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&RQWHQWV

� ,QWURGXFWLRQ �

��� $SSOLFDWLRQ RI GHQVH FHUDPLF PHPEUDQHV �
��� 0HPEUDQH FRQFHSWV �

��� 0L[HG FRQGXFWLQJ SHURYVNLWHV �
��� 2[\JHQ WUDQVSRUW WKURXJK PL[HG FRQGXFWLQJ PHPEUDQHV �

����� %XON WUDQVSRUW �
����� ,QIOXHQFH RI VXUIDFH SURFHVVHV �
����� 'HWHUPLQDWLRQ RI /F �

��� ,PSURYHPHQW RI WKH PHPEUDQH SHUIRUPDQFH �
����� 7KLQ VXSSRUWHG PHPEUDQHV �

����� 3XOVHG ODVHU GHSRVLWLRQ �
����� 6XUIDFH PRGLILFDWLRQ �

��� 6FRSH RI WKLV WKHVLV �

��� 5HIHUHQFHV �

� 2[\JHQ SHUPHDWLRQ WKURXJK /D��[6U[&R2��GG PHPEUDQHV ��

��� ,QWURGXFWLRQ ��

��� 7KHRU\ ��
��� ([SHULPHQWDO ��

����� 6DPSOH SUHSDUDWLRQ ��

����� 3HUPHDWLRQ PHDVXUHPHQWV ��
��� 5HVXOWV DQG GLVFXVVLRQ ��

����� 2[\JHQ SUHVVXUH GHSHQGHQFH ��
����� 0HPEUDQH WKLFNQHVV GHSHQGHQFH ��
����� 7HPSHUDWXUH GHSHQGHQFH ��

��� 6XPPDU\ DQG FRQFOXVLRQV ��
��� 5HIHUHQFHV ��

� &KHPLFDO GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��GG VWXGLHG ZLWK

HOHFWULFDO FRQGXFWLYLW\ UHOD[DWLRQ ��

��� ,QWURGXFWLRQ ��
��� 7KHRU\ ��

��� ([SHULPHQWDO ��
����� 6DPSOH SUHSDUDWLRQ ��

����� &RQGXFWLYLW\ UHOD[DWLRQ ��
��� 5HVXOWV ��

��� 'LVFXVVLRQ ��
����� &KHPLFDO GLIIXVLRQ FRHIILFLHQW ��
����� 2[\JHQ VXUIDFH WUDQVIHU ��

��� &RQFOXGLQJ UHPDUNV ��
��� 5HIHUHQFHV ��



&RQWHQWV

� 3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

��� *HQHUDO LQWURGXFWLRQ ��

3DUW �� )ODW VXSSRUWV SUHSDUHG E\ SUHVVLQJ ��

��� ([SHULPHQWDO ��
����� 3UHSDUDWLRQ ��

����� 6XUIDFH PRGLILFDWLRQ E\ FRDWLQJ ��
��� 5HVXOWV DQG GLVFXVVLRQ ��

����� 3UHSDUDWLRQ ��

����� 6XUIDFH PRGLILFDWLRQ E\ FRDWLQJ ��
��� )LQDO SUHSDUDWLRQ URXWH ��

��� 5HVXOWV IRU [  ��� DQG [  ��� ��

3DUW �� )ODW VXSSRUWV SUHSDUHG E\ SUHVVXUH ILOWUDWLRQ ��

��� 3URFHVV FKDUDFWHULVWLFV ��

��� ([SHULPHQWDO ��
����� 0HGLXP VHOHFWLRQ ��
����� 6XSSRUW SUHSDUDWLRQ ��

��� 5HVXOWV DQG GLVFXVVLRQ ��
����� 0HGLXP VHOHFWLRQ ��

����� 6LQWHULQJ FKDUDFWHULVWLFV ��
����� 6XSSRUW PRUSKRORJ\ ��

��� 6XSSRUW SHUPHDELOLW\ ��

���� )LQDO SUHSDUDWLRQ URXWH ��

3DUW �� 7XEXODU VXEVWUDWHV SUHSDUHG E\ FHQWULIXJDO FDVWLQJ ��

���� 3URFHVV FKDUDFWHULVWLFV ��

���� ([SHULPHQWDO ��
������ 6XVSHQVLRQ SUHSDUDWLRQ ��

������ &DVW IRUPDWLRQ ��
���� 5HVXOWV DQG GLVFXVVLRQ ��

���� *HQHUDO FRQFOXGLQJ UHPDUNV ��
���� 5HIHUHQFHV ��

� 3UHSDUDWLRQ RI GHQVH /D���6U���&R2��GG WKLQ�ILOP PHPEUDQHV RQ SRURXV VXSSRUWV E\

SXOVHG ODVHU GHSRVLWLRQ ��

��� ,QWURGXFWLRQ ��
��� 3XOVHG ODVHU GHSRVLWLRQ ��

��� ([SHULPHQWDO ��
��� 5HVXOWV DQG GLVFXVVLRQ ��

����� 'HSRVLWLRQ RQ SRURXV D�$O�2� VXEVWUDWHV ��

����� 'HSRVLWLRQ RQ SRURXV /D���6U���&R2��G VXEVWUDWHV ��
��� &RQFOXVLRQV ��
��� 5HIHUHQFHV ��



&RQWHQWV

� 2[\JHQ SHUPHDWLRQ WKURXJK VXSSRUWHG WKLQ�ILOP /D���6U���&R2��GG PHPEUDQHV ��

��� ,QWURGXFWLRQ ��
��� 7KHRUHWLFDO FRQVLGHUDWLRQV ��

����� 3RUH GLIIXVLRQ ��
����� 6XUIDFH WUDQVIHU DQG LRQLF EXON WUDQVSRUW ��

��� ([SHULPHQWDO ��
����� 0HPEUDQH SUHSDUDWLRQ ��
����� 3HUPHDWLRQ PHDVXUHPHQWV ��

��� 5HVXOWV DQG GLVFXVVLRQ ��
����� 0HPEUDQH SUHSDUDWLRQ ��

����� 3HUPHDWLRQ ��
��� 6XPPDU\ DQG FRQFOXVLRQV ��
��� 5HIHUHQFHV ��

� 3HUPHDWLRQ DQG WUDQVSRUW SURSHUWLHV RI QLFNHO DQG FRSSHU VXEVWLWXWHG

/D���6U���&R2��GG ��

��� ,QWURGXFWLRQ ��

��� 7KHRU\ ��
����� 2[\JHQ SHUPHDWLRQ ��
����� (OHFWULFDO FRQGXFWLYLW\ UHOD[DWLRQ ��

��� ([SHULPHQWDO ��
����� 6DPSOH SUHSDUDWLRQ ��

����� 3HUPHDWLRQ PHDVXUHPHQWV ��
����� (OHFWULFDO FRQGXFWLYLW\ UHOD[DWLRQ H[SHULPHQWV ��

��� 5HVXOWV ��

����� 0DWHULDOV FKDUDFWHULVDWLRQ ��
����� 3HUPHDWLRQ ��

����� (OHFWULFDO FRQGXFWLYLW\ UHOD[DWLRQ ��
��� 'LVFXVVLRQ ��

��� 6XPPDU\ DQG FRQFOXVLRQV ��
��� 5HIHUHQFHV ��

� &RQFOXVLRQV DQG RXWORRN ��

��� ,QWURGXFWLRQ ��

��� 0HPEUDQH VWDELOLW\ ��
��� 0HFKDQLVP RI R[\JHQ WUDQVSRUW ��

��� 0HPEUDQH GHVLJQ ��
��� 5HIHUHQFHV ��

$SSHQGL[ $ ���

$SSHQGL[ % ���

6XPPDU\ ���

6DPHQYDWWLQJ ���

'DQNZRRUG ���

/HYHQVORRS ���
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,QWURGXFWLRQ

���� $SSOLFDWLRQ�RI�GHQVH�FHUDPLF�PHPEUDQHV

$�EULJKW� DSSOLFDWLRQ� SHUVSHFWLYH� KDV� GHYHORSHG� IRU� GHQVH�PL[HG� FRQGXFWLQJ�PHPEUDQHV�

6LQFH� WKH�PLG�����V�� WKH�VFLHQWLILF�DQG� LQGXVWULDO� LQWHUHVW� LQ� WKHVH�PHPEUDQHV�KDV�JURZQ

H[WHQVLYHO\��&XUUHQWO\��WKHLU�SRVVLEOH�XVH�DV�R[\JHQ�VHSDUDWLRQ�PHPEUDQHV�LV�UHJDUGHG�DV�D

FRVW�HIIHFWLYH��FOHDQ�DQG�IOH[LEOH�URXWH�IRU�WKH�SURGXFWLRQ�RI�R[\JHQ�IURP�DLU�

6LQFH�R[\JHQ�LV�RQH�RI�WKH�PRVW�ZLGHO\�XVHG�FKHPLFDOV��LQ�SRZHU�JHQHUDWLRQ��LQGXVWU\�DQG

KHDOWKFDUH�� WKHUH� LV� YDVW� HFRQRPLFDO� LQWHUHVW� LQ� GHYHORSLQJ� PRUH� HIILFLHQW� SURGXFWLRQ

IDFLOLWLHV��8S�WLOO�QRZ��R[\JHQ�LV�PDLQO\�SURGXFHG�WKURXJK�FU\RJHQLF�GHVWLOODWLRQ�RI�DLU��7KH

PDMRU� GUDZEDFN� RI� WKLV� SURFHVV� OLHV� LQ� LWV� KLJK� HQHUJ\� FRVWV�� PDNLQJ� LW� HFRQRPLFDOO\

IHDVLEOH�RQO\�RQ�ODUJH�SURGXFWLRQ�VFDOHV��$QRWKHU��PRUH�IOH[LEOH�ZD\�RI�SURGXFLQJ�R[\JHQ

LV� EDVHG� RQ� VHOHFWLYH� JDV� DGVRUSWLRQ�� ,Q� WKLV� SURFHVV�� FDOOHG� 3UHVVXUH� 6ZLQJ� $GVRUSWLRQ

�36$���QLWURJHQ�LV�VHOHFWLYHO\�DGVRUEHG�RQ�D�]HROLWH�RU�D�FDUERQ�PROHFXODU�VLHYH��UHVXOWLQJ

LQ� R[\JHQ� HQULFKPHQW� RI� WKH� JDV� SKDVH�>�@�� 7KLV� WHFKQLTXH� LV� VXLWDEOH� IRU� VPDOO�VFDOH

R[\JHQ�SURGXFWLRQ�� EXW� LW� KDV� WKH� GLVDGYDQWDJH� RI� EHLQJ� GLVFRQWLQXRXV�� )XUWKHUPRUH�� WKH

SURGXFWLRQ� FRVWV� VKDUSO\� ULVH� ZKHQ� R[\JHQ� SXULWLHV� KLJKHU� WKDQ� ���� DUH� UHTXLUHG�

&RPSDUHG�WR�WKHVH�FRQYHQWLRQDO�WHFKQLTXHV��R[\JHQ�SURGXFWLRQ�YLD�GHQVH�PHPEUDQHV�FDQ

RIIHU�VXEVWDQWLDO�DGYDQWDJHV��2ZLQJ�WR�WKH�QDWXUH�RI�WKH�VHSDUDWLRQ�SURFHVV��R[\JHQ�FDQ�EH

REWDLQHG� ZLWK� LQILQLWH� VHOHFWLYLW\�� %HVLGHV� WKHLU� DSSOLFDWLRQ� LQ� R[\JHQ� SURGXFWLRQ�� WKH

LQWHJUDWLRQ� RI� GHQVH� PHPEUDQHV� LQWR� PHPEUDQH� UHDFWRUV� LV� FRQVLGHUHG� YHU\� SURPLVLQJ�

7KHVH�UHDFWRUV��FRPELQLQJ�VHSDUDWLRQ�DQG�FDWDO\WLF�FRQYHUVLRQ��DUH�FRQVLGHUHG�DQ�DWWUDFWLYH

URXWH�IRU�SDUWLDO�K\GURFDUERQ�R[LGDWLRQ�RI�ZKLFK�WKH�SURGXFWLRQ�RI�V\QJDV�IURP�PHWKDQH�LV

WKH�PRVW�SURPLQHQW�H[DPSOH��,W�LV�WKHUHIRUH�QRW�VXUSULVLQJ�WKDW�WKH�ILUVW�SLRQHHULQJ�VWXGLHV

KDYH�WULJJHUHG�H[WHQVLYH�VFLHQWLILF�DQG�WHFKQRORJLFDO�LQWHUHVW�LQ�GHQVH�FHUDPLF�PHPEUDQHV�

ZKLFK� KDV� UHVXOWHG� LQ� D� FRQVLGHUDEOH� QXPEHU� RI� SDWHQW� DSSOLFDWLRQV�>���@�� 7KLV� FKDSWHU

SURYLGHV�D�FRQFLVH�LQWURGXFWLRQ�LQWR�WKH�PDLQ�WRSLFV�FRQFHUQLQJ�GHQVH�FHUDPLF�PHPEUDQHV



&KDSWHU ��

IRU�R[\JHQ�VHSDUDWLRQ��)RU�D�FRPSUHKHQVLYH�RYHUYLHZ�RI�WKH�UHFHQW�GHYHORSPHQWV�LQ�GHQVH

FHUDPLF�PHPEUDQH�UHVHDUFK��WKH�UHDGHU�LV�UHIHUUHG�WR�%RXZPHHVWHU�DQG�%XUJJUDDI�>�@�

���� 0HPEUDQH�FRQFHSWV

'HQVH� PHPEUDQHV� GHULYH� WKHLU� FDSDELOLW\� IRU� R[\JHQ� VHSDUDWLRQ� IURP� WKH� SUHVHQFH� RI

R[\JHQ�YDFDQFLHV�LQ�WKH�FU\VWDO�ODWWLFH�RI�WKH�PHPEUDQH�PDWHULDO��2[\JHQ�LV� LQFRUSRUDWHG

DQG� UHOHDVHG� IURP� WKH� ODWWLFH� DW� WKH� KLJK� DQG� ORZ� R[\JHQ� FKHPLFDO� SRWHQWLDO� VLGH

UHVSHFWLYHO\��DFFRUGLQJ�WR�WKH�UHDFWLRQ�
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6LQFH�WKH�PHPEUDQH�LV�GHQVH��SDVVDJH�RI�PROHFXODU�R[\JHQ�WKURXJK�SRUHV�LV�QRW�SRVVLEOH�

<HW��WKH�YDFDQFLHV�HQDEOH�DQLRQLF�R[\JHQ�WR�EH�VHOHFWLYHO\�WUDQVSRUWHG�WKURXJK�WKH�ODWWLFH

YLD� D� KRSSLQJ� PHFKDQLVP�� SURYLGLQJ� WKHUH� LV� D� GULYLQJ� IRUFH�� L�H�� D� JUDGLHQW� LQ� R[\JHQ

FKHPLFDO� SRWHQWLDO�� 7KLV� LV� IHDVLEOH� RQO\� ZKHQ� WKH� R[\JHQ� LRQV� SRVVHVV� HQRXJK� WKHUPDO

HQHUJ\�WR�RYHUFRPH�WKH�HQHUJ\�EDUULHU� WR�KRS�IURP�RQH�FU\VWDOORJUDSKLF�VLWH� WR� WKH�RWKHU�

7KLV� UHTXLUHV� HOHYDWHG� PHPEUDQH� RSHUDWLRQ� WHPSHUDWXUHV�� W\SLFDOO\� LQ� WKH� UDQJH� IURP

����&�WR������&��)XUWKHUPRUH��VLQFH�WKH�R[\JHQ�LRQV�DUH�WUDQVSRUWHG��FRXQWHU�WUDQVSRUW�RI

HOHFWURQLF�FKDUJH�FDUULHUV�LV�UHTXLUHG�WR�PDLQWDLQ�FKDUJH�QHXWUDOLW\�

$V�VFKHPDWLFDOO\�VKRZQ�LQ�ILJXUH������VHYHUDO�PHPEUDQH�FRQFHSWV�DUH�SRVVLEOH��DOO�RI�WKHP

HPSOR\LQJ�D�GHQVH�FHUDPLF�R[\JHQ�LRQ�FRQGXFWLQJ�PDWHULDO��&RQFHSW��D���FDOOHG�DQ�R[\JHQ

SXPS�>��@��LV�EDVHG�RQ�D�PDWHULDO�FRQGXFWLYH�RQO\�IRU�R[\JHQ�LRQV��L�H��D�VROLG�HOHFWURO\WH�

(OHFWURGHV� DQG�ZLULQJ� DUH� UHTXLUHG� IRU� WKH� �H[WHUQDO�� FRXQWHU� WUDQVSRUW� RI� HOHFWURQV�� 7KH

HOHFWURGHV�QHHG�WR�EH�SRURXV�VLQFH�R[\JHQ�FDQ�RQO\�EH�LQFRUSRUDWHG�LQWR�RU�UHOHDVHG�IURP

WKH� R[LGH� ODWWLFH� DW� WKH� WULSOH� SKDVH� ERXQGDU\� EHWZHHQ� WKH� HOHFWURO\WH�� HOHFWURGH� DQG� JDV

SKDVH��7KH�GULYLQJ�IRUFH�IRU�R[\JHQ�WUDQVSRUW�LV�DSSOLHG�DV�D�SRWHQWLDO�GLIIHUHQFH�EHWZHHQ

WKH� HOHFWURGHV�� ,Q� FRQFHSW��E�� WKH� H[WHUQDO� ZLULQJ� LV� UHSODFHG� E\� D� PHWDOOLF� SKDVH� EHLQJ

GLVSHUVHG�LQ�WKH�VROLG�HOHFWURO\WH��WKHUHE\�IRUPLQJ�D�SHUFRODWLYH�QHWZRUN��7KH�GULYLQJ�IRUFH

IRU� GLIIXVLRQ� LV� WKH� GLIIHUHQFH� LQ� R[\JHQ� SDUWLDO� SUHVVXUH� DSSOLHG� DFURVV� WKLV� GXDO� SKDVH

PHPEUDQH�>��@�� 6LPLODU� WR� WKH� SUHYLRXV� FRQFHSW�� R[\JHQ� FDQ� RQO\� EH� LQFRUSRUDWHG� RU

UHOHDVHG� DW� WKH� WULSOH� SKDVH� ERXQGDU\��(PSOR\LQJ� D� VLQJOH� SKDVH�PL[HG� HOHFWURQ� DQG� LRQ

FRQGXFWLQJ�R[LGH�DV�LOOXVWUDWHG�LQ�FRQFHSW��F��UHOLHYHV�WKLV�UHVWULFWLRQ��7KHVH�PDWHULDOV�VKRZ

ERWK�D�KLJK�LRQLF�DQG�HOHFWURQLF�FRQGXFWLYLW\�DQG� WKHUHIRUH�DOORZ�ODUJH�R[\JHQ� IOX[HV��DV

ILUVWO\�UHSRUWHG�E\�7HUDRND�HW�DO��>��@��7KHVH�PL[HG�FRQGXFWLQJ�PDWHULDOV�DUH� LQ� WKH� IRFDO

SRLQW�RI�WKLV�WKHVLV�



,QWURGXFWLRQ �

���� 0L[HG�FRQGXFWLQJ�SHURYVNLWHV

&XUUHQWO\�� WKH� DFFHSWRU�GRSHG� SHURYVNLWH�W\SH� R[LGHV� ZLWK� JHQHUDO� IRUPXOD

/D��[$[&R��\%\2��G� �$� �6U�� %D�� &D� DQG� %� �)H�� &X�� 1L�� DUH� UDQNHG� DPRQJ� WKH� PRVW

SURPLVLQJ�PDWHULDOV� IRU�R[\JHQ�VHSDUDWLRQ�PHPEUDQHV�� ,Q� WKHVH�FRPSRXQGV��ZKLFK�VKRZ

H[FHOOHQW� HOHFWURQLF� DQG� LRQLF� FRQGXFWLYLW\�� WKH� VXEVWLWXWLRQ� RI� /D
��
� ZLWK� DONDOLQH� HDUWK

PHWDO�LRQV�DW�WKH�$�VLWH�VWURQJO\�LQFUHDVHV�WKH�IRUPDWLRQ�RI�R[\JHQ�YDFDQFLHV��)RU�LQVWDQFH�

WKH�LQFRUSRUDWLRQ�RI�6U
��
� LQ�D�/D&R2��KRVW� ODWWLFH� LV� UHSUHVHQWHG� LQ�.U|JHU�9LQN�QRWDWLRQ

DV�
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&KDUJH�FRPSHQVDWLRQ�WDNHV�SODFH� WKURXJK�DQ� LQFUHDVH� LQ� WKH�QHW�YDOHQF\�RI� WKH� WUDQVLWLRQ

PHWDO� DW� WKH� %�VLWH


�� (TXDWLRQ� ������ UHSUHVHQWV� WKH� ILUVW� RI� WZR� SRVVLEOH� FKDUJH


 ,Q�GHSWK VWXGLHV >��@ KDYH VKRZQ WKDW LQ /D��[6U[&R2��G WKH FKDUJH LV QRW ORFDOLVHG RQ WKH &R�LRQV� EXW LV LQ IDFW

GHORFDOLVHG LQ D EURDG FRQGXFWLRQ EDQG� +RZHYHU� WKLV GRHV QRW FKDQJH WKH HVVHQFH RI WKH SUHVHQWHG PHFKDQLVP IRU

R[\JHQ YDFDQF\ IRUPDWLRQ�

)LJXUH ���� 9DULRXV PHPEUDQH FRQFHSWV HPSOR\LQJ D GHQVH R[\JHQ LRQ FRQGXFWLQJ

PDWHULDO� �D� R[\JHQ SXPS� �E� GXDO�SKDVH PHPEUDQH� �F� PL[HG FRQGXFWLQJ R[LGH
DQG �G� WKLQ VXSSRUWHG PL[HG R[LGH�



&KDSWHU ��

FRPSHQVDWLRQ� PHFKDQLVPV�� 7KH� VHFRQG� PHFKDQLVP� LQYROYHV� WKH� DFWXDO� IRUPDWLRQ� RI

R[\JHQ�YDFDQFLHV�
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:KLFK� RI� WKHVH� FKDUJH� FRPSHQVDWLRQ� PHFKDQLVPV� SUHYDLOV� GHSHQGV� RQ� WHPSHUDWXUH� DQG

R[\JHQ�SDUWLDO�SUHVVXUH�� ,Q�/D��[6U[&R2��G��G�FDQ�DWWDLQ�YDOXHV�XS� WR�������7KLV� LOOXVWUDWHV

WKH�VWDELOLW\�RI�WKH�SHURYVNLWH�VWUXFWXUH��LW�DOORZV�ERWK�KLJK�GRSDQW�FRQFHQWUDWLRQV�DQG�WKH

DFFRPSDQ\LQJ�KLJK�GHJUHH�RI�R[\JHQ�QRQ�VWRLFKLRPHWU\�

���� 2[\JHQ�WUDQVSRUW�WKURXJK�PL[HG�FRQGXFWLQJ�PHPEUDQHV

:KHQ�D�JUDGLHQW�LQ�R[\JHQ�FKHPLFDO�SRWHQWLDO�LV�DSSOLHG�DFURVV�D�GHQVH�PL[HG�FRQGXFWLQJ

PHPEUDQH�� YDFDQF\�PHGLDWHG� R[\JHQ� WUDQVSRUW� RFFXUV� IURP� WKH� KLJK� WR� WKH� ORZ� R[\JHQ

FKHPLFDO� SRWHQWLDO� VLGH� DFFRPSDQLHG� E\� D� FRXQWHU� IOX[� RI� HOHFWURQV� RU� HOHFWURQ� KROHV�

%HVLGHV�EXON�WUDQVSRUW��R[\JHQ�WUDQVIHU�RFFXUV�DFURVV�WKH�LQWHUIDFH�EHWZHHQ�WKH�JDV�SKDVH

DQG�WKH�R[LGH�

����� %XON WUDQVSRUW

,Q�JHQHUDO��ZKHQ�FURVV�WHUPV�EHWZHHQ�IOX[HV�DUH�QHJOHFWHG��WKH�IOX[�RI�WKH�FKDUJHG�VSHFLHV

XQGHU�DQ�HOHFWURFKHPLFDO�SRWHQWLDO�JUDGLHQW�LV�JLYHQ�E\�>��@�
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LQ�ZKLFK�VL�LV�WKH�FRQGXFWLYLW\��]L�WKH�FKDUJH�QXPEHU�DQG�)�WKH�)DUDGD\�FRQVWDQW��)RU�HDFK

VSHFLHV��WKH�JUDGLHQW�LQ�HOHFWURFKHPLFDO�SRWHQWLDO�LV�JLYHQ�E\�
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,Q�WKLV�H[SUHVVLRQ��PL�DQG��IL� UHSUHVHQW�WKH�JUDGLHQW�LQ�FKHPLFDO�DQG�HOHFWULFDO�SRWHQWLDO�

UHVSHFWLYHO\��8QGHU� VWHDG\�VWDWH�FRQGLWLRQV�� WKH�FRXQWHU� IOX[�RI�HOHFWURQLF� FKDUJH� FDUULHUV

EDODQFHV�WKH�R[\JHQ�DQLRQ�IOX[��WKHUHE\�SUHYHQWLQJ�FKDUJH�DFFXPXODWLRQ�
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ZKHUH� WHO� DQG� VLRQ� DUH� WKH� HOHFWURQLF� WUDQVIHUHQFH� QXPEHU� DQG� LRQLF� FRQGXFWLYLW\

UHVSHFWLYHO\�� ,QWHJUDWLQJ� HTXDWLRQ������� RYHU� WKH� PHPEUDQH� WKLFNQHVV�/�� XVLQJ
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LQ�ZKLFK�WKH�SULPH�DQG�GRXEOH�SULPH�GHQRWH�WKH�KLJK�DQG�ORZ�R[\JHQ�SDUWLDO�SUHVVXUH�VLGH

RI� WKH�PHPEUDQH�UHVSHFWLYHO\�� ,W� LV� LPSRUWDQW� WR�QRWH� WKDW�DFFRUGLQJ� WR�HTXDWLRQ������� WKH

IOX[�LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�PHPEUDQH�WKLFNQHVV�

����� ,QIOXHQFH RI VXUIDFH SURFHVVHV

(TXDWLRQ������� LV� YDOLG� RQO\� ZKHQ� WKH� EXON

WUDQVSRUW� RI� R[\JHQ� UDWH� OLPLWV� WKH� R[\JHQ

SHUPHDWLRQ�� ,Q� SUDFWLFH�� WKH� VXUIDFH

H[FKDQJH� UHDFWLRQV� SURFHHGLQJ� DW� WKH� JDV�

R[LGH� LQWHUIDFH� DOZD\V�� WR� VRPH� GHJUHH�

H[HUW� FRQWURO� RYHU� WKH� SHUPHDWLRQ� UDWH�>��@�

$V� D� FRQVHTXHQFH�� SDUW� RI� WKH� FKHPLFDO

SRWHQWLDO� GLIIHUHQFH� LV� FRQVXPHG� E\

LQWHUIDFLDO�R[\JHQ�H[FKDQJH��DV�LOOXVWUDWHG�LQ

ILJXUH������ 'HFUHDVLQJ� WKH� PHPEUDQH

WKLFNQHVV� LQFUHDVHV� WKH� SDUW� RI� WKH� GULYLQJ

IRUFH� FRQVXPHG� E\� WKH� VXUIDFH� SURFHVVHV�

ILQDOO\� UHQGHULQJ� WKH� UDWH� RI� R[\JHQ

SHUPHDWLRQ� LQGHSHQGHQW� RI� PHPEUDQH

WKLFNQHVV�

7R� GHULYH� D� SDUDPHWHU� WKDW� GLVWLQJXLVKHV� EHWZHHQ� VXUIDFH� H[FKDQJH� DQG� EXON� GLIIXVLRQ

FRQWUROOHG�NLQHWLFV��WKH�FDVH�RI�PL[HG�UDWH�FRQWURO�LV�FRQVLGHUHG��,Q�WKLV�VLWXDWLRQ�WKH�VXUIDFH

DQG�EXON�SURFHVVHV�FRQVXPH�DQ�HTXDO�DPRXQW�RI�WKH�WRWDO�GULYLQJ�IRUFH�

'P 'P
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EXON

2

VXUIDFH
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:KHQ�DQ�DV\PPHWULF�PHPEUDQH�LV�FRQVLGHUHG�LQ�ZKLFK�WKH�VXUIDFH�UHDFWLRQ�LV�UDWH�OLPLWLQJ

RQO\�DW�RQH�VXUIDFH�� 'P2

VXUIDFH

�
FRPSULVHV�WKH�WRWDO�FKHPLFDO�SRWHQWLDO�GURS�RYHU�WKLV�LQWHUIDFH�

8VLQJ�:DJQHU¶V� HTXDWLRQ� IRU� WKH� EXON� WUDQVSRUW� DQG� 2QVDJHU¶V� UHODWLRQ� IRU� WKH� VXUIDFH

H[FKDQJH��WKH�IOX[�EDODQFH�UHDGV�
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LQWHUIDFH LQWHUIDFH

EXON

)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH R[\JHQ

FKHPLFDO SRWHQWLDO SURILOH GXULQJ VWHDG\ VWDWH

SHUPHDWLRQ WKURXJK D V\PPHWULF PHPEUDQH
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7KH� SDUDPHWHU� M
H[

� � UHSUHVHQWV� WKH� H[FKDQJH� IOX[� LQ� WKH� DEVHQFH� RI� D� FKHPLFDO� SRWHQWLDO

JUDGLHQW�DQG�LV�UHODWHG�WR�WKH�VXUIDFH�H[FKDQJH�FRHIILFLHQW�NV�WKURXJK�>�@�
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ZKLFK� LV� DFFHVVLEOH� YLD�
��
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��
2� H[FKDQJH� H[SHULPHQWV�� &RPELQDWLRQ� RI� HTXDWLRQV������

DQG��������\LHOGV�DQ�H[SUHVVLRQ�IRU�WKH�FKDUDFWHULVWLF�PHPEUDQH�WKLFNQHVV�/F�DW�ZKLFK�WKH

VXUIDFH�DQG�WKH�GLIIXVLRQ�SURFHVV�FRQVXPH�DQ�HTXDO�VKDUH�RI�WKH�WRWDO�GULYLQJ�IRUFH�
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,Q� HTXDWLRQ�������� WKH� DYHUDJLQJ�EDU�RYHU� WHOVLRQ� LV� RPLWWHG� VLQFH� VPDOO� S2�
� JUDGLHQWV� DUH

FRQVLGHUHG�� ,Q� WKH� FDVH� RI� D� V\PPHWULFDO� PHPEUDQH�� WKH� RYHUDOO� IOX[� HTXDWLRQ� FDQ� EH

ZULWWHQ�DV�>�@�
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7KH�IDFWRU���LQ�WKH�GHQRPLQDWRU�LV�LQWURGXFHG�VLQFH�LQ�WKH�FDVH�RI�D�V\PPHWULFDO�PHPEUDQH

WKH� H[FKDQJH� SURFHVVHV� DW�ERWK� VXUIDFHV� FDQ� EH� UDWH� OLPLWLQJ�� ,Q� WKLV� FDVH� WKH�PHPEUDQH

WKLFNQHVV� DW�ZKLFK� WKH� VXUIDFH� DQG� WKH� GLIIXVLRQ� SURFHVV� FRQVXPH� DQ� HTXDO� VKDUH� RI� WKH

WRWDO�GULYLQJ�IRUFH�LV��/F��)RU�ODUJH�PHPEUDQH�WKLFNQHVVHV��HTXDWLRQ��������WUDQVIRUPV�LQWR

:DJQHU¶V� HTXDWLRQ� IRU� EXON� WUDQVSRUW� ZLWK� WKH� IOX[� SURSRUWLRQDO� WR� /
��
�� )RU� PHPEUDQH

WKLFNQHVVHV�ZHOO� EHORZ��/F� WKH� IOX[� LV� LQGHSHQGHQW� RI�/�� 7KHUHIRUH�� WKH� YDOXH� RI�/F� LV� D

FRQYHQLHQW� SDUDPHWHU� LQ� GHWHUPLQLQJ� WKH� LQIOXHQFH� RI� EXON� DQG� VXUIDFH� SURFHVVHV� RQ� WKH

UDWH� RI� R[\JHQ� SHUPHDWLRQ�� ,Q� JHQHUDO�� LW� FDQ� EH� VWDWHG� WKDW� GHFUHDVLQJ� WKH� PHPEUDQH

WKLFNQHVV�EHORZ�DSSUR[LPDWHO\����/F�LV�QRW�XVHIXO��VLQFH�QR�VLJQLILFDQW�JDLQ�LQ�IOX[�FDQ�EH

DFKLHYHG�DQ\PRUH�

����� 'HWHUPLQDWLRQ RI /F

:KHQ� LW� LV� DVVXPHG� WKDW� WKH� LRQLF� FRQGXFWLYLW\� LV� PXFK� VPDOOHU� WKDQ� WKH� HOHFWURQLF

FRQGXFWLYLW\�� ZKLFK� LV� JHQHUDOO\� WUXH� IRU� WKH� DFFHSWRU�GRSHG� FREDOWLWHV� DQG� IHUULWHV�

HTXDWLRQ��������FDQ�EH�VLPSOLILHG�E\�PDNLQJ�XVH�RI�WKH�1HUQVW�(LQVWHLQ�UHODWLRQ�

V
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LQ� ZKLFK�'F� UHSUHVHQWV� WKH� FRPSRQHQW�GLIIXVLRQ� FRHIILFLHQW� RI� WKH� R[\JHQ� DQLRQV� ZLWK

YDOHQFH�FKDUJH� ]
2
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:KHQ�FRUUHODWLRQ�HIIHFWV�DQG�HIIHFWV�GXH�WR�PDVV�GLIIHUHQFH�EHWZHHQ�WKH�FRPSRQHQW�DQG�D

FRUUHVSRQGLQJ� WUDFHU�FRPSRQHQW� DUH�QHJOHFWHG�� WKH� FRPSRQHQW�GLIIXVLRQ� FRHIILFLHQW�'F� LV

HTXDO�WR�WKH�WUDFHU�GLIIXVLRQ�FRHIILFLHQW�'
�>��@��%RWK�'
�DQG�NV�FDQ�UHDGLO\�EH�GHWHUPLQHG

ZLWK�
��
2�

��
2�H[FKDQJH� H[SHULPHQWV�>�����@��E\� ILWWLQJ� WKH� LVRWRSH�GLIIXVLRQ�SURILOHV�ZLWK

WKH�DSSURSULDWH�GLIIXVLRQ�PRGHO�

$QRWKHU� FRQYHQLHQW� PHWKRG� IRU� GHWHUPLQLQJ� /F� LV� SURYLGHG� E\� FKHPLFDO� UHOD[DWLRQ�W\SH

H[SHULPHQWV�>��������@�� ,Q� WKHVH� H[SHULPHQWV� D� SK\VLFDO� PDWHULDO� SURSHUW\�� H�J�� PDVV� RU

HOHFWULFDO� FRQGXFWLYLW\� LV� PRQLWRUHG� GXULQJ� UH�HTXLOLEUDWLRQ� DIWHU� D� VWHSZLVH� FKDQJH� LQ

R[\JHQ�SDUWLDO� SUHVVXUH��%\� ILWWLQJ� WKH� UHOD[DWLRQ� SURILOH�ZLWK� WKH� DSSURSULDWH�PRGHO�� WKH

YDOXHV� IRU� WKH� FKHPLFDO� GLIIXVLRQ� FRHIILFLHQW�
a
' � DQG� WKH� DSSDUHQW� VXUIDFH� H[FKDQJH

FRHIILFLHQW�.V�DUH�REWDLQHG��
a
' �DQG�.V�UHODWH�WR�'F�DQG�NV��UHVSHFWLYHO\��YLD�

a
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ZKHUH�J�LV�WKH�WKHUPRG\QDPLF�IDFWRU�
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���� ,PSURYHPHQW�RI�WKH�PHPEUDQH�SHUIRUPDQFH

$OWKRXJK� WKH� LQGXVWULDO� LQWHUHVWV� LQ� GHQVH� PHPEUDQHV� DUH� ODUJH� E\� YLUWXH� RI� WKHLU� YDVW

SRVVLEOH� DSSOLFDWLRQ� DUHD�� VHYHUDO� DVSHFWV� VWLOO� KDYH� WR� EH� DGGUHVVHG� EHIRUH� LQGXVWULDO

DSSOLFDWLRQ� EHFRPHV� IHDVLEOH�� ,PSRUWDQW� IDFWRUV� WKDW� VWLOO� KDYH� WR� EH� RSWLPLVHG� DUH� WKH

PDJQLWXGH� RI� WKH� R[\JHQ� IOX[� LQ� FRUUHODWLRQ� ZLWK� WKH� RSHUDWLQJ� WHPSHUDWXUH� DQG� WKH

PHFKDQLFDO�DQG�FKHPLFDO�PHPEUDQH�VWDELOLW\�>��@�

����� 7KLQ VXSSRUWHG PHPEUDQHV

$V�IDU�DV� WKH�PDJQLWXGH�RI� WKH�R[\JHQ�IOX[�LV�FRQVLGHUHG�� WKH�PD[LPXP�IOX[HV� WKDW�KDYH

EHHQ�UHSRUWHG�DUH�W\SLFDOO\���PPROH�FP
��
V
��
�IRU�����PP�WKLFN�PHPEUDQHV�DW�����&�XQGHU�DQ

DLU�KHOLXP�JUDGLHQW�>��@��)RU�ODUJH�VFDOH�WHFKQLFDO�DSSOLFDWLRQV�WKH�PHPEUDQH�IOX[�QHHGV�WR

LQFUHDVH�IXUWKHU�E\�DSSUR[LPDWHO\�D�IDFWRU�����$Q�REYLRXV�PHWKRG�WR�LQFUHDVH�WKH�R[\JHQ

IOX[�DQG�RU� UHGXFH� WKH�RSHUDWLQJ� WHPSHUDWXUHV� LV� ORZHULQJ� WKH�PHPEUDQH� WKLFNQHVV� WR� WKH

PLFURPHWHU�UDQJH��$Q�LPSRUWDQW�DVSHFW�LQ�WKLV�DSSURDFK��ZKLFK�LV�VFKHPDWLFDOO\�VKRZQ�DV

FRQFHSW��G��LQ�ILJXUH������LV�WKH�QHFHVVLW\�RI�VXSSRUWLQJ�WKH�PHPEUDQHV�RQ�SRURXV�VXEVWUDWHV

WR� SURYLGH� VXIILFLHQW� PHFKDQLFDO� VWUHQJWK�� 7KH� H[SDQVLRQ� EHKDYLRXU� RI� WKHVH� VXSSRUWV

VKRXOG�PDWFK�ZLWK�WKDW�RI� WKH�PHPEUDQH�DV�D�IXQFWLRQ�RI� WHPSHUDWXUH�DQG�R[\JHQ�SDUWLDO

SUHVVXUH�� 7KH� VXSSRUWV� VKRXOG� IXUWKHU� EH� DEOH� WR� ZLWKVWDQG� WKH� PHPEUDQH� RSHUDWLRQ
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WHPSHUDWXUH�IRU�DQ�H[WHQGHG�SHULRG�RI�WLPH�ZLWKRXW�FKHPLFDO�DQG�VWUXFWXUDO�FKDQJHV�WDNLQJ

SODFH��0DVV�WUDQVIHU�WKURXJK�WKH�VXSSRUW�VKRXOG�QRW�UDWH� OLPLW� WKH�SHUPHDWLRQ�WKURXJK�WKH

PHPEUDQH� WRS� OD\HU�� )XUWKHUPRUH�� D� ORZ� VXUIDFH� URXJKQHVV� DQG� D� QDUURZ� SRUH� VL]H

GLVWULEXWLRQ�QHDU�WKH�VXSSRUW�PHPEUDQH�LQWHUIDFH�DUH�FUXFLDO�UHTXLUHPHQWV�IRU�VXFFHVVIXOO\

GHSRVLWLQJ�D�GHQVH�PHPEUDQH�WRS�OD\HU�

����� 3XOVHG ODVHU GHSRVLWLRQ

7R�UHDOLVH�WKH�FRQFHSW�RI�D�WKLQ�VXSSRUWHG�PHPEUDQH��YDULRXV�PRGHUQ�WKLQ�ILOP�WHFKQLTXHV

FDQ� EH� HPSOR\HG�� 3URPLQHQW� H[DPSOHV� DUH� FKHPLFDO� YDSRXU� GHSRVLWLRQ�� HOHFWURFKHPLFDO

YDSRXU� GHSRVLWLRQ�� VRO�JHO� SURFHVVLQJ�� VSXWWHULQJ� DQG� ODVHU� DEODWLRQ� >�����@�� 2I� WKHVH

PHWKRGV��/DVHU�DEODWLRQ�RU�3XOVHG�/DVHU�'HSRVLWLRQ��3/'��KDV�UHFHQWO\�HPHUJHG�DV�RQH�RI

WKH�PRUH�VXLWDEOH�WHFKQLTXHV�IRU�WKH�GHSRVLWLRQ�RI�D�ZLGH�YDULHW\�RI�PDWHULDOV�ZLWK�FRPSOH[

VWRLFKLRPHWU\�>�����@�� 8VLQJ� 3/'�� KLJK� TXDOLW\� OD\HUV� FDQ� EH� IDEULFDWHG� ZLWK� H[FHOOHQW

WH[WXUH�DQG�YDULRXV�FU\VWDOORJUDSKLF�RULHQWDWLRQV�� ,W� FDQ�EH� HPSOR\HG� WR�GHSRVLW� OD\HUV�RI

KLJK�7F� VXSHUFRQGXFWRUV�� IHUULWHV�� IHUUR�HOHFWULFV�� RSWR�HOHFWURQLFV�� WULERORJLFDO� FRDWLQJV�

PHWDOV�� LQVXODWRUV�� DQG� ELRPDWHULDOV�� 7KH� WHFKQLTXH� FRPELQHV� VWRLFKLRPHWULF� PDWHULDO

WUDQVIHU�IURP�WDUJHW�WR�VXEVWUDWH�ZLWK�SURFHVV�VLPSOLFLW\��+LJK�TXDOLW\�ILOPV�FDQ�EH�JURZQ

DW�KLJK�GHSRVLWLRQ� UDWHV� FRPSDUHG�ZLWK� RWKHU� WHFKQLTXHV��8S� WLOO� QRZ�� UHVHDUFK� KDV� EHHQ

IRFXVHG�SULPDULO\�RQ�GHSRVLWLRQ�RI��HSLWD[LDO��ILOPV�RQ�QRQSRURXV�VXEVWUDWHV��PRVWO\�VLQJOH�

FU\VWDOV��7KHUHIRUH��WKH�GHSRVLWLRQ�RI�WKLQ�GHQVH�R[\JHQ�VHSDUDWLRQ�PHPEUDQHV�RQ�SRURXV

VXSSRUWV�FOHDUO\�UHSUHVHQWV�D�QHZ�DQG�FKDOOHQJLQJ�DSSOLFDWLRQ�RI�3/'�

����� 6XUIDFH PRGLILFDWLRQ

$V�H[SODLQHG�LQ�WKH�SUHYLRXV�VHFWLRQ��WKH�DSSURDFK�RI�GHFUHDVLQJ�WKH�PHPEUDQH�WKLFNQHVV

E\� GHYHORSLQJ� WKLQ� VXSSRUWHG� GHQVH�PHPEUDQHV� RQO\� WKHQ� UHVXOWV� LQ� D� IOX[� HQKDQFHPHQW

ZKHQ� EXON� WUDQVSRUW� RI� R[\JHQ� UDWH� OLPLWV� WKH� SHUPHDWLRQ�� +RZHYHU�� IRU� PHPEUDQH

WKLFNQHVVHV�EHORZ�����PP��WKH�LQIOXHQFH�RI�WKH�VXUIDFH�H[FKDQJH�NLQHWLFV�PRVW� OLNHO\�KDV

WR�EH�DGGUHVVHG� WRR��)RU�H[DPSOH�� WKH�/F�YDOXHV� WKDW�DUH� UHSRUWHG� LQ� OLWHUDWXUH� IRU�YDULRXV

DFFHSWRU�GRSHG� FREDOWLWHV� DQG� IHUULWHV� YDU\� IURP� VHYHUDO� PLFURQV� WR� PLOOLPHWHUV�>�����@�

7KHUHIRUH��WKH�GHYHORSPHQW�RI�PLFURPHWHU�WKLQ�GHQVH�PHPEUDQHV�VKRXOG�LQFOXGH�D�VWUDWHJ\

WR� HQKDQFH� WKH� VXUIDFH� H[FKDQJH� UHDFWLRQV��2EYLRXV� SRVVLELOLWLHV� WR� LPSURYH� WKH� VXUIDFH

UHDFWLRQ�UDWH�DUH�PRGLILFDWLRQ�RI�WKH�VXUIDFH�E\�GHSRVLWLQJ�HLWKHU�D�SRURXV�VXUIDFH�OD\HU�RU

DQ�H[FKDQJH�DFWLYH�OD\HU��FRQWDLQLQJ�H[FKDQJH�FDWDO\VWV�

���� 6FRSH�RI�WKLV�WKHVLV

7KH�PDLQ� REMHFWLYH� RI� WKH� UHVHDUFK� GHVFULEHG� LQ� WKLV� WKHVLV� LV� WKH� GHYHORSPHQW� DQG� WKH

FKDUDFWHULVDWLRQ�RI�GHQVH�VXSSRUWHG�/D��[6U[&R2��G� OD\HUV��)LUVW� WKH�SHUPHDWLRQ�SURSHUWLHV
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RI�XQVXSSRUWHG�EXON�/D��[6U[&R2��G�PHPEUDQHV�DUH�SUHVHQWHG�LQ�FKDSWHU����,Q�WKLV�FKDSWHU

WKH� GHSHQGHQFH� RI� WKH� SHUPHDWLRQ� RQ� WKH� DSSOLHG� SUHVVXUH� GLIIHUHQFH�� WHPSHUDWXUH�� 6U

�FRQWHQW� DQG� PHPEUDQH� WKLFNQHVV� DUH� GLVFXVVHG�� 7KH� LQIOXHQFH� RI� EXON� DQG� VXUIDFH

SURFHVVHV� LV� HYDOXDWHG�� ,Q� FKDSWHU��� FRQGXFWLYLW\� UHOD[DWLRQ� GDWD� RI� /D��[6U[&R2��G� ZLWK

YDU\LQJ� 6U�FRQWHQW� DUH� SUHVHQWHG�� 7KH� REVHUYHG� WUHQGV� LQ�
a
' � DQG�.V� DQG� WKH� DVVRFLDWHG

YDOXHV� IRU� /F� DUH� SUHVHQWHG� DQG� WKH� UHVXOWV� DUH� FRPSDUHG� ZLWK� GDWD� REWDLQHG� IURP

SHUPHDWLRQ� PHDVXUHPHQWV�� &KDSWHU��� GHVFULEHV� WKH� V\QWKHVLV� RI� SRURXV� /D��[6U[&R2��G

VXSSRUWV��7KLV�FKDSWHU��ZKLFK�PDLQO\�IRFXVHV�RQ�SHURYVNLWH�SRZGHU�SURFHVVLQJ��LQFOXGHV�DQ

H[FXUVLRQ� WR� WKH� FHQWULIXJDO� FDVWLQJ� RI� GHQVH� SHURYVNLWH� WXEHV�� &KDSWHU��� GHVFULEHV� WKH

GHSRVLWLRQ� RI� WKLQ� VXSSRUWHG�PHPEUDQHV� E\�PHDQV� RI� 3/'�RQ� ERWK� SRURXV�D�$O�2�� DQG

SHURYVNLWH� VXSSRUW� PDWHULDOV�� 7KH� R[\JHQ� SHUPHDWLRQ� SURSHUWLHV� RI� WKH� SHURYVNLWH�

VXSSRUWHG� PHPEUDQHV� DUH� SUHVHQWHG� DQG� GLVFXVVHG� LQ� FKDSWHU���� ,Q� FKDSWHU���� WKH

SHUPHDWLRQ� DQG� WUDQVSRUW� SURSHUWLHV� RI� QRQ�VXSSRUWHG� /D���6U���&R2��G� PHPEUDQHV� DUH

VWXGLHG� DV� D� IXQFWLRQ�RI� WKH�GHJUHH� RI�%�VLWH� VXEVWLWXWLRQ� RI� FREDOW�ZLWK� HLWKHU� FRSSHU� RU

QLFNHO�� 3HUPHDWLRQ� DQG� FRQGXFWLYLW\� UHOD[DWLRQ� H[SHULPHQWV� DUH� HPSOR\HG� WR� VWXG\� WKH

R[\JHQ�WUDQVSRUW��)LQDOO\��LQ�FKDSWHU���DQ�HYDOXDWLRQ�RI�WKH�UHVXOWV�RI�WKH�SUHYLRXV�FKDSWHUV

LV�SUHVHQWHG��LQFOXGLQJ�UHFRPPHQGDWLRQV�IRU�IXWXUH�UHVHDUFK�DQG�SURSRVDOV�WR�REWDLQ�IXUWKHU

LPSURYHPHQW�LQ�PHPEUDQH�SHUIRUPDQFH�

���� 5HIHUHQFHV

�� 5�0� 7KRURJRRG� ³'HYHORSPHQWV LQ DLU VHSDUDWLRQ´�*DV 6HS� 3XULI�� � �� ������

�� (�$� +D]EXQ� ³&HUDPLF 0HPEUDQH IRU +\GURFDUERQ &RQYHUVLRQ�´ 86 3DWHQW ���������� ����

�� $�*� 'L[RQ� :�5� 0RVHU DQG <�+� 0D� ³:DVWH 5HGXFWLRQ DQG 5HFRYHU\ XVLQJ 2��SHUPHDEOH 0HPEUDQH

5HDFWRUV�´ ,QG� (QJ� &KHP� 5HV�� �� ���� ������

�� 7�-� 0D]DQHF� ³1RYHO VROLG PXOWL�FRPSRQHQW PHPEUDQHV� HOHFWURFKHPLFDO UHDFWRUV DQG XVH RI
PHPEUDQHV DQG UHDFWRU IRU R[LGDWLRQ UHDFWLRQV�´ (XURSHDQ 3DWHQW $SSOLFDWLRQ ���������� ����

�� 5�0� 7KRURJRRG� 5� 6ULQLYDVDQ� 7�)� <HH DQG 0�3� 'UDNH� ³&RPSRVLWH PL[HG FRQGXFWRU PHPEUDQHV IRU

SURGXFLQJ R[\JHQ�´ 86 3DWHQW ���������� ����

�� 0� /LX� $�9� -RVKL DQG <� 6KHQ ³0L[HG LRQLF�HOHFWURQLF FRQGXFWRUV IRU R[\JHQ VHSDUDWLRQ DQG

HOHFWURFDWDO\VLV�´ 86 3DWHQW ���������� ����

�� $�-�%XUJJUDDI DQG <�6� /LQ� ³0HWKRG IRU PDQXIDFWXULQJ XOWUDWKLQ LQRUJDQLF PHPEUDQHV�´ 86 3DWHQW
���������� ����

�� 0�)� &DURODQ� 3�1� '\HU� -�0� /D%DU� 6U�� DQG 5�0� 7KRURJRRG ³3URFHVV IRU UHFRYHULQJ R[\JHQ IURP

JDVHRXV PL[WXUHV FRQWDLQLQJ ZDWHU RU FDUERQ GLR[LGH ZKLFK SURFHVV HPSOR\V LRQ WUDQVSRUWPHPEUDQHV�´

86 3DWHQW ���������� ����

�� +�-�0� %RXZPHHVWHU� $�-� %XUJJUDDI� ³'HQVH FHUDPLF PHPEUDQHV IRU R[\JHQ VHSDUDWLRQ´� LQ� &5&
+DQGERRN RI 6ROLG 6WDWH (OHFWURFKHPLVWU\� HG� 3�-� *HOOLQJV DQG +�-�0� %RXZPHHVWHU� &5& 3UHVV� %RFD

5DWRQ ����

��� -�:� 6XLWRU� '�-� &ODUN� 5�:� /RVH\� 'HYHORSPHQW RI DQ DOWHUQDWLYH R[\JHQ SURGXFWLRQ VRXUFH XVLQJ D

]LUFRQLD VROLG HOHFWURO\WH PHPEUDQH� LQ� 7HFKQLFDO SURJUHVV UHSRUW IRU ILVFDO \HDUV ����� ���� DQG �����

-HW 3URSXOVLRQ /DERUDWRU\ ,QWHUQDWLRQDO 'RFXPHQW '����� ����

��� 7�-� 0D]DQHF� 7�/� &DEOH� -�*� )U\H� (OHFWURFDWDO\WLF FHOOV IRU FKHPLFDO UHDFWLRQ� 6ROLG 6DWH ,RQLFV�
����� ��� ������

��� <� 7HUDRND� +�0� =KDQJ� 6� )XUXNDZD� 1� <DPD]RH� ³2[\JHQ 3HUPHDWLRQ 7KURXJK 3HURYVNLWH�7\SH

2[LGHV´� &KHP� /HWW�� ���� ������



&KDSWHU ���

��� 0�+�5� /DQNKRUVW� +�-�0� %RXZPHHVWHU DQG +� 9HUZHLM� ³+LJK�WHPSHUDWXUH FRXORPHWULF WLWUDWLRQ RI

/D��[6U[&R2��G�� (YLGHQFH IRU WKH HIIHFW RI HOHFWURQLF EDQG VWUXFWXUH RQ QRQVWRLFKLRPHWU\ EHKDYLRU�´ -�
6ROLG 6WDWH &KHP� ��� ������ ������

��� +� 6FKPDO]ULHG� 6ROLG 6DWH 5HDFWLRQV� 9HUODJ &KHPLH� :HLQKHLP ����

��� &� :DJQHU� :� 6FKRWWN\� ³%HLWUDJ ]XU 7KHRULH GHV $QODXIYRUJDQJHV´�=� 3K\V� &KHP� %�� �� ������

��� +�-�0� %RXZPHHVWHU� +� .UXLGKRI DQG $�-� %XUJJUDDI� ³,PSRUWDQFH RI WKH VXUIDFH H[FKDQJH NLQHWLFV DV

UDWH OLPLWLQJ VWHS LQ R[\JHQ SHUPHDWLRQ WKURXJK PL[HG�FRQGXFWLQJ R[LGHV´� 6ROLG 6WDWH ,RQLFV� ��

��� ������

��� 1�(� %HQHV� +�-�0� %RXZPHHVWHU� +� 9HUZHLM� ³0XOWL�FRPSRQHQW GLIIXVLRQ RQ D WKUHH GLPHQVLRQDO
ODWWLFH JDV´� VXEPLWWHG IRU SXEOLFDWLRQ

��� %�$� %RXNDPS� ,�&� 9LQNH� .�-� GH 9ULHV� $�-� %XUJJUDDI� ³6XUIDFH R[\JHQ H[FKDQJH SURSHUWLHV RI

ELVPXWK R[LGH�EDVHG VROLG HOHFWURO\WHV DQG HOHFWURGH PDWHULDOV´�6ROLG 6WDWH ,RQLFV� ����� ��� ������

��� -� .LOQHU� ³,VRWRSLF H[FKDQJH LQ PL[HG DQG LRQLFDOO\ FRQGXFWLQJ PHPEUDQHV´� LQ� 3URF� �QG ,QW� 6\PS�

,RQLF DQG 0L[HG &RQGXFWLQJ 2[LGH &HUDPLFV� ������ 7�$� 5DPDQDUD\DQDQ� :�/� :RUUHOO� +O�/� 7XOOHU
(GV� 7KH (OHFWURFKHPLFDO 6RFLHW\� 3HQQLQJWRQ� 1-� ��� ������

��� -�(� WHQ (OVKRI� 0�+�5� /DQNKRUVW� +�-�0� %RXZPHHVWHU� ³2[\JHQ ([FKDQJH DQG 'LIIXVLRQ &RHIILFLHQWV

RI 6WURQWLXP�'RSHG /DQWKDQXP )HUULWHV E\ (OHFWULFDO &RQGXFWLYLW\ 5HOD[DWLRQ´� -� (OHFWURFKHP� 6RF�

��� ���� ������

��� ,� <DVXGD� 7� +LNLWD� ³3UHFLVH 'HWHUPLQDWLRQ RI WKH &KHPLFDO 'LIIXVLRQ &RHIILFLHQW RI &DOFLXP�'RSHG

/DQWKDQXP &KURPLWHV E\ 0HDQV RI (OHFWULFDO &RQGXFWLYLW\ 5HOD[DWLRQ´� -� (OHFWURFKHP� 6RF�� ���
���� ������

��� +� .DQDL� 7� +DVKLPRWR� +� 7DJDZD� -� 0L]XVDNL� ³'LIIXVLRQ FRHIILFLHQW RI R[\JHQ LQ /D���6U���&X2��G�
6ROLG 6WDWH ,RQLFV �� ��� ������

��� 3�9� +HQGULNVHQ� 3�+� /DUVHQ� 0� 0RJHQVHQ� )�:� 3RXOVHQ� .� :LLN� ³3URVSHFWV DQG SUREOHPV RI GHQVH

R[\JHQ SHUPHDEOH PHPEUDQHV´� &DWDO\VLV 7RGD\� �� ��� ������

��� &�+� &KHQ� +�-�0� %RXZPHHVWHU� +� .UXLGKRI� -�(� WHQ (OVKRI� $�-� %XUJJUDDI� ³)DEULFDWLRQ RI

/D��[6U[&R2��G WKLQ OD\HUV RQ SRURXV VXSSRUWV E\ D SRO\PHULF VRO�JHO SURFHVV�´ -� 0DWHU� &KHP�� �
��� ������

��� %� 0F&RRO� *� ;RPHULWDNLV DQG <�6� /LQ� ³&RPSRVLWLRQ FRQWURO DQG SHUPHDWLRQ SURSHUWLHV RI VSXWWHU
GHSRVLWHG SDOODGLXP VLOYHU PHPEUDQHV´� -� 0HPEU� 6FL� ��� �� ������
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��� '�+�$� %ODQN� 5�3�-� ,-VVHOVWHLMQ� 3�*� 2XW� +�-�+� .XLSHU� -� )ORNVWUD� +� 5RJDOOD� ³+LJK 7F�WKLQ SUHSDUHG

E\ ODVHU DEODWLRQ� 0DWHULDO GLVWULEXWLRQ DQG GURSOHW SUREOHP´�0DW� 6FLHQFH 	 (QJ� %� %�� �� ������

��� *� .RVWHU� *�-�+�0� 5LMQGHUV� '�+�$� %ODQN� +� 5RJDOOD� ³,PSRVHG OD\HU E\ OD\HU JURZWK E\ SXOVHG ODVHU

LQWHUYDO GHSRVLWLRQ´� $SSO� 3K\V� /HWW�� �� ���� ������
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1RQVWRLFKLRPHWULF 3HURYVNLWH�6WUXFWXUH 2[LGHV´� 6ROLG 6WDWH ,RQLFV� �� ��� ������
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2[\JHQ�SHUPHDWLRQ�WKURXJK

/D��[6U[&R2��G�PHPEUDQHV

$EVWUDFW

7KH� NLQHWLFV� RI� R[\JHQ� WUDQVSRUW� WKURXJK� GHQVH� /D��[6U[&R2��G� PHPEUDQHV� �[� ������ ���

DQG� ����� ZDV� LQYHVWLJDWHG� XVLQJ� R[\JHQ� SHUPHDWLRQ� PHDVXUHPHQWV� LQ� WKH� WHPSHUDWXUH

UDQJH� RI� ��������q&�� R[\JHQ� SDUWLDO� SUHVVXUH� UDQJH� RI� ����������� EDU� DQG� PHPEUDQH

WKLFNQHVV�UDQJH�RI������PP��5HVXOWV�VKRZHG�D�FOHDU�LQIOXHQFH�RI�VXUIDFH�H[FKDQJH�LQ�UDWH

OLPLWLQJ�WKH�R[\JHQ�IOX[��+RZHYHU��HYHQ�IRU�WKH�WKLQQHVW�VSHFLPHQV�LQ�WKLV�VWXG\�WKH�R[\JHQ

IOX[HV� UHPDLQ�SUHGRPLQDQWO\�FRQWUROOHG�E\�EXON�R[\JHQ�GLIIXVLRQ� WKURXJK� WKH�PHPEUDQH�

7KH� FDOFXODWHG� FKDUDFWHULVWLF� PHPEUDQH� WKLFNQHVV� /F�� EHORZ� ZKLFK� R[\JHQ� WUDQVSRUW� LV

SUHGRPLQDQWO\� UDWH� OLPLWHG� E\� VXUIDFH� H[FKDQJH�� YDULHV� DSSUR[LPDWHO\� EHWZHHQ� ��

DQG�����PP��)URP� WKH�R[\JHQ�SUHVVXUH�GHSHQGHQFH�RI�R[\JHQ�SHUPHDWLRQ� LW� IROORZV� WKDW

WKH�LRQLF�FRQGXFWLYLW\�RI�WKH�GLIIHUHQW�FRPSRVLWLRQV�/D��[6U[&R2��G�LV�XQIDYRXUDEO\�DIIHFWHG

ZLWK� ORZHULQJ� R[\JHQ� SDUWLDO� SUHVVXUH� DQG� WHPSHUDWXUH�� ZKLFK� LV� DWWULEXWHG� WR� YDFDQF\

WUDSSLQJ�HIIHFWV�DVVRFLDWHG�ZLWK�WKH�RUGHULQJ�RI�R[\JHQ�YDFDQFLHV��7KH�UHVXOWV�RI�WKLV�VWXG\

DUH� LQ� H[FHOOHQW� DJUHHPHQW� ZLWK� UHFHQW� REVHUYDWLRQV� IURP� FRQGXFWLYLW\� UHOD[DWLRQ

H[SHULPHQWV�
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���� ,QWURGXFWLRQ

0L[HG� R[\JHQ� DQLRQ� DQG� HOHFWURQLF� FRQGXFWLQJ� SHURYVNLWH� PDWHULDOV� KDYH� UHFHLYHG

LQFUHDVLQJ� DFDGHPLF� DQG� LQGXVWULDO� LQWHUHVW� LQ� UHFHQW� \HDUV� GXH� WR� WKHLU� SRVVLEOH

WHFKQRORJLFDO� DSSOLFDWLRQV� >���@�� 7KH� DGYDQWDJH� RI� WKHLU� XVH�� SURYLGHG� WKDW� WKH� FHUDPLF

PHPEUDQH� FDQ� EH� SUHSDUHG� IUHH� RI� FUDFNV� RU� FRQQHFWHG�WKURXJK� SRURVLW\�� LV� LWV� DELOLW\� WR

VHSDUDWH�R[\JHQ�IURP�DQ�DLU�VXSSO\�ZLWK�LQILQLWH�VHOHFWLYLW\��%HVLGHV�R[\JHQ�SURGXFWLRQ��D

SURPLVLQJ� XVH� LV� LQ� D� PHPEUDQH� UHDFWRU�� LQWHJUDWLQJ� R[\JHQ� VHSDUDWLRQ� DQG� FDWDO\WLF

UHDFWLRQ�LQWR�D�VLQJOH�VWHS��7R�UHDOLVH�WKH�SRWHQWLDO�EHQHILWV�RI�VXFK�PHPEUDQHV��KRZHYHU��D

QXPEHU�RI�WHFKQLFDO�KXUGOHV�VWLOO�QHHGV�WR�EH�WDNHQ�>�@�

7KH� SDUWLDO� VXEVWLWXWLRQ� RI� $�� DQG� %�FDWLRQV� LQ� WKH� $%2�� SHURYVNLWH� VWUXFWXUH� E\� RWKHU

PHWDO� FDWLRQV� ZLWK� ORZHU� YDOHQFLHV� LQFUHDVHV� R[\JHQ� VHPL�SHUPHDELOLW\�� GXH� WR� WKH

IRUPDWLRQ�RI�R[\JHQ�YDFDQFLHV��7KH�SRVLWLYHO\�FKDUJHG�R[\JHQ�YDFDQFLHV� WHQG�WR�EHFRPH

GLVRUGHUHG�DW�KLJK�WHPSHUDWXUHV��ZKLFK�JLYHV�ULVH�WR�KLJK�YDOXHV�IRU�WKH�LRQLF�FRQGXFWLYLW\

>�@��8QGHU� WKH� LQIOXHQFH� RI� D� JUDGLHQW� RI� R[\JHQ� SDUWLDO� SUHVVXUH� WKH� R[\JHQ� DQLRQV� DUH

WUDQVSRUWHG�DFURVV�WKH�PHPEUDQH��ZKLFK�PRWLRQ�LV�FKDUJH�FRPSHQVDWHG�E\�D�VLPXOWDQHRXV

WUDQVSRUW�RI�HOHFWURQLF�FKDUJH�FDUULHUV�� ,Q�FRQWUDVW�ZLWK� IXHO�FHOOV�DQG�R[\JHQ�SXPSV�� WKH

GHQVH� FHUDPLF�PHPEUDQH� RSHUDWHV�ZLWKRXW� WKH� QHHG� RI� HOHFWURGHV� DQG� H[WHUQDO� FLUFXLWU\�

7KH�SUHVHQFH�RI�WKH�KLJK�HOHFWURQLF�FRQGXFWLYLW\�XVXDOO\�H[KLELWHG�E\�WKH�SHURYVNLWHV�DFWV

DV�DQ�LQWHUQDO�VKRUW�FLUFXLW�IRU�WKH�UHWXUQ�SDWK�RI�HOHFWURQV�

,Q�WKH�VHOHFWLRQ�RI�SHURYVNLWH�PHPEUDQHV�� WKH�PRVW�REYLRXV�FULWHULRQ� LV� WKH�PDJQLWXGH�RI

WKH�R[\JHQ�IOX[�DQG�LWV�GHSHQGHQFH�RQ�WHPSHUDWXUH�DQG�R[\JHQ�SDUWLDO�SUHVVXUH�GLIIHUHQWLDO

DFURVV�WKH�PHPEUDQH��7KH�WUDQVSRUW�RI�R[\JHQ�WKURXJK�WKH�SHURYVNLWH�PHPEUDQH�LV�XVXDOO\

GHVFULEHG�LQ� WKH�IUDPHZRUN�RI�:DJQHU¶V� WKHRU\�>��@��7KH�DVVXPSWLRQ�PDGH�LV� WKDW� ODWWLFH

R[\JHQ� GLIIXVLRQ� GHWHUPLQHV� WKH� RYHUDOO� SHUPHDWLRQ� SURFHVV�� +RZHYHU�� WKH� UHDO� R[\JHQ

IOX[�PD\�EH�FRQWUROOHG�E\�WKH�UDWH�RI�WKH�VXUIDFH�H[FKDQJH�UHDFWLRQ��WKH�H[WHQW�RI�ZKLFK�FDQ

YDU\�ZLWK�PHPEUDQH� WKLFNQHVV�� WHPSHUDWXUH�DQG�JUDGLHQW� LQ�R[\JHQ�SDUWLDO�SUHVVXUH� >��@�

0RUHRYHU�� LPPRELOLVDWLRQ� RI� R[\JHQ� YDFDQFLHV� GXH� WR� FOXVWHULQJ� RU� RUGHULQJ� FDQ� KDYH� D

GHWULPHQWDO� HIIHFW� RQ� WKH�PDJQLWXGH� RI� WKH� R[\JHQ� IOX[�� ,Q� D� UHFHQW� VWXG\� RQ� SHURYVNLWH

PDWHULDOV� /D��[6U[&R2��G�� WKH� FKHPLFDO� GLIIXVLRQ� FRHIILFLHQW� DQG� WKH� VXUIDFH� H[FKDQJH

FRHIILFLHQW�ZHUH�PHDVXUHG�DW�WHPSHUDWXUHV��������q&�>�����@��%RWK�SDUDPHWHUV�ZHUH�IRXQG

WR� GHFUHDVH� SURIRXQGO\� ZLWK� GHFUHDVLQJ� S2�
EHORZ� DERXW� ��

��
� EDU�� DW� DOO� WHPSHUDWXUHV�

&RQFRUGDQW� ZLWK� GDWD� IURP� KLJK� WHPSHUDWXUH�
��
2�105� RQ� UHODWHG� SHURYVNLWH� VWUXFWXUHV

>��@�� WKH� UHVXOWV� ZHUH� UDWLRQDOLVHG� E\� RUGHULQJ� RI� R[\JHQ� YDFDQFLHV� LQWR� QDQR�VL]HG

PLFURGRPDLQV�DW�ORZ�HQRXJK�R[\JHQ�SDUWLDO�SUHVVXUHV�



2[\JHQ SHUPHDWLRQ WKURXJK /D��[6U[&R2��G PHPEUDQHV ��

8QGHUVWDQGLQJ�WKH�R[\JHQ�SHUPHDWLRQ�PHFKDQLVP�FDQ�KHOS�WR�LGHQWLI\�PHPEUDQH�PDWHULDOV

ZLWK� LPSURYHG� SHUIRUPDQFH� FKDUDFWHULVWLFV�� ,Q� WKH� SUHVHQW� ZRUN�� D� GHWDLOHG� SHUPHDWLRQ

VWXG\� LV� SUHVHQWHG� RI� WKH� V\VWHP� /D��[6U[&R2��G�� 7KH� R[\JHQ� SHUPHDWLRQ� UDWHV� ZHUH

PHDVXUHG� DV� IXQFWLRQV� RI� WHPSHUDWXUH��PHPEUDQH� WKLFNQHVV� DQG� R[\JHQ� SDUWLDO� SUHVVXUHV

ZLWK�WKH�DLP�WR�FODULI\�WKH�UDWH�OLPLWLQJ�VWHS�

���� 7KHRU\

7KH�R[\JHQ�IOX[�WKURXJK�D�GHQVH�PHPEUDQH�LV�JHQHUDOO\�GHVFULEHG�E\�:DJQHU¶V�HTXDWLRQ�

DVVXPLQJ�EXON�R[\JHQ�GLIIXVLRQ�WR�EH�UDWH�OLPLWLQJ�
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+HUH� VLRQ� LV� WKH� LRQLF� FRQGXFWLYLW\�� /� WKH� PHPEUDQH� WKLFNQHVV�� DQG� cS2
�
DQG� ccS2

�
DUH� WKH

R[\JHQ� SDUWLDO� SUHVVXUHV� DW� WKH� R[\JHQ�ULFK� DQG� R[\JHQ�OHDQ� VLGH� RI� WKH� PHPEUDQH�

UHVSHFWLYHO\�� 2WKHU� SDUDPHWHUV� KDYH� WKHLU� XVXDO� VLJQLILFDQFH�� $V� /D��[6U[&R2��G� VKRZV

SUHGRPLQDQW� HOHFWURQLF� FRQGXFWLYLW\�� WKH� HOHFWURQLF� WUDQVIHUHQFH� QXPEHU�� WHO��PD\

FRQYHQLHQWO\� WDNHQ� WR� EH� XQLW\�� ,Q� WKH� FDVH� RI� QRQ�LQWHUDFWLQJ�� IXOO\� LRQLVHG� R[\JHQ

YDFDQFLHV��DOO�FRQWULEXWLQJ�WR�WUDQVSRUW��WKH�LRQLF�FRQGXFWLYLW\�FDQ�EH�GHVFULEHG�E\�
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ZKHUH�'Y�LV�WKH�YDFDQF\�GLIIXVLRQ�FRHIILFLHQW��9P�WKH�SHURYVNLWH�PRODU�YROXPH�DQG� > @9
2

xx

�{�G�� WKH�PROH�IUDFWLRQ�RI�R[\JHQ�YDFDQFLHV��)ROORZLQJ�GDWD�RI�R[\JHQ�QRQVWRLFKLRPHWU\

H[KLELWHG� E\� SKDVHV� /D��[6U[&R2��G� DV� PHDVXUHG� E\� 0L]XVDNL� HW� DO��>��@� XVLQJ

WKHUPRJUDYLPHWU\��HTXDWLRQ��������FDQ�EH�WUDQVIRUPHG�LQWR�WKH�SRZHU�ODZ�H[SUHVVLRQ�

V V
LRQ LRQ 2�
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DVVXPLQJ� WKDW� WKH� YDFDQF\� GLIIXVLRQ� FRHIILFLHQW��'Y�� GRHV� QRW� YDU\� ZLWK� R[\JHQ� SDUWLDO

SUHVVXUH��%DVHG�RQ�WKLV�DQDO\VLV��WKH�R[\JHQ�SHUPHDWLRQ�IOX[�FDQ�EH�REWDLQHG�E\�LQWHJUDWLQJ

HTXDWLRQ�������
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)LWWLQJ� H[SHULPHQWDO� R[\JHQ� IOX[� GDWD� WR� HTXDWLRQ������� \LHOGV� YDOXHV� IRU� WKH� WZR

SDUDPHWHUV�Q�DQG� V
LRQ

� ��)LJXUH�����VFKHPDWLFDOO\�VKRZV�WKH�LQIOXHQFH�RI�WKH�SRZHU�LQGH[�Q
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RQ� M2�
� ORJ� �ccS2�

�FXUYHV��,I�WKH�LRQLF�FRQGXFWLYLW\�LQFUHDVHV�ZLWK�GHFUHDVLQJ� S2
�
��L�H��Q�����

WKH�REWDLQHG�FXUYH�LV�FRQFDYH��7KLV�ZRXOG�EH�WKH�FDVH�LI�WKH�QXPEHU�RI�R[\JHQ�YDFDQFLHV

FRQWULEXWLQJ� WR� LRQLF� WUDQVSRUW� LQ� /D��[6U[&R2��G� ZRXOG� LQFUHDVH�ZLWK� GHFUHDVLQJ� R[\JHQ

SDUWLDO� SUHVVXUH�� $� VWUDLJKW� OLQH� LV� REWDLQHG� LI� WKH� LRQLF� FRQGXFWLYLW\� ZHUH� LQYDULDQW

ZLWK S2�
��WKDW�LV�IRU�Q� ����ZKHUHDV�D�FRQYH[�FXUYH�LV�REWDLQHG�IRU�Q�!����,Q�WKH�ODWWHU�FDVH�

WKH� R[\JHQ� LRQLF� FRQGXFWLYLW\� GHFUHDVHV� ZLWK� GHFUHDVLQJ� R[\JHQ� SDUWLDO� SUHVVXUH�

$OWHUQDWLYHO\��YDOXHV�IRU�WKH�LRQLF�FRQGXFWLYLW\��DW�D�JLYHQ� S2
�
��FDQ�EH�FDOFXODWHG�IURP�WKH

VORSH�RI�LVRWKHUPDO�R[\JHQ�IOX[�GDWD��XVLQJ�
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ZKLFK�LV�REWDLQHG�E\�GLIIHUHQWLDWLRQ�RI�HTXDWLRQ�������

8QWLO�QRZ��ODWWLFH�GLIIXVLRQ�RI�R[\JHQ�YDFDQFLHV�KDV�EHHQ�FRQVLGHUHG�DV�UDWH�OLPLWLQJ�VWHS

LQ� WKH� R[\JHQ� SHUPHDWLRQ� PHFKDQLVP�� +RZHYHU�� R[\JHQ� VXUIDFH� H[FKDQJH� PD\� H[HUW� D

SDUWLDO� RU� GRPLQDQW� FRQWURO� RQ� R[\JHQ� SHUPHDWLRQ�� $� ORJLFDO� DSSURDFK� WR� GLVFULPLQDWH

EHWZHHQ� WKHVH� VWHSV� ZRXOG� EH� PHDVXUHPHQW� RI� WKH� R[\JHQ� SHUPHDWLRQ� DV� D� IXQFWLRQ� RI

PHPEUDQH�WKLFNQHVV�/��%RXZPHHVWHU�HW�DO��>�����@�SURSRVHG�WR�XVH�D�FKDUDFWHULVWLF�OHQJWK�

/F��WR�GHVFULEH�WKH�SRVVLEOH�LQYROYHPHQW�RI�VXUIDFH�H[FKDQJH�LQ�OLPLWLQJ�WKH�R[\JHQ�IOX[�
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)LJXUH����2[\JHQ� IOX[� DV� D� IXQFWLRQ� RI� ORJ� �ccS2�
� IRU

c ! ccS S2 2� �
��FDOFXODWHG�XVLQJ�HTXDWLRQ��������XVLQJ�GLIIHUHQW

YDOXHV�IRU�Q�
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ZKHUH� 'P2
WRWDO

�
� �  cc c57 S SOQ �2 2
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3 8 �� LV� WKH� WRWDO� R[\JHQ� FKHPLFDO� SRWHQWLDO� GURS� DFURVV� WKH

PHPEUDQH� DQG� W
HO LRQ
V � WKH� DYHUDJH� YDOXH� RI� WKH� SURGXFW� RI� WKH� WUDQVIHUHQFH� QXPEHU� DQG

LRQLF� FRQGXFWLYLW\� RYHU� WKH� DSSOLHG� R[\JHQ� SDUWLDO� SUHVVXUH� GLIIHUHQWLDO�� %HORZ� /F�� WKH

R[\JHQ� IOX[� LV� SUHGRPLQDQWO\� FRQWUROOHG� E\� WKH� VXUIDFH� H[FKDQJH� UDWH�� 7KH� RQO\

DVVXPSWLRQ�PDGH�LQ�WKH�GHULYDWLRQ�RI�HTXDWLRQ�������LV�WKDW�RI�OLQHDU�WUDQVSRUW�NLQHWLFV�IRU

GLIIXVLRQ�DQG�LQWHUIDFLDO�H[FKDQJH��:LWK�WKH�DGGLWLRQDO�DVVXPSWLRQ�RI�VPDOO� S2�
�JUDGLHQWV

DSSHDULQJ�DFURVV�WKH�PHPEUDQH��LW�IROORZV�WKDW
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ZKHUH� NV� LV� WKH� VXUIDFH� H[FKDQJH� FRHIILFLHQW� DQG�F2� WKH� YROXPH� FRQFHQWUDWLRQ� RI� R[\JHQ

DQLRQV��DW�HTXLOLEULXP���8VLQJ�WKH�FODVVLFDO�1HUQVW�(LQVWHLQ�UHODWLRQVKLS��/F�FDQ�LQ�WKH�FDVH

RI�SUHYDLOLQJ�HOHFWURQLF�FRQGXFWLRQ�EH�H[SUHVVHG�DV�
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'HWHUPLQDWLRQ�RI� WKH�YDOXHV�RI� WKH� VHOI�GLIIXVLRQ� FRHIILFLHQW�'V� �FP
�
� V

��
�� DQG� WKH� VXUIDFH

H[FKDQJH�FRHIILFLHQW�NV��FP�V
��
��UHTXLUHV�WKH�XVH�RI�

��
2�

��
2�LVRWRSLF�H[FKDQJH�WHFKQLTXHV�

7KH� FKHPLFDO� GLIIXVLRQ� FRHIILFLHQW
a
' � �FP

�
� V

��
�� DQG� WKH� VXUIDFH� WUDQVIHU� FRHIILFLHQW� .WU

�FP�V
��
��IROORZV�IURP�FKHPLFDO�HTXLOLEUDWLRQ�WHFKQLTXHV��VXFK�DV�FRQGXFWLYLW\�UHOD[DWLRQ��,Q

WKH�JHQHUDO�FDVH��/F�LV�D�IXQFWLRQ�RI�R[\JHQ�SDUWLDO�SUHVVXUH�DQG�WHPSHUDWXUH�

���� ([SHULPHQWDO

������ 6DPSOH�SUHSDUDWLRQ

/D��[6U[&R2��G� �[� ������ ���� DQG� ����� SHURYVNLWH� SRZGHUV� ZHUH� SUHSDUHG� E\� WKHUPDO

GHFRPSRVLWLRQ� RI� SUHFXUVRU� FRPSOH[HV� GHULYHG� IURP� QLWUDWH� VROXWLRQV� XVLQJ

HWK\OHQH�GLDPLQH�WHWUD�DFHWLF�DFLG��('7$��DV�D�FRPSOH[LQJ�DJHQW�>��@��7KH�SRZGHUV�ZHUH

FDOFLQHG�LQ�DLU�DW�����&��7KH�UHVXOWLQJ�SRZGHUV�ZHUH�VKRZQ�E\�;�UD\�SRZGHU�GLIIUDFWLRQ�WR

EH�VLQJOH�SKDVH�SHURYVNLWH��7KH�SRZGHUV�ZHUH�PLOOHG�DQG�LVRVWDWLFDOO\�SUHVVHG�DW������EDU

IROORZHG�E\�VLQWHULQJ�DW������&�IRU����K��7KH�VLQWHUHG�ERGLHV�VKRZHG�D�UHODWLYH�GHQVLW\�LQ

H[FHVV� RI� ����� )RU� SHUPHDWLRQ� PHDVXUHPHQWV� GLVNV� ZLWK� D� GLDPHWHU� RI� ���PP� DQG� D

WKLFNQHVV� UDQJLQJ� IURP� ����� WR� �����PP� ZHUH� FXW� IURP� WKH� VLQWHUHG� ERGLHV�� 3ULRU� WR

SHUPHDWLRQ�PHDVXUHPHQWV�WKH�GLVNV�ZHUH�SROLVKHG�ZLWK������0(6+�6L&�DQG�XOWUDVRQLFDOO\

FOHDQHG�LQ�HWKDQRO�
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������ 3HUPHDWLRQ�PHDVXUHPHQWV

2[\JHQ� SHUPHDWLRQ� H[SHULPHQWV�ZHUH� SHUIRUPHG� LQ� WKH� UDQJH� IURP� ���� WR� �����&�� 7KH

GLVNV�ZHUH�VHDOHG�LQWR�D�TXDUW]�UHDFWRU�WXEH�DW������&�XVLQJ�JODVV�ULQJV


��2QH�VLGH�RI�WKH

VDPSOH�GLVN�ZDV�H[SRVHG�WR�DLU������PO�PLQ���7KH�R[\JHQ�SDUWLDO�SUHVVXUH�DW�WKH�RWKHU�VLGH

ZDV�FRQWUROOHG�E\� UHJXODWLQJ� WKH�KHOLXP�JDV� IORZ� UDWH� ������PO�PLQ��� DVVXPLQJ� LGHDO� JDV

PL[LQJ�FRQGLWLRQV�LQ�WKDW�SDUW�RI�WKH�UHDFWRU��7KH�R[\JHQ�FRQFHQWUDWLRQV�LQ�ERWK�IHHG�DQG

SHUPHDWH� VWUHDPV� ZHUH� PRQLWRUHG� WKURXJK� KRPH�PDGH� <6=� EDVHG� R[\JHQ� VHQVRUV�

4XDQWLWDWLYH� DQDO\VLV� RI� WKH� R[\JHQ� FRQFHQWUDWLRQ� DW� WKH� RXWOHW� RI� WKH� UHDFWRU� ZDV

SHUIRUPHG�E\�D�JDV�FKURPDWRJUDSK��ZKLFK�DOVR�PHDVXUHG�WKH�1��FRQFHQWUDWLRQ�LQ�WKH�VZHHS

JDV� WR�FKHFN� IRU� LQDGHTXDWH� VHDOLQJ�RU�PHPEUDQH� OHDNDJH��$�VFKHPDWLF� UHSUHVHQWDWLRQ�RI

WKH�VHW�XS�LV�JLYHQ�LQ�ILJXUH�����

2[\JHQ�IOX[HV�ZHUH�FRUUHFWHG�IRU�QRQ�D[LDO�FRQWULEXWLRQV��DFFRUGLQJ�WR�

M
*

)F

$
2
�
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ZKHUH�)�LV�WKH�IORZ�UDWH�DW�WKH�RXWOHW�RI�WKH�UHDFWRU��F2�WKH�PHDVXUHG�R[\JHQ�FRQFHQWUDWLRQ

DQG�$�WKH�IUHH�VXUIDFH�DUHD�DW�WKH�VHDOHG�VLGH�RI�WKH�PHPEUDQH��7KH�FRUUHFWLRQ�IDFWRU�*�ZDV

FDOFXODWHG�IURP�D�QXPHULFDO�VROXWLRQ�RI�WKH�VWHDG\�VWDWH�GLIIXVLRQ�HTXDWLRQ�EDVHG�RQ�)LFN¶V

VHFRQG�ODZ��DVVXPLQJ�D�FRQVWDQW�GLIIXVLRQ�FRHIILFLHQW�




����� 6FKRWW 1HWKHUODQGV %�9�

$LU

+H

+H

$LU

6DPSOH7KHUPRFRXSOH

)LJXUH ��� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH SHUPHDWLRQ UHDFWRU DQG VHW�XS� *&  JDV FKURPDWRJUDSK�

2� VHQVRU

2� VHQVRU



2[\JHQ SHUPHDWLRQ WKURXJK /D��[6U[&R2��G PHPEUDQHV ��

���� 5HVXOWV�DQG�GLVFXVVLRQ

������ 2[\JHQ�SUHVVXUH�GHSHQGHQFH

)LJXUH����� VKRZV� WKH�R[\JHQ� IOX[�DV�D� IXQFWLRQ�RI� ORJ� �ccS2
�
� DW� GLIIHUHQW� WHPSHUDWXUHV� IRU

����DQG���PP�WKLFN�PHPEUDQHV�ZLWK�FRPSRVLWLRQ�[ �����7KH�GUDZQ�OLQHV�FRUUHVSRQG�WR�WKH

EHVW�ILW�RI� WKH�H[SHULPHQWDO�GDWD� WR�HTXDWLRQ��������XVLQJ�Q�DQG� V LRQ

� �DV� ILWWLQJ�SDUDPHWHUV�

(UURU�HVWLPDWHV�RI�WKHVH�SDUDPHWHUV�ZHUH�REWDLQHG�IURP�D�QRQ�OLQHDU�OHDVW�VTXDUH�ILWWLQJ�RI

WKH�GDWD�XVLQJ�D�0DUTXDUGW�DOJRULWKP��DV�RXWOLQHG�E\�%HYLQJWRQ�>��@��,Q�WKLV�PHWKRG��LW�LV

DVVXPHG�WKDW�WKH�µSDUHQW�GLVWULEXWLRQ¶�RI�YDULDQFHV�IRU�WKH�GDWD�VHW�PD\�EH�UHSODFHG�E\�WKH

DFWXDO� HUURU� GLIIHUHQFHV�� ,W� VKRXOG� EH� QRWHG� WKDW� WKLV�PHWKRG� ORRVHV� LWV� YDOLGLW\�ZKHQ� WKH

HUURUV�DUH�QRW�SXUHO\�UDQGRP�EXW�FRQWDLQ�D�V\VWHPDWLF�FRPSRQHQW�DV�ZHOO��$OO�ILWWHG�FXUYHV

ZHUH�IRUFHG�WR�SDVV�WKH�SRLQW�ZKHUH� cc  cS S2 2� �
�DQG��KHQFH��WKH�R[\JHQ�IOX[�KDV�UHGXFHG�WR

]HUR��7DEOH�����JLYHV�D�VXUYH\�RI�WKH�ILW�SDUDPHWHUV�IRU�DOO�LQYHVWLJDWHG�FRPSRVLWLRQV��1RWH

WKDW�IRU�FRPSRVLWLRQV�[ ����DQG������RQO\�SRVLWLYH�YDOXHV�IRU�Q�DUH�IRXQG�

%DVHG�XSRQ�GDWD�RI�R[\JHQ�QRQVWRLFKLRPHWU\�RI�SKDVHV�/D��[6U[&R2��G��Q�����LV�H[SHFWHG�

)URP�WDEOH�����LV�QRWHG�WKDW�IRU�FRPSRVLWLRQV�[ ����DQG�[ �����RQO\�SRVLWLYH�YDOXHV�IRU�Q

DUH�IRXQG��)RU�DOO�WKUHH�FRPSRVLWLRQV�WKH�YDOXHV�GHYLDWH�VLJQLILFDQWO\�IURP�WKRVH�REWDLQHG

)LJXUH ���� 'HSHQGHQFH RI M2�
RQ ORJ� �2�

ccS IRU WKH FRPSRVLWLRQ ZLWK [ ���� PHDVXUHG XVLQJ

DLU DV IHHG JDV� 7KH GUDZQ OLQHV UHSUHVHQW WKH ILW RI WKH GDWD WR HTXDWLRQ ������
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LQ�WKH�WKHUPRJUDYLPHWULF�VWXG\�E\�0L]XVDNL�HW�DO��>��@��,Q�WKHLU�VWXG\��WKH�DXWKRUV�VKRZHG

WKDW�WKH�R[\JHQ�QRQVWRLFKLRPHWU\��DW����q&�DQG�DW�YDOXHV�RI� S2�
VLPLODU�WR�WKRVH�XVHG�LQ�WKH

SUHVHQW� VWXG\�� YDULHV� DSSUR[LPDWHO\�ZLWK� S Q

2
�
�ZLWK�Q� HTXDO� WR� ������� ������ DQG� ������ IRU

VDPSOHV�ZLWK� [ ����� [ ���� DQG� [ ����� UHVSHFWLYHO\�� 6LQFH� DQDO\VLV� LQ� WHUPV� RI� HTXDWLRQ�

������ LV� EDVHG� XSRQ� LRQLF� GLIIXVLRQ� WKURXJK� WKH� EXON� DV� WKH� UDWH� OLPLWLQJ� VWHS� LQ� R[\JHQ

SHUPHDWLRQ�� D� ILUVW� FRQVLGHUDWLRQ� LV� WR� DWWULEXWH� WKH� REVHUYHG� GLVFUHSDQFLHV� WR� SDUWLDO� UDWH

FRQWURO�E\�WKH�VXUIDFH�H[FKDQJH�UHDFWLRQV��$V�GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ��LQ�SDUWLFXODU�IRU

WKH�FRPSRVLWLRQV�ZLWK�[ ����DQG�[ �����WKH�H[SHULPHQWDO�GDWD�VXJJHVW�D�FOHDU�LQIOXHQFH�RI

VXUIDFH� H[FKDQJH� RQ� SHUPHDWLRQ� IRU� WKH� WKLQQHVW� VSHFLPHQV� LQ� WKLV� VWXG\�� )RU� DOO

FRPSRVLWLRQV��KRZHYHU��R[\JHQ�SHUPHDWLRQ�LQ�WKH�H[SHULPHQWDO�UDQJH�RI�WKLFNQHVV�UHPDLQV

SUHGRPLQDQWO\�GLIIXVLRQ�FRQWUROOHG�

7DEOH ���� 9DOXHV RI WKH SRZHU LQGH[ Q DQG WKH LRQLF FRQGXFWLYLW\ V
LRQ

� REWDLQHG IURP ILWWLQJ WKH
M
2

�
� ORJ� �ccS2�

FXUYHV WR HTXDWLRQ ������ 6WDQGDUG GHYLDWLRQV DUH JLYHQ LQ SDUHQWKHVLV�

&RPSRVLWLRQ /

�PP�

7

��&�

Q V
LRQ

�

�P6 FP���

[  ��� ���� ���� ���� ������ ���� �����
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��� ���� ������ ��� ����
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[  ��� ���� ��� ���� ������ ��� ����

��� ���� ������ ��� ����

���� ���� ���� ������ ���� ����

��� ���� ������ ��� ����

���� ���� ���� ������ ���� �����

��� ���� ������ ��� ����

(YHQ�IRU�WKH�WKLFNHVW�VSHFLPHQV�LQ�WKLV�VWXG\��ZKLFK�LV�DURXQG���PP��WKH�SRZHU�LQGH[�Q�IRU

VDPSOHV� ZLWK� [ ���� DQG� [ ���� LV� GLVWLQFWO\� SRVLWLYH�� DW� DOO� WHPSHUDWXUHV�� $V� IRU� WKHVH

VSHFLPHQV�EXON�GLIIXVLRQ�LV�GRPLQDWLQJ�WKH�SHUPHDWLRQ��Q�!���LPSOLHV�WKDW�WKH�R[\JHQ�LRQLF



2[\JHQ SHUPHDWLRQ WKURXJK /D��[6U[&R2��G PHPEUDQHV ��

FRQGXFWLYLW\� RI� WKHVH� VDPSOHV� GHFUHDVHV�� UDWKHU� WKDQ� LQFUHDVHV��ZLWK� GHFUHDVLQJ� S2�
�� )RU

ERWK� FRPSRVLWLRQV�� WKHUH� LV� QR� FOHDU� WUHQG� LQ� WKH� EHKDYLRXU� RI� Q� ZLWK� YDULDWLRQ� LQ

WHPSHUDWXUH�RU�VDPSOH�WKLFNQHVV�

)RU� WKH� VDPSOH� ZLWK� [ ���� DQG� WKLFNQHVV� �����PP�� WKH� SRZHU� LQGH[� Q� LQFUHDVHV� ZLWK

WHPSHUDWXUH�IURP�D�YDOXH�RI�±����DW�����q&�WR�������DW����q&��,I�EXON�GLIIXVLRQ�LV�DVVXPHG

WR� SUHYDLO�� WKH� LRQLF� FRQGXFWLYLW\� FDQ� EH� FDOFXODWHG� XVLQJ� HTXDWLRQ�������� &RUUHVSRQGLQJ

UHVXOWV�DV�D�IXQFWLRQ�RI� S2�
��DW�YDULRXV�WHPSHUDWXUHV��DUH�VKRZQ�LQ�ILJXUH������$OVR�VKRZQ

LQ� WKLV� ILJXUH� LV�D�FRPSDULVRQ�RI� WKH� LRQLF�FRQGXFWLYLWLHV�DW����q&�ZLWK�YDOXHV�FDOFXODWHG

IURP� FKHPLFDO� GLIIXVLRQ� FRHIILFLHQWV� PHDVXUHG� DW� ���q&� XVLQJ� FRQGXFWLYLW\� UHOD[DWLRQ

>����@�� 7KHUPRG\QDPLF� IDFWRUV� QHHGHG� IRU� WKLV� FDOFXODWLRQ� ZHUH� HYDOXDWHG� IURP� GDWD� RI

R[\JHQ� QRQ�VWRLFKLRPHWU\� DV� D� IXQFWLRQ� RI� S2�
� >��@�� $V� LV� HYLGHQW� IURP� ILJXUH������ WKH

DEVROXWH�YDOXHV�DUH�LQ�D�YHU\�JRRG�DJUHHPHQW��7KH�DJUHHPHQW�LQ�WKH�RYHUDOO�WUHQG�LV�IXUWKHU

LPSURYHG� LI� WKH� LRQLF� FRQGXFWLYLW\� LV� QRW� FDOFXODWHG� XVLQJ� HTXDWLRQ�������� EXW� LQVWHDG� LV

GHWHUPLQHG�IURP�WKH�H[SHULPHQWDO�IOX[�GDWD�XVLQJ�HTXDWLRQ��������7R�WKLV�HQG��WKH�R[\JHQ

IOX[�GDWD�ZHUH�ILWWHG�ZLWK�D�WKLUG�RUGHU�SRO\QRPLDO��ZKLFK�ZDV�GLIIHUHQWLDWHG�ZLWK�UHVSHFW

WR� ORJ� �ccS
2�

�WR�HYDOXDWH�WKH�VORSH�DW�D�JLYHQ� S2�
��$W�RWKHU�WHPSHUDWXUHV��DV�ZHOO�DV�IRU�RWKHU

FRPSRVLWLRQV�� LQVXIILFLHQW� LQIRUPDWLRQ�ZDV� DYDLODEOH� WR� HQDEOH� GLUHFW� FRPSDULVRQ� RI� GDWD

REWDLQHG�E\�XVLQJ�SHUPHDWLRQ�DQG�FRQGXFWLYLW\�UHOD[DWLRQ�H[SHULPHQWV�

)LJXUH ���� ,RQLF FRQGXFWLYLW\ IRU WKH FRPSRVLWLRQ [ ���� FDOFXODWHG IURP HTXDWLRQ ������ ,Q
DGGLWLRQ� IRU ����&� WKH LRQLF FRQGXFWLYLW\ FDOFXODWHG IURP HTXDWLRQ ����� DV ZHOO DV IURP HOHFWULFDO

FRQGXFWLYLW\ UHOD[DWLRQ GDWD >����@ LV SORWWHG�
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,Q�SUHYLRXV�LQYHVWLJDWLRQV�RQ�/D&R2��G�>��@��WKH�H[SHULPHQWDO�UHVXOWV�LQGLFDWHG�D�GLIIXVLRQ

FRQWUROOHG�R[\JHQ�IOX[�DW�����q&��7KH�LRQLF�FRQGXFWLYLW\� LQ� WKH� S2�
UDQJH�����

��
�EDU�ZDV

IRXQG�WR�ILW�D� S Q

2�
GHSHQGHQFH�ZLWK�Q� �������LQ�JRRG�DJUHHPHQW�ZLWK�WKH�GDWD�IURP�R[\JHQ

QRQVWRLFKLRPHWU\� PHDVXUHPHQWV� RI� /D&R2��G� �G v S2�

��� ��� ,Q� WKH� S2�
� UDQJH

��
����
�����

����
�EDU��WKH�YDOXH�RI�Q�ZDV�IRXQG�WR�EH�DURXQG��������&RPSDULVRQ�ZLWK�WKH�SUHVHQW

GDWD�VXJJHVWV�WKDW�YDOXHV�RI�Q�IRU�SKDVHV�/D��[6U[&R2��G��DW�����q&��GHSDUW�PRUH�VWURQJO\

IURP� WKRVH� REWDLQHG� IURP� GDWD� RI� R[\JHQ� QRQVWRLFKLRPHWU\� DV� WKH� VWURQWLXP� FRQWHQW

LQFUHDVHV��$V�ZLWK� LQFUHDVLQJ� VWURQWLXP� FRQWHQW� WKH� OHYHO� RI� R[\JHQ� QRQVWRLFKLRPHWU\� RI

SKDVHV�/D��[6U[&R2��G�LQFUHDVHV��LW�LV�UHDVRQDEOH�WR�DVVXPH�WKDW�WKH�REVHUYHG�GLVFUHSDQFLHV

DUH� GXH� WR� LQFUHDVHG� LQWHUDFWLRQV� EHWZHHQ� R[\JHQ� YDFDQFLHV�� 7KH� UHVXOWLQJ� IRUPDWLRQ� RI

H[WHQGHG�GHIHFWV�RU�YDFDQF\�RUGHULQJ�HIIHFWLYHO\�ORZHUV�WKH�FRQFHQWUDWLRQ�RI�µIUHH¶�R[\JHQ

YDFDQFLHV�DYDLODEOH�IRU�LRQLF�WUDQVSRUW�� ,Q�SDUWLFXODU��$GOHU�HW�DO��>��@�KDYH�VXJJHVWHG�WKDW

LQ�WKH�KLJKO\�GHIHFWLYH�SHURYVNLWHV�ORFDO�RUGHULQJ�PD\�RFFXU�LQ�QDQR�VL]HG�PLFURGRPDLQV�

7KHVH� SKHQRPHQD� DUH� DOVR� KHOG� UHVSRQVLEOH� IRU� WKH� GHFUHDVH� RI� WKH� FKHPLFDO� GLIIXVLRQ

FRHIILFLHQWV�ZLWK� GHFUHDVLQJ� S2�
� LQ� WKH� WHPSHUDWXUH� UDQJH� �������q&��ZH� KDYH� UHFHQWO\

PHDVXUHG�IRU�SKDVHV�/D��[6U[&R2��G��[ ���������������XVLQJ�FRQGXFWLYLW\�UHOD[DWLRQ�>����@�

7KH� REVHUYDWLRQ� WKDW� WKH� SRZHU� LQGH[� Q� LV� QRW� VLJQLILFDQWO\� DIIHFWHG� ZLWK� YDULDWLRQ� RI

PHPEUDQH� WKLFNQHVV�� LQ�VSLWH�RI�SDUWLDO�VXUIDFH�FRQWURO�RI� WKH�SHUPHDWLRQ�NLQHWLFV� IRU� WKH

WKLQQHVW� VSHFLPHQV� LQ� WKLV� VWXG\� �VHH� QH[W� VHFWLRQ��� PD\� LQGLFDWH� WKDW� FRPPRQ� IDFWRUV

JRYHUQ� ERWK� WKH� UDWHV� RI� R[\JHQ� GLIIXVLRQ� DQG� VXUIDFH� H[FKDQJH��+HUH� DJDLQ�� WKH� UHVXOWV

FRQIRUP�WR� WKRVH�REWDLQHG� IURP�FRQGXFWLYLW\� UHOD[DWLRQ�H[SHULPHQWV��ZKHUH� LW�ZDV� IRXQG

WKDW�WKH�FKHPLFDO�GLIIXVLRQ�FRHIILFLHQW�
a
' �DQG�WKH�VXUIDFH�H[FKDQJH�FRHIILFLHQW�.WU�GLVSOD\

VLPLODU�R[\JHQ�SDUWLDO�SUHVVXUH�GHSHQGHQFLHV�

������ 0HPEUDQH�WKLFNQHVV�GHSHQGHQFH

)LJXUH�����VKRZV�WKH�ORJ�ORJ�SORW�RI�WKH�R[\JHQ�IOX[�YHUVXV�PHPEUDQH�WKLFNQHVV��DW�JLYHQ

ccS2�
�DQG�WHPSHUDWXUH��IRU�FRPSRVLWLRQV�/D��[6U[&R2��G��7KH�H[SHULPHQWDO�GDWD�ZHUH�ILWWHG

WR� HTXDWLRQ������� WR� LQYHVWLJDWH� WKH� SRVVLEOH� LQYROYHPHQW� RI� WKH� VXUIDFH� H[FKDQJH� LQ

OLPLWLQJ�R[\JHQ�SHUPHDWLRQ��)LWWLQJ�\LHOGV�WKH�FKDUDFWHULVWLF�PHPEUDQH�WKLFNQHVV�/F�DQG�DQ

DYHUDJH� YDOXH� IRU� WKH� LRQLF� FRQGXFWLYLW\� V
LRQ
� �DVVXPLQJ� WHO  ���� RYHU� WKH� DSSOLHG

S2�
�JUDGLHQW��6RPH� W\SLFDO� YDOXHV� IRXQG� IRU�/F� DQG� V LRQ

� DW� WHPSHUDWXUHV� RI� �����&� DQG

����&�DUH�OLVWHG�LQ�WDEOH������$V�FDQ�EH�VHHQ�IURP�ILJXUH������WKH�ILWV�WR�WKH�GDWD�DUH�UDWKHU

JRRG��7KH�GDVKHG�OLQHV�UHIHU�WR�WKH�FDVHV�ZKHQ�WKHUH�LV�QR�VXUIDFH�H[FKDQJH�OLPLWDWLRQ�

(TXDWLRQ�������PXVW�EH�WUHDWHG�ZLWK�FDUH�VLQFH�OLQHDULVHG�NLQHWLFV�RI�VXUIDFH�H[FKDQJH�DQG

EXON�GLIIXVLRQ�ZHUH�DVVXPHG�LQ�LWV�GHULYDWLRQ��$Q\�UDWH�H[SUHVVLRQ��LI�QRW�OLQHDU�E\�QDWXUH�



2[\JHQ SHUPHDWLRQ WKURXJK /D��[6U[&R2��G PHPEUDQHV ��

KRZHYHU�� FDQ� EH� OLQHDULVHG� FORVH� WR� HTXLOLEULXP� FRQGLWLRQV�� 6WULFWO\� VSHDNLQJ�� HTXDWLRQ

������LV�WKHUHIRUH�RQO\�DSSOLFDEOH�IRU�VPDOO� S2�
�JUDGLHQWV�DFURVV�WKH�PHPEUDQH���)LWWLQJ�RI

H[SHULPHQWDO�GDWD�FROOHFWHG�DW� FRQVWDQW� S2�
�JUDGLHQWV� LQ� WKH� UDQJH�RI� ORJ �c ccS S2 2� �

3 8 � IURP
���� WR� ���� JDYH� KRZHYHU� VLPLODU� UHVXOWV� IRU� /F�� 9DOXHV� IRU� /F� DUH� FRQVLGHUHG� WR� EH� LQ

UHDVRQDEOH� DJUHHPHQW� ZLWK� WKRVH� REWDLQHG� IURP� FRQGXFWLYLW\� UHOD[DWLRQ� H[SHULPHQWV

SHUIRUPHG�LQ�WKH�WHPSHUDWXUH�UDQJH��������q&��\LHOGLQJ�DYHUDJH�YDOXHV� IRU�FRPSRVLWLRQV

[ ���������DQG�����RI�DURXQG�����PP�>����@�

7DEOH ���� 9DOXHV IRXQG IRU /F DQG�V LRQ � FDOFXODWHG IURP WKH GDWD VKRZQ LQ ILJXUH ���� 7KH HUURUV LQ ERWK

SDUDPHWHUV DUH HVWLPDWHG DW �� PP DQG �� P6 FP��� UHVSHFWLYHO\�

7HPSHUDWXUH ��&� [ ccS
2

�

�PEDU� /F �PP� V
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���� ��� � ��� ��

��� �� ��� ���
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7KH�IDFWRU� �

F
�� � � �/ / �� � LQ�HTXDWLRQ�������JLYHV� WKH� IUDFWLRQ� WR�ZKLFK� WKH�R[\JHQ� IOX[� LV

UHGXFHG� UHODWLYH� WR� WKDW� LQ� WKH� DEVHQFH� RI� VXUIDFH� H[FKDQJH� OLPLWDWLRQV�� ,W� LV� HDVLO\

FDOFXODWHG� WKDW� IRU� D� ��PP� WKLFN� VDPSOH� ZLWK� D� YDOXH� RI� /F� RI� ���PP�� DV� REVHUYHG� IRU

/D���6U���&R2��G��WKLV�IUDFWLRQ�LV�������/LNHZLVH��IRU�D�����PP�WKLFN�VDPSOH��LW�LV�FDOFXODWHG
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)LJXUH ���� 0HPEUDQH WKLFNQHVV GHSHQGHQFH RI WKH R[\JHQ IOX[ DW �����& �OHIW� DQG ����& �ULJKW�� 7KH

GUDZQ OLQHV LQGLFDWH WKH ILW WR HTXDWLRQ ������ WKH GDVKHG OLQHV LQGLFDWH WKH VLWXDWLRQ LQ ZKLFK WKHUH LV QR

VXUIDFH H[FKDQJH OLPLWDWLRQ� 'DWD IURP UHIHUHQFH >��@ DUH JLYHQ IRU FRPSDULVRQ�



&KDSWHU ���

WR� EH� ������ )RU� D� YDOXH� RI� /F� RI� ����PP�� DV� REVHUYHG� IRU� WKH� [ ���� VDPSOH�� WKH

FRUUHVSRQGLQJ�YDOXHV�DUH������DQG�������UHVSHFWLYHO\��7KH�FDOFXODWLRQV�FRQILUP�WKDW�IRU�WKH

WKLFNHVW�VSHFLPHQV�XVHG�LQ�WKLV�VWXG\��WKH�R[\JHQ�IOX[�LV�SUHGRPLQDQWO\�FRQWUROOHG�E\�EXON

R[\JHQ�GLIIXVLRQ�WKURXJK�WKH�PHPEUDQH�

)LJXUH����� DOVR� VKRZV�SUHYLRXV� UHVXOWV�REWDLQHG� IRU�/D���6U���&R2��G��ZKLFK�ZDV�SUHSDUHG

E\�DQ� DTXHRXV� VRO�JHO� URXWH� >��@��7KH� JRRG� DJUHHPHQW� QRWHG�ZLWK� GDWD� IURP� WKH� SUHVHQW

VWXG\� LQGLFDWHV� WKDW� WKH� GLIIHUHQW� VDPSOH� SUHSDUDWLRQ� SURFHGXUH� HPSOR\HG� LQ� WKH� SUHVHQW

VWXG\�KDV�OLWWOH�RU�QR�HIIHFW�RQ�WKH�R[\JHQ�IOX[�GDWD�QHLWKHU�RQ�WKH�UHODWLYH�UROH�RI�VXUIDFH

H[FKDQJH�LQ�WKH�RYHUDOO�R[\JHQ�WUDQVSRUW�

������ 7HPSHUDWXUH�GHSHQGHQFH

$UUKHQLXV� SORWV� RI� R[\JHQ� SHUPHDWLRQ� WKURXJK� /D��[6U[&R2��G� �[� ������ ���� DQG� ����

PHPEUDQHV� LQ� WKH� WHPSHUDWXUH� UDQJH� ��������q&� DUH� JLYHQ� LQ� ILJXUH������ 7KH

PHDVXUHPHQWV� ZHUH� FRQGXFWHG� ZLWK� D� FRQVWDQW� S2�
� JUDGLHQW� DFURVV� WKH� PHPEUDQH�� 7KH

SORWWHG� GDWD� UHIHU� WR� ����PP� WKLFN� PHPEUDQHV�� EXW� RWKHU� PHPEUDQH� WKLFNQHVVHV� JDYH

VLPLODU�UHVXOWV�ZLWKLQ�H[SHULPHQWDO�HUURU��$FWLYDWLRQ�HQHUJLHV�IRU�WKH�GLIIHUHQW�FRPSRVLWLRQV

FDOFXODWHG� IURP� WKH� VORSHV� RI� WKH� SORWV� DUH� OLVWHG� LQ� WKH� LQVHW�� $� FOHDU� GHFUHDVH� RI� WKH

DFWLYDWLRQ�HQHUJ\�LV�REVHUYHG�ZLWK�LQFUHDVLQJ�6U�FRQWHQW��IURP�����N-�PROH�IRU�[ ����WR���

N-�PROH�IRU�[ �����7KHVH�YDOXHV�DUH�LQ�JRRG�DJUHHPHQW�ZLWK�WKRVH�UHSRUWHG�SUHYLRXVO\�E\

YDQ�'RRUQ�HW�DO��>��@

)LJXUH ���� $UUKHQLXV SORWV RI R[\JHQ SHUPHDWLRQ WKURXJK ��� PP WKLFN

/D��[6U[&R2��G PHPEUDQHV IRU GLIIHUHQW FRPSRVLWLRQV� $LU ZDV XVHG DV IHHG JDV� 9DOXHV

IRU WKH FRQVWDQW ccS2�
DW WKH R[\JHQ�OHDQ VLGH RI WKH PHPEUDQH DQG FDOFXODWHG

DFWLYDWLRQ HQHUJLHV DUH OLVWHG�



2[\JHQ SHUPHDWLRQ WKURXJK /D��[6U[&R2��G PHPEUDQHV ��

���� 6XPPDU\�DQG�FRQFOXVLRQV

6LQJOH�SKDVH�VDPSOHV�RI�/D��[6U[&R2��G��[� ����������DQG������ZHUH�VWXGLHG�E\�SHUPHDWLRQ

PHDVXUHPHQWV��7R�OHDUQ�PRUH�DERXW�WKH�NLQHWLFV�RI�R[\JHQ�SHUPHDWLRQ��L�H��WKH�UHODWLYH�UROH

RI� VXUIDFH� H[FKDQJH� DQG� EXON� GLIIXVLRQ� LQ� UDWH� GHWHUPLQLQJ� WKH� WUDQVSRUW� RI� R[\JHQ�

PHDVXUHPHQWV� ZHUH� FRQGXFWHG� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH�� PHPEUDQH� WKLFNQHVV� DQG

R[\JHQ�SDUWLDO�SUHVVXUH�PDLQWDLQHG�DW�WKH�R[\JHQ�OHDQ�VLGH�RI�WKH�PHPEUDQH��$LU�ZDV�IHG

DW�WKH�RWKHU�VLGH�RI�WKH�PHPEUDQH�LQ�DOO�FDVHV��7KH�UHVXOWV�JLYH�FOHDU�HYLGHQFH�WKDW�IRU�WKH

WKLFNHVW�VSHFLPHQV�LQ�WKLV�VWXG\��a��PP���WKH�R[\JHQ�IOX[HV�DUH�SUHGRPLQDQWO\�FRQWUROOHG

E\� EXON� R[\JHQ� GLIIXVLRQ� DFURVV� WKH�PHPEUDQH�� 7KH� FDOFXODWHG� FKDUDFWHULVWLF�PHPEUDQH

WKLFNQHVV� /F�� EHORZ� ZKLFK� R[\JHQ� WUDQVSRUW� LV� SUHGRPLQDQWO\� UDWH� OLPLWHG� E\� VXUIDFH

H[FKDQJH�� LV� IRXQG� WR�YDU\�EHWZHHQ��������PP�DW� WHPSHUDWXUHV�RI�����DQG�����q&��7KH

YDOXHV�DUH�FRQVLVWHQW�ZLWK�GDWD�FROOHFWHG�XVLQJ�FRQGXFWLYLW\� UHOD[DWLRQ� LQ� WKH� WHPSHUDWXUH

UDQJH��������q&�

7KH� H[SHULPHQWDO� SHUPHDWLRQ� UDWHV� DUH� IRXQG� WR� EH� SURSRUWLRQDO� WR� c � ccS S
Q Q

2 2� �
4 9 �

ZKHUH c ! ccS S2 2� �
�� +RZHYHU�� YDOXHV� REVHUYHG� IRU� WKH� SRZHU� LQGH[� Q� GLIIHU� VWURQJO\� IURP

WKRVH� H[SHFWHG� IRUP� R[\JHQ� QRQVWRLFKLRPHWU\� PHDVXUHPHQWV� RI� /D��[6U[&R2��G��)RU

VDPSOHV�ZLWK�[ ����DQG�[ �����SRZHU�LQGH[HV����!Q!����DUH�REWDLQHG��:KLOH�WKH�WUHQG�IRU

WKH�R[\JHQ�QRQVWRLFKLRPHWU\�RI� WKH�SHURYVNLWH�SKDVHV� LV� WKDW�G� LQFUHDVHV�ZLWK�GHFUHDVLQJ

S2�
�� LW� IROORZV�IURP�WKH�SUHVHQW�UHVXOWV� WKDW� WKH� LRQLF�FRQGXFWLYLW\��EHLQJ�DVVRFLDWHG�ZLWK

WKH�SUHVHQFH�RI�PRELOH�R[\JHQ�YDFDQFLHV��GHFUHDVHV�ZLWK�GHFUHDVLQJ� S2�
��)RU�WKH�WKLFNHVW

�a��PP��VSHFLPHQ�RI�WKH�[ ����VDPSOH�LQ�WKLV�VWXG\��WKH�YDOXH�RI�Q�LQFUHDVHV�IURP�±����DW

����q&� WR� ������ DW� ���q&�� &RQFRUGDQW� ZLWK� GDWD� IURP� FRQGXFWLYLW\� UHOD[DWLRQ�� WKH

REVHUYDWLRQV� DUH� DWWULEXWHG� WR� YDFDQF\� WUDSSLQJ� HIIHFWV� DVVRFLDWHG� ZLWK� WKH� RUGHULQJ� RI

YDFDQFLHV�DW�ORZ�WHPSHUDWXUHV�DQG�R[\JHQ�SDUWLDO�SUHVVXUHV�

���� 5HIHUHQFHV

�� (�$� +D]EXQ� ³&HUDPLF 0HPEUDQH IRU +\GURFDUERQ &RQYHUVLRQ�´ 86 3DWHQW ���������� ����

�� $�*� 'L[RQ� :�5� 0RVHU DQG <�+� 0D� ³:DVWH 5HGXFWLRQ DQG 5HFRYHU\ XVLQJ 2��SHUPHDEOH 0HPEUDQH

5HDFWRUV�´ ,QG� (QJ� &KHP� 5HV�� �� ���� ������

�� 7�-� 0D]DQHF� ³1RYHO VROLG PXOWL�FRPSRQHQW PHPEUDQHV� HOHFWURFKHPLFDO UHDFWRUV DQG XVH RI

PHPEUDQHV DQG UHDFWRU IRU R[LGDWLRQ UHDFWLRQV�´ (XURSHDQ 3DWHQW $SSOLFDWLRQ ���������� ����

�� 5�0� 7KRURJRRG� 5� 6ULQLYDVDQ� 7�)� <HH DQG 0�3� 'UDNH� ³&RPSRVLWH PL[HG FRQGXFWRU PHPEUDQHV IRU
SURGXFLQJ R[\JHQ�´ 86 3DWHQW ���������� ����

�� 0� /LX� $�9� -RVKL DQG <� 6KHQ ³0L[HG LRQLF�HOHFWURQLF FRQGXFWRUV IRU R[\JHQ VHSDUDWLRQ DQG

HOHFWURFDWDO\VLV�´ 86 3DWHQW ���������� ����

�� $�-�%XUJJUDDI DQG <�6� /LQ� ³0HWKRG IRU PDQXIDFWXULQJ XOWUDWKLQ LQRUJDQLF PHPEUDQHV�´ 86 3DWHQW

���������� ����

�� 0�)� &DURODQ� 3�1� '\HU� -�0� /D%DU� 6U�� DQG 5�0� 7KRURJRRG ³3URFHVV IRU UHFRYHULQJ R[\JHQ IURP
JDVHRXV PL[WXUHV FRQWDLQLQJ ZDWHU RU FDUERQ GLR[LGH ZKLFK SURFHVV HPSOR\V LRQ WUDQVSRUWPHPEUDQHV�´

86 3DWHQW ���������� ����



&KDSWHU ���

�� 3�1� '\HU� 5�(� 5LFKDUGV� 6�/� 5XVVHN� '�0� 7D\ORU� ³,RQ 7UDQVSRUW 0HPEUDQH 7HFKQRORJ\ )RU 2[\JHQ
6HSDUDWLRQ $QG 6\QJDV 3URGXFWLRQ´� 6ROLG 6DWH ,RQLFV ���� �� ������

�� +� .UXLGKRI� +�-�0� %RXZPHHVWHU� 5�+�(� YDQ 'RRUQ� $�-� %XUJJUDDI� ³,QIOXHQFH RI RUGHU�GLVRUGHU

WUDQVLWLRQV RQ R[\JHQ SHUPHDELOLW\ WKURXJK VHOHFWHG QRQVWRLFKLRPHWULF SHURYVNLWH W\SH R[LGHV�´ 6ROLG

6WDWH ,RQLFV� ����� ��� ������

��� &� :DJQHU� :� 6FKRWWN\� ³%HLWUDJ ]XU 7KHRULH GHV $QODXIYRUJDQJHV´�=� 3K\V� &KHP� %�� �� ������

��� +�-�0� %RXZPHHVWHU� +� .UXLGKRI DQG $�-� %XUJJUDDI� ³,PSRUWDQFH RI WKH VXUIDFH H[FKDQJH NLQHWLFV DV
UDWH OLPLWLQJ VWHS LQ R[\JHQ SHUPHDWLRQ WKURXJK PL[HG�FRQGXFWLQJ R[LGHV´� 6ROLG 6WDWH ,RQLFV� ��

��� ������

��� /�0� YDQ GHU +DDU� 0�:� GHQ 2WWHU� 0� 0RUVNDWH� +�-�0� %RXZPHHVWHU� +� 9HUZHLM� ³&KHPLFDO

GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��G VWXGLHG ZLWK HOHFWULFDO FRQGXFWLYLW\ UHOD[DWLRQ´�
VXEPLWWHG

��� &KDSWHU � RI WKLV WKHVLV

��� 6� $GOHU� 6� 5XVVHN� - 5HLPHU� 0� )HQGRUI� $� 6WDF\� 4� +XDQJ� $� 6DQWRUR� -� /\QQ� -� %DOWLVEHUJHU� 8
:HUQHU� ³/RFDO VWUXFWXUH DQG R[LGH�LRQ PRWLRQ LQ GHIHFWLYH SHURYVNLWHV´� 6ROLG 6WDWH ,RQLFV ��� ���

������

��� -� 0L]XVDNL� <� 0LPD� 6� <DPDXFKL� .� )XHNL� ³1RQVWRLFKLRPHWU\ RI WKH 3HURYVNLWH�7\SH 2[LGHV

/D��[6U[&R2��G´� -� 6ROLG 6DWH &KHP� ��� ��� ������
��� +�-�0� %RXZPHHVWHU� $�-� %XUJJUDDI� ³'HQVH FHUDPLF PHPEUDQHV IRU R[\JHQ VHSDUDWLRQ´� LQ� &5&

+DQGERRN RI 6ROLG 6WDWH (OHFWURFKHPLVWU\� HG� 3�-� *HOOLQJV DQG +�-�0� %RXZPHHVWHU� &5& 3UHVV� %RFD

5DWRQ ����

��� 5�+�(� YDQ 'RRUQ� +� .UXLGKRI� $� 1LMPHLMHU� /� :LQQXEVW DQG $�-� %XUJJUDDI� ³3UHSDUDWLRQ RI

/D���6U���&R2��G SHURYVNLWH E\ WKHUPDO GHFRPSRVLWLRQ RI PHWDO�('7$ FRPSOH[HV�´ -� 0DWHU� &KHP��
� >�@ ���� ������

��� 3�5� %HYLQJWRQ� ³'DWD UHGXFWLRQ DQG HUURU DQDO\VLV IRU WKH SK\VLFDO VFLHQFHV´� 0F*UDZ�+LOO� 1HZ <RUN�

����

��� 0�+�5� /DQNKRUVW DQG +�-�0� %RXZPHHVWHU� ³'HWHUPLQDWLRQ RI R[\JHQ QRQVWRLFKLRPHWU\ DQG GLIIXVLYLW\

LQ PL[HG FRQGXFWLQJ R[LGHV E\ R[\JHQ FRXORPHWULF WLWUDWLRQ� 3DUW ,,� 2[\JHQ QRQ�VWRLFKLRPHWU\ DQG

GHIHFW PRGHO IRU /D���6U���&R2��G -� (OHFWURFKHP� 6RF� ���� ���� ������
��� &�+� &KHQ� +� .UXLGKRI� +�-�0� %RXZPHHVWHU DQG $�-� %XUJJUDDI� ³,RQLF FRQGXFWLYLW\ RI SHURYVNLWH

/D&R2� PHDVXUHG E\ R[\JHQ SHUPHDWLRQ WHFKQLTXH�´ -� $SSO� (OHFWURFKHP�� �� >�@ ����� ������

��� &�+� &KHQ� +�-�0� %RXZPHHVWHU� 5�+�(� YDQ 'RRUQ� +� .UXLGKRI DQG $�-� %XUJJUDDI� ³2[\JHQ

SHUPHDWLRQ RI /D���6U���&R2��G�´ 6ROLG 6WDWH ,RQLFV� �� >���@ ���� ������
��� 5�+�(� YDQ 'RRUQ� +� .UXLGKRI� +�-�0� %RXZPHHVWHU DQG $�-� %XUJJUDDI� ³2[\JHQ SHUPHDELOLW\ RI

VWURQWLXP�GRSHG /D&R2��G SHURYVNLWHV�´ 3URFHHGLQJV 056 %RVWRQ )DOO PHHWLQJ� QRYHPEHU �����
SXEOLVKHG LQ VHVVLRQ 6ROLG 6WDWH ,RQLFV



����
&KHPLFDO�GLIIXVLRQ�DQG�R[\JHQ

VXUIDFH�WUDQVIHU�RI�/D��[6U[&R2��G

VWXGLHG�ZLWK�HOHFWULFDO�FRQGXFWLYLW\
UHOD[DWLRQ

$EVWUDFW

7KH�FKHPLFDO�GLIIXVLRQ�FRHIILFLHQW�DQG�R[\JHQ�WUDQVIHU�FRHIILFLHQWV�RI�VHOHFWHG�FRPSRVLWLRQV

LQ� WKH� VHULHV� /D��[6U[&R2��G� ZHUH� VWXGLHG� XVLQJ� WKH� FRQGXFWLYLW\� UHOD[DWLRQ� WHFKQLTXH�

0HDVXUHPHQWV� ZHUH� SHUIRUPHG� LQ� WKH� WHPSHUDWXUH� UDQJH� ��������&� DQG� R[\JHQ� SDUWLDO

SUHVVXUH���
��
���EDU��&KHPLFDO�GLIIXVLYLW\�DQG�R[\JHQ�VXUIDFH�WUDQVIHU�LQ�WKH�/D��[6U[&R2��G

SHURYVNLWHV� DSSHDU� WR� EH� KLJKO\� FRUUHODWHG�� 7KH� JHQHUDO� WUHQG� GLVSOD\HG� LV� WKDW� ERWK

SDUDPHWHUV�GHFUHDVH�ZLWK�GHFUHDVLQJ� S2�
EHORZ�DERXW���

��
�EDU�DW�DOO�WHPSHUDWXUHV��7KLV�LV

DWWULEXWHG� WR�RUGHULQJ�RI� LQGXFHG�YDFDQFLHV�DW� ORZ�HQRXJK�R[\JHQ�SDUWLDO�SUHVVXUHV��7KH

REVHUYDWLRQ�WKDW�WKH�FRUUHODWLRQ�EHWZHHQ�ERWK�SDUDPHWHUV�H[WHQGV�HYHQ�WR� WKH�ORZHVW� S2�

YDOXHV�LQ�WKLV�VWXG\��VXJJHVWV�D�NH\�UROH�RI�WKH�FRQFHQWUDWLRQ�RI�PRELOH�R[\JHQ�YDFDQFLHV�

UDWKHU� WKDQ� RI� WKH� H[WHQW� RI� R[\JHQ� QRQVWRLFKLRPHWU\�� LQ� GHWHUPLQLQJ� WKH� UDWH� RI� ERWK

SURFHVVHV��7KH�FKDUDFWHULVWLF�WKLFNQHVV�/F��ZKLFK�HTXDOV�WKH�UDWLR�RI�WKH�FKHPLFDO�GLIIXVLRQ

FRHIILFLHQW� WR� WKH� VXUIDFH� WUDQVIHU� FRHIILFLHQW�� VKRZV� RQO\� D�ZHDN� GHSHQGHQFH� RQ� R[\JHQ

SDUWLDO�SUHVVXUH�DQG�WHPSHUDWXUH��)RU�GLIIHUHQW�FRPSRVLWLRQV�/D��[6U[&R2��G��/F�LV�IRXQG�WR

YDU\�EHWZHHQ����DQG�����PP�



&KDSWHU ���

���� ,QWURGXFWLRQ

2[\JHQ� WUDQVSRUW� WKURXJK� GHQVH� PL[HG� LRQLF�HOHFWURQLF� FRQGXFWLQJ� SHURYVNLWH�W\SH

PHPEUDQHV�RFFXUV�DV�PROHFXODU�R[\JHQ�LV�GLVVRFLDWHG�LQWR�R[\JHQ�LRQV��ZKLFK�PLJUDWH�WR

WKH�ORZ�SUHVVXUH�VLGH�RI�WKH�PHPEUDQH�ZKHUH�WKH\�UHFRPELQH�WR�IRUP�R[\JHQ�PROHFXOHV�

&KDUJH�FRPSHQVDWLRQ�WDNHV�SODFH�E\�D�VLPXOWDQHRXV�IORZ�RI�HOHFWURQLF�FKDUJH�FDUULHUV��7KH

GULYLQJ� IRUFH� IRU� WUDQVSRUW� LV� WKH�GLIIHUHQFH� LQ�R[\JHQ�SDUWLDO� SUHVVXUH� DSSOLHG� DFURVV� WKH

PHPEUDQH��%RWK�WKH�WUDQVSRUW� WKURXJK�WKH�R[LGH�EXON�DQG�WKH�LQWHUIDFLDO�JDV�VROLG�NLQHWLF

SURSHUWLHV�DUH�RI�LPSRUWDQFH�IRU�WKH�PDJQLWXGH�RI�WKH�R[\JHQ�IOX[HV��%XON�GLIIXVLRQ�LQ�WKH

$%2��SHURYVNLWH�VWUXFWXUH�RFFXUV�E\�WKH�KRSSLQJ�RI�R[\JHQ�YDFDQFLHV��7KH�RYHUDOO�VXUIDFH

UHDFWLRQ�PD\� LQYROYH�PDQ\� VWHSV� VXFK� DV� DGVRUSWLRQ�� GLVVRFLDWLRQ�� WUDQVIHU� RI� FKDUJH� WR

R[\JHQ�PROHFXOHV��DQG�LQFRUSRUDWLRQ�RI�R[\JHQ�DQLRQV�LQ�WKH�R[LGH�EXON�

$W�ILUVW�JODQFH�WKH�R[\JHQ�IOX[HV�FDQ�EH�PD[LPLVHG�E\�UHGXFLQJ�WKH�PHPEUDQH�WKLFNQHVV�WR

WKH�PP�UDQJH��ZKLOH�SURYLGLQJ�VXIILFLHQW�PHFKDQLFDO�VWUHQJWK�WKURXJK�D�VXLWDEOH�PHPEUDQH

VXSSRUW�>���@��$�VXLWDEOH�FULWHULRQ�IRU�VHOHFWLRQ�RI�DSSURSULDWH�PDWHULDOV�IRU�WKHVH�WKLQ�ILOP

PHPEUDQHV� LV� WKH� FKDUDFWHULVWLF� WKLFNQHVV� /F�� LQGLFDWLQJ� DW� ZKLFK� PHPEUDQH� WKLFNQHVV

GLIIXVLRQ� DQG� VXUIDFH� UHDFWLRQV� UDWH� OLPLW� RYHUDOO� R[\JHQ� WUDQVSRUW� HTXDOO\��%HORZ�/F�� QR

VXEVWDQWLDO� JDLQ� LQ� WKH� R[\JHQ� IOX[� FDQ� EH� DFKLHYHG� E\� IXUWKHU� UHGXFWLRQ� RI� PHPEUDQH

WKLFNQHVV��)RU�V\VWHPV�FORVH�WR�HTXLOLEULXP��L�H��IRU�VPDOO� S2
�
�JUDGLHQWV��/F�LV�HTXDO�WR�WKH

UDWLR�RI�WKH�FKHPLFDO�GLIIXVLRQ�FRHIILFLHQW�
a

' �WR�WKH�VXUIDFH�WUDQVIHU�FRHIILFLHQW�.WU�>�@�

+LJK� R[\JHQ� IOX[HV� KDYH� EHHQ� UHSRUWHG� IRU� /D��[6U[&R2��G� SHURYVNLWHV� >�����@�� ,Q� WKLV

PDWHULDO�� GLYDOHQW� VWURQWLXP� DV� WKH� $�VLWH� VXEVWLWXHQW� FDXVHV� WKH� FUHDWLRQ� RI� R[\JHQ

YDFDQFLHV�� ,Q� WKH� SUHVHQW� VWXG\�� HOHFWULFDO� FRQGXFWLYLW\� UHOD[DWLRQ� H[SHULPHQWV� DUH

SHUIRUPHG�WR�GHWHUPLQH�
a

' ��.WU�DQG��KHQFH��/F� IRU�/D��[6U[&R2��G� �[� ����������DQG������DV

IXQFWLRQV�RI�R[\JHQ�SDUWLDO�SUHVVXUH�DQG�WHPSHUDWXUH�

���� 7KHRU\

7KH�FRQGXFWLYLW\� UHOD[DWLRQ� WHFKQLTXH� LQYROYHV�PHDVXUHPHQW�RI� WKH� WLPH�YDULDWLRQ�RI� WKH

HOHFWULFDO�FRQGXFWLYLW\�RI�D�VDPSOH�DIWHU�D�VWHSZLVH�FKDQJH�LQ�WKH�R[\JHQ�SDUWLDO�SUHVVXUH�

7KH� UHOD[DWLRQ� GDWD� DUH� ILWWHG� WR� WKHRUHWLFDO� HTXDWLRQV�� DV� GHVFULEHG� EHORZ�� XVLQJ� WKH

FKHPLFDO� GLIIXVLRQ� FRHIILFLHQW�
a

' � DQG� WKH� VXUIDFH� WUDQVIHU� FRHIILFLHQW� .WU� DV� ILWWLQJ

SDUDPHWHUV�



&KHPLFDO GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��G « ��

7KH�FKDQJH�LQ�HOHFWULFDO�FRQGXFWLYLW\�IROORZLQJ�WKH�VWHS�FKDQJH�LQ�R[\JHQ�SDUWLDO�SUHVVXUH

LV�JRYHUQHG�E\� WKH� UHDFWLRQ�RI� WKH�R[LGH�ZLWK�R[\JHQ� IURP� WKH� JDV�SKDVH�� ,Q� DFFRUGDQFH

ZLWK�WKH�.U|JHU�9LQN�QRWDWLRQ��WKLV�UHDFWLRQ�FDQ�EH�H[SUHVVHG�E\�
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2 2
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xx ���

+HQFH��IRU�HDFK�GRXEO\�LRQLVHG�R[\JHQ�YDFDQF\�IRUPHG�LQ�WKH�ODWWLFH��HLWKHU�WZR�HOHFWURQV

DUH� IRUPHG�RU� WZR�HOHFWURQ�KROHV� DUH� DQQLKLODWHG��$VVXPLQJ�PHWDOOLF� FRQGXFWLRQ� >��@� IRU

/D��[6U[&R2��G�� WKH� HOHFWURQV� DUH� WUDQVIHUUHG� WR� D� SDUWLDOO\� ILOOHG� FRQGXFWLRQ� EDQG�� ,Q� WKH

UDQJHV�RI�WHPSHUDWXUH�DQG�R[\JHQ�SDUWLDO�SUHVVXUH�RI�LQWHUHVW�WR�WKLV�VWXG\��WKH�FRQGXFWLYLW\

LV�IRXQG�WR�EH�S�W\SH��L�H���GHFUHDVLQJ�ZLWK�GHFUHDVLQJ� S2
�
>��@�

,Q�WKH�DQDO\VLV�RI�WKH�GLIIXVLRQ�SUREOHP��D�IODW�WKLQ�VKHHW�LV�FRQVLGHUHG�ZLWK�WKLFNQHVV��E�

$W�W������WKH�VDPSOH�LV�DVVXPHG�WR�EH�LQ�WKHUPRG\QDPLF�HTXLOLEULXP�ZLWK�WKH�VXUURXQGLQJ

DWPRVSKHUH�� $W� W� ���� WKH� FRUUHVSRQGLQJ� S
2

�
� LV� FKDQJHG� VWHSZLVH� WR� D� QHZ� YDOXH�

DVVRFLDWHG�ZLWK�D�QHZ�HTXLOLEULXP�R[\JHQ�FRQFHQWUDWLRQ�Ff��'HSHQGLQJ�RQ�WKH�YDOXH�RI�Ff

UHODWLYH�WR�F���WKH�R[\JHQ�FRQFHQWUDWLRQ�DW�W������R[\JHQ�VWDUWV�WR�GLIIXVH�LQWR�RU�RXW�RI�WKH

VDPSOH��6WDUWLQJ�SRLQW�LQ�WKH�GHULYDWLRQ�LV�)LFN¶V�VHFRQG�ODZ�
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ZKHUH�
a

' �LV�WKH�FKHPLFDO�GLIIXVLRQ�FRHIILFLHQW��7KH�VXUIDFH�UHDFWLRQ�LV�DVVXPHG�WR�SURFHHG

DW� D� UDWH� SURSRUWLRQDO� WR� WKH� GLIIHUHQFH� EHWZHHQ� WKH� DFWXDO� FRQFHQWUDWLRQ� DW� WKH� VXUIDFH�

F�rE���DQG�Ff��7KH�ERXQGDU\�FRQGLWLRQV�DW�WKH�VXUIDFHV�]� �E�DQG�]� ��E�DUH�WKHQ�JLYHQ�E\
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ZKHUH�-�GHQRWHV� WKH� IOX[�GHQVLW\�DQG�.WU� WKH�SDUDPHWHU�FRQWUROOLQJ� WKH� UDWH�RI� WKH�VXUIDFH

UHDFWLRQ��FDOOHG�WKH�VXUIDFH� WUDQVIHU�FRHIILFLHQW��7KH�VROXWLRQ�IRU� WKH�FRQFHQWUDWLRQ�SURILOH

DV�D�IXQFWLRQ�RI� WLPH��F�]�W��� LV�REWDLQHG�WKURXJK�DQ�HLJHQIXQFWLRQ�H[SDQVLRQ�RI� WKH� LQLWLDO

R[\JHQ�FRQFHQWUDWLRQ�F��>��@�
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DQG�WKH�SDUDPHWHUV�EQ�DUH�REWDLQHG�IURP�

E E EQ Q

E.

'
/WDQ a  WU � ���

(TXDWLQJ�WKH�FKDQJH�LQ�R[\JHQ�QRQVWRLFKLRPHWU\�WR�FKDQJHV�LQ�HOHFWULFDO�FRQGXFWLYLW\�LW�LV

SRVVLEOH�WR�H[SUHVV�WKH�FRQGXFWLYLW\�WUDQVLHQW�DV�
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ZKLFK� LV�YDOLG�RQO\� IRU� VPDOO�R[\JHQ�SDUWLDO�SUHVVXUH� VWHSV�� L�H�� VPDOO� FKDQJHV� LQ�R[\JHQ

QRQVWRLFKLRPHWU\��8VLQJ�HTXDWLRQ�����LW�LV�SRVVLEOH�WR�REWDLQ�WKH�SDUDPHWHUV�
a

' �DQG�.WU�IURP

WKH�H[SHULPHQWDO�UHOD[DWLRQ�GDWD�SURYLGHG�WKDW������/E�����$V�RXWOLQHG�SUHYLRXVO\�E\�'HQ

2WWHU�HW�DO��>��@��
a

' �FDQQRW�EH�REWDLQHG�IURP�WKH�UHOD[DWLRQ�GDWD�LI�/E�������,Q�WKDW�FDVH�WKH

HTXLOLEUDWLRQ� WRZDUGV� WKH� QHZ� QRQVWRLFKLRPHWU\� LV� HQWLUHO\� JRYHUQHG� E\� WKH� VXUIDFH

UHDFWLRQV��2Q�WKH�RWKHU�KDQG��LI�/E!����WKH�WUDQVLHQW�LV�QRW�DIIHFWHG�E\�WKH�VXUIDFH�UHDFWLRQV

DQG�RQO\�
a

' �FDQ�EH�GHULYHG�IURP�WKH�ILWWLQJ�SURFHGXUH��$�QXPHULFDO�PHWKRG�IRU�FDOFXODWLRQ

RI�WKH�HLJHQYDOXHV�EQ�LV�SUHVHQWHG�HOVHZKHUH�>��@�

���� ([SHULPHQWDO

������ 6DPSOH�SUHSDUDWLRQ

/D��[6U[&R2��G� �[� ������ ���� DQG� ����� SHURYVNLWH� SRZGHUV� ZHUH� SUHSDUHG� E\� WKHUPDO

GHFRPSRVLWLRQ� RI� SUHFXUVRU� FRPSOH[HV� GHULYHG� IURP� QLWUDWH� VROXWLRQV� XVLQJ

HWK\OHQH�GLDPLQH�WHWUD�DFHWLF�DFLG��('7$��DV�D�FRPSOH[LQJ�DJHQW�>��@��$IWHU�FDOFLQDWLRQ�DW

����&�WKH�SRZGHUV�ZHUH�LVRVWDWLFDOO\�SUHVVHG�DW������EDU�DQG�VLQWHUHG�DW������&�IRU����K�

7KH� VLQWHUHG� ERGLHV� VKRZHG� D� UHODWLYH� GHQVLW\� LQ� H[FHVV� RI� ����� )RU� FRQGXFWLYLW\

UHOD[DWLRQ�H[SHULPHQWV�WKLQ�UHFWDQJXODU�VDPSOHV�RI�����PP�WKLFNQHVV��FXW�IURP�WKH�VLQWHUHG

ERGLHV��ZHUH�SROLVKHG�ZLWK������0(6+�6L&�DQG�XOWUDVRQLFDOO\�FOHDQHG�LQ�HWKDQRO�SULRU�WR

XVH�

������ &RQGXFWLYLW\�UHOD[DWLRQ

7KH� VHW�XS� XVHG� IRU� FRQGXFWLYLW\� UHOD[DWLRQ� H[SHULPHQWV� LV� VKRZQ� VFKHPDWLFDOO\� LQ

ILJXUH������5HODWLYH�FKDQJHV�LQ� WKH�HOHFWULFDO�FRQGXFWLYLW\� IROORZLQJ�D�VWHS�FKDQJH�LQ� S2
�
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ZHUH�PHDVXUHG�ZLWK�D�IRXU�SRLQW�WHFKQLTXH�XVLQJ�JROG�ZLUHV�DV�HOHFWURGHV��*ROG�SDVWH


�ZDV

XVHG�WR�DWWDFK�WKH�ZLUHV��7KH�HOHFWURGHV�ZHUH�IL[HG�DW�WKHLU�SRVLWLRQ�DIWHU�DQQHDOLQJ�LQ�DLU�DW

����&� IRU� �� KRXUV�� 0HDVXUHPHQWV� ZHUH� SHUIRUPHG� RYHU� WKH� S
2

�
� UDQJH� ��

��
���EDU� DQG

WHPSHUDWXUH�UDQJH���������&��6WHS�FKDQJHV�LQ� S2
�
�ZHUH�DFKLHYHG�E\�XVLQJ�WZR�VHSDUDWH

QLWURJHQ�GLOXWHG� R[\JHQ� JDV� IORZV� DW� ����PO�PLQ
��
�� 0RLVWXUH� ILOWHUV

�
� UHPRYHG� WUDFHV� RI

ZDWHU��:LWK�D�IDVW�HOHFWULFDO� IRXU�ZD\�YDOYH�WKH� IORZV� OHDGLQJ� WR� WKH�VDPSOH�DQG� WKH�YHQW

FRXOG�EH�LQWHUFKDQJHG��7KH�WLPH�FRQVWDQW�IRU�FKDQJLQJ�WKH� S2
�
�LQ�WKH�UHDFWRU�ZDV�OHVV�WKDQ

�����V�DW�����&��<6=�EDVHG�HOHFWURFKHPLFDO�R[\JHQ�SXPSV�ZHUH�XVHG�IRU�DFKLHYLQJ� S2
�

YDOXHV�ORZHU�WKDQ���
��
�EDU��7KH� S2

�
�LQ�ERWK�JDV�VWUHDPV�ZDV�PHDVXUHG�XVLQJ�D�FRPPHUFLDO

R[\JHQ�VHQVRU
Á
��7KH� S2

�
�LQ�ERWK�R[LGLVLQJ�DQG�UHGXFLQJ�UXQV�ZDV�FKDQJHG�ZLWK�D�IDFWRU�RI

WKUHH��2[LGLVLQJ�UXQV�ZHUH�FDUULHG�RXW�DW�D� ILQDO� S2
�
�RI���

��
�EDU�RU�KLJKHU� WR�DYRLG�PDVV

WUDQVIHU�OLPLWDWLRQV�LQ�WKH�JDV�SKDVH�

)RXU�SRLQW�$&�FRQGXFWLYLW\�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�D�ORFN�LQ�DPSOLILHU
�
��7KH

QRUPDOLVHG�FKDQJH�LQ�FRQGXFWLYLW\�ZLWK�WLPH�DIWHU�D�VWHS�FKDQJH�LQ� S2
�
�ZDV�DQDO\VHG�XVLQJ

D� FRPSXWHU�SURJUDP� >��@��$�PRUH� FRPSUHKHQVLYH� GHVFULSWLRQ� RI� WKH� H[SHULPHQWDO� VHW�XS

DQG�GHWDLOV�RI�WKH�ILWWLQJ�URXWLQH�DUH�JLYHQ�HOVHZKHUH�>��@�

���� 5HVXOWV

)LJXUH�����VKRZV�W\SLFDO�FRQGXFWLYLW\� UHOD[DWLRQ�GDWD�REVHUYHG�IRU�GLIIHUHQW�FRPSRVLWLRQV

/D��[6U[&R2��G��IROORZLQJ�D� S2
�
�VWHS�FKDQJH�IURP������WR������EDU�DW�����&��$W�KLJK� S2�

�

GDWD�IURP�R[LGDWLRQ�DQG�UHGXFWLRQ�UXQV�WR�WKH�VDPH�ILQDO� S2
�
�ZHUH�HIIHFWLYHO\�LGHQWLFDO��$W


 +HUDHXV� *HUPDQ\
� *DV &OHDQ 0RLVWXUH )LOWHU ����� &KURPSDFN� 7KH 1HWKHUODQGV
Á =5������ 6\VWHFK� 7KH 1HWKHUODQGV
� (*	* 3ULQFHWRQ $SSOLHG 5HVHDUFK ����� ,UHODQG

)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH FRQGXFWLYLW\ UHOD[DWLRQ VHW�XS�
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S
2

�
� YDOXHV� EHORZ� �����EDU�� KRZHYHU�� VLJQLILFDQW� PDVV� WUDQVIHU� OLPLWDWLRQV� RFFXUUHG� LQ

R[LGDWLRQ�UXQV��)RU�WKLV�UHDVRQ�RQO\�WKH�ILWWHG�SDUDPHWHUV�REWDLQHG�IURP�GDWD�RI�UHGXFWLRQ

UXQV� DUH� SUHVHQWHG� EHORZ�� 7KH� FRQGXFWLYLW\� WUDQVLHQWV� RI� WKH� VDPSOH� ZLWK� FRPSRVLWLRQ

[� �����VKRZHG�VRPHZKDW�PRUH�QRLVH��ZKLFK� LV�GXH� WR� WKH�KLJKHU� HOHFWURQLF�FRQGXFWLYLW\

DQG��KHQFH��VPDOOHU�FKDQJH�LQ�HOHFWULFDO�FRQGXFWLYLW\�ZLWK� S2
�
�UHODWLYH�WR�WKDW�REVHUYHG�IRU

WKH�RWKHU�FRPSRVLWLRQV�LQ�WKLV�VWXG\�

7KH� FKHPLFDO� GLIIXVLRQ� FRHIILFLHQW�
a

' � DQG� VXUIDFH� WUDQVIHU� FRHIILFLHQW� .WU� IRU

/D��[6U[&R2��G�DV�D�IXQFWLRQ�RI� S2
�
�DUH�VKRZQ�LQ�ILJXUH������7KH�JHQHUDO�WUHQG�REVHUYHG�LV

WKDW�ERWK�
a

' �DQG�.WU�UHPDLQ�IDLUO\�FRQVWDQW�DW�KLJK S
2

�
YDOXHV��EXW�DUH�VLJQLILFDQWO\�VPDOOHU

DW� ORZ� S2
�
��%HORZ� D� S2

�
� RI� DERXW� ��

��
� EDU� ERWK� SDUDPHWHUV� YDU\� DSSUR[LPDWHO\�ZLWK� D

S
Q

2
�
�GHSHQGHQFH��ZLWK�YDOXHV�RI�Q�DV�OLVWHG�LQ�WDEOH�����

$UUKHQLXV� SORWV� IRU�
a

' � DQG�.WU� DUH� JLYHQ� LQ� ILJXUH����� DQG� ILJXUH������ 7KHVH� SORWV� ZHUH

GHULYHG�IURP�UHOD[DWLRQ�GDWD�LQ�ZKLFK�WKH�ILQDO� S2
�
ZDV�������EDU��7KH�VDPH�ILJXUHV�VKRZ

WKH�FRUUHVSRQGLQJ�$UUKHQLXV�SORWV�IRU�WKH�FRPSRVLWLRQ�ZLWK�[� �����DW�VHYHUDO� S2
�
�YDOXHV�

6LPLODU�SORWV�ZHUH�REWDLQHG�IRU� WKH�FRPSRVLWLRQV�ZLWK�[� �����DQG�[� ������$�VXPPDU\�RI

DFWLYDWLRQ�HQHUJLHV�REWDLQHG�IRU�
a

' �DQG�.WU�LV�JLYHQ�LQ�WDEOH������7KH�FKDUDFWHULVWLF�WKLFNQHVV

/F�RI�/D��[6U[&R2��G�YDULHV�EHWZHHQ����DQG�����PP�DQG�VKRZV�RQO\�D�ZHDN�GHSHQGHQFH�RQ

WHPSHUDWXUH�DQG� S2
�
��7KLV�LV�LOOXVWUDWHG�IRU�WKH�FRPSRVLWLRQ�ZLWK�[� �����LQ�ILJXUH�����

7LPH �V�

� ��� ����

���

���

���

[  ���

[  ���V

)LJXUH ���� 7\SLFDO UHOD[DWLRQ WUDQVLHQWV IRU WZR GLIIHUHQW

/D��[6U[&R2��G VDPSOHV DIWHU D S
2�

VWHS FKDQJH IURP ���� WR ���� EDU

DW ����&�



&KHPLFDO GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��G « ��

7DEOH ���� 9DOXHV RI Q IRU
a
' DQG .WU DW YDULRXV WHPSHUDWXUHV� GHWHUPLQHG IRU S

2
�

����� EDU

7 ��&� /D���6U���&R2��G /D���6U���&R2��G /D���6U���&R2��G

Q
'
a Q
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Q
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)LJXUH ����
a
' DQG .WU DV D IXQFWLRQ RI R[\JHQ SDUWLDO SUHVVXUH IRU WKH /D��[6U[&R2��G FRPSRVLWLRQV

LQYHVWLJDWHG� [  ��� �WRS OHIW�� ��� �WRS ULJKW� DQG ��� �ERWWRP�� 7KH OLQHV DUH DQ DLG WR OLQN WKH GDWD

DQG KDYH QR WKHRUHWLFDO VLJQLILFDQFH�



&KDSWHU ���

7DEOH ���� $FWLYDWLRQ HQHUJLHV RI
a
' DQG .WU IRU /D��[6U[&R2��G DW YDULRXV S

2
�

�

9DOXHV DUH JLYHQ LQ N-�PRO���

S
2

�

�EDU� /D���6U���&R2��G /D���6U���&R2��G /D���6U���&R2��G

(
'
a
D

(
.

WU

D
(
'
a
D

(
.

WU

D
(
'
a
D

(
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)LJXUH ���� $UUKHQLXV SORWV RI .WU IRU WKH /D��[6U[&R2��G FRPSRVLWLRQV LQYHVWLJDWHG DW ����� EDU �ULJKW� DQG

IRU [  ��� DW YDULRXV R[\JHQ SDUWLDO SUHVVXUHV �OHIW��
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)LJXUH ���� $UUKHQLXV SORWV RI
a
' IRU WKH /D��[6U[&R2��G FRPSRVLWLRQV LQYHVWLJDWHG DW ����� EDU �OHIW� DQG

IRU [  ��� DW YDULRXV R[\JHQ SDUWLDO SUHVVXUHV �ULJKW��



&KHPLFDO GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��G « ��

���� 'LVFXVVLRQ

������ &KHPLFDO�GLIIXVLRQ�FRHIILFLHQW�
a
'

2[\JHQ� WUDQVSRUW� LQ� GHIHFWLYH� SHURYVNLWH� R[LGHV� LV� JHQHUDOO\� FRQVLGHUHG� WR� RFFXU� YLD� D

YDFDQF\� KRSSLQJ�PHFKDQLVP�� 7KH� GLIIXVLYLW\� RI� R[\JHQ� LV� WKXV� UHODWHG� WR� WKH� H[WHQW� RI

R[\JHQ�QRQVWRLFKLRPHWU\�H[KLELWHG�E\�WKH�R[LGH��)RU�D�PDWHULDO�ZLWK�SUHYDLOLQJ�HOHFWURQLF

FRQGXFWLYLW\�� DV� REVHUYHG� IRU� SKDVHV� /D��[6U[&R2��G��WKH� IROORZLQJ� H[SUHVVLRQ� UHODWHV� WKH

FKHPLFDO�GLIIXVLRQ�FRHIILFLHQW�
a

' �WR�WKH�YDFDQF\�GLIIXVLRQ�FRHIILFLHQW�'9�

a

' ' �
9
J ���

ZKHUH�J�LV�WKH�WKHUPRG\QDPLF�IDFWRU��GHILQHG�E\

J
w

w G
 �

�

�

�

OQ

OQ

S
2

���

6WULFWO\� VSHDNLQJ�� HTXDWLRQ����� KROGV� RQO\� LI� R[\JHQ� YDFDQFLHV� DUH� QRQ�LQWHUDFWLQJ� DQG

UDQGRPO\�GLVWULEXWHG��7KH�TXDQWLW\�J�LV�GHWHUPLQHG�GLUHFWO\�IURP�H[SHULPHQW�E\�PHDVXULQJ

WKH� R[\JHQ� QRQVWRLFKLRPHWU\� DV� D� IXQFWLRQ� RI� S
2

�
�� HLWKHU� E\� WKHUPRJUDYLPHWU\� RU

FRXORPHWULF� WLWUDWLRQ��8WLOLVLQJ� WKH�QRQVWRLFKLRPHWU\�GDWD�RI�/DQNKRUVW� DQG�%RXZPHHVWHU

>��@�DQG�0L]XVDNL�HW�DO��>��@��LW�LV�IRXQG�WKDW�J�IRU�WKH�SKDVHV�/D��[6U[&R2��G��� LV�YLUWXDOO\

LQGHSHQGHQW�RI� S2
�
�DW�FRQGLWLRQV�FRYHUHG�E\�WKH�H[SHULPHQWV��)RU�QRQ�LQWHUDFWLQJ�GHIHFWV

WKH�YDFDQF\�GLIIXVLRQ�FRHIILFLHQW�'9�LV�SURSRUWLRQDO�WR�WKH�IUDFWLRQ�RI�UHJXODU�ODWWLFH�R[\JHQ

LRQV����G�|����DQG�LV�WKHUHIRUH�H[SHFWHG�WR�EH�DSSUR[LPDWHO\�FRQVWDQW��:KHQ�ERWK�J�DQG�'9

DUH�LQGHSHQGHQW�RI� S2
�
�LW�IROORZV�IURP�HTXDWLRQ�����WKDW�DOVR�

a

' �LV�LQYDULDQW�ZLWK� S2
�
��,W�LV

VHHQ�LQ�ILJXUH�����WKDW�
a

' �GHFUHDVHV�VWURQJO\�ZLWK�GHFUHDVLQJ� S2
�
�EHORZ�DERXW���

��
�EDU�DW

7 ��&�

��� ��� ��� ��� ���

/
F

�P
P
�

�

��

���

���

���
��� PEDU

� PEDU

)LJXUH ���� &KDUDFWHULVWLF WKLFNQHVV /F YHUVXV WHPSHUDWXUH

IRU /D��[6U[&R2��G �[  �����



&KDSWHU ���

DOO� WHPSHUDWXUHV�� 7KH� YDOXHV� PHDVXUHG� IRU�
a

' � LQ� WKH� S2
�
� UDQJH� ������� EDU� DUH� LQ� JRRG

DJUHHPHQW� ZLWK� GDWD� REWDLQHG� IURP� FKHPLFDO� GLIIXVLRQ� H[SHULPHQWV� XVLQJ� FRXORPHWULF

WLWUDWLRQ�E\�/DQNKRUVW�DQG�%RXZPHHVWHU�>��@��8QIRUWXQDWHO\��QR�GDWD�DUH�SURYLGHG�E\�WKHVH

DXWKRUV�DW� S2
�
YDOXHV�EHORZ���

��
�EDU�

$�SRVVLEOH�H[SODQDWLRQ�IRU�WKH�GHFUHDVH�RI�
a

' �DW�ORZ� S2
�
�YDOXHV�REVHUYHG�LQ�WKLV�VWXG\�LV

WKH�RUGHULQJ�RI�R[\JHQ�YDFDQFLHV�RQ�WKH�R[\JHQ�VXEODWWLFH��%\�YLUWXH�RI� WKH�KLJK�OHYHO�RI

R[\JHQ�QRQVWRLFKLRPHWU\�H[KLELWHG�E\�SKDVHV�/D��[6U[&R2��G��WKH�DVVXPSWLRQ�RI�UDQGRPO\

GLVWULEXWHG�QRQ�LQWHUDFWLQJ�SRLQW�GHIHFWV�LV�SUREDEO\�DQ�RYHUVLPSOLILHG�SLFWXUH��,Q�OLWHUDWXUH�

DPSOH� HYLGHQFH� KDV� EHHQ� SURYLGHG� E\� ;5'�� HOHFWURQ� GLIIUDFWLRQ� DQG� +57(0

PHDVXUHPHQWV� WKDW� QRQVWRLFKLRPHWU\� LQ� WKH� R[\JHQ�GHILFLHQW� SHURYVNLWHV� LV� RIWHQ

DFFRPPRGDWHG� E\� YDFDQF\� RUGHULQJ� WR� D� GHJUHH� ZKLFK� GHSHQGV� ERWK� RQ� R[\JHQ� SDUWLDO

SUHVVXUH� DQG� WHPSHUDWXUH� >�����@�� ,QYHVWLJDWLRQV� E\� $GOHU� HW� DO�� >��@� XVLQJ� KLJK

WHPSHUDWXUH�
��
2�105� RQ� SHURYVNLWH� R[LGHV� %D,Q2����� %D,Q����=U����2��G��

%D,Q����&H����2��G��DQG� WKH� UHODWHG� FRPSRXQGV� /D���6U���&R���&X���2��G�� DQG

/D���6U���&R���&X���2��G��PDGH�FOHDU�WKDW�LQ�DOO�WKHVH�SKDVHV�RQO\�IHZ�R[\JHQ�YDFDQFLHV�DUH

PRELOH�EHORZ�����&��)RU�ERWK�FREDOW�FRQWDLQLQJ�FRPSRXQGV�WKH�VLJQDO�LQWHQVLW\�ZDV�IRXQG

WR� LQFUHDVH� VWHDGLO\�ZLWK� WHPSHUDWXUH� XS� WR� WKH�PD[LPXP� WHPSHUDWXUH� RI� ����&� LQ� WKHLU

VWXG\��VXJJHVWLQJ�D�FRQFRPLWDQW�LQFUHDVH�LQ�WKH�GHQVLW\�RI�PRELOH�R[\JHQ�DQLRQV�

&RQVLGHUDWLRQV� RI� WKH� PHFKDQLVP� RI� R[\JHQ� WUDQVSRUW� LQ� R[\JHQ�GHILFLHQW� SHURYVNLWH

VWUXFWXUHV�LQGLFDWH�WKDW�ERWK�WKH�PLJUDWLRQ�HQHUJ\�'+P�DQG�WKH�HQWKDOS\�DVVRFLDWHG�ZLWK�WKH

IRUPDWLRQ�RI�PRELOH�R[\JHQ�YDFDQFLHV�'+I�FRQWULEXWH�WR�WKH�DSSDUHQW�DFWLYDWLRQ�HQHUJ\�RI
a

' ��7R�D�ILUVW�DSSUR[LPDWLRQ�'+P�PD\�EH�WDNHQ�DV�FRQVWDQW��L�H��LQGHSHQGHQW�RI�WKH�OHYHO�RI

R[\JHQ� QRQVWRLFKLRPHWU\�� 7KLV� LPSOLHV� WKDW� DQ\� YDULDWLRQ� LQ� WKH� DFWLYDWLRQ� HQHUJ\� ZLWK

S
2

�
FDQ� EH� DVFULEHG� WR� FRUUHVSRQGLQJ� FKDQJHV� LQ�'+I�� ,W� LV� VHHQ� LQ� WDEOH����� WKDW ('

a

D � IRU

SKDVHV� /D��[6U[&R2��G� LQFUHDVHV� ZLWK� GHFUHDVLQJ� S
2

�
�� 7KLV� FDQ� EH� UDWLRQDOLVHG� E\� WKH

LQFUHDVHG�HQHUJ\�RI�IRUPDWLRQ�RI�PRELOH�R[\JHQ�YDFDQFLHV�LQ�WKH�RUGHUHG�VWUXFWXUH�

������ 2[\JHQ�VXUIDFH�WUDQVIHU

)URP�FRPSDULVRQ�RI�WKH�GDWD�SUHVHQWHG�LQ�ILJXUH������LW�LV�HYLGHQW�WKDW�WKH�VXUIDFH�WUDQVIHU

FRHIILFLHQWV�.WU�IRU�SKDVHV�/D��[6U[&R2��G��GLVSOD\�WKH�VDPH�WUHQG�DV�WKH�FKHPLFDO�GLIIXVLRQ

FRHIILFLHQWV�
a

' � ZLWK� D� FKDQJH� RI� WHPSHUDWXUH� RU� S
2

�
�� 7KH� VWURQJ� FRUUHODWLRQ� REVHUYHG

EHWZHHQ�
a

' �DQG�.WU�VXJJHVWV�WKDW�R[\JHQ�YDFDQFLHV�SOD\�D�PDMRU�UROH�LQ�WKH�VXUIDFH�R[\JHQ

WUDQVIHU�RI�WKHVH�PDWHULDOV��1RWHZRUWK\�LV�WKDW�WKH�FRUUHODWLRQ�LV�HYHQ�REVHUYHG�LQ�UHJLRQV�RI

WHPSHUDWXUH�DQG� S2
�
��ZKHUH�YDFDQF\�RUGHULQJ�LV�DVVXPHG��7KLV�PD\�EH�WDNHQ�DV�HYLGHQFH



&KHPLFDO GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��G « ��

WKDW� WKH� FRQFHQWUDWLRQ� RI� PRELOH� R[\JHQ� YDFDQFLHV�� UDWKHU� WKDQ� WKH� H[WHQW� RI� R[\JHQ

QRQVWRLFKLRPHWU\��SOD\V�D�GHFLVLYH�UROH�LQ�R[\JHQ�VXUIDFH�WUDQVIHU��7KLV�VWURQJ�FRUUHODWLRQ

EHWZHHQ�
a

' � DQG� .WU� LV� DOVR� UHIOHFWHG� LQ� WKH� ZHDN� WHPSHUDWXUH� DQG� S
2

�
� GHSHQGHQFLHV

REVHUYHG�IRU�WKH�SDUDPHWHU�/F�LQ�WKLV�VWXG\�

$� FRUUHODWLRQ� EHWZHHQ� WKH� WUDFHU� GLIIXVLRQ� FRHIILFLHQW�'


� DQG� WKH� VXUIDFH� H[FKDQJH

FRHIILFLHQW�NV� IRU� YDULRXV�SHURYVNLWH�� DQG� IOXRULWH�UHODWHG� VWUXFWXUHV�ZDV� SUHYLRXVO\� QRWHG

E\�.LOQHU� >��@� DQG�'H� 6RX]D� DQG�.LOQHU� >��@��:KHQ� ORJ�NV�� LV� SORWWHG� DV� D� IXQFWLRQ� RI

ORJ�'


�� D� FRUUHODWLRQ� LV� DSSDUHQW�� DOEHLW� WKDW� D� GLIIHUHQW� FRUUHODWLRQ� LV� IRXQG� IRU� WKH

SHURYVNLWH�DQG�IOXRULWH�VWUXFWXUHV��)RU� WKH�SHURYVNLWHV��D�VORSH�FORVH� WR����� LV� IRXQG� IURP

OLQHDU� UHJUHVVLRQ� RQ� WKH� ORJDULWKPLF� GDWD�>��@��2QH� H[FHSWLRQ� LV� /D��[6U[&R2��G�� �[� �����

�����IRU�ZKLFK�WKLV�VORSH�LV�UHSRUWHG�WR�EH������>��@�� ,W�VKRXOG�EH�QRWHG�WKDW�DOO�'


�DQG�NV

YDOXHV�LQ�WKH�ODWWHU�VWXG\�ZHUH�REWDLQHG�IURP�GHSWK�SURILOLQJ�6,06�DIWHU�LVRWRSH�H[FKDQJH

DW�VHOHFWHG�WHPSHUDWXUH�DW�D� S2
�
�RI���EDU�

)LJXUH����� VKRZV� ORJ�.WU�� YHUVXV� ORJ�
a

' �� IRU� WKH� /D��[6U[&R2��G� FRPSRVLWLRQV�� $OO� GDWD

PHDVXUHG�LQ�WKLV�VWXG\��UHJDUGOHVV�RI�WHPSHUDWXUH�DQG� S2
�
��KDYH�EHHQ�LQFOXGHG��7KH�VORSH

LV� DSSUR[LPDWHO\� HTXDO� WR���� $OWKRXJK� VLJQLILFDQW� VFDWWHU� LV� SUHVHQW�� WKH� JUDSK� FOHDUO\

LQGLFDWHV� WKDW� WKH� WZR� SDUDPHWHUV� DUH� FRUUHODWHG� HYHQ� IRU� WKH� PDWHULDOV� ZLWK� GLIIHUHQW

VWURQWLXP�FRQWHQWV�

ORJ � � �P
�
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a

)LJXUH ���� 'RXEOH ORJDULWKPLF JUDSK VKRZLQJ WKH FRUUHODWLRQ

EHWZHHQ
a

' DQG .WU IRU WKH /D��[6U[&R2��G FRPSRVLWLRQV

LQYHVWLJDWHG�



&KDSWHU ���

,Q� WKH� UDQJHV� RI� WHPSHUDWXUH� DQG� S
2

�
FRYHUHG� E\� WKH� SUHVHQW� H[SHULPHQWV�� /F� IRU

/D��[6U[&R2��G��YDULHV�DSSUR[LPDWHO\�EHWZHHQ����DQG�����PP��ZKLFK�LV�FORVH�WR�WKH�YDOXH

RI�����PP�UHSRUWHG�E\�.LOQHU�>��@��)RU�/D���6U���&R2��G���WKH�YDOXH�RI�/F�IURP�FRQGXFWLYLW\

UHOD[DWLRQ�LV�IRXQG�WR�EH�DQ�RUGHU�RI�PDJQLWXGH�VPDOOHU�WKDQ�WKDW�IURP�LVRWRSH�H[FKDQJH�DV

UHSRUWHG� E\� 9DQ� 'RRUQ� HW� DO�� >��@�� )XUWKHU� LQYHVWLJDWLRQ� LV� UHTXLUHG� WR� XQGHUVWDQG� WKLV

GLIIHUHQFH�

���� &RQFOXGLQJ�UHPDUNV

'DWD� IURP� WKH� SUHVHQW� VWXG\� VXJJHVWV� WKDW� WKH� VXUIDFH� WUDQVIHU� FRHIILFLHQWV� .WU� DQG� WKH

FKHPLFDO� GLIIXVLRQ� FRHIILFLHQWV�
a

' � IRU� SKDVHV� /D��[6U[&R2��G�� DUH� FRUUHODWHG�� 7KH� JHQHUDO

WUHQG�GLVSOD\HG�LV�WKDW�ERWK�SDUDPHWHUV�GHFUHDVH�VWURQJO\�ZLWK�GHFUHDVLQJ� S2
�
�EHORZ�DERXW

��
��
EDU�DW�DOO�WHPSHUDWXUHV��7KLV�EHKDYLRXU�LV�XQH[SHFWHG�IRU�WKH�GLIIXVLYLW\�RI�R[\JHQ�LQ

WKH� R[\JHQ�GHILFLHQW� SHURYVNLWH� VWUXFWXUHV� IURP� WKH� SRLQW� RI� YLHZ� RI� SRLQW� GHIHFW

FRQVLGHUDWLRQV�DQG�LQGLFDWHV�WKDW�R[\JHQ�YDFDQFLHV�DW�ORZ�HQRXJK� S2
�
�DUH�OHVV�PRELOH�GXH

WR� RUGHULQJ� SKHQRPHQD�� ,W� LV� VXUSULVLQJ� WR� QRWH� WKDW� WKH� FRUUHODWLRQ� EHWZHHQ�.WU� DQG�
a

'

H[WHQGV� HYHQ� LQ� WKRVH� UHJLRQV� ZKHUH� YDFDQF\� RUGHULQJ� LV� DVVXPHG� WR� RFFXU�� 7KLV� LV

WHQWDWLYHO\� H[SODLQHG� E\� WKH� NH\� UROH� RI� WKH� FRQFHQWUDWLRQ� RI� PRELOH� R[\JHQ� YDFDQFLHV�

UDWKHU� WKDQ� WKH� H[WHQW� RI� R[\JHQ� QRQVWRLFKLRPHWU\�� LQ� GHWHUPLQLQJ� WKH� UDWH� RI� ERWK

SURFHVVHV�

���� 5HIHUHQFHV

� (�$� +D]EXQ� �&HUDPLF 0HPEUDQH IRU +\GURFDUERQ &RQYHUVLRQ�� 86 3DWHQW ���������� ����

� $�*� 'L[RQ� :�5� 0RVHU DQG <�+� 0D� �:DVWH 5HGXFWLRQ DQG 5HFRYHU\ XVLQJ 2��SHUPHDEOH 0HPEUDQH

5HDFWRUV�� ,QG� (QJ� &KHP� 5HV�� �� ���� ������

� 7�-� 0D]DQHF� �1RYHO VROLG PXOWL�FRPSRQHQW PHPEUDQHV� HOHFWURFKHPLFDO UHDFWRUV DQG XVH RI

PHPEUDQHV DQG UHDFWRU IRU R[LGDWLRQ UHDFWLRQV�� (XURSHDQ 3DWHQW $SSOLFDWLRQ ���������� ����
� 5�0� 7KRURJRRG� 5� 6ULQLYDVDQ� 7�)� <HH DQG 0�3� 'UDNH� �&RPSRVLWH PL[HG FRQGXFWRU PHPEUDQHV IRU

SURGXFLQJ R[\JHQ�� 86 3DWHQW ���������� ����

� 0� /LX� $�9� -RVKL DQG <� 6KHQ �0L[HG LRQLF�HOHFWURQLF FRQGXFWRUV IRU R[\JHQ VHSDUDWLRQ DQG

HOHFWURFDWDO\VLV�� 86 3DWHQW ���������� ����

� $�-�%XUJJUDDI DQG <�6� /LQ� �0HWKRG IRU PDQXIDFWXULQJ XOWUDWKLQ LQRUJDQLF PHPEUDQHV�� 86 3DWHQW

���������� ����
� 0�)� &DURODQ� 3�1� '\HU� -�0� /D%DU� 6U�� DQG 5�0� 7KRURJRRG �3URFHVV IRU UHFRYHULQJ R[\JHQ IURP

JDVHRXV PL[WXUHV FRQWDLQLQJ ZDWHU RU FDUERQ GLR[LGH ZKLFK SURFHVV HPSOR\V LRQ WUDQVSRUWPHPEUDQHV��

86 3DWHQW ���������� ����

� 7�-� 0D]DQHF� 7�/� &DEOH DQG -�*� )U\H� �(OHFWURFDWDO\WLF FHOOV IRU FKHPLFDO UHDFWLRQ��6ROLG 6WDWH ,RQLFV

����� >�@ ������ ������

� +�-�0� %RXZPHHVWHU� +� .UXLGKRI� $�-� %XUJJUDDI� ³,PSRUWDQFH RI WKH VXUIDFH H[FKDQJH NLQHWLFV DV UDWH
OLPLWLQJ VWHS LQ R[\JHQ SHUPHDWLRQ WKURXJK PL[HG�FRQGXFWLQJ R[LGHV´�6ROLG 6WDWH ,RQLFV ��� ��� ������

�� 5�+�(� YDQ 'RRUQ� +� .UXLGKRI� +�-�0� %RXZPHHVWHU� $�-� %XUJJUDDI� 0DWHU� 5HV� 6RF� 6\PS� 3URF�

���� 6ROLG 6WDWH ,RQLFV ,9� *� �$� 1D]UL� -� �0� 7DUDFVRQ� 0�6� 6FKUHLEHU� (GV�� 0DWHULDOV 5HVHDUFK

6RFLHW\� 3LWWVEXUJK� ��� ������



&KHPLFDO GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��G « ��

�� <� 7HUDRND� 7� 1REXQDJD� 1� <DPD]RH� ³(IIHFW RI FDWLRQ VXEVWLWXWLRQ RQ WKHR[\JHQ VHPLSHUPHDELOLW\ RI
SHURYVNLWH�W\SH R[LGHV´� &KHP� /HWW�� ��� ������

�� 0�+�5� /DQNKRUVW DQG +�-�0� %RXZPHHVWHU� ³'HWHUPLQDWLRQ RI R[\JHQ QRQVWRLFKLRPHWU\ DQG

GLIIXVLYLW\ LQ PL[HG FRQGXFWLQJ R[LGHV E\ R[\JHQ FRXORPHWULF WLWUDWLRQ� ,� FKHPLFDO GLIIXVLRQ LQ

/D���6U���&R2��G´� -� (OHFWURFKHP� 6RF� ���� ���� ������
�� -� 0L]XVDNL� -� 7DEXFKL� 7� 0DWVXXUD� 6� <DPDXFKL� .� )XHNL� ³(OHFWULFDO FRQGXFWLYLW\ DQG VHHEHFN

FRHIILFLHQW RI QRQVWRLFKLRPHWULF /D��[6U[&R2��G´� -� (OHFWURFKHP� 6RF� ���� ���� ������
�� -� &UDQN� µ7KH 0DWKHPDWLFV RI 'LIIXVLRQ¶� �QG HG�� S� ��� 2[IRUG 8QLYHUVLW\ 3UHVV� 2[IRUG ������

�� 0�:�GHQ 2WWHU� +�-�0� %RXZPHHVWHU� %�$� %RXNDPS� +� 9HUZHLM� ³5HDFWRU IOXVKWLPH FRUUHFWLRQ LQ

UHOD[DWLRQ H[SHULPHQWV´� -� (OHFWURFKHP� 6RF�� ���� -��-� ������
�� 0�:� GHQ 2WWHU� /�0� YDQ GHU +DDU� +�-�0� %RXZPHHVWHU� ³1XPHULFDO HYDOXDWLRQ RI HLJHQYDOXHV RI WKH

VKHHW GLIIXVLRQ SUREOHP LQ WKH VXUIDFH�GLIIXVLRQ PL[HG UHJLPH´�6ROLG 6WDWH ,RQLFV ��� ��� ������

�� 5�+�(� YDQ 'RRUQ� +� .UXLGKRI� $�1� 1LMPHLMHU� /� :LQQXEVW� $�-� %XUJJUDDI� ³3UHSDUDWLRQ RI

/D���6U���&R2��G SHURYVNLWH E\ WKHUPDO GHFRPSRVLWLRQ RI PHWDO�('7$ FRPSOH[HV´� -� 0DW� &KHP� ��
���� ������

�� 5HOD[DWLRQ $QDO\VLV VRIWZDUH� YHUVLRQ ���� E\ %�$� %RXNDPS� ,QWHUQHW� KWWS���ZZZ�FW�XWZHQWH�QO�aLPV�

�� 0�:� GHQ 2WWHU� µ$ VWXG\ RI R[\JHQ WUDQVSRUW LQ PL[HG FRQGXFWLQJ R[LGHV XVLQJ LVRWRSLF H[FKDQJH DQG
FRQGXFWLYLW\ UHOD[DWLRQ¶� 3K�'� WKHVLV� 8QLYHUVLW\ RI 7ZHQWH� WKH 1HWKHUODQGV� &KDSWHU � ������

�� -� 0L]XVDNL� <� 0LPD� 6� <DPDXFKL� .� )XHNL� ³1RQVWRLFKLRPHWU\ RI WKH SHURYVNLWH�W\SH R[LGHV

/D��[6U[&R2��G´� -� 6ROLG 6DWH &KHP� ��� ��� ������
�� &�1�5� 5DR� -� *RSDODNULVKQDQ� .� 9L\DVDJDU� ³6XSHUVWUXFWXUHV� RUGHUHG GHIHFWV 	 QRQVWRLFKLRPHWU\ LQ

PHWDO R[LGHV RI SHURYVNLWH 	 UHODWHG VWUXFWXUHV´� ,QGLDQ -� &KHP�� ��$� ��� ������

�� 3� +DJHQPXOOHU� 0� 3RXFKDUG� -�&� *UHQLHU�´ 1RQVWRLFKLRPHWU\ LQ WKH SHURYVNLWH�W\SH R[LGHV� DQ

HYROXWLRQ IURP WKH FODVVLFDO 6FKRWWVN\�:DJQHU PRGHO WR WKH UHFHQW KLJK 7F VXSHUFRQGXFWRUV´� 6ROLG

6WDWH ,RQLFV� ��� � ������

�� 5�+�(� YDQ 'RRUQ DQG $�-� %XUJJUDDI� ³6WUXFWXUDO DVSHFWV RI WKH LRQLF FRQGXFWLYLW\ RI /D��[6U[&R2��G´�
6ROLG 6WDWH ,RQLFV� ���� �� ������

�� 6� $GOHU� 6� 5XVVHN� - 5HLPHU� 0� )HQGRUI� $� 6WDF\� 4� +XDQJ� $� 6DQWRUR� -� /\QQ� -� %DOWLVEHUJHU� 8�

:HUQHU� ³/RFDO VWUXFWXUH DQG R[LGH�LRQ PRWLRQ LQ GHIHFWLYH SHURYVNLWHV´� 6ROLG 6WDWH ,RQLFV ��� ���

������

�� -�$� .LOQHU� ,VRWRSLF H[FKDQJH LQ PL[HG DQG LRQLFDOO\ FRQGXFWLQJ R[LGHV� LQ 3URF� �QG ,QW� 6\PS� ,RQLF

DQG 0L[HG FRQGXFWLQJ FHUDPLFV� ������ 7�$� 5DPDQDUD\DQDQ� :�/� :RUHOO� +�/� 7XOOHU� (GV�� 7KH
(OHFWURFKHP� 6RF� 3HQQLQJWRQ� 1�-�� ��� ������

�� 5�$� GH 6RX]D� -�$� .LOQHU� 6ROLG 6WDWH ,RQLFV� ³2[\JHQ WUDQVSRUW LQ /D��[6U[0Q��\&R\2��G SHURYVNLWHV�
3DUW ,,� 2[\JHQ VXUIDFH H[FKDQJH´� ���� ��� ������

�� 5�+�(� YDQ 'RRUQ� ,�&� )XOODUWRQ� 5�$� GH 6RX]D� -�$� .LOQHU� +�-�0� %RXZPHHVWHU� $�-� %XUJJUDDI�

³6XUIDFH R[\JHQ H[FKDQJH RI /D���6U���&R2��G�´� 6ROLG 6WDWH ,RQLFV� ��� � ������



&KDSWHU ���



����
3UHSDUDWLRQ�RI�SHURYVNLWH�VXSSRUWV

$EVWUDFW

3RURXV�/D��[6U[&R2��G�VXSSRUWV�ZHUH�SUHSDUHG�E\�XVLQJ�WZR�GLIIHUHQW�WHFKQLTXHV��7KH�ILUVW

WHFKQLTXH�ZDV�EDVHG�RQ�SUHVVLQJ�RI�SUH�VLQWHUHG�SRZGHUV��PDGH�LV�WKLV�ODERUDWRU\��ZKLFK

ZHUH�KRPRJHQLVHG�E\�VLHYLQJ�DQG�FODVVLILFDWLRQ�WKURXJK�VHGLPHQWDWLRQ��%\�FRQWUROOLQJ�WKH

SUH�VLQWHULQJ� WHPSHUDWXUH� RI� WKH� SRZGHU�� ���� SRURXV� PDWHULDOV� ZLWK� DQ� DYHUDJH� SRUH

GLDPHWHU�RI�����PP�FRXOG�EH�REWDLQHG�DIWHU�VLQWHULQJ�DW������&��7KH�JDV�SHUPHDELOLW\�RI

WKHVH�PDWHULDOV� LV� VXIILFLHQWO\�KLJK� WR� DSSO\� WKHP�DV� VXSSRUW� IRU� WKLQ� ILOP�/D��[6U[&R2��G

PHPEUDQHV��$�PHWKRG�ZDV�SURSRVHG�WR�HQKDQFH�WKH�VXUIDFH�PRUSKRORJ\�RI�WKH�VXSSRUWV�E\

DSSO\LQJ�D�SHURYVNLWH� FRDWLQJ��7KH� VHFRQG�SUHSDUDWLRQ� WHFKQLTXH�ZDV�EDVHG�RQ� FRPSDFW

IRUPDWLRQ�E\�SUHVVXUH� ILOWUDWLRQ�RI�FRPPHUFLDO�SHURYVNLWH�SRZGHU�GLVSHUVHG� LQ�D�VXLWDEOH

PHGLXP�� $SSO\LQJ� WKH� PLQLPXP� DOORZDEOH� VLQWHULQJ� WHPSHUDWXUH� RI� �����&� UHVXOWHG� LQ

����SRURXV�PDWHULDOV�ZLWK�DQ�DYHUDJH�SRUH�GLDPHWHU�RI�����PP��7KH�PRUSKRORJ\�RI�WKHVH

VXEVWUDWHV� LV� VXSHULRU� WR� WKDW� RI� WKH� VXEVWUDWHV� SUHSDUHG� YLD� SUHVVLQJ�� $� UHODWLYHO\� VPDOO

DPRXQW�RI�GHIHFWV�ZDV�FDXVHG�E\�LQKRPRJHQHLWLHV�LQ�WKH�SRZGHU��$OWKRXJK�WKH�QXPEHU�RI

GHIHFWV�VKRXOG�VWLOO�EH�GHFUHDVHG�DQG�WKH�JDV�SHUPHDELOLW\�RI�WKHVH�VXEVWUDWHV�DSSURDFKHV

WKH�PLQLPXP�UHTXLUHPHQWV� IRU�DSSOLFDWLRQ�DV�PHPEUDQH�VXSSRUW�� LW� LV�FRQFOXGHG� WKDW� WKH

ODWWHU� VXEVWUDWHV� DUH� PRVW� VXLWDEOH� IRU� VXSSRUWLQJ� WKLQ� ILOP� /D��[6U[&R2��G� PHPEUDQHV�

)XUWKHUPRUH�� LW� ZDV� VKRZQ� WKDW� FHQWULIXJDO� FDVWLQJ� LV� D� SURPLVLQJ� WHFKQLTXH� IRU� WKH

GHYHORSPHQW� RI� KLJK�TXDOLW\� GHQVH� DQG� SRURXV� /D��[6U[&R2��G� PHPEUDQHV� DQG� VXSSRUWV

ZLWK�WXEXODU�JHRPHWU\�



&KDSWHU ���

���� *HQHUDO�LQWURGXFWLRQ

7KH�FKDOOHQJH�RI�GHYHORSLQJ�GHQVH�KLJK�IOX[�R[\JHQ�VHSDUDWLRQ�PHPEUDQHV�E\�SUHSDULQJ

PLFURPHWHU�WKLFN�PHPEUDQHV�LQFOXGHV�WKH�GHYHORSPHQW�RI�SRURXV�VXSSRUWV�LQ�RUGHU�WR�JLYH

WKH� PHPEUDQH� VXIILFLHQW� PHFKDQLFDO� VWDELOLW\�� )RU� WKH� SUHSDUDWLRQ� RI� WKH� WKLQ� ILOP

PHPEUDQH� LWVHOI� VHYHUDO� FKHPLFDO� DQG� SK\VLFDO� WHFKQLTXHV� FDQ� EH� HPSOR\HG�� OLNH� VRO�JHO

FRDWLQJ��FKHPLFDO�DQG�HOHFWULFDO�YDSRXU�GHSRVLWLRQ��VSXWWHULQJ�DQG�SXOVHG�ODVHU�GHSRVLWLRQ�

+RZHYHU�� UHJDUGOHVV� RI� ZKLFK� GHSRVLWLRQ� WHFKQLTXH� LV� XVHG�� WKH� GHYHORSPHQW� RI� D� WKLQ

GHQVH�PHPEUDQH�VWDUWV�ZLWK�GHYHORSLQJ�D�VXLWDEOH�PHPEUDQH�VXSSRUW�VLQFH�WKH�SURSHUWLHV

RI�WKH�GHSRVLWHG�OD\HUV�VWURQJO\�GHSHQG�RQ�WKH�PHPEUDQH�VXSSRUW�� ,Q�JHQHUDO��WKH�VXSSRUW

VKRXOG�PHHW�WKH�IROORZLQJ�UHTXLUHPHQWV�

x� $�QDUURZ�SRUH�VL]H�GLVWULEXWLRQ��DW�OHDVW�QHDU�WKH�VXUIDFH�RQ�LQ�ZKLFK�WKH�WRS�OD\HU�ZLOO

EH�GHSRVLWHG�� ,W� LV�DVVXPHG�WKDW� WKH�SRUH�VL]H�VKRXOG�EH�VPDOOHU� WKDQ�WKH� WKLFNQHVV�RI

WKH�WRS�OD\HU�WR�EH�DSSOLHG

x� 7KH�DELOLW\�WR�ZLWKVWDQG�WKH�PHPEUDQH�RSHUDWLRQ�WHPSHUDWXUH�IRU�DQ�H[WHQGHG�SHULRG�RI

WLPH�ZLWKRXW�DQ\�FKHPLFDO�DQG�VWUXFWXUDO�FKDQJHV�WDNLQJ�SODFH

x� 6LPLODU�WKHUPDO�DQG�FKHPLFDO�H[SDQVLRQ�EHKDYLRXU�RI�WKH�VXSSRUW�DQG�WKH�WRS�OD\HU

x� 7KH� PDVV� WUDQVSRUW� UHVLVWDQFH� RI� WKH� VXSSRUW� VKRXOG� QRW� GHWHUPLQH� WKH� UDWH� RI

SHUPHDWLRQ

x� 6XIILFLHQW�PHFKDQLFDO�VWUHQJWK

$� VXSSRUW�PDWHULDO� WKDW� OLHV� UHDGLO\� DW� KDQG� LQ� YLHZ� RI� DYDLODELOLW\� DQG� SULFH� LV�D�$O�2�

>���@��6XEVWDQWLDO�NQRZOHGJH� LV�DYDLODEOH�RQ� LWV�SURFHVVLQJ� LQWR�KRPRJHQHRXV�DQG�KLJKO\

SRURXV�VXEVWUDWHV��+RZHYHU��WKH�H[SDQVLRQ�FRHIILFLHQW�RI�D�$O�2��GLIIHUV�JUHDWO\�IURP�WKDW

RI�PRVW�PL[HG�FRQGXFWLQJ�SHURYVNLWHV��7KLV�GLIIHUHQFH�KDV�ERWK�D�SK\VLFDO�DQG�D�FKHPLFDO

RULJLQ��$W�URRP�WHPSHUDWXUH�WKH�GLIIHUHQFH�LQ��SK\VLFDO��WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�LV�D

IDFWRU�������î��
��
�.

��
� IRU�D�$O�2��DJDLQVW���î��

��
�.

��
� IRU�/D���6U���&R���)H���2��G



��:KHQ

WKH�PDWHULDO�LV�KHDWHG�DQG�WKH�S2��RI�WKH�VXUURXQGLQJ�DWPRVSKHUH�LV�NHSW�FRQVWDQW��R[\JHQ

LV� UHOHDVHG� IURP� WKH� ODWWLFH�� VWDUWLQJ� DW� WHPSHUDWXUHV� W\SLFDOO\� DURXQG� ����&�� ,Q� .U|JHU�

9LQN�QRWDWLRQ�WKH�DFFRPSDQ\LQJ�UHDFWLRQ�LV�JLYHQ�E\�
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�
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 7KLV FRPSRVLWLRQ LV XVHG DV LOOXVWUDWLRQ VLQFH UHOLDEOH WKHUPDO H[SDQVLRQ GDWD DUH DYDLODEOH� 7KH WKHUPDO H[SDQVLRQ

EHKDYLRXU RI /D��[6U[&R2��G LV VLPLODU DOWKRXJK WKH DFWXDO YDOXHV RI WKH H[SDQVLRQ FRHIILFLHQWV DUH VWLOO KLJKHU�



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

6LPXOWDQHRXVO\� ZLWK� WKH� IRUPDWLRQ� RI� R[\JHQ� YDFDQFLHV�� D� YDOHQFH� FKDQJH� RI� WKH� PHWDO

FDWLRQV�RFFXUV��$OWKRXJK�WKH�R[\JHQ�YDFDQFLHV�FRQVXPH�OHVV�VSDFH�LQ� WKH�ODWWLFH� WKDQ� WKH

R[\JHQ�LRQV��WKH�LQFUHDVH�RI�WKH�LRQLF�UDGLL�RI�WKH�FDWLRQV�GRPLQDWHV�DQG�WKH�QHW�UHVXOW�LV�DQ

DGGLWLRQDO�ODWWLFH�H[SDQVLRQ�DGGLQJ�WR�WKH�SK\VLFDO�H[SDQVLRQ��$V�LQGLFDWHG�E\�WKH�UHVXOWV�RI

7DL� HW� DO�� >�@�� WKLV� HIIHFW� FRQWULEXWHV� ��î��
��
�.

��
� WR� WKH� WKHUPDO� H[SDQVLRQ� FRHIILFLHQW� RI

/D���6U���&R���)H���2��G�� \LHOGLQJ� D� WRWDO� H[SDQVLRQ� FRHIILFLHQW� RI� ��î��
��
�.

��
� LQ� WKH

WHPSHUDWXUH� UDQJH� ���������&�� )LJXUH����� VXPPDULVHV� WKH� UHVXOWV� IRU

/D��[6U[&R���)H���2��G��7KH�VORSHV�RI�WKH�OLQHV�LQ�WKLV�ILJXUH�DUH�WKH�H[SDQVLRQ�FRHIILFLHQWV�

7KH� LQFUHDVH� LQ� H[SDQVLRQ� FRHIILFLHQW� DW� KLJK� WHPSHUDWXUHV� LV� PRVW� RXWVSRNHQ� IRU� WKH

FRPSRVLWLRQV�ZLWK�KLJK�VWURQWLXP�FRQWHQW��FDXVHG�E\�WKH�IDFW�WKDW�VWURQWLXP�IDFLOLWDWHV�WKH

IRUPDWLRQ�RI�R[\JHQ�YDFDQFLHV��%HFDXVH�RI�WKH�GLIIHUHQFH�LQ�H[SDQVLRQ�EHKDYLRXU�EHWZHHQ

D�$O�2��DQG�YLUWXDOO\�DOO�R[\JHQ�SHUPHDEOH�0,(&�SHURYVNLWH�PDWHULDOV��WKH�IRUPHU�LV�QRW�D

VXLWDEOH� VXSSRUW� PDWHULDO�� ([SHULPHQWV� LQGHHG� VKRZHG� WKDW� WKLQ� GHQVH� SHURYVNLWH� OD\HUV

GHSRVLWHG�RQ�WRS�RI�D�$O�2��VXEVWUDWHV��DUH�VHYHUHO\�FUDFNHG�ZKHQ�KHDWHG�WR�����&�>���@�

$� JRRG� DOWHUQDWLYH�PLJKW� EH� WKH� XVH� RI� VLQWHUHG�PHWDO� DOOR\� VXSSRUWV�� 7KH\� SRVVHVV� WKH

DGYDQWDJH� WKDW� WKHLU� H[SDQVLRQ� FRHIILFLHQW� FDQ� EH� UHDGLO\� WXQHG� E\� YDU\LQJ� WKH� PHWDO

FRPSRVLWLRQV� RI� WKH� DOOR\V�� 2Q� WKH� RWKHU� KDQG�� VXFK� PHWDOV� GR� QRW� VKRZ� D� YDULDWLRQ� LQ

H[SDQVLRQ�FRHIILFLHQW�ZLWK�WHPSHUDWXUH�WKDW�LV�VLPLODU�WR�WKDW�RI�WKH�SHURYVNLWHV�PHQWLRQHG�

0LVPDWFK� SUREOHPV� ZLOO� WKHUHIRUH� DOVR� EH� OLNHO\� WR� RFFXU� IRU� FRPELQDWLRQV� RI� WKHVH

)LJXUH ���� /LQHDU WKHUPDO H[SDQVLRQ RI /D��[6U[&R���)H���2��G

DV UHSRUWHG E\ 7DL HW DO�>�@� 8VHG ZLWK SHUPLVVLRQ RI WKH

SXEOLVKHUV�
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PDWHULDOV�� $QRWKHU�PDMRU� GUDZEDFN� RI� WKH� XVH� RI�PHWDO� DOOR\V� LV� WKHLU� JHQHUDO� WHQGHQF\

WRZDUGV�R[LGDWLRQ�DW�XVXDO�PHPEUDQH�RSHUDWLRQ�FRQGLWLRQV�

$OWRJHWKHU�� WKH� DSSOLFDWLRQ� RI� VXSSRUWV� FRQVLVWLQJ� RI� WKH� VDPH�PDWHULDO� DV� WKH� GHQVH� WRS

OD\HU� DSSHDUV� WR� EH� WKH� EHVW� RSWLRQ�� +RZHYHU�� LQ� OLWHUDWXUH� OLWWOH� NQRZOHGJH� LV� DYDLODEOH

DERXW� WKH� SURFHVVLQJ� RI� SHURYVNLWH� PDWHULDOV� LQWR� VXLWDEOH� VXSSRUWV�� 7HUDRND� HW� DO��>�@

ORRNHG�LQ�VRPH�GHWDLO�DW�WKH�SUHSDUDWLRQ�RI�SRURXV�SHURYVNLWH�VXSSRUWV��EXW�WKHLU�DSSURDFK

OHDGV� WR� VXEVWUDWHV� ZLWK� ODUJH� SRUHV� RI� DERXW� ���PP� GLDPHWHU�� ZKLFK� LV� WRR� ODUJH� IRU

DSSO\LQJ�D�GHQVH�PP�WKLFN�WRS�OD\HU��,Q�DGGLWLRQ��'LRQ\VLRX�HW�DO��>�@�UHSRUWHG�VRPH�UHVXOWV

RQ�WKH�SUHSDUDWLRQ�RI�SRURXV�SURWRQ�FRQGXFWLQJ�SHURYVNLWH�R[LGHV��7KHLU�UHVXOWV�VXJJHVW�DQ

DSSURDFK�WR�SUHSDUH�SRURXV�VXSSRUWV�ZLWK�YDULDEOH�SRURVLW\�DQG�SRUH�VL]H�E\�FRQWUROOLQJ�WKH

FDOFLQDWLRQ�DQG�ILQDO�VLQWHULQJ�WHPSHUDWXUH�RI�UHVSHFWLYHO\�WKH�SRZGHU�DQG�WKH�FRPSDFW��,Q

WKH�ILUVW�SDUW�RI�WKLV�FKDSWHU�WKLV�DSSURDFK�LV�IXUWKHU�GHYHORSHG�DQG�DSSOLHG�WR�SUHSDUH�IODW

GLVF�VKDSHG� SRURXV� /D��[6U[&R2��G� �[� ������ ����� ����� VDPSOHV�� ,Q� WKH� VHFRQG� SDUW�� DQ

DOWHUQDWLYH� DSSURDFK� LV� HPSOR\HG��7KLV� WHFKQLTXH�� GHULYHG� IURP� DQ� DQDORJRXV�PHWKRG� WR

SUHSDUH� D�$O�2�� VXSSRUWV�� LV� EDVHG� RQ� SUHVVXUH� ILOWUDWLRQ� RI� D� �TXDVL��� VWDEOH� SRZGHU

GLVSHUVLRQ�LQ�D�OLTXLG�PHGLXP��,Q�WKH�WKLUG�DQG�ILQDO�SDUW�RI�WKLV�FKDSWHU��WKH�SUHSDUDWLRQ�RI

ERWK�WXEXODU�SHURYVNLWH�VXSSRUWV�DV�ZHOO�DV�GHQVH�WXEXODU�PHPEUDQHV�LV�GHVFULEHG�� ,Q� WKLV

SDUW��FHQWULIXJDO�FDVWLQJ�LV�HPSOR\HG�DV�FRQVROLGDWLRQ�WHFKQLTXH�
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3DUW��� )ODW�VXSSRUWV�SUHSDUHG�E\�SUHVVLQJ

7KH�FDOFLQDWLRQ�RU��SUH���VLQWHULQJ�WHPSHUDWXUH�RI�WKH�SRZGHU�DQG�WKH�FRPSDFW�DUH�H[SHFWHG

WR�KDYH�D�VWURQJ�LQIOXHQFH�RQ�WKH�ILQDO�SRURVLW\�DQG�SRUH�VL]H�RI�WKH�UHVXOWLQJ�VXSSRUW�>���@�

7R� REWDLQ� PHPEUDQH� VXSSRUWV� WKDW� FRPSO\� ZLWK� WKH� UHTXLUHPHQWV� PHQWLRQHG� LQ� WKH

LQWURGXFWLRQ�� WKH� LQIOXHQFH�RI� WKHVH�DQG�RWKHU� UHOHYDQW�SURFHVVLQJ�SDUDPHWHUV�RQ� WKH� ILQDO

VXSSRUW� SURSHUWLHV� LV� LQYHVWLJDWHG�� 3DUDPHWHUV� VWXGLHG� DUH� WKH� VLQWHU� WHPSHUDWXUH� RI� WKH

FRPSDFW��WKH�LVRVWDWLF�SUHVVXUH�GXULQJ�FRPSDFWLRQ��WKH�PLOOLQJ�WLPH�DQG�WKH�FDOFLQDWLRQ�RU

SUH�VLQWHULQJ�WHPSHUDWXUH�RI�WKH�SRZGHU��7KH�SRUH�VL]H�GLVWULEXWLRQ�DQG�JDV�SHUPHDELOLW\�RI

WKH� SHURYVNLWH� VXSSRUWV� DUH� HYDOXDWHG� DV� IXQFWLRQV� RI� WKH� DERYH� PHQWLRQHG� SURFHVVLQJ

SDUDPHWHUV�� ,Q� DGGLWLRQ� WKH� HIIHFW� RI� VXUIDFH� PRGLILFDWLRQ� E\� DSSO\LQJ� D� FRDWLQJ� LV

LQYHVWLJDWHG�

���� ([SHULPHQWDO

������ 3UHSDUDWLRQ

7KH�VXSSRUWV�ZHUH�SUHSDUHG�YLD�D�SURFHGXUH�WKDW�ZDV�GHULYHG�IURP�WKH�PHWKRG�GHVFULEHG�E\

9DQ�'RRUQ�HW�DO��>�@�WR�SURGXFH�GHQVH�PL[HG�FRQGXFWLQJ�PHPEUDQHV��ZKLFK�FRQVLVWV�RI�WKH

IROORZLQJ�VWHSV��0HWDO�QLWUDWHV�DUH�GLVVROYHG�DQG�PL[HG� LQ� WKH� DSSURSULDWH� VWRLFKLRPHWULF

UDWLR��('7$�LV�DGGHG�DV�D�FRPSOH[LQJ�DJHQW�DQG�WKH�H[FHVV�ZDWHU� LV�HYDSRUDWHG�XQWLO� WKH

VROXWLRQ� EHFRPHV� YLVFRXV�� 7KH� VROXWLRQ� LV� WKHQ� S\URO\VHG� LQ� D� VWRYH� DW� ����&�� 7KH� DV�

REWDLQHG�SRZGHU�LV�FDOFLQHG�DW�����&��6XEVHTXHQWO\��WKH�SRZGHU�LV�EDOO�PLOOHG�LQ�DFHWRQH

LQ�D�SODVWLF�FRQWDLQHU�RQ�D�UROOHU�EHQFK�URWDWLQJ�DW����USP��=U2��PLOOLQJ�EDOOV�RI����DQG��

PP�DUH�XVHG�ZLWK�D�ZHLJKW� UDWLR�RI������7KH�ZHLJKW� UDWLR�RI�SRZGHU�DQG�PLOOLQJ�EDOOV� LV

������$FHWRQH�LV�DGGHG�LQ�D�����YROXPH�UDWLR��0LOOLQJ�LV�DSSOLHG�XQWLO�D�SRZGHU�ZLWK�D�IDLUO\

VKDUS�SDUWLFOH�VL]H�GLVWULEXWLRQ�DURXQG���PP�LV�REWDLQHG��7KH�UHTXLUHG�PLOOLQJ�WLPH�LV���K�

'LVF�VKDSHG� FRPSDFWV�� REWDLQHG� DIWHU� LVRVWDWLFDOO\� SUHVVLQJ� WKH� SRZGHU� DW� ����03D�� DUH

VLQWHUHG�LQ�DPELHQW�DWPRVSKHUH�

7KH� DERYH� SURFHVVLQJ� URXWH� ZDV� XVHG� DV� D� VWDUWLQJ� SRLQW� IRU� D� QXPEHU� RI� H[SORUDWRU\

H[SHULPHQWV��7KH�LQIOXHQFH�RI�FDOFLQDWLRQ�WHPSHUDWXUH��PLOOLQJ�WLPH��LVRVWDWLF�SUHVVXUH�DQG

VLQWHULQJ�WHPSHUDWXUH�RQ�WKH�SURSHUWLHV�RI� WKH�ILQDO�VXSSRUW�ZDV�LQYHVWLJDWHG��7KH�SRZGHU



&KDSWHU ���

ZDV�FKDUDFWHULVHG�E\�PHDQV�RI�SDUWLFOH�VL]H�DQDO\VLV�E\� ODVHU� VFDWWHULQJ


��7KH�SRURVLW\�RI

WKH� VLQWHUHG� VSHFLPHQV� ZDV� GHWHUPLQHG� XVLQJ� $UFKLPHGHV� GHQVLW\� PHDVXUHPHQWV� E\

LPPHUVLRQ� LQ�+J��6FDQQLQJ�(OHFWURQ�0LFURVFRS\� �6(0��DQG�+J�LQWUXVLRQ
�
�ZHUH�XVHG� WR

LQYHVWLJDWH� WKH� SRUH� VKDSH� DQG� SRUH� VL]H� GLVWULEXWLRQ� UHVSHFWLYHO\�� 7KH� VDPSOHV� ZHUH

SROLVKHG�XVLQJ�$O�2��VOXUU\�RQ�D�SROLVKLQJ�FORWK��)LUVW�D�URXJK�SROLVKLQJ�VWHS�ZDV�DSSOLHG

ZLWK�6L&
Á
�SDSHU��$IWHU� WKLV� VWHS�� WKH� VXEVWUDWHV�ZHUH�SROLVKHG�RQ� D� FORWK�ZLWK� WZR�$O�2�

VOXUULHV�� FRQWDLQLQJ� JUDLQV� RI� ���� DQG� �����PP�� UHVSHFWLYHO\��7KH� JDV� SHUPHDELOLW\� RI� WKH

VDPSOHV�DW�URRP�WHPSHUDWXUH�ZDV�GHWHUPLQHG�E\�GHDG�HQG�SHUPHDWLRQ�PHDVXUHPHQWV��$Q

DEVROXWH� SUHVVXUH� GLIIHUHQFH� ZDV� DSSOLHG� DFURVV� WKH� PHPEUDQH� ZKLOH� DQ� DWPRVSKHULF

SUHVVXUH�ZDV�NHSW�DW�WKH�ORZ�SUHVVXUH�VLGH�RI�WKH�VXSSRUW��7KH�JDV�IORZ�WKURXJK�WKH�SRURXV

PDWHULDOV� ZDV� PHDVXUHG� ZLWK� D� PDVV� IORZ� PHWHU�� 7KH� SHUPHDELOLW\� DW� KLJK� WHPSHUDWXUH

XQGHU� D� SDUWLDO� SUHVVXUH� GLIIHUHQFH� ZDV� PHDVXUHG� XVLQJ� WKH� VHW�XS� GHVFULEHG� LQ�>��@�

HPSOR\LQJ� D� IHHG� VWUHDP�RI� ����PO�PLQ�2�� DQG� D�+H� SHUPHDWH� VZHHS� RI� ���PO�PLQ�� )RU

SHUPHDWLRQ�PHDVXUHPHQWV�� DOO� VDPSOHV�ZHUH� FXW� LQWR�GLVFV�RI����PP�GLDPHWHU� DQG���PP

WKLFNQHVV�

,QLWLDO� H[SHULPHQWV� ZHUH� SHUIRUPHG� RQ� /D���6U���&R2��G�� %DVHG� RQ� WKH� UHVXOWV� RI� WKHVH

H[SHULPHQWV�� D� ILQDO� SUHSDUDWLRQ� SURFHGXUH� ZDV� GHYHORSHG� ZKLFK� ZDV� DOVR� XVHG� IRU� WKH

SUHSDUDWLRQ�RI�WKH�/D���6U���&R2��G�DQG�/D���6U���&R2��G�VXEVWUDWHV�

������ 6XUIDFH�PRGLILFDWLRQ�E\�FRDWLQJ

$Q�REYLRXV� DSSURDFK� WR� LPSURYH� WKH� VXUIDFH�PRUSKRORJ\� RI� WKH� SROLVKHG� VDPSOHV� LV� WKH

DSSOLFDWLRQ�RI�D�FRDWLQJ��SUHIHUDEO\�RI�WKH�VDPH�FRPSRVLWLRQ�DV�WKH�VXEVWUDWH��,Q�WKLV�VWXG\

GLS�FRDWLQJ�LV�HPSOR\HG��)RU�D�JHQHUDO�GHVFULSWLRQ�RI�WKLV�FRDWLQJ�WHFKQLTXH��WKH�UHDGHU�LV

UHIHUUHG�WR�DSSHQGL[�$�RI�WKLV�WKHVLV�

7KH�VXEVWUDWHV�SUHSDUHG�YLD�SUHVVLQJ�ZHUH�SURYLGHG�ZLWK�D���PP�WKLFN�FRDWLQJ�OD\HU�E\�GLS�

FRDWLQJ�WKH�VXSSRUW� LQ�D� ILQH�SDUWLFOH�VOXUU\�� IROORZHG�E\�GU\LQJ�DW� URRP�WHPSHUDWXUH�DQG

VLQWHULQJ�LQ�DPELHQW�DWPRVSKHUH�IRU����K�ZLWK�KHDWLQJ�DQG�FRROLQJ�UDWHV�RI�����&�PLQ��7ZR

VLQWHULQJ�WHPSHUDWXUHV�ZHUH�DSSOLHG������&�DQG������&��)RU�WKH�SUHSDUDWLRQ�RI�WKH�FRDWLQJ

VOXUU\�� /D���6U���&R2��G� SRZGHU� WKDW� ZDV� FDOFLQHG� DW� ����&� ZDV� XVHG�� 7KH� SRZGHU� ZDV

GLVSHUVHG� LQ� ��ZW�� VROXWLRQ� RI� SRO\YLQ\O� S\URO\GRQH
�
� �393�� LQ� LVRSURS\O� DOFRKRO� �,3$��

7KH�393�VHUYHG�DV�D�VWHULFDO�FROORLGDO�VWDELOLVHU��7KH�SRZGHU�ORDGLQJ�RI�WKH�VXVSHQVLRQ�ZDV

���ZW��UHODWLYH�WR�WKH�WRWDO�ZHLJKW�RI�WKH�,3$�DQG�SHURYVNLWH�SRZGHU��7KH�VXVSHQVLRQ�ZDV


 /HHGV 	 1RUWKWUXS 0LFURWUDF ;���� 86$
� &DUOR (UED 3RURVLPHWHU ����� ,WDO\
Á �� PP JUDLQ VL]H� 6WUXHUV� 'HQPDUN
� 0: �������� -DQVVHQ &KLPLFD� %HOJLXP
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PLOOHG�IRU����K�LQ�D�SODQHWDU\�PLOO�DW�����USP��<6=�PLOOLQJ�MDUV�ZHUH�XVHG��FRQWDLQLQJ���

<6=�EDOOV�ZLWK�D�GLDPHWHU�RI����PP�DQG�RQH�ZLWK�D�GLDPHWHU�RI����PP��7KH�MDU�ZDV�ILOOHG

IRU�����ZLWK���J�VXVSHQVLRQ��$IWHU�PLOOLQJ��WKH�VOLJKWO\�YLVFRXV�VXVSHQVLRQ�ZDV�DOORZHG�WR

VWDQG� IRU���GD\V�� GXULQJ�ZKLFK� D� GHSRVLW�ZDV� IRUPHG� FRQWDLQLQJ� DOO� SDUWLFOHV� ODUJHU� WKDQ

��PP��DV�PHDVXUHG�E\�ODVHU�VFDWWHULQJ��7KH�VXVSHQVLRQ�ZDV�GHFDQWHG�DQG�VXEVHTXHQWO\�XVHG

WR�GLS�WKH�VXEVWUDWHV��7KH�SDUWLFOH�ORDGLQJ�LQ�WKH�GLSSLQJ�VXVSHQVLRQ�ZDV��ZW��

���� 5HVXOWV�DQG�GLVFXVVLRQ

������ 3UHSDUDWLRQ

9DULDWLRQ�RI�WKH�VLQWHULQJ�WHPSHUDWXUH

6LQWHULQJ�WKH�FRPSDFW�DW������&�\LHOGHG�D�VXEVWUDWH�ZLWK�D�SRURVLW\� OHVV� WKDQ�����DQG�D

YHU\� ORZ�R[\JHQ�SHUPHDELOLW\�DW� URRP�WHPSHUDWXUH��'HFUHDVLQJ� WKH�VLQWHULQJ� WHPSHUDWXUH

WR������&�UHVXOWHG�LQ�����SRURXV�VXSSRUWV�VKRZLQJ�D�IDLUO\�KRPRJHQHRXV�SRURVLW\��DV�FDQ

EH� VHHQ� LQ� ILJXUH������1HYHUWKHOHVV�� DW� URRP� WHPSHUDWXUH� DQG� XQGHU� DQ� DEVROXWH� SUHVVXUH

GLIIHUHQFH�RI���EDU��WKH�R[\JHQ�IOX[�WKURXJK�WKHVH�VXSSRUWV�ZDV��î��
��
�PROHÂFP

��
ÂV

��
��ZKLFK

LV� VWLOO� UHODWLYHO\� ORZ�� )RU� FRPSDULVRQ�� WKH� R[\JHQ� IOX[� WKURXJK� D� GHQVH� ����PP� WKLFN

/D���6U���&R2��G�EXON�PHPEUDQHV�LV�RI�WKH�RUGHU�RI��î��
��
�PROH�FP

��
�V

��
��PHDVXUHG�XQGHU�D

SDUWLDO�SUHVVXUH�GLIIHUHQFH�RI���EDU�DW������&��6LQFH�XQGHU�D�SDUWLDO�SUHVVXUH�GLIIHUHQFH�JDV

WUDQVSRUW�GXH�WR�YLVFRXV�IORZ�GRHV�QRW�FRQWULEXWH��WKH�IOX[�WKURXJK�WKH�VXSSRUW�XQGHU�WKHVH

FRQGLWLRQV� LV� H[SHFWHG� WR� EH� ORZHU� WKDQ� �î��
��
�PROH�FP

��
�V

��
�� &RQVLGHULQJ� WKLV�� LW� LV

FRQFOXGHG�WKDW�WKH�SHUPHDELOLW\�RI�WKH�VXSSRUWV�VLQWHUHG�DW������&�LV�VWLOO�WRR�ORZ��:KHQ�D

)LJXUH ���� 6(0 SLFWXUH RI D SROLVKHG /D���6U���&R2��G VDPSOH VLQWHUHG DW �����&



&KDSWHU ���

GHQVH�/D���6U���&R2��G�WRS�OD\HU�LV�DSSOLHG��WKH�PDVV�WUDQVSRUW�WKURXJK�WKH�VXSSRUW�PDLQO\

GHWHUPLQHV�WKH�PHPEUDQH�SHUIRUPDQFH�LQVWHDG�RI�WKH�PHPEUDQH�WKLFNQHVV�

9DULDWLRQ�RI�WKH�DSSOLHG�LVRVWDWLF�SUHVVXUH

9DU\LQJ� WKH� LVRVWDWLF� SUHVVXUH� GLG� QRW� KDYH� D� SURIRXQG� HIIHFW� RQ� WKH� SRURVLW\� DQG

KRPRJHQHLW\�RI�WKH�UHVXOWLQJ�VLQWHUHG�VXEVWUDWH��7KHUHIRUH�DQ�LVRVWDWLF�SUHVVXUH�RI�����03D

ZDV�PDLQWDLQHG�

9DULDWLRQ�RI�WKH�FDOFLQDWLRQ�WHPSHUDWXUH�DQG�PLOOLQJ�WLPH

7KH�VLQWHU�DFWLYLW\�RI�WKH�SRZGHU�ZDV�GHFUHDVHG�E\�UDLVLQJ�WKH�FDOFLQDWLRQ�WHPSHUDWXUH�RI

WKH�SRZGHU�IURP�����WR������&��6XEVHTXHQW�VLQWHULQJ�RI�WKH�FRPSDFW�IRU����K�DW������&�

ZLWK� KHDWLQJ� DQG� FRROLQJ� UDWHV� RI� ����&�PLQ�� \LHOGHG� D� VXSSRUW�ZLWK� D� SRURVLW\� RI� ����

6LQWHULQJ�DW������&�HQVXUHV�D�VWDEOH�SRURVLW\�XS�WR�PHPEUDQH�RSHUDWLRQ�WHPSHUDWXUHV�RI�DW

OHDVW������&��+RZHYHU��WKH�SRUH�VL]H�GLVWULEXWLRQ�RI�WKH�UHVXOWLQJ�VXSSRUW�ZDV�QRW�RSWLPDO�

'XULQJ� WKH� KLJK�WHPSHUDWXUH� FDOFLQDWLRQ� VWHS� ODUJH� DQG� KDUG� DJJORPHUDWHV� ZHUH� IRUPHG

ZLWK� D� KLJKO\� LUUHJXODU� VL]H� DQG� VKDSH�� $� IXUWKHU� LQFUHDVH� LQ� WKH� SRZGHU� FDOFLQDWLRQ

WHPSHUDWXUH�\LHOGHG�VXSSRUWV�WKDW�ZHUH�YHU\�EULWWOH�DQG�FRXOG�QRW�ZLWKVWDQG�DQ\�KDQGOLQJ�

7KLV�ZDV�FDXVHG�E\�WKH�SUHVHQFH�RI�ODUJH�SRUHV�EXW�DOVR�E\�WKH�YHU\�ORZ�VLQWHU�DFWLYLW\�RI

WKH�DJJORPHUDWHV�LQ�WKH�FDOFLQHG�SRZGHU��$WWHPSWV�WR�KRPRJHQLVH�WKH�FDOFLQHG�SRZGHU�E\

DSSO\LQJ�D�VKRUW�ZHW�PLOOLQJ�WUHDWPHQW�GLG�QRW�\LHOG�VDWLVIDFWRU\�UHVXOWV��7KH�KRPRJHQHLW\

RI� WKH� SRZGHU� LQFUHDVHG� EXW� VR� GLG� WKH� VLQWHU� DFWLYLW\�� 2Q� WKH� RWKHU� KDQG�� JULQGLQJ� WKH

SRZGHU� LQ� D� PRUWDU� IROORZHG� E\� VLHYLQJ


� LPSURYHG� WKH� SRZGHU� KRPRJHQHLW\� ZKLOH


 5HWVFK $670� *HUPDQ\

SDUWLFOH GLDPHWHU >PP@
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)LJXUH ���� 3DUWLFOH VL]H GLVWULEXWLRQ RI WKH SUH�

VLQWHUHG� VLHYHG DQG FODVVLILHG SRZGHU



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

PDLQWDLQLQJ�D�ORZ�VLQWHU�DFWLYLW\��7KH�EHVW�VXSSRUWV�ZHUH�REWDLQHG�IURP�WKH�VLHYH�IUDFWLRQ

ZLWK� SDUWLFOH� VL]HV� VPDOOHU� WKDQ� ���PP�� 7R� SUHYHQW� LQKRPRJHQHRXV� VLQWHULQJ� RI� WKH

FRPSDFW� DQG� WR� LQFUHDVH� WKH� JDV� SHUPHDELOLW\� RI� WKH� VLQWHUHG� VXSSRUWV�� SDUWLFOHV� VPDOOHU

WKDQ� ��PP�ZHUH� UHPRYHG� E\� FODVVLILFDWLRQ� WKURXJK� VHGLPHQWDWLRQ�� 7KLV�ZDV� DFKLHYHG� E\

GLVSHUVLQJ�WKH�SRZGHU�XOWUDVRQLFDOO\�LQ���SURSDQRO�GXULQJ���PLQXWHV��7KH�SRZGHU�ORDGLQJ

RI�WKH�UHVXOWLQJ�VXVSHQVLRQ�ZDV���ZW���7KLV�VXVSHQVLRQ�ZDV�DOORZHG�WR�VHWWOH�IRU���K��7KH

VHGLPHQW�ZDV�FROOHFWHG��GULHG�DQG�FDOFLQHG�DW�����&�IRU���K�DQG�VLHYHG�DJDLQ��7KH�SDUWLFOH

VL]H� GLVWULEXWLRQ� RI� WKH� UHVXOWLQJ� SRZGHU� WXUQHG� RXW� WR� EH� ELPRGDO� DQG� UDWKHU� EURDG�� DV

VKRZQ�LQ�ILJXUH�����

$IWHU� FRPSDFWLRQ� IROORZHG� E\� VLQWHULQJ� DW� �����&�� WKH� VXSSRUWV� KDG� D� SRURVLW\� RI� ����

)LJXUHV�����DQG�����VKRZ�6(0�DQG�+J�LQWUXVLRQ�GDWD� IRU�D�/D���6U���&R2��G� VXSSRUW��7KH

DYHUDJH� SRUH� GLDPHWHU� GHWHUPLQHG� E\� +J�LQWUXVLRQ� LV� ����PP�� $Q� H[SODQDWLRQ� IRU� WKH

ELPRGDO� SRUH� VL]H� GLVWULEXWLRQ� LV� WKH� LUUHJXODU� SDUWLFOH� VKDSH� DQG� WKH� EURDG� SDUWLFOH� VL]H

GLVWULEXWLRQ�� OHDGLQJ� WR� LQKRPRJHQHLWLHV� LQ� WKH�VXSSRUW��3RUHV�ZLWK�D�GLDPHWHU� ODUJHU� WKDQ

DURXQG���PP�FRQWULEXWHG� DSSUR[LPDWHO\����� WR� WKH� WRWDO� SRUH�YROXPH�� DV�GHWHUPLQHG� E\

+J�LQWUXVLRQ��7KH�6(0�PLFURJUDSK� LQ� ILJXUH����� VKRZV� D� FRQVLGHUDEO\� ODUJHU� DPRXQW� RI

WKHVH� ODUJH� SRUHV��7KLV� GLVFUHSDQF\�PLJKW� EH� FDXVHG� E\� WKH� SROLVKLQJ� SURFHGXUH� SULRU� WR

6(0� DQDO\VLV�� %HFDXVH� RI� WKH� ORZ� VLQWHU� DFWLYLW\� RI� WKH� SRZGHU� JUDLQV�� WKH� FRKHVLRQ

EHWZHHQ� JUDLQV� LQ� WKH� VLQWHUHG� VXSSRUW� LV� UDWKHU� ZHDN�� ,W� LV� DVVXPHG� WKDW� JUDLQV� DW� WKH

VXUIDFH�DUH�UHPRYHG�GXULQJ�SROLVKLQJ�

)LJXUH�����VKRZV�WKH�R[\JHQ�DQG�QLWURJHQ�SHUPHDQFH�RI� WKH�VXSSRUW�VKRZQ� LQ� ILJXUH�����

)URP�WKHVH�GDWD��PHDVXUHG�DW�URRP�WHPSHUDWXUH��WKH�DYHUDJH�SRUH�GLDPHWHU�DQG�WRUWXRVLW\

ZDV� FDOFXODWHG� DFFRUGLQJ� WR� WKH�PHWKRG� RXWOLQHG� E\�9HOGVLQN� HW� DO�� >��@�� )URP� ERWK� WKH

QLWURJHQ�DQG�R[\JHQ�SHUPHDQFH��DQ�DYHUDJH�SRUH�GLDPHWHU�RI�����PP�ZDV�FDOFXODWHG��ZKLFK

SRUH GLDPHWHU >PP@
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)LJXUH ���� 3RUH VL]H GLVWULEXWLRQ RI WKH VXSSRUW

VKRZQ LQ ILJXUH ���� GHWHUPLQHG YLD +J�LQWUXVLRQ

)LJXUH ���� 6(0 SLFWXUH RI D SROLVKHG /D���6U���&R2��G

VXSSRUW� VLQWHUHG DW �����&� SUHSDUHG IURP SUH�
VLQWHUHG� VLHYHG DQG FODVVLILHG SRZGHU
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FRUUHVSRQGV�ZHOO�ZLWK�WKH�GDWD�IURP�+J�LQWUXVLRQ��7KH�WRUWXRVLW\�LQ�ERWK�FDVHV�ZDV�IRXQG

WR�EH�����

7KH�R[\JHQ�IOX[�WKURXJK�WKH�VXSSRUW�PHDVXUHG�DW�URRP�WHPSHUDWXUH�DQG�XQGHU�DQ�DEVROXWH

SUHVVXUH� GLIIHUHQFH� RI� ��EDU� LV� ���î��
��
�PROH�FP

��
�V

��
�� DV� FDQ� EH� LQIHUUHG� IURP� WKH� GDWD

VKRZQ� LQ� ILJXUH������$W������&��XQGHU� D�SDUWLDO� SUHVVXUH�GLIIHUHQFH�RI��� EDU�� DQ� R[\JHQ

IOX[� RI� �î��
��
�PROH�FP

��
�V

��
� ZDV� PHDVXUHG�� &RPSDULQJ� WKHVH� YDOXHV� WR� WKH� HDUOLHU

PHQWLRQHG�KLJKHVW�PHDVXUHG�IOX[�WKURXJK�GHQVH�LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�SHUPHDELOLW\

H[FHHGV� WKDW� WKURXJK� GHQVH� /D���6U���&R2��G� PHPEUDQHV� E\� DSSUR[LPDWHO\� RQH� RUGHU� RI

PDJQLWXGH�

������ 6XUIDFH�PRGLILFDWLRQ�E\�FRDWLQJ

,Q�ILJXUHV�����DQG������6(0�SLFWXUHV�RI�D�FRDWHG�/D���6U���&R2��G�VXSSRUW�DUH�VKRZQ��:KHQ

WKHVH�DUH�FRPSDUHG�ZLWK�ILJXUH������WKH�LPSURYHPHQW�LQ�WKH�VXUIDFH�PRUSKRORJ\�LV�REYLRXV�

6LQWHULQJ�DW������&�UHVXOWV�LQ�D�YHU\�RSHQ�VWUXFWXUH�DV�FDQ�EH�MXGJHG�IURP�ILJXUH������7KH

DSSOLHG�FRDWLQJ� LV�DEOH� WR�EULGJH�SRUHV�ZLWK�D�GLDPHWHU� VPDOOHU� WKDQ� DSSUR[LPDWHO\���PP

PHDQLQJ�WKDW�QRW�DOO�WKH�ODUJH�SRUHV�FRXOG�EH�FRYHUHG��0HDVXUHPHQWV�DW�URRP�WHPSHUDWXUH

VKRZHG�WKDW�WKH�FRDWLQJ�OD\HU�GRHV�QRW�LQIOXHQFH�WKH�SHUPHDELOLW\�RI�WKH�VXEVWUDWH�

SDY >��
�3D@

��� ��� ��� ��� ���

S
H
UP

H
D
Q
F
H
>�
�
��
�
P
R
O
F
P

��
V
��
3
D
��
@

�

�

��

��

2�

1�

)LJXUH ���� 2[\JHQ DQG QLWURJHQ SHUPHDQFH RI WKH

/D���6U���&R2��G VXSSRUW VKRZQ LQ ILJXUH ���� PHDVXUHG DW

URRP WHPSHUDWXUH



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

���� )LQDO�SUHSDUDWLRQ�URXWH

7KH�SUHSDUDWLRQ�URXWH�VHOHFWHG�IRU�FRDWHG�/D��[6U[&R2��G�VXEVWUDWHV��SUHSDUHG�YLD�SUHVVLQJ

DQG�VLQWHULQJ�RI�SUH�VLQWHUHG�SRZGHUV��FDQ�EH�VXPPDULVHG�DV�IROORZV�

x� 3RZGHU�SUHSDUDWLRQ�YLD�('7$�FRPSOH[DWLRQ�URXWH

x� &DOFLQDWLRQ�RI�WKH�S\URO\VLV�SURGXFW�DW������&

x� *ULQGLQJ�DQG�VLHYLQJ�WR�REWDLQ�D�SRZGHU�ZLWK�WKH�SDUWLFOH�VL]H�EHORZ����PP

x� 5HPRYDO�RI�WKH�IUDFWLRQ�VPDOOHU�WKDQ����PP�YLD�VHGLPHQWDWLRQ

x� 8QLD[LDO�VKDSLQJ�DQG�LVRVWDWLF�SUHVVLQJ�DW�����03D

x� 6LQWHULQJ�DW������&�IRU����K

x� 3ROLVKLQJ�IROORZHG�E\�GLS�FRDWLQJ

x� 6LQWHULQJ�DW������&�IRU����K

���� 5HVXOWV�IRU�[� �����DQG�[� ����

)ROORZLQJ� WKH� VDPH� SUHSDUDWLRQ� SURFHGXUHV�� WKH� UHVXOWV� REWDLQHG� IRU� /D��[6U[&R2��G� ZLWK

[ ����ZHUH�VLPLODU�WR�WKDW�RI�WKH�VXSSRUWV�RI�FRPSRVLWLRQ�ZLWK�[� ������)RU�[ �����WKH�PHDQ

SRUH� GLDPHWHU� DQG� WKH� SHUPHDWLRQ� ZHUH� IRXQG� WR� EH� VRPHZKDW� ORZHU�� 7DEOH� ���� JLYHV

SRURVLW\�� PHDQ� SRUH� GLDPHWHU� DQG� R[\JHQ� IOX[� PHDVXUHG� DW� URRP� WHPSHUDWXUH� XQGHU� DQ

DEVROXWH� SUHVVXUH� GLIIHUHQFH� RI� ��EDU�� IRU� DOO� FRPSRVLWLRQV�� 7KH� VKDSH� RI� WKH� SRUH� VL]H

GLVWULEXWLRQ� RI� ERWK� RWKHU� FRPSRVLWLRQV� GLG� QRW� GLIIHU� IURP� WKDW� RI� WKH� /D���6U���&R2��G

VXSSRUWV�

)LJXUH ���� 6(0 SLFWXUH RI D FRDWHG /D���6U���&R2��G

VXEVWUDWH� 7KH FRDWLQJ LV VLQWHUHG DW �����&�

)LJXUH ���� 6(0 SLFWXUH RI D FRDWHG /D���6U���&R2��G

VXEVWUDWH� 7KH FRDWLQJ LV VLQWHUHG DW ����&�



&KDSWHU ���

7DEOH ���� 3RURVLW\� DYHUDJH SRUH GLDPHWHU �GHWHUPLQHG E\ +J�LQWUXVLRQ� DQG R[\JHQ IOX[ DW URRP
WHPSHUDWXUH IRU DOO WKUHH FRPSRVLWLRQV

&RPSRVLWLRQ 3RURVLW\

���

$YHUDJH SRUH GLDPHWHU

�PP�

2� IOX[


�PROH FP�� V���

[  ��� �� ���� ���î����

[  ��� �� ���� ���î����

[  ��� �� ���� ���î����


0HDVXUHG DW URRP WHPSHUDWXUH XQGHU DQ DEVROXWH SUHVVXUH GLIIHUHQFH RI � EDU� 6XSSRUW WKLFNQHVV� � PP�



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

3DUW��� )ODW�VXSSRUWV�SUHSDUHG�E\�SUHVVXUH�ILOWUDWLRQ

7KH�GHPDQG�IRU�SRZGHUV�ZLWK�D�KLJK�KRPRJHQHLW\� LV� D�XQLYHUVDO�SUREOHP� LQ� WKH� ILHOG�RI

FHUDPLF� SURFHVVLQJ�� ,Q� WKH� FXUUHQW� WHQGHQF\� WR� GHYHORS� PRUH� DQG� PRUH� VRSKLVWLFDWHG

FHUDPLF� VWUXFWXUHV�� WKH� TXDOLW\� RI� WKH� FHUDPLF� VWDUWLQJ� SRZGHU� LQFUHDVLQJO\� EHFRPHV

GHFLVLYH��7KH�VDPH�DSSOLHV�WR�WKH�GHYHORSPHQW�RI�SHURYVNLWH�VXSSRUWV��(YHQ�WKRXJK�VHYHUDO

WHFKQLTXHV� DUH� DYDLODEOH� IRU� WKH� SUHSDUDWLRQ� RI� SHURYVNLWH� SRZGHUV� ZLWK� VPDOO� SULPDU\

SDUWLFOHV�>�������@�� LQ�SUDFWLFH� WKHVH�SDUWLFOHV� JHQHUDOO\� IRUP� DJJORPHUDWHV�� WKH� IRUP� DQG

VL]H� RI� ZKLFK� FRPSOHWHO\� GHWHUPLQH� WKH� SURSHUWLHV� RI� WKH� SRZGHU�� JUHHQ� FRPSDFW� DQG

UHVXOWLQJ�SRURXV�VXSSRUW��$V�ZDV�VKRZQ�LQ� WKH� ILUVW�SDUW�RI� WKLV�FKDSWHU�� WKH� IRUPDWLRQ�RI

DJJORPHUDWHV�FDQ�EH�XVHG�DGYDQWDJHRXVO\�LQ�WKH�SUHSDUDWLRQ�RI�SRURXV�VXSSRUWV��+RZHYHU�

LW� ZDV� DOVR� VKRZQ� WKDW� LW� LV� GLIILFXOW� WR� FRQWURO� WKH� DJJORPHUDWLRQ� DQG� WR� WXQH� WKH

DJJORPHUDWH�VL]H�LQ�VXFK�D�ZD\�WKDW�D�KRPRJHQHRXV�SRURXV�VWUXFWXUH�LV�REWDLQHG�

7KH� SRZGHU� PRUSKRORJ\� SUREOHPV�PHQWLRQHG� DERYH� MXVWLI\� WKH� JUHDW� QHHG� IRU� D� UREXVW

V\QWKHVLV� WHFKQLTXH� WKDW� SURGXFHV� SHURYVNLWH� SRZGHUV� FRQVLVWLQJ� RI� QRQ�DJJORPHUDWHG

SDUWLFOHV� RI� WKH� GHVLUHG� VL]H� DQG�ZLWK� D� VKDUS� VL]H� GLVWULEXWLRQ��8S� WLOO� QRZ�� RQO\� KLJKO\

GHGLFDWHG� WHFKQLTXHV�� EDVHG� RQ� HPXOVLRQ� SURFHVVLQJ�� HQDEOH� WKH� V\QWKHVLV� RI� VPDOO�� QRQ�

DJJORPHUDWHG� FHUDPLF� SDUWLFOHV�>��@�� $OWKRXJK� WKH� SHUVSHFWLYH� IRU� WKHVH� WHFKQLTXHV� LV

EULJKW��WKHLU�DSSOLFDWLRQ�GRHV�QRW�H[FHHG�WKH�VPDOO�ODERUDWRU\�VFDOH�\HW��7KHUHIRUH��LW�LV�VWLOO

QHFHVVDU\�WR�UHYHUW�WR�WKH�PRUH�HVWDEOLVKHG�EXW�OHVV�DGYDQFHG�V\QWKHVLV� WHFKQLTXHV��2I�DOO

WKHVH��RQH�RI�WKH�EHVW�RSWLRQV�DSSHDUV�WR�EH�VSUD\�S\URO\VLV��7KLV�WHFKQLTXH�LV�EDVHG�RQ�WKH

DWRPLVDWLRQ� RI� D� VXLWDEOH� SUHFXUVRU� VROXWLRQ�� IROORZHG� E\� GU\LQJ� RI� WKH� GURSOHWV� DQG

VXEVHTXHQW� FDOFLQDWLRQ� DQG� VLQWHULQJ� RI� WKH� UHVXOWLQJ� SDUWLFOHV�� 7KH� SURFHVV� FRPELQHV� D

FRPSOH[DWLRQ� UHDFWLRQ� SRZGHU� V\QWKHVLV� ZLWK� WKH� LPSRUWDQW� DGGLWLRQDO� DGYDQWDJH� RI

XQLTXHO\� FRQWUROOLQJ� WKH� SDUWLFOH� IRUPDWLRQ� HQYLURQPHQW� E\� FRPSDUWPHQWDOLVLQJ� WKH

SUHFXUVRU�VROXWLRQ�LQWR�GURSOHWV��7KH�SDUWLFOH�VL]H�FDQ�EH�FRQWUROOHG�LQ�D�UHODWLYHO\�HDV\�ZD\

E\�XVLQJ�DQ�DSSURSULDWH�DWRPLVHU�DQG�E\� DGMXVWLQJ� WKH�SUHFXUVRU�FRQFHQWUDWLRQ��)RU�PRUH

GHWDLOV� RQ� WKH� VSUD\�S\URO\VLV� WHFKQLTXH�� WKH� UHDGHU� LV� UHIHUUHG� WR� DQ� H[FHOOHQW� UHYLHZ�E\

0HVVLQJ�HW�DO��>��@�

3RZGHUV� SUHSDUHG� E\� VSUD\� S\URO\VLV� JHQHUDOO\� KDYH� D� EHWWHU�PRUSKRORJ\� WKDQ� SRZGHUV

SUHSDUHG�YLD�EXON�S\URO\VLV�PHWKRGV��OLNH�WKH�('7$�V\QWKHVLV�HPSOR\HG�LQ�WKH�ILUVW�SDUW�RI

WKLV�FKDSWHU��7KHUHIRUH��LQ�WKH�VHFRQG�DSSURDFK�IRU�GHYHORSLQJ�IXUWKHU�RSWLPLVHG�SHURYVNLWH

VXSSRUWV�� ZKLFK� LV� GHVFULEHG� LQ� WKH� FXUUHQW� SDUW� RI� WKLV� FKDSWHU�� FRPPHUFLDO



&KDSWHU ���

/D���6U���&R2��G


�SRZGHU�SUHSDUHG�E\�VSUD\�S\URO\VLV�LV�XVHG��,Q�VWHDG�RI�SUHVVLQJ��SUHVVXUH

ILOWUDWLRQ� LV� XVHG� DV� FRQVROLGDWLRQ� WHFKQLTXH��$OWKRXJK� SUHVVLQJ� LV� D� IDVW� WHFKQLTXH�� LW� LV

JHQHUDOO\�GLIILFXOW�WR�REWDLQ�D�GHIHFW�IUHH�FRPSDFW�GXH�WR�LQIHULRU�IORZLQJ�SURSHUWLHV�RI�WKH

VWDUWLQJ� SRZGHU� DQG� KLJK� IULFWLRQ� GXULQJ� SUHVVLQJ�� ZKLFK� ERWK� UHVXOW� LQ� LQKRPRJHQHRXV

PRXOG� ILOOLQJ��$OWKRXJK� WKH� IORZ�SURSHUWLHV� FDQ�EH� LPSURYHG�E\�SRZGHU� JUDQXODWLRQ� DQG

DGGLWLYHV�FDQ�GLPLQLVK�IULFWLRQ��D�PRUH�HOHJDQW�FRPSDFWLRQ�SURFHVV�LV�SURYLGHG�E\�SUHVVXUH

ILOWUDWLRQ�RI�D��TXDVL���VWDEOH�GLVSHUVLRQ�RI�WKH�SRZGHU�LQ�D�OLTXLG�PHGLXP��7KLV�FRQYHQLHQW

FRPSDFWLRQ�WHFKQLTXH�GRHV�QRW�UHO\�RQ�WKH�IORZ�SURSHUWLHV�DQG�KDV�SURYHG�WR�EH�VXFFHVVIXO

LQ�WKH�SUHSDUDWLRQ�RI�KRPRJHQHRXV�D�$O�2��VXSSRUWV�>��@�

���� 3URFHVV�FKDUDFWHULVWLFV

&RQVROLGDWLRQ�YLD�SUHVVXUH�ILOWUDWLRQ�RI�D�VXVSHQVLRQ�PDLQO\�FRQVLVWV�RI�IRXU�SURFHVV�VWHSV�

VXVSHQVLRQ�SUHSDUDWLRQ�� ILOWUDWLRQ��GU\LQJ�DQG�VLQWHULQJ�RI� WKH�FRPSDFW��'XULQJ�GLVSHUVLRQ

RI� WKH� SRZGHU� LQ� WKH� OLTXLG� PHGLXP�� DOO� SDUWLFOH� DJJUHJDWHV� VKRXOG� EH� GHVWUR\HG�� %\

FKRRVLQJ� WKH� DSSURSULDWH� PHGLXP� DQG�RU� VWDELOLVLQJ� DJHQW�V��� WKH� UHVXOWLQJ� VXVSHQVLRQ

VKRXOG�EH�VWDEOH�WR�D�GHJUHH�WKDW�GXULQJ�ILOWUDWLRQ�QR�ODUJH�VFDOH�DJJORPHUDWLRQ�RFFXUV��7KH

VKULQNDJH� RI� WKH� FRPSDFW� GXULQJ� GU\LQJ� IDFLOLWDWHV� WKH� UHOHDVH� RI� WKH� FRPSDFW� IURP� WKH

PRXOG��$IWHU� GU\LQJ�� WKH� WHPSHUDWXUH�SURJUDP� IRU� WKH� VLQWHULQJ� VWHS� VKRXOG�EH� FKRVHQ� LQ

VXFK�D�ZD\�WKDW�DGGLWLYHV�DUH�DOORZHG�WR�EXUQ�RII�ZLWKRXW�GDPDJLQJ�WKH�FRPSDFW��$OWKRXJK

VSHFLILF�NQRZOHGJH�RQ�WKH�SUHSDUDWLRQ�RI�VWDEOH�/D��[6U[&R2��G�VXVSHQVLRQV�LV�YHU\�VFDUFH�

D�FRPSUHKHQVLYH�RYHUYLHZ�RQ�WKH�JHQHUDO�VXEMHFW�RI�VXVSHQVLRQ�VWDELOLW\�KDV�EHHQ�JLYHQ�E\

(YHUHWW�>��@�

���� ([SHULPHQWDO

������ 0HGLXP�VHOHFWLRQ

6HGLPHQWDWLRQ� H[SHULPHQWV� ZHUH� SHUIRUPHG� XVLQJ� ��ZW�� /D���6U���&R2��G� VXVSHQVLRQV

EDVHG�RQ� FRPELQDWLRQV� RI� YDULRXV�PHGLD� DQG� VWDELOLVLQJ� DJHQWV��7KHVH� H[SHULPHQWV�ZHUH

FDUULHG� RXW� DV� D� TXDOLWDWLYH� VFUHHQLQJ� RI� WKH� DSSOLFDELOLW\� RI� VRPH� FRPPRQ�� HDVLO\

DFFHVVLEOH�PHGLD� DQG� VWDELOLVHUV�� DQG� QRW� DV� DQ� LQ�GHSWK� VWXG\� RQ� SHURYVNLWH� VXVSHQVLRQ

VWDELOLW\�� )RU� DOO� H[SHULPHQWV�� FRPPHUFLDO� /D���6U���&R2��G� SRZGHU
�
� ZDV� XVHG�� 7KH


 ������ 3UD[DLU 6SHFLDOW\ &HUDPLFV� 86$
� ������ 3UD[DLU 6SHFLDOW\ &HUDPLFV� 86$



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

VWDELOLVHUV�ZHUH�GLVVROYHG�LQ�WKH�PHGLXP�LQ�ZKLFK�WKH�SRZGHU�ZDV�VXEVHTXHQWO\�GLVSHUVHG

XVLQJ�XOWUDVRXQG��7KH� VXVSHQVLRQV�ZHUH� DOORZHG� WR� VHWWOH� LQ� LGHQWLFDO� YHVVHOV�� FRQWDLQLQJ

HTXDO�DPRXQWV�RI�VXVSHQVLRQ��7KH�VHGLPHQWDWLRQ�UDWH�ZDV�PHDVXUHG�E\�UHFRUGLQJ�WKH�WLPH

UHTXLUHG� IRU� WKH� IRUPDWLRQ�RI�D�FOHDUO\�YLVLEOH�GHSRVLW��7KH� IROORZLQJ�PHGLD�ZHUH� WHVWHG�

ZDWHU�� HWKDQRO�� PHWKDQRO�� ��SURSDQRO�� ��SURSDQRO�� DFHWRQH� DQG� HWK\OPHWK\ONHWRQH�� 7KH

LQIOXHQFH� RI� WKH� IROORZLQJ� DGGLWLYHV� ZDV� LQYHVWLJDWHG�� SRO\YLQ\OS\URO\GRQH


� �393��

SRO\YLQ\ODOFRKRO
�
� �39$��� DPPRQLXP� SRO\PHWKDFU\ODWH

Á
� �$30$�� DQG� SRO\YLQ\OEXW\UDO

�

�39%��� 'HSHQGLQJ� RQ� WKHLU� VROXELOLW\� LQ� WKH� YDULRXV� PHGLD�� WKH\� ZHUH� DSSOLHG� LQ

FRQFHQWUDWLRQV�RI����������DQG��ZW��UHODWLYH�WR�WKH�SRZGHU�

������ 6XSSRUW�SUHSDUDWLRQ

7KH���ZW��VXVSHQVLRQV�ZHUH�SUHSDUHG�E\�GLVSHUVLRQ�RI�WKH�SRZGHU�LQ�WKH�PHGLXP�E\�DQ

XOWUDVRQLF� WUHDWPHQW� LQ� D� URVHWWH� FHOO� GXULQJ� ��� PLQXWHV� XQGHU� ZDWHU� FRROLQJ�� XVLQJ� D

IUHTXHQF\�RI����N+]� DQG� D� WUDQVGXFHU� RXWSXW� RI� ���:��$IWHU� GLVSHUVLRQ�� WKH� VXVSHQVLRQ

ZDV� VLHYHG� WKURXJK� D� ���PP� VLHYH��7KH� VXVSHQVLRQ�ZDV� HYDFXDWHG� IRU� ���PLQXWHV� LQ� DQ

H[LFDWRU� WR� UHPRYH� DLU� EXEEOHV�� 6XEVHTXHQWO\�� WKH� VXVSHQVLRQ� ZDV� ILOWHUHG� E\� YDFXXP

VXFWLRQ� WKURXJK� D� K\GURSKRELF� 'XUDSRUH
�
� ILOWHU




�� ZKLFK� ZDV� PRXQWHG� LQ� DQ� HVSHFLDOO\

GHVLJQHG�ILOWHU�FXS��%HIRUH�XVLQJ�WKH�FXSV�WKH\�ZHUH�JUHDVHG�ZLWK�9DVHOLQH
�
�E\�GLSSLQJ�WKH

ULQJV� LQWR� D� VROXWLRQ� RI� 9DVHOLQH
�
� LQ� SHWUROHXP� HWKHU�� 7KH� ILOWHU� FXSV� ZHUH� ILOOHG� ZLWK

VXVSHQVLRQ�LQ�VXFK�D�ZD\�WKDW�DQ�DSSUR[LPDWHO\���PP�WKLFN�FDVW�UHPDLQHG�DIWHU�UHPRYDO�RI

WKH�PHGLXP��7KH�ODWWHU�XVXDOO\�WRRN�DURXQG����PLQXWHV��7KH�JUHHQ�VXSSRUWV�ZHUH�UHOHDVHG

IURP� WKH� FXSV� DQG� GULHG� RYHUQLJKW� DW� URRP� WHPSHUDWXUH� LQ� DLU�� 7KH� JUHHQ� ERGLHV� ZHUH

VLQWHUHG� IRU� ��� K� DW� YDULRXV� WHPSHUDWXUHV� DQG� XVLQJ� YDULRXV� KHDWLQJ� UDWHV�� 7KH� VLQWHULQJ

EHKDYLRXU�RI�WKH�FRPSDFWV�ZDV�LQYHVWLJDWHG�E\�PHDQV�RI�GLODWRPHWU\��7KH�SRURVLW\�RI�WKH

VLQWHUHG�VXSSRUWV�ZDV�GHWHUPLQHG�E\�$UFKLPHGHV�GHQVLW\�PHDVXUHPHQWV�E\� LPPHUVLRQ� LQ

+J��6FDQQLQJ�(OHFWURQ�0LFURVFRS\��6(0��DQG�+J�LQWUXVLRQ�ZHUH�XVHG� WR� LQYHVWLJDWH� WKH

SRUH�VKDSH�DQG�SRUH�VL]H�GLVWULEXWLRQ�UHVSHFWLYHO\��7KH�JDV�SHUPHDELOLW\�RI�WKH�VXSSRUWV�DW

URRP� DQG� KLJK� WHPSHUDWXUH� ZDV� PHDVXUHG� YLD� WKH� VDPH� SURFHGXUHV� DV� PHQWLRQHG� LQ

VHFWLRQ�������

3ULRU�WR�SROLVKLQJ��WKH�VLQWHUHG�VXSSRUWV�ZHUH�FXW�LQWR�GLVFV�ZLWK�D�GLDPHWHU�RI����PP��ZLWK

WKLFNQHVVHV�UDQJLQJ�IURP����� WR���PP��7ZR�SUH�JULQGLQJ�VWHSV�ZHUH�SHUIRUPHG�PDQXDOO\


 0: �������� -DQVVHQ &KLPLFD� %HOJLXP
� 0: �������� 0HUFN� *HUPDQ\
Á 'DUYDQ� &� 5�7� 9DQGHUELOW &RPSDQ\ ,QF�� 86$
� $FURV 2UJDQLFV� %HOJLXP


 ��� PP SRUHV� � �� PP� 0LOOLSRUH� ,UHODQG
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RQ�6L&


�SDSHU�DQG�RQ�D�JODVV�SODWH�ZLWK�D�ZDWHU�EDVHG�GLDPRQG�VOXUU\

�
�� UHVSHFWLYHO\��7KH

ILQDO� ILQLVKLQJ� ZDV� SHUIRUPHG� WKURXJK� DQ� DXWRPDWHG� PHFKDQR�FKHPLFDO� SROLVKLQJ

SURFHGXUH�SHUIRUPHG�RQ�D�VLON�FORWK��XVLQJ�D�FROORLGDO�VLOLFD�VXVSHQVLRQ
Á
�DQG�ZDWHU�PL[HG

LQ�D�YROXPH�UDWLR�RI������WRJHWKHU�ZLWK��YRO��RI�+�2��IRU����PLQXWHV�

���� 5HVXOWV�DQG�GLVFXVVLRQ

������ 0HGLXP�VHOHFWLRQ

7KH�UHVXOWV�RI�WKH�VHGLPHQWDWLRQ�H[SHULPHQWV�XVLQJ�WKH�VXVSHQVLRQV�ZLWKRXW�DQ�DGGLWLYH�DUH

OLVWHG�LQ�WDEOH������$FFRUGLQJ�WR�WKHVH�GDWD����SURSDQRO�VHHPV�WKH�PRVW�VXLWDEOH�VXVSHQVLRQ

PHGLXP�� 7KH� REVHUYHG� VXVSHQVLRQ� VWDELOLW\� GLIIHUV� VXEVWDQWLDOO\� IURP� WKH� VXVSHQVLRQV

EDVHG�RQ�RWKHU�PHGLD��)RU�FRPSDULVRQ�� WDEOH�����DOVR�VKRZV�WKH�WKHRUHWLFDO�VHGLPHQWDWLRQ

YHORFLWLHV��FDOFXODWHG�YLD�6WRNHV¶�ODZ�

Y
JD G G

 
��

�

�� �S P

K
�����

,Q� WKLV� HTXDWLRQ�� J� LV� WKH� JUDYLWDWLRQDO� DFFHOHUDWLRQ�� D� WKH� UDGLXV� RI� WKH� SDUWLFOH�� K� WKH

YLVFRVLW\�RI�WKH�PHGLXP��ZKLOH�GS�DQG�GP�DUH� WKH�GHQVLW\�RI� WKH�SDUWLFOH�DQG�WKH�PHGLXP�

UHVSHFWLYHO\��7KH�PHDQ�SDUWLFOH�GLDPHWHU�GHWHUPLQHG�IURP�6(0�REVHUYDWLRQV�ZDV�WDNHQ�WR

EH� ����PP�� ZKLFK� LV� LQ� DJUHHPHQW� ZLWK� VSHFLILFDWLRQV� SURYLGHG� E\� WKH� PDQXIDFWXUHU�

7DEOH����� VKRZV� WKDW� WKH� WKHRUHWLFDO� VHGLPHQWDWLRQ� YHORFLW\� UHDFKHV� D� PLQLPXP� IRU

��SURSDQRO��ZKLFK�VXJJHVWV�WKDW�WKH�VHGLPHQWDWLRQ�UDWH�LV�PDLQO\�GHWHUPLQHG�E\�WKH�GHQVLW\

DQG�YLVFRVLW\�RI�WKH�PHGLXP�DQG�QRW�E\�WKH�DJJORPHUDWLRQ�RI�SRZGHU�SDUWLFOHV��,Q�DGGLWLRQ�


 �� PP JUDLQ VL]H� 6WUXHUV� 'HQPDUN
� � PP JUDLQ VL]H� %XHKOHU� 86$
Á 23�8 6XVSHQVLRQ� 6WUXHUV� 'HQPDUN

7DEOH ���� &RPSDULVRQ EHWZHHQ WKH WLPH WV UHTXLUHG IRU IRUPDWLRQ RI D YLVLEOH GHSRVLW DQG WKH WKHRUHWLFDO
VHGLPHQWDWLRQ YHORFLW\ YV FDOFXODWHG ZLWK HTXDWLRQ �����

0HGLXP W
V �PLQ� YV �PP V���

:DWHU � ����

0HWKDQRO �� ����

(WKDQRO �� ����

��SURSDQRO �� ����

��SURSDQRO �� ����

$FHWRQH �� ���

(WK\OPHWK\O NHWRQH � ���



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

QRQH� RI� WKH� DSSOLHG� VWDELOLVHUV� KDG� D� EHQHILFLDO� HIIHFW� DV� WKH\� JHQHUDOO\� FDXVHG� ORZHU

VXVSHQVLRQ�VWDELOLW\�LQ�WKH�LQYHVWLJDWHG�FRQFHQWUDWLRQ�UDQJH��7KH�RQO\�H[FHSWLRQ�ZDV�39%�

WKH�DGGLWLRQ�RI�ZKLFK�WR���SURSDQRO�VKRZHG�QR�LQIOXHQFH�RQ�VXVSHQVLRQ�VWDELOLW\�

&RQVLGHULQJ�WKH�DERYH��WKH���SURSDQRO�VXVSHQVLRQ�ZLWKRXW�DGGLWLYHV�ZDV�VHOHFWHG�WR�EH�WKH

PRVW� VXLWDEOH� DQG� FRQYHQLHQW� IRU� WKH� ILOWUDWLRQ� H[SHULPHQWV�� &KRRVLQJ� D� QRQ�DTXHRXV

PHGLXP�KDV�WKH�DGGLWLRQDO�DGYDQWDJH�WR�SUHYHQW� LRQ�OHDFKLQJ��ZKLFK�ZDV�REVHUYHG� LQ� WKH

FDVH�RI�ZDWHU�EDVHG�/D���6U���&R2��G�VXVSHQVLRQV�>��@��%HVLGHV�DQ�XQFRQWUROODEOH�LQIOXHQFH

RQ�WKH�VXVSHQVLRQ�VWDELOLW\��WKLV�GLVVROXWLRQ�RI�LRQV�FDQ�KDYH�D�QHJDWLYH�HIIHFW�RQ�WKH�SKDVH

SXULW\�RI�WKH�PDWHULDO�DIWHU�SURFHVVLQJ�

������ 6LQWHULQJ�FKDUDFWHULVWLFV

7KH�GU\� JUHHQ�ERGLHV�REWDLQHG� DIWHU� ILOWUDWLRQ�RI� D���ZW��/D���6U���&R2��G� VXVSHQVLRQ� LQ

��SURSDQRO��VKRZHG�D�SRURVLW\�RI�����DQG�SRVVHVVHG�D�UHODWLYHO\�ORZ�PHFKDQLFDO�VWUHQJWK�

7KLV� UHTXLUHG� FDUHIXO� PDQXDO� KDQGOLQJ�� 7KH� VLQWHULQJ� EHKDYLRXU� RI� VXFK� D� FRPSDFW� LV

SUHVHQWHG�LQ�ILJXUHV�����DQG������

%DVHG�RQ� WKH�GDWD�SUHVHQWHG� LQ� ILJXUH������ WKH� VLQWHULQJ� WHPSHUDWXUH� IRU� WKH� VXSSRUWV�ZDV

FKRVHQ� WR� EH� �����&�� ZKLFK� LV� ���&� DERYH� WKH� PD[LPXP� PHPEUDQH� RSHUDWLRQ

WHPSHUDWXUH�� 6LQWHULQJ� IRU� ��� K� DW� WKLV� WHPSHUDWXUH� \LHOGV� D� UHVLGXDO� SRURVLW\� RI� �����$

ORZHU�VLQWHULQJ�WHPSHUDWXUH�LQYROYHV�D�WRR�KLJK�ULVN�RI�UHVLGXDO�VLQWHULQJ�GXULQJ�PHPEUDQH

RSHUDWLRQ��:LWK�D�VLQWHULQJ�WHPSHUDWXUH�RI������&��WKH�HTXLOLEULXP�EHWZHHQ�VLQWHU�VWDELOLW\

DQG� SRURVLW\� LV� DOUHDG\� YHU\� GHOLFDWH�� DV� VKRZQ� LQ� ILJXUH� ������ 7KLV� ILJXUH� VKRZV� WKH

GHQVLILFDWLRQ�EHKDYLRXU� DW������&�DV�D� IXQFWLRQ�RI� WLPH��ZKLFK�DIWHU����K�RI� VLQWHULQJ� LV

VWLOO�FRQWLQXLQJ��+RZHYHU��ZKHQ�WKH�VLQWHUHG�FRPSDFW�ZDV�FRROHG�WR�URRP�WHPSHUDWXUH�DQG
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)LJXUH ���� ,QIOXHQFH RI WKH VLQWHULQJ

WHPSHUDWXUH 7V RQ WKH ILQDO VXSSRUW GHQVLW\ DIWHU

VLQWHULQJ IRU �� K LQ DLU

7LPH �KRXUV�
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)LJXUH ����� 'HQVLILFDWLRQ GXULQJ VLQWHULQJ IRU �� K

DW �����&� KHDWLQJ UDWH� ����&�PLQ



&KDSWHU ���

DJDLQ�KHDWHG�WR������&��DGGLWLRQDO�GHQVLILFDWLRQ�GLG�QRW�RFFXU�RQ�D�WLPH�VFDOH�RI�DW�OHDVW���

K�� )LJXUH����� FOHDUO\� VKRZV� WKDW� LQ� WKH� UDQJH� IURP� ����� WR� �����&�� WKH� VLQWHULQJ

WHPSHUDWXUH� VWURQJO\� LQIOXHQFHV� WKH� VXSSRUW� SRURVLW\��7KLV� QHFHVVLWDWHV� FDUHIXO� FRQWURO� RI

WHPSHUDWXUH�GXULQJ�VLQWHULQJ��VLQFH�D�WHPSHUDWXUH�LQFUHDVH�RI����&�DERYH������&�DOUHDG\

GHFUHDVHV�WKH�SRURVLW\�ZLWK�����

'XULQJ�VLQWHULQJ�RI� WKH� VXSSRUWV�� D�KHDWLQJ� UDWH�XS� WR���&�PLQ�ZDV� DSSOLHG��7KH� VLQWHUHG

VXSSRUWV� ZHUH� VOLJKWO\� EHQW�� PRVW� SUREDEO\� FDXVHG� E\� PRGHVW� VHJUHJDWLRQ� GXULQJ� WKH

ILOWUDWLRQ� SURFHVV�� )DVWHU� VLQWHULQJ� RI� WKH� VXUIDFH� OD\HU� RI� WKH� FRPSDFW��ZKLFK� GXH� WR� WKH

VHGLPHQWDWLRQ� SURFHVV� KDV� D� JUHDWHU� DPRXQW� RI� VPDOOHU� SDUWLFOHV�� FDXVHV� D� FRQFDYH

FXUYDWXUH�

������ 6XSSRUW�PRUSKRORJ\

)LJXUHV������ VKRZV� WKH� VXUIDFH� PRUSKRORJ\� RI� D� SROLVKHG� VXSSRUW�� 7KH� DYHUDJH� SRUH

GLDPHWHU�GHWHUPLQHG�YLD�+J�LQWUXVLRQ�LV������PP��7KH�FRUUHVSRQGLQJ�SRUH�VL]H�GLVWULEXWLRQ

LQ�ILJXUH������VKRZV�D�VPDOO�VHFRQGDU\�SHDN�DURXQG���PP��7KH�WRWDO�YROXPH�RI�WKHVH�SRUHV

FRQWULEXWHV�DSSUR[LPDWHO\����WR�WKH�WRWDO�SRUH�YROXPH��6(0�REVHUYDWLRQV�LQGHHG�LQGLFDWHG

WKH�SUHVHQFH�RI�VRPH��PDLQO\�VSKHULFDO�LQKRPRJHQHLWLHV��RI�ZKLFK�DQ�H[DPSOH�LV�VKRZQ�LQ

ILJXUH�������7KLV�SLFWXUH�VXJJHVWV�WKDW�WKLV�W\SH�RI�GHIHFWV�LV�FDXVHG�E\�WKH�SUHVHQFH�RI�ODUJH

VSKHULFDO�SDUWLFOHV�LQ�WKH�VWDUWLQJ�SRZGHU��7KH�SROLVKLQJ�WUHDWPHQW�VHHPV�WR�KDYH�ELVHFWHG

WKH� KROORZ� SDUWLFOH�� UHYHDOLQJ� LWV� ZDOO� WKLFNQHVV�� 7KLV� H[SODQDWLRQ� LV� FRQILUPHG� E\

ILJXUH�������ZKLFK�LQGHHG�VKRZV�WKH�SUHVHQFH�RI�VXFK�D�VSKHULFDO�SDUWLFOH�LQ�WKH�SRZGHU��,Q

DGGLWLRQ�� WKH� SDUWLFOH� VL]H� GLVWULEXWLRQ� DV� VXSSOLHG� E\� WKH� PDQXIDFWXUHU� WDLOV� WRZDUGV

SDUWLFOHV�RI����PP�� DV� FDQ�EH� VHHQ� LQ� ILJXUH�������7KH�RFFXUUHQFH� RI� WKHVH� ODUJH� �KROORZ�

VSKHUHV� LV� D� SUREOHP� W\SLFDOO\� UHODWHG� WR� VSUD\� S\URO\VLV� DQG� GHSHQGV� VWURQJO\� RQ� WKH

SUHFLSLWDWLRQ�FRQGLWLRQV�DQG�SUHFXUVRU�FKDUDFWHULVWLFV�>��@�

)LJXUH ����� 6(0 SLFWXUH RI D SROLVKHG
/D���6U���&R2��G VXSSRUW SUHSDUHG YLD ILOWUDWLRQ DQG

VLQWHUHG LQ DLU IRU �� K DW �����&�

SRUH GLDPHWHU >PP@
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)LJXUH ����� 3RUH VL]H GLVWULEXWLRQ RI WKH VXSSRUW

VKRZQ LQ ILJXUH ����� GHWHUPLQHG YLD +J�LQWUXVLRQ



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

0LOOLQJ�RI�WKH�SRZGHU�WR�UHPRYH�WKH�LQKRPRJHQHLWLHV�ZDV�QRW�FRQVLGHUHG�DQ�RSWLRQ�VLQFH�LW

IXUWKHU�LQFUHDVHV�WKH�VLQWHU�DFWLYLW\�RI�WKH�SRZGHU��&ODVVLILFDWLRQ�WKURXJK�VHGLPHQWDWLRQ�RI

WKH�VXVSHQVLRQ�PLJKW�EH�HIIHFWLYH�DOWKRXJK�LW�VKRXOG�EH�UHDOLVHG�WKDW�D�ODUJH�KROORZ�SDUWLFOH

GRHV� QRW� QHFHVVDULO\� VHWWOH� IDVWHU� WKDQ� D� VPDOOHU� PDVVLYH� SDUWLFOH�� ZKLFK� PDNHV� LW

TXHVWLRQDEOH�ZKHWKHU�DOO� LQKRPRJHQHLWLHV�ZLOO�EH�UHPRYHG��3RZGHU�FODVVLILFDWLRQ�WKURXJK

WKH�DSSOLFDWLRQ�RI�PLFUR�VLHYHV�PLJKW�EH�D�SURPLVLQJ�RSWLRQ��7KLV�WHFKQLTXH�KRZHYHU�QHHGV

IXUWKHU�GHYHORSPHQW��ZKLFK�IDOOV�EH\RQG�WKH�VFRSH�RI�WKLV�UHVHDUFK�

)LJXUH ����� 6(0 SLFWXUH RI D VSKHULFDO

LQKRPRJHQHLW\ LQ WKH VXSSRUW� WKH DUURZV LQGLFDWH

WKH ZDOO WKLFNQHVV RI WKH KROORZ SDUWLFOH WKDW

VXSSRVHGO\ FDXVHG WKH GHIHFW�

)LJXUH ����� 6(0 SLFWXUH RI WKH SRZGHU XVHG IRU WKH

VXSSRUW SUHSDUDWLRQ� VKRZLQJ D ODUJH VSKHULFDO

SDUWLFOH

SDUWLFOH GLDPHWHU >PP@
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)LJXUH ����� 3DUWLFOH VL]H GLVWULEXWLRQ RI WKH

FRPPHUFLDO /D���6U���&R2��G SRZGHU



&KDSWHU ���

���� 6XSSRUW�SHUPHDELOLW\

)LJXUH������VKRZV�WKH�R[\JHQ�DQG�QLWURJHQ�SHUPHDQFH�RI�WKH�VXSSRUW�VKRZQ�LQ�ILJXUH������

PHDVXUHG� DW� URRP� WHPSHUDWXUH�� )URP� ERWK� WKH� R[\JHQ� DQG� QLWURJHQ� SHUPHDQFH� GDWD�� DQ

DYHUDJH� SRUH� GLDPHWHU� RI� �����PP� DQG� D� WRUWXRVLW\� RI� ����ZDV� FDOFXODWHG�� 7KH� SRUH� VL]H

FRUUHVSRQGV� ZHOO� ZLWK� GDWD� IURP� +J�LQWUXVLRQ�� 7KH� R[\JHQ� IOX[� WKURXJK� WKH� VXSSRUW

PHDVXUHG� DW� URRP� WHPSHUDWXUH� XQGHU� DQ� DEVROXWH� SUHVVXUH� GLIIHUHQFH� RI� ��EDU� ZDV

���î��
��
�PROH�FP

��
�V

��
�� DV� FDQ�EH� LQIHUUHG� IURP� WKH� GDWD� VKRZQ� LQ� ILJXUH������$W� �����&�

XQGHU� D� SDUWLDO� SUHVVXUH� GLIIHUHQFH� RI� ��EDU�� DQ� R[\JHQ� IOX[� RI� �î��
��
�PROH�FP

��
�V

��
� ZDV

PHDVXUHG��7KLV�YDOXH� LOOXVWUDWHV� WKDW� WKH�SHUPHDELOLW\�RI� WKHVH� VXSSRUWV�HQWHUV� WKH�FULWLFDO

UHJLRQ�LQ�ZKLFK�PDVV�WUDQVSRUW�WKURXJK�WKH�VXSSRUW�ZLOO�VWDUW�WR�GHWHUPLQH�WKH�SHUIRUPDQFH

RI�WKH�WKLQ�ILOP�PHPEUDQH�

����� )LQDO�SUHSDUDWLRQ�URXWH

7KH�SUHSDUDWLRQ�RI�/D��[6U[&R2��G�VXSSRUWV�YLD�SUHVVXUH�ILOWUDWLRQ�RI�D�SRZGHU�VXVSHQVLRQ

FDQ�EH�VXPPDULVHG�DV�IROORZV�

x� 8OWUDVRQLF�GLVSHUVLRQ�RI���ZW��FRPPHUFLDO�SRZGHU�LQ���SURSDQRO

x� 5HPRYDO�RI�WKH�OLTXLG�VXVSHQVLRQ�PHGLXP�E\�SUHVVXUH�ILOWUDWLRQ

x� 'U\LQJ�RYHUQLJKW

x� 6LQWHULQJ�DW������&�IRU����KRXUV

x� 3ROLVKLQJ

SDY >��
�3D@
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)LJXUH ����� 2[\JHQ DQG QLWURJHQ SHUPHDQFH RI WKH

/D���6U���&R2��G VXSSRUW VKRZQ LQ ILJXUH ����� PHDVXUHG
DW URRP WHPSHUDWXUH



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

3DUW��� 7XEXODU�VXEVWUDWHV�SUHSDUHG�E\�FHQWULIXJDO
FDVWLQJ

,Q�DGGLWLRQ�WR�D�KLJK�SHUPHDELOLW\��VHOHFWLYLW\�DQG�VWDELOLW\��PHPEUDQH�JHRPHWU\�LV�DOVR�DQ

LPSRUWDQW� DVSHFW� LQ� LQGXVWULDO� PHPEUDQH� DSSOLFDWLRQV�� $OWKRXJK� PHPEUDQH� PRGXOHV

FRQVLVWLQJ�RI�VWDFNHG�IODW�SODWH�PHPEUDQHV�KDYH�EHHQ�GHYHORSHG��IRU�LQGXVWULDO�DSSOLFDWLRQV

WXEXODU�PHPEUDQHV� DUH� RIWHQ� SUHIHUUHG� RYHU� IODW� GLVFV� GXH� WR� WKH� UHODWLYH� HDVH� RI� VHDOLQJ

WXEHV�LQWR�PRGXOHV��&XUUHQWO\��WKH�YDVW�LQWHUHVW�LQ�GHQVH�PHPEUDQHV�IRU�R[\JHQ�VHSDUDWLRQ

SXUSRVHV�KDV�WXUQHG�WKH�GHYHORSPHQW�RI�KLJK�TXDOLW\�WXEXODU�R[\JHQ�VHSDUDWLRQ�PHPEUDQHV

LQWR�D�SURPLQHQW�LVVXH�

7XEXODU�PHPEUDQHV� DUH�PDLQO\� SUHSDUHG� E\� FRQYHQWLRQDO� FHUDPLF� SURFHVVLQJ� WHFKQLTXHV

OLNH� SUHVVLQJ� DQG� H[WUXVLRQ�>�����@�� 7KH� GLVDGYDQWDJH� RI� WKHVH� WHFKQLTXHV� LV� WKDW� WKH

UHVXOWLQJ� WXEHV� RIWHQ� KDYH� D� FRQVLGHUDEOH� VXUIDFH� URXJKQHVV� DQG� WKDW� GHIHFWV� DQG� WXEH

XQURXQGQHVV� DUH� GLIILFXOW� WR� DYRLG��5HFHQWO\�� FHQWULIXJDO� FDVWLQJ� KDV� VKRZQ� WR� EH� D� YHU\

VXLWDEOH� WHFKQLTXH� WR� SUHSDUH� KLJK� TXDOLW\� WXEXODU� D�$O�2�� PHPEUDQH� VXSSRUWV� ZLWK

VXSHULRU�VXUIDFH�PRUSKRORJ\�DQG�URXQGQHVV��7KH�VXFFHVVIXO�DSSOLFDWLRQ�RI� WKLV� WHFKQLTXH

KDV� RSHQHG� QHZ� SHUVSHFWLYHV� LQ� WKH� GHYHORSPHQW� RI� EHWWHU� DQG� PRUH� DGYDQFHG� WXEXODU

SHURYVNLWH�VXSSRUWV�DQG�PHPEUDQHV��7KH� ODVW�SDUW�RI� WKLV�FKDSWHU�GHVFULEHV� WKH� UHVXOWV�RI

WKH�ILUVW�H[SORUDWRU\�FHQWULIXJDO�FDVWLQJ�H[SHULPHQWV�SHUIRUPHG�WR�SUHSDUH�SRURXV�DV�ZHOO�DV

GHQVH�/D���6U���&R2��G�WXEHV�

����� 3URFHVV�FKDUDFWHULVWLFV

7KH� FHQWULIXJDO� FDVWLQJ� SURFHVV� FRQVLVWV� RI� WKH� IROORZLQJ� VWHSV�� VXVSHQVLRQ� SUHSDUDWLRQ�

FDVWLQJ�� GU\LQJ� DQG� VLQWHULQJ�� 7KH� SUHSDUDWLRQ� SURFHGXUH� IRU� WKH� FDVWLQJ� VXVSHQVLRQ� LV

DQDORJRXV� WR� WKH� RQH� RXWOLQHG� LQ� VHFWLRQ������ 7KLV� VXVSHQVLRQ� LV� WUDQVIHUUHG� LQWR� D

F\OLQGULFDO�PRXOG��ZKLFK�LV�WKHQ�D[LDOO\�URWDWHG�LQ�D�FHQWULIXJH��6LQFH�WKH�VPDOOHU��OLJKWHU�

SDUWLFOHV� ZLOO� VHGLPHQW� VORZHU� WKDQ� WKH� ODUJHU� RQHV�� D� FRPSDFW� ZLWK� JUDGHG� SRURVLW\� LV

REWDLQHG��7KH�URXJKQHVV�RI� WKH� LQQHU�VXUIDFH� LV� ORZ�GXH� WR� WKH� ILQDO�VHGLPHQWDWLRQ�RI� WKH

VPDOOHVW�SDUWLFOHV�ZKLOH�WKH�PRXOG�DQG�WKH�VL]H�RI�WKH�ODUJHVW�SDUWLFOHV�PDLQO\�GHWHUPLQH�WKH

URXJKQHVV� RI� WKH� H[WHUQDO� VXUIDFH�� 7KH� FODVVLI\LQJ� QDWXUH� RI� WKH� GHSRVLWLRQ� SURFHVV� ZLOO

SUHYHQW�WKH�SUHVHQFH�RI�KHDYLHU�SRZGHU�LQKRPRJHQHLWLHV�DW�WKH�LQQHU�VXUIDFH�RI�WKH�WXEXODU

FRPSDFW�� )RU� D� TXDQWLWDWLYH� GHVFULSWLRQ� RI� WKH� FHQWULIXJDO� FDVWLQJ� SURFHVV�� WKH� UHDGHU� LV

UHIHUUHG�WR�%LHVKHXYHO�HW�DO��>�����@



&KDSWHU ���

����� ([SHULPHQWDO

������� 6XVSHQVLRQ�SUHSDUDWLRQ

&RPPHUFLDO� /D���6U���&R2��G� SRZGHU


� ZDV� HPSOR\HG� WR� SUHSDUH� WKH� VXVSHQVLRQV�� 7KH

VXVSHQVLRQ� FRPSRVLWLRQ� ZDV� GHULYHG� GLUHFWO\� IURP� WKH� SUHSDUDWLRQ� SURFHGXUH� RI� WXEXODU

D�$O�2��PHPEUDQH�VXSSRUWV�DV�GHVFULEHG�LQ�>�@��$PPRQLXP�SRO\PHWKDFU\ODWH
�
�ZDV�XVHG

DV�ELQGHU� LQ�DPRXQWV�YDU\LQJ�IURP����� WR�����ZW��UHODWLYH� WR� WKH�SRZGHU��7KH�S+�RI� WKH

VXVSHQVLRQ�ZDV�FRQWUROOHG�E\�DGGLWLRQ�RI�DPPRQLD�DQG�ZDV�YDULHG�EHWZHHQ���DQG�����,Q�DOO

FDVHV�� WKH�SRZGHU� ORDGLQJ�RI� WKH�VXVSHQVLRQV�ZDV�FKRVHQ� WR�EH���ZW���7KH�SRZGHU�ZDV

GLVSHUVHG� LQ� WKH�PHGLXP� E\� DQ� XOWUDVRQLF� WUHDWPHQW� LQ� D� URVHWWH� FHOO� GXULQJ� ��� PLQXWHV

XQGHU�ZDWHU�FRROLQJ��XVLQJ�D�IUHTXHQF\�RI����N+]�DQG�D�WUDQVGXFHU�RXWSXW�RI����:�

������� &DVW�IRUPDWLRQ

$�FRPPHUFLDO�FHQWULIXJH
Á
�ZDV�HPSOR\HG��HTXLSSHG�ZLWK�'HOULQ�PRXOGV

��
�ZLWK�D�OHQJWK�RI

���FP�DQG�DQ� LQQHU�GLDPHWHU�RI������PP��3ULRU� WR� ILOOLQJ�� WKH�PRXOGV�ZHUH�JUHDVHG�ZLWK

9DVHOLQH
�
� E\� GLSSLQJ� WKHP� LQWR� D� VROXWLRQ� RI� 9DVHOLQH

�
� LQ� SHWUROHXP� HWKHU�� 7KH� ILOOHG

PRXOGV�ZHUH� URWDWHG� IRU����PLQXWHV� DW� ������� USP��7KLV� UHYROXWLRQ�QXPEHU�ZDV� UHDFKHG

ZLWKLQ���PLQXWH��$IWHU�URWDWLRQ��WKH�UHPDLQLQJ�OLTXLG�ZDV�SRXUHG�RXW�RI�WKH�PRXOGV�DQG�WKH

FDVW� ZDV� GULHG� LQVLGH� WKH� PRXOG� LQ� D� FOLPDWH� FKDPEHU� IRU� WZR� GD\V� DW� ���&� DQG� ���

UHODWLYH� KXPLGLW\�� $IWHU� GU\LQJ�� WKH� JUHHQ� FRPSDFWV� ZHUH� UHPRYHG� IURP� WKH� PRXOG� DQG

VLQWHUHG� KRUL]RQWDOO\� DW� �����&� IRU� WKH� GHQVH� WXEH� DQG� �����&� IRU� WKH� SRURXV� WXEH� LQ

VWDJQDQW�DLU�IRU����K��+HDWLQJ�DQG�FRROLQJ�UDWHV�RI�����&�PLQ�ZHUH�HPSOR\HG��7KH�KHDWLQJ

WUDMHFWRU\�FRQWDLQHG�WZR�SODWHDXV�RI�RQH�KRXU�HDFK��7KH�ILUVW�ZDV�VLWXDWHG�DW�����&��ZKLFK

DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU�LV�WKH�GLVLQWHJUDWLRQ�WHPSHUDWXUH�RI� WKH�ELQGHU��7KH�VHFRQG

SODWHDX�DW�����&�ZDV�LQFRUSRUDWHG�WR�UHGXFH�LQWHUQDO�VWUHVV�GXH�WR�VORZ�HTXLOLEUDWLRQ�RI�WKH

R[\JHQ� QRQ�VWRLFKLRPHWU\� WKURXJKRXW� WKH� VDPSOH�� 7KH� GHQVLW\� RI� WKH� VLQWHUHG� WXEHV�ZDV

GHWHUPLQHG�E\�$UFKLPHGHV�GHQVLW\�PHDVXUHPHQWV�E\�LPPHUVLRQ�LQ�+J��7KH�PRUSKRORJ\�RI

WKH�VXUIDFHV�DQG�FURVV�VHFWLRQV�RI�WKH�WXEH�ZDV�LQYHVWLJDWHG�E\�6(0�


 ������ 3UD[DLU 6SHFLDOW\ &HUDPLFV� 86$
� 'DUYDQ� &� 5�7� 9DQGHUELOW &RPSDQ\ ,QF�� 86$
Á &(3$� */(� &DUO 3DGEHUJ *PE+� *HUPDQ\
� 'X 3RQW GH 1HPRXUV� 7KH 1HWKHUODQGV



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

����� 5HVXOWV�DQG�GLVFXVVLRQ

7KH� FRPSDFWV� REWDLQHG� DIWHU� GU\LQJ� ZHUH� DOO� FUDFN�IUHH� DQG� HDV\� WR� UHPRYH� IURP� WKH

PRXOG��UHJDUGOHVV�RI�WKH�HPSOR\HG�ELQGHU�FRQFHQWUDWLRQ��$IWHU�VLQWHULQJ�DW������&��FUDFN�

IUHH�WXEHV�ZHUH�REWDLQHG�IURP�FDVWV�SUHSDUHG�IURP�VXVSHQVLRQV�ZLWK�D�ELQGHU�FRQFHQWUDWLRQ

RI� ��ZW�� DQG� D� S+� RI� ����� $OWKRXJK� VHYHUDO� FUDFN�IUHH� WXEHV� ZHUH� SUHSDUHG�� WKH

UHSURGXFLELOLW\�RI�WKH�SURFHVV�ZDV�ORZ��)LJXUH����VKRZV�D�SKRWRJUDSK�RI�D�WXEH��VLQWHUHG�DW

�����&��ZLWK�D�UHODWLYH�GHQVLW\�RI�PRUH�WKDQ������$OO�WXEHV�VKRZHG�D�EULJKW�OXVWUH�RQ�WKH

LQVLGH� GXH� WR� WKH� VXUIDFH� VPRRWKQHVV�� 7KH� ILJXUHV������ DQG� ����� VKRZ� WKH� VXUIDFH

PRUSKRORJ\�RI�D��SROLVKHG��FURVV�VHFWLRQ�RI�D�WXEH��ZKLFK�KDV�D�WRWDO�WKLFNQHVV�RI�����PP

DQG�D�UHODWLYH�GHQVLW\�RI������6LQWHULQJ�DW������&�LQVWHDG�RI������&�\LHOGHG�WXEHV�ZLWK�D

SRURVLW\�RI������7KLV�GHQVLW\�LV�VLJQLILFDQWO\�KLJKHU�WKDQ�WKDW�RI�WKH�IODW�VXSSRUWV��SUHSDUHG

IURP� WKH� VDPH� SRZGHU� YLD� SUHVVXUH� ILOWUDWLRQ� DQG� VLQWHUHG� DW� WKH� VDPH� WHPSHUDWXUH�� $

SRVVLEOH� UHDVRQ� IRU� WKLV� LV� WKDW� WKH� FHQWULIXJDWLRQ� SURFHVV� \LHOGV� D� GHQVHU� SDFNLQJ� RI

SDUWLFOHV�WKDQ�WKH�ILOWUDWLRQ�SURFHVV��$�SRZGHU�ZLWK�D�ODUJHU�DYHUDJH�SDUWLFOH�VL]H�LV�UHTXLUHG

WR�REWDLQ�WXEHV�ZLWK�D�KLJKHU�SRURVLW\��ZKLOH�HPSOR\LQJ�WKH�VDPH�VLQWHULQJ�WHPSHUDWXUH�

)LJXUH ����� &URVV VHFWLRQ �LQQHU VLGH� RI WKH WXEH

RI ILJXUH ����

)LJXUH ����� &URVV VHFWLRQ �RXWHU VLGH� RI D WXEH

VLQWHUHG DW �����& ZLWK UHODWLYH GHQVLW\ RI ���

)LJXUH ����� 3KRWRJUDSK RI D VLQWHUHG ��� GHQVH /D���6U���&R2��G WXEH ZLWK D OHQJWK RI �� FP�



&KDSWHU ���

'XH�WR�ORZ�UHSURGXFLELOLW\�RI�WKH�UHVXOWV��WKH�UHODWLRQ�EHWZHHQ�WKH�ELQGHU�FRQFHQWUDWLRQ�DQG

WKH� VLQWHU�FUDFNLQJ� RI� WKH� WXEHV� FRXOG� QRW� EH� HVWDEOLVKHG� XQDPELJXRXVO\�� 7KH� ORZ

UHSURGXFLELOLW\� LV� PRVW� SUREDEO\� FDXVHG� E\� WKH� UHODWLYHO\� ORZ� VWDELOLW\� RI� WKH� VWDUWLQJ

VXVSHQVLRQV�� *HQHUDOO\�� VHGLPHQWDWLRQ� ZDV� YLVLEOH� ZLWKLQ� VHYHUDO� PLQXWHV� DIWHU� WKH

XOWUDVRQLF�WUHDWPHQW��)RU�S+�YDOXHV�KLJKHU�WKDQ����WKH�S+�RI�WKH�VXVSHQVLRQ�GLG�QRW�KDYH�D

PHDVXUDEOH�LQIOXHQFH�RQ�WKH�VXVSHQVLRQ�VWDELOLW\��:KHQ�WKH�VXVSHQVLRQ�ZDV�PDGH�DFLGLF��LW

WXUQHG� LQWR� D�YLVFRXV�SDVWH�XQVXLWDEOH� IRU� IXUWKHU�SURFHVVLQJ��(PSOR\LQJ� WKH�PRUH� VWDEOH

��SURSDQRO� EDVHG� VXVSHQVLRQV�� GHULYHG� IURP� WKH� ILOWUDWLRQ� H[SHULPHQWV�� \LHOGHG� JUHHQ

VXSSRUWV� WKDW� ZHUH� WRR� ZHDN� WR� SURFHVV�� %HVLGHV� WKH� SRRU� VXVSHQVLRQ� VWDELOLW\�� DQRWKHU

FULWLFDO�LVVXH�LV�WKH�URXQGQHVV�RI�WKH�WXEHV��'XULQJ�KRUL]RQWDO�VLQWHULQJ�RI�WKH�WXEHV�D�VOLJKW

HOOLSWLFDO� GHIRUPDWLRQ� RFFXUV�� 7KH� YDULDWLRQ� LQ� GLDPHWHU� DPRXQWV� WR� DSSUR[LPDWHO\� ��

UHODWLYH�WR�WKH�PHDQ�WXEH�GLDPHWHU�RI����PP��7KLV�GHIRUPDWLRQ�FDQ�SUREDEO\�EH�DYRLGHG�E\

URWDWLRQ�RI�WKH�WXEH�GXULQJ�VLQWHULQJ�RU�E\�VLQWHULQJ�LQ�D�YHUWLFDO�SRVLWLRQ�

'HVSLWH� WKH� KLJK� UHODWLYH� GHQVLW\� RI� WKH� WXEH� LQ� WKH� ILJXUHV������ DQG� ������ WKHVH� ILJXUHV

FOHDUO\� VKRZ� WKH� JUDGLHQW� LQ� SRURVLW\� FDXVHG� E\� WKH� FODVVLILFDWLRQ� GXULQJ� WKH� FDVWLQJ

SURFHVV��7KLV�LOOXVWUDWHV�WKDW�FHQWULIXJDO�FDVWLQJ�WHFKQLTXH�SURYLGHV�DQ�HOHJDQW�SUHSDUDWLRQ

URXWH� IRU� KLJKO\� SHUPHDEOH� VXSSRUWV� ZLWK� JUDGHG� SRURVLW\�� +RZHYHU�� LQ� WKH� IXUWKHU

GHYHORSPHQW� DQG� RSWLPLVDWLRQ� RI� WKLV� DSSURDFK� WZR� LPSRUWDQW� SUREOHPV� VWLOO� KDYH� WR� EH

WDFNOHG��7KH�ILUVW�LV�WKH�KRPRJHQHLW\�RI�WKH�VWDUWLQJ�SRZGHU��7KH�SUHVHQFH�RI�WKH�VSKHULFDO

SDUWLFOH�LQ�ILJXUH������FOHDUO\�LOOXVWUDWHV�WKDW�WKH�FODVVLI\LQJ�QDWXUH�RI�WKH�FHQWULIXJDO�FDVWLQJ

SURFHVV� GRHV� QRW� SUHYHQW� WKH� SUHVHQFH� RI� WKHVH� ODUJH� LQKRPRJHQHLWLHV� DW� WKH� LQQHU� WXEH

VXUIDFH�� PRVW� OLNHO\� EHFDXVH� WKHVH� VSKHUHV� DUH� KROORZ� DQG� WKHUHIRUH� UHODWLYHO\� OLJKW�

6HFRQGO\�� WKH� VLQWHULQJ� SURFHGXUH� IRU� VXFK� D� JUDGHG� FRPSDFW� UHTXLUHV� FDUHIXO

FRQVLGHUDWLRQ�� ,Q�SDUWLFXODU� IRU� WKH�PL[HG� FRQGXFWLQJ� SHURYVNLWHV�PDWHULDOV�PHQWLRQHG� LQ

WKLV� FKDSWHU�� DOO� VKRZLQJ� KLJK� H[SDQVLRQ� FRHIILFLHQWV�� WKH� VWUHVV� WKDW� GHYHORSV� GXULQJ

VLQWHULQJ�PLJKW�KDYH�D�GHWULPHQWDO�LQIOXHQFH�RQ�REWDLQLQJ�FUDFN�IUHH�VXSSRUWV�

)LJXUH ����� &URVV VHFWLRQ RI WKH LQQHU VXUIDFH RI

WKH WXEH RI ILJXUH ����

)LJXUH ����� ,QQHU VXUIDFH RI D WXEH VLQWHUHG DW

�����& ZLWK D UHODWLYH GHQVLW\ RI ���



3UHSDUDWLRQ RI SHURYVNLWH VXSSRUWV ��

����� *HQHUDO�FRQFOXGLQJ�UHPDUNV

7KH� DERYH� PHQWLRQHG� UHVXOWV� DQG� GLVFXVVLRQ� LOOXVWUDWH� WKH� FRPSOH[LW\� RI� GHYHORSLQJ

VXLWDEOH� /D��[6U[&R2��G� SHURYVNLWH� PDWHULDOV� WR� EH� XVHG� DV� VXSSRUWV� IRU� PP�WKLFN

PHPEUDQHV��7KH�SURFHVV�ZLQGRZ�LV�KLJKO\�QDUURZHG�GRZQ�E\�KRPRJHQHLW\��VLQWHU�VWDELOLW\

DQG�SHUPHDELOLW\�UHTXLUHPHQWV�LQ�FRPELQDWLRQ�ZLWK�WKH�VLQWHULQJ�SURSHUWLHV�RI�WKLV�W\SH�RI

FHUDPLF�PDWHULDO��7KH�VXSSRUWV�SUHSDUHG�E\�SUHVVLQJ�SUH�VLQWHUHG�FODVVLILHG�SRZGHU�VKRZ�D

KLJK� SHUPHDELOLW\� EXW� WKH� VXUIDFH� KRPRJHQHLW\�� ZKLFK� FDQ� EH� LPSURYHG� E\� FRDWLQJ�� LV

FULWLFDO�� 3UHVVXUH� ILOWUDWLRQ� SURYHG� WR� EH� YHU\� VXLWDEOH� IRU� SUHSDULQJ� SHURYVNLWH� VXSSRUWV�

6XSSRUWV� SUHSDUHG� IURP� WKH� FRPPHUFLDO� SRZGHU� XVLQJ� WKLV� WHFKQLTXH� KDYH� WKH� KLJKHVW

KRPRJHQHLW\��KRZHYHU�WKLV�UHVXOWV�LQ�D�SHUPHDELOLW\�WKDW�DSSURDFKHV�WKH�ERUGHUV�RI�ZKDW�LV

DFFHSWDEOH��$OWKRXJK�WKH�QXPEHU�RI�VXSSRUW�GHIHFWV�VKRXOG�EH�GHFUHDVHG�E\�UHILQHPHQW�RU

FODVVLILFDWLRQ�RI�WKH�VWDUWLQJ�SRZGHU��WKH�ODWWHU�VXSSRUWV�FDQ�EH�FRQVLGHUHG�DV�EHVW�VXLWDEOH

IRU�VXSSRUWLQJ�WKLQ�ILOP�PHPEUDQHV��)RU�WKH�SUHSDUDWLRQ�RI�WKH�LQGXVWULDOO\�PRUH�DWWUDFWLYH

WXEXODU� GHQVH� /D��[6U[&R2��G� PHPEUDQHV� DQG� SRURXV� VXSSRUWV�� H[SORUDWRU\� H[SHULPHQWV

KDYH�VKRZQ�FHQWULIXJDO�FDVWLQJ� WR�EH�D�SURPLVLQJ� WHFKQLTXH�� ,W� LV�H[SHFWHG� WKDW�ZKHQ� WKH

SRZGHU�KRPRJHQHLW\��VXVSHQVLRQ�VWDELOLW\�DQG�VLQWHU�FRQGLWLRQV�DUH�IXUWKHU�RSWLPLVHG��KLJK

TXDOLW\�GHQVH�WXEHV�RU�WXEHV�ZLWK�JUDGHG�SRURVLW\�FDQ�EH�REWDLQHG�

����� 5HIHUHQFHV

�� 5�0� GH 9RV DQG +� 9HUZHLM� ³+LJK�6HOHFWLYLW\� +LJK�)OX[ 6LOLFD 0HPEUDQHV IRU *DV 6HSDUDWLRQ�´

6FLHQFH ��� ������ ����

�� $� 1LMPHLMHU� &� +XLVNHV� 1�*�0� 6LEHOW� +� .UXLGKRI DQG +� 9HUZHLM� ³&HQWULIXJDO FDVWLQJ RI WXEXODU
PHPEUDQH VXSSRUWV�´ $P� &HUDP� 6RF� %XOO� �� ������ ��

�� -� 'RQJ� .� :HJQHU DQG <� 6� /LQ� �6\QWKHVLV RI 6XEPLFURQ 3RO\FU\VWDOOLQH 6LOLFDOLWH )LOPV RQ 3RURXV

&HUDPLF 6XSSRUWV�� -� 0HPEU� 6FL� ��� ������ ���

�� /�:� 7DL� 0�0� 1DVUDOODK� +�8� $QGHUVRQ� '�0� 6SDUOLQ DQG 6�5� 6HKOLQ� ³6WUXFWXUH DQG HOHFWULFDO

SURSHUWLHV RI /D��[6U[&R��\)H\2�� 3DUW �� 7KH V\VWHP /D��[6U[&R���)H���2�´� 6ROLG 6WDWH ,RQLFV �� ������

���
�� (�$�)� 6SDQ� )�-�*� 5RHVWKXLV� '�+�$� %ODQN� +� 5RJDOOD� ³6WUXFWXUDO DQG HOHFWULFDO SURSHUWLHV RI

/D���6U���&R2� ILOPV RQ 6U7L2� DQG SRURXV D�$O�2� VXEVWUDWHV´� $SSOLHG 3K\VLFV $� �� 6��� ������
�� &KDSWHU � RI WKLV WKHVLV

�� <� 7HUDRND� 7� )XNXGD� 1� 0LXUD DQG 1� <DPD]RH� ³'HYHORSPHQW RI R[\JHQ VHPLSHUPHDEOH PHPEUDQH

XVLQJ PL[HG FRQGXFWLYH SHURYVNLWH�W\SH R[LGHV �SDUW��� SUHSDUDWLRQ RI SRURXV VLQWHUHG GLVFV RI

SHURYVNLWH W\SH R[LGH´� -� &HUDP� 6RF� -SQ� ,QWHU� (G� �� ������ ���

�� '� 'LRQ\VLRV� ;� 4L� <�6 /LQ� *� 0HQJ� '� 3HQJ� ³3UHSDUDWLRQ DQG FKDUDFWHUL]DULRQ RI SURWRQ
FRQGXFWLQJ WHUELXP GRSHG VWURQWLXP FHUDWH PHPEUDQHV´ -� 0HEU� 6FL�� ��� ������ ���

�� 5�+�(� YDQ 'RRUQ� +� .UXLGKRI� $� 1LMPHLMHU� /� :LQQXEVW DQG $�-� %XUJJUDDI� ³3UHSDUDWLRQ RI

/D���6U���&R2��G SHURYVNLWH E\ WKHUPDO GHFRPSRVLWLRQ RI PHWDO�('7$ FRPSOH[HV�´ -� 0DWHU� &KHP� �
������ ����

��� -�(� WHQ (OVKRI� +�-�0� %RXZPHHVWHU DQG +� 9HUZHLM� ³2[\JHQ WUDQVSRUW WKURXJK /D��[6U[)H2��G

PHPEUDQHV� ,� 3HUPHDWLRQ LQ DLU�+H JUDGLHQWV´� 6ROLG 6WDWH ,RQLFV �� ������ ��

��� -�:� 9HOGVLQN� *�)� 9HUVWHHJ� :�3�0� YDQ 6ZDDLM� ³$Q H[SHULPHQWDO VWXG\ RI GLIIXVLRQ DQG FRQYHFWLRQ

RI PXOWLFRPSRQHQW JDVHV WKURXJK FDWDO\WLF DQG QRQ�FDWDO\WLF PHPEUDQHV´�-� 0HPEU� 6FL� �� ������ ���

��� $� 1LMPHLMHU� +� .UXLGKRI� 5� %UHGHVHQ DQG +� 9HUZHLM� ³3UHSDUDWLRQ DQG 3URSHUWLHV RI +\GURWKHUPDOO\

6WDEOH J�$OXPLQD 0HPEUDQHV´� -� $P� &HUDP� 6RF� �� >�@ ��� �������



&KDSWHU ���

��� 7� 0DWVXXUD� 7� ,VKLJDNL� -� 0L]XVDNL� 6� <DPDXFKL� .� )XHNL� ³6LQJOH FU\VWDO JURZWK RI SHURYVNLWH�W\SH
/D��[6U[02� �0 )H�&R� VROLG VROXWLRQV´� -DS� -� $SSO� 3K\V� �� ������ ����

��� 6� %LOJHU� (� 6\VNDNLV� $ 1DRXPLGLV� + 1LFNHO� ³6RO�JHO V\QWKHVLV RI VWURQWLXP�GRSHG ODQWKDQXP

PDQJDQLWH´� -� $P� &HUDP� 6RF�� �� ������ ���

��� '�+�$� %ODQN� +� .UXLGKRI� -� )ORNVWUD� ³3UHSDUDWLRQ RI <ED�&X�2��G E\ FLWUDWH V\QWKHVLV DQG S\URO\VLV´�
$SSO� 3K\V� �� ������ ���

��� )�&�0� :RXGHQEHUJ� :�)�&� 6DJHU� 1�*�0� 6LEHOW� +� 9HUZHLM� ³'HQVH QDQRVWUXFWXUHG W�=U2� FRDWLQJV

DW ORZ WHPSHUDWXUHV YLD PRGLILHG HPXOVLRQ SUHFLSLWDWLRQ´� VXEPLWWHG WR $GY� 0DWHU�

��� *�/� 0HVVLQJ� 6� =KDQJ DQG *�9� -D\DQWKL� ³&HUDPLF SRZGHU V\QWKHVLV E\ VSUD\ S\URO\VLV�´ -� $P�
&HUDP� 6RF�� �� ������ ����

��� '�+� (YHUHWW� ³%DVLF 3ULQFLSOHV RI &ROORLG 6FLHQFH´� �QG HGLWLRQ� -RKQ :LOH\ 	 6RQV� ,QF�� 1HZ <RUN

������

��� 6� .DML DQG 1� 6DNDPRWR� ³(IIHFW RI VWURQWLXP LRQV OHDFKHG IURP /D���6U���&R2� RQ IORZ SURSHUW\ LQ DQ

DTXHRXV V\VWHP�´ -� 0DWHU� 6FL�� �� ������ ����
��� 6� /L� +� 4L� 1� ;X DQG -� 6KL� ³7XEXODU 'HQVH 3HURYVNLWH 7\SH PHPEUDQHV� 3UHSDUDWLRQ� 6HDOLQJ DQG

2[\JHQ 3HUPHDWLRQ 3URSHUWLHV�´ ,QG� (QJ� &KHP� 5HV�� �� ������ ����

��� 1� ;X� 6� /L� :� -LQ� -� 6KL DQG <�6� /LQ� ³([SHULPHQWDO DQG 0RGHOOLQJ 6WXG\ RQ 7XEXODU 'HQVH

PHPEUDQHV IRU 2[\JHQ 3HUPHDWLRQ�´ $,&K( -RXUQDO� �� ������ ����

��� :� -LQ� 6� /L� 3� +XDQJ� 1� ;X� -� 6KL DQG <�6� /LQ� ³7XEXODU /DQWKDQXP &REDOWLWH 3HURYVNLWH 7\SH

0HPEUDQH 5HDFWRUV IRU 3DUWLDO 2[LGDWLRQ RI 0HWKDQH WR 6\QJDV�´ -� 0HPEU� 6FL�� ��� ������ ��
��� 6� /L� :� -LQ� 3� +XDQJ� 1� ;X� -� 6KL DQG <�6� /LQ� ³7XEXODU /DQWKDQXP &REDOWLWH 3HURYVNLWH�W\SH

0HPEUDQH IRU 2[\JHQ 3HUPHDWLRQ�´ -� 0HPEU� 6FL�� ��� ������ ��

��� 3�0� %LHVKHXYHO� $� 1LMPHLMHU DQG +� 9HUZHLM� ³7KHRU\ RI EDWFKZLVH FHQWULIXJDO FDVWLQJ�´ $,&K( -�� ��

������ ����

��� 3�0� %LHVKHXYHO DQG +� 9HUZHLM� ³&DOFXODWLRQ RI WKH FRPSRVLWLRQ SURILOH RI D IXQFWLRQDOO\ JUDGHG

PDWHULDO SURGXFHG E\ FHQWULIXJDO FDVWLQJ´� -� $P� &HUDP� 6RF�� �� ������ ���



����
3UHSDUDWLRQ�RI�GHQVH�/D���6U���&R2��G

WKLQ�ILOP�PHPEUDQHV�RQ�SRURXV
VXSSRUWV�E\�SXOVHG�ODVHU�GHSRVLWLRQ

$EVWUDFW

'HQVH��KRPRJHQHRXV�DQG�FUDFN�IUHH�WKLQ�ILOPV������ PP� �LQ� WKLFNQHVV��RI�/D���6U���&R2��G

ZHUH� GHSRVLWHG� RQ� SRURXV� /D���6U���&R2��G� VXEVWUDWHV� DW� ����&�� XVLQJ� SXOVHG� ODVHU

GHSRVLWLRQ�� 7KH� VWUXFWXUDO� HYROXWLRQ� DQG� PLFURVWXFWXUH� RI� WKH� GHSRVLWHG� ILOPV� ZHUH

LQYHVWLJDWHG�XVLQJ�;�UD\�GLIIUDFWLRQ��;5'���DWRPLF�IRUFH�PLFURVFRS\��$)0��DQG�VFDQQLQJ

HOHFWURQ� PLFURVFRS\� �6(0��� ,QLWLDO� GHSRVLWLRQ� H[SHULPHQWV� RQ� SRURXV� D�$O�2�� VXSSRUWV

ZHUH�XQVXFFHVVIXO�DV�FUDFN�IRUPDWLRQ�RFFXUUHG�GXULQJ�FRROLQJ�DIWHU�WKH�GHSRVLWLRQ�SURFHVV

GXH� WR� WKHUPDO� PLVPDWFK�� 7KH� GHSRVLWHG� /D���6U���&R2��G�� ILOPV� DUH� FRQVLGHUHG� DV

SURPLVLQJ�FDQGLGDWHV�IRU�DSSOLFDWLRQ�DV�R[\JHQ�VHSDUDWLRQ�PHPEUDQH�

���� ,QWURGXFWLRQ

9DULRXV� WHFKQLTXHV� DUH� DYDLODEOH� IRU� WKH�GHSRVLWLRQ�RI� WKLQ�R[LGH� ILOPV��$PRQJ� WKH�PRVW

SURPLQHQW�RQHV�DUH�FKHPLFDO�YDSRXU�GHSRVLWLRQ��&9'���HOHFWURFKHPLFDO�YDSRXU�GHSRVLWLRQ

�(9'��� ZHW� FKHPLFDO� VRO�JHO� DQG� VXVSHQVLRQ� WHFKQLTXHV�� VSXWWHULQJ� DQG� SXOVHG� ODVHU

GHSRVLWLRQ� �3/'��� 6LQFH� LQ� ����� WKH� ILUVW� KLJK� WHPSHUDWXUH� VXSHUFRQGXFWLQJ� OD\HUV� RI

<%D�&X�2�� ZLWK� FRUUHFW� VWRLFKLRPHWU\� DQG� SKDVH� ZHUH� GHSRVLWHG� XVLQJ� 3/'� >�@�� WKLV

WHFKQLTXH�KDV�UHFHLYHG�D�ORW�RI�DWWHQWLRQ��8VLQJ�3/'��KLJK�TXDOLW\�OD\HUV�FDQ�EH�IDEULFDWHG

ZLWK� H[FHOOHQW� WH[WXUH� DQG� YDULRXV� FU\VWDOORJUDSKLF� RULHQWDWLRQV�>���@�� 3/'� FDQ� EH

HPSOR\HG� WR� GHSRVLW� OD\HUV� RI� KLJK�7F� VXSHUFRQGXFWRUV�� IHUULWHV�� IHUURHOHFWULFV�� RSWR�



&KDSWHU ���

HOHFWURQLFV�� WULERORJLFDO� FRDWLQJV�� PHWDOV�� LQVXODWRUV�� DQG� ELRPDWHULDOV�� 7KH� SURFHVV� LV

VLPSOH��IDVW�DQG�FDQ�EH�HPSOR\HG�DW�UHODWLYHO\�KLJK��R[\JHQ��EDFNJURXQG�SUHVVXUHV��ZKLFK

UHQGHUV�LW�SDUWLFXODUO\�VXLWDEOH�IRU�WKH�JURZWK�RI�PXOWL�FRPSRQHQW�R[LGHV�

$OWKRXJK� WKLQ� ILOP� JURZWK� DQG� HSLWD[\� RI� R[LGLF� PDWHULDOV� LV� DQ� LVVXH� WKDW� FXUUHQWO\

UHFHLYHV�VFLHQWLILF�DQG�WHFKQRORJLFDO�LQWHUHVW��3/'�KDV�EHHQ�XVHG�PDLQO\�IRU�WKH�GHSRVLWLRQ

RI�WKLQ�ILOPV�RQWR�QRQ�SRURXV��L�H��GHQVH��VXEVWUDWHV��7KH�SRVVLELOLW\�RI�XVLQJ�3/'�IRU� WKH

GHSRVLWLRQ� RI� GHQVH� R[LGH� ILOPV� RQWR� SRURXV� VXEVWUDWHV� RIIHUV� SHUVSHFWLYHV� WR� GHYHORS

PHPEUDQHV�IRU�R[\JHQ�VHSDUDWLRQ��7\SLFDOO\��WKHVH�PL[HG�FRQGXFWLQJ�PHPEUDQHV�RSHUDWH

DW�WHPSHUDWXUHV�UDQJLQJ�IURP�����WR������&��)RU�UHGXFHG�RSHUDWLQJ�WHPSHUDWXUHV�RU�KLJKHU

R[\JHQ�IOX[HV�HLWKHU�WKLQQHU�RU�PRUH�FRQGXFWLYH�PHPEUDQHV�DUH�QHHGHG��7KH�REMHFWLYH�RI

WKLV� ZRUN� LV� WKH� IDEULFDWLRQ� RI� WKLQ� FRQWLQXRXV� OD\HUV� RI� SHURYVNLWH� /D���6U���&R2��G� RQ

SRURXV�VXSSRUWV�

$V� WKH� WKHUPDO�H[SDQVLRQ�RI�/D���6U���&R2��G� LV�VLJQLILFDQW�� GHSRVLWLRQ� UHTXLUHV� D� VXSSRUW

ZKLFK�LV�SUHIHUDEO\�PDGH�IURP�WKH�VDPH�PDWHULDO��LQ�RUGHU�WR�DYRLG�FUDFN�IRUPDWLRQ�UHODWHG

ZLWK� WKHUPDO� PLVPDWFK�� :KHQ� ZHW� FKHPLFDO� GHSRVLWLRQ� WHFKQLTXHV� DUH� HPSOR\HG�� DQ

DGGLWLRQDO�VLQWHULQJ�VWHS�LV�DOZD\V�UHTXLUHG�WR�GHQVLI\�WKH�GHSRVLWHG�WKLQ�OD\HU��%HVLGHV�KLJK

GHSRVLWLRQ�UDWHV�DQG�SURFHVV�VLPSOLFLW\��WKH�IXUWKHU�DGYDQWDJH�RI�3/'�LV�WKDW�GHSRVLWLRQ�FDQ

EH�FDUULHG�RXW�DW�HOHYDWHG�WHPSHUDWXUH��DYRLGLQJ�D�SRVW�GHSRVLWLRQ�VLQWHULQJ�VWHS��$�GHQVH

DQG�FU\VWDOOLQH�ILOP�LV�IRUPHG��SURYLGHG�WKDW�D�VXEVWUDWH� LV�XVHG�ZLWK�D�VXUIDFH� URXJKQHVV

ZKLFK�LV�ORZHU�WKDQ�WKH�WKLFNQHVV�RI�WKH�ILOP�WR�EH�GHSRVLWHG�

7KH� DFFHSWRU�GRSHG� /D��[6U[&R2��G� SHURYVNLWHV�W\SH� PDWHULDOV� KDYH� EHHQ� H[WHQVLYHO\

VWXGLHG�IRU�DSSOLFDWLRQ�DV�R[\JHQ�VHSDUDWLRQ�PHPEUDQH��6HYHUDO�VWXGLHV�RQ�HSLWD[LDO�ILOPV

RI�WKHVH�PDWHULDOV�KDYH�EHHQ�SHUIRUPHG�>������@�DQG�LW�KDV�EHHQ�GHPRQVWUDWHG�WKDW�IRU�WKH

PDWHULDO�ZLWK�[ ����FU\VWDOOLQH�OD\HUV�FDQ�EH�JURZQ�RQ�VLQJOH�FU\VWDOOLQH�6U7L2��VXEVWUDWHV

XVLQJ�3/'�>��@��+RZHYHU��VR�IDU�QR�DWWHPSWV�KDYH�EHHQ�PDGH�WR�JURZ�WKHVH�PDWHULDOV�RQ

PDFURSRURXV�VXEVWUDWHV��,Q�WKLV�FKDSWHU��WKH�XVH�RI�3/'�WR�GHSRVLW�GHQVH�FRQWLQXRXV�ILOPV

RI�/D���6U���&R2��G�RQ�PDFURSRURXV�VXSSRUWV�RI�D�$O�2��DQG�/D���6U���&R2��G�LV�FRQVLGHUHG�

7KH� GHYHORSHG� PLFURVWUXFWXUH� RI� WKH� ILOPV� LV� SUHVHQWHG�� 5HVXOWV� RI� R[\JHQ� SHUPHDWLRQ

H[SHULPHQWV� DUH� SUHVHQWHG� LQ� &KDSWHU��� RI� WKLV� WKHVLV�� 7KH� JURZWK� NLQHWLFV� RI� WKH

/D���6U���&R2��G� WKLQ� ILOPV� RQ� ERWK� SRURXV� DQG� GHQVH� VXEVWUDWHV� KDV� EHHQ� UHSRUWHG

HOVHZKHUH�>�����@�



3UHSDUDWLRQ RI GHQVH /D���6U���&R2��G WKLQ�ILOP PHPEUDQHV RQ SRURXV VXSSRUWV E\ SXOVHG ODVHU GHSRVLWLRQ ��

���� 3XOVHG�ODVHU�GHSRVLWLRQ

'XULQJ�D�3/'�H[SHULPHQW��D�SXOVHG�ODVHU�EHDP�LV�IRFXVVHG�RQWR�D�VRXUFH�RI�WKH�PDWHULDO�WR

EH�GHSRVLWHG��DOVR�GHQRWHG�DV�WKH�WDUJHW��'XH�WR�WKH�KLJK�HQHUJ\�GHQVLW\�RI�WKH�ODVHU�SXOVH

WKH�WDUJHW�PDWHULDO�YDSRULVHV�DW�WKH�VSRW�ZKHUH�WKH�ODVHU�EHDP�KLWV�WKH�WDUJHW��&RQVHTXHQWO\�

WKH�YDSRXU�DEVRUEV�PRVW�RI�WKH�HQHUJ\�RI�WKH�ODVHU�SXOVH�DQG�WUDQVIRUPV�LQWR�DQ�HQHUJHWLF

SXOVH�� 7\SLFDO� WLPH� VFDOHV� IRU� SODVPD� IRUPDWLRQ� DUH� LQ� WKH� RUGHU� RI� ���QV�� 7KH� SODVPD

H[SDQGV�LQWR�WKH�VXUURXQGLQJ�DPELHQW�LQ�D�SOXPH�VKDSHG�IRUP��:KHQ�D�VXEVWUDWH�LV�SODFHG

LQWR� WKLV� SOXPH�� WKH� HYDSRUDWHG�PDWHULDO�ZLOO� SDUWO\� GHSRVLW� RQWR� WKH� VXEVWUDWH�� %RWK� WKH

WDUJHW�DQG�VXEVWUDWH�DUH�PRXQWHG�LQ�D�YDFXXP�FKDPEHU�

,PSRUWDQW�SDUDPHWHUV�GXULQJ�WKH�GHSRVLWLRQ�SURFHVV�DUH� WKH�DEVRUSWLRQ�FRHIILFLHQW�DQG�WKH

UHIOHFWLYLW\�RI� WKH� WDUJHW�PDWHULDO�� WKH�SXOVH�GXUDWLRQ��ZDYHOHQJWK� DQG� HQHUJ\� RI� WKH� ODVHU

EHDP�� WKH� ODVHU� UHSHWLWLRQ� IUHTXHQF\� DQG� WKH� WDUJHW�WR�VXEVWUDWH� GLVWDQFH�� 0RUHRYHU�� WKH

VXEVWUDWH� WHPSHUDWXUH� DQG� WKH� DPELHQW� R[\JHQ� SUHVVXUH� DUH� LPSRUWDQW�� 7KH� ODWWHU� KDV� D

VXEVWDQWLDO� LQIOXHQFH� RQ� WKH� SURSHUWLHV� RI� WKH� GHSRVLWHG� ILOP� DQG� GHWHUPLQHV� WKH� SODVPD

VL]H��6LQFH�3/'�DOORZV�EDFNJURXQG�SUHVVXUHV�WKDW�DUH�VLJQLILFDQWO\�KLJKHU�WKDQ�WKRVH�XVHG

LQ�UHJXODU�YDSRXU�GHSRVLWLRQ�WHFKQLTXHV�� LW� LV�HVSHFLDOO\�VXLWDEOH� IRU� LQ�VLWX�SUHSDUDWLRQ�RI

FRPSOH[�R[LGHV�RU�FRPSRXQGV�WKDW�DUH�XQVWDEOH�DW�ORZ�R[\JHQ�SUHVVXUHV�

)LJXUH ���� 7KH GHYHORSPHQW RI D SODVPD ��� GXH WR ODVHU

LQWHUDFWLRQ ZLWK WKH WDUJHW ���� 7KH SODVPD H[WHQGV WR WKH

VXEVWUDWH ��� ZKHUH GHSRVLWLRQ WDNHV SODFH�



&KDSWHU ���

���� ([SHULPHQWDO

7KH�GHSRVLWLRQ�H[SHULPHQWV�ZHUH�FDUULHG�RXW� LQ�D�YDFXXP�FKDPEHU��ZKLFK�ZDV�HTXLSSHG

ZLWK� D� WXUER� SXPS�� JDV� LQOHW�� WDUJHW� KROGHU� ZLWK� D� URWDWLRQ� PHFKDQLVP� DQG� D� VXEVWUDWH

KROGHU�LQFOXGLQJ�D�KHDWHU��7KH�VXEVWUDWH�ZDV�FODPSHG�WR�WKH�KHDWHU�XQGHU�VSULQJ�ORDG��7KH

VXEVWUDWH� KHDWHU� HQDEOHG� YDULDWLRQ� RI� WKH� VXEVWUDWH� WHPSHUDWXUH� LQ� WKH� UDQJH� IURP� URRP

WHPSHUDWXUH�WR�����&��'XULQJ�GHSRVLWLRQ��WKH�WDUJHW�ZDV�URWDWHG�WR�HQDEOH�XQLIRUP�HURVLRQ

RI� WKH� WDUJHW��$�SXOVHG�.U)� H[FLPHU� ODVHU�ZDV� XVHG�ZLWK� D�ZDYHOHQJWK� RI� ����QP� DQG� D

SXOVH� GXUDWLRQ� RI� ���QV�� )RU� DOO� H[SHULPHQWV� D� ODVHU� UHSHWLWLRQ� IUHTXHQF\� RI� ���+]� ZDV

HPSOR\HG�� 7KH� HQHUJ\� GHQVLW\� RI� WKH� ODVHU� EHDP� ZDV� ����-�FP
�
�� $FFRUGLQJ� WR� UHVXOWV

REWDLQHG�GXULQJ�D�SUHOLPLQDU\�VWXG\�RQ�3/'�RI�/D���6U���&R2��G�>��@�� WKLV� IOXHQF\� LV�ZHOO

DERYH� WKH� WKUHVKROG� YDOXH� IRU� VWRLFKLRPHWULF� DEODWLRQ��8VLQJ� WKHVH� VHWWLQJV�� D� GHSRVLWLRQ

UDWH�ZDV�DFKLHYHG�RI�DSSUR[LPDWHO\����PP�K��)LJXUH�����JLYHV�D�VFKHPDWLF� UHSUHVHQWDWLRQ

RI�WKH�3/'�VHW�XS��$IWHU�GHSRVLWLRQ��WKH�ILOPV�JURZQ�DW�KLJK�WHPSHUDWXUH�ZHUH�DQQHDOHG�LQ

��EDU�R[\JHQ�IRU���K�DW�WKH�GHSRVLWLRQ�WHPSHUDWXUH�

,QLWLDO� GHSRVLWLRQ� H[SHULPHQWV� ZHUH� SHUIRUPHG� RQ� ���� SRURXV� �� PP� WKLFN� D�$O�2�

VXSSRUWV� ZLWK� D� PHDQ� SRUH� GLDPHWHU� RI� ���QP�>��@�� $OWKRXJK� SUREOHPV� ZHUH� H[SHFWHG

UHODWHG�ZLWK�WKH�ODUJH�GLIIHUHQFH�LQ�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW��7(&��EHWZHHQ�D�$O�2�

)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH SXOVHG ODVHU GHSRVLWLRQ VHW�XS >��@



3UHSDUDWLRQ RI GHQVH /D���6U���&R2��G WKLQ�ILOP PHPEUDQHV RQ SRURXV VXSSRUWV E\ SXOVHG ODVHU GHSRVLWLRQ ��

DQG� /D���6U���&R2��G�� KLJK�TXDOLW\� VXSSRUWV�ZHUH� DYDLODEOH� LQ� RXU� ODERUDWRU\�� 7KHVH�ZHUH

XVHG�LQ�VFRXWLQJ�H[SHULPHQWV�WR�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�YDULRXV�GHSRVLWLRQ�SDUDPHWHUV�

6XEVHTXHQWO\��GHSRVLWLRQ�H[SHULPHQWV�ZHUH�SHUIRUPHG�RQ�KRPH�PDGH�����SRURXV�����PP

WKLFN�/D���6U���&R2��G�VXSSRUWV�ZLWK�D�PHDQ�SRUH�GLDPHWHU�RI�����PP��7KHVH�VXSSRUWV�ZHUH

SUHSDUHG� YLD� SUHVVXUH� ILOWUDWLRQ� RI� D� VXVSHQVLRQ� PDGH� IURP� FRPPHUFLDO� SRZGHU� DV

GHVFULEHG� LQ� FKDSWHU���RI� WKLV� WKHVLV��$IWHU� GHSRVLWLRQ�� WKH� UHVXOWLQJ� WKLQ� ILOP�PHPEUDQHV

ZHUH� FKDUDFWHULVHG� E\� 6(0�� $)0�� (';� DQG� ;5'� XVLQJ� &X�.D� UDGLDWLRQ�� 7KH� JDV

WLJKWQHVV� RI� WKH� ILOPV� GHSRVLWHG� RQ� WKH� D�$O�2�� PHPEUDQHV� ZDV� FKHFNHG� E\� QLWURJHQ

SHUPHDWLRQ� PHDVXUHPHQWV�� XVLQJ� D� GHDG�HQG� SHUPHDWLRQ� FHOO�� $Q� DEVROXWH� SUHVVXUH

GLIIHUHQFH�XS�WR���EDU�ZDV�DSSOLHG�DFURVV�WKH�PHPEUDQH�ZKLOH�WKH�ORZ�SUHVVXUH�VLGH�RI�WKH

PHPEUDQH�ZDV�NHSW�DW�DWPRVSKHULF�SUHVVXUH�

���� 5HVXOWV�DQG�GLVFXVVLRQ

������ 'HSRVLWLRQ�RQ�SRURXV�D�$O�2��VXEVWUDWHV

(';� DQG� 6(0� GHPRQVWUDWHG� WKDW� VWRLFKLRPHWULF�� ��PP� WKLFN� SRO\FU\VWDOOLQH� ILOPV� ZHUH

REWDLQHG�DW�D�VXEVWUDWH�WHPSHUDWXUH�RI�����&��7KH�FRUUHVSRQGLQJ�;5'�SDWWHUQ�LV�VKRZQ�LQ

)LJXUH������ $OO� SHDNV� QRW� EHORQJLQJ� WR� WKH� VXSSRUW� FRXOG� EH� LQGH[HG� RQ� WKH� EDVLV� RI� D

SHURYVNLWH�ODWWLFH��7KH�R[\JHQ�SUHVVXUH�DQG�WKH�WDUJHW�WR�VXEVWUDWH�GLVWDQFH�SURYHG�WR�KDYH

D�GHFLVLYH� LQIOXHQFH�RI� WKH�PRUSKRORJ\� RI� WKH� ILOP�� ,Q� JHQHUDO�� GHQVH� DQG� XQLIRUP� ILOPV

ZHUH�REWDLQHG�DW�DQ�DPELHQW�R[\JHQ�SUHVVXUH�RI�����3D�DQG�D�WDUJHW�WR�VXEVWUDWH�GLVWDQFH�RI

���PP�� $WRPLF� IRUFH� PLFURVFRS\� �$)0�� ZDV� XVHG� WR� UHVROYH� WKH� JUDLQ� VWUXFWXUH�

)LJXUH����� VKRZV� DQ� $)0� PLFURJUDSK� RI� VXFK� D� ILOP�� ,Q� JHQHUDO�� WKH� UPV�VXUIDFH

URXJKQHVV� ZDV� IRXQG� WR� EH� EHORZ� ��� QP�� +LJKHU� EDFNJURXQG� R[\JHQ� SUHVVXUHV� DQG�RU

WDUJHW�WR�VXEVWUDWH�GLVWDQFH�OHG�WR�ILOPV�ZLWK�DQ�LQFUHDVHG�URXJKQHVV�DQG�SRURVLW\�>�����@�

:KHQ� WKH� GHSRVLWHG� ILOPV� ZHUH� FRROHG� WR� URRP� WHPSHUDWXUH�� FUDFN� IRUPDWLRQ� RFFXUUHG�

UHJDUGOHVV� RI� WKH� DSSOLHG� FRROLQJ� UDWH��7KLV� FUDFN� IRUPDWLRQ� LV� DWWULEXWHG� WR� WKH� GLIIHUHQW

WKHUPDO�H[SDQVLRQ�RI�WKH�D�$O�2��VXSSRUW�FRPSDUHG�ZLWK�WKH�/D���6U���&R2��G�ILOP�
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)LJXUH ���� ;�UD\ GLIIUDFWRJUDP RI DQ D�$O�2� VXSSRUWHG /D���6U���&R2��G ILOP�
7KH SHDNV FDXVHG E\ WKH SHURYVNLWH SKDVH DUH LQGH[HG� WKH VXSSRUW SHDNV DUH PDUNHG

ZLWK DQ µV¶�

)LJXUH ���� $)0 KHLJKW LPDJH ZLWK FURVV�VHFWLRQ RI D �PP WKLFN D�$O�2�

VXSSRUWHG /D���6U���&R2��G ILOP



3UHSDUDWLRQ RI GHQVH /D���6U���&R2��G WKLQ�ILOP PHPEUDQHV RQ SRURXV VXSSRUWV E\ SXOVHG ODVHU GHSRVLWLRQ ��

'HSRVLWLRQ� DW� URRP� WHPSHUDWXUH� \LHOGHG� DPRUSKRXV� ILOPV�� 7KHVH� ILOPV�� REWDLQHG� DW� WKH

VDPH� DPELHQW� R[\JHQ� SUHVVXUH� DQG� WDUJHW�WR�VXEVWUDWH� GLVWDQFH� DV� WKH� ILOPV� JURZQ� DW

����&��ZHUH�GHQVH�DQG�FUDFN�IUHH��1LWURJHQ�SHUPHDWLRQ�FRXOG�QRW�EH�GHWHFWHG��$QQHDOLQJ

RI�WKHVH�ILOPV�DW�����&�LQ�DLU�IRU����K�UHVXOWHG�LQ�WKH�IRUPDWLRQ�RI�FU\VWDOOLQH�ILOPV��EXW�DOVR

LQWURGXFHG�FUDFNV��)LJXUH����E�DQG�F�VKRZV�6(0�PLFURJUDSKV�RI�WKH�ILOPV�JURZQ�DW�URRP

WHPSHUDWXUH� DQG� ����&�� DW� DQ� R[\JHQ� SUHVVXUH� RI� ����3D� DQG� ZLWK� D� WDUJHW�WR�VXEVWUDWH

GLVWDQFH�RI����PP�

������ 'HSRVLWLRQ�RQ�SRURXV�/D���6U���&R2��GG�VXEVWUDWHV

7KH�GHSRVLWLRQ�SDUDPHWHUV�XVHG�IRU�WKH�IDEULFDWLRQ�RI�WKH�D�$O�2��VXSSRUWHG�ILOPV�VHUYHG

DV�D�VWDUWLQJ�SRLQW�IRU�WKH�GHSRVLWLRQ�H[SHULPHQWV�RQ�SRURXV�/D���6U���&R2��G�VXSSRUWV��$V

VKRZQ�LQ�WKH�ILJXUHV����D�DQG�E��WKHVH�VXSSRUWV�H[KLELW�D�PXFK�FRDUVHU�VXUIDFH�PRUSKRORJ\

WKDQ�WKH�D�$O�2��VXSSRUWV��ZKLFK�UHTXLUHV�GHSRVLWLRQ�RI�WKLFNHU�ILOPV��6LQFH�WKH�SHURYVNLWH

VXSSRUWV�DUH�PRUH�SURQH�WR�FUDFN�IRUPDWLRQ��GXH�WR�VWRLFKLRPHWULF�HTXLOLEUDWLRQ�SUREOHPV�

)LJXUH ���� 6(0 SLFWXUHV RI� WKH W\SLFDO VXUIDFH PRUSKRORJ\ RI D SROLVKHG D�$O�2� VXSSRUW �D�� D

� PP WKLFN /D���6U���&R2��G ILOP GHSRVLWHG RQ WRS RI VXFK D VXSSRUW DW URRP WHPSHUDWXUH �E� DQG D FURVV
VHFWLRQ RI WKH GHSRVLWHG ILOP �F�� 3LFWXUH �G� VKRZV D ILOP JURZQ DW ����&� FOHDUO\ IHDWXULQJ WKH FUDFNV

UHVXOWLQJ IURP FRROLQJ DIWHU GHSRVLWLRQ�



&KDSWHU ���

WKH\�ZHUH�VORZO\�KHDWHG�DW�D�UDWH�RI���&�PLQ�WR�����&�LQ���EDU�RI�R[\JHQ��6XEVHTXHQWO\�

WKH�R[\JHQ�SUHVVXUH�ZDV� ORZHUHG� WR���3D�DW�ZKLFK� WKH�GHSRVLWLRQ�ZDV�SHUIRUPHG��/D\HUV

ZHUH� JURZQ� ZLWK� D� WKLFNQHVV� YDU\LQJ� IURP� �� WR� ��� PP�� $IWHU� GHSRVLWLRQ�� WKH� R[\JHQ

SUHVVXUH� ZDV� VORZO\� LQFUHDVHG� LQ� ��K� IRUP� �� 3D� WR� ��EDU�� LQ� ZKLFK� WKH� PHPEUDQH� ZDV

DQQHDOHG�DW�WKH�GHSRVLWLRQ�WHPSHUDWXUH�IRU��K��6XEVHTXHQWO\�WKH�PHPEUDQH�ZDV�FRROHG�WR

URRP�WHPSHUDWXUH�

)LJXUH����E� VKRZV� WKH� VXUIDFH�PRUSKRORJ\� RI� D� ILOP� ��PP� LQ� WKLFNQHVV��&UDFNLQJ� RI� WKH

ILOPV�ZDV�QRW�REVHUYHG��SURYLGHG�WKDW�FRROLQJ�UDWHV�EHORZ�����&�PLQ�ZHUH�DSSOLHG�DIWHU�WKH

DQQHDOLQJ�VWHS��7KH�LPSULQW�RI�WKH�VXSSRUW�FDXVHV�WKH�VXUIDFH�WH[WXUH�RI�WKH�ILOP�VKRZQ�LQ

)LJ�����E��'HVSLWH�WKLV�VWUXFWXUH��WKH�GHSRVLWHG�OD\HU�EULGJHV�DOO�VXSSRUW�SRUHV�DQG�DSSHDUV

WR�EH�GHQVH�DV�ZDV�FRQILUPHG�E\�KLJK�WHPSHUDWXUH�R[\JHQ�SHUPHDWLRQ�PHDVXUHPHQWV�>��@�

$)0� LQGLFDWHG� DOO� ILOPV� WR� H[KLELW� D� UPV�VXUIDFH� URXJKQHVV� RI� ��� WR� ����QP�� )LJXUH����

VKRZV�D�W\SLFDO�$)0�PLFURJUDSK�

)LJXUH ���� 6(0 SLFWXUHV RI� WKH W\SLFDO VXUIDFH PRUSKRORJ\ RI D /D���6U���&R2��G VXSSRUW DV SUHSDUHG

YLD ILOWUDWLRQ �D�� WKH VDPH VXSSRUW DIWHU SROLVKLQJ �E�� D � PP WKLFN /D���6U���&R2��G ILOP GHSRVLWHG RQ WRS

RI VXFK D VXSSRUW �F�� 3LFWXUH �G� VKRZV D FURVV VHFWLRQ RI WKH DOO�SHURYVNLWH V\VWHP�



3UHSDUDWLRQ RI GHQVH /D���6U���&R2��G WKLQ�ILOP PHPEUDQHV RQ SRURXV VXSSRUWV E\ SXOVHG ODVHU GHSRVLWLRQ ��

)LJXUH ���� $)0 KHLJKW LPDJH ZLWK FURVV�VHFWLRQ RI D �PP WKLFN /D���6U���&R2��G

VXSSRUWHG /D���6U���&R2��G ILOP
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VXSSRUW

I LOP

)LJXUH ���� ;5' SDWWHUQ RI D /D���6U���&R2��G VXSSRUW DQG D GHSRVLWHG

/D���6U���&R2��G ILOP� 7KH ILOP VKRZV D VWURQJ SUHIHUHQWLDO ����� JURZWK�



&KDSWHU ���

,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�LQ�FRQWUDVW�WR�WKH�SRO\FU\VWDOOLQH�D�$O�2��VXSSRUWHG�ILOPV��WKH

OD\HUV�JURZQ�RQ�WKH�/D���6U���&R2��G�KDYH�D�SUHIHUHQWLDO�RULHQWDWLRQ��)LJXUH�����VKRZV�WKH

;5'�SDWWHUQ�RI�WKH�VXSSRUWHG�ILOP��2QO\�WKH�������DQG�������UHIOHFWLRQV�DUH�REVHUYHG�

���� &RQFOXVLRQV

'HQVH� ILOPV� ���� �� ��� PP�� RI� /D���6U���&R2��G� ZHUH� VXFFHVVIXOO\� GHSRVLWHG� RQ� SRURXV

VXEVWUDWHV�RI�VLPLODU�FRPSRVLWLRQ�XVLQJ�SXOVHG�ODVHU�GHSRVLWLRQ��)LQH�JUDLQ�DQG�FUDFN�IUHH

ILOPV�RI�WKH�FXELF�SHURYVNLWH�ZHUH�REWDLQHG�DW�D�WHPSHUDWXUH�RI�����&��ZKLFK�ILOPV�VKRZ

VWURQJ� SUHIHUHQWLDO� RULHQWDWLRQ�� 7KHVH� ILOPV� DUH� FRQVLGHUHG� DV� SURPLVLQJ� FDQGLGDWHV� IRU

DSSOLFDWLRQ�DV�R[\JHQ�VHSDUDWLRQ�PHPEUDQH�

���� 5HIHUHQFHV

�� %� 5RDV� /� 6FKXOW]� *� (QGUHV� ³(SLWD[LDO�*URZWK 2I <%D�&X�2��; 7KLQ�)LOPV %\ $ /DVHU (YDSRUDWLRQ

3URFHVV´� $SSO� 3K\V� /HWW�� �� ���� ���� ������

�� -�7� &KHXQJ� +� 6DQNXU� &5& FULWLFDO UHYLHZV LQ VROLG VWDWH DQG PDWHULDOV VFLHQFH��� �� ������

�� 5�3�-� ,-VVHOVWHLMQ� '�+�$� %ODQN� 3�*� 2XW� )�-�*� 5RHVWKXLV� -� )ORNVWUD� +� 5RJDOOD� ³'URSOHWV DQG

RXWJURZWKV RQ KLJK�7F ODVHU DEODWHG WKLQ ILOPV´� SS� ������ LQ�+LJK 7F 6XSHUFRQGXFWRU 7KLQ )LOPV�(GLWHG
E\ /� &RUUHUD� ����

�� '�+�$� %ODQN� 5�3�-� ,-VVHOVWHLMQ� 3�*� 2XW� +�-�+� .XLSHU� -� )ORNVWUD DQG +� 5RJDOOD� ³+LJK 7F�WKLQ

SUHSDUHG E\ ODVHU DEODWLRQ� 0DWHULDO GLVWULEXWLRQ DQG GURSOHW SUREOHP´�0DW� 6FLHQFH 	 (QJ� %� %�� >�@

�� ������

�� '�%� &KULVH\� *�.� +XEOHU� 3XOVHG ODVHU GHSRVLWLRQ RI WKLQ ILOPV� :LOH\� 1HZ <RUN ����

�� *� .RVWHU� *�-�+�0� 5LMQGHUV� '�+�$� %ODQN� +� 5RJDOOD� ³,PSRVHG OD\HU E\ OD\HU JURZWK E\ SXOVHG ODVHU
LQWHUYDO GHSRVLWLRQ´� $SSO� 3K\V� /HWW�� �� ���� ������

�� *� .RVWHU� .� 9HUELVW� *�-�+�0� 5LMQGHUV� +� 5RJDOOD� *� YDQ 7HQGHORR� '�+�$� %ODQN� ³6WUXFWXUH DQG

SURSHUWLHV RI �6U�&D�&X2��%D&X2� VXSHUODWWLFHV JURZQ E\ SXOVHG ODVHU LQWHUYDO GHSRVLWLRQ´� 3K\VLFD &���

��� ��� ������

�� -�7� &KHXQJ� 3�(�'� 0RUJDQ� '�+� /RZQGHV� ;�<� =KHQJ� -� %UHHQ� ³6WUXFWXUDO DQG HOHFWULFDO SURSHUWLHV

RI /D���6U���&R2� HSLWD[LDO ILOPV´� $SSO� 3K\V� /HWW�� �� ���� ������
�� &�6� +RX� &�&� &KRX� +�)� &KHQJ� ³(IIHFW RI SURFHVVLQJ SDUDPHWHUV RQ VWUXFWXUH RI SXOVHG ODVHU

GHSRVLWHG /D���6U���&R2� WKLQ ILOPV´� $SSO� 6XUI� 6FL�� ��� ��� ������

��� 0�<� /L� =�/� :DQJ� 6�6� )DQ� 4�7� =KDR *�&� ;LRQJ� ³,QIOXHQFHV RI VXEVWUDWHV DQG VXEVWUDWH

WHPSHUDWXUHV RQ FKDUDFWHULVWLFV RI HSLWD[LDO /D���6U���&R2� WKLQ ILOPV´� 7KLQ 6ROLG )LOPV� ��� ��� ������

��� (�$�)� 6SDQ� )�-�*� 5RHVWKXLV� '�+�$� %ODQN� +� 5RJDOOD� ³6WUXFWXUDO DQG HOHFWULFDO SURSHUWLHV RI

/D���6U���&R2� ILOPV RQ 6U7L2� DQG SRURXVD�$O�2� VXEVWUDWHV´� $SSO� 3K\V� $� �� ��� ������
��� (�$�)� 6SDQ� )�-�*� 5RHVWKXLV� '�+�$� %ODQN� +� 5RJDOOD� ³3XOVHG ODVHU DEODWLRQ RI /D���6U���&R2�´� $SSO�

6XUI� 6FL�� ��� ��� ������

��� (�$�)� 6SDQ� /�0� YDQ GHU +DDU� '�+�$� %ODQN� +�-�0� %RXZPHHVWHU� +� 5RJDOOD� +� 9HUZHLM� ³6XSSRUWHG

SHURYVNLWH JDV VHSDUDWLRQ PHPEUDQHV E\ SXOVHG ODVHU GHSRVLWLRQ´�$GYDQFHV LQ 6FLHQFH DQG 7HFKQRORJ\� ��

���� ������

��� $� 1LMPHLMHU� +� .UXLGKRI� 5� %UHGHVHQ� +� 9HUZHLM� �3UHSDUDWLRQ DQG SURSHUWLHV RI K\GURWKHUPDOO\

VWDEOH JDPPD�DOXPLQD PHPEUDQHV�� -� $P� &HUDP� 6RF� �� >�@ ��� ������
��� &KDSWHU � RI WKLV WKHVLV



����
2[\JHQ�SHUPHDWLRQ�WKURXJK

VXSSRUWHG�WKLQ�ILOP�/D���6U���&R2��G

PHPEUDQHV

$EVWUDFW

2ULHQWHG� WKLQ� ILOPV�RI�/D���6U���&R2��G�ZHUH�GHSRVLWHG�RQ�SRURXV� VXSSRUW� OD\HUV�ZLWK� WKH

VDPH�FRPSRVLWLRQ�E\�SXOVHG�ODVHU�GHSRVLWLRQ��3HUPHDWLRQ�PHDVXUHPHQWV�LQ�WKH�UDQJH�����

�����&� VKRZHG� WKDW� WKH� R[\JHQ� IOX[HV� WKURXJK� WKH� VXSSRUWHG� WKLQ� ILOP� PHPEUDQHV� DUH

VLJQLILFDQWO\� KLJKHU� WKDQ� WKRVH� PHDVXUHG� IRU� SUHVVHG� GLVF� PHPEUDQHV�� 0LQRU� OHDNDJH�

DPRXQWLQJ� XS� WR� ��� RI� WKH� WRWDO� R[\JHQ� IOX[�� ZDV� FDXVHG� E\� WKH� SUHVHQFH� RI

LQKRPRJHQHLWLHV� LQ� WKH� SRURXV� VXSSRUW� OD\HU�� ZKLFK� FRXOG� QRW� EH� FRYHUHG� E\� WKH� ODVHU

GHSRVLWLRQ�SURFHVV�� ,Q� WKH�H[SHULPHQWDO� UDQJH�RI� WKLFNQHVV��������PP�� WKH�R[\JHQ� IOX[� LV

IRXQG� WR� EH� LQGHSHQGHQW� RI� PHPEUDQH� WKLFNQHVV�� 8VLQJ� GDWD� RI� VXSSRUWHG� WKLQ�ILOP

PHPEUDQHV� WRJHWKHU� ZLWK� WKDW� REVHUYHG� IRU� SUHVVHG� GLVF� PHPEUDQHV� D� FKDUDFWHULVWLF

PHPEUDQH� WKLFNQHVV� ZDV� FDOFXODWHG� RI� DERXW� ���PP�� 7KLV� YDOXH� QLFHO\� DJUHHV� ZLWK� WKDW

H[WUDFWHG�IURP�GDWD�RI�FRQGXFWLYLW\�UHOD[DWLRQ�H[SHULPHQWV�LI�LW�LV�DVVXPHG�WKDW�WKH�SRURXV

VXSSRUW� VWUXFWXUH� UHPRYHV� VXUIDFH� H[FKDQJH� OLPLWDWLRQV� DW� WKH� LQWHUIDFH� EHWZHHQ� SRURXV

VXSSRUW�DQG� WKLQ� ILOP�PHPEUDQH��$QDO\VLV�VKRZV� WKDW�PDVV� WUDQVSRUW� WKURXJK� WKH�SRURXV

VXSSRUW�VWUXFWXUH�FRQWULEXWHV�WR�WKH�RYHUDOO�SHUPHDWLRQ�UHVLVWDQFH�DW������&�DQG�EHFRPHV

QHJOLJLEOH�DW�WHPSHUDWXUHV�DURXQG�����&�



&KDSWHU ���

���� ,QWURGXFWLRQ

7KH�FRQFHSW�RI�D�WKLQ�ILOP�VXSSRUWHG�PHPEUDQH�LV�IUHTXHQWO\�GRFXPHQWHG�LQ�OLWHUDWXUH�DV�D

SURPLVLQJ�DSSURDFK�LQ�RUGHU�WR�PD[LPLVH�R[\JHQ�IOX[HV�WKURXJK�PL[HG�FRQGXFWLQJ�R[LGHV

�>���@��6R� IDU� RQO\� D� IHZ� VWXGLHV� KDYH� EHHQ� UHSRUWHG��ZKLFK� VKRZHG� D� OLPLWHG� GHJUHH� RI

VXFFHVV��7KLV�LV�PDLQO\�GXH�WR�WKH�WHFKQRORJLFDO�GLIILFXOWLHV�DVVRFLDWHG�ZLWK�IDEULFDWLRQ�RI�D

GHQVH�DQG�FUDFN�IUHH� WKLQ� ILOP��ZKLFK�PXVW�EH�FRQWLJXRXV�ZLWK� WKH�SRURXV� VXSSRUW� OD\HU�

1RW�RQO\�D�VXLWDEOH�GHSRVLWLRQ�WHFKQLTXH�LV�UHTXLUHG�WKDW�DOORZV�IRUPDWLRQ�RI�D�GHQVH�WKLQ

ILOP�ZLWK� WKH� FRUUHFW� VWRLFKLRPHWU\� DQG� SKDVH�� WKH� IRUPHG� WKLQ� ILOPV� DUH� YXOQHUDEOH� DQG

SURQH�WR�GHIHFW�IRUPDWLRQ�

,Q� WKH� SUHYLRXV� FKDSWHU�� LW� ZDV� GHVFULEHG� KRZ� SXOVHG� ODVHU� GHSRVLWLRQ� �3/'�� ZDV

VXFFHVVIXOO\�HPSOR\HG�WR�GHSRVLW�FU\VWDOOLQH�DQG�VWRLFKLRPHWULF�/D���6U���&R2��G�WKLQ�ILOPV

RQWR�SRURXV�VXSSRUWV��7R�DYRLG�FKHPLFDO�LQWHUDFWLRQV�DQG�WR�PLQLPLVH�GLIIHUHQWLDO�WKHUPDO

H[SDQVLRQ�HIIHFWV� WKH�SRURXV� VXSSRUW�PDWHULDO�KDG� WKH� VDPH�FRPSRVLWLRQ� DV� WKH� WKLQ� ILOP

PHPEUDQH��,Q�WKLV�FKDSWHU��WKH�R[\JHQ�SHUPHDWLRQ�SURSHUWLHV�RI�WKHVH�VXSSRUWHG�WKLQ�ILOP

PHPEUDQHV�DUH�SUHVHQWHG��7KH�R[\JHQ�IOX[HV�DUH�FRPSDUHG�ZLWK� WKRVH�PHDVXUHG� WKURXJK

SUHVVHG�GLVF�PHPEUDQHV��PHDVXUHG�LQ�DQ�HDUOLHU�VWXG\�>�@�

���� 7KHRUHWLFDO�FRQVLGHUDWLRQV

2[\JHQ�WUDQVSRUW�SHUPHDWLRQ�WKURXJK�D�WKLQ�ILOP�VXSSRUWHG�PHPEUDQH�FRQVLVWV�RI�VHYHUDO

UDWH� GHWHUPLQLQJ� VWHSV�� )LJXUH����� JLYHV� D� VFKHPDWLF� UHSUHVHQWDWLRQ� RI� UHOHYDQW� WUDQVSRUW

SURFHVVHV�

������ 3RUH�GLIIXVLRQ

0ROHFXODU� R[\JHQ� KDV� WR� GLIIXVH� LQWR� WKH� SRUHV� RI� WKH� PDFURSRURXV� VXSSRUW�� 'LIIXVLRQ

LQVLGH�WKH�SRUHV�FDQ�WDNH�SODFH�DFFRUGLQJ�WR�VHYHUDO�PHFKDQLVPV��DPRQJVW�ZKLFK�.QXGVHQ

GLIIXVLRQ��PROHFXODU�GLIIXVLRQ�DQG�YLVFRXV�IORZ��'DUF\�IORZ��DUH�FRQVLGHUHG�WR�EH�WKH�PRVW

LPSRUWDQW�RQHV��$V�D�FRPELQDWLRQ�UXOH��JDV�SKDVH�WUDQVSRUW�LQ�WKH�SRURXV�OD\HU�LV�FRQFHLYHG

VXFK�WKDW�.QXGVHQ�DQG�PROHFXODU�GLIIXVLRQ�DUH�LQ�VHULHV��ZKHUHDV�YLVFRXV�IORZ�LV�LQ�SDUDOOHO

ZLWK�GLIIXVLRQ��6LQFH� WKH�PHPEUDQHV� DUH�PHDVXUHG�XQGHU� D�SDUWLDO� SUHVVXUH�JUDGLHQW� DQG

WKH� SRUHV� RI� WKH� VXSSRUW� OD\HU� DUH� VPDOOHU� WKDQ� DQ� DYHUDJH� YDOXH� RI� DERXW� ��PP�� WKH

FRQWULEXWLRQ�RI�YLVFRXV�IORZ�FDQ�VDIHO\�EH�LJQRUHG��7KH�.QXGVHQ�QXPEHU�LQGLFDWHV�ZKLFK

RI�WKH�WZR�GLIIXVLRQ�PHFKDQLVPV�SUHYDLOV�



2[\JHQ SHUPHDWLRQ WKURXJK VXSSRUWHG WKLQ�ILOP /D���6U���&R2��G PHPEUDQHV ��
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LQ�ZKLFK�O�LV�WKH�PHDQ�IUHH�SDWK�RI�WKH�JDV�PROHFXOH�DQG�GS�WKH�DYHUDJH�SRUH�GLDPHWHU�RI

WKH�VXSSRUW��)URP�NLQHWLF�JDV�WKHRU\�WKH�PHDQ�IUHH�SDWK�LV�FDOFXODWHG�YLD�
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LQ� ZKLFK� G� LV� WKH� NLQHWLF� PROHFXODU� GLDPHWHU� RI� WKH� SHUPHDWLQJ� JDV� DQG� S� WKH� DEVROXWH

SUHVVXUH�� .QXGVHQ� QXPEHUV� EHORZ� �� LQGLFDWH� WKDW� PROHFXODU� GLIIXVLRQ� GRPLQDWHV�� ZKLOH

YDOXHV�DERYH���LQGLFDWH�D�.QXGVHQ�GLIIXVLRQ�UHJLPH��0ROHFXODU�GLIIXVLRQ�LV�QRQ�VHOHFWLYH�

ZKLOH�.QXGVHQ�GLIIXVLRQ�LV�SURSRUWLRQDO�WR�WKH�LQYHUVH�VTXDUH�URRW�RI�WKH�PROHFXODU�PDVV�0

DFFRUGLQJ�WR�>�@�

-
G

570

S

]

S

.

G

G
 �

H

W S�

�
�����

LQ�ZKLFK�H�DQG�W�DUH�WKH�SRURVLW\�DQG�WKH�WRUWXRVLW\�RI�WKH�SRURXV�VXSSRUW��UHVSHFWLYHO\��7KH

LGHDO�.QXGVHQ�VHSDUDWLRQ�IDFWRU�HTXDOV� WKH� UDWLR�RI� WKH� LQYHUVH�VTXDUH� URRW�RI� WKHLU�PRODU

PDVV��)RU�QLWURJHQ�DQG�R[\JHQ�WKLV�IDFWRU�DPRXQWV�WR�1��2� �����

������ 6XUIDFH�WUDQVIHU�DQG�LRQLF�EXON�WUDQVSRUW

2QFH�DUULYHG�DW�WKH�VXUIDFH�RI�WKH�GHQVH�WKLQ�ILOP��PROHFXODU�R[\JHQ�LV�GLVVRFLDWHG��LRQLVHG

DQG�LQFRUSRUDWHG�LQWR�WKH�SHURYVNLWH�ODWWLFH��7KH�R[\JHQ�LRQV�DUH�WUDQVSRUWHG�GULYHQ�E\�WKH

JUDGLHQW�LQ�R[\JHQ�FKHPLFDO�SRWHQWLDO�WR�WKH�R[\JHQ�OHDQ�VLGH�RI�WKH�WKLQ�ILOP�PHPEUDQH�

ZKHUH�WKH\�DUH�UHFRPELQHG�DJDLQ�WR�IRUP�R[\JHQ�PROHFXOHV��%RWK�WKH�VXUIDFH�WUDQVIHU�DQG

EXON� WUDQVSRUW�SURFHVV�PD\� OLPLW� WKH� UDWH�RI�R[\JHQ�SHUPHDWLRQ��7KH�R[\JHQ� IOX[�FDQ�EH

LQFUHDVHG�E\�LRQLF�FRQGXFWLRQ�WKURXJK�WKH�ZDOOV�RI�WKH�SRUHV��DV�VKRZQ�LQ�ILJXUH����

%XON�GLIIXVLRQ�RI�R[\JHQ�FDQ�EH�GHVFULEHG�XVLQJ�WKH�:DJQHU�HTXDWLRQ�>�@��$VVXPLQJ�OLQHDU

WUDQVSRUW�NLQHWLFV�IRU�VXUIDFH�H[FKDQJH��WKH�FODVVLFDO�:DJQHU�HTXDWLRQ�IRU�RQH�GLPHQVLRQDO

R[\JHQ�WUDQVSRUW��FDQ�EH�PRGLILHG�LQWR�>����@�
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&KDSWHU ���

LQ�ZKLFK�VLRQ�LV�WKH�DYHUDJH�YDOXH�RI�WKH�LRQLF�FRQGXFWLYLW\�RI�WKH�PHPEUDQH�ZLWK�WKLFNQHVV

/� EURXJKW� LQWR� DQ� R[\JHQ� FKHPLFDO� SRWHQWLDO� JUDGLHQW� 'P2

WRWDO

�
�� )RU� /D��[6U[&R2��G�� WKH

HOHFWURQLF� WUDQVIHUHQFH� QXPEHU� WHO� FDQ� EH� WDNHQ� WR� EH� XQLW\�� /F� LV� WKH� FKDUDFWHULVWLF

PHPEUDQH�WKLFNQHVV��EHORZ�ZKLFK�WKH�R[\JHQ�IOX[�LV�SUHGRPLQDQWO\�FRQWUROOHG�E\�VXUIDFH

H[FKDQJH��:KHQ�/�!!�/F��WKH�WHUP�����/F�/�
��
�DSSURDFKHV�XQLW\�DQG�HTXDWLRQ�������UHGXFHV

WR�WKH�FODVVLFDO�:DJQHU�H[SUHVVLRQ�IRU�EXON�R[\JHQ�WUDQVSRUW�

([SHULPHQWDO�PHDVXUHPHQWV�RI�WKH�R[\JHQ�SHUPHDWLRQ�FDQ�RIWHQ�EH�GHVFULEHG�XVLQJ�
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ZKLFK�HTXDWLRQ�FDQ�EH�GHULYHG�IURP�WKH�FODVVLFDO�:DJQHU�HTXDWLRQ�DVVXPLQJ�D�SRZHU�ODZ

GHSHQGHQFH�EHWZHHQ�WKH�R[\JHQ�LRQLF�FRQGXFWLYLW\�DQG� S2�
� >�@��$FFRUGLQJO\�� V

LRQ

� � LV� WKH

LRQLF�FRQGXFWLYLW\�DW�VWDQGDUG�VWDWH��ZKHUHDV� WKH�SULPH�DQG�GRXEOH�SULPH�QRWDWLRQ�GHQRWH

WKH� KLJK� DQG� ORZ� R[\JHQ� SDUWLDO� SUHVVXUH� VLGH� RI� WKH�PHPEUDQH�� UHVSHFWLYHO\��:KHQ� DOO

R[\JHQ�YDFDQFLHV�FRQWULEXWH� WR� WUDQVSRUW�� WKH�SRZHU� LQGH[�Q�FDQ�EH�GLUHFWO\�FRUUHODWHG� WR

WKH�IXQFWLRQDO�GHSHQGHQFH�RI�WKH�R[\JHQ�QRQ�VWRLFKLRPHWU\�ZLWK� S
2

�

�

SRUH

GLIIXVLRQ
VXUIDFH

WUDQVIHU

2
�

2
�

� 2��

LRQLF

WUDQVSRUW

VXUIDFH

WUDQVIHU

2
�

� 2��

2
�

2
�

� 2��

� 2��

ORZ S
2�

KLJKS
2�

VXSSRUW WKLQ�ILOP

)LJXUH ���� 7KH YDULRXV WUDQVSRUW PHFKDQLVPV WKDW RFFXU GXULQJ R[\JHQ

SHUPHDWLRQ WKURXJK D WKLQ VXSSRUWHG GHQVH PHPEUDQH� 7KH KLJK R[\JHQ

SUHVVXUH VLGH LV DVVXPHG WR EH WKH VXSSRUW VLGH�



2[\JHQ SHUPHDWLRQ WKURXJK VXSSRUWHG WKLQ�ILOP /D���6U���&R2��G PHPEUDQHV ��

���� ([SHULPHQWDO

������ 0HPEUDQH�SUHSDUDWLRQ

7KH� ���� WR� ���PP� WKLFN� /D���6U���&R2��G� ILOPV� WKDW�ZHUH� LQYHVWLJDWHG� LQ� WKLV� VWXG\��ZHUH

JURZQ�RQ�����SRURXV�� ����PP� WKLFN�/D���6U���&R2��G� VXSSRUWV�� XVLQJ�3/'�DV� GHSRVLWLRQ

WHFKQLTXH�� 7KH� VXSSRUWV� ZLWK� DQ� DYHUDJH� SRUH� GLDPHWHU� RI� �����PP� ZHUH� SUHSDUHG� YLD

SUHVVXUH�ILOWUDWLRQ�RI�D�VXVSHQVLRQ��7KH�FRPSDFWV�ZHUH�GULHG�DQG�VLQWHUHG�LQ�DLU�DW������&

IRU����K��3ULRU�WR�WKH�GHSRVLWLRQ��WKH�VXSSRUWV�ZHUH�PHFKDQR�FKHPLFDOO\�SROLVKHG��'HWDLOV

RI�WKH�VXSSRUW�SUHSDUDWLRQ�DQG�SROLVKLQJ�SURFHGXUH�DUH�JLYHQ�LQ�FKDSWHU���RI�WKLV�WKHVLV��7KH

GHSRVLWLRQ� RI� WKH� WKLQ� ILOP� PHPEUDQHV� XVLQJ� 3/'� ZDV� SHUIRUPHG� DW� ����&� XVLQJ� DQ

R[\JHQ�EDFNJURXQG�SUHVVXUH�RI�����3D��$IWHU�GHSRVLWLRQ�WKH�R[\JHQ�SUHVVXUH�ZDV�LQFUHDVHG

WR� ��EDU� DIWHU� ZKLFK� WKH� PHPEUDQH� ZDV� FRROHG� WR� URRP� WHPSHUDWXUH� DW� UDWHV� EHORZ

����&�PLQ
��
��'HWDLOV�RI�WKH�3/'�GHSRVLWLRQ�SURFHVV�FDQ�EH�IRXQG�LQ�FKDSWHU���RI�WKLV�WKHVLV�

������ 3HUPHDWLRQ�PHDVXUHPHQWV

2[\JHQ� SHUPHDWLRQ� H[SHULPHQWV�ZHUH� SHUIRUPHG� LQ� WKH� UDQJH� IURP� ���� WR� �����&�� 7KH

PHPEUDQHV�ZHUH� VHDOHG� LQWR� D� TXDUW]� UHDFWRU� DW� �����&� XVLQJ� JODVV� ULQJV


�� 6HDOLQJ� ZDV

SHUIRUPHG� RQ� WKH� WKLQ�ILOP� VLGH� RI� WKH� PHPEUDQH�� $IWHU� WKH� VHDOLQJ� WHPSHUDWXUH� ZDV

UHDFKHG�� WKH� PHDVXUHPHQW� ZDV� VWDUWHG� DIWHU� ��� PLQ�� +HDWLQJ� DQG� FRROLQJ� UDWHV� ZHUH

����&�PLQ�� 2QH� VLGH� RI� WKH� VDPSOH� GLVF� ZDV� H[SRVHG� WR� DLU� �����PO�PLQ��� 7KH� R[\JHQ

SDUWLDO� SUHVVXUH� DW� WKH� RWKHU� VLGH� ZDV� FRQWUROOHG� E\� UHJXODWLQJ� WKH� KHOLXP� JDV� IORZ� UDWH

������PO�PLQ���DVVXPLQJ�LGHDO�JDV�PL[LQJ�FRQGLWLRQV�LQ�WKDW�SDUW�RI�WKH�UHDFWRU��7KH�R[\JHQ

FRQFHQWUDWLRQV� LQ� ERWK� IHHG� DQG� SHUPHDWH� VWUHDPV� ZHUH� PRQLWRUHG� WKURXJK� <6=� EDVHG

R[\JHQ�VHQVRUV��PDGH�LQ�WKLV�ODERUDWRU\��4XDQWLWDWLYH�DQDO\VLV�RI�WKH�R[\JHQ�FRQFHQWUDWLRQ

ZDV�SHUIRUPHG�ZLWK�D�JDV�FKURPDWRJUDSK��ZKLFK�DOVR�PHDVXUHG�WKH�1��FRQFHQWUDWLRQ�LQ�WKH

VZHHS�JDV�WR�FKHFN�IRU�LQDGHTXDWH�VHDOLQJ�RU�PHPEUDQH�OHDNDJH�

7R�PLQLPLVH� WKH�HIIHFW�RI�PDVV� WUDQVIHU� OLPLWDWLRQV� LPSRVHG�E\� WKH�SRURXV�VXSSRUW� OD\HU�

PHDVXUHPHQWV�ZHUH�SHUIRUPHG�ZLWK�WKH�KLJK�R[\JHQ�SDUWLDO�SUHVVXUH�DSSOLHG�RQ�WKH�VXSSRUW

VLGH�RI� WKH�PHPEUDQH��$�VFKHPDWLF� UHSUHVHQWDWLRQ�RI� WKH�H[SHULPHQWDO� VHW�XS� LV� JLYHQ� LQ

ILJXUH����




����� 6FKRWW 1HWKHUODQGV %�9�



&KDSWHU ���

���� 5HVXOWV�DQG�GLVFXVVLRQ

������ 0HPEUDQH�SUHSDUDWLRQ

)LJXUH����� VKRZV� 6(0� PLFURJUDSKV� RI� WKH� WRS�VXUIDFH� DQG� FURVV� VHFWLRQ� RI� D� W\SLFDO

PHPEUDQH�� 7KH� LPSULQW� YLVLEOH� LQ� WKH� WRS� YLHZ� LV� FDXVHG� E\� WKH� VWUXFWXUH� RI� WKH� SRURXV

VXSSRUW� OD\HU�� ;�UD\� FRQILUPHG� IRUPDWLRQ� RI� DQ� ������ RULHQWHG� WKLQ� ILOP� SHURYVNLWH

SKDVH�>��@�

������ 3HUPHDWLRQ

)LJXUH�����VKRZV�WKH�R[\JHQ�SHUPHDWLRQ�RI�VXSSRUWHG�����DQG����PP�WKLQ�ILOP�PHPEUDQHV�

PHDVXUHG�XQGHU�D�FRQVWDQW�+H�VZHHS�UDWH�RI����PO�PLQ��)RU� FRPSDULVRQ��GDWD�RI�R[\JHQ

SHUPHDWLRQ�WKURXJK�XQVXSSRUWHG������DQG������PP�WKLFN�GLVF�PHPEUDQHV�PHDVXUHG�XQGHU

VHQVRU

VHQVRU

VXSSRUW

WKLQ�ILOP

)LJXUH ��� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH SHUPHDWLRQ UHDFWRU DQG VHW�XS� 5  UHDFWRU� *&  JDV

FKURPDWRJUDSK

)LJXUH ���� 7RS YLHZ �OHIW� DQG FURVV VHFWLRQ �ULJKW� RI D �� PP WKLFN /D���6U���&R2��G ILOP RQ D ��� SRURXV

VXSSRUW RI WKH VDPH FRPSRVLWLRQ�



2[\JHQ SHUPHDWLRQ WKURXJK VXSSRUWHG WKLQ�ILOP /D���6U���&R2��G PHPEUDQHV ��

WKH�VDPH�FRQGLWLRQV�>�@�LV�VKRZQ��&RPSDUHG�ZLWK�WKH������PP�WKLFN�PHPEUDQH��WKH����PP

WKLFN�PHPEUDQH�VKRZV�D�SHUPHDWLRQ�ZKLFK�LV�DERXW�D�IDFWRU���KLJKHU�DW������&��$W�����&�

WKLV�IDFWRU�KDV�LQFUHDVHG�WR�DERXW�����&RPSDUHG�ZLWK�WKH�R[\JHQ�IOX[�PHDVXUHG�WKURXJK�WKH

�����PP� WKLFN� GLVF� PHPEUDQH�� H[WUDSRODWHG� WR� D� WHPSHUDWXUH� RI� ����&�� WKH� LQFUHDVH� LQ

R[\JHQ�IOX[�LV�DOPRVW�D�IDFWRU�RI����

$W� ����&� DQG� ORZHU� WHPSHUDWXUHV�� WKH� SHUPHDWLRQ� RI� WKH� WKLQ� ILOP�PHPEUDQHV� UHPDLQHG

VWDEOH� GXULQJ� WKH� WLPH� VSDQ� RI� WKH� PHDVXUHPHQWV� ���K��� +RZHYHU�� LQ� H[SORUDWRU\

PHDVXUHPHQWV�FDUULHG�RXW�DW������&�WKH�R[\JHQ�IOX[�ZDV�IRXQG�WR�VKRZ�D�VKDUS�GHFUHDVH

ZLWK�WLPH��UHGXFLQJ�WR�DSSUR[LPDWHO\�����RI�LWV�LQLWLDO�YDOXH�LQ�WKH�ILUVW���K��,Q�ILJXUH�����

WKH� LQLWLDO� IOX[� RI� D� ���PP� WKLFN�PHPEUDQH� DW� �����&� LV� SORWWHG��PHDVXUHG� LPPHGLDWHO\

DIWHU� FRQQHFWLRQ� RI� WKH� JDV� OLQHV�� 6LQWHULQJ� HIIHFWV� FDQ� SRVVLEO\� H[SODLQ� WKH� REVHUYHG

GHFUHDVH� RI� WKH� R[\JHQ� IOX[�� VLQFH� WKH� WHPSHUDWXUH� RI� �����&� LV� FORVH� WR� WKH� VLQWHU

WHPSHUDWXUH�RI�WKH�SRURXV�VXSSRUW�

)RU�WKH�WKLQ�ILOP�PHPEUDQHV�D�QLWURJHQ�IOX[�RI��î��
��
�PROH�FP

��
�V

��
�ZDV�PHDVXUHG��ZKLFK

ZDV� IRXQG� WR� EH� LQGHSHQGHQW� RI� WHPSHUDWXUH�� $W� ����&� XQGHU� D� +H�VZHHS� UDWH� RI

�����7 �.���
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)LJXUH ���� $UUKHQLXV SORWV RI R[\JHQ SHUPHDWLRQ WKURXJK VXSSRUWHG ��� DQG

�� PP WKLFN /D���6U���&R2��G PHPEUDQHV� )RU FRPSDULVRQ� WKH R[\JHQ
SHUPHDWLRQ WKURXJK XQVXSSRUWHG ���� PP WKLFN DQG ���� PP WKLFN PHPEUDQHV

LV DOVR JLYHQ� 7KH GDWD DUH FROOHFWHG XVLQJ D IL[HG +H�VZHHS UDWH RI �� PO�PLQ�



&KDSWHU ���

���PO�PLQ��WKLV�FRUUHVSRQGV�WR�D�QLWURJHQ�OHDNDJH�UDWH�RI�DSSUR[�����RI�WKH�WRWDO�IOX[��7KLV

OHDNDJH�LV�FDXVHG�E\�WKH�SUHVHQFH�RI�D�PLQRU�DPRXQW�RI�VXSSRUW�GHIHFWV��ZKLFK�FRXOG�QRW

EH� FRYHUHG� E\� WKH� WKLQ� ILOP�� 7KHVH� GHIHFWV� UHVXOWHG� IURP� WKH� SUHVHQFH� RI� VSKHULFDO

LQKRPRJHQHLWLHV� LQ� WKH� SRZGHU� REWDLQHG� IRUP� VSUD\� S\URO\VLV� IURP� ZKLFK� WKH� VXSSRUWV

ZHUH�SUHSDUHG��,Q�ILJXUH������D�6(0�PLFURJUDSK�RI�D�VXSSRUW�GHIHFW�DQG�D�GHIHFW�LQ�WKH�WKLQ

ILOP�DUH�VKRZQ��7KH�PLFURJUDSK�RI� WKH� ILOP�ZDV� WDNHQ�DIWHU�SHUPHDWLRQ�PHDVXUHPHQWV�DW

�����&�� 1RWH� WKDW� WKH� ILOP� KDV� GHYHORSHG� D� JUDLQ� VWUXFWXUH�� ZKLFK� GLIIHUV� VXEVWDQWLDOO\

IURP� WKDW� H[KLELWHG� E\� WKH� ILOP� LPPHGLDWHO\� DIWHU� GHSRVLWLRQ�� DV� VKRZQ� LQ� WKH� OHIW

PLFURJUDSK�RI�ILJXUH������)RU�WKH�PHPEUDQHV�PHDVXUHG�DW�����&��WKLV�JUDLQ�VWUXFWXUH�ZDV

QRW�REVHUYHG��7KLV�FRQILUPV�WKH�RFFXUUHQFH�RI�D�VLQWHULQJ�HIIHFW�DW������&��ZKLFK�LQIOXHQFH

WKH�SURSHUWLHV�RI�WKH�WKLQ�ILOP��$OWKRXJK�WKH�GHJUHH�RI�SUHIHUHQWLDO�������RULHQWDWLRQ�RI�WKH

ILOPV�ZDV�VOLJKWO\�GLPLQLVKHG�DIWHU�WKH�SHUPHDWLRQ�H[SHULPHQWV��QR�VHFRQGDU\�SKDVHV�ZHUH

REVHUYHG�DFFRUGLQJ�WR�;�UD\�GLIIUDFWLRQ�

$�SRVVLEOH�H[SODQDWLRQ�IRU�WKH�ZHDNHU�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�R[\JHQ�IOX[�WKURXJK

WKH�VXSSRUWHG� WKLQ�ILOP�PHPEUDQHV� WKDQ� WKDW� WKURXJK�XQVXSSRUWHG�GLVF�PHPEUDQHV� LV� WKH

RFFXUUHQFH�RI�PDVV�WUDQVIHU�OLPLWDWLRQV�LPSRVHG�E\�WKH�SRURXV�VXSSRUW��:KHQ�D�ZRUVW�FDVH

VFHQDULR� LV� FRQVLGHUHG�� LQ� ZKLFK� PDVV� WUDQVSRUW� WKURXJK� WKH� SRURXV� VXSSRUW� LV� VROHO\

GHWHUPLQHG� E\� .QXGVHQ� GLIIXVLRQ�� WKH� IOX[� WKURXJK� WKH� VXSSRUW� LV� GHVFULEHG� E\

HTXDWLRQ��������7KLV�HTXDWLRQ�FDQ�EH�XVHG�WR�FDOFXODWH�WKH�GULYLQJ�IRUFH�UHTXLUHG�WR�VXVWDLQ

WKH�H[SHULPHQWDO�R[\JHQ�IOX[��7DNLQJ�D�YDOXH�RI�����IRU�WKH�WRUWXRVLW\�RI�WKH�VXSSRUW��ZKLFK

LV� REWDLQHG� IURP� URRP� WHPSHUDWXUH� SHUPHDWLRQ� PHDVXUHPHQWV�>��@�� FDOFXODWLRQ� LQGLFDWHV

WKDW�� DW� �����&�� WKH� .QXGVHQ� GLIIXVLRQ� SURFHVV� FRQVXPHV� ���� RI� WKH� DYDLODEOH� SDUWLDO

SUHVVXUH�JUDGLHQW��$W�����&��WKLV�YDOXH�GURSV�RII�WR�����7KH�.QXGVHQ�QXPEHU�IRU�R[\JHQ

)LJXUH ���� $ VSKHULFDO VXSSRUW GHIHFW �OHIW� DQG D GHIHFW LQ D ��PP WKLFN ILOP �ULJKW�� GHSRVLWHG RQ D VXSSRUW
FRQWDLQLQJ VXFK GHIHFWV� 7KH OHIW PLFURJUDSK ZDV WDNHQ DIWHU WKH SHUPHDWLRQ RI WKH PHPEUDQH ZDV PHDVXUHG

DW �����&�



2[\JHQ SHUPHDWLRQ WKURXJK VXSSRUWHG WKLQ�ILOP /D���6U���&R2��G PHPEUDQHV ��

WUDQVSRUW��FDOFXODWHG�IURP�HTXDWLRQV�������DQG��������XVLQJ�D�PROHFXODU�GLDPHWHU�IRU�R[\JHQ

RI������QP�>��@��YDULHV�IURP������DQG������LQ�WKH�WHPSHUDWXUH�UDQJH�IURP������WR�����&�

6LQFH� WKH� YDOXHV� IRU� .Q� DUH� FORVH� WR���� .QXGVHQ� GLIIXVLRQ� DQG� PROHFXODU� GLIIXVLRQ

FRQWULEXWH�DERXW�HTXDOO\�WR�WKH�WUDQVSRUW�UHVLVWDQFH�LQ�WKH�SRURXV�VXSSRUW��1RQHWKHOHVV��WKH

DERYH� FDOFXODWLRQV� LQGLFDWH� WKDW� PDVV� WUDQVIHU� OLPLWDWLRQV� DUH� RI� VRPH� LPSRUWDQFH� DW

�����&��ZKLOH�WKH\�EHFRPH�QHJOLJLEO\�VPDOO�DW�����&�

7KH�GHSHQGHQFH�RI�WKH�IOX[�RQ�WKH�R[\JHQ�SDUWLDO�SUHVVXUH�PDLQWDLQHG�DW� WKH�R[\JHQ�OHDQ

VLGH�RI�WKH�PHPEUDQH�LV�SUHVHQWHG�LQ�ILJXUH������5HVXOWV�DUH�VKRZQ�IRU�ERWK�VXSSRUWHG�DQG

XQVXSSRUWHG� PHPEUDQHV�� )URP� ILJXUH����� LW� IROORZV� WKDW� DW� ����&�� XQGHU� DQ� LGHQWLFDO

R[\JHQ�SDUWLDO�SUHVVXUH�JUDGLHQW��WKH�IOX[�IRU�D�VXSSRUWHG����PP�WKLFN�PHPEUDQH�LV�PRUH

WKDQ�D�IDFWRU����KLJKHU�FRPSDUHG�WR�WKH�XQVXSSRUWHG���PP�WKLFN�SUHVVHG�GLVF�PHPEUDQH�

7KH� VROLG� OLQHV� LQGLFDWH� WKH� ILW� RI� WKH� H[SHULPHQWDO� GDWD� WR� HTXDWLRQ�������� 7KH� ILWWLQJ

SURFHGXUH� \LHOGV� YDOXHV� IRU� WKH� SRZHU� LQGH[�Q� DQG� IRU� DQ� DSSDUHQW� LRQLF� FRQGXFWLYLW\� DW

VWDQGDUG� VWDWH��7KHVH�DUH� OLVWHG� LQ� WDEOH����� WRJHWKHU�ZLWK�FRUUHVSRQGLQJ�YDOXHV� IRXQG� IRU

WKH�XQVXSSRUWHG�PHPEUDQHV��7KH�SRZHU�LQGH[�Q�IRU�WKH�VXSSRUWHG�WKLQ�ILOP�PHPEUDQHV�LV

VLJQLILFDQWO\�KLJKHU�WKDQ�WKDW�REWDLQHG�IRU�WKH�XQVXSSRUWHG�GLVF�PHPEUDQHV��$V�GLVFXVVHG

DERYH�� DW� ����&�� JDV� SKDVH� GLIIXVLRQ� WKURXJK� WKH� SRURXV� VXSSRUW� OD\HU�PD\� VWLOO� H[HUW� D
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)LJXUH ���� 'HSHQGHQFH RI M
2�

RQ ORJ� �2�
ccS DW YDULRXV WHPSHUDWXUHV IRU D VXSSRUWHG

�� PP WKLFN ILOP� 5HVXOWV IRU QRQ�VXSSRUWHG SUHVVHG GLVF PHPEUDQHV >�@ DUH DOVR

VKRZQ IRU FRPSDULVRQ� 7KH GUDZQ OLQHV UHSUHVHQW WKH ILW RI WKH GDWD WR HTXDWLRQ �����



&KDSWHU ���

SDUWLDO�FRQWURO�RI�WKH�R[\JHQ�IOX[HV��7KH�REVHUYHG�SRZHU�LQGH[HV�FDQ�WKHUHIRUH�QRW�EH�XVHG

IRU�GLVWLQJXLVKLQJ�EHWZHHQ�VXUIDFH�H[FKDQJH�DQG�JDV�SKDVH�GLIIXVLRQ�

7DEOH ���� 9DOXHV RI WKH SRZHU LQGH[ Q DQG WKH LRQLF FRQGXFWLYLW\ V
LRQ

� REWDLQHG IURP ILWWLQJ WKH

M
2

�
� ORJ� �ccS

2
�

FXUYHV WR (T� ������ $Q DVWHULVN UHIHUV WR DQ XQVXSSRUWHG PHPEUDQH�

/

�PP�

7
��&�

Q V
LRQ

�

�P6 FP���

�� ��� ���� � ���� �� � �

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

����
 ��� ���� � ���� ��� � �

,Q� ILJXUH����� LW� LV�VHHQ� WKDW� WKH�R[\JHQ�IOX[� WKURXJK� WKH� WKLQ� ILOP�PHPEUDQH�RI� WKLFNQHVV

����PP� LV� DSSUR[LPDWHO\� HTXDO� WR� WKDW� REVHUYHG� IRU� WKH� ���PP� WKLFN� PHPEUDQH�� 0DVV

WUDQVIHU�OLPLWDWLRQV�FDQQRW�DFFRXQW�IRU�WKLV�REVHUYDWLRQ��VLQFH�WKH�DJUHHPHQW�LV�IRXQG�IRU�DOO

WHPSHUDWXUHV� FRYHUHG� E\� WKH� IOX[� PHDVXUHPHQWV�� $� SODXVLEOH� H[SODQDWLRQ� LV� WKDW� LQ� WKLV

WKLFNQHVV� UDQJH� WKH� R[\JHQ� IOX[� LV� GRPLQDQWO\� FRQWUROOHG� E\� VXUIDFH� H[FKDQJH�� ,Q

ILJXUH������ WKH� IOX[� DW� ����&� LV� SORWWHG� DV� D� IXQFWLRQ�RI�PHPEUDQH� WKLFNQHVV� LQ� D� GRXEOH

ORJDULWKPLF� JUDSK�� 7KLV� SORW� FRQWDLQV� IOX[� GDWD� RI� XQVXSSRUWHG� DV� ZHOO� DV� RI� VXSSRUWHG

PHPEUDQHV�� 7KH� GUDZQ� OLQH� LQGLFDWHV� WKH� ILW� RI� WKH� H[SHULPHQWDO� GDWD� WR� HTXDWLRQ�������

ZKLFK� \LHOGHG� D� FKDUDFWHULVWLF� WKLFNQHVV� RI� ���PP� DQG� DQ� DSSDUHQW� LRQLF� FRQGXFWLYLW\� RI

����P6�FP
��
�� 7KH� YDOXH� IRXQG� IRU� /F� LV� D� IDFWRU� WZR� VPDOOHU� WKDQ� WKDW� IURP� GDWD� RI

HOHFWULFDO�FRQGXFWLYLW\� UHOD[DWLRQ�>�����@��+RZHYHU�� LW�FDQQRW�EH�H[FOXGHG�WKDW� WKH�SRURXV

VXSSRUW��ZKLFK�LV�PDGH�IURP�WKH�VDPH�PDWHULDO�DV�WKH�WKLQ�ILOP�PHPEUDQH��FRQWULEXWHV�WR�D

VPDOOHU�/F�YDOXH�>�������@��&DOFXODWLRQV�XVLQJ�WKH�GXVW\�JDV�PRGHO�E\�7KRURJRRG�HW�DO��>�@�

VKRZHG�WKDW�SRURXV�PL[HG�FRQGXFWLQJ�OD\HUV�KDYLQJ�DQ�DYHUDJH�SRUH�UDGLXV�UDQJLQJ�IURP

���� WR� ���PP�� VLWXDWHG� FRQWLJXRXV� WR� WKH� WKLQ�PL[HG� FRQGXFWLQJ� ILOP�PHPEUDQH�� SURYLGH

LQFUHDVHG� LQWHUIDFLDO� DUHD� WR� FRXQWHUDFW� NLQHWLF� VXUIDFH� OLPLWDWLRQV�� EXW� GR� QRW� FDXVH� DQ\

VLJQLILFDQW�SUHVVXUH�GURS�RU�UHVLVWDQFH�WR�PDVV�WUDQVIHU�



2[\JHQ SHUPHDWLRQ WKURXJK VXSSRUWHG WKLQ�ILOP /D���6U���&R2��G PHPEUDQHV ��

���� 6XPPDU\�DQG�FRQFOXVLRQV

,W�ZDV�VKRZQ�WKDW�WKH�R[\JHQ�IOX[�WKURXJK�GHQVH�PHPEUDQHV�LV�VLJQLILFDQWO\�LQFUHDVHG�E\

UHGXFLQJ�WKH�PHPEUDQH�WKLFNQHVV�WR�WKH�PP�UDQJH��$W�����&��WKH�R[\JHQ�IOX[�WKURXJK�WKH

VXSSRUWHG� WKLQ� ILOP�PHPEUDQHV� LV� LQFUHDVHG�ZLWK�D� IDFWRU�RI����UHODWLYH� WR� WKDW�PHDVXUHG

WKURXJK� XQVXSSRUWHG� ��PP� WKLFN� GLVF�PHPEUDQHV�� &RUUHFWLRQV�ZHUH� DSSOLHG� IRU� R[\JHQ

OHDNDJH�� DPRXQWLQJ� XS� WR� ��� RI� WKH� WRWDO� R[\JHQ� IOX[�� 7KLV� OHDNDJH�ZDV� FDXVHG� E\� WKH

SUHVHQFH�RI� LQKRPRJHQHLWLHV� LQ� WKH�SRURXV� VXSSRUW� OD\HU��ZKLFK�FRXOG�QRW�EH�FRYHUHG�E\

WKH�ODVHU�GHSRVLWLRQ�SURFHVV��,Q�WKH�H[SHULPHQWDO�UDQJH�RI�WKLFNQHVV��������PP�WKH�R[\JHQ

IOX[�LV�IRXQG�WR�EH�LQGHSHQGHQW�RI�PHPEUDQH�WKLFNQHVV��8VLQJ�GDWD�RI�VXSSRUWHG�WKLQ�ILOP

PHPEUDQHV� WRJHWKHU� ZLWK� GDWD� REVHUYHG� IRU� SUHVVHG� GLVF� PHPEUDQHV� D� FKDUDFWHULVWLF

PHPEUDQH� WKLFNQHVV� ZDV� FDOFXODWHG� RI� DERXW� ���PP�� 7KLV� YDOXH� QLFHO\� DJUHHV� ZLWK� WKDW

H[WUDFWHG�IURP�GDWD�RI�FRQGXFWLYLW\�UHOD[DWLRQ�H[SHULPHQWV�LI�LW�LV�DVVXPHG�WKDW�WKH�SRURXV

OD\HU� VWUXFWXUH� UHPRYHV� VXUIDFH� H[FKDQJH� OLPLWDWLRQV� DW� WKH� LQWHUIDFH� EHWZHHQ� SRURXV

VXSSRUW� DQG� WKLQ� ILOP�PHPEUDQH��$QDO\VLV� VKRZV� WKDW�PDVV� WUDQVSRUW� WKURXJK� WKH�SRURXV

VXSSRUW� VWUXFWXUH� FRQWULEXWHV� WR� WKH� RYHUDOO� SHUPHDWLRQ� UHVLVWDQFH� DW� �����&�� $W� ORZHU

WHPSHUDWXUHV��LWV�LQIOXHQFH�EHFRPHV�VLJQLILFDQWO\�VPDOOHU�
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)LJXUH ���� 0HPEUDQH WKLFNQHVV GHSHQGHQFH RI WKH R[\JHQ IOX[ DW ����& DQG

ccS
2�

 ���� EDU� 7KH GUDZQ OLQH LQGLFDWHV WKH ILW RI WKH GDWD WR HTXDWLRQ �����



&KDSWHU ���

���� 5HIHUHQFHV

�� <� 7HUDRND� 7� )XNXGD� 1� 0LXUD DQG 1� <DPD]RH� ³'HYHORSPHQW RI R[\JHQ VHPLSHUPHDEOH PHPEUDQH
XVLQJ PL[HG FRQGXFWLYH SHURYVNLWH�W\SH R[LGHV �SDUW ��� SUHSDUDWLRQ RI SRURXV VLQWHUHG GLVFV RI

SHURYVNLWH W\SH R[LGH´� -� &HUDP� 6RF� -SQ� ,QWHU� (G� �� ��� ������

�� <� 7HUDRND� 7� )XNXGD� 1� 0LXUD DQG 1� <DPD]RH� ³'HYHORSPHQW RI R[\JHQ VHPLSHUPHDEOH PHPEUDQH

XVLQJ PL[HG FRQGXFWLYH SHURYVNLWH�W\SH R[LGHV �SDUW ��� SUHSDUDWLRQ RI GHQVH ILOP RI SHURYVNLWH W\SH

R[LGH RQ SRURXV VXEVWUDWH´� -� &HUDP� 6RF� -SQ� ,QWHU� (G� �� ��� ������

�� 5�0� 7KRURJRRG� 5� 6ULQLYDVDQ� 7�)� <HH DQG 0�3� 'UDNH� ³&RPSRVLWH PL[HG FRQGXFWRU PHPEUDQHV IRU
SURGXFLQJ R[\JHQ�´ 86 3DWHQW ���������� ����

�� +�-�0� %RXZPHHVWHU� +� .UXLGKRI� $�-� %XUJJUDDI� ³,PSRUWDQFH RI WKH VXUIDFH H[FKDQJH NLQHWLFV DV UDWH

OLPLWLQJ VWHS LQ R[\JHQ SHUPHDWLRQ WKURXJK PL[HG�FRQGXFWLQJ R[LGHV´�6ROLG 6WDWH ,RQLFV ��� ��� ������

�� +�-�0� %RXZPHHVWHU� $�-� %XUJJUDDI� ³'HQVH FHUDPLF PHPEUDQHV IRU R[\JHQ VHSDUDWLRQ´� LQ� &5&

+DQGERRN RI 6ROLG 6WDWH (OHFWURFKHPLVWU\� HG� 3�-� *HOOLQJV DQG +�-�0� %RXZPHHVWHU� &5& 3UHVV� %RFD

5DWRQ ����
�� 3�1� '\HU� 5�(� 5LFKDUGV� 6�/� 5XVVHN� '�0� 7D\ORU� ³,RQ 7UDQVSRUW 0HPEUDQH 7HFKQRORJ\ )RU 2[\JHQ

6HSDUDWLRQ $QG 6\QJDV 3URGXFWLRQ´� 6ROLG 6DWH ,RQLFV ���� �� ������

�� &KDSWHU � RI WKLV WKHVLV

�� 0� .QXGVHQ� ³'LH *HVHW]H GHU 0ROHNXODUVWU|PXQJ XQG GHU LQQHUQ 5HLEXQJVVWU|PXQJ GHU *DVH GXUFK

5|KUHQ´� $QQ� 3K\V� �� �� ������

�� &� :DJQHU� :� 6FKRWWN\� ³%HLWUDJ ]XU 7KHRULH GHV $QODXIYRUJDQJHV´�=� 3K\V� &KHP� %�� �� ������
��� +�-�0� %RXZPHHVWHU� +� .UXLGKRI DQG $�-� %XUJJUDDI� ³,PSRUWDQFH RI WKH VXUIDFH H[FKDQJH NLQHWLFV DV

UDWH OLPLWLQJ VWHS LQ R[\JHQ SHUPHDWLRQ WKURXJK PL[HG�FRQGXFWLQJ R[LGHV´� 6ROLG 6WDWH ,RQLFV� ��

��� ������

��� &KDSWHU � RI WKLV WKHVLV

��� &KDSWHU � RI WKLV WKHVLV
��� '�:� %UHFN� ³=HROLWH 0ROHFXODU 6LHYHV´� :LOH\� ,QWHUVFLHQFH� 1HZ <RUN� �����

��� /�0� YDQ GHU +DDU� 0�:� GHQ 2WWHU� 0� 0RUVNDWH� +�-�0� %RXZPHHVWHU� +� 9HUZHLM� ³&KHPLFDO

GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��G VWXGLHG ZLWK HOHFWULFDO FRQGXFWLYLW\ UHOD[DWLRQ´�
VXEPLWWHG

��� &KDSWHU � RI WKLV WKHVLV

��� +� 'HQJ� 0� =KRX� %� $EHOHV� ³'LIIXVLRQ UHDFWLRQ LQ PL[HG LRQLF�HOHFWURQLF VROLG R[LGH PHPEUDQHV ZLWK

SRURXV HOHFWURGHV´� 6ROLG 6WDWH ,RQLFV �� �� ������
��� +� 'HQJ� 0� =KRX� %� $EHOHV� ³7UDQVSRUW LQ VROLG R[LGH SRURXV HOHFWURGHV� (IIHFWV RI JDV GLIIXVLRQ´�

6ROLG 6WDWH ,RQLFV �� ��� ������

��� 0� =KRX� +� 'HQJ�� %� $EHOHV� ³7UDQVSRUW LQ PL[HG LRQLF HOHFWURQLF FRQGXFWLQJ VROLG R[LGH PHPEUDQHV

ZLWK SRURXV HOHFWURGHV� /DUJH SUHVVXUH JUDGLHQW´� 6ROLG 6WDWH ,RQLFV �� ��� ������



����
3HUPHDWLRQ�DQG�WUDQVSRUW�SURSHUWLHV
RI�QLFNHO�DQG�FRSSHU�VXEVWLWXWHG

/D���6U���&R2��G

$EVWUDFW

7KH� LQIOXHQFH� RI� VXEVWLWXWLRQ� RI� FREDOW� LQ� /D���6U���&R2��G� ZLWK� �� WR� �� PROH��� RI� HLWKHU

FRSSHU� RU� QLFNHO� RQ� WKH� R[\JHQ� SHUPHDWLRQ� UDWH� DQG� WUDQVSRUW� SDUDPHWHUV� ZDV

LQYHVWLJDWHG�� 2[\JHQ� SHUPHDWLRQ� GDWD� DW� ���������&� LQGLFDWH� WKDW� QLFNHO� DQG� FRSSHU

GRSLQJ�UHVXOWV�LQ�D�VLJQLILFDQW�LQFUHDVH�LQ�WKH�SHUPHDWLRQ�UDWH��7KH�ODUJHVW�LQFUHDVH�LQ�IOX[

ZDV� PHDVXUHG� IRU� WKH� ORZHVW� GRSDQW� FRQFHQWUDWLRQ�� DPRXQWLQJ� WR� D� IDFWRU� ���� IRU� WKH

QLFNHO�GRSHG�DQG�����IRU�WKH�FRSSHU�GRSHG�VDPSOH��&RQGXFWLYLW\�UHOD[DWLRQ�GDWD�REWDLQHG

DW���������&� IRU� WKH� VDPSOHV� VKRZLQJ� WKH�KLJKHVW� R[\JHQ�SHUPHDWLRQ� UDWH�� LQGLFDWH� WKDW

GRSLQJ�LQFUHDVHV�ERWK�WKH�VXUIDFH�WUDQVIHU�DQG�WKH�EXON�GLIIXVLRQ�UDWHV�



&KDSWHU ���

���� ,QWURGXFWLRQ

7KH� UDWH� RI� R[\JHQ� SHUPHDWLRQ� WKURXJK�PL[HG�FRQGXFWLQJ� SHURYVNLWH�PHPEUDQHV� FDQ� EH

LQFUHDVHG� E\� UHGXFLQJ� WKH� PHPEUDQH� WKLFNQHVV� SURYLGHG� WKDW� EXON� GLIIXVLRQ� UDWH� OLPLWV

RYHUDOO�R[\JHQ� WUDQVSRUW��7KH�SUHYLRXV�FKDSWHU�GHVFULEHG�KRZ� WKLV� DSSURDFK�ZDV� DSSOLHG

VXFFHVVIXOO\� WR� LQFUHDVH� WKH� R[\JHQ� IOX[� WKURXJK� GHQVH� /D���6U���&R2��G� PHPEUDQHV�

5HGXFLQJ�WKH�PHPEUDQH�WKLFNQHVV�IURP�����WR����PP�HQODUJHG�WKH�IOX[�ZLWK�D�IDFWRU����DW

����&��7KH�WKLFNQHVV�RI�WKH�WKLQ�ILOP�PHPEUDQH�LV�OHVV�WKDQ�WKH�FKDUDFWHULVWLF�WKLFNQHVV�/F�

EHORZ�ZKLFK�R[\JHQ� WUDQVSRUW� LV� WKH� UDWH�GHWHUPLQLQJ�E\� WKH�VXUIDFH� WUDQVIHU� UHDFWLRQ�� ,Q

FKDSWHUV��� DQG��� LW� ZDV� VKRZQ� WKDW� WKH� YDOXH� RI� /F� IRU� /D��[6U[&R2��G� PHPEUDQHV� LV

DSSUR[LPDWHO\�����PP��7KH�HQKDQFHPHQW�RI�WKH�VXUIDFH�UHDFWLRQ�LV�WKHUHIRUH�RI�LPSRUWDQFH

WR�IXUWKHU�LQFUHDVH�WKH�R[\JHQ�IOX[�WKURXJK�WKHVH�PHPEUDQHV�

7KH� UDWH� RI� R[\JHQ� WUDQVIHU� FDQ� EH� LPSURYHG� E\� VXUIDFH� PRGLILFDWLRQ�� $� VXFFHVVIXO

DSSURDFK�DSSHDUHG�WR�EH�FRDWLQJ�RI�WKH�PHPEUDQH�VXUIDFH�ZLWK�D�SRURXV�OD\HU�KDYLQJ�WKH

VDPH�FRPSRVLWLRQ�DV� WKH�PHPEUDQH�>���@��7KLV�SURFHGXUH�HIIHFWLYHO\�HQODUJHV� WKH�VXUIDFH

DUHD�DYDLODEOH�IRU�R[\JHQ�WUDQVIHU��$QRWKHU�SRVVLELOLW\�LV�WKH�GLVSHUVLRQ�RI�H[FKDQJH�DFWLYH

IRUHLJQ�SKDVHV�RQ�WKH�PHPEUDQH�VXUIDFH�

$Q� DOWHUQDWLYH� DSSURDFK� LV� LQWULQVLFDOO\� GRSLQJ� WKH� PHPEUDQH� PDWHULDO� ZLWK� H[FKDQJH

DFWLYH� FRQVWLWXHQWV�� 7KHVH� GRSDQWV�� ZKLFK� DUH� LQFRUSRUDWHG� DV� KHWHUR�DWRPV� LQ� WKH

SHURYVNLWH�ODWWLFH�RI�WKH�PHPEUDQH��VKRXOG�HQKDQFH�WKH�VXUIDFH�WUDQVIHU�UDWH�DQG�VKRXOG�QRW

KDYH� D� QHJDWLYH� LQIOXHQFH� RQ� WKH� EXON� GLIIXVLRQ� RI� R[\JHQ�� 6WXGLHV� RI� ,QRXH� HW� DO��>���@

VKRZHG� WKDW�%�VLWH�GRSLQJ�RI�/D��[6U[&R2��G� R[\JHQ� VHQVRU� HOHFWURGHV�ZLWK� ��PROH���RI

QLFNHO� OHDGV� WR� D� VLJQLILFDQW� LQFUHDVH� LQ� WKH� H[FKDQJH� FXUUHQW� GHQVLW\�� 7KLV� REVHUYDWLRQ

VXJJHVWV�WKDW�WKH�SUHVHQFH�RI�QLFNHO�DW�WKH�SHURYVNLWH�VXUIDFH�KDV�D�EHQHILFLDO�HIIHFW�RQ�WKH

UDWH�RI�VXUIDFH�WUDQVIHU��$�VLPLODU�HIIHFW�ZDV�REVHUYHG�E\�,QRXH�HW�DO��ZKHQ�/D��[6U[&R2��G

ZDV�VOLJKWO\�GRSHG�ZLWK�FRSSHU�

7KLV� FKDSWHU� IRFXVHV� RQ� WKH� LQIOXHQFH� RI� %�VLWH� GRSLQJ� RQ� R[\JHQ� IOX[HV� WKURXJK

/D���6U���&R2��G�PHPEUDQHV�LQ�ZKLFK�WKH�FREDOW�LV�VXEVWLWXWHG�ZLWK���WR���PROH���RI�HLWKHU

FRSSHU� RU� QLFNHO�� ,Q� DGGLWLRQ� WR� R[\JHQ� SHUPHDWLRQ� PHDVXUHPHQWV�� WKH� HOHFWULFDO

FRQGXFWLYLW\�UHOD[DWLRQ�WHFKQLTXH�LV�XVHG�WR�VWXG\�WKH�UHOHYDQW�WUDQVSRUW�SDUDPHWHUV�



3HUPHDWLRQ DQG WUDQVSRUW SURSHUWLHV RI QLFNHO DQG FRSSHU VXEVWLWXWHG /D���6U���&R2��G ��

���� 7KHRU\

������ 2[\JHQ�SHUPHDWLRQ

%XON�GLIIXVLRQ�RI�R[\JHQ�WKURXJK�D�GHQVH�PHPEUDQH�ZLWK�WKLFNQHVV�/��SODFHG�LQ�DQ�R[\JHQ

SDUWLDO�SUHVVXUH�JUDGLHQW��FDQ�EH�GHVFULEHG�E\�WKH�:DJQHU�HTXDWLRQ�>�@�
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��)RU� WKH�DFFHSWRU�GRSHG�FREDOWLWHV� LQYHVWLJDWHG� LQ� WKH�SUHVHQW�VWXG\�� WKH

HOHFWURQLF�WUDQVIHUHQFH�QXPEHU�WHO�FDQ�EH�DVVXPHG�WR�EH�XQLW\��7KH�LRQLF�FRQGXFWLYLW\�VLRQ

PD\�YDU\�ZLWK�WHPSHUDWXUH�DQG�R[\JHQ�SDUWLDO�SUHVVXUH�

7R�HVWLPDWH�WKH�LQIOXHQFH�RI�VXUIDFH�H[FKDQJH�SURFHVVHV�RQ�WKH�SHUPHDWLRQ�WKH� IROORZLQJ

PRGLILFDWLRQ�RI�HTXDWLRQ�������FDQ�EH�GHULYHG�>���@��ZKLFK�LV�YDOLG�RQO\�LQ�WKH�OLPLW�RI�VPDOO
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,Q�WKLV�HTXDWLRQ��/F�LV�WKH�FKDUDFWHULVWLF�PHPEUDQH�WKLFNQHVV�DW�ZKLFK�VXUIDFH�WUDQVIHU�DQG

EXON�GLIIXVLRQ�FRQVXPH�DQ�HTXDO�VKDUH�RI�WKH�WRWDO�JUDGLHQW�LQ�R[\JHQ�FKHPLFDO�SRWHQWLDO�
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������ (OHFWULFDO�FRQGXFWLYLW\�UHOD[DWLRQ

,Q� HOHFWULFDO� FRQGXFWLYLW\� UHOD[DWLRQ� H[SHULPHQWV�� WKH� WLPH� GHSHQGHQW� UHVSRQVH� RI� WKH

DSSDUHQW�FRQGXFWLYLW\�V�W��RI�D�VROLG�R[LGH�VDPSOH�LV�PRQLWRUHG�DIWHU�DSSOLFDWLRQ�RI�D�VWHS�

ZLVH�FKDQJH�LQ�DPELHQW�R[\JHQ�SDUWLDO�SUHVVXUH��7KH�FKDQJH�LQ�FRQGXFWLYLW\� LV�FDXVHG�E\

WKH� DGDSWDWLRQ�RI� WKH� VDPSOH¶V�R[\JHQ� VWRLFKLRPHWU\� WR� WKH�QHZ�R[\JHQ�SDUWLDO� SUHVVXUH�

:KHQ� VPDOO� VWHSV� LQ� R[\JHQ� SDUWLDO� SUHVVXUH� DUH� DSSOLHG�� WKH� UHODWLYH� FKDQJH� LQ

FRQGXFWLYLW\� V �FDQ�EH�HTXDWHG�WR�WKH�UHODWLYH�FKDQJH�RI�WKH�PDVV�P�RI�WKH�VDPSOH�
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,Q�WKH�FXUUHQW�VWXG\��IODW�UHFWDQJXODU�VDPSOHV�DUH�XVHG�ZLWK�D�WKLFNQHVV��E��ZKLFK�LV�PXFK

VPDOOHU� WKDQ� WKH� VXUIDFH� DUHD�� 8VLQJ� )LFN¶V� VHFRQG� ODZ� XQGHU� WKH� DVVXPSWLRQ� RI� OLQHDU
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LQWHUIDFH� NLQHWLFV�� WKH� IROORZLQJ� H[SUHVVLRQ� IRU� WKH� PDVV� FKDQJH� RI� WKH� VDPSOH� FDQ� EH

GHULYHG�>�@�
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DQG�WKH�HLJHQYDOXHV�EQ�DUH�REWDLQHG�IURP

E E EQ Q

E.

'
/WDQ a  WU � �����

,Q� WKH� UHJLPH� LQ� ZKLFK� WKH� HTXLOLEUDWLRQ� UDWH� LV� OLPLWHG� ERWK� E\� GLIIXVLRQ� DQG� VXUIDFH

WUDQVIHU� RI� R[\JHQ�� HTXDWLRQ�������PDNHV� LW� SRVVLEOH� WR� REWDLQ� WKH� SDUDPHWHUV�
a

' � DQG�.WU

IURP� WKH� H[SHULPHQWDO� UHOD[DWLRQ� GDWD�� ,Q� WKH� UHJLPH� RI� GLIIXVLRQ� RU� WUDQVIHU�OLPLWHG

HTXLOLEUDWLRQ� RQO\�
a

' � RU� .WU�� UHVSHFWLYHO\�� FDQ� EH� GHWHUPLQHG�� 7KH� UDWLR� RI�
a

' � DQG� .WU

GHWHUPLQHV� WKH� YDOXH� RI� WKH� FKDUDFWHULVWLF� WKLFNQHVV� /F�� )RU� PRUH� GHWDLOV� LQFOXGLQJ� D

TXDQWLWDWLYH�GHVFULSWLRQ�RI�WKH�UHJLPHV�RI�PL[HG��GLIIXVLRQ�DQG�WUDQVIHU�FRQWUROOHG�NLQHWLFV�

WKH�UHDGHU�LV�UHIHUUHG�WR�GHQ�2WWHU�HW�DO��>����@�

���� ([SHULPHQWDO

������ 6DPSOH�SUHSDUDWLRQ

/D���6U���&R��[1L[2��G�DQG�/D���6U���&R��[&X[2��G� �[ ��������������������DQG�������SRZGHUV

ZHUH�SUHSDUHG�YLD� WKHUPDO�GHFRPSRVLWLRQ�RI�('7$�SUHFXUVRU� FRPSOH[HV�GHULYHG� IURP� D

VWRLFKLRPHWULF�PL[WXUH�RI�WKH�PHWDO�QLWUDWH�VROXWLRQV�>��@��$IWHU�FDOFLQDWLRQ�LQ�DLU�DW�����&

DQG� VXEVHTXHQW� EDOO� PLOOLQJ�� WKH� SRZGHUV� ZHUH� LVRVWDWLFDOO\� SUHVVHG� DW� �����EDU�� $IWHU

VLQWHULQJ�DW������&�LQ�DLU�IRU����K�WKH�VDPSOHV�VKRZHG�D�UHODWLYH�GHQVLW\�LQ�H[FHVV�RI�����

;�UD\� IOXRUHVFHQFH


�ZDV� HPSOR\HG� WR�YHULI\� WKH� VWRLFKLRPHWU\� RI� WKH� REWDLQHG�PDWHULDOV�

6WUXFWXUDO� FKDUDFWHULFDWLRQ� ZDV� SHUIRUPHG� E\� PHDQV� RI� ;�UD\� SRZGHU� GLIIUDFWLRQ� ZLWK

&X.D� UDGLDWLRQ
�
�� XVLQJ� /D%�� DV� LQWHUQDO� VWDQGDUG�� 7KH� SRZGHU� GLIIUDFWLRQ� SDWWHUQV� ZHUH

LQGH[HG�XVLQJ�WKH�75(25���SURJUDP�>��@��)RU�SHUPHDWLRQ�PHDVXUHPHQWV��GLVNV�ZHUH�XVHG


 3KLOLSV 3:����
� 3KLOLSV 3:���� EDVHG ;¶SHUW �



3HUPHDWLRQ DQG WUDQVSRUW SURSHUWLHV RI QLFNHO DQG FRSSHU VXEVWLWXWHG /D���6U���&R2��G ��

ZLWK� D� GLDPHWHU� RI� ���PP�DQG� D� WKLFNQHVV� EHWZHHQ� ����� DQG� �����PP�� )RU� FRQGXFWLYLW\

UHOD[DWLRQ�H[SHULPHQWV�WKLQ�UHFWDQJXODU�VDPSOHV�ZHUH�XVHG�ZLWK�GLPHQVLRQ����î�î���PP
�
�

3ULRU� WR� ERWK� SHUPHDWLRQ� DQG� UHOD[DWLRQ� H[SHULPHQWV�� WKH� VXUIDFH� RI� WKH� VDPSOHV� ZHUH

SROLVKHG�ZLWK������0(6+�6L&�� FOHDQHG�XOWUDVRQLFDOO\� LQ� HWKDQRO� DQG� DQQHDOHG� IRU���K� DW

����&�

������ 3HUPHDWLRQ�PHDVXUHPHQWV

7KH� SHUPHDWLRQ� RI� WKH� VDPSOHV� ZDV�PHDVXUHG� XQGHU� DLU�KHOLXP� JUDGLHQWV


�� 7KH� VDPSOHV

ZHUH� VHDOHG� LQ� D� TXDUW]� UHDFWRU� WXEH� DW� �����&� XVLQJ� JODVV� ULQJV
�
�� 0HDVXUHPHQWV� ZHUH

SHUIRUPHG� DW� ���� DQG� �����&�� 7KH� R[\JHQ� SDUWLDO� SUHVVXUH� DW� WKH� SHUPHDWH� VLGH� ZDV

FRQWUROOHG�E\�DGMXVWLQJ�WKH�KHOLXP�IORZ�UDWH��7KH�R[\JHQ�FRQFHQWUDWLRQ�LQ�WKH�JDV�VWUHDPV

ZDV� PRQLWRUHG� E\� PHDQV� RI� <6=�EDVHG� R[\JHQ� VHQVRUV� DQG� DQDO\VHG� XVLQJ� JDV

FKURPDWRJUDSK\�� $� FRUUHFWLRQ�ZDV� DSSOLHG� WR� DFFRXQW� IRU� QRQ�D[LDO� FRQWULEXWLRQV� WR� WKH

PHDVXUHG�IOX[��)XUWKHU�GHWDLOV�RI�WKH�PHDVXULQJ�SURFHGXUH�FDQ�EH�IRXQG�HOVHZKHUH�>��@�

������ (OHFWULFDO�FRQGXFWLYLW\�UHOD[DWLRQ�H[SHULPHQWV

7KH� HOHFWURQLF� FRQGXFWLYLW\� ZDV� PHDVXUHG� XVLQJ� D� IRXU�SRLQW� $&� WHFKQLTXH�� HPSOR\LQJ

JROG�ZLUHV� DV� HOHFWURGHV�� 7KH� VDPSOH�ZDV�PRXQWHG� LQ� D� TXDUW]� WXEH� WKURXJK�ZKLFK� WZR

QLWURJHQ�GLOXWHG�R[\JHQ�VWUHDPV
Á
�FRXOG�EH�SDVVHG��6WHSZLVH�FKDQJHV�LQ�WKH�R[\JHQ�SDUWLDO

SUHVVXUH�ZHUH� DSSOLHG�� LQ� UHGXFLQJ�GLUHFWLRQ�� E\� VZLWFKLQJ� EHWZHHQ� WKH� WZR�JDV� VWUHDPV�

0HDVXUHPHQWV�ZHUH�SHUIRUPHG�RYHU� D� S2
�
� UDQJH� RI� ��

��
���EDU� DQG� WHPSHUDWXUH� UDQJH� RI

��������&�� 7KH� UHODWLYH� FKDQJH� LQ� DSSDUHQW� FRQGXFWLYLW\� ZDV� UHFRUGHG� DQG� ILWWHG� WR

HTXDWLRQ������� >��@�� )XUWKHU� GHWDLOV� RQ� WKH� H[SHULPHQWDO� VHW�XS��PHDVXULQJ� SURFHGXUH� DQG

WKH�FULWHULD�IROORZHG�GXULQJ�GDWD�LQWHUSUHWDWLRQ�DUH�JLYHQ�HOVHZKHUH�>����@�

���� 5HVXOWV

������ 0DWHULDOV�FKDUDFWHULVDWLRQ

;�UD\� IOXRUHVFHQFH� UHVXOWV� LQGLFDWHG� WKDW� DOO� V\QWKHVLVHG� PDWHULDOV� H[KLELWHG� WKH� GHVLUHG

VWRLFKLRPHWU\��;�UD\�GLIIUDFWLRQ�FRQILUPHG�IRUPDWLRQ�RI�D�VLQJOH�SKDVH�SHURYVNLWH�VWUXFWXUH

LQ� DOO� FDVHV��$OO� SHDNV�RI� WKH�;�UD\�SRZGHU�GLIIUDFWLRQ� SDWWHUQV� FRXOG� EH� LQGH[HG� RQ� WKH
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EDVLV�RI�D�UKRPERKHGUDO�XQLW�FHOO��H[FHSW�IRU�WKH�FRSSHU�GRSHG�PDWHULDO�ZLWK�[ ������ZKLFK

ZDV� IRXQG� WR� EH� FXELF�� 7KH� FHOO� SDUDPHWHUV� IRU� WKH� YDULRXV� FRPSRVLWLRQV� DUH� OLVWHG� LQ

WDEOH������$SDUW�IURP�WKH�IRUPDWLRQ�RI�WKH�FXELF�VWUXFWXUH�IRU�WKH�FRSSHU�GRSHG�PDWHULDO��QR

FOHDU�LQIOXHQFH�RI�FRSSHU�DQG�QLFNHO�GRSLQJ�RQ�WKH�FHOO�SDUDPHWHUV�FDQ�EH�REVHUYHG��7KRVH

IRU�WKH�VDPSOH�ZLWK�[ ��VKRZ�FORVH�DJUHHPHQW�ZLWK�YDOXHV�UHSRUWHG�LQ�OLWHUDWXUH�>�����@�

7DEOH ���� 'LIIUDFWLRQ GDWD IRU WKH YDULRXV FRPSRVLWLRQV� 8QOHVV VWDWHG RWKHUZLVH� WKH FHOO
SDUDPHWHUV DUH EDVHG RQ D KH[DJRQDO VHWWLQJ�

/D���6U���&R��[1L[2��G [ � [ ���� [ ���� [ ���� [ ����

D >c@ �������� �������� �������� �������� ��������
F >c@ ��������� ��������� ��������� ��������� ���������

/D���6U���&R��[&X[2��G [ � [ ���� [ ���� [ ���� [ ����
�

D >c@ �������� �������� �������� �������� ��������
F >c@ ��������� ��������� ��������� ���������


� FXELF VHWWLQJ

������ 3HUPHDWLRQ

)LJXUH�����VKRZV�WKH�SHUPHDWLRQ�RI�WKH�GRSHG�DQG�XQGRSHG�/D���6U���&R2��G�PHPEUDQHV�DV

D�IXQFWLRQ�RI�R[\JHQ�SDUWLDO�SUHVVXUH��$�FOHDU�UHODWLRQ�LV�REVHUYHG�EHWZHHQ�WKH�OHYHO�RI�%�

VLWH�GRSLQJ�DQG�WKH�PDJQLWXGH�RI� WKH�R[\JHQ� IOX[��6XEVWLWXWLRQ�RI���RU���PROH�SHUFHQW�RI

FREDOW�ZLWK�QLFNHO�UHVXOWV� LQ�D�GLVWLQFW� LQFUHDVH�RI� WKH�R[\JHQ�IOX[��)XUWKHU� LQFUHDVLQJ� WKH

QLFNHO�FRQFHQWUDWLRQ�OHDGV�WR�ORZHU�R[\JHQ�IOX[HV��$W�D�GRSLQJ�FRQFHQWUDWLRQ�RI���PROH���

WKH�IOX[�KDV�GURSSHG�EHORZ�WKDW�REVHUYHG�IRU�WKH�XQGRSHG�PDWHULDO��&RSSHU�GRSLQJ�KDV�DQ

)LJXUH ���� 2[\JHQ SHUPHDWLRQ DW �����& WKURXJK ��� PP WKLFN QLFNHO�GRSHG �OHIW� DQG FRSSHU�GRSHG
�ULJKW� /D���6U���&R2��G PHPEUDQHV� 7KH GDVKHG OLQHV DUH D JXLGH IRU WKH H\H DQG KDYH QR WKHRUHWLFDO
VLJQLILFDQFH



3HUPHDWLRQ DQG WUDQVSRUW SURSHUWLHV RI QLFNHO DQG FRSSHU VXEVWLWXWHG /D���6U���&R2��G ��

HYHQ� ODUJHU� LQIOXHQFH�RQ� WKH�R[\JHQ� IOX[��$JDLQ� WKH� FRPSRVLWLRQ�ZLWK� WKH� ORZHVW�GRSLQJ

FRQFHQWUDWLRQ� VKRZV� WKH� KLJKHVW� LQFUHDVH� LQ� WKH� R[\JHQ� IOX[�� $OWKRXJK� QRW� VKRZQ� KHUH�

VLPLODU�WUHQGV�ZHUH�REVHUYHG�DW������&�

������ (OHFWULFDO�FRQGXFWLYLW\�UHOD[DWLRQ

7KH� SUHYLRXV� VHFWLRQ� VKRZHG� WKDW� WKH� KLJKHVW� R[\JHQ� IOX[HV� DUH� IRXQG� IRU� QLFNHO� DQG

FRSSHU� GRSDQW� FRQFHQWUDWLRQV� RI� ��PROH���� 7KHVH� VDPSOHV� ZHUH� VXEMHFWHG� WR� HOHFWULFDO

FRQGXFWLYLW\� H[SHULPHQWV� IRU� IXUWKHU� LQYHVWLJDWLRQ� RI� WKHLU� WUDQVSRUW� SURSHUWLHV�� ,Q

ILJXUH������WKH�FKHPLFDO�GLIIXVLRQ�FRHIILFLHQW�DQG�VXUIDFH�WUDQVIHU�FRHIILFLHQW�DUH�SORWWHG�DV

D� IXQFWLRQ� RI� R[\JHQ� SDUWLDO� SUHVVXUH� DW� ����&�� ,Q� DJUHHPHQW� ZLWK� UHVXOWV� REWDLQHG� LQ

HDUOLHU� ZRUN� RQ� XQGRSHG� /D���6U���&R2��G�>�����@�� WKH� HTXLOLEUDWLRQ� LV� JRYHUQHG� ERWK� E\

GLIIXVLRQ�DQG�VXUIDFH�WUDQVIHU��ZKLFK�LPSOLHV�WKDW�ERWK�
a

' �DQG�.WU�FDQ�EH�H[WUDFWHG�IURP�WKH

H[SHULPHQWDO�GDWD�

)LJXUH����� VKRZV� WKDW� WKH� REVHUYHG� WUHQGV� RI�
a

' � DQG�.WU� IRU� ERWK� GRSHG� VSHFLPHQV� DUH

VLPLODU� WR� WKRVH�PHDVXUHG� IRU� WKH� XQGRSHG�PDWHULDO��+RZHYHU�� ERWK� WUDQVSRUW� SDUDPHWHUV

KDYH�LQFUHDVHG�UHODWLYH�WR�WKRVH�RI�WKH�XQGRSHG�PDWHULDO��)RU�WKH�QLFNHO�GRSHG�PDWHULDO��WKH

LQFUHDVH� LQ� WKH� PDJQLWXGH� RI�
a

' � UHVHPEOHV� WKDW� RI� .WU�� )RU� WKH� FRSSHU�GRSHG� VDPSOH� D

SURQRXQFHG� LQFUHDVH� LQ� WKH�PDJQLWXGH�RI�.WU� LV� REVHUYHG�� UHODWLYH� WR� WKDW� RI� WKH� XQGRSHG

/D��[6U[&R2��G�� )RU� WKLV�PDWHULDO�.WU� LV� DSSUR[LPDWHO\� RQH� RUGHU� RI� PDJQLWXGH� KLJKHU� DW

)LJXUH ����
a
' DQG .WU SORWWHG DV D IXQFWLRQ RI R[\JHQ SDUWLDO SUHVVXUH DW YDULRXV WHPSHUDWXUHV IRU

WKH PDWHULDOV ZLWK � PROH � 1L �OHIW� DQG &X �ULJKW� GRSLQJ� 7KH WUDQVSRUW SDUDPHWHUV IRU XQGRSHG

/D���6U���&R2��G DUH DOVR JLYHQ IRU FRPSDULVRQ� 7KH GDVKHG OLQHV DUH D JXLGH IRU WKH H\H�



&KDSWHU ���

����&� WKDQ� WKH� YDOXH� IRU� WKH� XQGRSHG� PDWHULDO�� ZKLOH� RQO\� D� PLQRU� LQFUHDVH� LQ�
a

' � LV

REVHUYHG��7KH�DERYH�REVHUYDWLRQV�DUH� UHIOHFWHG� LQ� WKH�FDOFXODWHG�YDOXHV� IRU�/F��ZKLFK�DUH

JLYHQ� LQ� ILJXUH������ 1R� VLJQLILFDQW� FKDQJH� LQ� /F� FDQ� EH� REVHUYHG� IRU� WKH� QLFNHO�GRSHG

PDWHULDO��+RZHYHU�� IRU� WKH� FRSSHU�GRSHG�PDWHULDO� YDOXHV� IRU�/F� DUH� VLJQLILFDQWO\� VPDOOHU

WKDQ�WKRVH�IRXQG�IRU�WKH�XQGRSHG�PDWHULDO�

���� 'LVFXVVLRQ

(TXDWLRQ����� FDQ� EH� XVHG� WR� HVWLPDWH� WKH� LQIOXHQFH� RI� VXUIDFH� H[FKDQJH� RQ� R[\JHQ

SHUPHDWLRQ�� SURYLGHG� WKDW� WKH� IOX[� PHDVXUHPHQWV� DUH� SHUIRUPHG� FORVH� WR� HTXLOLEULXP

FRQGLWLRQV��,Q�WKH�SUHVHQW�VWXG\�GDWD�ZHUH�FROOHFWHG�XVLQJ�R[\JHQ�SDUWLDO�SUHVVXUH�JUDGLHQWV

QRW�H[FHHGLQJ� ORJ� � �c ccS S2 2� �
 �����7KLV�HTXDWLRQ�VKRZV�WKDW�WKH�R[\JHQ�SHUPHDWLRQ�UDWH�LV

UHGXFHG� GXH� WR� VXUIDFH� WUDQVIHU� OLPLWDWLRQV� ZLWK� D� IDFWRU� �

F
�� � � �/ / �� � UHODWLYH� WR� WKDW

H[SHFWHG�IURP�WKH�:DJQHU�HTXDWLRQ��7DNLQJ� WKH�H[SHULPHQWDO�YDOXH� IRU�/F�RI�����PP�� DV

REVHUYHG�IRU�XQGRSHG�/D���6U���&R2��G��LW�LV�UHDGLO\�FDOFXODWHG�WKDW�WKH�R[\JHQ�IOX[�WKURXJK

D� ����PP� WKLFN�PHPEUDQH� FDQ� EH� LQFUHDVHG�ZLWK� D� IDFWRU� ���� XSRQ� VXSSUHVVLQJ� VXUIDFH

H[FKDQJH�LPLWDWLRQV�

)RU� WKH� FRPSRVLWLRQV�ZLWK��� DQG���PROH���RI�QLFNHO� GRSLQJ�� LW� LV� IRXQG� WKDW� WKH� R[\JHQ

IOX[�KDV�LQFUHDVHG�ZLWK�D�IDFWRU�RI�����FRPSDUHG�ZLWK�WKDW�RI�WKH�XQGRSHG�/D���6U���&R2��G�

'RSLQJ�ZLWK���PROH���RI�FRSSHU�UHVXOWV�LQ�DQ�HQKDQFHPHQW�RI�D�IDFWRU������7KH�ODWWHU�YDOXH

LV�EH\RQG�WKH�PD[LPXP�LQFUHDVH�H[SHFWHG�ZKHQ�R[\JHQ�WUDQVSRUW�LV�HQWLUHO\�UHOLHYHG�IURP

VXUIDFH�H[FKDQJH� OLPLWDWLRQV��$OWKRXJK� WKH� UHOD[DWLRQ�DQG�SHUPHDWLRQ�ZHUH�SHUIRUPHG� LQ
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)LJXUH ���� &KDUDFWHULVWLF PHPEUDQH WKLFNQHVV SORWWHG DV D IXQFWLRQ RI R[\JHQ SDUWLDO SUHVVXUH DW

YDULRXV WHPSHUDWXUHV IRU WKH PDWHULDOV ZLWK �PROH � 1L �OHIW� DQG &X �ULJKW� GRSLQJ� 7KH GDVKHG

OLQHV DUH D JXLGH IRU WKH H\H� 7KH FRUUHVSRQGLQJ YDOXHV IRU WKH XQGRSHG PDWHULDO DUH DOVR VKRZQ IRU

FRPSDULVRQ�



3HUPHDWLRQ DQG WUDQVSRUW SURSHUWLHV RI QLFNHO DQG FRSSHU VXEVWLWXWHG /D���6U���&R2��G ��

GLIIHUHQW� WHPSHUDWXUH� UHJLPHV�� WKH� IRUPHU�H[SHULPHQWV� LQGHHG�GHPRQVWUDWH�DQ� LQFUHDVH� LQ

WKH�VXUIDFH�WUDQVIHU�FRHIILFLHQW�.WU�XSRQ�GRSLQJ�ZLWK�HLWKHU���PROH���RI�FRSSHU�RU�QLFNHO�

+RZHYHU�� WKH�UHOD[DWLRQ�GDWD�DOVR�LQGLFDWH�DQ�LQFUHDVHG�EXON�GLIIXVLRQ�UDWH�� ,W� WKXV�VHHPV

WKDW�WKH�REVHUYHG�LQFUHDVH�LQ�R[\JHQ�IOX[�LV�GXH�WR�DQ�LQFUHDVH�LQ�ERWK�WKH�UDWH�RI�VXUIDFH

WUDQVIHU�DQG�EXON�GLIIXVLRQ��1LFNHO�GRSLQJ�LQFUHDVHV�WKH�UDWH�RI�ERWK�SURFHVVHV�WR�WKH�VDPH

H[WHQW��ZKLOH�FRSSHU�GRSLQJ�SUHIHUDEO\�LQFUHDVHV�WKH�VXUIDFH�WUDQVIHU�UDWH�

$FFRUGLQJ� WR� ILJXUH������ WKH� REVHUYHG� WUHQGV� RI�
a

' � DQG�.WU� DV� D� IXQFWLRQ� RI� WKH� R[\JHQ

SDUWLDO� SUHVVXUH� VKRZ� FORVH� DJUHHPHQW�� 6LPLODU� WUHQGV� ZHUH� REVHUYHG� IRU� /D��[6U[&R2��G

VDPSOHV�ZLWK�[ ���� DQG� ����>�����@�� 7KH� SURIRXQG� GHFUHDVH� LQ� WKH� GLIIXVLYLW\� RI� R[\JHQ

ZLWK� GHFUHDVLQJ� S2
�
� LV� XQH[SHFWHG� IURP� SRLQW� GHIHFW� FRQVLGHUDWLRQV� DQG� LQGLFDWHV� WKDW

R[\JHQ� YDFDQFLHV� DW� ORZHU� S2
�
� YDOXHV� DUH� OHVV� PRELOH� GXH� WR� WUDSSLQJ� SKHQRPHQD�� DV

GLVFXVVHG�LQ�GHWDLO�LQ�FKDSWHU���RI�WKLV�WKHVLV��'XH�WR�WKH�IRUPDWLRQ�RI�H[WHQGHG�GHIHFWV�RU

YDFDQF\�RUGHULQJ�WKH�FRQFHQWUDWLRQ�RI�µIUHH¶�R[\JHQ�YDFDQFLHV�DYDLODEOH�IRU�LRQLF�WUDQVSRUW

LV�ORZHUHG��,W�FDQ�EH�DUJXHG�WKDW�GRSLQJ�RI�WKH�PDWHULDO�ZLWK�RI�D�VPDOO�DPRXQW�RI�D�IRUHLJQ

FRPSRQHQW��LQ�WKLV�FDVH�FRSSHU�RU�QLFNHO��KDV�D�GLVWXUELQJ�HIIHFW�RQ�WKHVH�SKHQRPHQD�DQG

HIIHFWLYHO\�OHDGV�WR�DQ�LQFUHDVHG�FRQFHQWUDWLRQ�RI�PRELOH�R[\JHQ�YDFDQFLHV��7KLV�FDQ�WKHQ

DFFRXQW�IRU�WKH�REVHUYHG�LQFUHDVH�LQ� WKH�YDOXH�RI�
a

' ��$QRWKHU� WHQWDWLYH�H[SODQDWLRQ�LV� WKH

SUHVHQFH� RI� IDVW� GLIIXVLRQ� SDWKV� DORQJ� JUDLQ� ERXQGDULHV�� 5HVXOWV� RI� .KDUWRQ� HW� DO��>��@

VXJJHVW� D� VLJQLILFDQW� LQIOXHQFH� RI� WKH� JUDLQ� ERXQGDU\� UHVLVWDQFH� RQ� WKH� SHUPHDWLRQ

EHKDYLRXU�RI�/D&R2��G��7KH�HQULFKPHQW�RI� WKH�JUDLQ�ERXQGDULHV�ZLWK� WKH�DSSOLHG�GRSDQWV

SRVVLEO\�ORZHUV�WKH�JUDLQ�ERXQGDU\�UHVLVWDQFH��)XUWKHU�UHVHDUFK�LV�UHTXLUHG�WR�SURYLGH�PRUH

HYLGHQFH�IRU�WKLV�

���� 6XPPDU\�DQG�FRQFOXVLRQV

6XEVWLWXWLRQ� RI� FREDOW� LQ� /D���6U���&R2��G� PHPEUDQHV� ZLWK� FRSSHU� RU� QLFNHO� UHVXOWV� LQ� D

VLJQLILFDQW� LQFUHDVH� LQ� WKH� UDWH�RI�R[\JHQ�SHUPHDWLRQ��7KH� LQFUHDVH� LQ�SHUPHDWLRQ� UDWH� LV

FRUUHODWHG� ZLWK� WKH� GRSLQJ� OHYHO�� ,Q� WKH� LQYHVWLJDWHG� FRQFHQWUDWLRQ� UDQJH� IURP� �� WR� �

PROH���� WKH� ORZHVW� GRSDQW� FRQFHQWUDWLRQ� FRUUHVSRQGV� ZLWK� WKH� ODUJHVW� LQFUHDVH� LQ� WKH

SHUPHDWLRQ��7KLV�VXJJHVWV�WKDW�GRSLQJ�LQFUHDVHV�WKH�VXUIDFH�WUDQVIHU�RI�R[\JHQ��+RZHYHU�

FRQGXFWLYLW\�UHOD[DWLRQ�GDWD�RI�VDPSOHV�ZLWK�HLWKHU���PROH���RI�FRSSHU�RU�QLFNHO� LQGLFDWH

WKDW�GRSLQJ�LQFUHDVHV�ERWK�WKH�VXUIDFH�WUDQVIHU�DQG�WKH�EXON�GLIIXVLRQ�UDWH��7KH�LQFUHDVH�LQ

WKH�VXUIDFH�WUDQVIHU�UDWH�LV�PRVW�SURQRXQFHG�IRU�WKH�FRSSHU�GRSHG�VDPSOH��([SODQDWLRQV�IRU

WKH�HQKDQFLQJ�HIIHFW�RI�GRSLQJ�RQ� WKH�EXON� WUDQVSRUW� UHPDLQ� WHQWDWLYH�DQG�UHTXLUH�D�PRUH

HODERUDWH�LQYHVWLJDWLRQ�



&KDSWHU ���

���� 5HIHUHQFHV

�� 5�0� 7KRURJRRG� 5� 6ULQLYDVDQ� 7�)� <HH DQG 0�3� 'UDNH� ³&RPSRVLWH PL[HG FRQGXFWRU PHPEUDQHV IRU
SURGXFLQJ R[\JHQ�´ 86 3DWHQW ���������� ����

�� +� 'HQJ� 0� =KRX� %� $EHOHV� ³'LIIXVLRQ�UHDFWLRQ LQ SRURXV PL[HG LRQLF�HOHFWURQLF FRQGXFWLQJ VROLG

R[LGH PHPEUDQHV´� 6ROLG 6WDWH ,RQLFV� �� �� ������

�� 7� ,QRXH� 1� 6HNL� .� (JXFKL� +� $UDL� ³/RZ�7HPSHUDWXUH 2SHUDWLRQ RI 6ROLG (OHFWURO\WH 2[\JHQ

6HQVRUV 8VLQJ 3HURYVNLWH�W\SH 2[LGH HOHFWURGHV DQG &DWKRGLF 5HDFWLRQ .LQHWLFV´� -� (OHFWURFKHP� 6RF�

��� ���� ������
�� 7� ,QRXH� .� (JXFKL� +� $UDL� ³/RZ 7HPSHUDWXUH 2SHUDWLRQ RI &HULD�EDVHG 2[\JHQ 6HQVRUV 8VLQJ

3HURYVNLWH�W\SH 2[LGH (OHFWURGHV´�&KHPLVWU\ /HWWHUV� ���� ������

�� &� :DJQHU� :� 6FKRWWN\� ³%HLWUDJ ]XU 7KHRULH GHV $QODXIYRUJDQJHV´�=� 3K\V� &KHP� %�� �� ������

�� +�-�0� %RXZPHHVWHU� +� .UXLGKRI DQG $�-� %XUJJUDDI� ³,PSRUWDQFH RI WKH VXUIDFH H[FKDQJH NLQHWLFV DV

UDWH OLPLWLQJ VWHS LQ R[\JHQ SHUPHDWLRQ WKURXJK PL[HG�FRQGXFWLQJ R[LGHV´� 6ROLG 6WDWH ,RQLFV� ��

��� ������
�� +�-�0� %RXZPHHVWHU� $�-� %XUJJUDDI� ³'HQVH FHUDPLF PHPEUDQHV IRU R[\JHQ VHSDUDWLRQ´� LQ� &5&

+DQGERRN RI 6ROLG 6WDWH (OHFWURFKHPLVWU\� HG� 3�-� *HOOLQJV DQG +�-�0� %RXZPHHVWHU� &5& 3UHVV� %RFD

5DWRQ ����

�� -� &UDQN� µ7KH 0DWKHPDWLFV RI 'LIIXVLRQ¶� �QG HG�� S� ��� 2[IRUG 8QLYHUVLW\ 3UHVV� 2[IRUG ������

�� 0�:�GHQ 2WWHU� +�-�0� %RXZPHHVWHU� %�$� %RXNDPS� +� 9HUZHLM� ³5HDFWRU IOXVKWLPH FRUUHFWLRQ LQ

UHOD[DWLRQ H[SHULPHQWV´� -� (OHFWURFKHP� 6RF�� ���� -��-� ������
��� 0�:� GHQ 2WWHU� /�0� YDQ GHU +DDU� +�-�0� %RXZPHHVWHU� ³1XPHULFDO HYDOXDWLRQ RI HLJHQYDOXHV RI WKH

VKHHW GLIIXVLRQ SUREOHP LQ WKH VXUIDFH�GLIIXVLRQ PL[HG UHJLPH´�6ROLG 6WDWH ,RQLFV ��� ��� ������

��� 5�+�(� YDQ 'RRUQ� +� .UXLGKRI� $� 1LMPHLMHU� /� :LQQXEVW DQG $�-� %XUJJUDDI� ³3UHSDUDWLRQ RI

/D���6U���&R2��G SHURYVNLWH E\ WKHUPDO GHFRPSRVLWLRQ RI PHWDO�('7$ FRPSOH[HV�´ -� 0DWHU� &KHP��
� >�@ ���� ������

��� 3�(� :HUQHU� /� (ULNVVRQ� 0� :HVWGDKO� ³75(25� D VHPL�H[KDXVWLYH WULDO�DQG�HUURU SRZGHU LQGH[LQJ

SURJUDP IRU DOO V\PPHWULHV´� -� $SSO� &U\VWDOORJU�� �� ��� ������
��� &KDSWHU � RI WKLV WKHVLV

��� 5HOD[DWLRQ $QDO\VLV VRIWZDUH� YHUVLRQ ���� E\ %�$� %RXNDPS� ,QWHUQHW� KWWS���ZZZ�FW�XWZHQWH�QO�aLPV�

��� &KDSWHU � RI WKLV WKHVLV

��� 9�9� .KDUWRQ� (�1� 1DXPRYLFK� $�$� 9HFKHU� $�9� 1LNRODHY� ³2[LGH LRQ FRQGXFWLRQ LQ VROLG VROXWLRQV

/Q��[6U[&R2��G �/Q  /D� 3U� 1G�´� -� 6ROLG 6WDWH &KHP�� ��� ��� ������
��� $�1� 3HWURY� 2�)� .RQRQFKXN� $�9� $QGUHHY� 9�$� &KHUHSDQRY� 3� .RIVWDG� ³&U\VWDO VWUXFWXUH� HOHFWULFDO

DQG PDJQHWLF SURSHUWLHV RI /D��[6U[&R2��\´� 6ROLG 6DWH ,RQLFV� �� ��� ������
��� 1�0�/�3� &ORVVHW� 5�+�(� YDQ 'RRUQ� +� .UXLGKRI� -� %RHLMVPD� ³$ERXW WKH FU\VWDO VWUXFWXUH RI

/D��[6U[&R2��G ��d[d����´� 3RZGHU 'LIIUDFWLRQ �� �� ������
��� /�0� YDQ GHU +DDU� 0�:� GHQ 2WWHU� 0� 0RUVNDWH� +�-�0� %RXZPHHVWHU� +� 9HUZHLM� ³&KHPLFDO

GLIIXVLRQ DQG R[\JHQ VXUIDFH WUDQVIHU RI /D��[6U[&R2��G VWXGLHG ZLWK HOHFWULFDO FRQGXFWLYLW\ UHOD[DWLRQ´�
VXEPLWWHG

��� 9�9� .KDUWRQ� (�1� 1DXPRYLFK� $�9� .RYDOHYVN\� $�3� 9LVNXS� )�0� )LJXHLUHGR� ,�$� %DVKPDNRY�

)�0�%� 0DUTXHV� ³0L[HG HOHFWURQLF DQG LRQLF FRQGXFWLYLW\ RI /D&R�0�2� �0 *D� &U� )H RU 1L�� ,9�

(IIHFW RI SUHSDUDWLRQ PHWKRG RQ R[\JHQ WUDQVSRUW LQ /D&R2��G´� 6ROLG 6WDWH ,RQLFV ��� ��� ������



����
&RQFOXVLRQV�DQG�RXWORRN

���� ,QWURGXFWLRQ

7KH�SULQFLSDO�JRDOV�RI�WKH�ZRUN�GHVFULEHG�LQ�WKLV�WKHVLV�ZHUH�WKH�GHYHORSPHQW��IDEULFDWLRQ

DQG�WHVWLQJ�RI�VXSSRUWHG�WKLQ�ILOP�������PP��PHPEUDQHV�SUHSDUHG�YLD�3/'��7KH�PDWHULDO

XQGHU�FRQVLGHUDWLRQ�ZDV�SHURYVNLWH�/D��[6U[&R2��G��/6&���WKH�VDPH�PDWHULDO�DV�WKDW�XVHG�WR

IDEULFDWH� WKH� SRURXV� VXSSRUW�� $OWKRXJK� WKH� WKLQ�ILOP� DSSURDFK� KDV� EHHQ� DGYRFDWHG

IUHTXHQWO\� LQ� OLWHUDWXUH�� RQO\� D� IHZ� VWXGLHV� KDYH� EHHQ� UHSRUWHG� ZLWK� OLPLWHG� GHJUHH� RI

VXFFHVV�>���@��7KH�UHVXOWV�IURP�WKLV�VWXG\�VKRZ�IRU�WKH�ILUVW�WLPH�WKDW�R[\JHQ�IOX[HV�FDQ�EH

REWDLQHG�WKDW�DUH�PRUH�WKDQ�RQH�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ�WKRVH�WKURXJK�SUHVVHG�GLVF

PHPEUDQHV�������PP��PHDVXUHG�XQGHU�LGHQWLFDO�FRQGLWLRQV�

$�QXPEHU�RI�RWKHU�UHVHDUFK�DFFRPSOLVKPHQWV�LQFOXGH�WKH�IROORZLQJ��$QDO\VLV�VKRZHG�WKDW

PDVV�WUDQVSRUW�WKURXJK�WKH�SRURXV�VXSSRUW�FRQWULEXWHV�WR�WKH�RYHUDOO�SHUPHDWLRQ�UHVLVWDQFH

DW� �����&�� EXW� EHFRPHV� QHJOLJLEOH� DW� WHPSHUDWXUHV� DURXQG� ����&�� 'DWD� RI� R[\JHQ

SHUPHDWLRQ� DQG� FRQGXFWLYLW\� UHOD[DWLRQ� VKRZHG� WKDW� IRU� PHPEUDQHV� WKLQQHU� WKDQ� DERXW

����PP�� WKH� UDWH� RI� R[\JHQ� SHUPHDWLRQ� LV� SUHGRPLQDQWO\� JRYHUQHG� E\� R[\JHQ� VXUIDFH

WUDQVIHU��7KH�UHVXOWV�IXUWKHU�GHPRQVWUDWHG�WKDW�LQ�WKH�WHPSHUDWXUH�UDQJH���������&�WUDSSLQJ

HIIHFWV�� DVVRFLDWHG�ZLWK� WKH� RUGHULQJ� RI� R[\JHQ� YDFDQFLHV�� UHGXFH� WKH� QXPEHU� RI�PRELOH

R[\JHQ�YDFDQFLHV�LQ�SKDVHV�/D[6U��[&R2��G�DW�R[\JHQ�SDUWLDO�SUHVVXUHV�EHORZ���
��
�EDU��$V�D

FRQVHTXHQFH��WKH�FKHPLFDO�GLIIXVLRQ�FRHIILFLHQW�DQG�DVVRFLDWHG�LRQLF�FRQGXFWLYLW\�GHFUHDVH

ZLWK�GHFUHDVLQJ�R[\JHQ�SDUWLDO�SUHVVXUHV�EHORZ�DERXW���
��
�EDU�

$OWKRXJK� LW� LV� ULJRURXVO\�GHPRQVWUDWHG� LQ� WKLV�ZRUN� WKDW� WKH�FRQFHSW�RI�D�VXSSRUWHG� WKLQ�

ILOP�PHPEUDQH� LV� D�PRVW� SURPLVLQJ� RQH�� D� QXPEHU� RI� LVVXHV� VWLOO� QHHG� WR� EH� DGGUHVVHG



&KDSWHU ���

EHIRUH�ODUJH�VFDOH� LQGXVWULDO�DSSOLFDWLRQ�PLJKW�EHFRPH�IHDVLEOH�� ,Q� WKLV�FKDSWHU��D�QXPEHU

RI�LGHDV�IRU�IXUWKHU�UHVHDUFK�DUH�SUHVHQWHG�

���� 0HPEUDQH�VWDELOLW\

7KH�PHPEUDQH�VXSSRUW�LV�RI�YLWDO�LPSRUWDQFH�IRU�WKH�PHPEUDQH�LQ�SURYLGLQJ�WKH�UHTXLUHG

PHFKDQLFDO�VWDELOLW\��)RU�LQGXVWULDO�DSSOLFDWLRQ�� WKH�DV\PPHWULF�PHPEUDQH�VKRXOG�EH�DEOH

WR� ZLWKVWDQG� FRQVLGHUDEOH� DEVROXWH� SUHVVXUH� GLIIHUHQFHV�� 0HFKDQLFDO� WHVWV� RI� WKH� SRURXV

SHURYVNLWH� VXSSRUWV� GHYHORSHG� LQ� WKLV�ZRUN� UHYHDOHG� WKDW� WKHVH� FRXOG� HQGXUH� DQ� DEVROXWH

SUHVVXUH� GLIIHUHQFH� RI� DERXW� ���EDU�� +RZHYHU�� WKLQ� FHUDPLF� ILOPV� DUH� H[WUHPHO\� IUDJLOH�

:KHWKHU�WKHVH�FDQ�ZLWKVWDQG�VXFK�D�SUHVVXUH�GLIIHUHQFH�VWLOO�QHHGV�IXUWKHU�LQYHVWLJDWLRQ�

$QRWKHU� LPSRUWDQW� LVVXH� UHODWHV�ZLWK� WKH� VWDELOLW\� RI� WKH� SRURVLW\�� ,Q� WKLV� VWXG\� VXSSRUWV

ZHUH�XVHG�WKDW�ZHUH�VLQWHUHG�DW�WKH�UHODWLYHO\�ORZ�WHPSHUDWXUH�RI������&��7KLV�WHPSHUDWXUH

ZDV�PDLQO\� FKRVHQ� WR� HQVXUH� HQRXJK� UHPQDQW� SRURVLW\� DIWHU� VLQWHULQJ�� 7KLV� UHVWULFWV� WKH

PHPEUDQH� RSHUDWLRQ� WHPSHUDWXUH� WR� DERXW� ����&� DQG� ORZHU�� +HQFH�� DSSOLFDWLRQ� RI� WKH

VXSSRUWV�DW� WHPSHUDWXUHV�FORVH�WR������&�ZLOO� UHGXFH� LWV�SRURVLW\�GXH� WR�D�QRQ�QHJOLJLEOH

VLQWHU�DFWLYLW\�DW�WKHVH�WHPSHUDWXUHV��7KH�XVH�RI�DOWHUQDWLYH�PDWHULDOV�ZLWK�D�ORZHU�LQWULQVLF

VLQWHU�DFWLYLW\�PD\�RIIHU�D�VROXWLRQ�WR�WKLV�SUREOHP�

$QRWKHU�SUREOHP�UHODWHV�ZLWK�WKH�LPSRVHG�SUHVVXUH�JUDGLHQW�DFURVV�WKH�FHUDPLF�PHPEUDQH

FDXVLQJ�ODWWLFH�H[SDQVLRQ�PLVPDWFK�RI�RSSRVLWH�VLGHV�RI� WKH�GHQVH�FHUDPLF�PHPEUDQH�� ,Q

DGGLWLRQ��SKHQRPHQD�OLNH�NLQHWLF�GHPL[LQJ�DQG�RU�GHFRPSRVLWLRQ�FDQ�RFFXU��7KH�DYDLODEOH

WKHRULHV�SUHGLFW�WKDW��LI�WKH�PRELOLWLHV�RI�WKH�FDWLRQV�DUH�GLIIHUHQW�DQG�QRQ�QHJOLJLEOH�DW�KLJK

WHPSHUDWXUHV��FRQFHQWUDWLRQ�JUDGLHQWV�PD\�DSSHDU�LQ�WKH�R[LGH�LQ�VXFK�D�ZD\�WKDW�WKH�KLJK

R[\JHQ�SDUWLDO�SUHVVXUH�VLGH�RI�WKH�PHPEUDQH�WHQGV�WR�EH�HQULFKHG�ZLWK�WKH�IDVWHU�PRYLQJ

FDWLRQ� VSHFLHV�� 'HSHQGLQJ� RI� WKH� SKDVH� GLDJUDP� WKH� LQLWLDOO\� KRPRJHQHRXV� R[LGH� PD\

HYHQWXDOO\� GHFRPSRVH�� )RU� D� VKRUW� UHYLHZ� RQ� WKLV� VXEMHFW�� WKH� UHDGHU� LV� UHIHUUHG� WR

DSSHQGL[�%� RI� WKLV� WKHVLV�� $OWKRXJK� WKLV� SKHQRPHQRQ� KDV� EHHQ� REVHUYHG� IRU� PL[HG

FRQGXFWLQJ�SHURYVNLWHV�>���@�� OLWWOH� LV�NQRZQ�RI� LWV� LPSDFW�RQ� WKH�PHPEUDQH�SHUIRUPDQFH

DQG�PHFKDQLFDO�SURSHUWLHV�

���� 0HFKDQLVP�RI�R[\JHQ�WUDQVSRUW

7KUHH� PDLQ� WUDQVSRUW� SURFHVVHV� JRYHUQ� WKH� R[\JHQ� IOX[� WKURXJK� DQ� DV\PPHWULF� PL[HG

FRQGXFWLQJ�PHPEUDQH��PDVV�WUDQVIHU�WKURXJK�WKH�SRURXV�VXSSRUW��VXUIDFH�WUDQVIHU�DQG�LRQLF



&RQFOXVLRQV DQG RXWORRN ��

GLIIXVLRQ� RI� R[\JHQ� WKURXJK� WKH� GHQVH� R[LGH� WKLQ� ILOP�� 7KH� LPSDFW� RI� WKHVH� WUDQVSRUW

SURFHVVHV�RQ�WKH�SHUIRUPDQFH�RI�WKH�PHPEUDQH�GHVHUYHV�PRUH�DWWHQWLRQ��0RGHOOLQJ�FDQ�EH

XVHG�WR�SUHGLFW�WKH�R[\JHQ�IOX[��WR�FDOFXODWH�WKH�DFWXDO�GLVWULEXWLRQ�RI�WKH�R[\JHQ�FKHPLFDO

SRWHQWLDO�DFURVV�WKH�FHUDPLF�PHPEUDQH�DQG�WKHUHIRUH�VKHG�OHG�RQ�SUHIHUUHG�FRQGLWLRQV�DQG

GHVLJQ� RI� WKH� DV\PPHWULF� PHPEUDQH�� +RZHYHU�� PRGHOOLQJ� UHTXLUHV� GHWDLOHG� LQSXW� RI

UHOHYDQW�WUDQVSRUW�SDUDPHWHUV��$OWKRXJK�WKH�SK\VLFDO�VLJQLILFDQFH�RI�SRURVLW\�DQG�WRUWXRVLW\

IRU�GLIIXVLRQ�RI�D�JDV�WKURXJK�D�SRURXV�PHGLXP�LV�UHDVRQDEO\�FOHDU��OHVV�XQGHUVWRRG�LV�WKH

EHKDYLRXU�RI�LRQLF�GLIIXVLRQ�RI�R[\JHQ�DQG�VXUIDFH�H[FKDQJH�HVSHFLDOO\�DW�UHGXFHG�R[\JHQ

SDUWLDO�SUHVVXUHV�� ,Q� OLWHUDWXUH�� H[SHULPHQWDO�GDWD� DW� ORZ�R[\JHQ�SDUWLDO� SUHVVXUHV� DUH� VWLOO

VFDUFH��,PSHGDQFH�VSHFWURVFRS\�XVLQJ�HOHFWURFKHPLFDO�FHOOV�RI�WKH�W\SH�DV�GHVFULEHG�LQ�UHI�

>�@� FRXOG� EH� XVHIXO� LQ� VHSDUDWLRQ� RI� FRQWULEXWLRQV� IURP� LRQLF� GLIIXVLRQ� DQG� VXUIDFH

H[FKDQJH�

���� 0HPEUDQH�GHVLJQ

.QRZOHGJH�RQ�WKH�LQIOXHQFH�RI�WKH�YDULRXV�WUDQVSRUW�SURFHVVHV�RQ�R[\JHQ�SHUPHDWLRQ�FDQ

KHOS� WR� GHVLJQ� DQ� LPSURYHG� PHPEUDQH� RU� PHPEUDQH� UHDFWRU� OD\RXW�� 7RJHWKHU� ZLWK� WKH

UHVXOWV�REWDLQHG�IURP�PHFKDQLFDO�DQG�FHUDPLF�SURFHVVLQJ�VWXGLHV�DQ�DSSURSULDWH�FKRLFH�FDQ

EH�PDGH� UHJDUGLQJ� WKH�PRVW� VXLWDEOH�PHPEUDQH�PDWHULDO�� 7KH� GHYHORSPHQW� RI� D� VXSSRUW

ZLWK� D�JUDGHG� SRURVLW\� FDQ� RIIHU� D� VROXWLRQ� IRU�PDVV� WUDQVIHU� OLPLWDWLRQV� LPSRVHG� E\� WKH

VXSSRUW��,Q�WKLV�UHVSHFW��DV�ZDV�LOOXVWUDWHG�LQ�FKDSWHU���RI�WKLV�WKHVLV��FHQWULIXJDO�FDVWLQJ�LV�D

PRVW�SURPLVLQJ� WHFKQLTXH� IRU� WKH�GHYHORSPHQW�RI� WXEXODU�PHPEUDQH�VXSSRUWV��2Q� WRS�RI

WKH� VPRRWK� LQQHU� VXUIDFH� RI� WKH� DV\PPHWULF� WXEHV� SURGXFHG� ZLWK� FHQWULIXJDO� FDVWLQJ�� D

GHQVH� WKLQ�ILOP�PHPEUDQH� FDQ� EH� GHSRVLWHG��$OWKRXJK� 3/'� FDQ� EH� XVHG� IRU� GHSRVLWLRQ�

RWKHU�GHSRVLWLRQ�PHWKRGV�OLNH��IRU�H[DPSOH��GLS�FRDWLQJ�RU�FHQWULIXJDO�LQMHFWLRQ�FDVWLQJ�>�@

PD\�EH�PRUH�DWWUDFWLYH�

���� 5HIHUHQFHV

�� <� 7HUDRND� 7� )XNXGD� 1� 0LXUD DQG 1� <DPD]RH� ³'HYHORSPHQW RI R[\JHQ VHPLSHUPHDEOH PHPEUDQH

XVLQJ PL[HG FRQGXFWLYH SHURYVNLWH�W\SH R[LGHV �SDUW ��� SUHSDUDWLRQ RI SRURXV VLQWHUHG GLVFV RI

SHURYVNLWH W\SH R[LGH´� -� &HUDP� 6RF� -SQ� ,QWHU� (G� �� ��� ������

�� <� 7HUDRND� 7� )XNXGD� 1� 0LXUD DQG 1� <DPD]RH� ³'HYHORSPHQW RI R[\JHQ VHPLSHUPHDEOH PHPEUDQH

XVLQJ PL[HG FRQGXFWLYH SHURYVNLWH�W\SH R[LGHV �SDUW ��� SUHSDUDWLRQ RI GHQVH ILOP RI SHURYVNLWH W\SH
R[LGH RQ SRURXV VXEVWUDWH´� -� &HUDP� 6RF� -SQ� ,QWHU� (G� �� ��� ������

�� :� -LQ� 6� /L� 3� +XDQJ� 1� ;X� -� 6KL� ³3UHSDUDWLRQ RI DQ DV\PPHWULF SHURYVNLWH�W\SH PHPEUDQH DQG LWV

R[\JHQ SHUPHDELOLW\´� -� 0HPEU� 6FL� ��� ��� ������

�� +� <RNRNDZD� 7� +RULWD� 1� 6DNDL� 0� 'RNL\D� +� 1LVKL\DPD� 0� $L]DZD� 7� .DZDGD� ³6WDELOLW\ RI

ODQWKDQXP FDOFLXP FKURPLWH�ODQWKDQXP VWURQWLXP PDQJDQLWH LQWHUIDFHV LQ VROLG R[LGH IXHO FHOOV´�

-� (OHFWURFKHP� 6RF�� ��� ���� ������



&KDSWHU ����

�� 5�+�(� YDQ 'RRUQ� +�-�0� %RXZPHHVWHU DQG $�-� %XUJJUDDI� ³.LQHWLF GHFRPSRVLWLRQ RI /D����6U���&R2��G

SHURYVNLWH PHPEUDQHV GXULQJ R[\JHQ SHUPHDWLRQ�´ 6ROLG 6WDWH ,RQLFV���� ��� ������

�� 6� 'LHWKHOP� $� &ORVVHW� -� YDQ +HUOH� $�-� 0F(YR\� .� 1LVDQFLRJOX� ³6WXG\ RI R[\JHQ H[FKDQJH DQG
WUDQVSRUW LQ PL[HG FRQGXFWLQJ FREDOWDWHV E\ HOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\´� 6ROLG 6WDWH

,RQLFV� ��� ��� ������

�� 3�0� %LHVKHXYHO� $� 1LMPHLMHU� %� .HUNZLMN DQG +� 9HUZHLM� ³5DSLG 0DQXIDFWXULQJ RI PLFURODPLQDWHV

E\ FHQWULIXFDO LQMHFWLRQ FDVWLQJ�´ $GY� (QJ� 0DWHU�� � >�@ ��� ������



$$SSSSHHQQGGLL[[��$$

'LS�FRDWLQJ�RI�SRURXV�VXEVWUDWHV

$��� *HQHUDO�GHVFULSWLRQ

'LS�FRDWLQJ�LV� WKH�WHUP�DSSOLHG�WR�GHVFULEH�DOO�GHSRVLWLRQ� WHFKQLTXHV� LQ�ZKLFK�D�GHQVH�RU

SRURXV�VXEVWUDWH�LV�GLSSHG�LQWR�D��FHUDPLF��SUHFXUVRU�VROXWLRQ�RU�VXVSHQVLRQ��,WV�VLPSOLFLW\

DQG� VSHHG� PDNH� LW� KLJKO\� VXLWDEOH� IRU� GHSRVLWLRQ� RI� FHUDPLF� ILOPV� RQWR� DOO� NLQGV� RI

VXEVWUDWHV�� 7KH� SURFHGXUH� UHTXLUHV� QR� VSHFLDOLVHG� DSSDUDWXV�� 7KH� REMHFW� WR� EH� FRDWHG� LV

VLPSO\�ORZHUHG�LQ�WKH�VXVSHQVLRQ�RU�SUHFXUVRU�VROXWLRQ�DQG�ZLWKGUDZQ�DW�D�VXLWDEOH�VSHHG�

,W� LV� ZLGHO\� XVHG� LQ� WKH� VRO�JHO� SURFHVVLQJ� RI� FHUDPLF� ILOPV�� DPRQJVW� RWKHUV� LQ� WKH

SUHSDUDWLRQ�RI�DV\PPHWULF�SRURXV�DQG�GHQVH�PHPEUDQHV�>���@��7KH�GLS�FRDWLQJ�WHFKQLTXH

DOORZV�GHSRVLWLRQ�RI�FRDWLQJV�ZLWK�D� WKLFNQHVV�RI� W\SLFDOO\����� WR�����PP��:KHQ�D�GHQVH

OD\HU�LV�UHTXLUHG��WKH�VXUIDFH�URXJKQHVV�DQG�WKH�SRUH�VL]H�GLVWULEXWLRQ�DW�WKH�VXSSRUW�VXUIDFH

GHWHUPLQH�WKH�PLQLPXP�UHTXLUHG�OD\HU�WKLFNQHVV��,Q�WKH�IROORZLQJ��D�GHVFULSWLRQ�LV�JLYHQ�RI

VXUIDFH� PRGLILFDWLRQ� RI� D� SRURXV� FHUDPLF� VXEVWUDWH� E\� GLS�FRDWLQJ� WKH� ODWWHU�� XVLQJ� D

VXVSHQVLRQ�RI��VXE��PLFURPHWHU�SRZGHUV�

$��� 3URFHVV�FKDUDFWHULVWLFV

$IWHU� WKH� VXEVWUDWH� LV� UHPRYHG� IURP� WKH� VXVSHQVLRQ� LQ� D�ZHOO�GHILQHG�PDQQHU�� D�ZHW� DQG

PRUH� RU� OHVV� GHQVH� GLVSHUVLRQ� OD\HU� RI� ZHOO�GHILQHG� WKLFNQHVV� FDQ� EH� REWDLQHG�� 7ZR

SRVVLEOH�FRPSDFWLRQ�PRGHV�RFFXU�GXULQJ�ZLWKGUDZDO�RI�WKH�VXEVWUDWH�IURP�WKH�VXVSHQVLRQ�

x� &DSLOODU\�ILOWUDWLRQ

x� )LOP�FRDWLQJ

,Q� ILJXUH�$��� ERWK� FRPSDFWLRQ� PRGHV� DUH� GHSLFWHG� VFKHPDWLFDOO\�� 7KH� VXVSHQVLRQ� DQG

VXSSRUW� SURSHUWLHV� DQG�SURFHVV�SDUDPHWHUV�PRVW� UHOHYDQW� IRU� WKH� SURFHVV� DUH� OLVWHG� LQ� WKH

LQVHW��%RWK�FRPSDFWLRQ�PRGHV�FRQWULEXWH�WR�WKH�ILOP�JURZWK��ZKLOH�WKH�UROH�RI�WKH�FDSLOODU\

ILOWUDWLRQ�SURFHVV�GHFUHDVHV�ZLWK�GHFUHDVLQJ�VXEVWUDWH�SRURVLW\�



$SSHQGL[ $���

$����� &DSLOODU\�ILOWUDWLRQ

&DSLOODU\� ILOWUDWLRQ� RFFXUV� ZKHQ� WKH� GU\� SRURXV� VXEVWUDWH� FRPHV� LQWR� FRQWDFW� ZLWK� WKH

VXVSHQVLRQ� DQG� WKH� SRUH� VXUIDFH� LV�ZHWWHG� E\� WKH� VXVSHQVLRQ�PHGLXP�� &DSLOODU\� VXFWLRQ

RFFXUV��ZKLFK�HIIHFWLYHO\�GULYHV�WKH�SDUWLFOHV�LQ�WKH�GLSSLQJ�VXVSHQVLRQ�WRZDUGV�WKH�VXSSRUW

VXUIDFH�� DV� LQ� WKH� VOLS�FDVWLQJ� SURFHVV�>���@�� 7KHVH� SDUWLFOHV�� ZKLFK� IRUP� WKH� EXLOGLQJ

EORFNV�RI� WKH�FHUDPLF�FRDWLQJ��VWDUW� WR�FORJ� WKH�SRUHV�RI� WKH� VXSSRUW��XQWLO� WKH� VL]H�RI� WKH

SRUHV� EHFRPHV� VR� VPDOO� WKDW� FDNH� IRUPDWLRQ� VWDUWV�� 7KH� SRUH� FORJJLQJ� VWDJH� DOZD\V

SUHFHGHV� WKH� FDNH� IRUPDWLRQ� VWDJH� DQG� WKH� SHULRG� LQ�ZKLFK� WKLV� SURFHVV� RFFXUV� LQFUHDVHV

ZLWK� GHFUHDVLQJ� VXVSHQVLRQ� VROLGV� FRQFHQWUDWLRQ�� 7KHUHIRUH�� FDNH� IRUPDWLRQ� FDQ� EH� HYHQ

DEVHQW�ZKHQ�D�VXVSHQVLRQ�ZLWK�D�YHU\�ORZ�VROLGV�FRQFHQWUDWLRQ�LV�HPSOR\HG�ZKLFK�FDXVHV

VDWXUDWLRQ� RI� WKH� VXSSRUW� WR� RFFXU� DOUHDG\� LQ� WKH� SRUH� FORJJLQJ� VWDJH�� :KHQ� FDSLOODU\

ILOWUDWLRQ�LV�WKH�SUHYDLOLQJ�FRPSDFWLRQ�PRGH�� WKH�WKLFNQHVV�RI� WKH�OD\HU� LQFUHDVHV�ZLWK�WKH

FRQWDFW�WLPH�XQWLO�WKH�VXEVWUDWH�LV�VDWXUDWHG�ZLWK�WKH�OLTXLG�VXVSHQVLRQ�PHGLXP��,Q�WKLV�FDVH

WKH� ILOP� WKLFNQHVV� LV� LQGHSHQGHQW� RI� WKH� ZLWKGUDZDO� VSHHG�� 7KH� FDSLOODU\� DFWLRQ� LV

GHWHUPLQHG� E\� WKH� SRURVLW\� DQG� SRUH� VL]H� GLVWULEXWLRQ� RI� WKH� VXSSRUW�� $� KLJKHU� YROXPH

IUDFWLRQ� RI� VROLGV� LQ� WKH� VXVSHQVLRQV� FDXVHV� D� IDVWHU� JURZWK� RI� WKH� OD\HU�� 'XULQJ� WKH

ILOWUDWLRQ�SURFHVV��SDFNLQJ�RI�WKH�SDUWLFOHV�LQ�WKH�OD\HU�WDNHV�SODFH�

FDSLOODU\ ILOWUDWLRQ ILOP�FRDWLQJ

)LJXUH $��� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH WZR FRPSDFWLRQ PRGHV WKDW RFFXU GXULQJ GLS�FRDWLQJ RI D

SRURXV VXEVWUDWH� LQ WKLV FDVH D WXEXODU PHPEUDQH VXSSRUW >�@�



'LS�FRDWLQJ RI SRURXV VXEVWUDWHV ���

7KH�IRUPDWLRQ�RI�D�ILOP�RQ�D�SRURXV�VXEVWUDWH�YLD�FDSLOODU\�ILOWUDWLRQ�KDV�EHHQ�LQYHVWLJDWHG

E\�VHYHUDO�DXWKRUV�>����@��7KH�IROORZLQJ�JHQHUDO�H[SUHVVLRQ�FDQ�EH�GHULYHG�IRU�WKH�JURZWK

RI�WKH�OD\HU�
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:LWK�

/F  �FRPSDFW�WKLFNQHVV

'3  �FDSLOODU\�VXFWLRQ�SUHVVXUH

W  �FRQWDFW�WLPH

K  �VXVSHQVLRQ�YLVFRVLW\

MF  �VROLGV�YROXPH�IUDFWLRQ�LQ�WKH�FDNH

M�  �VROLGV�YROXPH�IUDFWLRQ�LQ�WKH�VXVSHQVLRQ

.F  �SHUPHDELOLW\�RI�WKH�FRPSDFW

.�  �SHUPHDELOLW\�RI�WKH�VXEVWUDWH

H�  �SRURVLW\�RI�WKH�VXEVWUDWH

)URP�HTXDWLRQ�$���LW�IROORZV�WKDW�WKH�WKLFNQHVV�RI�WKH�FRPSDFW�LV�SURSRUWLRQDO�WR�WKH�VTXDUH

URRW� RI� WKH� FRQWDFW� WLPH� RI� WKH� VXEVWUDWH� ZLWK� WKH� VXVSHQVLRQ�� ZKLOH� LW� LV� LQYHUVHO\

SURSRUWLRQDO�WR� WKH�VXVSHQVLRQ�YLVFRVLW\��$OO� WKH�VXSSRUW��DQG�FRPSDFW�UHODWHG�SDUDPHWHUV

FDQ�EH�LQFRUSRUDWHG�LQ�D�FRQVWDQW�&��ZKLFK��LQ�WXUQ��LV�D�IXQFWLRQ�RI�SRURVLW\��SHUPHDELOLW\�

FDSLOODU\�SUHVVXUH��VXVSHQVLRQ�VROLGV�YROXPH�IUDFWLRQ�DQG�FRPSDFW�VROLGV�YROXPH�IUDFWLRQ�

(TXDWLRQ�$��� FDQ� EH� XVHG� WR� SUHGLFW� WKH� JURZWK� RI� WKH� OD\HU� ZKHQ� WKHVH� SDUDPHWHUV� DUH

NQRZQ��8VXDOO\��WKH�SRUH�SURSHUWLHV�RI�WKH�VXEVWUDWH�DQG�FDQ�EH�GHWHUPLQHG�UDWKHU�HDVLO\��,Q

DGGLWLRQ��WKH�FDSLOODU\�SUHVVXUH�GURS�FDQ�EH�FDOFXODWHG��WDNLQJ�LQWR�DFFRXQW�WKH�SRUH�UDGLXV

RI�ERWK� WKH�FRPSDFW�DQG� WKH� VXSSRUW� DQG� WKH� VXUIDFH� WHQVLRQ�RI� WKH� VXVSHQVLRQ�>��@��7KH

SHUPHDELOLW\� RI� ERWK� WKH� VXEVWUDWH� DQG� WKH� WKLQ� OD\HU� FDQ� EH� REWDLQHG� IURP� WKH

&DUPDQ�.R]HQ\� HTXDWLRQ�>�@�� )RU� D�PRUH� LQ�GHSWK� WKHRUHWLFDO� WUHDWPHQW� RI� WKH� FDSLOODU\

ILOWUDWLRQ�SURFHVV��WKH�UHDGHU�LV�UHIHUUHG�WR�WKH�UHIHUHQFHV�PHQWLRQHG�DERYH�

$����� )LOP�FRDWLQJ

)LOP�FRDWLQJ�LV�WKH�SURFHVV�LQ�ZKLFK�DQ�DGKHULQJ�GLVSHUVLRQ�OD\HU�LV�IRUPHG�DV�D�UHVXOW�RI

WKH�GUDJ� IRUFH� H[HUWHG�E\� WKH� VXEVWUDWH�GXULQJ�ZLWKGUDZDO� IURP� WKH� VXVSHQVLRQ��7KH� ILOP

WKLFNQHVV� LV� LQGHSHQGHQW� RI� WKH� GLSSLQJ� WLPH�� +RZHYHU�� LW� LQFUHDVHV� ZLWK� LQFUHDVLQJ

ZLWKGUDZDO� VSHHG� DQG� VXVSHQVLRQ� YLVFRVLW\�� 7KH� ODWWHU� LQFUHDVHV� ZLWK� LQFUHDVLQJ� YROXPH

IUDFWLRQ�RI�VROLGV�LQ�WKH�VXVSHQVLRQ��7KH�SDUWLFOH�SDFNLQJ�WDNHV�SODFH�GXULQJ�WKH�GU\LQJ�RI

WKH�HQWUDLQHG�ZHW�FRDWLQJ�
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$VVXPLQJ� 1HZWRQLDQ� VXVSHQVLRQ� EHKDYLRXU�� /HYLFK� DQG� /DQGDX� GHULYHG� WKH� IROORZLQJ

H[SUHVVLRQ�IRU�WKH�WKLFNQHVV�K�RI�WKH�OD\HU�IRUPHG�E\�ILOP�FRDWLQJ�>�����@�
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,Q�WKLV�H[SUHVVLRQ�YZ�UHSUHVHQWV�WKH�ZLWKGUDZDO�YHORFLW\��J�WKH�VXUIDFH�WHQVLRQ��U�WKH�GHQVLW\

DQG�J� WKH�JUDYLWDWLRQDO�FRQVWDQW�� )URP�HTXDWLRQ��$���� LW� IROORZV� WKDW� WKH� WKLFNQHVV�RI� WKH

ILOP� LV� SURSRUWLRQDO� WR� Y
Z

��� � DQG� K� �� ��$OWKRXJK� WKLV� HTXDWLRQ� GRHV� QRW� LQFOXGH� WHUPV� IRU

VROLGV� FRQFHQWUDWLRQ�� HIIHFW� RI� HYDSRUDWLRQ� RU� DQJOH� RI� LQFOLQDWLRQ�� LW� LOOXVWUDWHV� WKDW� WKH

WKLFNQHVV� ZLOO� LQFUHDVH� ZLWK� ZLWKGUDZDO� VSHHG�� 7KH� VXUIDFH� WHQVLRQ� KDV� RQO\� D� PLQRU

LQIOXHQFH� RQ� WKH� FRDWLQJ� WKLFNQHVV�� $OWKRXJK� PDQ\� DWWHPSWV� KDYH� EHHQ� PDGH� WR� REWDLQ

H[SUHVVLRQV� IRU� QRQ�1HZWRQLDQ� VXVSHQVLRQ� IORZV�� WKHVH� DSSUR[LPDWLRQV� DUH� XVXDOO\

FXPEHUVRPH�DQG�WHQG�WR�RYHUHVWLPDWH�WKH�FRDWLQJ�WKLFNQHVV�FRQVLGHUDEO\�

$����� 'U\LQJ�DQG�VLQWHULQJ

7KH�GU\LQJ�DQG�VLQWHULQJ� VWHS��GXULQJ�ZKLFK�FRQVROLGDWLRQ�RI� WKH�ZHW� FRDWLQJ� OD\HU� WDNHV

SODFH��VKRXOG�EH�SHUIRUPHG�LQ�VXFK�D�ZD\�WKDW�GHIHFW�IRUPDWLRQ�LQ�WKH�IRUP�RI�FUDFNV�DQG

YRLGV�LV�DYRLGHG��8VXDOO\��WKH�GU\LQJ�VWHS�VWDUWV�VLPXOWDQHRXVO\�ZLWK�WKH�GLS�FRDWLQJ�VWHS�

7KH�ZLWKGUDZQ�SDUW�RI�WKH�VXEVWUDWH�VWDUWV�WR�GU\�LI� WKH�YDSRXU�SUHVVXUH�RI� WKH�VXVSHQVLRQ

PHGLXP� LQ� WKH� DPELHQW� LV� ORZHU� WKDQ� ������ 7KH� PLFURVWUXFWXUH� RI� WKH� JUHHQ� FRPSDFW

REWDLQHG�DIWHU�GU\LQJ�LV�PDLQO\�GHWHUPLQHG�E\� WKH�SURSHUWLHV�RI� WKH�FRDWLQJ�GLVSHUVLRQ��$

JHQHUDO�WUHDWPHQW�RQ�WKH�GU\LQJ�RI�FHUDPLF�ERGLHV�FDQ�EH�IRXQG�LQ�6FKHUHU�>��@�DQG�%ULQNHU

DQG� 6FKHUHU�>��@�� $Q� LQYHVWLJDWLRQ� RI� GU\LQJ� RI� FRDWLQJV� FRQVLVWLQJ� RI� �VXE��PLFURPHWHU

SDUWLFOHV�KDV�UHFHQWO\�EHHQ�JLYHQ�E\�&KLX�HW�DO��>�����@��7KH�VWUXFWXUDO�FKDQJHV�LQGXFHG�E\

GU\LQJ� RI� WKH� SDUWLFXODWH� FRDWLQJ� DUH� PLQRU� FRPSDUHG� WR� WKRVH� LQGXFHG� E\� VLQWHULQJ�

6LQWHULQJ� RI� GULHG� PDFURSRURXV� FRDWLQJV� IRU� WKH� SXUSRVH� RI� VXSSRUW� SUHSDUDWLRQ� LV� LQ

JHQHUDO�QRW�SUREOHPDWLF��+RZHYHU��ZKHQ�D�GHQVH�OD\HU�LV�UHTXLUHG��WKH�WHQVLOH�VWUHVV�ZKLFK

RFFXUV� GXULQJ� WKH� FRQVWUDLQHG� VLQWHULQJ� RI� WKH� WRS�OD\HU� RIWHQ� JLYHV� ULVH� WR� GHIHFWV�

HVSHFLDOO\�DW�LQKRPRJHQHLWLHV�DW�WKH�VXSSRUW�VXUIDFH�ZKHUH�QRQ�XQLIRUP�FRQWUDFWLRQ�RI�WKH

WRS�OD\HU�RFFXUV�

5HIHUHQFHV

�� 1� 0LXUD� <� 2NDPRWR� -� 7DPDNL� .� 0RULQDJD� 1� <DPD]RH� ³2[\JHQ VHPLSHUPHDELOLW\ RI PL[HG�

FRQGXFWLYH R[LGH WKLFN�ILOP SUHSDUHG E\ VOLS FDVWLQJ´� 6ROLG 6WDWH ,RQLFV �� ������ ���
�� -� /X\WHQ� -� &RR\DPQV� &� 6PROGHUV� 6� 9HUFDXWHUHQ� (�)� 9DQVDQW� 5� /H\VHQ� ³6KDSLQJ RI PXOWLOD\HU

FHUDPLF PHPEUDQHV E\ GLS FRDWLQJ´� -� (XU� &HUDP� 6RF� �� ������ ���



'LS�FRDWLQJ RI SRURXV VXEVWUDWHV ���

�� 0� 1DLWR� .� 1DNDKLUD� <� )XNXGD� +� 0RUL� -� 7VXEDNL� ³3URFHVV FRQGLWLRQV RQ WKH SUHSDUDWLRQ RI
VXSSRUWHG PLFURSRURXV 6L2� PHPEUDQHV E\ VRO�JHO PRGLILFDWLRQ WHFKQLTXHV´� -� 0HPEU� 6FL� ��� ���

������

�� $� 1LMPHLMHU� +� .UXLGKRI� 5� %UHGHVHQ DQG +� 9HUZHLM� �3UHSDUDWLRQ DQG SURSHUWLHV RI K\GURWKHUPDOO\

VWDEOH JDPPD�DOXPLQD PHPEUDQHV�� -� $P� &HUDP� 6RF� �� >�@ ��� ������

�� '�6� $GRFRFN� ,�&� 0F'RZDOO� ³7KH PHFKDQLVP RI ILOWHU SURFHVVLQJ DQG VOLS FDVWLQJ´� -� $P� &HUDP�

6RF� �� ������ ���
�� )�0� 7LOOHU� &�'� 7VDL� ³7KHRU\ RI ILOWUDWLRQ RI FHUDPLFV ,� 6OLS FDVWLQJ´� -� $P� &HUDP� 6RF� �� ������

���

�� -�+�'� +DPSWRQ� 6�%� 6DYDJH� 5�$�/� 'UHZ� ³([SHULPHQWDO DQDO\VLV DQG PRGHOOLQJ RI VOLS FDVWLQJ´� -�

$P� &HUDP� 6RF� �� ������ ����

�� %�&� %RQHNDPS� ³&KDSWHU � ± 3UHSDUDWLRQ RI DV\PPHWULF FHUDPLF PHPEUDQH VXSSRUWV E\ GLS�FRDWLQJ´�

SS� ������� LQ� )XQGDPHQWDOV RI ,QRUJDQLF 0HPEUDQH 6FLHQFH DQG 7HFKQRORJ\� (GLWHG E\ $�-�
%XUJJUDDI DQG /� &RW� (OVHYLHU� $PVWHUGDP� ����

�� $�)�0� /HHQDDUV� $�-� %XUJJUDDI� ³7KH SUHSDUDWLRQ DQG FKDUDFWHULVDWLRQ RI DOXPLQD PHPEUDQHV ZLWK

XOWUDILQH SRUHV� 3DUW �� WKH IRUPDWLRQ RI VXSSRUWHG PHPEUDQHV´� -� &ROORLG ,QWHUIDFH 6FL� ��� �� ������

��� )�0� 7LOOHU� &�'� 7VDL� ³7KHRU\ RI ILOWUDWLRQ RI FHUDPLFV� ,� VOLE FDVWLQJ´� -� $P� &HUDP� 6RF�� �� ���

������

��� )�0� 7LOOHU� 1�%� +V\XQJ� ³7KHRU\ RI ILOWUDWLRQ RI FHUDPLFV� ,,� VOLE FDVWLQJ RQ UDGLDO VXUIDFHV´� -� $P�
&HUDP� 6RF�� �� ��� ������

��� <� *X� *� 0HQJ� ³$ PRGHO IRU FHUDPLF PHPEUDQH IRUPDWLRQ E\ GLS�FRDWLQJ´� -� (XU� &HUDP� 6RF� ��

���� ������

��� 9�*� /HYLFK� 3K\VLFRFKHPLFDO +\GURG\QDPLFV� 3UHQWLFH +DOO (QJOHZRRG &OLIIV� 1-� ����

��� /�(� 6FULYHQ� 3K\VLFV DQG DSSOLFDWLRQV RI GLS�FRDWLQJ DQG VSLQ FRDWLQJ� LQ� %HWWHU FHUDPLFV WKURXJK
FKHPLVWU\ ,,,� 056� ���� ���

��� *�:� 6FKHUHU� ³7KHRU\ RI GU\LQJ´� -� $P� &HUDP� 6RF� �� � ������

��� &�-� %ULQNHU� *�:� 6FKHUHU� ³6RO�JHO VFLHQFH� WKH SK\VLFV DQG FKHPLVWU\ RI VRO�JHO SURFHVVLQJ �́

$FDGHPLF 3UHVV� %RVWRQ� ����

��� 5�&� &KLX� 7�-� *DULQR� 0�-� &KLPD� ³'U\LQJ RI JUDQXODU ILOPV�� ,� (IIHFW RI SURFHVVLQJ YDULDEOHV RQ

SURFHVVLQJ EHKDYLRXU´� -� $P� &HUDP� 6RF� �� ���� ������
��� 5�&� &KLX� 7�-� *DULQR� 0�-� &KLPD� ³'U\LQJ RI JUDQXODU ILOPV�� ,,� 'U\LQJ VWUHVV DQG VDWXUDWLRQ

XQLIRUPLW\´� -� $P� &HUDP� 6RF� �� ���� ������
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.LQHWLF�GHPL[LQJ�DQG�GHFRPSRVLWLRQ�RI�PXOWL�
FRPSRQHQW�R[LGHV

%��� *HQHUDO�GHVFULSWLRQ

7KH� JHQHUDO� GULYLQJ� IRUFH� IRU� GLIIXVLRQ� LV� D� JUDGLHQW� LQ� FKHPLFDO� SRWHQWLDO�� ,W� FDQ� EH

HVWDEOLVKHG�E\� D�JUDGLHQW� LQ� DFWLYLW\�� WHPSHUDWXUH�� VWUHVV�RU� DQ� HOHFWULF� ILHOG��'LIIXVLRQ� LQ

PDWHULDOV�KDV�EHHQ�LQYHVWLJDWHG�IRU�DOO�RI�WKHVH�GULYLQJ�IRUFHV�>���@��:KHQ�WKH�FRPSRQHQWV

RI� WKH� PDWHULDO� KDYH� GLIIHUHQW� QRQ�]HUR� VHOI� GLIIXVLRQ� FRHIILFLHQWV�� WKH\� ZLOO� GLIIXVH� DW

GLIIHUHQW� UDWHV�ZKHQ� D� JUDGLHQW� LQ� FKHPLFDO� SRWHQWLDO� LV� DSSOLHG�� &RQVHTXHQWO\�� WKH� ORFDO

FRPSRVLWLRQ� FKDQJHV�� 7KLV� SKHQRPHQRQ� LV� FDOOHG� NLQHWLF� GHPL[LQJ�� ,W� FDQ� VHYHUHO\� DOWHU

�HOHFWUR�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�RI�WKH�PDWHULDO�LQYROYHG��:KHQ�WKH�PDWHULDO�GRHV

QRW�DOORZ�D�WRR�ODUJH�VWRLFKLRPHWULF�YDULDWLRQ�RI�WKH�FRQVWLWXHQWV��GHPL[LQJ�FDQ�OHDG�WR�WKH

SUHFLSLWDWLRQ�RI�D�QHZ�SKDVH�RU�SKDVHV��7KLV�SURFHVV�LV�NQRZQ�DV�NLQHWLF�GHFRPSRVLWLRQ�DQG

REYLRXVO\� KDV� DQ� HYHQ� PRUH� GUDVWLF� HIIHFW� RQ� FKHPLFDO� DQG� SK\VLFDO� SURSHUWLHV�� 7KHVH

SKHQRPHQD� WDNH� SODFH� HYHQ� WKRXJK� WKH� PDWHULDO� LV� WKHUPRG\QDPLFDOO\� VWDEOH� DW� DOO� WKH

FKHPLFDO�SRWHQWLDOV�LQ�WKH�UDQJH�RI�WKH�JUDGLHQW��7KLV�LV�ZK\�WKHVH�SURFHVVHV�DUH�UHIHUUHG�WR

DV�NLQHWLF�GHPL[LQJ�DQG�GHFRPSRVLWLRQ�

%��� 7KH�SURFHVV�RI�GHPL[LQJ

7DNHQ� LQWR� FRQVLGHUDWLRQ� LV� D� VHPL�FRQGXFWLQJ� R[LGH� VROLG� VROXWLRQ� �$�%�2� LQ�ZKLFK� WKH

R[\JHQ� LRQV� DUH� DVVXPHG� WR� EH� LPPRELOH� DQG� KHQFH� IRUP� D� ULJLG� ODWWLFH�� 7KH� QRQ�

VWRLFKLRPHWU\�H[LVWV�LQ�WKH�IRUP�RI�FDWLRQ�YDFDQFLHV�YLD�ZKLFK�WKH�FDWLRQV�FDQ�PRYH��7KH

GHJUHH�RI�QRQ�VWRLFKLRPHWU\� LV� D� IXQFWLRQ�RI� WHPSHUDWXUH� DQG� R[\JHQ� SDUWLDO� SUHVVXUH��$

GLIIHUHQFH� LQ� R[\JHQ� SDUWLDO� SUHVVXUH� DW� RSSRVLWH� VLGHV� RI� WKH� PDWHULDO� JLYHV� ULVH� WR� D

JUDGLHQW� LQ� R[\JHQ� FKHPLFDO� SRWHQWLDO� LQ� WKH� PDWHULDO�� $FFRUGLQJ� WR� WKH� *LEEV�'XKHP

UHODWLRQ�� WKH� FKHPLFDO� SRWHQWLDO� RI� WKH� FRPSRQHQWV� LQ� D� PL[WXUH� FDQQRW� FKDQJH

LQGHSHQGHQWO\�

1 G 1 G 1 G
$ $ % % 2 2
P P P�  � �%���
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,Q�WKLV�HTXDWLRQ�1L� UHSUHVHQWV� WKH�PROH�IUDFWLRQ�DQG�GPL� WKH�FKDQJH�LQ�FKHPLFDO�SRWHQWLDO�

$V� D� UHVXOW�� WKH� FKDQJH� LQ� FKHPLFDO� SRWHQWLDO� RI� R[\JHQ� LV� DFFRPSDQLHG� E\� DQ� RSSRVLWH

FKDQJH� LQ�FKHPLFDO�SRWHQWLDO�RI�$�DQG�%��)LJXUH�%���JLYHV�D�VFKHPDWLF� UHSUHVHQWDWLRQ�RI

WKH�UHVXOWLQJ�JUDGLHQWV�LQ�FKHPLFDO�SRWHQWLDO�

7KH�JUDGLHQW� LQ� WKH�FKHPLFDO�SRWHQWLDO�RI�$

DQG� %� FDXVHV� WKHVH� FRQVWLWXHQWV� WR� GLIIXVH

WRZDUGV� WKH� KLJK� R[\JHQ� SDUWLDO� SUHVVXUH

VLGH�� ZLWK� YHORFLWLHV� SURSRUWLRQDO� WR� WKHLU

VHOI� GLIIXVLRQ� FRHIILFLHQW�� $W� WKLV� VLGH� WKH

ODWWLFH�LV�EXLOW�XS�DQG�R[\JHQ�LV�LQFRUSRUDWHG

IURP�WKH�JDV�SKDVH��9DFDQFLHV� IRU�$�DQG�%

GLIIXVH� WR� WKH� ORZ� R[\JHQ� SDUWLDO� SUHVVXUH

VLGH� ZKHUH� WKH� ODWWLFH� LV� EURNHQ� GRZQ� DQG

R[\JHQ�LV�UHOHDVHG��7KH�IOX[�RI�YDFDQFLHV�LV

FKDUJH�FRPSHQVDWHG�E\�D�VLPXOWDQHRXV�IOX[

RI�HOHFWURQ�KROHV� LQ� WKH�VDPH�GLUHFWLRQ��7KH

YDULRXV�GLIIXVLRQ�SURFHVVHV�DUH�LOOXVWUDWHG�LQ

ILJXUH�%���>�@�

:KHQ� WKH� VHOI� GLIIXVLRQ� FRHIILFLHQW� RI� $

H[FHHGV� WKDW� RI� %�� HQULFKPHQW� ZLWK

FRPSRQHQW� $� RFFXUV� DW� WKH� KLJK� R[\JHQ

SDUWLDO�SUHVVXUH� VLGH��'XH� WR� WKLV� LQFUHDVLQJ

FRQFHQWUDWLRQ�JUDGLHQW�� WKH� UDWH�RI�GLIIXVLRQ

GHFUHDVHV��6WHDG\�VWDWH� LV� UHDFKHG�ZKHQ� WKH

GLIIHUHQFH�LQ�VHOI�GLIIXVLRQ�FRHIILFLHQWV�RI�$

DQG�%�LV�EDODQFHG�E\�WKH�GLIIHUHQFH�LQ� WKHLU

FRQFHQWUDWLRQ� SURILOHV�� %RWK� FRQVWLWXHQWV

QRZ�GLIIXVH�DW�WKH�VDPH�UDWH��(TXDWLRQ��%���

IRUPXODWHV�WKH�JHQHUDO�VWHDG\�VWDWH�FRQGLWLRQ�GHILQHG�E\�6FKPDO]ULHG�HW�DO��>�@�
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,Q�WKLV�HTXDWLRQ�-L�UHSUHVHQWV�WKH�FRQVWLWXHQW�IOX[�DW�D�IL[HG�SRLQW�LQ�WKH�LPPRELOH�ODERUDWRU\

IUDPH�DQG�FL�LV�WKH�FRQVWLWXHQW�FRQFHQWUDWLRQ�DW�WKLV�SRLQW��:KHQ�VWHDG\�VWDWH�LV�HVWDEOLVKHG�

WKH� FRQFHQWUDWLRQ� SURILOHV� RI�$� DQG�%�GR� QRW� FKDQJH� DQ\PRUH�� 7KH�ZKROH� R[LGH� V\VWHP
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)LJXUH %��� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH
JUDGLHQWV LQ FKHPLFDO SRWHQWLDOV GHYHORSHG

ZKHQ GLIIHUHQW R[\JHQ SDUWLDO SUHVVXUHV DUH

DSSOLHG�
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)LJXUH %��� 1RQ�VWHDG\ VWDWH GLIIXVLRQ DQG

SKDVH ERXQGDU\ UHDFWLRQV IRU WKH �$%�2
V\VWHP�
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)LJXUH %��� 6WHDG\ VWDWH GHPL[LQJ
FRQFHQWUDWLRQ SURILOHV IRU WKH VROLG VROXWLRQ

�$�%�2� 'DVKHG OLQHV UHSUHVHQW WKH LQLWLDO

FRQFHQWUDWLRQ SURILOHV� VROLG OLQHV WKH VWHDG\

VWDWH SURILOHV�



.LQHWLF GHPL[LQJ DQG GHFRPSRVLWLRQ RI PXOWL�FRPSRQHQW R[LGHV ���

PRYHV� ZLWK� D� FRQVWDQW� YHORFLW\� YVW� WRZDUGV� WKH� KLJK� R[\JHQ� SDUWLDO� SUHVVXUH� VLGH�� 7KLV

VLWXDWLRQ�LV�LOOXVWUDWHG�LQ�ILJXUH�%���>�@�

%��� 0RGHOOLQJ�RI�GHPL[LQJ

4XLWH�VRPH�HIIRUW�KDV�EHHQ�SXW�LQ�WKH�PRGHOOLQJ�RI�GHPL[LQJ�SKHQRPHQD�LQ�VROLG�VROXWLRQV�

,Q�SDUWLFXODU�WKH�V\VWHP��&R�0J�2�KDV�EHHQ�ZHOO�LQYHVWLJDWHG��,Q�WKH�PRGHOOLQJ�RI�NLQHWLF

GHPL[LQJ��WKH�SUREOHP�WR�EH�DGGUHVVHG�LV�WKH�GHWHUPLQDWLRQ�RI�WKH�FRQFHQWUDWLRQ�SURILOHV�RI

WKH�FRQVWLWXHQWV��7ZR�LPSRUWDQW�LVVXHV�KDYH�WR�EH�FRQVLGHUHG��7KH�ILUVW�LV�WKH�FDOFXODWLRQ�RI

WKH� LQLWLDO� WLPH� HYROXWLRQ� RI� WKHVH� SURILOHV�� WKH� VHFRQG� LV� WKH� FDOFXODWLRQ� RI� WKH� WLPH

LQGHSHQGHQW�VWHDG\�VWDWH�FRQFHQWUDWLRQ�SURILOHV��+LVWRULFDOO\��WZR�GLIIHUHQW�DSSURDFKHV�KDYH

EHHQ�XVHG��6FKPDO]ULHG�DQG�FR�ZRUNHUV�DGGUHVVHG�WKH�VWHDG\�VWDWH�SUREOHP�ILUVW�>�������@�

7KHLU�DSSURDFK�LV�D�SKHQRPHQRORJLFDO�RQH�LQ�ZKLFK�PDFURVFRSLF�WKHUPRG\QDPLFV�LV�XVHG�

$V�D� UHVXOW�� WKH�DWRPLVWLF� IHDWXUHV�RI� WKH�SURFHVV�DUH�QRW� LGHQWLILHG��9HGXOD�H[WHQGHG� WKLV

SURFHGXUH�DQG�GHYHORSHG�D�QXPHULFDO�PHWKRG�IRU� WKH�FDOFXODWLRQ�RI� WKH�WLPH�HYROXWLRQ�RI

WKH�GHPL[LQJ�SURILOHV�>��@�

$QRWKHU� DSSURDFK� WKDW� KDV� DWWUDFWHG� FRQVLGHUDEOH� DWWHQWLRQ� LV� WKH� DSSOLFDWLRQ� RI� WKH� 3DWK

3UREDELOLW\�0HWKRG��330���6DWR�HW�DO��>��@�XVHG�WKLV�VWDWLVWLFDO�PHFKDQLFDO�PHWKRG�WR�WUHDW

GHPL[LQJ�RI�VROLG�VROXWLRQV��,W�ZDV�H[WHQGHG�E\� ,VKLNDZD�HW�DO�� >��@� WR�FDOFXODWH� WKH�WLPH

HYROXWLRQ� RI� WKH� GHPL[LQJ� SURILOHV�� 8VLQJ� WKH� 330�� DWRPLVWLF� IHDWXUHV� RI� WKH� GLIIXVLRQ

SURFHVV� FDQ� EH� FODULILHG�� %RWK� PRGHOOLQJ� DSSURDFKHV� \LHOG� UHDVRQDEO\� JRRG� UHVXOWV� IRU

�&R�0J�2� VROLG� VROXWLRQV�� +RZHYHU�� DQ� LPSRUWDQW� SUREOHP� LQ� DFFRXQWLQJ� IRU� WKH

H[SHULPHQWDOO\�REVHUYHG�GHPL[LQJ�SKHQRPHQD�LQ�RWKHU�V\VWHPV�LV� WKH�ODFN�LQ�GDWD�RQ�WKH

VHOI�GLIIXVLRQ�FRHIILFLHQWV�RI�WKH�FRQVWLWXHQWV�

%��� 'HPL[LQJ�RI�PL[HG�FRQGXFWLQJ�SHURYVNLWHV

6FKPDO]ULHG�>�@�FRQFOXGHG�WKDW��LQ�SULQFLSOH��NLQHWLF�GHPL[LQJ�RU�GHFRPSRVLWLRQ�RFFXUV�LQ

DOO� VHPL�FRQGXFWLQJ� FRPSRXQGV� IRU�ZKLFK� WKH�PRELOLWLHV� RI� WKH� FDWLRQV� GLIIHU� IURP� HDFK

RWKHU�� $� JUDGLHQW� LQ� R[\JHQ� FKHPLFDO� SRWHQWLDO� LQ� WKH� PDWHULDO� DOZD\V� JLYHV� ULVH� WR� D

JUDGLHQW� LQ� WKH� FKHPLFDO� SRWHQWLDOV� RI� WKH� RWKHU� FRQVWLWXHQWV� WKURXJK� WKH� *LEEV�'XKHP

HTXDWLRQ��%�����7KHUHIRUH��NLQHWLF�GHPL[LQJ� LV� LQGHSHQGHQW�RI� WKH�PRELOLW\�RI� WKH� DQLRQV�

+RZHYHU�� LQ�PL[HG�FRQGXFWLQJ�SHURYVNLWHV� WKH�PDLQ�GHIHFWV�DUH�R[\JHQ�YDFDQFLHV�ZKLFK

UHQGHU� LW� SRVVLEOH� IRU� R[\JHQ� DQLRQV� WR� EH� WUDQVSRUWHG� WKURXJK� WKH� PDWHULDO�� 7KH

FRQFHQWUDWLRQ�RI�FDWLRQ�YDFDQFLHV�LV�RIWHQ�QHJOLJLEOH�LQ�WKHVH�PDWHULDOV�
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8QWLO� QRZ�� YHU\� OLWWOH� NQRZOHGJH� LV� DYDLODEOH� DERXW� WKH� GHPL[LQJ� EHKDYLRXU� LQ� WKHVH

V\VWHPV��<RNRNDZD�HW� DO�� >�����@�KDYH�REVHUYHG�GHPL[LQJ�RI� ODQWKDQXP�PDQJDQLWHV� IRU

VROLG�R[LGH� IXHO� FHOO� DSSOLFDWLRQV��7KH\� DVFULEHG� LW� WR� WKH� JUDGLHQW� LQ�R[\JHQ�SRWHQWLDO� WR

ZKLFK� WKH� PDWHULDO� ZDV� H[SRVHG� GXULQJ� RSHUDWLRQ�� 9DQ� 'RRUQ� REVHUYHG� VWURQWLXP

HQULFKPHQW�DW� WKH�ORZ�R[\JHQ�SDUWLDO�SUHVVXUH�VLGH�RI�/D���6U���&R2��G�PHPEUDQHV�GXULQJ

R[\JHQ� SHUPHDWLRQ� >��@�� ZKLFK� REVHUYDWLRQ� ZDV� LQWHUSUHWHG� LQ� WHUPV� RI� GHPL[LQJ

SKHQRPHQD��+RZHYHU��DGGLWLRQDO�H[SHULPHQWDO�DQG�WKHRUHWLFDO�HYLGHQFH�LV�UHTXLUHG�LQ�RUGHU

WR� LPSURYH� WKH� XQGHUVWDQGLQJ� RI� WKH� GHPL[LQJ�FDXVHG� GHJUDGDWLRQ� RI� WKHVH�PDWHULDOV�� $

FRPSOHWH�GHVFULSWLRQ�RI�GHPL[LQJ�RI�WKHVH�PDWHULDOV�PXVW�DOVR�LQFOXGH�GHPL[LQJ�FDXVHG�E\

VWUHVV�JUDGLHQWV��ZKLFK�LV�OLNHO\�WR�RFFXU�LQ�WKHVH�V\VWHPV�

5HIHUHQFHV

� +� 6FKPDO]ULHG� :� /DTXD� 3�/� /LQ� ³&U\VWDOOLQH R[LGH VROLG VROXWLRQV LQ R[\JHQ SRWHQWLDO JUDGLHQWV´�

=� 1DWXUIRUVFK�� ��D ��� ������
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R[LGH DQG ]LUFRQLXP�\WWULXP R[LGH´� 7KHVLV� &RUQHOO 8QLYHUVLW\� 86$� ����
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<�2� VROLG VROXWLRQV LQ DQ HOHFWULFDO ILHOG´� -RXUQDO GH 3K\VLTXH ,9� � ���� ������

� +� 6FKPDO]ULHG� ³&KHPLFDO NLQHWLFV RI VROLGV´� 9&+ 9HUODJVJHVHOOVFKDIW� :HLQKHLP� ����
� &�&� :DQJ� ³'HJUDGDWLRQ RI PXOWLFRPSRQHQW R[LGHV XQGHU R[\JHQ SRWHQWLDO JUDGLHQWV´� 7KHVLV� 2KLR

6WDWH 8QLYHUVLW\� 86$� ����
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�� .� 9HGXOD� ³0RGHOOLQJ RI WUDQVLHQW DQG VWHDG\�VWDWH GHPL[LQJ RI R[LGH VROLG VROXWLRQV LQ DQ R[\JHQ

FKHPLFDO SRWHQWLDO JUDGLHQW´�2[LG� 0HWDOV� �� �� ������

�� 7� ,VKLNDZD� +� 6DWR� 5� .LNXFKL� 6�$� $NEDU� ³'HPL[LQJ RI PDWHULDOV XQGHU FKHPLFDO SRWHQWLDO
JUDGLHQWV´� -� $P� &HU� 6RF�� �� � ������

�� 7� ,VKLNDZD� 6�$� $NEDU� :� =KX� +� 6DWR� ³7LPH HYROXWLRQ RI GHPL[LQJ LQ R[LGHV XQGHU DQ R[\JHQ

SRWHQWLDO JUDGLHQW´� -� $P� &HU� 6RF�� �� ��� ������

�� +� <RNRNDZD� 7� +RULWD� 1� 6DNDL� 0� 'RNL\D� 7� .DZDGD� ³7KHUPRG\QDPLF FRQVLGHUDWLRQV RQ

LQWHUIDFHV LQ HOHFWURFKHPLFDO GHYLFHV´� ,QWHUQDWLRQDO :RUNVKRS RQ &HUDPLF ,QWHUIDFHV� 3URSHUWLHV DQG

$SSOLFDWLRQV ,,,� ����
�� +� <RNRNDZD� 1� 6DNDL� 7� +RULWD� 0� 'RNL\D� ³7KHUPRG\QDPLF FRQVLGHUDWLRQV RQ PDVV WUDQVIHU

DORQJ�DFURVV WKH LQWHUIDFHV´� 3URF� ,QW� 6\PS� 0DW� &KHP� 1XFO� (QY�� 0DWHULDO &KHPLVWU\ µ��� ������

�� +� <RNRNDZD� 7� +RULWD� 1� 6DNDL� 7� .DZDGD� 0� 'RNL\D� ³5ROH RI R[\JHQ DW SHURYVNLWH LQWHUIDFHV´�

3URF� � (OHFWURFKHP� 6RF� ���� ��� ������� �62)&�,9�� ���

�� +� <RNRNDZD� 7� +RULWD� 1� 6DNDL� 0� 'RNL\D� +� 1LVKL\DPD� 0� $L]DZD� 7� .DZDGD� ³6WDELOLW\ RI

ODQWKDQXP FDOFLXP FKURPLWH�ODQWKDQXP VWURQWLXP PDQJDQLWH LQWHUIDFHV LQ VROLG R[LGH IXHO FHOOV´�
-� (OHFWURFKHP� 6RF�� ��� ���� ������

�� 5�+�(� YDQ 'RRUQ� +�-�0� %RXZPHHVWHU DQG $�-� %XUJJUDDI� ³.LQHWLF GHFRPSRVLWLRQ RI /D����6U���&R2��G

SHURYVNLWH PHPEUDQHV GXULQJ R[\JHQ SHUPHDWLRQ�´ 6ROLG 6WDWH ,RQLFV���� ��� ������
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&REDOW� EDVHG� SHURYVNLWH�W\SH� R[\JHQ� VHSDUDWLRQ� PHPEUDQHV� DUH� FXUUHQWO\� UHFHLYLQJ

H[WHQVLYH� VFLHQWLILF� DQG� WHFKQRORJLFDO� LQWHUHVW� GXH� WR� WKHLU� ZLGH� YDULHW\� RI� SRVVLEOH

DSSOLFDWLRQV�LQ�R[\JHQ�SURGXFWLRQ��SRZHU�JHQHUDWLRQ�SURFHVVHV�DQG�VHOHFWLYH�K\GURFDUERQ

R[LGDWLRQ�� $� PDMRU� FKDOOHQJH� IRU� ODUJH�VFDOH� WHFKQLFDO� DSSOLFDWLRQV� LV� WR� LQFUHDVH� WKH

R[\JHQ�IOX[�WKURXJK�WKHVH�PHPEUDQHV�DQG�RU�WR�UHGXFH�RSHUDWLQJ�WHPSHUDWXUHV��$�ORJLFDO

DSSURDFK� WR� LQFUHDVH� WKH� R[\JHQ� IOX[� DW� D� JLYHQ� WHPSHUDWXUH� LV� WKH� UHGXFWLRQ� RI� WKH

PHPEUDQH�WKLFNQHVV�WR�PLFURPHWHU�GLPHQVLRQV�E\�GHSRVLWLQJ�D�GHQVH�WKLQ�ILOP�PHPEUDQH

RQ� D� SRURXV� VXSSRUW�� 7KLV� DSSURDFK� UHTXLUHV� H[WHQVLYH� NQRZOHGJH� RQ� R[\JHQ� WUDQVSRUW

SURSHUWLHV� DQG� FHUDPLF� SURFHVVLQJ� RI� WKH�PHPEUDQH�PDWHULDOV�� ,Q� WKLV� VWXG\�� WKH� R[\JHQ

SHUPHDWLRQ�DQG�WUDQVSRUW�SDUDPHWHUV�RI�GHQVH�/D��[6U[&R2��G�PHPEUDQHV�DUH�LQYHVWLJDWHG�

7KH�WKLFNQHVV�RI�WKH�PHPEUDQHV�XQGHU�LQYHVWLJDWLRQ�YDULHV�IURP�PLOOLPHWHU�WR�PLFURPHWHU

GLPHQVLRQV�� ,Q� DGGLWLRQ�� WKH� SUHSDUDWLRQ� RI� WKH� WKLQ�ILOP� PHPEUDQH� LV� VWXGLHG�� ZKLFK

LQFOXGHV� WKH�GHYHORSPHQW�RI� D� VXLWDEOH�PHPEUDQH�VXSSRUW� DQG� WKH�GHSRVLWLRQ�RI�D�GHQVH�

PLFURPHWHU�WKLFN�ILOP�RQ�WRS�RI�WKHVH�VXSSRUWV�

,Q�FKDSWHU����R[\JHQ�WUDQVSRUW�WKURXJK�GHQVH��/D��[6U[&R2��G�PHPEUDQHV��[� ����������DQG

����� LQ� WKH� WKLFNQHVV� UDQJH� RI� �����PP�� LV� LQYHVWLJDWHG� XVLQJ� R[\JHQ� SHUPHDWLRQ

PHDVXUHPHQWV��7KH� UHVXOWV� LQGLFDWH� D� FOHDU� LQIOXHQFH� RI� VXUIDFH� H[FKDQJH� RQ� WKH� R[\JHQ

SHUPHDWLRQ� UDWH�� +RZHYHU�� WKH� R[\JHQ� IOX[HV� UHPDLQ� SUHGRPLQDQWO\� FRQWUROOHG� E\� EXON

R[\JHQ�GLIIXVLRQ�WKURXJK�WKH�PHPEUDQH��7KH�FDOFXODWHG�FKDUDFWHULVWLF�PHPEUDQH�WKLFNQHVV

/F�� EHORZ� ZKLFK� R[\JHQ� WUDQVSRUW� LV� SUHGRPLQDQWO\� UDWH� OLPLWHG� E\� VXUIDFH� H[FKDQJH�

YDULHV� DSSUR[LPDWHO\� EHWZHHQ� ��� DQG�����PP�� )URP� WKH� R[\JHQ� SUHVVXUH� GHSHQGHQFH� RI

R[\JHQ� SHUPHDWLRQ� LW� IROORZV� WKDW� WKH� LRQLF� FRQGXFWLYLW\� RI� WKH� GLIIHUHQW� FRPSRVLWLRQV

/D��[6U[&R2��G� LV� XQIDYRXUDEO\� DIIHFWHG� ZLWK� ORZHULQJ� R[\JHQ� SDUWLDO� SUHVVXUH� DQG

WHPSHUDWXUH��ZKLFK�LV�DWWULEXWHG�WR�YDFDQF\�WUDSSLQJ�HIIHFWV�DVVRFLDWHG�ZLWK�WKH�RUGHULQJ�RI

R[\JHQ�YDFDQFLHV�

7KH� UHVXOWV� RI� WKH� SHUPHDWLRQ� VWXG\� DUH� LQ� H[FHOOHQW� DJUHHPHQW� ZLWK� REVHUYDWLRQV� IURP

FRQGXFWLYLW\�UHOD[DWLRQ�H[SHULPHQWV��ZKLFK�DUH�GHVFULEHG�LQ�FKDSWHU����+HUH��WKH�FKHPLFDO

GLIIXVLRQ� FRHIILFLHQW� DQG� R[\JHQ� WUDQVIHU� FRHIILFLHQWV� RI� WKH� VDPH� FRPSRVLWLRQV� LQ� WKH

VHULHV�/D��[6U[&R2��G�DUH�VWXGLHG�XVLQJ�WKH�FRQGXFWLYLW\�UHOD[DWLRQ�WHFKQLTXH��7KH�FKHPLFDO

GLIIXVLYLW\� DQG� R[\JHQ� VXUIDFH� H[FKDQJH� LQ� WKH� SHURYVNLWHV� XQGHU� VWXG\� DSSHDUV� WR� EH

KLJKO\� FRUUHODWHG�� 7KH� JHQHUDO� WUHQG� GLVSOD\HG� LV� WKDW� ERWK� SDUDPHWHUV� GHFUHDVH� ZLWK

GHFUHDVLQJ� S2
�
EHORZ�DERXW���

��
�EDU�DW� DOO� WHPSHUDWXUHV��7KLV� LV� DWWULEXWHG� WR�RUGHULQJ�RI
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LQGXFHG� YDFDQFLHV� DW� ORZ� HQRXJK� R[\JHQ� SDUWLDO� SUHVVXUHV�� 7KH� REVHUYDWLRQ� WKDW� WKH

FRUUHODWLRQ�EHWZHHQ�ERWK�SDUDPHWHUV�H[WHQGV�HYHQ�WR�WKH�ORZHVW� S2
�
�YDOXHV� LQ� WKLV�VWXG\�

VXJJHVWV� D� NH\� UROH� RI� WKH� FRQFHQWUDWLRQ� RI�PRELOH� R[\JHQ� YDFDQFLHV�� UDWKHU� WKDQ� RI� WKH

H[WHQW� RI� R[\JHQ� QRQVWRLFKLRPHWU\�� LQ� GHWHUPLQLQJ� WKH� UDWH� RI� ERWK� SURFHVVHV�� 7KH

FKDUDFWHULVWLF� WKLFNQHVV� /F� VKRZV� RQO\� D� ZHDN� GHSHQGHQFH� RQ� R[\JHQ� SDUWLDO� SUHVVXUH

WHPSHUDWXUH�DQG�FRPSRVLWLRQ�DQG�LV�IRXQG�WR�YDU\�EHWZHHQ����DQG�����PP�

&KDSWHUV� �� DQG� �� IRFXV� RQ� WKH� GHYHORSPHQW� RI� D� VXSSRUWHG� WKLQ� ILOP� PHPEUDQH�� ,Q

FKDSWHU����WKH�SURFHVVLQJ�RI�/D��[6U[&R2��G�SRZGHUV�LQWR�SRURXV�VXSSRUWV�LV�GHVFULEHG��7ZR

DSSURDFKHV�DUH�IROORZHG��7KH�ILUVW�HPSOR\V�SUHVVLQJ�RI�SUH�VLQWHUHG�SRZGHUV��KRPRJHQLVHG

E\�VLHYLQJ�DQG�FODVVLILHG�WKURXJK�VHGLPHQWDWLRQ��7XQLQJ�RI�WKH�SUH�VLQWHULQJ�WHPSHUDWXUH�RI

WKH� SRZGHU� \LHOGV� ���� SRURXV�PDWHULDOV�ZLWK� DQ� DYHUDJH� SRUH� GLDPHWHU� RI� ����PP�� 7KH

VXUIDFH� URXJKQHVV� RI� WKHVH� VXSSRUWV� LV� UDWKHU� KLJK� EXW� WKH� VXUIDFH� PRUSKRORJ\� FDQ� EH

LPSURYHG� E\� DSSO\LQJ� D� SHURYVNLWH� FRDWLQJ�� 7KH� VHFRQG� DSSURDFK� LV� EDVHG� RQ� FRPSDFW

IRUPDWLRQ�E\�SUHVVXUH�ILOWUDWLRQ�RI�FRPPHUFLDO�SRZGHU�GLVSHUVHG�LQ�LVRSURSDQRO��6LQWHULQJ

RI�WKH�VXEVWUDWHV�DW������&�UHVXOWHG�LQ�����SRURXV�PDWHULDOV�ZLWK�DQ�DYHUDJH�SRUH�GLDPHWHU

RI�����PP��$OWKRXJK�D�PLQRU�DPRXQW�RI�GHIHFWV� LV�SUHVHQW�GXH� WR� LQKRPRJHQHLWLHV� LQ� WKH

SRZGHU�� WKH� PRUSKRORJ\� RI� WKHVH� VXEVWUDWHV� LV� FRQVLGHUHG� WR� EH� VXSHULRU� WR� WKDW� RI� WKH

VXEVWUDWHV�SUHSDUHG�YLD�SUHVVLQJ��7KHUHIRUH��LW�LV�FRQFOXGHG�WKDW�WKH�VXEVWUDWHV�SUHSDUHG�YLD

SUHVVXUH�ILOWUDWLRQ�DUH�PRVW�VXLWDEOH�IRU�VXSSRUWLQJ�WKLQ�ILOP�/D��[6U[&R2��G�PHPEUDQHV��,Q

WKH�ILQDO�VHFWLRQ�RI�WKLV�FKDSWHU��WKH�DSSOLFDWLRQ�RI�FHQWULIXJDO�FDVWLQJ�LQ�WKH�GHYHORSPHQW�RI

WXEXODU�SHURYVNLWH�VXEVWUDWHV�LV�VWXGLHG��5HVXOWV�RI�H[SORUDWRU\�H[SHULPHQWV�LQGLFDWH�D�JUHDW

SRWHQWLDO� RI� WKLV� WHFKQLTXH� LQ� WKH� SUHSDUDWLRQ� RI� KLJK�TXDOLW\� GHQVH� DQG� SRURXV

/D��[6U[&R2��G�WXEHV��7KH�GHSRVLWLRQ�RI�/D���6U���&R2��G�ILOPV�ZLWK�D�WKLFNQHVV�RI������PP

RQWR� SRURXV� VXEVWUDWHV� XVLQJ� SXOVHG� ODVHU� GHSRVLWLRQ� LV� GHVFULEHG� LQ� FKDSWHU���� ,QLWLDO

GHSRVLWLRQ� H[SHULPHQWV� RQ� SRURXV�D�$O�2�� VXSSRUWV� DUH� XQVXFFHVVIXO� DV� FUDFN� IRUPDWLRQ

RFFXUV� GXULQJ� FRROLQJ� DIWHU� WKH� GHSRVLWLRQ� SURFHVV� GXH� WR� WKHUPDO� PLVPDWFK�� :KHQ

/D���6U���&R2��G�VXSSRUWV�DUH�XVHG��GHQVH�DQG�FUDFN�IUHH�ILOPV�DUH�REWDLQHG�

7KH� SHUPHDWLRQ�PHDVXUHPHQWV� RI� WKH� VXSSRUWHG� WKLQ�ILOP�PHPEUDQHV� RI� /D���6U���&R2��G

DUH�SUHVHQWHG� LQ�FKDSWHU����7KH�GDWD� VKRZ� WKDW� WKH�R[\JHQ� IOX[HV�DUH� VLJQLILFDQWO\�KLJKHU

WKDQ� WKRVH�PHDVXUHG� IRU�SUHVVHG�GLVF�PHPEUDQHV��0LQRU� OHDNDJH� LV�REVHUYHG�� DPRXQWLQJ

XS� WR� ��� RI� WKH� WRWDO� R[\JHQ� IOX[�� ZKLFK� LV� FDXVHG� E\� VXSSRUW� LQKRPRJHQHLWLHV�� ZKLFK

FRXOG� QRW� EH� FRYHUHG� E\� WKH� ODVHU� GHSRVLWLRQ� SURFHVV�� ,Q� WKH� H[SHULPHQWDO� UDQJH� RI

WKLFNQHVV��������PP��WKH�R[\JHQ�IOX[�LV�IRXQG�WR�EH�LQGHSHQGHQW�RI�PHPEUDQH�WKLFNQHVV��$

FKDUDFWHULVWLF�PHPEUDQH�WKLFNQHVV�LV�FDOFXODWHG�RI�DERXW����PP��ZKLFK�YDOXH�QLFHO\�DJUHHV

ZLWK� WKDW�H[WUDFWHG�IURP�GDWD�RI�FRQGXFWLYLW\� UHOD[DWLRQ�H[SHULPHQWV� LI� LW� LV� DVVXPHG� WKDW
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WKH�SRURXV�VXSSRUW�VWUXFWXUH�UHPRYHV�VXUIDFH�H[FKDQJH�OLPLWDWLRQV�DW�WKH�LQWHUIDFH�EHWZHHQ

SRURXV� VXSSRUW� DQG� WKLQ� ILOP� PHPEUDQH�� 0DVV� WUDQVSRUW� WKURXJK� WKH� SRURXV� VXSSRUW

VWUXFWXUH� FRQWULEXWHV� VLJQLILFDQWO\� WR� WKH� RYHUDOO� SHUPHDWLRQ� UHVLVWDQFH� DW� �����&�� EXW� LWV

LQIOXHQFH�EHFRPHV�QHJOLJLEOH�DW�WHPSHUDWXUHV�DURXQG�����&�

,Q�FKDSWHU����WKH�LQIOXHQFH�RI�VXEVWLWXWLRQ�RI�FREDOW�LQ�/D���6U���&R2��G�ZLWK���WR���PROH��

RI� HLWKHU� FRSSHU� RU� QLFNHO� RQ� WKH� R[\JHQ� SHUPHDWLRQ� UDWH� DQG� WUDQVSRUW� SDUDPHWHUV� LV

VWXGLHG�� 2[\JHQ� SHUPHDWLRQ� GDWD� LQGLFDWH� WKDW� QLFNHO� DQG� FRSSHU� GRSLQJ� UHVXOWV� LQ� D

VLJQLILFDQW�LQFUHDVH�LQ�WKH�SHUPHDWLRQ�UDWH��7KH�ODUJHVW�LQFUHDVH�LQ�IOX[�LV�PHDVXUHG�IRU�WKH

ORZHVW�GRSDQW�FRQFHQWUDWLRQ��DPRXQWLQJ�WR�D�IDFWRU�����IRU�WKH�QLFNHO�GRSHG�DQG�����IRU�WKH

FRSSHU�GRSHG�VDPSOH��&RQGXFWLYLW\�UHOD[DWLRQ�GDWD�LQGLFDWH�WKDW�GRSLQJ�LQFUHDVHV�ERWK�WKH

VXUIDFH�WUDQVIHU�DQG�WKH�EXON�GLIIXVLRQ�UDWHV�

7KH�PDLQ�UHVXOWV�DFKLHYHG�LQ� WKLV�ZRUN�DUH�VXPPDULVHG�LQ�FKDSWHU����ZKLFK�DOVR�LQFOXGHV

UHFRPPHQGDWLRQV�IRU�IXWXUH�UHVHDUFK�



6XPPDU\���



6DPHQYDWWLQJ

(U�EHVWDDW�PRPHQWHHO�JURWH�WHFKQRORJLVFKH�HQ�ZHWHQVFKDSSHOLMN�EHODQJVWHOOLQJ�YRRU�GLFKWH�

NREDOW�KRXGHQGH� SHURYVNLHW� PHPEUDQHQ� YDQZHJH� KHW� EUHGH� VFDOD� DDQ� WRHSDVVLQJHQ

ZDDUYRRU�GH]H�PHPEUDQHQ� JHVFKLNW� ]LMQ��0RJHOLMNH� WRHSDVVLQJHQ� OLJJHQ� ELMYRRUEHHOG� RS

KHW�JHELHG�YDQ�GH� ]XXUVWRISURGXFWLH�� GH� HQHUJLHYRRU]LHQLQJ� HQ� LQ� GH� VHOHFWLHYH� �SDUWLsOH�

R[LGDWLH� YDQ� NRROZDWHUVWRIIHQ�� (FKWHU�� GH� ]XXUVWRISHUPHDELOLWHLW� YDQ� GH]H�PHPEUDQHQ� LV

QRJ� WH� ODDJ� YRRU� JURRWVFKDOLJH� LQGXVWULsOH� WRHSDVVLQJ�� (HQ� ORJLVFKH� HQ� WHJHOLMNHUWLMG

XLWGDJHQGH�EHQDGHULQJ�YRRU�KHW�YHUKRJHQ�YDQ�GH�]XXUVWRIIOX[�GRRU�GH]H�PHPEUDQHQ�LV�KHW

WHUXJEUHQJHQ� YDQ� GH� PHPEUDDQGLNWH� WRW� HHQ� ZDDUGH� YDQ� HQNHOH� PLFURPHWHUV�� 2P� GH]H

PHPEUDQHQ�YROGRHQGH�PHFKDQLVFKH�VWHUNWH�WH�JHYHQ�GLHQHQ�]H�WH�ZRUGHQ�DDQJHEUDFKW�RS

HHQ� SRUHX]H� GUDJHU�� 'H]H� EHQDGHULQJ� YHUHLVW� XLWJHEUHLGH� NHQQLV� YDQ� ]RZHO� GH

]XXUVWRIWUDQVSRUWHLJHQVFKDSSHQ� DOV� GH� NHUDPLVFKH� SURFHVVLQJ� YDQ� GH� EHWUHIIHQGH

PHPEUDDQPDWHULDOHQ�� ,Q� GLW� RQGHU]RHN� VWDDQ� GH� ]XXUVWRISHUPHDWLH�HLJHQVFKDSSHQ� HQ

WUDQVSRUWSDUDPHWHUV�YDQ�/D��[6U[&R2��G�PHPEUDQHQ�FHQWUDDO��'H�GLNWH�YDQ�GH�EHVWXGHHUGH

PHPEUDQHQ� YDULHHUW� YDQ�PLOOLPHWHUV� WRW� HQNHOH�PLFURPHWHUV�� %RYHQGLHQ� ZRUGW� DDQGDFKW

EHVWHHG� DDQ� GH� EHUHLGLQJ� YDQ� JHGUDJHQ� GXQQH�ILOP� PHPEUDQHQ�� +LHURQGHU� YDOOHQ� GH

EHUHLGLQJ�YDQ�HHQ�JHVFKLNWH�SRUHX]H�GUDJHU�HQ�GH�GHSRVLWLH�YDQ�HHQ�GLFKW��PLFURPHWHU�GXQ

PHPEUDDQ�RS�GH]H�GUDJHU�

,Q� KRRIGVWXN� �� ZRUGW� ]XXUVWRIWUDQVSRUW� GRRU� GLFKWH� /D��[6U[&R2��G� �[� ������ ���� HQ� ����

PHPEUDQHQ� PHW� HHQ� GLNWH� YDULsUHQG� YDQ� ���� WRW� ��PP� RQGHU]RFKW� GRRU� PLGGHO� YDQ

]XXUVWRISHUPHDWLHPHWLQJHQ�� 'H� UHVXOWDWHQ� ODWHQ� HHQ� GXLGHOLMNH� LQYORHG� ]LHQ� YDQ

RSSHUYODNWH�XLWZLVVHOLQJVSURFHVVHQ� RS� GH� VQHOKHLG� YDQ� ]XXUVWRIWUDQVSRUW� GRRU� GH]H

PHPEUDQHQ�� 'H� JURRWWH� YDQ� GH� ]XXUVWRIIOX[� ZRUGW� HFKWHU� YRRUQDPHOLMN� EHSDDOG� GRRU

EXONGLIIXVLH� YDQ� ]XXUVWRI�� 2P� WH� EHSDOHQ� LQ� ZHONH� PDWH� GH� RSSHUYODNWHSURFHVVHQ� HQ

EXONGLIIXVLH�EHSDOHQG�]LMQ�YRRU�GH�VQHOKHLG�YDQ�]XXUVWRISHUPHDWLH�� LV� LQ�GH� OLWHUDWXXU�HHQ

]RJHQDDPGH� NDUDNWHULVWLHNH� GLNWH� /F� JHGHILQLHHUG�� %LM� YHUODJLQJ� YDQ� GH� PHPEUDDQGLNWH

EHQHGHQ�GH]H�ZDDUGH�]DO�GH�VQHOKHLG�YDQ�]XXUVWRISHUPHDWLH�YRRUQDPHOLMN�EHSDDOG�ZRUGHQ

GRRU�RSSHUYODNWH�XLWZLVVHOLQJVSURFHVVHQ��KHWJHHQ�XLWHLQGHOLMN�OHLGW�WRW�HHQ�]XXUVWRIIOX[�GLH

RQDIKDQNHOLMN� LV�YDQ�GH�PHPEUDDQGLNWH��8LW�GH�SHUPHDWLHPHWLQJHQ�DDQ�GH�/D��[6U[&R2��G

PHPEUDQHQ�YROJW�HHQ�/F�GLH�YDULHHUW�YDQ����WRW�����PP��8LW�GH�YDULDWLH�YDQ�GH�SHUPHDWLH

PHW�GH�]XXUVWRISDUWLDDOGUXN�EOLMNW�GDW�GH� LRQRJHQH�JHOHLGLQJ�YRRU� ]XXUVWRI�QDGHOLJ�ZRUGW

EHwQYORHG� ELM� ODJH� ]XXUVWRIGUXNNHQ� HQ� WHPSHUDWXUHQ��'LW� HIIHFW�ZRUGW� WRHJHVFKUHYHQ� DDQ

RUGHQLQJ�YDQ�]XXUVWRIYDFDWXUHV�



6DPHQYDWWLQJ���

'H� UHVXOWDWHQ� YDQ� KHW� SHUPHDWLHRQGHU]RHN� NRPHQ� ]HHU� JRHG� RYHUHHQ�PHW�ZDDUQHPLQJHQ

JHGDDQ� DDQ� GH� KDQG� YDQ� JHOHLGLQJVUHOD[DWLHPHWLQJHQ�� 'H]H� VWDDQ� EHVFKUHYHQ� LQ

KRRIGVWXN���� ,Q� GLW� KRRIGVWXN� ZRUGHQ� GH� FKHPLVFKH� GLIIXVLHFRsIILFLsQW� HQ� GH

]XXUVWRIXLWZLVVHOLQJVFRsIILFLsQW� YDQ� GH� ]HOIGH� PDWHULDOHQ� EHVWXGHHUG� DOV� IXQFWLH� YDQ

]XXUVWRISDUWLDDOVSDQQLQJ� HQ� WHPSHUDWXXU�� 'H� UHVXOWDWHQ� WRQHQ� DDQ� GDW� HU� YRRU� GH

RQGHU]RFKWH�SHURYVNLHWHQ�HHQ�XLWJHVSURNHQ�FRUUHODWLH�WXVVHQ�GH]H�WZHH�WUDQVSRUWSDUDPHWHUV

EHVWDDW��'H�DOJHPHQH�WUHQG�LV�GDW�EHLGH�SDUDPHWHUV�ELM�DOOH�WHPSHUDWXUHQ�VWHUN�DIQHPHQ�PHW

DIQHPHQGH�]XXUVWRISDUWLDDOGUXN��LQGLHQ�GH]H�ODJHU�ZRUGW�GDQ�RQJHYHHU���
��
�EDU��'LW�JHGUDJ

ZRUGW� WRHJHVFKUHYHQ� DDQ� RUGHQLQJ� YDQ� ]XXUVWRIYDFDWXUHV� ELM� ODJH� ]XXUVWRIGUXNNHQ�� 'H

ZDDUQHPLQJ�GDW�GH�FRUUHODWLH�WXVVHQ�EHLGH�SDUDPHWHUV�]HOIV�ELM�GH�ODDJVWH�]XXUVWRIGUXNNHQ

ZHONH� RQGHU]RFKW� ]LMQ� EOLMIW� EHVWDDQ�� VXJJHUHHUW� GDW� ]RZHO� GH� VQHOKHLG� YDQ� RSSHUYODNWH�

XLWZLVVHOLQJ� DOV� GLH�YDQ�EXONGLIIXVLH� LQ� JURWH�PDWH� DIKDQJW� YDQ� GH� FRQFHQWUDWLH� YDQ� YULMH

YDFDWXUHV��HQ�QLHW�YDQ�GH�WRWDOH�PDWH�YDQ�]XXUVWRI�QRQ�VWRwFKwRPHWULH��'H�UHVXOWDWHQ�WRQHQ

DDQ�GDW�GH�NDUDNWHULVWLHNH�GLNWH�QLHW�VWHUN�DIKDQJW�YDQ�GH�]XXUVWRISDUWLDDOGUXN��WHPSHUDWXXU

HQ�VDPHQVWHOOLQJ�HQ�YDULHHUW�WXVVHQ����HQ�����PP�

,Q�GH�KRRIGVWXNNHQ���HQ���VWDDW�GH�RQWZLNNHOLQJ�YDQ�HHQ�JHGUDJHQ�GXQQH�ILOP�PHPEUDDQ

FHQWUDDO�� +RRIGVWXN��� EHVFKULMIW� GH� EHUHLGLQJ� YDQ� SRUHX]H� /D��[6U[&R2��G� GUDJHUV�� 7ZHH

PHWKRGHQ� ZRUGHQ� JHYROJG�� %LM� GH� HHUVWH� ZRUGW� JHEUXLN� JHPDDNW� YDQ� YRRUJHVLQWHUGH

SRHGHUV��JHKRPRJHQLVHHUG�GRRU�]HYHQ�HQ�JHFODVVLILFHHUG�GRRU�VHGLPHQWDWLH��&RPSDFWHULQJ

YLQGW� SODDWV� GRRU� PLGGHO� YDQ� SHUVHQ�� $IVWHPPLQJ� YDQ� GH� VLQWHUWHPSHUDWXXU� OHYHUW� ���

SRUHX]H�PDWHULDOHQ�PHW�HHQ�JHPLGGHOG�SRULHGLDPHWHU�YDQ�����PP��'H�RSSHUYODNWHUXZKHLG

YDQ�GH]H�GUDJHUV�LV�YULM�KRRJ�PDDU�GH]H�NDQ�YHUODDJG�ZRUGHQ�GRRU�KHW�WRHSDVVHQ�YDQ�HHQ

SHURYVNLHW�FRDWLQJ��%LM�GH�WZHHGH�PHWKRGH�ZRUGW�JHEUXLNW�JHPDDNW�YDQ�ILOWUDWLH�RQGHU�GUXN

YDQ� HHQ� VXVSHQVLH� YDQ� FRPPHUFLHHO� SHURYVNLHWSRHGHU� LQ� LVRSURSDQRO�� 'H� UHVXOWHUHQGH

JURHQH� FRPSDFWHQ� ZRUGHQ� YHUYROJHQV� JHVLQWHUG� ELM� �����&�� ZDDUELM� ���� SRUHX]H

PDWHULDOHQ�PHW�HHQ�JHPLGGHOGH�SRULHGLDPHWHU�YDQ�����PP�ZRUGHQ�YHUNUHJHQ��2QGDQNV�HHQ

JHULQJ� DDQWDO� GHIHFWHQ� LV� GH� RSSHUYODNWHPRUIRORJLH� YDQ� GH]H� VXEVWUDWHQ� VXSHULHXU

YHUJHOHNHQ� PHW� GLH� YDQ� VXEVWUDWHQ� EHUHLG� YLD� SHUVHQ� YDQ� YRRUJHVLQWHUGH� SRHGHUV�� 'H]H

VXEVWUDWHQ�ZRUGHQ�GDQ�RRN�KHW�PHHVW�JHVFKLNW�JHDFKW�YRRU�WRHSDVVLQJ�DOV�GUDJHU�YDQ�GXQQH

ILOP�/D��[6U[&R2��G�PHPEUDQHQ��,Q�GH�ODDWVWH�VHFWLH�YDQ�GLW�KRRIGVWXN�ZRUGW�GH�WRHSDVVLQJ

YDQ� FHQWULIXJDDO� GHSRVLWLH� LQ� GH� EHUHLGLQJ� YDQ� EXLVYRUPLJH� SHURYVNLHW� VXEVWUDWHQ

RQGHU]RFKW�� 'H� UHVXOWDWHQ� YDQ� KHW� H[SORUDWLHYH� RQGHU]RHN� ODWHQ� ]LHQ� GDW� GH]H� WHFKQLHN

YHHOEHORYHQG� LV� YRRU� GH� RQWZLNNHOLQJ� YDQ� NZDOLWDWLHI� KRRJVWDDQGH�� ]RZHO� GLFKWH� DOV

SRUHX]H��/D��[6U[&R2��G�EXL]HQ�� ,Q�KRRIGVWXN���ZRUGW�GH�GHSRVLWLH�YDQ��� WRW���PP�GLNNH

/D���6U���&R2��G� ILOPV� RS� SRUHX]H� VXEVWUDWHQ� PHW� EHKXOS� YDQ� SXOVHG� ODVHU� GHSRVLWLRQ

EHVFKUHYHQ��'HSRVLWLH� RS� SRUHX]H�D�$O�2�� GUDJHUV� OHYHUW� GHIHFWH� ILOPV� RS� GRRUGDW� GH]H



6DPHQYDWWLQJ ���

VFKHXUHQ�WLMGHQV�KHW�DINRHOHQ�QD�GHSRVLWLH��'LW�ZRUGW�YHURRU]DDNW�GRRU�KHW�JURWH�YHUVFKLO�LQ

XLW]HWWLQJVFRsIILFLsQW� WXVVHQ� /D���6U���&R2��G� HQ� D�$O�2��� (FKWHU�� ZDQQHHU� GHSRVLWLH

SODDWVYLQGW�RS�SRUHX]H�/D���6U���&R2��G�VXEVWUDWHQ��WUHHGW�GH]H�VFKHXUYRUPLQJ�QLHW�RS�HQ�LV

KHW�UHVXOWDDW�HHQ�GLFKWH�ILOP�

'H� SHUPHDWLHPHWLQJHQ� DDQ� GH� JHGUDJHQ� GXQQH� ILOP� PHPEUDQHQ� PHW� VDPHQVWHOOLQJ

/D���6U���&R2��G� ZRUGHQ� EHVFKUHYHQ� LQ� KRRIGVWXN���� 'H� UHVXOWDWHQ� ODWHQ� ]LHQ� GDW� GH

]XXUVWRIIOX[� GRRU� GH]H� PHPEUDQHQ� PHHU� GDQ� HHQ� RUGH� YDQ� JURRWWH� KRJHU� LV� GDQ� GLH

JHPHWHQ�YRRU�FRQYHQWLRQHOH�RQJHGUDJHQ�PHPEUDQHQ�PHW�GH]HOIGH�VDPHQVWHOOLQJ��JHPHWHQ

RQGHU�LQGHQWLHNH�RPVWDQGLJKHGHQ��'H�JHGUDJHQ�PHPEUDQHQ�YHUWRQHQ�HHQ�JHULQJ�OHN��LQ�GH

RUGH� YDQ� ��� YDQ� GH� WRWDOH� ]XXUVWRI� VWURRP�� 'LW� OHN� ZRUGW� YHURRU]DDNW� GRRU

LQKRPRJHQLWHLWHQ�LQ�GH�GUDJHU��ZHONH�QLHW�EHGHNW�ZRUGHQ�WLMGHQV�KHW�GHSRVLWLHSURFHV��9RRU

GH�RQGHU]RFKWH�GXQQH�ILOP�PHPEUDQHQ��PHW�HHQ�GLNWH�YDQ�����WRW����PP��LV�GH�]XXUVWRIIOX[

RQDIKDQNHOLMN� YDQ� GH� ILOPGLNWH�� 'H� XLW� GH]H� PHWLQJHQ� EHSDDOGH� NDUDNWHULVWLHNH

PHPEUDDQGLNWH�LV�ELM�EHQDGHULQJ����PP��'H]H�ZDDUGH�NRPW�JRHG�RYHUHHQ�PHW�GLH�EHSDDOG

XLW�JHOHLGLQJVUHOD[DWLHPHWLQJHQ��DOV�DDQJHQRPHQ�ZRUGW�GDW�GH�SRUHX]H�GUDJHUVWUXFWXXU�GH

LQYORHG� YDQ� RSSHUYODNWHXLWZLVVHOLQJVSURFHVVHQ� DDQ� KHW� JUHQVYODN� WXVVHQ� GH� GUDJHU� HQ� GH

GXQQH�ILOP��RS�GH�WRWDOH�VQHOKHLG�YDQ�]XXUVWRIWUDQVSRUW��RSKHIW��+HW�EOLMNW�GDW�ELM������&�

KHW�PDVVDWUDQVSRUW� GRRU� GH� SRUHX]H� GUDJHU� HHQ� DDQ]LHQOLMNH� ELMGUDJH� OHYHUW� DDQ� GH� WRWDOH

ZHHUVWDQG�YRRU�]XXUVWRIWUDQVSRUW�GRRU�KHW�PHPEUDDQ��(FKWHU��GH]H�ELMGUDJH�QHHPW�DI�PHW

WHPSHUDWXXU�HQ�LV�YHUZDDUORRVEDDU�ELM�WHPSHUDWXUHQ�URQG�����&�

,Q�KRRIGVWXN���ZRUGW�GH�LQYORHG�RQGHU]RFKW�YDQ�VXEVWLWXWLH�YDQ�NREDOW�LQ�/D���6U���&R2��G

PHW� �� WRW� ��PRO�� NRSHU� RI� QLNNHO� RS� GH� VQHOKHLG� YDQ� ]XXUVWRISHUPHDWLH� HQ� GH

]XXUVWRIWUDQVSRUWSDUDPHWHUV�� =XXUVWRISHUPHDWLHPHWLQJHQ� ODWHQ� ]LHQ� GDW� GH� GRWHULQJ� HHQ

GXLGHOLMNH� YHUKRJLQJ� YDQ� GH� ]XXUVWRIIOX[� WRW� JHYROJ� KHHIW�� 'H� JURRWVWH� WRHQDPH� ZRUGW

JHYRQGHQ� YRRU� GH� ODDJVWH� GRWHULQJVFRQFHQWUDWLH� HQ� EHGUDDJW� HHQ� IDFWRU� ���� HQ� ���� YRRU

UHVSHFWLHYHOLMN� KHW� QLNNHO�� HQ� NRSHUJHGRWHHUGH� PDWHULDDO�� *HOHLGLQJVUHOD[DWLHPHWLQJHQ

ODWHQ�]LHQ�GDW�GH�GRWHULQJ�]RZHO�GH�FKHPLVFKH�GLIIXVLH�DOV�GH�]XXUVWRIXLWZLVVHOLQJ�YHUVQHOW�

,Q�KRRIGVWXN���ZRUGHQ�GH�EHODQJULMNVWH�UHVXOWDWHQ�GLH�YROJHQ�XLW�GLW�RQGHU]RHN�VDPHQJHYDW

HQ�ZRUGHQ�DDQEHYHOLQJHQ�JHGDDQ�YRRU�YHUGHU�RQGHU]RHN�



6DPHQYDWWLQJ���



'DQNZRRUG

0LMQ�SURPRWLHWLMG� LV�YRRU�PLM� LQ�YHOH�RS]LFKWHQ� HHQ�KHOH�ELM]RQGHUH� HQ� OHHU]DPH�SHULRGH

JHZHHVW��'DW�HU�QX�XLWHLQGHOLMN�HHQ�SURHIVFKULIW�WRW�VWDQG�LV�JHNRPHQ��KHE�LN�JURWHQGHHOV�WH

GDQNHQ� DDQ� GH� KXOS� HQ� VWHXQ� YDQ� GH� PHQVHQ� RP� PLM� KHHQ�� +LHU� ZLO� LN� DOOH� PHQVHQ

EHGDQNHQ�GLH��RS�ZHONH�PDQLHU�GDQ�RRN��KHEEHQ�ELMJHGUDJHQ�DDQ�PLMQ�SURPRWLHRQGHU]RHN�

$OV�HHUVWH�+HQQ\��YRRU�GH�SUHWWLJH�EHJHOHLGLQJ�HQ�PRWLYDWLH�LQ�GH�EUHGH�]LQ�YDQ�KHW�ZRRUG�

'DW�GH�KRRIGVWXNNHQ�QX�]R�³OHNNHU�ORSHQ�HQ�OH]HQ´��KHE�LN�YRRU�HHQ�JURRW�GHHO�DDQ�MRXZ

LQ]HW� WH� GDQNHQ�� ,N� KHE� GH� VDPHQZHUNLQJ� DOV� ELM]RQGHU� SOH]LHULJ� HUYDUHQ� HQ� KHE

EHZRQGHULQJ�YRRU�KHW�HQWKRXVLDVPH�ZDW� MLM�XLWGUDDJW�YRRU�GH�ZHWHQVFKDS��+HQN�9HUZHLM

EHGDQN� LN� YRRU� GH� PRJHOLMNKHLG� GLH� KLM� PLM� JHERGHQ� KHHIW� RP� DOV� 2,2� RQGHU]RHN� WH

YHUULFKWHQ�ELQQHQ�GH�JURHS�$QRUJDQLVFKH�0DWHULDDONXQGH�

+HW�WHDP�ELM�(/�71��(GZDUG��)UDQN�HQ�'DYH��EHGDQN�LN�YRRU�GH�RQPLVEDUH�VDPHQZHUNLQJ

HQ� KHW� QDXZH� RYHUOHJ�� ZDDUGRRU� GLW� SURMHFW� VXFFHVYRO� DIJHVORWHQ� NRQ� ZRUGHQ�� +HW

WHFKQLVFKH�FOXVWHU�ELM�$0.��RQGHU�DDQYRHULQJ�YDQ�+HQN�.UXLGKRI��ZLO� LN�EHGDQNHQ�YRRU

DOOH�H[SHULPHQWHOH�HQ�FRPSXWHUJHUHODWHHUGH�RQGHUVWHXQLQJ��,Q�KHW�ELM]RQGHU�ZLO�LN�*HUULW�HQ

1DWDVFKD�EHGDQNHQ�YRRU�GH�KXOS�ELM�KHW�EHUHLGHQ�HQ�SROLMVWHQ�YDQ�GH�YHOH�VDPSOHV��9HUGHU

EHQ� LN� -RRS� HQ� 5XXG� YDQ� GH� JODVLQVWUXPHQWHQPDNHULM� YHHO� GDQN� YHUVFKXOGLJG� YRRU� KHW

EHZHUNHQ�YDQ�HQRUPH�DDQWDOOHQ�SUHSDUDWHQ�HQ�PHPEUDDQUHDFWRUHQ��2RN�&LV�EHGDQN�LN�YRRU

DO�KDDU�EHODQJVWHOOLQJ�HQ�KXOS�

,N� KDG� KHW� JHOXN� RP� PHW� HHQ� YLHUWDO� JHPRWLYHHUGH�� HQWKRXVLDVWH� VWXGHQWHQ� WH� PRJHQ

VDPHQZHUNHQ��+XQ�ELMGUDJH�DDQ�PLMQ�RQGHU]RHN�LV�YDQ�JURWH�ZDDUGH��+HLGL��$QLND��0DUQL[

HQ� 6MRHUG�� EHGDQNW� YRRU� MXOOLH� JURWH� LQ]HW�� 7HYHQV� ZLO� LN� 0DWWKLMV� EHGDQNHQ� YRRU� GH

VDPHQZHUNLQJ� GLH� JHOHLG� KHHIW� WRW� KRRIGVWXN� �� YDQ� GLW� SURHIVFKULIW�� %HUQDUG� EHQ� LN

HUNHQWHOLMN�YRRU�KHW�VFKULMYHQ�YDQ�GH�VRIWZDUH�YRRU�GH�XLWZHUNLQJ�YDQ�GH�&5�GDWD�HQ�-DQ

EHGDQN�LN�YRRU�KHW�RS�GH�YDOUHHS�XLWYRHUHQ�YDQ�PLMQ�DOOHUODDWVWH�&5�H[SHULPHQWHQ�

,Q� GH� ORRS� YDQ� GH� WLMG� KHEEHQ� YLHU� YHUVFKLOOHQGH� NDPHUJHQRWHQ� PHW� PLM� RSJHVFKHHSW

JH]HWHQ��%LM�GH]H�EHGDQN�LN�%HQ�%ODGHUJURHQ��7RPDV��)LRQD�HQ�3HWHU�YRRU�GH�JH]HOOLJH�WLMG�

GH�ZHWHQVFKDSSHOLMNH��HQ�YHOH�WRWDDO�QLHW�ZHWHQVFKDSSHOLMNH�GLVFXVVLHV��0HW�QDPH�)LRQD�HQ

3HWHU�ZLO�LN�EHGDQNHQ�YRRU�DOOH�VWHXQ�HQ�GH�SUHWWLJH�VIHHU�RS�RQ]H�NDPHU�LQ�GH�DIJHORSHQ��

MDDU��1LHFN� HQ� ,VDEHO� EHGDQN� LN� YRRU� KXQ� JDVWYULMKHLG� WLMGHQV� GH� EHJLQSHULRGH� YDQ�PLMQ

SURPRWLH��0RQVH��YRRU�KDDU�HQHUJLHNH� URQGOHLGLQJ�GRRU�0H[LFR�&LW\�HQ�GH� UHVW�YDQ�PLMQ

�RXG��FROOHJD¶V�YRRU�DOOH�KXOS�HQ�JH]HOOLJKHLG�LQ�GH�DIJHORSHQ�MDUHQ�



'DQNZRRUG���

1DDVW�KHW�ZHUN�DOV�2,2�LV�DIOHLGLQJ�XLWHUDDUG�EURRGQRGLJ��$QQHPLHN��/iV]Oy��/XF��3HWHU�

7UXG\��%DUU\� HQ� -DQ�/XXN� EHGDQN� LN� YRRU� GH� YHOH� JHZHOGLJH�PX]LNDOH�PRPHQWHQ� HQ� GH

JH]HOOLJKHLG�� 7RPDV�� YRRU� GH� WDOOR]H� SOH]LHULJH� HQ� RQWVSDQQHQGH� WHQQLV�� HQ

VTXDVKZHGVWULMGHQ��(PLOH��%DUU\�HQ�,QJULG�ZLO�LN�LQ�KHW�DOJHPHHQ�EHGDQNHQ�YRRU�DOOH�VWHXQ�

JRHGH� JHVSUHNNHQ� HQ� ORO�� (PLOH�� GH� JHZHOGLJH� WULS� QDDU� GH� 96�ZDV�PHPRUDEHO�� 9HUGHU

EHWHNHQW� KHW� HLQGH� YDQ� PLMQ� SURPRWLHWLMG� RRN� KHW� HLQGH� YDQ� PLMQ� WLMG� LQ� KXL]H

³'H�3ODQWDJH´�� ,N� ZLO� PLMQ� KXLVJHQRWHQ� +LOGH�� 2QQR� HQ� 7RP� EHGDQNHQ� YRRU� GH

JH]HOOLJKHLG��EHODQJVWHOOLQJ�HQ�QLHW� WH�YHUJHWHQ�GH�GDJHOLMNVH�SRUWLH�KXPRU�HQ� WRWDOH�QRQ�

VHQVH�

0LMQ� RXGHUV�ZLO� LN� EHGDQNHQ� YRRU� KXQ� JURWH� EHODQJVWHOOLQJ�� RQYRRUZDDUGHOLMNH� VWHXQ� HQ

OLHIGH� HQ� GLH� ]H�PLM� DOWLMG� KHEEHQ� JHJHYHQ�� 3D��PD�� ]RQGHU� MXOOLH� KDG� LN� GLW� QLHW� NXQQHQ

EHUHLNHQ�

(Q��3D��LN�KHE�KHW�LQ�PLMQ�]DN�

7RW�VORW��$OMD��EHGDQNW�YRRU�MH�OLHIGH��KXOS�HQ�PHGHOHYHQ�LQ�GH�DIJHORSHQ�SHULRGH��+HW

JHYRHO�GDW�MLM�PLM�JHHIW�NDQ�PDDU�GRRU�HHQ�ZRRUG�EHQDGHUG�ZRUGHQ��FRPSOHHWKHLG�

0DUFR



/HYHQVORRS

0DUFR� YDQ� GHU� +DDU� ZHUG� JHERUHQ� RS� ��� VHSWHPEHU� ����� WH� (UPHOR�� 1D� ]LMQ

ODJHUH�VFKRROWLMG� LQ� 0DUOH� JHQRRW� KLM� YRRUWJH]HW� RQGHUZLMV� RS� &ROOHJH� 1RHWVHOH� WH

1LMYHUGDO��'DDU�EHKDDOGH�KLM�LQ������]LMQ�+$92�GLSORPD��JHYROJG�GRRU�KHW�9:2�GLSORPD

LQ�������,Q�KHW]HOIGH�MDDU�EHJRQ�KLM�DDQ�GH�8QLYHUVLWHLW�8WUHFKW�PHW�GH�VWXGLH�6FKHLNXQGH�

,Q�GH]H�SHULRGH�OLHS�KLM�VWDJH�ELM�KHW�6KHOO�5HVHDUFK�HQ�7HFKQRORJ\�&HQWHU�LQ�$PVWHUGDP�

+LM�VWXGHHUGH�DI�ELM�GH�YDNJURHS�$QRUJDQLVFKH�&KHPLH�HQ�.DWDO\VH�YDQ�SURI��LU��-�:��*HXV

PHW� DOV� RQGHUZHUS� GH� EHSDOLQJ� YDQ� GH� LQYORHG� YDQ� GH� GUDJHU� HQ� V\QWKHVHZLM]H� RS� GH

SHUIRUPDQFH�YDQ�NREDOW�NDWDO\VDWRUHQ�YRRU�GH�)LVFKHU�7URSVFK�V\QWKHVH��,Q������VWXGHHUGH

KLM� DI� HQ� DDQ� KHW� HLQG� YDQ� KHW]HOIGH� MDDU� WUDG� KLM� LQ� GLHQVW� ELM� 1:2� DOV� RQGHU]RHNHU� LQ

RSOHLGLQJ� DDQ� GH� 8QLYHUVLWHLW� 7ZHQWH�� ZDDU� KLM� RQGHU� EHJHOHLGLQJ� YDQ

GU��+�-�0��%RXZPHHVWHU� HQ� SURI��GU��LU��+��9HUZHLM� RQGHU]RHN� YHUULFKWWH� DDQ� GLFKWH

NHUDPLVFKH� PHPEUDQHQ� YRRU� ]XXUVWRIVFKHLGLQJ�� 'H� UHVXOWDWHQ� YDQ� GLW� RQGHU]RHN� VWDDQ

EHVFKUHYHQ�LQ�GLW�SURHIVFKULIW�


