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+LVWRQH PRGLILFDWLRQV UHJXODWH FKURPDWLQ DUFKLWHFWXUH DQG WKHUHE\ FRQWURO JHQH H[SUHVVLRQ�� � � � � � � � � �
5DSLG FHOO GLYLVLRQV DQG '1$ UHSOLFDWLRQ KRZHYHU OHDG WR D GLOXWLRQ RI KLVWRQH PRGLILFDWLRQV DQG� � � � � � � � � � � � � � �
FDQ WKXV DIIHFW FKURPDWLQ PHGLDWHG JHQH UHJXODWLRQ �6R �KRZ GRHV WKH FHOO�F\FOH VKDSH WKH� � � � � � � � � � � � � �
KLVWRQH PRGLILFDWLRQ ODQGVFDSH� LQ SDUWLFXODU GXULQJ HPEU\RJHQHVLV ZKHQ D IDVW DQG SUHFLVH� � � � � � � � � � � �
FRQWURO�RI�FHOO�VSHFLILF�JHQH�H[SUHVVLRQ�LV�UHTXLUHG"�
:H DGGUHVVHG WKLV TXHVWLRQ LQ YLYR E\ PDQLSXODWLQJ WKH FHOO�F\FOH GXULQJ HDUO\ ;HQRSXV ODHYLV� � � � � � � � � � � � � �
HPEU\RJHQHVLV� 7KH JOREDO GLVWULEXWLRQ RI XQ�� PRQR� GL� DQG WUL�PHWK\ODWHG KLVWRQH +�.�� ZDV� � � � � � � � � � � � �
PHDVXUHG E\ PDVV VSHFWURPHWU\ LQ QRUPDO DQG FHOO�F\FOH DUUHVWHG HPEU\RV RYHU WLPH� 8VLQJ� � � � � � � � � � � � �
PXOWL�VWDUW PD[LPXP OLNHOLKRRG RSWLPL]DWLRQ DQG TXDQWLWDWLYH PRGHO VHOHFWLRQ� ZH IRXQG WKDW� � � � � � � � � � �
WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV ZHUH UHTXLUHG WR H[SODLQ WKH PHDVXUHG +�.��� � � � � � � � � � � �
PHWK\ODWLRQ VWDWH NLQHWLFV� ,QWHUHVWLQJO\� GHPHWK\ODWLRQ ZDV IRXQG WR EH UHGXQGDQW LQ WKH F\FOLQJ� � � � � � � � � � � � �
HPEU\RV�EXW�HVVHQWLDO�LQ�WKH�FHOO�F\FOH�DUUHVWHG�HPEU\RV���
7RJHWKHU� ZH SUHVHQW WKH ILUVW TXDQWLWDWLYH DQDO\VLV RI LQ YLYR KLVWRQH +�.�� PHWK\ODWLRQ� � � � � � � � � � � � �
NLQHWLFV� 2XU FRPSXWDWLRQDO PRGHO VKRZV WKDW GHPHWK\ODWLRQ LV RQO\ HVVHQWLDO IRU UHJXODWLQJ� � � � � � � � � � � �
+�.�� PHWK\ODWLRQ NLQHWLFV LQ QRQ�F\FOLQJ FHOOV� ,Q UDSLGO\ GLYLGLQJ FHOOV RI HDUO\ HPEU\RV� ZH� � � � � � � � � � � � � �
SUHGLFW WKDW GHPHWK\ODWLRQ LV GLVSHQVDEOH� VXJJHVWLQJ WKDW FHOO�F\FOH PHGLDWHG GLOXWLRQ RI� � � � � � � � � � �
FKURPDWLQ PDUNV LV DQ HVVHQWLDO UHJXODWRU\ FRPSRQHQW IRU VKDSLQJ WKH HSLJHQHWLF ODQGVFDSH� � � � � � � � � � � �
GXULQJ�HDUO\�HPEU\RQLF�GHYHORSPHQW��
�
.(<:25'6�
FRPSXWDWLRQDO PRGHOLQJ� PHWK\ODWLRQ NLQHWLFV� GHYHORSPHQW� RUGLQDU\ GLIIHUHQWLDO HTXDWLRQV�� � � � � � � �
KLVWRQH�SRVW�WUDQVODWLRQDO�PRGLILFDWLRQV��;HQRSXV�ODHYLV��GHPHWK\ODWLRQ��HSLJHQHWLFV�
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,1752'8&7,21�
$OO FHOOV LQ RXU ERG\ FRQWDLQ WKH VDPH JHQHWLF LQIRUPDWLRQ HQFRGHG LQ WKH '1$� +RZHYHU� ZH DUH� � � � � � � � � � � � � � � � �
FRQVWLWXWHG RXW RI PDQ\ GLIIHUHQW FHOO W\SHV DOO SHUIRUPLQJ WKHLU RZQ VSHFLDOL]HG IXQFWLRQV�� � � � � � � � � � � � �
&KURPDWLQ� PDLQO\ FRPSRVHG RI '1$ DQG KLVWRQH RFWDPHUV �WZR FRSLHV RI KLVWRQH +�$� +�%�� � � � � � � � � � � � � �
+� DQG +� HDFK�� LV DQ LQVWUXFWLYH '1$ VFDIIROG WKDW DLGV H[WUDFWLQJ FHOO�VSHFLILF LQIRUPDWLRQ IRU� � � � � � � � � � � � � � �
JHQH H[SUHVVLRQ� +LVWRQH WDLOV DUH VXEMHFW WR YDULRXV SRVW�WUDQVODWLRQDO PRGLILFDWLRQV VXFK DV� � � � � � � � � � � �
PHWK\ODWLRQ� DFHW\ODWLRQ� SKRVSKRU\ODWLRQ DQG XELTXLWLQDWLRQ ��%DQQLVWHU DQG .RX]DULGHV� �������� � � � � � � � �
ZKLFK SOD\ D IXQGDPHQWDO UROH LQ DOWHULQJ FKURPDWLQ DFFHVVLELOLW\� '\QDPLF UHJXODWLRQ RI JHQH� � � � � � � � � � � � �
H[SUHVVLRQ LV FHQWUDO IRU H[HFXWLQJ FHOO LQWHUQDO SURJUDPV �SUROLIHUDWLRQ� GLIIHUHQWLDWLRQ� HWF�� DQG� � � � � � � � � � � �
UHDFWLQJ WR FHOO H[WHUQDO VLJQDOV ZLWK DQ DSSURSULDWH UHVSRQVH� 3DUWLFXODUO\ GXULQJ GHYHORSPHQW�� � � � � � � � � � � �
ZKHUH FHOOV FRQWLQXRXVO\ GLYLGH DQG GLIIHUHQWLDWH� D IDVW DQG HFRQRPLFDO FRQWURO RI JHQH� � � � � � � � � � � � �
H[SUHVVLRQ LV UHTXLUHG� +LVWRQH PRGLILFDWLRQV DUH EHOLHYHG WR UHJXODWH WKH SURJUHVVLRQ� � � � � � � � � � �
WKURXJKRXW GHYHORSPHQW ��-DPEKHNDU HW DO�� ������� ,Q ;HQRSXV ODHYLV� D PRGHO RUJDQLVP IRU� � � � � � � � � � � � �
GHYHORSPHQWDO ELRORJ\� VWDJH�VSHFLILF KLVWRQH PRGLILFDWLRQV KDYH EHHQ REVHUYHG GXULQJ WKH� � � � � � � � � �
WUDQVLW IURP SOXULSRWHQW WR GLIIHUHQWLDWHG VWDWHV� D SURFHVV FDOOHG HSLJHQRPH PDWXUDWLRQ� � � � � � � � � � �
�6FKQHLGHU HW DO�� ������� +RZHYHU� FHOOV GLYLGH UDSLGO\ GXULQJ HDUO\ GHYHORSPHQW� :LWK HDFK� � � � � � � � � � � � �
FHOO�F\FOH QHZO\ IRUPHG� ODUJHO\ XQPRGLILHG KLVWRQHV DUH LQFRUSRUDWHG LQWR WKH '1$ OHDGLQJ WR DQ� � � � � � � � � � � � � �
RYHUDOO GLOXWLRQ RI PRVW KLVWRQH PRGLILFDWLRQV ��-DVHQFDNRYD HW DO�� ������� +RZ LV WKH KLVWRQH� � � � � � � � � � � � � �
PRGLILFDWLRQ�ODQGVFDSH�VKDSHG�E\�WKH�FHOO�F\FOH�LQ�YLYR"��
+LVWRQH PHWK\ODWLRQ LV NQRZQ WR SOD\ LPSRUWDQW UROHV LQ PDQ\ ELRORJLFDO SURFHVVHV ��*UHHU DQG� � � � � � � � � � � � � �
6KL� ����� DQG LWV GHUHJXODWLRQ LV OLQNHG WR FDQFHU DQG DJLQJ ��)UDJD HW DO�� ����� .OXWVWHLQ HW DO��� � � � � � � � � � � � � � � � � �
������� 7KH PHWK\ODWLRQ RI O\VLQH �� RQ KLVWRQH +� �+�.��� LV RQH RI WKH PRVW IUHTXHQW O\VLQH� � � � � � � � � � � � � � � � �
PHWK\ODWLRQ VLWHV ��-¡UJHQVHQ HW DO�� ������� ,W LV HYROXWLRQDULO\ FRQVHUYHG IURP� � � � � � � � � � �
6FKL]RVDFFKDURP\FHV SRPEH WR KXPDQV ��/DFKQHU HW DO�� ������� DQG LV NQRZQ WR KDYH D VWURQJ� � � � � � � � � � � � � � �
FHOO�F\FOH GHSHQGHQFH� +�.�� RFFXUV LQ IRXU GLIIHUHQW VWDWHV� XQ�� PRQR�� GL� DQG WUL�PHWK\ODWLRQ�� � � � � � � � � � � � �
(DFK PHWK\ODWLRQ VWDWH SOD\V D GLIIHUHQW IXQFWLRQDO UROH UDQJLQJ IURP '1$ GDPDJH UHSDLU� � � � � � � � � � � � �
�6DQGHUV HW DO�� ������� RYHU WUDQVFULSWLRQDO UHJXODWLRQ ��%DUVNL HW DO�� ������� FKURPDWLQ� � � � � � � � � � � �
FRQGHQVDWLRQ ��2GD HW DO�� ����� 6DQGHUV HW DO�� ������� PLWRWLF SURJUHVVLRQ ��6DNDJXFKL DQG� � � � � � � � � � � � �
6WHZDUG� ������� DQG FHOO�F\FOH FRQWURO ��6FKRWWD HW DO�� ����� WR VLOHQFLQJ RI UHSHWLWLYH '1$ DQG� � � � � � � � � � � � � � �
WUDQVSRVRQV ��6FKRWWD HW DO�� ������� +�.��PH LV UHJXODWHG E\ WKUHH PHWK\OWUDQVIHUDVHV� .07�$� � � � � � � � � � � �
�DOVR NQRZQ DV 35�6HW�� IRU PRQR�PHWK\ODWLRQ ��;LDR� ����� DQG 689����+� DQG 689����+�� � � � � � � � � � � �
IRU ERWK GL� DQG WUL�PHWK\ODWLRQ ��6FKRWWD HW DO�� ������� :KHWKHU WKHUH LV D VSHFLILFLW\ RI� � � � � � � � � � � � � � �
689����+��� IRU GL� RU WUL�PHWK\ODWLRQ LV VWLOO GHEDWHG ��6FKRWWD HW DO�� ������� 7KH OHYHO RI� � � � � � � � � � � � � � �
PRQR�PHWK\OWUDQVIHUDVH .07�$ LV FHOO�F\FOH GHSHQGHQW DQG LWV GHJUDGDWLRQ LQ *� SKDVH OHDGV� � � � � � � � � � � �
WR D GHFOLQH RI +�.��PH� LQ ODWH *� ��$EEDV HW DO�� ����� &HQWRUH HW DO�� ����� =HH HW DO�� �������� � � � � � � � � � � � � � � � � � � �
+�.��PH� UHDFKHV LWV ORZHVW OHYHO LQ 6 SKDVH ZKLOH LQFUHDVLQJ LQ *� SKDVH DQG SHDNLQJ GXULQJ� � � � � � � � � � � � � � � �
PLWRVLV� %RWK +�.��PH� DQG +�.��PH� OHYHOV KDYH DOVR EHHQ IRXQG WR EH FHOO�F\FOH� � � � � � � � � � � � �
GHSHQGHQW WKRXJK LQ D OHVV GUDPDWLF IDVKLRQ ��3HVDYHQWR HW DO�� ������� 7KH FHOO�F\FOH GHSHQGHQW� � � � � � � � � � � � � �
SUHVHQFH RI +�.�� PHWK\OWUDQVIHUDVHV DOORZV +�.��PH� DQG +�.��PH� WR EH UHHVWDEOLVKHG� � � � � � � � � � �
RQO\ DIWHU PLWRVLV LQ WKH QH[W FHOO�F\FOH ��-¡UJHQVHQ HW DO�� ������� )RU GHPHWK\ODWLRQ� XQVSHFLILF� � � � � � � � � � � � � �
HQ]\PHV VXFK DV 3+)� DUH NQRZQ ��)HQJ HW DO�� ������� EXW WKHLU IXQFWLRQDO LPSRUWDQFH KDV� � � � � � � � � � � � � � �
UHFHQWO\ EHHQ TXHVWLRQHG ��$ODEHUW HW DO�� ����� -¡UJHQVHQ HW DO�� ����� 5HYHUyQ�*yPH] HW DO��� � � � � � � � � � � � � �
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������� ,W KDV HYHQ EHHQ VXJJHVWHG WKDW WKH ORVV RI KLVWRQH PDUNV PD\ RFFXU RQO\ E\ GLOXWLRQ� � � � � � � � � � � � � � � � �
GXULQJ�FKURPDWLQ�UHSOLFDWLRQ�WKDQ�E\�DFWLYH�UHPRYDO���-DGKDY�HW�DO������������
7R DGGUHVV WKH UROH RI WKH FHOO�F\FOH IRU HSLJHQRPH PDWXUDWLRQ LQ ;HQRSXV GHYHORSPHQW� ZH� � � � � � � � � � � � � �
KDYH PHDVXUHG KLVWRQH PRGLILFDWLRQ SURSRUWLRQV LQ VLEOLQJ HPEU\R SRSXODWLRQV� ZKLFK HLWKHU� � � � � � � � � � �
SUROLIHUDWH RU DUH DUUHVWHG DW WKH *��6 WUDQVLWLRQ� 8VLQJ TXDQWLWDWLYH PDVV VSHFWURPHWU\ GDWD IRU� � � � � � � � � � � � � �
+�.�� ZH FRPSDUHG RYHU ��� PRGHO K\SRWKHVHV GHVFULELQJ +�.��PH NLQHWLFV LQ WKH F\FOLQJ� � � � � � � � � � � � �
DQG FHOO�F\FOH DUUHVWHG SRSXODWLRQ� :LWK RQO\ D IHZ DVVXPSWLRQV� RXU FRPSXWDWLRQDO PRGHO LV� � � � � � � � � � � � �
DEOH WR H[SODLQ +�.��PH NLQHWLFV� UHWULHYHV FRUUHFW FHOO�F\FOH GXUDWLRQV DQG NQRZQ FHOO�F\FOH� � � � � � � � � � � �
GHSHQGHQFLHV RI +�.��PH� )XUWKHUPRUH� RXU DSSURDFK DOORZV XV WR HVWLPDWH FHOO QXPEHUV RYHU� � � � � � � � � � � � �
WLPH DQG UHYHDOV WKH LPSRUWDQFH RI WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV DQG D VKDUHG� � � � � � � � � � � � � �
GHPHWK\ODWLRQ UDWH FRQVWDQW ZKLFK LV HVVHQWLDO WR HVWDEOLVK WKH REVHUYHG KLVWRQH PRGLILFDWLRQ� � � � � � � � � � � �
SURILOH�LQ�WKH�FHOO�F\FOH�DUUHVWHG�EXW�UHGXQGDQW�LQ�WKH�F\FOLQJ�SRSXODWLRQ�RI�;HQRSXV�HPEU\RV���
�

5(68/76�

&HOO�F\FOH�DUUHVW�FKDQJHV�+�.��PH�SDWWHUQV�GXULQJ�;HQRSXV�HPEU\RJHQHVLV�
$IWHU LQ YLWUR IHUWLOL]DWLRQ RI D ;HQRSXV RRF\WH� FHOOV UDSLGO\ GLYLGH LQ D VWDWH RI WUDQVFULSWLRQDO� � � � � � � � � � � � � � � �
TXLHVFHQFH XS WR ��� KRXUV SRVW IHUWLOL]DWLRQ �KSI� ��+HDVPDQ� ������� 2QO\ WKHQ D UHJXODU ]\JRWLF� � � � � � � � � � � � � � �
FHOO�F\FOH FRQWDLQLQJ *� DQG *� SKDVHV LV LQLWLDWHG ��1HZSRUW DQG .LUVFKQHU� ������� 7R LGHQWLI\� � � � � � � � � � � � � �
KRZ +�.�� PHWK\ODWLRQ �+�.��PH� LV VKDSHG E\ FHOO�F\FOH� ZH FRPSDUHG D SRSXODWLRQ RI� � � � � � � � � � � � �
QRUPDO ;HQRSXV HPEU\RV �IURP QRZ RQ FDOOHG µPRFN¶� ZLWK D FHOO�F\FOH DUUHVWHG SRSXODWLRQ� )RU� � � � � � � � � � � � � �
WKLV� KDOI RI WKH HPEU\RV ZHUH FRQWLQXRXVO\ LQFXEDWHG ZLWK K\GUR[\XUHD�DSKLGLFROLQ �IURP QRZ RQ� � � � � � � � � � � � �
FDOOHG µ+8$¶� IURP JDVWUXODWLRQ RQZDUGV ��� KSI�� 7KLV WUHDWPHQW DUUHVWV FHOOV DW WKH *��6� � � � � � � � � � � � � �
ERXQGDU\ DQG LV FRPSDWLEOH ZLWK HPEU\RQLF GHYHORSPHQW ��+DUULV DQG +DUWHQVWHLQ� ������� 0DVV� � � � � � � � � � � �
VSHFWURPHWU\ PHDVXUHPHQWV RI +�.��PH VWDWHV� DYHUDJLQJ RYHU DOO FHOOV LQ WKH HPEU\RV DQG DOO� � � � � � � � � � � � � �
KLVWRQHV LQ WKH FHOOV� ZHUH FRQGXFWHG DW ������ ������ ���� DQG �� KSI FRUUHVSRQGLQJ WR ODWH� � � � � � � � � � � � � � � �
JDVWUXOD �1)���� QHXUXOD �1)���� WDLOEXG �1)��� DQG WDGSROH �1)��� VWDJHV� UHVSHFWLYHO\ �)LJXUH� � � � � � � � � � � �
�$�� +�.��PH SURSRUWLRQV RI PRFN DQG +8$ VKRZHG FOHDU GLIIHUHQFHV DFURVV WKUHH ELRORJLFDO� � � � � � � � � � � � �
UHSOLFDWHV LQ DOO IRXU +�.��PH VWDWHV �)LJXUH �%�� ,Q +8$� PHWK\ODWLRQ DFFXPXODWHV LQ WKH GL�� � � � � � � � � � � � � � �
DQG WUL�PHWK\ODWLRQ VWDWHV LQ FRPSDULVRQ WR PRFN� 7KHUH� QHZO\ V\QWKHVL]HG DQG XQPRGLILHG� � � � � � � � � � � �
KLVWRQHV DUH LQFRUSRUDWHG XSRQ '1$ UHSOLFDWLRQ� OHDGLQJ WR DQ RYHUDOO GLOXWLRQ RI +�.��PH DQG� � � � � � � � � � � � � �
KHQFH�D�KLJKHU�SURSRUWLRQ�RI�ORZO\�PHWK\ODWHG�XQ��DQG�PRQR�PHWK\ODWHG�VWDWHV���
�
6SHFLILF�PHWK\ODWLRQ�UDWH�FRQVWDQWV�DUH�QHFHVVDU\�WR�H[SODLQ�+�.��PH�LQ�PRFN�
HPEU\RJHQHVLV�ZKLOH�GHPHWK\ODWLRQ�LV�QRW�HVVHQWLDO�
7R LGHQWLI\ KRZ +�.��PH NLQHWLFV DUH VKDSHG E\ FHOO�F\FOH� ZH GHILQHG PRGHOV IRU XQWUHDWHG� � � � � � � � � � � � � �
HPEU\RV �PRFN� DQG ILWWHG WKHP WR WKH GDWD �VHH 0HWKRGV�� 0RFN PRGHOV DUH FRPSRVHG RI IRXU� � � � � � � � � � � � � � � �
+�.��PH VWDWHV FRUUHVSRQGLQJ WR XQ� �PH��� PRQR� �PH��� GL� �PH�� DQG WUL�PHWK\ODWHG �PH��� � � � � � � � � � � � �
+�.��� DOORZLQJ IRU VXFFHVVLYH PHWK\ODWLRQ DQG GHPHWK\ODWLRQ ZLWK UDWHV P�L DQG G �L �� L Ѯ ^�����`� � � � � � � � � � � � � � �
UHVSHFWLYHO\ �VHH )LJXUH �$ DQG 0HWKRGV IRU D GHWDLOHG PRGHO GHVFULSWLRQ�� )RU PRFN� ZKHUH WKH� � � � � � � � � � � � � � �
FHOOV XQGHUJR FHOO GLYLVLRQ ZLWK D FHOO�F\FOH GXUDWLRQ F� XQPHWK\ODWHG KLVWRQHV DUH LQFRUSRUDWHG� � � � � � � � � � � � �
LQWR UHSOLFDWLQJ '1$ OHDGLQJ WR D FRQWLQXRXV GLOXWLRQ RI +�.��PH� &RQVLGHULQJ PHWK\ODWLRQ� � � � � � � � � � � �
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SURSRUWLRQV �GHILQHG DV WKH IUHTXHQF\ RI D SDUWLFXODU PHWK\ODWLRQ VWDWH GLYLGHG E\ WKH VXP RI DOO� � � � � � � � � � � � � � � �
PHWK\ODWLRQ VWDWHV DV PHDVXUHG E\ PDVV VSHFWURPHWU\�� FHOO�F\FOH UHVXOWV LQ DQ RYHUDOO LQFUHDVH� � � � � � � � � � � � �
RI XQPHWK\ODWHG +�.�� PHGLDWHG E\ DQ RXWIORZ RI +�.��PH VWDWHV ZLWK UDWH J�W�  OQ����F�W��� � � � � � � � � � � � � � �
ZKHUH F�W� LV WKH FHOO�F\FOH GXUDWLRQ F DV D IXQFWLRQ RI H[SHULPHQW WLPH W �VHH )LJXUH �$ DQG� � � � � � � � � � � � � � � � � �
0HWKRGV�� 7KH PRVW JHQHUDO PRGHO LV SDUDPHWHUL]HG ZLWK VL[ UDWH FRQVWDQWV� ZKHUH D UDWH� � � � � � � � � � � � � �
FRQVWDQW LV GHILQHG DV WKH SURSRUWLRQ RI +�.�� LQ D SDUWLFXODU PHWK\ODWLRQ VWDWH EHLQJ� � � � � � � � � � � � � �
PHWK\ODWHG�GHPHWK\ODWHG SHU KRXU �K ������ DQG FRQWDLQV WKUHH UDWH FRQVWDQWV IRU PHWK\ODWLRQ P����� � � � � � � � � � � �
P���� P�� DQG WKUHH UDWH FRQVWDQWV IRU GHPHWK\ODWLRQ G ���� G ���� G �� �)LJXUH �%� ULJKWPRVW PRGHO��� � � � � � � � � � � � � � �
+RZHYHU� ZH DOVR FRQVLGHUHG PRGHOV ZLWK OHVV SDUDPHWHUV� UDWH FRQVWDQWV VKDUHG EHWZHHQ WZR� � � � � � � � � � � � �
RU PRUH UHDFWLRQV DUH WHUPHG µVKDUHG PHWK\ODWLRQ�GHPHWK\ODWLRQ UDWH FRQVWDQWV¶ �)LJXUH �%�� � � � � � � � � � �
JUD\� DQG UDWH FRQVWDQWV VSHFLILF WR RQH UHDFWLRQ DUH WHUPHG µVSHFLILF PHWK\ODWLRQ�GHPHWK\ODWLRQ� � � � � � � � � � � �
UDWH FRQVWDQWV¶ �)LJXUH �%� FRORUHG�� ,QWULJXHG E\ WKH TXHVWLRQ ZKHWKHU GHPHWK\ODWLRQ LV� � � � � � � � � � � �
LPSRUWDQW IRU PHWK\ODWLRQ NLQHWLFV DW DOO �DV LWV H[LVWHQFH ZDV UHFHQWO\ FKDOOHQJHG DW OHDVW IRU� � � � � � � � � � � � � � �
KLVWRQH +� O\VLQH �� WUL�PHWK\ODWLRQ ��5HYHUyQ�*yPH] HW DO�� ������� ZH DOVR FRQVLGHUHG � PRGHOV� � � � � � � � � � � � � �
ZLWKRXW GHPHWK\ODWLRQ� ,Q WRWDO� WKH �� PRGHOV ZH FRQVLGHU FRPSULVH EHWZHHQ � DQG � UDWH� � � � � � � � � � � � � � �
FRQVWDQWV �)LJXUH �% DQG 0HWKRGV�� ,Q DGGLWLRQ WR WKH UDWH FRQVWDQWV� ZH LQIHUUHG DQRWKHU �� � � � � � � � � � � � � � �
PRGHO SDUDPHWHUV� � LQLWLDO +�.��PH SURSRUWLRQV DW ��� KSI �GHQRWHG DV PH� ���� PH� ���� PH� ����� � � � � � � � � � � � � �
PH� �� ZLWK PH� ��� ��PH� ����PH� ����PH� ����� DQG RQH QRLVH SDUDPHWHU ı� GHWHUPLQLQJ WKH ZLGWK RI WKH� � � � � � � � � � � � �
/DSODFLDQ QRLVH GLVWULEXWLRQ �0HWKRGV�� $V ZH ZHUH LQWHUHVWHG LQ +�.��PH NLQHWLFV XQGHU WKH� � � � � � � � � � � � �
LQIOXHQFH RI WKH FHOO�F\FOH� ZH VWDUWHG RXU PRFN PRGHO DW ��� KSI �)LJXUH �$�� ZKHQ D UHJXODU� � � � � � � � � � � � � � � � �
]\JRWLF FHOO�F\FOH ZLWK *��*� SKDVHV LV LQLWLDWHG ��1HZSRUW DQG .LUVFKQHU� ������� 6LQFH FHOO F\FOH� � � � � � � � � � � � � �
KDV EHHQ VKRZQ WR YDU\ VXEVWDQWLDOO\ ZLWK HPEU\RQLF DJH� ZH FRQVLGHUHG � GLIIHUHQW FHOO�F\FOH� � � � � � � � � � � � � �
IXQFWLRQV F�W� WR PRGHO FHOO F\FOH RYHU WKH H[SHULPHQW WLPH W� FRQVWDQW� OLQHDUO\ LQFUHDVLQJ� RU� � � � � � � � � � � � � � �
JUDGXDOO\ SODWHDXLQJ �XVLQJ D VFDOHG +LOO IXQFWLRQ ZLWK +LOO FRHIILFLHQW � DQG RIIVHW� �)LJXUH �&��� � � � � � � � � � � � � � �
7KH QXPEHU RI PRGHO SDUDPHWHUV IRU WKH FHOO�F\FOH IXQFWLRQV YDULHG IURP � �IRU WKH FRQVWDQW� � � � � � � � � � � � � � �
FHOO�F\FOH IXQFWLRQ� WR � SDUDPHWHUV �IRU WKH JUDGXDOO\ SODWHDXLQJ FHOO�F\FOH IXQFWLRQ� �0HWKRGV��� � � � � � � � � � � �
:H SHUIRUPHG PXOWL�VWDUW PD[LPXP OLNHOLKRRG RSWLPL]DWLRQ DQG PRGHO VHOHFWLRQ RQ ��� PRGHOV� � � � � � � � � � � �
��� PRGHOV WLPHV � GLIIHUHQW FHOO�F\FOH IXQFWLRQV�� ,QFOXGLQJ SULRU ELRORJLFDO NQRZOHGJH DERXW WKH� � � � � � � � � � � � �
VKRUW FHOO�F\FOH DW ��� KSI RI a�� PLQ ��$QGHUVRQ HW DO�� ����� *HOHQV HW DO�� ������� ZH IRXQG WKDW� � � � � � � � � � � � � � � � � � �
RQO\ RQH RI WKH VL[ WHVWHG FHOO�F\FOH IXQFWLRQV ZDV DEOH WR SUHGLFW D ELRORJLFDOO\ PHDQLQJIXO� � � � � � � � � � � � � � �
DYHUDJH FHOO�F\FOH GXUDWLRQ RI DURXQG � KRXUV� D FRQVWUDLQHG VFDOHG +LOO IXQFWLRQ ZLWK +LOO� � � � � � � � � � � � � �
FRHIILFLHQW � DQG RIIVHW ���� F�W�  ��� � E�W��E�W�� �6XSSOHPHQWDU\ ,QIRUPDWLRQ�� $OO PRGHOV ZLWK� � � � � � � � � � � � � � �
RWKHU FHOO�F\FOH IXQFWLRQV HVWLPDWHG DYHUDJH FHOO�F\FOH GXUDWLRQV RI DW OHDVW �� KRXUV� 8VLQJ D� � � � � � � � � � � � � �
FRQVWUDLQHG VFDOHG +LOO IXQFWLRQ� ZH IRXQG �� PRGHOV WKDW RXWSHUIRUPHG RWKHU PRGHOV ZLWK D %,&� � � � � � � � � � � � � � �
�%D\HVLDQ ,QIRUPDWLRQ &ULWHULRQ� GLIIHUHQFH RI ǻ%,&!��� ZKLFK LV FRQVLGHUHG WR EH DQ� � � � � � � � � � � �
DSSURSULDWH WKUHVKROG IRU PRGHO UHMHFWLRQ ��.DVV DQG 5DIWHU\� ����� �)LJXUH �'�� 7KH WZR EHVW� � � � � � � � � � � � � �
PRGHOV �ZLWK ǻ%,& �� VKRZ VSHFLILFLW\ LQ WUL�PHWK\ODWLRQ DQG VKDUHG UDWH FRQVWDQWV IRU PRQR�� � � � � � � � � � � � �
DQG GL�PHWK\ODWLRQ� 2YHUDOO� WKH EHVW PRGHOV ZLWK DQG ZLWKRXW GHPHWK\ODWLRQ VKRZHG VSHFLILFLW\� � � � � � � � � � � �
LQ HLWKHU DOO WKUHH PHWK\ODWLRQ UDWH FRQVWDQWV RU RQO\ LQ WKH WUL�PHWK\ODWLRQ UDWH FRQVWDQW� 9DU\LQJ� � � � � � � � � � � � � � �
QXPEHUV RI GHPHWK\ODWLRQ UDWH FRQVWDQWV ZHUH SRVVLEOH� UDQJLQJ IURP � WR �� )LWV WR WKHVH �� WRS� � � � � � � � � � � � � � � � �
PRGHOV ZHUH DEOH WR FDSWXUH WKH NLQHWLFV XQGHUO\LQJ +�.��PH GXULQJ PRFN HPEU\RJHQHVLV� � � � � � � � � � � �
�)LJXUH �(�� 7RJHWKHU� ZH IRXQG WKDW HLWKHU WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV RU RQH� � � � � � � � � � � � � �
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VSHFLILF WUL�PHWK\ODWLRQ UDWH FRQVWDQW ZHUH QHFHVVDU\ WR H[SODLQ WKH GDWD IURP XQWUHDWHG� � � � � � � � � � � �
HPEU\RV�DQG�WKDW�DFWLYH�GHPHWK\ODWLRQ�ZDV�QRW�UHTXLUHG���
�
9DOLGDWLRQ�RI�PRFN�PRGHO�E\�FRPSDULQJ�FHOO�F\FOH�GXUDWLRQV�WR�H[SHULPHQWDO�GDWD�
:H YDOLGDWHG RQH RI WKH EHVW SHUIRUPLQJ PRGHOV E\ FRPSDULQJ LW WR WKH DYHUDJH FHOO�F\FOH� � � � � � � � � � � � � � �
GXUDWLRQV H[SHULPHQWDOO\ PHDVXUHG LQ ;HQRSXV QHXUDO SURJHQLWRUV DW YDULRXV GHYHORSPHQWDO� � � � � � � � � �
VWDJHV ��*UDKDP DQG 0RUJDQ� ����� 6DEKHUZDO HW DO�� ����� 7KXUHW HW DO�� ������� 7KH FHOO�F\FOH� � � � � � � � � � � � � � �
GXUDWLRQV IURP WKH PRFN PRGHO ZLWK WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV EXW QR� � � � � � � � � � � � �
GHPHWK\ODWLRQ �)LJXUH �)� LQVHW� VKRZHG JRRG DJUHHPHQW ZLWK PHDVXUHG FHOO�F\FOH GXUDWLRQV� � � � � � � � � � �
�)LJXUH �)�� 8VLQJ WKLV PRGHO� ZH FDQ DOVR SUHGLFW WKH DEVROXWH QXPEHU RI FHOOV ZLWKLQ D� � � � � � � � � � � � � � � �
GHYHORSLQJ HPEU\R� ZKLFK LV H[SHULPHQWDOO\ FKDOOHQJLQJ� )RU WKH VDPH PRGHO �)LJXUH �*� LQVHW��� � � � � � � � � � � � �
WKH QXPEHU RI FHOOV ZDV SUHGLFWHG WR ULVH H[SRQHQWLDOO\ IURP URXJKO\ ������ FHOOV DIWHU �� KRXUV� � � � � � � � � � � � � � � �
WR���������FHOOV�DIWHU����KRXUV��)LJXUH��*�DQG�0HWKRGV����

6SHFLILF�PHWK\ODWLRQ�UDWH�FRQVWDQWV�DQG�GHPHWK\ODWLRQ�DUH�QHFHVVDU\�WR�PRGHO�+�.��PH�
LQ�+8$�HPEU\RJHQHVLV�
,Q FRQWUDVW WR PRFN� PHWK\ODWHG +�.�� LV QRW GLOXWHG LQ WKH FHOO�F\FOH DUUHVWHG +8$ HPEU\R� � � � � � � � � � � � � � �
SRSXODWLRQ� :H WKXV PRGHOHG +8$ ZLWK WKH VDPH VHW RI UHDFWLRQV� KRZHYHU� ZLWKRXW D FHOO�F\FOH� � � � � � � � � � � � � � �
IXQFWLRQ J�W� � �)LJXUH �$�� 6LPLODUO\ WR WKH PRFN PRGHO ZH SHUIRUPHG PXOWL�VWDUW PD[LPXP� � � � � � � � � � � � �
OLNHOLKRRG RSWLPL]DWLRQ DQG PRGHO VHOHFWLRQ RQ �� +8$ PRGHOV ZLWK DQG ZLWKRXW GHPHWK\ODWLRQ�� � � � � � � � � � � � �
:H IRXQG WKDW WKH ILYH EHVW SHUIRUPLQJ PRGHOV �ZLWK ǻ%,&���� DOO UHTXLUHG WKUHH VSHFLILF� � � � � � � � � � � � � �
PHWK\ODWLRQ UDWH FRQVWDQWV DQG GHPHWK\ODWLRQ �)LJXUH �%�� 7KH QXPEHU RI GHPHWK\ODWLRQ UDWH� � � � � � � � � � � �
FRQVWDQWV YDULHG EHWZHHQ � DQG � �)LJXUH �%�� 7KH VLQJOH EHVW SHUIRUPLQJ +8$ PRGHO ZLWKRXW� � � � � � � � � � � � � � �
GHPHWK\ODWLRQ �ULJKWPRVW PRGHO LQ )LJXUH �%� ZDV VXEVWDQWLDOO\ RXWSHUIRUPHG E\ WKH +8$� � � � � � � � � � � �
PRGHOV ZLWK GHPHWK\ODWLRQ �ǻ%,& ��� VXJJHVWLQJ WKDW GHPHWK\ODWLRQ ZDV HVVHQWLDO WR H[SODLQ� � � � � � � � � � �
WKH +8$ GDWD� 7KH PRGHO ILWV RI WKH ILYH EHVW +8$ PRGHOV ZHUH DEOH WR FDSWXUH WKH NLQHWLFV� � � � � � � � � � � � � � � � � �
XQGHUO\LQJ +�.��PH GXULQJ +8$ HPEU\RJHQHVLV �)LJXUH �&�� 7RJHWKHU� ZH IRXQG WKDW WKUHH� � � � � � � � � � � �
VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV ZHUH QHFHVVDU\ WR H[SODLQ WKH +8$ GDWD DQG WKDW� � � � � � � � � � � � �
GHPHWK\ODWLRQ�ZDV�HVVHQWLDO��
�
-RLQW�PRGHO�LV�DEOH�WR�UHWULHYH�FHOO�F\FOH�GHSHQGHQFH�RI�+�.��PH�DQG�ILQGV�
GHPHWK\ODWLRQ�WR�EH�HVVHQWLDO�LQ�+8$�EXW�UHGXQGDQW�LQ�PRFN�
7KH PRGHOV SHUIRUPLQJ EHVW LQ PRFN DQG +8$ UHTXLUHG WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV� � � � � � � � � � � � � �
DQG ZHUH LQGHFLVLYH DERXW GHPHWK\ODWLRQ UDQJLQJ IURP QR GHPHWK\ODWLRQ RYHU RQH VKDUHG WR� � � � � � � � � � � � �
WKUHH VSHFLILF GHPHWK\ODWLRQ UDWH FRQVWDQWV �)LJXUH �' DQG )LJXUH �%�� 7R GHWHUPLQH ZKLFK� � � � � � � � � � � � �
UDWHV DUH VXEVWDQWLDOO\ GLIIHUHQW EHWZHHQ WKH WZR ;HQRSXV SRSXODWLRQV ZH FRQVLGHUHG WKHVH� � � � � � � � � � � �
ILQGLQJV DQG GHYLVHG D MRLQW PRGHO FRQVLGHULQJ PRFN DQG +8$ GDWD VLPXOWDQHRXVO\� )RU WKH� � � � � � � � � � � � � �
PRVW JHQHUDO K\SRWKHVLV �)LJXUH �$�� ZH DOORZHG IRU WKUHH PRFN� DQG WKUHH +8$�VSHFLILF� � � � � � � � � � � � �
PHWK\ODWLRQ UDWH FRQVWDQWV �YLVXDOL]HG E\ D KDOI JUD\ DQG KDOI JUHHQ GRW IRU P���� P�� RU P�� LQ� � � � � � � � � � � � � � � � � �
)LJXUH �%�� :H DOVR DOORZHG IRU MRLQW PHWK\ODWLRQ UDWH FRQVWDQWV VKDUHG EHWZHHQ VSHFLILF PRFN� � � � � � � � � � � � � �
DQG +8$ PHWK\ODWLRQ VWHSV �YLVXDOL]HG DV DQ RUDQJH GRW IRU P���� P�� RU P�� LQ )LJXUH �%� UHGXFLQJ� � � � � � � � � � � � � � � � � �
WKH QXPEHU RI SDUDPHWHUV� $V GHPHWK\ODWLRQ ZDV QRW QHFHVVDU\ WR H[SODLQ WKH PRFN GDWD DQG� � � � � � � � � � � � � � �
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RQH GHPHWK\ODWLRQ UDWH FRQVWDQW VKDUHG EHWZHHQ PHWK\ODWLRQ VWHSV ZDV VXIILFLHQW IRU +8$� ZH� � � � � � � � � � � � �
KHUH UHVWULFWHG GHPHWK\ODWLRQ WR WKH VLPSOHVW FDVH RI DW PRVW RQH VKDUHG GHPHWK\ODWLRQ UDWH� � � � � � � � � � � � � �
FRQVWDQW G �PRFN �DQG G �+8$ �)LJXUH �$�� :H DOORZHG IRU PRFN� DQG +8$�VSHFLILF GHPHWK\ODWLRQ UDWH� � � � � � � � � � � � � �
FRQVWDQWV �YLVXDOL]HG DJDLQ E\ D KDOI JUD\ DQG KDOI JUHHQ GRW IRU G LQ )LJXUH �%� RU D MRLQW� � � � � � � � � � � � � � � � � � �
GHPHWK\ODWLRQ UDWH FRQVWDQW IRU PRFN DQG +8$ �YLVXDOL]HG DV DQ RUDQJH GRW IRU G LQ )LJXUH �%��� � � � � � � � � � � � � � � � �
)XUWKHUPRUH� DV D FRQVWUDLQHG VFDOHG +LOO IXQFWLRQ ZLWK +LOO FRHIILFLHQW � DQG RIIVHW ��� ZDV WKH� � � � � � � � � � � � � � � �
RQO\ IXQFWLRQ WKDW OHG WR ELROR¦JLFDOO\ PHDQLQJIXO FHOO�F\FOH GXUDWLRQV �VHH DERYH DQG )LJXUH �&� � � � � � � � � � � � � �
DQG �)� ZH GLG QRW FRQVLGHU GLIIHUHQW FHOO F\FOH IXQFWLRQV WKHUHE\ UHGXFLQJ WKH VHW RI SRVVLEOH� � � � � � � � � � � � � � � �
PRGHOV WR � MRLQW PRGHOV ZLWKRXW GHPHWK\ODWLRQ �)LJXUH �% OHIW�� �� MRLQW PRGHOV ZLWK� � � � � � � � � � � � � �
GHPHWK\ODWLRQ DQG � [ � PRGHOV ZLWK GHPHWK\ODWLRQ LQ HLWKHU PRFN RU +8$ �)LJXUH �% ULJKW�� 7R� � � � � � � � � � � � � � � � �
LGHQWLI\ MRLQW PRGHOV WKDW DUH DEOH WR H[SODLQ RXU PHDVXUHG GDWD� ZH DJDLQ ILWWHG WKH PRGHOV� � � � � � � � � � � � � � � �
XVLQJ�PXOWL�VWDUW�PD[LPXP�OLNHOLKRRG�RSWLPL]DWLRQ�DQG�PRGHO�VHOHFWLRQ���
$OO � EHVW SHUIRUPLQJ MRLQW PRGHOV �ǻ%,&���� UHTXLUHG PRFN� DQG +8$�VSHFLILF PRQR� DQG� � � � � � � � � � � � �
GL�PHWK\ODWLRQ UDWH FRQVWDQWV �)LJXUH �&�� +RZHYHU� WKH\ ZHUH QRW FRQFOXVLYH DERXW� � � � � � � � � � �
WUL�PHWK\ODWLRQ DQG� LI SUHVHQW� GHPHWK\ODWLRQ UDWH FRQVWDQWV �)LJXUH �&�� 6SHFLILFLW\ LQ RQH RU� � � � � � � � � � � � �
PRUH UDWH FRQVWDQWV KLJKOLJKWV WKDW WKH GLIIHUHQFHV LQ +�.��PH SURSRUWLRQV RI PRFN DQG +8$� � � � � � � � � � � � � �
DUH QRW H[SOLFDEOH E\ WKH PLVVLQJ FHOO�F\FOH DORQH EXW WKDW WKH RYHUDOO +�.��PH NLQHWLFV DUH� � � � � � � � � � � � � � �
FHOO�F\FOH GHSHQGHQW� 7KH PRGHO VWUXFWXUH RI WKH EHVW SHUIRUPLQJ MRLQW PRGHO �PRGHO D� LV VKRZQ� � � � � � � � � � � � � � �
LQ )LJXUH �'� ,QWHUHVWLQJO\� MRLQW PRGHOV ZLWK GHPHWK\ODWLRQ LQ +8$ RQO\ �PRGHOV D DQG G LQ� � � � � � � � � � � � � � � �
)LJXUH �&� SHUIRUPHG MXVW DV ZHOO DV MRLQW PRGHOV ZLWK GHPHWK\ODWLRQ LQ ERWK +8$ DQG PRFN� � � � � � � � � � � � � � � �
�PRGHOV E� F� H DQG I LQ )LJXUH �&� ZKLOH MRLQW PRGHOV ZLWKRXW GHPHWK\ODWLRQ �ǻ%,& �� DQG ���� � � � � � � � � � � � � � � � �
DQG MRLQW PRGHOV ZLWK GHPHWK\ODWLRQ LQ PRFN RQO\ �ǻ%,&  �� DQG ��� ZHUH VXEVWDQWLDOO\� � � � � � � � � � � � � � �
RXWSHUIRUPHG� 7KLV VXJJHVWHG WKDW GHPHWK\ODWLRQ ZDV HVVHQWLDO IRU +8$ RQO\� LQ DFFRUGDQFH� � � � � � � � � � � �
ZLWK�WKH�UHVXOWV�IURP�WKH�VHSDUDWH�PRGHOV��)LJXUH��'�DQG�)LJXUH��%����
7KH WRS � MRLQW PRGHOV �PRGHOV D�I LQ )LJXUH �&� VKRZHG JRRG RYHUDOO DJUHHPHQW ZLWK PRFN DQG� � � � � � � � � � � � � � � � �
+8$ GDWD �)LJXUH �(� DQG VWURQJO\ FRQVLVWHQW UDWH FRQVWDQWV �)LJXUH �)�� :H GHWHUPLQHG WKH� � � � � � � � � � � � � �
PDUJLQDO GLVWULEXWLRQV IRU DOO UDWH FRQVWDQWV E\ 0&0& VDPSOLQJ� ZKHUH WKH FUHGLELOLW\ UDQJHV DUH� � � � � � � � � � � � � �
WKH �� �WK �DQG �� �WK SHUFHQWLOHV RI WKH PDUJLQDO GLVWULEXWLRQV �VHH 0HWKRGV�� 3DUWLFXODUO\ LQWHUHVWLQJ� � � � � � � � � � � � �
ZHUH WKH VWURQJ GLVFUHSDQFLHV EHWZHHQ PRQR� DQG GL�PHWK\ODWLRQ UDWH FRQVWDQWV IRU PRFN DQG� � � � � � � � � � � � �
+8$� GHFUHDVLQJ ���IROG DQG ��IROG� UHVSHFWLYHO\ �)LJXUH �)�� 7KH PRFN�VSHFLILF PRQR� DQG� � � � � � � � � � � �
GL�PHWK\ODWLRQ UDWH FRQVWDQWV RI WKH WRS � MRLQW PRGHOV KDG RYHUODSSLQJ FUHGLELOLW\ UDQJHV� � � � � � � � � � � � �
VXJJHVWLQJ WKDW IRU PRFN� D VKDUHG UDWH FRQVWDQW IRU PRQR� DQG GL�PHWK\ODWLRQ ZRXOG VXIILFH� � � � � � � � � � � � � �
�)LJXUH �)�� 6LPLODUO\� PRFN� DQG +8$�VSHFLILF WUL�PHWK\ODWLRQ UDWH FRQVWDQWV VKRZ RYHUODSSLQJ� � � � � � � � � � �
FUHGLELOLW\ UDQJHV VXJJHVWLQJ WKDW D MRLQW WUL�PHWK\ODWLRQ UDWH FRQVWDQW ZRXOG VXIILFH� ,Q MRLQW� � � � � � � � � � � � �
PRGHOV ZLWK GHPHWK\ODWLRQ �PRGHOV F DQG I� ZH IRXQG WKH PRFN�VSHFLILF GHPHWK\ODWLRQ UDWH� � � � � � � � � � � � �
FRQVWDQWV WR WDNH RQ YHU\ VPDOO YDOXHV ZKLOH WKH +8$�VSHFLILF GHPHWK\ODWLRQ UDWH FRQVWDQWV� � � � � � � � � � � � �
ZHUH VPDOO EXW VXEVWDQWLDOO\ ODUJHU� IRU PRGHO I WKH PHGLDQ PRFN�VSHFLILF GHPHWK\ODWLRQ UDWH� � � � � � � � � � � � �
FRQVWDQW ZDV HVWLPDWHG WR EH ��� �� ��� �ZLWK ������� �� ��� FUHGLELOLW\ UDQJH�� ZKLOH WKH +8$�VSHFLILF� � � � � � � � � � � � � � �
GHPHWK\ODWLRQ�UDWH�FRQVWDQW�ZDV�HVWLPDWHG�WR�EH������� ���������������� �������)LJXUH��)����
�
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',6&866,21�
:H GHYHORSHG D FRPSXWDWLRQDO PRGHO WR LQYHVWLJDWH KRZ +�.��PH VWDWHV DUH VKDSHG E\� � � � � � � � � � � � �
FHOO�F\FOH GXULQJ ;HQRSXV HPEU\RJHQHVLV� 2XU ILQGLQJV VXSSRUW WKH QRWLRQ WKDW FHOO�F\FOH� � � � � � � � � � �
LQIOXHQFHV PHWK\ODWLRQ NLQHWLFV DQG VXJJHVWV WKDW GHPHWK\ODWLRQ LV UHGXQGDQW LQ F\FOLQJ EXW� � � � � � � � � � � �
HVVHQWLDO�LQ�QRQ�F\FOLQJ�FHOOV��
�
$FWLYH��G �HPHWK\ODWLRQ�LV�UHGXQGDQW�IRU�PRFN�EXW�HVVHQWLDO�IRU�+8$�WUHDWHG�HPEU\RV�

&RPSDULQJ PRFN DQG +8$ PRGHOV ZLWK DQG ZLWKRXW GHPHWK\ODWLRQ ZH IRXQG WKDW GHPHWK\ODWLRQ� � � � � � � � � � � � �
LV UHGXQGDQW LQ PRFN EXW HVVHQWLDO XQGHUFHOO F\FOH DUUHVW �)LJXUH �' DQG )LJXUH �%�� :H YHULILHG� � � � � � � � � � � � � � � �
WKHVH ILQGLQJV ZLWK D MRLQW PRGHO ZKHUH WKH PRFN DQG +8$ GDWD LV PRGHOHG VLPXOWDQHRXVO\�� � � � � � � � � � � � � � �
,QWHUHVWLQJO\� WKH MRLQW GHPHWK\ODWLRQ UDWH FRQVWDQWV �LQ PRGHOV E DQG H� ZHUH HVWLPDWHG WR� � � � � � � � � � � � � �
VLPLODU YDOXHV DV +8$�VSHFLILF GHPHWK\ODWLRQ UDWH FRQVWDQWV �IRU PRGHO E WKH MRLQW GHPHWK\ODWLRQ� � � � � � � � � � � � �
UDWH FRQVWDQW ZDV HVWLPDWHG WR EH ��� �� ��� �������� �� ������ IRU PRGHO I WKH WKH +8$�VSHFLILF� � � � � � � � � � � � � � � �
GHPHWK\ODWLRQ UDWH FRQVWDQW ZDV HVWLPDWHG WR EH ��� �� ��� �������� �� ������� 7KLV VXJJHVWV WKDW MRLQW� � � � � � � � � � � � � � �
GHPHWK\ODWLRQ UDWH FRQVWDQWV DUH FRPSOHWHO\ RYHUVKDGRZHG E\ WKH +8$ PRGHO� VWUHQJWKHQLQJ� � � � � � � � � � �
WKH K\SRWKHVLV WKDW GHPHWK\ODWLRQ LV UHGXQGDQW LQ PRFN EXW HVVHQWLDO LQ +8$� %LRORJLFDOO\� WKLV� � � � � � � � � � � � � �
FRXOG PHDQ WKDW ZKLOH GHPHWK\ODVHV DUH SUHVHQW GXULQJ HPEU\RJHQHVLV� WKHLU HIIHFW LQ F\FOLQJ� � � � � � � � � � � � �
FHOOV LV PLQXWH GXH WR DQ RYHUDOO GLOXWLRQ E\ XQPRGLILHG KLVWRQHV� 2QO\ ZKHQ FHOOV VWRS WR F\FOH� � � � � � � � � � � � � � � � �
�DV PRGHOOHG ZLWK WKH +8$ WUHDWPHQW LQ RXU DSSURDFK� GHPHWK\ODWLRQ NLFNV LQ DQG VWDELOL]HV� � � � � � � � � � � � � �
SRVWWUDQVODWLRQDO�PRGLILFDWLRQV�VSHFLILFDOO\��WKHUHE\�SRWHQWLDOO\�GULYLQJ�GLIIHUHQWLDWLRQ���
�
+8$�VSHFLILF�PRQR��DQG�GL�PHWK\ODWLRQ�DUH�VWURQJO\�GHFUHDVHG�ZLWK�UHVSHFW�WR�PRFN�

2XU ILQGLQJV FDQ EH LQWHUSUHWHG LQ OLJKW RI WKH FXUUHQW NQRZOHGJH RQ PHWK\OWUDQVIHUDVHV� 7KH� � � � � � � � � � � � � �
PRQR�PHWK\OWUDQVIHUDVH .07�$ ��35�6HW� �� ZDV IRXQG WR EH FHOO�F\FOH GHSHQGHQW� JHWWLQJ� � � � � � � � � �
GHJUDGHG E\ WKH SURWHDVRPH LQ *� SKDVH ��$EEDV HW DO�� ����� &HQWRUH HW DO�� ������� ,Q WKH� � � � � � � � � � � � � � � � �
DEVHQFH RI .07�$� PRQR�PHWK\ODWLRQ PLJKW EH FRPSHQVDWHG E\ 689����+��� EXW ZLWK ORZHU� � � � � � � � � � � �
DFWLYLW\ ��6RXWKDOO HW DO�� ����� <DQJ HW DO�� ������� +8$ WUHDWPHQW EORFNV WKH FHOO�F\FOH DW WKH� � � � � � � � � � � � � � � �
*��6 ERXQGDU\� VXJJHVWLQJ WKDW QRQH WR OLWWOH .07�$ LV SUHVHQW LQ +8$ WR PRQR�PHWK\ODWH� � � � � � � � � � � � � �
+�.��� 7KLV LV UHIOHFWHG E\ D ���IROG GHFUHDVH LQ WKH +8$�VSHFLILF PRQR�PHWK\ODWLRQ UDWH� � � � � � � � � � � � �
FRQVWDQW LQ DOO EHVW SHUIRUPLQJ MRLQW PRGHOV �)LJXUH �)�� $V +8$�VSHFLILF PRQR�PHWK\ODWLRQ UDWH� � � � � � � � � � � � �
FRQVWDQWV ZHUH QHFHVVDU\ WR H[SODLQ WKH GDWD �VHH )LJXUH �&�� WKH MRLQW PRGHO LV DEOH WR UHWULHYH� � � � � � � � � � � � � � � � �
WKLV NQRZQ FHOO�F\FOH GHSHQGHQFH RI +�.��PH� +�.��PH� LV DOVR UHJXODWHG LQ D FHOO�F\FOH� � � � � � � � � � � � �
GHSHQGHQW PDQQHU� KRZHYHU SHDNLQJ LQ *� SKDVH ��3HVDYHQWR HW DO�� ������� ,Q FRQWUDVW� DOO EHVW� � � � � � � � � � � � � � �
SHUIRUPLQJ MRLQW PRGHOV HVWLPDWH WKH +8$�VSHFLILF GL�PHWK\ODWLRQ UDWH FRQVWDQWV WR EH� � � � � � � � � � �
GHFUHDVHG ��IROG LQ FRPSDULVRQ WR WKH PRFN�VSHFLILF GL�PHWK\ODWLRQ �)LJXUH �)�� :H K\SRWKHVL]H� � � � � � � � � � � �
WKLV XQH[SHFWHG GHFUHDVH RI +8$�VSHFLILF GL�PHWK\ODWLRQ WR EH GXH WR HLWKHU FRPSHQVDWRU\� � � � � � � � � � � �
HIIHFWV RI 689����+���� ZKHQ WKH HQ]\PHV DGGLWLRQDOO\ PRQR�PHWK\ODWH +�.��� RU VR IDU� � � � � � � � � � � �
XQNQRZQ�HIIHFWV���
�
&RPSXWDWLRQDO�DSSURDFK�VXJJHVWV�VKDUHG�UDWH�FRQVWDQW�IRU�PRQR��DQG�GL�PHWK\ODWLRQ�LQ�PRFN�
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7KH VHSDUDWH PRGHO IRU PRFN LGHQWLILHG HLWKHU RQO\ WUL�PHWK\ODWLRQ RU DOO WKUHH PHWK\ODWLRQ VWHSV� � � � � � � � � � � � � �
WR EH VSHFLILF �)LJXUH �'�� 7KH MRLQW PRGHO UHIOHFWV WKH VDPH VSHFLILFLWLHV UHJDUGLQJ PHWK\ODWLRQ� � � � � � � � � � � � � �
LQ PRFN� (YHQ WKRXJK WKH MRLQW PRGHO DOORZV IRU VSHFLILFLW\ LQ DOO WKUHH PHWK\ODWLRQ VWHSV� WKH� � � � � � � � � � � � � � � �
FUHGLELOLW\ UDQJHV RI PRFN�VSHFLILF PRQR� DQG GL�PHWK\ODWLRQ UDWH FRQVWDQWV LQ WKH MRLQW PRGHOV� � � � � � � � � � � � �
RYHUODS �)LJXUH �) OHIW�� 7KLV VXJJHVWV WKDW D VKDUHG UDWH FRQVWDQW IRU PRFN PRQR� DQG� � � � � � � � � � � � � � �
GL�PHWK\ODWLRQ ZRXOG VXIILFH UHVXOWLQJ LQ D PRFN PRGHO ZLWK VSHFLILFLW\ LQ WUL�PHWK\ODWLRQ RQO\�� � � � � � � � � � � � �
+RZHYHU� LQ WKH MRLQW PRGHOV WKH +8$�VSHFLILF PRQR� DQG GL�PHWK\ODWLRQ UDWH FRQVWDQWV KDYH� � � � � � � � � � � � �
QRQ�RYHUODSSLQJ FUHGLEOH UDQJHV ZLWK UHVSHFW WR WKH PRFN�VSHFLILF UDWH FRQVWDQWV ����IROG DQG� � � � � � � � � � � �
��IROG GHFUHDVH� QRU WR HDFK RWKHU� 8QGHU WKH DVVXPSWLRQ WKDW WKH PRFN DQG +8$ PRGHOV DUH� � � � � � � � � � � � � � � �
EDVHG RQ WKH VDPH PRGHO VWUXFWXUH� DOORZLQJ IRU WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV LQ WKH� � � � � � � � � � � � � � �
MRLQW PRGHO ZDV WKXV QHFHVVDU\ �)LJXUH �)� WR UHVROYH WKHVH GLIIHUHQFHV� :H FDQQRW LQIHU IURP� � � � � � � � � � � � � � �
VSHFLILFLWLHV LQ UDWH FRQVWDQWV WR VSHFLILFLWLHV LQ WKH HQ]\PDWLF DFWLYLW\ RI PHWK\OWUDQVIHUDVHV�� � � � � � � � � � � �
+RZHYHU� FXUUHQW UHVHDUFK K\SRWKHVL]HV WKDW WKHUH H[LVW WKUHH GLIIHUHQW PHWK\OWUDQVIHUDVHV�� � � � � � � � � �
.07�$ SHUIRUPLQJ PRQR�PHWK\ODWLRQ ��;LDR� ����� DQG 689����+��� SHUIRUPLQJ ERWK GL� DQG� � � � � � � � � � �
WUL�PHWK\ODWLRQ ��6FKRWWD HW DO�� ������� :KHWKHU WKHUH H[LVWV D VSHFLILFLW\ RI 689����+��� IRU GL� RU� � � � � � � � � � � � � � �
WUL�PHWK\ODWLRQ�LV�VWLOO�GHEDWHG���6FKRWWD�HW�DO������������
�

-RLQW�PRGHO�VXJJHVWV�WKDW�WUL�PHWK\ODWLRQ�LV�QRW�QHFHVVDULO\�FHOO�F\FOH�GHSHQGHQW�

$OO WKUHH MRLQW PRGHOV ZLWK VSHFLILFLW\ LQ WUL�PHWK\ODWLRQ �PRGHOV G� H DQG I� UHVXOW LQ VOLJKWO\ ORZHU� � � � � � � � � � � � � � � � �
%,& YDOXHV �)LJXUH �&�� ZKLFK LV OLNHO\ GXH WR DQ LQFUHDVHG SHQDOL]DWLRQ WHUP IRU DQ DGGLWLRQDO� � � � � � � � � � � � � � � �
HVWLPDWHG SDUDPHWHU DQG QRW GXH WR D GHFUHDVHG OLNHOLKRRG� 7KH HVWLPDWHG WUL�PHWK\ODWLRQ UDWH� � � � � � � � � � � � �
FRQVWDQWV DUH VPDOO �RQ WKH RUGHU RI �� ����� DQG WKH FUHGLEOH UDQJHV IRU PRFN� DQG +8$�VSHFLILF� � � � � � � � � � � � � � � �
WUL�PHWK\ODWLRQ RYHUODS LQ DOO WKUHH MRLQW PRGHOV VXJJHVWLQJ WKDW D MRLQW WUL�PHWK\ODWLRQ UDWH� � � � � � � � � � � � �
FRQVWDQW ZRXOG VXIILFH� :KHQ ZH LQWHUSUHW GLIIHUHQFHV LQ +8$ DQG PRFN UDWHV DV LQGLFDWLRQV IRU� � � � � � � � � � � � � � �
FHOO F\FOH GHSHQGHQW UDWHV� ZH ILQG QR HYLGHQFH IRU FHOO�F\FOH GHSHQGHQFH IRU +�.��� � � � � � � � � � � � �
WUL�PHWK\ODWLRQ� 7R FODULI\ LI WKH FRUUHVSRQGLQJ HQ]\PHV DUH LQGHHG KRPRJHQHRXVO\ H[SUHVVHG LV� � � � � � � � � � � �
XS�WR�IXUWKHU�UHVHDUFK��
�

7RJHWKHU� ZH SURYLGHG D FRPSXWDWLRQDO IUDPHZRUN WR DQDO\]H KRZ +�.��PH VWDWHV DUH VKDSHG� � � � � � � � � � � � �
E\ WKH FHOO�F\FOH WKURXJKRXW HDUO\ GHYHORSPHQW� :H PRGHO WKH HYROXWLRQ RI +�.��PH VWDWHV� � � � � � � � � � � � �
GXULQJ HPEU\RJHQHVLV LQ WZR ;HQRSXV SRSXODWLRQV � RQH SRSXODWLRQ ZLWK D UHJXODU FHOO�F\FOH� WKH� � � � � � � � � � � � � �
RWKHU SRSXODWLRQ ZLWK DQ DUUHVWHG FHOO�F\FOH� :H IRXQG WKDW RXU PRGHO LV DEOH WR UHWULHYH WKH� � � � � � � � � � � � � � � �
NQRZQ FHOO�F\FOH GHSHQGHQFH RI +�.��PH� ZKHUH PRQR� DQG GL�PHWK\ODWLRQ UDWH FRQVWDQWV DUH� � � � � � � � � � � �
VXEVWDQWLDOO\ GHFUHDVHG LQ +8$� $GGLWLRQDOO\� RXU PRGHOV � ERWK WKH PRFN DQG +8$ PRGHOV DV� � � � � � � � � � � � � � �
ZHOO DV WKH MRLQW PRGHO � SURSRVH WKDW GHPHWK\ODWLRQ LV RQO\ HVVHQWLDO LQ WKH FHOO�F\FOH DUUHVWHG� � � � � � � � � � � � � � � �
+8$�SRSXODWLRQ�ZKLOH�UHGXQGDQW�LQ�WKH�F\FOLQJ�FHOOV�RI�WKH�PRFN�SRSXODWLRQ���
��

�

$&.12:/('*(0(176�
/�6� ZDV IXQGHG E\ WKH %0%) SURMHFW 7,'< ����/����%�� /�6� LV HVSHFLDOO\ JUDWHIXO WR WKH� � � � � � � � � � � � � � �
7HFKQLFDO 8QLYHUVLW\ RI 0XQLFK¶V 'HSDUWPHQW RI 0DWKHPDWLFV� ZKRVH JHQHURXV (QWUHSUHQHXULDO� � � � � � � � � �
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$ZDUG �ZLWKLQ WKH 3URJUDP ³*OREDO &KDOOHQJHV IRU :RPHQ LQ 0DWK 6FLHQFH´� FRQWULEXWHG WR WKH� � � � � � � � � � � � � �
FRPSOHWLRQ RI WKLV SURMHFW� '�3�� $�,� DQG 5�5� ZHUH IXQGHG E\ WKH 'HXWVFKH� � � � � � � � � � � � �
)RUVFKXQJVJHPHLQVFKDIW �')*� *HUPDQ 5HVHDUFK )RXQGDWLRQ� � 3URMHFW ,'��������� ± 6)%� � � � � � � � � �
����� $QLPDO ZRUN KDV EHHQ FRQGXFWHG LQ DFFRUGDQFH ZLWK 'HXWVFKHV 7LHUVFKXW]JHVHW]�� � � � � � � � � � �
;HQRSXV�H[SHULPHQWV�ZHUH�DSSURYHG�E\�WKH�*RYHUQPHQW�RI�2EHUED\HUQ��
�
�
$87+25�&2175,%87,216�
&RQFHSWXDOL]DWLRQ� $�,�� 5�5� DQG &�0�� 0HWKRGRORJ\� /�6�� &�/�� 6RIWZDUH� /�6�� &�/� 9DOLGDWLRQ�� � � � � � � � � � � �
&�/�� )RUPDO $QDO\VLV� /�6�� ,QYHVWLJDWLRQ� /�6�� '�3�� 5HVRXUFHV� $�,�� 5�5�� &�0�� 'DWD &XUDWLRQ�� � � � � � � � � � � � �
'�3�� :ULWLQJ � 2ULJLQDO 'UDIW� /�6�� 9LVXDOL]DWLRQ� /�6�� 6XSHUYLVLRQ� $�,�� 5�5�� &�/� DQG &�0��� � � � � � � � � � � � � �
3URMHFW�$GPLQLVWUDWLRQ��$�,���5�5��DQG�&�0���)XQGLQJ�$FTXLVLWLRQ��$�,���5�5��DQG�&�0��
�
�
'(&/$5$7,21�2)�,17(5(676�
7KH�DXWKRUV�GHFODUH�QR�FRPSHWLQJ�LQWHUHVWV��
�

),*85(�/(*(1'6�

)LJXUH �� +�.�� PHWK\ODWLRQ NLQHWLFV GXULQJ ;HQRSXV HPEU\RJHQHVLV DUH DOWHUHG XSRQ� � � � � � � � � � �
+8$�LQGXFHG�FHOO�F\FOH�DUUHVW��
�$� �;HQRSXV HJJV DUH IHUWLOL]HG LQ YLWUR DW WLPH SRLQW �� )RU WKH QH[W ILYH KRXUV SRVW IHUWLOL]DWLRQ� � � � � � � � � � � � � � � � � �
�KSI�� WKH HPEU\RQLF FHOO�F\FOH FRQVLVWV RI 6 DQG 0 SKDVHV RQO\� $W ��� KSI� *� DQG *� SKDVHV� � � � � � � � � � � � � � � � � �
DSSHDU� $W �� KSI� KDOI RI WKH HPEU\RV DUH LQFXEDWHG ZLWK K\GUR[\XUHD�DSKLGLFROLQ �+8$��� � � � � � � � � � � � �
DUUHVWLQJ FHOOV DW WKH *��6 ERXQGDU\� 0DVV VSHFWURPHWU\ PHDVXUHPHQWV RI +�.�� PHWK\ODWLRQ� � � � � � � � � � � �
�+�.��PH� DUH SHUIRUPHG DW ������ ������ ���� DQG �� KSI LQ HPEU\RV ZLWK GLYLGLQJ �PRFN� RU� � � � � � � � � � � � � � � �
QRQ�GLYLGLQJ FHOOV �+8$�� +8$ LQFXEDWHG HPEU\RV DUH YLDEOH DQG YLVXDOO\ UHPDUNDEO\ VLPLODU WR� � � � � � � � � � � � �
PRFN�HPEU\RV��VFDOH�EDU��PP����
�%� �+�.��PH NLQHWLFV GLIIHU EHWZHHQ PRFN �JUD\� DQG +8$ WUHDWHG �JUHHQ� HPEU\R SRSXODWLRQV�� � � � � � � � � � � � �
,Q +8$ +�.�� XQ� DQG PRQR�PHWK\ODWLRQ LV GHFUHDVHG ZKLOH +�.�� GL� DQG WUL�PHWK\ODWLRQ� � � � � � � � � � � � �
�VHH�LQVHW��LV�LQFUHDVHG��
�
)LJXUH����'HPHWK\ODWLRQ�LV�UHGXQGDQW�WR�H[SODLQ�GDWD�RI�F\FOLQJ�PRFN�FHOOV���
�$� �0RGHO RI F\FOLQJ PRFN SRSXO �DWLRQ FRPSRVHG RI IRXU +�.�� VWDWHV� XQ� �PH��� PRQR� �PH���� � � � � � � � � � � � � � �
GL� �PH�� DQG WUL�PHWK\ODWLRQ �PH��� P���� P���� P�� UHSUHVHQW WKH PRQR�� GL� DQG WUL�PHWK\ODWLRQ UDWH� � � � � � � � � � � � � � �
FRQVWDQWV� DQG G ���� G ���� G �� �UHSUHVHQW WKH GHPHWK\ODWLRQ UDWH FRQVWDQWV� �$Q RYHUDOO GLOXWLRQ RI� � � � � � � � � � � � � �
PHWK\ODWLRQ KDSSHQV GXH WR FHOO GLYLVLRQ� SDUDPHWUL]HG ZLWK SRSXODWLRQ JURZWK UDWH J�W�� ZKLFK LV� � � � � � � � � � � � � �
GHSHQGHQW�RQ�WKH�FHOO�F\FOH�IXQFWLRQ�F�W���
�%� �$OO SRVVLEOH SDUDPHWHU FRPELQDWLRQV UHVXOW LQ � PRGHOV ZLWKRXW GHPHWK\ODWLRQ DQG ��� � � � � � � � � � � � �
PRGHOV ZLWK GHPHWK\ODWLRQ� 5DWH FRQVWDQWV VSHFLILF WR D SDUWLFXODU PHWK\ODWLRQ RU GHPHWK\ODWLRQ� � � � � � � � � � � �
VWHS DUH LQGLFDWHG LQ FRORU� UDWH FRQVWDQWV VKDUHG EHWZHHQ PHWK\ODWLRQ RU GHPHWK\ODWLRQ VWHSV� � � � � � � � � � � � �
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DUH VKRZQ LQ JUD\� 7KH QXPEHU RI UDWH FRQVWDQWV UDQJHV EHWZHHQ � IRU WKH VLPSOHVW PRGHO ZLWK� � � � � � � � � � � � � � � � �
QR GHPHWK\ODWLRQ DQG VKDUHG PHWK\ODWLRQ UDWH FRQVWDQW DQG � IRU WKH PRVW FRPSOH[ PRGHO�� � � � � � � � � � � � � �
ZKHUH�HDFK�PHWK\ODWLRQ�DQG�GHPHWK\ODWLRQ�UDWH�FRQVWDQW�LV�VSHFLILF���
�&� �2QO\ D FRQVWUDLQHG VFDOHG +LOO IXQFWLRQ ZLWK +LOO FRHIILFLHQW � DQG RIIVHW ��� JLYHV D FHOO�F\FOH� � � � � � � � � � � � � � � � �
GXUDWLRQ LQ WKH H[SHFWHG UDQJH RI � KRXUV �PDUNHG E\ WKH EODFN ER[�� $OO RWKHU FHOO�F\FOH� � � � � � � � � � � � � � � �
IXQFWLRQV F�W� SUHGLFWHG DYHUDJH FHOO�F\FOH GXUDWLRQV RI DW OHDVW �� KRXUV� ZKLFK LV ELRORJLFDOO\ QRW� � � � � � � � � � � � � � �
PHDQLQJIXO�DQG�UHIOHFWV�D�SRSXODWLRQ�RI�QRQ�F\FOLQJ�FHOOV���
�'� 7KH �� EHVW SHUIRUPLQJ PRGHOV DUH RUGHUHG E\ LQFUHDVLQJ %,& �%D\HVLDQ ,QIRUPDWLRQ� � � � � � � � � � � � �
&ULWHULRQ�� $OO PRGHOV ZLWK ǻ%,& � �� �UHTXLUH HLWKHU WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV �P����� � � � � � � � � � � � � � �
P���� P���� RU D VSHFLILF WUL�PHWK\ODWLRQ UDWH FRQVWDQW� +RZHYHU� LI SUHVHQW� GHPHWK\ODWLRQ PD\ WDNH� � � � � � � � � � � � � �
RQ DQ\ RI WKH � SRVVLEOH UDWH FRQVWDQW FRPELQDWLRQV� 7KH EHVW SHUIRUPLQJ PRGHOV ZLWKRXW� � � � � � � � � � � � � �
GHPHWK\ODWLRQ SHUIRUP VLPLODUO\ ZHOO DV WKH EHVW SHUIRUPLQJ PRGHOV ZLWK GHPHWK\ODWLRQ �ǻ%,& �� � � � � � � � � � � �
DQG ��� 7KH HVWLPDWHG DYHUDJH FHOO�F\FOH GXUDWLRQ �F�W�! LV LQ D ELRORJLFDOO\ UHDOLVWLF UDQJH RI� � � � � � � � � � � � � � �
DURXQG���KRXUV���
�(� �$OO �� EHVW SHUIRUPLQJ PRGHOV ILW WKH GDWD� 7KH PRGHO ZLWK WKUHH VSHFLILF PHWK\ODWLRQ UDWH� � � � � � � � � � � � � � � �
FRQVWDQWV�EXW�ZLWK�QR�GHPHWK\ODWLRQ�LV�VKRZQ�LQ�EODFN���
�)� �0RGHO SUHGLFWLRQ RI �WKH FHOO�F\FOH GXUDWLRQ �PHGLDQ� ��WK DQG ��WK SHUFHQWLOHV RI 0&0&� � � � � � � � � � � � � �
FKDLQ RI WKH FHOO�F\FOH SDUDPHWHU RI WKH PRGHO ZLWK WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV EXW� � � � � � � � � � � � � � �
ZLWK�QR�GHPHWK\ODWLRQ��LQVHW���DJUHHV�ZLWK�H[SHULPHQWDO�PHDVXUHPHQWV�RI�GLIIHUHQW�SDSHUV�� �
�*� �7KH PRGHO ZLWK WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV EXW ZLWK QR GHPHWK\ODWLRQ �LQVHW�� � � � � � � � � � � � � �
SUHGLFWV DQ LQFUHDVH RI FHOO QXPEHUV IURP URXJKO\ ������ FHOOV DIWHU ��K WR ������� FHOOV DIWHU� � � � � � � � � � � � � � � �
��K �XVLQJ WKH PHGLDQ� ��WK DQG ��WK SHUFHQWLOHV RI WKH 0&0& VDPSOHV RI WKH FHOO�F\FOH� � � � � � � � � � � � � � �
SDUDPHWHU RI WKH PRGHO ZLWK WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV EXW ZLWK QR GHPHWK\ODWLRQ� � � � � � � � � � � � � �
�LQVHW���LQ�D�GHYHORSLQJ�;HQRSXV�HPEU\R��
�
)LJXUH����'HPHWK\ODWLRQ�LV�HVVHQWLDO�WR�H[SODLQ�GDWD�RI�FHOO�F\FOH�DUUHVWHG�+8$�FHOOV���
�$� �0RGHO RI FHOO�F\FOH DUUHVWHG +8$ SRSXODWLRQ� ,Q FRQWUDVW WR WKH PRFN PRGHO �)LJXUH �$�� WKH� � � � � � � � � � � � � � � �
+8$�FHOOV�GR�QRW�GLYLGH��J�W�� ����DQG�QR�GLOXWLRQ�RI�PHWK\ODWHG�+�.���LV�UHTXLUHG��
�%� �7KH � EHVW SHUIRUPLQJ +8$ PRGHOV ZLWK ǻ%,&��� DOO UHTXLUH � VSHFLILF PHWK\ODWLRQ UDWH� � � � � � � � � � � � � � �
FRQVWDQWV �P���� P���� P���� DQG GHPHWK\ODWLRQ� +RZHYHU� GHPHWK\ODWLRQ PD\ WDNH RQ DQ\ RI WKH �� � � � � � � � � � � � � � �
SRVVLEOH UDWH FRQVWDQW FRPELQDWLRQV� 7KH VLQJOH EHVW SHUIRUPLQJ +8$ PRGHO ZLWKRXW� � � � � � � � � � �
GHPHWK\ODWLRQ��ULJKW��LV�RXWSHUIRUPHG�E\�WKH�+8$�PRGHOV�ZLWK�GHPHWK\ODWLRQ��ǻ%,& ������
�&� �0RGHO ILWV RI WRS � +8$ PRGHOV ZLWK GHPHWK\ODWLRQ RYHUODS VWURQJO\ DQG VKRZ WKH DELOLW\ WR� � � � � � � � � � � � � � � � �
H[SODLQ�WKH�+8$�GDWD��7KH�EHVW�SHUIRUPLQJ�PRGHO�LV�KLJKOLJKWHG�LQ�EODFN��
�
)LJXUH �� -RLQW FRPSXWDWLRQDO PRGHOLQJ DOORZV GLUHFW FRPSDULVRQV EHWZHHQ PRFN DQG� � � � � � � � � � �
+8$�UDWH�FRQVWDQWV�DQG�UHYHDOV�WKDW�GHPHWK\ODWLRQ�LV�RYHUVKDGRZHG�E\�+8$��
�$� �-RLQW PRGHO DOORZV IRU WKUHH PHWK\ODWLRQ DQG RQH GHPHWK\ODWLRQ UDWH FRQVWDQWV IRU ERWK PRFN� � � � � � � � � � � � � � �
DQG�+8$�DV�VXJJHVWHG�E\�WKH�EHVW�PRGHOV�IRU�PRFN�DQG�+8$�� �
�%� �:H ILW �� PRGHOV ZLWK GHPHWK\ODWLRQ DQG � PRGHOV HDFK IRU ZLWKRXW GHPHWK\ODWLRQ LQ PRFN� � � � � � � � � � � � � � � �
DQG�RU +8$ WR WKH MRLQW GDWD WR LQIHU PRFN� DQG +8$�VSHFLILF UDWH FRQVWDQWV� 7KH MRLQW UDWH� � � � � � � � � � � � � � � �
FRQVWDQWV RI PRFN DQG +8$ DUH VKRZQ LQ RUDQJH� WKH UDWH FRQVWDQWV SUHVHQW LQ ERWK WKH PRFN� � � � � � � � � � � � � � � � �
DQG +8$ PRGHOV EXW WDNLQJ RQ PRFN� DQG +8$ VSHFLILF YDOXHV DUH LQGLFDWHG LQ JUD\�JUHHQ� WKH� � � � � � � � � � � � � � � �

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2020. ; https://doi.org/10.1101/2020.05.28.110684doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.28.110684
http://creativecommons.org/licenses/by/4.0/


UDWH FRQVWDQWV RQO\ SUHVHQW LQ WKH PRFN RU +8$ PRGHO DUH VKRZQ LQ JUD\ DQG JUHHQ KDOI�FLUFOHV�� � � � � � � � � � � � � � � � �
UHVSHFWLYHO\� 7KH PRGHO VWUXFWXUH RI WKH PRVW FRPSOH[ RI PRGHOV LV VKRZQ LQ �$�� 7KH QXPEHU RI� � � � � � � � � � � � � � � � �
UDWH�FRQVWDQWV�UDQJHV�EHWZHHQ���DQG����
�&� �7KH EHVW SHUIRUPLQJ PRGHOV RQ WKH FRPELQHG GDWD VHW DUH RUGHUHG DFFRUGLQJ WR WKHLU %,&� � � � � � � � � � � � � � � �
YDOXH� $OO PRGHOV UHTXLUH +8$�VSHFLILF PRQR� DQG GL�PHWK\ODWLRQ UDWH FRQVWDQWV� EXW DUH� � � � � � � � � � � �
LQGHFLVLYH DERXW WUL�PHWK\ODWLRQ DQG GHPHWK\ODWLRQ� -RLQW PRGHOV ZKHUH GHPHWK\ODWLRQ LV SUHVHQW� � � � � � � � � � �
LQ HLWKHU RQO\ +8$ RU LQ ERWK PRFN DQG +8$ SHUIRUP HTXDOO\ ZHOO� -RLQW PRGHOV ZKHUH� � � � � � � � � � � � � � � �
GHPHWK\ODWLRQ LV QRW SUHVHQW LQ HLWKHU RQO\ +8$ RU LQ ERWK PRFN DQG +8$ SHUIRUP FRQVLGHUDEO\� � � � � � � � � � � � � � � �
ZRUVH��0RGHO�,'V�RI�DOO�FRQVLGHUDEO\�EHVW�SHUIRUPLQJ�PRGHOV�DUH�JLYHQ��D�I����
�'� �0RGHO VWUXFWXUH RI WKH VLPSOHVW EHVW SHUIRUPLQJ MRLQW PRGHO ZLWK GHPHWK\ODWLRQ LQ RQO\ +8$� � � � � � � � � � � � � � �
�PRGHO�D���
�(� $OO EHVW SHUIRUPLQJ MRLQW PRGHOV DUH DEOH WR H[SODLQ ERWK WKH PRFN DQG +8$ GDWD� 7KH� � � � � � � � � � � � � � � � �
HVWLPDWHG�LQLWLDO�FRQGLWLRQV�YDU\�EHWZHHQ�WKH�PRGHOV��-RLQW�PRGHO�D�LV�KLJKOLJKWHG���
�)� �7KH YLROLQ SORWV RI WKH PDUJLQDO GLVWULEXWLRQV RI DOO EHVW SHUIRUPLQJ MRLQW PRGHOV VKRZ KLJK� � � � � � � � � � � � � � � �
FRQVLVWHQF\ EHWZHHQ WKH HVWLPDWHG PHWK\ODWLRQ DQG GHPHWK\ODWLRQ UDWH FRQVWDQWV� +8$�VSHFLILF� � � � � � � � � �
PRQR� DQG GL�PHWK\ODWLRQ UDWH FRQVWDQWV DUH FRQVLGHUDEO\ GHFUHDVHG� 7UL�PHWK\ODWLRQ UDWH� � � � � � � � � �
FRQVWDQWV EHWZHHQ PRFN DQG +8$ KDYH VWURQJO\ RYHUODSSLQJ PDUJLQDO GLVWULEXWLRQV�� � � � � � � � � �
'HPHWK\ODWLRQ VHHPV WR EH GRPLQDWHG E\ WKH +8$ SRSXODWLRQ DQG LV QHJOLJLEOH LQ WKH PRFN� � � � � � � � � � � � � � �
SRSXODWLRQ�LI�D�PRFN�VSHFLILF�GHPHWK\ODWLRQ�UDWH�LV�DOORZHG���
�
�
0$7(5,$/6�$1'�0(7+2'6�
(PEU\RV�KDQGOLQJ�DQG�+8$�WUHDWPHQW�
;HQRSXV ODHYLV HJJV ZHUH FROOHFWHG� LQ YLWUR IHUWLOL]HG DQG KDQGOHG E\ VWDQGDUG PHWKRGV �6LYH HW� � � � � � � � � � � � � � �
DO�� ������ 7KH VWDJLQJ ZDV GRQH DFFRUGLQJ WR 1LHXNRRS DQG )DEHU �1LHXZNRRS DQG )DEHU�� � � � � � � � � � � � � �
������ :KHQ HPEU\RV UHDFKHG WKH GHVLUHG VWDJH �1)������ WKH\ ZHUH VHSDUDWHG LQWR WZR� � � � � � � � � � � � �
JURXSV DQG LQFXEDWHG FRQWLQXRXVO\ LQWR HLWKHU +8$ RU PRFN VROXWLRQV LQ SDUDOOHO� +8$ VROXWLRQ�� � � � � � � � � � � � � �
��P0 +\GUR[\XUHD �86%LRORJLFDO� +����� DQG ����0 $SKLGLFROLQ �%LR9LRWLFD� %97������ LQ� � � � � � � � � �
���[ 0%6 VROXWLRQ �+DUULV DQG +DUWHQVWHLQ� ������ 0RFN VROXWLRQ� �� '062 �GLVVROYHQW IRU� � � � � � � � � � � � �
$SKLGLFROLQ� LQ ���[ 0%6 VROXWLRQ� 7KH HPEU\RV ZHUH FROOHFWHG DW WKH IRXU GHYHORSPHQWDO VWDJHV� � � � � � � � � � � � � �
�1)����1)����1)���DQG�1)����IRU�WKH�PDVV�VSHFWURPHWU\�DQDO\VLV��
�
1XFOHDU�KLVWRQH�H[WUDFWLRQ�
$URXQG �� WR ��� HPEU\RV GHYHORSHG WR GHVLUHG VWDJHV �1)��� 1)��� 1)�� 1)���� 7KH\ ZHUH� � � � � � � � � � � � � � �
KDUYHVWHG DQG KLVWRQH SURWHLQV ZHUH SXULILHG E\ DFLG H[WUDFWLRQ IURP QXFOHL �6FKQHLGHU HW DO��� � � � � � � � � � � � � �
����� 3RNURYVN\ HW DO�� VXEPLWWHG�� (DFK GHYHORSPHQWDO VWDJH LV UHSUHVHQWHG E\ WKUHH ELRORJLFDO� � � � � � � � � � � � �
UHSOLFDWHV��(DFK�ELRORJLFDO�UHSOLFDWH�GHULYHG�IURP�D�GLIIHUHQW�PDWLQJ�SDLU��
�
0DVV�VSHFWURPHWU\�VDPSOH�SUHSDUDWLRQ�
7KH SHOOHW IURP WKH QXFOHDU KLVWRQH H[WUDFWLRQ ZDV GLVVROYHG LQ DQ DSSURSULDWH DPRXQW RI /lPPOL� � � � � � � � � � � � � � �
%XIIHU WR UHDFK ���� �� �� QXFOHL��O LQ HDFK VDPSOH� ���/ ZHUH ORDGHG RQ DQ ����� JUDGLHQW� � � � � � � � � � � � � � � �
6'6�3$*( JHO �6(59$ /RW 9��������� DQG VWDLQHG ZLWK &RRPDVVLH %OXH WR YLVXDOL]H WKH� � � � � � � � � � � � �
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KLVWRQH EDQGV� +LVWRQH EDQGV ZHUH H[FLVHG DQG SURSLRQ\ODWHG �DV GHVFULEHG LQ ��9LOODU�*DUHD HW� � � � � � � � � � � � �
DO�� �������� $V DQ LQWHUQDO DQG LQWHU�VDPSOH FRQWURO� D OLEUDU\ FRQVLVWLQJ RI KHDY\�ODEHOOHG� � � � � � � � � � � � �
SHSWLGHV PLPLFNLQJ +�.�� PHWK\ODWLRQ VWDWHV ZKLFK FRQWDLQ D KHDY\ $UJLQLQH �5�� SHSWLGHV�� � � � � � � � � � � �
ZDV XVHG �SURGXFW RI -37 FRPSDQ\�� 5�� SHSWLGHV ZHUH PL[HG LQ WKH OLEUDU\ ZLWK WKH HTXLPRODU� � � � � � � � � � � � � � � �
FRQFHQWUDWLRQ DQG WKH PL[ ZDV DGGHG WR HDFK DQDO\]HG VDPSOH EHIRUH LQ�JHO WU\SVLQ GLJHVWLRQ�� � � � � � � � � � � � � �
'LJHVWHG SHSWLGHV ZHUH VHTXHQWLDOO\ GHVDOWHG XVLQJ &�� 6WDJHWLSV ��0 (PSRUH� DQG SRURXV� � � � � � � � � � � �
FDUERQ PDWHULDO �7LS7RS &DUERQ� *O\JHQ� DV GHVFULEHG LQ ��5DSSVLOEHU HW DO�� ����� DQG� � � � � � � � � � � � �
UHVXVSHQGHG�LQ����O�RI������)$��
�
0DVV�6SHFWURPHWU\�DQDO\VLV�ZLWK�VFKHGXOHG�350�PHWKRG�
7R LGHQWLI\ DQG PHDVXUH WKH SURSRUWLRQ RI WKH KLVWRQH PRGLILFDWLRQV D SDUDOOHO UHDFWLRQ� � � � � � � � � � � � �
PRQLWRULQJ PHWKRG �350� ZDV XVHG �/LHEOHU DQG =LPPHUPDQ ������ 7KH PDVV VSHFWURPHWHU� � � � � � � � � � � �
ZDV RSHUDWHG LQ WKH VFKHGXOHG 350 PRGH WR LGHQWLI\ DQG TXDQWLI\ VSHFLILF IUDJPHQW LRQV RI� � � � � � � � � � � � � � �
1�WHUPLQDO SHSWLGHV KLVWRQH SURWHLQV� ,Q WKLV PRGH� WKH PDVV VSHFWURPHWHU DXWRPDWLFDOO\� � � � � � � � � � �
VZLWFKHG EHWZHHQ RQH VXUYH\ VFDQ DQG � 06�06 DFTXLVLWLRQV RI WKH P�] YDOXHV GHVFULEHG LQ WKH� � � � � � � � � � � � � � � �
LQFOXVLRQ OLVW FRQWDLQLQJ WKH SUHFXUVRU LRQV� PRGLILFDWLRQV DQG IUDJPHQWDWLRQ FRQGLWLRQV� 6XUYH\� � � � � � � � � � �
IXOO VFDQ 06 VSHFWUD �IURP P�] ���±���� ZHUH DFTXLUHG ZLWK UHVROXWLRQ ������ DW P�] ��� �$*&� � � � � � � � � � � � � � � �
WDUJHW RI �[��A��� 350 VSHFWUD ZHUH DFTXLUHG ZLWK UHVROXWLRQ ������ WR D WDUJHW YDOXH RI � �� ����� � � � � � � � � � � � � � � � �
PD[LPXP ,7 �� PV� LVRODWLRQ ZLQGRZ ��� P�] DQG IUDJPHQWHG DW ��� RU ��� QRUPDOL]HG� � � � � � � � � � � � � � �
FROOLVLRQ HQHUJ\� 7\SLFDO PDVV VSHFWURPHWULF FRQGLWLRQV ZHUH� VSUD\ YROWDJH� ��� N9� QR VKHDWK� � � � � � � � � � � � �
DQG�DX[LOLDU\�JDV�IORZ��KHDWHG�FDSLOODU\�WHPSHUDWXUH������&��
�
+LVWRQH�PRGLILFDWLRQV�TXDQWLILFDWLRQ�
'DWD DQDO\VLV ZDV SHUIRUPHG ZLWK 6N\OLQH �YHUVLRQ ���� ��0DF/HDQ HW DO�� ����� E\ XVLQJ GRXEO\� � � � � � � � � � � � � � �
DQG WULSO\ FKDUJHG SHSWLGH PDVVHV IRU H[WUDFWHG LRQ FKURPDWRJUDPV �;,&V�� 6HOHFWLRQ RI� � � � � � � � � � � �
UHVSHFWLYH SHDNV ZDV LGHQWLILHG EDVHG RQ WKH UHWHQWLRQ WLPH DQG IUDJPHQWDWLRQ VSHFWUD RI WKH� � � � � � � � � � � � � �
VSLNHG LQ KHDY\�ODEHOOHG SHSWLGHV� ,QWHJUDWHG SHDN YDOXHV �7RWDO $UHD 06�� ZHUH H[SRUWHG DV� � � � � � � � � � � � �
FVY ILOH IRU IXUWKHU FDOFXODWLRQV� 7RWDO DUHD 06� IURP HQGRJHQRXV SHSWLGHV ZDV QRUPDOL]HG WR� � � � � � � � � � � � � �
WKH UHVSHFWLYH DUHD RI KHDY\�ODEHOOHG SHSWLGHV� 7KH VXP RI DOO QRUPDOL]HG WRWDO DUHD 06� YDOXHV� � � � � � � � � � � � � � �
RI WKH VDPH LVRWRSLFDOO\ PRGLILHG SHSWLGH LQ RQH VDPSOH UHVHPEOHG WKH DPRXQW RI WRWDO SHSWLGH�� � � � � � � � � � � � � � �
7KH SURSRUWLRQV RI WKH GLIIHUHQW .�� PHWK\ODWLRQ VWDWHV ZHUH FDOFXODWHG DQG GLVSOD\HG DV� � � � � � � � � � � � �
SHUFHQWDJHV�RI�WKH�RYHUDOO�.���SHSWLGH�DPRXQW��
�
0RGHOV�
+8$ DQG PRFN PRGHOV�:H FRQVLGHU WKH SURSRUWLRQV RI XQ� �PH��� PRQR� �PH��� GL� �PH�� DQG� � � � � � � � � � � � � � � �
WUL�PHWK\ODWHG��PH���+�.���ZLWKLQ�D�;HQRSXV�HPEU\R�SRSXODWLRQ��GHILQHG�DV��
�

�
�

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2020. ; https://doi.org/10.1101/2020.05.28.110684doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.28.110684
http://creativecommons.org/licenses/by/4.0/


ZKHUH PH;�06 LV WKH +�.�� PHWK\ODWLRQ DV PHDVXUHG E\ PDVV VSHFWURPHWU\ DQG ;Ѯ ^�������`�� � � � � � � � � � � � � � �
:H DVVXPH VXFFHVVLYH PHWK\ODWLRQ DQG GHPHWK\ODWLRQ RI +�.�� ��YDQ 1XODQG DQG *R]DQL�� � � � � � � � � � � �
����� UHVXOWLQJ LQ WKUHH SRVVLEOH PHWK\ODWLRQ UDWH FRQVWDQWV IRU PRQR�� GL�� DQG WUL�PHWK\ODWLRQ� � � � � � � � � � � � �
ZLWK UDWH FRQVWDQWV P���� P���� P���� UHVSHFWLYHO\� DQG WKUHH SRVVLEOH GHPHWK\ODWLRQ UDWHV ZLWK UDWH� � � � � � � � � � � � � �
FRQVWDQWV G ���� G ���� G �� �)LJXUHV �$ DQG �$�� +RZHYHU� UHDFWLRQV PLJKW VKDUH UDWH FRQVWDQWV� 7KH� � � � � � � � � � � � � � �
VLPSOHVW PRGHO �)LJXUH �% OHIW� FRPSULVHV RQH VKDUHG PHWK\ODWLRQ UDWH FRQVWDQW IRU PRQR�� GL�� � � � � � � � � � � � � �
DQG WUL�PHWK\ODWLRQ :H VXFFHVVLYHO\ DGGHG PRGHO�VSHFLILF UDWH FRQVWDQWV WR WKLV VLPSOHVW PRGHO� � � � � � � � � � � �
�)LJXUH �%�� 0RGHOV DOORZLQJ IRU WZR VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV DUH LGHQWLFDO WR D PRGHO� � � � � � � � � � � � � � �
DOORZLQJ IRU WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV� +HQFH� ZH GR QRW FRQVLGHU PRGHOV ZLWK� � � � � � � � � � � � � �
WZR VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV VHSDUDWHO\� 7KLV UHVXOWV LQ � �����  � PRGHOV IRU� � � � � � � � � � � � � �
PHWK\ODWLRQ � WKUHH PHWK\ODWLRQ UDWH FRQVWDQWV ZLWK HLWKHU D VKDUHG RU VSHFLILF UDWH FRQVWDQW� � � � � � � � � � � � � �
PLQXV WKH WKUHH FDVHV ZKHUH ZH DVVXPH RQO\ WZR RI WKH WKUHH UDWH FRQVWDQWV WR EH VSHFLILF� :H� � � � � � � � � � � � � � � � � �
KDYH�WKH�VDPH�IRU�GHPHWK\ODWLRQ�UHVXOWLQJ�RYHUDOO�LQ��� ������
�� ������� ����SRVVLEOH�+8$�PRGHOV���
�
-RLQW PRGHOV� 7KH MRLQW PRGHO FRQVLGHUV ERWK PRFN DQG +8$ GDWD VHWV� :H EDVHG WKH MRLQW� � � � � � � � � � � � � � � �
PRGHO RQ RXU SUHYLRXV ILQGLQJV DVVXPLQJ WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV DQG DW PRVW� � � � � � � � � � � � � �
RQH GHPHWK\ODWLRQ UDWH FRQVWDQW IRU ERWK PRFN �)LJXUH �'� DQG +8$ �)LJXUH �%� DV ZHOO DV D� � � � � � � � � � � � � � � � �
VFDOHG +LOO IXQFWLRQ ZLWK +LOO FRHIILFLHQW � DQG RIIVHW ��� DV FHOO�F\FOH IXQFWLRQ� ,Q JHQHUDO� WKH� � � � � � � � � � � � � � � �
MRLQW PRGHO ZRXOG DOORZ IRU �� ��������  ��� GLVWLQFW PRGHOV� %\ FRQVWUDLQLQJ ERWK WKH +8$ DQG� � � � � � � � � � � � � � � �
PRFN PRGHO WR DOORZ IRU WKUHH PHWK\ODWLRQ DQG RQH GHPHWK\ODWLRQ UDWH FRQVWDQWV� ZH DUH DEOH WR� � � � � � � � � � � � � � � �
UHGXFH WKH QXPEHU RI SRVVLEOH PRGHOV WR ��� 7KH VLPSOHVW MRLQW PRGHO LV FRPSULVHG RI � UDWH� � � � � � � � � � � � � � � � �
FRQVWDQWV ZKLFK DUH VKDUHG IRU PRFN DQG WKH +8$ UHDFWLRQV �)LJXUH �% OHIW�� :H VXFFHVVLYHO\� � � � � � � � � � � � � � �
DGGHG PRGHO FRPSOH[LW\ E\ DOORZLQJ IRU +8$�VSHFLILF UDWH FRQVWDQWV� WRWDOOLQJ WR �� PRGHOV IRU� � � � � � � � � � � � � �
WKH MRLQW PRGHO ZLWK GHPHWK\ODWLRQ LQ PRFN DQG +8$ DQG � PRGHOV IRU WKH MRLQW PRGHO ZLWK� � � � � � � � � � � � � � � � �
GHPHWK\ODWLRQ�SUHVHQW�LQ�HLWKHU�RQH�RU�QRQH��)LJXUH��%���
)RU DOO PRGHOV ZH GHVFULEH WKH WHPSRUDO FKDQJHV LQ WKHVH SURSRUWLRQV E\ V\VWHPV RI RUGLQDU\� � � � � � � � � � � � � � �
GLIIHUHQWLDO�HTXDWLRQV��2'(V��XVLQJ�PDVV�DFWLRQ�NLQHWLFV��VHH�EHORZ����
�
+8$ PRGHO� �:H ILUVW GHULYH WKH V\VWHP RI 2'(V IRU WKH DEVROXWH QXPEHUV RI +�.��PH VWDWHV�� � � � � � � � � � � � � � � �
JLYHQ E\ PӁ�� PӁ�� PӁ�� DQG PӁ�� IRU WKH PRGHO ZLWK WKH ODUJHVW QXPEHU RI UDWH FRQVWDQWV� � � � � � � � � � � � � � � � �
�)LJXUH��$���

�
1 LV WKH WRWDO QXPEHU RI KLVWRQH WDLOV� $V WKH +8$ PRGHO DVVXPHV QR FHOO�F\FOH� WKH QXPEHU RI� � � � � � � � � � � � � � � � � �
KLVWRQHV RYHU WLPH LV FRQVWDQW DQG LWV GHULYDWLYH LV ]HUR� 7KH SURSRUWLRQV PH�� PH�� PH� DQG� � � � � � � � � � � � � � � �
PH� DUH JLYHQ E\ � IRU ; Ѯ ^�� �� �� �` ��$ODEHUW HW DO�� ����� DQG WKH FRUUHVSRQGLQJ� � � � H; �P  � 1

PӁ; � � � � � � � � � � � � � � �
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2'(V�DUH�JLYHQ�E\��

�
VLPSOLI\LQJ�WR��

�
LQ�WKH�+8$�PRGHO��7KH�IXOO�2'(�V\VWHP�IRU�WKH�SURSRUWLRQV�LV�JLYHQ�E\�

�
0RFN PRGHO � FRQVWDQW FHOO�F\FOH GXUDWLRQ� �$FFRUGLQJ WR WKH +8$ PRGHO� ZH ILUVW IRUPXODWH� � � � � � � � � � � � � �
WKH 2'( V\VWHP RI WKH DEVROXWH QXPEHUV RI PHWK\ODWLRQ VWDWHV� PӁ�� PӁ�� PӁ�� DQG PӁ�� :H� � � � � � � � � � � � � � � �
DVVXPH�IRU�QRZ�WKH�FHOO�F\FOH�GXUDWLRQ�WR�EH�FRQVWDQW�RYHU�WLPH��GHQRWHG�E\�D��

�
7KHQ�WKH�IXOO�2'(�V\VWHP�RI�WKH�DEVROXWH�QXPEHUV�RI�PHWK\ODWLRQ�VWDWHV�LV�JLYHQ�E\��

�
�
1 LV WKH WRWDO QXPEHU RI KLVWRQH WDLOV� ZKHUH �DQG WKH QXPEHU RI� � � � � � � � � �W�� 1��1  � î H îWD

OQ��� � � �W �� 1�1 �  � � � � �
KLVWRQH WDLOV DW WKH EHJLQQLQJ RI WKH PRGHO� 7KHQ WKH 2'( V\VWHP RI WKH PHWK\ODWLRQ SURSRUWLRQV� � � � � � � � � � � � � � � �
LV�JLYHQ�E\��
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0RFN PRGHO � OLQHDUO\ LQFUHDVLQJ FHOO�F\FOH GXUDWLRQ� �6LPLODUO\� ZH GHULYH WKH 2'( V\VWHP RI� � � � � � � � � � � � � �
WKH PHWK\ODWLRQ SURSRUWLRQV� PH�� PH�� PH� DQG PH�� IRU OLQHDUO\ LQFUHDVLQJ FHOO�F\FOH IXQFWLRQ�� � � � � � � � � � � � �
ZKHUH�ZH�ILUVW�DVVXPHG�WKH�FHOO�F\FOH�IXQFWLRQ�WR�EH��

�
�
DQG�KHQFH�� ��W�� 1��1  � î H îWOQ���

D�EîW �

�
�
7R FRQVWUDLQ WKH V\VWHP WR ELRORJLFDOO\ PHDQLQJIXO FHOO�F\FOH GXUDWLRQV ZH LQFOXGHG SULRU� � � � � � � � � � � �
NQRZOHGJH IURP OLWHUDWXUH� DW ��� KSI WKH FHOO�F\FOH LQ ;HQRSXV KDV EHHQ IRXQG WR EH a��� KRXUV� � � � � � � � � � � � � � � � �
�+HDVPDQ����������+HQFH��ZH�DVVXPHG�D�VHFRQG�OLQHDUO\�LQFUHDVLQJ�FHOO�F\FOH�IXQFWLRQ�

�
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�
0RFN PRGHO � VFDOHG +LOO IXQFWLRQ ZLWK +LOO FRHIILFLHQW � DQG RIIVHW DV FHOO�F\FOH GXUDWLRQ�� � � � � � � � � � � � � � �
6LPLODUO\� ZH GHULYH WKH 2'( V\VWHP RI WKH PHWK\ODWLRQ SURSRUWLRQV PH�� PH�� PH� DQG PH� IRU� � � � � � � � � � � � � � � �
WKH�FHOO�F\FOH�IXQFWLRQ� DQG� ��W�� DF  � � E î W

K�W �W�� 1��1  � î H îWOQ���
D�EîW��K�W� �

�
�
6LPLODU WR WKH PRFN PRGHO ZLWK OLQHDUO\ LQFUHDVLQJ FHOO�F\FOH IXQFWLRQ ZH WHVWHG WKUHH GLIIHUHQW� � � � � � � � � � � � � �
VFDOHG�+LOO�IXQFWLRQV�ZLWK�+LOO�FRHIILFLHQW���DQG�RIIVHW�DV�FHOO�F\FOH�IXQFWLRQV��

�
�
:H DJDLQ UHGXFHG WKH QXPEHU RI PRGHO SDUDPHWHUV LQ WKH VHFRQG HTXDWLRQ E\ LQVHUWLQJ SULRU� � � � � � � � � � � � � � �
NQRZOHGJH DERXW WKH FHOO�F\FOH GXUDWLRQ DW WKH VWDUW RI WKH PRGHO �VHH 0RFN PRGHO � OLQHDUO\� � � � � � � � � � � � � � � �
LQFUHDVLQJ FHOO�F\FOH GXUDWLRQ�� $GGLWLRQDOO\� ZH UHGXFHG WKH QXPEHU RI PRGHO SDUDPHWHUV IXUWKHU� � � � � � � � � � � �
E\ DVVXPLQJ WKH VFDOLQJ E DQG WKH GLVVRFLDWLRQ FRQVWDQW K WR EH LGHQWLFDO LQ WKH WKLUG HTXDWLRQ� ,Q� � � � � � � � � � � � � � � � � �
FRPSDULVRQ WR WKH IRUPHU WZR FHOO�F\FOH IXQFWLRQV� WKH WKLUG HTXDWLRQ FRQVWUDLQV WKH SDUDPHWHU� � � � � � � � � � � � �
VSDFH PRUH VWULFWO\� (�J� IRU XSSHU DQG ORZHU ERXQGDULHV RI ��� DQG ������ IRU SDUDPHWHUV D� E� � � � � � � � � � � � � � � � �
DQG K WKH ILUVW HTXDWLRQ ZLOO DOORZ IRU FHOO�F\FOH GXUDWLRQV XS WR� � � � � � � � � � � �
�������
������������������������ § ��� KRXUV ZKLOH WKH WKLUG HTXDWLRQ RQO\ DOORZV IRU FHOO�F\FOH� � � � � � � � � � � �
GXUDWLRQV�IRU�XS�WR��������
����������������������§����KRXUV��
�
1RLVH�PRGHOV�
$V H[SHULPHQWDO GDWD LV JHQHUDOO\ QRLVH FRUUXSWHG� ZH HYDOXDWHG DOO PRGHOV ZLWK DQ XQGHUO\LQJ� � � � � � � � � � � � � �
/DSODFLDQ QRLVH PRGHO� 0DLHU HW� DO� ��0DLHU HW DO�� ����� KDYH VKRZQ WKDW /DSODFLDQ QRLVH� � � � � � � � � � � � � � �
PRGHOV PD\ RXWSHUIRUP *DXVVLDQ RQHV GXH WR WKHLU LQFUHDVHG UREXVWQHVV DJDLQVW RXWOLHUV� � � � � � � � � � � �
�0DLHU HW DO�� ������� $OO PRGHO SDUDPHWHUV DUH FRPSULVHG LQ WKH SDUDPHWHU YHFWRU ᶚ DQG WKH� � � � � � � � � � � � � � � �
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H[SHULPHQWDO PHDVXUHPHQW �L DW WLPH SRLQW �N LV GHQRWHG E\ � 7KH ORJ�OLNHOLKRRGV IRU WKH� � � � � � � � � � \L
N � � � � �

/DSODFLDQ�QRLVH�PRGHO�LV�JLYHQ�E\�

�
%\�SHUIRUPLQJ�PD[LPXP�OLNHOLKRRG�HVWLPDWLRQ�ZH�REWDLQ�WKH�RSWLPDO�PRGHO�SDUDPHWHUV���
�
2SWLPL]DWLRQ�DQG�SDUDPHWHU�HVWLPDWLRQ�
7KH PRGHO SDUDPHWHUV LQFOXGH WKH UHODWLYH LQLWLDO VWDWHV� PH� ���� PH� �� DQG PH� ���� ZKHUH PH� ��� ���� � � � � � � � � � � � � �
LV�IL[HG�WR�REWDLQ�VWUXFWXUDO�LGHQWLILDELOLW\�DQG��

�
�
ZLWK ; Ѯ ^�� �� �� �`� RQH QRLVH SDUDPHWHU� WKH PRGHO�VSHFLILF UDWH FRQVWDQWV RI �GH��PHWK\ODWLRQ� � � � � � � � � � � � � � � �
DQG SRWHQWLDOO\ XS WR WKUHH FRQVWDQWV �PRFN PRGHOV� GHVFULELQJ WKH FHOO�F\FOH IXQFWLRQ� )RU� � � � � � � � � � � � �
QXPHULFDO UHDVRQV ZH RSWLPL]HG WKH SDUDPHWHUV LQ D ORJ�� VFDOH ��+DVV HW DO�� ������� 7KH ORZHU� � � � � � � � � � � � � � � �
DQG XSSHU ERXQGV IRU WKH UDWH FRQVWDQWV� LQLWLDO VWDWHV� QRLVH SDUDPHWHU DQG FHOO�F\FOH� � � � � � � � � � � � �
SDUDPHWHUV ZHUH LQLWLDWHG LQ ORJ�� VFDOH DW ��� WR �� �� WR �� �� WR � DQG ��� WR ��� UHVSHFWLYHO\�� � � � � � � � � � � � � � � � � � � � �
:H SHUIRUPHG PXOWL�VWDUW ORFDO RSWLPL]DWLRQ RI WKH QHJDWLYH ORJ�OLNHOLKRRG XVLQJ WKH SDUDPHWHU� � � � � � � � � � � �
HVWLPDWLRQ WRROER[ 3(672 ��6WDSRU HW DO�� ����� DQG VLPXODWHG WKH PRGHOV ZLWK $0,&, ��)U|KOLFK� � � � � � � � � � � � � �
HW DO�� ������� :H SHUIRUPHG DW OHDVW ��� ORFDO RSWLPL]DWLRQ UXQV SHU PRGHO� LQLWLDOL]HG E\� � � � � � � � � � � � � � �
ODWLQ�K\SHU FXEH�VDPSOHG VWDUWV� )RU WKH PRGHOV QRW FRQYHUJLQJ XSRQ WKHVH LQLWLDOL]DWLRQV �ZKHUH� � � � � � � � � � � �
E\ µQRW FRQYHUJLQJ¶ ZH PHDQ WKDW WKH OLNHOLKRRG YDOXH RI WKH VHFRQG EHVW UXQ GLIIHUV PRUH WKDQ� � � � � � � � � � � � � � � � �
���� ZH GHFUHDVHG WKH ZLGWK EHWZHHQ XSSHU DQG ORZHU ERXQGV WR LQFUHDVH WKH SUREDELOLW\ RI� � � � � � � � � � � � � � �
FRQYHUJHQFH� )RU WKLV� ZH DVVXUHG WKDW WKH RSWLPL]DWLRQ ERXQGV ZHUH ZLGH HQRXJK VXFK WKDW WKH� � � � � � � � � � � � � � �
RSWLPDO YDOXHV DUH QRW LQ WKH ERXQGV IRU WKH UDWH FRQVWDQWV DQG WKH FHOO�F\FOH SDUDPHWHUV� $V WKH� � � � � � � � � � � � � � � � �
LQLWLDO VWDWHV DUH XQLGHQWLILDEOH ZH LJQRUHG RSWLPDO YDOXHV ZKLFK UDQ LQWR WKHVH ERXQGDULHV DV� � � � � � � � � � � � � �
ORQJ DV RWKHU RSWLPDO YDOXHV ZHUH IRXQG ZLWKLQ� )RU PRGHOV ZKHUH WKLV ZDV QRW WKH FDVH ZH� � � � � � � � � � � � � � � � �
H[SDQGHG WKH ERXQGDULHV RI WKH UDWH FRQVWDQWV DQG LQLWLDO VWDWHV XS WR ��� WR �� DQG ��� WR ���� � � � � � � � � � � � � � � � � � �
UHVSHFWLYHO\� DV ZH DVVXPHG DQ\ VPDOOHU RU ODUJHU YDOXHV WR EH ELRORJLFDOO\ QRQ�LQIRUPDWLYH� )RU� � � � � � � � � � � � � �
WKH LQLWLDOO\ QRQ�FRQYHUJHG MRLQW PRGHOV ZH DOVR LQFUHDVHG WKH QXPEHU RI VWDUWV WR ���� 0RGHOV� � � � � � � � � � � � � � �
QRW KDYLQJ FRQYHUJHG XSRQ PDQXDOO\ DGMXVWLQJ WKH ERXQGDULHV DQG UXQQLQJ IRU ��� VWDUWV ZHUH� � � � � � � � � � � � � �
GHWHUPLQHG WR QRW FRQYHUJH� $OO PRFN DQG +8$ PRGHOV FRQYHUJHG� :H GHWHUPLQHG � RXW RI WKH� � � � � � � � � � � � � � � �
�� MRLQW PRGHOV WR QRW FRQYHUJH �6XSSOHPHQWDU\ ,QIRUPDWLRQ�� 7KH JLYHQ OLNHOLKRRG YDOXHV RI� � � � � � � � � � � � �
WKHVH MRLQW PRGHOV DUH ORZHU ERXQGV RI WKH WUXH RSWLPDO OLNHOLKRRG YDOXHV REWDLQDEOH XSRQ� � � � � � � � � � � � � �
FRQYHUJHQFH� $V WKH OLNHOLKRRG YDOXHV RI DOO � QRQ�FRQYHUJHG MRLQW PRGHOV VWLOO UHVXOWHG LQ� � � � � � � � � � � � � �
FRQVLGHUDEO\ ORZHU %,& YDOXHV LQ FRPSDULVRQ WR WKH RWKHU WHVWHG PRGHOV ZH FDQ VDIHO\ UHSRUW� � � � � � � � � � � � � � �
WKHP DV EHVW SHUIRUPLQJ PRGHOV IRU WKH UHVSHFWLYH GHPHWK\ODWLRQ K\SRWKHVLV� $V WKH %,& YDOXHV� � � � � � � � � � � � � �
EHWZHHQ WKH GHPHWK\ODWLRQ K\SRWKHVHV DOORZLQJ DQG QRW DOORZLQJ IRU GHPHWK\ODWLRQ LQ +8$� � � � � � � � � � � �
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GLIIHU FRQVLGHUDEO\ ZH DVVXPH WKH FRPSDULVRQ EHWZHHQ GLIIHUHQW GHPHWK\ODWLRQ K\SRWKHVHV WR� � � � � � � � � � �
EH�YDOLG�DQG�WKH�UHVXOWLQJ�FRQFOXVLRQV�WR�EH�MXVWLILHG���
�
0RGHO�VHOHFWLRQ�
:H�XVH�WKH�%D\HVLDQ�,QIRUPDWLRQ�&ULWHULRQ��%,&����6FKZDU]���������IRU�PRGHO�FRPSDULVRQV���

�
ZKHUH �Q LV WKH QXPEHU RI GDWD SRLQWV� �N LV WKH QXPEHU RI HVWLPDWHG SDUDPHWHUV RU WKH RYHUDOO� � � � � � � � � � � � � � � � � �
PRGHO FRPSOH[LW\ DQG ORJ �/ LV WKH ORJ�OLNHOLKRRG YDOXH IRU WKH PD[LPXP OLNHOLKRRG HVWLPDWH RI WKH� � � � � � � � � � � � � � �
PRGHO SDUDPHWHUV� �7KH %,& UHZDUGV KLJK OLNHOLKRRG YDOXHV DQG SHQDOL]HV PRGHO FRPSOH[LW\�� � � � � � � � � � � �
+HQFH� ORZ %,& YDOXHV DUH SUHIHUDEOH� ,Q FRPSDULVRQ WR RWKHU PRGHO VHOHFWLRQ PHWKRGV VXFK DV� � � � � � � � � � � � � � �
WKH $NDLNH ,QIRUPDWLRQ &ULWHULRQ �$,&� WKH %,& SHQDOL]HV DGGLWLRQDO PRGHO FRPSOH[LW\ PRUH� � � � � � � � � � � �
VWURQJO\� :H FRQVLGHU D ǻ%,&!�� EHWZHHQ WZR PRGHOV WR EH HQRXJK HYLGHQFH WR UHMHFW WKH� � � � � � � � � � � � � � �
PRGHO�ZLWK�WKH�KLJKHU�%,&���.DVV�DQG�5DIWHU\�����������
�
3DUDPHWHU�XQFHUWDLQW\�
7R UHFHLYH WKH XQFHUWDLQWLHV IRU WKH HVWLPDWHG PRGHO SDUDPHWHUV ZH SHUIRUPHG 0DUNRY &KDLQ� � � � � � � � � � � � �
0RQWH�&DUOR��0&0&��VDPSOLQJ�RI�WKH�SRVWHULRU�GLVWULEXWLRQ�

��
ZLWK XQLIRUP SULRU ᶢ�ᶚ� GHILQHG RYHU WKH RSWLPL]DWLRQ ERXQGDULHV� OLNHOLKRRG IXQFWLRQ �/ ��ᶚ� DQG� � � � � � � � � � � � �
GDWD � :H VDPSOHG WKH SRVWHULRU IRU DOO VL[ EHVW SHUIRUPLQJ MRLQW PRGHOV DQG WKH PRFN PRGHO� ' � � � � � � � � � � � � � � � �
ZLWK WKUHH VSHFLILF PHWK\ODWLRQ UDWH FRQVWDQWV DQG QR GHPHWK\ODWLRQ �3(672�LQWHUQDO IXQFWLRQ� � � � � � � � � � �
JHW3DUDPHWHU6DPSOHV��� :H HPSOR\HG SDUDOOHO WHPSHULQJ ZLWK ILYH SDUDOOHO FKDLQV LQLWLDWHG DW WKH� � � � � � � � � � � �
ILYH PRVW RSWLPDO SDUDPHWHU HVWLPDWHV SHU PRGHO REWDLQHG GXULQJ RSWLPL]DWLRQ DQG SHUIRUPHG� � � � � � � � � � � �
�� �� LWHUDWLRQV� 8SRQ SHUIRUPLQJ D *HZHNH WHVW �ILUVW ��� YHUVXV ODVW ��� RI WKH ILQDO 0&0&� � � � � � � � � � � � � � � �
FKDLQV�� ZH GLVFDUGHG WKH ILUVW ��� RI WKH VDPSOHV DV EXUQ�LQ SKDVH DQG WKLQQHG WKH FKDLQV� � � � � � � � � � � � � � � �
NHHSLQJ RQO\ HYHU\ ��� �WK VDPSOH� 7KH PDUJLQDO SRVWHULRU GLVWULEXWLRQV DUH SORWWHG YLD YLROLQ SORWV� � � � � � � � � � � � � �
�SORWWLQJ IXQFWLRQ �YLROLQ�� �+RIIPDQ� +� ������� YLROLQ�P � 6LPSOH YLROLQ SORW XVLQJ PDWODE GHIDXOW� � � � � � � � � � � � � �
NHUQHO GHQVLW\ HVWLPDWLRQ�� � �
�KWWSV���GH�PDWKZRUNV�FRP�PDWODEFH �QWUDO�ILOHH[FKDQJH�������YLROLQ�SORW�� 0$7/$% &HQWUDO )LOH� � � �
([FKDQJH��5HWULHYHG�1RYHPEHU���������������
�
9DOLGDWLRQ���FHOO�F\FOH�GXUDWLRQV�
:H XVHG WKH PHGLDQ DQG WKH �� �WK DQG �� �WK SHUFHQWLOHV RI WKH 0&0& FKDLQ GHWHUPLQHG GXULQJ WKH� � � � � � � � � � � � � � � � �
SDUDPHWHU XQFHUWDLQW\ DQDO\VLV IRU WKH FHOO�F\FOH SDUDPHWHU E� DQG HYDOXDWHG WKH PHGLDQ DQG WKH� � � � � � � � � � � � � �
�� �WK��DQG��� �WK��SHUFHQWLOHV�RI�WKH�FHOO�F\FOH�IXQFWLRQ�DFFRUGLQJ�WR��

�
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IRU �W Ѯ >����@� ZKHUH WKH FHOO�F\FOH GXUDWLRQ RI ��� KRXUV DW ��� KSI �VWDUW RI PRGHO� LV WDNHQ IURP� � � � � � � � � � � � � � � � � � � �
�$QGHUVRQ�HW�DO���������*HOHQV�HW�DO�����������
�
3UHGLFWLRQ�RI�QXPEHU�RI�FHOOV�
8VLQJ WKH PHGLDQ DQG WKH �� �WK DQG �� �WK SHUFHQWLOHV RI WKH FHOO�F\FOH SDUDPHWHU �E �DV GHWHUPLQHG� � � � � � � � � � � � � � � �
LQ WKH YDOLGDWLRQ DQDO\VLV�� ZH GHWHUPLQHG WKH WKHRUHWLFDO QXPEHU RI FHOOV D ;HQRSXV HPEU\R LV� � � � � � � � � � � � � � �
RQ�DYHUDJH�FRPSRVHG�RI�EHWZHHQ�����KSI�DQG������KSI�DFFRUGLQJ�WR��

�
ZKHUH 1&�W� LV WKH QXPEHU RI FHOOV DW WLPH W� 1&� WKH LQLWLDO QXPEHU RI FHOOV DQG ����E
W��E�W� WKH� � � � � � � � � � � � � � � � � � �
FHOO�F\FOH IXQFWLRQ �FRQVWUDLQHG VFDOHG +LOO IXQFWLRQ ZLWK +LOO FRHIILFLHQW � DQG RIIVHW ����� 7R� � � � � � � � � � � � � �
DFFRXQW IRU WKH WLPH�GHSHQGHQW FHOO�F\FOH IXQFWLRQ ZH FDOFXODWHG WKH FHOO QXPEHUV LQ WLPH VWHSV� � � � � � � � � � � � � �
RI ���� KRXUV� ZKHUH ZH WDNH WKH LQLWLDO FHOO QXPEHU 1&��W� IRU HYHU\ WLPH VWHS W WR EH WKH FHOO� � � � � � � � � � � � � � � � � � � �
QXPEHU RI WKH SUHYLRXV WLPH VWHS 1&�W������� $W WKH VWDUW RI WKH PRGHO �DW ��� KSI� ZH WDNH WKH� � � � � � � � � � � � � � � � � � �
LQLWLDO�QXPEHU�RI�FHOOV�1&�����WR�EH��������+HDVPDQ�����������
�
,PSOHPHQWDWLRQ�
7KH WRROER[HV XVHG IRU WKH DQDO\VLV RI WKH PDQXVFULSW IRU 2'( VLPXODWLRQ �$0,&, ��)U|KOLFK HW� � � � � � � � � � � � � � �
DO�� ������� DQG SDUDPHWHU HVWLPDWLRQ �3(672 ��6WDSRU HW DO�� ������� DUH DYDLODEOH XQGHU� � � � � � � � � � � � �
KWWSV���JLWKXE�FRP�,&%�'&0��7KH�DQDO\VLV�ZDV�SHUIRUPHG�ZLWK�0$7/$%�����D��

�

5()(5(1&(6�

$EEDV� 7�� 6KLEDWD� (�� 3DUN� -�� -KD� 6�� .DUQDQL� 1�� DQG 'XWWD� $� ������� &5/��&GW��� � � � � � � � � � � � � � �
UHJXODWHV FHOO SUROLIHUDWLRQ DQG KLVWRQH JHQH H[SUHVVLRQ E\ WDUJHWLQJ 35�6HW��6HW� IRU� � � � � � � � � � �
GHJUDGDWLRQ��0RO��&HOO���� ����±����

$ODEHUW� &�� /RRV� &�� 9RHONHU�$OEHUW� 0�� *UD]LDQR� 6�� )RUQp� ,�� 5HYHURQ�*RPH]� 1�� 6FKXK� /��� � � � � � � � � � � � � �
+DVHQDXHU� -�� 0DUU� &�� ,PKRI� $�� HW DO� ������� 'RPDLQ 0RGHO ([SODLQV 3URSDJDWLRQ '\QDPLFV� � � � � � � � � � � � � �
DQG 6WDELOLW\ RI +LVWRQH +�.�� DQG +�.�� 0HWK\ODWLRQ /DQGVFDSHV� &HOO 5HS� ��� ��� � � � � � � � � � � �
����±�����H���

$QGHUVRQ� *�$�� *HOHQV� /�� %DNHU� -�&�� DQG )HUUHOO� -�(�� -U ������� 'HV\QFKURQL]LQJ (PEU\RQLF� � � � � � � � � � � � �
&HOO 'LYLVLRQ :DYHV 5HYHDOV WKH 5REXVWQHVV RI ;HQRSXV ODHYLV 'HYHORSPHQW� &HOO 5HS� ��� ��� � � � � � � � � � � � �
��±����

%DQQLVWHU� $�-�� DQG .RX]DULGHV� 7� ������� 5HJXODWLRQ RI FKURPDWLQ E\ KLVWRQH PRGLILFDWLRQV�� � � � � � � � � � � �
&HOO�5HVHDUFK���� ������±�����

%DUVNL� $�� &XGGDSDK� 6�� &XL� .�� 5RK� 7��<�� 6FKRQHV� '�(�� :DQJ� =�� :HL� *�� &KHSHOHY� ,��� � � � � � � � � � � � � � � �
DQG =KDR� .� ������� +LJK�UHVROXWLRQ SURILOLQJ RI KLVWRQH PHWK\ODWLRQV LQ WKH KXPDQ JHQRPH�� � � � � � � � � � � � �
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&HOO����� ������±�����

&HQWRUH� 5�&�� +DYHQV� &�*�� 0DQQLQJ� $�/�� /L� -��0�� )O\QQ� 5�/�� 7VH� $�� -LQ� -�� '\VRQ� 1�-��� � � � � � � � � � � � � � � �
:DOWHU� -�&�� DQG =RX� /� ������� &5/�&GW��0HGLDWHG 'HVWUXFWLRQ RI WKH +LVWRQH� � � � � � � � � � �
0HWK\OWUDQVIHUDVH 6HW� 3UHYHQWV 3UHPDWXUH &KURPDWLQ &RPSDFWLRQ LQ 6 3KDVH� 0ROHFXODU &HOO� � � � � � � � � � �
�� �����±����

)HQJ� :�� <RQH]DZD� 0�� <H� -�� -HQXZHLQ� 7�� DQG *UXPPW� ,� ������� 3+)� DFWLYDWHV� � � � � � � � � � � � � �
WUDQVFULSWLRQ RI U51$ JHQHV WKURXJK +�.�PH� ELQGLQJ DQG +�.�PH��� GHPHWK\ODWLRQ� 1DW�� � � � � � � � � � �
6WUXFW��0RO��%LRO����� ������±�����

)UDJD� 0�)�� %DOOHVWDU� (�� 9LOODU�*DUHD� $�� %RL[�&KRUQHW� 0�� (VSDGD� -�� 6FKRWWD� *�� %RQDOGL�� � � � � � � � � � � � �
7�� +D\GRQ� &�� 5RSHUR� 6�� 3HWULH� .�� HW DO� ������� /RVV RI DFHW\ODWLRQ DW /\V�� DQG� � � � � � � � � � � � � � � �
WULPHWK\ODWLRQ DW /\V�� RI KLVWRQH +� LV D FRPPRQ KDOOPDUN RI KXPDQ FDQFHU� 1DW� *HQHW� ��� ��� � � � � � � � � � � � � � � �
���±�����

)U|KOLFK� )�� .DOWHQEDFKHU� %�� 7KHLV� )�-�� DQG +DVHQDXHU� -� ������� 6FDODEOH 3DUDPHWHU� � � � � � � � � � � �
(VWLPDWLRQ IRU *HQRPH�6FDOH %LRFKHPLFDO 5HDFWLRQ 1HWZRUNV� 3/R6 &RPSXW� %LRO� ������ � � � � � � � � �
H���������
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