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�$EVWUDFW±�7KH�EHDULQJ�FDSDFLW\�DQG�GHIRUPDWLRQ�EHKDYLRU�RI�JHRVWUXFWXUHV�DUH�KLJKO\�GHSHQGHQW�
RQ� WKH�PHFKDQLFDO� UHVSRQVH�RI� D� WKLQ� OD\HU�RI� VRLO� LQ� FRQWDFW�ZLWK� D� VWUXFWXUH� WKDW� LV� WHFKQLFDOO\�
FDOOHG�DQ�LQWHUIDFH��7KLV�SDSHU�SUHVHQWV�D�FRQVWLWXWLYH�PRGHO�IRU�WKH�PHFKDQLFDO�EHKDYLRU�RI�VDQG�
VWUXFWXUH� LQWHUIDFHV�� 7R� WKLV� JRDO�� WKH� FULWLFDO� VWDWH� FRPSDWLEOH� ERXQGLQJ� VXUIDFH� IUDPHZRUN� RI�
0DQ]DUL� 	� 'DIDOLDV� LV� PRGLILHG� WR� FDSWXUH� WKH� IXQGDPHQWDO� VWDWH� GHSHQGHQW� DVSHFWV� RI� VDQG�
VWUXFWXUH� LQWHUIDFH�EHKDYLRU��7KH�PRGHO�KDV� UHODWLYHO\� IHZ�SDUDPHWHUV�ZKLFK�KDYH�FOHDU�SK\VLFDO�
PHDQLQJV�� 7KH� PRGHO� SUHGLFWLRQV� DUH� FRPSDUHG� ZLWK� H[SHULPHQWDO� UHVXOWV� IRU� YDULRXV� LQWHUIDFH�
W\SHV�� QRUPDO� VWUHVV� OHYHOV�� DQG� VWLIIQHVV� ERXQGDU\� FRQGLWLRQV�� 8VLQJ� D� XQLTXH� VHW� RI� PRGHO�
SDUDPHWHUV�� LW� LV� VKRZQ� WKDW� WKH�PRGHO� LV�FDSDEOH�RI�SURYLGLQJ� UHDVRQDEOH�SUHGLFWLRQV� IRU� VWUHVV�
GLVSODFHPHQWV� DQG� QRUPDO� GLVSODFHPHQW�WDQJHQWLDO� GLVSODFHPHQW� EHKDYLRUV� RI� VDQG�VWUXFWXUH�
LQWHUIDFHV�������������.H\ZRUGV±�,QWHUIDFH��VDQG��VWDWH�SDUDPHWHU��FULWLFDO�VWDWH��FRQVWLWXWLYH�PRGHO��ERXQGLQJ�VXUIDFH��6$1,6$1'���

���,1752'8&7,21��
,Q� WKH� GHVLJQ� RI�PRVW� RI� HDUWK� VWUXFWXUHV� OLNH� SLOHV�� VKDOORZ� IRXQGDWLRQV�� UHWDLQLQJ� ZDOOV�� XQGHUJURXQG�
VWUXFWXUHV�� DQG� UHLQIRUFHG� VRLOV�� DQ� XQGHUVWDQGLQJ� RI� WKH� PHFKDQLVP� RI� LQWHUDFWLRQ� EHWZHHQ� VRLO� DQG�
VWUXFWXUH�LV�HVVHQWLDO��,Q�RWKHU�ZRUGV��WR�KDYH�D�VDIH�GHVLJQ��NQRZOHGJH�RQ�WKH�ORDG�GLVSODFHPHQW�EHKDYLRU�
DQG�WKH�XOWLPDWH�FDSDFLW\�WR�WUDQVIHU�ORDGV�IURP�RQH�PHGLXP�WR�WKH�RWKHU�RQH�LV�QHFHVVDU\��,Q�WKH�DERYH�
JHRVWUXFWXUHV�� D� YHU\� WKLQ� OD\HU� RI� VRLO� DGMDFHQW� WR� WKH� VWUXFWXUH� VXUIDFH�� WKH� VR�FDOOHG� VRLO�VWUXFWXUH�
LQWHUIDFH��SOD\V�WKH�PRVW�LPSRUWDQW�UROH��*HQHUDOO\��WKH�PHFKDQLFDO�UHVSRQVH�RI�D�VRLO�VWUXFWXUH�LQWHUIDFH�LV�
VLJQLILFDQWO\� LQIOXHQFHG� E\� VRLO� SURSHUWLHV� VXFK� DV� GHQVLW\�� JUDLQ� VL]H� GLVWULEXWLRQ�� PLQHUDORJ\�� DQG�
FUXVKDELOLW\�DV�ZHOO�DV�WKH�W\SH�RI�ORDGLQJ��WKH�ERXQGDU\�FRQGLWLRQ�RI�WKH�VWUXFWXUH�VWLIIQHVV��DQG�ILQDOO\��
WKH�UHODWLYH�VXUIDFH�URXJKQHVV�>���@���

&RQVWLWXWLYH�PRGHOLQJ�RI�LQWHUIDFH�EHKDYLRU�LV�D�UHODWLYHO\�D�QHZ�PDWWHU��,Q�WKH�OLWHUDWXUH��RQ�WKH�EDVLV�
RI� YDULRXV� DVVXPSWLRQV�� D� QXPEHU� RI� LQWHUIDFH� PRGHOV� KDYH� EHHQ� VXJJHVWHG�� &ORXJK� DQG� 'XQFDQ� >�@�
LQWURGXFHG�DQ�LQWHUIDFH�PRGHO�EDVHG�RQ�WKH�QRQ�OLQHDU�HODVWLFLW\�WKHRU\��%UDQGW�>�@�SURSRVHG�D�ULJLG�SODVWLF�
FRQVWLWXWLYH�PRGHO�IRU�VRLO�FRQFUHWH�LQWHUIDFH��:LWKLQ�WKH�HODVWRSODVWLFLW\�IUDPHZRUN��*KDERXVVL�HW�DO��>��@�
VXJJHVWHG�DQ�LQWHUIDFH�PRGHO�XVLQJ�D�FDS�\LHOG�VXUIDFH��$PRQJ�WKH�UHFHQW�ZRUNV�RI�WKLV�W\SH��*KLRQQD�DQG�
0RUWDUD�>�@�SURSRVHG�DQ�HODVWRSODVWLF�LQWHUIDFH�PRGHO�XVLQJ�D�QRQ�DVVRFLDWHG�IORZ�UXOH�WRJHWKHU�ZLWK�WZR�
&DP� &OD\� W\SH� FRQVWLWXWLYH� VXUIDFHV�� (PSOR\LQJ� WKH� GLVWXUEHG� VWDWH� FRQFHSW�� VHYHUDO� VRLO�VWUXFWXUH�
LQWHUIDFH�PRGHOV�KDYH�EHHQ� LQWURGXFHG� >������� DQG���@�� ,Q� WKH� IUDPHZRUNV�RI�JHQHUDOL]HG�SODVWLFLW\� DQG�
FULWLFDO�VWDWH�VRLO�PHFKDQLFV�� UHFHQWO\��/LX�HW�DO�� >��@�DQG�/LX�DQG�/LQJ�>��@�LQWURGXFHG�LQWHUIDFH�PRGHOV�
ZKLFK�DUH�FDSDEOH�RI�SUHGLFWLQJ� WKH�EHKDYLRU�XQGHU�YDULRXV�VWUHVV� OHYHOV�DQG�GHQVLWLHV��7KH� ODWWHU�PRGHO�
5HFHLYHG�E\�WKH�HGLWRUV�0DUFK����������$FFHSWHG�$SULO�����������
&RUUHVSRQGLQJ�DXWKRU�
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FRQVLGHUV� WKH� HIIHFW� RI� SDUWLFOH� EUHDNDJH� RQ� WKH� LQWHUIDFH� EHKDYLRU��0RUH� UHFHQWO\��0RUWDUD� HW� DO�� >��@�
VXJJHVWHG�DQ�DGYDQFHG�LQWHUIDFH�PRGHO�LQ�WKH�ERXQGLQJ�VXUIDFH�SODVWLFLW\�FRQWH[W�����

0DQ]DUL�DQG�'DIDOLDV�>��@�LQWURGXFHG�D�VWUHVV�UDWLR�EDVHG�ERXQGLQJ�VXUIDFH�SODVWLFLW\�PRGHO��WKH�VR�
FDOOHG�6$1,6$1'��6LPSOH�$1,VRWURSLF�6$1'��PRGHO��IRU�WKH�VWDWH�GHSHQGHQW�DVSHFWV�RI�VDQG�EHKDYLRU�
VXFK�DV�GLODWDQF\�DQG�SHDN�VKHDU�VWUHVV��8VLQJ�WKH�%HHQ�DQG�-HIIHULHV�>��@�VWDWH�SDUDPHWHU��WKH�FULWLFDO�VWDWH�
FRPSDWLEOH�PRGHO�RI�0DQ]DUL�DQG�'DIDOLDV� >��@� LV� FDSDEOH�RI�GLVWLQJXLVKLQLJ�GHQVH� VDPSOHV� IURP� ORRVH�
RQHV� DQG� SURYLGLQJ� UHDOLVWLF� SUHGLFWLRQV� IRU� VWUHVV�VWUDLQ�VWUHQJWK� EHKDYLRU� RI� VDQGV�� 6LQFH� LWV� ILUVW�
SURSRVDO��WKLV�IDPLO\�RI�VDQG�PRGHOV�KDV�EHHQ�ZLGHO\�GHYHORSHG�DQG�DSSOLHG�WR�YDULRXV�VXEMHFWV��$PRQJ�
WKHP��3DSDGLPLWULRX�DQG�%RXNRYDODV�>��@�DQG�'DIDOLDV�DQG�0DQ]DUL� >��@�FRQVLGHUHG�WKH�HIIHFW�RI�VWUHVV�
LQGXFHG�DQLVRWURS\�DQG�VLJQLILFDQWO\�LPSURYHG�WKH�FDSDELOLW\�RI�WKH�EDVLF�PRGHO�XQGHU�F\FOLF�ORDGLQJ��/L�
DQG�'DIDOLDV� >��@��'DIDOLDV� HW�DO�� >��@��DQG�/RXNLGLV�DQG�6DOJDGR� >��@�FRQVLGHUHG� WKH�HIIHFW�RI� LQKHUHQW�
DQLVRWURS\� RQ� VDQG� VWUHVV�VWUDLQ�VWUHQJWK� EHKDYLRU�� /DVKNDUL� DQG� /DWLIL� >��@� VXJJHVWHG� D� PRGLILHG�
6$1,6$1'�PRGHO�IRU�QRQ�FRD[LDO�IORZ�RI�VDQG�VXEMHFWHG�WR�URWDWLRQ�RI�SULQFLSDO�VWUHVV�D[HV��6DGUQHMDG�
>��@�LQWURGXFHG�D�6$1,6$1'�PXOWL�SODQH�PRGHO��/DVKNDUL�>��@�SURSRVHG�D�PRGLILHG�6$1,6$1'�PRGHO�
IRU� VDQG� OLTXHIDFWLRQ� XQGHU� URWDWLRQDO� VKHDU��7DLHEDW� DQG�'DIDOLDV� >��@�PRGLILHG� WKH� EDVLF� 6$1,6$1'�
PRGHO�LQ�RUGHU�WR�DFFRXQW�IRU�SDUWLFOH�FUXVKLQJ�XQGHU�KLJK�FRQILQLQJ�SUHVVXUHV��)LQDOO\��&KLX�DQG�1J�>��@�
SURSRVHG�D�6$1,6$1'�PRGHO�IRU�XQVDWXUDWHG�VDQGV��

7KLV� VWXG\� LQWURGXFHV� D� PRGLILHG� 6$1,6$1'� PRGHO� IRU� VRLO�VWUXFWXUH� LQWHUIDFHV�� WKH� VR�FDOOHG�
6$1,6$1'�VWUXFWXUH�LQWHUIDFH�PRGHO��ZKLFK�LV�EXLOW�XSRQ�WKH�UHFHQW�ZRUN�RI�0DQ]DUL�DQG�'DIDOLDV�>��@��
7KH�PRGHO�FDOLEUDWLRQ�PHWKRG�LV�GHVFULEHG�LQ�GHWDLO�DQG�WKH�PRGHO�VLPXODWLYH�FDSDFLW\�LV�SUHVHQWHG�YHUVXV�
WKH�H[SHULPHQWDO�UHVXOWV�RI����WHVWV�UHSRUWHG�E\�IRXU�LQGHSHQGHQW�UHVHDUFK�JURXSV��
�
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VQ DQG�W DUH� LQWURGXFHG�� UHVSHFWLYHO\�� DV� QRUPDO� DQG� WDQJHQWLDO� VWUHVVHV� DFWLQJ�RQ� WKH� LQWHUIDFH� HOHPHQW�
�)LJ������)RU�WKH�PHQWLRQHG�FRQILJXUDWLRQ��WKH�VWDWH�RI�VWUHVV�LV�LOOXVWUDWHG�E\�WKH�IROORZLQJ�YHFWRU����
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,Q�DERYH�HTXDWLRQ��VWUDLQ�UDWH�YHFWRU�LV�GHFRPSRVHG�LQWR�HODVWLF�DQG�SODVWLF�SDUWV��UHVSHFWLYHO\�LQGLFDWHG�E\�
VXSHUVFULSWV�³H´�DQG�³S´��
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ZKHUH�.Q DQG�.W DUH�QRUPDO�DQG�WDQJHQWLDO�VWLIIQHVV�PRGXOL�ZKLFK�PXVW�EH�VWUHVV�GHSHQGHQW��,Q�DQDORJXHV�
WR�+DUGLQ�DQG�%ODFN�>��@�DQG�%LDUH]�DQG�+LFKHU�>��@��LW�LV�VXJJHVWHG�WKDW����
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ZKHUH�.Q�� DQG�.W�� DUH�PDWHULDO�SDUDPHWHUV�DQG�SDWP� LV�D� UHIHUHQFH�SUHVVXUH�ZKLFK�KHUHLQ� LV� WDNHQ�DV� WKH�
DWPRVSKHULF�SUHVVXUH��L�H�������N3D�����
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,Q� DERYH� HTXDWLRQ�� ^ `5 LV� D� YHFWRU�ZKLFK� GHILQHV� WKH� SODVWLF� VWUDLQ� UDWH� GLUHFWLRQ� DQG�/� WKH� VR�FDOOHG�
ORDGLQJ�LQGH[��LV�D�VFDODU�YDOXHG�SDUDPHWHU�ZKLFK�JLYHV�WKH�LQVWDQWDQHRXV�PDJQLWXGH�RI�SODVWLF�VWUDLQ�UDWH�
YHFWRU��7KH�ORDGLQJ�LQGH[�LV�REWDLQHG�IURP���� ^ ` ^ `
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ZKHUH� ^ `Q ww �I � LV� WKH� QRUPDO� YHFWRU� WR� WKH� \LHOG� VXUIDFH�ZKLFK�GHILQHV� WKH� GLUHFWLRQ�RI� ORDGLQJ� LQ�
VWUHVV�VSDFH��DQG��.S LV�SODVWLF�KDUGHQLQJ�PRGXOXV��6SHFLDO�GHILQLWLRQV�RI�WKH�PRGHO�RI�WKLV�VWXG\�IRU�WKHVH�
WHUPV� DUH� SUHVHQWHG� LQ� VHFWLRQV� �� DQG� ��� &RQVLGHULQJ� (TV�� ����� ���� DQG� ����� WKH� IROORZLQJ� HTXDWLRQ� LV�
REWDLQHG�IRU�/�
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$W�WKLV�VWDJH��E\�FRQVLGHULQJ�(TV������������DQG�����WRJHWKHU�ZLWK�VRPH�RUGLQDU\�PDWKHPDWLFDO�RSHUDWLRQV�
DQG�UHDUUDQJHPHQW�RI�WHUPV��WKH�HODVWRSODVWLF�VWLIIQHVV�PDWUL[�EHFRPHV���

`^ > @ ^ ` > @ > @ > @ ^ `̂ ` > @^ ` > @ ^ `5'Q
'Q5''''
H7

S

H7H
HHSHS

.� ��  �� ����
�

9DULRXV�H[SHULPHQWDO�VWXGLHV�LQGLFDWHG�WKDW�WKH�LQWHUIDFH�WKLFNQHVV�LV�DERXW���WR���WLPHV�RI�WKH�PHDQ�
JUDLQ�GLDPHWHU�RI�VRLO�LQ�FRQWDFW�ZLWK�WKH�VWUXFWXUH��+HUHLQ��WKH�IROORZLQJ�HPSLULFDO�FRUUHODWLRQ�LV�DGRSWHG�
IRU�LQWHUIDFH�WKLFNQHVV�>������DQG��@����
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ZKHUH�G���LV�WKH�PHDQ�JUDLQ�GLDPHWHU�RI�VDQG��1RZ��E\�XVLQJ�(T�������GHIRUPDWLRQ�FRPSRQHQWV�ZLWKLQ�WKH�
LQWHUIDFH�]RQH�DUH�FDOFXODWHG�E\�>�����@���
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,Q�(T��������Y�DQG�X�DUH�UHVSHFWLYHO\�WKH�QRUPDO�DQG�WDQJHQWLDO�GLVSODFHPHQWV��
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<LHOG�VXUIDFH�GHVLJQDWHV�WKH�ERXQGDU\�RI�SXUH�HODVWLFLW\�� ,Q�WKH�W�VQ SODQH��WKH�\LHOG�VXUIDFH�LV�D�QDUURZ�
ZHGJH�VKDSHG� UHJLRQ� �)LJ�� ���� +HUHLQ�� WKH� \LHOG� VXUIDFH� LV� GHILQHG� E\� WKH� IROORZLQJ� PDWKHPDWLFDO�
H[SUHVVLRQ����

�PI  �D�K �����
�
,Q�(T�������� ��� QVW K LV�WKH�VWUHVV�UDWLR��DQG�D� WKH�VR�FDOOHG�EDFN�VWUHVV�UDWLR��LV�WKH�DQJOH�ZKLFK�WKH�
ELVHFWRU�RI�WKH�\LHOG�VXUIDFH�PDNHV�WKH�SRVLWLYH�GLUHFWLRQ�RI�WKH�VQ D[LV��)LJ������)RU�DQ�LVRWURSLF�LQWHUIDFH�
ZKLFK� SUHYLRXVO\� ZDV� QRW� VXEMHFWHG� WR� WDQJHQWLDO� VWUHVV�� D  ��� :KHQ� DQ� LQWHUIDFH� LV� VXEMHFWHG� WR�
PRQRWRQLF�WDQJHQWLDO�VWUHVV��D JUDGXDOO\�LQFUHDVHV�GXH�WR�WKH�NLQHPDWLF��URWDWLRQDO��KDUGHQLQJ�RI�WKH�\LHOG�
VXUIDFH��)LQDOO\��P��D�PRGHO�SDUDPHWHU��LQGLFDWHV�WKH�\LHOG�VXUIDFH�VL]H��8QOLNH�FRKHVLYH�VRLOV��LQ�JUDQXODU�
PHGLD�� WKH�VL]H�RI� WKH�\LHOG� VXUIDFH� LV�TXLWH� VPDOO��)RU�SUDFWLFDO�SXUSRVHV�� 0����P  LV� D� UHDVRQDEOH�
DVVXPSWLRQ�>��@��ZKHUH�0�LV�WKH�VORSH�RI�WKH�FULWLFDO�VWDWH�OLQH�PHDVXUHG�LQ�W�VQ SODQH��)LJ��������

)LJ�����6FKHPDWLF�YLHZ�RI�WKH�\LHOG��ERXQGLQJ��FULWLFDO��DQG�GLODWDQF\��
VXUIDFHV�LQ�W�VQ SODQH��DIWHU�'DIDOLDV�DQG�0DQ]DUL�>��@���

:KHQ�WKH�VWUHVV�VWDWH�UHDFKHV� WKH�\LHOG�VXUIDFH�� WKH�PHFKDQLFDO�UHVSRQVH�EHFRPHV�D�FRPELQDWLRQ�RI�
HODVWLF� DQG�SODVWLF� GLVSODFHPHQWV��8QGHU� WKLV� FRQGLWLRQ�� WKH� QRUPDO� YHFWRU� WR� WKH� \LHOG� VXUIDFH� LV� LQ� WKH�
IROORZLQJ�IRUP���
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,Q� DERYH� HTXDWLRQV�� �V � ZKHQ� P�D W �L�H��� VKHDU� WDNHV� SODFH� WRZDUGV� WKH� FRPSUHVVLRQ� VLGH���
ZKHUHDV� �V � ZKHQ� P�D W �L�H���VKHDU�WDNHV�SODFH�WRZDUGV�WKH�H[WHQVLRQ�VLGH�����

,Q�JHQHUDO��WKH�DVVXPSWLRQ�RI�QRUPDOLW\�LV�QRW�YDOLG�IRU�JUDQXODU�PDWHULDOV��7KLV�PHDQV�WKDW�^5`�^Q`��
DQG�DV�D�UHVXOW��WKH�PRGHO�IORZ�UXOH�PXVW�EH�RI�QRQ�DVVRFLDWHG�W\SH��+HUHLQ��WKH�QRQ�DVVRFLDWHG�IORZ�UXOH�
RI�'DIDOLDV�DQG�0DQ]DUL�>��@�LV�DGRSWHG������
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,Q�(T��������WKH�WHUP�G�LV�WKH�GLODWDQF\�IXQFWLRQ�WKDW�LV�GHILQHG�LQ�VHFWLRQ����

8VLQJ�(TV�������DQG������WRJHWKHU�ZLWK�(TV������DQG������WKH�ORDGLQJ�LQGH[�DQG�HODVWRSODVWLF�VWLIIQHVV�
PDWUL[�EHFRPH���
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��
6LPLODU�WR�WKH�RWKHU�PHPEHUV�RI�WKH�6$1,6$1'�IDPLO\�� LQ�DGGLWLRQ�WR� WKH�\LHOG�VXUIDFH��WKH�PRGHO�KDV�
WKUHH�RWKHU�FRQVWLWXWLYH�VXUIDFHV��ERXQGLQJ�VXUIDFH��FULWLFDO�VWDWH�VXUIDFH��DQG�GLODWDQF\�VXUIDFH��)LJ������$V�
LPSOLHG�E\�LWV�QDPH��WKH�ERXQGLQJ�VXUIDFH�GHILQHV�D�ERXQGDU\�RQ�WKH�HYROXWLRQ�RI�VWUHVV�GXH�WR�NLQHPDWLF�
KDUGHQLQJ�DQG�DV�D�UHVXOW��FRUUHVSRQGV�WR�D�GRPDLQ�IRU�DOO�SHUPLVVLEOH�VWUHVV�VWDWHV��&ULWLFDO�VWDWH�VXUIDFH�
�GHILQHG�E\�W  0�VQ LQ�W�VQ SODQH��LV�WKH�WHUPLQDO�ORFL�RI�DOO�VDPSOHV�UHDFKLQJ�FULWLFDO�VWDWH��)LQDOO\��WKH�
GLODWDQF\�VXUIDFH�LV�D�UHIHUHQFH�VWDWH�ERXQGDU\�ZKLFK�GLFWDWHV�WKH�W\SH�DQG�PDJQLWXGH�RI�WKH�SODVWLF�YROXPH�
FKDQJH��$Q�LQWHUIDFH�LV�LQ�ORRVH�VWDWH�DQG�FRQWUDFWV�GXH�WR�VKHDULQJ�ZKHQ�WKH�FXUUHQW�VWUHVV�VWDWH�LV�LQVLGH�
WKH� GLODWDQF\� VXUIDFH��2Q� WKH� RWKHU� KDQG�� WKH�PHQWLRQHG� LQWHUIDFH� GLODWHV�ZKHQ� LWV� FRUUHVSRQGLQJ� VWUHVV�
VWDWH� LV� ORFDWHG� EH\RQG� WKH� GLODWDQF\� VXUIDFH�� 7KH� FULWLFDO� VWDWH� VXUIDFH� VL]H� UHPDLQV� XQFKDQJHG� GXULQJ�
VKHDULQJ��KRZHYHU��WKH�VL]HV�RI�ERXQGLQJ�DQG�GLODWDQF\�VXUIDFHV�DUH�GLUHFW�IXQFWLRQV�RI�WKH�LQWHUIDFH�VWDWH��
7KLV�LVVXH�LV�IXUWKHU�GLVFXVVHG�LQ�WKH�IROORZLQJ�VHFWLRQ���
�

�� 67$7(�'(3(1'(17�6$1'�6758&785(�,17(5)$&(�%(+$9,25��
5HJDUGLQJ� YROXPH� FKDQJH�� KDUGHQLQJ�� DQG� UHVLGXDO� VWUHQJWK�� H[SHULPHQWDO� LQYHVWLJDWLRQV� UHYHDOHG� WKH�
VLPLODULWLHV�EHWZHHQ�WKH�PHFKQLFDO�UHVSRQVHV�RI�WKH�VDQG�VWUXFWXUH�LQWHUIDFHV�DQG�SXUH�JUDQXODU�PHGLD�>���
�@��$V�D� FRQVHTXHQFH�� VRPH� UHVHDUFKHUV�VXJJHVW� WKDW� WKH�FRQFHSW�RI� FULWLFDO� VWDWH� VRLO�PHFKDQLFV�FDQ�EH�
H[WHQGHG�WR�WKH�VRLO�VWUXFWXUH�LQWHUIDFHV�>�����@��)URP�WKLV�YLHZSRLQW��IRU�DQ�LQWHUIDFH��WKH�FULWLFDO�VWDWH�FDQ�
EH� GHILQHG� DV� D� VWDWH� DW� ZKLFK� WKH� LQWHUIDFH� FRQWLQXHV� WDQJHQWLDO� GLVSODFHPHQW� DW� FRQVWDQW� DPRXQWV� RI�
QRUPDO�VWUHVV��WDQJHQWLDO�VWUHVV��DQG�QRUPDO�GHIRUPDWLRQ��

,Q� WKLV�PRGHO��GLODWDQF\��G��DQG�SODVWLF�KDUGHQLQJ�PRGXOXV��.S� DUH�GLUHFW� IXQFWLRQV�RI� WKH� LQWHUIDFH�
VWDWH��
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ZKHUH� $� DQG� K� DUH� PRGHO� SDUDPHWHUV�� DLQ� LV� WKH� LQVWDQWDQHRXV� DPRXQW� RI� D ZKHQ� WKH� PRVW� UHFHQW�
WDQJHQWLDO�ORDGLQJ�VWDUWV��DE DQG�DG DUH�EDFN�VWUHVV�UDWLRV�DVVRFLDWHG�ZLWK�ERXQGLQJ�DQG�GLODWDQF\�VXUIDFHV��
UHVSHFWLYHO\���
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,Q� (T�� ������ 0E DQG� 0G LQGLFDWH� UHVSHFWLYHO\� WKH� VL]HV� RI� ERXQGLQJ� DQG� GLODWDQF\� VXUIDFHV� �)LJ�� ����
$FFRUGLQJ�WR�'DIDOLDV�DQG�0DQ]DUL�>��@��0E DQG�0G DUH�UHODWHG�WR�WKH�LQWHUIDFH�VWDWH�WKURXJK���
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ZKHUH� QE DQG� QG DUH� PRGHO� SDUDPHWHUV�� DQG� FHH � \ LV� WKH� PRGLILHG� VWDWH� SDUDPHWHU� RI� %HHQ� DQG�
-HIIHULHV�>��@��,Q�WKH�GHILQLWLRQ�RI�D�VWDWH�SDUDPHWHU��H�DQG�HF DUH�WKH�FXUUHQW�DQG�FULWLFDO�VWDWH�YRLG�UDWLRV��
7KH�ORFDWLRQ�RI�WKH�FULWLFDO�VWDWH�OLQH�LQ�WKH�H�VQ SODQH�LV�GHILQHG�E\��� �S�OQ�HH DWPQ�F VO� �����
�
ZKHUH�H� DQG�O DUH�PRGHO�SDUDPHWHUV�� H� LV� WKH�YDOXH�RI� WKH� FULWLFDO�YRLG� UDWLR� DW� UHIHUHQFH�DWPRVSKHULF�
SUHVVXUH��'HILQLWLRQ�RI�WKH�PRGLILHG�\ LV�GHPRQVWUDWHG�LQ�)LJ������
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��

)LJ�����'HILQLWLRQ�RI�VWDWH�SDUDPHWHU�IRU�VDQG�VWUXFWXUH�LQWHUIDFHV�
�

���7+(�02'(/�&$/,%5$7,21��
$ WRWDO� RI� QLQH� SDUDPHWHUV� DUH� UHTXLUHG� WR� EH� GHWHUPLQHG� IRU� FRPSOHWH� FDOLEUDWLRQ� RI� WKH� 6$1,6$1'�
VWUXFWXUH� LQWHUIDFH�PRGHO��'LYLGHG� LQWR� ILYH� FDWHJRULHV�� DV� OLVWHG� LQ� WKH� IROORZLQJ�� DOO�PRGHO� SDUDPHWHUV�
KDYH� FOHDU� SK\VLFDO� PHDQLQJV� DQG� D� V\VWHPDWLF� VWUDLJKWIRUZDUG� FDOLEUDWLRQ� PHWKRG� H[LVWV� IRU� HDFK�� 7R�
GHWHUPLQH�WKH�PRGHO�SDUDPHWHUV��WKH�IROORZLQJ�SURFHGXUHV�DUH�UHFRPPHQGHG���
D��(ODVWLF�SDUDPHWHUV��

.W�� DQG�.Q�� DUH� UHODWHG� WR� WKH� HODVWLF� SRUWLRQ� RI� EHKDYLRU�� .W�� FDQ� EH� FDOLEUDWHG� E\� FRQVWUXFWLQJ� D�
WDQJHQW�OLQH�WR�WKH�YHU\�EHJLQQLQJ�SDUWV�RI�VKHDU�VWUHVV�YHUVXV�WDQJHQWLDO�GLVSODFHPHQW�FXUYHV�LQ�FRQVWDQW�
QRUPDO�VWUHVV�WHVWV��,Q�WKH�VDPH�PDQQHU��.Q��FDQ�EH�GHWHUPLQHG�E\�WDQJHQW�WR�WKH�YHU\�EHJLQQLQJ�SDUWV�RI�
QRUPDO�VWUHVV�YHUVXV�QRUPDO�GHIRUPDWLRQ�FXUYHV�LQ�SXUH�FRPSUHVVLRQ�WHVWV��7KXV��ZLWK�UHVSHFW�WR�(TV�������
�����DQG�������.W��DQG�.Q��FDQ�EH�FDOFXODWHG�E\���
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�+HUHDIWHU��G LQGLFDWHV�WKH�LQFUHPHQW�RI�WKH�UHODWHG�SDUDPHWHU����E��&ULWLFDO�VWDWH�OLQH�SDUDPHWHUV��
0�� H� DQG�O ZHUH� LQWURGXFHG� WR�GHILQH� WKH� ORFDWLRQ�RI� WKH� FULWLFDO� VWDWH� OLQH�� )RU� D� QXPEHU� RI� WHVWV�

UHDFKLQJ�FULWLFDO�VWDWH��0�LV�WKH�VORSH�RI�WKH�EHVW�ILWWHG�OLQH�FURVVLQJ�WKH�RULJLQ�LQ�WKH�W�VQ SODQH��,Q�WKH�H�VQ

SODQH��RQH�FDQ�XVH�WKH�VDPH�RUGLQDU\�VWDWLVWLFDO�SURFHGXUH�WR�GHWHUPLQH�H� DQG�O� 7R�WKLV�DLP��FULWLFDO�YRLG�
UDWLRV�PXVW�EH�SORWWHG�DJDLQVW�OQ�VQ�� SDWP���2QFH�WKH�EHVW�ILWWHG�OLQH�LV�GUDZQ��H� DQG�O DUH�WKH�LQWHUFHSW�ZLWK�
WKH�H�D[LV�DQG�WKH�VORSH�RI�WKH�EHVW�ILWWHG�OLQH��UHVSHFWLYHO\����
F��3DUDPHWHUV�RI�VWDWH�GHSHQGHQF\��

7KH� VL]HV� RI� ERXQGLQJ� DQG� GLODWDQF\� VXUIDFHV� DUH� GLUHFW� IXQFWLRQV� RI� WKH� LQWHUIDFH� VWDWH�� 6LPLODU� WR�
'DIDOLDV�DQG�0DQ]DUL�>��@��QE DQG�QG DUH�FDWHJRUL]HG�DV�WKH�SDUDPHWHUV�RI�WKH�VDQG�VWUXFWXUH�LQWHUIDFH�VWDWH��
)ROORZLQJ� WKH� VDPH� SDWK� DV� WKDW� IROORZHG� LQ� WKH� ODVW� VXE�VHFWLRQ� OHDGV� WR� WKH� FDOFXODWLRQ� RI� QE DQG� QG�
&RQVLGHULQJ�(TV��������RQH�KDV����
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+HQFH��QG LV�WKH�VORSH�RI�WKH�EHVW�ILWWHG�OLQH�SORWWHG�XVLQJ�GDWD�RI�OQ�0G�0��YHUVXV�\� 7KH�VDPH�PHWKRG�
XVLQJ�WKH�GDWD�RI���OQ�0E�0��DJDLQVW�\ OHDGV�WR�QE�
G��'LODWDQF\�SDUDPHWHU��

,Q� WKH� PRGHO� SUHVHQWHG�� $ FRQWUROV� WKH� LQVWDQWDQHRXV� PDJQLWXGH� RI� GLODWDQF\�� ,JQRULQJ� WKH� VPDOO�
FRQWULEXWLRQ�RI�HODVWLF�VWUDLQV�LQ�PRGHUDWH�GHIRUPDWLRQV��RQH�FDQ�DVVXPH�����
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%\�XVLQJ�GDWD�IURP�WKH�FRQVWDQW�QRUPDO�VWUHVV�RU�FRQVWDQW�VWLIIQHVV�WHVWV�WRJHWKHU�ZLWK�(T��������RQH�FDQ�
FDOFXODWH�$ IRU�VRPH�WHVWV�DQG�XVH�WKH�DYHUDJH�YDOXH���
H��+DUGHQLQJ�SDUDPHWHU��

8VLQJ�WKH�GDWD�RI�WKH�FRQVWDQW�QRUPDO�VWUHVV�WHVWV��RQH�FDQ�HVWLPDWH�WKH�YDOXH�RI�K� E\�WKH�IROORZLQJ�
SURFHGXUH��)RU�D�QRUPDO�VWUHVV�WHVW�LQ�WKH�FRPSUHVVLRQ�VLGH��LW�FDQ�EH�VKRZQ�WKDW����

W¸̧¹
·

¨̈©
§ � HW ��

SW .
�

.
� �����

�$W�WKLV�SRLQW��XVLQJ�D�GHILQLWLRQ�RI�WKH�SODVWLF�PRGXOXV�JLYHQ�LQ�(T��������RQH�KDV���
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7KLV�VHFWLRQ�LV�RUJDQL]HG�WR�SUHVHQW�WKH�VLPXODWLYH�FDSDELOLW\�RI�WKH�6$1,6$1'�VWUXFWXUH�LQWHUIDFH�PRGHO��
7R� WKLV� DLP�� WKH� PRGHO� SUHGLFWLRQV� DUH� FRPSDUHG� ZLWK� WKH� UHVXOWV� RI� H[SHULPHQWV� UHSRUWHG� E\� IRXU�
LQGHSHQGHQW�UHVHDUFK�JURXSV�IRU�YDULRXV�LQWHUIDFH�W\SHV��VWUHVV�OHYHOV��DQG�VWLIIQHVV�ERXQGDU\�FRQGLWLRQV��

,W�KDV�EHHQ�VKRZQ�WKDW�WKH�VWLIIQHVV�ERXQGDU\�FRQGLWLRQ�LPSRVHG�E\�WKH�VWUXFWXUH�LQ�FRQWDFW�ZLWK�VRLO�
PDVV�KDV�D�JUHDW�LQIOXHQFH�RQ�WKH�LQWHUIDFH�UHVSRQVH�>������DQG���@��7KH�VWLIIQHVV�LQ�WKH�GLUHFWLRQ�QRUPDO�WR�
WKH�LQWHUIDFH�LV�XVXDOO\�GHQRWHG�E\�.�WKURXJK�WKH�IROORZLQJ�FRQVWLWXWLYH�UHODWLRQVKLS��� Y.Q �� � V ������
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��
ZKHUH� QV� DQG� Y� DUH� WKH� UDWHV� RI� WKH� QRUPDO� FRPSRQHQWV� RI� WKH� VWUHVV� DQG� GLVSODFHPHQW� YHFWRUV��
UHVSHFWLYHO\�� $V� VWDWHG� E\� (YJLQ� DQG� )DNKDULDQ� >�@�� WKUHH� W\SLFDO� ERXQGDU\� FRQGLWLRQV� DUH� JHQHUDOO\�
DVVLJQHG�LQ�H[SHULPHQWDO�VWXGLHV��� x . ����L�H��� � QV� � �zY� �FRQVWDQW�QRUPDO�VWUHVV�FRQGLWLRQ��

x . ����L�H��� �zQV� � � Y� �FRQVWDQW�YROXPH�FRQGLWLRQ��
x . �FRQVWDQW��L�H��� �zQV� � �zY� �FRQVWDQW�QRUPDO�VWLIIQHVV�FRQGLWLRQ���D��)LUVW�VHW�RI�FRPSDULVRQV��
(YJLQ�DQG�)DNKDULDQ� >�@�SXEOLVKHG�DQ�H[WHQVLYH�VHW�RI�H[SHULPHQWV�RQ�2WWDZD�VDQG��D�FRDUVH�VLOLFD�

VDQG��LQ�FRQWDFW�ZLWK�ORZ�FDUERQ�URXJK�VWHHO�SODWH�LQ�D�PRGLILHG�VLPSOH�VKHDU�LQWHUIDFH�DSSDUDWXV��WKH�VR�
FDOOHG�&�'66,��$OO� VDPSOHV�ZHUH� GHSRVLWHG� XVLQJ�PXOWLSOH�VLHYLQJ�SOXYLDWLRQ�PHWKRG�ZLWK� WKH� UHODWLYH�
GHQVLW\�'U ������QDPHO\�H�§ ��������7KH�SK\VLFDO�SURSHUWLHV�RI�2WWDZD�VDQG�DUH�JLYHQ�LQ�7DEOH����6WHHO�
SODWHV�KDYH�D�VXUIDFH�URXJKQHVV�5PD[�RI����PP LQ�D�VDPSOLQJ�OHQJWK�RI�����PP��� 7DEOH���3K\VLFDO�SURSHUWLHV�RI�2WWDZD�� <RQJGLQJKH� � 7R\RXUD� � DQG�+RVWXQÌ VDQGV�����(YJLQ�DQG�)DNKDULDQ�>�@����+X�DQG�3X�>�@����)LRUDYDQWH�>��@��Ì�6KDKURXU�DQG�5H]DLH>�@���

*UDQXODU�PDWHULDO�
0HDQ�GLDPHWHU��G����PP��

8QLIRUPLW\�FRHIILFLHQW��8F

0D[LPXP�YRLG�UDWLR��HPD[�
0LQLPXP�YRLG�UDWLR��HPLQ�

6SHFLILF�JUDYLW\��*V

0LQHUDORJ\� �$QJXODULW\�
2WWDZD�VDQG� ���� �� ������ ������ ����� TXDUW]� DQJXODU�
<RQJGLQJKH�VDQG� ���� ���� ������ ������ ����� TXDUW]� DQJXODU�
7R\RXUD�VDQG� ����� ���� ������ ������ ����� TXDUW]�������IHOGVSDU������ VXEDQJXODU�
+RVWXQ�VDQG� ����� ���� ����� ������ ����� TXDUW]� DQJXODU�
8VLQJ� WKH� FDOLEUDWLRQ� PHWKRG� GHVFULEHG� LQ� WKH� ODVW� VHFWLRQ�� WKH� PRGHO� LV� FDOLEUDWHG� YHUVXV� WKH� �'�

LQWHUIDFH�WHVWV�UHSRUWHG�E\�(YJLQ�DQG�)DNKDULDQ�>�@��)LJ����LOOXVWUDWHV�WKH�FDOLEUDWLRQ�SURFHVV�IRU�.W�� 0��H��O� QE� DQG�QG� $PRXQWV�RI�PRGHO�SDUDPHWHUV�LQ�WKLV�VHW�RI�VLPXODWLRQV�DUH�SUHVHQWHG�LQ�7DEOH����� 7DEOH����$PRXQWV�RI�PRGHO�SDUDPHWHUV�XVHG�LQ�VLPXODWLRQV�� (ODVWLFLW\�� &ULWLFDO�VWDWH�OLQH� 6WDWH� 'LODWDQF\� +DUGHQLQJ�,QWHUIDFH�W\SH�
.W���03D�� .Q���03D�� 0 H� O QE QG $ K�2WWDZD�VDQG�VWHHO� ���� ����� ������ ������ ������ ����� ����� ����� �����

<RQJGLQJKH�VDQG�VWHHO� ���� ����� ������ ������ ������ ����� ����� ����� �����
7R\RXUD�VDQG�DOXPLQXP� ���� ����� ������ ������ ������ ����� ����� ����� �����

+RVWXQ�VDQG�VWHHO� ���� ���� ������ ������ ������ ����� ����� ����� �����
���SDWP� �����N3D��

)RU�WKUHH�FRQVWDQW�QRUPDO�VWUHVV�WHVWV��. ���ZLWK�VQ ����������DQG�����N3D��WKH�PRGHO�VLPXODWLRQV�
DUH�FRPSDUHG�ZLWK�H[SHULPHQWV�LQ�)LJ�����)RU�WKUHH�FRQVWDQW�VWLIIQHVV�WHVWV��. �����03D�P��ZLWK�GLIIHUHQW�
DPRXQWV�RI�LQLWLDO�QRUPDO�VWUHVV��VQ ����������DQG�����N3D���WKH�PRGHO�SUHGLFWLRQV�DUH�LOOXVWUDWHG�YHUVXV�
H[SHULPHQWV�LQ�)LJ�����7R�H[SORUH�WKH�VLPXODWLYH�FDSDELOLW\�RI�WKH�PRGHO�RQ�WKH�HIIHFW�RI�YDU\LQJ�VWLIIQHVV��
SUHGLFWLRQV�IRU�. �����������������������DQG������03D�P�DUH�VKRZQ�DJDLQVW�WKH�H[SHULPHQWDO�UHVXOWV�LQ�
)LJ�����)RU�. �����������DQG������03D�P�FDVHV��D�FRPSDULVRQ�RI�WKH�SUHGLFWHG�DQG�PHDVXUHG�VWUHVV�SDWKV�
DUH�VKRZQ�LQ�)LJ������

$V�LW�LV�REVHUYHG��RYHUDOO��WKH�PRGHO�LV�FDSDEOH�RI�DFFRXQWLQJ�IRU�WKH�JHQHUDO�VWDWH�GHSHQGHQW�EHKDYLRU�
RI�VDQG�VWHHO�LQWHUIDFH�WHVWV�UHSRUWHG�E\�(YJLQ�DQG�)DNKDULDQ�>�@�������
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)LJ������&RPSDULVRQV�RI�WKH�PRGHO�SUHGLFWLRQV�ZLWK�H[SHULPHQWV�IRU�LQLWLDOO\�GHQVH��'U ������DQG�YHU\�ORRVH��'U ������VDPSOHV�RI�+RVWXQ�VDQG�VWHHO�LQWHUIDFHV�VXEMHFWHG�WR�FRQVWDQW�QRUPDO�VWUHVV�WHVWV�ZLWK�GLIIHUHQW��
DPRXQWV�RI�QRUPDO�VWUHVVHV���D�DQG�E��VQ ����N3D���F�DQG�G��VQ ����N3D���H�DQG�I��VQ ����N3D��GDWD�UHSRUWHG�E\�6KDKURXU�DQG�5H]DLH�>�@��
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,-67��7UDQVDFWLRQV�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��9ROXPH�����1XPEHU�&��������������������������������������������)HEUXDU\������

��
���&21&/8',1*�5(0$5.6��

$ FRQVWLWXWLYH� PRGHO� IRU� VLPXODWLRQ� RI� VDQG�VWUXFWXUH� LQWHUIDFHV� EHKDYLRU� ZDV� LQWURGXFHG� ZLWKLQ� WKH�
6$1,6$1'�IUDPHZRUN��$V�D�PXWXDO�SRLQW�EHWZHHQ�DOO�6$1,6$1'�EDVHG�PRGHOV��WKH�SUHVHQWHG�PRGHO�
FRQVLVWV�RI�D�ERXQGLQJ�VXUIDFH��D�QDUURZ�\LHOG�VXUIDFH��GLODWDQF\��DQG�FULWLFDO�VWDWH�VXUIDFHV��$PRQJ�WKHP��
WKH�\LHOG�VXUIDFH�PD\�EH�VXEMHFWHG�WR�NLQHPDWLF�KDUGHQLQJ�DVVRFLDWHG�ZLWK�VKHDULQJ��6LPLODU�WR�WKH�RWKHU�
PHPEHUV�RI�WKH�6$1,6$1'�IDPLO\��WKH�VL]HV�RI�ERXQGLQJ�DQG�GLODWDQF\�VXUIDFHV�DUH�GLUHFW�IXQFWLRQV�RI�
WKH� LQWHUIDFH�VWDWH��7R� WKLV�DLP�� WKH�FRQFHSW�RI� VWDWH�SDUDPHWHU� >��@�ZDV�XVHG�DV�DQ� LQGH[�RI� WKH�FXUUHQW�
VWDWH��'XH�WR�WKH�SDUWLFXODU�GHILQLWLRQV�RI�WKH�ERXQGLQJ�DQG�GLODWDQF\�VXUIDFHV��ERWK�GLODWDQF\�DQG�SODVWLF�
KDUGHQLQJ� PRGXOXV� DUH� VWDWH� GHSHQGHQW�� 7KH� PHQWLRQHG� GHILQLWLRQV� VLJQLILFDQWO\� HQKDQFH� WKH� PRGHO�
FDSDELOLW\� WR�FDSWXUH� WKH�VWDWH�GHSHQGHQW�DVSHFWV�RI� LQWHUIDFH�EHKDYLRU�VXFK�DV�SKDVH� WUDQVIRUPDWLRQ�DQG�
SHDN�VKHDU�VWUHQJWK��7KH�PRGHO�IRUPXODWLRQ��FDOLEUDWLRQ�PHWKRG��DQG�WKH�PRGHO�HYDOXDWLRQ�ZHUH�SUHVHQWHG�
LQ�GHWDLO��+DYLQJ�D�VLPSOH�IRUPXODWLRQ�WRJHWKHU�ZLWK�D�UHDVRQDEOH�QXPEHU�RI�SDUDPHWHUV��LW�ZDV�VKRZQ�WKDW�
WKH�PRGHO� LV�FDSDEOH�RI�VLPXODWLQJ�JHQHUDO� VDQG�VWUXFWXUH� LQWHUIDFH�EHKDYLRU��7KH�PRGHO�SUHGLFWLRQV�DUH�
FRPSDUHG� ZLWK� ��� WHVWV� UHSRUWHG� E\� IRXU� LQGHSHQGHQW� UHVHDUFK� WHDPV�� $V� DQ� LPSRUWDQW� DGYDQWDJH�� WKH�
PRGHO�FDQ�SUHGLFW�WKH�PHFKDQLFDO�UHVSRQVH�RI�LQWHUIDFHV�LQ�ZLGH�UDQJHV�RI�VWDWHV��ZLGH�UDQJHV�RI�GHQVLWLHV��
DQG�DSSOLHG�QRUPDO�VWUHVVHV��XVLQJ�D�XQLTXH�VHW�RI�SDUDPHWHUV��7HFKQLFDOO\��GLUHFW�LQFRUSRUDWLRQ�RI�%HHQ�
DQG�-HIIHULHV�>��@�VWDWH�SDUDPHWHU�LQ�WKH�PRGHO�IRUPXODWLRQ�KDV�JLYHQ�WKH�PHQWLRQHG�DELOLW\�WR�WKH�PRGHO�WR�
SUHGLFW� WKH� VWDWH� GHSHQGHQW� EHKDYLRU� RI� LQWHUIDFHV� ZLWKRXW� WKH� QHHG� WR� FKDQJH� SDUDPHWHUV�� ,W� PXVW� EH�
PHQWLRQHG�WKDW�WKRVH�PRGHOV�ZKLFK�GR�QRW�LQFOXGH�WKH�VWDWH�SDUDPHWHU�LQ�WKHLU�IRUPXODWLRQV��VXFK�DV�>��
��@��PD\�QRW�EH�XVHG�IRU�SUHGLFWLRQ�RI�WKH�PHFKDQLFDO�EHKDYLRU�RI�LQWHUIDFHV�RYHU�ZLGH�UDQJHV�RI�QRUPDO�
VWUHVVHV�DQG�GHQVLWLHV���

7KH�PRGHO� OLPLWDWLRQV� DUH� DOVR� GLVFXVVHG�KHUH� IRU� IXWXUH� LPSURYHPHQW��([SHULPHQWDO� ILQGLQJV� KDYH�
UHYHDOHG�WKDW�URXJKQHVV�PD\�KDYH�LQIOXHQFH�RQ�WKH�LQWHUIDFH�IULFWLRQ�DQJOH��0�LQFUHDVHV�LQ�D�OLQHDU�PDQQHU�
ZLWK� URXJKQHVV� ZKHQ� QRUPDOL]HG� URXJKQHVV� LV� OHVV� WKDQ� D� FULWLFDO� WKUHVKROG� ZKLFK� LV� FDOOHG� FULWLFDO�
URXJKQHVV�� )RU� DPRXQWV� RI� URXJKQHVV� ODUJHU� WKDQ� WKH� FULWLFDO� YDOXH�� LQWHUIDFH� IULFWLRQ� DQJOH� UHDFKHV� D�
VDWXUDWHG�VWDWH�DQG�UHPDLQV�FRQVWDQW�>����������DQG���@��0RUHRYHU��+X�DQG�3X�>�@�DQG�3RUFLQR�HW�DO��>��@�
UHSRUWHG�WKDW�D�VLPLODU�PHFKDQLVP�JRYHUQV�WKH�YROXPH�FKDQJH�EHKDYLRU�RI�LQWHUIDFHV��7KH\�REVHUYHG�WKDW�
WKH� VWUHVV�VWUDLQ� EHKDYLRU� RI� VPRRWK� LQWHUIDFHV� IROORZV� DQ� HODVWLF�SHUIHFWO\� SODVWLF� SDWWHUQ�� DQG� WKH�
JHQHUDWHG�QRUPDO�GLVSODFHPHQW�LV�YHU\�VPDOO��+HQFH��LW�LV�ORJLFDO�WR�DVVXPH�WKDW�GLODWDQF\�DQG�WKH�ORFDWLRQ�
RI�WKH�FULWLFDO�VWDWH�OLQH�LQ�H�VQ SODQH�DUH�IXQFWLRQV�RI�WKH�LQWHUIDFH�QRUPDOL]HG�URXJKQHVV�ZKHQ�URXJKQHVV�
LV�OHVV�WKDQ�FULWLFDO�QRUPDOL]HG�URXJKQHVV��$W�WKLV�VWDJH��LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�PRGHO�RI�WKLV�VWXG\�
FDQ�FRQILGHQWO\�EH�XVHG� IRU� URXJK� LQWHUIDFHV��)RU�VPRRWK�DQG� LQWHUPHGLDWH� LQWHUIDFHV�� WKH�PRGHO�RI� WKLV�
VWXG\� FDQ� EH� DSSOLHG� RQO\� ZKHQ� WKH� YDULDWLRQ� RI� URXJKQHVV� LV� QHJOLJLEOH� �QDPHO\� WKH� LQIOXHQFH� RI�
URXJKQHVV�LV�WDNHQ�LQWR�DFFRXQW�GXULQJ�FDOLEUDWLRQ���:KHQ�YDULDWLRQ�RI�URXJKQHVV�LV�FRQVLGHUDEOH��RQH�FDQ�
LPSURYH�WKH�PRGHO�FDSDELOLW\�E\�WKH�XVH�RI�DQ�H[LVWLQJ�DSSURDFK�OLNH�WKDW�RI�/LX�HW�DO��>��@���

%HVLGHV�� VWXGLHV� XVLQJ� PRGLILHG� VLPSOH� VKHDU� GHYLFH� �H�J��� >�@�� UHSRUWHG� VWURQJ� FRQWUDFWLRQ�
LPPHGLDWHO\�DIWHU�WKH�VWDUW�RI�VKHDULQJ��7KLV�FRQWUDFWLRQ�PD\�QRW�EH�SUHGLFWHG�E\�WKH�PRGHO�LQ�WKLV�VWXG\�
DQG� DOPRVW� DOO� RI� WKH� RWKHU� LQWHUIDFH�PRGHOV� LQ� WKH� OLWHUDWXUH� �H�J��� >��� ��� ���� DQG� ��@��� 7R� H[SODLQ� WKLV�
REVHUYDWLRQ�� *KLRQQD� DQG� 0RUWDUD� >�@� FRQFOXGHG� WKDW� WZR� GLIIHUHQW� PHFKDQLVPV� JRYHUQ� WKH� QRUPDO�
GLVSODFHPHQW�EHKDYLRU�RI�VDQG�VWUXFWXUH�LQWHUIDFHV��,QLWLDOO\��LQWHUIDFHV�VKRZ�VLJQLILFDQW�FRQWUDFWLRQ�GXH�WR�
D VOLS� GRZQ� OLNH� PHFKDQLVP�� 6XEVHTXHQWO\�� WKH� VHFRQG� PHFKDQLVP� WDNHV� SODFH� DQG� FRQWUDFWLRQ� WXUQV�
JUDGXDOO\� LQWR� GLODWLRQ� ZKHQ� VWURQJ� VWUDLQ� ORFDOL]DWLRQ� RFFXUV�� %DVHG� RQ� WKHLU� H[SODQDWLRQ�� *KLRQQD� 	�
0RUWDUD�>�@�VXJJHVWHG�D�EL�OLQH�IORZ�UXOH��5HJDUGLQJ�WKLV�LVVXH��IXUWKHU�LPSURYHPHQW�RI�WKH�6$1,6$1'�
VWUXFWXUH�LQWHUIDFH�PRGHO�LV�UHTXLUHG���
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$ VDQLVDQG�VWUXFWXUH�LQWHUIDFH�PRGHO��

)HEUXDU\������������������������������������������������,-67��7UDQVDFWLRQV�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��9ROXPH�����1XPEHU�&��

��
$FNQRZOHGJHPHQW��7KH�DXWKRU�ZLVKHV�WR�DFNQRZOHGJH�'U��(��6H\\HGL�RI�)HUGRZVL�8QLYHUVLW\�DQG�0UV��%��
/DVKNDUL�IRU�FULWLFDO�UHYLHZ�RI�WKH�PDQXVFULSW��
�

5()(5(1&(6��
��� .LVKLGD�� +�� 	� 8HVXJL�� 0�� �������� 7HVWV� RI� LQWHUIDFHV� EHWZHHQ� VDQG� DQG� VWHHO� LQ� VLPSOH� VKHDU� DSSDUDWXV��

*pRWHFKQLTXH� 9RO������1R�����SS���������
��� %RXORQ��0����������%DVLF�IHDWXUHV�RI�VRLO�VWUXFWXUH�LQWHUIDFH�EHKDYLRU��&RPSXWHUV�DQG�*HRWHFKQLFV� 9RO�����SS��

���������
��� (YJLQ��(��	�)DNKDULDQ��.����������(IIHFW�RI�VWUHVV�SDWK�RQ�WKH�EHKDYLRU�RI�VDQG�VWHHO�LQWHUIDFH��&DQ��*HRWHFK��-���

9RO������SS������������
��� (YJLQ�� (�� 	� )DNKDULDQ�� .�� �������� &\FOLF� URWDWLRQDO� VLPSOH�VKHDU� EHKDYLRU� RI� VDQG�VWHHO� LQWHUIDFH�� 6RLOV� DQG�

)RXQGDWLRQV� 9RO������1R�����SS������������
��� 6KDKURXU�� ,�� 	� 5H]DLH�� )�� �������� $Q� HODVWRSODVWLF� FRQVWLWXWLYH� UHODWLRQ� IRU� WKH� VRLO�VWUXFWXUH� LQWHUIDFH� XQGHU�

F\FOLF�ORDGLQJ��&RPSXWHUV�DQG�*HRWHFKQLFV� 9RO������SS���������
��� *KLRQQD�� 9�� 1�� 	� 0RUWDUD�� *�� �������� $Q� HODVWRSODVWLF� PRGHO� IRU� VDQG�VWUXFWXUH� LQWHUIDFH� EHKDYLRU��

*pRWHFKQLTXH� 9RO������1R�����SS���������
��� +X��/��	�3X��-����������7HVWLQJ�DQG�PRGHOLQJ�RI�VRLO�VWUXFWXUH�LQWHUIDFH��$6&(�-��*HRWHFK��*HRHQYLURQ��(QJ��

9RO�������1R�����SS������������
��� &ORXJK��*��:��	�'XQFDQ�� -��0�� �������� )LQLWH� HOHPHQW� DQDO\VLV� RI� UHWDLQLQJ�ZDOO� EHKDYLRU��-�� 6RLO�0HFK�� 	�

)RXQG��'LY��$6&(� 9RO������1R��60����SS�������������
��� %UDQGW��-��5��7����������%HKDYLRU�RI�VRLO�FRQFUHWH�LQWHUIDFHV��3K�'��7KHVLV��8QLYHUVLW\�RI�$OEHUWD��&DQDGD����
���� *KDERXVVL��-���:LOVRQ��(��/��	�,VHQEHUJ��-����������)LQLWH�HOHPHQW�IRU�URFN�MRLQWV�DQG�LQWHUIDFHV��-��6RLO�0HFK��	�

)RXQG��'LY��$6&(� 9RO������1R��60����SS�����������
���� 1DYD\RJDUDMDK��1���'HVDL��&��6��	�.LRXVLV��3��'����������+LHUDUFKLFDO�VLQJOH�VXUIDFH�PRGHO�IRU�VWDWLF�DQG�F\FOLF�

EHKDYLRU�RI�LQWHUIDFHV��$6&(�-��(QJQJ��0HFK���9RO�������1R�����SS������������
���� 'HVDL�� &�� 6�� ��������8QLILHG� \HW� VLPSOLILHG� GLVWXUEHG� VWDWH� FRQVWLWXWLYH� PRGHOV� IRU� VDQG� DQG� LQWHUIDFH�MRLQWV�

$6&(�*HRWHFKQLFDO�6SHFLDO�3XEOLFDWLRQ�1R�������(GV��-��$��<DPPDPXUR�DQG�9��1��.DOLDNLQ��SS������������
���� /LX��+���6RQJ��(��	�/LQJ��+��,����������&RQVWLWXWLYH�PRGHOLQJ�RI�VRLO�VWUXFWXUH�LQWHUIDFH�WKURXJK�WKH�FRQFHSW�RI�

FULWLFDO�VWDWH�VRLO�PHFKDQLFV��0HFKDQLFV�5HVHDUFK�&RPPXQLFDWLRQV� 9RO������SS�����������
���� /LX��+��	�/LQJ��+��,����������&RQVWLWXWLYH�GHVFULSWLRQ�RI�LQWHUIDFH�EHKDYLRU�LQFOXGLQJ�F\FOLF�ORDGLQJ�DQG�SDUWLFOH�

EUHDNDJH�ZLWKLQ�WKH�IUDPHZRUN�RI�FULWLFDO�VWDWH�VRLO�PHFKDQLFV��,QW��-��1XPHU��$QDO��0HWK��*HRPHFK�� 9RO������
1R������SS��������������

���� 0RUWDUD��*���%RXORQ��0��	�*KLRQQD��9��1����������$���'�FRQVWLWXWLYH�PRGHO�IRU�F\FOLF�LQWHUIDFH�EHKDYLRU��,QW��-��
1XPHU��$QDO��0HWK��*HRPHFK���9RO������SS���������������

���� 0DQ]DUL��0��7��	�'DIDOLDV��<��)����������$�FULWLFDO�VWDWH�WZR�VXUIDFH�SODVWLFLW\�PRGHO�IRU�VDQGV��*pRWHFKQLTXH�
9RO������1R�����SS�����������

���� %HHQ��.��	�-HIIHULHV��0��*����������$�VWDWH�SDUDPHWHU�IRU�VDQGV��*pRWHFKQLTXH� 9RO������1R�����SS����������
���� 3DSDGLPLWULRX��$��*��	�%RXNRYDODV��*��'����������3ODVWLFLW\�PRGHO�IRU�VDQG�XQGHU�VPDOO�DQG�ODUJH�F\FOLF�VWUDLQV��

D PXOWLD[LDO�IRUPXODWLRQ��6RLO�'\QDPLFV�DQG�(DUWKTXDNH�(QJLQHHULQJ� 9RO������SS�����������
���� 'DIDOLDV��<�� )��	�0DQ]DUL��0��7�� �������� 6LPSOH� SODVWLFLW\� VDQG�PRGHO� DFFRXQWLQJ� IRU� IDEULF� FKDQJH� HIIHFWV��

$6&(�-��(QJQJ��0HFK���9RO�������1R�����SS�����������
���� /L�� ;�� 6�� 	� 'DIDOLDV�� <�� )�� �������� &RQVWLWXWLYH� PRGHOLQJ� RI� LQKHUHQWO\� VDQG� EHKDYLRU�� $6&(� -�� *HRWHFK��

*HRHQYLURQ��(QJ���9RO�������1R������SS�����������
���� 'DIDOLDV��<��)���3DSDGLPLWULRX��$��*��	�/L��;��6�� ��������6DQG�SODVWLFLW\�PRGHO�DFFRXQWLQJ�IRU� LQKHUHQW� IDEULF�

DQLVRWURS\��$6&(�-��(QJQJ��0HFK���9RO�������1R������SS�������������
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,-67��7UDQVDFWLRQV�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��9ROXPH�����1XPEHU�&��������������������������������������������)HEUXDU\������

��
���� /RXNLGLV�� '�� 	� 6DOJDGR�� 5�� �������� 0RGHOLQJ� VDQG� UHVSRQVH� XVLQJ� WZR�VXUIDFH� SODVWLFLW\�� &RPSXWHUV� DQG�

*HRWHFKQLFV� 9RO������SS������������
���� /DVKNDUL�� $�� 	� /DWLIL�� 0�� �������� $� QRQ�FRD[LDO� FRQVWLWXWLYH� PRGHO� IRU� VDQG� GHIRUPDWLRQ� XQGHU� URWDWLRQ� RI�

SULQFLSDO�VWUHVV�D[HV��,QW��-��1XPHU��$QDO��0HWK��*HRPHFK���9RO������1R�����SS��������������
���� 6DGUQHMDG��6��$����������$�JHQHUDO�PXOWL�SODQH�PRGHO�IRU�SRVW�OLTXHIDFWLRQ�RI�VDQG��,UDQLDQ�-RXUQDO�RI�6FLHQFH�

	 7HFKQRORJ\��7UDQVDFWLRQ�%��(QJLQHHULQJ� 9RO������1R��%���SS�����������
���� /DVKNDUL�� $�� �������� $� FRQVWLWXWLYH� PRGHO� IRU� VDQG� OLTXHIDFWLRQ� XQGHU� URWDWLRQDO� VKHDU�� ,UDQLDQ� -RXUQDO� RI�

6FLHQFH�	�7HFKQRORJ\��7UDQVDFWLRQ�%��(QJLQHHULQJ� 9RO������1R��%���SS����������
���� 7DLHEDW��0��	�'DIDOLDV��<�� )�� �������� 6$1,6$1'�� 6LPSOH� DQLVRWURSLF� VDQG� SODVWLFLW\�PRGHO�� ,QW�� -�� 1XPHU��

$QDO��0HWK��*HRPHFK� 9RO������1R�����SS�����������
���� &KLX��&��)��	�1J��&��:��:����������$�VWDWH�GHSHQGHQW�HODVWRSODVWLF�PRGHO�IRU�VDWXUDWHG�DQG�XQVDWXUDWHG�VRLOV��

*pRWHFKQLTXH� 9RO������1R�����SS�����������
���� 'H�*HQQDUR��9��	�)UDQN��5�� ��������(ODVWR�SODVWLF�DQDO\VLV�RI� WKH� LQWHUIDFH�EHKDYLRU�EHWZHHQ�JUDQXODU�PHGLD�

DQG�VWUXFWXUH��&RPSXWHUV�DQG�*HRWHFKQLFV� 9RO������SS�����������
���� +DUGLQ��%��2��	�%ODFN��:��/����������&ORVXUH�WR�YLEUDWLRQ�PRGXOXV�RI�QRUPDOO\�FRQVROLGDWHG�FOD\V��-��6RLO�0HFK��

	 )RXQG��'LY��$6&(� 9RO������1R��60���SS������±������
���� %LDUH]��-��	�+LFKHU��3��<����������(OHPHQWDU\�PHFKDQLFV�RI�VRLO�EHKDYLRU� $��$��%DONHPD��5RWWHUGDP��
���� )LRUDYDQWH��9����������2Q�WKH�VKDIW�IULFWLRQ�PRGHOLQJ�RQ�QRQ�GLVSODFHPHQW�SLOHV�LQ�VDQG��6RLOV�DQG�)RXQGDWLRQV�

9RO������1R�����SS���������
���� <RVKLPL��<��	�.LVKLGD��+����������)ULFWLRQ�EHWZHHQ�VDQG�DQG�PHWDO�VXUIDFHV��3URFHHGLQJV�RI���WK�,QWHUQDWLRQDO�

&RQIHUHQFH�RQ�6RLO�0HFKDQLFV�DQG�)RXQGDWLRQ�(QJLQHHULQJ� 6WRFNKROP��6ZHGHQ��9RO�����SS�����±�����
���� 3RUFLQR��'���)LRUDYDQWH��'���*KLRQQD��9��1��	�3HGURQL��6�� �������� ,QWHUIDFH�EHKDYLRU�RI� VDQGV� IURP�FRQVWDQW�

QRUPDO�VWLIIQHVV�GLUHFW�VKHDU�WHVWV��$670�*HRWHFKQLFDO�7HVWLQJ�-RXUQDO� 9RO������1R�����SS��������
�
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