
3HULRGLF�VWUXFWXUH�IRUPDWLRQ�LQ�*D$VQHDU�VXUIDFH�OD\HU�E\�ODVHU�EHDP�ZLWK�GLIIUDFWLRQ�PRGXODWHG�LQWHQVLW\
'�0RVNDO��9�1DGWRFKL\��1�*RORGHQNR
6ORY\DQVN�6WDWH�3HGDJRJLFDO�8QLYHUVLW\�

���*HQ��%DW\XN�6W���������6ORY\DQVN��'RQHWVN�5HJ���8NUDLQH

5HFHLYHG�-XQH���������
7KH� PHWKRG� RI� JULGV� ZDV� XVHG� WR� FDOFXODWH� WKHUPRHODVWLF� VWUHVVHV� RQ� *D$V� VXUIDFH

FDXVHG� E\� D� QRQ�GHVWUXFWLYH� ODVHU� H[SRVXUH�ZLWK� GLIIUDFWLRQ� VSDWLDO� LQWHQVLW\�PRGXODWLRQ
IURP�D�VFUHHQ�ZLWK�D�UHFWDQJXODU�FXW�RXW��7KH�VWUXFWXUH�RI�LUUDGLDWHG�QHDU�VXUIDFH�OD\HUV
RI� VDPSOHV�ZDV� VWXGLHG� XVLQJ� RSWLFDO�PHWKRG��3HULRGLF� LQVXODU� VWUXFWXUHV� IRUPHG� GXH� WR
GLIIXVLYH�UHGLVWULEXWLRQ�RI�GHIHFWV�ZHUH�UHYHDOHG�XVLQJ�WKH�OHYHO�E\�OHYHO�FKHPLFDO�HWFKLQJ�
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7KH�JUHDW�LQWHUHVW�LQ�VWXG\�RI�QDQR�VL]HG
VWUXFWXUHV� >����@� VWLPXODWHV� WKH� HODERUDWLRQ
RI�SURPLVLQJ�PHWKRGV�IRU�FUHDWLRQ�RI�TXDQ�
WXP� SRLQWV� �43��� 7KH� ZD\V� DUH� NQRZQ� WR
REWDLQ� KRPRJHQHRXV� DUUD\V� RI� WKUHH�GLPHQ�
VLRQDO�43�ZLWK�FURVV�VHFWLRQDO�UHJXODULW\� LQ
WKH� ,Q$V±*D$V� V\VWHP�E\�PHDQV�RI�PROHFX�
ODU� EHDP� HSLWD[\� DQG� JDV�SKDVH� HSLWD[\
IURP� YDSRUV� RI� RUJDQRPHWDOOLF� FRPSRXQGV
>����@�� 7KH� 43� FUHDWLRQ� XVLQJ� WKH� VHOI�RU�
JDQL]DWLRQ�SKHQRPHQRQ�RQ�D�FU\VWDO�VXUIDFH
XQGHU� LUUDGLDWLRQ� E\� D� ODVHU� SXOVH� DSSHDUV
WR� EH� D�SURPLVLQJ� WHFKQLTXH� >����@�� ,Q� VXFK
WHFKQRORJ\�� WKH� SDUDPHWHUV� RI� JHQHUDWHG
VWUXFWXUHV� DUH� GHILQHG� E\� WKH� VXEVWUDWH
SURSHUWLHV�� WKHUHIRUH�� WKHUH� DUH� GLIILFXOWLHV
LQ� FRQWURO� RI� SHULRGLFLW\� DQG� VL]HV� RI� LQGL�
YLGXDO� VWUXFWXUH� HOHPHQWV��8VDJH� RI� GLIIHU�
HQW�WHFKQLTXHV�IRU�VSDWLDO�PRGXODWLRQ�RI�WKH
ODVHU� H[SRVXUH� VHWV� XQDPELJXRXVO\� WKH� HQ�
HUJ\�GLVWULEXWLRQ�RQ�WKH�VDPSOH�VXUIDFH�DQG
SURYLGHV�WKH�HIIHFWLYH�SHULRGLFLW\�FRQWURO�RI
FUHDWHG�VWUXFWXUHV�>�Ü��@�

,Q�WKLV�ZRUN��VWXGLHG�LV�D�QRQ�GHVWUXFWLYH
PHFKDQLVP� RI� SHULRGLF� GHIHFWLYH� VWUXFWXUHV
IRUPDWLRQ�E\�D�ODVHU�UDGLDWLRQ�ZLWK�GLIIUDF�
WLRQ�PRGXODWHG� LQWHQVLW\�� 6XFK� LUUDGLDWLRQ
FUHDWHV� ODWHUDOO\�SHULRGLF� JUDGLHQWV� RI� WKHU�
PRHODVWLF� VWUHVVHV� LQ� WKH� FU\VWDO� QHDU�VXU�
IDFH� OD\HU�� 7KHVH� VWUHVVHV� FDXVH� GLIIXVLYH
UHGLVWULEXWLRQ�DQG�JURXSLQJ�RI�SRLQW�GHIHFWV
>��@�� 7KH� ILHOG� RI� WKHUPRHODVWLF� VWUHVVHV� LV
FDOFXODWHG� E\� FRPSXWHU� VLPXODWLRQ� RI� GLI�
IUDFWHG� ODVHU� UDGLDWLRQ� DEVRUSWLRQ� E\� WKH
FU\VWDO� VXUIDFH��7KH� LQWHQVLW\� IDFWRU� RI� WKH
GLIIUDFWLRQ� SLFWXUH� DW� WKH� HGJH� RI� D� KDOI�
SODQH�>��@�LV�
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ZKHUH� SDUDPHWHU� Q� ��[����e��OE�����e���� O�� WKH
RSWLFDO� UDGLDWLRQ� ZDYHOHQJWK�� E�� KHLJKW� RI
WKH�KDOI�SODQH�HGJH�DERYH�WKH�LUUDGLDWHG�VXU�
IDFH��7KH�)UHVQHO�LQWHJUDOV�ORRN�DV�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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+HUH��GX�LV�QRUPDOL]HG�DPSOLWXGH�RI�WKH�HOH�
PHQWDU\� YHFWRU� RI� WKH� OLJKW� ZDYH� HOHFWULF
ILHOG�VWUHQJWK��WKH�LQWHJUDQGV�DUH�LWV�SURMHF�
WLRQV��7KH�LQWHQVLW\�IDFWRU�RI�WKH�GLIIUDFWLRQ
SLFWXUH� DW� WKH� HGJH� RI� D� VFUHHQ� SDUDOOHO� WR
WKH�VHPLFRQGXFWRU�VXUIDFH�DQG�KDYLQJ�D�UHF�
WDQJXODU�FXW�RXW�LV�FDOFXODWHG�DV�SURGXFW�RI
LQWHQVLW\� IDFWRUV� IURP� WZR�RUWKRJRQDO�KDOI�
SODQHV�IRUPLQJ�WKH�VFUHHQ��)LJ�����LQVHW��

N� �N[�[����N\�\�� ���
7KH� OLJKW� LQWHQVLW\� JUDGLHQW� ZLOO� KDYH

PD[LPXP� YDOXHV� DORQJ� WKH� ELVHFWRU� RI� WKH
UHFWDQJXODU�FXW�RXW��)LJ�����

7KHUPRHODVWLF� ILHOGV� DULVH� LQ� WKH� QHDU�
VXUIDFH� VHPLFRQGXFWRU� OD\HU�GXH� WR� WKH�GLI�
IUDFWLRQ�PRGXODWHG� LUUDGLDWLRQ�� 7KH�PHWKRG
RI� JULGV� ZDV� XVHG� WR� VROYH� QXPHULFDOO\� WKH
VHFRQG�RUGHU�GLIIHUHQWLDO�HTXDWLRQ�>��@�
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ZKHUH�F�LV�VSHFLILF�KHDW��U��GHQVLW\�RI�PDWH�
ULDO��7�� WHPSHUDWXUH�� W�� WLPH�� ]�� FRRUGLQDWH
LQ� WKH� GLUHFWLRQ� QRUPDO� WR� WKH� VXUIDFH�� N�
KHDW� FRQGXFWLYLW\�� J�� KHDW� SRZHU� JHQHUDWHG
LQ�D�XQLW�YROXPH�RI�PDWHULDO�GXH�WR�DEVRUS�
WLRQ�RI�WKH�ODVHU�UDGLDWLRQ��,Q�D�WKLQ�VXUIDFH
OD\HU�RI�GHSWK�K��WKH�KHDW�SRZHU�LV�J� �KT�D�
ZKHUH� T�� LV� WKH� SRZHU� RI� WKH� GLIIUDFWLRQ�
PRGXODWHG� LUUDGLDWLRQ� �)LJ������ D�� OLJKW� DE�
VRUSWLRQ� FRHIILFLHQW� RI� WKH� VXUIDFH�� $SSUR[L�
PDWLRQV� RI� H[SHULPHQWDO� GDWD� ZHUH� XVHG� WR
WDNH�LQWR�DFFRXQW�WKH�WHPSHUDWXUH�GHSHQGHQFH
RI�F��N�DQG�D��7KH�WHPSHUDWXUH�RI�WKH�VDPSOH
XQGHUVXUIDFH�ZDV�DVVXPHG�WR�EH�FRQVWDQW�

:KHQ� VROYLQJ� WKH� HTXDWLRQ� E\� WKH
PHWKRG� RI� JULGV�� ZH� KDYH� DUUDQJHG� WKH
QRGHV�RQ�WKH�FRRUGLQDWH�SODQH�]�W��DW�D�VWHS
K�DORQJ�WKH�D[LV�]�DQG�DW�D�VWHS�W�DORQJ�WKH
WLPH�D[LV�W��7KH�QRGHV�ZHUH�QXPEHUHG�VWDUW�
LQJ� IURP� WKH� ]HUR� RQH��ZKLFK� LQ� WKH� LQLWLDO
LQVWDQW�LV�SODFHG�RQ�WKH�VDPSOH�VXUIDFH��/HW
WKH� WHPSHUDWXUH� LQ� WKH� QRGH� ZLWK� FRRUGL�
QDWHV�]� �QK�DQG�W� �MW�EH�7QM ��7KH�GLIIHUHQ�
WLDO� HTXDWLRQ� LV� FKDQJHG� E\� D� GLIIHUHQFH
HTXDWLRQ�>��@
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7KH� ERXQGDU\� FRQGLWLRQ� RQ� WKH� VDPSOH
VXUIDFH�LV�WKH�KHDW�EDODQFH�HTXDWLRQ�IRU�WKH
ERXQGDU\� OD\HU� RI� GHSWK� K�� )RU� WKH� ERXQG�
DU\�ZKHUH� WKH� ODVHU� UDGLDWLRQ�ZLWK� D�SRZHU
GHQVLW\�:�LV�DEVRUEHG��ZH�KDYH
�7�M�����7�M �&�M UK� �:W���N�M W�7�M�����7�M����e�K������
7KHUH�LV�QR�KHDW�IORZ�WKURXJK�WKH�VDPSOH

XQGHUVXUIDFH��Q� �1���WKDW�LV�ZK\�WKH�HTXD�
WLRQ�RI�WKH�KHDW�EDODQFH�ORRNV�DV
�7�M�����7�M �&�M UK� �:W���N�M W�7�M�����7�M����e�K� ���
7KH�LQLWLDO�FRQGLWLRQ�VHWV�WKH�LQLWLDO�WHP�

SHUDWXUH�GLVWULEXWLRQ�RYHU�WKH�VDPSOH�GHSWK
7�[���� �7�� �����.��:KHQ�WKH�VDPSOH�LV� LUUD�
GLDWHG�E\�D�ODVHU�SXOVH�RI�GXUDWLRQ�WS�DQG�ZKHQWKH�WKH�VDPSOH�WKLFNQHVV�+� �1K�!��NWS��FU������LW� LV�SRVVLEOH� WR� FRQVLGHU� WKH� VDPSOH�XQGHU�
VXUIDFH� WHPSHUDWXUH� GXULQJ� WKH� WLPH� WS� WREH� FRQVWDQW�� )RU� *D$V� VDPSOH� DQG� ODVHU
SXOVH� GXUDWLRQ� WS� ���PV��+�!�����PP��,QWKDW�FDVH��LW�LV�SRVVLEOH�WR�XVH�WKH�FRQGLWLRQ
71M��� �7���7KH�SRZHU�GHQVLW\�GLVWULEXWLRQ�LQ
WKH�ODVHU�EHDP�:� �:�FRV��SU�'��ZDV�FORVHWR�*DXVVLDQ�RQH��ZKHUH�:��LV�SRZHU�GHQVLW\LQ�WKH�ODVHU�VSRW�FHQWHU��'��WKH�VSRW�GLDPH�
WHU��U��GLVWDQFH�IURP�WKH�VSRW�FHQWHU�

7KH� GLVWULEXWLRQ�RI� WKH� VXUIDFH� WHPSHUD�
WXUH�PD[LPXP�DORQJ�WKH�ELVHFWRU�RI�WKH�UHF�
WDQJXODU� FXW�RXW� IRU� WKH�*D$V� VDPSOH� VXE�
MHFWHG� WR� D� UXE\� ODVHU� SXOVH� RI� ��PV� GXUD�
WLRQ�DQG�HQHUJ\�GHQVLW\����-�FP�� LV� VKRZQ
LQ� )LJ����� ,Q� WKH� DUHD� RI� LQWHUHVW�� DSDUW

)LJ�����5HODWLYH� OLJKW� LQWHQVLW\�DV�D� IXQFWLRQ
RI� WKH� GLVWDQFH� IURP� WKH� HGJH� RI� WKH� VFUHHQ
SURMHFWLRQ�DORQJ�WKH�ELVHFWRU�RI�WKH�UHFWDQJX�
ODU�FXW�RXW��,QVHW��VFKHPH�RI�LUUDGLDWLRQ�

'�0RVNDO�HW�DO����3HULRGLF�VWUXFWXUH�IRUPDWLRQ����

)XQFWLRQDO�PDWHULDOV������������� ���



���PP� IURP� WKH� YHUWH[� RI� WKH� UHFWDQJXODU
FXW�RXW�DORQJ�LWV�ELVHFWRU��WKH�PD[LPXP�HQ�
HUJ\� GHQVLW\� YDULHG� GXH� WR� GLIIUDFWLRQ
PRGXODWLRQ� ZLWKLQ� OLPLWV� IURP� ����� -�FP�
XS�WR������-�FP���7KH�VDPSOH�VXUIDFH�OD\HU
KHDWHG�E\�WKH�ODVHU�SXOVH�OLHV�RQ�D�FROG�VXE�
VXUIDFH� OD\HU�� ZKLFK� KLQGHUV� WKH� KHDW� H[�
SDQVLRQ�RI�WKH�VXUIDFH�OD\HU��7KXV��WKH�VXU�
IDFH� OD\HU� LV� VXEMHFWHG� WR� D� FRPSUHVVLYH
VWUDLQ�� $� WKHUPRHODVWLF� VWUHVV� V� �(E�7�Ü
7��� DULVHV� LQ� WKH� VXUIDFH� OD\HU��ZKHUH�(� LVPRGXOXV�RI�HODVWLFLW\��E�� OLQHDU�WKHUPDO�H[�
SDQVLRQ� FRHIILFLHQW�� 7R� WKH� PD[LPXP� WHP�
SHUDWXUH�� WKH�PD[LPXP� VWUHVV� FRUUHVSRQGV�
WR�WKH�PLQLPXP�WHPSHUDWXUH��WKH�PLQLPXP
RQH��7KH�VXUIDFH�GLVWULEXWLRQ�RI�WKHUPRHODV�
WLF� VWUHVVHV� UHSHDWV� WKH� WHPSHUDWXUH� GLVWUL�
EXWLRQ�� 7KH� PLQLPXP� VWUHVV� LV� HTXDO� WR
���� 03D� DQG� WKH� PD[LPXP� RQH�� WR
���� 03D�� 7KH� SHULRG� RI� WKH� WKHUPRHODVWLF
VWUHVV�JUDGLHQW�GLVWULEXWLRQ�DORQJ�WKH�ELVHF�
WRU� RI� WKH� UHFWDQJXODU� FXW�RXW� LQ� DUHD� UH�
PRWH� IURP�WKH�VFUHHQ�HGJH� �)LJ����� LV�HTXDO
WR�WKDW�RI�WKH�VXUIDFH�WHPSHUDWXUH�GLVWULEX�
WLRQ� �)LJ������ 7KH� GLVWULEXWLRQ� RI� WKH� WKHU�
PRHODVWLF� VWUHVV� JUDGLHQW� LQ� WKH� VXUIDFH
OD\HU�SODQH�LV�VKRZQ�LQ�)LJ����

6DPSOHV� RI� *D$V� VLQJOH�FU\VWDO�� WUDGH�
PDUN�$*&K7�����D����ZLWK�WKH��������������
DQG� ������ SODQHV� SUHSDUHG� E\� FKHPLFDO� SRO�
LVKLQJ� ZHUH� VWXGLHG� LQ� H[SHULPHQW�� 7KH
VDPSOHV� ZHUH� LUUDGLDWHG� E\� D� UXE\� ODVHU
�O� �������PP��ZRUNLQJ�LQ�WKH�IUHH�JHQHUD�
WLRQ� PRGH� �W� ��� PV��� 7KH� SXOVH� HQHUJ\
d����P-��WKH�ODVHU�VSRW�GLDPHWHU�ZDV�DERXW
����PP��7KH�GLIIUDFWLRQ�VSDWLDO�PRGXODWLRQ
ZDV� SURYLGHG� E\� D� VFUHHQ� ZLWK� UHFWDQJXODU
FXW�RXW��7KH�VFUHHQ�ZDV�SODFHG�RQ� WKH�VDP�
SOH� VXUIDFH� LQ� HGJH� DUHD� RI� WKH� ODVHU� VSRW�
ZKHUH�WKH�LQWHQVLW\�LV�LQVXIILFLHQW�IRU�PHOW�
LQJ�DQG�FUDFNLQJ��7KH�YDOXH�RI�HQHUJ\�GHQVLW\

LQ� WKLV� DUHD� ��� -�FP��ZDV�XWLOL]HG�IRU� FRP�
SXWHU�VLPXODWLRQ�RI�WKH�SURFHVV��7KH� LUUDGLD�
WLRQ�VFKHPH�LV�VKRZQ�LQ�WKH�LQVHW�WR�)LJ����

7R� DFKLHYH� PD[LPXP� VKHDU� VWUHVVHV�� DQ
RXW�RI�IRFXV� ODVHU� EHDP� ZDV� XVHG� >��@�� 1R
FKDQJHV� RI� WKH� VDPSOH� VXUIDFH� UHOLHI� ZHUH
QRWLFHG�E\�RSWLFDO�PHWKRGV�LQ�WKH�]RQH�LUUD�
GLDWHG� ZLWK� GLIIUDFWLRQ� LQWHQVLW\� PRGXOD�
WLRQ��$IWHU� VXEVHTXHQW� OHYHO�E\�OHYHO�PHWDO�
ORJUDSKLF�HWFKLQJ�LQ�$%�VROXWLRQ�>��@��D�SH�
ULRGLF� VWUXFWXUH� �)LJ����� FKDUDFWHULVWLF� RI
WKLV� NLQG� RI� GLIIUDFWLRQ� ZDV� UHYHDOHG�� 7KH
SHULRG�RI�WKLV�VWUXFWXUH�FRLQFLGHV�ZLWK�WKHR�
UHWLFDOO\� FDOFXODWHG� RQH� �)LJ����� DQG� DW� WKH
GLVWDQFH� DERXW� ��� PP�� LW� LV� HTXDO� WR� WKH
LUUDGLDWLRQ� ZDYHOHQJWK�� $� VLPLODU� SHULRGLF
UHOLHI� IURP� WKH� GLIIUDFWLRQ�PRGXODWHG� ODVHU
EHDP� ZDV� REVHUYHG� EHIRUH� >������@�� EXW� LQ
WKRVH�H[SHULPHQWV��WKH�VXUIDFH�EHFDPH�GDP�
DJHG� GXH� WR� D� ORFDO�PHOWLQJ� LQ� WKH� GLIIUDF�
WLRQ�PD[LPD��,Q�RXU�H[SHULPHQWV��WKH�SRZHU
GHQVLW\� ZDV� LQVXIILFLHQW� IRU� PHOWLQJ�� 7KH
LQKRPRJHQHRXV� VWUHVV� GLVWULEXWLRQ� RQ� WKH
VXUIDFH� FUHDWHV� D� IORZ� RI� YDFDQFLHV� DORQJ
WKH�FRPSUHVVLYH�VWUHVV�JUDGLHQW�>��@��$�GLI�
IXVLYH� UHGLVWULEXWLRQ� RI� SRLQW� GHIHFWV� ZLWK
IRUPDWLRQ� RI� LQVXODU� VWUXFWXUH� RFFXUV� LQ� D

)LJ����� 'LVWULEXWLRQ� RI� WKH� VXUIDFH� WHPSHUD�
WXUH� DORQJ� WKH� ELVHFWRU� RI� WKH� UHFWDQJXODU
FXW�RXW�

)LJ����� 'LVWULEXWLRQ� RI� WKH� WKHUPRHODVWLF
VWUHVV�JUDGLHQW�DORQJ�WKH�ELVHFWRU�RI�WKH�UHF�
WDQJXODU�FXW�RXW�

)LJ����� 'LVWULEXWLRQ� RI� WKH� WKHUPRHODVWLF
VWUHVV�JUDGLHQW�LQ�WKH�VXUIDFH�OD\HU�SODQH�

'�0RVNDO�HW�DO����3HULRGLF�VWUXFWXUH�IRUPDWLRQ����

��� )XQFWLRQDO�PDWHULDOV�������������



QHDU�VXUIDFH� VHPLFRQGXFWRU� OD\HU�� ,Q� FRQ�
WUDVW�WR�WKH�SUHYLRXV�H[SHULPHQWV�>��@��VXFK
VXUIDFH� FKDQJHV� FDQQRW� EH� UHYHDOHG� LQ�RSWL�
FDO� H[DPLQDWLRQV� ZLWKRXW� VSHFLDO� FKHPLFDO
HWFKLQJ�� 7KH� DUHDV� ZKHUH� GHIHFW� FRQFHQWUD�
WLRQ� LV� KLJKHU� DUH� HWFKHG� IDVWHU� >��@�� $V� D
UHVXOW��D�SHULRGLF�VXUIDFH�UHOLHI�LQ�WKH�IRUP
RI�LVODQGV�ZLWK�GLDPHWHU�HTXDO�WR�KDOI�RI�WKH
UDGLDWLRQ� ZDYHOHQJWK� LV� UHYHDOHG� LQ� WKH
QHDU�VXUIDFH� OD\HU�� 7KH� VWUXFWXUH� UHPDLQV
VWDEOH� DW� ��� �&�� 1R� QRWLFHDEOH� FKDQJHV� RI
WKH�UHOLHI�ZHUH�IRXQG�DIWHU�RQH�\HDU�VWRULQJ
RI�WKH�LUUDGLDWHG�VDPSOHV�

,W�KDV�EHHQ�IRXQG�WKDW�GXH�WR�UHOD[DWLRQ
RI� WKHUPRHODVWLF� VWUHVVHV�� QR� SHULRGLF� UHOLHI
LV�IRUPHG�XQGHU�WKH� LQIOXHQFH�RI�KLJK�ODVHU
HQHUJ\� GHQVLWLHV� LQ� WKH� FUDFNLQJ� ]RQH�� 7KH
VLPLODU� SRLQW� VWUXFWXUHV� FDQ� EH� IRUPHG� E\
ODVHU� LUUDGLDWLRQ� WKURXJK� WHFKQRORJLFDO
PDVNV� XVHG� LQ� WKH� FKLS� PDQXIDFWXULQJ�� $
VKRUW�ZDYH�ODVHU�UDGLDWLRQ�PXVW�EH�XVHG�IRU
REWDLQLQJ�43� RI� VPDOOHU� VL]H�� 7KH�SURSRVHG
WHFKQLTXH�FDQ�EH�XVHG�IRU�FUHDWLRQ�RI�TXDQ�
WXP�GLPHQVLRQ�GHYLFH�VWUXFWXUHV��7KH�SRVVL�
EOH�UHGLVWULEXWLRQ�LQ�WKH�V\VWHP�RI�SRLQW�GH�
IHFWV� VWLPXODWHG� E\� WKH� UDGLDWLRQ� DQG� GH�
SHQGLQJ� IURP� WKH� TXDQWXP� HQHUJ\�� SRZHU
DQG� GXUDWLRQ� RI� LUUDGLDWLRQ�� FRQFHQWUDWLRQ
DQG�QDWXUH�RI�WKH�GRSLQJ�DJHQW�LQ�WKH�VLQJOH
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