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��������%HQ]RGLD]HSLQH�ELQGLQJ�VLWH �

����*$%$�WUDQVSRUWHUV �
������)XQFWLRQ�RI�QHXURWUDQVPLWWHU�WUDQVSRUWHUV �
������0HFKDQLVP�RI�*$%$�WUDQVSRUW� �
������6WUXFWXUH�RI�1D���&O��GHSHQGHQW�WUDQVSRUWHUV ��
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�����51$�LVRODWLRQ ��
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��,QWURGXFWLRQ

7KH�EUDLQ�UHFHLYHV��SURFHVVHV��DQG� LQWHUSUHWV�PXOWLSOH� W\SHV�RI�VWLPXOL�� ,W�FRQWUROV

PRWRU� RXWSXW�� UHFRUGV� H[SHULHQFHV� LQ� IRUP� RI� PHPRU\�� FDUULHV� RXW� FRPSOLFDWHG

FRJQLWLYH� WDVNV�� LQFOXGLQJ� XQGHUVWDQGLQJ� DQG� SURGXFLQJ� ODQJXDJH�� DQG� LW� LV

UHVSRQVLEOH� IRU� PRRG�� EHKDYLRXU� DQG� IRU� FRQVFLRXVQHVV� LWVHOI�� $OO� RI� WKH� EUDLQ

IXQFWLRQV� DUH� FDUULHG� RXW� E\� QHUYH� FHOOV� WKDW� FRPPXQLFDWH� ZLWK� HDFK� RWKHU� LQ

D�QHWZRUN�RI�UHPDUNDEO\�FRPSOH[�EXW�SUHFLVH�FRQQHFWLRQV��,Q�DGGLWLRQ�WR�QHXURQHV�

WKH� EUDLQ� FRQWDLQV� JOLDO� FHOOV�� 7KRXJK� WKH� JOLDO� FHOO� PDVV� LV� ELJJHU� WKDQ� WKDW

RI� QHXURQHV�� JOLDO� FHOOV� DUH� QRW� WKRXJKW� WR� SOD\� D� SULPDU\� UROH� LQ� LQIRUPDWLRQ

SURFHVVLQJ�� 7KH\� VHHP� OLNHO\� WR� SOD\� D� PRUH� VXSSRUWLYH� DQG� SHUPLVVLYH� UROH

LQ�QHXURQDO�IXQFWLRQ�

7KH�SULPDU\�HOHPHQWV�RI� LQIRUPDWLRQ�SURFHVVLQJ�DUH�QRW�QHXURQHV��EXW� UDWKHU� WKH

LQGLYLGXDO� FRQQHFWLRQV� WKDW� WKH\� PDNH� ZLWK� HDFK� RWKHU�� FDOOHG� WKH� V\QDSVHV�

1HXURQHV� LQ� WKH� EUDLQ� FDQ� IRUP� D� WKRXVDQG�� VRPHWLPHV� VHYHUDO� WKRXVDQG�

V\QDSVHV� ZLWK� RWKHU� QHXURQHV�� $W� V\QDSVHV� QHXURQHV� FRPPXQLFDWH� ZLWK� HDFK

RWKHU�E\�UHOHDVLQJ�D�FKHPLFDO�VXEVWDQFH�FDOOHG�D�QHXURWUDQVPLWWHU�

&KHPLFDO�WUDQVPLVVLRQ�LV�WKH�PDMRU�PHDQV�E\�ZKLFK�QHUYHV�FRPPXQLFDWH�ZLWK�RQH

DQRWKHU� LQ� WKH� QHUYRXV� V\VWHP�� 7KH� SUH�� DQG� SRVWV\QDSWLF� HYHQWV� DUH� KLJKO\

UHJXODWHG�DQG�VXEMHFWHG�WR�XVH�GHSHQGHQW�FKDQJHV�WKDW�DUH�WKH�EDVLV�IRU�SODVWLFLW\

DQG�OHDUQLQJ�LQ�WKH�FHQWUDO�QHUYRXV�V\VWHP��&16���&KHPLFDO�WUDQVPLVVLRQ�UHTXLUHV

WKH�IROORZLQJ�VWHSV�����6\QWKHVLV�RI� WKH�QHXURWUDQVPLWWHU� LQ� WKH�SUHV\QDSWLF�QHUYH

WHUPLQDO�� ��� 6WRUDJH� RI� WKH� QHXURWUDQVPLWWHU� LQ� VHFUHWRU\� YHVLFOHV�� ��� 5HJXODWHG

UHOHDVH�RI�QHXURWUDQVPLWWHU�LQWR�WKH�V\QDSWLF�VSDFH�EHWZHHQ�SUH��DQG�SRVWV\QDSWLF

QHXURQHV�����7KH�SUHVHQFH�RI�VSHFLILF�UHFHSWRUV�IRU�WKH�UHOHDVHG�QHXURWUDQVPLWWHU

RQ� WKH� SRVWV\QDSWLF�PHPEUDQH�� ��� $�PHDQV� IRU� WHUPLQDWLRQ� RI� WKH� DFWLRQ� RI� WKH

UHOHDVHG�QHXURWUDQVPLWWHU�

1HXURWUDQVPLWWHU� ELQGLQJ� WR� WKH� UHFHSWRU� DFWLYDWHV� WKH� UHFHSWRU� DQG� WKXV� HOLFLWV

DQ� LQFUHDVH� RU� GHFUHDVH� LQ� HLWKHU� WKH� IRUPDWLRQ� RI� VHFRQG� PHVVHQJHUV�� LQ� WKH

RSHQLQJ�RU�FORVLQJ�RI� LRQ�FKDQQHOV��RU� LQ� WKH�UHFUXLWPHQW�RI�FHUWDLQ�F\WRSODVPDWLF

SURWHLQV�� 7KH� QH[W� SKDVH� LQYROYHV� WKH� DFWLYDWLRQ� RI� HQ]\PHV�� W\SLFDOO\� SURWHLQ
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NLQDVHV�RU�SKRVSKDWDVHV��ZKLFK�PHGLDWH� WKH�ELRORJLFDO� UHVSRQVH��7KXV�WKH� LQLWLDO

LQWHUDFWLRQ�RI� WKH�QHXURWUDQVPLWWHU�ZLWK� LWV� UHFHSWRU� UHVXOWV� LQ� DPSOLILFDWLRQ�RI� WKH

VLJQDO�E\�PHDQV�RI�FDVFDGH�UHVSRQVHV�

&HUWDLQ�QHXURWUDQVPLWWHU�UHFHSWRUV�FRQWDLQ�LQWULQVLF�LRQ�FKDQQHOV�LQ�DGGLWLRQ�WR�WKHLU

QHXURWUDQVPLWWHU�UHFRJQLWLRQ�VLWH��1HXURWUDQVPLWWHU�UHFHSWRUV�WKDW�DOORZ�WKH�HQWU\�RI

SRVLWLYHO\� FKDUJHG� LRQV� LQWR� QHXURQHV� PDNH� WKH� ORFDO� PHPEUDQH� SRWHQWLDO� OHVV

QHJDWLYH� ZLWK� UHVSHFW� WR� WKH� RXWVLGH�� WKDW� LV�� WKH\� SURGXFH� D� GHSRODULVDWLRQ� RI

WKH� PHPEUDQH�� 1HXURWUDQVPLWWHUV� WKDW� SURGXFH� GHSRODULVDWLRQ� DUH� H[FLWDWRU\�

EHFDXVH� WKH\�EULQJ�D�QHXURQH� WRZDUG� LWV� WKUHVKROG� IRU� ILULQJ��DQ�DFWLRQ�SRWHQWLDO�

,QKLELWRU\� QHXURWUDQVPLWWHUV� FDXVH� K\SHUSRODULVDWLRQ� RI� WKH�PHPEUDQH�� JHQHUDOO\

E\� DGPLWWLQJ� DQLRQV�� 0DQ\� GLIIHUHQW� W\SHV� RI� VXEVWDQFHV� IXQFWLRQ� DV

QHXURWUDQVPLWWHUV�� LQFOXGLQJ� DPLQHV� �H�J�� GRSDPLQH�� VHURWRQLQ�� QRUHSLQHSKULQH��

DPLQR� DFLGV� �H�J�� JOXWDPDWH�� g�DPLQREXW\ULF� DFLG� �*$%$��� JO\FLQH��� DQG

DFHW\OFKROLQH�� 7KH� VXEPLWWHG� ZRUN� ZDV� IRFXVHG� RQ� WKH� VWXG\� RI� *$%$HUJLF

V\VWHP�

����*$%$

g�$PLQREXW\ULF� DFLG� LV� WKH� PDMRU� LQKLELWRU\� QHXURWUDQVPLWWHU� LQ� WKH� PDPPDOLDQ

FHQWUDO�QHUYRXV�V\VWHP��6LYLORWWL�DQG�1LVWUL���������,W�LV�D�VPDOO�DPLQR�DFLG�GHULYHG

IURP� JOXWDPDWH� E\� WKH� DFWLRQ� RI� JOXWDPLF� DFLG� GHFDUER[\ODVH� �*$'��

,W�H[HUWV�LWV�V\QDSWLF�DFWLRQ�YLD�ELQGLQJ�WR�WKUHH�W\SHV�RI�UHFHSWRU�FODVVHV��*$%$$�

*$%$%� DQG� *$%$&� UHFHSWRUV�� 5HOHDVHG� *$%$� LV� DFWLYHO\� WDNHQ� XS� LQWR

*$%$HUJLF� QHUYH� WHUPLQDOV� RU� JOLD� FHOOV� E\� *$%$� WUDQVSRUWHUV� �*$7V��� ZKLFK

WHUPLQDWH� LWV� V\QDSWLF� DFWLRQV�� *$%$� LV� GHJUDGHG� E\� WKH� HQ]\PH� *$%$

WUDQVDPLQDVH�WKDW�LV�ORFDOLVHG�LQ�WKH�PLWRFKRQGULD�
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����*$%$�UHFHSWRUV

������*$%$%�UHFHSWRUV

*$%$%� UHFHSWRUV� DUH� KHWHURGLPHULF� FRPSOH[HV� PDGH� XS� RI� WZR� FORVHO\� UHODWHG

WUDQVPHPEUDQH�SURWHLQV��-RQHV�HW�DO���������.DXSPDQQ�HW�DO���������:KLWH�HW�DO��

������� 7KH\� DUH� FRXSOHG� YLD� *� SURWHLQV� WR� PHPEUDQH� SRWDVVLXP� FKDQQHOV�� RQ

ZKLFK� WKH\�H[HUW� WKHLU� DFWLRQ�E\�PHDQV�RI� VHFRQG�PHVVHQJHUV��:KHQ�DFWLYDWHG�

WKHVH�UHFHSWRUV�FDQ�GHFUHDVH�FDOFLXP�FRQGXFWDQFH�DQG�LQKLELW�F\FOLF�$03��F$03�

SURGXFWLRQ�YLD�LQWUDFHOOXODU�PHFKDQLVPV�PHGLDWHG�E\�*�SURWHLQV��*$%$%�UHFHSWRUV

DUH� ORFDOLVHG� QRW� RQO\� SRVWV\QDSWLFDOO\� EXW� DOVR� RQ� SUHV\QDSWLF� WHUPLQDOV�� ZKHUH

WKH\�DUH�EHOLHYHG�WR�SDUWLFLSDWH�LQ�WKH�PRGXODWLRQ�RI�QHXURWUDQVPLWWHU�UHOHDVH��7KH\

DUH� DFWLYDWHG� E\� *$%$� DQG� EDFORIHQ� DQG� LQKLELWHG� E\� SKDFORIHQ� DQG� VDFORIHQ

�%RZHU\�DQG�3UDWW��������0DUVKDOO�HW�DO����������8QOLNH�*$%$$�UHFHSWRUV��*$%$%

UHFHSWRUV�DUH�LQVHQVLWLYH�WR�ELFXFXOOLQH�

������*$%$&�UHFHSWRUV

*$%$&�UHFHSWRUV�DUH�*$%$�JDWHG�FKORULGH�LRQ�FKDQQHOV�DQG�EHORQJ�WR�WKH�VDPH

VXSHUIDPLO\� DV� *$%$$� UHFHSWRUV�� 7KH\� DUH� KRPRROLJRPHULF� SURWHLQ� FRPSOH[HV

GHULYHG� IURP� YDULRXV� LVRIRUPV� RI� r� VXEXQLW�� *$%$&� UHFHSWRUV� DUH� LQVHQVLWLYH� WR

WKH�*$%$$�DQWDJRQLVW�ELFXFXOOLQH� �QHXWUDOLVLQJ�PRGXODWRU��DV�ZHOO�DV� WKH�*$%$%

DJRQLVW� EDFORIHQ� �SRVLWLYH�PRGXODWRU��� 7KH\� DUH� DFWLYDWHG� E\� *$%$� DQG� FHUWDLQ

DQDORJXHV� RI�*$%$�� VXFK� DV� &$&$� DQG� 7$&$� �FLV�� DQG� WUDQV���DPLQRFURWRQLF

DFLG���*$%$F�UHFHSWRUV�DUH�LQKLELWHG�E\�SLFURWR[LQ�DQG�RWKHU�&O
��FKDQQHO�EORFNHUV

�-RKQVWRQ��������

������*$%$$�UHFHSWRUV

*$%$$�UHFHSWRUV�DUH��WUDQVPHPEUDQH�KHWHURROLJRPHULF�SURWHLQV�H[SUHVVHG�LQ�WKH

SHULSKHUDO�DQG� WKH�FHQWUDO�QHUYRXV�V\VWHP��7KH\�DUH�PHPEHUV�RI� WKH� IDVW�DFWLQJ

OLJDQG�JDWHG� LRQ� FKDQQHO� VXSHUIDPLO\� WKDW� DOVR� LQFOXGHV� WKH� QLFRWLQLF� DFHWK\O�

FKROLQH�� �Q$FK5��� WKH� VWU\FKQLQH�VHQVLWLYH� JO\FLQH��� DQG� WKH� ��+7��UHFHSWRUV

�6FKRILHOG�HW�DO����������7KHVH�UHFHSWRUV�FRPELQH�WKH�OLJDQG�ELQGLQJ�VLWH�DV�ZHOO�DV
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WKH� LRQ�SHUPHDWLQJ� SRUH� ZLWKLQ� WKH� VDPH� KRPR�� RU� KHWHURROLJRPHULF� FRPSOH[�

(DFK� UHFHSWRU� VXEXQLW� FRPSULVHV� D� ODUJH� H[WUDFHOOXODU� 1�WHUPLQDO� GRPDLQ� WKDW

LQFOXGHV� WKH� OLJDQG� ELQGLQJ� VLWH�� IRXU� K\GURSKRELF�PHPEUDQH� VSDQQLQJ� GRPDLQV

ODEHOOHG� 70��70��� DQG� D� VPDOO� H[WUDFHOOXODU� &�WHUPLQXV�� $ERXW� ��� WR� ���

KRPRORJ\�H[LVWV�DPRQJ�*$%$$�UHFHSWRU�VXEXQLWV�DQG�WKRVH�RI�RWKHU�PHPEHUV�RI

WKH�OLJDQG�JDWHG�LRQ�FKDQQHO�JHQH�VXSHUIDPLO\��UHYLHZ�LQ�0HKWD�DQG�7LFNX��������

*$%$$�UHFHSWRUV�DUH�SHQWDPHULF�SURWHLQ�FRPSOH[HV�GHULYHG�IURP�D�FRPELQDWLRQ�RI

YDULRXV� VXEXQLWV� �1D\HHP� HW� DO��� ������� 7KHVH� VXEXQLWV� KDYH� EHHQ� FODVVLILHG

DFFRUGLQJ�WR�WKHLU�GHJUHH�RI�DPLQR�DFLG�LGHQWLW\�DV�a��b��g��d��r��DQG�e��7KH�DPLQR

DFLG�LGHQWLW\�EHWZHHQ�WKHVH�JURXSV� LV������������ZKHUHDV�VXEXQLW�YDULDQWV�VKDUH

��� �� ����� LGHQWLW\� �2OVHQ� DQG� 7RELQ�� ������ /�GGHQV� HW� DO��� ������� 7R� GDWH�� ��

GLIIHUHQW� VXEXQLW� YDULDQWV� DUH� NQRZQ� �ILJXUH� ������ (DFK� VXEXQLW� KDV� D� PROHFXODU

PDVV�EHWZHHQ���� �����N'D� �UHYLHZHG� LQ�0HKWD�DQG�7LFNX��������� ,W� LV�DVVXPHG

WKDW� VXEXQLW� FRPELQDWLRQ� a�b�g�� UHSUHVHQWV� WKH� PDMRU� DGXOW� LVRIRUP� RI� *$%$$

UHFHSWRU� �0F.HUPDQ� DQG�:KLWLQJ�� ������ DQG� WKDW� WKH� VWRLFKLRPHWU\� RI� WKH� WKUHH

VXEXQLWV�LQ�WKH�SUHVXPHG�SHQWDPHU�LV���a����b�DQG���g��1D\HHP�HW�DO���������

)LJXUH����

6FKHPDWLF�UHSUHVHQWDWLRQ�RI�*$%$$� UHFHSWRU�VXEXQLWV��7R�GDWH����*$%$$� UHFHSWRU�VXEXQLWV

DUH�LGHQWLILHG��7KH�JURXSLQJ�LQWR�VL[�FODVVHV�a��b��g��d��e�DQG�r� LV�EDVHG�RQ�D�VHTXHQFH�LGHQWLW\�RI

����������:LWKLQ�HDFK�FODVV�EHWZHHQ�RQH�DQG�VL[�YDULDQWV�H[LVW� WKDW�VKDUH����������DPLQR�DFLG

LGHQWLW\��IURP�+HYHUV�DQG�/�GGHQV��������

�������$$
�������LGHQWLW\

������ �$$
�������LGHQWLW\
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��������*$%$$�UHFHSWRU�SKDUPDFRORJ\

$�QXPEHU�RI�SV\FKRDFWLYH�GUXJV�LQWHUDFW�ZLWK�*$%$$�UHFHSWRUV�VR�DV�WR�HOLFLW�WKHLU

SKDUPDFRORJLFDO�HIIHFWV� �ILJXUH�������$VLGH�IURP�WKH�QDWXUDO�DJRQLVW�*$%$�� WKHVH

GUXJV� LQFOXGH� EHQ]RGLD]HSLQHV�� EDUELWXUDWHV�� JHQHUDO� DQDHVWKHWLFV� DQG� VRPH

VWHURLGV�� $GGLWLRQDO� ELQGLQJ� VLWHV� IRU� D� QXPEHU� RI� VXEVWDQFHV� H[LVW� �UHYLHZHG� LQ

+HYHUV�DQG�/�GGHQV�������

*$%$��(DFK� UHFHSWRU� VXEXQLW� LV� DEOH� WR� IRUP� FKDQQHOV� WKDW� FRQWDLQ� D� IXQFWLRQDO

ELQGLQJ� VLWH� IRU� *$%$�� 7KLV� KDV� EHHQ� VKRZQ� E\� LQ� YLWUR� H[SUHVVLRQ� RI� VLQJOH

VXEXQLWV� LQ� ;HQRSXV� RRF\WHV� �%ODLU� HW� DO��� ������� (OHFWURSK\VLRORJLFDO� VWXGLHV

VXJJHVW� WKDW� WKHUH�DUH� WZR�*$%$�UHFRJQLWLRQ�VLWHV�SHU�*$%$$� UHFHSWRU�FRPSOH[

�:KLWH���������$GGLWLRQDOO\�WR�*$%$��*$%$$�UHFHSWRUV�DUH�VWLPXODWHG�E\�PXVFLPRO

DQG� LVRJXYDFLQH� DQG� LQKLELWHG� E\� ELFXFXOOLQH� LQ� D� FRPSHWLWLYH� PDQQHU�� )XUWKHU

FRPSHWLWLYH� DQWDJRQLVWV� DW� WKH� *$%$� ELQGLQJ� VLWH� RI� *$%$$� UHFHSWRUV� DUH� WKH

DPLGLQH�VWHURLG�5X������ �+XQW�DQG�-HZHU\��������DQG� WKH�DU\ODPLQRS\ULGD]LQHV

65������DQG�65�������&KDPERQ�HW�DO���������+HDXOPH�HW�DO���������

%HQ]RGLD]HSLQHV�� %HQ]RGLD]HSLQHV� �%=�� KDYH� JDLQHG� PDMRU� FOLQLFDO� UHOHYDQFH

DPRQJ� WKH� SKDUPDFRORJLFDO� DJHQWV� WKDW� PRGXODWH� *$%$$� UHFHSWRUV�� 3UHVHQW

HYLGHQFH� VXJJHVWV�*$%$$� UHFHSWRUV� WR� UHSUHVHQW� WKH� RQO\� HIIHFWRU� VLWH� RI�%=� LQ

WKH�&16��%HQ]RGLD]HSLQHV�H[HUW� WKHLU�HIIHFWV�E\�PRGXODWLQJ� WKH�HIIHFW�RI�*$%$�

%=�GR�QRW�HIIHFW�&O��FXUUHQWV�LQ�WKH�DEVHQFH�RI�*$%$��3ROF��������DQG�%=�ELQGLQJ

GRHV� QRW� FRPSHWH�ZLWK�*$%$� �6FKRILHOG� HW� DO��� ������� %HQ]RGLD]HSLQHV� ELQG� WR

DQ�DGGLWLRQDO�VLWH�ZLWKLQ� WKH�*$%$$� UHFHSWRU�FRPSOH[�DQG�DOORVWHULFDOO\�PRGXODWH

*$%$$� UHFHSWRU�FXUUHQWV��%HQ]RGLD]HSLQHV�VKLIW� WKH�*$%$�GRVH�UHVSRQVH�FXUYH

WR�RWKHU�FRQFHQWUDWLRQV��$GGLWLRQDOO\��D�ZLGH�YDULHW\�RI�QRQEHQ]RGLD]HSLQHV��VXFK

DV� WKH� b�FDUEROLQHV�� F\FORS\UURORQHV� DQG� LPLGD]RS\ULGLQHV�� DOVR� ELQG� WR� WKH

EHQ]RGLD]HSLQH�VLWH��UHYLHZHG�LQ�7HXEQHU�HW�DO���������

6WHURLGV�� 7KH� VR�FDOOHG� QHXURVWHURLGV� H[HUW� SDUW� RI� WKHLU� DFWLRQV� WKURXJK� WKH

*$%$$� UHFHSWRUV� �3HWHUV� HW� DO��� ������� 7KH\� DUH� V\QWKHVLVHG� LQ� YDULRXV� WLVVXHV

LQFOXGLQJ� JOLDO� FHOOV� RI� WKH� EUDLQ� DQG� DUH� IRXQG� LQ� D� KLJKHU� FRQFHQWUDWLRQ� LQ

WKH�EUDLQ� WKDQ� LQ� WKH�SODVPD��1HXURVWHURLGV� LQFOXGH�PHWDEROLWHV�RI� SURJHVWHURQH

�H�J�� �a�K\GUR[\ODWHG� RU� �a��a�UHGXFHG� SURJHVWHURQHV��� PHWDEROLWHV� RI� GHR[\�
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)LJXUH����

7KH� *$%$$� UHFHSWRU� DV� D� GUXJ� WDUJHW�� 9DULHW\� RI� GUXJV�� DVLGH� IURP� *$%$� DQG� LWV� DJRQLVWV

�H�J��PXVFLPRO��RU�DQWDJRQLVWV��H�J��ELFXFXOOLQH���H[HUW�WKHLU�DFWLRQ�E\�PRGXODWLQJ�*$%$$�UHFHSWRU�

7KHVH� LQFOXGH� FOLQLFDOO\� UHOHYDQW� EHQ]RGLD]HSLQHV�� ZKLFK� FDQ� EH� VXEGLYLGHG� LQWR� SRVLWLYH

PRGXODWRUV� �H�J�� GLD]HSDP��� QXOO� PRGXODWRUV� �H�J�� 5R��������� RU� QHJDWLYH� PRGXODWRUV� �H�J�

'0&0��� )XUWKHU� ELQGLQJ� VLWHV� KDYH� EHHQ� LGHQWLILHG� IRU� ORUHFOH]ROH�� IXURVHPLGH� DQG� SLFURWR[LQ�

6HGDWLYH�EDUELWXUDWHV�DQG�VWHURLGV�DV�ZHOO�DV�YDULRXV�DQDHVWKHWLFV�DOVR�ZRUN�YLD�*$%$$�UHFHSWRUV�

%LQGLQJ�VLWHV�IRU�WKH�SRO\FDWLRQLF�LRQV�=Q���DQG�/D���H[LVW��IURP�+HYHUV�DQG�/�GGHQV��������

FRUWLFRVWHURQH��0DMHZVND�HW�DO���������.RNDWH�HW�DO���������)U\H���������7KH\�KDYH

VHGDWLYH��K\SQRWLF�DQG�DQDHVWKHWLF�HIIHFWV�

%DUELWXUDWHV��%DUELWXUDWHV�H[HUW�DQ�LQIOXHQFH�RQ�UHFHSWRU�IXQFWLRQ�VLPLODU�WR�WKDW�RI

EHQ]RGLD]HSLQHV��7KH\�LQFUHDVH�WKH�DIILQLW\�RI�WKH�UHFHSWRU�IRU�*$%$�DQG�WKHUHE\

LQFUHDVH�WKH�DELOLW\�RI�*$%$�WR�DFWLYDWH�UHFHSWRU�&O��FKDQQHOV��7KH\�ELQG�WR�*$%$$

UHFHSWRUV�� EXW� DW� D� SK\VLFDOO\� VHSDUDWH� VLWH� IURP� EHQ]RGLD]HSLQHV�� 7KH\� KDYH

VHGDWLYH�� K\SQRWLF� DQG� DQDHVWKHWLF� HIIHFWV�� 8QOLNH� WKH� EHQ]RGLD]HSLQHV�

EDUELWXUDWHV�DW�KLJKHU�FRQFHQWUDWLRQV��>�����0��FDQ�GLUHFWO\�JDWH� WKH� LQWULQVLF� LRQ

FKDQQHO��0DFGRQDOG�DQG�%DNHU������E��)UDQNV�DQG�/LHE��������

3
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$QDHVWKHWLFV��,Q�DGGLWLRQ�WR�WKH�DQDHVWKHWLF�VWHURLGV�DQG�WKH�EDUELWXUDWHV��GLIIHUHQW

DQDHVWKHWLFV� RI� YDULRXV� FKHPLFDO� FODVVHV� PRGXODWH� WKH� *$%$$� UHFHSWRUV�� 7KH\

HQKDQFH�WKH�*$%$�JDWHG�&O��FXUUHQWV��&RQFDV�HW�DO���������

&KDQQHO� EORFNHUV�� 2QH� FKHPLFDOO\� LQKRPRJHQHRXV� JURXS� RI� FRPSRXQGV� PDLQO\

FRPSULVHV�WR�DOORVWHULF�DQWDJRQLVWV��7KH\�DOO�DQWDJRQLVH�*$%$�HYRNHG�&O��FXUUHQWV

DQG� WKHUHIRUH� DUH� FRQYXOVDQWV�� 6XEVWDQFHV� RI� WKLV� FODVV� DUH� SLFURWR[LQ�� 7%36

�W�EXW\OELF\FORSKRVSKRURWKLRQDWH��� SHQW\OHQWHWUD]ROH� DQG� D� YDULHW\� RI� LQVHFWLFLGHV

VXFK�DV�GLHOGULQ�DQG�OLQGDQH��7KHVH�FRPSRXQGV�DUH�WKRXJKW�WR�ELQG�DW�D�VLQJOH�VLWH

RQ�*$%$$�UHFHSWRU�WKDW�GLIIHUV�IURP�WKH�*$%$��%=��EDUELWXUDWH��RU�VWHURLG�ELQGLQJ

VLWHV��,QRPDWD�HW�DO���������*XUOH\�HW�DO���������DQG�LV�ORFDOLVHG�DW�RU�QHDU�WKH�&O��

FKDQQHO�LWVHOI�

6XEVWDQFHV� UHFRJQLVLQJ� DGGLWLRQDO� ELQGLQJ� VLWHV�� 7KH� DQWLFRQYXOVDQW� ORUHFOH]ROH

�$VKWRQ� HW� DO��� ������� GHYHORSHG� IRU� WKH� WUHDWPHQW� RI� HSLOHSV\�� DOVR� PRGXODWHV

*$%$$� UHFHSWRU� IXQFWLRQ�� ,WV� DFWLRQ� LV� QRW� DIIHFWHG� E\� %=�� EDUELWXUDWHV�� VWHURLGV

RU�RWKHU�DQDHVWKHWLFV��VXJJHVWLQJ�WKDW�LW�ELQGV�WR�D�GLVWLQFW��QRYHO�VLWH�

$�GLUHFW�HIIHFW�RI�HWKDQRO�RQ�*$%$$�UHFHSWRUV�ZDV�RULJLQDOO\�VXJJHVWHG�EDVHG�RQ

WKH�VLPLODULWLHV�RI�WKH�HIIHFWV�RI�HWKDQRO��%=�DQG�EDUELWXUDWHV��'HVSLWH�WKH�JHQHUDO

LQGLFDWLRQ� WKDW� *$%$$� UHFHSWRUV� PHGLDWH� VRPH� HIIHFWV� RI� HWKDQRO�� QR� GLUHFW

HYLGHQFH�LV�UHSRUWHG�IRU�DQ�HWKDQRO�VSHFLILF�ELQGLQJ�VLWH�RQ�WKH�*$%$$�UHFHSWRU�

��������%HQ]RGLD]HSLQH�ELQGLQJ�VLWH

$V� DOUHDG\� PHQWLRQHG�� WKH� *$%$� UHVSRQVH� RI� *$%$$� UHFHSWRUV� FDQ� EH

DOORVWHULFDOO\� PRGXODWHG� E\� OLJDQGV� DFWLQJ� DW� WKH� EHQ]RGLD]HSLQH� ELQGLQJ� VLWH

�0DFGRQDOG� DQG� %DNHU�� ������� 7KH� OLJDQGV� DUH� RIWHQ� UHIHUUHG� WR� DV� DJRQLVWV�

DQWDJRQLVWV�DQG� LQYHUVH�DJRQLVWV� �QHJDWLYH�PRGXODWRUV���7KH� DJRQLVWV�SRWHQWLDWH

WKH� LQKLELWRU\� UHVSRQVH� WR� *$%$�� ZKHUHDV� WKH� LQYHUVH� DJRQLVWV� GHFUHDVH� WKH

*$%$�UHVSRQVH��7KH�DFWLRQV�RI�ERWK�DJRQLVWV�DQG� LQYHUVH�DJRQLVWV�DUH� LQKLELWHG

E\�DQWDJRQLVWV�

%HQ]RGLD]HSLQH�ELQGLQJ�VLWH�LV�EHOLHYHG�WR�EH�ORFDWHG�RQ�WKH�LQWHUIDFH�RI�WKH�a�DQG

g� VXEXQLWV� RI� *$%$$� UHFHSWRUV� �%DWHVRQ� HW� DO��� ������ 0DFGRQDOG� DQG� 2OVHQ�

�������7KH�g��VXEXQLW�LV�HVVHQWLDO�IRU�WKH�FRQVHUYDWLRQ�RI�IXOO�%=�VLWH�SKDUPDFRORJ\
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�3ULWFKHWW� HW� DO��� ������ +HUE� HW� DO��� ������ *�QWKHU� HW� DO��� ������� 3RLQW� PXWDWLRQ

VWXGLHV�KDYH�VKRZQ�WKDW�VSHFLILF�DPLQR�DFLG�UHVLGXHV�LQ�g���WKUHRQLQH������0LKLF�HW

DO��� ������ %XKU� HW� DO��� ������ DQG� VHYHUDO� DPLQR� DFLG� UHVLGXHV� LQ� WKH� a� VXEXQLW

�3ULWFKHWW� DQG� 6HHEXUJ�� ������ 'XQFDOIH� HW� DO��� ������ DUH� GLUHFWO\� LQYROYHG� LQ

EHQ]RGLD]HSLQH� ELQGLQJ�� *$%$$� UHFHSWRUV� FRQWDLQLQJ� a�� RU� a�� VXEXQLWV� DUH

JHQHUDOO\� FRQVLGHUHG� WR�EH� LQVHQVLWLYH� WR� FODVVLFDO� EHQ]RGLD]HSLQHV� �UHYLHZHG� LQ

7HXEQHU�HW�DO���������

6KRUWO\� DIWHU� WKH� LGHQWLILFDWLRQ� RI� WKH� %=� ELQGLQJ� VLWH� RQ� WKH� *$%$$� UHFHSWRU

FRPSOH[� LW� EHFDPH� FOHDU� WKDW� WKH� SRSXODWLRQ� RI� ELQGLQJ� VLWHV� LV� KHWHURJHQHRXV�

'HSHQGLQJ� RQ� WKH� VHQVLWLYLW\� WR� GLD]HSDP�� *$%$$� UHFHSWRUV� DUH� GHVLJQDWHG� DV

GLD]HSDP�VHQVLWLYH� �'6�� DQG� GLD]HSDP� LQVHQVLWLYH� �',��� ',� UHFHSWRUV� VKRZ� KLJK

DIILQLW\�WR�LPLGD]REHQ]RGLD]HSLQH�5R����������7KH�GLXUHWLF�IXURVHPLGH�LV�UHSRUWHG

WR�EH�D� ORZ�DIILQLW\�EXW�KLJKO\�VHOHFWLYH� OLJDQG�IRU� WKH�',� UHFHSWRUV� �0lNHOl�HW�DO��

�������7KH�',�UHFHSWRUV�FRQVLVW�RI�*$%$$�UHFHSWRU�VXEW\SHV�FDUU\LQJ�a��DQG�RU�a�

VXEXQLWV��7KH�'6�UHFHSWRUV�DUH�GLYLGHG��EDVHG�XSRQ�WKHLU�SKDUPDFRORJ\��LQWR�WZR

VXEW\SHV� GHVLJQDWHG�%=��DQG�%=��� )URP�ZRUN�ZLWK� UHFRPELQDQW� UHFHSWRUV�� LW� LV

HYLGHQW� WKDW� WKH� VXEGLYLVLRQ� RI� %=� UHFHSWRUV� HPHUJHV� IURP� WKH� LGHQWLW\� RI� WKH

a� VXEXQLW� �/�GGHQV� HW� DO��� ������� 7KH� SKDUPDFRORJLFDO� DQG� HOHFWURSK\VLRORJLFDO

SURSHUWLHV� RI�*$%$$� UHFHSWRUV� RI� %=�� W\SH� FDQ� EH�PLPLFNHG� RQO\� E\� UHFHSWRUV

FRQWDLQLQJ� WKH� a�� VXEXQLW� �3ULWFKHWW� HW� DO��� ������ 3ULWFKHWW� DQG� 6HHEXUJ�� ������

7KH� %=�� VLWHV� VKRZ� KLJK� DIILQLW\� IRU� FODVVLFDO� EHQ]RGLD]HSLQHV�� 7KH\� FRQVWLWXWH

WKH� PDMRULW\� RI� %=� ELQGLQJ� VLWHV� WKURXJKRXW� WKH� EUDLQ� �'REOH� DQG� 0DUWLQ�� �����

%XUHDX�DQG�2OVHQ���������6HOHFWLYH�QRQ�FODVVLFDO�OLJDQGV�OLNH�WKH�LPLGD]RS\ULGLQH

]ROSLGHP�� WULD]RORS\ULGD]LQH� &/������� DQG� WKH� b�FDUEROLQH� b�&&(� VKRZ

SUHIHUHQFH� IRU� WKH� %=�� VLWHV�� 7KH� %=�� VLWHV� VKRZ� VOLJKWO\� ORZHU� DIILQLW\� IRU

EHQ]RGLD]HSLQHV� DQG� DUH� HQULFKHG� RQO\� LQ� D� IHZ� EUDLQ� DUHDV� VXFK� DV� WKH

KLSSRFDPSXV��WKH�VWULDWXP�DQG�HVSHFLDOO\�WKH�VSLQDO�FRUG��'REOH�DQG�0DUWLQ�������

%XUHDX� DQG� 2OVHQ�� ������� 6HOHFWLYH� OLJDQGV� IRU� WKH� %=�� VLWH� DUH� QRW� DYDLODEOH�

*$%$$�UHFHSWRUV�FRQWDLQLQJ�a���a��RU�a��DUH�RI�%=��W\SH�
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����*$%$�WUDQVSRUWHUV

������)XQFWLRQ�RI�QHXURWUDQVPLWWHU�WUDQVSRUWHUV

7UDQVSRUWHUV�VHUYH�YLUWXDOO\�LQ�DOO�FHOOV�DV�WKH�FRQGXLW�E\�ZKLFK�HVVHQWLDO�QXWULHQWV

VXFK� DV� JOXFRVH� DQG� DPLQR� DFLGV� JDLQ� DFFHVV� WR� WKH� FHOO� LQWHULRU� �UHYLHZHG� LQ

6LOYHUPDQ���������DQG�DOVR�DOORZ�FHOOV�WR�DGDSW�WR�DOWHUQDWLRQV�LQ�RVPRODULW\�RI�WKH

H[WUDFHOOXODU� IOXLG��:LWKLQ� WKH�QHUYRXV� V\VWHP�FHUWDLQ� WUDQVSRUWHUV�KDYH� WDNHQ�RQ

D�VSHFLDOLVHG� UROH� UHODWHG� WR� WKH�V\QDSWLF� WUDQVPLVVLRQ��QDPHO\�� UHJXODWLRQ�RI� WKH

FRQFHQWUDWLRQ�DQG�GXUDWLRQ�RI�WKH�QHXURWUDQVPLWWHU�LQ�WKH�V\QDSVH�

7KH� IXQFWLRQ� PRVW� IUHTXHQWO\� DVFULEHG� WR� QHXURWUDQVPLWWHU� WUDQVSRUWHUV� LV� WKH

WHUPLQDWLRQ� RI� V\QDSWLF� WUDQVPLVVLRQ�� 7KH� WHUPLQDWLRQ� SURFHVV� LV� FDWDO\VHG� E\

D� VRGLXP�FRXSOHG� QHXURWUDQVPLWWHU� WUDQVSRUW� V\VWHP� ORFDWHG� LQ� WKH� SODVPD

PHPEUDQHV�RI�QHUYH�HQGLQJV�DQG�JOLDO�FHOOV�

$QRWKHU� FULWLFDO� IXQFWLRQ� RI� QHXURWUDQVPLWWHU� WUDQVSRUWHUV� LV� WKDW� WKH\� SUHYHQW

WKH� VSUHDG� RI� QHXURWUDQVPLWWHU� WR� QHLJKERXULQJ� V\QDSVHV�� WKHUHE\� DVVXULQJ� WKH

ILGHOLW\�RI�V\QDSWLF�WUDQVPLVVLRQ��UHYLHZHG�LQ�.URJVJDDUG�/DUVHQ�HW�DO���������

0RUHRYHU��QHXURWUDQVPLWWHU�WUDQVSRUWHUV�DOORZ�WKH�QHXURWUDQVPLWWHU�WR�EH�UHXWLOLVHG

E\�VHTXHVWHULQJ�LW��7KH�UHXWLOL]DWLRQ�FDQ�EH�GLUHFW��DV�ZKHQ�WUDQVSRUW� LV�GLUHFWO\� LQ

WKH� SUHV\QDSWLF� WHUPLQDO�� RU� LQGLUHFW�� DV� ZKHQ� WUDQVSRUW� RFFXUV� LQWR� JOLDO� FHOOV�

ZKLFK� WKHQ�FRQYH\� WKH� WUDQVPLWWHU�RU� LWV�PHWDEROLWH� LQWR� WKH�SUHV\QDSWLF� QHXURQH

�+HUW]��������

)LQDOO\�� VRPH� QHXURWUDQVPLWWHU� WUDQVSRUWHUV�PD\� DOVR� ZRUN� LQ� UHYHUVH�� UHOHDVLQJ

WKH�QHXURWUDQVPLWWHU� LQ� WKH� V\QDSVH� LQ�D� FDOFLXP� LQGHSHQGHQW�PDQQHU� �/HYL� DQG

5DLWHUL��������$WWZHOO�HW�DO���������

������0HFKDQLVP�RI�*$%$�WUDQVSRUW

7UDQVSRUWHUV�� OLNH�FKDQQHOV�DQG�$73DVH�SXPSV��VHUYH�DV�FRQGXLW� WKURXJK�ZKLFK

PROHFXOHV� FDQ� FURVV� WKH� ELOLSLG� SODVPD�PHPEUDQH��0HFKDQLVWLFDOO\�� WUDQVSRUWHUV

IXQFWLRQ�DV�PROHFXODU�VKXWWOHV��WUDQVIHUULQJ�VXEVWUDWHV�DFURVV�WKH�PHPEUDQH��RQH

PROHFXOH� DW� D� WLPH�� WKHQ� JRLQJ� EDFN� IRU�PRUH� �UHYLHZHG� LQ� 6WHLQ�� ������� *$%$

WUDQVSRUWHUV� EHORQJ� WR� WKH� IDPLO\� RI� 1D��� DQG� &O��FRXSOHG� WUDQVSRUWHUV�� EHFDXVH



,QWURGXFWLRQ��������������������������������������������������������������������������������������������������������������������������

WKHVH� LRQV� DUH� FR�WUDQVSRUWHG� ZLWK� WKH� VXEVWUDWH�� 7KH� VXEVWUDWH� ELQGLQJ� VLWH� RI

WKH� WUDQVSRUWHU� LQ� LWV� UHVWLQJ� VWDWH� IDFHV� WKH� H[WUDFHOOXODU� VSDFH�� 8SRQ� ELQGLQJ

VXEVWUDWH�� 1D�� DQG� &O�� LRQV�� WKH� WUDQVSRUWHU� XQGHUJRHV� FRQIRUPDWLRQDO� FKDQJHV

VXFK�WKDW�WKHVH�VXEVWDQFHV�IDFH�WKH�LQWUDFHOOXODU�VSDFH��ZKHUH�WKH\�DUH�UHOHDVHG�

7KH�*$%$� WUDQVSRUWHU� �� WUDQVSRUWV� ZLWKLQ� RQH� F\FOH� WZR�1D��� RQH�&O��� DQG� RQH

]ZLWWHULRQLF� *$%$� PROHFXOH� �UHYLHZHG� LQ� 0DJHU� HW� DO��� ������� 7KH� �HPSW\�

WUDQVSRUWHU�WKHQ�UHYHUWV�WR�WKH�UHVWLQJ�VWDWH�ZKHUH�LW�FDQ�ELQG�DGGLWLRQDO�VXEVWUDWH

PROHFXOHV�DQG�WKXV�UHSHDW�WKH�F\FOH�

������6WUXFWXUH�RI�1D���&O��GHSHQGHQW�WUDQVSRUWHUV

7KH� ILUVW� QHXURWUDQVPLWWHU� WUDQVSRUWHU� WR� EH� FORQHG� ZDV� D� *$%$� WUDQVSRUWHU�

QDPHG�*$7��� �*XDWHVWHOOD� HW� DO��� ������� ,QMHFWLRQ� RI� *$7���51$� LQWR�;HQRSXV

RRF\WHV� UHVXOWHG� LQ� D� ��� �� ���� IROG� LQFUHDVH� LQ� >�+@*$%$� XSWDNH� ZKLFK� ZDV

VDWXUDEOH�� RI� KLJK� DIILQLW\� �.0�  � �� �0��� DQG� GHSHQGHQW� RQ� 1D
�� DQG� &O�� LQ

WKH�H[WHUQDO�PHGLXP��*XDWHVWHOOD�HW�DO����������'DWD�EDVH�VHDUFKHV�UHYHDOHG�OLWWOH

RU�QR�KRPRORJ\�WR�DQ\�NQRZQ�SURWHLQ��VXJJHVWLQJ�WKDW�*$7���EHORQJV�WR�D�QRYHO

IDPLO\�RI�SURWHLQV��2QH�\HDU� ODWHU�� WKH�F'1$�HQFRGLQJ�D�1D���DQG�&O��GHSHQGHQW

QRUHSLQHSKULQH�WUDQVSRUWHU�ZDV�FORQHG��3DFKROF]\N�HW�DO����������ZKLFK�GLVSOD\HG

D� KLJK� GHJUHH� RI� DPLQR� DFLG� LGHQWLW\� ������ ZLWK� *$7���� 7KH� XVH� RI� IXQFWLRQDO

F'1$�H[SUHVVLRQ� DVVD\V� DQG� DPSOLILFDWLRQ�RI� UHODWHG� VHTXHQFHV� E\� SRO\PHUDVH

FKDLQ� UHDFWLRQ� �3&5�� UHVXOWHG� LQ� WKH� FORQLQJ� RI� DGGLWLRQDO� WUDQVSRUWHUV�� 7KHVH

QHZO\�HPHUJLQJ�IDPLO\�RI�1D���DQG�&O��GHSHQGHQW�WUDQVSRUWHUV�LQFOXGHV��LQ�DGGLWLRQ

WR� WKRVH� IRU� *$%$� DQG� QRUHSLQHSKULQH�� WUDQVSRUWHUV� IRU� WKH� QHXURWUDQVPLWWHUV

JO\FLQH� �6PLWK� HW� DO��� ����D�� /LX� HW� DO��� ����E��� VHURWRQLQ� �%ODNHO\� HW� DO��� �����

+RIIPDQ� HW� DO��� ������ DQG� GRSDPLQH� �6KLPDGD� HW� DO��� ������ .LOW\� HW� DO��� ������

DV�ZHOO�DV�WKH�QHXURPRGXODWRU\�VXEVWDQFHV�WDXULQH��6PLWK�HW�DO�������E��/LX�HW�DO��

����D��DQG�SUROLQH��)UHPHQDX�HW�DO���������DQG�WZR��RUSKDQ��WUDQVSRUWHUV��8KO�HW

DO���������/LX�HW�DO����������7KH�GHGXFHG�DPLQR�DFLG�VHTXHQFHV�RI�WKHVH�SURWHLQV

H[KLELW�����������LGHQWLW\�EHWZHHQ�GLIIHUHQW�PHPEHUV�RI�WKH�IDPLO\��%DVHG�RQ�WKHVH

GLIIHUHQFHV� LQ� KRPRORJ\� WKH� IDPLO\� KDV� EHHQ� GLYLGHG� LQWR� IRXU� VXEJURXSV�

$�� 7UDQVSRUWHUV� RI� ELRJHQLF� DPLQHV� �QRUHSLQHSKULQH�� GRSDPLQH� DQG� VHURWRQLQ��
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)LJXUH����

+\SRWKHWLFDO� VHFRQGDU\� VWUXFWXUH� RI� WKH� *$7��� SURWHLQ�� 6FKHPDWLF� GLDJUDP� RI� SRVVLEOH

PHPEUDQH� RULHQWDWLRQ� RI� *$7���� ,QGLYLGXDO� DPLQR� DFLG� UHVLGXHV� DUH� VKRZQ� DV� FLUFOHV�� 3XWDWLYH

WUDQVPHPEUDQH� VHJPHQWV� DUH� GHSLFWHG� DV� F\OLQGHUV�� 7KUHH� SXWDWLYH� SURWHLQ� NLQDVH� &

SKRVSKRU\ODWLRQ�VLWHV�DUH�PDUNHG�ZLWK�DUURZKHDGV��7KUHH�RI� WKH� IRXU� SXWDWLYH�JO\FRV\ODWLRQ� VLWHV

DUH� ORFDWHG� RQ� WKH� ODUJH� H[WUDFHOOXODU� ORRS� FRQQHFWLQJ� VHJPHQWV� �� DQG� �� DQG� DUH� GHSLFWHG� DV

EUDQFKHG� OLQHV�� WKH� UHPDLQLQJ� JO\FRV\ODWLRQ� VLWH� LV� ORFDWHG� ZLWKLQ� PHPEUDQH� VHJPHQW� �� �IURP

*XDWHVWHOOD�HW�DO���������

%�� YDULRXV� *$%$� WUDQVSRUWHUV� �*$7���� ���� ��� DQG� %HWDLQH� *$%$� WUDQVSRUWHU

�%*7�����DV�ZHOO�DV� WUDQVSRUWHU�RI� WDXULQH��&�� WUDQVSRUWHUV�RI�SUROLQH�DQG�JO\FLQH

DQG�'�� �RUSKDQ�� WUDQVSRUWHUV��7KHVH�SURWHLQV�VKDUH�VRPH�IHDWXUHV�RI�D�FRPPRQ

VHFRQGDU\� VWUXFWXUH�� +\GURSDWK\� DQDO\VLV� SUHGLFWV� SURWHLQV� ZLWK� ��� K\GURSKRELF

SXWDWLYH� WUDQVPHPEUDQH�a�KHOLFHV� �ILJXUH� ������ %RWK� DPLQR�� DQG� FDUER[\�WHUPLQL

IDFH�WKH�F\WRSODVP��7KHVH�UHJLRQV�FRQWDLQ�SXWDWLYH�SKRVSKRU\ODWLRQ�VLWHV�WKDW�PD\

EH� LQYROYHG� LQ� WKH� UHJXODWLRQ� RI� WKH� WUDQVSRUW� SURFHVV�� 7KH� VHFRQG� H[WUDFHOOXODU

ORRS�EHWZHHQ�WUDQVPHPEUDQH�GRPDLQV���DQG�������� ORRS�� LV� WKH� ODUJHVW�RQH�DQG

WKUHH� SXWDWLYH� JO\FRV\ODWLRQ� VLWHV� DUH� ORFDWHG� RQ� LW�� $OLJQPHQW� RI� WKH� GHGXFHG

DPLQR� DFLG� VHTXHQFHV� RI� ��� GLIIHUHQW� PHPEHUV� RI� WKLV� VXSHUIDPLO\�� ZKRVH

VXEVWUDWHV� DUH� NQRZQ� �VXEJURXSV� $�� �� &��� UHYHDOHG� WKDW� VRPH� VHJPHQWV� ZLWKLQ

WKHVH�SURWHLQV�VKDUH�D�KLJKHU� GHJUHH�RI�KRPRORJ\� WKDQ�RWKHUV��7KH�PRVW�KLJKO\

FRQVHUYHG�UHJLRQ��>����KRPRORJ\��DUH�KHOL[���WRJHWKHU�ZLWK�WKH�H[WUDFHOOXODU�ORRS
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FRQQHFWLQJ� LW� ZLWK� KHOL[� ��� DQG� KHOL[� �� WRJHWKHU� ZLWK� D� VKRUW� LQWUDFHOOXODU� ORRS

FRQQHFWLQJ�LW�ZLWK�KHOL[���DQG�D�ODUJH�H[WUDFHOOXODU� ORRS�FRQQHFWLQJ�LW�ZLWK�KHOL[���

7KHVH�UHJLRQV�PD\�EH�LQYROYHG�LQ�VWDELOLVLQJ�D�WHUWLDU\�VWUXFWXUH��ZKLFK�LV�HVVHQWLDO

IRU� WKH� IXQFWLRQ� RI� DOO� WKHVH� WUDQVSRUWHUV��$OWHUQDWLYHO\�� WKH\�PD\� EH� UHODWHG� WR� D

FRPPRQ�IXQFWLRQ�RI�WKHVH�WUDQVSRUWHUV��VXFK�DV�WKH�WUDQVORFDWLRQ�RI�VRGLXP�LRQV�

7KH�UHJLRQ�VWUHWFKLQJ�IURP�KHOL[���RQZDUGV�LV�IDU�OHVV�FRQVHUYHG�WKDQ�WKH�VHJPHQW

FRQWDLQLQJ� WKH� ILUVW� ��KHOLFHV��3RVVLEO\�� WKLV� GRPDLQ� FRQWDLQV� VRPH� UHVLGXHV� WKDW

DUH� LQYROYHG� LQ� WUDQVORFDWLQJ� WKH� GLIIHUHQW� VXEVWUDWHV� �.DQQHU�� ������� 7KH� OHDVW

FRQVHUYHG� VHJPHQWV� DUH� WKH� DPLQR�� DQG� FDUER[\�WHUPLQL�� 7KHVH� DUHDV� PD\� EH

LQYROYHG�LQ�UHJXODWLRQ�RI�WKH�WUDQVSRUW�SURFHVV�

������*$%$�WUDQVSRUWHU�KHWHURJHQHLW\

7KH�PRVW�DEXQGDQW�DQG�ZHOO�FKDUDFWHULVHG�XSWDNH�V\VWHPV�LQ�UDW�EUDLQ�DUH�WKRVH

IRU�*$%$�DQG�/�JOXWDPDWH��WKH�WZR�PDMRU�QHXURWUDQVPLWWHUV�LQ�WKH�FHQWUDO�QHUYRXV

V\VWHP�� 7KH� DSSOLFDWLRQ� RI� PROHFXODU� ELRORJ\� WR� WKH� VWXG\� RI� QHXURWUDQVPLWWHU

WUDQVSRUWHUV� KDV� JUHDWO\� H[SDQGHG� WKH� NQRZOHGJH� RI� WKHVH� PROHFXOHV� DQG� KDV

UHYHDOHG�D�IDU�JUHDWHU�FRPSOH[LW\�RI�*$%$�WUDQVSRUWHUV�WKDQ�SUHYLRXVO\�LPDJLQHG�

7R�GDWH��JHQHV�IRU�ILYH�GLVWLQFW�KLJK�DIILQLW\�*$%$�WUDQVSRUWHUV�KDYH�EHHQ�FORQHG

�*$7����*$7����*$7����%*7���DQG�YHVLFXODU�*$7��9*$7����DV�KDV�WKH�JHQH�IRU�D

UHODWHG�PHPEHU�RI�WKLV�IDPLO\��WKH�WDXULQH�WUDQVSRUWHU�

5DW�*$7���P51$�ZDV�IRXQG�WR�EH�SUHVHQW�LQ�DOO�EUDLQ�UHJLRQV�H[DPLQHG��EXW�ZDV

QRW�GHWHFWHG�LQ�OLYHU��VXJJHVWLQJ�WKDW�LW� LV�UHVWULFWHG�WR�WKH�FHQWUDO�QHUYRXV�V\VWHP

�%RUGHQ�HW�DO����������5DW�*$7���F'1$�LV�����NE� ORQJ�DQG�KDV�D�SUHGLFWHG�RSHQ

UHDGLQJ� IUDPH� RI� ����� QXFOHRWLGHV� ZKLFK� FRXOG� HQFRGH� D� SURWHLQ� RI� ���� DPLQR

DFLGV� ZLWK� D� PROHFXODU� ZHLJKW� RI� ��� N'D� �*XDWHVWHOOD� HW� DO��� ������� 7KLV� LV� LQ

DJUHHPHQW�ZLWK�WKH�VL]H�RI�WKH�GHJO\FRV\ODWHG��SXULILHG�WUDQVSRUWHU��.DQQHU�HW�DO��

������

5DW�*$7���F'1$�FRQWDLQV�D�����NE�VHTXHQFH�ZLWK�DQ�RSHQ�UHDGLQJ�IUDPH�RI�����

EDVH�SDLUV�ZKLFK�FRXOG�HQFRGH�D�SURWHLQ�RI�����DPLQR�DFLGV��%RUGHQ�HW�DO���������

7KH�*$7���LV�H[SUHVVHG�LQ�EUDLQ�DQG�VRPH�SHULSKHUDO�WLVVXHV��OLYHU��NLGQH\��KHDUW�

�,NHJDNL�HW�DO���������
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5DW�*$7���F'1$�FRQWDLQV�D�����NE�VHTXHQFH�ZLWK�DQ�RSHQ�UHDGLQJ�IUDPH�RI�����

EDVH� SDLUV�� HQFRGLQJ� D� SURWHLQ� RI� ���� DPLQR� DFLGV� �%RUGHQ� HW� DO��� ������� 7KH

*$7��� P51$� H[SUHVVLRQ� LV� UHVWULFWHG� WR� WKH� EUDLQ� DV� VKRZQ� E\� 1RUWKHUQ� EORW

DQDO\VLV��'XUNLQ�HW�DO���������

*$7���DQG�*$7���GLVSOD\�@������DPLQR�DFLG�LGHQWLW\�ZLWK�*$7����DQG�RQO\�VOLJKWO\

OHVV� LGHQWLW\� ������� ZLWK� WKH� QRUHSLQHSKULQH� WUDQVSRUWHU�� 7KH� KLJKHVW� GHJUHH� RI

LGHQWLW\�RI�*$7���DQG�*$7���DUH�RQH�ZLWK�DQRWKHU�������DPLQR�DFLG�LGHQWLW\��DQG

ZLWK� WKH� IRXUWK� *$%$� WUDQVSRUWHU�� %*7��� ���� DQG� ����� LGHQWLW\� IRU� *$7��� DQG

*$7���� UHVSHFWLYHO\��� ,QWHUHVWLQJO\�� WKH\� DOVR� VKRZ� KLJK� GHJUHH� RI� LGHQWLW\� ZLWK

WKH�WDXULQH�WUDQVSRUWHU�������ZKLFK�ODFNV�KLJK�DIILQLW\�IRU�*$%$��%RUGHQ�������

%*7����7KH� LGHQWLILFDWLRQ�RI� WKH�IRXUWK�*$%$�WUDQVSRUWHU�UHVXOWHG�IURP�VWXGLHV�RI

UHQDO�SK\VLRORJ\��5HQDO�PHGXOOD�LV�XVXDOO\�K\SHUWRQLF�DQG�PHGXOODU�HSLWKHOLDO�FHOOV

FRSH� ZLWK� WKLV� K\SHUWRQLFLW\� YLD� DFFXPXODWLRQ� RI� WKH� RVPRO\WH� JO\FLQH� EHWDLQH

��EHWDLQH���� ,Q� ������ <DPDXFKL� DQG� FROOHDJXHV� �<DPDXFKL� HW� DO��� ������ LVRODWHG

IURP� GRJ� D� FORQH� HQFRGLQJ� 1D��� DQG� &O��GHSHQGHQW� EHWDLQH� WUDQVSRUWHU�

$GGLWLRQDOO\�� WKH\�KDYH�VKRZQ� WKDW� WKLV� WUDQVSRUWHU� LV�DEOH� WR�XWLOLVH�ERWK�EHWDLQH

DQG�*$%$�DV�VXEVWUDWHV��$FFRUGLQJO\�� WKH�FORQH�ZDV� WHUPHG�%*7����IRU�%HWDLQH

*$%$�7UDQVSRUWHU���&ORQHG�FDQLQH�%*7���F'1$�LV������EDVHV�ORQJ�DQG�HQFRGHV

D� SURWHLQ� RI� ���� DPLQR� DFLGV�� 7KH� UDW� %*7���P51$� LV� H[SUHVVHG� LQ� EUDLQ� DQG

VRPH�SHULSKHUDO�WLVVXHV��%RUGHQ�HW�DO���������

9*$7��7KH� ODVW�RI�WKH�*$%$�WUDQVSRUWHUV�ZDV� LGHQWLILHG� LQ������E\�0F,QWLUH�DQG

FR�ZRUNHUV� �������� ,W� LV� D� YHVLFXODU� *$%$� WUDQVSRUWHU�� ZKLFK� LV� QHFHVVDU\� IRU

*$%$� WUDQVIHU� IURP� F\WRSODVP� LQWR� V\QDSWLF� YHVLFOHV�� 7KH� UDW� 9*$7� F'1$� LV

���� NE� ORQJ� DQG� HQFRGHV� D� SURWHLQ� RI� ���� DPLQR� DFLGV�� )URP� WKLV� DPLQR� DFLG

VHTXHQFH��D�SURWHLQ�ZLWK�WHQ�WUDQVPHPEUDQH�GRPDLQV�LV�SUHGLFWHG��VXJJHVWLQJ�WKDW

9*$7� LV� D�PHPEHU� RI� DQRWKHU� QHXURWUDQVPLWWHU� WUDQVSRUWHU� IDPLO\� DV� RWKHU� KLJK

DIILQLW\�*$%$� WUDQVSRUWHUV�� 7KH� UDW� 9*$7�P51$� H[SUHVVLRQ� LV� UHVWULFWHG� WR� WKH

EUDLQ�DQG� LW�FR�ORFDOLVHV�ZLWK�H[SUHVVLRQ�RI�RQH� LVRIRUP�RI� WKH�*$'��*$'����� LQ

WKH�*$%$HUJLF�QHXURQHV��0F,QWLUH�HW�DO���������

+RPRORJRXV�VHTXHQFHV�IRU�WKH�ILUVW�IRXU�WUDQVSRUWHUV�ZHUH�FORQHG�IURP�KXPDQ�DQG

PRXVH��)RU�WKH�KXPDQ�KRPRORJXHV�WKH�VDPH�QRPHQFODWXUH�ZDV�XVHG�DV�IRU�WKH

UDW�ZLWK�DGGLWLRQ�RI�WKH��K��LQ�IURQW�RI�WKH�DEEUHYLDWLRQ��H�J��K%*7����)RU�WKH�*$%$

WUDQVSRUWHUV�IURP�PRXVH��D�GLIIHUHQW�QRPHQFODWXUH�ZDV�XVHG��PRXVH�*$7��LV�WKH
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KRPRORJXH�RI�KXPDQ�DQG� UDW�*$7����PRXVH�*$7�� LV� WKH�KRPRORJXH�RI�%*7���

PRXVH�*$7��LV�WKH�KRPRORJXH�RI�*$7����PRXVH�*$7��LV�WKH�KRPRORJXH�RI�*$7�

���$�FRPSDULVRQ�RI�WKH�DPLQR�DFLG�VHTXHQFHV�RI�GLIIHUHQW�WUDQVSRUWHUV�LV�VKRZQ�LQ

WDEOH�����

7DEOH����

$PLQR�DFLG�VHTXHQFH�LGHQWLWLHV�RI�KXPDQ��UDW�DQG�PRXVH�*$%$�WUDQVSRUWHUV��IURP�6PLWK�HW

DO���������

$PLQR�DFLG�LGHQWLWLHV *$7�� *$7�� *$7�� %*7��

KXPDQ�YV��UDW ��� ��� ��� ���

KXPDQ�YV��PRXVH ��� ��� ��� ���

������*$%$�WUDQVSRUWHU�OLJDQGV

1HXURWUDQVPLWWHU� WUDQVSRUWHUV� PHGLDWH� WKH� XSWDNH� RI� DPLQR� DFLGV� DQG� ELRJHQLF

DPLQH� WUDQVPLWWHUV� LQWR� SUHV\QDSWLF� WHUPLQDOV� DQG� VXUURXQGLQJ� JOLDO� FHOOV�� 6LQFH

LQKLELWLRQ� RI� WKH� XSWDNH� E\� SKDUPDFRORJLFDO� DJHQWV� LQFUHDVHV� WKH� OHYHOV� RI

QHXURWUDQVPLWWHU� LQ� WKH� V\QDSVH� DQG� WKXV� HQKDQFHV� WKH� V\QDSWLF� WUDQVPLVVLRQ�

QHXURWUDQVPLWWHU� WUDQVSRUWHUV� SURYLGH� LPSRUWDQW� WDUJHWV� IRU� WKHUDSHXWLF

LQWHUYHQWLRQ��6SHFLILFDOO\�� LQKLELWLRQ�RI�*$%$�XSWDNH�SURYLGHV�D�QRYHO� WKHUDSHXWLF

DSSURDFK� WR� HQKDQFH� LQKLELWRU\� *$%$HUJLF� WUDQVPLVVLRQ� LQ� WKH� FHQWUDO� QHUYRXV

V\VWHP�� 7KLV� LV� EHFDXVH�� LQ� WKLV� FDVH�� D� PDMRU� HQKDQFHPHQW� RI� *$%$HUJLF

QHXURWUDQVPLVVLRQ� WDNHV� SODFH� XQGHU� FRQGLWLRQV� ZKHUH� *$%$� LV� DOUHDG\� EHLQJ

UHOHDVHG�SK\VLRORJLFDOO\��$QGHUVHQ�HW�DO����������,W�PD\�EH�XVHIXO�LQ�WKH�WUHDWPHQW

RI�YDULRXV�QHXURSV\FKLDWULF�GLVRUGHUV��H�J��HSLOHSV\���6RPH�\HDUV�DJR��D�QXPEHU�RI

OLSRSKLOLF� *$%$� WUDQVSRUW� LQKLELWRUV� KDYH� EHHQ� GHVLJQHG� DQG� V\QWKHVLVHG�� 7KH\

DUH�FDSDEOH�RI�FURVVLQJ�WKH�EORRG�EUDLQ�EDUULHU�DQG�GLVSOD\�DQWLFRQYXOVLYH�DFWLYLW\�

7KH�SRWHQFLHV�RI�VRPH�RI�WKHVH�FRPSRXQGV�ZHUH�GHWHUPLQHG�ZLWK�HDFK�RI�WKH�IRXU

FORQHG�*$%$�WUDQVSRUWHUV� �WDEOH������7KHVH� WHVWHG�VXEVWDQFHV�ZHUH� IRXQG� WR�EH

KLJKO\�VHOHFWLYH�IRU�*$7����7KHVH�GDWD�VXJJHVW� WKDW� WKH�DQWLFRQYXOVDQW�DFWLYLW\�RI
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WKH� FRPSRXQGV� VXFK� DV� WLDJDELQH� LV� PHGLDWHG� YLD� LQKLELWLRQ� RI� WKH� XSWDNH� E\

*$7����%RUGHQ�HW�DO����������7KH�DYDLODELOLW\�RI�VSHFLILF� LQKLELWRUV�DOORZHG�VWXGLHV

RQ� IXQFWLRQ� DQG� UHJXODWLRQ� RI� *$7���� 8QOLNH� *$7���� OLWWOH� LV� NQRZQ� DERXW� WKH

IXQFWLRQDO�UROH�V��RI�*$7����*$7����DQG�%*7����SDUWO\�GXH�WR�WKH�ODFN�RI�VHOHFWLYH

LQKLELWRUV�

7DEOH����

$IILQLWLHV�RI�WUDQVSRUW�LQKLELWRUV�IRU�FORQHG�*$%$�WUDQVSRUWHUV��'DWD�VKRZ�WKH�,&���>�0@�YDOXHV

IRU�LQKLELWLRQ�RI�>�+@�*$%$�XSWDNH�DQG�UHSUHVHQW�PHDQV�DQG�6(0V���IURP�%RUGHQ�HW�DO���������

&ORQH���FRPSRXQG U*$7�� U*$7�� U*$7�� K%*7��

*$%$ ������ ����� ������� ������

�����1LSHFRWLF�DFLG ������ ������ �������� ����������

7LDJDELQH ����������� ���������� ���������� ����������

11&���� ��������� �������� ��������� ���������

6.)�������$ ����������� ��������� ����������� �����������

����3K\VLRORJLFDO�DQG�SDWKRSK\VLRORJLFDO�FRQVHTXHQFHV�RI�DOWHU�
������QDWLRQV�LQ�*$%$HUJLF�WUDQVPLVVLRQ

$� JURZLQJ� ERG\� RI� HYLGHQFH� VXJJHVWV� D� UROH� IRU� DOWHUHG� *$%$HUJLF� IXQFWLRQ� LQ

KXPDQ� QHXURORJLFDO� DQG� SV\FKLDWULF� GLVRUGHUV�� LQFOXGLQJ� HSLOHSV\�� DQ[LHW\�� VOHHS

GLVRUGHUV�� DOFRKROLVP�� VFKL]RSKUHQLD� DQG� 3DUNLQVRQ
V� GLVHDVH� �6KHNKDU� HW� DO��

������*HUODFK�HW�DO���������:RR�HW�DO���������2EHQDXV�HW�DO����������7KH�DWWHPSWV

WR� WUHDW� WKLV� GLVHDVHV� OHG� WR� WKH� SURGXFWLRQ� RI� D� YDULHW\� RI� VXEVWDQFHV� DFWLQJ� RQ

GLIIHUHQW� VLWHV� LQ� WKH� &16�� 7KH� FRQWLQXHG� VHDUFK� IRU� QHZ� PRUH� HIIHFWLYH

FRPSRXQGV� WKDW� DUH� ZLWKRXW� DGYHUVH� VLGH� HIIHFWV� KDV� OHG� WR� SUROLIHUDWLRQ� RI

SRWHQWLDO� DJHQWV�� 7KLV� KDV� UHLQIRUFHG� WKH� QHHG� IRU� HIILFLHQW�� SUH�FOLQLFDO� DQLPDO

VFUHHQLQJ� WHVWV�� $QLPDO� VFUHHQLQJ� WHVWV� DUH� XVHG� LQLWLDOO\� WR� SUHGLFW� VDIHW\� DQG

HIILFDF\� RI� DQ\� QRYHO� FRPSRXQG�� $QRWKHU� DSSOLFDWLRQ� RI� DQLPDO� WHVWV� LV� DV

ELRORJLFDO� WHVW� V\VWHPV� ZKHUHLQ� WKH� QHXUDO� PHFKDQLVPV� RI� GUXJ� DFWLRQ� FDQ� EH

VWXGLHG�� $W� WKLV� VWDJH�� WKH� DQLPDO� WHVW� LV� FDOOHG� �PRGHO�� DQG� LW� LV� XVHG� DV� D

ELREHKDYLRXUDO� DQDORJXH� RI� DQ� XQGHUO\LQJ� PHFKDQLVP�� .QRZOHGJH� RI� WKH
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PHFKDQLVPV�RI�GUXJ�DFWLRQ�FDQ�KHOS�WR�V\QWKHVLVH�GUXJV�WKDW�DFW�PRUH�VDIHO\�DQG

VHOHFWLYHO\�� )XUWKHUPRUH�� E\� XQGHUVWDQGLQJ� WKH�PHFKDQLVPV� E\� ZKLFK� WKH� GUXJV

SURGXFH�WKHLU�HIIHFWV��RQH�FDQ�XQGHUVWDQG�LPSRUWDQW�DVSHFWV�RI�WKH�ELRORJLFDO�EDVLV

RI�GLIIHUHQW� GLVHDVHV�� ,Q� WKH�SUHVHQW�ZRUN�� WKH�DQLPDO�PRGHOV�RI� HSLOHSV\�DQG�RI

DQ[LHW\�UHODWHG�EHKDYLRXU�ZHUH�XVHG�

������(SLOHSV\

�(SLOHSV\�� UHIHUV� WR� DQ� HWLRORJLFDOO\� DQG� FOLQLFDOO\� GLYHUVH� JURXS� RI� QHXURORJLFDO

GLVRUGHUV� FKDUDFWHULVHG� E\� GLVRUGHUHG�� V\QFKURQLVHG� ILULQJ� RI� SRSXODWLRQV� RI

QHXURQHV�LQ�&16��FDOOHG�VHL]XUHV��UHYLHZHG�LQ�'LFKWHU�HW�DO����������2Q�WKH�EDVLV

RI� FOLQLFDO� FULWHULD��PRUH� WKDQ����GLVWLQFW� IRUPV� RI� HSLOHSV\� KDYH� EHHQ� GHILQHG� LQ

KXPDQV��&&7,/(���������(SLOHSV\� LV�FRPPRQO\�D�GHOD\HG�FRQVHTXHQFH�RI�KHDG

LQMXU\�� 6RPH� IRUPV� RI� HSLOHSV\� LQ� KXPDQV� DSSHDU� WR� KDYH� D� JHQHWLF� EDVLV�

0RUHRYHU�� PDQ\� LQERUQ� HUURUV� RI� PHWDEROLVP� DQG� WKH� PDMRU� GHYHORSPHQWDO

GLVRUGHUV� DUH� DVVRFLDWHG� ZLWK� VHL]XUHV�� (SLOHSV\� LV� D� GLVRUGHU� RI� UHFXUUHQW�

VSRQWDQHRXV�HSLVRGHV�RI�DEHUUDQW�V\QFKURQLVDWLRQ�RI�HOHFWULFDO�DFWLYLW\�LQ�D�SRFNHW

RI�DFWLYH�QHXURQHV��ZKLFK�WKHQ�IRUP�D�IRFXV�IRU�DQ�HSLOHSWLF�VHL]XUH��7KH�VHL]XUH

FDQ� UHPDLQ� ORFDO�� VSUHDG� WR� RWKHU� VLWHV� RU� HQJDJH� DOO� FRUWLFDO� UHJLRQ

VLPXOWDQHRXVO\��1HRFRUWLFDO�RU�KLSSRFDPSDO�FLUFXLWV�DUH�DOZD\V�DFWLYDWHG�GXULQJ�DQ

HSLOHSWLF�VHL]XUH��1RHEHOV��������6WDUU��������

2QO\�OLPLWHG�SURJUHVV�KDV�EHHQ�PDGH�LQ�XQGHUVWDQGLQJ�WKH�PROHFXODU�DQG�FHOOXODU

EDVLV�RI�HLWKHU�WKH�SURQHVV�WR�HSLOHSWLF�VHL]XUHV�RU�WKHLU�DFXWH�PDQLIHVWDWLRQ�

$QLPDO�PRGHOV�RI�HSLOHSV\��7R�VWXG\�WKH�EDVLV�RI�HSLOHSV\��VRPH�VWUDLQV�RI�URGHQW

KDYH� EHHQ� VHOHFWHG� DQG� EUHG� IRU� VHL]XUH� VXVFHSWLELOLW\�� 7KHVH� VWUDLQV� VHUYH� DV

PRGHOV�IRU�HSLOHSV\��6RPH�RI� WKH�VWUDLQV�H[KLELW�VSRQWDQHRXV�VHL]XUHV��ZKLOH� WKH

PDMRULW\� KDYH� �HYRNHG�� VHL]XUHV� DV� D� UHVSRQVH� WR� D� VSHFLILF� VWLPXOXV�� VXFK� DV

VRXQG� RU� YHVWLEXODU� VWLPXODWLRQ� �3XUDQDP� DQG� 0F1DPDUD�� ������� )RU� H[DPSOH�

'%$���PLFH��(/�PLFH�DQG�JHQHWLFDOO\�HSLOHSV\�SURQH�UDWV�UDQN�DPRQJ�WKLV�JURXS�

$QRWKHU�SRVVLELOLW\�WR�VWXG\�HOHFWURSK\VLRORJLFDO�DQG�ELRFKHPLFDO�EDVHV�RI�VHL]XUHV

LV�WR�XVH�DQLPDOV�LQ�ZKLFK�WKH�VHL]XUHV�DUH�HYRNHG��7KH�VHL]XUHV�FDQ�EH�WULJJHUHG
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E\�VKRUW�HOHFWULFDO�SXOVH�RU�E\�LQMHFWLRQ�RI�SURFRQYXOVDQW�VXEVWDQFHV�VXFK�DV�NDLQLF

DFLG��SHQW\OHQWHWUD]ROH� �37=���SLFURWR[LQ�RU�'0&0��PHWK\�����GLPHWKR[\���HWK\O�

b�FDUEROLQH��

)XUWKHUPRUH�� VRPH� RI� WKHVH� VXEVWDQFHV� DUH� XVHG� WR� �PRGHO�� HSLOHSV\�OLNH

V\QGURPHV� LQ�DQLPDOV��7KLV�PRGHO� LV�EDVHG�RQ�D�EULHI�EXUVW�RI�QHUYH�VWLPXODWLRQ

VXIILFLHQW� WR� LQGXFH� D� ORFDO� GLVFKDUJH� EXW� QRW� VXIILFLHQW� WR� WULJJHU� D� VHL]XUH�

+RZHYHU��WKLV�VWLPXOXV�WULJJHUV�D�VHL]XUH�LI�UHSHDWHG�IUHTXHQWO\��7KLV�SKHQRPHQRQ

LV� UHIHUUHG� WR� DV� NLQGOLQJ�� ,W� FDQ� EH� PRVW� UHDGLO\� LQGXFHG� E\� VWLPXODWLQJ

WKH�VWUXFWXUHV�WKDW�FRPSULVH�WKH�OLPELF�V\VWHP��VXFK�DV�KLSSRFDPSXV�RU�DP\JGDOD�

7KLV� VWLPXODWLRQ� LV� SHUIRUPHG� HOHFWULFDOO\� �LPSODQWDWLRQ� RI� HOHFWURGHV��� .LQGOLQJ

HIIHFW�FDQ�EH�REWDLQHG�DOVR�IROORZLQJ�FKHPLFDO�VWLPXODWLRQ��UHSHDWHG�LQWUDSHULWRQHDO

LQMHFWLRQV� RI� 37=��� 7KH� FKDQJHV� UHVSRQVLEOH� IRU� WKH� ORZHUHG� VHL]XUH� WKUHVKROG

RFFXU� GLIIXVHO\� LQ� WKH� EUDLQ� DQG� DUH� SHUPDQHQW�� 7KH\� DSSHDU� WR� LQYROYH� YROWDJH

VHQVLWLYH� LRQ� FKDQQHOV� DQG� VHYHUDO� QHXURWUDQVPLWWHU� V\VWHPV�� LQFOXGLQJ� *$%$�

DFHW\OFKROLQH�DQG�JOXWDPDWH�

7KH�PRVW� SUHYDOHQW� VHL]XUH� GLVRUGHU� LQ� KXPDQ� DGXOWV� LV� WHPSRUDO� OREH� HSLOHSV\�

(OHFWURSK\VLRORJLFDO�VWXGLHV�RI�KXPDQ�WHPSRUDO� OREH�HSLOHSV\�VXJJHVW� WKDW�D� ORVV

RI� KLSSRFDPSDO� *$%$�PHGLDWHG� LQKLELWLRQ� PD\� XQGHUOLH� WKH� QHXURQDO

K\SHUH[FLWDELOLW\� JHQHUDWLQJ� WKLV� FRQGLWLRQ� �,VRNDZD� HW� DO��� ������ .QRZOHV� HW� DO��

������� 7KH� K\SRWKHVLV� LV� VXSSRUWHG� E\� WKH� IDFW� WKDW� VRPH� VXEVWDQFHV

VWUHQJWKHQLQJ� WKH� *$%$HUJLF� WUDQVPLVVLRQ� DUH� DQWLFRQYXOVDQW� DQG� DUH� XVHG� IRU

WUHDWPHQW� RI� HSLOHSV\�� H�J�� WLDJDELQ�� YLJDEDWULQ�� GLD]HSDP�� ,Q� DQLPDO� PRGHOV� RI

HSLOHSV\��D�VXEVWDQWLDO�ORVV�RI�JOXWDPLF�DFLG�GHFDUER[\ODVH�FRQWDLQLQJ�QHXURQHV�LQ

KLSSRFDPSXV�ZDV�REVHUYHG��2EHQDXV�HW�DO����������7KHUHIRUH��GLPLQLVKHG�*$%$

UHOHDVH� PLJKW� PHGLDWH� WKH� GHFUHDVH� RI� WKH� LQKLELWLRQ�� 7KHUH� DUH� WZR� PRGHV� RI

*$%$�UHOHDVH�IURP�QHXURQHV�WKH�PDMRU�RQH��YHVLFXODU�FDOFLXP�GHSHQGHQW�UHOHDVH

DQG� DGGLWLRQDO� WUDQVSRUWHU� UHYHUVDO� FDOFLXP�LQGHSHQGHQW� UHOHDVH�� 'XULQJ� DQG

FROOHDJXHV� ������� KDYH� VKRZQ� WKDW� FDOFLXP�GHSHQGHQW� *$%$� UHOHDVH� DIWHU

SRWDVVLXP�VWLPXODWLRQ�ZDV���IROG�KLJKHU� LQ�KXPDQ�HSLOHSWRJHQLF�KLSSRFDPSL� WKDQ

LQ� FRQWUROV�� )XUWKHUPRUH�� WKH\� KDYH� VKRZQ� WKDW� FDOFLXP�LQGHSHQGHQW�� JOXWDPDWH�

LQGXFHG�� *$%$� UHOHDVH� VLJQLILFDQWO\� LQFUHDVHV� *$%$� FRQFHQWUDWLRQ� LQ� WKH
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H[WUDFHOOXODU� IOXLG� RQO\� LQ� WKH� FRQWUROV� DQG� QRW� LQ� WKH� HSLOHSWRJHQLF� KLSSRFDPSL�

0RUHRYHU�� WKH\�GHWHFWHG� D�GHFUHDVHG� QLSHFRWLF� DFLG� ELQGLQJ� �*$7��� LQKLELWRU�� LQ

WKH�KLSSRFDPSXV�RI�NLQGOHG�UDWV��DQ�DQLPDO�PRGHO�RI�HSLOHSV\��'XULQJ�HW�DO���������

7KH\�K\SRWKHVLVHG�WKDW�UHYHUVDO�RI�*$%$�WUDQVSRUW�LV�QHFHVVDU\�LQ�DGGLWLRQ�WR�WKH

YHVLFXODU�*$%$�UHOHDVH�WR�GDPSHQ�WKH�VHL]XUHV��)XUWKHUPRUH��WKH�GHFUHDVH�RI�WKH

QXPEHU�RI�*$%$�WUDQVSRUWHUV� LQ� WKH�HSLOHSV\�OLNH�KLSSRFDPSXV�PD\�XQGHUOLH� WKH

LQVXIILFLHQW� QHXURQDO� LQKLELWLRQ�DQG� WKHUHIRUH� VSUHDG�RI� VHL]XUHV��+HUH�DULVHQ� WKH

TXHVWLRQ�� ZKHWKHU� GHFUHDVHG� ELQGLQJ� DFWLYLW\� RI� *$%$� WUDQVSRUWHUV� LV� GXH� WR

FKDQJHV� LQ�WUDQVFULSWLRQ�� WUDQVODWLRQ�RU�RWKHU�UHJXODWLRQ�PHFKDQLVPV��UHYLHZHG� LQ

2OVHQ�DQG�'H/RUH\��������

������$Q[LHW\�GLVRUGHUV

$Q[LHW\� LV� DSSUHKHQVLRQ� RI� GDQJHU� RU� VRPHWKLQJ� XQSOHDVDQW��:KHUHDV� IHDU� LV� D

UHVSRQVH� WR� FXUUHQW� WKUHDWV�� DQ[LHW\� RFFXUV� LQ� DQWLFLSDWLRQ� RI� D� WKUHDW� QRW� \HW

SUHVHQW�DQG�RIWHQ�QRW� FOHDUO\�GHILQHG��$Q[LHW\� LV�D�SDUW�RI� HYHU\�GD\�KXPDQ� OLIH�

DQG�VRPHWKLQJ�DQ[LHW\�OLNH��RU�FRQGLWLRQDO�IHDU��RFFXUV�LQ�PRVW�YHUWHEUDWH�VSHFLHV�

,W� SURWHFWV� DQ� LQGLYLGXDO� IURP� GDQJHURXV� RU� XQNQRZQ� VLWXDWLRQV� DQG� KDV� FOHDU

DGDSWLYH�YDOXH��,Q�VRPH�KXPDQV��DQ[LHW\�UHDFKHV�D�OHYHO�WKDW�LV�FRXQWHUSURGXFWLYH

RU� HYHQ� LQFDSDFLWDWLQJ� OHDGLQJ� WR� DQ[LHW\� GLVRUGHUV� WKDW� DUH� DPRQJ� WKH� PRVW

FRPPRQ�RI�DOO�SV\FKLDWULF�FRQGLWLRQV��,Q�DGGLWLRQ��DQ[LHW\�LV�D�SURPLQHQW�V\PSWRP

LQ�PDQ\�SV\FKLDWULF�GLVRUGHUV��7KHUH�DUH�GLVWLQFW�IRUPV�RI�DQ[LHW\�GLVRUGHUV��7KH\

DUH�GLVWLQJXLVKHG�DFFRUGLQJ�WR�WKHLU�FKDUDFWHULVWLF�FOXVWHULQJ�RI�V\PSWRPV�DV�SDQLF

DWWDFNV�� REVHVVLYH�FRPSXOVLYH� GLVRUGHU�� SRVW�WUDXPDWLF� VWUHVV� GLVRUGHU� DQG

JHQHUDOLVHG�DQ[LHW\�GLVRUGHU�

$QLPDO� PRGHOV� RI� DQ[LHW\�� 7KH� HYLGHQFH� XVHG� WR� GHWHUPLQH� WKH� QHXURFKHPLFDO

EDVLV� RI� DQ[LHW\� KDV� FRPH� IURP� VWXG\LQJ� WKH� DFWLRQ� RI� DQ[LHW\�UHGXFLQJ�� RU

DQ[LRO\WLF��GUXJV��7KLV�KDV�EHHQ�DLGHG�E\�WKH�H[LVWHQFH�RI�VHYHUDO�DQLPDO�PRGHOV

RI� DQ[LHW\�� 7KH� EDVLF� SKHQRPHQD� WKDW� ZHUH� XVHG� DV� IRXQGDWLRQV� IRU� PRGHOV� RI

DQ[LRO\WLF�HIIHFWV�RI�GUXJV�FDQ�EH�JURXSHG�LQWR�WKUHH�FDWHJRULHV��$��0RGHOV�EDVHG

RQ�WKH�HIIHFWV�RI�SURYHQ�DQ[LRO\WLFV�RQ�VLPSOH�RU��XQFRQGLWLRQHG��DQLPDO�UHDFWLRQV�
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%�� 0RGHOV� EDVHG� RQ� WKH� HIIHFWV� RI� DQ[LRO\WLFV� LQ� WUDGLWLRQDO� DQLPDO� OHDUQLQJ

SDUDGLJPV��DQG�&��0RGHOV�EDVHG�RQ�WKH�HIIHFWV�RI�DQ[LRO\WLFV�RQ�SK\ORJHQHWLFDOO\

�SUHSDUHG��IRUPV�RI�DYHUVLYH�OHDUQLQJ��UHYLHZHG�LQ�7UHLW��������

,Q� WKH�SUHVHQW�ZRUN�� WZR� WHVWV�ZHUH� XVHG�� WKH� RSHQ� ILHOG�DQG� WKH� HOHYDWHG� SOXV�

PD]H� WHVWV�� %RWK� WHVWV� UDQN� LQWR� WKH� JURXS� RI� WHVWV� GHWHFWLQJ� HIIHFWV� RQ

XQFRQGLWLRQHG� EHKDYLRXU� �$���� ,Q� DGGLWLRQ�� WKH� HPSOR\HG� WHVWV� UHFRUG� HIIHFWV� RQ

H[SORUDWRU\� EHKDYLRXU� RI� UDWV� �7UHLW�� ������� 7KH\� DUH� EDVHG� RQ� URGHQWVC� QDWXUDO

WHQGHQF\� WR� DYRLG� EULJKWO\� OLW� DUHDV�� ,Q� WKHVH� WHVWV�� WKH� UDWV� DUH� SODFHG� LQWR

WKH�DUHQD�DQG�WKH�QXPEHU�RI�WUDQVLWLRQV�LQWR�DQG�WKH�WLPH�VSHQW� LQ� WKH� OLJKW�SDUWV

DUH�HOHFWURQLFDOO\�UHFRUGHG��,Q�DGGLWLRQ��RWKHU�H[SORUDWRU\�DFWLYLWLHV�� OLNH�KHDG�GLSV

DQG�UHDUV��FDQ�EH�UHFRUGHG��,W�KDV�EHHQ�VKRZQ�WKDW�D�YDULHW\�RI�DQ[LRO\WLFV�SURGXFH

GRVH�GHSHQGHQW� LQFUHDVH� LQ� WUDQVLWLRQV� �&UDZOH\�� ������� ZKHUHDV� QRQDQ[LRO\WLF

DJHQWV� GR� QRW� KDYH� WKLV� IDFLOLWDWRU\� HIIHFW�� (YLGHQFH� ZDV� DOVR� SURYLGHG� WKDW

DQ[LRO\WLF� DJHQWV� VHOHFWLYHO\� LQFUHDVHG� H[SORUDWLRQ�� UDWKHU� WKDQ� JHQHUDO� DFWLYLW\

�&UDZOH\�DQG�*RRGZLQ��������

7KH� FXUUHQW� ZRUN� GHDOLQJ� ZLWK� DQ[LHW\� FRQFHQWUDWHG� RQ� WKH�*$%$�PHFKDQLVPV�

3KDUPDFRORJLFDO�PDQLSXODWLRQ�RI�*$%$HUJLF�WUDQVPLVVLRQ�LV�DQ�HIIHFWLYH�DSSURDFK

IRU�WKH�WUHDWPHQW�RI�DQ[LHW\��:RRGV�HW�DO�������E���7KH�EHQ]RGLD]HSLQHV�DUH�KLJKO\

HIIHFWLYH� IRU� WKH� UHOLHI� RI� DQ[LHW\�� 7KH\� KDYH� D� ORZHU� SRWHQWLDO� IRU� DGGLFWLRQ� WKDQ

RWKHU� GUXJV� XVHG� HDUOLHU� DQG� DUH� OHVV� OLNHO\� WR� FDXVH� GHDWK� ZKHQ� WDNHQ� LQ

RYHUGRVHV�� 7KH� FOLQLFDO� HIIHFWV� RI� EHQ]RGLD]HSLQHV� DUH� DQ[LRO\WLF�� VHGDWLYH�

DQWLFRQYXOVDQW� DQG� PXVFOH� UHOD[DQW�� 7KHUH� DUH� QRZ� VHYHUDO� GR]HQ� RI� EHQ]R�

GLD]HSLQH�GUXJV�LQ�FOLQLFDO�XVH�ZRUOGZLGH��DOWKRXJK�XVH�RI�WKHP�KDV�EHFRPH�OHVV

SRSXODU� EHFDXVH� RI� VLGH� HIIHFWV�� LQFOXGLQJ� GHYHORSPHQW� RI� WROHUDQFH� DQG

GHSHQGHQFH�
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������7ROHUDQFH�DQG�GHSHQGHQFH�WR�EHQ]RGLD]HSLQHV

%HQ]RGLD]HSLQHV� ZHUH� FRQVLGHUHG� WR� EH� GHYRLG� RI� DGYHUVH� FRQVHTXHQFHV�

+RZHYHU�� FRQFHUQ�KDV� LQFUHDVHG� UHJDUGLQJ� DQ�DEXVH�DQG� SRWHQWLDO� GHSHQGHQFH

OLDELOLW\�RI�WKHVH�GUXJV��/RQJ�WHUP�XVH�PD\�OHDG�WR�WROHUDQFH�WR�WKHLU�HIIHFWV��)LOH�

������ DQG� ZLWKGUDZDO� V\QGURPHV� FDQ� IROORZ� DEUXSW� GLVFRQWLQXDWLRQ� RI

EHQ]RGLD]HSLQH�WUHDWPHQW��:RRGV�HW�DO�������D��)LOH��������

�'UXJ�WROHUDQFH��KDV�EHHQ�GHILQHG�DV�WKH�SURFHVV�E\�ZKLFK�WKH�HIIHFWV�RI�WKH�VDPH

GRVH�RI� D� GUXJ� GHFUHDVHV�ZLWK� UHSHDWHG� DGPLQLVWUDWLRQ�� UHVXOWLQJ� LQ� WKH� QHHG� WR

LQFUHDVH� WKH�GRVH� WR� REWDLQ� WKH� VDPH� WKHUDSHXWLF� HIIHFW� �0LOOHU� DQG�*ROG�� �����

5DOO���������'UXJ�WROHUDQFH�FDQ�EH�GXH�WR�PHWDEROLF�FKDQJH�RU�DGDSWLYH�FKDQJHV

ZLWKLQ�WKH�FHQWUDO�QHUYRXV�V\VWHP�LQ�UHVSRQVH�WR�UHSHDWHG�GUXJ�H[SRVXUH��2QH�RI

WKH� HIIHFWV� RI� WROHUDQFH� LV� WR� UHVWRUH� KRPHRVWDVLV�� NHHSLQJ� SK\VLRORJLFDO

IXQFWLRQLQJ� ZLWKLQ� D� QRUPDO� UDQJH�� ,Q� VRPH� FDVHV�� WROHUDQFH� FDQ� EH� SDUWO\

SKDUPDFRNLQHWLF� DQG� SDUWO\� SKDUPDFRG\QDPLF�� $� ODUJH� ERG\� RI� HYLGHQFH� IURP

DQLPDO� VWXGLHV� VXJJHVWV� WKDW� WKH� WROHUDQFH� REVHUYHG� ZLWK� EHQ]RGLD]HSLQHV� LV

ODUJHO\� SKDUPDFRG\QDPLF� LQ� QDWXUH�� 7KHUHIRUH�� D� ODUJH� FRPSRQHQW� RI� EHQ]R�

GLD]HSLQH�WROHUDQFH�PXVW�EH�GXH�WR�&16�SODVWLFLW\��UHYLHZHG�LQ�+XWFKLQVRQ�HW�DO��

������

�'UXJ�GHSHQGHQFH��LV�EHVW�GHILQHG�DV�WKH�FLUFXPVWDQFH�LQ�ZKLFK�WKH�WHUPLQDWLRQ�RI

GUXJ�DGPLQLVWUDWLRQ� OHDGV� WR� WKH�RQVHW�RI�ZLWKGUDZDO� V\PSWRPV� �0LOOHU�DQG�*ROG�

������5DOO��������� ,W�KDV�EHHQ�VXJJHVWHG�WKDW� WKH�GHYHORSPHQW�RI�GUXJ�WROHUDQFH

DQG�GHSHQGHQFH�PD\�EH�OLQNHG��3KDUPDFRG\QDPLF�WROHUDQFH�KDV�EHHQ�GHILQHG�DV

WKH�SURFHVV�E\�ZKLFK�GUXJ�UHFHSWRUV�LQ�WKH�EUDLQ�DGDSW�WR��RU�FRPSHQVDWH�IRU��WKH

FRQWLQXHG�SUHVHQFH�RI� WKH�GUXJ��7KXV��ZKHQ� UHFHSWRUV�DGDSW� WR� WKH�SUHVHQFH�RI

WKH�GUXJ�� WKHQ�� LI� WKH�GUXJ� WUHDWPHQW� LV� WHUPLQDWHG��DEQRUPDO� QHXUDO� DFWLYLW\�PD\

RFFXU� ZKLFK� FDXVHV� ZLWKGUDZDO� V\PSWRPV� LQGLFDWLYH� IRU� GHSHQGHQFH��:KHQ� WKH

GUXJ�LV�QR�ORQJHU�SUHVHQW��WKH�UHFHSWRUV�PXVW�UH�DGDSW�EHIRUH�QHXUDO�IXQFWLRQ�FDQ

UHWXUQ�WR�QRUPDO��0LOOHU�DQG�*ROG��������

7KHUH�LV�D�ODUJH�ERG\�RI�HYLGHQFH�ZKLFK�GRFXPHQWV�WKH�GHYHORSPHQW�RI�WROHUDQFH

WR� WKH� VHGDWLYH� �0DWVXEDUD� DQG� 0DWVXVKLWD�� ������ +DUUR� HW� DO��� ������� PXVFOH

UHOD[DQW��0DWVXEDUD�DQG�0DWVXVKLWD���������DQWLFRQYXOVDQW��*DOODJHU�HW�DO��������
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*RVDOYHV� DQG�*DOODJHU�� ������ DQG� DQ[LRO\WLF� �7UHLW�� ������ ,VKLKDUD� HW� DO��� �����

HIIHFWV� RI� EHQ]RGLD]HSLQHV� ZLWKLQ� WKHLU� ORQJ�WHUP� FRQWLQXRXV� DGPLQLVWUDWLRQ�

7KH� GHYHORSPHQW� RI� WROHUDQFH� LV� QRW� D� XQLWDU\� SURFHVV�� EXW� D� UDWKHU� VWUDWLILHG

SURFHVV�LQ�ZKLFK�WROHUDQFH�WR�WKH�GLIIHUHQW�EHKDYLRXUDO�HIIHFWV�RI�EHQ]RGLD]HSLQHV

GHYHORSV� DW� GLIIHUHQW� UDWHV� DQG� WR� GLIIHUHQW� H[WHQWV�� 7KH� VSHFLILF� ZLWKGUDZDO

V\PSWRPV� ZKLFK� RFFXU� PD\� GHSHQG� RQ� WKH� SDUWLFXODU� IRUPV� RI� WROHUDQFH� ZKLFK

KDYH�GHYHORSHG�DW�WKH�WLPH�EHQ]RGLD]HSLQH�WUHDWPHQW�LV�WHUPLQDWHG���UHYLHZHG�LQ

+XWFKLQVRQ�HW�DO���������

7KH�PROHFXODU�PHFKDQLVPV�XQGHUO\LQJ�GHYHORSPHQW�RI�WROHUDQFH�DQG�GHSHQGHQFH

DUH� VWLOO� QRW� FOHDUO\� XQGHUVWRRG�� $� ODUJH� QXPEHU� RI� VWXGLHV� KDYH� DWWHPSWHG� WR

HOXFLGDWH� WKH� QHXURFKHPLFDO� FKDQJHV� DVVRFLDWHG� ZLWK� UHSHDWHG� EHQ]RGLD]HSLQH

DGPLQLVWUDWLRQ�� XVLQJ� D� ZLGH� UDQJH� RI� ELRFKHPLFDO� WHFKQLTXHV�� 0DQ\� RI� WKHVH

VWXGLHV�GHPRQVWUDWHG�D�GHFUHDVH� LQ� WKH�PD[LPDO� QXPEHU�RI� WKH�EHQ]RGLD]HSLQH

ELQGLQJ�VLWHV�ZKHQ�WUHDWHG�DQLPDOV�ZHUH�FRPSDUHG�WR�FRQWURO�DQLPDOV��$OODQ�HW�DO��

������%\UQHV�HW�DO���������:X�HW�DO����������5HJLRQDO�GLIIHUHQFHV�ZHUH�IRXQG�ZLWK

GRZQ�UHJXODWLRQ� RI� %=� ELQGLQJ� VLWHV�� PRVW� RI� WKHP� IRXQG� LQ� WKH� FRUWH[�

KLSSRFDPSXV� DQG� DP\JGDOD� �:X� HW� DO�� ������:X� HW� DO��� ������� +RZHYHU�� ODUJH

QXPEHU�RI�VWXGLHV�IDLOHG�WR�ILQG�GRZQ�UHJXODWLRQ�RI�%=�ELQGLQJ�VLWHV� �5RFD�HW�DO��

������%UHWW�DQG�3UDWW�����D������E��,VKLKDUD�HW�DO���������5DPVH\�:LOOLDPV�HW�DO��

������� 1R� VWXG\� LQGLFDWHG� DQ� LQFUHDVH� LQ� WKH� QXPEHU� RI� %=� ELQGLQJ� VLWHV�

0RUHRYHU��FKURQLF�EHQ]RGLD]HSLQH�WUHDWPHQW�GLG�QRW�DOWHU�WKH�DIILQLW\�RI�%=�ELQGLQJ�

6HYHUDO� VWXGLHV� XVLQJ� 7%36�� *$%$$� UHFHSWRU� &O
�� FKDQQHO� EORFNHU�� KDYH� VKRZQ

WKDW� UHSHDWHG�%=�DGPLQLVWUDWLRQ�GRHV�QRW� OHDG� WR�D� FKDQJH� LQ� WKH�QXPEHU�RI�&O�

FKDQQHOV��+HQLQJHU�DQG�*DOODJHU��������0LOOHU�HW�DO�����������$OVR�VHYHUDO�VWXGLHV

KDYH�EHHQ�DLPHG�RQ�H[SUHVVLRQ�RI�GLIIHUHQW�VXEXQLWV�RI�*$%$$�UHFHSWRUV��+ROW�HW

DO���������,PSDJQDWLHOOR�HW�DO���������=KDR�HW�DO���������

7KHUH�KDV�EHHQ�QR�VWXG\�FDUULHG�RXW�RQ�*$%$�WUDQVSRUWHUV��1HLWKHU� IXQFWLRQ�QRU

H[SUHVVLRQ�RI�*$7V�KDV�EHHQ�VWXGLHG�XQGHU�WKH�ORQJ�WLPH�LQFUHDVH�RI�*$%$HUJLF

LQKLELWLRQ�GXH�WR�WKH�EHQ]RGLD]HSLQH�WUHDWPHQW�
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����7KH�DLP�RI�WKH�VWXG\

7KH� SUHVHQW� ZRUN� KDV� EHHQ� IRFXVHG� RQ� WKH� VWXG\� RI� *$%$� WUDQVSRUWHUV� LQ� UDW

EUDLQ�� 7KH� VWXG\� KDV� EHHQ� GLUHFWHG� RQ� *$7��� DQG� *$7���� WKH� RQO\� *$%$

WUDQVSRUWHUV� VSHFLILFDOO\� H[SUHVVHG� LQ� WKH� FHQWUDO� QHUYRXV� V\VWHP�� DQG� WKHLU

SRVVLEOH� UROH� LQ� WKH� SODVWLFLW\� RI� WKH� &16�� 7KH� H[SHULPHQWV� ZHUH� DLPHG� RQ

GHWHFWLRQ� DQG� DQDO\VLV� RI� P51$� H[SUHVVLRQ� RI� WKH� FKRVHQ� *$%$� WUDQVSRUWHUV

XQGHU� YDULRXV� SDWKRSK\VLRORJLFDO� DQG� FRQWURO� FRQGLWLRQV�� LQ� ZKLFK� DOWHUHG

*$%$HUJLF�WUDQVPLVVLRQ�LV�WKRXJKW�WR�SOD\�D�UROH��2QH�RI�WKH�DLPV�RI�WKH�SUHVHQW

ZRUN� KDV� EHHQ� WR� HVWDEOLVK� PROHFXODU� PHWKRGV� FDSDEOH� WR� GHWHFW� DQG� TXDQWLI\

*$%$�WUDQVSRUWHU�P51$V��7KH�51DVH�SURWHFWLRQ�DVVD\�DQG�FRPSHWLWLYH�57�3&5

KDYH�EHHQ� HPSOR\HG�� 7KH� HVWDEOLVKHG�PHWKRGV� KDYH� EHHQ� XVHG� WR� TXDQWLI\� WKH

EDVDO�H[SUHVVLRQ�RI�P51$V�IRU�*$7���DQG�*$7��� LQ� WKH� UDW�EUDLQ��)XUWKHUPRUH�

WKH�K\SRWKHVLV�KDV�EHHQ�WHVWHG�ZKHWKHU�P51$�OHYHOV�RI�*$7���DQG�RU�*$7���DUH

DOWHUHG�LQ�NLQGOHG�UDWV��DQ�DQLPDO�PRGHO�RI�HSLOHSV\��7KH�ODVW�DLP�ZDV�WR�DQDO\VH

WKH� P51$� H[SUHVVLRQ� RI� *$7V� DIWHU� FKURQLF� WUHDWPHQW� ZLWK� GUXJV� HQKDQFLQJ

WKH�*$%$�PHGLDWHG�LQKLELWLRQ�YLD�WKHLU�ELQGLQJ�RQ�*$%$$�UHFHSWRUV��7KH�HIIHFW�RI

GLD]HSDP� KDV� EHHQ� FRPSDUHG� WR� HIIHFW� RI� ]ROSLGHP�� 'LD]HSDP� LV� D� FODVVLFDO

EHQ]RGLD]HSLQH� NQRZQ� WR� FDXVH� WROHUDQFH� DQG� GHSHQGHQFH�� ZKHQ� DGPLQLVWHUHG

FKURQLFDOO\�� =ROSLGHP� LV� DQ� LPLGD]RS\ULGLQH� WKDW� DOVR� ELQGV� WR� EHQ]RGLD]HSLQH

ELQGLQJ� VLWH� RQ� *$%$$� UHFHSWRUV�� KRZHYHU�� XQOLNH� GLD]HSDP� LW� ELQGV� ZLWK� KLJK

DIILQLW\� RQO\� WR� a�� VXEXQLW� FRQWDLQLQJ� UHFHSWRUV�� =ROSLGHP� LV� VXJJHVWHG� QRW� WR

GHYHORS�WKH�WROHUDQFH�LQ�UDWV�
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��0DWHULDOV�DQG�0HWKRGV

����'UXJV

-� ����3HQWDPHWK\OHQWHWUD]ROH��6LJPD�$OGULFK��'HLVHQKRIHQ��*HUPDQ\�

-� 'LD]HSDP��9DOLTXLGÇ������5RFKH��*HUPDQ\�

-� =ROSLGHP��GRQDWHG�E\�6\QWKHODER��3DULV��)UDQFH�

-� +DORWKDQH��)OXRWKDQHÇ��=HQHFD��3ODQNVWDGW��*HUPDQ\�

����&KHPLFDOV

,Q� DOO�PROHFXODU� ELRORJ\� H[SHULPHQWV� GRXEOH�GLVWLOOHG� ZDWHU� �+�2ELGHVW�� ZDV� XVHG�

)RU�WKH�ZDWHU�SURFHVVLQJ��WKH�0LOOL�4�V\VWHP�ZDV�XVHG�

6WDQGDUG� FKHPLFDOV� ZHUH� RI� PROHFXODU� ELRORJ\� RU� DQDO\WLFDO� JUDGH�� $GGLWLRQDOO\

XVHG�FKHPLFDOV�ZHUH�

-� �����3&5�EXIIHU� �3HUNLQ�(OPHU�$SSOLHG�%LRV\VWHPV��%UDQFKEXUJ��1HZ�-HUVH\�

86$�

-� �����7UDQVFULSWLRQ�EXIIHU��%RHKULQJHU�0DQQKHLP��0DQQKHLP��*HUPDQ\�

-� ����5HYHUVH�WUDQVFULSWDVH�EXIIHU��3URPHJD��0DGLVRQ��:,��86$�

-� $JDURVH��51$�'1$�JUDGH��5RWK��.DUOVUXKH��*HUPDQ\�

-� 'LWKLRWKUHLWRO��'77���3URPHJD��0DGLVRQ��:,��86$�

-� '1$�0ROHFXODU�ZHLJKW�PDUNHU��%RHKULQJHU�0DQQKHLP��0DQQKHLP��*HUPDQ\�

-� '1$�VHTXHQFLQJ�NLW��'\H�7HUPLQDWRU�&\FOH�6HTXHQFLQJ�5HDG\�5HDFWLRQ��3HUNLQ

(OPHU��$SSOLHG�%LRV\VWHPV��)RVWHU�&LW\��&$��86$�

-� '1DVH�51DVH�IUHH��%RHKULQJHU�0DQQKHLP��0DQQKHLP��*HUPDQ\�

-� G173V��%RHKULQJHU�0DQQKHLP��0DQQKHLP��*HUPDQ\�

-� )LOP��5HIOHFWLRQÉ��1(1Ç�5HVHDUFK�3URGXFWV��'X3RQW�

-� )LOP��;�2PDW�;DU����5HDG\�3DFN��.RGDN�

-� +\E6SHHGÉ�53$�NLW��$PELRQ��$XVWLQ��7H[DV��86$�

-� 0XULQH�0RORQH\�/HXNHPLD�9LUXV�5HYHUVH�7UDQVFULSWDVH��00/9�57��3URPHJD�

0DGLVRQ��:,��86$�

-� 173V��%RHKULQJHU�0DQQKHLP��0DQQKHLP��*HUPDQ\�
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-� 2OLJRQXFOHRWLGHV��3KDUPDFLD��)UHLEXUJ��*HUPDQ\�

-� 5DGLRDFWLYH� ODEHOOHG� QXFOHRWLGHV� >a���3@� 873� DQG� >a���3@� G$73� �,&1

%LRPHGLFDOV�*PE+��0HFNHQKHLP��*HUPDQ\�

-� 5HFRPELQDQW�51DVH�,QKLELWRU��51DVLQ���3URPHJD��0DGLVRQ��:,��86$�

-� 51DLG�NLW��%LR������9LVWD��&$��86$�

-� 7��51$�3RO\PHUDVH��%RHKULQJHU�0DQQKHLP��0DQQKHLP��*HUPDQ\�

-� 7��'1$�/LJDVH��%RHKULQJHU�0DQQKHLP��0DQQKHLP��*HUPDQ\�

-� 7DT� '1$� 3RO\PHUDVH� �3HUNLQ� (OPHU�$SSOLHG� %LRV\VWHPV�� %UDQFKEXUJ�� 1HZ

-HUVH\��86$�

-� 7HPSODWH�6XSSUHVVLRQ�5HDJHQW��3HUNLQ�(OPHU��$SSOLHG�%LRV\VWHPV��)RVWHU�&LW\�

&$��86$�

-� :L]]DUGÉ� 3OXV� 0D[LSUHSV� DQG� :L]]DUGÉ� 3OXV� 0LQLSUHSV� NLWV� �3URPHJD�

0DGLVRQ��:,��86$�

����(TXLSPHQW

-� &HQWULIXJH�6RUYDOOÇ�5&��6��'X�3RQW��6RUYDOOÇ�3URGXFWV��1HZWRZQ��&RQQHFWLFXW�

86$�

-� &HQWULIXJH� 6RUYDOOÇ� 50&��� �'X� 3RQW�� 6RUYDOOÇ� 3URGXFWV�� 1HZWRZQ�

&RQQHFWLFXW��86$�

-� *HO�'U\HU������%LR5DG�/DERUDWRULHV��0XQLFK��*HUPDQ\�

-� +HDW� EORFN�� �IRU� ����PO� WXEHV�� �7KHUPRPL[HU� ������ (SSHQGRUI� 1HWKHOHU� +LQ]�

+DPEXUJ��*HUPDQ\�

-� +RPRJHQLVHU�7\SH�7���-DQNH	.XQNHO��6WDXIHQ��*HUPDQ\�

-� 0LOOL�4�ZDWHU�SURFHVVLQJ�V\VWHP��0LOOLSRUH��(VFKERUQ��*HUPDQ\�

-� 3RZHU�6XSSO\����������%LR5DG�/DERUDWRULHV��0XQLFK��*HUPDQ\�

-� 3RZHU�3DF�������%LR5DG�/DERUDWRULHV��0XQLFK��*HUPDQ\�

-� 6HTXHQFHU� �$%,� 35,60É� ���� *HQHWLF� $QDO\VHU�� 3HUNLQ� (OPHU�� $SSOLHG

%LRV\VWHPV��)RVWHU�&LW\��&$��86$�

-� 6HTXL�*HQ�*7�6HTXHQFLQJ�&HOO��%LR5DG�/DERUDWRULHV��0XQLFK��*HUPDQ\�

-� 6SHFWURSKRWRPHWHU��7\SH�8YLNRQ��7HJLPHQWD��5RWNUHX]��6FKZLW]HUODQG�
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-� 7KHUPDO�F\FOHU��7KHUPDO�F\FOHU�������3HUNLQ�(OPHU��$SSOLHG�%LRV\VWHPV��)RVWHU

&LW\��&$��86$�

-� 9LGHR� LPDJH� DQDO\VLV� V\VWHP� *HO'RF� ����� �%LR5DG� /DERUDWRULHV�� 0XQLFK�

*HUPDQ\�

����6RIWZDUH

-� (WKR9LVLRQÇ��1ROGXV�,QIRUPDWLRQ�7HFKQRORJ\��8WUHFKW��1HWKHUODQGV�

-� *UDSK3DG�3ULVP������*UDSK3DG�6RIWZDUH�,QF���86$�

-� +86$5� �+HLGHOEHUJ� 8QL[� 6HTXHQFH� $QDO\VLV� 5HVRXUFHV� RI� *HUPDQ� &DQFHU

5HVHDUFK�&HQWHU��*HUPDQ\�

-� 0ROHFXODU� $QDO\VWÇ� ���� �:LQGRZV� 6RIWZDUH� IRU� *HO'RF����� LPDJH� DQDO\VLV

V\VWHP��%LR5DG�/DERUDWRULHV��0XQLFK��*HUPDQ\�

-� 67$7,67,&$�IRU�:LQGRZV������6WDW6RIW�,QF���86$�

����%XIIHUV

-� 7%(�EXIIHU����������P0�7ULV�EDVH�����P0�ERULF�DFLG����P0�('7$

-� 7(�EXIIHU����������P0�7ULV�EDVH����P0�('7$

-� 77(�EXIIHU����������P0�7ULV�EDVH�������P0�WDXULQH������P0�('7$

-� '1$�JHO�ORDGLQJ�EXIIHU�����������JO\FHURO���������[\OHQH�F\DQROH�DQG�������

EURPSKHQRO�EOXH

-� 51$� JHO� ORDGLQJ� EXIIHU� ������ ���� IRUPDPLGH�� ������� 6'6�� ������� [\OHQH

F\DQROH�DQG��������EURPSKHQRO�EOXH

-� 'HQDWXULQJ� VROXWLRQ� �VROXWLRQ� '�� ������ �� 0� JXDQLGLQLXP� WKLRF\DQDWH�� ��� P0

VRGLXP�FLWUDWH��S+���������VDUFRV\O������0���PHUFDSWRHWKDQRO

-� 0(1�EXIIHU������������0�0236����P0�VRGLXP�DFHWDWH����P0�('7$

-� 3UREH�HOXWLRQ�EXIIHU�����������0�DPPRQLXP�DFHWDWH����P0�('7$�������6'6
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����0HGLD

-� /%�0HGLXP����J�1D&O����J�WU\SWRQH�DQG��J�\HDVW�H[WUDFW�SHU���OLWUH��S+�����

-� /%�DJDU����J�1D&O����J�WU\SWRQH���J�\HDVW�H[WUDFW�DQG���J�DJDU�SHU���OLWUH��S+

����

-� ;�JDO� DJDU�� ��J� 1D&O�� ��J� WU\SWRQH�� �J� \HDVW� H[WUDFW�� ��J� DJDU�� �� PO� ,37*

�VWRFN������0��DQG���PO�;�JDO��VWRFN����PJ�PO��SHU���OLWUH��S+�����

����3ULPHUV

-� *$7��57�� �C�77&&$7*7*7&&� �7P �����&�� SRVLWLRQ� ���� �� ���� RI� UDW� *$7�

F'1$��(0%/�GDWDEDVH�FRGH��UQJDEDW�

-� *$7��57���C�&&$&$*&$*$7*$��7P �����&��SRVLWLRQ�����������RI�UDW�*$7�

F'1$��(0%/�GDWDEDVH�FRGH��UQ�JDW�

-� *$7��IZ���C�&7&7$&&*$**7&$*&*$**��7P �����&��SRVLWLRQ�����������RI

UDW�*$7��F'1$�

-� *$7��UHY��C�77&&$7*7*7&&&**7&$**��7P �����&��SRVLWLRQ�����������RI

UDW�*$7��F'1$�

-� *$7��IZ�� �C�&*$&$$**&**7&&$&*� �7P ������ SRVLWLRQ� ���� �� ���� RI� UDW

*$7��F'1$�

-� *$7��UHY���C�&&$&$*&$*$7*$$$$$&$&&$&��7P ������SRVLWLRQ����������

RI�UDW�*$7��F'1$�

-� *$7��IZ�7��

�C�7*$7&$$77$&&&7&$&7$$$***$*&7&7$&&*$**7&$*&*$**

-� *$7��UHY�7��

�C�$$*&777$$7$&*$&7&$&7$7$***$$77&&$7*7*7&&&**7&$**

-� *$7��IZ�7�

�C�7*$7&$$77$&&&7&$&7$$$***&*$&$$**&**7&&$&*

-� *$7��IZ�PXW���C�&7&7$&&*$**7&$*&*$**$&&$7*$77$&*$$77&*

-� *$7��UHY�bDF���C�77&&$7*7*7&&&**7&$**$*&$7&*7&*&&&*&*

-� *$7��IZ�PXW���C�&*$&$$**&**7&&$&*$&&$7*$77$&*$$77&*

-� *$7��UHY�bDF�

�C�&&$&$*&$*$7*$$$$$&$&&$&&&&$&&$7&$&$&&&7*
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-� S8&���IZ���C�*7$$$$&*$&**&&$*7��7P �����&�

-� S8&���UHY���C�*&**$7$$&$$777&$&$&$**$$��7P �����&�

-� '��H[RQ���C�$7*&7*&&7&77777&7*��7P �����&��SRVLWLRQ�����������RI�UDW

'5'��JHQH��*HQ%DQN�DFFHVVLRQ�QXPEHU�6������

-� '��LQWURQ�� �C�**$*$7*$7*&**7***� �7P �����&�� SRVLWLRQ� ���������� RI

UDW�'5'��JHQH�

-� bDFWLQ�IZ�� �C�*$7*$&*$7$7&*&7*&*&7&� �7P ����&��SRVLWLRQ� ���������

RI�UDW�b�DFWLQ�F'1$�

-� bDFWLQ�UHY�� �C�*&7$&*7$&$7**&7***� �7P ����&�� SRVLWLRQ� ���������� RI

UDW�b�DFWLQ�F'1$�

����$QLPDOV

.LQGOLQJ�H[SHULPHQWV��0DOH�UDWV��VWUDLQ�:LVWDU���6KRH�:LVW��6KRH���DJH����ZHHNV�

ZHLJKW����������J��REWDLQHG�IURP�6FK|QZDOGH�*PE+��6FK|QZDOGH��*HUPDQ\�

$OO�RWKHU�H[SHULPHQWV��0DOH�UDWV��VWUDLQ�39*�2OD+VG��39*���DJH���ZHHNV��ZHLJKW

���������J��REWDLQHG�IURP�+DUODQ�:LQNHOPDQQ��%RUFKHQ��*HUPDQ\�

$QLPDOV�ZHUH�NHSW�XQGHU�VWDQGDUG�FRQGLWLRQV��KRXVHG���SHU�FDJH�ZLWK�IUHH�DFFHVV

WR�IRRG�DQG�ZDWHU�����KRXUV�OLJKW�GDUN�F\FOH�����&�DQG�D�UHODWLYH�KXPLGLW\�RI�����

����7UHDWPHQW�RI�DQLPDOV

.LQGOLQJ��7R� NLQGOH�� DQLPDOV� �Q ��� ZHUH� WUHDWHG� ZLWK� ����SHQWDPHWK\OHQWHWUD]ROH

�37=�� IRU� ��� GD\V�� 'XULQJ� WKLV� SHULRG� HDFK� WUHDWHG� DQLPDO� UHFHLYHG� ��

LQWUDSHULWRQHDO� LQMHFWLRQV� RI� ��� PJ�NJ� 37=� �RQ� HDFK� 0RQGD\�� :HGQHVGD\� DQG

)ULGD\���&RQWURO� DQLPDOV� �Q ��� UHFHLYHG�1D&O� LQMHFWLRQV��$OO�37=� WUHDWHG�DQLPDOV

VKRZHG�DW� OHDVW�GXULQJ� WKH� ODVW� WKUHH�VWLPXODWLRQV�ZLWK�37=�WRQLF�FORQLF�VHL]XUHV�

7KH�NLQGOLQJ�RI�DQLPDOV�ZDV�FDUULHG�RXW�E\�FROOHDJXHV�LQ�WKH�ODERUDWRU\�RI�3URI��'U�

*�� *UHFNVFK� �'HSDUWPHQW� RI� 3KDUPDFRORJ\� DQG� 7R[LFRORJ\�� 8QLYHUVLW\� RI

0DJGHEXUJ��*HUPDQ\��

&KURQLF�DGPLQLVWUDWLRQ�RI�GUXJV��)RU�FKURQLF�WUHDWPHQW�GUXJV�ZHUH�DGPLQLVWHUHG�LQ

WKH� GULQNLQJ� ZDWHU�� $GMXVWHG� GRVHV� ZHUH� ��� PJ�NJ�GD\� RI� GLD]HSDP� DQG
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�PJ�NJ�GD\�RI� ]ROSLGHP��7KH�DPRXQW� RI� FRQVXPHG�ZDWHU�ZDV� GHWHUPLQHG�GDLO\�

%RG\�ZHLJKW�ZDV� UHFRUGHG�HYHU\� WKLUG� GD\�� 7KH� ERG\�ZHLJKW� DQG� WKH� YROXPH�RI

FRQVXPHG� ZDWHU� ZHUH� XVHG� WR� FDOFXODWH� WKH� GUXJ� FRQFHQWUDWLRQ� LQ� WKH� GULQNLQJ

ZDWHU�WR�UHDFK�GHVLUHG�GRVHV�IRU�HDFK�FRQVHFXWLYH�GD\��&RQWUROV�UHFHLYHG�RQO\�WDS

ZDWHU�� $QLPDOV� ZHUH� WUHDWHG� LQ� WKLV� ZD\� IRU� ��� GD\V�� 6LQFH� WKH� UDWV� VRPHWLPHV

GUXQN� PRUH� RU� OHVV� WKDQ� H[SHFWHG�� WKH� UHDO� DPRXQW� RI� LQJHVWHG� GUXJ� ZDV

GHWHUPLQHG� DW� WKH� HQG� RI� VWXG\� RQ� WKH� EDVLV� RI� WKH� ERG\� ZHLJKW� DQG� ZDWHU

FRQVXPSWLRQ��6FKPLWW�HW�DO���������

$FXWH� DGPLQLVWUDWLRQ� RI� GUXJV�� )RU� DFXWH� WUHDWPHQW�� GLD]HSDP� ��� PJ�NJ�� RU

]ROSLGHP� ��� PJ�NJ�� ZDV� LQMHFWHG� LQWUDSHULWRQHDOO\� ��� PLQXWHV� EHIRUH� WKH� WHVW

VWDUWHG�

�����%HKDYLRXUDO�DQDO\VLV

�������([SHULPHQWDO�GHVLJQ�DQG�WHVWLQJ�URXWLQH

)LIW\�VL[� UDWV� ZHUH� GLYLGHG� LQWR� WKUHH� JURXSV� UHFHLYLQJ� ZDWHU�� ]ROSLGHP� RU

GLD]HSDP�� &RQWURO� DQG� GLD]HSDP� WUHDWHG� DQLPDOV� ZHUH� GLYLGHG� LQWR� VXEJURXSV

GHSHQGLQJ� RQ� WKH� DFXWH� WUHDWPHQW� WKDW� IROORZHG� FKURQLF� DGPLQLVWUDWLRQ�� &RQWURO

DQLPDOV� ZHUH� GLYLGHG� LQWR� WKUHH� VXEJURXSV� UHFHLYLQJ� LQMHFWLRQ� RI� HLWKHU� 1D&O

�Q �����GLD]HSDP��Q ���RU�]ROSLGHP��Q ����'LD]HSDP�WUHDWHG�DQLPDOV�ZHUH�GLYLGHG

LQWR� WZR� VXEJURXSV� UHFHLYLQJ� HLWKHU� GLD]HSDP� �Q ���� RU� 1D&O� �Q ����� =ROSLGHP

WUHDWHG� DQLPDOV� UHFHLYHG� RQO\� 1D&O� LQMHFWLRQ� �Q ����� 'RXEOH� WUHDWPHQW� ZLWK

]ROSLGHP�ZDV�OHIW�RXW��EHFDXVH�]ROSLGHP�ZDV�QRW�H[SHFWHG�WR�FDXVH�WROHUDQFH��$OO

DQLPDOV� UHFHLYHG�KDELWXDWLRQ�KDQGOLQJ� IRU�RQH�ZHHN���PLQ�GDLO\� EHIRUH� WKH� WHVWV

VWDUWHG��6FKPLWW�DQG�+LHPNH���������,Q�D�WHVWLQJ�SHULRG�HDFK�UDW�ZDV�WHVWHG�WZLFH�

7KH�WHVWV�VWDUWHG�RQ�GD\����RI� WKH�WUHDWPHQW�XVLQJ�WKH�RSHQ�ILHOG�DUHQD�����PLQ�

FRQWLQXHG� RQ� GD\� ��� ZLWK� WKH� HOHYDWHG� SOXV�PD]H� ����� PLQ��

$OO�WHVWV�ZHUH�FDUULHG�RXW�EHWZHHQ������D�P��DQG������S�P���5DWV�ZHUH�WUDQVSRUWHG

ZLWKLQ� WKHLU� KRPH� FDJHV� WR� WKH� WHVW� URRP� �K� EHIRUH� WHVWLQJ�� 'XULQJ� DOO� WHVWV

WKH� SDWK� RI� HDFK� UDW� ZDV� UHJLVWHUHG� E\� FRPSXWHULVHG� LPDJH� DQDO\VLV� V\VWHP�

7KH� KDUGZDUH� FRQVLVWHG� RI� DQ� ,%0�W\SH� $7� FRPSXWHU� FRPELQHG� ZLWK� D� YLGHR�

GLJLWL]HU�DQG�D�&&'�YLGHR�FDPHUD��7KH�VRIWZDUH�XVHG�IRU�WKH�GDWD�DFTXLVLWLRQ�DQG
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DQDO\VLV� ZDV� (WKR9LVLRQÇ�� $IWHU� UHPRYDO� RI� HDFK� DQLPDO�� WKH� WHVW� DUHQD� ZDV

FOHDQHG�ZLWK�ZHW�FORWK�DQG�ZLSHG�GU\�

�������2SHQ�ILHOG

7KH�RSHQ�ILHOG�DUHQD�FRQVLVWHG�RI�GDUN�JUH\�39&�ZLWK�WKH�ERWWRP�SDLQWHG�LQ�RFKUH�

,W� ZDV� GLYLGHG� LQWR� ��� VTXDUHV� �$�� WR� (��� E\� JUH\� OLQHV�� 7KH� DUHQD� PHDVXUHG

���� �� ���� �� ��� FP� DQG� ZDV� LQGLUHFWO\� LOOXPLQDWHG�� 7KH� IROORZLQJ� GDWD� ZHUH

UHFRUGHG� �WRWDO� GLVWDQFH�PRYHG�� �FP��� �WLPH�PRYLQJ�� �SHUFHQW� RI� UHFRUGLQJ� WLPH�

DQG��QXPEHU�RI�HQWULHV�LQWR�WKH�FHQWUH���Q��

�������(OHYDWHG�SOXV�PD]H

7KH�SOXV�PD]H�DUHQD�ZDV�DOVR�PDGH�RI�GDUN�JUH\�39&��,W�FRQVLVWHG�RI�WZR�RSHQ

DUPV�����������FP�DQG�WZR�HQFORVHG�DUPV����������������FP��7KH�DUPV�H[WHQGHG

IURP�D� FHQWUDO� SODWIRUP������� ��� FP��7KH�PD]H�ZDV� DWWDFKHG�RQ� D�PHWDO� IUDPH

��� FP� DERYH� WKH� IORRU�� 7KH� SDUDPHWHUV� UHFRUGHG� IRU� HOHYDWHG� SOXV�PD]H� ZHUH

�WRWDO�DUP�HQWULHV���Q����FORVHG�DUP�HQWULHV���Q����RSHQ�DUP�HQWULHV���Q����WRWDO�WLPH

VSHQW� LQ� RSHQ� DUP�� �SHUFHQW� RI� UHFRUGLQJ� WLPH�� DQG� �SHUFHQW� RSHQ� DUP� HQWULHV�

�SHUFHQW�RI�WRWDO�DUP�HQWULHV��

�����7LVVXH�SUHSDUDWLRQ

7KH� UDWV�ZHUH� DQDHVWKHWLVHG�ZLWK� )OXRWKDQHÇ� DQG� GHFDSLWDWHG�� 7KH� EUDLQV�ZHUH

UHPRYHG�� 7KH� EUDLQV� ZHUH� NHSW� LQWDFW� RU� GLVVHFWHG�� %\� GLVVHFWLRQ�� WKH� VDPSOHV

IURP�FHUHEHOOXP��FRUWH[� IURQWDOLV�� FRUWH[�RFFLSLWDOLV��KLSSRFDPSXV�� K\SRWKDODPXV�

PHGXOOD� REORQJDWD�� VWULDWXP� DQG� WKDODPXV� ZHUH� WDNHQ�� $OO� WLVVXH� VDPSOHV

�GLVVHFWHG�DQG�ZKROH�EUDLQV��ZHUH�LPPHGLDWHO\�IUR]HQ�LQ�OLTXLG�QLWURJHQ�DQG�VWRUHG

DW�����&�XQWLO�QHHGHG�

7UXQN� EORRG�ZDV� FROOHFWHG� IRU� VHUXP� SUHSDUDWLRQ�� 7KH� EORRG�ZDV� FHQWULIXJHG� DW

����� �� J� IRU� ��� PLQXWHV� DQG� VHUXP� ZDV� VHSDUDWHG�� 7KH� VHUXP� ZDV� VWRUHG� DW

����&� XQWLO� QHHGHG�� 'UXJ� FRQFHQWUDWLRQ� ZDV� GHWHUPLQHG� LQ� WKH� VHUXP� E\

'U�� 8�� 6FKPLWW� XVLQJ� KLJK� SHUIRUPDQFH� OLTXLG� FKURPDWRJUDSK\� ZLWK� XOWUDYLROHW� RU
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IOXRUHVFHQFH�GHWHFWLRQ��1HXURFKHP��/DERUDWRU\��'HSW��RI�3V\FKLDWU\��8QLYHUVLW\�RI

0DLQ]��

�����&ORQLQJ

3&5�IUDJPHQWV�ZHUH�FORQHG�LQWR�D�SODVPLG�YHFWRU�S8&����$�EOXQW�HQG�FORQLQJ�LQWR

WKH�6PD,� UHVWULFWLRQ�VLWH�ZDV�XVHG��7KH� OLQHDULVHG� �6PD,�� DQG�GHSKRVSKRU\ODWHG

SODVPLG�'1$�ZDV�SXUFKDVHG� IURP�3KDUPDFLD�%LRWHFK��)LUVW�� WKH�SURWUXGLQJ�HQGV

RI�WKH�3&5�IUDJPHQWV�WR�EH�FORQHG�ZHUH�ILOOHG�XS�XVLQJ�.OHQRZ�IUDJPHQW�

%OXQWLQJ�RI�3&5�SURGXFWV��7KH�UHDFWLRQ�PL[������O��FRQWDLQHG����������J�IUDJPHQW

'1$�� �� �� UHDFWLRQ� EXIIHU�� ���� P0� G173V� DQG� �� XQLW� RI� .OHQRZ� IUDJPHQW�

7KH� SROLVKLQJ� ZDV� FDUULHG� RXW� IRU� ��� PLQXWHV� DW� ���&�� 7KHQ�� WKH� VROXWLRQ� ZDV

KHDWHG�XS�WR����&�IRU���PLQXWHV�LQ�RUGHU�WR�LQDFWLYDWH�WKH�HQ]\PH��6XEVHTXHQWO\�

WKH� '1$� ZDV� SUHFLSLWDWHG� ZLWK� WKUHH� YROXPHV� RI� HWKDQRO� DW� ����&� IRU� �� KRXUV�

7KH�'1$�ZDV�SHOOHWHG�E\�FHQWULIXJDWLRQ�IRU����PLQXWHV�DW���������J�DW���&��WKH

SHOOHW�ZDV�DLU�GULHG�DQG�WKH�'1$�ZDV�GLVVROYHG�LQ�����O�RI�+�2ELGHVW��7KH�REWDLQHG

'1$�ZDV�XVHG�LQ�OLJDWLRQ�UHDFWLRQ�

/LJDWLRQ��7KH�OLJDWLRQ�PL[WXUH������O��FRQWDLQHG�IUDJPHQW�'1$����[�UHDFWLRQ�EXIIHU�

SODVPLG�'1$������������QJ��DQG���XQLWV�RI�7��'1$� OLJDVH��7KH� OLJDWLRQ�UHDFWLRQ

ZDV�FDUULHG�RXW�IRU����KRXUV�DW���&��7KHQ��WKH�'1$�ZDV�SUHFLSLWDWHG�ZLWK�HWKDQRO�

ZDVKHG� DQG� GLVVROYHG� LQ� GHLRQLVHG� ZDWHU�� /LJDWHG� SODVPLG� ZDV� XVHG� IRU

WUDQVIRUPDWLRQ�RI�FRPSHWHQW�(��FROL��FHOOV�

7UDQVIRUPDWLRQ� DQG� VHOHFWLRQ�� 7KH� FRPSHWHQW� (�� FROL� � FHOOV� �VWUDLQ� 55,d0���

�5�WKHU���������ZHUH�WUDQVIRUPDWHG�E\�HOHFWURSRUDWLRQ�PHWKRG��7KH�DOLTXRW�RI�WKH

OLJDWLRQ�PL[WXUH�����O��ZDV�DGGHG�WR�WKH�����O�RI�FRPSHWHQW�FHOOV�DQG�LQFXEDWHG�RQ

LFH� IRU� ��� PLQXWHV�� 6HTXHQWLDOO\�� WKH� FHOOV� ZHUH� VXEPLWWHG� WR� HOHFWURVKRFN

������ �� ����� 9�� ��PVHF��� 7KH� WUHDWHG� FHOOV� ZHUH� WUDQVIHUUHG� WR� ��PO� RI� WKH� /%

PHGLXP�� 7KHQ�� ���� �O� ZHUH� VSUHDG� RQ� WKH� DJDU� VHOHFWLRQ� PHGLXP� �;�JDO� DJDU

FRQWDLQLQJ� ��PJ�O� DPSLFLOOLQ�� DQG� OHIW� RYHU� QLJKW� E\� ���&�� 7KH� SRVLWLYH� FRORQLHV

ZHUH�XVHG�IRU�LQRFXODWLRQ�RI���PO�RI�/%�PHGLXP��FRQWDLQLQJ����PJ�O�DPSLFLOOLQ��DQG

LQFXEDWHG�RYHU�QLJKW�DW����&�DQG�����USP�LQ�&HOORVKDNHU��7KH�REWDLQHG�FHOOV�ZHUH

XVHG�IRU�DQDO\WLFDO�SODVPLG�'1$�LVRODWLRQ���������7KH�VHOHFWLRQ�RI�SRVLWLYH�FORQHV
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ZDV�GRQH�E\�UHVWULFWLRQ�DQDO\VLV��7KH�SXULILHG�SODVPLG�'1$V�FDUU\LQJ�LQVHUW�RI�WKH

DSSUR[LPDWHO\� ULJKW� VL]H� ZHUH� FKRVHQ�� 7KHVH� '1$V� ZHUH� SDUWLDOO\� VHTXHQFHG

�������� XVLQJ� SODVPLG� VSHFLILF� SULPHUV� �S8&���IZ�� S8&���UHY��� LQ� RUGHU� WR� YHULI\

WKH�LGHQWLW\�RI�WKH�FORQHG�LQVHUWV�

�����'1$�LVRODWLRQ�DQG�SXULILFDWLRQ

3ODVPLG�'1$�ZDV�LVRODWHG�DQG�SXULILHG�XVLQJ�FRPPHUFLDOO\�DYDLODEOH�NLWV�IROORZLQJ

WKH� NLW� SURWRFROV�� :L]]DUGÉ� 3OXV� 0LQLSUHSV� NLW� ZDV� XVHG� IRU� DQDO\WLFDO� DQG

:L]]DUGÉ�3OXV�0D[LSUHSV�NLW�IRU�SUHSDUDWLYH�SODVPLG�'1$�LVRODWLRQ��2EWDLQHG�'1$

ZDV� GLVVROYHG� LQ� +�2ELGHVW�� WKH� '1$� FRQFHQWUDWLRQ� ZDV� GHWHUPLQHG� E\

VSHFWURSKRWRPHWU\�DQG�WKH�VROXWLRQ�ZDV�VWRUHG�DW�����&�XQWLO�QHHGHG�

3&5�SURGXFWV�ZHUH�VHSDUDWHG�E\�HOHFWURSKRUHVLV�LQ�ORZ�PHOWLQJ�DJDURVH���������

DQG� VXEVHTXHQWO\� LVRODWHG� RXW� RI� WKH� JHO� E\� VR� FDOOHG� �41�� H[WUDFWLRQ��� ,W� LV

D� PRGLILFDWLRQ� RI� WKH� PHWKRG� ILUVWO\� GHVFULEHG� E\� /DQJULGJH� �/DQJULGJH� HW� DO��

�������+H[DGHF\O�WULPHWK\O�DPPRQLXP�EURPLGH��41��VDOW��ZDV�UHFU\VWDOLVHG�IURP

ZDWHU�� ZDVKHG� ZLWK� DFHWRQH�� GULHG� DQG� VWRUHG� DW� ����&� XQWLO� QHHGHG�� )RU� '1$

H[WUDFWLRQ�� ��� VROXWLRQ� RI� 41��VDOW� ZDV� SUHSDUHG� LQ� PL[WXUH� RI� ZDWHU�VDWXUDWHG

Q�EXWDQRO� DQG� EXWDQRO�VDWXUDWHG� ZDWHU� �YROXPH� UDWLR� ������ 7KH� VROXWLRQ� ZDV

YRUWH[HG� IRU� �� PLQXWHV� WKRURXJKO\� DQG� WKHQ� FHQWULIXJHG� DW� ������ �� J� IRU

���PLQXWHV��7KH�ZDWHU�DQG�EXWDQRO�SKDVHV�ZHUH�VHSDUDWHG�DQG�SODFHG�LQ�WKH�KHDW

EORFN� �SUH�KHDWHG� WR����&���'1$� IUDJPHQWV� VHSDUDWHG� LQ� ORZ�PHOW� DJDURVH�ZHUH

FXW� RXW� DQG� WKH� SLHFHV� RI� DJDURVH� ZHUH� PHOWHG� DW� ���&� IRU� ��� PLQXWHV�

7KH� YROXPH� RI� PHOWHG� DJDURVH� ZDV� HVWLPDWHG� DQG� PL[HG� ZLWK� �� YROXPH� RI

41��VDOW�EXWDQRO� VROXWLRQ� DQG� �� YROXPH� RI� 41��VDOW�ZDWHU� VROXWLRQ� �ERWK� SUH�

KHDWHG�WR����&���7KH�PL[WXUH�ZDV�YRUWH[HG�IRU����VHFRQGV�DQG�WKH�SKDVHV�ZHUH

VHSDUDWHG� E\� IROORZLQJ� FHQWULIXJDWLRQ� DW� ������ �� J� IRU� �� PLQXWHV�� 7KH� EXWDQRO

SKDVH� ZDV� FROOHFWHG� DQG� �� YROXPH� RI� IUHVK� EXWDQRO� VROXWLRQ� ZDV� DGGHG� WR� WKH

DJDURVH�ZDWHU� PL[WXUH�� 7KH� YRUWH[�� FHQWULIXJDWLRQ� DQG� FROOHFWLRQ� VWHSV� ZHUH

UHSHDWHG�RQFH�PRUH��,Q�RUGHU�WR�VHSDUDWH�WKH�ODVW�WUDFHV�RI�ZDWHU�IURP�EXWDQRO��WKH

FROOHFWHG�EXWDQRO�VDPSOHV�ZHUH�SRROHG�WRJHWKHU��SODFHG�RQ�LFH�IRU���PLQXWHV�DQG

WKHQ� FHQWULIXJHG� IRU� �� PLQXWHV�� 7KH� EXWDQRO� ZDV� VHSDUDWHG� DQG� '1$� ZDV
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UH�H[WUDFWHG�IURP�EXWDQRO�E\�DGGLWLRQ�RI����������O�RI�����0�1D&O��YRUWH[LQJ�IRU���

VHFRQGV��FHQWULIXJDWLRQ�DQG�VHSDUDWLRQ��7KH� WUDFHV�RI�EXWDQRO� LQ�'1$�FRQWDLQLQJ

1D&O�VROXWLRQV�ZHUH�UHPRYHG�E\�UHSHDWLQJ�WKH�FKORURIRUP�H[WUDFWLRQ�XS�WR���WLPHV�

7KH� FKORURIRUP� UHVWV� ZHUH� HYDSRUDWHG� IURP� VDPSOH� E\� LQFXEDWLRQ� DW� ���&� IRU

��� PLQXWHV�� '1$� ZDV� SUHFLSLWDWHG� E\� DGGLWLRQ� RI� �� YROXPHV� RI� HWKDQRO� DQG

LQFXEDWLRQ� DW� ����&� IRU� DW� OHDVW� �� KRXU�� 7KH� SUHFLSLWDWHG� '1$� ZDV� SHOOHWHG� E\

FHQWULIXJDWLRQ�DQG�WKH�SHOOHW�ZDV�GLVVROYHG�LQ�+�2ELGHVW��7KH�FRQFHQWUDWLRQ�RI�'1$

ZDV�GHWHUPLQHG�E\�VSHFWURSKRWRPHWU\�DQG�WKH�VROXWLRQ�ZDV�VWRUHG�DW� ����&�XQWLO

QHHGHG�

�����6HTXHQFLQJ

'1$�VHTXHQFLQJ�ZDV�SHUIRUPHG�E\�F\FOH�VHTXHQFLQJ��ZKLFK� LV�D�FRPELQDWLRQ�RI

WKH� GLGHR[\�FKDLQ�WHUPLQDWLRQ�PHWKRG� �6DQJHU� HW� DO��� ������ DQG� WKH� OLQHDU� 3&5

�0XOOLV� DQG� )DORRQD�� ������� ,Q� WKLV� FDVH�� WKH� 3&5� UHDFWLRQ� LV� FDUULHG� RXW� LQ

WKH� SUHVHQFH� RI� RQO\� RQH� W\SH� RI� SULPHU� DQG� IRXU� GLGHR[\QXFOHRWLGHV�

7KH�DGYDQWDJH�RI�WKLV�PHWKRG� LV� WKH�QHHG�RI�RQO\�YHU\�VPDOO�DPRXQW�RI� WHPSODWH

'1$� DQG� WKH� SRVVLELOLW\� WR� XVH� DOO� WKH� IRXU� GLGHR[\QXFOHRWLGHV� DW� RQFH� LQ

D� VHTXHQFLQJ� UHDFWLRQ�� 7KH� UHDFWLRQ� SURGXFWV� FDQ� EH� GLVWLQJXLVKHG�� VLQFH� WKH

GLGHR[\QXFOHRWLGHV�DUH�ODEHOOHG�ZLWK�GLIIHUHQW�IOXRUHVFHQW�G\HV��ZKLFK�HQDEOH�ODWHU

GHWHFWLRQ�DQG�DQDO\VLV�RI�V\QWKHVLVHG�IUDJPHQWV�E\�ODVHU�VFDQ��7KH�DPSOLILHG�'1$

ZDV�VHSDUDWHG�DQG�DQDO\VHG�RQ�$%,�35,60�����VHTXHQFHU�

3UREH�SUHSDUDWLRQ��'1$� WR�EH�VHTXHQFHG�KDV� WR�EH�SXULILHG�SULRU� WR�VHTXHQFLQJ

UHDFWLRQ�LQ�RUGHU�WR�EH�IUHH�RI�SULPHUV�RU�VPDOO�'1$�IUDJPHQWV��7KHVH�VPDOO�'1$

IUDJPHQWV� FDQ�XQVSHFLILFDOO\� SULPH� WKH� UHDFWLRQ� GXULQJ� F\FOH� VHTXHQFLQJ� DQG� VR

LQFUHDVH� WKH� XQGHVLUDEOH� EDFNJURXQG� VLJQDO�� %HFDXVH� RI� WKLV�� '1$� ZDV

SUHFLSLWDWHG�SULRU�WR�VHTXHQFLQJ��7KH�'1$�ZDWHU�VROXWLRQ�ZDV�PL[HG�ZLWK�DQ�HTXDO

YROXPH� RI� �� 0� DPPRQLXP� DFHWDWH� DQG� D� GRXEOH� YROXPH� RI� LVRSURSDQRO�

7KH�VROXWLRQ�ZDV�PL[HG�DQG�FHQWULIXJHG�E\���������J�DQG����&�IRU����PLQXWHV�LQ

6RUYDOOÇ�50&����7KH�SHOOHW�ZDV�ZDVKHG�ZLWK�����HWKDQRO��DLU�GULHG�DQG�GLVVROYHG

LQ�+�2ELGHVW�
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6HTXHQFLQJ��(DFK�VHTXHQFLQJ�UHDFWLRQ�PL[WXUH�����O��FRQWDLQHG�SULPHU�����SPRO��

WHPSODWH� '1$� ���� ����� QJ��� �� �O� RI� SUHPL[� VROXWLRQ� DQG� +�2ELGHVW�� 7KH� SUHPL[

VROXWLRQ�ZDV�SURYLGHG�LQ�'1$�VHTXHQFLQJ�NLW�DQG�LW�FRQWDLQHG�UHDFWLRQ�EXIIHU��'1$

SRO\PHUDVH� �$PSOL7DTÇ)6��� GHR[\QXFOHRWLGHV� DQG� IOXRUHVFHQW� ODEHOOHG

GLGHR[\QXFOHRWLGHV��$OO�FRPSRXQGV�ZHUH�PL[HG�WRJHWKHU�DQG�UHDFWLRQ�PL[WXUH�ZDV

FRYHUHG�ZLWK� D� WKLQ� OD\HU� RI�PLQHUDO� RLO�� 6HTXHQFLQJ� UHDFWLRQ�ZDV� FDUULHG� RXW� LQ

D�WKHUPDO�F\FOHU�XQGHU�FRQGLWLRQV�RSWLPLVHG�IRU�WKH�XVHG�SULPHU�

3URGXFW�SXULILFDWLRQ��'1$�VROXWLRQ�ZDV�VHSDUDWHG�IURP�PLQHUDO�RLO��7R�WKH�VROXWLRQ

���O�RI���0�VRGLXP�DFHWDWH��S+������DQG�����O�RI������HWKDQRO�ZHUH�DGGHG��ZHOO

PL[HG�DQG�FHQWULIXJHG�DW��������� J� LQ�6RUYDOOÇ�50&��� IRU����PLQXWHV�DW� ���&�

7KH� SHOOHW� ZDV� DLU� GULHG�� 'ULHG� '1$� ZDV� GLVVROYHG� LQ� ��� �O� RI� 765� VROXWLRQ

�7HPSODWH�6XSSUHVVLRQ�5HDJHQW���KHDWHG�XS�WR����&�IRU���PLQXWHV��WKHQ�FKLOOHG�RQ

LFH�� 6XEVHTXHQWO\�� WKH� '1$� VROXWLRQ� ZDV� WUDQVIHUUHG� LQWR� WKH� VHTXHQFHU� DQG

DQDO\VHG�

�����:RUN�ZLWK�51$

7R�DYRLG�FRQWDPLQDWLRQ�RI�51$�ZLWK�51DVHV��D�QXPEHU�RI�SUHFDXWLRQV�ZHUH�XVHG�

2QO\� VWHULOH�� GLVSRVDEOH� SODVWLF� ZDUH� IUHH� IURP� '1DVHV� DQG� 51DVHV� ZDV� XVHG�

*ODVVZDUH� SULRU� WR� XVH� ZDV� GHFRQWDPLQDWHG� E\� EDNLQJ� DW� ���� �&� IRU� ��� KRXUV�

$OO� VROXWLRQV� ZHUH� SUHSDUHG� XVLQJ� 51DVH�IUHH� JODVVZDUH�� ZDWHU� DQG� FKHPLFDOV

UHVHUYHG� IRU�ZRUN�ZLWK�51$��:DWHU� DQG� VROXWLRQV� SULRU� WR� XVH�ZHUH� WUHDWHG�ZLWK

�����'(3&��GLHWK\O�S\URFDUERQDWH��IRU�DW�OHDVW����KRXUV�DW�����&�DQG�WKHQ�KHDWHG

WR������&�IRU����PLQXWHV�

�����51$�LVRODWLRQ

51$� ZDV� LVRODWHG� IROORZLQJ� D� PRGLILHG� SURWRFRO� RI� JXDQLGLQLXP�WKLRF\DQDWH

PHWKRG�GHVFULEHG�E\�&KRPF]\QVNL�DQG�6DFFKL��&KRPF]\QVNL�DQG�6DFFKL��������

)LUVW�� WKH� ZHLJKW� RI� WKH� WLVVXH� ZDV� GHWHUPLQHG�� 7KHQ� WKH� WLVVXH� ZDV� WUHDWHG� DV

GHVFULEHG�EHORZ��GHVFULSWLRQ�IRU�����PJ�RI� WLVVXH���7KH�WLVVXH�ZDV�KRPRJHQLVHG

LQ�D�JODVV� WXEH� WRJHWKHU�ZLWK� ����PO� RI� LFH�FROG�GHQDWXULQJ� VROXWLRQ� �VROXWLRQ�'��

$OO� WXEHV� DQG� VROXWLRQV� ZHUH� NHSW� RQ� LFH�� 6HTXHQWLDOO\�� �����PO� RI� �� 0� VRGLXP
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DFHWDWH�� �� PO� RI� SKHQRO� �7(� VDWXUDWHG�� DQG� �� PO� RI� SKHQRO�FKORURIRUP� �7(

VDWXUDWHG�� ZHUH� DGGHG� WR� WKH� KRPRJHQDWH� DQG� PL[HG� WKRURXJKO\�� 7KH� ILQDO

VXVSHQVLRQ�ZDV� WUDQVIHUUHG� LQWR� WKH�FHQWULIXJDWLRQ� WXEHV��7KH� WXEHV�ZHUH�SODFHG

RQ� LFH� IRU� ��� PLQXWHV� DQG� ZHUH� VKDNHQ� YLJRURXVO\� RQFH� HYHU\� PLQXWH�

7KH� VDPSOHV� ZHUH� FHQWULIXJHG� DW� ������ �� J� LQ� 6RUYDOOÇ�5&��6� IRU� ��� PLQXWHV

DW���&��$IWHU�FHQWULIXJDWLRQ��WKH�DTXHRXV�SKDVH��FRQWDLQLQJ�51$��ZDV�ZLWKGUDZQ�

PL[HG� ZLWK� HTXDO� YROXPH� RI� LVRSURSDQRO� DQG� SODFHG� DW� ����&� IRU� ���� KRXU� WR

SUHFLSLWDWH�WKH�51$��7KH�51$�ZDV�VHGLPHQWHG�DW���������J�LQ�6RUYDOOÇ�5&��6�IRU

��� PLQXWHV� DW� ��&� DQG� WKH� UHVXOWLQJ� SHOOHW� ZDV� GLVVROYHG� LQ� ���� PO� RI� LFH�FROG

VROXWLRQ�'��WUDQVIHUUHG�LQWR�����PO�(SSHQGRUI�WXEH�DQG�SUHFLSLWDWHG�ZLWK�����PO�RI

LVRSURSDQRO�DW�����&�IRU�����KRXU��,VRODWHG�51$�ZDV�VHGLPHQWHG�DW���������J� LQ

6RUYDOOÇ� 50&��� IRU� ��� PLQXWHV� DW� ��&�� 7KH� 51$� SHOOHW� ZDV� GLVVROYHG� LQ

'(3&�WUHDWHG� GRXEOH�GLVWLOOHG� ZDWHU� �+�2'(3&�� DQG� SXULILHG� E\� DGGLWLRQDO

SKHQRO�FKORURIRUP� H[WUDFWLRQ�� 6XEVHTXHQWO\�� WKH� 51$� ZDV� SUHFLSLWDWHG� ZLWK

DQ�HTXDO�YROXPH�RI�LVRSURSDQRO�LQ�WKH�SUHVHQFH�RI�����0�VRGLXP�DFHWDWH�DW�����&

IRU�DW�OHDVW�RQH�KRXU�

�����51$�SXULILFDWLRQ�DQG�FRQWURO

3UHFLSLWDWHG�51$�ZDV� SHOOHWHG�� DQG� WKHQ� WKH� SHOOHW� ZDV� DLU�GULHG� DQG� GLVVROYHG

LQ�+�2'(3&��7KH�UHPDLQLQJ�WUDFHV�RI�'1$�ZHUH�UHPRYHG�E\�GLJHVWLRQ�ZLWK�'1DVH�,

�51DVH�IUHH���7KH�GLJHVWLRQ�PL[WXUH������mO��FRQWDLQHG�����O�RI�WKH�51$�VROXWLRQ�LQ

WKH�SUHVHQFH�RI����XQLWV�RI�'1DVH����[�WUDQVFULSWLRQ�EXIIHU������XQLWV�51DVLQ��DQG

����P0�0Q&O�� ��7KH�PL[WXUH�ZDV� LQFXEDWHG�DW� ���&� IRU����PLQ��$IWHUZDUGV�� WKH

51$�ZDV�H[WUDFWHG�ZLWK�SKHQRO�FKORURIRUP�DQG�SUHFLSLWDWHG�ZLWK�LVRSURSDQRO��7KH

SUHFLSLWDWHG�51$�ZDV�GLVVROYHG�LQ�+�2'(3&��

7R� FKHFN� IRU� '1$� FRQWDPLQDWLRQV�� 3&5� ZDV� SHUIRUPHG� ZLWK� DOO� 51$� VDPSOHV

XVLQJ� WKH� SULPHUV� '��H[RQ� DQG� '��LQWURQ�� 7KHVH� SULPHUV� DUH� FRPSOHPHQWDU\

WR�WKH�GRSDPLQH�UHFHSWRU�'��JHQH�DQG�JLYH�ULVH�WR�D�����ES�SURGXFW��2QH�SULPHU�LV

ORFDOLVHG� LQ� WKH� QRQ�FRGLQJ� UHJLRQ� RI� WKH� UHFHSWRU� JHQH� �=KRX� HW� DO��� ������

VR� WKDW� WKH� 3&5� SURGXFW� FDQ� RQO\� EH� REWDLQHG� LQ� WKH� SUHVHQFH� RI� WKH� '1$

FRQWDPLQDWLRQV��7KH�UHDFWLRQ�PL[�FRQWDLQHG��������O�RI�51$�VROXWLRQ������UHDFWLRQ
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EXIIHU������P0�GHR[\QXFOHRWLGHV�����SPRO�IURP�HDFK�SULPHU�DQG�����XQLWV�RI�7DT

'1$�SRO\PHUDVH��7KH�3&5�FRQGLWLRQV�ZHUH�WZR�PLQXWHV�RI�GHQDWXUDWLRQ�DW����&

IROORZHG� E\� ��� F\FOHV� RI� ��� VHFRQGV� DW� ���&�� �� PLQXWH� DW� ���&�� ��� VHFRQGV

DW� ���&�DQG� WKH� ILQDO� H[WHQVLRQ� WLPH�RI� ��PLQXWHV� DW� ���&��$IWHU� WKH� HQG� RI� WKH

UHDFWLRQ�� WKH� DOLTXRWV� RI� WKH� VROXWLRQV� ZHUH� VHSDUDWHG� E\� HOHFWURSKRUHVLV� LQ

��� DJDURVH� JHOV� WKDW� ZHUH� VWDLQHG� ZLWK� HWKLGLXP� EURPLGH� DQG� DQDO\VHG� XQGHU

WKH�89�OLJKW��,I�D�GLVWLQFW�����ES�EDQG�KDG�EHHQ�REVHUYHG�� WKH�ZKROH�SXULILFDWLRQ

SURFHGXUH�ZDV�UHSHDWHG�

7KH�LQWHJULW\�RI�WKH�LVRODWHG�51$�ZDV�FRQWUROOHG�E\�HOHFWURSKRUHVLV�LQ�DJDURVH�JHOV

FRQWDLQLQJ� IRUPDOGHK\GH� IROORZLQJ� D� VWDQGDUG� SURWRFRO� �6DPEURRN� HW� DO��� ������

7KH�JHOV�ZHUH�VWDLQHG�IRU����PLQXWHV�LQ�HWKLGLXP�EURPLGH�EDWK������J�(W%U������PO

0(1�EXIIHU���GH�VWDLQHG� LQ�0(1�EXIIHU� IRU����KRXUV�DQG�DQDO\VHG�XQGHU� WKH�89

OLJKW�

7KH�SXULW\�DQG�WKH�FRQFHQWUDWLRQ�RI�51$�ZHUH�GHWHUPLQHG�E\�VSHFWURSKRWRPHWU\�DW

���������DQG�����QP��$OO�51$�VDPSOHV�VKRXOG�KDYH�VLPLODU�YDOXHV�RI���������DQG

�������� UDWLRV��6RPH�51$� VDPSOHV�KDG� WR� EH� H[WUDFWHG�ZLWK� SKHQRO�FKORURIRUP

WZLFH�EHFDXVH�RI�SURWHLQ�LPSXULWLHV�DV�HYLGHQFHG�E\���������UDWLRV�EHORZ������7KH

51$�ZDV�VWRUHG�DW�����&�XQWLO�QHHGHG�

�����51DVH�3URWHFWLRQ�$VVD\

7KH� 5LERQXFOHDVH� 3URWHFWLRQ� $VVD\� �53$�� LV� D� VHQVLWLYH� SURFHGXUH� IRU� WKH

GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�RI�51$�VSHFLHV�LQ�D�FRPSOH[�VDPSOH�PL[WXUH�RI�WRWDO

FHOOXODU�51$��=LQQ�HW�DO����������)RU�WKH�53$��D�ODEHOOHG�51$�SUREH�LV�V\QWKHVLVHG

WKDW� LV�FRPSOHPHQWDU\�WR�WKH�SDUW�RI�WKH�WDUJHW�51$�WR�EH�DQDO\VHG��7KH�ODEHOOHG

SUREH� LV�PL[HG�ZLWK� WKH�VDPSOH�51$�DQG� LQFXEDWHG�XQGHU�FRQGLWLRQV� WKDW� IDYRXU

K\EULGLVDWLRQ� RI� FRPSOHPHQWDU\� WUDQVFULSWV�� $IWHU� K\EULGLVDWLRQ�� WKH� PL[WXUH� LV

WUHDWHG� ZLWK� ULERQXFOHDVH� WR� GHJUDGH� VLQJOH�VWUDQGHG�� XQK\EULGLVHG� SUREH�

/DEHOOHG� SUREH� WKDW� K\EULGLVHV� WR� FRPSOHPHQWDU\� 51$� LQ� WKH� VDPSOH�PL[WXUH� LV

SURWHFWHG�IURP�ULERQXFOHDVH�GLJHVWLRQ��FDQ�EH�VHSDUDWHG�ZLWK�SRO\DFU\ODPLGH�JHO

HOHFWURSKRUHVLV� �3$*(�� DQG� YLVXDOLVHG� E\� DXWRUDGLRJUDSK\��:KHQ� WKH� SUREH� LV

SUHVHQW� LQ� PRODU� H[FHVV� RYHU� WKH� WDUJHW� IUDJPHQW� LQ� WKH� K\EULGLVDWLRQ� UHDFWLRQ�
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WKH� LQWHQVLW\� RI� WKH� SURWHFWHG� IUDJPHQW� LV� GLUHFWO\� SURSRUWLRQDO� WR� WKH� DPRXQW

RI�FRPSOHPHQWDU\�51$�LQ�WKH�VDPSOH�PL[WXUH�

�������3UREH�V\QWKHVLV

)RU�51DVH�3URWHFWLRQ�$VVD\�ZH�XVHG�UDGLRDFWLYH�ODEHOOHG�DQWLVHQVH�51$�SUREHV

IRU�*$7���DQG�b�DFWLQ�P51$V��%RWK�SUREHV�ZHUH�REWDLQHG�E\�LQ�YLWUR�WUDQVFULSWLRQ�

7KH� WUDQVFULSWLRQ� UHDFWLRQ�ZDV� FDUULHG�RXW� XVLQJ����� �� ����QJ�RI� WHPSODWH�'1$�

$GGLWLRQDOO\�� WKH�UHDFWLRQ�PL[WXUH�FRQWDLQHG�WUDQVFULSWLRQ�EXIIHU�����XQLWV�7��51$

SRO\PHUDVH�����XQLWV�51DVLQ������J�%6$���P0�173V��$73��&73�DQG�*73��DQG

������0�873��873��WKH�OLPLWLQJ�QXFOHRWLGH��ZDV�DGGHG�LQ�WKH�UHDFWLRQ�DV�D�PL[WXUH

RI� QRQ�ODEHOOHG� 873� DQG� UDGLRDFWLYH�ODEHOOHG� ��3�a873�� 7KH� FRQFHQWUDWLRQ� UDWLR

RI�QRQ��DQG�UDGLRDFWLYH�ODEHOOHG�873�ZDV�����DQG�����IRU�V\QWKHVLV�RI�*$7��DQG

b�DFWLQ� SUREHV�� UHVSHFWLYHO\�� 7KH� UHDFWLRQ� ZDV� FDUULHG� RXW� DW� ���&� IRU� �� KRXUV�

7KH� REWDLQHG� *$7��� SUREH� ZDV� ���� DQG� WKDW� RQH� RI� b�DFWLQ� ZDV� ���� EDVHV

LQ�OHQJWK�

�������3UREH�SXULILFDWLRQ

7KH� V\QWKHVLVHG� 51$� ZDV� SXULILHG� LQ� WZR� VWHSV�� )LUVWO\�� '1$� WHPSODWH� ZDV

GLJHVWHG�E\�'1DVH�,��6HFRQGO\��WKH�REWDLQHG�51$�ZDV�VHSDUDWHG�WKURXJK�3$*(

LQ�RUGHU�WR�LVRODWH�IXOO�OHQJWK�WUDQVFULSWV�

7ZHQW\� XQLWV� RI� '1DVH� ,� �51DVH�IUHH�� ZHUH� DGGHG� WR� UHDFWLRQ� PL[WXUH� DQG

LQFXEDWHG�DW����&�IRU����PLQXWHV��$IWHU�'1DVH�GLJHVWLRQ�HTXDO�YROXPH�RI�51$�JHO

ORDGLQJ� EXIIHU� ZDV� DGGHG� WR� 51$� VDPSOH�� 7KH� WXEH� ZDV� KHDWHG� IRU� �� PLQXWHV

DW� ���&� DQG� WKHQ� FKLOOHG� RQ� LFH�� 6XEVHTXHQWO\�� WKH� VDPSOH� ZDV� ORDGHG� RQ

D� SRO\DFU\ODPLGH� JHO� ����� ��0� XUHD�� �����PP� WKLFN�� DQG� VHSDUDWHG� IRU� �� KRXU

DW� ��� P$�� $IWHU� HOHFWURSKRUHVLV� WKH� JHO� ZDV� FRYHUHG� ZLWK� SODVWLF� ZUDS� DQG� DQ

;�UD\�ILOP��5HIOHFWLRQÉ��ZDV�H[SRVHG�WR� LW� IRU����PLQXWHV��7KH� ORFDOLVDWLRQ�RI� WKH

ILOP�RQ�WKH�JHO�ZDV�ODEHOOHG��$IWHU�WKH�H[SRVXUH��WKH�ILOP�ZDV�GHYHORSHG�DQG�XVHG

WR�SUHFLVHO\� ORFDOLVH� WKH�DUHD�RI� WKH�JHO� WKDW� FRQWDLQHG� WKH� IXOO�OHQJWK� WUDQVFULSWV�

7KH�LQGLFDWHG�DUHD�ZDV�H[FLVHG�ZLWK�D�VFDOSHO��WUDQVIHUUHG�WR�D�PLFURIXJH�WXEH�DQG

VXEPHUJHG�LQ������O�RI�SUREH�HOXWLRQ�EXIIHU��7R�HOXWH�WKH�SUREH�RXW�RI�WKH�JHO��WKH
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WXEH� ZDV� VKDNHQ� DQG� LQFXEDWHG� DW� ���&� IRU� �� KRXUV�� 7KH� SUREH� ZDV� VWRUHG� DW

����&�RYHU�QLJKW�RU�PD[LPDOO\�IRU�WZR�GD\V�

�������53$�DVVD\

3UHGHWHUPLQHG� YROXPHV� RI� VDPSOH� 51$� ���� �J� LQ� ��� �� ��� �O��� \HDVW� 51$

��� �O�  � ��� �J�� DQG� ODEHOOHG� SUREH� ���� �O�� ZHUH�PL[HG� LQ� ����PO�PLFURFHQWULIXJH

WXEH�� )RU� HDFK� SUREH� WZR� GLIIHUHQW� FRQWURO� WXEHV� ZHUH� LQFOXGHG� RQH� ZLWK� ��� �J

RI�UDW�WRWDO�51$�DQG�����J�RI�\HDVW�51$�DQG�VHFRQG�RQO\�ZLWK�����J�RI�\HDVW�51$�

$PPRQLXP�DFHWDWH� ���0��ZDV�DGGHG��VR� WKDW� LWV� UHVXOWLQJ�FRQFHQWUDWLRQ�ZDV����

0��$GGLWLRQDOO\�������O�RI�HWKDQRO�ZDV�DGGHG�DQG�VROXWLRQ�ZDV�PL[HG�WKRURXJKO\�

7KH�WXEHV�ZHUH�SODFHG�LQ�����&�IUHH]HU�IRU����PLQXWHV��6XEVHTXHQWO\�� WKH�51$V

ZHUH� SHOOHWHG� E\� FHQWULIXJDWLRQ� DW� ������ �� J� IRU� ��� PLQXWHV�� 7KH� HWKDQRO

VXSHUQDWDQW� ZDV� UHPRYHG� DQG� WR� WKH� SHOOHWV� ��� �O� RI� +\E6SHHG� K\EULGLVDWLRQ

EXIIHU� �SUH�KHDWHG� WR� ���&�� ZDV� DGGHG�� 7KH� WXEHV� ZHUH� LPPHGLDWHO\� SODFHG� LQ

D�KHDWLQJ�EORFN��WKHUPDO�F\FOHU�SUH�KHDWHG�WR����&���$IWHU�K\EULGLVDWLRQ�EXIIHU�ZDV

DGGHG� WR� DOO� VDPSOHV�� HDFK� RQH� ZDV� YRUWH[HG� WKRURXJKO\� DQG� SODFHG� EDFN� LQ

WKH�KRW�EORFN��7KH�YRUWH[LQJ�VWHS�ZDV�UHSHDWHG�RQFH�PRUH��7KHQ�WKH�WXEHV�ZHUH

LQFXEDWHG�DW����&�IRU���PLQXWHV�LQ�RUGHU�WR�GLVVROYH�DQG�GHQDWXUH�51$V��7R�DOORZ

K\EULGLVDWLRQ� RI� SUREH� 51$� DQG� FRPSOHPHQWDU\� P51$� LQ� WKH� VDPSOH�� WKH

LQFXEDWLRQ�WHPSHUDWXUH�ZDV�GHFUHDVHG�WR����&�IRU����PLQXWHV��$IWHU�K\EULGLVDWLRQ�

�����O�RI�51DVH�GLJHVWLRQ�EXIIHU��+\E6SHHG�NLW���FRQWDLQLQJ�����XQLWV�RI�51DVH�7�

DQG������XQLW�RI�51DVH�$��ZHUH�DGGHG�WR�HDFK�WXEH�H[FHSW�RI� WZR�FRQWURO� WXEHV�

7R�WKHVH�FRQWUROV��RQH�IRU�*$7���DQG�RQH�IRU�b�DFWLQ�SUREH��FRQWDLQLQJ�RQO\�SUREH

DQG� \HDVW� 51$��� ���� �O� RI� GLJHVWLRQ� EXIIHU� ZLWKRXW� 51DVH� ZHUH� DGGHG�

7KH� LQFXEDWLRQ� WHPSHUDWXUH� ZDV� GHFUHDVHG� WR� ���&� DQG� HDFK� VDPSOH� ZDV

YRUWH[HG� WKRURXJKO\�� 7R� GLJHVW� XQSURWHFWHG� VLQJOH�VWUDQGHG� 51$�� WKH� VDPSOHV

ZHUH� LQFXEDWHG� DW� ���&� IRU� �� KRXUV�� $OO� VDPSOHV�ZHUH� UH�YRUWH[HG� DIWHU� ��� DQG

���PLQXWHV�RI� LQFXEDWLRQ��$IWHU� GLJHVWLRQ�� �����O� RI� ,QDFWLYDWLRQ�3UHFLSLWDWLRQ�PL[

�+\E6SHHG� NLW�� DQG� ���� �O� RI� HWKDQRO� ZDV� DGGHG� WR� HDFK� VDPSOH�� 7XEHV� ZHUH

YRUWH[HG� EULHIO\� DQG� WUDQVIHUUHG� WR� ����&� IRU� �� KRXU� LQ� RUGHU� WR� SUHFLSLWDWH� WKH

XQGLJHVWHG�51$�
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�������3URGXFW�VHSDUDWLRQ��GHWHFWLRQ�DQG�DQDO\VLV

7KH� SUHFLSLWDWHG� SURGXFWV� RI� 51DVH� GLJHVW� ZHUH� SHOOHWHG� E\� FHQWULIXJDWLRQ

DW���������J�IRU����PLQXWHV��6XSHUQDWDQW�ZDV�UHPRYHG��7R�UHPRYH�WKH�ODVW�WUDFHV

RI� VXSHUQDWDQW� WKH� WXEHV� ZHUH� UH�FHQWULIXJHG� IRU� DERXW� �� VHFRQGV� DQG� WKHQ

WKH�UHVLGXDO�IOXLG�ZDV�ZLWKGUDZQ��7R�WKH�SHOOHWV�����O�RI�51$�JHO�ORDGLQJ�EXIIHU�ZDV

DGGHG��,Q�RUGHU�WR�UH�VXVSHQG�WKH�SHOOHWV��WKH�WXEHV�ZHUH�SODFHG�LQ�WKH�KHDW�EORFN

�KHDWHG� XS� WR� ���&�� DQG� YRUWH[HG� WZLFH� IRU� ��� VHFRQGV�� 7KHQ� WKH� WXEHV� ZHUH

EULHIO\� FHQWULIXJHG� DQG� LQFXEDWHG� DW� ���&� IRU� �� PLQXWHV�� 7KH� VDPSOHV� ZHUH

YRUWH[HG��FHQWULIXJHG�DJDLQ�EULHIO\�DQG�FKLOOHG�RQ�LFH��7KH�VDPSOHV�ZHUH�ORDGHG�RQ

GHQDWXULQJ� SRO\DFU\DPLGH� JHO� ����� ����� PP� WKLFN�� �� 0� XUHD��� )URP� FRQWURO

VDPSOHV�� WKRVH� ZLWKRXW� 51DVH� GLJHVWLRQ�� RQO\� �� �O� ZDV� ORDGHG�� 7R� UHVROYH� WKH

SURWHFWHG�IUDJPHQWV�� WKH�JHO�ZDV�UXQ�DW����P$�IRU����PLQXWHV�DQG�DW����P$�IRU

��KRXU��$IWHUZDUGV�� WKH�JHO�ZDV� WUDQVIHUUHG�RQWR�JHO�EORWWLQJ�SDSHU��FRYHUHG�ZLWK

SODVWLF�ZUDS�DQG�GULHG�LQ�JHO�GU\HU�DW����&�IRU���KRXU��7KH�;�UD\�ILOP��5HIOHFWLRQÉ�

ZDV�H[SRVHG� WR� WKH� JHO� IRU� ��KRXUV��7KH�DXWRUDGLRJUDP�ZDV� WKHQ� VFDQQHG�ZLWK

D�YLGHR�DQDO\VLV�V\VWHP�DQG�DQDO\VHG�ZLWK�0ROHFXODU�$QDO\VWÇ�6RIWZDUH��7KH�EDQG

LQWHQVLWLHV�RI�*$7���DQG�b�DFWLQ�SURWHFWHG�EDQGV�ZHUH�PHDVXUHG�DQG�WKH�LQWHQVLW\

UDWLRV�*$7���b�DFWLQ�RI�WHVWHG�VDPSOHV�ZHUH�FRPSDUHG�

�����&RPSHWLWLYH�57�3&5

$� PHWKRG� IRU� TXDQWLILFDWLRQ� RI� VSHFLILF� 51$� VSHFLHV� E\� WKH� SRO\PHUDVH� FKDLQ

UHDFWLRQ��3&5���0XOOLV�DQG�)DORRQD��������� ,Q� WKH�DVVD\�� UHYHUVH� WUDQVFULSWLRQ�RI

WKH�WHPSODWH�51$�LV�IROORZHG�E\�3&5��3&5�SURYLGHV�IRU�WKLV�DVVD\�VHQVLWLYLW\�IRU

GHWHFWLRQ�DQG�DPSOLILFDWLRQ�RI�VSHFLILF�QXFOHLF�DFLG�VHTXHQFHV��7KH�PHWKRG�XWLOLVHV

D� V\QWKHWLF� LQWHUQDO� FRQWURO� �FRPSHWLWRU�� WKDW� LV� FR�DPSOLILHG� ZLWK� WKH� WDUJHW�

$Q�LPSRUWDQW�FRQGLWLRQ�RI�WKH�PHWKRG�LV�WKDW�WKH�WDUJHW�DQG�WKH�FRPSHWLWRU�KDYH�WKH

VDPH�DPSOLILFDWLRQ�HIILFLHQFLHV��%HFDXVH�RI�WKLV��WKH�FRPSHWLWRU�GLIIHUV�VOLJKWO\�IURP

WKH�WDUJHW� �LQ�VL]H�DQG�RU�VHTXHQFH��DQG�VKDUHV�WKH�VDPH�SULPHU�VHTXHQFHV��7R

TXDQWLI\� WKH� WDUJHW�� LGHQWLFDO� �EXW� XQNQRZQ�� DPRXQWV� RI� WKH� WDUJHW� WHPSODWH� DUH

DPSOLILHG� LQ� UHSOLFDWH� UHDFWLRQV�ZLWK� NQRZQ� LQFUHDVLQJ� DPRXQW� RI� LQWHUQDO� FRQWURO

WHPSODWH�� 7KLV� UHVXOWV� LQ� WKH� WLWUDWLRQ� RI� WKH� XQNQRZQ� FRS\� QXPEHU� RI� WDUJHW
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WHPSODWH��7KH�DPRXQW�RI� WKH� WDUJHW� WHPSODWH�SUHVHQW�SULRU� WR� WKH�DPSOLILFDWLRQ� LV

GHWHUPLQHG�DV�WKH�WLWUDWLRQ�HTXLYDOHQFH�SRLQW�

�������&RQVWUXFWLRQ�RI�FRPSHWLWRU�WHPSODWHV

���������&RQVWUXFWLRQ�RI�*$7��PXW�FRPSHWLWRU

7R� FRQVWUXFW� WKH� *$7��PXW� FRPSHWLWRU� WHPSODWH�� D� ��� ES� ORQJ� *$7��� F'1$

IUDJPHQW�FORQHG�LQWR�S8&���ZDV�XVHG��7KLV�IUDJPHQW�ZDV�LGHQWLFDO�WR�*$7���ZLOG

W\SH�F'1$�IUDJPHQW�H[FHSW�RI�PLVVLQJ�WKH�ILUVW����EDVHV��7KH�ORVV�RI�WKHVH�EDVHV

GHVWUR\HG�WKH�*$7��IZ�SULPHU�UHFRJQLWLRQ�VHTXHQFH��,Q�RUGHU�WR�EH�DEOH�WR�DPSOLI\

WKH�FRPSHWLWRU�ZLWK�VDPH�SULPHUV�DV� WKH�*$7���F'1$�IUDJPHQW�ZLWK� UHVXOWLQJ� LQ

WKH�GLIIHUHQW�3&5�SURGXFW�WKDW�*$7���F'1$��WKH�*$7��IZ�VHTXHQFH�ZDV�DGGHG�WR

WKH� FORQHG� IUDJPHQW� E\� 3&5� ZLWK� *$7��UHY� DQG� *$7��IZ�PXW� SULPHUV�

*$7��IZ�PXW�SULPHU�ZDV�D�SODVPLG�VSHFLILF�SULPHU�WKDW�FDUULHG�*$7��IZ�VHTXHQFH

FRXSOHG�WR�LWV���HQG��7KLV�UHDFWLRQ�DWWDFKHG�WKH�*$7��IZ�VHTXHQFH�WR�WKH�FORQHG

IUDJPHQW�DQG�DW�WKH�VDPH�WLPH�LQVHUWHG�SODVPLG�VHTXHQFH�RI����EDVH�SDLUV�EHKLQG

WKH� IRUZDUG� SULPHU� VHTXHQFH� �ILJXUH� ���$��� 7KH� DPSOLILFDWLRQ� FRQGLWLRQV� ZHUH�

��PLQXWHV�GHQDWXUDWLRQ�DW����&�����DPSOLIL�FDWLRQ�F\FOHV�RI����VHFRQGV�DW����&����

VHFRQGV� DW� ���&�� ��� VHFRQGV� DW� ���&� DQG� WKH� ODVW� H[WHQVLRQ� RI� �� PLQXWHV

DW� ���&�� 7KH� DPSOLILHG� *$7��� IUDJPHQW� ZDV� ���� ES� ORQJ�� 7KLV� PXWDWHG� 3&5

SURGXFW� ZDV� SXULILHG� DQG� WKH� 7�� SURPRWHU� VHTXHQFH� ZDV� DGGHG� WR� LW� E\� UH�

DPSOLILFDWLRQ� ZLWK� *$7��IZ�7�� DQG� *$7��UHY� SULPHUV�� 7KLV� PRGLILHG� '1$

IUDJPHQW� ZDV� VHSDUDWHG� E\� DJDURVH� JHO� HOHFWUR�SKRUHVLV�� SXULILHG� E\� 41�

H[WUDFWLRQ�PHWKRG��SUHFLSLWDWHG�ZLWK�HWKDQRO�DQG�GLVVROYHG�LQ�+�2'(3&��7KH�LGHQWLW\

RI�WKH�FRQVWUXFWHG�IUDJPHQW�ZDV�YHULILHG�E\�GLGHR[\�FKDLQ�WHUPLQDWLRQ�VHTXHQFLQJ

XVLQJ�*$7��UHY�SULPHU��3XULILHG�'1$�ZDV�XVHG�IRU�LQ�YLWUR�WUDQVFULSWLRQ����������RI

*$7��PXW�FRPSHWLWRU�
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���������&RQVWUXFWLRQ�RI�*$7��bDF�FRPSHWLWRU

)RU�FRQVWUXFWLRQ�RI� WKH�*$7���FRPSHWLWRU� WHPSODWH�� WKH�b�DFWLQ� IUDJPHQW� ����ES�

FORQHG�LQWR�S8&����DOUHDG\�XVHG�LQ�WKH�53$�DVVD\��ZDV�HPSOR\HG��)RU�WKH�SDUW�RI

WKH� WHPSODWH� EHWZHHQ� WKH� SULPHU� VHTXHQFHV�� D� VHTXHQFH�ZDV� FKRVHQ� WKDW� ZDV

��� EDVHV� ORQJHU� DQG� KDG� D� VLPLODU� &*� FRQWHQW� DV� WKH� DPSOLILHG� *$7��� F'1$

IUDJPHQW� ����� LQ� ZLOG� W\SH�� ���� LQ� FRPSHWLWRU��� ,W� FRQVLVWHG� RI� ��� ES� SODVPLG

VHTXHQFH�DQG�����ES�RI���DFWLQ�VHTXHQFH��SRVLWLRQ�������������RI���DFWLQ�F'1$��

7KH� FKRVHQ� VHTXHQFH� ZDV� DPSOLILHG� ZLWK� RQH� SODVPLG� �*$7��IZ�PXW�� DQG� RQH

��DFWLQ�VSHFLILF� �*$7��UHY�bDF��SULPHU� WKDW�KDG�FRXSOHG�*$7��IZ�DQG�*$7��UHY

SULPHU� VHTXHQFHV�� UHVSHFWLYHO\�� WR� WKHLU� �CHQGV� �ILJXUH� ���&��� 7KH� '1$� ZDV

DPSOLILHG� XQGHU� WKH� IROORZLQJ� FRQGLWLRQV�� �� PLQXWHV� GHQDWXUDWLRQ� DW� ���&�

���DPSOLILFDWLRQ�F\FOHV�RI����VHFRQGV�DW����&�����VHFRQGV�DW����&�����VHFRQGV

)LJXUH����

&RPSHWLWRUV�� 6FKHPDWLF� SUHVHQWDWLRQ� RI� YDULRXV�'1$� FRQVWUXFWV� XVHG� DV� WHPSODWHV� IRU� LQ� YLWUR

WUDQVFULSWLRQ�RI�51$�FRPSHWLWRUV��'LVSOD\HG�DUH�WKH�VHTXHQFHV�RI�RULJLQ�DQG�IUDJPHQW�VL]H�

%��*$7��bDF�FRPSHWLWRU������

&��*$7��bDF�FRPSHWLWRU������ES�

$��*$7��PXW�FRPSHWLWRU������ES�

7������*$7��IZ�����S8&������������������������b�DFWLQ���������������*$7��UHY

7������*$7��IZ�����S8&�������������������b�DFWLQ��������*$7��UHY

��7������*$7��IZ����S8&�������������������*$7�������������*$7��UHY

��ES���������ES�����������ES����������������������ES������������������ES

��ES���������ES�����������ES����������������������ES����������������ES

��ES���������ES����������ES���������������������������ES������������������������ES



0DWHULDOV�DQG�0HWKRGV������������������������������������������������������������������������������������������������������������

DW� ���&� DQG� WKH� ODVW� H[WHQVLRQ� RI� �� PLQXWHV� DW� ���&�� 7KH� REWDLQHG� ���� ES

VIUDJPHQW�ZDV�SXULILHG�DQG�WKH�UHFRJQLWLRQ�VHTXHQFH�IRU�7��51$�SRO\PHUDVH�ZDV

DGGHG� WR� LW� E\� UH�DPSOLILFDWLRQ� ZLWK� *$7��UHY� DQG� *$7��IZ�7�� SULPHUV� XQGHU

*$7���RSWLPLVHG�3&5�FRQGLWLRQV�������������5H�DPSOLILHG�*$7��bDF�SURGXFW�ZDV

LVRODWHG��SXULILHG�DQG�LWV�VHTXHQFH�ZDV�YHULILHG�E\�VHTXHQFLQJ�ZLWK�GLGHR[\�FKDLQ

WHUPLQDWLRQ�PHWKRG��7KH�SXULILHG�'1$�IUDJPHQW�ZDV�XVHG�DV�D�WHPSODWH�IRU�LQ�YLWUR

WUDQVFULSWLRQ�RI�*$7��bDF�FRPSHWLWRU����������

���������&RQVWUXFWLRQ�RI�*$7��bDF�FRPSHWLWRU

$OVR��'1$�WHPSODWH�IRU�*$7��bDF�FRPSHWLWRU�ZDV�FRQVWUXFWHG��,W�FDUULHG�D�SDUW�RI

SODVPLG�'1$�DQG�D�SDUW�RI�WKH�b�DFWLQ�F'1$�IODQNHG�ZLWK�*$7��IZ�DQG�*$7��UHY

SULPHU� VHTXHQFHV�� 7KH� FKRVHQ� VHTXHQFH� ZDV� ��� ES� ORQJHU� DQG� KDG� VLPLODU

&*�FRQWHQW�DV�*$7���ZLOG�W\SH�VHTXHQFH������LQ�FRPSHWLWRU������LQ�ZLOG� W\SH��

7KH� GHVLUHG� IUDJPHQW� ZDV� REWDLQHG� IURP� FORQHG� b�DFWLQ� IUDJPHQW� E\� 3&5

DPSOLILFDWLRQ� ZLWK� RQH� SODVPLG� VSHFLILF� �*$7��IZ�PXW�� DQG� RQH� b�DFWLQ� VSHFLILF

�*$7��UHY�bDF�� SULPHUV� ZKLFK� KDG� *$7��IZ� DQG� *$7��UHY� SULPHU� VHTXHQFHV

FRXSOHG� WR� WKHLU� ��HQGV�� UHVSHFWLYHO\� �ILJXUH� ���%��� 7KH� DPSOLILFDWLRQ� FRQGLWLRQV

ZHUH�� �� PLQXWHV� GHQDWXUDWLRQ� DW� ���&�� ��� DPSOLILFDWLRQ� F\FOHV� RI� ��� VHFRQGV

DW� ���&�� ��� VHFRQGV� DW� ���&�� ��� VHFRQGV� DW� ���&� DQG� WKH� ODVW� H[WHQVLRQ� RI

�� PLQXWHV� DW� ���&�� 7KHQ� WKH� 7�� SURPRWHU� VHTXHQFH� ZDV� DGGHG� WR� LW� E\� UH�

DPSOLILFDWLRQ�ZLWK�*$7��UHY�DQG�*$7��IZ�7��SULPHUV�XQGHU�*$7���VSHFLILF�3&5

FRQGLWLRQV� ������������ 7KH� '1$� IUDJPHQW� ZDV� SXULILHG� ������� DQG� XVHG� DV� D

WHPSODWH�IRU�WKH�FRPSHWLWRU�51$�V\QWKHVLV����������

�������&RPSHWLWRU�V\QWKHVLV�DQG�SXULILFDWLRQ

7R�V\QWKHVLVH�WKH�FRPSHWLWRU�51$��DQ�LQ�YLWUR�WUDQVFULSWLRQ�ZDV�SHUIRUPHG�IRU���

PLQ� DW� ���&�� 7KH� UHDFWLRQ� PL[WXUH� ����� mO�� FRQWDLQHG� ���� QJ� '1$� WHPSODWH�

�� [� WUDQVFULSWLRQ� EXIIHU�� ��� P0� '77�� ���� XQLWV� 51DVLQ�� ���� P0� 173V�� DQG

��� XQLWV� RI� 7�� 51$� SRO\PHUDVH�� ,Q� RUGHU� WR� UHPRYH� WKH� '1$� WHPSODWH� DIWHU

WKH�UHDFWLRQ��WKH�PL[�ZDV�WUHDWHG�ZLWK����XQLWV�RI�'1DVH�,��51DVH�IUHH��IRU����PLQ

DW����&��7KHQ��WKH�51$�ZDV�SUHFLSLWDWHG�ZLWK���YROXPHV�RI�HWKDQRO�DQG�GLVVROYHG
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LQ����mO�RI�51$�ORDGLQJ�EXIIHU��7KH�51$�ZDV�GLVVROYHG�DQG�GHQDWXUHG�DW����&�IRU

���PLQXWHV�DQG�VXEVHTXHQWO\�FKLOOHG�RQ�LFH�

)RU�SXULILFDWLRQ�RI� IXOO�OHQJWK� WUDQVFULSWV�� WKH�51$�ZDV�VHSDUDWHG�ZLWK�GHQDWXULQJ

3$*(� ����� ����� PP� WKLFN�� �0� XUHD��� 7KH� JHO� DUHD� FRQWDLQLQJ� IXOO�OHQJWK

WUDQVFULSWV�ZDV� FXW� RXW� DQG� WKH�51$�ZDV� HOXWHG� IROORZLQJ� D� 51DLG� NLW� SURWRFRO�

7KH�51$�ZDV�SUHFLSLWDWHG�ZLWK�HWKDQRO��ZDVKHG�ZLWK������HWKDQRO�� WKH�SHOOHW�DLU

GULHG� DQG� UH�GLVVROYHG� LQ� +�2'(3&�� 7R� FRQWURO� IRU� LPSXULWLHV� DQG� WR� TXDQWLI\

WKH�51$��LWV�DEVRUEDQFH�DW����������DQG�����QP�ZDV�PHDVXUHG�

7R�IXUWKHU�FKHFN�IRU�UHPDLQLQJ�'1$�FRQWDPLQDWLRQ����3&5�F\FOHV�ZHUH�FDUULHG�RXW

ZLWK���PO�RI�51$�VROXWLRQ�DQG�DSSURSULDWH�SULPHUV��'LUHFW�3&5�GLG�QRW�\LHOG�DQ\

SURGXFW��$V�D�SRVLWLYH�FRQWURO��DQ�DOLTXRW�RI�WKH�51$�����O��ZDV�UHYHUVH�WUDQVFULEHG

DQG�DPSOLILHG�ZLWK�WKH�VDPH�SULPHUV�WR�FKHFN�ZKHWKHU�WKH�IXOO�OHQJWK�DPSOLILFDWLRQ

SURGXFW�ZDV�REWDLQHG������ES�*$7��PXW������ES�*$7��bDF�RU�����ES�*$7��bDF��

�������&RPSHWLWLYH�57�3&5�DVVD\

7RWDO� 51$� ����QJ�� ZDV� UHYHUVH�WUDQVFULEHG� WRJHWKHU� ZLWK� GLIIHUHQW� DPRXQWV� RI

FRPSHWLWRU�51$��H�J������������������������������������*$7��bDF�PROHFXOHV��ZLWK

57�SULPHU�XQGHU� WKH�UHYHUVH� WUDQVFULSWLRQ�FRQGLWLRQV�GHVFULEHG�EHOORZ� �����������

$Q�DOLTXRW�����O��IURP�HDFK�REWDLQHG�F'1$�VDPSOH�ZDV�XVHG�IRU�3&5�DPSOLILFDWLRQ

ZLWK� WKH� DSSURSULDWH� IRUZDUG� DQG� UHYHUVH� SULPHUV� �FRQGLWLRQV� GHVFULEHG� EHOORZ

����������� 7KLV� DPSOLILFDWLRQ� JDYH� ULVH� WR� WZR� 3&5� SURGXFWV�� FRUUHVSRQGLQJ� WR

*$%$� WUDQVSRUWHU� �ZLOG� W\SH�� DQG� FRPSHWLWRU� F'1$V�� $OLTXRWV� RI� 3&5� SURGXFWV

ZHUH� VHSDUDWHG� E\�3$*(� ���� JHO��� 3URGXFW� EDQGV� ZHUH� YLVXDOLVHG� E\� HWKLGLXP

EURPLGH� VWDLQLQJ� RI� WKH� JHO�� 7KH� EDQG� LQWHQVLWLHV� ZHUH� GHWHUPLQHG�� 7KH� UDWLR� RI

WKH�*$7��ZLOG�W\SH�EDQG�WR�WKH�FRPSHWLWRU�EDQG��FRUUHFWHG�IRU�WKH�VL]H�GLIIHUHQFH

RI� WKH� WZR� IUDJPHQWV�� ZDV� FDOFXODWHG�� 7KH� UDWLR� RI� EDQG� LQWHQVLWLHV� ZDV� SORWWHG

DJDLQVW� WKH� ORJDULWKP� RI� WKH� DPRXQW� RI� 51$� FRPSHWLWRU�� 7KH� DPRXQW� RI� WDUJHW

P51$�HTXDOV�WKH�DPRXQW�RI�FRPSHWLWRU�51$�DW�WKH�SRLQW�UDWLR ��
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���������5HYHUVH�WUDQVFULSWLRQ

7RWDO�51$������QJ��ZDV�UHYHUVH�WUDQVFULEHG�XVLQJ�WKH�VSHFLILF�SULPHU��57�SULPHU��

51$� DQG� 57�SULPHU� �LQ� +�2'(3&�� ZHUH� PL[HG� �WRWDO� YROXPH� ���� mO��� ,Q� RUGHU� WR

GHQDWXUH�51$��WKH�PL[WXUH�ZDV�KHDWHG�XS�DW����&�IRU���PLQXWHV�DQG�FKLOOHG�RQ�LFH�

$IWHUZDUGV�� DOO� RWKHU� FRPSRQHQWV� RI� WKH� UHDFWLRQ� PL[WXUH� ZHUH� DGGHG�

7KH� UHDFWLRQ� PL[� FRQWDLQHG� �� �� UHYHUVH� WUDQVFULSWLRQ� EXIIHU�� ���� P0� G173V�

���P0�'77������m0�SULPHU�����XQLWV�RI�51DVLQ��DQG�����XQLWV�RI�00/9�UHYHUVH

WUDQVFULSWDVH��7KH�PL[WXUH� �WRWDO� YROXPH����mO�� ZDV� OHIW� DW� URRP� WHPSHUDWXUH� IRU

��PLQXWHV��7KHQ��WKH�UHDFWLRQ�ZDV�FDUULHG�RXW�IRU����PLQXWHV�DW����&��7KH�UHYHUVH

WUDQVFULSWLRQ�ZDV�WHUPLQDWHG�E\�D�GHQDWXULQJ�VWHS�RI���PLQXWHV�DW�����&��2EWDLQHG

F'1$�VROXWLRQV�ZHUH�VWRUHG�DW�����&�

���������3&5

7KH�DPSOLILFDWLRQ�FRQGLWLRQV�ZHUH�RSWLPLVHG�IRU�WKH�����ES�*$7��F'1$�IUDJPHQW�

7KH� FKRVHQ� SURJUDPPH� IRU� WKH� *$7��� IRUZDUG� DQG� UHYHUVH� SULPHUV� ZDV�

GHQDWXUDWLRQ���PLQXWHV�DW����&��3&5�F\FOHV�RI����VHFRQGV�DW����&�����VHFRQGV

DW����&�����VHFRQGV�DW����&��DQG�WKH�ILQDO�HORQJDWLRQ�IRU���PLQXWHV�DW����&�

7R�DPSOLI\�WKH�����ES�*$7���F'1$�IUDJPHQW��WKH�IROORZLQJ�3&5�SURILOH�ZDV�IRXQG

WR�EH�RSWLPDO��GHQDWXUDWLRQ���PLQXWHV�DW����&��DPSOLILFDWLRQ�F\FOHV�RI����VHFRQGV

DW����&�����VHFRQGV�DW����&�����VHFRQGV�DW����&��DQG�ILQDOO\��WKH�H[WHQVLRQ�VWHS

IRU� ��PLQXWHV� DW� ���&�� 7KH� RSWLPLVDWLRQ� RI� F\FOH� QXPEHU� LV� GHVFULEHG� LQ� UHVXOWV

�����������,Q�ERWK�FDVHV��WKH�3&5�UHDFWLRQ�PL[WXUH������O��FRQWDLQHG�'1$�WHPSODWH

���O������0�*$7�IZ�����0�*$7�UHY������P0�G173V������ UHDFWLRQ�EXIIHU������P0

0J&O��DQG�����XQLWV�RI�7DT�'1$�SRO\PHUDVH�



0DWHULDOV�DQG�0HWKRGV������������������������������������������������������������������������������������������������������������

�����'LIIHUHQWLDO�'LVSOD\

'LIIHUHQWLDO�'LVSOD\�LV�WKH�PHWKRG�IRU�LGHQWLILFDWLRQ�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV

ILUVWO\�GHVFULEHG�E\�/LDQJ�DQG�3DUGHH��������� ,W� LV�EDVHG�RQ� WKH�DVVXPSWLRQ� WKDW

HYHU\�LQGLYLGXDO�P51$�PROHFXOH�FDQ�EH�UHYHUVH�WUDQVFULEHG�DQG�DPSOLILHG�E\�WKH

3&5�� 7KH� JHQHUDO� VWUDWHJ\� RI� GLIIHUHQWLDO� GLVSOD\� LV� WR� DPSOLI\� SDUWLDO� F'1$

VHTXHQFHV� IURP� WKH� VHW� RI�P51$V��7KH�PHWKRG� FRQVLVWV� RI� WZR� VWHSV�� WKH� ILUVW�

UHYHUVH�WUDQVFULSWLRQ��57��DQG�WKH�VHFRQG��3&5�DPSOLILFDWLRQ�RI�F'1$�IUDJPHQWV�

7KH�UHYHUVH� WUDQVFULSWLRQ�XVHV�D�VHW�RI�DQFKRUHG�SULPHUV��VXFK�DV�7��01�ZKHUH

0� �*��&�RU�$�DQG�1� �*��&��$�RU�7��7KH�XVH�RI�WKHVH�SULPHUV�WDNHV�DGYDQWDJH�RI

WKH� SRO\$� VHTXHQFH� SUHVHQW� LQ� PRVW� HXNDU\RWLF� P51$� VSHFLHV� DQG� DQFKRUV

WKH�SULPHU�DW� WKH��CHQG�RI� WKH�P51$��$GGLWLRQ�RI� WZR�EDVHV�RQ� WKH��CHQG�RI� WKH

ROLJR�G7�SULPHU�JLYHV�WKH�VSHFLILFLW\�WR�LW�DQG�DOORZV�RQO\�D�SDUW�RI�WKH�P51$�VHW�WR

EH�UHYHUVH�WUDQVFULEHG��7KHUH�DUH�WZHOYH�FRPELQDWLRQV�RI�WKH�ODVW�WZR�EDVHV�LQ�WKH

DQFKRU�SULPHU�SRVVLEOH�DQG�EHFDXVH�RI� WKLV� UHYHUVH� WUDQVFULSWLRQ�ZLWK� WKLV� VHW�RI

SULPHUV�VXEGLYLGHV�WKH�WRWDO�F'1$�LQWR�WZHOYH�IUDFWLRQV�ZLWK�QHDUO\�HTXDO�QXPEHU

RI� UHSUHVHQWHG� P51$� VSHFLHV�� 7KH� REWDLQHG� F'1$V� DUH� DPSOLILHG� XVLQJ

GRZQVWUHDP�DQFKRUHG�SULPHU��LGHQWLFDO�WR�WKH�RQH�XVHG�IRU�WKH�57��DQG�XSVWUHDP

DUELWUDU\� SULPHU� LQ� WKH� SUHVHQFH� RI� D� UDGLRDFWLYH� QXFOHRWLGH�� 'HFDPHU�

ROLJRQXFOHRWLGHV� DUH� XVHG� DV� WKH� XSVWUHDP� SULPHUV�� 'HFDPHUV� ZHUH� FKRVHQ�

EHFDXVH�WKH\�DQQHDO�IDLUO\�IUHTXHQWO\�QHDU�WKH��CHQG�RI�WKH�F'1$�VWUDQG�DQG�DW�WKH

VDPH� WLPH� JLYH� VSHFLILF� '1$� DPSOLILFDWLRQ�� 7KH� DPSOLILHG� F'1$� IUDJPHQWV� DUH

UHVROYHG� E\� WKH� SRO\DFU\ODPLGH� JHO� HOHFWURSKRUHVLV� DQG� VXEMHFWHG� WR� WKH

DXWRUDGLRJUDSKLF�DQDO\VLV�

�������5HYHUVH�WUDQVFULSWLRQ

7RWDO�51$�����O������SPRO�����O��RI�GRZQVWUHDP�SULPHU�DQG����O�RI�+�2'(3&�ZHUH

PL[HG� WRJHWKHU�� ,Q� RUGHU� WR� GHQDWXUH� 51$� DQG� DOORZ� WKH� SULPHU� DQQHDOLQJ� WKH

VROXWLRQ� ZDV� KHDWHG� XS� WR� ���&� IRU� ��� PLQXWHV� DQG� WKHQ� FKLOOHG� RQ� LFH�

6XEVHTXHQWO\�� DOO� UHDFWLRQ� FRPSRQHQWV� H[FHSW� RI� HQ]\PH� ZHUH� DGGHG�

7KH� UHDFWLRQ� PL[� FRQWDLQHG� ���� QJ� WRWDO� 51$�� ��� SPRO� GRZQVWUHDP� SULPHU�

�� �� UHYHUVH� WUDQVFULSWDVH� EXIIHU�� ���P0� '77�� ��� XQLWV� RI� 51DVLQÇ� DQG� ��� �0
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G173V��7KH�PL[WXUH�ZDV�OHIW�DW�URRP�WHPSHUDWXUH�IRU���PLQXWHV��7KHQ������XQLWV�RI

00/9�UHYHUVH� WUDQVFULSWDVH�ZHUH�DGGHG�DQG� WKH�PL[WXUH�ZDV�DJDLQ� OHIW�DW� URRP

WHPSHUDWXUH� IRU� �� PLQXWHV�� 7KH� UHYHUVH� WUDQVFULSWLRQ� �ILQDO� YROXPH� ��� �O�� ZDV

FDUULHG�RXW�DW����&�IRU���KRXU��7KH�UHDFWLRQ�ZDV�VWRSSHG�E\�HQ]\PH�LQDFWLYDWLRQ

IRU���PLQXWHV�DW����&�DQG�FKLOOLQJ�RQ� LFH��7R�WKH�VROXWLRQ������O�RI�+�2'(3&�ZHUH

DGGHG��7KH�REWDLQHG�F'1$�ZDV�VWRUHG�DW�����&�

�������3&5

7KH�V\QWKHVLVHG�F'1$�ZDV�DPSOLILHG�E\�3&5��5HDFWLRQ�PL[WXUH������O��FRQWDLQHG

���O� F'1$�����SPRO�GRZQVWUHDP�SULPHU�����SPRO�XSVWUHDP�SULPHU������ UHDFWLRQ

EXIIHU�� ���� P0� 0J&O��� �� �0� G173V�� ����� �0� a�>��3@G$73� DQG� �� XQLW� 7DT

SRO\PHUDVH�� 7KH� UHDFWLRQ� FRQGLWLRQV� ZHUH�� �� PLQXWHV� GHQDWXUDWLRQ� DW� ���&�

���DPSOLILFDWLRQ�F\FOHV�RI����VHFRQGV�DW����&�����VHFRQGV�DW����&�����VHFRQGV

DW� ���&� DQG� WKH� ODVW� H[WHQVLRQ� RI� �� PLQXWHV� DW� ���&�� 7KH� SULPHUV� XVHG� IRU

WKH� GLIIHUHQWLDO� GLVSOD\� DQDO\VLV� KDG� EHHQ� FKRVHQ� IROORZLQJ� WKH� QRPHQFODWXUH

GHVFULEHG� E\� %DXHU� DQG� FROOHDJXHV� �������� $OO� SRVVLEOH� FRPELQDWLRQV� RI� WKH

GLVSOD\HG�SULPHUV�ZHUH�WHVWHG�

7DEOH����

3ULPHU�VHTXHQFHV�XVHG�LQ�'LIIHUHQWLDO�GLVSOD\

8SVWUHDP�SULPHUV 'RZQVWUHDP�SULPHUV

8����C�7$&$$&*$** '����C�77777777777&$

8����C�7**$77**7& '����C�77777777777&*

8����C�&777&7$&&& '����C�77777777777&7

8����C�7777**&7&& '����C�77777777777&&

8����C�**$$&&$$7&

8����C�$$$&7&&*7&

8����C�7&*$7$&$**

8����C�7**7$$$***

8�����C�**7$&7$$**
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�������3URGXFW�GHWHUPLQDWLRQ�DQG�DQDO\VLV

7KH� DPSOLILHG� IUDJPHQWV� ZHUH� UHVROYHG� E\� SRO\DFU\ODPLGH� JHO� HOHFWURSKRUHVLV�

$Q�DOLTXRW�RI�WKH�3&5�SURGXFW�����O��WRJHWKHU�ZLWK����O�RI�'1$�ORDGLQJ�EXIIHU�ZHUH

ORDGHG�RQ����3$�JHO������PP�WKLFN��VHSDUDWHG� LQ�����77(�EXIIHU�IRU����PLQXWHV

DW� ��� P$� DQG� IRU� �� KRXUV� DW� ��� P$� XVLQJ� 6HTXL�*HQ� DSSDUDWXV�� $IWHU� WKH

HOHFWURSKRUHVLV��WKH�JHO�ZDV�WUDQVIHUUHG�RQWR�*HO�EORWWLQJ�SDSHU�DQG�GULHG�DW����&

IRU���KRXU�LQ�*HO�'U\HU��)LQDOO\��D�ILOP��;�2PDW��ZDV�H[SRVHG�WR�WKH�JHO�RYHUQLJKW�

$XWRUDGLRJUDPV�ZHUH�DQDO\VHG�ZLWK�0ROHFXODU�$QDO\VWÇ�VRIWZDUH�
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��5HVXOWV

����(VWDEOLVKPHQW�DQG�YDOLGDWLRQ�RI�PHWKRGV�IRU�TXDQWLILFDWLRQ�RI

*$%$�WUDQVSRUWHU�P51$V

������51DVH�3URWHFWLRQ�$VVD\

7R�GHWHFW�DQG�PHDVXUH�FKDQJHV�LQ�P51$�H[SUHVVLRQ�RI�*$7���DQG�*$7����LW�ZDV

QHFHVVDU\� WR�HVWDEOLVK�DVVD\V� IRU� WKH�TXDQWLILFDWLRQ�RI�P51$V��7KH� ILUVW�PHWKRG

FKRVHQ� WR� EH� HVWDEOLVKHG� LQ� RXU� ODERUDWRU\� ZDV� WKH� 51DVH� 3URWHFWLRQ� $VVD\

�53$��

7R�PHDVXUH�*$7���P51$�OHYHOV�LQ�GLIIHUHQW�VDPSOHV��b�DFWLQ�P51$�ZDV�XVHG�DV

DQ� LQWHUQDO� FRQWURO�� 3ULRU� WR� WKH� TXDQWLILFDWLRQ�� '1$� WHPSODWHV� IRU� WKH� DQWLVHQVH

SUREH�V\QWKHVLV�KDG� WR�EH�FRQVWUXFWHG��%RWK��*$7���DQG�b�DFWLQ� IUDJPHQWV�ZHUH

FORQHG� LQWR�D�SODVPLG�YHFWRU��)LUVW��*$7��� IUDJPHQW�ZDV�DPSOLILHG� IURP�ROLJR�G7

SULPHG� F'1$� XVLQJ� *$7��IZ� DQG� *$7��UHY� SULPHUV� XQGHU� WKH� RSWLPLVHG� 3&5

FRQGLWLRQV� ������������7KH�REWDLQHG�3&5�SURGXFW�ZDV� ���� ES� LQ� OHQJWK� �SRVLWLRQ

����������RQ�*$7���F'1$���$OVR�� WKH�b�DFWLQ� IUDJPHQW� �SRVLWLRQ�������������RQ

b�DFWLQ� F'1$�� ���� ES�� ZDV� DPSOLILHG� IURP� ROLJR�G7� SULPHG� F'1$� ZLWK� b�DFWLQ

IRUZDUG� DQG� UHYHUVH� SULPHUV� XQGHU� WKH� DSSURSULDWH� 3&5� FRQGLWLRQV�� 7KHQ�� WKH

UHFRJQLWLRQ�VHTXHQFH�IRU�7��51$�SRO\PHUDVH�ZDV�DWWDFKHG�WR�ERWK�IUDJPHQWV�E\

UHDPSOLILFDWLRQ� ZLWK� WKH� DSSURSULDWH� IRUZDUG� SULPHU� DQG� UHYHUVH� SULPHU� ZLWK� 7�

SURPRWHU�FRXSOHG�WR�LWV��CHQG��7KH�REWDLQHG�SURGXFWV�ZHUH�VHSDUDWHG�E\�DJDURVH

JHO�HOHFWURSKRUHVLV�DQG�SXULILHG��6HTXHQWLDOO\��ERWK�IUDJPHQWV�ZHUH�FORQHG�LQWR�WKH

6PD,�UHVWULFWLRQ�VLWH�RI�WKH�S8&���SODVPLG��7KH�SRVLWLYH�FORQHV�ZHUH�VHOHFWHG�DQG

WKH� LGHQWLW\� RI� WKH� FORQHG� IUDJPHQWV� ZDV� YHULILHG� E\� VHTXHQFLQJ�� %RWK� LQVHUWHG

IUDJPHQWV� ZHUH� UHDPSOLILHG� XVLQJ� WKH� SODVPLG� VSHFLILF� SULPHUV�� S8&���IZ� DQG

S8&���UHY��7KH�V\QWKHVLVHG�3&5�SURGXFWV�ZHUH�SXULILHG�DQG�XVHG�DV� WHPSODWHV

IRU� UXQ�RII� WUDQVFULSWLRQ� RI� WKH� DQWLVHQVH� SUREHV�� 7KH� SUREH� V\QWKHVLV� DQG

SXULILFDWLRQ� ZHUH� FDUULHG� RXW� DV� GHVFULEHG� LQ� FKDSWHUV� ������� DQG� �������

7KH�V\QWKHVLVHG�SUREHV�FRQVLVWHG�RI�HLWKHU�*$7���RU�b�DFWLQ�DQWLVHQVH�VHTXHQFH
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ZLWK����DQG����EDVHV�RI�SODVPLG�VHTXHQFH�DWWDFKHG�WR� WKHLU��CHQG�� UHVSHFWLYHO\�

7KH�SODVPLG�VHTXHQFH�ZDV�QRW�KRPRORJRXV�WR�WKH�WDUJHW�VHTXHQFHV�GHWHFWHG�E\

WKH�53$�� ,W� GLG�QRW� K\EULGLVH�ZLWK� WKH� WDUJHW�P51$V�DQG� EHFDXVH� RI� WKLV� LW�ZDV

FOHDYHG�DZD\�E\�51DVH��7KLV�DOORZHG�WR�GLVWLQJXLVK�WKH�SURWHFWHG��SDUWO\�GLJHVWHG�

IURP� XQGLJHVWHG� SUREH� DQG� VHUYHG� DV� D� FRQWURO� RI� WKH� GLJHVWLRQ� FRQGLWLRQV

�HQ]\PH� FRQFHQWUDWLRQ� DQG� LQFXEDWLRQ� WLPH�� E\� HVWDEOLVKLQJ� WKH� PHWKRG�� 7KH

51DVH� SURWHFWLRQ� DVVD\� DQG� DXWRUDGLRJUDP� DQDO\VHV� ZHUH� FDUULHG� RXW� DV

GHVFULEHG� LQ� 0DWHULDOV� DQG� 0HWKRGV� ��������� ��������� )XUWKHUPRUH�� LW� ZDV

QHFHVVDU\�WR�GHWHUPLQH� WKH�DPRXQW�RI�VDPSOH�51$�QHHGHG�IRU� WKH�H[SHULPHQWV�

7KH�DPRXQW�RI�WRWDO�51$�WHVWHG�LQ�WKH�DVVD\�VKRXOG�EH�VPDOO�LQ�RUGHU�WR�NHHS�WKH

FRQVXPSWLRQ� RI� WKH� VDPSOH� PDWHULDO� DV� VPDOO� DV� SRVVLEOH�� 2Q� WKH� RWKHU� KDQG�

WKH�DPRXQW�RI�51$�VKRXOG�EH�VXIILFLHQW�IRU�GHWHFWLRQ�RI�WKH�GHVLUHG�P51$V�ZLWKLQ

D�PD[LPXP�RI���GD\V�XQGHU�WKH�DGMXVWHG�FRQGLWLRQV��2QH�FRQGLWLRQ�IRU�WKH�DVVD\

ZDV�WKDW�WKH�SUREH�KDV�WR�EH�SUHVHQW� LQ�H[FHVV�WR�WKH�WDUJHW�P51$��7R�HVWLPDWH

WKH�DPRXQW�RI�VDPSOH�51$�QHHGHG�DQG�WR�WHVW�ZKHWKHU�WKH�DPRXQW�RI�WKH�DGGHG

SUREH� ZDV� VXIILFLHQW�� WKH� FRXUVH� RI� VDWXUDWLRQ� RI� WKH� K\EULGLVDWLRQ� UHDFWLRQ� ZDV

GHWHUPLQHG��'LIIHUHQW�DPRXQWV�RI�ZKROH�EUDLQ�51$������������DQG����������������J�

ZHUH� DQDO\VHG� WRJHWKHU� ZLWK� *$7��� DQG� b�DFWLQ� SUREH�� UHVSHFWLYHO\�� :LWKLQ� WKH

ZKROH� UDQJH� RI� XVHG� 51$� DPRXQWV�� ERWK� SUREHV� GHWHFWHG� DSSURSULDWH� P51$V

XQGHU� WKH� HVWDEOLVKHG� FRQGLWLRQV� DQG� JDYH� YLVLEOH� VLJQDOV� RQ� WKH� DXWRUDGLRJUDP

�ILJXUH�������+RZHYHU��*$7���SUREH�ZLWK�WKH����J�RI�WRWDO�51$�JDYH�D�YHU\�ZHDN

VLJQDO��7KH�EDQG�LQWHQVLWLHV�RI�SURWHFWHG�SUREHV�ZHUH�GHWHFWHG��%RWK�SUREHV�JDYH

VLJQDOV� OLQHDUO\� LQFUHDVLQJ� ZLWK� LQFUHDVLQJ� DPRXQWV� RI� 51$� WHVWHG� �ILJXUH� �����

)RU�WKH�IXUWKHU�TXDQWLILFDWLRQ�H[SHULPHQWV������J�RI�VDPSOH�51$�ZDV�XVHG��7KHUH

ZHUH�WZR�UHDVRQV�IRU�FKRRVLQJ�WKLV�DPRXQW�RI�51$��)LUVW��WKH�UHGXFWLRQ�RI�WHVWHG

51$�WR������IURP���� WR����J��JDYH�VWLOO�GHWHFWDEOH�VLJQDO��7KHUHIRUH�� WKH�XVH�RI

��� �J� VDPSOH� HQDEOHG� WKH� GHWHFWLRQ� RI� WKH� *$7��� P51$� DOVR� E\� LWV� SRVVLEOH

GRZQUHJXODWLRQ� ZLWK� H[SUHVVLRQ� UHGXFHG� WR� ����� 6HFRQG�� ERWK� SUREHV� ZHUH

SUHVHQW�LQ�DOO�WHVWHG�VDPSOHV�LQ�H[FHVV�DQG�JDYH�D�VLJQDO�OLQHDUO\�GHSHQGHQW�IURP

WKH�DPRXQW�RI�VDPSOH�51$��XS�WR�����J���7KHUHIRUH��LQ�WKH�����J�RI�VDPSOH�51$�

ERWK�SUREHV�ZHUH�DEOH�WR�GHWHFW�LQFUHDVHV��XS�WR�������LQ�WKH�OHYHOV�RI�DSSURSULDWH

P51$V�XQGHU�WKH�HVWDEOLVKHG�FRQGLWLRQV�
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)LJXUH����

5LERQXFOHDVH�SURWHFWLRQ�DVVD\�� 7KH� UHVXOWLQJ� EDQG� LQWHQVLWLHV� RI� SURWHFWHG�*$7���DQG�b�DFWLQ

SUREHV�GHSHQGLQJ�RQ�WKH�XVHG�DPRXQW�RI�WRWDO�51$�

$��7KH�DXWRUDGLRJUDP��/DQHV������*$7���SUREH�WHVWHG�WRJHWKHU�ZLWK�������DQG�����J�RI�WRWDO�51$�

/DQHV������b�DFWLQ�SUREH�WHVWHG�WRJHWKHU�ZLWK�����������DQG�����J�RI�WRWDO�51$�

%��5HODWLYH�EDQG�LQWHQVLW\�RI�SURWHFWHG�*$7���SUREH�GHSHQGLQJ�RQ�WKH�DPRXQW�RI�WKH�WHVWHG�WRWDO

51$�

&��5HODWLYH�EDQG�LQWHQVLW\�RI�SURWHFWHG�b�DFWLQ�SUREH�GHSHQGLQJ�RQ�WKH�DPRXQW�RI�WKH�WHVWHG� WRWDO

51$�

��������9DOLGDWLRQ�RI�5LERQXFOHDVH�3URWHFWLRQ�$VVD\

)RU�WKH�YDOLGDWLRQ�RI�WKH�53$��LQWUD��DQG�LQWHU�DVVD\�YDULDELOLWLHV�ZHUH�GHWHUPLQHG�

7R�HVWLPDWH�WKH�LQWUD�DVVD\�YDULDELOLW\�RI�53$��RQH�WRWDO�51$�VDPSOH�ZDV�DQDO\VHG

LQ� IRXU�GLIIHUHQW� WHVW� WXEHV�ZLWKLQ�RQH�H[SHULPHQW��7HQ��J�RI� FRQWURO�ZKROH� EUDLQ

51$�ZDV�WHVWHG��ILJXUH�������7KH�UDWLR�*$7���b�DFWLQ�RI� WKH�EDQG� LQWHQVLWLHV�ZDV

FDOFXODWHG��7KH�LQWUD�DVVD\�YDULDWLRQ�ZDV�GHWHUPLQHG�DV�WKH�VWDQGDUG�GHYLDWLRQ�RI

WKH� UDWLR� YDOXHV�� 7KH� LQWHU�DVVD\� YDULDWLRQ� ZDV� GHWHUPLQHG
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DV� WKH� VWDQGDUG� GHYLDWLRQ� RI� WKH� UDWLR� YDOXHV� REWDLQHG� LQ� WKUHH� GLIIHUHQW

H[SHULPHQWV�� 7KH� LQWUD�DVVD\� FRHIILFLHQW� RI� YDULDWLRQ� �&9�� RI� WKH� 53$� ZDV� ��

�ILJXUH������DQG�WKH�LQWHU�DVVD\�FRHIILFLHQW�RI�YDULDWLRQ�ZDV�����

)LJXUH����

'HWHUPLQDWLRQ�RI�WKH�LQWUD�DVVD\�FRHIILFLHQW�RI�YDULDWLRQ�RI�ULERQXFOHDVH�SURWHFWLRQ�DVVD\�

$��$XWRUDGLRJUDP��/DQHV��� �����SURWHFWHG�*$7��� �GRZQ��DQG���DFWLQ� �XS��SUREHV�DIWHU�53$�ZLWK

����J�RI�WRWDO�51$��/DQH����8QGLJHVWHG�*$7��SUREH��/DQH����8QGLJHVWHG���DFWLQ�SUREH�

%�� %DQG� LQWHQVLW\� UDWLRV� *$7�����DFWLQ� IURP� ODQHV� �� �� ��� 7KH� PHDQ� VWDQGDUG� GHYLDWLRQ� RI� WKH

FDOFXODWHG�UDWLRV�ZDV����

6DPSOH � � �

0HDVXUHPHQW�� ���� ���� ����

0HDVXUHPHQW�� ���� ���� ����

0HDVXUHPHQW�� ���� ���� ����

6WDQGDUG�GHYLDWLRQ ���� ���� ����

6WDQGDUG�GHYLDWLRQ�LQ�� �� ���� ��

7DEOH����

,QWHU�DVVD\�FRHIILFLHQW�RI�YDULDWLRQ�RI�51DVH�SURWHFWLRQ�DVVD\��7KH�UDWLRV�RI�UHODWLYH�LQWHQVLWLHV

RI�SURWHFWHG�*$7���DQG�b�DFWLQ�EDQGV��7KH�PHDQ�LQWHU�DVVD\�VWDQGDUG�GHYLDWLRQ�ZDV�����
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������&RPSHWLWLYH�57�3&5

��������$PSOLILFDWLRQ�FRQGLWLRQV

7KH� FRPSHWLWLYH� 57�3&5� ZDV� HVWDEOLVKHG� IRU� TXDQWLILFDWLRQ� RI� VSHFLILF� P51$V

IURP�GLVWLQFW�EUDLQ�DUHDV� OLNH� UDW� KLSSRFDPSXV�RU� FRUWH[� IURQWDOLV��)RU� WKH�DVVD\�

WKH� VSHFLILF� *$7��� DQG�*$7��� SULPHUV� ZHUH� GHVLJQHG� DQG� WKH� 3&5� FRQGLWLRQV

ZHUH� DGMXVWHG� WR� REWDLQ� WKH� DPSOLILFDWLRQ� RI� GHVLUHG� IUDJPHQWV� IURP� ROLJR�G7

SULPHG�F'1$�������������7KH�*$7���DPSOLILFDWLRQ�JDYH� ULVH� WR�D�����ES�SURGXFW

�WKH�VDPH�DV�LQ�53$��DQG�WKH�*$7���3&5�UHDFWLRQ�UHVXOWHG�LQ�WKH�V\QWKHVLV�RI�D

����ES�SURGXFW��SRVLWLRQ�����������RQ�*$7���F'1$���)RU�TXDQWLILFDWLRQ�E\�PHDQV

RI�FRPSHWLWLYH�3&5��QRW�RQO\�VSHFLILFLW\�RI� WKH�SURGXFW�V\QWKHVLV� LV� LPSRUWDQW�EXW

DOVR� WKH�GLVFRQWLQXDWLRQ�PRPHQW�RI� WKH� UHDFWLRQ�� ,W� LV� LPSRUWDQW� WR� VWRS� WKH�3&5

EHIRUH�WKH�UHDFWLRQ�UHDFKHV�LWV�SODWHDX�SKDVH�WR�DYRLG�SRVVLEOH�LUUHJXODULWLHV�LQ�WKH

DFFXPXODWLRQ�RI�3&5�SURGXFWV��%HFDXVH�RI�WKLV��WKH�FRXUVHV�RI�*$7���DQG�*$7��

F'1$�SURGXFWV�DPSOLILFDWLRQ�GHSHQGLQJ�RQ�WKH�F\FOH�QXPEHU�ZHUH�GHWHFWHG�XQGHU

WKH�DGMXVWHG�3&5�FRQGLWLRQV��,Q�WKLV�H[SHULPHQW������QJ�RI�WRWDO�51$�ZDV�UHYHUVH

WUDQVFULEHG� XVLQJ� HLWKHU� *$7��57� RU� *$7��57� SULPHU� IROORZLQJ� WKH� GHVFULEHG

SURWRFRO� ������������(DFK�F'1$� �����O��ZDV�XVHG� IRU� VHW�XS�RI� ��� LGHQWLFDO�3&5

UHDFWLRQV� XVLQJ� DSSURSULDWH� IRUZDUG� DQG� UHYHUVH� SULPHUV�� 7KH� UHDFWLRQV� ZHUH

FDUULHG� RXW� XQGHU� WKH� RSWLPLVHG� 3&5� FRQGLWLRQV� ������������ )RU� HDFK� F'1$�

UHDFWLRQV�ZHUH� VWRSSHG� DIWHU� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ��� DQG� ��

F\FOHV�E\�FKLOOLQJ�RQ�LFH��$OLTXRWV�RI�WKH�DPSOLILHG�3&5�SURGXFWV�ZHUH�VHSDUDWHG�E\

SRO\DFU\ODPLGH�JHO�HOHFWURSKRUHVLV��7KH�JHOV�ZHUH�VWDLQHG�ZLWK�HWKLGLXP�EURPLGH

DQG� WKH� EDQG� LQWHQVLWLHV� PHDVXUHG� E\� FRPSXWHULVHG� YLGHR� DQDO\VLV�

7KH�REWDLQHG�YDOXHV�DUH�VKRZQ�RQ� ILJXUHV�����DQG������ ,Q�ERWK� FDVHV�� WKH�HDUO\

SRVWH[SRQHQWLDO�SKDVH�RI�WKH�UHDFWLRQ�ZDV�FKRVHQ�IRU�IXUWKHU�P51$�TXDQWLILFDWLRQ

RI�*$%$�WUDQVSRUWHUV��7KH�H[SUHVVLRQ�DQDO\VLV�ZDV�FDUULHG�RXW�ZLWK����F\FOHV�IRU

*$7���DQG����F\FOHV�IRU�*$7���F'1$�IUDJPHQWV�
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)LJXUH����

5HYHUVH�WUDQVFULSWLRQ�DQG�DPSOLILFDWLRQ�HIILFLHQF\�RI�*$7���P51$������QJ�RI�WRWDO�51$�ZDV

UHYHUVH�WUDQVFULEHG�DQG�DPSOLILHG�XVLQJ�*$7���SULPHUV��8QWLO�F\FOH�����WKH�DPRXQW�RI�3&5�SURGXFW

ZDV� EHORZ� WKH� WKUHVKROG� OHYHO� RI� WKH� IOXRUHVFHQFH� GHWHFWLRQ� V\VWHP�� 7KH� PHDQ� EDQG� LQWHQVLW\

YDOXHV�IURP�WKUHH�H[SHULPHQWV�DQG�VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�

)LJXUH����

5HYHUVH� WUDQVFULSWLRQ� DQG� DPSOLILFDWLRQ� HIILFLHQF\� *$7��� P51$�� 7RWDO� 51$� ����� QJ�� ZDV

UHYHUVH�WUDQVFULEHG�DQG�DPSOLILHG�XVLQJ�*$7���SULPHUV��8VLQJ�WKH�IOXRUHVFHQFH�GHWHFWLRQ�V\VWHP�

WKH�DPRXQW�RI�DPSOLILHG�SURGXFW�ZDV�GHWHFWDEOH�DIWHU����F\FOHV��7KH�PHDQ�EDQG� LQWHQVLW\� YDOXHV

IURP�WKUHH�H[SHULPHQWV�DQG�VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�
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��������&RPSHWLWRUV

$V� DQ� LQWHUQDO� FRQWURO�� 51$� FRPSHWLWRU� ZDV� XVHG� LQ� WKH� 57�3&5� DVVD\�

$V� WKH� FRPSHWLWRU� WHPSODWH� FDQ� EH� XVHG�� $�� D� PXWDWHG� WDUJHW� VHTXHQFH� ZLWK

H�J��VPDOO�GHOHWLRQ�RU� LQVHUWLRQ�� LQ�RUGHU� WR�EH�DEOH� WR�GLVWLQJXLVK�FRPSHWLWRU� IURP

ZLOG� W\SH�3&5�SURGXFW��%��D�VHTXHQFH�XQUHODWHG� WR� WKH� WDUJHW� VHTXHQFH� IODQNHG

ZLWK� WKH� WDUJHW� VSHFLILF� SULPHU� VHTXHQFHV�� )RU� ERWK� FDVHV�� LW� LV� LPSRUWDQW� WKDW

WKH�FRPSHWLWRU�LV�UHYHUVH�WUDQVFULEHG�DQG�DPSOLILHG�ZLWK�WKH�VDPH�HIILFLHQF\�DV�WKH

WDUJHW�VHTXHQFH�

����������*$7��PXW�FRPSHWLWRU

7KH�PRVW�HIIHFWLYH�ZD\�WR�JHW�HTXDO�DPSOLILFDWLRQ�HIILFLHQF\��LV�WR�XVH�WKH�VHTXHQFH

KRPRORJRXV� WR� WKH� WDUJHW� IRU� FRPSHWLWRU� FRQVWUXFWLRQ�� %HFDXVH� RI� WKLV�� '1$

WHPSODWH�ZLWK�*$7���ZLOG� W\SH�VHTXHQFH�ZDV�DW� ILUVW� XVHG� IRU�*$7��� FRPSHWLWRU

V\QWKHVLV�

&RQVWUXFWLRQ� DQG� V\QWKHVLV� RI� *$7��PXW� FRPSHWLWRU� DUH� GHVFULEHG� LQ� 0DWHULDOV

DQG�0HWKRGV��������������3ULRU�WR�WKH�TXDQWLILFDWLRQ�ZLWK�WKH�*$7��PXW�FRPSHWLWRU�

LW� ZDV� QHFHVVDU\� WR� VKRZ� WKDW� WKH� FRPSHWLWRU� 51$� LV� UHYHUVH� WUDQVFULEHG� DQG

DPSOLILHG� ZLWK� WKH� VDPH� HIILFLHQF\� DV� WKH� *$7��� ZLOG� W\SH� VHTXHQFH�� 7KH� UHDO

WDUJHW�RI�WKH�DVVD\��WKH�*$7���P51$��ZDV�QRW�DYDLODEOH�LQ�GHILQHG�FRQFHQWUDWLRQV�

7KHUHIRUH�� IRU� WKLV� FRPSDULVRQ�� DQ� DGGLWLRQDO� *$7��� IUDJPHQW� KDG� WR� EH

FRQVWUXFWHG� IURP� ZKLFK� *$7��� 51$� �ZLOG� W\SH�� ZDV� WUDQVFULEHG� DQG� XVHG

DV� D�PRGHO� IRU� WKH� *$7��� P51$�� 7R� REWDLQ� WKLV� FRQVWUXFW�� WKH� ���� ES� *$7��

F'1$�IUDJPHQW�ZDV�UHDPSOLILHG�ZLWK�WKH�*$7��IZ�7��DQG�*$7��UHY�SULPHUV��)URP

WKLV�FRQVWUXFW��*$7���ZLOG� W\SH�51$�ZDV�JHQHUDWHG�DV�DOUHDG\�GHVFULEHG�IRU� WKH

FRPSHWLWRU�51$����������

,Q� WKLV� FRQWURO� H[SHULPHQW�� HTXDO� DPRXQWV� ������ SJ�� RI� ZLOG� W\SH� DQG� FRPSHWLWRU

51$V� ZHUH� UHYHUVH� WUDQVFULEHG� XVLQJ� WKH� *$7��57� SULPHU� DQG� IROORZLQJ

WKH�GHVFULEHG�SURWRFRO�������������(DFK�REWDLQHG�F'1$������O��ZDV�XVHG�IRU�VHW�XS

RI����LGHQWLFDO�3&5�UHDFWLRQV�XVLQJ�*$7��IZ�DQG�*$7��UHY�SULPHUV��7KH�UHDFWLRQV

ZHUH� FDUULHG� RXW� XQGHU� WKH� 3&5� FRQGLWLRQV� RSWLPLVHG� IRU� *$7��� ������������ )RU

HDFK�F'1$��WKH�UHDFWLRQV�ZHUH�VWRSSHG�DIWHU����������������������������������������
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DQG� ��� F\FOHV� E\� FKLOOLQJ� RQ� LFH�� $OLTXRWV� RI� WKH� DPSOLILHG� 3&5� SURGXFWV� ZHUH

VHSDUDWHG� E\� SRO\DFU\ODPLGH� JHO� HOHFWURSKRUHVLV�� 7KH� JHOV� ZHUH� VWDLQHG� ZLWK

HWKLGLXP�EURPLGH�DQG�WKH�EDQG� LQWHQVLW\�PHDVXUHG�E\�YLGHR�DQDO\VLV�V\VWHP��$V

VKRZQ�RQ�ILJXUH������WKH�WLPH�FRXUVHV�RI�UHDFWLRQV�IRU�ERWK�3&5�DPSOLFRQV�ZHUH

YHU\� VLPLODU�� 7KH� SURGXFWV� DFFXPXODWH� DW� WKH� VDPH� UDWH� DQG� WR

WKH� VDPH� UHODWLYH� LQWHQVLW\�� 0RUHRYHU�� ERWK� UHDFWLRQV� UHDFK� WKHLU� SODWHDX� DIWHU

WKH� VDPH� F\FOH� QXPEHU�� 7KHVH� GDWD� VKRZ� WKDW�*$7���ZLOG� W\SH� DQG�*$7��PXW

VHTXHQFHV�ZHUH� UHYHUVH� WUDQVFULEHG�DQG� DPSOLILHG�ZLWK� VLPLODU� HIILFLHQFLHV�� 7KLV

DOORZHG� WKH� GHWHFWLRQ� RI� WKH� *$7��� P51$� ZLWK� WKH� *$7��PXW� FRPSHWLWRU�

*$7��PXW�FRPSHWLWRU�ZDV�XVHG�IRU�TXDQWLILFDWLRQ�RI�*$7���P51$�LQ�KLSSRFDPSXV

DQG�ZKROH�EUDLQ�VDPSOHV�IURP�NLQGOHG�DQG�FRQWURO�DQLPDOV�����������

)LJXUH����

*$7��PXW� FRPSHWLWRU� DPSOLILFDWLRQ� HIILFLHQF\�� 7KH� UHYHUVH� WUDQVFULSWLRQ� DQG� DPSOLILFDWLRQ

HIILFLHQFLHV�RI�*$7��PXW�FRPSHWLWRU�DQG�*$7���ZLOG�W\SH�VHTXHQFHV�ZHUH�FRPSDUHG��)URP�HDFK

51$��HTXDO�DPRXQWV�ZHUH�UHYHUVH�WUDQVFULEHG�DQG�DPSOLILHG�LQ����VHSDUDWH�UHDFWLRQV��)URP�HDFK

UHDFWLRQ�VHW��RQH�UHDFWLRQ�ZDV�VWRSSHG�DIWHU�HYHU\� WZR�F\FOHV��7KH�REWDLQHG�3&5�SURGXFWV�ZHUH

VHSDUDWHG�E\�3$*(�DQG� VWDLQHG�ZLWK� HWKLGLXP�EURPLGH��7KH�PHDQ�EDQG� LQWHQVLWLHV� YDOXHV� IURP

WKUHH�H[SHULPHQWV�DQG�VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�
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%\�TXDQWLILFDWLRQ�ZLWK�*$7��PXW�FRPSHWLWRU��YHU\�ZHDN�KHWHURGXSOH[�EDQGV�ZHUH

REVHUYHG� LQ� VRPH� JHOV� �ILJXUH� ������ +HWHURGXSOH[� IRUPDWLRQ� RFFXUV� RQO\� E\

DPSOLILFDWLRQ�RI�UHODWHG�VHTXHQFHV�LQ�WKH�SRVWH[SRQHQWLDO�DQG�SODWHDX�SKDVH�RI�WKH

UHDFWLRQ��&RQVWDQW�KHWHURGXSOH[�IRUPDWLRQ�PD\�VKLIW�WKH�EDQG�LQWHQVLW\�YDOXHV�DQG

VR�WKH�REWDLQHG�GDWD�

)LJXUH����

$PSOLILFDWLRQ� XVLQJ�*$7��PXW� FRPSHWLWRU�� 7RWDO�51$�ZDV� DPSOLILHG� ZLWK� YDULRXV� DPRXQWV� RI

*$7��PXW�FRPSHWLWRU��7KH�XVH�RI�FRPSHWLWRU�ZLWK�WKH�VLPLODU�VHTXHQFH�WR�WKDW�RQH�RI�*$7���F'1$

UHVXOWHG�LQ�D�ZHDN�KHWHURGXSOH[�IRUPDWLRQ�GXULQJ�WKH�3&5�LQ�DGGLWLRQ�WR�FRPSHWLWRU�DQG�*$7���ZLOG

W\SH�IUDJPHQWV�V\QWKHVLV��/DQHV������$PSOLILFDWLRQ�RI�����QJ�RI�WRWDO�51$�WRJHWKHU�ZLWK������������

��������������������DQG�������*$7��PXW�51$�PROHFXOHV��/DQH���'1$�PROHFXODU�ZHLJKW�PDUNHU

����ES�ODGGHU�

����������*$7��bDF�FRPSHWLWRU

$QRWKHU� VWUDWHJ\� ZDV� XVHG� WR� GHVLJQ� WKH� *$7��� FRPSHWLWRU� WHPSODWH� IRU� WKH

IROORZLQJ� P51$� TXDQWLILFDWLRQ�� 7KLV� '1$� WHPSODWH� FDUULHG� VHTXHQFH� XQUHODWHG

WR�WKH�DPSOLILHG�*$7���F'1$�IUDJPHQW�LQ�RUGHU�WR�NHHS�WKH�DPSOLILFDWLRQ�IUHH�IURP

KHWHURGXSOH[� IRUPDWLRQ�� 7KH� *$7��bDF� FRPSHWLWRU� FRQVLVWHG� RI� b�DFWLQ� UHODWHG

VHTXHQFH�IODQNHG�ZLWK�*$7���SULPHU�VHTXHQFHV�

FRPSHWLWRU

ZLOG�W\SH

KHWHURGXSOH[

�����������������������������������������������������������������������������
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)RU�WKH�FRPSDULVRQ�RI�WKH�DPSOLILFDWLRQ�HIILFLHQFLHV�RI�WKH�*$7���P51$��ZLOG�W\SH�

DQG� WKH� FRPSHWLWRU� VHTXHQFHV�� *$7��� ZLOG� W\SH� 51$� VHTXHQFH� LQ� GHILQHG

FRQFHQWUDWLRQ� ZDV� QHHGHG�� 7KHUHIRUH�� WKH� ���� ES� *$7��� F'1$� IUDJPHQW� ZDV

DPSOLILHG�DQG�7��SURPRWHU�ZDV�DGGHG�WR� LW�E\� UHDPSOLILFDWLRQ�ZLWK�*$7��UHY�DQG

*$7��IZ�7�� SULPHUV� XQGHU� WKH� *$7��� VSHFLILF� 3&5� FRQGLWLRQV� ������������ 7KH

UHVXOWLQJ� '1$� IUDJPHQW� ZDV� SXULILHG� E\� DJDURVH� JHO� HOHFWURSKRUHVLV� DQG

41 � H[WUDFWLRQ� �������� 6XEVHTXHQWO\�� WKH� ZLOG� W\SH� 51$� ZDV� V\QWKHVLVHG� DQG

SXULILHG�DV�DOUHDG\�GHVFULEHG�IRU�WKH�FRPSHWLWRU�51$����������

7KHQ�� WKH� UHYHUVH� WUDQVFULSWLRQ� DQG� DPSOLILFDWLRQ� HIILFLHQFLHV� RI� WKH� *$7��bDF

FRPSHWLWRU� DQG� WKH�*$7���ZLOG� W\SH�51$V�ZHUH� FRPSDUHG�� 7KH� VDPH�DPRXQWV

�����SJ��RI�FRPSHWLWRU�DQG�WDUJHW�51$V�ZHUH�UHYHUVH�WUDQVFULEHG��7KUHH�GLIIHUHQW

UHYHUVH� WUDQVFULSWLRQ� UHDFWLRQV� ZHUH� FDUULHG� RXW� IRU� HDFK� 51$� ZLWK� *$7��57

SULPHU�XQGHU�WKH�DIRUHPHQWLRQHG�FRQGLWLRQV�������������7KH�REWDLQHG�F'1$V�ZHUH

XVHG�LQ�VXEVHTXHQW�*$7���3&5�DPSOLILFDWLRQV��2QH�UHDFWLRQ�PL[WXUH�ZDV�XVHG�IRU

SUHSDULQJ����LGHQWLFDO�UHDFWLRQV�IRU�HDFK�F'1$��$OZD\V�RQH�*$7���ZLOG�W\SH�DQG

RQH�*$7��bDF� FRPSHWLWRU� DPSOLILFDWLRQ� VHW� UDQ� SDUDOOHO� LQ� WKH� VDPH� 3&5� EORFN

�3&5� FRQGLWLRQV� DOUHDG\� GHVFULEHG��� )RU� HDFK� F'1$�� DOZD\V� RQH� UHDFWLRQ� ZDV

VWRSSHG�E\� FKLOOLQJ� RQ� LFH� DIWHU� HYHU\� WZR� F\FOHV� IURP� F\FOH� ��� WR� ���� $PSOLILHG

3&5� SURGXFWV� ZHUH� VHSDUDWHG� E\� 3$*(�� VWDLQHG� ZLWK� HWKLGLXP� EURPLGH� DQG

WKH�EDQG�LQWHQVLWLHV�ZHUH�GHWHUPLQHG�E\�FRPSXWHULVHG�LPDJH�DQDO\VLV�V\VWHP��7KH

PHDQ�EDQG�LQWHQVLW\�YDOXHV�GHSHQGLQJ�RQ�WKH�F\FOH�QXPEHU�IRU�HDFK�VHTXHQFH�DUH

SORWWHG�RQ�ILJXUH������7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�FRXUVHV�RI

WKH�DFFXPXODWLRQ�RI�WKH�*$7���ZLOG�W\SH�DQG�*$7��bDF�FRPSHWLWRU�DPSOLFRQV��7KH

UHYHUVH� WUDQVFULSWLRQ� DQG� DPSOLILFDWLRQ� HIILFLHQFLHV� RI� WKH� *$7��� P51$� DQG

FRPSHWLWRU�VHTXHQFHV�ZHUH�DOPRVW�LGHQWLFDO�
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)LJXUH����

*$7��bDF� FRPSHWLWRU� DPSOLILFDWLRQ� HIILFLHQF\�� &RPSDULVRQ� RI� WKH� UHYHUVH� WUDQVFULSWLRQ� DQG

DPSOLILFDWLRQ�HIILFLHQFLHV�RI�*$7��bDF�FRPSHWLWRU�DQG�*$7���ZLOG�W\SH�VHTXHQFH��7KH�PHDQ�EDQG

LQWHQVLWLHV�YDOXHV�DQG�VWDQGDUG�GHYLDWLRQV�IURP�WKUHH�H[SHULPHQWV�DUH�VKRZQ�

����������*$7��bDF�FRPSHWLWRU

$V�PHQWLRQHG�DERYH��b�DFWLQ�GHULYHG�FRPSHWLWRU�ZDV�DOVR�XVHG�IRU�*$7���P51$

TXDQWLILFDWLRQ� LQ� IXUWKHU� H[SHULPHQWV�� 7KH� UHYHUVH� WUDQVFULSWLRQ� DQG� DPSOLILFDWLRQ

HIILFLHQFLHV�RI�WKH�*$7��bDF�FRPSHWLWRU�DQG�WKH�*$7���ZLOG�W\SH�VHTXHQFHV�ZHUH

DOVR� FRPSDUHG�� 6LPLODUO\�� WKUHH� UHYHUVH� WUDQVFULSWLRQ� UHDFWLRQV� ZHUH� VHW� XS� IRU

HDFK� 51$� �DOO� FRQWDLQHG� HTXDO� DPRXQWV� RI� 51$�� DQG� WKHQ� ��� LGHQWLFDO� 3&5

UHDFWLRQV�ZHUH�FDUULHG�RXW�IRU�HDFK�REWDLQHG�F'1$��)RU�HDFK�F'1$��RQH�UHDFWLRQ

ZDV�VWRSSHG�DIWHU�HYHU\�WZR�F\FOHV�IURP�F\FOH����WR�����7KH�PHDQ�EDQG�LQWHQVLW\

YDOXHV�RI�WKH�REWDLQHG�3&5�SURGXFW�EDQGV�DUH�VKRZQ�RQ�ILJXUH������7KH�GLVSOD\HG

GDWD�GHPRQVWUDWH�WKDW�*$7��bDF�FRPSHWLWRU�DQG�*$7���ZLOG�W\SH�VHTXHQFHV�ZHUH

UHYHUVH�WUDQVFULEHG�DQG�DPSOLILHG�ZLWK�HTXDO�HIILFLHQFLHV�

7KH� FR�DPSOLILFDWLRQ� RI� WKH� *$7��� DQG� *$7��� F'1$V� ZLWK� XQUHODWHG� VHTXHQFH

�b�DFWLQ��IODQNHG�ZLWK�WKH�DSSURSULDWH�SULPHU�VHTXHQFHV�JDYH�ULVH�WR�WZR�GLIIHUHQW

3&5� SURGXFWV� ZLWKRXW� DQ\� KHWHURGXSOH[� IRUPDWLRQ� �ILJXUH� ����$��� 7KHUHIRUH�� WKH

XVH�RI�WKH�FRPSHWLWRU�FDUU\LQJ�WKH�VHTXHQFH�XQUHODWHG�WR�WKH�WDUJHW�ZDV�IDYRXUHG�
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)LJXUH����

*$7��bDF� FRPSHWLWRU� DPSOLILFDWLRQ� HIILFLHQF\�� &RPSDULVRQ� RI� DPSOLILFDWLRQ� HIILFLHQFLHV� RI

*$7��bDF�FRPSHWLWRU�DQG�*$7���ZLOG�W\SH�VHTXHQFHV��7KH�HTXDO�DPRXQWV�RI�FRPSHWLWRU�DQG�ZLOG

W\SH�51$V�ZHUH�UHYHUVH�WUDQVFULEHG�DQG�DPSOLILHG�ZLWK�*$7���SULPHUV��7KH�PHDQ�EDQG�LQWHQVLWLHV

YDOXHV�IURP�WKUHH�H[SHULPHQWV�DQG�VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�

��������4XDQWLILFDWLRQ�E\�PHDQV�RI�FRPSHWLWLYH�57�3&5

7KH�EDQG�LQWHQVLW\�UDWLRV�ZLOG�W\SH�FRPSHWLWRU�ZHUH�SORWWHG�DJDLQVW�ORJDULWKP�RI�WKH

FRPSHWLWRU�DPRXQW�DGGHG� WR� WKH� VDPSOH��7KH� DPRXQW� RI� WKH� SUHVHQW� WUDQVSRUWHU

P51$�ZDV�GHWHUPLQHG�DV�WKH�WLWUDWLRQ�HTXLYDOHQFH�SRLQW��ILJXUH������

��������9DOLGDWLRQ�RI�FRPSHWLWLYH�57�3&5

)RU� WKH� YDOLGDWLRQ� RI� WKH� FRPSHWLWLYH�57�3&5�� LQWUD�� DQG� LQWHU�DVVD\� YDULDELOLWLHV

ZHUH�HVWLPDWHG�

7R�DVVHVV�WKH�LQWUD�DVVD\�YDULDELOLW\��WKH�DEXQGDQFH�RI�*$7���P51$�LQ�FHUHEHOODU

WRWDO� 51$� SUHSDUDWLRQV� ZDV� DQDO\VHG�� 7KH� LQWUD�DVVD\� YDULDWLRQ� �WDEOH� ����� ZDV

GHWHUPLQHG� DV� WKH� VWDQGDUG� GHYLDWLRQ� RI� WKH� YDOXHV� REWDLQHG� IRU� RQH� VDPSOH
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)LJXUH����

4XDQWLILFDWLRQ� E\�PHDQV� RI� 57�3&5��5HSUHVHQWDWLYH� GDWD� DQDO\VLV� DIWHU� FRPSHWLWLYH� 57�3&5�

$��*$7���P51$�OHYHO�ZDV�PHDVXUHG� LQ�KLSSRFDPSXV�VDPSOH�RI�FRQWURO�DQLPDO��7RWDO�51$�����

QJ�� ZDV� DPSOLILHG� WRJHWKHU� ZLWK� LQFUHDVLQJ� DPRXQW� RI� *$7��bDF� FRPSHWLWRU� 51$� �/DQHV� ����

�������������������������������DQG�����FRPSHWLWRU�PROHFXOHV��XVLQJ�*$7���SULPHUV��2EWDLQHG�3&5

SURGXFWV�ZHUH�VHSDUDWHG�E\�3$*(��/DQH����'1$�PROHFXODU�ZHLJKW�PDUNHU��1R�9,,,�%RHKULQJHU�

%�� 7KH� EDQG� LQWHQVLW\� ZDV� PHDVXUHG� XVLQJ� YLGHR� DQDO\VLV� V\VWHP�� 7KH� IOXRUHVFHQFH� LQWHQVLW\

�<�D[LV�� >DUELWUDU\�XQLWV@�� LQ�HDFK�ODQH�ZDV�PHDVXUHG�GHSHQGLQJ�RQ� WKH�GLVWDQFH�IURP�WKH�VWDUW�RI

WKH� JHO� �;� D[LV�� >PP@��� 7KH� ILUVW� SHDN� UHSUHVHQWV� DOZD\V� WKH� FRPSHWLWRU� EDQG� DQG� WKH� VHFRQG

UHSUHVHQWV�WKH�ZLOG�W\SH�SURGXFW��7KH�EDQG�LQWHQVLW\�ZDV�FDOFXODWHG�E\�LQWHJUDWLRQ�RI�WKH�DUHD�XQGHU

WKH�SHDN�

&��7KH�UDWLRV�RI�EDQG�LQWHQVLWLHV��ZLOG�W\SH���FRPSHWLWRU��ZHUH�FDOFXODWHG��/LQHDU�UHJUHVVLRQ�DQDO\VLV

�UDWLR� DJDLQVW� DPRXQW� RI� FRPSHWLWRU� XVHG�� ZDV� FDUULHG� RXW�� 7KH� DPRXQW� RI� FRPSHWLWRU� DW� SRLQW

UDWLR ��ZDV�FDOFXODWHG�

����������������������������
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PXOWLSO\�PHDVXUHG�ZLWKLQ�RQH�H[SHULPHQW��7KH� LQWUD�DVVD\�FRHIILFLHQW�RI� YDULDWLRQ

ZDV����

7KH�LQWHU�DVVD\�YDULDWLRQ��WDEOH������ZDV�GHWHUPLQHG�DV�WKH�VWDQGDUG�GHYLDWLRQ�RI

WKH�*$7���P51$�OHYHO�YDOXHV�RI�HDFK�EUDLQ�UHJLRQ�VDPSOH�PHDVXUHG�LQ���GLIIHUHQW

DVVD\V��7KH�UHVXOWLQJ�LQWHU�DVVD\�FRHIILFLHQW�RI�YDULDWLRQ�ZDV�����

7DEOH����

,QWUD�DVVD\�YDULDELOLW\�RI�FRPSHWLWLYH�57�3&5��7KH�UHVXOWV�IURP�WULSOLFDWH�PHDVXUHPHQWV�RI�RQH

VDPSOH�IURP�WKUHH�GLIIHUHQW�H[SHULPHQWV�DUH�VKRZQ�

([SHULPHQW�� ([SHULPHQW�� ([SHULPHQW��

1R�RI�*$7��

PROHFXOHV������

QJ�WRWDO�51$

�����

������

�����

�����

�����

�����

�����

�����

�����

6WDQGDUG

GHYLDWLRQ

���� ���� ����

6WDQGDUG

GHYLDWLRQ�LQ��

��� ��� ���

7DEOH����

,QWHU�DVVD\� YDULDELOLW\� RI� FRPSHWLWLYH� 57�3&5�� )RU� HDFK� VDPSOH�� PHDQ� YDOXHV� DQG� VWDQGDUG

GHYLDWLRQV�DUH�VKRZQ�

%UDLQ�UHJLRQ 1R�RI�*$7��

PROHFXOHV������QJ

WRWDO�51$

6WDQGDUG

GHYLDWLRQ

6WDQGDUG

GHYLDWLRQ�LQ��

&HUHEHOOXP ����� ���� ���

&RUWH[�IURQWDOLV ������ ����� ����

&RUWH[�RFFLSLWDOLV ������ ����� ���

+LSSRFDPSXV ������ ����� ����

+\SRWKDODPXV ������ ������ ����

0HGXOOD�REORQJDWD ������� ������ ����

6WULDWXP ������ ������ ����

7KDODPXV ������ ����� ���
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����([SUHVVLRQ�H[SHULPHQWV

������ (IIHFWV� RI� NLQGOLQJ� RQ� H[SUHVVLRQ� RI� *$7��� DQG� *$7��
P51$V

7KH�HVWDEOLVKHG�PHWKRGV�ZHUH�XVHG�WR�VWXG\�HIIHFWV�RQ�WKH�H[SUHVVLRQ�RI�*$%$

WUDQVSRUWHU�P51$V� LQ� GLIIHUHQW� WLVVXH� VDPSOHV�� $V� WKH� ILUVW� VWHS�� WKH� K\SRWKHVLV

ZDV� WHVWHG�� ZKHWKHU� D� GHFUHDVH� LQ� *$%$� WUDQVSRUWHU� OLJDQG� ELQGLQJ� LQ

KLSSRFDPSXV� LQ� DQ� DQLPDO�PRGHO� RI� HSLOHSV\� �'XULQJ� HW� DO��� ������ LV� FDXVHG� E\

GLPLQLVKHG� H[SUHVVLRQ� RI� *$%$� WUDQVSRUWHU� P51$V�� 7KHUHIRUH�� WKH� *$7��� DQG

*$7���P51$V�OHYHOV�ZHUH�PHDVXUHG�LQ�KLSSRFDPSXV�DQG�ZKROH�EUDLQ�VDPSOHV�RI

NLQGOHG�DQG�FRQWURO�DQLPDOV�

&KHPLFDO�NLQGOLQJ��UHSHDWHG�LQMHFWLRQV�RI�37=��ZDV�XVHG�DV�D�PRGHO�RI�HSLOHSV\�

$IWHU� WKH� ��� GD\V� NLQGOLQJ� SHULRG�� WKH� DQLPDOV� ZHUH� GHFDSLWDWHG� LQ� GHHS

DQDHVWKHVLD� DQG� EUDLQV� UHPRYHG�� %UDLQV� IURP� ��� DQLPDOV�� �� NLQGOHG� DQG� �

FRQWUROV��ZHUH�DQDO\VHG��)URP�HDFK�WUHDWPHQW�JURXS���EUDLQV�ZHUH�OHIW�LQWDFW�DQG��

ZHUH� GLVVHFWHG� DQG� WKH� KLSSRFDPSXV� ZDV� ZLWKGUDZQ�� )URP� DOO� WLVVXH� VDPSOHV�

WRWDO�51$�ZDV�LVRODWHG�XVLQJ�WKH�JXDQLGLQLXP�WKLRF\DQDWH�PHWKRG��������

��������*$7���P51$�H[SUHVVLRQ�LQ�NLQGOHG�DQLPDOV

8VLQJ� WKH�53$�� WKH�P51$�H[SUHVVLRQ� RI� *$7��� LQ� NLQGOHG� DQG� FRQWURO� DQLPDOV

ZDV�PHDVXUHG��7KH�EDQG�LQWHQVLWLHV�RI�SURWHFWHG�*$7���DQG�b�DFWLQ�SUREHV�ZHUH

GHWHFWHG�E\�YLGHR�DQDO\VLV�V\VWHP��7KH�UDWLR�RI�WKH�EDQG�LQWHQVLWLHV�*$7���b�DFWLQ

SURYLGHG�WKH�EDVLV�RI�WKH�TXDQWLILFDWLRQ�

$V� VKRZQ� RQ� WKH� ILJXUH� ������ WKHUH� ZDV� QR� VLJQLILFDQW� GLIIHUHQFH� LQ� WKH� UHODWLYH

*$7��� P51$� H[SUHVVLRQ� EHWZHHQ� WKH� ZKROH� EUDLQ� VDPSOHV� RI� WKH� NLQGOHG

������������DQG�FRQWURO��������������DQLPDOV�

)XUWKHUPRUH��H[SUHVVLRQ�RI�*$%$�WUDQVSRUWHU�P51$V�LQ�WKH�KLSSRFDPSXV�KDG�WR

EH�FRPSDUHG��+RZHYHU��WKHUH�ZHUH�RQO\�DERXW�����J�RI�51$�DYDLODEOH�IURP�HDFK

KLSSRFDPSXV� VDPSOH�� 7KLV�ZDV� QRW� HQRXJK� IRU� WULSOLFDWH� H[SHULPHQWV� QHFHVVDU\

IRU�*$7���DQG�*$7���P51$�TXDQWLILFDWLRQ�E\�PHDQV�RI�53$�
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)LJXUH�����

*$7��� P51$� H[SUHVVLRQ� LQ� NLQGOHG� DQLPDOV�� *$7��� P51$� OHYHOV� ZHUH� GHWHUPLQHG� E\

5LERQXFOHDVH� SURWHFWLRQ� DVVD\� LQ� ZKROH� EUDLQ� VDPSOHV� IURP� NLQGOHG� DQG� FRQWURO� DQLPDOV� XVLQJ

*$7��� DQG�  b�DFWLQ� DQWLVHQVH� 51$� SUREHV�� 6DPSOHV� IURP� IRXU� DQLPDOV� SHU� HDFK� JURXS� ZHUH

DQDO\VHG�LQ�WULSOLFDWH�H[SHULPHQWV��7KH�PHDQ�YDOXHV�DQG�WKH�VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�

%\�PHDQV� RI� FRPSHWLWLYH� 57�3&5�� LW� ZDV� SRVVLEOH� WR� TXDQWLI\� *$7��� P51$� LQ

ZKROH�EUDLQ�DQG�KLSSRFDPSXV�VDPSOHV�RI�NLQGOHG�DQG�FRQWURO�DQLPDOV��*$7��PXW

FRPSHWLWRU�ZDV� HPSOR\HG� LQ� WKH� DVVD\� DV� DQ� LQWHUQDO� FRQWURO��8VLQJ� FRPSHWLWLYH

57�3&5������QJ�RI� WRWDO�51$��GLYLGHG� LQ� ILYH�VDPSOHV�RI�����QJ��ZDV�DQDO\VHG

WRJHWKHU�ZLWK�LQFUHDVLQJ�DPRXQWV�RI�FRPSHWLWRU�51$����[������[�������[�������[���

DQG� ���� PROHFXOHV��� 7KH� DPSOLILHG� F'1$� IUDJPHQWV� ZHUH� VHSDUDWHG� E\� 3$*(�

VWDLQHG� ZLWK� HWKLGLXP� EURPLGH� DQG� WKH� IOXRUHVFHQFH� LQWHQVLW\� RI� WKH� EDQGV� ZDV

GHWHUPLQHG�� 7KH� UDWLR� RI� EDQG� LQWHQVLWLHV�� *$7��� ZLOG� W\SH�*$7��PXW�� SURYLGHG

WKH�EDVLV�RI�WKH�TXDQWLILFDWLRQ��.LQGOHG�DQLPDOV�UHDFKHG���������DQG���������RI

FRQWURO� *$7���P51$� H[SUHVVLRQ� LQ� ZKROH� EUDLQ� DQG� KLSSRFDPSXV�� UHVSHFWLYHO\

�ILJXUH��������7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�*$7���P51$�OHYHOV�EHWZHHQ

FRQWURO�DQG�NLQGOHG�DQLPDOV�QHLWKHU� LQ�ZKROH�EUDLQ�QRU� LQ�KLSSRFDPSXV�WRWDO�51$

VDPSOHV�
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)LJXUH�����

*$7���P51$�H[SUHVVLRQ�LQ�NLQGOHG�UDWV��*$7���P51$�OHYHOV�ZHUH�GHWHUPLQHG�E\�FRPSHWLWLYH

57�3&5� PHWKRG� LQ� ZKROH� EUDLQ� DQG� KLSSRFDPSXV� VDPSOHV� IURP� NLQGOHG� DQG� FRQWURO� DQLPDOV�

6DPSOHV� IURP� IRXU� DQLPDOV� SHU� HDFK� JURXS� ZHUH� DQDO\VHG� LQ� WULSOLFDWH� H[SHULPHQWV�� 7KH�PHDQ

YDOXHV�IURP�IRXU�DQLPDOV�DQG�WKH�VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�

��������*$7���P51$�H[SUHVVLRQ�LQ�NLQGOHG�DQLPDOV

*$7��� P51$� H[SUHVVLRQ� LQ� KLSSRFDPSXV� DQG� ZKROH� EUDLQ� 51$� VDPSOHV� RI

NLQGOHG� DQG� FRQWURO� DQLPDOV� ZDV� PHDVXUHG� E\� FRPSHWLWLYH� 57�3&5� XVLQJ

*$7��bDF�FRPSHWLWRU���������)LYH�KXQGUHG�QJ�RI�WRWDO�51$��GLYLGHG�LQ���[�����QJ�

IURP� HDFK� VDPSOH� ZHUH� DQDO\VHG� WRJHWKHU� ZLWK� LQFUHDVLQJ� DPRXQWV� RI� WKH

*$7��bDF� FRPSHWLWRU� ������ ���[����� �[����� ���[���� DQG� ���� PROHFXOHV��� 7KH

REWDLQHG�3&5�SURGXFWV�ZHUH�VHSDUDWHG�E\�3$*(��VWDLQHG�ZLWK�HWKLGLXP�EURPLGH

DQG� WKH�EDQG� LQWHQVLWLHV�ZHUH�GHWHFWHG� ��7KH�DPRXQW�RI�*$7���P51$� LQ� WHVWHG

VDPSOHV� ZDV� FDOFXODWHG� XVLQJ� OLQHDU� UHJUHVVLRQ� DQDO\VLV� RI� WKH� EDQG� LQWHQVLW\

UDWLRV��*$7���ZLOG�W\SH��*$7��bDF�FRPSHWLWRU���7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH

LQ� *$7��� P51$� H[SUHVVLRQ� LQ� KLSSRFDPSXV�� ��� �� ��� �� DQG

������������DQG�LQ�ZKROH�EUDLQ�VDPSOHV������������DQG�������������RI�NLQGOHG

DQG�FRQWURO�DQLPDOV��UHVSHFWLYHO\��ILJXUH�������
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)LJXUH�����

*$7��� P51$� H[SUHVVLRQ� LQ� NLQGOHG� DQLPDOV�� &RPSHWLWLYH� 57�3&5� PHWKRG� ZDV� XVHG� IRU

GHWHFWLRQ� RI� *$7��� P51$� OHYHOV� LQ� ZKROH� EUDLQ� DQG� KLSSRFDPSXV� VDPSOHV� IURP� NLQGOHG� DQG

FRQWURO�DQLPDOV��(DFK�VDPSOH�ZDV�DQDO\VHG�E\�WULSOLFDWH�PHDVXUHPHQWV��7KH�PHDQ�YDOXHV�DQG�WKH

VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�IURP�IRXU�DQLPDOV�SHU�HDFK�JURXS�

������*$7���DQG�*$7���P51$�H[SUHVVLRQ�SURILOH�LQ�WKH�UDW�EUDLQ

7R�FRPSDUH�WKH�DEXQGDQFH�RI�*$7���DQG�*$7���DQG�WKHLU�GLVWULEXWLRQ�LQ�WKH�EUDLQ�

WKH� EDVDO� P51$� H[SUHVVLRQ� RI� ERWK� WUDQVSRUWHUV� ZDV� LQYHVWLJDWHG�

7KH�P51$�H[SUHVVLRQ�SDWWHUQV�RI� ERWK� WUDQVSRUWHUV�ZHUH� GHWHUPLQHG� LQ� YDULRXV

UDW�EUDLQ�UHJLRQV�E\�XVLQJ�WKH�b�DFWLQ�GHULYHG�FRPSHWLWRUV��0HVVHQJHU�51$�OHYHOV

RI�ERWK�*$%$�WUDQVSRUWHUV�ZHUH�TXDQWLILHG�E\�57�3&5�WULSOLFDWH�PHDVXUHPHQWV�LQ

VDPSOHV� IURP� FHUHEHOOXP�� FRUWH[� IURQWDOLV�� FRUWH[� RFFLSLWDOLV�� KLSSRFDPSXV�

K\SRWKDODPXV��PHGXOOD�REORQJDWD��VWULDWXP�DQG�WKDODPXV�

7R�GHWHFW�WKH�*$7���P51$��*$7��bDF�FRPSHWLWRU�ZDV�XVHG�LQ�WKH�UDQJH�RI�����

�[���������DQG��[����PROHFXOHV�SHU�VDPSOH�WRJHWKHU�ZLWK�����QJ�RI�WRWDO�51$�WR

EH� DQDO\VHG�� 7KH� *$7��� P51$� H[SUHVVLRQ� ZDV� IRXQG� WR� EH� LQ� D� FRPSDUDEOH

UDQJH�RI������������PROHFXOHV�SHU���SJ�RI�WRWDO�51$�LQ�DOO�HYDOXDWHG�EUDLQ�UHJLRQV
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)LJXUH�����

*$7���P51$�H[SUHVVLRQ�SURILOH��*$7���P51$�OHYHOV�ZHUH�PHDVXUHG� LQ�YDULRXV�EUDLQ� UHJLRQV

E\� FRPSHWLWLYH� 57�3&5� PHWKRG�� (DFK� VDPSOH� ZDV� DQDO\VHG� E\� WULSOLFDWH� PHDVXUHPHQWV�� 7KH

PHDQ�YDOXHV�DQG�WKH�VWDQGDUG�GHYLDWLRQV�DUH�VKRZQ�

�ILJXUH� �������7KH� KLJKHVW� H[SUHVVLRQ�RI�*$7���P51$�ZDV� GHWHFWHG� LQ� VWULDWXP

DQG�WKH�ORZHVW�LQ�WKDODPXV�DQG�KLSSRFDPSXV�

,Q�RUGHU�WR�GHWHUPLQH�*$7���P51$�H[SUHVVLRQ�SDWWHUQ�DOZD\V�����QJ�RI�WRWDO�51$

ZHUH�DQDO\VHG�WRJHWKHU�ZLWK���������[������[��������[����DQG�����*$7��bDF�51$

FRPSHWLWRU�PROHFXOHV�� *$7���P51$� H[SUHVVLRQ� LQ� WZR� EUDLQ� UHJLRQV� KDG� WR� EH

DQDO\VHG�LQ�ORZHU�UDQJH�RI�WKH�FRPSHWLWRU�GLOXWLRQ�VFDOH��7KH�FRUWH[�IURQWDOLV�51$

ZDV�WHVWHG�WRJHWKHU�ZLWK��[��������[������[��������[������[����DQG�WKH�FHUHEHOOXP

51$�ZLWK��[��������[������[��������[������[����FRPSHWLWRU�PROHFXOHV��7KH�UHVXOWV

DUH� VKRZQ� RQ� ILJXUH� ������ 7KH� GHWHFWHG� *$7��� P51$� OHYHOV� GLIIHUHG� EHWZHHQ

WHVWHG�EUDLQ�UHJLRQV��7KH�*$7���P51$�H[SUHVVLRQ�ZDV�PXFK� ORZHU� WKDQ� WKDW�RI

*$7���P51$��7KH� GHWHFWHG�*$7���P51$� OHYHOV� ZHUH� LQ� WKH� UDQJH� RI� �� WR� ��

PROHFXOHV�SHU�SJ�RI�WRWDO�51$��ZKLFK�LV�URXJKO\�����OHVV�WKDW�WKH�GHWHFWHG�OHYHOV

RI�*$7���P51$��,Q�DGGLWLRQ��WKH�GLVWULEXWLRQ�RI�*$7���P51$�VHHPHG�WR�EH�PRUH

UHJLRQ�VSHFLILF�WKDQ�*$7���P51$�
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)LJXUH�����

*$7���P51$�H[SUHVVLRQ� SURILOH�� *$7���P51$� OHYHOV� KDYH� EHHQ�PHDVXUHG� LQ� GLIIHUHQW� EUDLQ

UHJLRQV� E\� FRPSHWLWLYH� 57�3&5� PHWKRG�� 7KH� PHDQ� YDOXHV� DQG� WKH� VWDQGDUG� GHYLDWLRQV� IURP

WULSOLFDWH�PHDVXUHPHQWV�DUH�VKRZQ�

������&KURQLF�GLD]HSDP�DQG�]ROSLGHP�WUHDWPHQW

7KH�QH[W�DLP�ZDV�WR�WHVW�WKH�LQIOXHQFH�RI�ORQJ�WLPH�WUHDWPHQW�ZLWK�GUXJV��DFWLQJ�RQ

WKH�*$%$ �UHFHSWRU��RQ�DQLPDO�EHKDYLRXU�DQG�JHQH�H[SUHVVLRQ��7KH�DQDO\VLV�ZDV

DLPHG� WR� WHVW� WKH� K\SRWKHVLV� ZKHWKHU� WKH� FKURQLF� EHQ]RGLD]HSLQH� WUHDWPHQW

LQIOXHQFHV� WKH� H[SUHVVLRQ� RI� QHXURQDO� *$%$� WUDQVSRUWHUV� DQG� RWKHU� JHQHV�

7KH�HIIHFWV�RQ�*$%$�WUDQVSRUWHUV�ZHUH�VWXGLHG�E\�PHDQV�RI�FRPSHWLWLYH�57�3&5�

7KH� HIIHFWV� RQ� WKH� H[SUHVVLRQ� RI� RWKHU� JHQHV� ZHUH� DQDO\VHG� E\� PHDQV� RI

'LIIHUHQWLDO�'LVSOD\�PHWKRG�
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��������&KURQLF�GUXJ�DGPLQLVWUDWLRQ

'LD]HSDP� DQG� ]ROSLGHP�� *$%$ � UHFHSWRU� OLJDQGV�� ZHUH� FKRVHQ� IRU� FKURQLF

WUHDWPHQW�RI�UDWV��%RWK�GUXJV�ZHUH�DGPLQLVWHUHG�YLD�GULQNLQJ�ZDWHU��2QH�JURXS�RI

UDWV� UHFHLYHG� GLD]HSDP� LQ� WKH� GRVH� RI� ��� PJ�NJ�GD\�� 7KH� VHFRQG� JURXS� ZDV

WUHDWHG� ZLWK� �� PJ�NJ�GD\� RI� ]ROSLGHP�� &RQWURO� JURXS� UHFHLYHG� WDS� ZDWHU�

7KH�FRQFHQWUDWLRQV�RI�WKH�DGPLQLVWHUHG�GUXJV�LQ�WKH�GULQNLQJ�ZDWHU�ZHUH�DGMXVWHG

GDLO\� GHSHQGLQJ� RQ� WKH� DPRXQW� RI� FRQVXPHG� ZDWHU� RQ� WKH� SUHYLRXV� GD\�

2Q�WKH�ILUVW�GD\�RI�WUHDWPHQW��WKH�GLD]HSDP�WUHDWHG�DQLPDOV�GUDQN�PXFK�OHVV�WKDQ

WKH� FRQWUROV��7KLV�PD\�EH�GXH� WR� WKH� FKDQJH�RI� WKH� OLTXLG� WDVWH� DIWHU� DGGLWLRQ� RI

GLD]HSDP��+RZHYHU��WKH�DQLPDOV�DGDSWHG�WR�LW�DQG�UHDFKHG�FRQWURO�YDOXHV�ZLWKLQ�D

IHZ� GD\V�� 2YHU� WKH� UHVW� RI� WKH� REVHUYHG� SHULRG�� WKH� DQLPDOV� GUDQN� FRQVWDQWO\

�ILJXUH� �������(DFK�DQLPDO� FRQVXPHG� LQ�DYHUDJH� �����PO�RI�ZDWHU� �VROXWLRQ�� SHU

GD\�

)LJXUH�����

/LTXLG�FRQVXPSWLRQ��7KH�DPRXQW�RI�FRQVXPHG�OLTXLG�ZDV�UHFRUGHG�GDLO\��'XULQJ�WKH����GD\V�RI

WUHDWPHQW� FRQWUROV� UHFHLYHG� RQO\� WDS� ZDWHU�� 7UHDWHG� DQLPDOV� UHFHLYHG� YLD� GULQNLQJ� ZDWHU� HLWKHU

]ROSLGHP� RU� GLD]HSDP�� 3ORWWHG� DUH� WKH� PHDQ� YDOXHV� DQG� WKH� VWDQGDUG� GHYLDWLRQV� RI� LQJHVWHG

YROXPH� RI� OLTXLG� SHU� DQLPDO� DQG� GD\�� 7KH� YDOXHV� ZHUH� FDOFXODWHG� IURP� ��� DQLPDOV� SHU� HDFK

WUHDWPHQW�JURXS�
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7KH�QH[W�SDUDPHWHU�QHFHVVDU\� IRU� WKH�DGMXVWPHQW�RI� WKH�GUXJ�FRQFHQWUDWLRQ�ZDV

WKH� DQLPDO� ERG\� ZHLJKW�� ,W� ZDV� UHFRUGHG� HYHU\� WKLUG� GD\��:LWKLQ� WKH� WUHDWPHQW

SHULRG�WKH�DQLPDOV�VKRZHG�DQ�DYHUDJH�LQFUHDVH�LQ�WKH�ZHLJKW�RI����J��ILJXUH�������

7KHUH�ZDV�QHLWKHU�DQ\�VLJQLILFDQW�GLIIHUHQFH� LQ� WKH�ZDWHU�FRQVXPSWLRQ�QRU� LQ� WKH

LQFUHDVH�RI�WKH�ZHLJKW�EHWZHHQ�WKH�WKUHH�WUHDWPHQW�JURXSV�

7KH�ERG\�ZHLJKW�DQG� WKH�YROXPH�RI�FRQVXPHG�ZDWHU�ZHUH�XVHG� WR�FDOFXODWH� WKH

GUXJ� FRQFHQWUDWLRQ� LQ� WKH� GULQNLQJ� ZDWHU� WR� UHDFK� GHVLUHG� GRVHV� IRU� HDFK

FRQVHFXWLYH�GD\��7KH�UHDO�DPRXQW�RI�WKH�LQJHVWHG�GUXJ�ZDV�FDOFXODWHG�DW�WKH�HQG

RI� WKH� VWXG\� RQ� WKH� EDVLV� RI� WKH� ERG\� ZHLJKW� DQG� OLTXLG� FRQVXPSWLRQ�� 7KH� UDWV

LQJHVWHG� LQ� DYHUDJH� ����� �� ���� PJ�NJ� RI� GLD]HSDP� DQG� ���� �� ���� PJ�NJ� RI

]ROSLGHP�SHU�GD\��ILJXUH�������

)LJXUH�����

%RG\�ZHLJKW��7KH�ERG\�ZHLJKW�RI�HDFK�DQLPDO�ZDV�UHFRUGHG�HYHU\�WKLUG�GD\��'XULQJ�WKH����GD\V�RI

WUHDWPHQW�� WKH� WHVWHG�DQLPDOV�ZHUH�GLYLGHG� LQWR� WKUHH�JURXSV�� FRQWUROV�� ]ROSLGHP��DQG�GLD]HSDP�

WUHDWHG�DQLPDOV��7KH�PHDQ�YDOXHV�DQG�WKH�VWDQGDUG�GHYLDWLRQV�RI�GHWHFWHG�ERG\�ZHLJKW�SHU�DQLPDO

DUH�SORWWHG��7KH�YDOXHV�ZHUH�FDOFXODWHG�IURP����DQLPDOV�SHU�HDFK�WUHDWPHQW�JURXS�
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)LJXUH�����

'RVH�RI�GUXJ��7KH�DPRXQW�RI�LQJHVWHG�GUXJ�ZDV�FDOFXODWHG�IURP�UHFRUGHG�ERG\�ZHLJKW�DQG�GDLO\

OLTXLG�FRQVXPSWLRQ��'XULQJ�WKH����GD\V�RI�WUHDWPHQW��WKH�GUXJ�FRQFHQWUDWLRQ�LQ�WKH�GULQNLQJ�ZDWHU�RI

WHVWHG� DQLPDOV� ZDV� DGMXVWHG� GDLO\� GHSHQGLQJ� RQ� WKH� OLTXLG� FRQVXPSWLRQ� IURP� SUHYLRXV� GD\�

7KH� GHVLUHG� GUXJ� GRVH� ZDV� HLWKHU� ��� PJ�NJ�GD\� RI� GLD]HSDP� RU� �� PJ�NJ�GD\� RI� ]ROSLGHP�

7KH�PHDQ� YDOXHV�DQG� WKH� VWDQGDUG�GHYLDWLRQV�RI� LQJHVWHG� GUXJ� SHU� DQLPDO� DQG� GD\� DUH� SORWWHG�

7KH�YDOXHV�ZHUH�FDOFXODWHG�IURP�GDWD�REWDLQHG�IURP����DQLPDOV�SHU�HDFK�WUHDWPHQW�JURXS�

��������%HKDYLRXUDO�DQDO\VHV

$W� WKH� HQG� RI� WKH� FKURQLF� WUHDWPHQW� SHULRG�� WKH� DQLPDOV� ZHUH� VXEPLWWHG� WR

EHKDYLRXUDO� DQDO\VLV�� 7R� GHWHFW� EHQ]RGLD]HSLQH�GHSHQGHQW� PRGXODWLRQ� LQ� WKH

EHKDYLRXU� RI� WKH� GLIIHUHQWO\� WUHDWHG� DQLPDOV�� WKH\� ZHUH� WHVWHG� LQ� DQ� RSHQ� ILHOG

�GD\� ���� DQG� LQ� DQ� HOHYDWHG� SOXV�PD]H� �GD\� ����� ,Q� DGGLWLRQ� WR� FKURQLF� WUHDWHG

DQLPDOV�� WZR�JURXSV�RI�DFXWH� WUHDWHG�DQLPDOV�ZHUH� WHVWHG� LQ� RUGHU� WR� GHWHFW� WKH

VSHFLILF�GUXJ�HIIHFWV�FDXVHG�E\�WKH�FKURQLF� WUHDWPHQW��7KH�DFXWH� WUHDWHG�DQLPDOV

ZHUH� LQMHFWHG�ZLWK�HLWKHU�GLD]HSDP� ���PJ�NJ�� RU� ]ROSLGHP� ���PJ�NJ�� ���PLQXWHV

EHIRUH� WKH� WHVWV�VWDUWHG��0RUHRYHU��RQH�JURXS�RI�GRXEOH� WUHDWHG�DQLPDOV��FKURQLF

DQG�DFXWH� GLD]HSDP� WUHDWPHQW��ZDV� DOVR� LQFOXGHG��:LWKLQ� WKH� EHKDYLRXUDO� WHVWV�

WKH�UHVSHFWLYH�SDUDPHWHUV��������FKDUDFWHULVLQJ�WKH�EDVDO�DFWLYLW\��H[SORUDWLRQ��DQG

DQ[LHW\�UHODWHG�EHKDYLRXU�ZHUH�UHFRUGHG�DQG�DQDO\VHG�
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����������%DVDO�DFWLYLW\

7KH�EDVDO�DFWLYLW\�RI�WKH�DQLPDOV�LV�GHVFULEHG�E\�WKH�WRWDO��GLVWDQFH�PRYHG��LQ�WKH

RSHQ� ILHOG�DUHQD��$V� LW� LV� VKRZQ� LQ� WDEOH� ����� DOO� WHVWHG� DQLPDOV�PRYHG�ZLWK� WKH

FRPSDUDEOH�SDWK�OHQJWKV��,Q�WKH�SOXV�PD]H�WHVW��WKH�EDVDO�DFWLYLW\�RI�WKH�DQLPDOV�LV

FKDUDFWHULVHG�E\�SDUDPHWHU� �QXPEHU�RI�FORVHG�DUP�HQWULHV�� �WDEOH�������2QH�ZD\

DQDO\VLV� RI� YDULDQFH� �$129$�� UHYHDOHG� QR� VLJQLILFDQW� GLIIHUHQFH� QHLWKHU� LQ� WKH

SDUDPHWHU� �GLVWDQFH�PRYHG�� �)������ ������Q�V���QRU� LQ� WKH� �QXPEHU�RI�FORVHG�DUP

HQWULHV�� �)������ ������Q�V���RI�GLD]HSDP��DQG� ]ROSLGHP�WUHDWHG�DQLPDOV� FRPSDUHG

WR� FRQWUROV�� 7KHUH� ZDV� QR� VLJQLILFDQW� GLIIHUHQFH� LQ� WKH� EDVDO� DFWLYLW\� RI� DQLPDOV

EHWZHHQ�WKH�WUHDWPHQW�JURXSV�

7DEOH����

%DVDO� DFWLYLW\�� 7KH� EDVDO� DFWLYLW\� SDUDPHWHUV� DQDO\VHG� LQ� RSHQ� ILHOG� DUHQD� DQG� HOHYDWHG� SOXV�

PD]H��6L[�GLIIHUHQW� WUHDWPHQW�JURXSV�ZHUH� WHVWHG��7KH�SUHVHQW�GDWD� UHSUHVHQW�PHDQV�DQG�6(0V

IURP

�������DQLPDOV�SHU�HDFK�WUHDWPHQW�JURXS�

7UHDWPHQW��
%HKDYLRXUDO
SDUDPHWHU

&RQWURO 'LD]HSDP
DFXWHO\

'LD]HSDP
FKURQLFDOO\

'LD]HSDP
DFXWHO\��
FKURQLFDOO\

=ROSLGHP
DFXWHO\

=ROSLGHP
FKURQLFDOO\

'LVWDQFH
PRYHG

���������� ���������� ��������� ���������� ���������� ����������

1R�RI�FORVHG
DUP�HQWULHV

��������� ��������� ��������� ������� ��������� ���������

����������([SORUDWLRQ

7KH� H[SORUDWLRQ�UHODWHG� EHKDYLRXU� ZDV� DQDO\VHG� XVLQJ� DQ� RSHQ� ILHOG� WHVW�� 7KH

H[SORUDWLRQ�DFWLYLW\�RI�WKH�DQLPDOV�LV�FKDUDFWHULVHG�E\�WZR�SDUDPHWHUV���HQWULHV�LQWR

WKH�FHQWUH��DQG��WLPH�PRYLQJ���2QH�ZD\�$129$�UHYHDOHG�VLJQLILFDQW�FKDQJHV� LQ

�HQWULHV� LQWR� WKH� FHQWUH�� SDUDPHWHU� �)������ ������ S �������� 3RVW� KRF� W�WHVW

FRQILUPHG� D� VLJQLILFDQWO\� LQFUHDVHG� QXPEHU� RI� HQWULHV� LQWR� WKH� FHQWUDO� ]RQH

�S������� RI� ]ROSLGHP�WUHDWHG� FRPSDUHG� WR� FRQWURO� DQLPDOV�� 7KHUH� ZDV� QR

VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ� WKH� DFXWHO\� DQG� FKURQLFDOO\� ]ROSLGHP�WUHDWHG

DQLPDOV��)XUWKHUPRUH��SRVW�KRF� WHVW� UHYHDOHG�QR�VLJQLILFDQW�FKDQJH� LQ�QXPEHU�RI

HQWULHV�LQWR�WKH�FHQWUDO�]RQH�DIWHU�GLD]HSDP�WUHDWPHQW�
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2QH�ZD\� $129$� UHYHDOHG� DOVR� VLJQLILFDQW� FKDQJHV� LQ� WKH� SDUDPHWHU� �WLPH

PRYLQJ�� �)������ ������ S ��������� 3RVW� KRF� W�WHVW� FRQILUPHG� WKDW� DFXWHO\

GLD]HSDP�WUHDWHG�DQLPDOV� VSHQW�PRUH� WLPH�ZLWK�PRYHPHQW�ZLWKLQ� WKH� WHVW� DUHQD

WKDQ�FRQWUROV� �S��������2WKHU�GLD]HSDP�WUHDWHG�JURXSV�GLG�QRW�GLIIHU� IURP�FRQWURO

JURXS�� 2Q� WKH� RWKHU� KDQG�� ERWK� ]ROSLGHP�WUHDWHG� JURXSV� VSHQW� OHVV� WLPH� ZLWK

PRYHPHQW�WKDQ�FRQWUROV��S��������ILJXUH�������

)LJXUH�����

([SORUDWLRQ�EHKDYLRXU�RI�WUHDWHG�DQLPDOV��7KH�DQLPDOV�ZHUH�WHVWHG�LQ�DQ�RSHQ�ILHOG�DUHQD��7KH

H[SORUDWLRQ�EHKDYLRXU�ZDV�FKDUDFWHULVHG�E\�³QXPEHU�RI�HQWULHV�LQWR�WKH�FHQWUH´�DQG�³WLPH�PRYLQJ´�

³7LPH�PRYLQJ´� LV� WKH� WLPH� ZLWKLQ� WKH� DQLPDOV�PRYH� GHVFULEHG� DV��� RI� WRWDO� WHVW� WLPH�� )RU� ERWK

SDUDPHWHUV��WKH�PHDQ�YDOXHV�DQG�6(0V�IURP������DQLPDOV�DUH�VKRZQ�IRU�HDFK�WUHDWPHQW�JURXS�

7KHUH�ZHUH���WUHDWPHQW�JURXSV�RI�DQLPDOV�DQDO\VHG��FRQWUROV��DQLPDO�WUHDWHG�DFXWHO\�ZLWK�GLD]HSDP

�'LD�DF��� FKURQLFDOO\�ZLWK� GLD]HSDP� �'LD�FK��� DFXWHO\� DQG� FKURQLFDOO\� ZLWK� GLD]HSDP� �'LD�DF�FK��

DFXWHO\�ZLWK�]ROSLGHP��=RO�DF��DQG�FKURQLFDOO\�ZLWK�]ROSLGHP��=RO�FK���6LJQLILFDQW�GLIIHUHQFH�ODEHO��
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����������$Q[LHW\

7KH�HOHYDWHG�SOXV�PD]H�ZDV�XVHG�IRU� WKH�GHWHFWLRQ�RI�DQ[LHW\�UHODWHG�EHKDYLRXU�

2QH�ZD\� $129$� RI� DQ[LHW\� UHODWHG� SDUDPHWHUV�� �QXPEHU� RI� RSHQ� DUP� HQWULHV��

�WLPH�RQ�WKH�RSHQ�DUPV��DQG����RI�RSHQ�DUP�HQWULHV��IURP�VXP�RI�DOO�DUP�HQWULHV�

UHYHDOHG�VLJQLILFDQW�FKDQJHV� LQ� WZR�SDUDPHWHUV�DQG� LQ� WKH� WKLUG�RQH�VKRZHG� WKH

WHQGHQF\� WRZDUGV� WKH� VLJQLILFDQFH� �)������ ������ S ������ � )������ ������� S ������

DQG�)������ ������S �������3RVW�KRF�W�WHVW�FRQILUPHG�WKDW�DFXWHO\�GLD]HSDP�WUHDWHG

DQLPDOV�� LQ� DYHUDJH�� HQWHUHG�PRUH� RIWHQ� WKH� RSHQ� DUPV� WKDQ� FRQWUROV� �S�������

VSHQW�PRUH�WLPH�RQ�WKH�RSHQ�DUPV��S�������DQG�HQWHUHG�WKH�RSHQ�DUPV�PRUH�RIWHQ

WKDQ� WKH� FORVHG� DUPV� �S������� �ILJXUH� ������� +RZHYHU�� QHLWKHU� FKURQLFDOO\� QRU

GRXEOH�GLD]HSDP�WUHDWHG�DQLPDOV�VKRZHG�DQ\�VLJQLILFDQW�GLIIHUHQFH�LQ�DQ\�RI�WKHVH

SDUDPHWHUV�FRPSDUHG� WR�FRQWUROV��$OVR�]ROSLGHP� WUHDWPHQW�FDXVHG�QR�VLJQLILFDQW

FKDQJHV�LQ�WKH�DQ[LHW\�UHODWHG�EHKDYLRXUV�RI�WHVWHG�DQLPDOV�

����������'HYHORSPHQW�RI�WROHUDQFH

'HYHORSPHQW�RI�WROHUDQFH�ZDV�WHVWHG�E\�FRPSDULQJ�FKURQLFDOO\�WUHDWHG�DQLPDOV�WR

DFXWHO\�WUHDWHG�DQG�FRQWURO�DQLPDOV��7KHUH�ZDV�QR�GLIIHUHQFH�LQ�EHKDYLRXU�EHWZHHQ

DFXWHO\�DQG�FKURQLFDOO\�]ROSLGHP�WUHDWHG�DQLPDOV��)LJXUH��������&KURQLF�]ROSLGHP

WUHDWPHQW�FDXVHG�WKH�VDPH�HIIHFW�DV�DFXWH�]ROSLGHP�DGPLQLVWUDWLRQ�FRPSDUHG� WR

WKH�FRQWUROV��&KURQLF�GLD]HSDP�DGPLQLVWUDWLRQ�FDXVHG�QR�VLJQLILFDQW�FKDQJH�LQ�WKH

DQDO\VHG� SDUDPHWHUV� FRPSDUHG� WR� FRQWUROV�� ZKHUHDV� DFXWH� GLD]HSDP

DGPLQLVWUDWLRQ� GHFUHDVHG� WKH� DQ[LHW\�UHODWHG� SDUDPHWHUV�� 0RUHRYHU�� WKH� VDPH

DFXWH� GRVH� RI� GLD]HSDP�� ZKHQ� DGPLQLVWHUHG� WR� DQLPDOV� FKURQLFDOO\� SUH�WUHDWHG

ZLWK� GLD]HSDP�� ORVW� WKH� DELOLW\� WR� GHFUHDVH� WKH� DQ[LHW\� RI� WKHVH� GRXEOH� WUHDWHG

DQLPDOV��)LJXUH�������

7KLV� ORVV� RI� WKH� DQ[LRO\WLF� HIIHFW� RI� GLD]HSDP� LQGLFDWHG� WROHUDQFH� GHYHORSPHQW

GXULQJ�FKURQLF�DGPLQLVWUDWLRQ�RI�GLD]HSDP��=ROSLGHP�FDXVHG�WKH�VDPH�HIIHFWV�DIWHU

DFXWH�DQG�FKURQLF�DGPLQLVWUDWLRQ�DQG�WKHUH�ZHUH�QR�KLQWV�VXJJHVWLQJ�GHYHORSPHQW

RI�WROHUDQFH�WR�]ROSLGHP�
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)LJXUH�����

$Q[LHW\�UHODWHG�EHKDYLRXU��7KH�DQ[LHW\�OLNH�EHKDYLRXU�ZDV�WHVWHG�LQ�WKH�HOHYDWHG�SOXV�PD]H��7KH

IROORZLQJ�WKUHH�SDUDPHWHUV�ZHUH�DQDO\VHG��QXPEHU�RI�RSHQ�DUP�HQWULHV��WLPH�VSHQW�RQ�RSHQ�DUPV

DQG�RSHQ�DUP�HQWULHV�DV���RI�DOO�DUP�HQWULHV��)RU�ERWK�SDUDPHWHUV�� WKH�PHDQ�YDOXHV�DQG�6(0V

IURP������DQLPDOV�DUH�VKRZQ�IRU�HDFK�WUHDWPHQW�JURXS��7KHUH�ZHUH���WUHDWPHQW�JURXSV�RI�DQLPDOV

DQDO\VHG�� FRQWUROV�� DQLPDO� WUHDWHG� DFXWHO\� ZLWK� GLD]HSDP� �'LD�DF��� FKURQLFDOO\� ZLWK� GLD]HSDP

�'LD�FK��� DFXWHO\� DQG� FKURQLFDOO\� ZLWK� GLD]HSDP� �'LD�DF�FK��� DFXWHO\� ZLWK� ]ROSLGHP� �=RO�DF�� DQG

FKURQLFDOO\�ZLWK�]ROSLGHP��=RO�FK���6LJQLILFDQW�GLIIHUHQFH�FRPSDUHG�WR�FRQWUROV�LV�ODEHOOHG��
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��������*HQH�H[SUHVVLRQ�DQDO\VHV

����������&RPSHWLWLYH�57�3&5�DQDO\VLV�RI�*$%$�WUDQVSRUWHUV�P51$�OHYHOV

$IWHU� WKH� EHKDYLRXUDO� WHVWV�� WKH� DQLPDOV� ZHUH� GHFDSLWDWHG� DQG� WKH� EUDLQV� ZHUH

UHPRYHG��7KUHH�EUDLQV�IURP�HDFK�WUHDWPHQW�JURXS�ZHUH�GLVVHFWHG�DQG�WKH�FRUWH[

IURQWDOLV�� KLSSRFDPSXV�� DQG� FHUHEHOOXP� ZHUH� UHPRYHG�� )URP� GLVVHFWHG� EUDLQ

VDPSOHV� DQG� DOVR� IURP� WKUHH�ZKROH� EUDLQV� IURP�HDFK� WUHDWPHQW� JURXS�� WKH� WRWDO

51$� ZDV� LVRODWHG� ������� DQG� WKH�P51$� OHYHOV� RI� WKH� *$7��� DQG� *$7��� ZHUH

GHWHUPLQHG�E\�FRPSHWLWLYH�57�3&5�XVLQJ�b�DFWLQ�GHULYHG�FRPSHWLWRUV��*$7��bDF

DQG�*$7��bDF��������

)RU� WKH� *$7��� P51$� H[SUHVVLRQ� DQDO\VLV�� ���� QJ� RI� WRWDO� 51$� ZHUH� WHVWHG

WRJHWKHU� ZLWK� HLWKHU� ����� ���[����� �[����� ���[���� RU� ���� PROHFXOHV� RI� 51$

FRPSHWLWRU��7KH�GHWHFWHG�*$7���P51$�OHYHOV�ZHUH�LQ�FRUWH[�IURQWDOLV�����������

DQG� ���� �� ��� ��� LQ� KLSSRFDPSXV� ���� �� �� �� DQG� ���� �� ��� ��� LQ� FHUHEHOOXP

�����������DQG�������������LQ�ZKROH�EUDLQ�VDPSOHV������������DQG������������

RI� FRQWURO� DIWHU� GLD]HSDP� DQG� ]ROSLGHP� WUHDWPHQW�� UHVSHFWLYHO\� �ILJXUH� ������

,Q�DOO�WHVWHG�UHJLRQV��VLPLODU�H[SUHVVLRQ�SDWWHUQV�ZHUH�REVHUYHG�ZLWK�*$7���P51$

H[SUHVVLRQ� DIWHU� ]ROSLGHP� WUHDWPHQW� DW� WKH� VDPH� OHYHO� DV� FRQWUROV� DQG� ZLWK

LQFUHDVHG�*$7���P51$� OHYHOV�DIWHU�GLD]HSDP� WUHDWPHQW��+RZHYHU�� WKH�GHWHFWHG

*$7��� P51$� OHYHOV� LQ� WKUHH� FKRVHQ� UHJLRQV� DQG� LQ� ZKROH� EUDLQ�� DIWHU� FKURQLF

GLD]HSDP�DQG�]ROSLGHP�WUHDWPHQW��UHYHDOHG�QR�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�WKH

WKUHH�WUHDWPHQW�JURXSV�

)XUWKHUPRUH�� WKH� DQDO\VLV� RI� *$7��� P51$� H[SUHVVLRQ� LQ� WHVWHG� VDPSOHV� ZDV

FDUULHG� RXW�� 7KH� KLSSRFDPSXV� DQG� ZKROH� EUDLQ� 51$� VDPSOHV� ����� QJ�� ZHUH

DQDO\VHG� WRJHWKHU� ZLWK� ����� ���[����� �[����� ���[���� DQG� ���� PROHFXOHV�� 7KH

FHUHEHOOXP�51$�ZDV�WHVWHG�ZLWK�WKH�FRPSHWLWRU�LQ�WKH�UDQJH���������[������[����

���[����� ����� DQG� WKH� FRUWH[� IURQWDOLV� 51$� LQ� WKH� UDQJH� RI� �[����� ���[����� ����

���[����� �[����PROHFXOHV��7KH�GHWHFWHG�*$7���P51$�YDOXHV� UHDFKHG� LQ� FRUWH[

IURQWDOLV������������DQG������������KLSSRFDPSXV������������DQG�����������

FHUHEHOOXP������������DQG������������ZKROH�EUDLQ������������DQG����������RI

WKH� FRQWURO� OHYHO� DIWHU� GLD]HSDP� DQG� ]ROSLGHP� DGPLQLVWUDWLRQ�� UHVSHFWLYHO\
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�ILJXUH��������7KH�DQDO\VLV�RI�WKH�*$7���P51$�H[SUHVVLRQ�UHYHDOHG�QR�GLIIHUHQFHV

DIWHU�FKURQLF�GLD]HSDP�DQG�]ROSLGHP�WUHDWPHQW�LQ�WHVWHG�EUDLQ�UHJLRQV�

)LJXUH�����

*$7��� P51$� H[SUHVVLRQ� DIWHU� FKURQLF� WUHDWPHQW� ZLWK� HLWKHU� GLD]HSDP� RU� ]ROSLGHP�� 7KH

*$7��� P51$� OHYHOV� ZHUH� PHDVXUHG� E\� FRPSHWLWLYH� 57�3&5� LQ� FRUWH[� IURQWDOLV�� KLSSRFDPSXV�

FHUHEHOOXP� DQG� ZKROH� EUDLQ� VDPSOHV� IURP� FRQWURO�� GLD]HSDP�� DQG� ]ROSLGHP�WUHDWHG� UDWV�� (DFK

VDPSOH�ZDV�H[DPLQHG� LQ� WULSOLFDWH�PHDVXUHPHQWV��7KH�PHDQ�YDOXHV�DQG�WKH�VWDQGDUG�GHYLDWLRQV

IURP�WKUHH�DQLPDOV�DUH�SORWWHG�
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)LJXUH�����

*$7��� P51$� H[SUHVVLRQ� DIWHU� FKURQLF� WUHDWPHQW� ZLWK� HLWKHU� GLD]HSDP� RU� ]ROSLGHP�� 7KH

*$7���P51$�ZDV�DQDO\VHG�E\�FRPSHWLWLYH�57�3&5��7KH�P51$�OHYHOV�RI�*$7���ZHUH�PHDVXUHG

LQ�FRUWH[�IURQWDOLV��KLSSRFDPSXV��FHUHEHOOXP�DQG�ZKROH�EUDLQ�VDPSOHV�IURP�FRQWURO��GLD]HSDP��DQG

]ROSLGHP�WUHDWHG� UDWV��(DFK�VDPSOH�ZDV�H[DPLQHG� LQ� WULSOLFDWH�PHDVXUHPHQWV��7KH�PHDQ�YDOXHV

DQG�WKH�VWDQGDUG�GHYLDWLRQV�IURP�WKUHH�DQLPDOV�DUH�SORWWHG�
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����������'LIIHUHQWLDO�'LVSOD\�DQDO\VHV

$QRWKHU� LQWHUHVWLQJ�TXHVWLRQ�ZDV�ZKHWKHU� WKH�FKURQLF�DGPLQLVWUDWLRQ�RI�GLD]HSDP

RU�]ROSLGHP�LQIOXHQFHV�WKH�H[SUHVVLRQ�RI�RWKHU�JHQHV�WKDQ�*$%$�WUDQVSRUWHUV��7R

WHVW�WKLV��ZKROH�EUDLQ�VDPSOHV�ZHUH�DQDO\VHG�E\�WKH�PHDQV�RI�GLIIHUHQWLDO�GLVSOD\

PHWKRG� �������� 7KUHH� WRWDO� 51$� VDPSOHV� ZHUH� DQDO\VHG� IURP� HDFK� WUHDWPHQW

JURXS��8QGHU�WKH�HVWDEOLVKHG�FRQGLWLRQV��WKH�REWDLQHG�EDQG�SDWWHUQ�ZDV�FRQVWDQW

IRU�WHVWHG�VDPSOH�LQ�UHSHDWHG�H[SHULPHQWV�DQG�VDPSOHV�IURP�RQH�WUHDWPHQW�JURXS

JDYH� WKH�VDPH�EDQG�SDWWHUQ� �ILJXUH�������� ,Q� WKH�DVVD\�� ���SULPHU� FRPELQDWLRQV

ZHUH� WHVWHG� ���������� 7KH� WHVWHG� UDQJH� RI� SULPHU� FRPELQDWLRQV� UHYHDOHG� QR

GLIIHUHQWLDO�H[SUHVVLRQ�RI�DQ\�JHQH�DIWHU����GD\V�RI�WUHDWPHQW�ZLWK�HLWKHU�GLD]HSDP

RU�]ROSLGHP�
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)LJXUH�����

'LIIHUHQWLDO� GLVSOD\�� $Q� H[DPSOH� JHO� RI� GLIIHUHQWLDO� GLVSOD\� DXWRUDGLRJUDP�� ,Q� WKH� H[SHULPHQW�

VDPSOHV� IURP� FRQWURO� �&RQ��� GLD]HSDP�WUHDWHG� �'LD�� DQG� ]ROSLGHP�WUHDWHG� �=RO�� DQLPDOV� ZHUH

FRPSDUHG��7RWDO�51$�LVRODWHG�IURP�ZKROH�EUDLQV�ZDV�DQDO\VHG�ZLWK�GLIIHUHQW�SULPHU�FRPELQDWLRQ�

6KRZQ� LV� DQ� H[DPSOH� RI� '��8�� �$��� DQG� '��8�� �%��� SULPHU� FRPELQDWLRQV�� 7KH� QXPEHUV� �� �� �

UHSUHVHQW�VDPSOHV�IURP�GLIIHUHQW�DQLPDOV�RI�WKH�VDPH�WUHDWPHQW�JURXS�
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��'LVFXVVLRQ

7KH� QXPEHU� RI� JHQHV� LQ� WKH� KXPDQ� JHQRPH� LV� HVWLPDWHG� DW� ������� WKRXVDQG�

+RZHYHU�� RQO\� D� IUDFWLRQ� RI� WKHVH� JHQHV� DUH� H[SUHVVHG� LQ� DQ\� JLYHQ� FHOO�

0RUHRYHU�� WKH� OHYHO�RI�JHQH�H[SUHVVLRQ� LQ�FHOOV�PD\�YDU\�ZLWK�WLPH��SK\VLRORJLFDO

FRQGLWLRQV� DQG� GLVHDVH� VWDWHV�� 7KLV� GLIIHUHQWLDO� JHQH� H[SUHVVLRQ� LV� JHQHUDOO\

UHIOHFWHG�E\� WKH�GLIIHUHQW�QXPEHU�RI�P51$�VSHFLHV�H[SUHVVHG� LQ�D� JLYHQ� FHOO� DW

DQ\� WLPH� SRLQW�� DQG� FKDQJHV� LQ� UHODWLYH� P51$� OHYHOV� PD\� KDYH� LPSRUWDQW

LPSOLFDWLRQV� LQ� WKH� GHYHORSPHQW� RI� WKH� SDWKRORJLFDO� SURFHVVHV�� 7KHUHIRUH�

GLVFRYHU\�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�LV�HVVHQWLDO�IRU�WKH�XQGHUVWDQGLQJ�RI�WKH

PROHFXODU� PHFKDQLVPV� LQYROYHG� LQ� QRUPDO� DQG� SDWKRORJLFDO� VWDWHV�� DV� ZHOO� DV

SURYLGLQJ�QHZ�LQVLJKWV�IRU�GLVFRYHU\�RI�QHZ�PROHFXODU�WDUJHWV�IRU�SKDUPDFRORJLFDO

PDQLSXODWLRQ�DQG�GUXJ�GHYHORSPHQW��+HQFH��D�QXPEHU�RI� WHFKQLTXHV�KDYH�EHHQ

GHYHORSHG� WR� LGHQWLI\� JHQHV� WKDW� DUH� GLIIHUHQWLDOO\� H[SUHVVHG� LQ� GLVHDVH� VWDWHV�

)RU�H[DPSOH��1RUWKHUQ�EORW�K\EULGLVDWLRQ��51DVH�SURWHFWLRQ�DVVD\��TXDQWLWDWLYH�57�

3&5� KDV� EHHQ� VXFFHVVIXOO\� XWLOLVHG� WR� LGHQWLI\� GLVFRUGDQWO\� H[SUHVVHG� NQRZQ

JHQHV��2WKHU�WHFKQLTXHV��VXFK�DV�GLIIHUHQWLDO�K\EULGLVDWLRQ�DQG�VXEVWUDFWLYH�OLEUDU\

VFUHHQLQJ�� KDYH� EHHQ� XVHG� VXFFHVVIXOO\� IRU� WKH� GLVFRYHU\� RI� GLIIHUHQWLDOO\

H[SUHVVHG� JHQHV� ZLWK� NQRZQ� RU� XQNQRZQ� VHTXHQFHV�� $OWKRXJK� WKHVH� WZR

WHFKQLTXHV� KDYH� SURYHG� WR� EH� XVHIXO�� WKH\� DUH� WHFKQLFDOO\� GLIILFXOW� DQG� ODERXU

LQWHQVLYH�� DQG� UHTXLUH� ODUJH� DPRXQWV� RI� P51$�� ,Q� DGGLWLRQ�� D� QXPEHU� RI

3&5�EDVHG� PHWKRGV� WR� XQFRYHU� GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV� KDYH� EHHQ

GHYHORSHG� DQG� XVHG� IRU� QRYHO� JHQH� GLVFRYHU\�� WKHVH� LQFOXGH�P51$� GLIIHUHQWLDO

GLVSOD\� �/LDQJ� DQG� 3DUGHH�� ������ DQG� DUELWUDU\� SULPHG� 3&5� �6RNRORY� DQG

3URFNRS��������

,Q� WKH�SUHVHQW�ZRUN� WKH� ULERQXFOHDVH�SURWHFWLRQ�DVVD\�� FRPSHWLWLYH�57�3&5�DQG

P51$� GLIIHUHQWLDO� GLVSOD\� ZHUH� XVHG�� ZKHUHDV� WKH� ILUVW� WZR� ZHUH� DSSOLHG� IRU

TXDQWLILFDWLRQ� RI� VSHFLILF� P51$V� DQG� WKH� ODVW� RQH� ZDV� XVHG� IRU� WKH� TXDOLWDWLYH

GHWHFWLRQ� RI� WKH� GLIIHUHQWLDO� P51$� H[SUHVVLRQ�� 7KH� DFFXUDF\� RI� WKHVH

PHDVXUHPHQWV� ZDV� ODUJHO\� LQIOXHQFHG� E\� WKH� TXDOLW\� RI� VDPSOH� 51$�� ZKLFK� LV

FKDUDFWHULVHG� E\� IDFWRUV� OLNH�� WKH� LQWHJULW\� RI� 51$�� WKH� DFFXUDF\� RI� SKRWRPHWULF
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VDPSOH� 51$� TXDQWLILFDWLRQ� DQG� WKH� DEVHQFH� RI� '1$� FRQWDPLQDWLRQ� LQ� WKH� WRWDO

51$�SUHSDUDWLRQ�

����51$�SUHSDUDWLRQ

7KH� LQWHJULW\�RI� WKH�VDPSOH�51$�ZDV� LPSRUWDQW� IRU� WKH�SUHFLVHQHVV�RI�HPSOR\HG

PHWKRGV��%HFDXVH�RI� WKLV��D�JUHDW�DWWHQWLRQ�ZDV�SDLG�WR� LVRODWLRQ�DQG�SXULILFDWLRQ

RI� 51$V�� ,Q� RUGHU� WR�PLQLPLVH� WKH� DFWLYLW\� RI� 51DVHV�� 51$V� ZHUH� LVRODWHG� LQWR

D� VROXWLRQ� RI� VWURQJ� 51DVH� LQKLELWRU� JXDQLGLXP�WKLRF\DQDWH� �&KRPF]\QVNL� DQG

6DFFKL��������DQG�DOO�QHFHVVDU\�VROXWLRQV�DQG�LQVWUXPHQWV�ZHUH�FKLOOHG�RQ�LFH�SULRU

WR�XVH��0RUHRYHU��D�SKHQRO�FKORURIRUP�H[WUDFWLRQ�VWHS�ZDV�DGGHG�DW�WKH�HQG�RI�WKH

51$�LVRODWLRQ�SURFHGXUH�WR�UHPRYH�51DVHV�

)RU� WKH� SUHSDUDWLRQ� RI� WRWDO� 51$�� VHYHUDO� SURWRFROV� KDYH� EHHQ� SXEOLVKHG� IRU

GLIIHUHQW�VRXUFHV��%RRP�HW�DO���������0XOGHU�HW�DO���������3LDWDN�HW�DO���������� ,Q

DGGLWLRQ��VHYHUDO�51$�LVRODWLRQ�NLWV�DUH�FRPPHUFLDOO\�DYDLODEOH�

7KH�QH[W�IDFWRU�LQIOXHQFLQJ�WKH�PHDVXUHPHQWV�ZDV�WKH�SKRWRPHWULF�GHWHUPLQDWLRQ

RI� 51$� FRQFHQWUDWLRQ�� 7KH� DFFXUDWH� FRQFHQWUDWLRQ� GHWHUPLQDWLRQ� RI� GLIIHUHQW

VDPSOH�51$V� LV� IXQGDPHQWDO� WR� WKH�DSSOLHG�DVVD\V��7KHUHIRUH�� LW� LV� LPSRUWDQW� WR

XVH�VDPSOHV�RI�51$�ZLWK�WKH�KLJKHVW�SRVVLEOH�SXULW\��,Q�RUGHU�WR�FRQWURO�IRU�SXULW\

RI� 51$V�� DEVRUEDQFH� DW� ����� ���� DQG� ���� QP� ZHUH� PHDVXUHG� DQG� UDWLRV

FDOFXODWHG�RI� WKH�DEVRUEDQFH�DW�����QP� WR� WKRVH�DW�����DQG�����QP� �5�������

DQG�5��������� UHVSHFWLYHO\��� 7R�PLQLPLVH� WKH� YDULDELOLW\� RI� GHWHFWHG� YDOXHV� LW� LV

QHFHVVDU\�WR�XVH�51$V�ZLWK�VLPLODU�2'�UDWLRV��7R�UHDFK�WKLV��LI�SRVVLEOH��DOO�51$

VDPSOHV� WR� EH� FRPSDUHG� ZHUH� SUHSDUHG� VLPXOWDQHRXVO\�� )RU� WKH� H[SHULPHQWV�

51$V�ZHUH�XVHG�ZLWK�UDWLRV��2'�����2'���� ����WR�����DQG�UDWLRV��2'�����2'���� 

���� �� ����� 8VLQJ� ERWK� DEVRUEDQFH� UDWLRV� LQFUHDVHV� WKH� YDOLGLW\� RI� 51$� SXULW\

FKDUDFWHULVDWLRQ�E\�VSHFWURSKRWRPHWU\��*ODVHO���������*HQHUDOO\��SKRWRPHWULF�51$

TXDQWLILFDWLRQ�PLJKW�EH�WKH�VRXUFH�RI�HUURU�PRVW�GLIILFXOW� WR�HOLPLQDWH� �:LOILQJHU�HW

DO���������

$QRWKHU� LPSRUWDQW� IDFWRU� LQIOXHQFLQJ� WKH� SXULW\� RI� WKH�51$� LV� FRQWDPLQDWLRQ�ZLWK

'1$��(YHQ�D�VPDOO�DPRXQW�RI�'1$�LQ� WKH�VDPSOH� LQIOXHQFHV� WKH�UHOLDELOLW\�RI� WKH

51$�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�LQ�DOO�WKUHH�PHWKRGV��,W�LV�LPSRUWDQW�HVSHFLDOO\�LQ
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WKRVH�DVVD\V� WKDW� LQYROYH�3&5� �FRPSHWLWLYH�57�3&5��P51$�GLIIHUHQWLDO�GLVSOD\�

VLQFH� HDFK� '1$� IUDJPHQW�� ZKLFK� LV� KRPRORJRXV� WR� WKH� WDUJHW� 51$� FDQ� EH� FR�

DPSOLILHG�DQG�VR�PLVUHSUHVHQW�WKH�UHVXOWV�RI�WKH�H[SHULPHQW�

,Q�WKH�SUHVHQW�ZRUN��WKH�LVRODWHG�WRWDO�51$V�ZHUH�WUHDWHG�ZLWK�51DVH�IUHH�'1DVH�,

LQ�RUGHU�WR�UHPRYH�WKH�'1$�FRQWDPLQDWLRQ��7KLV�HVVHQWLDO�UHDFWLRQ�ZDV�FDUULHG�RXW

LQ� WKH� SUHVHQFH� RI� 0Q&O��� VLQFH� 0Q&O�� KDV� EHHQ� UHSRUWHG� WR� LQFUHDVH� '1DVH� ,

DFWLYLW\� WR� D� ODUJHU� H[WHQW� WKDQ� WKH� FRQYHQWLRQDOO\� XVHG� 0J&O�� �0HOJDU� DQG

*ROGWKZDLW���������0RUHRYHU��WKH�PHFKDQLVP�RI�'1$�FOHDYDJH�E\�'1DVH�,�ODUJHO\

GHSHQGV� RQ� WKH� PHWDO� FRIDFWRU� XVHG� LQ� WKH� UHDFWLRQ�� ,Q� WKH� SUHVHQFH� RI

PDJQHVLXP��'1DVH�,�FOHDYHV�HDFK�'1$�VWUDQG� LQGHSHQGHQWO\��DQG� WKH�FOHDYDJH

VLWHV�DUH�GLVWULEXWHG� LQ�D�VWDWLVWLFDOO\� UDQGRP�PDQQHU� �6DPEURRN�HW�DO��� ������� ,Q

WKH�SUHVHQFH�RI�PDQJDQHVH��'1DVH�,�FOHDYHV�ERWK�'1$�VWUDQGV�DW�DSSUR[LPDWHO\

WKH�VDPH�VLWH��FUHDWLQJ�IUDJPHQWV�RI�'1$�WKDW�DUH�EOXQW�HQGHG�RU�KDYH�SURWUXGLQJ

WHUPLQL�RI�RQH�RU�WZR�QXFOHRWLGHV��%DXHU�DQG�FROOHDJXHV�KDYH�VKRZQ�WKDW�'1DVH�,

WUHDWPHQW�RI�51$�VDPSOHV� LV�PRUH�HIILFLHQW� LQ� WKH�SUHVHQFH�RI�PDQJDQHVH� WKDQ

PDJQHVLXP� �%DXHU� HW� DO��� ������� 7KH� EHQHILW� RI� WKH� PDQJDQHVH� LQ� '1DVH� ,

FOHDYDJH� LV�SUREDEO\�EDVHG�RQ�ERWK�DOWHUHG�FOHDYDJH�PHFKDQLVP�DQG�HQKDQFHG

DFWLYLW\� RI� WKH� HQ]\PH�� FUHDWLQJ� VKRUWHU� IUDJPHQWV� ZLWK� D� UHGXFHG� OLNHOLKRRG� IRU

UHDVVRFLDWLRQ�

7KH� '1$� FRQWDPLQDWLRQ� FDXVHV� LQ� FRPSHWLWLYH� 57�3&5� DQG� 53$� VKLIWV� LQ� WKH

GHWHUPLQHG�DPRXQW�RI�WKH�WDUJHW�P51$��,Q�P51$�GLIIHUHQWLDO�GLVSOD\��SUHVHQFH�RI

'1$� UHVXOWV� LQ� DPSOLILFDWLRQ� RI� 3&5� SURGXFWV� WKDW� FDQ� EH� PLVLQWHUSUHWHG� DV

SURGXFWV�RI�UHJXODWHG�WUDQVFULSWV��7R�PLQLPLVH�WKH�QXPEHU�RI�IDOVH�SRVLWLYH�UHVXOWV

LQ�GLIIHUHQWLDO�GLVSOD\��LW�LV�UHFRPPHQGHG�WR�DQDO\VH�PRUH�VDPSOHV�IURP�WKH�VDPH

WUHDWPHQW� JURXS� VLPXOWDQHRXVO\�� ,Q� FRPSHWLWLYH� 57�3&5�� WKH� SUREOHP� ZLWK� '1$

FRQWDPLQDWLRQ� FDQ� EH� DYRLGHG� E\� XVLQJ� SULPHUV�� ZKLFK� UHFRJQLVH� VHTXHQFHV� LQ

WZR� GLIIHUHQW� H[RQV�� 7KH� DPSOLILFDWLRQ� IURP� WKH� FRQWDPLQDWLQJ� '1$� HLWKHU� LV

LQHIILFLHQW�� EHFDXVH� RI� WKH� ODUJH� VL]H� RI� WKH� LQWURQ� EHWZHHQ� WKH� WZR� UHFRJQLVHG

H[RQV�RU�LW�JLYHV�ULVH�WR�D�SURGXFW�ZKLFK��EHFDXVH�RI�WKH�LQWURQ��LV�ODUJHU�WKDQ�WKH

WDUJHW� DQG� FDQ� EH� HDVLO\� GLVWLQJXLVKHG� IURP� LW�� ,W� LV� DOVR� SRVVLEOH� WR� XVH� RQH

MXQFWLRQ� SULPHU�� ZKLFK� UHFRJQLVHV� VHTXHQFH� WKDW� FRQWDLQV� SDUWV� IURP� WZR� H[RQV

DQG�VR�DOORZV�RQO\�VHOHFWLYH�DPSOLILFDWLRQ�RI�VSOLFHG�WUDQVFULSWV��+RZHYHU��WKHUH�LV

QRW�DOZD\V�WKH�SRVVLELOLW\�RI� WKLV�FKRLFH�IRU� WKH� WDUJHW�VHTXHQFH�GHVLJQ�VLQFH� WKH
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JHQH� RI� LQWHUHVW� LV� LQWURQOHVV� RU� IRU� WKH� WDUJHW� JHQH� RQO\� WKH� F'1$� VHTXHQFH� LV

NQRZQ� DQG� WKHUH� LV� QR� LQIRUPDWLRQ� DYDLODEOH� DERXW� WKH� LQWURQ�H[RQ� ERXQGDULHV�

%HFDXVH�RI� WKLV��D� ORW�RI�DWWHQWLRQ�ZDV�SDLG� WR�SXULILFDWLRQ�RI�51$�DQG�NHHSLQJ� LW

IUHH�IURP�'1$�FRQWDPLQDWLRQ�

$OVR��WKH�51$�SUREHV��53$��DQG�51$�FRPSHWLWRUV��57�3&5��KDG�WR�EH�IUHH�IURP

'1$� FRQWDPLQDWLRQ�� %HFDXVH� RI� WKLV�� WKH\� ZHUH� SXULILHG�� LQ� DGGLWLRQ� WR� '1DVH

WUHDWPHQW��E\�VHSDUDWLRQ�LQ�SRO\DFU\ODPLGH�JHOV�

����51DVH�3URWHFWLRQ�$VVD\��53$�

53$� ZDV� XVHG� IRU� TXDQWLILFDWLRQ� RI� *$7��� P51$� LQ� NLQGOHG� DQLPDOV�� 7KH

HVWDEOLVKHG�DVVD\�ZDV�DEOH�WR�GHWHFW�P51$�IRU�*$7����KRZHYHU��������J�RI�WRWDO

51$�ZHUH�QHFHVVDU\�IRU�HDFK�DVVD\��&RQVXPSWLRQ�RI�51$�LQ�53$�ZDV�VLPLODU�WR

WKDW�RI�D�1RUWKHUQ�EORW��%HFDXVH�RI� WKLV�� WKH�FRPSHWLWLYH�57�3&5�ZDV�XVHG� LQ�DOO

RWKHU�H[SHULPHQWV�� LQ�ZKLFK�RQO\�VPDOO�DPRXQWV�RI� WRWDO�51$�ZHUH�DYDLODEOH�� IRU

GHWHFWLRQ�RI�*$%$�WUDQVSRUWHUV�LQ�YDULRXV�UDW�EUDLQ�UHJLRQV��8QOLNH�WKH�VHQVLWLYLW\�

WKH�ILGHOLW\�RI�WKH�53$�ZDV�FRPSDUDEOH�WR�WKDW�RI�FRPSHWLWLYH�57�3&5�ZLWK�UHVSHFW

WR�WKHLU�LQWUD��DQG�LQWHU�DVVD\�YDULDELOLW\�

53$�PHWKRG�HPSOR\V�VR�FDOOHG��LQ�VROXWLRQ�K\EULGLVDWLRQ��VLQFH� WKH�K\EULGLVDWLRQ

VWHS�LV�FDUULHG�RXW�LQ�UHDFWLRQ�WXEH�DIWHU�GLUHFW�DGGLWLRQ�RI�WKH�ODEHOOHG�SUREH�WR�WKH

VDPSOH�WRWDO�51$��8VLQJ�VROXWLRQ�K\EULGLVDWLRQ�PHWKRGV�� ORZ�DEXQGDQFH�P51$V

FDQ� EH� GHWHFWHG� PRUH� UHDGLO\� DQG� TXDQWLILHG� PRUH� DFFXUDWH� WKDQ� XVLQJ

K\EULGLVDWLRQ� SURWRFROV� WKDW� UHO\� RQ� 51$� ERXQG� WR� D� VROLG� VXSSRUW�� IRU� H[DPSOH�

1RUWKHUQ�EORWV�DQG�GRW�EORWV��/HH�DQG�&RVWORZ���������$QRWKHU�DGYDQWDJH�RI�53$�

FRPSDUHG� WR� 1RUWKHUQ� EORW�� LV� WKDW� WKH� WDUJHW� P51$� GRHV� QRW� KDYH� WR� EH

FRPSOHWHO\� LQWDFW�� VLQFH� WKH� SUREHV� XVHG� LQ� QXFOHDVH� SURWHFWLRQ� DVVD\V� XVXDOO\

VSDQ� RQO\� D� VXEUHJLRQ� RI� VHYHUDO� KXQGUHG� EDVH�SDLUV� RI� WKH� WDUJHW� WUDQVFULSW�

%UHDNV� WKDW� RFFXU� RXWVLGH� WKH� K\EULGLVLQJ� UHJLRQ� KDYH� QR� HIIHFW� RQ� QXFOHDVH

SURWHFWLRQ�UHVXOWV��VLQFH�WKH�SUREH�UDWKHU�WKDQ�WKH�WDUJHW�LV�VL]H�VHOHFWHG��+RZHYHU�

WKLV�PHDQV�WKDW�WKH�SUREH�PXVW�EH�XQLIRUP�LQ�OHQJWK��7KHUHIRUH��XQOLNH�IRU�1RUWKHUQ

EORW��WKH�JHO�SXULILFDWLRQ�RI�SUREHV�LV�IUHTXHQWO\�QHFHVVDU\�IRU�QXFOHDVH�SURWHFWLRQ
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DVVD\V��7KH�53$� LV�PRUH� VHQVLWLYH� WKDQ�1RUWKHUQ�EORW�� KRZHYHU� LWV� VHQVLWLYLW\� LV

DOVR�OLPLWHG��6RPH�WUDQVFULSWV�FRXOG�QRW�EH�GHWHFWHG�ZLWK�53$�DQG�ZHUH�GHWHFWHG

RQO\�ZLWK�57�3&5��/HH�HW�DO���������

7KH�53$��WRJHWKHU�ZLWK�WKH�6��SURWHFWLRQ�DVVD\��UDQNV�DPRQJ�JURXS�RI�QXFOHDVH

SURWHFWLRQ� DVVD\V��53$� KDV� EHHQ� XWLOLVHG� WR� VWXG\� YDULRXV� DVSHFWV� RI� 51$� DQG

'1$�VWUXFWXUH�� ,W�KDV�EHHQ�XVHG�IRU�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�RI�VSHFLILF�51$

VSHFLHV�LQ�FRPSOH[�PL[WXUH�RI�WRWDO�FHOOXODU�51$��%HFDXVH�RI�WKH�KLJK�UHVROXWLRQ�RI

WKH� SRO\DFU\ODPLGH� JHO� V\VWHP� XVHG� WR� DQDO\VH� WKH� SURWHFWHG� SUREH�� QXFOHDVH

SURWHFWLRQ� DVVD\V� DUH� DOVR� ZHOO� VXLWHG� IRU� PDSSLQJ� SRVLWLRQV� RI� H[WHUQDO� DQG

LQWHUQDO� MXQFWLRQV�� H�J�� WUDQVFULSWLRQ� LQLWLDWLRQ� �6FKLPDGD� HW� DO�� ������ DQG

WHUPLQDWLRQ�VLWHV��<DQJ�DQG�0HOHUD��������DQG� LQWURQ�H[RQ�ERXQGDULHV��%HUN�DQG

6KDUS�� ������ &DO]RQH� HW� DO��� ������� %RWK� 6�� QXFOHDVH� DQG� 51DVH� DUH� DEOH� WR

FOHDYH� K\EULGLVHG� SUREHV� DW� ORRSHG� RXW� VLQJOH� VWUDQGHG� UHJLRQV� UHVXOWLQJ� IURP

GHOHWLRQV�LQ�WKH�WDUJHW�51$��LQ�DGGLWLRQ��51DVH�$�LV�FDSDEOH�RI�FOHDYDJH�DW�EDVH�

SDLU�PLVPDWFKHV�WKDW�UHVXOW�IURP�SRLQW�PXWDWLRQV��0\HUV�HW�DO����������%HFDXVH�RI

WKHVH� IHDWXUHV�� 53$� FDQ� EH� DOVR� XVHG� WR� GLVFULPLQDWH� EHWZHHQ� FORVHO\� UHODWHG

WDUJHWV��IRU�H[DPSOH��PHPEHUV�RI�PXOWLJHQH�IDPLOLHV�

$�QXPEHU�RI� LQQRYDWLRQV�KDYH�PDGH�QXFOHDVH�SURWHFWLRQ�DVVD\V�IDVWHU�DQG�PRUH

FRQYHQLHQW�� &RPPHUFLDO� NLWV� DUH� DYDLODEOH� WKDW� FRQWDLQ� SUH�RSWLPLVHG� UHDJHQWV

�$PELRQ�� 3URPHJD�� %RHKULQJHU� 0DQQKHLP��� 6RPH� RI� WKHVH� SURGXFWV� KDYH

VWUHDPOLQHG� WKH� SURFHGXUH� E\� IDFLOLWDWLQJ� WKH� GLUHFW� DQDO\VLV� RI� P51$� LQ� FHOO� RU

WLVVXH�O\VDWHV��ZLWKRXW�SULRU�SXULILFDWLRQ�RI�WKH�51$�IUDFWLRQ��$PELRQ�'LUHFW�3URWHFW�

86%�/\VDWH�51DVH�SURWHFWLRQ�NLW��RU�E\�LQFUHDVLQJ�WKH�K\EULGLVDWLRQ�UDWH�EHWZHHQ

SUREH�DQG�WDUJHW�E\�VHYHUDO�RUGHUV�RI�PDJQLWXGH��$PELRQ�+\E6SHHG���3URFHGXUHV

KDYH�DOVR�EHHQ�GHVFULEHG�IRU�QRQLVRWRSLF�51DVH�SURWHFWLRQ�DVVD\V��7XUQERZ�DQG

*DUQHU��������:XQGUDFN�DQG�'RROH\��������
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����&RPSHWLWLYH�57�3&5

7KH� 57�3&5� LV� RQH� RI� WKH� PRVW� VHQVLWLYH� PHWKRGV� DYDLODEOH� IRU� GHWHFWLRQ� RI

VSHFLILF� WUDQVFULSWV�� ,W�KDV�EHHQ�XVHG� IRU�GHWHFWLRQ�DQG�RU� TXDQWLILFDWLRQ�RI� HLWKHU

YHU\�UDUH�WUDQVFULSWV��/HH�HW�DO���������*DUFLD�GH�9LHGPD�HW�DO����������WUDQVFULSWV

IURP� YHU\� VPDOO� WLVVXH� VDPSOHV�� H�J�� ELRSVLHV� �6ODGH� HW� DO��� ������ %XOXQ� HW� DO��

������0XODURQL�HW�DO���������RU�HYHQ�LQ�D�VLQJOH�FHOO��&RPHU�HW�DO����������7KHUH�DUH

D�QXPEHU�RI�GLIIHUHQW�SURWRFROV�DYDLODEOH�IRU�TXDQWLILFDWLRQ�E\�PHDQV�RI�FRPSHWLWLYH

57�3&5��'LIIHUHQW�DSSURDFKHV�YDU\�LQ�D�QXPEHU�RI�IDFWRUV�LQYROYHG�LQ�WKH�DVVD\�

7KLV� LQFOXGHV� WKH� NLQG� RI� WKH� FRPSHWLWRU�� WKH� VHTXHQFH� DQG� WKH� VL]H� RI� WKH

FRPSHWLWRU��WKH�VHOHFWLRQ�RI�HQ]\PHV�XVHG�LQ�WKH�UHYHUVH�WUDQVFULSWLRQ�UHDFWLRQ�DQG

LQ�WKH�3&5�

������7KH�NLQG�RI�WKH�FRPSHWLWRU

,Q� WKH�VXEPLWWHG�ZRUN��51$�FRPSHWLWRUV�ZHUH�HPSOR\HG�DV� LQWHUQDO� VWDQGDUG� IRU

TXDQWLILFDWLRQ�RI�*$7���DQG�*$7���P51$V�LQ�WKH�UDW�EUDLQ�

%RWK��'1$�DQG�51$�PROHFXOHV�FDQ�EH�XVHG�DV�FRPSHWLWRUV��7KH�51$�FRPSHWLWRUV

DUH� WKH� PRVW� VLPLODU� WR� WKH� WDUJHW� RI� WKH� DVVD\� �� P51$�� 7KH\� DUH� DGGHG� DW

WKH�EHJLQQLQJ�RI�WKH�DVVD\�DQG�WKH\�PLPLF�DQG�FRPSHWH�ZLWK�P51$�LQ�DOO�VWHSV�RI

WKH�DVVD\��2Q�WKH�RWKHU�KDQG��WKH�XVH�RI�51$�FRPSHWLWRUV�LV�PRUH�ODERXU�DQG�WLPH

FRQVXPLQJ�WKDQ�'1$�FRPSHWLWRUV�DQG�VWULFW�SUHFDXWLRQV�KDYH�WR�EH�PDGH�LQ�RUGHU

WR�DYRLG�DQ\�FRQWDPLQDWLRQ�ZLWK�'1$�RU�51DVHV��7KH�XVH�RI�'1$�UDWKHU�WKDQ�51$

DV�FRPSHWLWRU�KDV�EHHQ�DGYRFDWHG�WR�DYRLG�RU�PLQLPLVH�WKH�KDVVOHV�RI�JHQHUDWLQJ

DQG� KDQGOLQJ� XQVWDEOH� 51$� IUDJPHQWV�� %RWK�� GRXEOH� VWUDQGHG� �*LOOLODQG� HW� DO��

������DQG�DQWLVHQVH� VLQJOH� VWUDQGHG� �GH.DQW�HW� DO��� ������'1$� IUDJPHQWV�KDYH

EHHQ�XVHG�DV�FRPSHWLWRU��+RZHYHU��ZLWK�WKHVH�YDULDQWV��WKHUH�LV�QR�FRQWURO�RI�WKH

HIILFLHQF\� RI� WKH� UHYHUVH� WUDQVFULSWLRQ� VWHS�� $QRWKHU� GLVDGYDQWDJH� LV� WKDW

WKH� HVWLPDWLRQ� RI� F'1$�FRPSHWLWRU� UDWLR� GRHV� QRW� DOORZ� WKH� FDOFXODWLRQ� RI� DQ

³DEVROXWH³�QXPEHU�RI�P51$�PROHFXOHV�LQ�WKH�LQYHVWLJDWHG�VDPSOH�
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������6HTXHQFH�DQG�VL]H�RI�WKH�FRPSHWLWRU

,Q� WKH� SUHVHQW� VWXG\�� WZR� NLQGV� RI� FRPSHWLWRUV� ZHUH� HPSOR\HG� IRU� P51$

TXDQWLILFDWLRQ�E\�PHDQV�RI�57�3&5��)LUVW��WKH�*$7��PXW�FRPSHWLWRU�ZDV�XVHG�WKDW

FDUULHG� VHTXHQFH� KRPRORJRXV� WR� WKH� DPSOLILHG� *$7��� F'1$� IUDJPHQW� ZLWK

DGGLWLRQ� RI� D� VPDOO� LQVHUWLRQ� EHKLQG� WKH� IRUZDUG� SULPHU� VHTXHQFH�� 3ODFLQJ� WKH

LQVHUWLRQ� QH[W� WR� WKH� SULPHU� VHTXHQFH� VKRXOG� LQKLELW� XQZDQWHG� KHWHURGXSOH[

IRUPDWLRQ�GXULQJ�WKH�3&5��3LDWDN�HW�DO�������D���7KLV�VWUDWHJ\�ZDV�XVHG�IRU�*$7��

TXDQWLILFDWLRQ� LQ� EUDLQ� RI� NLQGOHG� DQLPDOV�� 7KH� KHWHURGXSOH[� IRUPDWLRQ� ZDV

GLPLQLVKHG� LQ� FRPSDULVRQ� WR� REOLJDWRU\� DPSOLILFDWLRQ� RI� VLPLODU� VHTXHQFHV�

H�J��DQDO\VLV�RI�9175�SRO\PRUSKLVP��'HVSLWH�RI�WKH�GHFUHDVH�LQ�WKH�KHWHURGXSOH[

IRUPDWLRQ�� WKH� DPSOLILFDWLRQ� XVLQJ� WKH� *$7��PXW� FRPSHWLWRU� ZDV� QRW� IUHH� IURP

KHWHURGXSOHFHV��%HFDXVH�RI� WKLV��FRPSHWLWRUV�FDUU\LQJ�b�DFWLQ�GHULYHG�VHTXHQFHV

�*$7��bDF�DQG�*$7��bDF��ZHUH�XVHG�LQ�DOO�RWKHU�H[SHULPHQWV�

7R� GDWH�� GLIIHUHQW� VWUDWHJLHV� KDYH� EHHQ� DGYRFDWHG� IRU� FRQVWUXFWLQJ� WKH� '1$

WHPSODWH�IRU�WKH�JHQHUDWLRQ�RI�FRPSHWLWRU�51$��7R�HQVXUH�WKH�ILGHOLW\�RI�WKH�DVVD\�

WDUJHW�51$�DQG�FRPSHWLWRU�51$�VKRXOG�EH�UHYHUVH�WUDQVFULEHG�DQG�DPSOLILHG�ZLWK

HTXDO� HIILFLHQFLHV�� 7R� HOLPLQDWH� SRWHQWLDO� GLIIHUHQFHV� LQ� WKH� UHDFWLRQ� HIILFLHQFLHV

WKH� WDUJHW� DQG� WKH� 51$� FRPSHWLWRU� VKRXOG� EH� DPSOLILHG� ZLWK� WKH� VDPH� VHW� RI

SULPHUV�DQG�WKHLU�VHTXHQFHV�VKRXOG�EH�DV�VLPLODU�DV�SRVVLEOH��1H[W� WR�VHTXHQFH

GLIIHUHQFHV�� VLJQLILFDQW� VL]H� GLIIHUHQFH� EHWZHHQ� WDUJHW�51$� DQG� FRPSHWLWRU�51$

PD\�DOVR�FDXVH�LQHTXDOLWLHV�LQ�DPSOLILFDWLRQ�HIILFLHQF\��7KH�ORQJHU�WKH�FRPSHWLWRU�

WKH�OHVV�HIILFLHQW�LV�LWV�DPSOLILFDWLRQ��0F&XOORFK�HW�DO���������

'LIIHUHQW�SURWRFROV�IRU�WKH�FRQVWUXFWLRQ�RI�LQWHUQDO�VWDQGDUGV�KDYH�EHHQ�SXEOLVKHG�

7R� HQVXUH� WKH� HTXDO� DPSOLILFDWLRQ� HIILFLHQF\�� WHPSODWHV� LGHQWLFDO� WR� WKH� WDUJHW

VHTXHQFH� H[FHSW� RI� VPDOO� LQVHUWLRQ� RU� GHOHWLRQ� KDYH� EHHQ� XVHG� PRVW� RIWHQ� DV

LQWHUQDO�FRQWURO��*LOOLODQG�HW�DO���������*UDVVL�HW�DO���������0XODURQL�HW�DO����������2Q

WKH� RWKHU� KDQG�� WKH� XVH� RI� DOPRVW� LGHQWLFDO� VHTXHQFHV� FDQ� DOVR� QHJDWLYHO\

LQIOXHQFH�WKH�TXDQWLILFDWLRQ��7KH�GLVDGYDQWDJH�RI�WKLV�DSSURDFK�LV�WKH�SRVVLELOLW\�RI

KHWHURGXSOH[� IRUPDWLRQ��+HWHURGXSOHFHV� DUH� UHODWLYHO\� VWDEOH� IRUPDWLRQV� DQG� DUH

QRW�GLVVROYHG�GXULQJ�WKH�REOLJDWRU\�XVHG�QDWLYH�JHO�HOHFWURSKRUHVLV��+HWHURGXSOH[

IRUPDWLRQ� LQIOXHQFHV� WKH� ILGHOLW\� RI� WKH� REWDLQHG� GDWD�� +HWHURGXSOHFHV� RFFXU

SUHIHUHQWLDOO\� DW� KLJKHU� DPSOLILFDWLRQ� SURGXFW� FRQFHQWUDWLRQV� ZKHQ� WKH� UHDFWLRQ

DSSURDFKHG�WKH�SODWHDX�SKDVH��0F&XOORFK�HW�DO���������DQG�WKH�UHODWLYH�DPRXQW�RI
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KHWHURGXSOHFHV� LQFUHDVHV� ZLWK� F\FOH� QXPEHU� �6FKQHHEHUJHU� HW� DO��� ������

7R� DYRLG� WKLV� SUREOHP�� RQH� FDQ� TXDQWLI\� WKH� DPRXQW� RI� WKH� SURGXFW� LQ� WKH� HDUO\

SKDVH� RI� 3&5� EHIRUH� WKH� KHWHURGXSOHFHV� EHJLQ� WR� IRUP�� +RZHYHU�� WKLV� UHTXLUHV

VHQVLWLYH� GHWHFWLRQ� V\VWHPV� VXFK� DV� UDGLRQXFOHRWLGH� ODEHOOLQJ�� ZKLFK� VRPHKRZ

GHIHDWV� WKH�SXUSRVH�RI�SHUIRUPLQJ�FRPSHWLWLYH�57�3&5��2QH�RI� WKH� UHDVRQV� WKLV

DSSURDFK� LV� VR� ZLGHO\� XVHG� LV� WKDW�� LI� ERWK� DPSOLFRQV� DPSOLI\� ZLWK� WKH� VDPH

HIILFLHQF\�� WKH� 3&5� FDQ� EH� H[WHQGHG� LQ� WKH� ODWHU�� QRQH[SRQHQWLDO� SKDVH� RI

WKH� UHDFWLRQ� DQG� WKXV� GHWHFWHG� E\� VLPSOH� V\VWHPV� VXFK� DV� JHO� HOHFWURSKRUHVLV

DQDO\VLV� DQG� HWKLGLXP� EURPLGH� GHWHFWLRQ�� ,W� KDV� EHHQ� DOVR� UHSRUWHG�� WKDW

HOHFWURSKRUHVLV� FRQGLWLRQV� PD\� EH� PRGLILHG� LQ� RUGHU� WR� PLQLPLVH� KHWHURGXSOH[

IRUPDWLRQ� �%RHU� DQG� 5DPDPRRUWK\�� ������� )XUWKHUPRUH�� SODFLQJ� WKH� PXWDWLRQ

�LQVHUWLRQ�RU�GHOHWLRQ��LQ�WKH�YLFLQLW\�RI�RQH�SULPLQJ�VLWH�FDQ�EH�SUHIHUDEOH�WR�SODFLQJ

LW� QHDU� WR� WKH� FHQWUH� RI� WKH� FRPSHWLWRU� VHTXHQFH�� 7KH� PLVPDWFK� DW� WKH� HQG� RI

WKH�VHTXHQFH�GHVWDELOLVHV�KHWHURGXSOH[�IRUPDWLRQ��3LDWDN�HW�DO�������D��

7R� DYRLG� WKH� SUREOHP� ZLWK� KHWHURGXSOH[� IRUPDWLRQ�� D� FRPSOHWHO\� XQUHODWHG

VHTXHQFH��QDWLYH�RU�HQJLQHHUHG��PD\�EH�XVHG� IRU� FRQVWUXFWLRQ�RI� WKH� FRPSHWLWRU

�6LHEHUW�DQG�/DUULFN��������:DQJ�HW�DO����������7KH�FKRVHQ�VHTXHQFH�KDV� WR�EH

IODQNHG�ZLWK� WKH� VDPH� SULPHU� VHTXHQFHV� DV� WKH� WDUJHW� IUDJPHQW� DQG� KDV� WR� EH

VLPLODU�LQ�VL]H�DQG�&*�FRQWHQW�LQ�RUGHU�WR�EH�DPSOLILHG�ZLWK�WKH�VDPH�HIILFLHQF\�DV

WKH� WDUJHW�� 7KLV� VWUDWHJ\� ZDV� XVHG� LQ� WKH� SUHVHQW� ZRUN� XVLQJ� *$7��bDF� DQG

*$7��bDF�FRPSHWLWRUV�

$QRWKHU� ZD\� WR� FLUFXPYHQW� KHWHURGXSOH[� IRUPDWLRQ� LV� WR� HPSOR\� D� VHTXHQFH

LGHQWLFDO� WR� WKH� WDUJHW� VHTXHQFH� H[FHSW� RI� VRPH� SRLQW� PXWDWLRQV� WKDW� FUHDWH� RU

GHVWUR\�HQGRQXFOHDVH�UHFRJQLWLRQ�VLWH�ZLWKLQ�WKH�VHTXHQFH��3$77<�DVVD\���7DUJHW

DQG� FRPSHWLWRU� DUH� LGHQWLFDO� LQ� VL]H�DQG�DOPRVW� LGHQWLFDO� LQ� VHTXHQFH�� WKHUHIRUH�

WKH\� DUH� DPSOLILHG� ZLWK� WKH� VDPH� HIILFLHQFLHV�� 7KH� SURGXFWV� FDQ� EH� WKHQ� HDVLO\

GLVWLQJXLVKHG�E\�JHO�HOHFWURSKRUHVLV�IROORZLQJ�VSHFLILF�GLJHVWLRQ��%HFNHU�$QGUq�DQG

+DKOEURFN��������0F&XOORFK�HW�DO����������7KH�GLVDGYDQWDJH�RI� WKH�PHWKRG� LV�DQ

DGGLWLRQDO� HQ]\PDWLF� UHDFWLRQ� �UHVWULFWLRQ�� QHFHVVDU\� IRU� WKH� SURGXFW� UHVROXWLRQ�

ZKLFK�LQFUHDVHV�WKH�ODERXU�DQG�ILQDQFLDO�FRVWV�RI�WKH�DVVD\�
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������,QWHJULW\�DQG�DPRXQW�RI�FRPSHWLWRU�LQ�WKH�DVVD\

7KH�51$�FRPSHWLWRU�LV�XVHG�LQ�PLQXWH�FRQFHQWUDWLRQV�DQG�WKH�51$�VROXWLRQV�DUH

VXVFHSWLEOH�WR�GHJUDGDWLRQ��%HFDXVH�RI�WKLV��GHJUDGLQJ�RI�FRPSHWLWRU�51$�VKRXOG

EH� VXVSHFWHG� ZKHQ� FRQVHFXWLYH� DVVD\V� OHDG� WR� LQFUHDVLQJ� 51$� YDOXHV�� 51$

VDPSOHV�FDQ�EH�VWRUHG�LQ�51DVH�IUHH�ZDWHU�DW������&��7KDZ�IUHH]H�F\FOHV�VKRXOG

EH� DYRLGHG� �3LDWDN� HW� DO��� ����E��� )RU� VWRFN� VROXWLRQV� DQG� ORQJ� WHUP� VWRUDJH

WKH�51$�FDQ�EH�GLVVROYHG�LQ�VWDELOLVHG�IRUPDPLGH�VROXWLRQ�RU�WKH�51$�FDQ�EH�FR�

SUHFLSLWDWHG�LQ�GHILQHG�UDWLRV�ZLWK�FDUULHU�51$��H�J��\HDVW�WUDQVIHU�51$��LQ�HWKDQRO

DQG�VWRUHG�DW������&��&KRPF]\QVNL��������)HUUp�HW�DO���������

,I�QR�TXDQWLWDWLYH�GDWD�DUH�DYDLODEOH�RQ�WKH�DPRXQW�RI�P51$�SUHVHQW�LQ�WKH�WLVVXH�LW

LV�QHFHVVDU\�WR�WHVW�D�UDQJH�RI�GLIIHUHQW�51$�FRPSHWLWRU�DPRXQWV�� ,Q� WKH�SUHVHQW

ZRUN�� WKH� UDQJH� IURP� ���� WR� ����� PROHFXOHV� RI� FRPSHWLWRU� 51$� ZDV� WHVWHG� LQ

D�UHDFWLRQ�WKDW�FRQWDLQHG�����QJ�RI�WRWDO�51$��2QFH�WKH�WLWUDWLRQ�HTXLYDOHQFH�SRLQW

RI� WKH� UHDFWLRQ�ZDV�HVWLPDWHG��D�VHFRQG�VHW�RI� UHDFWLRQV�FRXOG�EH�SHUIRUPHG� IRU

WKH� DFWXDO� PHDVXUHPHQWV�� ,W� LV� UHFRPPHQGHG� WR� XVH� DW� OHDVW� ILYH� GLIIHUHQW

FRPSHWLWRU� 51$� FRQFHQWUDWLRQV�� 7KLV� PXOWLSRLQW� WLWUDWLRQ� HIIHFWLYHO\� SURYLGHV

WKH� HTXLYDOHQW� RI� PXOWLSOH� FRQILUPDWRU\� UHDFWLRQV� IRU� HDFK� VDPSOH�� PLQLPLVLQJ

WKH� SRWHQWLDO� HIIHFWV� RI� DEHUUDQW� UHDFWLRQV� RQ� DFFXUDWH� TXDQWLILFDWLRQ� DQG� VR

GHFUHDVLQJ� WKH� DVVD\� YDULDELOLW\�� 0RUHRYHU�� WKH� GHWHFWLRQ� RI� WKH� WLWUDWLRQ

HTXLYDOHQFH� SRLQW� EHFRPHV� PRUH� SUHFLVH� ZLWK� VPDOOHU� GLIIHUHQFHV� EHWZHHQ

WKH� GHILQHG� PHDVXUHPHQW� SRLQWV�� 7KH� FORVHU� WR� HDFK� RWKHU� WKH� PHDVXUHPHQW

SRLQWV�DUH� WKH�PRUH�SUHFLVH� LV� WKH�TXDQWLILFDWLRQ��H�J�� WKH�PHDVXUHPHQW�ZLWK� ILYH

GLOXWLRQ�SRLQWV�FRYHULQJ�D�UDQJH�RI�RQH�RUGHU�RI�PDJQLWXGH�LV�PRUH�SUHFLVH�WKDQ�WKH

PHDVXUHPHQW�XVLQJ�ILYH�SRLQWV�FRYHULQJ�ILYH�RUGHUV�RI�PDJQLWXGH�

������5HYHUVH�WUDQVFULSWLRQ�DQG�3&5�FRQGLWLRQV

7KH�PXULQH�PRORQH\�OHXNHPLD�YLUXV�UHYHUVH�WUDQVFULSWDVH��00/9�57��ZDV�FKRVHQ

RYHU� DYLDQ� P\HOREODVWRVLV� YLUXV� UHYHUVH� WUDQVFULSWDVH� �$09�57�� EHFDXVH� RI� LWV

ORZHU�51DVH�+�DFWLYLW\��7KH�KLJKHU�51DVH�+�DFWLYLW\�PD\�OHDG�WR�WKH�FOHDYDJH�RI

51$� LQ� WKH� 51$�'1$� K\EULGV� QHDU� WKH� �CHQG� RI� WKH� JURZLQJ� F'1$� VWUDQG�

UHVXOWLQJ�LQ�XQFRPSOHWH�F'1$�V\QWKHVLV�
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+RZHYHU�� GXH� WR� WKH� ORZHU� WHPSHUDWXUH� RSWLPXP� RI� 00/9�57� DV� FRPSDUHG� WR

$09�57�����&�YHUVXV����&��WKH�HIILFLHQF\�RI�F'1$�V\QWKHVLV�PD\�EH�GHFUHDVHG

LQ�UHJLRQV�ZLWK�D�KLJK�&*�FRQWHQW�DQG�WKXV�VWDEOH�VHFRQGDU\�VWUXFWXUHV��.RWHZLW]

HW� DO��� ������� 7KHUHIRUH�� D� GHQDWXUDWLRQ� VWHS� ��� PLQ�� ZDV� LQFOXGHG� SULRU� WR

WKH� UHDFWLRQ��0RUHRYHU�� WR� SULPH� WKH� F'1$� V\QWKHVLV�� QRW� WKH� RULJLQDO� DQWLVHQVH

3&5�SULPHU� �*$7��UY��ZDV�XVHG�EXW� WKH��C�VKRUWHQHG�*$7��57�SULPHU� WKDW�KDV

D�PHOWLQJ�WHPSHUDWXUH�FORVH�WR�WKH�WHPSHUDWXUH�RSWLPXP�RI�00/9�57��8VLQJ�WKH

VKRUW�SULPHUV��ZKLFK�KDYH�PHOWLQJ�WHPSHUDWXUH�FORVH�WR�WKH�WHPSHUDWXUH�RSWLPXP

RI� WKH�V\QWKHVLVLQJ�HQ]\PH�� LQFUHDVHV� WKH�VSHFLILFLW\�RI� WKH� UHYHUVH� WUDQVFULSWLRQ

�3IHIIHU�HW�DO���������

,Q�RUGHU�WR�LPSURYH�WKH�VSHFLILFLW\�RI�WKH�DVVD\�3&5��LW�LV�SRVVLEOH�WR�XVH�VR��FDOOHG

KRW� VWDUW� 3&5�� ,Q� WKLV� PRGLILFDWLRQ� WKH� '1$� SRO\PHUDVH� KDV� DFFHVV� WR� WKH

UHDFWDQWV� RQO\� ZKHQ� WKH� 3&5� PL[� KDV� KHDWHG� XS� DQG� XQVSHFLILF� SULPLQJ� LV

SUHYHQWHG�� 6HYHUDO� YDULDQWV� RI� WKLV� PHWKRG� KDYH� EHHQ� GHVFULEHG� LQFOXGLQJ

WKH� PDQXDO� DGGLWLRQ� RI� SRO\PHUDVH� WR� WKH� KRW� UHDFWLRQ� PL[� �0XOOLV�� ������ DQG

WKH�XVH�RI�ZD[�VHSDUDWLQJ�WKH�HQ]\PH�DQG�WKH�UHDFWLRQ�PL[�XQWLO�PHOWLQJ��&KRX�HW

DO����������$OVR��D�UHFRPELQDQW�'1$�SRO\PHUDVH�KDV�EHHQ�GHYHORSHG�WKDW�UHTXLUHV

�����PLQ�RI�DFWLYDWLRQ�DW����&��$PSOL7DT�*ROGÉ��3HUNLQ�(OPHU���$�VLPLODU�DSSURDFK

LV�IROORZHG�LQ�VR�FDOOHG�WRXFKGRZQ�3&5��7KH�VWUDWHJ\�RI�WRXFKGRZQ�3&5�LQYROYHV

VWDUWLQJ�WKH�F\FOLQJ�ZLWK�D�YHU\�KLJK�DQQHDOLQJ�WHPSHUDWXUH�DQG�WKHQ�ORZHULQJ�WKH

DQQHDOLQJ� WHPSHUDWXUH� ZLWK� VXFFHVVLYH� F\FOHV�� VR� LQFUHDVLQJ

WKH�VSHFLILFLW\�RI�WKH�UHDFWLRQ�

8QGHU� FHUWDLQ� EXIIHU� DQG� WHPSHUDWXUH� FRQGLWLRQV�� 57�3&5� FDQ� EH� SHUIRUPHG� LQ

RQH� WXEH� UDWKHU� WKDQ� LQ� WZR� VHSDUDWH� VWHSV�� ,Q� WKLV� FRXSOHG� UHDFWLRQ�� UHYHUVH

WUDQVFULSWDVH� DQG� 7DT� '1$� SRO\PHUDVH� DUH� SUHVHQW� LQ� WKH� UHDFWLRQ� PL[� IURP

WKH�EHJLQQLQJ�RI�WKH�DVVD\��$DWVLQNL�HW�DO���������0DOOHW�HW�DO���������:DQJ�HW�DO��

�������7KHUH�DUH�D�QXPEHU�RI�NLWV�HPSOR\LQJ�WKLV�DSSURDFK�H�J��*HQH$PSÇ�51$

3&5�NLW� IURP�3HUNLQ�(OPHU�ZLWK�00/9�57�7DT�SRO\PHUDVH�RU�7LWDQÉ�2QH� WXEH

57�3&5� V\VWHP� IURP� %RHKULQJHU� 0DQQKHLP� ZLWK� $09�57� �7DT� SRO\PHUDVH�

$QRWKHU�SRVVLELOLW\� WR�SHUIRUP�RQH�WXEH�57�3&5� LV� WR�XVH�7KHUPXV� WKHUPRSKLOXV

�7WK��'1$�SRO\PHUDVH�WKDW�SRVVHVVHV�51$�'1$�UHYHUVH�WUDQVFULSWDVH�RU
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'1$�'1$�SRO\PHUDVH�DFWLYLW\�LQ�SUHVHQFH�RI�0Q���RU�0J����UHVSHFWLYHO\��6LQFH�WKLV

HQ]\PH�LV�WKHUPRVWDEOH�DQG�WKHUPRDFWLYH��UHYHUVH�WUDQVFULSWLRQ�FDQ�EH�SHUIRUPHG

DW� HOHYDWHG� WHPSHUDWXUHV� �0XOGHU� HW� DO��� ������ 0\HUV� DQG� *HOIDQG�� ������ �H�J�

*HQH$PSÇ� 51$� 3&5� NLW� IURP� 3HUNLQ� (OPHU� ZLWK� 7WK� '1$� SRO\PHUDVH��� 7KH

GLVDGYDQWDJH�RI� WKHVH�RQH�WXEH�PHWKRGV� LV� WKDW� DPSOLILFDWLRQ�SURGXFWV�PLJKW� EH

REWDLQHG� PRUH� HDVLO\� DQG� VSHFLILFDOO\� LQ� WZR� LQGHSHQGHQWO\� RSWLPLVHG� UHDFWLRQ

VWHSV�

)RU�GHWHFWLRQ�DQG�DQDO\VLV�RI�DPSOLILHG�3&5�SURGXFWV�D�YDULHW\�RI�SURFHGXUHV�DUH

DYDLODEOH� �UHYLHZHG� LQ� )HUUp� HW� DO��� ������ =LPPHUPDQQ� DQG� 0DQQKDWHU�� ������

3&5� SURGXFWV� DUH� W\SLFDOO\� VHSDUDWHG� E\� JHO� HOHFWURSKRUHVLV�� DV� LQ� WKH� SUHVHQW

ZRUN��E\�FDSLOODU\�HOHFWURSKRUHVLV�RU�E\�+3/&��7KH�GHWHFWLRQ�FDQ�EH�PRVW�HDVLO\

DFKLHYHG�E\�GLUHFW� VWDLQLQJ�ZLWK�G\HV� OLNH�HWKLGLXP�EURPLGH��$OWHUQDWLYHV� LQFOXGH

UDGLRDFWLYH�� IOXRUHVFHQW� RU� DQWLJHQLF� ODEHOOLQJ� RI� HLWKHU� QXFOHRWLGHV� RU� SULPHUV�

,W�KDV�EHHQ�UHSRUWHG�WKDW�WKH�VHQVLWLYLW\�RI�WKH�JHO�HOHFWURSKRUHVLV�GHWHFWLRQ�FDQ�EH

JUHDWO\� HQKDQFHG� ��������IROG�� XVLQJ� WKH� 6<%5� *UHHQ� �� G\H� LQVWHDG� RI� WKH

HWKLGLXP� EURPLGH� �6FKQHHEHUJHU� HW� DO��� ������� ,I� KLJK� EDFNJURXQG� FDQQRW� EH

UHGXFHG�RWKHUZLVH��3&5�SURGXFWV�PD\�EH�JHO�VHSDUDWHG��EORWWHG�RQWR�PHPEUDQHV

DQG�GHWHFWHG�DIWHU�K\EULGLVDWLRQ�ZLWK�VSHFLILF�SUREHV�

����P51$�'LIIHUHQWLDO�'LVSOD\��''�

'LIIHUHQWLDO�GLVSOD\�ZDV�DSSOLHG� LQ� WKH� SUHVHQW� VWXG\� WR� WKH� DQDO\VLV� RI� WKH� JHQH

H[SUHVVLRQ� DIWHU� ORQJ�WHUP� GLD]HSDP� DQG� ]ROSLGHP� WUHDWPHQW�� 7KLUW\�VL[� SULPHU

FRPELQDWLRQV�ZHUH�WHVWHG��7KH�DQDO\VLV�GLG�QRW�UHYHDO�DQ\�GLIIHUHQWLDOO\�H[SUHVVHG

WUDQVFULSWV�LQ�WKH�WHVWHG�VDPSOHV�

0HVVHQJHU�51$�GLIIHUHQWLDO�GLVSOD\�KDV�EHHQ�GHYHORSHG�DV�D� WRRO� WR� GHWHFW� DQG

FKDUDFWHULVH�DOWHUHG�JHQH�H[SUHVVLRQ�LQ�HXNDU\RWLF�FHOOV��,W�KDV�EHHQ�GHYHORSHG�IRU

JHQH� H[SUHVVLRQ� GHWHFWLRQ� LQ� FDQFHU� UHVHDUFK�� KRZHYHU�� LW� KDV� EHHQ� DSSOLHG� LQ

PDQ\�RWKHU�ILHOGV�RI�ELRORJ\�DQG�PHGLFLQH� LQFOXGLQJ�QHXURVFLHQFH��)LVFKHU�HW�DO��

������

&RPSDUHG�ZLWK�WKH�FRQYHQWLRQDO�PHWKRGV�IRU� WKH�GLVFRYHU\�RI�JHQHV�ZLWK�DOWHUHG

H[SUHVVLRQ� LQ� GLVHDVH� VWDWHV�� VXFK� DV� GLIIHUHQWLDO� K\EULGLVDWLRQ� DQG� VXEVWUDFWLYH



'LVFXVVLRQ�������������������������������������������������������������������������������������������������������������������������������

OLEUDU\� VFUHHQLQJ�� WKH� GLIIHUHQWLDO� GLVSOD\� WHFKQLTXH� KDV� VHYHUDO� DGYDQWDJHV�

7KH�PDMRU�VWUHQJWKV�RI�''�DUH�LWV�VLPSOLFLW\�DQG�HDVH�RI�XVH��,W�VKRXOG�EH�SRVVLEOH

WR� DPSOLI\� PRVW� F'1$V� IURP� D� JLYHQ� FHOO� W\SH� E\� XVLQJ� VXIILFLHQW� SULPHU

FRPELQDWLRQV��DQG�WR�FRPSDUH�WKRVH�ZLWK�F'1$V�IURP�PDQ\�RWKHU�VDPSOHV��0RUH

LPSRUWDQWO\��DOO� RI� WKLV� LV�GRQH�XVLQJ�D� UHODWLYHO\�VPDOO�DPRXQW�RI� WRWDO�51$� IURP

HDFK� RI� WKH� WLVVXHV� EHLQJ� VWXGLHG�� WKH� DPRXQW� QHFHVVDU\� WR� DPSOLI\� DOO� RI

WKH� P51$V� LQ� D� JLYHQ� FHOO� W\SH� LV� OHVV� WKDQ� �� �J�� ZKHUHDV�� XVLQJ� VWDQGDUG

PHWKRGV� WR� FRQVWUXFW� D� UHSUHVHQWDWLYH� F'1$� OLEUDU\� IURP� WKH� VDPH� WLVVXH�ZRXOG

UHTXLUH����������J�WRWDO�51$��7KH�QDWXUH�RI�WKH�PHWKRG�DOORZV�D�ODUJH�QXPEHU�RI

FRPSDULVRQV�DQG�UDSLG�LVRODWLRQ�RI�IUDJPHQWV�RI�JHQHV�RI�LQWHUHVW��7KH�VWUHQJWKV�RI

WKH�WHFKQLTXH� LQFOXGH�PXOWLSOH�FRPSDULVRQV�EHWZHHQ�VHYHUDO� WLVVXHV�DW� WKH�VDPH

WLPH�� YHUVDWLOLW\� LQ� WKH�GHWHFWLRQ�RI� ERWK�XS�� DQG�GRZQ�UHJXODWHG�JHQHV�DQG�KLJK

VHQVLWLYLW\� GXH� WR� 3&5� DPSOLILFDWLRQ�� ,Q� DGGLWLRQ�� WKH� WLPH� UHTXLUHG� IRU

WKH� JLYHQ� VWXG\� LV� UHODWLYHO\� VKRUW� ZKHQ� FRPSDUHG� WR� VXEVWUDFWLRQ� OLEUDU\

FRQVWUXFWLRQ��+RZHYHU��WKHUH�DUH�VRPH�GLVDGYDQWDJHV�LQ�XVLQJ�GLIIHUHQWLDO�GLVSOD\

WHFKQLTXH�� 7KH� PDMRU� FRQFHUQV� DUH� WKH� KLJK� LQFLGHQFH� RI� IDOVH� SRVLWLYHV� DQG

WKH�ODERXU�LQWHQVLYH�QDWXUH�RI�WKLV�SURFHGXUH�IRU�ODUJH�VFDOH�VFUHHQLQJ��,Q�DGGLWLRQ�

WKH� F'1$� IUDJPHQWV� LVRODWHG� E\� WKLV� PHWKRG� DUH� W\SLFDOO\� VPDOO�� DQG� IUHTXHQWO\

ORFDWHG� LQ� WKH� ���XQWUDQVODWHG� UHJLRQ�� 7KHUHIRUH�� LQ� RUGHU� WR� LGHQWLI\� WKH

GLIIHUHQWLDOO\�H[SUHVVHG�JHQH��RQH�PD\�QHHG� WR�VFUHHQ�D�F'1$� OLEUDU\� WR� LVRODWH

WKH� IXOO�OHQJWK� F'1$� FORQH�� )LQDOO\�� WKHUH� LV� D� QXPEHU� RI� TXHVWLRQV� FRQVLGHULQJ

WKH� VHQVLWLYLW\� RI� WKH� PHWKRG� DQG� WKH� SUHIHUHQFH� LQ� GHWHFWLRQ� RI� GLIIHUHQWLDOO\

H[SUHVVHG�JHQHV��7KH�ILUVW�FRQVLGHUDWLRQ�LV�ZKHWKHU�WKH�PHWKRG�LV�DEOH�WR�XQFRYHU

ODUJH� FKDQJHV� LQ� WUDQVFULSWLRQ� RI� JHQHV� WKDW� DUH� QRUPDOO\� UHODWLYHO\� DEXQGDQW�

,W�KDV�EHHQ�VXJJHVWHG� WKDW� WKH�PHWKRG� LV�ELDV� WRZDUG�FORQLQJ�RI� ORZ�DEXQGDQFH

JHQHV� �*XLPDUDHV���������$�QXPEHU�RI�JHQHV��ZKLFK�DUH�QRUPDOO\�H[SUHVVHG� LQ

ORZ� OHYHOV�DQG�ZKRVH� WUDQVFULSWLRQ� LV� LQFUHDVHG�E\� IURP�����WR�VHYHUDO�KXQGUHG

SHU�FHQW�KDYH�EHHQ�LGHQWLILHG��/LYHVH\�DQG�+XQW���������7KH�VHFRQG�FRQVLGHUDWLRQ

LV�ZKHWKHU�WKH�WHFKQLTXH�GHWHFWV�RQO\�RQ�RII�DQG�VLPLODU�FKDQJHV�LQ�WUDQVFULSWLRQ�RU

ZKHWKHU� LW� LV� DEOH� WR� UHYHDO� WKH� FKDQJHV� VPDOOHU� WKDQ� �����2Q� WKH� RWKHU� KDQG�

VLJQLILFDQW� LPSURYHPHQWV� DQG� PRGLILFDWLRQV� KDYH� EHHQ� PDGH� WR� WKH� PHWKRG� DV

RULJLQDOO\� GHVFULEHG� �/LDQJ� DQG� 3DUGHH�� ������ LQ� RUGHU� WR� RYHUFRPH� VRPH� RI

WKH�H[LVWLQJ�SUREOHPV� LQ� WKLV� WHFKQLTXH��)RU�H[DPSOH��HPSKDVLV�KDV�EHHQ�SODFHG
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RQ� WKH� LPSRUWDQFH� RI�'1$�IUHH�51$� VDPSOHV� DQG�PXOWLSOH� GLVSOD\V� RI� VDPSOHV�

WKLV� UHGXFHV� WKH� IUHTXHQF\�RI� IDOVH�SRVLWLYHV� �/LDQJ�HW� DO��� ������� ORQJHU�SULPHUV

DUH� XVHG�� H�J�� ������ �PHUV�� LQ� VR� FDOOHG� HQKDQFHG� GLIIHUHQWLDO� GLVSOD\� �(''�

�/LQVNHQV�HW�DO����������WKLV�QRW�RQO\� LQFUHDVHV�WKH�UHSURGXFLELOLW\�RI�''��EXW�DOVR

DOORZV� GLUHFW� VHTXHQFLQJ� DIWHU� 3&5� DPSOLILFDWLRQ� �5HHYHV� HW� DO��� ������

WKH�SRWHQWLDO�KD]DUGRXV�QDWXUH�RI���6�DV�D�UDGLRODEHO�IRU�''�KDV�EHHQ�QRWHG�DQG

HLWKHU���3�RU���3�KDYH�EHHQ�UHFRPPHQGHG�DV�DOWHUQDWLYH�ODEHOV��7UHQWPDQQ�HW�DO��

������7RNX\DPD�DQG��7DNHGD���������XVH�RI�RQO\�WKUHH�GRZQVWUHDP�SULPHUV�ZLWK

RQO\�RQH�DQFKRU�EDVH�KDV�EHHQ�LQWURGXFHG��/LDQJ�HW�DO���������

,Q�DGGLWLRQ��RWKHU�VWUDWHJLHV�DLPHG�DW�GLVFRYHULQJ�QRYHO�JHQHV�HPHUJHG��VXFK�DV

PHWKRGRORJ\� RI� VHULDO� JHQH� H[SUHVVLRQ� �6$*(�� �9HOFXOHVFX� HW� DO��� ������ DQG

UHSUHVHQWDWLRQDO� GLIIHUHQFH� DQDO\VLV� �5'$�� �/LVLWV\Q� HW� DO��� ������� 0RUHRYHU�

WKH�PLFUR�DUUD\�WHFKQLTXH�EHFDPH�UHFHQWO\�DYDLODEOH�IRU�KLJK�WKURXJKSXW�DQDO\VLV

RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV��7KH�DSSOLFDWLRQ�RI�WKHVH�WHFKQLTXHV�ZLOO�IDFLOLWDWH

WKH� GLVFRYHU\� RI� QRYHO� WKHUDSHXWLF� WDUJHWV� DQG� ZLOO� KHOS� WR� XQGHUVWDQG� WKH

PROHFXODU� PHFKDQLVPV� RI� GLVHDVH�� +RZHYHU�� PRUH� RWKHU� VWHSV� FKDUDFWHULVLQJ

WKH�IXQFWLRQV�RI� WKH�SDUWLFXODU�JHQH�RI� LQWHUHVW�DUH�QHFHVVDU\� IRU� IXQFWLRQDO�VWXG\

DQG�WDUJHW�YDOLGDWLRQ�IRU�WKH�LPSRUWDQFH�RI�WKLV�JHQH�LQ�GLVHDVH�SURFHVVHV�

����%DVDO�P51$�H[SUHVVLRQ�SURILOH�RI�*$7���DQG�*$7��

7KH�SUHVHQW�ZRUN�FRQFHQWUDWHG�RQ�WKH�VWXG\�RI�&16�VSHFLILF� WUDQVSRUWHUV�*$7��

DQG�*$7����2QH�RI�WKH�DLPV�RI�WKH�SUHVHQW�VWXG\�ZDV�WR�DQDO\VH�WKH�GLVWULEXWLRQ

SDWWHUQ� RI� WKHVH� WUDQVSRUWHUV� LQ� WKH� UDW� EUDLQ�� 7KH� OHYHOV� RI� DSSURSULDWH�P51$V

ZHUH�GHWHFWHG�LQ�FRUWH[�IURQWDOLV��VWULDWXP��WKDODPXV��K\SRWKDODPXV��KLSSRFDPSXV�

FRUWH[� RFFLSLWDOLV�� PHGXOOD� REORQJDWD� DQG� FHUHEHOOXP� E\� PHDQV� RI� FRPSHWLWLYH

57�3&5��7KH�GHWHFWHG�H[SUHVVLRQ�RI�*$7���ZDV�PXFK�KLJKHU�WKDQ�WKDW�RI�*$7���

7KLV�LV�LQ�KDUPRQ\�ZLWK�WKH�K\SRWKHVLV�WKDW�*$7���LV�WKH�PDMRU�*$%$�WUDQVSRUWHU

LQ�PDPPDOLDQ�EUDLQ� �6PLWK�HW�DO����������*$7���P51$�ZDV�GHWHFWHG� LQ�DOO�EUDLQ

UHJLRQV�H[DPLQHG�DQG�LWV�H[SUHVVLRQ�OHYHOV�ZHUH�VLPLODU�LQ�DOO�UHJLRQV��7KHVH�GDWD

DUH� FRQVLVWHQW� ZLWK� LQ� VLWX� K\EULGLVDWLRQ� �'XUNLQ� HW� DO��� ������ DQG� LPPXQREORW
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VWXGLHV� �,NHJDNL� HW� DO��� ������ 6DLWR� DQG� 7DQDND�� ������ RQ� UDW� EUDLQ�� 7KH�*$7��

P51$�FRXOG�EH�DOVR�GHWHFWHG�LQ�DOO�EUDLQ�UHJLRQV�WHVWHG��+RZHYHU��*$7���P51$

VHHPHG�WR�EH�PRUH�UHJLRQ�VSHFLILF��7KH�VWURQJHVW�*$7���H[SUHVVLRQ�ZDV�GHWHFWHG

LQ� VWULDWXP�� PHGXOOD� REORQJDWD� DQG� WKDODPXV�� 9HU\� ORZ� OHYHOV� RI� *$7��� P51$

ZHUH�GHWHFWHG� LQ�FRUWH[� IURQWDOLV�DQG�FHUHEHOOXP��7KLV� UHJLRQDO�GLVWULEXWLRQ� ILWV� WR

H[SUHVVLRQ�SDWWHUQ�REWDLQHG�IURP� LQ�VLWX�K\EULGLVDWLRQ�DQG�:HVWHUQ�EORW�DQDO\VHV

�'XUNLQ�DW�DO���������,NHJDNL�HW�DO���������6DLWR�DQG�7DQDND��������

7KH� GLVWULEXWLRQ� RI� *$7��� P51$� FRUUHVSRQGV� FORVHO\� WR� WKDW� RI� *$%$HUJLF

QHXURQHV� �5DWWUD\� DQG� 3ULHVWOH\�� ������ %RUGHQ�� ������ DV� GHWHUPLQHG� E\� WKH

ORFDOLVDWLRQ�RI�*$%$�DQG�LWV�V\QWKHVLV�HQ]\PH�*$'��)XUWKHU��WKH�YDVW�PDMRULW\�RI

FHOOV�SRVLWLYH� IRU�*$7���P51$�KDYH� WKH�PRUSKRORJLFDO�DSSHDUDQFH�RI�QHXURQHV

�%RUGHQ���������7DNHQ�WRJHWKHU�� WKHVH�ILQGLQJV�VXJJHVW� WKDW�*$7��� LV�H[SUHVVHG

E\�*$%$HUJLF�QHXURQHV�DQG�DUH�WKXV�FRQVLVWHQW�ZLWK�SUHV\QDSWLF�PRGH�RI�DFWLRQ�

,Q�FRQWUDVW��WKHUH�DUH�FHUWDLQ�UHJLRQV�RI�WKH�EUDLQ�LQ�ZKLFK�WKHUH�LV�DQ�DSSDUHQW�ODFN

RI�FRQFRUGDQFH�EHWZHHQ�*$7���DQG�*$'�ORFDOLVDWLRQ��'XUNLQ�HW�DO���������6QRZ

HW�DO���������6ZDQ�HW�DO����������,Q�WKHVH�UHJLRQV��IRU�H[DPSOH�FRUWH[��VXEWKDODPLF

QXFOHXV�RU�YHQWUDO�KRUQ�RI�WKH�VSLQDO�FRUG��WKH�QHXURQHV�GR�QRW�V\QWKHVLVH�*$%$�

KRZHYHU�� WKH\� UHFHLYH� *$%$HUJLF� LQQHUYDWLRQ�� VXJJHVWLQJ� WKDW� *$7��� LQ� WKHVH

UHJLRQV� PD\� IXQFWLRQ� SRVWV\QDSWLFDOO\�� 0RUHRYHU�� *$7��� P51$� KDV� EHHQ

REVHUYHG� DOVR� LQ� JOLDO� FHOOV� LQ� WKH� UHWLQD� �%UHFKD� DQG�:HLJPDQQ�� ������� LQ� WKH

FHUHEHOOXP��5DWWUD\�DQG�3ULHVWOH\���������LQ�DGGLWLRQ��*$7���LPPXQRUHDFWLYLW\�KDV

EHHQ� REVHUYHG� LQ� JOLD� LQ� WKH� FHUHEHOOXP�� KLSSRFDPSXV� DQG� VXEVWDQWLD� QLJUD

�5DGLDQ�HW�DO���������

*$7��� P51$� LV� SUHVHQW� LQ� PDQ\� EUDLQ� DUHDV�� ([DPLQDWLRQ� RI� LWV� P51$

GLVWULEXWLRQ� E\� LQ� VLWX�K\EULGLVDWLRQ� UHYHDOHG� WZR� GLIIHUHQW� SDWWHUQV� �'XUNLQ� HW� DO��

������� ,Q� VRPH� EUDLQ� DUHDV� WKH� VLJQDO� ZDV� REVHUYHG� LQ� QHXURQHV�� KRZHYHU�� LQ

RWKHU�DUHDV�RI�WKH�EUDLQ�*$7���P51$�ODEHO�ZDV�GHWHFWHG�LQ�DVWURF\WHV��$GGLWLRQDO

VWXGLHV� VXSSRUW� WKH� K\SRWKHVLV� WKDW� *$7��� LV� SUHVHQW� LQ� ERWK� QHXURQHV� DQG

DVWURF\WHV��,WRXML�HW�DO���������%RUGHQ��������

7DNHQ� WRJHWKHU�� *$7��� LV� SUHGRPLQDQWO\� ORFDWHG� RQ� SUHV\QDSWLF� QHXURQHV�

KRZHYHU�LW�PD\�EH�DOVR�H[SUHVVHG�LQ�SRVWV\QDSWLF�QHXURQHV�DQG�JOLDO�FHOOV��*$7��

LV�DOVR�H[SUHVVHG� LQ�ERWK�QHXURQHV�DQG�JOLD��([SUHVVLRQ�RI�*$7���DQG�*$7��� LV

UHVWULFWHG� WR� &16� DQG� WKH\� DUH� H[SUHVVHG� LQ� QHXURQHV�� %HFDXVH� RI� WKLV�
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DOWHUQDWLRQV�LQ�H[SUHVVLRQ�RU�DFWLYLW\�RI�*$7���DQG�*$7���PD\�EH�LQYROYHG�LQ�WKH

PRGXODWLRQ� RI� *$%$HUJLF� WUDQVPLVVLRQ� LQ� GLIIHUHQW� SDWKRSK\VLRORJLFDO� VWDWHV�

,Q� WKH�SUHVHQW�ZRUN�� WZR�K\SRWKHVHV�ZHUH� WHVWHG��ZKHWKHU�*$7���DQG�RU�*$7��

P51$�OHYHOV�UDW�EUDLQ�DUH�DOWHUHG�LQ�NLQGOLQJ�PRGHO�RI�HSLOHSV\�RU�DIWHU� ORQJ�WHUP

WUHDWPHQW�ZLWK�GLD]HSDP�RU�]ROSLGHP��GUXJV�PRGXODWLQJ�*$%$HUJLF�WUDQVPLVVLRQ�

����*$7���DQG�*$7���LQ�DQLPDO�PRGHO�RI�HSLOHSV\

7KH� HSLOHSVLHV� FRQVWLWXWH� D� IDPLO\� RI� GLVRUGHUV� FKDUDFWHULVHG� E\� VSRQWDQHRXV

GLVWXUEDQFHV�LQ�WKH�QRUPDO�HOHFWULFDO�DFWLYLW\�RI�WKH�EUDLQ�DVVRFLDWHG�ZLWK�FKDQJHV

LQ�EHKDYLRXU��VHL]XUHV���7HPSRUDO�OREH�HSLOHSV\��7/(��LV�WKH�PRVW�FRPPRQ�IRUP�RI

WKLV� GLVHDVH� ����� RI� HSLOHSVLHV� LQ� DGXOW��� 'XULQJ� DQG� FROOHDJXHV� �'XULQJ� HW� DO��

������SURSRVHG� WKDW� QRQYHVLFXODU�*$%$� UHOHDVH�PHGLDWHG�E\� UHYHUVDO� RI�*$%$

WUDQVSRUWHU�PD\�EH� LPSRUWDQW� IRU� VXSSUHVVLQJ�VHL]XUH�DFWLYLW\��7KLV�K\SRWKHVLV� LV

VXSSRUWHG�E\�REVHUYDWLRQ�RI�GHFUHDVHG�JOXWDPDWH�LQGXFHG�UHOHDVH�RI�*$%$�GXH�WR

WKH� UHYHUVDO� IXQFWLRQLQJ� RI�*$%$� WUDQVSRUWHU� DQG� DOVR� GHFUHDVHG� QLSHFRWLF� DFLG

ELQGLQJ��D�*$%$�WUDQVSRUWHU�LQKLELWRU��LQ�DQLPDO�PRGHO�RI�7/(�

:KHWKHU�WKH�REVHUYHG�GHFUHDVH�LQ�ELQGLQJ�RI�QLSHFRWLF�DFLG�E\�*$%$�WUDQVSRUWHUV

LQ� NLQGOHG� DQLPDOV� LV� GXH� WR� DQ� DOWHUHG� H[SUHVVLRQ� RI� *$%$� WUDQVSRUWHUV� ZDV

WHVWHG� LQ� WKH�SUHVHQW�ZRUN�� 7KH�P51$� OHYHOV� RI�*$%$� WUDQVSRUWHUV�*$7��� DQG

*$7����WKH�RQO\�WUDQVSRUWHUV�VSHFLILFDOO\�H[SUHVVHG�LQ�WKH�&16��ZHUH�PHDVXUHG�LQ

KLSSRFDPSXV� DQG�ZKROH� EUDLQ� SUHSDUDWLRQV� IURP� NLQGOHG� DQLPDOV�� 6PDOO� EXW� QRW

VLJQLILFDQW� GHFUHDVH� LQ� *$7��� P51$� ZDV� GHWHFWHG� LQ� NLQGOHG� DQLPDOV� E\

FRPSHWLWLYH�57�3&5�LQ�ERWK�UHJLRQV�WHVWHG��1R�VLJQLILFDQW�FKDQJH�ZDV�GHWHFWHG�LQ

P51$� OHYHOV� RI� *$7��� WUDQVSRUWHU� LQ� DQ\� UHJLRQ� WHVWHG�� 7KHVH� UHVXOWV� DUH

FRQVLVWHQW� ZLWK� WKH� ILQGLQJV� RI� +HUQDQGH]� DQG� FR�ZRUNHUV� �+HUQDQGH]� HW� DO��

������� 7KH\� PHDVXUHG� DPLQR� DFLG� WUDQVSRUWHU� OHYHOV� LQ� WKH� EUDLQ� RI� HOHFWULFDOO\

NLQGOHG�DQLPDOV�� ,PPXQRF\WRFKHPLFDO�H[DPLQDWLRQ�ZDV�XVHG� IRU�GHWHFWLRQ�RI� WKH

FHOOXODU�GLVWULEXWLRQ�RI� WKH�*$%$�DQG�JOXWDPDWH�WUDQVSRUWHUV��2QO\�DQ� LQFUHDVH�RI

WKH� JOLDO� W\SH� RI� WKH� JOXWDPDWH� WUDQVSRUWHU� �*/7���� ZDV� GHWHFWHG�� 1R� VLJQLILFDQW
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FKDQJH�KDV�EHHQ�REVHUYHG�DIWHU�NLQGOLQJ�LQ�SURWHLQ�OHYHOV�RI�RWKHU�JOXWDPDWH�DQG�LQ

DQ\�RI�WKH�*$%$�WUDQVSRUWHUV�

7KHVH�GDWD�VXJJHVW� WKDW� WKH�REVHUYHG�GLPLQLVKHG�DFWLYLW\�RI�*$%$�WUDQVSRUWHU� LQ

KLSSRFDPSXV�RI�NLQGOHG�UDWV�LV�QRW�GXH�WR�WKH�GHFUHDVHG�H[SUHVVLRQ�RI�*$7���DQG

*$7��� JHQHV�� *$%$� WUDQVSRUWHU� DFWLYLW\� LV� DOVR� UHJXODWHG� SRVWWUDQVODWLRQDOO\�

7R�GDWH��KRZHYHU�� WKHUH� LV�QR� LQIRUPDWLRQ�DERXW� WKH� UHJXODWLRQ�RI�*$7���DFWLYLW\�

,Q� WKH� FDVH� RI�*$7���� WKH�PRGXODWLRQ� RI� DFWLYLW\� E\� SURWHLQ� NLQDVH�&� �3.&�� KDV

EHHQ� UHSRUWHG� �6DWR� HW� DO��� ������ IRU� UDW�*$7��� H[SUHVVHG� LQ�;HQRSXV� RRF\WHV�

0RGXODWLRQ� RI� XSWDNH� E\� 3.&� KDV� EHHQ� UHSRUWHG� IRU� D� QXPEHU� RI� WUDQVSRUWHUV

�6DWR� HW� DO��� ����E�� &RUH\� HW� DO��� ������ &DVDGR� HW� DO��� ������ &XVKPDQ� DQG

:DUG]DOD���������6WLPXODWLRQ�RI�3.&�H[HUWV�LWV�HIIHFWV�E\�FKDQJLQJ�WKH�QXPEHU�RI

IXQFWLRQDO� WUDQVSRUWHUV� H[SUHVVHG� RQ� WKH� SODVPD� PHPEUDQH� �4LDQ� HW� DO��� �����

4XLFN�HW�DO���������'DYLV�HW�DO���������

,Q� DGGLWLRQ� WR� DFWLYLW\� RI� *$%$� WUDQVSRUWHUV�� DOVR� FKDQJHV� LQ� *$'� DQG� *$%$$

UHFHSWRUV� LQ� DQLPDO� PRGHOV� RI� HSLOHSV\� KDYH� EHHQ� REVHUYHG�� 'HFUHDVH� LQ

*$%$HUJLF� WUDQVPLVVLRQ� RFFXUV� SULPDULO\� LQ� HSLOHSWRJHQLF� KLSSRFDPSXV�

$� UHFRYHU\� FDQ� EH� REVHUYHG� DIWHU� VRPH� ZHHNV� �)UDQFN� HW� DO��� ������� 7KHVH

ILQGLQJV�DUH�VXSSOHPHQWHG�E\�QHXURFKHPLFDO�VWXGLHV�VKRZLQJ�DQ� LQLWLDO�GHFUHDVH

LQ�JOXWDPDWH�GHFDUER[\ODVH�DFWLYLW\� LQ�KLSSRFDPSXV�RI�NLQGOHG�DQLPDOV� �6SHUN�HW

DO����������7KLV�GHFUHDVH�LQ�DFWLYLW\�RI�WKH�NH\�HQ]\PH�LV�SUREDEO\�GXH�WR�WKH�ORVV

RI� D� VXESRSXODWLRQ� RI� *$%$HUJLF� QHXURQHV� DIWHU� WKH� VHL]XUHV� �/HKPDQQ� HW� DO��

������ 6SHUN� HW� DO��� ������ 2EHQDXV� HW� DO��� ������� $W� ODWHU� LQWHUYDOV�� KRZHYHU�

LQFUHDVHG� DFWLYLW\� RI� *$'� LQ� KLSSRFDPSXV� DQG� FRUWH[� �(VFODSH]� DQG� +RXVHU�

������'DYHQSRUW�HW�DO���������0DUNVWHLQHU�HW�DO���������DQG�LQFUHDVHG�H[SUHVVLRQ

RI� WKH� UHVSHFWLYH� P51$V� �6FKZDU]HU� DQG� 6SHUN�� ������ )HOGEOXP� HW� DO��� �����

LQGLFDWH�DXJPHQWHG�*$%$HUJLF�DFWLYLW\� LQ�VXUYLYLQJ�QHXURQHV��6WXGLHV�RQ�*$%$$

UHFHSWRUV�REVHUYHG�DQ� LQFUHDVHG�*$%$$� UHFHSWRU�ELQGLQJ� LQ� WKH�KLSSRFDPSXV�RI

HOHFWULFDOO\� DQG� FKHPLFDOO\� NLQGOHG� DQLPDOV� �)ULWVFK\� HW� DO��� ������ 7LWXDOHU� HW� DO��

�������0RUHRYHU��DQ� LQFUHDVH� LQ�QXPEHU�RI� V\QDSWLF�*$%$$� UHFHSWRUV�KDV�EHHQ

GHWHFWHG� LQ� KLSSRFDPSXV� RI� HOHFWULFDOO\� NLQGOHG� UDWV� �1XVVHU� HW� DO��� ������� $OVR

FKDQJHV�LQ�H[SUHVVLRQ�RI�GLVWLQFW�*$%$$�UHFHSWRU�VXEXQLWV�KDYH�EHHQ�UHSRUWHG�IRU

UDW�KLSSRFDPSXV�DIWHU�FKHPLFDO�NLQGOLQJ��6FKZDU]HU�HW�DO���������.DPSKLXV�HW�DO��

�����&ODUN�HW�DO���������
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7KHVH� GDWD� VXJJHVW� WKDW� LQ� VSLWH� RI� VRPH� ORVV� RI� *$%$� QHXURQHV� ZLWKLQ

KLSSRFDPSXV�� VXUYLYLQJ� *$%$� QHXURQHV� PD\� EH� FDSDEOH� WR� HQKDQFH� WKH

V\QWKHVLV� RI� WUDQVPLWWHU� DQG� DOVR� UHFRYHU� WKH� *$%$$� UHFHSWRU� IXQFWLRQ� E\

LQFUHDVLQJ� WKH� WUDQVFULSWLRQ� RI� DSSURSULDWH� JHQHV�� 7KHVH� FKDQJHV� LQ� JHQH

H[SUHVVLRQ� WRJHWKHU�ZLWK� WKH�GHFUHDVH� LQ� WKH� DFWLYLW\� RI�*$%$� WUDQVSRUWHUV�PD\

LPSO\� SRWHQW� FRPSHQVDWRU\�PHFKDQLVPV� DJDLQVW� WKH� LQFUHDVHG� QHXURQDO� DFWLYLW\

LQ�WKH�FKURQLF�HSLOHSWLF�VWDWH�

���� *$7��� DQG� *$7��� DIWHU� FKURQLF� WUHDWPHQW� ZLWK� GLD]HSDP� RU
]ROSLGHP

������7UHDWPHQW

,Q� WKH� SUHVHQW� VWXG\�� WKH� RUDO� DGPLQLVWUDWLRQ� RI� WKH� GUXJV� ZDV� XVHG�� 7KH� GUXJV

ZHUH� DGPLQLVWHUHG� YLD� WKH� GULQNLQJ� ZDWHU�� 7KH� DGYDQWDJH� RI� WKLV� PHWKRG� LV

WKH�VWUHVV�IUHH�DSSOLFDWLRQ�RI�WKH�GUXJ��:LWK�UHVSHFW�WR�WKH�IDVW�URGHQW�PHWDEROLVP�

WKH�GDLO\� GRVH�RI� GLD]HSDP�RI����PJ�NJ�ZDV�XVHG�ZKLFK� LV� ��� WLPHV� WKH�PJ�NJ

DQ[LRO\WLF� GRVH� IRU� GLD]HSDP� LQ� KXPDQV� �+XWFKLQVRQ� HW� DO��� ������ DQG

DSSUR[LPDWHO\� �� WLPHV� WKH� DFXWH� �LQMHFWLRQ�� DQ[LRO\WLF� GRVH� LQ� UDWV� �6FKPLWW� DQG

+LHPNH���������$QRWKHU�DGYDQWDJH�RI�WKH�GUXJ�DGPLQLVWUDWLRQ�YLD�GULQNLQJ�ZDWHU�LV

WKH�GLYLVLRQ�RI�WKH�GDLO\�GRVH�LQ�VHYHUDO�VPDOOHU�GRVHV��7KH�UDWV�GR�QRW�GULQN�RQO\

RQFH�EXW� VHYHUDO� WLPHV�GXULQJ� WKHLU� DFWLYH� SHULRG� DQG� VR� GLYLGH� WKHLU� GDLO\�ZDWHU

FRQVXPSWLRQ� LQ� VHYHUDO� SDUWV� �6SDQDJHO� HW� DO��� �������7KLV� LQFUHDVHG� QXPEHU� RI

GULQNLQJ�VHVVLRQV�GLYLGHV�WKH�GDLO\�GUXJ�GRVH��ZKLFK�LV�VHGDWLYH�ZKHQ�DGPLQLVWHUHG

DFXWHO\��0DWVXEDUD�DQG�0DWVXVKLWD��������� LQ�VHYHUDO�VPDOOHU�GRVHV��7KLV�ZD\�RI

DGPLQLVWUDWLRQ�VLPXODWHG�WKH�RUDO�DGPLQLVWUDWLRQ�LQ�KXPDQV�ZLWK�VHYHUDO�DSSOLFDWLRQ

WLPH�SRLQWV�RYHU�WKH�GD\�

7KH�DPRXQW�RI�FRQVXPHG�ZDWHU�ZDV�FRQWUROOHG�HYHU\�GD\�DQG�WKH�ERG\�ZHLJKW�RI

UDWV� HYHU\� WKLUG� GD\�� 7KHUH� ZDV� QR� VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ� WKH� WUHDWPHQW

JURXSV��0RUHRYHU�� WKH�REWDLQHG�ZDWHU�FRQVXPSWLRQ�DQG�ERG\�ZHLJKW� GDWD�DUH� LQ

DFFRUGDQFH�ZLWK�WKH�GDWD�SURYLGHG�E\�+DUODQ�:LQNHOPDQQ�&RPSDQ\�IRU�WKH�UDWV�RI
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39*� VWUDLQ�� 7KHVH� GDWD� VKRZ� WKDW� WKHUH� ZDV� QR� GHSULYDWLRQ� HIIHFW� FDXVHG� E\

WKH�GUXJ�WUHDWPHQW�

,Q�PDQ\� DQLPDO� VWXGLHV�� LQMHFWLRQV� RI� GUXJ� �LQWUDSHULWRQHDO�� VXEFXWDQ�� RU� VLODVWLF

LPSODQWV� KDYH� EHHQ� XVHG� IRU� WKH� WUHDWPHQW�� 7KH� URXWH� RI� DGPLQLVWUDWLRQ� LV� DOVR

GLIIHUHQW� IURP� WKH� KXPDQ� FOLQLFDO� XVH� RI� EHQ]RGLD]HSLQHV�� +XPDQV� XVXDOO\� WDNH

EHQ]RGLD]HSLQHV� RUDOO\�� OHDGLQJ� WR� VLJQLILFDQW� ILUVW�SDVV� PHWDEROLVP� E\� WKH� OLYHU�

7KLV� PHDQV� WKDW� DFWLYH� PHWDEROLWHV� FDQ� KDYH� D� VLJQLILFDQW� LPSDFW� RQ� WKH

EHKDYLRXUDO�HIIHFWV�RI� WKH�GUXJ��5RGHQWV�� WKH�PRVW� IUHTXHQWO\� XVHG� WHVW� DQLPDOV�

PHWDEROLVH�EHQ]RGLD]HSLQHV�YHU\�UDSLGO\�FRPSDUHG�WR�KXPDQV��.ORW]�HW�DO��������

*UHHQEODWW�HW�DO���������)ULHGPDQ�HW�DO����������'LD]HSDP�KDV�D�PHDQ�HOLPLQDWLRQ

KDOI�OLIH�RI������KU�LQ�KXPDQV�DQG�����KU�LQ�UDWV��.ORW]�HW�DO����������%HFDXVH�RI�WKLV�

WKH�GUXJ�GRVHV�PXFK�KLJKHU�WKDQ�LQ�KXPDQV�KDYH�WR�EH�XVHG�LQ�WHVWV�ZLWK�URGHQWV�

2QH�ZD\� RI� RYHUFRPLQJ� WKH� UDSLG� URGHQW�PHWDEROLVP� LV� WR� HPSOR\� GLYLGHG� GDLO\

LQWUDSHULWRQHDO� LQMHFWLRQV� RU� RUDO� DGPLQLVWUDWLRQ� �6PLWK� DQG� 'DUOLQJWRQ�� ������

'LYLGLQJ� WKH� GDLO\� GRVH� UHVXOWV� LQ� VPDOOHU� IOXFWXDWLRQV� LQ� EHQ]RGLD]HSLQH� SODVPD

OHYHOV�� DQG� ORQJHU� SHULRGV� RI� *$%$$� UHFHSWRU� RFFXSDWLRQ�� WKDQ� D� VLQJOH� EROXV

GRVH�

������%HKDYLRXUDO�DQDO\VLV

)RU� WKH� DQDO\VLV� RI� EHKDYLRXUDO� HIIHFWV�� WKH� RSHQ� ILHOG� DQG� HOHYDWHG� SOXV�PD]H

WHVWV�ZHUH�XVHG��%RWK�PHWKRGV�UDQN�DPRQJ�HWKRORJLF�WHVW�PRGHOV��7KH�DGYDQWDJH

RI�WKHVH�WHVWV�LV�WKH�DQDO\VLV�RI�QDWXUDO�EHKDYLRXU�RI�DQLPDOV�DQG�WKHUHIRUH��WKHUH�LV

QR�QHHG�RI�OHDUQLQJ�DQG�WUDLQLQJ�SHULRG�SULRU�WR�WKH�WHVW��7KH�GLVDGYDQWDJH�RI�WKHVH

WHVWV� LV� KDELWXDWLRQ� RI� WKH� DQLPDOV� WR� WKH� HQYLURQPHQW� RI� WKH� WHVW� DUHQD� DQG

EHFDXVH� RI� WKLV�� LW� LV� SRVVLEOH� WR� WHVW� HDFK� DQLPDO� RQO\� RQFH� LQ� HDFK� DUHQD�

)RU� WKH�UHSHDWHG� WHVWLQJ�RI� WKH�DQLPDOV�� ORQJ� WLPH�SHULRG�KDV� WR�EH�EHWZHHQ� WZR

WHVWV��)HUQDQGHV�DQG�)LOH��������)LOH��������

,Q�ERWK�WHVWV�XVHG��WKH�EDVDO�DFWLYLW\�RI� WKH�DQLPDOV�ZDV�DQDO\VHG�DQG�WKHUH�ZDV

QR�VLJQLILFDQW�GLIIHUHQFH�REVHUYHG�EHWZHHQ�GLIIHUHQW�WUHDWPHQW�JURXSV��,Q�DGGLWLRQ

WR�EDVDO�DFWLYLW\��H[SORUDWLRQ�EHKDYLRXU�ZDV�DQDO\VHG�LQ�WKH�RSHQ�ILHOG�DQG�DQ[LHW\

UHODWHG�EHKDYLRXU�ZDV�DQDO\VHG� LQ� WKH�HOHYDWHG�SOXV�PD]H��8QOLNH�EDVDO�DFWLYLW\�
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WKHUH� ZHUH� FKDQJHV� REVHUYHG� LQ� H[SORUDWLRQ� EHKDYLRXU�� %RWK� ]ROSLGHP�WUHDWHG

JURXSV�VKRZHG�VLJQLILFDQWO\� LQFUHDVHG�QXPEHU�RI�HQWULHV�LQWR�WKH�FHQWUH��ZKLFK�LV

DQDO\VHG�DV�DQ�LQFUHDVHG�H[SORUDWLRQ�RI�WKH�DUHQD��'LD]HSDP�WUHDWHG�DQLPDOV�GLG

QRW� VKRZ� DQ\� FKDQJH� LQ� WKLV� SDUDPHWHU�� )XUWKHUPRUH�� DFXWHO\� DQG� FKURQLFDOO\

GLD]HSDP�WUHDWHG� DQLPDOV� VSHQW� PRUH� WLPH� ZLWK� PRYLQJ� WKDQ� FRQWURO� JURXS�

+RZHYHU�� GHVSLWH� RI� WKH� LQFUHDVHG� PRYHPHQW� WLPH�� GLD]HSDP�WUHDWHG� DQLPDOV

PRYHG� IRU� FRPSDUDEOH� GLVWDQFH� DV� FRQWUROV�� 7KLV� LQFUHDVH� LQ� WKH� WLPH� VSHQW� IRU

PRYHPHQW�ZKLFK�GRHV�QRW�UHVXOWV�LQ�WKH�LQFUHDVH�RI�WKH�GLVWDQFH�FDQ�EH�H[SODLQHG

E\�WKH�LQFUHDVH�RI�QXPEHU�RI�VPDOO�PRYHPHQWV��H�J��UHDUV�RU�VQLIILQJ��ZKLFK�GR�QRW

UHVXOW� LQ� H[WHQVLRQ� RI� WKH� SDWK� OHQJWK�� 7KHVH� PRYHPHQWV� DOVR� UDQJ� DPRQJ

H[SORUDWLRQ�DFWLYLWLHV��+HQFH��WKH�LQFUHDVH�RI��WLPH�PRYLQJ��ZLWKRXW�SURORQJDWLRQ�RI

WKH�SDWK�OHQJWK�LV�FDXVHG�E\�LQFUHDVH�LQ�H[SORUDWLRQ�DFWLYLWLHV�

,Q�RSSRVLWH� WR�GLD]HSDP�WUHDWPHQW�� WKH�]ROSLGHP�WUHDWHG�DQLPDOV�VSHQW� OHVV� WLPH

ZLWK�PRYLQJ� WKDQ� FRQWUROV�� KRZHYHU�� ZLWKRXW� DOWHULQJ� WKH� WRWDO� �GLVWDQFH�PRYHG��

=ROSLGHP�WUHDWHG� DQLPDOV� VKRZHG� LQFUHDVHG� QXPEHU� RI� HQWULHV� LQWR� WKH� FHQWUH

]RQH� RI� WKH� WHVW� DUHQD�� 7KH� FHQWUH� ]RQH� LV� PRUH� OLW� WKDQ� WKH� ERUGHU� SDUWV�

7KH� H[SORUDWLRQ� RI� WKLV� ]RQH� E\� UDWV� LV� FKDUDFWHULVHG� E\� FDUHIXO� HQWHULQJ� DQG

H[SORULQJ� WKH�FHQWUH� IROORZHG�E\� IDVW� OHDYLQJ� WKLV� ]RQH�EDFN� WR� WKH� �VDIH�� GDUNHU

FRUQHU�DQG�ERUGHU�DUHDV��7KHUHIRUH��UHDFKLQJ�WKH�FRPSDUDEOH�YDOXHV�RI��GLVWDQFH

PRYHG��E\�]ROSLGHP�WUHDWHG�DQLPDOV�GHVSLWH�RI�WKH�GHFUHDVH�LQ�WKH�WLPH�VSHQW�IRU

PRYLQJ�FRPSDUHG�WR�WKH�FRQWUROV�FDQ�EH�H[SODLQHG�E\�WUDQVLHQW�LQFUHDVH�LQ�VSHHG

RI�WKH�PRYHPHQW�

,Q� DQ[LHW\� UHODWHG� SDUDPHWHUV�� QR� VLJQLILFDQW� FKDQJH� FRPSDUHG� WR� FRQWUROV� ZDV

GHWHFWHG� DIWHU� ]ROSLGHP� WUHDWPHQW�� )URP�GLD]HSDP�WUHDWHG�DQLPDOV�� RQO\� DFXWHO\

WUHDWHG� DQLPDOV� VKRZHG� D� GHFUHDVH� LQ� DQ[LHW\�OLNH� EHKDYLRXU�� 7KH� FKURQLFDOO\

GLD]HSDP�WUHDWHG�DQLPDOV�GLG�QRW�VKRZ�DQ\�FKDQJH� LQ� WKH�DQDO\VHG�SDUDPHWHUV�

7KLV� GLIIHUHQFH� LQ� HIIHFWV� VXJJHVWV� GHYHORSPHQW� RI� WROHUDQFH� DIWHU� FKURQLF

GLD]HSDP�WUHDWPHQW��7KLV�K\SRWKHVLV�ZDV�FRQILUPHG�E\� WHVWLQJ�RI�GRXEOH� WUHDWHG

DQLPDOV�� ,Q� WKLV� JURXS�� WKH� DFXWH� DGPLQLVWUDWLRQ� RI� GLD]HSDP� ZDV� QRW� DEOH� WR

GHFUHDVH�WKH�DQ[LHW\�UHODWHG�SDUDPHWHUV�DV�LQ�DFXWHO\�WUHDWHG�DQLPDOV��7KHUHIRUH�

WKH� ORVV� RI� DQ[LRO\WLF� HIIHFW� RI� DFXWH� GLD]HSDP� WUHDWPHQW� IROORZLQJ� WKH� FKURQLF
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GLD]HSDP�WUHDWPHQW�VKRZHG�WKDW�WROHUDQFH�GHYHORSHG�WR�GLD]HSDP�HIIHFWV�GXULQJ

WKH�ORQJ�WHUP�DGPLQLVWUDWLRQ�

7DNHQ� WRJHWKHU�� LQ� ERWK� WHVWV�� WKH� FKURQLF� WUHDWPHQW� ZLWK� QHLWKHU� GLD]HSDP� QRU

]ROSLGHP�GLG�DIIHFW�WKH�EDVDO�DFWLYLW\�RI�DQLPDOV��7KH�REWDLQHG�GDWD�VKRZ�LQFUHDVH

LQ� WKH� H[SORUDWLRQ� DFWLYLW\�� ,Q� HDFK� WUHDWPHQW� JURXS�� WKHUH� ZDV� DOZD\V� RQO\� RQH

SDUDPHWHU�FKDQJHG�VLJQLILFDQWO\�FRPSDUHG�WR�WKH�FRQWURO��+RZHYHU��WKHVH�GDWD�DUH

LQ� FRQFRUGDQFH� ZLWK� VWXG\�� ZKLFK� VKRZHG� GLIIHUHQWLDO� LQIOXHQFH� RI� H[SORUDWLRQ

DFWLYLWLHV� RI� UDWV� E\� GLD]HSDP� DQG� ]ROSLGHP� �6FKPLWW� DQG� +LHPNH�� ������

,Q� WKH� DQ[LHW\� UHODWHG� SDUDPHWHUV�� ]ROSLGHP� WUHDWPHQW� GLG� QRW� FDXVH� FKDQJHV

QHLWKHU� DIWHU� DFXWH� QRU� DIWHU� FKURQLF� DGPLQLVWUDWLRQ�� 7KH� FKURQLFDOO\� GLD]HSDP�

WUHDWHG� JURXSV� UHYHDOHG� QR� GLIIHUHQFH� IURP� FRQWUROV� LQ� FRQWUDVW� WR� WKH� DFXWHO\

GLD]HSDP�WUHDWHG� JURXS�� 7KH�PLVVLQJ� RI� WKH� DQ[LRO\VLV� LQ� FKURQLFDOO\� GLD]HSDP�

WUHDWHG� DQLPDOV� FRQILUPV� WKH� GHYHORSPHQW� RI� WROHUDQFH� WR� DQ[LRO\WLF� HIIHFW� RI

GLD]HSDP�GXULQJ�WKH�FKURQLF�WUHDWPHQW�

'UXJ� WROHUDQFH�PD\� OHDG� WR� GRVH� HVFDODWLRQ� DQG� LQFUHDVHG� ULVN� RI� SK\VLRORJLFDO

GHSHQGHQFH��7KHUH�DUH�VHYHUDO�VWXGLHV�DQDO\VLQJ�WKH�WROHUDQFH�SURGXFLQJ�HIIHFWV

RI� ]ROSLGHP�� 7KH� SUH�FOLQLFDO� VWXGLHV� FRQGXFWHG� ZLWK� URGHQWV� VXJJHVWHG� WKDW

WROHUDQFH�GRHV�QRW�GHYHORS� WR�EHKDYLRXUDO� HIIHFWV� RI� ]ROSLGHP� �&R[� HW� D��� �����

3HUUDXOW� HW� DO��� ������ 6DQJHU� DQG� =LYNRYLF�� ������ 6DQJHU� DQG� =LYNRYLF�� ������

7KH�UHVXOWV�RI�D�VWXG\�FRQGXFWHG�ZLWK�QRQ�KXPDQ�SULPDWHV��EDERRQV��VXJJHVWHG

WKDW�UHSHDWHG�DGPLQLVWUDWLRQV�RI�]ROSLGHP�SURGXFH�WROHUDQFH��6HYHUDO�FOLQLFDO�WULDOV

WKDW� DVVHVVHG� WKH� HIILFDF\� RI� ]ROSLGHP� IDLOHG� WR� ILQG� WROHUDQFH� WR� LWV� HIIHFWV

IROORZLQJ� UHSHDWHG� DGPLQLVWUDWLRQ� �)DLUZHDWKHU� HW� DO��� �����3RLUULHU� HW� DO��� �����

5RJHU�HW�DO���������6FKDUI�HW�DO���������6FKOLFK�HW�DO��������6KDZ�HW�DO����������2QO\

RQH� VWXG\� ZLWK� KXPDQV� VXJJHVWHG� WKDW� WROHUDQFH� GHYHORSV� WR� WKH� HIIHFWV

RI�]ROSLGHP��:DUH�HW�DO���������

7KHUH�LV�D�QXPEHU�RI�VWXGLHV�RQ�DQLPDOV�DERXW�HIIHFWV�RI�UHSHDWHG�DGPLQLVWUDWLRQ

RI� EHQ]RGLD]HSLQHV�� 7KHUH� LV� D� ODUJH� ERG\� RI� HYLGHQFH� ZKLFK� GRFXPHQWV

WKH� GHYHORSPHQW� RI� WROHUDQFH� WR� PXVFOH� UHOD[DQW�� ORFRPRWRU� DFWLYLW\� DQG

DQWLFRQYXOVDQW� HIIHFWV� RI� EHQ]RGLD]HSLQHV� ZLWKLQ� ���� ZHHNV� RI� FRQWLQXRXV

DGPLQLVWUDWLRQ� �UHYLHZHG� LQ�+XWFKLQVRQ�HW�DO��� �������0RVW�RI� WKH� VWXGLHV�DJUHHG

WKDW� WROHUDQFH� WR�PXVFOH� UHOD[DQW� HIIHFWV� GHYHORSV� UHODWLYHO\� TXLFNO\� �ZLWKLQ� ����
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GD\V��DW�D�ZLGH�UDQJH�RI�GRVHV��2UDO�DGPLQLVWUDWLRQ�RI�GLD]HSDP�LQ�ZLGH�UDQJH�RI

GRVHV� �������� PJ�NJ�� FDXVHG� WROHUDQFH� LQ� UDW� ZLWKLQ� �� GD\V� �0DWVXEDUD� DQG

0DWVXVKLWD�� �������%HQ]RGLD]HSLQHV�KDYH� VHGDWLYH�HIIHFWV� RQ� ORFRPRWRU� DFWLYLW\�

+RZHYHU�� DW� ORZHU� GRVHV� ZLWK� VRPH� EHQ]RGLD]HSLQHV� WKH� DFXWH� DGPLQLVWUDWLRQ

FDXVHV� LQFUHDVH� LQ� DFWLYLW\� RI� WKH� DQLPDOV� �0DWVXEDUD� DQG� 0DWVXVKLWD�� ������

7KH�PDMRULW\�RI�VWXGLHV�WHVWLQJ�WKH�DFWLYLW\�RI�DQLPDOV�KDYH�REVHUYHG�GHYHORSPHQW

RI�WROHUDQFH�WR�HIIHFWV�LQIOXHQFLQJ�WKH�DFWLYLW\�FDXVHG�E\�EHQ]RGLD]HSLQHV�IROORZLQJ

�����GD\V�RI� WUHDWPHQW��'LD]HSDP�DGPLQLVWUDWHG�DFXWHO\� LQ� D�GRVH�RI� ����PJ�NJ

LQFUHDVHG� WKH� DFWLYLW\� RI� WKH� UDWV� �0DWVXEDUD� DQG� 0DWVXVKLWD�� ������� 7KH� VDPH

GRVH� DGPLQLVWUDWHG� RUDOO\� IRU� ��� GD\V� GLG� QRW� GHYHORS� WROHUDQFH� WR� WKLV� HIIHFW

�0DWVXEDUD� DQG� 0DWVXVKLWD�� ������� +RZHYHU�� LQWUDSHULWRQHDO� LQMHFWLRQV� RI� ���

PJ�NJ�RI�GLD]HSDP�FDXVHG�ZLWKLQ������GD\V�GHYHORSPHQW�RI�WROHUDQFH�WR�LWV�HIIHFW

LQ�LQFUHDVLQJ�RI�H[SORUDWLRQ�DFWLYLW\��)LOH�DQG�)HUQDQGHV��������+DUUR�HW�DO���������

'LD]HSDP�DGPLQLVWHUHG� LQ�D�GRVH�RI� ��� ����PJ�NJ�GHFUHDVHG� WKH�DFWLYLW\� RI� WKH

DQLPDOV��5HSHDWHG�RUDO�WUHDWPHQW�ZLWK����PJ�NJ�RI�GLD]HSDP�FDXVHG�GHYHORSPHQW

RI� WROHUDQFH� WR� WKH� VHGDWLYH�HIIHFW� RI� GLD]HSDP�DOUHDG\� DIWHU� ��GD\V� �0DWVXEDUD

DQG�0DWVXVKLWD���������7KH�VWXGLHV�DERXW�GHYHORSPHQW�RI� WROHUDQFH� WR�DQ[LRO\WLF

HIIHFWV�RI�EHQ]RGLD]HSLQHV�REWDLQHG�GLIIHUHQW� UHVXOWV��:KLOH�D�QXPEHU�RI� VWXGLHV

GHPRQVWUDWHG�WKDW�WROHUDQFH�GHYHORSHG��9HOOXFFL�DQG�)LOH��������7UHLW�������)LOH�HW

DO���������'DYLV�DQG�*DOODJHU��������,VKLKDUD�HW�DO���������/XVFRPEH�HW�DO���������

WKHUH� DUH� DOVR� VWXGLHV� WKDW� IDLOHG� WR� REWDLQ� WKH� HYLGHQFH� RI� WROHUDQFH� �6DQVRQH�

������ +DUUR� HW� DO��� ������ +LM]HQ� HW� DO��� ������� 'LD]HSDP� DGPLQLVWHUHG� WR� UDWV

LQWUDSHULWRQHDOO\� LQ� GRVH� RI� ��PJ�NJ� GLG� QRW� FDXVH� WROHUDQFH� DIWHU� ����� GD\V� RI

WUHDWPHQW� �'DYLV�DQG�*DOODJHU��������+DUUR�HW�DO��� �������+RZHYHU��GLD]HSDP� LQ

GRVH�RI����PJ�NJ�FDXVHG�WROHUDQFH�WR�DQ[LRO\WLF�HIIHFWV�DIWHU�DOUHDG\���GD\V��'DYLV

DQG� *DOODJHU�� ������� 0RUHRYHU�� GLD]HSDP� LQ� GRVH� RI� �� PJ�NJ� DGPLQLVWHUHG

FRQWLQXRXVO\� YLD� VLODVWLF� FDSVXOHV� FDXVHG� WROHUDQFH� WR� LWV� HIIHFWV� DIWHU� �� GD\V� LQ

RSSRVLWH�RI� WKH� VDPH�GRVH�DGPLQLVWHUHG�E\� LQWUDSHULWRQHDO� LQMHFWLRQV� �'DYLV� DQG

*DOODJHU���������7KH�GLVFUHSDQF\�EHWZHHQ�WKHVH�ILQGLQJV�FDQ�EH�SDUWO\�H[SODLQHG

E\� WKH� W\SH� RI� EHQ]RGLD]HSLQH� HPSOR\HG�� WKH� GRVH� XVHG�� DQG� E\� URXWH� DQG

GXUDWLRQ� RI� DGPLQLVWUDWLRQ�� 7KH� IDFWRUV� LQFUHDVLQJ� WKH� OLNHOLKRRG� RI� DQ[LRO\WLF

WROHUDQFH� DUH� ORQJHU� KDOI�OLIH� RI� WKH� GUXJ�� KLJKHU� GRVH� DQG� FRQWLQXRXV

DGPLQLVWUDWLRQ�� 7KHVH� IDFWRUV� DUH� FRQVLVWHQW� ZLWK� WKH� VXJJHVWLRQ� WKDW� *$%$$
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UHFHSWRU�RFFXSDWLRQ� IRU� ORQJHU�SHULRGV�PD\�EH� LPSRUWDQW� IRU� WKH�GHYHORSPHQW� RI

WROHUDQFH��'DYLV�DQG�*DOODJHU��������

�������*$7���DQG�*$7���P51$�H[SUHVVLRQ

3URORQJHG�DGPLQLVWUDWLRQ�RI�EHQ]RGLD]HSLQHV�LQ�YLYR�LV�NQRZQ�WR�HYRNH�WROHUDQFH

DQG� GHSHQGHQFH�� LPSO\LQJ� WKH� H[LVWHQFH� RI� HQGRJHQRXV�PHFKDQLVPV� UHJXODWLQJ

WKH� LQWHUDFWLRQ� RI� VXFK� PRGXODWRUV� ZLWK� WKH� *$%$$� UHFHSWRUV�� 7KH� PROHFXODU

PHFKDQLVPV�XQGHUO\LQJ� WKH�GHYHORSPHQW�RI� WROHUDQFH� WR�%=�DUH�QRW�XQGHUVWRRG�

,Q� WKH� SUHVHQW� ZRUN�� RQH� DLP� ZDV� WR� WHVW� WKH� K\SRWKHVLV�� ZKHWKHU� FKDQJHV� LQ

*$%$� WUDQVSRUWHU� P51$� H[SUHVVLRQ� DUH� DFFRPSDQ\LQJ� WKH� ORQJ�WHUP� %=

DGPLQLVWUDWLRQ��7KH�P51$�OHYHOV�RI�*$7���DQG�*$7���ZHUH�GHWHFWHG�DIWHU�FKURQLF

GLD]HSDP�RU�]ROSLGHP�WUHDWPHQW��'LD]HSDP� LV�D�FODVVLFDO�EHQ]RGLD]HSLQH�DQG� LV

NQRZQ�WR�FDXVH�WROHUDQFH�ZKHQ�DGPLQLVWHUHG�FKURQLFDOO\��DV�LW�DOVR�ZDV�VKRZQ�LQ

WKH�SUHVHQW�ZRUN��=ROSLGHP� LV�DQ� LPLGD]RS\ULGLQH��ZKLFK�ELQGV� WR� WKH�%=�ELQGLQJ

VLWH�RQ�*$%$$�UHFHSWRUV�DQG�LV�UHSRUWHG�WR�KDYH�D�OLWWOH�WROHUDQFH�OLDELOLW\��,W�GLIIHUV

IURP�GLD]HSDP�DOVR� LQ� LWV�SKDUPDFRORJ\��E\�ELQGLQJ�ZLWK�KLJK�DIILQLW\�RQO\� WR�%=

ELQGLQJ�VLWH�RI�a��VXEXQLW�FRQWDLQLQJ�*$%$$�UHFHSWRUV��7KHUH�DUH�RQO\�WZR�VWXGLHV

VXJJHVWLQJ� WKH� WROHUDQFH� SRWHQWLDO� RI� ]ROSLGHP�� 7KHVH� WZR� VXEVWDQFHV� ZHUH

FRPSDUHG� ZLWK� UHVSHFW� WR� WKHLU� HIIHFWV� RQ� *$%$� WUDQVSRUWHU� P51$� SURGXFWLRQ�

7KH�P51$�OHYHOV�ZHUH�DQDO\VHG�LQ�FRUWH[�IURQWDOLV��KLSSRFDPSXV��FHUHEHOOXP�DQG

ZKROH�EUDLQ�VDPSOHV�IURP�DQLPDOV�FKURQLFDOO\� WUHDWHG�ZLWK�]ROSLGHP�DQG�DQLPDOV

FKURQLFDOO\�WUHDWHG�ZLWK�DQG�DOVR�WROHUDQW�WR�GLD]HSDP��������������1HLWKHU�FKURQLF

]ROSLGHP� QRU� FKURQLF� GLD]HSDP� WUHDWPHQW� FDXVHG� VLJQLILFDQW� FKDQJHV� LQ

WKH�P51$�H[SUHVVLRQ�RI�DQ\�*$%$�WUDQVSRUWHU�LQ�DQ\�UHJLRQ�WHVWHG��7KHUHIRUH��LW

LV�VHHPHG�XQOLNHO\�WKDW�FKDQJHV�LQ�H[SUHVVLRQ�RI�*$%$�WUDQVSRUWHUV�DUH�LQYROYHG

LQ�DGDSWDWLRQ�RI�WKH�*$%$HUJLF�V\VWHP�WR�WKH�GUXJ�WUHDWPHQW�DQG�LQ�GHYHORSPHQW

RI�WROHUDQFH�WR�LW�

+RZHYHU�� WKH� *$7��� P51$� DQDO\VLV� VKRZHG� VLPLODU� H[SUHVVLRQ� SDWWHUQ� LQ� DOO

WHVWHG�UHJLRQV��)LJXUH�������ZLWK�QR�FKDQJH�LQ�*$7���P51$�OHYHO�DIWHU�]ROSLGHP

DGPLQLVWUDWLRQ�DQG�LQFUHDVH�LQ�*$7���P51$��ZKLFK�ZDV��KRZHYHU��QRW�VLJQLILFDQW�
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DIWHU� GLD]HSDP� WUHDWPHQW�� 2QH� FDQ� VSHFXODWH� WKDW� WKLV� LQFUHDVH� LQ� P51$� OHYHO

PD\�FDXVH�LQFUHDVH�LQ�SURWHLQ�SURGXFWLRQ��ZKLFK��IXUWKHUPRUH�� OHDGV�WR�LQFUHDVHG

DFWLYLW\� RI� *$7���� $V� REVHUYHG� LQ� SDUW� RI� WKH� SUHVHQW� ZRUN� GHVFULELQJ� NLQGOLQJ

H[SHULPHQWV�� LW� LV�REYLRXV� WKDW� WKHUH� LQ�D�SRVWWUDQVODWLRQDO�PHFKDQLVP� UHJXODWLQJ

WKH�IXQFWLRQDOLW\�RI�*$7���E\�DFWLYDWLRQ�RI�3.&�� ,QFUHDVH� LQ�SURGXFWLRQ�RI�*$7��

PD\� EH� XQGHUVWRRG� DV� D� UHJXODWLRQ� PHFKDQLVP� ZRUNLQJ� DGGLWLRQDOO\� WR� WKH

SRVWWUDQVODWLRQDO�RQH��7KHUHIRUH��VPDOO�QRW�VLJQLILFDQW�LQFUHDVH�LQ�DPRXQW�RI�*$7��

PD\�VXSSRUW�WKH�HIIHFW�RI�WKH�SRVWWUDQVODWLRQDO�UHJXODWLRQ�DQG�VR�UHVXOW�LQ�LQFUHDVHG

QXPEHU� RI� IXQFWLRQDO� WUDQVSRUWHUV� DQG� VR� WKH� DFWLYLW\� RI� WKH� *$7��� LQ

WKH� V\QDSWLF� FOHIW�� 7KHVH� ZRXOG� EH� LQ� DFFRUGDQFH� ZLWK� K\SRWKHVLV� WKDW

EHQ]RGLD]HSLQHV� VWUHQJWKHQ� WKH� HIIHFW� RI� *$%$� UHOHDVHG� LQWR� WKH� V\QDSVH� DQG

WKH� UHJXODWLRQ�PHFKDQLVPV� GR� LQ� RSSRVLWH� RI� WKLV� HIIHFW� E\� LQKLELWLQJ� WKH�*$%$�

2QH�RI�WKH�SRVVLELOLWLHV�LV�WR�LQFUHDVH�WKH�*$7���DFWLYLW\�DQG�VR�LQGHPQLI\�IRU�IDVWHU

UHPRYDO� RI� *$%$� IURP� WKH� V\QDSWLF� FOHIW�� )XQFWLRQDO� DQDO\VLV� RI� *$7��� DFWLYLW\

DIWHU� ORQJ�WHUP� EHQ]RGLD]HSLQH� WUHDWPHQW� LV� QHFHVVDU\� LQ� RUGHU� WR� WHVW� ZKHWKHU

*$7��� LV� LQYROYHG� LQ� DGDSWDWLRQ� WR� DQG� GHYHORSPHQW� RI� WROHUDQFH

WR�EHQ]RGLD]HSLQHV�

������'LIIHUHQWLDO�H[SUHVVLRQ�RI�RWKHU�JHQHV

0RUHRYHU�� LQ� WKH� VXEPLWWHG� ZRUN�� GLIIHUHQWLDO� GLVSOD\� WHFKQLTXH� ZDV� HPSOR\HG

WR�DQDO\VH�WKH�FKDQJHV�LQ�WUDQVFULSWLRQ�RI�YDULRXV�JHQHV�DIWHU�FKURQLF�GLD]HSDP�RU

]ROSLGHP� WUHDWPHQW�� +RZHYHU�� WKLV� DWWHPSW� GLG� QRW� UHYHDO� DQ\� GLIIHUHQWLDOO\

H[SUHVVHG�WUDQVFULSWV��2QH�RI� WKH�UHDVRQV�FRXOG�EH� WKDW�FKDQJHV� LQ� WUDQVFULSWLRQ

RFFXUUHG�RQO\� LQ�GLVWLQFW�EUDLQ�UHJLRQ�RU�WKH\�ZHUH� LQ� WKH�UDQJH�RI�����DQG�VR� LQ

ERWK�FDVHV�WKH\�ZRXOG�EH�XQGHU�WKH�GHWHFWLRQ�WKUHVKROG�RI�WKH�DSSOLHG�PHWKRG�

7R� H[SORUH� WKH� UHJXODWLRQ� PHFKDQLVPV� FRQWUROOLQJ� WKH� *$%$HUJLF� V\VWHP�

WKH� HIIHFWV� RI� FKURQLF� H[SRVXUH� WR� EHQ]RGLD]HSLQHV� RQ� *$%$$� UHFHSWRUV� KDYH

EHHQ� H[DPLQHG�� 7KHUH� DUH� VHYHUDO� VWXGLHV� VKRZLQJ� WKDW� ORQJ�WHUP� %=

DGPLQLVWUDWLRQ� LV� IROORZHG� E\� GHFUHDVH� LQ� %=� ELQGLQJ� �:X� HW� DO��� ������ ������

+RZHYHU�� RQH� VWXG\� IDLOHG� WR� GHWHFW� GHFUHDVH� RI� %=� ELQGLQJ� DIWHU� PLGD]RODP

WUHDWPHQW� �5DPVH\�:LOOLDPV� HW� DO��� ������� 6HYHUDO� VWXGLHV� DQDO\VHG� P51$
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H[SUHVVLRQ� IRU� GLIIHUHQW�*$%$$� UHFHSWRU� VXEXQLWV� LQ� URGHQW� EUDLQ� DIWHU� ORQJ�WHUP

%=� WUHDWPHQW�� 0RVW� RI� WKHVH� VWXGLHV� DJUHH� ZLWK� HDFK� RWKHU� LQ� D� ILQGLQJ� WKDW

H[SUHVVLRQ�RI�g��P51$�LV�GRZQUHJXODWHG�LQ�FRUWH[��6RPH�RI�WKHVH�ILQGLQJV�LQFOXGH

GHFUHDVH�RI�g��LQ�KLSSRFDPSXV��=KDR�HW�DO���������DQG�VRPH�RI�WKHP�H[FOXGHG�LW

�3ULPXV�DQG�*DOODJHU��������.DQJ�DQG�0LOOHU��������,PSDJQDWLHOOR�HW�DO���������:X

HW� DO��� ������� 7KH� VHFRQG� WDUJHW� RI� LQWHUHVW� ZDV�a�� VXEXQLW�� 3DUW� RI� WKH� VWXGLHV

GHWHFWHG�GHFUHDVH�RI�a�� LQ�FRUWH[�DQG�KLSSRFDPSXV��,PSDJQDWLHOOR�HW�DO���������

VRPH�RQO\�LQ�KLSSRFDPSXV��:X�HW�DO����������VRPH�RQO\�LQ�FRUWH[��.DQJ�DQG�0LOOHU�

������DQG�VRPH�RI� WKHP�GHWHFWHG�QR�FKDQJH� LQ�a��P51$� OHYHOV�DIWHU� ORQJ�WHUP

%=� WUHDWPHQW� �=KDR�HW�DO��� �������7R�GDWH�� WKHUH� LV� D�JHQHUDO� ODFN�RI�DJUHHPHQW

DERXW� WKH� UHJXODWLRQ� RI� WUDQVFULSWLRQ� RI� a�� DQG� RWKHU� *$%$$� UHFHSWRU� VXEXQLWV�

+RZHYHU�� WKHVH� UHVXOWV� VXJJHVW� WKDW� *$%$� UHJXODWHV� WKH� H[SUHVVLRQ� RI� LWV

KRPRORJRXV�UHFHSWRU�SRSXODWLRQ�E\�UHJXODWLRQ��UHGXFWLRQ�� LQ�WKH�H[SUHVVLRQ�RI��DW

OHDVW�� g�� UHFHSWRU� VXEXQLW�� 7KH� PHFKDQLVPV� ZKLFK� XQGHUOLH� WKHVH� HIIHFWV� DUH

XQNQRZQ�� EXW� PD\� LQYROYH� DOWHUQDWLRQ� LQ� WUDQVFULSWLRQ� UDWHV� RU� P51$� VWDELOLW\�

7R�GDWH��WKLV�LV�WKH�OHDGLQJ�WKHRU\�DERXW�GHYHORSPHQW�RI�WROHUDQFH�WR�%=��,W� WDNHV

SODFH� E\� FKDQJLQJ� WKH� VXEXQLW� FRQILJXUDWLRQ� RI� *$%$$� UHFHSWRUV� WKDW� GRHV� QRW

FKDQJH�WKH�WRWDO�DPRXQW�RI�UHFHSWRU�FRPSOH[HV�DQG�VR�GRHV�QRW�DIIHFW�WKH�*$%$

UHVSRQVH�� +RZHYHU�� WKLV� VZDSSLQJ� RI� VXEXQLWV� GHFUHDVHV� WKH� DIILQLW\� RI

WKH�UHFHSWRU�WR�%=�DQG�VR�GHFUHDVHV�WKH�HIIHFW�RI�%=��7KH�PRVW�REYLRXV�FDQGLGDWH

IRU� WKLV� UHJXODWLRQ� VHHPHG� WR� EH� WKH� g�� VXEXQLW�� ZKLFK� LV� QHFHVVDU\� IRU

WKH�DVVHPEO\�RI�WKH�%=�ELQGLQJ�VLWH�RQ�*$%$$�UHFHSWRU�FRPSOH[��'HFUHDVH�LQ�g�

H[SUHVVLRQ�ZRXOG�H[SODLQ�GHFUHDVH�LQ�%=�ELQGLQJ�DQG�IROORZLQJ�GHFUHDVH�LQ�RU�ORVV

RI� %=� HIIHFW� DIWHU� ORQJ�WHUP� DGPLQLVWUDWLRQ�� +RZHYHU�� WR� GDWH�� GHFUHDVH� LQ

H[SUHVVLRQ�RI�g��VXEXQLW�ZDV�UHDGLO\�GHWHFWHG�RQO\�LQ�WKH�FRUWH[��7KLV�ORFDO�FKDQJH

LV�H[SUHVVLRQ�LV�SUREDEO\�QRW�VXIILFLHQW�WR�H[SODLQ�FKDQJHV�LQ�DOO�FRPSOH[�DQ[LRO\WLF�

VHGDWLYH�� PXVFOH�UHOD[DQW� DQG� DQWLFRQYXOVDQW� HIIHFWV� RI� %=�� %HFDXVH� RI� WKLV�

SUREDEO\� DOVR� RWKHU� VXEXQLWV� DQG�RU� SDUWV� RI� *$%$HUJLF� V\VWHP� DUH� LQYROYHG� LQ

UHJXODWLRQ�RI�LWV�UHVSRQVH�DQG�RU�DGDSWDWLRQ�WR�DOWHUHG�FRQGLWLRQV��7R�H[SORUH�WKLV�

DGGLWLRQDO�VWXGLHV�RQ�WKLV�ILHOG�DUH�QHFHVVDU\�
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���6XPPDU\

7KH�VXEPLWWHG�ZRUN�FRQFHQWUDWHG�RQ�WKH�VWXG\�RI�P51$�H[SUHVVLRQ�RI�WZR�GLVWLQFW

*$%$� WUDQVSRUWHUV�� *$7��� DQG� *$7���� LQ� WKH� UDW� EUDLQ�� )RU� WKH� GHWHFWLRQ� DQG

TXDQWLILFDWLRQ�RI�WKH�FKRVHQ�P51$V��DSSURSULDWH�PHWKRGV�KDG�WR�EH�HVWDEOLVKHG�

7ZR�PHWKRGV��ULERQXFOHDVH�SURWHFWLRQ�DVVD\��53$��DQG�FRPSHWLWLYH�57�3&5�ZHUH

HPOR\HG� LQ� WKH� SUHVHQW� VWXG\�� &RPSHWLWLYH� 57�3&5�ZRUNHG� RXW� WR� EH� ��� WLPHV

PRUH�VHQVLWLYH�DV�53$��8QOLNH� WKH�VHQVLWLYLW\�� WKH�ILGHOLW\�RI�ERWK� WHFKQLTXHV�ZDV

FRPSDUDEOH�ZLWK�UHVSHFW�WR�WKHLU�LQWUD��DQG�LQWHU�DVVD\�YDULDELOLW\�

7KH� EDVDO� P51$� OHYHOV� RI� *$7��� DQG� *$7��� ZHUH� PHDVXUHG� LQ� YDULRXV� EUDLQ

UHJLRQV��0HVVHQJHU�51$V�IRU�ERWK� WUDQVSRUWHUV�ZHUH�GHWHFWHG� LQ�DOO� WHVWHG�EUDLQ

UHJLRQV��'HSHQGLQJ�RQ�WKH�UHJLRQ��WKH�REVHUYHG�P51$�OHYHO�IRU�*$7���ZDV�����

���� KLJKHU� WKDQ� IRU� *$7���� 7KH�*$7���P51$� OHYHOV� ZHUH� VLPLODU� LQ� DOO� WHVWHG

UHJLRQV��7KH�GLVWULEXWLRQ�RI�*$7���P51$�VHHPHG�WR�EH�PRUH�UHJLRQ�VSHFLILF��7KH

VWURQJHVW�*$7���P51$�H[SUHVVLRQ�ZDV�GHWHFWHG� LQ�VWULDWXP��PHGXOOD�REORQJDWD

DQG�WKDODPXV��7KH�ORZHVW�OHYHOV�RI�*$7���ZHUH�LQ�FRUWH[�IURQWDOLV�DQG�FHUHEHOOXP�

)XUWKHUPRUH�� WKH�P51$� H[SUHVVLRQ� IRU� *$7��� DQG�*$7��� ZDV� DQDO\VHG� XQGHU

DOWHUHG�SK\VLRORJLFDO�FRQGLWLRQV��LQ�NLQGOLQJ�PRGHO�RI�HSLOHSV\�DQG�DOVR�DIWHU�ORQJ�

WHUP� WUHDWPHQW� GUXJV� PRGXODWLQJ� *$%$HUJLF� WUDQVPLVVLRQ�� ,Q� NLQGOLQJ� PRGHO� RI

HSLOHSV\�� DOWHUHG� *$%$� WUDQVSRUWHU� IXQFWLRQ� ZDV� K\SRWKHVLVHG� E\� 'XULQJ� DQG

FRZRUNHUV� �'XULQJ� HW� DO��� ������ DIWHU� REVHUYHG� GHFUHDVH� LQ� ELQGLQJ� RI� QLSHFRWLF

DFLG��D�*$7� OLJDQG�� LQ�KLSSRFDPSXV�RI�NLQGOHG�DQLPDOV�� ,Q� WKH�SUHVHQW�ZRUN�� WKH

P51$� OHYHOV�ZHUH�PHDVXUHG� LQ�KLSSRFDPSXV�DQG�ZKROH�EUDLQ�VDPSOHV��1HLWKHU

*$7��� QRU� *$7��� VKRZHG� DOWHUHG� WUDQVFULSWLRQ� LQ� DQ\� WHVWHG� UHJLRQ� RI� NLQGOHG

DQLPDOV�FRPSDUHG�WR�FRQWUROV��7KLV�OHDGV�WR�FRQFOXVLRQ�WKDW�DQ�DOWHUHG�IXQFWLRQDOLW\

RI� *$%$� WUDQVSRUWHUV� LV� LQYROYHG� LQ� HSLOHSV\� UDWKHU� WKDQ� D� FKDQJH� LQ� WKHLU

H[SUHVVLRQ�

7KH�OHYHOV�RI�*$7���DQG�*$7���P51$V�ZHUH�DOVR�PHDVXUHG�LQ�WKH�EUDLQ�RI�UDWV

FKURQLFDOO\�WUHDWHG�ZLWK�GLD]HSDP�RU�]ROSLGHP��*$%$$�UHFHSWRU�DJRQLVWV��3ULRU�WR

WKH�PROHFXODU�ELRORJ\�WHVWV��EHKDYLRXUDO�DQDO\VLV�ZDV�FDUULHG�RXW�ZLWK�FKURQLFDOO\

DQG�DFXWHO\�WUHDWHG�DQLPDOV��,Q�WZR�WHVWV��RSHQ�ILHOG�DQG�HOHYDWHG�SOXV�PD]H��WKH

EDVDO� DFWLYLW\� H[SORUDWLRQ� DQG� DQ[LHW\�OLNH� EHKDYLRXU� ZHUH� DQDO\VHG�� =ROSLGHP

WUHDWPHQW� LQFUHDVHG� H[SORUDWRU\� DFWLYLW\�� 7KHUH� ZHUH� REVHUYHG� QR� GLIIHUHQFLHV
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EHWZHHQ�FKURQLFDOO\�DQG�DFXWHO\�WUHDWHG�DQLPDOV��'LD]HSDP�LQFUHDVHG�H[SORUDWRU\

DFWLYLW\� DQG� GHFUHVHG� DQ[LHW\�OLNH� EHKDYLRXU� ZKHQ� DSSOLHG� DFXWHO\�� 7KLV� HIIHFW

GLVDSSHDUG�DIWHU�FKURQLF�DGPLQLVWUDWLRQ�RI�GLD]HSDP��7KH�ORVV�RI�HIIHFW�VXJJHVWHG

D� GHYHORSPHQW� RI� WROHUDQFH� WR� HIIHFWV� RI� GLD]HSDP� IROORZLQJ� ORQJ�WHUP

DGPLQLVWUDWLRQ�� 'RXEOH� WUHDWPHQW�� DFXWH� LQMHFWLRQ� RI� GLD]HSDP� DIWHU� FKURQLF

GLD]HSDP�WUHDWPHQW��FRQILUPHG�GHYHORSPHQW�RI�D�WROHUDQFH�WR�HIIHFWV�RI�GLD]HSDP�

$OVR�� WKH� P51$V� IRU� *$7��� DQG� *$7��� ZHUH� DQDO\VHG� LQ� FRUWH[� IURQWDOLV�

KLSSRFDPSXV��FHUHEHOOXP�DQG�ZKROH�EUDLQ�VDPSOHV�RI�FKURQLFDOO\�WUHDWHG�DQLPDOV�

7KH�P51$� OHYHOV� IRU� DQ\� RI� WHVWHG�*$%$� WUDQVSRUWHUV� GLG� QRW� VKRZ� VLJQLILFDQW

FKDQJHV� LQ�DQ\� RI� WHVWHG� UHJLRQ�QHLWKHU� DIWHU� GLD]HSDP�QRU� ]ROSLGHP� WUHDWPHQW�

7KHUHIRUH��FKDQJHV�LQ�*$7���DQG�*$7���WUDQVFULSWLRQ�DUH�SUREDEO\�QRW�LQYROYHG�LQ

DGDSWDWLRQ�RI�*$%$HUJLF�V\VWHP�WR� ORQJ�WHUP�EHQ]RGLD]HSLQH�DGPLQLVWUDWLRQ�DQG

VR�LQ�GHYHORSPHQW�RI�WROHUDQFH�WR�EHQ]RGLD]HSLQHV�



$EEUHYLDWLRQV����������������������������������������������������������������������������������������������������������������������������

���$EEUHYLDWLRQV

��+7 ��+\GUR[\WU\SWDPLQH
$09� $YLDQ�0\HOREODVWRVLV�9LUXV
%*7 %HWDLQH�*$%$�7UDQVSRUWHU
%6$ %RYLQH�6HUXP�$OEXPLQ
%= %HQ]RGLD]HSLQH
&$&$ &LV���$PLQRFURWRQLF�$FLG
F$03 &\FOLF�$GHQRVLGH�0RQRSKRVSKDWH
F'1$ &RPSOHPHQWDU\�'HR[\ULERQXFOHLF�$FLG
&16 &HQWUDO�1HUYRXV�6\VWHP
'' 'LIIHUHQWLDO�'LVSOD\
'(3& 'LHWK\O�3\URFDUERQDWH
', 'LD]HSDP�,QVHQVLWLYH
'0&0 0HWK\�����'LPHWR[\���(WK\O�b�&DUEROLQH
'1$ 'HR[\ULERQXFOHLF�$FLG
G173 'HR[\QXFOHRVLGH��C�7ULSKRVSKDWH
'6 'LD]HSDP�6HQVLWLYH
'77 'LWKLRWKUHLWRO
(��FROL (VFKHULFKLD�FROL
(W%U (WKLGLXP�%URPLGH
*$%$ g�$PLQREXW\ULF�DFLG
*$' *OXWDPLF�$FLG�'HFDUER[\ODVH
*$7 *$%$�7UDQVSRUWHU
+3/& +LJK�3UHVVXUH�/LTXLG�&KURPDWRJUDSK\
00/9 0XULQH�0RORQH\�/HXNHPLD�9LUXV
00/9 0XULQH�0RORQH\�/HXNHPLD�9LUXV
P51$ 0HVVHQJHU�5LERQXFOHLF�$FLG
Q$FK5 1LFRWLQLF�$FHWK\OFKROLQH�5HFHSWRU
173 1XFOHRVLGH��C�7ULSKRVSKDWH
3$ 3RO\DFU\ODPLGH
3$*( 3RO\DFU\ODPLGH�*HO�(OHFWURSKRUHVLV
3&5 3RO\PHUDVH�&KDLQ�5HDFWLRQ
37= ����3HQWDPHWK\OHQWHWUD]ROH
41� +H[DGHF\O�WULPHWK\O�$PPRQLXP�%URPLGH
51$ 5LERQXFOHLF�$FLG
53$ 5LERQXFOHDVH�3URWHFWLRQ�$VVD\
57�3&5 5HYHUVH�7UDQVFULSWLRQ���3RO\PHUDVH�&KDLQ�5HDFWLRQ
6(0 6WDQGDUG�(UURU�RI�0HDQ
7$&$ 7UDQV���$PLQRFURWRQLF�$FLG
7%36 7�%XW\OELF\FORSKRVSKRURWKLRQDWH
7/( 7HPSRUDO�/REH�(SLOHSV\
7WK 7KHUPXV�WKHUPRSKLOXV
9*$7 9HVLFXODU�*$%$�7UDQVSRUWHU
9175 9DULDEOH�1XPEHU�RI�7DQGHP�5HSHDWV
YV� YHUVXV
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���/LWHUDWXUH

$DWVLQNL�-��7���/DNNDNRUSL�-��7���3LHWLOl�(��0��DQG�5DMDQLHPL�+��-���������$�FRXSOHG
RQH�VWHS� UHYHUVH� WUDQVFULSWLRQ�3&5� SURFHGXUH� IRU� JHQHUDWLRQ� RI� IXOO� OHQJWK� RSHQ
UHDGLQJ�IUDPHV��%LR7HFKQLTXHV������������

$OODQ�$��0���%DLHU�/��'��DQG�=KDQJ�;���������(IIHFWV�RI� ORUD]HSDP�WROHUDQFH�DQG
ZLWKGUDZDO� RQ� *$%$$� UHFHSWRU� RSHUDWHG� FKORULGH� FKDQQHOV�� -�� 3KDUPDFRO�� ([S�
7KHU��������������

$QGHUVHQ�.�� (��� %UDHVWUXS�&���*URQZDOG� )��&��� -RUJHQVHQ� $�� 6��� 1LHOVHQ�(�� %��
6RQQHQZDOG� 8��� 6RUHQVHQ� 3�� 2��� 6X]GDN� 3�� '�� DQG� .QXWVHQ� /�� -�� ������� 7KH
V\QWKHVLV�RI�QRYHO�*$%$�XSWDNH�LQKLELWRUV��-��0HG��&KHP���������������

$VKWRQ�'���)UDQVHQ�-���+HHUHV�-���&OLQFNH�*��+��DQG�-DQVVHQ�3��$���������,Q�YLYR
VWXGLHV� RQ� WKH� PHFKDQLVP� RI� WKH� DFWLRQ� RI� EURDG� VSHFWUXP� DQWLFRQYXOVDQW
ORUHFOH]ROH��(SLOHSV\�5HV�����������

$WWZHOO� '��� %DUERXU� %�� DQG� 6]DWNRZVNL� 0�� ������� 1RQ�YHVLFXODU� UHOHDVH� RI
QHXURWUDQVPLWWHU��1HXURQ������������

%DWHVRQ�$��1���/DVKDP�$��DQG�'DUOLVRQ�0��*���������*DPPD�DPLQREXW\ULF�DFLG$
UHFHSWRU�KHWHURJHQHLW\�LV�LQFUHDVHG�E\�DOWHUQDWLYH�VSOLFLQJ�RI�D�QRYHO�EHWD�VXEXQLW
JHQH�WUDQVFULSW��-��1HXURFKHP���������������

%DXHU�'���0�OOHU�+���5HLFK�-���5LHGHO�K���$KUHQNLHO�9���:DUWKRH�3��DQG�6WUDXVV�0�
������� ,GHQWLILFDWLRQ� RI� GLIIHUHQWLDOO\� H[SUHVVHG� P51$� VSHFLHV� E\� DQ� LPSURYHG
GLVSOD\�WHFKQLTXH��''57�3&5��1XFO��$FLG�5HV���������������

%DXHU�3���5ROIV�$���5HJLW]�=DJURVHN�9���+LOGHEUDQGW�$��DQG�)OHFN�(���������8VH�RI
PDQJDQHVH�LQ�57�3&5�HOLPLQDWHV�3&5�DUWLIDFWV�UHVXOWLQJ�IURP�'1DVH�,�GLJHVWLRQ�
%LR7HFKQLTXHV��������������

%HFNHU�$QGUq�0��DQG�+DKOEURFN�.���������$EVROXWH�P51$�TXDQWLILFDWLRQ�XVLQJ�WKH
SRO\PHUDVH�FKDLQ� UHDFWLRQ��$�QRYHO�DSSURDFK�E\�D�3&5�DLGHG� WUDQVFULSW� WLWUDWLRQ
DVVD\��3$77<���1XFO��$FLG��5HV���������������

%HUN�$��-��DQG�6KDUS�3��$���������6L]LQJ�DQG�PDSSLQJ�RI�HDUO\�DGHQRYLUXV�P51$
E\�JHO�HOHFWURSKRUHVLV�RI�6��HQGRQXFOHDVH�GLJHVWHG�K\EULGV��&HOO������������

%ODLU� /�� $��&��� /HYLWDQ�(��'���0DUVFKDOO� -��� 'LRQQH�9�� DQG�%DUQDUG� (�� $�� ������
6LQJOH�VXEXQLWV�RI� WKH�*$%$�$�UHFHSWRU� IRUP� LRQ�FKDQQHOV�ZLWK�SURSHUWLHV�RI� WKH
QDWLYH�UHFHSWRU��6FLHQFH�������������

%ODNHO\�5��'���%HUVRQ�+��(���)UHPHDX�5��7���&DURQ�0��*���3HHN�0��0���3ULQFH�+��.�
DQG� %UDGOH\� &�� &�� ������� &ORQLQJ� DQG� H[SUHVVLRQ� RI� D� IXQFWLRQDO� VHURWRQLQ
WUDQVSRUWHU�IURP�UDW�EUDLQ��1DWXUH�����������

%RHU� 3�� +�� DQG� 5DPDPRRUWK\� -�� ������� +RZ� WR� FRUUHFW� IRU� HUURUV� LQ� P51$
TXDQWLWDWLRQ� E\� FRPSHWLWLYH� 3&5� GXH� WR� KHWHURGXSOH[� IRUPDWLRQ� RI� DPSOLILFDWLRQ
SURGXFWV��&HOO��0RO��%LRO�������������
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%RRP�5���6RO�&��-��$���6DOLPDV�0��0���-DQVHQ�&��/���:HUWKHLP�YDQ�'LOOHQ�3��0��(�
DQG�YDQ�GHU�1RRUGDD�-���������5DSLG�DQG�VLPSOH�PHWKRG�IRU�SXULILFDWLRQ�RI�QXFOHLF
DFLG��-��&OLQ��0LFURELRO�������������

%RUGHQ�/��$�� �������*$%$� WUDQVSRUWHU�KHWHURJHQHLW\��SKDUPDFRORJ\�DQG�FHOOXODU
ORFDOL]DWLRQ��1HXURFKHP��,QW�������������

%RUGHQ�/��$���'KDU�0��7��*���6PLWK�.��(���:HLQVKDQN�5��/���%UDQFKHN�7��$��DQG
*OXFKRZVNL� &�� ������� 7LDJDELQH�� 6.&)������$�� &,������ DQG� 11&����� DUH
VHOHFWLYH�IRU�WKH�FORQHG�*$%$�WUDQVSRUWHU�*$7����(XU��-��3KDUPDFRO��������������

%RUGHQ�/��$���6PLWK�.��(���*XVWDIVRQ�(��/���%UDQFKHN�7��$��DQG�:HLQVKDQN�5��/�
�������&ORQLQJ�DQG�H[SUHVVLRQ�RI�D�EHWDLQH�*$%$�WUDQVSRUWHU�IURP�KXPDQ�EUDLQ�
-��1HXURFKHP�������������

%RUGHQ� /�� $��� 6PLWK� .�� (��� +DUWLJ� 3�� 5��� %UDQFKHN� 7�� $�� DQG�:HLQVKDQN� 5�� /�
������� 0ROHFXODU� KHWHURJHQHLW\� RI� WKH� g�DPLQREXW\ULF� DFLG� �*$%$�� WUDQVSRUW
V\VWHP��-��%LRO��&KHP������������������

%RZHU\�1��*��DQG�3UDWW�*��'���������*$%$%�UHFHSWRUV�DV�WDUJHWV�IRU�GUXJ�DFWLRQ�
'UXJ�5HV�������������

%UHFKD�1��&��DQG�:HLJPDQQ�&���������([SUHVVLRQ�RI�*$7����KLJK�DIILQLW\�*$%$
SODVPD�PHPEUDQH�WUDQVSRUWHU�LQ�WKH�UDW�UHWLQD��-��&RPS��1HXURO��������������

%UHWW�5��5��DQG�3UDWW�-��$�������D��&KURQLF�KDQGOLQJ�PRGLILHV�WKH�DQ[LRO\WLF�HIIHFW
RI�GLD]HSDP�LQ�WKH�HOHYDWHG�SOXV�PD]H��(XU��-��3KDUPDFRO��������������

%UHWW�5��5��DQG�3UDWW�-��$�������E��$XWRUDGLRJUDSKLF�DQDO\VLV�RI�>�+@�IOXQLWUD]HSDP
ELQGLQJ�DIWHU�FKURQLF�ORZ�GRVH�GLD]HSDP�WUHDWPHQW�LQ�UDWV��3URF��%U��-��3KDUPDFRO�
��������3

%XKU�$���%DXU�5��DQG�6LJHO�(���������6XEWOH�FKDQJHV�LQ�UHVLGXH����RI�WKH�JDPPD
VXEXQLW� RI� DOID�EHWD�JDPPD�� *$%$$� UHFHSWRUV� GUDVWLFDOO\� DOWHU� WKH� DIILQLW\� IRU
OLJDQGV�RI�WKH�EHQ]RGLD]HSLQH�ELQGLQJ�VLWH��-��%LRO��&KHP������������������

%XOXQ�6��(���6KDUGD�*���5LQN�-���6KDUPD�6��DQG�6LPSVRQ�(��5���������'LVWULEXWLRQ
RI� $URPDWDVH� 3���� 7UDQVFULSWV� DQG� $GLSRVH� )LEUREODVWV� LQ� WKH� KXPDQ� EUHDVW�
-��&OLQ��(QGRFU��DQG�0HWDERO���������������

%XUHDX�0��+��DQG�2OVHQ�5��:�� �������*$%$$� UHFHSWRU� VXEW\SHV�� OLJDQG�ELQGLQJ
KHWHURJHQHLW\� GHPRQVWUDWHG� E\� SKRWRDIILQLW\� ODEHOLQJ� DQG� DXWRUDGLRJUDSK\�
-��1HXURFKHP���������������

%\UQHV� -�� -��� 0LOOHU� /�� *��� *UHHQEODWW� '�� -�� DQG� 6KDGHU� 5�� ,�� ������� &KURQLF
EHQ]RGLD]HSLQH� DGPLQLVWUDWLRQ�� ;,,�� $QWLFRQYXOVDQW� FURVV�WROHUDQFH� EXW� GLVWLQFW
QHXURFKHPLFDO� HIIHFWV� RI� DOSUD]RODP� DQG� ORUD]HSDP��3V\FKRSKDUPDFRORJ\� ����
�����
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&DO]RQH�)��-���%ULWWHQ�5��6��DQG�'DYLGVRQ�(��+���������0DSSLQJ�RI�JHQH�WUDQFULSWV
E\� QXFOHDVH� SURWHFWLRQ� DVVD\V� DQG� F'1$� SULPHU� H[WHQVLRQ��0HWKRGV� (Q]\PRO�
������������

&DVDGR�0���%HQGDKDQ�$��� =DIUD�)���'DQEROW�1��&���$UDJRQ�&���*LPHQH]�&�� DQG
.DQQHU� %�� ,�� ������� 3KRVSKRU\ODWLRQ� DQG� PRGXODWLRQ� RI� EUDLQ� JOXWDPDWH
WUDQVSRUWHUV�E\�SURWHLQ�NLQDVH�&��-��%LRO��&KHP������������������

&&7,/(� �� &RPPLVVLRQ� RQ� &ODVLILFDWLRQ� DQG� 7HUPLQRORJ\� RI� WKH� ,QWHUQDWLRQDO
/HDJXH� DJDLQVW� (SLOHSV\� ������� 3URSRVDO� IRU� UHYLVHG� FODVVLILFDWLRQ� RI� HSLOHSVLHV
DQG�HSLOHSWLF�V\QGURPHV��(SLOHSVLD������������

&KDPERQ� -�� 3��� )HOW]� 3��� +HDXOPH�0��� 5HVWOH� 6��� 6FKOLFKWHU� 5��� %L]LHUH� .�� DQG
:HUPXWK� &�� *�� ������� $Q� DU\ODPLQRS\ULGD]LQH� GHULYDWLYH� RI� g�DPLQREXW\ULF� DFLG
�*$%$�� LV� D� VHOHFWLYH� DQG� FRPSHWLWLYH� DQWDJRQLVW� DW� WKH� *$%$$� UHFHSWRU� VLWH�
3URF��1DWO��$FDG��6FL��86$��������������

&KRPF]\QVNL� 3�� ������� 6ROXELOL]DWLRQ� LQ� IRUPDPLGH� SURWHFWV� 51$� IURP
GHJUDGDWLRQ��1XFO��$FLG�5HV���������������

&KRPF]\QVNL� 3�� DQG� 6DFFKL� 1�� ������� 6LQJOH�VWHS�PHWKRG� RI� 51$� LVRODWLRQ� E\
DFLG� JXDQLGLQLXP� WKLRF\DQDWH�SKHQRO�FKORURIRUP� H[WUDFWLRQ��$QDO�� %LRFKHP�� ����
�������

&KRX�4���5XVVHO�0���%LUFK�'��(���5D\PRQG�-��DQG�%ORFK�:���������3UHYHQWLRQ�RI
SUH�3&5� PLV�SULPLQJ� DQG� SULPHU� GLPHULVDWLRQ� LPSURYH� ORZ� FRS\�� QXPEHU
DPSOLILFDWLRQV��1XFO��$FLG��5HV���������������

&ODUN�0���0DVVHQEXUJ�*��6���:HLVV�6��5��%��DQG�3RVW�5��0���������$QDO\VLV�RI�WKH
KLSSRFDPSDO�*$%$$� UHFHSWRU� V\VWHP� LQ� NLQGOHG� UDWV� E\� DXWRUDGLRJUDSKLF� DQG� LQ
VLWX� K\EULGLVDWLRQ� V\VWHP� WHFKQLTXHV�� FRQWLQJHQW� WROHUDQFH� WR� FDUEDPD]HSLQH�
0RO��%UDLQ�5HV�������������

&RPHU�$��0���*LEERQV�+��0���4L�-���.DZDL�<���:LQ�-��DQG�/LSVNL�-���������'HWFWLRQ
RI�P51$�VSHFLHV� LQ� EXOERVSLQDO� QHXURQHV� LVRODWHG� IURP� WKH� URVWUDO� YHQWURODWHUDO
PHGXOOD�XVLQJ�VLQJOH�FHOO�57�3&5��%UDLQ�5HV��3URWRF������������

&RQFDV�$���6DQWRUR�*���6HUUD�0���6DQQD�(���DQG�%LJJLR�*���������1HXURFKHPLFDO
DFWLRQ�RI� WKH�JHQHUDO�DQDHVWKHWLF�SURIRO�RQ� WKH�FKORULGH� LRQ�FKDQQHO�FRXSOHG�ZLWK
*$%$$�UHFHSWRUV��%UDLQ�5HV��������������

&RUH\�-��/���'DYLGVRQ�1���/HVWHU�+�$���%UHFKD�1��DQG�4XLFN�P��:���������3URWHLQ
NLQDVH� &� PRGXOHWHV� WKH� DFWLYLW\� RI� D� FORQHG� *$%$� WUDQVSRUWHU� H[SUHVVHG� LQ
;HQRSXV� RRF\WHV� YLH� UHJXODWHG� VXEFHOOXODU� UHGLVWLEXWLRQ� RI� WKH� WUDQVSRUWHU�
-��%LRO��&KHP������������������

&R[� $��� %R\ODQG� 3��� *HQW� -�� 3�� DQG� )HHO\� 0�� ������� $Q� LQYHVWJDWLRQ� RI� DQWL�
FRQYXOVDQW�WROHUDQFH�WR�]ROSLGHP�LQPLFH��%U��-��3KDUPDFRO������3���
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&UDZOH\�-��1���������1HXURSKDUPDFRORJLF�VSHFLILFLW\�RI�D�VLPSOH�DQLPDO�PRGHO�IRU
WKH�EHKDYLRUDO�DFWLRQV�RI�EHQ]RGLD]HSLQHV��3KDUPDFRO��%LRFKHP��%HKDY����������
���

&UDZOH\� -�� 1�� DQG�*RRGZLQ� )�� .�� ������� 3UHOLPLQDU\� UHSRUW� RI� D� VLPSOH� DQLPDO
EHKDYLRU�PRGHO�IRU�WKH�DQ[LRO\WLF�HIIHFWV�RI�EHQ]RGLD]HSLQHV��3KDUPDFRO��%LRFKHP�
%HKDY�������������

&XVKPDQ�6��:��DQG�:UG]DOD�/��-�� �������3RWHQWLDO�PHFKDQLVPV�RI� LQVXOLQ�DFWLRQ
RQ�JOXFRVH�WUDQVSRUW�LQ�WKH�LVRODWHG�UDW�DGLSRVH�FHOO��-��%LRO��&KHP����������������

'DYHQSRUW�&��-���%URZQ�:��-��DQG�%DEE�7��/���������6SURXWLQJ�RI�*$%$HUJLF�DQG
PRVV\� ILEHU� D[RQV� LQ� GHQWDWH� J\UXV� IROORZLQJ� LQWUDKLSSRFDPSDO� NDLQDWH� LQ� UDW�
([SO��1HXURO��������������

'DYLV� .�� (��� 6WUDII� '�� -��� :HLQVWHLQ� (�� $��� %DQQHUPDQ� 3�� *��� &RUUHDOH� '�� 0��
5RWKVWHLQ�-��'��DQG�5RELQVRQ�P��%�� �������0XOWLSOH� VLJQDOLQJ�SDWKZD\V� UHJXODWH
FHOO�VXUIDFH�H[SUHVVLRQ�DQG�DFWLYLW\�RI�WKH�H[FLWDWRU\�DPLQR�DFLG�FDUULHU�VXEW\SH�RI
*OX�WUDQVSRUWHU�LQ�&��JOLRPD��-��1HXURVFL���������������

'DYLV� 0�� DQG� *DOODJHU� '�� :�� ������� &RQWLQXRV� VORZ� UHOHDVH� RI� ORZ� OHYHOV� RI
GLD]HSDP�SURGXFHV�WROHUDQFH�WR�LWV�GHSUHVVDQW�DQG�DQ[LRO\WLF�HIIHFWV�RQ�WKH�VWDUWOH
UHIOH[��(XU��-��3KDUPDFRO������������

GH.DQW�(���5RFKOLW]�&�)��DQG�+HUUPDQQ�5���������*HQH�H[SUHVVLRQ�DQDO\VLV�E\�D
FRPSHWLWLYH� DQG� GLIIHUHQWLDO� 3&5�ZLWK� DQWLVHQVH� FRPSHWLWRUV��%LR7HFKQLTXHV� ���
�������

'REOH�$��DQG�0DUWLQ�,��/���������0XOWLSOH�EHQ]RGLD]HSLQH�UHFHSWRUV��QR�UHDVRQ�IRU
DQ[LHW\��7UHQGV�3KDUPDFRO��6FL�����������

'XQFDOIH�/��/���&DUSHQWHU�0��5���6PLOOLH�/��%���0DUWLQ� ,��/��DQG�'XQQ�6��-��������
7KH�PDMRU� VLWH� RI� SKRWRDIILQLW\� ODEHOLQJ� RI� WKH� JDPPD�DPLQREXW\ULF� DFLG� W\SH� $
UHFHSWRU� E\� >�+@� IOXQLWUD]HSDP� LV� KLVWLGLQH� ���� RI� WKH� DOSKD� VXEXQLW�
-��%LRO��&KHP����������������

'XULQJ� 0�� -��� 5\GHU� .�� 0�� DQG� 6SHQFHU� '�� '�� ������� +LSSRFDPSDO� *$%$
WUDQVSRUWHU�IXQFWLRQ�LQ�WHPSRUDO�OREH�HSLOHSV\��1DWXUH�������������

'XUNLQ�0��0���6PLWK�.��(��� %RUGHQ� /��$���:HLQVKDQN�5�� /��� %UDQFKHN�7��$�� DQG
*XVWDIVRQ� (�� /�� ������� /RFDOL]DWLRQ� RI�PHVVHQJHU� 51$V� HQFRGLQJ� WKUHH�*$%$
WUDQVSRUWHUV�LQ�UDW�EUDLQ��DQ�LQ�VLWX�K\EULGLVDWLRQ�VWXG\��0RO��%UDLQ�5HV����������

(VFODSHV� 0�� DQG� +RXVHU� &�� 5�� ������� 8S�UHJXODWLRQ� RI� *$'��� DQG� *$'��� LQ
UHPDLQLQJ� KLSSRFDPSDO� *$%$� QHXURQHV� LQ� D� PRGHO� RI� WHPSRUDO� OREH� HSLOHSV\�
-��&RPS��1HXURO��������������

)DLUZHDWKHU� '�� %��� .HUU� -�� 6�� DQG� +LQGPDUFK� ,�� ������� 7KH� HIIHFW� RI� DFXWH� DQG
UHSHDWHG�GRVHV� RI� ]ROSLGHP� RQ� VXEMHFWLYH� VOHHS�� SV\FKRPRWRU� SHUIRUPDQFH� DQG
FRJQLWLYH�IXQFWLRQR�LQ�HOGHUO\�YROXQWHHUV��(XU��-��&OLQ��3KDUPDFRO�������������
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)HOGEOXP� 6��� $FNHUPDQQ� 5�� )�� DQG� 7RELQ� $�� -�� ������� /RQJ�WHUP� LQFUHDVH� RI
JOXWDPDWH� GHFDUER[\ODVH� P51$� LQ� D� UDW� PRGHO� RI� WHPSRUDO� OREH� HSLOHSV\�
1HXURQ�����������

)HUQDQGHV�&��DQG�)LOH�6��(���������7KH�LQIOXHQFH�RI�RSHQ�DUPV�OHGJHV�DQG�PD]H
H[SHULHQFH�LQ�WKH�HOHYDWHG�SOXV�PD]H��3KDUPDFRO��%LRFKHP��%HKDY�����������

)HUUp�)���3H]]ROL�3��DQG�%X[WRQ�(�� �������4XDQWLWDWLRQ�RI�51$� WUDQVFULSWV�XVLQJ
57�3&5��LQ��.ULHJ�3��$���(G�����$�ODERUDWRU\�JXLGH�WR�51$��,VRODWLRQ��$QDO\VLV�DQG
6\QWKHVLV��:LOOH\�/LVV��1HZ�<RUN�����

)LOH� 6�� (�� ������� 7ROHUDQFH� WR� WKH� EHKDYLRXUDO� DFWLRQV� RI� EHQ]RGLD]HSLQHV�
1HXURVFL��%LREHKDY��5HY������������

)LOH�6��(�� �������7KH�KLVWRU\�RI�EHQ]RGLD]HSLQH�GHSHQGHQFH��D� UHYLHZ�RI�DQLPDO
VWXGLHV��1HXURVFL��%LREHKDY��5HY�������������

)LOH�6��(���������$QLPDO�PRGHO�RI�GLIIHUHQW�DQ[LHW\�VWDWHV��*$%$$�UHFHSWRUV�DQG
DQ[LHW\�� IURP�QHXURELRORJ\� WR� WUHDWPHQW��(GV��%LJJLR�*���6DQQD�(��DQG�&RVWD�(��
5DYHQ�3UHVV�1<

)LOH� 6�� (�� DQG� )HUQDQGHV� &�� ������� 'L]RFLOSLQH� SUHYHQWV� WKH� GHYHORSPHQW� RI
WROHUDQFH� WR� WKH� VHGDWLYH� HIIHFWV� RI� GLD]HSDP� LQ� UDWV�� 3KDUPDFRO�� %LRFKHP�
%HKDY�������������

)LOH� 6�� (��� %DOGZLQ� +�� $�� DQG� $UDQNR� $�� ������� $Q[LRJHQLF� HIIHFW� RI
EHQ]RGLD]HSLQH�ZLWKGUDZDO�DUH�OLQNHG�WR�WKH�GHYHORSPHQW�RI�WROHUDQFH�%UDLQ�5HV�
%XOO�������������

)LVFKHU� 9��� 6FKPLWW� 8��� :HLJPDQQ� +��� Y� .HOOHU� %��� 5HXVV� 6��� +LHPNH� &�� DQG
'DKPHQ� 1�� ������� &KURQLFDO� KDORSHULGRO� DQG� FOR]DSLQH� WUHDWPHQW� LQ� UDWV�
'LIIHUHQWLDO� 51$� GLVSOD\� DQDO\VLV�� EHKDYLRUDO� VWXGLHV� DQG� VHUXP� OHYHO
GHWHUPLQDWLRQ��3URJU��1HXUR�3V\FKRSKDUPDFRO��&�%LRO��3V\FKLDWU\��������������

)UDQFN�-�(���.XQNHO�'��'���%DVNLQ�'��*��DQG�6FKZDUW]NURLQ�3��$���������,QKLELWLRQ
LQ�NDLQDWH�OHVLRQHG�K\SHUH[FLWDEOH�KLSSRFDPSL��SK\VLRORJLF��DXWRUDGLRJUDSKLF�DQG
LPPXQRF\WRFKHPLFDO�REVHUYDWLRQV��-��1HXURVFL��������������

)UDQNV�1��3��DQG�/LHE�:��5���������0ROHFXODU�DQG�FHOOXODU�PHFKDQLVPV�RI�JHQHUDO
DQDHVWKHVLD��1DWXUH�������������

)UHPHQDX� 5�� 7��� &DURQ�0�� *�� DQG� %ODNHO\� 5�� '�� ������� 0ROHFXODU� FORQLQJ� DQG
H[SUHVVLRQ� RI� D� KLJK� DIILQLW\� /�SUROLQH� WUDQVSRUWHU� H[SUHVVHG� LQ� SXWDWLYH
JOXWDPDWHUJLF�SDWKZD\V�RI�UDW�EUDLQ��1HXURQ�����������

)ULHGPDQ� +��� $EHUQHWK\� '�� 5��� *UHHQEDOWW� '�� -�� DQG� 6KDGHU� 5�� ������� 7KH
SKDUPDFRNLQDWLFV�RI� GLD]HSDP�DQG�GHVPDWK\OGLD]HSDP� LQ� UDW�EUDLQ�DQG�SODVPD�
3V\FKRSKDUPDFRORJ\������������

)ULWFK\�-��0���.LHQHU�7���%RXLOOHUHW�9��DQG�/RXS�)���������*$%$HUJLF�QHXURQV�DQG
*$%$$�UHFHSWRUV�LQ�WHPSRUDO�OREH�HSLOHSV\��1HXURFKHP��,QW�������������
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)U\H� &�� $�� ������� 7KH� QHXURVWHURLG� �a��a�7+3� KDV� DQWLVHL]XUH� DQG� SRVVLEOH
QHXURSURWHFWLYH�HIIHFWV�LQ�DQ�DQLPDO�PRGHO�RI�HSLOHSV\��%UDLQ�5HV��������������

*DOODJHU� '�� :��� 0DOFRP� $�� %��� $QGHUVRQ� 6�� $�� DQG� *RQVDOYHV� 6�)�� ������
&RQWLQXRXV� UHOHDVH� RI� GLD]HSDP�� HOHFWURSK\VLRORJLFDO�� ELRFKHPLFDO� DQG
EHKDYLRXUDO�FRQVHTXHQFHV��%UDLQ�5HV������������

*DUFLD�GH�9LHGPD�'���$ORQVR�5���0LUDOOHV�3���%HUHQJXHU�-���5RGULJXHV�&UHL[HPV
0��DQG�%RX]D�(���������'XDO�TXDOLWDWLYH�TXDQWLWDWLYH�QHVWHG�3&5�IRU�GHWHFWLRQ�RI
-&�YLUXV�LQ�FHUHEURVSLQDO�IOXLG��-��&OLQ��0LFURELRO������������

*HUODFK�0���*VHOO�:���.RUQKXEHU�-���-HOOLQJHU�.���.ULHJHU�9���3DQWXFHN�)���9RFN�5�
DQG� 5LHGHUHU� 3�� ������� $� SRVW� PRUWHP� VWXG\� RQ� QHXURFKHPLFDO� PDUNHUV� RI
GRSDPLQHUJLF�� *$%$HUJLF� DQG� JOXWDPDHUJLF� QHXURQV� LQ� EDVDO� JDQJOLD�
WKDODPRFRUWLFDO�FLUFXLWV��%UDLQ�5HV��������������

*LOOLODQG�*���3HUULQ6���%ODQFKDUG�.��DQG��%XQQ�+��)���������$QDO\VLV�RI�F\WRNLQLQH
P51$�DQG�'1$��GHWHFWLRQ�DQG�TXDQWLWDWLRQ�E\�FRPSHWLWLYH�3&5��3URF��1DWO��$FDG�
6FL��86$��������������

*ODVHO�-��$���������9DOLGLW\�RI�QXFOHLF�DFLG�SXULWLHV�PRQLWRUHG�E\�����QP������QP
DEVRUEDQFH�UDWLRV��%LR7HFKQLTXHV����������

*RVDOYHV� 6�)�� DQG� *DOODJHU� '�� :�� ������� 3HUVLVLWHQW� UHYHUVDO� RI� WROHUDQFH� WR
DQWLFRQYXOVDQW� HIIHFW� DQG� *$%$HUJLF� VXVVHQVLWLYLW\� E\� D� VLQJOH� H[SRVXUH� WR� D
EHQ]RGLD]HSLQH� DQWDJRQLVW� GXULQJ� FKURQLF� EHQ]RGLD]HSLQH� DGPLQLVWUDWLRQ�
-��3KDUPDFRO��([S��7KHU������������

*UDVVL�*���=HQWLOLQ�/���7DIXUR�6���'LYLDFFR�6���9HQWXUD�$���)DODVFKL�$��DQG�*LDFF�0�
������� $� UDSLG� SURFHGXUH� IRU� WKH� TXDQWLWDWLRQ� RI� ORZ� DEXQGDQFH� 51$V� E\
FRPSHWLWLYH�UHYHUVH�WUDQVFULSWLRQ��SRO\PHUDVH�FKDLQ�UHDFWLRQ��1XFO��$FLG�5HV�����
���������

*UHHQEODWW�'��-���6KDGHU�5�,���'LYROO�0��DQG�+DUPDW]�-��6���������%HQ]RGLD]HSLQH��
D�VXPPDU\�RI�SKDUPDFRNLQHWLF�SURSHUWLHV��%U��-��&OLQ��3KDUPDFRO�����������

*XDWHVWHOOD� -��� 1HOVRQ� 1��� 1HOVRQ� +��� &]\]\N� /��� .H\QDQ� 6��� 0LHGHO� 0�� &��
'DYLGVRQ�1���/HVWHU�+��$��DQG�.DQQHU�%��,���������&ORQLQJ�DQG�H[SUHVVLRQ�RI�D�UDW
EUDLQ�*$%$�WUDQVSRUWHU��6FLHQFH���������������

*XLPDUDHV�0��-���/HH�)���=ORWQLN�$��DQG�0F&ODQDKDQ�7���������'LIIHUHQWLDO�GLVSOD\
E\�3&5��QRYHO�ILQGLQJV�DQG�DSSOLFDWLRQV��1XFO��$FLG�5HV���������������

*�QWKHU�8���%HQVRQ�-���%HQNH�'���)ULWVFK\�-��0���5H\HV�*���.QRIODFK�)���&UHVWDQL
)��� $JX]]L� $��� $ULJRQL� 0��� /DQJ� <�� ������� %HQ]RGLD]HSLQH� LQVHQVLWLYH� PLFH
JHQHUDWHG� E\� WDUJHWHG� GLVUXSWLRQ� RI� WKH� JDPPD� �� VXEXQLW� JHQH� RI� JDPPD�
DPLQREXW\ULF�DFLG�W\SH�$�UHFHSWRUV��3URF��1DWO��$FDG��6FL��86$��������������

*XUOH\�'���$PLQ�-���5RVV�3��&���:HLVV�'��6��DQG�:KLWH�*���������3RLQW�PXWDWLRQV
LQ�WKH�0��UHJLRQ�RI�WKH�a��b��RU�g�VXEXQLW�RI�WKH�*$%$$�FKDQQHO�WKDW�DEROLVK�EORFN
E\�SLFURWR[LQ��5HF��&KDQQHOV���������
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+DUUR�-���/DQJ�$��DQG�9DVDU�(�� �������/RQJ�WHUP�GLD]HSDP� WUHDWPHQW�SURGXFHV
FKDQJHV� LQ�FKROHF\VWRNLQLQ� UHFHSWRU�ELQGLQJ� LQ� UDW�EUDLQ��(XU��-��3KDUPDFRO������
�����

+HDXOPH� 0��� &KDPERQ� -�� 3��� /H\ULV� 5���:HUPXWK� &�� *�� DQG� %L]LHUH� .�� ������
&KDUDFWHL]DWLRQ�RI� WKH�ELQGLQJ�RI� >�+@65�������D�*$%$$�DQWDJRQLVW�� WR� UDW�EUDLQ
PHPEUDQHV��-��1HXURFKHP���������������

+HQLQJHU� &�� DQG� *DOODJHU� '�� :�� ������� $OWHUHG� JDPPD�DPLQREXW\ULF
DFLG�EHQ]RGLD]HSLQH� LQWHUDFWLRQ� DIWHU� FKURQLF� GLD]HSDP� H[SRVXUH�
1HXURSKDUPDFRORJ\��������������

+HUE�$���:LVGHQ�:���/�GGHQV�+���3XLD�*���9LFLQL�6��DQG�6HHEXUJ�3��+���������7KH
WKLUG� JDPPD� VXEXQLW� RI� WKH� JDPPD�DPLQREXW\ULF� DFLG� W\SH� $� UHFHSWRU� IDPLO\�
3URF��1DWO��$FDG��6FL��86$��������������

+HUQDQGH]� 7�� '��� .OLQH� $�� (��� 1DNVKLW\� 0��� 2EDWD� +�� DQG� 6DLWR� 1�� ������
'LIIHUHQWLDO� H[SUHVVLRQ� RI� *$%$� DQG� JOXWDPDWH� WUDQVSRUWHU� VXEW\SHV� LQ� IXOO\
NLQGOHG�DQLPDOG��6RFLHW\�IRU�QHXURVFLHQFH���������

+HUW]� /�� ������� )XQFWLRQDO� LQWHUDFWLRQV� EHUZHHQ� QHXURQV� DQG� DVWURF\WHV�� ,�
7XUQRYHU�DQG�PHWDEROLVP�RI�SXWDWLYH�DPLQR�DFLG�WUDQVPLWWHUV��3URJ��1HXURELRO�����
�������

+HYHUV� :�� DQG� /�GGHQV� +�� ������� 7KH� GLYHUVLW\� RI� *$%$$� UHFHSWRUV�
SKDUPDFRORJLFDO�DQG�HOHFWURSK\VLRORJLFDO�SURSHUWLHV�RI�*$%$$�FKDQQHO�VXEW\SHV�
0RO��1HXURELRO�����������

+LM]HQ�7��+���:RXQGHQEHUJ�)��DQG�6ODQJHQ�-��/���������7KH� ORQJ�WHUP�HIIHFWV�RI
GLD]HSDP�DQG�SHQW\OHQHWHWUD]RO� RQ� WKH�SRWHQWLDWHG� VWDUWOH� UHVSRQVH��3KDUPDFRO�
%LRFKHP��%HKDY�����������

+RIIPDQ� %�� -��� 0H]H\� (�� DQG� %URZQVWHLQ� 0�� -�� ������� &ORQLQJ� RI� D� VHURWRQLQ
WUDQVSRUWHU�DIIHFWHG�E\�DQWLGHSUHVVDQWV��6FLHQFH�������������

+ROW�5��$���%DWHVRQ�$��1��DQG�0DUWLQ�,��/���������&KURQLF�]ROSLGHP�WUHDWPHQW�DOWHUV
*$%$$�UHFHSWRU�P51$�OHYHOV�LQ�WKH�UDW�FRUWH[��(XU��-��3KDUPDFRO��������������

+XQW�3��DQG�&OHPHQWV�-HZHU\�6���������$�VWHURLG�GHULYDWLYH��5�������DQWDJRQL]HV
WKH�*$%$�EHQ]RGLD]HSLQH�UHFHSWRU�LQWHUDFWLRQ��1HXURSKDUPDFRORJ\������������

+XWFKLQVRQ��0��$���6PLWK�3��)��DQG�'DUOLQJWRQ�&��/�� �������7KH�EHKDYLRXUDO�DQG
QHXURQDO� HIIHFWV� RI� WKH� FKURQLF� DGPLQLVWUDWLRQ� RI� EHQ]RGLD]HSLQH� DQ[LRO\WLF� DQG
K\SQRWLF�GUXJV��3URJU��1HXURELRO�����������

,PSDJQLDWHOOR� )��� 3HVROG� &��� /RQJRQH� 3��� &DUXQFKR� +��� )ULWFK\� -�� 0��� &RVWD� (�
*XLGRWWL� $�� ������� 0RGLILFDWLRQV� RI� g�DPLQREXW\ULF� DFLG� $� UHFHSWRU� VXEXQLW
H[SUHVVLRQ� LQ� UDW� QHRFRUWH[� GXULQJ� WROHUDQFH� WR� GLD]HSDP��0RO�� 3KDUPDFRO� ���
�������
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,QRPDWD�1���7RNXWRPL�1���2\DPD�<��DQG�$NDLNH�1��������� ,QWUDFHOOXODU�SLFURWR[LQ
EORFNV�SKHQREDUELWDO�JDWHG�&O��FRQGXFWDQFH��1HXURVFL��5HV����������

,VKLKDUD�6���+LUDPDWVX�0���.DPH\DPD�7��DQG�1DEHVKLPD�7���������'HYHORSPHQW
RI� WROHUDQFH� WR� DQ[LRO\WLF� HIIHFWV� RI� FKORUGLD]HSR[LGH� LQ� HOHYDWHG� SOXV�PD]H� WHVW
DQG�GHFUHDVH�RI�*$%$$�UHFHSWRUV��-��1HXURWUDQVP�����������

,VRNDZD�0���$YDQ]LQL�*��� )LQFK�'��0��� %DEE�7�� /�� DQG� /HYHQVTXH�0�� )�� ������
3K\VLRORJLF� SURSHUWLHV� RI� KXPDQ� GHQWDWH� JUDQXOH� FHOOV� LQ� VOLFHV� SUHSDUHG� IURP
HSLOHSWLF�SDWLHQWV��(SLOHSV\�5HV������������

,WRXML�$���6DNDL�1���7DQDND�&��DQG�6DLWR�1���������1HXURQDO�DQG�JOLDO�ORFDOLVDWLRQ�RI
WZR�*$%$�WUDQVSRUWHUV��*$7��DQG�*$7��� LQ� WKH�UDW�FHUHEHOOXP��0RO��%UDLQ�5HV�
�����������

-RKQVWRQ�*��$��5���������*$%$&�UHFHSWRUV��UHODWLYHO\�VLPSOH�WUDQVPLWWHU�JDWHG�LRQ
FKDQQHOV"�7UHQGV�3KDUPDFRO�������������

-RQHV�.�$���%RURZVN\�%���7DPP�-�$���&UDLJ�'��$���'XUNLQ�0��0���HW�DO��DQG�*HUDOG
&���������*$%$%�UHFHSWRUV�IXQFWLRQ�DV�D�KHWHURGLPHULF�DVVHPEO\�RI�WKH�VXEXQLWV
*$%$%5��DQG�*$%$%5���1DWXUH�������������

.DPSKLXV�:���'H5LMN�7��&��DQG�/RSHV�GD�6LOYD�3��+���������([SUHVVLRQ�RI�*$%$$

UHFHSWRU� VXEXQLW� P51$� LQ� KLSSRFDPSDO� S\UDPLGDO� DQG� JUDQXOH� QHXURQV� LQ� WKH
NLQGOLQJ�PRGHO�RI�HSLOHSWRJHQHVLV��DQ� LQ�VLWX�K\EULGLVDWLRQ�VWXG\��0RO��%UDLQ�5HV�
���������

.DQJ� ,�� DQG� 0LOOHU� /�� *�� ������� 'HFUHDVHG� *$%$$� UHFHSWRU� VXEXQLW� P51$
FRQFHWUDWLRQV� IROORZLQJ�FKURQLF� ORUD]HSDP�DGPLQLVWDUWLRQ��%U�� -��3KDUPDFRO�� ����
���������

.DQQHU�%��,���������*$%$�WUDQVSRUWHUV��VWUXFWXUH��IXQFWLRQ�DQG�PHFKDQLVP��*$%$�
5HFHSWRUV�� 7UDQVSRUWHUV� DQG� 0HWDEROLVP�� (GLW�� 7DQDND� &�� DQG� %RZHU\� 1�� *��
%LUNKlXVHU�9HUODJ�%DVHO�6ZLW]HUODQG�������

.DQQHU�%�,���.H\QDQ�6��DQG�5DGLDQ�5���������6WUXFWXUDO�DQG�IXQFWLRQDO�VWXGLHV�RQ
WKH� VRGLXP��DQG� FKORULGH�FRXSOHG�*$%$� WUDQVSRUWHU�� GHJO\FRO\VDWLRQ� DQG� OLPLWHG
SURWHRO\VLV��%LRFKHPLVWU\�������������

.DXSPDQQ�.���0DOLWVFKHN�%���6FKXOHU�9���+HLG�-����)URHVWL�:���%HFN�3���0RVEDFKHU
-���%LVFKRII�6���.XOLN�$���6KLJHPRWR�5���.DUFKLQ�$�� DQG�%HWWOHU�%�� �������*$%$%

UHFHSWRU� VXEW\SHV�DVVHPEOH� LQWR� IXQFWLRQDO� KHWHURPHULF� FRPSOH[HV��1DWXUH� ����
�������

.LOW\� -�� (��� /RUDQJ� '�� DQG� $PDUD� 6�� *�� ������� &ORQLQJ� DQG� H[SUHVVLRQ� RI� D
FRFDLQH�VHQVLWLYH�UDW�GRSDPLQH�WUDQVSRUWHU��6FLHQFH�������������

.ORW]�8���$QWRQLQ�.��+��DQG�%LHFN�7���������3KDUPDFRNLQHWLFV�DQG�SODVPD�ELQGLQJ
RI�GLD]HSDP�LQ�PDQ��GRJ��UDEELW��JXLQHD�SLJ�DQG�UDW��-��3KDUPDFRO��([S��7KHU������
�����
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.QRZOHV� :�� '��� $ZDG� ,�� $�� DQG� 1D\HO� 0�� +�� ������� 'LIIHUHQFHV� RI� LQ� YLWUR
HOHFWURSK\VLRORJ\� RI� KLSSRFDPSDO� QHXURQV� IURP� HSLOHSWLF� SDWLHQWV� ZLWK
PHVRWHPSRUDO�VFOHURVLV�YHUVXV�VWUXFWXUDO�OHVLRQV��(SLOHSVLD������������

.RNDWH�7��*���6YHQVVRQ�%��(��DQG�5RJDZVNL�0��$���������$QWLFRQYXOVDQW�DFWLYLW\�RI
QHXURVWHURLGV�� FRUUHODWLRQ� ZLWK� g�DPLQREXW\ULF� DFLG�HYRNHG� FKORULGH� FXUUHQW
SRWHQWLDWLRQ��-��3KDUPDFRO��([S��7KHU����������������

.RWHZLW]�0��/���6DPSVRQ�&��0���'C$OHVVLR�-��0��DQG�*HUDUG�*��)���������,VRODWLRQ
RI� FORQHG� 0RORQH\� PXULQH� OHXNHPLD� YLUXV� UHYHUVH� WUDQVFULSWDVH� ODFNLQJ
ULERQXFOHDVH�+�DFWLYLW\��1XFO��$FLG��5HV�������������

.URJVJDDUG�/DUVHQ�S���)DOFK�(���/DUVVRQ�2��0��DQG�6FKRXVERH�$�� �������*$%$
XSWDNH�LQKLELWRUV��UHOHYDQFH�WR�DQWLHSLOHSWLF�GUXJ�UHVHDUFK��(SLOHSV\�5HV����������

/DQJULGJH�-���/DQJULGJH�3��DQG�%HUJTXLVW�3��/���������([WUDFWLRQ�RI�QXFOHLF�DFLGV
IURP�DJDURVH�JHOV��$QDO�%LRFKHP��������������

/HH� -�� -�� DQG� &RVWORZ� 1�� $�� ������� $� PROHFXODU� WLWUDWLRQ� DVVD\� WR� PHDVXUH
WUDQVFULSW�SUHYDOHQFH�OHYHOV��0HWK��(Q]\PRO��������������

/HH� 7�� -��� 6WUDXVV� :�� 0��� 'DXVPDQ� -�� $�� DQG� -DHQLVFK� 5�� ������� $� ���� NE
7UDQVJHQH� GLVSOD\V� SURSHUWLHV� RI� WKH� PDPPDOLDQ� ;�LQDFWLYDWLRQ� FHQWHU��&HOO� ���
�����

/HKPDQQ�+���(EHUW�8��DQG�/RVFKHU�:���������$P\JGDOD�NLQGOLQJ�LQGXFHV�D�ODVWLQJ
UHGXFWLRQ� RI� *$%$�LPPXQRUHDFWLYH� QHXURQV� LQ� D� GLVFUHWH� DUHD� RI� WKH� LSVLODWHUDO
SLULIRUP�FRUWH[��6\QDSVH������������

/HYL�*��DQG�5DLWHUL�0���������&DUULHU�PHGLDWHG�UHOHDVH�RI�QHXURWUDQVPLWWHU��7UHQGV
1HXURVFL�������������

/LDQJ� 3�� DQG� 3DUGHH� $�� %�� ������� 'LIIHUHQWLDO� GLVSOD\� RI� HXNDU\RWLF� PHVVHQJHU
51$�E\�PHDQV�RI�SRO\PHUDVH�FKDLQ�UHDFWLRQ��6FLHQFH�������������

/LDQJ� 3��� $YHUERXNK� O�� DQG� 3DUGHH� $�� %�� ������� 'LVWULEXWLRQ� DQG� FORQLQJ� RI
HXNDU\RWLF�P51$V�E\�PHDQV�RI�GLIIHUHQWLDO�GLVSOD\��UHILQHPHQWV�DQG�RSWLPL]DWLRQ�
1XFO��$FLG�5HV���������������

/LDQJ�3���=KX�:���=KDQJ�;���*RX�=���2C&RQQHO�5��3���$YHUERXNK�/���:DQJ�)��DQG
3DUGHH� $�� %�� ������� 'LIIHUHQWLDO� GLVSOD\� XVLQJ� RQH�EDVH� DQFKRUHG� ROLJR�G7
SULPHUV��1XFO��$FLG�5HV���������������

/LVLWV\Q�1���/LVLWV\Q�1��DQG�:LJOHU�0���������&ORQLQJ�WKH�GLIIHUHQFHV�EHWZHHQ�WZR
FRPSOH[�JHQRPHV��6FLHQFH�������������

/LVNHQV�0��+��.���)HQJ�-���$QGUHZV�:��+���(QORZ�%��(���6DDWL�6��0���7RQNLQ�/��$��
)XQN�:��'��DQG�9LOOHSRQWHDX��������&DWDORJLQJ�DOWHUHG�JHQH�H[SUHVVLRQ�LQ�\RXQJ
DQG� VHQHVFHQW� FHOOV� XVLQJ� HQKDQFHG� GLIIHUHQWLDO� GLVSOD\�� 1XFO�� $FLG� 5HV�� ���
���������
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/LX� 4�� 5��� /ySH]�&RUFXHUD� %��� 1HOVRQ� +��� 0DQGL\DQ� 6�� DQG� 1HOVRQ� 1�� �����D�
&ORQLQJ� DQG� H[SUHVVLRQ� RI� D� F'1$� HQFRGLQJ� WKH� WUDQVSRUWHU� RI� WDXULQH� DQG
b�DODQLQH�LQ�PRXVH�EUDLQ��3URF��1DWO��$FDG��6FL��86$����������������

/LX�4��5���0DQGL\DQ�6���/ySH]�&RUFXHUD�%���1HOVRQ�+��DQG�1HOVRQ�1���������$�UDW
EUDLQ�F'1$�HQFRGLQJ� WKH�QHXURWUDQVPLWWHU� WUDQVSRUWHU�ZLWK�DQ�XQXVXDO� VWUXFWXUH�
)(%6�/HWW��������������

/LX� 4�� 5��� 1HOVRQ� +��� 0DQGL\DQ� 6��� /ySH]�&RUFXHUD� %�� DQG� 1HOVRQ� 1�� �����E�
&ORQLQJ�DQG�H[SUHVVLRQ�RI�D�JO\FLQH�WUDQVSRUWHU�IURP�PRXVH�EUDLQ��)(%6�/HWW������
�������

/LYHVH\�)��-��DQG�+XQW�6��3���������,GHQWLI\LQJ�FKDQJHV�LQ�JHQH�H[SUHVVLRQ�LQ�WKH
QHUYRXV�V\VWHP��P51$�GLIIHUHQWLDO�GLVSOD\��7UHQGV�1HXURVFL�����������

/�GGHQV� +��� .RUSL� (�� 5�� DQG� 6HHEXUJ� 3�� +�� ������� *$%$$�%HQ]RGLD]HSLQH
UHFHSWRU� KHWHURJHQHLW\�� 1HXURSK\VLRORJLFDO� LPSOLFDWLRQV��1HXURSKDUPDFRORJ\� ���
�������

/XVFRPEH� *�� 3��� +XWFKLQVRQ� /�� -��� 0D]XUNLHZLF]� 6�� (�� DQG� +HDO� '�� -�� ������
&RPSOWH�WROHUDQFH�WR�WKH�DQ[LRO\WLF�HIIHFWV�LQ�WKH�HOHYDWHG�SOXV�PD]H�SURGXFHG�LQ
UDWV� E\� ��� GD\� LQIXVLRQ� RI� GUXJV� E\� RVPRWLF� PLQLSXPS�� 3URF�� %U�� -�
3KDUPDFRO����������3

0DFGRQDOG� 5�� /�� DQG�%DNHU� -�� /�� ������� %HQ]RGLD]HSLQHV� VSHFLILFDOO\� PRGXODWH
*$%$�PHGLDWHG� SRVWV\QDSWLF� LQKLELWLRQ� LQ� FXOWXUHG� PDPPDOLDQ� QHXURQV��1DWXUH
������������

0DFGRQDOG�5�� /�� DQG�%DNHU� -�� /�� �������'LIIHUHQW� DFWLRQV� RI� DQWLFRQYXOVDQW� DQG
DQHVWKHWLF�EDUELWXUDWHV�UHYHDOHG�E\�XVH�RI�FXOWXUHG�PDPPDOLDQ�QHXURQV��6FLHQFH
������������

0DFGRQDOG�5�� /�� DQG�2OVHQ�5��:�� �������*$%$$� UHFHSWRU� FKDQQHOV��$QQ��5HY�
1HXURVFL�������������

0DJHU� 6��� .OHLQEHUJHU�'RURQ� 1��� .HVKHW� *�� ,��� 'DYLGVRQ� 1��� .DQQHU� %�� ,�� DQG
/HVWHU�+��$�� ������� ,RQ�ELQGLQJ�DQG�SHUPHDWLRQ�DW� WKH�*$%$� WUDQVSRUWHU�*$7��
-��1HXXURVFL���������������

0DMHZVND�0��'���+DUULVRQ�1��/���6FKZDUW]�5��'���%DNHU�-��/��DQG�3DXO�6��0��������
6WHURLG� KRUPRQH� PHWDEROLWHV� DUH� EDUELWXUDWH�OLNH� PRGXODWRUV� RI� WKH� *$%$
UHFHSWRU��6FLHQFH���������������

0lNHOl�5���/HKWRQHQ�0���:LVGHQ�:���/�GGHQV�+��DQG�.RUSL�(��5���������%OXQWHG
IXURVHPLGH�DFWLRQ�RQ�FHUHEHOODU�*$%$$�UHFHSWRUV�LQ�$17�UDWV�VHOHFWLYHO\�EUHG�IRU
KLJK�DOFRKRO�VHQVLWLYLW\��1HXURSKDUPDFRORJ\��������������

0DOOHW�)���2ULRO�*���0DU\�&���9HUULHU�%��DQG�0DQGUDQG�%���������&RQWLQXRV�5W�3&5
XVLQJ� $09�57� DQG� 7DT� '1$� SRO\PHUDVH�� FKDUDFWHULVDWLRQ� DQG� FRPSDULVRQ� WR
XQFRXSOHG�SURFHGXHUV��%LR7HFKQLTXHV������������
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0DUNVWHLQHU� -�� DQG� 6SHUN� *�� ������� &RQFRPLQDW� LQFUHDVH� RI� VRPDWRVWDWLQ�
QHXURSHSWLGH� <� DQG� JOXWDPDWH� GHFDUER[\ODVH� LQ� WKH� IURQWDO� FRUWH[� RI� UDWV� ZLWK
GHFUHDVHG�VHL]XUH�WKUHVKROG��1HXURVFLHQFH������������

0DUVKDOO�)���-RQHV�.���.DXSPDQQ�.��DQG�%HWWOHU�%���������*$%$%�UHFHSWRUV���WKH
ILUVW��70�KHWHURGLPHUV��7UHQGV�3KDUPDFRO�������������

0DWVXEDUD� .�� DQG� 0DWVXVKLWD� $�� ������� &KDQJHV� LQ� DPEXODWRU\� DFWLYLWLHV� DQG
PXVFOH�UHOD[DWLRQ�LQ�UDWV�DIWHU�UHSHDWHG�GRVHV�RI�GLD]HSDP��3V\FKRSKDUPDFRORJ\
�����������

0F&XOORFK� 5�� .��� &KRRQJ� &�� 6�� DQG� +XUOH\� '�0�� ������� $Q� HYDOXDWLRQ� RI
FRPSHWLWRU� W\SH� DQG� VL]H� IRU� XVH� LQ� WKH� GHWHUPLQDWLRQ� RI� P51$� E\� FRPSHWLWLYH
57�3&5��3&5�0HWKRGV�$SSO������������

0F,QWLUH� 6�� /��� 5HLPHU� 5�� -��� 6FKXVNH� .��� (GZDUGV� 5�� +�� DQG� -RUJHQVHQ� (�� 0�
������� ,GHQWLILFDWLRQ� DQG� FKDUDFWHUL]DWLRQ� RI� WKH� YHVLFXODU� *$%$� WUDQVSRUWHU�
1DWXUH�������������

0F.HUPDQ�5��0�� DQG�:KLWLQJ�3�� �������:KLFK�*$%$$� UHFHSWRU� VXEW\SHV� UHDOO\
RFFXU�LQ�WKH�EUDLQ"�7UHQGV�1HXURVFL�������������

0HKWD�$��.��DQG�7LFNX�0��.�� �������$Q�XSGDWH�RQ�*$%$$� UHFHSWRUV��%UDLQ�5HV�
5HZ�������������

0LKLF�6�� -���:KLWLQJ�3�� -���.OHLQ�5�� /���:DIIRUG�.�� $�� DQG�+DUULV�5�� $�� ������� $
VLQJOH�DPLQR�DFLG�RI�WKH�KXPDQ�JDPPD�DPLQREXW\ULF�DFLG�W\SH�$�UHFHSWRU�JDPPD
��VXEXQLW�GHWHUPLQHV�EHQ]RGLD]HSLQH�HIILFDF\��-��%LRO��&KHP������������������

0LOOHU� /�� *��� *UHHQEODWW� '�� -��� %DUQKLOO� -�� *�� DQG� 6KDGHU� 5�� ,�� ������� &KURQLF
EHQ]RGLD]HSLQH� DGPLQLVWUDWLRQ�� ,�� 7ROHUDQFH� LV� DVVRFLDWHG� ZLWK� EHQ]RGLD]HSLQH
UHFHSWRU� GRZQUHJXODWLRQ� DQG� GHFUHDVHG� JDPPD�DPLQREXW\ULF� DFLG$� UHFHSWRU
IXQFWLRQ��-��3KDUPDFRO��([S��7KHU��������������

0LOOHU� 1�� 6�� DQG� *ROG� 0�� 6�� ������� %HQ]RGLD]HSLQHV�� WROHUDQFH�� GHSHQGHQFH�
DEXVH�DQG�DGGLFWLRQ��-��3V\FKRDFWLYH�'UXJV����������

0XODURQL� $��� $GHVVL� *�� /��� $UEH]�*LQGUH� )��� $JQDQL� *�� DQG� 1LFROLHU� 0�� ������
&RPSHWLWLYH� 57�3&5� WR� TXDQWLI\� &)75� P51$� LQ� KXPDQ� HQGRPHWULXP�
&OLQ��&KHP���������������

0XOGHU�-���0F.LQQH\�1���&KULVWRSKHUVRQ�&���6QLQVN\�-���*UHHQILHOG�/��DQG�.ZRN�6�
�������5DSLG�DQG�VLPSOH�3&5�DVVD\�IRU�TXDQWLWDWLRQ�RI�KXPDQ�LPPXQRGHIILFLHQF\
YLUXV� W\SH� �� 51$� LQ� SODVPD�� DSSOLFDWLRQWRDFFXWH� UHWURYLUDO� LQIHFWLRQ�� -�� &OLQ�
0LFURELRO������������

0XOOLV� .�� %�� ������� 7KH� SRO\PHUDVH� FKDLQ� UHDFWLRQ� LQ� DQ� DQHPLF�PRGH�� KRZ� WR
DYRLG�FROG�ROLJRGHR[\ULERQXFOHDU�IXVLRQ��3&5�0HWKRGV�$SSO��������

0XOOLV� .�� *�� DQG� )DORRQD� )�� $�� ������� 6SHFLILF� V\QWKHVLV� RI� '1$� LQ� YLWUR� YLD� D
SRO\PHUDVH�FDWDO\VHG�FKDLQ�UHDFWLRQ��0HWKRGV�(Q]\PRO��������������
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0\HUV�5��0���/DULQ�=��DQG�0DQLDWLV�7���������'HWHFWLRQ�RI�VLQJOH�EDVH�VXEVWLWXWLRQ
E\� ULERQXFOHDVH� FOHDYDJH� DW� PLVPDWFKHV� LQ� 51$�'1$� GXSOH[HV�� 6FLHQFH� ����
���������

1D\HHP� 1��� *UHHQ� 7�� 3��� 0DUWLQ� ,�� /�� DQG� %DUQDUG� (�� $�� ������� 4XDWHUQDU\
VWUXFWXUH�RI�WKH�QDWLYH�*$%$$�UHFHSWRU�GHWHUPLQHG�E\�HOHFWURQ�PLFURVFRSLF�LPDJH
DQDO\VLV��-��1HXURFKHP�������������

1RHEHOV�-��/���������7DUJHWLQJ�HSLOHSV\�JHQHV��1HXURQ������������

1XVVHU�=���+DMRV�1���6RPRJ\L�3��DQG�0RG\�,���������,QFUHDVHG�QXPEHU�RI�V\QDSULF
*$%$$� UHFHSWRUV� XQGHUOLHV� SRWHQWLDWLRQ� DW� KLSSRFDPSDO� LQKLELWRU\� V\QDSVHV�
1DWXUH�������������

2EHQDXV� $��� (VFODSH]� 0�� DQG� +RXVHU� &�� 5�� ������� /RVV� RI� JOXWDPDWH
GHFDUER[\ODVH� P51$� FRQWDLQLQJ� QHXURQHV� LQ� WKH� UDW� GHQWDWH� J\UXV� IROORZLQJ
SLORFDUSLQH�LQGXFHG�VHL]XUHV��-��1HXURVFL���������������

2OVHQ� 5�� :�� DQG� 7RELQ� $�� -�� ������� 0ROHFXODU� ELRORJ\� RI� *$%$$� UHFHSWRUV�
)$6(%�-��������������

3DFKROF]\N� 7��� %ODNHO\� 5�� DQG� $PDUD� 6�� *�� ������� ([SUHVVLRQ� FORQLQJ� RI
D� FRFDLQH�� DQG� DQWLGHSUHVVDQW�VHQVLWLYH� QRUDGUHQDOLQH� WUDQVSRUWHU�� 1DWXUH� ����
�������

3HUUDXOW�*���0RUHO�(���6DQJHU�'��-��DQG�=LYNRYLF�%���������/DFN�RI�WROHUDQFH�DQG
SK\VLFDO�GHSHQGHQFH�XSRQ�UHSHDWHG� WUHDWPHQW�ZLWK� WKH�QRYHO�K\SQRWLF�]ROSLGHP�
-��3KDUPDFRO��([S��7KHU��������������

3HWHUV�-��$���.LUNQHVV�(��)���&DOODFKDQ�+���/DPEHUW�-��-��DQG�7XUQHU�$��-�� ������
0RGXODWLRQ�RI�*$%$$�UHFHSWRU�E\�GHSUHVVDQW�EDUELWXUDWHV�DQG�SUHJQDQH�VWHURLGV�
%U��-��3KDUPDFRO���������������

3IHIIHU� 8��� )HFDURWWD� (��� DQG� 9LGDOL� *�� ������� (IILFLHQW� RQH� WXEH� 57�3&5
DPSOLILFDWLRQ�RI�UDUH�WUDQFULSWV�XVLQJ�VKRUW�VHTXHQFH�VSHFLILF�UHYHUVH�WUDQVFULSWLRQ
SULPHUV��%LR7HFKQLTXHV������������

3LDWDN�0���/XN�.��&���:LOOLDPV�%��DQG�/LIVRQ�-��'���������4XDQWLWDWLYH�FRPSHWLWLYH
SRO\PHUDVH�FKDLQ�UHDFWLRQ�IRU�DFFXUDWH�TXDQWLWDWLRQ�RI�+,9�'1$�DQG�51$�VSHFLHV�
%LR7HFKQLTXHV����������

3LDWDN�0���:DJHV�-���.D�&KHXQJ�/��DQG�/LIVRQ�-�'���������4XDQWLILDFDWLRQ�RI�51$
E\�FRPSHWLWLYH�57�3&5���WKHRUHWLFDO�FRQVLGHUDWLRQV�DQG�SUDFWLFDO�DGYLFH��LQ��.ULHJ
3��$���(G����$�ODERUDWRU\�JXLGH�WR�51$��,VRODWLRQ��$QDO\VLV�DQG�6\QWKHVLV��:LOOH\�
/LVV��1HZ�<RUN���������D��S������E��S���

3RLUULHU�5���)UDQF�*���6FKHOGHZDHUW�5���-ROLH�$��DQG�7KRPDV�0���������7KHHHIHFW
RI� ORQJ�WHUP� ]ROSLGHP� WUHWDPHQW� RQ� QRFWXUQDO� SRO\VRPQRJUDSK\� DQG� GD\WLPH
YLJLODQFH�LQ�SDWLHQWV�ZLWK�SV\FKRSK\VLRORJLFDO�LQVRPQLD��$FWD�7KHU�����������
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3ROF� 3�� ������� (OHFWURSK\VLRORJ\� RI� EHQ]RGLD]HSLQH� UHFHSWRU� OLJDQGV�� PXOWLSOH
PHFKDQLVPV�DQG�VLWHV�RI�DFWLRQ��3URJ��1HXURELRO�������������

3ULPXV�5��-��DQG�*DOODJHU�'��:���������*$%$$�UHFHSWRU�VXEXQLW�P51$�OHYHOV�DUH
GLIIHUHQWLDOO\� LQIOXQFHG� E\� FKURQLF� )*����� DQG� GLD]HSDP� H[SRVXUH�
(XU��-��3KDUPDFRO������������

3ULWFKHWW�'��%��DQG�6HHEXUJ�3��+���������g�$PLQREXW\ULF�DFLG$�UHFHSWRU�a��VXEXQLW
FUHDWHV�QRYHO� W\SH� ,,�EHQ]RGLD]HSLQH� UHFHSWRU�SKDUPDFRORJ\��-��1HXURFKHP�����
���������

3ULWFKHWW� '�� %�� DQG� 6HHEXUJ� 3�� +�� ������� *DPPD�DPLQREXW\ULF� DFLG� W\SH� $
UHFHSWRU�SRLQW�PXWDWLRQ�LQFUHDVHV�WKH�DIILQLW\�RI�FRPSRXQGV�IRU�WKH�EHQ]RGLD]HSLQH
VLWH��3URF��1DWO��$FDG��6FL��86$��������������

3ULWFKHWW�'��%���6RQWKHLPHU�+���6KLYHUV�%��'���<PHU�6���.HWWHQPDQQ�+���6FKRILHOG
3��5��DQG�6HHEXUJ�3��+���������,PSRUWDQFH�RI�D�QRYHO�*$%$$�UHFHSWRU�VXEXQLW�IRU
EHQ]RGLD]HSLQH�SKDUPDFRORJ\��1DWXUH�������������

3XUDQDP� 5�� 6�� DQG� 0F1DPDUD� -�� 2�� ������� 6HL]XH� GLVRUGHUV� LQ� PXWDQW� PLFH�
UHOHYDQFH�WR�KXPDQ�HSLOHSVLHV��&XUU��2SLQ��1HXURELRO������������

4LDQ�<���*DOOL�$���5DPDURRWK\�6���5LVR�6���'H)HOLFH�/��-��DQG�%ODNHO\�5��'��������
3URWHLQ� NLQDVH� &� DFWLYDWLRQ� UHJXODWHV� KXPDQ� VHURWRQLQ� WUDQVSRUWHUV� LQ� +(.����
FHOOV�YLH�DOWHUHG�FHOO�VXUIDFH�H[SUHVVLRQ��-��1HXURVFL�����������

4XLFN� 0�� :��� &RUH\� -�� /��� 'DYLGVRQ� 1��� DQG� /HVWHU� +�� $�� ������� 6HFRQG
PHVVHQJHUV��WUDIILFNLQJ�UHODWHG�SURWHLQV�DQG�DPLQR�DFLG�UHVLGXHV�WKDW�FRQWULEXWH�WR
WKH�IXQFWLRQDO�UHJXODWLRQ�RI�WKHUDW�EUDLQ�*$%$�WUDQVSRUWHU�*$7���-��1HXURVFL�����
���������

5DGLDQ�5���2WWHUVRQ�2��3���6WRUP�0DWLVHQ�-���&DVWHO�0��DQG�.DQQHU�%�� ,�� ������
,PPXQRF\WRFKHPLFDO� ORFDOLVDWLRQ� RI� WKH� *$%$� WUDQVSRUWHU� LQ� WKH� UDW� EUDLQ�
-��1HXURVFL���������������

5DOO�7��:���������+\SQRWLFV�DQG�VHGDWLYHV��HWKDQRO��*RRGPDQ�DQG�*LOPDQCV�7KH
SKDUPDFRORJLFDO� EDVLV� RI� WKHUDSHXWLFV� ��WK� HG���� (GV�5DOO�7��:���1LHV�$��6�� DQG
7D\ORU�3����������

5DPVH\�:LOOLDPV� 9�� $��� :X� <�� DQG� 5RVHQEHUJ� +�&�� ������� &RPSDULVRQ� RI
DQWLFRQYXOVDQW� WROHUDQFH�� FURVV�WROHUDQFH�� DQG� EHQ]RGLD]HSLQH� UHFHSWRU� ELQGLQJ
IROORZLQJ� FKURQLF� WUHDWPHQW� ZLWK� GLD]HSDP� RU� PLGD]RODP�� 3KDUPDFRO�� %LRFKHP�
%HKDY�������������

5DWWUD\�0��DQG�3ULHVWOH\�-��9���������'LIIHUHQWLDO�H[SUHVVLRQ�RI�*$%$�WUDQVSRUWHU��
PHVVHQJHU�51$�LQ�VXESRSXODWLRQ�RI�*$%$�QHXURQV��1HXURVFL��/HWW��������������

5HHYHV� 6�� $��� 5XELR� 0�� DQG� /RXLV� '�� 1�� ������� *HQHUDO� PHWKRG� IRU� 3&5
DPSOLILFDWLRQ� DQG� GLUHFW� VHTXHQFLQJ� RI� P51$� GLIIHUHQWLDO� GLVSOD\� SURGXFWV�
%LR7HFKQLTXHV����������
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5RFD�'��-���6FKLOOHU�*��'���)ULHGPDQ�/���5R]HQEHUJ�,���*LEEV�7��7��DQG�)DUE�'��+�
�������*DPPD�DPLQREXW\ULF�DFLG$�UHFHSWRU�UHJXODWLRQ�LQ�FXOWXUH��$OWHUHG�DOORVWHULF
LQWHUDFWLRQV� IROORZLQJ� SURORQJHG� H[SRVXUH� WR� EHQ]RGLD]HSLQHV�� EDUELWXUDWHV� DQG
PHWK\O[DQWLQHV��0ROHF��3KDPDFRO�������������

5RJHU�0���$WWDOL�3��DQG�&RTXHOLQ�-��3���������0XOWLFHQWHU��GRXEOH�EOLQG��FRQWUROOHG
FRPSDULVRQ� RI� ]ROSLGHP� DQG� WULD]RODP� LQ� HOGHUO\� SDWLHQWV� ZLWK� LQVRPQLD�
&OLQ��7KHU�������������

5�WKHU�8���������S85�����DOORZV�UDSLG�FKHPLFDO�VHTXHQFLQJ�RI�ERWK�'1$�VWUDQGV
RI�LWV�LQVHUWV��1XFO��$FLG�5HV���������������

6DLWR�1��DQG�7DQDND�&���������)XQFWLRQDO�UHJXODWLRQ�RI�*$%$�WUDQVSRUWHUV�E\�3.&
DQG� WKHLU� GLVWLQFW� ORFDOLVDWLRQ��*$%$�� 5HFHSWRUV�� 7UDQVSRUWHUV� DQG� 0HWDEROLVP�
(GV��7DQDND�&���%RZHU\�1��*���%LUNKlXVHU�9HUODJ��%DVHO��6ZLW]HUODQG�������

6DPEURRN�-���)ULWVFK�(��)���DQG�0DQLDWLV�7���������0ROHFXODU�FORQLQJ��$�/DERUDWRU\
0DQXDO���QG�HGQ���&ROG�6SULQJ�+DUERU�/DERUDWRU\�3UHVV��1HZ�<RUN�������

6DQJHU�'��-��DQG�=LYNRYLF�%���������,QYHVWLJDWLRQ�RI�WKH�GHYHORSPHQW�RI�WROHUDQFH
WR�WKH�DFWLRQV�RI�]ROSLGHP�DQG�PLGD]RODP��1HXURSKDUPDFRORJ\��������������

6DQJHU�'��-��DQG�=LYNRYLF�%�� �������'LIIHUHQWLDO�GHYHORSPHQW�RI� WROHUDQFH� WR� WKH
GHSUHVVDQW� HIIHFWV� RI� EHQ]RGLD]HSLQH� DQG� QRQEHQ]RGLD]HSLQH� DJRQLVWV� DW� WKH
RPHJD�PRGXODWRU\�VLWHV�RI�*$%$$�UHFHSWRUV��1HXURSKDUPDFRORJ\������������

6DQJHU� )��� 1LFNOHQ� 6�� DQG� &RXOVRQ� 5�� ������� '1$� VHTXHQFLQJ� ZLWK� FKDLQ�
WHUPLQDWLQJ�LQKLELWRUV��%LRFKHPLVWU\��������������

6DQVRQH� 0�� ������� (IIHFWV� RI� UHSHDWHG� DGPLQLVWUDWLRQ� RI� FKORUGLD]HSR[LGH� RQ
VSRQWDQHRXV�ORFRPRWRU�DFWLYLW\�LQ�PLFH��3V\FKSKDUPDFRORJ\������������

6DUGHW� &��� &RXQLOORQ� /��� )UDQFKL� $�� DQG� 3RX\VVHTXU� -�� ������� *URZWK� IDFWRUV
LQGXFH� SKRSKRU\ODWLRQ� RI� WKH� 1D�+� DQWLSRUWHU�� JO\FRSURWHLQ� RI� ���� N'D��6FLHQFH
������������

6DWR�.���$GDPV�5���%HW]�+��DQG�6FKORVV�3�������E��0RGXODWLRQ�RI�D�UHFRPELQDQW
JO\FLQH�WUDQVSRUWHU�E\�DFWLYDWLRQ�RI�SURWHLQ�NLQDVH�&��-��1HXURFKHP��������������

6DWR� .��� %HW]� +�� DQG� 6FKORVV� 3�� �����D�� 7KH� UHFRPELQDQW� *$%$� WUDQVSRUWHU
*$7�� LV� GRZQUHJXODWHG� XSRQ� DFWLYDWLRQ� RI� SURWHLQ� NLQDVH� &�� )(%6� /HWW�� ����
������

6FKDUI�0��%���5RWK�7���9RJHO�*��:��DQG�:DOFK�-��.���������$�PXOWLFHQWHU��SODFHER
FRQWUROOHG� VWXG\� HYDOXDWLQJ� ]ROSLGHP� LQ� WKH� WUHDWPHQW� RI� FKURQLF� LQVRPQLD�
-��&OLQ��3V\FKLDWU\������������

6FKOLFK�'���+HULWLHU�&��/���&RTXHOLQ�-��3��DQG�$WWDOL�3���������/RQJ�WHUP�WUHDWPHQW
RI�LQVRPQLD�ZLWK�]ROSLGHP��-��,QW��0HG��5HV�������������
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6FKPLWW�8�� DQG�+LHPNH�&�� �������&RPELQDWLRQ� RI� RSHQ� ILHOG� DQG� HOHYDWHG� SOXV�
PD]H��D�VXLWDEOH�WHVW�EDWWHU\�WR�DVVHVV�VWUDLQ�DQG�DV�ZHOO�DV�WUHDWPHQW�GLIIHUHQFHV
LQ�UDW�EHKDYLRU��3URJ��1HXUR�3V\FKSKDUPDFRO��&�%LRO��%V\FKLDW���������������

6FKPLWW� 8��� 'DKPHQ� 1��� )LVFKHU� 9��� :HLJPDQQ� +��� 5DR� 0�/��� 5HXVV� 6�� DQG
+LHPNH� &�� ������� &KURQLF� RUDO� KDORSHULGRO� DQG� FOR]DSLQH� LQ� UDWV�� $� EHKDYLRUDO
HYDOXDWLRQ��1HXURSV\FKRELRORJ\����������

6FKQHHEHUJHU� &��� 6SHLVHU� 3��� .XU\� 3�� DQG� =HLOOLQJHU� 5�� ������� 4XDQWLWDWLYH
GHWHFWLRQ� RI� UHYHUVH� WUDQVFULSWDVH�3&5� SURGXFWV� E\� PHDQV� RI� D� QRYHO� DQG
VHQVLWLYH�'1$�VWDLQ��3&5�0HWKRGV�$SSO������������

6FKRILHOG�3��5���'DUOLVRQ�0��*���)XMLWD�1���%XUW�'��5��DQG�6WHSKHQVRQ�)��$��������
6HTXHQFH�DQG�IXQFWLRQDO�H[SUHVVLRQ�RI�WKH�*$%$$�UHFHSWRU�VKRZV�D�OLJDQG�JDWHG
UHFHSWRU�VXSHU�IDPLO\��1DWXUH�������������

6FKZDU]HU�&�� DQG�6SHUN�*�� �������+LSSRFDPSDO� JUDQXOH� FHOOV� H[SUHVV� JOXWDPLF
DFLG�GHFDUER[\ODVH�����*$'����DIWHU�OLPELF�VHL]XUHV�LQ�WKH�UDW��1HXURVFLHQFH����
�������

6FKZDU]HU�&���7VXQDVKLPD�.���:DQ]HQE|FK�&���)XFKV�.���6LHJKDUW�:��DQG�6SHUN
*���������*$%$$�UHFHSWRUV�VXEXQLWV�LQ�WKH�UDW�KLSSRFDPSXV��DOWHUHG�GLVWULEXWLRQ�LQ
NDLQLF�DFLG�LQGXFHG�WHPSRUDO�OREH�HSLOHSV\��1HXURVFLHQFH��������������

6KDZ�6��+���&XUVRQ�+��DQG�&RTXHOLQ�-��3��������$�GRXEOH�EOLQG�FRPSDUDWLYH�VWXG\
RI� ]ROSLGHP� DQG� SODFHER� LQ� WKH� WUHDWPHQW� RI� LQVRPPQLD� LQ� HOGHUO\� SV\FKLDWULF
SDWLHQWV��-��,QW��0HG��5HV�������������

6KHNKDU�$���6LPV�/��6��DQG�%RZVKHU�5��5���������*$%$�UHFHSWRUV�LQ�WKH�UHJLRQ�RI
WKH�GRUVRPHGLDO� K\SRWKDODPV�RI� UDWV� UHJXODWH� DQ[LHW\� LQ� WKH� HOHYDWHG� SOXV�PD]H
WHVW��%UDLQ�5HV������������

6KLPDGD�6���.LWD\DPD�6���/LQ�&��/���3DWHO�$���1DQWKDNXPDU�(���*UHJRU�3���.XKDU
0�� DQG� 8KO� *�� ������� &ORQLQJ� DQG� H[SUHVVLRQ� RI� D� FRFDLQH�VHQVLWLYH� GRSDPLQH
WUDQVSRUWHU�FRPSOHPHQWDU\�'1$��6FLHQFH�������������

6LHEHUW�3�'��DQG�/DUULFN�-��:���������3&5�PLPLFV��FRPSHWLWLYH�'1$�IUDJPHQWV�IRU
XVH�DV�LQWHUQDO�VWDQGDUGV�LQ�TXDQWLWDWLYH�3&5��%LR7HFKQLTXHV������������

6LOYHUPDQ� 0�� ������� 6WUXFWXUH� DQG� IXQFWLRQ� RI� KH[RVH� WUDQVSRUWHUV�� $QQ�� 5HY�
%LRFKHP�������������

6LYLORWWL�/��DQG�1LVWUL�$���������*$%$�UHFHSWRU�PHFKDQLVPV�LQ�WKH�FHQWUDO�QHUYRXV
V\VWHP��3URJ��1HXURELRO�����������

6ODGH�0��-���6PLWK�%��0���6LQQHW�+��'���&URVV�1��&��DQG�&RRPEHV�5��&�� ������
4XDQWLWDWLYH� 3&5� IRU� WKH� GHWHFWLRQ� RI� PLFURPHWDVWDVHV� LQ� SDWLHQWV� ZLWK� EUHDVW
FDQFHU��-��&OLQ��2QFRO�������������
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6PLWK�.��(���%RUGHQ�/��$���+DUWLJ�3��5���%UDQFKHN�7��DQG�:HLQVKDQN�5��/�������D�
&ORQLQJ�DQG�H[SUHVVLRQ�RI�D�JO\FLQH� WUDQVSRUWHU� UHYHDO�FRORFDOL]DWLRQ�ZLWK�10'$
UHFHSWRUV��1HXURQ�����������

6PLWK� .�� (��� %RUGHQ� /�� $��� :DQJ� &�� +�� '��� +DUWLJ� 3�� 5��� %UDQFKHN� 7�� $�� DQG
:HLQVKDQN� 5�� /�� �����E�� &ORQLQJ� DQG� H[SUHVVLRQ� RI� D� KLJK�DIILQLW\� WDXULQH
WUDQVSRUWHU�IURP�UDW�EUDLQ��0ROHF��3KDUPDF�������������

6PLWK�.��(���*XVWDIVRQ�(��/���%RUGHQ�/��$���'KDU�0�7�*���'XUNLQ�0��0���9D\VVH�3�
-���%UDQFKHN�7���*OXFKRZVNL�&��DQG�:HLQVKDQN�5��/���������+HWHURJHQHLW\�RI�EUDLQ
*$%$�WUDQVSRUWHUV��*$%$��5HFHSWRUV��7UDQVSRUWHUV�DQG�0HWDEROLVP��(GV��7DQDND
&���%RZHU\�1��*���%LUNKlXVHU�9HUODJ��%DVHO��6ZLW]HUODQG

6PLWK�3��)��DQG�'DUOLQJWRQ�&��/���������5DSLG�WROHUDQFH�WR�WKH�GHSUHVVLYH�HIIHFWV
RI� GLD]HSDP� RQ� JXLQHD� SLJ� PRWRU� FRQWURO� XVLQJ� GLYLGHG� GRVHV�� 3KDUPDFRO�
%LRFKHP��%HKDY�������������

6QRZ�+���/RZULH�0��%��DQG�%HQQHWW�-��3���������$�SRVW�V\QDSWLF�*$%$�WUDQVSRUWHU
LQ�UDW�VSLQDO�PRWRU�QHXURQHV��1HXURVFL��/HWW��������������

6RNRORY�%��3�DQG�3URFNRS�'��-���������$�UDSLG�DQG�VLPSOH�3&5�EDVHG�PHWKRG�IRU
LVRODWLRQ� RI� F'1$V� IURP� GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV�� 1XFO�� $FLG� 5HV�� ���
���������

6SDQDJHO�5��� 3XW]NH� -��� 6WHIIHUO� $��� 6FK|ELW]� %�� DQG� =LHJOJlQVEHUJHU�:�� ������
$FDPSURVDWH� DQG� DOFRKRO�� ,,�� (IIHFWV� RQ� DOFRKRO� ZLWKGUDZDO� LQ� WKH� UDW�
(XU��-��3KDUPDFRO������������

6SHUN�*���/DVVPDQQ�+���%DUDQ�+���.LVK�6��-���6LHWHOEHUJHU�)��DQG�+RUQ\NLHZLF]�2�
������� .DLQLF� DFLG� LQGXFHG� VHL]XUHV�� 1HXURFKHPLFDO� DQG� KLVWRSDWKRORJLFDO
FKDQJHV��1HXURVFLHQFH��������������

6SHUN�*���0DUNVWHLQHU�-���*UXEHU�%���%HOOPDQQ�5���0DKDWD�0��DQG�2UWOHU�0��������
)XQFWLRQDO� FKDQJHV� LQ� QHXURSHSWLGH� <� DQG� VRPDWRVWDWLQ� FRQWDLQLQJ� QHXURQV
LQGXFHG�E\�OLPELF�VHL]XUHV�LQ�WKH�UDW��1HXURVFLHQFH������������

6WDUU�0��6���������7KH�UROH�RI�GRSDPLQH�LQ�HSLOHSV\��6\QDSVH������������

6WHLQ�:��'���������$Q�LQWURGXFWLRQ�WR�PHPEUDQH�WUDQVSRUW��&KDQQHOV��&DUULHUV�DQG
3XPSV��$FDGHPLF�3UHVV�,QF���1<�

6ZDQ�0���1DMOHUDKLP�$���:DWVRQ�5��(��%��DQG�%HQQHWW�-��3���������'LVWULEXWLRQ�RI
P51$�IRU�WKH�*$%$�WUDQVSRUWHU���LQ�WKH�UDW�EUDLQ��HYLGHQFH�WKDW�*$%$�XSWDNH�LV
QLW�OLPLWHG�WR�SUHV\QDSWLF�QHXURQV��-��$QDW��������������

7HXEQHU� /��� :lWMHQ� )�� DQG� -HQVHQ� /�� +�� ������� /LJDQGV� IRU� EHQ]RGLD]HSLQH
ELQGLQJ�VLWH���D�VXUYH\��&XUU��3KDUPDFHXW��'HVLJQ�����������

7LWXDOHU�0��1��*���.DPSKLXV�:��DQG�/RSHV�GD�6LOYD�)��+�� �������/RQJ� WHUP�DQG
UHJLRQDO�VSHFLILF�FKDQJHV�LQ�>�+@IOXQLWUD]HSDP�ELQGLQJ�LQ�NLQGOHG�UDW�KLSSRFDPSXV�
1HXURVFLHQFH������������
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7RNX\DPD� <�� DQG� 7DNHGD� -�� ������� 8VH� RI� ��3�ODEHOHG� SULPHU� LQFUHDVHV� WKH
VHQVLWLYLW\�DQG�VSHFLILFLW\�RI�P51$�GLIIHUHQWLDO�GLVSOD\��%LR7HFKQLTXHV������������

7UHLW� '�� ������� (YLGHQFH� WKDW� WROHUDQFH� GHYHORSV� WR� WKH� DQ[LRO\WLF� HIIHFW� RI
GLD]HSDP�LQ�UDWV��3KDUPDFRO��%LRFKHP��%HKDY�������������

7UHQWPDQQ�6��0���9DQ�GHU�.QDDS�(��DQG�.HQGH�+���������$OWHUQDWLYHV�WR���6�DV�D
ODEHO� IRU� WKH� GLIIHUHQWLDO� GLVSOD\� RI� HXNDU\RWLF� PHVVHQJHU� 51$�� 6FLHQFH� ����
���������

7XUQERZ�0��$��DQG�*DUQHU�&��:�� �������5LERQXFOHDVH�SURWHFWLRQ�DVVD\�� XVH�RI
ELRW\Q\ODWHG�SUREHV�IRU�WKH�GHWHFWLRQ�RI�WZR�PHVVHQJHU�51$V��%LR7HFKQLTXHV����
�������

8KO�*��5���.LWD\DPD�6���*UHJRU�3���1DQWKDNXPHU�(���3HUVLFR�$��DQG�6KLPDGD�6�
������� 1HXURWUDQVPLWWHU� WUDQVSRUWHU� IDPLO\� F'1$V�� LQ� D� UDW� PLGEUDLQ� OLEUDU\�
�RUSKDQ�WUDQVSRUWHUV��VXJJHVW�VL]DEOH�VWUXFWXUDO�YDULDWLRQV��0ROHF��%UDLQ�5HV�����
�������

9HOFXOHVFX�9��(���=KDQJ�/���9RJHOVWHLQ�%��DQG�.LQ]OHU�.��:���������6HULDO�DQDO\VLV
RI�JHQH�H[SUHVVLRQ��6FLHQFH�������������

9HOOXFFL�6��9��DQG�)LOH�6��(���������&KORUGLD]HSRLGH�ORVHV�LWV�DQ[LRO\WLF�DFWLRQ�ZLWK
ORQJ�WHUP�WUHDWPHQW��3V\FKRSKDUPDFRORJ\����������

:DQJ� $�� 0��� 'R\OH� 0�� 9�� DQG� 0DUN� '�)�� ������� 4XDQWLWDWLRQ� RI� P51$� E\� WKH
SRO\PHUDVH�FKDLQ�UHDFWLRQ��3URF��1DWO��$FDG��6FL��86$��������������

:DQJ�5��)���&DR�:��:��DQG�-RKQVRQ�0��*���������$�VLPSOLILHG�VLQJOH�WXEH��VLQJOH
EXIIHU�V\VWHP�IRU�51$�3&5��%LR7HFKQLTXHV������������

:DUH�-��&���:DOFK�-��.���6FKDUI�0��%���5RHKUV�7���5RWK�7��DQG�9RJHO�*��:��������
0LQLPDO� UHERXQG� LQVRPQLD� DIWHUWUHDWPHQW� ZLWK� ��� PJ� ]ROSLGHP�
&OLQ��1HXURSKDUPDFRO�������������

:KLWH�*���������+HWHURJHQHLW\�LQ�(&���DQG�Q+�RI�*$%$$�UHFHSWRUV�RQ�GRUVDO�URRW
JDQJOLRQ�QHXURQV�IUHVKO\�LVRODWHG�IURP�DGXOW�UDWV��%UDLQ�5HV������������

:KLWH�-���:LVH�$���0DLQ�0���*UHHQ�$���)UDVHU�1���'LVQH\�*���%DUQHV�$���(PVLQ�3�
)RRUG�6��DQG�0DUVKDOO�)���������+HWHURGLPHUL]DWLRQ�LV�UHTXLUHG�IRU�WKH�IRUPDWLRQ�RI
D�IXQFWLRQDO�*$%$%�UHFHSWRU��1DWXUH�������������

:LOILQJHU�:��:���0DFNH\�.�� DQG�&KRPF]\QVNL� 3�� ������� (IIHFW� RI� S+� DQG� LRQLF
VWUDQJWK� RQ� WKH� VSHFWURSKRWRPHWULF� DVVHVVPHQW� RI� QXFOHLF� DFLG� SXULW\�
%LR7HFKQLTXHV������������

:RR�7��8���:KLWHKHDG�5��(��0HOFKLW]N\�'��6��DQG�/HZLV�'��$���������$�VXEFODVV�RI
SUHIURQWDO� *$%$� D[RQ� WHUPLQDOV� DUH� VHOHFWLYHO\� DOWHUHG� LQ� VFKL]RSKUHQLD�
3URF��1DWO��$FDG��6FL��86$��������������
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:RRGV�-��+���.DW]�-��/��DQG�:LQJHU�*�������E��%HQ]RGLD]HSLQHV��XVH��DEXVH�DQG
FRQVHTXHQFHV��3KDUPDFRO��5HY�������������

:RRGV� -�� +��� .DW]� -�� /�� DQG� :LQJU� *�� :�� �����D�� $EXVH� OLDELOLW\� RI
EHQ]RGLD]HSLQHV��3KDUPDFRO��5HY�������������

:X�<���5RVHQEHUJ�+��&��DQG�&KLX�7��+���������5DSLG�GRZQ�UHJXODWLRQ�RI�]ROSLGHP
ELQGLQJ�WR�UDW�EUDLQ�EHQ]RGLD]HSLQH�UHFHSWRUV�GXULQJ�IOXUD]HSDP�WUHDWPHQW��(XU��-�
3KDUPDFRO��������������

:X� <��� 5RVHQEHUJ� +�� &��� &KLX� 7�� +�� DQG� 5DPVH\�:LOOLDPV� 9�� ������� 5HJLRQDO
FKQDJHV�LQ�>�+@]ROSLGHP�ELQGLQJ��-��3KDUPDFRO��([S��7KHU��������������

:XQGUDFN�,��DQG�'RROH\�6���������1RQUDGLRDFWLYH�ULERQXFOHDVH�SURWHFWLRQ�DQDO\VLV
XVLQJ�GLJR[\JHQLQH�ODEHOLQJ�DQG�FKHPLOXPLQHVFHQW�GHWHFWLRQ��(OHFWURSKRUHVLV����
�������

<DPDXFKL�$���8FKLGD�6���.ZRQ�+��0���3UHVWRQ�$��6���5REH\�5��%���*DUFLD�3HUH]
$��� %XUJ� 0�� %�� DQG� +DQGOHU� -�� 6�� ������� &ORQLQJ� RI� D� 1D��� DQG� &O��GHSHQGHQW
EHWDLQH�WUDQVSRUWHU�WKDW�LV�UHJXODWHG�E\�K\SHUWRQLFLW\��-��%LRO��&KHP��������������

<DQJ�+��DQG�0HOHUD�3��:���������$SSOLFDWLRQ�RI�WKH�SRO\PHUDVH�FKDLQ�UHDFWLRQ�WR
WKH�ULERQXFOHDVH�SURWHFWLRQ�DVVD\��%LR7HFKQLTXHV������������

=KDR� 7��� &KLX� W�� +�� DQG� 5RVHQEHUJ� +�� &�� ������� 5HGXFHG� H[SUHVVLRQ� RI� g�
DPLQREXW\ULF� DFLG� W\SH�$�EHQ]RGLD]HSLQH� UHFHSWRU� g��DQG�a��VXEXQLW�P51$V� LQ
EUDLQ�UHJLRQV�RI�IOXUD]HSDP�WUHDWHG�UDWV��0RO��3KDUPDFRO�������������

=KRX�4��<���/L�&��DQG�&LYHOOL�2���������&KDUDFWHULVDWLRQ�RI�JHQH�RUJDQLVDWLRQ�DQG
SURPRWHU�UHJLRQ�RI�WKH�UDW�GRSDPLQH�'��UHFHSWRU�JHQH��-��1HXURFKHP�����������
����

=LPPHUPDQQ� .�� DQG�0DQQKDOWHU� -��:�� ������� 7HFKQLFDO� DVSHFWV� RI� TXDQWLWDWLYH
FRPSHWLWLYH�3&5��%LR7HFKQLTXHV������������

=LQQ�.���'L0DLR�'��DQG�0DQLDWLV�7�� ������� ,GHQWLILFDWLRQ�RI� WZR�GLVWLQFW� UHJXODWRU\
UHJLRQV�DGMDFHQW��WR�WKH�KXPDQ�EHWD�LQWHUIHURQ�JHQH��&HOO������������
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&XUULFXOXP�9LWDH

3HUVRQDO

1DPH� 0DUWLQD�6FKUDQN
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/LVW�RI�SXEOLFDWLRQV

3DSHUV�

)LFNRYi� 0��� 'DKPHQ� 1��� )HKU� &��� +LHPNH� &�� �������� 4XDQWLWDWLRQ� RI� *$%$
WUDQVSRUWHU����*$7���P51$�LQ�UDW�EUDLQ�E\�FRPSHWLWLYH�57�3&5��%UDLQ�5HVHDUFK
3URWRFROV�9RO�����������

)HKU�&���)LFNRYi�0���+LHPNH�&���'DKPHQ�1����������5DSLG�FORQLQJ�RI�F'1$�HQGV
SRO\PHUDVH� FKDLQ� UHDFWLRQ� RI� *�SURWHLQ�FRXSOHG� UHFHSWRU� NLQDVH� ��� DQ� LPSURYHG
PHWKRG�WR�GHWHUPLQH�����DQG����F'1$�HQGV��%UDLQ�5HVHDUFK�3URWRFROV�9RO��������
���

)HKU�&���)LFNRYi�0���+LHPNH�&���5HXVV�6���'DKPHQ�1����������0ROHFXODU�FORQLQJ
RI�UDW�*�SURWHLQ�FRXSOHG�UHFHSWRU�NLQDVH����*5.���IURP�EUDLQ�WLVVXH��DQG�LWV�P51$
H[SUHVVLRQ� LQ� GLIIHUHQW� EUDLQ� UHJLRQV� DQG� SHULSKHUDO� WLVVXHV�� 0ROHFXODU� %UDLQ
5HVHDUFK�9RO������������

3RVWHUV�

)LFNRYi� 0��� 'DKPHQ� 1��� 6FKPLWW� 8��� +LHPNH� &�� ������� ([SUHVVLRQ� RI� *$%$
WUDQVSRUWHUV� *$7��� DQG� *$7��� LQ� YDULRXV� UDW� EUDLQ� UHJLRQV� DQG� DIWHU� FKURQLF
WUHDWPHQW� ZLWK� GLD]HSDP� DQG� ]ROSLGHP�� ��WK� $QQXDO� 0HHWLQJ� RI� WKH� 6RFLHW\� IRU
1HXURVFLHQFH���������1RYHPEHU������LQ�/RV�$QJHOHV��&DOLIRUQLD��86$�
6RFLHW\�IRU�1HXURVFLHQFH��$EVWUDFWV�9RO������3DUW�����6����

6FKPLWW� 8���)LFNRYi�0��� +LHPNH�&�� �������� )DFLOLWDWLQJ�*$%$HUJLF� WUDQVPLVVLRQ
DQG� DQ[LHW\� UHODWHG� EHKDYLRU� LQ� UDWV�� ��WK� $QQXDO� 0HHWLQJ� RI� WKH� 6RFLHW\� IRU
1HXURVFLHQFH�� �������� 2NWREHU� ����� LQ� 1HZ� 2UOHDQV�� /D��� 86$�� 6RFLHW\� IRU
1HXURVFLHQFH��$EVWUDFWV�9RO������3DUW�����6����

)LFNRYi�0���*UHFNVFK�*���+LHPNH�&���'DKPHQ�1����������4XDQWLILFDWLRQ�RI�*$%$
WUDQVSRUWHU� �*$7��� P51$� E\� FRPSHWLWLYH� 57�3&5� LQ� D� UDW� HSLOHSV\� PRGHO�
&RQJUHVV� RI�0ROHFXODU�0HGLFLQH�� ������0DL� ����� LQ� %HUOLQ�� -RXUQDO� RI� 0ROHFXODU
0HGLFLQH�9RO������1R�����6%��

)LVFKHU� 9��� 6FKPLWW� 8��� )LFNRYi� 0��� 0DQQ� .��� :HLJPDQQ� +��� 'DKPHQ� 1��� 5DR
0�/���+LHPNH�&����������&KURQLF�RUDO�KDORSHULGRO�DQG�FOR]DSLQH�LQ�UDWV��%HKDYLRUDO
HYDOXDWLRQ� RI� D� WUHDWPHQW� SDUDGLJP�� ��WK� $QQXDO� 0HHWLQJ� RI� WKH� 6RFLHW\� IRU
1HXURVFLHQFH�� �������� 2NWREHU� ����� LQ� 1HZ� 2UOHDQV�� /D��� 86$�� 6RFLHW\� IRU
1HXURVFLHQFH��$EVWUDFWV�9RO������3DUW�����6����

'DKPHQ�1���)LVFKHU�9���)LFNRYi�0���5HXVV�6���%DUWRF]\N�+�'���+LHPNH�&���������
&KDQJHV� LQ� JHQH� H[SUHVVLRQ� LQ� UDW� EUDLQ� DIWHU� FKURQLFDO� QHXUROHSWLF� WUHDWPHQW�
��WK�$QQXDO�0HHWLQJ�RI�WKH�6RFLHW\�IRU�1HXURVFLHQFH����������1RYHPEHU������ LQ
6DQ�'LHJR��&DOLIRUQLD��86$��6RFLHW\�IRU�1HXURVFLHQFH��$EVWUDFWV�9RO������3DUW����
6����
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)LVFKHU� 9���)LFNRYi�0��� 5HXVV� 6��� +LHPNH� &��� 'DKPHQ� 1�� �������� &KDQJHV� LQ
JHQH� H[SUHVVLRQ� LQ� UDW� EUDLQ� DIWHU� FKURQLFDO� QHXUROHSWLF� WUHDWPHQW�� +HUEVWWDJXQJ
GHU�*E&+�LQ�+DQQRYHU��������6HSWHPEHU��%LRORJLFDO�FKHPLVWU\��+RSSH�6H\OHU��9RO�
�����6HSWHPEHU�������,661������������VSHF��VXSSOHPHQW��6��


