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(PDLO��PU]PRKDPPDGL]DGHK#\DKRR�FRP�
�$EVWUDFW±�([SHULPHQWDO�LQYHVWLJDWLRQ�ZDV�FRQGXFWHG�WR�VWXG\�WKH�SXUH�WRUVLRQDO�EHKDYLRXU�RI�KLJK�

VWUHQJWK�FRQFUHWH��+6&��EHDPV�VWUHQJWKHQHG�ZLWK�FDUERQ�ILEUH�UHLQIRUFHG�SRO\PHUV��&)53��KDYLQJ�
PLQLPXP�WRUVLRQDO�UHLQIRUFHPHQW��$�WRWDO�RI�VL[�EHDPV�ZHUH�WHVWHG��7ZR�EHDPV�ZLWKRXW�&)53�ZHUH�
DVVLJQHG�DV�FRQWURO�EHDPV�DQG�WKH�UHVW�ZHUH�VWUHQJWKHQHG�XVLQJ�&)53�VKHHWV��,Q�WKLV�VWXG\��GLIIHUHQW�
ZUDS�FRQILJXUDWLRQV��WKH�HIIHFW�RI�GLIIHUHQW�QXPEHUV�RI�&)53�SOLHV��DQG�WKH�LQIOXHQFH�RI�DQFKRUV�LQ�
8�ZUDSSHG�WHVW�EHDPV�FRQVLGHUHG�DV�YDULDEOHV�ZHUH�LQYHVWLJDWHG��,QYHVWLJDWLRQ�LQWR�GXFWLOLW\�XVLQJ�
WZR�GLIIHUHQW� FRQFHSWV� VKRZHG�HQKDQFHPHQW� LQ� WKH�EHKDYLRXU�RI� VWUHQJWKHQHG�EHDPV�ZLWK�&)53��
7KH�GXFWLOLW\�RI�WKH�EHDP�VWUHQJWKHQHG�ZLWK�WZR�FRPSOHWH�&)53�OD\HUV�ZDV�ILIW\�SHUFHQW�KLJKHU�WKDQ�
WKDW� RI� WKH� FRQWURO� EHDPV�� 7KH� EHDP� VWUHQJWKHQHG� XVLQJ� WKLV� VFKHPH� VKRZHG� D� ���� LQFUHDVH� LQ�
WRUVLRQDO� FDSDFLW\� FRPSDUHG� WR� WKH� FRQWURO� EHDP�� ZKLFK� ZDV� QRW� VWUHQJWKHQHG�� 7KH� H[SHULPHQWDO�
UHVXOWV� ZHUH� FRPSDUHG� ZLWK� WKH� UHVXOWV� IURP� WKUHH� DQDO\WLFDO� PHWKRGV�� 7KH� XOWLPDWH� WRUVLRQDO�
VWUHQJWK�UHVXOWLQJ�IURP�RQH�RI�WKH�WKUHH�PHWKRGV��ZKLFK�ZDV�EDVHG�XSRQ�V\QWKHVLV�RI�DQ�DQDO\WLFDO�
PHWKRG� DQG� DYHUDJH� &)53� VWUDLQV� REWDLQHG� IURP� H[SHULPHQWV�� ZDV� LQ� JRRG� DJUHHPHQW� ZLWK� WKH�
H[SHULPHQWDO�UHVXOWV��
�

.H\ZRUGV±� $QDO\WLFDO�� FDUERQ�ILEUH�UHLQIRUFHG�SRO\PHUV� �&)53��� KLJK�VWUHQJWK� FRQFUHWH� �+6&��� GXFWLOLW\��PLQLPXP�UHLQIRUFHPHQW��VWUHQJWKHQLQJ��WRUVLRQ���
���,1752'8&7,21��

D� 7KH�LPSRUWDQFH�RI�XVLQJ�FRPSRVLWH�PDWHULDOV�LQ�VWUHQJWKHQLQJ��'HWHULRUDWLRQ�RI�UHLQIRUFHG�FRQFUHWH�VWUXFWXUHV��GXH�HLWKHU�WR�FRUURVLRQ�RI�WKH�UHLQIRUFHPHQW�EDUV�RU�WR�WKH�
FRQWLQXDO�XSJUDGLQJ�RI�VHUYLFH�ORDGV��IRU�H[DPSOH��LQFUHDVH�LQ�WKH�WUDIILF�ORDG�RQ�D�EULGJH��KDV�UHVXOWHG�LQ�D�
ODUJH�QXPEHU�RI�VWUXFWXUHV�UHTXLULQJ�UHSDLULQJ�RU�VWUHQJWKHQLQJ���

9DULRXV�PHWKRGV�DUH�DYDLODEOH�WR�UHSDLU�RU�VWUHQJWKHQ�VXFK�VWUXFWXUHV��([WHUQDO�ERQGLQJ�RI�FRPSRVLWH�
PDWHULDOV� WR� GHILFLHQW� RU� GDPDJHG� UHLQIRUFHG� FRQFUHWH� VWUXFWXUHV� LV� RQH� W\SH� RI� VWUHQJWKHQLQJ�PHWKRG��
%HFDXVH�&)53�PDWHULDOV�DUH�QRQ�FRUURVLYH��QRQ�PDJQHWLF��UHVLVWDQW�WR�YDULRXV�W\SHV�RI�FKHPLFDOV��KLJK�LQ�
VWUHQJWK��DQG�OLJKWZHLJKW��WKH\�DUH�LQFUHDVLQJO\�EHLQJ�XVHG�IRU�H[WHUQDO�UHLQIRUFHPHQW�RI�H[LVWLQJ�FRQFUHWH�
VWUXFWXUHV��������

7KHUH�LV�OLPLWHG�LQIRUPDWLRQ�>����@�RQ�VWUHQJWKHQLQJ�WRUVLRQDO�PHPEHUV�ZLWK�ILEUH�UHLQIRUFHG�SRO\PHUV�
�)53��LQ�WKH�OLWHUDWXUH�DQG�DOO�RI�WKHP�KDYH�EHHQ�FDUULHG�RXW�RQ�WRUVLRQDO�VWUHQJWKHQLQJ�RI�QRUPDO�VWUHQJWK�
FRQFUHWH� EHDPV��7KHUHIRUH�� SUDFWLFDOO\� QR�ZRUN�KDV� \HW� EHHQ�FDUULHG�RXW� FRQFHUQLQJ� WRUVLRQDO� UHSDLU�RI�
KLJK�VWUHQJWK� FRQFUHWH� EHDPV�� 7KH� ODFN� RI� H[SHULPHQWDO� DQG� DQDO\WLFDO� VWXGLHV� LQ� WKLV� ILHOG� OHG� WR� WKH�
SUHVHQW�VWXG\�RQ�WKH�WRUVLRQDO�EHKDYLRXU�RI�UHLQIRUFHG�FRQFUHWH�EHDPV�UHSDLUHG�ZLWK�&)53�VKHHWV���

5HFHLYHG�E\�WKH�HGLWRUV�-XQH�����������$FFHSWHG�2FWREHU�����������


&RUUHVSRQGLQJ�DXWKRU�
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��
E�� 6LPXODWLRQ� RI� GHILFLHQW� EHDPV� EHFDXVH� RI� FRUURGHG� EDUV� E\� SURYLGLQJ� PLQLPXP� WRUVLRQDO�
UHLQIRUFHPHQW��

,Q� WKH� SUHVHQW� LQYHVWLJDWLRQ�� D� PLQLPXP� DPRXQW� RI� WRUVLRQDO� UHLQIRUFHPHQW� KDV� EHHQ� XVHG� LQ� WKH�
VSHFLPHQV�LQ�RUGHU�WR�PRGHO�D�EHDP�ZLWK�FRUURGHG�UHLQIRUFHPHQW��7KH�PLQLPXP�YDOXH�LV�GHILQHG�VR�WKDW�LW�
SUHYHQWV� SUHPDWXUH� IDLOXUHV� LPPHGLDWHO\� DIWHU� LQFOLQHG� FUDFNLQJ� RFFXUV�� ,Q� $&,� �������� WKH� PLQLPXP�
WRUVLRQDO�UHLQIRUFHPHQW�UHTXLUHG�IRU�UHLQIRUFHG�FRQFUHWH��5&��EHDPV�PDGH�RI�FRQFUHWH�ZLWK�FRPSUHVVLYH�
VWUHQJWK�XS�WR� 03D�� LV�VSHFLILHG�WR�EH�HTXDO�WR����>��@��

.RXWFKRXNDL�DQG�%HODUEL� LQYHVWLJDWHG� WKH�HIIHFW�RI�KLJK�VWUHQJWK�FRQFUHWH�RQ� WKH� WRUVLRQDO�FUDFNLQJ�
VWUHQJWK� >��@�� 7KHLU� H[SHULPHQWDO� UHVXOWV� VKRZHG� WKDW� WKH� PLQLPXP� DPRXQW� RI� WRUVLRQDO� UHLQIRUFHPHQW�
UHFRPPHQGHG� LQ� $&,� ������� ZDV� LQDGHTXDWH� IRU� KLJK�VWUHQJWK� 5&� EHDPV�� 7KH\� FRQFOXGHG� WKDW� IRU�
DYRLGLQJ�EULWWOH�IDLOXUH��DW�WKH�RQVHW�RI�FUDFNLQJ�������RI�VWUHQJWK�PXVW�EH�UHVHUYHG�DIWHU�FUDFNLQJ�IRU�WKH�
EHDP� WR�H[SHULHQFH�XQLIRUP�FUDFNV�DORQJ� LWV� OHQJWK��%DVHG�XSRQ� WKLV�FRQFOXVLRQ�� WKH\�GHYHORSHG�D�QHZ�
H[SUHVVLRQ�IRU�PLQLPXP�WRUVLRQDO�UHLQIRUFHPHQW�LQ�WHUPV�RI�WKH�FRQFUHWH�FRPSUHVVLYH�VWUHQJWK��7KH�QHZ�
H[SUHVVLRQ� IRU� SURYLGLQJ� PLQLPXP� WRUVLRQDO� UHLQIRUFHPHQW� LV� EDVHG� XSRQ� WKH� \LHOG� VWUHQJWK� RI� WKH�
WUDQVYHUVH�DQG�ORQJLWXGLQDO�UHLQIRUFHPHQW�DQG�FRQFUHWH�FRPSUHVVLYH�VWUHQJWK��
�

�� (;3(5,0(17$/�352*5$0��
D��6SHFLPHQV¶�GHWDLOV��
$ WRWDO�RI�VL[�EHDPV�ZHUH�FDVW�DQG�FXUHG�XQGHU�ODERUDWRU\�FRQGLWLRQV�LQ�WKLV�H[SHULPHQWDO�LQYHVWLJDWLRQ��
7KH� EHDPV� KDG� WKH� VDPH� VL]H� DQG� VWHHO� UHLQIRUFHPHQW��$OO� EHDPV�ZHUH� PP���� ORQJ�� KDYLQJ� D� FURVV�
VHFWLRQ�RI� PP������u ZLWK�D�FRQFUHWH�FRYHU�RI� PP�� � 7R�IRUFH�IDLOXUH�LQ�WKH�FHQWUDO�UHJLRQ�RI�WKH�WHVW�
EHDP��KHUHDIWHU�UHIHUUHG�WR�DV�³WHVW�UHJLRQ´��VWLUUXS�VSDFLQJ�DW�WKH�HQGV�RI�WKH�EHDP�ZDV�UHGXFHG�WR�DOPRVW�
KDOI�RI�WKH�VWLUUXS�VSDFLQJ�DW�WKH�FHQWUH��7KH�OHQJWK�RI�WKH�WHVW�UHJLRQ�RI�WKH�VSHFLPHQV�ZDV�DSSUR[LPDWHO\�

PP���� � 7KH�UHLQIRUFHPHQW�OD\RXW�ZDV�GHVLJQHG�IRU�PLQLPXP�WRUVLRQDO�FDSDFLW\�WR�VLPXODWH�D�WRUVLRQDOO\�
GHILFLHQW� EHDP� EHFDXVH� RI� H[WHQVLYHO\� FRUURGHG� EDUV�� 7KHUHIRUH�� WKH� WUDQVYHUVH� DQG� ORQJLWXGLQDO�
UHLQIRUFHPHQWV�ZHUH�DUUDQJHG�DFFRUGLQJ�WR�WKH�GHVLJQ�SURYLVLRQV�RI�$&,��������>��@�DQG�UHIHUHQFH�>��@��
/RQJLWXGLQDO�UHLQIRUFHPHQW�FRQVLVWHG�RI�IRXU�EDUV�ZLWK� PP�� GLDPHWHUV��RQH�DW�HDFK�FRUQHU�RI�WKH�FURVV�
VHFWLRQ�DQG�VWLUUXSV�KDYLQJ� PP� GLDPHWHUV�ZLWK�D�VSDFLQJ�RI PP�� � 7KH�WRWDO�VWHHO�UDWLR�RI�ORQJLWXGLQDO�
DQG�WUDQVYHUVH�UHLQIRUFHPHQW��EDVHG�XSRQ�UHVHUYLQJ�D�PLQLPXP�RI�����RI�WKH�VWUHQJWK�DIWHU�FUDFNLQJ��ZDV�
FRQVLGHUHG� WR� EH� HTXDO� WR� ����� � 7ZR� RI� WKH� EHDPV�� FDOOHG�&75/�� DQG�&75/���ZHUH� WHVWHG�ZLWKRXW�
&)53� DV� FRQWURO� EHDPV� DQG� WKH� UHVW� ZHUH� VWUHQJWKHQHG� E\� FDUERQ� ILEUH� �0EUDFH�&)� ����� LQ� GLIIHUHQW�
FRQILJXUDWLRQV��3URSHUWLHV�RI�WKH�XVHG�ILEUH�DUH�VWDWHG�LQ�7DEOH����>��@���7DEOH����3URSHUWLHV�RI�WKH�ILEUHV�>��@��

7\SH�RI�ILEUH� 7KLFNQHVV��PP�� 0RGXOXV�RI�HODVWLFLW\��03D��
8OWLPDWH�WHQVLOH�VWUHQJWK��03D��

8OWLPDWH�WHQVLOH�HORQJDWLRQ�
&)����� ������ �������� ����� ������

,Q�DOO�VWUHQJWKHQHG�EHDPV��&)53�ZDV�XVHG�YHUWLFDOO\�ZLWK�UHVSHFW�WR�WKH�ORQJLWXGLQDO�EHDP�D[LV��2QH�
RI� WKH�EHDPV��FDOOHG�&:���ZDV�ZUDSSHG�E\�RQH�OD\HU�RI�&)53�DURXQG�WKH�SHULPHWHU�RI� WKH�VHFWLRQ�DQG�
DORQJ�WKH�HQWLUH�EHDP��%HDP�&:��ZDV�ZUDSSHG�E\�WZR�OD\HUV�RI�&)53��EHDP�&8-�DQF��ZDV�ZUDSSHG�E\�
&)53�RQ�WZR�VLGHV�DQG�DOVR�WKH�ERWWRP�DV�D�8�MDFNHW�DORQJ�WKH�HQWLUH�EHDP��DQG�WKH�IUHH�HGJHV�RI�&)53V�
RQ�WKH�WZR�VLGHV�ZHUH�IDVWHQHG�WR�WKH�WRS�RI�WKH�EHDP��
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��
%HDP�&6��ZDV�ZUDSSHG�XVLQJ�D�RQH�OD\HU� PP��� VWULS�RI�&)53�DURXQG�WKH�SHULPHWHU�RI�WKH�VHFWLRQ��

KDYLQJ� PP��� VSDFLQJ��7KH�RYHUODS�OHQJWK�IRU�WKH�&)53�ZUDS�ZDV���FP� 7DEOH���VWDWHV�WKH�VSHFLILFDWLRQV�
RI�WKH�VSHFLPHQ�EHDPV�� �7DEOH����6XPPDU\�RI�VSHFLPHQV¶�GHWDLOV��

6SHFLPHQ� &RPSRVLWH�VKHHWV� 1R��RI�OD\HUV� $QFKRU�XVHG� &RQFUHWH�FRPSUHVVLYH�VWUHQJWK���03D��
&75/�� &RQWURO�EHDP� 1RQH� �� ������
&75/�� &RQWURO�EHDP� 1RQH� �� ������
&:�� )XOO�ZUDS� �� 1R� ������
&:�� )XOO�ZUDS� �� 1R� ������
&6�� )XOO�6WULS� �� 1R� ������

&8-�DQF�� 8�MDFNHW� �� <HV� �������
E��0DWHULDO�SURSHUWLHV� �+LJK�VWUHQJWK� FRQFUHWH� ZDV� GHVLJQHG� IRU� D� ���GD\� F\OLQGHU� FRPSUHVVLYH� VWUHQJWK� RI� 03D�� � DQG�
VXSSOLHG�E\�D�ORFDO�UHDG\�PL[�SODQW��7KH�DFWXDO�FRQFUHWH�VWUHQJWK�ZDV�FRQVLGHUHG�DV�WKH�DYHUDJH�RI�DW�OHDVW�
VL[�VWDQGDUG�FXEH�VSHFLPHQV�RI� PP��������� uu FRQYHUWHG�WR�$PHULFDQ�F\OLQGHU�VSHFLPHQ�VWUHQJWK��7KH�
PD[LPXP� VL]H� RI� FRDUVH� DJJUHJDWH� IRU� WKH� FRQFUHWH�ZDV� PP�� � DQG�ERWK�EHDPV�DQG�FXEHV�ZHUH�NHSW�
XQGHU�WKH�VDPH�FXULQJ�FRQGLWLRQ�XQWLO�WKH�WHVWLQJ�WLPH��

7KH�\LHOG�VWUHQJWKV�RI�WKH�WUDQVYHUVH�DQG�ORQJLWXGLQDO�UHLQIRUFHPHQW�EDUV�ZHUH�REWDLQHG�IURP�WHQVLOH�
WHVWV�� 7KHVH� YDOXHV� ZHUH� 03D��� DQG� 03D��� IRU� WKH� WUDQVYHUVH� DQG� ORQJLWXGLQDO� UHLQIRUFHPHQW��
UHVSHFWLYHO\�� �F��7HVW�VHWXS�DQG�LQVWUXPHQWDWLRQ� �'HWDLOV�RI� WKH�VHWXS�DUH�VKRZQ� LQ�)LJ�����$���01�K\GUDXOLF� MDFN�ZDV�XVHG�WR�DSSO\� WKH� ORDG�DW� WKH�
DFWLYH� VXSSRUW�� 7KH� ORDG� KDG� D� PP��� OHYHU� DUP� IURP� WKH� FHQWURLGDO� D[LV� RI� WKH� EHDP�� $� ��01�
FRPSUHVVLRQ� ORDG�FHOO�ZDV�XVHG� WR�PHDVXUH� WKH�DSSOLHG� ORDG��7KH�K\GUDXOLF� MDFN�KDG�D� VWURNH� OHQJWK�RI�

PP��� SURYLGLQJ�D����GHJUHH�WZLVW�FDSDFLW\�IRU�WKH�EHDP��$�UHDFWLRQ�DUP�ZDV�XVHG�DW�WKH�SDVVLYH�VXSSRUW�
WR�EDODQFH� WKH�DSSOLHG� ORDG�E\�DWWDFKLQJ� WKH�DUP� WR� WKH� ODERUDWRU\� VWURQJ� IORRU��7KH� UHDFWLRQ�DUP�KDG�D�

PP��� HFFHQWULFLW\� IURP� WKH� FHQWURLGDO� D[LV� RI� WKH� EHDP� DV�ZHOO�� $IWHU� FUDFNLQJ�� WKH� EHDP� HORQJDWHG�
ORQJLWXGLQDOO\��7R�DYRLG�DQ\�ORQJLWXGLQDO�UHVWUDLQW�DQG�VXEVHTXHQW�FRPSUHVVLRQ��WKH�EHDP�ZDV�DOORZHG�WR�
VOLGH�DQG�HORQJDWH�IUHHO\��7KLV�ZDV�DFKLHYHG�E\�VXSSRUWLQJ�WKH�HQG�RI�WKH�EHDP�RQ�UROOHUV�DW�WKH�SDVVLYH�
VXSSRUW�� 7KH� DQJOH� RI� WZLVW� RI� WKH� IUHH� HQG� �WKH� SRLQW� RI� DSSO\LQJ� WKH� WRUTXH�� ZDV� PHDVXUHG� E\� D�
FOLQRPHWHU���

)LJ�����7HVW�VHWXS�
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,Q�HDFK�EHDP�����HOHFWULFDO�UHVLVWDQFH�VWUDLQ�JDXJHV�ZHUH�XVHG�WR�PHDVXUH�VWUDLQV�RQ�WKH�UHLQIRUFLQJ�

EDUV��7KUHH�VWUDLQ�JDXJHV�ZHUH�PRXQWHG�RQ�WKUHH�VWLUUXSV�ZLWKLQ�WKH�WHVW�UHJLRQ��RQH�VWLUUXS�ORFDWHG�DW�PLG�
VSDQ�DQG�WZR�VWLUUXSV�ORFDWHG�V\PPHWULFDOO\�DW� PP��� IURP�WKH�PLG�VSDQ��(DFK�VWLUUXS�ZDV�LQVWUXPHQWHG�
ZLWK�RQH�VWUDLQ�JDXJH��PRXQWHG�DW� WKH�PLGGOH�RI� WKH�ORQJ�OHJ��VLGH�IDFH��VHH�)LJ������1LQH�VWUDLQ�JDXJHV�
ZHUH�PRXQWHG�RQ�ORQJLWXGLQDO�EDUV�DW�WKUHH�GLIIHUHQW�VHFWLRQV�RI�WKH�WHVW�UHJLRQ��2QH�VHW�RI�WKUHH�JDXJHV�
ZDV�ORFDWHG�LQ�WKH�PLGGOH��DQG�WKH�RWKHU�WZR�VHWV�ZHUH�V\PPHWULFDOO\�ORFDWHG�DW� PP��� IURP�WKH�PLGGOH��
RQ�HDFK�VLGH�RI�WKH�WHVW�EHDP��$W�HDFK�VHFWLRQ��WZR�JDXJHV�ZHUH�PRXQWHG�RQ�WKH�ERWWRP�FRUQHU�EDUV�DQG�
RQH�JDXJH�RQ�WKH�XSSHU�FRUQHU�EDU������

�

)LJ�����/RFDWLRQ�RI�VWUDLQ�JDXJHV�DORQJ�WKH�EHDP��VWUDLQ�JDXJHV�RQ�VWLUUXSV���VWUDLQ�JDXJHV�RQ�ORQJLWXGLQDO�EDUV��
)RU�HDFK�VWUHQJWKHQHG�EHDP�� LQ�DGGLWLRQ� WR� WKH� LQVWUXPHQWV�SURYLGHG�DV� IRU� WKH� UHIHUHQFH�EHDPV��DW�

OHDVW����VWUDLQ�JDXJHV�ZHUH� DOVR�DWWDFKHG� WR� WKH�&)53�VKHHWV�RQ� WKH�PLGGOH�SDUW�RI�RQH� VLGH��DORQJ� WKH�
SULQFLSDO�ILEUH�GLUHFWLRQ�ZLWK�D�VSDFLQJ�RI� PP�� � 7KLV�KLJK�QXPEHU�RI�VWUDLQ�JDXJHV�ZDV�XVHG�EHFDXVH�WKH�
IDLOXUH�UHJLRQ�DORQJ�WKH�HQWLUH�OHQJWK�RI�WKH�EHDP�XQGHU�SXUH�WRUVLRQ�ZDV�XQNQRZQ���
G��7HVW�SURFHGXUH� �

/RDGV�DQG�VWUDLQ�UHDGLQJV�ZHUH�UHFRUGHG�WKURXJK�D�FRPSXWHU�GULYHQ�GDWD�DFTXLVLWLRQ�V\VWHP��%HIRUH�
WHVWLQJ�� WKH� FUDFNLQJ� DQG� XOWLPDWH� VWUHQJWKV� RI� WKH� EHDP� VSHFLPHQV�ZHUH� HVWLPDWHG� XVLQJ� WKH� DYDLODEOH�
DQDO\WLFDO�PHWKRGV��3ULRU�WR�WKH�IDLOXUH�RI�WKH�EHDP��GDWD�ZHUH�UHFRUGHG�DW�HDFK�SUHVFULEHG�ORDG�LQFUHPHQW��
6PDOOHU�LQFUHPHQWV�ZHUH�DSSOLHG�FORVHU�WR�WKH�FUDFNLQJ�VWDWH�WR�DFFXUDWHO\�PHDVXUH�WKH�WRUTXH�YDOXH�FORVHVW�
WR�WKH�DFWXDO�FUDFNLQJ�WRUTXH��7KH�ORDGLQJ�SURFHVV�ZDV�FDUULHG�RXW�DV�VWUHVV�FRQWURO��)RU�WKH�FRQWURO�EHDPV��
DW�HYHU\� ORDG�VWDJH�DIWHU�FUDFNLQJ�� WKH�ORDG�ZDV�KHOG�FRQVWDQW� IRU�VHYHUDO�PLQXWHV�EHIRUH�UHFRUGLQJ�GDWD��
DIWHU�ZKLFK�WKH�FUDFN�SDWWHUQ�ZDV�PDUNHG�DQG�FUDFN�ZLGWK�DQG�VSDFLQJ�ZHUH�PHDVXUHG��
�

�� 7(67�5(68/76�$1'�',6&866,216��
D��7KH�EHKDYLRXU�RI�WKH�VWUHQJWKHQHG�EHDPV� �

7KH� FUDFNLQJ� DQG� \LHOG� WRUTXHV� RI� DOO� VWUHQJWKHQHG� EHDPV� DUH� OLVWHG� LQ� 7DEOH� ��� LQGLFDWLQJ� WKHLU�
LQFUHDVH�SHUFHQWDJH�FRPSDUHG�WR�WKH�FRQWURO�EHDPV�� �
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��
7DEOH����&UDFNLQJ�DQG�\LHOGLQJ�WRUTXHV�REWDLQHG�IURP�H[SHULPHQWV�DQG�FRUUHVSRQGLQJ�LQFUHDVH�SHUFHQWDJH��6SHFLPHQ� &UDFNLQJ�WRUTXH��N1�P�� <LHOG�WRUTXH��N1�P�� &UDFNLQJ�WRUTXH�LQFUHDVLQJ����� <LHOG�WRUTXH�LQFUHDVLQJ�����

&75/�� ������� ������ �� ��
&75/�� ������� ������ �� ��
&:�� ������� ������ ������ ������
&:�� ������� ������ ������ ������
&6�� ������� ������ ������ �����

&8-�DQF�� ������� ������ ������ ������
7KH� LQFUHDVH� SHUFHQWDJH� RI� FUDFNLQJ� DQG� \LHOG� WRUTXHV� LQ� 7DEOH� �� UHVXOW� IURP� FRPSDULQJ� WKH�

FRUUHVSRQGLQJ�WRUTXHV�RI�WKH�EHDPV�VWUHQJWKHQHG�E\�&)53�ZLWK�WKH�DYHUDJH�FUDFNLQJ�DQG�\LHOG�WRUTXH�RI�
WKH�FRQWURO�EHDPV��VSHFLPHQV�&75/��DQG�&75/����

)LJXUH���VKRZV�WRUTXH�VWUDLQ�FXUYHV�IRU�DOO�VSHFLPHQV��7KH�FXUYHV�LQ�WKLV�ILJXUH�DUH�SORWWHG�EDVHG�RQ�
WKH�ORQJLWXGLQDO�EDUV¶�VWUDLQ��

$V�WKH�ORQJLWXGLQDO�UHLQIRUFHPHQW�SHUFHQWDJH�LV�ORZHU�WKDQ�WKH�WUDQVYHUVH�UHLQIRUFHPHQW�SHUFHQWDJH�LQ�
DOO�WKH�VSHFLPHQ�EHDPV�VXEMHFWHG�WR�WKH�ORDG��WKH�ORQJLWXGLQDO�EDUV�ZLOO�\LHOG�ILUVW��IROORZHG�E\�\LHOGLQJ�RI�
WKH� WUDQVYHUVH� EDUV�� 7KHUHIRUH�� VWUDLQV� RI� WKH� ORQJLWXGLQDO� EDUV� DUH� FRQVLGHUHG� IRU� SORWWLQJ� WRUTXH�VWUDLQ�
FXUYHV�� �

)LJ�����7KH�VWUDLQ±WRUTXH�FXUYHV�EDVHG�RQ�WKH�VWUDLQ�LQ�WKH�ORQJLWXGLQDO�UHLQIRUFHPHQW�EDUV��
)LJXUH���VKRZV�WKDW�WKH�FUDFNLQJ�WRUTXH�YDOXHV�IRU�WKH�WZR�FRQWURO�EHDPV�DUH�WKH�VDPH��,W�FDQ�DOVR�EH�

VHHQ� WKDW� WKH� FUDFNLQJ�DQG�\LHOG� WRUTXHV�RI� DOO� VWUHQJWKHQHG�EHDPV�DUH�JUHDWHU� WKDQ� WKRVH�RI� WKH�FRQWURO�
EHDPV��,Q�RWKHU�ZRUGV��LQWHUDFWLRQ�IRUFHV�EHWZHHQ�H[WHUQDOO\�ERQGHG�&)53�FRPSRVLWHV�DQG�FRQFUHWH�FDXVH�
QXPHURXV�FUDFNV�RQ�WKH�EHDP�VXUIDFHV��ZKHUHDV�LQ�WKH�EHDP�ZLWKRXW�&)53��KHOLFDO�FUDFNV�DUH�FUHDWHG�ZLWK�
UDWKHU�ODUJHU�GLVWDQFHV�FRPSDUHG�WR�WKH�VWUHQJWKHQHG�EHDPV��,Q�IDFW��DW�LQLWLDO�FUDFNLQJ�VWDJH��WKH�VWUHVVHV�
WKDW�DUH�FUHDWHG�RQ�WKH�VWUHQJWKHQHG�EHDPV¶�VXUIDFHV�DUH�VPDOOHU�FRPSDUHG�WR�WKRVH�RI�WKH�EHDPV�ZLWKRXW�
&)53��7KLV� LV� GXH� WR� WKH� HIIHFW� RI� UHGLVWULEXWLRQ�RI� GLDJRQDO� WHQVLOH� VWUHVVHV� RQ� WKH� VWUHQJWKHQHG� EHDP�
VXUIDFHV�� &RQVHTXHQWO\�� LQ� WKH� VWUHQJWKHQHG� EHDPV�� RYHUDOO� FUDFNLQJ� RFFXUV� DW� D� KLJKHU� ORDG� OHYHO�� 7KH�
LQFUHDVH�PDJQLWXGH�GHSHQGV�RQ�WKH�&)53¶V�UHLQIRUFHPHQW�UDWLR�DQG�WKH�VWUHQJWKHQLQJ�FRQILJXUDWLRQ��
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��
$ PD[LPXP� LQFUHDVH� RI� ������� DQG� ������� IRU� FUDFNLQJ� DQG� \LHOG� WRUTXH�� UHVSHFWLYHO\�� ZHUH�

UHFRUGHG�IRU�&:����
)LJXUH���H[KLELWV�WKH�FUDFN�GLVWULEXWLRQ�RQ�RQH�VLGH�RI�WKH�VWUHQJWKHQHG�VSHFLPHQV��7KH�DQJOHV�RI�WKH�

PDMRU�FUDFNV�LQ�WKH�XQZUDSSHG�EHDPV�ZHUH�XVXDOO\�DURXQG� $�� � 7KH�UDQJH�RI�WKH�DQJOHV�IRU�VXFK�FUDFNV�LQ�
WKH�&)53�VWUHQJWKHQHG�EHDPV�ZDV� $���� WR� $���� �

�D�� �E��

�F�������������������������������������������������������������������������������������G���)LJ�����7KH�FUDFN�GLVWULEXWLRQ�LQ�WKH�VWUHQJWKHQHG�VSHFLPHQ�EHDPV��D��6SHFLPHQ�&6����E��6SHFLPHQ�&:���F��6SHFLPHQ�&:���G��6SHFLPHQ�&8-�DQF���
7DEOH���LQGLFDWHV�WKH�UHVXOWV�RI�WKH�WHVWV�LQ�WHUPV�RI�WKH�FUDFNLQJ�WZLVW�DQJOH�� FUI � WKH�XOWLPDWH�WRUTXH��

WKH�FRUUHVSRQGLQJ�WRUTXH�LQFUHDVH�SHUFHQWDJH�DQG�PRGHV�RI�IDLOXUH�IRU�DOO�VL[�VSHFLPHQV��,Q�7DEOH����WKH�
LQFUHDVH�SHUFHQWDJHV�RI�WKH�XOWLPDWH�WRUTXHV�KDYH�EHHQ�FRPSXWHG�E\�FRPSDULQJ�WKH�XOWLPDWH�WRUTXHV�RI�WKH�
EHDPV�VWUHQJWKHQHG�E\�&)53�ZLWK�WKH�DYHUDJH�XOWLPDWH�WRUTXHV�RI�WKH�FRQWURO�EHDPV��VSHFLPHQV�&75/��
DQG�&75/���� �7DEOH����&UDFNLQJ�WZLVW�DQJOH��XOWLPDWH�WRUTXH�DQG�FRUUHVSRQGLQJ�WRUTXH��LQFUHDVH�SHUFHQWDJH�RI�WKH�EHDPV��

6SHFLPHQ� FUI
�'HJUHHV�� PD[Q7

�N1�P��
8OWLPDWH�WRUTXH�LQFUHDVLQJ����� 0RGH�RI�IDLOXUH�

&75/�� ����� ������ �� <LHOG�	�&UXVKLQJ�
&75/�� ����� ������ �� <LHOG�	�&UXVKLQJ�
&6�� ����� ������ ����� 5XSWXUH�

&8-�DQF�� ����� ������ ������ 5XSWXUH�
&:�� ����� ������ ������ 5XSWXUH�
&:�� ����� ������ ������ 5XSWXUH�
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��
,W�FDQ�EH�REVHUYHG�LQ�7DEOHV���DQG���WKDW�WKH�FUDFNLQJ��\LHOG�DQG�XOWLPDWH�WRUTXH�YDOXHV�RI�VSHFLPHQV�

&8-�DQF��DQG�&:��DUH�DSSUR[LPDWHO\�WKH�VDPH��LQ�VSLWH�RI�WKH�IDFW�WKDW�RQO\�WKUHH�VLGHV�RI�EHDP�&8-�DQF��
DUH� VWUHQJWKHQHG�� 7KLV� PD\� EH� GXH� WR� WKH� DQFKRULQJ� LQIOXHQFH� EHLQJ� PXFK� PRUH� HIIHFWLYH� WKDQ� WKH�
VWUHQJWKHQLQJ� FRQILJXUDWLRQ� LQ� WKLV� FDVH�� ,Q� IDFW�� WKH� DQFKRUV�ZHUH� XVHG� WR� HOLPLQDWH� GH�ERQGLQJ� RU� GH�
ODPLQDWLRQ�RI�WKH�&)53�MDFNHW�DW�WKH�IUHH�HGJHV��)XUWKHUPRUH��WKH�ORRS�RI�WKH�IRUFH�WUDQVIHUULQJ�PHFKDQLVP�
SURYLGHG�E\�WKH�FRPSRVLWH�VKHHWV�ZDV�FRPSOHWHG�E\�WKH�EROWV��

7KH�WRUTXH�WZLVW�EHKDYLRXU�RI�WKH�EHDPV�ZUDSSHG�ZLWK�&)53�VKHHWV��DORQJ�ZLWK�WKH�FRQWURO�EHDPV�DUH�
VKRZQ�LQ�)LJ�������

)LJ�����7KH�EHKDYLRXU�RI�DOO�WKH�VSHFLPHQ�EHDPV�EDVHG�XSRQ�H[SHULPHQWDO�WRUTXH�WZLVW�FXUYHV�
,Q� )LJ�� ��� FXUYHV� DUH� ODEHOOHG� IRU� WKH� FRGH� RI� WKH� VSHFLPHQV�� $V� H[SHFWHG�� ORZ� GLIIHUHQFH� LQ� WKH�

FRPSUHVVLYH�VWUHQJWKV�RI�WKH�FRQWURO�EHDPV�GRHV�QRW�FDXVH�D�GLIIHUHQFH�LQ�WKHLU�EHKDYLRXU���
,W�FDQ�EH�REVHUYHG�LQ�)LJ���� WKDW� WKH�EHKDYLRXU�RI�FRPSOHWHO\��QRQ�VWULS��ZUDSSHG�VSHFLPHQ�EHDPV��

VXFK�DV�&:���&8-�DQF��DQG�&:��LV�QRW�VLPLODU�WR�WKH�EHKDYLRXU�RI�EHDP�&6���EHFDXVH�WKH�FUDFNV�LQ�WKH�
FRPSOHWHO\�ZUDSSHG�EHDPV�ZHUH�QRW�DOORZHG� WR�EH�ZLGHQHG�GXH� WR� WKH� UHVWUDLQW�SURYLGHG�E\� WKH� ILEUHV��
)LJXUH���DOVR�VKRZV�WKDW�WKH�EHDPV�ZUDSSHG�FRPSOHWHO\�ZLWK�&)53�SURYLGH�PXFK�KLJKHU�XOWLPDWH�WRUTXH�
FRPSDUHG� WR� WKH� EHDP� VWUHQJWKHQHG� ZLWK� &)53� VWULS� ZUDS�� 7KH� UHDVRQ� IRU� WKH� GHILFLHQF\� LQ� WKH�
VWUHQJWKHQHG�EHDP�&6��XVLQJ�VWULS�LQ�FRPSDULVRQ�ZLWK�WKH�IXOO�ZUDSSHG�EHDPV�LV�WKDW�WKH�FUDFNV�RFFXUUHG�
EHWZHHQ�WKH�VWULSV�DQG�WKHQ�ZLGHQHG��

,Q� )LJ�� ��� WKH� VSHFLPHQ� EHDPV� &:��� &8-�DQF�� DQG� &:�� H[KLELW� D� KLJKHU� SRVW�FUDFNLQJ� VWLIIQHVV�
FRPSDUHG�WR�WKDW�RI�VSHFLPHQ�EHDPV�&75/��DQG�&75/���DQG�HYHQ�VSHFLPHQ�EHDP�&6���7KLV�LV�GXH�WR�
WKH� DGGLWLRQDO� UHLQIRUFHPHQW� SURYLGHG� E\� &)53� ILEUHV�� ,Q� RWKHU� ZRUGV�� DIWHU� FUDFNLQJ�� WKH� &)53�
UHLQIRUFHPHQW�VXVWDLQV�WKH�DSSOLHG�ORDG�DORQJ�ZLWK�WKH�VWHHO�UHLQIRUFHPHQW�EDUV��

4XDOLWDWLYHO\�� WKHUH� DUH� WKUHH� GLIIHUHQW� EHKDYLRXUDO� ]RQHV� RQ� HDFK� WRUTXH�WZLVW� FXUYH� LQ�)LJ�� ���7KH�
ILUVW�]RQH�UHSUHVHQWV�WKH�VWLIIQHVV�RI�WKH�XQ�FUDFNHG�EHDP��WKH�VHFRQG�]RQH�UHSUHVHQWV�WKH�VWLIIQHVV�RI�WKH�
FUDFNHG� FRQFUHWH� EHDP� VWUHQJWKHQHG� ZLWK� &)53� VKHHWV�� DQG� ILQDOO\�� WKH� WKLUG� ]RQH� FRUUHVSRQGV� WR� D�
GDPDJHG�EHDP�ZLWK�ZLGH�FUDFNV��\LHOG�WRUVLRQDO�UHLQIRUFHPHQW�DQG�UXSWXUHG�FRPSRVLWH�PDWHULDO��

$V�LQGLFDWHG�LQ�)LJ�����WKH�IDLOXUH�PRGH�RI�DOO�WKH�VWUHQJWKHQHG�EHDPV�DW�XOWLPDWH�WRUTXH�LV�FRQWUROOHG�
E\� &)53� UXSWXUH�� 7KLV� SKHQRPHQRQ� LV� DWWULEXWHG� WR� WKH� FRQILJXUDWLRQ� RI� &)53� ZUDSSLQJ� LQ� WKH�
VWUHQJWKHQHG�EHDPV��ZKLFK�LV�IXOO��IRXU�VLGH��ZUDSSLQJ��
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��

�D�� �E��

� �F������������������������������������������������������������������������������������G��)LJ�����7KH�IDLOXUH�PRGHV�RI�DOO�WKH�VWUHQJWKHQHG�VSHFLPHQ�EHDPV��D��6SHFLPHQ�&6����E��6SHFLPHQ�&:���F��6SHFLPHQ�&:���G��6SHFLPHQ�&8-�DQF��
,Q� EHDP�&6��� DIWHU� UXSWXULQJ� WKH� VHFRQG�&)53� VWULS� DW� WKH� UHJLRQ� FORVH� WR� WKH� DFWLYH� VXSSRUW�� WKH�

FUDFNV�RI�WKDW�UHJLRQ�ZLOO�ZLGHQ�FDXVLQJ�IDLOXUH�RI�WKH�EHDP�DW�D�UHJLRQ�FORVH�WR�WKH�VDPH�VXSSRUW��)LJ���D���
%HDP�&:�� UHDFKHG� DQ� XOWLPDWH� WRUVLRQDO� WRUTXH�RI� .1P����� � ZKLFK�ZDV� ����� � PRUH� WKDQ� WKH�

DYHUDJH�XOWLPDWH� WRUTXH�RI� WKH�FRQWURO�EHDPV��$V�FDQ�EH�VHHQ�LQ�)LJ���E��DIWHU�GHYHORSLQJ�FUDFNV� LQ� WKH�
EHDP�� WKH�&)53�ZLOO� UXSWXUH�� IROORZHG� E\� H[WHQVLYH� FRQFUHWH� FUDFNLQJ��ZKLFK�XOWLPDWHO\� UHVXOWV� LQ� WKH�
EHDP¶V�IDLOXUH�DW�D�UHJLRQ�FORVH�WR�WKH�DFWLYH�VXSSRUW��)LJ���E���

%HDP�&:�� EHDUV� WKH� KLJKHVW� XOWLPDWH� WRUTXH� DPRQJ� DOO� WKH� VWUHQJWKHQHG� EHDPV� EHFDXVH� RI� HQWLUH�
EHDP�VWUHQJWKHQLQJ�DQG�D�KLJKHU�QXPEHU�RI�&)53�OD\HUV��,W�VXVWDLQV�DQ�XOWLPDWH�WRUVLRQDO�PRPHQW��������
KLJKHU�WKDQ�WKH�DYHUDJH�XOWLPDWH�WRUTXH�RI�WKH�FRQWURO�EHDPV��7KLV�EHDP�IDLOV�WKURXJK�WKH�&)53�UXSWXUH�DW�
D UHJLRQ�FORVH�WR�WKH�DFWLYH�VXSSRUW��)LJ���F���

7KH� EHKDYLRXU� RI� EHDP�&8-�DQF�� XQWLO� WKH� XOWLPDWH� VWUHQJWK� SRLQW� LV� VLPLODU� WR� EHDP�&:�� DQG� LW�
VXVWDLQV�XOWLPDWH�WRUTXH�YHU\�FORVH�WR�WKDW�RI�&:���'XULQJ�ORDGLQJ��WKH�FUDFNV�FUHDWHG�RQ�WKH�WRS�IDFH�RI�
WKH�EHDP��ZKHUH�LW�LV�QRW�ZUDSSHG�E\�&)53��JUDGXDOO\�ZLGHQ��7KH�EHDP�IDLOV�ZKHQ�WKH�&)53�UXSWXUHV�DW�
D UHJLRQ�QHDU�WKH�SDVVLYH�VXSSRUW�ZKHUH�RQH�RI�WKH�FUDFNV�EHFRPHV�WKH�PDMRU�FUDFN��)LJ���G����
E��'XFWLOLW\� �

7KH�GXFWLOLW\�UDWLR� IP � LV�XVXDOO\�GHILQHG�DV����
�

<

3I
IPI  ����������

ZKHUH� 3I LV� WKH� WZLVW�DQJOH� DW� WKH�XOWLPDWH� WRUTXH�DQG� <I LV� WKH�\LHOG� WZLVW� DQJOH��7KLV� UDWLR� LQGLUHFWO\�
UHSUHVHQWV�WKH�DPRXQW�RI�HQHUJ\�WKDW�D�PHPEHU�FDQ�VWRUH�GXULQJ�SODVWLF�GHIRUPDWLRQV��DQG�VR�UHSUHVHQWV�WKH�
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��
GXFWLOLW\� RU� HQHUJ\� DEVRUELQJ� FDSDFLW\� RI� WKH� PHPEHU�� 7KLV� FRQFHSW� RI� GXFWLOLW\� FDQ� EH� DSSOLHG� WR�
VWUHQJWKHQHG�UHLQIRUFHG�FRQFUHWH�PHPEHUV�LQ�D�VLPLODU�PDQQHU����

6RPH�RWKHU�UHVHDUFKHUV�KDYH�SURSRVHG�WKH�IROORZLQJ�UHODWLRQ�IRU�GXFWLOLW\�UDWLR�>��@����

<

3
3 I

IPI
����

�����  ����
�

ZKHUH� 3����I LV�WKH�WZLVW�DQJOH�DW�����RI�WKH�SHDN�WRUTXH�EH\RQG�WKH�SHDN�SRLQW��
'XFWLOLW\�UDWLRV�DUH�FDOFXODWHG�IRU�EHDPV�XVLQJ�ERWK�(TV������DQG�����DQG�WKHQ�WDEXODWHG�LQ�7DEOH������

7DEOH����&RPSDULVRQ�RI�VSHFLPHQV¶�GXFWLOLW\�UDWLRV�EDVHG�XSRQ� 3I DQG 3����I

6SHFLPHQ� \I 3I \33 IIPI  �

'XFWLOLW\�LQFUHDVLQJ��(T������� 3����I \33R IIPI ��������  'XFWLOLW\�LQFUHDVLQJ��(T�������
&75/�� ����� ����� ����� �� ����� ����� ��
&75/�� ����� ����� ����� �� ����� ����� ��
&6�� ����� ����� ����� ����� ����� ����� �����

&8-�DQF�� ����� ����� ����� ������ ������ ����� ������
&:�� ����� ����� ����� ������ ����� ����� ������
&:�� ����� ����� ����� ������ ������ ����� ������
,Q�7DEOH����WKH�GXFWLOLW\�UDWLRV�RI�WKH�VWUHQJWKHQHG�EHDPV�UHVXOWLQJ�IURP�(TV������DQG�����DUH�FRPSDUHG�

ZLWK�WKH�DYHUDJH�GXFWLOLW\�UDWLR�RI�WKH�FRQWURO�EHDPV�&75/��DQG�&75/���REWDLQHG�IURP�WKH�FRUUHVSRQGLQJ�
HTXDWLRQV�LQGLYLGXDOO\��

0D[LPXP�GXFWLOLW\�UDWLR��XVLQJ�(TV������DQG������EHORQJV�WR�EHDP�&:��ZLWK�YDOXHV�RI� ���� DQG� ���� �
UHVSHFWLYHO\��7KHVH�YDOXHV�VKRZ�DQ�DYHUDJH�LQFUHDVH�RI� �� � LQ�GXFWLOLW\�FRPSDUHG�WR�WKH�DYHUDJH�GXFWLOLW\�
RI�EHDPV�&75/��DQG�&75/���7KH�DYHUDJH� OHDVW� LQFUHDVH�SHUFHQWDJH� LQ�GXFWLOLW\�XVLQJ�(TV������DQG�����
UHODWHV�WR�EHDP�&6���ZLWK�YDOXHV�RI� ����� DQG� ����� � UHVSHFWLYHO\��

,W�FDQ�EH�DOVR�VHHQ�WKDW�IRU�DOO�WKH�VWUHQJWKHQHG�EHDPV��H[FHSW�EHDP�&8-�DQF���WKH�GXFWLOLW\�LQFUHDVH�
SHUFHQWDJH�EDVHG�XSRQ�(T������LV�VOLJKWO\�KLJKHU�WKDQ�WKH�RXWFRPH�IURP�(T�������

7KH�GXFWLOLW\�LQFUHDVH�SHUFHQWDJH�RI�EHDP�&8-�DQF��EDVHG�XSRQ�(T������LV�WKH�KLJKHVW�YDOXH�DPRQJ�DOO�
WKH�VWUHQJWKHQHG�EHDPV��HYHQ�EHDP�&:���7KLV�PD\�EH�GXH�WR�WKH�ORZHU�FRQILQHPHQW�RI�EHDP�&8-�DQF��
FRPSDUHG�WR�WKH�EHDPV�VWUHQJWKHQHG�E\�FRPSOHWH�&)53�ZUDSSLQJ��'XULQJ�ORDGLQJ��WKH�QXPEHU�RI�FUDFNV�
FUHDWHG�DORQJ�WKH�HQWLUH�WRS�IDFH�RI�WKH�EHDP��ZKHUH�WKHUH�LV�QR�&)53�ZUDSSLQJ��DUH�ORZHU�DQG�WKHLU�ZLGWK�
LV�KLJKHU�FRPSDUHG�WR�WKH�FUDFNV�FUHDWHG�RQ�WKH�RWKHU�WKUHH�IDFHV�RI�WKH�EHDP��8QOLNH�WKRVH�EHDPV�WKDW�DUH�
VWUHQJWKHQHG�DORQJ�WKHLU�HQWLUH�OHQJWK�FRPSOHWHO\��D�VXGGHQ�GHFUHDVH�LQ�ORDG�EHDULQJ�LV�QRW�REVHUYHG�DW�WKH�
PRPHQW�RI�&)53�UXSWXUH��+HQFH��WKH�ORDG�GHVFHQGV�HYHQO\����
F��([SHULPHQWDO�GDWD�DQDO\VLV� �

$QDO\WLFDO� PHWKRGV� IRU� FDOFXODWLQJ� WKH� )53� FRQWULEXWLRQ� WR� WKH� WRUVLRQDO� FDSDFLW\� RI� VWUHQJWKHQHG�
EHDPV�DUH�YHU\�OLPLWHG��7KHVH�PHWKRGV�DUH�LOOXVWUDWHG�EULHIO\�LQ�WKH�IROORZLQJ���
���$QDO\WLFDO�PHWKRG�RI�),%���� >��@��2QH� RI� WKH� DQDO\WLFDO�PHWKRGV� DSSHDUV� LQ� ),%����� DQG� XVHV� WKH�
H[SHULPHQWDO� UHVXOWV� RI� WKH� HIIHFWLYH� VWUDLQ� RI� EHDPV� VWUHQJWKHQHG� LQ� WKH� VKHDU�� ,Q� ),%����� WKH� )53�
FRQWULEXWLRQ�WR�WKH�WRUVLRQDO�FDSDFLW\�GXH�WR�FRXSOHG�IRUFHV�FUHDWHG�E\�D�FORVHG�WXEH�LV�FRQVLGHUHG��,Q�WKLV�
PHWKRG��XOWLPDWH�WRUTXH�FDOFXODWLRQV�DUH�EDVHG�XSRQ�WKH�ILEUH�RULHQWDWLRQ�DQG�WKH�PRGH�RI�IDLOXUH��:KHQ�
WKH� IDLOXUH� RI� WKH� WHVW� EHDP� LV� FRQWUROOHG� E\� )53� UXSWXUH� DQG� WKH� ILEUHV¶� RULHQWDWLRQ� LV� YHUWLFDO� WR� WKH�
ORQJLWXGLQDO�D[LV��WKH�FRQWULEXWLRQ�RI�WKH�)53�VKHHWV�WR�XOWLPDWH�VWUHQJWK�LV�GHWHUPLQHG�XVLQJ�WKH�HIIHFWLYH�
VWUDLQ�LQ�WKH�ILEUHV��(IIHFWLYH�VWUDLQ�LQ�ILEUHV�LV�GHWHUPLQHG�XVLQJ�WKH�HPSLULFDO�HTXDWLRQV�SURSRVHG�LQ�),%���
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��
7HFKQLFDO�5HSRUW� >��@�� ,I� WKH� UXSWXUH�RI� WKH� ILEUHV�GRHV�QRW�JRYHUQ� WKH� IDLOXUH�PRGH��D�GHVLJQ�DSSURDFK�
EDVHG� XSRQ� HIIHFWLYH� ERQG� OHQJWK� LV� XVHG� WR� FDOFXODWH� WKH� XOWLPDWH� VWUHQJWK� >��@�� 7KXV�� WKH� )53�
FRQWULEXWLRQ� WR� WKH� WRUVLRQDO� FDSDFLW\�� EDVHG�RQ� WKH�DERYH�PHQWLRQHG� VXEMHFWV��

IUSQ7 � LV� GHILQHG�E\� WKH�
IROORZLQJ�UHODWLRQVKLSV��
)RU�FRPSOHWH�ZUDS�DQG�VWULS��

� > @ EEDH VLQFRWFRW� � � F
I

II
IXINHQ $V

EW(7
IUS

����
)RU�8�ZUDS�ZLWK�DQFKRUV��

� > @ EEDH VLQFRWFRW� � F
I

II
IXINHQ $V

EW(7
IUS

����
�

ZKHUH� IX( LV�WKH�PRGXOXV�RI�HODVWLFLW\�RI�)53�LQ�WKH�SULQFLSDO�ILEUH�RULHQWDWLRQ�� IW LV�WKH�WKLFNQHVV�RI�WKH�
)53�VKHHW�� IV LV�WKH�FHQWUH�WR�FHQWUH�VSDFLQJ�RI�)53�VWULSV�� IE LV�WKH�PLQLPXP�ZLGWK�RI�WKH�FURVV�VHFWLRQ�
RYHU�WKH�HIIHFWLYH�GHSWK�RI�WKH�FURVV�VHFWLRQ��IRU�EHDPV�ZLWK�FRQWLQXRXV�MDFNHW��WKH�WHUPV� IE DQG� IV KDYH�
LGHQWLFDO� YDOXHV��� F$ LV� WKH� JURVV� VHFWLRQDO� DUHD� RI� WKH� FRQFUHWH�� F3 LV� WKH� FLUFXPIHUHQFH� HQFORVLQJ� WKH�
JURVV�VHFWLRQDO�DUHD�RI�WKH�FRQFUHWH��D LV�WKH�DQJOH�RI�WRUVLRQ�FUDFN�DQG� E LV�WKH�DQJOH�RI�WKH�RULHQWDWLRQ�
RI�WKH�ILEUHV��ERWK�PHDVXUHG�IURP�WKH�PHPEHU¶V�ORQJLWXGLQDO�D[LV��DQG� �NH IH LV�WKH�FKDUDFWHULVWLF�YDOXH�RI�
HIIHFWLYH�ILEUH�VWUDLQ��GHILQHG�DV��

� PHHH ����PD[��  d HIINH . ����
�

ZKHUH� . LV�WKH�UHGXFWLRQ�UDWLR�IRU�GHILQLQJ�WKH�FKDUDFWHULVWLF�HIIHFWLYH�VWUDLQ�RI�)53��7KH�FRUUHVSRQGLQJ�
HTXDWLRQ�WR�FDOFXODWH� WKH�HIIHFWLYH�VWUDLQ� LQ�)53� HI �H � LV�DYDLODEOH� LQ� UHIHUHQFH�>��@�� ,Q� WKLV�PHWKRG�� WKH�
FUDFN�DQJOH�D � LV�DVVXPHG�WR�EH�HTXDO�WR� $�� �
�� +LL¶V�PHWKRG� >��@��7KH�VHFRQG�PHWKRG�ZDV�SUHVHQWHG�E\�+LL�HW�DO�� >��@�� ,Q�KLV�SURSRVHG�PHWKRG�� LQ�
RUGHU� WR� FDOFXODWH� WKH� )53� FRQWULEXWLRQ� WR� WKH� WRUVLRQDO� FDSDFLW\�� WKH� VROLG� VHFWLRQ� XQGHU� WRUVLRQ� LV�
FRQVLGHUHG�DV�DQ�HTXLYDOHQW�KROORZ�WXEH��
)RU�FRPSOHWH�ZUDS�DQG�VWULS��

� � �> @ EEDH VLQFRWFRW���� � � K
I

II
IXINHQ $RV

EW(7
IUS $ ����

�
ZKHUH� K$$ LV�WKH�DUHD�HQFORVHG�E\�WKH�RXWHUPRVW�FORVHG�VWLUUXSV��,Q�WKLV�PHWKRG��WKH�PD[LPXP�FUDFN�DQJOH�
LV�FRQVLGHUHG�WR�EH�HTXDO�WR $�� �
���8VLQJ�),%����PHWKRG�DQG�)53�VWUDLQ�REWDLQHG�IURP�H[SHULPHQWV��7KH�WKLUG�PHWKRG�LV�XVLQJ�),%�
��¶V�HTXDWLRQV�DQG�WKH�DYHUDJH�HIIHFWLYH�VWUDLQ�REWDLQHG�IURP�WKH�H[SHULPHQWV���

,Q� WKLV� PHWKRG�� WKH� FUDFN� DQJOH� YDOXH� RI� $���� REWDLQHG� IURP� WKH� H[SHULPHQWV� LV� FRQVLGHUHG� IRU�
FDOFXODWLQJ�WKH�FRQWULEXWLRQ�RI�WKH�)53�DQG�5&�EHDP�ZLWKRXW�)53�WR�WKH�WRUVLRQDO�VWUHQJWK���

,Q�RUGHU�WR�FRPSDUH�WKH�HIIHFWLYH�VWUDLQ�REWDLQHG�IURP�WKH�H[SHULPHQWV�ZLWK� WKH�FDOFXODWHG�HIIHFWLYH�
VWUDLQ�� WKH� FDOFXODWHG� HIIHFWLYH� VWUDLQ� FDOFI �H � IRU� HDFK� VWUHQJWKHQHG� VSHFLPHQ� LV� GHWHUPLQHG� IURP� WKH�
H[SHULPHQWDO�)53�FRQWULEXWLRQ�WR�WRUVLRQDO�WRUTXH�� H[S�I7 � E\�WKH�IROORZLQJ�HTXDWLRQ�ZKLFK�UHVXOWV�IURP�
(T�������

� � �> @EEDH VLQFRWFRW� �
H[S�� � �

FIIIIIFDOFI $VWE(7 ����
�

ZKHUH� WKH� H[SHULPHQWDO� )53� FRQWULEXWLRQ� WR� WRUVLRQDO� VWUHQJWK�� H[S�I7 � LV� GHWHUPLQHG� E\� VXEWUDFWLQJ� WKH�
XOWLPDWH� WRUTXHV� RI� WKH� FRQWURO� EHDPV�� FWUO7 � IURP� WKH� XOWLPDWH� WRUTXHV� RI� WKH� VWUHQJWKHQHG� VSHFLPHQV��
H[S7 � FWUOI 777 � H[SH[S� ���
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��
7DEOH���VKRZV�WKH�HIIHFWLYH��WKH�FKDUDFWHULVWLF�HIIHFWLYH��DQG�WKH�DYHUDJH�H[SHULPHQWDO�HIIHFWLYH�VWUDLQ�

YDOXHV��7KH�YDOXHV�LQ�WKH�ILUVW��VHFRQG�DQG�WKH�ODVW�FROXPQV�ZHUH�REWDLQHG�IURP�),%����DQG�WKH�UHFRUGHG�
GDWD� DW� WKH� SHDN� WRUTXH�� UHVSHFWLYHO\�� 7KH� DYHUDJH� FRPSRVLWH� WHQVLOH� VWUDLQ� UHFRUGHG� RQ� WKH� EHDP� VLGH�
UDQJHG�EHWZHHQ����� WR� ���� PLFUR�VWUDLQ��ZHOO�EHORZ�WKH�FRPSRVLWH�XOWLPDWH�VWUDLQ�RI���������7DEOH����&RPSDULVRQ�RI�WKH�DYHUDJH�H[SHULPHQWDO�HIIHFWLYH�VWUDLQ�ZLWK�WKH�HIIHFWLYH��VWUDLQ�REWDLQHG�IURP�FRUUHVSRQGLQJ�HTXDWLRQV��

6SHFLPHQ� ��� PHH HI ��� PHH INH ��� PHH FDOFI � �PHH H[S��DYHI

&6�� ������ ����� ���� �����
&8-�DQF�� ����� ����� ����� �����
&:�� ����� ����� ����� �����
&:�� ����� ����� ����� �����

,Q�WKLV�ZRUN��WKUHH�PHWKRGV�ZHUH�XVHG�IRU�FDOFXODWLQJ�WKH�WRUVLRQDO�FDSDFLW\�GXH�WR�WKH�&)53�VKHHWV��
,W�PXVW�EH�QRWHG�WKDW�WKH�UHVXOWV�RI�(T������IRU�VSHFLPHQ�&8-�DQF��DUH�YHU\�FORVH�WR�WKH�H[SHULPHQWDO�

UHVXOWV��EXW�VXUSULVLQJO\�� WKH�&)53�FRQWULEXWLRQ�WR� WKH� WRUVLRQDO�VWUHQJWK�RI�VSHFLPHQ�&8-�DQF��REWDLQHG�
IURP�WKH�H[SHULPHQWV�LV�WZLFH�WKH�YDOXH�WKDW�UHVXOWHG�IURP�(T�������ZKLFK�LV�UHFRPPHQGHG�LQ�WKH�OLWHUDWXUH�
IRU�VXFK�EHDPV��2I�FRXUVH��PRUH�H[SHULPHQWV�DUH�UHTXLUHG�WR�FRQILUP�WKLV�LVVXH���

�,Q�7DEOH����WKH�YDOXHV�RI�WRUVLRQDO�VWUHQJWK�GXH�WR�&)53�UHLQIRUFHPHQW�REWDLQHG�IURP�WKH�DQDO\WLFDO�
PHWKRGV�DUH�FRPSDUHG�ZLWK�WKH�H[SHULPHQWDO�YDOXHV���7DEOH����&RPSDULVRQ�RI�H[SHULPHQWDO�DQG�DQDO\WLFDO�XOWLPDWH�WRUTXHV�GXH�WR�&)53�UHLQIRUFHPHQW�

IUSQI 77 �H[S� IUSQI 77 �H[S� IUSQI 77 �H[S�6SHFLPHQ� ),%���� +LL¶V�PHWKRG�� ),%����	� � �PHH H[S�� DYHI

&6�� ����� ����� �����
&8-�DQF�� ����� ����� �����
&:�� ����� ����� �����
&:�� ����� ����� �����

,W� FDQ� EH� VHHQ� LQ�7DEOH� �� WKDW� WKH� WRUVLRQDO� FRQWULEXWLRQ� RI�&)53� HVWLPDWHG� E\� ),%���� LV� JHQHUDOO\�
XQFRQVHUYDWLYH��7KH�WKLUG�FROXPQ�RI�7DEOH���VKRZV�WKH�UHVXOWV�REWDLQHG�E\�DYHUDJH�H[SHULPHQWDO�HIIHFWLYH�
VWUDLQV�DQG�WKH�),%����PHWKRG���

7KH�QRPLQDO�XOWLPDWH�WRUVLRQDO�VWUHQJWK�RI�EHDPV�VWUHQJWKHQHG�E\�)53�FDQ�EH�REWDLQHG�WKURXJK�DGGLQJ�
WKH�FRQWULEXWLRQV�GXH�WR�ILEUHV�WR� WKH� WRUVLRQDO�VWUHQJWK�RI�WKH�UHLQIRUFHG�FRQFUHWH�EHDP�ZLWK�QR�)53�DV�
IROORZV��

�
IUSV QQQ 777 � � ����

�
7KH� HTXDWLRQ� IRU� FDOFXODWLQJ� WKH� XOWLPDWH� WRUVLRQDO� VWUHQJWK� RI� D� UHLQIRUFHG� FRQFUHWH� EHDP��

UHFRPPHQGHG�E\�$&,��������>��@�LV�
� DFRW�

V
I$$7 \YW

QV

$ ����

ZKHUH�� $$ LV�WKH�FURVV�VHFWLRQDO�DUHD�ERXQGHG�E\�WKH�FHQWUH�OLQH�RI�WKH�VKHDU�IORZ�� W$ LV�WKH�DUHD�RI�RQH�OHJ�
RI� WKH� WUDQVYHUVH� VWHHO� UHLQIRUFHPHQW� �VWLUUXSV�� �� \YI LV� WKH� \LHOG� VWUHQJWK� RI� WKH� WUDQVYHUVH� VWHHO�
UHLQIRUFHPHQW��DQG� V LV�WKH�VSDFLQJ�RI�WKH�VWLUUXSV���

7DEOH� �� VKRZV� WKH� FRPSDULVRQ� EHWZHHQ� H[SHULPHQWDO� XOWLPDWH� WRUVLRQDO� VWUHQJWK� DQG� WRUVLRQDO�
VWUHQJWKV�REWDLQHG�IURP�WKH�DQDO\WLFDO�PHWKRGV�IRU�DOO�WKH�VWUHQJWKHQHG�EHDPV���
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,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
7DEOH����&RPSDULVRQ�RI�H[SHULPHQWDO�DQG�DQDO\WLFDO�XOWLPDWH�WRUTXHV��

Q77H[S Q77H[S Q77H[S6SHFLPHQ� ),%���� +LL¶V�PHWKRG� ),%����	� � �PHH H[S�� DYHI

&6�� ����� ����� �����
&8-�DQF�� ����� ����� �����
&:�� ����� ����� �����
&:�� ����� ����� �����

$ FRPSDULVRQ�RI�WKH�UHVXOWV�RI�WKH�VHFRQG�DQG�WKLUG�PHWKRGV�GHPRQVWUDWHV� WKDW� WKH�),%����PHWKRG��
EDVHG� XSRQ� WKH� H[SHULPHQWDO� HIIHFWLYH� VWUDLQ�� LV�PRUH� UHDOLVWLF�� ,W� LV� DOVR� IRXQG� WKDW� WKH� HIIHFWLYH� VWUDLQ�
HTXDWLRQV�RI�),%�����XVLQJ�WKH�HIIHFWLYH�VWUDLQV�YDOXHV�REWDLQHG�IURP�VKHDU�VWUHQJWKHQLQJ�H[SHULPHQWV��DUH�
QRW�WUXH��7KHUHIRUH��QHZ�HTXDWLRQV�DUH�QHFHVVDU\�IRU�FDOFXODWLQJ�HIIHFWLYH�VWUDLQ��7KHVH�HTXDWLRQV�VKRXOG�EH�
FDOLEUDWHG�EDVHG�RQ�WKH�VWDWLVWLFDO�GDWD�REWDLQHG�IURP�WRUVLRQDO�VWUHQJWKHQLQJ�H[SHULPHQWV��
�

���&21&/86,21��
)URP� WKH� DQDO\WLFDO� DQG� H[SHULPHQWDO� VWXGLHV� SUHVHQWHG� LQ� WKLV�ZRUN�� WKH� IROORZLQJ� FRQFOXVLRQV� FDQ� EH�
PDGH���

���7KH�FUDFNLQJ�DQG�\LHOG� WRUTXHV�RI�DOO� WKH�VWUHQJWKHQHG�EHDPV�DUH�JUHDWHU� WKDQ� WKH�FRQWURO�EHDPV��
7KH� LQFUHDVHG� PDJQLWXGH� GHSHQGV� RQ� WKH� &)53¶V� UHLQIRUFHPHQW� UDWLR� DQG� WKH� VWUHQJWKHQLQJ�
FRQILJXUDWLRQ�� $Q� LQFUHDVH� RI� ���� LQ� FUDFNLQJ� DQG� DQ� LQFUHDVH� RI� ���� LQ� \LHOG� WRUTXH� ZHUH�
UHFRUGHG�IRU�EHDP�&:���

���$GGLQJ�DQFKRUV� LQ� WKH� VWUHQJWKHQLQJ�FRQILJXUDWLRQ�RI�8�MDFNHW�ZUDSSLQJ� LV� WKH� UHDVRQ� WKDW�EHDP�
&8-�DQF��VKRZV�D�WRUVLRQDO�VWUHQJWK�VLPLODU�WR�WKDW�RI�EHDP�&:���7KLV�VWUHQJWKHQLQJ�FRQILJXUDWLRQ�
�DQFKRUHG�)53�8�VKDSH�MDFNHW��LV�LPSRUWDQW�EHFDXVH�LW�LV�SUDFWLFDO�DQG�FDQ�EH�XVHG�LQ�UHWURILWWLQJ�
7�VKDSH�EHDPV�ZKLFK�DUH�VLPXOWDQHRXVO\�FDVW�ZLWK�WKH�VODEV��

���([SHULPHQWDO�UHVXOWV�LQGLFDWH�WKDW�WKH�HVWLPDWLRQ�RI�WKH�)53�FRQWULEXWLRQ�WR�WRUVLRQDO�VWUHQJWK�XVLQJ�
WKH�UHFRPPHQGHG�HTXDWLRQ�LQ�WKH�OLWHUDWXUH�LV�QRW�WUXH�IRU�EHDPV�VWUHQJWKHQHG�E\�DQFKRUHG�8�VKDSH�
ZUDSSLQJ��,W�LV�IRXQG�WKDW�XVLQJ�WKH�HTXDWLRQ�FRQFHUQLQJ�IXOO�RU�VWULS�ZUDSSHG�VSHFLPHQV�IRU�VXFK�
EHDPV�JLYHV�JRRG�UHVXOWV��

���&RPSDULQJ�WKH�GXFWLOLW\�UDWLR�EDVHG�XSRQ�WKH�SRVW�SHDN�SKDVH�RI�EHKDYLRXUDO�WRUTXH�WZLVW�FXUYH�WR�
WKDW�RI�WKH�EHDP�ZLWKRXW�)53�VKRZV�WKDW�WKH�GXFWLOLW\�RI�EHDP�&8-�DQF��LV�DERXW�����PRUH�WKDQ�
WKH�GXFWLOLW\�RI�EHDP�&:���%HDP�&8-�DQF��EHKDYHV�EHWWHU�DIWHU�SRVW�SHDN��GHVSLWH�WKH�IDFW�WKDW�WKH�
WRS�IDFH�RI�EHDP�&8-�DQF��LV�QRW�ZUDSSHG�DW�DOO��,Q�RWKHU�ZRUGV��XQOLNH�EHDP�&:���LQ�EHDP�&8-�
DQF���WKH�ORDG�GHFUHDVHV�HYHQO\�DIWHU�SRVW�SHDN��

���7KH�ODUJHVW�GXFWLOLW\�UDWLR�DPRQJ�DOO�WKH�VWUHQJWKHQHG�EHDPV�EHORQJV�WR�EHDP�&:���ZLWK�DQ�DYHUDJH�
YDOXH�RI�����IRU�WZR�GHILQLWLRQV�RI�GXFWLOLW\�UDWLR��7KLV�YDOXH�VKRZV�DERXW�D�����WLPHV� LQFUHDVH�LQ�
GXFWLOLW\�FRPSDUHG�WR�WKH�DYHUDJH�GXFWLOLW\�RI�WKH�FRQWURO�EHDPV��

��� 7KH� WRUVLRQDO�PRPHQW� RI� WKH� VWUHQJWKHQHG� EHDPV� H[FHHGHG� WKH� WRUVLRQDO�PRPHQW� RI� WKH� FRQWURO�
EHDPV�E\�PRUH�WKDQ������7KHVH�UHVXOWV�SURYHG�WKDW�FRPSRVLWH�PDWHULDOV�ZLOO�LQFUHDVH�WKH�WRUVLRQDO�
PRPHQW�RI�5&�EHDPV�VLJQLILFDQWO\��HYHQ�ZLWK�PLQLPXP�WRUVLRQDO�UHLQIRUFHPHQW��

��� &RPSDULQJ� WKH� UHVXOWV� RI� WKH� VHFRQG� DQG� WKLUG� PHWKRGV� RI� FDOFXODWLQJ� )53� FRQWULEXWLRQ�
GHPRQVWUDWHV� WKDW� XVLQJ� HIIHFWLYH� VWUDLQ� UHODWLRQVKLSV� RI� ),%���� IRU� HVWLPDWLQJ� WKH� WRUVLRQDO�
FDSDFLW\� RI� WKH� UHWURILWWHG� EHDPV� LV� YLDEOH�� +RZHYHU�� QHZ� HTXDWLRQV� DUH� UHTXLUHG� WR� DVVHVV� WKH�
HIIHFWLYH�VWUDLQV�EDVHG�XSRQ�VWDWLVWLFDO�GDWD�UHODWHG�WR�WKH�H[SHULPHQWDO�WRUVLRQDO�VWUHQJWKHQLQJ���

�
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��
$FNQRZOHGJHPHQWV� 7KH�DXWKRUV�ZLVK� WR�H[SUHVV� WKHLU� VLQFHUH�DSSUHFLDWLRQ� WR� WKH�PDQDJHU�RI�$7,%$1�
&RUSRUDWLRQ��0U��6KRMDHH��IRU�KLV�FRQVLVWHQW�VXSSRUW�DQG�IRU�WKH�IDFLOLWLHV�KH�SURYLGHG���
�

5()(5(1&(6��
��� =KDQJ�� -��:��� /X�� =�� 7�� 	� =KX�� +�� �������� ([SHULPHQWDO� VWXG\� RQ� WKH� EHKDYLRXU� RI� 5&� WRUVLRQDO� PHPEHUV�

H[WHUQDOO\�ERQGHG�ZLWK�&)53��,Q��)53�&RPSRVLWHV�LQ�&LYLO�(QJLQHHULQJ� 9RO�����SS�����������
��� 3DQFKDFKDUDP��6��	�%HODUEL��$�� ��������7RUVLRQDO� EHKDYLRXU� RI� UHLQIRUFHG� FRQFUHWH� EHDPV� VWUHQJWKHQHG�ZLWK�
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