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$EVWUDFW

,QWURGXFWLRQ

$OWKRXJK�1E�7L�DOOR\V�DUH�VWLOO�E\�IDU�WKH�PRVW�ZLGHO\�XVHG�VXSHUFRQGXFWRUV��WKHUH�LV�VWLOO

PXFK�WKDW�LV�XQNQRZQ�DERXW�WKHP���'HYHORSPHQW�RI�KLJK�FXUUHQW�GHQVLW\��-F��LV�RQH�RI�WKH�PRVW

DFWLYH�DUHDV�RI�UHVHDUFK�DQG�WKLV�WKXV�IRFXVHV�DWWHQWLRQ�RQ�WKH�HOHPHQWDU\�IOX[�SLQQLQJ�IRUFH��IS�

ZKLFK�RFFXUV�EHWZHHQ�YRUWLFHV�DQG�WKH�PLFURVWUXFWXUDO�IOX[�SLQQLQJ�GHIHFWV���8QIRUWXQDWHO\�IS�FDQQRW

EH�PHDVXUHG�GLUHFWO\�LQ�DQ\�PLFURVWUXFWXUH�RI�KLJK�-F�DQG�IS�PXVW�EH�LQIHUUHG�IURP�PHDVXUHPHQWV�RI

WKH�JOREDO�RU�EXON�SLQQLQJ�IRUFH��)S� �MF�[�%��DQG�IURP�PHDVXUHPHQWV�RI�WKH�SLQ�GHQVLW\�Q���7KH�LVVXH

RI�ZKDW�VXPPDWLRQ�SURFHVV�FRUUHFWO\�FRQQHFWV�IS�DQG�Q�WR�)S�LV�DOZD\V�FRQWURYHUVLDO���,Q�WKH�VWURQJ

DQG�GHQVH�SLQQLQJ�OLPLW�RI�SUDFWLFDO�DOOR\V��D�GLUHFW�VXPPDWLRQ��L�H���)S� �Q�IS��LV�JHQHUDOO\�DFFHSWHG�

,GHQWLILFDWLRQ�RI�WKH�VLJQLILFDQW�SLQQLQJ�PHFKDQLVP�V��ZKLFK�RSHUDWH�LQ�D�JLYHQ�DOOR\�LV

FUXFLDO�WR�IXUWKHU�RSWLPL]DWLRQV�RI�1E�7L���$OWKRXJK�WKH�7F�DQG�+F��YDOXHV�LQ�WKLV�V\VWHP��������.�DQG

a����7������.���DUH�PRGHVW�E\�FRPSDULVRQ�ZLWK�WKRVH�DYDLODEOH�LQ�WKH�EHVW�R[LGH��&KHYUHO�SKDVH�RU

$���VXSHUFRQGXFWRUV��WKH�DOOR\V�DUH�YHU\�GXFWLOH�DQG�VWURQJ���7KLV�FRQIHUV�JUHDW�DGYDQWDJH�LQ

SUDFWLFDO�XVH���$IWHU�D�UHFHQW�SHULRG�RI�UDSLG�LQFUHDVH�LQ�-F��-F�QRZ�KDV�UHDFKHG�D�SODWHDX�YDOXH�RI

RUGHU�����������$�PP�����7������.����:KHWKHU�WKLV�UHSUHVHQWV�DQ\�LQWULQVLF�OLPLW�RU�LV�MXVW�D

WHPSRUDU\�FRQWURO�LPSRVHG�E\�FXUUHQW�PHWKRGV�RI�PLFURVWUXFWXUH�RSWLPL]DWLRQ�LV�QRW�FOHDU���,Q�DQ\

FDVH��IXUWKHU�LQFUHDVHV�LQ�-F�RI�HYHQ��������ZRXOG�KDYH�PDMRU�WHFKQRORJLFDO�LPSDFW���8QIRUWXQDWHO\



IOX[�SLQQLQJ�SUHGLFWLRQV�DUH�LQDFFXUDWH�DW�WKLV�OHYHO�RI�SUHFLVLRQ�

7KH�VWDQGDUG�DSSURDFK�WR�GHWHUPLQLQJ�WKH�IOX[�SLQQLQJ�PHFKDQLVP�KDV�EHHQ�WR�GHWHUPLQH

WKH�VKDSH�RI�WKH�IOX[�SLQQLQJ�FXUYH�I�E���ZKHUH�E� �%�%F��DQG�WR�REVHUYH�ZKHWKHU�WKLV�UHPDLQV

FRQVWDQW��L�H���VFDOHV��ZKHQ�WKH�FXUYH�LV�PDSSHG�RXW�LQ�UHGXFHG�XQLWV��)S�)SPD[��YV��%�%F����,Q�HDUOLHU

VWXGLHV�VFDOLQJ�ZDV�JHQHUDOO\�IRXQG���+RZHYHU�D�PRUH�UHFHQW�VWXG\�RQ�D�YHU\�FDUHIXOO\�SUHSDUHG�

YHU\�KLJK�-F�VDPSOH�VKRZHG�WKDW�WHPSHUDWXUH�VFDOLQJ�GLG�QRW�RFFXU���,Q�WKLV�FRPSRVLWH��WKH�VWDUWLQJ

DOOR\�KRPRJHQHLW\�ZDV�PDGH�YHU\�KLJK�DQG�WKLV�OHG�WR�D�UDWKHU�XQLIRUP�"�7L�SUHFLSLWDWH

PLFURVWUXFWXUH���&DUHIXO�TXDQWLWDWLYH�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��7(0��VKRZHG�WKDW�-F�DQG�)S

SHDNHG�ZKHQ�WKH�SUHFLSLWDWHV�ZHUH�GUDZQ�RXW�LQWR�KLJKO\�HORQJDWHG�ULEERQV

a���[�a�����QP�LQ�WUDQVYHUVH�VHFWLRQ�DQG�VHYHUDO��P�ORQJ�SDUDOOHO�WR�WKH�ZLUH�D[LV���7KH�DYHUDJH

VHSDUDWLRQ�RI�WKH�ULEERQV�ZDV���QP���7KHVH�GLPHQVLRQV�DUH�DOO�VPDOO�FRPSDUHG�WR�WKH�FKDUDFWHULVWLF

GLPHQVLRQV�RI�WKH�IOX[�OLQH�ODWWLFH��)//����7KH�FRKHUHQFH�OHQJWK��>������.���LV�����QP�DQG�WKH�)//

ODWWLFH�VSDFLQJ�DR�LV����QP�DW���7���,Q�WKLV�DOOR\�D�YHU\�PDUNHG�FKDQJH�RI�SLQQLQJ�FXUYH�VKDSH

RFFXUUHG�DV�WKH�WHPSHUDWXUH�ZDV�UDLVHG���:KHUHDV�DW�ORZHU�WHPSHUDWXUHV��H�J���W��ù�7�7F��#������)S

ZDV�SURSRUWLRQDO�WR�E����E���WKLV�UHODWLRQVKLS�JUDGXDOO\�WXUQHG�LQWR�RQH�RI�E�������E�����DV�WKH

WHPSHUDWXUH�ZDV�UDLVHG�WRZDUGV�7F�

,Q�WKH�VWDQGDUG�*LQ]EXUJ�/DQGDX�H[SUHVVLRQ��WKH�IUHH�HQHUJ\�SHUWXUEDWLRQ�DW�D�GHIHFW�LV
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7KXV�WKH�IOX[�SLQQLQJ�FDQ�EH�DWWULEXWHG�WR�SHUWXUEDWLRQV�RI�HLWKHU�6�RU�+F���,Q�WKH�FDVH�RI�WKH

RSWLPL]HG�1E��ZW�7L�DOOR\�VWXGLHG�E\�0HLQJDVW�DQG�/DUEDOHVWLHU��LW�ZDV�DUJXHG�WKDW�ERWK�*6�DQG

*+F�WHUPV�FRQWULEXWH�WR�WKH�SLQQLQJ�DW�ORZHU�WHPSHUDWXUHV�EXW�WKDW�WKH�*+F�WHUP�LQFUHDVLQJO\

RXWZHLJKV�WKH�*6�WHUP�DV�7�WHQGV�WRZDUGV�7F���%\�FDOFXODWLQJ�WKH�FRUH�SLQQLQJ�LQWHUDFWLRQ��L�H���WKH

*+F�LQWHUDFWLRQ���PHDVXULQJ�WKH�SUHFLSLWDWH�GHQVLW\�DQG�DVVXPLQJ�IXOO�VXPPDWLRQ��WKH�JOREDO�SLQQLQJ

IRUFH�)S�FRXOG�EH�GHULYHG���([FHOOHQW�DJUHHPHQW�ZLWK�H[SHULPHQW�ZDV�IRXQG���PRUHRYHU�WKH�H[SHFWHG

WKLFNQHVV��W
��GHSHQGHQFH�RI�IS��L�H���IS�"�W
��IRU�SUHFLSLWDWHV�OHVV�WKDQ��>�WKLFN�ZDV�IRXQG���+RZHYHU�WKLV

DJUHHPHQW�ZDV�PRVW�DFFXUDWH�LQ�WKH�UHJLPH�ZKHUH�7�WHQGV�WR�7F���8QIRUWXQDWHO\��DOWKRXJK�WKLV

DJUHHV�YHU\�ZHOO�ZLWK�WKH�FDOFXODWLRQ�DQG�WKH�SRVWXODWH�WKDW�FRUH�SLQQLQJ�YLD�WKH�*+F�HIIHFW

GRPLQDWHV�LQ�WKLV�UHJLRQ��LW�GRHV�QRW�DJUHH�ZLWK�WKH�ILHOG�GHSHQGHQFH�RI�)S���$V�HTXDWLRQ���VKRZV��WKH

FRUH�SLQQLQJ�WHUP�FRQWDLQV�*R*��ZKLFK�VKRXOG�YDU\�DV����E����,Q�WKH�OLPLW�7�6�7F��)S�LQ�IDFW�YDULHV�DV

���E������WKXV�FDVWLQJ�GRXEW�RQ�WKH�FRPSOHWHQHVV�RI�WKH�DERYH�FRQFOXVLRQ�

)RUWXQDWHO\�DQRWKHU�SRVVLELOLW\�RI�FKHFNLQJ�WKH�YDOLGLW\�RI�WKH�FRQFOXVLRQV�RI�0HLQJDVW�DQG

/DUEDOHVWLHU�DSSHDUV�WR�EH�DYDLODEOH���-XVW�DV�WKH�UHODWLYH�VWUHQJWK�RI�*6�DQG�*+F�FKDQJH�ZLWK

WHPSHUDWXUH�IRU�JLYHQ�DOOR\��H�J���WKH�1E��ZW�7L�RI�WKH�0HLQJDVW��/DUEDOHVWLHU�VWXG\���VR�WRR�GRHV

WKH�UHODWLYH�VWUHQJWK�RI�*6�DQG�*+F�YDU\�ZLWK�DOOR\�FRQWHQW�DW�FRQVWDQW�UHGXFHG�WHPSHUDWXUH���$

GHWDLOHG�VWXG\�RI�3DUHN�HW�DO��KDG�HDUOLHU�VKRZQ�WKDW�WKH�SLQQLQJ�FXUYH�RI�1E��ZW�7L�ZDV�PXFK

FORVHU�WR�D����E���WKDQ�WR�D����E��GHSHQGHQFH���$�SUHOLPLQDU\�VWXG\�E\�:DUQHV�DQG�/DUEDOHVWLHU

VKRZHG�D�JUDGXDO�FKDQJH�IURP����E��WR����E���W\SH�EHKDYLRU�DV�WKH�7L�FRQWHQW�ZDV�LQFUHDVHG��

8QIRUWXQDWHO\��QHLWKHU�VWXG\�KDG�DQ\�PLFURVWUXFWXUDO�FRPSRQHQW���6LQFH�WKHUH�LV�DEXQGDQW�HYLGHQFH

WKDW�WKH�PLFURVWUXFWXUH�FKDQJHV�VLJQLILFDQWO\�RYHU�WKLV�UDQJH��QR�ILUP�FRQFOXVLRQV�FDQ�UHDOO\�EH



GUDZQ�IURP�WKH�VWXG\���)RU�H[DPSOH�(YHWWV�DQG�3OXPPHU�DQG�'HZ�+XJKHV�KDYH�ERWK�SURSRVHG�WKDW

WKH�YHU\�HORQJDWHG��ODPLQDU�SUHFLSLWDWHV�SURGXFHG�LQ�RSWLPL]HG�1E�����ZW�7L�DUH�UHVSRQVLEOH�IRU

WKH�VWURQJ�FRUH�SLQQLQJ�DQG�WKH����E��GHSHQGHQFH���7KLV�YLHZ�KDV�EHHQ�FRQWHVWHG�E\�.X�SIHU�DQG

0DWVXVKLWD�VLQFH�WKH\�REVHUYHG�WKDW�D����E��GHSHQGHQFH�ZDV�REVHUYHG�ZKHWKHU�RU�QRW�WKH�IOX[�OLQHV

ZHUH�SDUDOOHO�WR�WKH�ULEERQV�RU��DV�LV�WKH�XVXDO�FDVH��RUWKRJRQDO�WR�WKHP���7KH�SXUHO\�VKDSH�UHODWHG

RULJLQ�RI�WKH����E��GHSHQGHQFH�DOVR�DSSHDUV�LQFRPSDWLEOH�ZLWK�WKH�UHVXOWV�RI�0HLQJDVW�DQG

/DUEDOHVWLHU��VLQFH�RQO\�D�FKDQJH�RI�WHPSHUDWXUH�LV�QHHGHG�WR�FKDQJH�WKH�VKDSH�RI�WKH�FXUYH�

7KXV�WR�VXPPDUL]H�EULHIO\�D�UDWKHU�FRPSOH[�VWRU\��LW�LV�DSSDUHQW�WKDW��LQ�VSLWH�RI�PDQ\

DGYDQFHV�LQ�UDLVLQJ�WKH�)S�RI�1E�7L�FRQGXFWRUV��WKH�EDVLF�GHWDLOV�RI�WKH�IOX[�SLQQLQJ�EHKDYLRU�DUH

XQFOHDU���7KH�XSSHU�OLPLW�WR�-F�LV�JLYHQ�E\�WKH�GHSDLULQJ�FXUUHQW�GHQVLW\��-G���JLYHQ�E\�+F�8���7KXV�-G

�����.��IRU�1E��ZW�7L�LV��8������.�� �����QP���R�+F� ����7����2EVHUYHG�YDOXHV�RI�-F��+ ���DUH�RI�RUGHU

��[�����$�PP���WKXV�VKRZLQJ�WKDW�RSWLPL]HG�1E�7L�FRQGXFWRUV�IDOO�DERXW�D�IDFWRU�RI�"""�EHORZ�WKHLU

XSSHU�OLPLW���%\�FRQWUDVW�WKH�EHVW�R[LGH�VXSHUFRQGXFWRU�WKLQ�ILOPV�KDYH�-F�YDOXHV�RI�JUHDWHU�WKDQ����

-G���3RWHQWLDOO\�WKHUHIRUH�WKHUH�VWLOO�H[LVWV�FRQVLGHUDEOH�RSSRUWXQLW\�IRU�UDLVLQJ�WKH�-F�LQ�1E�7L��

)LQGLQJ�RXW�ZKLFK�LV�WKH�NH\�RSHUDWLQJ�SLQQLQJ�PHFKDQLVP�DQG�KRZ�EHVW�LW�FDQ�EH�EURXJKW�LQWR

RSHUDWLRQ�SUHVHQWO\�VHHPV�WKH�NH\�WR�IXUWKHU�DGYDQFHV���7KLV�SDSHU�GHVFULEHV�D�VWXG\�RI�WKH�IOX[

SLQQLQJ�EHKDYLRU�LQ�1E�7L�DOOR\V�FRYHULQJ�WKH�DOOR\�UDQJH����WR���ZW�7L���7KH�PLFURVWUXFWXUHV�ZHUH

DOVR�FRQWUROOHG�VR�DV�WR�EH�DV�XQLIRUP�DV�SRVVLEOH�IURP�RQH�DOOR\�WR�DQRWKHU���,Q�WKLV�ZD\�LW�ZDV�KRSHG

WR�FKHFN�WKH�K\SRWKHVLV�WKDW�WKH�UHDVRQ�IRU�WKH�FKDQJH�LQ�SLQQLQJ�FXUYH�VKDSH�ZLWK�DOOR\�FRQWHQW�ZDV

GXH�WR�WKH�LQFUHDVLQJ�UROH�RI�*+F�SLQQLQJ�UDWKHU�WKDQ�WR�PRUSKRORJLFDO�IDFWRUV�

([SHULPHQWDO�'HVLJQ

�L���$OOR\�IDEULFDWLRQ

7KH�JRDO�ZDV�WR�REWDLQ�D�VHW�RI�DOOR\V��ZKLFK�FRYHUHG�WKH�DOOR\�UDQJH�IURP�KLJK�1E�FRQWHQW�WR

KLJK�7L�FRQWHQW�DQG�ZKRVH�FKHPLFDO�KRPRJHQHLW\�DQG�VL]H�ZDV�VXLWDEOH�IRU�FRPSRVLWH�FRQGXFWRU



PDQXIDFWXUH���7KHVH�UHTXLUHPHQWV�DUH�UDWKHU�RQHURXV���$�IXQGDPHQWDO�UHTXLUHPHQW�ZDV�WR�REWDLQ

VLPLODU�PLFURVWUXFWXUHV���&DUHIXO�VWXGLHV�ZLWKLQ�RXU�JURXS�KDYH�VKRZQ�WKDW�YHU\�KLJK�WUXH�VWUDLQV��,

 ���OQ��'R�'���ZKHUH�'R�LV�WKH�ODVW�UHFU\VWDOOL]DWLRQ�GLDPHWHU�DQG�'�WKH�FROG�ZRUNHG�GLDPHWHU��DUH

QHHGHG�WR�VXSSUHVV�T�SKDVH�DQG�:LGPDQVWD� WWHQ��L�H���QHHGOH�OLNH��"�7L���)RU�a�1E��ZW�7L�WKLV�SUH�

VWUDLQ�,S�LV�a���EXW�LW�ULVHV�DSSUR[LPDWHO\�OLQHDUO\�ZLWK�FRPSRVLWLRQ��UHDFKLQJ�a����DW�1E;;ZW�7L��

7KHVH�VWUDLQV�GLFWDWH�WKDW�WKH�DOOR\V�EH�LQGXVWULDOO\�PHOWHG���*LYHQ�WKDW�LW�LV�GHVLUDEOH�WR�EUHDN�XS

WKH�FDVW�LQJRW�VWUXFWXUH�E\�ZRUNLQJ�DQG�H[WUXVLRQ��PHOWLQJ�RQ�D�VFDOH�RI�DW�OHDVW�����PP�GLDPHWHU�LV

LQGLFDWHG���6XFK�DQ�LQJRW�FDQ�WKHQ�EH�H[WUXGHG�WR�������PP�GLDPHWHU�DQG�WKHQ�UHFU\VWDOOL]HG�WR�D

ILQH�JUDLQHG�VWUXFWXUH���6LQFH�D�VWUDLQ�RI����LV�HTXLYDOHQW�WR�D�GLDPHWHU�UHGXFWLRQ�RI������WKLV

SURGXFHV�D�ILODPHQW�VL]H�RI�RUGHU������P���+HDW�WUHDWPHQW�DQG�VXEVHTXHQW�GUDZLQJ�JHQHUDOO\

UHTXLUHV�DW�OHDVW�DQRWKHU�VWUDLQ�RI����'R�'�ù�����WR�EH�RSWLPXP��WKXV�UHGXFLQJ�WKH�ILODPHQW�GLDPHWHU

WR�a����P���7KLV�LV�ULJKW�DW�WKH�OLPLW�ZKHUH�1E�7L�ILODPHQWV�KDYLQJ�QR�1E�GLIIXVLRQ�EDUULHU�FDQ�ZRUN

ZLWKRXW�ILODPHQW�VDXVDJLQJ�DQG�VXFK�FRPSRVLWHV�DUH�FOHDUO\�XQVXLWDEOH�IRU�EDVLF�IOX[�SLQQLQJ

VWXGLHV�

7KHVH�UHTXLUHPHQWV�GLFWDWHG�WKH�DOOR\�VHOHFWLRQ�ZKRVH�GHWDLOV�DUH�JLYHQ�LQ�7DEOH�,���$OOR\V�RI

�������������������������DQG���7L�ZHUH�XVHG�LQ�WKH�VWXG\���$OO�DQDO\]HG�FRPSRVLWLRQV�IHOO�ZLWKLQ

���ZW�7L�RI�WKHVH�QRPLQDO�FRPSRVLWLRQV���7UDFH�HOHPHQW�DQDO\VHV�IHOO�ZLWKLQ�VWDQGDUG�WROHUDQFHV��

)RU�H[DPSOH��R[\JHQ�YDULHG�IURP�����WR�����SSP�E\�ZHLJKW���7KH�DOOR\V�FDPH�IURP���GLIIHUHQW

EDWFKHV�RI�7HOHG\QH�:DK�&KDQJ�$OEDQ\
V�SURGXFWLRQ���7ZR�DOOR\V�1E����ZW�7L�DQG�1E��ZW�7L

ZHUH�PHOWHG�RQ�D�IXOO�LQGXVWULDO�VFDOH��GLDPHWHU�!������DQG�ZHUH�RI�VWDQGDUG�FKHPLFDO�KRPRJHQHLW\��

7KH�UHPDLQLQJ�DOOR\V�ZHUH�VSHFLDOO\�FRPPLVVLRQHG�IRU�WKLV�VWXG\�DQG�ZHUH�PHOWHG�DW����GLDPHWHU��

7KH�ILUVW�EDWFK��1E�������DQG���7L��ZHUH�H[WUXGHG�WR������GLD��ZKLOH�WKH�VHFRQG�ZHUH�H[WUXGHG�WR

�������GLD���%RWK�ZHUH�UHFU\VWDOOL]HG�DW�WKLV�VL]H�DQG�GUDZQ�GRZQ�WR�������SULRU�WR�GHOLYHU\�WR�XV��

7KXV�'R�ZDV������IRU�DOO�DOOR\V�H[FHSW�1E���DQG���ZW�7L��IRU�ZKLFK�LW�ZDV����������:H�GHIHU

GLVFXVVLRQ�RI�WKH�GLIIHUHQFH�EHWZHHQ�VWDQGDUG�DQG�KLJK�KRPRJHQHLW\�DOOR\�XQWLO�ODWHU�



7KH�DOOR\V�ZHUH�PDGH�LQWR����ILODPHQW�FRQGXFWRUV�LQ�RXU�ODERUDWRU\���&DUHIXO�VWDFNLQJ�DQG

VKHDWKLQJ�RI�WKH�1E�7L�DOOR\�OHG�WR�D�UDWKHU�XQLIRUP�ILODPHQW�DUUD\��GR�ZH�KDYH�D�ILJXUH�WR�SXW�LQ

KHUH"���,Q�RUGHU�WR�DYRLG�SUHFLSLWDWLRQ�RI�T�RU�QHHGOH�OLNH�"�7L��WKH�ILUVW�KHDW�WUHDWPHQW�ZDV�GHOD\HG

XQWLO�WKH�VWUDLQ�ZDV�a������7KLV�ODUJH�GHJUHH�RI�FROG�ZRUN�SULRU�WR�KHDW�WUHDWPHQW�HQVXUHV�XQLIRUP

JUDLQ�ERXQGDU\�WULSOH�SRLQW�SUHFLSLWDWLRQ�LQ�1E��ZW�7L�WR�1E��ZW�7L��EDVHG�RQ�WKH�SUHYLRXVO\

REVHUYHG�UHODWLRQVKLS�EHWZHHQ�SUH�VWUDLQ�DQG�SUHFLSLWDWH�PRUSKRORJ\����+RZHYHU��LW�ZDV�QRW

H[SHFWHG�WR�EH�VXIILFLHQW�IRU�WKH�1E��ZW�7L�DOOR\��D�FRPSURPLVH�EHLQJ�QHFHVVDU\�LQ�RUGHU�WR�SURYLGH

VXIILFLHQW�ILQDO�VWUDLQ�ZLWKLQ�WKH�OLPLWV�RI�WKH�DYDLODEOH�VWUDLQ�VSDFH�

7KH�JRDO�RI�WKH�KHDW�WUHDWPHQWV�ZDV�WR�SURGXFH�PLFURVWUXFWXUHV�ZKLFK�ZHUH�DV�VLPLODU�DV

SRVVLEOH���+DYLQJ�DWWHPSWHG�WR�HQVXUH�RQO\�JUDLQ�ERXQGDU\�"�7L�QXFOHDWLRQ��ZH�WKHQ�VFDOHG�WKH�KHDW

WUHDWPHQW�WHPSHUDWXUH�DW�IL[HG�WLPH�����KUV���VXFK�WKDW�D�FRQVWDQW�GLIIXVLRQ�DPRXQW�ZRXOG�RFFXU��

7KH�LQSXW�GDWD�WR�WKH�FDOFXODWLRQ�ZDV�D�VXPPDU\�E\�0RIIDW�RI�GLIIXVLRQ�GDWD�IRU�1E�LQ�1E�7L�DOOR\V�

IURP�D�ZLGH�YDULHW\�RI�VRXUFHV������
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ZKHUH�[�LV�WKH�DWRPLF�IUDFWLRQ�RI�1E���7KH�FDOFXODWLRQ�ZDV�EDVHG�RQ�WKH�GLIIXVLRQ�RI�1E�VLQFH�'1E���

'7L�DQG�WKH�1E�GLIIXVLRQ�LV�WKXV�WKH�UDWH�OLPLWLQJ�VWHS���

7KH�EDVHOLQH�WUHDWPHQW�WKDW�ZH�ZLVKHG�WR�PRGHO�ZDV�WKDW�RI����KUV�DW����E&��ZKLFK�ZH

NQRZ�SURGXFHV�D�UDWKHU�XQLIRUP�JUDLQ�ERXQGDU\�OD\HU�RI�"�7L�ZKLFK�LV�����QP�WKLFN���7KLV�WKHQ

JURZV�RXW�WR�SURGXFH�DSSUR[LPDWHO\�HTXLD[HG�SUHFLSLWDWHV�ZKLFK�DUH�������QP�LQ�GLDPHWHU�LQ

WUDQVYHUVH�FURVV�VHFWLRQ���7KH�KHDW�WUHDWPHQW�WHPSHUDWXUHV�UHVXOWLQJ�IURP�WKLV�FDOFXODWLRQ�DUH�OLVWHG



LQ�7DEOH���DQG�HDFK�RI�WKH�ZLUHV�ZDV�JLYHQ�D����KU�KHDW�WUHDWPHQW�DW�WKLV�WHPSHUDWXUH���)XUWKHU�FROG

GUDZLQJ�VWUDLQV�ZHUH�DGPLQLVWHUHG�IROORZLQJ�WKH�KHDW�WUHDWPHQW���([FHSW�IRU�WKH�1E��ZW�7L�DOOR\�

VDPSOHV�ZHUH�WDNHQ�DW�D�ILQDO�VWUDLQ�RI�,I� �������������DQG�����,Q�WKH�FDVH�RI�WKH�1E��ZW�7L�DOOR\��WKH

ZLUH�ZDV�WRR�EULWWOH�WR�EH�GUDZQ�IXUWKHU�IROORZLQJ�KHDW�WUHDWPHQW�

�LL���0LFURVWUXFWXUDO�H[DPLQDWLRQ

0LFURVWUXFWXUDO�PHDVXUHPHQWV�ZHUH�PDGH�RQ�WKH�VDPSOHV�XVLQJ�D�-(2/����&;��VFDQQLQJ�

WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRSH��67(0�7(0����6DPSOHV�ZHUH�SUHSDUHG�IRU�7(0�DQDO\VLV�DV

IROORZV���)LUVW�WKH�RXWVLGH�GLDPHWHU�RI�WKH�ZLUH�ZDV�PRGLILHG�WR���PP�E\�HWFKLQJ�WKH�FRSSHU�DZD\�RQ

WKH�ODUJH�PRQRILODPHQWV��RU�E\�SODWLQJ�FRSSHU�RQWR�WKH�ILQHU�ZLUHV���7UDQVYHUVH�FURVV�VHFWLRQV�RI�WKH

ZLUH�ZHUH�FXW�XVLQJ�D�GLDPRQG�VDZ���7KHVH�VHFWLRQV�ZHUH�JURXQG�GRZQ�XQWLO�WKH\�ZHUH������P�WKLFN��

)XUWKHU�WKLQQLQJ�RI�WKH�VSHFLPHQV�ZDV�SHUIRUPHG�XVLQJ�D�MHW�HOHFWURSROLVKLQJ�DSSDUDWXV�ZLWK�D

VROXWLRQ�RI��YRO��+)���YRO��+�62��DQG���YRO��0HWKDQRO���7KH�SROLVKLQJ�FRQGLWLRQV�ZHUH����E&�

����P$�PP���DQG����9���,RQ�PLOOLQJ�ZDV�SHUIRUPHG�RQ�VHOHFWHG�VSHFLPHQV�DV�QHHGHG���

4XDQWLWDWLYH�DQDO\VLV�RI�WKH�7(0�PLFURJUDSKV�ZDV�SHUIRUPHG�XVLQJ�D�KLJK�UHVROXWLRQ������

[������SL[HOV�[�����JUH\�VKDGHV��0HJD9LVLRQ�LPDJH�SURFHVVLQJ�V\VWHP���8VLQJ�WKLV�V\VWHP

PLFURJUDSKV�RI�WKH�VDPH�UHJLRQ��EXW�DW�VPDOO�WLOW�YDULDWLRQV�DURXQG�WKH�$�SKDVH�����!�GUDZLQJ�D[LV

ZHUH�FRPELQHG��DIWHU�FRUUHFWLRQ�IRU�WLOW�GLVWRUWLRQ��WR�HQKDQFH�WKH�DWRPLF�QXPEHU�FRQWUDVW�EHWZHHQ

WKH�"�7L�SUHFLSLWDWHV�DQG�WKH�VXUURXQGLQJ�$�SKDVH�����

�LLL���&ULWLFDO�FXUUHQW�PHDVXUHPHQWV

0DJQHWL]DWLRQ�WHFKQLTXHV�ZHUH�XVHG�WR�PHDVXUH�WKH�FULWLFDO�FXUUHQW�GHQVLW\�RI�WKH�VDPSOHV��

$�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU��960��ZDV�XVHG�WR�PHDVXUH�WKH�PDJQHWL]DWLRQ�RI�WKH�VDPSOHV

DQG�WKH�FULWLFDO�FXUUHQW�GHQVLW\�ZDV�FDOFXODWHG�XVLQJ�WKH�FULWLFDO�VWDWH�PRGHO�����)RU�WKH�FDVH�RI�D

F\OLQGHU�LQ�WUDQVYHUVH�ILHOG��XVLQJ�6,�XQLWV��WKH�FULWLFDO�VWDWH�PRGHO�JLYHV
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ZKHUH�G�LV�WKH�GLDPHWHU�RI�WKH�1E�7L�ILODPHQWV�DQG�)0�LV�WKH�ZLGWK�RI�WKH�K\VWHUHVLV�ORRS�DW�D�JLYHQ

PDJQHWLF�ILHOG���7KH�SLQQLQJ�IRUFH�IRU�HDFK�PHDVXUHPHQW�ZDV�WKHQ�GHWHUPLQHG�IURP
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7KH�FORVH�VSDFLQJ�RI�WKH�GDWD�SRLQWV��WKXV�REWDLQHG��DOORZHG�D�GHWDLOHG�GHVFULSWLRQ�RI�WKH�SLQQLQJ

IRUFH�FXUYH���7KH�IOX[�SLQQLQJ�FXUYHV�HDFK�FRQWDLQHG�D�PLQLPXP�RI����GDWD�SRLQWV�DQG�PRUH�W\SLFDOO\

VHYHUDO�KXQGUHG�GDWD�SRLQWV���)RU�WKLV�VWXG\�PDJQHWL]DWLRQ�ORRSV�ZHUH�UXQ�IRU�HDFK�VDPSOH�DW��R�+F�

 ��7�����7���7�����7��DQG���7���7KLV�ZDV�DFFRPSOLVKHG�E\�ILUVW�WHVWLQJ�HDFK�VDPSOH�IURP���.�WR�7F�LQ

��.�LQWHUYDOV�LQ�RUGHU�WR�REWDLQ�WKH�+F���YHUVXV�7�FXUYH��DQG�WKHQ�LQWHUSRODWLQJ�WKH�YDOXHV�RQ�WKH

FXUYH�WR�REWDLQ�WKH�WHPSHUDWXUH�DW�ZKLFK�+F��HTXDOOHG��7�����7���7�����7��DQG���7�

7KH�960�ZDV�LQVWDOOHG�LQ�D�GHZDU�ZLWK�D�YDULDEOH�WHPSHUDWXUH�LQVHUW��97,��ZKLFK�DOORZHG

WKH�WHPSHUDWXUH�RI�WKH�VDPSOH�WR�EH�YDULHG�UHDGLO\���7KH�WHPSHUDWXUH�RI�WKH�VDPSOH�ZDV�FRQWUROOHG

XVLQJ�JHUPDQLXP�DQG�FDSDFLWDQFH�WKHUPRPHWHUV�ZKLFK�ZHUH�ORFDWHG�MXVW�EHORZ�WKH�YLEUDWLQJ

VDPSOH�LQ�WKH�IORZ�RI�KHDWHG�KHOLXP�JDV��7KH�FDOLEUDWLRQ�RI�WKH�V\VWHP�ZDV�FKHFNHG�XVLQJ�1E��7D�

3E��DQG�9�DV�7F�VWDQGDUGV���8VLQJ�WKH�FRUUHFWLRQ�REWDLQHG�ZLWK�WKHVH�VWDQGDUGV��WKH�HUURU�LQ�WKH

WHPSHUDWXUH�ZDV�DOZD\V�OHVV�WKDQ��������7KH�XSSHU�FULWLFDO�ILHOG�RI�HDFK�VDPSOH�ZDV�GHWHUPLQHG

IURP�WKH�SRLQW�DW�ZKLFK�WKH�K\VWHUHVLV�ORRS�FORVHG�RU�WKH�ZLGWK�RI�WKH�ORRS�EHFDPH�VPDOOHU�WKDW�WKH

EDFNJURXQG�QRLVH���,Q�D�IHZ�LVRODWHG�FDVHV��IRU�LQVWDQFH�IROORZLQJ�KHDW�WUHDWPHQW�ZKHQ�WKH�FRSSHU�LV

DQQHDOHG�DQG�LWV�UHVLVWLYLW\�EHFRPHV�ORZ�DQG�QHDU�7F�ZKHUH�WKH�VLJQDO�IURP�WKH�VXSHUFRQGXFWRU�ZDV

VPDOO��WKH�HGG\�FXUUHQWV�IORZLQJ�LQ�WKH�FRSSHU�IRUPHG�D�ORRS�RI�FRQVWDQW�ZLGWK�EH\RQG�+F����,Q�WKHVH

FDVHV�+F��ZDV�GHWHUPLQHG�E\�GUDZLQJ�D�OLQH�WKURXJK�WKH�OLQHDU�HGG\�FXUUHQW�FRQWULEXWLRQ��QHHGV



EHWWHU�H[SODQDWLRQ����7KH�SODFH�ZKHUH�WKH�K\VWHUHVLV�ORRS�GHYLDWHG�IURP�WKLV�OLQH�ZDV�FDOOHG�+F����7KH

DJUHHPHQW�EHWZHHQ�WKH�XS�DQG�GRZQ�UDPS�XVLQJ�WKLV�PHWKRG�ZDV�QHYHU�JUHDWHU�WKDQ��������7���7KH

GHWHUPLQDWLRQ�RI�+F��ZLWK�WKLV�PHWKRG�LV�QRW��DV�ZHOO�GHILQHG�DV�WDNLQJ�WKH�����YDOXH�RI�D�UHVLVWLYLW\

WUDFH���5DWKHU��VRPH�DPRXQW�RI�MXGJHPHQW�LV�UHTXLUHG�WR�GHWHUPLQH�ZKHUH�WKH�ORRS�FORVXUH�RFFXUUHG��

)RU�WHPSHUDWXUHV�ZKHUH�+F��!��7��DQ�XSSHU�OLPLW�RQ�WKH�HUURU�LQ�GHWHUPLQLQJ�WKH�YDOXH�RI�ILHOG�ZKHUH

WKH�ORRS�ZDV�MXGJHG�WR�FORVH�ZDV�������7���)RU�KLJKHU�WHPSHUDWXUHV�DQG�VPDOOHU�+F��YDOXHV��WKH�UDPS

UDWH�ZDV�VORZHG�DQG�WKH�HUURU�LQ�GHWHUPLQLQJ�WKH�ORRS�FORVXUH�UHVWULFWHG�WR�������7��

����0LFURVWUXFWXUDO�5HVXOWV

7KH�PLFURVWUXFWXUDO�UHVXOWV�LQ�WKLV�H[SHULPHQW�ZHUH�PXFK�PRUH�XQLIRUP�WKDQ�DQ\�SUHYLRXVO\

REVHUYHG�RQ�WKHVH�DOOR\V����������+RZHYHU��WKH�PLFURVWUXFWXUHV�REWDLQHG�ZHUH�QRW�LGHQWLFDO��DFURVV�WKH

DOOR\�UDQJH�IURP�1E��ZW�7L�WR�1E��ZW�7L���$V�GLVFXVVHG�SUHYLRXVO\�WKH�WRWDO�DYDLODEOH�VWUDLQ

VSDFH�ZDV�OLPLWHG�DQG�XQLIRUP�SUHFLSLWDWLRQ�ZDV�QRW�H[SHFWHG�WR�RFFXU�LQ�1E��ZW�7L�

7KH�SUHFLSLWDWH�PRUSKRORJ\�RI�8:������1E��ZW�7L��GLIIHUV�FRQVLGHUDEO\�IURP�WKH�UHVW�RI

WKH�ZLUHV�LQ�WKLV�VWXG\���7KH�"�7L�SUHFLSLWDWH�IRU�8:�����RFFXUUHG�SULPDULO\�LQ�WKH�IRUP�RI�D�WKLFN���

QP��JUDLQ�ERXQGDU\�ILOP���7KH�SUHFLSLWDWH�PRUSKRORJ\�IRU�1E����ZW�7L�WR�1E��ZW�7L�ZLUHV�ZDV

SULPDULO\�*UDLQ�ERXQGDU\�WULSOH�SRLQW�ZLWK�VRPH�JUDLQ�ERXQGDU\�ILOP�SUHVHQW��DV�VKRZQ�LQ�)LJXUHV

������7KH�UHVXOWV�RI�WKH�LPDJH�DQDO\VLV�IRU�WKLV�H[SHULPHQW�DUH�OLVWHG�LQ�7DEOH�����$V�VKRZQ�LQ�7DEOH

���DOWKRXJK�WKH�SUHFLSLWDWH�PRUSKRORJ\�IRU�1E����ZW�7L�WR�1E��ZW�7L�ZDV�VLPLODU��WKH�SHUFHQWDJH

RI�"�7L�SUHFLSLWDWH�RFFXUULQJ�LQ�WKHVH�DOOR\V�UDQJHG�IURP������WR�������:H�WKLQN�WKLV�UDQJH��KRZHYHU�

LV�DFFHSWDEOH�IRU�WKLV�H[SHULPHQW�

7KH�PLQLPXP�DPRXQW�RI�SUHFLSLWDWH�IRU�WKLV�LQYHVWLJDWLRQ�RFFXUUHG�LQ�1E��ZW�7L���7KH

PD[LPXP�DPRXQW�RI�SUHFLSLWDWH�IRU�WKLV�LQYHVWLJDWLRQ�RFFXUUHG�LQ�1E��ZW�7L��)LJXUH������$V

GHVFULEHG�DERYH�WKH�FROG�ZRUN�SURYLGHG�LQ�WKLV�LQYHVWLJDWLRQ�ZDV�QRW�H[SHFWHG�WR�EH�HQRXJK�WR

VXSSUHVV�LQWUDJUDQXODU�SUHFLSLWDWLRQ���$OWKRXJK�WKHUH�ZDV�QR�HYLGHQFH�RI�LQWUDJUDQXODU�SUHFLSLWDWLRQ



IRU�8:������1E��ZW�7L���WKH�SUHFLSLWDWLRQ�REVHUYHG�ZDV�YHU\�XQXVXDO���7KH�SUHFLSLWDWHV�DUH�ODUJH

DQG�HTXLD[HG�ZLWK�LUUHJXODU�LQWHUIDFHV�ZLWK�WKH�$�1E�7L�JUDLQV���7KLV�PLFURVWUXFWXUDO�PRUSKRORJ\

UHVXOWHG�LQ�ZLUH�VR�EULWWOH�WKDW�LW�FRXOG�QRW�HYHQ�EH�SXOOHG�EDFN�WKURXJK�WKH�VDPH�GLH�XVHG�SULRU�WR

KHDW�WUHDWPHQW�

)LJXUHV���DQG���VKRZ�WKH�HIIHFW�RI�JLYLQJ�8:������1E����ZW�7L��DQG�8:������1E��ZW�7L�

D�VWUDLQ�RI���IROORZLQJ�KHDW�WUHDWPHQW���)ROORZLQJ�WKH�FROG�ZRUN��WKH�"�7L�SUHFLSLWDWHV�ZHUH�DOUHDG\

YHU\�ILQH��PRVW�RI�WKH�"�7L�ZDV�.���QP�WKLFN��ZLWK�RFFDVLRQDO�WKLFNQHVVHV�DV�ODUJH�DV����QP��EXW�DUH

QRW�WKH�FODVVLF�ULEERQ�PRUSKRORJ\�QRUPDOO\�VHHQ�LQ�1E�7L�DOOR\V�������$�WRWDO�VWUDLQ�RI���IRU�8:����

�1E����ZW�7L��UHGXFHG�DOO�WKH�SUHFLSLWDWH�WR�OHVV�WKDQ���QP�WKLFN���$Q�LQWHUHVWLQJ��IHDWXUH�RI�WKHVH

PLFURVWUXFWXUHV�LV�WKH�ODFN�RI�SUHFLSLWDWH�IROGLQJ�FRPSDUHG�WR�FRQYHQWLRQDOO\�SURFHVVHG�1E����ZW�7L

DOOR\V�ZKHUH�WKH�ODUJH�TXDQWLW\�DQG�VL]H�RI�SUHFLSLWDWHV�UHVXOWV�LQ�FRQVLGHUDEOH�IROGLQJ�WUDQVYHUVH�WR

WKH�GUDZLQJ�D[LV�

����)OX[�3LQQLQJ�5HVXOWV

7KH�3LQQLQJ�IRUFH�UHVXOWV�DUH�SUHVHQWHG�LQ�WKH�IRUP�RI�UHGXFHG�SLQQLQJ�IRUFH�FXUYHV�DW�WKH

ILQDO�GUDZLQJ�VWUDLQV�RI�,I� �����������������6HYHUDO�PDMRU�WUHQGV�FDQ�EH�VHHQ�LQ�WKH�UHGXFHG�SLQQLQJ

IRUFH�UHVXOWV��)LJXUHV����������7KH�ILUVW�WUHQG�ZDV�WKDW�ZLWK�LQFUHDVLQJ�FROG�ZRUN�IROORZLQJ�WKH�KHDW

WUHDWPHQW��WKH�SHDN�LQ�WKH�FXUYH�VKLIWHG�WR�KLJKHU�UHGXFHG�ILHOGV���7KLV�VKLIW�ZDV�DOVR�REVHUYHG�E\

.X�SIHU�DQG�0DWVXVKLWD�DQG�E\�0HLQJDVW�DQG�/DUEDOHVWLHU������7KH�VHFRQG�PDMRU�WUHQG�ZDV�WKDW�DV

WKH�WHPSHUDWXUH�ZDV�LQFUHDVHG��WKH�SHDN�LQ�WKH�FXUYH�VKLIWHG�WRZDUG�ORZHU�ILHOG���7KLV�HIIHFW�ZDV

VPDOO�IRU�1E��ZW�7L�EXW�YHU\�SURQRXQFHG�IRU�1E��ZW�7L���7KH�ILQDO�WUHQG�LV�D�PHDVXUHPHQW

DUWLIDFW���$V�WKH�ZLUH�VL]H�GHFUHDVHG��WKH�QRLVH�OHYHO�LQFUHDVHG���7KLV�ZDV�GXH�QRW�RQO\�WR�WKH

GHFUHDVLQJ�YROXPH�RI�VDPSOH�SUHVHQW�EXW�DOVR�WR�WKH�UHGXFWLRQ�LQ�WKH�ILODPHQW�GLDPHWHU�VLQFH�WKH

PDJQHWLF�PRPHQW�JRHV�DV�U��
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)LJXUH����VKRZV�WKH�UHGXFHG�SLQQLQJ�IRUFH�FXUYHV�IRU�WKH�1E��ZW�7L�DOOR\���7KH�PRVW

QRWLFHDEOH�WKLQJ�DERXW�WKHVH�FXUYHV�ZDV�WKH�ODFN�RI�VFDOLQJ�IRU�WKH�DIWHU�KHDW�WUHDWPHQW�ZLUH���������

DQG�WKH�ZLUH�ZKLFK�UHFHLYHG�D�ILQDO�VWUDLQ�RI���������������7KH�VPDOOHVW�ZLUH��,I� ����G� ����������ZDV

WKH�FORVHVW�WR�H[KLELWLQJ�VFDOLQJ�EHKDYLRU�RI�DQ\�RI�WKH�ZLUHV�LQ�WKLV�VWXG\���7KH�RQO\�FXUYH�IRU�WKH

�������LQ�ZLUH�ZKLFK�GHYLDWHG�VLJQLILFDQWO\�IURP�WKH�RWKHUV�ZDV�WKH�KLJK�WHPSHUDWXUH�FXUYH���7KH

WHVWLQJ�WHPSHUDWXUH��XSSHU�FULWLFDO�ILHOG�DQG�PD[LPXP�SLQQLQJ�IRUFH�IRU�HDFK�FXUYH�LQ�)LJXUH����DUH

OLVWHG�LQ�7DEOH���

�����8:�������1E����ZW�7L

)LJXUH����VKRZV�WKH�UHGXFHG�SLQQLQJ�IRUFH�FXUYHV�IRU�1E����ZW�7L���:LWK�WKH�VPDOO�LQFUHDVH

LQ�7L�FRQWHQW��WKH�SLQQLQJ�IRUFH�FXUYHV�IROORZLQJ�KHDW�WUHDWPHQW�RI�1E����ZW�7L�ZHUH�DOUHDG\

VKLIWHG�WRZDUG�ORZHU�UHGXFHG�ILHOG�UHODWLYH�WR�WKRVH�RI�1E��ZW�7L�IROORZLQJ�KHDW�WUHDWPHQW���&ROG

ZRUNLQJ�WKH�ZLUHV�IROORZLQJ�KHDW�WUHDWPHQW�FDXVHG�WKH�SLQQLQJ�IRUFH�FXUYHV�WR�JUDGXDOO\�PRYH

WRZDUG�KLJKHU�UHGXFHG�ILHOG���7KLV�FDQ�EH�VHHQ�UHDGLO\�LI�WKH�ILJXUHV�DUH�RYHUODLG���6LPLODU�WR�WKH

EHKDYLRU�RI�WKH�RWKHU�ZLUHV�LQ�WKLV�H[SHULPHQW��WKH�FXUYHV�VKLIWHG�WRZDUG�ORZHU�UHGXFHG�ILHOGV�ZLWK

LQFUHDVLQJ�WHPSHUDWXUH���7KLV�FDQ�HDVLO\�EH�VHHQ�LQ�)LJXUH������7KH�VKLIW�WRZDUG�ORZHU�ILHOG�ZLWK

LQFUHDVLQJ�WHPSHUDWXUH�ZDV�VLPLODU�WR�WKH�REVHUYDWLRQV�RI�0HLQJDVW�DQG�/DUEDOHVWLHU�����+RZHYHU�

WKH�VKLIW�ZDV�PRUH�SURQRXQFHG�IRU�WKHLU�1E��ZW�7L�DOOR\�WKDQ�IRU�WKLV�1E����ZW�7L�DOOR\���7KH

PHDVXUHPHQW�WHPSHUDWXUHV��XSSHU�FULWLFDO�ILHOG�DQG�PD[LPXP�SLQQLQJ�IRUFH�IRU�1E����ZW�7L�DUH

OLVWHG�LQ�7DEOH���
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7KH�KLJK�WHPSHUDWXUH�UHGXFHG�SLQQLQJ�IRUFH�FXUYH�IRU�1E��ZW�7L�IROORZLQJ�WKH�KHDW

WUHDWPHQW�KDG�LWV�SHDN�DW�H[WUHPHO\�ORZ�UHGXFHG�ILHOG��ES�.�������VHH�)LJXUH�������)ROORZLQJ�D�VWUDLQ



RI����WKH�KLJK�WHPSHUDWXUH�SHDN�VKLIWHG�XS�FRQVLGHUDEO\�LQ�UHGXFHG�ILHOG��ES�.��������7KH�FROG�ZRUN

IROORZLQJ�KHDW�WUHDWPHQW�DOVR�DIIHFWHG�WKH�ORZ�WHPSHUDWXUH�PHDVXUHPHQWV�WDNLQJ�WKHP�IURP

QRQ�VFDOLQJ�IROORZLQJ�KHDW�WUHDWPHQW�WR�QHDUO\�LQGLVWLQJXLVKDEOH�FXUYH�VKDSHV�DW�D�VWUDLQ�RI�����7KLV

VFDOLQJ�ZDV�OLPLWHG�WR�ORZ�WHPSHUDWXUHV�DQG�EUHDNV�GRZQ�DV�WKH�WHPSHUDWXUH�LV�LQFUHDVHG���7KH

PHDVXUHPHQW�WHPSHUDWXUHV��XSSHU�FULWLFDO�ILHOG�DQG�PD[LPXP�SLQQLQJ�IRUFH�IRU�1E����ZW�7L�DUH

OLVWHG�LQ�7DEOH���

�����8:�������1E��ZW�7L

7KH�UHGXFHG�SLQQLQJ�IRUFH�FXUYHV�IRU�8:�����DUH�VKRZQ�LQ�)LJXUH������7KH�WUHQGV�W\SLFDO�RI

WKH�UHVW�RI�WKH�DOOR\V�FDQ�EH�VHHQ�LQ�WKHVH�FXUYHV���)ROORZLQJ�WKH�KHDW�WUHDWPHQW�WKH�UHGXFHG�SLQQLQJ

IRUFH�FXUYHV�ZHUH�VKLIWHG�WRZDUG�ORZHU�ILHOG���&ROG�ZRUN�FDXVHG�WKH�FXUYHV�WR�VKLIW�WRZDUG�KLJKHU

ILHOG���1RQH�RI�WKH�ZLUHV�VKRZHG�DQ\�LQGLFDWLRQ�RI�VFDOLQJ�EHKDYLRU��WKH�WUHQG�ZDV�D�VKLIW�WRZDUG

ORZHU�ILHOG�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH���7KH�PHDVXUHPHQW�WHPSHUDWXUHV��XSSHU�FULWLFDO�ILHOG�DQG

PD[LPXP�SLQQLQJ�IRUFH�IRU�1E��ZW�7L�DUH�OLVWHG�LQ�7DEOH���
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7KH�IOX[�SLQQLQJ�EHKDYLRU�RI�WKH�1E��ZW�7L�DOOR\��)LJXUH�����ZDV�YHU\�VLPLODU�WR�WKDW

REVHUYHG�IRU�WKH�1E��ZW�7L�DOOR\���)ROORZLQJ�WKH�KHDW�WUHDWPHQW�WKH�)S�FXUYHV�IRU�1E��ZW�7L�ZHUH

VKLIWHG�WR�VOLJKWO\�ORZHU�ILHOG�WKDQ�WKRVH�RI�WKH�1E��ZW�7L�DOOR\��WKH�DFWXDO�FRPSRVLWLRQ�GLIIHUHQFH�

OLVWHG�LQ�7DEOH����LV���������+RZHYHU��IROORZLQJ�FROG�ZRUN�WKH�)S�FXUYHV�RI�WKH�1E��ZW�7L�DOOR\�DUH

KLJKHU�LQ�UHGXFHG�ILHOG�WKDQ�WKRVH�RI�WKH�1E��ZW�7L�DOOR\���7KH�PHDVXUHPHQW�WHPSHUDWXUHV��XSSHU

FULWLFDO�ILHOG�DQG�PD[LPXP�SLQQLQJ�IRUFH�IRU�1E��ZW�7L�DUH�OLVWHG�LQ�7DEOH���

�����8:�������1E��ZW�7L

)LJXUH����VKRZV�WKH�UHGXFHG�SLQQLQJ�IRUFH�FXUYHV�IRU�WKH�1E��ZW�7L�DOOR\���$OWKRXJK�WKH



JHQHUDO�WUHQG�RI�D�VKLIW�LQ�ES�WRZDUG�KLJKHU�ILHOG�ZLWK�LQFUHDVLQJ�FROG�ZRUN�ZDV�REVHUYHG�LQ�WKLV

DOOR\��LW�ZDV�QRW�DV�SURQRXQFHG�DV�LQ�WKH�UHVW�RI�WKH�DOOR\V���7KH�KLJK�WHPSHUDWXUH�FXUYH��+F��7��.��7�

UHPDLQHG�DW�ORZ�UHGXFHG�ILHOG�WKURXJKRXW�DOO�WKH�ZLUH�GUDZLQJ���7KH�PHDVXUHPHQW�WHPSHUDWXUHV�

XSSHU�FULWLFDO�ILHOG�DQG�PD[LPXP�SLQQLQJ�IRUFH�IRU�1E��ZW�7L�DUH�OLVWHG�LQ�7DEOH����

�����8:�������1E��ZW�7L

$V�GLVFXVVHG�DERYH��WKLV�ZLUH�ZDV�WRR�EULWWOH�WR�GUDZ�IROORZLQJ�KHDW�WUHDWPHQW���7KXV

UHGXFHG�SLQQLQJ�IRUFH�GDWD�ZDV�DYDLODEOH�RQO\�IROORZLQJ�KHDW�WUHDWPHQW��VHH�)LJXUH�������)RU

1E��ZW�7L�ERWK�WKH�FXUYHV�IRU�+F��.��7�DQG�+F��.����7�SHDN�DW�ORZ�ILHOG���,Q�WKH�ORZHU�7L�FRQWHQW

DOOR\V�RQO\�WKH�+F��.��7�FXUYH�ZDV�VKLIWHG�WR�YHU\�ORZ�UHGXFHG�ILHOGV���5HGXFLQJ�WKH�WHPSHUDWXUHV

FDXVHG�WKH�FXUYHV�WR�VKLIW�WR�KLJKHU�ILHOG�EXW�WKH�SHDN�LQ�WKH�+F��.���7�FXUYH�IRU�1E��ZW�7L�ZDV

VXEVWDQWLDOO\�ORZHU�LQ�UHGXFHG�ILHOG��ES� �����WKDQ�1E��ZW�7L��ES� ������7KH�PHDVXUHPHQW

WHPSHUDWXUHV��XSSHU�FULWLFDO�ILHOG�DQG�PD[LPXP�SLQQLQJ�IRUFH�IRU�1E��ZW�7L�DUH�OLVWHG�LQ�7DEOH�����

����'LVFXVVLRQ

7KH�SXUSRVH�RI�WKLV�H[SHULPHQW�ZDV�WR�DQVZHU�WKH�TXHVWLRQ�DV�WR�ZKHWKHU�WKH�REVHUYHG�VKLIW

LQ�WKH�IOX[�SLQQLQJ�EHKDYLRU�ZLWK�LQFUHDVLQJ�7L�FRQWHQW�ZDV�GXH�WR�WKH�FRPSRVLWLRQDO�FKDQJH�DV

K\SRWKHVL]HG�E\�0HLQJDVW�DQG�/DUEDOHVWLHU��RU�ZDV�GXH�WR�WKH�REVHUYHG�LQFUHDVH�LQ�WKH�YROXPH

IUDFWLRQ�RI�"�7L�DV�WKH�7L�FRQWHQW�ZDV�LQFUHDVHG����,Q�RUGHU�WR�DQVZHU�WKLV�TXHVWLRQ�LW�ZDV�QHFHVVDU\

WR�SURGXFH�FRPSRVLWH�ZLUHV�ZLWK�VLPLODU�PLFURVWUXFWXUHV���7KH�PLFURVWUXFWXUDO�UHVXOWV

RI�WKLV�H[SHULPHQW�VKRZHG�WKDW�PRVW�RI�WKH�VDPSOHV�SURGXFHG�KDG�VLPLODU�SUHFLSLWDWLRQ�PRUSKRORJ\

ZLWK�WKH�"�7L�SUHFLSLWDWH�RFFXUULQJ�LQ�WKH�JUDLQ�ERXQGDU\�WULSOH�SRLQWV�DQG�VRPH�JUDLQ�ERXQGDU\�

ILOP���$V�GHVFULEHG�DERYH��WKH�1E��ZW�7L�DQG�WKH�1E��ZW�7L�KDG�GLIIHUHQW�SUHFLSLWDWH

PRUSKRORJLHV���7KH�UHVW�RI�WKH�ZLUHV�KDG�IDLUO\�FRQVWDQW�TXDQWLWLHV�RI�SUHFLSLWDWH�ZLWK�DQ�DYHUDJH

DPRXQW�RI�.�������$OWKRXJK�WKHUH�LV�VWLOO�VRPH�YDULDWLRQ�LQ�WKH�PLFURVWUXFWXUHV��WKH\�DUH�PXFK�PRUH

VLPLODU�WKDQ�DQ\�SUHYLRXVO\�SURGXFHG�DFURVV�WKLV�UDQJH�RI�1E�7L�DOOR\V���7KHVH�PLFURVWUXFWXUHV�DUH



VXIILFLHQWO\�VLPLODU�WR�DGGUHVV�0HLQJDVW�DQG�/DUEDOHVWLHU
V�K\SRWKHVLV�

7KHUH�DUH�WZR�PDLQ�GLIIHUHQFHV�EHWZHHQ�WKH�VDPSOHV�XVHG�E\�0HLQJDVW�HW�DO��DQG�WKH

VDPSOHV�IURP�WKLV�VWXG\������7KH�ILUVW�GLIIHUHQFH�LQ�WKH�WZR�LQYHVWLJDWLRQV�LV�WKDW�D�PXFK�ZLGHU�UDQJH

RI�7L�FRPSRVLWLRQV�ZDV�XVHG�LQ�WKLV�VWXG\���7KH�VHFRQG�GLIIHUHQFH�LV�WKH�PLFURVWUXFWXUHV

REVHUYHG�LQ�WKH�WZR�LQYHVWLJDWLRQV���)ROORZLQJ�WKH�ODVW�SUHFLSLWDWLRQ�KHDW�WUHDWPHQW��0HLQJDVW�HW�DO�

IRXQG�����RI�"�7L�SUHFLSLWDWH�LQ�WKHLU�VDPSOHV�ZLWK�DQ�DYHUDJH�SUHFLSLWDWH�DUHD�RI��������QP�����,Q

WKLV�VWXG\�WKH�ZLUHV�IURP�1E����ZW�7L�WR�1E��ZW�7L�KDG�DQ�DYHUDJH�RI�a�����"�7L�DQG�DQ�DYHUDJH

SUHFLSLWDWH�DUHD�RI������QP�����7KH�FRQVHTXHQFH�RI�WKH�ILQH�PLFURVWUXFWXUH�LQ�WKLV�VWXG\�LV�WKDW

IROORZLQJ�KHDW�WUHDWPHQW�WKH�GHQVLW\�RI�"�7L�SUHFLSLWDWHV��RU�SLQQLQJ�FHQWHUV��LV�.���[������SSWV�P�

�IRU�8:������WKH�RWKHU�ZLUHV�DUH�RI�FRPSDUDEOH�VL]H��ZKLOH�IRU�0HLQJDVW�DQG�/DUEDOHVWLHU
V��ZLUH�WKH

GHQVLW\�RI�"�7L�SUHFLSLWDWHV�ZDV�.���[������SSWV�P����'XH�WR�WKH�ODUJH�GLIIHUHQFH�LQ�WKH�GHQVLW\�RI�SLQV

IROORZLQJ�WKH�KHDW�WUHDWPHQW�DQG�WKH�GLIIHUHQFH�LQ�WKH�YROXPH�IUDFWLRQ�RI�"�7L�EHWZHHQ�WKH�WZR

VWXGLHV��WKH�SLQQLQJ�IRUFH�FXUYHV�IRU�WKLV�VWXG\�DUH�VKLIWHG�WR�KLJKHU�UHGXFHG�ILHOG�WKDQ�WKRVH�RI

0HLQJDVW�DQG�/DUEDOHVWLHU�

7KH�HIIHFW�RI�GLIIHUHQFHV�LQ�WKH�SHUFHQWDJH�RI�"�7L�SUHFLSLWDWH�FDQ�EH�VHHQ�EHVW�E\�H[DPLQLQJ

)LJXUHV����DQG������$V�QRWHG�DERYH�WKH�UHGXFHG�SLQQLQJ�IRUFH�FXUYHV�RI�WKH�1E��ZW�7L�DOOR\

IROORZLQJ�D�KHDW�WUHDWPHQW�DQG�IXUWKHU�FROG�ZRUN�ZHUH�VKLIWHG�WR�KLJKHU�UHGXFHG�ILHOG�WKDQ�WKRVH�RI

WKH�1E��ZW�7L�DOOR\���7KH�PDLQ�GLIIHUHQFH�EHWZHHQ�WKHVH�WZR�FRPSRVLWHV�LV�WKH�YROXPH�IUDFWLRQ�RI

"�7L�SUHFLSLWDWH��PHDVXUHG�DW���YRO��IRU�WKH�QRPLQDO���ZW�7L�DOOR\�DQG����YRO��IRU�WKH�QRPLQDO

��ZW�7L�DOOR\��ZKHUHDV�WKH�PHDVXUHG�DOOR\�FRPSRVLWLRQ��VHH�7DEOH����GLIIHUHG�E\�RQO\����ZW�7L��

7KXV�LQFUHDVHG�SHUFHQWDJHV�RI�"�7L�SUHFLSLWDWH�WHQG�WR�VKLIW�WKH�SLQQLQJ�IRUFH�WRZDUG�ORZHU�UHGXFHG

ILHOGV�

&RQVLGHULQJ�WKH�ODUJH�VL]H�GLIIHUHQFH�DQG�SHUFHQWDJH�RI�SUHFLSLWDWH�RI�WKH�DV�KHDW�WUHDWHG

PLFURVWUXFWXUH�RI�WKH�ZLUHV�IURP�0HLQJDVW�DQG�/DUEDOHVWLHU
V�VWXG\�DQG�WKH�DV�KHDW�WUHDWHG�ZLUHV

IURP�WKLV�VWXG\��LW�LV�QRW�VXUSULVLQJ�WKDW�WKH�PLFURVWUXFWXUHV�REWDLQHG�ZLWK�VXEVHTXHQW�FROG�ZRUN



ZHUH�DOVR�GLIIHUHQW���,Q�0HLQJDVW�DQG�/DUEDOHVWLHU
V�ZLUHV��FROG�ZRUN�IROORZLQJ�KHDW�WUHDWPHQW

FDXVHG�WKH�IRUPDWLRQ�RI�"�7L�ULEERQ�FOXVWHUV���7KH�ULEERQ�FOXVWHU�PRUSKRORJ\�LV�FRPPRQO\�REVHUYHG

LQ�KLJK�-F�1E�7L�ZLUHV
������DQG�UHVXOWV�IURP�WKH�IROGLQJ�RI�WKH�"�7L�SUHFLSLWDWHV�DQG�WKH�$�PDWUL[���7KH

UHGXFHG�TXDQWLW\�DQG�VL]H�RI�SUHFLSLWDWH�LQ�WKLV�H[SHULPHQW�KDV�JUHDWO\�UHGXFHG�WKH�DPRXQW�RI

IROGLQJ���$OWKRXJK�WKH�SUHFLSLWDWHV�GHIRUP�LQWR�ULEERQV�WKH\�DUH�UHODWLYHO\�VKRUW�DQG�LVRODWHG���7KH

ORZHU�WHPSHUDWXUH�RI�KHDW�WUHDWPHQW�XVHG�LQ�WKLV�H[SHULPHQW�DOVR�LQFUHDVH�WKH�SRUWLRQ�RI�SUHFLSLWDWH

WKDW�RFFXUV�DV�WKLQ�JUDLQ�ERXQGDU\�ILOP�����:LWK�WKH�SUHVHQFH�RI�WKH�GHQVH�ULEERQ�PRUSKRORJ\

0HLQJDVW�DQG�/DUEDOHVWLHU�REVHUYHG�D�JUDGXDO�VKLIW�WRZDUG�ORZHU�UHGXFHG�ILHOG�ZLWK�LQFUHDVLQJ

WHPSHUDWXUH���,Q�WKLV�VWXG\��KRZHYHU��WKH�ILQHVW�1E����ZW�7L�ZLUH��8:��������������GRHV�QRW�VKRZ

D�ODUJH�VKLIW�WRZDUG�ORZHU�ILHOG�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��)LJXUH�������7KLV��VXJJHVWV�WKDW�WKH

VKLIW�WRZDUG�ORZHU�ILHOG�REVHUYHG�E\�0HLQJDVW�DQG�/DUEDOHVWLHU�ZDV�LQ�SDUW�GXH�WR�WKH�ULEERQ

FOXVWHUV�ZKLFK�ZRXOG�DFW�DV�ORFDO�UHJLRQV�RI�KLJKHU�DYHUDJH�7L�FRQWHQW���

7KH�GHSHQGHQFH�RI�WKH�IOX[�SLQQLQJ�RQ�WKH�DOOR\�FRQWHQW�FDQ�EH�VHHQ�EHVW�E\�FRPSDULQJ

)LJXUHV�����1E����ZW�7L��DQG�����1E��ZW�7L����7KH��7�+F��FXUYHV�IRU�WKH�1E����ZW�7L�ZLUHV�VKRZ

LQFUHDVLQJ�ES�ZLWK�LQFUHDVLQJ�,I���+RZHYHU��IRU�1E��ZW�7L�WKH��7�+F��FXUYHV�UHPDLQ�VKLIWHG��WR�ORZ

ILHOG�WKURXJK�WKH�HQWLUH�FROG�ZRUNLQJ�SURFHVV���6LQFH�WKH�FXUYHV�UHPDLQ�DW�ORZ�ILHOG��)+F�SLQQLQJ

PXVW�EH�GRPLQDWLQJ�WKH�KLJK�WHPSHUDWXUH�SLQQLQJ�EHKDYLRU�IRU�1E��ZW�7L���

0HLQJDVW�DQG�/DUEDOHVWLHU
V�SUHGLFWLRQ�RI�D�VKLIW�WR�ORZ�ILHOG�LQ�WKH�SHDN�RI�WKH

SLQQLQJ�IRUFH�FXUYH�ZLWK�LQFUHDVLQJ�7L�FRQWHQW�GXH�WR�DQ�LQFUHDVH�LQ�WKH�)+F�FRQWULEXWLRQ�WR�WKH

SLQQLQJ�IRUFH�ZDV�EDVHG�RQ�SORWWLQJ�WKH�QRUPDOL]HG�YDOXHV�RI�6�DQG�+F�DV�D�IXQFWLRQ�RI�FRPSRVLWLRQ��

7KH�WHQGHQF\�IRU�)+F�SLQQLQJ�WR�GRPLQDWH�ZLWK�LQFUHDVLQJ�7L�FRQWHQW�DQG�WHPSHUDWXUH�FDQ�EH

YLHZHG�E\�PDNLQJ�D�SORW�VLPLODU�WR�0HLQJDVW�DQG�/DUEDOHVWLHU
V�SORW�IRU�WKH�DOOR\V�RI�WKLV�VWXG\��

)LJXUH����VKRZV�QRUPDOL]HG�)+F�DQG�)6�YDOXHV�IRU�WKH�DOOR\V�RI�WKLV�VWXG\���

7KH�FXUYHV�LQ�)LJXUH����ZHUH�FDOFXODWHG�DV�IROORZV���G%F��G7�ZDV�GHWHUPLQHG�E\�GRLQJ�VHFRQG

RUGHU�OHDVW�VTXDUHV�ILWV�WR�WKH�%F��YV�7F�GDWD���7KHVH�VORSHV�ZHUH�WKHQ�XVHG�LQ�WKH�H[SUHVVLRQ�
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ZKHUH�(�LV�WKH�HOHFWURQLF�VSHFLILF�KHDW�LQ��HUJ���FP��.���DQG�D�LV�WKH�UHVLVWLYLW\�LQ�SFP�����7KH

UHVLVWLYLW\�ZDV�WKHQ�GHWHUPLQHG�XVLQJ�VHFRQG�RUGHU�OHDVW�VTXDUHV�ILWV�WR�0XOOHU
V�VSHFLILF�KHDW

GDWD�����7KH�UHVXOWLQJ�UHVLVWLYLW\�YDOXHV�ZHUH�WKHQ�XVHG�LQ
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�ZKHUH�(�LV�WKH�HOHFWURQLF�VSHFLILF�KHDW�LQ��HUJ�����FP��.���DQG�D�LV�WKH�UHVLVWLYLW\�LQ�SFP���

ZLWK�WKH�ILW�WR�0XOOHU
V�VSHFLILF�KHDW�GDWD�WR�REWDLQ�6*/���7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�6�ZDV�WKHQ

WDNHQ�LQWR�DFFRXQW�E\�DVVXPLQJ�D�VWUDLJKW�OLQH�EHWZHHQ�WKH�OLPLWLQJ�FDVHV�LQ�0DNL
V�FDOFXODWLRQV

ZKLFK�JLYHV��
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7KH�UHVXOWLQJ�WHPSHUDWXUH�GHSHQGHQW�6�YDOXHV�ZHUH�WKHQ�XVHG��WRJHWKHU�ZLWK�WKH�VHFRQG�RUGHU�ILWV�WR

%F��YHUVXV�7��WR�GHWHUPLQH�WKH�WHPSHUDWXUH�GHSHQGHQW�+F�YDOXHV���7KH�UDWLRV�RI�WKH�6��YDOXHV�DQG�+F

YDOXHV�DUH�VKRZQ�LQ�)LJXUH������7KHUH�LV�QHJOLJLEOH�FRPSRVLWLRQ�GHSHQGHQFH�IRU�6�DW���.�RU���.�DQG

IRU�+F�DW���.���7KH�+F�UDWLR�DW���.��PXFK�FORVHU�WR�7F��IDOOV�VKDUSO\�IRU�7L�FRQWHQWV�DERYH���ZW�7L���

2YHUDOO��WKH�UHGXFHG�IOX[�SLQQLQJ�FXUYHV�IURP�WKLV�VWXG\�VKRZHG�WKUHH�PDMRU�WUHQGV���)LUVW�

DV�WKH�WHPSHUDWXUH�ZDV�LQFUHDVHG��ES�EHFDPH�VPDOOHU���6HFRQG��FROG�ZRUNLQJ�WKH�ZLUH�IROORZLQJ�KHDW

WUHDWPHQW�FDXVHG�ES�WR�EHFRPH�ODUJHU���)LQDOO\��LQFUHDVLQJ�WKH�7L�FRQWHQW�FDXVHG�ES�WR�EHFRPH



VPDOOHU���7KH�GHSHQGHQFH�RI�ES�RQ�WKH�RYHUDOO�7L�FRQWHQW�RI�WKH�DOOR\�VXSSRUWV�WKH�K\SRWKHVLV�RI

0HLQJDVW�DQG�/DUEDOHVWLHU���

����&RQFOXVLRQV

6LPLODU�PLFURVWUXFWXUHV�ZHUH�SURGXFHG�LQ�D�UDQJH�RI�1E�7L�DOOR\V�KDYLQJ�FRPSRVLWLRQV�IURP

1E����ZW�7L�WR�1E��ZW�7L���7KH�PLFURVWUXFWXUH�REWDLQHG�LQ�WKHVH�VDPSOHV�ZDV�FRQWUROOHG�E\�XVLQJ

D�KLJK�GHJUHH�RI�LQLWLDO�FROG�ZRUN�WR�FRQWURO�WKH�SUHFLSLWDWH�PRUSKRORJ\�DQG�YDU\LQJ�SUHFLSLWDWLRQ

KHDW�WUHDWPHQW�WHPSHUDWXUHV�WR�FRQWURO�WKH�SHUFHQWDJH�RI�SUHFLSLWDWH���7KH�SLQQLQJ�EHKDYLRU�RI�WKH

VDPSOHV�ZLWK�VLPLODU�PLFURVWUXFWXUHV�VKRZHG�D�GLVWLQFW�GHSHQGDQFH�RQ�WKH�RYHUDOO�7L�FRQWHQW�RI�WKH

DOOR\���$V�WKH�7L�FRQWHQW�ZDV�LQFUHDVHG��WKH�SHDN�LQ�WKH�UHGXFHG�SLQQLQJ�IRUFH

FXUYH�VKLIWHG�WRZDUG�ORZHU�UHGXFHG�ILHOG���7KXV�)+F�LV�WKH�GRPLQDQW�SLQQLQJ�PHFKDQLVP�LQ�WKH�KLJK

7L�DOOR\V�ZKLFK�FRQILUPV�0HLQJDVW�DQG�/DUEDOHVWLHU
V�K\SRWKHVLV��
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