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7KH� UDSLG� LQFUHDVH� LQ� WKH� XVH� RI� +LJK�6WUHQJWK� &RQFUHWH� �+6&�� LQ� PRGHUQ� FRQVWUXFWLRQ�
QHFHVVLWDWHV�DGGLWLRQDO�LQIRUPDWLRQ�RQ�WKH�EHKDYLRXU�RI�+6&�VWUXFWXUDO�HOHPHQWV� 'XFWLOLW\�LV�
RQH� RI WKH� PRVW� LPSRUWDQW� GHVLJQ� FRQVLGHUDWLRQV� IRU� +6&� VWUXFWXUDO� HOHPHQWV� LQ� RUGHU� WR�
HQVXUH�ZDUQLQJV�SULRU� WR� IDLOXUH��/RZ�GXFWLOLW\�RI�+6&�LV�FRQVLGHUHG�D�VHULRXV�GUDZEDFN� LQ�
WKH� GHVLJQ� RI� +6&� HOHPHQWV�� %HDPV� ZLWK� KLJK� OHYHOV� RI� GXFWLOLW\� XQGHUJR� VLJQLILFDQW
GHIRUPDWLRQV�LQ�FDVH�RI�D�VWUXFWXUDO�IDLOXUH��ZKLFK�LV�FUXFLDO�IRU�WKH�VDIHW\�RI�WKH�LQKDELWDQWV�
DQG�IRU�WKH�UHGLVWULEXWLRQ�RI�ORDGV�LQ�WKH�VWUXFWXUH��$\NDF�HW�DO����������,Q�LQWHUQDWLRQDO�FRGHV��
VXFK�DV�$&,�EXLOGLQJ�FRGH��$&,���������������DQG�(XURFRGH�� �&(1���������WKH�VKHDU�IRUFH�
LQ�D�7�EHDP�LV�DVVXPHG�WR�EH�FDUULHG�RQO\�E\�WKH�ZHE��3UHYLRXV�VWXGLHV�KDYH�VKRZQ�WKDW�WKH�
VKHDU�VWUHQJWK�RI�D�7�EHDP�LV��LQ�PDQ\�FDVHV��FRQVLGHUDEO\�KLJKHU�WKDQ�WKDW�RI�WKH�UHFWDQJXODU�
EHDPV�RI�WKH�VDPH�ZHE�GLPHQVLRQV��*LDFFLR�HW�DO���������7XUH\HQ�HW�DO���������=DUDULV�HW�DO���
�������6HUDM�HW� DO�� �������FDUULHG�RXW� WKUHH�GLPHQVLRQDO� ILQLWH�HOHPHQW�PRGHOOLQJ�RI�QRUPDO�
DQG�KLJK�VWUHQJWK�UHLQIRUFHG�FRQFUHWH�7�EHDPV�DQG�WKH\�VKRZHG�WKDW�WKH�ODWHU�W\SH�RI�FRQFUHWH�
LV�HYHQ�PRUH�DPHQDEOH�WR�VLPSOH�PRGHOOLQJ�RI�FRPSOH[�UHLQIRUFHPHQW�GHWDLOLQJ�

$\NDF�HW�DO���������UHSRUWHG�WKDW�IOH[XUDO�VWUHQJWKHQLQJ�RI�5&�7�EHDPV�ZLWK�SHUIRUDWHG�VWHHO�
SODWHV��ZKLFK� FRQWULEXWHV� WR� WKH� IOH[XUH� VWUHQJWK�� VLPLODU� WR� FKDQJLQJ� WKH� ORQJLWXGLQDO� VWHHO�
UDWLR� LQ� WKH� FXUUHQW� UHVHDUFK�� DIIHFWHG� WKH� GXFWLOLW\� RI� VWUHQJWKHQHG� EHDP� DQG� FKDQJHG� WKH�
PRGH�RI� IDLOXUH� WR�SXUH� IOH[XUH��<RX� HW� DO�� ������� IRXQG� WKDW� UHGXFLQJ� WKH� VWLUUXSV� VSDFLQJ�
IURP�����PP�WR�����PP�UHVXOWHG�LQ�DQ�LQFUHDVH�LQ�WKH�GLDJRQDO�FUDFNLQJ�ORDG�IRU�7�EHDPV�
ZLWKRXW� FKDQJLQJ� WKH�PRGH� RI� IDLOXUH�� &ODGHUD� HW� DO�� ������� FRQFOXGHG� WKDW� LQFUHDVLQJ� WKH�
IODQJH�EUHDGWK�OHG�WR�KLJKHU�SRVLWLRQV�RI�QHXWUDO�D[LV�IRU�SUHGLFWLQJ�WKH�VKHDU±IOH[XUDO�VWUHQJWK�
RI� VOHQGHU� UHLQIRUFHG� FRQFUHWH� 7� VKDSHG� EHDPV�� 7KH� ILUVW� DXWKRU� RI� WKLV� UHVHDUFK� VWDUWHG�
VWXG\LQJ� WKH� EHKDYLRXU� RI�+6&�7� VKDSHG�EHDPV� LQ� ������([SHULPHQWDO�WKHRUHWLFDO� IOH[XUDO�
DQG�VKHDU�VWUHQJWK�EHKDYLRXU�RI�+6&�7�EHDPV�LQFOXGLQJ�VWHHO�ILEUHV�XQGHU�D[LDO�FRPSUHVVLRQ�
VWUHVV�ZDV�UHSRUWHG�E\�6KDDEDQ��������6KDDEDQ��������$EGHODOLP��HW�DO���������5HFHQWO\��WKH�
DXWKRUV� VWXGLHG� WKH� HIIHFW� RI� IODQJH� GLPHQVLRQV� RQ� WKH� VKRUW�WHUP� GHIOHFWLRQ� DQG� HIIHFWLYH�
PRPHQW�RI�LQHUWLD�RI�16&�DQG�+6&�7�EHDPV��6KDDEDQ�HW�DO����������5HFHQWO\��$\HQVD�HW�DO��
������� FDUULHG� RXW� H[SHULPHQWDO� VWXG\� DQG� ILQLWH� HOHPHQW� PRGHOOLQJ� WR� LQYHVWLJDWH� WKH�
LQIOXHQFH� RI� WKH� IODQJHV¶� ZLGWK� DQG� WKLFNQHVV� RQ� WKH� VKHDU� VWUHQJWK� RI� UHLQIRUFHG� FRQFUHWH�
EHDPV�ZLWK� 7�VKDSHG� FURVV� VHFWLRQ�� � 7KH\� UHFRPPHQGHG� GLVWULEXWLRQ� RI� WKH� VKHDU� VWUHVVHV�
EHWZHHQ� WKH� ZHE� DQG� IODQJH�� 7KH\� DOVR� DUJXHG� WKDW� WKHUH� LV� D� QHHG� WR� GHULYH� D� GHVLJQ�
H[SUHVVLRQ�IRU�WKH�VKHDU�HIIHFWLYH�IODQJHV¶�ZLGWK�RI�7�EHDPV�

� 5(6($5&+�6,*1,),&$1&(

7KH�FXUUHQW�UHVHDUFK�H[SORUHV�WKH�SRVVLELOLW\�RI�LQFOXGLQJ�WKH�ZKROH�VHFWLRQ�RI�7�%HDP�LQ�WKH�
DQDO\VLV� DQG� GHVLJQ�� KRSHIXOO\� OHDGLQJ� WR� PRUH� HIILFLHQW� GHVLJQ� RI� +6&� 7�EHDPV�� ,Q� WKH�
FXUUHQW�UHVHDUFK��EHVLGH�WKH�IODQJH�GLPHQVLRQV��WKH�SDUDPHWHUV�ZHUH�WUDQVYHUVH�UHLQIRUFHPHQW�
UDWLRV� LQ� IODQJH� DQG� ZHE�� DQG� WKH� ORQJLWXGLQDO� UHLQIRUFHPHQW� UDWLR� LQ� WKH� ZHE�� 7KH� FUDFN�
SDWWHUQV� DQG�PRGH� RI� IDLOXUH�� ORDG�GHIOHFWLRQ� DQG� XOWLPDWH� FDSDFLW\�� VWUDLQV� LQ� VWLUUXSV� DQG�
FRQFUHWH�VWUDLQ�GLVWULEXWLRQ�ZHUH�XVHG�WR�HYDOXDWH�WKH�VWUHQJWK�EHKDYLRXU�RI�WKH�H[SHULPHQWDOO\�
VWXGLHG�EHDPV�� ,Q�DGGLWLRQ�� ILQLWH�HOHPHQW�PRGHO�ZDV�GHYHORSHG�WR�SUHGLFW� WKH�H[SHULPHQWDO�
FUDFN�SDWWHUQ�DQG� ORDG�GHIOHFWLRQ�UHODWLRQVKLSV��0RUHRYHU�� WKH�HPSLULFDO�HTXDWLRQV�SURSRVHG�
HDUOLHU� E\� WKH� DXWKRUV�� IRU� SUHGLFWLQJ� HIIHFWLYH�PRPHQW� RI� LQHUWLD��ZHUH� XVHG� WR� SUHGLFW� WKH�
ORDG�GHIOHFWLRQ�FXUYHV�� � �&RPSDULVRQV�ZHUH�FDUULHG�RXW�ZLWK�H[SHULPHQWDO� UHVXOWV�DQG� WKRVH�
SUHGLFWHG�E\� WKH�%UDQVRQ�HTXDWLRQ�FXUUHQWO\�XVHG�E\�WKH�GHVLJQ�FRGHV� LQ�RUGHU� WR�SURSRVH�D��
PRUH�HIILFLHQW�DSSURDFK�WR�WKH�GHVLJQ�RI�+6&�7�EHDPV�
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7HQ�+6&�7�VKDSHG�VLPSO\�VXSSRUWHG�EHDPV�RI�ZHE EUHDGWK������PP��WRWDO�KHLJKW�RI�����

PP��FOHDU�VSDQ�RI������PP��WRWDO�OHQJWK�RI������PP�DQG�RI�GLIIHUHQW�IODQJH�GLPHQVLRQV�ZHUH�

H[SHULPHQWDOO\�WHVWHG�XQGHU�RQH�PLGVSDQ�FRQFHQWUDWHG�VWDWLF�DSSOLHG�ORDG��7KH�VKHDU�VSDQ�WR�

GHSWK�UDWLR��D�G���RI�WKH�VWXGLHG�EHDPV��ZDV�NHSW�FRQVWDQW�DV������WR�WR�FRQFHQWUDWH�PRUH�RQ�

WKH�IOH[XUDO�EHKDYLRXU�RI�WKH�EHDPV��/L�DQG�/HXQJ���������'LPHQVLRQV�DQG�GHWDLOV�RI�WKH�

WHVWHG�EHDPV�DUH�VKRZQ�LQ�)LJXUH����7KH�FRPSUHVVLYH�VWUHQJWK�RI�WKH�PL[�IRU�WHVW�EHDPV�ZDV�

���03D���&XEH�FRPSUHVVLYH�VWUHQJWK�UHVXOWV�DW����GD\V�IRU�VWXGLHG�VSHFLPHQV�DUH�UHSRUWHG�LQ�

7DEOH����7KH�VWXGLHG�SDUDPHWHUV�ZHUH�WKH�IODQJH�EUHDGWK�DQG�GHSWK��WUDQVYHUVH�UHLQIRUFHPHQW�

UDWLR�LQ�WKH�ZHE�DQG�IODQJH��DQG�WKH�ORQJLWXGLQDO�UHLQIRUFHPHQW�UDWLR�LQ�WKH�ZHE��7DEOH���

VKRZV�WKH�GLIIHUHQW�WHVW�EHDPV�DQG�WKH�GHWDLOV�RI�WKH�VWXGLHG�SDUDPHWHUV�

����0DWHULDOV

7DEOH���SURYLGHV�WKH�PL[�SURSRUWLRQV�IRU� WKH�FRQFUHWH�XVHG�LQ� WKLV�VWXG\�� �1DWXUDO�VDQG�DQG�
WZR�GLIIHUHQW�VL]HV�RI�EDVDOW�����DQG���PP��ZHUH�EOHQGHG�WR�REWDLQ�ZHOO�JUDGHG�DJJUHJDWHV��$�
VXSHUSODVWLFL]HU�EDVHG�RQ�SRO\QDSKWKDOHQH�VXOSKDWH�ZDV�XVHG� WR� LPSURYH� WKH�ZRUNDELOLW\�RI�
WKH�FRQFUHWH�PL[��7HQ�SHUFHQW�E\�ZHLJKW�RI�WKH�SRUWODQG�FHPHQW�ZDV�UHSODFHG�E\�VLOLFD�IXPH�
WR�SURGXFH�FRQFUHWH�RI�WDUJHW�VWUHQJWK����03D��7KH�EHDP�VSHFLPHQV�ZHUH�SRXUHG�LQ�ZRRGHQ�
IRUPV�DORQJ�ZLWK�WKUHH�VWDQGDUG�FXEHV�����PP�
������PP�
�����PP�SHU�EHDP��7KH�EHDP�
VSHFLPHQV� DQG� VWDQGDUG� FXEHV� ZHUH� FXUHG� LQ� ZDWHU� EDWK� IRU� ��� GD\V� EHIRUH� WHVWLQJ�� 7KH�
DYHUDJH�DFWXDO�FRPSUHVVLYH�VWUHQJWK�LV����0SD��7ZR�W\SHV�RI�UHLQIRUFLQJ�VWHHO�ZHUH�XVHG�LQ�
WKLV�ZRUN��QDPHO\��KLJK�JUDGH�VWHHO�����������RI�GLDPHWHUV����PP�DQG����PP��GHVLJQDWHG�DV�
+��� DQG�+����� IRU� WKH� ORQJLWXGLQDO� UHLQIRUFHPHQW� DQG�PLOG� VWHHO� ���������� RI� GLDPHWHUV� ��
PP�DQG���PP��GHVLJQDWHG�DV�+��DQG�+���� IRU�ZHE�IODQJH� UHLQIRUFHPHQW� �VWLUUXSV��DQG� WRS�
IODQJH� UHLQIRUFHPHQW�� �VHH�)LJXUH� ����5HLQIRUFHPHQW� RI� HDFK� GLDPHWHU�ZHUH� WHVWHG� LQ� GLUHFW�
WHQVLRQ�WR�FRPSDUH�WKHLU�DFWXDO�PHFKDQLFDO�SURSHUWLHV�ZLWK�(&3����������VSHFLILFDWLRQ��7KH�
UHVXOWV�RI� WKH�GLUHFW� WHQVLRQ� WHVW�� VXFK�DV� \LHOG� VWUHQJWK�DQG�XOWLPDWH�VWUHQJWK�� DUH� VKRZQ� LQ�
7DEOH���

����,QVWUXPHQWDWLRQ�DQG�7HVW�6HWXS

7KH�EHDPV�ZHUH�WHVWHG�XVLQJ�D�����WRQ�XQLYHUVDO�WHVWLQJ�PDFKLQH��ZLWK�D�FRPSXWHU�FRQWUROOHG�
K\GUDXOLF�VHUYR�V\VWHP��)LJXUH����D��VKRZV�WKH�VHWXS�RI�D�W\SLFDO�WHVW�EHDP��7KH�ORFDWLRQV�RI�
WKH� GHPHF� SRLQWV� IRU� PHDVXULQJ� FRQFUHWH� VWUDLQV� DQG� GLDO� JDXJHV� IRU� PHDVXULQJ� PLG�VSDQ�
GHIOHFWLRQ�DUH�DOVR�VKRZQ�LQ�)LJXUH����D���(DFK�EHDP�ZDV�WHVWHG�DV�D�VLPSO\�VXSSRUWHG�EHDP�
XQGHU�RQH�YHUWLFDO�FRQFHQWUDWHG�ORDG�XVLQJ�D�YHUWLFDO�K\GUDXOLF�MDFN���$Q�LQFUHPHQWDO�YHUWLFDO�
ORDG�ZDV�DSSOLHG�LQ����.1�LQFUHPHQWV���$IWHU�HDFK�LQFUHPHQW��FRQFUHWH�VWUDLQV�ZHUH�PHDVXUHG�
XVLQJ�D�����PP�GHPRXQWDEOH�GLJLWDO�GHPHF�JDXJH�� �7KH�GHIOHFWLRQV�DW�PLG�VSDQ�KDYH�EHHQ�
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PHDVXUHG�XVLQJ�GLDO�JDXJHV�ZLWK������PP�GLYLVLRQV�DWWDFKHG�WR�WKH�ERWWRP�VXUIDFH�RI�WKH�WHVW�
EHDPV� DV� VKRZQ� LQ� )LJXUH� ���D��� 7KH� VWUDLQV� LQ� WKH� VWLUUXSV�ZHUH�PHDVXUHG� XVLQJ� HOHFWULFDO�
VWUDLQ�JDXJHV�RI� OHQJWK���PP��UHVLVWDQFH�������������RKP��DQG�D�JDXJH� IDFWRU�RI�������7KH�
VWUDLQ�JDXJHV�ZHUH�SODFHG�LQ�WKH�VWLUUXSV�LQ�WKH�FULWLFDO�VKHDU�]RQHV�DV�LQGLFDWHG�LQ�(&3�����
������ &(1�� ������ $&,� �������� ����� �VHH� )LJXUH� ��E��� 7KH� VWUDLQV� LQ� WKH� VWLUUXSV� ZHUH�
PHDVXUHG�XVLQJ�3�����6WUDLQ�,QGLFDWRU��6ZLWFK�	�%DODQFH�8QLW�DV�VKRZQ�LQ�)LJXUH ���E���7R�
DYRLG�VWUHVV�FRQFHQWUDWLRQ�GXULQJ�WHVWLQJ��D�VWHHO�ORDGLQJ�SODWH�RI�GLPHQVLRQV�����PP�
 ����
PP�DQG�WKLFNQHVV�RI����PP�ZDV�SODFHG�RQ�WRS�RI�WKH�EHDP�XQGHUQHDWK�WKH�ORDGLQJ�FHOO��DQG�
VWHHO�EHDULQJ�SODWHV�RI�GLPHQVLRQV�����PP�
 ���PP�DQG�WKLFNQHVV�RI����PP�ZHUH�SODFHG�DW�
WKH�ERWWRP�RI�WKH�EHDP�DERYH�WKH�HQG�VXSSRUWV��$OO�EHDPV�ZHUH�VWDWLFDOO\�WHVWHG�WR�IDLOXUH�LQ�D�
VLQJOH� ORDG� F\FOH�� 'HWHFWLRQ� DQG� PDUNLQJ� RI� FUDFNV� IRU� HDFK� LQFUHPHQWDO� ORDG� ZHUH� PDGH�
ZKHQ�WKH�ORDG�UHDFKHG�LWV�VWHDG\�VWDWH�

� 5(68/76�$1'�',6&866,21

7KH�PHDVXUHG�H[SHULPHQWDO�YDOXHV�RI� WKH� IOH[XUDO�FUDFNLQJ� ORDG��GLDJRQDO�FUDFNLQJ�
ORDG�� XOWLPDWH� ORDG� FDSDFLW\�� DQG� PD[LPXP� PLG�VSDQ� GHIOHFWLRQ� DUH� UHFRUGHG� LQ�
7DEOH����)LJXUH�����VKRZV�WKH�FUDFN�SDWWHUQ�RI�WKH�WHVWHG�EHDPV�XQWLO�IDLOXUH�DQG�WKH�
REVHUYHG� IDLOXUH� PRGH�� )LJXUHV� ��� WR� ��� VKRZV� WKH� HIIHFW� RI� IODQJH� EUHDGWK� DQG�
WKLFNQHVV�� VSDFLQJ� EHWZHHQ� VWLUUXSV� LQ� IODQJH� DQG� ZHE�� DQG� PDLQ� ORQJLWXGLQDO�
UHLQIRUFHPHQW� LQ� WKH�ZHE�RQ� WKH� ORDG�GHIOHFWLRQ� EHKDYLRXU�DQG� ORDG�VWLUUXS¶V� VWUDLQ�
UHODWLRQVKLSV��&RQFUHWH� VWUDLQ� GLVWULEXWLRQ� IRU� EHDPV�RI� GLIIHUHQW� IODQJH� EUHDGWKV� LV�
VKRZQ�LQ�)LJXUH�����

����&UDFN�3DWWHUQ�DQG�)DLOXUH�0RGH

)LJXUH� �� VKRZV� WKDW� WKH� ILUVW� FUDFN� IRU� DOO� VWXGLHG� EHDPV� RFFXUUHG� LQ� WKH� IOH[XUDO� UHJLRQ�
SHUSHQGLFXODU�WR�WKH�GLUHFWLRQ�RI�WKH�PD[LPXP�SULQFLSDO�VWUHVV�LQGXFHG�E\�SXUH�PRPHQW��7KH�
VKHDU� VWUHVVHV� LQFUHDVHG�ZLWK� LQFUHDVLQJ� WKH� ORDG� LQFUHPHQW� DQG� VWDUWHG� WR� LQGXFH� GLDJRQDO�
FUDFNV��7KH�FUDFNV�VWDUW�WR�SURSDJDWH��VSUHDG�DQG�ZLGHQ�GXH�WR�WKH�HIIHFW�RI�FRPELQHG�VKHDU�
DQG� EHQGLQJ� VWUHVVHV�� $SSURDFKLQJ� WKH� IDLOXUH� ORDG� OHYHO�� VKHDU� FUDFNV� VWDUWHG� IURP� WKH�
VXSSRUW� DQG� SURSDJDWHG� GLDJRQDOO\� WRZDUGV� WKH� SRLQW� ORDG�� � $W� IDLOXUH� ORDG�� ERWK� RI� WKH�
IOH[XUDO�FUDFNV�DQG�WKH�GLDJRQDO�VKHDU�FUDFNV�VSUHDG�LQWR�VPDOO�FUDFNV�LQ�WKH�ORZHU�WKLUG�RI�WKH�
EHDP�ZHE�DV�VKRZQ�LQ�)LJXUH����6LPLODU�REVHUYDWLRQV�ZHUH�KLJKOLJKWHG�E\�.DKQ�DQG�6ODSNXV�
��������$EGHODOLP�HW�DO����������$O�+DVVDQL�HW�DO����������+DOLFND�DQG�-DERQVNL���������<RX�
HW� DO�� �������� *RQ]iOH]� DQG� 5XL]� �������� 6KDDEDQ� HW� DO�� �������� $\HQVD� HW� DO�� ������� IRU�
QRUPDO�VWUHQJWK�FRQFUHWH��16&���0HGLXP�6WUHQJWK�&RQFUHWH��06&��DQG�+6&�7�EHDPV��,W�LV�
ZRUWK�PHQWLRQLQJ�WKDW�PRVW�RI�WKH�IDLOXUH�PRGHV�IRU�WKH�WHVW�EHDPV�ZHUH�IOH[XUH�ZLWK�VPDOO�
FRQWULEXWLRQ�RI�VKHDU�VWUHVVHV�DV�D�UHVXOW�RI�SURYLGLQJ�UHODWLYHO\ KLJK�YDOXH�RI�VKHDU�VSDQ�WR�
GHSWK�UDWLR��D�G�� ������

����� (IIHFW�RI�IODQJH�GLPHQVLRQV

)LJXUH� �� DQG� 7DEOH� �� VKRZ� WKDW� LQFUHDVLQJ� IODQJH� EUHDGWK� �%�� UHVXOWHG� LQ� PRUH� FUDFN�
FRQFHQWUDWLRQ�DW�WKH�IOH[XUDO�UHJLRQ�DQG�LQFUHDVHG�WKH�XOWLPDWH�ORDG�ZLWK�D�SXUH�IOH[XUH�IDLOXUH�
PRGH�IRU�EHDP�%���,W�ZDV�REVHUYHG�WKDW�WKH�FUDFNV�FRQWLQXHG�IURP�WKH�ZHE�WR�WKH�ERWWRP�RI�
WKH�IODQJH�ZLWKRXW�FUXVKLQJ�WKH�IODQJH�XQWLO�EHDP�IDLOXUH��7DEOH���UHSRUWV�WKDW�LQFUHDVLQJ��WI��W��
UHVXOWHG�LQ�LQFUHDVLQJ�WKH�ILUVW�VKHDU�FUDFN�ORDG�ZLWKRXW�FKDQJLQJ�WKH�IDLOXUH�PRGH��$V�VKRZQ�
LQ�7DEOH���DQG�)LJXUH����LQFUHDVLQJ�WKH�IODQJH�WKLFNQHVV�IURP����PP��WI�W  ������IRU�EHDP�%��
WR�����PP��WI�W� ����� IRU�EHDP�%��UHVXOWHG�LQ�LQFUHDVLQJ�WKH�ILUVW�GLDJRQDO�FUDFNLQJ�ORDG E\�
������ZKLOH�WKH�IDLOXUH�PRGH�ZDV�VWLOO�IOH[XUDO�IDLOXUH��)LJXUH���DOVR�VKRZV�PLQRU�FUDFNV�LQ�
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WKH�EHDP�%�� WKDW�FRQWLQXHG� WR� WKH�ERWWRP�RI� WKH� IODQJH� LQ� WKH� UHJLRQ�RI� WKH�IOH[XUDO�FUDFNV�
ZLWKRXW� RFFXUULQJ� GDPDJH� LQ� WKH� IODQJH�� 6LPLODU� REVHUYDWLRQV� ZHUH� IRXQG� E\� <RX� HW� DO��
��������ZKR�UHSRUWHG� WKDW�FKDQJLQJ� WKH�IODQJH�VL]H�DIIHFWHG� WKH�ILUVW� VKHDU�FUDFN� ORDG� LQ� WKH�
H[SHULPHQWDO�VWXG\�RI�VKHDU�EHKDYLRXU�RI�K\EULG�ILEHU�UHLQIRUFHG�VHOI�FRPSDFWLQJ�FRQFUHWH�7�
EHDPV�

����� (IIHFW�RI�WUDQVYHUVH�DQG�ORQJLWXGLQDO�VWHHO

7KH�DQDO\VLV�RI� WKH� UHVXOWV�SURYLGHG� LQ�7DEOH��� VKRZHG� WKDW� UHGXFLQJ� WKH�PDLQ� ORQJLWXGLQDO�
UHLQIRUFHPHQW� IURP� �+��� IRU� EHDP� %�� WR� �+��� IRU� EHDP� %��� UHVXOWHG� LQ� LQFUHDVLQJ� WKH�
QXPEHU�RI� IOH[XUDO� FUDFNV��ZLWKRXW� D� VLJQLILFDQW� FKDQJH� LQ� WKH� IDLOXUH�PRGH�� �5HGXFLQJ� WKH�
VDPH�DPRXQW�RI�PDLQ�ORQJLWXGLQDO�UHLQIRUFHPHQW�IRU�EHDPV�RI�KLJKHU�IODQJH�WKLFNQHVV��DV�LQ�
EHDPV�%��WR�%����UHVXOWHG�LQ�D�EHWWHU�EHKDYLRXU�LQ�WHUPV�RI�UHGXFLQJ�FUDFNV�FRPSDUHG�WR�WKDW�
RI�EHDP�%��DQG�WKH�IDLOXUH�PRGH�ZDV�VWLOO�SXUH�IOH[XUH��VHH�7DEOH���DQG�)LJXUH�����&DUSLQWHUL�
HW� DO� ������� UHSRUWHG� DOVR� WKDW� WKH� ORQJLWXGLQDO� VWHHO� UDWLR� DQG� WKH� IODQJH� WKLFNQHVV� IRU� 7�
EHDPV� KDYH� D� UHDVRQDEOH� HIIHFW� RQ� WKH� GXFWLOLW\� RI� WKHVH� EHDPV�� ,QFUHDVLQJ� WKH� WUDQVYHUVH�
UHLQIRUFHPHQW�UDWLR�UHVXOWHG�LQ�D�UHGXFWLRQ�LQ�WKH�FUDFNV�VSDFLQJ�DQG�FUDFN�ZLGWK��DQ�LQFUHDVH�
LQ�WKH�QXPEHU�RI�FUDFNV��DQG�DQ�LQFUHDVH�LQ�WKH�ILUVW�GLDJRQDO�FUDFNLQJ�ORDG��ZKLOH�WKH�IDLOXUH�
PRGH�ZDV�VWLOO�IOH[XUH��)RU�%HDP�%��ZLWK�VSDFLQJ�EHWZHHQ�VWLUUXSV�RI�����PP��WKH�GLDJRQDO�
FUDFNLQJ�ORDG�ZDV����.1�DQG�WKH�IDLOXUH�PRGH�ZDV�IOH[XUH�DW�WKH�PLGGOH�WKLUG�RI�WKH�EHDP��
5HGXFLQJ� WKH� VSDFLQJ� EHWZHHQ� VWLUUXSV� WR� ����PP� IRU� EHDP�%�� OHG� WR� LQFUHDVLQJ� WKH� ILUVW�
VKHDU�FUDFN� ORDG� WR����.1�DV� VKRZQ� LQ�7DEOH����5HGXFLQJ�VSDFLQJ�EHWZHHQ�VWLUUXSV� WR�����
PP�IRU�EHDP�%��UHVXOWHG�LQ�D�IXUWKHU�LQFUHDVH�LQ�WKH�ILUVW�VKHDU�FUDFN�ORDG�WR����.1��7KLV�LV�
LQ�DJUHHPHQW�ZLWK�$UXQ�HW�DO���������ZKR�UHSRUWHG�WKH�HIIHFW�RI�FKDQJLQJ�VWLUUXSV¶�VSDFLQJ�RQ�
WKH�GLDJRQDO�FUDFNLQJ�ORDG�DQG�VKHDU�VWUHQJWK�RI�+6&�7�EHDPV�

����/RDG�'HIOHFWLRQ�%HKDYLRXU

7KH� ORDG�GHIOHFWLRQ� UHODWLRQVKLSV� IRU� DOO� WKH� WHVW� EHDPV� ZLWK� GLIIHUHQW� IODQJH� EUHDGWKV��
WKLFNQHVVHV�� GLIIHUHQW� VKHDU� UHLQIRUFHPHQW� UDWLRV� DQG� GLIIHUHQW� PDLQ� ORQJLWXGLQDO�
UHLQIRUFHPHQW�DUH�VKRZQ�LQ�)LJXUHV�����DQG�����

����� (IIHFW�RI�IODQJH�GLPHQVLRQV

)LJXUH����D��VKRZV�WKH�HIIHFW�RI�IODQJH�EUHDGWK�RQ�WKH�ORDG�GHIOHFWLRQ�UHODWLRQVKLSV�RI�
WHVW�EHDPV�ZLWK�VLPLODU�IODQJH�WKLFNQHVVHV�DQG�VLPLODU�UHLQIRUFHPHQW��,W�FDQ�EH�VHHQ�
IURP�WKH�ILJXUH�WKDW� LQFUHDVLQJ�WKH�IODQJH�EUHDGWK�OHG�WR�DQ�LQFUHDVH�LQ�WKH�XOWLPDWH�
ORDG�RI�WKH�WHVW�EHDPV�DQG�D�UHGXFWLRQ�RI�WKH�RYHUDOO�GHIOHFWLRQ��7KH�XOWLPDWH�ORDG�IRU�
WKH�UHFWDQJXODU�FRQWURO�EHDP��%����LV�����N1�DW�D�PD[LPXP�GHIOHFWLRQ�RI������PP�
ZKLOH�WKH�RYHUDOO�GHIOHFWLRQ�IRU�WKH�7�EHDP�RI�IODQJH�EUHDGWK�HTXDOV�����PP��%���LV�
�����PP�RQO\�DW�WKH�VDPH�ORDG OHYHO������N1����7KH�LQFUHDVH�LQ�WKH�XOWLPDWH�ORDG�RI�
EHDP�%��ZDV�����ZKHQ�FRPSDUHG�WR�WKH�UHFWDQJXODU�FRQWURO�EHDP�%����,QFUHDVLQJ�
WKH�IODQJH�EUHDGWK�WR�����PP�IRU�EHDP�%��OHG�WR�DQ�LQFUHDVH�LQ�WKH�XOWLPDWH�ORDG�E\�
����RYHU�WKDW�RI�WKH�UHFWDQJXODU�EHDP�%����$�IXUWKHU�LQFUHDVH�LQ�WKH�IODQJH�EUHDGWK�
RI�����PP�IRU�EHDP�%��UHVXOWHG�LQ�DQ�LQFUHDVH�RI�����LQ�WKH�XOWLPDWH�ORDG�DQG�����
UHGXFWLRQ� LQ� WKH�PD[LPXP�GHIOHFWLRQ�ZKHQ�FRPSDUHG� WR� WKH� UHFWDQJXODU�EHDP�%���
6LPLODU� JDLQV� LQ� WKH� XOWLPDWH� ORDG� DQG� WKH� UHGXFWLRQ� LQ� WKH� RYHUDOO� GHIOHFWLRQ� ZHUH�
REVHUYHG�E\�+DOLFND�DQG�-DERQVNL��������LQ�WKH�VWXG\�RI�06&�FRPSRVLWH�7�EHDPV�

)LJXUH����E��VKRZV�WKH�HIIHFW�RI�IODQJH�WKLFNQHVV�RQ�WKH�ORDG�GHIOHFWLRQ�UHODWLRQVKLSV�
IRU�WKH�VWXGLHG�EHDPV�RI�WKH�VDPH�IODQJH�EUHDGWK�DQG�IODQJH�UHLQIRUFHPHQW��,W�FDQ�EH�
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VHHQ� IURP� WKH� ILJXUH� WKDW� LQFUHDVLQJ� WKH� IODQJH� WKLFNQHVV� OHG� WR� D� UHGXFWLRQ� LQ� WKH�
RYHUDOO� GHIOHFWLRQ� DQG� HQKDQFHPHQW� RI� WKH� XOWLPDWH� ORDG�� ,QFUHDVLQJ� WKH� IODQJH�
WKLFNQHVV�WR����PP�IRU�WKH�EHDP�%��UHVXOWHG�LQ�DQ�LQFUHDVH�RI�����LQ�WKH�XOWLPDWH�
ORDG� FDSDFLW\� DQG� ���� UHGXFWLRQ� LQ� WKH� PD[LPXP� GHIOHFWLRQ� ZKHQ� FRPSDUHG� WR�
EHDP�%��ZLWK�IODQJH�WKLFNQHVV�RI����PP���7KH�LQFUHDVH�LQ�WKH�XOWLPDWH�ORDG�FDSDFLW\�
DQG�WKH�UHGXFWLRQ�LQ�WKH�RYHUDOO�GHIOHFWLRQ�IRU�WKH�EHDP�%��ZLWK�D�IODQJH�WKLFNQHVV�RI�
���� PP� ZHUH� ���� DQG� ����� UHVSHFWLYHO\�� ZKHQ� FRPSDUHG� WR� EHDP� %��� 6LPLODU�
REVHUYDWLRQV�ZHUH� IRXQG� E\� $\HQVD� HW� DO�� �������ZKHQ� WKH\� VWXGLHG� WKH� HIIHFW� RI�
IODQJH�GLPHQVLRQV�RQ� UHLQIRUFHG�FRQFUHWH�7�EHDPV��+LJKHU�REVHUYHG�YDOXHV� LQ� WKH�
XOWLPDWH�ORDGV�DQG�UHGXFWLRQ�RI�RYHUDOO�GHIOHFWLRQ�ZHUH�UHSRUWHG�E\�<RX�HW�DO���������
DV�D�UHVXOW�RI�LQFUHDVLQJ�WKH�IODQJH�WKLFNQHVV��7KLV�PD\�EH�DWWULEXWHG�WR�WKH�HIIHFW�RI�
DGGLQJ� ILEHUV� LQ� WKHLU� VWXG\�� ZKLFK� LPSURYHG� WKH� EHKDYLRXU� RI� WKH� WHVW� EHDPV�
FRPSDUHG�WR�WKH�WHVW EHDPV�LQ�WKH�FXUUHQW�VWXG\�

����� (IIHFW�RI�WUDQVYHUVH�DQG�ORQJLWXGLQDO�UHLQIRUFHPHQW

)LJXUH����D��VKRZV�WKH�HIIHFW�RI�UHGXFLQJ�WKH�DPRXQW�RI�PDLQ�ORQJLWXGLQDO�UHLQIRUFHPHQW�IRU�
EHDPV�RI�GLIIHUHQW�IODQJH�WKLFNQHVVHV�RQ�WKH�ORDG�GHIOHFWLRQ�UHODWLRQVKLS���,W�FDQ�EH�VHHQ�IURP�
WKH�ILJXUH�WKDW�LQFUHDVLQJ�WKH�DPRXQW�RI�WKH�ORQJLWXGLQDO�UHLQIRUFHPHQW�OHG�WR�DQ�LQFUHDVH�LQ�
WKH� XOWLPDWH� ORDG� DQG� D� GHFUHDVH� LQ� WKH� RYHUDOO� GHIOHFWLRQ�� &RPSDUHG� WR� EHDP� %�� ZLWK�
ORQJLWXGLQDO�UHLQIRUFHPHQW�RI��+����EHDP�%��ZLWK�ORQJLWXGLQDO�UHLQIRUFHPHQW��+���VKRZHG�
D� UHGXFWLRQ� LQ� WKH� XOWLPDWH� ORDG� E\� ���� DQG� DQ� LQFUHDVH� LQ� WKH� RYHUDOO� GHIOHFWLRQ� E\� ����
ZKLOH�DOO�RWKHU�YDULDEOHV�ZHUH�NHSW�FRQVWDQW��2Q�WKH�RWKHU�KDQG��EHDP�%��ZLWK� ORQJLWXGLQDO�
UHLQIRUFHPHQW� RI� �+��� VKRZHG� D� UHGXFWLRQ� RI� ���� LQ� WKH� XOWLPDWH� ORDG� FDSDFLW\� ZKHQ�
FRPSDUHG�WR�EHDP�%��ZLWK�ORQJLWXGLQDO�UHLQIRUFHPHQW�RI�YDOXH��+����7KLV� LV� LQ�DJUHHPHQW�
ZLWK� WKH� ILQGLQJV� RI� 7KDPULQ� HW� DO�� �������� ZKHUH� WKH� UDWLR� RI� ORQJLWXGLQDO� UHLQIRUFHPHQW�
LQIOXHQFHV�WKH�VKHDU�FDSDFLW\�RI�WKH�EHDP�DV�ZHOO�DV�WKH�DQJOH�RI�GLDJRQDO VKHDU�FUDFN��,W�KDV�
EHHQ�QRWHG�WKDW�WKH�JHQHUDO�EHKDYLRXU�RI�EHDP�%��LV�DOPRVW�VLPLODU�WR�WKDW�RI�EHDP�%���7KLV�
LQGLFDWHV� WKDW� WKH� HIIHFW� RI� UHGXFLQJ� WKH� IODQJH� WKLFNQHVV� IURP� ����PP� WR� ���PP� RQ� WKH�
GXFWLOLW\� RI� WKH� VWXGLHG� EHDPV� ZDV� DOPRVW� VLPLODU� WR� UHGXFLQJ� WKH� PDLQ� ORQJLWXGLQDO�
UHLQIRUFHPHQW�IURP��+���WR��+���

7KH�HIIHFW�RI�FKDQJLQJ�WKH�VSDFLQJ�EHWZHHQ�VWLUUXSV�LQ�IODQJH�DQG�ZHE�UHLQIRUFHPHQW�RQ�WKH�
ORDG�GHIOHFWLRQ�UHODWLRQVKLS�LV�VKRZQ�LQ�)LJXUH����E���5HGXFLQJ�WKH�VSDFLQJ�EHWZHHQ�VWLUUXSV�
WR�����PP��EHDP�%���OHG�WR�DQ�LQFUHDVH�LQ� WKH�XOWLPDWH�ORDG�DQG�D�UHGXFWLRQ�LQ� WKH�RYHUDOO�
GHIOHFWLRQ�E\������DQG������UHVSHFWLYHO\��ZKHQ�FRPSDUHG�WR�EHDP�%��ZLWK�VWLUUXSV�VSDFLQJ�
RI� ����PP��$� IXUWKHU� UHGXFWLRQ� RI� WKH� VSDFLQJ� EHWZHHQ� VWLUUXSV� WR� ����PP� IRU� EHDP�%��
UHVXOWHG�LQ�D�IXUWKHU�LQFUHDVH�LQ�WKH�XOWLPDWH�ORDG�DQG�D�UHGXFWLRQ�LQ�WKH�RYHUDOO�GHIOHFWLRQ�WR�
����DQG������UHVSHFWLYHO\��ZKHQ�FRPSDUHG�WR�EHDP�%���7KLV�VKRZV�WKDW�WKH�IODQJH�DQG�ZHE�
UHLQIRUFHPHQW�DIIHFWV�WKH�IOH[XUDO�EHKDYLRXU�RI�WKH�VWXGLHG�EHDPV�

����6WUDLQ�LQ�WKH�6WLUUXSV

7KH�HIIHFW� RI� WKH� VWXGLHG�H[SHULPHQWDO�SDUDPHWHUV�RQ� WKH� ORDG�VWLUUXS�VWUDLQ� UHODWLRQVKLSV� LV�
VKRZQ�LQ�)LJXUHV����DQG������,W�FDQ�EH�VHHQ�IURP�WKH�ILJXUHV�WKDW��JHQHUDOO\��WKH�VWUDLQ�LQ�WKH�
VWLUUXSV�ZHUH�LQFUHDVLQJ�YHU\�VORZO\�ZLWK�LQFUHDVLQJ�WKH�DSSOLHG�ORDG�XQWLO�WKH�FUDFNV�UHDFKHG�
WKH�FRQVLGHUHG� VWLUUXS�� �:LWK� LQFUHDVLQJ� WKH�DSSOLHG� ORDGV�� WKH� VWUDLQ� LQFUHDVHG� UDSLGO\�ZLWK�
GLIIHUHQW�YDOXHV�
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����� (IIHFW�RI�IODQJH�GLPHQVLRQV

)LJXUH��� VKRZV� WKDW� WKH�VWUDLQ� IRU� WKH FRQWURO� UHFWDQJXODU�EHDP��%��� LQFUHDVHG�YHU\� UDSLGO\�
VWDUWLQJ�IURP�ORDG�OHYHO�RI����.1�XQWLO�WKH�XOWLPDWH�ORDG�DW�VWUDLQ�YDOXH�RI������
�������)LJXUH�
���D��VKRZV�WKDW�WKH�VWLUUXS¶V�VWUDLQ�DW�WKH�XOWLPDWH�ORDG�OHYHO�IRU�WKH�7�EHDP��%���UHGXFHG�E\�
���RQO\��,QFUHDVLQJ�WKH�IODQJH�EUHDGWK�IURP�����PP�IRU�%HDP�%��WR�����PP�IRU�%HDP�%��
OHG�WR�D�UHGXFWLRQ�LQ�WKH�VWLUUXS¶V�VWUDLQ�E\ ����ZLWK�D�VOLJKW�LQFUHDVH�LQ�WKH�XOWLPDWH�ORDG�E\�
������)LJXUH���E��VKRZV�WKDW�LQFUHDVLQJ�WKH�IODQJH�WKLFNQHVV�IURP����PP�IRU�EHDP�%� WR����
PP� IRU� EHDP�%�� UHVXOWHG� LQ� D� UHGXFWLRQ� RI� ���� LQ� WKH�PD[LPXP� VWLUUXS¶V� VWUDLQ�� )XUWKHU�
LQFUHDVH�LQ�WKH�IODQJH�WKLFNQHVV�WR�����PP�IRU�EHDP�%��OHG�WR�D�UHGXFWLRQ�LQ�WKH�VWLUUXS�VWUDLQ�
E\�����ZKHQ�FRPSDUHG�WR�EHDP�%���,W�ZDV�QRWLFHG�WKDW�WKH�UDWH�RI�LQFUHDVH�LQ�WKH�VWUDLQV�IRU�
%HDP�%��ZDV�UDSLG�XS� WR�D�FHUWDLQ�SRLQW��EH\RQG�ZKLFK�LW�EHFDPH�VORZHU��7KLV�GURS�LQ� WKH�
UDWH�RI�LQFUHDVH�LQ�WKH�VWUDLQV�ZDV�DOVR�REVHUYHG�E\�$KPDG�HW�DO�� ��������IRU�+6&�DQG�16&�
WHVWHG�EHDPV��,W�ZDV�DWWULEXWHG�WR�WKH�VOLSSDJH�LQ SDUWV�RI�WKH�VWLUUXSV��,W�FDQ�EH�QRWLFHG�IURP�
WKH� DERYH� GLVFXVVLRQ� WKDW� WKH� HIIHFW� RI� IODQJH� WKLFNQHVV�� WUDQVYHUVH� DQG� ORQJLWXGLQDO�
UHLQIRUFHPHQW�� ZHUH� PRUH� VLJQLILFDQW� WKDQ� WKDW� RI� WKH� IODQJH� EUHDGWK� RQ� WKH� VWUDLQV� RI� WKH�
VWLUUXSV�

����� (IIHFW�RI�WUDQVYHUVH�DQG�ORQJLWXGLQDO�UHLQIRUFHPHQW

7KH�HIIHFW�RI�WUDQVYHUVH�UHLQIRUFHPHQW�UDWLR�LQ�WKH�IODQJH�DQG�ZHE�LV�VKRZQ�LQ�)LJXUH���D���,W�
FDQ� EH� VHHQ� IURP� WKH� ILJXUH� WKDW� LQFUHDVLQJ� UHLQIRUFHPHQW� UDWLR� E\� UHGXFLQJ� WKH� VSDFLQJ�
EHWZHHQ�VWLUUXSV�OHG�WR�D�UHGXFWLRQ�LQ�WKH�VWLUUXSV¶�VWUDLQV�DQG�DQ�HQKDQFHPHQW�RI�WKH�XOWLPDWH�
ORDG�FDSDFLW\�EHFDXVH�RI�VWLUUXSV¶�FRQWULEXWLRQ�LQ�UHVLVWLQJ�VKHDU�VWUHVVHV��%HDP�%��ZLWK�WKH�
VPDOOHVW�VSDFLQJ�EHWZHHQ�VWLUUXSV�RI�����PP�VKRZHG�D�UHGXFWLRQ�LQ�WKH�VWUDLQV�RI�WKH�VWLUUXSV�
E\� ����ZKHQ� FRPSDUHG� WR� EHDP�%��ZLWK� VSDFLQJ� EHWZHHQ� VWLUUXSV� RI� ����PP�� ,W� FDQ� EH�
DUJXHG�WKDW�WKH�VWUDLQV�LQ�WKH�VWLUUXSV�ZHUH�KLJKHU�ZKHQ�D�GLDJRQDO�FUDFN�FURVVHG�WKH�VWLUUXSV��
EHFDXVH� WKH� GLDJRQDO� FUDFN� FDQ� EH� FRQVLGHUHG� DV� D� \LHOG� OLQH�� +DPUDW� HW� DO�� ������� IRXQG�
VLPLODU� REVHUYDWLRQV� LQGLFDWLQJ� WKH� VLJQLILFDQFH� RI� WUDQVYHUVH� UHLQIRUFHPHQW� RQ� WKH� VKHDU�
FDSDFLW\�DQG�GXFWLOLW\�RI�+6&�EHDPV��7KH�HIIHFW�RI�UHGXFLQJ�ORQJLWXGLQDO�UHLQIRUFHPHQW�UDWLR��
IRU�EHDPV�RI�GLIIHUHQW�IODQJH� WKLFNQHVVHV��RQ�WKH�VWLUUXSV¶�VWUDLQ� LQ� WKH�FULWLFDO�VKHDU�]RQH� LV�
VKRZQ� LQ� )LJXUH� ��E��� ,W� FDQ� EH� VHHQ� IURP� WKH� ILJXUH� WKDW� UHGXFLQJ� WKH� ORQJLWXGLQDO�
UHLQIRUFHPHQW�IURP��+���IRU�EHDP�%��WR��+���IRU�EHDP�%��OHG�WR�DQ�LQFUHDVH�LQ�WKH�VWLUUXS¶V�
VWUDLQ� E\� ����� � 5HGXFLQJ� WKH� VDPH� DPRXQW� RI� UHLQIRUFHPHQW� IRU� D� EHDP� RI� KLJKHU� IODQJH�
WKLFNQHVV��%HDP�%���UHVXOWHG�LQ�DQ�LQFUHDVH�RI�VWLUUXS¶V�VWUDLQ�DOVR�E\������$GGLWLRQDOO\��WKH�
WHVW� EHDP�ZLWK� WKH�PLQLPXP� VSDFLQJ� EHWZHHQ� VWLUUXSV� �%HDP�%��� KDG� WKH� EHVW� EHKDYLRXU�
DPRQJ�WKH�VWXGLHG�EHDPV�LQ�WHUPV�RI�VKHDU�VWUDLQ LQ�VWLUUXSV��,W�FDQ�EH�DUJXHG�WKDW�WKH�VWLUUXS�
VWUDLQ�PHDVXUHPHQWV�FDQ�EH�XVHG�DV�LQGLFDWRUV�RI�WKH�FRQWULEXWLRQ�RI�VWLUUXS�UHLQIRUFHPHQW�DW�
FULWLFDO� VKHDU� ]RQHV�� ,W� VKRXOG� EH� SRLQWHG� RXW� WKDW� WKH� VWUDLQ� YDOXHV� UHSRUWHG� LQ� WKLV�
LQYHVWLJDWLRQ�DUH�QRW�QHFHVVDULO\�PD[LPXP�YDOXHV��7KH\�DUH�VWULFWO\�UHODWHG�WR�WKH�ORFDWLRQ�RI�
WKH�JDJHV�ZLWK�UHVSHFW�WR�WKDW�RI�WKH�VKHDU�FUDFNV�

����&RQFUHWH�6WUDLQ�'LVWULEXWLRQ

)LJXUH���VKRZV�WKH�VWUDLQ�GLVWULEXWLRQ�UHVXOWV�DFURVV�WKH�IODQJH�DQG�ZHE�VHFWLRQ�DW�WKH�GHPHF�
SRLQWV�VKRZQ�LQ�)LJXUH���IRU�WKH�ILUVW�FUDFN�ORDG��ZRUNLQJ�ORDG������RI�WKH�XOWLPDWH�ORDG��DQG�
XOWLPDWH� ORDG� IRU� WKUHH� WHVW� EHDPV� RI� GLIIHUHQW� IODQJH� EUHDGWKV� �����PP�� ����PP�DQG�����
PP���7KH�VWUDLQ�GLVWULEXWLRQ�FXUYHV�LQWHUVHFWHG�WRJHWKHU�WR� ORFDWH�WKH�SRVLWLRQ�RI WKH�QHXWUDO�
D[LV�DW�D�VSHFLILF�GLVWDQFH�PHDVXUHG�IURP�WKH�ERWWRP�RI�WKH�EHDP��7KLV�GLVWDQFH�FKDQJHG�ZLWK�
FKDQJLQJ�WKH�IODQJH�EUHDGWK��,W�FDQ�EH�VHHQ�IURP�)LJXUH���WKDW�WKH�WHQVLOH�VWUDLQV�ZHUH�PXFK�
KLJKHU� WKDQ� WKH� FRPSUHVVLYH� VWUDLQV� DQG� WKH� VWUDLQ�GLVWULEXWLRQ�ZDV� DOPRVW� OLQHDU� DFURVV� WKH�
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EHDP�GHSWK�GXH�WR�WKH�GXFWLOH�EHKDYLRXU�RI�WKH�EHDPV�DV�WKH�WHQVLOH�UHLQIRUFHPHQW�UHDFKHG�LWV�
\LHOG�VWUHQJWK��)LJXUH���VKRZV�DOVR�WKDW�WKH�PD[LPXP�VWUDLQV�DW�IDLOXUH�ORDGV�IRU�WKH�VHOHFWHG�
WHVW�EHDPV�ZHUH�EHWZHHQ��������WR��������,W�FDQ�EH�VHHQ�IURP�WKH�ILJXUH�WKDW�LQFUHDVLQJ�WKH�
IODQJH�EUHDGWK� OHG� WR�D� UHGXFWLRQ�RI� WKH�PD[LPXP�FRQFUHWH�VWUDLQ�DW� WKH� WHQVLRQ�]RQH�DQG�D�
KLJKHU�SRVLWLRQ�RI� WKH�QHXWUDO� D[LV�PHDVXUHG� IURP� WKH�ERWWRP�RI� WKH�EHDP��)LJXUH��� VKRZV�
DOVR� WKDW�� IRU� WKH� WKUHH� WHVW� EHDPV� WKDW� KDYH� GLIIHUHQW� IODQJH� EUHDGWKV��%�� KDG� D�PD[LPXP�
VWUDLQ�RI��������DW�D�PD[LPXP�XOWLPDWH�ORDG�RI�����.1��7KH�PD[LPXP�FRQFUHWH�VWUDLQV�IRU�
EHDPV�%��DQG�%��ZHUH�������DQG���������DW�PD[LPXP�XOWLPDWH�ORDGV�RI�����.1�DQG�����
.1�� UHVSHFWLYHO\�� 7KH� UDWLRV� RI� WKH� XOWLPDWH� FRQFUHWH� VWUDLQV� WR� WKH� FRQFUHWH� VWUDLQV� DW� ILUVW�
FUDFNLQJ� ORDGV�� IRU� WKH� EHDPV�%��� %�� DQG�%��ZHUH� ������ ������ DQG� ������ UHVSHFWLYHO\��
7KHVH�KLJK�UDWLRV�LQGLFDWHV�DQ�LQFUHDVH�LQ�GXFWLOLW\�ZLWK�HQODUJLQJ�WKH�IODQJH�EUHDGWK��LQ�OLQH�
ZLWK� WKH� ILQGLQJV� REVHUYHG� HDUOLHU� IRU� WKH� ORDG�GHIOHFWLRQ� UHODWLRQVKLSV�� 6LPLODU� WR� WKH�
REVHUYDWLRQV� LQ� WKH� FXUUHQW� UHVHDUFK�� &ODGHUD� HW� DO�� ������� FRQFOXGHG� WKDW� LQFUHDVLQJ� WKH�
IODQJH� EUHDGWK� OHG� WR� D� KLJKHU� SRVLWLRQ� RI� QHXWUDO� D[LV� IRU� SUHGLFWLQJ� WKH� VKHDU±IOH[XUDO�
VWUHQJWK�RI�VOHQGHU�UHLQIRUFHG�FRQFUHWH�7�VKDSHG�EHDPV�
� ),1,7(� (/(0(17� 35(',&7,21� )25� /2$'� '()/(&7,21� 2)� 7(67�

%($06

7KH�QRQOLQHDU�ILQLWH�HOHPHQW�SURJUDP��$16<6��� �$16<6���������ZDV�XVHG�WR�SUHGLFW�WKH�

EHKDYLRXU�RI�WKH�WHVWHG�EHDPV��$�FRUUHODWLYH�VWXG\�EDVHG�RQ�WKH�ORDG� GHIOHFWLRQ�UHVSRQVH�DV�

ZHOO�DV�WKH�FUDFNLQJ�SDWWHUQV�ZDV�FRQGXFWHG�WR�YHULI\�WKH�QXPHULFDO�PRGHO�ZLWK�WKH�REWDLQHG�

H[SHULPHQWDO�UHVXOWV��%DVHG�RQ�WKH�WKHRUHWLFDO�PDQXDO�RI�$16<6�SURJUDP��D�EULHI�GHVFULSWLRQ�

LV�JLYHQ�KHUH�IRU�WKH�ILQLWH�HOHPHQW�PRGHOLQJ�RI�FRQFUHWH�DQG�VWHHO�IRU�5&�HOHPHQW�

��� )LQLWH�(OHPHQW�'LVFUHWL]DWLRQ�DQG�6ROXWLRQ�7HFKQLTXH

7KH�62/,'���HOHPHQW�ZDV�HPSOR\HG�IRU�GLVFUHWL]LQJ�FRQFUHWH�PDWUL[�LQ�WKH�WHVWHG�EHDPV��,W�

LV�GHILQHG�E\�HLJKW�QRGDO�SRLQWV�DV�VKRZQ�LQ�)LJXUH����7KH�HOHPHQW�LV�FDSDEOH�RI�GLUHFWLRQDO�

LQWHJUDWLRQ�SRLQW�FUDFNLQJ�LQ�WHQVLRQ�DQG�FUXVKLQJ�LQ�FRPSUHVVLRQ��,Q�WKH�SUHVHQW�ZRUN��WHVWHG�

EHDPV�ZHUH�W\SLFDOO\�GLVFUHWH]HLG�XVLQJ�DYHUDJH�PHVK�RI�VL]H����
 ���
 ���PP�VROLG�

HOHPHQWV��7KH�IOH[XUDO�DQG�VKHDU�UHLQIRUFHPHQW�LQ�WKH�WHVWHG�EHDPV�ZHUH�LGHDOL]HG�XVLQJ�WKH�

/LQN��HOHPHQW�DV�VKRZQ�LQ�)LJXUH�����7KH�D[LDO�VWUHVV�LV�DVVXPHG�WR�EH�XQLIRUP�RYHU�WKH�

HQWLUH�HOHPHQW��)XOO�ERQG�ZDV�DVVXPHG�EHWZHHQ�FRQFUHWH�DQG�UHLQIRUFLQJ�VWHHO��%RWK�OLQHDU�

DQG�QRQ�OLQHDU�EHKDYLRXUV�RI�WKH�FRQFUHWH�ZHUH�FRQVLGHUHG��)RU�WKH�OLQHDU�VWDJH��WKH�FRQFUHWH�

LV�DVVXPHG�WR�EH�DQ�LVRWURSLF�PDWHULDO�XS�WR�FUDFNLQJ��)RU�WKH�QRQ�OLQHDU�VHJPHQW��WKH�

FRQFUHWH�PD\�XQGHUJR�SODVWLFLW\��7KH�QXPHULFDO�VROXWLRQ�VFKHPH�DGRSWHG�IRU�QRQ�OLQHDU

'RZQORDGHG�E\�>�8QLYHUVLW\�RI�:HVW�/RQGRQ@�RQ�>��������@��&RS\ULJKW���,&(�3XEOLVKLQJ��DOO�ULJKWV�UHVHUYHG�



$FFHSWHG�PDQXVFULSW�GRL��
��������MVWEX���������

DQDO\VLV�ZDV�DQ�LQFUHPHQWDO�ORDG�SURFHGXUH�EDVHG�RQ�WKH�LWHUDWLYH�VROXWLRQ�XVLQJ�1HZWRQ�

5DSKVRQ�PHWKRG��7KH�FRQYHUJHQFH�FULWHULRQ�FXUUHQWO\�XVHG�ZDV�EDVHG�RQ�WKH�LWHUDWLYH�QRGDO�

GLVSODFHPHQW�ZKHUH�RQO\�WUDQVLWLRQDO�GHJUHHV�RI�IUHHGRP�ZHUH�FRQVLGHUHG�

��� &RQVWLWXWLYH�0RGHOLQJ�IRU�&RQFUHWH

7KH� FRQFUHWH� PDWHULDO� PRGHO� DVVLJQHG� IRU� 6ROLG��� HOHPHQW� XVHG� WKURXJKRXW� WKLV� VWXG\� LV�

FKDUDFWHUL]HG� E\� LWV� FDSDELOLW\� WR� SUHGLFW� WKH� IDLOXUH� RI� EULWWOH�PDWHULDOV�� %RWK� FUDFNLQJ� DQG�

FUXVKLQJ�IDLOXUH�PRGHV�DUH�DFFRXQWHG�IRU��7KH�FULWHULRQ�IRU�IDLOXUH�RI�FRQFUHWH�GXH�WR�D�PXOWL�

D[LDO�VWUHVV�VWDWH�FDQ�EH�H[SUHVVHG�LQ�WKH�IRUP�

�6
I

)

F

t� ���

7R�PRGHO�FRQFUHWH�EHKDYLRXU��QRQOLQHDU�VWUHVV�VWUDLQ�FXUYHV�ZHUH�XVHG�LQ�FRPSUHVVLRQ�DQG�

WHQVLRQ��0RQWR\D�HW�DO����������6XFK�PRGHOV�DFFRXQW�IRU�FRPSUHVVLRQ�	�WHQVLRQ�VRIWHQLQJ��

WHQVLRQ�VWLIIHQLQJ�DQG�VKHDU�WUDQVIHU�PHFKDQLVPV�LQ�FUDFNHG�FRQFUHWH�DV�SUHVHQWHG�LQ�)LJXUH�

���

��� &RQVWLWXWLYH�0RGHOLQJ�IRU�6WHHO

7KH�DYHUDJH�VWUHVV�VWUDLQ�FXUYH�GHYHORSHG�HDUOLHU�E\�6RURXVKLDQ�DQG�/HH��������IRU�VWHHO�EDUV�

HPEHGGHG�LQ�FRQFUHWH�LV�XVHG�LQ�WKH�FXUUHQW�UHVHDUFK��VHH�)LJXUH������7KH�VWUHVV�VWUDLQ�

UHODWLRQVKLS�LV�H[SUHVVHG�E\�WZR�VWUDLJKW�OLQHV�DV�IROORZV�
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7KH�UHFRPPHQGHG�YDOXH�RI���IFU LV�JLYHQ�DV�

�
FFU I����I  ,Q�03D�� ���

��� )LQLWH�(OHPHQW�0RGHO�RI�WKH�7HVWHG�%HDPV

,Q�WKH�ILQLWH�HOHPHQW�GLVFUHWL]DWLRQ�RI�HDFK�EHDP��D�PHVK�RI�DYHUDJH�VL]H����
 ���
 ���PP�RI�

HLJKW�QRGH� HOHPHQWV� ZDV� XVHG� IRU� DOO� EHDPV�� 7KH� DUHD� DQG� VSDFLQJ� RI� EDU� HOHPHQWV� ZHUH�

VLPLODU� WR� WKH� H[SHULPHQWDO� VSHFLPHQV�� 7KH� FRQFHQWUDWHG� ORDG� ZDV� DOVR� DSSOLHG� WR� WKH� WRS�

VXUIDFH�DW�PLG�VSDQ�RI�WKH�WHVWHG�EHDPV��7KH�VXSSRUWV�ZHUH�UHSUHVHQWHG�E\�UHVWUDLQHG�QRGHV�DW�

WKH�FRUUHVSRQGLQJ�ORFDWLRQV��7KH�LQLWLDO�<RXQJ¶V�PRGXOXV�LQ�FRQFUHWH�KDV�EHHQ�FRQVLGHUHG�DV�

���*3D��DQG�WKH�VWHHO�PRGXOXV�DV�����*3D� )LJXUHV����DQG����VKRZ�WKH�W\SLFDO�LGHDOL]DWLRQ�RI�

WKH�FRQFUHWH�DQG�VWHHO�HOHPHQWV�IRU�WKH�WHVWHG�EHDPV�XVHG�LQ�WKH�DQDO\VLV�

��� 6LPXODWLRQ�RI�&UDFNLQJ�3DWWHUQV

7KH�FRPSXWHG�FUDFNLQJ�SDWWHUQV�DW GLIIHUHQW�ORDGLQJ�OHYHOV�DUH�SUHVHQWHG�IRU�WKH�WHVWHG�EHDPV�

%���%���%���%���%��DQG�%���DV�VKRZQ�LQ�)LJXUH�����6LPLODU�WR�WKH�H[SHULPHWDO�REVHUYDWLRQV��

7KH�VKHDU�VWUHVVHV�LQFUHDVHV�ZLWK�LQFUHDVLQJ�WKH�ORDG�LQFUHPHQW�DQG�VWDUWV�WR�LQGXFH�GLDJRQDO�

FUDFNV� 7KH�FUDFNV�VWDUW�WR�SURSDJDWH��VSUHDG�DQG�ZLGHQ�GXH�WR�WKH�HIIHFW�RI�FRPELQHG�VKHDU�

DQG�EHQGLQJ�VWUHVVHV�DW�DYHUDJH�ORDG�OHYHO�RI������$W�IDLOXUH�ORDG��ERWK�RI�WKH�IOH[XUDO�FUDFNV�

DQG�WKH�GLDJRQDO�VKHDU�FUDFNV�VSUHDG�LQWR�VPDOO�FUDFNV�LQ�WKH�ORZHU�WKLUG�RI�WKH�EHDP�ZHE�DV�

REVHUYHG�LQ�WKH�H[SHULPHQWDO�FUDFNLQJ�SDWWHUQV��7KHUH�LV�D�JRRG�DJUHHPHQW�EHWZHHQ�WKH�

VLPXODWHG�FUDFN�SDWWHUQV�DQG�WKH�REWDLQHG�H[SHULPHQWDO�RQHV��7KH�VLPXODWLRQ�DOVR�

VXFFHVVIXOO\�SUHGLFWHG�WKH�VHTXHQFH�LQ�WKH�FUDFN�SDWWHUQV�GHYHORSPHQW�DQG�WKH�IDLOXUH�

PHFKDQLVP�
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��� 3UHGLFWHG�/RDG�'HIOHFWLRQ�&XUYHV

,Q�)LJXUH�����WHVW�UHVXOWV�RI�ORDG� GHIOHFWLRQ�FXUYHV�DUH�FRPSDUHG�WR�WKH�SUHGLFWLRQV�RI�ILQLWH�

HOHPHQW�DQDO\VLV�IRU� WKH� WHVWHG�EHDPV�IRU� WKH�WHVWHG�EHDPV�%���%���%���%���%��DQG�%����$�

JRRG�DJUHHPHQW�EHWZHHQ�WKH�H[SHULPHQWDO�DQG�ILQLWH�HOHPHQW�UHVXOWV�ZDV�REWDLQHG�DW�GLIIHUHQW�

OHYHOV��,Q�VLPXODWHG�FXUYHV��WKHUH�LV�D�VXGGHQ�LQFUHDVH�LQ�WKH�GHIOHFWLRQ�DQG�WKLV�LV�DWWULEXWHG�WR�

IRUPDWLRQ� RI� WKH� ILUVW� IOH[XUDO� FUDFN�� 6LPLODU� WR� H[SHULPHQWDO� UHVXOWV�� VLPXODWHG� FXUYHV� DUH�

VLJQLILFDQWO\� DIIHFWHG� E\� WKH� IODQJH� GLPHQVLRQV� DQG� IOH[XUDO� UHLQIRUFHPHQW�� ,W� FDQ� EH� VHHQ�

IURP�)LJXUH����WKDW�LQFUHDVLQJ�WKH�IODQJH�EUHDGWK�OHG�WR�DQ�LQFUHDVH�LQ�WKH�XOWLPDWH�ORDG�RI�WKH�

WHVW�EHDPV�DQG�D�UHGXFWLRQ�RI� WKH�RYHUDOO�GHIOHFWLRQ� $GGLWLRQDOO\�� LQFUHDVLQJ�WKH�DPRXQW�RI�

WKH� ORQJLWXGLQDO� UHLQIRUFHPHQW� OHG� WR�DQ� LQFUHDVH� LQ� WKH�XOWLPDWH� ORDG�DQG�D�GHFUHDVH� LQ� WKH�

RYHUDOO� GHIOHFWLRQ�� $OO� VWXGLHG� EHDPV� H[KLELWHG� GLIIHUHQW� GLVSODFHPHQW� GXFWLOLW\� DW� IDLOXUH��

LQGLFDWHG�E\�WKH�DUH�XQGHU�WKH ORDG�GHIOHFWLRQ�FXUYH��7KH�GHJUHH�RI�GXFWLOLW\�YDULHG�GHSHQGLQJ�

RQ� WKH� IODQJH� GLPHQVLRQV� DQG� WKH� IOH[XUDO� UHLQIRUFHPHQW� UDWLR� ZKHUH� WKH� ORZHU� IODQJH�

GLPHVQLRQV�RU�WKH�ODUJHU�UHLQIRUFHPHQW�UDWLR��WKH�ORZHU�LV�WKH�DPRXQW�RI�GXFWLOLW\��,QFUHDVLQJ�

HLWKHU� YHUWLFDO� RU� KRUL]RQWDO� VKHDU� UHLQIRUFHPHQW� OHG� WR� DQ� LQFUHDVH� LQ� WKH� DQDO\WLFDO� ORDG�

FDUU\LQJ�FDSDFLW\�DQG�GXFWLOLW\�PDWFKLQJ�ZLWK�WKH�H[SHULPHQWDO�UHVXOWV�

� (03,5,&$/� (48$7,21� )25� 35(',&7,21� 2)� /2$'� '()/(&7,21�
5(/$7,216+,3�2)�7�%($06

7KH� HIIHFWLYH� PRPHQW� RI� LQHUWLD� IRU� UHLQIRUFHG� FRQFUHWH� EHDPV� LV� XVXDOO\� FDOFXODWHG� E\�
%UDQVRQ¶V� HTXDWLRQ� �%UDQVRQ�� ������� � 7KLV� HTXDWLRQ� LV� DGRSWHG� LQ� DOO� LQWHUQDWLRQDO� GHVLJQ�
FRGHV��$&,���������������(XURFRGH����&(1��������

,H  ��0FU�H[S����0D �
� ,J ��>��� �0FU�H[S����0D�

�@�,FU ���,J ���
$O�6KDLNK�DQG�$O�=DLG��������IXUWKHU�LPSURYHG�%UDQVRQ¶V�(TXDWLRQ�����IRU�EHWWHU�SUHGLFWLRQ�
RI�HIIHFWLYH�PRPHQW�RI�LQHUWLD�E\�FRQYHUWLQJ�LW�WR�D�JHQHUDO�IRUP�

,H  ��0FU�H[S����0D�
P ,J ��>��� �0FU�H[S����0D�

P@�,FU ���,J ���
(DUOLHU��6KDDEDQ�HW�DO���������SURYHG�WKDW�%UDQVRQ¶V�HTXDWLRQ�ZDV�QRW�DFFXUDWH�IRU�SUHGLFWLQJ�
WKH�HIIHFWLYH�PRPHQW�RI�LQHUWLD�IRU�+6&�7�EHDPV���7KH\�PRGLILHG�WKH�HTXDWLRQ�SURSRVHG�E\�
$O�6KDLNK� DQG� $O�=DLG� ������� WR� EH� DSSOLFDEOH� IRU� +6&� KLJKO\� UHLQIRUFHG� 7�EHDPV� E\�
PRGLI\LQJ� WKH� YDOXH� RI� ȡ LQ� WKH� H[SRQHQW� ³P´� E\� FXUYH� ILWWLQJ� IRU� VHYHUDO� H[SHULPHQWDOO\�
WHVWHG�EHDPV�LQ�WKHLU�UHVHDUFK�DQG�IURP�OLWHUDWXUH�DV�IROORZV�

P� �����± ���ȡ ���
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7KH� HIIHFWLYH� GHIOHFWLRQ� DW� GLIIHUHQW� ORDG� OHYHOV� FDQ� EH� FDOFXODWHG� EDVHG� RQ� WKH� HODVWLF�
GHIOHFWLRQ�WKHRU\ E\�VXEVWLWXWLQJ�,H IURP�(TXDWLRQ������%UDQVRQ¶V�HTXDWLRQ��RU�VXEVWLWXWLQJ�,H
IURP�(TXDWLRQ�����DV�SURSRVHG�E\�$O�6KDLN�DQG�$O�=DLG��������DQG�(TXDWLRQ�����DV�SURSRVHG�
E\�WKH�DXWKRUV��6KDDEDQ�HW�DO���������

ǻ� �N�3H[S /
�����(F ,H� ���

%DVHG�RQ� WKH�SUHYLRXV�HTXDWLRQV�� WKH� ORDG�GHIOHFWLRQ�FXUYHV� IRU� WKH� WHVW�EHDPV�%���%���%���
%���%��DQG�%���FDQ�EH�SUHGLFWHG��$W�GLIIHUHQW�H[SHULPHQWDO�ORDG�OHYHOV�DQG�XS�WR�WKH�XOWLPDWH�
ORDG�� WKH� FRUUHVSRQGLQJ� GHIOHFWLRQV� KDYH� EHHQ� FDOFXODWHG� XVLQJ� (TXDWLRQ� ����� � )LQDOO\�� WKH�
ORDG�GHIOHFWLRQV�FXUYHV�SUHGLFWHG�EDVHG�RQ�WKH�%UDQVRQ¶V�HTXDWLRQ��E\�DSSO\LQJ�(TXDWLRQV����
	����RU�E\� WKH�DXWKRUV�SURSRVHG�HTXDWLRQV��E\�DSSO\LQJ�(TXDWLRQV�������	�����ZHUH�SORWWHG�
DQG�FRPSDUHG�ZLWK�WKH�H[SHULPHQWDO�DQG�WKH�ILQLWH�HOHPHQW�ORDG�GHIOHFWLRQ�FXUYHV��VHH�)LJXUH�
�����,W�FDQ�EH�VHHQ�IURP�)LJXUH����WKDW�WKH�ORDG�GHIOHFWLRQ�UHODWLRQV�SUHGLFWHG�E\�WKH�DXWKRUV�
SURSRVHG� HTXDWLRQV� ZHUH� LQ� YHU\� JRRG� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� FXUYHV� DQG� ILQLWH�
HOHPHQW� SUHGLFWLRQ�� +RZHYHU�� WKH� ORDG� GHIOHFWLRQ� UHODWLRQVKLSV� SUHGLFWHG� E\� %UDQVRQ¶V�
HTXDWLRQ� GLG� QRW� FRUUHODWH� ZHOO� ZLWK� DQ\� RI� WKHVH� FXUYHV�� ,W� LV� LQWHUHVWLQJ� WR� ILQG� WKDW� WKH�
DXWKRUV� SURSRVHG� HPSLULFDO� HTXDWLRQV�ZHUH� LQ� D� EHWWHU� DJUHHPHQW�ZLWK� H[SHULPHQWDO� UHVXOWV�
FRPSDUHG�WR�WKH�ILQLWH�HOHPHQW�SUHGLFWLRQ�LQ�VRPH�RI�WKH�VWXGLHG�EHDPV�VXFK�DV�%��DQG�%���
�VHH� )LJXUH� ����� 7KLV� KLJKOLJKWV� WKH� QHHG� IRU� UHYLVLRQ� RI� WKH� FXUUHQW� GHVLJQ� FRGHV� ZKHQ�
DSSOLHG�WR�GHVLJQ�+6&�7�EHDPV��,W�LV�UHFRPPHQGHG�WKDW�WKH�DXWKRUV�SURSRVHG�HTXDWLRQV�DUH�
DGGHG�WR�WKH�FXUUHQW�GHVLJQ�FRGHV�DQG�XWLOL]HG�IRU�WKH�GHVLJQ�RI�+6&�7�EHDPV�

� &21&/86,216

7KH�H[SHULPHQWDO�DQG�WKHRUHWLFDO�SUHGLFWLRQ�RI�IOH[XUDO�VWUHQJWK�RI�+6&�7�VKDSHG�EHDPV�KDYH�

EHHQ�VWXGLHG�LQ�WKLV�UHVHDUFK��7KH�IROORZLQJ�FRQFOXVLYH�SRLQWV�ZHUH�GUDZQ�EDVHG�RQ�WKLV�

VWXG\�

�� ,QFUHDVLQJ� WKH� IODQJH� GLPHQVLRQV� �EUHDGWK� DQG�RU� WKLFNQHVV�� OHG� WR� D� JHQHUDO�
LPSURYHPHQW� RI� WKH� IOH[XUDO� EHKDYLRXU� RI� WKH� WHVW� EHDPV� DV� UHIOHFWHG� E\� WKH�
LQFUHDVH� LQ� WKH� XOWLPDWH� ORDG� FDSDFLW\�� D� UHGXFWLRQ� LQ� WKH� VWLUUXSV¶� VWUDLQ� DQG�
RYHUDOO�GHIOHFWLRQ�WR�GLIIHUHQW�GHJUHHV�DQG��LQ�VRPH�FDVHV��FKDQJLQJ�WKH�IDLOXUH�
PRGH�RI�WKH�WHVWHG�EHDPV�

�� ,QFUHDVLQJ�WKH�IODQJH�EUHDGWK�OHG�WR�D�UHGXFWLRQ�RI�WKH�PD[LPXP�FRQFUHWH�VWUDLQ�
DW� WHQVLRQ� ]RQH� DQG� D� KLJKHU� SRVLWLRQ� RI� WKH� QHXWUDO� D[LV�PHDVXUHG� IURP� WKH�
ERWWRP�RI� WKH� EHDP��7KLV� LQGLFDWHV� DQ� LQFUHDVH� LQ� GXFWLOLW\�ZLWK� HQODUJLQJ� WKH�
IODQJH�EUHDGWK��7KH� ILQGLQJ� LV� LQ� OLQH�ZLWK� VLPLODU�REVHUYDWLRQV� UHSRUWHG� LQ� WKH�
OLWHUDWXUH�

�� 7KH�HIIHFW� RI� LQFUHDVLQJ� WKH� IODQJH� WKLFNQHVV� IURP����PP� WR� ����PP�RQ� WKH�
XOWLPDWH�ORDG�DQG�FRUUHVSRQGLQJ�GHIOHFWLRQ�RI�WKH�WHVW�EHDPV�LV�DOPRVW�VLPLODU�WR�
LQFUHDVLQJ� WKH� PDLQ� ORQJLWXGLQDO� UHLQIRUFHPHQW� IURP� �+��� WR� �+���� 7KLV�
LQGLFDWHV� WKDW� WKH� IODQJH� WKLFNQHVV� KDV� D� VLJQLILFDQW� HIIHFW� RQ� WKH� IOH[XUDO�
EHKDYLRXU�RI�WKH�WHVW�EHDPV�

�� 7KH� SUHGLFWLRQV� RI� ORDG�GHIOHFWLRQ� UHVSRQVH� DV� ZHOO� DV� WKH� FUDFNLQJ� SDWWHUQV�
XVLQJ� WKH� QRQOLQHDU� ILQLWH� HOHPHQW� SURJUDP�� $16<6� ���� VKRZHG� JRRG�
DJUHHPHQW�ZLWK� WKH�H[SHULPHQWDO� UHVXOWV��7KH�GHYHORSHG� ILQLWH�HOHPHQW�PRGHO�
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SUHGLFWHG� VXFFHVVIXOO\� WKH� XOWLPDWH� ORDGV�� GLVSODFHPHQW� GXFWLOLW\� DQG IDLOXUH�
PHFKDQLVPV�IRU�WKH�WHVW�EHDPV�ZLWK�GLIIHUHQW�YDULDEOHV�

�� 7KH� DXWKRUV� SURSRVHG� HPSLULFDO� HTXDWLRQV� SUHGLFWHG� WKH� ORDG� GHIOHFWLRQ�
UHVSRQVH��EDVHG�RQ�FDOFXODWHG�HIIHFWLYH�PRPHQW�RI�LQHUWLD��WR�D�KLJKHU�DFFXUDF\�
FRPSDUHG� ZLWK� %UDQVRQ� HTXDWLRQ� XVHG� LQ� WKH� GHVLJQ� FRGHV� �$&,� &RPPLWWHH�
����� ������ &(1�� ������� 7KH� ORDG�GHIOHFWLRQ� FXUYHV� EDVHG� RQ� WKLV� HTXDWLRQ�
ZHUH�LQ�D�FORVH�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDO�DQG�QXPHULFDO�ORDG�GHIOHFWLRQ�
UHODWLRQVKLSV�

�� 7KH� RXWSXW� RI� WKLV� UHVHDUFK� KLJKOLJKWHG� WKH� HIIHFW� RI� IODQJH� GLPHQVLRQV� DQG�
UHLQIRUFHPHQW�IRU�7� EHDPV��%DVHG�RQ�WKH�SURSRVHG�HPSLULFDO�HTXDWLRQ�DQG�WKH�
ILQLWH�HOHPHQW�UHVXOWV�LQ�WKLV�UHVHDUFK��LW�LV�UHFRPPHQGHG�WKDW�WKH�FXUUHQW�GHVLJQ�
FRGHV�VKRXOG�EH�UHYLHZHG�E\�DGRSWLQJ�WKH�SURSRVHG�HTXDWLRQ�IRU�WKH�GHVLJQ�RI�
+6&�7�EHDPV�

$&.12:/('*(0(17

([SHULPHQWDO�ZRUN�ZDV�FDUULHG�RXW� LQ� WKH�5HLQIRUFHG�&RQFUHWH�7HVWLQJ�/DERUDWRU\�DW�&DLUR�
8QLYHUVLW\��3URIHVVRU�$NUDP�7RUNH\��VWDII�DQG� WHFKQLFLDQV�DUH�DFNQRZOHGJHG� IRU� WKHLU�JUHDW�
KHOS�

1RWDWLRQ

3X 8OWLPDWH�ORDG

3FU ILUVW�IOH[XUDO�FUDFNLQJ�ORDG

3'FU ILUVW�GLDJRQDO�FUDFNLQJ�ORDG

ZPD[ PD[LPXP�RYHUDOO�GHIOHFWLRQ�DW�XOWLPDWH�ORDG

IFX FRQFUHWH�FRPSUHVVLYH�VWUHQJWK

%�EZ UDWLR�RI�WKH�WRWDO�EUHDGWK�RI�WKH�IODQJH�WR�WKH�ZHE�EUHDGWK
WI�W UDWLR�RI�WKH�IODQJH�WKLFNQHVV�WR�WRWDO�EHDP�WKLFNQHVV
) D�IXQFWLRQ�RI�WKH�SULQFLSDO�VWUHVV�VWDWH���ı[S� ı\S� ı]S�

6 IDLOXUH�VXUIDFH�H[SUHVVHG�LQ�WHUPV�RI�SULQFLSDO�VWUHVVHV�DQG�WKH�VWUHQJWK

SDUDPHWHUV IW� IF� IFE� I� DQG�I�

IW XOWLPDWH�XQLD[LDO�WHQVLOH�VWUHQJWK�

IF XOWLPDWH�XQLD[LDO�FRPSUHVVLYH�VWUHQJWK�

IFE XOWLPDWH�ELD[LDO�FRPSUHVVLYH�VWUHQJWK�
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I� XOWLPDWH�FRPSUHVVLYH�VWUHQJWK�IRU�D�VWDWH�RI�ELD[LDO�FRPSUHVVLRQ�VXSHULPSRVHG�

RQ���K\GURVWDWLF�VWUHVV�VWDWH

I� XOWLPDWH�FRPSUHVVLYH�VWUHQJWK�IRU�D�VWDWH�RI�XQL�D[LDO�FRPSUHVVLRQ�

VXSHULPSRVHG�RQ�K\GURVWDWLF�VWUHVV�VWDWH�

IV DQG�İV WKH�DYHUDJH�VWUHVV�DQG�VWUDLQ�RI�VWHHO�EDUV��UHVSHFWLYHO\

I\ DQG�İ\ WKH�\LHOG�VWUHVV�DQG�VWUDLQ�RI�VWHHO�EDUV��UHVSHFWLYHO\

(V WKH�\RXQJ
V�PRGXOXV�RI�VWHHO�UHLQIRUFHPHQW�

IFU WKH�FUDFNLQJ�VWUHQJWK�RI�FRQFUHWH�

,J WKH�JURVV�PRPHQW�RI�LQHUWLD�IRU�WKH�XQ�FUDFNHG�VHFWLRQ
,FU WKH�PRPHQW�RI�LQHUWLD�RI�WKH�FUDFNHG�WUDQVIRUPHG�VHFWLRQ
0FU��H[S�� WKH�ILUVW�FUDFNLQJ�PRPHQW�RI�WKH�EHDP��FDOFXODWHG�IURP�WKH�H[SHULPHQWDO�ILUVW�

FUDFN�ORDG�DW�WKH�ORDG�GHIOHFWLRQ�FXUYH
0D WKH�PD[LPXP�VHUYLFH�ORDG�PRPHQW�DFWLQJ�RQ�WKH�EHDP�
P� WKH�H[SHULPHQWDOO\�GHWHUPLQHG�H[SRQHQW�IRU�XVH�LQ�WKH�HTXDWLRQ

ȡ UHLQIRUFHPHQW�UDWLR

/ VSDQ�RI�WKH�VWXGLHG�EHDP������PP�
(F PRGXOXV�RI�HODVWLFLW\�RI�FRQFUHWH�
N FRQVWDQW� GHSHQGV� RQ� WKH� W\SH� RI� ORDGLQJ� DQG� HQG� FRQGLWLRQV� �N�  � ����� IRU�

VLPSO\�VXSSRUWHG�EHDPV�XQGHU�D�PLGVSDQ�FRQFHQWUDWHG�ORDG��
¨ PD[LPXP�GHIOHFWLRQ
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5HIHUHQFHV

$EGHODOLP��2��$���*KDOODE��$��+���6KDDEDQ��,��*���DQG�(OQDZDZ\��2��$���������³(IIHFW�RI�

$[LDO�&RPSUHVVLRQ�6WUHVV�RQ�7KH�6KHDU�%HKDYLRXU�RI�+LJK�6WUHQJWK�)LEUH�5HLQIRUFHG�

&RQFUHWH�7�%HDPV���7ZHOIWK�,QWHUQDWLRQDO�&ROORTXLXP�RQ�6WUXFWXUDO�DQG

*HRWHFKQLFDO�(QJLQHHULQJ��,&6*(��$LQ�6KDPV�8QLYHUVLW\��������'HFHPEHU��&DLUR��

(J\SW�

$&,�&RPPLWWHH������������³�%XLOGLQJ�&RGH�5HTXLUHPHQWV�IRU�6WUXFWXUDO�&RQFUHWH��$&,�����

����DQG�&RPPHQWDU\��$&,�³$PHULFDQ�&RQFUHWH�,QVWLWXWH´��������&RXQWU\�&OXE�'ULYH�

)DUPLQJWRQ�+LOOV��0,�������8�6�$�

$KPDG��6��+���3DUN��)��DQG�(O�'DVK��.���������³:HE�5HLQIRUFHPHQW�(IIHFWV�RQ�6KHDU�

&DSDFLW\�RI�5HLQIRUFHG�+LJK�6WUHQJWK�&RQFUHWH�%HDPV�´�0DJD]LQH�RI�&RQFUHWH�

5HVHDUFK��9RO������1R�������6HSW���SS����������

$O�+DVVDQL��+��0���$O�.DIDML��-��0��DQG�,VPDHO��0��$���������³)OH[XUDO�%HKDYLRU�RI�+\EULG�

7HH�%HDPV��&RQWDLQLQJ�5HDFWLYH�3RZGHU�&RQFUHWH�DQG�1RUPDO�6WUHQJWK�&RQFUHWH�´��

-RXUQDO�RI�(QJLQHHULQJ�DQG�'HYHORSPHQW��9RO�����1R����0DUFK��SS�����������,661�

����� �����

$O�6KDLNK��$��+� DQG�$O�=DLG��5��=���������(IIHFW�RI�UHLQIRUFHPHQW�UDWLR�RQ�WKH�HIIHFWLYH�

PRPHQW�RI�LQHUWLD�RI�UHLQIRUFHG�FRQFUHWH�EHDPV��$&,�6WUXFWXUDO�-RXUQDO���������SS��

��������

$16<6���������³(QJLQHHULQJ�$QDO\VLV�6\VWHP�8VHU
V�0DQXDO��9RO����	����DQG�7KHRUHWLFDO�

0DQXDO�´�5HYLVLRQ�������6ZDQVRQ�$QDO\VLV�6\VWHP�,QF���+RXVWRQ�3HQQV\OYDQLD�

$UXQ��0���9HOUDMNXPDU��*���DQG�5DQMLWK��6���³%HKDYLRU�DQG�VKHDU�VWUHQJWK�RI�UHLQIRUFHG�

FRQFUHWH�7�EHDPV�ZLWK�VWLUUXSV´�,QWHUQDWLRQDO�-RXUQDO�RI�(PHUJLQJ�7UHQGV�LQ�
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(QJLQHHULQJ�DQG�'HYHORSPHQW�,VVXH����9RO����1RYHPEHU��������SS�����������

KWWS���ZZZ�UVSXEOLFDWLRQ�FRP�LMHWHG�LMHWHGBLQGH[�KWP�

$\HQVD��$���2OOHU��(���%HOWUDQ��%���,EDU]��(���0DUL��$���DQG�*UDFLD��/���������³,QIOXHQFH�RI�WKH�

IODQJHV�ZLGWK�DQG�WKLFNQHVV�RQ�WKH�VKHDU�VWUHQJWK�RI�UHLQIRUFHG�FRQFUHWH�EHDPV�ZLWK�

7�VKDSHG�FURVV�VHFWLRQ´��(QJLQHHULQJ�6WUXFWXUHV��9RO�������SS����������

KWWSV��������]HNG������\�KWWSV�GRL�UJ�PSOEFL�HNE�HJ���������M�HQJVWUXFW������������

$\NDF��6���.DONDQ��,���$\NDF��%���DQG�2]EHN��(���������³6WUHQJWKHQLQJ RI�5&�7�EHDPV�ZLWK�

SHUIRUDWHG�VWHHO�SODWHV´��0DJD]LQH�RI�&RQFUHWH�5HVHDUFK��9RO������1R�����SS����±����

KWWS���G[�GRL�RUJ���������PDFU����������

%LVFKRII��3��+��DQG�6FDQORQ��$���������³(IIHFWLYH�PRPHQW�RI�LQHUWLD�IRU�FDOFXODWLQJ�

GHIOHFWLRQV�RI�FRQFUHWH�PHPEHUV�FRQWDLQLQJ�VWHHO�UHLQIRUFHPHQW�DQG�ILEHU�UHLQIRUFHG�

SRO\PHU�UHLQIRUFHPHQW´��$&,�6WUXFWXUDO�-RXUQDO���������������

%UDQVRQ��'��(��,QVWDQWDQHRXV�DQG�WLPH�GHSHQGHQW�GHIOHFWLRQV�RI�VLPSOH�DQG�FRQWLQXRXV�

UHLQIRUFHG�FRQFUHWH�EHDPV��+35�5HSRUW�1R�����3DUW��� $ODEDPD�+LJKZD\�'HSDUWPHQW�

%XUHDX�RI�3XEOLF�5RDGV��������SS�������

&ODGHUD��$���0DUL��$���5LEDV��&���%DLUDQ��-���DQG�2OOHU��(���������³3UHGLFWLQJ�WKH�VKHDU±IOH[XUDO�

VWUHQJWK�RI�VOHQGHU�UHLQIRUFHG�FRQFUHWH�7�DQG�,�VKDSHG�EHDPV´��(QJLQHHULQJ�

6WUXFWXUHV��9RO�������SS����������

&DUSLQWHUL��$���&DGDPXUR��(���DQG�&RUUDGR��0���³0LQLPXP�IOH[XUDO�UHLQIRUFHPHQW�LQ

UHFWDQJXODU�DQG�7�VHFWLRQ�FRQFUHWH�EHDPV´��6WUXFWXUDO�&RQFUHWH������������1R�����SS������

�����'2,����������VXFR�����������

&(1���������(XURSHDQ�&RPPLWWHH IRU�6WDQGDUGL]DWLRQ��³(XURFRGH�����'HVLJQ�RI�&RQFUHWH�

6WUXFWXUHV�� 3DUW����*HQHUDO�5XOHV�DQG�5XOHV�IRU�%XLOGLQJV´��%UXVVHOV��SS��������	�

����
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*LDFFLR��&���0DKDLGL��5��$���DQG�7DSOLQ��*���������³)ODQJH�VWUDLQ�PHDVXUHPHQW�LQ�VKHDU�

FULWLFDO�5&�7�EHDPV´��$GYDQFHV�LQ�6WUXFWXUDO�(QJLQHHULQJ��9RO�����1R�����SS�����±

����

+DOLFND��$��DQG�-DERQVNL� à���������³6KHDU�IDLOXUH�PHFKDQLVP�RI�FRPSRVLWH�FRQFUHWH�7�

VKDSHG�EHDPV´��3URFHHGLQJV�RI�WKH�,QVWLWXWLRQ�RI�&LYLO�(QJLQHHUV��6WUXFWXUHV�DQG�

%XLOGLQJV��9ROXPH������,VVXH�6%���SS����±���

KWWS���G[�GRL�RUJ���������VWEX���������

+DPUDW��0���%RXOHNEDFKH��%���&KHPURXN��0��DQG�$P]LDQH��6���������³(IIHFWV�RI�WKH�
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