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$EVWUDFW�
$[LDO OLTXLG SKDVH GLVSHUVLRQ FRHIILFLHQW LQ D FRQFXUUHQW XS�IORZ EXEEOH FROXPQ SDFNHG ZLWK

6XO]HU VWUXFWXUHG SDFNLQJ �609 ��� ZDV PHDVXUHG E\ PHDQV RI WKH VWDWLRQDU\ PHWKRG LQ D

UHJLRQ EHWZHHQ WKH KRPRJHQHRXV DQG KHWHURJHQHRXV K\GURG\QDPLF UHJLPHV� &ROXPQ KDG D

���� FP ,' DQG ����� P WRWDO SDFNLQJ OHQJWK� 7DS ZDWHU ZDV XVHG DV OLTXLG SKDVH DQG

R[\JHQ DV JDV SKDVH� .&O ZDV XVHG DV D WUDFHU� )RU FRPSDULVRQ H[SHULPHQWV ZHUH DOVR

SHUIRUPHG LQ WKH VDPH FROXPQ EXW ZLWKRXW SDFNLQJ� 7KH JDV KROGXS ZDV GHWHUPLQHG

VLPXOWDQHRXVO\� $Q LQFUHDVH LQ WKH PHDVXUHG (/ YDOXHV ZLWK WKH JDV YHORFLW\ ZDV REVHUYHG LQ

ERWK SDFNHG DQG QRQ�SDFNHG FROXPQV� ZKLOH WKH OLTXLG IORZ UDWH RQO\ VOLJKWO\ UDLVHG WKH D[LDO

GLVSHUVLRQ FRHIILFLHQW ZKHQ WKH FROXPQ ZDV SDFNHG� 7KH SUHVHQFH RI VWUXFWXUHG SDFNLQJ

UHGXFHG WKH OLTXLG D[LDO GLVSHUVLRQ FRHIILFLHQW IRU QHDUO\ �� � DW ORZ JDV YHORFLWLHV� ZKHUHDV

WKHUH ZDV RQO\ �� � UHGXFWLRQ IRXQG DW KLJKHU YHORFLWLHV�

,QWURGXFWLRQ��

%XEEOH�FROXPQV�DUH�ZLGHO\�XVHG�LQ�LQGXVWU\�DV�DEVRUEHUV��IHUPHQWRUV�DQG�JDV�OLTXLG�

UHDFWRUV��7KH�JDV�SKDVH�FRQWLQXRXVO\�HQWHUV�DW� WKH�ERWWRP�RI�YHUWLFDO�FROXPQ�WKURXJK�D�

JDV� VSDUJHU� DQG� PRYHV� WKURXJK� WKH� OLTXLG� SKDVH� LQ� WKH� IRUP� RI� EXEEOHV�� 7KH� OLTXLG��

ZKLFK� LQ� WKLV� FDVH� DFWV� DV� WKH� FRQWLQXRXV� SKDVH�� PD\� EH� HLWKHU� LQ� FRQFXUUHQW� RU�

FRXQWHUFXUUHQW� IORZ� ZLWK� WKH� JDV�� $� VROLG� UHDFWDQW� RU� FDWDO\VW� SDUWLFOHV� PD\� DOVR� EH�

VXVSHQGHG�LQ�WKH�OLTXLG�SKDVH��EXEEOH�FROXPQ�VOXUU\�UHDFWRUV���'HSHQGLQJ�RQ�WKH�QDWXUH�

RI�SURFHVV�WKH�EXEEOH�FROXPQV�FDQ�EH�IRXQG�LQ�PDQ\�GLIIHUHQW�PRGLILFDWLRQV�
�
�7KH�XVH�RI�

GLIIHUHQW� VWUXFWXUHG�SDFNLQJ� LV� D�YHU\� FRPPRQ�SUDFWLFH�QRZDGD\V��$V�DQ�DEVRUEHU�� WKH�

EXEEOH� FROXPQ� PXVW� SURYLGH� DQ� HIILFLHQW� FRQWDFW� EHWZHHQ� WKH� IORZLQJ� SKDVHV�� ZKLFK�

SURYLGHV�KLJK�LQWHUIDFLDO�DUHD�DQG�WKHUHIRUH�KLJK�PDVV�WUDQVIHU�UDWHV��:KHQ�GHVLJQLQJ�D�

V\VWHP� ZLWK� VLPXOWDQHRXV� FKHPLFDO� UHDFWLRQ�� VRPH� DGGLWLRQDO� UHTXLUHPHQWV� PXVW� EH�
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IXOILOOHG��)RU�H[DPSOH��LQ�WKH�FDVH�RI�D�VORZ�FKHPLFDO�UHDFWLRQ��WKH�PDMRULW\�RI�R[LGDWLRQ��

K\GURJHQDWLRQ�� HWF�
�
���ZKLFK� FDOOV� IRU�KLJK�FRQWDFW� WLPHV��KLJK� OLTXLG�KROGXS� LV�GHVLUHG�

IRU� HIILFLHQW� SURFHVV�� EXW� ZLWK� IDVW� KLJK� JDV� KROGXS� ZLWK� VPDOO� EXEEOHV� HQVXUHV� WKH�

QHHGHG�LQWHUIDFLDO�DUHD���

:KHQ�VWXG\LQJ�WKH�WUDQVSRUW�SURFHVVHV�LQ�EXEEOH�FROXPQV��WKH�XQGHUVWDQGLQJ�RI�IORZ�

EHKDYLRU� LV� RI� XWPRVW� LPSRUWDQFH�� 7KH� JDV� EXEEOHV� IRUPHG� XQGHU� UHTXLUHG� RSHUDWLQJ�

FRQGLWLRQV�DUH�RI�QRQ�XQLIRUP�VL]H�DQG�WUDYHO�ZLWK�GLIIHUHQW�YHORFLWLHV��ZKLFK�LV�WKH�PDLQ�

FDXVH�RI�QRQ�LGHDO�IORZ�RI�JDV��7KH�ULVLQJ�JDV�EXEEOHV�FDUU\�WKH�OLTXLG�XSZDUGV��ZKLFK�

WKHQ�UHWXUQV� LQ� WKH�FLUFXODU� IORZ��%DFN�PL[LQJ� LQ� WKH� OLTXLG�SKDVH�FDXVHV�D�GHFUHDVH�RI�

PDVV�WUDQVIHU�GULYLQJ�IRUFH�DQG�ORZHUV�WKH�FRQYHUVLRQ�RI�D�UHDFWDQW�FRPSDUHG�WR�WKH�SOXJ�

IORZ� EHKDYLRU�� 7KH� EHVW�ZD\� WR� GHVFULEH� WKH� GHSDUWXUH� IURP� WKH� LGHDO� SOXJ� IORZ� LV� WR�

DGRSW� WKH�RQH�GLPHQVLRQDO� D[LDO� GLVSHUVLRQ�PRGHO� �$'0�
�
��ZKHUH� WKH�D[LDO�GLVSHUVLRQ�

FRHIILFLHQW� LV� XQGHUVWRRG� DV� D� OXPS� SDUDPHWHU�� ,W� LV�� KRZHYHU�� NQRZQ� WKDW� HPSOR\LQJ�

SDFNLQJ� LQ� EXEEOH� FROXPQV� UHGXFHV� FKDQQHOLQJ� DQG� SURPRWHV� PL[LQJ� LQ� WKH� UDGLDO�

GLUHFWLRQ��ZKLFK�LQ�WXUQ�PLQLPL]HV�D�QHJDWLYH�HIIHFW�RI�D[LDO�PL[LQJ�LQ�WKH�OLTXLG�SKDVH��

,Q� WKH� RSHQ� OLWHUDWXUH� PDQ\� UHOLDEOH� FRUUHODWLRQV� DUH� DYDLODEOH� IRU� HYDOXDWLQJ� WKH�

OLTXLG� SKDVH� GLVSHUVLRQ� FRHIILFLHQW� LQ� EXEEOH� FROXPQ� UHDFWRUV�� 8QIRUWXQDWHO\�� GDWD� IRU�

PRGHUQ� SDFNLQJ� �VHFRQG� JHQHUDWLRQ�� DQG� VWUXFWXUHG� SDFNLQJ� LQ� SDUWLFXODU� DUH� YHU\�

PHDJHU��7KLV�ZDV� UHFHQWO\� UHYHDOHG�E\�0DFLDV�6DOLQDV�DQG�)DLU
�
�ZKR�VWXGLHG� WKH�D[LDO�

PL[LQJ�LQ�FROXPQ�SDFNHG�ZLWK�PRGHUQ�SDFNLQJ��5DVFKLJ�ULQJV�DQG�3DOO�ULQJV�RI�VHFRQG�

JHQHUDWLRQ��DQG�VWUXFWXUHG�SDFNLQJ�VXFK�DV�6XO]HU�%;�DQG�)OH[LSDF����7KHLU�UHVXOWV�ZLWK�

FRXQWHUFXUUHQW�IORZ�FRQILUPHG�SUHYLRXV�REVHUYDWLRQV��L�H��D[LDO�PL[LQJ�LQ�WKH�JDV�SKDVH�

LQFUHDVHV�ZLWK�ERWK�JDV�DQG�OLTXLG�IORZ�UDWHV��ZKHUHDV�WKH�OLTXLG�SKDVH�D[LDO�GLVSHUVLRQ�

FRHIILFLHQW�LV�D�GHFUHDVLQJ�IXQFWLRQ�RI�OLTXLG�IORZ�UDWH�EXW�LV�LQVHQVLWLYH�WR�JDV�IORZ�UDWH�

XS� WR� WKH� IORRGLQJ�SRLQW�� ,Q�DGGLWLRQ�� WKH\� IRXQG� WKH� LQFOLQDWLRQ�RI�FKDQQHOV�DV�ZHOO�DV�

FKDQQHO�VL]H�DV�WKH�WZR�RI�WKH�PRVW�LPSRUWDQW�IDFWRUV�LQ�GHWHUPLQLQJ�WKH�H[WHQW�RI�D[LDO�

PL[LQJ��,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�%HOIDUHV�HW�DO�
�
�FULWLFL]HG�WKH�H[LVWLQJ�FRUUHODWLRQV�IRU�

EXEEOH� FROXPQV� SDFNHG� ZLWK� VSKHUHV�� F\OLQGHUV�� 5DVFKLJ� ULQJV�� DQG� H[WUXGDWHV�� LQ� WKH�

VHQVH� WKDW�QRW�DOO� WKH�YDULDEOHV�DIIHFWLQJ�WKH�GLVSHUVLRQ�FRHIILFLHQW��(/��ZHUH�DFFRXQWHG�

IRU�� 2Q� WKH� EDVLV� RI� D� ODUJH� GDWDEDVH� WKH\� GHYHORSHG� D� VWDWH�RI�WKH�DUW� FRUUHODWLRQ� IRU�
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OLTXLG� D[LDO� GLVSHUVLRQ� FRHIILFLHQW� E\� FRPELQLQJ� QHXUDO� QHWZRUN� PRGHOLQJ� DQG�

GLPHQVLRQDO�DQDO\VLV��$OWKRXJK����GLIIHUHQW�SDFNLQJ�PDWHULDOV�ZHUH�XVHG�LQ�WKHLU�VWXG\��

QR�SDFNLQJ�RI�WKH�VHFRQG�JHQHUDWLRQ��QHLWKHU�WKH�VWUXFWXUHG�SDFNLQJ�ZDV�LQFOXGHG�LQ�WKHLU�

ZRUN��

7KH� DLP�RI� WKLV�ZRUN�ZDV� WR� VWXG\� WKH�HIIHFW�RI� VWUXFWXUHG�SDFNLQJ� �PRWLRQOHVV�RU�

VWDWLF�PL[HUV��RQ�WKH�OLTXLG�D[LDO�PL[LQJ�LQ�D�FRQFXUUHQW�EXEEOH�FROXPQ�ZLWK�UHODWLYHO\�

KLJK� FROXPQ� KHLJKW� WR� GLDPHWHU� UDWLR�� *DV� DQG� OLTXLG� IORZ� UDWHV� ZHUH� FKRVHQ� LQ� WKH�

UHJLRQ�RI�RSHUDWLQJ�FRQGLWLRQV�XVXDOO\�HPSOR\HG�LQ�ZHW�R[LGDWLRQ�SURFHVVHV��6LQFH�WKHUH�

LV�QR�OLWHUDWXUH�GDWD�IRU�VWUXFWXUDO�SDFNLQJ�RI�WKH�W\SH�HPSOR\HG�LQ�WKLV�ZRUN��WKH�UHVXOWV�

IRU�VWUXFWXUDO�SDFNLQJ�ZHUH�FRPSDUHG�WR�WKRVH�REWDLQHG�DW�WKH�VDPH�RSHUDWLQJ�FRQGLWLRQV�

LQ�EXEEOH�FROXPQ�ZLWKRXW�SDFNLQJ��+RZHYHU�� WKH�H[WHQW�RI�D[LDO�PL[LQJ�ZDV�HYDOXDWHG�

E\� PHDQV� RI� FRUUHODWLRQV� WKDW� DUH� DYDLODEOH� IRU� EXEEOH� FROXPQV�� 7KHUHIRUH�� D� EULHI�

RYHUYLHZ� RI� WKH� FRUUHODWLRQV� IRU� D[LDO� GLVSHUVLRQ� FRHIILFLHQW� LQ� EXEEOH� FROXPQV� LV�

SUHVHQWHG�EHORZ��

�

$[LDO�GLVSHUVLRQ�LQ�EXEEOH�FROXPQV�OLWHUDWXUH�VXUYH\�

0RVW� RI� WKH� H[SHULPHQWDO� GDWD� RQ� D[LDO� GLVSHUVLRQ� LQ� EXEEOH� FROXPQV� FDQ� EH�

LQWHUSUHWHG� E\� WKH� WKHRUHWLFDO� UHODWLRQ� RI�%DLUG� DQG�5LFH�
�
� 7KH\� XVHG� WKH�.ROPRJRURII�

WKHRU\� RI� LVRWURSLF� WXUEXOHQFH� DQG� GLPHQVLRQDO� DQDO\VLV�� DQG� GHULYHG� WKH� IROORZLQJ�

UHODWLRQVKLS�

������

/
H.�( l �� � � � � � � � � ����

ZKHUH�.�LV�D�FRQVWDQW�DQG�O�LV�DQ�DSSUR[LPDWH�GLDPHWHU�RI�WKH�ODUJH�YRUWLFHV��7KH�DXWKRUV�

DVVXPHG�WKDW�WKH�YRUWLFHV�DUH�UHVSRQVLEOH�IRU�WKH�OLTXLG�PL[LQJ��DQG�WKDW�WKHLU�VL]HV�EHLQJ�

DV�ODUJH�DV�WKH�FROXPQ�GLDPHWHU�'��6LQFH�LQ�EXEEOH�FROXPQV�WKH�HQHUJ\�GLVVLSDWLRQ�H�LV�

HTXDO�WR�D�SURGXFW�RI�J�DQG�
*
X ��WKHUHIRUH�(T������FDQ�EH�ZULWWHQ�LQ�WKH�IRUP�

���

*

���

/
�X�J�'�.(  �� � � � � � � � ����

$V�VHHQ��WKH�GLVSHUVLRQ�FRHIILFLHQW�GHSHQGV�RQ�WKH�FROXPQ�GLDPHWHU�DV�ZHOO�DV�RQ�WKH�JDV�

SKDVH�YHORFLW\��7KHVH�ILQGLQJV�ZHUH�FRQILUPHG�LQ�WKH�H[SHULPHQWDO�VWXGLHV�RI�PDQ\�RWKHU�

UHVHDUFK�JURXSV�
���
�(T����FDQ�EH�UHDUUDQJHG�
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DQG�ZULWWHQ�LQ�WHUPV�RI�WKH�GLPHQVLRQOHVV�%RGHQVWHLQ�DQG�)URXG�QXPEHUV�DV�IROORZV�

� � ����

/
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.

�
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(T������ZLWK�. ������HQFORVHV�H[SHULPHQWDO�GDWD�RI�PDQ\�DXWKRUV��

:KDOOH\� DQG� 'DYLGVRQ
��
� LPSRVHG� WKDW� D� VLQJOH� FLUFXODWLRQ� FHOO� RI� WKH� OLTXLG� LV�

IRUPHG� LQ� D� FROXPQ��2Q� WKH� EDVLV� RI� WKLV� SRVWXODWH� -RVKL� DQG� 6KDUPD
��
� FRUUHODWHG� WKH�

OLTXLG�GLVSHUVLRQ�FRHIILFLHQW�E\�PHDQV�RI�WKH�OLTXLG�SKDVH�FLUFXODWLRQ�YHORFLW\�

=

���

/
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ZKHUH�WKH�FLUFXODWLRQ�YHORFLW\�
=

X �LV�JLYHQ�LQ�FPV
��
�� WKH�FROXPQ�GLDPHWHU�'�LQ�FP��DQG�

(/� LQ�FP
�
V
��
��7KH�FLUFXODWLRQ� OLTXLG� IORZ� UDWH� WKURXJK� WKH�ZKROH�FROXPQ� OHQJWK�FDQ�EH�

FDOFXODWHG�IURP�WKH�UHODWLRQ
��
�

� �> @
���

6**=
XX�/�����X H� �� � � � � � � ����

)RU�EXEEOHV� LQ�D�UDQJH�RI���������PP��WKH�EXEEOH�VOLS�YHORFLW\�X6� LV�DERXW����FPV
��
��DV�

UHSRUWHG�E\�-RVKL�DQG�6KDUPD�
��
�)RU�WDOO�FROXPQV�LW�LV�PRUH�UHDOLVWLF�WKDW�FLUFXODWLRQ�FHOOV�

ZLWK�WKH�OHQJWK�RI�FROXPQ�GLDPHWHU�DUH�IRUPHG��,Q�WKLV�FDVH�WKH�IROORZLQJ�H[SUHVVLRQ�IRU�

WKH�X=�LV�SURSRVHG
��
�

� �> @ ���

6**=
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DQG�WKH�FRUUHODWLRQ�IRU�WKH�GLVSHUVLRQ�FRHIILFLHQW�EHFRPHV�

=

���

/
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7RZHOO� DQG� $FNHUPDQQ
�
� SHUIRUPHG� H[SHULPHQWV� ZLWK� ODUJH� GLDPHWHU� EXEEOH�

FROXPQV�DQG�FRUUHODWHG�WKHLU�GDWD�LQ�WKH�IRUP�

���

*

���

/
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7KLV�H[SUHVVLRQ�FRQILUPV�WKH�-RVKL�DQG�6KDUPD
��
�WKHRUHWLFDO�DSSURDFK��ZKLFK�VWDWHG�WKDW�

RQO\�WZR�SDUDPHWHUV�DIIHFWLQJ�(/�YDOXHV��WKH\�DUH�WKH�FROXPQ�GLDPHWHU�DQG�WKH�JDV�IORZ�

UDWH�� 6LPLODU� FRUUHODWLRQ� ZDV� SURSRVHG� E\� %DGXUD� HW� DO�
�
DQG� ODWHU� 'HFNZHU� HW�

DO�
� ���

*

���

/
X'����(  �� � � � � � � � � �����
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,Q� GHYHORSLQJ� WKH� DERYH� FRUUHODWLRQ� WKH� DXWKRUV� LQFRUSRUDWHG� GDWD� RI� PDQ\� RWKHU�

LQYHVWLJDWRUV��7KH�JDV�VXSHUILFLDO�YHORFLW\�LQ�(T�������VKRXOG�EH�JLYHQ�LQ�FPV
��
��'�LQ�FP��

DQG�FRHIILFLHQW�(/�LQ�FP
�
V
��
���

7KH�FRUUHODWLRQV�IRU�SUHGLFWLQJ�(/�LQ�FRQFXUUHQW�XS�IORZ�EXEEOH�FROXPQV�ILOOHG�ZLWK�

FRQYHQWLRQDO�SDFNLQJ�DUH�JDWKHUHG�LQ�D�UHYLHZ�RI�+RIIPDQ
��
��ZKHUH�WKH�LQIOXHQFH�RI�WKH�

OLTXLG� IORZ� UDWH� DV� ZHOO� DV� WKH� SDFNLQJ� GLPHQVLRQV� RQ� (/� DUH� HPSKDVL]HG�� )URP� WKH�

FRUUHODWLRQ�RI�6WLHJHO�DQG�6KDK
��

����
S6

����
S�*

�����
S�/S�/ �GD�5H5H������%R � � � � � � � �����

RQH�FDQ�FRQFOXGH�WKDW�(/�LQFUHDVHV�ZLWK�WKH�OLTXLG�IORZ�UDWH�DQG�LW�LV�QHDUO\�LQVHQVLWLYH�WR�

WKH�JDV�IORZ�UDWH��6PDOOHU�SDUWLFOHV�DOVR�GLPLQLVK�WKH�OLTXLG�EDFN�PL[LQJ�LQ�WKH�FROXPQ��

�

([SHULPHQWDO�

$SSDUDWXV�

7KH�H[SHULPHQWDO�V\VWHP�XVHG�LQ�WKLV�VWXG\�LV�GHSLFWHG�LQ�)LJXUH����7KH�FROXPQ�RI�

FLUFXODU�FURVV�VHFWLRQ�ZDV�PDGH�RI�3OH[LJODV�DQG�KDG�D������P�,'�DQG�������P�RI�WRWDO�

SDFNLQJ�OHQJWK���

�
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)LJXUH����([SHULPHQWDO�DSSDUDWXV����SXPSV����URWDPHWHUV����UHJXODWLQJ�YDOYHV��

��GLVWULEXWRU����FROXPQ����PHDVXULQJ�FHOO����HOHFWURGH����WUDFHU�LQMHFWLRQ�GHYLFH��

� VWRSFRFNV��
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7KH�FROXPQ�FRQVLVWHG�RI� ILYH� VHJPHQWV�DQG�ZDV�HTXLSSHG�ZLWK� WDSV� IRU�FROOHFWLQJ�

VDPSOHV� IRU� PHDVXULQJ� WUDFHU� FRQFHQWUDWLRQ� DW� GLIIHUHQW� D[LDO� SRVLWLRQV�� 7KH� WUDFHU�

FRQFHQWUDWLRQV�ZHUH�GHWHUPLQHG�ZLWK�D�KHOS�RI�FRQGXFWRPHWULF�HOHFWURGH��7DS�ZDWHU�DQG�

R[\JHQ�ZHUH�XVHG�DV�WKH�FRQWDFWLQJ�SKDVHV�LQ�FRQFXUUHQW�XS�IORZ�IORZ�PRGH��7KH�ZDWHU�

IURP� WKH� UHVHUYRLU�ZDV� LQWURGXFHG� LQWR� WKH�FROXPQ� WKURXJK�D�KROH�RI�����FP�,'�DW� WKH�

FROXPQ� ERWWRP�� 'XH� WR� UHODWLYHO\� KLJK� K�'� UDWLR� D� VLQJOH�RULILFH� ����� PP� GLD��� JDV�

GLVWULEXWRU� SODFHG� �� FP� DERYH� WKH� ERWWRP� ZDV� XVHG� IRU� LQWURGXFLQJ� R[\JHQ� LQWR� WKH�

FROXPQ��7HVWV�E\�D�FRORUHG�LQN�WUDFHU�DQG�D�IDVW�SKRWR�WHFKQLTXH�VKRZHG�WKDW�WKH�VLQJOH�

RULILFH�JDV�GLVWULEXWRU�GLG�QRW�DIIHFW�WKH�OLTXLG�IORZ�QHLWKHU�LQ�SDFNHG�QRU�LQ�QRQ�SDFNHG�

FROXPQ��7KH�GLVWDQFH�EHWZHHQ�WKH�ILUVW�SDFNLQJ�HOHPHQW�DQG�WKH�JDV�GLVWULEXWRU�ZDV�����

FP��7KH�FHQWULIXJDO�IRXU�VWDJHG�SXPS��.RYLQR7HKQD��0DULERU��SURYLGHG�WKH�OLTXLG�IORZ�

UDWHV� XS� WR� ��P
�
�K�� )ORZ� UDWHV� RI� ERWK� SKDVHV�ZHUH�PHDVXUHG� E\�PHDQV� RI� FDOLEUDWHG�

URWDPHWHUV��7KH�FROXPQ�RSHUDWHG�DW�DWPRVSKHULF�SUHVVXUH�ZKLOH�WHPSHUDWXUH�RI�ZDWHU�LQ�

WKH�FROXPQ�ZDV�NHSW�DW���
�
&��7KH�RSHUDWLQJ�FRQGLWLRQV�DUH�JLYHQ�LQ�7DEOH����

�

7DEOH����3URSHUWLHV�RI�WKH�FROXPQ�DQG�RSHUDWLQJ�FRQGLWLRQV�

&ROXPQ�GLDPHWHU�

2SHUDWLQJ�KHLJKW�

�����FP�

������FP�

0HDVXULQJ�SRLQWV��

�����03���

�����03���

�����03���

�����03���

�

�����FP�DERYH�WKH�JDV�LQOHW�

�����FP�DERYH�WKH�JDV�LQOHW�

������FP�DERYH�WKH�JDV�LQOHW�

������FP�DERYH�WKH�JDV�LQOHW�

6XSHUILFLDO�YHORFLW\��

�����/LTXLG��WDS�ZDWHU��

�����*DV��R[\JHQ��

�

������������FP�V�

�����������FP��V�

7HPSHUDWXUH�RI�WKH�OLTXLG�SKDVH� ��
R
&����

R
&�

�

7KH� H[SHULPHQWV�ZHUH� FRQGXFWHG� LQ� WKH� FROXPQ�SDFNHG�ZLWK� ILYH�6XO]HU�609����

HOHPHQWV� �)LJXUH� ��� DV� ZHOO� DV� LQ� WKH� FROXPQ� ZLWKRXW� SDFNLQJ�� %HWZHHQ� WKH� SDFNLQJ�

HOHPHQWV�VSDFLQJ�ULQJV�RI�����FP�LQ�OHQJWK�ZHUH�LQVHUWHG��7KH�DGMDFHQW�SDFNLQJ�HOHPHQWV�

ZHUH�URWDWHG�IRU�DQ�DQJOH�RI���
R
��7KH�FKDUDFWHULVWLFV�RI�WKH�SDFNLQJ�DUH�OLVWHG�LQ�7DEOH����

�

�
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7DEOH����3URSHUWLHV�RI�SDFNLQJ�

0DWHULDO� 3RO\HWK\OHQH�

'LDPHWHU��PP�� ����

+HLJKW��PP�� ����

9RLG�IUDFWLRQ����� �����

�

�

�

)LJXUH����7KH�6XO]HU�609����SDFNLQJ�HOHPHQWV��URWDWHG�IRU���
�
��

�

/LTXLG�SKDVH�GLVSHUVLRQ�PHDVXULQJ�WHFKQLTXH�

$[LDO�GLVSHUVLRQ�FRHIILFLHQW�LQ�WKH�OLTXLG�SKDVH�LV�RQH�GLPHQVLRQDO�GHVFULSWLRQ�RI�DOO�

PL[LQJ� SKHQRPHQD� WKDW� RFFXU� RQ� WKH� PDFURVFRSLF� VFDOH� DQG� LV� XVXDOO\� VXIILFLHQW� WR�

GHVFULEH� WKH� QRQ�LGHDO� IORZ� RI� WKH� OLTXLG� SKDVH� LQ� EXEEOH� FROXPQ�� 7KH� VWHDG\�VWDWH�

PHWKRG� ZDV� HPSOR\HG� LQ� WKLV� H[SHULPHQWDO� VWXG\�� $OWKRXJK� WKLV� LV� D� YHU\� WLPH�

FRQVXPLQJ�PHWKRG��LW�LV�PXFK�PRUH�UHOLDEOH�WKHQ�WKH�QRQ�VWHDG\�VWDWH��SXOVH��WHFKQLTXH��

([SHULPHQWDO�DUUDQJHPHQW�RI�WKLV�PHWKRG�LV�LOOXVWUDWHG�LQ�)LJXUH����ZKLOH�D�GHVFULSWLRQ�RI�

WKH�PHWKRG�RQH�FDQ�ILQG�HOVHZKHUH�
�
� ,Q� WKH�FDVH�RI�FRQFXUUHQW�XS�IORZ�RI�ERWK�SKDVHV��

WKH�WUDFHU�VXEVWDQFH�ZDV�FRQWLQXRXVO\�IHG�LQWR�WKH�OLTXLG�SKDVH�DERYH�WKH�VDPSOLQJ�WDSV��

7KH� EDFN�PL[LQJ� SKHQRPHQD� GLVWULEXWH� WKH� WUDFHU� DORQJ� WKH� FROXPQ� LQ� WKH� RSSRVLWH�

GLUHFWLRQ� RI� WKH� OLTXLG� IORZ��&RQWLQXRXV� VDPSOLQJ� RI� WKH� OLTXLG� DORQJ� WKH� FROXPQ�D[LV�

HQDEOHV� WKH� GHWHUPLQDWLRQ� RI� WUDFHU� FRQFHQWUDWLRQ� SURILOHV� XQGHU� WKH� VWHDG\�VWDWH�
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FRQGLWLRQV��,Q�WKHVH�H[SHULPHQWV�D�����0�VROXWLRQ�RI�.&O�ZDV�XVHG�DV�WUDFHU�VXEVWDQFH��

7KH� WUDFHU� ZDV� IHG� LQWR� WKH� FROXPQ� E\� PHDQV� RI� D� SHULVWDOWLF� SXPS� �&ROH�3DUPHU�

0DVWHUIOH[��DW�WKH�D[LDO�SRVLWLRQ�RI������P�IURP�WKH�JDV�GLVWULEXWRU��SRVLWLRQ�[6�LQ�)LJXUH�

��� WKURXJK� DQ� LQMHFWLRQ� GHYLFH��7KH� GHYLFH�ZDV� VLPSO\� D�SHUIRUDWHG� ULQJ�ZLWK� H[WHUQDO�

GLDPHWHU�RI�����FP�DQG�ZLWK����KROHV�RI�D��PP�GLD��9ROXPHWULF�IORZ�UDWHV�RI�WKH�WUDFHU�

VROXWLRQ�ZDV�NHSW�DW����RI�WKH�WRWDO�OLTXLG�IORZ�WKURXJK�WKH�FROXPQ���

�

�

)LJXUH����6FKHPDWLFV�RI�WKH�VHWXS�IRU�H[SHULPHQWDO�GHWHUPLQDWLRQ�RI�OLTXLG�D[LDO�

GLVSHUVLRQ�FRHIILFLHQW�E\�WKH�VWHDG\�VWDWH�PHWKRG��

�

(YDOXDWLRQ�RI�OLTXLG�SKDVH�D[LDO�GLVSHUVLRQ�FRHIILFLHQW�

7KH� WUDFHU� LQMHFWLRQ� GHYLFH� VKRXOG� HYHQO\� GLVWULEXWH� WKH� WUDFHU� DFURVV� WKH� FROXPQ��

WKHUHIRUH� RQH�GLPHQVLRQDO� IORZ� RI� WKH� OLTXLG� SKDVH� FDQ� EH� DVVXPHG�� 7KXV�� WKH� PDVV�

EDODQFH� RI� WUDFHU� RYHU� WKH� FROXPQ� GLIIHUHQWLDO� HOHPHQW� IRU� WKH� FRQFXUUHQW� DUUDQJHPHQW�

WDNHV�WKH�IRUP��VHH�)LJXUH����
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ZKHUH� WKH� D[LDO� GLVSHUVLRQ� FRHIILFLHQW�(/� LV� GHILQHG� DFFRUGLQJ� WR� WKH� DQDORJ\�ZLWK� WKH�

)LFN¶V�GLIIXVLRQ�ODZ��WKXV�

G[

GF
(- /

/'
� �� � � � � � � � � �����

'HFNZHU
�
�UHFRPPHQGHG�WKH�IROORZLQJ�ERXQGDU\�FRQGLWLRQV�IRU�(T�������

G[

GF

X

(
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/

/

/
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FF  � � IRU� /[[

6
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�

)LJXUH����&RQYHFWLYH�DQG�GLVSHUVLYH�IOX[HV�LQ�FROXPQ�GLIIHUHQWLDO�HOHPHQW��

�

7KH�VROXWLRQ�RI�(T����ZLWK�WKH�DERYH�ERXQGDU\�FRQGLWLRQV��(T�����DQG�(T������\LHOGV�WKH�

IROORZLQJ�FRQFHQWUDWLRQ�SURILOH�

� �»
¼

º
«
¬

ª
�� [[

X

(
H[SFF

6

O

/

�/
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2QFH�WKH�WUDFHU�FRQFHQWUDWLRQ�SURILOH�DW�JLYHQ�RSHUDWLQJ�FRQGLWLRQV�LV�H[SHULPHQWDOO\�

GHWHUPLQHG�� WKH� YDOXH� RI� (/� LV� FDOFXODWHG� IURP� WKH� VORSH� LQ� SORW� FRQFHQWUDWLRQ�

�ORJDULWKPLF�VFDOH��YV��WKH�FROXPQ�OHQJWK��

-'�[�G[

-'�[

X/F/�[�G[
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*DV�DQG�OLTXLG�KROGXSV�

*DV�DQG� OLTXLG�KROGXSV�ZHUH�PHDVXUHG�E\� UHFRUGLQJ� WKH� OHYHOV� �K���RI�DHUDWHG�DQG�

QRQ�DHUDWHG� �K�� OLTXLG� LQ� WKH�FROXPQ��7KH�JDV�DQG� OLTXLG�KROGXSV�ZHUH� WKHQ�FDOFXODWHG�

DFFRUGLQJ�WR�WKH�UHODWLRQV�

�

�
*

K

KK �
 H �� � � � � � � � � �����

�

/

K

K
 H �� � � � � � � � � � �����

�

5HVXOWV�DQG�GLVFXVVLRQ�

7KH�UHVXOWLQJ�OLTXLG�D[LDO�GLVSHUVLRQ�FRHIILFLHQWV�DV�D�IXQFWLRQ�RI�WKH�JDV�VXSHUILFLDO�

YHORFLW\�LQ�QRQ�SDFNHG�FROXPQ�DUH�VKRZQ�LQ�)LJXUH����7KH�YDOXHV�DUH�IRXQG�EHWZHHQ����

DQG�����FP
�
V
��
�EXW�RQH�FDQ�KDUGO\�FRQFOXGH�WKDW�WKHUH�LV�VRPH�SURQRXQFHG�HIIHFW�RI�WKH�

OLTXLG�IORZ�UDWH�RQ�(/��6FDWWHULQJ�RI�WKH�GDWD�FDQ�EH�PDLQO\�DVFULEHG�WR�WKH�QRQ�XQLIRUP�

IORZ�ZLWK�UHVSHFW�WR�WKH�UDGLDO�FRRUGLQDWH�RI�WKH�FROXPQ��([FHSW�IRU�RQH�VHW�RI�WKH�GDWD�

�X/ ����� FPV
��
��� WKH� GLVSHUVLRQ� FRHIILFLHQWV� LQFUHDVHV�ZLWK� WKH�JDV� VXSHUILFLDO� YHORFLW\��

ZKLFK� LV� LQ� DJUHHPHQW� ZLWK� RWKHU� LQYHVWLJDWRUV�
�������

� $W� WKH� ORZHVW� OLTXLG� YHORFLW\� WKH�

PHDVXUHG� (/� H[KLELWV� D� PD[LPXP� YDOXH� DW� *X � RI� DERXW� �� FPV
��
�� 5LFH� HW� DO�

��
� DOVR�

REVHUYHG�WKLV�SKHQRPHQRQ�DW�ORZ�OLTXLG�IORZ�UDWHV��7KH\�H[SODLQHG�WKLV�DV�D�UHVXOW�RI�WKH�

K\GURG\QDPLF�UHJLPH��ZKLFK�FDQ�EH�YHU\�VHQVLWLYH�QRW�RQO\�WR�X*��EXW�DOVR�WR�X/�DQG�WKH�

W\SH� RI� JDV� GLVWULEXWRU��$FFRUGLQJ� WR�'HFNZHU
�
� WKLV� H[SHULPHQWDO� VWXG\� GLG� FRYHU� WZR�

GLIIHUHQW� IORZ� UHJLPHV�� DW� ORZ�JDV� YHORFLWLHV� �XS� WR� �� FPV
��
�� WKH� EXEEOHV� IRUPHG�ZHUH�

QHDUO\� XQLIRUP� LQ� VL]H� DQG� WKH\� URVH� DW� DOPRVW� FRQVWDQW� YHORFLW\�� 7KLV� LV� FDOOHG� WKH�

KRPRJHQHRXV� RU� EXEEOH� IORZ� UHJLPH�� :KHQ� WKH� JDV� YHORFLWLHV� ZHUH� LQFUHDVHG��

KHWHURJHQHRXV� UHJLPH� DSSHDUHG�� 'XH� WR� WKH� EXEEOH� FRDOHVFHQFH� ODUJH� EXEEOHV� ZHUH�

IRUPHG�DQG�WKH\�WUDYHOHG�IDVWHU�WKURXJK�WKH�OLTXLG��,Q�JHQHUDO��WKLV�RFFXUV�DW� *X �KLJKHU�

WKHQ���FPV
��
��7KH�WUDQVLWLRQ�EHWZHHQ�WKH�WZR�UHJLPHV�VRPHZKDW�GHSHQGV�RQ�WKH�W\SH�RI�

JDV�GLVWULEXWRU�DQG�PDWHULDO�SURSHUWLHV��

�
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)LJXUH����/LTXLG�D[LDO�GLVSHUVLRQ�FRHIILFLHQW�DV�D�IXQFWLRQ�RI�WKH�JDV�VXSHUILFLDO�

YHORFLW\�LQ�EXEEOH�FROXPQ�ZLWKRXW�SDFNLQJ��

�

,Q�RUGHU�WR�HYDOXDWH�RXU�UHVXOWV�IRU�VWUXFWXUDO�SDFNLQJ��WKH�H[SHULPHQWDO�UHVXOWV�ZHUH�

FRQIURQWHG�ZLWK� UHFRPPHQGHG�FRUUHODWLRQV� IRU�(/� LQ�QRQ�SDFNHG�FROXPQV��7KXV�� -RVKL�

DQG�6KDUPD�PRGHOV�
�����

�ZKLFK�DUH�EDVHG�RQ�WKH�FLUFXODWLRQ�FHOOV��JDYH�QHDUO\�����ORZHU�

YDOXHV�FRPSDUHG�WR�RXU�GDWD��7RZHOO�DQG�$FNHUPDQ�FRUUHODWLRQ
�
�DOVR�XQGHUHVWLPDWHV�WKH�

D[LDO�GLVSHUVLRQ�FRHIILFLHQWV��,W�VHHPV�WKDW�WKH�EHVW�DJUHHPHQW�ZLWK�RXU�H[SHULPHQWDO�GDWD�

LV�REWDLQHG�ZLWK�WKH�FRUUHODWLRQ�SURSRVHG�E\�%DGXUD�HW�DO�
�
��VHH�7DEOH�����

�

7DEOH����/LTXLG�D[LDO�GLVSHUVLRQ�FRHIILFLHQW�SUHGLFWLRQ��VWDWLVWLFV��

5HIHUHQFH�
]
H ����� V �����

-RVKL�DQG�6KDUPD�������� ��� ���

-RVKL�DQG�6KDUPD�������� ��� ���

7RZHOO�DQG�$FNHUPDQ������� ����� �����

%DGXUD�HW��DO�������
�
� ����� �����

�

7KH� HIIHFW� RI� OLTXLG� IORZ� UDWH� LV� IXUWKHU� GLPLQLVKHG� LI� WKH� PRGLILHG� %RGHQVWHLQ�

QXPEHU� �PRGLILHG� E\� JDV� VXSHUILFLDO� YHORFLW\� DQG� FROXPQ� GLDPHWHU� DV� D� OLQHDU�

GLPHQVLRQ�� LV�SORWWHG�DJDLQVW� WKH�JDV�VXSHUILFLDO�YHORFLW\� �)LJXUH�����$V�FDQ�EH�VHHQ� LQ�

)LJXUH����WKH�WKHRUHWLFDO�UHODWLRQ�RI�%DLUG�DQG�5LFH�
�
�ZKLFK�LV�EDVHG�RQ�WKH�.ROPRJRURII��

���� ���� ���� ���� ���� ����� �����

X*�FP V�� �

�

���

���

���
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�
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X/�FPV���

%DGXUD HW DO� ������
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WKHRU\��DJUHHV�YHU\�ZHOO�ZLWK�RXU�H[SHULPHQWDO�GDWD��ZLWKLQ�r������V� ���������

�

)LJXUH����0RGLILHG�%RGHQVWHLQ�OLTXLG�QXPEHU�DV�D�IXQFWLRQ�RI�WKH�JDV�VXSHUILFLDO�

YHORFLW\�LQ�EXEEOH�FROXPQ�ZLWKRXW�SDFNLQJ��

�

)LJXUH���VKRZV�WKH�UHVXOWV�REWDLQHG�LQ�WKH�SDFNHG�FROXPQ��2QO\�D�ZHHN�GHSHQGHQFH�

RQ�WKH�JDV�VXSHUILFLDO�YHORFLW\�ZDV�REVHUYHG��EXW�LW�GRXEOHG�ZKHQ�WKH�OLTXLG�YHORFLW\�ZDV�

UDLVHG�IURP������FPV
��
�WR������FPV

��
��7KH�H[SHULPHQWDO�HUURU�LQ�WKH�(/�GHWHUPLQDWLRQ�ZDV�

PXFK� KLJKHU� �XS� WR� ��� ��� FRPSDUHG� WR� WKH� UHVXOWV� RI� QRQ�SDFNHG� FROXPQ� ���� ����

0DFOHDQ� HW� DO�
��
� ZKR� VWXGLHG� WKH� R[\JHQ� WUDQVIHU� LQ� EXEEOH� FROXPQ� FRQWDLQLQJ� VWDWLF�

PL[HUV� DOVR� UHSRUWHG� WKH� H[SHULPHQWDO� HUURU� RI� WKH� VDPH� UDQJH��&RQWUDU\� WR� WKH� UHVXOWV�

IRXQG�LQ�WKH�QRQ�SDFNHG�FROXPQ�QR�PD[LPXP�ZLWK�WKH�D[LDO�GLVSHUVLRQ�FRHIILFLHQW�DV�D�

IXQFWLRQ�RI�WKH�JDV�YHORFLW\�DSSHDUHG�LQ�WKH�FROXPQ�ZLWK�VWUXFWXUDO�SDFLQJ��6SLFND�HW�DO�
��
�

H[SHULPHQWDOO\�YHULILHG�WKDW�WKH�SUHVHQFH�RI�SDFNLQJ�H[WHQGV�WKH�UDQJH�RI�WKH�EXEEOH�IORZ�

UHJLPH�HYHQ�XS�WR���FP�V�RI� WKH�JDV�VXSHUILFLDO�YHORFLW\��7KHUHIRUH�RQH�FDQ�UHDVRQDEO\�

FRQFOXGH�WKDW�WKH�H[SHULPHQWV�SHUIRUPHG�ZLWK�VWUXFWXUDO�SDFNLQJ�LQ�WKLV�ZRUN�OLHG�LQ�WKH�

KRPRJHQHRXV� UHJLPH�� 7KH� OLTXLG� D[LDO� GLVSHUVLRQ� FRHIILFLHQW� ZDV� IRXQG� WR� EH�

SURSRUWLRQDO�WR�WKH�OLTXLG�VXSHUILFLDO�YHORFLW\�WR�D�SRZHU�RI�������

���� ���� ���� ���� ���� ����� �����
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+RZHYHU�� D� FRPSDULVRQ�RI� WKH� OLTXLG� D[LDO� GLVSHUVLRQ�FRHIILFLHQWV�REWDLQHG� LQ� WZR�

GLIIHUHQW� EXEEOH� FROXPQ� DUUDQJHPHQWV� LV� VKRZQ� LQ� )LJXUH� �� DV� D� IXQFWLRQ� RI� OLTXLG�

YHORFLW\��(YHQ�WKRXJK�WKH�GDWD�SRLQWV�DUH�VRPHKRZ�VFDWWHUHG��RQH�FDQ�FRQFOXGH�WKDW�WKH��

)LJXUH����/LTXLG�D[LDO�GLVSHUVLRQ�FRHIILFLHQW�DV�D�IXQFWLRQ�RI�WKH�OLTXLG�VXSHUILFLDO�

YHORFLW\�LQ�EXEEOH�FROXPQ�ZLWK�VWUXFWXUHG�SDFNLQJ��

�

OLTXLG� D[LDO� GLVSHUVLRQ� FRHIILFLHQW� LQFUHDVHV� ZLWK� WKH� OLTXLG� IORZ� UDWH� LQ� WKH� FROXPQ�

SDFNHG�ZLWK�WKH�VWUXFWXUHG�SDFNLQJ��ZKHUHDV� LQ� WKH�QRQ�SDFNHG�FROXPQ�LW� LV�SUDFWLFDOO\�

FRQVWDQW�� 7KXV�� WKH� SUHVHQFH� RI� 6XO]HU� 609� ��� SDFNLQJ� ORZHUV� WKH� D[LDO� GLVSHUVLRQ�

FRHIILFLHQW�LQ�WKH�OLTXLG��LW�LV�IRU�DERXW������DW�ORZ�JDV�IORZ�UDWHV�EXW�RQO\�IRU������DW�

KLJK�JDV�WKURXJKSXWV��$Q�DYHUDJH�YDOXH�RI�WKH�OLTXLG�D[LDO�GLVSHUVLRQ�FRHIILFLHQW�LQ�WKH�

QRQ�SDFNHG�FROXPQ�LV�HVWLPDWHG�WR�EH�DERXW�����FP
�
V
��
���

7KH�GHSHQGHQFH�RI� WKH�%R/�RQ� WKH� OLTXLG�YHORFLW\� LV�VKRZQ�LQ�)LJXUH�����+HUH�WKH�

%RGHQVWHLQ�QXPEHU�IRU�WKH�OLTXLG�SKDVH�LV�EDVHG�RQ�WKH�OLTXLG�VXSHUILFLDO�YHORFLW\�DQG�WKH�

FROXPQ�GLDPHWHU��$V�LW�FDQ�EH�VHHQ�IURP�WKH�ILJXUH��WKH�H[SHULPHQWDO�GDWD�SORWWHG�ZLWK�

JDV�IORZ�UDWH�DV�D�SDUDPHWHU�VSOLW�DW�KLJKHU�OLTXLG�YHORFLWLHV��+LJKHU�JDV�IORZ�UDWHV�\LHOG�

ORZHU�YDOXHV�RI�%R/��ZKLFK�LV�LQ�DJUHHPHQW�ZLWK�WKH�UHVXOWV�RI�0DFOHDQ�HW�DO�
��
�

�
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3RGDQL VR UH]XOWDWL ãWXGLMH YSOLYD VWUXNWXULUDQHJD SROQLOD QD VWRSQMR DNVLDOQHJD PHãDQMD

NDSOMHYLQDVWH ID]H Y NRORQDK�UHDNWRUMLK ] PHKXUþNL� .RW SROQLOR VR ELOL XSRUDEOMHQL VWDWLþQL

PHãDOQLNL ILUPH 6XO]HU �609 ���� =D SULPHUMDYR VR ELOL L]YHGHQL WXGL HNVSHULPHQWL Y NRORQL
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KLWURVWLK Y SULPHUMDYL ] RQLPL Y NRORQL EUH] SROQLOD�


