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$EVWUDFW²LQ WKLV� SDSHU�� D� GHWDLOHG� SDUDPHWHU� H[WUDFWLRQ�
PHWKRGRORJ\�LV�SURSRVHG�IRU�ORZ�IUHTXHQF\�QRLVH��/)1��LQ�VLQJOH�
OD\HU� �6/�� JUDSKHQH� WUDQVLVWRUV� �*)(7V� EDVHG� RQ� D� UHFHQWO\�
HVWDEOLVKHG�FRPSDFW�/)1�PRGHO��'UDLQ�FXUUHQW DQG�/)1�RI�WZR�
VKRUW�FKDQQHO�EDFN�JDWHG *)(7V��/ ���������QP��ZHUH�PHDVXUHG�
DW� ORZHU� DQG� KLJKHU� GUDLQ� YROWDJHV�� IRU� D� ZLGH� UDQJH� RI� JDWH�
YROWDJHV FRYHULQJ� WKH� UHJLRQ� DZD\� IURP FKDUJH� QHXWUDOLW\� SRLQW�
�&13��XS�WR�&13�DW�S�W\SH�RSHUDWLRQ UHJLRQ� &XUUHQW�YROWDJH��,9�
DQG� /)1� GDWD� ZHUH� DOVR� DYDLODEOH� IURP� D� ORQJ� FKDQQHO� 6/� WRS�
VROXWLRQ�JDWHG� �6*�� *)(7� �/ �� ȝP��� IRU� ERWK� S� DQG� Q�W\SH�
UHJLRQV� QHDU� DQG� DZD\� &13�� $W� HDFK� RI� WKHVH UHJLPHV�� WKH�
DSSURSULDWH�,9 DQG�/)1�SDUDPHWHUV�FDQ�EH�DFFXUDWHO\�H[WUDFWHG��
5HJDUGLQJ�/)1��PRELOLW\� IOXFWXDWLRQ� HIIHFW� LV� GRPLQDQW� DW�&13�
DQG�IURP�WKHUH�WKH�+RRJH�SDUDPHWHU�Į+ FDQ�EH�H[WUDFWHG�ZKLOH�WKH�
FDUULHU�QXPEHU�IOXFWXDWLRQ�FRQWULEXWLRQ�ZKLFK�LV�UHVSRQVLEOH�IRU�
WKH�ZHOO�NQRZQ�0�VKDSH�ELDV�GHSHQGHQFH�RI�RXWSXW�QRLVH�GLYLGHG�
E\� VTXDUHG� GUDLQ� FXUUHQW�� DOVR� REVHUYHG� LQ� RXU� GDWD�� PDNHV
SRVVLEOH�WKH�H[WUDFWLRQ�RI�WKH�17 SDUDPHWHU UHODWHG�WR�WKH�QXPEHU�
RI�WUDSV��,Q�WKH�OHVV�SRVVLEOH�FDVH�RI�D�ȁ�VKDSH�WUHQG� 17 DQG�Į+ FDQ�
EH� H[WUDFWHG� VLPXOWDQHRXVO\� IURP� WKH� UHJLRQ� QHDU� &13�� $ZD\�
IURP�&13��FRQWDFW�UHVLVWDQFH�FDQ�KDYH�D�VLJQLILFDQW�FRQWULEXWLRQ�
WR�/)1�DQG�IURP�WKHUH�WKH UHOHYDQW SDUDPHWHU 6ǻ5��LV�GHILQHG��7KH�
/)1�SDUDPHWHUV�GHVFULEHG�DERYH�FDQ�EH�HVWLPDWHG�IURP�WKH�ORZ�
GUDLQ� YROWDJH� UHJLRQ� RI� RSHUDWLRQ� ZKHUH WKH� HIIHFW� RI� 9HORFLW\�
6DWXUDWLRQ��96��PHFKDQLVP�LV�QHJOLJLEOH��96�HIIHFW�UHVXOWV�LQ�WKH�
UHGXFWLRQ�RI�/)1�DW�KLJKHU�GUDLQ�YROWDJHV�DQG�IURP�WKHUH�WKH�,9�
SDUDPHWHU�Kȍ ZKLFK�UHSUHVHQWV�WKH�SKRQRQ�HQHUJ\�DQG�LV�UHODWHG�
WR�96�HIIHFW�FDQ�EH�GHULYHG ERWK�IURP�GUDLQ�FXUUHQW�DQG�/)1�GDWD�

,QGH[�7HUPV² *UDSKHQH�WUDQVLVWRU��*)(7���VLQJOH�OD\HU��ORZ�
IUHTXHQF\�QRLVH��FRPSDFW�PRGHO��SDUDPHWHU�H[WUDFWLRQ

,� ,1752'8&7,21

5$3+(1( GHYLFHV� �*)(7V�� KDYH� EHHQ� JLYHQ�
FRQVLGHUDEOH� DWWHQWLRQ�RYHU� WKH� ODVW� \HDUV VLQFH� WKH\� FDQ�

DFKLHYH�YHU\�KLJK�VSHHG�SHUIRUPDQFH�>�@�>�@�ZKLFK�PDNHV�WKHP�
DQ� LGHDO� FDQGLGDWH� IRU� IXWXUH�5)�DSSOLFDWLRQV� ,Q� WKLV� NLQG� RI
DSSOLFDWLRQV� WKRXJK�� WKH�HIIHFW�RI ORZ�IUHTXHQF\�QRLVH� �/)1��
FDQQRW� EH� QHJOHFWHG� VLQFH� LW� FDQ� GHWHULRUDWH WKHLU HIILFLHQF\�
0RUH�VSHFLILFDOO\��/)1�FDQ�EH�XS�FRQYHUWHG WR�SKDVH�QRLVH�DQG�
GHJUDGH� WKH� SHUIRUPDQFH� RI� YROWDJH� FRQWURO� >�@� RU� ULQJ� >�@�
RVFLOODWRUV�DV�ZHOO�DV�WHUDKHUW] GHWHFWRUV�>���@� ,Q�DGGLWLRQ��LW�FDQ�
UHGXFH�WKH�VHQVLWLYLW\�RI�FKHPLFDO�RU�ELRORJLFDO�VHQVRUV�>�@�>�@�

1�� 0DYUHGDNLV� DQG� '�� -LPHQH]� DUH� ZLWK� WKH� 'HSDUWDPHQW� G¶(QJLQ\HULD�
(OHFWUzQLFD�� (VFROD� G¶(QJLQ\HULD�� 8QLYHUVLWDW� $XWzQRPD� GH� %DUFHORQD��
%HOODWHUUD��������6SDLQ���H�PDLO� 1LNRODRV�PDYUHGDNLV#XDE�HV��

:��:HL��(��3DOOHFFKL��'��9LJQDXG�DQG�+��+DSS\�DUH�ZLWK�8QLY��/LOOH��&156��
805������� ,(01��)�������/LOOH��)UDQFH�

%HFDXVH�RI�WKH�DIRUHPHQWLRQHG�HIIHFWV RI�/)1�RQ�VWDWH�RI�WKH�
DUW�*)(7�DSSOLFDWLRQV��WKRURXJK�UHVHDUFK�KDV�EHHQ�FRQGXFWHG�
UHFHQWO\�>��@�>��@�ZKLFK�KDV�FRQWULEXWHG�WR�WKH�FRPSUHKHQVLRQ�
RI� WKH�PDLQ�PHFKDQLVPV� WKDW� JHQHUDWH�/)1� LQ� WKHVH�GHYLFHV��
:KLOH�VHYHUDO FRPSDFW�PRGHOV�KDYH�EHHQ�HVWDEOLVKHG��VLPSOHU�
>��@�>��@�RU�PRUH�SK\VLFV�EDVHG�>��@�>��@��ZKLFK�FDQ�EH�HDVLO\�
LQWHJUDWHG� LQ� FLUFXLW� VLPXODWRUV�� WKHUH� LV� QR� FRPSOHWH�
PHWKRGRORJ\�SURSRVHG�IRU�WKH�H[WUDFWLRQ�RI�/)1�SDUDPHWHUV�LQ�
*)(7V� 3URFHGXUHV�IRU�WKH�H[WUDFWLRQ�RI�VRPH�&XUUHQW�9ROWDJH�
�,9��SDUDPHWHUV�VXFK�DV�FKDUJH�QHXWUDOLW\�SRLQW��&13��YROWDJH
9&13��PRELOLW\�ȝ� UHVLGXDO�FKDUJH�ȡ� DQG�FRQWDFW�UHVLVWDQFH�5F�
>��@�� >��@�>��@ DUH�DOUHDG\� WKHUH�DQG� WKH\�FDQ�EH�SURYHG�YHU\�
KHOSIXO WR�WKH�FDOFXODWLRQ�RI�/)1�SDUDPHWHUV�
7KH� PHWKRGRORJ\� IRU� WKH� H[WUDFWLRQ� RI� /)1� SDUDPHWHUV�
SURSRVHG�LQ�WKLV�ZRUN�LV�EDVHG�RQ�D�FRPSOHWH�FKHPLFDO�SRWHQWLDO�
EDVHG� FRPSDFW� *)(7�PRGHO� UHJDUGLQJ�&9�,9 >��@�>��@�� 5)
>��@�DQG�/)1�>��@�>��@�EHKDYLRU��7KH�VFKHPDWLFV RI�WKH�GHYLFHV�
XQGHU�WHVW�DUH LOOXVWUDWHG�LQ�)LJ���D���E ZKHUH�WKH�HOHFWURVWDWLFV�
FDQ�EH�GHVFULEHG�E\�WKH�HTXLYDOHQW�FDSDFLWLYH�FLUFXLW�LQ )LJ���F
>��@�>��@��>��@�>��@� 7KHUH�&WRS DQG�&EDFN DUH�WKH�WRS�DQG�EDFN�
JDWH R[LGH FDSDFLWDQFHV� DQG� &T� UHSUHVHQWV� WKH� TXDQWXP�
FDSDFLWDQFH� ZKHUH� WKH� JUDSKHQH� FKDUJH� 4JU LV� VWRUHG�� 7KH�
YROWDJH�GURS�DFURVV�&T�HTXDOV�WR�WKH�FKHPLFDO�SRWHQWLDO�9F�ZKLFK�
LV�GHILQHG�DV�WKH�SRWHQWLDO�GLIIHUHQFH�EHWZHHQ�WKH�TXDVL�)HUPL�
OHYHO� DQG� &13 DQG� LV� HTXLYDOHQW� WR� WKH� VXUIDFH� SRWHQWLDO� RI�
026)(7V� $�OLQHDU�GHSHQGHQFH�LV�FRQVLGHUHG�EHWZHHQ�&T�DQG�
9F��&T N 9F��ZKHUH�FRHIILFLHQW�N LV�GHILQHG�LQ�>��@�
7KH�/)1�PRGHO�SURSRVHG�LQ�>��@�>��@ VKRZV WKDW�WKH�WKUHH�PDLQ�
HIIHFWV� WKDW� JHQHUDWH� /)1� LQ� *)(7V DUH� FDUULHU� QXPEHU�
IOXFWXDWLRQ� �ǻȃ��� PRELOLW\� IOXFWXDWLRQ� �ǻȝ�� DQG� FRQWDFW�
UHVLVWDQFH� FRQWULEXWLRQ �ǻ5��� VLPLODUO\ DV� LQ� PRVW�
VHPLFRQGXFWRU�GHYLFHV��ǻȃ HIIHFW�ZKLFK�LV�UHVSRQVLEOH�IRU�WKH�
0�VKDSH� JDWH�ELDV� GHSHQGHQFH� RI� RXWSXW� /)1� GLYLGHG� E\�
VTXDUHG�GUDLQ�FXUUHQW��6,'�,'���ZLWK�D�PLQLPXP�DW &13 >��@��LV�
WKH�UHVXOW�RI�WUDSSLQJ�GHWUDSSLQJ PHFKDQLVP�QHDU�WKH�GLHOHFWULF�
LQWHUIDFH� RI� WKH� GHYLFH� >��@�>��@� ǻȃ /)1� PRGHOV� IRU�
026)(7V�LQ�>��@��>��@�>��@�SURSRVH�DQ�a �JP�,'�� GHSHQGHQFH�
RI� 6,'�,'� ZKLFK�LV�D�XVHIXO�DSSUR[LPDWLRQ�EXW�YDOLG�RQO\�XQGHU�
XQLIRUP�FKDQQHO�FRQGLWLRQV�DW�ORZ�GUDLQ YROWDJH UHJLPH� ZKLFK

5��*��&RUWDGHOOD��1DWKDQ�6FKDHIHU��$��%RQDFFLQL�&��DQG�-��$��*DUULGR�DUH�
ZLWK�WKH &DWDODQ�,QVWLWXWH�RI�1DQRVFLHQFH�DQG�1DQRWHFKQRORJ\��,&1����&6,&��
%DUFHORQD� ,QVWLWXWH� RI� 6FLHQFH� DQG� 7HFKQRORJ\�� &DPSXV� 8$%�� %HOODWHUUD��
%DUFHORQD��6SDLQ�

/RZ�IUHTXHQF\�QRLVH�SDUDPHWHU�H[WUDFWLRQ�
PHWKRG�IRU�VLQJOH�OD\HU�JUDSKHQH�)(7V

1LNRODRV�0DYUHGDNLV��:HL�:HL��(PLOLDQR�3DOOHFFKL��'RPLQLTXH�9LJQDXG��+HQUL�+DSS\��5DPRQ�
*DUFLD�&RUWDGHOOD��1DWKDQ�6FKDHIHU��$QGUHD�%RQDFFLQL�&DOLD��-RVH�$QWRQLR�*DUULGR��DQG�'DYLG�

-LPHQH]
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)LJ�����6FKHPDWLF�RI�WKH�D��EDFN�JDWHG�$O�2� VLQJOH�OD\HU�*)(7�DQG�E��WRS�
VROXWLRQ�JDWHG�VLQJOH�OD\HU�*)(7��F��(TXLYDOHQW�FDSDFLWLYH�FLUFXLW�

KDV� DOVR� EHHQ� DSSOLHG� LQ� *)(7V� >��@�>��@�� 7KH� PRGHO�
SURSRVHG� LQ� >��@�>��@� DQG� XVHG� LQ� WKH� FXUUHQW� VWXG\� LV� D
FRPSOHWH� PRGHO YDOLG� LQ� DOO� UHJLRQV� RI� RSHUDWLRQV� VLQFH� LW�
WDNHV� LQWR� DFFRXQW� WKH� QRQ�KRPRJHQHLW\� RI� WKH� GHYLFH�
FKDQQHO�DW�KLJKHU�GUDLQ�YROWDJH�FRQGLWLRQV�>��@��>��@�>��@��ǻȃ
HIIHFW�FDQ�DOVR�SURYLGH�D�ȁ�VKDSH�LQ�FDVH�RI�D VPDOO�ȡ��YDOXH�
>��@�� ,Q� IDFW�� IRU�*)(7V�RQ�K�%1�VXEVWUDWHV� >��@��ȡ��YDOXH�
EHFRPHV�YHU\�ORZ�DQG�DV�D�UHVXOW�QRW�RQO\�/)1�LV�UHGXFHG�
EXW� DOVR�0�VKDSH� LV� HOLPLQDWHG� VLQFH� WKH� KLJKHU� WKH� ȡ�� WKH�
PRUH�LQWHQVH�WKH�0�VKDSH�GHSHQGHQFH�RI�/)1 >��@� $�GLUHFW�
FRPSDULVRQ�RI�RXU�/)1�PRGHO�ZLWK�GDWD�IURP�>��@�LV�VKRZQ�
LQ�>����ILJXUH��E@ ZLWK�SUHFLVH�UHVXOWV� 0RUHRYHU��QXPEHU�RI�
WUDSV� DQG� FRQVHTXHQWO\� /)1� LV� VKRZQ� WR� EH� UHGXFHG� DIWHU�
HOHFWURQ�EHDP�LUUDGLDWLRQ�RI�*)(7V�LQ�>��@�ZKHUH�D�VLPSOH�
ǻ1 /)1�PRGHO�LV�DOVR�XVHG�ZKLFK LV�LQFDSDEOH�RI�FDSWXULQJ�
WKH� /)1� GDWD�� 7KH� VSHFLILF� PRGHO� RQO\� DFFRXQWV� IRU� WKH�
a��4JU

� GHSHQGHQFH�RI�/)1�DQG�QHJOHFWV�WKH�į4JU�į4WU UDWLR�
ZKLFK LV� UHDOO\ VLJQLILFDQW� >���� HTXDWLRQV ��� ���@�� >��@ DQG�
WKXV�LW� LV�UHOLDEOH�RQO\�DZD\�&13�ZKLOH�RXU�SURSRVHG�/)1�
PRGHO�>��@�>��@�LV�YDOLG�LQ�DOO�UHJLRQV�RI�RSHUDWLRQ�� ǻȝ HIIHFW�
LV� FDXVHG� E\� WKH� IOXFWXDWLRQV� RI� WKH� EXON� PRELOLW\� DQG� LV�
HPSLULFDOO\�FKDUDFWHUL]HG�E\�+RRJH�IRUPXOD�>��@��5HJDUGLQJ�
LWV�JDWH�ELDV�GHSHQGHQFH��6,'�,'� ǻȝ /)1�DOZD\V�JLYHV�D�ȁ�
VKDSH�ZLWK�D�PD[LPXP�DW�&13�>��@��ǻȝ /)1�RU�YROXPH�QRLVH�
GRPLQDWHV�ZKHQ�WKH�QXPEHU�RI�JUDSKHQH�OD\HUV�LV�KLJK ZKLOH�
WKH� ORZHU� WKH� QXPEHU� RI� WKH� OD\HUV� WKH� KLJKHU� LV� WKH�
FRQWULEXWLRQ�RI�ǻ1 /)1�RU�VXUIDFH�QRLVH�>��@��,Q�WKLV�ZRUN�DV�
ZHOO�DV�LQ�>��@�>��@��VLQJOH�OD\HU��6/��*)(7V�DUH�VWXGLHG�DQG�
WKXV��ǻ1 /)1�SUHYDLOV� EXW�ǻȝ /)1�DOVR� SOD\V� D� UROH� QHDU�
&13��,QFUHDVHG�5F YDOXHV HVSHFLDOO\�DW�VKRUW�FKDQQHO�*)(7V��
FDQ� FRQWULEXWH� LPSRUWDQWO\� WR� /)1� DZD\� IURP�&13�ZKLOH�
VKRUW� FKDQQHO� HIIHFWV� OLNH�9HORFLW\� 6DWXUDWLRQ� �96�� UHGXFH�
/)1�LQ�*)(7V�PDLQO\�DW�KLJK HOHFWULF�ILHOGV�>��@�
7KH�SURSRVHG�SDUDPHWHU�H[WUDFWLRQ�PHWKRGRORJ\�LQ�WKLV�ZRUN
LV ILUVWO\ DSSOLHG�WR H[SHULPHQWDO�GDWD�IURP�EDFN�JDWHG�$O���
6/ *)(7V� �)LJ�� �D��ZKHUH�JUDSKHQH�JURZQ�E\�&9'�RQ� D�
FRSSHU�IRLO�ZDV�XVHG�>��@�>��@� 'UDLQ�FXUUHQW DQG�/)1�ZHUH
PHDVXUHG�RQ�WZR�VKRUW�FKDQQHO�*)(7V�ZLWK�: ���ȝP DQG�
/ �����QP �&�����DQG�/ �����QP �'�����UHVSHFWLYHO\��IRU�
JDWH�YROWDJHV��9*� IURP�IDU�DZD\�&13�DW�S�W\SH�UHJLRQ�XS�WR�
&13�DQG�WKH�YLFLQLW\�RI Q�W\SH�UHJLRQ� DW�ORZ�DQG�KLJK�GUDLQ�

YROWDJH�YDOXHV��9'6 ��������������P9�IRU�&����DQG�9'6 �����
��������P9�IRU�'����� 9* VZHHS�ZDV�QRW�H[WHQGHG�IXUWKHU�WR
Q�W\SH�UHJLPH�GXH� WR�DV\PPHWU\�RI�ERWK� ,9�DQG�/)1�GDWD�
WKHUH�>��@� 7KH�PHWKRG�LV�DOVR�XVHG�DW D 6/ WRS�VROXWLRQ�JDWHG�
JUDSKHQH�WUDQVLVWRU��6*�*)(7���)LJ���E��ZLWK�: ���ȝP DQG�
/ ���ȝP >��@��,9�DQG�/)1�GDWD�ZHUH�PHDVXUHG�IURP�VWURQJ
S�W\SH� WR� VWURQJ Q�W\SH� UHJLRQ� RQO\� DW� ORZ� GUDLQ� YROWDJH�
�9'6 ���P9���6LQFH�WKH�ODWWHU LV�D�ORQJ�GHYLFH�DQG�WKH�9'6 LV�
ORZ��96�UHODWHG�SDUDPHWHUV�FDQQRW�EH�H[WUDFWHG�VLQFH�WKH\�DUH�
VLJQLILFDQW�RQO\�DW�KLJK�HOHFWULF�ILHOG�FRQGLWLRQV��%HVLGHV�IRU�
WKH�VSHFLILF�6*�*)(7��5F LV�TXLWH�ORZ��DV�LW�ZLOO�EH�VKRZQ��
DQG�KHQFH�GRHV� QRW� DIIHFW�/)1� ,Q�RUGHU� WR� VWXG\� WKH�ELDV�
GHSHQGHQFH�RI�QRUPDOL]HG�6,'�,'�/)1��LWV�YDOXH�DW���+] ZDV�
FDOFXODWHG� E\� DYHUDJLQJ� IURP� ��� +]� WR� ��� +]�� )RU� PRUH�
GHWDLOV�RQ�IDEULFDWLRQ�DQG�PHDVXUHPHQWV�SURFHGXUH�VHH�>��@��
>��@�>��@��
7KH� PRVW� IXQGDPHQWDO� &9�,9� SDUDPHWHUV� �& &WRS�&EDFN�
9&13� ȝ� ȡ���DQG5F��VKRXOG EH�H[WUDFWHG�DFFXUDWHO\ VLQFH�WKH\�
DUH�XVHG�LQ�/)1�HTXDWLRQV�>��@�>��@� 7KXV��LQLWLDOO\�D�ZHOO�
HVWDEOLVKHG� SURFHGXUH� IRU� WKH� H[WUDFWLRQ� RI� WKH� DERYH�
SDUDPHWHUV� ZDV� DSSOLHG� >��@�� >��@�>��@� DQG� WKHQ� WKH�
HVWLPDWHG YDOXHV�ZHUH�XVHG�IRU�WKH�VLPXODWLRQV�RI�WKH�GUDLQ�
FXUUHQW� 9HULORJ�$� PRGHO� >��@�>��@� 7KH� YDOLGDWLRQ� RI� WKH�
PRGHO ZLWK�H[SHULPHQWDO�,' GDWD�IRU�HDFK GHYLFH�XQGHU�WHVW�
�'87��DQG�IRU�DOO�UHJLRQV�RI�RSHUDWLRQ�LV�DFFXUDWH�DV�GHSLFWHG�
LQ�WUDQVIHU�FKDUDFWHULVWLFV�RI�)LJ��� YV� JDWH�YROWDJH�RYHUGULYH�
9*()) 9*�9&13��&����DQG�'����*)(7V�DUH�VKRZQ�LQ�)LJ��
�D���E�ZKHUH�OHIW�VXESORWV�FRUUHVSRQG�WR�ORZ�9'6 DQG�ULJKW�
VXESORWV�WR�KLJKHU�9'6��6*�*)(7�LV�VKRZQ�LQ�)LJ���F�

,,� /)1�02'(//,1*

$� QHZ� /)1�PRGHO� ZDV� UHFHQWO\� SURSRVHG� IRU� 6/�*)(7V�
GHVFULELQJ WKH�ELDV�GHSHQGHQFH�RI�/)1�LQFOXGLQJ�DOVR�WKH�96�
HIIHFW�FRQWULEXWLRQ�WR�LW��7KH�QRUPDOL]HG RXWSXW�QRLVH�6,'�,'�

LV� JLYHQ�E\� WKH� VXP�RI�ǻȃ��ǻȝ DQG�ǻ5 FRQWULEXWLRQV >��@�
>��@�
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)LJ�����7UDQVIHU�FKDUDFWHULVWLFV�IRU�*)(7V�ZLWK�: ���ȝP DQG D� / ����QP �&�����DQG E� / ����QP �'�����IRU�ORZHU��OHIW�VXESORWV��DQG�KLJKHU��ULJKW�VXESORWV��
DYDLODEOH�9'6 YDOXHV��F��7UDQVIHU�FKDUDFWHULVWLF�IRU�6*�*)(7�ZLWK�: ���ȝP DQG�/ ��ȝP��0HDVXUHPHQW��PDUNHUV���PRGHO��OLQHV��
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ସ௄்ఒே೅
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஺ଵఓ

௅೐೑೑
ZKHUH�17 LV�WKH�R[LGH�YROXPHWULF�

WUDS�GHQVLW\�SHU�XQLW�HQHUJ\��HY��FP����XVHG�DV�DQ�/)1�PRGHO�
SDUDPHWHU��. LV�WKH�%ROW]PDQ�FRQVWDQW��7 LV�WKH�WHPSHUDWXUH��
Ȝ ���� QP� LV� WKH� WXQQHOLQJ� DWWHQXDWLRQ� GLVWDQFH��9FV�G LV� WKH�
FKHPLFDO�SRWHQWLDO�DW�VRXUFH�DQG�GUDLQ�VLGH�UHVSHFWLYHO\��JYF
LV�D�QRUPDOL]HG�GUDLQ�FXUUHQW�FRHIILFLHQW�>��@��>��@�DQG�Į �H
ȡ� LV� D� UHVLGXDO� FKDUJH� UHODWHG� WHUP� >��@� ZKHUH� H LV� WKH�
HOHFWURQ�FKDUJH��: LV�WKH�ZLGWK�RI�WKH�GHYLFH�ZKLOH�/HII LV DQ�
HIIHFWLYH�OHQJWK�EHFDXVH�RI�WKH�96�HIIHFW�>��@��>��@��)RU�WKH�
ODWHU� D�WZR�EUDQFK�PRGHO�LV�XVHG�>����HTXDWLRQ��@�EHORZ�DQG�
DERYH�D�FULWLFDO�YDOXH�RI�JUDSKHQH�QHW�FKDUJH� 4FFULW Hȍ���ʌXI
ZKLFK GHVLJQDWHV� WZR� UHJLRQV�RI� RSHUDWLRQ�� QHDU� DQG� DZD\�
&13� UHVSHFWLYHO\�� XI �a��� P�V� LV� WKH� )HUPL� YHORFLW\��
6DWXUDWLRQ� YHORFLW\� LV� FRQVWDQW� XVDW 6 �XI�ʌ IRU� _9F_�9FFULW
ZKLOH�IRU�_9F_!9FFULW��XVDW 1�¥��9F��Į�ț� ZLWK�1 KȍXI �H��Kȍ
LV�WKH�SKRQRQ�HQHUJ\�DQG�LV�XVHG�DV�DQ�,9�PRGHO�SDUDPHWHU�
ZKHUH�K LV� WKH�3ODQFN�FRQVWDQW�DQG�ȍ WKH� IUHTXHQF\�RI� WKH�
UDGLDWLRQ� ZKLOH�9FFULW FDQ� EH� FDOFXODWHG� GLUHFWO\� IURP�4FFULW

>��@��(TXDWLRQ�����UHSUHVHQWV�WKH�ORQJ�FKDQQHO�ǻȃ /)1�ZKLOH�
HTXDWLRQV���D��E��LWV�UHGXFWLRQ�FDXVHG�E\�96�HIIHFW�>��@��ǻȝ
/)1�HIIHFW�LV�FDOFXODWHG�E\�>��@�>��@�
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஺ଶఓ

௅೐೑೑
ZKHUH�Į+ LV�WKH�XQLWOHVV�+RRJH�

PRGHO�SDUDPHWHU��6LPLODUO\�WR�ǻȃ FDVH��HTXDWLRQ�����GHULYHV�
WKH�ORQJ�FKDQQHO�ǻȝ /)1�ZKLOH�HTXDWLRQV���D��E� DFFRXQW�IRU�
LWV� UHGXFWLRQ� GXH� WR� 96� PHFKDQLVP� >��@�� 7KH� ZD\� WKDW�
HTXDWLRQV�������DUH�VROYHG�GHSHQGLQJ�RQ�WKH�VLJQV�RI�9FV�G DQG�
LI� WKHLU� DEVROXWH�YDOXH� LV� ORZHU� RU� KLJKHU� WKDQ�9FFULW FDQ�EH�
IRXQG�LQ�>��@��)LQDOO\�WKH�ǻ5 /)1�>��@�LV�JLYHQ�E\�>��@�
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ZKHUH�6ǻ5� LV� D�PRGHO� SDUDPHWHU� �ȍ��+]�� DQG�JPV�G DUH� WKH�
VRXUFH�DQG�GUDLQ�WUDQVFRQGXFWDQFHV��UHVSHFWLYHO\�>��@��>��@��

,,,� 3$5$0(7(5�(;75$&7,21�0(7+2'2/2*<�

7KH�SDUDPHWHU�H[WUDFWLRQ�SURFHGXUH�GHYHORSHG�LQ�WKLV�SDSHU�
LV�DQDO\]HG�LQ�WKH�GLDJUDP�RI�)LJ�����,Q�VWHSV���DQG���RI�WKLV�
FKDUW�� WKH� GHULYDWLRQ� RI� WKH� &9�,9� SDUDPHWHUV� WKDW� DUH�
HVVHQWLDO� IRU� WKH� /)1� SDUDPHWHUV¶� H[WUDFWLRQ� LV� GHVFULEHG��
)LUVWO\��LQWHUIDFH FDSDFLWDQFHV�FDQ�EH�FDOFXODWHG�E\�&9�GDWD
DQG�LQ�WKH�FDVH�RI�6*�*)(7� &WRS &§�����ȝ)�FP� >��@� 2Q�
WKH�RWKHU�KDQG�IRU� WKH�&�����'����$O��� GHYLFHV��&9�GDWD�
DUH�QRW�DYDLODEOH��WKXV DOXPLQXP�R[LGH�EDFN�JDWH�FDSDFLWDQFH
&EDFN FDQ EH� FDOFXODWHG� DV�� &EDFN§& � İ$O�2�İ��W$O�2� ZKHUH�
İ$O�2�İ���W$O�2�DUH�WKH�UHODWLYH�SHUPLWWLYLW\�DQG�WKLFNQHVV�RI�WKH
$O�2� >��@��>��@�>��@��UHVSHFWLYHO\��,Q�RUGHU�WR�FDOFXODWH�WKH�
UHVW�RI�,9�SDUDPHWHUV��WKH�WRWDO�UHVLVWDQFH�LV�HVWLPDWHG�IURP�
GUDLQ� FXUUHQW� GDWD� DV�� 5WRW 9'6�,'GDWD DW� WKH� ORZHVW� 9'6
DYDLODEOH� �&����� 9'6 ��� P9� '����� 9'6 ��� P9 DQG� 6*�
*)(7��9'6 ���P9���5WRW LV�WKHQ�LOOXVWUDWHG�LQ�)LJ��D��F IRU�
HDFK�'87�UHVSHFWLYHO\��0DUNHUV�UHSUHVHQW�WKH�PHDVXUHPHQWV�
ZKHUHDV�WKH�YROWDJH�DW�&13�FDQ�EH�FDOFXODWHG�DV�WKH�YDOXH�RI�
9* DW� ZKLFK� 5WRW� JHWV� PD[LPXP�� 9*()) 9*�9&13� LV� WKHQ�
FDOFXODWHG DQG�XVHG� DV�[�D[LV� LQ�)LJ�� ���$IWHU� WKDW�� FRQWDFW�
UHVLVWDQFH� 5&� FDQ� EH� H[WUDFWHG� E\� XVLQJ� DQ� H[WUDSRODWLRQ�
PHWKRG�>��@��,QVHWV�LQ�)LJ���D��F LOOXVWUDWH�5727�YV�����9*())
IDU�DZD\�IURP�&13��,I�WKLV�GHSHQGHQFH�LV�H[WUDSRODWHG�WR���
9*()) � WKHQ�D�OLQHDU�ILW�FDQ�UHOLDEO\�SURYLGH�5&�IRU�HDFK�RI
WKH�'87V��7KH�QH[W�VWHS�LV�WR�FDOFXODWH�WKH�PRELOLW\�E\�>��@��

HII J *())

/
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ZKHUH�&J§& VLQFH�ȝ LV�GHULYHG�TXLWH�DZD\�IURP�&13�
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ZKHUH�ı� LV�WKH�FRQGXFWLYLW\�ı /�>:�5WRW�5F�@ DW�&13��7KHQ�
ȡ� FDQ�EH�GHULYHG�DV�>��@�>��@��
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)LJ�����,9�DQG�/)1 SDUDPHWHU�H[WUDFWLRQ�IORZ�FKDUW�

)LJ�����7RWDO�UHVLVWDQFH�5WRW YV JDWH�YROWDJH�RYHUGULYH�9*()) IRU�D��&����DW�9'6 ���P9��E��'����*)(7�DW�9'6 ���P9 DQG�F� 6*�*)(7�DW�9'6 ���P9� ,9�PRGHO�
SDUDPHWHUV�DUH�H[WUDFWHG�E\�WKH�PHDVXUHPHQWV��PDUNHUV��DQG�DIWHUZDUGV�XVHG�LQ�VLPXODWLRQV��OLQHV���7KH�LQVHWV VKRZ�WKH�FRQWDFW�UHVLVWDQFH�H[WUDFWLRQ�PHWKRG�ZLWK�
H[WUDSRODWLRQ�RI�OLQHDU�ILWWHG�OLQH�\ DW���

� � �
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ZKHUH�QWRW��Q DUH�WKH�WRWDO�DQG�QHW�GHQVLWLHV�UHVSHFWLYHO\��,Q�WKH�
FRPSDFW� PRGHO� >��@�>��@�� SDUDPHWHU� ǻ H[SUHVVLQJ WKH�
LQKRPRJHQHLW\�RI�WKH�HOHFWURVWDWLF�SRWHQWLDO�LV�XVHG�ZKLFK�LV�
UHODWHG�WR�ȡ��DV��ȡ� ǻ�� ʌK�XI��DQG�WKXV��ǻ FDQ�EH�HVWLPDWHG��
$IWHU�DOO�WKH�DERYH�SDUDPHWHUV�DUH�H[WUDFWHG��WKHRUHWLFDO�5WRW
FDQ�EH�FDOFXODWHG�>��@�

WRW F FK F F
WRW

/ /
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ZLWK�Q HVWLPDWHG�IURP�>��@�

I
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KX QHQ
9

& H

S
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6ROLG�OLQHV�LQ�)LJ���FRUUHVSRQG�WR�HTXDWLRQ������DQG�FRQILUP�
WKH�FRUUHFW�H[WUDFWLRQ�RI�WKH�,9�SDUDPHWHUV�GHVFULEHG�DERYH��
7KH�Kȍ SDUDPHWHU�UHODWHG�WR�96�HIIHFW��FDQ�EH�HVWLPDWHG�DW
KLJK�9'6 UHJLPH�IRU�WKH�&�����'����*)(7V�DV�VKRZQ�LQ�ULJKW�
VXESORWV�RI�)LJ���D���E� 6WHS���RI�)LJ����SUHVHQWV� WKH�/)1�
SDUDPHWHUV¶�H[WUDFWLRQ�PHWKRGRORJ\��6LQFH�/)1�H[SUHVVLRQV�
LQ�HTXDWLRQV�������DUH�H[SUHVVHG�WKURXJK�9FV�G��WKH�ODWHU�VKRXOG�
EH� FDOFXODWHG� DV� LQ� >��@�>��@�� ,QWHUQDO�9'LQ��96LQ�GXH� WR� WKH�
YROWDJH�GURS�DW�VRXUFH�DQG�GUDLQ�EHFDXVH�RI�5F DUH�XVHG�IRU�
9FV�G FDOFXODWLRQ� DQG� FDQ� EH� HVWLPDWHG� IURP�� 96�'LQ 96�'�
,'GDWD5F��� &RHIILFLHQW� JYF FDQ� DOVR� EH� GHULYHG� LI� 9FV�G DQG�
96�'LQ�DUH�NQRZQ�>��@��,Q�FDVH�RI�DQ�0�VKDSH�WUHQG�RI�6,'�,'�

/)1�ZKLFK�LV�WKH�FDVH�LQ�RXU�GDWD�DQG LQ�PRVW�H[SHULPHQWDO�
ILQGLQJV�LQ�ELEOLRJUDSK\�>�����@��WKH�ULJKW�EUDQFK�RI�VWHS���LQ�
)LJ����LV�IROORZHG�ZKHUH�WKUHH�VXE�VWHSV�DUH�UHTXLUHG�IRU�WKH�
H[WUDFWLRQ� RI� /)1� SDUDPHWHUV� DW� ORZ� 9'6 UHJLRQ� )LJ�� ��
GHSLFWV�&����*)(7�LQ� WKH�XSSHU�SORWV�DQG�'����*)(7�LQ�

ERWWRP�RQHV�ZKHUH 6,'I�,'��/)1�LV�VKRZQ�LQ�OHIW�DQG�FHQWHU
FROXPQ SORWV��DW���+]��YV��9*())��PDUNHUV�UHSUHVHQW�WKH�GDWD�
DQG�OLQHV�WKH�PRGHO�DQG�LWV�GLIIHUHQW�FRQWULEXWLRQV��(DFK�SORW�
LQ�WKH�OHIW�DQG�FHQWHU FROXPQV FRQWDLQV WZR�VXESORWV�LQ�HDFK�
RI�ZKLFK�RQH VWHS�RI�WKH�/)1�SDUDPHWHU�H[WUDFWLRQ�SURFHVV�LV�
LOOXVWUDWHG��7KH�WKUHH�ILUVW�VXESORWV�RI�&����DQG�'����*)(7V
GHVFULEH�WKH�ZD\�17��Į+ DQG�6ǻ5� SDUDPHWHUV�DUH�H[WUDFWHG�DW�
ORZ� 9'6 ZKLOH� WKH� ULJKW� VXESORWV� RI� FHQWHU� FROXPQ� SORWV�
LOOXVWUDWH� WKH� FDVH�RI� KLJK�9'6 ZKHUH�Kȍ SDUDPHWHU� FDQ�EH�
H[WUDFWHG�DQG�FRPSDUHG�WR�WKH�YDOXH�GHULYHG�IURP�,9�GDWD��DV�
DQDO\]HG� EHIRUH�� 5HJDUGLQJ� WKH� 6*�*)(7 /)1� SDUDPHWHU�
H[WUDFWLRQ�PHWKRG� 6,'I�,'� /)1�LV�VKRZQ�LQ�OHIW�DQG FHQWHU
SORWV�RI�)LJ�����DW���+]��YV��9*()) VLPLODUO\�DV &����DQG�'����
*)(7V�GHVFULEHG�DERYH��$JDLQ��PDUNHUV�UHSUHVHQW�WKH�GDWD�
DQG�OLQHV�WKH�PRGHO�DQG�LWV�GLIIHUHQW�FRQWULEXWLRQV��/)1�GDWD�
DV\PPHWU\� DW� 6*�*)(7� PDNHV� LW� HVVHQWLDO� WR� H[WUDFW�
GLIIHUHQW� /)1� SDUDPHWHUV� IRU� S��OHIW� VXESORWV�� DQG� Q�W\SH�
�ULJKW VXESORWV��UHJLRQ��,Q�PRUH�GHWDLO��LQLWLDOO\�Į+�SDUDPHWHU�
RI�ǻȝ /)1�FDQ�EH�H[WUDFWHG�E\�ILWWLQJ�HTXDWLRQ�����ZLWK�WKH�
PLQLPXP�RI�0�VKDSH�REVHUYHG� DW�&13�DV� VKRZQ� LQ� )LJ��
�OHIW�VXESORWV�RI�OHIW�SORWV��DQG�)LJ�����OHIW�VXESORWV�RI�OHIW�DQG�
FHQWHU SORWV� VLQFH�ǻȝ HIIHFW� LV� GRPLQDQW� WKHUH� DW� ORZ�9'6�
7KHQ�17�SDUDPHWHU�RI�ǻ1 /)1�FDQ�EH�FDOFXODWHG�E\�ILWWLQJ�
HTXDWLRQ� ���� ZLWK� WKH� PD[LPXP� RI� 0�VKDSH� QHDU� &13�
DFFRUGLQJ� WR� )LJ��� �ULJKW VXESORWV� RI� OHIW� SORWV�� DQG�)LJ�� ��
�ULJKW� VXESORWV� RI� OHIW� DQG� FHQWHU SORWV��� ,W VKRXOG� EH�
PHQWLRQHG� WKDW� HTXDWLRQV� ���� ��� DUH� QHJOLJLEOH� DW� ORZ� 9'6
UHJLRQ�>��@��,Q�WKH�FDVH�RI�D�ȁ�VKDSH�WUHQG�RI�6,'I�,'��/)1��
ZKLFK�LV�VRPHWKLQJ�QRW YHU\�XVXDO�� OHIW�EUDQFK�RI�VWHS���LQ�
)LJ����LV�IROORZHG��ǻ1� DQG��ǻȝ PRGHOV�VKRXOG�EH�LQLWLDOO\

E�D� F�
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)LJ�����'UDLQ�FXUUHQW�QRLVH�GLYLGHG�E\ VTXDUHG�GUDLQ�FXUUHQW�DQG�GUDLQ�FXUUHQW�QRLVH 6,'I�,'� DQG�6,'I�UHVSHFWLYHO\��ERWK�UHIHUUHG�WR���+]��IRU�&����*)(7 LQ�XSSHU�
SORWV�DQG '����*)(7�LQ�ERWWRP SORWV��6,'I�,'��LV�VKRZQ�DW�OHIW�DQG�FHQWHU FROXPQ SORWV�YV��JDWH�YROWDJH�RYHUGULYH�9*())��ZKHUH�/)1�SDUDPHWHU�H[WUDFWLRQ�PHWKRG�
LV�VKRZQ�LQ�DQDO\WLFDO�VWHSV�IRU�ORZ�9'6 �9'6 ���P9 IRU�&�����9'6 ���P9 IRU�'���� DW�ILUVW�FROXPQ SORW DQG�OHIW�VXESORW�RI�FHQWHU FROXPQ SORW DQG�KLJK�9'6
�9'6 ����P9 IRU�&����DQG�9'6 ����P9 IRU�'���� LQ�ULJKW�VXESORW�RI�VHFRQG�FROXPQ SORW� 6,'I LV�VKRZQ�DW�ULJKW�FROXPQ SORWV YV��GUDLQ�YROWDJH�9'6�DW�OHIW�VXESORWV�
DQG�YV��,'�DW�ULJKW�VXESORWV IRU�9*6 ����������DQG ��� 9� IRU�'����GHYLFH��PRGHO�LV�DOVR�VKRZQ�IRU�9*6 �����9 DQG�IRU�9'6 XS�WR���9��0HDVXUHPHQW��PDUNHUV���WRWDO�
PRGHO�>��@ �VROLG�SXUSOH OLQHV LQ�FHQWHU FROXPQ�SORWV�DQG�VROLG�OLQHV�LQ�ULJKW�SORWV���ǻȃ�ǻȝ VXP �VROLG�EODFN�OLQHV LQ�FHQWHU FROXPQ�SORWV���PRGHO�ZLWKRXW�96�HIIHFW�
>��@ �VROLG�UHG�OLQHV LQ�FHQWHU SORWV�DQG�GDVKHG�OLQHV�LQ�ULJKW�SORWV���GLIIHUHQW�QRLVH�FRQWULEXWLRQV ǻȃ��ǻȝ��ǻ5 �GDVKHG DQG�GRWWHG�OLQHV UHVSHFWLYHO\�� 6LPSOLILHG�a
�JP�,'� � QRLVH�PRGHO�LV�VKRZQ�ZLWK�EOXH�OLQHV�IRU�'����GHYLFH��EOXH�GDVKHG OLQH�LQ�FHQWHU ERWWRP SORW��IRU�FRPSDULVRQ�UHDVRQV�

)LJ������'UDLQ�FXUUHQW�QRLVH�GLYLGHG�E\�VTXDUHG�GUDLQ�FXUUHQW�DQG�GUDLQ�FXUUHQW�QRLVH�6,'I�,'� DQG�6,'I�UHVSHFWLYHO\��ERWK�UHIHUUHG�WR���+]��YV��JDWH�YROWDJH�RYHUGULYH�
9*()) IRU�6*�*)(7V��6,'I�,'��LV�VKRZQ�DW�OHIW�DQG�FHQWHU SORWV�ZKHUH�/)1�SDUDPHWHU�H[WUDFWLRQ�PHWKRG�LV�VKRZQ�LQ�DQDO\WLFDO�VWHSV�IRU�ORZ�9'6 �9'6 ���P9��ZKLOH�
6,'I LV�VKRZQ�DW�ULJKW�FROXPQ�SORW��0HDVXUHPHQW��PDUNHUV���WRWDO�PRGHO�>��@��VROLG�EODFN�OLQHV��VROLG�UHG�OLQH�LQ�ULJKW�VXESORW�RI�FHQWHU SORW�IRU�Q�W\SH�UHJLRQ���
GLIIHUHQW�QRLVH�FRQWULEXWLRQV�ǻȃ��ǻȝ �GDVKHG�DQG GRWWHG�OLQHV�UHVSHFWLYHO\���,Q�HT��O��ǻȃ�ǻȝ VXP�HTXDOV�WR�WRWDO�PRGHO�VLQFH�ǻ5�LV�QHJOLJLEOH�IRU�6*�*)(7�

WHVWHG�VHSDUDWHO\�WR�FKHFN�LI�WKH\�ILW�WKH�GDWD��,I�HLWKHU�RI�WKHP�
ZRUNV� WKHQ� WKH� UHOHYDQW� SDUDPHWHU� FDQ� EH� H[WUDFWHG� �Į+�RU�
17���2Q�WKH�FRQWUDU\��LI�QRQH�RI�WKHP�ZRUN�DORQH�WKHQ�ERWK�
SDUDPHWHUV� FRQWULEXWH� VLPXOWDQHRXVO\� DQG� WKH\� KDYH� WR� EH�
H[WUDFWHG� FDUHIXOO\� E\� WU\LQJ� WR� ILW� WKH� PD[LPXP� DQG� WKH�
VORSH�RI�ȁ�VKDSH�QHDU�&13��)LQDOO\��DQ�LQFUHDVH�RI�6,'I�,'��

IDU�DZD\�IURP�&13�LQGLFDWHV�WKH�FRQWULEXWLRQ�RI�5&�WR�/)1��
DQG� IURP� WKHUH� WKH� 6ǻ5�� SDUDPHWHU� RI� ǻ5 /)1� FDQ� EH�
HVWLPDWHG� ZLWK� HTXDWLRQ� ���� DV� LW� LV� VKRZQ� LQ� )LJ��� �OHIW�
VXESORWV�RI�FHQWHU SORWV���,I�WKH�ILUVW�LWHUDWLRQ�RI�WKH�HVWLPDWLRQ�
RI� /)1� SDUDPHWHUV� GRHV� QRW� JLYH� JRRG� PRGHO� ILWWLQJ� LQ�
JHQHUDO�� WKHQ� WKH� SURFHGXUH� LV� UHSHDWHG� XQWLO� WKH� PRGHO� LV�
SUHFLVH��$V�VKRZQ�LQ�>��@��96�HIIHFW�UHGXFHV�/)1�IRU�KLJK�
9'6�YDOXHV� DQG� WKLV� LV� H[SHULPHQWDOO\� FRQILUPHG� LQ� )LJ�� ��
�ULJKW� VXESORWV� RI� FHQWHU SORWV�� IRU� &����� '���� *)(7V��
UHVSHFWLYHO\��%\� DSSO\LQJ� WKH�Kȍ SDUDPHWHU�YDOXH� WKDW� KDV�
DOUHDG\�EHHQ�H[WUDFWHG�IURP�,9�GDWD��DW�HTXDWLRQV���������WKH�

/)1�PRGHO�ILWV�ZHOO�WKH�H[SHULPHQWV�ZKLOH�WKH�/)1�PRGHO�
ZLWKRXW�96�LV�DOVR�VKRZQ�IRU�FRPSDULVRQ�UHDVRQV�ZLWK�UHG�
VROLG� OLQHV�� ,Q� WKH� 6*�*)(7�� Kȍ SDUDPHWHU� FDQQRW� EH�
H[WUDFWHG�VLQFH�96�LV�QHJOLJLEOH�XQGHU�ORZ�GUDLQ�YROWDJH�DQG�
ORQJ�FKDQQHO� OHQJWK�FRQGLWLRQV�ZKLOH�5F LV�DOVR� WRR� ORZ� WR�
DIIHFW�/)1��7DEOH� ,� VKRZV�DOO� WKH� ,9�DQG�/)1�SDUDPHWHUV�
H[WUDFWHG�IRU�HDFK�'87��)LQDOO\��a��JP�,'�� ǻȃ /)1 PRGHO�
>��@�� >��@�>��@� LV� DOVR� VKRZQ� IRU� '���� *)(7� LQ� FHQWHU�
ERWWRP�SORW�RI�)LJ����ZLWK�EOXH�GDVKHG�OLQH� ,Q�OHIW�VXESORW�
ZKHUH�9'6 LV� ORZ� DQG� FRQVHTXHQWO\� FKDQQHO� LV� XQLIRUP�� a�
�JP�,'�� ǻȃ /)1�DSSURDFK�DJUHHV�ZLWK�RXU�PRGHO�EXW�DW�ULJKW�
VXESORW�WKH�KLJK�9'6�EUHDNV�WKH�KRPRJHQHLW\�RI�WKH�FKDQQHO�
DQG�DV�D�UHVXOW a��JP�,'�� ǻȃ /)1�PRGHO�LV�QRW�DFFXUDWH >��@��
>��@� 7KH�IDFW�WKDW�a��JP�,'�� ǻȃ /)1�LV�HTXLYDOHQW�WR�RXU�ǻȃ
PRGHO� IRU� WKH� VDPH�17 SDUDPHWHU� FRQILUPV� WKH� YDOLGLW\� RI�
ERWK�PRGHOV�XQGHU ORZ�9'6 FRQGLWLRQV�DQG FRQVHTXHQWO\�WKH�
UHVW�RI�/)1�SDUDPHWHUV��Į+ DQG�6ǻ5���DUH H[WUDFWHG�FRUUHFWO\
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3DUDPHWHU 8QLWV &���� '���� 6*�*)(7
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6ǻ5� ȍ��+] �Â���� �Â���� � �

WKHUH�� ,I� WKH� DERYH� SDUDPHWHUV� �17�� Į+ DQG� 6ǻ5��� DUH� UH�
DGMXVWHG� WR� ILW� WKH� WRWDO�/)1�PRGHO�ZLWK�GDWD� IRU�KLJK�9'6
ZKHQ�a��JP�,'�� ǻȃ /)1�PRGHO LV�XVHG �7RWDO� a��JP�,'���

ǻȃ ��ǻȝ ��ǻ5���WKHQ�WKH�DFFXUDF\�DFKLHYHG�DW�ORZ�9'6 UHJLRQ�
ZLOO�EH�ORVW�DQG�WKLV�SURYHV�WKH�YDOLGLW\�RI�RXU�PRGHO�YV�� a�
�JP�,'�� ǻȃ /)1�RQH� Kȍ FDQQRW�EH� UH�DGMXVWHG� VLQFH� LW� LV�
FRUUHFWO\�H[WUDFWHG�IURP�,9�GDWD�

,9� 02'(/�9$/,'$7,21

7KH�/)1�SDUDPHWHUV�H[WUDFWHG�LQ�6HFWLRQ�,,,�DUH�XVHG�LQ�WKH�
VLPXODWLRQV�RI�WKH�9HULORJ�$�PRGHO�>��@�>��@�DQG�WKH�UHVXOWV�
DUH� VKRZQ� LQ� ULJKW� FROXPQ� RI� )LJ�� ��� �� IRU� WKH� *)(7V�
DYDLODEOH�� 0HDVXUHG� /)1� 6,'I DW� �� +] LV� GHSLFWHG� ZLWK�
PDUNHUV��WRWDO�PRGHO�>��@�ZLWK�VROLG�OLQHV�DQG�PRGHO�ZLWKRXW
96�HIIHFW�ZLWK�GDVKHG� OLQHV� >��@� IRU�&����*)(7� LQ� ULJKW�
XSSHU�SORW�RI�)LJ����DQG�'����*)(7�LQ�ULJKW�ERWWRP�SORW�RI�
)LJ�����UHVSHFWLYHO\��6,'I LV�VKRZQ�YV��9'6�LQ�OHIW�VXESORWV�DQG�
YV�� ,'� LQ� ULJKW� VXESORWV� IRU� 9* ����� ����� ���� 9 DQG� WKH
HYDOXDWLRQ�RI�WKH�PRGHO�LV�YHU\�FRQVLVWHQW��,W� LV�UHPDUNDEOH�
WKDW� 6,'I IROORZV� D� a9'6��DQG� D� a,'� GHSHQGHQFH XS� WR� WKH�
KLJKHVW�PHDVXUHG�9'6 YDOXH�IRU�HDFK�GHYLFH�ZKLFK�UHVHPEOHV�
WKH�RXWSXW�FKDUDFWHULVWLF�EHKDYLRXU�DW�OLQHDU�UHJLRQ��ZKLFK�LV�
WKH�FDVH�IRU�WKH�VSHFLILF�RSHUDWLQJ�FRQGLWLRQV��,W�FDQ�EH�HDVLO\�
FRQFOXGHG�� HVSHFLDOO\� IRU�'���� GHYLFH�ZKHUH�96� HIIHFW� LV�
PRUH�LQWHQVH��WKDW�WKH�UHGXFWLRQ�RI�6,'I DW�KLJKHU�GUDLQ�YROWDJH�
GHFUHDVHV�WKH�VORSH�RI�WKH�GHSHQGHQFHV�PHQWLRQHG�DERYH��,I�
96� HIIHFW� LV� LJQRUHG�� WKHQ� 6,'I IROORZV� 9'6� DQG ,'�� OLQHV�
SUHFLVHO\�� ,Q� RUGHU� WR� H[DPLQH� WKH�9'6�GHSHQGHQFH� RI� 6,'I
WKRURXJKO\� DQG� FRQILUP� WKH� FRQWULEXWLRQ� RI�96� HIIHFW�� WKH�
PRGHO�LV�H[WHQGHG�WR�KLJKHU�9'6 YDOXHV�XS�WR���9 IRU�9*6 ����
9 �7KLV�JDWH�YROWDJH�LV�FKRVHQ�LQ�RUGHU�WR�UHPDLQ�QHDU�&13��
IRU�WKH�'����*)(7��$V�LW LV�FOHDU�IURP�ULJKW�ERWWRP�SORW�RI�
)LJ�����WRWDO�6,'IPRGHO�VWDUWV�WR�JHW�VDWXUDWHG�DW�KLJKHU�9'6��
ZLWKRXW�IROORZLQJ�a9'6��DQG�,'��EHKDYLRXU�DQ\PRUH�ZKLOH�WKH�
ORQJ�FKDQQHO�PRGHO��ZKHUH�96�HIIHFW�LV�QRW�LQFOXGHG��UHWDLQV�
WKLV�EHKDYLRXU� ,Q�ULJKW�SORW�RI�)LJ�����6,'I YV��9*())�LV�VKRZQ�
IRU�WKH�6*�*)(7�DQG�WKH�PRGHO�LV�DOVR�SUHFLVH�

9� &21&/86,216

,Q� FRQFOXVLRQ�� D� WKRURXJK� /)1� SDUDPHWHU� H[WUDFWLRQ�
PHWKRGRORJ\�LV�SURSRVHG�IRU�6/�*)(7V��7KH�ǻȝ��ǻȃ DQG�ǻ5
HIIHFWV�WKDW�FRQWULEXWH�WR�/)1�DUH�DQDO\]HG�DQG�WKH�UHOHYDQW�
SDUDPHWHUV� DUH� GHULYHG� IURP� WKH� 9*()) UHJLRQV� WKDW� WKH\�
SUHYDLO�IRU�ORZ�9'6�YDOXHV��$W�KLJK�9'6 UHJLRQ��WKH�UHGXFWLRQ�

RI�/)1�GXH�WR�96�HIIHFW�LV�DFFXUDWHO\�SUHGLFWHG�E\�WKH�PRGHO�
DQG�WKH�96�UHODWHG�,9�SDUDPHWHU�LV�FRQILUPHG��7KH�H[WUDFWHG�
SDUDPHWHUV�DUH�DSSOLHG�DW�WKH�UHFHQWO\�HVWDEOLVKHG�/)1�*)(7�
PRGHO�>��@�>��@�ZKLFK�JLYHV�H[FHOOHQW�UHVXOWV�ZKHQ�YDOLGDWHG�
ZLWK�H[SHULPHQWDO�GDWD�IURP�6/�VKRUW�FKDQQHO�&9'�*)(7V�
DQG� ORQJ� FKDQQHO� 6*�*)(7V� IRU� D� ZLGH� UDQJH� RI� ELDV�
FRQGLWLRQV��7KLV�ZRUN�FDQ�EH�SURYHG�D�YHU\�UHOLDEOH�WRRO�IRU�
5)�JUDSKHQH�FLUFXLWV¶�GHVLJQ�ZKHUH�/)1�LV�VLJQLILFDQW�DQG�
WKXV��VKRXOG�EH�DFFXUDWHO\�SUHGLFWHG�

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

7KLV� ZRUN� ZDV� IXQGHG� E\� WKH� (XURSHDQ� 8QLRQ¶V� +RUL]RQ�
����� UHVHDUFK� DQG� LQQRYDWLRQ� SURJUDP� XQGHU� *UDQW�
$JUHHPHQW� 1R�� *UDSKHQH&RUH�� ������� �*UDSKHQH�
)ODJVKLS��� 0DULH� 6NáRGRZVND�&XULH� *UDQW� $JUHHPHQW� 1R�
�������DQG�*UDQW�$JUHHPHQW�1R����������%UDLQ&RP���:H�
DOVR�DFNQRZOHGJH�ILQDQFLDO�VXSSRUW�E\�6SDQLVK�JRYHUQPHQW
XQGHU WKH� SURMHFWV 7(&�����������&����5� 57,�����
�������%�&��� �0&,8�$(,�)('(5�� 8(� DQG� ����3�
��������5,6�&$7���7KLV�ZRUN�ZDV�SDUWO\�VXSSRUWHG�E\�WKH�
)UHQFK�5(1$7(&+�QHWZRUN��7KH� ,&1�� LV�DOVR� VXSSRUWHG�
E\� WKH� 6HYHUR� 2FKRD� &HQWUHV� RI� ([FHOOHQFH� SURJUDPPH��
IXQGHG� E\� WKH� 6SDQLVK� 5HVHDUFK� $JHQF\� �$(,�� JUDQW� QR��
6(9������������

5()(5(1&(6
>�@ $��&��)HUUDUL�HW�DO���³6FLHQFH�DQG�WHFKQRORJ\�URDGPDS�IRU�JUDSKHQH��

UHODWHG� WZR�GLPHQVLRQDO� FU\VWDOV�� DQG� K\EULG� V\VWHPV�´� 1DQRVFDOH��
YRO�� ��� QR�� ���� SS�� ����������� 6HS�� ������ GRL�
KWWSV���GRL�RUJ���������&�15�����$�

>�@ *��)LRUL� )��%RQDFFURVR��*��,DQQDFRQH��7��3DODFLRV��'��1HXPDLHU��$��
6HDEDXJK��6��.��%DQHUMHH�DQG�/��&RORPER� ³(OHFWURQLFV�EDVHG�RQ�WZR�
GLPHQVLRQDO�PDWHULDOV�´�1DWXUH�1DQRWHFKQRO���YRO�����QR������SS������
�����2FW��������GRL��KWWSV���GRL�RUJ���������QQDQR����������

>�@ 0G��$��.KDQ��6��3��0RKDQW\�DQG�(��.RXJLDQRV��³6WDWLVWLFDO�SURFHVV�
YDULDWLRQ� DQDO\VLV� RI� D� JUDSKHQH� )(7� EDVHG� /&�9&2� IRU� :/$1�
DSSOLFDWLRQV�´�LQ�3URF��,(((���WK ,QW��6\PS��4XDOLW\�(OHFWURQ��'HVLJQ�
�,64('��� SS�� ��������� 0DUFK� ������ GRL��
KWWSV���GRL�RUJ���������,64('��������������

>�@ (��*XHUULHUR� /��3ROORQL��0��%LDQFKL��$��%HKQDP��(��&DUULRQ��/��*��
5L]]L�� (�� 3RS� DQG�5�� 6RUGDQ�� ³*LJDKHUW]� ,QWHJUDWHG�*UDSKHQH�5LQJ�
2VFLOODWRUV�´�$&6�1DQR��YRO�����QR�����SS�������������-XQ� ������GRL��
KWWSV���GRL�RUJ���������QQ������Y�

>�@ $��$��*HQHUDORY� 0��$��$QGHUVVRQ��;��<DQJ��$��9RURELHY�DQG�-��6WDNH�
³$� ����*+]� *UDSKHQH� )(7� 'HWHFWRU�´� ,(((� 7UDQV�� 7+]� 6FL��
7HFKQRO��� YRO�� ��� QR�� ��� SS�� ��������� 6HSW�� ������ GRL��
KWWSV���GRL�RUJ���������77+=��������������

>�@ 6�� &DVWLOOD�� %�� 7HUUHV�� 0�� $XWRUH�� /�� 9LWL�� -�� /L�� $�� <�� 1LNLWLQ�� ,��
9DQJHOLGLV��.��:DWDQDEH��7��7DQLJXFKL��(��/LGRULNLV��0��6��9LWLHOOR��
5�� +LOOHQEUDQG�� .�� -�� 7LHOURRLM� DQG� )�� +�� /�� .RSSHQV�� ³)DVW� DQG�
6HQVLWLYH�7HUDKHUW]�'HWHFWLRQ�8VLQJ�DQ�$QWHQQD�,QWHJUDWHG�*UDSKHQH�
SQ�-XQFWLRQ�´�1DQR�/HWWHUV��YRO������QR�����SS�������������0D\�������
GRL��KWWSV���GRL�RUJ���������DFV�QDQROHWW��E������

>�@ /��+��+HVV� 0��6HLIHUW� DQG� -��$��*DUULGR� ³*UDSKHQH� WUDQVLVWRUV� IRU�
ELRHOHFWURQLFV�´�3URF��,(((��YRO�������QR�����SS�������������-XO��������
GRL��KWWSV���GRL�RUJ���������-352&��������������

>�@ &��+HEHUW��(��0�&RGLQD��$��6�3HUH]��$��%RQDFFLQL�&DOLD� *��3LUHW��5��
*DUFLD�&RUWDGHOOD��;��,OOD��(��GHO�&RUUR��-��GH�OD�&UX]��'��9��&DVDOV��(��
3�$OIRQVR�� -��%RXVTXHW�� 3��*RGLJQRQ��%��<YHUW��5��9LOOD��0��9�� 6�
9LYHV��$��*�%UXQHW�DQG�-��$��*DUULGR� ³)OH[LEOH�*UDSKHQH�6ROXWLRQǦ
*DWHG� )LHOGǦ(IIHFW� 7UDQVLVWRUV�� (IILFLHQW� 7UDQVGXFHUV� IRU� 0LFURǦ
(OHFWURFRUWLFRJUDSK\�´� $GY�� )XQFW�� 0DWHU�� YRO�� ���� QR�� ���� SS��
���������0DUFK ������GRL��KWWSV���GRL�RUJ���������DGIP�����������

>�@ 6��5XP\DQWVHY� *��/LX��0��6��6KXU��5��$��3RW\UDLOR��$��$��%DODQGLQ�
³6HOHFWLYH�*DV�6HQVLQJ�ZLWK�D�6LQJOH�3ULVWLQH�*UDSKHQH�7UDQVLVWRU�´�
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1DQR� /HWWHUV�� YRO�� ���� QR�� ��� SS�� ����������� 0D\� ������ GRL�
KWWSV���GRL�RUJ���������QO��������

>��@ $�� $�� %DODQGLQ�� ³/RZ�IUHTXHQF\� ��I� QRLVH� LQ� JUDSKHQH� GHYLFHV�´�
1DWXUH� 1DQRWHFKQRO��� YRO�� ��� QR�� ��� SS�� ��������� $XJ�� ������ GRL��
KWWSV���GRL�RUJ���������QQDQR����������

>��@ 6��.��/HH� &��*��.DQJ��<��*��/HH��&��&KR��(��3DUN��+��-��&KXQJ��6��6HR��
+�� '�� /HH� DQG� %�� +�� /HH� ³&RUUHODWLRQ� RI� ORZ� IUHTXHQF\� QRLVH�
FKDUDFWHULVWLFV� ZLWK� WKH� LQWHUIDFLDO� FKDUJH� H[FKDQJH� UHDFWLRQ� DW�
JUDSKHQH�GHYLFHV�´�&DUERQ��YRO������QR������SS�������������6HS��������
GRL��KWWSV���GRL�RUJ���������M�FDUERQ�������������

>��@ $��1��3DO��6��*KDWDN��9��.RFKDW��(��6��6QHKD��$��6DPSDWKNXPDU��6��
5DJKDYDQ� DQG�$��*KRVK�� ³0LFURVFRSLF�0HFKDQLVP�RI���I�1RLVH� LQ�
*UDSKHQH��5ROH�RI�(QHUJ\�%DQG�'LVSHUVLRQ�´�$&6�1DQR��YRO�����QR�����
SS�������������0DUFK�������GRL��KWWSV���GRL�RUJ���������QQ������Q�

>��@ ,��+HOOHU��6��&KDWRRU��-��0DQQLN��0��$��*��=HYHQEHUJHQ��-��%��2RVWLQJD��
$�� )�� 0RUSXUJR�� &�� 'HNNHU� DQG� 6�� *�� /HPD\�� ³&KDUJH� 1RLVH� LQ�
*UDSKHQH�7UDQVLVWRUV�´�1DQR�/HWWHUV��YRO������QR�����SS�������������
0D\������� GRL��KWWSV���GRL�RUJ���������QO������J�

>��@ *��/LX��6��5XP\DQWVHY��0��6��6KXU�DQG�$��%DODQGLQ��³2ULJLQ�RI���I�
QRLVH� LQ�JUDSKHQH�PXOWLOD\HUV��VXUIDFH�YV��YROXPH�´�$SSOLHG�3K\VLFV�
/HWWHUV�� YRO�� ����� QR�� ��� S�� ������� ������ GRL��
KWWSV���GRL�RUJ�������������������

>��@ 0�� =�� +RVVDLQ�� 6�� 5XP\DQWVHY�� 0�� 6�� 6KXU� DQG� $�� %DODQGLQ��
³5HGXFWLRQ�RI����I�QRLVH�LQ�JUDSKHQH�DIWHU�HOHFWURQ�EHDP�LUUDGLDWLRQ�´�
$SSOLHG� 3K\VLFV� /HWWHUV�� YRO�� ����� QR�� ���� S�� �������� ������ GRL��
KWWSV���GRL�RUJ�������������������

>��@ 0��$��6WRO\DURY� *��/LX��6��5XP\DQWVHY��0��6��6KXU�DQG�$��%DODQGLQ�
³6XSSUHVVLRQ� RI� ��I� QRLVH� LQ� QHDU�EDOOLVWLF� K�%1�JUDSKHQH�K�%1�
KHWHURVWUXFWXUH�ILHOG�HIIHFW�WUDQVLVWRUV�´�$SSOLHG�3K\VLFV�/HWWHUV��YRO��
����� QR�� ��� S�� ������� -XO\� ������ GRL��
KWWSV���GRL�RUJ�������������������

>��@ 6�� 5XP\DQWVHY�� *�� /LX��:�� 6WLOOPDQ��0�� 6�� 6KXU� DQG�$�� %DODQGLQ��
³(OHFWULFDO� DQG� QRLVH� FKDUDFWHULVWLFV� RI� JUDSKHQH� ILHOG�HIIHFW�
WUDQVLVWRUV��DPELHQW�HIIHFWV��QRLVH�VRXUFHV�DQG�SK\VLFDO�PHFKDQLVPV�´�
-��3K\V�� &RQGHQV��0DWWHU��YRO������QR������SS����������2FW��������GRL��
KWWSV���GRL�RUJ���������������������������������

>��@ 1��0DYUHGDNLV��5��*DUFLD�&RUWDGHOOD��$��%RQDFFLQL�&DOLD��-��$��*DUULGR�
DQG�'��-LPHQH]��³8QGHUVWDQGLQJ�WKH�ELDV�GHSHQGHQFH�RI�ORZ�IUHTXHQF\�
QRLVH�LQ�VLQJOH�OD\HU�JUDSKHQH�)(7V�´�1DQRVFDOH��YRO������QR������SS��
�������������$XJ��������GRL��KWWSV���GRL�RUJ���������&�15�����'�

>��@ 1��0DYUHGDNLV��:��:HL��(��3DOOHFKL��'��9LJQDXG��+��+DSS\��5��*DUFLD�
&RUWDGHOOD�� $�� %RQDFFLQL� &DOLD�� -�� $�� *DUULGR DQG� '�� -LPHQH]���
³9HORFLW\�6DWXUDWLRQ�HIIHFW�RQ�/RZ�)UHTXHQF\�1RLVH�LQ�VKRUW�FKDQQHO�
6LQJOH�/D\HU�*UDSKHQH�)(7V�´�$&6�$SSOLHG (OHFWURQLF�0DWHULDOV� YRO��
��� QR�� ���� SS�� ����������� 'HF�� ������ GRL��
KWWSV���GRL�RUJ���������DFVDHOP��E������

>��@ 6��.LP��-��1DK��,��-R��'��6KDKUMHUGL��/��&RORPER��=��<DR��(��7XWXF�DQG�
6��.��%DQHUMHH��³5HDOL]DWLRQ�RI�D�KLJK�PRELOLW\�GXDO�JDWHG�JUDSKHQH�
ILHOG�HIIHFW�WUDQVLVWRU�ZLWK�$O�2� GLHOHFWULF�´�$SSOLHG�3K\VLFV�/HWWHUV��
YRO�� ���� QR�� ��� SS�� �������� )HE�� ������ GRL��
KWWSV���GRL�RUJ�������������������

>��@ ,��0HULF��0��<��+DQ��$��)��<RXQJ��%��2]\LOPD]��3��.LP�DQG�.��/��
6KHSDUG�� ³&XUUHQW� VDWXUDWLRQ� LQ� ]HUR�EDQGJDS�� WRS�JDWHG� JUDSKHQH�
ILHOG�HIIHFW�WUDQVLVWRUV�´�1DWXUH�1DQRWHFKQRO���YRO�����QR������SS������
�����1RY��������GRL��KWWSV���GRL�RUJ���������QQDQR����������

>��@ '�� -LPHQH]�� DQG� 2�� 0ROGRYDQ�� ³([SOLFLW� 'UDLQ�&XUUHQW� 0RGHO� RI�
*UDSKHQH� )LHOG�(IIHFW� 7UDQVLVWRUV� 7DUJHWLQJ� $QDORJ� DQG� 5DGLR�
)UHTXHQF\�$SSOLFDWLRQV�´�,(((�7UDQV��(OHFWURQ�'HYLFHV��YRO������QR��
���� SS�� ����������� 1RY�� ������ GRL��
KWWSV���GRL�RUJ���������7('��������������

>��@ )� 3DVDGDV��DQG�'��-LPHQH]��³/DUJH�VLJQDO�PRGHO�RI�JUDSKHQH�ILHOG�
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