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� 6DWHOOLWH %UHDNXS ��
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� &RQMXQFWLRQ $QDO\VLV ��
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� 0HWKRGRORJ\ ��
��� 6XPPDU\ RI WKH 6LPXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� )UDJPHQW 'DWD *HQHUDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6DWHOOLWH 'DWD *HQHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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� 9HULILFDWLRQ DQG 9DOLGDWLRQ ��
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$EVWUDFW
6SDFH GHEULV IUDJPHQWV VPDOOHU WKDQ �� FP FDQQRW EH WUDFNHG IURP (DUWK DQG DUH JHQHUDOO\ QHJOHFWHG
LQ FRQMXQFWLRQ DQG ULVN DQDO\VHV EHFDXVH RI WKLV� +RZHYHU� WKHVH IUDJPHQWV SRVH D JUHDW WKUHDW� DV
WKH\ FDQ OHDG WR FROOLVLRQV� &XUUHQWO\� WKH WKUHDW WKDW VSDFH GHEULV SRVHV RQ WKH VSDFH HQYLURQPHQW LV
JHWWLQJ ODUJHU� VR PHWKRGV WR PLWLJDWH VDLG GHEULV QHHG WR EH H[SORUHG� 7KH WHFKQLTXH WKDW ZDV VWXGLHG
KHUH� FRQVLVWHG RI D SDVVLYH VSDFHFUDIW ZLWK D FLUFXODU FURVV�VHFWLRQDO VXUIDFH RI D PDWHULDO� VXFK DV
DHURJHO RU IRDP� ZLWK WKH DELOLW\ WR GHFHOHUDWH DQG FDWFK WKH GHEULV IUDJPHQWV HQFRXQWHUHG� *LYHQ WKLV
FKRLFH� D FDSWXUH DQDO\VLV ZDV FDUULHG RXW IRU VXFK D SRWHQWLDO WHFKQLTXH� ,W ZDV FRQFOXGHG� WKDW WKH
PRVW IDYRUDEOH RUELWDO VHWWLQJV IRU VXFK D PHWKRG� ZRXOG EH LQ WKH FDVH RI DQ H[SORVLRQ RI DQ DFWLYH
RU GHIXQFW VSDFHFUDIW� DV D GLUHFW UHDFWLRQ GHYLFH� 7KLV VFHQDULR ZDV WKHQ VLPXODWHG XVLQJ WKH RUELWDO
SDUDPHWHUV RI WKH .RVPRV ���� DQWL�VDWHOOLWH PLVVLOH WHVW� 7KH UHVXOWV VKRZHG WKDW IRU D VSDFHFUDIW
ZLWK D FROOHFWRU UDGLXV RI �� PHWHUV� � WR �� RI WKH QHZO\ FUHDWHG IUDJPHQWV ZHUH FDXJKW� ZKHUHDV�
IRU D ODUJHU VSDFHFUDIW ZLWK D UDGLXV RI ��� PHWHUV� WKDW QXPEHU LQFUHDVHG WR XS WR ���� 7KH LGHDO
GHSOR\PHQW WLPH IRU D VSDFHFUDIW RI �� PHWHUV UDGLXV ZDV IRXQG WR EH �� KRXUV DIWHU WKH IUDJPHQWDWLRQ�
ZKHUHDV IRU ��� PHWHUV LW ZDV � KRXUV� ,W ZDV IRXQG WKDW WKH FDSDELOLW\ RI VXFK D PHWKRG LV KLJKO\
GHSHQGHQW RQ WKH FDWFKHU VL]H� ZKHUHDV GHSOR\PHQW WLPH KDV D VPDOOHU LPSDFW� 0RUHRYHU� LW ZDV
FRQFOXGHG WKDW WKH SHUIRUPDQFH RI WKLV WHFKQLTXH LV YHU\ VHQVLWLYH WR LQMHFWLRQ LQDFFXUDFLHV� DV WKH
QXPEHU RI IUDJPHQWV FDXJKW ZRXOG EH FORVH WR ]HUR�
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,QWURGXFWLRQ

,I ZH ZHUH WR OLYH LQ D ZRUOG ZKHUH DIWHU HYHU\ FDU FUDVK QRQH RI WKH EURNHQ SDUWV ZHUH FOHDQHG XS�
LW ZRXOG UHDFK D SRLQW ZKHUH WKRVH SDUWV ZRXOG OHDG WR PRUH DFFLGHQWV DQG WKXV PRUH FDU SDUWV� XQWLO
HYHQWXDOO\� URDGV ZRXOG EHFRPH YLDEO\ XQXVDEOH� $W WKLV YHU\ PRPHQW� KXPDQNLQG ILQGV LWVHOI IDFLQJ
D VLPLODU LVVXH� QRW RQ URDGV� EXW LQ VSDFH� :KHQ WDONLQJ DERXW VSDFH GHEULV� WKLV SKHQRPHQRQ LV RI�
WHQ UHIHUUHG WR DV WKH ´.HVVOHU 6\QGURPH´� D SRSXODU WHUP LQ RUELW G\QDPLFV WKDW GHVFULEHV D VFHQDULR
ZKHUH FROOLVLRQV OHDG WR IUDJPHQW JHQHUDWLRQ DQG WKHVH IUDJPHQWV OHDG WR PRUH FROOLVLRQV� 7KH UHVXOW RI
WKH LQFUHDVH LQ WKH QXPEHU RI FROOLVLRQV OHDGV WR DQ H[SRQHQWLDO DQG VHOI�VXVWDLQLQJ LQFUHPHQW RI VSDFH
GHEULV �.HVVOHU HW DO�� ������ 7KLV LQFUHDVH LQ VSDFH GHEULV ZRXOG DW RQH SRLQW JHQHUDWH D KLJK�ULVN
VLWXDWLRQ IRU ERWK QHZ DQG H[LVWLQJ PLVVLRQV� WKXV KLQGHULQJ WKH DGYDQFH RI VSDFH WUDYHO�

*LYHQ WKH ODUJH QXPEHU RI IUDJPHQWV LQ RUELW� QXPHURXV �LQWHU�JRYHUQPHQWDO DJHQFLHV DQG SULYDWH FRP�
SDQLHV DUH ZRUNLQJ WR GHYHORS $FWLYH 'HEULV 5HPRYDO �$'5� PHWKRGV WR PLWLJDWH WKH FXUUHQW VLWXDWLRQ
KXPDQNLQG IDFHV� 1RQHWKHOHVV� WKHVH ERGLHV RQO\ IRFXV RQ FOHDQLQJ XS WKH WUDFNDEOH ODUJH GHEULV�
7KLV PHDQV WKDW DQ HVWLPDWHG ��� PLOOLRQ IUDJPHQWV DUH OHIW XQDWWHQGHG �/HPPHQV 	 /HWL]LD� ������
$OWKRXJK IUDJPHQWV EHORZ ��� NP DOWLWXGH ZLOO HYHQWXDOO\ GHFD\ DQG EXUQ XS XSRQ UH�HQWU\ LQWR (DUWK¶V
DWPRVSKHUH� XQWLO WKDW KDSSHQV� ZKLFK FDQ WDNH \HDUV GHSHQGLQJ RQ IUDJPHQW FRQGLWLRQV� WKHVH IUDJ�
PHQWV DUH QHJOHFWHG LQ FRQMXQFWLRQ DQDO\VHV� ZLWK REYLRXV FRQVHTXHQFHV�

)RU WKLV UHDVRQ� WKLV VWXG\ ZLOO IRFXV RQ VPDOO VSDFH GHEULV PLWLJDWLRQ� 7R GR WKLV� WZR VFHQDULRV ZLOO
EH LQLWLDOO\ FRQVLGHUHG� DQ RYHUDOO FOHDQ�XS RI VSDFH DQG D FOHDQ�XS LQ WKH FDVH RI DQ H[LVWLQJ EUHDNXS
HYHQW� GXH WR DQ H[SORVLRQ� 7KH 1DWLRQDO $HURQDXWLFV DQG 6SDFH $GPLQLVWUDWLRQ �1$6$� GHILQHV D SDV�
VLYH PHWKRG DV RQH ZKLFK GRHV QRW UHTXLUH IXUWKHU DFWLYH FRQWURO DIWHU GHSOR\PHQW �&DOGZHOO� ������
7KH VWXG\ ZLOO H[DPLQH WKH IHDVLELOLW\ RI XVLQJ D SDVVLYH VSDFHFUDIW WR FOHDQ XS WKH VPDOO GHEULV E\
DQDO\]LQJ D YDULHW\ RI DVSHFWV VXFK DV WKH WLPH GHOD\ WR UHDFK WKH GHVLUHG RUELW DQG SRVVLEOH LQMHFWLRQ
LQDFFXUDFLHV� 7KLV VSDFHFUDIW ZLOO EH LQSXW LQWR WKH GHVLUHG RUELW DQG WKHQ DQ DQDO\VLV RI WKH QXPEHU
RI IUDJPHQWV FDXJKW ZLOO EH FDUULHG RXW� 7KH VLPSOLFLW\ RI WKLV GHVLJQ ZRXOG PDNH LW UHYROXWLRQDU\ DV LW
GRHV QRW UHTXLUH DFWLYH GHEULV WUDFNLQJ RU PDQHXYHULQJ WR FDWFK WKH GHEULV� +RZHYHU� D FRQFHSW VXFK
DV WKLV RQH KDV QHYHU EHHQ VWXGLHG VR LW LV XQNQRZQ ZKHWKHU LW ZRXOG ZRUN� 7KHUHIRUH WKH SULPDU\ JRDO
RI WKLV VWXG\ LV WR GHWHUPLQH WKH IHDVLELOLW\ RI D PHWKRG VXFK DV WKH RQH SURSRVHG� 7KH VSHFLILF UHVHDUFK
TXHVWLRQ WR EH DQVZHUHG LV WKH IROORZLQJ�

³+RZ HIIHFWLYH ZRXOG D SDVVLYH UHPRYDO PHWKRG EH LQ PLWLJDWLQJ VSDFH GHEULV VPDOOHU
WKDQ �� FP LQ D FRQMXQFWLRQ DQDO\VLV"´

,Q RUGHU WR VXFFHVVIXOO\ DQVZHU WKLV TXHVWLRQ D VHW RI VXE�TXHVWLRQV ZLOO EH ORRNHG DW�

� :KDW ZRXOG WKH FRQFHSW RI VXFK D VSDFHFUDIW ORRN OLNH"

� :KDW ZRXOG EH D IDYRUDEOH RUELWDO VHWWLQJ LQ ZKLFK WKLV PHWKRG ZRXOG EH VXFFHVVIXO"

� :KDW ZRXOG EH DQ HIIHFWLYH VL]H IRU WKH FDWFKHU YHKLFOH"

�
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� :KHQ ZRXOG WKH LGHDO GHSOR\PHQW WLPH EH"

� :KDW ZRXOG EH WKH \LHOG RI WKH V\VWHP"

� &RXOG VXFK D PHWKRG VWLOO ZRUN JLYHQ LQMHFWLRQ LQDFFXUDFLHV"

� :KLFK PRPHQWXP YDOXHV ZRXOG VXFK D VSDFHFUDIW HQFRXQWHU"

7R DQVZHU WKLV UHVHDUFK TXHVWLRQ DQG VXE�TXHVWLRQV� VHYHUDO DVSHFWV ZLOO DGGUHVVHG� 7R EHJLQ ZLWK�
WKH UHOHYDQFH DQG MXVWLILFDWLRQ IRU WKH UHVHDUFK ZLOO EH SUHVHQWHG LQ D GHWDLOHG PDQQHU� 7KLV ZLOO EH
IROORZHG E\ D GHVFULSWLRQ RI WKH VSDFH GHEULV SRSXODWLRQ LQFOXGLQJ WKH FXUUHQW HQYLURQPHQW� WKH QDWXUH
RI WKH GHEULV� D VSHFLILF ORRN LQWR WKH EHKDYLRU RI GHEULV DW /RZ (DUWK 2UELW �/(2� DV ZHOO DV WKUHDWV
DQG WKH IXWXUH HYROXWLRQ RI GHEULV� 1H[W� &KDSWHU � ZLOO ORRN LQWR H[LVWLQJ GHEULV UHPRYDO WHFKQLTXHV�
KHUH DOO WHFKQLTXHV ZLOO EH FRQVLGHUHG LQFOXGLQJ WKRVH XVHG IRU ODUJHU VSDFH GHEULV VR ORQJ DV GHHPHG
DSSOLFDEOH WR VPDOO GHEULV� 7KLV FKDSWHU ZLOO DOVR SURYLGH D GHWDLOHG GHVFULSWLRQ RI WKH GHEULV UHPRYDO
LGHD XVHG IRU WKLV VWXG\� 7KH IROORZLQJ FKDSWHU ZLOO ORRN DW WKH DVWURG\QDPLFV RI ERWK WKH GHEULV DQG WKH
UHPRYDO VSDFHFUDIW� 7KLV ZLOO ORRN DW UHIHUHQFH IUDPHV� FRRUGLQDWH V\VWHPV� JRYHUQLQJ HTXDWLRQV� RUELW
SURSDJDWLRQ DQG LQWHJUDWLRQ DV ZHOO DV DVVXPSWLRQV PDGH IRU WKH DVWURG\QDPLFV RI WKH SUREOHP DQG
SUHOLPLQDU\ QXPEHUV IRU DOO FDVHV� &KDSWHU � ZLOO SURYLGH LQVLJKW LQWR WKH VDWHOOLWH EUHDNXS DV ZHOO DV WKH
H[SORVLRQ JHRPHWU\ DQG IUDJPHQW GDWD JHQHUDWLRQ� 1H[W� WKH FRQGLWLRQV IRU WKH FRQMXQFWLRQ DQDO\VLV
ZLOO EH SUHVHQWHG� &KDSWHU � ZLOO SUHVHQW DQ RYHUDOO RYHUYLHZ RI WKH GHYHORSHG PHWKRGRORJ\ LQ WKH IRUP
RI IORZ FKDUWV� &KDSWHU � ZLOO ORRN DW WKH YHULILFDWLRQ DQG YDOLGDWLRQ RI WKH PRGHO XVHG DV ZHOO DV DOO WKH
SDUWV LPSOHPHQWHG LQ WKH FRGH� 7KH SURFHHGLQJ FKDSWHU ZLOO SUHVHQW WKH UHVXOWV REWDLQHG IURP WKH VWXG\
DV ZHOO DV D GLVFXVVLRQ RI WKH YDULRXV UHVXOWV� )LQDOO\� WKH ODVW FKDSWHU ZLOO SUHVHQW WKH FRQFOXVLRQV RI
WKH VWXG\ LQFOXGLQJ WKH IHDVLELOLW\ DQG OLPLWDWLRQV DV ZHOO DV UHFRPPHQGDWLRQV IRU IXUWKHU VWXGLHV�
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6LQFH WKH EHJLQQLQJ RI WKH VSDFH HUD LQ ����� ������ VDWHOOLWHV KDYH EHHQ ODXQFKHG LQWR DQ (DUWK RUELW�
$FFRUGLQJ WR WKH (XURSHDQ 6SDFH2SHUDWLRQV &HQWUH �(62&�� ����� RI WKRVH DUH VWLOO LQ VSDFH� KRZHYHU�
RQO\ ����� DUH VWLOO IXQFWLRQDO �(6$� ����G�� 7KLV PHDQV WKDW WKHUH DUH ����� VDWHOOLWHV LQ VSDFH WKDW
VKRXOG QRW EH WKHUH� SRVLQJ DQ LQFUHDVHG ULVN WKDW FRXOG EH DYRLGHG E\ UHPRYLQJ WKHP� 2YHU WKH SDVW
\HDUV� PRUH DZDUHQHVV KDV EHHQ EURXJKW WR WKH FXUUHQW VLWXDWLRQ RI VSDFH GHEULV DQG WKH ULVN LW SRVHV
WR IXWXUH JHQHUDWLRQV� 7KLV FKDSWHU ZLOO FRQFHUQ LWVHOI ZLWK WKH UHOHYDQFH RI WKH VWXG\ DW KDQG DQG WKH
MXVWLILFDWLRQ RI WKH UHVHDUFK� 7R GR WKLV WKH FRQVHTXHQFHV RI VWD\LQJ RQ WKH FXUUHQW WUDFN ZH DUH RQ�
DORQJ ZLWK WKH GLYHUVH FRXUVHV RI DFWLRQ WKDW DUH EHLQJ WDNHQ� ZLOO EH ORRNHG DW� :KLOH WKLV FKDSWHU ZLOO
RQO\ IRFXV RQ WKH UDWLRQDOH RI WKH LQYHVWLJDWLRQ FDUULHG RXW LQ WKLV VWXG\� D PRUH LQ�GHSWK GHVFULSWLRQ RI
WKH VSDFH HQYLURQPHQW� PHDVXUHPHQWV DQG SRVVLEOH UHPRYDO WHFKQLTXHV ZLOO EH SUHVHQWHG LQ &KDSWHUV
� DQG ��

���� 'HEULV (YROXWLRQ
$FFRUGLQJ WR /HPPHQV DQG /HWL]LD ������� WKH DYHUDJH QXPEHU RI QRQ�GHOLEHUDWH IUDJPHQWDWLRQV RYHU
WKH SDVW WZR GHFDGHV KDV EHHQ ���� IUDJPHQWDWLRQV SHU \HDU� /RRNLQJ RQO\ DW FDWDVWURSKLF IUDJPHQ�
WDWLRQV UHVXOWLQJ LQ ´FRPSOHWH GHVWUXFWLRQ RI WKH WDUJHW DQG WKH LPSDFWRU´� /HPPHQV DQG /HWL]LD ������
PDGH D SUHGLFWLRQ IRU WKH HYROXWLRQ RI FDWDVWURSKLF FROOLVLRQV LQ /(2 RI REMHFWV ODUJHU WKDQ �� FP LI QR
DFWLRQ LV WDNHQ� 7KH UHVXOWV RI WKLV SUHGLFWLRQ FDQ EH VHHQ LQ )LJXUH ���� ,W FDQ EH VHHQ WKDW LI QRWKLQJ LV
GRQH� LQ WKH FRPLQJ FHQWXU\ �<HDU ����� WKH FXPXODWLYH QXPEHU RI FDWDVWURSKLF FROOLVLRQV ZLOO LQFUHDVH
XQWLO LW UHDFKHV DERXW ��� FROOLVLRQV� 1RQHWKHOHVV� WKH FRQFHUQLQJ SDUW LV WKDW LI ZH ZHUH WR VWRS DOO
IXWXUH ODXQFKHV� WKH VLWXDWLRQ ZRXOG UHVXOW LQ DERXW �� FROOLVLRQV�

)LJXUH ���� &XPXODWLYH QXPEHU RI FROOLVLRQV LQ /(2 LQ WKH VLPXODWHG VFHQDULRV RI WKH ORQJ�WHUP HYROXWLRQ RI WKH HQYLURQPHQW
�/HPPHQV 	 /HWL]LD� ������

�
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7KH VLWXDWLRQ GHSLFWHG LQ )LJXUH ��� LV WKH UHDVRQ ZK\ D VHW RI PHDVXUHV KDYH EHHQ SXW LQWR SODFH� WR
DYRLG VDLG FDWDVWURSKLF VFHQDULR� 7KHVH PHDVXUHV DUH SDVVLYDWLRQ� PLWLJDWLRQ DQG $'5�

���� 3DVVLYDWLRQ
(6$ �����D� GHILQHV SDVVLYDWLRQ DV WKH ³GHDFWLYDWLRQ RI VDWHOOLWHV¶ SRZHU V\VWHPV DQG EDWWHULHV DQG
YHQWLQJ OHIWRYHU SURSHOODQW WR UHGXFH WKH ULVN RI H[SORVLRQ LQ WKH IXWXUH´� $V FDQ EH VHHQ LQ )LJXUH ����
GXULQJ WKH SDVW �� \HDUV� DOPRVW RQH�WKLUG RI WKH FDXVHV IRU IUDJPHQWDWLRQ HYHQWV FDQ EH DWWULEXWHG
WR WKH OHIWRYHU SURSHOODQW� :KLOH EUHDNXS HYHQWV UHODWHG WR HOHFWULFDO FDXVHV RQO\ FRPSULVH ����� WR�
JHWKHU ZLWK SURSXOVLRQ�UHODWHG EUHDNXSV WKH\ DFFRXQW IRU DOPRVW ��� RI WKH EUHDNXS HYHQWV� 7KLV LV
ZK\ SDVVLYDWLRQ LV VXFK DQ LPSRUWDQW PHDVXUH LQ GHFUHDVLQJ VSDFH GHEULV� 7KURXJK WKH GHSOHWLRQ RI
WKLV H[FHVV HQHUJ\ DQG SURSHOODQW� D ODUJH QXPEHU RI EUHDNXS HYHQWV FRXOG EH DYRLGHG� $ KLVWRULFDO
RYHUYLHZ RI WKH UHODWLYH VKDUH RI EUHDNXS FDXVHV VLQFH ���� ZLOO EH SURYLGHG LQ &KDSWHU ��

)LJXUH ���� (YHQW FDXVHV DQG WKHLU UHODWLYH VKDUH IRU DOO SDVW IUDJPHQWDWLRQ HYHQWV LQ WKH ODVW �� \HDUV �/HPPHQV 	 /HWL]LD�
������

���� 0LWLJDWLRQ
,Q ����� WKH 8QLWHG 1DWLRQV �81� UHJDUGHG VSDFH GHEULV DV D SULRULW\ WR EH DGGUHVVHG IRU WKH ILUVW WLPH
HYHU� (DFK \HDU DIWHU� GLVFXVVLRQV WRRN SODFH XQWLO D GHFLVLRQ ZDV PDGH WR HVWDEOLVK D VHW RI JXLGHOLQHV
LQ ����� 7KLV OHG WR WKH JHQHUDWLRQ RI D WHFKQLFDO UHSRUW RQ VSDFH GHEULV LQ ���� �81226$� ������
2YHU WKH SURFHHGLQJ \HDUV� WKH 81 PDGH LW LWV PLVVLRQ WR PDNH VXUH WKHVH YROXQWDU\ JXLGHOLQHV ZHUH
DGRSWHG� )XUWKHUPRUH� LW UHTXLUHG PHPEHU VWDWHV WR UHVHDUFK DQG UHSRUW RQ VSDFH GHEULV� *LYHQ WKH
FRQWLQXHG LQFUHDVH RI VSDFH GHEULV LQ ���� WKH ,QWHU � $JHQF\ 6SDFH 'HEULV &RRUGLQDWLRQ &RPPLWWHH
�,$'&� SURYLGHG D VHW RI JXLGHOLQHV WR DWWHPSW WR OLPLW WKH IXUWKHU JHQHUDWLRQ RI VSDFH GHEULV �81226$�
������ 1RQHWKHOHVV� VSDFH GHEULV FRQWLQXHG WR LQFUHDVH�

,Q -DQXDU\ RI ����� WKH EUHDNXS RI WKH )HQJ<XQ��& VDWHOOLWH LQFUHDVHG WUDFNDEOH VSDFH GHEULV E\ ���
�(6$� ����G�� OHDGLQJ WR WKH DSSURYDO RI VDLG JXLGHOLQHV E\ WKH PHPEHU VWDWHV LQ ����� 2QH RI WKHVH
JXLGHOLQHV IRFXVHG RQ OLPLWLQJ ³WKH ORQJ�WHUP SUHVHQFH RI VSDFHFUDIW DQG ODXQFK YHKLFOH RUELWDO VWDJHV
LQ WKH /(2 UHJLRQ DIWHU WKH HQG RI WKHLU PLVVLRQ´ �81226$� ������ E\ UHTXLULQJ VSDFHFUDIW LQ /(2 WR
UH�HQWHU WKH DWPRVSKHUH DQG EXUQ XS ZLWKLQ �� \HDUV DIWHU FRPSOHWLQJ WKHLU PLVVLRQ �81226$� ������
,Q 1RYHPEHU ����� WKH )HGHUDO &RPPXQLFDWLRQV &RPPLVVLRQ �)&&� YRWHG WR FKDQJH WKDW QXPEHU WR
PHUHO\ � \HDUV� $Q H[DPSOH RI WKH LPSRUWDQFH RI VSDFH GHEULV PLWLJDWLRQ FDQ EH REVHUYHG LQ )LJXUH
���� $FWLRQ PXVW EH WDNHQ LQ RUGHU WR DYRLG FRPSOHWH SROOXWLRQ RI WKH HQYLURQPHQW�



���� $FWLYH 'HEULV 5HPRYDO �

�D� 6SDFH GHEULV HYROXWLRQ LQ WKH \HDU ���� ZLWKRXW DQ\
VSDFH GHEULV PLWLJDWLRQ�

�E� 6SDFH GHEULV HYROXWLRQ LQ WKH \HDU ���� ZLWK VSDFH GH�
EULV PLWLJDWLRQ�

)LJXUH ���� 6SDFH GHEULV HQYLURQPHQW EXVLQHVV DV XVXDO YHUVXV ZLWK VSDFH GHEULV PLWLJDWLRQ �(6$� ������

���� $FWLYH 'HEULV 5HPRYDO
,Q WKH SUHFHGLQJ VHFWLRQV� GLIIHUHQW ZD\V RI DYRLGLQJ WKH IXUWKHU JHQHUDWLRQ RI VSDFH GHEULV KDYH EHHQ
SUHVHQWHG� 1RQHWKHOHVV� )LJXUHV ��� DQG ��� PDGH WKH LVVXH FOHDU� QR PDWWHU KRZ PXFK WKH JXLGH�
OLQHV DUH IROORZHG� VSDFH GHEULV ZLOO FRQWLQXH WR LQFUHDVH DV PRUH VSDFHFUDIW JHW SXW LQWR RUELW� )RU WKLV
UHDVRQ� D IXUWKHU VWHS KDV WR EH WDNHQ� GHEULV KDV WR DFWLYHO\ EH UHPRYHG IURP RUELW WR DYRLG IXUWKHU JHQ�
HUDWLRQ RI QHZ GHEULV� $FWLYH 'HEULV 5HPRYDO �$'5� LV GHILQHG DV ³WKH UHPRYDO RI REVROHWH VSDFHFUDIW
�VDWHOOLWHV DQG URFNHWV� RU IUDJPHQWV RI VSDFHFUDIW WKDW KDYH EURNHQ RII VDWHOOLWHV DQG URFNHWV� WKURXJK
DQ H[WHUQDO GLVSRVDO PHWKRG´ �0D\� ������ 7KURXJK D FRPELQDWLRQ RI SDVVLYDWLRQ� PLWLJDWLRQ DQG $'5
DQ LPSURYHG VLWXDWLRQ FRXOG EH H[SHFWHG� WKHUH LV QR JXLGHOLQH WKDW RQ LWV RZQ FDQ PDNH HQRXJK RI DQ
LPSDFW WR LPSURYH WKH HQYLURQPHQW�

:KHQ WDONLQJ DERXW $'5 RQH RIWHQ UHIHUV WR WUDFNDEOH YHUVXV QRQ�WUDFNDEOH DQG ODUJH YHUVXV VPDOO
GHEULV� $W WKH PRPHQW WKLV GLVWLQFWLRQ LV PDGH DW �� FP� ZKHUH /(2 IUDJPHQWV EHORZ DERXW �� FP
DUH QRW FXUUHQWO\ WUDFNHG E\ REVHUYDWRULHV RQ (DUWK� PHDQLQJ WKDW ZKHQ FROOLVLRQ SUHGLFWLRQV DUH PDGH
WKHUH DUH ��� PLOOLRQ IUDJPHQWV ZKLFK DUH QRW WDNHQ LQWR DFFRXQW �(6$� ����H�� 6LPLODUO\� VPDOO REMHFWV
DUH FRQVLGHUHG IUDJPHQWV EHORZ �� FP ZKHUHDV ODUJH IUDJPHQWV DUH WKRVH ODUJHU WKDQ � PHWHU� /DUJH
IUDJPHQWV DUH UHVSRQVLEOH IRU WKH PDMRULW\ RI QHZ VSDFH GHEULV JHQHUDWLRQ EXW VPDOO VSDFH GHEULV SRVHV
WKH ODUJHVW WKUHDW� 7R SXW LW LQWR SHUVSHFWLYH RQH FDQ WKLQN RI D PLOOLRQ EXOOHWV IO\LQJ WKURXJK VSDFH ZLWK
QR NQRZOHGJH RI ZKHQ WKH\ FRXOG KLW \RXU VSDFHFUDIW� ,Q RUGHU WR TXDQWLI\ WKH ULVN� �(6$� ����H� FDOFX�
ODWHG WKH PHDQ WLPH EHWZHHQ LPSDFW ZLWK D GHEULV IRU VDWHOOLWHV RI GLIIHUHQW FURVV�VHFWLRQDO DUHDV� 7KH\
SUHGLFWHG WKDW DW DQ DOWLWXGH RI ��� NP� WKH PHDQ WLPH EHWZHHQ LPSDFW IRU D GHEULV REMHFW RI �� FP DQG D
VDWHOOLWH ZLWK D FURVV�VHFWLRQDO DUHD RI ��� Pኼ ZRXOG EH ������ \HDUV� )RU D VDWHOOLWH RI FURVV�VHFWLRQDO
DUHD RI �� Pኼ ZLWK D ODUJH REMHFW WKDW WLPH GHFUHDVHV WR ����� \HDUV� $OWKRXJK WKHVH YDOXHV VHHP YHU\
RSWLPLVWLF� RQH KDV WR WDNH LQWR FRQVLGHUDWLRQ WKH FRPELQHG SURILOH DUHD RI WKH VDWHOOLWHV RUELWLQJ (DUWK
DW WKH PRPHQW� 8VLQJ WKHVH QXPEHUV �(6$� ����H� FDOFXODWHG WKDW D FDWDVWURSKLF FROOLVLRQ LV H[SHFWHG
WR RFFXU HYHU\ �� \HDUV�

������ /DUJH 'HEULV
$W WKH PRPHQW� PRVW $'5 SURMHFWV FRQVLGHU ODUJH VSDFHFUDIW� 7KHVH DLP DW UHPRYLQJ ODUJH GHIXQFW
VDWHOOLWHV RU RWKHU ODUJH LWHPV DV D ZD\ WR DYRLG IXUWKHU GHEULV JHQHUDWLRQ DQG UHPRYH KLJK DPRXQWV RI
PDVV IURP RUELW� 0RVW RI WKH PHWKRGV H[SORUHG LQFOXGH FRQWDFW PHWKRGV� ZKHUH WKH PDLQ WHFKQLTXH
RI UHPRYDO LV WKURXJK FRPLQJ LQ FORVH FRQWDFW DQG SK\VLFDOO\ FDWFKLQJ DQG UHPRYLQJ WKH REMHFW� 6RPH
H[DPSOHV RI WKLV LQFOXGH SURMHFWV VXFK DV $LUEXV¶ UHPRYH'(%5,6 �$LUEXV� ����� ZKHUH D WHWKHU ZDV
XVHG DV DPHDQV RI UHPRYLQJ WKH GHEULV� UHDVRQ'(%5,6 ZKLFK FRQVLVWHG RI D VSDFH QHW XVHG WR FDWFK D
ODUJH GHEULV IUDJPHQW �$JOLHWWL HW DO�� ������ $QRWKHU SURMHFW LV &OHDU6SDFH��� WKH ILUVW SURMHFW FRQWUDFWHG
E\ (6$ WR UHPRYH DQ H[LVWLQJ GHEULV IUDJPHQW� 7KLV SURMHFW FRQVLVWV RI XVLQJ IRXU URERWLF DUPV ZKLFK
JUDE WKH LQDFWLYH VSDFHFUDIW �%LHVEURHN HW DO�� ������ 6WXGLHV FDUULHG RXW E\ 1$6$ DQG (6$ VKRZ WKDW
LQ RUGHU WR PDNH D VLJQLILFDQW LPSDFW DQG VWDELOL]H WKH HQYLURQPHQW� ILYH WR WHQ ODUJH REMHFWV KDYH WR EH
UHPRYHG IURP /(2 \HDUO\ �/HPPHQV 	 /HWL]LD� ������
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������ 6PDOO 'HEULV
*LYHQ WKH GLIILFXOW\ LQ WUDFNLQJ VPDOO VSDFH GHEULV� QRW DV PDQ\ HIIRUWV KDYH EHHQ PDGH WR PLWLJDWH WKHVH
GHEULV IUDJPHQWV� &RPSDQLHV VXFK DV /HR/DEV DUH ZRUNLQJ RQ EULGJLQJ WKH JDS RI WKH VL]H RI WUDFNDEOH
GHEULV E\ WUDFNLQJ GHEULV DV VPDOO DV � FP �0F.QLJKW� ������ 7KLV ZRXOG KHOS WKH PLWLJDWLRQ RI VDLG
IUDJPHQWV� +RZHYHU� WKHUH DUH VWLOO D QXPEHU RI VWXGLHV WKDW KDYH DFNQRZOHGJHG WKH LVVXH WKDW VPDOO
GHEULV IUDJPHQWV SRVH DQG FRPH XS ZLWK SRVVLEOH WKHRUHWLFDO VROXWLRQV� 6RPH RSWLRQV LQFOXGH WKH XVH
RI D VSDFH�EDVHG ODVHU WKDW XVHV DEODWLRQ WR GHFUHDVH WKH HQHUJ\ RI WKH GHEULV ZKLFK FDXVHV WKHP WR
ORVH DOWLWXGH DQG EXUQ XS XSRQ DWPRVSKHULF UH�HQWU\� 7KLV RSWLRQ ZDV VWXGLHG IRU VPDOO IUDJPHQWV E\
3LHWHUV DQG 1RRPHQ ������ DQG $OYHV 7HL[HLUD HW DO� ������� ,Q WKHLU UHSRUW �$OYHV 7HL[HLUD HW DO�� �����
DOVR ORRNHG DW RWKHU SRVVLEOH RSWLRQV VXFK DV D QHW ZLWK D VLPLODU FRQFHSW WR WKH RQH SUHVHQWHG LQ WKLV
VWXG\�
$QRWKHU RSWLRQ LV EDVHG RQ WKH XVDJH RI DQ LRQ EHDP� D FRQWDFWOHVV PHWKRG WKDW PDNHV XVH RI EL�
GLUHFWLRQDO SODVPD WR GHFUHDVH WKH YHORFLW\ DQG WKXV DOWLWXGH RI WKH GHEULV ZLWK WKH VDPH JRDO DV WKH
ODVHU� 1HWV KDYH DOVR EHHQ H[SORUHG DV D ZD\ WR PLWLJDWH VPDOO IUDJPHQWV� KRZHYHU� WKH PHVK ZRXOG
KDYH WR EH YHU\ VPDOO WR EH DEOH WR FDWFK WKH UHTXLUHG GHEULV� $QRWKHU PHWKRG LV VSUD\LQJ IRDP LQ
RUGHU WR LQFUHDVH WKH VL]H RI WKH GHEULV FDXVLQJ DQ LQFUHDVH LQ DWPRVSKHULF GUDJ DQG IDVWHU GH�RUELWLQJ�
$Q DGGLWLRQDO RSWLRQ WR FDWFK VPDOO VSDFH GHEULV LV D GLVN�VKDSHG VXUIDFH RI DHURJHO ZLWK D FROOHFWLRQ
FKDPEHU WKDW FDWFKHV GHEULV EDVHG RQ FRQWDFW� 7KLV RSWLRQ ZDV REWDLQHG DV D UHVXOW RI D OLWHUDWXUH
UHYLHZ FRQGXFWHG SULRU WR WKLV UHVHDUFK LQ ZKLFK &DUFHOOHU ������ LGHQWLILHG WKLV DV WKH PRVW SURPLVLQJ
RSWLRQ� 7KLV ZLOO EH H[SORUHG IXUWKHU LQ WKLV VWXG\�

������ ,PSOHPHQWDWLRQ 6WDWXV
$V DIRUHPHQWLRQHG� WKHUH DUH QR PLVVLRQV ZKLFK KDYH EHHQ ODXQFKHG DV RI WKLV PRPHQW� 7KH ILUVW
H[SHFWHG PLVVLRQ ZLOO EH &OHDUVSDFH��� +RZHYHU� JLYHQ WKH DPRXQW RI PDVV LQ VSDFH� WKH PLVVLRQ ZLOO
FRQVLGHU WKH ��� NJ 9HVSD XSSHU VWDJH �%LHVEURHN HW DO�� ������ +RZHYHU� LW LV H[SHFWHG WKDW WKLV ZLOO
EH WKH ILUVW RI PDQ\ DV DJHQFLHV DQG FRPSDQLHV DURXQG WKH ZRUOG IRFXV RQ QHXWUDOL]LQJ WKH WKUHDW WKDW
VSDFH GHEULV SRVHV�



�
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7KLV FKDSWHU ZLOO FRQFHUQ LWVHOI ZLWK WKH GHEULV SRSXODWLRQ ORRNLQJ DW WKH RULJLQ RI WKH GHEULV� WKLV ZLOO
ORRN DW WKH GHEULV RULJLQDWLQJ IURP IUDJPHQWDWLRQ YHUVXV WKDW RULJLQDWLQJ IURP RWKHU VRXUFHV� 7KHQ LW ZLOO
ORRN DW WKH VL]H RI WKH GHEULV DQG WKH GHQVLW\ GLVWULEXWLRQ RI WKH GHEULV LQ YDULRXV RUELWV� 1RQHWKHOHVV�
LW LV LPSRUWDQW WR FODULI\ WKDW VSDFH GHEULV LV ´GHILQHG DV DOO PDQ�PDGH REMHFWV LQFOXGLQJ IUDJPHQWV DQG
HOHPHQWV WKHUHRI� LQ (DUWK RUELW RU UH�HQWHULQJ WKH DWPRVSKHUH� WKDW LV QRQ�IXQFWLRQDO�´ �(6$� ����H��

���� +LVWRU\
7KH KLVWRU\ RI WKH GHEULV HQYLURQPHQW FDQ EH WUDFHG WR WKH EHJLQQLQJ RI ZKDW LV NQRZQ DV WKH VSDFH
DJH� QDPHO\ WKH ODXQFK RI 6SXWQLN � RQ WKH �፭፡ RI 2FWREHU ���� �/HPPHQV 	 /HWL]LD� ������ 6LQFH
WKHQ� REMHFWV LQ VSDFH KDYH EHHQ LQFUHDVLQJ ZLWK PRUH REMHFWV EHLQJ DGGHG LQWR QHZ RUELWV WKDQ HYHU�
7KLV FDQ EH DWWULEXWHG WR D QXPEHU RI WKLQJV VXFK DV PRUH DIIRUGDEOH VSDFH PLVVLRQV ZLWK FRQFHSWV
VXFK DV FXEHVDWV DQG WKH ODUJH QXPEHU RI FRQVWHOODWLRQV EHLQJ VHQW LQWR VSDFH� )LJXUH ��� VKRZV WKH
HYROXWLRQ RI WKH REMHFWV LQ VSDFH E\ REMHFW W\SH� )URP WKLV ILJXUH LW FDQ EH VHHQ WKDW LQ WKH SDVW ILYH
\HDUV WKH JURZWK UDWH RI REMHFWV LQ VSDFH KDV LQFUHDVHG DW D VLJQLILFDQWO\ IDVWHU UDWH� 0RUHRYHU� PRVW
GHEULV RULJLQDWHV IURP SD\ORDG PLVVLRQV UHODWHG REMHFWV� SD\ORDGV� URFNHW IUDJPHQWDWLRQ GHEULV DQG
XQLGHQWLILHG REMHFWV� 7DNLQJ D ORRN DW XQLGHQWLILHG REMHFWV� LW LV LPSRUWDQW WR NHHS LQ PLQG WKDW /HPPHQV

)LJXUH ���� (YROXWLRQ RI QXPEHU RI REMHFWV E\ REMHFW FODVV VLQFH -DQXDU\ ���� EDVHG RQ REMHFW W\SH �/HPPHQV 	 /HWL]LD� ������

DQG /HWL]LD ������ QRWHV WKDW WKH GDWD LV OLPLWHG WR FDWDORJXHG DQG DVVHUWHG REMHFWV� DQG KHQFH DW DQ\
JLYHQ HSRFK OLPLWHG WR WKH FDSDELOLW\ RI WKH VSDFH VXUYHLOODQFH V\VWHP LQ XVH DW WKH WLPH� $ VHFRQGDU\
HIIHFW KHUHRI LV WKDW ZKHQ QHZ REMHFWV DUH GHWHFWHG GXH WR LQFUHDVHG VHQVRU SHUIRUPDQFH� WKH\ FDQ

�
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JHQHUDOO\ QRW EH WUDFHG EDFN WR DQ HYHQW RU VRXUFH DQG EHFRPH FODVVLILHG DV XQLGHQWLILHG� 0HDQLQJ WKDW
WKHVH REMHFWV DUH QRW QHFHVVDULO\ QHZ REMHFWV LQ WKH VSDFH HQYLURQPHQW EXW UDWKHU QHZO\ GLVFRYHUHG�

���� )UDJPHQWDWLRQ (YHQWV
:KHQ ORRNLQJ DW WKH FRQVHTXHQFHV DQG ULVNV RI VSDFH GHEULV� LW LV LPSRUWDQW WR ORRN DW WKH HYROXWLRQ
RI VSDFH GHEULV DIWHU D IUDJPHQWDWLRQ HYHQW� 7KHUH DUH VHYHUDO H[DPSOHV ZKLFK FDQ EH ORRNHG DW� EXW
LQ HLWKHU FDVH� WKH UHVXOW LV WKH VDPH� 7KH GHEULV FORXG LV LQLWLDOO\ YHU\ FRQGHQVHG DQG WKHQ JUDGXDOO\
VSUHDGV RXW DFURVV WKH JOREH� )LJXUH ��� VKRZV WKH SHULJHH� DSRJHH DQG SHULRG RI WKH WUDFNHG GHEULV
RQH GD\ DIWHU WKH H[SORVLRQ RI .RVPRV ���� ZKLFK WRRN SODFH RQ 1RYHPEHU ����� $V FDQ EH VHHQ�
RQH GD\ DIWHU� WKH GHEULV FORXG KDV VSUHDG UHVXOWLQJ LQ D YDULHW\ RI GLIIHUHQW RUELWV� VRPH HYHQ ��� NP
DERYH WKH RULJLQDO DSRJHH DOWLWXGH� 7KH DJJORPHUDWLRQ RI WKH GHEULV IUDJPHQWV� DW WKH WLPH ULJKW DIWHU
WKH IUDJPHQWDWLRQ HYHQW� SRVHV WKH EHVW�FDVH JHRPHWU\ WR FDWFK WKH VPDOO IUDJPHQWV� )RU WKLV UHDVRQ�
.RVPRV ���� ZLOO EH VWXGLHG DV D PHDQV WR DYRLG WKH UDSLG VSUHDG DURXQG WKH JOREH� 7KH VWXG\ ZLOO
UHYHDO WKH IHDVLELOLW\ RI VXFK D GHYLFH LQ GLIIHUHQW FDVHV VXFK DV D JHQHUDO VLWXDWLRQ DV ZHOO DV H[SORVLRQV
DQG FROOLVLRQV� IRFXVLQJ RQ WKH H[SORVLRQ VFHQDULR�

)LJXUH ���� *DEEDUG GLDJUDP RI /HR/DEV GHEULV IUDJPHQWV IURP .RVPRV ����� %OXH GRWV GHQRWH WKH DSRJHH ZKLOH WKH ³SDUWQHU´
RUDQJH GRWV GHQRWH SHULJHH IRU WKH VDPH REMHFW� 7KH \�D[LV GHQRWHV WKH SHULFHQWHU DQG DSRFHQWHU DOWLWXGHV� 7KH WKLFN EODFN GRWV
UHSUHVHQW WKH RULJLQDO VLWXDWLRQ EHIRUH WKH H[SORVLRQ �0F.QLJKW� ������

���� )UDJPHQWDWLRQ 'HEULV
7KH LVVXH RI VSDFH GHEULV KDV JDLQHG LPSRUWDQFH GXULQJ WKH SDVW IHZ \HDUV GXH WR LWV JURZLQJ VHYHULW\�
7KLV VHFWLRQ ZLOO SUHVHQW WKH RULJLQ RI IUDJPHQWDWLRQ GHEULV� 7KH HLJKW FDWHJRULHV WKDW (6$ QRZ GLYLGHV
XS IUDJPHQWHG VSDFH GHEULV LQWR DUH� XQLQWHQWLRQDO� DHURG\QDPLFV� DQRPDORXV� FROOLVLRQ� GHOLEHUDWH�
HOHFWULFDO� SURSXOVLRQ� DQG XQNQRZQ� )LJXUH ��� GHSLFWV WKHVH FDWHJRULHV� ZKLFK ZLOO EH H[SORUHG LQ
PRUH GHWDLO ODWHU LQ WKH FKDSWHU�



���� )UDJPHQWDWLRQ 'HEULV �

)LJXUH ���� 3HUFHQWDJH RI IUDJPHQWDWLRQ GHEULV HYHQWV LQ WKH KLVWRU\ RI VSDFH� DORQJ ZLWK D GHVFULSWLRQ RI WKH GLYHUVH FDWHJRULHV
�(6$�81226$� ������

,W LV HYLGHQW IURP VWXG\LQJ WKH HYROXWLRQ RI IUDJPHQWDWLRQ HYHQWV WKDW PRUH DZDUHQHVV LV EHLQJ EURXJKW
WR WKH GDQJHUV RI VSDFH GHEULV� 7KLV FDQ EH VHHQ IURP WKH UHGXFWLRQ LQ IUDJPHQWDWLRQ HYHQWV� )LJXUH
��� GHSLFWV WKH QXPEHU RI IUDJPHQWDWLRQ HYHQWV VLQFH ���� LQ ILYH�\HDU ELQV� ,W FDQ EH REVHUYHG WKDW WKH
SHDN ZDV UHDFKHG LQ WKH ILYH�\HDU SHULRG IURP ���� WR ���� DQG KDV VLQFH EHHQ GHFOLQLQJ� $OWKRXJK ZH
DUH RQO\ KDOIZD\ WKURXJK RXU ILYH�\HDU ELQ LW FDQ EH H[SHFWHG WKDW ���� WR ���� ZLOO KDYH IHZHU IUDJPHQ�
WDWLRQ HYHQWV WKDQ WKH SUHYLRXV ELQ� 6R IDU VLQFH ����� PRUH WKDQ ��� RI IUDJPHQWDWLRQ HYHQWV ZHUH
XQLGHQWLILHG� ZLWK SURSXOVLRQ� HOHFWULFDO� FROOLVLRQ DQG GHOLEHUDWH DFFRXQWLQJ IRU WKH UHPDLQLQJ HYHQWV�
'HVSLWH GHFOLQLQJ LQFLGHQFHV� WKHUH LV VWLOO D ORQJ ZD\ WR JR LQ WHUPV RI WKH PLWLJDWLRQ RI VSDFH GHEULV�

)LJXUH ���� 1XPEHU RI IUDJPHQWDWLRQ GHEULV HYHQWV VLQFH ���� EDVHG RQ IUDJPHQWDWLRQ GHEULV FDWHJRULHV �/HPPHQV 	 /HWL]LD�
������



�� �� 6SDFH 'HEULV (QYLURQPHQW

$V VHHQ LQ )LJXUH ���� WKH EXON RI IUDJPHQWDWLRQ RFFXUUHQFHV LQ UHFHQW \HDUV KDYH EHHQ FODVVLILHG DV
SURSXOVLRQ� DQRPDORXV� DQG XQNQRZQ� ZLWK DFFLGHQWDO� HOHFWULFDO� DQG GHOLEHUDWH IUDJPHQWDWLRQ HYHQWV
EHLQJ QHDU QLO� ,Q FRQWUDVW� D VLJQLILFDQW SHUFHQWDJH RI IUDJPHQWDWLRQ HYHQWV LQ WKH HDUO\ \HDUV RI VSDFH�
IOLJKW ZDV GHOLEHUDWH� $GGLWLRQDOO\� LW LV HYLGHQW WKDW IHZHU IUDJPHQWDWLRQ HYHQWV KDYH RFFXUUHG LQ UHFHQW
\HDUV� ZKLFK LV SUREDEO\ D UHVXOW RI WKH VWULFWHU HQIRUFHPHQW RI GHEULV PLWLJDWLRQ OHJLVODWLRQ�

$OWKRXJK WKHUH DUH IHZHU IUDJPHQWDWLRQ HYHQWV� WKHUH LV QHYHUWKHOHVV D ULVH LQ WKH QXPEHU RI VSDFH
GHEULV �)LJXUH ����� ZLWK WKH SD\ORDG� SD\ORDG IUDJPHQWDWLRQ GHEULV� URFNHW IUDJPHQWDWLRQ GHEULV� DQG
XQNQRZQ DOO FRQWULEXWLQJ HTXDOO\ WR WKH WRWDO�

������ 3URSXOVLRQ
6LQFH WKH GDZQ RI WKH VSDFH DJH� QHDUO\ ��� RI IUDJPHQWDWLRQ GHEULV KDV EHHQ WUDFHG EDFN WR SURSXO�
VLRQ �)LJXUH ����� 7KLV LV GXH WR H[FHVV HQHUJ\ ZKLFK LV VWRUHG LQ WKH VDWHOOLWH RU URFNHW� WKLV HQHUJ\ FDQ
OHDG WR H[SORVLRQV� UHVXOWLQJ LQ D ODUJH QXPEHU RI GHEULV SDUWLFOHV� 7KLV W\SH RI IUDJPHQWDWLRQ GHEULV
FDQ EH DYRLGHG E\ JHWWLQJ ULG RI H[FHVV HQHUJ\� )RU WKLV UHDVRQ� WKH UHTXLUHPHQW RI SDVVLYDWLRQ KDV
EHHQ SXW LQWR SODFH� PHDQLQJ WKDW H[FHVV HQHUJ\ PXVW EH GLVFDUGHG� ZKHWKHU E\ HPSW\LQJ SURSHOODQW
WDQNV RU GLVFRQQHFWLQJ EDWWHULHV� GHSHQGLQJ RQ WKH VSDFHFUDIW¶V SRZHU VRXUFH �(6$� ����G��

������ 'HOLEHUDWH
7KH VHFRQG FDXVH� ZKLFK DFFRXQWV IRU QHDUO\ D TXDUWHU RI DOO VSDFH GHEULV� LV GHOLEHUDWH� WKLV FDQ LQFOXGH
WHVWLQJ RU SODQQHG H[SORVLRQV LQ FDVH RI IDLOHG UH�HQWU\ DWWHPSWV� DV ZHOO DV D PHDVXUH LPSOHPHQWHG DV
DQ HQG�RI�OLIH VWUDWHJ\� $V VKRZQ LQ )LJXUH ���� WKHVH W\SHV RI IUDJPHQWDWLRQ GHEULV KDYH GHFUHDVHG DV
D UHVXOW RI WLJKW UHJXODWLRQV DQG RXU JURZLQJ XQGHUVWDQGLQJ RI WKH GDQJHUV RI VSDFH GHEULV� 'HOLEHUDWH
EUHDN�XS HYHQWV ZHUH PRVWO\ XVHG LQ WKH HDUO\ \HDUV RI VSDFHIOLJKW ZKHQ GHEULV ZDV QRW DV PXFK RI D
FRQFHUQ DV LW LV QRZ�
$ ZHOO�NQRZQ GHOLEHUDWH LQFLGHQW WKDW LQFUHDVHG WKH DPRXQW RI VSDFH GHEULV E\ RYHU D TXDUWHU DQG UDLVHG
DZDUHQHVV RI WKH LVVXH RI GHEULV� ZDV &KLQD¶V )HQJ<XQ��& DQWL�VDWHOOLWH WHVW LQ ����� (YHQ LI WKHVH
W\SHV RI LQFLGHQWV DUH GHFOLQLQJ� WKHUH LV VWLOO PRUH ZRUN WR EH GRQH LQ WHUPV RI VSDFH ODZ� DV HYLGHQFHG
E\ WKH 5XVVLDQ DQWL�VDWHOOLWH PLVVLOH WHVW WKDW RFFXUUHG RQ 1RYHPEHU ��፭፡� ����� 6R ORQJ DV QR KDUG
ODZV DUH PDGH DQG UHSHUFXVVLRQV DUH VXIIHUHG IRU WKH UHVSRQVLEOH SDUWLHV� FDWDVWURSKHV VXFK DV WKRVH
ZLOO FRQWLQXH WR RFFXU�

������ 8QNQRZQ
8QIRUWXQDWHO\� WKH RULJLQ RI D ODUJH QXPEHU RI GHEULV IUDJPHQWV LV XQNQRZQ� WKLV FDQ EH DWWULEXWHG LQ SDUW
WR WKH OLPLWDWLRQV LQ VHQVRUV WUDFNLQJ GHEULV� +RZHYHU� WKH ODFN RI NQRZOHGJH DERXW WKH SURSHUWLHV SRVHV
D WKUHDW WR VSDFH GHEULV PLWLJDWLRQ JLYHQ WKDW VRPHWKLQJ ZKLFK FDQQRW EH WUDFHG EDFN WR WKH RULJLQ FDQQRW
EH VDIHO\ PLWLJDWHG� 6SDFH GHEULV PLWLJDWLRQ WHFKQLTXHV FRXOG SURYH XVHIXO IRU VDLG GHEULV DQG ZRXOG
EH DLGHG E\ LPSURYLQJ WUDFNLQJ PHWKRGV DV WKHVH ZRXOG JLYH D EHWWHU LQVLJKW LQWR FRPSRVLWLRQ DQG VL]H�
1RQHWKHOHVV� /HPPHQV DQG /HWL]LD ������ QRWHV WKDW WKH GDWD LV OLPLWHG WR FDWDORJXHG DQG DVVHUWHG
REMHFWV� DQG KHQFH DW DQ\ JLYHQ HSRFK OLPLWHG WR WKH FDSDELOLW\ RI WKH VSDFH VXUYHLOODQFH V\VWHP LQ XVH
DW WKH WLPH� $V D FRQVHTXHQFH� ZKHQ QHZ REMHFWV DUH GHWHFWHG GXH WR LQFUHDVHG VHQVRU SHUIRUPDQFH�
WKH\ FDQ JHQHUDOO\ QRW EH WUDFHG EDFN WR DQ HYHQW RU VRXUFH DQG EHFRPH FODVVLILHG DV 8QLGHQWLILHG�

������ &ROOLVLRQ
&ROOLVLRQV DFFRXQW IRU �� RI DOO VRXUFHV RI VSDFH GHEULV �)LJXUH ����� WKLV ILJXUH LV OLNHO\ WR ULVH DV PRUH
REMHFWV DUH ODXQFKHG LQWR VSDFH� LQFUHDVLQJ WKH ULVN RI FROOLVLRQ� /DUJH FRQVWHOODWLRQV DUH DQ H[DPSOH
RI D SRWHQWLDO FROOLVLRQ WKUHDW�

7KH ILUVW XQLQWHQWLRQDO FROOLVLRQ EHWZHHQ WZR VDWHOOLWHV WRRN SODFH LQ ���� �.HOVR� ������ 7KH FROOL�
VLRQ RFFXUUHG EHWZHHQ WKH GHIXQFW 5XVVLDQ FRPPXQLFDWLRQ VDWHOOLWH &RVPRV ���� DQG WKH DFWLYH 86
,ULGLXP ��� WKXV EHLQJ QDPHG WKH ,ULGLXP�&RVPRV FROOLVLRQ� 'HVSLWH WKH IDFW WKDW D FORVH DSSURDFK
ZDV SUHGLFWHG� QR LQWHUYHQWLRQ ZDV FDUULHG RXW �.HOVR� ������ $V VHHQ LQ )LJXUH ���� WKH FROOLVLRQ SUH�
VHQWHG D YDOXDEOH RYHUDOO YLHZ RI KRZ TXLFNO\ GHEULV VSUHDGV DORQJ WKH RUELW� 7KLV LQFLGHQW KHOSHG UDLVH
DZDUHQHVV RI WKH UDSLGO\ LQFUHDVLQJ WKUHDW RI IXWXUH FROOLVLRQV DV WKH QXPEHU RI REMHFWV LQ RUELW JURZV�



���� 1RQ�)UDJPHQWDWLRQ 'HEULV 3RSXODWLRQ ��

�D� $W WKH WLPH RI WKH FROOLVLRQ� �E� 7HQ PLQXWHV DIWHU WKH FROOLVLRQ� �F� 7KUHH KRXUV DIWHU WKH FROOLVLRQ�

)LJXUH ���� (YROXWLRQ RI GHEULV FORXGV RULJLQDWLQJ IURP WKH ,ULGLXP�.RVPRV FROOLVLRQ RYHU WLPH �.HOVR 	 *RUVNL� ������

������ (OHFWULFDO
,Q WHUPV RI HOHFWULFDO IUDJPHQWDWLRQ� LW VWHPV IURP SUREOHPV WKDW RQERDUG HOHFWULFDO V\VWHPV DQG VXE�
V\VWHPV PD\ KDYH HQFRXQWHUHG� 7KH YDVW PDMRULW\ RI LQFLGHQWV DUH FDXVHG E\ RYHUFKDUJHG EDWWHULHV
H[SORGLQJ� 0RUH WKDQ �� RI IUDJPHQWDWLRQV DUH FDXVHG E\ HOHFWULFDO LVVXHV �(6$� ����G��

������ $QRPDORXV
7KH DQRPDORXV REMHFW W\SHV DUH FRPSRVHG RI IUDJPHQWV WKDW KDYH EHHQ GHWDFKHG IURP WKH VDWHOOLWH
EXW KDYH QRW EHHQ GDPDJHG� 7KLV FRXOG LQFOXGH IUDJPHQWV GHWDFKLQJ DV D UHVXOW RI WKH PDWHULDO¶V
GHJUDGDWLRQ� $Q H[DPSOH RI WKLV ZRXOG EH PDWHULDOV XVHG IRU LQVXODWLRQ RU VRODU SDQHOV �(6$� ����G��

������ $FFLGHQWDO
$FFLGHQWDO VSDFH GHEULV LV D SUREOHP EURXJKW RQ E\ SRRU GHVLJQ� 7KLV IDXOW LQ WKH GHVLJQ FRXOG FDXVH
WKH VDWHOOLWH WR IUDJPHQW� 2QO\ D VPDOO SRUWLRQ RI GHEULV IDOOV LQWR WKLV FDWHJRU\ VLQFH VDWHOOLWHV XQGHUJR
ULJRURXV WHVWLQJ EHIRUH HQWHULQJ RUELW�

������ $HURG\QDPLFV
$HURG\QDPLF IUDJPHQW W\SHV DUH GXH WR D YDULHW\ RI GLIIHUHQW IRUFHV� WKH PDLQ RQH EHLQJ GUDJ� :KHQ
H[HUWHG WR D KLJK DPRXQW RI DWPRVSKHULF GUDJ� WKHUH LV DQ H[FHVVLYH DPRXQW RI SUHVVXUH DSSOLHG WR WKH
VSDFHFUDIW� 7KLV KLJK SUHVVXUH FDQ OHDG WR IUDJPHQWDWLRQ DQG WKHUPDO ORDG �/HPPHQV 	 /HWL]LD� ������

���� 1RQ�)UDJPHQWDWLRQ 'HEULV 3RSXODWLRQ
:KHUHDV WKH GHEULV RULJLQDWLQJ IURP IUDJPHQWDWLRQ HYHQWV ZDV GLVFXVVHG WKHUH DUH DOVR SDUWLFOHV WKDW
FDQQRW EH DVVRFLDWHG ZLWK IUDJPHQWDWLRQ HYHQWV� 7KHVH SDUWLFOHV DUH NQRZQ DV QRQ�IUDJPHQWDWLRQ
GHEULV DQG DUH DQRWKHU W\SH RI GHEULV� 7KLV GHEULV�FDQ EH SURGXFHG E\ D YDULHW\ RI HYHQWV DQG VRXUFHV�
VXFK DV VROLG URFNHW PRWRU ILULQJV� UHDFWRU FRUH HMHFWLRQV� DQG RWKHUV� $OO RI WKHVH� DV WKH QDPH VXJJHVWV�
DUH WKH UHVXOW RI HYHQWV RWKHU WKDQ VSDFHFUDIW IUDJPHQWDWLRQ� 7KH IROORZLQJ VXEVHFWLRQV ZLOO SURYLGH D
JHQHUDO RYHUYLHZ RI WKH YDULRXV VRXUFHV DQG W\SHV �(6$� ����D��

������ 6ROLG 5RFNHW 0RWRU )LULQJV
6ROLG URFNHW PRWRU ILULQJV DUH WKH PRVW LPSRUWDQW VRXUFH RI QRQ�IUDJPHQWDWLRQ GHEULV� 2YHU WLPH� WKHUH
KDYH EHHQ DOPRVW ����� IUDJPHQWV FDWDORJXHG ZKLFK FDQ EH WUDFHG EDFN WR VROLG URFNHW PRWRU ILULQJV�
7KH ZD\ WKLV W\SH RI GHEULV LV JHQHUDWHG LV WKDW DOXPLQLXP R[LGH �െ൪ኼൔኽ� LV UHOHDVHG� 7KLV OHDGV WR WKH
UHOHDVH RI GXVW LQ WKH VL]H UDQJH RI PLFURPHWHUV DQG VODJ SDUWLFOHV LQ WKH VL]H UDQJH RI PLOOLPHWHUV WR
FHQWLPHWHUV �(6$� ����F�� *LYHQ WKH VPDOO VL]H RI WKHVH SDUWLFOHV� WKH\ ZRXOG EH FDWHJRUL]HG DV VPDOO
VSDFH GHEULV DQG ZRXOG WKXV OHDG WR WKH ODFN RI WUDFNLQJ DQG FDWDORJXLQJ RI VDLG SDUWLFOHV� +RZHYHU� IRU
WKH RQHV WUDFNHG� )LJXUH ��� VKRZV WKDW WKH SURSHOODQW PDVV H[SHOOHG E\ VROLG URFNHW PRWRU ILULQJV KDV
LQFUHDVHG RYHU WKH SDVW IHZ \HDUV EXW WKH QXPEHU RI ILULQJV� GHSLFWHG E\ WKH GRWV RQ WKH JUDSK� DSSHDUV
WR KDYH GHFUHDVHG�



�� �� 6SDFH 'HEULV (QYLURQPHQW

)LJXUH ���� 6ROLG�PRWRU ILULQJV VLQFH ���� LQ WHUPV RI SURSHOODQW PDVV �/HPPHQV DQG /HWL]LD� ������

6LPLODUO\� ZKHQ ORRNLQJ DW WKH GLVWULEXWLRQ RI WKH QXPEHU RI ILULQJV RYHU WKH \HDUV� LW FDQ EH REVHUYHG
WKDW WKH ODUJHVW QXPEHU RI ILULQJV RYHU WLPH KDV RFFXUUHG LQ /(2� 7KLV FDQ EH VHHQ LQ )LJXUH ��� ZKHUH
RQ DYHUDJH DSSUR[LPDWHO\ WKUHH�TXDUWHUV RI WKH ILULQJV KDYH EHHQ LQ /(2� +RZHYHU� LQ UHFHQW \HDUV
WKDW QXPEHU KDV EHHQ UHGXFHG ZLWK WKH PRVW UHFHQW ILULQJV RFFXUULQJ LQ RWKHU RUELWV� 7KH GHFUHDVH LQ
WKH QXPEHU RI ILULQJV FDQ EH DWWULEXWHG WR WKH FRPSOLDQFH ZLWK WKH LQVWLOOHG GHEULV PLWLJDWLRQ JXLGHOLQHV
�/HPPHQV 	 /HWL]LD� ������

)LJXUH ���� 2UELWDO GLVWULEXWLRQ RI VROLG�PRWRU ILULQJV VLQFH ���� LQ WHUPV RI SURSHOODQW PDVV �(6$� ����H��

������ (MHFWLRQ RI 5HDFWRU &RUHV
$QRWKHU LPSRUWDQW VRXUFH RI QRQ�IUDJPHQWDWLRQ GHEULV LV WKDW JHQHUDWHG GXH WR WKH HMHFWLRQ RI %XN UHDF�
WRU FRUHV� ,W ZDV FDWDORJXHG WKDW WKH FRRODQW RI WKH UHDFWRU UHOHDVHG GURSOHWV LQWR WKH VSDFH HQYLURQPHQW
RQ �� VHSDUDWH RFFDVLRQV� 1RQHWKHOHVV� DOO RI WKHVH RFFDVLRQV FRXOG EH WUDFHG EDFN WR 5XVVLDQ UDGDU
VDWHOOLWHV WKDW ZHUH GHFRPPLVVLRQHG LQ WKH ����V �(6$� ����D��

������ 2WKHU 6RXUFHV
1RQ�IUDJPHQWDWLRQ HYHQWV DUH QRW RQO\ OLPLWHG WR WKRVH PHQWLRQHG DERYH� WKHUH DUH QXPHURXV RWKHU
UHDVRQV ZKLFK FRXOG OHDG WR DQ LQFUHDVH LQ QRQ�IUDJPHQWDWLRQ GHEULV� +XPDQ LQIOXHQFH DQG DFWLRQ



���� 2WKHU 7KUHDWV ��

KDYH SOD\HG D ODUJH UROH LQ VRPH RI WKH LQFUHDVH LQ VDLG W\SH RI GHEULV� $Q LPSRUWDQW LQFLGHQW ZKLFK
KDG D ELJ LQIOXHQFH RQ WKH LQFUHDVH RI QRQ�IUDJPHQWDWLRQ GHEULV ZDV D FRPPXQLFDWLRQ WHVW FDUULHG RXW
LQ WKH ����V GXULQJ WKH 0LGDV PLVVLRQ� 7KH WHVW FRQGXFWHG LQ WKLV PLVVLRQ LQYROYHG UHOHDVLQJ D ODUJH
QXPEHU RI WKLQ FRSSHU ZLUHV LQWR WKH VSDFH HQYLURQPHQW� 7KLV HYHQW OHG WR D ODUJH LQFUHDVH LQ WKH H[�
LVWLQJ VSDFH�GHEULV SRSXODWLRQ �(6$� ����D� NQRZQ DV ³:HVW )RUG 1HHGOHV´�

$FFRUGLQJ WR (6$� ����D RWKHU VRXUFHV ZKLFK FDQ OHDG WR QRQ�IUDJPHQWDWLRQ GHEULV LQFOXGH EXW DUH
QRW OLPLWHG WR WKH GHJUDGDWLRQ RI VXUIDFHV DV D UHVXOW RI H[SRVXUH WR XOWUDYLROHW OLJKW� DQG LPSDFWV ZLWK
DWRPV DQG VPDOO SDUWLFOHV� %RWK RI WKHVH FDVHV OHDG WR D JHQHUDWLRQ RI VSDFH�GHEULV SDUWLFOHV WKDW WHQG
WR EH PLFURPHWHU� WR PLOOLPHWHU�VL]HG� 6RPH RI WKHVH SDUWLFOHV FRXOG EH REMHFWV VXFK DV SDLQW DQG RWKHU
PDWHULDOV IRXQG RQ WKH VXUIDFH RI VSDFHFUDIW �(6$� ����D��

���� 2WKHU 7KUHDWV
:KLOH IUDJPHQWDWLRQ HYHQWV DUH RQH RI WKH ELJJHVW FRQFHUQV
ZKHQ UHJDUGLQJ VSDFH GHEULV LW LV IDU IURP WKH RQO\ LVVXH WKDW
VSDFH GHEULV SRVHV� 6SDFH GHEULV LV FRQVWDQWO\ IO\LQJ WKURXJK
VSDFH HQFRXQWHULQJ VSDFHFUDIW DQG GDPDJLQJ WKHP� DOWKRXJK
LW PD\ QRW DOZD\V UHVXOW LQ D IDLOXUH RI WKH V\VWHP� HQRXJK FROOL�
VLRQV ZLWK LWHPV VXFK DV VRODU SDQHOV FRXOG UHVXOW LQ GDPDJHV
ZKLFK FRXOG OHDG WR D PDOIXQFWLRQ� )LJXUH ��� VKRZV D UHDO�OLIH
H[DPSOH RI WKH GDPDJH VSDFH GHEULV FDQ GR WR D VRODU SDQHO�

)LJXUH ���� 3LFWXUH WDNHQ E\ 3�&DUFHOOHU
6XDUH] RI +XEEOH VRODU SDQHO ZLWK LPSDFW
DUHD E\ VSDFH GHEULV�





�
([LVWLQJ 5HPRYDO 7HFKQLTXHV

0DQ\ UHPRYDO WHFKQLTXHV KDYH EHHQ SURSRVHG DQG WHVWHG RYHU WKH \HDUV� EXW QR $'5 PLVVLRQV KDYH
HYHU WDNHQ RII� 7KH ILUVW PLVVLRQ� &OHDU6SDFH��� LV VFKHGXOHG WR ODXQFK LQ ���� �%LHVEURHN HW DO�� ������
LI VXFFHVVIXO� WKLV FRXOG NLFNVWDUW D QHZPRYHPHQW� SDYLQJ WKH ZD\ IRU IXWXUH $'5PLVVLRQV� 7KH YDULRXV
PHWKRGV� ERWK FRQWDFW DQG FRQWDFWOHVV� ZLOO EH H[DPLQHG LQ WKLV VHFWLRQ� 6LPLODUO\� D IRXQGDWLRQ ZLOO EH
HVWDEOLVKHG LQ RUGHU WR REWDLQ WKH EHVW UHPRYDO PHWKRGV FDSDEOH RI VXFFHVVIXOO\ FDSWXULQJ VPDOO GHEULV
IUDJPHQWV LQ /(2 LQ WKH HYHQW RI D IUDJPHQWDWLRQ HYHQW�

���� %DVLV IRU 5HPRYDO 0HWKRG
7R EH DEOH WR VHOHFW D PHWKRG WKDW FDQ FDUU\ RXW WKH DIRUHPHQWLRQHG WDVNV� LW LV FULWLFDO WR HVWDEOLVK D
IRXQGDWLRQ XSRQ ZKLFK WKH UHPRYDO PHWKRG PXVW RSHUDWH� 7KLV ZLOO H[DPLQH WKH FDWFKPHQW FDSDFLW\ LQ
WHUPV RI VL]H DQG HIILFLHQF\� 7KLV ZLOO DOVR ORRN DW RSHUDWLRQDO FDSDELOLWLHV VXFK DV RUELW JHRPHWULHV�

�� 7KH UHPRYDO PHWKRG PXVW EH DEOH WR LQWHUDFW ZLWK GHEULV �� FP RU VPDOOHU LQ VL]H� %HFDXVH
WKH VWXG\ LV FRQFHUQHG ZLWK DFWLYH GHEULV UHPRYDO RI VPDOO GHEULV IUDJPHQWV� WKLV LV FULWLFDO WR WKH
VWXG\¶V VXFFHVV DQG ZLOO EH UHJDUGHG DV WKH SULPDU\ FULWHULRQ IRU PHWKRG VHOHFWLRQ VXEVHTXHQWO\�

�� 7KH UHPRYDO PHWKRG VKRXOG EH HIILFLHQW LQ WHUPV RI WKH QXPEHU RI REMHFWV UHPRYHG IURP
RUELW� *LYHQ WKDW VPDOO GHEULV IUDJPHQWV GR QRW FRQVWLWXWH D VLJQLILFDQW SRUWLRQ RI WKH PDVV IRXQG
LQ VSDFH� WKH UHPRYDO PHWKRG PXVW EH FDSDEOH RI FROOHFWLQJ D VXEVWDQWLDO QXPEHU RI REMHFWV LQ
RUGHU WR EULQJ DERXW FKDQJH LQ WKH VSDFH HQYLURQPHQW�

�� 7KH UHPRYDO PHWKRG VKDOO KDYH ORQJHYLW\ DOORZLQJ LW WR FROOHFW GHEULV IRU PXOWLSOH RUELW
JHRPHWULHV� 3URYHQ WKDW WKLV WHFKQLTXH ZDV WR EH VXFFHVVIXO� LW ZRXOG EH EHQHILFLDO WR EH DEOH WR
RSHUDWH LQ YDULRXV RUELW JHRPHWULHV� 7KLV ZD\ LW ZRXOG EH HQVXUHG WKDW LI DQRWKHU EUHDNXS HYHQW
RFFXUV� WKH $'5 PHWKRG ZRXOG EH UHDG\ WR PLWLJDWH WKH ULVN DV VRRQ DV SRVVLEOH�

���� &RQWDFWOHVV 0HWKRGV
7KLV VHFWLRQ ZLOO IRFXV RQ $'5 PHWKRGV ZKLFK GR QRW FRPH LQ WRXFK ZLWK GHEULV IUDJPHQWV�

������ /DVHU
7KH ODVHU PHWKRG LV D FRQWDFWOHVV PHWKRG WKDW KDV WZR DSSOLFDWLRQV� 7KH ILUVW SRVVLEOH DSSOLFDWLRQ LV
XVLQJ LW DV D JURXQG�EDVHG ODVHU �6FKDUULQJ HW DO�� ����� ZKLOH WKH VHFRQG RSWLRQ LV D VSDFH�EDVHG
ODVHU �3LHWHUV 	 1RRPHQ� ������ $V WKLV VWXG\ FRQFHUQV LWVHOI ZLWK GHEULV IUDJPHQWV RI �� FP DQG
VPDOOHU� RQO\ WKH VSDFH�EDVHG ODVHU ZLOO EH FRQVLGHUHG� 7KLV LV GXH WR WKH IDFW WKDW JLYHQ WKH VL]H RI WKH
IUDJPHQWV� WKH\ FDQQRW EH GHWHFWHG IURP (DUWK UHQGHULQJ WKH JURXQG�EDVHG ODVHU LQHIILFLHQW�
7KH VSDFH�EDVHG ODVHU XWLOL]HV DEODWLRQ DV D ZD\ WR VORZ GRZQ GHEULV IUDJPHQWV� UHVXOWLQJ LQ D UHGXFWLRQ
LQ DOWLWXGH DQG WKXV�DQ DWPRVSKHULF EXUQ�XS XSRQ UH�HQWU\� 7R GHWHFW GHEULV� LW KDV DQ RQERDUG WDUJHW
DFTXLVLWLRQ V\VWHP WKDW LGHQWLILHV ZKLFK GHEULV IUDJPHQWV FRXOG EH WDUJHWHG E\ WKH VSDFH�ODVHU �3LHWHUV
	 1RRPHQ� ������

��



�� �� ([LVWLQJ 5HPRYDO 7HFKQLTXHV

)LJXUH ���� $UWLVW LOOXVWUDWLRQ RI D ODVHU DFWLQJ RQ VSDFH GHEULV �(6$� ����E��

������ ,RQ %HDP 6KHSKHUG
7KH LRQ EHDP LV D GLIIHUHQW FRQWDFWOHVV WHFKQLTXH �)LJXUH ���� WKDW PDNHV XVH RI D EL�GLUHFWLRQDO SODVPD
EHDP DV D PHDQV RI GHFHOHUDWLQJ WKH GHEULV WR REWDLQ D GHFUHDVH LQ DOWLWXGH DQG HYHQWXDOO\ FDXVLQJ WKH
GHEULV WR EXUQ XS XSRQ DWPRVSKHULF HQWU\ �7DNDKDVKL HW DO�� ������ 7KLV WHFKQLTXH FDOOV IRU D VDWHOOLWH
IURP ZKLFK SODVPD EHDPV DUH ILUHG� ,Q WKLV FRQFHSW RQH RI WKH SODVPD EHDPV LV DLPHG DW WKH GHEULV
DQG WKH RWKHU SODVPD EHDP LV GLUHFWHG LQ WKH RSSRVLQJ GLUHFWLRQ WR HQVXUH WKH GLVWDQFH EHWZHHQ WKH
GHEULV DQG WKH VDWHOOLWH UHPDLQV FRQVWDQW� /DERUDWRU\ H[SHULPHQWV VKRZHG WKDW D GHFHOHUDWLRQ RI WKH
GHEULV DORQJ ZLWK D ]HUR QHW IRUFH RQ WKH WKUXVWHU FDQ EH DFKLHYHG� WKLV FRQFHSW KDV \HW WR EH WHVWHG
�7DNDKDVKL HW DO�� ������

)LJXUH ���� 'HSLFWLRQ RI LRQ EHDP VKHSKHUG FRQFHSW �830� ������

������ 9DFXXP
:KHQ RQH WKLQNV RI FOHDQLQJ VRPHWKLQJ XS� D YDFXXP FOHDQHU RIWHQ FRPHV WR PLQG� ZKLFK LV ZK\
WKLV VHFWLRQ ZDV LQFOXGHG� &UHDWLQJ D YDFXXP UHTXLUHV DLU WR EH UHPRYHG IURP ZLWKLQ D YROXPH E\
PDNLQJ XVH RI D YDFXXP SXPS RU WKURXJK WKH UHGXFWLRQ RI SUHVVXUH PDNLQJ XVH RI D IDVW IORZLQJ RI IOXLG



���� &RQWDFWOHVV 0HWKRGV ��

�%ULWDQQLFD� ������ 1HYHUWKHOHVV� WKHUH LV QR DLU LQ VSDFH VLQFH LW LV D QHDU YDFXXP� 7KHUH LV FXUUHQWO\
QR NQRZQ WHFKQRORJ\ ZLWK WKH DELOLW\ WR FUHDWH D YDFXXP ZLWKLQ WKH VSDFHFUDIW WR YDFXXP VSDFH GHEULV
VR WKLV PHWKRG ZLOO QRW EH FRQVLGHUHG �&DUFHOOHU� ������

������ *UDYLW\ 7UDFWRU
7KH JUDYLW\ WUDFWRU FRQFHSW KDV EHHQ ZLGHO\ DQDO\]HG ZKHQ ORRNLQJ DW DVWHURLG GHIOHFWLRQ WHFKQLTXHV�
,W HQWDLOV IO\LQJ D VSDFHFUDIW FORVH WR DQ DVWHURLG IRU DQ H[WHQGHG SHULRG RI WLPH� JUDGXDOO\ FKDQJLQJ
WKH DVWHURLG¶V SDWK EHFDXVH RI WKH JUDYLWDWLRQDO DWWUDFWLRQ EHWZHHQ ERWK WKH DVWHURLG DQG WKH VSDFHFUDIW
�%RQLOOD� ������ )LJXUH ��� GHSLFWV WKH XVH RI D JUDYLW\ WUDFWRU DV D PHDQV WR UHPRYH DVWHURLGV� ,Q VDLG
VFHQDULR� WKH DVWHURLG ZRXOG EH UHSODFHG E\ VSDFH GHEULV IUDJPHQWV� 1HYHUWKHOHVV� WKLV KDV QRW \HW
EHHQ UHVHDUFKHG DV DQ $'5 PHWKRG�

)LJXUH ���� *UDYLW\ WUDFWRU ZLWK DQ DVWHURLG �%RQLOOD� ������

1HZWRQ¶V ODZ RI JUDYLWDWLRQ VWDWHV WKDW WKH JUDYLWDWLRQDO IRUFH LV SURSRUWLRQDO WR WKH PDVVHV RI WKH WZR
REMHFWV DV ZHOO DV WKH LQYHUVH RI WKH VTXDUH RI WKH GLVWDQFH EHWZHHQ WKHLU FHQWHUV RI PDVV �:DNNHU�
������ 7DNLQJ GHEULV RI �� FP DQG VPDOOHU LQWR DFFRXQW� WKH PDVV RI WKHVH REMHFWV ZRXOG EH YHU\ VPDOO
HQRXJK VXFK WKDW WKH JUDYLWDWLRQDO DWWUDFWLRQ ZRXOG LQ WXUQ EH YHU\ ORZ� (YHQ WKRXJK WKH GLVWDQFH FRXOG
EH UHGXFHG� DFKLHYLQJ WKH GHVLUHG FORVHQHVV LQ D FRQWUROOHG ZD\ ZRXOG EH GLIILFXOW JLYHQ D ODUJH QXPEHU
RI SDUWLFOHV ZLWK YDU\LQJ VFDWWHULQJ WKURXJKRXW DQ RUELW� VR LQGLYLGXDO SDUWLFOHV FRXOG PRVW SUREDEO\
QRW EH WDUJHWHG ZLWKRXW LQWHUDFWLQJ ZLWK WKH RWKHU SDUWLFOHV� 7KLV WHFKQLTXH ZRXOG WKXV QHFHVVLWDWH
D UHQGH]YRXV VLWXDWLRQ� WKDW LV IDU WRR�H[SHQVLYH LQ WHUPV RI ́൴ DQG ZLOO WKXV EH LJQRUHG �&DUFHOOHU�
������

������ (OHFWULF DQG 0DJQHWLF )LHOG
$ VWXG\ FDUULHG RXW DW WKH 8QLYHUVLW\ RI 8WDK DLPHG DW PRYLQJ QRQ�PDJQHWLF REMHFWV WKURXJK WKH XVH RI
HOHFWURPDJQHWV� 7KLV ZDV VWXGLHG ZLWK D IRFXV RQ VSDFH GHEULV UHPRYDO IRFXVLQJ RQ HOHFWULFDOO\ FRQ�
GXFWLYH GHEULV IUDJPHQWV� 7KH ZD\ WKDW WKLV ZDV DFKLHYHG� ZDV WKURXJK WKH XVH RI PDJQHWLF LQGXFWLRQ�
QDPHO\ XVLQJ D PDJQHWLF ILHOG WR LQGXFH ZKDW LV NQRZQ DV HGG\ FXUUHQW �3KDP HW DO�� ������ 7KH HQG
UHVXOW ZRXOG EH WXUQLQJ WKH FRQGXFWLYH GHEULV IUDJPHQWV LQWR HOHFWURPDJQHWV� 2QFH WKLV LV DFKLHYHG�
WKH GHEULV IUDJPHQWV FDQ EH VORZHG GRZQ DQG HYHQ PRYHG VR WKH\ FDQ EXUQ XS LQ WKH DWPRVSKHUH
�3KDP HW DO�� ������ 7KLV VWXG\ ZDV WHVWHG LQ ZDWHU DV DQ DWWHPSW WR PLPLF VSDFH DQG LW ZDV VXFFHVV�
IXO� +RZHYHU� PRUH WHVWV ZRXOG KDYH WR EH FDUULHG RXW WR VHH LI WKLV ZRXOG EH VXFFHVVIXO LQ VSDFH VR WKLV
PHWKRG ZLOO QRW EH FRQVLGHUHG �3KDP HW DO�� ������ 0RUHRYHU� IRU GHEULV PDGH RXW RI QRQ�FRQGXFWLYH
PDWHULDOV� VXFK DV SDLQW IOHFNV� WKLV ZRXOG QRW ZRUN�



�� �� ([LVWLQJ 5HPRYDO 7HFKQLTXHV

������ )RDP 6SUD\
7KH IRDP VSUD\ PHWKRG ZDV LQYHVWLJDWHG DV D PHWKRG RI $'5� ,W FRQVLVWV RI D VDWHOOLWH WKDW VSUD\V
IRDP WKDW FUHDWHV D FDUFDVV DURXQG WKH GHEULV LQFUHDVLQJ WKH GUDJ RI WKH GHEULV DQG IRUFLQJ LW WR GHRUELW
�&DUFHOOHU� ������ 6LPXODWLRQV ZHUH SHUIRUPHG WR GHPRQVWUDWH WKH HIIHFWLYHQHVV RI WKLV PHWKRG� 7KLV
W\SH RI $'5 FRXOG EH HIIHFWLYH LI LW ZRUNHG RQ VPDOOHU GHEULV IUDJPHQWV �&DUFHOOHU� ������ :KLOH RQH
FDQ LPDJLQH WKDW ZRXOG ZRUN IRU WKH ´ODUJHU´ VPDOO GHEULV LQ WKH PHDVXUH RI FP EXW WKH HIIHFWLYHQHVV
RQ PP�VL]HG IUDJPHQWV FRXOG EH OLPLWHG �$QGUHQXFFL HW DO�� ������ 7KLV PHWKRG ZDV LQYHVWLJDWHG LQ
OLWHUDWXUH DQG LV GHSLFWHG DV VHHQ LQ )LJXUH ���� +RZHYHU� LQ RUGHU WR VSUD\ WKH IRDP� D WHFKQLTXH VXFK

)LJXUH ���� D� &RQFHSW EDVHG RQ VSUD\LQJ IRDP DQG LQFUHDVLQJ GUDJ RI GHEULV E� &ORVH XS RI IRDP VSUD\LQJ F� '\QDPLFV RI
GHEULV IUDJPHQWV ZLWK IRDP �6KDQ HW DO�� ������

DV WKLV ZRXOG PDQGDWH WKH VSDFHFUDIW DQG GHEULV IUDJPHQWV WR EH LQ UHQGH]YRXV� 7KLV FRXOG SRVH D
OLPLWDWLRQ IRU VPDOO GHEULV IUDJPHQWV EHFDXVH WKH QXPEHU� VL]H� DQG KLJK UHODWLYH YHORFLWLHV ZRXOG UHQGHU
VSUD\LQJ IRDP DW LQGLYLGXDO IUDJPHQWV H[SHQVLYH LQ WHUPV RI ́൴ �&DUFHOOHU� ������

���� &RQWDFW 0HWKRGV
7KLV VHFWLRQ ZLOO IRFXV RQ $'5 PHWKRGV WKDW FRPH�GLUHFWO\ LQ FRQWDFW ZLWK GHEULV� 7KLV FDQ EH XWLOL]HG
WR ERWK FDSWXUH DQG GHFHOHUDWH WKH GHEULV IUDJPHQWV� ([LVWLQJ FRQWDFW PHWKRGV WKDW DUH WKRXJKW WR EH
GHVLJQHG WR FDSWXUH VPDOO GHEULV IUDJPHQWV ZLOO EH LQYHVWLJDWHG �&DUFHOOHU� ������

������ 5RERWLF $UPV
7KH ILUVW FRQWDFW PHWKRG ZKLFK ZLOO EH DQDO\]HG LV WKDW RI URERWLF DUPV� VXFK DV IRU WKH &OHDU6SDFH��
PLVVLRQ VHHQ LQ )LJXUH ����

)LJXUH ���� ,OOXVWUDWLRQ RI &OHDUVSDFH�� �%LHVEURHN HW DO�� ������



���� &RQWDFW 0HWKRGV ��

7KH PHWKRG HPSOR\HG LQ WKH &OHDU6SDFH�� PLVVLRQ LV PDGH XS RI IRXU URERWLF DUPV WKDW VHL]H WKH LQDF�
WLYH VSDFHFUDIW �%LHVEURHN HW DO�� ������ 1RQHWKHOHVV� WKH XVH RI RQH URERWLF DUP KDV EHHQ LQYHVWLJDWHG
DV D PHWKRG RI GHEULV UHPRYDO VXFK DV WKDW GHSLFWHG LQ )LJXUH ���� 7KLV UHTXLUHV DQ DSSURSULDWH SUR�
WUXVLRQ WKDW FDQ EH JUDSSOHG �&DUFHOOHU� ������ 7KH XVH RI URERWLF DUPV ZRXOG EH LQHIIHFWLYH IRU VPDOOHU
VSDFH GHEULV DQG WKHUHIRUH ZLOO QRW EH FRQVLGHUHG IRU WKH FRQWH[W RI WKLV UHVHDUFK �(6$� ����F��

)LJXUH ���� D� ,OOXVWUDWLRQ RI D URERW DUP LQ VSDFH E� 3LFWXUH RI D UHDO URERW DUP WHVWLQJ F� 6LQJOH URERW DUP GHSLFWLRQ �6KDQ HW DO��
������

7KH 6SDFH 9XOWXUH FRQFHSW LV DQRWKHU W\SH RI VSDFH GHEULV UHPRYDO PHWKRG FRQVLVWLQJ RI D FKDVHU WKDW
FDWFKHV WKH GHEULV DQG WKHQ SXOYHUL]HV LW WR EH UHSXUSRVHG DV UDZ UHVRXUFHV �(O�5DVKLG HW DO�� ������
)LJXUH ��� VKRZV D UHSUHVHQWDWLRQ RI WKLV FRQFHSW�

)LJXUH ���� ,OOXVWUDWLRQ RI 6SDFH 9XOWXUH 3URFHVV �(O�5DVKLG HW DO�� ������

������ 7HWKHU
7KH XVH RI WHWKHUV LQ VSDFH DSSOLFDWLRQV KDV EHHQ H[WHQVLYHO\ UHVHDUFKHG IRU D YDULHW\ RI DSSOLFDWLRQV�
1XPHURXV VSDFH DJHQFLHV� LQFOXGLQJ (6$� 1$6$ DQG -$;$� KDYH LQYHVWLJDWHG WKH SRVVLELOLW\ RI HP�
SOR\LQJ D WHWKHU WR FDSWXUH VSDFH GHEULV� 7KLV PHWKRG ZRUNV E\ FRQQHFWLQJ WKH WHWKHU WR WKH GHEULV DQG
SXOOLQJ LW �:RUPQHV HW DO�� ������ 7KHUH DUH YDULRXV YHUVLRQV RI WHWKHUHG FRQFHSWV� VHYHUDO RI ZKLFK DUH
GHSLFWHG LQ )LJXUH ����



�� �� ([LVWLQJ 5HPRYDO 7HFKQLTXHV

)LJXUH ���� D� ,OOXVWUDWLRQ RI WHWKHUHG FRQFHSW E� ,OOXVWUDWLRQ RI WHWKHUHG FRQFHSW ZLWK JULSSHU LQ VSDFH �6KDQ HW DO�� ������

5HJDUGOHVV RI WKH FRPSOH[LW\ RI WKH G\QDPLFV� WHWKHUV KDYH EHHQ GLVFXVVHG DV D SURPLVLQJ PHWKRG
�:RUPQHV HW DO�� ������ $LUEXV 'HIHQVH DQG 6SDFH �$'6�� IRU H[DPSOH� KDV EHHQ WHVWLQJ DQG GHYHO�
RSLQJ WHWKHUHG V\VWHPV ZLWK WKH 5HPRYH'(%5,6 +DUSRRQ �$LUEXV� ������ 'XULQJ WKH WHVW SKDVH� WKH
VDWHOOLWH VXFFHVVIXOO\ GHSOR\HG D KDUSRRQ �)LJXUH ���� ZLWK D WHWKHU V\VWHP� 1RQHWKHOHVV� WKLV PHWKRG
ZDV GHVLJQHG IRU ODUJH GHEULV IUDJPHQWV DQG ZLOO QRW EH FRQVLGHUHG IRU WKH SXUSRVHV RI WKLV UHVHDUFK
�&DUFHOOHU� ������

)LJXUH ���� ,OOXVWUDWLRQ RI 5HPRYH'(%5,6 $'6 +DUSRRQ FRQFHSW �$LUEXV� ������

������ 6SDFH 1HW
7KLV PHWKRG RI $'5�LQYROYHV WKH GHSOR\PHQW RI D QHW IURP D VDWHOOLWH� ZKHUH LW WKHQ FDSWXUHV WKH GHEULV
LQ TXHVWLRQ� (YHQ WKRXJK WKLV PHWKRG KDV EHHQ VROHO\ UHJDUGHG IRU ODUJH GHEULV IUDJPHQWV� LW PD\ EH
XWLOL]HG IRU IUDJPHQWV VPDOOHU WKDQ �� FP� 7KH UHDVRQ'(%5,6 VDWHOOLWH� ODXQFKHG WR WKH ,66 LQ �����
ZDV GHVLJQHG WR WHVW YDULRXV UHPRYDO PHWKRGV RQ WHVW VDPSOHV UHOHDVHG HDUOLHU �$JOLHWWL HW DO�� ������
2QH RI WKH PHWKRGV ZDV D QHW �$JOLHWWL HW DO�� ������ ZKLFK SURYHG WR EH HIIHFWLYH IRU WKH WDVN DW KDQG
�&DUFHOOHU� ������



���� &RQWDFW 0HWKRGV ��

)LJXUH ����� $UWLVW LOOXVWUDWLRQ RI D QHW FDSWXULQJ VSDFH GHEULV �:HUQHU� ������

7KH UHPRYDO RI VDLG IUDJPHQWV PLJKW EH SRVVLEOH LI D QHW ZLWK D ILQH HQRXJK PHVK ZHUH WR EH HPSOR\HG
RQ D GHEULV�FORXG RI VPDOO GHEULV�

������ :HE 1HW
$QRWKHU QHW RSWLRQ WKDW KDV EHHQ FRQVLGHUHG LV D ZHE�W\SH QHW ZLWK D FRQH VKDSH FRQQHFWHG WR D
VSDFHFUDIW WKDW FDSWXUHV GHEULV LQ WKH PDQQHU RI D FREZHE LQ QDWXUH� 7KLV WHFKQLTXH ZRXOG EH EHWWHU
VXLWHG IRU VPDOOHU GHEULV ZLWK D VPDOO HQRXJK PHVK VL]H DQG KLJK LPSDFW UHVLVWDQFH �&DUFHOOHU� ������
)LJXUH ���� VKRZV D UHSUHVHQWDWLRQ RI WKH PHWKRG�

)LJXUH ����� 1HW FRQFHSW EDVHG RQ D VSLGHU ZHE �7ULYDLOR 	 .RMLPD� ������

7KLV WKHRU\ HPSOR\V ´RQH�VKRW ULS�VWRS W\SH SRVW�FDSWXUH HQHUJ\ DEVRUEHUV DQG D YHU\ VPDOO DQG OLJKW
VWRUDJH VSRRO �DWWDFKHG WR WKH FHQWHU RI WKH QHW WR SUHYHQW ORRVH GHEULV JHQHUDWLRQ��´ �7ULYDLOR 	 .RMLPD�
������ 8VLQJ WKLV FRQFHSW� WKH QHW FRQFHSW PLJKW EH D YLDEOH RSWLRQ IRU WKH FXUUHQW VWXG\ �&DUFHOOHU�
������



�� �� ([LVWLQJ 5HPRYDO 7HFKQLTXHV

������ )RDP 3DQHO
$QRWKHU WHFKQLTXH QRW H[LVWLQJ LQ WKH OLWHUDWXUH LV D IRDP SDQHO WKDW FDWFKHV WKH GHEULV XSRQ LPSDFW�
7KLV FRQFHSW DURVH IURP D K\SHUYHORFLW\ LPSDFW WHVW FRQGXFWHG 1$6$ 2UELWDO 'HEULV 3URJUDP 2IILFH
�2'32�� 6SDFH )RUFH 6SDFH 6\VWHPV &RPPDQG �66&�� WKH $HURVSDFH &RUSRUDWLRQ� WKH 8QLYHUVLW\
RI )ORULGD� DQG $LU )RUFH $UQROG (QJLQHHULQJ 'HYHORSPHQW &RPSOH[ �$('&� IRU WKH 'HEUL6DW 3URMHFW�
,Q WKLV H[SHULPHQW� D PRGHO RI D VDWHOOLWH ZDV VXEMHFWHG WR D K\SHUYHORFLW\ LPSDFW WHVW LQ D FKDPEHU
OLQHG ZLWK IRDP SDQHOV RI YDU\LQJ GHQVLWLHV �1$6$� ������ 7KH GHEULV IUDJPHQWV JHQHUDWHG E\ WKH
LPSDFW ZHUH FDSWXUHG E\ VXFK IRDP SDQHOV� ZKLFK ZHUH WKHQ VWXGLHG E\ VWXGHQWV VXFK DV P\VHOI DW WKH
8QLYHUVLW\ RI )ORULGD WR HVWDEOLVK D UHYLVHG VDWHOOLWH EUHDN�XS PRGHO�
'HSHQGLQJ RQ WKH W\SH RI IRDP XWLOL]HG� WKLV WHFKQLTXH PLJKW VXFFHHG JLYHQ WKDW WKH GLYHUVH IRDP
GHQVLWLHV FRXOG RIIVHW HDFK RWKHUV GRZQVLGHV� )RU H[DPSOH� ORZ GHQVLW\ IRDP PD\ KDYH PRUH WURXEOH
FDWFKLQJ ODUJHU GHEULV ZKLOH KLJK GHQVLW\ IRDP LV EHWWHU DW FDWFKLQJ ODUJHU GHEULV� 1RQHWKHOHVV� LPSDFW
ZLWK KLJK GHQVLW\ IRDP PD\ OHDG GR VRPH IUDJPHQWDWLRQ RI WKH GHEULV EXW ORZ GHQVLW\ IRDP FRXOG FDWFK
WKHVH IUDJPHQWHG SDUWLFOHV��1$6$� ������

������ $HURJHO &XVKLRQ
$QRWKHU DOWHUQDWLYH ZRXOG EH WR HPSOR\ DQ DHURJHO FXVKLRQ� ZKLFK ZRXOG EH FDSDEOH RI FDSWXULQJ VPDOO
GHEULV� 1RWZLWKVWDQGLQJ� WR SUHYHQW VWUHVV DQG EUHDNDJH LQ WKH PDWHULDO DIWHU D VSHFLILF SHULRG RI WLPH�
WKLV DHURJHO ZRXOG PRVW OLNHO\ QHHG WR EH DGDSWHG IURP WKH WUDGLWLRQDO DHURJHO� $ VHULHV RI WHVWV FRQ�
GXFWHG UHYHDOHG WKDW WKLV SURFHVV FRXOG EH DQ HIIHFWLYH PHWKRG RI $'5 �:RLJQLHU HW DO�� ������

)LJXUH ����� $HURJHO XVHG IRU VSDFH DSSOLFDWLRQ �-RQHV 	 6DNDPRWR� ������

$HURJHO KDV EHHQ XVHG LQ VSDFH DSSOLFDWLRQV IRU DW OHDVW WZR GHFDGHV� 1$6$ KDV XVHG DHURJHO LQ
PLVVLRQV VXFK DV WKH 0DUV 3DWKILQGHU� ([SORUDWLRQ 5RYHU� DQG 6FLHQFH /DQGHU WR FROOHFW K\SHUYHORFLW\
IUDJPHQWV VXFK DV VWDUGXVW LQ DGGLWLRQ WR SURYLGLQJ WKHUPDO LQVXODWLRQ� $OWKRXJK LQVXODWLRQ LV QRW WKH
SULPDU\ JRDO RI RXUPLVVLRQ� LW LV DOZD\V D SOXV� WKH XWLOL]DWLRQ RI DQ DHURJHO FXVKLRQ RU GHYLFHPLJKW VHUYH
ERWK DV D FROOHFWRU DQG DQ LQVXODWRU� )XUWKHUPRUH� EHFDXVH RI LWV ORZ GHQVLW\ DQG LQVXODWLQJ SURSHUWLHV�
DHURJHO KDV WKH DGGHG EHQHILW RI QRW KHDWLQJ WR WKH H[WHQW WKDW LW DOWHUV WKH PDWHULDO FKDUDFWHULVWLFV RI
WKH VSHFLPHQ EHLQJ FDSWXUHG �'XQEDU� ������
(YHQ VR� DHURJHO KDV VRPH OLPLWDWLRQV ZLWK UHVSHFW WR�SDUWLFOH VL]H� VWDUGXVW LV W\SLFDOO\ VPDOOHU WKDQ D
JUDLQ RI VDQG DQG� RQFH FDSWXUHG� FDQ JHQHUDWH D ´FDUURW�VKDSHG WUDFN´ ��� WLPHV LWV RZQ OHQJWK� 7KLV
ZRXOG QRW EH D FRQFHUQ IRU PLOOLPHWHU�VL]HG GHEULV SDUWLFOHV� QHYHUWKHOHVV� IRU ELJJHU GHEULV IUDJPHQWV
LQ WKH FHQWLPHWHU VSHFWUXP� D �� FP GHEULV SDUWLFOH ZRXOG GHPDQG LPSODXVLEOH TXDQWLWLHV RI DHURJHO
�'XQEDU� ������ 1RWZLWKVWDQGLQJ� D FRPELQDWLRQ RI WHFKQLTXHV FRXOG EH HPSOR\HG ZLWK RQH ILOWHULQJ



���� &KDOOHQJHV RI $'5 ��

ODUJHU GHEULV ZKLOH WKH RWKHU FDSWXULQJ VPDOOHU SDUWLFOHV�

���� &KDOOHQJHV RI $'5
$'5 IDFHV PDQ\ FKDOOHQJHV� ZKLFK LV ZK\ D UHDO PLVVLRQ KDV QHYHU EHHQ IORZQ� 7KH PDLQ FKDOOHQJH�
HVSHFLDOO\ ZKHQ FRQVLGHULQJ VPDOO VSDFH GHEULV� LV WKDW WKHUH LV QR FRPPXQLFDWLRQ ZLWK WKH GHEULV�
/RRNLQJ DW D JHQHUDO FOHDQ�XS FDVH� WKH FKDOOHQJHV DUH UHODWHG WR WKH ODFN RI GDWD IRU VPDOO GHEULV
DQG WKH VSUHDG RI WKH GHEULV DFURVV WKH JOREH� 6LPLODUO\� JLYHQ WKDW WKLV VWXG\ DOVR ORRNV DW PLWLJDWLQJ D
EUHDN�XS HYHQW� OLWWOH WR QR LQIRUPDWLRQ LV DYDLODEOH DERXW WKH IUDJPHQWV LQ TXHVWLRQ� QDPHO\� VL]H� RUELWDO
HOHPHQWV� PDVV� HWF� :KHQ GHVLJQLQJ D GHYLFH WR PLWLJDWH VXFK D FDVH� WKLV FDQ SRVH D SUREOHP� ,Q ERWK
FDVHV� WKH JHQHUDO FOHDQ�XS FDVH DQG EUHDN�XS FDVH� DFWLYHO\ WUDFNLQJ WKH GHEULV LV VLPSO\ XQIHDVLEOH�
7KLV LV ZK\ D SDVVLYH $'5PHWKRG ZDV FKRVHQ� 7KH DELOLW\ WR KDYH D VSDFHFUDIW FDWFK GHEULV IUDJPHQWV
ZLWKRXW WKH QHHG WR DGMXVW IRU WKH ORFDWLRQ RI HDFK LQGLYLGXDO IUDJPHQW� ZRXOG EH KLJKO\ EHQHILFLDO IRU
ERWK VFHQDULRV PHQWLRQHG� ,W ZRXOG DOORZ WKH FDWFKHU WR EH DOPRVW DXWRQRPRXV LQ WKH VHQVH WKDW DV
ORQJ DV WKH PHFKDQLFDO GHVLJQ ILWV WKH UHTXLUHG FULWHULD� LW ZRXOG RQO\ KDYH WR EH PRYHG LI LW ZHUH WR SRVH
D WKUHDW WR H[LVWLQJ VSDFHFUDIW� $ FDWFKHU VXFK DV WKH RQH PHQWLRQHG ZRXOG PHUHO\ UHO\ RQ WKH LQLWLDO
JURXQG GDWD DYDLODEOH�

���� &RQFOXGLQJ &KRLFH
$IWHU FDUHIXOO\ DQDO\]LQJ DOO RSWLRQV DQG ORRNLQJ DW WKH FKDOOHQJHV IDFHG E\ WKH FDVHV DW KDQG� LW ZDV
IRXQG WKDW PDQ\ WHFKQLTXHV UHTXLUH UHQGH]YRXV VLWXDWLRQV� *LYHQ WKDW WKLV WHFKQLTXH ZRXOG KDYH WR
EH HIILFLHQW IRU D JHQHUDO FDVH DQG D EUHDNXS HYHQW� WUDFNLQJ ZRXOG EH GLIILFXOW JLYHQ WKH VL]H RI WKH
REMHFWV DQG FORVHQHVV LQ WLPH WR WKH H[SORVLRQ� VR D UHQGH]YRXV VLWXDWLRQ ZRXOG EH QHDUO\ LPSRVVLEOH�
0RUHRYHU� WKH ODUJH PDJQLWXGH RI UHODWLYH VSHHGV FRPELQHG ZLWK WKH VPDOO VL]H RI WKH IUDJPHQWV UHVXOWV
LQ PHWKRGV VXFK DV WKH RQHV PHQWLRQHG WR EH LQHIILFLHQW DQG XQIHDVLEOH� )XUWKHUPRUH� WKH ́൴ WKDW
ZRXOG EH UHTXLUHG WR PDQHXYHU LQWR WKH GLYHUVH RUELWV RI DOO WKH VPDOO IUDJPHQWV ZRXOG EH WRR ODUJH� $V
D UHVXOW� DQ RSWLRQ WKDW GRHV QRW QHFHVVLWDWH PDQHXYHULQJ ZDV FKRVHQ� 7KH EHVW RSWLRQ ZDV GHWHUPLQHG
WR EH D W\SH RI IRDP�DHURJHO WKDW VORZV RU VWRSV WKH SDUWLFOHV� IROORZHG E\ D SRVVLEOH VHFRQG OD\HU RI
IRDP WR VWRS GHEULV ZLWK KLJKHU YHORFLWLHV RU ODUJHU PDVV� $ FROOHFWRU VKLHOG ZRXOG DOVR EH SUHVHQW WR
GLUHFW SDUWLFOHV WR WKH ILQDO GHEULV FRQWDLQHU� )LJXUH ���� VKRZV DQ LOOXVWUDWLRQ RI WKLV� 2QFH LQ RUELW� WKLV
PHWKRG ZRXOG DOORZ IRU SDVVLYH IOLJKW� HOLPLQDWLQJ WKH QHHG IRU ODUJH DPRXQWV RI ́൴��

)LJXUH ����� )LQDO FKRLFH RI WKH 5HPRYDO 0HWKRG�



�� �� ([LVWLQJ 5HPRYDO 7HFKQLTXHV

���� )LQDO 1RWH
*LYHQ WKH FRQFOXGLQJ FKRLFH� WKH RUELWDO DVSHFWV RI VDLG FKRLFH ZLOO EH DQDO\]HG� 7KH IDFWRUV ORRNHG DW
ZLOO LQFOXGH� WKH VL]H RI WKH FDWFKHU� WKH QXPEHU RI GHEULV FDSWXUHG LQ ERWK FDVHV PHQWLRQHG� WKH EHVW
FDVH LQ ZKLFK WR XVH WKLV GHYLFH� WKH PRVW IDYRUDEOH RUELW DQG WKH PRPHQWXP YDOXHV HQFRXQWHUHG IRU WKH
EHVW FDVH� ,I WKH UHVXOWV RI WKLV VWXG\ ZHUH WR SURYH SURPLVLQJ� D IXUWKHU VWXG\ LQWR WKH PHFKDQLFDO GHVLJQ
ZRXOG KDYH WR EH FDUULHG RXW� 7KH ODWWHU LV FRQVLGHUHG EH\RQG WKH VFRSH RI WKH FXUUHQW LQYHVWLJDWLRQ
KRZHYHU�



�
$VWURG\QDPLFV

7KLV FKDSWHU ZLOO H[DPLQH WKH DVWURG\QDPLFV RI ERWK WKH GHEULV IUDJPHQWV DQG WKH GHEULV�FROOHFWLQJ
VSDFHFUDIW� ,Q RUGHU WR GR WKLV� D UDQJH RI UHIHUHQFH IUDPHV ZLOO EH SUHVHQWHG WR ILQG WKH SUHIHUUHG
RSWLRQ IRU WKH DSSOLFDWLRQ DW KDQG� 1H[W� WKH SRVVLEOH FRRUGLQDWH V\VWHPV XVHG WR GHILQH DQ RUELW ZLOO EH
H[SUHVVHG� 7KLV ZLOO EH IROORZHG E\ WKH JRYHUQLQJ HTXDWLRQV RI PRWLRQ RI DQ REMHFW� 7KHQ� DQ RYHUYLHZ
RI WKH WUDQVIRUPDWLRQV XVHG ZLOO EH JLYHQ DORQJ ZLWK WKH UHTXLUHG HTXDWLRQV IRU DQ RUELW VLPXODWLRQ�
6LPLODUO\� WKH UHODWLYH JHRPHWU\ RI WKH GHEULV DQG WKH VSDFHFUDIW ZKHQ LQ RUELW� ZLOO EH ORRNHG DW DORQJ
ZLWK WKH G\QDPLFV�

���� 5HIHUHQFH )UDPH
7KLV VHFWLRQ ZLOO ORRN DW D QXPEHU RI UHIHUHQFH IUDPHV ZKLFK FDQ EH XVHG IRU WKH SUREOHP DW KDQG� 7KLV
ZLOO DLG LQ SURYLGLQJ DQ DFFXUDWH UHIHUHQFH IRU WKH PRWLRQ RI WKH VSDFHFUDIW DQG WKH GHEULV IUDJPHQWV�

������ (DUWK�&HQWHUHG ,QHUWLDO
7KH (DUWK�&HQWHUHG ,QHUWLDO �(&,� UHIHUHQFH IUDPH LV FRPSULVHG RI DQ (DUWK�FHQWHUHG FRRUGLQDWH V\V�
WHP� $V VHHQ LQ )LJXUH ���� LQ WKLV UHIHUHQFH IUDPH� WKH UHIHUHQFH SODQH LV WKH HTXDWRULDO SODQH RI WKH
(DUWK ZKLFK FRLQFLGHV ZLWK WKH FHOHVWLDO HTXDWRU� 7KH D[HV DUH DV IROORZV �5DR� ������

� ൎ፱ IURP (DUWK WR 6XQ RQ WKH VSULQJ HTXLQR[

� ൎ፲ FURVV SURGXFW RI ൎ፱ DQG ൎ፳

� ൎ፳ FHQWHU RI (DUWK WR WKH 1RUWK 3ROH

7KH GHSLFWLRQ RI WKH D[HV FDQ EH VHHQ LQ )LJXUH ����

)LJXUH ���� 'HSLFWLRQ RI (&, UHIHUHQFH IUDPH �5DR� ������

��



�� �� $VWURG\QDPLFV

,W LV LPSRUWDQW WR QRWH WKDW WKH (&, UHIHUHQFH IUDPH LV QRW LQHUWLDOO\ IL[HG JLYHQ WKDW WKH FHQWHU RI WKH
(DUWK LV QRW LQHUWLDOO\ IL[HG� 1HYHUWKHOHVV� LW LV DVVXPHG WKDW WKH FHQWHU RI WKH (DUWK GRHV QRW PRYH
VLJQLILFDQWO\� LW LV QRW DFFHOHUDWHG DQG LW LV IL[HG WR WKH VWDUV� 7KHUHIRUH� LW FDQ EH FRQVLGHUHG SVHXGR�
LQHUWLDO� 7KLV UHIHUHQFH IUDPH LV RIWHQ XVHG WR GHVFULEH WKH SRVLWLRQ RI VSDFHFUDIW RU FHOHVWLDO REMHFWV
�5DR� ������

������ /RFDO 9HUWLFDO /RFDO +RUL]RQWDO
7KH /RFDO 9HUWLDO /RFDO +RUL]RQWDO �/9/+� UHIHUHQFH IUDPH KDV WKH ORFDO D[HV RI WKH FRRUGLQDWH V\V�
WHP DW WKH FHQWHU RI PDVV RI WKH VSDFHFUDIW� 7KLV DOORZV IRU WKH ORFDWLRQ RI WKH GHEULV ZLWK UHVSHFW WR
WKH VSDFHFUDIW WR EH VXFFHVVIXOO\ LGHQWLILHG� 7KH FRRUGLQDWHV LQ WKLV UHIHUHQFH IUDPH DUH GHILQHG E\
&DUWHVLDQ FRRUGLQDWHV� DV VHHQ LQ )LJXUH ���� 7KLV IUDPH LV GHILQHG DV IROORZV �5HLQWKDO� ������

� ፱ߜ GLUHFWHG UDGLDOO\ RXWZDUGV DV VHHQ IURP WKH FHQWHU RI WKH (DUWK

� ፳ߜ LV GLUHFWHG QRUPDO WR WKH RUELWDO SODQH LQ WKH GLUHFWLRQ SRVLWLYH RI WKH FKLHI¶V RUELW¶V DQJXODU
PRPHQWXP

� ፲ߜ LV WKH UHPDLQLQJ GLUHFWLRQ JLYHQ E\ WKH FURVV SURGXFW RI ፳ߜ DQG ፱ߜ

)LJXUH ���� &DUWHVLDQ LQHUWLDO DQG ORFDO FRRUGLQDWH IUDPHV� (&, LV GHSLFWHG LQ JUHHQ DQG /9/+ RI WKH FKLHI LQ EOXH� )RU WKH VWXG\
DW KDQG WKH FKLHI ZRXOG EH WKH VSDFHFUDIW DQG WKH GHSXW\ ZRXOG EH WKH GHEULV REMHFW�V� �5HLQWKDO� ������

*LYHQ WKDW IRU WKH FDVH DW KDQG ZH GHDO ZLWK D FKLHI DQG D GHSXW\� WKH /9/+ IUDPH ZLOO EH XVHG WR REWDLQ
WKH UHODWLYH SRVLWLRQ RI WKH GHEULV ZLWK UHVSHFW WR WKH VSDFHFUDIW� 7KH DGYDQWDJH RI /9/+ LV WKDW WKH
UHODWLYH EHKDYLRU FDQ EH EHWWHU XQGHUVWRRG DQG WKXV PRGHOHG�

���� &RRUGLQDWH 6\VWHP
7KLV VHFWLRQ ZLOO ORRN DW D VHOHFWLRQ RI FRRUGLQDWH V\VWHPV DV D PHDQV WR REWDLQ WKH PRVW VXLWDEOH RSWLRQ
IRU WKH VWXG\ DW KDQG� 7KHVH GLIIHUHQW FRRUGLQDWH V\VWHPV ZLOO DLG LQ SLQSRLQWLQJ WKH ORFDWLRQ RI ERWK WKH
VSDFHFUDIW DQG WKH GHEULV IUDJPHQWV� 7KH HOHPHQWV LPSOHPHQWHG WR REWDLQ WKH GLYHUVH SRVLWLRQV ZLOO EH
GHSHQGHQW RQ WKH FKRVHQ FRRUGLQDWH V\VWHPV�



���� &RRUGLQDWH 6\VWHP ��

������ &DUWHVLDQ
2QH RI WKHPRVW UHFXUULQJ FRRUGLQDWH V\VWHPV LQ OLWHUDWXUH LV WKH &DUWHVLDQ FRRUGLQDWH V\VWHP� &DUWHVLDQ
FRRUGLQDWHV VHUYH DV D PHDQV WR H[SUHVV WKH VWDWH RI DQ REMHFW E\ GHILQLQJ WKH [� \� DQG ] FRRUGLQDWHV DV
ZHOO DV WKH UHVSHFWLYH GHULYDWLYHV� 7KLV FRRUGLQDWH V\VWHP LV EDVHG RQ RUWKRJRQDO D[HV ZLWK LWV FHQWHU
DW D JLYHQ SRLQW� $Q H[DPSOH RI VXFK D V\VWHP LV WKH DIRUHPHQWLRQHG (&, IUDPH DQG V\VWHP ZKHUH WKH
FHQWHU ZDV SODFHG DW WKH FHQWHU RI WKH (DUWK� 7KLV V\VWHP FDQ EH VHHQ LQ )LJXUH ����

)LJXUH ���� 'HSLFWLRQ RI D FDUWHVLDQ FRRUGLQDWH V\VWHP LQ DQ (&, IUDPH ZLWK WKH VDWHOOLWH¶V SRVLWLRQ IRXQG DW FRRUGLQDWHV [�\�]
�:RQJ� ������

:KLOH WKLV FRRUGLQDWH V\VWHP KDV SURYHG XVHIXO IRU D ODUJH YDULHW\ RI DSSOLFDWLRQV� WKH ORFDWLRQ RI WKH
GHEULV IUDJPHQWV DQG WKH XVHU VDWHOOLWH LQ VSDFH DV VHHQ IURP (DUWK FKDQJHV FRQVLGHUDEO\ RYHU HDFK
LQGLYLGXDO UHYROXWLRQ ZKLFK PLJKW LQWURGXFH GUDZEDFNV �&DUFHOOHU� ������ $Q DOWHUQDWLYH WR WKLV W\SH RI
FRRUGLQDWH V\VWHP ZLOO EH GHVFULEHG LQ WKH QH[W VHFWLRQ�

������ .HSOHU
$QRWKHU SUHGRPLQDQWO\ XVHG FRRUGLQDWH V\VWHP LV WKH VHW RI .HSOHU FRRUGLQDWHV� 7KLV V\VWHP FRQVLVWV
RI VL[ RUELWDO HOHPHQWV ´XVHG WR SDUDPHWHUL]H WKH ORFDWLRQ RI D VSDFHFUDIW LQ RUELW UHODWLYH WR D SODQHW´
�5DR� ������ 7KH VL[ PDLQ RUELWDO HOHPHQWV DUH WKH IROORZLQJ �5DR� ������

� ൠ GHILQHG DV WKH VHPL�PDMRU D[LV ZKLFK SURYLGHV WKH VL]H RI WKH RUELW

�  GHILQHG DV WKH HFFHQWULFLW\ ZKLFK SURYLGHV WKH VKDSH RI WKH RUELW

� ͕ GHILQHG DV WKH ULJKW DVFHQVLRQ RI WKH DVFHQGLQJ QRGH ZKLFK SURYLGHV WKH DQJOH EHWZHHQ WKH
PDLQ GLUHFWLRQ ൎ፱ �VHH )LJXUH ���� DQG WKH OLQH RI QRGHV ൬ JRLQJ IURP WKH RULJLQ WR WKH DVFHQGLQJ
QRGH ZKLFK LV JLYHQ E\ ൬  ൎ፳ � ߶�

� ൧ DV WKH LQFOLQDWLRQ RI WKH RUELW

� ဋ GHILQHG DV WKH DUJXPHQW RI SHULDSVLV ZKLFK SURYLGHV WKH DQJOH IURP WKH OLQH RI QRGHV ൬ WR WKH
HFFHQWULFLW\ YHFWRU

�  ZKLFK LQ )LJXUH ��� LV UHIHUUHG WR DV  LV GHILQHG DV WKH WUXH DQRPDO\ ZKLFK SURYLGHV WKH DQJOH
IURP WKH HFFHQWULFLW\ YHFWRU WR WKH SRVLWLRQ RI WKH VSDFHFUDIW UHODWLYH WR WKH SODQHW



�� �� $VWURG\QDPLFV

$ GHSLFWLRQ RI WKHVH RUELWDO HOHPHQWV FDQ EH VHHQ LQ )LJXUH ����

)LJXUH ���� 2UELWDO HOHPHQWV �ȍ� L� Ȧ� Ȟ �UHIHUUHG WR DV ᎕ LQ WKLV SDSHU� WKDW GHILQH WKH RULHQWDWLRQ RI WKH RUELW DQG WKH GLUHFWLRQ
WRZDUGV WKH VSDFHFUDIW� UHODWLYH WR WKH (DUWK�&HQWHUHG LQHUWLDO �(&,� FRRUGLQDWH V\VWHP �5DR� ������

:KLOH WKH HOHPHQWV SUHVHQWHG DUH FRQVLGHUHG WR EH WKH PDLQ VL[ HOHPHQWV� WKHUH UHPDLQ WZR IXUWKHU
UHODWHG HOHPHQWV WKDW DUH FRPPRQO\ XVHG LQ DSSOLFDWLRQV ZLWK RUELWDO HOHPHQWV� WKHVH DUH DV IROORZV�

� ൊ LV GHILQHG DV WKH HFFHQWULF DQRPDO\� WKH H[DFW GHILQLWLRQ RI WKLV FDQ EH VHHQ LQ )LJXUH ���

�  LV GHILQHG DV WKH PHDQ DQRPDO\ ZKLFK LV DQ DQJOH WKDW YDULHV ZLWK WLPH GHILQHG E\ WKH SURGXFW
RI WKH PHDQ DQJXODU PRWLRQ RI WKH ERG\ DQG WKH WLPH HODSVHG VLQFH WKH ODVW SHULFHQWHU SDVVDJH
�:DNNHU� �����

)LJXUH ���� 'LDJUDP RI LQ�SODQH RUELWDO SDUDPHWHUV �:DNNHU� ������

������ 2WKHU
2WKHU FRRUGLQDWH V\VWHPV WKDW FRXOG EH XVHG LQFOXGH EXW DUH QRW OLPLWHG WR VSKHULFDO� F\OLQGULFDO� SRODU
DQG PRGLILHG HTXLQRFWLDO� KRZHYHU� WKHVH ZLOO QRW EH IXUWKHU H[SORUHG DW WKLV PRPHQW� 7KH UHDVRQ IRU



���� *RYHUQLQJ (TXDWLRQV ��

WKLV LV WKDW IRU WKH SUREOHP DW KDQG� WKH GHVFULEHG FRRUGLQDWH V\VWHPV DUH GHHPHG WKH EHVW IRU WKH
DSSOLFDWLRQ LQ TXHVWLRQ�

���� *RYHUQLQJ (TXDWLRQV
,Q WKLV VHFWLRQ� WKH JRYHUQLQJ HTXDWLRQV RI PRWLRQ ZLOO EH ORRNHG DW� 7KHVH DUH FUXFLDO LQ RUGHU WR EH
DEOH WR H[DPLQH WKH EHKDYLRU RI WKH VSDFHFUDIW DQG WKH GHEULV� 7KHVH HTXDWLRQV ZLOO EH IRUPXODWHG LQ
DQ LQHUWLDOO\ IL[HG UHIHUHQFH IUDPH VXFK DV WKH RQH VKRZQ LQ WKH SUHYLRXV LOOXVWUDWLRQV� 7KH IROORZLQJ
QRWDWLRQ ZLOO EH XVHIXO LQ GHWHUPLQLQJ WKH GLIIHUHQWLDO HTXDWLRQ RI PRWLRQ RI WKH VSDFHFUDIW UHODWLYH WR
WKH SODQHW �(TXDWLRQ ����� /HW ൰ߜ UHSUHVHQW WKH YHFWRU WR WKH VSDFHFUDIW DV PHDVXUHG IURP WKH FHQWHU
RI PDVV RI WKH SODQHW LQ TXHVWLRQ� LQ WKLV FDVH WKH (DUWK� DQG OHW ൰ _൰ߜ_  UHSUHVHQW WKH PDJQLWXGH RI ൰ߜ
�5DR� ������

൰ߜ̌ ࢿ 

൰ኽ
൰ߜ � ൠ፩ߜ �����

ZKHUH

� ൰ߜ LV WKH UDGLDO GLVWDQFH IURP WKH FHQWHU RI PDVV RI WKH FHQWUDO ERG\� VXFK DV WKH (DUWK� WR WKH REMHFW
RI LQWHUHVW� VXFK DV WKH VDWHOOLWH� DV VHHQ LQ )LJXUHV ��� DQG ����

� ൠ፩ߜ LV WKH DFFHOHUDWLRQ GXH WR SHUWXUEDWLRQV

�  LV WKH JUDYLWDWLRQDO SDUDPHWHU RI WKH FHQWUDO ERG\� HTXDO WR *0

)RU WKLV SDUW RI WKH VWXG\� WKH SHUWXUEDWLRQV ZLOO QRW EH WDNHQ LQWR DFFRXQW� $ JHQHUDO PDJQLWXGH IRU WKH
SHUWXUEDWLRQV DW KDQG DW DQ DOWLWXGH RI ��� NP UDQJHV IURP ��ዅኻኺ NP�Vኼ IRU WKH VRODU UDGLDWLRQ SUHVVXUH
WR ��ዅ NP�Vኼ IRU WKH ൏ኼ WHUP �0RQWHQEUXFN 	 *LOO� ������ 7KH JUDYLWDWLRQDO DFFHOHUDWLRQ LV WKH ODUJHVW DW
��ዅኼ NP�Vኼ �0RQWHQEUXFN 	 *LOO� ������ +RZHYHU D GHHSHU LQVLJKW LQWR SHUWXUEDWLRQV ZLOO EH SURYLGHG LQ
D ODWHU VHFWLRQ LQ WKH FKDSWHU� 7KLV DVVXPSWLRQ OHDGV WR WKH IROORZLQJ HTXDWLRQ IRU WKH WZR�ERG\ SUREOHP
GHVFULEHG LQ (TXDWLRQ ���

൰ߜ̌ ࢿ 

൰ኽ
൰ߜ �����

6ROYLQJ WKH WZR�ERG\ SUREOHP� WKH IROORZLQJ VROXWLRQ LV REWDLQHG�

൰  
߶ኼ�

� �  FRV
�����

ZKHUH

� K LV WKH PDJQLWXGH RI WKH VSHFLILF DQJXODU PRPHQWXP �VHH )LJXUH ����

�  LV WKH WUXH DQRPDO\� LQ OLWHUDWXUH WKLV LV DOVR UHIHUUHG WR DV  DV VHHQ LQ )LJXUH ���� )RU WKH
UHPDLQGHU RI WKLV VWXG\  ZLOO EH XVHG

�  LV WKH QRUP RI WKH HFFHQWULFLW\ YHFWRU� SRLQWLQJ WR WKH SHULFHQWHU �WKH SRLQW LQ WKH RUELW ZKHUH WKH
GLVWDQFH WR WKH FHQWUDO ERG\ LV PLQLPDO�

8VLQJ WKH IROORZLQJ UHODWLRQVKLS D GLIIHUHQW YHUVLRQ RI WKH DERYH HTXDWLRQV FDQ EH GHULYHG DV VHHQ
EHORZ�

൮  
߶ኼ


�����

൰  
൮

� �  FRV
�����

ZKHUH

� S LV WKH VHPL�ODWXV UHFWXP

7KLV HTXDWLRQ FDQ EH H[SUHVVHG LQ WHUPV RI WKH VHPL�PDMRU D[LV ൠ XVLQJ WKH H[SUHVVLRQ EHORZ�

൮  ൠ�� ࢿ ኼ� �����



�� �� $VWURG\QDPLFV

5HVXOWLQJ LQ WKH IROORZLQJ H[SUHVVLRQ IRU WKH VROXWLRQ RI WKH WZR�ERG\ SUREOHP

൰  
ൠ�� ࢿ ኼ�
� �  FRV

�����

)LJXUH ���� 'HSLFWLRQ RI WKH SODQH LQ ZKLFK WKH VROXWLRQ RI WKH WZR�ERG\ SUREOHP OLHV DV ZHOO DV WKH UHVSHFWLYH YHFWRUV� �5DR�
����� 1RWH  GHSLFWHG LV UHIHUUHG WR DV ᎕ WKURXJKRXW WKH VWXG\�

,Q RUGHU WR ILQG WKH YHORFLW\� WKH VSHFLILF PHFKDQLFDO HQHUJ\ LV XVHG WR REWDLQ WKH H[SUHVVLRQ VHHQ LQ
(TXDWLRQ ����

ൊ  
൴ኼ

�
ࢿ

൰
ࢿ 


�ൠ

�����

VROYLQJ IRU WKH YHORFLW\ WKH HTXDWLRQ NQRZQ DV WKH YLV�YLYD HTXDWLRQ LV IRXQG DV VHHQ LQ (TXDWLRQ ����

൴ኼ   ᗛ
�
൰
ࢿ
�
ൠ
ᗜ �����

IRU WKH FDVH RI D FLUFXODU RUELW ZKHUH ൰  ൠ� VXFK DV WKH FDVH RI WKH PDMRULW\ RI GHEULV RUELWLQJ WKH (DUWK�
WKH H[SUHVVLRQ LV VLPSOLILHG WR WKH VTXDUH RI WKH FLUFXODU YHORFLW\ JLYHQ DV

൴ኼ  

൰

������

���� 7UDQVIRUPDWLRQV
$V DIRUHPHQWLRQHG� REMHFWV LQ RUELW DURXQG WKH (DUWK FDQ EH GHILQHG LQ ERWK &DUWHVLDQ DQG .HSOHULDQ
HOHPHQWV� ,W ZDV FRQFOXGHG WKDW LQ RUGHU WR GHILQH WKH SRVLWLRQ RI WKH VSDFHFUDIW� .HSOHULDQ HOHPHQWV DUH
SUHIHUUHG� +RZHYHU� LQ RUGHU WR EH DEOH WR ILQG WKH ORFDWLRQ RI WKH GHEULV ZLWK UHVSHFW WR WKH VSDFHFUDIW�
&DUWHVLDQ FRRUGLQDWHV DUH D EHWWHU RSWLRQ DV ZH DUH RSHUDWLQJ LQ WKH /9/+ IUDPH� )RU WKLV UHDVRQ� D
WUDQVIRUPDWLRQ EHWZHHQ &DUWHVLDQ DQG .HSOHULDQ HOHPHQWV DQG YLFH YHUVD LV QHFHVVDU\� $ WKRURXJK
GHVFULSWLRQ RI WKHVH WUDQVIRUPDWLRQV FDQ EH VHHQ LQ $SSHQGL[ $�



���� .HSOHU 6ROYHU ��

���� .HSOHU 6ROYHU
,Q RUGHU WR REWDLQ D UHODWLRQVKLS EHWZHHQ WKH SRVLWLRQ LQ WKH RUELW DQG WLPH� RQH PXVW ORRN DW .HSOHU¶V
(TXDWLRQ ����

ൊ ࢿ  VLQൊ  ᔃ

ൠኽ
�൲ ࢿ ൲፩� ������

ZKHUH ൲፩ UHSUHVHQWV WKH WLPH RI SHULFHQWHU SDVVDJH ZKHUH WKH WUXH DQRPDO\ LV HTXDO WR ࣅ� �:DNNHU�
������ *LYHQ DQ LQLWLDO YDOXH IRU WKH HFFHQWULF DQRPDO\ ൊኺ DW DQ LQLWLDO WLPH ൲ኺ� (TXDWLRQ ���� FDQ EH
UHZULWWHQ DV VHHQ LQ (TXDWLRQ ����

൲፩  ൲ኺ ࢿ ᗛᔃ

ൠኽ
�ൊኺ ࢿ  VLQൊኺ�ᗜ ������

$ GHSLFWLRQ RI WKLV FDQ EH IRXQG LQ )LJXUH ��� �5DR� ������
7KH QH[W VWHS LV WR ILQG RXW WKH QXPEHU RI SHULDSVLV FURVVLQJV� 7KLV ZLOO EH GRQH E\ FDOFXODWLQJ WKH WLPH
VLQFH WKH SHULDSVLV FURVVLQJ DV VKRZQ LQ (TXDWLRQ ���� �5DR� ������ 7KH SURFHHGLQJ FRXUVH RI DFWLRQ
LV FDOFXODWLQJ WKH SHULRG RI WKH RUELW 7 ZLWK (TXDWLRQ ���� �:DNNHU� ������ 7KLV ZDV GRQH DV D PHDQV
WR GHWHUPLQH WKH QXPEHU RI WLPHV WKDW WKH VSDFHFUDIW KDG FURVVHG WKH SHULDSVLV N DV VHHQ LQ (TXDWLRQ
���� �5DR� ������ ,Q RUGHU WR JHW D FOHDUHU SLFWXUH RI WKLV� RQH FDQ ORRN DW )LJXUH ��� �5DR� ������

́൲  ൲ ࢿ ൲፩ ������

൙  �ဂᔄ
ൠኽ


������

൩  ൪൭൭൰�
́൲
൙
� ������

)LJXUH ���� 6FKHPDWLF VKRZLQJ WZR JHQHUDO SRLQWV RQ DQ RUELW ZKHUH WKH VSDFHFUDIW LV ORFDWHG DW SRLQW ፀᎲ DW WLPH ፭Ꮂ ZLWK D WUXH
DQRPDO\ DQG HFFHQWULF DQRPDO\ Ꮂ �᎕Ꮂ LQ WKLV SDSHU� DQG ፄᎲ� UHVSHFWLYHO\� DQG LV ORFDWHG DW SRLQW ፀ DW WLPH ፭ ZLWK D WUXH DQRPDO\
DQG HFFHQWULF DQRPDO\  �UHIHUUHG WR DV ᎕ LQ WKLV VWXG\� DQG ፄ� UHVSHFWLYHO\� 7KH VSDFHFUDIW FURVVHV SHULDSVLV D WRWDO RI ፤ WLPHV
HQ URXWH IURP SRLQW ፀᎲ WR SRLQW ፀ �5DR� ������

2QFH WKH QXPEHU RI SHULDSVLV FURVVLQJV LV REWDLQHG� WKH WLPH UHFXUUHG VLQFH WKH ODVW SHULDSVLV FURVVLQJ
LV REWDLQHG DV VKRZQ LQ (TXDWLRQ ����� 7KLV FDOFXODWLRQ LV FDUULHG RXW DLPLQJ WR REWDLQ DQ LQLWLDO JXHVV
IRU WKH HFFHQWULF DQRPDO\ ൊ፠፮፞፬፬ DV VHHQ LQ (TXDWLRQ �����

́൲፥ፚ፬፭፫፞፯  ́൲ ࢿ ൙൩ ������



�� �� $VWURG\QDPLFV

ൊ፠፮፞፬፬  �ဂ
́൲፥ፚ፬፭፫፞፯

൙
������

$IWHU WKH LQLWLDO JXHVV LV REWDLQHG� DQ LWHUDWLYH SURFHVV LV FDUULHG RXW DV D PHDQV WR REWDLQ WKH YDOXH RI
WKH HFFHQWULF DQRPDO\� ,Q RUGHU WR GR WKLV WKH 1HZWRQ�5DSKVRQ PHWKRG LV XVHG �:DNNHU� ������ ,Q WKH
ILUVW LWHUDWLRQ ൊ፤ ZLOO EH HTXDO WR ൊ፠፮፞፬፬�5DR� ������

ൊ፤ዄኻ  ൊ፤ ࢿ
ࠔ �ൊ፤�

፝
፝ፄ
ൊ�`ᗯ�ࠔ^

ፄፄᑜ

 ൊ፤ ࢿ
ൊ፤ ࢿ  VLQൊ፤ ࢿ �ൊኺ ࢿ  VLQൊኺ�

� ࢿ  FRVൊ፤
������

7KH LWHUDWLYH SURFHVV LV FDUULHG RXW XQWLO WKH GLIIHUHQFH LQ WKH LWHUDWLRQ UHDFKHV D GHVLUHG YDOXH� 1RQHWKH�
OHVV� OLWHUDWXUH DOVR SUHVHQWV RWKHU PHWKRGV WR FKRRVH WKH QXPEHU RI LWHUDWLRQV 1� WKLV FDQ EH GHILQHG
DV D IXQFWLRQ RI HFFHQWULFLW\ DV VHHQ LQ (TXDWLRQ ���� �5DR� ������

  �� ᗝ
�

� ࢿ 
ᗞ ������

2QFH D YDOXH IRU WKH HFFHQWULF DQRPDO\ LV REWDLQHG (TXDWLRQ ���� LV UHZULWWHQ WR REWDLQ WKH YDOXH IRU
WKH WUXH DQRPDO\ DW WLPH W�

WDQ

�
 ᔄ

� � 
� ࢿ 

WDQ
ൊ
�

������

���� '\QDPLFV
)RU D VDWHOOLWH LQ /(2 RUELWLQJ WKH (DUWK EHORZ ��� NP DOWLWXGH� WKH PDLQ DFFHOHUDWLRQV DFWLQJ RQ LW DUH
JUDYLW\� DWPRVSKHULF GUDJ� WKH ൏ኼ ]RQDO KDUPRQLF DQG VRODU UDGLDWLRQ SUHVVXUH �*LUDUGLQ HW DO�� ������
7\SLFDO PDJQLWXGHV IRU WKHVH DFFHOHUDWLRQV DUH SUHVHQWHG LQ )LJXUH ����

)LJXUH ���� 0DJQLWXGH RI DFFHOHUDWLRQV DFWLQJ RQ D VDWHOOLWH� EDVHG RQ DOWLWXGH �:DNNHU� ������

:KHQ ORRNLQJ DW WKH DFFHOHUDWLRQ ZLWK WKH ODUJHVW HIIHFW� LW FDQ EH REVHUYHG WKDW WKLV FRUUHVSRQGV WR
WKH DFFHOHUDWLRQ SURGXFHG E\ (DUWK¶V FHQWUDO DWWUDFWLRQ� 7KLV W\SH RI DFFHOHUDWLRQ LV LQGHSHQGHQW RI WKH
PDVV RI WKH VDWHOOLWH LQ TXHVWLRQ �:DNNHU� ������ 7KH DFFHOHUDWLRQ SURYLGHG E\ WKH (DUWK¶V JUDYLWDWLRQDO
IRUFH LV GHILQHG DV VHHQ LQ (TXDWLRQ ���� �:DNNHU� ������

ߜ �൚�ࢴߜ  ������



���� '\QDPLFV ��

7KH JUDYLWDWLRQDO SRWHQWLDO ൚ FDQ EH GHVFULEHG DV D IXQFWLRQ RI WKH VSKHULFDO KDUPRQLFV RI WKH JUDYLW\
ILHOG VKRZQ LQ (TXDWLRQ ������

൚  

൰

ጼ

ᔤ
ኺ

ᓋ
ൠ፞
൰
ᓏ
 

ᔤ
፦ኺ

ൕ�፦�VLQတ� ᓂൈ�፦ FRV൫ � ൘�፦ VLQ൫ᓆ ������

ZKHUH

� ൠ፞ LV WKH VHPL�PDMRU D[LV RI WKH (DUWK¶V UHIHUHQFH HOOLSVRLG

� U LV WKH VDWHOOLWH GLVWDQFH LQ D ERG\�IL[HG FRRUGLQDWH V\VWHP

� တ LV WKH ODWLWXGH LQ D ERG\�IL[HG FRRUGLQDWH V\VWHP

�  LV WKH ORQJLWXGH LQ D ERG\�IL[HG FRRUGLQDWH V\VWHP

� ൈ፥፦ DQG ൘፥፦ DUH VSKHULFDO KDUPRQLF FRHIILFLHQWV RI GHJUHH ൪ DQG RUGHU ൫

� ൕ፥፦ DQG ൘፥፦ DUH WKH DVVRFLDWHG /HJHQGUH IXQFWLRQV RI GHJUHH ൪ DQG RUGHU ൫

7KH GLIIHUHQW GHJUHHV DQG RUGHUV FDQ EH DWWULEXWHG WR GLIIHUHQW HOHPHQWV LQ WKH JUDYLW\ PRGHOV� :KHQ
FRQVLGHULQJ WKH PRGHO ZLWK GHJUHH � DQG RUGHU � WKH UHPDLQLQJ IXQFWLRQ LV ൚  ᎙

፫
� ,Q WKLV VFHQDULR� WKH

ERG\ LV WUHDWHG DV D SRLQW PDVV �:DNNHU� ������ $QRWKHU FRPPRQO\ XVHG WHUP LV WKDW RI GHJUHH � DQG
RUGHU �� WKLV DFFRXQWV IRU WKH REODWHQHVV RI WKH (DUWK� $ W\SLFDO UHSUHVHQWDWLRQ RI ൈ፥�ኺࢿ FDQ EH GHILQHG
DV ൏፥ ZKLFK LQ WKH FDVH PHQWLRQHG ZRXOG EH ൏ኼ� 7KH ൏ኼ LV GHILQHG DV D ]RQDO KDUPRQLF FRHIILFLHQW� 7KH
SHUWXUEDWLRQ FDXVHG E\ WKH REODWHQHVV LV RIWHQ UHIHUUHG WR DV WKH ൏ኼ SHUWXUEDWLRQ �:DNNHU� ����� DQG LQ
WKLV FDVH� LV DOVR RQH RI WKH PDLQ DFFHOHUDWLRQV IRU WKH FDVH DW KDQG� 2WKHU KDUPRQLFV LQFOXGH WKH ൏ኼ�ኼ
KDUPRQLF GHSLFWHG LQ )LJXUH ����

:KHQ ORRNLQJ DW WKH DFFHOHUDWLRQ SURGXFHG E\ DWPRVSKHULF GUDJ� WKH HTXDWLRQ LV VHHQ LQ (TXDWLRQ
���� �+DOO� ������

ߜ ࢿ 
�
�
ဃൈፃ

െ
൫
_ _൴ߜ ൴ߜ ������

ZKHUH

� ൴ߜ LV WKH YHORFLW\ Z�U�W� WKH DPELHQW DWPRVSKHUH

� ൈፃ LV WKH FRHIILFLHQW RI GUDJ

� െ LV WKH UHIHUHQFH DUHD

� ဃ LV WKH GHQVLW\ RI WKH DLU DW WKH JLYHQ DOWLWXGH

� P LV WKH PDVV RI WKH YHKLFOH

)URP (TXDWLRQ ����� LW FDQ EH VHHQ WKDW ZKHQ FDWFKLQJ WKH GHEULV� WKH LQFUHDVH LQ PDVV ZLOO QRW KDYH
DQ HIIHFW RQ WKH DWPRVSKHULF GUDJ� 7KLV FDQ EH DVVRFLDWHG ZLWK WKH IROORZLQJ UHODWLRQVKLS ൫፧፞፰  
൫፨፥፝ � ൫ፚ፝፝፞፝� *LYHQ WKDW WKH VWXG\ FRQFHUQV LWVHOI ZLWK VPDOO IUDJPHQWV� WKH DGGHG PDVV ZRXOG QRW
KDYH D VLJQLILFDQW LPSDFW WR DIIHFW WKH DFFHOHUDWLRQV DFWLQJ RQ WKH VSDFHFUDIW ZKLFK DUH PDVV GHSHQGHQW�

/RRNLQJ DW WKH QH[W GRPLQDWLQJ SHUWXUEDWLRQ �)LJXUH ���� DFWLQJ RQ WKH VSDFHFUDIW� VRODU UDGLDWLRQ SUHV�
VXUH� WKH JRYHUQLQJ HTXDWLRQ LV DV IROORZV �:DNNHU� ������

ߜ ൈ፫ࢿ 
൜െ
൫ൢ

፬ߜ ������

ZKHUH

� ൈ፫ LV WKH UDGLDWLRQ SUHVVXUH FRHIILFLHQW ZKLFK GHILQHV WKH VDWHOOLWH¶V UHIOHFWLYLW\

� ൜ LV WKH SRZHU GHQVLW\ RI WKH VRODU UDGLDWLRQ QHDU WKH (DUWK WDNHQ WR EH ���� :�Pኼ



�� �� $VWURG\QDPLFV

� െ LV WKH HIIHFWLYH FURVV�VHFWLRQDO DUHD RI WKH VDWHOOLWH

� ൫ LV WKH PDVV RI WKH VDWHOOLWH

� ൢ LV WKH VSHHG RI OLJKW LQ D YDFXXP

� ፬ߜ LV D XQLW YHFWRU IURP WKH VDWHOOLWH WR WKH 6XQ

)URP (TXDWLRQ ����� LW FDQ DOVR EH VHHQ WKDW DQ LQFUHDVH LQ PDVV ZLOO QRW DIIHFW WKH VRODU UDGLDWLRQ
SUHVVXUH JLYHQ WKH UHODWLRQVKLS ൫፧፞፰  ൫፨፥፝ � ൫ፚ፝፝፞፝�
,Q RUGHU WR REWDLQ DQ DSSUR[LPDWLRQ RI WKH HIIHFW RI WKH SHUWXUEDWLRQV RQ WKH VSDFHFUDIW DQG WKH GHEULV�
WKH HTXDWLRQ SURYLGHG IRU HDFK DFFHOHUDWLRQ E\ :DNNHU� ���� DUH XVHG� *LYHQ WKH PDJQLWXGH RI WKH
DFFHOHUDWLRQV DQG WKH WLPH WKH VSDFHFUDIW ZRXOG VSHQG LQ RUELW L�H� RQH ZHHN� LW FDQ EH VHHQ WKDW WKH
HIIHFW RI WKH SHUWXUEDWLRQV LV YHU\ LPSRUWDQW�
:DNNHU� ���� SURYLGHV UHIHUHQFHV IRU WKH HIIHFW RI WKHVH SHUWXUEDWLRQV RQ RUELWDO HOHPHQWV XVLQJ DQ
H[DPSOH IRU D VDWHOOLWH DW ��� NP ZLWK DQ LQFOLQDWLRQ RI �ࣅ�� )RU WKH SHUWXUEDWLRQ FDXVHG E\ WKH ൏ኼ WHUP�
WKH ODUJHVW HIIHFW ZRXOG EH RQ WKH ULJKW DVFHQVLRQ RI WKH DVFHQGLQJ QRGH� )RU D GXUDWLRQ RI D ZHHN LQ
RUELW� WKLV HIIHFW ZRXOG UHVXOW LQ �ࣅ����� 1RQHWKHOHVV� :DNNHU� ���� VKRZV WKDW IRU KLJKHU LQFOLQDWLRQV
VXFK DV WKH RQH XVHG LQ WKLV VWXG\� WKLV YDOXH ZRXOG EH ORZHU E\ D IDFWRU RI ���
7KH HIIHFW RI GUDJ RQ WKH VHPL�PDMRU D[LV IRU WKH GXUDWLRQ RI D ZHHN ZRXOG UHVXOW LQ ������ NP� 6LPL�
ODUO\� ZKHQ ORRNLQJ DW VRODU UDGLDWLRQ SUHVVXUH� XVLQJ WKH PD[LPXP FKDQJH LQ WKH ULJKW DVFHQVLRQ RI WKH
DVFHQGLQJ QRGH SHU UHYROXWLRQ �:DNNHU� ������ D PD[LPXP YDOXH RI ࣅ���� LV REWDLQHG�

*LYHQ WKLV UHVXOW LW LV HYLGHQW WKDW WKH HIIHFW RI WKH SHUWXUEDWLRQV DW VXFK ORZ DOWLWXGHV LV QRW QHJOLJLEOH�
:KLOH WKH XVH RI SHUWXUEDWLRQV ZDV FRQVLGHUHG LW ZDV GHHPHG FRPSXWDWLRQDOO\ H[SHQVLYH� *LYHQ WKDW
WKH VWXG\ IRFXVHV RQ WKH UHODWLYH EHKDYLRU RI D VSDFHFUDIW DQG WKH GHEULV IUDJPHQWV� LW FDQ EH DVVXPHG
WKDW WKH SHUWXUEDWLRQV ZLOO DIIHFW ERWK WKH VSDFHFUDIW DQG WKH GHEULV LQ D VLPLODU PDQQHU� 7KLV FDQ EH GXH
WR WKH IDFW WKDW WKH\ ZLOO EH WUDYHOOLQJ RQ DERXW YHU\ VLPLODU RUELWV� )RU WKLV UHDVRQ� WKH SHUWXUEDWLRQV ZLOO
QRW EH WDNHQ LQWR DFFRXQW ZKHQ VLPXODWLQJ WKH RUELWV� +RZHYHU� WKHLU HIIHFW ZLOO EH NHSW LQ PLQG ZKHQ
DQDO\]LQJ WKH UHVXOWV�

���� 2UELW &KDQJHV DQG 'HOWD 9
$OWKRXJK WKH SDVVLYH $'5 PHWKRG SUL]HV LWVHOI RQ QRW KDYLQJ WR FDUU\ RXW DQ\ PDQHXYHUV� RYHU WLPH
D ORVV RI YHORFLW\ ZRXOG RFFXU DWWULEXWHG WR WKH UHFXUULQJ LPSDFWV RI WKH GHEULV IUDJPHQWV� 7KLV ZRXOG
LPSO\� WKDW ZLWK WKH SDVVDJH RI WLPH� PDQHXYHUV ZRXOG KDYH WR EH FDUULHG RXW DV D PHDQV WR UH�RUELW
WKH VSDFHFUDIW LQ LWV GHVLUHG RULHQWDWLRQ� 0RUHRYHU� LI WKH $'5 WHFKQLTXH GHPRQVWUDWHV WKH DELOLW\ WR
UHPRYH GHEULV VXFFHVVIXOO\ LQ WKH FKRVHQ RUELW� LW FRXOG SRVVLEO\ EH UH�SRVLWLRQHG WR DQRWKHU RUELW ZKHUH
D IUDJPHQWDWLRQ HYHQW KDG RFFXUUHG RU ZDV H[SHFWHG WR RFFXU� &RPSDUDEO\� ZHUH WKH VSDFHFUDIW WR ILQG
LWVHOI LQ D FROOLVLRQ FRXUVH ZLWK DQRWKHU VSDFHFUDIW� D PDQHXYHU ZRXOG KDYH WR EH FDUULHG RXW WR DYRLG
D FROOLVLRQ� 6R DV WR DFKLHYH WKLV� WKH DYDLODELOLW\ RI HQRXJK ́൴ ZRXOG EH QHHGHG WR KDYH WKH DELOLW\
WR DFFRPSOLVK WKH UHTXLUHG PDQHXYHU� 7KH ́൴ UHTXLUHG E\ VXFK D PDQHXYHU FDQ EH GHVFULEHG E\ WKH
IROORZLQJ HTXDWLRQ �:DNNHU� ������

́൛ኼ  ൛ኼኻ � ൛ኼኼ ࢿ �൛ኻ൛ኼ FRV́൧ ������

6KRXOG WKH QHFHVVLW\ WR SHUIRUP D PDQHXYHU DULVH� W\SLFDO ́൴ YDOXHV DW ��� NP DOWLWXGH DUH ��� P�V SHU
GHJUHH IRU D SODQH FKDQJH DQG ���� P�V SHU NP IRU DQ DOWLWXGH FKDQJH DW DQ LQFOLQDWLRQ RI �ࣅ� �:HUW]�
������ +RZHYHU� WKH ́൴ DQG DOWLWXGH FKDQJHV DUH RXW RI WKH VFRSH RI WKLV VWXG\ DQG ZLOO WKHUHIRUH QRW
EH FRQVLGHUHG IXUWKHU�

���� 6SDFHFUDIW 2ULHQWDWLRQ
:LWK WKH SXUSRVH RI LQFUHDVLQJ WKH FDWFKPHQW DUHD� WKH RULHQWDWLRQ RI WKH VSDFHFUDIW ZLOO EH FRQVLGHUHG�
,W ZDV DGMXGJHG WKDW WKH VSDFHFUDIW RULHQWDWLRQ ZLWK WKH EHVW RXWFRPH ZRXOG EH SHUSHQGLFXODU WR WKH
PRYHPHQW� ,Q DQ HIIRUW WR REWDLQ D FOHDUHU SLFWXUH� )LJXUH ��� VKRZV WKH FDVH RI WKH SHUSHQGLFXODU
PRYHPHQW RI WKH VSDFHFUDIW DQG WKH RULHQWDWLRQ DW DQ DQJOH� ,W LV UHDGLO\ DSSDUHQW WKDW ZKHQ IO\LQJ ZLWK
WKH SHUSHQGLFXODU RULHQWDWLRQ WKH H[SHFWHG QXPEHU RI VSDFH GHEULV IUDJPHQWV FDXJKW LV ODUJHU� 7KLV
REVHUYDWLRQ VWUHQJWKHQV WKH LQLWLDO K\SRWKHVLV�



���� 3RWHQWLDO 'HEULV &DSWXUH ��

)LJXUH ���� D� 'HSLFWLRQ RI VSDFHFUDIW RULHQWDWLRQ SHUSHQGLFXODU WR GHEULV REMHFW IO\LQJ WRZDUGV WKH VSDFHFUDIW� E� 'HSLFWLRQ RI
DQJOHG RULHQWDWLRQ �IURQW YLHZ��

���� 3RWHQWLDO 'HEULV &DSWXUH
,Q RUGHU WR JDLQ D FOHDUHU SLFWXUH RI WKH LQLWLDO IHDVLELOLW\ RI WKH SDVVLYH FDSWXUH GHYLFH� LW ZDV ORRNHG
DW DV ERWK D JHQHUDO PLWLJDWLRQ GHYLFH DV ZHOO DV DQ HPHUJHQF\ PLWLJDWLRQ GHYLFH LQ WKH FDVH RI D
IUDJPHQWDWLRQ HYHQW� 7KH SRVVLEOH QXPEHU RI REMHFWV FDSWXUHG ZDV REWDLQHG ZLWK D VHW RI FDOFXODWLRQV�
,Q WHUPV RI D YHU\ ILUVW LGHD RQ JHQHUDO FOHDQ�XS� WKH QXPEHU RI SDUWLFOHV DQG RUELW ORFDWLRQ RI WKH FOHDQ�
XS ZDV GHWHUPLQHG XVLQJ )LJXUH ����� +HUH DQ LQFOLQDWLRQ DQG DOWLWXGH ZLWK D KLJK GHQVLW\ RI GHEULV
ZHUH FKRVHQ DQG WKHQ WKH YROXPH RI D VSKHUH DQG D FLUFXODU RUELW ZDV XVHG WR HVWLPDWH WKH QXPEHU RI
GHEULV SDUWLFOHV WKDW FRXOG EH FDSWXUHG SHU \HDU �&DUFHOOHU� ������

)LJXUH ����� 'LVWULEXWLRQ RI REMHFWV UHVLGLQJ LQ /RZ (DUWK 2UELW �/HPPHQV DQG /HWL]LD� ������

)URP )LJXUH ����� D ELQ EHWZHHQ ��� DQG ��� NP DOWLWXGH ZDV WDNHQ IRU DOO DOWLWXGHV� 7KH IROORZLQJ
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HTXDWLRQ ZDV XVHG WR JHW WKH YROXPH RI D VSKHUH ZLWK ��� NP DV WKH LQQHU UDGLXV DQG ��� NP DV WKH
RXWHU UDGLXV�

൛  
�
�
ဂ��ൗ፨፮፭፞፫ � ൗፄ�ኽ ࢿ �ൗ።፧፧፞፫ � ൗፄ�ኽ� ������

7KLV ZRXOG UHVXOW LQ D YROXPH RI ����� � ��ኻኺ NPኽ�

7KHQ WKH QXPEHU RI SDUWLFOHV ZDV REWDLQHG IURP WKH JUDSK DV DSSUR[LPDWHO\ ����� SDUWLFOHV IRU WKH
FKRVHQ DOWLWXGH ELQ� $FFRXQWLQJ IRU WKH QRQ�WUDFNHG GHEULV SDUWLFOHV EHWZHHQ � FP DQG �� FP DV ��
WLPHV PRUH WKDQ WKH WUDFNHG SDUWLFOHV RI WKH JLYHQ QXPEHU �/HPPHQV 	 /HWL]LD� ����� UHVXOWLQJ LQ
�� � ��ኽ SDUWLFOHV� 8VLQJ WKH QXPEHU RI SDUWLFOHV DQG WKH YROXPH� WKH GHQVLW\ RI WKH SDUWLFOHV LQ WKH
YROXPH ZDV REWDLQHG DV IROORZV XVLQJ (TXDWLRQ �����

൬൱൧൲൷  
�ൕൠ൰൲൧ൢ൪፝፞፫።፬

൛
������

$ GHQVLW\ RI ����� � ��ዅዀ SDUWLFOHV SHU NPኽ� ,Q RUGHU WR REWDLQ D SURSHU HVWLPDWH� WKH FDWFKPHQW DUHD
RI WKH VSDFHFUDIW ZDV FDOFXODWHG ZLWK (TXDWLRQ �����

െ  ဂ൰ኼ ������

ZKHUH WKH UDGLXV U ZDV WDNHQ DV �� P� 7KLV UHVXOWHG LQ DQ DUHD RI ����� � ��ዅኽ NPኼ� 7KH SDUWLFOH
FDSWXUH QXPEHU ZDV REWDLQHG DV IROORZV� XVLQJ (TXDWLRQ �����

�ൕൠ൰൲൧ൢ൪൱ፚ፩፭፮፫፞፝  െ � ൴፫፞፥ � ൬൱൧൲൷ � ൲ ������

8VLQJ D UHODWLYH YHORFLW\ RI �� NP�V �:DNNHU� ������ LW UHVXOWHG LQ ����� � ��ዅዂ SDUWLFOHV FDXJKW SHU
VHFRQG� 8VLQJ WKH SDUWLFOH QXPEHU REWDLQHG SHU VHFRQG WKH SDUWLFOH QXPEHU SHU ZHHN ZDV REWDLQHG WR
EH ������� &RPSDUHG WR WKH RULJLQDO QXPEHU RI SDUWLFOHV WKLV ZRXOG PHDQ WKDW ����� � ��ዅ � RI WKH
SDUWLFOHV ZHUH FDXJKW�
1H[W� WKH QXPEHU RI SDUWLFOHV IRU WKH DIRUHPHQWLRQHG IUDJPHQWDWLRQ RI .RVPRV ���� ZDV FDOFXODWHG�
7KH QXPEHU RI SDUWLFOHV ZDV FKRVHQ EDVHG RQ D VLPLODU HYHQW� QDPHO\ WKH &KLQHVH DQWL�VDWHOOLWH PLVVLOH
WHVW FRQGXFWHG LQ ����� 7KH &KLQHVH WHVW UHVXOWHG LQ D JHQHUDWLRQ RI ������� GHEULV IUDJPHQWV RI VL]H
� FP DQG VPDOOHU �.DQ� ������
,Q RUGHU WR REWDLQ SUHOLPLQDU\ QXPEHUV WKH YROXPH FRQVLGHUHG ZDV WDNHQ DV D ULQJ DURXQG WKH (DUWK
ZLWK DQ HVWLPDWH IRU WKH FURVV�VHFWLRQDO DUHD RI WKH FORXG WDNHQ WR EH �� NP E\ �� NP DW DQ DOWLWXGH RI
��� NP �.DQ� ������ 7KLV UHVXOWHG LQ WKH H[SUHVVLRQ VHHQ LQ (TXDWLRQ �����

൛  �ဂ�ൗፄ � ߶�൵൪ ������

ZKHUH

� ൗፄ LV WKH (DUWK¶V 5DGLXV WDNHQ DV ����� NP

� ߶ LV WKH DOWLWXGH WDNHQ DV ��� NP

� ൵ LV WKH ZLGWK RI WKH FURVV�VHFWLRQ WDNHQ DV �� NP

� ൪ LV WKH OHQJWK RI WKH FURVV�VHFWLRQ WDNHQ DV �� NP

7KLV UHVXOWHG LQ D YROXPH RI ������ � �� NPኽ�

1H[W� WKH GHQVLW\ RI WKH FORXG ZDV FDOFXODWHG E\ XVLQJ WKH WRWDO QXPEHU RI SDUWLFOHV DQG WKH GHQVLW\ DV
VHHQ LQ (TXDWLRQ �����

൬൱൧൲൷  
�ൕൠ൰൲൧ൢ൪፝፞፫።፬

൛
������

7KH QXPEHU RI SDUWLFOHV KHUH ZDV FKRVHQ IRU DQ DOWLWXGH DQG LQFOLQDWLRQ ELQ UHVXOWLQJ LQ �����ኽ SDUWLFOHV�
8VLQJ WKH DIRUHPHQWLRQHG YROXPH REWDLQHG DQG WKH QXPEHU RI SDUWLFOHV D GHQVLW\ RI ������ዅኽ SDUWLFOHV
SHU NPኽ ZDV REWDLQHG�



����� &RQFOXGLQJ 5HPDUNV ��

*LYHQ WKDW WKH FDWFKHU YHKLFOH ZRXOG EH WKH VDPH� WKH VDPH YDOXH IRU WKH DUHD RI ����� � ��ዅኽ NPኼ LV
XVHG� )LQDOO\� WKH SUHOLPLQDU\ QXPEHU IRU WKH SDUWLFOHV FDSWXUHG LQ WKH FDVH SUHVHQWHG ZDV FDOFXODWHG
XVLQJ (TXDWLRQ �����

�ൕൠ൰൲൧ൢ൪൱ፚ፩፭፮፫፞፝  െ � ൴፫፞፥ � ൬൱൧൲൷ � ൲ ������

8VLQJ D UHODWLYH YHORFLW\ RI �� NP�V �:DNNHU� ������ LW UHVXOWHG LQ ����� � ��ዅ SDUWLFOHV FDXJKW SHU
VHFRQG� 8VLQJ WKH SDUWLFOH QXPEHU REWDLQHG SHU VHFRQG WKH SDUWLFOH QXPEHU SHU ZHHN ZDV REWDLQHG WR
EH ����� SHU ZHHN� 7KLV HTXDWHV WR ������ RI WKH SDUWLFOHV FDXJKW�

$V FDQ EH VHHQ� ERWK WKH SHUFHQWDJH RI SDUWLFOHV FDXJKW IRU WKH H[SORVLRQ FDVH LV PRUH WKDQ ���� WLPHV
ODUJHU WKDQ WKDW RI WKH JHQHUDO H[SORVLRQ� 6LPLODUO\ WKH QXPEHU RI SDUWLFOHV FDXJKW LV DOPRVW ��� WLPHV
ODUJHU� 0RUHRYHU� JLYHQ WKH IDFW WKDW WKH H[SORVLRQ UHVXOWV LQ D KLJK�GHQVLW\ FORXG� LW FDQ EH H[SHFWHG
WKDW VLPXODWLRQ UHVXOWV ZRXOG OHDG WR D KLJKHU QXPEHU� )RU WKLV UHDVRQ� LW ZDV FKRVHQ WR FDUU\ RXW WKH
VLPXODWLRQ IRU D EUHDN�XS HYHQW LQ SDUWLFXODU�

����� &RQFOXGLQJ 5HPDUNV
$OO LQ DOO� XSRQ FRQFOXGLQJ WKH DVWURG\QDPLFDO DQDO\VLV� LW ZDV IRXQG WKDW DOWKRXJK SHUWXUEDWLRQV SOD\
D VLJQLILFDQW UROH LQ GHILQLQJ DQ DFFXUDWH RUELW LQFOXGLQJ WKHP ZRXOG EH WRR FRPSXWDWLRQDOO\ H[SHQVLYH�
*LYHQ WKDW LW LV D IHDVLELOLW\ VWXG\� LW ZLOO IRFXV RQ WKH LQWHUDFWLRQ EHWZHHQ WKH VSDFHFUDIW DQG WKH GHEULV
ORRNLQJ DW UHODWLYH PRWLRQ DQG PHFKDQLFDO LQWHUDFWLRQV VXFK DV PRPHQWXP� &RQVLGHULQJ WKDW ERWK WKH
VSDFHFUDIW DQG WKH GHEULV DUH DFWHG XSRQ E\ SHUWXUEDWLRQV� ZKHQ FRQVLGHULQJ UHODWLYH PRWLRQ WKH\ FDQ
EH QHJOHFWHG WR ILUVW RUGHU� )RU WKLV UHDVRQ� SHUWXUEDWLRQV ZLOO QRW EH FRQVLGHUHG KRZHYHU WKHLU LPSRU�
WDQFH LV DFNQRZOHGJHG ZHUH WKLV FRQFHSW WR SURYH IHDVLEOH �&DUFHOOHU� ������

,Q WHUPV RI WKH EHVW FKRLFH IRU UHIHUHQFH IUDPHV DQG FRRUGLQDWH V\VWHPV� LW ZDV FRQFOXGHG WKDW WKH
PRVW RSWLPDO UHIHUHQFH IUDPHV IRU WKLV VWXG\ DUH WKH (&, IUDPH WR GHVFULEH WKH PRYHPHQW RI WKH VSDFH�
FUDIW DQG WKH /9/+ IUDPH IRU WKH SRVLWLRQ RI WKH GHEULV ZLWK UHVSHFW WR WKH VSDFHFUDIW �&DUFHOOHU� ������
&RPSDUDEO\� UHJDUGLQJ WKH FRRUGLQDWH V\VWHPV� .HSOHULDQ HOHPHQWV ZLOO EH XVHG IRU WKH RUELW VLPXOD�
WLRQV RI WKH VSDFHFUDIW DQG WKH GHEULV DQG &DUWHVLDQ FRRUGLQDWHV ZLOO EH XVHG IRU WKH PRWLRQ RI WKH
GHEULV UHODWLYH WR WKH VSDFHFUDIW� 7KLV ZLOO HQVXUH DQ DFFXUDWH UHSUHVHQWDWLRQ RI WKH UHODWLYH PRWLRQ RI
WKH VSDFHFUDIW DQG WKH GHEULV IUDJPHQWV�





�
6DWHOOLWH %UHDNXS

,Q RUGHU WR EH DEOH WR JHQHUDWH D GDWDVHW RI GHEULV IUDJPHQWV LQ OLQH ZLWK D UHDO�OLIH VDWHOOLWH EUHDNXS�
DQ H[LVWLQJ EUHDNXS PRGHO ZLOO EH XVHG� %UHDNXS PRGHOV VHUYH DV D WRRO WR PRGHO WKH EHKDYLRU DQG
FKDUDFWHULVWLFV RI GHEULV IUDJPHQWV DIWHU DQ H[SORVLRQ RU FROOLVLRQ� 7KH WKHVLV DW KDQG ZLOO PDNH XVH RI
WKH VWDWH RI WKH 5XVVLDQ VDWHOOLWH .RVPRV ���� DW WLPH RI H[SORVLRQ LQ 1RYHPEHU ����� )RU WKLV UHDVRQ�
D EUHDNXS PRGHO ZLOO EH XVHG WR JHQHUDWH WKH UHTXLUHG GDWD IRU WKH VLPXODWLRQ WKH WKHVLV ZLOO GHDO ZLWK�
7KLV FKDSWHU ZLOO GLVFXVV WKH KLVWRU\ RI PRGHOV� KRZ PRGHOV DUH FUHDWHG� DQG ZKLFK PRGHO ZDV FKRVHQ
IRU WKH DSSOLFDWLRQ DW KDQG�

���� +LVWRU\
6LQFH WKH VSDFH HUD ILUVW EHJDQ� WKHUH KDYH EHHQ PRUH WKDQ ��� NQRZQ IUDJPHQWDWLRQ HYHQWV �/HP�
PHQV 	 /HWL]LD� ������ 2YHU WLPH WKHVH HYHQWV KDYH EHHQ FDWDORJXHG DORQJ ZLWK WKHLU UHVSHFWLYH GHEULV
FORXGV� 7KLV VHFWLRQ ZLOO WDNH D VHW RI KLVWRULFDO HYHQWV DQG ORRN DW WKH UHVXOWLQJ GHEULV FORXGV �-RKQVRQ
HW DO�� ������ ,Q $Q]�0HDGRU HW DO�� ����¶V ��፭፡ HGLWLRQ WKH GHEULV SRSXODWLRQ LQ ���� ZDV DV VKRZQ
LQ )LJXUH ���� $FFRUGLQJ WR $Q]�0HDGRU HW DO�� ���� WKH GLYHUVH SHDNV FDQ EH DWWULEXWHG WR GLIIHUHQW

)LJXUH ���� 7KH QHDU�(DUWK �XS WR ���� NP� DOWLWXGH�GHSHQGHQW GHEULV SRSXODWLRQ �$Q]�0HDGRU HW DO�� ������

HYHQWV� )RU H[DPSOH� DW DQ DOWLWXGH RI ��� NP� WKH SHDN FDQ EH DWWULEXWHG WR WKH DQWL�VDWHOOLWH PLVVLOH

��



�� �� 6DWHOOLWH %UHDNXS

WHVW FRQGXFWHG E\ &KLQD WKDW GHVWUR\HG WKH ZHDWKHU VDWHOOLWH )HQJ\XQ �&� 6LPLODUO\� WKH SHDN IRXQG
DW ��� NP FDQ EH DWWULEXWHG WR WKH ,ULGLXP�&RVPRV FROOLVLRQ ZKLFK ZDV SUHVHQWHG LQ HDUOLHU FKDSWHUV�
1HHGOHVV WR VD\� WKHVH FDWDVWURSKLF HYHQWV UHVXOWHG LQ DQ LPSRUWDQW LQFUHDVH LQ VSDFH GHEULV YLVLEOH WR
WKLV GD\�

7DNLQJ D FORVHU ORRN DW WKH LQGLYLGXDO LPSDFW RI WKH DIRUHPHQWLRQHG VSDFHFUDIW� LW ZDV FOHDU WR VHH
WKDW WKH EUHDNXS WKDW JHQHUDWHG WKH PRVW WUDFNDEOH GHEULV ZDV WKH )HQJ\XQ �& ZLWK ����� FDWDORJXHG
IUDJPHQWV DQG ����� VWLOO LQ RUELW �$Q]�0HDGRU HW DO�� ������ 6LPLODUO\� WKH &RPRV�,ULGXP FROOLVLRQ OHDG
WR D JHQHUDWLRQ RI ����� FDWDORJXHG IUDJPHQWV ZLWK ����� VWLOO LQ RUELW RULJLQDWLQJ IURP &RVPRV ����
DQG ��� FDWDORJXHG IUDJPHQWV ZLWK ��� VWLOO LQ RUELW EHORQJLQJ WR ,ULGLXP �� �$Q]�0HDGRU HW DO�� ������
7KH UHVXOWLQJ GHEULV FORXGV FDQ EH REVHUYHG LQ )LJXUHV ��� WR ��� �$Q]�0HDGRU HW DO�� ������

)LJXUH ���� )HQJ\XQ �& GHEULV FORXG
UHPQDQW RI ����� FDWDORJHG IUDJ�
PHQWV � PRQWKV DIWHU WKH HYHQW
DV UHFRQVWUXFWHG IURP WKH 86 661
GDWDEDVH �$Q]�0HDGRU HW DO�� ������

)LJXUH ���� 7KH &26026 ���� GHEULV
FORXG� LQFOXGLQJ ���� IUDJPHQWV FDWD�
ORJHG XS WR � \HDUV DIWHU WKH HYHQW �$Q]�
0HDGRU HW DO�� ������

)LJXUH ���� 7KH ,5,',80 �� GHEULV
FORXG� LQFOXGLQJ ��� IUDJPHQWV FDWD�
ORJHG XS WR � \HDUV DIWHU WKH HYHQW
�$Q]�0HDGRU HW DO�� ������

+RZHYHU� DOWKRXJK WKHVH DUH WKH PRVW IDPRXV EUHDNXS HYHQWV� WKHUH DUH RWKHUV VXFK DV WKH 1LPEXV �
5�% ZKLFK JHQHUDWHG ��� FDWDORJXHG ZLWK ��� VWLOO LQ RUELW� WKLV RFFXUUHG WKH ��፭፡ RI 2FWREHU ���� GXH
WR XQNQRZQ FDXVHV� 12$$ � 5�% ��� FDWDORJXHG ZLWK ��� VWLOO RQ RUELW DQG EURNH XS GXH WR SURSXOVLRQ
WKH ��፭፡ RI 'HFHPEHU ����� $QRWKHU EUHDNXS WKDW RFFXUUHG WKH ��፭፡ RI 1RYHPEHU ���� LV WKH 12$$
�� IRU ZKLFK WKH FDXVHV DUH XQNQRZQ DQG JHQHUDWHG ��� WUDFNDEOH RI ZKLFK ��� ZHUH GHILQHG DV VWLOO
LQ RUELW �$Q]�0HDGRU HW DO�� ������

���� %UHDNXS 0RGHOV
6DWHOOLWH EUHDNXS PRGHOV VHUYH DV D PHDQV WR UHSUHVHQW WKH HQG UHVXOW RI D EUHDNXS HYHQW VXFK DV DQ
H[SORVLRQ RU D FROOLVLRQ� ,Q RUGHU WR VXFFHVVIXOO\ GR WKLV� WKH IUDJPHQW VL]H� DUHD�WR�PDVV UDWLR DQG WKH
GLVWULEXWLRQ RI WKH ́൴ DUH FROOHFWHG DV D PHDQV WR JHQHUDWH GLVWULEXWLRQV� 7KHVH GLVWULEXWLRQV FDQ EH
REWDLQHG HPSLULFDOO\ �EDVHG RQ H[LVWLQJ GDWD� DQG WKHRUHWLFDOO\� 7KHVH PRGHOV DUH FULWLFDO LQ EHLQJ DEOH
WR SUHGLFW WKH EHKDYLRU RI WKH GHEULV LI VXFK DQ HYHQW LV SUHGLFWHG DQG VXFFHVVIXOO\ LGHQWLI\ WKH ULVNV RI
WKH GHEULV ERWK VKRUW� DQG ORQJ�WHUP� ,Q OLWHUDWXUH� WKH PRGHO WKDW LV PRVW XVHG LV WKH 1$6$ %UHDNXS
0RGHO ���� 7KLV PRGHO ZLOO EH IXUWKHU H[SODLQHG ODWHU LQ WKH FKDSWHU�

2WKHU PRGHOV LQFOXGH WKH $HURVSDFH &RUSRUDWLRQ¶V PRGHO ,03$&7� 7KLV PRGHO LV D VHPL�HPSLULFDO
PRGHO EDVHG RQ RQ�RUELW DQG JURXQG GDWD �0DLQV 	 6RUJH� ������ 7KH PRVW UHFHQW XSGDWH RI WKH
PRGHO� ,03$&7 ���� ZDV XSGDWHG ZLWK D PRUH UHFHQW K\SHUYHORFLW\ LPSDFW WHVW FRQGXFWHG E\ 'HEULVDW�
7KLV WHVW DLPV DW REWDLQLQJ D EUHDNXS PRGHO UHIOHFWLQJ WKH EHKDYLRU RI QHZ PDWHULDOV XVHG LQ VDWHOOLWHV
VXFK DV &DUERQ�ILEHU�UHLQIRUFHG SRO\PHUV �&)53�� 7KH GLIIHUHQFH EHWZHHQ WKH SUHYLRXV PRGHO DQG WKH
FXUUHQW PRGHO YHUVXV WKH GDWD REWDLQHG IURP WKH 'HEULVDW K\SHUYHORFLW\ LPSDFW WHVW FDQ EH VHHQ LQ )LJ�
XUH ��� ZKHUH WKH ZLGWK�WR�OHQJWK UDWLR RI FRSSHU ZDV SORWWHG IRU WKH SUHYLRXV PRGHO� FXUUHQW PRGHO DQG



���� 1$6$ %UHDNXS 0RGHO ��� ��

WKH 'HEULVDW H[SORVLRQ� ,W FDQ EH VHHQ WKDW WKH XSGDWHG PRGHO IROORZV WKH UHDO OLIH GDWD PXFK FORVHU WKDQ
WKH SUHYLRXV PRGHO� 7KLV VKRZV WKH LPSRUWDQFH RI ILQGLQJ DQ XSGDWHG PRGHO IRU EUHDNXSV LQ VSDFH�
+RZHYHU� JLYHQ WKDW WKH ,PSDFW ��� PRGHO LV YHU\ UHFHQW DQG PRUH DSW IRU PRUH PRGHUQ VDWHOOLWHV� LW ZLOO
QRW EH XVHG� 7KLV FDQ EH DWWULEXWHG WR WKH IDFW WKDW WKH .RVPRV ���� ZDV ODXQFKHG LQ ���� VR DQ ROGHU
PRGHO ZRXOG EH PRUH DSSURSULDWH�

)LJXUH ���� 'HEUL6DW�,03$&7 ��� DQG ,03$&7 ��� FRSSHU IUDJPHQW Z�O UDWLR GLVWULEXWLRQ �0DLQV 	 6RUJH� ������

���� 1$6$ %UHDNXS 0RGHO ���
7KH PDLQ PRGHO XVHG WR GHVFULEH WKH EHKDYLRU RI WKH GHEULV IUDJPHQWV XSRQ H[SORVLRQ LQ WKLV VWXG\
LV WKH 1$6$ %UHDNXS PRGHO ���� 7KLV PRGHO VHUYHV WR SURYLGH� GHQVLW\� VL]H� ́൴ DQG DUHD�WR�PDVV
UDWLR� 7KH 1$6$ EUHDNXS PRGHO FDQ EH GLYLGHG LQWR WZR VHFWLRQV� H[SORVLRQ DQG FROOLVLRQ� )RU WKH
FDVH DW KDQG� WKH H[SORVLRQ PRGHO ZDV XVHG� 7KH H[SORVLRQ SDUW RI WKH PRGHO ZDV FUHDWHG ZLWK D VHW
RI UHDO�ZRUOG GDWD EDVHG RQ VHYHQ RQ�RUELW H[SORVLRQV� $Q H[DPSOH RI KRZ WKH PRGHO ZDV FUHDWHG FDQ
EH VHHQ LQ )LJXUH ��� ZKHUH WKH WUHQG OLQH ZDV REWDLQHG IURP WKH VHW RI GDWD RQ WKHVH UHDO�OLIH FDVHV�

������ 'HQVLW\
7KH PRGHO GHILQHV WKH SDUWLFOHV DV VSKHULFDO LQ QDWXUH ZLWK D GHQVLW\ RI DOXPLQXP IRU REMHFWV VPDOOHU
WKDQ � FP GHILQHG E\ 7K\VVHQ.UXSS DV ����� NJ�Pኽ� )RU ODUJHU GHEULV� GLPLQLVKLQJ GHQVLW\ IRU ODUJHU
GHEULV� WKH GHQVLW\ ZDV GHILQHG DV VHHQ LQ (TXDWLRQ ��� �-RKQVRQ HW DO�� ������

ဃ  ������ൣዅኺ�ኾ �����

ZKHUH

� G LV WKH GHEULV GLDPHWHU LQ PHWHUV HTXLYDOHQW WR  ZKLFK ZLOO EH PHQWLRQHG ODWHU�

������ 6L]H 'LVWULEXWLRQ
7KH PRGHO SURYLGHV D UHODWLRQVKLS EHWZHHQ WKH FXPXODWLYH QXPEHU RI GHEULV DV D IXQFWLRQ RI GHEULV
VL]H DV VHHQ LQ (TXDWLRQ ��� �-RKQVRQ HW DO�� ������

  �ዅኻ�ዀ �����

ZKHUH

�  LV WKH FKDUDFWHULVWLF OHQJWK LQ PHWHUV�

,Q RUGHU WR REWDLQ D YDOLG VL]H GLVWULEXWLRQ� WKH XQLTXH GHEULV QXPEHUV IRU HDFK GHEULV VL]H KDG WR EH
IRXQG� 7KLV ZDV GRQH XVLQJ WKH FKRVHQ VL]HV RI � PP WR �� FP VLQFH WKH VWXG\ FRQFHUQV LWVHOI ZLWK



�� �� 6DWHOOLWH %UHDNXS

)LJXUH ���� 6DPSOH GHEULV VL]H GLVWULEXWLRQV IURP VHYHQ XSSHU H[SORVLRQV� FROOLVLRQV DQG VWDJH EUHDNXSV� DV GHULYHG IURP 661
GDWD �-RKQVRQ HW DO�� ������

VPDOO IUDJPHQWV� 7KH UHVXOWV ZHUH REWDLQHG E\ VXEWUDFWLQJ WKH QXPEHU RI ODUJHU IUDJPHQWV IURP WKH
QXPEHU RI VPDOOHU IUDJPHQWV LQ ELQV RI � PP� DQ H[DPSOH FDQ EH VHHQ LQ (TXDWLRQ ����

፮፧።፪፮፞  ኻ፦፦ ࢿ ኼ፦፦ �����

7KLV PRGLILFDWLRQ FDQ EH VHHQ DQG FRQWUDVWHG ZLWK WKH FXPXODWLYH QXPEHU RI IUDJPHQWV LQ )LJXUHV
��� �EDVHG RQ (TXDWLRQ ���� DQG ��� �EDVHG RQ (TXDWLRQ ���� �-RKQVRQ HW DO�� ������ $ YHULILFDWLRQ DQG

)LJXUH ���� &XPXODWLYH QXPEHU RI GHEULV DV D IXQFWLRQ RI
IUDJPHQW VL]HV LQ PHWHUV�

)LJXUH ���� 8QLTXH QXPEHU RI IUDJPHQWV DV D IXQFWLRQ RI
IUDJPHQW VL]HV LQ PHWHUV�

YDOLGDWLRQ RI WKH REWDLQHG GDWD YHUVXV WKHPRGHO FDQ EH RVEHUYHG LQ &KDSWHU �� 2QFH WKH XQLTXH QXPEHU
RI IUDJPHQWV ZDV REWDLQHG IRU WKH GHVLUHG IUDJPHQW VL]HV� D VL]H SUREDELOLW\ FXUYH ZDV GHYHORSHG E\
GLYLGLQJ WKH XQLTXH QXPEHUV E\ WKH WRWDO QXPEHU RI IUDJPHQWV� 7KH UHVXOWV FDQ EH REVHUYHG LQ )LJXUH
���� 8VLQJ WKH SUREDELOLW\ GLVWULEXWLRQ� D UDQGRP JHQHUDWRU ZDV XVHG WR JHQHUDWH D SRSXODWLRQ RI ������
IUDJPHQWV ZLWK VL]HV EDVHG RQ WKH SUREDELOLW\ FXUYH� 7KLV UHVXOWHG LQ WKH GLVWULEXWLRQ VHHQ LQ )LJXUH �����



���� $UHD�WR�0DVV 'LVWULEXWLRQ ��

)LJXUH ���� 3UREDELOLW\ RI UHVSHFWLYH VL]HV RI WKH GHEULV
IUDJPHQWV�

)LJXUH ����� 'LVWULEXWLRQ RI WKH QXPEHU RI IUDJPHQWV DV D IXQF�
WLRQ RI VL]H LQ PHWHUV� IRU WRWDO SRSXODWLRQ RI ������ IUDJPHQWV�

���� $UHD�WR�0DVV 'LVWULEXWLRQ
)RU REMHFWV ZLWK  VPDOOHU WKDQ � FP� D VLQJOH DUHD�WR�PDVV �$�0� GLVWULEXWLRQ IXQFWLRQ ZDV GHULYHG
IURP D VHW RI K\SHUYHORFLW\ LPSDFW WHVWV IRU ERWK VSDFHFUDIW DQG XSSHU VWDJHV� 7KH UHVXOWV RI VDLG
K\SHUYHORFLW\ LPSDFW WHVWV ZHUH IRUPXODWHG LQWR D VHW RI HTXDWLRQV VHHQ LQ (TXDWLRQV ��� WR ��� �-RKQVRQ
HW DO�� ������

ፒፎፂፀ�ፌ�� ဉ�  �ፒፎፂ��� စፒፎፂ��� ဉ� �����

  ൪൭൦ኻኺ�� �����

ဉ  ൪൭൦ኻኺ�െ�� �����
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စVRF  ᗟ ��� F ऑ ���ࢿ
��� � ������� � ����  ! ���ࢿ

�����

7KH GLVWULEXWLRQ SURYLGHG E\ 1$6$ FDQ EH VHHQ LQ )LJXUH ���� � 7KH RQH REWDLQHG ZLWK WKH XVH RI WKH
PRGHO LQ WKLV UHVHDUFK ZDV SORWWHG LQ RUGHU WR EH DEOH WR VXFFHVVIXOO\ YHULI\ DQG YDOLGDWH LW� 7KH UHVXOWV
FDQ EH VHHQ LQ WKH SURFHHGLQJ &KDSWHU ��

������ 9HORFLW\ 'LVWULEXWLRQ
7KH 1$6$ PRGHO GHVFULEHV WKH GLVWULEXWLRQ RI WKH UHODWLYH YHORFLW\ PDJQLWXGHV RI H[SORVLRQ IUDJPHQWV
DV VHHQ LQ (TXDWLRQ ����� 7KH YHORFLW\ GLVWULEXWLRQV ZHUH REWDLQHG IURP RQ�RUELW DV ZHOO DV JURXQG WHVWV
�-RKQVRQ HW DO�� ������

ፄፗፏጂ፯ �ဉ� �  �ፄፗፏ�ဉ�� စፄፗፏ�ဉ�� � ������

ZKHUH WKH UHVSHFWLYH YDULDEOHV DUH GHILQHG DV VHHQ LQ (TXDWLRQV ���� WR ����

ဉ  ൪൭൦ኻኺ�െ�� ������

  ൪൭൦ኻኺ�́൴� ������

ፄፗፏ  ���ဉ � ���� ������

စፄፗፏ  ��� ������

ZKHUH



�� �� 6DWHOOLWH %UHDNXS

)LJXUH ����� 6DPSOH $�0 GLVWULEXWLRQ IXQFWLRQ PDWFKHG WR GDWD IRU ��� VSDFHFUDIW GHEULV LQ WKH VL]H UHJLPH RI , , �� FP WR �� FP
�-RKQVRQ HW DO�� ������

� ፄፗፏ V\PEROL]HV WKH PHDQ

� စፄፗፏ V\PEROL]HV WKH VWDQGDUG GHYLDWLRQ�

1$6$¶V %UHDNXS PRGHO SURYLGHV WKH YHORFLW\ GLVWULEXWLRQ FXUYH REWDLQHG IURP FRPSRVLWH HMHFWLRQ YHORF�
LWLHV IRU ����� REMHFWV FUHDWHG LQ WKH EUHDNXSV RI 'HOWD� $ULDQH� DQG &RVPRV XSSHU VWDJHV� 7KH UHVXOWV
RI WKLV GLVWULEXWLRQ FDQ EH REVHUYHG LQ )LJXUH ���� �-RKQVRQ HW DO�� ������

)LJXUH ����� &RPSRVLWH HMHFWLRQ YHORFLWLHV IRU ����� REMHFWV FUHDWHG LQ WKH EUHDNXSV RI 'HOWD� $ULDQH� DQG &RVPRV XSSHU VWDJHV
�-RKQVRQ HW DO�� ������

,Q RUGHU WR REWDLQ WKH YHORFLWLHV IRU WKH IUDJPHQWV XVHG IRU WKH VLPXODWLRQ WKH VDPH DSSURDFK ZDV XVHG
DV WKH RQH XVHG IRU WKH VL]H GLVWULEXWLRQ� $ YHORFLW\ SUREDELOLW\ FXUYH ZDV JHQHUDWHG XVLQJ WKH RULJLQDO
GLVWULEXWLRQ� 6LPLODUO\� D UDQGRP JHQHUDWRU ZDV XVHG WR JHQHUDWH D SRSXODWLRQ RI ������ IUDJPHQWV ZLWK
WKHLU UHVSHFWLYH YHORFLWLHV EDVHG RQ WKH SUREDELOLW\ FXUYH� 7KHVH ZHUH WKHQ FRPELQHG ZLWK WKH VL]HV
EDVHG RQ DQ LQGH[ DVVLJQHG WR HDFK RI WKH IUDJPHQWV� ,Q WKLV ZD\� D SRSXODWLRQ ZDV FUHDWHG ZLWK ������
IUDJPHQWV HDFK ZLWK LWV XQLTXH VL]H DQG YHORFLW\�



���� ([SORVLRQ *HRPHWU\ ��

���� ([SORVLRQ *HRPHWU\
2QFH WKH VL]HV DQG WKH UHODWLYH YHORFLW\ PDJQLWXGHV ZHUH REWDLQHG WKH LQLWLDO SRVLWLRQ YHFWRUV RI WKH
������ GHEULV IUDJPHQWV ZHUH JHQHUDWHG� 7KLV ZDV GRQH E\ DVVXPLQJ WKDW WKH H[SORGHG IUDJPHQWV
KDYH DQ HTXDO SUREDELOLW\ RI H[SORGLQJ LQ DOO GLUHFWLRQV� $ XQLW VSKHUH ZDV XVHG ZLWK UDQGRP JHQHUDWLRQ�
IRU ERWK HOHYDWLRQ DQG D]LPXWK� 7KH UHVXOWV FDQ EH VHHQ LQ )LJXUH ����� $V FDQ EH VHHQ WKH VSKHUH
ORRNV HYHQO\ SRSXODWHG LQ DOO GLUHFWLRQV�

)LJXUH ����� 5HVXOWV RI IUDJPHQWV GLVWULEXWLRQ RQ D UDQGRPO\ JHQHUDWHG XQLW VSKHUH�

���� )LQDO )UDJPHQW 'DWD *HQHUDWLRQ
2QFH WKH UDZ GDWD �VL]H� PDVV� YHORFLW\� WKUHH�GLPHQVLRQDO GLUHFWLRQ RI WKH YHORFLW\� ZDV REWDLQHG IRU
WKH IUDJPHQWV� WKH RULJLQDO VDWHOOLWH YHORFLW\ ZDV DGGHG WR REWDLQ WKH LQLWLDO VWDWH YHFWRUV RI WKH IUDJPHQWV
DV REVHUYHG LQ (TXDWLRQ �����

൛፟ߜ ፫ፚ፠፦፞፧፭ᑚ  >൛፱Ꮂ � ൛፲Ꮂ � ൛፳Ꮂ@። � >൛፱ᑤᑒᑥᎲ � ൛፲ᑤᑒᑥᎲ � ൛፳ᑤᑒᑥᎲ @ ������

ZKHUH

� ൛፱Ꮂ � ൛፲Ꮂ � ൛፳Ꮂ DUH WKH LQLWLDO YHORFLW\ FRPSRQHQWV LQ [� \� ]� RI WKH IUDJPHQWV REWDLQHG IURP WKH PRGHO
DW WKH WLPH RI H[SORVLRQ

� ൛፱ᑤᑒᑥᎲ � ൛፲ᑤᑒᑥᎲ � ൛፳ᑤᑒᑥᎲ DUH WKH LQLWLDO YHORFLW\ FRPSRQHQWV LQ [�\�] RI WKH VDWHOOLWH ULJKW EHIRUH WKH H[SOR�
VLRQ�

,W LV LPSRUWDQW WR QRWH WKDW WKH H[SORVLRQ LV LQVWDQWDQHRXV� VR WKH LQLWLDO SRVLWLRQ RI WKH GHEULV DQG WKH
VDWHOOLWH FDQ EH DVVXPHG WR EH WKH VDPH DW WKH PRPHQW RI H[SORVLRQ� 7KLV OHG WR D GDWD VHW RI ������
IUDJPHQWV ZLWK WKHLU UHVSHFWLYH SRVLWLRQ� YHORFLW\� VL]H DQG PDVV� $ GHHSHU LQVLJKW LQWR WKH VSHFLILFV
RI WKH GDWD JHQHUDWHG ZLOO EH SURYLGHG LQ WKH 0HWKRGRORJ\ FKDSWHU� ,W LV LPSRUWDQW WR QRWH� WKDW JLYHQ
WKH SURFHGXUH PHQWLRQHG IRU WKH GDWD JHQHUDWLRQ� WKH YHORFLW\ PDJQLWXGH� YHORFLW\ GLUHFWLRQ DQG VL]H
GLVWULEXWLRQV DUH LQGHSHQGHQW RI HDFK RWKHU� 0HDQLQJ WKDW� DOO FRPELQDWLRQV DUH SRVVLEOH L�H� VPDOO
IUDJPHQWV ZLWK ORZ YHORFLWLHV� VPDOO IUDJPHQWV ZLWK KLJK YHORFLWLHV� HWF�





�
&RQMXQFWLRQ $QDO\VLV

7KLV FKDSWHU ZLOO ORRN DW WKH FRQGLWLRQV SXW LQ SODFH WR GHWHUPLQH LI D FRQMXQFWLRQ EHWZHHQ WKH FDWFKHU
VSDFHFUDIW DQG WKH GHEULV IUDJPHQWV WDNHV SODFH� ,Q RUGHU WR GR WKLV D VHW RI VWHSV ZDV IROORZHG DV D
PHDQV WR VLPSOLI\ WKH SUREOHP DW KDQG DQG UHGXFH &HQWUDO 3URFHVVLQJ 8QLW �&38� WLPH� 7KH FKDSWHU
ZLOO GHVFULEH DQ HOOLSVH LQWHUVHFWLRQ DQDO\VLV� WKH PLQLPXP GLVWDQFH DQDO\VLV� LQWHUSRODWLRQ� FRQMXQFWLRQ
FRQGLWLRQV DQG FDVH VWXGLHV XVHG�

���� (OOLSVH ,QWHUVHFWLRQ
*LYHQ WKDW .HSOHU RUELWV ZHUH XVHG IRU ERWK WKH GHEULV DQG WKH FDWFKHU VSDFHFUDIW� D VLPSOH HOOLSVH
LQWHUVHFWLRQ DQDO\VLV ZDV GRQH WR GLVFDUG IUDJPHQWV WKDW ZRXOG QHYHU LQWHUVHFW ZLWKLQ D GHVLUHG GLVWDQFH
'� 7KLV VWHS ZDV GRQH DW WKH EHJLQQLQJ RI WKH DQDO\VLV WR UHGXFH &38 WLPH� 7KLV DQDO\VLV LV GHVFULEHG
E\ +RRWV HW DO�� ���� DV WKH 3HULJHH�$SRJHH WHVW�
:KHQ ORRNLQJ DW WZR REMHFWV� WKHLU RUELWV FDQ EH GHVFULEHG DV DQ HOOLSVH ZLWK XQLTXH YDOXHV IRU WKHLU
DSRJHH DQG SHULJHH UDGLL� ,Q WKLV FDVH� WKH VPDOOHU RI WKH WZR DSRJHH UDGLL ZLOO EH GHILQHG DV 4 ZKLOH
WKH ODUJHU RI WKH WZR SHULJHH UDGLL ZLOO EH GHILQHG DV T� 7KH WZR REMHFWV FRPSDUHG ZHUH HDFK LQGLYLGXDO
GHEULV IUDJPHQW WR WKH FDWFKHU VSDFHFUDIW� ,Q VDLG FDVH� LI WKH FRQGLWLRQ LQ (TXDWLRQ ��� ZDV PHW� WKH
IUDJPHQW ZDV GLVFDUGHG�

൯ ࢿ ൖ !  �����

ZKHUH ' GHQRWHV D GHVLUHG GLVWDQFH FKRVHQ E\ WKH XVHU� LQ WKLV FDVH� �� PHWHUV ZDV FKRVHQ� DV WKLV LV
GHILQHG DV WKH PLQLPXP SDVVLQJ GLVWDQFH� 7KH GHSLFWLRQ RI WKLV WHVW FDQ EH VHHQ LQ )LJXUH ���

)LJXUH ���� *HRPHWULF HOOLSVH LQWHUVHFWLRQ SUHILOWHU �+RRWV HW DO�� ������

2QFH WKH HOOLSVH LQWHUVHFWLRQ WHVW ZDV FDUULHG RXW RQ DOO IUDJPHQWV� WKRVH ZKLFK PHW WKH FRQGLWLRQ VKRZQ
LQ (TXDWLRQ ��� ZHUH GLVFDUGHG� 1RQHWKHOHVV� JLYHQ WKH QDWXUH RI WKH SUREOHP� DOO IUDJPHQWV FDPH

��



�� �� &RQMXQFWLRQ $QDO\VLV

ZLWKLQ WKH GHVLUHG OLPLW VR QRQH RI WKHP ZHUH GLVFDUGHG DFFRUGLQJ WR WKH HOOLSVH SUREOHP� 7KLV FDQ EH
DWWULEXWHG WR WKH IDFW WKDW DW OHDVW GXULQJ RQH SRLQW LQ WKH HOOLSVH� ERWK WKH IUDJPHQWV DQG WKH VSDFHFUDIW
VKDUH D SRVLWLRQ� QDPHO\ WKH LQLWLDO SRVLWLRQ�

���� 5HODWLYH 'LVWDQFH
7KH NH\ HOHPHQW RI WKLV WKHVLV� LV WR EH DEOH WR GHWHUPLQH WKH UHODWLYH GLVWDQFH EHWZHHQ WKH GHEULV
IUDJPHQWV DQG WKH FDWFKHU VSDFHFUDIW� LQ RUGHU WR EH DEOH WR GHWHUPLQH LI WKHUH LV D FRQMXQFWLRQ� L�H�
FDSWXUH VLWXDWLRQ� ,Q RUGHU WR GR WKLV� LW ZDV FUXFLDO WR KDYH ERWK WKH GHEULV IUDJPHQWV DQG WKH VSDFHFUDIW
LQ WKH VDPH FRRUGLQDWH V\VWHP� $V DIRUHPHQWLRQHG� ERWK .HSOHU HOHPHQWV DQG&DUWHVLDQ HOHPHQWV ZHUH
XVHG WKURXJKRXW WKH VLPXODWLRQ IRU WKH WKHVLV�

���� )UDJPHQW 2UELW 3URSDJDWLRQ
:KLOH WKH FDWFKHU VDWHOOLWH ZDV SURSDJDWHG IRU VWHSV RI ��� VHFRQGV� FDUU\LQJ RXW WKH VDPH WDVN IRU
������ GHEULV IUDJPHQWV GHPRQVWUDWHG WR EH D &38�H[SHQVLYH WDVN� &RQVHTXHQWO\� D WLPH VWHS RI ��
VHFRQGV ZDV FKRVHQ� )RU WKH ODWWHU� WKLV LPSOLHV WKDW LQ D PDWWHU RI RQH WLPH VWHS� ZLWK D UHODWLYH YHORFLW\
RI DSSUR[LPDWHO\ �� NP�V� WKH UHODWLYH GLVWDQFH FDQ FKDQJH E\ DOPRVW ���� NP� 7KH UHDVRQLQJ IRU WKH
FKRLFH RI QXPEHUV ZLOO EH IXUWKHU H[SODLQHG ODWHU LQ WKH FKDSWHU� (YHU\ WLPH VWHS� WKH UHODWLYH GLVWDQFH
ZDV FRPSXWHG� FKHFNHG DQG D VHW RI FULWHULD ZHUH GHILQHG WR GHFLGH XSRQ WKH SURFHHGLQJV RI WKH GDWD�
2QH SURFHGXUH ZKLFK ZDV LPSOHPHQWHG� WR GHDO ZLWK WKH ODUJH SRVVLEOH YDULDWLRQ LQ WKH UHODWLYH GLVWDQFH�
ZDV WKH PLQLPXP GLVWDQFH� H[SODLQHG LQ WKH QH[W VHFWLRQ� ,Q VKRUW� WKH DQDO\VLV LV GRQH LQ D QXPHULFDO
ZD\ DV RSSRVHG WR DQDO\WLFDOO\� 7KLV LQYROYHV VDPSOLQJ DQG WHVWLQJ DJDLQVW FRQGLWLRQV�

���� 0LQLPXP 'LVWDQFH
$OWKRXJK WKH SHUWXUEDWLRQV ZHUH GLVFDUGHG DQG .HSOHU RUELWV ZHUH XVHG IRU DOO IUDJPHQWV� &38 WLPH
VWLOO SURYHG WR EH D SUREOHP� )RU WKLV UHDVRQ� PLQLPXP GLVWDQFH ZDV XVHG DV RSSRVHG WR VWDQGDUG
SURSDJDWLRQ� 7KLV HQWDLOHG ORRNLQJ DW WKH LQLWLDO VWDWH RI WKH GHEULV DQG WKH VSDFHFUDIW DW D FHUWDLQ WLPH
DQG FDOFXODWLQJ WKH SUHGLFWHG PLQLPXP GLVWDQFH LI WKH GHEULV ZHUH WR IO\ �UHODWLYHO\� LQ D VWUDLJKW OLQH�
7KH UHODWLRQVKLS VKRZQ LQ )LJXUH ��� FDQ EH VXPPDUL]HG LQWR (TXDWLRQ ����

)LJXUH ���� 0LQLPXP GLVWDQFH QHJOHFWLQJ DFFHOHUDWLRQ �$ODUFyQ 5RGUÕғJXH] HW DO�� ������

൰፦።፧  ᔄ൰ኼኺ ࢿ ᗛߜ൰ኺ ॲ
൴፫፞፥ߜ
൴፫፞፥

ᗜ
ኼ

�����

+RZHYHU�VLQFH LW LV EDVHG RQ D OLQHDU UHODWLYH PRWLRQ� WKH PLQLPXP GLVWDQFH UXOH FDQ RQO\ EH XVHG
IRU VPDOO GLVWDQFHV ൰ኺ �FRUUHVSRQGLQJ WR VPDOO WLPH LQWHUYDOV EHWZHHQ WKH UHIHUHQFH HSRFK DQG WKH
PRPHQW RI PLQLPXP GLVWDQFH�� *LYHQ ODUJH LQLWLDO GLVWDQFHV� WKH HUURU LQFXUUHG EHWZHHQ WKH OLQHDUL]HG
PLQLPXP GLVWDQFH DQG WKH UHDO GLVWDQFH DW WKDW WLPH FRXOG YHU\ ZHOO EH VLJQLILFDQW� )RU WKLV UHDVRQ�
RQFH WKH PLQLPXP GLVWDQFH ZDV REWDLQHG ZLWK (TXDWLRQ ���� WKH WLPH WDNHQ WR WUDYHO IURP ൰ኺ WR ൰፦።፧ ZDV



���� ,QWHUSRODWLRQ ��

FDOFXODWHG� 7KLV ZDV GRQH E\ WDNLQJ WKH GLVWDQFH WUDYHOHG DV VHHQ LQ )LJXUH ��� ZLWK (TXDWLRQ ����

൰  ᔃ൰ኼኺ ࢿ ൰ኼ፦።፧ �����

2QFH WKH GLVWDQFH WUDYHOHG ZDV REWDLQHG� WKH WLPH WDNHQ ZDV HVWLPDWHG ZLWK (TXDWLRQ ����

́൲  
൰
൴፫፞፥

�����

7KH ́൲ �)LJXUH ���� REWDLQHG ZDV WKHQ DGGHG WR WKH RULJLQDO WLPH ൲ኺ DQG WKHQ WKH .HSOHU SURSDJDWLRQ
ZDV XVHG WR REWDLQ WKH UHDO VWDWH RI WKH IUDJPHQW DW WKH WLPH RI WKH OLQHDUL]HG PLQLPXP GLVWDQFH ൰፦።፧�
7KLV OHG WR D QHZ YDOXH RI ൰ኺ DQG ൴፫፞፥ DQG XVLQJ WKHVH� (TXDWLRQV ��� WR ��� ZHUH LPSOHPHQWHG DJDLQ DQG
WKH UHDO PLQLPXP GLVWDQFH VWDWH ZDV REWDLQHG DJDLQ� 7KLV SURFHVV ZDV FDUULHG RXW XQWLO WKH PLQLPXP
GLVWDQFH FRQYHUJHG ZLWKLQ WKH LPSRVHG OLPLWV IRU WKH PLQLPXP SDVVLQJ GLVWDQFH� LQ WKLV FDVH� �� PH�
WHUV� 6PDOOHU SRVVLEOH UDGLL RI WKH VSDFHFUDIW ZHUH H[SORUHG LQ SRVW SURFHVVLQJ� $ GHSLFWLRQ RI WKH HUURU
LQFXUUHG EHWZHHQ WKH OLQHDUL]HG PLQLPXP GLVWDQFH ൰፦።፧ DQG WKH UHDO GLVWDQFH ൰፦።፧൰ൠ൪ FDQ EH VHHQ LQ
)LJXUH ���� 7KH JUH\ GRW ZRXOG EH WKH VWDWH RI WKH GHEULV IUDJPHQW ZKHUH LW WR IROORZ D OLQHDU WUDMHFWRU\
DQG WKH EOXH GRW UHSUHVHQWV WKH ILFWLWLRXV UHDO VWDWH RI WKH IUDJPHQW� 7KLV UHVXOWV LQ WKH GLIIHUHQFH LQ ൰፦።፧
WKDW LV PHQWLRQHG DERYH� )RU WKLV UHDVRQ WKH UHDO VWDWH RI WKH IUDJPHQW LV FDOFXODWHG DW WLPH ൲፟ WR FRUUHFW
IRU WKH XQFHUWDLQW\ LQFXUUHG E\ DVVXPLQJ OLQHDU EHKDYLRU�

)LJXUH ���� 0LQLPXP GLVWDQFH REWDLQHG XVLQJ OLQHDUL]DWLRQ YHUVXV UHDO PLQLPXP GLVWDQFH GXH WR FXUYDWXUH RI WKH RUELW� 7KH EOXH
GRW UHSUHVHQWV WKH UHDO GHEULV DQG LWV SRVLWLRQ� WKH JUH\ GRW LV WKH GHEULV IUDJPHQW SRVLWLRQ ZLWK WKH OLQHDUL]HG IRUPXOD�

���� ,QWHUSRODWLRQ
,Q RUGHU WR VDYH &38 WLPH� WKH VWDWH RI WKH FDWFKHU VSDFHFUDIW ZDV ILUVW SURSDJDWHG LQ VWHSV RI ���
VHFRQGV DQG VWRUHG� 7KLV DOORZHG IRU D GLUHFW FRPSDULVRQ RI WKH UHODWLYH GLVWDQFH EHWZHHQ WKH IUDJPHQWV
DQG WKH VSDFHFUDIW� +RZHYHU� DV GHVFULEHG LQ 6HFWLRQV ��� DQG ���� WKH IUDJPHQWV DUH SURSDJDWHG LQ
VWHSV RI �� VHFRQGV� 6LPLODUO\� ZKHQ FDUU\LQJ RXW WKH PLQLPXP GLVWDQFH FDOFXODWLRQ D QHZ DUELWUDU\
WLPH LV REWDLQHG ZKLFK LV QRW QHFHVVDULO\ DQ HSRFK ZKLFK FRUUHVSRQGV H[DFWO\ WR WKH VSDFHFUDIW GDWD
FDOFXODWHG �L�H� QRW D PXOWLSOH RI ����� $Q H[DPSOH RI WKLV FDQ EH REVHUYHG LQ )LJXUH ���� +HUH LW FDQ
EH VHHQ WKDW WKH VWDWHV IRU WKH VDWHOOLWH DW PXOWLSOHV RI ��� V DUH NQRZQ KRZHYHU ZKHQ D GLIIHUHQW WLPH
LV WDNHQ LQWR DFFRXQW SRVLWLRQ DQG YHORFLW\ DUH XQNQRZQ� )RU WKLV UHDVRQ� LQWHUSRODWLRQ ZDV FDUULHG RXW
WR REWDLQ WKH SRVLWLRQ DQG YHORFLW\ RI WKH VDWHOOLWH DW WKDW SDUWLFXODU PRPHQW LQ WLPH� :KHQ ORRNLQJ DW
LQWHUSRODWLRQ W\SHV WKUHH ZHUH WDNHQ LQWR DFFRXQW� OLQHDU� TXDGUDWLF DQG FXELF VSOLQH� $ VPDOO RYHUYLHZ
RI HDFK ZLOO EH JLYHQ DORQJ ZLWK WKH RQH FKRVHQ DQG WKH UHDVRQ ZK\� ,Q RUGHU WR EH DEOH WR FKRVH WKH
EHVW LQWHUSRODWLRQ W\SH DQ DFFXUDF\ UHTXLUHPHQW RI � PP ZLOO EH VHW JLYHQ WKDW WKH GDWD VHW VL]HV UDQJH
IURP � PP WR �� FP�



�� �� &RQMXQFWLRQ $QDO\VLV

)LJXUH ���� ,OOXVWUDWLRQ RI NQRZQ SRVLWLRQV �DW GLVFUHWH VWHSV RI ��� V� YHUVXV XQNQRZQ SRVLWLRQ �DW ����� V��

������ /LQHDU
2QH RI WKH SRVVLEOH LQWHUSRODWLRQ W\SHV RIWHQ XVHG LV OLQHDU LQWHUSRODWLRQ� 7KLV W\SH RI LQWHUSRODWLRQ LV D
ILUVW�RUGHU SRO\QRPLDO UHSUHVHQWLQJ D VWUDLJKW OLQH EHWZHHQ WZR SRLQWV DV VHHQ LQ )LJXUH ��� �6WHIIHQVHQ�
������

)LJXUH ���� 'HSLFWLRQ RI OLQHDU LQWHUSRODWLRQ�

7KLV UHODWLRQVKLS FDQ EH VHHQ LQ (TXDWLRQ ��� �6WHIIHQVHQ� ������

൷ኻ�൶�  ൷ �൶ኺ� �
൷ �൶ኻ� ࢿ ൷ �൶ኺ�

൶ኻ ࢿ ൶ኺ
�൶ ࢿ ൶ኺ� �����

+RZHYHU� OLQHDU LQWHUSRODWLRQ LQFXUV ODUJH HUURUV ZKHQ ORRNLQJ DW QRQ�OLQHDU FXUYHV RU DW ODUJH LQWHUYDOV
�6WHIIHQVHQ� ������ ,Q WKH FDVH DW KDQG� WKH VDWHOOLWH SRVLWLRQ DQG YHORFLW\ ZHUH REWDLQHG HYHU\ ��� V
DQG DOWKRXJK WKDW PD\ VHHP OLNH D VPDOO LQWHUYDO ZKHQ WUDYHOLQJ DW ��� NP�V RQH FDQ WUDYHO ��� PHWHUV
LQ VXFK DQ LQWHUYDO� *LYHQ WKH DFFXUDF\ UHTXLUHPHQW IRU WKH SUREOHP �� PP�� LW FDQ EH VHHQ WKDW OLQHDU
LQWHUSRODWLRQ ZRXOG QRW ZRUN IRU WKH SUREOHP DW KDQG� +RZHYHU D EHWWHU LQVLJKW LQWR WKLV ZLOO EH SURYLGHG
WKURXJKRXW WKH FKDSWHU�

������ 4XDGUDWLF
$V DIRUHPHQWLRQHG LQ WKH FDVH RI D FXUYH� WKH HUURU UHVXOWLQJ IURP OLQHDU LQWHUSRODWLRQ LV H[SHFWHG WR
EH YHU\ ODUJH� )RU WKLV UHDVRQ� D VHFRQG�RUGHU SRO\QRPLDO LQWHUSRODWLRQ FDQ EH XVHG� 7KLV FDQ RQO\ EH



���� ,QWHUSRODWLRQ ��

XVHG ZKHQ WKHUH DUH DW OHDVW WKUHH GDWD SRLQWV DYDLODEOH� 7KH H[SUHVVLRQ WR GHVFULEH WKLV LQWHUSRODWLRQ
FDQ EH VHHQ LQ (TXDWLRQ ��� �6WHIIHQVHQ� ������

൷ኼ�൶�  ൡኺ � ൡኻ �൶ ࢿ ൶ኺ� � ൡኼ �൶ ࢿ ൶ኺ� �൶ ࢿ ൶ኻ� �����

ZKHUH WKH GLIIHUHQW FRHIILFLHQWV DUH GHILQHG DV VHHQ LQ (TXDWLRQV ��� WR ��� �6WHIIHQVHQ� ������

ൡኺ  �൶ኺ�  ൷�൶ኺ� �����

ൡኻ  
൷ �൶ኻ� ࢿ ൷ �൶ኺ�

൶ኻ ࢿ ൶ኺ
�����

ൡኼ  

፲�፱Ꮄ�ዅ፲�፱Ꮃ�
፱Ꮄዅ፱Ꮃ

ࢿ ፲�፱Ꮃ�ዅ፲�፱Ꮂ�
፱Ꮃዅ፱Ꮂ

൶ኼ ࢿ ൶ኺ
�����

������ &XELF 6SOLQH
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,Q WKLV FDVH� WKH XQNQRZQ FRHIILFLHQWV DUH GHWHUPLQHG E\ JHQHUDWLQJ D PDWUL[ JLYHQ WKH NQRZQ SRLQWV RI
SDVVLQJ� 7KLV UHVXOWV LQ DQ DFFXUDWH VROXWLRQ IRU IXQFWLRQV WKDW KDYH PXOWLSOH LQIOHFWLRQ SRLQWV�

������ ,QWHUSRODWLRQ &KRLFH
,Q RUGHU WR EH DEOH WR FKRRVH WKH RSWLPDO LQWHUSRODWLRQ WHFKQLTXH WKH HUURU LQFXUUHG E\ WKH LQWHUSRODWLRQ
RSWLRQV ZDV FRPSDUHG� 7KH HUURU ZDV REWDLQHG E\ JHWWLQJ WKH GLIIHUHQFH EHWZHHQ WKH LQWHUSRODWHG
SRVLWLRQ IRU DUELWUDU\ WLPH VWHSV DQG WKH SRVLWLRQ REWDLQHG ZLWK WKH .HSOHU VROYHU� 7KLV ZDV FDUULHG RXW
IRU OLQHDU� TXDGUDWLF� DQG FXELF VSOLQH LQWHUSRODWLRQ� 7KH VDPH SURFHGXUH ZDV FDUULHG RXW IRU WKH YHORFLW\�
7KH UHVXOWV RI WKH HUURUV LQFXUUHG LQ WKH SRVLWLRQ FDQ EH REVHUYHG LQ )LJXUH ����

)LJXUH ���� (UURU LQFXUUHG E\ OLQHDU� TXDGUDWLF DQG FXELF VSOLQH LQWHUSRODWLRQ IRU D VHW RI GDWD SRLQWV EHWZHHQ WKH LQWHUSRODWHG
SRVLWLRQ RI WKH FDWFKHU RI WKH VDWHOOLWH DQG WKH SRVLWLRQ REWDLQHG WKURXJK WKH .HSOHU VROYHU IRU WKH [� \� ] FRPSRQHQWV�

1H[W WKH VDPH HUURU ZDV VKRZQ IRU WKH YHORFLW\ RI WKH VDWHOOLWH� 7KH HUURUV LQFXUUHG E\ WKH LQWHUSRODWLRQ
W\SHV FDQ EH VHHQ LQ )LJXUH ���� $W WKH WLPH VWHSV ZKLFK DUH PXOWLSOHV RI ���V� WKH UHDO SRVLWLRQ LV



�� �� &RQMXQFWLRQ $QDO\VLV

NQRZQ� DQG WKXV XVHG WR LQWHUSRODWH� )RU WKH OLQHDU DQG TXDGUDWLF FDVH� DW WKHVH WLPH VWHSV� WKH HUURU
LV � NP DV H[SHFWHG �)LJXUH ����� 7KLV KROGV IRU ERWK WKH SRVLWLRQ DQG WKH YHORFLW\� ,Q WKH OLQHDU FDVH
WKH HUURU LQFUHDVHV WKH IXUWKHU \RX JHW IURP WKH NQRZQ WLPH VWHSV �L�H� ����� ����� HWF��� 7KH TXDGUDWLF
FDVH VKRZV WKH PLQLPXP HUURU HYHU\ KDOI D WLPH VWHS� DQG PD[LPXP HUURU DW D TXDUWHU WLPH VWHS� L�H�
������ ������ HWF��� 7KH HUURU LQFXUUHG E\ FXELF VSOLQH LQWHUSRODWLRQ VKRZV D UDQGRPL]HG EHKDYLRU� WKLV
FRXOG EH DWWULEXWHG WR WKH VPDOO PDJQLWXGH RI �H��� NP ZKLFK FRXOG EH DWWULEXWHG WR QRLVH�

)LJXUH ���� (UURU LQFXUUHG E\ OLQHDU� TXDGUDWLF DQG FXELF VSOLQH LQWHUSRODWLRQ IRU D VHW RI GDWD SRLQWV EHWZHHQ WKH LQWHUSRODWHG
YHORFLW\ RI WKH FDWFKHU RI WKH VDWHOOLWH DQG WKH SRVLWLRQ REWDLQHG WKURXJK WKH .HSOHU VROYHU IRU WKH [� \� ] YHORFLW\ FRPSRQHQWV�

6LPLODUO\� DOO LQWHUSRODWLRQ W\SHV SURYLGHG VLPLODU &38 WLPHV VR WKHUH ZDVQ¶W D GUDZEDFN LQ XVLQJ D WKLUG�
GHJUHH LQWHUSRODWRU RYHU D VHFRQG RU ILUVW�GHJUHH�
2YHUDOO� LW FDQ EH VHHQ WKDW WKH FXELF VSOLQH LQWHUSRODWRU \LHOGV WKH EHVW DFFXUDF\� /LQHDU LQWHUSRODWLRQ
VKRZV EHWWHU DFFXUDF\ WKDQ H[SHFWHG EXW LV DERYH WKH GHVLUHG YDOXH RI � PP� 4XDGUDWLF LQWHUSRODWLRQ
DOVR VKRZV YHU\ DFFXUDWH UHVXOWV EXW JLYHQ WKDW FXELF VSOLQH KDV D D EHWWHU DFFXUDF\ WKLV ZLOO EH XVHG�
7KH HUURUV LQFXUUHG IRU WKH YHORFLW\ FDOFXODWLRQV DUH VPDOOHU EXW WKH VDPH DSSOLHV KHUH� FXELF VSOLQH
\LHOGV D PRUH DFFXUDWH UHVXOWV DQG WKXV ZLOO EH XVHG IRU WKH VWXG\ DW KDQG�

���� &DSWXUH &RQGLWLRQV
,Q RUGHU WR EH DEOH WR VXFFHVVIXOO\ GHILQH D FRQMXQFWLRQ� RU LQ RWKHU ZRUGV� ZKHQ D IUDJPHQW ZDV FDXJKW�
D VHW RI FRQGLWLRQV KDG WR EH SXW LQWR SODFH� 7KHVH FRQGLWLRQV ZHUH GHILQHG DV IROORZV�

� 7KH PLQLPXP SDVVLQJ GLVWDQFH EHWZHHQ WKH GHEULV DQG WKH FDWFKHU VSDFHFUDIW ZLOO EH GHILQHG DV
�� P� IRU WKH FRQMXQFWLRQ VWRSSLQJ FULWHULRQ�

� 7KH FDWFKHU VSDFHFUDIW ZLOO EH VLPXODWHG WR PRYH LQ WKH RSSRVLQJ GLUHFWLRQ RI WKH IUDJPHQWV

� 7KH FDWFKHU VSDFHFUDIW ZLOO EH SODFHG LQ WKH VDPH RUELW DV WKDW RI WKH .RVPRV ���� ZLWK WKH
H[FHSWLRQ RI WKH GLUHFWLRQ RI PRWLRQ DV DIRUHPHQWLRQHG�

7KH ILUVW FRQGLWLRQ VHUYHG DV D OLPLW WR EH DEOH WR TXDQWLI\ WKH QXPEHU RI IUDJPHQWV FDXJKW ZLWK VXFK D
ODUJH UDGLXV� +RZHYHU� DOO GDWD ZKLFK SDVVHG WKH LQLWLDO WHVW RI ����� NP �VHH &KDSWHU �� ZDV VDYHG WR EH
DEOH WR DQDO\]H ZKDW ZRXOG KDSSHQ LI VPDOOHU RU ODUJHU VSDFHFUDIW ZHUH WR EH HPSOR\HG� 7KH VHFRQG
FRQGLWLRQ ZDV HVWDEOLVKHG VXFK WKDW WKH FDWFKHU VSDFHFUDIW GRHVQ¶W FKDVH WKH GHEULV EXW HQFRXQWHUV
WKHP KHDG�RQ� UHVXOWLQJ LQ D ODUJHU H[SHFWHG QXPEHU RI SRWHQWLDO FRQMXQFWLRQV� 7KH WKLUG FRQGLWLRQ ZDV
SXW LQWR SODFH DV WKH QRPLQDO RUELW LV DSSUR[LPDWHO\ WKH PHDQ RUELW RI DOO IUDJPHQWV�
,Q WKH IROORZLQJ 0HWKRGRORJ\ FKDSWHU� DQ RYHUYLHZ ZLOO EH JLYHQ WR SURYLGH DQ RXWORRN RI KRZ WKHVH
LQGLYLGXDO VHFWLRQV ZLOO UHVXOW LQ WKH RYHUDOO FRQMXQFWLRQ VLPXODWLRQ�



�
0HWKRGRORJ\

,Q WKH SUHYLRXV FKDSWHUV� D JHQHUDO RXWORRN ZDV JLYHQ RQ LQGLYLGXDO SDUWV RI WKH GDWD JHQHUDWHG DV ZHOO
DV WKH VLPXODWLRQ� 7KLV FKDSWHU ZLOO SURYLGH DQ RXWORRN RQ WKH FRPELQDWLRQ RI VDLG DIRUHPHQWLRQHG WDVNV
LQ DQ DWWHPSW WR SURYLGH D FOHDU SLFWXUH RI KRZ WKH UHVXOWV ZHUH REWDLQHG�
7R GR WKLV� LW ZLOO SURYLGH D JHQHUDO RYHUYLHZ RI WKH PHWKRGRORJ\ DQG JR LQWR HDFK LQGLYLGXDO SDUW LQ GHWDLO
WR EULQJ IRUWK D GHWDLOHG GHVFULSWLRQ RI WKH PHWKRGRORJ\ LPSOHPHQWHG IRU WKLV WKHVLV� 7KLV ZLOO LQFOXGH
GHWDLOHG IUDJPHQW GDWD JHQHUDWLRQ� VDWHOOLWH GDWD JHQHUDWLRQ DQG WKH RYHUDOO VLPXODWLRQ�

���� 6XPPDU\ RI WKH 6LPXODWLRQ
2Q D JHQHUDO VFDOH� WKH VLPXODWLRQ FRQVLVWHG RI WKUHH PDLQ SDUWV GHDOW ZLWK LQ &KDSWHUV � WR �� WKHVH
ZHUH WKHQ FRPELQHG DV GHVFULEHG LQ )LJXUH ���� 6WDUWLQJ IURP WKH ILUVW WDVN� WKH EUHDN�XS PRGHO IRXQG
ZDV WKH 1$6$ %UHDN�XS PRGHO ���� WKLV ZDV YHULILHG DV GHVFULEHG LQ &KDSWHU �� 9HULILFDWLRQ DQG 9DOL�
GDWLRQ� 1H[W� WKH JHRPHWU\ RI WKH H[SORVLRQ ZDV GHILQHG� LQ WKLV FDVH� LW ZDV GHILQHG DV D FDWDVWURSKLF
H[SORVLRQ ZLWK HTXDO SUREDELOLW\ RI SDUWLFOHV HMHFWLQJ LQ DOO GLUHFWLRQV� &RPELQLQJ WKHVH VWHSV� D GDWDVHW
RI ������ IUDJPHQWV� ZLWK WKHLU UHVSHFWLYH SRVLWLRQ DQG YHORFLW\� ZDV JHQHUDWHG�
2QFH WKH IUDJPHQW GDWDVHW ZDV FUHDWHG� D 3\WKRQ VFULSW JRLQJ IURP &DUWHVLDQ FRRUGLQDWHV WR .HSOHU
HOHPHQWV ZDV GHYHORSHG DV GHVFULEHG LQ $SSHQGL[ $� 7KLV VHUYHG WR REWDLQ WKH RUELWDO HOHPHQWV RI
DOO IUDJPHQWV DV D PHDQV WR HIILFLHQWO\ SURSDJDWH WKH RUELW� 7KH QH[W VWHS ZDV WR JHQHUDWH D 3\WKRQ
IXQFWLRQ IRU WKH RUELW SURSDJDWLRQ�

'XULQJ WKLV VWXG\� D VHW RI FDVH VWXGLHV �7DEOH ���� ZDV GHILQHG SHUWDLQLQJ WR WKH WLPH RI GHSOR\PHQW
DV ZHOO DV LQMHFWLRQ LQDFFXUDFLHV WR JHW D EHWWHU SLFWXUH RI WKH HYROXWLRQ RI WKH FORXG DQG WKH LQWHUDFWLRQ
ZLWK WKH FDWFKHU VSDFHFUDIW� (DFK RI WKHVH FDVH VWXGLHV KDV LQGLYLGXDO LQLWLDO FRQGLWLRQV IRU ERWK WKH
IUDJPHQWV DV ZHOO DV WKH FDWFKHU VSDFHFUDIW� ,Q WKH QH[W VWHS� WKHVH LQLWLDO FRQGLWLRQV ZHUH GHILQHG IRU
RQH RI WKH FDVH VWXGLHV FKRVHQ�
1H[W� WKH RUELW RI WKH FDWFKHU VDWHOOLWH ZDV SURSDJDWHG JLYHQ VDLG LQLWLDO FRQGLWLRQV� 6LPLODUO\� WKH QHZ
RUELWDO HOHPHQWV RI WKH IUDJPHQWV ZHUH REWDLQHG IROORZLQJ WKH LQLWLDO FRQGLWLRQV�

2QFH DOO WKH QHFHVVDU\ GDWD ZDV REWDLQHG� WKH RYHUDOO VLPXODWLRQ ZDV UXQ LQ RUGHU WR GHWHUPLQH LI WKH
IUDJPHQWV FRXOG EH FDXJKW RU QRW� $ PRUH GHWDLOHG LQVLJKW LQWR WKH VLPXODWLRQ ZLOO EH JLYHQ LQ WKH
SURFHHGLQJ VHFWLRQV� 8SRQ WKH FRQFOXVLRQ RI WKH VLPXODWLRQ� WKH QHZ FDVH VWXG\¶V LQLWLDO FRQGLWLRQV
ZHUH GHILQHG DQG WKH SURFHVV ZDV UHSHDWHG DV VKRZQ LQ )LJXUH ����

��



�� �� 0HWKRGRORJ\

)LJXUH ���� 7RS�OHYHO IORZ FKDUW RI WKH PHWKRGRORJ\ XVHG WR REWDLQ WKH ILQDO QXPEHU RI FDXJKW IUDJPHQWV�



���� )UDJPHQW 'DWD *HQHUDWLRQ ��

���� )UDJPHQW 'DWD *HQHUDWLRQ

)LJXUH ���� )ORZ FKDUW RI WKH PHWKRGRORJ\ XVHG WR REWDLQ WKH IUDJPHQW GDWD�



�� �� 0HWKRGRORJ\

7KLV VHFWLRQ ZLOO SURYLGH D GHHSHU LQVLJKW LQWR IUDJPHQW GDWD JHQHUDWLRQ� ,Q RUGHU WR JHW DQ RYHUYLHZ
RI WKH SURFHGXUH RQH FDQ UHIHU WR )LJXUH ���� $V PHQWLRQHG LQ 6HFWLRQ ��� WKH ILUVW VWHS RI WKH GDWD
JHQHUDWLRQ ZDV WR GHILQH WKH EUHDN�XS PRGHO� ,Q RUGHU WR DVVXUH WKDW WKLV PRGHO ZDV UHFUHDWHG SURSHUO\
RQ VRIWZDUH RI FKRLFH� LQ WKLV FDVH 3\WKRQ� LW ZDV LPSRUWDQW WR YHULI\ LW ZLWK WKH SURYLGHG GDWD DQG SORWV�
$Q RYHUYLHZ RI WKLV YHULILFDWLRQ FDQ EH VHHQ LQ &KDSWHU ��
2QFH WKH PRGHO ZDV YHULILHG DQG FRPSUHKHQGHG� WKH QHFHVVDU\ H[SUHVVLRQV IRU WKH GLVWULEXWLRQV RI
IUDJPHQWV GXH WR DQ H[SORVLRQ ZHUH LGHQWLILHG� 7KHVH ZHUH WKHQ PRGHOHG LQ 3\WKRQ LQ RUGHU WR REWDLQ
WZR GLIIHUHQW GLVWULEXWLRQV� YHORFLW\ PDJQLWXGH� DQG IUDJPHQW VL]H� 7KHVH GLVWULEXWLRQV ZHUH WKHQ XVHG
WR JHQHUDWH ������ IUDJPHQWV ZLWK WKHLU LQGLYLGXDO GDWD SRLQWV IRU WKH GLVWULEXWLRQV PHQWLRQHG� 8VLQJ
(TXDWLRQ ��� WKH PDVV ZDV FDOFXODWHG IURP WKH VL]H GLVWULEXWLRQ�
1RQHWKHOHVV� LQ RUGHU WR EH DEOH WR VLPXODWH WKH RUELW� WKH YHORFLW\ GLUHFWLRQ ZDV QHFHVVDU\ ZKLFK EULQJV
DERXW WKH VHFRQG SDUW RI WKH IUDJPHQW JHQHUDWLRQ� QDPHO\ WKH H[SORVLRQ PRGHO� ,Q RUGHU WR VLPXODWH
WKH H[SORVLRQ WKH IROORZLQJ DVVXPSWLRQV ZHUH PDGH�

�� 7KH H[SORVLRQ ZDV GHHPHG WR EH FDWDVWURSKLF

�� 7KH IUDJPHQWV FRXOG H[SORGH ZLWK HTXDO SUREDELOLW\ LQ DOO GLUHFWLRQV

*LYHQ WKRVH WZR DVVXPSWLRQV� WKH H[SORVLRQ ZDV PRGHOHG E\ JHQHUDWLQJ D XQLW VSKHUH ZLWK ������
SRLQWV JHQHUDWHG ZLWK HTXDO SUREDELOLW\ LQ DOO GLUHFWLRQV DV WKDW SUHVHQWHG LQ )LJXUH ���� LQ &KDSWHU ��
7KLV SURYLGHG D VHW RI ������ WKUHH�GLPHQVLRQDO XQLW YHFWRUV� 7KHVH YHFWRUV ZHUH FRPELQHG ZLWK WKH
JHQHUDWHG YHORFLW\ PDJQLWXGH GDWDVHW� WR REWDLQ WKH LQLWLDO WKUHH�GLPHQVLRQDO YHORFLW\ RI WKH IUDJPHQWV
XSRQ H[SORVLRQ� WKXV JLYLQJ D VWDUWLQJ SRLQW IRU WKH VLPXODWLRQ� +RZHYHU� LQ RUGHU WR REWDLQ WKH UHDO
LQLWLDO YHORFLW\ RI WKH IUDJPHQWV� WKH RULJLQDO VDWHOOLWH YHORFLW\ ZDV DGGHG� JLYHQ WKDW� ZKHQ WKH VDWHOOLWH
H[SORGHV� LW LV PRYLQJ ZLWK D FHUWDLQ YHORFLW\ DQG LV QRW VWDWLRQDU\� ,Q WKH FDVH RI .RVPRV ����� WKH
RULJLQDO YHORFLW\ FDQ EH VHHQ LQ (TXDWLRQ ����

൴፬ፚ፭Ꮂߜ  ᓂ���������� ����������ࢿ ����������ᓆ NP�V �����

/DVWO\� WKH QHZ YHORFLWLHV ZHUH FRPELQHG ZLWK WKH VL]H� SRVLWLRQ DQG PDVV WR REWDLQ WKH ILQDO IUDJPHQW
GDWD VHW�

���� 6DWHOOLWH 'DWD *HQHUDWLRQ

)LJXUH ���� )ORZ FKDUW RI WKH PHWKRGRORJ\ XVHG WR REWDLQ WKH FDWFKHU VSDFHFUDIW GDWD�

7KH VDWHOOLWH GDWD ZDV JHQHUDWHG RQFH DW WKH EHJLQQLQJ RI HDFK VLPXODWLRQ LQ RUGHU WR UHGXFH &38 WLPH�
$V VHHQ LQ )LJXUH ��� ILUVW WKH LQLWLDO SRVLWLRQ DQG YHORFLW\ RI WKH FDWFKHU VSDFHFUDIW ZHUH GHWHUPLQHG
EDVHG RQ WKH FDVH VWXG\� 1H[W� WKHVH ZHUH WUDQVIRUPHG IURP &DUWHVLDQ HOHPHQWV WR .HSOHU HOHPHQWV
DQG WKHQ WKH VWDWH ZDV SURSDJDWHG LQ WLPH VWHSV RI ��� VHFRQGV� 7KH UHVXOWV ZHUH WKHQ FRQYHUWHG EDFN
WR &DUWHVLDQ FRRUGLQDWHV DQG VWRUHG�



���� (OOLSVH ,QWHUVHFWLRQ ��

���� (OOLSVH ,QWHUVHFWLRQ

)LJXUH ���� )ORZ FKDUW RI WKH PHWKRGRORJ\ XVHG WR FDUU\ RXW WKH HOOLSVH LQWHUVHFWLRQ FKHFN�

7KH HOOLSVH LQWHUVHFWLRQ ZDV FDUULHG RXW EHIRUH WKH VLPXODWLRQ DV D PHDQV WR GLVFDUG IUDJPHQWV WKDW
FRXOG QHYHU LQWHUVHFW� 7R GR WKLV WKH SHULJHH DSRJHH WHVW ZDV XVHG� 8VLQJ WKH WHVW� LW ZDV FDOFXODWHG LI
WKH GLVWDQFH ZDV ODUJHU WKDQ �� P� ,I LW ZDV� WKH IUDJPHQW ZDV GLVFDUGHG DQG LI QRW WKH IUDJPHQW ZDV
NHSW DV D FDQGLGDWH FRQMXQFWLRQ HOHPHQW�

���� 0DLQ 6LPXODWLRQ
7KLV VHFWLRQ ZLOO SURYLGH D GHWDLOHG RYHUORRN RI WKH VLPXODWLRQ� 7KH VLPXODWLRQ ZDV LQLWLDOL]HG E\ ORDGLQJ
WKH SRVLWLRQ DQG YHORFLW\ RI WKH VDWHOOLWH DW WLPH  � V� 6LPLODUO\� WKH IUDJPHQW GDWD ZDV ORDGHG DQG
FRQYHUWHG WR &DUWHVLDQ HOHPHQWV WR REWDLQ SRVLWLRQ DQG YHORFLW\ DW WKH LQLWLDO WLPH� 2QFH WKRVH ZHUH
REWDLQHG� WKH UHODWLYH GLVWDQFH ZDV FDOFXODWHG DQG LI LW ZDV �� P RU OHVV� WKH IUDJPHQW DQG LWV GDWD ZDV
VWRUHG� ,I WKH GLVWDQFH ZDV ODUJHU WKH QH[W HSRFK ZDV SURSDJDWHG� 6WHS VL]HV RI �� VHFRQGV ZHUH
XVHG DV D PHDQV WR VDYH &38 WLPH� 7KLV LPSOLHV WKDW DW WKH HSRFK RQH WLPH HTXDWHV WR � VHFRQGV� WKH
VHFRQG HSRFK UHIHUV WR �� VHFRQGV� WKH WKLUG WR ��� DQG VR RQ�

2QFH WKH VWDWHV RI WKH IUDJPHQW ZHUH SURSDJDWHG IRU �� VHFRQGV� WKH UHODWLYH GLVWDQFH WR WKH VSDFHFUDIW
DW �� VHFRQGV ZDV FDOFXODWHG� 7KH ILUVW GLVWDQFH FKHFN ZDV GRQH IRU ����� NP� WKLV LV EHFDXVH DW D
UHODWLYH YHORFLW\ RI DSSUR[LPDWHO\ �� NP�V VXFK DV WKDW HQFRXQWHUHG LQ WKLV VWXG\� LQ �� VHFRQGV WKH
UHODWLYH GLVWDQFH WUDYHOHG ZRXOG EH ��� NP� ,I WKLV WHVW IDLOHG� QR FRQMXQFWLRQ FRXOG EH SRVVLEOH DQ\�
ZKHUH LQ WKH FXUUHQW �� VHFRQG LQWHUYDO DQG WKHQ WKH VWDWH ZDV SURSDJDWHG WR WKH QH[W HSRFK DQG WKH
SURFHVV UHSHDWHG� +RZHYHU� LI WKH WHVW SDVVHG� WKHQ WKH PLQLPXP GLVWDQFH FDOFXODWLRQV ZHUH FDUULHG
RXW DV H[SODLQHG LQ &KDSWHU ��

$V VRRQ DV WKLV ZDV GRQH� WKH QH[W FKHFN KDG WR EH FDUULHG RXW� WKLV WLPH IRU D GLVWDQFH FULWHULRQ DW ���
NP ZLWK WKH VDPH RXWFRPH� ,I QHJDWLYH WKH VWDWH DW WKH QH[W HSRFK ZDV FDOFXODWHG DQG LI SRVLWLYH WKH
PLQLPXPGLVWDQFH SURFHGXUH ZDV FDUULHG RXW� 7KLV LWHUDWLYH SURFHVV NHSW EHLQJ UHSHDWHG GHFUHDVLQJ WKH
GLVWDQFH E\ D IDFWRU RI �� HYHU\ WLPH� ,Q WKH HQG WKH FKHFNV FDUULHG RXW ZHUH ��ኽ� ��ኼ���ኻ���ኺ���ዅኻ���ዅኼ
DQG ��ዅኽ NP� ,I WKH RXWFRPH RI DOO RI WKH FKHFNV ZDV SRVLWLYH WKHQ WKH RXWFRPH ZDV GHILQHG DV D
FROOLVLRQ DQG WKH IUDJPHQW ZDV GHHPHG FDXJKW� 2QFH WKLV SURFHVV ZDV FRPSOHWHG� WKH QH[W IUDJPHQW
ZDV DQDO\]HG� 7KLV ZDV UHSHDWHG IRU DOO ������ IUDJPHQWV�



�� �� 0HWKRGRORJ\

)LJXUH ���� )ORZ FKDUW RI WKH PHWKRGRORJ\ XVHG WR FUHDWH DQG FDUU\ RXW WKH VLPXODWLRQ�



���� 0DLQ 6LPXODWLRQ ��

������ &DVH 6WXGLHV
7KH PDLQ VLPXODWLRQ ZLOO EH FDUULHG RXW IRU D VHW RI FDVH VWXGLHV DV D PHDQV WR DQVZHU WKH SRVHG VXE
TXHVWLRQV� 7KHVH FDVH VWXGLHV HQFRPSDVV WKH LQMHFWLRQ WLPH RI WKH VDWHOOLWH ZLWK UHVSHFW WR WKH WLPH
RI WKH H[SORVLRQ ZKLFK ZLOO EH GHILQHG DV W  �� 1H[W� WZR FDVH VWXGLHV ZLOO EH DQDO\]HG LQ ZKLFK WKHUH
DUH LQMHFWLRQ LQDFFXUDFLHV IRU WKH DOWLWXGH DQG IRU WKH LQFOLQDWLRQ� WKHVH FDVH VWXGLHV ZLOO EH FRPELQHG
ZLWK D QRPLQDO LQMHFWLRQ WLPH DV VHHQ LQ 7DEOH ���� 7KLV FRPELQDWLRQ RI FDVH VWXGLHV ZLOO \LHOG D VHW RI
HLJKW FDVH VWXGLHV VHHQ LQ 7DEOH ���� 1H[W WKH HIIHFW RI YDU\LQJ WKH VL]H RI WKH FDWFKHU UDGLXV ZLOO EH
H[DPLQHG E\ DQDO\]LQJ WKH UHVXOWLQJ WKH GDWDVHW RI WKH PDLQ VLPXODWLRQ IRU WKH HLJKW FDVH VWXGLHV� 7KH
FDWFKLQJ UDGLXV VL]HV DQDO\]HG ZLOO EH � P� � P� �� P� �� P� �� P DQG ��� P�

&DVH 6WXG\ 1XPEHU ,QMHFWLRQ 7LPH ,QMHFWLRQ ,QDFFXUDF\
� �� V 1�$
� � K 1�$
� � K 1�$
� �� K 1�$
� �� K 1�$
� �� K 1�$
� �� K � ��� GHJ LQFOLQDWLRQ
� �� K � �� NP DOWLWXGH

7DEOH ���� 'HILQLWLRQ RI FDVH VWXGLHV H[SORUHG LQ WKLV VWXG\�





�
9HULILFDWLRQ DQG 9DOLGDWLRQ

7KLV FKDSWHU ZLOO GHDO ZLWK WKH YHULILFDWLRQ DQG YDOLGDWLRQ RI WKH FRQVWLWXHQWV XVHG WR REWDLQ WKH UHVXOWV RI
WKLV WKHVLV VWXG\� 7KLV ZLOO LQFOXGH WKH EUHDN XS PRGHO� WKH H[SORVLRQ JHRPHWU\ DQG WKH UHVSHFWLYH SDUWV
RI WKH FRGH XVHG WR FUHDWH WKH VLPXODWLRQ� 9HULILFDWLRQ ZLOO EH XVHG WR PDNH VXUH WKDW WKH UHVSHFWLYH
SDUWV GR ZKDW WKH\ DUH VXSSRVHG WR ZKLOH YDOLGDWLRQ ZLOO VHUYH WR FKHFN WKDW HYHU\WKLQJ LV GRQH FRUUHFWO\
DQG LV LQ DJUHHPHQW ZLWK ´SK\VLFDO WUXWK´� 7KLV ZLOO HQVXUH WKDW WKH UHVXOWV RI WKH PRGHO DUH FRUUHFW�

���� 1$6$ %UHDNXS 0RGHO ���
7KH PDLQ PRGHO XVHG WR GHVFULEH WKH EHKDYLRU RI WKH GHEULV IUDJPHQWV XSRQ H[SORVLRQ LQ WKLV VWXG\ LV
WKH 1$6$ %UHDN�XS PRGHO ��� �&KDSWHU ��� 7KLV PRGHO VHUYHG WR SURYLGH GHQVLW\� VL]H� ́൴ DQG DUHD�
WR�PDVV UDWLR� 7KH PRGHO SURYLGHV YDULRXV HTXDWLRQV IRU GLIIHUHQW�VL]HG IUDJPHQWV EXW RQO\ LOOXVWUDWHV
WKH EHKDYLRU RI ODUJHU IUDJPHQWV� 7KLV VWXG\ FRQFHUQV LWVHOI ZLWK IUDJPHQWV VPDOOHU WKDQ �� FP� DQG
WKHUHIRUH WKH HTXDWLRQV DW KDQG KDG QR GLUHFW YHULILFDWLRQ PHWKRG� )RU WKLV UHDVRQ� WKH SDUDPHWHUV IRU
ODUJHU IUDJPHQWV ZHUH FRGHG DQG FRPSDUHG WR WKH LOOXVWUDWLRQV SURYLGHG LQ WKH UHSRUW� RQFH WKRVH ZHUH
YHULILHG WKH YDULDEOHV ZHUH FKDQJHG WR FRUUHVSRQG WR WKH VPDOOHU IUDJPHQWV� ,Q WKLV PDQQHU� LW ZDV
UHDVVXUHG WKDW WKH DSSOLFDWLRQ RI WKH PRGHO LQ WKH FRGH ZDV FRUUHFW� 7KHVH LOOXVWUDWLRQV ZLOO EH VKRZQ
LQ WKH SURFHHGLQJ VXEVHFWLRQV�

������ 6L]H 'LVWULEXWLRQ
7KH H[SUHVVLRQV IRU VL]H GLVWULEXWLRQ ZHUH SUHVHQWHG LQ &KDSWHU �� 7KH UHVXOWV ZHUH SORWWHG DQG FRP�
SDUHG WR WKH H[LVWLQJ PRGHO SORWV� $V DIRUHPHQWLRQHG� WKH 1$6$ %UHDN�XS ��� PRGHO GHDOV ZLWK IUDJ�
PHQWV RI VL]HV UDQJLQJ IURP �� FP WR ��P� 1RQHWKHOHVV� DV FDQ EH VHHQ LQ )LJXUH ���� LI WKHPRGHO ZHUH
H[WHQGHG� LW ZRXOG ILW SHUIHFWO\ ZLWK WKH PRGHO XVHG LQ WKH WKHVLV� )RU WKLV UHDVRQ� WKH VL]H GLVWULEXWLRQ
RI WKH PRGHO ZDV GHHPHG YDOLGDWHG DQG YHULILHG�

������ $UHD�WR�0DVV 5DWLR
,Q RUGHU WR YHULI\ WKH DUHD�WR�PDVV UDWLR SDUW RI WKH PRGHO� WKH GLVWULEXWLRQ IRU WKH DUHD�WR�PDVV UDWLR ZDV
SORWWHG DQG FRPSDUHG WR WKH GLVWULEXWLRQ SURYLGHG LQ WKH 1$6$ PRGHO �-RKQVRQ HW DO�� ������ :KHQ
ORRNLQJ DW )LJXUH ��� LW FDQ EH REVHUYHG� WKDW ZKHQ SORWWHG WRJHWKHU� WKH 1$6$ PRGHO DQG WKH PRGHO
REWDLQHG IRU WKH WKHVLV DUH QHDUO\ LGHQWLFDO� 7KLV FODLP VWHPV IURP WKH IDFW WKDW ERWK SORWV KDYH WKH
PD[LPXP DW �� DQG WKH EHJLQQLQJ DQG HQG SRLQWV DUH WKH VDPH� DORQJ ZLWK D PDWFK IRU WKH JHQHUDO
VKDSH�

��



�� �� 9HULILFDWLRQ DQG 9DOLGDWLRQ

)LJXUH ���� &RPSDULVRQ RI 1$6$ VDPSOH GHEULV VL]H GLVWULEXWLRQV IURP VHYHQ XSSHU VWDJH EUHDNXSV� DV GHULYHG IURP 661 GDWD
ZLWK WKH PRGHO XVHG IRU WKH WKHVLV�

)LJXUH ���� D� 'LVWULEXWLRQ REWDLQHG IRU WKH PRGHO XVHG LQ WKH WKHVLV �OHIW� E�6DPSOH $�0 GLVWULEXWLRQ RI ��� VSDFHFUDIW GHEULV LQ
WKH VL]H UHJLPH RI ���� FP WR �� FP �ULJKW� FRPSDUHG WR WKH PRGHO XVHG IRU WKH WKHVLV�

������ 9HORFLW\ 'LVWULEXWLRQ

,Q RUGHU WR YHULI\ WKH YHORFLW\ PDJQLWXGH SUHGLFWLRQV� WKH GLVWULEXWLRQ SURYLGHG LQ &KDSWHU � ZDV XVHG�
,Q RUGHU WR GR WKLV D VHW RI YDOXHV ZDV JHQHUDWHG XVLQJ WKH SURYLGHG HTXDWLRQV� 7KLV UHVXOWHG LQ WKH
GLVWULEXWLRQ VHHQ LQ )LJXUH ���� -RKQVRQ HW DO�� ���� GLG QRW SURYLGH DQ RYHUDOO GLVWULEXWLRQ WR FRPSDUH
ZLWK� 1RQHWKHOHVV� XVLQJ WKH GLVWULEXWLRQ WKH\ JHQHUDWHG IURP D UHDO GDWDVHW �)LJXUH ���� LW FDQ EH
VHHQ WKDW WKH JHQHUDO WUHQG RI WKH GLVWULEXWLRQ ZDV YHU\ VLPLODU ZLWK D SHDN DW WKH HDUOLHU ́൴ YDOXHV DQG
GHFUHDVLQJ WRZDUGV KLJKHU YDOXHV� )RU WKLV UHDVRQ� WKH YHORFLW\ GLVWULEXWLRQ ZDV GHHPHG YHULILHG DQG
YDOLGDWHG�



���� ([SORVLRQ *HRPHWU\ ��

)LJXUH ���� 9HORFLW\ GLVWULEXWLRQ REWDLQHG ZLWK WKH PRGHO
IRU D SRSXODWLRQ RI ������ IUDJPHQWV LQ P�V�

)LJXUH ���� &RPSRVLWH GLVWULEXWLRQ RI FDOFXODWHG HMHFWLRQ
YHORFLWLHV IRU ����� GHEULV IURP'HOWD� $ULDQH� DQG &RVPRV
XSSHU VWDJHV �-RKQVRQ HW DO�� ������

���� ([SORVLRQ *HRPHWU\
,Q RUGHU WR YHULI\ WKH H[SORVLRQ JHRPHWU\� LW ZDV FKHFNHG WKDW WKH GLVWULEXWLRQ ZDV XQLIRUP IRU [� \ DQG
] FRRUGLQDWHV� DV FDQ EH REVHUYHG IURP WKH WRS YLHZ VHHQ LQ )LJXUH ����

)LJXUH ���� 7RS YLHZ RI WKH VSKHUH UHVXOWLQJ IURP WKH JHQHUDWLRQ RI WKH H[SORVLRQ JHRPHWU\ ZLWK HTXDO SUREDELOLW\ LQ DOO GLUHFWLRQV�

6LPLODUO\� LQ RUGHU WR HQVXUH WKDW WKH GLVWULEXWLRQ ZDV WKH VDPH LQ DOO GLUHFWLRQV IRU [� \ DQG ] WKH GLVWUL�
EXWLRQV ZHUH SORWWHG� 7KH UHVXOWV FDQ EH VHHQ LQ )LJXUH ���� ,W FDQ EH REVHUYHG WKDW WKH GLVWULEXWLRQ LV
HYHQ IURP �� WR � IRU DOO FRRUGLQDWHV� 7KHUH LV QR ODUJHU SUREDELOLW\ RI KDYLQJ FRRUGLQDWHV DW DQ\ VSHFLILF
YDOXHV IRU DQ\ FRRUGLQDWH� 7KXV WKH H[SORVLRQ JHRPHWU\ ZDV GHHPHG YHULILHG� )XUWKHUPRUH� IURP WKH
WRS YLHZ LW FDQ FOHDUO\ EH VHHQ WKDW WKH SROHV GR QRW VKRZ FRQFHQWUDWLRQ�



�� �� 9HULILFDWLRQ DQG 9DOLGDWLRQ

)LJXUH ���� 'LVWULEXWLRQ RI VSKHUH FRRUGLQDWHV UHVXOWLQJ IURP WKH JHQHUDWLRQ RI WKH H[SORVLRQ JHRPHWU\ ZLWK HTXDO SUREDELOLW\ LQ
DOO GLUHFWLRQV ZLWK [ GLVWULEXWLRQ OHIW� \ GLVWULEXWLRQ PLGGOH� ] GLVWULEXWLRQ ULJKW�

���� &DUWHVLDQ WR .HSOHULDQ
,Q RUGHU WR YHULI\ WKH &DUWHVLDQ FRRUGLQDWH WR .HSOHU HOHPHQW FRQYHUVLRQ� H[LVWLQJ ,66 FRRUGLQDWHV ZHUH
XVHG ZKLFK ZHUH NQRZQ ERWK LQ &DUWHVLDQ DQG LQ .HSOHU HOHPHQWV� 7KHVH ZHUH LQSXW DV &DUWHVLDQ
FRRUGLQDWHV LQWR WKH 3\WKRQ FRGH GHYHORSHG DQG WKH RXWFRPH ZDV WKHQ FRPSDUHG� 7KH UHVXOWV RI WKLV
FRPSDULVRQ FDQ EH IRXQG LQ 7DEOH ���� ,W FDQ EH REVHUYHG WKDW WKH UHVXOWV SURYHG WR EH LGHQWLFDO WR WKRVH
SURYLGHG E\ 1$6$ �1$6$� ������ 7KH HUURU ZDV FDOFXODWHG WR EH ������ IRU WKH PD[LPXP QXPEHU RI
VLJQLILFDQW ILJXUHV GLVSOD\HG E\ 1$6$�

3DUDPHWHU 1$6$ 9DOXH 2EWDLQHG 9DOXH (UURU >�@
D >P@ ����������� ����������� �����
H >�@ ����������� ����������� �����
L >GHJ@ ������������ ������������ �����
Ω>GHJ@ ������������� ������������� �����
ω>GHJ@ ������������ ������������ �����
Θ>GHJ@ ������������ ������������ �����
( >GHJ@ ������������ ������������ �����
0 >GHJ@ ������������ ������������ �����

7DEOH ���� .HSOHU HOHPHQWV FRQWDLQHG E\ WKH &DUWHVLDQ FRRUGLQDWHV WR .HSOHU (OHPHQWV WUDQVIRUPDWLRQ FRPSDUHG WR WKH RULJLQDO
1$6$ YDOXHV IRU WKH ,66�

�

���� .HSOHULDQ WR &DUWHVLDQ
7KH VDPH SURFHGXUH DV WKDW FDUULHG RXW IRU WKH FRQYHUVLRQ IURP &DUWHVLDQ WR .HSOHU HOHPHQWV ZDV
FDUULHG RXW IRU WKH WUDQVIRUPDWLRQ IURP .HSOHU WR &DUWHVLDQ HOHPHQWV� 6LPLODUO\� ,66 FRRUGLQDWHV ZHUH
XVHG KHUH WRR DQG WKH UHVXOWV SURYHG WR EH LGHQWLFDO LQ WKLV FDVH DV ZHOO DV FDQ EH VHHQ LQ 7DEOH ����



���� .HSOHU 6ROYHU ��

)RU WKLV UHDVRQ� WKH IXQFWLRQ GHYHORSHG IRU .HSOHU WR &DUWHVLDQ FRRUGLQDWHV ZDV GHHPHG YHULILHG� ,66
FRRUGLQDWHV ZHUH DOVR FKHFNHG IRU RWKHU HSRFKV EXW QRW LQFOXGHG IRU UHGXQGDQF\ SXUSRVHV�

3DUDPHWHU 1$6$ 9DOXH 2EWDLQHG 9DOXH (UURU >�@
[ >P@ ����������� ����������� �����
\ >P@ ����������� ����������� �����
] >P@ ���������� ���������� �����
Y[ >P�V@ ����������� ����������� �����
Y\ >P�V@ ������������ ������������ �����
Y] >P�V@ ����������� ����������� �����

7DEOH ���� &DUWHVLDQ FRRUGLQDWHV FRQWDLQHG E\ WKH .HSOHU (OHPHQWV WR &DUWHVLDQ FRRUGLQDWHV WUDQVIRUPDWLRQ FRPSDUHG WR WKH
RULJLQDO 1$6$ YDOXHV IRU WKH ,66 �³6SRW WKH 6WDWLRQ� ,QWHUQDWLRQDO 6SDFH 6WDWLRQ´� ������

���� .HSOHU 6ROYHU
7KH .HSOHU VROYHU LV WKH PDLQ IXQFWLRQ WR VXFFHVVIXOO\ SURSDJDWH WKH RUELW� ,Q RUGHU WR YHULI\ WKLV� WZR
DSSURDFKHV ZHUH WDNHQ� 7KH ILUVW DSSURDFK ZDV WR SORW WKH RUELW DQG WKHQ WKUHH�TXDUWHUV RI WKH RUELW DQG
VHH LI WKH RUELW ZRXOG FKDQJH DFFRUGLQJO\ ZKHQ SORWWHG� 7KH UHVXOWV FDQ EH REVHUYHG LQ )LJXUHV ��� DQG
��� ZKHUH WKH ILUVW ILJXUH GHSLFWV WKH IXOO RUELW DORQJ ZLWK WKH LQLWLDO SRLQW RI WKH VSDFHFUDIW DQG WKH ODWWHU
GHSLFWV WKUHH�TXDUWHUV RI WKH RUELW� $V FDQ EH REVHUYHG E\ ORRNLQJ DW WKH SORW LW FDQ EH DVVXPHG WKDW
ZKHQ WKH SURSDJDWLRQ WLPH LV WKUHH�TXDUWHUV RI WKH SHULRG� WKH RUELW FKDQJHV DFFRUGLQJO\ DV H[SHFWHG�
$OWKRXJK WKH UHVXOWV GHSLFWHG DUH VXIILFLHQW WR FRQVLGHU WKH .HSOHU VROYHU YHULILHG� D VHFRQG DSSURDFK
ZDV WDNHQ�

)LJXUH ���� )XOO RUELW REWDLQHG ZLWK WKH .HSOHU 6ROYHU DQG LQLWLDO SRLQW RI WKH VDWHOOLWH VKRZQ�



�� �� 9HULILFDWLRQ DQG 9DOLGDWLRQ

)LJXUH ���� 7KUHH�TXDUWHUV RI DQ RUELW REWDLQHG ZLWK WKH .HSOHU 6ROYHU DQG LQLWLDO SRLQW RI WKH VDWHOOLWH VKRZQ�

$QRWKHU ZD\ WR VXFFHVVIXOO\ YHULI\ WKH .HSOHU VROYHU ZDV WR SORW WKH HFFHQWULF DQRPDO\ ൊ� PHDQ DQRPDO\
 DQG WUXH DQRPDO\  DV D IXQFWLRQ RI WLPH� 7KHVH ZHUH SORWWHG IRU RQH IXOO RUELW� 7KH UHVXOWV FDQ EH
VHHQ LQ )LJXUH ����

)LJXUH ���� (FFHQWULF� PHDQ DQG WUXH DQRPDO\ RYHU RQH SHULRG RI WKH VDWHOOLWH ZLWK YDOXH DQG WLPH DW SHULJHH S DQG DSRJHH D�

,W FDQ EH VHHQ WKDW IRU DOO FDVHV WKH EHKDYLRU LV SHULRGLF DQG HQGV DW WKH VDPH YDOXH DV LW VWDUWV� 6LPLODUO\
LW FDQ EH VHHQ WKDW DW SHULJHH WKH YDOXH RI WKH DQRPDOLHV LV ࣅ� DQG DW DSRJHH LW LV DW ࣅ��� DV H[SHFWHG�
7KXV WKH .HSOHU VROYHU ZDV FRQVLGHUHG YHULILHG�
6LPLODUO\ WKH VDPH DSSURDFK ZDV WDNHQ ZLWK WKH DOWLWXGH� )LJXUH ���� D �OHIW� VKRZV WKH DOWLWXGH GXULQJ



���� ,QWHUSRODWLRQ ��

WKH FRXUVH RI RQH SHULRG RI WKH VDWHOOLWH ZKLOH WKH ULJKW ILJXUH VKRZV WKH DOWLWXGH GXULQJ WKUHH�TXDUWHUV
RI D SHULRG� +HUH LW FDQ EH REVHUYHG WKDW WKH DOWLWXGH FKDQJHG SURSRUWLRQDOO\ E\ WKUHH�TXDUWHUV ZKHQ
SURSDJDWHG IRU WKUHH�TXDUWHUV RI D SHULRG� VWUHQJWKHQLQJ WKH FRUUHFWQHVV RI WKH FRGH LPSOHPHQWHG�

$QRWKHU ZD\ WR YHULI\ WKH SURSDJDWLRQ E\ ORRNLQJ DW WKH DOWLWXGH LV WR LGHQWLI\ WKH SHULJHH DQG DSRJHH
DOWLWXGHV �)LJXUH ����� *LYHQ WKDW WKH RUELW ZDV SURSDJDWHG IRU WKH H[LVWLQJ VDWHOOLWH� WKH RULJLQDO DSRJHH
DQG SHULJHH DOWLWXGHV ZHUH NQRZQ� 7KLV KHOSHG YHULI\ LI WKH SURSDJDWHG DOWLWXGH UHVXOWHG LQ WKH VDPH
DSRJHH DQG SHULJHH DOWLWXGHV DV WKRVH SURYLGHG E\ OLWHUDWXUH� 0F.QLJKW� ���� GHILQHG WKH SHULJHH DQG
DSRJHH DOWLWXGHV RI WKH .RVPRV ���� DV ��� NP DQG ��� NP UHVSHFWLYHO\� :KHQ WKH PD[LPD DQG
PLQLPD RI WKH DOWLWXGH JUDSK ZHUH REWDLQHG� WKH YDOXHV ZHUH ������ NP DQG ������ NP� *LYHQ WKDW WKH
0F.QLJKW� ���� GDWD RQO\ SURYLGHG WKUHH VLJQLILFDQW ILJXUHV� ZKHQ URXQGLQJ WKH GDWD REWDLQHG IURP WKH
SURSDJDWLRQ� WKH HUURU ZRXOG EH ������

)LJXUH ����� D� 7KH DOWLWXGH RI D IXOO .HSOHU RUELW RI WKH VDWHOOLWH �OHIW� E� 7KH DOWLWXGH RI WKUHH�TXDUWHUV RI D .HSOHU RUELW RI WKH
VDWHOOLWH �ULJKW��

���� ,QWHUSRODWLRQ
,Q RUGHU WR REWDLQ WKH EHVW LQWHUSRODWRU� DQ DQDO\VLV ZDV FDUULHG RXW LQ &KDSWHU �� +HUH WKH HUURU ZDV
SORWWHG DV D IXQFWLRQ RI WLPH� ,W FRXOG EH VHHQ WKDW DW HYHU\ WLPH VWHS ZKHUH WKH SRVLWLRQ LV NQRZQ�
WKH HUURU ZDV �� 6LPLODUO\ OLQHDU LQWHUSRODWLRQ UHVXOWHG LQ WKH ODUJHVW HUURU� IROORZHG E\ TXDGUDWLF LQWHU�
SRODWLRQ DQG FXELF VSOLQH KDG WKH VPDOOHVW HUURU� 7KLV ZDV WR EH H[SHFWHG DQG VHUYHG DV YDOLGDWLRQ
DQG YHULILFDWLRQ� 1RQHWKHOHVV� WKH UHVXOWV ZHUH IXUWKHU DQDO\]HG E\ XVLQJ WKH .HSOHU 6ROYHU WR REWDLQ
WKH UHDO SRVLWLRQ DQG YHORFLW\ RI WKH VDWHOOLWH DW DQ DUELWUDULO\ FKRVHQ WLPH� LQ WKLV FDVH� ����� VHFRQGV�
7KHQ GDWDVHW FRQWDLQLQJ WKH VDWHOOLWH SRVLWLRQV ZDV XVHG DQG ERWK TXDGUDWLF DQG FXELF LQWHUSRODWLRQ ZDV
FDUULHG RXW WR EH YHULILHG� 7KH UHVXOWV RI WKLV YHULILFDWLRQ FDQ EH IRXQG LQ 7DEOH ���� $V FDQ EH VHHQ WR
WKH UHTXLUHG DFFXUDF\ RI � PP WKH HUURU LV � IRU TXDGUDWLF DQG FXELF LQWHUSRODWLRQ�

3DUDPHWHU
.HSOHU
6ROYHU

4XDGUDWLF
,QWHUSRODWLRQ

&XELF
,QWHUSRODWLRQ

(UURU >NP@
4XDGUDWLF

(UURU >NP@
&XELF

[ >NP@ ����������� ����������� ����������� ����� � ��ዅኻኽ ����� � ��ዅኻኽ

\ >NP@ ���ࢿ�������� ���ࢿ�������� ���ࢿ�������� �����ࢿ � ��ዅኻኻ �����ࢿ � ��ዅኻኼ

] >NP@ ��ࢿ��������� ��ࢿ��������� ��ࢿ��������� ����� � ��ዅኻኻ ����� � ��ዅኻኼ

Y[ >NP�V@ ��������� ��������� ��������� �����ࢿ � ��ዅኻኾ �����ࢿ � ��ዅኻ

Y\ >NP�V@ ����������ࢿ ����������ࢿ ����������ࢿ ����� � ��ዅኻኾ ����� � ��ዅኻ

Y] >NP�V@ ���������� ���������� ���������� ����� � ��ዅኻኾ �����ࢿ � ��ዅኻ

7DEOH ���� 9HULILFDWLRQ UHVXOWV IRU WKH SRVLWLRQ RI WKH VDWHOOLWH IRU WKH FDVH VWXG\ RI WZR GD\V DW D WLPH RI ����� VHFRQGV�





��
5HVXOWV DQG 'LVFXVVLRQ

7KLV FKDSWHU ZLOO EH GLYLGHG LQWR VHFWLRQV SHUWDLQLQJ WR WKH FDWHJRU\ RI WKH UHVXOWV� 7KHVH ZLOO FRQVLVW RI
YHORFLW\� RUELWDO HOHPHQWV� RUELWV DQG VLPXODWLRQ UHVXOWV� :LWKLQ HDFK RI WKHVH VHFWLRQV WKHUH ZLOO EH WZR
VXE�VHFWLRQV� UHVXOWV DQG GLVFXVVLRQ� 7KH UHVXOWV VHFWLRQ ZLOO UHSRUW WKH PDLQ ILQGLQJV RI WKLV VWXG\ LQ D
FRQFLVH DQG REMHFWLYH PDQQHU� 7KLV ZLOO EH IROORZHG E\ D GLVFXVVLRQ RI WKH UHVXOWV� LQ ZKLFK WKH DQVZHU
WR WKH UHVHDUFK TXHVWLRQ DQG VXE TXHVWLRQV ZLOO EH SURYLGHG�

����� 9HORFLW\
7KH ILUVW GDWD WKDW ZLOO EH SUHVHQWHG LV RQ YHORFLW\� )LJXUH ���� VKRZV WKH ́൴ YDOXHV REWDLQHG XVLQJ WKH
1$6$ 0RGHO� 7KHVH YDOXHV UHSUHVHQW WKH YHORFLW\ PDJQLWXGH REWDLQHG DIWHU WKH H[SORVLRQ VLPXODWLRQ�
7KHVH UDQJHG IURP ��� NP�V WR ��� NP�V ZLWK D ODUJHU QXPEHU RI GDWD SRLQWV DW WKH ORZHU YHORFLWLHV� 7KH
GLVWULEXWLRQ LV D ULJKW�VNHZHG EHOO VKDSH ZLWK WKH PDMRULW\ RI YDOXHV DW DERXW ��� NP�V�

)LJXUH ����� ጂ፯ GLVWULEXWLRQ JHQHUDWHG IRU ������ IUDJPHQWV ZLWK WKH 1$6$ %UHDNXS 0RGHO ����

2QFH WKH YHORFLWLHV VHHQ LQ )LJXUH ���� ZHUH REWDLQHG� WKH\ ZHUH FRPELQHG ZLWK WKH GLUHFWLRQDO XQLW
YHFWRUV REWDLQHG IURP WKH H[SORVLRQ PRGHO� 7KH H[SORVLRQ ZDV WKHQ SORWWHG DV D IRUP RI WKH YHORFLW\

��



�� ��� 5HVXOWV DQG 'LVFXVVLRQ

YHFWRUV� ZLWK DQ RULJLQ DW [  �� \  �� ]  �� 7KH UHVXOWV RI WKLV H[SORVLRQ FDQ EH REVHUYHG LQ )LJXUHV
���� DQG ����� ,W FDQ EH REVHUYHG WKDW WKH H[SORVLRQ LV LQ DOO GLUHFWLRQV ZLWK ORZHU GHQVLW\ WRZDUGV WKH
RXWVLGH� $ EHWWHU GHSLFWLRQ RI WKH IUDJPHQW YHORFLW\ YDOXHV FDQ EH REVHUYHG LQ )LJXUH ���� ZKHUH WKH

)LJXUH ����� ([SORVLRQ YHORFLW\ YHFWRUV SULRU WR DGGLQJ RULJLQDO
VDWHOOLWH YHORFLW\ ��'��

)LJXUH ����� ([SORVLRQ YHORFLW\ YHFWRUV SULRU WR DGGLQJ RULJLQDO
VDWHOOLWH YHORFLW\ �WRS YLHZ�

YHORFLW\ YDOXHV ZHUH SORWWHG DV SRLQWV IRU FODULW\ SXUSRVHV�

)LJXUH ����� ([SORVLRQ YHORFLW\ GHSLFWHG ZLWK D VFDWWHU SORW�

8SRQ KDYLQJ LQFOXGHG WKH VDWHOOLWH¶V LQLWLDO YHORFLW\ �>������ ������� ������@ NP�V� WKH UHVXOWLQJ YHFWRUV
FDQ EH REVHUYHG LQ )LJXUH ����� +HUH WKH YHFWRUV IDFH LQ WKH JHQHUDO GLUHFWLRQ RI YHORFLW\ YHFWRU RI WKH
RULJLQDO VDWHOOLWH�



����� 9HORFLW\ ��

)LJXUH ����� ([SORVLRQ YHORFLW\ YHFWRUV DIWHU WR DGGLQJ RULJLQDO VDWHOOLWH YHORFLW\ GHSLFWHG ZLWK WKH VDWHOOLWH RULJLQDO SRVLWLRQ DW
>�����@�

,Q RUGHU WR JHW DQ LQVLJKW LQWR WKH GLVWULEXWLRQ RI WKH YHORFLW\ FRPSRQHQWV� WKH\ ZHUH SORWWHG DV VHHQ LQ
)LJXUH ����� 7KH [�FRPSRQHQW RI WKH YHORFLW\ YDOXHV UDQJH IURP ����� WR ���� NP�V� WKH \�FRPSRQHQW
YDOXHV UDQJH IURP ����� WR ����� NP�V� DQG WKH ]�FRPSRQHQW YDOXHV UDQJH IURP ���� WR ���� NP�V�
$YHUDJLQJ WR D WRWDO YHORFLW\ UDQJH RI ���� NP�V WR ���� NP�V� 2YHUDOO� WKH GLYHUVH GLVWULEXWLRQV DUH
EHOO�VKDSHG ZLWK SHDNV DW D FRXQW RI ����

)LJXUH ����� 'LVWULEXWLRQ RI YHORFLW\ FRPSRQHQWV XSRQ DGGLQJ WKH RULJLQDO YHORFLW\ RI WKH VDWHOOLWH�



�� ��� 5HVXOWV DQG 'LVFXVVLRQ

7KH QRUP RI WKH YHORFLW\ FRQWULEXWLRQV GHSLFWHG LQ )LJXUH ���� FDQ EH VHHQ LQ )LJXUH ����� 7KLV GLV�
WULEXWLRQ UDQJHV IURP ���� NP�V WR ���� NP�V� LW FRQVLVWV RI D EHOO�VKDSHG FXUYH ZLWK D SHDN DW ����
NP�V�

)LJXUH ����� 'LVWULEXWLRQ RI WKH QRUP RI WKH YHORFLW\ XSRQ DGGLQJ WKH RULJLQDO YHORFLW\ RI WKH VDWHOOLWH�

$V DIRUHPHQWLRQHG� WKH YHORFLW\ YHFWRU RI WKH VDWHOOLWH ULJKW EHIRUH WKH H[SORVLRQ ZDV > ������ �������
������ @ NP�V� /RRNLQJ DW WKH GLVWULEXWLRQV LQ )LJXUH ����� LW FDQ EH QRWHG WKDW WKH SHDN RI WKH GLVWULEXWLRQ�
ZKHUH PRVW YHORFLWLHV DUH IRXQG IRU WKH [�GLUHFWLRQ� LV DW DURXQG ��� NP�V� 7KLV YDOXH LV UHODWLYHO\ FORVH
WR WKH RULJLQDO VDWHOOLWH YHORFLW\ FRPSRQHQW� $ VLPLODU WUHQG FDQ EH REVHUYHG IRU WKH \ DQG ]�GLUHFWLRQ�
ZKHUH WKH \�FRPSRQHQW SHDN LV DW DSSUR[LPDWHO\ ���� NP�V DQG WKH ]�FRPSRQHQW LV DW DSSUR[LPDWHO\
��� NP�V� ERWK RI ZKLFK DUH DOPRVW LGHQWLFDO WR WKH RULJLQDO VDWHOOLWH YHORFLW\� 7KLV FDQ EH H[SHFWHG� JLYHQ
WKDW WKH GLVWULEXWLRQ SURYLGHG E\ WKH PRGHO KDV YHORFLWLHV WKDW UDQJH XS WR � NP�V� :KHQ FRPELQHG ZLWK
WKH XQLW YHFWRUV REWDLQHG IURP WKH H[SORVLRQ JHRPHWU\� WKLV YDOXH LV GLVWULEXWHG WKURXJKRXW WKH WKUHH
FRPSRQHQWV RI WKH YHFWRUV� WKXV QRQH RI WKHP HTXDWLQJ WR PRUH WKDQ � NP�V� $ EHWWHU GHSLFWLRQ RI
WKLV FDQ EH REVHUYHG LQ )LJXUHV ����� ����� DQG ����� :KHQ ORRNLQJ DW WKH [�FRPSRQHQW RI WKH RULJLQDO
YHORFLW\� � NP�V LV WHQIROG WKH RULJLQDO YDOXH� VR WKH FRQWULEXWLRQ RI WKH GLVWULEXWLRQ LV ODUJHU� +RZHYHU�
ORRNLQJ DW WKH ]�GLUHFWLRQ� � NP�V LV OHVV WKDQ RQH�VHYHQWK RI WKH RULJLQDO YHORFLW\ VR WKH FRQWULEXWLRQ
RI WKH GLVWULEXWLRQ LV VPDOOHU� SURSRUWLRQDOO\ VSHDNLQJ� 7KLV LV VWUHQJWKHQHG E\ )LJXUH ����� ZKHUH WKH
QRUP RI WKH GLVWULEXWLRQ LV DOPRVW LGHQWLFDO WR WKDW LQ WKH ]�GLUHFWLRQ� JLYHQ WKDW WKLV LV WKH GLUHFWLRQ RI
WKH WUDMHFWRU\� )LJXUH ���� DOVR VWUHQJWKHQV WKLV FODLP� JLYHQ WKDW RQFH WKH LQLWLDO YHORFLW\ LV DGGHG� WKH
YHFWRUV KDYH D ELDV LQ WKH GLUHFWLRQ RI PRWLRQ RI WKH RULJLQDO VDWHOOLWH� 1RQH RI WKH IUDJPHQWV DUH JRLQJ
LQ WKH RSSRVLWH GLUHFWLRQ RI WKH H[SORVLRQ� EXW UDWKHU IDQQLQJ RXW LQ WKH JHQHUDO GLUHFWLRQ RI WKH RULJLQDO
YHORFLW\�
/RRNLQJ DW WKH LQLWLDO YHFWRUV SURYLGHG LQ )LJXUH ����� LW FDQ EH VHHQ WKDW HYHQ DW WKH PRPHQW RI WKH
H[SORVLRQ� WKH GLUHFWLRQ YDULHV D ODUJH DPRXQW DQG LW FDQ EH H[SHFWHG WKDW WKLV ZLOO UHVXOWV LQ D ODUJH
GLVSHUVLRQ DFURVV WKH JOREH WKXV PDNLQJ LW PRUH GLIILFXOW WR FDWFK WKH IUDJPHQWV�

����� 2UELWDO (OHPHQWV
$OWKRXJK WKH FRPSRQHQWV RI DOO WKH YHORFLWLHV ZHUH EHOO�VKDSHG� WKH RUELWDO HOHPHQWV VKRZHG GLYHUVH
EHKDYLRXUV LQ WKHLU GLVWULEXWLRQ� ,Q RUGHU WR FRPSDUH WKH IUDJPHQWV RUELWV WR WKDW RI WKH RULJLQDO VDWHO�
OLWH WKH GLVWULEXWLRQV ZHUH SORWWHG� $V VHHQ LQ )LJXUH ����� WKH VHPL�PDMRU D[LV� HFFHQWULFLW\� LQFOLQDWLRQ
DQG ULJKW DVFHQVLRQ RI WKH DVFHQGLQJ QRGH ZHUH DOO EHOO�VKDSHG� 7KH VHPL�PDMRU D[LV ZDV VOLJKWO\ ULJKW�



����� 2UELWV ��

VNHZHG� ZKLOH WKH HFFHQWULFLW\ LV YHU\ ULJKW�VNHZHG� 7KH DUJXPHQW RI SHULDSVLV� WUXH DQRPDO\� HFFHQWULF
DQRPDO\ DQG PHDQ DQRPDO\� KDYH PXOWLPRGDO GLVWULEXWLRQV ZLWK WKUHH YLVXDO SHDNV� RQH LQ WKH FHQWHU
DQG RQH SHDN LQ HDFK H[WUHPH� +RZHYHU� LQ UHDOLW\ WKLV LV WZR SHDNV DV ࣅ� LV HTXLYDOHQW WR �ࣅ���

)LJXUH ����� 'LVWULEXWLRQV RI WKH YDULRXV RUELWDO HOHPHQWV RI WKH ������ JHQHUDWHG IUDJPHQWV ULJKW DIWHU WKH H[SORVLRQ�

/RRNLQJ DW WKH GLVWULEXWLRQ RI WKH RUELWDO HOHPHQWV� LW FDQ EH REVHUYHG WKDW� DV H[SHFWHG� WKH VHPL�PDMRU
D[LV� HFFHQWULFLW\� LQFOLQDWLRQ DQG ULJKW DVFHQVLRQ RI WKH DVFHQGLQJ QRGH DOO H[SHULHQFH WKH SHDN DW WKH
YDOXHV RI WKH RULJLQDO VDWHOOLWH� 7KH DUJXPHQW RI SHULDSVLV� WUXH DQRPDO\� HFFHQWULF DQRPDO\ DQG PHDQ
DQRPDO\ KDYH SHDNV DW �ࣅ� ࣅ��� DQG ࣅ��� ZLWK ࣅ� DQG ࣅ��� HIIHFWLYHO\ WKH VDPH� $W ́൴ YDOXHV LQ WKH
GLUHFWLRQ RI WKH RUELW� ZKHUH WKH ODUJHVW FRPSRQHQW LV LQ WKH ]�GLUHFWLRQ� WKH ORFDO YHORFLW\ LV LQFUHDVHG
VR WKH DSRJHH UDGLXV LV LQFUHDVHG� 6LPLODUO\� ORRNLQJ DW D ́൴ LQ WKH RSSRVLWH GLUHFWLRQ RI WKH WUDMHFWRU\�
WKH YHORFLW\ LV UHGXFHG VR WKH SHULJHH GHFUHDVHV� 7KH SHUSHQGLFXODU ́൴ YHFWRUV DUH QRW DIIHFWLQJ WKH
RUELW DV GUDVWLFDOO\� )RU WKLV UHDVRQ� WKHUH LV D SHDN DW ࣅ����ࣅ� DQG ��� GHJUHHV�

����� 2UELWV
2QFH WKH RUELWDO HOHPHQWV ZHUH REWDLQHG� WKH RUELWV ZHUH SURSDJDWHG� ,Q RUGHU WR JHW D SHUFHSWLRQ
RI WKH UHODWLRQVKLS EHWZHHQ WKH PRYHPHQW RI WKH RULJLQDO VDWHOOLWH YHUVXV WKDW RI WKH GHEULV IUDJPHQWV�
IRXU DUELWUDU\ IUDJPHQWV ZHUH FKRVHQ� )LJXUH ���� GHSLFWV WKH RUELWV RI VDLG IUDJPHQWV� DORQJ ZLWK WKDW
RI WKH VDWHOOLWH DQG WKH VDWHOOLWH¶V SRVLWLRQ DW WKH WLPH RI H[SORVLRQ �W  �� DQG WKH (DUWK� 7KHVH ZHUH
SURSDJDWHG IRU RQH SHULRG RI WKH VDWHOOLWH� ,W FDQ EH REVHUYHG� WKDW WKH RUELWV DUH DOO IDLUO\ FORVH WR WKDW
RI WKH RULJLQDO VDWHOOLWH� 7KLV LV VWUHQJWKHQHG E\ WKH GLVWULEXWLRQV SUHVHQWHG LQ )LJXUH �����



�� ��� 5HVXOWV DQG 'LVFXVVLRQ

)LJXUH ����� 'HSLFWLRQ RI RULJLQDO VDWHOOLWH RUELW� VDWHOOLWH LQLWLDO SRVLWLRQ DQG WKH RUELWV RI IRXU DUELWUDU\ IUDJPHQWV ZLWK UHVSHFW WR
WKH (DUWK �VL]H LV QRW SURSRUWLRQDO WR UHDO VL]H IRU FODULW\ SXUSRVHV��

:KHQ WDNLQJ D FORVHU ORRN DW DQ RULHQWDWLRQ RI WKH RUELW� DV VHHQ LQ )LJXUH ������ LW FDQ EH REVHUYHG WKDW
DOO RUELWV FURVV WKH LQLWLDO VDWHOOLWH SRVLWLRQ DW RQH SRLQW LQ WKHLU RUELW�

)LJXUH ������ 'HSLFWLRQ RI RULJLQDO VDWHOOLWH RUELW� VDWHOOLWH LQLWLDO SRVLWLRQ DQG WKH RUELWV RI IRXU DUELWUDU\ IUDJPHQWV �SHUSHQGLFXODU
WR RUELW��



����� 6LPXODWLRQ 5HVXOWV ��

6LPLODUO\� ORRNLQJ DW WKH DOWLWXGH RI WKH RULJLQDO VDWHOOLWH DQG WKH VDPH IRXU DUELWUDU\ GHEULV IUDJPHQWV�
)LJXUH ����� VKRZV WKDW WKH DOWLWXGHV YDU\ DPRQJ WKH GHEULV� DV ZHOO DV ZLWK UHVSHFW WR WKH VDWHOOLWH� ,Q
VRPH FDVHV� WKH SHULJHH DOWLWXGH LV HYHQ ORZHU WKDQ WKH (DUWK¶V UDGLXV VXFK DV LQ WKH FDVH RI 'HEULV
�� PHDQLQJ WKDW LW ZRXOG GHFD\ XSRQ HQWHULQJ WKH (DUWK¶V DWPRVSKHUH JLYHQ WKDW ZH DUH KDQGOLQJ VPDOO
IUDJPHQWV LQ WKLV VLPXODWLRQ� )RU WKH UHVW� WKH DOWLWXGHV YDU\ VOLJKWO\� VRPH JRLQJ XS WR ��� NP ZKLOH
VRPH JRLQJ WR DSSUR[LPDWHO\ ��� NP�
,W LV LPSRUWDQW WR QRWH WKDW LQ )LJXUH ���� WKH VL]H RI WKH (DUWK LV QRW SURSRUWLRQDO WR HDFK UHDO VL]H� KDG
WKLV EHHQ WKH FDVH RQH FRXOG VHH KRZ WKH RUELW RI 'HEULV � ZRXOG IDOO LQVLGH WKH (DUWK� 1RQHWKHOHVV� IRU
FODULW\ SXUSRVH RI UHDGLQJ WKH SORW WKH (DUWK ZDV RQO\ LQFOXGHG WR JHW DQ LGHD RI WKH UHODWLYH PRYHPHQWV�

)LJXUH ������ 'HSLFWLRQ RI VDWHOOLWH DOWLWXGH DQG WKH DOWLWXGH RI IRXU DUELWUDU\ IUDJPHQWV�

,Q WHUPV RI WKH EHKDYLRU VHHQ LQ )LJXUHV ���� DQG ����� WKH UHVXOWV DUH DV H[SHFWHG� JLYHQ WKDW DV D
UHVXOW RI WKH H[SORVLRQ� WKH IUDJPHQWV DUH GLVSHUVHG LQ DOO GLUHFWLRQV� +RZHYHU� RQFH WKH VDWHOOLWH YHORFLW\
LV DGGHG� DOO RI WKH UHVXOWLQJ YHFWRUV SRLQW LQ WKH GLUHFWLRQ RI WKH VDWHOOLWH� 1RQHWKHOHVV� WKH IUDJPHQWV
KDYH ODUJHO\ YDU\LQJ SHULJHHV DQG DSRJHHV� *LYHQ WKDW WKH RUELWV VLPXODWHG DUH .HSOHULDQ� WKH\ ZLOO DOO
FURVV WKH LQLWLDO H[SORVLRQ SRLQW GXULQJ RQH SRLQW RI WKHLU RUELW� 7KLV FRXOG SRWHQWLDOO\ EH XVHG WR FDWFK
PRUH IUDJPHQWV� (YHQ WKRXJK WKH YHORFLW\ JDLQHG IURP WKH H[SORVLRQ PRGHO� LV VPDOO UHODWLYH WR WKH
LQLWLDO YHORFLW\� LW FDQ EH REVHUYHG WKDW D GLVWXUEDQFH VXFK DV DQ H[SORVLRQ� FDXVHV D ODUJH YDULDWLRQ
LQ FHUWDLQ DVSHFWV WKH DVWURG\QDPLFDO EHKDYLRU RI WKH IUDJPHQWV JHQHUDWHG ZKLOH RWKHUV UHPDLQ FORVH
WR WKH RULJLQDO YDOXHV RI WKH VDWHOOLWH DV VHHQ LQ WKH RUELWDO HOHPHQW GLVWULEXWLRQ LQ )LJXUH ���� DQG DOVR
HYLGHQW LQ WKH RUELW GHSLFWLRQV LQ )LJXUHV ���� DQG ������

����� 6LPXODWLRQ 5HVXOWV
2QFH WKH VLPXODWLRQV ZHUH FRPSOHWHG IRU WKH HLJKW FDVH VWXGLHV PHQWLRQHG LQ &KDSWHU � 7DEOH ���� WKH
ILQGLQJV ZHUH VXPPDUL]HG LQ D WDEOH� 7KH UHVXOWV H[SUHVV WKH FORVHVW UHODWLYH GLVWDQFH DFKLHYHG E\
HDFK LQGLYLGXDO IUDJPHQW� ZLWK UHVSHFW WR WKH FDWFKHU VDWHOOLWH� 7KHVH ZHUH WKHQ JURXSHG� GHSHQGLQJ
RQ WKH UDGLXV RI WKH FDWFKHU VSDFHFUDIW� 7KH VPDOOHVW UDGLXV FRQVLGHUHG ZDV � P ZKLOH WKH ODUJHVW ZDV
��� P� 7KH UHVXOWV RI WKH FDXJKW IUDJPHQWV FDQ EH REVHUYHG LQ 7DEOH ����� 7KH UHVXOWV SUHVHQWHG DUH
FXPXODWLYH� PHDQLQJ WKDW WKH ����P UDGLXV QXPEHU IRU IUDJPHQWV FDXJKW LQFOXGHV DOO WKRVH FDXJKW ZLWK
DOO WKH VPDOOHU UDGLL�
,W FDQ EH VHHQ� WKDW WKH JHQHUDO WUHQG LV WKDW WKH QXPEHU RI IUDJPHQWV GHFUHDVHV DV WKH WLPH RI GHSOR\�
PHQW LV GHOD\HG� +RZHYHU� IRU D ���P UDGLXV� WKH WUHQG YDULHV� JLYHQ WKDW WKH ���KRXU FDVH VWXG\ VKRZV
WKH KLJKHVW QXPEHU RI IUDJPHQWV FDXJKW� 6LPLODUO\� WKH ��KRXU FDVH VWXG\ VKRZV D KLJKHU QXPEHU IUDJ�



�� ��� 5HVXOWV DQG 'LVFXVVLRQ

PHQWV FDXJKW ZLWK D VSDFHFUDIW RI ���P DQG ����P UDGLL� 7KH FDVH VWXGLHV ZLWK LQMHFWLRQ LQDFFXUDFLHV
UHVXOW LQ QR IUDJPHQWV FDXJKW IRU D VSDFHFUDIW RI D ���P UDGLXV DQG EHORZ�

&DWFKLQJ 5DGLXV
&DVH 6WXG\ � P � P �� P �� P �� P ��� P
�� V �� �� ��� ��� ��� ����
� K �� �� ��� ��� ��� ����
� K �� �� ��� ��� ��� ����
�� K �� �� ��� ��� ��� ����
� GD\ �� �� ��� ��� ��� ����
� GD\V �� �� ��� ��� ��� ����
�� K � ��� GHJ LQFO � � � � � ��
�� K � �� NP DOW � � � � � �

7DEOH ����� 5HVXOWV RI FXPXODWLYH IUDJPHQWV FDXJKW GHSHQGLQJ RQ FDWFKLQJ UDGLXV DQG GHSOR\PHQW WLPH�

7R JHW D EHWWHU SHUVSHFWLYH RI KRZ PDQ\ IUDJPHQWV FRXOG EH JDLQHG E\ LQFUHDVLQJ WKH UDGLXV RI WKH
FDWFKHU VSDFHFUDIW� WKH XQLTXH YDOXHV ZHUH FDOFXODWHG DQG DUH SUHVHQWHG LQ 7DEOH ����� ,W FDQ EH
REVHUYHG WKDW WKH XQLTXH FDVH VWXGLHV VKRZ D GLIIHUHQW WUHQG� )RU H[DPSOH� IRU D GHSOR\PHQW GHOD\
RI � GD\V� ZKHQ WKH UDGLXV LV LQFUHDVHG WR ��� P� D ODUJHU QXPEHU RI IUDJPHQWV LV FDXJKW WKDQ IRU WKH
FDVH VWXGLHV RI � GD\� �� KRXUV DQG � KRXUV� 6LPLODUO\� WKH ��GD\ FDVH VWXG\ VKRZV D KLJKHU QXPEHU
RI IUDJPHQWV UHWULHYHG ZKHQ XVLQJ D ���P UDGLXV VSDFHFUDIW WKDQ WKH ���KRXU FDVH VWXG\� /RRNLQJ DW
WKH ���P FDVH VWXG\� WKH ���KRXU FDVH VWXG\ VKRZV D KLJKHU QXPEHU RI IUDJPHQWV JDLQHG WKDQ DOO FDVH
VWXGLHV ZLWK WKH H[FHSWLRQ RI �� VHFRQGV�

&DWFKLQJ 5DGLXV
&DVH 6WXG\ � P � P �� P �� P �� P ��� P
�� V �� �� �� ��� ��� ���
� K �� �� �� ��� ��� ���
� K �� �� �� ��� ��� ���
�� K �� �� �� ��� ��� ���
� GD\ �� �� �� ��� ��� ���
� GD\V �� �� �� ��� ��� ���
�� K � ��� GHJ LQFO � � � � � ��
�� K � �� NP DOW � � � � � �

7DEOH ����� 5HVXOWV RI XQLTXH IUDJPHQWV FDXJKW GHSHQGLQJ RQ FDWFKLQJ UDGLXV DQG GHSOR\PHQW WLPH�

,Q RUGHU WR YLVXDOL]H WKH FKDQJH LQFXUUHG E\ WKH LQFUHDVH LQ VSDFHFUDIW UDGLXV� DV ZHOO DV WKH FKDQJH
H[SHULHQFHG ZLWK WKH GLIIHUHQW FDVH VWXGLHV� WKH QXPEHU RI IUDJPHQWV FDXJKW LV SORWWHG DV VHHQ LQ
)LJXUH ������ 1RWH WKDW WKH ����P UDGLXV ZDV RPLWWHG� LQ RUGHU WR KDYH D EHWWHU YLHZ RI WKH WUHQG DQG
QRW REVFXUH WKH VPDOOHU GDWD� 7KH [�D[LV VKRZV WKH VSDFHFUDIW UDGLL� ZKLOH WKH \�D[LV DORQJ ZLWK WKH
EXEEOH VL]H VKRZV WKH QXPEHU RI FXPXODWLYH IUDJPHQWV FDXJKW� 2QH FDQ VHH WKH VFDOH UHSUHVHQWLQJ WKH
EXEEOH VL]H LV JHQHUDWHG SURSRUWLRQDO WR WKH GLDPHWHU� ,W FDQ EH UHFRJQL]HG� WKDW DV WKH VSDFHFUDIW UDGLXV
LQFUHDVHV� VR GRHV WKH QXPEHU RI IUDJPHQWV FDXJKW� 7KH JHQHUDO WUHQG VKRZV WKDW HDUOLHU GHSOR\PHQW
WLPHV UHVXOW LQ PRUH IUDJPHQWV FDXJKW� $QRWKHU REVHUYDWLRQ LV� WKDW WKH LQFUHDVH DSSHDUV OLQHDU IRU DQ
LQFUHDVLQJ UDGLXV�



����� 6LPXODWLRQ 5HVXOWV ��

)LJXUH ������ %XEEOH FKDUW GHSLFWLQJ WKH QXPEHU RI IUDJPHQWV FDXJKW DV D IXQFWLRQ RI VSDFH UDGLXV ZLWK WKH EXEEOH GLDPHWHU
UHSUHVHQWLQJ WKH QXPEHU RI IUDJPHQWV FDXJKW�

7KH ILUVW WKLQJ WR FRQVLGHU ZKHQ DQDO\]LQJ WKH RYHUDOO UHVXOWV LQ 7DEOHV ���� DQG ����� LV WKH LPSURYH�
PHQW IURP WKH LQLWLDO FDOFXODWLRQV FDUULHG RXW LQ &KDSWHU �� ,Q VDLG FDOFXODWLRQV �(TXDWLRQ ������ WKH
QXPEHU RI IUDJPHQWV FDXJKW� ZDV FDOFXODWHG WR EH ����� SDUWLFOHV SHU ZHHN� 1RQHWKHOHVV� LW FDQ EH
VHHQ� WKDW ZLWK WKH VDPH FRQGLWLRQV DV WKRVH PHQWLRQHG LQ WKH SUHOLPLQDU\ FDOFXODWLRQV WKH QXPEHU RI
IUDJPHQWV FDXJKW HTXDWHV WR D PD[LPXP QXPEHU RI ��� IUDJPHQWV FDXJKW �7DEOH ����� 7KH ���VHFRQG
FDVH VWXG\ VHUYHG DV D SURRI RI FRQFHSW� EXW ZLOO QRW EH FRQVLGHUHG D UHDOLVWLF RSWLRQ� 7KLV LV DQ H[�
WUDRUGLQDU\ LPSURYHPHQW RQ WKH SUHOLPLQDU\ QXPEHUV LQ &KDSWHU �� JLYHQ WKDW WKHUH LV DQ DGGLWLRQDO ���
IUDJPHQWV FDXJKW�

,W ZDV PHQWLRQHG� WKDW WKH JHQHUDO WUHQG LV IRU WKH IUDJPHQWV FDXJKW WR LQFUHDVH DV WKH UDGLXV LQFUHDVHV�
DQG WKH IUDJPHQWV FDXJKW WR GHFUHDVH� DV WKH VSDFHFUDIW LV GHSOR\HG ODWHU LQ WLPH� 1RQHWKHOHVV� LW ZDV
QRWHG WKDW WKHUH DUH VRPH RXWO\LQJ FDVHV� 7KLV FDQ EH DVVRFLDWHG ZLWK WKH VWDWLVWLFDO QDWXUH RI WKH SURE�
OHP� ,W FDQ EH WKH FDVH� WKDW ZKHQ GHSOR\LQJ VL[ KRXUV ODWHU� RQH VLPSO\ HQFRXQWHUV PRUH IUDJPHQWV�
$OWKRXJK WKH RUELWV RI WKH IUDJPHQWV LQWHUVHFW ZLWK WKDW RI WKH RULJLQDO VDWHOOLWH� WKH\ QHHG WR EH DW WKH
VDPH SODFH LQ WKH RUELW DW WKH VDPH H[DFW WLPH� *LYHQ WKDW WKH LQIOXHQWLDO IDFWRU LV WKH WLPH� LW LV SRVVLEOH
WKDW ZKHQ GHSOR\HG DIWHU VL[ KRXUV� WKH JHRPHWU\ RI WKH IUDJPHQWV ZLWK UHVSHFW WR WKH VDWHOOLWH� LV PRUH
IDYRUDEOH IRU HQFRXQWHUV ZLWK WKH IUDJPHQWV� 7KLV LV REVHUYHG LQ WKH UHVXOWV� 2Q DQRWKHU KDQG� WKH
VLPXODWLRQ GRHV QRW WDNH SHUWXUEDWLRQV LQWR FRQVLGHUDWLRQ� WKH IUDJPHQWV VSUHDG RXW RYHU WKH SODQHW DW
D VORZHU UDWH� VR LQ WKLV FDVH� DQ LQFUHDVH LV VKRZQ ZKHQ GHSOR\HG VL[ KRXUV DIWHU YHUVXV WKUHH KRXUV
DIWHU� 1HYHUWKHOHVV� LQ D FDVH ZKHUH SHUWXUEDWLRQV KDG EHHQ WDNHQ LQWR FRQVLGHUDWLRQ� WKH ൏ኼ HIIHFW
ZRXOG LQIOXHQFH WKH ULJKW DVFHQVLRQ RI WKH DVFHQGLQJ QRGH DQG WKH DUJXPHQW RI SHULJHH� WKXV PDNLQJ
WKH GHEULV VSUHDG RXW RYHU WKH JOREH IDVWHU �:DNNHU� ������ ,W LV DOVR LPSRUWDQW WR QRWH� WKDW XVLQJ D
����P UDGLXV VSDFHFUDIW� GHSHQGLQJ RQ WKH WLPH RI GHSOR\PHQW� ����� � WR ����� � RI WKH RULJLQDO
IUDJPHQWV DUH FDXJKW� 1RQHWKHOHVV� D VSDFHFUDIW WKDW ODUJH LV QRW UHDOLVWLF� DW WKH FXUUHQW PRPHQW LQ
WLPH� LQ WHUPV RI DGYDQFHV LQ VDWHOOLWH VL]HV� :KHQ ORRNLQJ DW D PRUH UHDOLVWLF� \HW VWLOO ODUJH VL]H� VXFK
DV �� PHWHUV� WKDW SHUFHQWDJH GURSV GUDVWLFDOO\ WR D PD[LPXP RI ���� �� LQ RWKHU ZRUGV� D GHFUHDVH
RI DOPRVW ����� IUDJPHQWV OHVV FDXJKW� 7KLV SXWV WKH IHDVLELOLW\ RI WKLV SDVVLYH WHFKQLTXH LQWR TXHVWLRQ�
/RRNLQJ DW WKH FDVHV ZLWK LQMHFWLRQ LQDFFXUDFLHV� LW FDQ EH VHHQ� WKDW LI WKLV WHFKQLTXH ZHUH WR EH XVHG�
DFFXUDF\ ZRXOG EH DEVROXWH NH\� 7KLV FDQ EH DWWULEXWHG WR WKH IDFW� WKDW D VOLJKW GHYLDWLRQ LQ ERWK LQ
DOWLWXGH RU LQFOLQDWLRQ� UHVXOWV LQ WKH QXPEHU RI IUDJPHQWV FDXJKW� WR GURS WR � IRU PRVW VSDFHFUDIW UDGLL�
$OWKRXJK WKH LQDFFXUDF\ LQ LQFOLQDWLRQ UHVXOWV LQ VOLJKWO\ EHWWHU UHVXOWV WKDQ WKH DOWLWXGH LQDFFXUDF\� WKLV
UHVXOW LV VWLOO XQDFFHSWDEOH�

7KH QH[W JRDO ZDV WR VHH WKH HIIHFW RI WKH YDULRXV FDVH VWXGLHV RQ WKH GLVWULEXWLRQ RI WKH UHODWLYH GLVWDQFH
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ZKHQ FDXJKW� 7KH UHVXOWV ZHUH GHSLFWHG LQ D VHW RI ER[ DQG ZKLVNHU SORWV �)LJXUH �������

)LJXUH ������ %R[ DQG ZKLVNHUV SORWV IRU HDFK FDVH VWXG\ UHSUHVHQWLQJ WKH UHODWLYH GLVWDQFH ZKHQ FDXJKW�

,W FDQ EH QRWHG� WKDW WKH PD[LPD DQG PLQLPD DUH ��� IRU DOPRVW DOO FDVH VWXGLHV H[FHSW ZKHQ GHSOR\HG �
KRXUV DIWHU WKH H[SORVLRQ WLPH DQG ZKHQ GHSOR\HG �� K DIWHU ZLWK D �� NP LQMHFWLRQ DFFXUDF\ LQ DOWLWXGH�
)RU DOO FDVH VWXGLHV ZLWKRXW LQMHFWLRQ LQDFFXUDFLHV� WKH PLQLPXP GLVWDQFH LV ����� NP ZKHUHDV WKRVH
ZLWK LQDFFXUDFLHV H[SHULHQFHG ODUJHU PLQLPXP GLVWDQFHV� 7KHVH DUH VOLJKWO\ DERYH ����� NP IRU WKH
LQFOLQDWLRQ LQDFFXUDF\� ZKLOH LWV DSSUR[LPDWHO\ ����� NP IRU WKH DOWLWXGH LQDFFXUDF\� )RU DOO FDVHV ZLWKRXW
LQMHFWLRQ LQDFFXUDFLHV� WKH PHDQ LV VOLJKWO\ DERYH WKH PHGLDQ DQG UDQJHV IURP ����� NP WR ����� NP�
&RQWUDULO\� WKH PHDQ IRU WKH LQFOLQDWLRQ LQDFFXUDF\ LV EHORZ WKH PHGLDQ ZKLOH IRU WKH DOWLWXGH LQDFFXUDF\
LW LV HTXDO WR WKH PHGLDQ� 7KH ILUVW TXDUWLOH LV ORZHVW IRU WKH ��KRXU FDVH IROORZHG E\ WKH ��GD\ FDVH
DQG WKH ���KRXU FDVH� 7KH FDVHV ZLWK WKH LQMHFWLRQ LQDFFXUDFLHV KDYH WKH KLJKHVW TXDUWLOHV� ZLWK WKH
DOWLWXGH LQDFFXUDF\ UHVXOWLQJ LQ D KLJKHU YDOXH IRU WKH ILUVW TXDUWLOH� 7KH WKLUG TXDUWLOH� RQ WKH RWKHU KDQG�
LV ORZHVW IRU WKH ���KRXU FDVH� IROORZHG E\ WKH ��KRXU DQG ��KRXU FDVHV� 7KH KLJKHVW WKLUG TXDUWLOH LV
H[SHULHQFHG E\ WKH FDVHV ZLWK LQMHFWLRQ LQDFFXUDFLHV�

:KHQ WDNLQJ D FORVHU ORRN DW WKH GLVWULEXWLRQ GHSLFWHG E\ WKH ER[ DQG ZKLVNHU SORWV� LQ )LJXUH ������
LW FDQ EH REVHUYHG WKDW IRU FDVHV ZLWK LQMHFWLRQ LQDFFXUDFLHV� WKH UHODWLYH GLVWDQFH DW WKH WLPH FDXJKW�
LV VLJQLILFDQWO\ KLJKHU WKDQ IRU WKH FDVHV ZLWKRXW LQDFFXUDFLHV� 7KH GLVWULEXWLRQV RI WKH UHPDLQLQJ FDVH
VWXGLHV FRPH WR VKRZ WKDW WKH UHODWLYH GLVWDQFH ZKHQ FDXJKW LV QRW ODUJHO\ GHSHQGHQW RQ WKH WLPH RI
GHSOR\PHQW� $OO FDVHV KDYH VLPLODU GLVWULEXWLRQV� WKH LQFRQVLVWHQFLHV FDQ EH DWWULEXWHG WR WKH VWDWLVWLFDO
QDWXUH PHQWLRQHG EHIRUH�

$QRWKHU IDFWRU WKDW ZDV ORRNHG DW� ZDV WKH HUURU LQFXUUHG E\ WKH PLQLPXP GLVWDQFH FDOFXODWLRQ� 1DPHO\�
WKH GLIIHUHQFH EHWZHHQ WKH UHODWLYH GLVWDQFH REWDLQHG XVLQJ WKH PLQLPXP GLVWDQFH IRUPXODV SUHVHQWHG
LQ SUHYLRXV VHFWLRQV� YHUVXV WKH UHODWLYH GLVWDQFH REWDLQHG ZLWK WKH .HSOHU VROYHU� 7KH UHVXOWV ZHUH
SORWWHG DV D IXQFWLRQ RI WKH WLPH GLIIHUHQFH LQFXUUHG IURP WKH LQLWLDO SRVLWLRQ XS WR WKH PLQLPXP GLVWDQFH�
7KH RXWFRPH RI VDLG DQDO\VLV FDQ EH VHHQ LQ )LJXUH ������ ,W FDQ EH VHHQ� WKDW DV GW �WKH GLIIHUHQFH
EHWZHHQ WKH WLPH RI WKH VLPXODWLRQ DQG WKH QHZ WLPH REWDLQHG ZLWK WKH PLQLPXP GLVWDQFH� LQFUHDVHV�
WKH PLQLPXP GLVWDQFH HUURU LQFUHDVHV� 7KH PD[LPXP HUURU LQFXUUHG IRU WKH FDVH SUHVHQWHG LV DSSUR[�
LPDWHO\ ������ ZKLOH WKH PLQLPXP HUURU LV ������ 7KH ORZ HUURU UHJLRQ KDV D KLJKHU GHQVLW\ WKDQ WKH
KLJKHU HUURU UHJLRQ�
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)LJXUH ������ (UURU LQFXUUHG XVLQJ WKH PLQLPXP GLVWDQFH IRUPXOD DV D UHVXOW RI WKH WLPH WDNHQ IURP WKH LQLWLDO SRVLWLRQ WR WKH ILQDO
SRVLWLRQ�

:KHQ ORRNLQJ DW WKH HUURU UHVXOWV� D NH\ IDFWRU PHQWLRQHG E\ $ODUFyQ 5RGUÕғJXH] HW DO�� ���� LQ WKHLU
SDSHU� LV WKH XVH RI VPDOO VWHS VL]HV IRU WKH PLQLPXP GLVWDQFH FDOFXODWLRQV� 7KLV FDQ EH DWWULEXWHG WR
WKH IDFW WKDW WKH RUELW LV FLUFXODU VR ZKHQ XVLQJ ODUJH VWHS VL]HV� ODUJHU HUURUV DUH LQFXUUHG� 7KLV VWXG\
DFFRXQWHG IRU WKLV� E\ SURSDJDWLQJ WKH UHDO SRVLWLRQ DQG YHORFLW\ DW WKH WLPH ZKHQ WKH OLQHDUL]HG PLQL�
PXP GLVWDQFH ZDV LQFXUUHG� +RZHYHU� WKH HUURU ZDV VWLOO WDNHQ LQWR DFFRXQW� WR VHH WKH VXFFHVV RI WKLV
WHFKQLTXH� ZHUH LW WR EH XVHG LQ IXUWKHU VWXGLHV� $V H[SHFWHG� WKH HUURU EHWZHHQ WKH OLQHDUL]HG GLVWDQFH
DQG WKH UHDO GLVWDQFH LQFUHDVHG ZLWK ODUJHU WLPH VWHSV� 7KH PD[LPXP HUURU LQFXUUHG IRU WKH FDVH DW
KDQG� ZDV DSSUR[LPDWHO\ ���� NP� WKLV LV D ODUJH HUURU ZKHQ ORRNLQJ DW VRPHWKLQJ OLNH FDWFKLQJ VSDFH
GHEULV� VLQFH WKH DFFXUDF\ RI SUR[LPLW\ LV NH\� +RZHYHU� XS WR �� VHFRQGV� WKH HUURU REWDLQHG LV FORVH
WR ����� NP� 7KLV PHDQV WKDW GHSHQGLQJ RQ WKH DSSOLFDWLRQ DQG WKH DFFXUDF\ UHTXLUHG� LI WKH WLPH VWHS
ZHUH WR EH ORZHU WKDQ �� VHFRQGV� LW ZRXOG EH DFFHSWDEOH WR QRW SURSDJDWH WKH UHDO SRVLWLRQ VLQFH LW LV
PRVW OLNHO\ LGHQWLFDO IRU PRVW FDVHV�

,Q RUGHU WR VHH ZKHQ WKH IUDJPHQWV ZHUH FDXJKW� HDUO\ LQ WKH VLPXODWLRQ RU ODWHU� WKH UHODWLYH GLVWDQFH
YHUVXV WKH WLPH DW ZKLFK LW ZDV FDXJKW WKURXJKRXW WKH VHYHQ�GD\ VLPXODWLRQ� ZDV SORWWHG� )LJXUH �����
VKRZV WKDW DW WKH EHJLQQLQJ RI WKH VLPXODWLRQ D VPDOOHU QXPEHU RI IUDJPHQWV LV FDXJKW� +RZHYHU� IURP
DSSUR[LPDWHO\ ������ VHFRQGV RQZDUGV WKH SORW EHFRPHV GHQVH VLJQLI\LQJ PRUH IUDJPHQWV FDXJKW�

)LJXUH ������ 5HODWLYH GLVWDQFH RI WKH IUDJPHQWV ZKHQ FDXJKW DV D IXQFWLRQ RI WKH WLPH ZKHQ WKH\ ZHUH FDXJKW�
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$ VLPLODU RYHUYLHZ RI WKH IUDJPHQWV FDXJKW RYHU WLPH LV SUHVHQWHG LQ )LJXUH ������ +HUH� WKH QXPEHU RI
IUDJPHQWV FDXJKW LV SUHVHQWHG DV D FXPXODWLYH QXPEHU� EDVHG RQ WKH GD\ FDXJKW� $V DIRUHPHQWLRQHG�
RQ WKH ILUVW GD\� WKHUH LV D ORZHU QXPEHU RI IUDJPHQWV FDXJKW� WKLV JUDGXDOO\ LQFUHDVHV EHWZHHQ WKH
VHFRQG DQG WKLUG GD\� WKHQ GHFUHDVHV DJDLQ IRU GD\V WKUHH WR ILYH DQG LQFUHDVHV DJDLQ IURP GD\ ILYH WR
VL[�

)LJXUH ������ 1XPEHU RI IUDJPHQWV FDXJKW SHU GD\ IRU WKH GXUDWLRQ RI RQH ZHHN�

$OO LQ DOO� ERWK )LJXUHV ����� DQG ����� VKRZ DQ LQLWLDOO\ ORZ QXPEHU RI IUDJPHQWV FDXJKW� 7KLV FRXOG
EH DWWULEXWHG WR WKH SRVLWLRQLQJ RI WKH VSDFHFUDIW� *LYHQ WKDW WKH SRLQW RI GHSOR\PHQW IROORZV WKH RUELW
RI WKH RULJLQDO VSDFHFUDIW LQ RSSRVLWH GLUHFWLRQ DQG WKH VLPXODWLRQ VWDUWV E\ REWDLQLQJ WKH SRVLWLRQ RI
WKH IUDJPHQWV DIWHU D FHUWDLQ QXPEHU RI KRXUV RU GD\V� :KHQ WKH VSDFHFUDIW LV LQSXW LQWR DQ RUELW� LW
LV H[SHFWHG WKDW LW ILQGV LWVHOI LQ WKH PLGGOH RI WKH GHEULV FORXG� JRLQJ LQ WKH RSSRVLWH GLUHFWLRQ RI WKH
GHEULV� +RZHYHU� ZKHQ HQFRXQWHULQJ WKH VDPH VLWXDWLRQ� LW ZLOO SDVV WKH IRUHIURQW RI WKH GHEULV FORXG�
VR VHWWLQJ WKH VSDFHFUDIW DW DQ RIIVHW EHIRUH ZRXOG QRW LQIOXHQFH WKH QXPEHU FDXJKW� EXW UDWKHU WKH WLPH
ZKHQ FDXJKW� )XUWKHUPRUH� LW FDQ EH REVHUYHG� WKDW E\ WKH HQG RI WKH ZHHN� WKH IUDJPHQWV FDXJKW GR
QRW GHFUHDVH DV ZRXOG EH H[SHFWHG� ,Q WKH FDVH DW KDQG� WKLV PHDQV WKDW RQH ZRXOG OLNHO\ EHQHILW IURP
KDYLQJ D PLVVLRQ VSDQQLQJ IRU D ORQJHU WLPH DQG QRW MXVW D ZHHN� 2Q WKH RWKHU KDQG� DV ZDV PHQWLRQHG
EHIRUH� WKH ൏ኼ SHUWXUEDWLRQ ZRXOG UHVXOW LQ WKH SORW DW KDQG ORRNLQJ YHU\ GLIIHUHQW� DQG WKH QXPEHU RI
IUDJPHQWV FDXJKW ZRXOG EH G\LQJ RII WRZDUGV WKH HQG� JLYHQ LWV HIIHFW RQ ͕ DQG ဋ �:DNNHU� ������

7DNLQJ D FORVHU ORRN DW )LJXUH ������ WKH ILQGLQJV PHQWLRQHG DERYH DUH VWUHQJWKHQHG� ZKHQ RQ WKH ILUVW
GD\ WKH QXPEHU RI IUDJPHQWV FDXJKW LV EHORZ ���� LQ FRPSDULVRQ WR WKH VHFRQG GD\� ZKHUH LW LV DURXQG
���� /RRNLQJ DW WKH JHQHUDO WUHQG� LW FDQ EH UHFRJQL]HG� WKDW LW LV VRPHZKDW SHULRGLF� WKH QXPEHU RI
IUDJPHQWV SHDNV HYHU\ WKUHH GD\V� +RZHYHU� JLYHQ WKDW WKH VLPXODWLRQ WLPH LV RQO\ � GD\V� WKH UHPDLQ�
GHU RI WKLV EHKDYLRU LV XQFHUWDLQ�

1H[W� WKH PRUH PHFKDQLFDO DVSHFW RI WKH IUDJPHQWV ZDV DQDO\]HG E\ ORRNLQJ DW WKH PRPHQWXP� )LJXUH
����� VKRZV WKDW PRUH WKDQ KDOI RI WKH IUDJPHQWV KDYH D UHODWLYHO\ VPDOO PRPHQWXP FORVH WR ���� NJ
P�V� +RZHYHU� WKHUH DUH VRPH IUDJPHQWV WKDW KDYH D PRPHQWXP EHWZHHQ �� DQG ��� NJ P�V� ZKLOVW
WKUHH IUDJPHQWV KDYH PRPHQWXP YDOXHV RI XS WR ��� NJ P�V� *LYHQ WKDW PRVW IUDJPHQWV DUH VPDOOHU
WKDQ � FP� DQG WKXV WKH GHQVLW\ FRQVLGHUHG LV WKDW RI DOXPLQLXP �-RKQVRQ HW DO�� ������ WKH OHDGLQJ
SDUDPHWHU LV WKH VL]H DV ZHOO DV WKH YHORFLW\� $ ]RRPHG�LQ YHUVLRQ RI WKH PRPHQWXP FDQ EH VHHQ LQ
)LJXUH ������ +HUH� RQH FDQ VHH WKDW D ODUJH QXPEHU RI IUDJPHQWV DFFXPXODWHV DW VPDOOHU PRPHQWXP
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YDOXHV�

)LJXUH ������ 0RPHQWXP RI WKH IUDJPHQWV FDXJKW GHSLFWHG ZLWK WKH IUDJPHQW DQG EXEEOH VL]H GLDPHWHU UHSUHVHQWLQJ WKH PR�
PHQWXP IRU WKH ��KRXU FDVH VWXG\�

)LJXUH ������ =RRPHG YHUVLRQ RI WKH PRPHQWXP RI WKH IUDJPHQWV FDXJKW GHSLFWHG ZLWK WKH IUDJPHQW DQG EXEEOH VL]H GLDPHWHU
UHSUHVHQWLQJ WKH PRPHQWXP IRU WKH ��KRXU FDVH VWXG\�

7KH PRPHQWXP ZDV REWDLQHG EDVHG RQ WKH PDVV RI WKH IUDJPHQWV DQG WKH YHORFLW\� ,W ZDV QRWHG� WKDW
PRVW IUDJPHQWV DUH IRXQG DW ORZHU PRPHQWXP YDOXHV� ZKLOH VRPH IUDJPHQWV KDG LQFUHGLEO\ KLJK PR�
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PHQWXP YDOXHV� 7KLV SHUWDLQV WR WKH IDFW WKDW DV D GHEULV PLWLJDWLRQ PHWKRG WKH FDWFKHU VDWHOOLWH VKRXOG
QRW JHQHUDWH IXUWKHU GHEULV� $OWKRXJK WKLV ZDV QRW WKH VFRSH RI WKLV VWXG\� LW LV LPSRUWDQW WR WDNH LQWR
FRQVLGHUDWLRQ� WKDW LQ D SRVVLEOH GHVLJQ RI WKLV PHWKRG� DOWKRXJK WKH PDMRULW\ RI WKH PRPHQWXP LV IRXQG
DW ORZ YDOXHV� WKH GHVLJQ KDV WR DFFRXQW IRU WKH KLJKHU YDOXHV LQ RUGHU WR QRW UHVXOW LQ D EUHDNXS ZKHQ
HQFRXQWHULQJ VDLG ODUJHU IUDJPHQWV� 7KLV SXWV WKH GLIILFXOW\ RI GHEULV UHPRYDO LQWR SHUVSHFWLYH� JLYHQ
WKDW RQH KDV WR SODQ IRU D ZRUVW�FDVH VFHQDULR QR PDWWHU WKH SUREDELOLW\ RI HQFRXQWHU� ,I SUHFDXWLRQV
DUH QRW WDNHQ DQG WKH VSDFHFUDIW LV QRW GHVLJQHG IRU WKH ODUJHVW PRPHQWXP YDOXH WKH UHVXOWV FRXOG EH
FDWDVWURSKLF DQG ZRUVHQ WKH HQYLURQPHQW�

$QRWKHU DQDO\VLV WKDW ZDV FDUULHG RXW� ZDV WKH FRPSDULVRQ RI WKH IUDJPHQW LQGLFHV FDXJKW �QRW GH�
SLFWHG�� WR H[DPLQH LI DOO FDVH VWXGLHV UHVXOWHG LQ WKH VDPH IUDJPHQWV FDXJKW� RU LI GHSOR\LQJ DW GLIIHUHQW
WLPHV UHVXOWHG LQ GLIIHUHQW IUDJPHQWV EHLQJ FDXJKW� )URP WKLV DQDO\VLV� LW ZDV FRQFOXGHG� WKDW DOO FDVH
VWXGLHV UHVXOWHG LQ ����� XQLTXH IUDJPHQWV EHLQJ FDXJKW IRU D VSDFHFUDIW RI D ����P UDGLXV� /RRNLQJ
DW WKH FXPXODWLYH XQLTXH QXPEHU RI IUDJPHQWV FDXJKW �7DEOH ������ LW ZDV REVHUYHG WKDW IRU WKH ODUJHVW
VSDFHFUDIW UDGLXV ��� RI WKH RYHUDOO IUDJPHQWV ZHUH FDXJKW IRU DOO FDVH VWXGLHV� 7KLV VWUHQJWKHQV WKH
FODLP WKDW WKH SUREOHP LV RI D VWDWLVWLFDO QDWXUH� 7KH GLIIHUHQW GHSOR\PHQW WLPHV UHVXOW LQ GLIIHUHQW SDUWV
RI WKH GHEULV FORXG EHLQJ HQFRXQWHUHG� 7KLV LPSOLHV WKDW LI WKH PHWKRG ZHUH WR EH OHIW LQ VSDFH IRU D
ORQJHU SHULRG PRUH IUDJPHQWV ZRXOG EH FDXJKW�

7KH QH[W DQDO\VLV FDUULHG RXW� ZDV WKH GLVWULEXWLRQ RI WKH UHODWLYH GLVWDQFH RQ WKH VSDFHFUDIW VXUIDFH�
7R GR WKLV� WKH UHODWLYH GLVWDQFH ZKHQ FDXJKW ZDV SORWWHG LQ [� \ DQG ] /9/+ FRRUGLQDWHV� 7KH UHVXOWV
RI WKLV FDQ EH VHHQ LQ )LJXUH ������ ,W FDQ EH REVHUYHG� WKDW WKH IUDJPHQWV DOO DOLJQ RQ WKH VDPH SODQH�
QDPHO\ WKH VXUIDFH RI WKH VSDFHFUDIW XSRQ FRQWDFW �]  ��� 0RUHRYHU� LW FDQ EH VHHQ� WKDW PRVW GHEULV
IUDJPHQWV DUH FDXJKW DW WKH FHQWHU RI WKH VXUIDFH� ,W LV LPSRUWDQW WR QRWH� WKDW RQO\ IUDJPHQWV FDXJKW
ZLWKLQ D ���PHWHU GLVWDQFH ZHUH SORWWHG�

)LJXUH ������ 7KUHH�GLPHQVLRQDO GHSLFWLRQ RI WKH UHODWLYH GLVWDQFH RI WKH IUDJPHQWV ZKHQ FDXJKW IRU WKH � KRXU FDVH VWXG\�

/RRNLQJ DW WKH SRVLWLRQLQJ RQ WKH VXUIDFH RI WKH VSDFHFUDIW ZKHQ FDXJKW� VHHQ LQ )LJXUH ������ 7KH
DJJORPHUDWLRQ RI IUDJPHQWV DW WKH FHQWHU RI WKH VSKHUH FDQ EH DWWULEXWHG WR WKH IDFW WKDW DW WKH FHQWHU
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RI WKH FLUFXODU VXUIDFH RI WKH VSDFHFUDIW ZRXOG EH GLUHFWO\ LQ WKH LQLWLDO RUELW� WKLV SDUW H[SHULHQFHV PRVW
IUDJPHQWV FDXJKW� +RZHYHU� WKHUH LV VWLOO D ODUJH QXPEHU RI IUDJPHQWV ZKLFK DUH FDXJKW RQ WKH RXWHU
HQGV RI WKH VSDFHFUDIW� 7KLV LPSOLHV� WKDW RQH ZRXOG EHQHILW IURP D ODUJHU VSDFHFUDIW� ZKLFK ZH DOUHDG\
VDZ IURP WKH UHVXOWV SURYLGHG LQ 7DEOHV ���� DQG ����� 1RQHWKHOHVV� LW KDV WR EH UHFRJQL]HG WKDW LPSDFWV
RQ WKH RXWHU HGJH RI WKH VSDFHFUDIW FRUUHVSRQG WR DQ LQVWDQWDQHRXV WRUTXH DQG KHQFH ZRXOG OHDG WR D
URWDWLRQ RI WKH YHKLFOH ZKLFK ZRXOG EH FUXFLDO IRU D GHVLJQ RI VXFK D FRQFHSW� KRZHYHU WKLV LV RXWVLGH
WKH VFRSH RI WKLV VWXG\ DQG ZLOO QRW EH IXUWKHU H[SORUHG�
$QRWKHU LQWHUHVWLQJ IDFW ZKLFK ZDV ORRNHG DW� ZDV WKH UHODWLYH SRVLWLRQV RI ERWK WKH VSDFHFUDIW DQG WKH
IUDJPHQWV ZKHQ FDXJKW� ZLWK UHVSHFW WR WKH FHQWHU RI WKH (DUWK� 0RUHRYHU� WKH SRVLWLRQ RI WKH H[SORVLRQ
RI WKH RULJLQDO VDWHOOLWH ZDV SORWWHG LQ WKH IRUP RI D SXUSOH FURVV� 7KH UHVXOWV RI WKLV FDQ EH VHHQ LQ
)LJXUH ������ ,W FDQ EH VHHQ� WKDW WKH PDMRULW\ RI WKH IUDJPHQWV HQFRXQWHU WKH VSDFHFUDIW DW D VLPLODU
SRVLWLRQ� DV RSSRVHG WR VSUHDG WKURXJKRXW WKH RUELW� 7KLV SRVLWLRQ LV UHODWLYHO\ FORVH WR WKH SRVLWLRQ RI
WKH H[SORVLRQ RI WKH RULJLQDO VDWHOOLWH�

)LJXUH ������ 7KUHH�GLPHQVLRQDO GHSLFWLRQ RI WKH DEVROXWH GLVWDQFH RI WKH VSDFHFUDIW DQG WKH IUDJPHQWV ZKHQ FDXJKW IRU WKH �
KRXU FDVH VWXG\ ZLWK WKH SRVLWLRQ RI WKH RULJLQDO H[SORVLRQ PDUNHW E\ D SXUSOH FURVV�

0RUHRYHU� ZKHQ WKH UHVXOWV SUHVHQWHG LQ )LJXUH ����� ZHUH DQDO\]HG� LW ZDV VHHQ WKDW DV H[SHFWHG
PRVW SDUWLFOHV DUH FDXJKW LQ WKH VDPH SDUW RI WKH RUELW� 7KLV FDQ EH DWWULEXWHG WR VRPH RI WKH IDFWRUV
PHQWLRQHG EHIRUH� QDPHO\ WKDW WKH IUDJPHQWV ZLOO DOO FURVV WKH SRVLWLRQ RI WKH LQLWLDO H[SORVLRQ DW RQH SRLQW
LQ WKHLU RUELW� 7KLV LV WKH SRLQW ZKHUH PRVW DUH FDXJKW DV VHHQ LQ )LJXUH ������ 1RW PDQ\ IUDJPHQWV DUH
FDXJKW RXWVLGH RI WKLV SDUW RI WKH RUELW� 0RUHRYHU� LI RQH ORRNV FDUHIXOO\� WKH UHODWLYH GLVWDQFH EHWZHHQ
WKH VSDFHFUDIW DQG WKH IUDJPHQWV RQ WKH SRVLWLRQ RQ RUELW IXUWKHU DZD\ IURP WKH LQLWLDO H[SORVLRQ LV ODUJHU�
7KLV FDQ EH DWWULEXWHG WR WKH IDFW� WKDW WKH FORVHVW SRLQW RI WKH WZR RUELWV LV DW WKH H[SORVLRQ ORFDWLRQ DQG
IURP WKHUH RQZDUGV WKH RUELWV VWDUW GHYLDWLQJ�





��
&RQFOXVLRQV DQG 5HFRPPHQGDWLRQV

����� &RQFOXVLRQV
7KH JRDO RI WKLV UHSRUW ZDV WR VWXG\ WKH HIIHFWLYHQHVV RI D SDVVLYH GHEULV UHPRYDO PHWKRG WR WDFNOH
VSDFH GHEULV IUDJPHQWV RI �� FP DQG VPDOOHU LQ D FRQMXQFWLRQ DQDO\VLV� $V D PHDQV WR GR WKLV D VHW
RI VXE TXHVWLRQV PHQWLRQHG LQ &KDSWHU � ZHUH UHVHDUFKHG� 7KHVH ZLOO EH DQVZHUHG WKURXJKRXW WKLV
FKDSWHU�

7KH LQLWLDO SDUW RI WKH VWXG\ VRXJKW RXW WR ILQG WKH EHVW FRQFHSW IRU VXFK D PLVVLRQ DQG WKXV DQVZHU WKH
ILUVW VXE TXHVWLRQ� ,W ZDV IRXQG WKDW D SRVVLEOH FRQFHSW IRU WKLV VWXG\ ZRXOG ORRN OLNH D UHPRYDO PHWKRG
FRQVLVWLQJ RI D FLUFXODU� IODW VXUIDFH PDGH RXW RI D PDWHULDO FDSDEOH RI FDWFKLQJ DQG VWRSSLQJ WKH GHEULV�
VXFK DV SRVVLEO\ DHURJHO RU IRDP� ZKLFK IOLHV WKURXJK VSDFH FDWFKLQJ WKH IUDJPHQWV LW HQFRXQWHUV�

,Q FRQWHPSODWLRQ RI WKH PRVW IDYRUDEOH RUELWDO VHWWLQJ IRU WKH UHPRYDO PHWKRG FKRVHQ IRU WKLV UHVHDUFK�
D VWXG\ FDUULHG RXW RQ WKH VSDFH GHEULV HQYLURQPHQW DQG VLWXDWLRQ YDOLGDWHG WKH IRFXV RQ DQ H[SORVLRQ
HYHQW� 7KH FDVH VWXG\ XVHG WR REWDLQ WKH UHVXOWV RI WKLV VWXG\ ZDV WKDW RI WKH .RVPRV ���� DQWL�VDWHOOLWH
PLVVLOH WHVW ZKLFK WRRN SODFH LQ 1RYHPEHU ����� 8SRQ KDYLQJ VWXGLHG D YDULHW\ RI OLWHUDWXUH LW ZDV IRXQG
WKDW WKH 1$6$ %UHDN�XS PRGHO ��� ZDV WKH SURSHU PRGHO WR WDFNOH WKH SUREOHP DW KDQG� 7KH VWXG\ IR�
FXVHG RQ JHQHUDWLQJ D VLPXODWLRQ RI WKH EUHDN�XS HYHQW DQG ORRNLQJ DW KRZ PDQ\ IUDJPHQWV FRXOG EH
FDXJKW IRU D SRSXODWLRQ RI ������ IUDJPHQWV RYHU D VSDQ RI � GD\V�

7KH PHWKRGRORJ\ RI WKH GDWD JHQHUDWLRQ DQG WKH VLPXODWLRQ ZDV H[SODLQHG LQ H[WHQVLYH GHWDLO DORQJ
ZLWK GLIILFXOWLHV WKDW &38 WLPH SRVHG RQ WKH VLPXODWLRQ UHVXOWLQJ LQ WKH H[FOXVLRQ RI SHUWXUEDWLRQV� 7KH
PLQLPXP SDVVLQJ GLVWDQFH EHWZHHQ WKH VSDFHFUDIW DQG WKH GHEULV ZDV FKRVHQ WR EH �� P� WKLV DLGHG LQ
VHWWLQJ D OLPLW ZKLOH OHDYLQJ WKH SRVVLELOLW\ WR GHWHUPLQH WKH HIIHFWLYH VL]H RI VXFK D PHWKRG E\ H[SORULQJ
D YDULHW\ RI UDGLL IRU WKH FDWFKHU VSDFHFUDIW� 7KH UHVXOWV \LHOGHG WKH EHVW VL]H DV WKH ODUJHVW VL]H SRVVL�
EOH� LQ WKLV FDVH� D VSDFHFUDIW RI D ����P UDGLXV SURYHG WR EH WKH PRVW HIIHFWLYH�

7KH QH[W SDUW VRXJKW WR DQVZHU WKH VXE TXHVWLRQ SHUWDLQLQJ WR WKH LGHDO WLPH RI GHSOR\PHQW� 7KH UHVXOWV
VKRZ WKDW GHSOR\PHQW WLPH KDV D VPDOO HIIHFW RQ WKH QXPEHU RI IUDJPHQWV FDXJKW� EXW WKLV FRXOG EH
GLVSXWHG WKURXJK WKH LQSXW RI WKH ൏ኼ SHUWXUEDWLRQ� 1RQHWKHOHVV� ZLWK WKH FRQGLWLRQV JLYHQ� LW ZDV IRXQG
WKDW GHSOR\LQJ DIWHU � KRXUV LV EHVW IRU WKH FRQILJXUDWLRQ DW KDQG� )XUWKHUPRUH� LW ZDV FRQFOXGHG WKDW
IRU WKH GLIIHUHQW GHSOR\PHQW WLPHV WKH IUDJPHQWV FDXJKW ZHUH GLIIHUHQW RQHV� QDPHO\ DOO FDVH VWXGLHV
UHVXOWHG LQ ��� RI WKH IUDJPHQWV EHLQJ FDXJKW� 7KLV ZRXOG PHDQ WKDW PXOWLSOH GHSOR\PHQWV ZLWK GLIIHU�
HQW GHSOR\PHQW WLPHV ZRXOG UHVXOW LQ D ODUJH QXPEHU RI IUDJPHQWV FDXJKW�

6LPLODUO\� LW ZDV VHHQ WKDW RYHU WLPH WKH QXPEHU RI IUDJPHQWV FDXJKW GLG QRW GHFUHDVH� DOWKRXJK WKLV
WRR FRXOG EH GLVSXWHG WKURXJK WKH LQSXW RI WKH ൏ኼ SHUWXUEDWLRQ� WKLV ZRXOG PHDQ WKDW D ORQJHU PLVVLRQ
ZRXOG EULQJ DERXW EHQHILFLDO UHVXOWV LQ WHUPV RI QXPEHU RI IUDJPHQWV FDXJKW�

$Q LPSRUWDQW VXE TXHVWLRQ ZKLFK DVVLVWHG LQ DQVZHULQJ WKH PDLQ UHVHDUFK TXHVWLRQ� ZDV SHUWDLQLQJ WR

��



�� ��� &RQFOXVLRQV DQG 5HFRPPHQGDWLRQV

WKH \LHOG RI WKH V\VWHP� ,W ZDV IRXQG WKDW IRU D SRSXODWLRQ RI ������ IUDJPHQWV� WKH \LHOG IRU WKH ODUJHVW
VSDFHFUDIW RI ��� P� UDQJHV EHWZHHQ ����� � WR ����� � RI IUDJPHQWV FDXJKW� GHSHQGLQJ RQ GHSOR\�
PHQW WLPH�

7KH QH[W IDFWRU ZKLFK ZDV ORRNHG DW ZDV WKDW RI WKH HIIHFW RI SRVVLEOH LQMHFWLRQ DFFXUDFLHV WR HVWDEOLVK
WKH VXFFHVV RI VXFK D PHWKRG LQ D QRQ�SHUIHFW VLWXDWLRQ� 7KH UHVXOWV REWDLQHG IURP WKH VWXG\ VKRZHG
WKDW WKLV PHWKRG ZRXOG EH XQVXFFHVVIXO LQ WKH FDVH RI LQMHFWLRQ LQDFFXUDFLHV� ,W ZDV IRXQG WKDW LQDF�
FXUDFLHV LQ DOWLWXGH KDYH D ODUJHU HIIHFW WKDQ WKDW LQ LQFOLQDWLRQ EXW LQ ERWK FDVHV OHVV WKDQ �� RI WKH
IUDJPHQWV ZRXOG EH FDXJKW ZLWK WKH ODUJHVW FDWFKLQJ UDGLXV DQG � IUDJPHQWV ZRXOG EH FDXJKW ZLWK D
FDWFKLQJ UDGLXV RI �� P RU VPDOOHU� 0HDQLQJ WKDW JLYHQ DQ\ VRUW RI LQMHFWLRQ LQDFFXUDFLHV WKH QXPEHU
RI REMHFWV FDXJKW ZRXOG GHFUHDVH E\ ����

([SORULQJ WKH PHFKDQLFDO DVSHFWV SURYLGHG WKH QHFHVVDU\ VXSSRUW WR GHWHUPLQH WKH SRVVLEOH PRPHQ�
WXP YDOXHV HQFRXQWHUHG E\ VXFK D PHWKRG� 8SRQ DQDO\]LQJ WKH UHVXOWV LW ZDV FRQFOXGHG WKDW� ZKLOH
WKH RYHUDOO VL]HV DQG WKXV PRPHQWD RI WKH IUDJPHQWV DUH JHQHUDOO\ VPDOO� WKH SRVVLELOLW\ RI RQH RU WZR
IUDJPHQWV ZLWK D ODUJH PRPHQWXP LV H[LVWHQW� 7KH PRPHQWXP YDOXHV IRXQG UDQJHG IURP D PLQLPXP RI
���� NJ P�V WR D PD[LPXP RI ��� NJ P�V� 7KLV ZRXOG FRPSOLFDWH WKH PHFKDQLFDO GHVLJQ RI WKH PHWKRG
DW KDQG�

7KH RYHUDOO FRQFOXVLRQ RI WKLV VWXG\ ZDV WKDW D PHWKRG VXFK DV WKLV RQH ZRXOG QRW EH FRQVLGHUHG YHU\
HIIHFWLYH DW WKH FXUUHQW WLPH LQ PLWLJDWLQJ VSDFH GHEULV VPDOOHU WKDQ �� FP� 7KLV ZDV FRQFOXGHG EDVHG RQ
WKH IDFW WKDW WKH SURPLVLQJ SHUFHQWDJHV DUH GHSHQGHQW RQ WKH FXUUHQWO\ XQUHDOLVWLF VL]HV RI D VSDFHFUDIW�
$ PRUH UHDOLVWLF VSDFHFUDIW RI �� P� ZRXOG RQO\ UHVXOW LQ D FDSWXUH SHUFHQWDJH RI � � WR � �� *LYHQ WKH
FRVW RI VSDFH PLVVLRQV� WKLV ZRXOG QRW EH D IHDVLEOH QXPEHU� 2Q WKH RWKHU KDQG� RQH FDQ DOVR REVHUYH
WKH PHFKDQLFDO OLPLWDWLRQV DV DQ DGGHG SRLQW WRZDUGV WKH SRVVLEOH LQHIIHFWLYHQHVV RI WKLV PHWKRG� :KLOH
PRVW IUDJPHQWV KDG VPDOO PRPHQWXP YDOXHV� RWKHUV VKRZHG GUDVWLFDOO\ ODUJH YDOXHV� 7KLV PHDQV WKDW
LQ RUGHU WR QRW JHQHUDWH QHZ VSDFH GHEULV� WKH ODUJHU IUDJPHQWV ZRXOG KDYH WR EH FRQVLGHUHG DV WKH
GHVLJQ SDUDPHWHUV ZKLFK FRXOG SRVH GHVLJQ LVVXHV�

����� 5HFRPPHQGDWLRQV
$OWKRXJK WKH FRQFOXVLRQ RI WKLV VWXG\ UHVXOWHG LQ DQ XQIHDVLEOH PHWKRG RQH LPSRUWDQW REVHUYDWLRQ ZDV
WKH IUDJPHQWV FDXJKW IXUWKHU LQ WLPH� :HUH WKLV WR EH WUXH LW FRXOG UHVXOW LQ D IHDVLEOH PHWKRG� +RZHYHU�
LQ RUGHU IRU WKLV FODLP WR EH VWUHQJWKHQHG� SHUWXUEDWLRQV VXFK DV WKH ൏ኼ SHUWXUEDWLRQ� LQ SDUWLFXODU� ZRXOG
KDYH WR EH LQFOXGHG� ,I XSRQ DGGLQJ WKH SHUWXUEDWLRQ RQH ZHUH WR REVHUYH D QXPEHU RI IUDJPHQWV EHLQJ
FDXJKW IXUWKHU LQ WLPH� WKH QH[W UHFRPPHQGDWLRQ ZRXOG EH WR LQFUHDVH WKH VLPXODWLRQ WLPH WR D ORQJHU
SHULRG WKDQ RQH ZHHN�
$QRWKHU UHFRPPHQGDWLRQ ZRXOG EH WR IXUWKHU VWXG\ WKH VWDWLVWLFDO EHKDYLRU RI WKH IUDJPHQWV� ,W ZDV
FOHDUO\ REVHUYHG WKDW ODWHU GHSOR\PHQW WLPHV FDQ UHVXOW LQ EHWWHU UHVXOWV ZKLFK PHDQV WKDW LI WKH VWDWLVWLFV
ZHUH IXUWKHU DQDO\]HG RQH FRXOG RSWLPL]H WKH SUREOHP VXFK WKDW WKH FDVH IRU WKH ODUJHVW QXPEHU RI
IUDJPHQWV DUH IRXQG� ,W ZRXOG EH VLPLODU WR WKLV VWXG\� EXW VWDUWLQJ IURP D GLIIHUHQW SHUVSHFWLYH� DQG
GHVLJQLQJ WKH SUREOHP EDVHG RQ WKH VWDWLVWLFV DV RSSRVHG WR KRZ LW ZDV GRQH KHUH�



"
&RRUGLQDWH 7UDQVIRUPDWLRQV

$��� &DUWHVLDQ &RRUGLQDWHV WR .HSOHU (OHPHQWV
,Q RUGHU WR VXFFHVVIXOO\ FRQYHUW IURP &DUWHVLDQ FRRUGLQDWHV WR .HSOHU (OHPHQWV WKH LQHUWLDO UHIHUHQFH
IUDPH YHFWRUV DUH GHILQHG DV VHHQ LQ (TXDWLRQV $��� $�� DQG $�� �5DR� ������
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)LUVW WKH QRUP RI WKH SRVLWLRQ DQG YHORFLW\ ZLOO EH FDOFXODWHG DV VKRZQ LQ (TXDWLRQV $�� DQG $���

൰ _൰ߜ_  �$���

൴  _ _൴ߜ �$���
1H[W WKH DQJXODU PRPHQWXP YHFWRU �NP��V� LV FDOFXODWHG XVLQJ (TXDWLRQ $�� �5DR� ������

߶ߜ ൰ߜ  � ൴ߜ �$���

6LPLODUO\ WKH QRUP RI WKH DQJXODU PRPHQWXP LV REWDLQHG DV VHHQ LQ (TXDWLRQ $��

߶  _ _߶ߜ �$���

8VLQJ WKH REWDLQHG YDULDEOHV RQH KDV DOO WKH QHFHVVDU\ YDOXHV LQ RUGHU WR REWDLQ WKH ILUVW .HSOHU HOHPHQW�
QDPHO\ WKH VHPL�PDMRU D[LV� FRPSXWHG ZLWK (TXDWLRQ $�� �:DNNHU� ������ *LYHQ WKH SODQHW WKLV VWXG\
GHDOV ZLWK LV WKH (DUWK  FRUUHVSRQGV WR D YDOXH RI ����������� NP��V� �:DNNHU� ������
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�

ኼ
፫
ࢿ ፯Ꮄ
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7KH QH[W .HSOHU HOHPHQW� WKH HFFHQWULFLW\� FDQ DOVR EH FDOFXODWHG ZLWK WKH DIRUHPHQWLRQHG YDULDEOHV DV
VHHQ LQ (TXDWLRQ $�� �:DNNHU� ������ *LYHQ WKH SODQHW WKLV VWXG\ GHDOV ZLWK LV WKH (DUWK WKLV FRUUH�
VSRQGV WR D YDOXH RI ����������� NP��V� �:DNNHU� ������
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�� $� &RRUGLQDWH 7UDQVIRUPDWLRQV

ZKHUH WKH YDOXH RI WKH HFFHQWULFLW\ LV REWDLQHG E\ FRPSXWLQJ WKH QRUP RI WKH HFFHQWULFLW\ YHFWRU DV VHHQ
LQ (TXDWLRQ $��� �:DNNHU� ������

  _ _ߜ �$����

7KH QH[W .HSOHU HOHPHQW FDOFXODWHG LV WKH LQFOLQDWLRQ L� WR GR WKLV (TXDWLRQ $��� LV XVHG �:DNNHU� ������
$V VHHQ LQ )LJXUH ��� WKH LQFOLQDWLRQ LV WKH DQJOH EHWZHHQ WKH ,QHUWLDO UHIHUHQFH YHFWRU LQ WKH ] GLUHFWLRQ
ൎ፳ DQG WKH DQJXODU PRPHQWXP YHFWRU RU� LQ RWKHU ZRUGV� WKH ] FRPSRQHQW RI WKH DQJXODU PRPHQWXP
DQG WKH DQJXODU PRPHQWXP YHFWRU�

൧  ൢ൭൱ዅኻ ᗛ
߶፳
߶
ᗜ �$����

,Q RUGHU WR EH DEOH WR FDOFXODWH WKH UHPDLQLQJ RUELWDO HOHPHQWV� ͕�ဋ DQG  WKH OLQH RI QRGHV ൬ߜ QHHGV WR
EH FDOFXODWHG � 7KLV LV GRQH XVLQJ (TXDWLRQ $��� �5DR� ������

൬ߜ  
ൎ፳ߜ � ߶ߜ
_ ൎ፳ߜ � _߶ߜ

�$����

7KH OLQH RI QRGHV LV WKHQ XVHG WR REWDLQ WKH ULJKW DVFHQVLRQ RI WKH DVFHQGLQJ QRGH ͕ XVLQJ (TXDWLRQV
$��� DQG $��� GHSHQGLQJ RQ ZKLFK FRQGLWLRQ LV VDWLVILHG �:DNNHU� ������ 7KLV ZLOO HQVXUH WKDW DOO
TXDGUDQWV DUH FRYHUHG DV WKH DUF FRVLQH RQO\ SURYLGHV DQ DQVZHU LQ WZR TXDGUDQWV�

͕  FRVዅኻ�൬፱� IRU ൬፲ ऒ � �$����

͕  �ဂ ࢿ FRVዅኻ�൬፱� IRU ൬፲ � � �$����

7KH QH[W RUELWDO HOHPHQW FDOFXODWHG ZLOO EH WKH DUJXPHQW RI SHULDSVLV ဋ XVLQJ HTXDWLRQV $��� DQG $���
GHSHQGLQJ RQ WKH FRQGLWLRQ VDWLVILHG �:DNNHU� ������

ဋ  FRVዅኻ ᗛ
൬ߜ ॲ ߜ

ᗜ IRU ፳ ऒ � �$����

ဋ  �ဂ ࢿ FRVዅኻ ᗛ
൬ߜ ॲ ߜ

ᗜ IRU ፳ � � �$����

%HIRUH FDOFXODWLQJ WKH QH[W RUELWDO HOHPHQW WKH UDGLDO YHORFLW\ ZLOO KDYH WR EH FDOFXODWHG DV VHHQ LQ
(TXDWLRQ $��� �:DNNHU� ������

൴፫  
൴ߜ ॲ ൰ߜ
൰

�$����

7KH RUELWDO HOHPHQW FDOFXODWHG ZLOO EH WUXH DQRPDO\  XVLQJ HTXDWLRQV $��� DQG $��� GHSHQGLQJ RQ WKH
FRQGLWLRQ VDWLVILHG �:DNNHU� ������

  FRVዅኻ ᗛ
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൰

ᗜ IRU ൴፫ ! � �$����

  �ဂ ࢿ FRVዅኻ ᗛ
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൰

ᗜ IRU ൴፫ ! � �$����

/DVWO\� WKH HFFHQWULF DQGPHDQ DQRPDO\ DUH REWDLQHG IURP WKH IURP WKH IROORZLQJ H[SUHVVLRQV� 5HZULWLQJ
(TXDWLRQ ���� WKH H[SUHVVLRQ IRU WKH HFFHQWULF DQRPDO\ ( LV REWDLQHG DV VHHQ LQ (TXDWLRQ $��� �:DNNHU�
������

ൊ  � WDQዅኻ ᗣWDQ

�
ᔄ� ࢿ 
� � 

ᗤ �$����

2QFH WKH HFFHQWULF DQRPDO\ LV FDOFXODWHG (TXDWLRQ $��� LV XVHG WR FRPSXWH WKH PHDQ DQRPDO\ 0�

  ൊ ࢿ  VLQൊ �$����



$��� .HSOHU (OHPHQWV WR &DUWHVLDQ (OHPHQWV ��

$��� .HSOHU (OHPHQWV WR &DUWHVLDQ (OHPHQWV
:KHQ FRQYHUWLQJ IURP .HSOHU (OHPHQWV WR &DUWHVLDQ HOHPHQWV WKH HFFHQWULF DQRPDO\ ൊ LV FDOFXODWHG
WKURXJK DQ LWHUDWLYH SURFHVV� ZKHUH WKH LQLWLDO ൊ LV WDNHQ WR EH HTXDO WR � 8VLQJ (TXDWLRQ $��� WKH
LWHUDWLYH SURFHVV LV UHSHDWHG XQWLO WKH GLIIHUHQFH EHWZHHQ ൊ። DQG ൊ።ዄኻ LV VPDOOHU WKDQ D GHVLUHG QXPEHU�
LQ WKLV FDVH� ���ዅኻኺࣄ� 7KLV QXPEHU ZDV FKRVHQ WR DFFRXQW IRU �� VLJQLILFDQW ILJXUHV� +RZHYHU� &KDSWHU
� DOVR SURYLGHV RWKHU PHWKRGV WR ILQG WKH FRQYHUJHQFH OLPLW�

ൊ።ዄኻ  ൊ � � ࢿ ൊ �  ࣄ VLQ�ൊ����� ࢿ  FRV�ൊ�� �$����

2QFH WKH HFFHQWULF DQRPDO\ ൊ LV REWDLQHG WKH WUXH DQRPDO\  LV FDOFXODWHG DV VHHQ LQ (TXDWLRQ $����
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ᗜᗤ �$����

,QVLGH WKH IXQFWLRQ� ILUVW WKH VHPL�ODWXV UHFWXP ൮ LV FDOFXODWHG XVLQJ WKH DIRUHPHQWLRQHG (TXDWLRQ ��� LQ
RUGHU WR REWDLQ WKH UDGLXV DV SUHYLRXVO\ VHHQ LQ (TXDWLRQ ����
2QFH WKH SULRU VWHSV DUH FDUULHG RXW� WKH QH[W FRXUVH RI DFWLRQ LV WR FRQVWUXFW WKH ൪ኻ� ൪ኼ�൫ኻ�൫ኼ� ൬ኻ DQG
൬ኼ PDWUL[ HOHPHQWV� 7KLV LV GRQH XVLQJ WKH (XOHU WUDQVIRUPDWLRQ DQJOHV� 7KHVH WUDQVIRUPDWLRQV DUH
FRPSRVHG RI WKUHH WUDQVIRUPDWLRQ PDWULFHV� 7KH SXUSRVH RI WKH WUDQVIRUPDWLRQ LV WR WUDQVIRUP SRVLWLRQ
DQG YDORFLW\ YHFWRUV IURP D SHULIRFDO EDVLV WR DQ (&, EDVLV�
7KH ILUVW WUDQVIRUPDWLRQ PDWUL[ LV D WUDQVIRUPDWLRQ DERXW WKH WKLUG D[LV ZLWK WKH ULJKW DVFHQVLRQ RI WKH DV�
FHQGLQJ QRGH ͕� 7KH VHFRQG WUDQVIRUPDWLRQ LV D WUDQVIRUPDWLRQ DERXW WKH ILUVW D[LV ZLWK WKH LQFOLQDWLRQ
൧ DQG WKH ODVW WUDQVIRUPDWLRQ LV D WUDQVIRUPDWLRQ DERXW WKH WKLUG D[LV ZLWK WKH DUJXPHQW RI SHULDSVLV ဋ�
1RWH WKDW WKH VXSHUVFULSWV DQG VXEVFULSWV LQ WKH WUDQVIRUPDWLRQ PDWULFHV GHQRWH WKH WUDQVIRUPDWLRQ IURP
RQH EDVLV WR WKH QH[W� LH� ൙ፈፍ GHQRWHV WKH WUDQVIRUPDWLRQ IURP EDVLV ൎ  �ൎ፱� ൎ፲� ൎ፳� WR DQ LQWHUPHGLDWH
EDVLV   �൬፱� ൬፲� ൬፳��

7KH ILUVW WUDQVIRUPDWLRQ PDWUL[ FDQ EH VHHQ EHORZ LQ (TXDWLRQ $����

൙ፈፍ  ᗣ
FRV͕ ࢿ VLQ͕ �
VLQ͕ FRV͕ �
� � �

ᗤ �$����

7KH VHFRQG WUDQVIRUPDWLRQ PDWUL[ LV GHILQHG DV VHHQ LQ (TXDWLRQ $����

൙ፍፐ  ᗣ
� � �
� FRV ൧ ࢿ VLQ ൧
� VLQ ൧ FRV ൧

ᗤ �$����

7KH WKLUG WUDQVIRUPDWLRQ PDWUL[ LV SUHVHQWHG DV REVHUYHG LQ (TXDWLRQ $����

൙ፐፏ  ᗣ
FRVဋ ࢿ VLQဋ �
VLQဋ FRVဋ �
� � �

ᗤ �$����

0XOWLSO\LQJ WKHVH WKUHH WUDQVIRUPDWLRQ PDWULFHV DV VHHQ LQ (TXDWLRQ $�� WUDQVIRUPV WKH SHULIRFDO FRRU�
GLQDWHV WR SODQHW�FHQWHUHG LQHUWLDO FRRUGLQDWHV�
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