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IDFH� VWUXFWXUH� �FU\VWDOOLQH� DQG� LQFOXGLQJ� D� �� WR� �� QP� WKLFN� DPSUSKRXV� OD\HU�� KDYH� EHHQ
VWXGLHG� E\� KLJK� UHVROXWLRQ� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\� DQG� )7,5� VSHFWURVFRS\� LQ
YDFXXP�DQG�XVLQJ� LQ�VLWX�&2�DQG�+�2��7KHVH�PDWHULDOV�KDYH�EHHQ�VKRZQ�WR�KDYH�VLPLODUVWRLFKLRPHWU\� DQG� FDUERQDWH� FRQWHQW�� 7KH� SURSHUWLHV� RI� VXUIDFH� FDWLRQLF� VLWHV� DQG� WKH
VWUXFWXUH�RI�ZDWHU�DGOD\HUV�DUH�FRQVLGHUHG�LQ�GHWDLO�
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���,QWURGXFWLRQ
+\GUR[\DSDWLWH� �+$S�� &D���32����2+���LV� WKH� PDLQ� LQRUJDQLF� FRPSRQHQW� RI� KDUG

WLVVXHV� LQ� ERQH� DQG� WHHWK�� ZKLFK� LV� ZLGHO\
XVHG� LQ�YDULRXV�ELRPHGLFDO�DSSOLFDWLRQV�GXH
WR� LWV� H[FHOOHQW� ELRFRPSDWLELOLW\� DQG� ELRDF�
WLYLW\�>�Ü�@��1RZ�WKH�LQWHUHVW�LQ�WKLV�PDWH�
ULDO�JURZV�GXH�WR�+$S�LPSOLFDWLRQV�LQ�PDQ\
ILHOGV� LQFOXGLQJ� QDQRWHFKQRORJ\� >�@�� ELRPD�
WHULDOV�>�@��ELRPLQHUDOL]DWLRQ�>����@��ELRWHFK�
QRORJ\� >�Ü��@�� GUXJ� GHOLYHU\� V\VWHPV� >���
��@�� ERQH� WLVVXH� HQJLQHHULQJ� >������@�
ELRVHSDUDWLRQV�>��@��HWF�

7KH� SURFHVVHV� RI� ERWK� +$S� FU\VWDO
JURZWK� RQ� D� VXUIDFH� DQG� FRQWUROODEOH� V\Q�
WKHVLV�RI�WKHVH�FU\VWDOV�DUH�ZHOO�VWXGLHG�DQG
GHVFULEHG�LQ�OLWHUDWXUH��VHH��>������@��UHVSHF�
WLYHO\���$FFRUGLQJ�WR�LQYHVWLJDWLRQ�>��@��WKH
VXUIDFH�RI�PLFURPHWHU�VL]H�+$S�SDUWLFOHV�LV

OLPLWHG�E\�ZHOO�GHILQHG�FU\VWDO�SODQHV� IL[HG
E\� WKH� 3���P� VSDFH� JURXS� RI� WKH� FDOFLXPK\GUR[\DSDWLWH�� 7KHVH� SODQHV� FRQWDLQ� WZR
W\SHV� RI� ELQGLQJ� VLWHV�� VR�FDOOHG� &� DQG� 3
RQHV�� WKH� IRUPHU� DUH� DUUDQJHG� LQ� D� UHFWDQ�
JXODU� DUUD\V� RQ� DF� RU� EF� IDFHV� ULFK� LQ� FDO�
FLXP� LRQV� ZKLFK� DFW� DV� DGVRUELQJ� VLWHV� IRU
DFLGLF�SURWHLQV��WKH�ODWWHU�VLWHV�DUH�DUUDQJHG
KH[DJRQDOO\� RQ� WKH� DE� IDFHV� RQO\� DQG� GH�
SOHWHG�RI�FDOFLXP�LRQV�EHLQJ�DGVRUELQJ�VLWHV
IRU� EDVLF� SURWHLQV��1RZDGD\V�� LW� LV� RI� YHU\
LQWHUHVW� WR� YHULI\� VXFK� EHKDYLRU� IRU� QDQRV�
WUXFWXUHG� +$S� WKDW� ZHUH� IRXQG� WR� EH� DEOH
RI� EHWWHU� SHUIRUPDQFHV� LQ� YLWUR� WHVW� ZLWK
RVWHREODVW� >��@��0RUHRYHU�� UHFHQW� LQYHVWLJD�
WLRQV� RI� QDQR�+$S� UHYHDO� RFFXUUHQFH� RI
DPRUSKRXV�� QRQ�DSDWLWLF� VXUIDFH� OD\HU� VXU�
URXQGLQJ�WKH�FU\VWDOOLQH�+$S�EXON�>��@��
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,Q� WKLV� SDSHU�� ZH� SUHVHQW� WKH� FRPSDUD�
WLYH� VWXG\� UHVXOWV� RI� WKH�+$S� QDQRFOXVWHUV
WKDW� DSSHDU� WR� EH� OLPLWHG� E\� DPRUSKRXV
OD\HU� RU� FU\VWDOOLQH� VXUIDFHV�� GHSHQGLQJ� RQ
WKH� SUHSDUDWLRQ�PHWKRG��2XU�ZRUN� LV� EDVHG
RQ�PDNLQJ�XVH�RI�FRPELQHG�PXOWL�WHFKQLTXH
VWXG\�� EHLQJ� 8OWUD� +LJK� 5HVROXWLRQ� 7UDQV�
PLVVLRQ� (OHFWURQLF� 0LFURVFRS\� �8+5�7(0�
DQG�)RXULHU�7UDQVIRUPDWLRQ�,QIUDUHG��)7,5�
VSHFWURVFRS\�

���([SHULPHQWDO
7ZR� VLPLODU� K\GUR[\DSDWLWH� SRZGHUV�

EHLQJ� +$S$� �K\GUR[\DSDWLWH� ZLWK� DPRU�
SKRXV� VXUIDFH�� DQG� +$S&� �K\GUR[\DSDWLWH
ZLWK� FU\VWDOOLQH� VXUIDFH��� ZHUH� XVHG� WR� LQ�
YHVWLJDWH� WKHLU� VXUIDFHV�� 7KH� V\QWKHVLV
PHWKRGV� KDYH� EHHQ� GHVFULEHG� LQ� RXU� SUH�
YLRXV�ZRUNV�>������@��)RU�,5�PHDVXUHPHQWV�
KLJKO\� SXUH� &2� �3UD[DLU�� ZDV� HPSOR\HG
ZLWKRXW� DQ\� DGGLWLRQDO� SXULILFDWLRQ�� H[FHSW
IRU� OLTXLG� QLWURJHQ� WUDSSLQJ�� ZKLFK� ZDV
XVHG� IRU� &2� DGPLVVLRQ� ������ DW�� �� '�
$OGULFK��

)RU� WKH� SRZGHU� LQYHVWLJDWLRQ� E\� 8+5�
7(0�� D� -(2/� (;����� ZLWK� ���� N9� DFFHO�
HUDWLRQ� SRWHQWLDO� DQG� D� -(2/� �����8+5
ZLWK� ���� N9� DFFHOHUDWLRQ� SRWHQWLDO� ZHUH
XVHG�� 7KH� VDPSOHV� ZHUH� GLVSHUVHG� RQ� ODFH
FDUERQ� &X� JDX]HV�� 7KH� LPDJH� FDOFXODWLRQV
IRU� WKH� DQDO\VLV� RI� WKH� H[SHULPHQWDO� GDWD
WDNHQ� ZLWK� WKH� -(2/� (;����� LQVWUXPHQW
ZHUH�PDGH� EDVLQJ� RQ� WKH� RQOLQH� YHUVLRQ� RI
(06�VRIWZDUH�SDFNDJH� >��@�XVLQJ�WKH�%ORFK
ZDYH�PHWKRG�IRU�GLIIHUHQW�YDOXHV�RI�FU\VWDO
WKLFNQHVV� DQG� REMHFWLYH� GHIRFXVLQJ�� 7KH
)7,5�VSHFWUD�ZHUH�REWDLQHG�XVLQJ�D�%UXNHU
9HFWRU����VSHFWURPHWHU�ZLWK���FPÜ��UHVROX�
WLRQ� HTXLSSHG� ZLWK� '7*6� RU� 0&7� GHWHFWRU
IRU� $75� DQG� WUDQVPLVVLRQ� PRGH�� UHVSHF�
WLYHO\�� ,QIUDUHG� VSHFWUD� IRU� WKH� DQDO\VLV� RI
VXUIDFH�IHDWXUHV�ZHUH�WDNHQ�LQ�WUDQVPLVVLRQ
PRGH� RQ� +$S� SRZGHUV� SUHVVHG� LQ� VHOI�VXS�
SRUWLQJ�SHOOHWV��7KH�VDPSOHV�ZHUH�SODFHG� LQ
D�TXDUW]�,5�FHOO�HTXLSSHG�ZLWK�.%U�ZLQGRZV

GHVLJQHG� WR� FDUU\� RXW� VSHFWURVFRSLF� PHDV�
XUHPHQWV� ERWK� DW� EHDP� WHPSHUDWXUH� �FD�
���&�� DQG� ORZ� WHPSHUDWXUH� �FD�� Ü����&�
XQGHU�OLTXLG�QLWURJHQ�FRROLQJ���7KH�FHOO�ZDV
FRQQHFWHG� WR� D� FRQYHQWLRQDO� YDFXXP� OLQH
ZLWK�UHVLGXDO�SUHVVXUH���Ü��PEDU� ���Ü��3D
WKDW� DOORZV� RQH� WR� FDUU\� RXW� DOO� WKHUPDO
WUHDWPHQWV� DQG� DGVRUSWLRQ�GHVRUSWLRQ� H[SHUL�
PHQWV�LQ�VLWX��7KH�VSHFWUD�RI�DGVRUEHG�&2�DUH
UHFRUGHG� LQ�DEVRUEDQFH�DQG�FRUUHFWHG� IRU�WKH
EDFNJURXQG��7KH� VSHFLILF� VXUIDFH� DUHD�RI� WKH
VDPSOHV� ZDV� GHWHUPLQHG� XVLQJ� WKH� FRQYHQ�
WLRQDO� %(7� WHFKQLTXH� EDVHG� RQ� WKH� ORZ�WHP�
SHUDWXUH�QLWURJHQ�DGVRUSWLRQ�>��@�

���5HVXOWV�DQG�GLVFXVVLRQ
%RWK� DERYH� VDPSOHV� H[KLELW� HORQJDWHG

SDUWLFOHV� RI� ��Ü���� QP� OHQJWK� DQG� ��Ü
��� QP� ZLGWK� LQ� SURMHFWLRQ� RQ� WKH� LPDJH
SODQH��ZKHUH�WKHVH�SDUWLFOHV�DUH�VHHQ�WR�KDYH
URXQGHG� HGJHV� DQG� SODWHOHW� PRUSKRORJ\�� ,Q
WKH� +$S&� FDVH�� WKH� SDUWLFOHV� DUH� FKDUDF�
WHUL]HG� E\� WKH� SODWHOHW� WKLFNQHVV� EHLQJ
KDOYHG� ZLWK� UHVSHFW� WR� RWKHU� WZR� GLPHQ�
VLRQV�� $V� IRU� +$S$�� WKH� SDUWLFOHV� H[KLELW
FRPSDUDEOH�YDOXHV�RI�ERWK�ZLGWK�DQG�WKLFN�
QHVV�WR�IRUP�VWDFNHG�DJJORPHUDWHV�ZLWK�WKH
SDUWLFOH� RULHQWDWLRQV� PDLQO\� DORQJ� WKHLU
OHQJWKV��6RPHWLPHV��WKH\�DUH�DFWXDOO\�MRLQHG
WKURXJK�DPRUSKRXV�VWUXFWXUH�JUDLQ�ERXQGD�
ULHV� WR� IRUP� ODUJHU� VHFRQGDU\� QDQRVWUXF�
WXUHG� SDUWLFOHV�� 6XFK� PRUSKRORJLFDO� GLIIHU�
HQFHV�UHVXOW�LQ�D�VPDOO�GLIIHUHQFH�LQ�VSHFLILF
VXUIDFH� DUHD� RI� WKH� PDWHULDOV�� EHLQJ
���P��J�IRU�+$S&�DQG����P��J�IRU�+$S$�

2EVHUYDWLRQV� LQ� KLJK�UHVROXWLRQ� FRQGL�
WLRQV�DOORZ�XV�WR�SURYLGH�LQVLJKWV�LQWR�ERWK
EXON�DQG�VXUIDFH�VWUXFWXUHV�RI�WKH�PDWHULDOV
LQYHVWLJDWHG�� $V� LV� VHHQ� LQ� )LJ���E�� LQ� WKH
+$S$� FDVH�� WKH� SDUWLFOHV� DUH� HORQJDWHG
DORQJ� WKH� F�D[LV� WR� EH� SHUIHFWO\� FU\VWDOOLQH
ZLWKLQ� WKHLU� EXON�� ZKLOH� QHDU� WKH� VXUIDFH�
WKH�FU\VWDO�VWUXFWXUH�LV�WUDQVIRUPHG�LQWR��Ü
�� QP� WKLFN� DPRUSKRXV� OD\HUV�� ,Q� FRQWUDVW�
LQ�WKH�+$S&�SDUWLFOHV��WKH�FU\VWDOOLQH�RUGHU�

)LJ�����+57(0�PLFURJUDSKV��D��+$S&�SDUWLFOH�DORQJ�F�D[LV��E��+$S$�SDUWLFOH�ZLWK�WKH�DPRUSKRXV
VXUIDFH�OD\HU��,QVHWV��)RXULHU�7UDQVIRUPV�RI�UHODWHG�LPDJHV�
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LQJ� H[WHQGV� XS� WR� WKH� VXUIDFH� �)LJ���D���2I
LQWHUHVW�LV�WKDW�8+5�7(0�LQGLFDWHV�WKH�H[�
WHQGHG�VXUIDFHV�RI�WKH�SODWHOHWV�WR�EH�SDUDO�
OHO�WR�ERWK�E�DQG�F�FU\VWDO�D[HV��VR�WKDW�WKH
PDWHULDO�H[SRVHV�PDLQO\�SODQHV�RI�WKH�^���`
IDPLO\� ZLWK� D� UHJXODU� SDWWHUQ� RI� FDOFLXP
DQG� SKRVSKDWH� LRQV� EHLQJ� W\SLFDO� IRU� VXFK
VXUIDFHV�>��@�

7KH�SRVVLEOH�GLIIHUHQFHV�LQ�WKH�/HZLV�DFLG
VWUHQJWK�RI�FDWLRQLF�VLWHV�DW�WKH�VXUIDFHV�RI
WKH� WZR�PDWHULDOV� KDYH� EHHQ� DVVHVVHG�� 7KLV
LQYHVWLJDWLRQ� KDV� EHHQ� SHUIRUPHG� E\� ,5
PHDVXUHPHQWV� RI� DGVRUEHG� &2� DV� D� YLEUD�
WLRQDO�SUREH�KLJKO\�VHQVLWLYH�WR�WKH�IHDWXUHV
RI�&D��� H[SRVHG� LRQV�� ,Q� IDFW�� LI�&2�PROH�
FXOHV� DUH� DGVRUEHG�RQ� VXUIDFH� RI�&D��� VLWHV
GXH�WR�HOHFWURVWDWLF�LQWHUDFWLRQ�>��@��WKLV�UH�
VXOWV� LQ� DQ� XSZDUG� VKLIW� RI� WKH� VWUHWFKLQJ
IUHTXHQF\� RI� DGVRUEHG�&2�� ZKLFK� LQFUHDVHV
WKH� /HZLV� DFLG� VWUHQJWK� RI� WKH� DGVRUELQJ
FHQWHUV�� 7R� SURYLGH� DQ� DFFHVV� WR� VXUIDFH
VLWHV��WKH�PDWHULDOV�KDYH�WR�EH�RXWJDVVHG�LQ
YDFXXP�DW�WHPSHUDWXUHV�H[FHHGLQJ�WKH�URRP
WHPSHUDWXUH�� EHFDXVH� WKH� VDPSOH� VXUIDFHV
DUH� QDWXUDOO\� K\GUDWHG�� +RZHYHU�� DV� WKH
+$S� VXUIDFH�XQGHUJRHV� WKH� VWURQJHU� UHFRQ�
VWUXFWLRQV�� WKH� KLJKHU� RXWJDVVLQJ� WHPSHUD�
WXUH� >��@� LV�� ZH� IL[� LW� VR� WKDW� WKH�PRVW� RI
WKH� ZDWHU� PROHFXOHV� LV� UHPRYHG� RII� D� VXU�
IDFH�ZLWKRXW�VLJQLILFDQW�PRGLILFDWLRQ�RI�WKH
VWUXFWXUH�� QDPHO\� DW� ����&� IRU� +$S$� DQG
����&�IRU�+$S&�

)LJ����VKRZV�WKH�VSHFWUD�ZLWKLQ�WKH�Q�&2�UHJLRQV� WKDW� ZHUH� REWDLQHG� IRU� GHFUHDVLQJ
FRYHUDJH� RI� &2� DGVRUEHG� RQ� +$S$� DQG
+$S&��UHVSHFWLYHO\��)RU�ERWK�PDWHULDOV��WKH
SRVLWLRQ�RI�WKH�Q�&2��EDQG�DQG�LWV�HYROXWLRQZLWK� FRYHUDJH� GHFUHDVH� LV� VHHQ� WR� EH� YHU\
VLPLODU�� DW� KLJK�&2� FRYHUDJH�� D� UDWKHU� LQ�
WHQVH� EDQG�ZLWK�PD[LPXP�DW������ FPÜ�� LV
REVHUYHG� WR� EH� VOLJKWO\� DV\PPHWULF� RQ� WKH
ORZ�IUHTXHQF\�EUDQFK��:LWK�GHFUHDVLQJ�FRY�
HUDJH��WKH�EDQG�LQWHQVLW\�GHFUHDVHV�SURJUHV�
VLYHO\� VR� WKDW� LWV� PD[LPXP� LV� VKLIWHG� WR�
ZDUGV�KLJKHU� IUHTXHQF\�� ,Q� WKH� ODVW� VWDJHV�
WKH�EDQG�SURILOH�DSSHDUV�TXLWH�EURDGHQHG�EH�
FDXVH� RI� WKH� FRQWULEXWLRQ� IURP� WKH� FRPSR�
QHQW� DW� FD� ����� FPÜ��� 7KH� DFWLYH� VLWHV� UH�
VSRQVLEOH� IRU� WKLV� FRPSRQHQW� DUH� VOLJKWO\
PRUH�UHVLVWDQW�WR�WKH�RXWJDVVLQJ�SURFHVV��VR
WKDW�,5�VSHFWUD�DUH�SURJUHVVLYHO\�EURDGHQHG
DQG�PRYHG�WRZDUG�KLJK�IUHTXHQFLHV�

7KH�DERYH�PHQWLRQHG�VLPLODULW\�LQ�WKH�,5
VSHFWUD� LQGLFDWHV� WKDW�� GHVSLWH� WKH� UHOHYDQW
VWUXFWXUDO�GLIIHUHQFHV�IURP�WKH�FU\VWDO�� WKH
DPRUSKRXV� VXUIDFHV� RI� +$S$� H[SRVH� &D��
LRQV�� 7KLV� FRQFOXVLRQ� LV� FRQILUPHG� E\
PDWFKLQJ�RI�ERWK�VXUIDFHV�+$S$�DQG�+$S&
LQ�WHUPV�RI�/HZLV�DFLGLW\��

)URP�WKH�VWXGLHV�>��@�FDUULHG�RXW�RQ�WKH
EDVLV�RI�FRPSDULVRQ�RI�/HZLV�DFLGLW\�RI�FDO�
FLXP� SKRVSKDWH� DQG�+$S�� ZH� FDQ� FRQFOXGH
WKDW� LQ�WKH�+$S$�FDVH��WKHUH�DUH�WZR�VSHF�
WUDO� FRPSRQHQWV� FDXVHG� E\� WKH� SUHVHQFH� RI
WZR� &D��� FDWLRQ� IDPLOLHV� RQ� WKH� VXUIDFHV
ZLWK� GLIIHUHQW� /HZLV� DFLGLW\�� WKRXJK� WKH
VWURQJHU�RQH�FRQVWLWXWHV�D�PLQRU�IUDFWLRQ��

7R�VWXG\�WKH�VWUXFWXUH�RI�ZDWHU�OD\HUV�DW
WKH� LQWHUIDFH� RI� WKH�PDWHULDOV� LQYHVWLJDWHG�
D� VPDOO�DPRXQW�RI�+�2� �IURP������PEDU�RIWKH� ZDWHU� YDSRU� SUHVVXUH�� ZDV� DGPLWWHG� WR
WKH�VDPSOHV�SUH�RXWJDVVHG�DW�WKH�DERYH�WHP�
SHUDWXUHV�� 7KH� HYROXWLRQ� RI� WKH� VWUHWFKLQJ
PRGHV� RI�+�2�� ZKRVH� VSHFWUD� DUH� WKH�PRVWVHQVLWLYH�WR�WKH�VWUXFWXUH�RI�WKH�+�ERQG�QHW�
ZRUN�� ZDV� LQYHVWLJDWHG� E\� ,5� VSHFWURVFRS\
�VHH�)LJ�����D�DQG�E���7R�REWDLQ�WKH�LQIRUPD�
WLRQ�UHODWHG�WR�WKH�ZDWHU�LQWHUIDFH�RQO\��WKH
VSHFWUD� RI� LQFUHDVLQJ� FRYHUDJH� KDYH� EHHQ
VXEWUDFWHG�IURP�WKH�VSHFWUD�RI�WKH�PDWHULDOV
RXWJDVVHG��VSHFWUD�D�LQ�)LJ����D�DQG�E���7KH
UHVXOWLQJ� DEVRUSWLRQ� VSHFWUD� IRU�+$S$�DQG
+$S&�DUH� VKRZQ� LQ�)LJ���� F� DQG�G�� UHVSHF�
WLYHO\��

$W� ORZ� FRYHUDJH�� D� YHU\� EURDG� EDQG� H[�
WHQGLQJ�RYHU�WKH�����Ü�����FPÜ��UDQJH�DQG
FHQWHUHG� DW� DERXW� ����� FPÜ�� FDQ� EH� RE�
VHUYHG� IRU� ERWK�PDWHULDOV��$V� WKH� FRYHUDJH
LQFUHDVHV�� WKH� EDQG� DSSHDUV� WR� EH� VWUXFWXU�
L]HG� LQWR� WZR� PDLQ� FRPSRQHQWV� DW� DERXW

)LJ����� ,5� VSHFWUD� RI� &2� DGVRUEHG� DW� FD
����.�RQ�+$S$�RXWJDVVHG�DW�����&��D���DQG
RQ�+$S%�RXWJDVVHG�DW�����&��E�
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�����FPÜ�� DQG� ����� FPÜ��� $W� KLJK� FRYHU�
DJH�� WKH� FRPSRQHQW� DW� KLJKHU� IUHTXHQF\
JURZV�PRUH� LQWHQVLYHO\� WKDQ� WKH� RWKHU�RQH�
+RZHYHU�� LQ� WKH� FDVH� RI� +$S$�� WKH� ORZHU�
IUHTXHQF\� FRPSRQHQW� LV� RQO\� VOLJKWO\� PRUH
LQWHQVH� WKDQ� WKH�RQH� IRU�+$S&�EHLQJ�PXFK
ZHDNHU�� WKH� UHVXOWLQJ� G�+�2�� EDQG� DW� KLJKFRYHUDJH�LV�QDUURZHU�LQ�WKH�FDVH�RI�WKH�PD�
WHULDO�ZLWK�RUGHUHG�VXUIDFHV�

7KXV��WKH�VSHFWUD�RI�ERWK�VDPSOHV�UHODWHG
WR�ORZ�FRYHUDJH�DUH�DOPRVW�LQGLVWLQJXLVKDEOH
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