
$EVWUDFW�

�
+6,(+��:(1�3,1*��$QDO\VLV�RI�*HQH�([SUHVVLRQ�3URILOHV�ZLWK�/LQHDU�0L[HG�0RGHOV��
�8QGHU�WKH�GLUHFWLRQ�RI�'U��*UHJ�*LEVRQ�DQG�'U��5XVV�:ROILQJHU��
� :LWK�WKH�HPHUJHQFH�RI�KLJK�WKURXJKSXW�WHFKQRORJ\��SURSHU�LQWHUSUHWDWLRQ�RI�GDWD�
KDV�EHFRPH�FULWLFDO� IRU�PDQ\�DVSHFWV�RI�ELRPHGLFDO� UHVHDUFK�� �0\�GLVVHUWDWLRQ�H[SORUHV�
WZR� PDMRU� LVVXHV� LQ� JHQH� H[SUHVVLRQ� SURILOH� PLFURDUUD\� GDWD� DQDO\VLV�� � 2QH� LV�
TXDQWLILFDWLRQ� RI� YDULDWLRQ� DFURVV� DQG� DPRQJ� VSHFLHV� DQG� LWV� HIIHFW� RQ� ELRORJLFDO�
LQWHUSUHWDWLRQ���7KH�VHFRQG�SDUW�RI�P\�ZRUN�LV�WR�GHYHORS�EHWWHU�VWDWLVWLFDO�HVWLPDWHV�WKDW�
FDQ�DFFRXQW�IRU�GLIIHUHQW�VRXUFHV�RI�YDULDWLRQ�IRU�VLJQLILFDQW�JHQH�GHWHFWLRQ��
� $� SUHYLRXVO\� SXEOLVKHG� GDWDVHW� RI� ROLJRQXFOHRWLGH� DUUD\� GDWD� IRU� WKUHH� SULPDWH�
VSHFLHV� ZDV� DQDO\]HG� ZLWK� OLQHDU� PL[HG� PRGHOV�� � %\� GHFRPSRVLQJ� WKH� YDULDWLRQ� RI�
H[SUHVVLRQ� LQWR� GLIIHUHQW� H[SODQDWRU\� IDFWRUV�� WKH� GLIIHUHQFHV� DPRQJ� VSHFLHV� DV�ZHOO� DV�
EHWZHHQ� WLVVXHV� ZDV� UHYHDOHG� DW� WKH� H[SUHVVLRQ� OHYHO�� � ,VVXHV� RI� FURVV�VSHFLHV�
K\EULGL]DWLRQ� DQG� H[SUHVVLRQ� GLYHUJHQFH� FRPSDUHG� WR� PXWDWLRQ�GULIW� HTXLOLEULXP� ZHUH�
DGGUHVVHG��
� 7KH�SRZHU�DQG� IOH[LELOLW\�RI� WKH� OLQHDU�PL[HG�PRGHO� IUDPHZRUN�IRU�GHWHFWLRQ�RI�
GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV�ZDV� WKHQ� H[SORUHG�ZLWK� D� GDWDVHW� WKDW� LQFOXGHV� VSLNHG�LQ�
FRQWUROV�� � 7KH� LPSDFW� RI� SUREH�OHYHO� VHTXHQFH� YDULDWLRQ� RQ� FURVV�K\EULGL]DWLRQ� ZDV�
GHWHFWHG� WKURXJK�D�*LEE¶V�VDPSOLQJ�PHWKRG� WKDW�KLJKOLJKWV�SRWHQWLDO�SUREOHPV�IRU�VKRUW�
ROLJRQXFOHRWLGH�PLFURDUUD\�GDWD�DQDO\VLV�� �$�PRWLI�DV�VKRUW�DV�ILIWHHQ�EDVHV�FDQ�SRVVLEO\�
FDXVH�VLJQLILFDQW�FURVV�K\EULGL]DWLRQ��



� )LQDOO\��D�ELYDULDWH�PRGHO�XVLQJ�LQIRUPDWLRQ�IURP�ERWK�SHUIHFW�PDWFK�SUREHV�DQG�
PLVPDWFK�SUREHV�ZDV�SURSRVHG�DV�D�PHDQV�WR�LQFUHDVH�WKH�VWDWLVWLFDO�SRZHU�IRU�GHWHFWLRQ�
RI�VLJQLILFDQW�GLIIHUHQFHV�LQ�JHQH�H[SUHVVLRQ���7KH�LPSURYHG�SHUIRUPDQFH�RI�WKH�PHWKRG�
ZDV�GHPRQVWUDWHG�WKURXJK�0RQWH�&DUOR�VLPXODWLRQ���7KH�GHWHFWLRQ�SRZHU�FDQ�LQFUHDVH�DV�
PXFK�DV�����ZLWK����IDOVH�SRVLWLYH�UDWH�XQGHU�FHUWDLQ�FLUFXPVWDQFHV��
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7R�P\�SDUHQWV��



� LLL�

%LRJUDSK\��

�
:HQ�3LQJ�+VLHK�UHFHLYHG�KHU�%DFKHORU�RI�6FLHQFH�GHJUHH�LQ�0DWKHPDWLFV�IURP�1DWLRQDO�
7DLZDQ�8QLYHUVLW\�DW�7DLSHL��7DLZDQ�LQ��������6KH�FRPSOHWHG�JUDGXDWH�ZRUN�LQ�6WDWLVWLFV�
DW�1DWLRQDO�7VLQJ�+XD�8QLYHUVLW\�DW�+VLQFKX��7DLZDQ��UHFHLYLQJ�KHU�0DVWHUV�GHJUHH�LQ�
�������,Q�������VKH�FRPPHQFHG�GRFWRUDO�ZRUN�DW�1RUWK�&DUROLQD�6WDWH�8QLYHUVLW\�ZLWK�
PDMRU�LQ�%LRLQIRUPDWLFV��
�

�



� LY�

$FNQRZOHGJHPHQW�
�
� ,�ZRXOG� OLNH� WR�H[SUHVV�P\�VLQFHUH�DSSUHFLDWLRQ� WR�P\�DGYLVRU�'U��*UHJ�*LEVRQ�
IRU�WKH�WLPH�DQG�JXLGDQFH�KH�SURYLGHG���+LV�HQWKXVLDVP�IRU�UHVHDUFK�DQG�LQWHOOLJHQW�LGHDV�
LQVSLUHG�PH�DOO�WKH�WLPH���(YHQ�WKRXJK�,�FDQ�QHYHU�KRSH�WR�HTXDO�KLP��WKH�VHHGV�KDYH�EHHQ�
SODQWHG�LQ�P\�PLQG���,�ZRXOG�DOVR�OLNH�WR�WKDQN�P\�FR�DGYLVRU�'U��5XVV�:ROILQJHU�IRU�KLV�
JUHDW�LQSXW�LQ�P\�UHVHDUFK�ZRUN���,�ZRXOG�QRW�KDYH�DFKLHYHG�VR�PXFK�LQ�VXFK�D�VKRUW�WLPH�
LI�LW�ZDV�QRW�IRU�KLV�SURPSW�UHVSRQVHV�DQG�WRQV�RI�LQVLJKWIXO�VXJJHVWLRQV��
� ,�ZRXOG�OLNH�WR�WKDQN�'U��6SHQFHU�0XVH�IRU�KLV�HQFRXUDJHPHQW�DQG�KHOS���+H�KDV�
EHHQ� YHU\� VXSSRUWLYH� WKURXJKRXW�P\� VWXGLHV�ZKHWKHU�PDQDJLQJ� WKH� IXQGLQJ�� GLVFXVVLQJ�
UHVHDUFK� LGHDV� RU� VLPSO\� WHOOLQJ� PH� ³\RX¶OO� EH� ILQH´�� � ,� DOVR� EHQHILWHG� D� ORW� IURP� 'U��
'HQQLV� %RRV¶� SURIRXQG� NQRZOHGJH� RI� VWDWLVWLFV�� � +H�ZDV� DOZD\V� YHU\� SDWLHQW�ZLWK�P\�
TXHVWLRQV�DQG�,�DP�YHU\�JUDWHIXO�IRU�KLV�VXJJHVWLRQV��
� 6SHFLDO�WKDQNV�JR�WR�'U��7]X�0LQJ�&KX���+H�LV�WKH�RQH�WKDW�LQWURGXFHG�PH�WR�WKH�
ILHOG�RI�PLFURDUUD\�GDWD�DQDO\VLV���,�DP�YHU\�JUDWHIXO�IRU�DOO�WKH�DVVLVWDQFH�KH�JDYH�PH�DQG�
,�UHDOO\�HQMR\HG�WKH�IUXLWIXO�GLVFXVVLRQV�ZH�KDG�RYHU�WKH�SDVW�\HDUV���+H�DQG�)DQJ�&KHQ�
KDYH�EHHQ�P\�EHVW�VXSSRUW�LQ�ERWK�P\�OLIH�DQG�P\�VWXGLHV����
� ,�WKDQN�P\�EHORYHG�&KXQ�0LQJ�.XR�IRU�KLV�ZRQGHUIXO�VXSSRUW��
� 1RQH� RI� WKLV� ZRXOG� EH� SRVVLEOH� LI� ,� GLG� QRW� KDYH� WKH� ORYH� DQG� XQFRQGLWLRQDO�
VXSSRUW�RI�P\�IDPLO\���
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7DEOH�RI�&RQWHQWV�

�
�
� 3DJH�
/LVW�RI�7DEOHV� YLL�
/LVW�RI�)LJXUHV� YLLL�
� �
&KDSWHU����,QWURGXFWLRQ� ��
��������1RUPDOL]DWLRQ� ��
��������6LJQLILFDQW�JHQH�GHWHFWLRQ� ��
��������$129$�DQDO\VLV�DQG�7ZR�VWHS�/LQHDU�0L[HG�0RGHO�DQDO\VLV�RI�PLFURDUUD\�

GDWD�
��

��������%DVLFV�RI�$II\PHWUL[�DUUD\V� ��
��������+RZ�WR�LQFRUSRUDWH�PLVPDWFK�SUREHV� ��
��������6SHFLILFLW\�RI�ROLJRQXFOHRWLGH�DUUD\V� ��
��������0RWLYDWLRQ�DQG�UHVHDUFK�RXWOLQH� ��
�����������������([SUHVVLRQ�YDULDWLRQ�RI�SULPDWHV� ��
�����������������&URVV�K\EULGL]DWLRQ�GHWHFWLRQ�RI�/DWLQ�6TXDUH�GDWD� ���
�����������������%LYDULDWH�PRGHO�YHUVXV�30�RQO\�PRGHO� ���
��������5HIHUHQFH� ���
� �
&KDSWHU���0L[HG�0RGHO�5HDQDO\VLV�RI�3ULPDWH�'DWD�6XJJHVWV�7LVVXH�DQG�6SHFLHV�

%LDVHV�LQ�2OLJRQXFOHRWLGH�%DVHG�*HQH�([SUHVVLRQ�3URILOHV�
���

��������$EVWUDFW� ���
��������,QWURGXFWLRQ� ���
��������0DWHULDOV�DQG�PHWKRGV� ���
��������5HVXOWV� ���
��������'LVFXVVLRQ� ���
��������$FNQRZOHGJHPHQW� ���
��������/LWHUDWXUH�FLWHG� ���
� �
&KDSWHU����:KR�$UH�7KRVH�6WUDQJHUV�LQ�WKH�/DWLQ�6TXDUH"� ���
��������$EVWUDFW� ���
��������,QWURGXFWLRQ� ���
��������7KH�DII\PHWUL[�/DWLQ�6TXDUH�H[SHULPHQW� ���
��������6WDWLVWLFDO�PRGHO�VHOHFWLRQ� ���
��������5HVXOWV� ���
��������&RQFOXVLRQV� ���
��������5HIHUHQFHV� ���
� �
&KDSWHU����&RPSDULVRQ�RI�6WDWLVWLFDO�3HUIRUPDQFH�RI�8QLYDULDWH�DQG�%LYDULDWH�

0L[HG�0RGHOV�IRU�$II\PHWUL[��3UREH�/HYHO�'DWD�
���

��������$EVWUDFW� ���
��������,QWURGXFWLRQ� ���
��������'DWD�DQDO\VLV� ���



� YL�

��������6LPXODWLRQ� ���
��������$129$� ���
��������'LVFXVVLRQ� ���
��������5HIHUHQFHV� ���
��������$SSHQGL[� ����
� �
&KDSWHU�����&RQFOXVLRQV�DQG�)XWXUH�GLUHFWLRQ� ����
�



� YLL�

/LVW�RI�7DEOHV�
�
7DEOH������)UDFWLRQ�RI�*HQHV�VKRZLQJ�([SUHVVLRQ�'LIIHUHQFHV�$PRQJ�3ULPDWH�

6SHFLHV�
�

���

7DEOH������)UDFWLRQ�RI�*HQHV�VKRZLQJ�([SUHVVLRQ�'LIIHUHQFHV�$PRQJ�0XULQH�
6SHFLHV�

�
���

7DEOH������/DWLQ�6TXDUH�GHVLJQ�
�

���
7DEOH������$YHUDJH�FRUUHODWLRQ�FRHIILFLHQW�DFURVV�UHSOLFDWHV�ZLWKLQ�WKH�H[SHULPHQW�

JURXSV�
�

���

7DEOH������8QH[SHFWHG�VLJQLILFDQW�JHQHV�IURP�WKH�PL[HG�PRGHO�DQDO\VLV�
�

���
7DEOH������3UREH�VHTXHQFHV�ZLWK�H[SUHVVLRQ�SURILOH�PDWFKLQJ�WKDW�RI�WDUJHW����BDW�
�

���
7DEOH������&RUUHODWLRQ�FRHIILFLHQWV�EHWZHHQ�SDLUV�RI�DUUD\V�RI�WKH�\HDVW�H[SHULPHQW��
�

���
7DEOH�������7\SH�,,,�WDEOH�IRU�WKH�$129$�DQDO\VLV�RI�WKH�IDFWRUV�FRQWULEXWLQJ�WR�

WKH�H[SODQDWRU\�SRZHU�RI�WKH�PRGHO��
�

���

7DEOH������0RGHO�H[SHFWHG�PHDQ�VTXDUHV�
�

����
�
�



� YLLL�

/LVW�RI�)LJXUHV�
�
)LJXUH������6XEPDULQH�SORW�RI�VWDQGDUGL]HG�UHVLGXDOV�DJDLQVW�SUHGLFWHG�YDOXHV�
�

���
)LJXUH������9ROFDQR�SORWV�RI�VLJQLILFDQFH�DJDLQVW�IROG�FKDQJH�LQ�H[SUHVVLRQ�IRU�

HDFK�SULPDWH�VSHFLHV�FRPSDULVRQ�LQ�EUDLQ�DQG�OLYHU�
�

���

)LJXUH������9ROFDQR�SORWV�RI�VLJQLILFDQFH�DJDLQVW�IROG�FKDQJH�LQ�H[SUHVVLRQ�IRU�
HDFK�PXULQH�VSHFLHV�FRPSDULVRQ�LQ�EUDLQ�DQG�OLYHU�

�
���

)LJXUH������3DUDOOHO�SORWV�RI�LQGLYLGXDO�ROLJRQXFOHRWLGH�PHDVXUHPHQWV�IRU�KXPDQ�
DQG�FKLPS�EUDLQ�VDPSOHV�IRU�VL[�JHQHV��

�
���

)LJXUH������(IIHFW�RI�ILOWHULQJ�RXWOLHUV�RQ�LQIHUHQFH�RI�H[SUHVVLRQ�GLIIHUHQFH�
EHWZHHQ�KXPDQ�DQG�FKLPS�EUDLQ��

�
���

)LJXUH������&RQWUDVW�RI�FRQWULEXWLRQV�RI�VSHFLHV�DQG�LQGLYLGXDO�ZLWKLQ�VSHFLHV�WR�
H[SUHVVLRQ�YDULDQFH�EHWZHHQ�KXPDQ�DQG�FKLPS�EUDLQ��

�
���

6XSSOHPHQWDU\�)LJXUH������6FDWWHUSORW�0DWUL[�RI�ORJ�EDVH���IOXRUHVFHQFH�LQWHQVLW\�
PHDVXUHV�IRU�HDFK�RI�WKH���KXPDQ�EUDLQ�VDPSOHV�

�
���

6XSSOHPHQWDU\�)LJXUH������1HLJKERU�MRLQLQJ�WUHHV�IRU�SULPDWH�GDWD�
�

���
6XSSOHPHQWDU\�)LJXUH��������([FHO�VSUHDGVKHHW�VRUWHG�E\�VLJQLILFDQFH�RI�

GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�ZLWK�DQG�ZLWKRXW�ILOWHULQJ�IRU�EUDLQ�DQG�OLYHU�
FRPSDULVRQV�RI�KXPDQ�DQG�FKLPS�

�

���

)LJXUH������6FDWWHU�SORW�PDWUL[�RI�ORJ��30��EOXH��DQG�ORJ��00��UHG��IRU�WKH�WKUHH�
UHSOLFDWH�FKLSV�LQ�H[SHULPHQW�$�

�
���

)LJXUH������3ORW�RI�ORJ���00��YHUVXV�ORJ���30��IRU�RQH�FKLS�
�

���
)LJXUH������2YHUOD\�RI�VWDQGDUGL]HG�OHDVW�VTXDUHV�PHDQ�SURILOHV�IRU�WKH����VSLNHG�

JHQHV��
�

���

)LJXUH������6WDQGDUGL]HG�OHDVW�VTXDUHV�PHDQ�SURILOHV�RI�VLJQLILFDQW�JHQHV�
�

���
)LJXUH������6WDQGDUGL]HG�OHDVW�VTXDUHV�PHDQ�SURILOHV�RI�XQH[SHFWHG�JHQHV�
�

���
)LJXUH������([SUHVVLRQ�SURILOHV�RI�SUREHV�OLVWHG�LQ�7DEOH������
�

���
)LJXUH������6HTXHQFH�DOLJQPHQW�IRU�SUREHV�RI�����BDW�DQG������BDW�ZLWK�.������
�

���
)LJXUH������6FDWWHU�SORW�RI�ORJ���30��YV��ORJ���00��SUREHV�IURP�GDWD�RI�VL[�DUUD\V�
�

���



� L[�

)LJXUH������6FDWWHU�SORW�RI�QHJDWLYH�ORJ�S�YDOXHV�IURP�WKH�WZR�PRGHOV�IRU�\HDVW�
GDWD��

�
���

)LJXUH������6FDWWHU�SORW�RI�QHJDWLYH�ORJ�S�YDOXHV�IURP�WKH�WZR�PRGHOV�IRU�\HDVW�GDWD�
ZLWK�12%281'�RSWLRQ��

�
���

)LJXUH������&RPSDULVRQ�RI��D��HVWLPDWHV�RI�WUHDWPHQW�HIIHFW�GLIIHUHQFH���E��VWDQGDUG�
GHYLDWLRQ�RI�WKH�HVWLPDWHV��DQG��F��HVWLPDWHV�RI�GHJUHHV�RI�IUHHGRP�IURP�
.HQZDUG�5RJHU¶V�PHWKRG�IRU�WKH�WZR�PRGHOV�

�

���

)LJXUH������+LVWRJUDPV�RI�FRYDULDQFH�SDUDPHWHU�HVWLPDWHV�IURP�WKH�\HDVW�GDWD��
�

���
)LJXUH������3RZHU�FXUYHV��
�

���
)LJXUH�����+LVWRJUDPV�RI�VWDQGDUG�HUURUV�IURP������VLPXODWLRQV�XQGHU�WKH�

FRQGLWLRQ�RI� ��������   00D VV �� ��� 30V DQG� ������  �77 �
�

���

)LJXUH�����+LVWRJUDPV�RI�HVWLPDWHV�RI�GHJUHHV�RI�IUHHGRP�IURP������VLPXODWLRQV�
XQGHU�WKH�FRQGLWLRQ�RI� ��������   00D VV �� ��� 30V DQG� ������  �77 �

�

���

�
�
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&KDSWHU��� ,QWURGXFWLRQ�
�
0LFURDUUD\� WHFKQRORJ\� LV� ZLGHO\� DGRSWHG� LQ� DOO� OHYHOV� RI� ELRORJLFDO� UHVHDUFK�� � 7KH�
DSSOLFDWLRQ� H[WHQVLYHO\� FRYHUV� GUXJ� HIILFDF\� VFUHHQLQJ� �-DLQ� ������� SUHGLFWLRQ� RI� JHQH�
IXQFWLRQ� �=KDQJ� HW� DO�� ������� WHPSRUDO� SURILOLQJ� �&DYDOODUR� HW� DO�� ������� DQG� VWXGLHV� RI�
UHJXODWRU\� QHWZRUNV� �/HH� ������� � ,W� LV� DOVR� DQ� LPSRUWDQW� WRRO� LQ� SKDUPDFHXWLFDO� DQG�
FOLQLFDO�UHVHDUFK���:KLOH�PRQLWRULQJ�WKH�H[SUHVVLRQ�OHYHOV�RI�VHYHUDO�WKRXVDQGV�RI�JHQHV�DW�
WKH�VDPH�WLPH�ZLWK�RQO\�OLPLWHG�DPRXQW�RI�P51$��LW�DFFHOHUDWHV�WKH�GLVFRYHU\�RI�GLVHDVH�
JHQHV�DQG�KHOSV�XV�WR�XQGHUVWDQG�WKH�ELRORJLFDO�V\VWHP�DV�D�ZKROH���7KH�H[WUDRUGLQDULO\�
ODUJH�DPRXQWV�RI�GDWD�JHQHUDWHG�IURP�PLFURDUUD\�VWXGLHV�UDLVH�FRQVLGHUDEOH�FKDOOHQJHV�IRU�
VWRUDJH�DQG�KDQGOLQJ�RI�WKH�GDWD���6\VWHPDWLF�VWDWLVWLFDO�VWUDWHJLHV�IRU�FRUUHFWO\�UHWULHYLQJ�
LQIRUPDWLRQ�IURP�WKH�PDVVLYH�GDWDVHWV�KDYH�EHFRPH�YHU\�FULWLFDO�WR�WKH�GUDZLQJ�RI�VROLG�
FRQFOXVLRQV�DW�WKH�JHQRPLF�VFDOH���
� 7KH� ILUVW� LPSRUWDQW� LVVXH� LV� WKH� H[SHULPHQWDO� GHVLJQ�� � $� ORW� RI� VXJJHVWLRQV� DQG�
DOWHUQDWLYHV� KDYH� EHHQ� SURYLGHG�� � <DQJ� HW� DO�� UHYLHZHG� WKH� SURV� DQG� FRQV� RI� VHYHUDO�
GLIIHUHQW�PHWKRGV��<DQJ�HW�DO������E��DQG�HYDOXDWHG�WKH�GHVLJQV�EDVHG�RQ�WKHLU�HIILFLHQF\�
DQG� SXUSRVH�� �.HUU� HW� DO�� ������� SURYLGHG� D� GHWDLOHG� GLVFXVVLRQ� RI� GLIIHUHQW� VRXUFHV� RI�
YDULDWLRQ�DQG�FRPSDUHG�WKH�WZR�PRVW�ZLGHO\�XVHG�GHVLJQV��WKH�UHIHUHQFH�GHVLJQ�DQG�ORRS�
GHVLJQ�� � 7KHUH� LV� DOVR� WKRURXJK� GLVFXVVLRQ� RI� WKH� QXPEHU� RI� UHSOLFDWHV� DQG� SURSHU�
DUUDQJHPHQW�RI�UHSOLFDWLRQ�LQ�WKHVH�VWXGLHV��
� 6WDWLVWLFDO� DQDO\VLV� RI� PLFURDUUD\� GDWD� LQFOXGHV� LPDJH� SURFHVVLQJ� DQG� VLJQDO�
DFTXLVLWLRQ�DW� WKH� IURQW� HQG� �<DQJ�����D��� �$IWHU�DOO� WKH�SUHSURFHVVLQJ�VWHSV�KDYH�EHHQ�
FRPSOHWHG�� WKHUH� DUH� GLIIHUHQW� DSSURDFKHV� IRU� PLQLQJ� LQIRUPDWLRQ� IURP� WKH� GDWD���



� ��

&OXVWHULQJ� PHWKRGV� DUH� RIWHQ� XVHG� WR� GLVFRYHU� KLGGHQ� SDWWHUQV�� �(LVHQ� HW� DO�� ������
7LEVKLUDQL� HW� DO�� ������ 'XGRLW� HW� DO�� ����D��� WKHVH� DUH� FDOOHG� XQVXSHUYLVHG� OHDUQLQJ� LQ�
LQIRUPDWLRQ�VFLHQFH���0RVW�RI�WKH�ZHOO�GHYHORSHG�VWDWLVWLFDO�PHWKRGV�VXFK�DV�KLHUDUFKLFDO�
FOXVWHULQJ�� N�PHDQV� FOXVWHULQJ�� VHOI�RUJDQL]LQJ�PDSV�� DQG� SULQFLSDO� FRPSRQHQW� DQDO\VLV�
KDYH�EHHQ� DSSOLHG� WR� VHHN�SRWHQWLDO� VXE�W\SHV�RI� WXPRU� VDPSOHV�RU� WR� JURXS�JHQHV� WKDW�
PLJKW�EH� FR�UHJXODWHG� �$OL]HGHK�HW� DO�� ������(LVHQ� HW� DO�� ������� �$� VHFRQG�FDWHJRU\� RI�
SDWWHUQ� VHDUFKLQJ� LV� VXSHUYLVHG� OHDUQLQJ� PHWKRGV�� ZKLFK� DUH� DOVR� JHQHUDOO\� NQRZQ� DV�
FODVVLILFDWLRQ�PHWKRGV�� � ,W� LV� RIWHQ� YHU\� XVHIXO� WR� DVVRFLDWH� VDPSOHV�ZLWK� GLVHDVH� W\SHV�
�%HQ�'RU� HW� DO�� ������ *ROXE� HW� DO�� ������ DQG� WR� FODVVLI\� JHQHV� DFFRUGLQJ� WR� WKHLU�
IXQFWLRQDO�UROHV��%URZQ�HW�DO���������
�
����1RUPDOL]DWLRQ�
'XH�WR�WKH�QDWXUH�RI�WKH�WHFKQRORJ\�LWVHOI��WKHUH�DUH�VHYHUDO�VRXUFHV�RI�WHFKQLFDO�YDULDWLRQ�
UHODWLQJ� WR� 51$� H[WUDFWLRQ�� UHYHUVH� WUDQVFULSWLRQ�� ODEHOLQJ� DQG� IOXRUHVFHQFH� GHWHFWLRQ���
7KH� YDULDWLRQ� FDQ� EH� V\VWHPDWLF��ZKLFK�PHDQV� WKDW� WKH\� KDYH� D� VLPLODU� HIIHFW� RQ�PDQ\�
PHDVXUHPHQWV�DQG�FDQ�EH�H[SOLFLWO\�DFFRXQWHG�IRU�� �$OWHUQDWLYHO\�� LW�FDQ�DOVR�EH�ODUJHO\�
VWRFKDVWLF�ZLWK�WKH�UHVXOW�WKDW�LW�FDQQRW�EH�FDSWXUHG�DFFRUGLQJ�WR�FXUUHQW�NQRZOHGJH���7KH�
PRUH�ZH� NQRZ� DERXW�ZKHUH� WKH� YDULDWLRQ� FRPHV� IURP�� WKH� EHWWHU�ZH� FDQ� LQWHJUDWH� WKH�
VRXUFHV�DV�V\VWHPDWLF�HIIHFWV�DQG�DFFRXQW�IRU�WKHP����
� 7KHUH�DUH�PDQ\�GLIIHUHQW�ZD\V�WR�FRUUHFW�IRU�V\VWHPDWLF�QRLVHV���7KH�VLPSOHVW�ZD\�
LV� WR� DGMXVW� JOREDOO\� IRU� WKH�PHDQ� RU�PHGLDQ� �<DQJ� ����F�� 4XDFNHQEXVK� ������� � 7KH�
EDVLF� DVVXPSWLRQ� LV� WKDW� PRVW� JHQHV� DUH� QRW� GLIIHUHQWLDOO\� H[SUHVVHG� DFURVV� GLIIHUHQW�
FRQGLWLRQV�� �+HQFH� WKH�PHDQ�DQG�PHGLDQ�YDOXHV� IRU�DOO� DUUD\V� VKRXOG�EH�DSSUR[LPDWHO\�
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WKH�VDPH���,I�WKLV�DVVXPSWLRQ�LV�YLRODWHG��DQRWKHU�PHDVXUH�IRU�JOREDO�QRLVH�UHGXFWLRQ�LV�WR�
XVH� WKH� LQIRUPDWLRQ� IURP�D� VHW�RI� LQYDULDQW�JHQHV� �/L�DQG�:RQJ�����E��� �7KH\�DVVXPH�
WKDW�WKH�UDQN�RI�SUREH�LQWHQVLW\�IURP�QRQ�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�ZLWKLQ�HDFK�DUUD\�
GRHV� QRW� FKDQJH� DSSUHFLDEO\� DFURVV� DUUD\V�� DQG� XVH� WKLV� LQYDULDQW� VHW� WR� GHWHUPLQH� WKH�
QRUPDOL]DWLRQ� UHODWLRQVKLSV� DPRQJ� DUUD\V�� � $QRWKHU� FDWHJRU\� RI� QRUPDOL]DWLRQ� LV�
LQWHQVLW\�EDVHG��VXFK�DV�/RHVV�WUDQVIRUPDWLRQ��<DQJ�HW�DO������F����7KH�PRVW�IOH[LEOH�DQG�
FRPSUHKHQVLYH�JOREDO�QRUPDOL]DWLRQ�PHWKRG�LV�WKH�$129$�DSSURDFK��.HUU�HW�DO��������
:ROILQJHU�HW�DO���������ZKLFK�FDQ�HDVLO\�LQWHJUDWH�DOO�SRVVLEOH�VRXUFHV�RI�QRLVHV�DV�HIIHFWV�
LQ�WKH�PRGHO��
� � �
����6LJQLILFDQW�JHQH�GHWHFWLRQ�
2QH�RI�WKH�PRVW�LPSRUWDQW�JRDOV�IRU�PLFURDUUD\�H[SHULPHQWV�LV�WR�LGHQWLI\�JHQHV�WKDW�DUH�
GLIIHUHQWLDOO\� H[SUHVVHG� DFURVV� GLIIHUHQW� FRQGLWLRQV� VXFK� DV� WUHDWPHQW� DQG� FRQWURO��
GLIIHUHQW� WLVVXHV�� VSHFLHV�� GHYHORSPHQWDO� VWDJHV�� SDWKRORJLFDO� FRQGLWLRQV�� HWF�� � ,Q� WZR�
JURXS�FRPSDULVRQV�� IROG�FKDQJH� LV� JHQHUDOO\�XVHG�E\�ELRORJLVWV� WR�DVVHVV� WKH�GLIIHUHQFH�
EHWZHHQ�JURXSV��'UDJKLFL�������'H5LVL���������,W�LV�VLPSOH�DQG�LQWXLWLYH���+RZHYHU��WKH�
EHKDYLRU� RI� JHQHV� DW� KLJK� OHYHOV� RI� H[SUHVVLRQ� LV� GLIIHUHQW� IURP� WKDW� REVHUYHG� DW� ORZ�
H[SUHVVLRQ� OHYHOV�� � 7KHUH� WHQGV� WR� EH� D� ORW� PRUH� YDULDWLRQ� LQ� ORZ� H[SUHVVLRQ� OHYHOV�
�'UDJKLFL�������5RFNH�DQG�'XUELQ���������$�KLJK�IROG�FKDQJH�EHWZHHQ�JURXSV�IRU�D�JHQH�
PLJKW�UHVXOW�IURP�UDQGRPQHVV�DQG�QHHG�QRW�KDYH�VWDWLVWLFDO�VLJQLILFDQFH����
� 7�WHVWV� WDNH� RQH� IXUWKHU� VWHS� WR� DVVHVV� WKH� VWDWLVWLFDO� VLJQLILFDQFH� RI� GLIIHUHQFHV�
EHWZHHQ�JURXSV��'XGRLW�HW�DO������E��3DQ�������&ODYHULH���������7KLV�XQLYDULDWH�WHVW�FDQ�
DOVR�EH�DGMXVWHG�IRU�PXOWLSOH�FRPSDULVRQV�DV�GHVFULEHG�LQ�'XGRLW�HW�DO������E����$QRWKHU�
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DSSURDFK� WR� GHWHFW� GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV� LV� WR� XVH� PRGHO�EDVHG� FOXVWHULQJ�
PHWKRGV� VXFK� DV�PL[WXUH�PRGHOV� �/HH� HW� DO�� ������� �$� VLPLODU� DSSURDFK� LV� WR� DVVD\� WKH�
SUREDELOLW\� WKDW� D� JLYHQ� JHQH� LV� WUXO\� GLIIHUHQWLDOO\� H[SUHVVHG� EHWZHHQ� WZR� FRQGLWLRQV�
XVLQJ�HPSLULFDO�%D\HV�DQDO\VLV��(IURQ��������
�
����$129$�DQDO\VLV�DQG�7ZR�VWHS�/LQHDU�0L[HG�0RGHO�DQDO\VLV�RI�PLFURDUUD\�GDWD�
.HUU�HW�DO��ZHUH�DPRQJ�WKH�ILUVW�WR�XVH�DQ�$129$�DSSURDFK�IRU�PLFURDUUD\�GDWD�DQDO\VLV��
�.HUU� HW� DO�� ������� � 7KHLU� PRGHO� SXWV� DOO� JHQHV� LQWR� RQH� FRPSUHKHQVLYH� PRGHO� DQG�
GHFRPSRVHV�WKH�YDULDWLRQ�RI�H[SUHVVLRQ�LQWR�GLIIHUHQW�VRXUFHV�VXFK�DV�WKH�G\H�HIIHFW��SLQ�
HIIHFW�DQG�EDWFK�HIIHFW��HWF���,W�FDQ�HVWLPDWH�WKH�YDULDWLRQ�DW�WKH�JOREDO�OHYHO�DV�ZHOO�DV�WKH�
JHQH�OHYHO���7KLV�DSSURDFK�VHHPV�WR�EH�SURPLVLQJ��EXW�LW�LV�FRPSXWDWLRQDOO\�SURKLELWLYH�LQ�
PRVW�ODUJH�H[SHULPHQWV�LQ�ZKLFK�WKH�LQFUHDVHG�QXPEHU�RI�JHQHV�DQG�FRQGLWLRQV�LQFUHDVHV�
WKH�QXPEHU�RI�SDUDPHWHUV�WR�EH�HVWLPDWHG���7ZR�VWHS�DQDO\VHV��:ROILQJHU�HW�DO��������:X�
HW� DO�� ������ KDYH� EHHQ� SURSRVHG� DV� DOWHUQDWLYHV� WR� WKH� IXOO� PRGHO� DQDO\VLV�� � $QRWKHU�
GUDZEDFN� LV� WKDW� IL[HG�HIIHFW�$129$�FDQQRW�FRPSUHKHQVLYHO\�DFFRXQW� IRU�DOO�NLQGV�RI�
UDQGRP�IDFWRUV�VR�DQ�H[WHQVLRQ�SURSRVHG�E\�:ROILQJHU�HW�DO��������LV� WKH�XVH�RI�PL[HG�
PRGHOV��
� 0L[HG�PRGHOV� DUH� NQRZQ� IRU� WKHLU� DELOLW\� WR� DFFRPPRGDWH� FRUUHODWLRQ� WKURXJK�
LQFRUSRUDWLRQ� RI� UDQGRP� HIIHFWV�� � )RU� H[DPSOH�� DOO� WKH� HVWLPDWHV� IURP� WKH� VDPH� DUUD\�
VKDUH�WKH�VDPH�EDFNJURXQG�LQWHQVLW\�FDXVHG�E\�WKH�PDQXIDFWXULQJ�SURFHVV�DQG�KHQFH�DUH�
FRUUHODWHG���)L[HG�HIIHFW�PRGHOV�WUHDW�WKH�HIIHFWV�LQ�WKH�PRGHO�DV�LI�WKH�VDPH�FDWHJRULHV�RU�
OHYHOV�ZLOO�EH�UHSHDWHG�H[DFWO\�LI�ZH�GR�WKH�VDPH�H[SHULPHQW�DJDLQ��6RPH�HIIHFWV��VXFK�DV�
VOLGH�HIIHFWV��DUH�EHWWHU�PRGHOHG�DV�UDQGRP�HIIHFWV��VLQFH�WKH�DUUD\V�DUH�QRW�UHXVDEOH�DQG�
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WKH�OHYHOV�ZLOO�QRW�EH�H[DFWO\�UHSHDWHG�WKH�QH[W�WLPH�ZH�GR�WKH�VDPH�H[SHULPHQW��:H�FDQ�
RQO\�DVVXPH�WKDW�VLPLODU�HIIHFWV�ZLOO�EH�GUDZQ�IURP�WKH�VDPH�SRSXODWLRQ��&XL�HW�DO����������
7KH� PHWKRG� SURSRVHG� E\� :ROILQJHU� HW� DO�� ������� XVHV� WZR� LQWHUFRQQHFWHG� VHTXHQWLDO�
PL[HG�PRGHOV�� �7KH�ILUVW�PRGHO�DFFRXQWV� IRU�JOREDO�HIIHFWV�VXFK�DV�WKH�G\H�HIIHFW��VOLGH�
HIIHFW�� SULQW� WLS� HIIHFW�� HWF�� � 7KH� UHVLGXDOV� IURP� WKH� ILUVW� PRGHO� EHFRPH� WKH� UHVSRQVH�
YDULDEOH� LQ� WKH� VHFRQG�PRGHO�� �7KH�VHFRQG�PRGHO�DVVHVVHV� WKH�JHQH�VSHFLILF�HIIHFWV�� � ,W�
DVVRFLDWHV�WKH�YDULDWLRQ�ZLWK�WKH�YDULHWLHV�ZH�DUH�LQWHUHVWHG�LQ�DQG�PDNHV�LQIHUHQFH�EDVHG�
RQ� )�VWDWLVWLFV� RU� W�VWDWLVWLFV� WR� GHWHFW� JHQHV� WKDW� DUH� GLIIHUHQWLDOO\� H[SUHVVHG� DPRQJ�
FRQGLWLRQV�� � 0L[HG� PRGHO� DQDO\VLV� SURYLGHV� D� FRPSUHKHQVLYH� DQG� IOH[LEOH� IUDPHZRUN�
ZLWK�ZKLFK�WR�LGHQWLI\�DOO�NLQGV�RI�V\VWHPDWLF�VRXUFHV�RI�YDULDQFH��
� $OWKRXJK� WKH� WZR�VWHS� PL[HG� PRGHO� LV� RQO\� HTXLYDOHQW� WR� WKH� RQH� VWHS� PL[HG�
PRGHO� XQGHU� FHUWDLQ� FLUFXPVWDQFHV� �<DQJ� ������� LW� PD\� QRW� PDNH�PXFK� GLIIHUHQFH� LQ�
SUDFWLFH��:ROILQJHU���������:KLOH�WKH�RQH�VWHS�PRGHO�KDV�D�FRPPRQ�HUURU�PRGHO�IRU�DOO�
JHQHV�� WKH� WZR�VWHS�PRGHO�FDQ�HYDOXDWH� WKH�HUURU� WHUPV� LQGHSHQGHQWO\� IRU�HDFK�RQH�DQG�
FDQ�DFFRPPRGDWH�PRUH�LQIRUPDWLRQ��
�
����%DVLFV�RI�$II\PHWUL[�DUUD\V�
7KH� $II\PHWUL[� *HQH&KLS�� LV� FXUUHQWO\� WKH� PRVW� SRSXODU� FRPPHUFLDO� W\SH� RI� DUUD\���
(DFK�JHQH�LV�UHSUHVHQWHG�E\����WR����VKRUW�ROLJRQXFOHRWLGH�VHTXHQFHV��HDFK�RI�ZKLFK�LV����
EDVHV� ORQJ� DQG� FRPSOHPHQWDU\� WR� WKH� WDUJHW� VHTXHQFH� �/RFNKDUW� ������� � 7KHVH� VKRUW�
VHTXHQFHV�DUH�FDOOHG�SHUIHFW�PDWFK� �30��SUREHV�� �(DFK�30�SUREH� LV�DFFRPSDQLHG�E\�D�
PLVPDWFK� �00��SUREH��ZKLFK� RQO\� GLIIHUV� IURP� LWV� DVVRFLDWHG�30�SUREH�ZLWK� D� VLQJOH�
EDVH�PLVPDWFK�LQ�WKH�PLGGOH�RI� WKH�VHTXHQFH�� �7KH�VLQJOH�EDVH�PLVPDWFK�LV�DVVXPHG�WR�
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GLVDEOH�DQ\�K\EULGL]DWLRQ�WR�WKH�WDUJHW�VHTXHQFH�DQG�WKH�PLVPDWFK�SUREHV�DUH�GHVLJQHG�WR�
FDSWXUH� WKH� FRPSDUDEOH� OHYHO� RI� QRQ�VSHFLILF� ELQGLQJ� DQG� V\VWHPDWLF� QRLVH� DV� SHUIHFW�
PDWFK�SUREHV����
�
����+RZ�WR�LQFRUSRUDWH�PLVPDWFK�SUREHV�
7KHUH� DUH�PDQ\�GLIIHUHQW�ZD\V� WR� FRPELQH� WKH� LQWHQVLW\�PHDVXUH� IURP�30�DQG�00� WR�
LQWHUURJDWH� WDUJHW� JHQH� H[SUHVVLRQ�� �$YHUDJH� GLIIHUHQFH� �$YJ'LII�� LV� WKH� ILUVW� DSSURDFK�
DGRSWHG�E\�$II\PHWUL[�DV� WKHLU�GHIDXOW�DQDO\VLV� LQ�$II\PHWUL[�0LFUR�$UUD\�6XLWH��0$6�
������ � 7KLV� DVVXPHV� WKDW� WKH� GLIIHUHQFH� 30�00� LV� SURSRUWLRQDO� WR� WKH� WUXH� VLJQDO�� DQG�
WDNHV�WKH�ZHLJKWHG�DYHUDJH�DFURVV�SUREHV�ZLWKLQ�D�SUREH�VHW�DV�WKH�PHDVXUHPHQW�IRU�WKH�
WDUJHW�JHQH���7KH�IDFW�WKDW�30�00�LV�QRW�DOZD\V�SRVLWLYH�FDXVHV�SUREOHPV�IRU�ORJ�VFDOH�
DQDO\VLV� �+XEEHOO� HW� DO�� ������ ,UL]DUU\� HW� DO�� ������ 1DHI� ������� � � $II\PHWUL[� WKHUHIRUH�
XSGDWHG� WKHLU� DOJRULWKP� LQ�0$6� ���� XVLQJ� 7XFNH\¶V� ELZHLJKW� IXQFWLRQ� �+XEEHOO� HW� DO��
������� �7KLV� DSSURDFK� KDV� EHHQ� FULWLFL]HG� IRU� LQHIILFLHQW�PDQDJHPHQW� RI� WKH�00�GDWD��
DPRQJ�RWKHU�FRQFHUQV��,UL]DUU\�HW�DO�����������
� /L� DQG�:RQJ¶V� DOVR� GHYLVHG� D�PHWKRG� WKDW� LV� EDVHG� RQ�30�00� �/L� DQG�:RQJ�
����D����,W�DQDO\]HV�WKH�GDWD�DW�WKH�SUREH�OHYHO�DQG�GHFRPSRVHV�WKH�VLJQDO�LQWR�WKH�SURGXFW�
RI� D� SUREH� VHQVLWLYLW\� LQGH[� DQG� WKH� JHQH� H[SUHVVLRQ� LQGH[�� � 7KHLU� VRIWZDUH� G&KLS� KDV�
EHHQ�XVHG�LQ�YDULRXV�JHQRPLF�VWXGLHV����
� ,UL]DUU\� HW� DO�� SURSRVHG� D� EDFNJURXQG� VXEWUDFWLRQ� EDVHG� RQ� WKH� PRGH� RI� 00�
GLVWULEXWLRQ� LQVWHDG� RI� D� SUREH�E\�SUREH� VXEWUDFWLRQ� �,UL]DUU\� HW� DO�� ������� � 7KLV� 50$�
PHWKRG�LV�ZLGHO\�XVHG�WR�DVVHVV�WKH�DUUD\�TXDOLW\���0DQ\�HPSLULFDO�VWXGLHV�KDYH�LQGLFDWHG�
WKDW�WKH�00�SUREHV�FDSWXUH�D�ORW�RI�WUXH�VLJQDO��PDNLQJ�WKHP�SUREOHPDWLF�IRU�EDFNJURXQG�
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QRLVH�GHWHFWLRQ��VR�VHYHUDO�VWXGLHV�KDYH�IRFXVHG�VROHO\�RQ�30�GDWD��/L�DQG�:RQJ�����D��
=KRX���������&KX�HW��DO��DGRSWHG�D�OLQHDU�PL[HG�PRGHO�ZLWK�00�LQWHQVLW\�DV�D�FRYDULDWH��
EXW�WKLV�DSSURDFK�GRHV�QRW�SURGXFH�PXFK�LPSURYHPHQW�IURP�WKH�30�RQO\�PRGHO��&KX�HW�
DO��������� � ,�SURSRVH�D�ELYDULDWH�PRGHO� LQ�&KDSWHU��� IROORZLQJ�&KX¶V� VWXG\�� LQ�RUGHU� WR�
H[SORUH�WKH�EHVW�ZD\�RI�XVLQJ�WKH�00�GDWD�XQGHU�WKH�IUDPHZRUN�RI�OLQHDU�PL[HG�PRGHOV���
7KLV� DSSURDFK� LV� FRQFHSWXDOO\� VLPLODU� WR�:X¶V� VWXG\� �:X� HW� DO�� �������ZKR� HVVHQWLDOO\�
GHFRPSRVHG�WKH�LQWHQVLW\�RI�30�LQWR�WUXH�VLJQDO��QRQ�VSHFLILF�ELQGLQJ�DQG�RSWLFDO�QRLVH�
DQG�WKH�LQWHQVLW\�RI�00�LQWR�RQO\�QRQ�VSHFLILF�ELQGLQJ�DQG�RSWLFDO�QRLVH���7KH\�PRGHOHG�
WKH�QRQ�VSHFLILF�ELQGLQJ�IURP�30�DQG�00�DV�D�ELYDULDWH�QRUPDO�GLVWULEXWLRQ���7KH�PDLQ�
GLIIHUHQFH� EHWZHHQ� RXU� DSSURDFKHV� LV� WKDW� P\� PRGHO� FDQ� G\QDPLFDOO\� DGMXVW� IRU� WKH�
FRUUHODWLRQ�EHWZHHQ�30�DQG�00�EDVHG�RQ�FODVVLFDO�OLQHDU�PL[HG�PRGHOV��ZKLOH�WKH\�XVHG�
DQ�FRQVWDQW�HPSLULFDO�YDOXH�RI�����LQ�WKHLU�PRGHO������
�
����6SHFLILFLW\�RI�ROLJRQXFOHRWLGH�DUUD\V�
6KRUW�SUREH�VHTXHQFHV�RQ�WKH�ROLJRQXFOHRWLGH�DUUD\V�FUHDWH�FURVV�K\EULGL]DWLRQ�LVVXHV��,W�
KDV�EHHQ�VXJJHVWHG� WKDW� VXFK�SUREOHPV�FDQ�EH�DYRLGHG�E\�SD\LQJ�DWWHQWLRQ� WR� VHTXHQFH�
VLPLODULW\�DW�WKH�SUREH�GHVLJQ�VWDJH��5RXLOODUG�HW�DO����������+RZHYHU��VLQFH�PRVW�VDPSOHV�
LQ�WKH�PLFURDUUD\�VWXGLHV�PD\�EH�IURP�GLIIHUHQW�LQGLYLGXDO�RUJDQLVPV��WKH�FRPSOH[LW\�RI�
WKH�VHTXHQFHV�LQ�WKH�ZKROH�JHQRPH�SURYLGHV�IHZ�FOXHV�DERXW�WKH�VSHFLILFLW\�SUREOHP���$�
VSLNH�LQ� H[SHULPHQW� GHVFULEHG� LQ� &KDSWHU� �� SURYLGHV� VRPH� WUDQVFULSW� LQIRUPDWLRQ� WKDW�
HQDEOHV� FORVH� HYDOXDWLRQ� RI� WKH� SUREOHP�� � 0\� DQDO\VLV� LQ� &KDSWHU� �� VKRZV� WKDW� VKRUW�
PRWLIV� FDQ� SURYLGH� VWURQJ� K\EULGL]DWLRQ� VWUHQJWK� DQG� FDXVH� FURVV�K\EULGL]DWLRQ�� � 6RPH�
VHTXHQFHV�DUH�PRUH�VXVFHSWLEOH�WR�QRQ�VSHFLILF�ELQGLQJ�WKDQ�RWKHUV����
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6RPH�UHFHQW�VWXGLHV�KDYH�DWWHPSWHG�WR�DVVHVV�ZKHWKHU�VHTXHQFHV�DUH�³VWLFN\´�RU�QRW�XVLQJ�
WKHUPRG\QDPLF� UXOHV� �=KDQJ� HW� DO�� ������:X� HW� DO�� ������1DHI� HW� DO�� ������0HL� HW� DO��
������� � 7KH� IUHH�HQHUJ\� PRGHO� SURSRVHG� E\� =KDQJ� LV� EDVHG� RQ� WKH� QHDUHVW�QHLJKERU�
PRGHO� ZLWK� VRPH� PRGLILFDWLRQV� WR� FRPSXWH� WKH� JHQH�VSHFLILF� ELQGLQJ� HQHUJ\� DQG�
QRQVSHFLILF� ELQGLQJ� HQHUJ\�� � 1DHI� HW� DO�� VLPSOLILHG� WKH�PRGHO� DQG� FRQVLGHUHG� RQO\� WKH�
VHTXHQFH�FRPSRVLWLRQ�RI�WKH�SUREHV���7KH�DIILQLW\�IRU�QRQ�VSHFLILF�ELQGLQJ�ZDV�PRGHOHG�
DV�D�IXQFWLRQ�RI�SRVLWLRQ�ZLWK�D�SRO\QRPLDO�RI�GHJUHH���IRU�HDFK�EDVH���7KHLU�DSSURDFK�LV�
DUJXDEO\�VXFFHVVIXO�WR�WKLV�HQG���6XFK�FRQFHSWV�DUH�DOVR�LQWHJUDWHG�LQ�WKH�SUREH�GHVLJQ�RI�
$II\PHWUL[�DUUD\V��0HL�HW�DO��������
� $QRWKHU� LVVXH� UHODWHG� WR� VHTXHQFH� VSHFLILFLW\� LV� WKH� VWXG\� RI� FURVV�VSHFLHV�
K\EULGL]DWLRQ�� � 6LQFH� WKH� HIIRUW� QHHGHG� WR� PDNH� WKH� ZKROH� JHQRPH� DUUD\� IRU� D� QHZ�
RUJDQLVP�LV�KXJH��SLORW�VWXGLHV�DUH�XVXDOO\�FDUULHG�RXW�RQ�WKH�DUUD\V�RI�D�FORVHO\� UHODWHG�
VSHFLHV���([FHSW�IRU�QHZO\�H[SORUHG�VSHFLHV��FRPSDUDWLYH�JHQRPLF�VWXGLHV�VRPHWLPHV�DOVR�
XWLOL]H�WKH�FRPSDULVRQ�RI�GLIIHUHQW�VSHFLHV�RQ�WKH�VDPH�DUUD\V���(YHQ�LI�LW�LV�D�SUHOLPLQDU\�
VWXG\�IRU�VFUHHQLQJ�SXUSRVH��LW�LV�VWLOO�GHVLUDEOH�WR�UHWULHYH�WKH�PRVW�DFFXUDWH�LQIRUPDWLRQ�
SRVVLEOH���,I�ZH�KDYH�VHTXHQFH�LQIRUPDWLRQ�IRU�ERWK�VSHFLHV�WKDW�FRQWULEXWH�WR�WKH�DUUD\V�
DQG� WKH� VDPSOHV�� D� VWUDLJKWIRUZDUG� DSSURDFK� ZRXOG� EH� WR� GHOHWH� WKH� SUREHV� ZLWK�
PLVPDWFKHV� DPRQJ� WKH� VSHFLHV� VWXGLHG�� �+RZHYHU��ZH� GR� QRW� KDYH� FRPSOHWH� VHTXHQFH�
LQIRUPDWLRQ� IRU� PRVW� QHZO\� H[SORUHG� VSHFLHV�� DQG� QRU� GR� ZH� KDYH� LQIRUPDWLRQ� IURP�
GLIIHUHQW�VWUDLQV���$Q�DOWHUQDWLYH�PHWKRG�SURSRVHG�E\�-L�HW�DO��������XVHV�RQO\�SUREHV�ZLWK�
VLJQLILFDQW�VLJQDOV�DFURVV�DOO�VDPSOHV���7KLV�DSSURDFK�FDQ�EH�FULWLFL]HG�RQ�WKH�EDVLV�WKDW�LW�
ZDVWHV�D�JUHDW�SURSRUWLRQ�RI�XVHIXO� LQIRUPDWLRQ�� �0\�VWXG\�LQ�&KDSWHU���XVHV�D�VSHFLILF�
IHDWXUH�RI�$II\PHWUL[�DUUD\V�� WKH�SUREH�SURILOHV�� WR�FRQWURO�IRU�VHTXHQFH�YDULDWLRQ�� �7KLV�
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LVVXH�ZDV�ILUVW�KLJKOLJKWHG�LQ�/L�DQG�:RQJ¶V�PHWKRG��/L�DQG�:RQJ�����D����%DVHG�RQ�WKH�
KHXULVWLF�UXOHV�WKDW�,�SURSRVH��³EDG´�SUREHV�WKDW�PLJKW�KDYH�SRO\PRUSKLVPV�RU�VLPSO\�GR�
QRW�IXQFWLRQ�DUH�ILOWHUHG�RXW�RI�WKH�DQDO\VLV��
�
����0RWLYDWLRQ�DQG�UHVHDUFK�RXWOLQH�
�������([SUHVVLRQ�YDULDWLRQ�RI�SULPDWHV�
:K\� KXPDQ� EHLQJV� ORRN� DQG� EHKDYH� GLIIHUHQWO\� IURP� WKHLU� FORVH� UHODWLYHV�� WKH�
FKLPSDQ]HH�� JRULOOD�� DQG� RUDQJXWDQ�� KDV� EHHQ� DQ� LQWULJXLQJ� TXHVWLRQ� IRU� D� ORQJ� WLPH���
6LQFH�.LQJ�HW�DO���������FRQFOXGHG�WKDW�KXPDQV�GLIIHU�IURP�FKLPSDQ]HHV�DW�WKH�UHJXODWRU\�
OHYHO� RI� JHQH� DFWLYLWLHV�� SHRSOH� KDYH� EHHQ� WU\LQJ� WR� FKDUDFWHUL]H� JHQH� H[SUHVVLRQ�
GLIIHUHQFHV�LQ�GLIIHUHQW�ZD\V���$Q�H[SHULPHQW�IURP�3DDER¶V�JURXS�ZDV�WKH�ILUVW�VWXG\�WKDW�
DGGUHVVHG� WKLV�TXHVWLRQ�ZLWK� LQIRUPDWLRQ�IURP�WHQV�RI� WKRXVDQGV�RI�JHQHV�� �(QDUG�HW�DO��
�������7KHLU�H[SHULPHQW�LQFOXGHG�WKUHH�SULPDWH�VSHFLHV�DQG�WZR�WLVVXHV���7KH�FRQFOXVLRQ�
WKH\�GUHZ�IURP�WKH�DQDO\VLV�RI�WKH�GDWD�XVLQJ�SK\ORJHQHWLF�PHWKRGV�IDYRUV�WKH�LGHD�WKDW�
JHQH�H[SUHVVLRQ�VKRZV��DFFHOHUDWHG�HYROXWLRQ�LQ�KXPDQ�EUDLQV��
� 7KH\�ILUVW�JHQHUDWHG�HYROXWLRQDU\�WUHHV�EDVHG�RQ�WKH�H[SUHVVLRQ�RI��������JHQHV���
7KH�GLVWDQFH�PHWULFV�WKH\�XVHG�ZDV�HVVHQWLDOO\�ZHLJKWHG�E\�WKH�IROG�FKDQJH�EHWZHHQ�WKH�
H[SUHVVLRQ�PHDVXUHPHQWV�RI�LQGLYLGXDOV���:KLOH�WKH�WRSRORJ\�RI�WKHLU�HYROXWLRQDU\�WUHH�LV�
FRQILUPHG� ZKHQ� ZH� UHSURGXFHG� WKHLU� UHVXOWV�� P\� DSSURDFK� ZLWK� OLQHDU� PL[HG� PRGHOV�
SURYLGHV�D�GLIIHUHQW�SHUVSHFWLYH�RQ� WKLV�GDWD�VHW�DQG� WKH�FRQFOXVLRQV�DUH�QRW�QHFHVVDULO\�
FRQVLVWHQW�ZLWK�WKHLUV���
� 7KH� VHFRQG� LVVXH� DGGUHVVHG� LQ� WKLV� VWXG\� �+VLHK� HW� DO� ����D��ZDV� WKH�GHJUHH�RI�
FURVV�VSHFLHV�K\EULGL]DWLRQ���6LQFH�WKHUH�LV�GLIIHUHQFH�DW�WKH�VHTXHQFH�OHYHO�IRU�WKH�VSHFLHV�
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VWXGLHG�� WKH� K\EULGL]DWLRQ� RI� JUHDW� DSH� WDUJHW� F'1$� WR� WKH� KXPDQ� $II\PHWUL[� DUUD\V�
PLJKW�QRW�JLYH�FRUUHFW�VLJQDOV���/RZHU�LQWHQVLW\�IURP�QRQ�KXPDQ�VSHFLHV�PLJKW�EH�FDXVHG�
E\�WKH�ODFN�RI�K\EULGL]DWLRQ�LQVWHDG�RI�ORZHU�WUDQVFULSW�DEXQGDQFH���)URP�WKH�REVHUYDWLRQ�
RI� FRQVLVWHQW� SUREH� SDWWHUQV�� ZH� XVHG� D� KHXULVWLF� UXOH� WR� ILOWHU� SUREHV� ZLWK� SRWHQWLDO�
SRO\PRUSKLVPV�� � 7KH� FRQFOXVLRQV� IURP� WKH� ELRORJLFDO� DQDO\VLV� UHJDUGLQJ� UHODWLYH�
GLYHUJHQFH�RI�JHQH�H[SUHVVLRQ�LQ�EUDLQ�DQG�OLYHU�QHYHUWKHOHVV�UHPDLQ�YDOLG�DIWHU�ILOWHULQJ�
WKH�SUREHV����
� 6LQFH� ,� REVHUYHG� VLJQLILFDQW� VSHFLHV�YDULDWLRQ� IRU� D� VLJQLILFDQW�SURSRUWLRQ�RI� WKH�
JHQHV��WKH�WKLUG�TXHVWLRQ�,�DVNHG�LV�ZKHWKHU�WKHUH�DUH�WUDQVFULSWV�XQGHUJRLQJ�VRPH�QDWXUDO�
VHOHFWLRQ���%DVHG�RQ�WKH�OLPLWHG�LQIRUPDWLRQ�ZH�FDQ�KDYH�IURP�WKH�VPDOO�VDPSOH��RQO\�D�
IHZ� JHQHV� WKDW� GLYHUJHG� EHWZHHQ� VSHFLHV� JUHDWHU� WKDQ� H[SHFWHG� XQGHU� PXWDWLRQ�GULIW�
EDODQFH�ZHUH�GHWHFWHG��
�
�������&URVV�K\EULGL]DWLRQ�GHWHFWLRQ�RI�/DWLQ�6TXDUH�GDWD�
7KHUH� DUH� PDQ\� GLIIHUHQW� ZD\V� WR� DQDO\]H� PLFURDUUD\� GDWD�� � 0RVW� RI� WKH� SURSRVHG�
PHWKRGV� KDYH� EHHQ� GHPRQVWUDWHG� WKURXJK� H[SHULPHQWV� RQ� PRGHO� RUJDQLVPV� DQG� KDYH�
EHHQ�HYDOXDWHG�E\�VLPXODWLRQ�RU�ELRORJLFDO�HYLGHQFH���7KHVH�RQO\�SURYLGH�LQGLUHFW�VXSSRUW�
RI� KRZ� ZHOO� WKH� VWDWLVWLFDO� DOJRULWKPV� ILW� GDWD� WR� VSHFLILF� VFHQDULRV�� � 7R� HQDEOH� D� IDLU�
FRPSDULVRQ�DFURVV�GLIIHUHQW�PHWKRGV��ZH�QHHGHG�D�GDWDVHW�ZLWK�NQRZQ�DQVZHUV���7R�WKLV�
HQG�� $II\PHWUL[� SURYLGHG� D� VSLNH�LQ� H[SHULPHQW� WKDW� FDQ� EH� XVHG� WR� HYDOXDWH� YDULRXV�
VWDWLVWLFDO�PHWKRGV� �$II\PHWUL[� ������� �7KLV� H[SHULPHQW�ZDV� LQ� WKH� IRUP�RI� D� VWDQGDUG�
/DWLQ�6TXDUH�GHVLJQ���7KHUH�DUH����VSLNH�LQ�WUDQVFULSWV�ZLWK�FRQFHQWUDWLRQ�OHYHOV�IURP���WR�
�����S0���(DFK�RI�WKH����H[SHULPHQWV�FRQWDLQV�HDFK�RI�WKH����WUDQVFULSWV�ZLWK�HDFK�RI�WKH�
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��� FRQFHQWUDWLRQ� OHYHOV� DSSHDULQJ� RQO\� RQFH�� � 7KH� /DWLQ� 6TXDUH� GHVLJQ� DOORZV� RQH� WR�
HYDOXDWH�WKH�PDLQ�HIIHFWV�RI�LQWHUHVW�XVLQJ�WKH�IHZHVW�VDPSOHV�QHHGHG��ZKLOH�OHDYLQJ�WKH�
KLJKHU� LQWHUDFWLRQ� HIIHFWV� FRQIRXQGHG� ZLWK� VRPH� RI� WKH� PDLQ� HIIHFWV�� � '\H�VZDSSLQJ�
GHVLJQ�IRU�F'1$�DUUD\V�DUH�HVVHQWLDOO\�D�/DWLQ�6TXDUH�GHVLJQ�ZLWK�EDODQFHG�FRPELQDWLRQ�
RI�G\HV�DQG�VDPSOHV��.HUU�HW�DO���������
� ,�GHPRQVWUDWH�WKH�DFFXUDF\�RI�VLJQLILFDQW�JHQH�GHWHFWLRQ�ZLWK�OLQHDU�PL[HG�PRGHOV���
)URP�WKH�DQDO\VLV�,�IRXQG�VHYHUDO�XQH[SHFWHG�JHQHV�VKRZLQJ�RQH�RI�WKH����SDWWHUQV�RI�WKH�
GHVLJQHG� WUDQVFULSWV�� � 7KURXJK� WKH� H[SORUDWLRQ� RI� VHTXHQFH� VLPLODULW\� ZLWK� *LEE¶V�
VDPSOLQJ��VRPH�VKRUW�PRWLIV�ZHUH�GHWHFWHG�WKDW�SRVVLEO\�FRQWULEXWH�WR�WKH�LQIHUUHG�FURVV�
K\EULGL]DWLRQ���7KH�ZRUN�ZDV�SXEOLVKHG�LQ�WKH�SURFHHGLQJ�RI�&$0'$�������+VLHK�HW�DO��
����E���
�
�������%LYDULDWH�PRGHO�YHUVXV�30�RQO\�PRGHO�
$II\PHWUL[� DUUD\V� DUH� FXUUHQWO\� WKH� PRVW� SRSXODU� FRPPHUFLDO� SODWIRUP� XVHG� IRU�
PLFURDUUD\�H[SHULPHQWV���+DOI�RI�WKH�SUREHV�RQ�WKH�DUUD\V�DUH�GHVLJQHG�WR�FDWFK�WKH�UHDO�
VLJQDOV�DQG� WKH�RWKHU�KDOI�DUH�DLPHG�DW�FDWFKLQJ� WKH�EDFNJURXQG�QRLVH�� �)URP�HPSLULFDO�
VWXGLHV� ZH� NQRZ� WKH� WUXWK� VRPHZKDW� GHYLDWHV� IURP� WKH� DVVXPSWLRQV� RI� WKLV� GHVLJQ�
SULQFLSOH�� �0LVPDWFK� SUREHV� FDSWXUH� VRPH� RI� WKH� UHDO� VLJQDO� DOO� WKH� WLPH�� VR� FDQQRW� EH�
VLPSO\�VXEWUDFWHG�IURP�WKH�SHUIHFW�PDWFK�VLJQDOV���6LQFH�PLVPDWFK�SUREHV�GR�QRW�SOD\�D�
FRQVLVWHQW� UROH� LQ� EDFNJURXQG� QRLVH� GHWHFWLRQ� DQG� YDU\� DFFRUGLQJ� WR� WKH� VHTXHQFH�
SURSHUWLHV�� PRVW� UHFRPPHQGHG� FXUUHQW� VWDWLVWLFDO� PHWKRGV� LJQRUH� WKH� PLVPDWFK� SUREHV�
DQG� XVH� RQO\� WKH� SHUIHFW� PDWFK� SUREHV�� � ,� SURSRVH� D� ELYDULDWH� PRGHO� LQ� &KDSWHU� �� WR�
LQFRUSRUDWH� ERWK� VLJQDOV� WRJHWKHU�� � 7KH� FRUUHODWLRQ� EHWZHHQ� 30� DQG� 00� FDQ� EH�
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G\QDPLFDOO\�DGMXVWHG�DQG�KHQFH�WKH�PLVPDWFK�SUREHV�FDQ�SURYLGH�WKH�LQIRUPDWLRQ�IRU�WKH�
WUXH�VLJQDOV�DFFRUGLQJ�WR�WKH�GDWD�LWVHOI���,QFOXGLQJ�PRUH�GDWD�SRLQWV�FDQ�DOVR�LQFUHDVH�WKH�
DFFXUDF\� RI� SDUDPHWHU� HVWLPDWHV�� DQG� WKLV� LQFUHDVH� LQ� SRZHU� LV� GHPRQVWUDWHG� WKURXJK�
VLPXODWLRQ�
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5HIHUHQFH�
$II\PHWUL[�� �������� 1HZ� VWDWLVWLFDO� DOJRULWKP� IRU� PRQLWRULQJ� JHQH� H[SUHVVLRQ� RQ�

*HQH&KLS�SUREH�DUUD\V���
� KWWS���ZZZ�DII\PHWUL[�FRP�VXSSRUW�WHFKQLFDO�WHFKQRWHV�VWDWLVWLFDOBDOJRULWKPVBWHFKQ

RWH�SGI�
$OL]DGHK�$$��(LVHQ�0%��'DYLV�5(��0D�&��/RVVRV�,6��5RVHQZDOG�$��%ROGULFN�-&��6DEHW�

+��7UDQ�7��<X�;��3RZHOO�-,��<DQJ�/��0DUWL�*(��0RRUH�7��+XGVRQ�-�-U��/X�/��/HZLV�
'%��7LEVKLUDQL�5��6KHUORFN�*��&KDQ�:&��*UHLQHU�7&��:HLVHQEXUJHU�''��$UPLWDJH�
-2��:DUQNH�5��/HY\�5��:LOVRQ�:��*UHYHU�05��%\UG�-&��%RWVWHLQ�'��%URZQ�32��
6WDXGW� /0�� �������'LVWLQFW� W\SHV� RI� GLIIXVH� ODUJH�%�FHOO� O\PSKRPD� LGHQWLILHG� E\�
JHQH�H[SUHVVLRQ�SURILOLQJ��1DWXUH���������������

%HQ�'RU�� /�� %UXKQ�� ,�� 1DFKPDQ�� 0�� 6FKXPPHU�� DQG� =�� <DNKLQL�� ������� � 7LVVXH�
&ODVVLILFDWLRQ� ZLWK� *HQH� ([SUHVVLRQ� 3URILOHV�� -RXUQDO� RI� &RPSXWDWLRQDO� %LRORJ\��
�����������

%URZQ� 036�� *UXQG\� :1�� /LQ� '�� &ULVWLDQLQL� 1�� 6XJQHW� &:�� )XUH\� 76�� $UHV� 0� -U��
+DXVVOHU�'� �������.QRZOHGJH�EDVHG� DQDO\VLV�RI�PLFURDUUD\� JHQH� H[SUHVVLRQ�GDWD�
E\�XVLQJ�VXSSRUW�YHFWRU�PDFKLQHV��3URF�1DW�$FDG�6FL�86$��������������

&KX�70��:HLU�%6��DQG�:ROILQJHU�5'���������$�6\VWHPDWLF�6WDWLVWLFDO�/LQHDU�0RGHOLQJ�
$SSURDFK� WR�2OLJRQXFOHRWLGH�$UUD\�([SHULPHQWV��0DWKHPDWLFDO�%LRVFLHQFHV�� �����
�������

&DYDOODUR� 6�� '
$JDWD� 9��0DQLFNDP� 3�� 'XIRXU� )�� $ONRQ� '/�� �������0HPRU\�VSHFLILF�
WHPSRUDO�SURILOHV�RI�JHQH�H[SUHVVLRQ�LQ�WKH�KLSSRFDPSXV��3URF�1DWO�$FDG�6FL�8�6�$��
�����������������



� ���

&ODYHULH�� -�� ������� &RPSXWDWLRQDO� PHWKRGV� IRU� WKH� LGHQWLILFDWLRQ� RI� GLIIHUHQWLDO� DQG�
FRRUGLQDWHG�JHQH�H[SUHVVLRQ��+XP�0RO�*HQHW���������������

&XL�� ;�� &KXUFKLOO�� *�� $�� �������� 6WDWLVWLFDO� WHVWV� IRU� GLIIHUHQWLDO� H[SUHVVLRQ� LQ� F'1$�
PLFURDUUD\�H[SHULPHQWV��*HQRPH�%LRORJ\���������±��������

'H5LVL�-��3HQODQG�/��%URZQ�32��%LWWQHU�0/��0HOW]HU�36��5D\�0��&KHQ�<��6X�<$��7UHQW�
-0�� ������� 8VH� RI� D� F'1$� PLFURDUUD\� WR� DQDO\VH� JHQH� H[SUHVVLRQ� SDWWHUQV� LQ�
KXPDQ�FDQFHU���1DW�*HQHW����������������

'UDJKLFL� 6� �������6WDWLVWLFDO� LQWHOOLJHQFH�� HIIHFWLYH� DQDO\VLV� RI� KLJK�GHQVLW\�PLFURDUUD\�
GDWD��'UXJ�'LVFRYHU\�7RGD\��������6���6���

'XGRLW�6��)ULGO\DQG�-��6SHHG�73������D��&RPSDULVRQ�RI�GLVFULPLQDWLRQ�PHWKRGV�IRU�WKH�
FODVVLILFDWLRQ�RI�WXPRUV�XVLQJ�JHQH�H[SUHVVLRQ�GDWD��7HFKQLFDO�5HSRUW��'HSDUWPHQW�
RI�6WDWLVWLFV��8&�%HUNHOH\��

'XGRLW�6��<DQJ�<+��&DOORZ�0-��6SHHG�73� �����E��6WDWLVWLFDO�PHWKRGV� IRU� LGHQWLI\LQJ�
GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV� LQ� UHSOLFDWHG� F'1$� PLFURDUUD\� H[SHULPHQWV��
7HFKQLFDO�5HSRUW��'HSDUWPHQW�RI�6WDWLVWLFV��8&�%HUNHOH\��

(QDUG�:��.KDLWRYLFK�3��.ORVH�-��=ROOQHU�6��+HLVVLJ�)��*LDYDOLVFR�3��1LHVHOW�6WUXZH�.��
0XFKPRUH�(��9DUNL�$��5DYLG�5��'R[LDGLV�*0��%RQWURS�5(��3DDER�6���������,QWUD��
DQG� LQWHUVSHFLILF� YDULDWLRQ� LQ� SULPDWH� JHQH� H[SUHVVLRQ� SDWWHUQV�� 6FLHQFH��
�����������������

(IURQ��%���7LEVKLUDQL��5���6WRUH\��-��'��DQG�7XVKHU��9����������(PSLULFDO�%D\HV�DQDO\VLV�RI�
D�PLFURDUUD\�H[SHULPHQW��-��$PHU��6WDWLVW��$VVRF���������±������

(LVHQ�0%��6SHOOPDQ�37��%URZQ�32��%RWVWHLQ�'��������&OXVWHU�DQDO\VLV�DQG�GLVSOD\�RI�
JHQRPH�ZLGH�H[SUHVVLRQ�SDWWHUQV��3URF�1DW�$FDG�6FL�86$�����������������
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*ROXE�75��6ORQLP�'.��7DPD\R�3��+XDUG�&��*DDVHQEHHN�0��0HVLURY�-3��&ROOHU�+��/RK�
0/�� 'RZQLQJ� -5�� &DOLJLXUL� 0$�� %ORRPILHOG� &'�� /DQGHU� (6� ������� 0ROHFXODU�
FODVVLILFDWLRQ� RI� FDQFHU�� &ODVV� GLVFRYHU\� DQG� FODVV� SUHGLFWLRQ� E\� JHQH� H[SUHVVLRQ�
PRQLWRULQJ��6FLHQFH���������������

+VLHK� :3�� &KX� 70�� :ROILQJHU� 5�'��� *LEVRQ� *�� �����D�� 0L[HG�PRGHO� UHDQDO\VLV� RI�
SULPDWH� GDWD� VXJJHVWV� WLVVXH� DQG� VSHFLHV� ELDVHV� LQ� ROLJRQXFOHRWLGH�EDVHG� JHQH�
H[SUHVVLRQ�SURILOHV��*HQHWLFV�����������������

+VLHK��:3���&KX��70���DQG�:ROILQJHU��5�'�������E��:KR�DUH�WKRVH�VWUDQJHUV�LQ�WKH�/DWLQ�
VTXDUH"� � ,Q�0HWKRGV� RI�0LFURDUUD\�'DWD�$QDO\VLV� ,,,� HG�� -RKQVRQ��.�)�� DQG� /LQ��
6�0����.OXZHU�����������

+XEEHOO� (�� /LX� :0�� 0HL� 5�� ������� 5REXVW� HVWLPDWRUV� IRU� H[SUHVVLRQ� DQDO\VLV��
%LRLQIRUPDWLFV������������������

,UL]DUU\�5$��+REEV�%��&ROOLQ�)��%HD]HU�%DUFOD\�<'��$QWRQHOOLV�.-��6FKHUI�8��6SHHG�73�
�������([SORUDWLRQ��QRUPDOL]DWLRQ��DQG�VXPPDULHV�RI�KLJK�GHQVLW\�ROLJRQXFOHRWLGH�
DUUD\�SUREH�OHYHO�GDWD��%LRVWDWLVWLFV�������������

-DLQ�..����������$SSOLFDWLRQV�RI�ELRFKLS�DQG�PLFURDUUD\�V\VWHPV�LQ�SKDUPDFRJHQRPLFV��
3KDUPDFRJHQRPLFV�����������

-L��:��� =KRX��:���*UHJJ��.���<X��1���'DYLV�� 6���'DYLV�� 6�� �������$�PHWKRG� IRU� FURVV�
VSHFLHV�JHQH�H[SUHVVLRQ�DQDO\VLV�ZLWK�KLJK�GHQVLW\�ROLJRQXFOHRWLGH�DUUD\V��1XFOHLF�
$FLGV�5HVHDUFK����������H���

.HUU�� 0�.��� 0DUWLQ�� 0�� DQG� &KXUFKLOO�� *�$�� �������� $QDO\VLV� RI� YDULDQFH� IRU� JHQH�
H[SUHVVLRQ�PLFURDUUD\�GDWD��-RXUQDO�RI�&RPSXWDWLRQDO�%LRORJ\�������������
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.LQJ� 0&�� :LOVRQ� $&�� ������� (YROXWLRQ� DW� WZR� OHYHOV� LQ� KXPDQV� DQG� FKLPSDQ]HHV��
6FLHQFH��������������������

/HH� 0/7�� .XR� )&�� :KLWPRUH� *$�� 6NODU� -� ������� ,PSRUWDQFH� RI� UHSOLFDWLRQ� LQ�
PLFURDUUD\�JHQH�H[SUHVVLRQ�VWXGLHV��VWDWLVWLFDO�PHWKRGV�DQG�HYLGHQFH�IURP�UHSHWLWLYH�
F'1$�K\EULGL]DWLRQV��3URF�1DW�$FDG�6FL�86$����������������

/HH��7�,���5LQDOGL��1�-���5REHUW��)���2GRP��'�7���%DU�-RVHSK��=���*HUEHU��*�.���+DQQHWW��
1�0��� +DUELVRQ�� &�5��� 7KRPSVRQ�� &�0��� 6LPRQ� ,��� =HLWOLQJHU� -��� -HQQLQJV�� (�*���
0XUUD\��+�/���*RUGRQ��'�%���5HQ��%���:\ULFN��-�-���7DJQH��-���9RONHUW�7�/���)UDHQNHO��
(���*LIIRUG�'�.���DQG�<RXQJ��5�$���������7UDQVFULSWLRQDO�5HJXODWRU\�1HWZRUNV�LQ�
6DFFKDURP\FHV�FHUHYLVLDH��6FLHQFH���������������

/L�� &� DQG� :RQJ�� :�+�� �����D�� 0RGHO�EDVHG� DQDO\VLV� RI� ROLJRQXFOHRWLGH� DUUD\V��
([SUHVVLRQ�LQGH[�FRPSXWDWLRQ�DQG�RXWOLHU�GHWHFWLRQ��3URF��1DWO��$FDG��6FL��9RO������
��������

/L��&�DQG�:RQJ��:�+�� �����E��0RGHO�EDVHG�DQDO\VLV�RI�ROLJRQXFOHRWLGH�DUUD\V��PRGHO�
YDOLGDWLRQ�� GHVLJQ� LVVXHV� DQG� VWDQGDUG� HUURU� DSSOLFDWLRQ�� *HQRPH� %LRORJ\� ������
UHVHDUFK���������������

/RFNKDUW� '-�� 'RQJ� +�� %\UQH�0&�� )ROOHWWLH� 07�� *DOOR�09�� &KHH�06��0LWWPDQQ�0��
:DQJ� &�� .RED\DVKL�0�� +RUWRQ� +�� %URZQ� (/� ������� ([SUHVVLRQ� PRQLWRULQJ� E\�
K\EULGL]DWLRQ�WR�KLJK�GHQVLW\�ROLJRQXFOHRWLGH�DUUD\V��1DW�%LRWHFK����������������

0HL�5��+XEEHOO�(��%HNLUDQRY�6��0LWWPDQQ�0��&KULVWLDQV�)&��6KHQ�00��/X�*��)DQJ�-��
/LX�:0��5\GHU�7��.DSODQ�3��.XOS�'��:HEVWHU�7$���������3UREH�VHOHFWLRQ�IRU�KLJK�
GHQVLW\�ROLJRQXFOHRWLGH�DUUD\V��3URF�1DWO�$FDG�6FL�8��6��$��������������������



� ���

1DHI�� )�� +DFNHU�� &5�� 3DWLO�� 1��0DJQDVFR��0� ������� (PSLULFDO� FKDUDFWHUL]DWLRQ� RI� WKH�
H[SUHVVLRQ� UDWLR� QRLVH� VWUXFWXUH� LQ� KLJK�GHQVLW\� ROLJRQXFOHRWLGH� DUUD\V�� *HQRPH�
%LRO������UHVHDUFK������

1DHI�)��DQG�0DJQDVFR�02����������6ROYLQJ�WKH�ULGGOH�RI�WKH�EULJKW�PLVPDWFKHV��ODEHOLQJ�
DQG�HIIHFWLYH�ELQGLQJ�LQ�ROLJRQXFOHRWLGH�DUUD\V��3K\VLFDO�5HYLHZ�(�������������

3DQ�:����������$�FRPSDUDWLYH�UHYLHZ�RI�VWDWLVWLFDO�PHWKRGV�IRU�GLVFRYHULQJ�GLIIHUHQWLDOO\�
H[SUHVVHG�JHQHV�LQ�UHSOLFDWHG�PLFURDUUD\�H[SHULPHQWV��%LRLQIRUPDWLFV��������������

4XDFNHQEXVK� -�� ������� &RPSXWDWLRQDO� DQDO\VLV� RI� PLFURDUUD\� GDWD�� 1DW� 5HY� *HQHW��
�������������

5RFNH�'0��'XUELQ�%���������$�PRGHO�IRU�PHDVXUHPHQW�HUURU�IRU�JHQH�H[SUHVVLRQ�DUUD\V��
-��&RPSXWDWLRQDO�%LRORJ\�������±����

5RXLOODUG�-0���+HUEHUW�&�DQG�=XNHU�0���������2OLJRDUUD\��*HQRPH�VFDOH�ROLJRQXFOHRWLGH�
GHVLJQ�IRU�PLFURDUUD\V��%LRLQIRUPDWLFV��$SSOLFDWLRQV�1RWH���������±�����

7LEVKLUDQL� 5�� +DVWLH� 7�� (LVHQ� 0�� 5RVV� '�� %RWVWHLQ� '�� %URZQ� 3� ������� &OXVWHULQJ�
PHWKRGV�IRU�WKH�DQDO\VLV�RI�'1$�PLFURDUUD\�GDWD��7HFKQLFDO�5HSRUW��'HSDUWPHQW�RI�
6WDWLVWLFV��6WDQIRUG�8��

:ROILQJHU��5���*LEVRQ��*���:ROILQJHU��(���%HQQHWW��/���+DPDGHK��+���%XVKHO��3���$IVKDUL��
&�� DQG� 3DXOHV�� 6�� �������� $VVHVVLQJ� JHQH� VLJQLILFDQFH� IURP� F'1$� PLFURDUUD\�
H[SUHVVLRQ�GDWD�YLD�PL[HG�PRGHOV��-RXUQDO�RI�&RPSXWDWLRQDO�%LRORJ\�������������

:X��+���.HUU��0�.�� DQG�&KXUFKLOO��*�$�� ��������7KH� DQDO\VLV�RI� JHQH� H[SUHVVLRQ�GDWD��
PHWKRGV�DQG�VRIWZDUH��FKDSWHU�0$$129$��$�6RIWZDUH�3DFNDJH�IRU�WKH�$QDO\VLV�
RI�6SRWWHG�F'1$�0LFURDUUD\�([SHULPHQWV��6SULQJHU�
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:X�� =�� ,UL]DUU\�� 5$��*HQWOHPDQ�� 5��0DUWLQH]�0XULOOR�� )�� 6SHQFHU�� )� �������$�0RGHO�
%DVHG�%DFNJURXQG�$GMXVWHPHQW�IRU�2OLJRQXFOHRWLGH�([SUHVVLRQ�$UUD\V��-$6$�9RO��
����,VV�������S�������

<DQJ��;�� �������2SWLPDO�'HVLJQ� RI� 6LQJOH� )DFWRU� F'1$�0LFURDUUD\�([SHULPHQWV� DQG�
0L[HG� 0RGHOV� IRU� *HQH� ([SUHVVLRQ� 'DWD�� 'LVVHUWDWLRQ� RI� 9LUJLQLD� 3RO\WHFKQLF�
,QVWLWXWH�DQG�6WDWH�8QLYHUVLW\��

<DQJ�� <�� +��� %XFNOH\�� 0�� -��� 'XGRLW�� 6��� DQG� 6SHHG�� 7�� 3�� �����D��� &RPSDULVRQ� RI�
PHWKRGV� IRU� LPDJH� DQDO\VLV� RQ� F'1$�PLFURDUUD\� GDWD�� -RXUQDO� RI�&RPSXWDWLRQDO�
DQG�*UDSKLFDO�6WDWLVWLFV��������������

<DQJ�<��+���6SHHG�7��������E��'HVLJQ�LVVXHV�IRU�F'1$�PLFURDUUD\�H[SHULPHQWV��1DW�5HY�
*HQHW�������$XJ�������������

<DQJ�<��+���'XGRLW�6��/XX�3��/LQ�'0��3HQJ�9��1JDL�-��6SHHG�73�������F��1RUPDOL]DWLRQ�
IRU� F'1$� PLFURDUUD\� GDWD�� D� UREXVW� FRPSRVLWH� PHWKRG� DGGUHVVLQJ� VLQJOH� DQG�
PXOWLSOH�VOLGH�V\VWHPDWLF�YDULDWLRQ��1XFOHLF�$FLGV�5HV��������H����

=KDQJ��/���0LOHV��0��)���DQG�$OGDSH��.��'���������$�PRGHO�RI�PROHFXODU�LQWHUDFWLRQV�RQ�
VKRUW�ROLJRQXFOHRWLGH�PLFURDUUD\V��LPSOLFDWLRQV�IRU�SUREH�GHVLJQ�DQG�GDWD�DQDO\VLV��
1DWXUH�%LRWHFKQRORJ\�������������

=KDQJ�:��0RUULV�4'��&KDQJ�5��6KDL�2��%DNRZVNL�0$��0LWVDNDNLV�1��0RKDPPDG�1��
5RELQVRQ�0'��=LUQJLEO�5��6RPRJ\L�(��/DXULQ�1��(IWHNKDUSRXU�(��6DW�(��*ULJXOO�-��
3DQ�4��3HQJ�:7��.URJDQ�1��*UHHQEODWW�-��)HKOLQJV�0��YDQ�GHU�.RR\�'��$XELQ�-��
%UXQHDX�%*��5RVVDQW�-��%OHQFRZH�%-��)UH\�%-��+XJKHV�75���������7KH�IXQFWLRQDO�
ODQGVFDSH�RI�PRXVH�JHQH�H[SUHVVLRQ��-�%LRO�����������

=KRX�<�DQG�$EDJ\DQ�5���������0DWFK�2QO\�,QWHJUDO�'LVWULEXWLRQ��02,'��$OJRULWKP�IRU�
KLJK�GHQVLW\�ROLJRQXFOHRWLGH�DUUD\�DQDO\VLV��%0&�%LRLQIRUPDWLFV���������
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&KDSWHU��� 0L[HG�0RGHO�5HDQDO\VLV�RI�3ULPDWH�'DWD�6XJJHVWV�7LVVXH�
DQG�6SHFLHV�%LDVHV�LQ�2OLJRQXFOHRWLGH�%DVHG�*HQH�([SUHVVLRQ�3URILOHV�

�
����$EVWUDFW�

$Q�HPHUJLQJ� LVVXH� LQ�HYROXWLRQDU\�JHQHWLFV� LV�ZKHWKHU�RU�QRW� LW� LV�SRVVLEOH� WR�XVH�JHQH�
H[SUHVVLRQ� SURILOLQJ� WR� LGHQWLI\� JHQHV� WKDW� DUH� DVVRFLDWHG� ZLWK� PRUSKRORJLFDO��
SK\VLRORJLFDO��RU�EHKDYLRUDO�GLYHUJHQFH�EHWZHHQ�VSHFLHV�� DQG�ZKHWKHU� WKHVH�JHQHV�KDYH�
XQGHUJRQH�SRVLWLYH�VHOHFWLRQ���6RPH�RI�WKHVH�TXHVWLRQV�ZHUH�DGGUHVVHG�LQ�D�UHFHQW�VWXG\�
�(QDUG� HW� DO�� ������ RI� WKH� GLIIHUHQFH� LQ� JHQH� H[SUHVVLRQ� EHWZHHQ� KXPDQ�� FKLPS� DQG�
RUDQJXWDQ� WKDW� VXJJHVWHG� DQ� DFFHOHUDWHG� UDWH� RI� GLYHUJHQFH� LQ� JHQH� H[SUHVVLRQ� LQ� WKH�
KXPDQ� EUDLQ� UHODWLYH� WR� OLYHU�� � 5HDQDO\VLV� RI� WKH� $II\PHWUL[� GDWDVHW� XVLQJ� DQDO\VLV� RI�
YDULDQFH�PHWKRGV�WR�TXDQWLI\�WKH�FRQWULEXWLRQV�RI�LQGLYLGXDOV�DQG�VSHFLHV�WR�YDULDWLRQ�LQ�
H[SUHVVLRQ�RI��������JHQHV� LQGLFDWHV� WKDW�DV�PXFK�DV�RQH�TXDUWHU�RI� WKH�JHQRPH�VKRZV�
GLYHUJHQW� H[SUHVVLRQ� EHWZHHQ� SULPDWH� VSHFLHV� DW� WKH� ��� OHYHO�� �7KH�PDJQLWXGH� RI� IROG�
FKDQJH� UDQJHV� IURP����� ±IROG� XS� WR� ��IROG�� � 6LPLODU� FRQFOXVLRQV� DSSO\� WR� UHDQDO\VLV� RI�
(QDUG� HW� DO¶V� ������� SDUDOOHO� PXULQH� GDWDVHW�� � +RZHYHU�� ELDVHV� LQKHUHQW� WR� VKRUW�
ROLJRQXFOHRWLGH�PLFURDUUD\� WHFKQRORJ\�PD\� DFFRXQW� IRU� VRPH�RI� WKH� WLVVXH� DQG� VSHFLHV�
HIIHFWV��$W�KLJK�VLJQLILFDQFH�OHYHOV��PRUH�GLIIHUHQFHV�ZHUH�REVHUYHG�LQ�WKH�OLYHU�WKDQ�WKH�
EUDLQ� LQ� HDFK� RI� WKH� SDLUZLVH� VSHFLHV� FRPSDULVRQV�� VR� LW� LV� QRW� FOHDU� WKDW� H[SUHVVLRQ�
GLYHUJHQFH�LV�DFFHOHUDWHG�LQ�WKH�KXPDQ�EUDLQ���)XUWKHU��WKHUH�LV�DQ�DSSDUHQW�ELDV�WRZDUG�XS�
UHJXODWLRQ�RI�JHQH�H[SUHVVLRQ�LQ�WKH�EUDLQ�LQ�ERWK�SULPDWHV�DQG�PLFH��ZKHUHDV�JHQHV�DUH�
HTXDOO\� OLNHO\� WR� EH� XS�� RU� GRZQ�UHJXODWHG� LQ� WKH� OLYHU�ZKHQ� WKHVH� VSHFLHV� GLYHUJH�� �$�
VPDOO�VXEVHW�RI�JHQHV�WKDW�DUH�FDQGLGDWHV�IRU�DGDSWLYH�GLYHUJHQFH�PD\�EH�LGHQWLILHG�RQ�WKH�
EDVLV�RI�D�KLJK�UDWLR�RI�LQWHU�VSHFLILF�WR�LQWUD�VSHFLILF�GLYHUJHQFH��
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����,1752'8&7,21�
�
2QH� RI� WKH� PRVW� LQWHUHVWLQJ� DSSOLFDWLRQV� RI� JHQH� H[SUHVVLRQ� SURILOLQJ� LQ� HYROXWLRQDU\�
JHQHWLFV� LV� WKH� FRPSDULVRQ� RI� WUDQVFULSW� DEXQGDQFH� EHWZHHQ� FORVHO\� UHODWHG� VSHFLHV���
*LYHQ� WKDW�VWXGLHV�RI� \HDVW�� IOLHV�DQG�NLOOLILVK�KDYH�HDFK�VXJJHVWHG� WKDW�EHWZHHQ����DQG�
���� RI� WKH� WUDQVFULSWRPH� GLIIHUV� VLJQLILFDQWO\� LQ� H[SUHVVLRQ� OHYHO� EHWZHHQ� DQ\� WZR�
LQGLYLGXDOV� RI� WKH� VDPH� VSHFLHV� �&+(81*� DQG� 63,(/0$1�� ������ -,1� HW� DO�� ������
2/(.6,$.� HW� DO�� ������ &$9$/,(5,� HW� DO�� ������� WKHUH� LV� DQ� H[SHFWDWLRQ� WKDW� D� VLPLODU�
IUDFWLRQ� RI� WKH� WUDQVFULSWRPH� PD\� GLIIHU� EHWZHHQ� VLEOLQJ� VSHFLHV�� � 6RPH� RI� WKHVH�
GLIIHUHQFHV� ZLOO� EH� DVVRFLDWHG� ZLWK� PRUSKRORJLFDO�� SK\VLRORJLFDO�� DQG� EHKDYLRUDO�
GLYHUVLILFDWLRQ��DQG�LI�FDXVDOO\�UHODWHG�WR�WKH�GLYHUJHQFH��PD\�DOVR�SURYLGH�VLJQDWXUHV�RI�
QDWXUDO�VHOHFWLRQ���4XDQWLILFDWLRQ�RI�WUDQVFULSW�DEXQGDQFH�ZLWKLQ�DQG�EHWZHHQ�VSHFLHV�WKXV�
KDV�PXFK�WR�FRQWULEXWH�WR�RXU�XQGHUVWDQGLQJ�RI�WKH�HYROXWLRQDU\�IRUFHV�DFWLQJ�DW�WKH�OHYHO�
RI�JHQH�H[SUHVVLRQ��
�

7KH� ILUVW� HIIRUW� WR� DGGUHVV� WKHVH� TXHVWLRQV� LQ� UHODWLRQ� WR� KXPDQ� HYROXWLRQ� ZDV�
UHFHQWO\� SXEOLVKHG� E\� 3llER� DQG� FRZRUNHUV� �(1$5'� HW� DO�� ������� � 7KH� FHQWHUSLHFH� RI�
WKHLU� VWXG\�ZDV�D�FRPSDULVRQ�RI��������JHQH�H[SUHVVLRQ�SURILOHV�RI� OHIW� SUHIURQWDO� OREH�
EUDLQ� VDPSOHV� �%URGPDQQ� $UHD� ��� IURP� WKUHH� KXPDQV�� WKUHH� FKLPSDQ]HHV�� DQG� DQ�
RUDQJXWDQ�� HDFK� RI� ZKLFK� KDG� GLHG� RI� QDWXUDO� FDXVHV�� XVLQJ� $II\PHWUL[� 8��$�
ROLJRQXFOHRWLGH�JHQH�FKLSV���7KH\�DOVR�H[DPLQHG�OLYHU�VDPSOHV�IURP�WKH�VDPH�VSHFLPHQV��
DQG� FRQGXFWHG� D�SDUDOOHO� VHULHV�RI� H[SHULPHQWV�ZLWK�0XV�PXVFXOXV��0�� VSUHWXV�� DQG�0��
FDUROL�� WKUHH� PRXVH� VSHFLHV� WKDW� VKRZ� VLPLODU� OHYHOV� RI� JHQHWLF� GLYHUJHQFH�� � $IWHU�
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FRPSXWLQJ�D�SDLUZLVH�GLVWDQFH�PDWUL[�EDVHG�RQ�WKH�DYHUDJH�OHYHO�RI�H[SUHVVLRQ�IRU�HDFK�
JHQH� RQ� WKHLU� DUUD\V�� WKH\� GUHZ� QHLJKERU�MRLQLQJ� WUHHV� WKDW� VXPPDUL]H� WKH� RYHUDOO�
GLYHUJHQFH�LQ�WUDQVFULSW�DEXQGDQFH�IRU�HDFK�WLVVXH�EHWZHHQ�WKH�WULSOHWV�RI�VSHFLHV���7KHLU�
PDMRU�ILQGLQJ�ZDV�WKDW�WKH�EUDQFK�MRLQLQJ�WKH�WKUHH�KXPDQ�VDPSOHV�WR�WKH�FHQWUDO�QRGH�RQ�
WKHLU�EUDLQ�H[SUHVVLRQ�WUHH�ZDV�DOPRVW�WZLFH�DV�ORQJ�LQ�UHODWLYH�WHUPV�DV�WKH�VDPH�EUDQFK�
RQ� WKH� OLYHU� WUHH�RU� LQ�HLWKHU�RI� WKH�PXULQH� WUHHV�� �7KH�VDPH�UHVXOW�ZDV�REWDLQHG�ZLWK�D�
VPDOOHU� H[SHULPHQW� XVLQJ� F'1$�PLFURDUUD\V�� � +HQFH� WKH� DXWKRUV� FRQFOXGHG� WKDW� JHQH�
H[SUHVVLRQ�KDG�GLYHUJHG�PRVW�UDSLGO\�LQ�WKH�KXPDQ�EUDLQ��
�

$OWKRXJK�LW�LV�HDV\�WR�FULWLFL]H�WKLV�VWXG\�RYHU�FRQFHUQV�VXFK�DV�WKH�VPDOO�VDPSOH�
VL]H�� WKH�VXLWDELOLW\�RI�VHQHVFHQW� LQGLYLGXDOV��DQG�WKH�YDOLGLW\�RI�H[WUDSRODWLQJ�WR�JHQHUDO�
FRQFOXVLRQV�RQ�WKH�EDVLV�RI�D�VPDOO�VHFWLRQ�RI�WKH�EUDLQ��LW�LV�DOVR�WKH�FDVH�WKDW�WKH�DOUHDG\�
ULFK� GDWDVHW� ZLOO� VXSSRUW� IXUWKHU� TXDQWLWDWLYH� DQDO\VHV� WKDW� PD\� EH� RI� LQWHUHVW�� � ,Q� WKH�
UHDQDO\VLV�RI� WKH�GDWD�UHSRUWHG�KHUH��ZH�VRXJKW� WR�DGGUHVV�WKH�IROORZLQJ�TXHVWLRQV��KRZ�
PDQ\�RI� WKH� JHQHV� RQ� WKH� DUUD\� DUH� DFWXDOO\� VLJQLILFDQWO\�PRUH� GLYHUJHQW� EHWZHHQ� WKDQ�
ZLWKLQ� VSHFLHV��ZKDW� LV� WKH�PHDQ�PDJQLWXGH�RI� H[SUHVVLRQ�GLYHUJHQFH�EHWZHHQ� VSHFLHV��
ZK\�GLG�RQH�RI� WKH�KXPDQ�VDPSOHV�KDYH�DQ�DYHUDJH�GLIIHUHQFH� IURP� WKH�RWKHU� WZR� WKDW�
ZDV�DV�JUHDW�DV�WKHLU�RYHUDOO�GLYHUJHQFH�IURP�WKH�FKLPSV��ZKDW�LV�WKH�QDWXUH�RI�WKH�JHQHV�
WKDW�KDYH�GLYHUJHG�LQ�H[SUHVVLRQ��DQG�GR�WKH�VDPH�JHQHV�GLYHUJH�EHWZHHQ�DOO�WKUHH�VSHFLHV"��
2XU�PDMRU� ILQGLQJ� LV� WKDW� JHQH� H[SUHVVLRQ� DFWXDOO\� GLYHUJHV�PRUH� EHWZHHQ� KXPDQ� DQG�
FKLPS�OLYHU�VDPSOHV�WKDQ�EUDLQ��
�
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,Q� WKH� FRXUVH� RI� RXU� DQDO\VHV�� ZH� DOVR� QRWLFHG� ELDVHV� LQ� WKH� GLUHFWLRQDOLW\� DQG�
VLJQLILFDQFH� RI� FKDQJHV� LQ� H[SUHVVLRQ� WKDW� OHG� XV� WR� TXHVWLRQ� ZKHWKHU� WKH� $II\PHWUL[�
WHFKQRORJ\� LV� UHDOO\� VXLWDEOH� IRU� LQWHUVSHFLILF� FRPSDULVRQV�� � :H� LPSOHPHQWHG� PL[HG�
PRGHO�DQDO\VLV�RI�YDULDQFH� LQ�6$6��:2/),1*(5�HW�DO��������&+8� HW�DO�������� WR� WHDVH�
DSDUW� WKH� FRQWULEXWLRQV� WR� WUDQVFULSW� DEXQGDQFH� RI� YDULDQFH� DPRQJ� LQGLYLGXDOV� DQG�
EHWZHHQ� VSHFLHV�� � )OXRUHVFHQFH� LQWHQVLW\� IURP� HDFK� LQGLYLGXDO� SHUIHFW� PDWFK�
ROLJRQXFOHRWLGH� SUREH�ZDV� WDNHQ� DV� WKH�PHDVXUH� RI� H[SUHVVLRQ�� UDWKHU� WKDQ� WKH� DYHUDJH�
GLIIHUHQFH�EHWZHHQ�SHUIHFW�DQG�PLVPDWFK�SUREHV���$�GHWDLOHG�DQDO\VLV�RI�D�VXEVHW�RI�WKH�
JHQHV� WKDW� VKRZHG� VWURQJ� VSHFLHV�E\�SUREH� LQWHUDFWLRQ� HIIHFWV� KLJKOLJKWV� VRPH� RI� WKH�
GLIILFXOWLHV�DVVRFLDWHG�ZLWK� WKH�XVH�RI�ROLJRQXFOHRWLGH�DUUD\V� WR�FRPSDUH�JHQRW\SHV� WKDW�
GLYHUJH�DW�WKH�QXFOHRWLGH�OHYHO���&RQVHTXHQWO\��RXU�UHVXOWV�DOVR�KDYH�LPSOLFDWLRQV�IRU�WKH�
LQWHUSUHWDWLRQ�RI�$II\PHWUL[�GDWD�IRU�DQ\�FRPSDULVRQV�RI�JHQHWLFDOO\�SRO\PRUSKLF�VWUDLQV��
�

����0$7(5,$/6�$1'�0(7+2'6�
�
0L[HG�0RGHO�$QDO\VLV�RI�9DULDQFH��9DULDWLRQ�LQ�JHQH�H[SUHVVLRQ�ZDV�DVVHVVHG�XVLQJ�D�
WZR�VWHS� VWUDWHJ\� HVVHQWLDOO\� DV� RXWOLQHG� LQ� &+8� HW� DO� �������� � ,Q� WKH� ILUVW� VWHS�� HDFK�
LQGLYLGXDO�SUREH�PHDVXUHPHQW�ZDV�FHQWHUHG�UHODWLYH�WR�WKH�DUUD\�PHDQ�E\�VXEWUDFWLQJ�WKH�
ORJ�� WUDQVIRUPHG�YDOXH�RI� WKH� LQWHQVLW\� IURP� WKH�PHDQ� ORJ�� YDOXH� IRU� WKH�SUREHV�RQ� WKH�
DUUD\��:H� VLPSO\� XVHG� WKH� 3HUIHFW� 0DWFK� �30�� LQWHQVLWLHV�� DQG� LJQRUHG� WKH�0LVPDWFK�
�00��YDOXHV�DV�ZH�ILQG�WKDW�WKHVH�VWDWLVWLFDOO\�JHQHUDOO\�MXVW�DGG�QRLVH���'DWD�TXDOLW\�ZDV�
WKHQ� FKHFNHG� E\� SORWWLQJ� SDLUZLVH� VFDWWHU� SORWV� RI� WKH� QRUPDOL]HG� SUREH� LQWHQVLWLHV� IRU�
HDFK�SRVVLEOH�FRPSDULVRQ�RI�VLPLODU�WUHDWPHQWV��6HH�6XSSOHPHQWDU\�)LJXUH�����IRU�WKH�VL[�
KXPDQ� EUDLQ� VDPSOHV�� $OO� FRQWUDVWV� VKRZ� JRRG� OLQHDU� FRUUHODWLRQV� DV� H[SHFWHG�� 9DOXHV�
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UDQJH� IURP� ��� WR� ����ZLWK� WKH� XSSHU� OLPLW� LQGLFDWLQJ� VDWXUDWHG� VLJQDO� LQWHQVLW\��$OPRVW�
�����RI� WKH�SUREHV�ZHUH� DW� WKLV� OHYHO�� XQGRXEWHGO\� UHGXFLQJ� WKH�SRZHU�RI� FRPSDULVRQV�
LQYROYLQJ�KLJKO\�H[SUHVVHG�JHQHV��$V�JHQHUDOO\�REVHUYHG��WUDQVFULSW�DEXQGDQFH�LV�VNHZHG�
WRZDUG� D� ODUJH� QXPEHU� RI� JHQHV� VKRZLQJ� UHODWLYHO\� ORZ� DEXQGDQFH�� KHQFH� WKH� VNHZHG�
GLVWULEXWLRQ� RI� LQWHQVLW\� YDOXHV� DERXW� WKH� PHDQ�� $OO� SDLUZLVH� FRPSDULVRQV� FRQWUDVWLQJ�
LQGLYLGXDO�QXPEHU���ZLWK�LQGLYLGXDOV�QXPEHU���RU���KDYH�EURDGHU�VFDWWHU�SORWV��UHIOHFWLQJ�
WKH� UHSRUWHG�REVHUYDWLRQ� WKDW� WKLV� LQGLYLGXDO�KDV�PRUH�GLYHUJHQW�H[SUHVVLRQ� LQ� WKH�EUDLQ�
WKDQ� WKH�RWKHU� WZR� LQGLYLGXDOV��6LPLODU�VDWXUDWLRQ�YDOXHV�ZHUH�VHHQ�IRU� WKH�RWKHU� WLVVXHV�
DQG�VSHFLHV��

7KH� VHFRQG�PRGHOLQJ� VWHS� ZDV� WR� ILW� JHQH�VSHFLILF�PL[HG�PRGHOV� XVLQJ� 352&�
0,;('�LQ�6$6�DV�IROORZV��� �

LMNOLMOLNMNLMNMLLMNO 563736737630 H������� ��� ��ORJ ��

LMNO30 �GHQRWHV� WKH� SHUIHFW� PDWFK� H[SUHVVLRQ� PHDVXUHPHQW� RI� WKH� NWK� SUREH� RI� WKH� OWK�

LQGLYLGXDO�IRU�LWK�VSHFLHV��KXPDQ��FKLPS��RU�RUDQJXWDQ��LQ�WKH�MWK�WLVVXH��EUDLQ�RU�OLYHU���
7KH�V\PEROV�6��7��3�UHSUHVHQW�WKH�IL[HG�HIIHFWV�RI�VSHFLHV��WLVVXHV��DQG�SUREHV�UHVSHFWLYHO\���
,QGLYLGXDO� HIIHFWV�ZLWKLQ� VSHFLHV�ZHUH� VSHFLILHG� DV� UDQGRP� HIIHFWV�� DQG� DVVXPHG� WR� EH�
LQGHSHQGHQW�DQG�LGHQWLFDOO\�GLVWULEXWHG�DFFRUGLQJ�WR�D�QRUPDO�GLVWULEXWLRQ�ZLWK�PHDQ�]HUR�
DQG� YDULDQFH� �

UV �� � 7KH VLMNO 
H ZHUH� DOVR� VSHFLILHG� DV� LQGHSHQGHQW� DQG� LGHQWLFDO� QRUPDO�

GLVWULEXWLRQV�ZLWK�PHDQ� ]HUR� DQG� YDULDQFH� �V �WKDW� DUH� LQGHSHQGHQW� RI� WKH� V5 LMO 
�� �� � )RU�

WKH� FRPSDULVRQ� LQ� )LJXUH� ����� YDULDQFH� FRPSRQHQWV� RI� VSHFLHV� HIIHFWV� ZHUH� ]HUR� IRU� D�
ODUJH�IUDFWLRQ�RI�JHQHV��VR�ZH�LQVWHDG�SUHVHQW�UHVXOWV�RI�D�VLPSOLILHG�JHQHUDO�OLQHDU�PRGHO�
UXQ�ZLWK�352&�*/0�LQ�6$6�RQ�WKH�UHGXFHG�GDWD�FRQVLVWLQJ�RI�KXPDQ�DQG�FKLPS�EUDLQ�
DUUD\V�RQO\��
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&RUUHODWLRQ� FRHIILFLHQWV� IRU� ILOWHULQJ� SUREHV��&RUUHODWLRQ� FRHIILFLHQWV�ZHUH� FDOFXODWHG�
EHWZHHQ� ORJ�� WUDQVIRUPHG� KXPDQ� EUDLQ� 30� LQWHQVLW\� YDOXHV� � LMND �� DQG� FRUUHVSRQGLQJ�

FKLPS�EUDLQ�YDOXHV�� LMNE ��IURP�WKH�LWK�LQGLYLGXDO��MWK�VDPSOH�DQG�NWK�SUREH�DVVRFLDWHG�ZLWK�

D� SDUWLFXODU� JHQH�� 7KH� H[SUHVVLRQ� SURILOH� IRU� HDFK� VSHFLHV� ZDV� ILUVW� FDOFXODWHG� DV� WKH�

DYHUDJH� SUREH� PHDVXUH� DPRQJ� VDPSOHV�� �
����
�� ���� -,EE-,DD
M L

LMNN
M L

LMNN ¦¦¦¦   ��

6XEVHTXHQWO\�� WKH� FRUUHODWLRQ� FRHIILFLHQW� EHWZHHQ� WKH� H[SUHVVLRQ� SURILOHV� RI� WKRVH� WZR�

VSHFLHV�ZDV�FRPSXWHG�DV� ��������� �
���
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ZKHUH� ���D �LV�WKH�DYHUDJH�RI� ND�� �DQG� ���E LV�WKH�DYHUDJH�RI� NE�� ��

2XWOLHU�SUREHV�ZHUH�WKHQ�GHOHWHG�V\VWHPDWLFDOO\�XQWLO�WKH�FRUUHODWLRQ�H[FHHGHG��������)RU�
H[DPSOH��UHPRYDO�RI�WKH�VLQJOH�LQFRQVLVWHQW�SUREHV�LQ�)LJXUH����&�DQG����'�UHVXOWV�LQ�D�
ODUJH� LQFUHDVH� LQ� WKH�RYHUDOO� FRUUHODWLRQ�EHWZHHQ�KXPDQ�DQG�SULPDWH�GDWD�� �7KH�VSHFLHV�
HIIHFW�IRU�WKH�UHPDLQLQJ�SUREHV�LV�FRQVLVWHQW��DQG�OLNHO\�UHSUHVHQWV�D�EHWWHU�PHDVXUH�RI�WKH�
WUXH�GLIIHUHQFH�LQ�JHQH�H[SUHVVLRQ���
�
1HLJKERU�MRLQLQJ� WUHHV�� (XFOLGHDQ� GLVWDQFH� PDWULFHV� ZHUH� FRPSXWHG� IRU� HDFK� SDLU� RI�
DUUD\V� RQ� WKH� OHDVW� VTXDUHV� PHDQ� JHQH� H[SUHVVLRQ� PHDVXUHV� IURP� WKH� PL[HG� PRGHO�
DQDO\VLV�� DQG� UHVFDOHG� WR� ILW� WKH� IRUPDW� UHTXLUHG� E\� WKH� SDFNDJH� 3+</,3� �)HOVHQVWHLQ��
������� �1HLJKERU�MRLQLQJ� WUHHV�ZHUH� JHQHUDWHG� E\� WKH�1(,*+%25�RSWLRQ�ZLWK� GHIDXOW�
VHWWLQJV�� �7KLV� DQDO\VLV� LV� VLPLODU� WR� WKDW� RI�(1$5'� HW� DO� �������� H[FHSW� WKDW� WKH\� XVHG�
DYHUDJH�GLVWDQFH�PHDVXUHV�FRPSXWHG�E\�$II\PHWUL[�VRIWZDUH��
�
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&UXGH�HVWLPDWLRQ�RI�WKH�IUDFWLRQ�RI�JHQHV�GLYHUJLQJ�XQGHU�SRVLWLYH�VHOHFWLRQ��
)ROORZLQJ� 5,).,1� HW� DO� ������� DQG� /<1&+� DQG� +,//� �������� XQGHU� PXWDWLRQ�GULIW�
HTXLOLEULXP�� WKH� H[SHFWHG� VTXDUHG� GLIIHUHQFH� EHWZHHQ� VSHFLHV� IRU� HDFK� JHQH� H[SUHVVLRQ�
OHYHO� LV� P

�W�� ZKHUH� P
�� LV� WKH�PXWDWLRQDO� YDULDQFH� DQG� W� WKH� WLPH� LQ� JHQHUDWLRQV� VLQFH�

VHSDUDWLRQ�� DQG� WKH� H[SHFWHG� OHYHO� RI� LQWUDVSHFLILF� YDULDQFH��ZKLFK� LV� DVVXPHG� WR� KDYH�
UHPDLQHG�FRQVWDQW�LQ�ERWK�OLQHDJHV�VLQFH�GLYHUJHQFH��LV��1H P

���ZKHUH�1H�LV�WKH�HIIHFWLYH�
SRSXODWLRQ�VL]H�� �7KHQ� WKH� UDWLR�RI�PHDQ�VTXDUH� HVWLPDWHV�RI� WKH� VSHFLHV� DQG� LQGLYLGXDO�
ZLWKLQ� VSHFLHV� HIIHFWV� )KXPDQ�FKLPS� a� >06VSHFLHV�06,QG�6SHFLHV�@�>� �1H P

��� P
�W@�� � 7KH�

PXWDWLRQDO� YDULDQFHV� FDQFHO� RXW�� VR� WKDW� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� REVHUYHG� DQG�
H[SHFWHG� UDWLR� RI� GLYHUJHQFH� WR� SRO\PRUSKLF� YDULDQFH� LV� VFDOHG� E\� WKH� UDWLR� �1H�� W���
$VVXPLQJ� DQ�1H� RI� ������� LQGLYLGXDOV� DQG� RQH� JHQHUDWLRQ� HYHU\� ��� \HDUV� LQ� WKH� ����
PLOOLRQ�\HDUV�VLQFH�GLYHUJHQFH�EHWZHHQ�KXPDQ�DQG�FKLPS��WKH�H[SHFWHG�GLVWULEXWLRQ�RI�)�
UDWLRV� LV� H[SHFWHG� WR� EH� ������ WLPHV� WKH� VWDQGDUG�)����GLVWULEXWLRQ� �ZLWK� RQH� GHJUHH� RI�
IUHHGRP�IRU�WKH�VSHFLHV�FRPSDULVRQ��DQG�WZR�GHJUHHV�RI�IUHHGRP�IRU�WKH�WKUHH�LQGLYLGXDOV�
ZLWKLQ�HDFK�VSHFLHV����7KH�RXWHU������WDLO�IRU�WKLV�FRPSDULVRQ�PXVW�H[FHHG�DQ�)�YDOXH�RI�
���� KHQFH� XQGHU� WKHVH� FRQVHUYDWLYH� FRQGLWLRQV� RQO\� UDWLRV� JUHDWHU� WKDQ� ���î����� a� �����
SURYLGH� FOHDU� HYLGHQFH� IRU� D� UDWH� RI� H[SUHVVLRQ� GLYHUJHQFH� JUHDWHU� WKDQ� WKDW� H[SHFWHG�
XQGHU�WKLV�VLPSOH�QHXWUDO�PRGHO���2QO\����JHQHV�VDWLVI\�WKLV�FULWHULD��EXW�UHOD[DWLRQ�RI�WKH�
SRSXODWLRQ�VL]H�WR���������LQGLYLGXDOV�DQG�QXPEHU�RI�JHQHUDWLRQV�WR���������UHGXFHV�WKH�
H[SHFWHG�UDWH�RI�QHXWUDO�GLYHUJHQFH��DQG�DOPRVW�����RI�WKH��������JHQHV������ZRXOG�IDOO�
LQWR�WKH�XQH[SHFWHGO\�UDSLGO\�GLYHUJHQW�FODVV���7KLV�DQDO\VLV�VHUYHV�SULPDULO\�WR�KLJKOLJKW�
WKH� FRQFOXVLRQ� WKDW� HYHQ� KLJK� UDWLRV� RI� EHWZHHQ� VSHFLHV� WR� DPRQJ� LQGLYLGXDO� YDULDQFH�
QHHG�QRW�LPSO\�WKH�DFWLRQ�RI�SRVLWLYH��GLYHUVLI\LQJ��VHOHFWLRQ��
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�
0L[HG�PRGHO�DQDO\VLV�RI�WKH�$II\PHWUL[�GDWD�
�
7KH�SULPDWH�GDWDVHW�UHSRUWHG�E\�(1$5'�HW�DO��������FRQVLVWV�RI����JHQH�FKLSV��LQFOXGLQJ�
��� IRU� HDFK� WLVVXH� �EUDLQ�RU� OLYHU��� DQG� WZR� UHSOLFDWHV�RI� HDFK�RI� WKH� VHYHQ� LQGLYLGXDOV���
(DFK� RI� WKH� DSSUR[LPDWHO\� ������� JHQHV� ZDV� UHSUHVHQWHG� E\� XS� WR� ��� XQLTXH� SUREHV��
DOWKRXJK� WKHVH�RIWHQ�RYHUODS� DV�GHVFULEHG�EHORZ�� �7KLV�GDWD�ZDV� DQDO\]HG�XVLQJ�PL[HG�
PRGHO�DQDO\VLV�RI�YDULDQFH��:2/),1*(5�HW�DO��������&+8�HW�DO��������DV�GHVFULEHG�LQ�WKH�
0DWHULDOV�DQG�0HWKRGV�DQG�EULHIO\�KHUH���7KH�GDWD�ZDV�ILUVW�FHQWUDOL]HG�VLPSO\�E\�WDNLQJ�
WKH� ORJDULWKP� RI� HDFK� SUREH� IOXRUHVFHQFH� LQWHQVLW\� RQ� WKH� EDVH� �� VFDOH�� DQG� WKHQ�
VXEWUDFWLQJ� WKH� PHDQ� YDOXH� IRU� WKH� SDUWLFXODU� JHQH� FKLS�� � 7KH� UHODWLYH� IOXRUHVFHQFH�
LQWHQVLW\��ORJ��30LMNO���WKXV�UHSUHVHQWV�D�PHDVXUH�RI�WUDQVFULSW�DEXQGDQFH�REVHUYHG�IRU�WKH�
NWK�3HUIHFW�0DWFK� SUREH� IRU� WKH� OWK� LQGLYLGXDO�ZLWKLQ� WKH� LWK� VSHFLHV� �KXPDQ�� FKLPS�RU�
RUDQJXWDQ��VDPSOHG�IRU�WKH�MWK�WLVVXH��EUDLQ�RU�OLYHU���$�YDOXH�RI���FRUUHVSRQGV�WR�D�JHQH�
H[SUHVVHG�DW�WKH�VDPSOH�PHDQ�����RU���D�JHQH�WKDW�LV�RQH�KDOI�RU�WZR�IROG�JUHDWHU�WKDQ�WKH�
VDPSOH�PHDQ�����RU���D�JHQH�WKDW�LV�RQH�TXDUWHU�RU�IRXU�IROG�JUHDWHU��DQG�VR�RQ���,I�D�JHQH�
KDV�D�PHDQ�YDOXH�RQ�WKLV�QRUPDOL]HG�VFDOH�RI���LQ�RQH�VSHFLHV�DQG�±��LQ�DQRWKHU��ZH�FDQ�
FRQFOXGH� WKDW� WKHUH� LV� DQ� HLJKW�IROG� GLIIHUHQFH� LQ� JHQH� H[SUHVVLRQ� EHWZHHQ� WKH� VSHFLHV���
2WKHU�PHWKRGV�RI�QRUPDOL]DWLRQ�KDYH�EHHQ�SURSRVHG��48$&.(1%86+��������.(55�HW�DO��
������� EXW� ZH� MXVW� FRQVLGHU� WKLV� ORJ�OLQHDU� QRUPDOL]DWLRQ� VWUDWHJ\� KHUH�� �:H� QH[W� ILW� D�
PL[HG�PRGHO�ZLWK� IL[HG�PDLQ� HIIHFWV� RI�6SHFLHV� �KXPDQ�� FKLPS�� RU� RUDQJXWDQ���7LVVXH�
�EUDLQ�RU�OLYHU��DQG�3UREH��DQG�,QGLYLGXDO�ZLWKLQ�VSHFLHV�DV�D�UDQGRP�HIIHFW��([SUHVVLRQ�
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GLIIHUHQFHV�DQG�VLJQLILFDQFH�ZHUH�HVWLPDWHG�IRU�HDFK�HIIHFW��DV�ZHOO�IRU�HDFK�VSHFLHV�DQG�
WLVVXH�FRPSDULVRQ��

� 6HYHUDO�FKHFNV�RI�GDWD�TXDOLW\�ZHUH�SHUIRUPHG��)LJXUH�����VKRZV�D� �VXEPDULQH��
VFDWWHU�SORW�RI� VWDQGDUGL]HG� UHVLGXDOV� �WKH�HVWLPDWHG� UHVLGXDOV�HLMNO�GLYLGHG�E\� WKH� VTXDUH�
URRW� RI� WKH� YDULDQFH� RI� WKHVH� UHVLGXDOV� IRU� HDFK� JHQH� PRGHO�� DJDLQVW� SUHGLFWHG� YDOXH��
:KLOH�WKHUH�DSSHDU�WR�EH�D�ODUJH�QXPEHU�RI�RXWOLHUV��DFWXDOO\�MXVW������RI�WKH�SUREHV�KDYH�
VWDQGDUGL]HG�UHVLGXDOV�JUHDWHU�WKDQ����0DQ\�RI�WKHVH�FDQ�EH�DWWULEXWHG�WR�GDWD�VDWXUDWLRQ��
7HVWLQJ� IRU� WKH� QRUPDOLW\� RI� WKH� GLVWULEXWLRQ� RI� UHVLGXDOV� IRU� HDFK� JHQH� VSHFLILF�PRGHO�
LQGLFDWHG� WKDW� DV� PDQ\� DV� ���� RI� WKH� JHQHV� GLG� QRW� UHDFK� WKH� FRQVHUYDWLYH� �����
VLJQLILFDQFH�OHYHO��$V�GLVFXVVHG�EHORZ��ELDVHV�LQ�WKH�GDWD�GXH�WR�SUREH�HIIHFWV�PD\�KDYH�D�
SDUWLFXODUO\�ODUJH�LPSDFW�RQ�LQWHUSUHWDWLRQ�RI�FRQWUDVWV�DPRQJ�VSHFLHV��

/HYHOV�RI�GLYHUJHQFH�ZLWKLQ�DQG�EHWZHHQ�VSHFLHV�

� 'LUHFW� YLVXDOL]DWLRQ� RI� WKH� VLJQLILFDQFH� DQG�PDJQLWXGH� RI� HIIHFWV� LQ� WKH� SULPDWH�
FRPSDULVRQV�DUH�SURYLGHG�E\�YROFDQR�SORWV� IRU�HDFK�SDLUZLVH� VSHFLHV�FRQWUDVW� DQG�HDFK�
WLVVXH�LQ�)LJXUH������1RWH�WKDW� WKH�PDLQ�HIIHFW�HVWLPDWHV�DUH�DYHUDJHG�RYHU�DQG�DGMXVWHG�
IRU�DOO�RI�WKH�GLIIHUHQW�ROLJRQXFOHRWLGH�SUREHV�IRU�HDFK�JHQH��DQG�VLJQLILFDQFH�LV�DVVHVVHG�
LQ� WKH�PL[HG�PRGHO� WDNLQJ� LQWR�DFFRXQW� DPRQJ�SUREH�YDULDQFH�� �9ROFDQR�SORWV�FRQWUDVW�
VLJQLILFDQFH�RQ�WKH��ORJ���S��VFDOH�DJDLQVW�H[SUHVVLRQ�GLIIHUHQFH�RQ�WKH�ORJ��VFDOH��*HQHV�
WRZDUG� WKH� OHIW� DQG� ULJKW� RQ� HDFK� SORW� VKRZ� D� ODUJH� H[SUHVVLRQ� GLIIHUHQFH�� DQG� WKRVH�
WRZDUG� WKH� WRS�KDYH�KLJK�VLJQLILFDQFH��ZLWK�YDOXHV�RI������� HWF� UHSUHVHQWLQJ�S�YDOXHV�RI��
������������HWF����
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)LJXUH������ 6XEPDULQH�SORW�RI�VWDQGDUGL]HG�UHVLGXDOV�DJDLQVW�SUHGLFWHG�YDOXHV�IRU� ORJ�
EDVH��� WUDQVIRUPHG�VLJQDO� LQWHQVLW\�PHDVXUHPHQWV�RI�HDFK� LQGLYLGXDO�ROLJRQXFOHRWLGH� LQ�
WKH�SULPDWH�GDWDVHW�� �7KH�VKDSH�RI�WKH�SORW�LV�IDLUO\�W\SLFDO�IRU�JHQH�H[SUHVVLRQ�GDWD��EXW�
DV\PPHWU\�DERYH�DQG�EHORZ�WKH�KRUL]RQWDO�WHVWLILHV�WR�VHYHUDO�SHUFHQW�RI�SUREHV�VKRZLQJ�
VDWXUDWLRQ�RU�IDLOXUH�RI�K\EULGL]DWLRQ��
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)LJXUH������ 9ROFDQR�SORWV�RI� VLJQLILFDQFH� DJDLQVW� IROG� FKDQJH� LQ� H[SUHVVLRQ� IRU� HDFK�
SULPDWH� VSHFLHV� FRPSDULVRQ� LQ� EUDLQ� �OHIW� KDQG� VLGH�� DQG� OLYHU� �ULJKW� KDQG� VLGH��� �(DFK�
SRLQW� UHSUHVHQWV� D� VLQJOH� JHQH� DQDO\]HG� E\�PL[HG�PRGHO�$129$�� �+LJKO\� VLJQLILFDQW�
YDOXHV�WRZDUG�WKH�WRS��VPDOO�H[SUHVVLRQ�GLIIHUHQFH�DW�WKH�FHQWHU�RI�HDFK�SORW���([SUHVVLRQ�
GLIIHUHQFH� SORWWHG� DV� GLIIHUHQFH� LQ� WKH� OHDVW� VTXDUHV� PHDQ� RI� ORJ� EDVH� �� QRUPDOL]HG�
H[SUHVVLRQ� YDOXHV� IRU� &KLPS�PLQXV�+XPDQ� �&�+���2UDQJXWDQ�PLQXV�+XPDQ� �2�+�� RU�
2UDQJXWDQ�PLQXV�&KLPS��2�&��� �7KH�UHG�SRLQWV�DUH�WKH�JHQHV�ZLWK�WKH�PRVW�VLJQLILFDQW�
�WRS�����VSHFLHV
SUREH�LQWHUDFWLRQ�HIIHFWV��WKHVH�DUH�FOHDUO\�DV\PPHWULFDOO\�GLVWULEXWHG�LQ�
IDYRU�RI�KLJKHU�DSSDUHQW�H[SUHVVLRQ�LQ�WKH�VSHFLHV�H[SHFWHG�WR�VKRZ�WKH�FORVHVW�VHTXHQFH�
KRPRORJ\�WR�WKH�KXPDQ�SUREHV��
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� 7ZR�IHDWXUHV�RI�WKHVH�SORWV�VWDQG�RXW���)LUVW��WKH�QXPEHU�RI�JHQHV�WRZDUG�WKH�WRS�
RI� HDFK� SORW� LV� JUHDWHU� IRU� WKH� OLYHU� WKDQ� WKH� EUDLQ� FRQWUDVWV�� � )RU� H[DPSOH�� FRPSDULQJ�
KXPDQ� DQG� FKLPS� DW� WKH� ��� VLJQLILFDQFH� OHYHO�� ���� RI� WKH� JHQHV� VKRZ� HYLGHQFH� IRU�
GLIIHUHQWLDO�WUDQVFULSW�DEXQGDQFH�LQ�WKH�EUDLQ��DQG�XS�WR�����LQ�WKH�OLYHU��ZLWK�D�PHDQ�RI�
MXVW�D�����IROG�FKDQJH�LQ�HLWKHU�GLUHFWLRQ��7KH�QXPEHUV�LQFUHDVH�VOLJKWO\�IRU�WKH�FRQWUDVWV�
LQYROYLQJ�WKH�RWKHU�VSHFLHV���:H�FRQILUPHG�WKLV�REVHUYDWLRQ�RQ�WKH�KXPDQ�FKLPS�FRQWUDVW�
XVLQJ� WKH� DQDO\WLFDO� DSSURDFK� LPSOHPHQWHG� LQ� G&KLS� VRIWZDUH� �/,� DQG� :21*�� �������
ZKLFK�JDYH�VLPLODU� UHVXOWV� �GDWD�QRW�VKRZQ��� �6HFRQG��ZKHUHDV� WKH� OLYHU�SORWV�DUH� IDLUO\�
V\PPHWULFDO��WKH�EUDLQ�SORWV�DUH�KLJKO\�DV\PPHWULFDO��LQ�HDFK�FDVH��WKRVH�JHQHV�RQ�WKH�OHIW�
KDQG� VLGH� RI� HDFK� SORW� DUH� PRUH� GLVSHUVHG� DFURVV� WKH� UDQJH� RI� H[SUHVVLRQ� GLIIHUHQFHV���
6LQFH�WKH�SORWV�ZHUH�GUDZQ�ZLWK�H[SUHVVLRQ�GLIIHUHQFH�H[SUHVVHG�DV�FKLPS�PLQXV�KXPDQ��
RUDQJXWDQ�PLQXV�KXPDQ��DQG�RUDQJXWDQ�PLQXV�FKLPS��WKLV�PHDQV�WKDW�WKHUH�DUH�DSSDUHQWO\�
PDQ\�PRUH�JHQHV�XSUHJXODWHG�LQ�WKH�UDQJH�RI���WR���IROG�LQ�WKH�KXPDQ�EUDLQ�UHODWLYH�WR�WKH�
RWKHU� VSHFLHV� WKDQ� DUH� GRZQUHJXODWHG�� � 6LPLODUO\� WKH� FKLPS� VKRZV� DQ� DSSDUHQW� ELDV�
WRZDUG�XSUHJXODWLRQ�UHODWLYH�WR�WKH�RUDQJXWDQ��

� $VVHVVPHQW� RI� WKH� VLJQLILFDQFH� RI� H[SUHVVLRQ� GLIIHUHQFHV� LV� FRPSOLFDWHG� E\� WKH�
ODUJH�QXPEHU�RI�FRQWUDVWV�WKDW�DUH�SHUIRUPHG�DV�ZHOO�DV�WKH�YDULDEOH�UHVLGXDO�YDULDQFH�IRU�
HDFK� JHQH�� � ,I� WZR� JHQHV� KDYH� WKH� VDPH� IROG� GLIIHUHQFH� EHWZHHQ� VSHFLHV�� EXW� RQH� KDV�
KLJKHU� DPRQJ� LQGLYLGXDO�YDULDQFH�ZLWKLQ� VSHFLHV� WKDQ� WKH�RWKHU�� WKH� VLJQLILFDQFH�RI� WKH�
VSHFLHV�GLIIHUHQFH�ZLOO�EH�HOHYDWHG�IRU�WKH�VHFRQG�JHQH���)XUWKHU��WKH�PRUH�JHQHV�WKDW�DUH�
DVVHVVHG��WKH�PRUH�OLNHO\�LW�LV�WKDW�JHQHV�H[FHHG�D�ORZ�VLJQLILFDQFH�WKUHVKROG�E\�FKDQFH���
&RQVHTXHQWO\��ZH�SUHVHQW�WKH�QXPEHU�RI�JHQHV�WKDW�DUH�VLJQLILFDQW�DQG�WKH�DVVRFLDWHG�IROG�
LQFUHDVH�RU�GHFUHDVH�LQ�H[SUHVVLRQ�EHWZHHQ�VSHFLHV�DW�WKUHH�GLIIHUHQW�VLJQLILFDQFH�OHYHOV�LQ�
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7DEOH�������7KHVH�DUH��[������WKH�FRQVHUYDWLYH�%RQIHUURQL�DGMXVWHG�FRQWUDVW��FDOFXODWHG�DV�
�������������DQG�UHIOHFWHG�LQ�D�QHJDWLYH�ORJ���S�YDOXH�JUHDWHU�WKDQ���������������ORJ���S�!�
�����DQG��������ORJ���S�!��������� �:H�DOVR�SUHVHQW� WKH�DYHUDJH�H[SUHVVLRQ�GLIIHUHQFH�IRU�
ERWK� XS�� DQG� GRZQ�UHJXODWHG� JHQHV�� WKH� SHUFHQWDJH� RI� JHQHV� WKDW� DUH� DSSDUHQWO\�
XSUHJXODWHG�� DQG� WKH� SHUFHQWDJH� RI� DOO� JHQHV� WKDW� DUH� GLIIHUHQWLDOO\� H[SUHVVHG� IRU� HDFK�
FRQWUDVW��

7KH�PXULQH�GDWDVHW�FRQVLVWHG�RI����$II\PHWUL[�*HQH&KLSV��HDFK�FRQWDLQLQJ�XS�WR�
��� LQGHSHQGHQW�ROLJRQXFOHRWLGH�SUREHV� IRU� HDFK�RI�DSSUR[LPDWHO\��������JHQHV�GHULYHG�
IURP�0XV�PXVFXOXV� VHTXHQFHV��0��PXVFXOXV� DQG�0�� VSUHWXV�ZHUH� HDFK� UHSUHVHQWHG� E\�
WKUHH�LQGLYLGXDOV��ZLWK�D�VLQJOH�K\EULGL]DWLRQ�IRU�HDFK�RI�WKH�WZR�WLVVXHV��KHQFH���DUUD\V�
HDFK���ZKLOH�0��FDUROL�ZDV�UHSUHVHQWHG�E\�D�VLQJOH�LQGLYLGXDO����DUUD\V���:H�DQDO\]HG�WKH�
GDWD� DFFRUGLQJ� WR� WKH� VDPH�PRGHO� DV� IRU� WKH� SULPDWHV�� � 7KH� WKUHH� GDWD� TXDOLW\� FKHFNV�
LQGLFDWHG�WKDW�WKH�GDWD�ZDV�VOLJKWO\�PRUH�IDYRUDEOH�IRU�DQDO\VLV�RI�YDULDQFH��2QO\������RI�
WKH�GDWDSRLQWV�KDG�VWDQGDUGL]HG�UHVLGXDOV�JUHDWHU�WKDQ����ZKLOH�����RI�WKH�JHQHV�SDVVHG�
WKH� QRUPDOLW\� WHVW� IRU� UHVLGXDOV� IURP� WKH� PL[HG�PRGHO�� +RZHYHU�� VLQFH� WKHUH� ZHUH� QR�
UHSOLFDWHV� RI� HDFK� LQGLYLGXDO�� VLJQLILFDQFH� WHVWV� DUH� QRW� DV� SRZHUIXO� DV� IRU� WKH� SULPDWH�
GDWD�� � 1HYHUWKHOHVV�� WKH� RYHUDOO� QDWXUH� RI� WKH� DQDO\VHV� LV� UHPDUNDEO\� VLPLODU�� DV�
GRFXPHQWHG�LQ�)LJXUH�����DQG�7DEOH������%HWZHHQ�WKH�WZR�PRVW�FORVHO\�UHODWHG�VSHFLHV��
0�� PXVFXOXV� DQG� 0�� VSUHWXV�� DSSUR[LPDWHO\� ���� RI� WKH� JHQHV� VKRZHG� VLJQLILFDQWO\�
GLIIHUHQW�WUDQVFULSW�DEXQGDQFH�DW�WKH����VLJQLILFDQFH�OHYHO��ZLWK�DQ�DYHUDJH�RI�DOPRVW�����
IROG�FKDQJH�LQ�HLWKHU�GLUHFWLRQ�IRU�ERWK�EUDLQ�DQG�OLYHU���7KH�VDPH�ELDVHV�WRZDUG�JUHDWHU�
GLYHUJHQFH�LQ�WKH�OLYHU��DQG�DV\PPHWULF�XSUHJXODWLRQ�LQ�WKH�EUDLQ�IDYRULQJ�0��PXVFXOXV��
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��6LJQLILFDQFH�OHYHOV��%RQIHUURQL� ��ORJ3�!������������ ��ORJ3�!����������� ��ORJ3�!�������
��1XPEHU�RI�JHQHV�XS��RU�GRZQ�UHJXODWHG�DW�LQGLFDWHG�VLJQLILFDQFH�OHYHO�
��0DJQLWXGH�RI�IROG�FKDQJH�XS��JUHDWHU�LQ�OHIW�KDQG�VSHFLHV��RU�GRZQ��RSSRVLWH�GLUHFWLRQ��
EDVHG�RQ�WKH�UDZ��XQILOWHUHG��GDWD�
��3HUFHQW�RI�JHQHV�WKDW�DUH�VLJQLILFDQWO\�GLIIHUHQWLDOO\�H[SUHVVHG�WKDW�DUH�XS�UHJXODWHG�
��3HUFHQW�RI�DOO�JHQHV�RQ�WKH�PLFURDUUD\V�WKDW�DUH�GLIIHUHQWLDOO\�H[SUHVVHG�
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)LJXUH������ 9ROFDQR�SORWV�RI� VLJQLILFDQFH� DJDLQVW� IROG� FKDQJH� LQ� H[SUHVVLRQ� IRU� HDFK�
PXULQH�VSHFLHV�FRPSDULVRQ�LQ�EUDLQ�DQG�OLYHU���/D\RXW�LV�HVVHQWLDOO\�WKH�VDPH�DV�LQ�)LJXUH�
������6SHFLHV�FRPSDULVRQV�DUH�0XV�VSUHWXV�PLQXV�0��PXVFXOXV��V�P���0��FDUROL�PLQXV�0��
PXVFXOXV��F�P���DQG�0��FDUROL�PLQXV�0��VSUHWXV��F�V���
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��1XPEHU�RI�JHQHV�XS��RU�GRZQ�UHJXODWHG�DW�LQGLFDWHG�VLJQLILFDQFH�OHYHO�
��0DJQLWXGH�RI�IROG�FKDQJH�XS��JUHDWHU�LQ�OHIW�KDQG�VSHFLHV��RU�GRZQ��RSSRVLWH�GLUHFWLRQ���
EDVHG�RQ�WKH�UDZ��XQILOWHUHG��GDWD��
��3HUFHQW�RI�JHQHV�WKDW�DUH�VLJQLILFDQWO\�GLIIHUHQWLDOO\�H[SUHVVHG�WKDW�DUH�XS�UHJXODWHG�
��3HUFHQW�RI�DOO�JHQHV�RQ�WKH�PLFURDUUD\V�WKDW�DUH�GLIIHUHQWLDOO\�H[SUHVVHG�
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RYHU�0�� VSUHWXV� RYHU�0��FDUROL� DUH�REVHUYHG�� WKRXJK�QRW� DV� VWURQJO\� DV� IRU� WKH�SULPDWH�
GDWD��

)URP�ERWK�7DEOHV�����DQG������LW�FDQ�EH�VHHQ�WKDW�WKH�IUDFWLRQ�RI�JHQHV�WKDW�DSSHDU�
WR� EH� XS�UHJXODWHG� �WKDW� LV�� H[SUHVVLRQ� LQ� VSHFLHV� $� LV� JUHDWHU� WKDQ� LQ� VSHFLHV� %�� LV�
FRQVLVWHQWO\�UHGXFHG�DV�WKH�VLJQLILFDQFH�OHYHO�LV�UHOD[HG��IRU�H[DPSOH��IURP�����WR�����
IRU�WKH�KXPDQ�FKLPS�EUDLQ�FRQWUDVW����7KLV�LPSOLHV�WKDW�WKH�WKHUH�LV�D�V\VWHPDWLF�WHQGHQF\�
IRU� RYHUHVWLPDWLRQ� RI� WKH� H[SUHVVLRQ� OHYHO� IRU� JHQHV� LQ� WKH� RUGHU� KXPDQ� !� FKLPS� !�
RUDQJXWDQ��RU�XQGHUHVWLPDWLRQ�LQ�WKH�RSSRVLWH�RUGHU���$�VLPLODU�WHQGHQF\�ZDV�REVHUYHG�LQ�
WKH� PXULQH� GDWDVHW� �0�� PXVFXOXV� !� 0�� VSUHWXV� !� 0�� FDUROL��� DQG� LQ� DOO� FDVHV� WKH�
FRQVHTXHQW� DSSDUHQW� ELDV� WRZDUG� XS�UHJXODWLRQ� LV� REVHUYHG� LQ� WKH� VSHFLHV� JHQHWLFDOO\�
FORVHVW�WR�0��PXVFXOXV��IURP�ZKLFK�WKH�SUREH�VHTXHQFHV�GHULYH��

3UREH�HIIHFWV�LQ�WKH�FRQWH[W�RI�JHQHWLF�GLYHUJHQFH�

� 7KLV� VXJJHVWV� WKH� K\SRWKHVLV� WKDW� DSSDUHQW� XS�UHJXODWLRQ� LV� GXH� WR� VWURQJHU�
K\EULGL]DWLRQ� WR� LQGLYLGXDOV� RI� RQH� VSHFLHV� RYHU� DQRWKHU�� $W� D� JHQRPH�ZLGH� UDWH� RI�
VHTXHQFH�GLYHUJHQFH�RI�����LI�WKH�SUREHV�ZHUH�QRQ�RYHUODSSLQJ�WKHQ�RQO\�RQH�TXDUWHU�RI�
WKHP�VKRXOG�KDYH�DQ\�QXFOHRWLGH�GLIIHUHQFHV�EHWZHHQ�VSHFLHV��DQG�RQO\�D�IUDFWLRQ�RI�WKHVH�
ZRXOG�EH�QHDU�WKH�FHQWHU�RI�WKH�SUREH�ZKHUH�WKH\�DUH�PRVW�OLNHO\�WR�DIIHFW�K\EULGL]DWLRQ��
1HYHUWKHOHVV�� VPDOO� GLIIHUHQFHV� LQ� WZR�RU� WKUHH� SUREHV� RXW� RI� ��� FRXOG� EH� VXIILFLHQW� WR�
\LHOG� DQ� DSSDUHQW� XS�UHJXODWLRQ� RI� DURXQG� ����IROG�� ,W� LV� DOVR� QRWHZRUWK\� WKDW� WKH�
HVWLPDWHG�PDJQLWXGH�RI�GRZQ�UHJXODWLRQ�LV�DOZD\V�OHVV� WKDQ�WKH�HVWLPDWHG�PDJQLWXGH�RI�
XSUHJXODWLRQ�DW�WKH�VDPH�VLJQLILFDQFH�OHYHO��KHQFH��WKH�DEVROXWH�YDOXH�RI�WKH�IROG�FKDQJH�
LV�DOZD\V�OHVV�WKDQ�WKH�PDJQLWXGH�RI�XS�UHJXODWLRQ���7KLV�LV�FRQVLVWHQW�ZLWK�WKH�LGHD�WKDW�
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UHGXFHG�K\EULGL]DWLRQ�WR�D�IHZ�SUREHV�LQ�WKH�GLYHUJHQW�VSHFLHV�FRQWULEXWHV�WR�DSSDUHQW�XS�
UHJXODWLRQ���

6LJQLILFDQFH� OHYHOV� DUH� DIIHFWHG� E\� D� EDODQFH� EHWZHHQ� WKH� IROG�FKDQJH� DYHUDJHG�
DFURVV�SUREHV��WHQGLQJ�WR�PDNH�PRUH�JHQHV�DSSHDU�WR�EH�XSUHJXODWHG��DQG�WKH�LQFUHDVH�LQ�
DPRQJ�SUREH�YDULDQFH�GXH�WR�VHTXHQFH�GLYHUJHQFH�IRU�VRPH�SUREHV��WHQGLQJ�WR�UHGXFH�WKH�
VLJQLILFDQFH�RI�FRQWUDVWV����:H�WKXV�DVNHG�ZKHWKHU�WKH�VSHFLHV�E\�SUREH�LQWHUDFWLRQ�HIIHFW�
LQ�WKH�PL[HG�PRGHO�IRU�HDFK�JHQH�LV�PRUH�OLNHO\�WR�EH�VLJQLILFDQW�IRU�XS�UHJXODWHG�JHQHV��
7KLV�HIIHFW�LV�VPDOO�LQ�PDJQLWXGH��EXW�LW�LV�VLJQLILFDQW�IRU�PRUH�WKDQ�KDOI�RI�WKH�JHQHV��VHH�
6XSSOHPHQWDU\� ,QIRUPDWLRQ��� �7KH�UHG�SRLQWV� LQ�WKH�YROFDQR�SORWV� LQ�)LJXUH�����LQGLFDWH�
WKH� JHQHV�ZLWK� WKH� WRS� ���RI� WKH�PRVW� VLJQLILFDQW� VSHFLHV�E\�SUREH� LQWHUDFWLRQ� HIIHFWV��
DQG� WKHVH� DUH� DOPRVW� DOO� DSSDUHQWO\� XSUHJXODWHG�� � 7KLV� UHVXOW� LV� FRQVLVWHQW� ZLWK� WKH�
K\SRWKHVLV� WKDW� WKH�RYHUZKHOPLQJ�ELDV� WRZDUG�DSSDUHQW�XSUHJXODWLRQ� LQ� WKH�EUDLQ� LQ� WKH�
SK\ORJHQHWLFDOO\� FORVHVW� VSHFLHV�� ZKLFK� LV� H[SHFWHG� WR� VKRZ� WKH� OHDVW� VHTXHQFH�
GLYHUJHQFH��PLJKW�EH�DWWULEXWHG�WR�ORVV�RI�K\EULGL]DWLRQ�WR�D�VXEVHW�RI�SUREHV��

7R�IXUWKHU�H[SORUH�ZKHWKHU�WKLV�LV�WKH�FDVH��ZH�QH[W�H[DPLQHG�WKH�DFWXDO�SURILOHV�
RI� IOXRUHVFHQFH� LQWHQVLW\� IRU� UHSUHVHQWDWLYH� JHQHV�� � )LJXUH� ���� VKRZV� SORWV� RI� UHODWLYH�
IOXRUHVFHQFH� LQWHQVLW\� IRU� KXPDQ� DQG� FKLPS� EUDLQ� DUUD\V� IRU� HDFK� SUREH� IRU� D� VHW� RI� ��
UHSUHVHQWDWLYH�JHQHV���7KH�RUGHU�DQG�VSDFLQJ�RI�SUREHV�DORQJ�WKH�DEVFLVVD�LV�SURSRUWLRQDO�
WR�WKH�QXPEHU�RI�EDVHV�RIIVHW�DORQJ�WKH�JHQH�VHTXHQFH�IRU�HDFK�SUREH���+XPDQ�LQWHQVLW\�
YDOXHV� DUH� LQGLFDWHG� DV� ODUJH� RSHQ� GLDPRQGV�� DQG� FKLPS� YDOXHV� DV� VPDOO� VROLG� ER[HV���
*HQH� $� LV� DQ� H[DPSOH� RI� D� ³ZHOO�EHKDYHG´� SUREH� VHW�� GHVSLWH� DEVROXWH� GLIIHUHQFHV� LQ�
LQWHQVLW\�IRU�HDFK�SUREH��DOO�SUREHV�LQGLFDWH�D�VLPLODU�PDJQLWXGH�RI�XSUHJXODWLRQ�LQ�WKH��
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)LJXUH������ 3DUDOOHO�SORWV�RI�LQGLYLGXDO�ROLJRQXFOHRWLGH�PHDVXUHPHQWV�IRU�KXPDQ�DQG�
FKLPS�EUDLQ�VDPSOHV�IRU�VL[�JHQHV���(DFK�RI�WKH����ROLJRQXFOHRWLGHV�DUH�SORWWHG�LQ�
SURSRUWLRQ�WR�WKH�VSDFLQJ�EHWZHHQ�ILUVW�QXFOHRWLGHV�IURP��¶�WR��¶��QXPEHUV�EHORZ�HDFK�
SORW�VKRZ�WKH�QXPEHU�RI�QXFOHRWLGHV�EHWZHHQ�WKHVH�VLWHV���7KXV�D�VSDFLQJ�RI���UHSUHVHQWV�
ROLJRQXFOHRWLGH�SUREHV�WKDW�RYHUODS�E\����RI����EDVHV��ZKLOH�D�VSDFLQJ�RI����UHSUHVHQWV�
QRQ�RYHUODSSLQJ�SUREHV���1RUPDOL]HG�ORJ�EDVH���H[SUHVVLRQ�OHYHO�IRU�WKH�SHUIHFW�PDWFK�
SUREH�RQ�WKH�\�D[LV��RSHQ�GLDPRQGV�KXPDQ��ILOOHG�VTXDUHV�FKLPS���*HQH�RU�(67�QDPHV�
FRUUHVSRQG�WR�*HQ%DQN�DFFHVVLRQV�'�������/�������$,�������0�������-�������DQG�
:������IRU�$�)�UHVSHFWLYHO\����$��$�³ZHOO�EHKDYHG´�JHQH�ZLWK�VLPLODU�GLIIHUHQFHV�
EHWZHHQ�VSHFLHV�IRU�HDFK�SUREH���%��³SRRUO\�EHKDYHG´�JHQH�ZLWK�YDULDEOH�GLIIHUHQFHV���&��
DQG��'��JHQHV�ZKHUH�DQ�RYHUDOO�H[SUHVVLRQ�GLIIHUHQFH�LV�FRQWULEXWHG�DOPRVW�HQWLUHO\�E\�D�
VLQJOH�SUREH�LQGLFDWHG�E\�WKH�DVWHULVNV���(��DQG��)��JHQHV�ZKHUH�WZR�FODVVHV�RI�H[SUHVVLRQ�
GLIIHUHQFH��ODUJHO\�EXW�QRW�FRPSOHWHO\�FRUUHVSRQGLQJ�WR�RYHUODSSLQJ�SUREHV��LV�REVHUYHG��
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KXPDQ�UHODWLYH�WR�FKLPS���*HQH�%�E\�FRQWUDVW�LV�³SRRUO\�EHKDYHG´�LQ�VR�IDU�DV�HDFK�SUREH�
SUHGLFWV� D� GLIIHUHQW�PDJQLWXGH� IRU� WKH� VSHFLHV� GLIIHUHQFH�� � *HQH� &� LV� DQ� H[DPSOH� RI� D�
ORFXV�ZKHUH�D�VLQJOH�SUREH�WKDW�VKRZV�PXFK�UHGXFHG�K\EULGL]DWLRQ�WR�FKLPS�F'1$��WKH�
IDU�ULJKW�SUREH��ZRXOG�EH�VXIILFLHQW�WR�VXJJHVW�DQ�RYHUDOO�����IROG�XSUHJXODWLRQ�LQ�KXPDQV�
UHODWLYH�WR�FKLPSV���7KLV�VLWXDWLRQ�ZDV�DOVR�RFFDVLRQDOO\�VHHQ�LQ�WKH�UHYHUVH�GLUHFWLRQ��RQH�
SUREH�JLYHV�D�VWURQJHU�FKLPS�VLJQDO��DV�VKRZQ�IRU�*HQH�'���+RZHYHU��PDQ\�RI�WKH�FDVHV�
RI�VWURQJ�VSHFLHV�E\�SUREH�LQWHUDFWLRQ�HIIHFWV�LQYROYHG�PXOWLSOH�SUREHV��DV�VHHQ�IRU�*HQHV�
(� DQG� )�� � /$03�� LV� DSSDUHQWO\� XSUHJXODWHG� LQ� KXPDQV�� EXW� RQO\� KDOI� RI� WKH� SUREHV�
VKRZHG� WKH� GLIIHUHQFH�� DQG� DOO� RI� WKHVH� HLJKW� SUREHV� RYHUODS� ZLWK� WKHLU� �¶� PRVW�
QXFOHRWLGHV�VHSDUDWHG�E\�MXVW����EDVHV���7KH�QH[W�WZR�SUREHV��MXVW���DQG����EDVHV�IXUWKHU�
�¶��VKRZ�PXFK�UHGXFHG�VSHFLHV�GLIIHUHQFH���0$3�/&�%�JDYH�D�VLPLODU�UHVXOW��H[FHSW�WKDW�
WKH�VSHFLHV�GLIIHUHQFH�ZDV�VHHQ�LQ�WZR�QRQ�RYHUODSSLQJ�VHWV�RI�SUREHV��� ,W�LV�VREHULQJ�LQ�
WKLV�FDVH�WKDW�HYHQ�SUREHV�WKDW�RYHUODS�E\�DOO�EXW�RQH�QXFOHRWLGH�JLYH����IROG�GLIIHUHQFHV�
LQ�VLJQDO�LQWHQVLW\�IRU�ERWK�VSHFLHV��DQG�VHYHUDO�IROG�GLIIHUHQFHV�EHWZHHQ�VSHFLHV��

,Q� DQ� DWWHPSW� WR� ILOWHU� RXW� WKH� SUREH�E\�VSHFLHV� LQWHUDFWLRQV�� ZH� LPSRVHG� D�
FRQVWUDLQW� WKDW� JHQHV� VKRXOG�RQO\�EH� LQFOXGHG� LQ� WKH�DQDO\VLV� LI� WKH� FRUUHODWLRQ�EHWZHHQ�
KXPDQ�DQG�FKLPS�IOXRUHVFHQFH�LQWHQVLW\�H[FHHGHG������� �6R�DV�WR�LQFOXGH�DOO�JHQHV��ZH�
ZURWH�D�VFULSW�WR�V\VWHPDWLFDOO\�UHPRYH�RXWOLHU�SUREHV�IRU�HDFK�JHQH�XQWLO�WKLV�FRQGLWLRQ�
ZDV�PHW���7\SLFDOO\�WKLV�PHDQW�UHPRYDO�RI�MXVW���WR���SUREHV�SHU�JHQH��EXW�PRUH�WKDQ�KDOI�
RI� WKH� JHQHV� VKRZHG� WKH� KLJK� FRUUHODWLRQ�ZLWKRXW� UHPRYLQJ� DQ\� SUREHV�� �$�SORW� RI� WKH�
H[SUHVVLRQ�GLIIHUHQFH�EHIRUH� ILOWHULQJ�DJDLQVW�DIWHU� ILOWHULQJ� LQ�)LJXUH����$�VKRZV�PDQ\�
PRUH� SRLQWV� EHORZ� WKH� GLDJRQDO� WKDQ� DERYH�� LQGLFDWLQJ� WKDW� WKH� HIIHFW� RI� ILOWHULQJ� LV�
W\SLFDOO\� WR� UHGXFH� WKH� PDJQLWXGH� RI� WKH� DSSDUHQW� XSUHJXODWLRQ� LQ� KXPDQ� EUDLQV�� DV�
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H[SHFWHG�� �+RZHYHU�� WKH�YROFDQR�SORW� IRU� WKH�KXPDQ�YHUVXV�FKLPS�EUDLQ�FRPSDULVRQ� LQ�
)LJXUH����%�UHPDLQV�VRPHZKDW�DV\PPHWULF��DQG�WKH�RYHUDOO�WHQGHQF\�IRU�PRUH�JHQHV�WR�
EH�GLIIHUHQWLDOO\�H[SUHVVHG�LQ�WKH�OLYHU�WKDQ�WKH�EUDLQ�ZKHQ�FRPSDULQJ�KXPDQ�DQG�FKLPS�
LV�VWLOO�DSSDUHQW��VHH�DOVR�7DEOH����%����
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�

)LJXUH������ (IIHFW� RI� ILOWHULQJ�RXWOLHUV�RQ� LQIHUHQFH�RI� H[SUHVVLRQ�GLIIHUHQFH�EHWZHHQ�
KXPDQ�DQG�FKLPS�EUDLQ����$��6XEWUDFWLRQ�RI�KXPDQ�IURP�FKLPS�H[SUHVVLRQ�YDOXH�WHQGV�WR�
SURGXFH�PRUH�QHJDWLYH�YDOXHV�RQ�WKH�RULJLQDO�GDWD�WKDQ�WKH�ILOWHUHG�GDWD��PRVW�SRLQWV�OLH�DW�
RU� EHORZ� DQ� LPDJLQHG� GLDJRQDO� OLQH� UXQQLQJ� WKURXJK� SRLQWV� IRU� ZKLFK� ILOWHULQJ� KDV� QR�
HIIHFW����%���9ROFDQR�SORW�DIWHU�ILOWHULQJ��FRPSDUHG�ZLWK�WKH�WRS�OHIW�SORW�LQ�)LJXUH������WKLV�
SORW�LV�FRQVLGHUDEO\�PRUH�V\PPHWULF��GXH�WR�UHPRYDO�RI�SUREHV�WKDW�FRQWULEXWH�WR�WKH�ODUJH�
VSHFLHV
LQWHUDFWLRQ�HIIHFW���%RWK�SORWV�DUH�IRU�MXVW�WKH�EUDLQ�GDWD��
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�
����',6&866,21�

�
3RVVLEOH�%LDVHV�LQ�2OLJRQXFOHRWLGH�([SUHVVLRQ�'DWD�
�
2XU� PL[HG� PRGHO� DQDO\VHV� RI� WKH� SULPDWH� DQG� PXULQH� JHQH� H[SUHVVLRQ� GDWD� OHDGV� WR�
FRQFOXVLRQV�WKDW�DUH�QRW�QHFHVVDULO\�FRQVLVWHQW�ZLWK�WKRVH�UHSRUWHG�E\�WKH�RULJLQDO�DXWKRUV�
�(1$5'�HW�DO��������LQ�VR�IDU�DV�WKHUH�LV�OLWWOH�HYLGHQFH�IRU�DFFHOHUDWHG�GLYHUJHQFH�LQ�JHQH�
H[SUHVVLRQ��LQ�WKH�KXPDQ�EUDLQ���:KLFKHYHU�PHWKRG�RI�DQDO\VLV�LV�XVHG��WKH�LQWHUSUHWDWLRQ�
VKRXOG�EH�WHPSHUHG�WR�VRPH�H[WHQW�E\�RXU�ILQGLQJ�RI�SRWHQWLDO�VSHFLHV�VSHFLILF�ELDVHV�LQ�
WKH�PDJQLWXGH�RI�LQIHUUHG�WUDQVFULSW�DEXQGDQFH���6LQFH�LQ�DOO�FDVHV�PRUH�JHQHV�ZHUH�VHHQ�
WR�EH�XSUHJXODWHG� LQ� WKH� VSHFLHV� WKDW� LV� FORVHVW� WR� WKH�RQH�ZKRVH� VHTXHQFH�ZDV�XVHG� WR�
JHQHUDWH� WKH� SUREHV� �WKDW� LV��+RPR� VDSLHQV� RU�0��PXVFXOXV��� WKH�PRVW� VWUDLJKW� IRUZDUG�
H[SODQDWLRQ�LV�WKDW�WKLV�ELDV�UHIOHFWV�GLIIHUHQWLDO�K\EULGL]DWLRQ�WR�ORVV�RI�SHUIHFW�VHTXHQFH�
PDWFKLQJ��
�

+RZHYHU��WKUHH�OLQHV�RI�HYLGHQFH�OHDG�XV�WR�TXHVWLRQ�WKLV�H[SODQDWLRQ���7KH�ILUVW�LV�
WKDW� GHWDLOHG� DQDO\VLV� RI� QXPHURXV� JHQHV� WKDW� VKRZHG� D� VSHFLHV�E\�SUREH� LQWHUDFWLRQ�
HIIHFW��WKDW�LV��YDULDEOH�GLIIHUHQFHV�LQ�WUDQVFULSW�DEXQGDQFH�DPRQJ�SUREHV�ZLWKLQ�D�JHQH��
LQGLFDWHG�D�FRPSOH[�UHODWLRQVKLS�EHWZHHQ�VHTXHQFH�DQG�VLJQDO���2YHUOD\LQJ�WKH�PLVPDWFK�
SUREH�GDWD�RQ�WKH�SHUIHFW�PDWFK�GDWD�GRHV�QRW�KHOS�DW�DOO�DV�LW�MXVW�LQFUHDVHV�WKH�QRLVLQHVV�
RI�WKH�UHVXOWV��GDWD�QRW�VKRZQ��PDQ\�PLVPDWFKHV�K\EULGL]H�DV�VWURQJO\�DV�WKH�PDWFK�DQG�
WKH� GLIIHUHQFH� EHWZHHQ� PDWFK� DQG� PLVPDWFK� DOVR� YDULHV� JUHDWO\� E\� SUREH� ZLWKLQ� HDFK�
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JHQH��� �0DQ\� IDFWRUV�� SUHVXPDEO\� LQFOXGLQJ� DPRXQW� RI� FURVV�K\EULGL]DWLRQ�� DOWHUQDWLYH�
VSOLFLQJ��DQG�VHTXHQFH�GLYHUJHQFH��PXVW�FRQWULEXWH�WR�SUREH�HIIHFWV��DQG�LW�LV�QRW�REYLRXV�
KRZ�WR�GHDO�ZLWK�WKHVH�VWDWLVWLFDOO\���7KH�IDFW�WKDW�$II\PHWUL[¶�SUREH�VHOHFWLRQ�DOJRULWKP�
WHQGV� WR� FKRRVH� FOXVWHUV� RI� VHTXHQFHV� WKDW� GLIIHU� E\� MXVW� D� IHZ� EDVHV� DOVR� LQWURGXFHV� D�
FRUUHODWLRQ�VWUXFWXUH�WR�WKH�GDWD�WKDW�IRUPDOO\�EXW�LPSUDFWLFDOO\�VKRXOG�EH�GHDOW�ZLWK�RQ�D�
JHQH�E\�JHQH�EDVLV���:H�DQG�RWKHUV��&+8�HW�DO��������/,�DQG�:21*��������6$6,.�HW�DO��
������KDYH�GHPRQVWUDWHG�WKDW�PRGHOLQJ�JHQH�H[SUHVVLRQ�SURILOHV�E\�SUREH�ZLWKLQ�JHQH�LV�
JHQHUDOO\�PXFK�PRUH� DFFXUDWH� WKDQ�XVLQJ� WKH� DYHUDJH�GLIIHUHQFH�PHDVXUH��EXW� LW� LV� DOVR�
FOHDU�WKDW�JHQRW\SLF�GLIIHUHQFHV�FDQ�DIIHFW�WKH�UHVXOWV�LQ�ZD\V�WKDW�DUH�GLIILFXOW�WR�FRQWURO��
�

7KH�VHFRQG�OLQH�RI�HYLGHQFH�DUJXLQJ�DJDLQVW�VHTXHQFH�GLYHUJHQFH�DFFRXQWLQJ�IRU�
DOO�RI�WKH�ELDVHV�WRZDUG�XSUHJXODWLRQ�LV�WKDW�WKH�HIIHFW�DSSHDUV�WR�EH�PXFK�JUHDWHU�LQ�WKH�
EUDLQ�VDPSOHV�WKDQ�WKH�OLYHU���7KLV�FRXOG�LPSO\�WKDW�EUDLQ�SURWHLQV�DUH�GLYHUJLQJ�DW�D�IDVWHU�
UDWH� WKDQ� OLYHU� SURWHLQV�� � &RPSDUDWLYH� VHTXHQFH� DQDO\VHV� ZLOO� VRRQ� UHVROYH� WKLV� LVVXH���
(1$5'� HW� DO� ������� DOVR� SURYLGHG� ��'� JHO� HOHFWURSKRUHVLV� HYLGHQFH� IRU� GLYHUJHQFH� LQ�
SURWHLQ� VHTXHQFH� DQG� DEXQGDQFH� EHWZHHQ� KXPDQ� DQG� FKLPS� EUDLQ�� EXW� LW� LV� QRW� \HW�
SRVVLEOH� WR� DVVHVV� ZKHWKHU� GLIIHUHQWLDO� VHTXHQFH� GLYHUJHQFH� LV� UHVSRQVLEOH� IRU� DW� OHDVW�
VRPH�RI�WKH�DSSDUHQW�XSUHJXODWLRQ�RI�D�ODUJH�QXPEHU�RI�KXPDQ�JHQHV���7KH�WKLUG�OLQH�RI�
HYLGHQFH�LV�WKDW�WKH�XSZDUG�ELDV�LV�RQO\�REVHUYHG�IRU�WKH����WR����SHUFHQW�RI�JHQHV�WKDW�
VKRZ� WKH�PRVW� VLJQLILFDQW� GLYHUJHQFH� LQ� JHQH� H[SUHVVLRQ�� � %HORZ� WKH� ��� VLJQLILFDQFH�
OHYHO� WKHUH� DUH� HVVHQWLDOO\� HTXLYDOHQW� QXPEHUV� RI� JHQHV� XS� DQG� GRZQ�UHJXODWHG� LQ� HDFK�
FRPSDULVRQ���$WWHPSWV�WR�ILOWHU�RXW�WKH�ODUJHVW�SUREH�E\�VSHFLILF�HIIHFWV�KDG�OLWWOH�LPSDFW�
RQ� WKH� RYHUDOO� FRQFOXVLRQV�� DUJXLQJ� WKDW� PDQ\� RI� WKH� REVHUYHG� GLIIHUHQFHV� LQ� JHQH�
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H[SUHVVLRQ�DUH�UHDO�DQG�WKDW�WKHUH�PD\�LQ�IDFW�EH�D�ELRORJLFDO�EDVLV�WR�WKH�WHQGHQF\�WRZDUG�
LQFUHDVHG�JHQH�H[SUHVVLRQ�LQ�KXPDQV�RYHU�FKLPSV�DQG�RUDQJXWDQ���:KHWKHU�WKLV�UHODWHV�WR�
LQFUHDVHG�VL]H�DQG�RU�FRPSOH[LW\�RI�WKH�EUDLQ�UHPDLQV�WR�EH�VHHQ��

�
'LYHUJHQW�*HQH�([SUHVVLRQ�DPRQJ�3ULPDWHV�
�
2XU� UHDQDO\VLV� RI� (1$5'� HW� DO¶V� GDWD� ������� RQ� D� JHQH�E\�JHQH� EDVLV� LV� LQ� EURDG�
DJUHHPHQW�ZLWK�WKHLU�DQDO\VLV�EDVHG�RQ�ZKROH�WUDQVFULSWRPH�YDULDWLRQ�LQ�VHYHUDO�UHVSHFWV��
EXW� DOVR� DOORZV� TXDQWLILFDWLRQ� RI� WKH� IUDFWLRQ� RI� JHQHV� WKDW� FRQWULEXWH� WR� ZLWKLQ� DQG�
EHWZHHQ�VSHFLHV�GLIIHUHQFHV���%RWK�DQDO\VHV�LQGLFDWH�WKDW�WKHUH�DUH�VLJQLILFDQW�GLIIHUHQFHV�
LQ� JHQH� H[SUHVVLRQ� DPRQJ� VSHFLHV� WKDW� DUH� RI� D� JUHDWHU�PDJQLWXGH� WKDQ� WKH� GLIIHUHQFHV�
DPRQJ� LQGLYLGXDOV� ZLWKLQ� D� VSHFLHV�� DQG� WKDW� WKHUH� LV� D� JHQHUDO� LQFUHDVH� LQ� GHJUHH� RI�
WUDQVFULSWLRQDO� GLYHUJHQFH� DV� VHTXHQFH� �DQG� KHQFH� WHPSRUDO�� GLYHUJHQFH� LQFUHDVHV�� � $V�
SRLQWHG�RXW�E\�(1$5'�HW�DO� ��������FRQFOXVLRQV�FRQFHUQLQJ�UHODWLYH�UDWHV�RI�GLYHUJHQFH�
DUH�KRZHYHU�TXLWH�VHQVLWLYH�WR�WKH�PHWULFV�XVHG��
�
0L[HG�PRGHO�DQDO\VLV�SURYLGHV�IRUPDO�VWDWLVWLFDO�VXSSRUW�IRU����JHQHV�EHLQJ�GLIIHUHQWLDOO\�
H[SUHVVHG� EHWZHHQ� KXPDQ� DQG� FKLPS�%URGPDQQ¶V� DUHD� �� DIWHU� ILOWHULQJ� RXWOLHU� SUREHV��
DQG�MXVW�XQGHU�WZLFH�WKLV�QXPEHU�LI�UDZ�GDWD�LV�XVHG���$W�WKH�OHVV�FRQVHUYDWLYH�VLJQLILFDQFH�
WKUHVKROG�RI������������JHQHV�DUH�GLIIHUHQWLDOO\�H[SUHVVHG�ZLWK�DQ�DYHUDJH�DOPRVW�����IROG�
FKDQJH�EHWZHHQ�KXPDQ�DQG�FKLPS�EUDLQ��FRPSDUHG�ZLWK�D�FKDQFH�H[SHFWDWLRQ�RI�MXVW����
JHQHV�DW� WKLV� OHYHO�� �%DVHG�RQ� WKH� UDZ�GDWD�� WKLV�QXPEHU� LQFUHDVHV� WR�����JHQHV�� DQG� WR�
�����JHQHV�ZKHQ�KXPDQ�LV�FRPSDUHG�WR�RUDQJXWDQ���)RU�WKH�OLYHU��WKHUH�DUH������JHQHV�
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GLIIHUHQWLDOO\�H[SUHVVHG�EHWZHHQ�KXPDQ�DQG�FKLPS��DOVR�ZLWK�DQ�DYHUDJH�����IROG�FKDQJH��
DQG������JHQHV�EHWZHHQ�KXPDQ�DQG�RUDQJXWDQ�DW�D�VOLJKWO\�KLJKHU�PHDQ�IROG�FKDQJH�RI�
����� � 7KH� FKLPS�RUDQJXWDQ� FRPSDULVRQV� DUH� LQWHUPHGLDWH�� ZLWK� VOLJKWO\� PRUH� JHQHV�
GLIIHUHQWLDOO\�H[SUHVVHG�ZLWK�D�ODUJHU�IROG�FKDQJH�LQ�WKH�OLYHU�WKDQ�LQ�WKH�EUDLQ��
�
0RVW� RI� RXU� FRPSDULVRQV� RI� VSHFLHV� DQG� WLVVXH� SDLUV� VXJJHVW� WKHQ� WKDW� WKHUH� DUH� PRUH�
JHQHV�GLYHUJHQWO\�H[SUHVVHG�LQ�WKH�OLYHU�WKDQ�WKH�EUDLQ��DQG�WKDW�WKH�PDJQLWXGH�RI�FKDQJH�
DOVR�WHQGV�WR�EH�JUHDWHU�LQ�WKH�OLYHU���:KLOH�LW�LV�FOHDU�WKDW�GUDPDWLF�FRJQLWLYH�FKDQJHV�KDYH�
RFFXUUHG� SDUWLFXODUO\� LQ� WKH� KXPDQ� OLQHDJH�� LW� DOVR� QRW� VXUSULVLQJ� WKDW� WUDQVFULSWLRQ� KDV�
HYROYHG� JUHDWO\� LQ� WKH� OLYHU�� JLYHQ� WKH� GLIIHUHQFHV� LQ� GLHW� DQG� FXOWXUH� RI� WKH� SULPDWH�
VSHFLHV���$�SRVVLEOH�UHFRQFLOLDWLRQ�RI�RXU�ILQGLQJV�ZLWK�WKH�LQIHUHQFH�IDYRUHG�E\�(1$5'�
HW� DO� ������� WKDW� ³FKDQJHV� RI� JHQH� H[SUHVVLRQ� LQ� WKH� EUDLQ� PD\� KDYH� EHHQ� HVSHFLDOO\�
SURQRXQFHG�GXULQJ�UHFHQW�KXPDQ�HYROXWLRQ´� LV� WKH�VXJJHVWLRQ� WKDW�PXFK�RI� WKDW�FKDQJH�
KDV� RFFXUUHG� RQ� WKH� KXPDQ�RUDQJXWDQ� D[LV�� �:H� DOVR� REVHUYH� D� UHODWLYHO\� ODUJH� EUDQFK�
OHQJWK� EHWZHHQ� DOO� KXPDQV� DQG� WKH� FHQWUDO� QRGH� RQ� QHLJKERU�MRLQLQJ� WUHHV� EDVHG� RQ�
WUDQVFULSWRPH�ZLGH� DYHUDJH� H[SUHVVLRQ� GLIIHUHQFHV� DW� HDFK� OHYHO� RI� VLJQLILFDQFH� �VHH�
6XSSOHPHQWDU\�)LJXUH��������,W�LV�QRWHZRUWK\�WKRXJK�WKDW�WKH�UHODWLYH�OHQJWK�RI�WKLV�QRGH��
DV�ZHOO�DV�WKH�GLYHUJHQFH�RI�WKH�VHFRQG�KXPDQ�LQGLYLGXDO�IURP�WKH�RWKHUV��LV�YHU\�PXFK�D�
IXQFWLRQ�RI�WKH�QXPEHU�RI�JHQHV�LQFOXGHG�LQ�WKH�DQDO\VLV��
�
7KH� QDWXUH� RI� WKH� GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV� LV� DOVR� RI� LQWHUHVW�� � 7KRVH� WKDW� DUH�
VLJQLILFDQWO\� GLYHUJHQW� EHWZHHQ� KXPDQ� DQG� FKLPS� EUDLQ� DQG� OLYHU� DUH� WDEXODWHG� LQ�
6XSSOHPHQWDU\� )LJXUH� ����� � $� QXPEHU� RI� QHXURQDO� JHQHV� VXFK� DV� QHXURWUDQVPLWWHU�
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UHFHSWRUV�DQG�FKDQQHOV�DUH�REYLRXV�LQ�WKH�EUDLQ�OLVW��DV�DUH�GHWR[LILFDWLRQ�HQ]\PHV�VXFK�DV�
F\WRFKURPH�3���V�RQ�WKH�OLYHU� OLVW�� �+RZHYHU�� WKH�PDMRULW\�RI�JHQHV�KDYH�PRUH�JHQHUDO�
SRWHQWLDO�IXQFWLRQV�LQ�UHJXODWLRQ�RI�FHOO�JURZWK�DQG�GLYLVLRQ��DQG�FHOO�VWUXFWXUH��PHPEHUV�
RI�PRVW�RI�WKH�PDMRU�JHQH�RQWRORJ\�FDWHJRULHV�DUH�UHSUHVHQWHG�LQ�ERWK�OLVWV��
�
)LQDOO\�� ZH� FDQ� DOVR� DVN� ZKHWKHU� WKH� GLYHUJHQFH� LQ� JHQH� H[SUHVVLRQ� LV� PRUH� OLNHO\�
DWWULEXWDEOH� WR� GULIW� RU� GLYHUVLI\LQJ� VHOHFWLRQ�� � $� VLJQLILFDQWO\� HOHYDWHG� PHDVXUH� RI�
GLYHUJHQFH� LQ� H[SUHVVLRQ� EHWZHHQ� VSHFLHV�� UHODWLYH� WR� WKH� REVHUYHG� OHYHO� RI� DPRQJ�
LQGLYLGXDO�ZLWKLQ�VSHFLHV�YDULDWLRQ��LV�QRW�SULPD�IDFLH�HYLGHQFH�IRU�VHOHFWLRQ���)LJXUH����$�
VKRZV�WKDW�WKH�PRVW�VLJQLILFDQW�JHQHV�LQ�WKH�KXPDQ�YHUVXV�FKLPS�EUDLQ�FRPSDULVRQ�ERWK�
GLYHUJH�EHWZHHQ�VSHFLHV�DQG�KDYH�UHODWLYHO\�ORZ�OHYHOV�RI� LQWUDVSHFLILF�YDULDQFH�� �7KHUH�
DUH� DOVR� D� ODUJH� QXPEHU� RI� JHQHV� IRU� ZKLFK� WKLV� UHODWLRQVKLS� LV� UHYHUVHG�� � ,Q� IDFW�� D�
KLVWRJUDP� RI� WKH� ORJ� UDWLRV� RI� WKH� PHDQ� VTXDUHV� IRU� WKH� VSHFLHV� DQG� LQGLYLGXDO� ZLWKLQ�
VSHFLHV� FRPSRQHQWV� LV� VOLJKWO\� VNHZHG� WRZDUG� ORZ� UDWLRV�� VXJJHVWLQJ� WKDW� PDQ\� JHQHV�
PD\�EH�PRUH�YDULDEOH�ZLWKLQ� VSHFLHV� WKDQ�H[SHFWHG�� �5,).,1� HW� DO� �������KDYH� UHFHQWO\�
SURSRVHG�� IROORZLQJ�/<1&+� DQG�+,//¶V� DSSURDFK� ������� IRU� SKHQRW\SLF� WUDLWV�� WKDW� WKH�
H[SHFWHG� GHJUHH� RI� GLYHUJHQFH� XQGHU� PXWDWLRQ�GULIW� HTXLOLEULXP� FDQ� EH� IRUPXODWHG� E\�
VFDOLQJ�WKH�UDWLR�RI�PHDQ�VTXDUHV�IRU�GLYHUJHQFH�DQG�SRO\PRUSKLVP�E\�WKH�UDWLR�RI�WZLFH�
WKH�HIIHFWLYH�SRSXODWLRQ�VL]H�RYHU�WKH�QXPEHU�RI�JHQHUDWLRQV�VLQFH�GLYHUJHQFH���$VVXPLQJ�
D�VPDOO�HIIHFWLYH�SRSXODWLRQ�VL]H�IRU�KXPDQV�RI��������LQGLYLGXDOV�DQG�D�PHDQ�JHQHUDWLRQ�
WLPH�RI����\HDUV�RYHU�WKH�����PLOOLRQ�\HDUV�VLQFH�WKH�KXPDQ�DQG�FKLPS�OLQHDJHV�GLYHUJHG�
�%581(7�HW�DO���������WKH�H[SHFWHG�GLVWULEXWLRQ�RI�UDWLRV�IRU�WKLV�GDWDVHW�LV����WR����WLPHV�
ODUJHU� WKDQ� WKH� )���� GLVWULEXWLRQ�� � &RQVHTXHQWO\�� RQO\� JHQHV� ZLWK� D� GLYHUJHQFH� WR�
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SRO\PRUSKLVP� UDWLR� JUHDWHU� WKDQ� ����� D� KDQGIXO� RI� MXVW� ��� WR� ��� JHQHV� LQ� RXU� DQDO\VLV��
FOHDUO\�OLH�LQ�WKH�XSSHU������WDLOV�RI�WKH�H[SHFWHG�OHYHO�RI�GLYHUJHQFH�IRU�WKHVH�SRSXODWLRQ�
SDUDPHWHUV�� �5HOD[DWLRQ�RI�WKHVH�FRQVHUYDWLYH�DVVXPSWLRQV�SURYLGHV�VXJJHVWLYH�HYLGHQFH�
WKDW����RU�PRUH�RI�WKH�JHQHV�PD\�EH�H[SHULHQFLQJ�GLYHUVLI\LQJ�VHOHFWLRQ���&OHDUO\�PRUH�
LQGLYLGXDOV�QHHG�WR�EH�VDPSOHG�DW�GLIIHUHQW�DJHV�DQG�IRU�PRUH�WDUJHWHG�WLVVXH�VDPSOHV��EXW�
FRPSDULVRQ� RI� JHQH� H[SUHVVLRQ� GLYHUJHQFH�� FRLQFLGHQW� ZLWK� DVVHVVPHQW� RI� QXFOHRWLGH�
VHTXHQFH� GLYHUJHQFH�� LV� D� SURPLVLQJ� DSSURDFK� WR� LGHQWLILFDWLRQ� RI� JHQHV� WKDW�PD\� KDYH�
FRQWULEXWHG�WR�KXPDQ�FRJQLWLYH�HYROXWLRQ��
�
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�
)LJXUH������ &RQWUDVW� RI� FRQWULEXWLRQV� RI� VSHFLHV� DQG� LQGLYLGXDO� ZLWKLQ� VSHFLHV� WR�
H[SUHVVLRQ�YDULDQFH�EHWZHHQ�KXPDQ�DQG�FKLPS�EUDLQ�� ��$�� �3ORW�RI�PHDQ�VTXDUH�IURP�D�
JHQHUDO�OLQHDU�$129$�IRU�WKH�VSHFLHV�DQG�LQGLYLGXDO�ZLWKLQ�VSHFLHV�WHUPV�IRU�HDFK�JHQH���
2SHQ� GLDPRQGV� WRZDUG� WKH� OHIW� RI� WKH� ILJXUH� VKRZ� JHQHV� ZLWK� D� VLJQLILFDQW� )�UDWLR��
LQGLFDWLQJ�VLJQLILFDQW�GLYHUJHQFH�EHWZHHQ�VSHFLHV� UHODWLYH� WR�YDULDWLRQ�ZLWKLQ�� �1RWH� WKH�
ODUJH�QXPEHU�RI�JHQHV��ILOOHG�GLDPRQGV��PRVWO\�WRZDUG�ULJKW�RI�SORW��ZLWK�PXFK�JUHDWHU�
YDULDWLRQ�ZLWKLQ�WKDQ�EHWZHHQ�VSHFLHV����%���+LVWRJUDP�RI�IUHTXHQF\�RI�ORJ�EDVH����UDWLR�
RI�PHDQ�VTXDUH�VSHFLHV�PHDQ�VTXDUH�LQGLYLGXDO�ZLWKLQ�VSHFLHV�YDOXHV�IURP��$��� �2QO\�D�
IHZ� JHQHV� KDYH� D� UDWLR� DSSURDFKLQJ� ����� �WKDW� LV�� �� RQ� WKH� ORJ� VFDOH��� ZKHUHDV�
DSSURDFKLQJ�����RI�WKH�JHQHV�KDYH�D�UDWLR�DERYH�����
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�
6XSSOHPHQWDU\� )LJXUH� ����� � � 6FDWWHUSORW�0DWUL[� RI� ORJ� EDVH� �� IOXRUHVFHQFH� LQWHQVLW\�
PHDVXUHV� IRU� HDFK� RI� WKH� �� KXPDQ� EUDLQ� VDPSOHV� �WZR� UHSOLFDWHV� RI� HDFK� RI� WKUHH�
LQGLYLGXDOV�� DJDLQVW� RQH� DQRWKHU�� � � 7KH� EUHDGWK� RI� VFDWWHU� RI� SRLQWV� LV� LQYHUVHO\�
SURSRUWLRQDO�WR�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�SDLU�DUUD\V����
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�6XSSOHPHQWDU\�)LJXUH� ����� � �1HLJKERU�MRLQLQJ� WUHHV� IRU�SULPDWH�GDWD�� �7RS� WR�ERWWRP��
%UDLQ�������PRVW�VLJQLILFDQW�JHQHV��S����������IURP�WKH�FRPELQHG�WKUHH�VSHFLHV�GDWDVHW��
%UDLQ��DOO�JHQHV��/LYHU�������PRVW�VLJQLILFDQW�JHQHV��S�����������/LYHU��DOO�JHQHV���,Q�DOO�
SORWV��WKH�EUDQFK�OHQJWK�LV�SURSRUWLRQDO�WR�WKH�GLVWDQFH�EHWZHHQ�LQGLYLGXDOV����RUDQJXWDQ��
DW� WLS� RI� OHIW� EUDQFK�� �� KXPDQV� DQG� �� FKLPSV�� HDFK� DYHUDJHG� RYHU� WZR� UHSOLFDWHV��� �$V�
QRWHG�E\�(QDUG�HW�DO��WKH�EUDQFK�IURP�WKH�FHQWUDO�QRGH�WR�WKH�EDVH�RI�WKH���KXPDQV�LV�PRUH�
WKDQ�WZLFH�DV� ORQJ�WKDQ�WKH�FRUUHVSRQGLQJ�EUDQFK�WR�FKLPSV��EXW�RQO\�IRU� WKH�EUDLQ��QRW�
OLYHU��VDPSOH���+RZHYHU��WKH�FRQQHFWLYLW\�EHWZHHQ�LQGLYLGXDOV�ZLWKLQ�D�VSHFLHV�LV�VWURQJO\�
LQIOXHQFHG�E\�WKH�QXPEHU�RI�JHQHV�LQFOXGHG�LQ�WKH�DQDO\VLV����
�
�
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6XSSOHPHQWDU\� )LJXUH� ����� � � ([FHO� VSUHDGVKHHW� VRUWHG� E\� VLJQLILFDQFH� RI� GLIIHUHQWLDOO\�
H[SUHVVHG� JHQHV�ZLWK� DQG�ZLWKRXW� ILOWHULQJ� IRU� EUDLQ� DQG� OLYHU� FRPSDULVRQV� RI� KXPDQ� DQG�
FKLPS���6HH�KWWS���VWDWJHQ�QFVX�HGX�JJLEVRQ�+&2�3ULPDWH6LJ*HQHV�[OV�
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�
:H� WKDQN� 6YDQWH� 3llER� IRU� FRUUHVSRQGHQFH� DQG� FRPPHQWV� RQ� WKH� DQDO\VLV� RI� GDWD�
JHQHUDWHG� LQ� KLV� ODERUDWRU\�� DQG� %UXFH� :HLU�� =KDR�%DQJ� =HQJ�� 6SHQFHU� 0XVH�� DQG�
0DU\HOOHQ�5XYROR� IRU� GLVFXVVLRQV�� �:3+� LV� VXSSRUWHG� E\� D�*HQRPH�6FLHQFH�*UDGXDWH�
)HOORZVKLS� IURP� WKH� %LRLQIRUPDWLFV� 3URJUDP� DW� 1&� 6WDWH� 8QLYHUVLW\�� DQG� UHVHDUFK� LQ�
**¶V�ODERUDWRU\�LV�VXSSRUWHG�LQ�SDUW�E\�1,+�32��*0�������
�
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�
%UXQHW�0��*X\�)��3LOEHDP�'��0DFND\H�+7��/LNLXV�$��HW�DO�����������$�QHZ�KRPLQLG�IURP�

WKH�8SSHU�0LRFHQH�RI�&KDG��&HQWUDO�$IULFD���1DWXUH���������������
&DYDOLHUL�'��7RZQVHQG�-3��+DUWO�'/����������0DQLIROG�DQRPDOLHV�LQ�JHQH�H[SUHVVLRQ�LQ�D�

YLQH\DUG�LVRODWH�RI�6DFFKDURP\FHV�FHUHYLVLDH�UHYHDOHG�E\�'1$�PLFURDUUD\�DQDO\VLV���
3URF��1DWO�$FDG��6FL��86$������������������

&KHXQJ�9*��6SLHOPDQ�56����������7KH�JHQHWLFV�RI�YDULDWLRQ�LQ�JHQH�H[SUHVVLRQ���1DWXUH�
*HQHWLFV�6XSSO���������������

&KX�70��:HLU�%��:ROILQJHU�5����������$�V\VWHPDWLF�VWDWLVWLFDO�OLQHDU�PRGHOLQJ�DSSURDFK�WR�
ROLJRQXFOHRWLGH�DUUD\�H[SHULPHQWV���0DWKHPDWLFDO�%LRVFLHQFHV�������������

(QDUG�:��.KDLWRYLFK�3��.ORVH�-��=ROOQHU�6��+HLVVLJ�)��HW�DO�����������,QWUD��DQG�LQWHUVSHFLILF�
YDULDWLRQ�LQ�SULPDWH�JHQH�H[SUHVVLRQ�SDWWHUQV���6FLHQFH���������������

)HOVHQVWHLQ�� -��� ����� � 3+</,3� �� 3K\ORJHQ\� ,QIHUHQFH� 3DFNDJH� �9HUVLRQ� ������
&ODGLVWLFV������������

-LQ�:��5LOH\�50��:ROILQJHU�5'��:KLWH�.3��3DVVDGRU�*XUJHO�*��*LEVRQ�*�����������7KH�
FRQWULEXWLRQV� RI� VH[�� JHQRW\SH� DQG� DJH� WR� WUDQVFULSWLRQDO� YDULDQFH� LQ� 'URVRSKLOD�
PHODQRJDVWHU���1DWXUH�*HQHWLFV���������������

.HUU� 0.�� 0DUWLQ� 0�� &KXUFKLOO� *$��� ������� � $QDO\VLV� RI� YDULDQFH� IRU� JHQH� H[SUHVVLRQ�
PLFURDUUD\�GDWD���-��&RPSX��%LRO��������������

/L�&��:RQJ�:+�����������0RGHO�EDVHG�DQDO\VLV�RI�ROLJRQXFOHRWLGH�DUUD\V��H[SUHVVLRQ�LQGH[�
FRPSXWDWLRQ�DQG�RXWOLHU�GHWHFWLRQ���3URF��1DWO�$FDG��6FL��86$������������

�
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/\QFK��0���DQG�+LOO��:�*�����������3KHQRW\SLF�HYROXWLRQ�E\�QHXWUDO�PXWDWLRQ���(YROXWLRQ�����
���������

2OHNVLDN�0)��&KXUFKLOO�*$��&UDZIRUG�'/�����������9DULDWLRQ�LQ�JHQH�H[SUHVVLRQ�ZLWKLQ�
DQG�DPRQJ�QDWXUDO�SRSXODWLRQV��1DWXUH�*HQHWLFV���������������

4XDFNHQEXVK�� -��� �������� � 0LFURDUUD\� GDWD� QRUPDOL]DWLRQ� DQG� WUDQVIRUPDWLRQ�� � 1DWXUH�
*HQHWLFV�6XSSO����������������

5LINLQ� 6$�� .LP� -�� :KLWH� .3��� ������� � (YROXWLRQ� RI� JHQH� H[SUHVVLRQ� LQ� WKH� 'URVRSKLOD�
PHODQRJDVWHU�VXEJURXS���1DWXUH�*HQHWLFV��������������

6DVLN� 5�� &DOYR� (�� &RUEHLO� -��� ������� � 6WDWLVWLFDO� DQDO\VLV� RI� KLJK�GHQVLW\� ROLJRQXFOHRWLGH�
DUUD\V��D�PXOWLSOLFDWLYH�QRLVH�PRGHO���%LRLQIRUPDWLFV����������������

:ROILQJHU� 5'�� *LEVRQ� *�� :ROILQJHU� ('�� %HQQHWW� /�� +DPDGHK� +�� %XVKHO� 3�� $IVKDUL� &��
3DXOHV� 56��� ������� � $VVHVVLQJ� JHQH� VLJQLILFDQFH� IURP� F'1$�PLFURDUUD\� H[SUHVVLRQ�
GDWD�YLD�PL[HG�PRGHOV���-��&RPSX��%LRO��������������
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&KDSWHU����:+2�$5(�7+26(�675$1*(56�,1�7+(�/$7,1�648$5("�
�

����$EVWUDFW�
$� /DWLQ� 6TXDUH� GDWD� ZDV� SURYLGHG� E\� $II\PHWUL[� WR� HYDOXDWH� VWDWLVWLFDO� DOJRULWKPV� IRU�
PLFURDUUD\� GDWD� DQDO\VLV�� � ,� DSSURDFK� LW� IURP� D� FODVVLFDO� SDUDPHWULF� VWDWLVWLFDO� PRGHOLQJ�
SHUVSHFWLYH����7KH�ILUVW�VWDJH�LV�WR�IRUPXODWH�D�UHDVRQDEOH�PRGHO�IRU�WKH�SUREH�OHYHO�GDWD�EDVHG�
RQ� H[WDQW� NQRZOHGJH� RI� WKH� H[SHULPHQWDO� GHVLJQ� DQG� WHFKQRORJ\�� � � 6RPH� RSWLRQV� DUH�
SUHVHQWHG�DQG� LW� LV�VHWWOHG�RQ�D� OLQHDU�PL[HG�PRGHO� IRU� WKH� ORJ��SHUIHFW�PDWFK�GDWD�� � �8SRQ�
DSSO\LQJ�WKLV�PRGHO� WR�WKH�GDWD� IRU�HYHU\�JHQH�LQ�WXUQ�� LW� LV�GLVFRYHUHG�WKDW�QRW�RQO\�GR�WKH�
IRXUWHHQ� VSLNHG�LQ� JHQHV� DSSHDU� KLJKO\� VLJQLILFDQW�� EXW� WKDW� D� IHZ� DGGLWLRQDO�� XQH[SHFWHG��
JHQHV�GLVSOD\�SURILOHV� UHPDUNDEO\� VLPLODU� WR� WKRVH�RI� WKH� IRXUWHHQ�� � � �([FHSW� IRU�SUREH�VHWV�
DLPHG�DW�H[DPLQLQJ�WKH�VDPH�JHQHV��LW�LV�OLNHO\�WKDW�VRPH�VKRUW�PRWLIV�PLJKW�EH�WKH�UHDVRQ�IRU�
WKLV� FURVV� K\EULGL]DWLRQ�� (DFK� RI� WKHVH� JHQHV� ZDV� LQYHVWLJDWHG� DQG� VRPH� GHWDLOV� ZHUH�
SURYLGHG�ZLWK�SODXVLEOH�H[SODQDWLRQV���
�
.H\�ZRUGV�� SHUIHFW�PDWFK�YHUVXV�PLVPDWFK�SUREHV��PL[HG�PRGHO��FURVV�K\EULGL]DWLRQ�
�
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0LFURDUUD\�GDWD�DQDO\VLV� LV�D�FRPSOH[�SURFHVV� LQYROYLQJ� LPDJH�DQDO\VLV��QRUPDOL]DWLRQ��
PRGHOLQJ�� DQG� FOXVWHULQJ�� � (DFK� VWHS� SOD\V� DQ� LPSRUWDQW� UROH� LQ� UHDFKLQJ� DFFXUDWH�
FRQFOXVLRQV��7R�HYDOXDWH�PHWKRGV�XVHG�IRU�DQDO\VLV��D�KLJK�TXDOLW\�GDWD�VHW�LV�YHU\�XVHIXO��
7KH�$II\PHWUL[�/DWLQ�6TXDUH�GDWD�LV�TXLWH�DSSURSULDWH�IRU�WKLV�HQG�>$II\PHWUL[�WHFKQLFDO�
UHSRUW������@��DV�LW�SURYLGHV�QRW�RQO\�D�JRRG�H[SHULPHQWDO�GHVLJQ�EXW�DOVR�NQRZQ�WDUJHWV�
IRU�HYDOXDWLRQ���7KH�GHVLJQ�ZLOO�EH�EULHIO\�VXPPDUL]HG�LQ�WKH�QH[W�VHFWLRQ��
� ,Q� WKLV� UHSRUW�� WKH� GDWD� VHW�ZDV� ILUVW� QRUPDOL]HG� DQG� WKHQ� D� OLQHDU�PL[HG�PRGHO�
>&KX� HW� DO��� ����@� ZDV� XVHG� WR� GHWHFW� SUREH� VHWV� ZLWK� VLJQLILFDQW� YDULDWLRQ� EHWZHHQ�
H[SHULPHQWV�� ZKLFK� ZHUH� GHVLJQHG� WR� KDYH� ��� GLIIHUHQW� SDWWHUQV� RI� WUDQVFULSW�
FRQFHQWUDWLRQ���7KH�K\EULGL]DWLRQ�OHYHO�RI�HDFK�JHQH�LV�H[DPLQHG�IRU�HDFK�WDUJHW�SURILOH���
,W� LV� DVVXPHG� WKDW�RQO\� WKH� WDUJHW�SUREH� VHWV�ZLOO� VKRZ� WKH� H[SUHVVLRQ�SURILOH�PDWFKLQJ�
WKHLU� UHVSHFWLYH� VSLNHG� JHQHV�� � &XULRXVO\�� WKLV� DQDO\VLV� UHWULHYHV� QRW� RQO\� WKH� SXWDWLYH�
WDUJHWV� WKDW�PDWFK� WKH�VSLNHG�JHQHV��EXW�DOVR�VRPH�XQH[SHFWHG�SUREH�VHWV� WKDW�VKRZ�WKH�
VDPH�SURILOHV�� �&HUWDLQ�PRWLIV�ZHUH� FRQVLGHUHG� WR�EH� WKH� UHDVRQ� IRU� FURVV�K\EULGL]DWLRQ�
DQG�VRPH�H[DPSOHV�ZHUH�GLVFXVVHG�LQ�GHWDLO���
�

��������7+(�$))<0(75,;�/$7,1�648$5(�(;3(5,0(17�
$II\PHWUL[� GHVLJQHG� DQ� H[SHULPHQW� RQ� WKH� KXPDQ� +*�8��$� DUUD\V� WR� WHVW� WKHLU� QHZ�
VWDWLVWLFDO�DOJRULWKP�IRU�GDWD�DQDO\VLV�� �(DFK�VDPSOH�K\EULGL]HG�WR�WKH�DUUD\V�FRQVLVWV�RI�
WKH� VDPH� ��� NQRZQ� WUDQVFULSWV� EXW� ZLWK� GLIIHUHQW� FRQFHQWUDWLRQV�� � ([SHULPHQW� $� WR� 7�
UHSUHVHQWV� ��� FRPELQDWLRQV� RI� WUDQVFULSW� FRQFHQWUDWLRQV� DV� VKRZQ� LQ� 7DEOH� ����� � (DFK�
H[SHULPHQW�KDV�WZR�WR�WZHOYH�UHSOLFDWHV��
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7DEOH� ����� /DWLQ� 6TXDUH� GHVLJQ�� � (DFK� FROXPQ� UHSUHVHQWV� RQH� FRPELQDWLRQ� RI�
FRQFHQWUDWLRQV�IRU�WKH����WUDQVFULSWV�OLVWHG�LQ�WKH�OHIWPRVW�FROXPQ���7KH�FRQFHQWUDWLRQ�LV�
LQ�WKH�XQLW�RI�S0��

([SHULPHQWV��7UDQVFULSW�
$� %� &� '� (� )� *� +� ,� -� .� /� 0��

1�2��
3�

4��5��
6��7�

�����BDW� �� �� ����� ���� �� �� �� �� ��� ��� ��� ���� ���� ���� �����
���BDW� �� ����� ���� �� �� �� �� ��� ��� ��� ���� ���� ���� ����� ��
����BDW� �� ���� �� �� �� �� ��� ��� ��� ���� ���� ���� ����� �� �����
�����BDW� �� �� �� �� �� ��� ��� ��� ���� ���� ���� ����� �� ����� ����
�����BDW� �� �� �� �� ��� ��� ��� ���� ���� ���� ����� �� ����� ���� ��
�����BDW� �� �� �� ��� ��� ��� ���� ���� ���� ����� �� ����� ���� �� ��
�����BDW� �� �� ��� ��� ��� ���� ���� ���� ����� �� ����� ���� �� �� ��
����BDW� �� ��� ��� ��� ���� ���� ���� ����� �� ����� ���� �� �� �� ��
�����BDW� �� ��� ��� ���� ���� ���� ����� �� ����� ���� �� �� �� �� ���
�����BDW� ��� ��� ���� ���� ���� ����� �� ����� ���� �� �� �� �� ��� ���
�����BDW� ��� ���� ���� ���� ����� �� ����� ���� �� �� �� �� ��� ��� ���
���BDW� ��� �� ����� ���� �� �� �� �� ��� ��� ��� ���� ���� ���� �����
����BDW� ��� ���� ����� �� ����� ���� �� �� �� �� ��� ��� ��� ���� ����
����BDW� ��� ����� �� ����� ���� �� �� �� �� ��� ��� ��� ���� ���� ����
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)RU� WKHVH� GDWD�� WKH� H[SHULPHQWDO� GHVLJQ� LV� ZHOO� NQRZQ�� DOWKRXJK� VHYHUDO� RSWLRQV� DUH�
DYDLODEOH�UHJDUGLQJ�ZKLFK�GHSHQGHQW�YDULDEOH�WR�XVH�LQ�WHUPV�RI�WKH�SHUIHFW�PDWFK��30��
DQG�PLVPDWFK� �00�� LQWHQVLW\�PHDVXUHPHQWV�� �6RPH�FKRLFHV� LQFOXGH�PRGHOV� IRU�SDLUHG�
GLIIHUHQFHV� >/L� DQG�:RQJ�� ����D�� ����E@�� 30�RQO\� >&KX� HW� DO�����@�� >/D]DULGLV� HW� DO���
����@�� DGMXVWHG� 30� >(IURQ� HW� DO��� ����@�� >,UL]DUUD\� HW� DO��� ����@�� ERWK� 30� DQG� 00�
>/HPRQ�HW�DO�������@��>7HQJ������@���6RPH�RI�WKHVH�DUH�RQ�WKH�RULJLQDO�VFDOH�DQG�VRPH�RQ�
D�ORJ�VFDOH��DQG�HYHQ�FRPSURPLVHV�KDYH�EHHQ�UHFRPPHQGHG�>'XUELQ�HW�DO�������@���+RZ�
WR�GHFLGH"�
� /LQHDU� UHSURGXFLELOLW\� LV� RQH� FULWHULRQ� WKDW� KDV� EHDULQJ�� DQG� 7DEOH� ���� OLVWV� WKH�
DYHUDJH�FRUUHODWLRQ�FRHIILFLHQW�RI�VHYHUDO�GLIIHUHQW�LQWHQVLW\�PHDVXUHPHQWV�RI�WKH�IRXUWHHQ�
VSLNHG�JHQHV�ZLWKLQ�HDFK�RI�IRXUWHHQ�H[SHULPHQWDO�JURXSV��7KH�ORJ�WUDQVIRUPHG�30�DQG�
00�YDOXHV�KDYH�WKH�EHVW�FRQVLVWHQF\�LQ�WKLV�PHWULF�IRU�PRVW�RI�WKH�H[SHULPHQWDO�JURXSV��
%DVHG�RQ�WKLV�HYLGHQFH��DQG�WKH�IDFW�WKDW�WKH�UDZ�LQWHQVLWLHV�UHSUHVHQW�SL[HO�FRXQWV�UDQJLQJ�
KHWHURJHQHRXVO\�RYHU�VHYHUDO�RUGHUV�RI�PDJQLWXGH��D�ORJ�WUDQVIRUPDWLRQ�LV�MXVWLILDEOH���)RU�
P\�PRGHOLQJ�HIIRUWV�� ORJ�EDVH���ZDV�XVHG�VR� WKDW�D�XQLW�GLIIHUHQFH�RQ� WKLV�VFDOH�FDQ�EH�
LQWHUSUHWHG� DV� D� WZR�IROG� FKDQJH� LQ� WKH� RULJLQDO� VFDOH�� )XUWKHUPRUH�� LI� WKH� DPRXQW� RI�
FURVV�K\EULGL]DWLRQ�IRU�DQ�LQGLYLGXDO�SUREH�LV�SURSRUWLRQDO�WR�WKH�REVHUYHG�VLJQDO��DQG�WKH�
FRQVWDQW�RI�SURSRUWLRQDOLW\� UHPDLQV�VWDEOH�DFURVV� WKH�H[SHULPHQW�� WKHQ� WKLV�FRQVWDQW�ZLOO�
FDQFHO�RXW�DQ\�GLIIHUHQFHV�WDNHQ�RQ�WKH�ORJ�VFDOH��
� )LJXUH�����SORWV�UHSOLFDWH�YDOXHV�RI�ORJ��30��DQG�ORJ��00��DJDLQVW�RQH�DQRWKHU�
IRU�WKH�WKUHH�FKLSV�LQ�H[SHULPHQW�$���7KLV�SORW�UHYHDOV�VRPH�SRWHQWLDO�GDWD�TXDOLW\�LVVXHV�
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WKDW� VKRXOG� EH� DGGUHVVHG�� ,Q� SDUWLFXODU�� RXWOLHUV� WKDW� DSSHDU� ZHOO� DZD\� IURP� WKH� PDLQ�
GLDJRQDO� UHSUHVHQW� LQFRQVLVWHQW� PHDVXUHPHQWV� WKDW� VKRXOG� EH� KDQGOHG� FDUHIXOO\� DQG�
SRWHQWLDOO\�ILOWHUHG�RXW�RI�WKH�DQDO\VLV��
� 5HJDUGLQJ�KRZ�WR�KDQGOH�WKH�PLVPDWFK�GDWD��)LJXUH������IURP�D�UDQGRPO\�FKRVHQ�
FKLS� �����H��KSSBDY����� VKRZV� KRZ� VWURQJO\� ORJ��00�� LV� FRUUHODWHG�ZLWK� ORJ��30����
00�LV�FOHDUO\�SLFNLQJ�XS�WUXH�VLJQDO�DQG�LV�VXEMHFW�WR�QRLVH��DQG�WKHUHIRUH�VXEWUDFWLQJ�LW�
GLUHFWO\�IURP�30�LV�OLNHO\�QRW�WKH�PRVW�RSWLPDO�ZD\�WR�SURFHHG��
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7DEOH������$YHUDJH�FRUUHODWLRQ�FRHIILFLHQW�DFURVV�UHSOLFDWHV�ZLWKLQ�WKH�H[SHULPHQW�JURXSV�� $YHUDJH�&RUUHODWLRQ�&RHIILFLHQW�
([SHULPHQW� /RJ�30� /RJ�00� 30� 00� 30�00�
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�
)LJXUH������6FDWWHU�SORW�PDWUL[�RI�ORJ��30��EOXH��DQG�ORJ��00��UHG��IRU�WKH�WKUHH�UHSOLFDWH�FKLSV�LQ�H[SHULPHQW�$�
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�
)LJXUH������3ORW�RI�ORJ��00��YHUVXV�ORJ��30��IRU�FKLS�����H��KSSBDY���LQ�([SHULPHQW�
(��(DFK�FXUYH�UHSUHVHQWV�D�FRQWRXU�RI�WKH�ELYDULDWH�GHQVLW\�IRU�ORJ��00��DQG�ORJ��30���
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� %DVHG� XSRQ� WKH� SUHFHGLQJ� FRQVLGHUDWLRQV�� ,� HPSOR\� ORJ��30�� DV� D� GHSHQGHQW�
YDULDEOH� LQ� D� OLQHDU�PRGHOLQJ� FRQWH[W�� � 5HVHDUFK� RQ�PHWKRGV� IRU� LQFOXGLQJ�00� DV� DQ�
DGGLWLRQDO�GHSHQGHQW�YDULDEOH�LQ�D�ELYDULDWH�IDVKLRQ�LV�UHSRUWHG�LQ�&KDSWHU�����0\�DQDO\VLV�
IROORZV�PHWKRGV�UHSRUWHG�LQ�>:ROILQJHU�HW�DO�������@�DQG�>&KX�HW�DO�������@���,Q�SDUWLFXODU��
WKH�IROORZLQJ�WZR�PRGHOV�DUH�HPSOR\HG�LQ�WXUQ��
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� ,Q�0RGHO������WKH�V\PEROV�30��(��$��DQG� �UHSUHVHQW�SHUIHFW�PDWFK�SUREH�LQWHQVLW\��
JOREDO� H[SHULPHQW� HIIHFW�� JOREDO� FKLS� UDQGRP� HIIHFW�� DQG� VWRFKDVWLF� HUURU� WHUP��
UHVSHFWLYHO\���+HUH��³JOREDO´�HPSKDVL]HV�WKDW�WKH�FRUUHVSRQGLQJ�HIIHFW�DSSOLHV�DFURVV�DOO�
JHQHV�� � 7R� EH� PRUH� SUHFLVH� LMNJ30 PHDQV� WKH� LQWHQVLW\� RI� WKH� MWK� UHSOLFDWH� RI� WKH� LWK�

H[SHULPHQW�IRU�WKH�NWK�SHUIHFW�PDWFK�SUREH�RI�WKH�JWK�JHQH���,Q�0RGHO������WKH�V\PEROV�5��
(��3��$��DQG� �UHSUHVHQW�WKH�UHVLGXDO�FDOFXODWHG�IURP�0RGHO������JHQH�VSHFLILF�H[SHULPHQW�
HIIHFW��JHQH�VSHFLILF�SUREH�HIIHFW��JHQH�VSHFLILF�FKLS�UDQGRP�HIIHFW��DQG�VWRFKDVWLF�HUURU�
WHUP��UHVSHFWLYHO\���0RGHO�����LV�ILWWHG�RQFH�WR�MRLQWO\�QRUPDOL]H�DOO�RI�WKH�GDWD��DQG�PRGHO�
����LV�ILWWHG�VHSDUDWHO\�IRU�HDFK�JHQH��
�

����� 5HVXOWV�
,�ILW�WKH�SUHFHGLQJ�PRGHOV�WR�WKH�GDWD�IRU�DOO��������JHQHV�XVLQJ�6$6�3URF�0L[HG��$IWHU�
WKLV�PRGHOLQJ�� RXWOLHUV� IRU� VWDQGDUGL]HG� UHVLGXDOV� JUHDWHU� WKDQ� D� FHUWDLQ� WKUHVKROG�ZHUH�
ILOWHUHG�DQG�WKHQ�YDULRXV�RXWSXW�VWDWLVWLFV�ZHUH�FROOHFWHG���7KH�IRXUWHHQ�VSLNHG�JHQHV�HDFK�
KDG�ZLOGO\�VLJQLILFDQW�UHVXOWV��ZLWK�RYHUDOO�±ORJ���S�YDOXHV��DURXQG�������,Q�)LJXUH�����WKH�
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OHDVW�VTXDUHV�PHDQ�RI�JHQH�VSHFLILF�H[SHULPHQW�HIIHFW�IURP�PRGHO�����ZHUH�VWDQGDUGL]HG�
IRU� HDFK� RI� WKH� ��� WDUJHW� SUREH� VHWV�� � � 7KH� ILJXUH� GLVSOD\V� WKH� SURILOHV� IRU� WKHVH� JHQHV�
DFURVV�HDFK�RI�WKH����FRQFHQWUDWLRQ�OHYHOV�RQ�D�VWDQGDUGL]HG�VFDOH���7KH�UHVXOWLQJ�VXEWOH�6�
VKDSH�PDWFKHV�WKDW�VHHQ�LQ�RWKHU�DQDO\VHV���
� :KDW�VXUSULVHG�XV��KRZHYHU��ZDV�WKH�VLJQLILFDQFH�RI�VHYHUDO�JHQHV�LQ�DGGLWLRQ�WR�
WKH� SXWDWLYH� IRXUWHHQ�� � 7KHVH� DUH� OLVWHG� LQ� 7DEOH� ����� � ([SUHVVLRQ� SURILOHV� RI� ��� WDUJHW�
JHQHV�DUH�VKRZQ�LQ�)LJXUH�����DQG�WKH�WRS�ILYH�XQH[SHFWHG�JHQHV�LQFOXGLQJ�WKH�RQH�WKDW�
ZDV� FODLPHG� WR� EH�PLVVLQJ� LQ� WKH� VXSSRUWLQJ� LQIRUPDWLRQ� WKDW�$II\PHWUL[� SURYLGHG� DUH�
GLVSOD\HG� LQ� )LJXUH� ����� � $� IHZ� KDYH� REYLRXV� H[SODQDWLRQV�� EXW� RWKHUV� GR� QRW�� � 2QH�
H[DPSOH� RI� WKH� ODWWHU� LV� ����BDW��ZKLFK� KDV� DQ� H[SUHVVLRQ� SURILOH�PDWFKLQJ� WKDW� RI� WKH�
VSLNHG�JHQH����BDW��
�
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�
)LJXUH������2YHUOD\�RI�VWDQGDUGL]HG�OHDVW�VTXDUHV�PHDQ�SURILOHV�IRU�WKH����VSLNHG�JHQHV���
'LIIHUHQW�JHQHV�DUH�PDUNHG�ZLWK�GLIIHUHQW�FRORUV�� �7KH�FRQFHQWUDWLRQ�RUGHU�IURP���WR����
PDWFKHV�WR�WKH�FRQFHQWUDWLRQ���S0�WR������S0���7KH�VWUDLJKW�OLQH�DQG�WKH�FXUYH�UHSUHVHQW�
OLQHDU�DQG�VPRRWK�QRQSDUDPHWULF�ILWWHG�OLQHV�UHVSHFWLYHO\��
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7DEOH������8QH[SHFWHG�VLJQLILFDQW�JHQHV�IURP�WKH�PL[HG�PRGHO�DQDO\VLV�
�3UREH�6HW� �7DUJHW� ��5HPDUN�
������BDW� �$&������� ��VKRXOG�EH�LQ�/DWLQ�6TXDUH�DV�7UDQVFULSW�����
����BDW� �6������ ��VDPH�SURILOH�DV������BDW��
�����BJBDW� �/������ ��VDPH�SURILOH�DV�����BDW��
������BDW� �/������ ��VDPH�SURILOH�DV�����BDW��
�����BDW� �8������ ��VDPH�SURILOH�DV����BDW�
�
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�
)LJXUH������6WDQGDUGL]HG�OHDVW�VTXDUHV�PHDQ�SURILOHV�RI�VLJQLILFDQW�JHQHV�IURP�WKH�PL[HG�PRGHO�DQDO\VLV��
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�
)LJXUH� ����� 6WDQGDUGL]HG� OHDVW� VTXDUHV� PHDQ� SURILOHV� RI� XQH[SHFWHG� JHQHV� IURP� WKH�PL[HG�PRGHO�DQDO\VLV��
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� ,� GLVFRYHUHG� WKH� XQH[SHFWHG� JHQHV� LQ� 7DEOH� ���� E\� VWDWLVWLFDOO\� VFUHHQLQJ� WKH�
H[SUHVVLRQ� SURILOHV� RI� WKH� WDUJHW� WUDQVFULSWV� ZLWK� WKDW� RI� DOO� SUREHV� LQ� WKH� 8��$� FKLS���
(PSLULFDOO\��WKH�LQWHQVLW\�PHDVXUHPHQW�LV�QRW�TXLWH�OLQHDUO\�SURSRUWLRQDO�WR�WKH�WUDQVFULSW�
FRQFHQWUDWLRQ� OHYHO� DW� KLJK� DQG� ORZ� FRQFHQWUDWLRQV�� � 7R� UHIOHFW� WKH� REVHUYHG� LQWHQVLW\�
PHDVXUHPHQW�SDWWHUQV��,�XVHG�OHDVW�VTXDUHV�PHDQ�RI�WKH�H[SHULPHQW�HIIHFWV�LQ�PRGHO�����DV�
TXHULHV� WR� UHWULHYH� SUREHV� ZLWK� VLPLODU� H[SUHVVLRQ� SURILOHV�� � ,� ILUVW� WDNH� DYHUDJHV� RI�
H[SUHVVLRQ�OHYHOV�DFURVV�UHSOLFDWHV�IRU�HDFK�H[SHULPHQW�DQG�WKHQ�FDOFXODWH�WKH�FRUUHODWLRQ�
FRHIILFLHQWV�RI�WKRVH����DYHUDJH�YDOXHV�ZLWK�WKH����OHDVW�VTXDUHV�PHDQ�YDOXHV���7KH�KLJKHU�
WKH� FRUUHODWLRQ� FRHIILFLHQW�� WKH� KLJKHU� WKH� VLPLODULW\� LQ� H[SUHVVLRQ� SDWWHUQ� EHWZHHQ� WKH�
WDUJHW�JHQH�DQG�WKH�VHTXHQFH�WR�ZKLFK�LW�FURVV�K\EULGL]HG��� �2QFH�REWDLQHG��WKH�VHOHFWHG�
PDWFKHV�DUH�REYLRXV�E\�YLVXDO�FRPSDULVRQ�RI�)LJXUHV�����DQG������
� $�EULHI�LQYHVWLJDWLRQ�RI�WKH�ILYH�JHQHV�LQ�7DEOH�����SURGXFHG�VLPSOH�H[SODQDWLRQV�
IRU�WKHLU�REVHUYHG�H[SUHVVLRQ�SURILOHV��H[FHSW�IRU�WKDW�RI�SUREH�VHW�����BDW���)LYH�SUREHV�
RI�����BDW�KDYH�FRUUHODWLRQ�FRHIILFLHQWV�KLJKHU�WKDQ������ZLWK�SURILOH�RI����BDW�ZKLOH�WKH�
RWKHU� ��� SUREHV� KDYH� FRUUHODWLRQ� FRHIILFLHQWV� OHVV� WKDQ� ����� � 6LQFH� WKH� ILYH� KLJKO\�
FRUUHODWHG� SUREH� VHTXHQFHV� KDYH� VLJQLILFDQW� RYHUODS� ZLWK� HDFK� RWKHU�� SDUW� RI� WKLV�
RYHUODSSLQJ� VHTXHQFH� ZDV� H[SHFWHG� WR� EH� GHILQLWLYH�� DQG� *LEEV� 6DPSOLQJ� >/DZUHQFH��
����@� ZDV� XVHG� WR� LGHQWLI\� SRVVLEOH�PRWLIV�� � )RU� HDFK� WKUHVKROG� VHWWLQJ� RQ� FRUUHODWLRQ�
FRHIILFLHQWV�� WKH� ORQJHVW� FRPPRQ� PRWLI� RI� DOO� WKH� SUREHV� FKRVHQ� ZDV� LGHQWLILHG� DQG�
PDQXDOO\�FKHFNHG�IRU�WKH�PRVW�SUREDEOH�FDQGLGDWH�VHTXHQFHV���1RW�DOO�RI�WKH�SUREHV�KDYH�
VLPLODU� VHTXHQFHV� DV� WKRVH� RI� SUREH� VHW� ����BDW�� EXW� WZR� RI� WKHP� ZHUH� IRXQG� WKDW�
VXSSRUWHG�RXU�FRQMHFWXUH���7KH\�DUH�GLVSOD\HG�LQ�7DEOH������DQG�WKH�H[SUHVVLRQ�SURILOHV�RI�
WKRVH�SUREHV�DUH�VKRZQ�LQ�)LJXUH������
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� 7KH� ILUVW� VHTXHQFH�� *&$*&&*777�� DSSHDUV� LQ� VHYHQ� SUREH� VHTXHQFHV� RI� WKH�
8��$� FKLS� RWKHU� WKDQ� WKRVH� LQ� SUREH� VHW� ����BDW�� 2QO\� WKUHH� RXW� RI� VHYHQ�PDWFK� WKH�
VHTXHQFH�VLPLODULW\�SURILOH�RI�WDUJHW����BDW��KRZHYHU�WKH\�DUH�QRW�VR�VWURQJ�DV�WKH�VHFRQG�
PRWLI�&&*777&7&&77**7� LQ�SUREH�VHW������BDW�� �7KLV����EDVH�PRWLI�KDV�D� VLPLODU�
FRXQWHUSDUW� LQ� WKH� SUREH� VHTXHQFHV� RI� ����BDW� EXW�ZLWK� DQ� DGGLWLRQDO� EDVH�7�� � � ,I� WKLV�
VLQJOH�EDVH�7�LV�DOORZHG�WR�PLVPDWFK�ZKHQ�K\EULGL]LQJ�WR�WKH�WDUJHW�VHTXHQFH�� WKHQ�WKH�
DOLJQPHQW� LQ� )LJXUH� ���� VHHPV� WR� EH� D� SURPLVLQJ� UHDVRQ� IRU� WKH� REVHUYHG� FURVV�
K\EULGL]DWLRQ��
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7DEOH������3UREH�VHTXHQFHV�ZLWK�H[SUHVVLRQ�SURILOH�PDWFKLQJ�WKDW�RI�WDUJHW����BDW�IURP�QHWDII\�FRP��+LJKOLJKWHG�PRWLIV�FDQ�EH�DOLJQHG�WR�WKH�VHTXHQFH�LQ�JHQH�.�������WDUJHW�RI����BDW��EXW�QRW�WKH�SUREH�VHTXHQFHV�RI����BDW��

3UREH�6HW� 3RVLWLRQ�3UREH�6HTXHQFH�
&RUUHODWLRQ�FRHIILFLHQW�RI�
H[SUHVVLRQ�SURILOH�ZLWK�WKH�
WDUJHW�SURILOH����BDW�

����BDW� ��� DJDDWDW*&$*&&*777WFWFFWWF�������
����BDW� ��� DDWDW*&$*&&*777WFWFFWWFFW�������
����BDW� ��� DWDW*&$*&&*777WFWFFWWFFWJ�������
����BDW� ��� DW*&$*&&*777WFWFFWWFFWJJJ�������
����BDW� ��� W*&$*&&*777WFWFFWWFFWJJJW�������
�����BDW� ����� WJ*&$*&&*777FWWDDFDWJWWJD�������
�����BDW� ����� DJDFWFFWJJ*&$*&&*777WFFWF�������
�����BDW� ����� WJJ*&$*&&*777WFFWFDWFFWWW�������
����BDW� ����� JDJW*&$*&&*777FDJDDJDDDDF�������
�����BDW� ����� DFDWFWJDJW*&$*&&*777JDJDD�������
�����BDW� ����� W*&$*&&*777JDJDDJDDDDFDWF�������
�����BDW� ����� JDFDW*&$*&&*777FJJJJWDJDW�������
�����BDW� ����� JWJFJ&&*777&7&&77**7DJFJW�������
�����BDW� ����� &&*777&7&&77**7DJFJWJFDFJ�������
�
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)LJXUH������([SUHVVLRQ�SURILOHV�RI�SUREHV�OLVWHG�LQ�7DEOH������(DFK�SORW�FRQWDLQV����SRLQWV��ZKLFK�UHSUHVHQW����FKLSV�DQG�WKHUH�DUH�WZR�WR�WZHOYH�UHSOLFDWHV�IRU�HDFK�H[SHULPHQW��



� ���

�
)LJXUH������6HTXHQFH�DOLJQPHQW�IRU�SUREHV�RI�����BDW�DQG������BDW�ZLWK�.�������WDUJHW�RI����BDW��



� ���

���� &21&/86,21�
$� OLQHDU�PL[HG�PRGHO� RI� ORJ��30�� LV� D� SRZHUIXO�PHWKRG� IRU� DVVHVVLQJ� VLJQLILFDQFH� RI�
JHQH�H[SUHVVLRQ�SURILOHV�� �)RU�WKH�$II\PHWUL[�/DWLQ�6TXDUH�GDWD�� LW�GHWHFWHG�DOO�IRXUWHHQ�
VSLNHG�JHQHV�ZLWK�H[WUHPHO\�KLJK�SUHFLVLRQ��DV�ZHOO�DV�ILYH�DGGLWLRQDO�³VWUDQJHUV´���2QH�
RI� WKH� ILYH�� ����BDW�� GLG� QRW� KDYH� DQ� LQLWLDOO\� REYLRXV� H[SODQDWLRQ�� EXW� DIWHU� D� PRUH�
GHWDLOHG�PRWLI�ILQGLQJ�H[HUFLVH��,�ZDV�DEOH�WR�ILQG�D�IHZ�PRWLIV�WKDW�OLNHO\�FDXVHG�WKH�FURVV�
K\EULGL]DWLRQ�� �$GGLWLRQDO� VSLNHG�LQ�H[SHULPHQWV� OLNH� WKLV�RQH�ZLOO�EH�XVHIXO� IRU� IXUWKHU�
LQVLJKWV�LQWR�SUREH�SHUIRUPDQFH�DQG�GHVLJQ��
�

���� 5()(5(1&(6�
$II\PHWUL[�� �������� 1HZ� VWDWLVWLFDO� DOJRULWKP� IRU� PRQLWRULQJ� JHQH� H[SUHVVLRQ� RQ�

*HQH&KLS�SUREH�DUUD\V���
� KWWS���ZZZ�DII\PHWUL[�FRP�VXSSRUW�WHFKQLFDO�WHFKQRWHV�VWDWLVWLFDOBDOJRULWKPVBWHF

KQRWH�SGI�
&KX��7���:HLU��%��� DQG�:ROILQJHU��5�� � �������� �$� V\VWHPDWLF� VWDWLVWLFDO� OLQHDU�PRGHOLQJ�

DSSURDFK�WR�ROLJRQXFOHRWLGH�DUUD\�H[SHULPHQWV��0DWK��%LRVFL��������������
(IURQ��%���7LEVKLUDQL��5���*RVV��9��� DQG�&KX��*�� ��������0LFURDUUD\V�DQG� WKHLU�XVH� LQ�D�

FRPSDUDWLYH�H[SHULPHQW��7HFKQLFDO�5HSRUW��6WDQIRUG�8QLYHUVLW\���
'XUELQ��%���+DUGLQ��-���+DZNLQV��'���DQG�5RFNH��'��$�YDULDQFH�VWDELOL]LQJ�WUDQVIRUPDWLRQ�

IRU�JHQH�H[SUHVVLRQ�PLFURDUUD\�GDWD��%LRLQIRUPDWLFV������������6XSSO���6��������
,UL]DUU\��5��$���+REEV��%���&ROOLQ��)���%HD]HU�%DUFOD\��<���$QWRQHOOLV��.���6FKHUI��8��DQG�

6SHHG�� 7�� � �������� � ([SORUDWLRQ�� QRUPDOL]DWLRQ�� DQG� VXPPDULHV� RI� KLJK� GHQVLW\�
ROLJRQXFOHRWLGH�DUUD\�SUREH�OHYHO�GDWD��%LRVWDWLVWLFV���������������
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/DZUHQFH� &(�� $OWVFKXO� 6)�� %RJXVNL� 06�� /LX� -6�� 1HXZDOG� $)��:RRWWRQ� -&�� ��������
'HWHFWLQJ� VXEWOH� VHTXHQFH� VLJQDOV�� $� *LEEV� VDPSOLQJ� VWUDWHJ\� IRU� PXOWLSOH�
DOLJQPHQW��6FLHQFH��������������

/D]DULGLV�� (�� 1��� 6LQLEDOGL�� '��� %ORRP�� *��� 0DQH�� 6��� DQG� -RYH�� 5�� �������� $� VLPSOH�
PHWKRG�WR�LPSURYH�SUREH�VHW�HVWLPDWHV�IURP�ROLJRQXFOHRWLGH�DUUD\V��0DWK��%LRVFL��
������������

/HPRQ��:�� -��� 3DODWLQL�� -�� -��7���.UDKH�5��� DQG�:ULJKW� �� )��$�� �������� � 7KHRUHWLFDO� DQG�
H[SHULPHQWDO�FRPSDULVRQV�RI�JHQH�H[SUHVVLRQ�LQGH[HV�IRU�ROLJRQXFOHRWLGH�DUUD\V���
�LQ�SUHVV��

/L�� &�� DQG� :RQJ�� :�� +�� �����D��� � 0RGHO�EDVHG� DQDO\VLV� RI� ROLJRQXFOHRWLGH� DUUD\V��
([SUHVVLRQ� LQGH[�FRPSXWDWLRQ� DQG�RXWOLHU�GHWHFWLRQ��3URF��1DW��$FDG��6FL��86$��
���������������

/L��&��DQG�:RQJ��:��+�������E����0RGHO�EDVHG�DQDO\VLV�RI�ROLJRQXFOHRWLGH�DUUD\V��0RGHO�
YDOLGDWLRQ�� GHVLJQ� LVVXHV� DQG� VWDQGDUG� HUURU� DSSOLFDWLRQ�� *HQRPH� %LRO� �������
UHVHDUFK����������������

7HQJ��&�+��1HVWRURZLF]��$���DQG�5HLIHO�0LOOHU�$�� ��������� �([SHULPHQWDO�GHVLJQV�XVLQJ�
$II\PHWUL[� *HQH&KLSV�� � 1DWXUH� *HQHWLFV� ���� ���� '2,�� �������������� 3RVWHU�
$EVWUDFWV�

:ROILQJHU��5��'���*LEVRQ��*���:ROILQJHU��(��'���%HQQHWW�� /���+DPDGHK��+���%XVKHO��3���
$IVKDUL�� &��� DQG� 3DXOHV�� 5�� 6�� ��������$VVHVVLQJ� JHQH� VLJQLILFDQFH� IURP� F'1$�
PLFURDUUD\�H[SUHVVLRQ�GDWD�YLD�PL[HG�PRGHO��-��&RPS��%LR���������������

�
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&KDSWHU����&RPSDULVRQ�RI�6WDWLVWLFDO�3HUIRUPDQFH�RI�8QLYDULDWH�DQG�
%LYDULDWH�0L[HG�0RGHOV�IRU�$II\PHWUL[��3UREH�/HYHO�'DWD��

�

����$EVWUDFW�
+DOI�RI�WKH�SUREHV�RQ�$II\PHWUL[��PLFURDUUD\V�FRQWDLQ�D�VLQJOH�EDVH�PLVPDWFK��00��RI�
D�NQRZQ�SHUIHFW�PDWFK��30��WDUJHW�VHTXHQFH���:KLOH�SXWDWLYHO\�GHVLJQHG�WR�GHWHFW�QRQ�
VSHFLILF� ELQGLQJ�� WKH� 00� GDWD� FDQ� DOVR� FRQWDLQ� WUXH� VLJQDO�� DQG� VR� GHEDWHV� SHUVLVW�
FRQFHUQLQJ� KRZ� WR� EHVW� FRPELQH� 30� DQG�00� GDWD� IRU� VWDWLVWLFDO� PRGHOLQJ� SXUSRVHV���
0RVW� FXUUHQW� DSSURDFKHV� LQYROYH� HLWKHU� VXEWUDFWLQJ� VRPH� IXQFWLRQ� RI�00� IURP�30�RU�
LJQRULQJ�00�DOWRJHWKHU�� �+HUH� D� ELYDULDWH�PRGHO� LV� SURSRVHG� WR� LQFOXGH� ERWK� 30� DQG�
00�EDVHG�RQ�WKH�PL[HG�OLQHDU�PRGHOLQJ�IUDPHZRUN�� � ,W�GLUHFWO\�PRGHOV� WKH�FRUUHODWLRQ�
EHWZHHQ�30�DQG�00�DQG�WKHUHE\�LQFUHDVHV�WKH�SRZHU�RI�VLJQLILFDQW�JHQH�GHWHFWLRQ��
� ,W�LV�VKRZQ�WKDW�WKH�ELYDULDWH�PL[HG�PRGHO�RIIHUV�PRGHUDWH�JDLQV�LQ�SRZHU�RYHU�D�
FRPSDUDEOH�XQLYDULDWH�PRGHO� WKDW� LJQRUHV�WKH�00�GDWD�� �7KH�JDLQV�DUH�PRUH�SURPLQHQW�
ZKHQ�WKH�QXPEHU�RI�UHSOLFDWHV�DQG�WKH�DUUD\�WR�DUUD\�YDULDELOLW\�LV�VPDOO���7KH�PRGHOV�DUH�
DSSOLHG� WR� D� VPDOO� H[SHULPHQW� RQ� \HDVW� DQG� WKHVH� GDWD� DUH� XVHG� DV� D� EDVLV� IRU� D�0RQWH�
&DUOR�VLPXODWLRQ���
.H\�ZRUGV��$II\PHWUL[���PL[HG�PRGHO��ELYDULDWH�PRGHO��SHUIHFW�PDWFK�SUREHV��PLVPDWFK�
SUREHV��

�
��
�
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���� ,1752'8&7,21�
$II\PHWUL[��DUUD\V�DUH�FXUUHQWO\�WKH�PRVW�ZLGHO\�DGRSWHG�FRPPHUFLDO�SODWIRUP�IRU�KLJK�
WKURXJKSXW�JHQH�H[SUHVVLRQ�SURILOLQJ���&KDUDFWHULVWLF�IHDWXUHV�RI�WKHVH�DUUD\V�LQFOXGH�WKH�
PXOWL�SUREH�UHSUHVHQWDWLRQ�RI�HDFK�JHQH�DQG�WKH�LQFOXVLRQ�RI�PLVPDWFK��00��SUREHV����
00�SUREHV�DUH�GHVLJQHG�WR�KDYH�WKH�VDPH�VWUHQJWK�RI�QRQ�VSHFLILF�ELQGLQJ�DV�WKHLU�
FRXQWHUSDUW��SHUIHFW�PDWFK��30��SUREHV��DQG�VR�FDQ�SRWHQWLDOO\�VHUYH�DV�DQ�DGMXVWPHQW�
IDFWRU�IRU�WKH�30�VLJQDOV��/LSVKXW]����������+RZHYHU��HPSLULFDO�VWXGLHV�UHSRUW�WKDW�
W\SLFDOO\����SHUFHQW�RI�00�VLJQDOV�DUH�JUHDWHU�WKDQ�30�VLJQDOV��DQG�VHYHUDO�DXWKRUV�KDYH�
SURSRVHG�UHDVRQDEOH�PHWKRGV�IRU�KDQGOLQJ�WKH�GLIILFXOWLHV��+XEEHOO�������,UL]DUU\����������

30�DQG�00�GDWD�RFFXU�LQ�SDLUV��DQG�WKH�WZR�PHDVXUHPHQWV�W\SLFDOO\�KDYH�D�
FRUUHODWLRQ�DURXQG�����ZLWKLQ�DQ\�RQH�FKLS��VHH�)LJXUH��������:KLOH�D�SRUWLRQ�RI�WKLV�
VWURQJ�FRUUHODWLRQ�LV�XQGRXEWHGO\�GXH�WR�QRQ�VSHFLILF�ELQGLQJ��LW�LV�DOVR�WKH�FDVH�WKDW�00�
SUREHV�GHWHFW�WKH�WUXH�VLJQDO�DV�ZHOO���7KH�K\EULGL]DWLRQ�VWUHQJWK�YDULHV�IURP�VHTXHQFH�WR�
VHTXHQFH�DQG�LV�GHWHUPLQHG�E\�WKH�VHTXHQFH�FRPSRVLWLRQ��3URPLVLQJ�H[SODQDWLRQV�DUH�
DYDLODEOH�IURP�WKHUPRG\QDPLF�PRGHOV��1DHI�������=KDQJ���������6LQFH�WKH�UHDO�VLJQDO�
GHWHFWHG�E\�00�YDULHV�IURP�VHTXHQFH�WR�VHTXHQFH��,�SURSRVH�D�ELYDULDWH�PRGHO�IRU�HDFK�
JHQH�XQGHU�WKH�PL[HG�PRGHO�IUDPHZRUN�WR�GLUHFWO\�HVWLPDWH�WKH�FRUUHODWLRQ�EHWZHHQ�30�
DQG�00���5DWKHU�WKDQ�LQWHJUDWLQJ�D�ELRSK\VLFDO�PRGHO�RI�QXFOHLF�DFLG�K\EULGL]DWLRQ�LQWR�
WKH�DQDO\VLV��P\�REMHFWLYH�LV�WR�SURYLGH�D�JHQHUDO�FRYDULDQFH�PRGHOLQJ�DSSURDFK�WR�
GLUHFWO\�LQFRUSRUDWH�DOO�RI�WKH�00�GDWD��
� 7KHVH�LGHDV�DUH�DSSOLHG�WR�DQ�H[SHULPHQW�FRQGXFWHG�E\�3KDUPDFLD��7HQJ���������
7KH�RUJDQLVP�XQGHU�VWXG\�ZDV�\HDVW��ZLWK�D�FRQWURO�JURXS�WKDW�ZDV�JURZQ�LQ�ULFK�PHGLD�
FRPSDUHG�WR�D�WUHDWHG�JURXS�JURZQ�LQ�PLQLPDO�PHGLD���7KH�51$�VDPSOHV�UHWULHYHG�IURP�
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HDFK�JURXS�ZHUH�K\EULGL]HG�WR�WKUHH�DUUD\V���7KHUH�DUH������SUREH�VHWV�LQFOXGHG�LQ�WKH�
$II\PHWUL[��<*�6���FKLS���$IWHU�QRUPDOL]LQJ�WKH�ORJ��GDWD�E\�PHDQ�FHQWHULQJ��JHQH�
VSHFLILF�XQLYDULDWH�PL[HG�PRGHOV�ZHUH�ILWWHG�XVLQJ�RQO\�WKH�30�SUREHV�DV�WKH�ILUVW�PRGHO�
�DV�LQ�&KX�HW�DO��������DQG�FRPSDUHG�ZLWK�WKH�UHVXOWV�RI�D�ELYDULDWH�PL[HG�PRGHO�
DSSURDFK�GHVFULEHG�LQ�6HFWLRQ�����&RPSDULVRQV�ZHUH�OLPLWHG�WR�WKHVH�WZR�PRGHOV�EHFDXVH�
WKH�XQLYDULDWH�PL[HG�PRGHO�KDV�DOUHDG\�EHHQ�VKRZQ�WR�EH�YHU\�FRPSHWLWLYH�FRPSDUHG�WR�
RWKHU�SRSXODU�DSSURDFKHV��&KX�HW�DO���������
� 7KH�LPSURYHPHQW�LQ�SRZHU�RI�WKH�ELYDULDWH�PRGHO�RYHU�WKH�XQLYDULDWH�PRGHO�LV�
GHPRQVWUDWHG�E\�0RQWH�&DUOR�VLPXODWLRQ�LQ�6HFWLRQ�����6HYHUDO�IDFWRUV�WKDW�FRQWULEXWH�WR�
WKH�LPSURYHPHQW�RI�SRZHU�DUH�DOVR�GLVFXVVHG��LQFOXGLQJ�WKH�FRUUHODWLRQ�EHWZHHQ�30�DQG�
00��WKH�]HUR�ERXQGDU\�FRQVWUDLQW�RI�WKH�DUUD\�YDULDQFH�FRPSRQHQW��DQG�WKH�VFDOH�RI�WKH�
YDULDQFH�FRPSRQHQWV�DQG�UHVLGXDOV��
�

���� '$7$�$1$/<6,6�
3UHOLPLQDU\�&KHFN�RI�'DWD�DQG�1RUPDOL]DWLRQ�
7KH�GDWD�TXDOLW\�RI� WKH�VL[�DUUD\V�ZHUH� ILUVW�FKHFNHG�� �)URP�WKH�FRUUHODWLRQ�WDEOH�RI� ORJ�
�EDVH���� LQWHQVLW\�RI�30�SUREHV� LQ�7DEOH������ WKH� DUUD\V�ZLWKLQ� WKH� VDPH� WUHDWPHQW� DUH�
VWURQJO\�FRUUHODWHG��ZKLFK�PHDQV�WKH�VLJQDOV�DUH�KLJKO\�UHSURGXFLEOH�LQ�WKLV�H[SHULPHQW���
3UREHV�ZLWKLQ� D� WUHDWPHQW� FODVV� DOZD\V� VKRZ� D� FRUUHODWLRQ� EHWZHHQ� DUUD\V� JUHDWHU� WKDQ�
������ZKLOH�WKH�FRUUHODWLRQ�EHWZHHQ�WUHDWPHQW�FODVVHV�LV�LQ�WKH�UDQJH�RI������WR�������
�
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�)LJXUH������6FDWWHU�SORW�RI�ORJ���30��YV��ORJ���00��SUREHV�IURP�GDWD�RI�VL[�DUUD\V�
�
�
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7DEOH� ����� &RUUHODWLRQ� FRHIILFLHQWV� EHWZHHQ� SDLUV� RI� DUUD\V� RI� WKH� \HDVW� H[SHULPHQW���
$UUD\V�����DUH�SHUIHFW�PDWFK�SUREHV�K\EULGL]HG�ZLWK�FRQWURO�VDPSOHV�DQG�����DUH�SHUIHFW�
PDWFK�SUREHV�K\EULGL]HG�ZLWK�WUHDWHG�VDPSOHV��

$UUD\��� �� �� �� �� ��
�� � � � � �

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

�
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� 7KH�UDQJH�RI�WKH�LQWHQVLW\�LV�DSSUR[LPDWHO\�WKH�VDPH�IRU�HDFK�DUUD\����7KDW�PHDQV�
ZH�GR�QRW�KDYH�VLJQLILFDQW�JOREDO�SDWWHUQV�ZLWK�UHVSHFW�WR�HLWKHU�WUHDWPHQWV�RU�DUUD\V���7R�
UHPRYH� V\VWHPDWLF� YDULDWLRQ� DW� WKH� DUUD\� OHYHO�� D� UHDVRQDEOH� DQG� VLPSOH� QRUPDOL]DWLRQ�
PHWKRG� LV� WR� FHQWHU� WKH� ORJ� LQWHQVLWLHV� VR� WKDW� WKH�PHDQ� RI� HDFK� DUUD\� LV� ]HUR�� � 7KLV� LV�
EDVHG� RQ� WKH� REVHUYDWLRQ� WKDW� WKH� SURSRUWLRQ� RI� GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV� LV� YHU\�
VPDOO�DQG�ZLOO�QRW�DIIHFW�WKH�PHDQ�YDOXH�RI�HDFK�DUUD\��
�
*HQH�VSHFLILF�PRGHOV�
$129$� DQDO\VLV� LV� RIWHQ� XVHG� WR� GHFRPSRVH� WKH� HIIHFW� LQWR� D� OLQHDU� FRPELQDWLRQ� RI�
GLIIHUHQW�IDFWRUV��.HUU�DQG�&KXUFKLOO���������7R�H[WHQG�LQIHUHQFH�WR�UDQGRP�SRSXODWLRQV��
:ROILQJHU� HW� DO�� �:ROILQJHU� HW� DO� ������ SURSRVH� D�PL[HG�$129$� DSSURDFK� WR�PRGHO�
DUUD\�YDULDWLRQ�DV�D�UDQGRP�HIIHFW���&KX�HW�DO��IXUWKHU�H[WHQGHG�LW�WR�SUREH�OHYHO�GDWD��&KX�
HW�DO��������DQG�XVHG�RQO\�30�SUREHV�WR�GHWHFW�VLJQLILFDQW�HIIHFWV���7KH�PL[HG�PRGHO�IURP�
&KX�HW�DO� LV� WKH� ILUVW�PRGHO�FRPSDUHG� LQ� WKLV� UHSRUW�DQG� LW� LV�FDOOHG� WKH�30�RQO\�PRGHO�
WKURXJKRXW�WKH�GLVFXVVLRQ���7KH�PRGHO�LV�FRQVWUXFWHG�RQ�D�JHQH�E\�JHQH�EDVLV�WR�DFFRXQW�
IRU�WKH�KHWHURJHQHLW\�RI�YDULDWLRQ�DFURVV�JHQHV�DQG�DOVR�WR�DYRLG�KDQGOLQJ�D�KXJH�GDWD�VHW�
LQ�RQH�FRPSOH[�PRGHO����
�
,��30�RQO\�PRGHO�
7KH�PRGHO�IRUPXODWLRQ�LV�

LMNLMLNNL $7337 H���� ��LMN� ��30ORJ

�
7KH� V\PEROV�30��7��3��73��$� DQG� � UHSUHVHQW�SHUIHFW�PDWFK�SUREH� LQWHQVLW\�� WUHDWPHQW�
HIIHFW�� SUREH� HIIHFW�� WUHDWPHQW� E\� SUREH� LQWHUDFWLRQ� HIIHFW�� FKLS� UDQGRP� HIIHFW� DQG�
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VWRFKDVWLF� HUURU� WHUP�� � %RWK� RI� WKH� UDQGRP� WHUPV� DUH� DVVXPHG� WR� IROORZ� QRUPDO�
GLVWULEXWLRQV�DV�IROORZV��

�����a�RIWLQGHSHQGHQLV�����a �
��

�
DLMLMN 1$1 VVH �

�
,,��%LYDULDWH�PRGHO�
7KH�FRUUHODWLRQ�EHWZHHQ�WKH�30�SUREHV�DQG�00�SUREHV�LV�������DV�VKRZQ�LQ�)LJXUH�������
7R� ERUURZ� WKH� LQIRUPDWLRQ� IURP�00�SUREHV�� ,� LQFOXGH� ERWK� 30� DQG�00� LQWHQVLW\� DV�
SDLUHG� UHSHDWHG� PHDVXUHV� XQGHU� WKH� IUDPHZRUN� RI� WKH� PL[HG� PRGHO�� � 7KH� PRGHO� LV�
IRUPXODWHG�DV�IROORZV�

LMNPLMPNLNNLPPL $037337007 H������� ��LMNP� ��<ORJ

�
7KH�V\PERO�<LMNP�UHSUHVHQWV�WKH�LQWHQVLW\�IRU�00�SUREHV�LI�P�HTXDOV�WR���DQG�LW�UHSUHVHQWV�
WKH�30�LQWHQVLW\�LI�P�HTXDOV�WR�����7KH�V\PEROV�7��0��3��70��73��03��$�DQG� �UHSUHVHQW�
WKH� WUHDWPHQW� HIIHFW�� PHDQ� HIIHFW� IRU� 30� DQG� 00� SUREHV�� SUREH� HIIHFW�� WUHDWPHQW� E\�
SUREH�W\SH�LQWHUDFWLRQ�HIIHFW��SUREH�W\SH�E\�SUREH�LQWHUDFWLRQ�HIIHFW��FKLS�UDQGRP�HIIHFW�
DQG�VWRFKDVWLF�HUURU�WHUPV���,�DVVXPH�D�ELYDULDWH�QRUPDO�GLVWULEXWLRQ�IRU�WKH�HUURU�WHUPV�RI�
WKH�30�DQG�00�SUREHV�DV�IROORZV��

�����aRIWLQGHSHQGHQLV���
��a �

���

�

�

�
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� 30� DQG� 00� DUH� DVVXPHG� WR� IROORZ� D� ELYDULDWH� QRUPDO� GLVWULEXWLRQ� ZLWK�

FRUUHODWLRQ� FRHIILFLHQW�
����

�

00D30D

0030D

VVVV
VUVV
��

� �� � 8QGHU� WKLV� SUREDELOLVWLF� GHVFULSWLRQ�� �
DV �LV�

FRQVWUDLQHG�WR�EH�QRQ�QHJDWLYH���+RZHYHU��LW�LV�SHUPLVVLEOH�WR�DOORZ�WKH�HVWLPDWH�RI� �
DV �WR�
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EH� QHJDWLYH� DV� ORQJ� DV� WKH�PDUJLQDO� YDULDQFH�FRYDULDQFH�PDWUL[� RI� WKH� GDWD� LV� SRVLWLYH�
GHILQLWH���7KH�LPSOLFDWLRQ�RI�WKLV�ZLOO�EH�H[SORUHG�LQ�WKH�QH[W�VHFWLRQ��
� 7KLV�PRGHO�LV�VLPLODU�WR�WKDW�RI�:X�HW�DO���:X�HW�DO���������H[FHSW�WKDW� U FDQ�EH�

HVWLPDWHG�GLUHFWO\�XVLQJ�UHVWULFWHG�PD[LPXP�OLNHOLKRRG���:X�HO�DO��XVHG�LQIRUPDWLRQ�IURP�
RWKHU� H[SHULPHQWV� WR� VFRUH� WKH� RSWLFDO� QRLVH� DQG� QRQ�VSHFLILF� ELQGLQJ� VWUHQJWK�� � 6XFK�
H[WUD� H[SHULPHQWV� QHHG� WR� EH� SHUIRUPHG� XQGHU� SDUDOOHO� FRQGLWLRQV� DQG� DUH� RIWHQ�
XQDYDLODEOH�

�
�
+\SRWKHVLV�7HVWV�
7KH� PDLQ� LQWHUHVW� KHUH� LV� WKH� GLIIHUHQFH� RI� H[SUHVVLRQ� OHYHOV� EHWZHHQ� WUHDWPHQW� DQG�
FRQWURO�JURXSV�IRU�HDFK�JHQH���7KH�K\SRWKHVLV�WHVWHG�LQ�WKH�30�RQO\�PRGHO�LV�VLPSO\�WKDW�
WKH�GLIIHUHQFH�RI�WKH�WZR�WUHDWPHQW�HIIHFWV�LV�]HUR��

�� ���  �77+ �

)RU�WKH�ELYDULDWH�PRGHO�� WKH�WUHDWPHQW�HIIHFWV�DUH�WHVWHG�XVLQJ�SDUDPHWHUV�FRUUHVSRQGLQJ�
WR�WKH�30�GDWD����

�� �������  ��� 707077+ �

7KH� WZR�K\SRWKHVHV� DUH� FRPSDUDEOH� LQ� WKH� VHQVH� WKDW� WKH\�KDYH� H[DFWO\� WKH� VDPH�SRLQW�
HVWLPDWHV� IURP�WKH�GDWD�� �6HH� WKH�$SSHQGL[�$�IRU�6$6�FRGH�GHVFULELQJ� WKH� WZR�PRGHOV�
DQG�WKH�WHVWHG�K\SRWKHVLV��
�
5HVXOWV�
7KH� WZR� PRGHOV� ZHUH� ILUVW� FRPSDUHG� EDVHG� RQ� WKH� VLJQLILFDQFH� OHYHO� IURP� WKH� DERYH�
GHVFULEHG�K\SRWKHVLV�WHVWV�� �7KH�VFDWWHU�SORW�RI�QHJDWLYH�ORJ�S�YDOXHV�LV�VKRZQ�LQ�)LJXUH�
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������$OO�EXW�D�IHZ�KXQGUHG�JHQHV�KDYH�D�KLJKHU�VLJQLILFDQFH�OHYHO�LQ�WKH�%LYDULDWH�PRGHO�
WKDQ�LQ�30�RQO\�PRGHO��
� $Q�LQWULJXLQJ�SDWWHUQ�IRU� WKH�VFDWWHU�SORW� LQ�)LJXUH�����LV� WKH�GLVWLQFWO\�VHSDUDWHG�
JURXSV�� �7KH\� WXUQ� RXW� WR� EH� DVVRFLDWHG�ZLWK� JHQHV� WKDW� KDYH� ]HUR� HVWLPDWHV� RI�V D

��WKH�

UDQGRP�$UUD\� HIIHFW�� LQ� WKH� 30�RQO\� RU� %LYDULDWH�PRGHO�� � 7KLV� LV� FDXVHG� E\� WKH� QRQ�
QHJDWLYLW\� FRQVWUDLQW� RQ� WKLV� SDUDPHWHU� DSSOLHG� GXULQJ�PRGHO� ILWWLQJ�� �$ERXW� ���RI� WKH�
JHQHV�KDYH� D�]HUR�HVWLPDWHV�RI�V D

�LQ�30�RQO\�PRGHO�DQG����RI� WKH�JHQHV� LQ�%LYDULDWH�

PRGHO����7KRVH�JHQHV�KDYH�VLJQDOV�WKDW�DUH�KLJKO\�FRQVLVWHQW�DFURVV�WKH�VL[�DUUD\V����
� =HUR� YDULDQFH� FRPSRQHQW� HVWLPDWHV� LQFUHDVH� WKH� GHJUHHV� RI� IUHHGRP� XVHG� IRU�
K\SRWKHVLV�WHVWLQJ�WR�D�GLIIHUHQW�H[WHQW�IRU�WKH�WZR�PRGHOV���6RPH�GHWDLOV�DUH�SURYLGHG�LQ�
$SSHQGL[�%���7R�LQYHVWLJDWH�WKLV�SKHQRPHQRQ�PRUH�WKRURXJKO\��,�GURSSHG�WKH�FRQVWUDLQW�
RI�QRQ�QHJDWLYLW\� IRU� WKH�HVWLPDWH�RI� WKH�YDULDQFH�FRPSRQHQWV D

�� � ,W� LV�UHIHUUHG�WR�DV� WKH�

12%281'� FDVH� �FRUUHVSRQGLQJ� WR� WKH� QDPH� RI� WKH� 6$6� 3URF�0L[HG� RSWLRQ� XVHG� WR�
VSHFLI\�LW���:KHQ�WKH�DUUD\�YDULDWLRQ�LV�VPDOO��WKHUH�LV�D�JRRG�FKDQFH�RI�JHWWLQJ�HVWLPDWHV�
OHVV�WKDQ�]HUR����6HH�$SSHQGL[�&�IRU�GHWDLOV���%HVLGHV�WKH�FRQFHUQ�RI�GHJUHHV�RI�IUHHGRP��
WKH�W\SH�,�HUURU�LV�EHWWHU�FRQWUROOHG�ZLWKRXW�WKH�QRQ�QHJDWLYLW\�FRQVWUDLQW��0XUUD\����������
7KH�HVWLPDWHV�DUH�IRUFHG�WR�EH�SRVLWLYH�RU�]HUR�ZLWK�WKH�FRQVWUDLQW��ZKLFK�LQ�WXUQ�LQIODWHV�
WKH�PHDQ�RI� YDULDQFH� FRPSRQHQW� HVWLPDWHV�� DQG� GHFUHDVHV� WHVW� VL]H��7KH� VFDWWHU� SORW� RI�
QHJDWLYH� ORJ� S�YDOXHV� LQ� WKH�12%281'� FDVH� LV� SORWWHG� LQ� )LJXUH� ����� � � 7KHUH� DUH� QR�
GLVWLQFW�JURXSV�FDXVHG�E\�GLVFRQWLQXRXV�GHJUHHV�RI�IUHHGRP�HVWLPDWHV������
�



� ���

�)LJXUH������6FDWWHU�SORW�RI�QHJDWLYH�ORJ�S�YDOXHV�IURP�WKH�WZR�PRGHOV�IRU�\HDVW�GDWD���7KH�
UDQGRP�FRPSRQHQWV�DUH�HVWLPDWHG�XQGHU�WKH�QRQ�QHJDWLYLW\�FRQVWUDLQW��
�
�



� ���

�)LJXUH������6FDWWHU�SORW�RI�QHJDWLYH�ORJ�S�YDOXHV�IURP�WKH�WZR�PRGHOV�IRU�\HDVW�GDWD�ZLWK�
12%281'�RSWLRQ���7KH�FRQWRXUV�PRGHO�D�VPRRWK�VXUIDFH�WKDW�GHVFULEHV�KRZ�GHQVH�WKH�
GDWD�SRLQWV�DUH�DW�HDFK�SRLQW�LQ�WKDW�VXUIDFH���7KH�UHG�OLQH�LQGLFDWHV�HTXDO�S�YDOXHV�LQ�ERWK�
PRGHOV��

�



� ���

��
7KH� VLJQLILFDQFH�RI� WKH� WHVW� VWDWLVWLFV� LV� GHWHUPLQHG�E\� WKUHH� FRPSRQHQWV�� �7KH\�

DUH�HVWLPDWHV�RI�WUHDWPHQW�GLIIHUHQFH��VWDQGDUG�GHYLDWLRQ��DQG�GHJUHHV�RI�IUHHGRP���)LJXUH�
���� VKRZV� WKH� FRPSDULVRQ� RI� WKH� WKUHH� FRPSRQHQWV� EHWZHHQ� WKH� WZR�PRGHOV� IURP� WKH�
\HDVW� GDWD�� � 6LQFH� RXU� WHVWLQJ� K\SRWKHVLV� LV� PDGH� WR� WHVW� WKH� GLIIHUHQFH� EHWZHHQ� WZR�
WUHDWPHQWV�LQ�WKH�30�GDWD�IRU�ERWK�PRGHOV��WKH�HVWLPDWHV�DUH�LGHQWLFDO���$OO�JDLQV�LQ�SRZHU�
LQ� WKH� ELYDULDWH� FDVH� VKRXOG� EH� GXH� WR� HLWKHU� VPDOOHU� HVWLPDWHG� VWDQGDUG� HUURUV� RU�PRUH�
HVWLPDWHG�GHJUHHV�RI�IUHHGRP���7KHVH�WZR�ILJXUHV�SURYLGH�HYLGHQFH�IRU�WKH�LPSURYHPHQW�
RIIHUHG� E\� WKH� %LYDULDWH� PRGHO�� � 7R� TXDQWLI\� WKH� H[DFW� JDLQV� RI� SRZHU�� 0RQWH� &DUOR�
VLPXODWLRQ�ZDV�SHUIRUPHG�ZLWK�GLIIHUHQW�SDUDPHWHU�VHWWLQJV��

�
���� 6,08/$7,21�

7KH� SDUDPHWHUV� QHHGHG� LQ� WKH� VLPXODWLRQ�ZHUH� GHULYHG� IURP� WKH� HVWLPDWHV� RI� WKH� \HDVW�
GDWD���)LJXUH�����SORWV�WKH�GLVWULEXWLRQ�RI�VWDQGDUG�GHYLDWLRQ�HVWLPDWHV�IURP�WKH�30�RQO\�
DQG�%LYDULDWH�PRGHOV���7KH�VWDQGDUG�GHYLDWLRQ�HVWLPDWHV�DUH�PLOGO\�VNHZHG��DV�ZRXOG�EH�
H[SHFWHG�IRU�WKLV�NLQG�RI�SDUDPHWHU�����7KH�HVWLPDWHG�FRUUHODWLRQ�FRHIILFLHQW�EHWZHHQ�WKH�
HUURUV�IRU�30�DQG�00�LQ�WKH�%LYDULDWH�PRGHO�KDV�D�EHOO�VKDSHG�GLVWULEXWLRQ�EHWZHHQ����
DQG���ZLWK�PHDQ�DQG�PHGLDQ�FORVH�WR��������1RWH�WKDW�WKLV�QXPEHU�LV�D�ORW�VPDOOHU�WKDQ�WKH�
YDOXH�RI����� IURP�)LJXUH������ �7KH�%LYDULDWH�PRGHO�FDSWXUHV� WKH�FRUUHODWLRQ�RI�30�DQG�
00� QRW� RQO\� WKURXJK� U �EXW� DOVR� WKURXJK� WKH� DUUD\� UDQGRP� HIIHFW�� ZKLFK� PRGHOV� D�

FRPPRQ�FRUUHODWLRQ�DPRQJVW�DOO�WKH�30�DQG�00�PHDVXUHPHQWV�RQ�WKH�VDPH�FKLS��
���



� ���

�)LJXUH�����&RPSDULVRQ�RI��D��HVWLPDWHV�RI�WUHDWPHQW�HIIHFW�GLIIHUHQFH���E��VWDQGDUG�
GHYLDWLRQ�RI�WKH�HVWLPDWHV��DQG��F��HVWLPDWHV�RI�GHJUHHV�RI�IUHHGRP�IURP�.HQZDUG�
5RJHU¶V�PHWKRG�IRU�WKH�WZR�PRGHOV��
�



� ���

�)LJXUH� ����� +LVWRJUDPV� RI� FRYDULDQFH� SDUDPHWHU� HVWLPDWHV� IURP� WKH� \HDVW� GDWD���
UVV �� 3000
�DUH�IURP�WKH�UHVLGXDO�PDWUL[�RI�ELYDULDWH�PRGHO��� ELD BV �DQG� SPD BV DUH�WKH�DUUD\�

UDQGRP� FRPSRQHQWV� IRU� ELYDULDWH� PRGHO� DQG� 30�RQO\� PRGHO� UHVSHFWLYHO\�� � 7KH�
SDUDPHWHUV�DUH�GHULYHG�XQGHU�WKH�12%281'�FDVH��WKXV�SHUPLWWLQJ�QHJDWLYH�HVWLPDWHV�RI�
WKH�DUUD\� VWDQGDUG�GHYLDWLRQV�� �7KH�VWDQGDUG�GHYLDWLRQ�HVWLPDWHV�DUH�FRPSXWHG� IURP� WKH�
YDULDQFH�FRPSRQHQW�HVWLPDWHV�XVLQJ�D�VLJQHG�VTXDUH�URRW���,I�WKH�YDULDQFH�LV�VPDOOHU�WKDQ�
]HUR�� WKH� VWDQGDUG� GHYLDWLRQ� LV� ��� WLPHV� WKH� VTXDUH� URRW� RI� WKH� DEVROXWH� YDOXH� RI� WKH�
YDULDQFH���2WKHUZLVH��LW�LV�WKH�VLPSOH�VTXDUH�URRW��
�



� ���

�
� ,� SLFNHG� VHYHUDO� YDOXHV� WR� UHSUHVHQW� HDFK� IDFWRU� DQG� VLPXODWH� WKH� GDWD� IURP� WKH�
%LYDULDWH�PRGHO�� �7KH�YDOXHV�DUH� �������� 00V �� �������� 30V �� ����������������� �� U ��

�������������� DV �� ����� � )RU� HDFK� FRPELQDWLRQ� RI� SDUDPHWHUV�� ����� VHWV� RI� GDWD� ZHUH�

JHQHUDWHG� IURP� D� ELYDULDWH� QRUPDO� GLVWULEXWLRQ�� � 7KH� WUHDWPHQW� GLIIHUHQFH�
�� 77 � �ZDV�

VSHFLILHG�IURP���WR�������7KH�WUHDWPHQW�HIIHFW�
�� 77 � �ZDV�WHVWHG�DW�VLJQLILFDQFH�OHYHO������

DQG�WKH�SRZHU�FXUYHV�DUH�VKRZQ�LQ�)LJXUH�������7KH�VWDQGDUG�GHYLDWLRQ�RI�GHWHFWLRQ�UDWH�LV�

ERXQGHG� E\ ���������
������ |u �� � 7KH� SDUDPHWHUV� UHSUHVHQWHG� LQ� )LJXUH� ���� DUH� FORVH� WR�

PHGLDQ�YDOXHV�RI�)LJXUH��������
,W� LV� FOHDU� WKDW� WKH� ELYDULDWH�PRGHO� VKRZV�PRUH� SRZHU� WKDQ� WKH� 30�RQO\�PRGHO�

ZKHQ�WKH�UDQGRP�FRPSRQHQWV�DUH�VPDOO�DQG�ZKHQ�WKH�WUHDWPHQW�GLIIHUHQFH�LV�OHVV�WKDQ�����
RQ� WKH� ORJ�� VFDOH�� � ,W� FUHDWHV� WKH� PRVW� PDUJLQ� ZKHQ� WKH� UDQGRP� FRPSRQHQWV� DUH�

��� 00V �� ��� 30V ��DQG� ����D  V ���,�ZLOO�IRFXV�RQ�WKLV�FRPELQDWLRQ�LQ�WKH�GLVFXVVLRQ�RI�

GLIIHUHQW�FRUUHODWLRQ�FRHIILFLHQWV��
� 7KHUH�LV�D�WUHQG�IRU�WKH�SRZHU�WR�LQFUHDVH�ZLWK�UHVSHFW�WR�FRUUHODWLRQ�FRHIILFLHQWV�
RI�30�DQG�00�HUURUV��)LJXUH��������7KH�SRZHU�LQFUHDVH�LV�WKH�VPDOOHVW�ZKHQ� U �LV�FORVH�

WR�����,W�VHHPV�WKDW�WKH�VWDWLVWLFV�IRUPHG�IURP�WKH�ELYDULDWH�PRGHO�SRVVHVV�PRUH�HIILFLHQF\�
ZKHQ� WKH� 30� DQG� 00� HUURUV� DUH� QHJDWLYHO\� FRUUHODWHG�� D� VWDWH� SHUKDSV� LQGXFHG� E\�
FRPSHWLWLYH� ELQGLQJ�� � 7KLV� WUHQG� LV� FRQFHSWXDOO\� FORVH� WR� WKDW� IRU� DQWLWKHWLF� YDULDWHV� LQ�
0RQWH�&DUOR�VLPXODWLRQ��)LVKPDQ���������� � �
�
�



� ���

�)LJXUH������3RZHU�FXUYHV��7KH�[�D[LV�VWDQGV�IRU�WKH�GLIIHUHQFH�RI�WUHDWPHQW�HIIHFWV�DQG�WKH�
\�D[LV� VWDQGV� IRU� WKH� SURSRUWLRQ� RI� UHMHFWLRQ� LQ� ����� VLPXODWLRQV�� � 7KH� W\SH� ,� HUURUV� DW�
WUHDWPHQW�GLIIHUHQFH�]HUR�PHHW�WKH�VSHFLILHG�VL]H�������



� ���

� 7R� IXUWKHU� H[SORUH� WKLV� HIILFLHQF\� JDLQ�� ,� FKHFNHG� WKH� HVWLPDWHV� IRU� WKH� VWDQGDUG�
HUURUV�DQG�GHJUHHV�RI�IUHHGRP���7KH�VLPXODWLRQ�UHVXOWV�ZHUH�FRQVLGHUHG�XQGHU�WKH�VFHQDULR�

���������   00D VV � ��� 30V ��DQG� ������  �77 ��DOO�FRPELQHG�ZLWK�GLIIHUHQW�YDOXHV�RI�

U �� ������VHWV�IURP�WKH�%LYDULDWH�PRGHO�ZHUH�JHQHUDWHG��DQG�WKH�VWDWLVWLFV�ZHUH�GHULYHG�

ZLWK� ERWK� PRGHOV�� � 7KH� PHDQ� YDOXHV� RI� VWDQGDUG� HUURUV� GLG� QRW� VHHP� WR� GLIIHU� DFURVV�
GLIIHUHQW� U �YDOXHV�DOWKRXJK�WKH�YDULDWLRQ�JURZV�ODUJHU�IRU�PRUH�SRVLWLYHO\�FRUUHODWHG�GDWD�

�)LJXUH�������7KHUH�ZDV�DQ�LQWHUHVWLQJ�WUHQG�RI�GHJUHHV�RI�IUHHGRP�HVWLPDWHV�ZLWK�UHVSHFW�
WR� U ��)LJXUH��������7KH�GHJUHHV�RI�IUHHGRP�KDG�D�PXFK�ZLGHU�UDQJH�ZKHQ� U �WRRN�PRUH�

QHJDWLYH�YDOXHV���7KLV�WUHQG�PDWFKHV�WKH�LQFUHDVH�RI�SRZHU�REVHUYHG�LQ�)LJXUH������
�
�



� ���

�)LJXUH�����+LVWRJUDPV�RI� VWDQGDUG�HUURUV� IURP������VLPXODWLRQV�XQGHU� WKH�FRQGLWLRQ�RI�
��������   00D VV �� ��� 30V DQG� ������  �77 �



� ���

�)LJXUH�����+LVWRJUDPV�RI�HVWLPDWHV�RI�GHJUHHV�RI�IUHHGRP�IURP������VLPXODWLRQV�XQGHU�
WKH�FRQGLWLRQ�RI� ��������   00D VV �� ��� 30V DQG� ������  �77 �



� ���

���� $129$�
� 7R�VXPPDUL]H�WKHVH�VLPXODWLRQ�ILQGLQJV��,�SXW�DOO�IDFWRUV�WRJHWKHU�LQ�DQ�$129$�
PRGHO� WR� VHH� ZKLFK� RQH� FRQWULEXWHG� PRVW� WR� WKH� SRZHU� LPSURYHPHQW�� � 7KH� UHVSRQVH�
YDULDEOH� LV� WKH� SRZHU� RI� GHWHFWLQJ� WKH� WUHDWPHQW� GLIIHUHQFH� DW� ������  �77 �� � ,W� ZDV�

FDOFXODWHG�DV� WKH�QXPEHU�RI�VLPXODWLRQV� LQ�ZKLFK� WKH�GLIIHUHQFH�ZDV�GHWHFWHG�FRUUHFWO\��
GLYLGHG� E\� WKH� WRWDO� QXPEHU� RI� VLPXODWLRQV�� � 7KH� PDLQ� HIIHFWV� LQFOXGHG� WKH� VWDQGDUG�
GHYLDWLRQ�RI�WKH�00�SUREHV�� 00V ���WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�30�SUREHV�� 30V ���WKH�

VWDQGDUG�GHYLDWLRQ�RI�WKH�UDQGRP�HIIHFW�� DV ���WKH�FRUUHODWLRQ�EHWZHHQ�30�DQG�00�HUURUV�

� U ���DQ�LQGLFDWRU�YDULDEOH�IRU�HLWKHU�RI�WKH�WZR�PRGHOV��0 ���DQG�DQ�LQGLFDWRU�YDULDEOH�IRU�

WKH� 12%281'� FDVH� � 1% ��� � 6LQFH� ,� GLG� QRW� VLPXODWH� DOO� FRPELQDWLRQV� RI� WKHVH�
SDUDPHWHUV��WKH�GDWD�ZHUH�ILW�ZLWK�D�UHGXFHG�PRGHO�FRQVLVWLQJ�RI�RQO\�PDLQ�HIIHFWV�DQG�DOO�
SDLUZLVH�LQWHUDFWLRQV���7KH�7\SH�,,,�HIIHFW�WHVWV�DUH�SURYLGHG�LQ�7DEOH�������7KH�UDQN�RUGHU�
RI�VLJQLILFDQW�PDLQ�HIIHFWV�ZDV�DV�IROORZV����� DV �� ���� 30V �����PRGHO��DQG����FRUUHODWLRQ�

FRHIILFLHQWV� U �� � � 2XU� FKRLFH� RI� VHWWLQJV� IRU� WKHVH� SDUDPHWHUV� PDNH� WKHLU� )�VWDWLVWLFV�

URXJKO\� FRPSDUDEOH�� � 7R� VXP� XS�� WKH� YDOXHV� RI� FKLS� UDQGRP� HIIHFW� DQG� WKH� VWRFKDVWLF�
HUURU� WHUP� VHHP� WR�KDYH� WKH�PRVW� FUXFLDO� HIIHFW� RQ� WKH�GHWHFWLRQ�SRZHU�� �7KHLU� UHODWLYH�
YDOXHV�DOVR�FRQWULEXWH�VLJQLILFDQWO\��
�



� ���

7DEOH� ����� � 7\SH� ,,,� WDEOH� IRU� WKH� $129$� DQDO\VLV� RI� WKH� IDFWRUV� FRQWULEXWLQJ� WR� WKH�
H[SODQDWRU\�SRZHU�RI�WKH�PRGHO��

(IIHFW� 1XP�')� )�YDOXHV� 3U�!�)�
00V � �� ����� ������
30V � �� ������� �������

00V 
 30V � �� ����� �������
DV � �� �������� �������

00V 
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30V 
 DV � �� ������ �������

U � �� ������ �������
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DV 
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���� ',6&866,21�
2ZLQJ� WR� WKH�KLJK�FRVW� RI�PLFURDUUD\V��PDQ\� UHVHDUFK�SURMHFWV�FDQ�RQO\�DIIRUG�D� VPDOO�
QXPEHU�RI�UHSOLFDWLRQV��ZKLFK�DGYHUVHO\�DIIHFWV�VWDWLVWLFDO�SRZHU�IRU�GHWHFWLQJ�GLIIHUHQWLDO�
H[SUHVVLRQ�� � ,W� LV� WKXV�GHVLUDEOH�WR�H[SORUH�VWDWLVWLFDO�SURFHGXUHV�WKDW� LQFUHDVH�LQIHUHQWLDO�
SRZHU�IURP�GDWDVHWV�ZLWK�VPDOO�QXPEHUV�RI�UHSOLFDWHV���,�SURSRVH�D�ELYDULDWH�PRGHO�XQGHU�
WKH�PL[HG�$129$�IUDPHZRUN�DQG�GHPRQVWUDWH� WKH�SRZHU� LQFUHDVH�UHODWLYH� WR� WKH�30�
RQO\�PRGHO��ZKLFK�XWLOL]HV�RQO\�KDOI�RI�WKH�GDWD�IURP�HDFK�DUUD\���7KH�ELYDULDWH�PRGHO�QRW�
RQO\�LQWHJUDWHV�PRUH�GDWD�SRLQWV�EXW�DOVR�G\QDPLFDOO\�HVWLPDWHV�WKH�FRYDULDQFH�VWUXFWXUH�
EHWZHHQ�30�DQG�00�SUREHV��
� ,�KDYH�PDGH�D�UHODWLYHO\�WKRURXJK�LQYHVWLJDWLRQ�FRQFHUQLQJ�WKH�VWDQGDUG�HUURUV�DQG�
GHJUHHV�RI�IUHHGRP�HVWLPDWHV�IRU�PL[HG�PRGHO�WHVW�VWDWLVWLFV�DQG�ILQG�DQ�DQWLWKHWLF�WUHQG�
RI�SRZHU�LPSURYHPHQW�ZLWK�UHVSHFW�WR�WKH�FRUUHODWLRQ�FRHIILFLHQWV�EHWZHHQ�30�DQG�00�
SUREHV�� � 7KLV� LV� DQ� LQWHUHVWLQJ� EHKDYLRU� RI� WKH� ELYDULDWH� PRGHO� DQG� LV� ZRUWK� PRUH�
WKHRUHWLFDO�GLVFXVVLRQ��
� 2YHUDOO�� DW� WKH� FRVW� RI� DGGLWLRQDO� WKHRUHWLFDO� DQG� FRPSXWDWLRQDO� FRPSOH[LW\�� WKH�
ELYDULDWH�PRGHO�LPSURYHV�SRZHU�RYHU�WKH�30�RQO\�PRGHO�E\�XWLOL]LQJ�H[WUD�LQIRUPDWLRQ�
IURP�DOO�00�SUREHV�� � ,W�ZRUNV�ZHOO� HVSHFLDOO\�ZKHQ�ERWK� WKH� WUHDWPHQW�GLIIHUHQFH� DQG�
FKLS�WR�FKLS�YDULDELOLW\�DUH�VPDOO��)RU�DQ�H[SHULPHQW�ZLWK�D�JUHDWHU�QXPEHU�RI�UHSOLFDWHV��
WKH�LPSURYHPHQW�ZLOO�OLNHO\�EHFRPH�LQVLJQLILFDQW�VLQFH�WKHQ�ZH�ZLOO�KDYH�EHWWHU�HVWLPDWHV�
IURP� WKH�30�RQO\�PRGHO� DQG� WKH�PDUJLQ� FUHDWHG� E\� WKH� GHJUHHV� RI� IUHHGRP�GLIIHUHQFH�
ZLOO�GHFUHDVH�� �7KH�FRPSXWDWLRQDO� WLPH�QHHGHG�IRU� WKH�ELYDULDWH�PRGHO� LV�DSSUR[LPDWHO\�
������ WLPHV� PRUH� WKDQ� WKH� 30�RQO\� PRGHO� DQG� VR� WKH� ELYDULDWH� PRGHO� LV� RQO\�
UHFRPPHQGHG� ZKHQ� WKH� WUHDWPHQW� HIIHFWV� DUH� H[SHFWHG� WR� EH� VPDOO� DQG� ZKHQ� WKH�
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H[SHULPHQW� KDV� D� VPDOO� VDPSOH� VL]H�� � +RZHYHU�� XQGHU� WKHVH� FLUFXPVWDQFHV� LW� PXVW� EH�
UHFRJQL]HG�WKDW�ELRORJLFDO�RU�WHFKQLFDO�H[SHULPHQWDO�VRXUFHV�RI�YDULDWLRQ�DUH�PRUH�OLNHO\�
WR�FRQWULEXWH�WR�DSSDUHQW�GLIIHUHQWLDO�H[SUHVVLRQ���&DXWLRQ�LV�XUJHG�LQ�LQWHUSUHWLQJ�KLJKHU�
VWDWLVWLFDO�VLJQLILFDQFH�DV�WUXH�ELRORJLFDO�GLIIHUHQFH��
� ,Q�JHQHUDO��WKH�PL[HG�PRGHO�DSSURDFK�SURYLGHV�IOH[LELOLW\�IRU�PRGHOLQJ�GLIIHUHQW�
VRXUFHV�RI�YDULDWLRQ�DQG�FRUUHODWLRQ���,Q�WKH�ELYDULDWH�PRGHO�GLVFXVVHG�KHUH��WKH�YDULDQFH�
FRPSRQHQWV�FDQ�EH� UHILQHG� WR� VHSDUDWH� WKH�YDULDWLRQ� IURP�30�DQG�00�� � ,W� FDQ�DOVR�EH�
FRQVWUDLQHG� VR� WKDW� 00V  30V  V �� � 5HGXFLQJ� WKH� QXPEHU� RI� SDUDPHWHUV� FDQ� UHVXOW� LQ�

HYHQ� EHWWHU� HVWLPDWHV� RI� RWKHU� SDUDPHWHUV� DQG� LPSURYHG� SRZHU�� DV� ORQJ� DV� WKH� UHGXFHG�
PRGHO�VWLOO�ILWV�WKH�GDWD�ZHOO��
�

���� 5()(5(1&(6�
&KX� 7�0�� :HLU� %�� :ROILQJHU� 5�� $�� ������� $� V\VWHPDWLF� VWDWLVWLFDO� OLQHDU� PRGHOLQJ�

DSSURDFK�WR�ROLJRQXFOHRWLGH�DUUD\�H[SHULPHQWV��0DWKHPDWLFDO�%LRVFLHQFHV���������
����

&KX�70��:HLU�%6��:ROILQJHU�5'���������&RPSDULVRQ�RI�/L�:RQJ�DQG�ORJOLQHDU�PL[HG�
PRGHOV� IRU� WKH� VWDWLVWLFDO� DQDO\VLV� RI� ROLJRQXFOHRWLGH� DUUD\V��
%LRLQIRUPDWLFV�������������

)LVKPDQ�� *�6�� ������� 9DULDQFH� 5HGXFWLRQ� LQ� 6LPXODWLRQ� 6WXGLHV�� -RXUQDO� RI� 6WDWLVWLFDO�
&RPSXWDWLRQ�DQG�6LPXODWLRQ�������SS�����������

+XEEHOO� (�� /LX� :0�� 0HL� 5�� ������� 5REXVW� HVWLPDWRUV� IRU� H[SUHVVLRQ� DQDO\VLV��
%LRLQIRUPDWLFV��������±�������
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,UL]DUU\��5$��+REEV��%��&ROOLQ��)��%HD]HU�%DUFOD\��<'��$QWRQHOOLV��.-��6FKHUI��8��6SHHG��
73�� ������� ([SORUDWLRQ�� 1RUPDOL]DWLRQ�� DQG� 6XPPDULHV� RI� +LJK� 'HQVLW\�
2OLJRQXFOHRWLGH�$UUD\�3UREH�/HYHO�'DWD��%LRVWDWLVWLFV��9RO�����1XPEHU������������

.HQZDUG�0*��5RJHU�-+���������6PDOO�VDPSOH�LQIHUHQFH�IRU�IL[HG�HIIHFWV�IURP�UHVWULFWHG�
PD[LPXP�OLNHOLKRRG��%LRPHWULFV��6HS���������������

.HUU�� 0�.��� 0DUWLQ�0�� DQG� &KXUFKLOO�*�$�� ������� $QDO\VLV� RI� YDULDQFH� IRU� JHQH�
H[SUHVVLRQ�PLFURDUUD\�GDWD��-��&RPSXW��%LRO���������±����

/LSVKXW]�� 5�� -��� )RGRU�� 6��� *LQJHUDV�� 7��	� /RFNKDUW�� '�� �������+LJK� GHQVLW\� V\QWKHWLF�
ROLJRQXFOHRWLGH�DUUD\V��1DW��*HQHW���VXSSOHPHQW�������±����

0XUUD\� '0�� +DQQDQ� 3-�� :ROILQJHU� 5'�� HW� DO�� ������� $QDO\VLV� RI� GDWD� IURP� JURXS�
UDQGRPL]HG� WULDOV� ZLWK� UHSHDW� REVHUYDWLRQV� RQ� WKH� VDPH� JURXSV�� 6WDWLVWLFV� LQ�
0HGLFLQH���������������������

1DHI��)���/LP�'�$���3DWLO�1��DQG�0DJQDVFR�0���������'1$�K\EULGL]DWLRQ�WR�PLVPDWFKHG�
WHPSODWHV��D�FKLS�VWXG\��3K\V��5HY��(�6WDW��1RQOLQ��6RIW�0DWWHU�3K\V���������������

6HDUOH��6��5���&DVHOOD��*���DQG�0F&XOORFK��&�(���������9DULDQFH�&RPSRQHQWV��1HZ�<RUN��
-RKQ�:LOH\�	�6RQV��,QF��

7HQJ��&��+�� � �������$�5HSHDWHG�0HDVXUH�$SSURDFK� IRU�$QDO\]LQJ�$II\PHWUL[�)HDWXUH�
'DWD��-60�3URFHHGLQJ��

:ROILQJHU�5'��*LEVRQ�*��:ROILQJHU�('��%HQQHWW�/��+DPDGHK�+��%XVKHO�3��$IVKDUL�&��
3DXOHV�56���������$VVHVVLQJ�JHQH�VLJQLILFDQFH�IURP�F'1$�PLFURDUUD\�H[SUHVVLRQ�
GDWD�YLD�PL[HG�PRGHOV��-�&RPSXW�%LRO���������������
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:X�� =KLMLQ�� ,UL]DUU\�� 5$�� *HQWOHPDQ�� 5�� 0DUWLQH]� 0XULOOR�� )�� 6SHQFHU�� )�� $�� �������
0RGHO�%DVHG�%DFNJURXQG�$GMXVWPHQW� IRU�2OLJRQXFOHRWLGH�([SUHVVLRQ�$UUD\V��7R�
DSSHDU�LQ�-$6$����

=KDQJ� /�� $OGDSH� .$�� 0LOHV� 0)�� ������� $� PRGHO� RI� PROHFXODU� LQWHUDFWLRQV� RQ�
ROLJRQXFOHRWLGH�PLFURDUUD\V��1DW��%LRWHFK����������������

�
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%��'HJUHHV�RI�IUHHGRP�HVWLPDWHV�ZLWK�DQG�ZLWKRXW�12%281'�
:KHQ� WKH� DUUD\� YDULDWLRQ� LV� JUHDWHU� WKDQ� ]HUR�� WKH� GHJUHHV� RI� IUHHGRP� HVWLPDWHG� E\�
.HQZDUG�5RJHU¶V�PHWKRG� �.HQZDUG� DQG�5RJHU� ������ DSSUR[LPDWHO\� HTXDO� �QXPEHU� RI�
VXEMHFWV���QXPEHU�RI�SDUDPHWHUV�HVWLPDWHG�IRU�PDLQ�HIIHFWV@��ZKLFK�LV���� ��LQ�WKH�\HDVW�
GDWD�DQG�LV�FRPSDUDEOH�LQ�ERWK�WKH�30�RQO\�DQG�ELYDULDWH�PRGHOV���:KHQ�WKH�HVWLPDWH�RI�
DUUD\� YDULDWLRQ� LV� ]HUR�� WKH� WHVW� VWDWLVWLF� LV� WKH� VDPH� DV� WKDW� LQ� ILWWLQJ� D� IL[HG�HIIHFW�
$129$�DQG�WKH�GHJUHHV�RI�IUHHGRP�LV�>Q���WRWDO�QXPEHU�RI�SDUDPHWHUV�HVWLPDWHG@��ZKHUH�


30�RQO\�PRGHO��
�
SURF�PL[HG�GDWD SKDUPDFLD��
���E\�XQLW��
���ZKHUH�IODJ SP��
���FODVV�SUREH�WUHDWPHQW�FKLSLG��
���PRGHO�ORJL� �SUREH_WUHDWPHQW��GGIP NU��
���UDQGRP�LQWHUFHSW���VXEMHFW FKLSLG�WUHDWPHQW���
���HVWLPDWH�
WUW
�WUHDWPHQW�������
UXQ��
�
�

�%LYDULDWH�PRGHO��
�
SURF�PL[HG�GDWD SKDUPDFLD��
���E\�XQLW��
���FODVV�SUREH�IODJ�WUHDWPHQW�FKLSLG��
���PRGHO�ORJL� �SUREH_IODJ_WUHDWPHQW#����GGIP NU��
���UDQGRP�LQWHUFHSW���VXEMHFW FKLSLG�WUHDWPHQW���
���UHSHDWHG�IODJ���W\SH XQ�VXEMHFW SUREH�FKLSLG
WUHDWPHQW��U�UFRUU��
���HVWLPDWH��WUW�FRQGLWLRQHG�RQ�30��WUHDWPHQW������IODJ
WUHDWPHQW�����������
UXQ��
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Q� LV� WKH�WRWDO�QXPEHU�RI�REVHUYDWLRQV�� �7KH�QXPEHU�Q� LV�DERXW�����IRU�RQH�JHQH�LQ�30�
RQO\�PRGHO�RI�WKH�\HDVW�GDWD��GHSHQGLQJ�RQ�WKH�QXPEHU�RI�SUREHV�UHSUHVHQWLQJ�WKH�JHQH���
7KLV�QXPEHU�LV�GRXEOHG�LQ�WKH�ELYDULDWH�PRGHO���,QFUHDVLQJ�WKH�GHJUHHV�RI�IUHHGRP�IURP���
WR�����JUHDWO\�LPSURYHV�WKH�SRZHU�RI�D�W�WHVW����
�
&��&DOFXODWLQJ�WKH�SUREDELOLW\�RI�JHWWLQJ�QHJDWLYH�HVWLPDWHV�
$�VLPSOH�PRGHO�FRQVLGHUHG�KHUH�KDV�WZR�WUHDWPHQWV�DQG�WKUHH�UHSOLFDWHV�LQ�WKH�30�RQO\�
PRGHO�� � 7KH� SUREH� VHW� XQGHU� FRQVLGHUDWLRQ� LV� DVVXPHG� WR� KDYH� ��� SUREHV�� ZKLFK� LV� D�
JHQHUDO�FDVH��

LMNLNLMML $7337\ HP ����� �
����a�����a ��

HVHV 11$ LMNDLN �
7��WUHDWPHQW��L ������
3��SUREH��M �a����
$��DUUD\�HIIHFW��N �a��
�
7DEOH������0RGHO�H[SHFWHG�PHDQ�VTXDUHV�
6RXUFH� 7\SH�,,,�([SHFWHG�0HDQ�6TXDUH� '�)��
7UHDWPHQW� 9DU�(UURU����9DU�&KLS,'�7UHDWPHQW����

4�WUHDWPHQW��3UREH
7UHDWPHQW��
 �
���� �� 7374D �� VV H �

��

3UREH� 9DU�(UURU��4�3UREH��3UREH
7UHDWPHQW��
 �
��� 7334�HV �

���

3UREH
7UHDWPHQW� 9DU�(UURU��4�3UREH
7UHDWPHQW��
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�� 734�HV �

���

&KLS,'�7UHDWPHQW�� 9DU�(UURU����9DU�&KLS,'�7UHDWPHQW���
 �� �� DVV H � �

��

(UURU� 9DU�(UURU��
 �

HV �
���

�
/HW�06&�UHSUHVHQW�WKH�PHDQ�VXP�VTXDUHV�RI�YDULDWLRQ�IURP�DUUD\�HIIHFW�DQG�06(�
UHSUHVHQW�WKH�PHDQ�VXP�VTXDUHV�RI�HUURU��:H�KDYH��
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&KDSWHU�����&RQFOXVLRQV�DQG�)XWXUH�GLUHFWLRQ�
�
0\�WKHVLV�KDV�IRFXVHG�RQ�WZR�PDMRU�LVVXHV�LQ�JHQH�H[SUHVVLRQ�SURILOH�DQDO\VLV���2QH�ZDV�
WR�PHDVXUH� WKH� YDULDWLRQ� DFURVV� DQG� DPRQJ� VSHFLHV� DQG�PDNH� ELRORJLFDO� LQWHUSUHWDWLRQ���
7KH� ORQJ� WHUP� JRDO� LV� WR� XQGHUVWDQG� KRZ� HYROXWLRQ� RFFXUV� LQ� RUJDQLVPV� DW� WKH� JHQH�
H[SUHVVLRQ�OHYHO���7KH�VHFRQG�SDUW�RI�P\�ZRUN�ZDV�WR�GHYHORS�EHWWHU�VWDWLVWLFDO�HVWLPDWHV�
WKDW�FDQ�DFFRXQW�IRU�GLIIHUHQW�VRXUFHV�RI�YDULDWLRQ�IRU�VLJQLILFDQW�JHQH�GHWHFWLRQ����
� ,Q�FKDSWHU���� WKH�H[SHULPHQW�FDUULHG�RXW�E\�(QDUG�HW�DO�ZDV�UH�DQDO\]HG�� � ,Q�WKLV�
VWXG\�� ,� XVHG� OLQHDU� PL[HG� PRGHO� WR� GHFRPSRVH� WKH� H[SUHVVLRQ� YDULDWLRQ� LQWR� VSHFLHV��
WLVVXHV� DQG� SUREH� HIIHFWV�� � :LWK� D� JHQH�E\�JHQH� DSSURDFK�� WKHUH� ZHUH� PRUH� JHQHV�
GLIIHUHQWLDOO\�H[SUHVVHG�EHWZHHQ�KXPDQ�DQG�FKLPSDQ]HH�ZLWKLQ�WKH�OLYHU�WLVVXHV�WKDQ�WKDW�
ZLWKLQ� WKH� EUDLQ� WLVVXHV�� ZKLFK� SURYLGHV� D� GLIIHUHQW� SHUVSHFWLYH� WR� WKH� REVHUYDWLRQV�
GHVFULEHG� LQ� WKH� RULJLQDO� SDSHU� E\� (QDUG� HW� DO� ������� ZKR� VXJJHVWHG� WKDW� WKHUH� LV�
DFFHOHUDWHG�HYROXWLRQ�LQ�WKH�KXPDQ�EUDLQ����
� $�VHFRQG�REVHUYDWLRQ�ZDV�WKH�WHQGHQF\�RI�KLJKHU�H[SUHVVLRQ�OHYHOV�IRU�VSHFLHV�LQ�
WKH� RUGHU� RI� KXPDQ!FKLPSDQ]HH!RUDQJXWDQ�� � $OWKRXJK� WKLV� PD\� VLPSO\� H[SODLQHG� E\�
VHTXHQFH� GLYHUJHQFH� LQFUHDVLQJ�ZLWK� JHQHWLF� GLVWDQFH� RI� QRQ�KXPDQ� VSHFLHV� WR� KXPDQ��
ZKRVH�VHTXHQFHV�WKH�DUUD\�ZDV�GHVLJQHG�IRU�� WKHUH�DUH�VLJQLILFDQWO\�GLIIHUHQW�GHJUHHV�RI�
DV\PPHWU\� EHWZHHQ� EUDLQ� WLVVXHV� DQG� OLYHU� WLVVXHV�� � 7KLV� VXJJHVWV� WKDW� SDUW� RI� WKH� ELDV�
PLJKW� EH� FRQWULEXWHG� E\� UHDO� LQFUHDVHV� LQ� H[SUHVVLRQ� LQ� DGGLWLRQ� WR� WKH� HIIHFW� GXH� WR�
VHTXHQFH�GLYHUJHQFH��
� 2QH�RI�WKH�LPSRUWDQW�IHDWXUHV�VSHFLILF�WR�VKRUW�ROLJRQXFOHRWLGH�DUUD\V�LV�WKH�SUREH�
SDWWHUQV�� �7KH�UHODWLYH�K\EULGL]DWLRQ�VWUHQJWK�RI�SUREHV�ZLWKLQ�D�SUREH�VHW�PDLQWDLQV�WKH�
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VDPH� SURILOHV� DFURVV� VDPSOHV� PRVW� RI� WKH� WLPH�� � %DVHG� RQ� WKLV� DVVXPSWLRQ�� ,� XVHG� D�
FRUUHODWLRQ�EDVHG�KHXULVWLF�UXOH�WR�ILOWHU�SUREHV�WKDW�DUH�LQFRQVLVWHQW�EHWZHHQ�FKLPSDQ]HH�
DQG� KXPDQ� SUREH� SURILOHV�� � ,W� K\SRWKHWLFDOO\� UHPRYHV� VRPH� RI� WKH� SUREHV� WKDW� KDYH�
VHTXHQFH� GLYHUJHQFH� EHWZHHQ� WKH� WZR� VSHFLHV�� � ,W� LPSURYHG� WKH� DV\PPHWU\� VRPHZKDW�
DOWKRXJK�VWLOO�PDLQWDLQHG�WKH�RUGHU�PHQWLRQHG�DERYH��
� $OWKRXJK�WKLV�GDWDVHW�FRQWDLQV�D�OLPLWHG�QXPEHU�RI�ELRORJLFDO�UHSOLFDWHV�IRU�HDFK�
VSHFLHV�� WKH� UHVXOWV� LQGLFDWHG� VLJQLILFDQW� GLYHUJHQFH� DFURVV� VSHFLHV�� � 7KH� K\SRWKHVLV�
WHVWLQJ� DSSURDFK� SURSRVHG� E\� 5LINLQ� HW� DO�� ZDV� DSSOLHG� WR� FRPSDUH� WKH� GLYHUJHQFH�
REVHUYHG� ZLWK� WKH� GLYHUJHQFH� H[SHFWHG� XQGHU� PXWDWLRQ�GULIW� HTXLOLEULXP�� � 8QGHU�
FRQVHUYDWLYH� FRQGLWLRQV� RI� HIIHFWLYH� SRSXODWLRQ� VL]H� DQG� WKH� WLPH� VLQFH� GLYHUJHQFH� RI�
KXPDQ� DQG� FKLPSDQ]HH� OLQHDJH�� RQO\� D� IHZ� JHQHV� ZHUH� VXJJHVWHG� WR� EH� H[SHULHQFLQJ�
GLYHUVLI\LQJ�VHOHFWLRQ��
� *LYHQ� WKH� LVVXHV� WKDW� SUREH� YDULDWLRQ� UDLVHV� IRU� LQWHUSUHWDWLRQ� RI� VKRUW�
ROLJRQXFOHRWLGH�EDVHG�JHQH�H[SUHVVLRQ�SURILOHV��WKH�UHPDLQGHU�RI�P\�UHVHDUFK�IRFXVHG�RQ�
GHYHORSPHQW�RI�VWDWLVWLFDO�PHWKRGV�IRU� WHDVLQJ�DSDUW�SUREH�HIIHFWV�� �7KHVH�ZHUH�SXUVXHG�
XVLQJ� WZR�SXEOLVKHG� H[SHULPHQWV�ZKHUH� SHUIHFW�PDWFK� DQG�PLVPDWFK� SUREHV�ZHUH� ERWK�
FRQVLGHUHG���*HQHWLF�YDULDWLRQ�DPRQJ�LQGLYLGXDOV�LQ�D�SRSXODWLRQ�LV�H[SHFWHG�WR�EH�VPDOO��
� ,Q�FKDSWHU����D�VSLNH�LQ�GDWDVHW�ZDV�XVHG�WR�HYDOXDWH�WKH�OLQHDU�PL[HG�PRGHO���7KH�
/DWLQ�6TXDUH�GHVLJQ�ZLWK�NQRZQ�JHQHV� DQG�NQRZQ�FRQFHQWUDWLRQ� DOORZV�XV� WR� FRPSDUH�
WKH�HVWLPDWHV�ZLWK�WUXH�DQVZHUV���7KHUH�ZHUH�WKUHH�REVHUYDWLRQV�LQ�WKLV�SURMHFW���)LUVW��E\�
FRPSDULQJ� WKH� FRUUHODWLRQ� DFURVV� DUUD\V�� WKH� ORJ� �� VFDOH� ZDV� VKRZQ� WR� KDYH� WKH� EHVW�
FRQVLVWHQF\� DFURVV� WKH� DUUD\V�� � 6HFRQG�� ZKHQ� WKH� OHDVW� VTXDUHV� PHDQ� ZHUH� XVHG� WR�
UHSUHVHQW� WKH� H[SUHVVLRQ� SDWWHUQ� DFURVV� H[SHULPHQWV�� DOO� ��� SDWWHUQV� ZHUH� FRUUHFWO\�
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LGHQWLILHG� EXW� WKH� HVWLPDWHV� DQG� WKH� WUXH� FRQFHQWUDWLRQ� GLG� QRW� IROORZ� D� VWULFW� OLQHDU�
UHODWLRQ�� LQVWHDG�� WKH\� IHOO� LQWR� DQ�6�VKDSH�� �7KH� OLQHDULW\�KHOG�EHWWHU�RQO\� IRU� D� FHUWDLQ�
UDQJH�RI�FRQFHQWUDWLRQV�� �7KH�ODVW�REVHUYDWLRQ�ZDV�WKH�VLJQLILFDQW�FURVV�K\EULGL]DWLRQ�WR�
JHQHV� RWKHU� WKDQ� WKH� ��� VSLNHG� RQHV�� � 6RPH� H[DPSOHV� LGHQWLILHG� E\� *LEE¶V� VDPSOLQJ�
PHWKRG�ZHUH� JLYHQ� DQG� WKH\�GHPRQVWUDWHG�KRZ� FRPSOLFDWHG� WKH� LVVXH� FRXOG�EH� VLQFH� D�
PRWLI�ZLWK�OHQJWK�DV�VKRUW�DV����EDVHV�FDQ�SRVVLEO\�FDXVH�VWURQJ�ELQGLQJ��
� )ROORZLQJ� WKH� REVHUYDWLRQ� LQ� &KDSWHU� ��� D� ELYDULDWH� PRGHO� ZDV� SURSRVHG� LQ�
&KDSWHU� �� WR� FRPELQH� WKH�PLVPDWFK� SUREHV� DV� UHSHDWHG�PHDVXUHV� WR� WKH� SHUIHFW�PDWFK�
SUREHV�XQGHU�WKH�IUDPHZRUN�RI�OLQHDU�PL[HG�PRGHOV���3RZHU�LQFUHDVH�ZDV�GHPRQVWUDWHG�
IRU� VPDOO� VDPSOHV� WKURXJK� ERWK� VLPXODWLRQ� DQG� DSSOLFDWLRQ� WR� D� UHDO� \HDVW� GDWDVHW���
$OWKRXJK�WKHUH�LV�QR�VLJQLILFDQW�LPSURYHPHQW�WR�30�RQO\�PRGHOV�ZKHQ�WKH�VDPSOH�VL]H�LV�
ODUJH�� LW� LV� VWLOO� D� JRRG� DOWHUQDWLYH� ZKHQ� WKHUH� DUH� RQO\� OLPLWHG� UHVRXUFHV� WR� GR� WKH�
H[SHULPHQW��
� %DVHG�RQ�WKH�FRQFOXVLRQ�DQG�REVHUYDWLRQV�DERYH��WKHUH�DUH�VRPH�LVVXHV�QHHGHG�WR�
EH�UHVROYHG�LQ�WKH�IXWXUH���2QH�LV�FURVV�VSHFLHV�K\EULGL]DWLRQ��ZKLFK�ZDV�SDUWO\�WDNHQ�FDUH�
RI�LQ�WKLV�VWXG\�E\�XVLQJ�D�KHXULVWLF�UXOH���)RU�KLJKO\�YDULDEOH�VSHFLHV�VXFK�DV�'URVRSKLOD��
LQWUDVSHFLILF� VHTXHQFH� SRO\PRUSKLVP� LV� JUHDWHU� WKDQ� FURVV�VSHFLHV� GLYHUJHQFH� DPRQJ�
SULPDWHV�� VR�PD\�KDYH� D� ODUJH� LPSDFW� RQ� LQIHUHQFH� RI� GLIIHUHQWLDO� H[SUHVVLRQ�� �$�PRUH�
GHWDLOHG�XQGHUVWDQGLQJ�DERXW�VHTXHQFH�VLPLODULW\�DQG�K\EULGL]DWLRQ�VWUHQJWK�ZLOO�KHOS�WR�
HYDOXDWH�H[SUHVVLRQ�YDULDWLRQ�ZLWKLQ�DQG�DFURVV�VSHFLHV��
� 7KH� VHFRQG� SUREOHP� WKDW� QHHGV� WR� EH� VWXGLHG� LV� WR� XQGHUVWDQG� WKH� PHFKDQLVP�
EHKLQG�WKH�H[SUHVVLRQ�GLYHUJHQFH���,W�LV�WKH�ILUVW�WLPH�RI�WKH�KLVWRU\�WKDW�VFLHQWLVWV�DUH�DEOH�
WR� ORRN� DW� WKH� EHKDYLRU� RI� WHQV� RI� WKRXVDQGV� RI� JHQHV� DW� WKH� VDPH� WLPH�� � %\� WUHDWLQJ�
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H[SUHVVLRQ� DV� TXDQWLWDWLYH� WUDLWV�� WKH� KLJK�GLPHQVLRQ� GDWD� SURYLGH� XV� ZLWK� D� GLIIHUHQW�
DQJOH�WR�ORRN�DW�HYROXWLRQ�DW�WKH�PROHFXODU�OHYHO��
� 7KURXJKRXW� WKH� WKHVLV�� WKH� QRUPDOL]DWLRQ� PHWKRGV� ZHUH� EDVHG� RQ� D� VWURQJ�
DVVXPSWLRQ� WKDW�PRVW� RI� WKH� JHQHV� DUH� QRW� GLIIHUHQWLDOO\� H[SUHVVHG� DFURVV� H[SHULPHQWV���
7KLV�DVVXPSWLRQ�KROGV� IRU�PRVW�ZKROH�JHQRPH�H[SHULPHQWV��EXW�QHZ�DSSOLFDWLRQV� IRU�D�
VPDOO� VHW� RI� WDUJHW� JHQH� GHWHFWLRQ� FRXOG� EH� SUREOHPDWLF�� � 7KH� FXUUHQW� DYDLODEOH�
QRUPDOL]DWLRQ�PHWKRGV�DUH�PRUH�RU�OHVV�EDVHG�RQ�WKH�VDPH�DVVXPSWLRQ���$�PRUH�JHQHUDO�
DSSURDFK�VKRXOG�EH�GHYHORSHG�WR�ILW�DOO�FLUFXPVWDQFHV��
� +RZ� WR� KDQGOH� WKH� FURVV�K\EULGL]DWLRQ� VLJQDOV� KDV� EHHQ� GLVFXVVHG� LQ� WKH�
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FRQVLGHU� WKH� FKHPLFDO� DQG� SK\VLFDO� SURSHUWLHV� RI� WKH� ROLJRQXFOHRWLGH� VHTXHQFHV� ZKHQ�
GHDOLQJ�ZLWK�WKLV�SUREOHP��
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