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3KDVH� GLDJUDPV� FDOFXODWLRQ� LV� D� PDMRU� WRSLF� LQ� JODVV� VFLHQFH�� 'LIIHUHQW� PHWKRGV� WR� PRGHO� OLTXLGXV�

WHPSHUDWXUHV� KDYH� EHHQ� GHYHORSHG�� DOZD\V� LQFOXGLQJ� DGMXVWDEOH� SDUDPHWHUV�� 7KH� JRDO� RI� WKLV� ZRUN� LV� WR�

GHYHORS�D�QHZ�ZD\�WR�FDOFXODWH�WKLV�WHPSHUDWXUH�ZLWKRXW�DQ\�DGMXVWDEOH�SDUDPHWHU���

8VLQJ� H[SHULPHQWDO� GDWD� RQO\�� WKLV� ZRUN� IRFXVHV� RQ� WKH� UHODWLRQVKLS� EHWZHHQ� WKHUPRG\QDPLFV� DQG�

YLVFRVLW\�� DQG� WKHUHIRUH� FRQILJXUDWLRQDO� HQWURS\��7R� FDOFXODWH� WKH� FKHPLFDO� SRWHQWLDOV�� FRQWULEXWLRQV� IURP�

HQWKDOS\� DQG� HQWURS\� RI� PL[LQJ� KDYH� EHHQ� VHSDUDWHG�� )LUVW�� WKH� HQWKDOS\� RI� PL[LQJ� FDQ� EH� PHDVXUHG�

H[SHULPHQWDOO\�� GHULYHG� IURP� VROXWLRQ� FDORULPHWU\�� 6HFRQGO\�� WKH� HQWURS\� RI� PL[LQJ� LV� WDNHQ� DV� SXUHO\�

FRQILJXUDWLRQDO��7KXV��WKH�PDMRU�SDUW�RI�WKH�ZRUN�LV�WR�GHWHUPLQH�WKH�HQWURS\�RI�FRQILJXUDWLRQ�LQ�WKH�PHOW��

:LWKLQ�WKH�IUDPHZRUN�RI�WKH�$GDP�*LEEV�WKHRU\�RI�VWUXFWXUDO�UHOD[DWLRQ��YLVFRVLW\�DQG�KHDW�FDSDFLW\�GDWD�

PD\�EH�FRPELQHG�WR�GHWHUPLQH�FRQILJXUDWLRQDO�HQWURSLHV�RI�VLOLFDWH�JODVVHV��

7KH�YHUWXH�RI� WKLV�PRGHO� IRU�SUHGLFWLQJ�SKDVH�GLDJUDPV� LV�HYDOXDWHG�YLD�FDOFXODWLRQV�IRU� WZR�HXWHFWLF�

GLDJUDPV� �S\UR[HQH�±�SODJLRFODVH��ZKLFK�GR�QRW� VKRZ�DQ\�VROLG� VROXWLRQ�QRU�DQ\�XQPL[LQJ� LQ� WKH� OLTXLG�

SKDVH�� )RU� WKH� VHOHFWHG� GLDJUDPV�� SVHXGR�ZROODVWRQLWH� ±� DQRUWKLWH� DQG� GLRSVLGH� ±� DQRUWKLWH�� DJUHHPHQWV�

EHWZHHQ� FDOFXODWHG� DQG� H[SHULPHQWDO� YDOXHV� DUH� H[FHOOHQW�� ,W� LV� QRZ� SRVVLEOH� WR� SHUIRUP� OLTXLGXV�

WHPSHUDWXUH�FDOFXODWLRQV�ZLWKRXW�DGMXVWDEOH�SDUDPHWHUV��

,QWURGXFWLRQ�

&ODVVLFDO� PRGHOV� �� �� �� �� IRU� OLTXLGXV� WHPSHUDWXUHV� DUH� ZLGHO\� EDVHG� RQ� WKHUPRG\QDPLFV��
3DUWLFXODUO\�� WKHVH� PRGHOV� UHO\� RQ� WKH� GHSHQGHQFH� RI� WKH� FKHPLFDO� SRWHQWLDOV� ZLWK� WKH�
WHPSHUDWXUH�� WKH� FRPSRVLWLRQ� DQG� WKH� QDWXUH� RI� WKH� SKDVH� DW� VWDNH�� 7R� IXOILO� VXFK� D�
FDOFXODWLRQ��D�ODUJH�QXPEHU�RI�DGMXVWDEOH�SDUDPHWHUV�LV�LQWURGXFHG��

7KH�DLP�RI�WKLV�ZRUN�LV�WR�GHYHORS�D�GLIIHUHQW�ZD\�WR�SHUIRUP�WKH�FDOFXODWLRQ�RI�WKH�OLTXLGXV�
WHPSHUDWXUHV�� DQG� WKHQ�� WR� HOLPLQDWH� DQ\� DGMXVWDEOH� SDUDPHWHU�� 7KLV� PRGHO� KDV� EHHQ�
GHYHORSHG�IRU�WKH�GHWHUPLQDWLRQ�RI�OLTXLGXV�WHPSHUDWXUHV�DW���DWP��7KH�IXQGDPHQWDOV�RI�RXU�
DSSURDFK� LV� WR� XVH� WKH� UHODWLRQVKLS� EHWZHHQ� WKHUPRG\QDPLFV� DQG� YLVFRVLW\� WKURXJK� WKH�
$GDP�DQG�*LEEV�WKHRU\�RI�UHOD[DWLRQ�SURFHVVHV�WR�SUHGLFW�SKDVH�GLDJUDP�VXUIDFHV��

7R�FKHFN�WKH�YDOLGLW\�RI�VXFK�D�FDOFXODWLRQ��WZR�SKDVH�GLDJUDPV�ZHUH�VHOHFWHG��)RU�WKHP��QR�
VROLG�VROXWLRQ�QRU�DQ\�XQPL[LQJ� LQ� WKH� OLTXLG�SKDVH�DUH�REVHUYHG��0RUHRYHU�� WKHVH�HXWHFWLF�
GLDJUDPV�DUH�LPSRUWDQW�IRU�LJQHRXV�SURFHVVHV�DQG�IRU�JODVV�LQGXVWU\��7KHVH�WZR�GLDJUDPV�DUH�
SVHXGRZROODVWRQLWH� ²� DQRUWKLWH�� ZKLFK� DUH� FU\VWDOV� DSSHDULQJ� IUHTXHQWO\� GXULQJ� (�JODVV�
FU\VWDOOL]DWLRQ��DQG�GLRSVLGH�²�DQRUWKLWH��ZKLFK� LV�D�VLPSOLILHG�GLDJUDP�IRU�FU\VWDOOL]DWLRQ�RI�
EDVDOWV��

&RQILJXUDWLRQDO�HQWURS\�

:LWKLQ�WKH�$GDP�*LEEV���WKHRU\�RI�UHOD[DWLRQ�SURFHVVHV�LQ�YLVFRXV�OLTXLGV��WKH�WHPSHUDWXUH�
GHSHQGHQFH� RI� WKH� YLVFRVLW\� RI� VLOLFDWH�PHOWV� LV� GHWHUPLQHG� E\� WKDW� RI� WKH� FRQILJXUDWLRQDO�
HQWURS\�� 7KLV� WKHRU\� WKXV� SURYLGHV� D� WKHRUHWLFDO� IUDPHZRUN� WR� PRGHO� WKH� EHKDYLRXU� RI�
FRPSOH[�PROWHQ�VLOLFDWHV�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�DQG�FRPSRVLWLRQ��

4XDQWLWDWLYH�DSSOLFDWLRQV�RI�WKH�$GDP�*LEEV�WKHRU\�RI�UHOD[DWLRQ�SURFHVVHV�WR�WKH�YLVFRVLW\�
RI� VLOLFDWH� OLTXLGV�KDYH�DOUHDG\�EHHQ�GHVFULEHG� LQ�GHWDLO� �� �� �� ��� 6FKHPDWLFDOO\��RQH�FRQVLGHUV�
WKDW� YLVFRXV� IORZ� WDNHV� SODFH� WKURXJK� FRQILJXUDWLRQDO� FKDQJHV� LQ� WKH� OLTXLG�� :KHQ� WKH�
FRQILJXUDWLRQDO�HQWURS\�LQFUHDVHV��FRRSHUDWLYH�UHDUUDQJHPHQWV�RI�WKH�VWUXFWXUH�FDQ�WDNH�SODFH�



LQGHSHQGHQWO\� LQ� VPDOOHU� DQG� VPDOOHU� GRPDLQV� RI� WKH� OLTXLG��&RUUHODWLYHO\�� UHOD[DWLRQ� WLPHV�
WKXV�GHFUHDVH�ZKHQ�WKH�FRQILJXUDWLRQDO�HQWURS\��6&RQI��LQFUHDVHV��.QRZLQJ�WKDW�WKH�YLVFRVLW\�LV�
SURSRUWLRQDO�WR�WKH�VWUXFWXUDO�UHOD[DWLRQ�WLPHV�DQG�IURP�WKH�VWDWLVWLFDO�PHFKDQLFDO�PRGHO�XVHG�
E\�$GDP�DQG�*LEEV��RQH�REWDLQV�HYHQWXDOO\�WKH�YLVFRVLW\�HTXDWLRQ���

� ���ORJ� 776%$ &RQIHH +=η � ����

ZKHUH�$H�LV�D�SUH�H[SRQHQWLDO�WHUP�DQG�%H�D�FRQVWDQW�SURSRUWLRQDO�WR�WKH�*LEEV�IUHH�HQHUJ\�
EDUULHU�KLQGHULQJ�WKH�FRRSHUDWLYH�UHDUUDQJHPHQWV�LQ�WKH�OLTXLG�QHHGHG�IRU�YLVFRXV�IORZ��

$FFRUGLQJ� WR� (T�� ����� WKH� YDULDWLRQ� ZLWK� WHPSHUDWXUH� RI� WKH� FRQILJXUDWLRQDO� HQWURS\�
GHWHUPLQHV� WKDW� RI� WKH� DFWLYDWLRQ� HQHUJ\� DQG� WKXV� JRYHUQV� WKH� H[WHQW� RI� QRQ�$UUKHQLDQ�
UKHRORJ\�� %HWZHHQ� DQ\� WHPSHUDWXUH� DQG� DQ� DUELWUDU\� UHIHUHQFH� WHPSHUDWXUH�� FRQYHQLHQWO\�
FKRVHQ�DV�WKH�FDORULPHWULF�JODVV�WUDQVLWLRQ�WHPSHUDWXUH��7J��WKLV�YDULDWLRQ�LV�JLYHQ�E\��
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ZKHUH�&S&RQI� LV� WKH� FRQILJXUDWLRQDO� KHDW� FDSDFLW\�� &DORULPHWULF� GHWHUPLQDWLRQV� RI�&S&RQI� DUH�
JHQHUDOO\�GHWHUPLQHG�ZLWK�GLIILFXOWLHV��EXW�VLOLFDWH�OLTXLGV�KDYH�WKH�VLPSOLI\LQJ�EHKDYLRXU�WKDW�
WKH�JODVV�WUDQVLWLRQ�WDNHV�SODFH�ZKHQ�WKH�KHDW�FDSDFLW\�RI�WKH�JODVV�UHDFKHV�WKH�'XORQJ�3HWLW�
KDUPRQLF�OLPLW�IRU�WKH�LVRFKRULF�KHDW�FDSDFLW\��7KLV�DOORZV�RQH�WR�ZULWH��

� ������ JJ/LT&RQI 7&S7&S7&S += � ����

ZKHUH�&S/LT�7��LV�WKH�KHDW�FDSDFLW\�RI�WKH�OLTXLG�DW�WHPSHUDWXUH�7�DQG�&SJ�7J��WKDW�RI�WKH�JODVV�
DW�WKH�JODVV�WUDQVLWLRQ�WHPSHUDWXUH��)RU�PRVW�VLOLFDWHV��WKH�DSSUR[LPDWLRQ�&SJ�7J�� ��Q5�ZLWK�
Q�DV�WKH�PHGLXP�QXPEHU�RI�DWRPV�E\�R[LGH�LV�FRUUHFW��

,QVHUWLQJ� (TV�� ���� DQG� ���� LQ� (T�� ����� RQH� REWDLQV� D� YLVFRVLW\� HTXDWLRQ� ZLWK� RQO\� WZR�
DGMXVWDEOH�SDUDPHWHUV��$H�DQG�%H��SURYLGHG�WKH�FRQILJXUDWLRQDO�HQWURS\�IUR]HQ�LQ�DW�WKH�JODVV�
WUDQVLWLRQ��6&RQI�7J��� LV� NQRZQ�� )RU� VRPH� JHRORJLFDO� FRPSRVLWLRQV�� FRQILJXUDWLRQDO� HQWURSLHV�
GHWHUPLQHG�E\�FDORULPHWU\� IURP�DQ�HQWURS\�F\FOH� LQYROYLQJ� WKH�FU\VWDOOLQH�� OLTXLG�DQG�JODVV�
SKDVHV�RI�WKH�PDWHULDO�IURP���.�WR�WKH�FRQJUXHQW�PHOWLQJ�SRLQW�DUH�LQ�H[FHOOHQW�DJUHHPHQW�
ZLWK� FRQILJXUDWLRQDO� HQWURSLHV� GHWHUPLQHG� IURP� YLVFRVLW\� PHDVXUHPHQWV� ���� ,W� MXVWLILHV�
FRQVLGHULQJ�6&RQI�7J��DV�D�WKLUG�DGMXVWDEOH�SDUDPHWHU�WR�EH�GHWHUPLQHG�IURP�WKH�YLVFRVLW\�GDWD�
IRU�RXU�FRPSRVLWLRQV�ZKLFK�GR�QRW�VKRZ�DQ\�FRQJUXHQW�PHOWLQJ��

7KHUPRG\QDPLF�FDOFXODWLRQ�

7R�HOLPLQDWH� DQ\� DGMXVWDEOH�SDUDPHWHU� LQ� WKH� FDOFXODWLRQ�RI� WKH� OLTXLGXV� WHPSHUDWXUHV�� RQH�
XVHV� WKH� PDWKHPDWLFDO� IRUPDOLVP� UDLVHG� EHORZ�� DV� WKH� SKDVH� GLDJUDP� GR� LQFOXGH� WZR�
FRQGLWLRQV���QR�VROLG�VROXWLRQ�DQG�QR�LPPLVFLELOLW\�LQ�WKH�OLTXLG��

7KH�*LEEV�HQHUJ\�FDQ�EH�ZULWWHQ�DFFRUGLQJ�WR�WKH�FKHPLFDO�SRWHQWLDOV���

� ∑= LL1* µ �

ZLWK��L��WKH�FKHPLFDO�SRWHQWLDO�RI�WKH�FRPSRQHQW�L�DQG�1L�WKH�QXPEHU�RI�PROHV��



)RU�WKH�OLTXLG�SKDVH��DV�ZH�KDYH�D�WRWDO�PLVFLELOLW\�RI�WKH�SKDVH��WKH�FKHPLFDO�SRWHQWLDOV�FDQ�
EH�GLYLGHG�LQWR�WZR�FRQWULEXWLRQV��RQH�HQWURSLF�DQG�RQH�HQWKDOSLF���

� LPLPL/LTL/LT +67 ∆+∆−= µµ � ����

ZLWK��L�WKH�FKHPLFDO�SRWHQWLDO�RI�FRPSRQHQW�L�LQ�WKH�OLTXLG�DQG��L�WKH�FKHPLFDO�SRWHQWLDO�RI�

FRPSRQHQW� L�SXUH�IRU�D� WHPSHUDWXUH�7�DQG�DW�DWPRVSKHULF�SUHVVXUH�� LP 6∆ �DQG� LP+∆ �DUH�

UHVSHFWLYHO\�WKH�PRODU�SDUWLDO�HQWURS\�RI�PL[LQJ�DQG�WKH�PRODU�SDUWLDO�HQWKDOS\�RI�PL[LQJ��

7KH� PRODU� SDUWLDO� HQWKDOS\� RI� PL[LQJ� FDQ� EH� GHULYHG� IURP� KHDWV� RI� PL[LQJ� PHDVXUHG� E\�
GLVVROXWLRQ�FDORULPHWU\��7KH�PRODU�SDUWLDO�HQWURS\�RI�PL[LQJ�LV�PRUH�FRPSOH[���FRQWULEXWLRQV�
WR�WKH�PL[LQJ�FDQ�EH�YLEUDWLRQDO�RU�FRQILJXUDWLRQDO��$FFRUGLQJ�WR�5LFKHW�HW�DO�����DQG�GH�/LJQ\�
HW� DO�� ���� IRU� DOXPLQRVLOLFDWHV� RI� FDOFLXP� DQG�PDJQHVLXP�� WKH� HQWURS\� RI�PL[LQJ� LV� PDLQO\�
FRQILJXUDWLRQDO�DQG��DV�D�ILUVW�DSSUR[LPDWLRQ�� WKH�YLEUDWLRQDO�SDUW�RI� WKH�HQWURS\�RI�PL[LQJ�
FDQ�EH�LJQRUHG��

)RU�WKH�VROLG�SKDVHV��NQRZLQJ�WKDW�ZH�GR�QRW�KDYH�DQ\�VROLG�VROXWLRQ��WKH�FKHPLFDO�SRWHQWLDO�
LV�WKH�RQH�RI�WKH�SXUH�SKDVH�WKDW�DSSHDUV�LQ�WKH�OLTXLG���

� L&L& µµ = � ����

7KH� GLIIHUHQFH� EHWZHHQ� WKH� FKHPLFDO� SRWHQWLDOV� IRU� SXUH� FRPSRQHQWV� LV� JLYHQ� E\� WKH�
UHODWLRQVKLS�EHORZ����
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ZLWK�7IL��WKH�PHOWLQJ�WHPSHUDWXUH�RI�WKH�SXUH�FRPSRQHQW�L�� L/LT& &S−∆ WKH�GLIIHUHQFH�EHWZHHQ�

KHDW�FDSDFLWLHV� IRU�FRPSRQHQW� L�EHWZHHQ� WKH�FU\VWDO�DQG� WKH� OLTXLG�SKDVHV��DQG� � LI+∆ � WKH�

HQWKDOS\�RI�IXVLRQ�RI�SXUH�FRPSRQHQW�L�DW�7IL��

$W� WKH� OLTXLGXV� WHPSHUDWXUH�� L�H�� WKH�SKDVH� HTXLOLEULXP� WHPSHUDWXUH�� FKHPLFDO� SRWHQWLDOV� RI�
WKH�WZR�SKDVHV�DUH�HTXDO��7KLV�FDQ�EH�ZULWWHQ�DV���

� L/LTL& µµ = � ����

&RPELQLQJ� (T�� ����� ����� ���� DQG� ����� IRU� HDFK� FRPSRVLWLRQ�� WKH� OLTXLGXV� WHPSHUDWXUH�7� LV�
GHWHUPLQHG�ZKHQ�WKH�HTXDWLRQ�����LV�VROYHG���
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7R�SHUIRUP� VXFK� D� FDOFXODWLRQ�� H[SHULPHQWDO� GDWD�QHHGHG� DUH� WKH�PHOWLQJ� WHPSHUDWXUH�� WKH�
KHDW� FDSDFLWLHV� DQG� WKH�PHOWLQJ� HQWKDOSLHV� RI� WKH� SXUH� SKDVHV�� WKH� KHDW� RI�PL[LQJ� DQG� WKH�
HQWURS\� RI�PL[LQJ�� GHULYHG� IURP� FRQILJXUDWLRQDO� HQWURSLHV�� $FWXDOO\�� ORZ�WHPSHUDWXUH� DQG�
KLJK�WHPSHUDWXUH� YLVFRVLW\� PHDVXUHPHQWV� DUH� WR� EH� FRPSLOHG� ZLWK� FRQILJXUDWLRQDO� KHDW�
FDSDFLWLHV��H[SHULPHQWDOO\�PHDVXUHG�RU�GHULYHG�IURP�D�PRGHO�� WR�REWDLQ�WKH�FRQILJXUDWLRQDO�
HQWURSLHV��



'DWD�FRPSLODWLRQ�

'LRSVLGH�±�$QRUWKLWH��

$PRQJVW� WKH� GLIIHUHQW� H[SHULPHQWDO� GDWD�� YLVFRVLW\� LV� D� PDMRU� SURSHUW\� WR� EH� VWXGLHG�� ,Q�
SDUWLFXODU�� WKH�GDWD�VHW�PXVW� LQFOXGH�KLJK�WHPSHUDWXUH�PHDVXUHPHQWV�� L�H�� ORZ�YLVFRVLW\�GDWD�
IRU� WHPSHUDWXUHV� DERYH� WKH� OLTXLGXV� WHPSHUDWXUH�� DQG� ORZ�WHPSHUDWXUH�PHDVXUHPHQWV�� L�H��
KLJK�YLVFRVLW\�GDWD�IRU�WHPSHUDWXUHV�DURXQG�WKH�JODVV� WUDQVLWLRQ�WHPSHUDWXUH��7ZR�GDWD�VHWV�
DUH�DYDLODEOH��������7KH�GDWD�VHW�GHWHUPLQHG�E\�7DXEHU�HW�$UQGW�KDV�EHHQ�FKRVHQ�EHFDXVH�WKH�
QXPEHU� RI� DYDLODEOH� FRPSRVLWLRQV� DQG� WKH� GLVSHUVLRQ� � DUH� EHWWHU�� +RZHYHU�� WKH� YLVFRVLW\�
UDQJH�VWXGLHG�LV�VPDOOHU�DQG�VR�FRXOG�LQFUHDVH�WKH�HUURU�EDU�RQ�WKH�FRQILJXUDWLRQDO�HQWURS\��
)RU�KLJK�WHPSHUDWXUH�GDWD��PHDVXUHPHQWV�SHUIRUPHG�E\�6FDUIH�HW�DO�����ZHUH�VHOHFWHG��

7KH�ILWV�RI�YLVFRVLW\�ZHUH�UHDOL]HG�ZLWK�WKH�$GDP�*LEEV�HTXDWLRQ��7KH�FRQILJXUDWLRQDO�KHDW�
FDSDFLWLHV� ZHUH� WDNHQ� DFFRUGLQJ� WR� WKH�PRGHO� GHYHORSHG� E\� -DUU\� ���� 7KH� EHKDYLRU� RI� WKH�
FRQILJXUDWLRQDO� HQWURS\� ZDV� VWXGLHG� DW� ����� .�� WKH� ORZHVW� WHPSHUDWXUH� DW� ZKLFK� DOO� WKH�
GLDJUDP� LV� OLTXLG�� $FFRUGLQJ� WR� WKH� FRPSRVLWLRQ�� D� QRQ�OLQHDU� ILW� ZDV� XQGHUWDNHQ� ZLWK� D�
UHJXODU�ODZ�RI�PL[LQJ��

+HDWV�RI�GLVVROXWLRQ�LQ��3E2�%�2��DW�����.�DQG�����.�ZHUH�FRPSLOHG�IURP�1DYURWVN\�HW�DO��
��� ���� 7KH� HQWKDOS\� RI� PL[LQJ� ZDV� WDNHQ� DV� D� UHJXODU� VROXWLRQ� EHWZHHQ� &D0J6L�2�� HW�
&D$O�6L�2���

)LQDOO\��KHDW� FDSDFLWLHV�RI� WKH�FU\VWDO�SKDVHV� DUH� WDNHQ� IURP�5LFKHW� DQG�)LTXHW� ����+HDWV�RI�
IXVLRQ�RI�FU\VWDO�SKDVHV�DUH�WDNHQ�IURP�5LFKHW�DQG�%RWWLQJD�����

:ROODVWRQLWH�±�$QRUWKLWH��

1HZ�YLVFRVLW\�H[SHULPHQWV�ZHUH�UHDOL]HG�WR�PHHW�WKH�ODFN�RI�KLJK�YLVFRVLW\�GDWD�DURXQG�WKH�
JODVV�WUDQVLWLRQ�WHPSHUDWXUH��0HDVXUHPHQWV�ZHUH�DFFRPSOLVKHG�RQ�D�FUHHS�PDFKLQH�ZLWK�DQ�
XQL�D[LDO� FRPSUHVVLRQ� GHYLFH� GHVFULEHG� E\� 1HXYLOOH� DQG� 5LFKHW� ��� ZKHUHE\� WKH� UDWH� RI�
GHIRUPDWLRQ� RI� D� VDPSOH� LV� PHDVXUHG� DV� D� IXQFWLRQ� RI� WKH� VWUHVV� DSSOLHG� DW� FRQVWDQW�
WHPSHUDWXUH��$OO�GDWD�ZHUH�WDNHQ�IURP�-DUU\�����

+LJK�WHPSHUDWXUH�YLVFRVLW\�GDWD�DUH�WDNHQ�IURP�%RFNULV�HW�DO�����IRU�&D6L2���IURP�8UEDLQ�HW�
DO�����IRU�&D6L2��DQG�&D$O�6L�2���DQG�LQWHUSRODWLRQV�RI�PHDVXUHPHQWV�FRPSOHWHG�E\�0DFKLQ�
DQG�<HH����DQG�E\�.R]DNRYLWFK����ZHUH�WDNHQ�IRU�WKH�RWKHUV�FRPSRVLWLRQV��

$JDLQ�� WKH�FRQILJXUDWLRQDO�KHDW�FDSDFLWLHV�ZHUH�WDNHQ�DFFRUGLQJ�WR�WKH�PRGHO�GHYHORSHG�E\�
-DUU\�����)LWV�RI�YLVFRVLW\�DFFRUGLQJ�WR�WKH�$GDP�*LEEV�HTXDWLRQ�ZHUH�DFKLHYHG�ZKLFK�DOORZ�
XV�WR�KDYH�WKH�YDULDWLRQ�RI�FRQILJXUDWLRQDO�HQWURS\�DFFRUGLQJ�WR�FRPSRVLWLRQ�IRU�WKLV�V\VWHP��
7DNLQJ�WKH�DSSUR[LPDWLRQ�WKDW�WKH�HQWURS\�RI�PL[LQJ�LV�SXUHO\�FRQILJXUDWLRQDO��RQH�FDQ�KDYH�
WKH�PRODU�SDUWLDO�HQWURS\�RI�PL[LQJ�HDVLO\��

+HDW�FDSDFLWLHV�DQG�HQWKDOS\�RI�PHOWLQJ�IRU�ZROODVWRQLWH�ZHUH�UHFRUGHG�IURP�5LFKHW�HW�DO������
+HDW� FDSDFLWLHV� IRU� DQRUWKLWH� DUH� WDNHQ� IURP� 5LFKHW� DQG� )LTXHW� ���� +HDWV� RI� IXVLRQ� IRU�
DQRUWKLWH�LV�WDNHQ�IURP�5LFKHW�DQG�%RWWLQJD�����

5HVXOWV�

5HVXOWV� RI� WKH� FDOFXODWLRQV� DUH� VKRZQ� RQ� ILJXUH� �� DQG� ��� 7KH� DJUHHPHQW� EHWZHHQ�
H[SHULPHQWDO� GDWD� DQG� SUHGLFWHG� WHPSHUDWXUHV� LV� YHU\� JRRG�� 7KH� PD[LPXP� GHULYDWLRQ�
EHWZHHQ� H[SHULPHQWDO� DQG� FDOFXODWHG� OLTXLGXV� WHPSHUDWXUHV� LV� DURXQG� ��� .�� ZKLFK� LV�
DFFHSWDEOH�DV�ZH�GR�QRW�LQFOXGH�DQ\�DGMXVWDEOH�SDUDPHWHU�LQ�RXU�PRGHO��



)LJXUH����3KDVH�GLDJUDP�IRU�WKH�3VHXGR�ZROODVWRQLWH�±�$QRUWKLWH�V\VWHP���

&LUFOHV���H[SHULPHQWDO�����7ULDQJOHV���FDOFXODWHG��

&RQFHUQLQJ�WKH�HXWHFWLF�SRLQW��ZKLFK�LV�D�JRRG�ZD\�WR�FKHFN�WKH�FRQVLVWHQF\�RI�WKH�PRGHO��
UHVXOWV�DUH�JLYHQ�LQ�7DEOH����

)LJXUH����3KDVH�GLDJUDP�IRU�WKH�'LRSVLGH�±�$QRUWKLWH�V\VWHP���

&LUFOHV���H[SHULPHQWDO�����6TXDUHV���FDOFXODWHG��
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7KH�HUURU�IRU�WKH�SVHXGR�ZROODVWRQLWH�²�DQRUWKLWH�GLDJUDP�LV�OHVV�WKDQ����.��DQG�WKH�HUURU�RQ�
[�� WKH�DQRUWKLWH�ZHLJKW�IUDFWLRQ�� LV�DERXW�������$ERXW�WKH�GLRSVLGH�²�DQRUWKLWH�GLDJUDP��WKH�
HUURU� RQ� WKH� WHPSHUDWXUH� LV� VWLOO� DFFHSWDEOH� DV� LW� LV� DERXW� ��� .�� 2Q� WKH� HXWHFWLF� ZHLJKW�
IUDFWLRQ��WKH�HUURU�LV��������

� 3VHXGRZROODVWRQLWH�²�$QRUWKLWH� 'LRSVLGH�²�$QRUWKLWH�

� [��ZW�IUDFWLRQ��
$QRUWKLWH��

7��.�� [��ZW�IUDFWLRQ��
'LRSVLGH��

7��.��

([SHULPHQWDO� ����� ����� ������ �����

&DOFXODWHG� ����� ����� ����� �����

7DEOH����&RPSDULVRQ�EHWZHHQ�H[SHULPHQWDO�DQG�FDOFXODWHG�GDWD�

$FFRUGLQJ� WR� WKH� JRRG� UHVXOWV� VKRZQ� RQ� WKHVH� GLDJUDPV�� ZH� FDQ� DVVXPH� WKDW� DOO� WKH�
K\SRWKHVHV� WDNHQ� WR� SHUIRUP� WKH� FDOFXODWLRQV� DUH� FRUUHFW�� ,Q� SDUWLFXODU�� WKH� YLEUDWLRQDO�
'XORQJ�DQG�3HWLW�OLPLW�LV�RQH�PRUH�WLPH�YHULILHG��$OVR��DV�D�ILUVW�DSSUR[LPDWLRQ��WKH�PL[LQJ�
HQWURS\�FDQ�EH�WDNHQ�DV�SXUHO\�FRQILJXUDWLRQDO��

+RZHYHU��QR�HUURU�EDUV�KDYH�EHHQ�HVWLPDWHG��PRVWO\�EHFDXVH�RI�WKH�GLIILFXOW\� WR�DVVHVV�WKH�
HUURUV�RQ� WKH�FRQILJXUDWLRQDO�HQWURS\��DQG�DV�D�FRQVHTXHQFH� WKH�PL[LQJ�HQWURS\��$PRQJVW�
WKH�GDWD�QHHGHG�IRU�WKH�FDOFXODWLRQ��WKH�PL[LQJ�HQWKDOS\�LV�DQRWKHU�VRXUFH�RI�HUURU��VSHFLDOO\�
EHFDXVH�RI�XQUHOLDEOH�FDORULPHWULF�GDWD���

&RQFOXVLRQ�

$Q� H[FHOOHQW� DJUHHPHQW� EHWZHHQ� FDOFXODWHG� DQG� H[SHULPHQWDO� SKDVH� GLDJUDPV� LV� REVHUYHG��
6XFK�HUURUV�RQ�WKH�HXWHFWLF�FRPSRVLWLRQ�DQG�WHPSHUDWXUH�DUH�FRPSDUDEOH�WR�WKRVH�RI�RWKHU�
OLTXLGXV�WHPSHUDWXUH�PRGHOV��

$OWKRXJK�UXGLPHQWDU\�DQG�SUHOLPLQDU\�LQ�QDWXUH��D� OLTXLGXV�WHPSHUDWXUH�PRGHO�ZLWKRXW�DQ\�
DGMXVWDEOH� SDUDPHWHU� FDQ� EH� GHVLJQHG�� %HFDXVH� WKH� XVH� RI� DGMXVWDEOH� SDUDPHWHUV� WR� EXLOG�
PRGHOV� LV� DOZD\V� XQVDWLVIDFWRU\�� VXFK� D� ZRUN� DOORZ� WR� VKRZ� WKDW� PRGHOV� XVLQJ� RQO\�
H[SHULPHQWDO�GDWD�FDQ�EH�GHYHORSHG��

+HUHLQ�� WKH� XVH� RI� WKH� HQWURS\� RI� FRQILJXUDWLRQ� IRU� WKH� FDOFXODWLRQ� RI� WKH�SKDVH� GLDJUDPV�
VKRZ�WKDW�WKH�SDUDPHWHU�GHULYHG�IURP�WKH�$GDP�*LEEV�HTXDWLRQ�KDV�D�UHDO�SK\VLFDO�PHDQLQJ�
DQG�FDQ�EH�XVHG�IRU�WKHUPRG\QDPLF�HTXDWLRQV���

+RZHYHU�� VHYHUDO� OLPLWDWLRQV�PXVW�EH� VWUHVVHG�� ,Q�SDUWLFXODU�� VXFK�FDOFXODWLRQ�QHHGV�D� ODUJH�
DQG�DFFXUDWH�QXPEHU�RI�GDWD��1R�HUURU�EDU�FDOFXODWLRQ�KDV�\HW�EHHQ�SHUIRUPHG�DQG�D�IXUWKHU�
GHYHORSPHQW�RI�ELQDU\�WR�WHUQDU\�GLDJUDPV�LV�WR�EH�XQGHUWDNHQ��

�������������������������������������������������

��0(/76��'HSDUWPHQW�RI�*HRORJLFDO�6FLHQFHV��8QLYHUVLW\�RI�:DVKLQJWRQ��
KWWS���ZZZ�JHRORJ\�ZDVKLQJRQ�HGX�aJKLRUVR�0HOWV:::�0HOWV�KWPO��
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��)$&7��&HQWUH�GH�5HFKHUFKH�HQ�&DOFXO�7KHUPRFKLPLTXH��(FROH�3RO\WHFKQLTXH�GH�0RQWUpDO��
KWWS���ZZZ�FUFW�SRO\PWO�FD�)$&7�IDFW�KWP��

��7+(502&$/&��5R\DO�,QVWLWXWH�RI�7HFKQRORJ\��6WRFNKROP��KWWS���PHW�NWK�VH��

��07'$7$��1DWLRQDO�3K\VLFDO�/DERUDWRU\��
KWWS���ZZZ�QSO�FR�XN�QSO�FPPW�PWGDWD�PWGDWD�KWPO��

��*��$GDP�DQG�-�+��*LEEV��-��&KHP��3K\V������S��������������

��3��5LFKHW��*HRFKLP��&RVPRFKLP��$FWD�����S��������������

��3��5LFKHW��5�$��5RELH�DQG�%�6��+HPLQJZD\��*HRFKLP��&RVPRFKLP��$FWD�����S��������������

��'�5��1HXYLOOH�DQG�3��5LFKHW��*HRFKLP��&RVPRFKLP��$FWD�����S���������������

��<��%RWWLQJD��3��5LFKHW�DQG�$��6LSS��$P��0LQHUDO������S��������������

���3��5LFKHW�DQG�'�5��1HXYLOOH��LQ�$GY��3K\V��*HRFKHP���HGLWHG�E\�6�.��6D[HQD��6SULQJHU�9HUODJ��
�������9RO������S�������

���3��5LFKHW��5�$��5RELH�DQG�%�6��+HPLQJZD\��*HRFKLP��&RVPRFKLP��$FWD�����S���������������

���'��GH�/LJQ\��3��5LFKHW�DQG�(�)��:HVWUXP�-U���&KHP��*HRO�������S��������������

���3��7DXEHU�DQG�-��$UQGW��&KHP��*HRO������S�������������

���+��7DQLJXFKL��&RQWULE��0LQHUDO��3HWURO�������S��������������

���&�0��6FDUIH��'�-��&URQLQ��-�7��:HQ]HO�DQG�'�$��.DXIPDQ��$P��0LQHUDO������S���������������

���3��-DUU\��8QLYHUVLWp�3DULV�9,��7KHUPRG\QDPLTXH�HW�UKpRORJLH�GHV�VLOLFDWHV�IRQGXV���������

���$��1DYURWVN\��5��+RQ��'�)��:HLOO�DQG�'�-��+HQU\��*HRFKLP��&RVPRFKLP��$FWD�����S���������������

���$��1DYURWVN\��3��0DQLDU�DQG�5��2HVWULNH��&RQWULE��0LQHUDO��3HWURO�������S�������������

���3��5LFKHW�DQG�*��)LTXHW��-��*HRSK\V��5HV������%���S��������������

���3��5LFKHW�DQG�<��%RWWLQJD��(DUWK�3ODQHW��6FL��/HWW������S��������������

���-�
2�0��%RFNULV��-�'��0DFNHQ]LH�DQG�-�$��.LWFKHQHU��7UDQV��)DUDG��6RF������S���������������

���*��8UEDLQ��<��%RWWLQJD�DQG�3��5LFKHW��*HRFKLP��&RVPRFKLP��$FWD�����S���������������

���-�6��0DFKLQ�DQG�7�%��<HH��-��$PHU��&HUDP��6RF������S��������������

���3��.R]DNRYLWFK��5HY��0pWDOOXUJLH�����S��������������

���3��5LFKHW��5�$��5RELH�DQG�%�6��+HPLQJZD\��(XU��-��0LQHUDO�����S��������������

���(�)��2VERUQ��$P��-��6FL�������S��������������
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