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7HPSHUDWXUH�'LVWULEXWLRQ�LQ�&RUH�DQG�:LQGLQJ�RI�D�
7UDQVIRUPHU�DQG�,WV�(IIHFW�RQ�3HUIRUPDQFH

0DKPPRG�$]L]�0XKDPPHG� DQG�$EGXO�5LGKD�*KHGD\HU�

7HFKQLFDO�,QVWLWXWH��,PDUD

$EVWUDFW

,Q� RUGHU� WR� UHDFK� WKH� PD[LPXP� SRZHU� IURP� D� WUDQVIRUPHU� DQG� DYRLG� WKHUPDO�
DFFLGHQWV��LW�LV�HVVHQWLDO�WR�FDUHIXOO\�VWXG\�LWV�WKHUPDO�EHKDYLRU��7KLV�UHVHDUFK�LV�WR�DSSO\�
VRPH� FRPSXWDWLRQDO� DQG� DQDO\WLFDO� DSSURDFKHV LQ� RUGHU� WR� REWDLQ� D� WHPSHUDWXUH�
GLVWULEXWLRQ�ZLWKLQ� WKH�FRUH�DQG�ZLQGLQJ�RI�D� WUDQVIRUPHU��+HQFH� LWV� WKHUPDO�EHKDYLRU�
FDQ� EH� DQDO\WLFDOO\� DQG� SUDFWLFDOO\� SUHGLFWHG� 7KH� DLP� LV� WR� RSWLPL]H� WUDQVIRUPHU�
RSHUDWLRQ�XQGHU�YDULRXV�ORDG�FRQGLWLRQV�GXULQJ�WKH�H[WUHPH�ZHDWKHU�RI�VXPPHU�VHDVRQ�
LQ� WKH� VRXWKHUQ SDUW� RI� ,UDT�� 7KH� QXPHULFDO� VFKHPH� DSSOLHG�ZKLFK LV� EDVHG� RQ� ILQLWH�
GLIIHUHQFH�PHWKRG�KDV�VKRZQ�WR�EH�LQ�JRRG�DJUHHPHQW�ZLWK�WKH HPSLULFDO�GDWD�PHDVXUHG�
RQ�WKH�H[WHUQDO�ILQQHG�ERG\�RI�WUDQVIRUPHU�

WHPSHUDWXUH�GLVWULEXWLRQ��ILQLWH�GLIIHUHQFH�PHWKRG��GLVWULEXWLRQ���.H\�:RUGV
WUDQVIRUPHU��KHDW�WUDQVIHU��SHDN�ORDG�FRQGLWLRQ�

�ϰϠϋ�ϩήϴΛ΄Ηϭ�Δϴ΋ΎΑήϬϛ�ΔϟϮΤϤϟ�ΕΎϔϠϤϟ΍ϭ�ϱΪϳΪΤϟ΍�ΐϠϘϟ΍�ϲϓ�Γέ΍ήΤϟ΍�ΔΟέΩ�ϊϳίϮΗ
˯΍Ωϻ΍

κϠΨΘδϤϟ΍

� Γέ΍ήΤϟ΍� ΔΟέΩ� ωΎϔΗέ΍� ΐΒδΑ� ΙΩ΍ϮΤϟ΍� ΐϨΠΗϭ� ΔϟϮΤϤϟ΍� Ϧϣ� ϯϮμϘϟ΍� ΓέΪϘϟ΍� ϰϠϋ� ϝϮμΤϟ΍� ϞΟϷϪϧ΄ϓ�Ϧϣ
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�ΔϟϮΤϤϠϟ�ϱέ΍ήΤϟ΍�ϙϮϠδϟ΍�ϥΎϓ�ϲϟΎΘϟΎΑϭ��ΔϟϮΤϤϟ�ΕΎϔϠϤϟ΍ϭ�ϱΪϳΪΤϟ΍�ΐϠϘϟ΍�ϞΧ΍Ω�Γέ΍ήΤϟ΍�ΔΟέΩ�ϊϳίϮΗ�ϰϠϋ�ϝϮμΤϟ΍
�ΎϴϠϤϋϭ�Ύϳήψϧ�ΎϨϨϜϤϣ�΢Βμϳ�ΥΎϨϤϟ΍�ϝϼΧ�Ε΍άϟΎΑϭ�ΔϔϠΘΨϤϟ΍�ϞϴϤΤΘϟ΍�ϑϭήυ�ΖΤΗ�ΔϟϮΤϤϟ΍�˯΍Ω΍�ϦϴδΤΗ�ϲϫ�ΔϳΎϐϟ΍

ΰΠϟ΍�ϲϓ�ϒϴμϟ΍�Ϟμϔϟ�ϑήτΘϤϟ΍�ϢΗ�ϱάϟ΍�ϱΩΪόϟ΍�ϞϴϠΤΘϟ΍��ϕ΍ήόϟ΍�Ϧϣ�ϲΑϮϨΠϟ΍�˯ϪϘϴΒτΗ�ϰϠϋ�ΔγΎγ΍�ϲϓ�ΪϤΘόϳ�ϱάϟ΍ϭ
�ϝϼΧ�Ϧϣ�ϲϟΎϤΟϻ΍�Γέ΍ήΤϟ΍�ϝΎϘΘϧϻ�ΔϴϠϤόϟ΍�ΕΎϧΎϴΒϟ΍�ϱήψϨϟ΍�ϞΤϟ΍�ϊϣ�ϖϔΘΗ�Ξ΋ΎΘϧ�ϰτϋ΍�ΔϴϫΎϨΘϤϟ΍�ΕΎϗϭήϔϟ΍�ΔϘϳήρ

�ϒϧΎϋΰϟ΍�ϭΫ�ϲΟέΎΨϟ΍�ΔϟϮΤϤϟ΍�ϑϼϏ

�ΔϘϳήρ�ˬΓέ΍ήΤϟ΍�ΔΟέΩ�ϊϳίϮΗ��ΔϟϻΪϟ΍�ΕΎϤϠϛ�ϞϴϤΤΘϟ΍�ϑϭήυ�ˬΓέ΍ήΤϟ΍�ϝΎϘΘϧ΍�ˬϊϳίϮΘϟ΍�ΔϟϮΤϣ�ˬΔϴϫΎϨΘϤϟ΍�ΕΎϗϭήϔϟ΍
�ϯϮμϘϟ΍

�� ,QWURGXFWLRQ

$� WUDQVIRUPHU� DV� DQ HOHFWULFDO� GHYLFH� KDV D� FRPSOLFDWHG� GHVLJQ ZLWK� VSHFLILF�
LQWHUFRQQHFWHG� HOHPHQWV� DQG� SDUWV�� DQG� YDULRXV� SK\VLFDO� SKHQRPHQD� WKDW� GHVFULEH� WKH�
UHDO� V\VWHP� EHKDYLRU�� ,Q� PDQ\� FDVHV�� GHPDQGV� IRU� LWV SURSHU� RSHUDWLRQ� IRUFH�
UHFRQVLGHUDWLRQ� RI� FRQYHQWLRQDO� GHVLJQ� PHWKRGV� WR� LQFOXGH� FRPSOH[LW\� RI� QRQ�OLQHDU�
PDWHULDOV�� FRPSRVLWH� JHRPHWU\� VWUXFWXUHV�� RSHUDWLRQ� DW� WUDQVLHQW� DQG� VWHDG\�VWDWH�
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FRQGLWLRQV�� 7KH� SUHGLFWLRQ� DQG� GHWHUPLQDWLRQ� RI� WHPSHUDWXUH� GLVWULEXWLRQ� LQ� WKH�PHWDO�
SDUWV� RI� WUDQVIRUPHUV� LV� KRZHYHU� D� YHU\� LPSRUWDQW� VWHS� LQ� WKH� SURFHVV� RI� GHVLJQLQJ�
HTXLSPHQW� 7KHUPDO�GHVLJQ�RI� D� WUDQVIRUPHU� LV� FDUULHG�RXW�XVLQJ�DQ� HPSLULFDO�PHWKRG�
ZKLFK� LV� EDVHG� RQ� D� FDOFXODWLRQ� RI� WKH� WRS� RLO� DQG� WRS� ZLQGLQJ� WHPSHUDWXUHV�� 7KLV�
PHWKRG�LQYROYHV�H[WUDSRODWLQJ�WKHUPDO�GDWD�ZLWK�HPSLULFDO�HTXDWLRQV�WR�FDOFXODWH�WKH�WRS�
RLO� DQG� WRS� ZLQGLQJ� WHPSHUDWXUHV�� 1HDUO\� DOO� WKH� SRZHU� DQG� GLVWULEXWLRQ� WUDQVIRUPHU�
PDQXIDFWXUHUV�XVH�WKLV PHWKRG�DV�ZHOO�DV�WKHUPDO�WHVWV�NQRZQ�DV�KHDW�UXQ�WHVWV� 7KH�LGHD�
EHKLQG�WKLV�UHVHDUFK�LV�WKDW�WUDQVIRUPHU�IDXOWV�DOZD\V�FDXVH�LQWHUQDO�GDPDJH��7KH�EDVLF�
FULWHULRQ� WKDW� OLPLWV� WUDQVIRUPHU� ORDGLQJ�DQG� LWV� OLIHWLPH� LV� SDUWLDOO\�GHWHUPLQHG�E\� WKH�
DELOLW\� RI� WKH� WUDQVIRUPHU� WR� GLVVLSDWH� LQWHUQDOO\� JHQHUDWHG� KHDW� LQWR� WKH� VXUURXQGLQJ�
DUHD��7KHUHIRUH��LW�LV�RI�JUHDW�LPSRUWDQFH�WR�SUHGLFW�WKH�WKHUPDO�EHKDYLRU�RI�D WUDQVIRUPHU�
XQGHU� QRUPDO� ORDG�� 7KH� WKHUPDO� HIIHFW� RQ� WUDQVIRUPHU� SHUIRUPDQFH� LV� VWXGLHG� XVLQJ�
QXPHULFDO� DQDO\VLV� LQ� RUGHU� WR� SUHGLFW� WKH� WHPSHUDWXUH� GLVWULEXWLRQ� ZLWKLQ� WKH�
WUDQVIRUPHU�� QDPHO\� ZLQGLQJV� DQG� LURQ� FRUH�� +HQFH� WKH� KHDW� WUDQVIHU� WKURXJK� WKH�
WUDQVIRUPHU�WR�WKH�VXUURXQGLQJV�FDQ�EH�FDOFXODWHG�

���/LWHUDWXUH�5HYLHZ

&RPSXWDWLRQDO�PHWKRGV�DQG�HQJLQHHULQJ�PRGHOV�SURSRVHG� IRU� WUDQVIRUPHU�DQDO\VLV�
DQG� WKH� DFFXUDWH� SUHGLFWLRQ� RI� WKHLU� FKDUDFWHULVWLFV� FDQ� EH� FDWHJRUL]HG� LQWR� IRXU�PDLQ�
JURXSV�

�� 1XPHULFDO� WHFKQLTXHV� WKDW� FRQVLVW� VRPH� RI� WKH� PRVW� ZLGHO\� XVHG� WRROV� IRU�
WUDQVIRUPHU�VLPXODWLRQ��$PRQJ�WKH SURSRVHG�WHFKQLTXHV�RI�WKLV�JURXS��WKH�)LQLWH�
'LIIHUHQFH�0HWKRG��)'0��UHSUHVHQWV WKH�HDVLHVW RQH�

�� 6WRFKDVWLF� PHWKRGV� LQFOXGLQJ� $UWLILFLDO� ,QWHOOLJHQFH� �$,�� WHFKQLTXHV�� VXFK� DV�
*HQHWLF�$OJRULWKPV� �*$���ZKLFK�KDYH�VHHQ� LQFUHDVHG�XVDJH� LQ� WKH� WUDQVIRUPHU�
GHVLJQ�DUHD�RYHU�WKH�ODVW�IHZ�\HDUV�

�� 9HUVLRQV� RI� WKH� WUDQVIRUPHU� HTXLYDOHQW� FLUFXLW�� ,WV� XVH� LV� VWLOO� FRPPRQ� LQ� WKH�
PDQXIDFWXULQJ� LQGXVWU\�� GXH� WR� LWV� VLPSOLFLW\� DQG� LWV� DELOLW\� WR� SURYLGH� UHOLDEOH�
UHVXOWV��HVSHFLDOO\�LQ�FDVHV�RI�VWDQGDUGL]HG�JHRPHWULHV�

�� ([SHULPHQWDO� PHWKRGV�� FRPELQLQJ� GDWD� SURYLGHG� E\� PHDVXUHPHQWV� ZLWK�
DQDO\WLFDO�RU�RWKHU�PHWKRGV��LQ�RUGHU�WR�SURYLGH�HIILFLHQW�PRGHOV�IRU�WKH�DFFXUDWH�
UHSUHVHQWDWLRQ�RI�FHUWDLQ�WUDQVIRUPHU�FKDUDFWHULVWLFV�

1XPHULFDO� PHWKRGV� DOWKRXJK� PRUH� SUHFLVH� LQ� WKH� FDOFXODWLRQ� RI� RLO� DQG� ZLQGLQJ�
WHPSHUDWXUHV RI� D� WUDQVIRUPHU�� WKH\� KDYH� EHHQ� FRQVLGHUHG� DV� D� FRPSOHPHQWDU\�
FDOFXODWLRQ�WR�WKH�HPSLULFDO�RU�WKHUPDO�WHVW�>��DQG��@��3LHUFH�GHYHORSHG�D�QHWZRUN�PRGHO�
ZKLFK�SURGXFHV�D�VHW�RI�DOJHEUDLF�HTXDWLRQV�EDVHG�RQ�D�KHDW�EDODQFH�SHUIRUPHG�LQ�HYHU\�
QRGH� FRQVLGHUHG� LQ� WKH� UHJLRQ� RI� LQWHUHVW�� 7KH� WKHUPDO� FRQYHFWLYH� FRHIILFLHQWV� ZHUH
FRQVLGHUHG� IURP� VWDQGDUG� FRUUHODWLRQV� IRXQG� LQ� WKH� OLWHUDWXUH�� /DWHU� WKLV� VHW� RI� ILQLWH�
GLIIHUHQFH� HTXDWLRQV� ZHUH VROYHG� IRU� WKH� WHPSHUDWXUHV� XVLQJ� VWDQGDUG� DOJRULWKPV� IRU�
VROXWLRQ�RI�WKH�UHVXOWLQJ�PDWULFHV��2WKHU�UHVHDUFKHUV�XVHG�D�OHVV�WUDGLWLRQDO�DSSURDFK�E\�
PHDQV�RI�WKH�KHDW�FRQGXFWLRQ�HTXDWLRQ�DQG�LWV�VROXWLRQ�WKURXJK�DGYDQFHG�PDWKHPDWLFDO�
WHFKQLTXHV�>�@�



:DVLW�-RXUQDO�RI�(QJLQHHULQJ�6FLHQFH������� 9RO�������1R�����������

��

(O�:DNLO� HW� DO� >�@�� SURSRVHG� D� QXPHULFDO PRGHO� ZKLFK� ZDV VROYHG� XVLQJ� WKH�
)/8(17 SURJUDP�IRU�D����������N9�SRZHU�WUDQVIRUPHUV��+H�DQDO\]HG�VRPH�LQWHUHVWLQJ�
JHRPHWULHV� FRPSRVHG� RI� WRS� DQG� ERWWRP� EDUULHUV� ZLWKLQ� WKH� ORZ� DQG� KLJK� YROWDJH�
ZLQGLQJV�ZKLFK�\LHOG�GLIIHUHQW�RLO�YHORFLWLHV� 2OVVRQ�>�@�DQDO\]HG�D�GLVF�W\SH�ZLQGLQJ�RI�
D� SRZHU� WUDQVIRUPHU� WR� GHWHUPLQH� WKH� LQIOXHQFH� RI� RLO� VWUHDPV� FRPLQJ� RXW� IURP� WKH�
KRUL]RQWDO� RLO� GXFWV� ZKLFK� ZHUH EHOLHYHG� WR� PRGLI\� WKH� RLO� YHORFLW\�� 7KH� DQDO\VLV� LV�
SHUIRUPHG� LQ�D� WZR�GLPHQVLRQDO�PRGHO�RI�D�GLVF�FRPSRVHG�RI�HLJKWK� FRQGXFWRUV��7KH�
PRPHQWXP� DQG� HQHUJ\� HTXDWLRQV� DUH� VROYHG� E\� WKH� )/8(17 SURJUDP�� +DULWKD� >�@�
SURSRVHG� D� QXPHULFDO�PRGHO� DQG� VROYHG� LW�ZLWK� 1,6$� SURJUDP� IRU� D� ����.9$� RQH�
SKDVH� WUDQVIRUPHU� ,Q� WKLV� UHVHDUFK�� D� QXPHULFDO� VFKHPH� EDVHG� RQ� WKH� ZRUN� LQ� >�@� LV�
SURSRVHG� IRU� WKH� LURQ� FRUH� DQG� ZLQGLQJV� RI� D� WUDQVIRUPHU�� 7ZR� FRRUGLQDWH� V\VWHPV��
&DUWHVLDQ�IRU�WKH�WUDQVIRUPHU�LURQ�FRUH�DQG�F\OLQGULFDO�FRRUGLQDWHV IRU�WKH�ZLQGLQJV�DUH�
FRQVLGHUHG��7KH�WKHUPDO�UHVLVWDQFH�FRQFHSW�LV WKHQ�DSSOLHG�DW�WKH�ERXQGDULHV�EHFDXVH�LW�
RIIHUV�PRUH� IOH[LELOLW\� WKDQ� WKH�FRQYHQWLRQDO� ILQLWH�GLIIHUHQFH�VFKHPH�HYHQ� WKRXJK� WKH�
GLVFUHWL]DWLRQ�RI�JRYHUQLQJ�HTXDWLRQV�LV�PDLQO\�EDVHG�RQ�ILQLWH�GLIIHUHQFH�PHWKRG��7KLV�
VFKHPH� VRXQGV� QHZ� DQG� KDV� QHYHU� EHHQ� DSSOLHG� E\� RWKHU� UHVHDUFKHUV��0RUHRYHU DQG�
GLIIHUHQW� WR� WKH� DERYH�PHQWLRQHG�ZRUNV�� WKH� WHPSHUDWXUH�GLVWULEXWLRQ� LV�SORWWHG� LQ� WZR�
GLPHQVLRQV�EHFDXVH�WKH�WHPSHUDWXUH�DORQJ�WKH�KHLJKW�RI�FRLO�LV�DVVXPHG�QRW�FRQVWDQW�

���7KHRUHWLFDO�0RGHO

'LVWULEXWLRQ�WUDQVIRUPHUV�DUH�XVHG�WR�FRQYHUW�HOHFWULFDO�HQHUJ\�IURP�D�KLJK�WR�D�ORZ�
YROWDJH�� ,Q� ,UDT� WKHVH� OHYHOV� RI� YROWDJH� YDU\� IURP� ��� WR� ��� N9� LQ� WKH� KLJKHU� OHYHO� WR�
������N9� LQ� WKH� ORZHU� OHYHO� 7KH� LQWHUQDO� VWUXFWXUH�RI�D� WUDQVIRUPHU� LV� FRPSOH[�DQG� LW�
GRHV� QRW� ILW� DQ\� NQRZQ� JHRPHWU\�� $� SLFWRULDO� GHVFULSWLRQ� RI� ���� N9$� GLVWULEXWLRQ�
WUDQVIRUPHU�LV�VKRZQ�LQ )LJ��� 7KH�LQWHUQDO�JHRPHWU\� LV FRPSRVHG�RI� UHFWDQJXODU�FRUH�
DQG� FR�D[LDO� F\OLQGHUV� IRU� KLJK� DQG� ORZ� YROWDJH�ZLQGLQJV�� %HVLGHV�� WKH� ZLQGLQJV� DUH�
PDGH�RI�OD\HUV�RI�FRSSHU�RU�DOXPLQXP�DQG�DPRQJ�WKHP�D�OD\HU�RI�LQVXODWLQJ�120(;�
SDSHU�WR�HOHFWULFDOO\�LVRODWH�HYHU\�WXUQ�RI�FRSSHU�RU�DOXPLQXP�OD\HU�
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)LJ� ����,QWHUQDO�JHRPHWU\�RI�D�����N9$�WUDQVIRUPHU

7KH� WZR� GLPHQVLRQDO PRGHO� SURSRVHG� IRU� WKLV� WUDQVIRUPHU� LV D� UHFWDQJXODU� VOLFH�
ZKLFK�LV�FRPSRVHG�RI�WKH�FRUUHVSRQGLQJ�VHFWLRQ�RI�FRUH��KLJK�DQG�ORZ�YROWDJH�ZLQGLQJV��
VHH� )LJ�� �� 7KH� +9� ZLQGLQJV� DUH� ORFDWHG� LQ� WKH� VXUURXQGLQJ� VSDFH� RI� /9� ZLQGLQJV�
ZKLFK� LV� ILOOHG� E\� RLO� DV� DQ� HOHFWULFDO� LQVXODWLRQ� DQG� KHDW� GLVVLSDWLRQ� PHGLD�� 7KH�
QXPHULFDO� YDOXHV� RI� WKH� SDUDPHWHUV� VKRZQ� LQ� )LJ�� �� DUH� UHOLDQW� RQ� WKH� VL]H� RI�
WUDQVIRUPHU��L�H��WKH�SRZHU�FDSDFLW\�RI�WUDQVIRUPHU�

)LJ� ����7ZR�'LPHQVLRQDO�0RGHO�ZLWK 7KUHH�:LQGLQJV�DQG�LURQ�FRUH�
2I 7KH�7UDQVIRUPHU�VKRZQ�LQ�)LJXUH����
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7KH� LGHQWLILFDWLRQ� RI� RLO�LPPHUVHG� WUDQVIRUPHUV� DFFRUGLQJ� WR� WKH� FRROLQJ�PHWKRG�
FRQVLVW�WKH IROORZLQJ�LQIRUPDWLRQ�

R 7\SH�RI�LQWHUQDO�FRROLQJ�PHGLXP�LQ�FRQWDFW�ZLWK�WKH�ZLQGLQJV
R ,GHQWLILFDWLRQ� RI� WKH� FLUFXODWLRQ� PHFKDQLVP� IRU� LQWHUQDO� FRROLQJ� PHGLXP� DQG�

H[WHUQDO�FRROLQJ�PHGLXP
R ,GHQWLILFDWLRQ�RI�WKH�FLUFXODWLRQ�PHFKDQLVP IRU�H[WHUQDO�FRROLQJ�PHGLXP�

)RU� H[DPSOH�� LI� WKH� LQWHUQDO� FRROLQJ�PHGLXP� LV� PLQHUDO� RLO�� ZKLFK� LV� FLUFXODWHG�ZLWK�
QDWXUDO� IORZ�� DQG� WKH� H[WHUQDO� FRROLQJ�PHGLXP� LV� DLU��ZKLFK� LV� FLUFXODWHG�ZLWK�QDWXUDO�
FRQYHFWLRQ�� WKHQ� WKLV�FRROLQJ�PHWKRG� LV�FRGHG�DV�21$1��2LO�1DWXUDO�$LU�1DWXUDO���$�
IRXU� FRROLQJ�PHWKRGV� H[LVW�� 21$)� �2LO�1DWXUDO�$LU� )RUFHG���2)$1� �2LO� )RUFHG�$LU�
1DWXUDO���2)$)��2LO�)RUFHG�$LU�)RUFHG��DQG�2):)��2LO�)RUFHG�:DWHU�)RUFHG��

����+HDW�(TXDWLRQ�

7KH�IROORZLQJ�HTXDWLRQ�LV�DSSOLHG�IRU�VWHDG\�VWDWH�KHDW�FRQGXFWLRQ�HTXDWLRQ�ZLWKLQ
LURQ�FRUH�RI�WKH�WUDQVIRUPHU >�@
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ൌ ധ௖௢௥௘ݍ DW�U� �U�

െ݇௪
ௗ்

ௗ௥
ൌ ധ௪௜௡ௗ௜௡௚௦ݍ DW�U� �U�

െ݇௪
ௗ்

ௗ௥
ൌ ݄ሺ ௪ܶ௜௡ௗ௜௡௚௦ െ ௢ܶ௜௟ሻ DW�U� �U�

:KHUHݍ�ധ௖௢௥௘ LV� WKH� FRQVWDQW� KHDW� IOX[� RI� LURQ� FRUH��݇௪ LV WKH� WKHUPDO� FRQGXFWLYLW\� RI�
ZLQGLQJV��U���U���U� DUH�FRQVWDQWV�VKRZQ�LQ�)LJ����
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%RXQGDULHV�IRU�WKLV�DQDO\VLV�DUH�FRPSRVHG�RI�WKH�LQWHUQDO�ERXQGDULHV�FRQIRUPHG�E\�
WKH�+9�/9�ZLQGLQJV�DQG�FRUH��DQG�H[WHUQDO�ERXQGDULHV�ZKLFK�DUH�FRPSRVHG�RI�WKH�WDQN�
ZDOOV�DQG�UDGLDWRU�ILQV��7KLV�LV�VKRZQ�LQ�)LJ����

)LJ� ����,QWHUQDO�DQG�H[WHUQDO�ERXQGDULHV�LQ�D�WUDQVIRUPHU

7KH�YROXPHWULF�KHDW�VRXUFH�IXQFWLRQ�ሺݍ௚ሶ ሻ KDV�EHHQ�PRGLILHG�WR�WDNH�FDUH�RI�YDULDWLRQ�RI�

HOHFWULFDO�UHVLVWDQFH�RI FRSSHU�ZLWK�WHPSHUDWXUH��7KH�KHDW�VRXUFH�WHUPݍ�௚ሶ FDQ�EH�RI�WKH�

IRUP�

௚ሶݍ ൌ ଴ሶݍ ሾͳ ൅ ௘ሺܶߙ െ ௥ܶ௘௙ሻ@ ���

:KHUH�DH LV�WKH�WHPSHUDWXUH�FRHIILFLHQW�RI�HOHFWULFDO�UHVLVWDQFH�RI�FRSSHU�ZLUH��7UHI LV�WKH�
UHIHUHQFH� WHPSHUDWXUH� DQG� ଴ሶݍ LV� WKH� LQLWLDO� YDOXH� RI� KHDW� JHQHUDWLRQ�� :LWK� WKLV�
UHSUHVHQWDWLRQ�� WKH� IXQFWLRQ� ௚ሶݍ EHFRPHV� WHPSHUDWXUH� GHSHQGHQW� �L�H�� GLVWULEXWHG� KHDW�
VRXUFH��

����+HDW�&RQYHFWLRQ�(TXDWLRQ�

)RU�WKH�KHDW�FRQYHFWLRQ�DW�WKH�LQWHUQDO�ERXQGDULHV�WKH�IROORZLQJ HTXDWLRQ�LV�DSSOLHG�
IRU�RLO�

ߩ ቀ ௫ܸ
డ൫஼೛Ǥ்൯

డ௫
൅ ௬ܸ

డ൫஼೛Ǥ்൯

డ௬
ቁ ൌ

డ

డ௫
ሺ݇Ǥ

డ்

డ௫ሻ
ሻ ൅

డ

డ௬
ሺ݇Ǥ

డ்

డ௬ሻ
ሻ ���

:KHUH�7 LV� WHPSHUDWXUH��9[ LV�YHORFLW\�LQ�[ GLUHFWLRQ��9\ LV�YHORFLW\�LQ�\ GLUHFWLRQ��N LV�
WKHUPDO�FRQGXFWLYLW\��U LV�GHQVLW\�DQG�&S LV�VSHFLILF�KHDW�RI�WKH�WUDQVIRUPHU¶V�RLO��

,Q�HTXDWLRQ�����YHORFLW\�LV�XQNQRZQ��DQG�WKHQ�ZH�PXVW�VROYH�1DYLHU�6WRNHV�HTXDWLRQV��
1DYLHU�6WRNHV�HTXDWLRQV�LQ�WZR�GLPHQVLRQV�IRU�1HZWRQLDQ�LQFRPSUHVVLEOH�IOXLG�DUH�
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&RQWLQXLW\�(TXDWLRQ�

డ௏ೣ

డ௫
൅

డ௏೤

డ௬
ൌ Ͳ �����

0RPHQWXP�(TXDWLRQV�

ߩ ቀ ௫ܸ
డ௏ೣ

డ௫
൅ ௬ܸ

డ௏೤

డ௬
ቁ ൌ െ

డ௉

డ௫
൅ ሺ

డ

డ௫
ቀʹǤ Ǥߤ

డ௏ೣ

డ௫
ቁ ൅

డ

డ௬
ቀߤǤ

డ௏ೣ

డ௬
൅ Ǥߤ

డ௏೤

డ௫
ቁሻ �����

ߩ ቆ ௫ܸ

߲ ௫ܸ

ݔ߲
൅ ௬ܸ

߲ ௬ܸ

ݕ߲
ቇ ൌ െ

߲ܲ

ݕ߲
൅ ൭

߲

ݔ߲
ቆߤǤ

߲ ௫ܸ

ݕ߲
൅ Ǥߤ

߲ ௬ܸ

ݔ߲
ቇ ൅

߲

ݕ߲
ቆʹǤ Ǥߤ

߲ ௬ܸ

ݕ߲
ቇ൱

൅ߩ଴Ǥ ݃Ǥ Ǥߚ ሺܶ െ ௥ܶ௘௙ሻ �����

:KHUH�3 LV�SUHVVXUH�DQG�J LV�JUDYLWDWLRQDO�DFFHOHUDWLRQ�

����+HDW�([FKDQJHU

$W�WKH�H[WHUQDO�ERXQGDULHV��WKH�IROORZLQJ�HTXDWLRQ�LV�DSSOLHG�>��@

௔௖௧௨௔௟ݍ ൌ ߳Ǥ ௠௜௡ሺܥ ௢ܶ௜௟ െ ஶܶሻ ���

:KHUH�

,I�&PD[ LV�PL[HG��&PLQ XQPL[HG

7KHQ ߳ ൌ ቀ
ଵ

஼
ቁ ሼͳ െ ���ሾെܥሺͳ െ ݁ିேሻሿሽ

,I�&PD[ LV�XQPL[HG��&PLQ PL[HG

7KHQ ߳ ൌ ͳ െ ���ሼെቀ
ଵ

஼
ቁ ሾͳ െ ���ሺെܰܥሻሿሽ

1RWH�����ܰ ൌ ܷܰܶ ൌ
௎஺

஼೘೔೙
ܥ ൌ

஼೘೔೙

஼೘ೌೣ

)RU�WKH�FDOFXODWLRQ�RI�8 ZH�QHHG�WKH�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�K ZKLFK�FDQ�EH�
FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQV�

௨ܰ
തതതത

௅

భ

ర൫ ௨ܰ
തതതത

௅
െ ͲǤ͸ͺ൯ ൌ

଴Ǥ଺଻ሺீ௥ಽ
௉௥ሻభȀరכ

ሾଵାሺ଴ǤସଽଶȀ௉௥ሻ
వ
భలሿరȀవ

���

௅ݎܩ
כ ൌ ௫ݑ௫ܰݎܩ ൌ

௚ఉכ௤ೢ௫
ర

௞௩మ
כߚ����� ൌ

ଵ

்
���

7KH�ODWHU�HTXDWLRQV�DUH�XVHG�WR�FRPSDUH�WKH�KHDW�GLVVLSDWHG�E\�WKH�FRUH�DQG�ZLQGLQJV�WR�
WKH�KHDW�ORVV�WKURXJK�WKH�H[WHUQDO�ILQQHG�ERG\�

���1XPHULFDO�0RGHO

,Q�WKH�SUHYLRXV�VHFWLRQ��LW�ZDV�PHQWLRQHG�WKDW�WKH�WRWDO�KHDW�JHQHUDWHG�LQ�WKH�+9�/9�
ZLQGLQJV�DQG�FRUH� LV�GLVVLSDWHG� LQ� WKH�RLO� DQG� WKHQ� WR� WKH�VXUURXQGLQJ�DLU�YLD�H[WHUQDO�
KHDW� H[FKDQJHU�� 9DOXHV� RI� WHPSHUDWXUH� GLVWULEXWLRQ� ZLWKLQ� WKH� FRUH� DUH� PDGH� NQRZQ�
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XVLQJ� WKH� ILQLWH� 'LIIHUHQFH� PHWKRG� VFKHPH� ZKLFK� FDQ� EH� ZULWWHQ� IRU� HTXDWLRQ� ���� DV�
IROORZV�>�@

ሺ ೘்శభǡ೙ିଶ ೘்ǡ೙ା ೘்షభǡ೙ሻ

ο௫మ
൅

ሺ ೘்ǡ೙శభିଶ ೘்ǡ೙ା ೘்ǡ೙షభሻ

ο௬మ
൅ɠሺοݔሻଶ ൅ɠሺοݕሻଶ ൌ Ͳ

,I�οݔ  �οݕ WKH�DERYH�HTXDWLRQ�EHFRPHV�

௠ܶାଵǡ௡ ൅ ௠ܶିଵǡ௡ ൅ ௠ܶǡ௡ାଵ ൅ ௠ܶǡ௡ିଵ െ Ͷ ௠ܶǡ௡ ൌ Ͳ ���

7KH�WUXQFDWLRQ�HUURU DVVRFLDWHG�ZLWK�WKLV�UHSUHVHQWDWLRQ�KDV�WKH�RUGHU�RI�TXDGUDWLF��L�H��
ɠሺοݔሻଶ DQG�ɠሺοݕሻଶ EHFDXVH�ERWK�GHULYDWH�RSHUDWRUV�LQ�[ DQG�\ DUH�GLVFUHWL]HG�XVLQJ�
FHQWUDO�GLIIHUHQFH�HTXDWLRQ��)RU�WKH�VXEVFULSW�P DQG�Q VHH�ILJXUH���EHORZ�ZLWK�D�QRWLFH�
¨[� �¨\

)LJ� ����$�VFKHPDWLF�GUDZLQJ�LOOXVWUDWLQJ�QRPHQFODWXUH�XVHG�LQ�WZR�GLPHQVLRQDO�
QXPHULFDO�DQDO\VLV�RI�HTXDWLRQ����

7KH�GLVFUHWL]DWLRQ�RI�HTXDWLRQ�����ZKLFK�JRYHUQV�WKH�WHPSHUDWXUH�GLVWULEXWLRQ�LQ�/9�DQG�
+9�ZLQGLQJV�FDQ�EH�H[SUHVVHG�DV�IROORZV�

ቀ ೘்శభǡ೙ିଶ ೘்ǡ೙ା ೘்షభǡ೙

ሺο௥ሻమ
ቁ ൅

ଵ

ሺேିଵሻο௥
ቀ ೘்శభǡ೙ି ೘்షభǡ೙

ଶο௥
ቁ ൅ ቀ ೘்ǡ೙శభିଶ ೘்ǡ೙ା ೘்ǡ೙షభ

ሺο௭ሻమ
ቁ ൅

௤ሶ೒

௞ೢ
൅

�ሺοݎሻଶ ൅�ሺοݖሻଶ ൌ Ͳ

7KH� GLVFUHWL]DWLRQ� RI� ILUVW� GHULYDWH� LQ� U GLUHFWLRQ� LV� H[SUHVVHG� LQ� FHQWUDO� GLIIHUHQFH�
HTXDWLRQ�LQ�RUGHU�WR�NHHS�WKH�HUURU�DW� WKH�TXDGUDWLF�SRZHU��7KH�DERYH�HTXDWLRQ�FDQ�EH�
VLPSOLILHG�IXUWKHU�DV�IROORZV�

ሺଶேିଵሻ

ሺଶேିଶሻ ௠ܶାଵǡ௡ ൅
ሺଶேିଷሻ

ሺଶேିଶሻ ௠ܶିଵǡ௡ ൅ ሺʹܰ െ ʹሻ ቂ൛ ௠ܶǡ௡ିଵ൅ ௠ܶǡ௡ାଵ െ Ͷ ௠ܶǡ௡ൟ ൅
௤ሶ೒ሺο௥ሻ

మ

௞ೢ
ቃ ൌ Ͳ

����

:KHUH�1 LV�WKH�QXPEHU�RI�JULGV�ZKLFK�LV�HTXDO�LQ�ERWK�U DQG�] GLUHFWLRQV��L�H��¨U� �¨]��
LW� LV� DOVR� VKRXOG� EH� QRWLFHG� WKDW� P DQG� Q VWDQG� IRU� WKH� GLVFUHWL]DWLRQ� LQ� U DQG� ]
UHVSHFWLYHO\� 7KH�WUXQFDWLRQ�HUURU�IRU�WKLV�HTXDWLRQ�LV�RI�TXDGUDWLF�SRZHU�ERWK�LQ�U DQG�]
GLUHFWLRQV�
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7KH�QRWDWLRQ�� H[SUHVVHV�WKH�UDWH�DW�ZKLFK�WKH�WUXQFDWLRQ�HUURU�JRHV�WR�]HUR��8VXDOO\�
ZH�DUH�RQO\�LQWHUHVWHG�LQ�WKH�RUGHU�RI�WUXQFDWLRQ�HUURU��)RU�FRGH�YDOLGDWLRQ��KRZHYHU��ZH�
QHHG� WR� ZRUN� ZLWK� WKH� PDJQLWXGH� RI� WKH� WUXQFDWLRQ� HUURU�� /HW� 7( GHQRWHV� WKH� WUXH�
PDJQLWXGH�RI�WKH�WUXQFDWLRQ�HUURU�IRU�D�JLYHQ�ǻ[ DQG�ǻ\ �RU�DOWHUQDWLYHO\�ǻU DQG�ǻ] ���$V�
ǻ[ĺ���DQG�ǻ\�ĺ����WKH�WUXH�PDJQLWXGH�RI�WKH�WUXQFDWLRQ�HUURU�LV

ܧܶ ൌ ሻݔ௫ሺοܭ
ଶ ൅ ሻݕ௫ሺοܭ

ଶ ����

:KHUH�.[ DQG�.\ DUH�FRQVWDQWV�WKDW�GHSHQG�RQ�WKH�DFFXUDF\�RI�QXPHULFDO�DSSUR[LPDWLRQV�
DQG� WKH� SUREOHP� EHLQJ� VROYHG�� 7R� PDNH� 7( DUELWUDULO\� VPDOO�� ERWK� ǻ[ DQG� ǻ\ PXVW�
DSSURDFK�]HUR�

7R� FDOFXODWH� WKH� SHUFHQWDJH� RI� HUURU� EHWZHHQ� WKH� PHDVXUHG� DQG� FDOFXODWHG� GDWD�� WKH�
IROORZLQJ�HTXDWLRQ�LV�DSSOLHG�

Ψݎ݋ݎݎ݁ ൌ ቚ
்೘೐ೌೞೠೝ೐೏ି்೎೚೘೛ೠ೟೐೏

்೘೐ೌೞೠೝ೐೏
ቚ ����

$W�WKH�ERXQGDULHV�DQG�IRU�ERWK�V\VWHPV�WKH�FRQFHSW�RI�UHVLVWDQFH�EHWZHHQ�WZR�DGMDFHQW�
QRGHV�LV�DSSOLHG��7KH�JHQHUDO�HTXDWLRQ�IRU�WKLV�FRQFHSW�LV�>��@

ሶݍ ൅ σ
்ೕି்೔

ோ೔ೕ
௝ ൌ Ͳ ����

:KHUHݍ�ሶ LV�WKH�WLPH�UDWH�RI�KHDW�FRQGXFWLRQ�DQG�WKH�VXEVFULSW�L LV�GHVLJQDWHG�IRU�WKH�QRGH�
RI� LQWHUHVW� ZKLOH� M� UHIHUV� WR� WKH� DGMRLQLQJ� QRGH�� 5LM LV� WKH� UHVLVWDQFH� EHWZHHQ� WZR�
DGMRLQLQJ�QRGHV�DQG�LW�H[SUHVVHG�LQ�SOXV�DQG�PLQXV�VLJQV�ZKHUH�SOXV�PHDQV�WKH�SRVLWLYH�
GLUHFWLRQ�RI�FRRUGLQDWH�DQG�PLQXV�LV�WKH�QHJDWLYH�GLUHFWLRQ��7DEOH�� OLVWV�WKH�IRUPXOD�IRU�
HDFK�UHVLVWDQFH�DFFRUGLQJ�WR�WKH�W\SH�RI�ERXQGDU\�FRQGLWLRQV�

7DEOH�����UHVLVWDQFH�IRUPXODV�IRU�FRQYHFWLRQ�ERXQGDU\�FRQGLWLRQV

6\VWHP� %RXQGDU\�FRQGLWLRQV 5P� 5P� 5Q� 5Q�

,URQ�&RUH� &RQYHFWLRQ�ERXQGDU\ ͳ

݄οݔ

ͳ

݇

ʹ

݇

ʹ

݇

([WHULRU�FRUQHU�
FRQYHFWLRQ

ʹ

݄οݔ

ʹ

݇

ʹ

݄οݕ

ʹ

݇

,QWHULRU�FRUQHU�
FRQYHFWLRQ

ʹ

݇

ͳ

݇

ͳ

݇

ʹ

݇

+9�/9�
ZLQGLQJV

&RQYHFWLRQ�ERXQGDU\ 5P� 5P� 5N� 5N�

׎௠οݎ

οݎο݇ݖ

׎௠οݎ

οݎο݇ݖ

οݖ

݇ݖο׎௠οݎ

οݖ

݇ݖο׎௠οݎ
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��� $VVXPSWLRQV

7KH�IROORZLQJ�DVVXPSWLRQV�DUH�DSSOLHG�WR�WKH�DQDO\VLV�VKRZQ�DERYH�LQ�RUGHU�WR�
REWDLQ�WKH�WHPSHUDWXUH�GLVWULEXWLRQ�LQ�LURQ�FRUH�DQG�ZLQGLQJV��

x )RU�ERWK�V\VWHPV�WKH�JULGV�DUH�HTXDO�DQG�IRU�ZLQGLQJV�ο׎ LV�FRQVLGHUHG FRQVWDQW�
�ο׎ ൌ ���7KLV�DVVXPSWLRQ�FRPHV�IURP�WKH�V\PPHWULFDO�GHVLJQ�RI�WUDQVIRUPHU�ߨʹ
ZKLFK�\LHOGV�FRQVWDQW�GLVWULEXWLRQ�RI�WHPSHUDWXUH�DORQJ�WKH�ZLQGLQJ�GLUHFWLRQ��

x 7KH�RLO�LQVLGH�WUDQVIRUPHU�XQGHUJRHV�QDWXUDO�FRQYHFWLRQ�ZKLFK�SXVKHV�WKH�KRW�RLO�
DERYH� DQG� UHSODFHV� LW� ZLWK� FROGHU� RLO� DW� WKH� ERWWRP�� +HQFH�� WHPSHUDWXUH�
GLVWULEXWLRQ�LQ�] GLUHFWLRQ�LV�FRQVLGHUHG�QRW�FRQVWDQW�

x 7KH� UHJLRQ� LQVLGH� WKH�/9�+9�ZLQGLQJV� DQG� FRUH� LV� VR� VWDJQDQW� WKDW� RQO\� KHDW�
FRQGXFWLRQ�LV�FRQVLGHUHG��L�H��WKH�RQO\�WHUP�FRQVLGHUHG�LQ�KHDW�FRQGXFWLRQ�LV�WKH�
ULJKW�VLGH�RI�HTXDWLRQ������

x 7KH� VSDFH� EHWZHHQ� WZR� DGMDFHQW�ZLQGLQJV� LV� VR� QDUURZ� WKDW� WKH� RLO� ILOOHG� WKLV�
VSDFH�FDQ�EH�SHUIHFWO\�DVVXPHG�DV�D�VWDJQDQW�YLVFRV�IOXLG�KHQFH��WKH�FRQGXFWLRQ�
KHDW� WUDQVIHU� LV� GRPLQDQW� 7KHUHIRUH�� WKH� ERXQGDU\� FRQGLWLRQV� IRU� WKH� PLGGOH�
ZLQGLQJV��QRUPDOO\�SKDVH�6��LV�H[SUHVVHG DV�IROORZV�

െ݇௪
ௗ்

ௗ௥
ൌ ധ௪௜௡ௗ௜௡௚௦ݍ DW�U� �U�

x ,QLWLDOO\��WKH�ZKROH�V\VWHP�LV�FRQVLGHUHG�DW�WKH�DWPRVSKHULF�WHPSHUDWXUH��RXWGRRU�
VXPPHU� WHPSHUDWXUH� LV� ��� �&�� LQ� RUGHU� WR� VLPXODWH� WKH� LQLWLDO� FRQGLWLRQ� RI� WKH�
WUDQVIRUPHU� DQG� WR� REVHUYH� WKH� HYROXWLRQ� RI� WKH� V\VWHP�� +RZHYHU�� VLQFH� WKH�
HYROXWLRQ� WLPH� LV� QRW� WRR� ORQJ LQ� FRPSDULVRQ� ZLWK� WKH� WLPH� WKH� WUDQVIRUPHU�
UHDFKHV�LWV�VWHDG\�VWDWH�RSHUDWLRQ��WKH�ILQDO�FRQGLWLRQ�ZDV�FRQVLGHUHG�DV�D�VWHDG\�
VWDWH�FRQGLWLRQ�

�� 5HVXOWV�$QG�'LVFXVVLRQ

%HIRUH� SURFHHGLQJ� ZLWK� UHVXOWV� DQG� GLVFXVVLRQ�� WKH� WHFKQLFDO� VSHFLILFDWLRQV� RI� WKH�
WUDQVIRUPHU�XQGHU�WHVW�DUH�OLVWHG�LQ�WDEOH����

7DEOH�����7HFKQLFDO�'DWD�RI�7UDQVIRUPHU

1R�� 'HVFULSWLRQ� 8QLW� 5HTXLUHPHQWV�

� 7\SH� ��SK�RLO�LPPHUVHG�
ZLWKRXW�FRQVHUYDWRU

� &RQWLQXRXV�0D[�5DWLQJ�
�&05�

N9$ ���

� 5DWHG�)UHTXHQF\ +] ��

� &RROLQJ�0HWKRG 21$1

� +LJK�9ROWDJH��+9� 9 �����
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� /RZ�9ROWDJH��/9� 9 ���

� +9�:LQGLQJV 'HOWD

� /9�:LQGLQJV 6WDU

� RII�/RDG�/RVVHV : ���

�� 2Q�/RDG�/RVVHV : ����

�� 7RS�2LO�7HPSHUDWXUH Û& ��

�� $YHUDJH�:LQGLQJ�
7HPSHUDWXUH

Û& ��

�� +RW�6SRW�IRU�ZLQGLQJV Û& ���

�� ,QVWDOODWLRQ� 2XWGRRU�

�� .LQHPDWLF�9LVFRVLW\�RI�2LO�DW�
���Û&

PP��V ��

�� 'HQVLW\� .J�P� ����

�� %UHDNLQJ�YROWDJH�RI�RLO N9 !��

�� +HLJKW�RI�ZLQGLQJV PP ���

�� ,QQHU�5DGLXV�RI�/9�ZLQGLQJV PP ���

�� 2XWHU�5DGLXV�RI�/9�
:LQGLQJV

PP ���

�� ,QQHU�5DGLXV�RI�+9�:LQGLQJV PP ���

�� 2XWHU�5DGLXV�RI�+9�
:LQGLQJV

PP ���

'LDPHWHU�RI�,URQ�&RUH PP ���

�� /HQJWK� PP ����

�� :LGWK� PP ���

�� +HLJKW� PP ����

�� ,QLWLDO�ERG\�WHPSHUDWXUH Û& ��

�� 6WHDG\�VWDWH�ERG\�WHPSHUDWXUH Û& ��

�� %DVH�WHPSHUDWXUH�DW�ILQQHG�
ERG\

Û& ��

�� $PELHQW�WHPSHUDWXUH Û& ��

�� 7HPSHUDWXUH�FRHIILFLHQW��ߙ௘ሻ � ������SHU�Û&

�� ,QLWLDO�KHDW�JHQHUDWLRQ��T�� :�P� ���
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7KH� QXPHULFDO� VFKHPH� PHQWLRQHG� LQ� WKH� SUHYLRXV� VHFWLRQ� ZDV� VROYHG� WKRXJK�
SURJUDPLQJ�FRGHV�XVLQJ�0$7/$%�VRIWZDUH��7KH�LQLWLDO�FRQGLWLRQ�ZDV�VHW�WR�D�FRQVWDQW�
WHPSHUDWXUH� WKURXJKRXW� WKH� WUDQVIRUPHU� ZKLFK� LV� HTXDO� WR� WKH� KLJKHVW� DPELHQW�
WHPSHUDWXUH� GXULQJ� VXPPHU� VHDVRQ� LQ� ,UDT� �QDPHO\� VRXWKHUQ� SDUW� RI� ,UDT��� 7KLV�
WHPSHUDWXUH�ZDV�PHDVXUHG�DQG�LW�UHDFKHG���Û&�ZKLFK�UHSUHVHQWV�WKH�WHPSHUDWXUH�VWDWHG�
DV� D� PD[LPXP� DPELHQW� WHPSHUDWXUH� LQ� WKH� WHFKQLFDO� VSHFLILFDWLRQV� RI� 0LQLVWU\� RI�
(OHFWULFLW\� ± ,UDT�� +RZHYHU�� WKH� WHPSHUDWXUH� RI� 7UDQVIRUPHU� WDQN� UHDFKHG� DV� KLJK� DV�
��Û&��DFFRUGLQJ�WKH�GDWD�FROOHFWHG�E\�WKH�UHVHDUFKHUV�GXULQJ�$XJXVW��������+HQFH��WKH�
FRQVWDQW� LQLWLDO� WHPSHUDWXUH� ZDV� VHW� WR� ��Û&� ZKLFK� DVVXPHV� WKDW� WKHUH� ZDV� DQ�
LQWHUUXSWLRQ�LQ�SRZHU�VXSSO\�RI�WKUHH�KRXUV��$W�WKLV�LQLWLDO�FRQGLWLRQ�WKHUH�VKRXOG�EH�QR�
HIILFLHQW� KHDW� WUDQVIHU� EHWZHHQ� WKH� WUDQVIRUPHU� ERG\� DQG� DPELHQW� WHPSHUDWXUH� DV� WKH\�
DUH� LQ� WKHUPDO� HTXLOLEULXP��$V� WKH� HOHFWULFDO� ORDG� JURZV�XS� DIWHU� SRZHU� UHFRYHU\�� WKH�
WHPSHUDWXUH� RI� WUDQVIRUPHU� ERG\� LQFUHDVHV� XQWLO� LW� UHDFKHV� WKH� HIIHFWLYH� WHPSHUDWXUH�
GLIIHUHQFH�UHTXLUHG�E\�WKH�KHDW�H[FKDQJHU�DW�WKH�ILQQHG�ERG\�>��@��7KH�WUDQVIRUPHU�ERG\�
WHPSHUDWXUH�DW�VWHDG\�VWDWH�FRQGLWLRQ�ZDV�PHDVXUHG�DW�IXOO�ORDG�DQG�LW�ZDV�EHWZHHQ����
DQG���Û&��7KLV�WHPSHUDWXUH�ZDV�DVVXPHG�DV�D�EDVH�WHPSHUDWXUH�IRU�WKH�KHDW�H[FKDQJHU�
DW�WKH�ILQQHG�ERG\��7HPSHUDWXUH�GLVWULEXWLRQ�ZLWKLQ�WKH�PLGGOH�ZLQGLQJV��SKDVH�6��DQG�
ZKHUH� WKH�PD[LPXP�WHPSHUDWXUH�RFFXUV�DFFRUGLQJ� WR�ZLQGLQJ�KHLJKW� LV�VKRZQ�LQ�)LJ�
�����7KH�SHDN�WHPSHUDWXUH�RFFXUUHG�DW�D�KHLJKW�RI�����PP�IURP�WKH�ZLQGLQJ�ORZHU�HGJH�
DQG�LWV�YDOXH�H[FHHGHG�WKH�GHVLJQ�WHPSHUDWXUH�RI�����Û&��VHH�WDEOH���DERYH�

)LJ� ����7HPSHUDWXUH�'LVWULEXWLRQ�DORQJ�WKH�KHLJKW�RI�6�3KDVH�:LQGLQJV

7HPSHUDWXUH�GLVWULEXWLRQ�ZLWKLQ�WKH�PLGGOH�ZLQGLQJV��SKDVH�6��DQG�ZKHUH�WKH�PD[LPXP�
WHPSHUDWXUH� RFFXUV� DFFRUGLQJ� WR� ZLQGLQJ� UDGLXV� LV� VKRZQ� LQ� )LJXUH� ����� 3HDN�
WHPSHUDWXUH�RFFXUV�QHDU�WKH�RXWHU�ERXQGDU\�RI�/9�ZLQGLQJV�DQG�LWV�YDOXH�H[FHHGHG�WKH�
GHVLJQ�WHPSHUDWXUH�RI�����Û&��VHH WDEOH���DERYH�
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)LJ� ����7HPSHUDWXUH�'LVWULEXWLRQ�DORQJ�WKH�UDGLXV�RI�6�3KDVH�:LQGLQJV

)RU� EHWWHU� YLVXDOL]DWLRQ�� )LJXUH� ���� VKRZV� WHPSHUDWXUH� GLVWULEXWLRQ� ZLWKLQ� 6� 3KDVH�
ZLQGLQJV�ZLWK�UHVSHFW�WR�UDGLXV�DQG�KHLJKW�RI�WKH�ZLQGLQJV��,W�VKRXOG�EH�QRWLFHG�WKDW�/9�
ZLQGLQJV�LV�ORFDWHG�LQVLGH�+9�ZLQGLQJV��VHH�)LJXUH�����

)LJ� ����7HPSHUDWXUH�'LVWULEXWLRQ�ZLWKLQ�6�3KDVH�:LQGLQJV�ZLWK�UHVSHFW�WR�UDGLXV�DQG�
KHLJKW�RI�ZLQGLQJV

7KH� DVVXPSWLRQ� RI� FRQVWDQW� WHPSHUDWXUH� GLVWULEXWLRQ� LQ׎� GLUHFWLRQ� FRQYHUWHG� WKH�
ZLQGLQJV�WR�WZR�UHFWDQJOHV�ZKLFK�LQWHUSUHWV�WKH�SDUDEROLF�GLVWULEXWLRQ�VKRZQ�LQ�)LJXUH
����� )RU WKH� LURQ� FRUH�� WKH� SRVLWLRQ� ZKHUH� SKDVH� 6� LV� ORFDWHG� XQGHUJRHV� WKH� KLJKHVW�
WHPSHUDWXUH�� 7KLV� IDFW� LV� FOHDUO\� VKRZQ� LQ� )LJXUH� ���� ZKHUH RQH� FDQ� FRPSDUH� WKH�
WHPSHUDWXUHV�DW�HDFK�SKDVH�



:DVLW�-RXUQDO�RI�(QJLQHHULQJ�6FLHQFH������� 9RO�������1R�����������

��

� �� �� �� �� ���
��

��

��

��

���

���

/HQJWK�RI�,URQ�&RUH�LQ�PP

7
HP

S
HU
DW
X
UH
�&

3KDVH�5 3KDVH�6 3KDVH�7

�

��

���

�

��

��

��

��
��

��

��

��

��

���

���

/HQJWK�RI�,URQ�&RUH�LQ�PP:LGWK�RI�,URQ�&RUH�LQ�PP
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)LJ� ����7HPSHUDWXUH�'LVWULEXWLRQ�DORQJ�WKH�LURQ�FRUH�OHQJWK

7KH�VDPH�GLVWULEXWLRQ�LV�VKRZQ�LQ�)LJXUH�����EXW�LQ�ERWK�GLPHQVLRQV�IRU�FOHDUHU�YLVXDOL]DWLRQ�

)LJ�����7HPSHUDWXUH�'LVWULEXWLRQ�LQ�WKH�LURQ�FRUH

6ROYLQJ�1DYLHU�± 6WRNHV� HTXDWLRQ� IRU� WKH� FRQGXFWLRQ� WHUP� UHVXOWHG� LQ� WHPSHUDWXUH�
JUDGLHQW�DORQJ�WKH�WUDQVIRUPHU�KHLJKW��7KLV�ZDV�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�GDWD�WDNHQ�
RQVLWH�ZLWK�DVVXPSWLRQ� WKDW� WKH� WHPSHUDWXUH�RI�RLO LQ� WKH�QHLJKERULQJ�UHJLRQ�RI� ILQQHG�
ERG\�LV�ORZHU�WKDQ�WKH�EDVH�WHPSHUDWXUH�E\�����Û&�>��@�
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ƌĂ
ƚƵ

ƌĞ
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Ϳ�

ŚĞŝŐŚƚ�ŽĨ�ƚƌĂŶƐĨŽƌŵĞƌ�;ŵͿ

ĐĂůĐƵůĂƚĞĚ

ĐĂůĐƵůĂƚĞĚ

7KH�YDOXH�RI� WHPSHUDWXUHV�RI�RLO�REWDLQHG� IURP�VROYLQJ�1DYLHU�± 6WRNHV�HTXDWLRQV�
�RLO�WHPSHUDWXUH�FDOFXODWHG��DQG�WKH�WHPSHUDWXUH�RI�WUDQVIRUPHU�ERG\��ERG\�WHPSHUDWXUH�
PHDVXUHG��DORQJ�ZLWK�RLO�WHPSHUDWXUHV�DFFRUGLQJ�WR�ERG\�WHPSHUDWXUHV��RLO�WHPSHUDWXUH�
PHDVXUHG��DUH�VKRZQ�LQ�7DEOH�����

7DEOH�����1XPHULFDO�YDOXHV�RI�WHPSHUDWXUH�DV�HVVHQWLDO�GDWD�IRU�QXPHULFDO�VFKHPH

+HLJKW��P�
%RG\�7HPS��
PHDVXUHG��Û&�

2LO 7HPS��
PHDVXUHG

�Û&�

2LO 7HPS��
FDOFXODWHG�

�Û&�

(5525

�

��� �� �� �� ϱ͘ϱϱ
��� �� �� �� Ϯ͘ϲϯ
��� �� �� �� ϱ͘ϭϵ
���� �� �� �� ϭ͘ϭϵ
���� �� �� �� Ϯ͘Ϯϵ
��� �� �� �� Ϯ͘Ϯϰ
��� �� �� �� ϱ͘ϱϱ

7KH� QXPHULFDO� YDOXHV� RI� RLO� WHPSHUDWXUH� DUH� GHSLFWHG� LQ� )LJ�� ����� DV D� FRPSDULVRQ�
EHWZHHQ�WKH�PHDVXUHG�DQG�FDOFXODWHG�GDWD�

)LJ� �����$�FRPSDULVRQ�EHWZHHQ�YDOXHV�RI�WHPSHUDWXUH�PHDVXUHG�DQG�FDOFXODWHG
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ƚƌĂŶƐĨŽƌŵĞƌ�ŚĞŝŐŚƚ�;ŵͿ

7KH�HUURU�DVVRFLDWHG�ZLWK�WKLV�GDWD�ZKLFK�LV�FDOFXODWHG�XVLQJ�HTXDWLRQ������LV�VKRZQ�LQ�
)LJ� ����,W LV�REYLRXVO\�QRWLFHG�WKDW�WKH�GDWD�LV�FRQYHUJHQW�QHDU��7KH�WRS�RI�WUDQVIRUPHU�
�WRS� ILQQHG� WDQN� RI� WUDQVIRUPHU�� ZKLFK� FDQ� EH� LQWHUSUHWHG� DV� WKH� IDFW� WKDW� WKH� WRS� RI�
WUDQVIRUPHU�LV�QRUPDOO\�ILOOHG�ZLWK�KRW�RLO�ZKLFK�LWV�WHPSHUDWXUH�LV�LQ�HTXLOLEULXP ZLWK�
ERG\�WHPSHUDWXUH�

)LJ� �����7KH�HUURU�RI�QXPHULFDO�VFKHPH�FRPSDUHG�WR�GDWD�PHDVXUHG

$FFRUGLQJ� WR� WKH� GDWD� VKRZQ� LQ� )LJXUH� ���� WKH� PD[LPXP� GLIIHUHQFH� EHWZHHQ� WKH�
WUDQVIRUPHU¶V� FRUH� DQG� RLO� LV� ��� GHJUHHV�� )RU� WKH� H[WHUQDO� KHDW� WUDQVIHU� DW� WKH� ILQQHG�
ERG\��D�PD[LPXP�GLIIHUHQFH�RI����GHJUHHV�LV�UHDFKHG��+RZHYHU��WKH�QDWXUDO�FRQYHFWLYH�
KHDW�WUDQVIHU�FRHIILFLHQW�IRU�WKH�RLO�LV�QRUPDOO\�KLJKHU�WKDQ�WKDW�IRU�PRGHUDWH�VSHHG�ZLQG��
7KH WHPSHUDWXUH� RI�ZLQGLQJ� RI� SKDVH� 6� LV� WDNHQ� DV� D� VXUIDFH� WHPSHUDWXUH� RI� LQWHUQDO�
FRPSRQHQWV�ZLWK�D�WRWDO�DUHD�FDOFXODWHG�IURP�WKH�GDWD�IURP�WDEOH���WKDW�LV�HTXDO�WR�������
P� DQG�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�RI�RLO����:�P���.��WKH�LQWHUQDO�KHDW�WUDQVIHU�
GXULQJ�WKH�GD\�KRXUV�UDQJLQJ�IURP������$0�WR������30�FDQ�EH�FDOFXODWHG�LQ�RUGHU�WR�EH�
FRPSDUHG�ZLWK�WKH�H[WHUQDO�KHDW�ZKLFK�LV�FDOFXODWHG�XVLQJ�HTXDWLRQV�������DQG������7KH�
GDWD�LV�VKRZQ�LQ�WDEOH�����DQG�GHSLFWHG�LQ�)LJXUH������ZLWK�D�QRWLFH�WKDW�WKH�WUDQVIRUPHU�
LV�FRQVLGHUHG�RSHUDWLQJ�LQ�IXOO�ORDG�GXULQJ�WKH�GD\�KRXUV�DQG�WKH�ZLQG�FRQYHFWLYH�KHDW�
WUDQVIHU�FRHIILFLHQW�LV�WDNHQ�DV�FRQVWDQW�RI�D�QXPHULFDO�YDOXH�RI����:�P���.�>��@��,W�DOVR�
VKRXOG�EH�QRWLFHG�WKDW�WKH�H[WHUQDO�KHDW�ZKLFK�LV�REWDLQHG�IURP�HTXDWLRQV������DQG���LV�
FRQVLGHUHG�DV�PHDVXUHG�GDWD�EHFDXVH�LWV�EDVH�WHPSHUDWXUHV�DUH�PHDVXUHG�GLUHFWO\�RQ�WKH�
ILQQHG�ERG\�RI�WUDQVIRUPHU��7KH�LQWHUQDO�KHDW�UHSUHVHQWV�D�WKHRUHWLFDO�GDWD�EHFDXVH�WKHLU�
WHPSHUDWXUHV�DUH�REWDLQHG�IURP�WKH�QXPHULFDO�VFKHPH�
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7DEOH�����$�FRPSDULVRQ�EHWZHHQ�LQWHUQDO�DQG�H[WHUQDO�KHDW�WUDQVIHU�RI�WUDQVIRUPHU

'D\�
KRXUV

2LO�7HPS�
�Û&�

(TXDWLRQV����
DQG���

%RG\�7HPS�
�Û&��

0HDVXUHG�

,QWHUQDO�KHDW�
�:�

(TXDWLRQV����
DQG���

([WHUQDO�
KHDW��:�

(TXDWLRQV����
��DQG���

(5525
�

�����$0 �� �� ����� ����� ϰ͘Ϯϴ
�����$0 �� �� ����� ����� ϱ͘ϱϱ
������$0 �� �� ����� ����� Ϯ͘ϲϯ
������30 �� �� ����� ����� ϱ͘ϭϵ
�����30 �� �� ����� ����� ϭ͘ϭϵ
�����30 �� �� ����� ����� Ϯ͘Ϯϵ

)LJ� �����D�FRPSDULVRQ�EHWZHHQ�LQWHUQDO�DQG�H[WHUQDO�KHDWV

7KH�HUURU�DVVRFLDWHG�ZLWK�)LJXUH������ZKLFK�FDQ�EH�FDOFXODWHG�XVLQJ�HTXDWLRQ����LV�
VKRZQ�LQ�)LJXUH�������7KH�GDWD�LV�DOPRVW�LGHQWLFDO�DW�PLGGD\�ZKHQ�WKH�VWHDG\�VWDWH�LV�
UHDFKHG

Ϯ͕ϱϬϬ

ϯ͕ϬϬϬ

ϯ͕ϱϬϬ

ϰ͕ϬϬϬ

ϰ͕ϱϬϬ

ϱ͕ϬϬϬ

ϲ ϴ ϭϬ ϭϮ ϭϰ ϭϲ

ŚĞ
Ăƚ
�ŝŶ

�t
Ăƚ
ƚƐ

ĚĂǇ�ŚŽƵƌƐ

ĞǆƚĞƌŶĂů ŚĞĂƚ

ŝŶƚĞƌŶĂů�ŚĞĂƚ
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)LJXUH������3HUFHQWDJH�HUURU�DVVRFLDWHG�ZLWK�WKH�GDWD�VKRZQ

7KH� ILJXUHV� VKRZQ� DERYH� UHYHDO� WKH� IDFW� WKDW� KLJKHVW� WHPSHUDWXUH� LQVLGH� D�
WUDQVIRUPHU�RFFXUV�ZKHUH�WKH�JHQHUDWLQJ�VRXUFH�RI�KHDW�LV�ORFDWHG�IDU�IURP�ERXQGDULHV��
7KLV�LV�YDOLG�IRU�WKH�SKDVH�ZKLFK�LV�ORFDWHG�LQ�WKH�FHQWHU�RI�WUDQVIRUPHU�WDQN��QRUPDOO\�
SKDVH� 6��� %XW� WKLV� GRHV� QRW� DOORZ� DQ\� PRGLILFDWLRQ� EHFDXVH� LW� ZLOO� YLRODWH�
HOHFWURPDJQHWLF�WKHRU\��1HYHUWKHOHVV��VLQJOH�SKDVH�WUDQVIRUPHUV�DQG�9�6KDSHG�LURQ�FRUH�
WUDQVIRUPHUV��LI�WKHUH�LV�DQ\��ZKHUH�DOO�SKDVHV�ORFDWHG�ZLWKLQ�WKH�VDPH�GLVWDQFH�IURP�WKH�
ERXQGDULHV�ZLOO�SHUIRUP�EHWWHU�KHDW�WUDQVIHU�V\VWHP�WKDQ�WKH�FRQYHQWLRQDO�RQH�

%HFDXVH�ERWK�ZLQGLQJV�DUH�LQVWDOOHG�FR�D[LDOO\��WKH�SHDN�WHPSHUDWXUH�RFFXUV�ZLWKLQ�WKH�
KDOI�VSDFH�ZKLFK�LV�RFFXSLHG�E\�/9�ZLQGLQJV��7KLV�ZDV�FOHDUO\�VKRZQ�LQ�)LJXUH�����DQG�
LV� FDXVHG�E\� WKH� KLJK� YDOXH� RI� FXUUHQW� SDVVLQJ� WKRXJK�/9�ZLQGLQJV� FRPSDUHG� WR�+9�
ZLQGLQJV�

7KH�YHUWLFDO�D[LV�RI�WUDQVIRUPHU��ZKLFK�LV�QRUPDOO\�LQVWDOOHG�RXWGRRU��LV�H[SRVHG�WR�RSHQ�
VXQ� GXULQJ�GD\� KRXUV��%HVLGHV�� KRW� RLO� DOZD\V� RFFXSLHV� WKH� XSSHU� SDUW� RI� WUDQVIRUPHU�
WDQN��+HQFH��WKH�SHDN�WHPSHUDWXUH�RFFXUUHG�LQ�WKH�XSSHU�SDUW�RI�WUDQVIRUPHU�WDQN��7KLV�
ZDV�FOHDUO\�VKRZQ�LQ�)LJXUH�����

&RQFOXVLRQ

,W�FDQ�EH�QRZ�FRQFOXGHG�WKDW�DPELHQW�WHPSHUDWXUH�RI���Û&�ZKLFK�ZDV�OLVWHG�LQ�WKH�
VSHFLILFDWLRQV�RI�0LQLVWU\�RI�(OHFWULFLW\� LV�QR� ORQJHU�IHDVLEOH�DQG�VKRXOG�EH�UHYLVHG� WR�
��Û&��7KLV�QHZ�DPELHQW�WHPSHUDWXUH�ZLOO�DOORZ�IRU�ZLGHU�UDQJH�RI�RLO�WHPSHUDWXUH�ULVH�
�VHH� WDEOH� ��� DQG� DFFRUGLQJO\� KLJKHU� WHPSHUDWXUH� YDOXH� IRU� WKHUPDO� WULS� DQG� WKHUPDO�
ZLQLQJ�UHVLVWDQFH��7KH�WUDQVIRUPHU�XQGHU�VXFK�KLJK�ORDG�DQG�DPELHQW�WHPSHUDWXUH�ZLOO�
EH� VKXW� RII� E\� SURWHFWLRQ� GHYLFH� �LI� LW� ZRUNV� SURSHUO\��� 2WKHUZLVH�� LW� ZLOO� EH� RXW� RI�
VHUYLFH�EHFDXVH�RI�DQ�LQWHUQDO�GDPDJH�LQ�WKH�ZLQGLQJV�PRVW�SURSHUO\�LQ�3KDVH�6�GHSHQGV�
RQ�WKH�ORDG��LI�WKH�WKHUPDO�SURWHFWLRQ�GHYLFH�GRHV�QRW�ZRUN��
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>�@�3LHUFH��/�:���³+RWWHVW�VSRW�WHPSHUDWXUHV�LQ�YHQWLODWHG�GU\�W\SH�WUDQVIRUPHUV´��,(((�
7UDQVDFWLRQV�RQ�3RZHU�'HOLYHU\��9RO�����1R����-DQXDU\������

>�@� 1RUGPDQ�� +��� ³$YHUDJH� RLO� WHPSHUDWXUH� ULVH� LQ� GLVWULEXWLRQ� WUDQVIRUPHUV� ZLWKRXW�
H[WHUQDO�RLO�FLUFXODWLRQ´��7HFKQLFDO�PHPRUDQGXP������

>�@� 6XVD� '��� /HWKRQHQ� 0��� 1RUGPDQ� +��� ³'\QDPLF� WKHUPDO� PRGHOOLQJ� RI� SRZHU�
WUDQVIRUPHUV´��,(((�7UDQVDFWLRQV�RQ�3RZHU�'HOLYHU\��9RO������1R�����-DQXDU\������

>�@�(O�:DNLO��1���&KHUHFKHV��1�&���3DGHW��-��³1XPHULFDO�VWXG\�RI�KHDW�WUDQVIHU�DQG�IOXLG�
IORZ� LQ� D� SRZHU� WUDQVIRUPHU´�� ,QWHUQDWLRQDO� -RXUQDO� RI� 7KHUPDO� 6FLHQFHV�� ��� SDJ��
��������������

>�@� 2OVVRQ� 2��� &�� .UDQHQERUJ�� (�-��� 6DPXHOVVRQ�� %�5��� ³1XPHULFDO� 6WXG\� RQ� 0L[HG�
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