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&DQFHU� LV� D� YHU\� FRPPRQ� V\VWHP¶V� GLVHDVH� ZLWK� LWV� VWUXFWXUDO� DQG� IXQFWLRQDO�

FRPSOH[LWLHV�FDXVHG�E\�KLJK�GLPHQVLRQ�DQG�VHULRXV�FRUUHODWLRQ�RI�JHQHV�DV�ZHOO�DV�

VSDUVLW\� RI� JHQH� LQWHUDFWLRQV�� +HUHE\�� GLIIHUHQW� PDWKHPDWLFDO� PRGHOV� KDYH� EHHQ�

VXJJHVWHG�LQ�WKH�OLWHUDWXUH�WR�XQUDYHO�WKHVH�FKDOOHQJHV��$PRQJ�PDQ\�DOWHUQDWHV��LQ�WKLV�

VWXG\�ZH�XVH� WKH�*DXVVLDQ� JUDSKLFDO�PRGHO��*DXVVLDQ� FRSXOD� JUDSKLFDO�PRGHO� DQG�

ORRS�EDVHG�PXOWLYDULDWH�DGDSWLYH�UHJUHVVLRQ�VSOLQHV�ZLWK�ZLWKRXW�LQWHUDFWLRQ�PRGHOV�

GXH� WR� WKHLU�DGYDQWDJHV�RYHU�RWKHUV� IURP�VLPXODWHG�GDWDVHWV�� ,Q� WKH�ILUVW�SDUW�RI� WKH�

WKHVLV��ZH�DSSO\�WKHVH�PRGHOV�LQ�RXU�TXDVL�WUXH�FDQFHU�QHWZRUN�E\�LPSOHPHQWLQJ�UHDO�

PLFURDUUD\�GDWDVHWV��7KH�J\QHFRORJLFDO�FDQFHU� LV� WKH�VHFRQG� OHDGLQJ�FDQFHU� W\SH� LQ�

ZRPHQ�DIWHU�WKH�EUHDVW�FDQFHU� %XW�WKHUH�DUH�OHVV�VWXGLHV�DERXW�LW�UHJDUGLQJ�WKH�EUHDVW�

FDQFHU� EHFDXVH� RI� LWV� VRFLRORJLFDO� UHDVRQV�� +HUHLQ�� LQLWLDOO\�� ZH� GHWHFW� WKH� UHODWHG�
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WKUHVKROG�YDOXHV�ZKLFK�FRQYHUW�HVWLPDWHG�VWUHQJWKV�RI�JHQH�LQWHUDFWLRQV�DV�ELQDU\�IRUP�

WR� FRQVWUXFW� WKH� JUDSKLFDO� QHWZRUN�� 7KHUHE\�� LQ� WKH� VHFRQG� SDUW� RI� WKH� WKHVLV�� ZH�
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*�Q�P�]GH�oRN�\D\JÕQ�J|U�OHQ��YH�ELU�VLVWHQ�KDVWDOÕ÷Õ�RODQ�NDQVHU��JHQOHU�DUDVÕQGDNL�

FLGGL� NRUHODV\RQ�� \�NVHN� ER\XWOXOXN� YH� GDKDVÕ� JHQ� HWNLOHúLPOHULQLQ� VH\UHNOL÷L�

VHEHEL\OH��\DSÕVDO�YH�IRQNVL\RQHO�RODUDN�NDUPDúÕN�ELU�\DSÕGDGÕU��%X�NDUPDúÕNOÕNODUÕQ�

�VWHVLQGHQ�JHOHELOPHN�LoLQ�OLWHUDW�UGH�ELUoRN�PRGHO�RUWD\D�DWÕOPÕúWÕU��%X�oDOÕúPDGD��

EX� PRGHOHU� DUDVÕQGDQ� VLP�ODV\RQ� YHUL� VHWOHUL� DUDFÕOÕ÷Õ\OD� GL÷HUOHULQH� J|UH� GDKD�

DYDQWDMOÕ� ROGX÷X� J|U�OHQ� *DXVVLDQ� JUDILNVHO� PRGHOL�� *DXVVLDQ� &RSOXOD� JUDILNVHO�

PRGHOL� YH� VRQ� RODUDN� HWNLOHúLPOL�HWNLOHúLPVL]� G|QJ�� WHPHOOL� oRN� GH÷LúNHQOL�

X\DUODQDELOLU�UHJUHV\RQ�PRGHOOHUL�NXOODQÕOPÕúWÕU��7H]LQ�LON�E|O�P�QGH��EX�PRGHOOHUOH�

YH� JHUoHN� PLNURGL]LQ� YHUL� VHWOHULQL� NXOODQDUDN�� ROXúWXUGX÷XPX]� RODVÕ�JHUoHN�

MLQHNRORMLN� NDQVHU� D÷ÕQÕ� PRGHOOL\RUX]�� -LQHNRORMLN� NDQVHU� NDGÕQODUGD�� PHPH�

NDQVHULQGHQ� VRQDU� HQ� VÕN� J|U�OHQ� NDQVHU� W�U�G�U�� )DNDW� EX� NDQVHU� �]HULQH�� PHPH�

NDQVHULQH� J|UH� VRV\RORMLN� VHEHSOHU� \�]�QGHQ� GDKD� D]� oDOÕúPD� EXOXQPDNWDGÕU�� %X�

QHGHQOH��oDOÕúPDGD��LON�RODUDN�MLQHNRORMLN�NDQVHU��]HULQH�OLWHUDW�U�oDOÕúPDVÕ�\DSDUDN��

ELU�JHQ� OLVWHVL� HOGH�HWPHNWH\L]��'DKD�VRQUD�EX�JHQOHUGHQ�RODVÕ�JHUoHN�ELU�D÷� \DSÕVÕ�

ROXúWXUPDNWD\Õ]��6RQ�RODUDN��VHoLOHQ�PRGHOHU�DUDFÕOÕ÷Õ\OD�D÷�\DSÕVÕQÕ�WDKPLQ�HGHUHN��

PRGHO�GR÷UXOXNODUÕQÕ�GH÷HUOHQGLUPHNWH\L]�

%X�DQDOL]OHU�HVQDVÕQGD�D\UÕFD��WDKPLQ�HGLOHQ�JHQ�HWNLOHúLP�PLNWDUODUÕQÕ�LNL�GH÷LúNHQOL�

IRUPD�G|Q�úW�UHUHN�JUDILNVHO�PRGHO�HOGH�HGHELOPHN�LoLQ�NXOODQÕODQ�HúLN�GH÷HULQLQ�YH�



YLLL

GROD\ÕVÕ\OD�EX�GH÷HULQ�VHoLPLQLQ�PRGHO�WDKPLQOHULQGH�oRN�|QHPOL�ROGX÷XQX�J|UG�N��

%X�VHEHSOH��WH]LQ�LNLQFL�E|O�P�QGH�D÷�\DSÕODUÕQÕQ�WRSRORMLN�|]HOOLNOHULQL�J|]�|Q�QGH�

EXOXQGXUDUDN� HúLN� GH÷HUL� VHoLPL� \DSDQ� \HQL� ELU� \DNODúÕP� |QHUPHNWH\L]� YH� EX�

\DNODúÕPÕQ� SHUIRUPDQVÕ� GR÷UXOXN� |Oo�WOHUL� YH� KHVDSODPD� ]DPDQÕ� DoÕVÕQGDQ�

GH÷HUOHQGLUPHNWH\L]��

$QDKWDU�.HOLPHOHU�� *DXVVLDQ�*UDILNVHO�0RGHO�� *DXVVLDQ�.RSXOD�*UDILNVHO�0RGHO��

'R÷XP�YH�gO�P�0DUNRY�=LQFLUL�0RQWH�&DUOR��0HWRGX��*HUL�6ÕoUDPDOÕ�0DUNRY�=LQFLUL�

0RQWH� &DUOR� � 0HWRGX�� '|QJ�� 7HPHOOL� dRN� 'H÷LúNHQOL� 8\DUODQDELOLU� 5HJUHV\RQ�

0RGHOL��(úLN�'H÷HUL�6HoLPL��



L[

7R�P\�GHDU�IDPLO\



[

$&.12:/('*(0(176

7KURXJKRXW�P\�UHVHDUFK�,�KDYH�UHFHLYHG�D�JUHDW�GHDO�RI�VXSSRUW��,�ZRXOG�ILUVW�OLNH�WR�

WKDQN�P\�VXSHUYLVRU�9LOGD�3XUXWoXR÷OX�IRU�KHU�SDWLHQW�JXLGLQJ��HQGOHVV�VXSSRUW�DQG�
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gP�U�8÷XU��IRU�WKHLU�GHWDLOHG�UHYLHZV�DQG�WLPH�
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0\�IDPLO\�LV�P\�JUHDWHVW�VXSSRUWHU��(VSHFLDOO\��P\�SDUHQWV�DUH�P\�KHURHV��,W�ZRXOG�

QRW�EH�HQRXJK�KRZ�PXFK�,�WKDQN�WR�WKHP��7KDQN�\RX�ERWK�IRU�\RXU�HQGOHVV�VXSSRUW�

WKURXJKRXW�P\�HGXFDWLRQ��7KDQNV�PXP��IRU�EHLQJ�D�JUHDW�WHDFKHU�DQG�D�UROH�PRGHO�RI�

PLQH�DV�ZHOO��
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��������������������������������������������������������������������������������������������������������������������������������������

7DEOH������7KH�$FFXUDF\�7DEOH�IRU�(�*(2'�������'DWD�������������������������������������������

7DEOH������7KH�$FFXUDF\�7DEOH�IRU�(�*(2'�������'DWD�XQGHU������*HQHV¶�6\VWHP

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

7DEOH������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ������0RQWH�&DUOR�5XQV�XQGHU�

WKH�'LPHQVLRQ�RI����ZLWK�5DQGRP�1HWZRUN ���������������������������������������������������������������

7DEOH������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ������0RQWH�&DUOR�5XQV�XQGHU�

WKH�'LPHQVLRQ�RI����ZLWK�6FDOH�)UHH�1HWZRUN������������������������������������������������������������

7DEOH�������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ������0RQWH�&DUOR�5XQV�XQGHU�

WKH�'LPHQVLRQ�RI����ZLWK�5DQGRP�1HWZRUN ���������������������������������������������������������������

7DEOH�������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ������0RQWH�&DUOR�5XQV�XQGHU�

WKH�'LPHQVLRQ�RI����ZLWK�6FDOH�IUHH�1HWZRUN�������������������������������������������������������������

7DEOH�������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ�����0RQWH�&DUOR�5XQV�XQGHU�

WKH�'LPHQVLRQ�RI�����ZLWK�5DQGRP�1HWZRUN �������������������������������������������������������������

7DEOH������ **0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ�����0RQWH�&DUOR�5XQV�XQGHU�

WKH�'LPHQVLRQ�RI�����ZLWK�6FDOH�IUHH�1HWZRUN�����������������������������������������������������������
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7DEOH� ������ 7KH� 3HUIRUPDQFHV� RI� WKH� 3URSRVHG� 0HWKRG� DQG� ���7� &ULWHULRQ� IRU�

*\QHFRORJLFDO�'DWDVHWV�ZLWK�(OHYHQ�*HQHV �������������������������������������������������������������� ��

7DEOH� ������ 7KH� 3HUIRUPDQFHV� RI� WKH� 3URSRVHG� 0HWKRG� DQG� ���7� &ULWHULRQ� IRU�

*\QHFRORJLFDO�'DWDVHWV�ZLWK������*HQHV ����������������������������������������������������������������� ��

7DEOH� ������ 7KH� 3HUIRUPDQFHV� RI� 7KUHVKROG� 6HOHFWLRQ�0HWKRGV� IRU� &HOO� 6LJQDOLQJ�

3DWKZD\�'DWDVHW��������������������������������������������������������������������������������������������������������� ��

7DEOH� ������ 7KH� 3HUIRUPDQFHV� RI� 7KUHVKROG� 6HOHFWLRQ� 0HWKRGV� IRU� +XPDQ� *HQH�

([SUHVVLRQ�'DWDVHW����������������������������������������������������������������������������������������������������� ��
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/,67�2)�),*85(6

),*85(6

)LJXUH� ���� $�'LUHFWHG� �/HIW�� DQG� DQ� 8QGLUHFWHG�*UDSK� �5LJKW��� &RQVLVWV� RI� 7ZR�

1RGHV�DQG�2QH�(GJH�����������������������������������������������������������������������������������������������������

)LJXUH����� 7KH�5HSUHVHQWDWLRQ�RI��D��WKH�5DQGRP�DQG��E�� WKH�6FDOH�IUHH�1HWZRUNV�

ZLWK�(OHYHQ�*HQHV���������������������������������������������������������������������������������������������������������

)LJXUH������7KH�3URSRUWLRQ�RI�%LRORJLFDO�1HWZRUNV�E\�6FDOH�)UHH�(YLGHQFH�&DWHJRU\�

5HJDUGLQJ�WKH�6WXG\�RI�%URLGR�DQG�&ODXVHW������� �����������������������������������������������������

)LJXUH�������$�6LPSOH�5HSUHVHQWDWLRQ�RI�WKH�0$56�YLD�D�.QRW�DQG�6SOLQHV ��������������
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/,67�2)�$%%5(9,$7,216

%'0&0& 7KH�%LUWK�DQG�'HDWK�0DUNRY�&KDLQ�0RQWH�&DUOR

%) %DVLV�)XQFWLRQ

)1 )DOVH�1HJDWLYH

)3 )DOVH�3RVLWLYH

**0 *DXVVLDQ�*UDSKLFDO�0RGHO

JODVVR *UDSKLFDO�/DVVR

/0$56 /RRS�EDVHG�0XOWLYDULDWH�$GDSWLYH�5HJUHVVLRQ�6SOLQHV

.07 .DSSD�0D[LPL]HG�7KUHVKROG

0$56 0XOWLYDULDWH�$GDSWLYH�5HJUHVVLRQ�6SOLQHV

0&& 0DWWKHZ¶V�&RUUHODWLRQ &RHIILFLHQW

0'7 0LQLPL]HG�'LIIHUHQFH�7KUHVKROG

067 0D[LPL]HG�6XP�7KUHVKROG

5-0&0& 5HYHUVH�-XPS�0DUNRY�&KDLQ�0RQWH�&DUOR

71 7UXH�1HJDWLYH

73 7UXH�3RVLWLYH
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&DQFHU�LV�D�EUDQFK�RI�V\VWHP�GLVHDVH�WKDW�LV�FDXVHG�E\�PXWDWLRQV�LQ�WXPRU�VXSSUHVVRU�

JHQHV��RQFRJHQHV�DQG�'1$�UHSDLU�JHQHV��5RPHUR�*DUFLD�HW�DO�����������&RQVLGHULQJ�

DOO� FDQFHU� W\SHV�� J\QHFRORJLFDO� FDQFHUV� DUH� WKH� PRVW� SUHYDOHQW� DPRQJ� ZRPHQ� LQ�

GHYHORSLQJ� FRXQWLHV�� �+VX� HW� DO��� ������ 6PDOO� HW� DO��� ������ ,\RNH�	�8JZX�� �������

%HFDXVH� RI� VRFLRORJLFDO� UHDVRQV�� WKHUH� LV� DQ� LPPLQHQW� DQG� VHULRXV� FULVLV� IRU�

J\QHFRORJLFDO�FDQFHU�W\SHV LQ�GHYHORSLQJ�FRXQWULHV��6PDOO�HW�DO����������,Q�DGGLWLRQ�WR�

WKDW��RQO\�VPDOO�SURSRUWLRQ�RI�FDQFHU�SDWLHQWV�UHVSRQG�WR�WKH�GUXJ�SUHVFULEHG�IRU�WKHLU�

WUHDWPHQW� �:LMVW� HW� DO��� ������� 7KHUHIRUH�� DFFXUDWHO\� VFUHHQLQJ� JHQHV� DQG� WKHLU�

LQWHUDFWLRQV�KDV�EHFRPH�PRUH�FUXFLDO�WR�SUHYHQW�J\QHFRORJLFDO�FDQFHUV�DQG�ILQGLQJ�WKH�

ULJKW�FXUH��

2Q�WKH�RWKHU�KDQG��VWLOO��WKHUH�DUH�VHYHUDO�FKDOOHQJHV�WR�GLVFRYHU�JHQH�LQWHUDFWLRQV�GXH�

WR�WKH�VWUXFWXUDO�DQG�WKH�IXQFWLRQDO�FRPSOH[LWLHV�LQKHULWHG�LQ�ELRORJLFDO�V\VWHPV�VXFK�

DV� KLJK VSDUVLW\� RI� WKH� V\VWHP�� KLJK� QXPEHU� RI� JHQHV� UHODWLYH� WR� WKH� QXPEHU� RI�

REVHUYDWLRQV�DQG�KLJK�FRUUHODWLRQ�EHWZHHQ�JHQHV��+HQFH��WR�EH�DEOH�WR�REWDLQ�UHOLDEOH�

LQWHUDFWLRQ� QHWZRUN� WR� H[SODLQ� DFWXDO� V\VWHP¶V� GLVHDVH�� WKH� FKRLFH� RI�PDWKHPDWLFDO�

PRGHOV�SOD\V�YHU\�FULWLFDO�UROH��)RU�WKLV�SXUSRVH��LQ�WKLV�VWXG\��PDWKHPDWLFDO�PRGHOV�

DUH�VWXGLHG�FDUHIXOO\�WR�PRGHO�QHWZRUN�V\VWHPV�PRUH�DFFXUDWHO\�LQ� WKH�UHDO�QHWZRUN�

GDWDVHWV��%HFDXVH�LQ�WKH�OLWHUDWXUH��PDMRULW\�RI�WKH�FRPSDUDWLYH�VWXGLHV�DUH�EDVHG�RQ�

HLWKHU� 0RQWH� &DUOR� UXQV� RU� EHQFKPDUN� GDWD�� +HUHLQ�� ZH� HYDOXDWH� WKHP�

FRPSUHKHQVLYHO\�LQ�RUGHU�WR�FRQVWUXFW�J\QHFRORJLFDO�FDQFHU�QHWZRUNV�E\�XVLQJ�UHDO�

PLFURDUUD\�GDWDVHWV�ZKRVH�FRUH�JHQHV�DUH�LQYHVWLJDWHG�IURP�WKH�DVVRFLDWHG�OLWHUDWXUH��

6LQFH�GHWHFWLQJ�WKH�JHQHV�UHODWHG�ZLWK�WKH�SDUWLFXODU�FDQFHU�LV�WKH�ILUVW�VWHS�WR�FXUH�WKDW�

GLVHDVH��ZH�DLP�WR�FRPSDUH�QHWZRUN�PRGHOV�WR�ILJXUH�RXW�ZKLFK�PRGHO�FDQ�GHWHFW�WKH�
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FDQFHU�UHODWHG�JHQHV�EHWWHU��:H�DOVR�DLP�WR�LPSURYH�RQH�RI�WKHVH�PRGHOV��**0��E\�

FRPSDULQJ�WKH�WKUHVKROG�PHWKRGV�

+HUHE\��LQ�WKH�RUJDQL]DWLRQ�RI�WKH�WKHVLV��ZH�SUHVHQW�WKH�IROORZLQJ�FRQWHQW��,Q�&KDSWHU�

���ZH�JLYH�VRPH�EDFNJURXQG�LQIRUPDWLRQ�DERXW� WKH�QHWZRUNV��JUDSK�WKHRU\�DQG�WKH�

WRSRORJ\�RI�ELRORJLFDO�QHWZRUN��$IWHUZDUGV��ZH�UHSUHVHQW�KRZ�D�WUXH��TXDVL��QHWZRUN�

IRU�J\QHFRORJLFDO�FDQFHUV�FDQ�EH�FRQVWUXFWHG��)RU�WKH�FRQVWUXFWLRQ�RI�WKH�XQGHUO\LQJ�

QHWZRUN��ZH� FKHFN� WKH� DVVRFLDWHG� OLWHUDWXUH� DQG� GHWHFW� HOHYHQ� JHQHV� VHOHFWHG� IURP�

GLIIHUHQW� UHYLHZ� VWXGLHV�� 7KHUH� JHQHV� DUH�0$3�.���0$3.��� &(%3%�� &711%���

7)$0��73����3',$���,03�� (5%%���&+'��DQG�0%'���7KH�&DQFHU�*HQRPH�$WODV�

5HVHDUFK��������&DQFHU�*HQRPH�$WODV�5HVHDUFK�1HWZRUN��������+X�HW�DO���������

$FFRUGLQJO\�� &KDSWHU� �� FRQWLQXHV� ZLWK� WKH� GHVFULSWLRQ� RI� GLIIHUHQW� PDWKHPDWLFDO�

PHWKRGV�WR�FRQVWUXFW�WKH�QHWZRUN��7KH�ILUVW�PHWKRG�XVHG�LQ�WKLV�VWXG\�LV�WKH�*DXVVLDQ�

JUDSKLFDO�PRGHO��**0���7KLV�PRGHO�LV�RQH�RI�WKH�IXQGDPHQWDO�PRGHOLQJ�DSSURDFKHV�

WR� H[SODLQ� WKH� UHODWLRQVKLS� EHWZHHQ� WZR� ELRORJLFDO� HQWLWLHV� XQGHU� WKH� VWHDG\�VWDWH�

DFWLYDWLRQ� RI� WKH� V\VWHP� YLD� DQ� XQGLUHFWHG� JUDSK� �:KLWWDNHU�� ������� 7KH� VHFRQG�

DSSURDFK�DSSOLHG� LQ�RXU�DQDO\VHV� LV� WKH�*DXVVLDQ�FRSXOD�JUDSKLFDO�PRGHO� �*&*0��

ZKLFK�LV�WKH�FRPELQDWLRQ�RI�**0�ZLWK�WKH�*DXVVLDQ�FRSXOD��*UHHQ��������7KH�PDMRU�

GLVWLQFWLRQ�RI�WKLV�PRGHO�UHJDUGLQJ�**0�LV�LWV�LQIHUHQFH�LQ�WKH�VHQVH�WKDW�*&*0�FDQ�

EH� HVWLPDWHG� YLD� UHYHUVH� MXPS� 0DUNRY� FKDLQ� 0RQWH� &DUOR� �5-0&0&�� DSSURDFK�

�'REUD�	�/HQRVNL��������)DUQRXGNLD�	�3XUXWoXR÷OX��������DQG�WKH�ELUWK�DQG�GHDWK�

0RQWH�&DUOR�PHWKRGV��%'0&0&���0RKDPPDGL�	�:LW��������XQGHU�WKH�%D\HVLDQ�

VHWWLQJV��2Q�WKH�RWKHU�VLGH��**0�LV�LQIHUUHG�E\�WKH�SHQDOL]HG�OLNHOLKRRG�DSSURDFK�RU�

JHQHUDOL]HG�OHDVW�VTXDUH�PHWKRGV��%HVLGHV�WKHVH�WZR�SDUDPHWULF�WHFKQLTXHV��ZH�DOVR�

LPSOHPHQW� D� QRQSDUDPHWULF� PHWKRG� WKDW� LV� VSHFLILFDOO\� GHVLJQHG� IRU� FRPSOH[�

ELRORJLFDO� QHWZRUN�� 7KLV� PRGHO� LV� FDOOHG� WKH� ORRS�EDVHG� 0XOWLYDULDWH� $GDSWLYH�

5HJUHVVLRQ�6SOLQHV��/0$56��PRGHO��

2Q�WKH�RWKHU�KDQG��LQ�WKH�DSSOLFDWLRQ�RI�DOO�WKHVH�PDWKHPDWLFDO�PRGHOV��LW�LV�VHHQ�WKDW�

WKH�VHOHFWLRQ�RI�WKH�WKUHVKROG�YDOXH�ZKLFK�FRQYHUWV�WKH�HVWLPDWHG�PRGHO�SDUDPHWHUV�WR�
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D�ELQDU\�IRUP�KDV�D�GLUHFW�HIIHFW�LQ�WKH�DFFXUDF\�RI�WKH�ILWWHG�PRGHO���$FFRUGLQJO\��LQ�

RUGHU�WR�PDNH�PRUH�UHOLDEOH�GHFLVLRQV�DERXW�WKH�DFWLYDWLRQV�RI�WKH�FRPSOH[�V\VWHPV��

FHUWDLQ�PHWKRGV�DERXW�WKH�VHOHFWLRQ�RI�WKH�RSWLPDO�WKUHVKROG�YDOXH�DUH�VXJJHVWHG�LQ�WKH�

OLWHUDWXUH� �%DVVHVW� 	� %XOOPRUH�� ������� 6RPH� RI� WKHVH� VHOHFWLRQV� DUH� EDVHG� RQ�

SDUDPHWULF�DSSURDFKHV�DQG�VRPH�DUH�IXOO\�QRQSDUDPHWULF��)RU�LQVWDQFH��6FKHQHLGHU�HW�

DO���������VHOHFW�WKH�WKUHVKROG�LQ�WKHLU�VWXGLHV�SDUDPHWULFDOO\�E\�WDNLQJ�LQWR�DFFRXQW�RI�

WKH�GLVWULEXWLRQ�RI� WKH�GDWD��7KH\�DOVR�DGRSW�DQ�RSWLPL]DWLRQ�DSSURDFK EDVHG�RQ�DQ�

HVWLPDWRU��ZKLFK�LV�WKH�+LOO��LQ�RUGHU�WR�SURSRVH�D�QRQSDUDPHWULF�WKUHVKROG�VHOHFWLRQ�

PHWKRG�LQ�WKH�XQLYDULDWH�H[WUHPH�YDOXH�DQDO\VLV��2Q�WKH�RWKHU�KDQG��D�QRQSDUDPHWULF�

SURFHGXUH� ZKLFK� GHSHQGV� RQ� WKH� VHOHFWLRQ� RI� WKH� RSWLPDO� S�YDOXH� IRU� WKH� HGJHV¶�

VLJQLILFDQFH�YLD�D�K\SRWKHVLV� WHVWLQJ� LV�GRQH�E\�FRPSDULQJ�H[LVWLQJ�HGJHV�YLD� WKHLU�

UDQGRPQHVV�LV�VXJJHVWHG�E\�$OGHPXYDU���������0RUHRYHU��&KHQ�HW�DO���������SUHVHQW�

D�SDUDPHWULF�PHWKRG�ZKLFK�XVHV�WKH�PL[WXUH�RI�GLVWULEXWLRQV�LQ�WKH�H[SRQHQWLDO�IDPLO\��

7KHUH�DUH�DOVR�RWKHU�VWXGLHV�ZKLFK�LPSOHPHQW�HPSLULFDO�DQDO\VHV�IRU�WKH�XQGHUO\LQJ�

V\VWHP��/LX�HW�DO���������RU�LQWXLWLYHO\�VHOHFW�����RU�����YDOXH�DV�D�FRQVWDQW� WHUP�LQ�

RUGHU� WR� FRQWURO�ELRORJLFDO� QHWZRUNV� VSDUVLW\� �*LEVRQ�HW� DO��� �������2Q�FRQFOXVLRQ�

FRQVLGHULQJ�DOO�RI�WKH�WKUHVKROG�VHOHFWLRQ�PHWKRGV�PHQWLRQHG�DERYH��LW�LV�REVHUYHG�WKDW�

SDUDPHWULF� DSSURDFKHV� QHHGHG� GHWDLOHG� LQIRUPDWLRQ� DERXW� WKH� GDWD� DQG� KDYH�

UHVWULFWLRQV� DERXW� WKH� XQGHUO\LQJ� GLVWULEXWLRQ�� 2Q� WKH� FRQWUDU\�� WKH� QRQSDUDPHWULF�

DSSURDFKHV DUH� IOH[LEOH��+RZHYHU�� WKH\� FDQ�EH� FRPSXWDWLRQDOO\�GHPDQGLQJ� LI� WKHLU�

FDOFXODWLRQV�GHSHQG�RQ�WKH�RSWLPL]DWLRQ�WHFKQLTXHV��2Q�WKH�RWKHU�VLGH��VXFK�PHWKRGV�

OLNH�XVLQJ�D�IL[�YDOXH�RU�DFFXUDF\�PHDVXUHV�WR�YDOLGDWH�WKH�HVWLPDWHG�V\VWHPV�µVWUXFWXUH�

E\�WKHLU��TXDVL��UHSUHVHQWDWLRQV�FDQ�EH�PRUH�FRPSXWDWLRQDOO\�XVHU�IULHQGO\��:KHUHDV��

FXUUHQW�PHWKRGV�LQ�WKLV�JURXS�GR�QRW�FRQVLGHU�WKH�WRSRORJ\�IHDWXUHV�RI�WKH�QHWZRUN�RI�

LQWHUHVW��7KHUHE\��LQ�WKLV�VWXG\��ZH�LQLWLDOO\�HYDOXDWH�WKH�LQIOXHQFH�RI�PDMRU�WKUHVKROG�

VHOHFWLRQ�PHWKRGV�LQ�WKH�OLWHUDWXUH�WKDW�DUH�W\SLFDOO\�DSSOLHG�IRU�WKH�ELQDU\�FRQVWUXFWLRQ��

7KHQ��ZH�SURSRVH�DQ�DOWHUQDWLYH�DSSURDFK�LQ�WKLV�ILHOG�DQG�DVVHVV� WKH�DFFXUDFLHV�RI�

HVWLPDWHV� XQGHU� GLVWLQFW� PHDVXUHV� DQG� FRPSXWDWLRQDO� WLPH�� ,Q� WKLV� DVVHVVPHQW�� ZH�

DSSO\�**0�DV� LW� LV� WKH�IXQGDPHQWDO�PRGHO�RI�PDQ\�FRPSOH[�DSSURDFKHV��7KXV�� LQ�

&KDSWHU����ZH�DOVR�GHVFULEH�ZHOO�NQRZQ�WKUHVKROG�VHOHFWLRQ�PHWKRGV�ZKLFK�DUH�XVHG�
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WR�FRQYHUW�QXPHULFDO�HQWULHV�RI�SUHFLVLRQ�PDWUL[�LQWR�D�ELQDU\�IRUP�XQGHU�DQ�DGMDFHQF\�

PDWUL[���7KH�VHOHFWHG�WKUHVKROG�VHOHFWLRQ�PHWKRGV�DUH�WKH�NDSSD�PD[LPL]HG�WKUHVKROG�

FULWHULRQ��*XLVDQ�HW�DO����������PLQLPL]HG�GLIIHUHQFH�WKUHVKROG��-LPpQH]�9DOYHUGH�	�

/RER���������PD[LPL]HG�VXP�WKUHVKROG��0DQHO�HW�DO����������DQG����7�FULWHULRQ��0DQHO�

HW�DO����������,Q�DGGLWLRQ�WR�WKHVH�DSSURDFKHV��UHVHDUFKHUV�FDQ�DOVR�SHUIRUP�HLWKHU�E\�

H[SHUW�RSLQLRQV�RU�DVVLJQLQJ�DUELWUDU\�FRQVWDQWV�IRU�WKH�VHOHFWLRQ�RI�WKLV�YDOXH�LQ�JHQH�

QHWZRUN�DQDO\VLV��=KDR�	�'XDQ��������3XUXWoXR÷OX�	�6HoLOPLú���������$FFRUGLQJO\��

DV�D�FRQWULEXWLRQ�WR�WKH�ILHOG��ZH�LQWURGXFH�D�QRYHO�QRQSDUDPHWULF�SURFHGXUH�ZKLFK�

FRQVLGHUV�WKH�WRSRORJ\�RI�WKH�JHQH�QHWZRUN�V\VWHP�ZKLOH�LPSRVLQJ�D�WKUHVKROG�YDOXH�

WR�WKH�SUHFLVLRQ�PDWUL[��

$GGLWLRQDOO\��LQ�&KDSWHU����ILUVWO\��ZH�SUHVHQW�KRZ�ZH�REWDLQ�WKH�UHDO�GDWDVHWV�ZKLFK�

LQFOXGH�DOO�WKH�JHQHV�RI�WKH�WUXH��TXDVL��J\QHFRORJLFDO�QHWZRUN��7R�FROOHFW�PLFURDUUD\�

GDWD�� ZH� XVH� WKH� $UUD\([SUHVV� GDWDEDVH� ZKLFK� LV� D� IUHH� GDWDEDVH� IRU� PLFURDUUD\�

VWXGLHV��$IWHU�VHDUFKLQJ�WKURXJKRXW�WKH�$UUD\([SUHVV�ZKLFK�KDV�PRUH�WKDQ������GDWD�

IRU�J\QHFRORJLFDO�FDQFHUV��RQO\�WKUHH�GLIIHUHQW�W\SHV�RI�J\QHFRORJLFDO�GDWD�DUH�IRXQG�

ZKLFK�KDYH�VDPH�WKH�FKDUDFWHULVWLFV�DQG�ZRUNHG�VLPXOWDQHRXVO\� LQ� WKH�VDPH�VWXG\��

$IWHUZDUGV��WKH�PRGHOV�ZKLFK�DUH�PHQWLRQHG�LQ�&KDSWHU���DUH�DVVHVVHG�E\�FRPSDULQJ�

WKHLU�DFFXUDF\�PHDVXUHV� IRU� WKH�XQGHUO\LQJ� WKUHH� UHDO�RQFRJHQLF�GDWDVHWV��2QFH� WKH�

OLVWHG�HOHYHQ�JHQHV�DUH�PRGHOOHG�XQGHU�D�QHWZRUN��ZH�DOVR�DXJPHQW�WKH�GLPHQVLRQV�

�L�H��� WKH� WRWDO� QXPEHU� RI� JHQHV� LQ� WKH� V\VWHP�� LQ� WKH� QHWZRUN� FRQVWUXFWLRQ��

)XUWKHUPRUH��WR�HVWLPDWH�DGMDFHQF\�PDWUL[�FRPSDUDEOH�ZLWK�WKH�WUXH�SUHFLVLRQ�PDWUL[��

WKUHVKROG�VHOHFWLRQ�PHWKRGV�DUH�DSSOLHG�XQGHU�**0��7R�LOOXVWUDWH�WKH�SHUIRUPDQFH�RI�

WKUHVKROG�PHWKRGV�� RXWSXWV� DUH� HYDOXDWHG� YLD VLPXODWHG� GDWDVHWV�ZKLFK� DUH� FUHDWHG�

XQGHU�GLIIHUHQW�0RQWH�&DUOR�VFHQDULRV��DV�ZHOO�DV�UHDO�GDWDVHWV��)LQDOO\��ZH�FRYHU�WKH�

ILQGLQJV��GLVFXVV�WKH�RXWSXWV�DQG�VXJJHVW�VRPH�IXWXUH�ZRUNV�
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&+$37(5��

�� %$&.*5281'

���� 1HWZRUNV

(YHQ� LQ� WKLV� PRPHQW� ZH� DUH� VXUURXQGHG� E\� PDQ\� FKDQJLQJ� DQG� LQWHUFRQQHFWHG�

QHWZRUNV�ZKLOH�VLJQDOLQJ�RI�RXU�QHXURQV DQG�RXU�RUJDQV�IRU�WKHLU�ZRUNV��6R��VLQFH�IURP�

WKH�EHJLQQLQJ� WLOO� WKH�HQG��HYHU\WKLQJ�KDV�FRQQHFWLRQ�ZLWK�D�QHWZRUN��7KH�QHWZRUN�

VFLHQFH� LV� D� ULVLQJ� DQG� YHU\� LQWHUGLVFLSOLQDU\� UHVHDUFK� DUHD� ZKLFK� GHYHORSV�

PDWKHPDWLFDO� DSSURDFKHV� LQ� RUGHU� WR� H[SDQG� RXU� QDWXUDO� DQG� PDQ�PDGH� QHWZRUN�

XQGHUVWDQGLQJ��%|UQHU�HW�DO����������+HUHE\��DV�D�GHVFULSWLRQ��QHWZRUN�LV�D�JURXS�RI�

LQWHUFRQQHFWHG�WKLQJV�ZKLFK�FRQVLVWV�RI�QRGHV�DQG�HGJHV��DQG�KDV�WKH�DSSOLFDWLRQ�LQ�

DOPRVW�DOO�V\VWHPV��0DMRULW\�RI�WKH�PDWKHPDWLFDO�GHVFULSWLRQ�RI�QHWZRUNV�LV�EDVHG�RQ�

WKH�JUDSK�WKHRU\�GXH�WR�LWV�YLVXDO�VLPSOLFLW\�LQ�XQGHUVWDQGLQJ�WKH�FRPSOH[LW\�RI�WKH�

DFWXDO� VWUXFWXUH� DQG� LWV� IOH[LELOLW\� LQ� WKH� DSSOLFDWLRQ��+HQFH�� WKH� JUDSKV�ZKLFK� FDQ�

UHSUHVHQW� WKH� QHWZRUN� FDQ� EH� GLYLGHG� LQWR� WZR� JURXSV�� 7KHVH� DUH� GLUHFWHG� DQG�

XQGLUHFWHG�JUDSKV��%HORZ��ZH�LQLWLDOO\�GHVFULEH�WKHVH�WZR�VRUWV�RI�JUDSKV��7KHQ��ZH�

H[SODLQ� WKH� QHWZRUNV� ZKLFK� JHQHUDWH� JUDSKV� EDVHG� RQ� WKHLU� WRSRORJLHV�� 7KHVH�

WRSRORJLFDO�GLVWLQFWLRQV�DUH�RULJLQDWHG�IURP�WKH�GLVWULEXWLRQV�RI�WKH�LQWHUDFWLRQV�LQ�WKH�

V\VWHPV��)RU�WKH�ELRORJLFDO�QHWZRUNV��ZH�FDQ�REVHUYH�WZR�W\SHV�RI�WKH�GLVWULEXWLRQ�LQ�

WKH�VSUHDG�RI�WKH�LQWHUDFWLRQV��7KH\�DUH�WKH�UDQGRP�QHWZRUNV�DQG�VFDOH�IUHH�QHWZRUNV��

+HUHE\��LQ�WKH�IROORZLQJ�SDUWV��ZH�DOVR�LQWURGXFH�ERWK�QHWZRUNV¶�W\SHV�LQ�GHWDLOV�



�

'LUHFWHG�DQG�8QGLUHFWHG�*UDSKV

$�ILQLWH�GLUHFWHG�JUDSK�FRQVLVWV�RI�D�VHW�RI�HGJHV�DQG�QRGHV�LQ�VXFK�D�ZD\�WKDW�HDFK

HGJH�FRQQHFWV�D�VWDUWLQJ�QRGH X WR�D�WHUPLQDO�QRGH�Y��%\�WKLV�ZD\��WKH�GLUHFWLRQ�RI�WKH�

IORZ�FDQ�EH�REVHUYDEOH�IURP�WKH�JUDSK��2Q�WKH�RWKHU�KDQG��DQ�XQGLUHFWHG�JUDSK�DOVR�

FRQVLVWV�RI�D�VHW�RI�HGJHV�DQG�QRGHV��+RZHYHU��WKHUH�LV�QR�GLUHFWLRQ�EHWZHHQ�QRGH�X�

DQG�Y��)RU�ELRORJLFDO�QHWZRUNV��WKH�QRGHV�LQGLFDWH�WKH�JHQHV��SURWHLQV�RU�RWKHU�VSHFLHV�

LQ� WKH� V\VWHPV� DQG� WKH� HGJHV� VKRZ� WKH� SK\VLFDO� RU� IXQFWLRQDO� LQWHUDFWLRQV� �RU�

UHODWLRQVKLSV�� EHWZHHQ� WKHP�� )LJXUH� ���� SUHVHQWV� WKH� EDVLF� UHSUHVHQWDWLRQ� RI� ERWK�

JUDSKV�IRU�WZR�QRGHV�YLD�RQH�HGJH�

)LJXUH����� $�'LUHFWHG��/HIW��DQG�DQ�8QGLUHFWHG�*UDSK��5LJKW���&RQVLVWV�RI�7ZR�1RGHV�DQG�2QH�(GJH

)RU�WKH�ELRORJLFDO�QHWZRUNV��PDMRULW\�RI�WKH�JUDSKV�DUH�SUHVHQWHG�E\�WKH�XQGLUHFWHG�

W\SH�VLQFH�WKHUH�LV�D�OLPLWHG�LQIRUPDWLRQ�IURP�WKH�GLUHFWLRQ�RI�WKH�IORZ��L�H���LQWHUDFWLRQ��

DERXW�HDFK�JHQH�LQ�WKH�V\VWHP��7KHUHIRUH��LQ�WKLV�VWXG\��ZH�PHUHO\�ZRUN�RQ�WKH�FODVV�

RI�XQGLUHFWHG�JUDSKV�IRU�ERWK�WKH�PDWKHPDWLFDO�PRGHOLQJ�DQG�WKH�WKUHVKROG�VHOHFWLRQ��

%HORZ��ZH�GHVFULEH�WKH�PDLQ�FULWHULRQ�ZKLFK�FDQ�VHSDUDWH�WKH�XQGLUHFWHG�JUDSKV�LQWR�

WZR�SDUWV�DV�UDQGRP�DQG�VFDOH�IUHH��7KLV�FULWHULRQ�LV�FDOOHG�WKH�GHJUHH�RU�FRQQHFWLYLW\�

RI�WKH�JUDSK�

7KH�EDVLF�FKDUDFWHULVWLF�RI�D�QRGH�LV�LWV�GHJUHH��RU�FRQQHFWLYLW\���݇��ZKLFK�UHSUHVHQWV�

WKH� QXPEHU� RI� OLQNV� WKDW� WKH� QRGH� KDV� WR� RWKHU� QRGHV�� $Q� XQGLUHFWHG� QHWZRUN� LV�

FKDUDFWHUL]HG�E\�DQ DYHUDJH�GHJUHH



�

ത݇ ൌ
ଶ௅

ே
�����

ZKHUH� 1� LV� WKH� VL]H� RI� WKH� QHWZRUNV�� 7KH� QHWZRUN� W\SHV� FDQ� EH� FODVVLILHG� E\� WKH�

SUREDELOLW\�GLVWULEXWLRQ�RI�WKHLU�OLQNV��%HORZ��ZH�SUHVHQW�WKHP�ZLWK�WKHLU�PDWKHPDWLFDO�

GHVFULSWLRQV��

������ 5DQGRP�1HWZRUNV

7KHUH�DUH�WZR�GHILQLWLRQV�IRU�WKH�UDQGRP�QHWZRUN��)LUVW�RQH�LV�Dܩ�ሺܰǡ ሻܮ PRGHO�ZKLFK�

FDQ�VLPSO\�EH�GHVFULEHG�DV�1�ODEHOHG�QRGHV�WKDW�DUH�FRQQHFWHG�ZLWK�/�UDQGRPO\�SODFHG�

OLQNV��%DUDEiVL��������

2Q� WKH� RWKHU� VLGH�� WKH� VHFRQG� GHILQLWLRQ� VWDQGV� IRU� Dܩ�ሺܰǡ ሻ݌ PRGHO�� � 7KLV�PRGHO�

FRQQHFWV�HDFK�SDLU�RI�1�ODEHOHG�QRGHV�ZLWK�D�SUREDELOLW\݌���$FFRUGLQJO\��WKHܩ��ሺܰǡ ሻ݌

PRGHO�IL[HV�WKH�SUREDELOLW\��RQ�WKH�FRQWUDU\��WKHܩ�ሺܰǡ ሻܮ PRGHO�IL[HV�WKH�QXPEHU�RI�

OLQNV��6LQFH�LQ�UHDO�QHWZRUNV��WKH�QXPEHU�RI�OLQNV�GRHVQ¶W�VWD\�IL[HG��WKH�VHFRQG�PRGHO�

LV�JLYHQ�EHORZ�DV�D�GHVFULSWLRQ�RI�UDQGRP�QHWZRUNV�

,Q�D�UDQGRP�QHWZRUN��WKH�SUREDELOLW\�WKDW�D�VHOHFWHG�QRGH�KDYLQJ�݇ OLQNV�LV�WKH�SURGXFW�

RI�WKH�IROORZLQJ�VWHSV��%DUDEiVL��������

x 7KH�SUREDELOLW\�WKDW�WKH�OLQN�N�KDV�FRQQHFWLRQ�LV�SUHVHQWHG�E\݌�௞

x 7KH�SUREDELOLW\�WKDW�UHPDLQLQJ�ሺܰ െ ͳ െ ݇ሻ OLQNV�DUH�PLVVLQJ�LV�FRPSXWHG�E\�

ሺͳ െ ሻேିଵି௞݌

x 7KH�QXPEHU�RI�SRVVLEOH�ZD\V�WKDW�N�OLQNV�IURP�ܰ െ ͳ SRWHQWLDO�OLQNV�D�QRGH�

FDQ�KDYH�LV�VHOHFWHG�YLD�൫ேିଵ
௞
൯

6R��WKH�GHJUHH�GLVWULEXWLRQ��୩ FDQ�EH�VKRZQ�E\

௞݌ ൌ ൫ேିଵ
௞
൯݌௞ሺͳ െ ሻேିଵି௞݌ �����
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+RZHYHU��PRVW�UHDO�QHWZRUNV�LQGLFDWH�D�VSDUVH�VWUXFWXUH��%DUDEiVL���������WKHUHIRUH��

ത݇ ا ܰ ZKHUH� ത݇ VKRZV� WKH� DYHUDJH� GHJUHH��+HQFH�� WKH� OLPLWLQJ� GLVWULEXWLRQ� RI� WKH�

GHJUHH� ������ FDQ� EH� DSSUR[LPDWHG� E\� WKH� 3RLVVRQ� GLVWULEXWLRQ� DV� SUHVHQWHG� LQ� WKH�

IROORZLQJ�H[SUHVVLRQ��

௞݌ ൌ ݁ି ௞ത ௞ത ೖ

௞Ǩ
���������������������������������������������������������

7KH� GHQVLW\� (TXDWLRQ� ������ LV� DOVR� FDOOHG� WKH� GHJUHH� GLVWULEXWLRQ� RI� WKH� UDQGRP�

QHWZRUN���,Q�)LJXUH������D���D�VLPSOH�YLHZ�RI�D�UDQGRP�QHWZRUN�ZLWK�HOHYHQ�QRGHV�FDQ�

EH�VHHQ�

������ 6FDOH�IUHH�1HWZRUNV

7KH�GHJUHH�GLVWULEXWLRQ��୩ JLYHV�WKH�SURSRUWLRQ�RI�D�VHOHFWHG�QRGH�KDYLQJ�N�OLQNV��7KH�

SUREDELOLW\�LV�FDOFXODWHG�E\

௞݌ ൌ
ேሺ௞ሻ

ே
� �����

ZKHUH�ܰሺ݇ሻ LV�WKH�WKH�QXPEHU�RI�QRGHV�ZLWK�݇ QXPEHU�RI�OLQNV��

0RVW�ELRORJLFDO�QHWZRUNV�LQFOXGLQJ�SURWHLQ�SURWHLQ�QHWZRUNV�DUH�VFDOH�IUHH��0LOR�HW�

DO���������%DUDEiVL�	�2OWYDL���������7KDW�LV��WKHLU�GHJUHH�GLVWULEXWLRQ�IROORZV�D�SRZHU�

ODZ�GLVWULEXWLRQ�DV�VWDWHG�EHORZ�

௞݌ ൌ ݇ିఊ �������������������������������������������������������

LQ�ZKLFKߛ� GHQRWHV�WKH�GHJUHH�H[SRQHQW��)RU�WKH�ELRORJLFDO�QHWZRUNV��WKLV�YDOXH�OLHV�

IURP���WR����ʹ ൏ ߛ ൏ ͵�

)RU�VFDOH�IUHH�QHWZRUNV��DOWKRXJK�PRVW�RI�WKH�QRGHV�KDYH�OHVV�QXPEHU�RI�OLQNV��L�H���

VPDOO�GHJUHH�� WKHUH� H[LVWV� IHZ�QRGHV�KDYLQJ�YHU\� ODUJH�QXPEHU�RI� OLQNV�� L�H��� KLJK�

GHJUHH��LQ�VXFK�D�ZD\�WKDW�WKH\�DUH�IDWKHU�WKDQ�WKH�DYHUDJH�GHJUHH�� ത݇��7KRVH�QRGHV�DUH�
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FDOOHG�DV�KXEV��%DUDEiVL�	�2OWYDL���������,Q�ILJXUH������E���D�VLPSOH�LOOXVWUDWLRQ�RI�D�

VFDOH�IUHH�QHWZRUN�ZLWK�HOHYHQ�QRGHV�LV�VKRZQ�

�D�����������������������������������������������������������������������E�

)LJXUH����� 7KH�5HSUHVHQWDWLRQ RI��D��WKH�5DQGRP�DQG��E��WKH�6FDOH�IUHH�1HWZRUNV�ZLWK�(OHYHQ�*HQHV

���� %LRORJLFDO�1HWZRUNV

$OWKRXJK�WKHUH�DUH�PDQ\�SXEOLFDWLRQV�VXJJHVWLQJ�WKDW�PRVW�RI�WKH�ELRORJLFDO�QHWZRUNV�

DUH�VFDOH�IUHH��%DUDEiVL�	�2OWYDL���������WKHUH�DUH�VRPH�UHFHQW�SXEOLFDWLRQV�SURSRVLQJ�

LWV�FRQWUDU\� �%URLGR�	�&ODXVHW���������$V� LOOXVWUDWHG� LQ� WKH�)LJXUH������%URLGR�DQG�

&ODXVHW��������VKRZ�WKDW�D�PDMRULW\�RI�WKH�ELRORJLFDO�QHWZRUNV�GR�QRW�KDYH�DQ\�GLUHFW�

DQG�LQGLUHFW�HYLGHQFH�IRU�WKH�VWUXFWXUH�RI�VFDOH�IUHH�QHWZRUN�

%URLGR�DQG�&ODXVHW������� DUJXH�WKDW�����RI�WKH�ELRORJLFDO�GDWD�WKDW�WKH\�H[DPLQH�

KDYH� D� ODFN� HYLGHQFH� RI� VFDOH�IUHHQHVV�� +RZHYHU�� WKH\� DOVR� VWDWH� WKDW� ��� RI� WKH�

ELRORJLFDO�GDWD��ZKLFK�DUH�PRVWO\�PHWDEROLF�QHWZRUNV��DUH�LQ�WKH�FDWHJRU\�RI�VWURQJHVW��

DQG�QRW�DOO��EXW�PRVW�RI�WKHP��VKRZ�D�GLUHFW�HYLGHQFH�RI�WKH�VFDOH�IUHH�VWUXFWXUH�VXFK�

DV�VRPH�SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUNV��

+HUHE\�� LQ�RXU� DQDO\VHV� IRU� WKH� WKUHVKROG�VHOHFWLRQ��ZH�VWXG\�YLD�ERWK� UDQGRP�DQG�

VFDOH�IUHH� QHWZRUNV� XQGHU� GLIIHUHQW�0RQWH�&DUOR� UXQV��2Q� WKH� RWKHU� VLGH��ZH� RQO\�



��

FRQVLGHU�WKH�VFDOH�IUHH�QHWZRUN�VWUXFWXUH�IRU�WKH�UHDO�JHQH�QHWZRUNV¶�GDWD�VLQFH�WKH\�

DUH�EHQFKPDUN�GDWDVHWV�DQG�DUH�ZRUNHG�DV�VFDOH�IUHH�LQ�GLVWLQFW�VWXGLHV�

)LJXUH����� 7KH�3URSRUWLRQ�RI�%LRORJLFDO�1HWZRUNV�E\�6FDOH�)UHH�(YLGHQFH�&DWHJRU\�5HJDUGLQJ�WKH�
6WXG\�RI�%URLGR�DQG�&ODXVHW�������

������ 4XDVL�*\QHFRORJLFDO�1HWZRUN

7KH�J\QHFRORJLFDO�FDQFHU�LV�WKH�VHFRQG�PRVW�FRPPRQ�FDQFHU�W\SH�DPRQJ�ZRPHQ�DIWHU�

WKH�EUHDVW�FDQFHU��,\RNH�	�8JZX���������7KHUH�DUH�ILYH�PDLQ�J\QHFRORJLFDO�FDQFHU�

W\SHV�VHHQ�LQ�WKH�RQFRJHQLF�OLWHUDWXUH��7KHVH�DUH�WKH�YDJLQDO��YXOYDU��RYDULDQ��FHUYLFDO�

DQG�HQGRPHWULDO� FDQFHUV�� ,Q� WKLV� VWXG\��ZH�FRPELQH� WKRVH� ILYH� VXEW\SHV�RI�FDQFHUV�

XQGHU�D�VLQJOH�JURXS�DQG�FDOO�LW�DV�WKH�J\QHFRORJLFDO�FDQFHU�ZKLOH�FRQVWUXFWLQJ�D�TXDVL�

J\QHFRORJLFDO�FDQFHU�QHWZRUN��

$FFRUGLQJO\��E\ FRPSUHKHQVLYH�OLWHUDWXUH�UHYLHZ�JLYHQ�EHORZ��ZH�ILQG�WKDW�&711%���

7)$0�� &(%3%�� 0$3�.��� 0$3.��� 73���� 3',$��� ,03��� (5%%��� &+'�� DQG�

0%'��DUH�WKH�JHQHV�UHODWHG�ZLWK�WKH�J\QHFRORJLFDO�FDQFHU�E\�KDYLQJ�VLJQLILFDQW�IROG�

FKDQJHV��DQG�WKHVH�JHQHV�KDYH�GHQVH�FRQQHFWLRQV�ZLWKLQ�HDFK�RWKHU�VR�WKDW�WKH\�FDQ�

JHQHUDWH� FRPSOHWH� JUDSK��+RZHYHU�� LW� VKRXOG� EH� XQGHUOLQHG� WKDW� WKHVH� JHQHV� KDYH�



��

PDQ\�DOLDVHV��)RU�LQVWDQFH��0536���%506���&��RUI���DUH�VRPH�DOLDVHV�RI WKH�,03��

JHQH�V\PERO�DQG�RWKHU�DOLDVHV�FDQ�EH�IRXQG�IRU� WKH�VDPH�JHQH�DV�ZHOO��+HQFH�� WKH�

UHVHDUFKHUV�FDQ�FKRRVH�HDFK�RQH�RI�WKH�DOLDVHV�LQ�WKHLU�ZRUNV�VLQFH�WKH\�DOO�UHSUHVHQW�

WKH�VDPH�JHQH�V\PERO��%XW�WKLV�VLWXDWLRQ�FUHDWHV�GLIILFXOWLHV�LQ�WKH�GHWHFWLRQ RI�JHQHV�

ZKLFK�DUH�UHODWHG�ZLWK�VRPH�VSHFLILF�FDQFHUV��$FFRUGLQJO\��LQ�WKLV�VWXG\��JHQH�DOLDVHV�

DUH� DOVR� FRQVLGHUHG� DQG� VRPH� RI� WKH� ILQGLQJV� DUH� SUHVHQWHG� IRU� WKH� HOHYHQ� JHQHV�

PHQWLRQHG�DERYH�

&711%�

7KH�2YDULDQ�DQG�HQGRPHWULDO�FDUFLQRPDV�LQFOXGH�PDQ\�J\QHFRORJLFDO�FDUFLQRPDV�LQ�

GHYHORSHG�FRXQWULHV��0F&RQHFK\�HW�DO����������,W�LV�IRXQG�WKDW�PRVW�IUHTXHQW�PXWDWLRQV�

DUH� REVHUYHG� IRU� RYDULDQ� DQG� HQGRPHWULDO� HQGRPHWULRLG� FDUFLQRPDV� UHODWHG� ZLWK�

&711%�� JHQH� �&KR�	� 6KLK�� ������0F&RQHFK\� HW� DO��� ������ +RQJ� HW� DO��� �������

(VSHFLDOO\��WKH�HQGRPHWULDO�FDUFLQRPDV�DUH�SURYHQ�WR�KDYH�GLIIHUHQW�W\SHV�RI�PXWDWLRQV�

VSHFLILF�WR�HDFK�VXEW\SH�E\�D�PXWDWLRQ�LQ�&711%���2¶+DUD�	�%HOO���������

7)$0

7KH�PLWRFKRQGULDO� WUDQVFULSWLRQ� IDFWRU� LV� HQFRGHG�E\� WKH�7)$0�JHQH�� ,W� KDV� EHHQ�

VKRZQ�WKDW�WKH�XQVWHDG\�VWDWH�RI�0LWRFKRQGULDO�'1$��PW'1$��KDV�D�OLQN�WR�PHWDEROLF�

FKDQJHV��DQG�WKHUHIRUH��FRQWULEXWHV�WR�WXPRULJHQHVLV�DQG�LQFUHDVHV�H[SUHVVLRQ�RI�SUR�

WXPRULJHQLF� JHQHV�� +HUHE\�� 7)$0� UHJXODWHV� WKH� HQHUJHWLF� PHWDEROLVP� RI� WKH�

JOXWDPLQH�LQ�RUGHU�WR�PDLQWDLQ�WKH�PHWDEROLF�QHHGV�RI�WKH�FDQFHU�FHOO��6LQFH�KLJKO\�

LQYDVLYH� RYDULDQ� FDQFHU� DUH� KLJKO\� GHSHQGHQW� WR� JOXWDPLQH�� 7)$0� DOVR� SOD\V�

LPSRUWDQW�UROH�RQ�WKH�RYDULDQ�FDQFHU�FHOOV�DV�ZHOO�� �$UDXMD�HW�DO���������� ,Q�DQRWKHU�

VWXG\��/LX�HW�DO���������DOVR�UHSRUW�WKDW�WKH�ILQGLQJ�RI�D�KLJK�RFFXUUHQFH�������RI�WKH�

VRPDWLF�PW'1$�PXWDWLRQV�LQ�WKH�KXPDQ�RYDULDQ�FDUFLQRPDV�DQG�LW�LV�VKRZQ�WKDW�LW�

DOVR�KDV�PXWDWLRQV�LQ�WKH�HQGRPHWULDO�FDUFLQRPDV��+RQJ�HW�DO���������

&(%3%



��

)URP� WKH� VWXGLHV�� LW� LV� LQGLFDWHG� WKDW� D� KLJK� H[SUHVVLRQ� OHYHO� RI� WKH� &(%3%� JHQH�

GHWHFWHG�LQ�WKH�HQGRPHWULDO�FDQFHUV¶�FHOOV��6LQFH�WKH�&(%3%�JHQH�LV�RQO\�H[SUHVVHG�LQ�

WKH�SUROLIHUDWLYH�FDQFHU�FHOOV��WKH�H[SUHVVLRQ�OHYHO�RI�&(%3%�SOD\V�DQ�LPSRUWDQW�UROH�

DV�D�SUROLIHUDWLYH�PDNHU�IRU�ERWK�FHUYLFDO DQG�HQGRPHWULDO�FDQFHUV��$UQHWW�HW�DO����������

0RUHRYHU��3DQ�HW�DO���������DOVR�UHSRUW�WKH�IDFW�WKDW�&(%3%�LV�LQYROYHG�LQ�WKH�FHUYLFDO�

FDQFHU��

0$3�.�

7KH� PXWDWLRQ� LQ� WKLV� JHQH� LV� IRXQG� ZLWK� VHYHUDO� W\SHV� RI� FDQFHU�� 7KH� VWXG\� RI�

FDUFLQRPD�E\�+H�HW�DO���������SRLQWV�RXW�WKDW�0$3.��DQG�0$3�.��DUH�WZR�RI�WKH�

WDUJHW�JHQHV�IRU�WKH�HQGRPHWULDO�FDQFHU��$QRWKHU�VWXG\�VWDWHV�WKDW�0$3�.���0(.���

LV� D� FULWLFDO� PHGLDWRU� RI� WKH� SDWKZD\� ZKLFK� KDV� D� VLJQLILFDQW� UROH� LQ� WKH� RYDULDQ�

FDUFLQRJHQHVLV��0LOOHU�HW�DO���������

0$3.�

7KLV� JHQH� LV� OLQNHG� ZLWK� RYDULDQ�� HQGRPHWULDO� FDUFLQRPD� DQG� FHUYLFDO� FDQFHUV� DV�

SUHVHQWHG�LQ�WKH�VWXGLHV�RI�<LZHL�HW�DO���������DQG�+H�HW�DO����������(VSHFLDOO\��WKH�

VWXGLHV� SUHVHQW� WKDW� WKH� SULPDU\� FHUYLFDO� FDUFLQRPDV� DUH� UHODWHG� ZLWK� WKH� KLJK�

IUHTXHQF\�RI�PXWDWLRQV� LQ�0$3.���7KLV� LV� DOVR� VXSSRUWHG�E\� WKH�UHFHQW� LQWHJUDWHG�

VWXGLHV�RI�WKH�JHQRPLF�FKDUDFWHUL]DWLRQ��3HQVRQ�HW�DO����������2WKHU�VWXGLHV�UHSRUW�WKDW��

EHVLGHV�WKH�HQGRPHWULDO�FDQFHU��0$3.��KDV�D�FUXFLDO�UROH�LQ�WXPRUV�SURJUHVVLRQ�WRR�

�+H�HW�DO���������&KDQJ�HW�DO���������

73��

7KLV� JHQH� LV� WKH� PRVW� IUHTXHQWO\� PXWDWHG� JHQHV� LQ� WKH� KXPDQ� FDQFHU� DV� WXPRU�

VXSSUHVVRU�JHQH��6SHFLILFDOO\��73���LV�UHFRJQL]HG�E\�LWV�DVVRFLDWLRQ�ZLWK�WKH�RYDULDQ�

FDQFHU��.|EHO�HW�DO���������3HQVRQ�HW�DO����������0RUHRYHU��UHVHDUFKHUV�HQFRXQWHU�ZLWK�

WKH�73���PXWDWLRQV�LQ�DOPRVW�DOO�DGYDQFHG�RYDULDQ�FDUFLQRPDV��%UDFKRYD�HW�DO���������

0XOODQ\�HW�DO����������7KH�FDQFHU�*HQRPH�$WODV�DOVR�VXSSRUWV�WKH�IDFW�WKDW�����RI�

DGYDQFHG�RYDULDQ�FDUFLQRPDV�KDYH�WKH�73���PXWDWLRQ��9DQJ�HW�DO����������



��

3',$�

3',$��JHQH�LV�UHSRUWHG�WR�EH�KLJKO\�H[SUHVVHG�LQ�VHURXV�RYDULDQ�FDQFHU��&KD\�HW�DO��

������ 7DNDWD� HW� DO��� ������� 3',$�� LV� DOVR� UHODWHG�ZLWK� WKH� DGHQRFDUFLQRPD� RI� WKH�

XWHULQH�FHUYL[��/LDR�HW�DO��������DQG�WKH�VTXDPRXV�FHOO�FDUFLQRPD�RI�WKH�XWHULQH�FHUYL[�

�&KXQJ�HW�DO��������

,03�

,03�� LV� UHSRUWHG� DQG� YDOLGDWHG� DV� ELRPDUNHU� IRU� WKH� RYDULDQ� FOHDU� FHOO� FDUFLQRPD�

�.|EHO�HW�DO����������,W�LV�DOVR�KLJKO\�H[SUHVVHG�LQ�D�VHURXV�RYDULDQ�FDQFHU�FHOO�OLQH�DQG�

LV� FKRVHQ� DV� WKH� EHVW� LQGHSHQGHQW� ELRPDUNHU� IRU� WKH� XWHULQH� VHURXV� FDUFLQRPD�

�0KDZHFK� HW� DO��� ������� /DVWO\�� ,03�� LV� GHWHFWHG� WR� LQYROYH� LQ� SURJUHVVLRQ� RI� WKH�

RYDULDQ�FDQFHU�DQG�D�SRWHQWLDO�SURJQRVWLF�ELRPDUNHU��1RVNH�HW�DO���������

(5%%�

(55%��LV�UHSRUWHG�WR�EH�UHODWHG�ZLWK�WKH�RYDULDQ�FDQFHU��DQG�LW�LV�RIWHQ�REVHUYHG�LQ�

DGYDQFHG�VWDJHV�RI�WKH�FDQFHU��$ILI\�HW�DO���������)XNXVKL�HW�DO���������:X�HW�DO����������

$OWKRXJK��LWV�UROH�LV�FRQWURYHUVLDO��UHFHQW�VWXGLHV�VKRZ�WKDW�(5%%��FDQ�EH�XVHG�DV�D�

SURJQRVWLF�ELRPDUNHU� LQ� WKH�RYDULDQ�FDQFHU�SDWLHQWV� �/XR HW�DO����������6LQFH�ZKHQ�

(5%%�� LV� RYHUH[SUHVVHG�� LW� LV� UHSRUWHG� WR� EH� DVVRFLDWHG�ZLWK� RYDULDQ�� HQGRPHWULDO�

FDQFHU� �.RRSPDQ� HW� DO��� ������ <DQJ� HW� DO��� ������ DV� ZHOO� DV� WKH� XWHULQH� VHURXV�

FDUFLQRPD��=DR�HW�DO����������

&+'�

&+'��LV�DOVR�VKRZQ�DV�PXWDWHG�LQ HQGRPHWULDO�HQGRPHWULRLG�FDUFLQRPDV��/H�*DOOR�HW�

DO���������+RQJ�HW�DO����������&+'��LV�UHSRUWHG�DV�WKH�WKLUG�PRVW�IUHTXHQWO\�PXWDWHG�

JHQH�LQ�WKH�VWXG\�RI�WKH�XWHULQH�VHURXV�FDUFLQRPD��=DR�HW�DO����������$QRWKHU�UHFHQW�

VWXG\�DOVR�VXSSRUWV�WKHVH�ILQGLQJV�LQ�VXFK�D�ZD\�WKDW�&+'��LV�D�IUHTXHQWO\�PXWDWHG�

JHQH�LQ�WKH�HQGRPHWULDO�FDQFHU��/L�HW�DO���������

0%'�



��

,Q�WKH�SDWKRJHQHVLV�RI�WKH�XWHULQH�VHURXV�FDUFLQRPD��WKH�VRPDWLF�FRS\�QXPEHU�RI�WKH�

YDULDWLRQV�SOD\V�D�PDMRU�UROH��0RVW�RI�WKH�FRS\�QXPEHU�RI�WKH�GHOHWLRQ LV�IRXQG�LQ�WKH�

VHJPHQW�RI�WKH�FKURPRVRPH����ZKLFK�LQFOXGHV����JHQHV��&RQVLGHULQJ�WKRVH����JHQHV��

&+'��DQG�0%'��DUH�WKH�SDUW�RI�WKH�VDPH�FRPSOH[��WKH�1X5'���7KHUHIRUH��0%'��LV�

DOVR� UHSUHVHQWHG� DV� WKH�PXWDWHG�JHQH� LQ� WKH� XWHULQH� VHURXV� FDUFLQRPD� �=KDR� HW� DO���

�������

7DEOH������)XOO�1DPHV��$OLDVHV�DQG�)XQFWLRQV�RI 2XU�(OHYHQ�&RUH�*HQHV

*HQH�6\PERO�1DPH )XOO�1DPH $OLDV )XQFWLRQ

&711%� &DWHQLQ�%HWD��
1('6'9��05'���
(95���&711%

LQYROYHV�LQ�WKH�
SURGXFWLRQ�RI�D�
SURWHLQ�FDOOHG�
EHWD�FDWHQLQ�
ZKLFK�SOD\V�DQ�
LPSRUWDQW�UROH�
LQ�WKH�FHOO�

DGKHVLRQ�DQG�
LQ�WKH�FHOO�FHOO�
FRPPXQLFDWLRQ

7)$0
7UDQVFULSWLRQ�
)DFWRU�$��

0LWRFKRQGULDO

07'36����
7&)�/���7&)�/��

7&)�
7&)�/���077)���
077)$��0W7)���
7&)����0W7)$

HQFRGHV�DQ�
LPSRUWDQW�

PLWRFKRQGULDO�
WUDQVFULSWLRQ�
IDFWRU�LQ WKH
FKDUJH�RI�

PLWRFKRQGULDO�
'1$�

UHSOLFDWLRQ�DQG
WKH UHSDLU



��

&(%3%
&&$$7�(QKDQFHU�
%LQGLQJ�3URWHLQ�

%HWD

&�(%3�%HWD�
&�(%3�%HWD��

,/�'%3��1)�,/��
7&)��� 7&)���/$3�

/,3

HQFRGHV�D�
WUDQVFULSWLRQ�
IDFWRU�ZKLFK�

SOD\V�
LPSRUWDQW�UROHV�

LQ�WKH�
UHJXODWLRQ�RI�
JHQHV�LQYROYHG�
LQ�WKH�LPPXQH�

DQG WKH
LQIODPPDWRU\�
UHVSRQVHV

0$3�.�
0LWRJHQ�

$FWLYDWHG�3URWHLQ�
.LQDVH�.LQDVH��

(&�����������
0$3..��� 0..��
35.0.���0(.���
0$3..���&)&��
0$3.�(5.�
.LQDVH��

GLUHFWV�WKH�
SURGXFWLRQ�RI
WKH� SURWHLQ�
NQRZQ�DV WKH
0(.��SURWHLQ�
NLQDVH�ZKLFK�LV�
D�SDUW�RI�D�
VLJQDOLQJ�

FDVFDGH�FDOOHG�
WKH�

5$6�0$3.�
SDWKZD\

0$3.�
0LWRJHQ�$FWLYDWHG�
3URWHLQ�.LQDVH��

3��0$3.�
3��PDSN�

0$3.����0$3.��
(5.��3����3����

3���
35.0���35.0��
(5.����(5.�

HQFRGHV�D�
PHPEHU�RI�WKH�
0$3�NLQDVH�
IDPLO\ ZKLFK�
LV�WKH�SDUW�RI��
PDQ\�FHOOXODU�
SURFHVVHV�VXFK�

DV�WKH�
SUROLIHUDWLRQ��
GLIIHUHQWLDWLRQ�

DQG�WKH�
WUDQVFULSWLRQ�
UHJXODWLRQ



��

73��
7XPRU�3URWHLQ�

3��

7XPRU�6XSUHVVRU�
3����

7XPRU�3URWHLQ����
%0)6���753���
%&&���/)6�

HQFRGHV�D�
SURWHLQ�FDOOHG
WKH WXPRU�

SURWHLQ�S����RU�
S����ZKLFK�

DFWV�DV�D�WXPRU�
VXSSUHVVRU�
�UHJXODWHV�WKH�
FHOO�GLYLVLRQ�

3',$�
3URWHLQ�'LVXOILGH�
,VRPHUDVH�)DPLO\�
$�0HPEHU��

*53����(5S���
(5S����3���
+(/�6�����
+(/�6���Q�

+V7�������3,�3/&�
(5S����*53���
(53����(53����

(5���

GLUHFWV�WKH�
SURGXFWLRQ�RI�D�
SURWHLQ�RI�WKH�
HQGRSODVPLF�
UHWLFXOXP�WKDW�
LQWHUDFWV�ZLWK�
WKH�OHFWLQ�

FKDSHURQHV�WR�
UHJXODWH WKH
IROGLQJ�RI�
QHZO\�

V\QWKHVL]HG�
JO\FRSURWHLQV

,03�

,03�8��6PDOO�
1XFOHRODU�

5LERQXFOHRSURWHLQ�
�

&��RUI���
0536���%506�

LQYROYHV�LQ�WKH�
SURGXFWLRQ�RI�
WKH�KXPDQ�

KRPRORJ�RI WKH
\HDVW�,PS��
SURWHLQ�DQG�
LQWHUDFWV�ZLWK�

WKH�8��
VQR513�
FRPSOH[



��

(5%%�
(UE�%��5HFHSWRU�
7\URVLQH�.LQDVH��

3���HUE%��
0/1���

+(5�� 1*/�
1(8� &'����
+(5��� 7.5���
+(5���1HX

HQFRGHV�D�
PHPEHU�RI�WKH�
HSLGHUPDO�

JURZWK�IDFWRU�
�(*)��UHFHSWRU�
IDPLO\�RI�WKH�
UHFHSWRU�
W\URVLQH�

NLQDVHV�DQG�
VWDELOL]HV�WKH�
ELQGLQJ�RI�
OLJDQGV

&+'��
&KURPRGRPDLQ�
+HOLFDVH�'1$�

%LQGLQJ�3URWHLQ��

0L��%(7$�
0L��%HWD� (&�������
6,+,:(6� 0L��E�
$73�'HSHQGHQW�
+HOLFDVH�&+'�

GLUHFWV�WKH�
SURGXFWLRQ�RI�

WKH�
61)��5$'���
KHOLFDVH�IDPLO\�
ZKLFK�LQYROYHV

LQ�WKH�
HSLJHQHWLF�

WUDQVFULSWLRQDO�
UHSUHVVLRQ

0%'�
0HWK\O�&S*�

%LQGLQJ�'RPDLQ�
3URWHLQ��

0HWK\O�&S*�
%LQGLQJ�'RPDLQ�

3URWHLQ���
0HWK\O�&S*�

%LQGLQJ�'RPDLQ�
3URWHLQ���

0HWK\O�&S*�
%LQGLQJ�3URWHLQ�

0%'�

WKH�ILQDO�
SURGXFW�RI�WKLV�

JHQH�
FRQVWLWXWHV�D�
PXOWLVXEXQLW�
FRPSOH[�ZKLFK�
LQYROYHV�LQ�
QXFOHRVRPH�
UHPRGHOLQJ�
DQG�KLVWRQH�
GHDFHW\ODVH�
DFWLYLWLHV



��

7DEOH����� 6RXUFHV�DQG�&DQFHU�7\SHV�RI 2XU (OHYHQ�&RUH�*HQHV

*HQH�6\PERO�1DPH 6RXUFHV &DQFHU�7\SHV

&711%�

&KR�	�6KLK�������
&DQFHU�*HQRPH�$WODV�

5HVHDUFK�1HWZRUN��������
&DQFHU�*HQRPH�$WODV
2¶+DUD�	�%HOO�������
0F&RQHFK\�HW�DO���������
5HVHDUFK�1HWZRUN�������

+RQJ HW�DO�������

2YDULDQ�
FDQFHU��

HQGRPHWULDO�
HQGRPHWULRLG�
FDUFLQRPDV

7)$0
/LX�HW�DO��������
+RQJ�HW�DO��������
$UDXMD�HW�DO�������

2YDULDQ
FDQFHU�

HQGRPHWULDO�
FDUFLQRPDV

&(%3%
$UQHWW�HW�DO��������
3DQ�HW�DO�������

FHUYLFDO�
FDQFHU��

HQGRPHWULDO�
FDUFLQRPDV

0$3�.�
0LOOHU�HW�DO��������
+H�HW�DO�������

(QGRPHWULDO�
FDUFLQRPDV�
RYDULDQ�FDQFHU

0$3.�

&DQFHU�*HQRPH�$WODV�
5HVHDUFK 1HWZRUN��������
&DQFHU�*HQRPH�$WODV�
5HVHDUFK�1HWZRUN������

+H�HW�DO��������
<LZHL�HW�DO���������
3HQVRQ�HW�DO��������
&KDQJ�HW�DO��������

2YDULDQ�
FDQFHU�
FHUYLFDO�
FDQFHU��

HQGRPHWULDO�
FDUFLQRPDV�

WXPRU�
SURJUHVVLRQ



��

73��

&DQFHU�*HQRPH�$WODV�
5HVHDUFK�1HWZRUN� �����
&DQFHU�*HQRPH�$WODV�

5HVHDUFK�1HWZRUN�������
%UDFKRYD�HW�DO���������
0XOODQ\�HW�DO��������
.|EHO�HW�DO���������
2GD�HW�DO��������

3HQVRQ�HW�DO��������
9DQJ�HW�DO�������

2YDULDQ�
FDQFHU�
WXPRU�

SURJUHVVLRQ

3',$�

&KD\�HW�DO�������
/LDR�HW�DO�������
&KXQJ�HW�DO�������
7DNDWD�HW�DO�������

2YDULDQ�
FDQFHU�

FDUFLQRPD�RI
XWHULQH�FHUYL[

,03�
.|EHO�HW�DO��������
1RVNH�HW�DO��������
0KDZHFK�HW�DO�������

2YDULDQ�
FDQFHU�

XWHULQH�VHURXV�
FDUFLQRPD

(5%%�

$ILI\�HW�DO���������
)XNXVKL�HW�DO��������
:X�HW�DO��������

&DQFHU�*HQRPH�$WODV�
5HVHDUFK�1HWZRUN��������
&DQFHU�*HQRPH�$WODV�

5HVHDUFK�1HWZRUN�������
=DR�HW�DO��������
/XR�HW�DO��������

.RRSPDQ�HW�DO���������
<DQJ�HW�DO�������

2YDULDQ�
FDQFHU�

HQGRPHWULDO�
FDQFHU�

XWHULQH�VHURXV�
FDUFLQRPD

&+'��

/H�*DOOR�HW�DO��������
=DR HW�DO��������
+RQJ�HW�DO��������
/L�HW�DO�������

(QGRPHWULDO�
HQGRPHWULRLG�
FDUFLQRPDV�
XWHULQH�VHURXV�
FDUFLQRPD

0%'� =KDR�HW�DO�������
8WHULQH�VHURXV�
FDUFLQRPD



��
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&+$37(5��

�� 0(7+2'6

���� *DXVVLDQ�*UDSKLFDO�0RGHOV

7KH� JUDSKLFDO� PRGHOV� DUH� DQ� HIILFLHQW� ZD\� WR� UHSUHVHQW� LQWHUDFWLRQV� EHWZHHQ� WZR�

HQWLWLHV�RI�D�ELRORJLFDO�V\VWHP��7KH\�KDYH�D�VHW�RI�QRGHV�ZKLFK�UHSUHVHQW�SURWHLQV�RU�

JHQHV��DQG�HGJHV�EHWZHHQ�WKRVH�ELRORJLFDO�HQWLWLHV�DV�LQWHUDFWLRQV��,W�LV�DVVXPHG�WKDW�

JUDSKLFDO�PRGHOV�KDYH�S VHW�RI�QRGHV�DQG�VWDWH�YHFWRU�IRUPDOL]HG�DV ܇ ൌ ሺ ଵܻǡ ǥ ǡ ௣ܻሻ��

'HSHQGLQJ�RQ�WKH�DSSOLFDWLRQ�DUHD��<�UHSUHVHQWV�GLIIHUHQW�UDQGRP�YDULDEOHV��VXFK�DV�

JHQHV�IRU�PLFURDUUD\�H[SHULPHQW��$V�PHQWLRQHG�LQ�&KDSWHU����JUDSKLFDO�PRGHOV�DUH�

GLYLGHG� LQWR� WZR� JURXSV� VXFK� DV� GLUHFWHG� DQG� XQGLUHFWHG� JUDSKLFDO� PRGHOV�� 7KH�

*DXVVLDQ� JUDSKLFDO� PRGHO� �**0�� LV� RQH� RI� WKH� ZHOO�NQRZQ� XQGLUHFWHG� JUDSKLFDO�

PRGHOV�IRU�WKH�PXOWLYDULDWH�FRQWLQXRXV�GDWD�ZKLFK�DVVXPHV�IRU�WKH�YHFWRU�< WR�EH�D�

PXOWLYDULDWH�*DXVVLDQ�GLVWULEXWLRQ�YLD�

̱܇ �ሺૄǡ ઱ሻǡ ሺʹǤ͸ሻ

ZKHUHߤ�ᇱ ൌ ሺߤଵǡ ǥ ǡ ௣ሻߤ VKRZV� WKH�PHDQ� YHFWRU� DQG�઱ GHQRWHV� YDULDQFH�FRYDULDQFH�

PDWUL[�ZLWK�D�ሺ݌ ൈ ሻ݌ GLPHQVLRQ�ZKHUHߪ�௜௝ LV�WKH�FRYDULDQFH�EHWZHHQ� ௜ܻ DQG� ௝ܻ ZKHQ�

݅ ് ݆ DQG� WKH� YDULDQFHV ZKHQ� ݅ ൌ ݆�� � )XUWKHUPRUH�� ઱ LV� D� V\PPHWULF� DQG� SRVLWLYH�

GHILQLWH�PDWUL[�

$V�WKH�JHQHUDOL]DWLRQ�RI�WKH�XQLYDULDWH�QRUPDOLW\��WKH�PXOWLYDULDWH�QRUPDOO\�GLVWULEXWHG�

< KDV�D�S�GLPHQVLRQDO�GHQVLW\�IXQFWLRQ�DV

݂ሺݕሻ ൌ
ͳ

ሺʹߨሻ௡Ȁଶȁ઱ȁଵȀଶ
݁ሼି

ଵ
ଶ
ሺ௬ିఓሻ೅઱షభሺ௬ିఓሻሽǡ െλ ൏ ݕ ൏ λǤ ሺʹǤ͹ሻ



��

,Q� **0�� WKH� DEVHQFH� RI� DQ� HGJH� EHWZHHQ� WZR� QRGHV� PHDQV� WKDW� WKHVH� QRGHV� DUH�

FRQGLWLRQDOO\�LQGHSHQGHQW�JLYHQ�DOO�WKH�RWKHU�QRGHV��7KDW�LV�� ௜ܻ ٣ ௝ܻ פ ௏ܻ̳௜ǡ௝ ZKHUH��ܸ ൌ

ሼͳǡ ʹǡ ǥ ǡ ሽ݌ EH�WKH�VHW�RI�QRGHV�

7KH� FRQFHSW� RI� WKH� LQGHSHQGHQFH� FDQ� EH� UHSUHVHQWHG� LQGLUHFWO\� ZLWK� WKH� YDULDQFH�

FRYDULDQFH�PDWUL[��3DUWLFXODUO\�� LW� LV� UHODWHG�ZLWK� WKH�SUHFLVLRQ�PDWUL[�ZKLFK� LV� WKH�

LQYHUVH�RI�WKH�YDULDQFH�FRYDULDQFH�PDWUL[��GHQRWHG�E\�

દ ൌ ઱ି૚ ൌ ࢐࢏ߠ ǡ ሺʹǤͺሻ

ZKHUH�઱ LV�LQYHUWLEOH�VLQFH�LW�LV�V\PPHWULF�DQG�SRVLWLYH�GHILQLWH�PDWUL[� )XUWKHUPRUH��

]HUR� LQ� WKH� SUHFLVLRQ� PDWUL[� PHDQV� WKH� FRQGLWLRQDO� LQGHSHQGHQFH� EHWZHHQ� WKH�

FRUUHVSRQGLQJ� YDULDEOHV� VLQFH� WKH SUHFLVLRQ� FDQ� LV� ZULWWHQ� LQ� WHUPV� RI� WKH� SDUWLDO�

FRYDULDQFH��0RUHRYHU�� WKH� GLDJRQDO� HQWULHV� RI� WKH� SUHFLVLRQ�PDWUL[� DUH� VLPSO\� WKH�

LQYHUVH�RI�WKH�SDUWLDO�YDULDQFH�DV�VKRZQ�EHORZ�

௜௜ߠ ൌ
ͳ

ሺݎܽݒ ௜ܻ פ ௏ܻ̳௜ǡ௝ሻ
ǡ ሺʹǤͻሻ

DQG�D�PLQXV�SDUWLDO�FRUUHODWLRQ�IRUPV�WKH�VFDOHG�RI�WKH�GLDJRQDO�HQWULHV�YLD

௜௝ߨ ൌ
െߠ௜௝

ඥߠ௜௜ߠ௝௝
ǡ ሺʹǤͳͲሻ

ZLWKߨ�௜௝ WKH�SDUWLDO�FRUUHODWLRQ�DV ௜ܻ ٣ ௝ܻ פ ௏ܻ̳௜ǡ௝ �

+RZHYHU��DV�PHQWLRQHG�DERYH�� WKH�KLJK�QXPEHU�RI�JHQHV�UHODWLYH�WR� WKH�QXPEHU�RI�

REVHUYDWLRQV� FDXVHV� WKH� VDPSOH� YDULDQFH�FRYDULDQFH� HVWLPDWRU�� 6�� WR� EH� D� VLQJXODU�

PDWUL[�ZKLFK�UHVXOWV�LQ�D�PDWUL[�WKDW�LV�QRW�LQYHUWLEOH��7KHUHIRUH��LW�LV�GLIILFXOW�WR�REWDLQ�

SRVLWLYH�GHILQLWH�DQG�V\PPHWULF�YDULDQFH�FRYDULDQFH�PDWUL[��઱� IRU WKH�QHWZRUNV�VXFK�

DV�JHQH�QHWZRUNV�EHFDXVH�RI�WKHLU�GLVWLQFW�QDWXUH�

)RUWXQDWHO\��WKHUH�DUH�GLIIHUHQW�PHWKRGV�WR�REWDLQ�D�QHWZRUN¶V�SDUWLDO�FRUUHODWLRQV��,W�

LV�D�*DXVVLDQ�JUDSKLFDO�PRGHO�ZKLFK�FRQVLVWV�RI�D�VHW�RI�UHJUHVVLRQ�IXQFWLRQV�ZLWK�HDFK�

QRGH�DJDLQVW�DOO�UHPDLQLQJ�QRGHV�
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7KH� PHWKRG� FDQ� EH� VKRZQ� DV� D� MRLQW� PXOWLYDULDWH� *DXVVLDQ� ZLWK� YHFWRU� ࢅ ൌ

ሺࢅሺି࢖ሻǡ ௣ܻሻ�� ZKHUH� ሻ࢖ሺିࢅ ൌ ሺ ଵܻǡ ଶܻǡ ǥ ǡ ௣ܻିଵሻ FRQWDLQV� DOO� QRGHV� H[FHSW� S�� 7KH�

FRQGLWLRQDO�GLVWULEXWLRQ�RI�WKH�QRGH� ௣ܻ JLYHQ�WKH�UHPDLQLQJ�QRGH�LV

௣ܻ פ ሻ࢖ሺିࢅ ൌ ݕ ̱ ܰሺߤ௣൫࢟ െ ൯࢖ିࣆ
௧
઱ି࢖ǡି࢖
ି૚ ǡ࢖ǡ࢖ି࣌ ௣ǡ௣ߪ െ ࢖ǡ࢖ି࣌

࢚ ઱ି࢖ǡି࢖
ି૚ �ሻ࢖ǡ࢖ି࣌ �������

)XUWKHUPRUH��WKH�PHDQ�DQG�WKH�FRYDULDQFH�PDWUL[�FDQ�EH�ZULWWHQ�E\�SDUWLWLRQLQJ�DV

ࣆ ൌ ቀࣆష࢖
ఓ೛
ቁ DQG ઱ ൌ ቈ

઱ି࢖ǡି࢖ ࢖ǡ࢖ି࣌

࢖ǡ࢖ି࣌
࢚ ௣ǡ௣ߪ

቉Ǥ ሺʹǤͳʹሻ

+HUH࢖ିࣆ�� LV�WKH�PHDQ�YHFWRU�RI�DOO�QRGHV�H[FHSW�S DQG ௣ߤ GHQRWHV�WKH�PHDQ�YHFWRU�RI�

WKH�QRGH�S��7KH�YDULDQFH�FRYDULDQFH�PDWUL[�RI�DOO�QRGHV�H[FHSW�WKH�QRGH�S�LV�LQGLFDWHG�

DV�઱ି࢖ǡି࢖�� DQG� WKH� FRYDULDQFH� YHFWRU� IRUࢅ�ሺି࢖ሻ LV� VKRZQ� DV �࢖ǡ࢖ି࣌ DQG� ILQDOO\�� WKH�

YDULDQFH�RI�WKH�QRGH�S�LV UHSUHVHQWHG�DVߪ�௣ǡ௣���+HUHE\��WKH�PRGHO�LV�SUHVHQWHG�DV

௣ݕ ൌ ߚ௣ିݕ ൅ Ǥߝ ሺʹǤͳ͵ሻ

+HUH��WKH�FRQGLWLRQDO�LQGHSHQGHQFH�VWUXFWXUH�LV�GHWHUPLQHG�E\ߚ� ൌ ઱ି࢖ǡି࢖
ି૚ ࢖ǡ࢖ି࣌ ��WKDW�

LV��E\�UHJUHVVLRQ�FRHIILFLHQWV� 6LQFH� ઱઱ି૚ ൌ �ࡵ ZLWK ,�DV�WKH�LGHQWLW\�PDWUL[��ZH�FDQ�

JHW

࢖ǡ࢖ିࣂ ൌ െ࢖ࣂǡ࢖઱ି࢖ǡି࢖
ି૚ ࢖ǡ࢖ି࣌ ሺʹǤͳͶሻ

ൌ െ࢖ࣂǡߚ࢖Ǥ ሺʹǤͳͷሻ

7KHUHIRUH��

ࢼ ൌ െ
࢖ǡ࢖ିࣂ

࢖ǡ࢖ࣂ
Ǥ ሺʹǤͳ͸ሻ

$V�VHHQ�LQ�(TXDWLRQ�������ߚ�� DQG�WKH�SUHFLVLRQ�PDWUL[�DUH�GLUHFWO\�FRQQHFWHG�ZLWK�

HDFK�RWKHU��,W�FDQ�EH�VDLG�WKDW� ௜ܻ LV�LQGHSHQGHQW�RI� ௝ܻ JLYHQ�WKH�UHVW�ZKHQߚ�௜௝ ൌ Ͳ RU�

HTXLYDOHQWO\ߠ�௜ǡ௝ ൌ Ͳ���
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7KH�UHJUHVVLRQ�IXQFWLRQV�DUH�YHU\�XVHIXO�IRUPXODWLRQV�RI�D�*DXVVLDQ�JUDSKLFDO�PRGHO�

ZKHQ� WKH� SUHFLVLRQ� PDWUL[�દ LV� GHVLUHG� WR� HVWLPDWH� YLD� WKH� PD[LPXP� OLNHOLKRRG�

WHFKQLTXH��7KH�MRLQW�GHQVLW\�IXQFWLRQ�IRU�REVHUYDWLRQݕ�௜ FDQ�EH�JLYHQ�DV

݂ሺݕ௜Ǣ ǡࣆ ઱ሻ ൌ ሺʹߨሻି
௡
ଶȁ઱ȁ

ଵ
ଶ݁݌ݔ ൜െ

ͳ

ʹ
ሺݕ௜ െ ௜ݕሻ௧઱ିଵሺࣆ െ ሻൠǡࣆ ሺʹǤͳ͹ሻ

DQG�OLNHOLKRRG�LV�JLYHQ�E\

ǡࣆሺܮ ઱ሻ ൌ ෑ݂ሺݕ௜Ǣ ǡࣆ ઱ሻǡ ሺʹǤͳͺሻ

௡

௜ୀଵ

݈ሺࣆǡ ઱ሻ ൌ ���൫ܮሺࣆǡ ઱ሻ൯ ൌ െ
݊

ʹ
ȁ઱ȁ݃݋݈ െ

ͳ

ʹ
෍ሺݕ௜ െ ௜ݕሻ௧઱ିଵሺࣆ െ ሻࣆ

௡

௜ୀଵ

Ǥ ሺʹǤͳͻሻ

%\�UHSODFLQJ�WKH�YDULDQFH�FRYDULDQFH�PDWUL[�઱ ZLWK�WKH�SUHFLVLRQ�PDWUL[�દ�

݈ሺࣆǡદሻ ൌ
݊

ʹ
ȁદȁ݃݋݈ െ

ͳ

ʹ
෍ሺݕ௜ െ ሻ௧ࣆ દ ሺݕ௜ െ ሻࣆ

௡

௜ୀଵ

ǡ ሺʹǤʹͲሻ

DQG�DOVR��UHSODFLQJࣆ� ZLWK�LWV�PD[LPXP�OLNHOLKRRG�HVWLPDWH࢟�ഥ LQ�(TXDWLRQ�������� ZH�

JHW IROORZLQJ�IXQFWLRQ�

݈ሺࣆǡ દሻ ൌ
݊

ʹ
ȁદȁ݃݋݈ െ

ͳ

ʹ
෍ሺݕ௜ െ ഥሻ௧࢟ દ ሺݕ௜ െ ഥሻ࢟

௡

௜ୀଵ

Ǥ ሺʹǤʹͳሻ

6LQFH�

෍ሺݕ௜ െ ഥሻ௧࢟ દ ሺݕ௜ െ ഥሻ࢟

௡

௜ୀଵ

ൌ෍ݎݐሾሺݕ௜ െ ഥሻ௧࢟ દ ሺݕ௜ െ ഥሻሿ࢟

௡

௜ୀଵ

ǡ ሺʹǤʹʹሻ

ൌ෍ݎݐሾદ ሺݕ௜ െ ௜ݕഥሻ௧ሺ࢟ െ ഥሻሿ࢟

௡

௜ୀଵ

ǡ ሺʹǤʹ͵ሻ

(TXDWLRQ��������FDQ�EH�UHDUUDQJHG�DV�IROORZLQJ�HTXDWLRQ�



��

݈ሺદሻ ൌ
݊

ʹ
ȁદȁ݃݋݈ െ

ͳ

ʹ
෍ݎݐሺદ܁ሻ

௡

௜ୀଵ

ǡ ሺʹǤʹͶሻ

ZKHUH�WKH�VDPSOH�YDULDQFH�FRYDULDQFH�LV��ܵ ൌ ௜௝ݏ

௜௝ݏ ൌ
ͳ

݊
෍ቀݕ௞

ሺ௜ሻ
െ ௞ݕഥሺ௜ሻቁቀ࢟

ሺ௝ሻ
െ ഥሺ௝ሻቁ࢟

௡

௜ୀଵ

Ǥ ሺʹǤʹͷሻ

)LQDOO\��PD[LPXP� OLNHOLKRRG�HVWLPDWRU�RI� WKH�SUHFLVLRQ�PDWUL[� FDQ�EH�REWDLQHG�E\�

PD[LPL]LQJ�(TXDWLRQ��������XQGHU�WKH�FRQVWUDLQWV�RQ�]HUR�HQWULHV��2QH�GRZQ�VLGH�RI�

PD[LPXP�OLNHOLKRRG�HVWLPDWRU�WHFKQLTXH�LV�WKDW�LW�GRHV�QRW�WHQG�WR�HVWLPDWH�D�VSDUVH�

JUDSK��2Q� WKH�RWKHU�KDQG��ELRORJLFDO� QHWZRUNV�KDYH�YHU\� VSDUVH�QHWZRUN� VWUXFWXUH��

7KHUHIRUH� LQ�RUGHU�WR�HVWLPDWH�D�VSDUVH�DQG�DOVR�V\PPHWULF�SUHFLVLRQ�PDWUL[��JUDSKLFDO�

ODVVR��*/$662��ZLWKܮ�ଵ�SHQDOW\�FDQ�EH�LPSRVHG�RQ�WKH�HQWULHV�RI�WKH�SUHFLVLRQ�PDWUL[�

DQG�QRW�RQ�WKH�UHJUHVVLRQ�FRHIILFLHQW��

,Q�*/$662��WKH�RSWLPL]DWLRQ�HTXDWLRQ�FDQ�EH�GHVFULEHG�DV

���
ԡદԡ૚ ರࣅ

ሾ݈݃݋ȁદȁ െ ሻሿǡ܁ሺદݎݐ ሺʹǤʹ͸ሻ

ZKHUHࣅ� LV�D�QRQ�QHJDWLYH�WXQLQJ�SDUDPHWHU�DQG ԡદԡ૚ LV�HTXDO�WR σ หߠ௜௝ห࢏ǡ࢐ � 7KHQ�WKH�

GXDO�IRUP�RI�WKH�/DJUDQJH�PXOWLSOLHU�LV�DSSOLHG�IRU�RSWLPL]DWLRQ�SUREOHP�YLD

���
દ

ሾ݈݃݋ȁદȁ െ ሻ܁ሺદݎݐ െ ԡદԡ૚ࣅ ሿǡ ሺʹǤʹ͹ሻ

ZLWK�WKH�QRQ�QHJDWLYH�/DJUDQJH�PXOWLSOLHUߣ���:KHQߣ� JHWV ODUJHU��WKH�VROXWLRQ�JHWV�

VSDUVHU� ZKLFK� PHDQV� WKDW� SUHFLVLRQ� PDWUL[� FRQWDLQV� WKH� ODUJHU� QXPEHU� RI� ]HUR�

HOHPHQWV��EXW�WKH�ORZHU�WKH�UHODWHG�OLNHOLKRRG��7KLV�IRUP�RI�RSWLPL]DWLRQ�DOORZV�XV�WR�

REWDLQ� D� V\PPHWULF� DQG� D� VSDUVH� HVWLPDWH� RI� WKH� SUHFLVLRQ� PDWUL[�� ,Q� WKH� 5�

SURJUDPPLQJ��WKH�³JODVVR´�PHWKRG�E\�WKH�KXJH SDFNDJH�LV�DSSOLHG�WR�LQIHU�WKH�JUDSK�

7KH�+XJH�SDFNDJH�RIIHUV�D�FRXSOH�RI�PRGHO�VHOHFWLRQ�FULWHULD�WKDW�FDQ�EH�OLVWHG�DV�%,&��

$,&��5,&��DQG�6W$56�WR�ILQG�DQ�RSWLPDO SHQDOW\�YDOXH��,Q�WKLV�VWXG\��, XVH�WKH�6W$56�
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�/LX� HW� DO��� ������ FULWHULRQ WR� VHOHFW� WKH RSWLPDO PRGHO�� UHVXOWLQJ� LQ� FKRRVLQJ� WKH�

RSWLPDO�Ȝ�ZKLOH�HVWLPDWLQJ�WKH SUHFLVLRQ�PDWUL[�IRU�**0�YLD�*/$662�

���� *DXVVLDQ�&RSXOD�*UDSKLFDO�0RGHOV

,Q�VWDWLVWLFDO�DQDO\VLV��WKH�FRSXOD�LV�XVHG�ZKHQ�WKH�DVVXPSWLRQ�RI�QRUPDOLW\�GRHV�QRW�

KROG�IRU�WKH�GDWD�ZKLOH�WKHUH�DUH�FRUUHODWHG�PHDVXUHPHQWV��7KXV��WKH SUREOHP FDQ�EH�

VROYHG�E\�GLIIHUHQW�DSSURDFKHV�DQG�RQH�RI�WKH�HIILFLHQW�VROXWLRQ�FDQ�EH�FRPELQLQJ�WKH�

GDWD LQ� VXFK� D� ZD\� WKDW� WKHLU� MRLQW� GLVWULEXWLRQ� FDQ� EH� SDUWLWLRQLQJ� YLD� D� VHSDUDWH�

*DXVVLDQ�YDULDQFH�FRYDULDQFH�PDWUL[��

$FFRUGLQJO\��OHW ܇ ൌ ࢜ࢅ ࢂ��� ൌ ሼͳǡ ʹǡ ǥ ǡ ሽ݌ EH�WKH�VHW�RI�QRGHV�DQGࡱ� ؿ ࢂ ൈ ࢂ EH�WKH�

VHW�RI�H[LVWLQJ�HGJHV�ZKLOH ሺ݅ǡ ݆ሻ א �ࡱ ,W�LV�DVVXPHG�WKDW࢜ࢅ� FDQ�EH�FRQWLQXRXV��FRXQW��

ELQDU\�DQG�FDWHJRULFDO�ZLWK�RUGHUHG�FDWHJRULHV��)RU�RUGLQDO�FDWHJRULFDO�GDWD�DQG�ELQDU\�

GDWD��D�FRQWLQXRXV�ODWHQW�YDULDEOH�=�LV�LQWURGXFHG��)XUWKHUPRUH��WKH�REVHUYHG�VDPSOHV�

DUH�DVVRFLDWHG�ZLWK࢜ࢅ� ZKLFK�FDQ�EH�GHQRWHG�E\�ሼݕ௩
ଵǡ ௩ݕ

ଶǡ ǥ ǡ ௩ݕ
௡ሽ��7KHQ��WKH�REVHUYHG�

VDPSOHV�IURP࢜ࢆ� DUH�SUHVHQWHG�E\�ሼݖ௩
ଵǡ ௩ݖ

ଶǡ ǥ ǡ ௩ݖ
௡ሽ� +HUH��WKH�UHODWLRQVKLS�EHWZHHQ࢜ࢅ�

DQG� LWV� VXEVWLWXWH ࢜ࢆ LV� VKRZQ� WKURXJK� VRPH� LQFUHDVLQJ� WKUHVKROGV� ߬௩ ൌ

ሺ߬௩ǡଵǡ ߬௩ǡଶǡ ǥ ǡ ߬௩ǡ௪ೡ
ሻ��,W�LV�VHW�DV

௩ݕ
௝
ൌ෍݈ ൈ ͳ

ఛೡǡ೗షభழ௭ೡ
ೕ
ழఛೡǡ೗

௪ೡ

௟ୀଵ

Ǥ ሺʹǤʹͺሻ

6R� WKH� DSSURDFK� IROORZV� WKDW� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� ODWHQW� DQG� WKH� REVHUYHG�

VDPSOHV�VDWLVILHV�WKH�FRQVWUDLQWV�EHORZ�

௩ݕ
௝భ ൏ ௩ݕ

௝మ ֜ ௩ݖ
௝భ ൏ ௩ݖ

௝మ ǡ ௩ݖ
௝భ ൏ ௩ݖ

௝మ ֜ ௩ݕ
௝భ ൑ ௩ݕ

௝మǡ ሺʹǤʹͻሻ

IRU�ZKLFK�ͳ ൑ ݆ଵ ് ݆ଶ ൑ ݊�

0RUHRYHU��WKH�ODWHQW�VDPSOHVݖ��ଵǣ௡ ൌ ሺݖଵǡ ଶǡݖ ǥ ǡ ௡ሻݖ EHORQJ�WR�WKH�IROORZLQJ�VHW



��

ଵǣ௡ሻݕሺܣ ൌ ൛ݖଵǣ௡ א ௡ൈ௣ǣࡾ ௩ܮ
௝
ሺݖଵǣ௡ሻ ൏ ௩ݖ

௝
൏ ܷ௩

௝
ሺݖଵǣ௡ൟǡ ሺʹǤ͵Ͳሻ

ZKHUHܮ�௩
௝ ሺݖଵǣ௡ሻ ൌ ௩ݖ൛ݔܽ݉

௞ǣ ௩ݕ
௞ ൏ ௩ݕ

௝
ൟ DQG�ܷ௩

௝ሺݖଵǣ௡ሻ ൌ ݉݅݊൛ݖ௩
௞ǣ ௩ݕ

௞ ൏ ௩ݕ
௝
ൟ�

)RU� WKH�SUHFLVLRQ�PDWUL[�દ�� WKH� MRLQW�GLVWULEXWLRQ�RIࢅ� ൌ ࢜ࢅ LV�PRGHOOHG DV� IROORZV�

�+RII��������

ܼ௩̱ ௣ܰሺͲǡࢨ
ି૚ሻǡ ሺʹǤ͵ͳሻ

෨ܼ
௩ ൌ

ܼ௩

ሺିࢨ૚ሻ௩ǡ௩

ଵ
ଶ

ǡ ݒ א ܸǡ ሺʹǤ͵ʹሻ

௩ܻ ൌ ௩ܨ
ିଵ ቀȰ൫ ෨ܼ௩൯ቁ ǡ ݒ א ܸǤ ሺʹǤ͵͵ሻ

+HUH��Ȱሺήሻ VWDQGV� IRU� WKH� FXPXODWLYH� GLVWULEXWLRQ� IXQFWLRQ� RI� WKH� VWDQDUG� QRUPDO�

GLVWULEXWLRQ�� ,Q� DGGLWLRQ�� ࢜ࡲ VWDQGV� IRU� WKH� XQLYDULDWH� GLVWULEXWLRQ� RI� ࢜ࢅ DQG� ௩ܨ
ିଵ

GHQRWHV�WKH�SVHXGR LQYHUVH�RI࢜ࡲ�� 7KH�MRLQW�GLVWULEXWLRQ�RI�WKH�ODWHQW�YDULDEOHV�LV�WKH�

PXOWLYDULDWH�QRUPDO�ZLWK� ෨ܼ ൌ ෨ܼ
௩̱ ௣ܰሺͲǡ ԃሺદሻሻ ZKHUH�ԃሺદሻ LV� D� FRUUHODWLRQ�PDWUL[�

ZLWK�HQWULHV

ԃ௩భǡ௩మሺદሻ ൌ
ሺદିଵሻ௩భǡ௩మ

ටሺદିଵሻ௩భǡ௩భሺદ
ିଵሻ௩మǡ௩మ

Ǥ ሺʹǤ͵Ͷሻ

,Q�(TXDWLRQ�������ࢨ��௩భǡ௩భ DQGࢨ௩మǡ௩మ VWDQG IRU�WKH�GLDJRQDO�HQWULHV�RIݒ�ଵ DQGݒ�ଶ QRGHV��

UHVSHFWLYHO\��&RUUHVSRQGLQJO\ࢨ��௩భǡ௩మ LQGLFDWHV�WKH�SUHFLVLRQ�YDOXH�EHWZHHQ ଵݒ DQGݒ�ଶ

QRGHV�

7KHUHIRUH��E\�VWDQGLQJܥ�ሺݑଵǡ ǥ ǡ ௣ݑ פ ԃሻ DV�WKH�*DXVVLDQ�FRSXOD�PDWUL[�ZLWK�D݌� ൈ ݌

GLPHQVLRQDO�FRUUHODWLRQ�PDWUL[ࢢ���ZH�KDYH

൫݌ ଵܻ ൑ ଵǡݕ ǥ ǡ ௣ܻ ൑ ௣൯ݕ ൌ ൫ܥ ଵǡݕ ǥ ǡ ௣ݕ פפ ԃሺࢨሻǡ ଵǡܨ ǥ ǡ ௣ܨ ൯ ሺʹǤ͵ͷሻ

ൌ ܥ ቀܨଵሺݕଵሻǡǥ ǡ ௣൯ݕ௣൫ܨ פ
פ ԃሺࢨሻ ቁǤ ሺʹǤ͵͸ሻ
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7R� DYRLG� PDNLQJ� D� IRUPDO� DVVXPSWLRQ� IRU� WKH� SDUDPHWULF� UHSUHVHQWDWLRQ� RI� WKH�

PDUJLQDO�GLVWULEXWLRQV�ሼܨ௩ǣ ݒ א ܸሽ ZKLFK�FDQ�EH�GLVFRXUDJLQJ�WDVN�IRU�PRVW�RI�WKH�UHDO�

GDWDVHWV��WKHLU�PDUJLQDO�GLVWULEXWLRQ�DUH�WUHDWHG�DV�QXLVDQFH�SDUDPHWHUV���$FFRUGLQJO\��

WKLV�PHWKRG�IRFXV�RQ�� ෨ܼ௩ ZKLFK�LV�WKH�MRLQW�GLVWULEXWLRQ�RI�WKH�ODWHQW�YDULDEOHV�DQG�WKH�

MRLQW� GLVWULEXWLRQ� KDV� D� UHODWLRQVKLS� ZLWK� WKH� REVHUYHG� YDULDEOHV� ࢜ࢅ DV� VKRZQ� LQ�

(TXDWLRQ���������'REUD�	�/HQNRVNL���������

+RII��������VXJJHVWV�WKH�LQIHUHQFH�LQ�WKH�VSDFH�RI�WKH�ODWHQW�YDULDEOH�YLD�D�VXEVWLWXWLRQ�

RI�WKH�REVHUYHG�GDWDݕ�ଵǣ௡ ZLWK�WKH�HYHQW���ु ൌ ሼݖଵǣ௡ א �ଵǣ௡ሻሽ��7KHQ�WKH�OLNHOLKRRGݕሺܣ

IXQFWLRQ�LV�ZULWWHQ�DV

ሺ݌ ଵǣ௡ݕ פפ ǡࢨ ሼܨ௩ǣ ݒ א ܸሽ ሻ ൌ ሺु݌ פ ࢨ ሻ݌ሺ ଵǣ௡ݕ פפ ुǡ ԃሺદሻǡ ሼܨ௩ǣ ݒ א ܸሽ ሻǤ ሺʹǤ͵͹ሻ

)RU�WKLV�GHFRPSRVLWLRQ��RQO\�WKH�OLNHOLKRRG�RI�WKH�REVHUYHG�GDWD�SDUW��ZKLFK�LV�UHODWHG�

ZLWK� WKH� LQIHUHQFH�RQࢨ��� LV� LQGLFDWHG�E\� ሺु݌ פ ࢨ ሻ DQG� LW�GRHV�QRW�GHSHQG�RQ� WKH�

PDUJLQDO� GLVWULEXWLRQV� ሼܨ௩ǣ ݒ א ܸሽ�� )RU� WKH� HVWLPDWLRQ� RI� ሺु݌ פ ࢨ ሻ� +RII� �������

FRQVWUXFWV�D�*LEEV�VDPSOHU�ZLWK�VWDWLRQDU\�GLVWULEXWLRQ�DV�EHORZ�

ࢨሺ݌ פ ु ሻ ן ሺु݌ פ ࢨ ሻ ሻǤࢨሺ݌ ሺʹǤ͵ͺሻ

+HUH� ࢨ KDV D�:LVKDUW�SULRU�GLVWULEXWLRQ� ௣ܹሺܾǡ �ሻܦ

2Q�WKH�RWKHU�VLGH��WKH�MRLQW�SRVWHULRU�GLVWULEXWLRQ�RIࢨ� א ܲீ DQG�WKH�JUDSK�* DUH�JLYHQ�

E\

ǡࢨሺ݌ ܩ פ ु ሻ ן ሺु݌ פ ࢨ ሻ ࢨሺ݌ פ ܩ ሻ ሻǤܩሺ݌ ሺʹǤ͵ͻሻ

,Q�WKLV�H[SUHVVLRQ��*�:LVKDUW� ீܹሺܾǡ ሻܦ LV�WKH�SULRU�GLVWULEXWLRQ�RIࢨ� FRQGLWLRQDO�RQ�

*��DQG�WKH�SULRU�GLVWULEXWLRQ�LV�XQLIRUP��L�H݌���ሺܩሻ ן ͳ�
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������ *DXVVLDQ�*UDSKLFDO�0RGHO�8QGHU�5HYHUVH� -XPS�0DUNRY�&KDLQ�0RQWH�

&DUOR�0HWKRG

7KH� UHYHUVH� MXPS� 0DUNRY� FKDLQ� 0RQWH� &DUOR� PHWKRG� XVHV� WKH� &KROHVN\�

GHFRPSRVLWLRQ� LQ� RUGHU� WR� REWDLQ� D� SRVLWLYH� GHILQLWH� SUHFLVLRQ� PDWUL[� GXH� WR� LWV�

DGYDQWDJHRXV�IRU�WKH�SUHFLVLRQ�PDWUL[�ZKLFK�FRQVLGHUV�WKH�*�:LVKDUW�SULRU� ீܹሺܾǡ ሻܦ

IRUࢨ� ZLWK WKH�IROORZLQJ�GHQVLW\

ࢨሺ݌ פ ࡳ ሻ ൌ
ͳ

ܫீ ሺܾǡ ሻܦ
ሺ݀݁ࢨݐሻ

௕ିଶ
ଶ ��� ൜െ

ͳ

ʹ
ሻൠǡܦࢀࢨሺݎݐ ሺʹǤͶͲሻ

ZKHUH�*�VWDQGV� IRU� WKH� JUDSKLFDO� VWUXFWXUH�RI� WKH�GDWD�� ܫீ ሺܾǡ ሻܦ LV� WKH�QRUPDOL]LQJ�

FRQVWDQW� ZLWK� ܾ ൐ ʹ DQG�' LV� VHW� WR� S�GLPHQVLRQDO� LGHQWLW\� PDWUL[�� ௣ܫ �'REUD� 	�

/HQNRVNL�� ������� ,I� *� LV� FRPSOHWH� JUDSK �L�H��� QR� PLVVLQJ� HGJHV�� ZLWK� S QRGHV��

ீܹሺܾǡ ሻܦ EHFRPHV� WKH�:LVKDUW�GLVWULEXWLRQ� ௣ܹሺܾǡ ሻܦ DQG� WKH�QRUPDOL]LQJ�FRQVWDQW�

FDQ�EH�H[SOLFLWO\�FDOFXODWHG��+RZHYHU��ZKHQ�*�LV�QRW�FRPSOHWH�JUDSK��WKHQ�LW�LV�QRW�

GHFRPSRVDEOH� DQG� WKHUHIRUH�� WKH� 0RQWH� &DUOR� PHWKRG� VKRXOG� EH� DSSOLHG� WR�

QXPHULFDOO\�DSSUR[LPDWH�LWV�QRUPDOL]LQJ�FRQVWDQW�

)XUWKHUPRUH�� /HQNRVNL� ������� DSSOLHV� WKH� VDPSOLQJ� DOJRULWKP� IURP� WKH�*�:LVKDUW�

GLVWULEXWLRQ��7KHUHIRUH��WKH�*�:LVKDUW�GLVWULEXWLRQ�ZLWK�SDUDPHWHUV�ܾ ൅ ݊ DQGܦ� ൅ ܷ

LV�WKH�SRVWHULRU�GLVWULEXWLRQ�RIࢨ� IRU�WKH�JLYHQ *��+HUH��8 GHQRWHV�

ܷ ൌ෍ݕ௝ݕ௝
்

௡

௝ୀଵ

ǡ ሺʹǤͶͳሻ

WKDW�LV��WKH�WUDFH�RI�்ܻܻ�

)RU� WKH� MRLQW�GLVWULEXWLRQ�JLYHQ� LQ�(TXDWLRQ��������� WKH�PHWKRG�GHVFULEHV�D�0DUNRY�

FKDLQ�0RQWH�&DUOR�VDPSOHU��'REUD�DQG�/HQNRVNL��������XVH�VPDOO�YDOXHV�IRU ௣ߪ DQG�

௣ߪ���௚ZKLFK�DUH�WKH�SUHFLVLRQ�SDUDPHWHUV��L�Hߪ ൌ ௚ߪ ൌ ͲǤͳǤ
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&RQVLGHULQJ� WKH� FXUUHQW� VWDWH� RI� WKH� FKDLQ� ሺࢨ௦ǡ ��௦ሻܩ WKH� QH[W� VWDWH� ሺࢨ௦ାଵǡ ௦ାଵሻܩ LV�

JHQHUDWHG�E\�WKH�IROORZLQJ�VWHSV�

6WHS��� 5HVDPSOH�WKH�ODWHQW�GDWD�

7KH�ODWHQW�YDULDEOH�ܼ LV�XVHG�LQVWHDG�RI�WKH�REVHUYHG�YDULDEOH�<� LI�<¶V�DUH�QRW�QRUPDOO\�

GLVWULEXWHG��+HUH��=�LV�DQ�PDWUL[�ZLWK�D�GLPHQVLRQ�RI�ሺ݊ ൈ �ሻ��,Q�WKLV�VWHS��IRU�HDFK݌

ݒ א ܸ DQG� ݆ א ሼͳǡʹǡ ǥ ǡ ݊ሽ�� WKH� ODWHQW� YDOXH� ௩ݖ
௝ LV� XSGDWHG� YLD� VDPSOLQJ� IURP� LWV�

FRQGLWLRQDO�GLVWULEXWLRQ�

ܼ௏̳ሼ௩ሽ ൌ ௏̳ሼ௩ሽݖ
௝

̱ܰሺߤ௩ǡ ௩ߪ
ଶሻǡ ሺʹǤͶʹሻ

WUXQFDWHG�WR�WKH�LQWHUYDO�ൣܮ௩
௝
ǡ ܷ௩

௝
൧��ZKHUH

௩ߤ ൌ െ ෍
௩ǡ௩ᇲࢨ
௦

௩ǡ௩ࢨ
௦ ݖ

௩ᇲ
௝

௩ᇲא௕ௗಸሺ௩ሻ

ǡ ሺʹǤͶ͵ሻ

DQG

௩ߪ
ଶ ൌ

ͳ

௩ǡ௩ࢨ
௦ ǡ ሺʹǤͶͶሻ

ERXQG�IRU�/�DQG�8�DUH�JLYHQ�LQ�(TXDWLRQ��������

6R��DW�WKH�HQG��WKH�QHZ�YDOXH�RIݖ�௩
௝ LV�REWDLQHG�YLD�VDPSOLQJ�IURP�D WUXQFDWHG�QRUPDO�

GLVWULEXWLRQ�

6WHS��� 5HVDPSOH�WKH�SUHFLVLRQ�PDWUL[�

,Q�WKLV�VWDJH��WKH�SUHFLVLRQ�PDWUL[�LV�FDOFXODWHG�YLD�XVLQJ�WKH�ODWHQW�YDULDEOHV�ZKLFK�DUH�

REWDLQHG�IURP�6WHS���DQG�KHUH��WKLV�PHWKRG�DOVR�DSSOLHV�WKH�&KROHVN\�GHFRPSRVLWLRQ�

WR�WKH�SUHFLVLRQ�PDWUL[�

,Q�WKLV�VWDJH��߶௦ VKRZV�WKH�XSSHU�WULDQJXODU�RI�WKH�SUHFLVLRQ�PDWUL[ࢨ� DW�WKH�FXUUHQW�

VWDWH�� L�H࢙ࢨ����� 7KHUHE\�� WKH� PHWKRG� DSSOLHV� WKH� 0HWURSROLV�+DVWLQJ� XSGDWH� RI࢙ࢨ�

UHODWHG� ZLWK� D� GLDJRQDO� HOHPHQW� ߶௦
௩భǡ௩భ

൐ Ͳ E\� VDPSOLQJ� D� YDOXH� ߛ IURP�
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�ሺ߶௦
௩భǡ௩భ

ǡ ௣ߪ
ଶሻ ZKLFK� LV� WUXQFDWHG� EHORZ� DW� ��� $IWHUZDUGV�� ߛ LV� UHSODFHG� ZLWK� WKH�

UHODWHG� GLDJRQDO� HOHPHQWV� RI� ߶௦�� GHQRWHG� DV� ߶ᇱ�� ZLWK� WKH� DFFHSWDQFH� SUREDELOLW\�

���ሼܴ௣ǡ ͳሽ YLD�

ܴ௣ ൌ

Ȱቆ
߶௦

௩భǡ௩భ

௣ߪ
ቇ

ߛ
௣ߪ

൭
ߛ

߶௦
௩భǡ௩భ

൱

௕ା௡ାௗೡభ
ಸೞିଵ

ܴ௣
ᇱ ǡ ሺʹǤͶͷሻ

ZKHUH

ܴ௣
ᇱ ൌ ݌ݔ݁ ൜െ

ͳ

ʹ
ᇱࢨሺݎݐ െ ܦ௦ሻ்ሺࢨ ൅ ሺ்ܼܼሻൠݎݐ Ǥ ሺʹǤͶ͸ሻ

,Q� WKLV� HTXDWLRQࢨ��ᇱ ൌ ሺ߶Ԣሻ்߶ᇱ DQG� WKH� FDQGLGDWH� PDWUL[ࢨ�ᇱ DUH� DFFHSWHG� ZLWK� D�

SUREDELOLW\����ሼܴ௣
ᇱ ǡ ͳሽ �� )LQDOO\�� WKH� SUHFLVLRQ�PDWUL[� REWDLQHG� YLD� SHUIRUPLQJ� WKH�

0HWURSROLV�+DVWLQJ�XSGDWH�LV�WDNHQ�DVࢨ��௦ାଵȀଶ א ܲீೄ �

6WHS��� 5HVDPSOH�WKH�JUDSK�

7KH�&KROHVN\�GHFRPSRVLWLRQ�IRUࢨ�௦ାଵ ൌ ሺ߶௦ାଵȀଶሻ்߶௦ାଵȀଶ��ZKHUH�߶௦ାଵȀଶ LV�WKH�XSSHU�

WULDQJXODU��,I�WKHUH�LV�QR�HGJH�EHWZHHQݒ�ଵ DQGݒ�ଶ LQܩ�
௦��RQH�FDQ�XSGDWH�WKH�V\VWHP�E\�

DGGLQJ�WKLV�HGJH�WR�WKH�FXUUHQW�JUDSKܩ�௦ VR�WKDW�D�FDQGLGDWH�JUDSKܩ�ᇱ FDQ�EH�REWDLQHG��

$FFRUGLQJO\�� WKH� FDQGLGDWH� SUHFLVLRQ�PDWUL[� FDQ� EH� IRXQG�E\ࢨ�ᇱ ൌ ሺ߶Ԣሻ்߶ᇱ א ܲீᇲ���

6LQFH� WKH� SDUDPHWHU� VSDFH� GLPHQVLRQ� LQFUHDVHV� E\� RQH�� WKH� UHYHUVH� MXPS�0DUNRY�

FKDLQV�PHWKRGRORJ\�E\�*UHHQ��������LV�XVHG��+HQFH��WKH�XSGDWH�RI�ሺࢨ௦ାଵȀଶǡ ௦ሻܩ WR�

ሺࢨᇱǡ ᇱሻܩ ZLWK�D�SUREDELOLW\����ሼܴ௚ǡ ͳሽ��ZKHUH�ܴ௚ LV�EHORZ��FDQ�EH�SHUIUPHG�

ߨʹ௚ξߪ ߶௩భǡ௩భ

௦ାଵȀଶ ೞሺܾǡீܫ ሻࡰ

ᇲሺܾǡீܫ ሻࡰ
ൈ

ൈ ݌ݔ݁ ൝െ
ͳ

ʹ
ݎݐ ൬ሺࢨᇱ െ ࡰሻ்ቀࢨ ൅ ሻቁ൰ࢆࢀࢆሺݎݐ ൅

ሺ߶௩భǡ௩భ
ᇱ െ ߶௩భǡ௩భ

௦ାଵȀଶ
ሻଶ

௚ߪʹ
ଶ

ൡǤ

ሺʹǤͶ͹ሻ
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,I�WKHUH�LV�DQ�HGJH�EHWZHHQݒ�ଵ DQGݒ�ଶ LQܩ�
௦��WKH�V\VWHP�LV�XSGDWHG�E\�GHOHWLQJ�WKLV�

HGJH� IURP� WKH�FXUUHQW�JUDSKܩ�௦ VR� WKDW�D�FDQGLGDWH�JUDSKܩ�ᇱFDQ�EH�REWDLQHG��/LNH�

DERYH��WDNLQJࢨ�ᇱ ൌ ሺ߶Ԣሻ்߶ᇱ א ܲீᇲ DQG�LQFUHDVLQJ�WKH�GLPHQVLRQ�RI�SDUDPHWHU�VSDFH�

E\�RQH�IURP�߶௦ାଵȀଶ WR�߶� RQH�FDQ�ODVWO\�FRPSXWH�WKH�DFFHSWDQFH�SUREDELOLW\�RI�WKH�

XSGDWH�IURP�ሺࢨ௦ାଵȀଶǡ ௦ሻܩ WR�ሺࢨᇱǡ ᇱሻܩ ZLWK�D�SUREDELOLW\����ሼܴ௚
ᇱ ǡ ͳሽ ZKHUH�ܴ௚

ᇱ LV�DV�

IROORZV�

ቀߪ௚ξʹߨ ߶௩భǡ௩భ

௦ାଵȀଶ
ቁ
ିଵ ೞሺܾǡீܫ ሻࡰ

ᇲሺܾǡீܫ ሻࡰ
ൈ

ൈ ݌ݔ݁ ൝െ
ͳ

ʹ
ݎݐ ൬ሺࢨᇱ െ ࡰሻ்ቀࢨ ൅ ሻቁ൰ࢆࢀࢆሺݎݐ ൅

ሺ߶௩భǡ௩భ
ᇱ െ ߶௩భǡ௩భ

௦ାଵȀଶ
ሻଶ

௚ߪʹ
ଶ

ൡ

ሺʹǤͶͺሻ

)LQDOO\��WKH�XSGDWHG�JUDSKܩ�௦ାଵ DQG�WKH�UHODWHG�SUHFLVLRQ�PDWUL[ࢨ�௦ାଵ DUH�IRXQG�DW�WKH�

HQG�RI�6WHS���

������ *DXVVLDQ�*UDSKLFDO�0RGHO�8QGHU�%LUWK�DQG�'HDWK�0DUNRY�&KDLQ�0RQWH�

&DUOR 0HWKRG

$V�JLYHQ�LQ�&KDSWHU������OHW�ܸ ൌ ሼͳǡʹǡ ǥ ǡ ሽ݌ EH�WKH�VHW�RI�QRGHV�DQGܧ� ؿ ܸ ൈ ܸ EH�WKH�

VHW�RI�H[LVWLQJ�HGJHV�DQG�ሺ݅ǡ ݆ሻ א ܧ DQGܧ�ത DV�WKH VHW�RI�QRQ�H[LVWLQJ�HGJHV��$FFRUGLQJO\��

ܩ ൌ ሺܸǡ ሻܧ GHQRWHV� DQ� XQGLUHFWHG� JUDSK�� 7KLV� WLPH�� OHW� VKRZ� WKH� LQGHSHQGHQW� DQG�

LGHQWLFDOO\�GLVWULEXWHG�VDPSOH�DV࢟� ൌ ሼݕଵǡ ଶǡݕ ǥ ǡ �௡ሽ��7KHQ��WKH�OLNHOLKRRG�FDQ�DOVR�EHݕ

ZULWWHQ�DV�IROORZV��:LW�	�0RKDPPDGL��������

ሺ݌ ࢟ פפ ǡࢨ ܩ ሻ ן ȁࢨȁ
௡
ଶ݁݌ݔ ൜െ

ͳ

ʹ
ሻൠǡࡿࢨሺݎݐ ሺʹǤͶͻሻ

ZKHUHࡿ� ൌ ��࢟ᇱ࢟ 7KH� MRLQW� GLVWULEXWLRQ� LV� IRUPXODWHG� DV� (TXDWLRQ� �������� 7KXV�� WKH�

SRVWHULRU�GLVWULEXWLRQ�RIࢨ�� LV
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ࢨሺ݌ פפ ǡ࢟ ܩ ሻ ൌ
ͳ

ܫீ ሺܾכǡ ሻכܦ
ሺ݀݁ࢨݐሻ

௕ିכଶ
ଶ ��� ൜െ

ͳ

ʹ
ሻൠǡכܦࢀࢨሺݎݐ ሺʹǤͷͲሻ

ZKHUH�ܾכ ൌ ܾ ൅ ݊ DQGכܦ� ൌ ܦ ൅ ����VR�LW�LV�*�:LVKDUW�GLVWULEXWLRQࡿ ீܹሺܾ
ǡכ �ሻכܦ

+HUHE\��WKLV�MRLQW�SRVWHULRU�GLVWULEXWLRQ�LV�GHVFULEHG�ZLWK�D�WUDQV�GLPHQVLRQDO�0DUNRY�

FKDLQ� 0RQWH� &DUOR� �0&0&�� VDPSOHU� VFKHPH� ZKLFK� LV� WKH� ELUWK�GHDWK� �0&0&��

�%'0&0&��PHWKRG��7KLV�SURFHVV� VHDUFK�RYHU� WKH�JUDSK� VSDFH��*��E\� DGGLQJ� DQG�

UHPRYLQJ� DV� D� ELUWK� DQG� GHDWK� HYHQW�� 7KH� ELUWK� DQG� GHDWK� UDWHV� GHWHUPLQHG� E\� WKH�

VWDWLRQDU\�GLVWULEXWLRQ�RI�WKH�SURFHVV�RFFXUV�LQ�D�FRQWLQXRXV�WLPH�

/HW�WKH�ELUWK�DQG�GHDWK�SURFHVV�DW�WLPH�W�EH�GHQRWHG�E\�WKH�VWDWH�ሺܩǡࢨሻ��6R�WKH�PHWKRG�

FRQVLGHUV�WKH�IROORZLQJ�FRQWLQXRXV�WLPH�SURFHVV�

'HDWK�

%\�D�SRLVVRQ�SURFHVV�ZLWK�D�UDWH�RIߜ�௘ሺࢨሻ��HDFK�HGJH�݁ א ܧ GLHV�LQGHSHQGHQWO\�RQ�WKH�

RWKHUV��7KHUHIRUH��WKH�RYHUDOO�GHDWK�UDWH�LVߜ�ሺࢨሻ ൌ σ ாאሻ௘ࢨ௘ሺߜ ��,I�D�GHDWK�RI�DQ�HGJH�

RFFXUV�� L�H��� ݁ ൌ ሺ݅ǡ ݆ሻ א ��ܧ WKH� SURFHVV� MXPSV� WR� D� QHZ� VWDWH� ZKLFK� LV� VKRZ� DV�

ሺିܩ௘ǡࢋିࢨሻ�� ZKHUH� WKH� XQGLUHFWHG� JUDSK� EHFRPHV� ௘ିܩ ൌ ሺܸǡ ܧ ̳ ሼ݁ሽሻ�� DQG� WKH�

SUHFLVLRQ�PDWUL[�LVࢋିࢨ� א ࢨ�]ష೐��2QO\�WKH�GLIIHUHQFH�EHWZHHQ�WKH�SUHFLVLRQ�PDWULீࡼ

DQGࢋିࢨ� LV� WKH�HQWULHV�FRUUHVSRQGV� WR�ሼሺ݅ǡ ݆ሻǡ ሺ݆ǡ ݅ሻǡ ሺ݆ǡ ݆ሻሽ �UHFDOO�E\�GHILQLWLRQ�RI�DQ�

HGJH�݅ ൏ ݆��

%LUWK�

%\�D�SRLVVRQ�SURFHVV�ZLWK�D�UDWH�RIߚ�௘ሺࢨሻ��HDFK�HGJH�݁ א തܧ LV�ERUQ�LQGHSHQGHQWO\�RQ�

WKH�RWKHUV��7KXV��RYHUDOO�ELUWK�UDWH�LVߚ�ሺࢨሻ ൌ σ ாאሻ௘ࢨ௘ሺߚ ��,I�D�ELUWK�RI�DQ�HGJH�RFFXUV��

L�H���݁ ൌ ሺ݅ǡ ݆ሻ א ��തܧ � WKH�SURFHVV� MXPSV�WR�D�QHZ�VWDWH�ZKLFK�LV�VKRZ�DV�ሺܩା௘ǡࢨାࢋሻ

ZKHUH�WKH�XQGLUHFWHG�JUDSK�EHFRPHVܩ�ା௘ ൌ ሺܸǡ ܧ ׫ ሼ݁ሽሻ��DQG�WKH�SUHFLVLRQ�PDWUL[�LV�

ࢋାࢨ א ࢨ�]శ೐��2QO\�GLIIHUHQFH�EHWZHHQ�WKH�SUHFLVLRQ�PDWULீࡼ DQGࢋିࢨ� LV�WKH�HQWULHV�

FRUUHVSRQGV�WR�ሼሺ݅ǡ ݆ሻǡ ሺ݆ǡ ݅ሻǡ ሺ݆ǡ ݆ሻሽ�

ܲሺܾ݄݅ݐݎ ݎ݋݂ ݄݁ݐ ݁݀݃݁ ݁ሻ ൌ
ሻࢨ௘ሺߚ

ሻࢨሺߚ ൅ ሻࢨሺߜ
ǡ ݎ݋݂ ݄݁ܽܿ ݁ א തǡܧ ሺʹǤͷͳሻ
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ܲሺ݄݀݁ܽݐ ݎ݋݂ ݄݁ݐ ݁݀݃݁ ݁ሻ ൌ
ሻࢨ௘ሺߜ

ሻࢨሺߚ ൅ ሻࢨሺߜ
ǡ ݎ݋݂ ݄݁ܽܿ ݁ א ǡܧ ሺʹǤͷʹሻ

:LW�DQG�0RKDPPDGL��������SURSRVH�D�%'0&0&�DOJRULWKP�ZKLFK�LV�EDVHG�RQ�WKH�

FKRLFH� RI� WKH� ELUWK� DQG� WKH� GHDWK� UDWHV� VSHFLILFDOO\�� 7KH� ELUWK� DQG� GHDWK� UDWHV� DUH�

FRQVLGHUHG�DV�IROORZV�

ሻࢨ௘ሺߚ ൌ
ܲሺܩା௘ǡࢨା̳ࢋሺ݇௜௝ǡ ݇௝௝ሻ פ ሻ࢟

ܲሺܩǡ̳ࢨ ௝݇௝ሻ פ ሻ࢟
ݎ݋݂ ݄݁ܽܿ ݁ א തǡܧ ሺʹǤͷ͵ሻ

ሻࢨ௘ሺߜ ൌ
ܲሺିܩ௘ǡ̳ࢋିࢨ ௝݇௝ פ ሻ࢟

ܲሺܩǡ̳ࢨሺ݇௜௝ǡ ݇௝௝ሻ פ ሻ࢟
ݎ݋݂ ݄݁ܽܿ ݁ א Ǥܧ ሺʹǤͷͶሻ

%DVHG�RQ�WKH�UDWHV�JLYHQ�DERYH�DQG�D�JLYHQ�JUDSK�* DV�ZHOO�DV�DQG�WKH�SUHFLVLRQ�PDWUL[�

��DOJRULWKP�LWHUDWHV�WKH�IROORZLQJ�VWHSV�ZKRVH�PDWKHPDWLFDO�GHWDLOV�DUH&0&0'%��ࢨ

SUHVHQWHG�LQ�WKH�IROORZLQJ�SDUW�

6WHS����3URFHVV�RI�ELUWK�DQG�GHDWK

��� &DOFXODWH�WKH�ELUWK�UDWHV�E\�(TXDWLRQ������� DQGߚ�ሺࢨሻ ൌ σ ாאሻ௘ࢨ௘ሺߚ �

��� &DOFXODWH�WKH�GHDWK UDWHV�E\�(TXDWLRQ������� DQGߜ�ሺࢨሻ ൌ σ ாאሻ௘ࢨ௘ሺߜ �

��� 6LPXODWH� WKH� MXPS� W\SH� �ELUWK� RU� GHDWK�� E\� (TXDWLRQ� ������ DQG� (TXDWLRQ�

������

6WHS����$FFRUGLQJ�WR�MXPS�W\SH��VDPSOLQJ IURP�WKH�QHZ�SUHFLVLRQ�PDWUL[�

6WHS����&RPSXWLQJ�WKH�%LUWK�DQG�'HDWK�5DWHV

,Q� WKLV�VWHS�� WKH�PHWKRG�FDOFXODWHV� WKH�UDWHV��+RZHYHU��VLQFH�ERWK� WKH�ELUWK�DQG� WKH�

GHDWK�UDWHV�DUH�FRPSXWHG�ZLWK�WKH�VDPH�PDQQHU��RQO\�WKH�FDOFXODWLRQ�RI�WKH�GHDWK�UDWHV�

DUH�JLYHQ�DV�EHORZ��

7KH�GHDWK�UDWHV¶�QXPHUDWRU��VHH�(TXDWLRQ���������IRU�HDFK�݁ א ܧ LV
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ܲሺܲሺିܩ௘ǡ ሺ݇௜௝ǡ̳ࢋିࢨ ݇௝௝ሻ פ ሻሻ࢟ ൌ
ܲ൫ିܩ௘ǡ̳ࢋିࢨ ௝݇௝ פפ ࢟ ൯

ܲ൫ ௝݇௝ פפ ࢨ
̳ࢋି ௝݇௝ǡ ܩ

ି௘ǡ ࢟ ൯
Ǥ ሺʹǤͷͷሻ

)ROORZLQJ�LV�REWDLQHG�E\�:DQJ�DQG�/L��������DQG�DIWHU�VRPH�VLPSOLILFDWLRQ�

ܲሺିܩ௘ǡ ሺ݇௜௝ǡ̳ࢋିࢨ ݇௝௝ሻ פ ሻ࢟ ൌ
ܲሺܩሻ

ܲሺ࢟ሻ

ǡכ൫ܾܫ ௝௝ܦ
כ ൯

ష೐ீܫ
หࢨ௏̳௝ǡ௏̳௝

଴ ห
௕ିכଶ
ଶ ݌ݔ݁ ൜െ

ͳ

ʹ
ሻൠǡכܦ૙ࢨሺݎݐ

ሺʹǤͷ͸ሻ

ZKHUHࢨ�଴ ൌ ࢨ ZLWK�WKH�H[FHSWLRQ�RI�DQ�HQWU\���LQ�SRVLWLRQV��L��M� DQG��M��L� DQG�DQ�HQWU\�

F�LQ�WKH SRVLWLRQ��M��M� DQGܫ�൫ܾכǡ ௝௝ܦ
כ ൯ GHQRWHV�WKH�QRUPDOL]LQJ�FRQVWDQW�RI�WKH�*�:LVKDUW�

GLVWULEXWLRQ�IRU��� ൌ ͳ�

)RU�WKH�GHQRPLQDWRU�RI�(TXDWLRQ���������WKH�IROORZLQJ�H[SUHVVLRQ�LV�WDNHQ�

ܲሺܩǡ̳ࢨሺ݇௜௝ǡ ݇௝௝ሻ פ ሻ࢟ ൌ
ܲሺܩǡ ࢨ פפ ࢟ ሻ

ܲሺሺ݇௜௝ǡ ݇௝௝ሻ פ ሺ݇௜௝ǡ̳ࢨ ݇௝௝ሻǡ ǡܩ ሻ࢟
ǡ ሺʹǤͷ͹ሻ

%\� XVLQJ� WKH� H[SUHVVLRQ� REWDLQHG� YLD� :DQJ� DQG� /L� ������� DQG� DIWHU� VRPH�

VLPSOLILFDWLRQ�

ܲ൫̳ܭሺ݇௜௝ǡ ݇௝௝ሻǡ ݃ פ ൯࢟

ൌ
ܲሺܩሻ

ܲሺ࢟ሻ

ǡכሺܾܬ ௘௘ܦ
כ ǡ ሻࢨ

ܫீ ሺܾǡ ሻܦ
หࢨ௏̳௘ǡ௏̳௘

ଵ ห
௕ିכଶ
ଶ ݌ݔ݁ ൜െ

ͳ

ʹ
ሻൠכܦ૚ࢨሺݎݐ ሺʹǤͷͺሻ

ZKHUH

ǡכሺܾܬ ௘௘ܦ
כ ǡ ሻࢨ ൌ ቆ

ߨʹ

௝௝ܦ
כ ቇ

ଵ
ଶ

ǡכ൫ܾܫ ௝௝ܦ
כ ൯ሺ݇௜௜െ݇௜௜

ଵ ሻ
௕ିכଶ
ଶ ݌ݔ݁ ൝െ

ͳ

ʹ
൭ܦ௜௜

כ െ
௜௝ܦ
כ ଶ

௝௝ܦ
כ ൱ ሺ݇௜௜െ݇௜௜

ଵ ሻൡǤ

ሺʹǤͷͻሻ

+HUHLQࢨ��ଵ ൌ ࢨ ZLWK� WKH� H[FHSWLRQ� RI� DQ� HQWULHVࢨ�௘ǡ௏̳௘ሺࢨ௏̳௘ǡ௏̳௘ሻ
ିଵࢨ௏̳௘ǡ௘ LQ� WKH�

SRVLWLRQV�FRUUHVSRQGLQJ�WR�݁ ൌ ሺ݅ǡ ݆ሻ�



��

%\�SOXJJLQJ�(TXDWLRQ��������DQG��������LQWR�WKH�GHDWK�UDWH��DQG�WKH�HTXDWLRQ�EHORZ�

FDQ�EH�IRXQG�

ሻࢨ௘ሺߜ ൌ
ܲሺିܩ௘ሻ

ܲሺܩሻ

ܫீ ሺܾǡ ሻܦ

ܫீ ష೐ሺܾǡ ሻܦ
ǡכܦǡࢨሺܪ ݁ሻǡ ሺʹǤ͸Ͳሻ

ZKHUHܪ�ሺήሻ VWDQGV�IRU

ǡכܦǡࢨሺܪ ݁ሻ ൌ ቆ
௝௝ܦ
כ

ሺ݇௜௜െ݇௜௜ߨʹ
ଵ ሻ
ቇ

ଵȀଶ

ൈ

ൈ ݌ݔ݁ ൝െ
ͳ

ʹ
൥ݎݐ൫כܦሺࢨ଴ െ ଵሻ൯ࢨ െ ൭ܦ௜௜

כ െ
௜௝ܦ
כ ଶ

௝௝ܦ
כ ൱ ሺ݇௜௜െ݇௜௜

ଵ ሻ൩ൡǤ ሺʹǤ͸ͳሻ

)XUWKHUPRUH��OHW�VXSSRVH�ሺܩǡࢨሻ LV�WKH�FXUUHQW�VWDWH�RI�WKH�DOJRULWKP��6R��LQ�RUGHU�WR�

FDOFXODWH� GHDWK� UDWHV� YLD� (TXDWLRQ� �������� ILUVW� ෩ࢨ LV� VDPSOHG� IURP� ீܹሺܾǡ ሻܦ E\�

DOJRULWKP�EHORZ��VHH�VWHS�����7KHQ��WKH�GHDWK�UDWHV�DUH�UHSODFHG�ZLWK

ሻࢨ௘ሺߜ ൌ
ܲሺିܩ௘ሻ

ܲሺܩሻ

ǡכܦǡࢨሺܪ ݁ሻǡ

෩ǡࢨ൫ܪ ǡܦ ݁൯ǡ
ǡ ሺʹǤ͸ʹሻ

6WHS����'LUHFW�6DPSOHU�IURP�3UHFLVLRQ�0DWUL[

/HQNRVNL� �������SUHVHQWV� DQ� H[DFW� VDPSOHU�PHWKRG�DV� IROORZV�ZKHUH� WKH�SUHFLVLRQ�

PDWUL[�LVࢨ� DQGߑ� ൌ ࢨ ିଵ ZKLOH�WKH�JUDSKܩ� ൌ ሺܸǡ �ሻܧ

6WHS����6HWߗ� ൌ �ߑ

6WHS����8QWLO�WKH�FRQYHUJHV��UHSHDW�IRU�݅ ൌ ͳǡǥ ǡ ݌

��� /HW� ௜ܰ ؿ ܸ EH�WKH�VHW�RI�QRGH�L LQ�JUDSK�*��6ROYH

መ௜ߚ
כ ൌ ே೔ߗ

ିଵߑே೔ǡ௜
ǡ ሺʹǤ͸͵ሻ

E\�IRUPLQJߑ�ே೔ǡ௜
DQGߗ�ே೔

�

��� %\�SDGGLQJ�WKHߚ�መ௜
כ HOHPHQWV�WR�WKH�DSSURSULDWH�SODFHV�DQG�]HURHV�LQ�WKRVH�

SODFHV�QRW�FRQQHFWHG�WR�L�LQ�WKH�JUDSK�*��IRUPߚ�መ௜ א ܴ௣ିଵ�



��

��� ௜ǡି௜ߗ�መ௜��XSGDWHߚ௜ǡି௜ିߗ�\% DQGିߗ�௜ǡ௜�

6WHS����5HWXUQࢨ� ൌ �ଵିߗ

���� /RRS�EDVHG�0XOWLYDULDWH�$GDSWLYH�5HJUHVVLRQ�6SOLQHV

7KH�PXOWLYDULDWH�DGDSWLYH�UHJUHVVLRQ�6SOLQHV��0$56��LV�D�QRQSDUDPHWULF�UHJUHVVLRQ�

PRGHOOLQJ� WHFKQLTXH� ZKLFK� GRHV� QRW� XVH� DQ� DVVXPSWLRQ� EHWZHHQ� GHSHQGHQW� DQG�

LQGHSHQGHQW� YDULDEOHV�� 7KH� PHWKRG� KDV� D� SURFHGXUH� WR� UHGXFH� WKH� FRPSOH[LW\� RI�

QRQOLQHDU�IXQFWLRQV�E\�FRQVWUXFWLQJ�WKH�SLHFHZLVH�OLQHDU�IXQFWLRQV��6XFK�VPRRWKLQJ�

KDV� WKH�FDOFXODWLRQ�ZKLFK� LPSOHPHQWV�D� WZR�VWDJH�SURFHGXUH��FDOOHG�DV� WKH�IRUZDUG�

VWDJH� DQG� WKH� EDFNZDUG� VWDJH�� ,Q� WKH� IRUZDUG� VWDJH�� PRGHO� VWDUWV� E\� DGGLQJ� WKH�

LQWHUFHSW� WHUP� WR� WKH�PRGHO� DQG� LQVHUWV� WKH� EDVLV� IXQFWLRQV� �%)V��� LWHUDWLYHO\�� 7KH�

SURFHGXUH�HQGV�XS�ZLWK�WKH�ODUJHVW�PRGHO�WKDW�LQFOXGHV�PDQ\�EDVLV�IXQFWLRQV��2Q�WKH�

RWKHU�KDQG��WKH�EDFNZDUG�VWDJH�UHGXFHV�WKH�FRPSOH[LW\�RI�WKH�PRGHO�E\�UHPRYLQJ�WKH�

%)V�UHVXOWLQJ�LQ�D�VOLJKW�LQFUHDVH�LQ�WKH�UHVLGXDO�VXP�RI�VTXDUHG�HUURU��

6XSSRVH�WKH�SDUDPHWULF�PRGHO�DV�IROORZV�

௜ݕ ൌ ݂ሺߚǡ ௜ݔ
ᇱሻ ൅ ௜ǡߝ ሺʹǤ͸Ͷሻ

ZKHUHߚ� LV� WKH�SDUDPHWHUV�RI�WKH�YHFWRU�DQGݔ�௜
ᇱ ሺ݅ ൌ ͳǡǥ ǡ ݊ሻ GHQRWHV�WKH�SUHGLFWRUV�

YHFWRU�IRU�WKH�LWK FDVHߝ��௜ ሺ݅ ൌ ͳǡ ǥ ǡ ݊ሻ VWDQGV�IRU�WKH�YHFWRU�RI�WKH�UDQGRP�HUURU�DQG�Q

LV�WKH�WRWDO�QXPEHU�RI�REVHUYDWLRQV��)LQDOO\ݕ��௜ VKRZV�WKH�DVVRFLDWHG�UHVSRQVH�YHFWRU�

)XUWKHUPRUH��WKH�IXQGDPHQWDO�HOHPHQW�RI�0$56�KDV�D�IRUP�ZKHUH�IXQFWLRQ�I� FRQVLVWV�

RI�WKH�SLHFHZLVH�OLQHDU�%)V�JLYHQ�EHORZ��IRUݔ� א ܴ�

ሾݔ െ ሿାݐ ൌ ቄ
ݔ െ ǡݐ ݔ ൐ ݐ

Ͳǡ ݁ݏ݅ݓݎ݄݁ݐ݋
ǡ ܽ݊݀ ሾݐ െ ሿାݔ ൌ ቄ

ݐ െ ǡݔ ݔ ൏ ݐ
Ͳǡ ݁ݏ݅ݓݎ݄݁ݐ݋

Ǥ

ሺʹǤ͸ͷሻ
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,Q�WKH�(TXDWLRQ�������� W VWDQGV�IRU�WKH�NQRW�DQG�UHSUHVHQWV�WKH�EUHDNLQJ�SRLQW�RI�WKH�

VSOLQH�IXQFWLRQ��DV�LOOXVWUDWHG�LQ�)LJXUH������7KH�JRDO�LV�REWDLQ�WKH�UHIOHFWHG�SDLUV�RI�

HDFKݔ�௝ ZLWK�WKH�NQRWV�DW�HDFK�REVHUYHGݔ�௜௝��7KHUHIRUH��WKH�VHW�RI�DOO�EDVLV�IXQFWLRQV�LV�

UDQGRP�YDULDEOHV�ZKLFK�FDQ�EH�GHILQHG�DV�IROORZV�

ܥ ൌ ൛ ሾݔ െ ሿାǡݐ ሾݐ െ ሿାݔ פפ ݐ א ൛ݔଵǡ௝ǡ ଶǡ௝ǡݔ ǥ ǡ ேǡ௝ൟǡݔ ݆ ൌ ͳǡʹǡ ǥ ǡ ݌ ൟǡ ሺʹǤ͸͸ሻ

ZKHUH�1 UHSUHVHQWV�WKH�QXPEHU�RI�REVHUYDWLRQV�DQG�S LV�WKH�QXPEHU�RI�LQGHSHQGHQW�

YDULDEOHV��7KXV���1S QXPEHUV�RI�EDVLV� IXQFWLRQ�H[LVWV� LI�DOO� WKH� LQSXW�YDULDEOHV�DUH�

GLIIHUHQW�

)LJXUH�������$�6LPSOH�5HSUHVHQWDWLRQ�RI�WKH�0$56�YLD�D�.QRW�DQG�6SOLQHV

7KH� PRGHO� EXLOGLQJ� VWUDWHJ\� RI� 0$56� FRQVLVWV� RI� WKH� IRUZDUG� DQG� EDFNZDUG�

HOLPLQDWLRQ�DQG�WKH�IXQFWLRQV�IURP�WKH�& VHW�LV�XVHG��UDWKHU�WKDQ�WKH�RULJLQDO�YDULDEOHV��

7KXV��WKH�PRGHO�FDQ�EH�GHVFULEHG�DV



��

݂ሺݔሻ ൌ ଴ߚ ൅ ෍ ሻݔ௠݄௠ሺߚ ൅ ߝ

ெ

௠ୀଵ

ǡ ሺʹǤ͸͹ሻ

LQ�ZKLFK� �݄௠ሺݔሻ UHIHUV� WR� WKH� VSOLQH� EDVLV� IXQFWLRQV� DQG�0 LV� WKH� WRWDO� QXPEHU� RI�

SDUDPHWHUV�� DQG� ILQDOO\� ଴ߚ DQG� ௠ߚ UHIHU� WR� WKH� LQWHUFHSW� WHUP� DQG� WKH� UHJUHVVLRQ�

FRHIILFLHQW��UHVSHFWLYHO\ߚ��௠ LV�HVWLPDWHG�YLD�PLQLPL]LQJ�WKH�UHVLGXDO�VXP�RI�VTXDUHV�

E\�D�OLQHDU�UHJUHVVLRQ�JLYHQ�D�FKRLFH�RI�݄௠��)XUWKHUPRUH��DV�PHQWLRQHG�EHIRUHKDQG��

DW�WKH�HQG�RI�WKH�IRUZDUG�VWDJH��D�VLPLODU�ODUJH�PRGHO�DV�LQ�(TXDWLRQ��������LV�REWDLQHG��

+RZHYHU��WKLV�PRGHO�PD\�RYHUILW�WKH�GDWD��+HQFH��WKH�EDFNZDUG�VFKHPH�LV�DSSOLHG�E\�

UHPRYLQJ�WKH�WHUP�ZKLFK�LQGXFHV�WKH�VPDOOHVW�LQFUHDVH�LQ�WKH�UHVLGXDO�VTXDUHV��7KHQ��

WKH�EHVW�PRGHO�GHQRWHG�E\� መ݂ఒ LV�REWDLQHG�ZLWK�WKH�Ȝ QXPEHU�RI�WHUPV��7KH�EHVW�PRGHO�

LQ� 0$56� LV� REWDLQHG� E\� JHWWLQJ� WKH� RSWLPDO� Ȝ�� 7R� GR� VR�� WKH� JHQHUDOL]HG� FURVV�

YDOLGDWLRQ�YDOXH��*&9��LV�XVHG�DQG�*&9�LV�SUHVHQWHG�DV�IROORZV

ሻߣሺܸܥܩ ൌ
σ ሺݕ௜ െ መ݂

ఒ ሺݔ௜ሻ
ଶே

௜ୀଵ

൬ͳ െ
ሻߣሺܯ
ܰ

൰
ଶ ǡ ሺʹǤ͸ͺሻ

ZKHUHܯ��ሺߣሻ LV�WKH�HIIHFWLYH�QXPEHU�RI�SDUDPHWHUV�DQG�LW�FDQ�EH�REWDLQHG�ZLWK�WKH�

HTXDWLRQܯ�ሺߣሻ ൌ ݎ ൅ ܭܿ ZKHUH�U UHSUHVHQWV�WKH�QXPEHU�RI�OLQHDUO\�LQGHSHQGHQW�%)V�

DQG� . VWDQGV� IRU� WKH� QXPEHU� VHOHFWHG� NQRWV� GXULQJ� WKH� IRUZDUG� VWDJH�� )LQDOO\�� F

LQGLFDWHV�WKH�FRVW�IRU� WKH�RSWLPL]DWLRQ�RI�WKH�EDVLV�IXQFWLRQ�DQG�DOVR�WKH�VPRRWKLQJ�

SDUDPHWHU�RI�WKH�PRGHO��*HQHUDOO\��WKLV�PRGHO�LV�HTXDWHG�WR�ܿ ൌ ͵��KRZHYHU�ZKHQ�WKH�

PRGHO�LV�DQ�DGGLWLYH�PRGHO��LW�LV�VHW�WR��ܿ ൌ ʹ��

+HUHE\��RQH�FDQ�FRQVWUXFW�WKH�PRGHO�IRU�0$56�VLPLODU�WR�WKH�ODVVR�UHJUHVVLRQ�DV�LW�LV�

XVHG�LQ�**0�LQ�(TXDWLRQ���������%\�GRLQJ�VR��ZH�PRGHO�HDFK�QRGH�DJDLQVW�DOO� WKH�

UHPDLQLQJ�QRGHV��%\�WKLV�ZD\��RQH�FDQ�GHWHFW�D�VHOHFWHG�JHQH¶V�OLQNV�ZLWK�WKH�RWKHU�

UHPDLQLQJ�JHQHV��,Q�WKLV�VWXG\��WKH�PRGHO�ZKLFK�FRQWDLQV�RQO\�WKH�PDLQ�HIIHFWV�LV�WKH�

/0$56�ZLWKRXW�LQWHUDFWLRQ�DQG�WKH�PRGHO�ZLWK�DOVR�VHFRQG�RUGHU�LQWHUDFWLRQ�WHUPV��

LV�QDPHG�DV�WKH�/0$56�ZLWK�LQWHUDFWLRQ�WHUPV��
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���� 7KUHVKROG�6HOHFWLRQ�0HWKRGV

7R�REWDLQ�D� V\VWHP¶V�JUDSKLFDO� UHSUHVHQWDWLRQ�DQG�HYDOXDWH� WKH�QHWZRUN�PRGHO�� WKH�

QXPHULFDO� HQWULHV� RI� WKH� SUHFLVLRQ� PDWUL[�� દ�� VKRXOG� EH� FRQYHUWHG� LQWR� D� ELQDU\�

UHSUHVHQWDWLRQ� YLD� D� WKUHVKROG� YDOXH�� ,Q� WKLV� UHSUHVHQWDWLRQ�� ³�´� VWDQGV� IRU� QR�

LQWHUDFWLRQ� EHWZHHQ� WZR� HQWLWLHV� RI� WKH� QHWZRUN� V\VWHP�� ZKHUHDV�� ³�´� LPSOLHV� WKH�

IXQFWLRQDO�RU�SK\VLFDO�LQWHUDFWLRQ�EHWZHHQ�WKRVH�WZR�HQWLWLHV��6R�DV�WR�FRQYHUW�WKH�UHDO�

YDOXHG�દ WR�D�ELQDU\�IRUP��WKHUH�DUH�GLIIHUHQW�WKUHVKROG�GHWHUPLQLQJ�DSSURDFKHV�LQ�WKH�

OLWHUDWXUH�� ,Q� WKLV� VWXG\�� WKH� PRVW� FRPPRQ� RQHV� ZKLFK� DUH� WKH� NDSSD� PD[LPL]HG�

WKUHVKROG�FULWHULRQ��PD[LPL]HG�VXP�WKUHVKROG��PLQLPL]HG�GLIIHUHQFH�WKUHVKROG�DQG�����

YDOXH� FULWHULRQ� DUH� SUHVHQWHG�� 7KHVH� PHWKRGV� DUH� NQRZQ� DQG� ZLGHO\� XVHG� HLWKHU�

EHFDXVH�RI�WKHLU�KLJK�DFFXUDF\�PHDVXUHV�RU�IRU�WKHLU�FRQYHQLHQFHV LQ�WKH�DSSOLFDWLRQ��

2WKHU� WKDQ� WKHVH�PHWKRGV��ZH� SUHVHQW� WKH� QRYHO� QRQSDUDPHWULF� WKUHVKROG� VHOHFWLRQ�

FULWHULRQ�ZKLFK�FRQVLGHU�WKH�XQGHUO\LQJ�WRSRORJ\�RI�WKH�QHWZRUN�V\VWHP�

������ .DSSD�0D[LPL]HG�7KUHVKROG�&ULWHULRQ

7KH�NDSSD�PD[LPL]DWLRQ�WKUHVKROG�DSSURDFK��.07��LV�DQ�DSSURDFK�ZKLFK�PD[LPL]HV�

WKH�NDSSD�VWDWLVWLFV���*XLVDQ�HW�DO����������

.DSSD�PD[LPL]HG�WKUHVKROG�FULWHULRQ��.07��FDOFXODWHV�NDSSD�VFRUHV�YLD

ߢ ൌ
௘݌௢ି݌
ͳ െ ௘݌

ǡ ሺʹǤ͸ͻሻ

ZKHUH݌�௢ VWDQGV�IRU� WKH�REVHUYHG�SHUFHQWDJH�RI�WKH�DJUHHPHQW��DFFXUDF\��� �DQG݌��௘

GHQRWHV�WKH�H[SHFWHG�DJUHHPHQW�SUREDELOLW\�GXH�WR�WKH�FKDQFH�DUH�FDOFXODWHG�E\

௢݌ ൌ
ܶܲ ൅ ܶܰ

݊
ǡ ሺʹǤ͹Ͳሻ



��

௘݌ ൌ
ሺܶܲ ൅ ሻܰܨ כ ሺܶܲ ൅ ሻܲܨ ൅ ሺܶܰ ൅ ሻܰܨ כ ሺܶܰ ൅ ሻܲܨ

݊ଶ
Ǥ ሺʹǤ͹ͳሻ

,Q�WKHVH�H[SUHVVLRQ��WKH�PHDQLQJ�RI�DEEUHYLDWLRQ�FDQ�EH�OLVWHG�DV�IROORZV�

7UXH�3RVLWLYH��73���7KH�QXPEHU�RI�WKH�DJUHHPHQW�RQ�WKH�SUHVHQFH�RI�WKH�HGJH��L�H�����

7UXH�1HJDWLYH��71���7KH�QXPEHU�RI�WKH�DJUHHPHQW�RQ�WKH�DEVHQFH�RI�WKH�HGJH��L�H�����

)DOVH�3RVLWLYH��)3���7KH�QXPEHU�RI�LQFRUUHFW�SUHGLFWLRQ�RI�WKH�DFWXDOO\�DEVHQFH�RI�WKH�

HGJH�

)DOVH�1HJDWLYH��)1���7KH�QXPEHU�RI�LQFRUUHFW�SUHGLFWLRQ�RI�WKH�DFWXDOO\�SUHVHQFH�RI�

WKH�HGJH�

,Q�7DEOH������WKH�PHDQLQJ�RI�WKHVH�HQWULHV�DUH�DOVR�VKRZQ�YLD�FRQIXVLRQ�PDWUL[��

)XUWKHUPRUH��WKH�SURFHGXUH�ZKLFK�FDQ�VHOHFW�WKH�RSWLPDO�NDSSD�VWDWLVWLF�LQYROYHV�VHULHV�

RI�FDOFXODWLRQV��7KH�PHWKRG�FDOFXODWHV�D�NDSSD�YDOXH�IRU�HDFK�����WKUHVKROG�YDOXH�DQG�

WKH� RQH� WKDW� SURYLGHV� WKH� PD[LPXP� NDSSD� VWDWLVWLFV� LV� DFFHSWHG� DV� WKH� WKUHVKROG�

�*XLVDQ�HW�DO���������7KXLOOHU��������-LPpQH]�9DOYHUGH 	 /RER���������

)RU�WKH�DSSOLFDWLRQ�RI�.07�FULWHULRQ��LQ�WKLV�VWXG\��WKH�����FDQGLGDWH�WKUHVKROG�YDOXHV�

ZKLFK�DUH�EHWZHHQ�WKH�PLQLPXP�DQG WKH�PD[LPXP�HQWULHV�RI�WKH�SUHFLVLRQ�PDWUL[�DUH�

FDOFXODWHG�YLD�DQ�LQFUHPHQW�DQG�WKH�LQFUHPHQW�LV�FDOFXODWHG�ZLWK�IROORZLQJ�IRUPXOD�

ݐ݊݁݉݁ݎܿ݊݅ ൌ
ݏ݁݅ݎݐሺ݁݊ݔܽ݉ ݂݋ ܵିଵ ሻ െ ݉݅݊ሺ݁݊ݏ݁݅ݎݐ ݂݋ ܵିଵ ሻ

ͳͲͲ
Ǥ ሺʹǤ͹ʹሻ

7KHUHRQ��WKH�NDSSD�VWDWLVWLFV�DUH�FDOFXODWHG�IRU�HDFK�����FDQGLGDWH�WKUHVKROGV�DQG�WKH�

RQH�ZKLFK�SURYLGHV�WKH�PD[LPXP�NDSSD�YDOXH�LV�VHOHFWHG�DV�WKH�RSWLPDO�WKUHVKROG�



��

������ 0D[LPL]HG�6XP�7KUHVKROG�&ULWHULRQ

,Q�PD[LPL]HG�VXP�WKUHVKROG��067���0DQHO�HW�DO����������LW�ILUVW�FDOFXODWHV�WKH�VXP�RI�

WKH�VSHFLILFLW\�DQG�WKH�VHQVLWLYLW\�ZKLFK�DUH�FDOFXODWHG�DV

ݕݐ݂݅ܿ݅݅ܿ݁݌ܵ ൌ
ܶܰ

ܶܰ ൅ ܲܨ
ǡ ሺʹǤ͹͵ሻ

ݕݐ݅ݒ݅ݐ݅ݏ݊݁ܵ ൌ
ܶܲ

ܶܲ ൅ ܰܨ
Ǥ ሺʹǤ͹Ͷሻ

+HUH��WKH�VSHFLILFLW\�FDOFXODWHV�WKH�SURSRUWLRQ�RI�DFWXDOO\�QRQ�H[LVWLQJ�HGJHV�WKDW�DUH�

FRUUHFWO\� LGHQWLILHG�� ZKHUHDV� WKH� VHQVLWLYLW\� FRPSXWHV� WKH� SURSRUWLRQ� RI� DFWXDOO\�

H[LVWLQJ�HGJHV�WKDW�DUH�FRUUHFWO\�LGHQWLILHG�

$IWHU� FDOFXODWLQJ� WKH� VXP� RI� VSHFLILFLW\� DQG� VHQVLWLYLW\� IRU� HDFK� ���� FDQGLGDWH�

WKUHVKROG�YDOXH�ZKLFK�LV�FDOFXODWHG�ZLWK�WKH�VDPH�PDQQHU�DV�LQ�WKH�.07�FULWHULRQ��

067� VHOHFWV� WKH� RQH�ZKLFK�PD[LPL]H� WKH� VXP� DV� WKH� RSWLPDO� WKUHVKROG �-LPpQH]�

9DOYHUGH 	 /RER��������

������ 0LQLPL]HG�'LIIHUHQFH�7KUHVKROG�&ULWHULRQ

7KH� PLQLPL]HG� GLIIHUHQFH� WKUHVKROG� �0'7�� FULWHULRQ� �-LPpQH]�9DOYHUGH 	 /RER��

������FDOFXODWHV� WKH�GLIIHUHQFH�EHWZHHQ�WKH�VSHFLILFLW\�DQG�WKH�VHQVLWLYLW\�IRU�DJDLQ�

HDFK�����FDQGLGDWH� WKUHVKROGV ZKLFK� LV�FDOFXODWHG�DV� LQ� WKH�SUHYLRXV� WZR�PHWKRGV��

.07�FULWHULRQ�DQG�067�

$FFRUGLQJO\��WKLV�PHWKRG�VHOHFWV�WKH�RQH�ZKLFK�KDV�WKH�PLQLPXP�GLIIHUHQFH�EHWZHHQ�

WKH� VSHFLILFLW\� DQG� WKH� VHQVLWLYLW\� �FRQVLGHULQJ� WKHLU� DEVROXWH�YDOXHV�� DV� LWV� RSWLPDO�

WKUHVKROG�YDOXH �-LPpQH]�9DOYHUGH 	 /RER��������



��

������ ���7�&ULWHULRQ

7KLV�PHWKRG�LV�FRQVLGHUHG�DV�WKH�VXEMHFWLYH�DSSURDFK�LQ�WKH�OLWHUDWXUH�VLQFH�LW�QHLWKHU�

XVHV�D�VSHFLILF�LQGH[�VXFK�DV�NDSSD�QRU�WKH�WUDGH�RII�EHWZHHQ�WZR�SURSHUWLHV�ZKLFK�DUH�

FRQIOLFWHG�VXFK�DV� WKH�VHQVLWLYLW\�DQG�WKH�VSHFLILFLW\��/LX�HW�DO����������7KH�RSWLPDO�

WKUHVKROG�LV�VHOHFWHG�DV������(YHQ�LI�WKLV�PHWKRG�LV�ZLGHO\�SUHIHUUHG��-LPpQH]�9DOYHUGH

	�/RER���������WKH�RXWFRPH�LV�DFWXDOO\�ELDVHG�VLQFH�LW�IDLOV�WR�UHSUHVHQW�WKH�QDWXUH�RI�

WKH�GDWD��/LX�HW�DO����������+RZHYHU��LW�PD\�EH�UREXVW�LI�ZH�ERWK�FRQVLGHU�VLWXDWLRQV�

VXFK�DV�KDYLQJ�PRUH�FDQFHU�SDWLHQWV�LQ�WKH�GDWD�RU�OHVV�FDQFHU�SDWLHQWV�LQ�WKH�GDWD�

������ 3URSRVHG�7KUHVKROG�6HOHFWLRQ�&ULWHULD

5DWKHU�WKDQ�XVLQJ�D�VSHFLILF�LQGH[�RU�D�WUDGH�RII�EHWZHHQ�WZR�SURSHUWLHV��WKLV�PHWKRG�

PDNHV�XVH�RI� WKH� WRSRORJ\�RI� WKH�QHWZRUN��7R�GR�VR� LQ�RUGHU� WR�VHOHFW� WKH�RSWLPDO�

WKUHVKROG�YDOXH��ZH�XVH�D�YHU\�LPSRUWDQW�IHDWXUH�RI�WKH�QHWZRUN�ZKLFK LV�WKH�VSDUVLW\�

OHYHO�WKDW�FKDQJHV�IURP�RQH�QHWZRUN�FODVV�WR�DQRWKHU��

7KH�VWHSV�RI�WKH�SURFHGXUH�DUH�DV�IROORZV�

6WHS����&DOFXODWH WKH�VSDUVLW\�SHUFHQWDJHV VSHFLILF�WR�WKH�QHWZRUN�FODVVHV�

6WHS��� &RQVWUXFW�**0�PRGHO�YLD�*/$662�DQG�REWDLQ�WKH�SUHFLVLRQ�PDWUL[�

6WHS��� 6RUW�WKH�HQWULHV�RI�WKH�SUHFLVLRQ�PDWUL[�IURP�WKH�VPDOOHVW�WR�WKH�ODUJHVW�

6WHS��� )LQG�WKH�WKUHVKROG�YDOXH�E\�LPSRVLQJ�WKH�VSDUVLW\�OHYHO�WR�WKH�YHFWRU�ZKLFK�KDV�

WKH�VRUWHG�HQWULHV�RI�WKH�SUHFLVLRQ�PDWUL[�

6WHS� �� &RQVWUXFW� WKH� DGMDFHQF\� PDWUL[� YLD� LPSRVLQJ� WKH� WKUHVKROG� YDOXH� WR� WKH�

SUHFLVLRQ�PDWUL[�
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6WHS �� 2EWDLQ� WKH� DFFXUDF\�PHDVXUHV� E\� XVLQJ� WKH� DGMDFHQF\�PDWUL[� IRXQG� LQ� WKH�

SUHYLRXV�VWHS�

)RU�6WHS����E\�XVLQJ�KXJH SDFNDJH�LQ�WKH�5�SURJUDPPLQJ��WKH�VSDUVLW\�SHUFHQWDJHV�RI�

WKH�UDQGRP�DQG VFDOH�IUHH�QHWZRUNV¶�PHDQ�DUH�FDOFXODWHG�XQGHU�����0RQWH�&DUOR�UXQV�

YLD� JHQHUDWLQJ� UDQGRP� DQG� VFDOH�IUHH� QHWZRUNV�� 2Q� WKH� RWKHU� KDQG�� IURP� RXU�

SUHOLPLQDU\� DQDO\VHV�� LW� LV� REVHUYHG� WKDW� WKH� GLPHQVLRQ� LV� DQRWKHU� QHWZRUN�

FKDUDFWHULVWLF� WKDW� FDQ� DIIHFW� WKH� VSDUVLW\� SHUFHQWDJH� RI� WKH� V\VWHP�� 7KHUHIRUH�� WKH�

GLPHQVLRQV� DUH� DOVR� FRQVLGHUHG� ZKHQ� FDOFXODWLQJ� WKH� VSDUVLW\� SHUFHQWDJHV�� ,Q� WKH�

DSSOLFDWLRQ�SDUW��LW�QHHGV�WR�EH�PHQWLRQHG�WKDW�WKH�VWUXFWXUH�RI�WKH�UDQGRP�QHWZRUN�LV�

FRQVLGHUHG�IRU�WKH�J\QHFRORJLFDO�GDWDVHWV�ZLWK�WKH�GLPHQVLRQ�RI�HOHYHQ�JHQHV�VLQFH�

RXU�TXDVL�QHWZRUN�KDV�D�FRPSOHWH�JUDSK�VWUXFWXUH� 2Q�WKH�RWKHU�VLGH��ZKHQ�FRQVLGHULQJ�

����� JHQHV¶� V\VWHP� IRU� UHDO� J\QHFRORJLFDO� GDWDVHWV�� ZH FRQVLGHU� WKHLU QHWZRUN�

VWUXFWXUHV�DV�VFDOH�IUHH��)RU�WKH�UDQGRP�QHWZRUN�XQGHU�D�GLPHQVLRQ�RI�HOHYHQ�JHQHV��

WKH�PHDQ�VSDUVLW\�SHUFHQWDJH�LV�IRXQG�YLD�WKH�0RQWH�&DUOR�UXQV�DQG�IRXQG�DV��������

2Q�WKH�RWKHU�KDQG��VLQFH�LW�LV�FRPSXWDWLRQDOO\�GHPDQGLQJ�WR�FDOFXODWH�D�PHDQ�VSDUVLW\�

SHUFHQWDJH�IRU�WKH�GLPHQVLRQ�RI������JHQHV�XQGHU�WKH VFDOH�IUHH�QHWZRUN�VWUXFWXUH��ZH�

PHUHO\�FDOFXODWHG�WKH�PHDQ�VSDUVLW\�SHUFHQWDJH�XQGHU�WKH�����0RQWH�&DUOR�UXQV�DQG�

REWDLQ�DV��������$GGLWLRQDOO\��LQ�WKH�VLPXODWLRQ�SDUW��ZH�FRQVLGHU�WKH�GLPHQVLRQ�RI�WKH�

V\VWHP� DV�������� DQG����� IRU�ERWK� UDQGRP�DQG� VFDOH�IUHH� VWUXFWXUH��7KHUHIRUH��ZH�

FDOFXODWH�WKH�PHDQ�VSDUVLW\�SHUFHQWDJH�RI�WKH�UDQGRP�QHWZRUN�XQGHU�WKH�����0RQWH�

&DUOR�UXQV�IRU�WKH�GLPHQVLRQV�RI�WKH�V\VWHP��������DQG�����DV��������������DQG�������

UHVSHFWLYHO\��7KHQ��ZH�DOVR�FDOFXODWH�WKH�PHDQ�VSDUVLW\�SHUFHQWDJH�RI�WKH�VFDOH�IUHH�

QHWZRUN�XQGHU�WKH�����0RQWH�&DUOR�UXQV�IRU�WKH�GLPHQVLRQV�RI�WKH�V\VWHP��������DQG�

����DV��������������DQG�������UHVSHFWLYHO\��

,Q� 6WHS� ���ZH� VRUW� WKH� SUHFLVLRQ�PDWUL[� HQWULHV��ZKLFK� LV� REWDLQHG� LQ� 6WHS� ��� IURP�

VPDOOHVW�WR�WKH�ODUJHVW�E\�FUHDWLQJ�D�YHFWRU��7KHQ��LQ�6WHS����E\�PXOWLSO\LQJ�WKH�OHQJWK�

RI�WKH�YHFWRU�ZLWK�WKH�VSDUVLW\�SHUFHQWDJH��ZH�JHW�WKH�YHFWRU�LQGH[�FRUUHVSRQGLQJ�WR�

WKH�FXW�RII�SODFH�WKDW�ZLOO�VDWLVI\�WKH�VSDUVLW\�SHUFHQWDJH�RI�WKH�XQGHUO\LQJ�QHWZRUN��

7KXV��ZH�JHW�WKH HOHPHQW�RI�WKH�YHFWRU�ZKLFK�GHQRWHV�WKH�YHFWRU�LQGH[��7KH�HOHPHQW�
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WKDW�ZH�REWDLQ IURP�WKH�YHFWRU�LV�VLPSO\�RQH�RI�WKH�HQWULHV�RI�WKH�SUHFLVLRQ�PDWUL[�DQG�

LW�DOVR�FRUUHVSRQGV�WR�RXU�RSWLPDO�WKUHVKROG�YDOXH�WKDW�VDWLVILHV�WKH�VSDUVLW\�SHUFHQWDJH�

RI�WKH�XQGHUO\LQJ�QHWZRUN�VWUXFWXUH�ZKLFK�LPSRVHV�WR�WKH�SUHFLVLRQ�PDWUL[��

+HUHE\��LQ�6WHS����E\�XVLQJ�WKH�WKUHVKROG�YDOXH�ZKLFK�RSWLPL]H�WKH�SUHFLVLRQ�PDWUL[¶�

VSDUVLW\�OHYHO��ZH�FRQYHUW�WKH�SUHFLVLRQ�PDWUL[�LQWR�WKH�DGMDFHQF\�PDWUL[�LQ�WKH�VDPH�

PDQQHU�DV� DSSOLHG� LQ WKH� OLWHUDWXUH��7KDW� LV�� WKH�HQWULHV�ZKLFK�H[FHHG� WKH� WKUHVKROG�

YDOXH�DUH�FRQYHUWHG�LQWR�³�´�ZKLFK�VWDQGV�IRU�DQ�LQWHUDFWLRQ�EHWZHHQ�WZR�QRGHV��DQG�

WKH� HQWULHV� EHORZ� WKH� WKUHVKROG� YDOXH� DUH� FRQYHUWHG� LQWR� ³�´ ZKLFK� UHSUHVHQWV� QR�

LQWHUDFWLRQ�EHWZHHQ� WZR�QRGHV�� ,Q�6WHS���� WKH�DFFXUDF\�PHDVXUHV�DUH�FDOFXODWHG�E\�

XVLQJ�WKH�DGMDFHQF\�PDWUL[�

���� 0HDVXUH�RI�$FFXUDF\

7KHUH�DUH�GLIIHUHQW�DFFXUDF\�PHDVXUHV�ZKLFK�FDQ�EH�XVHG�LQ�WKH�OLWHUDWXUH�LQ�RUGHU�WR�

HYDOXDWH� WKH� SHUIRUPDQFHV� RI� WKH� PRGHOV� RU� PHWKRGV�� ,Q� WKLV� VWXG\�� DFFXUDF\�� )�

PHDVXUH�DQG�0DWWKHZ�FRUUHODWLRQ�FRHIILFLHQW��0&&��DUH�XVHG�IRU�WKH�HYDOXDWLRQ�RI�WKH�

SHUIRUPDQFHV� RI� WKH� PHWKRGV� DQG� PRGHOV�� :KHQ� HYDOXDWHG� WRJHWKHU�� HDFK� RI� WKH�

PHWKRG�JLYHV�D�GLIIHUHQW�SRLQW�RI�YLHZ�DERXW�KRZ�DFFXUDWH�WKH�SHUIRUPDQFHV�DUH� )RU�

H[DPSOH��WKH�DFFXUDF\�FRQVLGHUV�WKH�FRUUHFWO\�FODVVLILHG�REMHFWV�ZKLFK�DUH�WUXH�SRVLWLYH�

�73��DQG�WUXH�QHJDWLYH��71���7KHUHIRUH��ZKHQ�WKH�QXPEHU�RI�WUXH�QHJDWLYH�LV�KLJK��WKH

DFFXUDF\�YDOXH�WHQGV�WR�EH�KLJK WRR��2Q�WKH�RWKHU�VLGH��WKH�)�PHDVXUH�GRHV�QRW�WDNH�

LQWR�DFFRXQW�WKH�FRUUHFWO\�FODVVLILHG�REMHFWV�ZLWK�QR�LQWHUDFWLRQV��L�H�� WUXH�QHJDWLYHV�

�71V���$V�D�UHVXOW��WKDW KHOSV�XV�WR�DVVHVV�WKUHVKROG�FULWHULD�ZLWK�DQRWKHU�SRLQW�RI�YLHZ�

+HUHLQ��)�PHDVXUH�LV�EHWZHHQ���DQG����DQG�LI�)�PHDVXUH�LV�FORVHU�WR���LV�WKH�EHWWHU��7KH�

VDPH�HYDOXDWLRQ�LV�DOVR�YDOLG�IRU�WKH�DFFXUDF\��)LQDOO\��DOWKRXJK�LW�LV�QRW�DSSOLFDEOH�IRU�

VRPH�FDVHV�LQ�RXU�DQDO\VLV��0&&�YDOXH�LV DQRWKHU PHDVXUHPHQW�WKDW�FRPELQHV WKH WUXH�

SRVLWLYH��73���WUXH�QHJDWLYH��71���IDOVH�SRVLWLYH��)3���IDOVH�QHJDWLYH��)1���7KHUHIRUH��
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LW LV�DQ�LPSRUWDQW�DFFXUDF\�PHDVXUH�DV�ZHOO��:KHQ�0&&�LV�FORVHU�WR����LW�LV�LQWHUSUHWHG�

DV�KLJK�DFFXUDF\��%\�FRQWUDVW��ZKHQ�LW�LV�FORVHU�WR�����LW�LV�LQWHUSUHWHG�DV�ORZ�DFFXUDF\�

,Q�7DEOH������WKH�UHSUHVHQWDWLRQ�RI�WKH�DFWXDO�DQG�WKH�SUHGLFWHG�FODVVHV�DUH�JLYHQ�

7DEOH������7KH�*HQHUDO�&RQIXVLRQ�0DWUL[

$&78$/�&/$66

3RVLWLYH 1HJDWLYH

35(',&7('
&/$66

3RVLWLYH 73 )3

1HJDWLYH )1 71

ݕܿܽݎݑܿܿܣ ൌ
ܶܲ ൅ ܶܰ

ܶܲ ൅ ܶܰ ൅ ܲܨ ൅ ܰܨ
ǡ ሺʹǤ͹ͷሻ

ܨ െ ݁ݎݑݏܽ݁݉ ൌ ʹ
݊݋݅ݏ݅ܿ݁ݎ݌ ൈ ݈݈ܽܿ݁ݎ

݊݋݅ݏ݅ܿ݁ݎ݌ ൅ ݈݈ܽܿ݁ݎ
ǡ ሺʹǤ͹͸ሻ

ZKHUH�

݊݋݅ݏ݅ܿ݁ݎ݌ ൌ
ܶܲ

ܶܲ ൅ ܲܨ
ܽ݊݀ ݈݈ܽܿ݁ݎ ൌ

ܶܲ

ܶܲ ൅ ܰܨ
ǡ ሺʹǤ͹͹ሻ

ܥܥܯ ൌ
ܶܲ ൈ ܶܰ െ ܲܨ ൈ ܰܨ

ඥሺܶܲ ൅ ሻሺܶܲܲܨ ൅ ሻሺܶܰܰܨ ൅ ሻሺܶܰܲܨ ൅ ሻܰܨ
Ǥ ሺʹǤ͹ͺሻ



��
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�� $33/,&$7,21

,Q�WKLV�FKDSWHU��WKH�SURFHGXUH�RI�WKH�GDWD�FROOHFWLRQ�DQG�WKH�DSSOLFDWLRQ�RI�UHDO�GDWD�YLD

QHWZRUN�PRGHOV�DUH�SUHVHQWHG��$FFRUGLQJO\��ZH�ILUVW�GHVFULEH�WKH�GHVFULSWLRQ�RI�HDFK�

GDWDVHW��7KHQ��ZH�HYDOXDWH�WKH�PRGHO�SHUIRUPDQFH�IRU�HOHYHQ�FRUH�JHQHV�E\�DFFXUDF\�

PHDVXUHV�� DQG� DIWHUZDUGV��ZH� H[WHQG� RXU� VWXG\� DQG� XVH� ����� JHQHV�ZLWK� RXU� FRUH�

HOHYHQ�JHQHV�LQ�HDFK�GDWDVHW��:LWKLQ�WKHVH�DXJPHQWHG�GDWDVHWV�� WKH�DFFXUDF\�RI� WKH�

OLQNV�LV�VWLOO�HYDOXDWHG�IRU�WKH�VDPH�HOHYHQ�FRUH�JHQHV�UHJDUGOHVV�RI�WKH�GLPHQVLRQ�RI�

WKH�V\VWHP��,Q�WKH�WKLUG�SDUW��ZH�LQLWLDOO\�DSSO\�WKUHVKROG�PHWKRGV�XQGHU������0RQWH�

&DUOR�UXQV�YLD�VLPXODWHG�GDWD��)LQDOO\��ZH� LPSOHPHQW� WKHP�LQ�WKH�DQDO\VHV�YLD�UHDO�

GDWDVHWV�XQGHU�GLIIHUHQW�GLPHQVLRQV��

���� 'DWDVHW�&ROOHFWLRQ

$W� ILUVW� VWHS� RI� WKH� GDWD� FROOHFWLRQ�� WKH� $UUD\([SUHVV� GDWDEDVH� ZDV� VHDUFKHG� E\�

JDWKHULQJ� DOO� VWXGLHV� DERXW� J\QHFRORJLFDO� FDQFHUV� DV� ZHOO� DV� RYDULDQ�� FHUYLFDO��

HQGRPHWULDO�� YXOYDU� DQG� YDJLQDO� FDQFHUV�� VHSDUDWHO\�� +HUH�� RXU DLP�ZDV� WR� FROOHFW�

GDWDVHWV�ZKLFK�LQFOXGH�RXU�HOHYHQ�FRUH�JHQHV�PHQWLRQHG�LQ�&KDSWHU����+RZHYHU��WKHUH�

ZHUH�VRPH�FRQVWUDLQWV�WR�FRQVLGHU�ZKHQ�VHOHFWLQJ�GDWDVHWV���,Q�WKLV�VHDUFKLQJ�SURFHVV��

ZH� DSSOLHG� WZR�PDMRU� FRQVWUDLQWV�� L� 'DWDVHWV� VKRXOG� EH� QRUPDOL]HG�ZLWK�50$�RU�

0$6���� WHFKQLTXHV� VR� WKDW� WKH\� FDQ� EH� FRPSDUDEOH�� LL� 7KH� GDWDVHWV� VKRXOG� EH�

SXEOLVKHG�EHWZHHQ������������VR�WKDW�UHFHQW�VWXGLHV�DUH�FRQVLGHUHG��

+RZHYHU�� LQ� WKLV� W\SH�RI� VHDUFKLQJ��RQH� FDQ� IDFH�ZLWK�FHUWDLQ�GLIILFXOWLHV�� ,QLWLDOO\��

PRVW�RI�SXEOLVKHG�ZRUNV�KDYH�WKH�GDWDVHWV�IURP�WKHLU�RZQ�ODERUDWRULHV�ZLWK�WKHLU�RZQ�
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JHQH� QXPEHULQJ� ZLWKRXW� DQ\� LQIRUPDWLRQ� DERXW� FRUUHVSRQGLQJ� JHQH� V\PEROV�� )RU�

LQVWDQFH��RQH�VWXG\�LPSOHPHQWV�DQ�DUELWUDU\�QXPEHU�OLNH�³�������´�IRU�D�JHQH�V\PERO��

KH�VKH�FDQQRW�SUHVHQW�D�VXSSOHPHQWDU\�WH[W�ILOH�ZKLFK�JLYHV�FRUUHVSRQGLQJ�SUREH�VHW�

RU�JHQH�V\PEROV�UHODWHG�ZLWK�WKRVH�DUELWUDU\�QXPEHUV��7KHUHIRUH��PDMRULW\�RI�WKH�GDWD�

FDQQRW� EH� FRPSDUDEOH� HYHQ� WKRXJK� WKHLU� DVVRFLDWHG� ODERUDWRULHV�ZRUN�RQ� WKH� VDPH�

JHQHV��2Q�WKH�RWKHU�KDQG��VRPH�RI� WKH�GDWDVHWV�GR�QRW�KDYH�DQ\�SXEOLVKHG�DUWLFOHV��

UHVXOWLQJ� LQ�QR� VXSSOHPHQWDU\� WH[W� ILOHV� DWWDFKHG� WR� WKHLU�PHDVXUHPHQWV� VR� WKDW� WKH�

UHVHDUFKHU�FDQ�IROORZ�WKH�FRQGLWLRQ��L�H���WUHDWPHQW�DQG�FRQWURO�JURXS��DV�ZHOO�DV�GHVLJQ�

RI�WKH�GDWD�

$QRWKHU�GLIILFXOW\�LV�WKDW�HYHQ�LI�WKH�ODERUDWRU\�LQFOXGHV�JHQH�V\PEROV�RU�SUREH�VHW�

QDPHV��LW�XVHV�JHQH�DOLDVHV�LQ�WKH�PHDVXUHPHQWV��,Q�RWKHU�ZRUGV��WKHUH�H[LVWV�PRUH�WKDQ�

RQH�V\PERO�IRU�D�JHQH��7KHUHIRUH��IRU�WKH�GDWDVHWV�WKDW�LQFOXGH�GLUHFWO\�JHQH�V\PEROV�

LQ�WKHLU�GDWD�ILOHV��WKH�UHVHDUFKHU�KDV�WR�FKHFN�DOO�JHQH�DOLDVHV�UHODWHG�ZLWK�KLV�KHU�JHQH�

OLVW��+HQFH��LQ�RXU�ZRUN��ZH�FKHFNHG�RXU�FRUH�HOHYHQ�JHQHV�ZLWK�WKHLU�JHQH�DOLDVHV�LQ�

WKH�VWXGLHV�ZKHUH�WKLV�LQIRUPDWLRQ�LV�DYDLODEOH��+RZHYHU��QRW�DOO�GDWDVHWV�LQFOXGH�DOO�

RI�RXU�HOHYHQ�FRUH�JHQHV��

)XUWKHUPRUH��IRU�WKH�VWXGLHV�WKDW�XVHG�DUELWUDU\�QXPEHULQJ�LQ�WKHLU�GDWDVHWV�DQG�KDYH�

SUREH� VHW� QDPHV� LQ� WKHLU� VXSSOHPHQWDU\� ILOHV� ZKLFK� KDYH� FRUUHVSRQGHQFH� WR� WKHVH�

DUELWUDU\�QXPEHUV��DV�GHVFULEHG�DERYH��ZH�ILUVW�ORRNHG�IRU�RXU FRUH�JHQHV¶�SUREH�VHW�

QDPHV�IURP�WKH�OLWHUDWXUH�DQG�IRXQG�WKH�GDWDVHWV�ZKLFK�FRYHU�WKRVH�HOHYHQ�FRUH�JHQHV�

WKURXJK�WKHLU�VXSSOHPHQWDU\�ILOHV��

$V�D�UHVXOW�� LW�KDV�EHHQ�GHWHFWHG�WKDW� WKHUH�DUH�D�ORW�RI�FRQVWUDLQWV�ZKLFK�KLQGHU�WKH�

UHVHDUFKHU�WR�ILQG�VXLWDEOH�GDWDVHWV�E\�XVLQJ�IUHH�GDWDEDVH��%HFDXVH�RI�WKLV�UHDVRQ��DIWHU�

RXU FRPSUHKHQVLYH�VHDUFKLQJ�SURFHVV�LQ�PRUH�WKDQ������GDWDVHWV�LQ�$UUD\([SUHVV��ZH�

PHUHO\�REWDLQHG�WKUHH�UHOLDEOH�GDWDVHWV��%HORZ��DSSOLFDWLRQ�RI�PHWKRGV�DUH�SUHVHQWHG�

ZLWK�VHOHFWHG�GDWDVHWV�



��

���� 5HDO�'DWD�$SSOLFDWLRQ�YLD�1HWZRUN�0RGHOV

+HUH��ZH�KDYH�WKUHH�GDWDVHWV�IURP�$UUD\([SUHVV�GDWDEDVH��'DWDVHWV¶�IHDWXUH�VXFK�DV�

FDQFHU� W\SHV�ZKLFK� DUH� LQFOXGHG� LQ� WKH� VWXGLHV� DUH� DOVR� JLYHQ� LQ� 7DEOH� ����� ,Q� WKH�

DQDO\VHV��ZH�VHH�WKDW��(�*(2'�������GDWDVHW�KDV�KLJKHU�DFFXUDFLHV�FRPSDUH�WR�RWKHU�

GDWDVHWV�VLQFH�LW�LQFOXGHV�PRUH�W\SHV�RI�J\QHFRORJLFDO�FDQFHUV�

7DEOH������5HDO�'DWDVHWV

'DWDVHWV &DQFHU�7\SH 'DWD�6RXUFH
(�*(2'�����

2YDULDQ�WXPRU
KWWSV���ZZZ�HEL�DF�XN�DUUD\H[SUH
VV�H[SHULPHQWV�(�*(2'������

(�*(2'������
2YDULDQ�FDQFHU

KWWSV���ZZZ�HEL�DF�XN�DUUD\H[SUH
VV�H[SHULPHQWV�(�*(2'�������

(�*(2'������ &HUYLFDO��
(QGRPHWULDO��9XOYDU

KWWSV���ZZZ�HEL�DF�XN�DUUD\H[SUH
VV�H[SHULPHQWV�(�*(2'�������

������ $SSOLFDWLRQ�RI�(�*(2'������'DWD

'DWD�'HVFULSWLRQ

7KLV�GDWDVHW�KDV�WKH�WUDQVFULSWLRQ�SURILOLQJ�RI�����KXPDQ�RYDULDQ�WXPRUV��7KH�GDWD�LV�

D�FRKRUW�RI�����SDWLHQWV�ZLWK�WKH�HSLWKHOLDO�RYDULDQ��SULPDU\�SHULWRQHDO��RU�IDOORSLDQ�

WXEH�FDQFHU��GLDJQRVHG�EHWZHHQ�WKH�\HDUV������DQG�������7KH\�DUH�LGHQWLILHG�WKURXJK�

$XVWUDOLDQ�2YDULDQ�&DQFHU�6WXG\��VDPSOH�VL]H�Q� �������5R\DO�%ULVEDQH�+RVSLWDO��Q�

 ������:HVWPHDG�+RVSLWDO��Q� ����DQG�1HWKHUODQGV�&DQFHU�,QVWLWXWH��1.,�$9/��Q� �

����7RWKLOO�HW�DO����������,Q�WKLV�(�*(2'�������WKH�DUUD\V�DUH�GHVLJQHG�E\�UDQGRPO\�

VHOHFWHG�VDPSOHV�IURP�WKH�$XVWUDOLDQ�2YDULDQ�&DQFHU�6WXG\�ZKRVH�H[SUHVVLRQ�SURILOHV�



��

RQ�WKH�$II\PHWUL[�8����SOXV��SODWIRUP�DLP�WR�LGHQWLI\�QRYHO�VXEW\SHV�RI�WKH�RYDULDQ�

WXPRU� E\� WKH� JHQH� H[SUHVVLRQ� SURILOLQJ� ZLWK� D� OLQNDJH� WR� FOLQLFDO� DQG� SDWKRORJLF�

IHDWXUHV��7RWKLOO�HW�DO���������

,Q�7DEOH������WKH�ILQGLQJV�RI�RXU�DFFXUDF\�PHDVXUHV�IURP�HOHYHQ�FRUH�JHQHV�LQ�WKH�(�

*(2'������GDWDVHW�DUH SUHVHQWHG��$V�VHHQ�LQ�7DEOH������EHVW�DFFXUDF\�LV�REWDLQHG�IRU�

/0$56� ZLWK� LQWHUDFWLRQ� XQGHU� QRQSDUDPHWULF� PRGHOV� DQG� *&*0� YLD� 5-0&0&�

DSSURDFK�XQGHU�SDUDPHWULF�PRGHOV��0RUHRYHU��**0�KDV�WKH�ORZHVW�DFFXUDF\�WR�GHWHFW�

WKH�WUXH�QHWZRUN�V\VWHP�IURP�WKH�(�*(2'����� GDWD��7KH�UHDVRQ�IRU�**0�KDV�VXFK�

ORZHU�DFFXUDF\�FRPSDUHG�WR�*&*0�YLD�5-0&0&�DQG�*&*0�YLD�%'0&0&�LV�WKDW�

*&*0�PDNHV�LQIHUHQFH�E\�PRGHOOLQJ�PXOWLYDULDWH�DVVRFLDWLRQV�VHSDUDWHO\�IURP�WKH�

REVHUYHG�YDULDEOHV¶�XQLYDULDWH�GLVWULEXWLRQV��

7DEOH������7KH�$FFXUDF\�7DEOH�IRU�(�*(2'������'DWD

0HWKRGV )�0HDVXUH $FFXUDF\
**0 ����� �����

*&*0�YLD�5-0&0& ����� �����

*&*0�YLD�%'0&0& ����� �����

/0$56�ZLWKRXW�
,QWHUDFWLRQ

����� �����

/0$56�ZLWK�,QWHUDFWLRQ ����� �����

7DEOH������7KH�$FFXUDF\�7DEOH�IRU�(�*(2'������'DWD�XQGHU������*HQHV¶�6\VWHP

0HWKRGV )�0HDVXUH $FFXUDF\
**0 ����� �����

/0$56�ZLWKRXW�
,QWHUDFWLRQ

����� �����

/0$56�ZLWK�,QWHUDFWLRQ ����� �����



��

2Q�WKH�RWKHU�KDQG��LQ�7DEOH������ZH�H[WHQG�RXU�VWXG\�DQG�XVH������JHQHV�ZKLFK�DOVR�

LQFOXGHV�RXU�FRUH�HOHYHQ�JHQHV�DQG�HYDOXDWH�WKH�DFFXUDF\�IRU�WKH�HOHYHQ�JHQHV�RQO\��

7DEOH���� VKRZV�WKDW�QRQSDUDPHWULF�PRGHO�/0$56�ZLWK�LQWHUDFWLRQ�DQG�SDUDPHWULF�

PRGHO�**0�KDYH�WKH�VDPH�DFFXUDFLHV�IRU�WKH�GHWHFWLRQ�RI�QHWZRUN�V\VWHPV�ZKHQ�WKH�

GLPHQVLRQ� LQFUHDVHV�� +RZHYHU�� ZKHQ� WKH� GLPHQVLRQ� LV� DXJPHQWHG�� *&*0� YLD�

5-0&0&�DQG�%'0&0&�HVWLPDWLRQV� DUH� GLVFDUGHG� VLQFH� WKHLU� SURFHGXUH� EHFRPH�

FRPSXWDWLRQDOO\�LQIHDVLEOH��7KH�XQGHUO\LQJ�DQDO\VHV�WDNH�ILYH�GD\V�

������ $SSOLFDWLRQ�RI�(�*(2'�������'DWD

'DWD�'HVFULSWLRQ

7KLV�GDWDVHW�SUHVHQWV�WKH�JHQH�H[SUHVVLRQ�GDWD�IURP�YXOYDU��FHUYLFDO��HQGRPHWULDO�DQG�

FDUFLQRPD�WLVVXHV��,Q�WKLV�VHW�����VDPSOHV�WKDW�DUH�XVHG�WR�LGHQWLI\�SRWHQWLDO�ELRPDUNHUV�

DQG�VLJQDWXUHV�LQ�HDFK�W\SH�RI�FDQFHU��6SHFLILFDOO\�����FDQFHU�VDPSOHV�ZLWK���FHUYLFDO��

��HQGRPHWULDO�DQG���YXOYDU�FDQFHUV��DQG�DOVR����QRUPDO�VDPSOHV�ZLWK���FHUYLFDO����

HQGRPHWULDO�DQG���YXOYDU�FDQFHUV�DUH�K\EULGL]HG�RQ�WKH�$II\PHWUL[�SODWIRUP�LQ�RUGHU�

WR�LGHQWLI\�WKH�FRPPRQ�IHDWXUHV�DPRQJ�FDQFHU�W\SHV��HPEU\RQLF�VWHP�FHOOV�DQG�WKH�

QHZO\� GLVFRYHUHG� FHOO� SRSXODWLRQ� RI� WKH� VTXDPRFROXPQDU� MXQFWLRQ� RI� WKH� FHUYL[��

FRQVLGHUHG�WR�KRVW�WKH�HDUO\�FDQFHU�HYHQWV��3DSSD�HW�DO����������0RUHRYHU��WRWDO�51$V�

DUH�H[WUDFWHG�IURP�SK\VLRORJLFDO�DQG�FDQFHU�SDWLHQWV�IURP�FHUYL[��HQGRPHWULXP�DQG�

YXOYDU�WLVVXHV�DQG�DUH�K\EULGL]HG�RQ�WKH�$II\PHWUL[�+*����$�����PLFURDUUD\�FKLSV�

FRUUHVSRQGLQJ�WR�PRUH�WKDQ��������XQLTXHO\�UHSUHVHQWHG�JHQHV��3DSSD�HW�DO����������

$OVR�� WKLV�GDWD�LV�UHFHQWO\�XVHG�WR� LQYHVWLJDWH�WKH�J\QHFRORJLFDO�FDQFHU�W\SHV�LQ� WKH�

ZRUN�RI�/LX� HW� DO� ��������7KH\� WU\� WR� ILQG�KXE�JHQHV� WKDW�PD\� VHUYH� DV�ELRORJLFDO�

PDUNHUV�IRU�WKUHH�W\SHV�RI�J\QHFRORJLFDO�FDQFHU��



��

+HUH��7DEOH� ��� VKRZV� WKDW�*&*0�YLD�5-0&0&�KDV� WKH� EHVW� DFFXUDF\�PHDVXUHV�

FRPSDULQJ�WR�RWKHUV��*&*0�YLD�%'0&0&�DOVR�SHUIRUPV�ZHOO��2Q�WKH�RWKHU�KDQG��

**0�LV�VWLOO�WKH�ZRUVW�PHWKRG�WR�GHWHFW�H[LVWLQJ�OLQNV��

7DEOH������7KH�$FFXUDF\�7DEOH�IRU�(�*(2'�������'DWD

0HWKRGV )�0HDVXUH $FFXUDF\
**0 ����� �����

*&*0�YLD�5-0&0& ����� �����

*&*0�YLD�%'0&0& ����� �����

/0$56�ZLWKRXW�,QWHUDFWLRQ ����� �����

/0$56�ZLWK�,QWHUDFWLRQ ����� �����

$FFRUGLQJO\��7DEOH���� JLYHV�WKH�DFFXUDF\�IRU�HOHYHQ�JHQHV�XQGHU������JHQHV¶�V\VWHP�

)URP�WKH� WDEXODWHG�YDOXHV�� LW� LV�VHHQ� WKDW�/0$56�ZLWKRXW� LQWHUDFWLRQ�SURGXFHV� WKH�

EHVW�DFFXUDFLHV�ZLWK�UHVSHFW�WR�RWKHU�DSSURDFKHV��/DVWO\��VLPLODU�WR�SUHYLRXV�DQDO\VHV��

*&*0� ZLWK� ERWK� HVWLPDWLRQ� PHWKRGV� FDQQRW� EH� DSSOLFDEOH� GXH� WR� WKH� VHULRXV�

FRPSXWDWLRQDO�GHPDQGV�

7DEOH������7KH�$FFXUDF\�7DEOH�IRU�(�*(2'�������'DWD�XQGHU������*HQHV¶�6\VWHP

0HWKRGV )�0HDVXUH $FFXUDF\
**0 ����� �����

/0$56�ZLWKRXW�,QWHUDFWLRQ ����� �����

/0$56�ZLWK�,QWHUDFWLRQ ����� �����
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������ $SSOLFDWLRQ�RI�(�*(2'�������'DWD

'DWD�'HVFULSWLRQ

7KLV�GDWDVHW�GHVFULEHV�WKH�SURJQRVWLF�JHQH�H[SUHVVLRQ�LQ�WKH�RYDULDQ�FDQFHU��7KH�GDWD�

KDYH� D� FRKRUW� RI� ��� RYDULDQ� FDUFLQRPDV� �72&� FRKRUW�� IRU� WKH� GHYHORSPHQW� RI� D�

SUHGLFWLYH�PRGHO��ZKLFK� LV� WKHQ�HYDOXDWHG� LQ�DQ�HQWLUHO\� LQGHSHQGHQW�FRKRUW�RI�����

FDUFLQRPDV��'XNH�FRKRUW���'HQNHUW�HW�DO����������,Q�WKLV�GDWDVHW��51$V�IURP����IUR]HQ�

RYDULDQ� FDQFHU� VDPSOHV� DUH� K\EULGL]HG� RQ� WKH�$II\PHWUL[�+XPDQ�*HQRPH�8���$�

$UUD\�DQG�WKH�FROOHFWHG�GDWD�FRQWDLQ�RXU�HOHYHQ�FRUH�JHQHV��,Q�WKH�GDWD�FROOHFWLRQ��LW�LV�

DLPHG�WR�LQYHVWLJDWH�WKH�K\SRWKHVLV�WKDW�PROHFXODU�PDUNHUV�DUH�DEOH�WR�SUHGLFW�RXWFRPH�

RI� WKH� RYDULDQ� FDQFHU� LQGHSHQGHQWO\� IURP� FODVVLFDO� FOLQLFDO� SUHGLFWRUV�� DQG� WKHVH�

PROHFXODU�PDUNHUV� FDQ� EH� YDOLGDWHG�E\� XVLQJ� LQGHSHQGHQW� GDWDVHWV� �'HQNHUW� HW� DO���

������

)RU�WKLV�GDWDVHWV��7DEOH���� VKRZV�WKDW�*&*0�JLYHV�VLJQLILFDQWO\�WKH�EHVW�DFFXUDF\�

PHDVXUHV�UHJDUGLQJ�RWKHU�PRGHOV�DQG�/0$56�ZLWK�LQWHUDFWLRQ�KDV�WKH�VHFRQG�EHVW�

SHUIRUPDQFH��**0��KRZHYHU�� IDLOV� WR�FRUUHFWO\�HVWLPDWH� OLQNV�EHWZHHQ�HOHYHQ�FRUH�

JHQHV�FRPSDUH�WR�RWKHU�PHWKRGV�

7DEOH������7KH�$FFXUDF\�7DEOH�IRU�(�*(2'�������'DWD

0HWKRGV )�0HDVXUH $FFXUDF\
**0 ����� �����

*&*0�YLD�5-0&0& ����� �����

*&*0�YLD�%'0&0& ����� �����

/0$56�ZLWKRXW�,QWHUDFWLRQ ����� �����

/0$56�ZLWK�,QWHUDFWLRQ ����� �����



��

2Q�WKH�RWKHU�KDQG��7DEOH���� SUHVHQWV�WKH�RXWFRPHV�XQGHU������JHQHV¶�V\VWHP��)URP�

WKH�ILQGLQJV��LW�LV�REVHUYHG�WKDW�/0$56�ZLWKRXW�LQWHUDFWLRQ�KDV�WKH�EHVW�SHUIRUPDQFH�

DQG�WKH�SHUIRUPDQFH�RI�/0$56�ZLWK�LQWHUDFWLRQ�LV�WKH�ZRUVW�

7DEOH������7KH�$FFXUDF\�7DEOH�IRU�(�*(2'�������'DWD�XQGHU������*HQHV¶�6\VWHP

0HWKRGV )�0HDVXUH $FFXUDF\
**0 ����� �����

/0$56�ZLWKRXW�,QWHUDFWLRQ ����� �����

/0$56�ZLWK�,QWHUDFWLRQ ����� �����

2Q� FRQFOXVLRQ�� E\� FRQVLGHULQJ� DOO� FDVHV�� LW� LV� REVHUYHG� WKDW� /0$56� ZLWKRXW�

LQWHUDFWLRQ� LV� EHWWHU� WKDQ� LWV� DOWHUQDWHV� LQ� WKH� FRQVWUXFWLRQ� RI� QHWZRUNV� IRU� KLJK�

GLPHQVLRQDO� UHDO� GDWDVHWV�� 2Q� WKH� RWKHU� KDQG�� IRU� VPDOO� GLPHQVLRQDO� UHDO� GDWDVHWV��

DPRQJ�RWKHU�PRGHOV��*&*0�ZLWK�WKH�5-0&0&�LQIHUHQFH�DSSURDFK�LV�PRUH�DFFXUDWH��

6LQFH� WKH� SHUIRUPDQFH� RI� WKLV�PRGHO� KDV� D� VWURQJ� OLPLWDWLRQ� YLD� GLPHQVLRQ� RI� WKH�

V\VWHP��ZH�FDQ�UHFRPPHQG�LW�IRU�VPDOO�RU�PRGHUDWH�GLPHQVLRQDO�V\VWHPV��/DVWO\��LW�LV�

REVHUYHG�WKDW�**0�KDV� WKH�ZRUVW�DFFXUDF\�LQ�DOO�GDWDVHWV�DOWKRXJK�LW� LV�RQH�RI� WKH�

PRVW�ZHOO�NQRZQ�DQG�FRPPRQ�PHWKRGV�LQ�WKH�V\VWHPV�ELRORJ\�

���� $SSOLFDWLRQ�YLD�7KUHVKROG�0HWKRGV

,Q� WKH� IROORZLQJ� SDUWV�� VLPXODWHG� DQG� UHDO� GDWD� DSSOLFDWLRQ UHVXOWV� DUH� JLYHQ��

UHVSHFWLYHO\�



��

������ 6LPXODWHG�'DWD�$SSOLFDWLRQ

,Q� RUGHU� WR� HYDOXDWH� WKH� SHUIRUPDQFHV� RI� WKUHVKROG� PHWKRGV� RQ� WKH� GDWD� XQGHU�

QRUPDOLW\� DVVXPSWLRQ�� ZH� JHQHUDWH� UDQGRP� DQG� VFDOH�IUHH� QHWZRUN� GDWD� LQ� WKH� 5�

SURJUDPLQJ� ODQJXDJH� ZLWK� KXJH SDFNDJH�� :H� XVH� WKH� *DXVVLDQ� JUDSKLFDO� PRGHO�

�**0��YLD�WKH�JUDSKLFDO�ODVVR��JODVVR��WR�HVWLPDWH�SUHFLVLRQ�PDWUL[��7R�GR�VR��**0�

DOJRULWKP�XVHV�D�SHQDOW\�YDOXH� Ȝ��WR�FRQVWUXFW�WKH�VWUXFWXUH�RI�WKH�QHWZRUN��7KH�KLJKHU�

WKH�YDOXH�RI�WKH�Ȝ��UHVXOWV�LQ�VSDUVHU�WKH�QHWZRUN��RU�SUHFLVLRQ�PDWUL[���2Q�WKH�RWKHU�

KDQG��WKH�ORZHU�Ȝ FDXVHV�GHQVHU�QHWZRUN�ZKLFK�LV�QRW�FRPPRQO\�VHHQ�LQ�WKH�PDMRULW\�

RI�ELRORJLFDO�QHWZRUN��$FFRUGLQJO\��DV�VWDWHG�LQ�&KDSWHU����6W$56��/LX�HW�DO���������

FULWHULRQ�LV�LPSOHPHQWHG�WR�FDOFXODWH�RSWLPDO�Ȝ DQG�WR�HVWLPDWH�SUHFLVLRQ�PDWUL[�IRU�

**0�YLD�JODVVR��+RZHYHU�� WKH� HVWLPDWLRQ�RI� DGMDFHQF\�PDWUL[� IURP� WKH�HVWLPDWHG�

SUHFLVLRQ�PDWUL[� KDV� VRPH� DGG�KRF� FDOFXODWLRQ� VLQFH� WKH� VHOHFWLRQ� RI� WKH� WKUHVKROG�

YDOXH�ZKLFK�FRQYHUWV�WKH�SUHFLVLRQ�PDWUL[�WR�WKH�DGMDFHQF\�PDWUL[�LV�QRW�FOHDU�DOWKRXJK�

WKH�VHOHFWLRQ�RI�WKH�WKUHVKROG�KDV�DQ�XQGHQLDEOH�LPSDFW�RQ�DFFXUDF\�RI�WKH�PRGHO��,Q�

WKH� OLWHUDWXUH�� WKHUH� DUH� FHUWDLQ� VHOHFWLRQ�PHWKRGV�ZKLFK�DUH� HLWKHU� FRPSXWDWLRQDOO\�

YHU\�GHPDQGLQJ�RU�QRW�YHU\�LQVLJKWIXO��7KHUHIRUH��WKH UHVHDUFKHU�JHQHUDOO\�FKRRVHV�D�

VXLWDEOH�WKUHVKROG�YDOXH�DIWHU�D�SUHOLPLQDU\�VWXG\�E\�FRQWUROOLQJ�WKH�DVVRFLDWHG�VWXGLHV�

RU�KH�VKH� LQWXLWLYHO\� DVVLJQV� D� WKUHVKROG� LQ� VXFK�D�ZD\� WKDW� WKH�QHWZRUN� ORRNV� OLNH�

VSDUVH��+HUHE\��LQ�WKH�IROORZLQJ�DQDO\VHV��ZH�SUHVHQW�WKH�UHVXOWV�RI�WKH�PHWKRGV�IRU�

GLIIHUHQW�WKUHVKROG�VHOHFWLRQ�LQ�WKH�OLWHUDWXUH�WRJHWKHU�ZLWK�WKH�UHVXOWV�IRU�RXU�VXJJHVWHG�

WKUHVKROG�PHWKRG�ZKLFK�WDNHV�LQWR�DFFRXQW�WKH�WRSRORJ\�RI�WKH�XQGHUO\LQJ�QHWZRUN��

,Q� RXU� DQDO\VHV�� WKH� VLPXODWHG� QHWZRUNV� DUH� JHQHUDWHG� XQGHU� ���� ��� DQG� ����

GLPHQVLRQV�ZLWK����REVHUYDWLRQV�SHU�JHQH��+HQFH��ZH�JHQHUDWH�UDQGRP�DQG�VFDOH�IUHH�

QHWZRUN�GDWD�ZKRVH�VWDWHV�DUH�PXOWLYDULDWH�QRUPDO�GLVWULEXWLRQ�DQG�ZH�FRPSDUH�WKH�

PHDQ�DFFXUDF\�YDOXH��)�PHDVXUH�DQG�0DWWKHZ¶V�FRUUHODWLRQ�FRHIILFLHQW��0&&��EDVHG�

RQ������0RQWH�&DUOR�UXQV�IRU�WKH�GLPHQVLRQ�RI����DQG�����KRZHYHU��EHFDXVH�RI�LWV�

FRPSXWDWLRQDO� GHPDQG� ZH� FRPSDUH� WKH� PHDQ� DFFXUDF\� YDOXH�� )�PHDVXUH� DQG�



��

0DWWKHZ¶V� FRUUHODWLRQ� FRHIILFLHQW� �0&&�� EDVHG� RQ� ����0RQWH� &DUOR� UXQV� IRU� WKH�

GLPHQVLRQ�RI�������

7DEOH������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ������0RQWH�&DUOR 5XQV�XQGHU�WKH�'LPHQVLRQ�

RI����ZLWK�5DQGRP�1HWZRUN

0HWKRGV $FFXUDF\ )�0HDVXUH 0&&
8VHU�&38�
7LPH

3URSRVHG�0HWKRG ����� ����� ����� �����

067�0HWKRG ����� ����� ����� �����

0'7�0HWKRG ����� ����� ����� �����

.07�0HWKRG ����� ����� ����� �����

���7�&ULWHULRQ ����� � ������ �����

7DEOH������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ������0RQWH�&DUOR�5XQV�XQGHU�WKH�'LPHQVLRQ�

RI����ZLWK�6FDOH�)UHH�1HWZRUN

0HWKRGV $FFXUDF\ )�0HDVXUH 0&&
8VHU�&38�
7LPH

3URSRVHG�0HWKRG ����� ����� ����� �����

067�0HWKRG ����� ����� ����� �����

0'7�0HWKRG ����� ����� ���� �����

.07�0HWKRG ����� ����� ����� �����

���7�&ULWHULRQ ����� � ������ �����

+HUHE\�� WKH� VLPXODWHG� QHWZRUN�ZKLFK� LV� JHQHUDWHG� XQGHU� WKH� GLPHQVLRQ� RI� ��� IRU�

UDQGRP�DQG�VFDOH�IUHH QHWZRUNV�DUH�JLYHQ�LQ�7DEOH�����DQG�7DEOH������UHVSHFWLYHO\��,W�

LV�VHHQ�WKDW�067�DQG�.07�PHWKRG�KDYH�WKH�EHVW�DFFXUDF\�IRU�ERWK�QHWZRUN�W\SHV��

+RZHYHU�� .07� PHWKRG� KDV� EHWWHU� FRPSXWDWLRQDO� WLPH� WKDQ� 067� PHWKRG��

)XUWKHUPRUH�� WKH� SURSRVHG� PHWKRG� LV� WKH� EHVW� LQ� WHUPV� RI� )�PHDVXUH�� DQG� LW� KDV�

VLJQLILFDQWO\�EHWWHU�FRPSXWDWLRQDO�WLPH�FRPSDUHG�WR�.07�PHWKRG��2Q�WKH�WRS RI�WKDW��
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���7�&ULWHULRQ�KDV�WKH�ZRUVW�0&&��DQG�LW�FDQQRW�FDOFXODWH�)�PHDVXUH�VLQFH�LW�IDLOV�WR�

GHWHFW�DQ\�WUXH�SRVLWLYH��DQ\�LQWHUDFWLRQ��

7DEOH�������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ������0RQWH�&DUOR�5XQV�XQGHU�WKH�

'LPHQVLRQ�RI����ZLWK�5DQGRP�1HWZRUN

0HWKRGV $FFXUDF\ )�0HDVXUH 0&&
8VHU�&38�
7LPH

3URSRVHG�0HWKRG ����� ����� ����� �����

067�0HWKRG ����� ����� ����� ������

0'7�0HWKRG ����� ����� ����� ������

.07�0HWKRG ����� ����� ����� ������

���7�&ULWHULRQ ����� � ������ �����

7DEOH�������**0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ������0RQWH�&DUOR�5XQV�XQGHU�WKH�

'LPHQVLRQ�RI����ZLWK�6FDOH�IUHH�1HWZRUN

0HWKRGV $FFXUDF\ )�0HDVXUH 0&&
8VHU�&38�
7LPH

3URSRVHG�0HWKRG ����� ����� ����� �����

067�0HWKRG ����� ����� ����� ������

0'7�0HWKRG ����� ����� ����� ������

.07�0HWKRG ����� ����� ����� ������

���7�0HWKRG ����� � ������ �����

5HVXOWV�LQ�WKH�7DEOH������DQG�7DEOH����� VKRZ�WKH�UHVXOWV�RI�WKH�0RQWH�&DUOR�UXQV�WKDW�

DUH JHQHUDWHG� XQGHU� WKH� GLPHQVLRQ� RI� ��� IRU� UDQGRP� DQG� VFDOH�IUHH� QHWZRUNV��

UHVSHFWLYHO\� ,W�LV�VHHQ�WKDW�SURSRVHG�PHWKRG�LV�VOLJKWO\�EHWWHU�LQ�WHUPV�RI�WKH�GHWHFWLRQ�

RI�FRUUHFWO\�FODVVLILHG� LQWHUDFWLRQV��ZKLFK� LV�SUHVHQWHG�DV� WKH�DFFXUDF\�YDOXH� LQ� WKH�

WDEOH��2Q�WKH�RWKHU�KDQG�����7�FULWHULRQ�LV�WKH�ZRUVW�RQH�WR�SUHGLFW�LQWHUDFWLRQV�ZLWK�LWV�

QHJDWLYH�0&&�DQG�ORZHVW�DFFXUDF\�YDOXH�FRPSDUHG�WR�RWKHU�PHWKRGV��HYHQ�WKRXJK�LW�

LV�ZLGHO\�XVHG�FULWHULD��-LPpQH]�	�/RER���������0RUHRYHU��)� PHDVXUH�RI����7�LV�QRW�
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DSSOLFDEOH� VLQFH� WKH� PHWKRG� LV� XQDEOH� WR� LQYHVWLJDWH� DQ\� FRUUHFWO\� FODVVLILHG�

LQWHUDFWLRQV�� UHSUHVHQWHG� DV� WUXH� SRVLWLYH� �73��� 2Q� WKH� RWKHU� VLGH�� EHVLGHV� WKH�

FRPSDULVRQV� YLD� WKH� DFFXUDF\� RI� DOO� PHWKRGV�� WKH� VHFRQG� PDMRU� FULWHULRQ� IRU� WKH�

UHVHDUFKHUV� LV� WKH� FRPSXWDWLRQDO� GHPDQG� WKDW� FDQ� EH� HYDOXDWHG� XQGHU� WKH� FHQWUDO�

SURFHVVLQJ�XQLW��&38��WLPH��VKRXOG�EH�FRQVLGHUHG�WRJHWKHU�WR�EH�DEOH�WR�LQWHUSUHW�WKH�

PHWKRG�SHUIRUPDQFHV��

$OWKRXJK�067��0'7�DQG�.07�FULWHULD�DUH�EHWWHU�WKDQ�WKH�SURSRVHG�PHWKRG�LQ�WHUPV�

RI� )�PHDVXUH� DQG� 0&&�� 7DEOH� ����� DQG� 7DEOH� ���� LQGLFDWH� WKDW� WKH\� DUH�

FRPSXWDWLRQDOO\�YHU\�GHPDQGLQJ�UHJDUGLQJ�WKH�VXJJHVWHG�DSSURDFK��067��0'7�DQG�

.07�PHWKRGV� UHTXLUH� FRQVLGHUDEO\�PRUH�&38� WLPH�ZLWK� UHVSHFW� WR� RXU� SURSRVHG�

PHWKRG�DQG����7�FULWHULRQ�HYHQ�WKRXJK����7�FULWHULRQ�KDV�ORZ�DFFXUDF\�

2YHUDOO�� WKH�UHVXOWV� LQ�ERWK�7DEOH������DQG�7DEOH������SUHVHQW XV�WKDW� WKH�SURSRVHG�

PHWKRG�FDQ�EH�D�UHDVRQDEOH�WKUHVKROG�FULWHULRQ�FRPSDULQJ�WR�RWKHU�FULWHULD�XQGHU�ERWK�

QHWZRUN�W\SHV��

7DEOH������ **0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ�����0RQWH�&DUOR�5XQV�XQGHU�WKH�'LPHQVLRQ�

RI�����ZLWK�5DQGRP�1HWZRUN

0HWKRGV $FFXUDF\ )�0HDVXUH 0&&
8VHU�&38�
7LPH

3URSRVHG�0HWKRG ����� ����� ����� �����

067�0HWKRG ����� ����� ����� �������

0'7�0HWKRG ����� ����� ����� �������

.07�0HWKRG ����� ����� ����� �������

���7�0HWKRG ����� � ������ �����

+HUHE\��7DEOH������DQG�IROORZLQJ�7DEOH����� SUHVHQW� WKH�0RQWH�&DUOR�UXQV�IRU� WKH�

UDQGRP�DQG�VFDOH�IUHH�QHWZRUNV�IRU�WKH�GLPHQVLRQ�RI������UHVSHFWLYHO\��,W�LV�REVHUYHG�

WKDW�067��0'7� DQG�.07� FULWHULD� KDYH� WKH� EHVW� DFFXUDF\�� KRZHYHU� WKH� SURSRVHG�
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PHWKRG�KDV� D� EHWWHU�)�PHDVXUH��0&&�DQG� VLJQLILFDQWO\�PXFK�EHWWHU�&38� WLPH� IRU�

UDQGRP�QHWZRUN�ZLWK�WKH�GLPHQVLRQ�RI������

2Q�WKH�RWKHU�KDQG��LQ�7DEOH�������LW�LV�VHHQ�WKDW�.07�LV�WKH�EHVW�LQ�WHUPV�RI�)�PHDVXUH�

DQG�0&&��KRZHYHU�LW�KDV�ZRUVH�&38�WLPH�FRPSDUHG�WR�WKH�SURSRVHG�PHWKRG�DQG����7�

FULWHULRQ�IRU�VFDOH�IUHH�QHWZRUN��)XUWKHUPRUH��LW�LV�FOHDU�WKDW�DOWKRXJK����7�FULWHULRQ�

KDV�WKH�EHVW�DFFXUDF\�DQG &38�WLPH��LW�GUDPDWLFDOO\�IDLOV�WR�FDWFK�QHWZRUN�VWUXFWXUH�

VLQFH� LW� FDQQRW� SUHGLFW� DQ\� LQWHUDFWLRQ� DW� DOO� DQG� KDV� WKH�ZRUVW�0&&��2YHUDOO�� WKH�

SURSRVHG�PHWKRG�KDV�KLJK�DFFXUDF\�PHDVXUHV�DV�.07�DQG�OHVV�FRPSXWDWLRQDO�WLPH�DV�

���7�FULWHULRQ�

7DEOH������ **0�YLD�*UDSKLFDO�/DVVR�5HVXOWV�%DVHG�RQ�����0RQWH�&DUOR�5XQV�XQGHU�WKH�'LPHQVLRQ�

RI�����ZLWK�6FDOH�IUHH�1HWZRUN

0HWKRGV $FFXUDF\ )�0HDVXUH 0&&
8VHU�&38�
7LPH

3URSRVHG�0HWKRG ����� ����� ����� �����

067�0HWKRG ����� ����� ����� �������

0'7�0HWKRG ����� ����� ����� �������

.07�0HWKRG ����� ����� ����� �������

���7�0HWKRG ����� � ������ �����

������ 5HDO�'DWD�$SSOLFDWLRQ

,Q�WKLV�SDUW��ZH�SUHVHQW�WKH�SHUIRUPDQFH�RI�WKH�SURSRVHG�PHWKRG�DQG����7�FULWHULRQ�IRU�

WKUHH�J\QHFRORJLFDO�GDWDVHWV�XQGHU�ERWK�HOHYHQ�DQG������JHQHV��,Q�WKLV�DQDO\VLV��067��

0'7�DQG�.07�PHWKRGV��DV�ZHOO�DV�0&&�YDOXHV�IRU�DOO�DSSURDFKHV�DUH�QRW�DSSOLFDEOH�

VLQFH�WKH�TXDVL�WUXH�QHWZRUN�LV�D�FRPSOHWH�JUDSK�DQG�WKHUHIRUH��71�DQG�)3�YDOXHV�DUH�

DOO�]HUR�IRU WKHVH�GDWDVHWV��+HUHE\��WR�EH�DEOH�WR�FRPSDUH�DOO�PHWKRGV�YLD�UHDO�JHQH�
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QHWZRUN� GDWDVHWV�� ZH� XVH� WZR� GLIIHUHQW� UHDO� JHQH� QHWZRUN� GDWDVHWV� ZKLFK� DUH� FHOO�

VLJQDOLQJ�SDWKZD\�GDWD�DQG�WKH�KXPDQ�JHQH�H[SUHVVLRQ�GDWD��7KHVH�GDWDVHWV�DUH�EHQFK�

PDUN�GDWD�WKDW�DUH DSSOLHG�LQ�GLIIHUHQW�VWXGLHV�IRU�FRPSDUDWLYH�DQDO\VHV�DQG�WKHLU�WUXH�

QHWZRUN�VWUXFWXUHV�DUH�NQRZQ�

7DEOH�������7KH�3HUIRUPDQFHV�RI�WKH�3URSRVHG�0HWKRG�DQG����7�&ULWHULRQ�IRU�*\QHFRORJLFDO�'DWDVHWV�

ZLWK�(OHYHQ�*HQHV

0HWKRGV
'DWDVHWV

3URSRVHG�0HWKRG ���7�&ULWHULRQ

$FFXUDF\ )�0HDVXUH $FFXUDF\ )�0HDVXUH
(�*(2'����� ����� ����� ����� �����

(�*(2'������ ����� ����� ����� �����

(�*(2'������ ����� ����� ����� �����

7DEOH�������7KH�3HUIRUPDQFHV�RI WKH�3URSRVHG�0HWKRG�DQG����7�&ULWHULRQ�IRU�*\QHFRORJLFDO�'DWDVHWV�

ZLWK������*HQHV

0HWKRGV 3URSRVHG�0HWKRG ���7�&ULWHULRQ

'DWDVHWV $FFXUDF\ )�0HDVXUH $FFXUDF\ )�0HDVXUH
(�*(2'����� ����� ����� ����� �����

(�*(2'������ ����� ����� ����� �����

(�*(2'������ ����� ����� ����� �����

$V�VHHQ�LQ�7DEOH�������WKH�SHUIRUPDQFH�RI�WKH�SURSRVHG�PHWKRG�LV�IDU�EHWWHU�WKDQ�WKH�

���7�FULWHULRQ�IRU�D�VPDOO�GLPHQVLRQDO�V\VWHP���

2Q�WKH�RWKHU�KDQG��LQ�7DEOH�������VLQFH�XQGHUO\LQJ�PRGHO�ZKLFK�LV�*DXVVLDQ�JUDSKLFDO�

PRGHO��**0��LWVHOI�LV�DIIHFWHG�GLUHFWO\�E\�WKH�KLJKHU�GLPHQVLRQDOLW\�ZKHQ�PDNLQJ�DQ�

LQIHUHQFH� DERXW� QHWZRUN� V\VWHP�� WKH� SHUIRUPDQFHV� RI� ERWK� PHWKRG� LV� DIIHFWHG�

LQGLUHFWO\�
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)URP�WKH�ILQGLQJV�RI�7DEOH����� LW�LV�REVHUYHG�WKDW�WKH�DFFXUDFLHV�GUDVWLFDOO\�GHFUHDVH�

IRU�ERWK�PHWKRGV��+RZHYHU��VXUSULVLQJO\��DFFXUDF\�PHDVXUHV�IRU�GDWD�(�*(2'�������

LQFUHDVHV�XQGHU�WKH����7�FULWHULRQ�DQG�JLYHV�EHWWHU�DFFXUDF\�UHJDUGLQJ�WKH�RXWSXWV�RI�

7DEOH�������

&HOO�6LJQDOLQJ�3DWKZD\

7KLV�GDWDVHW�LV�REWDLQHG�IURP�WKH�VWXG\�RI�6DFKV�HW�DO����������7KH�GDWDVHW�LQFOXGHV�WKH�

IORZ�F\WRPHWU\�PHDVXUHPHQWV�RI�HOHYHQ�SKRVSKROLSLGV�DQG�SKRVSKRU\ODWHG�SURWHLQV�

ZKLFK�DUH�PHDVXUHG�RQ��������UHG�EORRG�FHOOV��7KHVH�FRPSRQHQWV�EHORQJ�WR�QHWZRUN�

RI�WKH�FHOOXODU�SURWHLQ�VLJQDOLQJ�RI�WKH�KXPDQ�LPPXQH�V\VWHP¶V�FHOOV��%\�GRLQJ�VR��LQ�

WKH� GDWD� FROOHFWLRQ�� UHVHDUFKHUV� LQWHQW� WR� XQGHUVWDQG� WKH� VLJQDOV� RI� WKH� QDWLYH� VWDWH�

WLVVXH��DFWLRQV�RI�WKH�FRPSOH[�GUXJ�DQG�WKH�G\VIXQFWLRQDO�VLJQDOV�RI�WKH�GLVHDVHG�FHOOV�

�6DFKV�HW�DO����������

,Q� WKH� 7DEOH� ������ ZH� OLVW� WKH� UHVXOWV� RI� GLIIHUHQW� WKUHVKROG� VHOHFWLRQ� PHWKRGV� E\�

FRQVLGHULQJ�WKH�WUXH�QHWZRUN�V\VWHP�DV�JLYHQ�LQ�WKH�VWXG\�RI�6DFKV�HW�DO���������

+XPDQ�*HQH�([SUHVVLRQ�'DWD��

7KH�/DUJH�VFDOH�KXPDQ�JHQH�H[SUHVVLRQ�GDWD�DUH�GHVFULEHG�LQ�WKH�ZRUNV�RI�%KDGUD�DQG�

0DOOLFN���������&KHQ�DQG�&KHQ��������DQG�6WUDQJHU�HW�DO����������,Q�WKLV�VWXG\��WKH�

JHQH�H[SUHVVLRQ�RI�%�O\PSKRF\WH� FHOOV� IURP� WKH�8WDK� UHVLGHQWV�ZLWK�1RUWKHUQ�DQG�

:HVWHUQ�(XURSHDQ�DQFHVWU\�VDPSOH�LV�LQFOXGHG�LQ�WKLV�VWXG\��7KH�JHQHV RI����XQUHODWHG�

LQGLYLGXDOV� DUH� SUREHG� IRU� ���� GLIIHUHQW� WUDQVFULSWV�� %XW�� WKH� IRFXV� LV� RQ� WKH� �����

6LQJOH�1XFOHRWLGH�3RO\PRUSKLVPV��613V��WKDW�DUH�IRXQG�LQ�WKH���875��XQWUDQVODWHG�

UHJLRQ��RI�P51$��PHVVHQJHU�51$��ZLWK�D�PLQRU�DOOHOH�IUHTXHQF\�JUHDWHU�WKDQ ������

7KLV�V\VWHP�LQFOXGHV����ELRORJLFDOO\�YDOLGDWHG�OLQNV�ZKRVH�WUDQVFULSWLRQ�IDFWRU�DQG�

WDUJHW� JHQHV� DUH� NQRZQ� �%KDGUD�	�0DOOLFN�� �������7KHUHIRUH�� LQ� RXU� DQDO\VHV�� WKH�



��

SHUIRUPDQFHV�RI�DOO�WKUHVKROG�VHOHFWLRQ�PHWKRGV�DUH�FRPSDUHG�E\�FRQVLGHULQJ�WKHVH�

�� YDOLGDWHG�OLQNV�

,Q�WKH�7DEOH�������LW�LV�VHHQ�WKDW�ZRUVW�PHDVXUHV�DUH�REWDLQHG�IURP�ZLGHO\�XVHG����7�

FULWHULRQ IRU�FHOO�VLJQDOLQJ�SDWKZD\�GDWDVHW��)XUWKHUPRUH�� WKH�067�PHWKRG�DQG� WKH�

.07�PHWKRG�KDYH�WKH�VDPH�DFFXUDF\�PHDVXUHV�DQG�DUH�WKH�EHVW�PHWKRGV��2Q WKH�RWKHU�

KDQG��RXU�SURSRVHG�PHWKRG�LV�WKH�VHFRQG�EHVW�PHWKRG�E\�EHLQJ�YHU\�FORVH�WR�067�DQG�

.07�PHWKRGV� LQ� WHUPV�RI�DFFXUDF\�PHDVXUHV��:KHUHDV�� IURP�WKH�RXWSXWV�RI�7DEOH�

������LW�LV�VHHQ�WKDW�WKH�.07�PHWKRG�LV�WKH�EHVW�PHWKRG�E\�FRQVLGHULQJ�WKH�DOO�DFFXUDF\�

PHDVXUHV IRU�WKH�KXPDQ�JHQH�H[SUHVVLRQ�GDWDVHW��$V�VHFRQG�EHVW�PHWKRG��RXU�SURSRVHG�

PHWKRG�FDQ�EH�VHOHFWHG�VLQFH�LW�KDV�EHWWHU�UHVXOWV�RYHUDOO�

7DEOH�������7KH�3HUIRUPDQFHV�RI�7KUHVKROG�6HOHFWLRQ�0HWKRGV�IRU�&HOO�6LJQDOLQJ�3DWKZD\�'DWDVHW

0HWKRGV $FFXUDF\ )�0HDVXUH 0&&
3URSRVHG�0HWKRG ����� ����� �����

067�0HWKRG ����� ����� �����

0'7�0HWKRG ����� ����� �����

.07�0HWKRG ����� ����� �����

���7�0HWKRG ����� ����� �����

7DEOH������ 7KH�3HUIRUPDQFHV�RI�7KUHVKROG�6HOHFWLRQ�0HWKRGV�IRU�+XPDQ�*HQH�([SUHVVLRQ�'DWDVHW

0HWKRGV $FFXUDF\ )�0HDVXUH 0&&
3URSRVHG�0HWKRG ����� ����� �����

067�0HWKRG ����� ����� �����

0'7�0HWKRG ����� ����� �����

.07�0HWKRG ����� ����� �����

���7�0HWKRG ����� ����� �����
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,Q� WKLV� VWXG\��ZH� LQLWLDOO\� DLPHG� WR�JHQHUDWH�D�J\QHFRORJLFDO�FDQFHUV�SDWKZD\�E\�D�

TXDVL�QHWZRUN� DQG� FRPSDUH� WKH� VHOHFWHG� SDUDPHWULF� DQG� QRQSDUDPHWULF� QHWZRUN�

PRGHOV� YLD� UHDO� GDWDVHWV�� 6HFRQGO\�� E\� FRQVLGHULQJ� WKH� *DXVVLDQ� JUDSKLFDO� PRGHO�

�**0�� DV� D� IXQGDPHQWDO�PRGHO��ZH� DLPHG� WR� FRPSDUH� FHUWDLQ� WKUHVKROG� VHOHFWLRQ�

FULWHULD�LQ�WKH�OLWHUDWXUH�DQG�RXU�SURSRVHG�WKUHVKROG�VHOHFWLRQ�PHWKRG�ZKLFK�FRQVLGHUV�

WKH�XQGHUO\LQJ�QHWZRUN�WRSRORJ\�LQ�RUGHU�WR�FRQVWUXFW�WKH�DGMDFHQF\�PDWUL[�IURP�WKH�

SUHFLVLRQ�PDWUL[��2YHUDOO��VLQFH�LW�LV�YHU\�FUXFLDO�WR�GHWHFW�FDQFHU�UHODWHG�JHQHV�WR�FXUH�

FDQFHU��RXU�DLP�LV�WR�HYDOXDWH�FHUWDLQ�QHWZRUN�PRGHOV�ZKLFK�DUH�DOUHDG\�YDOLGDWHG�E\�

WKH�OLWHUDWXUH��DQG�WR�VHH�ZKLFK�PRGHO�FDQ�FDSWXUH�JHQH�LQWHUDFWLRQV�EHWWHU�YLD�UHDO�GDWD�

DSSOLFDWLRQV��7KHQ��ZH�WU\�WR�LPSURYH�RQH�RI�WKHVH�PRGHOV��**0��E\�DSSO\LQJ�DQG�

FRPSDULQJ� VRPH� RI� WKH� PDLQ� WKUHVKROG� VHOHFWLRQ� FULWHULD� DQG� RXU� SURSRVHG�

QRQSDUDPHWULF�WKUHVKROG�VHOHFWLRQ�PHWKRG��

+HUHE\��LQ�&KDSWHU����WKH�EDFNJURXQG�LQIRUPDWLRQ�DERXW�WKH�QHWZRUNV�FODVVHV�DQG�WKH�

ELRORJLFDO�QHWZRUNV�DUH�JLYHQ��)LUVW�RI�DOO��WKH�VWUXFWXUHV�RI�WKH�UDQGRP�DQG�VFDOH�IUHH�

QHWZRUN�DUH�GHVFULEHG��$OWKRXJK�PRVW�RI�WKH�ELRORJLFDO�QHWZRUNV�DUH�WKRXJKW� WR�EH�

VFDOH�IUHH�� WKH� OLWHUDWXUH� UHYLHZ�VKRZV� WKDW� VRPH�RI� WKHP�GR�QRW� IROORZ� WKH�GHJUHH�

GLVWULEXWLRQ�� WKDW� LV�� WKH\� DUH� QRW� VFDOH�IUHH�� 2Q� WKH� RWKHU� KDQG�� PDMRULW\� RI� WKH�

UHVHDUFKHUV�DUH�LQ�DJUHHPHQW�WR�DFFHSW�WKH�IDFW�WKDW WKH�PHWDEROLF�QHWZRUNV�DUH�VFDOH�

IUHH�QHWZRUNV��PRVWO\��$FFRUGLQJO\��LQ�WKH�DSSOLFDWLRQ�SDUW��ERWK�QHWZRUN�FODVVHV�DUH�

FRQVLGHUHG�IRU�WKH�PRGHOLQJ�DQG�WKH�DSSOLFDWLRQ�RI�WKH�WKUHVKROG�VHOHFWLRQ�PHWKRGV��

/DVWO\�� LQ� WKH� &KDSWHU� ��� WKH� FRQVWUXFWLRQ� RI� RXU� TXDVL�J\QHFRORJLFDO� QHWZRUN� LV�

H[SODLQHG�YLD�WKH�GHWDLOHG OLWHUDWXUH�UHYLHZ�IRU�WKH�IXUWKHU�DQDO\VHV�



��

$FFRUGLQJO\�� LQ� &KDSWHU� ��� WKH� SDUDPHWULF� DQG� QRQSDUDPHWULF� QHWZRUN�PRGHOV� DUH�

SUHVHQWHG��,Q�WKLV�SDUW��LQLWLDOO\��**0�DV�DQ�XQGLUHFWHG�PRGHO�XQGHU�WKH�VWHDG\�VWDWH�

EHKDYLRUV� RI� ELRORJLFDO� V\VWHP� LV� H[SODLQHG�� 7KHQ�� WKH� FRSXOD� *DXVVLDQ� JUDSKLFDO�

PRGHO� �*&*0�� ZKLFK� LV� WKH� FRPELQDWLRQ� RI� **0� ZLWK� WKH� *DXVVLDQ� FRSXOD� LV�

GHVFULEHG�YLD�WZR�GLIIHUHQW�HVWLPDWLRQ�PHWKRGV�ZKLFK�DUH�UHYHUVH�MXPS�0DUNRY�FKDLQ�

0RQWH� &DUOR� �5-0&0&�� DSSURDFK� DQG� WKH� ELUWK�DQG�GHDWK�0RQWH� &DUOR PHWKRGV�

�%'0&0&��XQGHU�%D\HVLDQ�VHWWLQJV��*&*0�XQGHU�5-0&0&�DSSURDFK�PDNHV�XVH�

RI�WKH�XQLYDULDWH�PDUJLQDO�GLVWULEXWLRQV�RI�WKH�REVHUYHG�YDULDEOHV�E\�XVLQJ�FRSXODV¶�

WKHRUHWLFDO� IUDPHZRUN�ZKLFK� HQDEOHV� WKH�PXOWLYDULDWH� DVVRFLDWLRQV� WR� EH�PRGHOOHG�

IURP� WKRVH XQLYDULDWH�PDUJLQDO� GLVWULEXWLRQV�� ,WV� VWDWLRQDU\� GLVWULEXWLRQ� LV� WKH� MRLQW�

SRVWHULRU�GLVWULEXWLRQ�RI� WKH�SDUDPHWHUV� DQG� WKH�PRGHO��2Q� WKH�RWKHU�KDQG��*&*0�

XQGHU�%'0&0&�DSSURDFK�MXPSV�EHWZHHQ�WKH�PRGHOV�ZKLFK�DUH�DOZD\V�DFFHSWHG�VR�

WKDW�WKH�VWDWLRQDU\�GLVWULEXWLRQ�LV�DOZD\V�WKH�SRVWHULRU�GLVWULEXWLRQ�RI�LQWHUHVW��6R��WKH�

DOJRULWKP�RI�WKHVH�WZR�0&0&�PHWKRGRORJ\�VHDUFKHV�RYHU�WKH�PRGHO�VSDFH�LQ�RUGHU�

WR�HVWLPDWH� WKH�SDUDPHWHU�RI� LQWHUHVWV�DQG� WR� LGHQWLI\� WKH�KLJK�SRVWHULRU� UHJLRQV� IRU�

SUREDELOLW\�PRGHOV�� ,Q� DGGLWLRQ� WR� WKH� SDUDPHWULF�PRGHOV�� XQGHU� WKH� QRQSDUDPHWULF�

PHWKRGV�� WKH� ORRS�EDVHG� 0XOWLYDULDWH� $GDSWLYH� 5HJUHVVLRQ� 6SOLQHV� �/0$56�� LV�

SUHVHQWHG�ZKLFK�LV�EDVHG�RQ�ODVVR�UHJUHVVLRQ��7KHQ��/0$56�PRGHO�LV�FRQVWUXFWHG�LQ�

WZR�ZD\V��)LUVW�RI�DOO��ZH�FRQVLGHU�RQO\�WKH�PDLQ�HIIHFWV�LQ�WKH�PRGHO��$QG�VHFRQGO\��

ZH�DOVR�LQFOXGH�WKH�VHFRQG�RUGHU�LQWHUDFWLRQV�WR�WKH�PRGHO��$FFRUGLQJO\��LW�LV�VHHQ�WKDW�

FRQYHUWLQJ�WKH�SUHFLVLRQ�PDWUL[�LQWR�WKH�DGMDFHQF\�PDWUL[�LQ�WKH�DSSOLFDWLRQ�RI�WKHVH�

PHWKRGV�LV�YHU\�LPSRUWDQW�VLQFH�LW GLUHFWO\�DIIHFWV�WKH�DFFXUDF\�RI�WKH�PHWKRGV��)RU�

WKLV�UHDVRQ��ZH�DOVR�SUHVHQW�FHUWDLQ�WKUHVKROG�VHOHFWLRQ�FULWHULD�LQ�WKH�OLWHUDWXUH�DQG�DOVR�

SURSRVH�D�PHWKRG�ZKLFK�FRQVLGHUV�WKH�WRSRORJ\�RI�WKH�QHWZRUN�V\VWHPV��

+HUHLQ��LQ�&KDSWHU����WKH�FRPSDUDWLYH�DQDO\VHV�VKRZ�WKDW�*&*0�YLD�5-0&0&�DQG�

%'0&0&�DUH�QRW�FRPSXWDWLRQDOO\�IHDVLEOH�ZLWK�WKH�KLJK�GLPHQVLRQDO�GDWD��+RZHYHU��

*&*0� YLD� 5-0&0&� SHUIRUPV� ZHOO� IRU� WKH� VPDOO� GLPHQVLRQV� UHJDUGLQJ� RWKHU�

PHWKRGV��&RQVLGHULQJ�DOO�RI�WKH�UHVXOWV�DQG�WKH�DGYDQWDJHV�RYHU�**0�DQG�*&*0��

/0$56�ZLWKRXW�LQWHUDFWLRQ�LV�EHWWHU�WKDQ�WKH�RWKHU�PHWKRG�IRU�WKH�KLJK�GLPHQVLRQDO�



��

QHWZRUNV��2Q�WKH�RWKHU�KDQG��**0�SHUIRUPV�YHU\�SRRUO\�LQ�HYHU\�FDVH��,Q�DGGLWLRQ��

WKUHVKROG� VHOHFWLRQ� PHWKRGV� DUH� HYDOXDWHG� YLD� VLPXODWHG� DQG� UHDO� GDWDVHWV� XQGHU�

GLVWLQFW�GLPHQVLRQV��:H�FDQ�FRQFOXGH�WKDW�WKH�SURSRVHG�PHWKRG�FDQ�HIILFLHQWO\�GHWHFW�

WKH�QHWZRUN�VWUXFWXUH�E\�FRUUHFWO\�FODVVLI\LQJ�WKH�WUXH�OLQNV�EHWZHHQ�JHQHV�UHJDUGLQJ�

WKH�RWKHU�DSSURDFKHV� IRU�ERWK� UDQGRP�DQG�VFDOH�IUHH�QHWZRUNV�XQGHU� WKH� VLPXODWHG�

GDWD� 0RUHRYHU��WKH�SURSRVHG�PHWKRG�DQG�WKH����7�FULWHULRQ�KDYH�WKH�ORZHVW�WKH�FHQWUDO�

SURFHVVLQJ�XQLW� �&38�� WLPH�DV� FRPSDUHG� WR�RWKHU�PHWKRGV��+RZHYHU��DOWKRXJK� WKH�

���7� FULWHULRQ� LV� WKH� PRVW� FRPPRQ� DSSURDFK� LQ� WKH� OLWHUDWXUH�� LW� KDV� WKH� ZRUVW�

SUHGLFWLRQ� SHUIRUPDQFH� WR� GHWHFW� WKH� LQWHUDFWLRQV� RI� WKH� QHWZRUN� IRU� ERWK� QHWZRUN�

FODVVHV���2Q�WKH�RWKHU�VLGH��UHDO�GDWD�DSSOLFDWLRQ�XQGHU�GLIIHUHQW�GLPHQVLRQV�YLD�UHDO�

J\QHFRORJLFDO�GDWDVHWV�DQG�EHQFKPDUN�GDWDVHWV�LQGLFDWH�WKDW�WKH�SURSRVHG�PHWKRG�DOVR�

SHUIRUPV�YHU\�ZHOO UHJDUGLQJ�WKH�DOO�RWKHU�PHWKRGV�ZKHQ�FRQVLGHULQJ�ERWK�DFFXUDF\�

PHDVXUHV�DQG�WKH�FRPSXWDWLRQDO�GHPDQG�RI�WKH�SURFHGXUH�XQGHU�**0�

$V�WKH�IXWXUH�VWXG\��ZH�FRQVLGHU�WR�VHOHFW�WKH�WKUHVKROG�YDOXH�YLD�D�QRYHO�SDUDPHWULF�

DSSURDFK�E\�FRQVLGHULQJ�WKH�GLVWULEXWLRQ RI�WKH�XQGHUO\LQJ�QHWZRUN��L�H���WKH�GHJUHH�

GLVWULEXWLRQ� RI� WKH� VFDOH�IUHH� QHWZRUNV�� )XUWKHUPRUH�� VLPLODU� WR� **0� PRGHO�� WKH�

/0$56�PRGHO�DOVR�XVHV�D�WKUHVKROG�YDOXH�LPSOLFLWO\�VR�WKDW�LWV�UHJUHVVLRQ�FRHIILFLHQWV�

FDQ�EH�GLUHFWO\�FRQYHUWHG�LQWR�D�ELQDU\�IRUP WR�EH�DEOH�WR�UHSUHVHQW�D�JUDSK��6R��ZH�

WKLQN�WKDW�D�WKUHVKROG�VHOHFWLRQ�SURFHGXUH�FDQ�EH�DOVR�LQVHUWHG�LQ�LWV�FRPSXWDWLRQ�DQG�

WKH�JDLQ�LQ�SHUIRUPDQFH�RI�WKH�PRGHO�FDQ�EH�HYDOXDWHG��%\�GRLQJ�VR��ZH�EHOLHYH�WKDW�

PRGHOV� FDQ� GHWHFW� FDQFHU� UHODWHG� JHQHV� EHWWHU�� 7KXV�� FULWLFDO� ELRPDUNHUV� FDQ� EH�

GHWHFWHG�PRUH�DFFXUDWHO\��DQG�LW�FDQ�VXSSRUW� WKH�WUHDWPHQWV�RI�FDQFHUV�LQ� WKH�IXWXUH�

�/LX�HW�DO���������)LQDOO\��GDWDVHWV�ZKLFK�KDYH�WKH�VDPH�IHDWXUHV�DQG�DUH�FROOHFWHG�LQ�

WKH� VDPH�PDQQHU�� FDQ� EH�PHUJHG� DQG� DQDO\VHV� UHVXOWV� FDQ� EH� JHQHUDOL]HG� YLD� GDWD�

LQWHJUDWLRQ�
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5()(5(1&(6

$ILI\� $�� 0��� :HUQHVV� %�� $�� DQG� 0DUN� +�� )�� �������� +(5���QHX� RQFRJHQH�

DPSOLILFDWLRQ�LQ�VWDJH�,�DQG�VWDJH�,,,�RYDULDQ�SDSLOODU\�VHURXV�FDUFLQRPD��([S��

0RO��3DWKRO� ������±���

$OPXGHYDU�� $�� �������� 6HOHFWLRQ� RI� VWDWLVWLFDO WKUHVKROGV� LQ� JUDSKLFDO� PRGHOV�

(85$6,3� -RXUQDO� RQ�%LRLQIRUPDWLFV� DQG�6\VWHPV�%LRORJ\� ������ DUWLFOH� ,'

��������

$UDXMR�� /�� )��� 6LHQD��$��'��'��� 3ODoD�� -��5���%URWWR��'��%���%DUURV�� ,�� ,���0X\V��%�

5��6LOYD�� :�� $�� HW� DO�� ������� 0LWRFKRQGULDO� WUDQVFULSWLRQ� IDFWRU� $�

�7)$0�� VKDSHV� PHWDEROLF� DQG� LQYDVLRQ� JHQH� VLJQDWXUHV� LQ� PHODQRPD�

6FLHQWLILF�5HSRUWV�������

$UQHWW��%���6RLVVRQ��3���'XFDWPDQ��%��6���DQG�=KDQJ��3����������([SUHVVLRQ�RI�&$$7�

HQKDQFHU� ELQGLQJ� SURWHLQ� EHWD� �&�(%3� EHWD�� LQ� FHUYL[� DQG�

HQGRPHWULXP� 0ROHFXODU�FDQFHU� �������

%DUDEiVL��$��/���DQG�2OWYDL��=��1��������1HWZRUN�ELRORJ\��XQGHUVWDQGLQJ�WKH�FHOO¶V�

IXQFWLRQDO�RUJDQL]DWLRQ��1DWXUH�5HYLHZV�*HQHWLFV� ���������±����

%DUDEiVL��$��/����������1HWZRUN�6FLHQFH��&DPEULGJH�3UHVV�

%DVVHWW�� '�� 6��� DQG� %XOOPRUH�� (�� �������� 6PDOO�:RUOG� %UDLQ� 1HWZRUNV�� 7KH�

1HXURVFLHQWLVW������������±����

%|UQHU��.���6DQ\DO��6���DQG�9HVSLJQDQL��$��������� 1HWZRUN�VFLHQFH��$QQXDO�5HYLHZ�

RI�,QIRUPDWLRQ�6FLHQFH�DQG�7HFKQRORJ\������������±����



��

%UDFKRYD�� 3��� 0XHWLQJ�� 6�� 5��� 'HYRU�� (�� -�� DQG� /HVOLH�� .�� .�� ��������

2QFRPRUSKLF 73��� 0XWDWLRQV� LQ� *\QHFRORJLF� &DQFHUV� /RVH� WKH� 1RUPDO�

3URWHLQ�3URWHLQ� ,QWHUDFWLRQV� ZLWK� WKH� PLFUR51$� 0LFURSURFHVVLQJ�

&RPSOH[� -RXUQDO�RI�FDQFHU�WKHUDS\� ���������±����

%KDGUD� $���DQG�0DOOLFN��%��.����������-RLQW�KLJK�GLPHQVLRQDO�%D\HVLDQ�YDULDEOH�DQG�

FRYDULDQFH�VHOHFWLRQ�ZLWK�DQ�DSSOLFDWLRQ�WR�H47/�DQDO\VLV��%LRPHWULFV���������

���±����

&DQFHU�*HQRPH�$WODV�5HVHDUFK�1HWZRUN����������,QWHJUDWHG�JHQRPLF�FKDUDFWHUL]DWLRQ�

RI�HQGRPHWULDO�FDUFLQRPD� 1DWXUH� �������������±���

&KD\��'���&KR��+���/LP��%��-���.DQJ��(��6���2K��<��-���&KRL��6��0���.LP��%��:���.LP��
<��7���DQG�.LP��-��+��������� (5�����3',$���LV�KLJKO\�H[SUHVVHG�LQ�D�QHZO\�
HVWDEOLVKHG�VHURXV�RYDULDQ�FDQFHU�FHOO�OLQH��<'29������,QWHUQDWLRQDO�-RXUQDO�
RI�2QFRORJ\��������

&KHQ�� -��� DQG� &KHQ�� =�� �������� ([WHQGHG� ED\HVLDQ� LQIRUPDWLRQ� FULWHULD� IRU� PRGHO�
VHOHFWLRQ�ZLWK�ODUJH�PRGHO�VSDFHV��%LRPHWULND�7UXVW������������±����

&KHQ��6���:LWWHQ��'��0���DQG�6KRMDLH��$����������6HOHFWLRQ�DQG�HVWLPDWLRQ�IRU�PL[HG�
JUDSKLFDO�PRGHOV� %LRPHWULND����������������

&KR��.��5���DQG�6KLK��,����������2YDULDQ�FDQFHU� $QQXDO�UHYLHZ�RI�SDWKRORJ\� ������±
�����

&KDQJ�� /��� =KDQJ�� '��� 6KL�� +��� %LDQ�� <��� DQG� *XR�� 5�� �������� 0L5����� LQKLELWV�
HQGRPHWULDO� FDQFHU� FHOO� SUROLIHUDWLRQ� DQG� PHWDVWDVLV� E\�
WDUJHWLQJ 0$3.�� 2QFRWDUJHW� ������������±�������

&KXQJ��+���&KR��+���3HUU\��&���6RQJ�� -���<OD\D��.���/HH��+��� DQG�.LP�� -��+� �����
'RZQUHJXODWLRQ� RI� (5S��� H[SUHVVLRQ� LV� DVVRFLDWHG�ZLWK� SRRU� SURJQRVLV� LQ�
HDUO\�VWDJH�FHUYLFDO�FDQFHU� %LRPDUNHUV���������±�����



��

'HQNHUW��&���%XGF]LHV��-���'DUE�(VIDKDQL��6���*\|UII\��%���6HKRXOL��-���.|QVJHQ��'���
=HLOOLQJHU��5���:HLFKHUW��:���1RVNH��$���%XFNHQGDKO��$��&���0�OOHU��%��0���DQG�
'LHWHO��0�� ��������$� SURJQRVWLF� JHQH� H[SUHVVLRQ� LQGH[� LQ� RYDULDQ� FDQFHU� �
YDOLGDWLRQ�DFURVV�GLIIHUHQW�LQGHSHQGHQW�GDWD�VHWV��-RXUQDO�RI�3DWKRORJ\����������
��������

'REUD�� $��� DQG� /HQNRVNL�� $�� ������� &RSXOD�*DXVVLDQ� JUDSKLFDO�PRGHOV� DQG� WKHLU�
DSSOLFDWLRQ� WR� PRGHOLQJ� IXQFWLRQDO� GLVDELOLW\� GDWD�� 7KH� $QQDOV� RI� $SSOLHG�
6WDWLVWLFV�����$������±����

*UHHQ��3�� -�� ��������5HYHUVLEOH� MXPS�0DUNRY�FKDLQ�0RQWH�&DUOR� FRPSXWDWLRQ�DQG�
%D\HVLDQ�PRGHO�GHWHUPLQDWLRQ��%LRPHWULND���������±���

)DQ��<���:DQJ��;��� DQG� 3HQJ��4�� �������� ,QIHUHQFH� RI�*HQH�5HJXODWRU\� 1HWZRUNV�
8VLQJ� %D\HVLDQ� 1RQSDUDPHWULF� 5HJUHVVLRQ� DQG� 7RSRORJ\�
,QIRUPDWLRQ� &RPSXWDWLRQDO� DQG� PDWKHPDWLFDO� PHWKRGV� LQ� PHGLFLQH ������
��������

)DUQRXGNLD��+���	�3XUXWoXR÷OX��9����������&RSXOD�*DXVVLDQ�JUDSKLFDO�PRGHOOLQJ�RI�
ELRORJLFDO� QHWZRUNV� DQG� %D\HVLDQ� LQIHUHQFH� RI� PRGHO� SDUDPHWHUV�� 6FLHQWLD�
,UDQLFD�������������������

)XNXVKL��<���6DWR��6���<RNR\DPD��<���.XGR��.���0DUX\DPD��+���DQG�6DLWR��<����������
'HWHFWLRQ� RI� QXPHULFDO� DEHUUDWLRQ� LQ� FKURPRVRPH� ��� DQG� F�HUE%�� JHQH�
DPSOLILFDWLRQ� LQ� HSLWKHOLDO� RYDULDQ� FDQFHU� XVLQJ� UHFHQWO\� HVWDE� OLVKHG� GXDO�
FRORU�),6+��(XU�-�*\QDHFRO�2QFRO��������±����

*LEVRQ��6���0���)LFNOLQ��6��3���,VDDFVRQ��6���/XR��)���)OHWXV��)��$���DQG��6PLWK��0��&��
�������� 0DVVLYH�VFDOH� JHQH� FR�H[SUHVVLRQ� QHWZRUN� FRQVWUXFWLRQ� DQG�
UREXVWQHVV�WHVWLQJ�XVLQJ�UDQGRP�PDWUL[�WKHRU\��3/R6�2QH��������H�������

*XLVDQ�� $��� 7KHXULOODW�� -��3��� DQG� .LHQDVW�� )�� ������� 3UHGLFWLQJ� WKH� SRWHQWLDO�
GLVWULEXWLRQ�RI�SODQW�VSHFLHV�LQ�DQ�DOSLQH�HQYLURQPHQW��-RXUQDO�RI�9HJHWDWLRQ�
6FLHQFH����������±���

+H��6���=HQJ��6���=KRX��=��:���+H��=��;���DQG�=KRX��6��)����������+VD�PLFUR51$����D�
LV�D�UHJXODWRU�RI�D�QXPEHU�RI�FDQFHU�JHQHV�DQG�D�ELRPDUNHU�IRU�HQGRPHWULDO�
FDUFLQRPD�LQ�SDWLHQWV��D�ELRLQIRUPDWLF�DQG�FOLQLFDO�VWXG\�DQG�WKH�WKHUDSHXWLF�
LPSOLFDWLRQ� 'UXJ�GHVLJQ� GHYHORSPHQW�DQG�WKHUDS\� �������±�����



��

+RII��3����������([WHQGLQJ�WKH�UDQN�OLNHOLKRRG�IRU�VHPLSDUDPHWULF�FRSXOD�HVWLPDWLRQ��
$QQDOV�RI�$SSOLHG�6WDWLVWLFV� ������±����

+RQJ�� %��� /H� *DOOR�� 0��� 	� %HOO�� '�� :�� ������� 7KH� PXWDWLRQDO� ODQGVFDSH� RI�
HQGRPHWULDO�FDQFHU��&XUUHQW�2SLQLRQ�LQ�*HQHWLFV�DQG�'HYHORSPHQW��������±
���

+VX�� +�� &��� 7VDL�� 6�� <���:X�� 6�� /��� -HDQJ�� 6�� 5��� +R��0�� <��� /LRX��:�� 6��� HW� DO��
������� /RQJLWXGLQDO� SHUFHSWLRQV� RI� WKH� VLGH� HIIHFWV� RI� FKHPRWKHUDS\� LQ�
SDWLHQWV�ZLWK�J\QHFRORJLFDO�FDQFHU��6XSSRUWLYH�&DUH�LQ�&DQFHU��������������±
�����

,\RNH�� &�$��� DQG� 8JZX�� *�2�� �������� %XUGHQ� RI� *\QDHFRORJLFDO� &DQFHUV� LQ�
'HYHORSLQJ�&RXQWULHV��:RUOG�-RXUQDO�RI�2EVWHWULFV�DQG�*\QHFRORJ\���������

-LPpQH]�9DOYHUGH��$���DQG�/RER��-��0����������7KUHVKROG�FULWHULD�IRU�FRQYHUVLRQ�RI�
SUREDELOLW\�RI�VSHFLHV�SUHVHQFH�WR�HLWKHU�RU�SUHVHQFH�DEVHQFH��$FWD�2FHRORJLFD��
����������±����

.RRSPDQ��7���9HJW��9��'��%���'LMNVWUD��0���%DUW��-���'XLNHU��(���:LVPDQ��*��%��$���
%RFN�� *�� V+��� DQG� +ROOHPD�� +�� ������� +(5�� LPPXQRKLVWRFKHPLVWU\� LQ�
HQGRPHWULDO�DQG�RYDULDQ�FOHDU�FHOO�FDUFLQRPD��GLVFRUGDQFH�EHWZHHQ�DQWLERGLHV�
DQG�ZLWKLQ�VLWX�K\EULGL]DWLRQ��+LVWRSDWKRORJ\�������

.RYWXQ��,��9���3L\DQ��=��+DUULV��)��5���+RX��;���:HURKD��-��6���9DVPDW]LV��*����������
7DUJHWLQJ�(5%%��SDWKZD\ LQ�RYDULDQ�FDQFHU�� ,Q�3URFHHGLQJV�RI� WKH�$$&5�
1&,�(257&� ,QWHUQDWLRQDO� &RQIHUHQFH�� 0ROHFXODU� 7DUJHWV� DQG� &DQFHU�
7KHUDSHXWLFV�

.|EHO��0���3LVNRU]��$��0���/HH��6���/XL��6���/H3DJH��&���0DUDVV��)���%UHQWRQ��-��'��HW�
DO�� ������� 2SWLPL]HG�S���LPPXQRKLVWRFKHPLVWU\�LV�DQ�DFFXUDWH�SUHGLFWRU�RI�
73��PXWDWLRQ� LQ� RYDULDQ� FDUFLQRPD�� 7KH� -RXUQDO� RI� 3DWKRORJ\�� &OLQLFDO�
5HVHDUFK�����������±����

.|EHO��0���;X��+���%RXUQH��3��$���6SDXOGLQJ��%��2���6KLK��,��0���0DR��7��/���6RVORZ��
5��$���(ZDQRZLFK��&��$���.DOORJHU��6��(���0HKO��(���/HH��&��+���+XQWVPDQ��'���
DQG� *LONV�� &�� %�� ������� ,*)�%3�� �,03��� H[SUHVVLRQ� LV� D� PDUNHU� RI�
XQIDYRUDEOH� SURJQRVLV� LQ� RYDULDQ� FDUFLQRPD� RI� FOHDU� FHOO� VXEW\SH��0RGHUQ�
3DWKRORJ\������������±����
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/H�*DOOR��0���2
+DUD��$��-���5XGG��0��/���8ULFN��0��(���+DQVHQ��1��)���2
1HLO��1��-���
%HOO��'��:�� HW� DO�� ��������([RPH� VHTXHQFLQJ� RI� VHURXV� HQGRPHWULDO� WXPRUV�
LGHQWLILHV�UHFXUUHQW�VRPDWLF�PXWDWLRQV�LQ�FKURPDWLQ�UHPRGHOLQJ�DQG�XELTXLWLQ�
OLJDVH�FRPSOH[�JHQHV� 1DWXUH�JHQHWLFV� ������������±�����

/HQNRVNL��$����������$'LUHFW�6DPSOHU�IRU�*�:LVKDUW�9DULDWHV��DU;LY�����������

/L��<���/LX��4���0F*UDLO��'��-���'DL��+���/L��.���DQG�/LQ��6��<����������&+'��PXWDWLRQV�
SURPRWH� HQGRPHWULDO� FDQFHU� VWHPQHVV� E\� DFWLYDWLQJ� 7*)�EHWD�
VLJQDOLQJ� $PHULFDQ�MRXUQDO�RI�FDQFHU�UHVHDUFK� ���������±����

/LDR��&�-���:X��7�,���+XDQJ��<��+���&KDQJ��7��&���:DQJ��&��6���7VDL��0��0���/DL��&��+���
/LDQJ��<���-XQJ��6��0���DQG�/LQ��.��+����������*OXFRVH�UHJXODWHG�SURWHLQ����
PRGXODWHV� FHOO� LQYDVLYHQHVV� DQG� VHUYHV� DV� D� SURJQRVWLF�PDUNHU� IRU� FHUYLFDO�
FDQFHU� &DQFHU�6FLHQFH�����������±������

/LX��&���%HUU\��3��0���'DZVRQ��7��3���DQG�3HDUVRQ��5��*����������6HOHFWLQJ�WKUHVKROGV�
RI�RFFXUUHQFH�LQ�WKH�SUHGLFWLRQ�RI�VSHFLHV�GLVWULEXWLRQV��(FRJUDSK\� �������±
�����

/LX��)���=KDQJ��6��:���*XR��:� )���:HL��=��*���	�&KHQ��/����������,QIHUHQFH�RI�*HQH�
5HJXODWRU\�1HWZRUN�%DVHG�RQ�/RFDO�%D\HVLDQ�1HWZRUNV� 3/R6�FRPSXWDWLRQDO�
ELRORJ\� ��� ���H��������

/LX��+���5RHGHU��.��DQG�:DVVHUPDQ��/����������6WDELOLW\�$SSURDFK�WR�5HJXODUL]DWLRQ�
6HOHFWLRQ� �6W$56�� IRU� +LJK� 'LPHQVLRQDO� *UDSKLFDO� 0RGHOV�� DU;LY��
���������Y�

/LX��9��:�� 6KL��+��+�� &KHXQJ��$��1�� &KLX��3��0�� /HXQJ��7��:�� 1DJOH\��3�� :RQJ��
/�� &�� 1JDQ�� +�� <�� �������� +LJK� LQFLGHQFH� RI� VRPDWLF�PLWRFKRQGULDO� '1$�
PXWDWLRQV� LQ� KXPDQ� RYDULDQ� FDUFLQRPDV�� &DQFHU� 5HVHDUFK� �������� �����
�����

/LX��<���<L��<���:X��:���:X��.���DQG�=KDQJ��:����������%LRLQIRUPDWLFV�SUHGLFWLRQ�
DQG�DQDO\VLV�RI�KXE�JHQHV�DQG�SDWKZD\V�RI�WKUHH�W\SHV�RI�J\QHFRORJLFDO�FDQFHU��
2QFRORJ\�/HWWHUV��������������

/XR��+���;X��;���<H��0���6KHQJ��%���DQG�=KX��;����������7KH�SURJQRVWLF�YDOXH�RI�+(5��
LQ�RYDULDQ�FDQFHU��$�PHWD�DQDO\VLV�RI�REVHUYDWLRQDO�VWXGLHV� 3OR6�RQH� �������
H���������
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0DQHO��6���:LOOLDPV��+��&���DQG�2UPHURG��6��-����������(YDOXDWLQJ�SUHVHQFH±DEVHQFH�
PRGHOV� LQ� HFRORJ\�� WKH� QHHG� WR� DFFRXQW� IRU� SUHYDOHQFH�� -RXUQDO� RI� $SSOLHG�
(FRORJ\� �������±����

0LOR�� 5��� 6KHQ�2UU�� 6��� ,W]NRYLW]�� 6��� � .DVKWDQ�� 1�� &KNORYVNLL�� '�� DQG� $ORQ�� 8��
�������� 1HWZRUN� 0RWLIV�� 6LPSOH� %XLOGLQJ� %ORFNV� RI� &RPSOH[�
1HWZRUNV� 6FLHQFH����������������±����

0F&RQHFK\��0��.���'LQJ��-���6HQ]��-���<DQJ��:���0HOQ\N��1���7RQH��$��$���+XQWVPDQ��
'��*��HW�DO�� ������� 2YDULDQ�DQG�HQGRPHWULDO�HQGRPHWULRLG�FDUFLQRPDV�KDYH�
GLVWLQFW� &711%�� DQG� 37(1� PXWDWLRQ� SURILOHV��0RGHUQ� 3DWKRORJ\�� ���� ���
���±����

0DQHO��6���'LDV��-�0���%XFNWRQ��6�7���2UPHURG��6�-����������$OWHUQDWLYH�PHWKRGV�IRU�
SUHGLFWLQJ� VSHFLHV� GLVWULEXWLRQV�� DQ� LOOXVWUDWLRQ�ZLWK� +LPDOD\DQ� ULYHU� ELUGV��
-RXUQDO�RI�$SSOLHG�(FRORJ\���������±�����

0DQHO��6���:LOOLDPV��+��&���DQG�2UPHURG��6��-����������(YDOXDWLQJ�SUHVHQFH±DEVHQFH�
PRGHOV� LQ� HFRORJ\�� WKH� QHHG� WR� DFFRXQW� IRU� SUHYDOHQFH�� -RXUQDO� RI� $SSOLHG�
(FRORJ\� �������±�����

0RKDPPDGL�� $��� DQG� :LW�� (�� &� ������� %D\HVLDQ� 6WUXFWXUH� /HDUQLQJ� LQ� 6SDUVH�
*DXVVLDQ�*UDSKLFDO�0RGHOV� %D\HVLDQ�DQDO\VLV� ���������������

0LOOHU�� &�� 5��� 2OLYHU�� .�� (��� DQG� )DUOH\�� -�� +�� �������� 0(.���� LQKLELWRUV� LQ� WKH�
WUHDWPHQW�RI�J\QHFRORJLF�PDOLJQDQFLHV� *\QHFRORJLF�2QFRORJ\�������������±
����

0KDZHFK�)DXFHJOLD��3���+HUUPDQQ��)��5���5DL��+���7FKDER��1���/HOH��6���,]HYED\H��,���
2GXQVL�� .��� DQG� &KHQH\�� 5�� 7�� �������� ,03�� GLVWLQJXLVKHV� XWHULQH� VHURXV�
FDUFLQRPD�IURP�HQGRPHWULDO�HQGRPHWULRLG�DGHQRFDUFLQRPD��$PHULFDQ�-RXUQDO�
RI�&OLQLFDO�3DWKRORJ\����������±����

1RVNH��$���)DJJDG��$���:LUW]��5���'DUE�(VIDKDQL��6���6HKRXOL��-���6LQQ��%���'HQNHUW��&��
HW�DO��������� ,03��([SUHVVLRQ�LQ�+XPDQ�2YDULDQ�&DQFHU�LV�$VVRFLDWHG�:LWK�
,PSURYHG�6XUYLYDO��,QWHUQDWLRQDO�-RXUQDO�RI�*\QHFRORJLFDO�3DWKRORJ\���������
���±����

5RVHQIHOG��1���0HV�0DVVRQ��$��0�� %UHQWRQ�� -��'���0XOODQ\��/��.���:RQJ��.��.���
0DUFLDQR��'��&���.DWVRQLV��3���.LQJ�&UDQH��(��5���5HQ��<��$���/LFKWDUJH��2���
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DQG�5LFKDUGV��-��6��������� 6SHFLILF�73���0XWDQWV�2YHUUHSUHVHQWHG�LQ�2YDULDQ�
&DQFHU� ,PSDFW� &19�� 73��� $FWLYLW\�� 5HVSRQVHV� WR� 1XWOLQ��D�� DQG� &HOO�
6XUYLYDO��1HRSODVLD�������������±����

3DSSD��.��,���3RO\]RV��$���-DFRE�+LUVFK��-���$PDULJOLR��1���9ODFKRV��*��'�� /RXWUDGLV��
'��� DQG�$QDJQRX��1��3�� �������� 3URILOLQJ� RI� GLVFUHWH� J\QHFRORJLFDO� FDQFHUV�
UHYHDOV�QRYHO� WUDQVFULSWLRQDO�PRGXOHV�DQG�FRPPRQ�IHDWXUHV�VKDUHG�E\�RWKHU�
FDQFHU�W\SHV�DQG�HPEU\RQLF�VWHP FHOOV��3/R6�2QH����������������

3DQ�� =��� &KHQ�� 6��� 3DQ�� ;��� :DQJ�� =��� +DQ�� +��� =KHQJ�� :��� 6KDR�� 5�� HW� DO��
������� 'LIIHUHQWLDO� JHQH� H[SUHVVLRQ� LGHQWLILHG� LQ� 8LJXU� ZRPHQ� FHUYLFDO�
VTXDPRXV� FHOO� FDUFLQRPD� E\� VXSSUHVVLRQ� VXEWUDFWLYH� K\EULGL]DWLRQ��
1HRSODVPD������������±����

3HQVRQ��5��7���6DOHV��(���6XOOLYDQ��/���%RUJHU��'��5���.UDVQHU��&��1���*RRGPDQ��$��.���
%LUUHU�� 0�� -� HW� DO�� �������� $� 61D3VKRW� RI� SRWHQWLDOO\� SHUVRQDOL]HG� FDUH��
0ROHFXODU�GLDJQRVWLFV�LQ�J\QHFRORJLF�FDQFHU� *\QHFRORJLF�2QFRORJ\����������
���±����

3XUXWoXR÷OX��9���DQG�6HoLOPLú��'HQL]��������� 0RGHOLQJ�RI�%LRFKHPLFDO�1HWZRUNV�
YLD�&ODVVLILFDWLRQ� DQG�5HJUHVVLRQ� 7UHH�0HWKRGV��0DWKHPDWLFDO�0HWKRGV� LQ�
(QJLQHHULQJ��,Q�.��7Dú��'��%DOHDQX��	�-�$�7��0DFKDGR��(GV���0DWKHPDWLFDO�
0HWKRGV� LQ� (QJLQHHULQJ�� $SSOLFDWLRQV LQ� '\QDPLFV� RI� &RPSOH[� 6\VWHPV��
&KDP��6ZLW]HUODQG��6SULQJHU�

2¶+DUD��$�� -��� DQG�%HOO��'��:�� ��������7KH� JHQRPLFV� DQG�JHQHWLFV�RI� HQGRPHWULDO�
FDQFHU��$GY�*HQRPLFV�*HQHW�������±����

5RPHUR�*DUFLD��6���/RSH]�*RQ]DOH]��-��6���%iH]�9LYHURV��-��/���$JXLODU�&D]DUHV��'���
DQG�3UDGR�*DUFLD��+����������7XPRU�FHOO�PHWDEROLVP��DQ�LQWHJUDO�YLHZ� &DQFHU�
ELRORJ\�	�WKHUDS\� �����������±����

6DFKV�� .��� 3HUH]�� 2��� 3H¶HU�� '��� /DXIIHQEXUJHU�� '��� DQG� 1RODQ�� *�� �������� &DVXDO�
SURWHLQ�VLJQDOLQJ�QHWZRUNV�GHULYHG�IURP�VLQJOH�FHOO�GDWD��6FLHQFH�������������
���±����

6FKQHLGHU�� /�� )��� .UDMLQD�� $��� .ULYRERNRYD�� 7�� �������� 7KUHVKROG� VHOHFWLRQ� LQ�
XQLYDULDWH�H[WUHPH�YDOXH�DQDO\VLV��������DU;LY�������������
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6WUDQJHU��%��(���1LFD��$��&���)RUUHVW��0��6���'LPDV��$���%LUG��&��3���%HD]OH\��&���HW�DO���
3RSXODWLRQ� JHQRPLFV� RI� KXPDQ� JHQH� H[SUHVVLRQ� 1DWXUH� *HQHWLFV�� ���� ����
����±������������

6PDOO��:���%DFRQ��0��$���%DMDM��$���&KXDQJ��/��7���)LVKHU��%��-���+DUNHQULGHU��0��0���
*DIIQH\��'��.��HW�DO��������� &HUYLFDO�FDQFHU��$�JOREDO�KHDOWK�FULVLV��&DQFHU��
�������������±�����

7DNDWD��+���.XGR��0���<DPDPRWR��7���8HGD��-���,VKLQR��.���3HQJ��:��;���:DGD��5���
7DLDL��1���<RVKLGD��+���8FKLGD��(���DQG�1DLWR��=����������,QFUHDVHG�H[SUHVVLRQ�
RI�3',$��DQG�LWV�DVVRFLDWLRQ�ZLWK�FDQFHU�FHOO�SUROLIHUDWLRQ�DQG�SRRU�SURJQRVLV�
LQ�KHSDWRFHOOXODU�FDUFLQRPD� 2QFRORJ\�OHWWHUV� �����������±�����

7KXLOOHU��:���/DYRUHO��6���$UDXMR��0��%���6\NHV��0��7��� DQG�3UHQWLFH�� ,��&�� ��������
&OLPDWH� FKDQJH� WKUHDWV� WR� SODQW� GLYHUVLW\� LQ� (XURSH�� 3URFHHGLQJV� RI� WKH� 1DWLRQDO�
$FDGHP\�RI�6FLHQFHV��86$����������±������

7RWKLOO��5���7LQNHU��$���*HRUJH��-���%URZQ��5���)R[��6���-RKQVRQ��'���HW�DO����������1RYHO�
PROHFXODU� VXEW\SHV� RI� VHURXV� DQG� HQGRPHWULRLG� RYDULDQ� FDQFHU� OLQNHG� WR�
FOLQLFDO�RXWFRPH��&OLQLFDO�&DQFHU�5HVHDUFK��������������������

7KH�&DQFHU�*HQRPH�$WODV�5HVHDUFK�1HWZRUN���������,QWHJUDWHG�JHQRPLF�DQDO\VHV�RI�
RYDULDQ�FDUFLQRPD� 1DWXUH� ��������������±�����GRL���������QDWXUH�����

9DQJ��5���/HYLQH��'��$���6RVORZ��5��$���=DORXGHN��&���6KLK�� ,��� DQG�.XUPDQ��5��-��
��������0ROHFXODU�$OWHUDWLRQV�RI�73���DUH�D�'HILQLQJ�)HDWXUH�RI�2YDULDQ�+LJK�
*UDGH�6HURXV�&DUFLQRPD��$�5HUHYLHZ�RI�&DVHV�/DFNLQJ�73���0XWDWLRQV�LQ�
7KH� &DQFHU� *HQRPH� $WODV� 2YDULDQ� 6WXG\� ,QWHUQDWLRQDO� MRXUQDO� RI�
J\QHFRORJLFDO� SDWKRORJ\�� RIILFLDO� MRXUQDO� RI� WKH� ,QWHUQDWLRQDO� 6RFLHW\� RI�
*\QHFRORJLFDO�3DWKRORJLVWV� ���������±���

:DQJ��+��DQG�/L��6����������(IILFLHQW�*DXVVLDQ�JUDSKLFDO�PRGHO�GHWHUPLQDWLRQ�XQGHU�
*�:LVKDUW�SULRU�GLVWULEXWLRQV��(OHFWURQLF�-RXUQDO�RI�6WDWLVWLFV��������±����

:LMVW��9��'��0���GH�9ULHV��'��+���%UXJJH��+���:HVWUD��+��-���DQG�)UDQNH��/����������$Q�
LQWHJUDWLYH�DSSURDFK�IRU�EXLOGLQJ�SHUVRQDOL]HG�JHQH�UHJXODWRU\�QHWZRUNV� IRU�
SUHFLVLRQ�PHGLFLQH� *HQRPH�0HGLFLQH� �����������

:KLWWDNHU�� -�� �������� *UDSKLFDO� 0RGHOV� LQ� $SSOLHG� 0XOWLYDULDWH� 6WDWLVWLFV�� :LOH\�
3XEOLVKLQJ�
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<DQJ��+��/���/LQ��5��:���5DMHQGUDQ��3���0DWKHZ��'��&���7KLJDUDMDQ��9���/HH��&��&���
+VX��&��-���6+VHX��<��&��������� $QWURGLD�VDOPRQHD�LQGXFHG�R[LGDWLYH�VWUHVV�
DEURJDWHV� +(5��� VLJQDOLQJ� FDVFDGH� DQG� HQKDQFHG� DSRSWRVLV� LQ� RYDULDQ�
FDUFLQRPD�FHOOV��-RXUQDO�RI�&HOOXODU�3K\VLRORJ\�������������������

<LZHL��7���+XD��+���+XL��*���0DR��0���	�;LDQJ��/����������+27$,5�,QWHUDFWLQJ�ZLWK�
0$3.��5HJXODWHV�2YDULDQ�&DQFHU�VNRY��&HOO�3UROLIHUDWLRQ��0LJUDWLRQ��DQG�
,QYDVLRQ� 0HGLFDO� VFLHQFH� PRQLWRU�� LQWHUQDWLRQDO� PHGLFDO� MRXUQDO� RI�
H[SHULPHQWDO�DQG�FOLQLFDO�UHVHDUFK� ��������±�����

:X��5���/LQ��/���%HHU��'��*���(OOHQVRQ��/��+���/DPE��%��-���5RXLOODUG��-��0���.XLFN��5���
+DQDVK�� 6��� 6FKZDUW]�� '�� 5��� DQG� &KR�� .�� 5�� ������� $PSOLILFDWLRQ� DQG�
2YHUH[SUHVVLRQ�RI�WKH�/�0<&�3URWR�2QFRJHQH�LQ�2YDULDQ�&DUFLQRPDV��7KH�
$PHULFDQ�-RXUQDO�RI�3DWKRORJ\��������������±�����

=KDR��+���DQG�'XDQ��=��+����������&DQFHU�*HQHWLF�1HWZRUN�,QIHUHQFH�8VLQJ�*DXVVLDQ�
*UDSKLFDO� 0RGHOV� %LRLQIRUPDWLFV� DQG� %LRORJ\� ,QVLJKWV� ����
������������������

=KDR��6���&KRL��0���2YHUWRQ��-��'���%HOORQH��6���5RTXH��'��0���&RFFR��(���HW�DO� ��������
/DQGVFDSH�RI�VRPDWLF�VLQJOH�QXFOHRWLGH�DQG�FRS\�QXPEHU�PXWDWLRQV�LQ�XWHULQH�
VHURXV� FDUFLQRPD� 3URFHHGLQJV� RI� WKH�1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� WKH�
8QLWHG�6WDWHV�RI�$PHULFD� ������������±�����

=��+X��'���=KX��:��:DQJ��:��/L��:��-LD��;��=HQJ��DQG�HW�DO����������*HQRPH�ZLGH�
SURILOLQJ�RI�+39�LQWHJUDWLRQ� LQ�FHUYLFDO�FDQFHU� LGHQWLILHV�FOXVWHUHG�JHQRPLF�
KRW� VSRWV� DQG� D� SRWHQWLDO� PLFURKRPRORJ\�PHGLDWHG� LQWHJUDWLRQ�� 1DWXUH�
*HQHWLFV��������������


