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,Q� WKLV�SDSHU��ZH�SUHVHQW�D�PHWKRG� WR�RSWLPL]H� FORFNHG

FLUFXLWV�E\�UHORFDWLQJ�DQG�FKDQJLQJ�WKH�WLPH�RI�DFWLYDWLRQ�RI

UHJLVWHUV�WR�PD[LPL]H�WKURXJKSXW���2XU�PHWKRG�LV�EDVHG�RQ

VRIWZDUH�SLSHOLQLQJ� LQVWHDG� RI� UHWLPLQJ�� � 7KH� WZR�PHWKRGV

KDYH� WKH� VDPH� RYHUDOO� FRPSOH[LW\�� EXW� XQOLNH� SUHYLRXVO\

SXEOLVKHG� UHWLPLQJ� PHWKRGV�� WKH� WLPH� FRQVXPLQJ� VWHS� RI

VHDUFKLQJ� DQ� DGHTXDWH� FORFN� SHULRG� LV� DYRLGHG�� VLQFH� WKH

RSWLPDO� FORFN� SHULRG� LV� DOZD\V� D� VROXWLRQ�� 7KH� UHVXOWLQJ

FLUFXLW�LV�D�PXOWL�SKDVH�FORFNHG�FLUFXLW��ZKHUH�DOO�WKH�FORFNV

KDYH� WKH� VDPH� SHULRG�� � (GJH�WULJJHUHG� IOLS�IORSV� DUH� XVHG

ZKHUH� WKH�FRPELQDWLRQDO�GHOD\V�H[DFWO\�PDWFK� WKDW�SHULRG�

ZKHUHDV� OHYHO�VHQVLWLYH� ODWFKHV� DUH� XVHG� HOVHZKHUH

LPSURYLQJ�WKH�DUHD�RFFXSLHG�E\�WKH�FLUFXLW��([SHULPHQWV�RQ

H[LVWLQJ� DQG� QHZO\� GHYHORSHG� EHQFKPDUNV� VKRZ� D

VXEVWDQWLDO� SHUIRUPDQFH� LPSURYHPHQW� FRPSDUHG� WR

SUHYLRXVO\�SXEOLVKHG�ZRUN�

���,QWURGXFWLRQ

,Q� D� V\QFKURQRXV� FLUFXLW�� FORFNHG� VWRUDJH� HOHPHQWV� DUH
XVHG� WR� UHJXODWH� WKH�GDWD� IORZ�DQG� WR�SURYLGH� VWDEOH� LQSXWV
ZKLOH� IXQFWLRQV� �FRPELQDWLRQDO� ORJLF�� DUH� HYDOXDWHG�� � 7KH
VSHHG�RI�WKH�FLUFXLW�LV�GHWHUPLQHG�QRW�RQO\�E\�WKH�FDOFXODWLRQ
WLPH�RI�WKHVH�IXQFWLRQV��EXW�DOVR�E\�WKH�WLPH�ZDVWHG�ZDLWLQJ
IRU� WKH� V\QFKURQL]DWLRQ�SRLQW� �FORFN�� WR�DUULYH��)RU�FLUFXLWV
V\QFKURQL]HG�E\�D� VLQJOH�SHULRGLF�HYHQW� �VLQJOH�FORFN��� WKH
ZDVWHG�WLPH�EHWZHHQ�WZR�VWRUDJH�HOHPHQWV��UHJLVWHUV��LV�WKH
SHULRG� GXUDWLRQ� PLQXV� WKH� FRPELQDWLRQDO� GHOD\� EHWZHHQ
WKHVH�VWRUDJH�HOHPHQWV���,Q�WKLV�SDSHU�ZH�IRFXV�RQ�PHWKRGV
IRU�PLQLPL]LQJ�WKDW�ZDVWHG�WLPH���7KH�SURSRVHG�PHWKRG�DOVR
LGHQWLILHV� WKH� FLUFXLW� SDWK� WKDW� OLPLWV� WKH� VSHHG�� IRU� IXUWKHU
RSWLPL]DWLRQ�LI�QHFHVVDU\�

/HLVHUVRQ� DQG� 6D[H� >��@� UHGXFHG� WKH� ZDVWHG� WLPH� E\
PRYLQJ�UHJLVWHUV� WR�PLQLPL]H� WKH�PD[LPXP�FRPELQDWLRQDO
GHOD\�EHWZHHQ�WZR�UHJLVWHUV�DQG�FKDQJLQJ� WKH�FORFN�SHULRG
WR� WKDW� YDOXH�� � 7KLV� UHJLVWHU� PRYHPHQW� GRHV� D� EHWWHU
UHSDUWLWLRQ�RI�FRPELQDWLRQDO�ORJLF��UHVXOWLQJ�LQ�D�WLJKWHU�ILW�LQ
WKH�FORFN�SHULRG���7KH�PHWKRG�WKH\�SUHVHQW��FDOOHG�UHWLPLQJ�
LV� SURYHG� WR� JLYH� WKH� UHJLVWHU� SODFHPHQW� WKDW� SHUPLWV� WKH
VPDOOHVW�FORFN�SHULRG�XQGHU�WKH�FRQVWUDLQWV�WKDW�UHJLVWHUV�DUH

HGJH�WULJJHUHG� DQG� DUH� DOO� FRQWUROOHG� E\� WKH� VDPH� FORFN�
+RZHYHU�� LW�ZDV� IRXQG� WKDW� LQ�PDQ\� FDVHV� WKDW� VROXWLRQ� LV
QRW� RSWLPDO�� EHFDXVH� UHJLVWHUV�FDQQRW� DOZD\V� EH�PRYHG� VR
WKDW�QR�WLPH�LV�ZDVWHG�RQ�WKH�FULWLFDO�SDWK���,QGHHG��D�SDUW�RI
WKH� FLUFXLW� LV� DOZD\V� ³UHWLPHG´� E\� DQ� LQWHJUDO� QXPEHU� RI
SHULRGV��ZLWK�VRPH�NLQG�RI�IUDFWLRQDO�UHWLPLQJ��EHWWHU�UHVXOWV
FRXOG�EH�REWDLQHG�

/RFN\HDU� DQG� (EHOLQJ� >��@� SUHVHQWHG� DQ� H[WHQVLRQ� WR
UHWLPLQJ�XVLQJ�OHYHO�VHQVLWLYH�UHJLVWHUV��ODWFKHV��ZLWK�PXOWL�
SKDVH�FORFNV��WKH�SKDVHV�EHLQJ�IL[HG�E\�WKH�GHVLJQHU�LQVWHDG
RI�EHLQJ� FRPSXWHG� DXWRPDWLFDOO\�� �7KH� XVH�RI�PXOWL�SKDVH
FORFNV�SHUPLWV�WR�³UHWLPH´�D�SDUW�RI�WKH�FLUFXLW�E\�RQH�SKDVH
LQVWHDG�RI� D�ZKROH� SHULRG��ZKLFK� JLYHV� D� EHWWHU� UHVROXWLRQ
DQG� WKXV� D� WLJKWHU� ILW� WR� UHGXFH�ZDVWHG� WLPH�� � ,Q� IDFW�� WKDW
PHWKRG�ZLOO�JLYH�DQ�RSWLPDO�VROXWLRQ��ZLWK�QR�ZDVWHG� WLPH
RQ�WKH�FULWLFDO�SDWK��EXW�RQO\�LI�WKH�SKDVHV�VSHFLILHG�SHUPLW�LW
DQG�XQGHU�WKH�DVVXPSWLRQ�RI�XVLQJ�D�SHUIHFW�FORFN�

'HRNDU� DQG� 6DSDWQHNDU� >�@� GHILQH� WKH� ³HTXLYDOHQFH
EHWZHHQ� FORFN� VNHZ� DQG� UHWLPLQJ´�� ZKLFK� WKH\� XVH� WR
PLQLPL]H� WKH� FORFN� SHULRG�� � 7KH\� ILUVW� FDOFXODWH� D� ³VNHZ´
WKDW�VKRXOG�EH�DSSOLHG�WR�WKH�FORFN�LQSXW�RI�HDFK�IOLS�IORS�LQ
RUGHU� WR� KDYH� WKH� GHVLUHG� SHULRG�� � 7KHQ� WKH\� DSSO\� WKDW
HTXLYDOHQFH�WR�UHWLPH�WKH�FLUFXLW�WR�EULQJ�GRZQ�WKH�³VNHZV´
WR�]HUR��RU�DV�FORVH�DV�SRVVLEOH����,I�WKH�³VNHZV´�DUH�QRW�]HUR�
WKH\� FDQ� EH� IRUFHG� WR� ]HUR� �LQFUHDVLQJ� D� OLWWOH� WKH� FORFN
SHULRG��RU�DGG�FLUFXLWU\�WR�LPSOHPHQW�WKDW�VNHZ�RQ�WKH�FORFN�
,W� LV� QRW� FOHDU� WKDW� WKH� FLUFXLW�ZLWK� WKH� VNHZV� RQ� WKH� FORFN
ZLOO� EH� FRUUHFW� EHFDXVH� WKH\� LJQRUH� WKH� VKRUW� SDWK
FRQVWUDLQWV�

0DKHVKZDUL� DQG� 6DSDWQHNDU� >��@>��@� XVH� UHWLPLQJ� WR
UHGXFH� WKH� DUHD� �QXPEHU� RI� UHJLVWHU�� IRU� D� JLYHQ� FORFN
SHULRG���7KH\�XVH�D�ORQJHVW�SDWK�DOJRULWKP�WR�ILQG�$6$3�DQG
$/$3�ORFDWLRQV�RI�WKH�UHJLVWHUV��ZKLFK�SHUPLW�WR�UHGXFH�WKH
FRPSXWDWLRQ� WLPH� E\� UHGXFLQJ� WKH� VL]H� RI� WKH� OLQHDU
SURJUDPPLQJ�SUREOHP�WR�EH�VROYHG�

,VKLL��/HLVHUVRQ�DQG�3DSDHIWK\PLRX�>�@�SUHVHQW�PHWKRGV
WR� PLQLPL]H� WKH� FORFN� SHULRG� RQ� D� PXOWL�SKDVH� OHYHO
VHQVLWLYH�FORFNHG�FLUFXLW���7KH\�DOVR�VKRZ�KRZ�WR�FRQYHUW�DQ
HGJH�WULJJHUHG� FORFNHG� FLUFXLW� LQWR� D� IDVWHU� OHYHO�VHQVLWLYH
RQH���7KH�PHWKRG�LV�LQ�WZR�VWHSV��UHWLPLQJ�DQG�FORFN�WXQLQJ�
)RU� D� N�SKDVH� VLPSOH� FLUFXLW��PLQLPL]LQJ� WKH� FORFN� SHULRG
XVLQJ� FORFN� WXQLQJ� LV� 2�N _9_��� DQG� UHWLPLQJ� WR� DFKLHYH� D
JLYHQ� FORFN� SHULRG� IRU� IL[HG� GXW\�UDWLRV� LV� 2�N _9_���
$SSUR[LPDWLRQ�VFKHPHV�IRU�VROYLQJ�WKH�WZR�VWHSV�DW�RQFH��WR



DFKLHYH� WKH� PLQLPXP� FORFN� SHULRG�� DUH� JLYHQ�� � )RU
VLPXOWDQHRXV�UHWLPLQJ�DQG�FORFN� WXQLQJ�ZLWK�QR�FRQGLWLRQV
RQ�WKH�GXW\�F\FOHV�RQ�D�WZR�SKDVH�FLUFXLW��DQ�DSSUR[LPDWLRQ�
ZLWK�D�SHULRG�DW�PRVW���+ε��WLPHV�WKH�RSWLPDO��FDQ�EH�IRXQG
LQ� 2�_9_� ε
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SKDVH�� WKH� UXQQLQJ� WLPH� IRU� WKDW� DSSUR[LPDWLRQ� FRQWDLQV� D

IDFWRU�RI� N−ε ��ZKLFK�LV�LPSUDFWLFDOO\�ODUJH�IRU�VPDOO�YDOXHV
RI�ε�

/HJO��9DQEHNEHUJHQ� DQG�:DQJ� >��@�H[WHQG� UHWLPLQJ� WR
KDQGOH�FLUFXLWV�ZKHUH�QRW�DOO�WKH�UHJLVWHUV�DUH�HQDEOHG�DW�WKH
VDPH�WLPH�� �7KH�LGHD�LV� WKDW� LW¶V�SRVVLEOH�WR�PRYH�UHJLVWHUV
DFURVV� D� ORJLF�EORFN� RQO\� LI� WKH\� DUH� HQDEOHG� E\� WKH� VDPH
VLJQDO���7KH\�GR�QRW�FKDQJH�WKH�HQDEOH�WLPH�RI�UHJLVWHUV�

:RUN� KDV� DOVR� EHHQ� GRQH� WR� VSHHGXS� ORRSV� RQ� SDUDOOHO
SURFHVVRUV�� � 7KH� VRIWZDUH� SLSHOLQLQJ� PHWKRG� GLVFXVVHG� LQ
>�@� JLYHV� DQ� RSWLPDO� VFKHGXOH� RI� WKH� RSHUDWLRQV� �ZLWK� QR
ZDVWHG�WLPH�RQ�WKH�FULWLFDO�F\FOH��LI�WKHUH�DUH�QR�FRQVWUDLQWV
RQ�WKH�UHVRXUFHV��QXPEHU�RI�RSHUDWLYH�XQLWV����$OVR��WKHUH�DUH
PHWKRGV�WKDW�XVH�UHWLPLQJ�DV�DQ�KHXULVWLF� WR� ILQG�VFKHGXOHV
ZKHQ�WKHUH�DUH�UHVRXUFH�FRQVWUDLQWV�>�@�

:H� SUHVHQW� D� PHWKRG� WKDW� XVH� VRIWZDUH� SLSHOLQLQJ�
LQVWHDG� RI� UHWLPLQJ�� WR� ILQG� DQ� RSWLPDO� VFKHGXOH� RI� WKH
RSHUDWLRQV� LQ� D� FLUFXLW�� DQG� WKHQ� D� ZD\� WR� UHFRQVWUXFW� WKH
FLUFXLW� IURP� WKDW� VFKHGXOH�� � 6FKHGXOLQJ� LV� PXFK� OLNH
FDOFXODWLQJ�WKH�FORFN�VNHZV�>�@>��@>��@��EXW�WKHQ�ZH�GR�QRW
DSSO\� UHWLPLQJ� DFFRUGLQJ� WR� WKDW� VFKHGXOH�� � $V� VDLG
SUHYLRXVO\�� QRW� WDNLQJ� LQWR� DFFRXQW� WKH� VKRUW� SDWK� SUREOHP
FDQ� FDXVH� XQSUHGLFWDEOH� FLUFXLWV� ZKHQ� WKH� VNHZV� DUH� QRW
IRUFH� WR� EH� ]HUR�� DQG� GRLQJ� VR� UHVXOWV� LV� D� VLQJOH� SKDVH
FLUFXLW��WKH�VDPH�OLPLWDWLRQ�DV�WKH�RULJLQDO�UHWLPLQJ�>��@��ZH
DUH�FRQVLGHULQJ�WKH�ZRUVW�FDVH�OHQJWK�IRU�VKRUW�SDWKV��2QFH
WKH� VFKHGXOH� LQ� GRQH�� ZH� SODFH� UHJLVWHUV� ZLWK� DQ� 2��_(_��
DOJRULWKP��ZLWKRXW� ORRNLQJ� DW�ZKHUH� WKH\�ZHUH� SUHYLRXVO\�
2XU�PHWKRG�KDV�DV�RXWSXW�D�FLUFXLW�ZLWK�D�PXOWL�SKDVH�FORFN�
QHLWKHU� WKH� SKDVHV� QRU� WKHLU� FRXQW� LV� IL[HG� D� SULRUL� OLNH� LQ
VRPH� SUHYLRXV� ZRUN� >�@>��@�� � 2XU� PHWKRG� LV� QRW� DQ
DSSUR[LPDWLRQ��DQG�WKH�UXQQLQJ�WLPH�LV�ORZ�HYHQ�IRU�FLUFXLWV
ZLWK�PDQ\�SKDVHV��XQOLNH�WKH�ZRUN�RI�,VKLL�>�@���:H�GR�QRW
KDQGOH�WKH�SUREOHP�RI�ILQGLQJ�D�VROXWLRQ�ZLWK�FRQVWUDLQWV�RQ
WKH�FORFN�SKDVHV��ZKLFK�LV�GRQH�LQ�,VKLL¶V�ZRUN�E\�KDYLQJ�D
IL[HG�QXPEHU�RI�SKDVHV�DQG�SHUPLWWLQJ�WR�GR�UHWLPLQJ�ZLWK
IL[HG�GXW\�UDWLRV�

7KH�PDLQ�FRQWULEXWLRQV�RI�WKLV�SDSHU�DUH�WKH�IROORZLQJ�
�� 7KH�PHWKRG� LV�QRW� OLPLWHG� WR�HGJH�WULJJHUHG�IOLS�IORSV�RU
OHYHO�VHQVLWLYH�ODWFKHV�RQO\��EXW�RXU�SURSRVHG�VROXWLRQ�FDQ
XVH�D�PL[WXUH�RI�WKH�WZR��ZKLFK�LV�DXWRPDWLFDOO\�IRXQG�E\�D
OLQHDU�DOJRULWKP�
�� 7KH� RYHUDOO� FRPSOH[LW\� RI� RXU� PHWKRG� LV� 2�_9_
_(_�ORJ�_9_�G

PD[
����RU�2�_9__(_�G

PD[
��IRU�VPDOO�LQWHJUDO�GHOD\V

>�@��ZKHUH�_9_�LV��WKH�QXPEHU�RI�FRPSXWLQJ�HOHPHQWV�LQ�WKH
FLUFXLW�� _(_� LV� WKH� QXPEHU� RI� FRQQHFWLRQV� EHWZHHQ� WKHVH
HOHPHQWV� DQG� G

PD[
� LV� WKH� PD[LPXP� GXUDWLRQ� RI� WKH

FRPSXWDWLRQV�GRQH�E\�WKH�HOHPHQWV���7KH�FRPSOH[LW\�RI�WKH
UHWLPLQJ� PHWKRG� LV� 2�_9__(_�ORJ_9_�� >��@�� (YHQ� LI� WKH

RYHUDOO� FRPSOH[LW\� RI� WKH� WZR� DSSURDFKHV� LV� VLPLODU�� ZH
DYRLG�WKH�FRPSXWDWLRQ�RI�DOO�SDLU�VKRUWHVW�SDWKV��ZKLFK�LV�D
KHDY\�EXUGHQ�UHJDUGLQJ�ERWK�VSDFH�DQG�WLPH���2XU�PHWKRG
KDV�DQ�XSSHU�ERXQG�QRW�KLJKHU�WKDQ�DQ\�FORFN�PLQLPL]DWLRQ
PHWKRG�GHVFULEHG�LQ�SUHYLRXV�ZRUN�FLWHG�LQ�WKLV�SDSHU�
�� 7KH� RSWLPDO� VROXWLRQ� WR� WKH� FORFN� SHULRG� PLQLPL]DWLRQ
SUREOHP�LV�DOZD\V�DFKLHYHG�
�� 6RPH�FRPELQDWLRQDO� IXQFWLRQV�PD\�KDYH�D�GHOD\�JUHDWHU
WKDQ�WKH�FORFN�SHULRG���,Q�WKLV�FDVH��WKH�RSWLPDO�WKURXJKSXW
FDQ�EH�UHDFKHG�E\�LQFUHDVLQJ�WKH�QXPEHU�RI�IXQFWLRQDO�XQLWV
UHDOL]LQJ�WKH�IXQFWLRQ�
7KLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV���6HFWLRQ���UHFDOOV�WKH

QRWDWLRQV� DQG� GHILQLWLRQV� XVHG� LQ� WKLV� ZRUN�� � 6HFWLRQ� �
SUHVHQWV� WKH�PDLQ� DOJRULWKP� XVHG� DV� D� UHSODFHPHQW� WR� WKH
UHWLPLQJ� DSSURDFK�� � ,W� JLYHV� DOVR� WKH� PDLQ� WKHRUHPV
FRQFHUQLQJ�WKH�YDOLGLW\�RI�RXU�DSSURDFK���6HFWLRQ���JLYHV�WKH
DOJRULWKPV� IRU� UHJLVWHU� SODFHPHQW� DQG� WKH� DXWRPDWLF
VHOHFWLRQ� RI� HGJH�WULJJHUHG� RU� OHYHO�VHQVLWLYH� VWRUDJH�
6HFWLRQ� �� SUHVHQWV� WKH� LPSOHPHQWDWLRQ� DQG� H[SHULPHQWDO
UHVXOWV�� �6HFWLRQ���FRQFOXGHV� WKH�SDSHU�DQG�SRLQWV� WR� VRPH
IXWXUH�ZRUN�

7KH� DOJRULWKPV�� SURRIV� WR� WKH� OHPPDV� DQG� VRPH
H[WHQVLRQV�KDYH�EHHQ�PRYHG�RXW�RI�WKLV�SDSHU�WR�D�ZHE�SDJH
>��@�

���3UHOLPLQDULHV

,Q� WKLV� VHFWLRQ��ZH� GHILQH� WKH� JUDSK� UHSUHVHQWDWLRQ� RI� D
VHTXHQWLDO�FLUFXLW��WKH�³UHWLPLQJ´�WUDQVIRUPDWLRQ�RI�DQ�HGJH�
ZHLJKWHG�JUDSK��DQG�WKH�EDVLF�QRWLRQ�RI�VFKHGXOH�

�����,QSXW�&LUFXLW�'HILQLWLRQ

$V�LQ�WKH�RULJLQDO�UHWLPLQJ�DUWLFOH�>��@��WKH�LQSXW�FLUFXLW�LV
IRUPHG�E\�FRPELQDWLRQDO�FRPSXWLQJ�HOHPHQWV�VHSDUDWHG�E\
UHJLVWHUV���:H�PRGHO�WKDW�FLUFXLW�DV�D�ILQLWH��YHUWH[�ZHLJKWHG�
HGJH�ZHLJKWHG�� GLUHFWHG� PXOWLJUDSK�*�=�〈9��(��G��Z〉�� � 7KH
YHUWLFHV�9� UHSUHVHQW� WKH� IXQFWLRQDO� HOHPHQWV� RI� WKH� FLUFXLW�
DQG�WKH\�DUH�LQWHUFRQQHFWHG�E\�HGJHV�(���(DFK�YHUWH[�Y�∈�9
KDV� D� SURSDJDWLRQ� GHOD\�G�Y��∈�4� �ZKLFK� LV� WKH�PD[LPXP
GHOD\� EHIRUH� LWV� RXWSXWV� VWDELOL]H�� DQG� ZH� GR� QRW� VXSSRVH
WKHUH�LV�D�PLQLPXP�GHOD\�EHIRUH�LWV�RXWSXWV�FKDQJH�� �(DFK
HGJH� H�∈�(� LV� ZHLJKWHG� ZLWK� D� UHJLVWHU� FRXQW� Z�H��∈�1
UHSUHVHQWLQJ� WKH� QXPEHU� RI� UHJLVWHUV� VHSDUDWLQJ� WZR
IXQFWLRQDO�HOHPHQWV�� �:H�H[WHQG� WKH�G�DQG�Z� IXQFWLRQV� IRU
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QRW�WDNH�LQWR�DFFRXQW�WKH�ZHLJKW�RI�WKH�ODVW�YHUWH[����:H�DOVR
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)LJXUH���VKRZV�WKH�JUDSK�IRU�WKH�FRUUHODWRU�H[DPSOH�>��@�
7KLV� FLUFXLW� GRHV� DQ� LWHUDWLYH�SURFHVV�� DW� HDFK� FORFN� F\FOH�
WKH� FLUFXLW� FDOFXODWHV� QHZ� YDOXHV� IURP� WKH� SUHYLRXVO\
FDOFXODWHG�RQHV���7KH�UHJLVWHU�FRXQWV�FDQ�EH�WKRXJKW�RI�DV�WKH
QXPEHU�RI�LWHUDWLRQV�EHWZHHQ�WKH�WLPH�WKH�YDOXH�LV�FDOFXODWHG
DQG�WKH�WLPH�LW�LV�XVHG��H�J��LQ�)LJXUH���WKH�HOHPHQW�Y��XVHV
WKH� UHVXOW� RI� WKH� SUHYLRXV� LWHUDWLRQ� RI� HOHPHQW� Y���� � %\
WKLQNLQJ� RI� WKH� JUDSK� DV� DQ� LQWHU� DQG� LQWUD�LWHUDWLRQ
GHSHQGHQF\� JUDSK�� LQVWHDG�RI� QXPEHU�RI� UHJLVWHUV�� ZH� FDQ
XVH�DQ�DOJRULWKP�IRU�RSWLPDO�ORRS�VFKHGXOLQJ�>�@�WR�KDYH�WKH
PD[LPDO� WKURXJKSXW�� ZKLFK� LV� OLPLWHG� RQO\� E\� GDWD
GHSHQGHQFLHV�DQG�SURSDJDWLRQ�GHOD\V���7KLV�VFKHGXOH�LV�QRW
OLPLWHG�E\� WKH� FORFN�SHULRG�RU� WKH�SRVLWLRQ�RI� WKH� UHJLVWHUV
�SURYHG�LQ�/(00$������5HJLVWHU�SODFHPHQW�LV�SHUIRUPHG�DW�D
VXEVHTXHQW�VWHS�WKDW�WDNHV�WKH�UHVXOWV�RI�WKH�VFKHGXOLQJ�VWHS
DV�LQSXW�
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)LJXUH�����$�VLPSOH�FRUUHODWRU�FLUFXLW�

�����5HWLPLQJ�>��@

5HWLPLQJ� FDQ� EH� YLHZHG� DV� D� GLVSODFHPHQW� DVVLJQHG� WR
HDFK�YHUWH[��ZKLFK�DIIHFWV�WKH�OHQJWK��ZHLJKWV��RI�WKH�HGJHV�
WDNLQJ� ZHLJKW� IURP� RQH� VLGH� DQG� SXWWLQJ� LW� RQ� WKH� RWKHU�
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VFKHGXOHG�WLPH� LV�3�PLQXV� WKH�PD[LPXP�RI� WKH� OHQJWKV�RI
WKH�HGJHV�WKDW�JR�WR��H[LW�IURP��WKDW�UHJLVWHU�

,Q� RXU� H[DPSOH�� UHJLVWHU� H� PXVW� EH� HQDEOHG� H[DFWO\� DW
WLPH���EHFDXVH�WKHUH�LV�DQ�HGJH�RI�OHQJWK����IURP�DQG�WR�H�
VR�LW�ZLOO�EH�HGJH�WULJJHUHG��EXW�UHJLVWHU�I�FDQ�VWD\�HQDEOHG��
XQLWV� RI� WLPH� DIWHU� �� DQG� FDQ� EH� HQDEOHG� �� XQLWV� RI� WLPH
EHIRUH�� VR� LW� FDQ� EH� OHYHO�VHQVLWLYH� HQDEOHG� DW� WLPH� �� DQG
GLVDEOHG� DW� WLPH� ���≡��� PRG�3�� � 7DEOH� �� JLYHV� D� IHDVLEOH
VROXWLRQ�IRU�UHJLVWHUV¶�DFWLYDWLRQ�WLPH��WKH�LQWHUYDOV�EHLQJ�WKH
HQDEOH� SHULRG� RI� WKH� ODWFKHV� �VLQJOH� YDOXHV� DUH� IRU� HGJH�
WULJJHUHG�UHJLVWHUV��� �7KH� LPSOHPHQWDWLRQ�RI� WKH�FLUFXLW� FDQ
EH�GRQH�ZLWK�D�WZR�SKDVH�FORFN��H�DQG�G�EHLQJ�FORFNHG�E\
WKH�ILUVW�SKDVH�DQG�D��E��F�DQG�I�EHLQJ�FORFNHG�E\�WKH�VHFRQG
RQH���E��F�DQG�H�DUH�HGJH�WULJJHUHG�DQG�D��G�DQG�I��DUH�OHYHO�
VHQVLWLYH�� � 7KLV� VROXWLRQ� KDV� WKH� VDPH� SHULRG� DV� WKH� RQH
SUHVHQWHG�E\�/RFN\HDU�>��@��EXW�DVVXPLQJ�WKDW�WKH�FRVW�RI�DQ
HGJH�WULJJHUHG� UHJLVWHU� LV� 5� DQG� D� ODWFK� 5���� WKH� VWRUDJH
HOHPHQW�FRVW�IRU�WKHLU�FLUFXLW�LV��5�ZKLOH�RXUV�LV����5���7KLV
UHSUHVHQWV�D�����LPSURYHPHQW�LQ�WKH�DUHD�RFFXSLHG�E\�WKH
UHJLVWHUV�� � $OVR�� ZH� FDQ� XVH� D� WZR�SKDVH� FORFN� ZLWK� DQ
XQGHUODS�EHWZHHQ�SKDVHV�ZLWKRXW�FKDQJLQJ�WKH�SHULRG�



���([SHULPHQWDWLRQ�DQG�LPSOHPHQWDWLRQ

)RU� RXU� H[SHULPHQWDWLRQ�� ZH� KDYH� XVHG� D� WRRO� WKDW� ZH
GHYHORSHG� SULPDULO\� IRU� ORRS� DFFHOHUDWLRQ� FDOOHG� /�$�� ,W
DFFHSWV�D�GHVFULSWLRQ�LQ�VWDQGDUG�&�DQG�SURGXFHV�DQ�LQWHUQDO
IRUPDW� ZKHUH� F\FOLF� EHKDYLRUV� DUH� H[SOLFLW�� 7KLV
LQWHUPHGLDWH� IRUPDW� FDQ� EH� XVHG� DV� LQSXW� WR� GLIIHUHQW
DOJRULWKPV�DQG�&$'�WRROV�WKDW�ZH�LQWHQG�WR�GHYHORS�LQ�WKH
IXWXUH�� 7R� IDFLOLWDWH� WKH� GHYHORSPHQW� ZH� VWDUWHG� IURP� D
UHWDUJHWDEOH� &� &RPSLOHU� PHDQW� WR� EH� PRGLILHG� DQG
UHWDUJHWHG� HDVLO\� >�@�� � 7KH� ILUVW� EHQFKPDUN� LV� WKH� RQH
SUHVHQWHG� LQ� >��@>��@�� ,Q� RUGHU� WR� FRPSDUH� RXU� UHVXOWV� ZH
DOVR� LPSOHPHQWHG� WKH� RULJLQDO� UHWLPLQJ� PHWKRG� >��@�� 7KH
DFFHOHUDWLRQ� LV� ]HUR� IRU� H[DPSOHV� ZKHUH� RQO\� RQH� FORFN
SKDVH�LV�QHHGHG�WR�KDYH�DQ�RSWLPDO�VFKHGXOH��EXW�YDULHV�IURP
���WR������ZKHQ�PRUH�SLSHOLQLQJ�LV�SRVVLEOH�ZLWK�PXOWLSOH
SKDVHV�

:H�GHYHORSHG�WKH�VFDODU�SURGXFW�H[DPSOH�DQG�WUDQVODWHG
IURP� 9+'/� WR� &� VRPH� H[DPSOHV� IURP� WKH� +/6\QWK��
EHQFKPDUN� VXLWH� >��@�� � ,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH
HOOLSWLF�ILOWHU�VSHFLILFDWLRQ�LQ�WKH�VXLWH�FDQQRW�EH�DFFHOHUDWHG�
EXW�E\� UH�ZULWLQJ� WKH� VSHFLILFDWLRQ�� XVLQJ� WUHH�EDODQFLQJ�RI
WKH� H[SUHVVLRQV�� ZH� REWDLQ� DQ� DFFHOHUDWLRQ� RI� ����� XVLQJ
UHWLPLQJ�DQG�DQ�DGGLWLRQDO����XVLQJ�RXU�PHWKRG�

�SHULRG UHJLVWHUV
 SKDVHV DFFHOHUDWLRQ
UHWLPLQJ /�$� UHWLPLQJ /�$�

FRUUHODWRU �� �� � ��� � ���
VFDODU�SURGXFW � � � � � ����
N�SHULRGLF � �/� � ����RU�� ��RU�� ���
GLIIHT � � � � � ��
HOOLSI �� �� �� �� � ��
PRGLILHG�HOOLSI � ��/� �� ���� � ��


� UHJLVWHU� FRXQW� LV� WKH� QXPEHU� RI� HGJH�WULJJHUHG� SOXV� ���� WKH
QXPEHU�RI�OHYHO�VHQVLWLYH�VWRUDJH�

���&RQFOXVLRQ�DQG�IXWXUH�ZRUN

,Q� WKLV� ZRUN�� ZH� VKRZHG� WKDW� VRIWZDUH� SLSHOLQLQJ
WHFKQLTXHV� DUH� DQ� H[FHOOHQW� DOWHUQDWLYH� WR� UHWLPLQJ
WHFKQLTXHV� LQ� VHTXHQWLDO� FLUFXLW� RSWLPL]DWLRQ��7KH� UHVXOWLQJ
FLUFXLW�KDV�DQ�RSWLPDO�WKURXJKSXW�XVLQJ�PXOWL�SKDVH�FORFNHG
FLUFXLWV� ZLWK� D� FRPELQDWLRQ� RI� HGJH�WULJJHUHG� DQG� OHYHO
VHQVLWLYH� VWRUDJH�� 7KH� FRPSXWLQJ� FRPSOH[LW\� LV� VLPLODU� WR
SUHYLRXVO\� SXEOLVKHG�PHWKRGV� EXW�ZH� KDYH� D� JXDUDQWHH� RI
DOZD\V� REWDLQLQJ� WKH� RSWLPDO� VROXWLRQ� UHJDUGLQJ� WKH
WKURXJKSXW�� DFFRUGLQJ� WR� WKH� SUHFLVLRQ� RI� WKH� JUDSK
UHSUHVHQWDWLRQ� RI� WKH� FLUFXLW�� 7KH� SKDVHV� DUH� DXWRPDWLFDOO\
FRPSXWHG� DQG� WKH� UHJLVWHUV� DUH� SODFHG� E\� D� JUHHG\
DOJRULWKP�� )XWXUH� ZRUN� LQFOXGHV� WKH� GHVLJQ� RI� DQ� RSWLPDO
DOJRULWKP�WR�PLQLPL]H�WKH�QXPEHU�RI�FORFN�SKDVHV�DQG� WKH
QXPEHU� RI� UHJLVWHUV� DQG� PD[LPL]H� FKDLQLQJ�� %HQFKPDUNV
KDYH�VKRZQ� WKDW� UHZULWLQJ�RI� WKH� LQLWLDO� VSHFLILFDWLRQ�XVLQJ
DOJHEUDLF� WUDQVIRUPDWLRQV� �OLNH� DVVRFLDWLYLW\� DQG

FRPPXWDWLYLW\��FDQ�KDYH�D� WUHPHQGRXV� LPSDFW�RQ� WKH� ILQDO
UHVXOW��ZH�LQWHQG�WR�DXJPHQW�RXU�WRRO�XVLQJ�VXFK�FDSDELOLWLHV�
2XU� ZRUN� KDV� WR� EH� H[WHQGHG� WR� WDNH� LQWR� DFFRXQW� FORFN
VNHZV� DQG� WR�PLQLPL]H� WKH� LPSDFW� RI� VXFK� SKHQRPHQD� RQ
WKH� RYHUDOO� SHUIRUPDQFHV�� � ,Q� DGGLWLRQ�� WKH� FLUFXLW� JUDSK
FRXOG�KDYH�PLQLPXP�GHOD\V�RQ�LWV�HGJHV��ZKLFK�LV�WKH�WLPH
EHIRUH� WKH� RXWSXW� RI� FRPELQDWLRQDO� ORJLF� VWDUW� WR� FKDQJH
ZKHQ� WKH� LQSXWV� DUH� FKDQJHG�� � 7KLV� ZRXOG� SHUPLW� WR� KDYH
SDWKV� ORQJHU� WKDQ�3�EHWZHHQ� UHJLVWHUV��ZKLFK�FRXOG�UHGXFH
WKH� QXPEHU� RI� UHJLVWHUV��7UDGHRIIV� EHWZHHQ� WKH� QXPEHU� RI
SKDVHV��VSDFH�DQG�WKURXJKSXW�KDYH�WR�EH�H[SORUHG�
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