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5HFHLYHG�0DUFK���������
,Q� WKLV� VWXG\� *''� WHFKQRORJ\� RSWLPL]DWLRQ� LV� FDUULHG� RXW�� ,W� ZDV� LQGLFDWHG�� WKDW

JDV�GHWRQDWLRQ� GHSRVLWLRQ� WHFKQLTXH� DOORZV� REWDLQLQJ�K\GUR[\DSDWLWH� FRDWLQJV�ZLWK� WKLFN�
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H[FHHGV�UHODWLYH�YDOXHV�IRU�,62�VWDQGDUG��,62�Û�QRW�OHVV�WKDQ����03D��SODVPD�VSUD\LQJ�Û
��Ü��� 03D�� *''� FRDWLQJ� Û� ����r�� 03D��� 7KH� FU\VWDO� DQG� SKDVH� VWUXFWXUH� RI� LQLWLDO
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SKDVHV�LQ�ERWK�LQLWLDO�SRZGHU�DQG�REWDLQHG�FRDWLQJ��0RUHRYHU��WKH�7L�VXEVWUDWH�V�OLQHV�DUH
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���,QWURGXFWLRQ
$PRQJ�WKH�NQRZQ�ELRDFWLYH�FHUDPLF�FRDW�

LQJV�XVHG� LQ�PHGLFLQH�IRU�VXUJLFDO� LPSODQWV
SURGXFWLRQ� WKH� K\GUR[\DSDWLWH� �+$� Û
&D���32����2+���� EDVHG� FRDWLQJV� DUH� PRVWZLGHO\�XVHG�DQG�VWXGLHG��7KLV� LV�GXH�WR�WKH
IDFW�WKDW�H[DFWO\�+$�FRDWLQJV�QRW�RQO\�IRUP
WKH� LQRUJDQLF� ERQH� WLVVXH� DQG� WRRWK� HQDPHO

>����@� DQG� SRVVHVV� ELRORJLFDO� FRPSDWLELOLW\
ZLWK� WKH� KXPDQ�ERG\�� EXW� DOVR� IRUP�GLUHFW
FKHPLFDO�ERQGV�ZLWK�ERQH�WLVVXH�DQG�DEOH�WR
EH� JUDGXDOO\� UHSODFHG� E\� OLYLQJ� RQH�� 7KLV
UHTXLUHV� WKH� FRDWLQJ� LQ� LWV� SKDVH�� FKHPLFDO
FRPSRVLWLRQ�� FU\VWDO� VWUXFWXUH� WR� EH� IXOO\
FRPSOLHG� ZLWK� WKH� UHOHYDQW� FKDUDFWHULVWLFV
RI�WKH�LQLWLDO�SRZGHU��0RVWO\��WKHVH�FRDWLQJV
PXVW� KDYH� PLQLPXP� RI� GHIHFWV�� PD[LPXP
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DGKHVLRQ� RI� WKH� FRDWLQJ� WR� WKH� VXEVWUDWH�
PLQLPXP� SRURVLW\�� DEVHQFH� RI� DPRUSKRXV
SKDVH�� HWF�� 7LWDQLXP� LV� XVXDOO\� XVHG� DV� D
EDVLV�IRU�PHGLFDO�LPSODQWV�

)RU�WKH�+$�EDVHG�FRDWLQJV�GHSRVLWLRQ�WKH
PHWKRGV� IRU� SODVPD� VSUD\LQJ� �$36� Û� DLU
SODVPD� VSUD\LQJ�� 936� Û� YDFXXP� SODVPD
VSUD\LQJ��DUH�PRVW�ZLGHO\�XVHG��+RZHYHU��LW
LV�IRXQG�WR�KDYH�VRPH�VLJQLILFDQW�GLVDGYDQ�
WDJHV�� VXFK� DV� DQ� H[WUHPHO\� KLJK� WHPSHUD�
WXUH� LQ� SODVPD� EHLQJ� UHVXOWHG� LQ� SDUWLDO
PHOWLQJ� RI�+$� SRZGHU� SDUWLFOHV��:KHQ� WKH
PROWHQ� SDUWLFOHV� VWHDP� FRPHV� XS� WR� WKH
FROGHU� PHWDO� VXEVWUDWH�� WKH� DEUXSW� FRROLQJ
OHDGV� WR� ERWK� VLJQLILFDQW�GLVRUGHULQJ�RI� WKH
+$� FU\VWDO� VWUXFWXUH� DQG� WKH� IRUPDWLRQ� RI
DPRUSKRXV� +$� SKDVH� DW� WKH� FRDWLQJ�VXE�
VWUDWH� LQWHUIDFH�� 2Q� WKH� RQH� KDQG�� WKLV� HI�
IHFW� LPSURYHV� WKH� PHFKDQLFDO� SURSHUWLHV� RI
WKH� FRDWLQJ�� LQ� SDUWLFXODU�� LWV� DGKHVLRQ� >��
�@��2Q�WKH�RWKHU�KDQG��WKH�DPRUSKRXV�SKDVH
KDV� WKH� DELOLW\� WR� YHU\� UDSLG� GLVVROXWLRQ
WKDW� ZDV� REVHUYHG� LQ�YLYR� DQG� LQ�YLWUR� >�@�
7KLV�IDFW�LV�LPSRUWDQW�ZKHQ�XVLQJ�WKHVH�PD�
WHULDOV�DV�FRDWLQJV�IRU�VXUJLFDO�LPSODQWV��,Q
DGGLWLRQ�� GXH� WR� VLJQLILFDQW� GLIIHUHQFH� LQ
WKHUPDO� H[SDQVLRQ� FRHIILFLHQWV� RI� WKH� +$
DQG�WKH�VXEVWUDWH�PDWHULDO�GXULQJ�FRROLQJ�RI
WKH� GHSRVLWHG� +$� EDVHG� FRDWLQJV� WR� URRP
WHPSHUDWXUH� DW� WKH� ERXQGDU\� RI� WKH�+$�Û
VXEVWUDWH� WKH� WKHUPDO� VWUHVVHV� DQG� PL�
FURFUDFNV� RFFXU� UHVXOWLQJ� LQ� DGKHVLRQ� GH�
FUHDVLQJ�DQG�LQFUHDVLQJ�WKH�FRDWLQJ�GLVVROX�
WLRQ� UDWH� LQ� RUJDQLVP�� 7R� UHGXFH� WKH� WKHU�
PDO� VWUHVV� WKH� FRDWLQJ� WKLFNQHVV� LV� OLPLWHG
�OHVV� WKDQ� ��� P��� +RZHYHU�� VXFK� D� WKLFN
FRDWLQJ�GLVVROYHV�PXFK�IDVWHU�WKDQ�WKHLU�UH�
TXLUHG� OLYH�WLPHV� ���� \HDUV��� 6XFK� HIIHFWV
DUH�W\SLFDO�IRU�DOO�KLJK�WHPSHUDWXUH�GHSRVL�
WLRQ� PHWKRGV�� VXFK� DV� SODVPD� VSUD\LQJ�
PDJQHWURQ� VSXWWHULQJ�� SXOVHG� ODVHU� GHSRVL�
WLRQ� DQG�RWKHUV�� )XUWKHUPRUH��PRVW�GHSRVL�
WLRQ�PHWKRGV�KDYH�D�QXPEHU�RI�RWKHU�VKRUW�
FRPLQJV�� VXFK�DV� ORZ�DGKHVLRQ��KLJK�SRURV�
LW\�� LPSHUIHFWLRQ� RI� WKH� FU\VWDO� VWUXFWXUH�
FKHPLFDO�DQG�SKDVH�VWUXFWXUH�GLVRUGHULQJ�RI
WKH�FRDWLQJV��DV�ZHOO�DV�WKH�GHILFLHQW�FRDWLQJ
WKLFNQHVV� Û� GXH� WR� ORZ� SURGXFWLYLW\� RI
WKHVH�PHWKRGV���

,Q� JDV�GHWRQDWLRQ� GHSRVLWLRQ� �*''�
PHWKRG� WKH� KLJK� FRDWLQJ� DGKHVLRQ� WR� VXE�
VWUDWH�LV�SURYLGHG�E\�KLJK�NLQHWLF�HQHUJ\�RI
+$�SDUWLFOHV� LQFLGHQW�RQ�WKH�VXEVWUDWH��3RZ�
GHU� SDUWLFOHV� DUH� LQMHFWHG� LQWR� GHWRQDWLRQ
ZDYH� IRUPHG� E\� JDV� FRQILQHG� H[SORVLRQ�ZLWK
GHILQLWH� FRPSRVLWLRQ�� 7KLV� DFFHOHUDWHV� WKH
SRZGHU�SDUWLFOHV�DQG�WUDQVSRUWV�WR�VXEVWUDWH�
)XUWKHUPRUH�� LQ� WLPH� RI� LQLWLDO� +$� SRZGHU
GHSRVLWLRQ�WKH�SDUWLFOHV�DUH�VSUHDG�LQ�D�UHJHQ�

HUDWLQJ� HQYLURQPHQW� SUHYHQWLQJ� WKH� LQIOX�
HQFH�HIIHFWV�RI�DPELHQW�DLU�RQ�D�KRW�SRZGHU�

*DV�GHWRQDWLRQ� PHWKRG� DOORZV� REWDLQLQJ
KLJK�TXDOLW\�FRDWLQJV��7KLV�LV�GXH�WR�FRQVLG�
HUDEO\� ORZHU� VXEVWUDWH� WHPSHUDWXUH� GXULQJ
GHSRVLWLRQ�WKDQ�LQ�SODVPD�VSUD\LQJ��*''�LV
D� KLJKO\� SURGXFWLYH� DQG� KLJK�WHFKQRORJ\
SURFHVV� SURYLGLQJ� WR� REWDLQ� FRDWLQJV� RI� D
ZLGH� WKLFNQHVV�UDQJH��$GKHVLRQ�RI�REWDLQHG
ELRDFWLYH�FHUDPLF�FRDWLQJV�FDQ�EH��Ü��WLPHV
KLJKHU� WKDQ� WKH� UHTXLUHG� VWDQGDUG� ,62� IRU
WKRVH�+$�FRDWLQJV�

2Q�WKH�RWKHU�KDQG��WKH�K\GUDWLRQ�GHJUHH�
SKDVH� FRPSRVLWLRQ� DQG� FU\VWDO� VWUXFWXUH� RI
WKH�FRDWLQJ�DQG�WKH� LQLWLDO�+$�SRZGHU�PD\
GLIIHU� GXH� WR� KLJK�HQHUJ\�+$� SDUWLFOH� IOX[
LQWHUDFWLRQ�ZLWK�D�FROG�PHWDO�VXEVWUDWH�DQG
VXEVHTXHQW� FRROLQJ� RI� WKH� GHSRVLWHG� OD\HU�
7KHVH� LVVXHV� KDYH� EHHQ� DOUHDG\� VWXGLHG� IRU
SODVPD� DQG� ODVHU� GHSRVLWHG� FRDWLQJV� >����@�
,Q� WKLV� SDSHU� +$� EDVHG� FRDWLQJV� GHSRVLWHG
E\�*''�WHFKQRORJ\�RQWR�WLWDQLXP�VXEVWUDWHV
ZHUH� LQYHVWLJDWHG� ZLWK� WKH� YLHZ� RI� RSWLPL�
]DWLRQ�RI�WKH�WHFKQRORJLFDO�*''�SURFHVV�

���([SHULPHQWDO
7KH� GHSRVLWLRQ� RI� K\GUR[\DSDWLWH� OD\HUV

ZDV� FDUULHG� RXW� RQWR� WLWDQLXP� VXEVWUDWHV
ZLWK�GLIIHUHQW�WKLFNQHVVHV�Û�IURP�����XS�WR
�� PP�� 7KH� RULJLQDO� JDV�GHWRQDWLRQ� VHWXS
ZDV� XVHG� IRU� WKH� GHSRVLWLRQ�� 7KH
VWRLFKLRPHWULF�+$�SRZGHU�ZDV�XVHG�IRU�JDV
GHWRQDWLRQ�GHSRVLWLRQ��+$�SRZGHU�ZDV� V\Q�
WKHVL]HG�E\�SUHFLSLWDWLRQ�IURP�D�VROXWLRQ�RI
FDOFLXP� QLWUDWH� DQG� DPPRQLXP� K\GURJHQ
SKRVSKDWH��LQ�DFFRUGDQFH�ZLWK�WKH�IROORZLQJ
UHDFWLRQ�
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3UHFLSLWDWLRQ� ZDV� FDUULHG� RXW� DW� URRP
WHPSHUDWXUH� DQG� S+� ���� ZLWK� YLJRURXV
VWLUULQJ�RI�WKH�VROXWLRQ��7KH�SUHFLSLWDWH�ZDV
OHIW� IRU� ��� K�� LQ� WKH� SDUHQW� VROXWLRQ�� 7KH
VROXWLRQ�ZDV�SHULRGLFDOO\� VWLUUHG��ERLOHG� IRU
�� K��� FRROHG�� GHIHQGHG�� ILOWHUHG�� DGGHG� WR
GLVWLOOHG�ZDWHU�DQG�DJDLQ�DGYRFDWHG��$IWHU�D
ILYH�IROG� UHSHWLWLRQ� RI� WKLV� SURFHGXUH�� WKH
SUHFLSLWDWH� ZDV� ZDVKHG� ZLWK� KRW� GLVWLOOHG
ZDWHU�� 7KH� UHVXOWLQJ� SRZGHU� ZDV� GULHG� DW
WKH�����&�DQG�DQQHDOHG�LQ�DLU�DW������&�IRU
�� KRXU��:KHQ� DQQHDOLQJ� WKH� VLQWHULQJ� DQG
JUDLQ� VKULQNDJH� �DERXW� ��� �� RI� OLQHDU� GL�
PHQVLRQV��ZHUH�REVHUYHG��$IWHU�WKLV�SUHFLSL�
WDWH� ZDV� WUDQVIRUPHG� LQWR� D� XQLIRUP� FRQ�
JORPHUDWH�� ZKLFK� KDV� D� SRURVLW\� RI� ��� �
DQG� VWUHQJWK� RI� �Ü�� 03D�� ,Q� DFFRUGDQFH
ZLWK� WKH� ;�UD\� DQDO\VLV�� WKH� V\QWKHVL]HG

1�,�.O\XL�HW�DO����3URSHUWLHV�RI�WKH�K\GUR[\DSDWLWH����

��� )XQFWLRQDO�PDWHULDOV�������������



PDWHULDO� ZDV� D� SXUH� FU\VWDOOLQH� +$� ZLWK
VSHFLILF�VXUIDFH�DUHD�RI�DERXW���P��J��PHDV�
XUHG� E\� %UXQDXHU�(PPHWW�7HOOHU� PHWKRG�
FRUUHVSRQGLQJ�WR�WKH�LQLWLDO�SRZGHU�SDUWLFOHV
VL]H� RI� �� PP�� 7KH� ;�UD\� UHIOHFWLRQV� IURP
RWKHU� SKDVHV� ZHUH� DEVHQW�� $V� LW� KDV� EHHQ
HDUOLHU� DVVLJQHG� >�@�� IRU� JDV�GHWRQDWLRQ
GHSRVLWLRQ� WHFKQRORJ\� WKH� VL]H� RI� +$� SRZ�
GHU� SDUWLFOHV� VKRXOG� EH� DERXW� ��Ü��� PP�
6XFK�SRZGHU�ZDV�REWDLQHG�E\�FUXVKLQJ�LQ�D
SRUFHODLQ�PRUWDU�DQG�VLHYLQJ�WR�D�SRZGHU�E\
DSSURSULDWH�VLHYHV�ZLWK�DQ�RSWLPXP�VL]H�IRU
JDV� GHWRQDWLRQ� GHSRVLWLRQ� ���Ü��� PP��� 7KH
UHVXOWLQJ� SRZGHU� ZDV� IRXQG� WR� EH� LQ� WKH
LUUHJXODU�IUDJPHQWV�IRUP�ZLWK�WKH�VDPH�SR�
URVLW\�DV�WKH�VLQWHUHG�FRQJORPHUDWH�

7KH�UHVXOWLQJ�SRZGHU�ZDV�XVHG�IRU�GHSR�
VLWLRQ�RQ�WKH�WLWDQLXP�VXEVWUDWH�ZLWK�GLPHQ�
VLRQV� RI� ��u���PP��� 'HSRVLWLRQ�ZDV� FDUULHG
RXW�ZLWK�D�PL[WXUH�RI�JDVHV�WKDW�DUH�FDSDEOH
RI� GHWRQDWLRQ� �SURSDQH�EXWDQH�R[\JHQ�� LQ
SXUJLQJ�EHWZHHQ�WKH�F\FOHV�E\�FRPSUHVVHG�DLU�

7KH� �IDEULFDWHG� VHFWLRQ�� PHWKRG� ZDV
XVHG�WR�VWXG\�WKH�DGKHVLYH�SURSHUWLHV�RI�RE�
WDLQHG� FRDWLQJV�� 7KLV� WHFKQLTXH� HOLPLQDWHV
WKH�GLVDGYDQWDJHV� RI� WKH� FHPHQWLQJ�SURFHVV
IRU�GHWHUPLQLQJ�WKH�FRDWLQJ�DGKHVLRQ�WR�VXE�
VWUDWH�>��@��,Q�RUGHU�WR�GHWHUPLQH�WKH�SKDVH
FRPSRVLWLRQ��WKH�+$�FRDWLQJ�ZLWK�WKLFNQHVV
RI�����PP�ZDV�GHSRVLWHG��7R�VWXG\�WKH�FRDW�
LQJ� SKDVH� FRPSRVLWLRQ� DQG� LWV� WKLFNQHVV
FKDQJH�WKH�FURVV�VHFWLRQDO�;�UD\�GLIIUDFWLRQ
VWXGLHV�ZLWK� D� JUDGXDO� SROLVKLQJ� RI� WKH� RE�
WDLQHG�OD\HU�ZLWK�D�VWHS�RI����PP�ZHUH�SHU�
IRUPHG��7KH�;�UD\�GLIIUDFWLRQ�SDWWHUQV�ZHUH
PHDVXUHG� RQ� D� VWDQGDUG� '521��� ;�UD\
VSHFWURPHWHU� XVLQJ� &X.D�UDGLDWLRQ�� 7KH
FKHPLFDO� FRQWHQW�DQG�GLVSHUVLRQ�SDUDPHWHUV
RI� WKH� LQLWLDO� SRZGHU� DQG� REWDLQHG� FRDWLQJ
ZHUH�VWXGLHG�XVLQJ�VFDQQLQJ�HOHFWURQ�PLFUR�
VFRSH��6(0��=(,66����;93��*HUPDQ\��

7KH� SULQFLSOH� RI� JDV�GHWRQDWLRQ� WHFKQRO�
RJ\�LV�EDVHG�RQ�WKH�DFFHOHUDWLRQ�RI�SDUWLFOHV
RI�UHTXLUHG�SRZGHU�ZKLFK�LV�LQWURGXFHG�LQWR
WKH�EDUUHO� WKURXJK�WKH�VSRXW��WR�D�KLJK�YH�
ORFLW\�� DQG� IXUWKHU� GHSRVLWLRQ� RQ� WKH� VXE�
VWUDWH��$FFHOHUDWLRQ�LV�FDUULHG�RXW�LQ�D�GHWR�
QDWLRQ�ZDYH��ZKLFK�LV�IRUPHG�DV�D�UHVXOW�RI
WKH�H[SORVLRQ�JDV�PL[WXUH��LQ�WKLV�FDVH�R[\�
JHQ���SURSDQH�EXWDQH���7KH�*''�WHFKQRORJ\
LV�F\FOLF�RQH�ZLWK�IUHTXHQF\�UDQJH�IURP���WR
��+]�� ,Q�RXU�FDVH�� WKH� VKRUW�IUHTXHQF\�ZDV
IL[HG�DQG�HTXDO�WR���+]�

$IWHU� H[SORVLRQ� DQG� SRZGHU� GHSRVLWLRQ
WKH�SXULILFDWLRQ�RI�WKH�JDV�GHWRQDWLRQ�EDUUHO
LV� FDUULHG� RXW�E\�FRPSUHVVHG�DLU�RU�QHXWUDO
JDV��7KH�QXPHULFDO�YDOXHV�RI�WKH�RSHUDWLRQV

GXUDWLRQ� DUH� VSHFLILHG� E\� FRQILJXULQJ� WKH
UHPRWH�FRQWURO�>����@��

'HYHORSPHQW� RI� GHSRVLWLRQ� WHFKQRORJ\
ZDV� FDUULHG� RXW� LQ� WKH�GLUHFWLRQ�RI� FKDQJH�
VHOHFWLRQ� DQG� RSWLPL]DWLRQ� RI� WKH� IROORZLQJ
SURFHVV�SDUDPHWHUV�

��� WKH� H[SORVLYH� PL[WXUH� FRPSRVLWLRQ
�R[\JHQ�DQG�SURSDQH�EXWDQH������WKH�IUHTXHQF\
RI�*''� F\FOHV�� ��� WKH� GLVWDQFH� IURP� WKH� JDV�
GHWRQDWLRQ�JXQ�RXWOHW�WR�WKH�VXEVWUDWH����� WKH
DPRXQW� RI� D�SRZGHU�ZKLFK� LV� LQWURGXFHG� LQWR
WKH�GHWRQDWLRQ�ZDYH�LQ�WKH�*''�SURFHVV��

���5HVXOWV�DQG�GLVFXVVLRQ
�����2SWLPL]DWLRQ�RI�WKH
GHSRVLWLRQ�WHFKQRORJ\

7KH�GHSHQGHQFHV�RI�FRDWLQJ�WKLFNQHVV��G�
RQ� WKH�GLVWDQFH� RI�JDV�GHWRQDWLRQ� �*'��JXQ
VHFWLRQ� �O�� WR� VSHFLPHQ�Û� DUH� SUHVHQWHG� LQ
)LJ�����7KH�UHPDLQLQJ�*''�SURFHVV�SDUDPH�
WHUV� ZHUH� FRUUHVSRQGHG� WR� VR�FDOOHG� �EDVLF�
PRGH��$V�FDQ�EH�VHHQ�IURP�)LJ�����WKH�FRDW�
LQJ� WKLFNQHVV�� PHDVXUHG� DW� WKH� FHQWHU� RI
GHSRVLWLRQ�VSRW� �RQ�WKH�D[LV�RI�*'�JXQ��� LQ
WLPH� RI� FKDQJLQJ� O� WR� ���� PP�� EHJLQV� WR
GHFUHDVH�� 7KLV� EHKDYLRU� LV� GXH� WR� WKH� IDFW
WKDW� IRU� VPDOO� O� YDOXHV�� WKH� IOX[�GLVSHUVLRQ
RI� DFFHOHUDWHG� SDUWLFOHV� LV� VPDOO� DQG� EHJLQV
WR� DIIHFW� WKH� WKLFNQHVV� RI� WKH� FRDWLQJ� RQO\
IRU� VXIILFLHQWO\� ODUJH� O� YDOXHV�� $� VLPLODU
IRUP� KDV� D� GHSHQGHQFH� G�O��� REWDLQHG� IURP
WKH�FRDWLQJ�WKLFNQHVV�LQYHVWLJDWLRQ�DW�D�GLV�
WDQFH� RI� ��� PP� IURP� WKH� D[LV� RI� *'� JXQ
�)LJ������ &RDWLQJ� WKLFNQHVV� LQ� GLVWDQFH� RI
���PP�IURP�WKH�*'�JXQ�D[LV� LV�DOPRVW� LQ�
GHSHQGHQW�RI�O���

)URP� WKHVH� UHVXOWV� LW� IROORZV� WKDW� WKH
FRDWLQJ� WKLFNQHVV� RI� a���� PP� FDQ� EH� RE�
WDLQHG�LQ�D�ZLGH�UDQJH�RI�O��,Q�DGGLWLRQ��WKH
UHODWLYHO\�VPDOO�VSUHDG�RI�G�YDOXHV��������
RI�WKH�FRDWLQJ�LQ�WKH�FHQWHU�RI�*'�VSRW�DQG
RQ� WKH� HGJH� LQGLFDWHV� WKH� SRVVLELOLW\� RI

)LJ����� 7KLFNQHVV� GHSHQGHQFHV� RI� WKH� +$
EDVHG� *''� FRDWLQJ� RQ� WKH� GLVWDQFH� EHWZHHQ
*''�JXQ�VHFWLRQ�WR�H[DPSOH����Ü�RQ�*''�JXQ�D[LV�
��Ü����PP�IURP�WKH�D[LV��� ���Ü����PP�IURP
WKH�D[LV�
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IRUPLQJ� FRDWLQJV�ZLWKRXW� VFDQQLQJ�*'�JXQ
�RU�VDPSOH��RQ�D�IDLUO\�ODUJH�DUHD��%RWK�WKLV
IDFW� DQG� WKH� SRVVLELOLW\� RI� REWDLQLQJ� +$
EDVHG�FRDWLQJV�RI�FRQVLGHUDEOH�WKLFNQHVV��LQ�
GLFDWHV� D� KLJK� SURGXFWLYLW\� RI� WKH� *''
PHWKRG�

$V�VHHQ�IURP�)LJ�����WKH�GHSHQGHQFH�RI�G
RQ�WKH�FRPSRVLWLRQ�RI�WKH�H[SORVLYH�PL[WXUH
�UDWLR�[� �SURSDQH�EXWDQH���R[\JHQ�� LV�QRQ�
PRQRWRQLF�� )RU� VPDOO� YDOXHV� RI�[� �GHSOHWHG
PL[WXUH�Û�UHJLPHV������� WKH�FRDWLQJ�WKLFN�
QHVV�LV�VPDOO� ������PP���:LWK� LQFUHDVLQJ�[
WKH�WKLFNQHVV�RI�WKH�FRDWLQJ�LQFUHDVHV�DQG�LQ
UHJLPHV��Ü��LV�DSSUR[LPDWHO\�WKH�VDPH��7KH
IXUWKHU� PL[WXUH� HQULFKPHQW� �UHJLPHV� ��� ��
OHDGV� WR� D� GHFUHDVH� RI� G��:KHQ� XVLQJ� OHDQ
PL[WXUH� WKH� UHTXLUHG� WHPSHUDWXUH� DQG� YH�
ORFLW\� RI� D� GHWRQDWLRQ� ZDYH� LV� FDQ� QRW
UHDFKHG� OHDGLQJ� WR� D� ORZ� VSHHG�RI� WKH�SRZ�
GHU�SDUWLFOHV��7KH�ODWWHU��LQ�WXUQ��GUDVWLFDOO\
UHGXFHV�WKH�HIILFLHQF\�RI�FRDWLQJ�IRUPDWLRQ�
2Q�WKH�RWKHU�KDQG��D�VLPLODU�HIIHFW�ZDV�RE�
VHUYHG�ZKHQ� XVLQJ� KLJKO\�HQULFKHG�PL[WXUH
WKDW� OHDGV� WR� LQFRPSOHWH� FRPEXVWLRQ� RI� WKH
ZRUNLQJ�JDV�

7KXV�� WKHUH� LV� DQ� RSWLPXP� UDQJH� RI� [
YDOXHV�� ZKLFK� FRUUHVSRQGV� WR� WKH� �Ü�� UH�
JLPHV�RQ�)LJ����

7KH� LQWHQVLW\� RI� WKH� WUDQVSRUW� JDV� IORZ
�I��GHWHUPLQHV�WKH�DPRXQW�RI�SRZGHU�ZKLFK
LV� LQWURGXFHG� LQWR� WKH� GHWRQDWLRQ�ZDYH�� 2Q
WKLV� EDVLV�� LW� EHFRPHV� FOHDU�� ZK\� IRU� VPDOO
YDOXHV�RI�I�WKH�IRUPLQJ�FRDWLQJ�WKLFNQHVV�LV
VPDOO� �UHJLPHV��� DQG��� RQ�)LJ������ ,Q� WKHVH
FDVHV�� WKH� DPRXQW� RI�SRZGHU� LV�QRW� HQRXJK
IRU� HIIHFWLYH� FRDWLQJ� IRUPDWLRQ�� :LWK� I
YDOXH�LQFUHDVLQJ��UHJLPH����WKH�HIILFLHQF\�RI
FRDWLQJ� IRUPDWLRQ� EHFRPHV� PD[LPXP�� )XU�
WKHU� WKH� GHSHQGHQFH� RI� G�I�� VDWXUDWHV�� L�H��
LQFUHDVLQJ� WKH� DPRXQW� RI� SRZGHU�� LQVHUWHG
LQ�WKH�GHWRQDWLRQ�ZDYH��GRHV�QRW�UHVXOWHG�LQ
LQFUHDVH� RI� G�� ,Q� WKLV� FDVH�� LW� LV� RQO\� WKH
SRUWLRQ� RI� WKH� SRZGHU� WKDW� LV� HIIHFWLYHO\

XVHG��7KHUHIRUH��LQ�WHUPV�RI�HIILFLHQW�XVH�RI
SRZGHU�WKH�RSWLPXP�UHJLPH��E\�WKH�IORZ�RI
WUDQVSRUW�JDV��LV�UHJLPH���

6KRZQ� LQ� )LJ���� GHSHQGHQFHV� RI� WKH� GH�
SRVLWHG�FRDWLQJV�WKLFNQHVV�RQ�WKH�GHSRVLWLRQ
WLPH� LQGLFDWH� WKH� SRVVLELOLW\� RI� REWDLQLQJ
OD\HUV�ZLWK�D�WKLFNQHVV�KLJKHU�WKDQ�����PP�
)XUWKHUPRUH��DV�FDQ�EH�VHHQ�IURP�)LJ����WKH
GHSHQGHQFH�G�W��LV�SUDFWLFDOO\�OLQHDU��7KH�DS�
SURSULDWH� WHFKQRORJLFDO� URXWH� ZDV� SURSRVHG
RQ� WKH� EDVLV� RI� GHWHUPLQHG� RSWLPXP� *''
SURFHVV�SDUDPHWHUV�IRU�WKH�IRUPDWLRQ�RI�+$
EDVHG�FRDWLQJV�

7KH�REWDLQHG�UHVXOWV�RI�*''�SURFHVV�RS�
WLPL]DWLRQ� PDNH� SRVVLEOH� WR� FRQFOXGH� WKH
QH[W�

Û�HVWLJDWLRQ�RI�WKH�FRDWLQJ�WKLFNQHVV�GH�
SHQGHQFH�RQ�WKH�PDLQ�WHFKQRORJLFDO�SDUDPH�
WHUV�RI�WKH�*''�VHWXS�DOORZV�XV�WR�RSWLPL]H
FRDWLQJ�WHFKQRORJ\�

Û�SRVLWLRQ�SURFHVV�SDUDPHWHUV�FKDQJLQJ�
VXFK� DV� GLVWDQFH� IURP� WKH� HGJH� RI� WKH� JXQ
WR�WKH�WDUJHW��WKH�WHPSHUDWXUH�RI�WKH�H[SOR�
VLYH� PL[WXUH� FRPSRVLWLRQ�� DQG� WKH� GHSRVL�
WLRQ�WLPH�FDQ�YDU\�FRDWLQJ�WKLFNQHVV�VLJQLIL�
FDQWO\�

�����3URSHUWLHV�RI�+$�EDVHG
FRDWLQJV�REWDLQHG�E\�*''

)RU� VXFFHVVIXO� DSSOLFDWLRQ� RI� GHYHORSHG
FRDWLQJV� LQ� PHGLFLQH� LW� LV� QHFHVVDU\� WR� HQ�
VXUH�WKH�IROORZLQJ�FRQGLWLRQV�

Û�HQVXULQJ�D�KLJK�DGKHVLRQ�RI�WKH�FRDW�
LQJ�WR�WKH�VXEVWUDWH��QHFHVVDU\�KDUGQHVV�DQG
GXUDELOLW\�RI�WKH�FRDWLQJ�

Û�SURYLGLQJ�WKH�FRUUHVSRQGHQFH�RI�FRDWLQJ
VWUXFWXUH�ZLWK�VWUXFWXUH�RI�LQLWLDO�SRZGHU�

Û� UHOHYDQFH� RI� WKH� FRDWLQJ� FRPSRVLWLRQ
WR� WKH� LQLWLDO� SRZGHU� FRPSRVLWLRQ� �WKH� DE�
VHQFH�RI�SROOXWLRQ�DQG�FRQWDPLQDWLRQV��

Û� WKH� KLJK� UDWH� RI� WKH� FRDWLQJV� IRUPD�
WLRQ�LQ�RUGHU�WR�HQVXUH�WKH�HIIHFWLYHQHVV�DQG
PHWKRG�HIILFLHQF\�IRU�WKH�GHSRVLWLRQ�

)LJ�����7KLFNQHVV�GHSHQGHQFH�RI�WKH�+$�EDVHG
*''� FRDWLQJ� RQ� H[SORVLYH� PL[� SURSRUWLRQ�
7KH�UHJLPH�QXPEHU�FRUUHVSRQGV�WR�[�YDOXH�

)LJ�����7KLFNQHVV�GHSHQGHQFH�RI�WKH�+$�EDVHG
*''� FRDWLQJ� RQ� WUDQVSRUW� JDV� IOX[�� 7KH� UH�
JLPH�QXPEHU�FRUUHVSRQGV�WR�I�YDOXH�
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�������0HFKDQLFDO�SURSHUWLHV�RI�WKH�+$
EDVHG�FRDWLQJV�
,Q�RUGHU�WR�FRPSDUH�WKH�SURSHUWLHV�RI�RE�

WDLQHG�FRDWLQJV�E\��IDEULFDWHG�VHFWLRQ��WHFK�
QLTXH�WKH�PHFKDQLFDO�SURSHUWLHV�RI�+$�FRDW�
LQJV� GHSRVLWHG� E\� *''� ZLWK� WKLFNQHVV� RI
����r����PP� ZHUH� LQYHVWLJDWHG�� ,Q� DFFRUG�
DQFH�ZLWK�WKH��IDEULFDWHG�VHFWLRQ��WHFKQLTXH
>��@�� WKH� FRDWLQJ� HODVWLF� PRGXOXV� LV� FDOFX�
ODWHG�DV�
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ZKHUH�(F��(V�Û�HODVWLF�PRGXOXV� RI� FRDWLQJ
DQG�VXEVWUDWH�� UHVSHFWLYHO\��H]��H]F� �Û�UHOD�
WLYH�ORQJLWXGLQDO�VWUDLQ�RI�FRDWLQJ�DQG��VXE�
VWUDWH�� UHVSHFWLYHO\�� �+�� K� Û� WKLFNQHVV� RI
FRDWLQJ�DQG�VXEVWUDWH��UHVSHFWLYHO\�

7KH� HODVWLF� PRGXOXV� YDOXHV� IRU� FRDWLQJ
DQG� VXEVWUDWH�� REWDLQHG� LQ� WKLV� ZD\�� DUH
XVHG� WR�GHWHUPLQH� WKH� DGKHVLRQ� DQG� WKH�FR�
KHVLRQ� VWUHQJWK� RI� WKH� FRDWLQJV� >��@�� 7KH
VDPH� VDPSOH� ZLWK� FRDWLQJ�� SDUWLDOO\� GHSRV�
LWHG� RQ� WKH� VXEVWUDWH� LV� XVHG�� 7KH� WHVW� UH�
VXOWV�RI�VDPSOHV�ZLWK�+$�FRDWLQJ�DUH�JLYHQ
LQ�7DEOH����)URP�WKH�WDEOH�RQH�FDQ�FRQFOXGH

WKH� DGKHVLYH� VWUHQJWK� RI� *''� FRDWLQJV� LV
EHLQJ� VLJQLILFDQWO\� KLJKHU� WKDQ� WKHVH� OLVWHG
LQ� WKH� ,62� VWDQGDUG� �,62���������� IRU
SODVPD�VSUD\HG�FRDWLQJV�����03D���7KH�HODV�
WLFLW\�PRGXOXV�RI�GHWRQDWLRQ�+$�FRDWLQJV�LV
��Ü���*3D�� ,W� LV� OHVV� WKDQ� WKDW�RI� VLQWHUHG
K\GUR[\DSDWLWH� ���Ü���*3D�� >��@� DQG�EHLQJ
H[SODLQHG�DSSDUHQWO\�E\�*''�SURFHVV�LQIOX�
HQFH�

$W� WKH� VDPH� WLPH� WKH� UHVXOWV� RI� VDPSOHV
VWUHQJWK� WHVWLQJ� DUH� ZHOO�FRRUGLQDWHG� ZLWK
WKH� EHQGLQJ� WHVW� UHVXOWV� RI� VLQWHUHG� K\�
GUR[\DSDWLWH��VIO� ����03D��>��@���)LJ���� VKRZV� WKH� UHVXOWV� RI� F\FOLF� VWDELO�
LW\� WHVWV� RI� WKH� +$� EDVHG� FRDWLQJV�� ELR�
FHUDPLFV�DQG�6<17+(7%21(�ELRFRPSRVLWH�
7KH�WHFKQRORJLFDO�SURFHVV�RI�WKH�VDPSOHV�LQ�
YHVWLJDWLRQV� RQ� WKH� FRDWLQJV� F\FOLF� VWDELOLW\
LV� VLPSOH�� 7KH� VDPSOH� LV� IL[HG� LQ� D� VSHFLDO
FODPSLQJ�GHYLFH��DQG�VWDUWV�WR�VKDNH�LW�ZLWK
D�YHU\�KLJK�UDWH�DV�ORQJ�DV�WKH�VHSDUDWLRQ�RI
FRDWLQJ�IURP�WKH�VXEVWUDWH�LV�EHLQJ�VWDUWHG�
)URP�)LJ����RQH�FDQ�VHH�WKDW�+$�EDVHG�FRDW�
LQJV�DUH�EHDU�QRW�OHVV�WKDQ���������F\FOHV�

�������;�UD\�VWXGLHV�RI�JDV�GHWRQDWLRQ
FRDWLQJV
7KH�FUXFLDO�TXHVWLRQV�LQ�*''�FRDWLQJ�GH�

VLJQLQJ� DUH� SKDVH� FKDQJHV� LQ� WKH� REWDLQHG
FRDWLQJ�� LWV� DPRUSKL]DWLRQ� DQG� LQWHUDFWLRQ
ZLWK� VXEVWUDWH�� ,W� LV� NQRZQ� WKDW� VLPLODU

)LJ����� 7KLFNQHVV� GHSHQGHQFHV� RI� WKH� +$
EDVHG� *''� FRDWLQJ� RQ� GHSRVLWLRQ� WLPH� IRU
GLIIHUHQW� H[SORVLYH�PL[WXUHV�� �R[\JHQ� �� SUR�
SDQH�Û�EXWDQH�UDWLR�����Û��������Û�����

)LJ����� &\FOLF� GXUDELOLW\� RI� +$� EDVHG� *''
FRDWLQJV�DQG�6<17+(7%21(�ELRFHUDPLF����Û
6<17+(7%21(�ELRFRPSRVLWH����Û�K\GUR[\D�
SDWLWH����Û�ELRDFWLYH�JODVV�

7DEOH����0HFKDQLFDO�SURSHUWLHV�RI�WKH�+$�EDVHG�FRDWLQJV

1R��RI
H[DPSOH

6SDOOLQJ
GHIRUPDWLRQ�

�
3HHOLQJ

GHIRUPDWLRQ�
�

(ODVWLF
PRGXOXV�RI
FRDWLQJ��*3D

(ODVWLF
PRGXOXV�RI

VXEVWUDWH��*3D
$GKHVLRQ

VWUHQJWK��03D
&RKHVLRQ

VWUHQJWK��03D

�� ���� ���� ���� ��� ���� �����
�� ���� ���� ���� ��� ���� ����
�� ���� ���� ���� ��� ���� �����
�� ���� ���� ���� ��� ���� ����
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VWXGLHV� RI� SODVPD� VSUD\HG� GHSRVLWHG� +$
OD\HU� IRXQG� WKH� VXEVWDQWLDO� DPRUSKL]DWLRQ
RI�WKH�+$�OD\HU��WKH�YLWUHRXV�SKDVH�DSSHDU�
DQFH�DQG�LQWHUDFWLRQ�ZLWK�WLWDQLXP�>��@��)RU
WKHVH� LVVXHV� VWXG\� WKH� OD\HUZLVH�;�UD\� GLI�
IUDFWLRQ�ZLWK�D�JUDGXDO�WKLFNQHVV�UHGXFWLRQ
E\�PHFKDQLFDO�JULQGLQJ�RI�WKH�OD\HU�ZDV�FDU�
ULHG�RXW��)LJ����VKRZV�WKH�;�UD\�VSHFWUD�IRU
WKH� LQLWLDO�+$� SRZGHU� �FXUYH����� XQWUHDWHG
+$� OD\HU� VXUIDFH�� VXEVHTXHQW� LQWHUQDO� OD\�
HUV� ZLWK� D� JUDGXDO� GHFUHDVH� LQ� WKLFNQHVV
�FXUYHV� �Ü��� �Ü��� �Ü���� DQG� SXUH� WLWDQLXP
VXEVWUDWH��FXUYH�����)URP�WKH�REWDLQHG�VSHF�
WUD�RQH�FDQ�FRQFOXGH�WKDW�FRDWLQJ�VWUXFWXUH
LV�FRUUHVSRQGHG�ZLWK�LQLWLDO�SRZGHU�RQH��7KH
0LOOHU� LQGLFHV� �KNO�� IRU� K\GUR[\DSDWLWH� EHLQJ
FU\VWDOOL]HG�LQ�D�KH[DJRQDO� ODWWLFH�ZLWK�VSDFH
JURXS� 3���P� DUH� LQVFULEHG� RYHU� WKH� GLIIUDF�WLRQ�OLQHV�RI�WKH�LQLWLDO�;�UD\�VSHFWUXP�

$V�FDQ�EH�VHHQ�WKDW�DORQJ�WKH�IXOO�WKLFN�
QHVV�RI� WKH�GHSRVLWHG� OD\HU� WKH�FRDWLQJ�PD�

WHULDO� IRXQG� WR� EH� D� ZHOO�FU\VWDOOL]HG� +$
ZLWKRXW� IRUHLJQ�SKDVHV�DQG� LGHQWLFDO� WR� WKH
LQLWLDO� SRZGHU�� 7KH� PLQLPXP� WKLFNQHVV� RI
K\GUR[\DSDWLWH� GLVSOD\LQJ� WKH� VXEVWUDWH� ;�
UD\�VSHFWUXP�OLQHV�LV�IRXQG�DV�IHZ�DV����PP
�)LJ�����FXUYHV��Ü����Ü����)URP�WKH�DEVHQFH
RI� ;�UD\� EDQGV�� ZKLFK� DUH� FRUUHVSRQG� WR
LUUHOHYDQW� +$� SKDVHV�� ZH� FDQ� FRQFOXGH� WKH
SRVVLEOH� DPRXQW� RI� RWKHU� SKDVHV� LQ� WKH� GH�
SRVLWHG�FRDWLQJ�LV�WR�EH�OHVV�WKDQ�WKH�DQDO\�
VLV�VHQVLWLYLW\�

�������7KH�FKHPLFDO�FRPSRVLWLRQ�RI�LQ�
LWLDO�SRZGHUV�DQG�JDV�GHWRQDWLRQ�+$
EDVHG�FRDWLQJV
)LJ����VKRZV�HOHFWURQ�PLFURVFRSLF�LPDJHV

RI�WKH�LQLWLDO�SRZGHU�SDUWLFOH�DQG�+$�EDVHG
FRDWLQJ� REWDLQHG� E\� *''�� 7KH� UHVXOWV� RI
WKHLU� FKHPLFDO� FRPSRVLWLRQ� VWXGLHV�� SHU�
IRUPHG�E\�HOHFWURQ�PLFURSUREH�DQDO\VLV��DUH
VKRZQ�LQ�7DEOH����,QWHUHVWLQJO\��WKH�UDWLR�RI

)LJ����� ;�UD\� GLIIUDFWLRQ� VSHFWUD� RI� LQLWLDO� K\GUR[\DSDWLWH� SRZGHU� ����� 7L� VXEVWUDWH� ����� DQG� +$
EDVHG�*''�FRDWLQJV�PHDVXUHG�DIWHU�GHSRVLWLRQ���Ü���DQG�DIWHU�OD\HU�E\�OD\HU�UHPRYDO�RI�WKH�FRDWLQJ
��Ü����Ü����Ü����
�Û�+$����Û�7L�

)LJ�����(OHFWURQ�PLFURVFRSLF�LPDJHV�RI�+$�SRZGHU�SDUWLFOH��D���+$�EDVHG�*''�FRDWLQJ��E��
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FDOFLXP� DQG� SKRVSKRUXV� LQ� WKH� GHSRVLWHG
FRDWLQJ� LV� HYHQ� FORVHU� WR� WKH� ZHOO�NQRZQ
IURP�WKH�OLWHUDWXUH�RSWLPDO�YDOXH�RI�&D�3� 
������ WKDQ� WKH� FRUUHVSRQGLQJ� YDOXH� LQ� WKH
LQLWLDO� SRZGHU�� ,W� VKRXOG�EH�QRWHG� WKDW� WKLV
PHWKRG�GRHV�QRW�DOORZ�K\GURJHQ�FRQWHQW�GH�
WHUPLQLQJ� LQ� WKH� PDWHULDO�� 7KHUHIRUH�� IRU
IXUWKHU� VWXG\� DQG� FRUUHFW� GHWHUPLQLQJ� WKH
FKHPLFDO� FRPSRVLWLRQ� RI� UDZ� PDWHULDOV� DQG
FRDWLQJV� EDVHG� RQ� WKHP� VKRXOG� EH� RSWLRQDO
WR� XVH� WKH� PHWKRG� RI� VHFRQGDU\� LRQ� PDVV
VSHFWURVFRS\��

)LJ���� VKRZV� WKH� LPDJHV� RI� WLWDQLXP� LP�
SODQWV�ZLWK�GHYHORSHG�JDV�GHWRQDWLRQ�FRDWLQJV�

���&RQFOXVLRQV
$V�D�UHVXOW�RI�RSWLPL]DWLRQ�RQ�WHFKQRORJ\

RI�JDV�GHWRQDWLRQ�GHSRVLWLQJ�WKH�+$�FRDWLQJ
RQWR� WLWDQLXP� VXEVWUDWHV� LW�ZDV� GHWHUPLQHG
WKH� SURFHVV� WHFKQRORJLFDO� SDUDPHWHUV� WR� HI�
IHFWLYHO\� XVH� WKH� VRXUFH� SRZGHU� DQG� REWDLQ
KLJK� TXDOLW\� FRDWLQJV� ZLWK� WKH� UHTXLUHG
SURSHUWLHV�

5HVXOWV� RI� WKH� PHFKDQLFDO� SURSHUWLHV
VWXG\� RI� +$� FRDWLQJV� KDYH� VKRZHG� VLJQLIL�
FDQW�DGYDQWDJH�RI�WKH�JDV�GHWRQDWLRQ�GHSRVL�
WLRQ� PHWKRG� FRPSDUHG� ZLWK� FRQYHQWLRQDO
+$� FRDWLQJ� GHSRVLWLRQ� PHWKRGV�� &RDWLQJV

ZLWK� DGKHVLRQ� WR� VXEVWUDWH� EHLQJ� LQ� �Ü
��WLPHV�KLJKHU�WKDQ�WKH�FRUUHVSRQGLQJ�YDOXH
HVWDEOLVKHG� E\� LQWHUQDWLRQDO� ,62��������
VWDQGDUG� IRU�D�+$�FRDWLQJV� �,62�Û�QR� OHVV
WKDQ� ��� 03D�� KDYH� EHHQ� REWDLQHG�� *''
FRDWLQJ�DGKHVLRQ�LV�XS�WR���Ü���03D�

/D\HUZLVH�;�UD\�DQDO\VLV�RI�+$�FRDWLQJV
KDV�UHYHDOHG�SHUIHFW�FRUUHVSRQGHQFH�EHWZHHQ
WKH� REWDLQHG� FRDWLQJ� VWUXFWXUH� DQG� LQLWLDO
SRZGHU�RQH��,UUHOHYDQW�SKDVHV�LQ�WKH�FRDWLQJ
�VXFK� DV� WULFDOFLXP� SKRVSKDWH�� DPRUSKRXV
FDOFLXP� SKRVSKDWH�� HWF��� ZKLFK� DUH� SUH�
VHQWHG�DW�FRDWLQJV�REWDLQHG�E\�FRQYHQWLRQDO
GHSRVLWLRQ�PHWKRGV�KDYH�QRW�EHHQ�REVHUYHG�
0RUHRYHU�� WKH� PLQLPXP� FRDWLQJ� WKLFNQHVV�
WKURXJK�ZKLFK� WKH�;�UD\� VSHFWUXP� OLQHV� RI
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