGHG� LQ� WKH� HOHPHQW� VWLIIQHVV�
PDWUL[� WR� SUHYHQW� KRXUJODVV� PRGH�
LQVWDELOLW\��

��� 7KH� &ULVILHOG� PHWKRG� LV�
HPSOR\HG� E\� WKH� )(� FRGH� WR� IROORZ�
WKH� UHVSRQVH� LQ� WKH� SRVW�EXFNOLQJ�
UHJLRQ�

7KUXVW��LQ�SODQH�FRPSUHVVLRQ� LV�DSSOLHG�
E\� SUHVFULEHG� XQLIRUP� LQ�SODQH�
GLVSODFHPHQW�� 7KH� PDWHULDO� SURSHUWLHV�
XVHG�LQ�DOO�DQDO\VHV�ZLWKLQ�WKLV�SDSHU�DUH�
DV�IROORZV�

<RXQJ
V�0RGXOXV�� *3D�����(  
3RLVVRQ
V�5DWLR������������� ��� Q
<LHOG�6WUHQJWK��������������

03D�����<  V
+DUGHQLQJ�5DWH������������ � c+
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*HRPHWULF� PRGHOV� DQG� ERXQGDU\�
FRQGLWLRQV�IRU�SODWH�SDQHOV�DUH�GHVFULEHG�
LQ�IROORZLQJ�VHFWLRQV�
)RU� FDOFXODWLRQV� XQGHU� ORQJLWXGLQDO�
WKUXVW����[���HOHPHQWV�SHU�EXFNOLQJ�KDOI�
ZDYH�DUH�XVHG�� ,Q� WKH�FDVH�RI� WUDQVYHUVH�
WKUXVW�� WKH�QXPEHU�RI� HOHPHQWV� LV�� ��� LQ�
\�GLUHFWLRQ�DQG�WKH�QH[W�HYHQ�QXPEHU� WR�

��
� ED � D �� OHQJWK�� E �� EUHDGWK� RI�
SODWH� LQ�[�GLUHFWLRQ��/RDG� LV� DSSOLHG� E\�
IRUFHG�GLVSODFHPHQWV��DQG�WR�VLPXODWH�WKH�
FRQWLQXLW\� RI� WKH� SODWLQJ�� DOO� HGJHV� DUH�
NHSW� VWUDLJKW�� )RU� VTXDUH� SODWHV�� LQLWLDO�
GHIOHFWLRQ� DUH� JLYHQ� E\� RQH� KDOI� ZDYH��
)RU� UHFWDQJXODU� SODWHV�� LQLWLDO� GHIOHFWLRQ�
LQ�KXQJU\�KRUVH�PRGH�LV�DSSOLHG�

3ODWH�3DQHOV
7KH� IXQGDPHQWDO� FROODSVH� EHKDYLRXU�

RI� SODWH� SDQHOV� XQGHU� WKUXVW� LV�
LQYHVWLJDWHG� E\� )($� LQ� WKLV� SDSHU�� $�
VLPSO\�VXSSRUWHG�SODWH��)LJ����� KDV�EHHQ�
XVHG� LQ� DQDO\VHV�� 7KLV� PRGHO�
FRUUHVSRQGV� WR� WKH� SODWLQJ� EHWZHHQ�
ORQJLWXGLQDO�DQG�WUDQVYHUVH�PHPEHUV��
,W� LV� REYLRXV� WKDW� VWLIIHQHUV� KDYH�
LPSRUWDQW� HIIHFW� RQ� WKH� EXFNOLQJ�SODVWLF�
FROODSVH� EHKDYLRXU� RI� SODWHV�� RZLQJ� WR�
WKHLU� EHQGLQJ� DV� ZHOO� DV� WRUVLRQDO�
ULJLGLWLHV�� :KHQ� WKH� SODWH� SDUW� RI�
VWLIIHQHG� SDQHOV� LV� EHLQJ�PRGHOHG� XQGHU�
WKH� DFWLRQ� RI� LQ�SODQH� FRPSUHVVLRQ��
VLPSO\� VXSSRUWHG� SODWH� PRGHO� LV�
VXIILFLHQW� LQ�DFFXUDF\�KDYLQJ� FRQVLGHUHG�
VWUDLJKW�HGJH� FRQGLWLRQV� DORQJ� SODWH�
HGJHV� >��@�� .HHSLQJ� HGJHV� VWUDLJKW� LV� D�
QHFHVVLW\� WR� VDWLVI\� WKH� FRQGLWLRQ� RI�
FRQWLQXLW\�RI� WKH�SODWLQJ� LQ�DFWXDO�SODWHG�
VWUXFWXUHV�� %HVLGHV�� ZKHQ� WKH� SODWH�
EHKDYLRXU�XQGHU� WKH� DFWLRQ�RI� FRPELQHG�
LQ�SODQH� FRPSUHVVLRQ� DQG� ODWHUDO�
SUHVVXUH� LV� JRLQJ� WR� EH� VWXGLHG�� WKH�
FRQWLQXRXV� SODWH� PRGHOV� DUH� WR� EH�
DSSOLHG�LQ�)($�>��@��
)RU�PRVW�VKLS�SDQHOV�WKH�SURSRUWLRQV�DUH�
VXFK� GHVLJQHG� WKDW� WKH� ORFDO� SODWH�
EXFNOLQJ� SUHFHGHV� ERWK� ORFDO� VWLIIHQHU�

WULSSLQJ� RU� RYHUDOO� EXFNOLQJ� RI� VWLIIHQHG�
SODWH��7KDW� LV�ZK\� WKLV�ZRUN� IRFXVHV� RQ�
WKH� SODWHV�� 2Q� WKH� RWKHU� KDQG�� VXFK�
DQDO\VHV� SHUIRUPHG� LQ� WKLV� ZRUN� JLYH� D�
JRRG� LQGLFDWLRQ� RI� WKH� OLNHO\� PRGHV� RI�
IDLOXUH�DQG�DOVR�SURYLGH�D�IRXQGDWLRQ�IRU�
WKH� PRVW� FRPSOH[� TXHVWLRQ� RI� FROODSVH�
EHKDYLRXU�RI�VWLIIHQHG�SDQHOV�

)LJ���� 6LPSO\�VXSSRUWHG�SODWH�XQGHU�WKUXVW

6TXDUH�3ODWH�XQGHU�8QLD[LDO�7KUXVW
$V�D�PRVW�IXQGDPHQWDO�FDVH��D�VTXDUH�

SODWH�XQGHU�XQLD[LDO�WKUXVW�LQ�[�GLUHFWLRQ�
LV� FRQVLGHUHG�� 7KH� SODWH� KDV� EHHQ� JLYHQ�
DQ�LQLWLDO�GHIOHFWLRQ�ZLWK�D�PDJQLWXGH�RI�
���� RI� SODWH� WKLFNQHVV� LQ� LWV� EXFNOLQJ�
PRGH�� 7KLV� LV� D� W\SLFDO� YDOXH� DQG� LV�
VPDOOHU� WKDQ� WKH� DYHUDJH� YDOXH� RI� LQLWLDO�
GHIOHFWLRQ� RI� VKLS� SODWLQJ� � W����� E �
SURSRVHG� E\� 9DUJKHVH>��@�� $YHUDJH�
VWUHVV�DYHUDJH� VWUDLQ� UHODWLRQVKLS� RI� WKH�
SODWH�KDV�EHHQ�VKRZQ�LQ�)LJ�����LQ�ZKLFK�
WKH� YDOXHV� RI� DYHUDJH� VWUHVV� � [V � DQG�
DYHUDJH� VWUDLQ� � [H � KDYH� EHHQ�
QRQGLPHQVLRQDOLVHG� UHVSHFWLYHO\� E\�
PDWHULDO� \LHOG� VWUHVV� � <V � DQG� \LHOG�
VWUDLQ�� (<< �VH  ���$V�VKRZQ�LQ�)LJ�����
DIWHU� EXFNOLQJ� SRLQW� �WKH� SRLQW�
FRUUHVSRQGLQJ� WR� WKH� VXGGHQ� FKDQJH� LQ�
WKH� VORSH� RI� WKH� VWUHVV�VWUDLQ� FXUYH� RU�
ILUVW�ORVV�RI�VWLIIQHVV� DQG�LQLWLDO�\LHOGLQJ��
WKH� SODWH� UHDFKHV� LWV� XOWLPDWH� VWUHQJWK��
$IWHUZDUGV�� WKH� ORDG�FDUU\LQJ� FDSDFLW\�
GHFUHDVHV� ZLWK� LQFUHDVLQJ� DSSOLHG�
DYHUDJH� VWUDLQ�� )LJ�� �� VKRZV� VKDSH� RI�
GHIOHFWLRQ� DQG� VSUHDG� RI� \LHOGLQJ� DW�
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1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

XOWLPDWH�VWUHQJWK�DQG�LQ�WKH�SRVW�XOWLPDWH�
UDQJH�

)LJ���� $YHUDJH�VWUHVV�DYHUDJH�VWUDLQ���
UHODWLRQVKLS�RI�D�VTXDUH�SODWH��

�����[����[�����PP��XQGHU�WKUXVW

�D� XOWLPDWH�VWUHQJWK�� <[ HH �  ����

�E� SRVW�XOWLPDWH� <[ HH �  ���

)LJ���� &ROODSVH�PRGH�RI�VTXDUH�SODWH�
�����[����[�����PP��XQGHU�WKUXVW

$W�XOWLPDWH�VWUHQJWK��WKH�GHIOHFWHG�VKDSH�
LV� VWLOO� YHU\� VLPLODU� WR� WKH� VLQXVRLGDO�
EXFNOLQJ� PRGH�� +RZHYHU�� WKH� FROODSVH�
WDNHV�SODFH�GXH�WR�WKH�VSUHDG�RI�\LHOGLQJ�

DORQJ� WKH� XQORDGHG� HGJHV�� 7KH� LQ� SODQH�
VWUDLQ� DVVRFLDWHG� ZLWK� WKLV� \LHOGLQJ�
VWUDLJKWHQV� WKH� VLQXVRLGDO� VKDSH� LQ� WKH�
GLUHFWLRQ� RI� DSSOLHG� ORDG�� %H\RQG�
XOWLPDWH� VWUHQJWK�� GHIOHFWLRQ� LQ� D� URRI�
PRGH�LV�FOHDUO\�REVHUYHG��
7KH�GHIOHFWHG�VKDSH�RI�D�VTXDUH SODWH�FDQ�
EH� H[SUHVVHG� RYHU� WKH� ZKROH� UDQJH� RI�
ORDGLQJ�DV

¦¦ 
L M

LM E
\M

D
[L$Z SS VLQVLQ ���

7KH� FRHIILFLHQWV� RI� WKLV� )RXULHU� VHULHV�
FKDQJH�ZLWK�WKH�VWDWH�RI�ORDGLQJ��)RU�WKH�
H[DPSOH� FRQVLGHUHG� KHUH�� WKH� KLJKHU�
RUGHU� FRHIILFLHQWV� GLYLGHG� E\� ��$ �WKH�
FRHIILFLHQW�FRUUHVSRQGLQJ�WR�WKH�EXFNOLQJ�
PRGH� DUH�VKRZQ�LQ�)LJ����GHSHQGLQJ�RQ�
WKH� DYHUDJH� DSSOLHG� VWUDLQ�
�QRQGLPHQVLRQDOL]HG�E\�\LHOG�VWUDLQ���$OO�
RWKHU�FRHIILFLHQWV�DUH�HLWKHU�]HUR�RU�YHU\�
VPDOO�� 'XULQJ� WKH� LQLWLDO� ORDGLQJ� VWDJHV��
DOO�KLJKHU�RUGHU� WHUPV�DUH�QHJOLJLEOH�� WKH�
SODWH� KDV� D� VLQXVRLGDO� VKDSH�� %H\RQG�
XOWLPDWH� VWUHQJWK�� ��$ FDXVHV� WKH�
VWUDLJKWHQLQJ� LQ� [�GLUHFWLRQ�� OHDGLQJ� WR�
WKH�URRI�PRGH��7KH�LQFUHDVH�LQ� ��$ WHQGV�
WR�SURGXFH�D�SODWHDX�LQ�\�GLUHFWLRQ��EXW�LQ�
JHQHUDO� WKH� GHIOHFWHG� VKDSH� VWD\V�
VLQXVRLGDO�LQ�\�GLUHFWLRQ� ��$ FDQ�EH�VHHQ�
DV�FRXSOLQJ�WHUP�RI�WKHVH�HIIHFWV��
7KH�FKDQJH�IURP�D�VLQXVRLGDO�VKDSH�WR�D�
URRI�PRGH�EH\RQG�XOWLPDWH� VWUHQJWK� LV�D�
FKDUDFWHULVWLF� SKHQRPHQRQ� IRU� D� ZLGH�
UDQJH�RI�WKLFNQHVV��2QO\�YHU\�WKLFN�SODWHV�
SUDFWLFDOO\� UHPDLQ� LQ� D� VLQXVRLGDO�PRGH��
DQG�H[WUHPHO\�WKLQ�SODWHV��ZKLFK�DUH�QRW�
FRQVLGHUHG� KHUH�� FROODSVH� GXH� WR�
VHFRQGDU\� EXFNOLQJ� LQ� D� KLJKHU� HLJHQ�
PRGH��)RU�DOO�RWKHU�SODWHV��LW�FDQ�EH�VDLG��
WKH� WKLQQHU� WKH� SODWH� LV�� WKH� PRUH�
HPSKDVL]HG� WKH� URRI�PRGH�EHFRPHV�DQG�
WKH�HDUOLHU�LW�VWDUWV�WR�GHYHORS��
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5HFWDQJXODU�3ODWH�XQGHU�/RQJLWXGLQDO�
7KUXVW

5HFWDQJXODU� SODWHV� LQ� DFWXDO� VKLSV�
KDYH� D� FRPSOH[� LQLWLDO� GHIOHFWLRQ� LQ� WKH�
VR�FDOOHG� KXQJU\�KRUVH� PRGH� >��@�� )LJ��
��� 7KLV� LQLWLDO� GHIOHFWLRQ� FDQ� EH�
H[SUHVVHG�DV

)LJ���� )RXULHU�FRHIILFLHQWV�RI�GHIOHFWLRQ�IRU�
VTXDUH�SODWH������[����[�����PP��GHSHQGLQJ�

RQ�DYHUDJH�VWUDLQ

)LJ���� +XQJU\�KRUVH�PRGH�LQLWLDO�GHIOHFWLRQ�>��@

¦ 
L

L E
\

D
[L$Z SS VLQVLQ�� �������

:KHUH� WKH� YDOXHV� RI� WKH� FRHIILFLHQWV� LQ�
PP�� DUH� JLYHQ� LQ� 7DEOH� �� IRU� WKH� SODWH�
SDQHO� FRQVLGHUHG� KHUH� >��@�� 7KLV� LQLWLDO�
GHIOHFWLRQ�LV�GLUHFWO\�DSSOLHG�WR�WKH�)($�
PRGHO��
$� UHFWDQJXODU� SODWH� XQGHU� ORQJLWXGLQDO�
WKUXVW� EXFNOHV� LQWR� VHYHUDO� KDOI� ZDYHV��
)LJXUH� �� VKRZV� D� UHFWDQJXODU� SODWH
�����[���[��� PP� ZKLFK� KDV�
XQGHUJRQH� HODVWLF� EXFNOLQJ� LQ� WKUHH� KDOI�

ZDYHV��7KH�VLQXVRLGDO�EXFNOLQJ�PRGH� LV�
VWLOO�SUHVHQW�DW�XOWLPDWH�VWUHQJWK��EXW�GXH�
WR� WKH� QRQXQLIRUP� LQLWLDO� GHIOHFWLRQ� RI�
KXQJU\�KRUVH�PRGH��WKH�GHIOHFWLRQ�LV�QRW�
WKH� VDPH� LQ� GLIIHUHQW� KDOI�ZDYHV�� 7KHVH�
GLIIHUHQFHV� LQ� WKH� GHIOHFWLRQ� FRUUHVSRQG�
WR�GLIIHUHQW�H[WHQWV�RI�\LHOGLQJ��2QH�KDOI�
ZDYH� UHDFKHV� LWV� XOWLPDWH� VWUHQJWK� ILUVW��
7KLV�KDOI�ZDYH�FROODSVHV�ZKHUHDV�WKH�UHVW�
RI� WKH� SODWH� XQORDGV�� WKH� SODVWLF�
GHIRUPDWLRQ�LV�ORFDOL]HG�EH\RQG�XOWLPDWH�
VWUHQJWK��
7KH� FROODSVLQJ� KDOI� ZDYH� RI� WKH�
UHFWDQJXODU� SODWH� EDVLFDOO\� VKRZV� WKH�
VDPH� EHKDYLRXU� DV� DQ� HTXLYDOHQW� VTXDUH�
SODWH��7KH�GHIOHFWLRQ�PRGH�FKDQJHV�IURP�
D�VLQXVRLGDO�VKDSH�WR�D�URRI�PRGH�

�D� XOWLPDWH�VWUHQJWK�� <[ HH �  ����

�E� SRVW�XOWLPDWH�� <[ HH �  ���

)LJ���� &ROODSVH�PRGH�RI�UHFWDQJXODU�SODWH�
�����[���[���PP��XQGHU�ORQJLWXGLQDO�WKUXVW�

�KXQJU\��KRUVH�PRGH�LQLWLDO�GHIOHFWLRQ�
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-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

)LJ���� $YHUDJH�VWUHVV�DYHUDJH�VWUDLQ�
UHODWLRQVKLS�RI�D�UHFWDQJXODU�SODWH�

�����[���[���PP��XQGHU�ORQJLWXGLQDO�WKUXVW

$V� D� UHVXOW� RI� ORFDOL]DWLRQ�� WKH� GURS� RI�
ORDG�FDUU\LQJ� FDSDFLW\� LQ� WKH� DYHUDJH�
VWUHVV�DYHUDJH� VWUDLQ� FXUYH� LV� UDSLG�� )LJ��
���)RU�FRPSDULVRQ�� WKH� VWUHVV�VWUDLQ�SDWK�
RI� WKH� VDPH� SODWH�� EXW� VWDUWLQJ� IURP� D�
XQLIRUP� VLQXVRLGDO� LQLWLDO� GHIOHFWLRQ� LQ�
LWV� EXFNOLQJ� PRGH� LV� DOVR� VKRZQ�� 7KH�
LQLWLDO� GHIOHFWLRQ� RI� WKH� SODWH� LQ� VXFK� D�
FDVH�LV�H[SUHVVHG�DV

E
\

D
[$Z SS VLQ�VLQ���  ���

,Q�ZKLFK� WKH� YDOXH RI� ��$ LV� WDNHQ� IURP�
7DEOH� ��� DQG� WKH� YDOXHV� RI�D DQG�E DUH�
UHVSHFWLYHO\� HTXDO� WR� ���� PP� DQG� ����
PP�
5HFWDQJXODU�3ODWH�XQGHU�7UDQVYHUVH�
7KUXVW

8QGHU�WUDQVYHUVH� WKUXVW��D� UHFWDQJXODU�
SODWH�EXFNOHV� LQ� RQH� ELJ� KDOI�ZDYH�� DQG�
WKH�WUDQVYHUVH�EXFNOLQJ�VWUHQJWK�LV�ORZHU�
WKDQ� WKH� ORQJLWXGLQDO� RQH�� 7KH� VDPH�
UHFWDQJXODU� SODWH� DV� XQGHU� ORQJLWXGLQDO�
WKUXVW�LV�FRQVLGHUHG�KHUH��8QOLNH�WKH�FDVH�
RI� ORQJLWXGLQDO� WKUXVW�� WKH� VLQXVRLGDO�
IRUP� KDV� DOUHDG\� FKDQJHG� DW� XOWLPDWH�
VWUHQJWK��)LJ������7KH�PLGGOH�SDUW�RI� WKH�
SODWH� KDV� D� F\OLQGULFDO� VKDSH�� VLQXVRLGDO�
LQ�WUDQVYHUVH�GLUHFWLRQ��EXW�ORQJLWXGLQDOO\�
FRQVWDQW�� 7KH� HQG� SDUWV� FROODSVH� DV� KDOI�
RI� D� VTXDUH� SODWH� HDFK��%H\RQG� XOWLPDWH�
VWUHQJWK�� WKH� VKDSH� LV� VWUDLJKWHQHG� LQ�

ORDGLQJ�GLUHFWLRQ��DOVR�IRUPLQJ�D�NLQG�RI�
URRI�PRGH��
1HYHUWKHOHVV��WKH�PRVW�LPSRUWDQW�IHDWXUH�
RI�WKH�FROODSVH�XQGHU�WUDQVYHUVH�WKUXVW�LV�
WKDW�WKH�F\OLQGULFDO�PLGGOH�SDUW�LV�IRUPHG�
EHIRUH�UHDFKLQJ�XOWLPDWH�VWUHQJWK��)LJXUH�
��� VKRZV� D� W\SLFDO� DYHUDJH VWUHVV�
DYHUDJH� VWUDLQ� UHODWLRQVKLS� RI� WKH� SODWHV�
XQGHU� WUDQVYHUVH� WKUXVW�� 2QO\� SODWHV��
ZKLFK� DUH� VR� WKLFN� WKDW� WKH\� XQGHUJR�
SODVWLF� EXFNOLQJ� HYHQ� XQGHU� WUDQVYHUVH�
WKUXVW��VWDUW�IRUPLQJ�WKH�F\OLQGULFDO�VKDSH�
EH\RQG�XOWLPDWH�VWUHQJWK�

�D� XOWLPDWH�VWUHQJWK�� <\ HH �  ����

�E� SRVW�XOWLPDWH�� <\ HH �  ���

)LJ����� &ROODSVH�PRGH�RI�UHFWDQJXODU�SODWH�
�����[���[���PP��XQGHU�WUDQVYHUVH�WKUXVW
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)LJ����� $YHUDJH�VWUHVV�DYHUDJH�VWUDLQ�
UHODWLRQVKLS�RI�D�UHFWDQJXODU�SODWH�

�����[���[���PP��XQGHU�WUDQVYHUVH�WKUXVW

)LJ����� ,GHDOLVHG�SODWH�PRGHOV

,GHDOL]DWLRQ�RI�WKH�3ODWH�%HKDYLRXU
7KH� PRGHO� VKRZQ� LQ� )LJXUH� ��� PD\�

EH� UHJDUGHG� DV� DQ� LGHDOL]HG� PRGHO� WR�
VLPXODWH� UHFWDQJXODU� SODWH� EHKDYLRXUV�
XQGHU� WKH� DFWLRQ� RI� ORQJLWXGLQDO� RU
WUDQVYHUVH� WKUXVW�� 7KH� UHFWDQJXODU� SODWH�
XQGHU� ORQJLWXGLQDO� WKUXVW� LV� HTXDOO\�
GLYLGHG� E\� DV� PDQ\� VTXDUH� �RU� QHDUO\�
VTXDUH� HOHPHQWV� DV� WKH� QXPEHU� RI�
EXFNOLQJ� KDOI� ZDYHV�� Q �� ,Q� FDVH� RI�
WUDQVYHUVH�ORDGLQJ��WKH�PRGHO�FRQVLVWV�RI�
WZR� HQG SDUWV� DQG� D� PLGGOH� SDUW�� %RWK�
HQG�SDUWV�EHKDYH�DV�D�VTXDUH�SODWH��ZKLOH�

WKH� PLGGOH� SDUW� LV� FROODSVLQJ� LQ� D�
F\OLQGULFDO�PDQQHU�

&RQFOXVLRQV
7KH� FKDUDFWHULVWLFV� RI� WKH� FROODSVH�

EHKDYLRXU� RI� UHFWDQJXODU� SODWHV� XQGHU�
ORQJLWXGLQDO� DQG� WUDQVYHUVH� WKUXVW� KDYH�
EHHQ�SRLQWHG�RXW�ZLWK�HODVWRSODVWLF� ODUJH�
GHIOHFWLRQ� )(0� DQDO\VHV�� 7KH� PDLQ�
ILQGLQJV�FDQ�EH�VXPPDUL]HG�DV

�� 6TXDUH� SODWHV� XQGHU� XQLD[LDO�
WKUXVW�� FKDQJH� IURP� WKHLU�
VLQXVRLGDO� EXFNOLQJ� PRGH� WR� D�
URRI� PRGH� EH\RQG� XOWLPDWH�
VWUHQJWK��

�� 5HFWDQJXODU� SODWHV� XQGHU�
ORQJLWXGLQDO� WKUXVW� VKRZ�
ORFDOL]HG� SODVWLF� GHIRUPDWLRQ�
ZKHQ� FROODSVLQJ�� 7KH� FROODSVLQJ�
KDOI� ZDYH� EDVLFDOO\� EHKDYHV� OLNH�
D� VTXDUH� SODWH� EH\RQG� XOWLPDWH�
VWUHQJWK�

�� 8QGHU� WUDQVYHUVH� WKUXVW�� WKH�
FROODSVH� PRGH� RI� PRVW�
UHFWDQJXODU�SODWHV� LV� VLJQLILFDQWO\�
GLIIHUHQW� IURP� WKHLU� EXFNOLQJ�
PRGH�� (YHQ� EHIRUH� XOWLPDWH�
VWUHQJWK�� D� F\OLQGULFDO� VKDSH� LQ�
WKH�PLGGOH�RI�WKH�SODWH�GHYHORSV��

�� $Q� LGHDOL]HG� PRGHO� WR� VLPXODWH�
UHFWDQJXODU� SODWH� EHKDYLRXUV�
XQGHU� WKH� DFWLRQ� RI� ORQJLWXGLQDO�
RU� WUDQVYHUVH� WKUXVW� ZDV�
SURSRVHG�� 6XFK� D�PRGHO� LV� WR� EH�
XVHG� LQ� WKH� IRUPXODWLRQ� RI� SODWH�
HOHPHQWV� RI� WKH� VR�FDOOHG�
,GHDOLVHG�6WUXFWXUDO�8QLW�0HWKRG�
�,680� >��@ GHYHORSHG� IRU� WKH�
DQDO\VLV� RI� ODUJH� SODWHG�
VWUXFWXUHV�

7DEOH����&RHIILFLHQWV�RI�KXQJU\�KRUVH�PRGH�IRU�D�SODWH�SDQHO�RI�����[���[���PP�>PP@
��$ ��$ ��$ ��$ ��$ ��$ ��$ ��$ ��$ ���$ ���$

������ ������ ������ ������ ������ ������ ������� ������ ������� ������� �������
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-2851$/�RI�0$5,1(�(1*,1((5,1*
,UDQLDQ�$VVRFLDWLRQ�RI

1DYDO�$UFKLWHFWXUH�	�0DULQH�(QJLQHHULQJ

5HIHUHQFHV
>�@ )DXONQHU��'���$�5HYLHZ�RI�(IIHFWLYH�3ODWLQJ�IRU�8VH�LQ�WKH�$QDO\VLV�RI�6WLIIHQHG�3ODWLQJ�LQ�%HQGLQJ�

DQG�&RPSUHVVLRQ�-�6KLS�5HV���9RO�������������1R�����SS�������
>�@ <DR��7���)XMLNXER��0���<DQDJLKDUD��'���DQG�0XUDVH��7���3RVW�8OWLPDWH�6WUHQJWK�%HKDYLRXU�RI�/RQJ�

5HFWDQJXODU�3ODWH�6XEMHFWHG�WR�8QL�$[LDO�7KUXVW����WK�,QW�2IIVKRUH�DQG�3RODU�(QJ�&RQI��6WDYDQJHU��
��������SS����������

>�@ <DR� 7��� )XMLNXER��0�� DQG�1LH��&���%XFNOLQJ�3ODVWLF�%HKDYLRXU� RI� 3ODWHV� XQGHU� ,QSODQH�&\FOLF�
/RDGLQJ��(852'<1
�����������SS�����������

>�@ <DR��7���)XMLNXER��0��DQG�1LH��&���'HYHORSPHQW�RI�D�6LPSOH�'\QDPLFDO�0RGHO�WR�6LPXODWH�&ROODSVH�
%HKDYLRXU�RI�3ODWHV�ZLWK�:HOGLQJ�5HVLGXDO�6WUHVVHV�XQGHU�,Q�SODQH�/RDG��7UDQV��:HVW�-DSDQ�6RF��RI�
1DYDO�$UFK���1R�������������SS����������

>�@ -HQVHQ��-�-���HW�DO���5HSRUW�RI�&RPPLWWHH�,,,����8OWLPDWH�6WUHQJWK� 3URFHHGLQJV� RI� WKH� ��WK�
,QWHUQDWLRQDO�6KLS�DQG�2IIVKRUH�6WUXFWXUHV�&RQJUHVV��7URQGKHLP��1RUZD\���������SS����������

>�@ <DR��7���HW�DO���5HSRUW�RI�&RPPLWWHH�9,����8OWLPDWH�+XOO�*LUGHU�6WUHQJWK� 3URFHHGLQJV� RI� WKH�
��WK�,QWHUQDWLRQDO�6KLS�DQG�2IIVKRUH�6WUXFWXUHV�&RQJUHVV��1DJDVDNL��-DSDQ���������SS�����������

>�@ 7RL�� <�� <XJH�� .��� 1DJD\DPD�� 7��� DQG� 2EDWD�� .��� 1XPHULFDO� DQG� ([SHULPHQWDO� 6WXGLHV� RQ� WKH�
&UDVKZRUWKLQHVV�RI�6WUXFWXUDO�0HPEHUV��1DYDO�$UFK��DQG�2FHDQ�(QJ���9RO������������SS���������

>�@ <DPDGD�<���3ODVWLFLW\�DQG�9LVFR�(ODVWLFLW\��7RN\R��%DLIXNDQ���������SS���������
>�@ .DQRN�1XNXOFKDL��$�6LPSOH�DQG�(IILFLHQW�)LQLWH�(OHPHQW�)RU�*HQHUDO�6KHOO�$QDO\VLV�� ,QW� -�1XPHU�

0HWKRGV�(QJ��9RO�������������SS�����������
>��@)ODQDJRQ�� '�3��� %HO\WVFKNR�� $��� $� XQLIRUP� 6WUDLQ�+H[DKHGURQ� DQG�4XDGULODWHUDO�:LWK�2UWKRJRQDO�

+RXUJODVV�&RQWURO��,QW�-�1XPHU�0HWKRGV�(QJ��9RO������������ SS����������
>��@.KHGPDWL��0�5���8OWLPDWH�6WUHQJWK�RI�6KLS�+XOO�6WUXFWXUDO�0HPEHUV DQG� 6\VWHPV� &RQVLGHULQJ�

/RFDO�3UHVVXUH�(IIHFWV��'U�(QJ��7KHVLV��+LURVKLPD�8QLYHUVLW\���������
>��@9DUJKHVH�� %��� %XFNOLQJ�3ODVWLF� &ROODSVH� 6WUHQJWK� RI� 3ODWHV DQG� 6WLIIHQHG� 3ODWHV� 8QGHU� &RPELQHG�

ORDGV��'U�(QJ��7KHVLV��+LURVKLPD�8QLYHUVLW\����������
>��@8HGD�� <�� DQG�<DR�� 7��� 7KH� ,QIOXHQFH� RI� &RPSOH[� ,QLWLDO�'HIOHFWLRQ�0RGHV� RQ� WKH�%HKDYLRXU� DQG�

8OWLPDWH�6WUHQJWK�RI�5HFWDQJXODU�3ODWHV�LQ�&RPSUHVVLRQ��-��&RQVW��6WHHO�5HVHDUFK��9RO������������SS��
���������

>��@8HGD��<��DQG�5DVKHG��6�0�+���7KH�,GHDOL]HG�6WUXFWXUDO�8QLW�0HWKRG�DQG�,WV�$SSOLFDWLRQ�WR�'HHS�
*LUGHU�6WUXFWXUHV��&RPSXWHUV�DQG�6WUXFWXUHV��9RO����1R�������������SS����������
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