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,QIOXHQFH� RI� SUHGHIRUPDWLRQ� E\� WKH� HTXDO�FKDQQHO�PXOWLDQJOH� SUHVVLQJ� FRPELQHG� ZLWK

K\GURH[WUXVLRQ��GUDZLQJ�DQG�KHDW�WUHDWPHQW�RQ�VWUXFWXUH�DQG�SK\VLFR�PHFKDQLFDO�SURSHU�
WLHV�RI�VXSHUFRQGXFWLQJ�1E������DW���7L�DOOR\�ZLUH�KDV�EHHQ�LQYHVWLJDWHG��(IIHFW�RI�GHIRU�
PDWLRQ�RQ�SLQQLQJ�IRUFH�LQ�WKH�DOOR\�KDV�EHHQ�HVWLPDWHG��
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7KH� XQFRQYHQWLRQDO� SODVWLF� GHIRUPDWLRQ
PHWKRGV� VXFK� DV� UHYHUVH� WZLVWLQJ�� WHQVLRQ�
WZLVWLQJ��DOWHUQDWLQJ�EHQGLQJ��HTXDO�FKDQQHO
DQJXODU�SUHVVLQJ�PDNH�LW�SRVVLEOH�WR�GHIRUP
D�PHWDO�ELOOHW��ZLWK�QR�FKDQJHV�LQ�JHRPHWUL�
FDO� GLPHQVLRQV�� LQ� FRPSOH[� ORDGLQJ� FRQGL�
WLRQV� ZLWK� XQORDGLQJ� VWDJHV� DQG� GHIRUPD�
WLRQ�VLJQ� �GLUHFWLRQ��DOWHUQDWLRQ� >�Ü�@��7KLV
UHVXOWV� LQ� KLJK� GHJUHHV� RI� GHIRUPDWLRQ�� UH�
ILQHPHQW� DQG� KRPRJHQL]DWLRQ� RI� WKH� VWUXF�
WXUH�DQG��ILQDOO\��LQ�FKDQJHV�RI�SK\VLFDO�DQG
PHFKDQLFDO�SURSHUWLHV�
7KH� YDULDWLRQ� UHJXODULWLHV� RI� WKH� PHWDO

SURSHUWLHV� W\SLFDO� RI� WKH� VLJQ�DOWHUQDWLQJ
GHIRUPDWLRQ� GLIIHU� FRQVLGHUDEO\� IURP� WKRVH
XQGHU� D� PRQRWRQRXV� GHIRUPDWLRQ�� ,W� LV
NQRZQ� >����@� WKDW� WKH� QRQPRQRWRQRXV� FROG
GHIRUPDWLRQ� E\� HTXDO�FKDQQHO� PXOWLDQJOH

SUHVVLQJ� �(&0$3�� IROORZHG� E\�PRQRWRQRXV
GHIRUPDWLRQ� E\� K\GURH[WUXVLRQ� �+(�� FRP�
ELQHG�ZLWK� GUDZLQJ� DQG�KHDW� WUHDWPHQW� UH�
VXOWV�LQ�LPSURYHG�IXQFWLRQDO�SURSHUWLHV�RI�D
1E7L� DOOR\� GXH� WR� D� PRUH� KRPRJHQHRXV
QDQRVWUXFWXUH�ZLWK�HTXLD[HG�E�SKDVH�JUDLQV
DQG� QDQRGLVSHUVH� SUHFLSLWDWLRQV� RI� WKH� VHF�
RQGDU\�D�SKDVH�IRUPHG�LQ�WKH�DOOR\�
7KLV� SDSHU� LV� DLPHG� DW� WKH� LQYHVWLJDWLRQ

RI� WKH� HIIHFW� RI� SUHOLPLQDU\�(&0$3�GHIRU�
PDWLRQ� YDOXH� RQ� SKDVH� FRPSRVLWLRQ�� VWUXF�
WXUH�DQG�SURSHUWLHV�RI�WKH�1E7L�DOOR\�DV�ZHOO
DV� DW� GHWHUPLQLQJ� WKH� UDWLRQDO� PRGH� RI
(&0$3�GHIRUPDWLRQ�
7KH� ELPHWDOOLF� URGV� RI� 1E������ DW���7L

DOOR\� LQ� D� FRSSHU� PDWUL[� SUHSDUHG� E\� KRW�
SUHVVLQJ� DW� ����&� ZHUH� XVHG� DV� WKH� LQLWLDO
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ELOOHWV�� 7KLV� DOOR\� LV� D� WZR�SKDVH� FRPSRVL�
WLRQ� ZLWK� E�VROLG� VROXWLRQ� ZLWK� EFF� ODWWLFH�
ZKLFK� LV� WKH�PDMRU� SKDVH�� DQG� D� VPDOO� YRO�
XPH�IUDFWLRQ��a������RI�KH[DJRQDO�D�SKDVH�
6RPH� ELOOHWV� ZHUH� GHIRUPHG� E\� +(� WR� D

GLDPHWHU�RI�����PP�ZLWK�WKH�XQLW�GHIRUPD�
WLRQ� GHJUHH� Ë�d������ WKHQ� WKH\� ZHUH� GUDZQ
ZLWK�SDUWLDO�GHIRUPDWLRQV�Ë�d�����WR� IRUP�D
VXSHUFRQGXFWLQJ� ZLUH� RI� ����PP� LQ� GLDPH�
WHU�� 7KH� RWKHU� ELOOHWV� ZHUH� SURFHVVHG� E\
(&0$3� ZLWK� WKH� DFFXPXODWHG� GHIRUPDWLRQ
YDOXH� H� ������ ��� SDVVHV��� ����� ��� SDVVHV��
����� ���� SDVVHV��� DQG� ������ ���� SDVVHV��
WKHQ� GHIRUPHG� E\� +(� DQG� GUDZLQJ� XQGHU
WKH�DERYH�UHJLPHV�DQG�URXWHV�ZLWK�WKH�WRWDO
YDOXH�RI�PRQRWRQRXV�VKDSH�FKDQJH�Ë� ������
7KH� ��� PP� ORQJ� VSHFLPHQV� ZHUH� GH�

IRUPHG�E\�(&0$3�DW�D�ODERUDWRU\�SODQW�>�@�
7KH�(&0$3�ZDV�GRQH�E\�VTXHH]LQJ�D�ELOOHW
WKURXJK�D���DQJOH�GHIRUPLQJ�V\VWHP�KDYLQJ
IRXU� LQWHUVHFWLQJ� FKDQQHOV� RI� HTXDO� VHFWLRQ
ZLWK�WKH�LQWHUVHFWLRQ�KDOI�DQJOHV�T�� ������T� ������T�� ����� DQG�GHIRUPDWLRQ�GHJUHH�SHUSDVV�Ë�� �������7R� IRUP�DQ�HTXLD[LDO� VWUXF�WXUH� RI� WKH� DOOR\�� WKH� ELOOHW�� LQ� HDFK� VXE�
VHTXHQW�SUHVVLQJ�F\FOH��ZDV�URWDWHG�WKURXJK
DQ�DQJOH�RI������ZLWK�UHVSHFW� WR� WKH� WUDQV�
YHUVH� D[LV� DQG� WKURXJK�����ZLWK� UHVSHFW� WR
WKH� ORQJLWXGLQDO� D[LV�� 7KH� VSHFLPHQV� WR� EH
LQYHVWLJDWHG�ZHUH�WDNHQ�SDVW�WKH�QXPEHU�RI
SDVVHV�PXOWLSOHV�RI�IRXU�
7KH� SKDVH� DQDO\VLV� ZDV� SHUIRUPHG� DQG

ILQH� VWUXFWXUH� SDUDPHWHUV� �PLFURVWUHVV� YDO�
XHV�� 'D�D�� DQG� VL]H� RI� FRKHUHQW� VFDWWHULQJ
UHJLRQV�� 'FVU�� ZHUH� GHWHUPLQHG� XVLQJ� DQ;�UD\� GLIIUDFWRPHWHU� �'521�<0��� XVLQJ
TXDQWLWDWLYH� DQG� TXDOLWDWLYH� DQDO\VLV� PHWK�
RGV��7KH�PHDVXUHPHQW�HUURUV� IRU� VHFRQGDU\
D�SKDVH� FRQWHQW� �QD�� DQG� ILQH�VWUXFWXUH� SD�UDPHWHUV�ZHUH�DERXW�����DQG�������UHVSHF�
WLYHO\�� 7KH� FRSSHU� HQFORVXUH� ZDV� SLFNOHG
DZD\� SULRU� WR� SUHSDUDWLRQ� RI� VDPSOHV� IRU
;�UD\� VWXGLHV�� 0LFURKDUGQHVV�� +P�� ZDVPHDVXUHG�E\�D�307��� LQVWUXPHQW�DW�D� ORDG
RI�����1�ZLWK�H[SHULPHQWDO�HUURU�RI�������
7KH�PHFKDQLFDO�SURSHUWLHV��\LHOG�VWUHQJWK�VEDQG� HORQJDWLRQ� G�� RI� WKH� ELPHWDOOLF� FRSSHU�
VWDELOL]HG� VXSHUFRQGXFWLQJ� ZLUH� ZHUH� HVWL�
PDWHG� XQGHU� WHQVLOH� WHVW� RI� ���� PP� ORQJ
VSHFLPHQV� XVLQJ� D� WHQVLOH�WHVWLQJ� PDFKLQH
=0����� LQ� WKLV� FDVH�� WKH� UHODWLYH� PHDVXUH�
PHQW�HUURU�ZDV��������7KH�FULWLFDO�FXUUHQW
GHQVLW\� IRU� WKH�ZLUH� �OHQJWK�XS� WR�����PP
DQG�GLDPHWHU�����PP��VSHFLPHQV� LQ�WKH�GH�
IRUPHG� DQG� KHDW�WUHDWHG� VWDWHV� ZDV� PHDV�
XUHG� DW� ���� .� LQ� WUDQVYHUVH� H[WHUQDO� PDJ�
QHWLF� ILHOGV�XS� WR����7� �WKH� FULWHULRQ�EHLQJ
����P9�FP��� 7KH� ILQDO� KHDW�WUHDWPHQW� �+7�

RI�WKH�GHIRUPHG�VSHFLPHQV�ZDV�GRQH�LQ�YDF�
XXP�RI����Ü��PP�+J��DW�����&�IRU���K�
7KH���7�DOOR\� LV�NQRZQ�WR�EH�ZLWKLQ�WKH

WZR�SKDVH� UHJLRQ� RI� WKH�1E7L� V\VWHP� SKDVH
GLDJUDP�� LW� PD\� FRQWDLQ� WKH� LQFOXVLRQV� RI
VHFRQGDU\�SKDVHV�LQ�E�VROLG�VROXWLRQ��7KH�;�
UD\� GLIIUDFWLRQ� DQDO\VLV� RI� VHPLILQLVKHG
LWHPV� DQG� ILQLVKHG� SURGXFW� FRQILUPHG� WKH
SUHVHQFH� RI� VHFRQGDU\�D�SKDVH� LQ� WKH�PDWH�
ULDO�� 7KH� LQFUHDVH� RI� WKH� (&0$3� GHIRUPD�
WLRQ� GHJUHH� WR� Ë� ������ UHVXOWV� LQ� D� �� �
LQFUHDVH� RI�D�SKDVH� YROXPH� FRQWHQW� �)LJ����
FXUYH� ���� ,W� LV� VHHQ� WKDW� WKHUH� H[LVWV� D
UDWKHU� QDUURZ� UHJLRQ� RI� WKH�(&0$3�GHIRU�
PDWLRQ�GHJUHHV��Ë� �������ZKHUH�WKH�YROXPH
FRQWHQW� RI� D�SKDVH� UHDFKHV� LWV� PD[LPXP�
)RU�RWKHU�GHIRUPDWLRQ�GHJUHHV�� WKH�D�SKDVH
FRQWHQW� GHFUHDVHV� GUDVWLFDOO\�� 6XFK� D� GH�
SHQGHQFH� KDV� EHHQ� DOUHDG\� REVHUYHG� LQ� >�@�
ZKHUH� WKH� LQIOXHQFH� RI� K\GURSUHVVLQJ� SD�
UDPHWHUV�ZDV� VWXGLHG�� ,Q� WKDW� FDVH�� WKH�GH�
SHQGHQFH�ZDV� DVVRFLDWHG�ZLWK� WKH� IDYRUDEOH
VWUXFWXUH�VWUHVVHG�VWDWH�IRUPHG�
$IWHU� WKH�FRPELQHG�SURFHVVLQJ�� WKH�DOOR\

LV�LQ�KLJKO\�GHIRUPHG�ILQH�FU\VWDOOLQH�VWDWH�
7KH�&65�VL]H�GHFUHDVHV�ZLWK�WKH�LQFUHDVH�RI
DFFXPXODWHG� VWUDLQ� YDOXH� UHVXOWLQJ� IURP�RI
(&0$3��)LJ������LW�EHFRPHV�HTXDO�WR����DQG
���QP�IRU�H� ������DQG��������UHVSHFWLYHO\�
7KH�GHSHQGHQFH�RI�,,�RUGHU�PLFURVWUHVVHV�RQ
WKH� (&0$3� GHIRUPDWLRQ� GHJUHH� LV� QRW�PR�
QRWRQRXV� ZLWK� 'È�È� PLQLPXP� RI� �������Ü�
IRU�H� �������7KH�ILQH�VWUXFWXUH�SDUDPHWHUV
RI� DOOR\� VDPSOHV� REWDLQHG� ZLWKRXW� (&0$3
DUH��'FVU� ����QP��'D�È� ��������Ü��7KH� FKDUDFWHU� RI� WKH� PLFURKDUGQHVV� GH�
SHQGHQFH� RI� RQ� (&0$3� GHIRUPDWLRQ� YDOXH
�)LJ�����FXUYH����FRUUHODWHV�ZLWK�WKH�FKDUDF�
WHU�RI�FKDQJHV�LQ�D�SKDVH�FRQWHQW��+HQFH��LW

)LJ����� 'HSHQGHQFHV� RI� D�SKDVH� FRQWHQW� ���
DQG� PLFURKDUGQHVV� ���� RI� ���� DOOR\� RQ
(&0$3�GHIRUPDWLRQ�YDOXH�
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FDQ�EH� DVVXPHG� WKDW� WKH� LQFUHDVH� LQ�PLFUR�
KDUGQHVV�GXH�WR�WKH�LQFUHDVH�LQ�WKH�TXDQWLW\
RI� RI� ILQH�GLVSHUVH� VHFRQGDU\� D�SKDVH� SUH�
FLSLWDWLRQV�LQ�WKH�YROXPH�RI�(&0$3�FUHDWHG
LVRWURSLF� VWUXFWXUH�ZKLFK�KDV� EHHQ� WKHQ�UH�
RUJDQL]HG�E\�K\GURH[WUXVLRQ�DQG�GUDZLQJ�
7KH� WHQVLOH� WHVWV� RI� WKH� ZLUH� VSHFLPHQV

VKRZ�WKDW�E\�YDU\LQJ�WKH�(&0$3�GHIRUPD�
WLRQ� GHJUHH�� WKH� KLJKHVW� SODVWLF� SURSHUWLHV
DQG� KLJK� HQRXJK� VWUHQJWK� DUH� DWWDLQHG� IRU
H� �������)LJ������7KH�SODVWLFLW\�GHFUHDVHV�LQ
FDVHV� RI� KLJK� GHJUHHV� RI� GHIRUPDWLRQ�� 7KLV
IHDWXUH�FDQ�EH�H[SODLQHG�E\�WKH�DERYH�PHQ�
WLRQHG�FKDQJHV�LQ�WKH�SKDVH�FRPSRVLWLRQ�DQG
LQ� WKH� VWUXFWXUH�VWUHVVHG� VWDWH� �)LJV����� ��
DV� ZHOO� DV� E\� WKH� ORZHULQJ� RI� WKH� LVRWURSLF
VWUDLQ�KDUGHQLQJ�HIIHFW�
� 7KH� VXSHUFRQGXFWRU� VSHFLPHQV� REWDLQHG

XVLQJ� WKH� (&0$3� SRVVHVV� KLJKHU� FXUUHQW
FKDUDFWHULVWLFV� LQ� WKH� ZKROH� PDJQHWLF� ILHOG
UDQJH� DV� FRPSDUHG� WR� WKH� VXSHUFRQGXFWRU
SURGXFHG� ZLWKRXW� (&0$3� �)LJ���D�� E��� 7KH

GHSHQGHQFHV� DUH� XQPRQRWRQRXV� KDYLQJ� D
PD[LPXP� DW� H� ������ �)LJ������ 7KH� LQWUR�
GXFWLRQ�RI�(&0$3�DW�H� ������LQWR�WKH�WHFK�
QRORJ\� RI� VXSHUFRQGXFWLQJ� ZLUH� SURGXFWLRQ
JLYHV� D� ��� �� LQFUHDVH� RI� WKH� FULWLFDO� FXU�
UHQW�GHQVLW\� IRU� WKH�GHIRUPHG�VSHFLPHQV� LQ
WKH�PDJQHWLF�ILHOG�RI���7��7KH�DFFXPXODWLRQ
RI�GHIRUPDWLRQ�E\�(&0$3�WR�H� ������FRP�
ELQHG�ZLWK�ILQDO�KHDW�WUHDWPHQW������&����K�
UHVXOWV� LQ�D�GRXEOHG� LQFUHDVH�RI�WKH�FULWLFDO
FXUUHQW�GHQVLW\�
,QYHVWLJDWLRQ�RI�PDJQHWLF� ILHOG�HIIHFW�RQ

WKH�SLQQLQJ� IRUFH�)S� �)LJ���D�� E�� VKRZ� WKDWWKH� SLQQLQJ� PHFKDQLVP� LV� GLIIHUHQW� LQ� ORZ
DQG�KLJK�PDJQHWLF�ILHOGV��7KH�SLQQLQJ�IRUFH
ZDV� GHWHUPLQHG� DV� )¯� �-°�{�� ZKHUH� -°� LVWKH� FULWLFDO� FXUUHQW� GHQVLW\�� {�� WKH� FRUUH�
VSRQGLQJ�PDJQHWLF�ILHOG��)RU���7�DOOR\��WKH
H[SHULPHQWDOO\� GHWHUPLQHG� XSSHU� FULWLFDO
PDJQHWLF� ILHOG�%&��PDNHV� ��� 7�� 7KH�PD[L�PXP� RI� SLQQLQJ� IRUFH� )S� LV� DW� GLIIHUHQWYDOXHV� RI� WKH� UHGXFHG� PDJQHWLF� LQGXFWLRQ

)LJ�����'HSHQGHQFHV�RI�ILQH�VWUXFWXUH�SDUDPH�
WHUV� IRU� ���� DOOR\� RQ� (&0$3� GHIRUPDWLRQ
YDOXH�

)LJ�����'HSHQGHQFHV�RI�WKH�FULWLFDO�FXUUHQW�GHQVLW\�IRU�D�����DOOR\�EDVHG�ELPHWDO�VXSHUFRQGXFWRU�RQ
PDJQHWLF� ILHOG� IRU� GLIIHUHQW� RI� (&0$3� GHIRUPDWLRQ� YDOXHV� LQ� GHIRUPHG� �È�� DQG� KHDW�WUHDWHG� �E�
VWDWHV�

)LJ�����'HSHQGHQFHV�RI�PHFKDQLFDO�SURSHUWLHV
RQ�(&0$3�GHIRUPDWLRQ�YDOXH�IRU�D�����DOOR\
EDVHG�ELPHWDO�VXSHUFRQGXFWRU��
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%�%&��GHSHQGLQJ�RQ�WKH�SURFHVVLQJ�SDUDPH�WHUV�� )RU� DOOR\� VSHFLPHQV� GHIRUPHG� XVLQJ
(&0$3�DW�H� �������WKH�PD[LPXP�)S�YDOXHLV� DW�%�%&�� ������ �)LJ���D��� ZKHUHDV� DIWHUKHDW� WUHDWPHQW�� WKH� )S� PD[LPXP� LV� DW%�%&�� ������ �)LJ���E��� )RU� VSHFLPHQV� RE�WDLQHG� ZLWKRXW� (&0$3�� WKH� SLQQLQJ� IRUFH
DEVROXWH� YDOXHV� DUH� ORZHU�� DQG� IRU� WKH� GH�
IRUPHG� DQG� KHDW�WUHDWHG� VWDWH�� LWV� PD[LPD
DUH�DW�%�%&�� ������DQG�������UHVSHFWLYHO\�7KH� LQFUHDVH� RI� PDJQHWLF�IOX[� SLQQLQJ
IRUFH�� WKH� VKLIW� RI� )S� PD[LPXP� WRZDUGVODYHU�PDJQHWLF� ILHOGV��DV�ZHOO�DV� WKH�EURDG�
HQLQJ�RI�WKH�SLQQLQJ�IRUFH�PD[LPXP�YDOXHV
UHJLRQ� UHVXOW� IURP� UHILQHPHQW� DQG� KRPRJ�
HQL]DWLRQ� RI� WKH� VWUXFWXUH� XQGHU� WKH� LQIOX�
HQFH� RI� FRPELQHG� SODVWLF� GHIRUPDWLRQ�
FKDQJHV� LQ�PRUSKRORJ\� DQG�YROXPH� FRQWHQW
RI�SKDVH�SUHFLSLWDWLRQV�XQGHU�WKH�KHDW�WUHDW�
PHQW� >����@�� )RU� WKH� DOOR\� VSHFLPHQV� SURF�
HVVHG� E\�(&0$3� DW� H� �������)S�PD[� LV� LQ

WKH� ZLGH� UDQJH� RI� UHGXFHG� PDJQHWLF� ILHOGV
%�%&�|���� WR����� DW� WKH� OHYHO� RI���*1�P��
EHLQJ� WZLFH� DV� PXFK� DV� WKH� SLQQLQJ� IRUFH
PD[LPXP� YDOXH� IRU� VSHFLPHQV� REWDLQHG
ZLWKRXW�(&0$3��
7KHVH�UHVXOWV�VKRZ�WKH�(&0$3�WR�EH�HI�

IHFWLYH� IRU� VWUXFWXUH� UHDUUDQJHPHQW�� 7KH
DGGLWLRQDO� DFFXPXODWHG� GHIRUPDWLRQ� GXH� WR
WKH� (&0$3� DSSOLFDWLRQ� VHHP� WR� UHVXOW� LQ
WKH� IRUPDWLRQ�RI� D� VWUXFWXUH�ZLWK� HIIHFWLYH
SLQQLQJ� FHQWHUV� >����@�� ZKLFK� LV� IDYRUDEOH
IRU� WKH� LQFUHDVH� RI� FULWLFDO� FXUUHQW�
1DQRJUDLQV�� JUDLQ� ERXQGDULHV� DQG� QDQRGLV�
SHUVH� SUHFLSLWDWLRQV� RI� D�7L� DUH� LQ� IDFW� WKH
HIIHFWLYH� SLQQLQJ� FHQWHUV� WR� HTXDO� GHJUHH�
PRUHRYHU�� WKH� VL]H� RI� VWUXFWXUDO� LQKRPR�
JHQHLWLHV� IRUPHG� GXULQJ� GHIRUPDWLRQ� DQG
KHDW� WUHDWPHQW� DUH� OLNHO\� FRPSDUDEOH� ZLWK
WKH�FRKHUHQFH�OHQJWK�>��@�
7R� FRQFOXGH�� WKH� LQFOXVLRQ� RI� (&0$3

LQWR�WKH�SURFHVVLQJ�VFKHPH�RI���7�VXSHUFRQ�
GXFWLQJ� DOOR\� UHVXOWV� LQ� D� FRQVLGHUDEOH� LQ�
FUHDVH�RI�WKH�FULWLFDO�FXUUHQW�GHQVLW\��,Q�WKH
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