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e�SURSRVWR�XP�VLVWHPD�GH�DQiOLVH�TXtPLFD�SRU�LQMHomR�HP�IOX[R�SDUD�D�GHWHPLQDomR�HVSHFWURIR�
WRPpWULFD�GH�PDQJDQrV�HP�DoRV�EDVHDGR�QR�HIHLWR�FDWDOtWLFR�GD�$J�,��QD�R[LGDomR�HP�OLQKD�GH�0Q�,,�
D�0Q�9,,�� VREUH� XPD� VXSHUItFLH� HOHWUyGLFD� GH� SODWLQD��$SyV� D� LQMHomR� VLPXOWkQHD� GH� DPRVWUD� H
HOHWUyOLWR� QD� FpOXOD� HOHWURTXtPLFD�� D� PLVWXUD� HUD� KRPRJHQHL]DGD� SRU� EROKDV� GH� DU� H� RV� tRQV
SHUPDQJDQDWRV� JHUDGRV� HUDP�PRQLWRUDGRV� D� ���� QP�� $V� DOWXUDV� GRV� VLQDLV� WUDQVLHQWHV� REWLGRV
UHIOHWLDP�D�FRQFHQWUDomR�GR�PDQJDQrV�QD�DPRVWUD��)RUDP�LQYHVWLJDGRV�RV�SULQFLSDLV�SDUkPHWURV
UHODFLRQDGRV�FRP�RV�SURFHVVRV�FRXORPpWULFRV�WDLV�FRPR�LQWHQVLGDGH�GH�FRUUHQWH��FRQFHQWUDomR�GR
PHGLDGRU��WHPSR�GH�HOHWUyOLVH��QDWXUH]D�GR�HOHWUyOLWR�VXSRUWH��EHP�FRPR�DTXHOHV�UHODFLRQDGRV�FRP
D�DUTXLWHWXUD�GR�VLVWHPD�),$�

2�VLVWHPD�HVSHFWURIRWRPpWULFR�SURSRVWR�SRVVLELOLWRX�D�GHWHUPLQDomR�GH�PDQJDQrV�HP�DoRV�QR
LQWHUYDOR�GH�FRQFHQWUDo}HV�GH������D�����PJ�/����U� ����������&RP�WHPSRV�GH�HOHWUyOLVH�GH����V�
IRUDP�SRVVtYHLV����GHWHUPLQDo}HV�SRU�KRUD��5�6�'���������2V�UHVXOWDGRV�GD�DQiOLVH�DoRV�FHUWLILFDGRV
FRP�R�VLVWHPD�SURSRVWR�QmR�IRUDP�HVWDWLVWLFDPHQWH�GLIHUHQWHV�GRV�YDORUHV�FHUWLILFDGRV�H�GDTXHOHV
REWLGRV�SHOR�PpWRGR�GH�UHIHUrQFLD�DR�QtYHO�GH�����GH�FRQILDELOLGDGH�

7KH� DLP� RI� WKLV� ZRUN� LV� WR� SURSRVH� D� IORZ� VSHFWURSKRWRPHWULF� SURFHGXUH� IRU� PDQJDQHVH
GHWHUPLQDWLRQ�LQ�VWHHO�EDVHG�RQ�HOHFWURFKHPLFDO�R[LGDWLRQ�RI�0Q�,,��WR�0Q�9,,��DW�D�3W�HOHFWURGH
VXUIDFH�E\�PHDQV�RI�WKH�FDWDO\WLF�HIIHFW�RI�$J�,��

7KH�RQ�OLQH�R[LGDWLRQ�VWHS�ZDV�REWDLQHG�E\�LQMHFWLQJ�VDPSOH�DQG�HOHFWURO\WH�VROXWLRQ�GLUHFWO\
LQWR� DQ�HOHFWURO\WLF� FHOO��$IWHU� HOHFWURO\VLV�� WKH� LQMHFWDWH�ZDV�KRPRJHQL]HG�E\�EXEEOLQJ�DLU��7KH
SHUPDQJDQDWH� LRQV�SURGXFHG�ZHUH�SDVVHG�WKURXJK�WKH�VSHFWURSKRWRPHWHU�ZKHUH�DEVRUEDQFH�ZDV
PRQLWRUHG�DW�����QP��(IIHFWV�RI�GLUHFW�FXUUHQW��VLOYHU�FRQFHQWUDWLRQ��WLPLQJ��IORZ�UDWHV��FRQFHQWUDWLRQ
DQG�FRPSRVLWLRQ�RI�VXSSRUW�HOHFWURO\WH�ZHUH�LQYHVWLJDWHG��'LUHFW�FXUUHQW�DQG�VLOYHU�FRQWHQW�PDQL�
IHVWHG�WKHPVHOYHV�DV�WKH�PRVW�UHOHYDQW�SDUDPHWHUV��)RU�GHWHUPLQDWLRQ�RI�PDQJDQHVH�LQ�WKH�������
����PJ�/���UDQJH��U� ���������DQG����V�HOHFWURO\VLV�WLPH��WKH�VDPSOH�WKURXJKSXW�ZDV����K����$FFXUDF\
ZDV�DVVHVVHG�E\�DQDO\]LQJ�WHQ�VWHHO�VWDQGDUG�UHIHUHQFH�PDWHULDOV��5HVXOWV�DUH�SUHFLVH��5�6�'�������
DQG�LQ�DJUHHPHQW�ZLWK�FHUWLILHG�YDOXHV�RI�UHIHUHQFH�PDWHULDOV�DQG�ZLWK�VWDQGDUG�PHWKRGV�DW����
FRQILGHQFH�OHYHO�

.H\ZRUGV��PDQJDQHVH��),$��VSHFWURSKRWRPHWU\��FRXORPHWULF�UHDJHQW�JHQHUDWLRQ

,QWURGXFWLRQ

7KHUH�DUH�VHYHUDO�DQDO\WLFDO�WHFKQLTXHV�IRU�PDQJDQHVH
GHWHUPLQDWLRQ�LQ�VWHHO�DQG�IHUURDOOR\�VDPSOHV��IODPH�DWRPLF

DEVRUSWLRQ� VSHFWURPHWU\� �)$$6����HOHFWURWKHUPDO�DWRPLF
DEVRUSWLRQ� VSHFWURPHWU\� �(7$$6���� LQGXFWLYHO\� FRXSOHG
SODVPD� RSWLFDO� DWRPLF� VSHFWURPHWU\� �,&3�2(6���� LQGXF�

$UWLFOH

-��%UD]��&KHP��6RF���9RO�����1R������������������� ������� 6RF��%UDV��4XtPLFD
3ULQWHG�LQ�%UD]LO� �����¤������������������



WLYHO\�FRXSOHG�SODVPD�HPLVVLRQ�DWRPLF�VSHFWURPHWU\��,&3�
$(6���� LQGXFWLYHO\� FRXSOHG� SODVPD� PDVV� VSHFWURPHWU\
�,&3�06����PROHFXODU�DEVRUSWLRQ�VSHFWURSKRWRPHWU\��89�
9,6����QHXWURQ�DFWLYDWLRQ�DQDO\VLV��1$$����;�5D\�IOXRUHV�
FHQFH� �;5)��� DQG� YROWDPHWU\� �$59���� +RZHYHU�
PROHFXODU�DEVRUSWLRQ�VSHFWURSKRWRPHWU\�LV�D�YHU\�DWWUDF�
WLYH�WRRO�IRU�WKH�DQDO\VLV�RI�VWHHO�VDPSOHV�GXH�WR�LWV�RSHUD�
WLRQDO�VLPSOLFLW\��ORZ�FRVW��KLJK�VHOHFWLYLW\�DQG�DXWRPDWLRQ
SRWHQWLDO����1RWZLWKVWDQGLQJ��WKHUH�DUH�VHYHUDO�DXWRPDWHG
PHWKRGV�IRU�PDQJDQHVH�GHWHUPLQDWLRQ�EDVHG�RQ�IRUPDWLRQ
RI�FRORXUHG�PHWDOOLF�FRPSOH[HV������RU�RQ�FDWDO\WLF�HIIHFW�RI
PDQJDQHVH�XSRQ�VHYHUDO�UHGR[�V\VWHPV�������7KH�FODVVLFDO
VSHFWURSKRWRPHWULF�PHWKRG�IRU�GHWHUPLQLQJ�PDQJDQHVH�LQ
VWHHO�DQG�IHUURDOOR\V�EDVHG�RQ�WKH�SURGXFWLRQ�RI�SHUPDQJD�
QDWH�E\�XVLQJ�VWURQJ�R[LGL]LQJ�DJHQWV��H�J��SHULRGDWH��SHU�
VXOSKDWH���DFLGLF�PHGLD�DQG�KLJK�WHPSHUDWXUH�KDV�SURYHG
H[WUHPHO\� XVHIXO����$GGLWLRQDOO\�� VHYHUDO�ZRUNV� KDYH� DO�
UHDG\�UHSRUWHG�WKH�HOHFWURFDWDO\WLF�HIIHFW�RI�VLOYHU�LRQ�RQ
WKLV�R[LGDWLRQ�������7KH�ORQJ�ZDUPLQJ�WLPHV�DQG�WKH�KLJK
VWURQJ�DFLG�PHGLD�UHTXLUHG�IRU�PDQJDQHVH�R[LGDWLRQ������DUH
WKH�$FKLOOHV�KHHO�RI�WKLV�SURFHGXUH�LQ�IORZ�LQMHFWLRQ�DQDO\�
VLV��7KLV�SUREOHP�FDQ�EH�FLUFXPYHQWHG�E\�H[SORLWLQJ�WKH
DSSURDFK� RI� FRXORPHWULF� UHDJHQW� JHQHUDWLRQ�� 7KLV� VWXG\
UHSRUWV� RQ� D� QHZ�PHWKRG� IRU� GHWHUPLQLQJ�PDQJDQHVH� LQ
VWHHOV�DQG�IHUURDOOR\�VDPSOHV�E\�XVLQJ�VLOYHU�,,��DV�FDWDO\VW
IRU�RQ�OLQH�HOHFWURFKHPLFDO�JHQHUDWLRQ�RI�SHUPDQJDQDWH�LQ
D�IORZ�LQMHFWLRQ�V\VWHP�

([SHULPHQWDO

,QVWUXPHQWDWLRQ

$�%����,,�0LFURQDO�VSHFWURSKRWRPHWHU�SURYLGHG�ZLWK
IORZ�FHOO������P/�LQQHU�YROXPH�����PP�RSWLFDO�SDWK���D�5%
����(&%�VWULS�FKDUW�UHFRUGHU��D�%�����0LFURQDO�SHULVWDOWLF
SXPS� IXUQLVKHG�ZLWK� 7\JRQ� SXPSLQJ� WXEHV�� WZR� KRPH�
PDGH�LQMHFWRU�FRPPXWDWRUV��SRO\HWK\OHQH�WXELQJ������PP
L�G���DQG�DFFHVVRULHV�ZHUH�XVHG��7KH�HOHFWURFKHPLFDO�FHOO
ZDV�PDFKLQHG�LQ�D�300$�DFU\OLF�UHVLQ��3HUVSH[��,&,���7KH
FHOO�LV�VKRZQ�LQ�)LJ����DQG�FRQVLVWV�RI�D���P/�ZHOO�����PP
GHHS�����PP�L�G���PDFKLQHG�LQ�D�UHVLQ�EORFN��$�����PP�KROH
RQ�WKH�ERWWRP�RI�WKH�ZHOO�ZDV�PDGH�IRU�LQOHW�RI�HOHFWURO\WH
VROXWLRQ�DQG�RXWOHW�RI�HOHFWURO\VLV�SURGXFW��$�����PP�KROH
WR�SXUJH� WKH�JDVHV�SURGXFHG� LQ� WKH�HOHFWURO\WLFDO�SURFHVV
ZDV� ORFDWHG� DW� WKH� WRS� RI� WKH� FHOO�� 7KH� FDWKRGH� ZDV� D
SODWLQXP�KHOLFDO�ZLUH�ZKLFK�ZDV�VHSDUDWHG� IURP�WKH� WHVW
VROXWLRQ�E\�D�JODVV�WXEH��7KH�FRQWDFW�EHWZHHQ�WKH�VROXWLRQV
ZDV�PDGH�E\�D�9\FRU�VHDO�VLWXDWHG�DW�WKH�ERWWRP�RI�WKH�JODVV
WXEH��7KH� DQRGH�ZDV� D�SODWLQXP�F\OLQGHU�JDX]H� ��� FP��
UROOHG� XS� DURXQG� WKH�9\FRU�JODVV� WXEH��(OHFWULF� FRQWDFWV
ZHUH�PDGH�E\�PHDQV�RI�SODWLQXP�ZLUHV�

$�KRPHPDGH�FXUUHQW�VRXUFH�ZDV�EXLOW�WR�VXSSO\�FXUUHQW
IURP����WR������P$��:HOO�GHILQHG�SXOVHV�ZHUH�DVVXUHG�E\
XVLQJ�DQ�,&�����WLPHU���

5HDJHQWV��VWDQGDUGV�DQG�VDPSOHV

$OO�FKHPLFDOV�XVHG�ZHUH�DQDO\WLFDO�UHDJHQW�JUDGH�DQG
GLVWLOOHG�GHLRQL]HG��0LOOL�4��ZDWHU��&DWKRO\WH�ZDV�D����
�Y�Y��+�62��VROXWLRQ�

0DQJDQHVH�,,��VWRFN�VROXWLRQ�ZDV������PJ�/���LQ����
PRO�/���+12���7LWULVRO��0HUFN���7KH�DQDO\WLFDO�VROXWLRQV
������� ������ ������ ����� ����� ���� PJ� /��� RI� 0Q�� ZHUH
SUHSDUHG�E\�GLOXWLRQ�RI�WKH�VWRFN�VROXWLRQ��3HUFKORULF�DFLG
DQG�LURQ�,,,��ZHUH�DGGHG�WR�WKHVH�VROXWLRQV�LQ�RUGHU�WR�PDWFK
WKH�LURQ�FRQWHQW�LQ�WKH�GLOXWHG�VDPSOH�GLJHVWV�����PJ�/����

7KH�GLVVROXWLRQ�RI�WKH�FHUWLILHG�VWHHO�VDPSOHV�ZDV�SHU�
IRUPHG�E\�PL[LQJ��������J�RI�WKH�VDPSOH�DQG����P/�RI
�����Y�Y��+12��VROXWLRQ�DQG����WR����P/�RI�FRQFHQWUDWHG
+&O2��VROXWLRQ��7KH�PL[WXUH�ZDV�KHDWHG�XS�WR�HOLPLQDWH
QLWURXV�IXPHV��7KH�ILQDO�VROXWLRQ�ZDV�GLOXWHG� WR�����P/
ZLWK�ZDWHU�

7KH�����[������PRO�/���$J12��HOHFWURO\WH�VROXWLRQ�ZDV
SUHSDUHG�LQ�����Y�Y��+�62��VROXWLRQ�

3URFHGXUH

7KH�IORZ�GLDJUDP�XVHG�LQ�WKLV�ZRUN�LV�VKRZQ�LQ�)LJ����
:KHQ� WKH� LQMHFWRU�FRPPXWDWRU� ,&��ZDV� LQ� WKH� VSHFLILHG
SRVLWLRQ��/��ORRS�����FP��DQG�/��ORRS�����FP��VHOHFWHG�WKH
HOHFWURO\WH�� (�� DQG� WKH� VDPSOH�� 6�� UHVSHFWLYHO\� DQG�ZHUH
PL[HG�ZLWK�WKH�FDUULHV�VWUHDP�&���DLU������P/�PLQ�����7KH
HVWDEOLVKHG�VDPSOH�DQG�HOHFWURO\WH�]RQHV�ZHUH�FDUULHG�WR�

��� 6DLQW©3LHUUH��HW�DO� -��%UD]��&KHP��6RF�
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)LJXUH� ��� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� HOHFWURFKHPLFDO� FHOO��0DLQ

ERG\�PDFKLQHG� LQ�300$�UHVLQ� FRPSULVHV� DQRGH� ����� FDWKRGH� ����� JDV
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ZDUGV�WKH�HOHFWURFKHPLFDO�FHOO��7R�DFKLHYH�WKLV�FRQGLWLRQ�
WKH�LQMHFWRU�FRPPXWDWRU�,&��ZDV�RSHUDWHG�DV�VKRZQ�LQ�)LJ�
���$IWHU�WKH�VDPSOH�DQG�HOHFWURO\WH�VROXWLRQV�ZHUH�GHOLYHUHG
LQWR�WKH�HOHFWURO\WLF�FHOO��D�SXOVH�RI�HOHFWULF�FXUUHQW�RI����
P$�GXULQJ����V�ZDV�DSSOLHG��7KLV�ZDV�DWWDLQHG�E\�WULJJHULQJ
WKH�WLPHU�FRQWURO�RI�WKH�FXUUHQW�VRXUFH�VXSSO\��7KH�SURGXF�
WLRQ�RI�SHUPDQJDQLF�DFLG�XQGHU�KRPRJHQL]HG�FRQGLWLRQV�E\
EXEEOLQJ� DLU� WDNHV� SODFH� LQVLGH� WKH� FHOO��$IWHUZDUGV�� WKH
LQMHFWRU�FRPPXWDWRU�,&��ZDV�VZLWFKHG�WR�DQRWKHU�SRVLWLRQ
DQG�D�SHUPDQJDQDWH�YROXPH�ZDV�VHOHFWHG�E\�WKH�/��ORRS����
FP���DQG�LQVHUWHG�LQWR�WKH�FDUULHU�VWUHDP�&���ZDWHU������P/
PLQ�����'XULQJ� WKH�/��VDPSOLQJ�� WKH� LQMHFWRU�FRPPXWDWRU
,&��ZDV�VZLWFKHG�EDFN��3DVVDJH�RI�WKH�HOHFWURO\]HG�VDPSOH
WKURXJK� WKH� IORZ� FHOO� UHVXOWHG� LQ� D� WUDQVLHQW� DEVRUEDQFH
PRQLWRUHG�DW�����QP�DQG�UHFRUGHG�DV�D�SHDN�ZLWK�KHLJKW
SURSRUWLRQDO�WR�WKH�PDQJDQHVH�FRQWHQW�LQ�WKH�VDPSOH��$IWHU
GLVFDUGLQJ�WKH�VROXWLRQ�IURP�WKH�HOHFWURFKHPLFDO�FHOO��WKH
LQMHFWRU�FRPPXWDWRU�,&��ZDV�VZLWFKHG�EDFN�WR�WKH�SRVLWLRQ
VSHFLILHG�LQ�)LJ�����VWDUWLQJ�DQRWKHU�F\FOH�

,Q�RUGHU�WR�REWDLQ�D�KLJK�SHUPDQJDQDWH�JHQHUDWLRQ��WKH
PDLQ�SDUDPHWHUV� UHODWHG� WR� WKH� HIILFLHQF\�RI� WKH� HOHFWUR�
FKHPLFDO�SURFHVV�VXFK�DV�FRPSRVLWLRQ�DQG�FRQFHQWUDWLRQ�RI
DFLG�� VLOYHU� FRQFHQWUDWLRQ�� HOHFWURO\WH�FRQFHQWUDWLRQ�� FXU�
UHQW� LQWHQVLW\� DQG� WLPLQJ�ZHUH� LQYHVWLJDWHG�� (OHFWURO\VLV
ZDV�FDUULHG�RXW�HLWKHU�LQ�SHUFKORULF��SKRVSKRULF��QLWULF�RU
VXOIXULF�DFLG�LQ�WKH�����������PRO�/���UDQJH�

7KH�LQIOXHQFH�RI�DSSOLHG�FXUUHQW�ZDV�VWXGLHG�ZLWKLQ�D
���������P$�LQWHUYDO�ZLWK�D�����PJ�P/���RI�0Q�

2SWLPL]DWLRQ�RI�SK\VLFDO��FKHPLFDO�DQG�K\GURG\QDPLF
SDUDPHWHUV�LQYROYHG�LQ�WKH�V\VWHP�SHUIRUPDQFH�ZDV�FDUULHG
RXW�E\�WKH�XQLYDULDWH�PHWKRG��7DEOH���VKRZV�WKH�UDQJHV�RYHU
ZKLFK�HDFK�SDUDPHWHU�ZDV�LQYHVWLJDWHG�

5HVXOWV�DQG�'LVFXVVLRQ

6LOYHU�,,�� LV� D� YHU\� SRZHUIXO� R[LGDQW� DQG� XQGHUJRHV
UDSLG�UHDFWLRQV�ZLWK�D�ZLGH�UDQJH�RI�LQRUJDQLF�DQG�RUJDQLF
VSHFLHV�������$W�D�SRODUL]HG�SODWLQXP�HOHFWURGH�DQG�LQ�KLJKO\
DFLG�PHGLXP��$J��$J��� FRXSOH� LV� DOPRVW� UHYHUVLEOH� DQG
VLOYHU�,�� FDQ� EH� FRQVLGHUHG� DQ� HIIHFWLYH� FDWDO\VW� LQ� WKH
DQRGLF�R[LGDWLRQ�RI�PDQJDQHVH�,,���6ROLG�SDUWLFOHV�IRUPD�
WLRQ�ZDV�REVHUYHG�LQ�WKH�DEVHQFH�RI�$J���$FFRUGLQJ�WR�WKH
&DUWZULJKW�PHFKDQLVP����PDQJDQHVH�GLR[LGH�LV�WKH�PDLQ
VSHFLHV�SURGXFHG�GXULQJ�HOHFWURO\VLV�

0Q�,,�� � � � � 0Q�,,,����H�� ���

0Q�,,,�����+�2� � � � � 0Q2�2+��V�����+� ���

0Q2�2+���V�� � � � � 0Q2���V����+����H� ���

7KH�SUHVHQFH�RI� VROLG�SDUWLFOHV� LQ� WKH�DQDO\WLFDO�SDWK
FDXVHG�VHYHUH�PHPRU\�HIIHFWV��GURS�LQ�VHQVLWLYLW\�DQG�RF�
FDVLRQDOO\�IORZ�OLQH�FORJJLQJ��:LWK�UHODWLYHO\�ORWWOH�PDQ�
JDQHVH� GLR[LGH� IRUPDWLRQ� DQG� ��� V� HOHFWURO\VLV� WLPH�
HOHFWULFDO�FXUUHQW�LQWHQVLWLHV�KLJKHU�WKDQ�����P$�VKRXOG�EH
DSSOLHG� WR�JXDUDQWHH� WKH�IRUPDWLRQ�RI�D�VPDOO�DPRXQW�RI
SHUPDQJDQDWH��7KHVH�UHVXOWV�ZHUH�LQ�DJUHHPHQW�ZLWK�WKRVH
FRPPHQWHG� E\� &RPPLQHOOLV� DQG� FR�ZRUNHUV������� 7KLV

9RO�����1R��������� 6SHFWURSKRWRPHWULF�'HWHUPLQDWLRQ�RI�0DQJDQHVH�LQ�6WHHOV ���
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)LJXUH����)ORZ�VHW�XS��7KLV�DUUDQJHPHQW�ZDV�XVHG�IRU�FKDUDFWHUL]DWLRQ�RI�WKH�HOHFWURFKHPLFDO�FHOO�DQG�LPSOHPHQWDWLRQ�RI�WKH�PHWKRG�IRU�WKH�PDQJDQHVH
GHWHUPLQDWLRQ��,&���,&���LQMHFWRU�FRPPXWDWRUV��&���FDUULHU�VWUHDP�RI�HOHFWURO\WH�DQG�VDPSOH��DLU������P/�LQ�����(��HOHFWURO\WH��6��VDPSOH��&���DQDO\WH�FDUULHU
VWUHDP��ZDWHU������P/�LQ�����/���/���/���VDPSOLQJ�ORRSV�������������FP���%��KRPRJHQL]DWLRQ�FRLO�����FP���(&��HOHFWURO\VLV�FHOO��'��GHWHFWRU������QP���33�
SHULVWDOWLF�SXPS��:��ZDVWH�



GUDZEDFN�ZDV�FLUFXPYHQWHG�E\�DGGLQJ�VLOYHU�QLWUDWH�WR�WKH
HOHFWURO\WH� �(�� )LJ�� ���� ,Q� WKH� SUHVHQFH� RI� ����� PRO� /��

$J12��D�PLQLPXP�DPRXQW�RI�VROLG�DQG�D�¦SLQNLVK§�VROX�
WLRQ�GXH�WR�SHUPDQJDQDWH�IRUPDWLRQ�ZHUH�REVHUYHG��7KHVH
UHVXOWV�VKRZ�WKDW�WKH�SUHVHQFH�RI�VLOYHU�LV�D�SDUDPHWHU�RI
XWPRVW� UHOHYDQFH��:KHQ� WKH� VLOYHU� QLWUDWH� FRQFHQWUDWLRQ
ZDV�YDULHG�IURP���[������WR���[������PRO�/����WKH�DQDO\WLFDO
VLJQDOV�LQFUHDVHG�SURSRUWLRQDOO\��FRQILUPLQJ�WKDW�VLOYHU�,�
ZDV�D�YHU\�HIIHFWLYH�FDWDO\VW� LQ� WKH�R[LGDWLRQ�RI�PDQJD�
QHVH�,,��WR�PDQJDQHVH�9,,���DFFRUGLQJ�WR�(TV����DQG���

��$J�� � � � � ��$J������H� ���

��$J�����0Q�������+�2
� � � � � � � � � � � � 0Q2�

�����$J�����+�2� ���

7KH�GLYDOHQW�VLOYHU�VSHFLHV�R[LGL]HG�PDQJDQHVH�,,��WR
SHUPDQJDQDWH�LQ�WKH�EXON�VROXWLRQ��7KH�UHDJHQW�ZDV�WKHQ
FRXORPHWULFDOO\�JHQHUDWHG�DW�WKH�DQRGH�VXUIDFH�DFFRUGLQJ
WR�VWHS������7KXV��$J�,��DFWHG�DV�D�¦FXUUHQW�FDUULHU§�LQ�WKH
0Q�,,��R[LGDWLRQ�������6LQFH�IRU���[������PRO�/���$J12��WKH
DQDO\WLFDO�FXUYH�ZDV�OLQHDU�XS�WR�����PJ�/���RI�0Q��WKDW
VLOYHU�FRQFHQWUDWLRQ�ZDV�VHOHFWHG�IRU�IXUWKHU�H[SHULPHQWV�

&RQFHUQLQJ�DFLG�FRPSRVLWLRQ��ZKHQ�WKH�UHDFWLRQ�ZDV
SHUIRUPHG� LQ� SUHVHQFH� RI� SHUFKORULF� RU� SKRVSKRULF� DFLG�
ORZHU�DQDO\WLFDO�VLJQDOV�ZHUH�UHFRUGHG��,Q�WKH�IRUPHU�FDVH�
WKH�UHGXFWLRQ�LQ�VLJQDO�ZDV�DWWULEXWHG�WR�WKH�R[\JHQ�HYROX�
WLRQ�DW�WKH�DQRGH�VXUIDFH��UHGXFLQJ�WKH�FXUUHQW�HIILFLHQF\�RI
WKH� QHW� SURFHVV�� )RU� WKH� ODWHU�� WKH� VLJQDO� UHGXFWLRQ� ZDV
DWWULEXWHG�WR�WKH�0Q�,,��FRPSOH[DWLRQ�E\�SKRVSKDWH��+LJKHU
VLJQDOV�ZHUH�REVHUYHG�IRU�QLWULF�DQG�VXOIXULF�DFLG��6LQFH�WKH
SUHFLVLRQ�DQG�WKH�VHQVLWLYLW\�ZHUH�EHWWHU�IRU�VXOIXULF�DFLG�
WKLV�DFLG�KDV�EHHQ�FKRVHQ�IRU�IXUWKHU�H[SHULPHQWV��&RQFHQ�
WUDWLRQV�RI�+�62��ZHUH�LQYHVWLJDWHG�LQ�WKH�UDQJH�����WR����
PRO�/���DQG�VKRZHG�WZR�GLVWLQFW�EHKDYLRUV��)RU�DFLG�FRQ�
FHQWUDWLRQV�������PRO�/����WKH�FRQYHUVLRQ�RI�0Q�,,��WR�SHU�
PDQJDQDWH� ZDV� VORZ�� LQFUHDVLQJ� WKH� VHQVLWLYLW\�� 7KH
GLVSODFHPHQW� RI� WKH� FKHPLFDO� HTXLOLEULXP� DFFRUGLQJ� ���
DQG�����FDQ�UHPRYH�PDQJDQHVH�IURP�VROXWLRQ�DV�WKH�R[LGH�
WKXV�UHGXFLQJ�VHQVLWLYLW\��7KH�UHGXFWLRQ�LQ�DQDO\WLFDO�VLJQDO
ZDV�DVFULEHG� WR�K\GURO\VLV�RI�0Q�,,,��������)RU�D�VXOIXULF
DFLG� FRQFHQWUDWLRQ� KLJKHU� WKDQ� ����PRO�/���� WKH� \LHOG� RI

SHUPDQJDQDWH�IRUPDWLRQ�ZDV�SRRU��7KLV�ZDV�DWWULEXWHG�WR
WKH�FRPELQHG�HIIHFWV�RI�HTXLOLEULXP�GLVSODFHPHQW�WRZDUGV
0Q�,,���(T�����DQG�PDVNLQJ�HIIHFWV�RI�PDQJDQHVH�LRQV�GXH
WR�KLJK�VXOIDWH�FRQWHQW��7KHVH�UHVXOWV�DUH�LQ�DJUHHPHQW�ZLWK
WKH�OLWHUDWXUH��������,W�VKRXOG�EH�FRPPHQWHG�WKDW�WKH�XVH�RI
KLJKO\� DFLGLF� VROXWLRQV� LQ� IORZ�VSHFWURSKRWRPHWU\� PD\
FDXVH�D�SURQRXQFHG�6FKOLHUHQ�HIIHFW���DQG�WHPSHUDWXUH�ULVH�
$V�WKH�FRQYHUVLRQ�RI�0Q�,,��WR�0Q2�

��LV�WHPSHUDWXUH�GH�
SHQGHQW� DQG� DV� D� FRPSURPLVH� EHWZHHQ� V\VWHP� VWDELOLW\�
UHDJHQW� FRQVXPSWLRQ�� OHDVW� WHPSHUDWXUH�YDULDWLRQ�� DQG� LQ
RUGHU�WR�DYRLG�WKH�XVH�RI�VSHFLDO�SXPSLQJ�WXEHV��D���[�����

PRO� /��� $J12�� SOXV� ���� PRO� /��� +�62�� VROXWLRQ� ZDV
VHOHFWHG�

7KH�LQIOXHQFH�RI�DSSOLHG�FXUUHQW�RQ�WKH�SHUPDQJDQDWH
IRUPDWLRQ�HIILFLHQF\�ZDV�HYDOXDWHG�E\�SURFHVVLQJ�D�����PJ
/���0Q�,,�� VWDQGDUG�VROXWLRQ� LQ� WKH����������P$�FXUUHQW
LQWHUYDO�� $QDO\VLV� RI� )LJ�� �� UHYHDOV� WKDW� WKH� UHODWLRQVKLS
EHWZHHQ�DQDO\WLFDO�VLJQDO�DQG�FXUUHQW�LQWHQVLW\�ZDV�OLQHDU�
)RU�FXUUHQW�LQWHQVLW\�JUHDWKHU�WKDQ�����P$��SRZHUIXO�JDV
HYROXWLRQ�ZDV�REVHUYHG��$V�D�UHVXOW��WKH�VROXWLRQ�KRPRJ�
HQL]DWLRQ�DW�WKH�LQWHUQDO�FHOO�FRPSDUWPHQW�GXULQJ�WKH�HOHF�
WURO\VLV� ZDV� GHIHFWLYH�� $W� KLJK� FXUUHQW� GHQVLW\�� VLGH
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UHDFWLRQV�GXH�WR�ZDWHU�HOHFWURO\VLV�LQFUHDVH�GXH�WR�DQRGLF
GHSRVLWLRQ�RI�$J2�ZKLFK�KDV�KLJK�HOHFWURFDWDO\OLF�SURSHU�
WLHV�IRU�R[\JHQ�HYROXWLRQ��7KH�SHUPDQJDQDWH�IRUPDWLRQ�LQ
WKLV�SRWHQWLDO�UHJLRQ�LV�JRYHUQHG�E\�R[LGDWLRQ�LQ�WKH�SUHV�
HQFH�RI�$J2�DW�WKH�DQRGH�VXUIDFH��:LWK�FXUUHQW�LQWHQVLWLHV
KLJKHU�WKDQ�����P$��ERWK�WKH�R[\JHQ�HYROXWLRQ�DQG�DQRGLF
$J2�GHSRVLWLRQ�ZHUH�IDYRUHG��$W�ORZHU�FXUUHQWV�WKH�VLGH
UHDFWLRQV�ZHUH�PLQLPL]HG��7KLV�LPSURYHG�WKH�FXUUHQW�HIIL�
FLHQF\�IRU�SHUPDQJDQDWH�IRUPDWLRQ��$�FXUUHQW�LQWHQVLW\�RI
����P$�ZDV�IL[HG�IRU�IXUWKHU�WHVWV�

6LQFH�RQO\�ODUJH�DPRXQWV�RI�FRORXUHG�PHWDO�LRQV��H�J�
1L����&U����&R����&X����FDXVH�LQWHUIHUHQFH��WKH�LQIOXHQFH�RI
WKHVH�HOHPHQWV�� FRPPRQO\�SUHVHQW� LQ� VWHHO� VDPSOHV��ZDV
LQYHVWLJDWHG��&REDOW�DQG�FRSSHU�LQ�XS�WR�����IROG�H[FHVV
DQG�XS� WR�����IROG� H[FHVV�RI� QLFNHO� GLG�QRW� LQWHUIHUH��$

���IROG� H[FHVV� RI� &U� FDQ� EH� WROHUDWHG� LQ� VDPSOHV
ZLWK� �� ����� RI�0Q��:LWK� UHJDUGV� WR� FKURPLXP�,,,��� LWV
LQWHUIHUHQFH�ZDV�HOLPLQDWHG�ZLWK�D�SUHYLRXV�R[LGDWLRQ�RI
&U�,,,��WR�&U�9,��E\�XVLQJ�SHUFKORULF�DFLG�GXULQJ�WKH�VDPSOH
WUHDWPHQW��7KH�UHVLGXDO�FRORU�RI�WKH�EODQN�ZDV�VXEWUDFWHG
IURP�VDPSOHV��7KH�QHJDWLYH�LQWHUIHUHQFH�GXH�WR�SHUFKORULF
DFLG�ZDV� HOLPLQDWHG� E\� DGGLQJ� WKLV� DFLG� LQ� VDPSOHV� DQG
VWDQGDUG�VROXWLRQV��0DWUL[�LQWHUIHUHQFH�E\�LURQ�ZDV�PLQL�
PL]HG� E\� SUHSDULQJ� WKH� DQDO\WLFDO� VROXWLRQV�ZLWK� LURQ� WR
PDWFK�WKH�LURQ�FRQWHQW�RI�WKH�VDPSOH�VROXWLRQV����,W�VKRXOG
EH�FRPPHQWHG�WKDW�IRU�VSHFLDO�VDPSOH�ORWV��FKRURFRPSOH[
IRUPDWLRQ�LV�DQ�HIIHFWLYH�DOWHUQDWLYH�SURFHGXUH�IRU�SUHYLRXV
VHSDUDWLRQ� RI� 0Q� IURP� &R�� 1L�� )H�� &X� RQ� DQLRQ�� DQG
FDWLRQ�H[FKDQJH�FROXPQV�

)HDWXUHV�RI�WKH�PHWKRG

$IWHU�V\VWHP�GLPHQVLRQLQJ��DQDO\WLFDO�VROXWLRQV�ZLWKLQ
WKH� ����� �� ���� PJ� /��� UDQJH� �)LJ�� ��� ZHUH� LQMHFWHG� LQ
WULSOLFDWH��7KH� OLQHDU�UDQJH�ZDV�VXLWDEOH�IRU�DSSO\LQJ� WKH
PHWKRG�WR�WKH�GHWHUPLQDWLRQ�RI�PDQJDQHVH�LQ�VWHHO�VDPSOHV�
7KH�SUHFLVLRQ�ZDV�VWXGLHG�DW�WKH�FHQWHU�RI�WKH�OLQHDU�UDQJH�
7KH�UHODWLYH�VWDQGDUG�GHYLDWLRQV�ZHUH�HVWLPDWHG�DV������
IRU� ����� PJ� /��� RI� 0Q� LQ� WKH� VDPSOH� GLJHVW� DIWHU� WHQ
VHTXHQWLDO�LQMHFWLRQV��$FFXUDF\�ZDV�DVVHVVHG�E\�DQDO\]LQJ
VWHHO�UHIHUHQFH�PDWHULDOV�IURP�9LOODUHV�PHWDOOXUJLFDO�LQGXV�
WULHV��6mR�&DUORV��63��%UD]LO���,37��7HFKQRORJLFDO�5HVHDUFK
,QVWLWXWH��6mR�3DXOR��%UD]LO��DQG�1%6��DQG�WKH�UHVXOWV�DUH
VKRZQ�LQ�7DEOH����7KH�UHVXOWV�REWDLQHG�ZLWK�WKH�SURSRVHG
SURFHGXUH�ZHUH�QRW� VWDWLVWLFDOO\�GLIIHUHQW� IURP� WKRVH�RE�
WDLQHG�ZLWK�WKH�FODVVLFDO�PHWKRG�DW�����FRQILGHQFH�OHYHO
�W�WHVW�DSSURDFK���)RU������ ������PJ�/���RI�0Q�DQG����V
HOHFWURO\VLV�WLPH��D�WKURXJKSXW�RI����VDPSOHV�SHU�KRXU�ZDV
DWWDLQHG��ZKLFK�JLYHV�D�VLJQLILFDQW�HFRQRP\�LQ�VDPSOH�DQG
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UHDJHQW� FRQVXPSWLRQ� LI� FRPSDUHG� WR� RWKHU� DXWRPDWHG� RU
PDQXDO�SURFHGXUHV�IRU�PDQJDQHVH�GHWHUPLQDWLRQ�

&RQFOXVLRQV

3HUPDQJDQDWH�ZDV�HOHFWURFKHPLFDOO\�JHQHUDWHG�E\�XV�
LQJ�WZR�SRODUL]HG�SODWLQXP�HOHFWURGHV�DQG�$J�,,��DV�FDWD�
O\VW� LQ� D� IORZ�LQMHFWLRQ� V\VWHP�� 7KH� DSSURDFK� FDQ� EH
HIILFLHQWO\�DSSOLHG�WR�IORZ�VSHFWURSKRWRPHWULF�GHWHUPLQD�
WLRQ�RI�PDQJDQHVH�LQ�ODUJH�VFDOH�DQDO\VLV�RI�VWHHO�VDPSOHV�

$FNQRZOHGJPHQWV

7KH�DXWKRUV�DSSUHFLDWHG�WKH�SDUWLDO�VXSSRUW�IURP�&RQ�
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