
6\QWKHVLV�RI�6\QFKURQRXV�6HTXHQWLDO�/RJLF�&LUFXLWV
IURP�3DUWLDO�,QSXW�2XWSXW�6HTXHQFHV

&KDL\DVLW�0DQRYLW���&KDWFKDZLW�$SRUQWHZDQ�DQG�3UDEKDV�&KRQJVWLWYDWDQD

'HSDUWPHQW�RI�&RPSXWHU�(QJLQHHULQJ��)DFXOW\�RI�(QJLQHHULQJ��&KXODORQJNRUQ�8QLYHUVLW\
%DQJNRN�������7KDLODQG

SUDEKDV#FKXOD�DF�WK

$EVWUDFW�� 7KLV� ZRUN� WDNHV� D� GLIIHUHQW� DSSURDFK� WR� V\QWKHVL]H� D� V\QFKURQRXV
VHTXHQWLDO� ORJLF� FLUFXLW�� �7KH� LQSXW�RI� WKH� V\QWKHVL]HU� LV� D� SDUWLDO� LQSXW�RXWSXW
VHTXHQFH��7KLV� W\SH�RI� VSHFLILFDWLRQ� LV� QRW� VXLWDEOH� IRU� FRQYHQWLRQDO� V\QWKHVLV
PHWKRGV���*HQHWLF�$OJRULWKP��*$��ZDV�DSSOLHG�WR�V\QWKHVL]H�WKH�GHVLUHG�FLUFXLW
WKDW�SHUIRUPV�DFFRUGLQJ�WR�WKH�LQSXW�RXWSXW�VHTXHQFHV��*$�VHDUFKHV�IRU�FLUFXLWV
WKDW� UHSUHVHQW� WKH� GHVLUHG� VWDWH� WUDQVLWLRQ� IXQFWLRQ�� $GGLWLRQDO� FRPELQDWLRQ
FLUFXLWV� WKDW� PDS� VWDWHV� WR� WKH� FRUUHVSRQGLQJ� RXWSXWV� DUH� V\QWKHVL]HG� E\
FRQYHQWLRQDO� PHWKRGV�� 7KH� WDUJHW� RI� RXU� V\QWKHVLV� LV� D� W\SH� RI� UHJLVWHUHG
3URJUDPPDEOH�$UUD\�/RJLF�ZKLFK� LV�FRPPHUFLDOO\� DYDLODEOH� DV�*$/��:H�DUH
DEOH�WR�V\QWKHVL]H�YDULRXV�W\SHV�RI�V\QFKURQRXV�VHTXHQWLDO�ORJLF�FLUFXLW�VXFK�DV
FRXQWHU��VHULDO�DGGHU��IUHTXHQF\�GLYLGHU��PRGXOR���GHWHFWRU�DQG�SDULW\�FKHFNHU�

����,QWURGXFWLRQ

7KH�FRQYHQWLRQDO�PHWKRG�WR�V\QWKHVL]H�D�VHTXHQWLDO�ORJLF�FLUFXLW�UHTXLUHV�NQRZOHGJH
RI� WKH� FLUFXLW¶V�EHKDYLRU� LQ� WKH� IRUP�RI� D� VWDWH� GLDJUDP�� �$� VHTXHQWLDO� QHWZRUN� LV� D
FRPPRQ� VWDUWLQJ� SRLQW� IRU� VHTXHQWLDO� V\QWKHVLV� V\VWHP� VXFK� DV� %HUNHOH\� 6\QWKHVLV
6\VWHP� 6,6� >�@�� �:H� DLP� WR� UHDOL]H� DQ� HYROYDEOH� KDUGZDUH� WKDW� FDQ� �PLPLF�� RWKHU
VHTXHQWLDO�FLUFXLW�E\�REVHUYLQJ�LWV�SDUWLDO�LQSXW�RXWSXW�VHTXHQFHV��,Q�WKLV�FDVH��FLUFXLW
VSHFLILFDWLRQV�DUH�LQ�WKH�IRUP�RI�SDUWLDO�LQSXW�RXWSXW�VHTXHQFHV�ZKLFK�DUH�QRW�VXLWDEOH
WR�V\QWKHVL]H�D�FLUFXLW�E\� WKH�FRQYHQWLRQDO�PHWKRG��*HQHWLF�$OJRULWKP��*$��>���@� LV
XVHG� WR� VHDUFK� IRU� FLUFXLWV� WKDW� UHSUHVHQW� WKH� GHVLUHG� VWDWH� WUDQVLWLRQ� IXQFWLRQ�
$GGLWLRQDO� FRPELQDWLRQ� FLUFXLWV� WKDW� PDS� VWDWHV� WR� WKH� FRUUHVSRQGLQJ� RXWSXWV� DUH
V\QWKHVL]HG� E\� FRQYHQWLRQDO� PHWKRGV�� 7KH� VLPXODWHG� HYROXWLRQ� KDV� EHHQ� XVHG� WR
V\QWKHVL]H�D�ILQLWH�VWDWH�PDFKLQH��)60��LQ�>���@�ZKHUH�WKH�UHVXOWLQJ�)60�FDQ�SUHGLFW
WKH�RXWSXW�V\PERO�EDVHG�RQ� WKH� VHTXHQFH�RI� LQSXW�V\PEROV�REVHUYHG�� � ,Q�FRQWUDVW� WR
UHSUHVHQWLQJ� FLUFXLWV� DV� )60V� >�@� SURSRVHV� WKH� DXWRPDWHG� KDUGZDUH� GHVLJQ� DW� WKH
+DUGZDUH� 'HVFULSWLRQ� /DQJXDJH� OHYHO� � XVLQJ� *$�� � >�@� GHVFULEHV� WKH� HYROXWLRQ� RI
KDUGZDUH� DW� IXQFWLRQ�OHYHO� EDVHG� RQ� UHFRQILJXUDEOH� ORJLF� GHYLFHV�� � >���@� HYROYHG
FLUFXLWV�DW� WKH� ORZHVW� OHYHO�� LQ� WKH�DFWXDO� ORJLF�GHYLFHV�� XVLQJ� UHDO�WLPH� LQSXW�RXWSXW�
2XU�ZRUN�LV�VLPLODU�WR�>���@�LQ�WKH�XVH�RI�)60�EXW�ZH�XVH�)60�DV�WKH�PRGHO�RI�WKH
GHVLUHG�FLUFXLW�EHKDYLRU���:H�DLP�WR�HYROYH�WKH�FLUFXLW�DW�WKH�ORJLF�GHYLFH�OHYHO�VLPLODU



WR� >�@�� � 7KH� IROORZLQJ� VHFWLRQV� GHVFULEH� RXU� V\QWKHVLV� PHWKRG�� WKH� H[SHULPHQW� LQ
V\QWKHVL]LQJ�YDULRXV�VLPSOH�VHTXHQWLDO�FLUFXLWV�DQG�WKH�DQDO\VLV�RI�WKH�UHVXOW���1RWDEO\
WKH�DQDO\VLV�DERXW� WKH� OHQJWK�RI� WKH� LQSXW�RXWSXW� VHTXHQFH�ZKLFK�KDV� LPSOLFDWLRQ�RQ
WKH�HIILFLHQF\�RI�WKH�V\QWKHVL]HU�

����7KH�V\QWKHVL]HU

:H�XVH�3URJUDPPDEOH�/RJLF�'HYLFH��3/'��DV�RXU�WDUJHW�VWUXFWXUH��)RU�VLPSOLFLW\��ZH
XVHG� *$/� VWUXFWXUH� ZKLFK� LV� FRPSRVHG� RI� URZV� RI� WZR�OHYHO� VXP�RI�SURGXFW
3URJUDPPDEOH�$UUD\�/RJLF��3$/��FRQQHFWHG�WR�'�IOLS�IORSV��7KH�LPSOHPHQWHG�PRGHO
KDV�IRXU�ORJLF�WHUPV�SHU�RQH�IOLS�IORS��DQG�KDV�D�WRWDO�RI� IRXU�IOLS�IORSV�� �$�FLUFXLW�LV
VSHFLILHG� E\� D� OLQHDU� ELW�VWULQJ� UHSUHVHQWLQJ� DOO� FRQQHFWLRQ� SRLQWV�� ZKLFK� LV� HQWLUHO\
����ELWV�LQ�OHQJWK���:H�DSSOLHG�*HQHWLF�$OJRULWKP�WR�V\QWKHVL]H�VLPSOH�FLUFXLWV��VXFK
DV�FRXQWHU��VHULDO�DGGHU��IUHTXHQF\�GLYLGHU��PRGXOR���GHWHFWRU�DQG�SDULW\�FKHFNHU��7KH
VSHFLILFDWLRQ�RI�D�GHVLUHG�FLUFXLW�LV�LQ�WKH�IRUP�RI�D�SDUWLDO�LQSXW�RXWSXW�VHTXHQFH��7KH
FLUFXLW�DFTXLUHG�IURP�WKH�HYROXWLRQ�SURFHVV�ZLOO�UHDOL]H�RQO\�WKH�VWDWH�WUDQVLWLRQ�SDUW�
7KH�RXWOLQH�RI�WKH�V\QWKHVL]HU¶V�VWHSV�LV�DV�IROORZV�

��VDPSOH�D�SDUWLDO�LQSXW�RXWSXW�VHTXHQFH�IURP�WKH�WDUJHW�FLUFXLW
��XVH�WKH�VHTXHQFH�DV�LQSXWV�RI�WKH�V\QWKHVL]HU�SURJUDP
��YHULI\�WKH�UHVXOWLQJ�FLUFXLW�LI�WKH�UXQ�\LHOGV�D�VROXWLRQ�ZLWKLQ��������JHQHUDWLRQV
�EHFDXVH�*$�LV�D�SUREDELOLVWLF�DOJRULWKP��QRW�DOO�UXQV�DUH�VXFFHVVIXO�LQ�\LHOGLQJ
D�VROXWLRQ�E\�WKH�VSHFLILF�JHQHUDWLRQ�

������*HQHWLF�2SHUDWLRQV

(DFK�LQGLYLGXDO�LV�UHSUHVHQWHG�E\�D�����ELW�ELW�VWULQJ��:H�GHILQHG�JHQHWLF�RSHUDWRUV�DV
IROORZV�

��5HSURGXFWLRQ��7HQ�QHZ�RIIVSULQJV�VXUYLYH� LQ� WKH�QH[W� JHQHUDWLRQ�E\�VHOHFWLQJ
WKH� ILUVW� ��� ILWWHVW� LQGLYLGXDOV� RUGHUHG� E\� FRPELQHG� UDQN� PHWKRG� >��@
�FDOFXODWHG�IURP�HDFK�LQGLYLGXDO¶V�ILWQHVV�UDQN�DQG�LWV�GLYHUVLW\�UDQN��

��&URVVRYHU��0RUH� LQGLYLGXDOV� EHLQJ� DGGHG� WR� WKH� SRSXODWLRQ� DUH� SURGXFHG� E\
XQLIRUP� FURVVRYHU� >��@�� $OO� SRVVLEOH� SDLUV� DPRQJ� ��� DOUHDG\� VHOHFWHG
LQGLYLGXDOV�DUH�XVHG�WR�SURGXFH�QHZ�RIIVSULQJV��7KDW� LV��ZH�ZLOO�KDYH����QHZ
LQGLYLGXDOV�

��0XWDWLRQ��/DVW���� LQGLYLGXDOV�EHLQJ�DGGHG�DUH�PXWDWHG�YHUVLRQ�RI� WKH� ILUVW���
VHOHFWHG� LQGLYLGXDOV�� 7KH� PXWDWLRQ� SURFHVV� LV� FRQWUROOHG� VR� WKDW� LW� FKDQJHV
H[DFWO\���ELWV�RI�HDFK�LQGLYLGXDO�

:H�DOVR�DGG�VRPH�PRUH�FRQVWUDLQWV��)LUVW��ZH�DYRLG�FUHDWLQJ�D�SURGXFW�WHUP�ZKLFK
DOZD\V� EH� ³�´�� 6HFRQG�� FRQQHFWLRQ� SRLQWV� WR� XQXVHG� LQSXW� VLJQDOV� DUH� OHIW� XQZLUHG�
7KLV�UHGXFHV�WKH�VHDUFK�VSDFH�RI�WKH�SUREOHP�DQG�OHWV�WKH�SURJUDP�FRQFHQWUDWH�RQ�WKH
FRQQHFWLRQ�SRLQWV�WKDW�GR�DIIHFW�WKH�IXQFWLRQ�RI�WKH�FLUFXLW�



������)LWQHVV�(YDOXDWLRQ

$Q�LQGLYLGXDO�LV�HYDOXDWHG�E\�WKH�IROORZLQJ�VWHSV�
��IHHG�RQH�LQSXW�WR�WKH�FLUFXLW�DQG�FORFN�WKH�FLUFXLW
��QH[W�VWDWH�RI�WKH�FLUFXLW�ZRXOG�EH�PDSSHG�ZLWK�WKH�FRUUHVSRQGLQJ�RXWSXW��UHFRUG
WKH� QXPEHU� RI� WLPHV� WKH� VWDWH� KDV� EHHQ� PDSSHG� WR� RXWSXW� ³�´� DQG� ³�´�
LQGHSHQGHQWO\

��UHSHDW�VWHSV���DQG���XQWLO�WKH�HQG�RI�WKH�VHTXHQFH
$IWHU�WKH�VHTXHQFH�LV�FRPSOHWHG��WKH�ILWQHVV�YDOXH�RI�WKH�LQGLYLGXDO��)��LV�FRPSXWHG
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ZKHUH
IL LV�WKH�ILWQHVV�YDOXH�RI�VWDWH�L
SL LV�WKH�QXPEHU�RI�WLPHV�LQ�ZKLFK�VWDWH�L�KDV�WR�EH�PDSSHG�ZLWK�RXWSXW�³�´
TL LV�WKH�QXPEHU�RI�WLPHV�LQ�ZKLFK�VWDWH�L�KDV�WR�EH�PDSSHG�ZLWK�RXWSXW�³�´
6 LV�WKH�QXPEHU�RI�VWDWHV��HTXDO�WR����IRU�WKH�*$/�VWUXFWXUH

%DVHG�RQ�0RRUH¶V�PRGHO��D�VWDWH�RI�DQ�)60�PXVW�EH�PDSSHG�WR�RQO\�RQH�RXWSXW
YDOXH��7KHUHIRUH��DQ\�VWDWH�WKDW�LV�PDSSHG�WR�ERWK�³�´�DQG�³�´�ZLOO�FDXVH�D�SHQDOW\�LQ
WKH� ILWQHVV� YDOXH� DV� VKRZQ� LQ� WKH� IRUPXOD�� )RU� 0HDO\¶V� PRGHO�� WKH� HYDOXDWLRQ� LV
VLPLODU��7KH�GLIIHUHQFH�LV�WKDW�RXWSXW�YDOXHV�DUH�PDSSHG�WR�WUDQVLWLRQ�SDWKV�LQVWHDG�RI
VWDWHV�

������6L]H�RI�,QSXW�2XWSXW�6HTXHQFHV

$�SDUWLDO�LQSXW�RXWSXW�VHTXHQFH��ZKLFK�LV�XVHG�DV�D�FLUFXLW¶V�VSHFLILFDWLRQ��LV�DWWDLQHG
E\�JHQHUDWLQJ�D�VHTXHQFH�RI�LQSXWV��IHHGLQJ�HDFK�RQH�WR�WKH�WDUJHW�PDFKLQH�DQG�WKHQ
UHFRUGLQJ�WKH�FRUUHVSRQGLQJ�RXWSXW�WKDW�WKH�PDFKLQH�JLYHV���7R�EH�D�JHQHUDO�DSSURDFK
DQG� \LHOG� D� VLPSOH� DQDO\VLV�� WKH� LQSXW� VHTXHQFH� LV� FUHDWHG� DW� UDQGRP� ZLWK� XQLIRUP
GLVWULEXWLRQ� �L�H�� DW� DQ\� WLPH�� WKH� SUREDELOLW\� WKDW� WKH� LQSXW� ELW� EH� ³�´� DQG� ³�´� DUH
HTXDO��

7KH� LQSXW�VHTXHQFH�VKRXOG�EH� ORQJ�HQRXJK� WR�H[HUFLVH�DOO� DVSHFWV�RI� WKH�FLUFXLW¶V
IXQFWLRQ��,Q�RWKHU�ZRUGV��LW�VKRXOG�EH�DEOH�WR�WHVW�DOO�SDWKV�RI�WKH�VWDWH�GLDJUDP�RI�WKH
FLUFXLW��$V�PHQWLRQHG�HDUOLHU� LQ� WKLV�SDSHU��ZH� XVH� WKH�*$/�VWUXFWXUH�ZKLFK� FDQ�EH
SURJUDPPHG� DV� D� ���VWDWH� VWDWH� PDFKLQH�� ODUJHU� WKDQ� WKH� GHVLUHG� FLUFXLW¶V� QHHG�
7KHUHIRUH��WKH�LQSXW�VHTXHQFH�VKRXOG�DOVR�EH�ORQJ�HQRXJK�WR�H[HUFLVH�DOO�SDWKV�RI�DQ\
���VWDWH�FLUFXLW��,I�WKH�VHTXHQFH�LV�WRR�VKRUW��LW�PD\�FDXVH�DQ�DPELJXLW\�LQ�GHVFULELQJ
WKH�GHVLUHG�FLUFXLW���,Q�WKLV�SDSHU��ZH�ZLOO�FDOO�WKH�OHQJWK�RI�WKH�LQSXW�VHTXHQFH�ZKLFK
LV� ORQJ� HQRXJK� WR� GHVFULEH� �H[HUFLVH�� RQO\� WKH� GHVLUHG� FLUFXLW� DV� ORZHUERXQG� OHQJWK
DQG�FDOO� WKH� OHQJWK�RI� WKH� LQSXW� VHTXHQFH�ZKLFK� LV� ORQJ�HQRXJK� WR� H[HUFLVH� DQ\����
VWDWH�FLUFXLW�DV�XSSHUERXQG�OHQJWK�

:H�FDQ�ILQG�WKH�SURSHU�VL]H�RI�WKH�LQSXW�VHTXHQFH�E\�PDNLQJ�DQ�DQDORJ\�WR�D�GLFH
UROOLQJ�SUREOHP��&RQVLGHU�UROOLQJ�D�GLFH��KRZ�PDQ\�WLPHV�GR�ZH�KDYH�WR�UROO�LW��XQWLO



DOO�RI�LWV�IDFHV�DSSHDU"�7KLV�SUREOHP�LV�FDOOHG�ZDLWLQJ�WLPHV�LQ�VDPSOLQJ�>��@��LQ�ZKLFK
ZH�FDQ�ILQG�WKH�H[SHFWHG�YDOXH�RI�WKH�QXPEHU�RI�WLPHV�E\�WKH�IROORZLQJ�IRUPXOD�
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&RQVLGHU�D�FLUFXLW�WKDW�KDV�L�ELW�LQSXWV��JLYLQJ�SRVVLEOH�,� ��L�LQSXW�SDWWHUQV��DQG�KDV
6�VWDWHV��:H�DVVXPH�WKDW�DW�DQ\�WLPH��WKH�SUREDELOLW\�WKDW�WKH�FLUFXLW�EH�LQ�DQ\�VWDWH�LV
HTXDO��6R��IURP�WKH�VWDUWLQJ�VWDWH��ZH�H[SHFW�WKH�QXPEHU�RI�VWDWH�WUDQVLWLRQV�WR�EH�(�6�
WR� WUDYHUVH� WKURXJK� DOO� VWDWHV� RI� WKH� VWDWH� GLDJUDP��$QG� DW� DQ\� VWDWH�� ZH� H[SHFW� WKH
QXPEHU�RI�LQSXWV�WR�EH�(�,��WR�WUDYHUVH�WKURXJK�DOO�SDWKV�IURP�WKDW�VWDWH��7KHUHIRUH��WR
WUDYHUVH�WKURXJK�DOO�SDWKV�RI�WKH�VWDWH�GLDJUDP��ZH�ZRXOG�H[SHFW�WKH�QXPEHU�RI�LQSXWV�
WKH�OHQJWK�RI�WKH�LQSXW�VHTXHQFH��WR�EH�

/�� ��(�6��u�(�,��� ���

7KH�ORZHUERXQG�OHQJWK�LV�FRPSXWHG�E\�XVLQJ�6�HTXDO�WR�WKH�QXPEHU�RI�VWDWHV�RI�WKH
FLUFXLW��:KLOH�WKH�XSSHUERXQG�OHQJWK�LV�FRPSXWHG�E\�XVLQJ�6�HTXDO�WR�WKH�PD[LPXP
QXPEHU�RI�VWDWHV�ZKLFK�WKH�*$/�VWUXFWXUH�FDQ�UHSUHVHQW��LQ�WKLV�FDVH�����

7DEOH�����'HVFULSWLRQ�RI�FLUFXLWV�LQ�WKH�H[SHULPHQW

&LUFXLW
��RI
LQSX

��RI��VWDWHV ORZHU�ERXQG
OHQJWK

XSSHU
ERXQG

ELWV 0RRUH 0HDO\ 0RRUH 0HDO\ OHQJWK
)UHTXHQF\�'LYLGHU � � � �� �� ��
2GG�3DULW\�'HWHFWRU � � � � � ���
0RGXOR���'HWHFWRU � � � �� �� ���
6HULDO�$GGHU � � � �� �� ���

1RWH
)UHTXHQF\�'LYLGHU JLYH�VTXDUH�ZDYH�RXWSXWV�RI�FORFN¶V�IUHTXHQF\�GLYLGHG�E\��
2GG�3DULW\�'HWHFWRU JLYH�DQ�RXWSXW�³�´�ZKHQ�WKH�QXPEHU�RI�³�´�LQ�LQSXWV�LV�RGG
0RGXOR���'HWHFWRU JLYH�DQ�RXWSXW�³�´�ZKHQ�WKH�FXUUHQW�LQSXW�LV�WKH��QWK�³�´����Q���,�

6HULDO�$GGHU JLYH�WKH�VXP�RI���LQSXWV��LQSXWV�DUH�IHHGLQJ�IURP�/6%�WR�06%

7KH�H[SHULPHQW�ZDV� GRQH�ZLWK�PDQ\� LQSXW�RXWSXW� VHTXHQFHV� RI� GLIIHUHQW� OHQJWKV
IRU� HDFK� SUREOHP�� 7KH� VHOHFWHG� OHQJWKV� DUH� ���� ����� ������ ORZHUERXQG� DQG
XSSHUERXQG��)RU�HDFK�OHQJWK��DW�OHDVW���GLIIHUHQW�UDQGRP�VHTXHQFHV�RI�LQSXW�RXWSXW�DUH
XVHG��$QG� WKH�V\QWKHVL]HU�ZDV� UHSHDWHGO\� UXQ���� WLPHV�RQ�HDFK� VHTXHQFH��7KXV��ZH
KDG�DW�OHDVW��u����HTXDO�WR������LQGHSHQGHQW�UXQV�IRU�HDFK�OHQJWK�RI�WKH�VHTXHQFH�IRU
RQH�SUREOHP��7DEOH����VKRZV�WKH�GHWDLOV�RI�GHVLUHG�FLUFXLWV�DQG�WKH�FDOFXODWHG�OHQJWKV
RI�HDFK�SUREOHP�

������&LUFXLW�9HULILFDWLRQ

,Q� WKLV� H[SHULPHQW�� WKH� VWDWH� GLDJUDPV� RI� GHVLUHG� FLUFXLWV� DUH� NQRZQ�� 7KH� VWDWH
WUDQVLWLRQ�SDUW�RI�WKH�VWDWH�GLDJUDP�RI�WKH�UHVXOWLQJ�FLUFXLW�FDQ�EH�GHULYHG�E\�IL[LQJ�WKH
FXUUHQW�VWDWH�DQG�IHHGLQJ�LQ�DOO�SDWWHUQV�RI�LQSXWV�DQG�UHFRUGLQJ�VWDWH�WUDQVLWLRQV��:H



WKHQ�FRPSDUH�WR�FKHFN�LI�LW�LV�HTXLYDOHQW�WR�WKH�NQRZQ�RQH��7KH\�FDQ�EH�FRQVLGHUHG�WR
EH�HTXLYDOHQW�LI�DQG�RQO\�LI�HDFK�VWDWH�RI�RQH�GLDJUDP�FDQ�EH�PDWFKHG�ZLWK�RQH�VWDWH
RI�WKH�RWKHU�

,Q�D�JHQHUDO�FDVH��ZKHQ�ZH�GR�QRW�NQRZ�WKH�VWDWH�GLDJUDPV�RI�GHVLUHG�FLUFXLWV��ZH
SURSRVH�RQH�ZD\�WR�YHULI\�LW��7KH�FRQFHSW�LV�VLPLODU�WR�WKH�GHWHUPLQDWLRQ�RI�WKH�VL]H�RI
LQSXW�RXWSXW�VHTXHQFHV��$Q�XSSHUERXQG�VL]H�RI�LQSXW�RXWSXW�VHTXHQFH�VKRXOG�EH�XVHG
WR� WHVW� WKH� FLUFXLW�� 2QO\� RQH� VHTXHQFH�� KRZHYHU�� PLJKW� QRW� VXIILFH� WR� WHVW� WKH
FRUUHFWQHVV�� HVSHFLDOO\�RI� WKH� YHU\� ILUVW� VWDWHV�� ,W� LV� SRVVLEOH� WKDW� WKH� LQSXW� VHTXHQFH
OHDGV�WKH�FLUFXLW�WR�SDVV�RQH�VWDWH�DQG�QHYHU�JR�EDFN�WR�WKDW�VWDWH�DJDLQ��,Q�WKLV�FDVH�
ZH�FDQQRW�EH�VXUH�WKDW�RWKHU�RXW�SDWKV�IURP�WKDW�VWDWH�OHDG�WR�WKH�FRUUHFW�QH[W�VWDWHV�
&RQVHTXHQWO\��ZH�VKRXOG�XVH�VHYHUDO�WHVW�VHTXHQFHV�WR�EH�PRUH�FRQILGHQW�

����(IIRUW

7KH�H[SHULPHQW�LV�GRQH�RQ�D�����0+]�ZRUNVWDWLRQ��,Q�WKH�ZRUVW�FDVH��RQH�UXQ�XVHV���
PLQXWHV�DQG�WHUPLQDWHV�DW�JHQHUDWLRQ��������ZLWK�QR�VROXWLRQ��:H�ZLOO�FDOFXODWH�DQG
FRPSDUH� HPSLULFDO� FRPSXWDWLRQDO� HIIRUW� XVLQJ� D� PHWKRG� ZKLFK� LV� VOLJKWO\� DGDSWHG
IURP��.R]D�>��@�DV�IROORZV�

L� JHQHUDWLRQ�QXPEHU
0 SRSXODWLRQ�VL]H
3�0��L� FXPXODWLYH�SUREDELOLW\�RI�\LHOGLQJ�D�FRUUHFW�VROXWLRQ�E\�JHQHUDWLRQ�L
:�0��L� FXPXODWLYH�SUREDELOLW\�RI�\LHOGLQJ�D�ZURQJ�VROXWLRQ�E\�JHQHUDWLRQ�L
;�0��L� LQVWDQWDQHRXV�SUREDELOLW\�RI�\LHOGLQJ�D�ZURQJ�VROXWLRQ�E\�JHQHUDWLRQ�L
,�0��L��]� LQGLYLGXDOV�WKDW�PXVW�EH�SURFHVVHG�E\�JHQHUDWLRQ�L�ZLWK�SUREDELOLW\�]
5�]� QXPEHU�RI�LQGHSHQGHQW�UXQV�UHTXLUHG�WR�\LHOG�DW�OHDVW�RQH�VXFFHVVIXO�UXQ
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] SUREDELOLW\�RI�VDWLVI\LQJ�WKH�VXFFHVV�SUHGLFDWHG�E\�JHQHUDWLRQ� L�DW� OHDVW
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:H�SD\�DWWHQWLRQ�RQO\�WR�WKH�FRUUHFW�VROXWLRQV���:H�FRXOG�QRW�FRXQW�WKH�UXQ�\LHOGLQJ
D�ZURQJ�VROXWLRQ�DV�D�QRUPDO�XQVXFFHVVIXO�UXQ���,I�ZH�GR�FRXQW�LW��WKH�FDOFXODWHG�HIIRUW
ZLOO� EH� RYHU�HVWLPDWHG��:H� KDYH� WR� VXEWUDFW� ,�0�L�]�� E\� WKH� QXPEHU� RI� LQGLYLGXDOV
ZKLFK�DUH�QRW�SURGXFHG�DIWHU� WKH�UXQ�VWRSSHG��(PSLULFDOO\�� WKHUH�DUH�;�0�� M�u5� UXQV
WKDW� \LHOG�ZURQJ� VROXWLRQV� DW� JHQHUDWLRQ� M�� 7KHUHIRUH�� LI� ZH� OHW� WKH� SURJUDP� UXQ� WLOO
JHQHUDWLRQ�L��L�!�M��WKH�QXPEHU�RI�LQGLYLGXDOV�ZKLFK�DUH�QRW�SURGXFHG�LV�HTXDO�WR
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7KH�FRPSXWDWLRQDO�HIIRUW�YDOXH��(��LV�WKH�PLQLPXP�,�0�L�]���YDU\LQJ�YDOXH�RI�L��(�LV
WKH�PLQLPXP�QXPEHU� RI� LQGLYLGXDOV� QHHGHG� WR� SURGXFHG� WR� \LHOG� D� FRUUHFW� VROXWLRQ
ZLWK�D� VDWLVIDFWRULO\�KLJK�SUREDELOLW\� �]� �������� �+RZHYHU�� WKH� WLPH� LQ� HYDOXDWLQJ� D
FLUFXLW�DOVR�GHSHQGV�RQ�WKH�OHQJWK�RI�LQSXW�RXWSXW�VHTXHQFHV��7KXV��LW�LV�QRWHG�WKDW�WKH
OHQJWK�RI�LQSXW�RXWSXW�VHTXHQFHV�VKRXOG�EH�FRQVLGHUHG�DORQJ�ZLWK� WKH�FRPSXWDWLRQDO
HIIRUW�

����([SHULPHQW�DQG�WKH�5HVXOWV

)LJ����VKRZV�WKH�HYROXWLRQ�RI��D�VHULDO�DGGHU��7KH�FLUFXLW�WKDW�SHUIRUPV�DFFRUGLQJO\�WR
WKH�LQSXW�RXWSXW�VHTXHQFH�DSSHDUV�LQ�WKH���UG�JHQHUDWLRQ��:H�NQRZ�LW�LV�D�FRUUHFW�VHULDO
DGGHU�DIWHU�ZH�YHULILHG� LW��:H�FRXOG�REVHUYH�PDQ\� UHGXQGDQW� VWDWHV� LQ� WKH� UHVXOWLQJ
FLUFXLW�EHFDXVH��WKH�JLYHQ�VSDFH�����VWDWH�PDFKLQH��LV�ODUJHU�WKDQ�WKH�VROXWLRQ�
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6L]H�RI�LQSXW�VHTXHQFH��/RJ�VFDOH�
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)LJ����� �&RUUHFWQHVV� DQG� VL]H� RI� VHTXHQFH
�6HULDO�$GGHU��0HDO\
V�PRGHO�

:H�GHILQH�WKH�FRUUHFWQHVV�SHUFHQWDJH�DV

&RUUHFWQHVV�3HUFHQWDJH  
QXPEHU�RI�UXQV�\LHOGLQJ�FRUUHFW�VROXWLRQV

QXPEHU�RI�UXQV�\LHOGLQJ�VROXWLRQV
�� ����

)LJ����VKRZV�WKH�UHODWLRQ�RI�WKH�VL]H�RI�LQSXW�VHTXHQFH�WR�WKH�SHUFHQWDJH�RI�FRUUHFW
UHVXOWV� RI� V\QWKHVLV� IURP� WKH� VHTXHQFH� RI� WKDW� VL]H�� :H� XVHG� ILYH� UDQGRP� LQSXW
VHTXHQFHV� IRU� HDFK� SRLQW� DQG� UXQ� HDFK� LQSXW� VHTXHQFH� IRU� ���� WLPHV� WR� PDNH� WKH
DYHUDJH� FRUUHFWQHVV��7KH� ORQJHU� LQSXW� VHTXHQFH� LQFUHDVHV� WKH� FRUUHFWQHVV��+RZHYHU�
WKH�FRUUHFWQHVV�SHUFHQWDJH�EHFRPHV�VDWXUDWHG�DW�WKH�ODUJH�VL]H�RI�LQSXW�VHTXHQFH�
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6L]H�RI�LQSXW�VHTXHQFH��/RJ�VFDOH�
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ORZHUERXQG�OHQJWK����� XSSHUERXQG�OHQJWK������

)LJ������(IIRUW�DQG�VL]H�RI�LQSXW�VHTXHQFH��6HULDO�DGGHU��0HDO\
V�PRGHO��0 ����

)LJ����VKRZV�WKH�HIIRUW�RI�HYROYLQJ�D�VHULDO�DGGHU�XVLQJ�GLIIHUHQW�VL]HV�RI�VHTXHQFHV�
7KLV� UHVXOW� FRQILUPV�RXU� ORZHUERXQG�DQG�XSSHUERXQG� OHQJWK� K\SRWKHVHV��$Q\� LQSXW
VHTXHQFH�WKDW�LV�VKRUWHU�WKDQ�WKH�ORZHUERXQG�OHQJWK�FDQ�QRW�\LHOG�DQ\�FRUUHFW�VROXWLRQ�
FRQVHTXHQWO\�� WKH� HIIRUW� FDQ� QRW� EH� FRPSXWHG�� 7KH� LQSXW� VHTXHQFH� ORQJHU� WKDQ� WKH
XSSHUERXQG�OHQJWK�\LHOGV�VDWXUDWHG�HIIRUW�YDOXH�EHFDXVH�RI�WKH�DSSUR[LPDWHO\�FRQVWDQW
FRUUHFWQHVV�SHUFHQWDJH�� ,W� LV�SRVVLEOH� WR� VHOHFW� WKH� VXLWDEOH� VL]H�RI� LQSXW� VHTXHQFH� WR
PLQLPL]H�HIIRUW�DQG�PD[LPL]H�FRUUHFWQHVV��7KH�VL]H�RI�LQSXW�VHTXHQFH�VKRXOG�EH�VPDOO
WR�PLQLPL]H�WKH�UXQQLQJ�WLPH

7DEOH����VXPPDUL]HV� WKH�FRPSXWDWLRQDO�HIIRUW�RI�HDFK�SUREOHP�XVLQJ� LQSXW�RXWSXW
VHTXHQFHV�RI�XSSHUERXQG�OHQJWK�

7DEOH�����7KH�VXPPDU\�RI�FRPSXWDWLRQDO�HIIRUW

&LUFXLW (IIRUW
0RRUH 0HDO\

)UHTXHQF\�'LYLGHU ��� ���
2GG�3DULW\�'HWHFWRU ����� �����
0RGXOR���'HWHFWRU ���������� ���������
6HULDO�$GGHU ��������� ������

����&RQFOXVLRQ

7KLV�SDSHU�GHVFULEHG�V\QWKHVLV�RI�V\QFKURQRXV�VHTXHQWLDO�ORJLF�FLUFXLW� IURP�D�SDUWLDO
LQSXW�RXWSXW� VHTXHQFH��*$�ZDV� DSSOLHG� WR� V\QWKHVL]H� D� FLUFXLW� WKDW� EDVHG�RQ�0RRUH
DQG�0HDO\¶V�PRGHO�RQ�WKH�*$/�VWUXFWXUH��:H�FDQ�DSSUR[LPDWH�WKH�VXLWDEOH�VL]H�RI�WKH
LQSXW�VHTXHQFH�WR�\LHOG�KLJK�FRUUHFWQHVV�DQG�ORZ�HIIRUW���7KLV�ZRUN�FDQ�EH�H[WHQGHG�LQ
PDQ\�ZD\V��2QH�PDMRU�DVSHFW�LV�WKH�HQKDQFHPHQW�RI�WKH�HYROXWLRQDU\�SURFHVV�LQ�ERWK
HIIRUW�DQG�WLPH��$Q�LPSOHPHQWDWLRQ�RI�WKLV�ZRUN�LQ�UHDO�KDUGZDUH�WR�UHDOL]H�DQ�RQ�OLQH
HYROZDUH�>�����@�LV�RQH�LQWHUHVWLQJ�DSSURDFK�
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