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$EVWUDFW,Q ZHOO� IUDFWXUHG� FDUERQDWH� UHVHUYRLUV� WKH� JDV�RLO� JUDYLW\� GUDLQDJH� IURP� WKH� JDV�LQYDGHG� ]RQH� LV� WKH� GRPLQDWLQJ� RLO� SURGXFLQJ� SURFHVV��:KHQ� WKH� JUDYLWDWLRQDO� IRUFHV�H[FHHG� WKH� FDSLOODU\� IRUFHV�� WKH� PDWUL[� EORFNV�� ZKLFK� DUH� VXUURXQGHG� E\� JDV�� ZLOO�UHOHDVH�WKHLU�RLO�7KH�UHVXOWV�RI�RXU�H[SHULPHQWDO�ZRUNV�UHYHDO�WKDW��GHSHQGLQJ�RQ�WKH�LQWHUIDFLDO�WHQVLRQ��VSUHDGLQJ� FRHIILFLHQW�� URFN� ZHWWDELOLW\�� DQG� VXUIDFH� URXJKQHVV�� WKHUH� LV� D� FULWLFDO�IUDFWXUH�DSHUWXUH�VL]H��WIF��5RFN�ZHWWDELOLW\��VXUIDFH�URXJKQHVV�DQG�VSUHDGLQJ�FRHIILFLHQW�SOD\� WKHLU� UXOHV� LQ� IRUPDWLRQ�RI�RLO�GURSOHWV��ZKLOH� WKH�PD[LPXP�VL]H�RI� WKH�GURSOHW� LV�FRQWUROOHG�E\�WKH�DPRXQW�RI�VXUIDFH�WHQVLRQ��:KHQ�WKH�IUDFWXUH�DSHUWXUH�LV�PRUH�WKDQ�WIF��WKH� FRQWLQXLW\� LV� YLD� VROLG� FRPSUHVVHG� VSDFHUV� DQG�RU� RLO� ILOP DURXQG� WKHP��ZKLFK� DW�DFWXDO� UHVHUYRLU� FRQGLWLRQV� PD\� EH� FRQVLGHUHG� DV� QRQ�HIIHFWLYH� FDSLOODU\� FRQWLQXLW\��:KHUHDV� IRU� WKH� FDVH� WKDW� WKH� IUDFWXUH� DSHUWXUH� LV� OHVV� WKDQ� LWV� FULWLFDO� YDOXH�� WKH�FDSLOODU\� FRQWLQXLW\� LV� PDLQO\� WKURXJK� OLTXLG� EULGJHV�� ZKLFK� GXH� WR� WKHLU� KLJK�WUDQVPLVVLELOLW\�ZLOO�UHVXOW�LQ�DQ�HIIHFWLYH�FDSLOODU\�FRQWLQXLW\�EHWZHHQ�EORFNV�7ZR� QHZ� GHILQLWLRQV� IRU� KRUL]RQWDO� IUDFWXUH� FDSLOODU\� SUHVVXUH� EDVHG� RQ� WKH� W\SH� RI�FDSLOODU\�FRQWLQXLW\�KDYH�EHHQ�SUHVHQWHG��7KH�/DSODFH�IRUPXOD�DQG�SUHVVXUH GLIIHUHQFH�EHWZHHQ�WKH�IUDFWXUH�JDV�DQG�WKH�PDWUL[�RLO�PD\�EH�XVHG�IRU�WKH�FDOFXODWLRQ�RI�IUDFWXUH�FDSLOODU\�SUHVVXUH�IRU�QRQ�HIIHFWLYH�DQG�HIIHFWLYH�FRQWLQXLW\��UHVSHFWLYHO\�.H\ZRUGV� )UDFWXUHG� UHVHUYRLU�� &DSLOODU\� FRQWLQXLW\�� %ORFN� WR� EORFN� HIIHFW�� *UDYLW\�GUDLQDJH��'XDO�SRURVLW\��*DV�LQYDGHG�]RQH


 � (�PDLO��VDMMDGLDQYD#ULSL�LU

,QWURGXFWLRQ$�IUDFWXUHG�SRURXV�PHGLXP�LV�FRPSULVHG�RI�WZR� GLIIHUHQW� V\VWHPV�� 7KH� ILUVW� LV� PDWUL[�SRURXV� PHGLD� ZLWK� KLJK� SRURVLW\� DQG� ORZ�SHUPHDELOLW\��7KH�VHFRQG�LV�WKH�IUDFWXUH�QHW�ZRUN� ZLWK� KLJK� SHUPHDELOLW\� DQG� ORZ�SRURVLW\��,Q�D�IUDFWXUHG�UHVHUYRLU��DV�SURGXF�WLRQ�EHJLQV�DQG�UHVHUYRLU�SUHVVXUH�GURSV��WKH�JDV� RLO� FRQWDFW� LQ� WKH� IUDFWXUH� GHVFHQGV�EHORZ�WKDW�LQ�WKH�PDWUL[��DQG�VRPH�RI�WKH�RLO�EHDULQJ�� PDWUL[� EORFNV� EHFRPH� VXUURXQGHG�E\� JDV�� 7KRVH� PDWUL[� EORFNV� LQ� WKH� JDV�LQYDGHG� ]RQH� �VXUURXQGHG� E\� JDV�� ZLOO�

XQGHUJR�D�JUDYLW\�GUDLQDJH�SURFHVV�ZKHQ�WKH�JUDYLWDWLRQDO� IRUFHV� H[FHHG� WKH� FDSLOODU\�IRUFHV�� 7KH� GHQVLW\� GLIIHUHQFH� EHWZHHQ� WKH�JDV�LQ�WKH�IUDFWXUH�DQG�WKH�RLO�LQ�WKH�PDWUL[�LV�WKH� PDLQ� GULYLQJ� IRUFH�� ZKLFK� LV� FRXQ�WHUDFWHG�E\ WKH�PDWUL[�FDSLOODU\�SUHVVXUH�)RU�D�VLQJOH�EORFN��LQLWLDOO\�WKH�RLO�ZLOO�OHDYH�D� EORFN� DW� LWV� PD[LPXP� IORZ� UDWH� DQG� WKH�UDWH�ZLOO�JUDGXDOO\�GHFUHDVH� WRZDUG�]HUR��DV�WKH� HTXLOLEULXP� EHWZHHQ� FDSLOODU\� DQG�JUDYLW\�IRUFHV�DSSURDFKHV��$OWKRXJK�PDQ\�UHVHDUFKHUV�KDYH�VWXGLHG�WKH�SURFHVV� RI� JUDYLW\� GUDLQDJH� LQ� IUDFWXUHG�
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SRURXV� PHGLD�� QR� ILQDO� FRQFOXVLRQV� KDYH�EHHQ� UHDFKHG�RQ� WKH�SK\VLFV�RI� WKLV�SURFHVV�VR�IDU��7KH�UROH�RI� WKH�KRUL]RQWDO�IUDFWXUH�LQ�WKH�JUDYLW\� GUDLQDJH�SURFHVV� IURP�D� VWDFNHG�EORFN� KDYH� LPSRVHG� D� UHDO� FKDOOHQJH� WR�UHVHDUFKHUV�GXULQJ�WKH�ODVW�WZHQW\�\HDUV�
/LWHUDWXUH� 5HYLHZ�� 7KH� ILUVW� DWWHPSW� WR�VSHFLI\� WKH� FRQGLWLRQV� IRU� KDYLQJ� VWDEOH�OLTXLG� EULGJHV� DFURVV� IUDFWXUHV�ZDV� GRQH� E\�6DLGL� >�@�� +H� FRQFOXGHV� WKDW� LI� WKH� IUDFWXUH�DSHU�XUH� LV� DERXW� ���PP� RU�PRUH�� FDSLOODU\�FRQWLQXLW\�EHWZHHQ�D�VWDFN�RI�EORFNV�FDQQRW�EH� UHDOLVHG�� %DVHG� RQ� WKH� UHVXOWV� RI� WKHLU�VLPXODWLRQ� RI� IUDFWXUHG� UHVHUYRLUV� *LOPDQ�DQG� .D]HPL� >�@�� PHQWLRQHG� WKDW� KRUL]RQWDO�IUDF�WXUHV�ZRXOG� UHGXFH� UHFRYHU\� DQG� FDXVH�FDSLO�ODU\� GLVFRQWLQXLW\� EHWZHHQ� PDWUL[�EORFNV��6WRQHV�HW�DO��>�@�DUJXHG�WKDW�VLQFH�WKH�SHUPHDELOLW\�RI� WKH�IUDFWXUH�KDV�EHHQ�VKRZQ�WR� EH�PXFK� JUHDWHU� WKDQ� WKDW� RI� WKH�PDWUL[��IORZ� DFURVV� WKH� IUDFWXUH� SUREDEO\� GRHV� QRW�OLPLW�WKH�HYHQWXDO�UHFRYHU\��7KH\ DOVR�LOOXVW�UDWHG� WKDW� DW� VRPH� H[SHULPHQWDO� FRQGLWLRQV�EULGJLQJ�GRHV�QRW�DSSHDU�WR�EH�D�PDMRU�IDFWRU�LQ� HYHQWXDO� UHFRYHU\�� 7KH\� FRQFOXGHG� WKDW�VLQFH� REVHUYHG� OLTXLG� UHFRYHULHV� IURP� IUDF�WXUHG� SRURXV� PHGLD� DUH� ORZHU� WKDQ� IRU�FRPSDUDEOH� IXOO\� FRQVROLGDWHG� VDQG�� IUDF�WXUHV�PXVW�FKDQJH�VRPH�IXQGDPHQWDO�DVSHFW�RI� IORZ�� 7KH\� VXJJHVWHG� WKDW� QR� JHQHUDO�DJUHH�PHQW� KDV� EHHQ� UHDFKHG� RQ� WKH� DFWXDO�SK\VLFDO� SURFHVVHV� LQYROYHG� DQG� OLWWOH�H[SHULPHQWDO�ZRUN�KDV�EHHQ�SUHVHQWHG�)LURR]DEDGL�>�@�HPSKDVL]HG�WKDW�WKH�<RXQJ�/DSODFH�HTXDWLRQ�FRXOG�EH�WKH�IUDPHZRUN�IRU�IUDFWXUH� FDSLOODU\� SUHVVXUH�� 7KH� IROORZLQJ�\HDU��LQ�������KH�GHPRQVWUDWHG�WKDW�FDSLOODU\�SUHVVXUH� FRQWUDVW� EHWZHHQ� WKH�PDWUL[�PHGL�XP� DQG� IUDFWXUH�PHGLXP� KDV� D� SURQRXQFHG�DGYHUVH� HIIHFW� RQ� UHFRYHU\� SHUIRUPDQFH��)RUP WKDW� WLPH�� VHYHUDO� RWKHU� UHVHDUFKHUV�KDYH� XVHG� WKH� VDPH� FRQFHSW� RU� D�PRGLILFD�WLRQ� WR� UHSUHVHQW� WKH� IUDFWXUH� FDSLOODU\�SUHVVXUH�� ,Q� ������ )LURR]DEDGL� DQG� FR�ZRUNHUV� VXJJHVWHG� WKDW� LI� PRUH� IOXLG�EULGJLQJ� ZHUH� WR� RFFXU� DFURVV� D� KRUL]RQWDO�

IUDFWXUH�� RQH� ZRXOG� H[SHFW�PRUH� WRWDO� IORZ�WR� RFFXU� WKURXJK� WKH� IUDFWXUH�� 7KHUHIRUH�PRUH�HYHQ�WXDO�UHFRYHU\�IURP�D�IUDFWXUHG�VHW�RI� URFN� KDYLQJ� LQWHUJUDQXODU� SRURVLW\� LV�H[SHFWHG�>�@�7KH�SXUSRVH�RI�WKLV�VWXG\�LV�WR�FOHDU�XS�VRPH�RI� WKHVH� XQFHUWDLQWLHV� DERXW� WKH� FDSLOODU\�FRQWLQXLW\�� %DVHG� RQ� WKH� ILHOG� H[SHULHQFH�DQG�H[SHULPHQWDO�UHVXOWV��LW�LV�QRZ�FOHDU�WKDW�LQ� PRVW� FDVHV� WKHUH� H[LVWV� FDSLOODU\� FRQ�WLQXLW\� EHWZHHQ� PDWUL[� EORFNV� LQ� UHVHUYRLU�FRQGL�WLRQV�� 7KH� PDLQ� TXHVWLRQV� DUH�� KRZ�VWURQJ� LV� WKDW� FDSLOODU\� FRQWLQXLW\��DQG�ZKDW�DUH� WKH� FRQWUROOLQJ� SDUDPHWHUV� IRU� WKLV�SKHQRPHQRQ")RU�D�FRPSDULVRQ�RI�WKH�SURGXFWLRQ�EHKDYH�RXU� IURP� SRURXV�PHGLD�� WKH� LQWURGXFWLRQ� RI�UHGXFHG� GLPHQVLRQOHVV� TXDQWLWLHV� LV� YHU\�FRQYHQLHQW�� ,Q� JUDYLW\�GUDLQDJH� H[SHULPHQWV�WKH� FKDUDFWHULVWLF� IORZ� UDWH� FDQ� EH� WDNHQ� DV�WKH� PD[LPXP� LQLWLDO� IORZ� UDWH� �T
�� RI� D�YHUWLFDO� EORFN� ZLWK� RSHQ� WRS� DQG� ERWWRP�IDFHV� DQG�ZLWKRXW� FDSLOODU\� UHWHQWLRQ� RI� WKH�RLO��L�H���
T J
 � � N� $� �RJ R'U P ���
7R� FRPSDUH� WKH� IUHH� IDOO� JUDYLW\� GUDLQDJH�SURGXFWLRQ�FXUYH��RQ�D�UDWLRQDO EDVLV��WKH�UHDO�WLPH� VFDOH� ZDV� PDGH� GLPHQVLRQOHVV� E\�GLYLGLQJ� WKH� DFWXDO� WLPH� �W�� WR� WKH� UHTXLUHG�WLPH� WR� SURGXFH� DOO� RLO� ZLWK� D� PD[LPXP�GUDLQDJH� UDWH�� L�H�� FKDUDFWHULVWLF� WLPH� �7
����)RU�JDV�RLO�V\VWHP�
7 6 /N JR ZF
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:KHUH�7
� DQG� W' DUH� WKH� FKDUDFWHULVWLF� DQG�WKH�GLPHQVLRQOHVV�WLPH�UHVSHFWLYHO\��I LV�WKH�
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SRURVLW\��6ZF LV�WKH�FRQQDWH�ZDWHU�VDWXUDWLRQ��DQG / LV�WKH�OHQJWK�RI�WKH�PRGHO�
7KHRU\7KH� FULWLFDO� YDOXH� RI� IUDFWXUH� WKLFNQHVV� �WFI��PD\� EH� GHILQHG� DV� WKH� PD[LPXP� YDOXH� RI�IUDFWXUH�WKLFNQHVV�WKDW�UHWDLQV�D�VWDEOH�OLTXLG�EULGJH��,W�LV�FRQWUROOHG�E\�SK\VLFDO�SURSHUWLHV�RI� D� IUDFWXUH�� L�H��� URXJKQHVV�� DSHUWXUH�� DQG�IOXLGV��L�H���GHQVLW\�GLIIHUHQFH�DQG�LQWHUIDFLDO�WHQVLRQ� EHWZHHQ� JDV� DQG� RLO�� %\� DVVXPLQJ�WKDW� ZKHQ� D� KDQJLQJ� GURS� WRXFKHV� WKH� WRS�VXUIDFH� RI� WKH� ORZHU� EORFN�� LW� ZRXOG� EH�GHIRUPHG�WR�D�OLTXLG�EULGJH��WKHQ�WKH�FULWLFDO�YDOXH�IRU�IUDFWXUH�DSHUWXUH�PD\�EH�GHILQHG�DV�WKH� PD[LPXP� VL]H� RI� VWDEOH�GURS� DW� WKDW�FRQGLWLRQ�� 7KH� VPDOOHU� WKH� LQWHUIDFLDO�WHQVLRQ�� WKH� VPDOOHU� FDSLOODU\� SUHVVXUH� ZLOO�EH� ZKLFK� QHHGV� WR� EH� RYHUFRPH� E\� WKH�ZHLJKW�RI�WKH�GURSOHW��$QRWKHU�SRLQW�LV�WKDW�D�GURS� GRHV� QRW� IDOO� EHFDXVH� LWV�ZHLJKW� LV� WRR�JUHDW� IRU� WKH�VXUIDFH�WHQVLRQ�WR�VXSSRUW� LW�� LW�IDOOV� EHFDXVH� WKH� ³QHFN´� EHFRPHV� WRR� ORQJDQG� QDUURZ� DQG� FRQWUDFWV� WR� RQH� RU� VHYHUDO�GURSV��,I�,)7�LV�ORZ�WKH�QHFN�QDUURZV�IDVWHU��7KH� QXPEHU� RI� VHFRQGDU\� GURSV� IROORZLQJ�WKH� PDLQ� GURS� GHSHQGV� RQ� WKH� VL]H� RI� WKH�H[SRVHG� SRUHV� DQG� WKH� PDJQLWXGH� RI� WKH�LQWHUIDFLDO� WHQVLRQ�� 7KH� IRUPDWLRQ� RI� VH�FRQGDU\� VPDOO� GURSOHWV� UHIOHFWV� WKH�G\QDPLF�HIIHFWV�RI�VXUIDFH��JUDYLW\�DQG�YLVFRXV�IRUFHV��7KH� IUDFWXUH� FDSLOODU\� SUHVVXUH� PD\� EH�GHILQHG� DV� WKH� SUHVVXUH� GLIIHUHQFH� EHWZHHQ�QRQ�ZHWWLQJ� DQG� ZHWWLQJ� SKDVHV� LQVLGH� WKH�IUDFWXUH�7KH� FDSLOODU\� SUHVVXUH� FRQWUDVW� EHWZHHQ� WKH�PDWUL[�PHGLXP�DQG�WKH�IUDFWXUH�PHGLXP�KDV�VRPH� HIIHFW� RQ� UHFRYHU\� SHUIRUPDQFH�� � ,Q�RWKHU�ZRUGV��ZKHQ�WKH�FDSLOODU\�SUHVVXUH�RI�D�IUDFWXUH� LQWURGXFHV�D�SRVLWLYH�FDSLOODU\�SUHV�VXUH� DW� WKH�ERWWRP� IDFH�RI� WKH�EORFN�� LW� DFWV�DV� DQ� H[WHUQDO� IRUFH� DQG� FDXVHV� H[WUD�GUDLQDJH� RI� RLO�� ,Q� WKH� IROORZLQJ� WZR� FDVHV�EDVHG�RQ�WKH�IUDFWXUH�DSHUWXUH��DQ�HVWLPDWLRQ�RI� IUDFWXUH� FDSLOODU\� SUHVVXUH� KDV� EHHQ�SUHVHQWHG�

D� )RU�WKH�FDVH�WKDW�IUDFWXUH�DSHUWXUH�LV�PRUH�WKDQ� WKH� FULWLFDO� YDOXH�� L�H�� W� !� WFI�� WKH�GUDLQDJH� LV� PRVWO\� E\� IRUPDWLRQ� DQG�GHWDFKPHQW�RI�GURSOHWV��$VVXPLQJ�WKDW�RLO�GURS� LV� SDUW� RI� D� VSKHUH�� LWV� DPRXQW� LV�HTXDO�WR�
3 3 UFI F  � �  � J� �U � G�G �V U' ���
:KHUH� G� LV� WKH� GLVWDQFH� EHWZHHQ� WKH� GURS�FHQWHU� DQG� WKH� ERWWRP� RI� WKH� EORFN�� ZKLFK�YDULHV� EHWZHHQ� �� WR� WF�U�� )RU� D� W\SLFDO� FDVH��L�H���ZKHQ�G�# �U��WKH�UDGLXV�RI�WKH�FXUYDWXUH�FDQ�EH�FDOFXODWHG�DV�
U�  ��� � JVU'§©̈ ·¹̧

�� ���
%DVHG� RQ� WKH� GHILQLWLRQ� RI� FULWLFDO� IUDFWXUH�WKLFNQHVV�� L�H�� WFI  � �U�� LW� ZLOO� EH� FDOFXODWHG�DV�
W  ��� � JFI VU'§©̈ ·¹̧

�� ���
E� :KHQ�WI ��WFI��WKH�GUDLQHG�RLO�LV�WUDQVIHUUHG�WKURXJK� OLTXLG� EULGJH�EULGJHV�� ,Q� WKLV�FDVH�� E\� DSSO\LQJ� WKH� <RXQJ�/DSODFH�HTXDWLRQ��WKH�IUDFWXUH�FDSLOODU\�SUHVVXUH�LV�HTXDO�WR�
3 U UFI  V � �

� ��§©̈ ·¹̧ ���
:KHUH� U�� DQG� U�� KDYH� RSSRVLWH� GLUHFWLRQ��VLJQ��� DQG� LW� LV� OLNHO\� WKDW� WKH� OLTXLG�EULGJH�KDV�VRPH�VKDUS�FXUYDWXUHV��ZKLOH�DW�WKH�VDPH�
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WLPH�� 3FI EH� QHDU� WR� ]HUR�� L�H�� U�� # �U��� ,W� LV�REYLRXV� WKDW� WKH� DEVROXWH� YDOXH� RI� IUDFWXUH�FDSLOODU\� SUHVVXUH� �L�H�� SUHVVXUH� GLIIHUHQFH�EHWZHHQ�JDV�DQG�RLO��IRU�WKH�OLTXLG�EULGJH�LV�OHVV�WKDQ�WKH�PD[LPXP�YDOXH�RI�WKH�FDSLOODU\�SUHVVXUH� DW� WKH� GURS �L�H�� MXVW� EHIRUH�GHWDFKLQJ��� 7KHUHIRUH� WKH� DEVROXWH� YDOXH� RI�WKH� IUDFWXUH� FDSLOODU\� SUHVVXUH�� ZLWKRXW�FRQVLGHULQJ�WKH�LQIOXHQFH�RI�WKH�ORZHU�EORFN��LV� OHVV� WKDQ� FDSLOODU\� SUHVVXUH� RI D� VWDEOH�KDQJLQJ�GURS�,Q� DFWXDO� UHVHUYRLU� FRQGLWLRQV�� ZKHQ� WKH�IUDFWXUH� DSHUWXUH� LV�PRUH� WKDQ� WIF�� WKH� HIIHFW�RI� IUDFWXUH� FDSLOODU\� SUHVVXUH� RQ� WKH� JUDYLW\�GUDLQDJH� SURFHVV� IURP� WKH� XSSHU� EORFN� LV�QHJOLJLEOH�DQG�PD\�EH�LJQRUHG��)RU�WKH�FDVH�RI� KDQJLQJ� GURS� LW� LV� PRUH� OLNHO\� WKDW� WKH�IUDFWXUH� FDSLOODU\� SUHVVXUH� LV� DGMXVWHG� VXFK�WKDW� LWV� YDOXH� DW� WKH� ERWWRP� RI� WKH� EORFN�DSSURDFKHV�]HUR�
([SHULPHQW$SSDUDWXV� 7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG�XVLQJ�D�VWDFN�RI�WZR�KRPRJHQHRXV�EORFNV�LQ�D� YHU\� VLPSOH� EXW� SHUIHFWO\� FKDUDFWHUL]HG�V\VWHP�� )UHH JUDYLW\� GUDLQDJH� WHVWV� XVLQJ�V\QWKHWLF�RLO�DQG�DLU�XVHG�DV�WHVW�IOXLGV��ZHUH�FRQGXFWHG� DW� FRQWUROOHG� URRP� FRQGLWLRQV��7KH� SRURXV� DQG� QRQ�SRURXV� VSDFHUV� ZHUH�

DUWLILFLDOO\� FRQVWUXFWHG��3HULSKHUDO� DFFHVVRU\�HTXLSPHQW�FRQVLVWHG�RI�D�YDFXXP�SXPS�DQG�D� EDODQFH� LQWHUIDFHG� WR� D� FRPSXWHU� IRU�UHFRUGLQJ� IOXLG� SURGXFWLRQ�� $� VFKHPDWLF�YLHZ�RI�WKH�H[SHULPHQWDO�VHW�XS�LV�VKRZQ�LQ�)LJXUH����
5RFN� 3URSHUWLHV� $� QXPEHU� RI� RXWFURS�VDQGVWRQH� FRUHV� DQG� JODVVEHDG� SDFNV� ZHUH�XVHG� DV� URFN� PRGHOV� LQ� WKLV� VWXG\�� 7KH�SRURVLW\� RI� PRGHOV� ZDV� PHDVXUHG� E\� WKH�VDWXUDWLRQ�PHWKRG��$�5XVND�DLU�SHUPHDPHWHU�DQG�WKH�'DUF\¶V�VHW�XS�ZHUH�XVHG�WR�PHDVXUH�WKH� SHUPHDELOLW\� RI� WKH� VDQGVWRQH� VDPSOHV�DQG� WKH� SDFNHG�PRGHOV�� UHVSHFWLYHO\��7KHVH�YDOXHV� ZHUH� FRUUHFWHG� WR� DQ� DEVROXWH� SHU�PHDELOLW\� E\� XVLQJ� WKH� .OLQNHQEHUJ� FRUUHF�WLRQ��$IWHU�WKH�DLU�SHUPHDEOLW\�PHDVXUHPHQWV�ZHUH� FRPSOHWHG�� D� YDFXXP� ZDV� DSSOLHG� WR�WKH� WRS� RI� WKH� FRUH� KROGHU� IRU� D� SHULRG� RI�DERXW� ��� KRXUV�� 2LO� ZDV� WKHQ� DOORZHG� WR�HQWHU� WKH� PRGHO� WKURXJK� WKH� ERWWRP SRUW��7KH� PHUFXU\� LQMHFWLRQ� PHWKRG� ZDV� DSSOLHG�WR� PHDVXUH� WKH� FDSLOODU\� SUHVVXUH� RI� WKH�SK\VLFDO� PRGHOV� �)LJXUH� ���� DQG� WKHLU� RLO�UHODWLYH� SHUPHDELOLWLHV� ZHUH� PHDVXUHG�H[SHULPHQWDOO\�E\�WKH�XQVWHDG\�VWDWH�SURFHVV��)LJXUH����

7HVW� IOXLG
*��6� 7HVW��

7HVW��7HVW�� 7HVW��7HVW�� 7HVW��7HVW�� 7HVW��'��6�
9DFXXP )UDFWXUH�GUDLQDJHV\VWHP *UDGXDWHG�F\OLQGHU

'LJLWDO�EDODQFH 'DWD�DTXLVLWLRQ

)LJXUH��� $SSDUDWXV�VFKHPDWLF
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7DEOH��� 3K\VLFDO�SURSHUWLHV�RI�WHVW�IOXLGV7HVW�)OXLG 'HQVLW\��JU�FF 6XUIDFH�7HQVLRQ��P1�P 9LVFRVLW\��FS$LU ���
���� ������� �����2LO� ����� ����� ����
7HVW�)OXLGV� 6\QWKHWLF�RLO�ZDV�HPSOR\HG�DV�RLO��ZHWWLQJ� SKDVH�� LQ� DOO� JUDYLW\� GUDLQDJH� H[�SHULPHQWV� DQG� DLU� ZDV� XVHG� DV� JDV� �QRQ�ZHWWLQJ� SKDVH��� 7KH� SK\VLFDO� SURSHUWLHV� RI�WHVW�IOXLGV�DUH�JLYHQ�LQ�7DEOH����,Q�WUDQVSDUHQW�PRGHOV�� RLO� ZDV� LGHQWLILHG� E\� D� UHG� FRORXU��G\HG�E\�6XGXQ��

)LJXUH��� &DSLOODU\�SUHVVXUH�RI�VDQGVWRQH�PRGHO

)LJXUH��� 5HODWLYH�SHUPHDELOLW\�RI�VDQGVWRQH�PRGHO
([SHULPHQWDO� 6HW�XS� 7ZR� VHWV� RI� H[SHUL�PHQWV� ZHUH� SHUIRUPHG�� RQH� ZLWK� D� VWDFNHG�JODVVEHDG� SDFN� ����� FP� ORQJ� EORFN� RYHU� D�GHDG��LPSHUPHDEOH�������FP�ORQJ�EORFN��DQG�WKH�RWKHU�ZLWK�D�VWDFN�RI�WZR�VDQGVWRQHV������

FP� DQG� ����� FP� ORQJ�EORFNV�RQ� WRS�RI� HDFK�RWKHU�
6WDFN� RI� D� JODVVEHDGV� SDFN� EORFN� RYHU� D� GHDG�EORFN� 7KUHH� W\SHV� RI� IUHH� IDOO� JUDYLW\�GUDLQDJH�� �)*'��� H[SHULPHQWV� ZHUH� FDUULHG�RXW�ZLWK� EORFN�*����� 3RURXV� VSDFHUV� LQ� WKH�IUDFWXUH� VSDFH�EHWZHHQ� WKH�EORFNV� �L�H��7HVWV��D� DQG� �E��� �� )XOO\� RSHQ� IUDFWXUH� �7HVW� ����DQG� �� 'LUHFW� FRQWDFW� EHWZHHQ� WZR� EORFNV��7HVW� ����7KH� JRDO�ZDV� WR� LGHQWLI\� WKH� HIIHFW�RI� KRUL]RQWDO� IUDFWXUH� RQ� UHFRYHU\� IURP� WKH�XSSHU� EORFN�� 7KH� WRS� EORFN� �*��� LV� D�JODVVSDFN� F\OLQGULFDO� PRGHO� ZLWK� KLJK� SHU�PHDELOLW\�����'��DQG�KLJK�SRURVLW\�����������7KLV�PHGLXP� LV� YHU\� KRPRJHQHRXV�� DQG� WKH�KLJK� SHUPHDELOLW\� JLYHV� D� UDWKHU� IDVW� JUDYLW\�GUDLQDJH� SURFHVV�� 'XH� WR� WKH� QDUURZ� GLV�WULEXWLRQ�RI� WKH�JUDLQ VL]H����������PP���WKH�SODWHDX�RI�WKH�JDV�IURQW�LV�IODW���7R�FDQFHO�WKH�HIIHFW�RI�WKH�ORZHU�EORFN��D�QRQ�SRURXV�PHWDO�EORFN� ³'�´� ZDV� XVHG� ZLWK� WKH� VDPH� GLP�HQVLRQV� RI� WKH� XSSHU� EORFN�� :LWK� WKH� WHVW�IOXLGV�� WKH� WKUHVKROG� SUHVVXUH� FRUUHVSRQGV� WR�D������FP�KHLJKW�RI�WKH OLTXLG�FROXPQ�7KH� EORFNV� *�� DQG� '�� ZHUH� SODFHG� LQ� D�WUDQVSDUHQW�F\OLQGULFDO�FRUH�KROGHU�ILOOHG�ZLWK�RLO��ZKLFK� KDV� WKH� ERXQGDU\� GLDPHWHU� ��PP�PRUH�WKDQ�EORFN�*���7KH�H[SHULPHQWV�VWDUWHG�DIWHU� GUDLQLQJ� DOO� H[WHUQDO� RLO� IURP� WKH�IUDFWXUHV� DQG� GHDG� YROXPH� LQVLGH� WKH� FRUH�KROGHU��7KH�DPRXQW�RI�GUDLQLQJ�RLO��FROOHFWHG�LQ�D�JUDGXDWHG�F\OLQGHU�SRVLWLRQHG�EHORZ� WKH�FRUH�KROGHU� RQ� WRS� RI� D� KLJK� SUHFHVVLRQ�EDODQFH��ZDV� UHFRUGHG� DV� D� IXQFWLRQ� RI� WLPH�ZLWK� D� SUHFLVLRQ� RI� ������ JU�� 7R� KDYH� WKH�VDPH� LQLWLDO FRQGLWLRQ�DIWHU�HDFK�H[SHULPHQW��WKH�PRGHO�ZDV�WDNHQ�DSDUW�DQG�WUHDWHG�LQ�VXFK�D�ZD\�WKDW�WKH�ZHWWDELOLW\�VKRXOG�EH�WKH�VDPH�IRU�DOO�H[SHULPHQWV��7KH�EORFN�ZDV�VDWXUDWHG�ZLWK� WKH�RLO��7KH�PD[LPXP�JUDYLW\�GUDLQDJH�
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UDWH�RI� WKH�PRGHO�ZDV�FDOFXODWHG� WR�EH�HTXDO�WR������FF�PLQ�7HVWV��D�DQG��E�ZHUH�FRQGXFWHG�E\�XVLQJ�IRXU�DOXPLQXP� VKLPV� ��� 
� �� PP��� HDFK� ZLWK� D�WKLFNQHVV�RI���PP�EHWZHHQ�WZR�EORFNV�ZKLFK�SURYLGHG� D� KRUL]RQWDO� IUDFWXUH� ZLWK� D� ��PP�DSHUWXUH�� 7HVW� �E� LV� D� GXSOLFDWH� RI� 7HVW� �D��7KH� UHDVRQ� IRU� SHUIRUPLQJ� WZR� H[SHULPHQWV�H[DFWO\�DW�WKH�VDPH�FRQGLWLRQV�ZDV�WR� LQYHVW�WLJDWH� WKH� UHSHDWDELOLW\� RI� WKH� H[SHULPHQWV��DQG�WR�VHH�WKH�LQIOXHQFH�RI�H[SHULPHQWDO�HUURU�RQ� WKH� UHFRYHU\� FXUYH� �)LJXUH� ����7KH� VPDOO�GLIIHUHQFH� EHWZHHQ� WKH�XOWLPDWH� UHFRYHU\� IRU�WKHVH� WZR� GXSOLFDWH� H[SHULPHQWV� �L�H�� �������SY�� VKRZV� WKH� DPRXQW� RI� XQFHUWDLQW\� RI� WKH�H[SHULPHQWDO�UHVXOWV��7R�SURYLGH�D�IXOO\�RSHQ�IUDFWXUH� LQ� 7HVW� ��� WKH� XSSHU� EORFN� ZDV�VXVSHQGHG�E\� D�KDQJHU� MXVW� ��PP�DERYH� WKH�WRS�VXUIDFH�RI�WKH�ORZHU�EORFN���,Q�WKH�ODVW�WHVW��7HVW�����EORFN�*��ZDV�SODFHG�GLUHFWO\�RQ�WKH�WRS� RI� WKH� QRQ�SRURXV� EORFN�� DQG� WR� HQVXUH�IXOO� FRQWDFW�� D� KHDY\�ZHLJKW�ZDV� SXW� RQ� WKH�WRS�RI�WKH�XSSHU�EORFN�

)LJXUH� �� 2LO� SURGXFWLRQ� YV�� 7LPH� �ORJ� VFDOH�� IRU�JUDYLW\�GUDLQDJH�RI�VWDFN�RI�EORFNV�*�DQG�'��
6WDFN�RI�7ZR�6DQGVWRQH�%ORFNV� $�VWDFN�RI�WZR�KRPRJHQHRXV� UHFWDQJXODU� VDQGVWRQH� EORFNV��6���6���ZLWK�EORFN�KHLJKWV�HTXDO�WR������FP�DQG� ����� FP� UHVSHFWLYHO\� ZHUH� XVHG�� � 7KH�VDQGVWRQH� URFN� XVHG� IRU� WKHVH� WHVWV� LV� IURP�WKH� RXWFURS�� ZLWK� D� SHUPHDELOLW\� RI� �����GDUF\V� DQG� SRURVLW\� RI� ����� 7KH� VDQGVWRQH�

URFN� LV� KRPRJHQHRXV� DQG� WKH� SODWHDX� RI� WKH�FDSLOODU\�SUHVVXUH�FXUYH�LV�DSSUR[LPDWHO\�IODW�DQG�UDQJHV�RYHU�D�ZLGH�VDWXUDWLRQ�]RQH���7KH�EORFNV� ZHUH� SODFHG� LQ� D� FRQWDLQHU� RI� RLO��ZKLFK� KDG� D� ERXQGDU\� GLPHQVLRQ� RI� ��PP�PRUH� WKDQ� WKH� VWDFN�EORFN�� $W� WKH� WHVW�FRQGLWLRQV�� WKH� WKUHVKROG� SUHVVXUH� FRUUHV�SRQGV�WR�D�������FP�KHLJKW�RI�WKH�RLO�FROXPQ��ZKLFK� PHDQV� D� PDWUL[� EORFN� VKRUWHU� WKDQ������� FP� ZLOO� QRW� JLYH� DQ\� UHFRYHU\� E\�JUDYLW\� GUDLQDJH�� $W� WKH� HTXLOLEULXP�� WKH�DYHUDJH� RLO� VDWXUDWLRQ� EHKLQG� WKH� JDV� IURQW��DERYH� WKH� WKUHVKROG� KHLJKW�� ZDV� HTXDO� WR�������� 7KH� PD[LPXP� JUDYLW\� GUDLQDJH� UDWH�RI�EORFNV�ZDV�FDOFXODWHG�DV������FF�KU�)LYH� W\SHV� RI� H[SHULPHQWV� ZHUH� FDUULHG� RXW���� )XOO�GLUHFW�FRQWDFW�EHWZHHQ�EORFNV���� )RXU��
�� PP� SRURXV� VSDFHUV�� HDFK� ZLWK� D�WKLFNQHVV� RI� ���� PP�� �� )RXU� DOXPLQXP�VKLPV� ��
���� HDFK� ZLWK� D� WKLFNQHVV� RI� ����PP�� �� )RXU� �
�� PP� SRURXV� VSDFHUV�� HDFK�ZLWK� D� WKLFNQHVV� RI� ���� PP�� �� )RXU�DOXPLQXP�VKLPV���
����HDFK�ZLWK�D�WKLFNQHVV�RI� ���� PP�� ,QLWLDOO\� ERWK� EORFNV� ZHUH�VDWXUDWHG� ZLWK� RLO� DQG� DOO� ILYH� WHVWV� ZHUH�SHUIRUPHG� DW� URRP� FRQGLWLRQV�� � )UDFWXUHV�VXUURXQGLQJ� WKH�PDWUL[� EORFNV�ZHUH� LQLWLDOO\�ILOOHG� ZLWK� RLO�� 7KH� UDSLG� GUDLQDJH� RI� RLO� LQ�YHUWLFDO� IUDFWXUHV� OHIW� D� WKLQ� OD\HU�RI�RLO� ILOP�RYHU�WKH�YHUWLFDO�ERXQGDULHV��7KH� PDLQ� JRDO� RI� SHUIRUPLQJ� WKLV� VHULHV� RI�H[SHULPHQWV�ZDV�WR�LGHQWLI\�WKH�HIIHFW�RI�W\SH�DQG� WKLFNQHVV� RI� VSDFHUV� RQ� FDSLOODU\�FRQWLQXLW\� EHWZHHQ� EORFNV� DQG� WKH� JUDYLW\�GUDLQDJH� SHUIRUPDQFH�� 7KH� SK\VLFDO� SURSHU�WLHV�RI�WKH�EORFNV�DQG�W\SH�RI�FRQWDFW�IRU�HDFK�H[SHULPHQW�DUH�VKRZQ�LQ�7DEOHV���DQG����
5HVXOWV6WDFN�RI�%ORFNV�*��DQG�'�� 7KH�VSHFLILFDWLRQV�DQG�UHVXOWV�RI�H[SHULPHQWV�DUH�JLYHQ�LQ�7DEOH����7KH�RLO�SURGXFWLRQ��IUDFWLRQ�RI�LQLWLDO�RLO�LQ�SODFH��DV�D�IXQFWLRQ�RI�WKH�GLPHQVLRQOHVV�WLPH��W'��LV�SORWWHG�IRU�HDFK�WHVW��)LJXUH����:KHQ� IRXU� �� PP� WKLFN� VSDFHUV� ZHUH� XVHG�EHWZHHQ�WKH�EORFNV��L�H��7HVWV��D�DQG��E���WKH�SURGXFHG� RLO� YROXPH DQG GUDLQDJH�UDWH�ZHUH

�
���
���
���
���
���
���
���

���� ��� � �� ��� ������ ���� ���������������������������� ��������

��������
����������

��������

7HVW��D7HVW��E7HVW��7HVW��

'LPHQVLRQOHVV�W'

3URG
XFWLR

Q�SY



6DMMDGLDQ

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO���� 1R��� ��

7DEOH��� 3K\VLFDO�SURSHUWLHV�RI�F\OLQGULFDO�PRGHOV0RGHOV 'LPHQVLRQV��FP 3RURVLW\��������������� 3HUP��'� 7
�PLQ T
��FF�PLQFDOFXODWHG )OXLGV
*�j��h 5 �������= ����� ����� ������ ����� ���� 2LO��$LU'�
��h 5 �������= ����� � � � � �6�k ; �������< �������= ���� ����� ��� ����� ����� 2LO��$LU6�k ; �������< ������ = ����� ����� ��� ����� ����� 2LO��$LUj 7UDQVSDUHQW�PRGHO h &\OLQGULFDO�PRGHOV
�'HDG�PRGHO k &XELFDO�PRGHOV
7DEOH��� /LVW�RI�H[SHULPHQWV([SHULPHQW�QR� 8OWLPDWH�UHFRYHU\��SY� )UDFWXUH�6SDFHUV 7HVW�'XUDWLRQ��PLQ�7HVW��D ��������������� )RXU�SRURXV�VSDFHUV����
���
��PP� ����7HVW�E ��������������� )RXU�SRURXV�VSDFHUV����
���
��PP� ����7HVW�� ����� 2SHQ�IUDFWXUH����PP� ����7HVW�� ����� 'LUHFW�FRQWDFW�EHWZHHQ�WZR�EORFNV ����7HVW�� ����� 'LUHFW�IXOO�FRQWDFW �����7HVW�� ����� )RXU��
�
����PP� SRURXV�VSDFHUV �����7HVW�� ����� )RXU��
�
����PP��PHWDO�VSDFHUV �����7HVW�� ����� )RXU��
�
����PP��SRURXV�VSDFHUV �����7HVW�� ����� )RXU��
�
����PP��PHWDO�VSDFHUV �����

DW� WKHLU�PD[LPXP�YDOXHV��:KLOH��ZKHQ�WKHUH�ZDV�IXOO�FRQWDFW�EHWZHHQ�WZR�EORFNV��L�H��7HVW����� WKH� RLO� SURGXFWLRQ� DQG� IORZ� UDWH� ZHUH� DW�WKHLU�PLQLPXP�DPRXQWV��)RU�WKH�FDVH�RI�RSHQ�IUDFWXUH� �L�H�� 7HVW� ���� WKH� DPRXQW� RI� RLO�SURGXFWLRQ� LV�EHWZHHQ� WKH� WZR�H[WUHPHV� �L�H��7HVWV���DQG�����7KH�UHDVRQV�IRU�WKLV�GLIIHUHQFH�DUH���'XH� WR� WKH H[LVWHQFH�RI�SRURXV�VSDFHUV��WKH� IUDFWXUH� WKLFNQHVV� LV� DGGHG� WR� WKH�HIIHFWLYH� EORFN� KHLJKW��ZKLFK� UHVXOWV� LQ�WKH� KLJKHVW� YDOXH� LQ� RLO� UHFRYHU\� IRU�7HVWV��D�DQG��E���)RU�WKH�FDVHV�RI�GLUHFW�FRQWDFW��L�H��7HVW����� WKH� IUDFWXUH� FDSLOODU\� SUHVVXUH� PD\�EH�DVVXPHG�HTXDO� WR�]HUR�� �,Q�WKLV�FDVH��WKH�RLO�UHFRYHU\�LV�RQO\�FRQWUROOHG�E\�WKH�SK\VLFDO� SURSHUWLHV� RI� WKH�PDWUL[� EORFN�ZLWKRXW� DQ\� ERXQGDU\� HIIHFW� IURP� WKH�IUDFWXUH�VLGH���:KHQ�WKHUH�DUH�OLTXLG�EULGJHV�LQVLGH�WKH�KRUL]RQWDO� IUDFWXUH�� WKHUH� H[LVWV� D� VPDOO�

SUHVVXUH� GLIIHUHQFH� DFURVV� WKH� LQWHUIDFH�RI� WKH� OLTXLG� EULGJH� �L�H�� IUDFWXUH�FDSLOODU\� SUHVVXUH���$OWKRXJK� WKH� FDSLO�ODU\� SUHVVXUH� LQVLGH� WKH� IUDFWXUH� LV� QHDU�]HUR�� LW� LV� PRUH� OLNHO\� WR� KDYH� SRVLWLYH�FDSLOODU\�SUHVVXUH�DW� WKH�ERWWRP�IDFH�RI�WKH�XSSHU�EORFN� 7KH�SRVLWLYH�FDSLOODU\�SUHVVXUH�DW�WKH�ERWWRP�VXUIDFH�DFWV�DV�DQ�H[WHUQDO� IRUFH� DQG� UHVXOWV� LQ� VRPH�DGGLWLRQDO� RLO� GUDLQDJH� IURP� WKH� EORFN��,Q�WKLV�FDVH��WKH�FDSLOODU\�SUHVVXUH�RI�WKH�IUDFWXUH� ZLOO� FDXVH� VRPH� UHGXFWLRQ� LQ�WKUHVKROG�KHLJKW�RI�WKH�XSSHU�EORFN�
6LQFH� WKH� GUDLQDJH� UDWH� DQG� UHFRYHUHG� RLO�YROXPH� IRU� WKH� �� PP� RSHQ� IUDFWXUH� LV� OHVV�WKDQ���PP�VSDFHUV��WKLV�VKRZV�WKDW�WKH�HIIHFW�RI�WKH�DPRXQW�RI�SRVLWLYH�FDSLOODU\�SUHVVXUH�DW�WKH� ERWWRP� IDFH� RI� WKH� EORFN� LV� OHVV� WKDQ�'U�J�WI  � ���� G\QHV�FP� RU� ������� SVL� �WI LV�IUDFWXUH�WKLFNQHVV��
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6WDFN�RI�7ZR�6DQGVWRQH�%ORFNV�7HVW����%ORFNV�LQ�GLUHFW�IXOO�FRQWDFW � )LJXUHV��D���E�DQG���VKRZ�WKH�FXPXODWLYH�RLO�SURGXFWLRQ�DQG� IORZ� UDWH� GDWD� YHUVXV� WLPH�� 'XULQJ� WKH�WLPH� LQWHUYDO� ������PLQ��� WKH�SURGXFWLRQ� UDWH�LV� PRUH� WKDQ� WKH� FDOFXODWHG� FKDUDFWHULVWLF�GUDLQDJH�UDWH��L�H�������FF�KU���7KH�GLIIHUHQFH�LV� FDXVHG�VLPSO\�E\� WKH� ILOP�IORZ�RI� WKH�RLO��ZKLFK� ZDV� LQLWLDOO\� RYHU� WKH� ERXQGDU\�VXUIDFHV� RI� WKH� XSSHU� EORFN�� 7KH� UDSLG�GUDLQDJH�RI�RLO�LQ�YHUWLFDO�IUDFWXUHV�OHIW�D�WKLQ�OD\HU�RI�RLO�RYHU�WKH�YHUWLFDO�ERXQGDULHV�RI�WKH�EORFNV�� � 'XULQJ� WKH� WLPH� LQWHUYDO� ����������PLQ��� WKH� UHFRYHU\� UDWH� GHFUHDVHG� VKDUSO\�IURP� ����� WR� ����� FF�KU�� L�H��� D� WUDQVLWLRQ�SHULRG�IURP�PDLQO\�EXON�IORZ�WR�PDLQO\�ILOP�IORZ� SURFHVV�� )URP� WKH� WLPH� ����� PLQ�� WKH�VORSH�RI� WKH� IORZ� UDWH�FXUYH�EHFRPHV�IODWWHU��L�H���WKH�IURQW�KDV�UHDFKHG�WKH�WKUHVKROG�KHLJKW�DQG�WKH�GUDLQDJH�LV�PDLQO\�E\�ILOP�IORZ�IURP�WKH� WZR�SKDVH� UHJLRQ��$W� WKH� HQG� RI� WKH� WHVW�������� PLQ�� WKH� RLO� IORZ� UDWH� LV� ��������FF�KU��DQG�DIWHU�WKLV�WLPH��RQH�FDQ�VHH�WKDW�WKH�SURGXFWLRQ�LV�VWLOO�FRQWLQXLQJ�E\�WKH�ILOP�IORZ�SURFHVV���$Q�LQFUHDVH�RI������JU�ZDV�REVHUYHG�LQ�WKH�ZHLJKW�RI�WKH�UHFHLYHU�LQ�WKH�IROORZLQJ����KRXUV�
7HVW� ��� )RXU� ���� PP� SRURXV� VSDFHUV � ,Q� WKLV�WHVW�� IRXU� ���� PP� WKLFN� ��
�
����PP� HDFK��SRURXV� VSDFHUV� ZHUH� LQVHUWHG� LQ� WKH� IUDFWXUH�VSDFH� EHWZHHQ� WKH� PDWUL[� EORFNV�� 7KH�XOWLPDWH� UHFRYHU\�RI� WKLV�H[SHULPHQW� LV�FORVH�WR� WKDW�RI�7HVW��� �)LJXUHV��D�DQG��E���ZKLFK�VKRZV� WKDW�� WKHUH� H[LVWV� D� JRRG� GHJUHH� RI�FDSLOODU\�FRQWLQXLW\�EHWZHHQ�WZR�EORFNV��7KH�GHOD\�WLPH�LQ�WKH�SURGXFWLRQ�FXUYH�FRPSDUHG�WR�WKDW�RI�IXOO�FRQWDFW�VKRZV�VRPH�UHVWULFWLRQ�LQ� RLO� WUDQVPLVVLELOLW\� WKURXJK� WKH� IUDFWXUH��7KH�WHVW�ZDV�VWRSSHG�DW�����KUV��$OWKRXJK�LW�LV�QRW�FOHDU�RQ�)LJXUHV��D�DQG��E��RXU�FDUHIXO�PHDVXUHPHQWV� VKRZHG� WKDW� WKHUH� ZDV� VRPH�IORZ� RI� RLO� GXULQJ� WKH� WLPH� LQWHUYDO� RI� ��������KUV�
7HVW����)RXU�����PP�PHWDO�VSDFHUV � 7KLV�WHVW�LV�WKH� VDPH� DV� WHVW� �� H[FHSW� WKDW� IRXU� ����PP�

WKLFN� ��
�
���� PP� HDFK�� DOXPLQXP� VKLPV�ZHUH� XVHG� LQVWHDG� RI� WKH� SRURXV� VSDFHUV��7KHUH� LV�D�JRRG�PDWFK�EHWZHHQ� WKH� UHFRYHU\�FXUYHV�RI�WKLV�H[SHULPHQW�DQG�7HVW����)LJXUHV��D� DQG� �E��� ,W� VKRZV� WKDW�� DOWKRXJK� WKH�VSDFHUV� DUH� LPSHUPHDEOH�� WKH� IUDFWXUH� ZLGWK�LV� VPDOO� HQRXJK� IRU� KDYLQJ� VWDEOH� OLTXLG�EULGJHV� DQG� FDSLOODU\� FRQWLQXLW\�� 7KH� RLOWUDQVPLV�VLELOLW\� WKURXJK� WKH� SRURXV� VSDFHUV�KDV� D� VPDOO� UROH� LQ� WKH� GUDLQDJH� SURFHVV�FRPSDUHG� WR� WKDW� RI� WKH� OLTXLG� EULGJH�� � 7KH�VPDOO� GHOD\� WLPH� LQ� SURGXFWLRQ� FRPSDUHG� WR�WKDW� RI� 7HVW� ��� LV� GXH� WR� WKH� VSDFHUV� ZKLFK�UHGXFH�WKH�RYHUDOO�WUDQVPLVVLELOLW\�

)LJXUH��D� 2LO� SURGXFWLRQ�YV��7LPH��OLQHDU� VFDOH�� IRU�VWDFN�EORFN�6��DQG�6�

)LJXUH� �E� 2LO� SURGXFWLRQ� YV�� 7LPH� �ORJ� VFDOH�� IRU�VWDFN�RI�EORFNV�6��DQG�6�
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)LJXUH� �� 3URGXFWLRQ� UDWH� YV�� 7LPH� �ORJ� VFDOH�� IRU�7HVWV���DQG��
7HVW����)RXU�����PP�SRURXV�VSDFHUV � 7KLV�WHVW�LV� VLPLODU� WR�7HVW���H[FHSW� WKDW� WKH� WKLFNQHVV�RI� WKH� SRURXV� VSDFHUV� ZDV� LQFUHDVHG� WR� ����PP�� � 7KH� RLO� UHFRYHU\� LV� VHYHUHO\� VORZHG�GRZQ� DV� FRPSDUHG� ZLWK� 7HVW� �� �)LJXUHV� �D�DQG� �E��� 7KH� H[SHULPHQW�ZDV� VWRSSHG� DUELW�UDULO\�DW�WLPH�����7
���DIWHU���GD\V���DW�ZKLFK�WKH� SURGXFWLRQ�ZDV� VWLOO� JRLQJ� RQ� DW� D� VPDOO�UDWH�� 7KH� PHDVXUHG� VDWXUDWLRQ� DW� WKH� HQG� RI�WKH�WHVW�LQGLFDWHG�WKDW�IRU�WKH�ORZHU�EORFN��WKH�RLO�VDWXUDWLRQ�ZDV�HTXDO�WR�LWV�UHVLGXDO�YDOXH��DQG�GXH�WR�QHJOLJLEOH�FDSLOODU\�FRQWLQXLW\��WKH�RLO� VDWXUDWLRQ� LQ� WKH� XSSHU� EORFN� ZDV� RQO\�VOLJKWO\ OHVV�WKDQ�LWV�WKUHVKROG�YDOXH�
7HVW����)RXU�����PP�PHWDO�VSDFHUV � 7KLV�WHVW�LV�WKH�VDPH�DV�WHVW���H[FHSW�WKH�WKLFNQHVV�RI�WKH�DOXPLQXP� VKLPV� ZDV� LQFUHDVHG� WR� ����PP��$V� H[SHFWHG� WKH� RLO� UHFRYHU\� RI� WKLV� H[SHUL�PHQW��FRPSDUHG�WR�WKH�RWKHU�IRXU�WHVWV�RI�WKLV�VHULHV��KDV�WKH�ORZHVW�DPRXQW��)LJXUHV��D�DQG��E���'XH� WR� D� KLJK� IUDFWXUH� WKLFNQHVV�� OLTXLG�EULGJHV�FDQQRW�EH� IRUPHG��7KH�RLO� VDWXUDWLRQ�RI�EORFNV�DW�WKH�HQG�RI�WKH�WHVW�LV�VOLJKWO\�OHVV�WKDQ�WKH�UHVLGXDO�YDOXH��L�H���VDWXUDWLRQ�WKDW�LV�GHWHUPLQHG� E\� EDODQFH� EHWZHHQ� JUDYLW\� DQG�FDSLOODU\� IRUFHV� LQ� HDFK� EORFN�� 7KH�H[SHULPHQW�ZDV�VWRSSHG�DW�WLPH����7
��DIWHU������ GD\V��� ZKLOH� RLO� ZDV� VWLOO� IORZLQJ� DW� D�YHU\�VPDOO�UDWH��������FF�KU���7KLV�YHU\�VPDOO�RLO� IORZ� UDWH� LV� DWWULEXWHG� WR� WKH� RLO� ILOP�DURXQG�WKH�PHWDO�VSDFHUV�

7KH� SURGXFWLRQ� UDWH� YHUVXV� WLPH� IRU� 7HVWV� ��DQG���LV�VKRZQ�LQ�)LJXUH����7KH�RLO�ILOP�IORZ�UDWH�DW�WKH�HQG�RI�WKLV�WHVW�LV�DERXW�ILYH�WLPHV�PRUH� WKDQ� WKDW� RI� 7HVW� ��� 7KLV� FRQWUDVW� LV�FDXVHG�E\�WKH�GLIIHUHQFH�LQ�WKH�DPRXQW�RI�RLO�VDWXUDWLRQ� LQ� WKH� XSSHU� EORFN�� ,Q� WKLV� WHVW�DERXW� ����RI� WKH� SRUH� YROXPH� RI� WKH� XSSHU�EORFN� LV� VDWXUDWHG� ZLWK� RLO�� DQG� WKH� RQO\�UHVWULFWLRQ� IRU� RLO� IORZ� IURP� WKH�XSSHU�EORFN�WR� WKH� ORZHU� EORFN� LV� WUDQVPLVVLELOLW\� RI� RLO�ILOP�DURXQG�WKH�VSDFHUV��$W�WKH�HQG�RI�7HVW����WKH� VDWXUDWLRQ� RI� WKH� XSSHU� EORFN� ZDV� DW� LWV�UHVLGXDO�YDOXH��L�H���WKHUH�ZDV�QR�WKUHVKROG�RLO�]RQH�
'LVFXVVLRQ�DQG�&RQFOXGLQJ�5HPDUNVD� 7KH� UHVXOWV� RI� WKH� H[SHULPHQWV� RI�VWDFNHG� EORFNV� *�� RYHU� '��� UHYHDOHG�WKDW� WKHUH� H[LVWV� D� FULWLFDO� IUDFWXUH�WKLFNQHVV� IRU� HDFK� VHW� RI� SK\VLFDO�FRQGLWLRQV� RI� WKH� IUDFWXUH� V\VWHP���:KHQ� WKH� IUDFWXUH� DSHUWXUH� LV� PRUH�WKDQ� WKH�FULWLFDO�YDOXH�� WKHUH�ZRXOG�EH�QR�FDSLOODU\�FRQWLQXLW\�EHWZHHQ EORFNV�DQG� WKH� GUDLQDJH� WDNHV� SODFH� E\� IRU�PDWLRQ� DQG�GHWDFKPHQW� GURS�SUR�FHVV��,Q� WKLV� FDVH� WKH� SUHVVXUH� GLIIHUHQFH�EHWZHHQ� JDV� DQG� RLO� LQ� WKH� KRUL]RQWDO�IUDFWXUH� �L�H�� WKH� IUDFWXUH� FDSLOODU\�SUHVVXUH�� LV� JRYHUQHG�E\� WKH� UDGLXV� RI�WKH�FXUYDWXUH�RI�WKH�KDQJLQJ�GURS��7KH�KDQJLQJ� GURS� KDV� WZR� HI�IHFWV� RQ� WKH�GUDLQDJH� SHUIRUPDQFH� RI� WKH� XSSHU�EORFN�� L�H�� E\� LWV� OHQJWK� DQG� E\� LWV�FDSLOODU\� SUHVVXUH�� 7KH� FRP�ELQDWLRQ�RI� WKHVH� WZR� HIIHFWV� �ZKLFK� KDYH�GLIIHUHQW� VLJQ�� ZRXOG� EH� VXFK� WKDW� DW�WKH�ERWWRP�VXUIDFH�RI�WKH�XSSHU�EORFN��WKH�FDSLOODU\�SUHVVXUH�KDV�D�YHU\�VPDOO�YDOXH��7KLV�YDOXH�FDQ�EH�FDOFXODWHG�DV�3FI  �3FG ��'U�J�WF��ZKHUH�3FG DQG�WF DUH�FDSLOODU\� SUHVVXUH� DQG� OHQJWK� RI� WKH�GURS��UHVSHFWDEO\�:KHQ�WKH�IUDFWXUH�DSHUWXUH�LV�OHVV�WKDQ�LWV� FULWLFDO� YDOXH�� WKH� HQODUJLQJ� GURSV�GHIRUPHG� WR� VWDEOH� OLTXLG� EULGJHV�EHWZHHQ� WKH� XSSHU� DQG� WKH� ORZHU�
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EORFNV�� )RU� WKH� FDVH� RI� D� GHDG� ORZHU�EORFN�� WKHUH� LV� QR� FDSLOODU\� FRQWLQXLW\�EHWZHHQ�EORFNV�DQG� WKH�H[LVWHQFH�RI�D�OLTXLG� EULGJH� PD\� LQGXFH� VRPH� SRVL�WLYH� FDSLOODU\� SUHVVXUH� DW� WKH� ERWWRP�VXUIDFH� RI� WKH� XSSHU� EORFN�� 7KLV�SRVLWLYH� FDSLOODU\� SUHVVXUH� DFWV� DV� DQ�H[WHUQDO�IRUFH�DQG�KDV�D�SRVLWLYH�HIIHFW�RQ� JUDYLW\� GUDLQDJH�SHUIRUPDQFH� IURP�WKH� XSSHU� PDWUL[� EORFN�� :KHQ� WKH�ORZHU� EORFN� LV� LPSHUPHDEOH�� WKH�DPRXQW� RI� IUDFWXUH� FDSLOODU\� SUHVVXUH��ERWK� IRU� WKH� OLTXLG� EULGJH� DQG� WKH�KDQJLQJ� GURS�� FRPSDUHG� WR� WKH� FDSLO�ODU\�SUHVVXUH�RI�WKH�PDWUL[�EORFN�LQ�DQ�DFWXDO�UHVHUYRLU�FRQGLWLRQ�LV�QHJOLJLEOH�E� 7KH� PDLQ� � SDUDPHWHU� WKDW� PXVW� EH�FRQVLGHUHG� LQ� FDSLOODU\� FRQWLQXLW\� LV�WKH� µGUDLQDJH� GXUDWLRQ¶�� %\� LQFUHDVLQJ�WKH� GHJUHH� RI� FDSLOODU\� FRQWLQXLW\�EHWZHHQ� WZR� EORFNV�� WKH� VWDUWLQJ� WLPH�RI� VKLIWLQJ� IURP� EXON�IORZ� YLD� WKH�OLTXLG� DQG�RU� SRURXV� EULGJH�� WR� ILOP�IORZ� RYHU� DQG�RU� WKURXJK� WKH� VSDFHUV��ZLOO�EH�LQFUHDVHG�F� ,Q� D� VWDFN� RI� LQWHUDFWLQJ�� HTXDO� DQG� RLO�VDWXUDWHG� EORFNV�� ZKLFK� LV� VXUURXQGHG�E\�JDV��WKH�RLO�SURGXFHG�IURP�WKH�XSSHU�EORFNV� WUDYHOV� WKURXJK� WKH� FRPSOHWH�VWDFN� � EHIRUH� EHLQJ� SURGXFHG� DW� WKH�ERWWRP� RI� WKH� ORZHVW� EORFN�� � )RU� WKH�FDVH� RI� QRQ�FDSLOODU\� FRQWDFW� EHWZHHQ�WKH� EORFNV� �WKLFN� IUDFWXUH��� WKH� WRWDO�DPRXQW� RI� XOWLPDWH� UHFRYHU\� ZLOO� EH�HTXDO� WR� WKH� QXPEHU� RI� EORFNV� WLPHV�WKH�XOWLPDWH�UHFRYHU\�RI�D�VLQJOH�EORFN���%XW� IRU� IXOO� FDSLOODU\� FRQWLQXLW\� EHW�ZHHQ� EORFNV�� WKH� SHUIRUPDQFH� RI� D�VWDFN� EORFN� LV� OLNH� WKDW� RI� D� VLQJOH�EORFN�ZLWK�WKH�VDPH�KHLJKW�G� :KHQ�WKH�IUDFWXUH�DSHUWXUH�LV�WKLFN��WKH�RLO� ZLOO� GUDLQ� PDLQO\� E\� ILOP� IORZ�SURFHVV�� � 7KH� ILOP� IORZ� SURFHVV� RYHU�WKH� QRQ�OHVV� SRURXV� VSDFHUV� FDQQRW�SURYLGH� DGHTXDWH� OLTXLG� WUDQVPLV�VLELOLW\� IRU� IORZ� DFURVV� WKH� IUDFWXUH�EHWZHHQ� WKH� PDWUL[� EORFNV�� 7KH� RLO�

WUDQVPLVVLELOLW\� E\� ILOP� IORZ� LV� VR�VPDOO� WKDW� WKH� SURGXFWLRQ� RI� RLO� IURP�WKH� WKUHVKROG� ]RQH� RI� WKH� XSSHU� EORFN�ZLOO� WDNH� DQ� H[WUHPHO\� ORQJ� WLPH���6LQFH� WKH� GUDLQDJH� IORZ� UDWH� E\� ILOP�IORZ� LV� YHU\� VPDOO�� WKLV� NLQG� RI�FDSLOODU\�FRQWLQXLW\�LV UHFRPPHQGHG�WR�EH� FRQVLGHUHG� DV� QRQ�HIIHFWLYH��:KHQ�WKH� IUDFWXUH� DSHU�WXUH� LV� VPDOO� HQRXJK�IRU� WKH� H[LVWHQFH� RI� VWDEOH� OLTXLG�EULGJHV��WKH�GUDLQLQJ�RLO�IORZV�WKURXJK�WKHP� DV� EXON� IORZ�� %DVHG� RQ� KLJK�WUDQVPLVVLELOLW\� YLD� OLTXLG� EULGJHV�� LW�FRXOG� EH� FRQVLGHUHG� DV� HIIHFWLYH�FRQWLQXLW\�� 7KHUH� VWLOO� H[LVWV� VRPH�GHOD\� WLPH� EHWZHHQ� WKH� UHFRYHU\�SHUIRUPDQFH�RI�D� VWDFN�EORFN�ZLWK� WKH�HIIHFWLYH�FDSLOODU\�FRQWLQXLW\�FRPSDUHG�WR�WKDW�RI�D�VLQJOH�EORFN�ZLWK�WKH�VDPH�KHLJKW�H� :KHQ� WKH� ORZHU� EORFN� LV� SRURXV� DQG�SHUPHDEOH�� LI� GXULQJ� LWV� HQODUJHPHQW�SURFHVV� WKH� RLO� GURS� DWWDFKHV� WR� WKH�XSSHU�VXUIDFH�RI�WKH�ORZHU�EORFN��L�H��D�QDUURZ� IUDFWXUH��� WKH� SUHVVXUH� GLI�IHUHQFH� EHWZHHQ� RLO� DQG� JDV� FKDQJHV�VXGGHQO\��7KH�FDSLOODU\�SUHVVXUH�RI�WKH�IUDFWXUH� �L�H�� FDSLOODU\� SUHVVXUH� RI�OLTXLG�EULGJH��ZLOO�EH�FRPSDUDEOH�ZLWK�WKH� FDSLOODU\� SUHVVXUH� RI� WKH�PDWUL[� DW�WKDW� HOHYDWLRQ�� 7KH� WZR� UDGLL� RI� WKH�FXUYDWXUH�RI�WKH�OLTXLG�EULGJH�ZRXOG�EH�DGMXVWHG� VXFK� WKDW� WKH\� UHSUHVHQW� D�FDSLOODU\�SUHVVXUH��ZKLFK� LV� D� IXQFWLRQ�RI� GHQVLW\� GLIIHUHQFH� EHWZHHQ� RLO� DQG�JDV�DQG�WKH�KHLJKW�RI�WKH�IUDFWXUH�IURP�OHYHO�RI�]HUR�FDSLOODU\�SUHVVXUH��7KHUH�IRUH�� ZKHQ� WKH� FRQWLQXLW\� EHWZHHQ�PDWUL[� EORFNV� DUH� WKURXJK� WKH� VWDEOH�OLTXLG� EULGJHV�� DV� ORQJ� DV� WKH� IUDFWXUH�DSHUWXUH� LV� OHVV� WKDQ� LWV� FULWLFDO� YDOXH��WKH�FDSLOODU\�SUHVVXUH�RI�WKH�KRUL]RQWDO�IUDFWXUH� KDV� QR� UHODWLRQ� ZLWK� WKH�DPRXQW� RI� IUDFWXUH� DSHUWXUH�� ,Q� WKLV�FRQGLWLRQ� IUDFWXUH� FDSLOODU\� SUHVVXUH�FDQ� EH FDOFXODWHG� IURP WKH HTXDWLRQ3FI  �'U�J�K��ZKHUH� K� LV� WKH� HOHYDWLRQ�
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RI� WKH� KRUL]RQWDO� IUDFWXUH� IURP� WKHOHYHO�RI�]HUR�FDSLOODU\�SUHVVXUH�I� )RU� D� VWDFNHG� EORFN��ZKHQ� WKHUH� LV� QR�OLTXLG� EULGJH� EHWZHHQ� WKH� EORFNV� DQG�VSDFHUV� DUH� QRQ�SRURXV�� WKH� IUDFWXUH�FDSLOODU\� SUHVVXUH� PD\� EH� FRQVLGHUHG�DV� ]HUR� �L�H�� GLVFRQWLQXRXV� EORFNV���:KLOH�ZKHQ� WKHUH� H[LVW� OLTXLG� EULGJHV�EHWZHHQ� WKH�EORFNV�� WKH�IUDFWXUH�FDSLO�ODU\� SUHVVXUH� ZLOO� EH� HTXDO� WR� WKH�FDSLOODU\�SUHVVXUH�RI� WKH� OLTXLG�EULGJH���7KHUH� H[LVWV� D� PD[LPXP� 3F�� RI� WKH�OLTXLG� EULGJH� VXFK� WKDW� EH\RQG� WKLV� 3FWKH� OLTXLG� EULGJH� ZLOO� GLVLQWHJUDWH�� ,I�WKH�FDSLOODU\�SUHVVXUH�DW�WKH�WRS�RI�DQ\�PDWUL[� EORFN� H[FHHGV� WKLV� YDOXH�� WKH�OLTXLG�EULGJHV�WKDW�FRQWDFW�WKH�DGMDFHQW�PDWUL[� EORFN� ZLOO� GLVLQWHJUDWH� DQG�FDSLOODU\� FRQWLQXLW\� ZLOO� VKLIW� WR� GLV�FRQWLQXLW\�J� )XUWKHU� UHVHDUFK� LV� QHHGHG� WR� TXDQWLI\�WKH�PD[LPXP�FDSLOODU\�SUHVVXUH RI�WKH�OLTXLG�EULGJH�MXVW�EHIRUH�GLVLQWHJUDWLRQ�
1RPHQFODWXUHN SHUPHDELOLW\��/���PG3F� FDSLOODU\�SUHVVXUH��P�/W���N3D3FI� IUDFWXUH�FDSLOODU\�SUHVVXUH��P�/W���N3D3F�OE� FDSLOODU\�SUHVVXUH�RI� WKH� OLTXLG�EULGJH��P�/W���N3DU UDGLXV�RI�FXUYDWXUH6
 QRUPDOL]HG�VDWXUDWLRQ6J JDV�VDWXUDWLRQ6R RLO�VDWXUDWLRQ�6RU UHVLGXDO�RLO�VDWXUDWLRQW' GLPHQVLRQOHVV�WLPHWI IUDFWXUH��WKLFNQHVV��DSHUWXUHV VXUIDFH�WHQVLRQ��P�W���P1�PPR RLO�YLVFRVLW\U GHQVLW\��P�/���J�FP�

$FNQRZOHGJPHQW7KH� H[SHULPHQWV� ZHUH� FRQGXFWHG� ZLWK� WKH�VXSSRUW� RI� 7KH 1DWLRQDO� ,UDQLDQ� 2LO� &RP�SDQ\�

5HIHUHQFHV�� 6DLGL�� $�0��� 5HVHUYRLU� (QJLQHHULQJ� RI)UDFWXUHG�5HVHUYRLUV� 727$/�(GLWLRQ�3UHVV����������� *LOPDQ� -�5�� DQG� +�� .D]HPL � ³,PSURYHG�&DOFXODWLRQV� IRU� 9LVFRXV� DQG� *UDYLW\�'LVSODFHPHQW� LQ� 0DWUL[� %ORFNV� LQ� 'XDO�3RURVLW\� 6LPXODWRUV�´� 63(� ������� -37��-DQXDU\���������� 6WRQHV��(�-�����=LPPHUPDQ�6�$���&KLHQ��&�9� ����DQG�0DUVGHQ��6�6���³7KH�(IIHFW�RI�&DSLOODU\�&RQQHFWLYLW\�$FURVV�+RUL]RQWDO�)UDFWXUHV�RQ�*UDYLW\� 'UDLQDJH� )URP� )UDFWXUHG� 3RURXV�0HGLD�´�63(����������������� )LURR]DEDGL�� $�� DQG� 0DUNHVHW�� 7� � ³$Q�([SHULPHQWDO�6WXG\�RI�&DSLOODU\�DQG�*UDYLW\�&URVV�IORZ�LQ�)UDFWXUHG�3RURXV�0HGLD�´�63(����������������� )LURR]DEDGL��$�� DQG�7��0DUNHVHW�� ³)UDFWXUH �/LTXLG� WUDQVPLVVLELOLW\� LQ� )UDFWXUHG� 3RURXV�0HGLD�´�63(�������� 63(�5HVHUYRLU�(QJLQH�HULQJ��$XJXVW��������


