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&KDUJH�WUDQVIHU�PROHFXODU�G\QDPLFV�VLPXODWLRQV�RI�TXHQFK�IUHH�DPRUSKRXV�/L�2��6L2��ZHUH�FDUULHG�
RXW� LQ� WKH� PLFURFDQRQLFDO� HQVHPEOH�� DW� ���.�� 'LVWLQFW� R[\JHQ� IXQFWLRQDOLWLHV�� VXFK� DV� WULFRRUGLQDWHG��
GDQJOLQJ�DQG�IUHH�R[\JHQV��HYROYHG�QDWXUDOO\�IURP�EULGJLQJ�R[\JHQV�LQ�RXU�VLPXODWLRQV��XSRQ�WKH�DGGLWLRQ�
RI�WKH�DONDOL�R[LGH��'LVFULPLQDWLRQ�EHWZHHQ�GLIIHUHQW�VWUXFWXUDO�IXQFWLRQDOLWLHV�EHFRPHV�VWUDLJKWIRUZDUG�E\�
XVLQJ�FKDUJH�FULWHULRQV��
 

,QWURGXFWLRQ�

,Q� D� VLPXODWHG� 6L2�� JODVV�� DOO� R[\JHQV� IRUP� D� ´EULGJHµ� EHWZHHQ� WZR� VLOLFRQ� DWRPV��
+RZHYHU��XSRQ�WKH�DGGLWLRQ�RI�D�IRUHLJQ�DONDOL�R[LGH��VXFK�DV�/L�2��6L�2�6L�EULGJHV�EUHDN�XS��
JHQHUDWLQJ� LQ� WKH� SURFHVV� D� QXPEHU� RI� QRQ�EULGJLQJ� R[LJHQV� �KHUHLQ� FDOOHG� ´GDQJOLQJµ�
R[\JHQV��URXJKO\�HTXDO�WR�WKH��DPRXQW�RI�DONDOL�FDWLRQV�LQWURGXFHG��7KLV�IDFW�LV�VXEVWDQWLDWHG�
E\�H[SHULPHQWDO�DQG�WKHRUHWLFDO�HYLGHQFH���������:KHUHDV�PRVW�0'�DXWKRUV�WDNH�WKH�H[LVWHQFH�
RI� GDQJOLQJ� R[\JHQV� LQWR� DFFRXQW� EDVHG� RQ� SUR[LPLW\� RU� JHRPHWULF� FULWHULD������� RWKHUV�
LQFRUSRUDWH� WKHP�D� �SULRUL� LQ� WKHLU� VLPXODWLRQV��� ,Q� WKH�VHDUFK�IRU�D�PRUH�JHQHUDO�DSSURDFK��
KRZHYHU�� LW� LV�GHVLUDEOH�WR�FRXQW�ZLWK�D�PHWKRGRORJ\�ZKLFK�SHUPLWV�D�QDWXUDO� WUHDWPHQW�RI�
WKH�GLIIHUHQW�PRLHWLHV�RI�R[\JHQ�LQ�0'�VLPXODWLRQV���

�

&RPSXWDWLRQDO�GHWDLOV�

7KH�FKDUJH�WUDQVIHU��&7��0'�VFKHPH�GHYLVHG�E\�$ODYL�HW�DO����SURYLGHV�WKH�DSSURSULDWH�
IUDPHZRUN� LQ�ZKLFK�� DV� FKDUJH� RI� HYHU\� DWRP� LV� D� IXQFWLRQ� RI� LWV� ORFDO� HQYLURQPHQW�� LW� LV�
SRVVLEOH�WR�HVWDEOLVK�D�FRUUHVSRQGHQFH�EHWZHHQ�FKDUJH�DQG�VWUXFWXUDO�UROH��$FFRUGLQJ�WR�WKH�
&7�PRGHO��WKH�WRWDO�&RXORPELDQ�HQHUJ\�RI�D�V\VWHP�FRPSULVHG�RI�1�DWRPV��RU�SDUWLFOHV��LV�
JLYHQ�E\��
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�� �DUH�WKH�DFWXDO�DQG�LQLWLDO�FKDUJHV�RI�DWRP�L��UHVSHFWLYHO\��DQG�U
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WKH�DWRPLFV�SRVLWLRQV��ULM��LV�WKH�LQWHUDWRPLF�GLVWDQFH�EHZHHQ�L�DQG�M��∆T��UD�DQG�ξ�DUH�DGMXVWDEOH�
SDUDPHWHUV�� ,Q�RXU� VLPXODWLRQV�FKDUJH� WUDQVIHU� LV� DOORZHG�RQO\�EHWZHHQ�6L� DQG�2��ZKHUHDV�
OLWKLXP�FKDUJHV��DUH�KHOG�FRQVWDQW��7KH�UHDGHU�LV�UHIHUUHG�WR�5HI����IRU�GHWDLOV��

�

6DPSOH�SUHSDUDWLRQ�

,Q� DQ� DWWHPSW� WR� H[SORUH� DQ� DOWHUQDWLYH� WR� WKH� XVXDO� PHOW�TXHQFK� SURFHGXUH�� WKH�
IHDVLELOLW\� RI� D� VLPXODWHG� VWUXFWXUH� SUHSDUHG� HQWLUHO\� DW� URRP� WHPSHUDWXUH� ZDV� WHVWHG�� DV�
GHWDLOHG� EHORZ�� 7KH� VWUXFWXUDO� FRPSDULVRQ� EHWZHHQ� URRP�WHPSHUDWXUH� VDPSOHV� DQG� PHOW�
TXHQFK�RQHV�ZLOO�EH�WKH�VXEMHFW�RI�D�IXWXUH�UHSRUW��3UHOLPLQDU\�ZRUN�VHHPV�WR�LQGLFDWH�WKDW�
WKH�GLIIHUHQFHV�DUH�PDLQO\�LQ�WKH�PHGLXP�UDQJH�RUGHULQJ���

�

:H�GHSDUWHG�IURP�D�SXUH�DPRUSKRXV�6L2��FRQILJXUDWLRQ�FRQVLVWLQJ�RI�����SDUWLFOHV������6L�
DQG�����2��WR�ZKLFK�VXFFHVVLYH�DPRXQWV�RI�/L�2�ZHUH�DGGHG��(YHU\�VWDELOLVHG�VDPSOH�ZDV�
XVHG� DV� WKH� EDVLV� IRU� D� PRUH� FRQFHQWUDWHG� RQH�� XQWLO� WKH� WHWUDVLOLFDWH� FRQFHQWUDWLRQ� ZDV�
UHDFKHG��7KH� ORFDWLRQ� RI� VLWHV� LQ� WKH� VWUXFWXUH� VXLWDEOH� WR� ORGJH� QHZ�/L�2�XQLWV�ZDV� GRQH�
XVLQJ� D� SUHYLRXVO\� GHYHORSHG� PHWKRGRORJ\��� 7KH� GHQVLW\� RI� WKH� SXUH� VLOLFD� JODVV� ZDV� ����
J�FP��� ZKLFK� FRUUHVSRQGV� WR� D� FXELF� FRPSXWDWLRQDO� FHOO� RI� ��������c� SHU� VLGH�� 7KH� FHOO�
GLPHQVLRQV�IRU�OLWKLXP�VLOLFDWHV�ZHUH�FDOFXODWHG�XVLQJ�H[SHULPHQWDO�GDWD���7KH�GHQVLW\�RI��WKH�
WHWUDVLOLFDWH�JODVV��ZDV������J�FP��DQG�WKH�FRUUHVSRQGLQJ�FHOO�VLGH�ZDV���������c��7KH�ILQDO�
V\VWHP�FRQVLVWHG�RI�����SDUWLFOHV������6L������2�DQG�����/L���,QLWLDO�FKDUJH�IRU�6L�ZDV�����H���
DQG� R[\JHQ� FKDUJH� ZDV� DGMXVWHG� DFFRUGLQJO\� IRU� FKDUJH� QHXWUDOLW\�� )RU� WKH� WHWUDVLOLFDWH�� LW�
DPRXQWHG�WR�²������H��'XULQJ�WKH�VLPXODWLRQV��KRZHYHU��WKHVH�FKDUJHV�HYROYHG�WR�DQ�DYHUDJH�
RI�DERXW�����H�IRU�6L�DQG�²���H�IRU�2��

�

(DFK�RI�WKH�FRQFHQWUDWLRQ�VWHSV�ZDV�FDUULHG�RXW�LQ�WZR�SKDVHV��D�FRQVWDQW�WHPSHUDWXUH�UXQ�
RI��������WLPH�VWHSV�����SV��IROORZHG�E\�D�FRQVWDQW�HQHUJ\�UXQ�RI�W\SLFDOO\��������VWHSV��7KH�
ILQDO�SUHSDUDWLRQ� �WHWUDVLOLFDWH��ZDV� DGGLWLRQDOO\� VXEMHFWHG� WR� ������� WLPH� VWHSV�RI� FRQVWDQW�
HQHUJ\�UHOD[DWLRQ��,W�PXVW�EH�SRLQWHG�RXW��DV�UHJDUGV�WKH�WKHUPRG\QDPLF�HTXLOLEULXP�RI�WKH�
VDPSOH��WKDW��LW�EHLQJ�D�JODVV��LWV�HTXLOLEULXP�LV�QHFHVVDULO\�PHWDVWDEOH��+RZHYHU��LWV�VWUXFWXUDO�
IHDWXUHV�SHUVLVW�ZLWKLQ�WKH�WLPHVFDOH�RI�RXU�VLPXODWLRQV��'DWD�FROOHFWLRQ�IRU�VWDWLVWLFDO�DQDO\VLV�
ZDV�FDUULHG�RXW�HYHU\�������WLPH�VWHS�LQWHUYDOV�GXULQJ��������WLPH�VWHSV��5DGLDO�GLVWULEXWLRQ�

SHDN�GLVWDQFHV�ZHUH�ORFDWHG�DW������c�IRU�6L�6L�������c�IRU�6L�2�������c�IRU�6L�/L�������c�IRU�
2�2��������c�IRU�/L�2�DQG������c�IRU�/L�/L�IRU�WKH�WHWUDVLOLFDWH�VDPSOH��JUDSKV�QRW�VKRZQ���

�

�

5HVXOWV�DQG�GLVFXVVLRQ�

&KDUJH�GLVWULEXWLRQ�



,Q�D�W\SLFDO�VLPXODWHG�6L2��JODVV�DOO�R[\JHQV�KDYH�WKH�VDPH�VWUXFWXUDO��EULGJLQJ��IXQFWLRQ��
7KHUHIRUH��LW�LV�WR�EH�H[SHFWHG�WKDW�WKHLU�FKDUJHV�DUH�PXFK�DOLNH��7KLV�LV�PDGH�HYLGHQW�LQ�
)LJ����ZKHUH�WKH�FKDUJH�KLVWRJUDP�RI�WKH�SXUH�VLOLFD�VDPSOH�LV�VKRZQ���

�
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)LJXUH����&KDUJH�KLVWRJUDP�IRU�D�SXUH�YLWUHRXV�VLOLFD�VDPSOH��FRQVLVWLQJ�RI�����6L2��XQLWV��
7KH�QHJDWLYH�VLGH�RI�WKH�JUDSK�FRUUHVSRQGV�WR�WKH�FKDUJH�GLVWULEXWLRQ�RI�R[\JHQ��7KH�
SRVLWLYH�VLGH�FRUUHVSRQGV�WR�WKDW�RI�VLOLFRQ��1RWH�WKH�QDUURZ�FKDUJH�GLVWULEXWLRQ�LQ�ERWK�

FDVHV��

7KH� QDUURZ� FKDUJH� GLVWULEXWLRQ� DW� DERXW� ²���H� IRU� R[\JHQ� DQG� DW� DERXW� ����H� IRU� VLOLFRQ�
UHYHDOV� D�TXDVL�FRPSOHWH� DEVHQFH�RI�GHIHFWV� LQ� WKH�QHWZRUN�� VXFK�DV�GDQJOLQJ�R[\JHQV��2Q�
WKH�RWKHU�KDQG��ZKHQ�����/L�2�LV�DGGHG��FKDUJH�GLVWULEXWLRQ�FKDUJHV�GUDPDWLFDOO\��

�
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)LJXUH����&KDUJH�GLVWULEXWLRQ�IRU�D�OLWKLXP�WHWUDVLOLFDWH�VDPSOH�DIWHU�0'�UXQ��1RWH�WKH�FKDUJH�
GLVWULEXWLRQ�EURDGHQLQJ�LQ�ERWK�FDVHV��DQG�LWV�FRQFHQWUDWLRQ�LQ�GLVFUHWH�UHJLRQV��/L��FKDUJHV�

DUH�QRW�VKRZQ��



&KDUJH�GLVWULEXWLRQ�QRW�RQO\�EURDGHQV��EXW�DOVR�LW�FRQFHQWUDWHV�LQ�GLVFUHWH�UHJLRQV��7KLV�IDFW�
LPSOLHV�WKH�H[LVWHQFH�RI�GLIIHUHQW�VWUXFWXUDO�IXQFWLRQDOLWLHV�IRU�WKH�VDPH�FKHPLFDO�VSHFLHV��)RU�
WKH�FDVH�RI�R[\JHQ�� � WKH�PRVW�QXPHURXV� YDULHW\� LV� WKH�EULGJLQJ�RQH�DQG� H[LVWV� LQ� D� FKDUJH�
VXEUHJLRQ� ZLWKLQ� ²���H� DQG� ²H�� 'DQJOLQJ� R[\JHQV� KDYH� D� FKDUJH� ZLWKLQ� WKH� ²H� DQG� ²���H�
LQWHUYDO��7KHVH�FKDUJH�UHJLRQV�ZHUH�LQ�SDUW�SUHYLRXVO\�LGHQWLILHG�LQ�5HI�����2WKHU�SDUWV�RI�WKH�
FKDUJH� KLVWRJUDP� ZHUH� QRW� VWXGLHG� WKHUHLQ� RZLQJ� WR� WKH� IDFW� WKDW�� DW� ORZ� FRQFHQWUDWLRQV���
QHWZRUN�GLVUXSWLRQ�LV�QRW�VR�HYLGHQW�IURP�FKDUJH�GLVWULEXWLRQ��7KLV�LV�WKH�FDVH�IRU�ERWK�HQGV�
RI�WKH�FKDUJH�KLVWRJUDP��

7KH� ULJKWPRVW� SDUW� RI� WKH� R[\JHQ� FKDUJH� KLVWRJUDP�� ZKHUH� T!����H�� FRUUHVSRQGV� WR�
WULFRRUGLQDWHG� R[\JHQV�� WDQWDPRXQW� WR� ´WULFOXVWHUµ� R[\JHQV������� ´WULSO\�ERQGHGµ� R[\JHQV�� DQG�
>�@2����7ULFRRUGLQDWHG�R[\JHQV�DUH�VXUURXQGHG�E\���FRSODQDU�VLOLFRQ�DWRPV��DQG�WKH\�VHHP�WR�
KDYH� UHPDLQHG� HOXVLYH� WR� H[SHULPHQWDO� TXDQWLILFDWLRQ� LQ� JODVV\� VLOLFDWHV�� ,Q� RXU� WHWUDVLOLFDWH�
VDPSOH�� WULFRRUGLQDWHG�R[\JHQV�DPRXQW�WR������RI�WKH�WRWDO�R[\JHQ�FRXQW��2WKHU� UHSRUWHG�
0'�YDOXHV�DUH�a�����IRU�PL[HG�DONDOL�VLOLFDWHV���DQG������IRU�1D$O6L�2

����

2Q� WKH� OHIWPRVW� UHJLRQ� RI� WKH� R[\JHQ� FKDUJH� KLVWRJUDP�� ZKHUH� T�����H�� WKHUH� H[LVW� IUHH�
R[\JHQV��ZKLFK� DFFRXQW� IRU� �����RI� WKH� WRWDO� R[\JHQ�FRXQW��)UHH�R[\JHQV�KDYH�QR� VLOLFRQ�
QHLJKERXU��WKHUHIRUH�WKH\�DUH�QR�ORQJHU�SDUW�RI�WKH�WULGLPHQVLRQDO�VLOLFD�SRO\PHU��EXW�UDWKHU�
WKH\�WHQG�WR�VLWXDWH�WKHPVHOYHV�FORVH�WR�DONDOL�FDWLRQV��OLWKLXP��LQ�WKH�FDVH�RI�WKLV�VWXG\���,Q�
WKH� 0'� OLWHUDWXUH� RI� JODVV\� VLOLFDWHV�� D� V\VWHPDWLF� WUHDWPHQW� RI� IUHH� R[\JHQ� LV� QRW� RIWHQ�
HQFRXQWHUHG�� ,Q� VRPH� UHSRUWV�� KRZHYHU�� WKH� SUHVHQFH� RI� IUHH� R[\JHQV� LV� LQGLUHFWO\�
GHWHUPLQHG�IURP�VWRLFKLRPHWULF�UHODWLRQVKLSV�EDVHG�RQ�H[SHULPHQWDO�PHDVXUHPHQWV�������,W�LV�
SHUWLQHQW�WR�QRWH�WKDW�WKH�H[SHFWHG�IUHH�R[\JHQ�FRQFHQWUDWLRQ�IRU�OLWKLXP�WHWUDVLOLFDWH�VKRXOG�
EH�DURXQG�]HUR��������

6LOLFRQ� FKDUJH�VWUXFWXUDO� IXQFWLRQ� GLIIHUHQWLDWLRQ� DOVR� RFFXUV� LQ� D� PDQQHU� VLPLODU� WR� WKH�
R[\JHQ� FDVH�� DV� )LJ�� �� VXJJHVWV�� :KHUHDV� VLOLFRQ� LV� DOZD\V� SDUW� RI� WKH� VLOLFD� SRO\PHU�� LWV�
R[\JHQ�FRRUGLQDWLRQ�YDULHV�WRJHWKHU�ZLWK�LWV�FKDUJH��7KHUHIRUH��LW�LV�WR�EH�H[SHFWHG�WKDW�WKH�
GLIIHUHQW� ]RQHV� LQ� WKH� VLOLFRQ�FKDUJH�KLVWRJUDP�FRUUHVSRQG� WR� VLOLFRQ� DWRPV�ZLWK� �����RU� ��
QHLJKERXULQJ�R[\JHQV���

�

&RQFOXVLRQV�

&KDUJH�WUDQVIHU� 0'� VLPXODWLRQV� SURYLGH� UHVXOWV� WKDW� DUH� DUJXDEO\� ULFKHU� LQ� GHWDLOV� DV�
WKHLU�IL[HG�FKDUJH�FRXQWHUSDUWV��,W��KDV�EHHQ�VKRZQ�WKDW��LQ�D�FKDUJH�WUDQVIHU�0'�VLPXODWLRQ�
LW� LV�SRVVLEOH� WR�GLVWLQJXLVK�DPRQJ�GLIIHUHQW�R[\JHQ�IXQFWLRQDOLWLHV� LQ�D�JODVV\�VLOLFDWH�VROHO\�
RQ� WKH� EDVLV� RI� FKDUJH��:KHUHDV� WKH� UHVXOWV� SUHVHQWHG� KHUHLQ� FDQ� EH� LPSURYHG�� WKH�PDLQ�
SXUSRVH� RI� WKLV� EULHI� DFFRXQW� LV� WR� RIIHU� D� TXDOLWDWLYH� YLHZ� RI� R[\JHQ� VSHFLDWLRQ� LQ� JODVV\�
OLWKLXP�VLOLFDWH��

�

�
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��&��+XDQJ�DQG�$��1��&RUPDFN��-RXUQDO�RI�&KHPLFDO�3K\VLFV�����S���������������
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��6��+��*DURIDOLQL�DQG�'��0��=LUO��-RXUQDO�RI�9DFXXP�6FLHQFH�DQG�7HFKQRORJ\�$���S��������������

��;��<XDQ�DQG�$��1��&RUPDFN��-RXUQDO�RI�1RQ�&U\VWDOOLQH�6ROLGV������S�������������

��$��$ODYL��/��-��$OYDUH]��6��5��(OOLRWW�DQG�,��5��0F'RQDOG��3KLORVRSKLFDO�0DJD]LQH�%����S������
��������

��/��*��&RWD��*��9HJD��5��&RUUHD�DQG�/��-��$OYDUH]��0ROHFXODU�6LPXODWLRQ�����S��������������

��%��7LVFKHQGRUI��&��0D��(��+DPPHUVWHLQ��3��9HQKXL]HQ��0��3HWHUV��0��$IIDWLJDWR�DQG�6��)HOOHU��
-RXUQDO�RI�1RQ�&U\VWDOOLQH�6ROLGV������S��������������

���(��'��/DF\��3K\VLFV�DQG�&KHPLVWU\�RI�*ODVVHV����S��������������

���-��$��7RVVHOO�DQG�5��(��&RKHQ��-RXUQDO�RI�1RQ�&U\VWDOOLQH�6ROLGV������S��������������

���'��-��6WHLQ�DQG�)��-��6SHUD��$PHULFDQ�0LQHUDORJLVW�����S��������������

���&��+XDQJ��DQG�$��1��&RUPDFN��-RXUQDO�RI�0DWHULDOV�&KHPLVWU\����S��������������

���1��,ZDPRWR��1��8PHVDNL��0��7DNDKDVKL��0��7DWVXPLVDJR��7��0LQDPL�DQG�<��0DWVXL��-RXUQDO�RI�
1RQ�&ULVWDOOLQH�6ROLGV���	����S��������������

���-��.LHIIHU�DQG�&��$��$QJHOO��-RXUQDO�RI�&KHPLFDO�3K\VLFV�����S���������������

���+��0DHNDZD���7��0DHNDZD��.��.DZDPXUD�DQG�7RVKLR�<RNRNDZD��-RXUQDO�RI�1RQ�&U\VWDOOLQH�
6ROLGV������S�������������

���1��8PHVDNL��0��7DNDKDVKL��0��7DWVXPLVDJR�DQG�7��0LQDPL��-RXUQDO�RI�0DWHULDOV�6FLHQFH�����
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