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���,QWURGXFWLRQ�
6LQJOH� FU\VWDOV� RI� ]LQF� WXQJVWDWH�=Q:2��=:2�� DQG� FDGPLXP� WXQJVWDWH� &G:2��&:2�� SUHSDUHG� E\� WKH�&]RFKUDOVNL�PHWKRG

IURP�D�PHOW�DUH�ZLGHO\�XVHG�DV�VFLQWLOODWLRQ
PDWHULDOV�LQ�GHWHFWLRQ�DQG�VSHFWURVFRSLF�V\V�
WHPV� IRU� QXFOHDU� SK\VLFV� DQG� QXFOHDU� HQHU�
JHWLF�� 7KH\� DUH� DOVR� ZLGHO\� XWLOL]HG� LQ� WR�
PRJUDSK\�DQG�;�UD\�VFDQQLQJ�V\VWHPV�>��Ü��@�
)XUWKHUPRUH�� FU\VWDOV�RI�]LQF� WXQJVWDWH�DUH
DWWUDFWLYH�DV�PDWHULDO�IRU�FU\RJHQLF�SKRQRQ
VFLQWLOODWLRQ� GHWHFWRUV��'XH� WR� ORZ� LQWULQVLF

UDGLRDFWLYLW\�WKH\�FDQ�EH�DOVR�XVHG�IRU�UHJ�
LVWUDWLRQ�RI�UDUH�HYHQWV�VXFK�DV��E�GHFD\�RI
QXFOHL�� UDGLRDFWLYH� GHFD\� RI� LVRWRSHV� ZLWK
YHU\� ORQJ� OLIHWLPH�� DQG� LQWHUDFWLRQ� ZLWK
QRQ�EDU\RQLF�GDUN�PDWWHU�>�@�

7KH�SURGXFWLRQ�RI�QDQRVL]HG�VFLQWLOODWRUV
LV� D� WRSLFDO� SUREOHP� WRGD\�� 7KHLU� VFLQWLOOD�
WLRQ� SDUDPHWHUV� PD\� GLIIHU� VLJQLILFDQWO\
IURP� WKH� EXON� VFLQWLOODWRUV� GXH� WR� EHKDYLRU
RI�HOHFWURQLF�DQG�DWRPLF�H[FLWDWLRQV�FUHDWHG
E\�LRQL]LQJ�UDGLDWLRQ�LQ�QDQRVFDOH�VROLGV�>�@�
,Q� DGGLWLRQ�� SURGXFWLRQ� RI� QDQRFU\VWDOOLQH
PDWHULDOV� LV� WHFKQRORJLFDOO\� PXFK� VLPSOHU
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��� )XQFWLRQDO�PDWHULDOV�������������



WKDQ�JURZWK�RI�EXON�FU\VWDOV�E\�PHOWV�PHWK�
RGV�>�Ü��@��

7KH� PRVW� VWUDLJKWIRUZDUG� V\QWKHVLV� RI
QDQRFU\VWDOOLQH� PDWHULDOV� LV� WKH� ORZ�WHP�
SHUDWXUH� PHWKRG� LQ� PROWHQ� LQRUJDQLF� VDOWV
DV� D� UHDFWLRQ�PHGLXP��ZKLFK� FDQ�SURYLGH� D
FRQWUROOHG�VL]H�GLVWULEXWLRQ�RI�SDUWLFOHV�ZLWK
XQLTXH�PRUSKRORJ\�>�@��7KH�PROWHQ�VDOW�V\Q�
WKHVLV� PHWKRG� GRHV� QRW� UHTXLUH� DQ\� VSHFLDO
H[SHQVLYH� HTXLSPHQW� DQG� FDQ� EH� FKDUDF�
WHUL]HG�E\�D�VKRUW�SHULRG�RI�KHDW�WUHDWPHQW�
&RUUHODWLRQ� RI� WKH� IXVLRQ� WLPH� DQG� ZHLJKW
UDWLR� EHWZHHQ� WKH� VDOW� DQG� EDVLF� VXEVWDQFH
DOORZV�WR�FRQWURO�PRUSKRORJ\�DQG�VL]H�RI�WKH
SURGXFW�>�Ü�@��

7KH� UHDFWLRQV� DUH� XVXDOO\� FRQWUROOHG� E\
FKHPLFDO�HTXLOLEULXPV�LQ�WKH�PHOW��7KH\�DUH
PXFK� IDVWHU� WKDQ� WKH� GLIIXVLRQ�FRQWUROOHG
VROLG�VWDWH� UHDFWLRQV�� 7KH� XVH� RI�PROWHQ� DO�
NDOL� PHWDO� QLWUDWHV� LV� MXVWLILHG� E\� WKH� ORZ
FRVW�RI�WKH�UHDJHQWV��0ROWHQ�VDOWV�DFFHOHUDWH
WKH� GLIIXVLRQ� RI� LRQV� LQ� WKH� PL[WXUH� DQG
GHFUHDVH�WKH�IUHH�HQHUJ\�RI�SKDVH�IRUPDWLRQ
RI�FU\VWDOOLWHV��DQG�KHQFH�UHGXFH�WKH�RYHUDOO
WHPSHUDWXUH�RI�WKH�KHDW�WUHDWPHQW��7KLV�DO�
ORZV� WR� DYRLG� WKH� VXEOLPDWLRQ� RI� YRODWLOH
FRPSRQHQWV� RI� WKH� LQLWLDO� PL[WXUH� GXULQJ
WKH� V\QWKHVLV� SURFHVV� >�����@�� ,W� VKRXOG� EH
QRWLFHG� WKDW� VLQJOH�SKDVH� RI�QDQRFU\VWDOOLQH
]LQF� WXQJVWDWH� LV� IRUPHG� DW� WHPSHUDWXUHV
DERYH� ����&� DW� D� QRUPDO� SUHVVXUH� >��@�
3URGXFWV� RI� WKH� PROWHQ� VDOW� V\QWKHVLV� DUH
QRW� ZRUVH� WR� PDWHULDOV� REWDLQHG� E\� PRUH
FRPSOH[�K\GURWKHUPDO�RU�PLFURZDYH�V\QWKH�
VLV��LQ�VHOI�JHQHUDWHG�KLJK�SUHVVXUH��E\�SKR�
WROXPLQHVFHQW� FKDUDFWHULVWLFV� >��Ü��@�� )XU�
WKHUPRUH� WKH� VFLQWLOODWLRQ�FKDUDFWHULVWLFV�RI
WKHVH�QDQRSDUWLFOHV�DUH�DEVHQW��

7KH�DLP�RI�WKLV�ZRUN�LV�WR�V\QWKHVL]H�WKH
QDQRFU\VWDOOLQH�FRPSRXQGV�RI�]LQF�DQG�FDG�
PLXP�WXQJVWDWH�ZLWK�D�KRPRJHQHRXV�FKHPL�
FDO�FRPSRVLWLRQ�DQG�WR�VWXG\�RI�WKHLU�RSWLFDO
DQG�VFLQWLOODWLRQ�SURSHUWLHV��

���([SHULPHQWDO�
:H� XVHG� WKH� IROORZLQJ� LQLWLDO�PDWHULDOV�

1D�:2���+�2� DQG� &G�12�����+�2� DQG
=Q�12�����+�2� RI� DQDO\WLFDO� JUDGH� SXULW\�������� /L12�� ZDV� SUHSDUHG� E\� GLVVROYLQJWKH� SRZGHU� RI� /L�&2�� RI� DQDO\WLFDO� JUDGHSXULW\� LQ� DQ� DTXHRXV� VROXWLRQ� RI� +12��U� ��������0HUN��*5�IRU�DQDO\VLV��

7KH�V\QWKHVLV�SURFHVV�ZDV�FDUULHG�RXW� LQ
WZR�VWDJHV��,QLWLDOO\��WKH�DPRUSKRXV�=Q:2�ZDV� SUHSDUHG� E\� FR�SUHFLSLWDWLRQ� RI� �� 0
DTXHRXV� VROXWLRQV� RI�=Q�12���� DQG�1D�:2�DW� URRP�WHPSHUDWXUH�ZLWK�FRQVWDQW� VWLUULQJ
�)LJ���D��� 7KHQ� WKH� ZKLWH� SUHFLSLWDWH� ZDV
GULHG�DW����&�LQ�DLU�DQG�PL[HG�ZLWK�OLWKLXP

QLWUDWH� LQ� D�ZHLJKW�UDWLR�RI�������7KH�PL[�
WXUH� ZDV� FDOFLQHG� DW� ����&� IRU� �� K� LQ� FH�
UDPLF� FUXFLEOH��7KH�SURGXFW�ZDV�ZDVKHG�E\
GLVWLOOHG� ZDWHU� DQG� HWKDQRO� VHYHUDO� WLPHV�
ILOWHUHG� DQG� GULHG� DW� ���&� LQ� DLU� IRU� �� K�
;�UD\�GLIIUDFWLRQ�RI�QDQRFU\VWDOOLQH�=Q:2�VKRZHG�LQ�)LJ���E�

1DQRFU\VWDOOLQH� FDGPLXP� WXQJVWDWH� ZDV
SUHSDUHG�E\�D� VLPLODU�ZD\��&R�SUHFLSLWDWLRQ
RI�����0�DTXHRXV� VROXWLRQV� RI� FDGPLXP�QL�
WUDWH�DQG�VRGLXP�WXQJVWDWH�ZHUH�FDUULHG�RXW
DW� URRP� WHPSHUDWXUH� DQG� FRQVWDQW� VWLUULQJ�
7KH�SURGXFW�ZDV�KHWHURJHQHRXV� LQ� FRPSRVL�
WLRQ��EXW�QDQRFU\VWDOOLQH�PRQRFOLQLF�&G:2�ZDV� D� GRPLQDWHG� SKDVH� �)LJ���F��� 3URGXFW
ZDV� PL[HG� ZLWK� WKH� OLWKLXP� QLWUDWH� LQ� D
ZHLJKW�UDWLR�RI������DIWHU�GU\LQJ�DW����&�LQ
DLU��7KH�PL[WXUH�ZDV� FDOFLQHG�DW�����&� IRU
��K�LQ�FHUDPLF�FUXFLEOH��7KH�SURGXFW�RI�WKH
V\QWKHVLV� �QDQRFU\VWDOOLQH� &G:2�� ZLWK

)LJ�����;�UD\�GLIIUDFWLRQ�RI�SRZGHUV�REWDLQHG
XQGHU� GLIIHUHQW� FRQGLWLRQV�� D�� =Q:2��Û� FR�
SUHFLSLWDWLRQ� IURP� WKH� DTXHRXV� SKDVH�� E�
=Q:2��Û�IURP�DPRUSKRXV�SRZGHU��D��LQ�WKH
PHOW� RI� /L12��� F��&G:2��Û� FR�SUHFLSLWDWLRQ
IURP� WKH� DTXHRXV� SKDVH�� G��&G:2��Û� IURP
SRZGHU��F��LQ�WKH�PHOW�RI�/L12��
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)XQFWLRQDO�PDWHULDOV������������� ���



VWUXFWXUH� RI� ZROIUDPLWH� �)LJ���G��� ZDV
ZDVKHG� E\� GLVWLOOHG� ZDWHU� DQG� HWKDQRO� VHY�
HUDO�WLPHV��ILOWHUHG�DQG�GULHG�DW����&�LQ�DLU
IRU���K��

;5'�DQDO\VLV�RI�WKH�VDPSOHV�VKRZHG�WKH
DEVHQFH�RI�VLJQLILFDQW�FKDQJHV�LQ�WKH�LQWHQ�
VLWLHV� RI� WKH�;5'�EDQGV�ZKHQ�ZH� YDU\� WKH
DPRXQW� RI� OLWKLXP� QLWUDWH� DQG� EDVH� VXE�
VWDQFH�RU�=Q:2��RU�&G:2��/LWKLXP�QLWUDWH�ZDV�FKRVHQ�DV�WKH�PROWHQ
VDOW�GXH�WR�D�VXIILFLHQWO\� ORZ�PHOWLQJ�SRLQW
�����&�� >�����������@�� ,W� ZDV� WDNHQ� LQWR� DF�
FRXQW�WKDW�WKH�GRSLQJ�RI�&G:2��ZLWK�/L��LRQV

XS� WR� �� DW��� FDXVHV� LQFUHPHQW� LQ� SKRWROX�
PLQHVFHQFH� LQWHQVLW\�� ZKLOH� WKH� GRSLQJ� ZLWK
1D��LRQV�FDXVHV�WKH�RSSRVLWH�HIIHFW�>�����@�

2SWLFDO�OXPLQHVFHQFH� SURSHUWLHV� ZHUH
PHDVXUHG� RQ� VDPSOHV� RI� �� PP� ILOPV� SUH�
SDUHG�E\� DGGLWLRQ�QDQRFU\VWDOLQH�=Q:2�� RU&G:2�� WR� SRO\PHUL]HG� WUDQVSDUHQW� RU�JDQRVLOLFLF� UXEEHU� LQ� D�ZHLJKW� UDWLR� RI� ����
6LPLODUO\�SUHSDUHG�ILOPV�REWDLQHG�E\�WKH�LQ�
WURGXFWLRQ� RI� VROLG�VWDWH� V\QWKHVL]HG� SRZ�
GHUV� �VL]H� a���� QP� �)LJ���D��� DQG� VFDWWHUHG
FU\VWDOV�RI�=Q:2��������PP��ZHUH�XVHG�IRUFRPSDULVRQ� RI� RSWLFDO�OXPLQHVFHQFH� SURSHU�

)LJ�����(OHFWURQ�PLFURVFRS\�LPDJH��D��=Q:2��SDUWLFOHV��REWDLQHG�E\�VROLG�SKDVH�V\QWKHVLV�DW�7� �����&�E��=Q:2��QDQRSDUWLFOHV��REWDLQHG�LQ�/L12��PHOW�DW�7� �����&��F��=Q:2��QDQRSDUWLFOHV��REWDLQHG�LQ/L12��PHOW�DW�7� �����&��G��&G:2��QDQRURGV��REWDLQHG�LQ�/L12��PHOW�DW�7� �����&��
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WLHV��;�UD\�OXPLQHVFHQFH�VSHFWUD�ZHUH�PHDV�
XUHG�E\�VSHFWURSKRWRPHWULF�FRPSOH[�.698�
���� ;�UD\� VRXUFH� 5(,6� �8Dd���N9�LDd���P$��ZDV�XVHG�DV�DQ�H[FLWDWLRQ��$IWHU�JORZ� OHYHO� �K����� ZDV� PHDVXUHG� ZLWK� D
PHDVXULQJ�FRPSXWLQJ� V\VWHP� IRU� WKH� VWXG\
RI�NLQHWLF� FKDUDFWHULVWLFV� �,9..���7KH� OLJKW
RXWSXW� RI� WKH� VDPSOHV� ZDV� GHWHUPLQHG� E\
WKH� FXUUHQW� PHWKRG� ZLWK� ;�UD\� H[FLWDWLRQ
VRXUFH� ,5,� �8D� ����� N9�� LD� ���P$�� >��@�7KH� OXPLQHVFHQFH�GHFD\� WLPH�ZDV�PHDVXUHG
XVLQJ� WKH� PHWKRG� RI� FRUUHODWHG� LQ� WLPH
FRXQWLQJ� LQGLYLGXDO� SKRWRQV�� ([FLWDWLRQ� RI
OXPLQHVFHQFH�RI�WKH�VDPSOHV�ZDV�FDUULHG�RXW
WKH� IRXUWK� KDUPRQLF� RI� <$*�1G� ODVHU
�����QP���)(8�����XVHG�DV�SKRWRGHWHFWRU�

0RUSKRORJ\� RI� WKH� QDQRFU\VWDOV� ZDV� GH�
WHUPLQHG� E\� WUDQVPLVVLRQ� HOHFWURQ� PLFURV�
FRS\� XVLQJ� PLFURVFRSH� (0����� �6(/0$�
8NUDLQH���(OHFWURQ�DFFHOHUDWLQJ�YROWDJH�ZDV
���� N9�� WKH� VXUYH\� ZDV� FDUULHG� RXW� LQ� WKH
EULJKW� ILHOG� PRGH�� WKH� LPDJH� UHFRUGHG� E\
&&'� PDWUL[�� :H� XVHG� WKLQ� FDUERQ� ILOPV
FRDWHG�ZLWK�ZDWHU�VXVSHQVLRQ�RI�WKH�LQYHVWL�
JDWHG�SRZGHUV�IRU�HOHFWURQ�PLFURVFRS\�

3KDVH�SXULWLHV�RI�WKH�VDPSOHV�ZHUH�FKDU�
DFWHUL]HG� E\� ;�UD\� GLIIUDFWLRQ� �;5'�� RQ
6LHPHQV� '� ���� SRZGHU� GLIIUDFWRPHWHU� �UD�
GLDWLRQ�&X.D�� QLFNHO� ILOWHU��%UDJJ�%UHQWDQRJHRPHWU\��� 'LIIUDFWLRQ� SDWWHUQV� ZHUH�PHDV�
XUHG� LQ� WKH� DQJXODU� UDQJH� ���T����� ZLWK
LQFUHPHQWV� RI� ������ DQG� DFFXPXODWLRQ� WLPH
��V�DW�HDFK�SRLQW��6HDUFK�RI�WKH�SKDVHV�ZDV
H[HFXWHG� RQ� WKH� FDWDORJ� 3')��� >��@� XVLQJ
WKH�VRIWZDUH�(9$�DQG�6($5&+��LQFOXGHG�LQ
WKH�GLIIUDFWRPHWHU�

���5HVXOWV�DQG�GLVFXVVLRQ�
0RUSKRORJ\�DQG�VL]H�RI�WKH�FU\VWDO�JUDLQV

ZHUH� PHDVXUHG� E\� HOHFWURQ� PLFURVFRS\�
1DQRVL]HG�PRQRFOLQLF�=Q:2��LQ�WKH�IRUP�RIHORQJDWHG�JUDLQV�RI�ZLGWK���Ü���QP�DQG�RI
OHQJWK� XS� WR� ��� QP� �)LJ���E�� ZDV� REWDLQHG
E\� FKRVHQ�PHWKRG� RI� V\QWKHVLV� �VHH�([SHUL�
PHQWDO� SDUW��� )DFHWHG� FU\VWDOOLWHV� ZHUH� RE�
WDLQHG� ZKHQ� WHPSHUDWXUH� RI� WKH� PHOW� ZDV
UDLVHG�XS�WR�����&�GXULQJ���K��)LJ���F���7KH
W\SLFDO�IRUP�RI�FU\VWDOOLWHV�IRU�&G:2��LV�DQHORQJDWHG� QDQRURG� RI� ZLGWK� ��Ü��� QP� DQG
RI� OHQJWK� XS� WR� ���� QP� �)LJ���G��� ;5'
DQDO\VLV� FRQILUPHG� WKH� UHVXOWV� FRQFHUQLQJ
WKH� VL]H� RI� WKH� FU\VWDOOLWHV� DQG� LGHQWLILHG
WKH�VDPSOHV�DV�D�PRQRFOLQLF�ODWWLFH�ZLWK�WKH
VWUXFWXUH�RI�ZROIUDPLWH��)LJ���E���G���

;�UD\� OXPLQHVFHQFH� VSHFWUXP� RI� QDQR�
VL]HG� =Q:2�� LV� VLPLODU� WR� WKH� VSHFWUXP� RIVLQJOH�FU\VWDO� DQG� KDV� D� EURDG� EDQG� ZLWK
OPD[� �����QP��)LJ���D���;�UD\�VSHFWUXP�RI

&G:2�� LV� VKLIWHG� WRZDUG� WKH� ORQJHU� ZDYH�OHQJWKV�E\�a����QP��)LJ���E���7KLV�UHVXOW�LV
LQ�JRRG�DJUHHPHQW�ZLWK�SXEOLVKHG�GDWD�>��@�

/XPLQHVFHQW� SURSHUWLHV� RI� =Q:2�� DQG&G:2��SDUWLFOHV�DUH�VLPLODU�DQG�DUH�FDXVHGE\� WKH� WUDQVLWLRQV�ZLWKLQ�R[\DQLRQ�FRPSOH[
>����������@��,Q�WKH�ZRUN�>��@�HPLVVLRQ�SHDN
SRVLWLRQ� DW� ���� QP� ZDV� DVVRFLDWHG� ZLWK
WUDQVLWLRQV� LQ� WXQJVWDWH� JURXS� :2���� DQG
HPLVVLRQ�ZLWK�OPD[� ����Ü����QP�ZDV�DVVR�FLDWHG� ZLWK� GHIHFW� WXQJVWDWH� JURXS� ZLWK
R[\JHQ� YDFDQFLHV� >��@�� 7KH� UDWLR� RI� FRQWUL�
EXWLRQV� IURP�PDLQ� DQG� GHIHFW� EDQGV� GHWHU�
PLQHV� WKH� PD[LPXP� RI� LQWHJUDO� OXPLQHV�
FHQFH�EDQG��6R��WKH�UHG�VKLIW�RI�WKH�HPLVVLRQ
SHDN�SRVLWLRQ�IRU�&G:2��LQGLFDWHV�WKH�SUHV�HQFH� RI� VLJQLILFDQW� QXPEHU� RI� GHIHFW� OXPL�
QHVFHQFH� FHQWHUV��7KLV�SKHQRPHQRQ�ZDV� RE�
VHUYHG� IRU� WKH� QDQRURGV� REWDLQHG� E\� K\�
GURWKHUPDO� V\QWKHVLV� >��@�� :H� EHOLHYH�
KRZHYHU�� WKDW� LW� PD\� EH� D� UHVXOW� RI� WKH
&G:2��PRUSKRORJ\��0HDVXUHPHQWV�RI�VFLQWLOODWLRQ�SDUDPHWHUV
VKRZHG� WKH� IROORZLQJ� UHVXOWV�� 1DQRFU\V�
WDOOLQH� VDPSOHV� =Q:2�� KDYH� OLJKW� RXWSXWFRPSDUDEOH�WR�WKH�VLQJOH�FU\VWDO��a�����IURP

)LJ�����7KH�VSHFWUD�RI�;�UD\�OXPLQHVFHQFH��D�
=Q:2�� VDPSOHV�� �� Û� VLQJOH� FU\VWDO�� �� Û
SURGXFW� RI� VROLG�SKDVH� V\QWKHVLV�� �� Û
QDQRVL]HG�FU\VWDOOLQH�VDPSOH� �VLJQDO�IRU�SRZ�
GHU�REWDLQHG�E\�FR�SUHFLSLWDWLRQ�IURP�DTXHRXV
VROXWLRQV�DUH�DEVHQW���E��&G:2��VDPSOHV����ÛVLQJOH� FU\VWDO�� �� Û� SURGXFW� RI� VROLG�SKDVH
V\QWKHVLV����Û� WKH� RULJLQDO� SRZGHU� REWDLQHG
E\�FR�SUHFLSLWDWLRQ�IURP�DTXHRXV�VROXWLRQV�RI
FRUUHVSRQGLQJ� VDOWV�� �� Û� QDQRVL]HG� FU\VWDO�
OLQH�VDPSOH�
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FUXVKHG� FU\VWDO���$W� WKH� VDPH� WLPH�� NLQHWLF
FKDUDFWHULVWLFV� RI� OXPLQHVFHQFH� GHFD\� DUH
LPSURYHG� LQ� FRPSDULVRQ� ZLWK� VLQJOH� FU\V�
WDOV�� 7KH� DIWHUJORZ� OHYHO� RI� QDQRFU\VWDOOLQH
=Q:2�� DQG�&G:2�� LQ� WKH� WLPH�UDQJH� IURP�� WR� ��� PV� �WKH� PRVW� LPSRUWDQW� UDQJH� IRU
FRPSXWHU� WRPRJUDSK\�� LV� ORZHU� WKDQ� LQ
FUXVKHG� VLQJOH� FU\VWDOV� �VHH� 7DEOH�� DQG� LV
FORVH� WR� a� ����� ��� 'HFD\� WLPH� IRU� DOO� WKH
VDPSOHV� RI�=Q:2��ZDV� DSSUR[LPDWHO\� LGHQ�WLFDO�DQG�ZDV�DERXW���Ü���PV��)LJ������

7KH� KLJK� FRQYHUVLRQ� HIILFLHQF\� DQG� ORZ
DIWHUJORZ� RI� QDQRFU\VWDOOLQH� =Q:2�� PDNHVLW� SURPLVLQJ� PDWHULDO� IRU� GLJLWDO� ;�UD\� WR�
PRJUDSK\�� ,Q� SDUWLFXODU�� LW� FDQ� EH� XVHG� LQ
WKH� IRUP� RI� D� FRPSRVLWH� ILOP� �QDQRFU\V�
WDOOLQH� VFLQWLOODWRU� =Q:2�� Û� SRO\PHU� PD�
WUL[��ZKLFK�ZDV�XVHG� LQ� WKH�SUHVHQW� VWXG\�
8VLQJ� VXFK� ILOP�� WKH� GHWHFWLRQ� VXUIDFH� FDQ
EH�PDGH�PXFK�ODUJHU�WKDQ�IRU�VLQJOH�FU\VWDO
GHWHFWRU�� ,Q� DGGLWLRQ�� WKH� VFLQWLODOWRU�PDGH
RI� GLVSHUVHG� VXEVWDQFH� SURYLGHV� EHWWHU� XQL�
IRUPLW\� RI� WKH� OLJKW� RXWSXW� ZKLFK� LV� YHU\
LPSRUWDQW� IRU� FRPSXWHU� WRPRJUDSK\� DSSOL�
FDWLRQV�� :H� FRQILUPHG� WKLV� VWDWHPHQW� E\

PHDVXULQJ�WKH�GLVWULEXWLRQ�RI�WKH�OLJKW�RXW�
SXW�RYHU�WKH�VXUIDFH�IRU�WKH�FRPSRVLWH�VFLQ�
WLOODWRU� ILOP� �)LJ���D�� DQG� IRU� WKH� SROLVKHG
VLQJOH� FU\VWDO� �)LJ���E��� 2XWSXW� SDUDPHWHUV
RI�VXFK�GHWHFWRU�FDQ�EH�IXUWKHU�LPSURYHG�E\
VHOHFWLQJ� WKH� RSWLPXP� FRPSRVLWLRQ� RI� SRO\�
PHU� FRPSRVLWLRQV�� FRPSRQHQW� FRQFHQWUD�
WLRQV�DQG�RWKHU�SURFHVV�SDUDPHWHUV��

)LJ����� 'LVWULEXWLRQ� RI� WKH� OLJKW� RXWSXW� IRU
DUHD��D��FRPSRVLWH�VFLQWLOODWLRQ�ILOPV�EDVHG�RQ
=Q:2�� QDQRFU\VWDOOLQH�� E�� SROLVKHG� =Q:2�VLQJOH�FU\VWDO�

7DEOH����2SWLFDO�DQG�NLQHWLF�SURSHUWLHV�=Q:2��DQG�&G:2�

6DPSOH 'LPHQVLRQV
RI�JUDLQV

/LJKW
RXWSXW��
D��X�

'HFD\
WLPH��PV

$IWHUJORZ����
��PV ��PV ���PV ���PV ���PV

&UXVKHG�VLQJOH�FU\VWDO
=Q:2���HWDORQ�

�����PP � Ü ���� ����� ����� ����� �����

1DQRVL]HG�FU\VWDO�=Q:2� a��Ü���QP ���� �� ����� ����� ����� ���� �����
1DQRVL]HG�FU\VWDO�&G:2� a��Ü���QP Ü Ü ����� ����� ����� ����� ����
6ROLG�SKDVH�V\QWKHVLV

SURGXFW�=Q:2�
a���Ü����PP ���� �� ����� ����� ����� ����� �����

)LJ�����/XPLQHVFHQFH�GHFD\� WLPH�IRU�=Q:2����Û�QDQR�VL]HG� FU\VWDOOLQH� VDPSOH����Û�SURG�
XFW�RI�VROLG�SKDVH�V\QWKHVLV����Û�VLQJOH�FU\VWDO�

$�*�<DNXERYVND\D�HW�DO����1DQRFU\VWDOOLQH�]LQF�DQG����

��� )XQFWLRQDO�PDWHULDOV�������������



7KH� DXWKRUV� WKDQN� WR� $�$�0DVDORY
�,60$� 1$68�� IRU� WKH� PHDVXUHPHQWV� WLPH
GHFD\� DQG� 6�(�7UHW\DN� �,60$� 1$68�� IRU
WKH� PHDVXUHPHQWV� WKH� GLVWULEXWLRQ� RI� WKH
OLJKW�RXWSXW��

���&RQFOXVLRQV
1DQRVL]HG� FU\VWDOV� RI� ]LQF� DQG� FDGPLXP

WXQJVWDWHV�DUH�REWDLQHG�XVLQJ�WKH�PHWKRG�RI
FR�GHSRVLWLRQ�IURP�DTXHRXV�VROXWLRQV�RI�WKH
VDOWV��7KH�PHOWLQJ�LQRUJDQLF�VDOWV�ZHUH�XVHG
IRU�FU\VWDOOL]DWLRQ�

:H�VKRZHG�D�SRVVLELOLW\�RI�REWDLQLQJ�WKH
VFLQWLOODWLRQ� PDWHULDOV� EDVHG� RQ� QDQR�VL]HG
FU\VWDOOLQH� SRZGHUV� RI� ]LQF� WXQJVWDWH� ZLWK
OLJKW� RXWSXW� FRPSDUDEOH� WR� VLQJOH� FU\VWDOV
�a������ DQG�ZLWK� LPSURYHG� NLQHWLF� FKDUDF�
WHULVWLFV�RI� OXPLQHVFHQFH��DIWHUJORZ�������
DIWHU� �� PV� DQG� ����� �� DIWHU� ��� PV��� )RU
DIWHUJORZ�LV��������DIWHU����PV�

5HIHUHQFHV
� ���0�(�*OREXV�� %�9�*ULQHY�� ,QRUJDQLF� 6FLQWLOOD�

WRUV�� 1HZ� DQG� 7UDGLWLRQDO� 0DWHULDOV�� $FWD�
.KDUNRY��������>LQ�5XVVLDQ@�

� ���0�9�0RKRVRHY��-�*�%D]DURY��&RPSOH[�2[LGHV
RI�0RO\EGHQXP�DQG�7XQJVWHQ�&RPSRQHQWV�,Ü
,9�*URXSV��1DXND��0RVFRZ��������>LQ�5XVVLDQ@�

� ���+�6KDQJ��<�:DQJ��%�0LOEUDWK�HW�DO���-��/XPLQHVFHQFH�
����������������

� ���9�%�0LNKDLOLN��*�.UDXV��0�6�0LNKDLOLN��-��3K\V�
5HV������������������

� ���1�9�.ODVVHQ�� 9�1�.XUORY�� 6�1�5RVVROHQNR� HW
DO���,]YHVWL\D�5$1��6HULHV�RI�)L]LFDO����������
��������

� ���:�<RQJJDQJ��0�-XQIHQJ��7�-LDQWDR�HW�DO���-��0DW�
6FL��(QJ��%�������������������

� ���-�;LDRKXL�� 0�-XQIHQJ�� /�-XQ� HW� DO��� 0DWW�
/HWW��������������������

� ���:�<RQJJDQJ�� 0�-XQIHQJ�� 7�-LDQWDR� HW� DO��
0DWW��/HWW������������������

� ���3�$IDQDVLHY�� &�*HDQWHW�� &RRUGLQDWLRQ� &KHP�
5HY���������������������

����0�%ODQGHU�� -��$OOR\V� DQG� &RPSRXQGV�� ����
������������

����+�5�-HRQJ��6�/�&KDQJ��2�:RQ�&KXQ�HW�DO���-�
&HU��3URF��5HV������������������

����6KX�-LDQP� &KHQ�� -LDQ�+DR� =KRX�� ;XH�7DL
&KHQ� HW� DO��� &KHP��3K\V��/HWW��� ����� ���
��������

����:�<RQJJDQJ��0�-XQIHQJ��7�-LDQWDR�HW�DO���-��$P�
&HUDP��6RF��������������������

����/�1DJRUQD\D��*�2QLVKFKHQNR��(�3LURJRY�HW�DO��
1XFO�� ,QVWU�� 0HWK�� 3K\V�� 5HV��� $� ����� ���
�������

����1�*�6WDU]KLQVN\�� %�9�*ULQHY�� /�3�*DOFKLQHW�
VN\�� 9�'�5\]KLNRY�� 6FLQWLOODWRUV� %DVHG� RQ
&RPSRXQGV�$,,%9,��3UHSDUDWLRQ��3URSHUWLHV�DQG
&KDUDFWHULVWLFV�RI�8VLQJ�� ,QVWLWXWH� IRU�6LQJOH
&U\VWDOV��.KDUNLY��������>LQ�5XVVLDQ@��

����-&3'6� 3')��� )LOH�� ,QWHUQDWLRQDO� &RPPLWWHH
IRU�'LIIUDFWLRQ�'DWD��5HOHDVH�������3$��86$�

����<�:DQJ��*�0D��-�7DR�HW�DO���-��$P��&HUDP��6RF��
�����������������

����$�(�2YHFKNLQ��9�'�5\]KLNRY��*�7DPXODLWLV�HW
DO���3K\V��6WDW��6RO��D��������������������

����0�-�-�/DPPHUV�� *�%ODVVH�� '�6�5REHUWVRQ�
3K\V��6WDW��6RO��D�������������������
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