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7ULERFKHPLVWU\� RI� DOFRKROV� LV� YHU\� FRPSOH[� DQG� LPSRUWDQW� IURP� WKH�SUDFWLFDO�SRLQW�RI�YLHZ��7KLV�SDSHU�UHODWHV�WR�WKH�UHVHDUFK�DLPLQJ�DW�EHWWHU�XQGHUVWDQGLQJ� RI� DOLSKDWLF� DOFRKRO� 7ULERFKHPLVWU\�� 8VLQJ� PRVWO\� VWHHO�EDOO�RQ�DOXPLQXP� GLVF� IULFWLRQ� V\VWHP�� H[SHULPHQWV� ZHUH� FDUULHG� RXW� WR�JHQHUDWH� WULERFKHPLFDO� UHDFWLRQV� RQ� WKH� DOXPLQXP� GLVF�� )7,5� VXUIDFH�DQDO\VHV�ZDV� XVH� DQDO\]H� WKH� IRUPHG� GHSRVLWV�� ,W� VKRZ� DQHZ� DEVRUSWLRQ�EDQGV�PRVWO\�LQ� WKH�UHJLRQ�RI�����������FP����7KH\�DUH�DVVLJQHG�WR� WKH�VSHFLILF� VWUXFWXUH� RI� RUJDQRPHWDOLF� FRPSRXQGV� ZKLFK� ±LQ� PDQ\� FDVHV��LQFOXGH� GRXEOH� ERQGLQJ� LQ� WKH� UHJLRQ� RI� ���������� FP���� ,W� ZDV� DOVR�IRXQG� WKDW� WKH� GLVVRFLDWLRQ� FRQVWDQW� �S.D�� YDOXHV� RI� &��&�� DOFRKROV�FRQWURO� WKH�VWHHO�EDOO�ZHDU� IRU�ERWK�VWHHO�RQ�VWHHO�DQG�VWHHO�RQ�DOXPLQXP�V\VWHPV���

,1752'8&7,21�
$OLSKDWLF� DOFRKROV�� VLPLODU\� DV� DOFDQRLF� DFLGV�� KDYH� ORQJ� EHHQ� UHFRJQL]HG� WR� EH�HIIHFWLYH� DQWLIULFWLRQ� DQG� DQWLZHDU� OXEULFDQW� DGGLWLYHV�� )DWW\� DOFRKROV�� DOFDQRGLROV�DQG� SHQWDHU\WKULWRO� SDUWLDO� HVWHUV� DUH� JRRG� H[DPSOHV� RI� ERXQGDU\� OXEULFDQWV� IRU�DOXPLQXP�� 7ULERFKHPLFDO� UHDFWLRQV� RI� WKHVH� DGGLWLYHV� ZLWK� DOXPLQXP� DUH� YHU\�LQWHUHVWLQJ�� SDUWLFXODU\� IURP� WKH� YLHZ� ±� SRLQW� RI� RUJDQRPHWDOLF� SURGXFWV� UHVXOWLQJ�IURP�DOFRKROV� >�����@��+LURQDND� DQG�6DNXUDL� IRXQG� WKDW� WKH� FDSU\OLF� SDUWLDO� HVWHU� RI�SHQWDHU\OWKULWRO� UHDFWV� ZLWK� VXUIDFH� DOXPLQXP� DWRPV� WR� IRUP� DQ� DPRUSKRXV�VXEVWDQFH�VXFK�DV�DQ�FRPSOH[�RU�VDOW��GXULQJ�OXEULFDWLRQ��7KLV�UHDFWLRQ�SURGXFW�LV�DQ�HIIHFWLYH� DQWLZHDU� DJHQW� IRU� DOXPLQXP�� &KDPEDW� HW� DO�� >�@ GHVFULEHG� WKH� SURGXFWV�UHVXOWLQJ� IURP� WULERFKHPLFDO� UHDFWLRQV� EHWZHHQ� DOXPLQXP� DQG� WKH� OXEULFDQW�
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FRQWDLQLQJ�IDWW\�DFLGV�DQG�DOFRKROV�DV�DGGLWLYHV��,W�ZDV�VXJJHVWHG�WKDW�GXULQJ�SODVWLF�GHIRUPDWLRQ� IDWW\� DFLGV� UHDFW� GLUHFWO\� ZLWK� DOXPLQXP� \LHOGLQJ� SRO\PHULF� VRDSV��)DWW\�DOFRKROV�FDQ�OHDG�WR�VLPLODU�UHDFWLRQ�EXW�RQ�D�VPDOOHU�VFDOH��,Q�WKLV�FDVH��D�SDUW�RI�WKH�DOFRKRO�ZDV�DVVXPHG�WR�EH�FKDQJHG�LQWR�DFLG�ZKLFK�FDQ�UHDFW�WR�JLYH�DQ�HVWHU�DQG�D�EOHQG�RI�K\EULG�VRDSV�RI�JHQHUDO�IRUPXOD���

:KHUH�[ ������RU���DQG�[���\���]� ����7KH�DERYH�UHYLHZHG�OLWHUDWXUH�FOHDUO\�GHPRQVWUDWHG�WKDW�K\GUR[\O�JURXSV�SUHVHQW�LQ�D ZLGH� YDULHW\� RI� FRPSRXQGV� GR� UHDFW�ZLWK� DOXPLQXP� XQGHU� ERXQGDU\� OXEULFDWLRQ�FRQGLWLRQV�� 7R� H[SODLQ� WKH� FKHPLFDO� EHKDYLRXU� RI� IDWW\� DOFRKROV� DQG� RWKHU�FRPSRXQGV� FRQWDLQLQJ� K\GUR[\O� JURXSV� LQ� VOLGLQJ� FRQWDFW� RI� DOXPLQXP�VWHHO�VXUIDFHV��� .DMGDV� >�@ SURSRVHG� WKDW� WKH� QHJDWLYH�LRQ�UDGLFDO� DFWLRQ� PHFKDQLVP��1,5$0��� 7KH� OXEULFDWLRQ� PRGHO� LV� EDVHG� XSRQ� WKH� LRQL]DWLRQ� PHFKDQLVP� RI�DOFRKROV� FDXVHG� E\� WKH� DFWLRQ� RI� ORZ� HQHUJ\� HOHFWURQV� ����H9�� HPLVVLRQ� SURFHVV�IURP�DOXPLQXP�VXUIDFH���
2EDGL� HW� DO�� >�@ LQYHVWLJDWHG� WKH� LQIOXHQFH� RI� WHPSHUDWXUH� RQ�ZHDU�RI� WKH� VWHHO� EDOO�VOLGLQJ�RQ�VWHHO�GLVN��OXEULFDWHG�ZLWK�LQGLYLGXDO�DOFRKROV���GHFDQRO�&��� ��GRGHFDQRO�&��� DQG� HTXLPRODU� PL[WXUHV� RI� WKHVH� DOFRKROV� ZHUH� IRXQG�� )7,5� VXUIDFH� DQDO\VLV�DIWHU�IULFWLRQ�SURFHVV�SUHVHQWV����GHFDQRO�QHZ�DEVRUSWLRQ�EDQGV�PRVWO\�LQ�WKH�UHJLRQ�RI������±������FP���ZKLFK�XVXDOO\� LV� FRPELQHG�ZLWK� WKH� DEVRUSWLRQ�EDQGV� DURXQG������±������FP���ZHUH�IRXQG�LQ�GHSRVLWV�IRUPHG�RQ�WKH�VWHHO�VXEVWUDWHV��7KH\�KDYH�EHHQ�DVVLJQHG�WR�RUJDQRPHWDOOLF�FRPSRXQGV�LQFOXGLQJ�GRXEOH�ERQGLQJ��
� 5HVHDUFK� GHVFULEHG� LQ� WKH� SUHVHQW� ZRUN� UHODWHV� WR� 7ULERFKHPLVWU\� RI�DOLSKDWLF� DOFRKROV� &��&� DQG� ZHDU� EHKDYLRXU� RI� &��&� DOFRKROV� DQG� DLPV� DW�SURYLGLQJ�PRUH�LQIRUPDWLRQ�RQ�DQG�EHWWHU�XQGHUVWDQGLQJ�RI�VWHHO�RQ�DOXPLQXP�ZHDU�SURFHVV�OXEULFDWHG�ZLWK�WKHVH�FRPSRXQGV��7KXV��WKH�SULPDU\�REMHFWLYH�RI�WKLV�SDSHU�LV� WZRIROG� �L�� WR�GHWHUPLQH� WKH� LQIOXHQFH�RI� WKHVH�DOFRKROV�RQ�VWHHO�PDWLQJ�HOHPHQW�ZHDU�� DQG� �LL�� WR� HOXFLGDWH� WULERFKHPLFDO� UHDFWLRQ�RI�&��&� DOFRKROV�SURFHHGLQJ� RQ�WKH�DOXPLQXP�PDWLQJ�HOHPHQWV�XQGHU�VLPLODU�WHVW�FRQGLWLRQV���
(;3(50(17$/�7(&+1,48(��$SSDUDWXV�DQG�OXEULFDQWV�$OO� WKH� WULERORJLFDO� WHVWV� ZHUH� SHUIRUPHG� ZLWK� D� SLQ�RQ�GLVF� WULERPHWHU�� 7KH�DSSDUDWXVH�XVHG�ZDV�7HVWHU�7���0�PDGH�LQ�5DGRP��3RODQG��6WHHO�EDOO�RQ�DOXPLQXP�GLVF�PDWLQJ�HOHPHQWV�XVHG�WR�FDUU\�RXW�WHVWV�XQGHU�ERXQGDU\�OXEULFDWLRQ�FRQGLWLRQV��%DOOV�ZHUH�PDGH�IURP�EHDULQJ�VWHHO�/+����$,6,���������'LVFV�ZHUH�PDFKLQHG�IURP�DOXPLQXP�3$���7KH�VSHFLPHQV�ZHUH�FODPSHG� LQ�SODFH�ZLWK�VWDLQOHVV� VWHHO�KROGHUV��7KH�ORZHU�KROGHU�FRQWDLQHG�WKH�OXEULFDQW�IXOO\�IORRGLQJ�WKH�FRQWDFW�UHJLRQ��$�GHDG�±ZHLJKW�ORDGLQJ�V\VWHP�DSSOLHG�WKH�QRUPDO�IRUFH��3XUH�DOFRKROV�&��&��ZHUH�VHOHFWHG�DV�OXEULFDQWV�IRU�WKLV�UHVHDUFK��7DEOH����OLVWV�VRPH�SURSHUWLHV�RI�WKH�WHVWHG�DOFRKROV��
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7DEOH ���6HOHFWHG�SURSHUWLHV�RI�WKH�WHVWHG�DOFRKROV��
$OFRKRO�QDPH� %RLOLQJ�SRLQW�� 6ROXELOLW\�LQ�ZDWHU�J�����J�+�2� 'LVVRFLDWLRQ�FRQVWDQW��S.D0HWKDQRO� ����� �� �����

(WKDQRO� ����� �� �����
��SURSDQRO� ����� �� ������
,VRSURSDQRO� ��� �� ������
W�EXWDQRO� ��� �� ������
��EXWDQRO� ������ �� �
,VREXWDQRO� ���� �� �
��SHQWDQRO� ������ ���� �
��KH[DQRO� ������ ���� �
��KHSWDQRO� ������ ����� �
��RNWDQRO� ������ ������ �

7HVW�FRQGLWLRQV�DQG�WKH�SURFHGXUH��/XEULFDQWV� FRPSULVLQJ� SXUH� DOFRKROV� ZHUH� WHVWHG� XQGHU� WKH� VDPH� RSHUDWLQJ�FRQGLWLRQV��7DEOH���VXPPDUL]HV� WHVW�FRQGLWLRQV��7KH� WHVW�FRQGLWLRQV�ZHUH�GHVLJQHG�WR� UHVXOW� LQ� ERXQGDU\� OXEULFDWLRQ� DW� VOLGLQJ� LQWHUIDFH�� 3ULRU� WR� XVH� WKH� VWHHO� DQG�DOXPLQXP� VSHFLPHQV� ZHUH� XOWUDVRQLFDOO\� FOHDQHG� LQ� DFHWRQH� IRU� ��� PLQXWHV��0LQLPXP� WKUHH� WHVWV� ZHUH� SHUIRUPHG� IRU� HDFK� DOFRKRO� WHVWHG�� 7KH� VHDOV� ZHUH�FOHDQHG�EHIRUH� WHVWLQJ� WKH�QH[W�DOFRKRO��7KH�EDOO�ZHDU�VFDU�GLDPHWHU�ZDV�PHDVXUHG�DIWHU�XQORDGLQJ�WKH�VSHFLPHQV��XVLQJ�D�RSWLFDO�PLFURVFRSH��
7DEOH����([SHULPHQWDO�VHW�XS�DQG�FRQGLWLRQV�

0DWHULDO�V\VWHP� 6WHHO�RQ�DOXPLQXP�

*HRPHWU\� %DOO�RQ�)ODW�

6SHFLPHQV��
%DOO�
�

�����PP�GLDPHWHU�
���+5&�EHDULQJ�VWHHO�
5D� ����������

'LVF�

�

�����PP�GLDPHWHU�DOXPLQXP�3$��
��PP�WKLFNQHVV�
5D� ����·����� P�

$SSOLHG�ORDG� ����1�

:HDU�WUDFN�UDGLXV� ��PP�

6OLGLQJ�YHORFLW\�� ������P�V�

6OLGLQJ�GLVWDQFH� ����P�

7HPSHUDWXUH� ����&�



��� � � ���� �����������0XILG�2EDGL	�0RKDPHG�$O�1R]LOL�

6XUIDFH�DQDO\VLV�,QIUDUHG� VSHFWUD� RI� DOXPLQXP� GLVF� ZHDU� WUDFNV� ZHUH� REWDLQHG� XVLQJ� DQ� LQIUDUHG�PLFURVFRSH�FRXSOHG�WR�)7,5�VSHFWURPHWHU��7KH�XVHG�LQVWUXPHQW�ZDV�3HUNLQ�(OPHU�L�6HULHV�0LFURVSHFWURSKRWRPHWHU��5HIOHFWLRQ�)7,5�VSHFWUD�ZHUH�UHFRUGHG�E\�VFDQQLQJ�LQ�VHOHFWHG�UHJLRQV��7KH�VSHFWURPHWHU�ZDV�RSHUDWHG�LQ�PLG�LQIUDUHG�IUHTXHQF\�UDQJH�����������FP��� DW�WKH�UHVROXWLRQ�RI���FP���DQG�VLJQDO�DYHUDJHG�RYHU�����VFDQV�IRU�EDFNJURXQG� DQG� GLVF�� 3HUNLQ�(OPHU� VRIWZDUH� ,0$*(� DSSOLFDWLRQ� DOORZHG� WR�JHQHUDWH�VSHFWUD�DW�DQ\�SRLQW�RI�VFDQQHG�VXUIDFH��$OO�REWDLQHG�VSHFWUD�ZHUH�FRUUHFWHG�E\� ]DSSLQJ� RI� VSXULRXV� EDQGV�� RULJLQDWHG� IURP� FDUERQ� GLR[LGH� DQG� ZDWHU� YDSRXU��VPRRWKLQJ�RI�HDFK�VSHFWUXP�E\�6DYLWVN\�*ROD\�PHWKRG�DQG�PXOWLSRLQW�QRUPDOL]LQJ�RI�EDVH�OLQH�XVLQJ�3HUNLQ�(OPHU�VRIWZDUH�*5$06���������
5(68/76�$1'�',&866,21��:HDU� UHVXOWV� REWDLQHG� LQ� WKH� SUHVHQW� ZRUN� IRU� WKH� VWHHO�RQ�DOXPLQXP� PDWHULDO�V\VWHP�DUH�FROOHFWHG�LQ�WDEOH����DQG�GHSLFWHG�LQ�ILJXUH���7KH�IRXQG�UHODWLRQVKLS�RI�WKH�VWHHO�EDOO�:6'�YHUVXV�DOFRKRO�FKDLQ�OHQJWK�SUHVHQWV�D�FXUYH� FRPSRVHG� RI� WZR� VSHFLILF� HOHPHQWV�� 7KH� ILUVW� RQH� UHSUHVHQWLQJ� SRLQWV� IRU�PHWKDQRO��HWKDQRO��DQG���SURSDQRO�LV�D�VWUDLJKW�OLQH��7KH�VHFRQG�HOHPHQW�RI�WKH�FXUYH�LV� H[SRQHQWLDO�� =HUR� ZHDU� IRU� WKH� ��KH[DQRO� LV� DOUHDG\� YHU\� VPDOO�� UHDFKLQJ� RQO\�DERXW������PP��,QWHUHVWLQJO\��WKH�SRLQWV�FRUUHVSRQGLQJ�WR�WKH�:6'V�RI�LVRSURSDQRO��LVRSURSDQRO�VKRZV�ORZHU�ZHDU��RU���EXWDQRO��IRU�ZKLFK�WKH�:6'�LV�ORFDWHG�EHORZ�WKH�LVREXWDQRO
V�:6'����

)LJXUH� ��� LQIOXHQFH� RI� DOLSKDWLF� DOFRKRO� FKDLQ� OHQJWK� RQ� VWHHO� EDOO�ZHDU� VOLGLQJ� RQ�DOXPLQXP�GLVF��
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7DEOH����%DOO�ZHDU�VFDU�GLDPHWHUV��:6'��OXEULFDWHG�ZLWK�SXUH�DOLSKDWLF�DOFRKROV�
&��&�$OFRKRO�QDPH�� &DUERQ�QXPEHU�RI�WKH�DOFRKRO�PROHFXOH� :HDU�VFDU�GLDPHWHU�>PP@������ 6WDQGDUG�GHYLDWLRQ�

0HWKDQRO�� �� ������ �����
(WKDQRO�� �� ������ �����
��3URSDQRO� �� ����� �����
LVRSURSDQRO�� �� ����� �����
%XWDQRO�� �� ����� �����
LVREXWDQRO�� �� ����� �����
��3HQWDQR��� �� ����� �����
��+H[DQRO�� �� ����� �����
��+HSWDQRO�� �� �� ��
��2FWDQRO�� �� �� ��

7ULERFKHPLFDO�UHDFWLRQ�RI�DOFRKROV�ZLWK�DOXPLQXP��7R� LQYHVWLJDWH� WKH� DOXPLQXP� VXUIDFHV� IURP� WKH� WULERORJLFDO� H[SHULPHQWV�� )7,5�PLFURDQDO\VLV� �0$�� ZDV� DSSOLHG�� &KHPLFDO� LQIRUPDWLRQ� FDQ� EH� REWDLQHG� RQ�PROHFXODU� OHYHO�� LQFOXGLQJ� TXDOLWDWLYH� PROHFXODU� VWUXFWXUH�� )7,50$� LV� QRQ�GHVWUXFWLYH� DQG� UDSLG�� DQG� QR� VSHFLDO� VDPSOH� SUHSDUDWLRQ� LV� UHTXLUHG� IRU� WKDW�WHFKQLTXH�� 7DUJHW� VSRW� VL]H� LQ� )7,50$� DUH� RI� WKH� RUGHU� RI� ��� PLFURPHWHU� LQ�GLDPHWHU�ZHOO�ZLWKLQ�JHRPHWU\�RI�WKH�ZHDU� WUDFNV��7KH�DPRXQW�RI�PDVV�WKDW�FDQ�EH�GHWHFWHG� ZLWKLQ� WKHVH� VPDOO� WDUJHW� DUHDV� LV� RI� WKH� RUGHU� RI� VXE�QDQRJUDP� OHYHOV��&RPSDULVRQ� RI� WKH� VWDQGHUG� DOFRKRO� DEVRUSWLRQ� EDQGV� >���@ DQG� WKRVH� IRXQG� LQ�VSHFWUD�WDNHQ�IURP�DOXPLQXP�ZHDU�WUDFNV�OXEULFDWHG�E\�PHWKDQRO�DQG�HWKDQRO�GLIIHU�GUDPDWLFDOO\��IRU�H[DPSOH��D�YHU\�VWURQJ�DEVRUSWLRQ�EDQG�DW������FP��� LQ�PHWKDQRO�OXEULFDWHG� � �ZHDU� WUDFN�ZDV� IRXQG��7KLV�SHDN�FDQ�EH�DVVLJQHG� IRU�FRPSRXQGV�ZLWK�GREHOH�ERQGLQJ��$W�WKLV�SRLQW�WKH�TXHVWLRQ�DULVHV�KRZ�XQVDWXUDWHG�FRPSRXQGV�FDQ�EH�JHQHUDWHG� IURP�PHWKDQRO� XQGHU� WKH� XVHG� IULFWLRQ� FRQGLWLRQV"� 7KLV� ZDV� DEVROXWHO\�XQH[SHFWHG�� EHFDXVH�ZH� KDYH� QRW� IRXQG� DQ\� UHIHUQFH� VXJJHVWLQJ� WKH� IRUPDWLRQ� RI�VXFK�FRPSRXQGV�IURP�PHWKDQRO�XQGHU�VWHHO�RQ�DOXPLQXP�VOLGLQJ�FRQGLWLRQV��� $QRWKHU�SHDN�LV�REVHUYHG�DW������FP��� 7KH�VSHFWUXP�WDNHQ�IURP�WKH�ZHDU�WUDFN� OXEULFDWHG�E\�HWKDQRO�VKRZV�VRPH�VLPLODU�DEVRUSWLRQ�EDQGV�DW������FP��� DQG������ FP��� 7KH� ILUVW� RQH� FDQ� EH� DVVLJQHG� WR� & &� GRXEOH� ERQGLQJ� FRPELQHG�ZLWK�R[\JHQ�DWRP�& &�2�>�@��%DVHG�RQ�WKH�,5�UHIHUQFH�WDEOH�>���@�SHDNV�DW������FP���DQG������FP���FDQ�RQO\�EH�DVVLJQHG� IRU� QLWURJHQ� FRQWDLQLQJ� FRPSRXQGV�� 7R� ILQG� RXW� VRPH� LQIRUPDWLRQ�FRQFHUQLQJ� FRPSRXQGV� IRUPHG� RQ� WKH� DOXPLQXP� VXUIDFH� IURP� PHWKDQRO� DQG�HWKDQRO��H[SLUPHQW�ZDV�FDUULHG�RXW�XVLQJ�JO\FHURO�PRQRDFHWDWH��),*����SUHVHQW� WKH�)7,5� VSHFWUXP� WDNHQ� IURP�ZHDU� WUDFN� OXEULFDWHG�ZL\K� JO\FHURO�PRQRDFHWDWH�� 7KH�PRVW� LQWHUHVWLQJ� ILQGLQJ� LV� WKDW� WKLV� VSHFWUXP� LQFOXGHV� ERWK� H[SH[WHG� DEVRUSWLRQ�
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EDQGV��)RU�JO\FHURO�PRQRDFHWDWH�WKHVH�SHDNV�DUH�VKLIWHG�WR�KLJKHU�ZDYH�QXPEHUV�LQ�FRPSDULVRQ�WR�WKRVH�REVHUYHG�IRU�PHWKDQRO�DQG�HWKDQRO���

)LJXUH� ��� )7,5� VSHFUXP� WDNHQ� IURP� WKH� DOXPLQXP� ZHDU� WUDFN� OXEULFDWHG� ZLWK�JO\FHURO�PRQRDFHWDWH����$FWXDOO\�� WKH\� DUH� ORFDWHG� DW� ������ LQVWHDG� RI� ����� DQG� ����� IRU� PHWKDQRO� DQG�HWKDQRO�� UHVSHFWLYHO\�� DQG������FP��VHH�),*������2WKHU�DEVRUSWLRQ�EDQGV� LQFOXGLQJ�WKH� SHDN� DW� ����� FP��� �& 2� HVWHU� VWUHFK��� DOORZHG� WR� VXJHVW� WKH� FXFOLF�RUJDQRPHWDOOLF� FRPSRXQG� IRUPHG� IURP� JO\FHURO� DFHWDWH� ZLWK� DOXPLQXP� DQGXU�ERXQGDU\�OXEULFDWLRQ�FRQGLWLRQV�DV�VKRZQ�LQ�),*����

)LJXUH� ��� &KHPLFDO� VWUXFWXUH� RI� WKH� PDMRU� FRPSRXQG� IRUPHG� IURP� JO\FHURO�PRQRDFHWDWH� RQ� DOXPLQXP� VXUIDFH� XQGHU� ERXQGDU\� OXEULFDWLRQ�FRQGLWLRQV���
7R� DFFRXQW� IRU� WKH� WULERUHDFWLRQ� PHFKDQLVP� RI� PHWKDQRO� DQG� HWKDQRO� WR�IRUP� F\FOLF� RUJDQRPHWDOOLFV� ZLWK� DOXPLQXP�� WKH� 1,5$0� DSSURDFK� LV� DSSOLHG��$FFRUGLQJ� WR� WKLV� DSSURDFK� >�@�� ORZ�HQHUJ\� HOHFWURQV� HPLWWHG� IURP� DOXPLQXP�VXUIDFH� XQGHU� ERXQGDU\� OXEULFDWLRQ� FRQGLWLRQV� LQWHUDFW� ZLWK� DOFRKROV� IRUPLQJ�QHJDWLYH� LRQV� DQG� QHJDWLYH�LRQ�UDGLFDOV�� � 0HOWRQ� DQG� 5XGROSK� >�@ GHPRQVWUDWHG�IRUPDWLRQ�RI�WKH�IROORZLQJ�UHDFWLYH�VSHFLHV�IURP�DOFRKROV�XQGHU�WKH�LQWHUDFWLRQ�ZLWK�ORZ�HQHUJ\�HOHFWURQV���
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$FFRUGLQJO\�� WKH� WULERFKHPLFDO� SURFHVV� RI� VWHHO�RQ�DOXPLQXP� OXEULFDWHG�ZLWK�HWKDQRO�PD\�SURFHHG�DV�IROORZV���

$QRWKHU�UHIHUHQFH�>��@ VKRZV�WKDW�KLJKHU�PROHFXODU�ZHLJKW�IDWW\�DOFRKROV�LQWHUDFWLQJ�ZLWK� ORZ�HQHUJ\� HOHFWURQV� DOVR� GHFRPSRVH� E\� VSOLWWLQJ� RII� WZR� K\GURJHQ� DWRPV�SURGXFLQJ� D� UDGLFDO�DQLRQ� VSHFLHV�5�&+�2��� WKLV�ZDV� GLVFXVVHG� LQ� GHWDLO� RQ� SDSHU�>��@�� 7KXV�� 5�&+�2�� UHDFWLYH� LQWHUPHGLDWHV� FDQ� DOVR� IRUP� VDWXUDWHG� F\FOLF�RUJDQRPHWDOOLF� FRPSRXQGV�� 7KH� VDPH� DSSURDFK� OHDGV� WR� VLPLODU� VDWXUDWHG� DQG�XQVDWXUDWHG� RUJDQRPHWDOOLF� VWUXFWXUHV� IRUPHG� RQ� WKH� DOXPLQXP� VXEVWUDWH� XQGHU�ERXQGDU\�IULFWLRQ�OXEULFDWHG�ZLWK�PHWKDQRO��)7,5�VSHFWHU�WDNHQ�IURP�WKH�DOXPLQXP�VXUIDFH�OXEULFDWHG�ZLWK�PHWKDQRO�LQFOXGH�RWKHU�SHDNV�IRU�H[DPSOH��DURXQG�����������DQG� WKH� UHJLRQ�RI������FP��� WR������FP��� 6RPH�RI� WKHP�PD\� UHODWH� WR� VWUXFWXUHV��+RZHYHU�� DW� WKH� SUHVHQW� WLPH� ZH� GRQ
W� KDYH� HQRXJK� GDWD� WR� GLVFXVV� LQ� GHWDLO� DOO�SRVVLEOH� RUJDQRPHWDOOLF� FRPSRXQGV� IRUPHG� IURP� PHWKDQRO� DQG� DOXPLQXP� XQGHU�ERXQGDU\�OXEULFDWLRQ�FRQGLWLRQV��7KH�VDPH�LV�GXH�IRU�RWKHU�DOFRKROV��$Q�H[DPSOH�RI�WKH�FRPSOH[� WULERFKHPLVWU\�RI� DOFRKROV� LV� VKRZQ� LQ�),*�����SUHVHQWLQJ�D�)7,50$�VSHFWUXP�RI�WKH�DOXPLQXP�ZHDU�VFDU�ULFDWLQ�ZLWK�LVREXWDQRO����
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)LJXUH� ��� )7,5� VSHFWUXP� WDNHQ� IURP� WKH� DXPLQXP� ZHDU� WUDFN� OXEULFDWHG� ZLWK�LVREXWDQRO���7KH�ZHDU�VFDU�$IWHU�WKH�WHVW�ZDV�ULQVHG�ZLWK�Q�KH[DQH��7KLV�VSHFWUXP�FOHDUO\�VKRZV�WKH�VRDS�IRUPDWLRQ�DORQJ�ZLWK�WKH�SUHVHQFH�RI�2+�JUXSV���),*�� �� VKRZV� DQRWKHU� )7,50$� VSHFWUXP� WDNHQ� IURP� WKH� VDPH� GLVF� DIWHU� DFHWRQH�ULVLQJ��,QWHUHVWLQJO\�WKLV�VSHFWUXP�GRHV�QRW�VKRZ�WKH�±2+�JURXS�SUHVHQFH��7KXV�LW�LV�SRVVLEOH� WR� FRQFOXGH� WKDW� WKH� �2+� JURXSV� VKRZQ� LQ� ILJXUH� �� UHODWH� WR� SK\VLFDOO\�DGVRUEHG� LVREXWDQRO� PROHFXOHV� DWWDFKHG� WR� WKH� FDUER[\ODWH� R[\JHQ� DWRPV� WKH� DLU�K\GURJHQ�ERQGLQJ���

)LJXUH� ��� )7,5� VSHFUXP� WDNHQ� IURP� WKH� DXPLQXP� ZHDU� WUDFN� OXEULFDWHG� ZLWK�LVREXWDQRO�DIWHU�WKH�GLVF�ZDV�ULQVHG�ZLWK�DFHWRQ�����
�%\�DQG� ODUJH�� QRZ� LW� FDQ� RQO\� EH� FRQFOXGHG� WKDW� WKH� WULERFKHPLVWU\� RI� DOFRKROV� LV�SUREDEO\� HYHQ� PRUH� FRPSOH[� WKDQ� WKH� FKHPLVWU\� RI� DONR[LGHV� EHLQJ� DOUHDG\�LQYHVWLJDWHG�DOO�ZHUH�����\HDUV��,W�LV�WR�QRW�DW�WKLV�HQG�WKDW�,5�DEVRUSWLRQ�EDQGV�LQ�WKH�
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7KXV� LW� LV�SRVVLEOH� WR� VD\� WKDW� WKH�DERYH�VWUXFWXUHV�HYLGHQFH�VRPHKRZ� WKH�VWUXFWXUHV� HOXFLGDWHG� LQ� WKH� SUHVHQW� SDSHU�� ,Q� WKLV� FDVH� FRUUHVSRQGLQJ� DEVRUSWLRQ�EDQGV�DUH������FP���IRU�PHWKDQRO�������FP���IRU�HWKDQRO�DQG������FP���IRU�JO\FHURO�PRQRDFHWDWH��6WHHO�EDOO�ZHDU�RI�WKH�VWHHO�RQ�DOXPLQXP�DQG�VWHHO�RQ�VWHHO�V\VWHPV��$GGLWLRQDO� WHVWV�ZHUH�SHUIRUPHG� IRU�PHWKDQRO�� HWKDQRO��SURSDQRO�� LVRSURSDQRO�� DQG�WHUW�EXWDQRO�RQ� WKH�VWHHO�RQ�VWHHO� V\VWHP�XQGHU� WKH�VDPH�RWKHU�RSHUDWLQJ�FRQGLWLRQV�DV� JLYHQ� LQ� WDEOH� ��� 2QO\� WKHVH� DOFRKROV� ZHUH� VHOHFWHG� IRU� WKH� DGGLWLRQDO� WHVWV�EHFDXVH�ZH�FRXOG�QRW�ILQG�LQ�WKH�HQYLDEOH�UHIHUHQFHV�S.D GDWD�IRU�KLJKHU�PROHFXODU�ZHLJKW�DOFRKROV��7KH�IRXQG�LQ�>��@ GDWD�DUH�JLYHQ�D�WDEOH�RQH�ILJXUH�VH[�SUHVHQWV�WKH�UHODWLRQVKLS� EHWZHHQ� WKH� VWHHO� ERZO� EDOO� WKDQ� :6'� DQG� S.D YDOXHV� DQG� RI� WKH�DOFRKROV�XVHG� DV� OXEULFDQWV� IRU�ERWK�VWHHO�RQ�VWHHO� �FDUYH� ,�� DQG� VWHHO�RQ�DOXPLQXP��FXUYH� ,,�� V\VWHP�� %DVHG� RQ� WKH� REWDLQHG� UHVXOWV�� GHSLFWHG� LQ� ILJXUH� ��� LW� FDQ� EH�FRQFOXGHG� WKDW� S.D YDOXH� RI� WKH� LQYHVWLJDWHG� DOFRKROV� LV� D� VLJQLILFDQW� IDFWRU�FRQWUROOLQJ� WKH� VWHHO� ZHDU� IRU� GHIHUHQW� PHWDO�PHWDO� V\VWHPV� OXEULFDWHG� ZLWK� WKHVH�DOFRKROV���
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�)LJXUH����5HODWLRQVKLS�EHWZHHQ�WKH�VWHHO�EDOO�ZHDU�RI�VWHHO�RQ�VWHHO��,��DQG�VWHHO�RQ�DOXPLQXP� �,,�� V\VWHP� DQG� WKH� GLVVRFLDWLRQ� FRQVWDQW� RI� WKH� DSSOLHG�OXEULFDQW���
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&21(/86,216��� 8VLQJ� D� VWHHO� EDOO� RQ� DOXPLQXP� GLVF� JHRPHWU\� XQGHU� ERXQGDU\� IULFWLRQ�FRQGLWLRQ� OXEULFDWHG� ZLWK� ORZ�PROHFXODU� DOFRKROV�� D� VWXG\� ZDV� FDUULHG� RXW� RQ� �L��ZHDU�EHKDYLRU�RI�WKH�VWHHO�EDOO�DQG��LL��WULERFKHPLVWU\�RI�PHWKDQRO�DQG�HWKDQRO����,W�ZDV� IRXQG� WKDW� ORZ�PROHFXODU� ZHLJKW� DOFRKROV� FDXVH� VLJQLILFDQW� ZHDU� RI� WKH� VWHHO�EDOO� VOLGLQJ� RQ� DOXPLQXP�� =HUR� VWHHO� ZHDU� LV� REVHUYHG� IRU� ��KHSWDQRO� �&�����$GGLWLRQDO�WHVWV�ZHUH�SHUIRUPHG�IRU�WKH�6WHHO�RQ�VWHHO�V\VWHP�OXEULFDWHG�ZLWK�&� WR�&� DOFRKROV���,W�ZDV�IRXQG�WKDW�WKH�DOFRKROV�GLVVRFLDWLRQ�FRQVWDQW��S.D� YDOXHV�RI�WKH�WHVWHG�DOFRKROV� FRQWURO� WKH� VWHHO�EDOO�ZHDU� IRU�ERWK�VWHHO�� DOXPLQXP�DQG�6WHHO�VWHHO�V\VWHPV�/XEULFDWHG�ZLWK�WKHVH�DOFRKROV���$QRWKHU� LPSRUWDQW� ILQGLQJ� FRQFHUQV� WKH� WULERFKHPLVWU\� RI� DOFRKROV� XVLQJ�)7,5� VXUIDFH� DQDO\VLV� QHZ� DEVRUSWLRQ� � EDQGV� ZHUH� IRXQG� HQFRPSDVV� PRVWO\� WKH�UHJLRQ�RI�����������FP�O�ZKLFK��LQ�PDQ\�FDVHV��LV�VWULFWO\�FRPELQHG�ZLWK�DEVRUSWLRQ�SHDNV� DURXQG� ���������� FP�O� 7KH\� DUH� DVVLJQHG� WR� RUJDQRPHWDOOLF� FRPSRXQGV�LQFOXGLQJ� GRXEOH� ERQGLQJ�� 7KLV� ILQGLQJ� FOHDUO\� FRQILUP� WULERFKHPLFDO� UHDFWLRQV� RI�DOFRKROV�DV�SURSRVHG�LQ�>�@���
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