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KDV�EHHQ�IRXQG�DGHTXDWH�IRU�FKHFNLQJ�KRPRJHQHLW\�RI� LRGLQH�GLVWULEXWLRQ� LQ� WDEOH�VDOW��DV�VPDOO

ZHLJKHG�VDPSOHV�DUH�QRUPDOO\�UHTXLUHG�

.H\ZRUGV��LRGL]HG�VDOW��VSHFWURSKRWRPHWU\��VDOW��LRGDWH

,QWURGXFWLRQ

,Q�RUGHU�WR�FRQWURO�WKH�PDLQ�FDXVH�RI�HQGHPLF�JRLWUH�

VSHFLDOO\�IRU� LQKDELWDQWV�RI�PRXQWDLQRXV�DUHDV� LQ�VHYHUDO

UHJLRQV�RI�WKH�ZRUOG��WKH�DGGLWLRQ�RI�VRPH�IRUP�RI�LRGLQH

WR�FRPPRQ�VDOW�IRU�KXPDQ�FRQVXPSWLRQ�EHFDPH�DQ�XQLYHU�

VDO�SUDFWLFH��7KH�:RUOG�+HDOWK�2UJDQL]DWLRQ�UHFRPPHQGV

DQ�DGGLWLRQ�RI����PJ�RI�WKH�HOHPHQW�WR���NJ�RI�WDEOH�VDOW

���� SSP��� ,Q� VRPH� FRXQWULHV� WKLV� SURFHGXUH� LV� QRW� RQO\

RSWLRQDO�EXW�D�OHJDO�REOLJDWLRQ��,Q�WKH�8�6�$��LRGL]HG�VDOW

KDV�����PJ�NJ���RI�LRGLQH��ZKLOH�LQ�6ZLW]HUODQG�WKH�YDOXH

LV� �� PJ� NJ���� ,Q� %UD]LO� WKH� LRGLQH� FRQWHQW� LV� RIILFLDOO\

FRQWUROHG� LQ� FRPPHUFLDO� SURGXFWV� DQG� VKRXOG� IDOO� LQ� WKH

UDQJH� RI� ������PJ� NJ��� RI� WKH� HOHPHQW� LQ� WDEOH� VDOW�� DV

SRWDVVLXP�LRGDWH��,W�LV�DOVR�GHVLUDEOH�WKDW�WKH�LRGLQH�GLVWUL�

EXWLRQ�LQ�VDOW�IRU�KXPDQ�FRQVXPSWLRQ�EH�DV�KRPRJHQHRXV

DV�SRVVLEOH��,W�LV�QRW�SRVVLEOH�WR�PHDVXUH�WKH�ODWWHU�SDUDPHWHU

XVLQJ�WKH�OHVV�VHQVLWLYH�WLWUDWLRQ�PHWKRG��XVXDOO\�DSSOLHG�IRU

WKH�HOHPHQW�GHWHUPLQDWLRQ��

,Q�VSLWH�RI�FRQWURYHUVLHV�DERXW�VXFK�DGGLWLRQ��VRGLXP�RU

SRWDVVLXP�LRGLGH�ZDV�IRUPHUO\�DGGHG�WR�VDOW�DV�WKH�VRXUFH

RI�WKH�HOHPHQW��+RZHYHU��WKH�UHFRJQLWLRQ�WKDW�WKH�R[LGDWLRQ

RI�LRGLGH�WR�LRGLQH�ZDV�SRVVLEOH�GXULQJ�VDOW�WUHDWPHQWV�DQG

ORQJ�VWRUDJH��ZLWK�HYHQWXDO�ORVVHV�RI�WKH�HOHPHQW��OHDG�WR

WKH�FXUUHQW�XVH�RI�SRWDVVLXP�LRGDWH�IRU�WKLV�SXUSRVH��GXH�WR

LWV�KLJK�FKHPLFDO�VWDELOLW\�LQ�D�QHXWUDO�RU�DONDOLQH�PHGLXP�

,Q�IDFW��LRGLGH�LV�WKHUPRG\QDPLFDOO\�XQVWDEOH�LQ�VHD�ZDWHU�

HVSHFLDOO\�LQ�WKH�SUHVHQFH�RI�OLJKW�DQG�GLVVROYHG�R[\JHQ��

0HDVXUHPHQW�RI�WKH�DYHUDJH�FRQWHQW�RI�LRGDWH�LQ�IRRG�JUDGH

VDOW�LV�QRUPDOO\�SHUIRUPHG�LRGRPHWULFDOO\��E\�WLWUDWLQJ��ZLWK

��[������PRO�/���WKLRVXOSKDWH��WKH�LRGLQH�UHOHDVHG�E\�UHDF�

WLRQ�EHWZHHQ�LRGDWH�DQG�LRGLGH�LRQV�LQ�DFLGLF�PHGLXP��IURP
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ODUJH�VDPSOHV�RI�VDOW��������J����$OWHUQDWLYH�VHQVLWLYH�SUR�

FHGXUHV�DUH�IRXQG�LQ� WKH�OLWHUDWXUH�RQ�WKH�EDVLV�RI�PL[HG

WHFKQLTXHV�LQYROYLQJ�LRGDWH�UHGXFWLRQ�IROORZHG�E\�H[WUDF�

WLRQ� DQG� VSHFWURHOHFWURFKHPLFDO� PHDVXUHPHQWV��� RQ� WKH

EDVLV�RI� WKH�FDWDO\WLF�HIIHFW�RQ�WKH�FODVVLF�&H�,9��$V�,,,�

V\VWHP���� E\� LRQ�SDLU� FKURPDWRJUDSK\�� DQG� WKH� LQGLUHFW

VSHFWURSKRWRPHWULF�PHWKRG���$OO�WKHVH�SURFHGXUHV�GR�QRW

VHHP�DGHTXDWH�IRU�URXWLQH�DQDO\VLV�DV�WKH\�UHTXLUH�VHYHUDO

FXPEHUVRPH�VWHSV�RI�VDPSOH�WUHDWPHQWV�DQG�RU�WKH\�DUH�QRW

YHU\�SUHFLVH��DOWKRXJK�VHQVLWLYH�

$�QHZ�DOWHUQDWLYH��VHQVLWLYH�DQG�HDV\�WR�SHUIRUP�VSHF�

WURSKRWRPHWULF�PHWKRG�LV�KHUHLQ�SUHVHQWHG�IRU�GHWHUPLQD�

WLRQ�RI�LRGDWH�LQ�VDOW��$V�LW�UHTXLUHV�VPDOO�DPRXQWV�RI�VDOW�LQ

WKH�ZRUNLQJ�VROXWLRQ����������J���LW�LV�SDUWLFXODUO\�XVHIXO�IRU

GHWHUPLQLQJ�WKH�KRPRJHQHLW\�RI�WKH�GLVWULEXWLRQ�RI�LRGDWH

LQ�D�FRPPHUFLDO�VDPSOH�

([SHULPHQWDO

$OO�UHDJHQWV�ZHUH�RI�$�5��VSHFLILFDWLRQ��0HUFN��&DUOR�(UED��

VRGLXP�FKORULGH��LRGLQH��SRWDVVLXP�LRGDWH��VRGLXP�K\GUR[LGH�

VRGLXP� WLRVXOSKDWH� DQG� DFLGV�� &RPPHUFLDO� WDEOH� VDOWV� ZHUH

WHVWHG�GXULQJ�WKH�GHYHORSPHQW�RI�WKH�DQDO\WLFDO�PHWKRG�

6ROXWLRQV� ZHUH� SUHSDUHG� ZLWK� GHLRQL]HG� DQG� VXE�

VHTXHQWO\�GLVWLOOHG�ZDWHU�DQG�PDGH�XS�WR�WKH�GHVLUHG�YROXPH

LQ�ILUVW�FODVV�YROXPHWULF�IODVNV�

0HDVXUHPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�D�+HZOHWW�3DFNDUG

����$�VSHFWURSKRPHWHU�ZLWK�D���FP�OLJKW�SDWK�TXDUW]�FXYHWWH�

DW�URRP�WHPSHUDWXUH������&��7KH�2ULJLQ�����VRIWZDUH�IURP

0LFURVRIW�ZDV�XVHG�IRU�GHYHORSLQJ�FDOLEUDWLRQ�FXUYHV�DQG�WKH

UHJUHVVLRQ�SDUDPHWHUV�RI�WKH�OLQHDU�SORWV�

7KH� IROORZLQJ� VROXWLRQV� ZHUH� XVHG� LQ� WKH� VSHFWUR�

SKRWRPHWULF�SURFHGXUHV�

6ROXWLRQ�����������J�RI�WKH�SULPDU\�VWDQGDUG�SRWDVVLXP

LRGDWH��GULHG�LQ�DQ�RYHQ�WR������&��ZHUH�PDGH�XS�WR�����P/

LQ�D�YROXPHWULF�IODVN�LQ�RUGHU�WR�REWDLQ�D��������PRO�/��

VROXWLRQ��7KLV�VROXWLRQ�ZDV�GLOXWHG�LQ�RUGHU�WR�REWDLQ�D�ILQDO

VWDQGDUG�LRGDWH�VROXWLRQ�RI��������[������PRO�/����WR�EH�XVHG

LQ�WKH�FDOLEUDWLRQ�FXUYH�

6ROXWLRQ���������J�RI�VRGLXP�FKORULGH�ZHUH�PDGH�XS�WR

D�YROXPH�RI����P/�

6ROXWLRQ���������J�RI�SRWDVVLXP�LRGLGH��LRGDWH�IUHH�DV

FKHFNHG�E\� DFLGLILFDWLRQ��ZHUH�PDGH�XS� WR� D� YROXPH�RI

����P/��LQFOXGLQJ���P/�RI�����PRO�/���VRGLXP�K\GUR[LGH�

6ROXWLRQ���������J�RI�SKRVSKRULF�DFLG�������ZHUH�PDGH

XS�WR�D�YROXPH�RI�����P/�WR�REWDLQ�D�����PRO�/���VROXWLRQ�

6ROXWLRQ�����%ODQN���VROXWLRQ������P/�RI�VROXWLRQ���SOXV����

P/�RI�VROXWLRQ���ZHUH�PDGH�XS�WR�D�YROXPH�RI����P/�LQ�D

YROXPHWULF�IODVN�

6ROXWLRQ��$���6DPSOH�VROXWLRQ��$ERXW���J�RI�WKH�VDOW

ZDV�PDGH�XS�WR�D�YROXPH�RI����P/��IRU�FKHFNLQJ�KRPRJH�

QHLW\�RI�WKH�SURGXFW�

6ROXWLRQ��%���6DPSOH�VROXWLRQ��$ERXW�����J�RI�WKH�VDOW

ZHUH�PDGH�XS�WR�����P/�IRU�DQDO\VLQJ�WKH�DYHUDJH�LRGDWH

FRQWHQW��DQG�FRPSDULQJ�RI�PHWKRGV�

6ROXWLRQ�����%ODQN���VROXWLRQ������P/�RI�VROXWLRQ��$�RU

�%�SOXV�����P/�RI�VROXWLRQ���ZHUH�PDGH�WR�D�YROXPH�RI

���P/�LQ�D�YROXPHWULF�IODVN�

3URFHGXUH����&DOLEUDWLRQ�FXUYH������P/�RI�WKH�VWDQG�

DUG�LRGDWH�VROXWLRQ��������[������PRO�/����ZHUH�SLSHWWHG�LQWR

���P/�YROXPHWULF�IODVNV�ZLWK���P/�RI�VROXWLRQ��������P/

RI� VROXWLRQ� �� DQG� ILQDOO\� ��P/� RI� SKRVSKRULF� DFLG�� 7KH

YROXPHV�ZHUH�PDGH�XS�DQG�WKH�DEVRUEDQFHV�DW�WKH�GHVLUHG

ZDYHOHQJWK������DQG�RU�����QP��YV��WKH�EODQN��VROXWLRQ���

ZHUH�PHDVXUHG����FP�OLJKW�SDWK�FXYHWWHV�ZHUH�XVHG��7KH

SDUDPHWHUV� RI� WKH� OLQHDU� SORW� RI�$� YV�� >,2�
�@� RU� >,@�ZHUH

GHWHUPLQHG�

3URFHGXUH����6DPSOH�DQDO\VLV������P/�RI�VROXWLRQ��$

RU��%��RU�����J�RI�WKH�VDOW��SOXV���P/�VROXWLRQ���DQG���P/

VROXWLRQ���ZHUH�PDGH�XS�WR����P/��$EVRUEDQFHV�DW�����RU

����QP�YV��EODQN����VROXWLRQ�����FRQWDLQLQJ�WKH�VDPH�VDOW

VROXWLRQ�ZHUH�PHDVXUHG�

&�LV�WKH�FRQFHQWUDWLRQ�RI�SRWDVVLXP�LRGDWH�RU�LRGLQH�LQ

PJ�NJ���RI�VDOW�DQG�ZDV�FDOFXODWHG�E\�WKH�IROORZLQJ�IRUPXOD�
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ZKHUH�$�LV�WKH�DEVRUEDQFH�DW�WKH�GHVLUHG�ZDYHOHQJWK�ZLWK

WKH�FRUUHVSRQGLQJ�PRODU�DEVRUSWLYLW\�H��VHH�7DEOH�����:�LV

WKH�PRO�RI�SRWDVVLXP�LRGDWH��������J�RU�WKH�PRO�RI�LRGLQH�

������J��E�LV�WKH�OLJKW�SDWK����FP��P�LQ�J�LV�WKH�VDPSOH�RI

VDOW�ZHLJKHG�RXW�DQG�PDGH�XS�WR�D�9��P/�YROXPHWULF�IODVN

�VHH� VROXWLRQV��$�DQG��%���9�� LV� WKH�YROXPH�RI�����P/

SLSHWWHG� LQWR� WKH�9��YROXPHWULF� IODVN��XVXDOO\����P/�� LQ

RUGHU�WR�SUHSDUH�WKH�ZRUNLQJ�VROXWLRQ�

7LWUDWLRQ�3URFHGXUH��)RU�WKH�FRQYHQWLRQDO�SURFHGXUH��

���J�RI�WKH�VDOW�RU����P/�RI�D�VROXWLRQ�FRQWDLQLQJ�����J�/��

RI� WKH�VDOW� ��%��ZHUH�XVHG��7KH�VDOW�VROXWLRQ�ZDV�WUHDWHG

ZLWK����P/�RI� VROXWLRQ���DQG����P/�RI�VROXWLRQ����7KH

UHOHDVHG�LRGLQH�ZDV�WLWUDWHG�ZLWK�D�������PRO�/���VWDQGDUG

WKLRVXOSKDWH��ZLWK�DGGLWLRQ�RI���P/�RI�VWDUFK�LQGLFDWRU����

VROXWLRQ��QHDU�WKH�HQG�SRLQW�

5HVXOWV�DQG�'LVFXVVLRQ

)LJXUH� �� VKRZV� WKH� VSHFWUDO� FKDUDFWHULVWLFV� RI� LRGLQH

ZLWK�PD[LPD�DW�����QP�DQG�����QP�DQG�D�PLQLPXP�DW����

QP��LQ�WKH�SUHVHQFH�RI�H[FHVV�LRGLGH�DQG�LQ�DFLGLF�PHGLXP

LQ� RUGHU� WR� DYRLG� GLVSURSRUWLRQDWLRQ� RI� WKH� KDORJHQ� E\

UHDFWLRQ�ZLWK�ZDWHU��,Q�VSLWH�RI�WKH�KLJKHU�VHQVLWLYLW\�SUH�

VHQWHG��WKLV�VWURQJ�VSHFWUDO�EDQG�DSSHDUV�RQO\�LQ�WKH�SUHV�

HQFH�RI�LRGLGH�DQG�FDQ�EH�DWWULEXWHG�WR�WKH�IRUPDWLRQ�RI�, ���

$OWKRXJK� WKH� SHDN� REVHUYHG� DW� ���� QP� SUHVHQWV� JUHDWHU

VHQVLWLYLW\��WKH�SHDN�DW�����QP�KDV�EHHQ�XVHG�WR�PHDVXUH

WKH�LRGLQH�UHOHDVHG�IURP�WKH�UHDFWLRQ�RI�R]RQH�ZLWK�LRGLGH

LRQV����� 2WKHU� VSHFWURSKRWRPHWULF� PHDVXUHPHQWHV� RI� WKH

VSHFLHV� ,�
�� DUH� EDVHG�RQ� WKH� EOXH� FRORU� GHYHORSHG� LQ� WKH

SUHVHQFH�RI�VWDUFK�������,Q�VSLWH�RI�WKH�SRVVLELOLW\�RI�PHDV�

XULQJ� WKH� GHHS� EOXH� LRGLQH�VWDUFK� PL[HG� VSHFLHV� DW� WKH

��� 6LOYD�HW�DO� -��%UD]��&KHP��6RF�



YLVLEOH�SDUW�RI� WKH�VSHFWUXP������QP���VRPH�SUHOLPLQDU\

H[SHULPHQWV�OHG�XV�WR�GLVFDUG�WKLV�SURFHGXUH�IRU�LRGDWH�LR�

GLQH�GHWHUPLQDWLRQ�LQ�VDOW��,Q�IDFW��WKH�FRORU�GHYHORSPHQW

DQG�FRORU�VWDELOLW\�RI�ZRUNLQJ�VROXWLRQV�GHSHQG�RQ�VHYHUDO

SDUDPHWHUV�VXFK�DV�WKH�VWDUFK�VDPSOH��WKH�FRQFHQWUDWLRQ�DQG

VWDELOLW\�RI�WKH�VROXWLRQ��WKH�DFLGLW\��WKH�VDOWLQJ�RXW�HIIHFWV

RI�HOHFWURO\WHV�DQG�D�QXPEHU�RI�XQH[SHFWHG�IDFWRUV�WKDW�FDQ

PDUNHGO\�DIIHFW�WKH�SUHFLVLRQ�RI�PHDVXUHPHQWV��7KXV��LW�KDV

EHHQ�IRXQG�PRUH�FRQYHQLHQW�WR�GHYHORS�WKH�SURFHGXUH�RQ

WKH�EDVLV�RI�WKH�PRUH�IDYRUDEOH�XOWUD�YLROHW�PHDVXUHPHQWV

RI�WKH�UHOHDVHG�LRGLQH�

)LJXUH���VKRZV�WKDW�LQ�WKH�UDQJH�RI������������PRO�/��

RI� LRGLGH�� WKH� DEVRUEDQFHV� DW� WKH� SHDNV� UHDFK� YLUWXDOO\

FRQVWDQW�YDOXHV��GXH�WR�WKH�ZHOO�NQRZQ�,���IRUPDWLRQ��7KXV�

WKH� ������PRO� /��� LRGLGH� FRQFHQWUDWLRQ�ZDV� XVHG� LQ� WKH

GHYHORSPHQW�RI�FDOLEUDWLRQ�FXUYHV�IRU�DQDO\WLFDO�SXUSRVHV�

,RGLGH� VROXWLRQ� LQ� WKH� SUHVHQFH� RI� ����� PRO� /��� VRGLXP

K\GUR[LGH� LV� KLJKO\� VWDEOH�� HYHQ� LQ� WKH� SUHVHQFH� RI� DLU�

YLUWXDOO\�QR�IUHH�LRGLQH�ZDV�IRXQG�IURP�VSHFWURSKRWRPHWULF

PHDVXUHPHQWV�PDGH�DIWHU���PRQWK��YV�WKH�IUHVKO\�SUHSDUHG

VROXWLRQ� DIWHU� DFLGLILFDWLRQ�� +RZHYHU� WKH� QHXWUDO� LRGLGH

VROXWLRQ�LV�OHVV�VWDEOH�DQG�VKRXOG�QRW�EH�XVHG�LQ�WKH�ZRUNLQJ

VROXWLRQV��DIWHU�VWRULQJ�IRU�PRUH�WKDQ�RQH�ZHHN�

3UHOLPLQDU\�H[SHULPHQWV�KDYH�DOVR�VKRZQ�WKDW�WKH�SUHV�

HQFH�RI�FKORULGH�KDV�D�VOLJKW�VXSUHVVLQJ�HIIHFW�RQ�WKH�PHDV�

XUHG�DEVRUEDQFHV��ZKLFK�KDV�EHHQ�IRXQG�WR�EH�FRQVWDQW�LQ

WKH�UDQJH�RI�������������PRO�/���VRGLXP�FKORULGH�

7KH�LRGLGH�LRGLQH�V\VWHP�KDV�EHHQ�IRXQG�WR�IROORZ�WKH

/DPEHUW�%HHU©V�ODZ�DW�WKUHH�ZDYHOHQJWKV�ZLWK�WKH�IROORZ�

LQJ�LQGLUHFW�PRODU�DEVRUSWLYLWLHV�IRU�LRGDWH�LQ�/�PRO���FP��

LQ� WKH� SUHVHQFH� RI� ������ J� /��� SRWDVVLXP� LRGLGH�� �����

PRO�/��� SKRVSKRULF� DFLG� DQG� ��� J� /��� VRGLXP� FKORULGH�

������[����� DW� ���� QP�� ������ [� ���� DW� ���� QP� DQG

������[�����DW�����QP��WKH�ODWWHU�EHLQJ�WKH�PLQLPXP�EH�

WZHHQ�WKH�WZR�SHDNV��7KH�VXP�RI�VSHFWUDO�PHDVXUHPHQWHV

DW�����DQG�����QP�SURYLGHV�DQ�HYHQ�KLJKHU�VHQVLWLYLW\�IRU

LRGDWH��ZLWK�D�VORSH�RI�������[����� /�PRO��� FP��� IRU� WKH

FDOLEUDWLRQ�FXUYH�

7KH�KLJK�VHQVLWLYLW\� IRU� WKH� LQGLUHFW�GHWHUPLQDWLRQ�RI

LRGDWH�LV�WKUHH�WLPHV�WKDW�H[SHFWHG�IRU�WKH�,�
��VSHFLHV�GXH�WR

WKH�IROORZLQJ�UHGR[�UHDFWLRQ�

,2������,
������+���� � � � �+�2����,�

$V�WKH�DGGHG�HOHPHQW�LQ�VDOW�QRZ�RFFXUV�RQO\�DV�SRWDV�

VLXP� LRGDWH�� WKH� DERYH� UHGR[� UHDFWLRQ� DQG� FDOLEUDWLRQ

FXUYHV� DUH� DGHTXDWH� IRU� WKH� GHWHUPLQDWLRQ� RI� WKH� LRGLQH

9RO�����1R��������� 6SHFWURSKRWRPHWULF�'HWHUPLQDWLRQ�RI�,RGDWH�LQ�7DEOH�6DOW ���
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FDOLEUDWLRQ�FXUYH�LV�WR�PHDVXUH�DW�����QP��+RZHYHU��RWKHU

DQDO\WLFDO�FDOLEUDWLRQ�FXUYHV�FDQ�EH�XVHG�GHSHQGLQJ�RQ�WKH

VHQVLWLYLW\�UHTXLUHG�IRU�WKH�VDPSOH��,Q�IDFW��WKH�EHVW�DQDO\WL�
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