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+LJK�)LHOG�6XSHUFRQGXFWRUV�IRU�)XVLRQ�(QHUJ\�
$SSOLFDWLRQV�
�
0DUN�-RKQ�5DLQH�
�

$EVWUDFW�
�

7KH� IDEULFDWLRQ� DQG� SURFHVVLQJ� E\� VROLG�VWDWH� KHDW�WUHDWPHQW��PHFKDQLFDO� EDOO�PLOOLQJ� DQG� KRW�

LVRVWDWLF�SUHVVLQJ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH�LV�UHSRUWHG���7KLV�

PDWHULDO�LV�VXEMHFWHG�WR�D�QXPEHU�RI�FKDUDFWHULVDWLRQ�PHDVXUHPHQWV�LQFOXGLQJ�[�UD\�GLIIUDFWLRQ��

UHVLVWLYLW\��DF�VXVFHSWLELOLW\��GF�H[WUDFWLRQ�DQG�KHDW�FDSDFLW\���7KH�UHVXOWDQW�PHDVXUHPHQW�GDWD�DUH�

XVHG� WR� DVVHVV� WKH� DGHTXDF\� RI� WKH� PDWHULDO¶V� SURFHVVLQJ� DQG� TXDOLW\� ZLWK� UHVSHFW� WR� WKH�

IXQGDPHQWDO�VXSHUFRQGXFWLQJ�FKDUDFWHULVWLFV��WUDQVLWLRQ�WHPSHUDWXUH�� ௖ܶ��XSSHU�FULWLFDO�PDJQHWLF�

ILHOGܤ��௖ଶ��DQG�FULWLFDO�FXUUHQW�GHQVLW\ܬ��௖���,W�LV�VKRZQ�WKDW�D�VXEVWDQWLDO�LQFUHDVH�LQܤ�௖ଶ�IURP�a����7�

�LQ�WKH�PLFURFU\VWDOOLQH�PDWHULDO��WR�a����7��LQ�WKH�QDQRFU\VWDOOLQH�PDWHULDO��KDV�EHHQ�SURGXFHG���$�

IRUW\IROG�LQFUHDVH�LQܬ�௖�IURP�����[�������ିଶ��LQ�PLFURFU\VWDOOLQH�PDWHULDO�PHDVXUHG�DW���7�DQG���.��

WR�����[�������ିଶ��LQ�QDQRFU\VWDOOLQH�PDWHULDO�PHDVXUHG�DW���7�DQG�����.��KDV�DOVR�EHHQ�SURGXFHG���

7KHVH�VXEVWDQWLDO�LQFUHDVHV�KDYH�EHHQ�PDGH�ZLWK�RQO\�D������UHGXFWLRQ�LQ� ௖ܶ�IURP�a�����.�WR�

a������.��ZHOO�DERYH�WKH�WHPSHUDWXUH�RI�OLTXLG�KHOLXP����

�

7KH� DFFXUDWH� ODUJH� TXDQWLW\� PHWURORJ\� RI� ������� 1E�6Q� VDPSOHV� IRU� WKH� ,QWHUQDWLRQDO�

7KHUPRQXFOHDU�([SHULPHQWDO�5HDFWRU�WRURLGDO�ILHOG�FRLOV�LV�DOVR�UHSRUWHG�DQG�DQ�RYHUYLHZ�DQDO\VLV�

RI�WKH�GDWD�SURYLGHG���,Q�SDUWLFXODU��DOO�VHYHQ�PHDVXUHPHQW�W\SHV��FULWLFDO�FXUUHQW��K\VWHUHVLV�ORVV��

UHVLGXDO� UHVLVWLYLW\� UDWLR�� GLDPHWHU�� FKURPLXP�SODWLQJ� WKLFNQHVV�� WZLVW� SLWFK� DQG� FRSSHU� WR� QRQ�

FRSSHU�YROXPH�UDWLR�DUH�GLVFXVVHG�LQ�UHODWLRQ�WR�WKH�DFFXUDF\�ZLWK�ZKLFK�WKH\�ZHUH�SHUIRUPHG���

7KH�PHWKRGRORJ\� LQ� SHUIRUPLQJ� WKH�KHDW�WUHDWPHQWV� DQG�PHDVXUHPHQWV� LV� GLVFXVVHG�DQG� WKH�

GHWDLO�RI�WKH�QHFHVVDU\�HTXLSPHQW�VHW�XS�LV�JLYHQ���7KH�UHVXOWV�IURP�VRPH�DGGLWLRQDO�H[SHULPHQWV�

WKDW� GHDO� ZLWK� WKH� HIIHFW� RI� KHDW�WUHDWPHQW� FOHDQOLQHVV� DQG� VDPSOH� JHRPHWU\� RQ� YDULRXV�

PHDVXUHPHQW�W\SHV�LV�SURYLGHG��

�
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3XEOLFDWLRQV�
�

0��-��5DLQH�DQG�'��3��+DPSVKLUH�� �&KDUDFWHUL]DWLRQ�RI� WKH�/RZ�7HPSHUDWXUH�6XSHUFRQGXFWRU�

1LRELXP�&DUERQLWULGH���,(((�7UDQVDFWLRQV�RQ�$SSOLHG�6XSHUFRQGXFWLYLW\��YRO������SS�������������

������

�

3��6XQZRQJ��-��6��+LJJLQV��<��7VXL��0��-��5DLQH��DQG�'��3��+DPSVKLUH���7KH�FULWLFDO�FXUUHQW�GHQVLW\�

RI�JUDLQ�ERXQGDU\�FKDQQHOV�LQ�SRO\FU\VWDOOLQH�+76�DQG�/76�VXSHUFRQGXFWRUV�LQ�PDJQHWLF�ILHOGV���

6XSHUFRQGXFWLYLW\�6FLHQFH�DQG�7HFKQRORJ\��YRO������SS����������������

�

'��+X��0��'��$LQVOLH��-��3��5XVK��-��+��'XUUHOO��-��=RX��0��-��5DLQH��DQG�'��3��+DPSVKLUH���'&�

FKDUDFWHUL]DWLRQ� DQG� �'� PRGHOOLQJ� RI� D� WULDQJXODU�� HSR[\�LPSUHJQDWHG� KLJK� WHPSHUDWXUH�

VXSHUFRQGXFWLQJ�FRLO���6XSHUFRQGXFWRU�6FLHQFH�	�7HFKQRORJ\��YRO������SS�����������

�

0��-��5DLQH�DQG�'��3��+DPSVKLUH���,PSURYHG�&ULWLFDO�0DJQHWLF�)LHOG�DQG�&ULWLFDO�&XUUHQW�'HQVLW\�

RI�WKH�/RZ�7HPSHUDWXUH�6XSHUFRQGXFWRU�1LRELXP�&DUERQLWULGH�E\�PDNLQJ�LW�1DQRFU\VWDOOLQH���WR�

EH�SXEOLVKHG��

�

0��-��5DLQH�DQG�'��3��+DPSVKLUH���/DUJH�4XDQWLW\�&KDUDFWHULVDWLRQ�RI�1E�6Q�6WUDQGV�IRU�,7(5���

WR�EH�SXEOLVKHG��

�

�

� �
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7DEOH�RI�&RQWHQWV�
�

$EVWUDFW� L�

3XEOLFDWLRQV� LL�

7DEOH�RI�&RQWHQWV� LLL�

'HFODUDWLRQ�DQG�FRS\ULJKW� L[�

$FNQRZOHGJHPHQWV� [�

3$57�,��%DVLF�DQG�$SSOLHG�6XSHUFRQGXFWLYLW\� ��

� ��

� ��

����,QWURGXFWLRQ� ��

����3KHQRPHQRORJLFDO�DQG�PLFURVFRSLF�WKHRULHV�RI�VXSHUFRQGXFWLYLW\� ��

������/RQGRQ�HTXDWLRQV� ��

������*LQ]EXUJ�DQG�/DQGDX�WKHRU\�RI�VXSHUFRQGXFWLYLW\� ��

,QWURGXFWLRQ� ��

7KH�*LQ]EXUJ�/DQGDX�HTXDWLRQV� ��
7KH�SHQHWUDWLRQ�GHSWK� ��

7KH�FRKHUHQFH�OHQJWK� ��

7KH�*LQ]EXUJ�/DQGDX�SDUDPHWHU� ���

7\SH�,�FULWLFDO�ILHOGV� ���
7\SH�,,�FULWLFDO�ILHOGV� ���

0DJQHWLF�UHVSRQVH� ���

)OX[�TXDQWLVDWLRQ� ���

7KH�YRUWH[�ODWWLFH� ���

$QLVRWURSLHV� ���
&RQFOXGLQJ�FRPPHQWV� ���

������7KH�%DUGHHQ�&RRSHU�6FKULHIIHU�WKHRU\�RI�VXSHUFRQGXFWLYLW\� ���

,QWURGXFWLRQ� ���

7KH�LVRWRSH�HIIHFW� ���
/DWWLFH�YLEUDWLRQV��WKH�IRUPDWLRQ�RI�&RRSHU�SDLUV�DQG�LQILQLWH�FRQGXFWLYLW\� ���

7KH�HQHUJ\�JDS��WKH�LVRWRSH�HIIHFW�DQG�WKH�WUDQVLWLRQ�WHPSHUDWXUH� ���

6SHFLILF�KHDW� ���

7KH�0HLVVQHU�HIIHFW� ���

&RQFOXGLQJ�FRPPHQWV� ���

����+LJK�WHPSHUDWXUH�VXSHUFRQGXFWLQJ�PDWHULDOV� ���
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�

����&ULWLFDO�FXUUHQW�GHQVLW\�±�%HDQ¶V�PRGHO�DQG�ORVVHV� ���

������,QWURGXFWLRQ� ���

������%HDQ¶V�PRGHO� ���

7KH�ORZ�ILHOG�FDVH� ���

%HDQ¶V� DVVXPSWLRQV� DQG� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� LQWHUQDO� ILHOG� DQG� WKH� FULWLFDO�
FXUUHQW�GHQVLW\� ���

7KH�KLJK�ILHOG�FDVH��IOX[�VKLHOGLQJ�WUDSSLQJ��DQG�WKH�FDXVH�RI�K\VWHUHVLV� ���

2EWDLQLQJ�WKH�FULWLFDO�FXUUHQW�GHQVLW\�±�WKH�PRGHO¶V�JUHDWHVW�XWLOLW\� ���
2WKHU�FULWLFDO�VWDWH�PRGHOV� ���

������&RQFOXGLQJ�FRPPHQWV� ���

����0LFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�VXSHUFRQGXFWRUV�±�LPSRUWDQW�OHQJWK�VFDOHV� ���

������$�UHYLHZ�RI�WKH�LPSRUWDQW�VXSHUFRQGXFWRUV� ���

������$�UHYLHZ�RI�7D\ORU�DQG�%\UQH�ZRUN� ���

$�QHZ�SDUDGLJP�IRU�IDEULFDWLQJ�EXON�KLJK�ILHOG�VXSHUFRQGXFWRUV� ���

$E�LQLWLR�FDOFXODWLRQV�RI�WKH�WKHUPDO�DQG�HOHFWURQLF�SURSHUWLHV�RI�VXSHUFRQGXFWRUV�DQG�
WKHLU�JUDLQ�ERXQGDULHV� ���

������&RQFOXGLQJ�FRPPHQWV� ���

����7KH�URDG�WR�,7(5� ���

������,7(5�DQG�VXVWDLQHG�QXFOHDU�IXVLRQ� ���

������7KH�XVH�RI�VXSHUFRQGXFWLQJ�PDJQHWV�IRU�SODVPD�FRQWDLQPHQW� ���

������,7(5�LQ�WKH�FRQWH[W�RI�RWKHU�PDJQHWLF�FRQILQHPHQW�SURMHFWV� ���

������&RQFOXGLQJ�FRPPHQWV� ���

�

3$57�,,��1E&1�±�$�3RVVLEOH�1HZ�0DWHULDO�IRU�)XVLRQ�$SSOLFDWLRQV� ���

� ���

����,QWURGXFWLRQ� ���

����6WUXFWXUDO�SURSHUWLHV�DQG�SKDVH�GLDJUDP� ���

������1LRELXP�QLWULGH� ���

������1LRELXP�FDUELGH� ���

����(OHFWURQLF�VWUXFWXUH�DQG�QRUPDO�VWDWH�SURSHUWLHV� ���

������1LRELXP�QLWULGH� ���

������1LRELXP�FDUELGH� ���

����5HYLHZ�RI�IDEULFDWLRQ�WHFKQLTXHV� ���

������%XON�IDEULFDWLRQ� ���
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1LRELXP�QLWULGH� ���
1LRELXP�FDUELGH��DQG�1LWULGH�� ���

1LRELXP�FDUERQLWULGH� ���

������7KLQ�ILOP�IDEULFDWLRQ� ���

1LRELXP�QLWULGH� ���
1LRELXP�FDUERQLWULGH��DQG�&DUELGH�� ���

������:LUH�IDEULFDWLRQ� ���

1LRELXP�QLWULGH� ���

1LRELXP�FDUERQLWULGH� ���

������0HFKDQLFDO�DOOR\LQJ� ���

1LRELXP�QLWULGH� ���

1LRELXP�FDUERQLWULGH� ���

����6XSHUFRQGXFWLQJ�SURSHUWLHV� ���

������&ULWLFDO�WHPSHUDWXUH�DQG�ILHOG� ���

1LRELXP�QLWULGH� ���

1LRELXP�FDUELGH�DQG�FDUERQLWULGH� ���

������&ULWLFDO�FXUUHQW� ���

����&RQFOXGLQJ�FRPPHQWV� ���

� ���

����,QWURGXFWLRQ� ���

����)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�PDWHULDO� ���

������3UHOLPLQDU\�H[SHULPHQWV� ���

������3UHSDUDWLRQ�RI�SRZGHUV� ���

������6ROLG�VWDWH�VLQWHULQJ�RI�VDPSOHV� ���

&RDUVHQLQJ��GHQVLILFDWLRQ�DQG�VROLG�VWDWH�GULYLQJ�PHFKDQLVPV� ���
7KH�SURGXFWLRQ�RI�VLQWHUHG�VDPSOHV� ���

������;�UD\�GLIIUDFWLRQ� ���

3UHFXUVRU�SRZGHUV� ���

)DEULFDWHG�PDWHULDO�DQG�LPSXULW\�FUXVW� ���

����)DEULFDWLRQ�RI�QDQRFU\VWDOOLQH�1E&1�E\�PHFKDQLFDO�EDOO�PLOOLQJ� ���

������0LOOLQJ�PHGLD�DQG�SUHSDUDWLRQ� ���

&RQWDPLQDWLRQ�PDQDJHPHQW� ���
0LOOLQJ�PHGLD�DQG�%35�VHOHFWLRQ� ���

3UHSDUDWLRQ�RI�VLQWHUHG�PDWHULDO�IRU�PLOOLQJ� ���

0LOOLQJ�PHGLD�UH�FRQGLWLRQLQJ� ���
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������0HFKDQLFDO�PLOOLQJ�RI�PLFURFU\VWDOOLQH�1E&1� ���

������;�UD\�GLIIUDFWLRQ� ���

*UDLQ�VL]H� ���

/DWWLFH�SDUDPHWHU� ���

������'LIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�DQG�WKHUPRJUDYLPHWU\� ���

������2WKHU�PLOOLQJ�FDPSDLJQV� ���

���� 8VLQJ� KRW� LVRVWDWLF� SUHVVLQJ� WR� FRQWURO� ORQJ�UDQJH� RUGHU� LQ� QDQRFU\VWDOOLQH�

PHFKDQLFDOO\�PLOOHG�PDWHULDO� ���

������,QWURGXFWLRQ�WR�KRW�LVRVWDWLF�SUHVVLQJ��+,3LQJ�� ���

������+,3LQJ�1E&1�PLOOHG�VDPSOHV� ���

6DPSOH�SUHSDUDWLRQ� ���

+,3�UXQV�DQG�IDLOHG�ELOOHWV� ���

6DPSOH�DQG�+,3LQJ�GHWDLOV� ���

������;�UD\�GLIIUDFWLRQ� ���

*UDLQ�GLDPHWHU�DQG�ODWWLFH�SDUDPHWHU�FRPSDULVRQ�WR�PLOOHG�VDPSOHV� ���

������'LIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�DQG�WKHUPRJUDYLPHWU\� ����

������&RQFOXGLQJ�FRPPHQWV� ����

� ����

����,QWURGXFWLRQ� ����

����0LFURFU\VWDOOLQH�PDWHULDO� ����

������1RUPDO�VWDWH�UHVLVWLYLW\� ����

������$F�VXVFHSWLELOLW\� ����

������+HDW�FDSDFLW\� ����

������8SSHU�FULWLFDO�PDJQHWLF�ILHOG� ����

������&ULWLFDO�FXUUHQW�GHQVLW\� ����

����1DQRFU\VWDOOLQH�PDWHULDO� ����

������$F�VXVFHSWLELOLW\� ����

������+HDW�FDSDFLW\� ����

������&ULWLFDO�FXUUHQW�GHQVLW\� ����

����'LVFXVVLRQ�DQG�&RQFOXGLQJ�&RPPHQWV� ����

�

�

�
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�
3$57�,,,��7KH�0HWURORJ\�RI�1E�6Q�IRU�,7(5� ����

� ����

����,QWURGXFWLRQ� ����

����%DFNJURXQG� ����

����6WUDQG�DUFKLWHFWXUH�DQG�EULWWOHQHVV� ����

����+HDW�WUHDWPHQW�RI�VDPSOHV� ����

������6DPSOH�SUHSDUDWLRQ�DQG�PRXQWLQJ� ����

&ULWLFDO�FXUUHQW�VDPSOHV� ����

+\VWHUHVLV�ORVV�VDPSOHV� ����

555�VDPSOHV� ����

������)XUQDFH�IDFLOLWLHV� ����

7HPSHUDWXUH�SURILOHV� ����

7KHUPRFRXSOHV� ����

)XUQDFH�WXEHV��JDV�VHDOV�DQG�SXULW\� ����

*DV�SLSLQJ� ����
)XUQDFH�RSHUDWLRQ� ����

������)XUQDFH�ORDGLQJ�DQG�RSHUDWLRQ� ����

������(UURUV�DQG�XQFHUWDLQWLHV�LQ�KHDW�WUHDWPHQWV� ����

����&ULWLFDO�FXUUHQW�PHDVXUHPHQWV� ����
([WHUQDO�FLUFXLWU\� ����
7HPSHUDWXUH� ����

0DJQHWLF�ILHOG� ����

������&KDQJH�LQ�EDUUHO�GHVLJQ� ����

������,QFUHDVLQJ�WKH�GDWD�DFTXLVLWLRQ�UDQJH�RI�,�9�WUDFHV� ����

������0HDVXUHPHQW�SUREHV� ����

������5HVXOWV��DFFXUDF\�DQG�LQWHUODERUDWRU\�FRPSDULVRQV�RI�WKHࢉࡵ��GDWD� ����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV� ����

5HVXOWV�RQ�,7(5�VDPSOHV� ����
&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV� ����

����+\VWHUHVLV�ORVV�PHDVXUHPHQWV� ����

������&KDQJH�LQ�VDPSOH�GHQVLW\�SUH�WR�SRVW�KHDW�WUHDWPHQW� ����

������7KH�HIIHFW�RI�IXUQDFH�JDV�SXULW\�RQ�ORVVHV� ����

������([SHULPHQWDO�UHVXOWV�RQ�VDPSOH�OHQJWK�DQG�LQVXODWLRQ� ����
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������5HVXOWV��DFFXUDF\�DQG� LQWHUODERUDWRU\�FRPSDULVRQV�RI� WKH�K\VWHUHVLV� ORVV�

GDWD� ����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV� ����

5HVXOWV�RQ�,7(5�VDPSOHV� ����

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV� ����

����5HVLGXDO�UHVLVWLYLW\�UDWLR� ����

������'DWD�DFTXLVLWLRQ� ����

������)XUQDFH�FOHDQOLQHVV�DQG�555� ����

������5HVXOWV��DFFXUDF\�DQG�LQWHUODERUDWRU\�FRPSDULVRQV�RI�WKH�555�GDWD� ����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV� ����

5HVXOWV�RQ�,7(5�VDPSOHV� ����

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV� ����

����5RRP�WHPSHUDWXUH�PHDVXUHPHQWV� ����

������'LDPHWHU�PHDVXUHPHQWV� ����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV� ����

5HVXOWV�RQ�,7(5�VDPSOHV� ����
&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV� ����

������&KURPLXP�SODWLQJ�WKLFNQHVV�PHDVXUHPHQWV� ����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV� ����

5HVXOWV�RQ�,7(5�VDPSOHV� ����
&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV� ����

������7ZLVW�SLWFK�PHDVXUHPHQWV� ����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV� ����

5HVXOWV�RQ�,7(5�VDPSOHV� ����

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV� ����

������&RSSHU�WR�QRQ�FRSSHU�UDWLR�PHDVXUHPHQWV� ����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV� ����

5HVXOWV�RQ�,7(5�VDPSOHV� ����

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV� ����

����&RQFOXGLQJ�FRPPHQWV� ����

� ����

5HIHUHQFHV� ����

�
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�

'HFODUDWLRQ�DQG�FRS\ULJKW�
�

,�FRQILUP�WKDW�QR�SDUW�RI�WKH�PDWHULDO�RIIHUHG�LQ�WKLV�WKHVLV�KDV�SUHYLRXVO\�EHHQ�VXEPLWWHG�E\�PH�

IRU�D�GHJUHH�LQ�WKLV�RU�DQ\�RWKHU�8QLYHUVLW\���,I�PDWHULDO�KDV�EHHQ�JHQHUDWHG�WKURXJK�MRLQW�ZRUN��P\�

LQGHSHQGHQW�FRQWULEXWLRQ�KDV�EHHQ�FOHDUO\�LQGLFDWHG���,Q�DOO�RWKHU�FDVHV�PDWHULDO�IURP�WKH�ZRUN�RI�

RWKHUV�KDV�EHHQ�DFNQRZOHGJHG�DQG�TXRWDWLRQV�DQG�SDUDSKUDVHV�VXLWDEO\�LQGLFDWHG��

�

7KH�FRS\ULJKW�RI�WKLV�WKHVLV�UHVWV�ZLWK�WKH�DXWKRU���1R�TXRWDWLRQ�IURP�LW�VKRXOG�EH�SXEOLVKHG�ZLWKRXW�

WKHLU�SULRU�ZULWWHQ�FRQVHQW�DQG�LQIRUPDWLRQ�GHULYHG�IURP�LW�VKRXOG�EH�DFNQRZOHGJHG��

�

�

0DUN�-��5DLQH�

�

)HEUXDU\������

�

�

�

�

�

�

�

� �



;�
�

$FNQRZOHGJHPHQWV�
�

7KHUH�KDYH�EHHQ�PDQ\�SHRSOH�ZKR�KDYH�SURYLGHG�PH�ZLWK�JXLGDQFH��DGYLFH��WKHLU�VHUYLFHV�DQG�

WKHLU�PRWLYDWLQJ�DWWLWXGH�WKURXJKRXW�P\�3K�'���2QH�SHUVRQ�LQ�SDUWLFXODU�ZKR�KDV�FRQVLVWHQWO\�PDGH�

DYDLODEOH�DOO�RI�WKH�DERYH��DQG�ZKR�,�RZH�VXEVWDQWLDO�WKDQNV��LV�P\�VXSHUYLVRU��3URIHVVRU�'DPLDQ�

+DPSVKLUH�� � ,�PXVW� DOVR� WKDQN� HYHU\RQH� ZKR� LV� RU� KDV� EHHQ� LQ� WKH�6XSHUFRQGXFWLYLW\�*URXS�

EHFDXVH�WKH\�KDYH�DOO�KHOSHG�PH�LQ�RQH�IRUP�RU�DQRWKHU���7KHVH�SHRSOH�DUH�+HOHQ�&UDPPDQ��

6WHYH� 3UDJQHOO�� -RVKXD� +LJJLQV�� -LDQ�<RQJ�� ;L�)HQJ�� (OLVDEHWWD� 3XVFHGGX�� 3HWHU� %\UQH��

3UDSDLZDQ� 6XQZRQJ�� -DPHV� 2UH�� <H.LQ� 7VXL�� 3DXO� %UDQFK� DQG� *XDQPHL� :DQJ�� � ,� KDYH�

FRPSOHWHG�D�ORW�RI�HQJLQHHULQJ�ZRUN�GXULQJ�P\�3K�'��WKDW�ZRXOG�QRW�KDYH�EHHQ�SRVVLEOH�ZLWKRXW�

WKH�SUDFWLFDO�VNLOOV�DQG�H[SHULHQFH�DYDLODEOH�ZLWKLQ�WKH�GHSDUWPHQWDO�ZRUNVKRSV���,Q�WKLV�UHVSHFW�

WKDQNV�PXVW�JR�WR�6WHSKHQ�/LVKPDQ�DQG�WKH�UHVW�RI�KLV�WHDP�LQ�WKH�0HFKDQLFDO�:RUNVKRS�DQG�WR�

-RKQ�6FRWW�DQG�KLV�WHDP�LQ�WKH�(OHFWURQLFV�:RUNVKRS���7KH�OHYHO�RI�VDUFDVP�RIIHUHG�WR�PH�GXULQJ�

P\�0HFKDQLFDO�:RUNVKRS�YLVLWV�KDV�DOZD\V�PDGH�PH�IHHO�ZDUP�LQVLGH�DQG�HVSHFLDOO\�ZDQWHG���,�

PXVW� DOVR� WKDQN� 1RUPDQ� 7KRPSVRQ�� 'DYLG� 3DWWLQVRQ� DQG� 'XQFDQ� 0F&DOOXP� IRU� WKHLU� KHOS��

HVSHFLDOO\�WR�'DYLG�IRU�KLV�6(0�H[SHUWLVH���6SHFLDO�WKDQNV�PXVW�DOVR�JR�WR�ZKDW�EHFDPH�NQRZQ�

DV�WKH�,7(5�WHDP��$QGUHD�'DZVRQ��(PLO\�5RH��0LFKDHO�0F%UHHQ�DQG�0DWWKHZ�3OXPE�ZKR�DOO�

FDPH�WRJHWKHU�WR�KHOS�PDNH�D�VXFFHVV�RI�WKH�5HIHUHQFH�/DERUDWRU\���,Q�WKLV�UHVSHFW�,�PXVW�DOVR�

WKDQN�)UHGHULF�+DWDQLDQ�ZKR�KHOSHG�PH�ZLWK�D�VXEVWDQWLDO�DPRXQW�RI�VDPSOH�SUHSDUDWLRQ�DQG�

PHDVXUHPHQW�ZRUN�DW� WKH�YHU\�EHJLQQLQJ�RI� WKH� ODERUDWRU\�EHIRUH� WKH�,7(5�WHDP�ZDV�IRUPHG���

7KHUH�KDV�DOVR�EHHQ�D�QXPEHU�RI�VXPPHU�VWXGHQWV�ZKR�KDYH�ZRUNHG�WR�LPSURYH�YDULRXV�DVSHFWV�

RI�WKH�ODERUDWRU\���7KHVH�ZHUH�7KRPDV�-XEE��*XDQPHL�:DQJ��&DOOXP�0XUUD\��7KRPDV�:KLWWOHV��

3DXO�%UDQFK��'DYLG�6WREEV��6LPRQ�=LHOHQLHZVNL��-DPHV�.H\H��0HJDQ�/HRQL��$OHNVDQGHU�/DVHN��

6LPRQ� &XQQLQJKDP�� .LW� *DOODJKHU�� 6WHSKHQ� :HEVWHU�� 6LPRQH� 6PLWK�� $OH[DQGHU� %ODLU�� 7RP�

+XGVRQ�� 9LFWRULD� *ULJVRQ� DQG� 5RELQ� /LQWHQ�� � ,� HVSHFLDOO\� WKDQN� WKRVH� VXPPHU� VWXGHQWV� ZKR�

UHWXUQHG�DQQXDOO\� WR� WKH� ODERUDWRU\�DQG�SURYLGHG�VRPH�DGGLWLRQDO�FRQVLVWHQF\�� WKHVH�DUH�TXLWH�

REYLRXVO\�SHRSOH�ZLWK�D�VWURQJ�FRQVWLWXWLRQ���:LWK�UHJDUG�WR�WKH�,7(5�ZRUN�,�WKDQN�7KLHUU\�%RXWERXO�

DQG� 3HWHU� 5HDGPDQ� IRU� WKHLU� DGYLFH� LQ� WKH� HDUO\� GD\V� DQG� IRU� DOZD\V� EHLQJ� UHDVRQDEOH� DQG�

UHDOLVWLF�� � ,�DOVR� WKDQN� WKH�(QJLQHHULQJ�/DERUDWRU\�DW�&DPEULGJH�8QLYHUVLW\� IRU�SURYLGLQJ�VRPH�

PDJQHWLVDWLRQ�PHDVXUHPHQWV�WKDW�KHOSHG�WR�FRQILUP�WKH�FDOLEUDWLRQ�RI�RXU�HTXLSPHQW��

�

2Q�D�PRUH�SHUVRQDO�OHYHO�D�GHHS�KHDUWHG�WKDQN�\RX�PXVW�JR�WR�P\�ZLIH��*LOO���1RW�RQO\�IRU�WKH�

VXSSRUW�VKH�KDV�JLYHQ�PH�GXULQJ�P\�3K�'��EXW�DOVR�IRU�DOO�WKH�SUHYLRXV�\HDUV¶�VXSSRUW�LQ�JHWWLQJ�

PH�WR�ZKHUH�,�DP��ZKHUH�ZH�DUH��WRGD\���7KURXJK�LQFUHGLEO\�GLIILFXOW�DQG�VWUHVVIXO�WLPHV�VKH�KDV�

DOZD\V�GRQH�KHU�YHU\�EHVW�WR�HQVXUH�P\�VWXGLHV�KDYH�UHPDLQHG�XQFRPSURPLVHG���,�DOVR�WKDQN�P\�

FKLOGUHQ��'DQLHO�DQG�&DOXP��IRU�KHOSLQJ��LQ�WKHLU�RZQ�YHU\�GLIIHUHQW�ZD\V��WR�PRWLYDWH�PH�LQWR�GRLQJ�

P\�EHVW���)LQDOO\��,�PXVW�WKDQN�P\�SDUHQWV�ZKR�KDYH�DOZD\V�ORRNHG�DIWHU�DQG�VXSSRUWHG�PH�LQ�

HYHU\WKLQJ� ,�KDYH�HYHU�GRQH� LQ� OLIH«�HYHQ�WKRVH� WKLQJV� WKH\�GLG�QRW�DJUHH�ZLWK�� �7KLV�DWWLWXGH�

LQVWLOOHG�ZLWKLQ�PH�DQ�DVSLUDWLRQ�QHYHU�WR�EH�D�GLVDSSRLQWPHQW�WR�WKHP��,�WKHUHIRUH�OHDYH�LW�WR�WKHP�

WR�EH�WKH�MXGJH�RI�P\�VXFFHVV�LQ�WKLV�UHJDUG��



�

�

�

� ,�GHGLFDWH�WKLV�WKHVLV�WR�P\�ODWH�IDWKHU��-RKQ�5DLQH��

ZKRVH� OHYHO�KHDGHGQHVV�� LQWHOOLJHQFH�� SK\VLFDO�

VNLOO��IRUHVLJKW�DQG�JRRG�KXPRXU��FRXSOHG�ZLWK�KLV�

EUDYHU\� DQG� VHOIOHVVQHVV� ZKHQ� IDFHG� ZLWK� GHDWK��

KDYH�DOO�PDGH�PH�WKH�SHUVRQ�,�DP�WRGD\«�,�RQO\�

KRSH�WKDW�,�PLJKW�HTXDO�KLP�WRPRUURZ��

�

�

�

�

�

�

�

�

�

�

�
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3$57�,��%DVLF�DQG�$SSOLHG�
6XSHUFRQGXFWLYLW\�

�



�
,QWURGXFWLRQ�
�

,I�\RX�ZHUH�DVNHG�WR�GHVFULEH�WKH�HQWLUH�XQLYHUVH��EDVHG�RQ�\RXU�RZQ�H[SHULHQFH�ZLWKLQ�LW��LQ�MXVW�

RQH�ZRUG��ZKDW�ZRXOG�LW�EH"��)RU�PH��WKDW�ZRUG�ZRXOG�KDYH�WR�EH�³FKDQJH´���:LWKRXW�FKDQJH�WKHUH�

ZRXOG�EH�QR�ZD\�LQ�ZKLFK�WLPH�FRXOG�EH�PHDVXUHG��QR�PHDQV�E\�ZKLFK�PHDVXUHPHQW�FRXOG�EH�

SHUIRUPHG�DQG�QR�ZD\�LQ�ZKLFK�WKH�XQLYHUVH�FRXOG�EH�YLHZHG�RU�DVVHVVHG���&KDQJH�LV�VRPHWKLQJ�

WKDW�SHRSOH�XQGHUVWDQG��WKDW�SHRSOH�DUH�QRW�FRQIXVHG�E\���&KDQJH�LV�VRPHWKLQJ�WKDW�ZH�H[SHFW���

$QG�\HW��FKDQJH�LV�SXUHO\�D�V\PSWRP�RI�D�PRUH�IXQGDPHQWDO�XQGHUO\LQJ�GULYLQJ�LQIOXHQFH��D�OHVV�

ZHOO�XQGHUVWRRG�LQIOXHQFH«�HQHUJ\���(QHUJ\�LV�1DWXUH¶V�FXUUHQF\�DQG�FKDQJH�LV�MXVW�DQ�RXWFRPH�

RI�1DWXUH¶V�WUDQVDFWLRQV�LQ�HQHUJ\���7KHVH�WUDQVDFWLRQV�DUH�PHUHO\�WKH�WUDQVIRUPDWLRQV�RI�HQHUJ\�

IURP�RQH�IRUP�WR�DQRWKHU��VD\��IURP�FKHPLFDO�HQHUJ\��VWRUHG�ZLWKLQ�IRVVLO�IXHOV��WR�HOHFWULFDO�HQHUJ\�

�WKDW� OLJKWV� RXU� KRPHV��� � 2XU� VRXUFHV� RI� VWRUHG� HQHUJ\� DUH�� KRZHYHU�� GZLQGOLQJ� DQG� RXU�

WUDQVIRUPDWLRQ�RI�WKDW�HQHUJ\�KDV�EHHQ�GHWULPHQWDO�WR�WKH�KHDOWK�RI�RXU�SODQHW���7KLV�KDV�SURPSWHG�

RXU�FRPPXQLW\�WR�PDNH�PRUH�FDUHIXO�HQHUJ\�FKRLFHV�DQG�KDV�JHQHUDWHG�D�FROOHFWLYH�HIIRUW�WR�VHHN�

PRUH�HIILFLHQW�ZD\V�RI�GHDOLQJ�ZLWK�RXU�HQHUJ\�QHHGV����

�

(OHFWULFDO�HQHUJ\�LV�WUDQVSRUWHG�WR�RXU�KRPHV�WKURXJK�FRSSHU�ZLUHV���&RSSHU�LV�D�YHU\�JRRG�DQG�

HFRQRPLFDO�FRQGXFWRU�RI�HOHFWULFLW\��ZKLFK�LV�ZK\�LW�LV�WKH�PRVW�ZLGHO\�XVHG�FRQGXFWRU��DQG�WKLV�

PHDQV�WKDW�PRVW�RI�WKH�HOHFWULFDO�HQHUJ\�LW�WUDQVSRUWV�VXFFHVVIXOO\�UHDFKHV�RXU�KRPHV���+RZHYHU��

VRPH�LV�ORVW���,Q������DV�PXFK�DV�����RI�WKH�HOHFWULFDO�HQHUJ\�JHQHUDWHG�LQ�WKH�8.�ZDV�ZDVWHG�

GXH�WR�LQHIILFLHQFLHV�LQ�WKH�1DWLRQDO�*ULG�>�@��LQHIILFLHQFLHV�ODUJHO\�LQKHUHQW�WR�WKH�PHDQV�E\�ZKLFK�

WKH�HQHUJ\�ZDV�GHOLYHUHG���,Q�FRSSHU�WKH�LQHIILFLHQF\�LV�JHQHUDWHG�E\�LWV�UHVLVWDQFH�WR�WKH�IORZ�RI�

HOHFWULFLW\�� � $V� HOHFWURQV� WKDW� FRQVWLWXWH� HOHFWULFLW\� PRYH� DORQJ� D� FRSSHU� ZLUH� WKH\� HQFRXQWHU�

LPSHUIHFWLRQV�DQG�LPSXULWLHV�WKDW�UHPRYH�VRPH�RI�WKHLU�PRWLYH�HQHUJ\�FDXVLQJ�WKHP�WR�VORZ�GRZQ���

,Q�RUGHU�WR�PDLQWDLQ�WKH�IORZ��WKH�ORVW�HQHUJ\�PXVW�EH�UHSODFHG�E\�DSSO\LQJ�D�YROWDJH�WR�WKH�ZLUH���

:H�FDQ�GR�YHU\�OLWWOH�DERXW�WKLV�HOHFWULFDO�UHVLVWDQFH�RU�WKH�ZDVWHG�HQHUJ\�EXW�IRUWXQDWHO\��WKHUH�LV�

D�FODVV�RI�FRQGXFWLQJ�PDWHULDOV�FDOOHG�VXSHUFRQGXFWRUV� LQ�ZKLFK�UHVLVWDQFH�GRHV�QRW�KDYH�WKLV�

XQGHVLUDEOH�RXWFRPH���

�

6XSHUFRQGXFWRUV�DQG�VXSHUFRQGXFWLYLW\�KDYH�EHHQ�NQRZQ�DERXW�VLQFH�WKHLU�GLVFRYHU\�LQ������EXW�

KDYH�IDLOHG�WR�VXVWDLQ�SXEOLF�DWWHQWLRQ���7KLV�PLJKW�EH�D�FRQVHTXHQFH�RI�WKH�QHYHU�HQGLQJ�SURPLVH�

RI�URRP�WHPSHUDWXUH�VXSHUFRQGXFWLYLW\�WKDW�HVWDEOLVKHG�WRR�KLJK�DQ�H[SHFWDWLRQ�IDU�WRR�HDUO\���$OO�

WHFKQRORJLHV� GHYHORS� RYHU� WLPH� EXW� IHZ� DUH� DFWXDOO\� DV� H[FLWLQJ� RU� KDYH� VLPLODU� SRWHQWLDO� DV�



,QWURGXFWLRQ� ���������� ��
�
VXSHUFRQGXFWLYLW\���7KHUH�DUH�DSSUR[LPDWHO\�VL[W\�PLOOLRQ�PDJQHWLF�UHVRQDQFH�LPDJH��05,��VFDQV�

SHUIRUPHG�ZRUOGZLGH�HDFK�\HDU�WR�KHOS�ZLWK�PHGLFDO�GLDJQRVLV�DQG�\HW�WKH�YDVW�PDMRULW\�RI�WKH�

SHRSOH�VFDQQHG�GR�QRW�UHDOLVH�WKDW�WKH\�KDYH�ODLG�ZLWKLQ�WKH�ERUH�RI�D�VXSHUFRQGXFWLQJ�PDJQHW�

FRROHG�WR�D�WHPSHUDWXUH�DOPRVW�DV�FROG�DV�WKH�FROGHVW�RXWHU�UHDFKHV�RI�WKH�XQLYHUVH���/LNHZLVH��

WKH� SXEOLF�� LQIOXHQFHG� E\� SROLWLFLDQV� DQG� WKH� FRQWHPSRUDU\� PHGLD�� KDYH� QRW� EHHQ� VXIILFLHQWO\�

LQWURGXFHG�WR�ZKDW�MXVW�PLJKW�EHFRPH�D�UHDO�DQG�YLDEOH�VXVWDLQDEOH�HQHUJ\�VROXWLRQ��QRW�RQO\�WR�

RXU�HQHUJ\�FULVLV��EXW�DOVR�WR�WKH�FRQVHTXHQFHV�IHOW�E\�RXU�SODQHW�GXH�WR�RXU�FXUUHQW�PHWKRGV�RI�

HQHUJ\�H[WUDFWLRQ���7KLV�SRVVLEOH�VROXWLRQ�LV� IXVLRQ�HQHUJ\���)XUWKHUPRUH��UDWKHU�WKDQ�KDYLQJ�WR�

ZDLW� IRU� WKH� DGYHQW� RI� URRP� WHPSHUDWXUH� VXSHUFRQGXFWLYLW\� WR� KDUQHVV� IXVLRQ� HQHUJ\�� WRGD\¶V�

VXSHUFRQGXFWLQJ�PDWHULDOV�DQG�WHFKQRORJLHV�DUH�EHLQJ�LPSOHPHQWHG�QRZ��LQ�ZKDW�PLJKW�EHFRPH��

WKH�ZRUOG¶V�PRVW�LPSRUWDQW�H[SHULPHQW«�WKH�,QWHUQDWLRQDO�7KHUPRQXFOHDU�([SHULPHQWDO�UHDFWRU�

�,7(5��FXUUHQWO\�EHLQJ�EXLOW�LQ�&DGDUDFKH��VRXWKHUQ�)UDQFH����

�

7KH�ZRUN�GHVFULEHG�LQ�WKLV�WKHVLV�LV�HQWLUHO\�FRQFHUQHG�ZLWK�VXSHUFRQGXFWLYLW\�DQG�LQ�SDUW�RQH�RI�

WKH�ZRUNKRUVHV�RI�VXSHUFRQGXFWLQJ�DSSOLFDWLRQV��QLRELXP�WLQ���1LRELXP�WLQ�LV�D�ORZ�WHPSHUDWXUH�

VXSHUFRQGXFWRU� WKDW� LV�DEOH� WR� FDUU\� YHU\� ODUJH�HOHFWULFDO� FXUUHQWV�ZLWKRXW� UHVLVWLYH� ORVVHV�DQG�

EHFDXVH�IORZLQJ�FXUUHQWV�JHQHUDWH�WKHLU�RZQ�PDJQHWLF�ILHOGV�WKLV�PHDQV�ZH�FDQ�XVH�QLRELXP�WLQ�

�DQG�RWKHU�VLPLODU�VXSHUFRQGXFWRUV��WR�SURGXFH�YHU\�VWURQJ�PDJQHWV��VLPLODU�WR�WKRVH�IRXQG�LQ�WKH�

05,�VFDQQHUV�GLVFXVVHG�DERYH���$GGLWLRQDOO\��QLRELXP�WLQ�LV�RQH�RI�WKH�VXSHUFRQGXFWLQJ�PDWHULDOV�

EHLQJ�XVHG�WR�EXLOG�YHU\�ODUJH�PDJQHWV��a����P�KLJK�E\�a���P�ZLGH��IRU�WKH�,7(5�SURMHFW�WR�WUDS�D�

KRW�SODVPD�ZLWK�D�WHPSHUDWXUH�WHQ�WLPHV�WKDW�DW�WKH�FRUH�RI�RXU�VXQ���7KH�LPSRUWDQFH�RI�WKLV�SURMHFW�

LV�VXFK�WKDW�PRVW�RI�WKH�QLRELXP�WLQ�ZLUHV�PXVW�KDYH�D�QXPEHU�RI�SK\VLFDO�DQG�VXSHUFRQGXFWLQJ�

FKDUDFWHULVWLFV� FDUHIXOO\� PHDVXUHG� ±� VRPH� PHDVXUHPHQWV� SHUIRUPHG� DW� H[WUHPHO\� FROG�

WHPSHUDWXUHV��������Ԩ��±�EHIRUH�WKH\�FDQ�EH�XVHG�WR�EXLOG�WKH�PDJQHWV���7KH�PHWURORJ\�RI�WKHVH�

ZLUHV�LV��LQ�SDUW��WKH�VXEMHFW�RI�WKLV�WKHVLV��

�

$SSOLFDWLRQV�WKDW�UHO\�RQ�VWURQJ�PDJQHWLF�ILHOGV�DUH��KRZHYHU��QRW�OLPLWHG�WR�05,�VFDQQHUV�DQG�

,7(5�DORQH�EXW�WKH�PHVVDJH�KHUH�LV�WKDW�D�ORW�FDQ�EH�DFKLHYHG�ZLWK�VWURQJ�PDJQHWLF�ILHOGV�DQG�

VXSHUFRQGXFWLQJ�PDWHULDOV�DUH�QRW�RQO\�JRRG�DW�SURGXFLQJ�WKHP�EXW�DUH�DOVR� WKH�PRVW�HIILFLHQW�

ZD\� RI� GRLQJ� VR�� � 8QIRUWXQDWHO\�� DOWKRXJK� VXSHUFRQGXFWRUV� DUH� QRW� KLQGHUHG� E\� HOHFWULFDO�

UHVLVWDQFH�� WKH\� DUH� OLPLWHG� E\� WHPSHUDWXUH�� FXUUHQW� DQG� PDJQHWLF� ILHOG� VWUHQJWK���

6XSHUFRQGXFWLYLW\� RQO\� RFFXUV� LI� D� VXSHUFRQGXFWRU� LV� VXIILFLHQWO\� FRROHG� EHORZ� D� SDUWLFXODU�

WHPSHUDWXUH��FKDUDFWHULVWLF�RI�WKDW�SDUWLFXODU�W\SH�RI�VXSHUFRQGXFWRU���7KLV�GRHV�QRW�SUHVHQW�DQ�

LQVXUPRXQWDEOH�SUREOHP�IRU�DSSOLFDWLRQV�EHFDXVH�ZH�KDYH�D�YHU\�JRRG�XQGHUVWDQGLQJ�RI�FRROLQJ�

WHFKQRORJLHV���$GGLWLRQDOO\�WKRXJK��WKH�VXSHUFRQGXFWLQJ�VWDWH�LV�GHVWUR\HG�E\�HOHFWULFDO�FXUUHQWV�

WKDW� H[FHHG� D� FULWLFDO� YDOXH� DQG�RU� LI� WKH� VXSHUFRQGXFWRU� LV� SODFHG� ZLWKLQ� D� VXIILFLHQWO\� VWURQJ�

PDJQHWLF�ILHOG��HYHQ�LI�WKDW�ILHOG�LV�JHQHUDWHG�E\�WKH�FXUUHQW�IORZLQJ�WKURXJK�WKH�VXSHUFRQGXFWRU�

LWVHOI���7KLV�SUHVHQWV�D�PD[LPXP�XSSHU�OLPLW�RQ�WKH�FXUUHQW�WKDW�FDQ�EH�FDUULHG��DQG�WKH�PDJQHWLF�

ILHOG�VWUHQJWK�D�VXSHUFRQGXFWRU�FDQ�EH�VXEMHFWHG�WR���7KLV��XQIRUWXQDWHO\��SXWV�OLPLWV�RQ�WKH�XVH�RI�

VXSHUFRQGXFWRUV�LQ�UHDO�ZRUOG�DSSOLFDWLRQV���,W�LV�WKHUHIRUH�LPSRUWDQW�WR�WU\�DQG�RYHUFRPH�WKHVH�

OLPLWV�VR� WKDW� WHFKQRORJLHV�FDQ�EH� LPSURYHG�DQG�HQKDQFHG�� �2QH�VXFK�HIIRUW� WR�RYHUFRPH� WKH�



,QWURGXFWLRQ� ���������� ��
�
XSSHU�FULWLFDO�PDJQHWLF�ILHOG�OLPLW�RI�WKH�ORZ�WHPSHUDWXUH�VXSHUFRQGXFWRU�QLRELXP�FDUERQLWULGH�LV�

WKH�RWKHU�PDLQ�IRFXV�RI�WKLV�WKHVLV¶�ZRUN��

�

7KHUH�DUH�D�QXPEHU�RI�ZD\V�LQ�ZKLFK�WKH�DELOLW\�RI�D�VXSHUFRQGXFWRU��QRW�RQO\�WR�FDUU\�FXUUHQW��EXW�

DOVR�WR�ZLWKVWDQG�VWURQJ�PDJQHWLF�ILHOGV��FDQ�EH�PDQLSXODWHG�DQG�LPSURYHG���2QH�ZD\�LV�WR�PDNH�

WKH�PDWHULDO�QDQRFU\VWDOOLQH���0RVW�VROLG�PDWHULDOV��WR�VRPH�GHJUHH��KDYH�D�FU\VWDOOLQH�VWUXFWXUH���

7KLV� PHDQV� WKDW� WKH� DWRPV� WKH\� DUH� FRPSULVHG� RI� DUH� KHOG� WRJHWKHU� LQ� D� UHJXODU� SDWWHUQ� RU�

FRQILJXUDWLRQ�WKDW�LV�UHSHDWHG�WKURXJKRXW�WKH�PDWHULDO���6RPHWLPHV�WKH�RULHQWDWLRQV�RI�WKHVH�VPDOO�

DWRPLF�FRQILJXUDWLRQV���OHW¶V�FDOO�WKHP�JUDLQV���DUH�VR�SHUIHFWO\�DOLJQHG�WKDW�ZH�GHHP�WKH�PDWHULDO�

WR�EH�D�VLQJOH�FU\VWDO���7KH�FU\VWDO�ORRNV�WKH�VDPH�HYHU\ZKHUH���,Q�UHDOLW\�VXFK�SHUIHFW�FU\VWDOV�DUH�

UDUHO\�YHU\�ELJ�EHFDXVH�LW�LV�VR�XQOLNHO\�IRU�VXFK�SHUIHFWLRQ�WR�RFFXU�ZLWKRXW�GLVUXSWLRQ�RI�RQH�IRUP�

RU�DQRWKHU���,W�MXVW�VR�KDSSHQV��KRZHYHU��WKDW�WKH�FORVHU�D�VXSHUFRQGXFWRU�JHWV�WR�KDYLQJ�D�SHUIHFW�

FU\VWDOOLQH�VWUXFWXUH��WKH�OHVV�XVHIXO�LW�EHFRPHV���7KHVH�YHU\�FOHDQ�DQG�RUGHUHG�VXSHUFRQGXFWRUV�

DUH� QRW� DEOH� WR� FDUU\� XVHIXO� HOHFWULFDO� FXUUHQWV� �IRU� UHDVRQV� WKDW� ZRQ¶W� EH� DGGUHVVHG� LQ� WKLV�

LQWURGXFWLRQ��DQG�DUH�WKHUHIRUH�XQDEOH�WR�JHQHUDWH�XVHIXO�PDJQHWLF�ILHOGV���7KH�ZD\�DURXQG�WKLV�LV�

WR�SURGXFH�VRPH�OHYHO�RI�FU\VWDOOLQH�GLVRUGHU���,Q�RWKHU�ZRUGV��UDQGRPO\�FKDQJH�WKH�RULHQWDWLRQ�RI�

DOO� WKH�FRQVWLWXHQW�JUDLQV�WKDW� IRUP�WKH�VXSHUFRQGXFWRU¶V�VWUXFWXUH�� �7KLV�GLVRUGHULQJ�HQDEOHV�D�

VXSHUFRQGXFWRU�WR�FDUU\�FXUUHQW�DQG�FDQ�LPSURYH�WKH�PD[LPXP�PDJQHWLF�ILHOG�LW�FDQ�ZLWKVWDQG�

EHIRUH�ORVLQJ�WKH�VXSHUFRQGXFWLQJ�VWDWH���$V�ZLWK�PRVW�WKLQJV��KRZHYHU��WKHUH�LV�D�OLPLW�EH\RQG�

ZKLFK�WKHVH�DELOLWLHV�DUH�UHGXFHG���7KH�VHFUHW�LV�WR�ILQG�WKH�RSWLPXP���$QRWKHU�WKLQJ�WKDW�FDQ�EH�

GRQH�WKDW�PLJKW�LPSURYH�WKH�PD[LPXP�PDJQHWLF�ILHOG�LV�WR�UHGXFH�WKH�VL]H�RI�WKH�JUDLQV�WKDW�IRUP�

WKH�FU\VWDO�VWUXFWXUH���7KLV�LV�ZKHUH�WKH�WHUP�QDQRFU\VWDOOLQH�FRPHV�IURP���,W�UHIHUV�WR�QDQR�VL]HG�

FU\VWDOV�L�H��FU\VWDOOLQH�JUDLQV�WKDW�KDYH�D�OHQJWK�VFDOH�RI�D�ELOOLRQWK�RI�D�PHWUH���,Q�IDFW��RQ�WKH�IDFH�

RI�LW��UHGXFLQJ�JUDLQ�VL]H�DQG�UDQGRPLVLQJ�JUDLQ�RULHQWDWLRQ�LV�XVXDOO\�FRQVLGHUHG�WR�EH�XQGHVLUDEOH�

EHFDXVH� LW� LQFUHDVHV�HOHFWULFDO� UHVLVWDQFH�� �)RUWXQDWHO\�� WKLV� RQO\�HIIHFWV�QRQ�VXSHUFRQGXFWRUV��

VXFK� DV� FRSSHU�� DQG� LI� GRQH� FDUHIXOO\�� FDQ� EH� D� GHVLUDEOH� RXWFRPH� RI� WKH� NLQGV� RI� PDWHULDO�

SURFHVVLQJ�DSSOLHG�WR�QLRELXP�FDUERQLWULGH�GLVFXVVHG�LQ�WKLV�ZRUN��

�

7KLV�WKHVLV�LV�GLYLGHG�LQWR�WKUHH�SDUWV��3$57�,��%DVLF�DQG�$SSOLHG�6XSHUFRQGXFWLYLW\�GHDOV�ZLWK�WKH�

WKHRUHWLFDO�EDFNJURXQG�WR�WKH�SKHQRPHQRQ�DQG�RXU�PLFURVFRSLF�XQGHUVWDQGLQJ�DQG�SURYLGHV�DQ�

LQWURGXFWLRQ�WR�RQH�RI�WKH�PRVW�LPSRUWDQW�SURMHFWV�LQ�WKH�ZRUOG�WKDW�ZLOO�XVH�VXSHUFRQGXFWLYLW\�WR�

KDUQHVV�D�VWDU¶V�HQHUJ\�IRU�WKH�JRRG�RI�KXPDQNLQG��QDPHO\��WKH�,7(5�SURMHFW��3$57�,,��1E&1�±�

$�3RVVLEOH�1HZ�0DWHULDO�IRU�)XVLRQ�$SSOLFDWLRQV�GHDOV�ZLWK�WKH�IDEULFDWLRQ�DQG�SURFHVVLQJ�RI�WKH�

ORZ�WHPSHUDWXUH�VXSHUFRQGXFWRU�QLRELXP�FDUERQLWULGH�WKDW�KDV�OHG�WR�D�VXEVWDQWLDO�LQFUHDVH�LQ�LWV�

DELOLW\�WR�ZLWKVWDQG�VWURQJ�PDJQHWLF�ILHOGV�E\�PDNLQJ�LW�QDQRFU\VWDOOLQH��3$57�,,,��7KH�0HWURORJ\�

RI� 1E�6Q� IRU� ,7(5� GHDOV� ZLWK� WKH�PHDVXUHPHQW� RI� ������� VDPSOHV� RI� 1E�6Q� DV� SDUW� RI� WKH�

YHULILFDWLRQ�DQG�DFFHSWDQFH�WHVWLQJ�RI�WKH�VXSHUFRQGXFWLQJ�VWUDQGV�HDUPDUNHG�IRU�LQFOXVLRQ�LQ�WKH�

,7(5�IXVLRQ�WRNDPDN�UHDFWRU�



�

�
%DVLF�DQG�DSSOLHG�VXSHUFRQGXFWLYLW\�
����,QWURGXFWLRQ�
�

,Q�WKH�RQH�KXQGUHG�\HDUV�RU�VR�VLQFH�WKH�GLVFRYHU\�RI�VXSHUFRQGXFWLYLW\�WKH�ILHOG�KDV�ZLWQHVVHG�D�

QXPEHU� RI� VHPLQDO� WKHRUHWLFDO� DQG� H[SHULPHQWDO� GHYHORSPHQWV�� VXFK� DV� D� FRPSOHWH�

XQGHUVWDQGLQJ�RI� ORZ� WHPSHUDWXUH�VXSHUFRQGXFWLYLW\�� WKH�XQGHUVWDQGLQJ�DQG�DSSOLFDWLRQ�RI� WKH�

-RVHSKVRQ�HIIHFW��WKH�GLVFRYHU\�RI�KLJK�WHPSHUDWXUH�VXSHUFRQGXFWLYLW\�DQG�WKH�GLVFRYHU\�RI�QRYHO�

LURQ�EDVHG�VXSHUFRQGXFWRUV��WR�QDPH�EXW�D�IHZ���,Q�SDUDOOHO�ZLWK�WKLV�ZRUN�ZH�KDYH�VHHQ�D�SOHWKRUD�

RI�QHZ�PDWHULDOV��UDQJLQJ�IURP�YHU\�ORZ�WR�YHU\�KLJK�WHPSHUDWXUH�VXSHUFRQGXFWRUV���6RPH�KDYH�

EHHQ�RI�QR�SDUWLFXODU�DSSOLFDEOH�LQWHUHVW�DQG�RWKHUV�KDYH�HQDEOHG�WHFKQRORJLHV�RQFH�FRQVLGHUHG�

WR�EH�LQ�WKH�UHDOP�RI�VFLHQFH�ILFWLRQ��VXFK�DV�PDJQHWLF�UHVRQDQFH�LPDJLQJ�VFDQQHUV�DQG�IXVLRQ�

WRNDPDNV��

�

,Q� WRGD\¶V�ZRUOG�ZKHUH�JOREDO�GRPHVWLF�HQHUJ\�XVDJH�KDV�EHFRPH�D�PDMRU�³JUHHQ´� LVVXH�� WKH�

SURVSHFWV� IRU� WKH� IXWXUH� WKDW� VXSHUFRQGXFWLYLW\� RIIHUV� ZLOO� RQO\� LQWHQVLI\� WKH� VHDUFK� IRU� EHWWHU�

VXSHUFRQGXFWRUV���:KLOH�WKH�ILHOG�RI�VXSHUFRQGXFWLYLW\�KDV�EHHQ�DQ�DFWLYH�RQH�IRU�RYHU�D�FHQWXU\��

LW�VHHPV�WKDW�LW�KDV�QRW�\HW�IXOO\�PDWXUHG��

�

,Q� WKLV� FKDSWHU� WKH� PDMRU� IXQGDPHQWDO� WKHRULHV� RI� *LQ]EXUJ�/DQGDX� DQG� %DUGHHQ�&RRSHU�

6FKULHIIHU� ZLOO� EH� UHYLHZHG�� � %HDQ¶V� FULWLFDO� VWDWH� PRGHO� RI� PDJQHWLF� K\VWHUHVLV� ZLOO� DOVR� EH�

GLVFXVVHG�EHIRUH�PRYLQJ�RQWR� WKH�SURSHUWLHV�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�PDWHULDOV���

7KH�FKDSWHU�HQGV�E\�GLVFXVVLQJ�WKH�H[FLWLQJ��IXQGDPHQWDO�DQG�HVVHQWLDO�UROH�VXSHUFRQGXFWRUV�DUH�

SOD\LQJ�LQ�WKH�,QWHUQDWLRQDO�7KHUPRQXFOHDU�([SHULPHQWDO�5HDFWRU��

����3KHQRPHQRORJLFDO�DQG�PLFURVFRSLF�WKHRULHV�RI�VXSHUFRQGXFWLYLW\�

������/RQGRQ�HTXDWLRQV�
�

7KH� GLVFRYHU\� RI� VXSHUFRQGXFWLYLW\� LQ� ����� DQG� LWV� XQXVXDO� ]HUR�UHVLVWDQFH� VWDWH� OHG� WR� WKH�

SUHPDWXUH�FRQFOXVLRQ�WKDW�VXSHUFRQGXFWRUV�ZHUH�VLPSO\�SHUIHFW�FRQGXFWRUV���7KH�H[FOXVLRQ�RI�DQ�

DSSOLHG�PDJQHWLF�ILHOG�IURP�WKH�LQWHULRU�RI�D�SUH�FRROHG�VXSHUFRQGXFWRU�ZDV�H[SODLQHG�E\�/HQ]
V�

ODZ��LQ�ZKLFK�WKH�DSSOLHG�ILHOG�LQGXFHV�FXUUHQWV�ZLWKLQ�WKH�VXSHUFRQGXFWRU�WKDW�JHQHUDWH�RSSRVLQJ�



%DVLF�DQG�DSSOLHG�VXSHUFRQGXFWLYLW\� ���������� ��
�
ILHOGV�WKDW�PDLQWDLQ�D�ILHOG�IUHH�LQWHULRU���7KLV�H[SODQDWLRQ�RI�PDJQHWLF�VFUHHQLQJ�ZDV��KRZHYHU��

IRXQG�WR�EH�LQ�HUURU�ZKHQ� LQ������:DOWKHU�0HLVVQHU�DQG�5REHUW�2FKVHQIHOG�GLVFRYHUHG�WKDW�D�

VXSHUFRQGXFWRU� H[SHOV� PDJQHWLF� ILHOGV� IURP� LWV� LQWHULRU� ZKHQ� FRROHG� WR� EHORZ� LWV� WUDQVLWLRQ�

WHPSHUDWXUH�LQ�D�QRQ�]HUR�VWDWLF�PDJQHWLF�ILHOG���7KLV�0HLVVQHU�HIIHFW�ZDV�LQ�VWDUN�FRQWUDVW�WR�WKH�

EHKDYLRXU�H[SHFWHG�RI�D�SHUIHFW�FRQGXFWRU���$�SHUIHFW�FRQGXFWRU�ZRXOG�DFWXDOO\�UHVLVW�DQ\�FKDQJH�

LQ�WKH�DSSOLHG�ILHOG��DJDLQ��DFFRUGLQJ�WR�/HQ]
V�ODZ��DQG�LQ�VR�GRLQJ�ZRXOG�PDLQWDLQ�WKH�RULJLQDO�

ILHOG���HYHQ�LQ�WKH�H[WUHPH�FDVH�LQ�ZKLFK�WKH�DSSOLHG�ILHOG�ZDV�FRPSOHWHO\�UHPRYHG���6R�ZKLOVW�

VXSHUFRQGXFWRUV� GLG� LQGHHG� GLVSOD\� EHKDYLRXU� LQ� DFFRUGDQFH� ZLWK� SHUIHFW� FRQGXFWLYLW\� �]HUR�

UHVLVWDQFH�DQG�ILHOG�H[FOXVLRQ���WKLV�DORQH�FRXOG�QRW�IXOO\�DFFRXQW�IRU�WKHLU�EHKDYLRXU��D�IXOO�DFFRXQW�

KDG�DOVR�WR�LQFOXGH�WKH�H[SXOVLRQ�RI�DSSOLHG�ILHOGV��

�

3ULRU� WR� ����� WKH� WZR�PDLQ� FKDUDFWHULVWLFV� RI� VXSHUFRQGXFWLYLW\�� QDPHO\�� ]HUR� UHVLVWDQFH� DQG�

SHUIHFW� GLDPDJQHWLVP�� ZHUH� QRW� H[SOLFLW� ZLWKLQ� HOHFWURPDJQHWLF� WKHRU\�� � 7KLV� VLWXDWLRQ� ZDV�

UHPHGLHG��KRZHYHU��E\�)ULW]�DQG�+HLQ]�/RQGRQ���7KH�/RQGRQ�EURWKHUV�SURSRVHG�WZR�HTXDWLRQV�

WKDW�LQ�FRQMXQFWLRQ�ZLWK�0D[ZHOO
V�HTXDWLRQV�GHVFULEH�]HUR�UHVLVWDQFH�DQG�SHUIHFW�GLDPDJQHWLVP���

7KH�ILUVW�RI�WKHVH�WZR�HTXDWLRQV�LV�

�

� ۳ ൌ ௅ଶߣ଴ߤ
ௗ
ௗ௧
௅ଶߣ����������������۸ ൌ

௠
ఓబ௡ೞ௘మ

�� ������

�

ZKHUHߤ�଴�LV�WKH�SHUPHDELOLW\�RI�IUHH�VSDFHߣ��௅�LV�WKH�/RQGRQ�SHQHWUDWLRQ�GHSWK��݉�LV�WKH�HOHFWURQ�

PDVV��݊ ௦�LV�WKH�VXSHUHOHFWURQ�GHQVLW\�DQG�݁�LV�WKH�HOHFWURQ�FKDUJH���,I�DQ�HOHFWULF�ILHOG�۳��SHUPHDWHV�

D� VXSHUFRQGXFWRU� WKHQ� WKH� FKDUJH� GHQVLW\�� ۸�� FRQWLQXRXVO\� LQFUHDVHV�� VLQFH� WKHUH� LV� DQ�

XQLQWHUUXSWHG� DFFHOHUDWLRQ� RI� WKH� VXSHUHOHFWURQV�� � )XUWKHUPRUH�� WKLV� HTXDWLRQ� VKRZV� WKDW� LI� D�

VWHDG\�FXUUHQW�LV�PDLQWDLQHG�WKHQ�WKH�HOHFWULF�ILHOG�LV�]HUR���QR�UHVLVWDQFH��QR�SRWHQWLDO�GLIIHUHQFH��

�

7KH�VHFRQG�RI�WKH�/RQGRQ�HTXDWLRQV�LV�

�

� ۰ ൌ െߤ଴ߣ௅ଶ����ሺ۸ሻ�� ������

�

7KLV�GHVFULEHV�SHUIHFW�GLDPDJQHWLVP��7KLV�FDQ�EH�VHHQ�DV�IROORZV��

�

0D[ZHOO
V�IRXUWK�HTXDWLRQ�

� ����ሺ۶ሻ ൌ ۸ ൅
۲ߜ
ݐߜ ǡ�

������

�

ZKHUH�۶� LV� WKH� PDJQHWLF� ILHOG� VWUHQJWK� DQG� ۲� LV� WKH� HOHFWULF� GLVSODFHPHQW�� EHFRPHV�� LQ� WKH�

DEVHQFH�RI�PDJQHWLVDWLRQ�DQG�GLVSODFHPHQW�FXUUHQWV��$PSHUH¶V�ODZ�>�@��

�

� ����ሺ۰ሻ ൌ �଴۸ߤ ������

�

�



%DVLF�DQG�DSSOLHG�VXSHUFRQGXFWLYLW\� ���������� ��
�
6XEVWLWXWLRQ�RI�������LQWR�������JLYHV�

�

� ۰ ൌ െߣ௅ଶ����൫����ሺ۰ሻ൯ǡ� ������

�

DQG�RQ�XVH�RI�WKH�YHFWRU�LGHQWLW\�

�

� ����൫����ሺ۰ሻ൯ ؠ ����൫���ሺ۰ሻ൯ െ ��ଶ۰׏ ������

�

ZKHUH�0D[ZHOO¶V�VHFRQG�HTXDWLRQ�

�

� ���ሺ۰ሻ ൌ Ͳ� ������

�

�LV�XVHG�WR�UHGXFH�������WR�

� ����൫����ሺ۰ሻ൯ ൌ െ׏ଶ۰�� �

�

DQG�HTXDWLRQ�������EHFRPHV�

�

� ۰ ൌ �����ଶ۰׏௅ଶߣ ฺ ����� ଶ۰׏ ൌ
۰
௅ଶߣ
ǡ� ������

�

ZKLFK�LV�D�VHFRQG�RUGHU�GLIIHUHQWLDO�HTXDWLRQ�ZLWK�VROXWLRQ��

�

� ሻݔሺܤ ൌ ���଴ܤ ൬െ
ݔ
௅ߣ
൰Ǥ� ������

�

$VVXPLQJ�WKH�PDJQHWLF�ILHOG�LV�DSSOLHG�DORQJ�WKH�]�D[LV���7KLV�VROXWLRQ�VKRZV�WKDW�WKH�DSSOLHG�ILHOG�

H[SRQHQWLDOO\�GHFUHDVHV�IURP�LWV�PD[LPXP�DW�WKH�VXUIDFH�RI�D�VXSHUFRQGXFWRU�WRܤ�଴����ሺെͳሻ�RYHU�

WKH�FKDUDFWHULVWLF�/RQGRQ�SHQHWUDWLRQ�GHSWKߣ�௅��

������*LQ]EXUJ�DQG�/DQGDX�WKHRU\�RI�VXSHUFRQGXFWLYLW\�

,QWURGXFWLRQ�
�

,Q� ����� 9LWDO\� *LQ]EXUJ� DQG� /HY� /DQGDX� SXEOLVKHG� D� SDSHU� HQWLWOHG� ³2Q� WKH� 7KHRU\� RI�

6XSHUFRQGXFWLYLW\´� >�@� LQ� ZKLFK� WKH\� SUHVHQWHG� DQ� H[WHQVLRQ� WR� WKH� /RQGRQ� EURWKHUV¶�

SKHQRPHQRORJLFDO� DSSURDFK� >�@�� � 7KLV� SDSHU� SURYLGHG� DQ� H[WHQVLRQ� WR� /DQGDX¶V� SUHYLRXV��

XQVXFFHVVIXO��DWWHPSW�DW�DSSO\LQJ�WKH�WKHRU\�RI�SKDVH�WUDQVLWLRQV�WR�VXSHUFRQGXFWLYLW\���+RZHYHU��

WKH�VXFFHVV�RI�WKH������SDSHU�ZDV�QHYHUWKHOHVV�SULPDULO\�GXH�WR�/DQGDX¶V�SHUVHYHUDQFH�ZLWK�WKH�

WUDQVLWLRQ�DSSURDFK�>�@��

�

�



%DVLF�DQG�DSSOLHG�VXSHUFRQGXFWLYLW\� ���������� ��
�
7KH�*LQ]EXUJ�/DQGDX�HTXDWLRQV�
�

'XULQJ�D�VWUXFWXUDO�SKDVH�WUDQVLWLRQ�D�FKDQJH�RFFXUV�ZLWKLQ�D�PDWHULDO� LQ�ZKLFK� WKH�VWUXFWXUH¶V�

RUGHU�LV�HLWKHU�LQFUHDVHG�RU�GHFUHDVHG���*LQ]EXUJ�DQG�/DQGDX��*/��SURSRVHG�D�FRPSOH[�RUGHU�

SDUDPHWHU��߶��ZKRVH�VTXDUHG�PRGXOXV�LV�SURSRUWLRQDO�WR�WKH�GHQVLW\�RI�VXSHUFRQGXFWLQJ�HOHFWURQV���

7KHLU�UHDVRQ�IRU�WKLV�ZDV�VLPSOH���7KH�QXPEHU�RI�VXSHUFRQGXFWLQJ�HOHFWURQV�DERYH�WKH�WUDQVLWLRQ�

WHPSHUDWXUH��ܶ ൐ ௖ܶ��LV�]HUR��DQG�EHORZ�WKDW�WHPSHUDWXUH�WKH\�LQFUHDVH�LQ�QXPEHU�XQWLO�ܶ ൌ Ͳ�LV�

UHDFKHG�>�@��DQG�VR�WKH\�DUH�DOVR�UHODWHG�WR�WKH�RUGHU�RI�WKH�VXSHUFRQGXFWLQJ�PDWHULDO��

�

,Q�IRUPXODWLQJ�WKHLU�WKHRU\�WKH\�IRFXVVHG�RQ�WHPSHUDWXUHV�YHU\�FORVH�WR�WKH�WUDQVLWLRQ�WHPSHUDWXUH��

௖ܶ��VLQFH�WKH�RUGHU�SDUDPHWHU��߶��ZRXOG�EH�VXIILFLHQWO\�VPDOO�DW�WKHVH�WHPSHUDWXUHV�WR�EH�FRQGXFLYH�

WR�PDWKHPDWLFDO�IRUPXODWLRQ���,Q�SDUWLFXODU��WKH�WKHRU\¶V�IRXQGDWLRQ�LV�FRQFHUQHG�ZLWK�PLQLPLVLQJ�

WKH�+HOPKROW]� IUHH�HQHUJ\� �LQ� ]HUR� ILHOG��EHFDXVH�ZKHQ� WKH�RUGHU�SDUDPHWHU� LV� VPDOO� WKH� IUHH�

HQHUJ\�FDQ�EH�H[SDQGHG�DV�D�SRZHU� VHULHV� LQ�߶�� �)RUWXQDWHO\�� DOWKRXJK� WKLV� WUHDWPHQW� LV�QRW�

JHQHUDOO\�DSSOLFDEOH��LW�LV�DSSOLFDEOH�WR�VXSHUFRQGXFWLYLW\���,Q�RUGHU�WR�LQFUHDVH�WKH�DSSOLFDELOLW\�WR�

VXSHUFRQGXFWLYLW\�LQ�PDJQHWLF�ILHOGV��LW�ZDV�QHFHVVDU\�WR�PLQLPLVH�WKH�*LEEV�IUHH�HQHUJ\�GHQVLW\�

�
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ଶǡ� �������

�

ZKHUH� ௡݂�LV�WKH�IUHH�HQHUJ\�GHQVLW\�LQ�WKH�QRUPDO�VWDWHߙ���DQGߚ��DUH�IXQFWLRQV�RI�WHPSHUDWXUH�DQG�

��@�<��LV�WKH�PDJQHWLF�YHFWRU�SRWHQWLDOۯ

�

7KH�PLQLPLVDWLRQ�RI�HTXDWLRQ��������ZLWK�UHVSHFW�WR�߶��XVLQJ�YDULDWLRQDO�PHWKRGV��\LHOGV�WKH�ILUVW�

*/�HTXDWLRQ�

�
ͳ
ʹ݉

ሺെ݅԰સ െ ߶ሻଶۯ݁ʹ ൅ ߶ߙ ൅ ߶ȁ߶ȁଶߚ ൌ Ͳǡ� �������

�
ZKLFK�LV�VLPLODU�WR�WKH�6FKURGLQJHU�HTXDWLRQ��DQG�LQFOXGHV�D�QRQ�OLQHDU�WHUP��>�@���7KLV�DOVR�PHDQV�

WKDW�WKH�FRPSOH[�RUGHU�SDUDPHWHU�FDQ�EH�UHJDUGHG�DV�TXDQWXP�PHFKDQLFDO�ZDYHIXQFWLRQ��
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6R��WKH�ILUVW��������DQG�VHFRQG��������*/�HTXDWLRQV�IRUP�D�VHW�RI�VLPXOWDQHRXV�HTXDWLRQV�IURP�

ZKLFK�WKH�RUGHU�SDUDPHWHU��WKH�FXUUHQW�GHQVLW\��DQG�WKH�YHFWRU�SRWHQWLDO�FDQ�EH�GHWHUPLQHG�DQG�

WKHQ�XVHG�WR�REWDLQ�WKH�PDMRU�FKDUDFWHULVWLF�SDUDPHWHUV�RI�VXSHUFRQGXFWLYLW\��

7KH�SHQHWUDWLRQ�GHSWK�
�

7KH�*/�WKHRU\�LV�DQ�H[WHQVLRQ�WR�WKH�/RQGRQ�EURWKHUV¶�SUHYLRXV�ZRUN�WKDW�JHQHUDOLVHV�0D[ZHOO¶V�

HOHFWURPDJQHWLF� HTXDWLRQV� WR� WDNH�DFFRXQW� RI� WKH� IXQGDPHQWDO� VXSHUFRQGXFWLQJ�SKHQRPHQD� ��

SHUIHFW� FRQGXFWLYLW\� DQG� SHUIHFW� GLDPDJQHWLVP�� � ,W� LV� WKHUHIRUH� UHDVRQDEOH� WKDW� WKH�*/� WKHRU\�

LQFOXGHV�ZLWKLQ�LW�VRPH�RI�WKH�VXSHUFRQGXFWLQJ�FKDUDFWHULVWLFV�SUHGLFWHG�E\�WKH�/RQGRQV¶�ZRUN���

2QH�VXFK�SUHGLFWLRQ�LV�WKH�SHQHWUDWLRQ�GHSWK��
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'HHS�LQVLGH�D�7\SH�,�VXSHUFRQGXFWLQJ�PDWHULDO�WKH�PDJQHWLF�ILHOG�LV�]HUR�DQG�WKH�RUGHU�SDUDPHWHU�
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7KH�FRKHUHQFH�OHQJWK�
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7KH�RUGHU�SDUDPHWHU�߶� LV�D� ORFDOO\�GHILQHG�SDUDPHWHU� L�H�� LWV�YDOXH� LV�SRVLWLRQ�GHSHQGHQW��DQG�

WKHUHIRUH� LW� FKDQJHV� IURP� SODFH�WR�SODFH� ZLWKLQ� D� VXSHUFRQGXFWRU� GHSHQGLQJ� XSRQ� WKH� ORFDO�

FRQGLWLRQV�� �+RZHYHU�� WKH�YDULDWLRQ� LQ� WKH�FKDQJH�RI�߶� LV�QRW�ZLWKRXW� UHVWULFWLRQ�� WKH�UHVWULFWLRQ�

EHLQJ�WKH�FRKHUHQFH�OHQJWK���7ߦ�KLV�LV�WKH�FKDUDFWHULVWLF�OHQJWK�RYHU�ZKLFK�߶�FDQ�YDU\�DSSUHFLDEO\�

>�@�� � ,W� FDQ�DOVR� EH� LQWHUSUHWHG�DV� WKH�DYHUDJH�PD[LPXP� VSDFLQJ�EHWZHHQ�&RRSHU� SDLUV� >��@��

WKRXJK�WKLV�GRHV�QRW�IRUP�SDUW�RI�WKH�*/�WKHRU\��
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7KH�H[SUHVVLRQ�IRU�WKH�FRKHUHQFH�OHQJWK�FDQ�EH�GHWHUPLQHG�DV�IROORZV�>�@���&RQVLGHULQJ�WKH�]HUR�

ILHOG�FDVH�DQG�WKHUHIRUH�VHWWLQJۯ� ൌ ૙�LQ�HTXDWLRQ��������VKRZV�WKDW�
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ZKLFK�IRUFHV�WKH�SKDVH�RI�WKH�RUGHU�SDUDPHWHU�WR�EH�LQGHSHQGHQW�RI�SRVLWLRQ��RWKHUZLVH��������

ZRXOG�QRW�EH�VDWLVILHG���)XUWKHU��WKH�SKDVH�LV�FRQVWDQW�DQG�FDQ�EH�UHDO�YDOXHG����&RQVLGHULQJ�WKH�

RQH�GLPHQVLRQDO�FDVH��DQG�HPSOR\LQJ�WKH�DERYH�FRQVWUDLQWV�RQ�HTXDWLRQ��������\LHOGV�
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ZKLFK�LV�D�RQH�GLPHQVLRQDO��QRQ�OLQHDU��6FKURGLQJHU�HTXDWLRQ���$�FKDQJH�LQ�YDULDEOHV�OHDGV�WR�WKH�

VROXWLRQ�
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LV�WKH�*/�FRKHUHQFH�OHQJWK��

7KH�*LQ]EXUJ�/DQGDX�SDUDPHWHU�
�

7\SH�,�DQG�7\SH�,,�VXSHUFRQGXFWRUV�FDQ�EH�FKDUDFWHULVHG�E\�WKH�UDWLR�RI�WKH�SHQHWUDWLRQ�GHSWK��

��௅ீߣ WR� WKH� FRKHUHQFH� OHQJWK� ��௅ீߦ � 7KLV� UDWLR�� ��ߢ NQRZQ� DV� WKH� *LQ]EXUJ�/DQGDX� SDUDPHWHU��

GHWHUPLQHV�WKH�VXSHUFRQGXFWLQJ�W\SH�DV�IROORZV��

�
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� WKHQ�7\SH�,,�EHKDYLRXU�IROORZV��
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7\SH�,�FULWLFDO�ILHOGV�
�

7KH�FULWLFDO�PDJQHWLF� ILHOGܤ��௖�� LV� WKH� GHPDUFDWLRQ�SRLQW�EHWZHHQ�VXSHUFRQGXFWLQJ� DQG�QRUPDO�

EHKDYLRXU�LQ�7\SH�,�VXSHUFRQGXFWRUV��:KHQ�WKH�DSSOLHG�ILHOG�HTXDOV�RU�H[FHHGV�WKH�FULWLFDO�ILHOG�

WKH�VXSHUFRQGXFWLQJ�VWDWH�LV�GHVWUR\HG�DQG�WKH�PDWHULDO�LV�IRUFHG�LQWR�WKH�QRUPDO�VWDWH��
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&RQVLGHULQJ�D�VXSHUFRQGXFWLQJ�EXON�PDWHULDO�ZLWK�GLPHQVLRQV� IDU�JUHDWHU� WKDQ� WKH�SHQHWUDWLRQ�

GHSWK� WKDW� LV� LQ� WKH� VXSHUFRQGXFWLQJ� VWDWH�� WKH� LQWHUQDO� PDJQHWLF� ILHOG� ۰ ൌ ૙� DQG� WKH� RUGHU�

SDUDPHWHU��DUH�FRQVWDQW�>�@���$SSO\LQJ�WKHVH�FRQGLWLRQV�WR�HTXDWLRQ��������\LHOGV�
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$SSO\LQJ�WKH�DERYH�FRQGLWLRQV�WR�HTXDWLRQ���������VXEVWLWXWLQJ�IRU��������DQG�LQWHJUDWLQJ�RYHU�WKH�

YROXPH�RI�WKH�PDWHULDO�\LHOGV�WKH�*LEEV�IUHH�HQHUJ\�GHQVLW\�DV�D�IXQFWLRQ�RI�DSSOLHG�ILHOG�VWUHQJWK�
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)XUWKHU�� LQ� WKH�QRUPDO� VWDWH� WKH�RUGHU� SDUDPHWHU�߶ ൌ Ͳ�� � $SSO\LQJ� WKH� VDPH�PHWKRG�ZLWK� WKH�
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WKH�*LEEV�IUHH�HQHUJ\�GHQVLW\�IRU�WKH�QRUPDO�VWDWH���7KHUHIRUH��VLQFH�WKH�FULWLFDO�ILHOG�RFFXUV�DW�WKH�

ERXQGDU\� EHWZHHQ� WKH� VXSHUFRQGXFWLQJ� VWDWH� DQG� WKH� QRUPDO� VWDWH�� WKH� *LEEV� IUHH� HQHUJ\�

GHQVLWLHV�RI�ERWK�VWDWHV�DUH�WKH�VDPH�DW�WKLV�SRLQW���(TXDWLQJ��������DQG��������DQG�UHDUUDQJLQJ�
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HPSLULFDOO\�PHDVXUHG���/LNHZLVH��WKH�FULWLFDO�ILHOG�VWUHQJWKܪ��௖��FDQ�EH�H[SHULPHQWDOO\�GHWHUPLQHG��

7\SH�,,�FULWLFDO�ILHOGV�
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,Q�FRQWUDVW�WR�7\SH�,�VXSHUFRQGXFWRUV��7\SH�,,�VXSHUFRQGXFWRUV�GR�QRW�UHPDLQ�IUHH�RI�PDJQHWLF�

IOX[�XQWLO�WKH�FULWLFDO�ILHOG�LV�UHDFKHG���,QVWHDG��D�7\SH�,,�VXSHUFRQGXFWRU�UHPDLQV�IOX[�IUHH�XS�WR�D�

ORZHU�FULWLFDO�ILHOG��EH\RQG�ZKLFK�IOX[�YRUWLFHV�EHJLQ�WR�SHQHWUDWH�WKH�EXON�PDWHULDO�IRUPLQJ�D�PL[HG�

VWDWH�� �7KLV�SHQHWUDWLRQ� LQFUHDVLQJO\�FRQWLQXHV�XQWLO� WKH�XSSHU�FULWLFDO� ILHOG� LV� UHDFKHG��DW�ZKLFK�

SRLQW�WKH�PDWHULDO�HQWHUV�WKH�QRUPDO�VWDWH��
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7KH�ORZHU�FULWLFDO�ILHOG�
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7KH�ORZHU�FULWLFDO�ILHOG�VWUHQJWKܪ�௖ଵ�LV�WKH�GHPDUFDWLRQ�SRLQW�EHWZHHQ�WRWDO�IOX[�H[FOXVLRQ�DQG�WKH�

PL[HG�VWDWH���$V�VXFK��WKH�*LEEV�IUHH�HQHUJ\�GHQVLWLHV�LQ�ERWK�VWDWHV�PXVW�EH�HTXDO�DW�WKLV�SRLQW�
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7\SH�,�DQG�7\SH�,,�VXSHUFRQGXFWLQJ�PDWHULDOV�EHKDYH�YHU\�GLIIHUHQWO\�LQ�UHVSRQVH�WR�DQ�H[WHUQDOO\�

DSSOLHG�PDJQHWLF�ILHOG�۰௔௣௣��

�

7\SH�,�PDJQHWLF�UHVSRQVH�
�

)RU� DQ� DSSOLHG� PDJQHWLF� ILHOG�� ۰௔௣௣�� OHVV� WKDQ� WKH� FULWLFDO� PDJQHWLF� ILHOG�� ۰௖�� D� EXON� 7\SH� ,�

VXSHUFRQGXFWRU�ZLOO� SUHYHQW�۰௔௣௣�IURP� UHPDLQLQJ�ZLWKLQ� �H[SXOVLRQ��RU�HQWHULQJ� �H[FOXVLRQ�� WKH�

EXON�RI�WKH�VXSHUFRQGXFWLQJ�PDWHULDO���2QFH�LQ�WKH�VXSHUFRQGXFWLQJ�VWDWH�WKH�SUHVHQFH�RI�۰௔௣௣�

IRUFHV� VXSHUFRQGXFWLQJ� VXUIDFH� FXUUHQWV� WR� IORZ�� � 7KHVH� FXUUHQWV� DFW� WR� FUHDWH� DQ� DGGLWLRQDO�

PDJQHWLF�ILHOG�WKDW�RSSRVHV�۰௔௣௣�DQG�HQVXUHV�WKDW�WKH�WRWDO�LQWHUQDO�PDJQHWLF�ILHOG�۰௜௡ ൌ ૙���7KHVH�

VXUIDFH�FXUUHQWV�FDQ�EH�WKRXJKW�RI�DV�EHLQJ�JHQHUDWHG�E\�PDJQHWLVDWLRQۻ����FUHDWHG�E\�&RSSHU�

SDLU�VXSHUFXUUHQWV�IORZLQJ�ZLWKLQ�WKH�SHQHWUDWLRQ�GHSWK���)RU�DQ�DSSOLHG�PDJQHWLF�ILHOG�HTXDO�WR�RU�

JUHDWHU� WKDQ� WKH� FULWLFDO� PDJQHWLF� ILHOG�� WKH� VXSHUFRQGXFWLQJ� VWDWH� LV� GHVWUR\HG� DQG� QRUPDO�

EHKDYLRXU�HQVXHV��VHH�)LJXUH����D���

�
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)RU�D�7\SH�,,�VXSHUFRQGXFWLQJ�PDWHULDO��WKH�ORZHU�FULWLFDO�ILHOG��۰௖ଵ��LV�OHVV�WKDQ�WKH�WKHUPRG\QDPLF�

FULWLFDO� ILHOG�� ۰௖�� �ZKLFK� LV� WKH� VDPH� DV� WKH� 7\SH� ,� FULWLFDO� ILHOG��� � %HORZ� ۰௖ଵ� WKH� 7\SH� ,,�

VXSHUFRQGXFWRU�DFWV� LQ� WKH�VDPH�PDQQHU�DV�D�7\SH� ,�VXSHUFRQGXFWRU�� �+RZHYHU��RQFH�۰௖ଵ� LV�

UHDFKHG��WKH�VXSHUFRQGXFWRU�HQWHUV�WKH�PL[HG�VWDWH�DQG�DQ�LQFUHDVLQJ�QXPEHU�RI�IOX[�YRUWLFHV�

SHQHWUDWH�WKH�PDWHULDO�XQWLO�WKH�XSSHU�FULWLFDO�ILHOG��۰௖ଶ��LV�UHDFKHG���,W�LV�QRW�XQWLO�WKLV�SRLQW�WKDW�WKH�

PDWHULDO�LV�IRUFHG�LQWR�QRUPDO�VWDWH�EHKDYLRXU��VHH�)LJXUH����E���
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:KHQ�IOX[�EHJLQV�WR�SHQHWUDWH�LQWR�WKH�EXON�RI�D�VXSHUFRQGXFWRU�LW�GRHV�VR�LQ�GLVFUHWH�WKUHDGV�RI�

TXDQWLVHG�IOX[���%\�ZULWLQJ�WKH�RUGHU�SDUDPHWHU�DV�D�SURGXFW�RI�D�PRGXOXV�DQG�D�SKDVH�IDFWRU�DQG�

WKHQ�WDNLQJ�WKH�OLQH�LQWHJUDO�RI�HTXDWLRQ��������DURXQG�D�FORVHG�SDWK�DQG�HQVXULQJ�WKDW�WKH�RUGHU�

SDUDPHWHU�UHPDLQV�VLQJOH�YDOXHG��WKH�IROORZLQJ�HTXDWLRQ�FDQ�EH�GHULYHG�>��@�
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7KLV�VKRZV�WKDW�WKH�OLQH�LQWHJUDO�RI�WKH�FXUUHQW�GHQVLW\��۸��WKDW�HQFORVHV�WKH�IOX[��Ȱ��DGGHG�WR�WKH�

HQFORVHG�IOX[��Ȱ��LV�TXDQWLVHG�L�H��RQO\�D�ZKROH�QXPEHU��݊��RI�IOX[�TXDQWD��Ȱ଴��FDQ�H[LVW��

)LJXUH� ����� 7KH� UHYHUVLEOH�PDJQHWLF� UHVSRQVH� RI� D�� 7\SH� ,� DQG� E�� 7\SH� ,,� VXSHUFRQGXFWRUV�
$GDSWHG�IURP�>��@��
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7KH�PL[HG� VWDWH� RI� 7\SH� ,,� VXSHUFRQGXFWRUV� LQYROYHV�D� SURJUHVVLYH� FKDQJH� LQ� WKH�QXPEHU� RI�

SHQHWUDWLQJ��TXDQWLVHG��YRUWLFHV�ZLWKLQ�WKH�EXON�RI�WKH�PDWHULDO���+RZHYHU��WKH�WZR�*/�HTXDWLRQV�

�������DQG��������FDQ�EH�XVHG�WR�UHYHDO�PRUH�RI�WKH�EHKDYLRXU�RI�WKHVH�YRUWLFHV��

�

)RU�DQ�DSSOLHG�ILHOG�VWUHQJWKܪ��଴��FORVH�WR�WKH�XSSHU�FULWLFDO�ILHOG�VWUHQJWKܪ��௖ଶ��WKH�VROXWLRQ�WR��������

ZLOO� EH� YHU\� FORVH� WR� WKDW� RI� WKH� OLQHDULVHG�HTXDWLRQ� �������� DQG� WKHUHIRUH� WKH� VROXWLRQ� FDQ�EH�

H[SDQGHG�DV�WKH�OLQHDU�FRPELQDWLRQ�>��@�

�
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�

ZKHUH�߶௅�LV�WKH�VROXWLRQ�WR�WKH�OLQHDU�HTXDWLRQ���������

�
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LQ�ZKLFK�RQO\� OLQHDU�FRPELQDWLRQV�LQ��������ZLWK�SHULRGLFݔ��DQGݕ��DUH�FRQVLGHUHG�� �7KLV�FDQ�EH�

DFKLHYHG�E\�HQVXULQJ�WKH�FRQVWDQWܥ�௡�LV�SHULRGLF�L�H��

�
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�
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ZKHUH��������UHSUHVHQWV�WZR�HTXDWLRQV��RQH�IRUݓ� ൌ ݓ��DQG�RQH�IRUݔ ൌ �XUWKHU��WKH�PDJQLWXGH(���ݕ

RI�WKH�PDJQHWLF�ILHOG�JHQHUDWHG�E\�WKH�VXSHUFXUUHQW��۸௅��LV�JLYHQ�E\�

�
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WKH�VLJQLILFDQFH�RI�ZKLFK�LV�WKDW�WKH�OLQHV�RI�FRQVWDQW�۰�FRLQFLGH�ZLWK�WKH�OLQHV�RI�FRQVWDQW�ȁ߶௅ȁଶ��

DQG�WKDW�WKHVH�OLQHV�DUH�DOVR�WKH�OLQHV�RI�FXUUHQW�IORZ��۸௅�>��@��
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7KH�*LEEV�IUHH�HQHUJ\�LV�SURSRUWLRQDO�WR� �஺�DQG�WKHUHIRUH��ORZ�IUHH�HQHUJLHV�DUH�DFKLHYHG�ZLWKߚ�

ORZߚ�஺��ZKLFK�FDQ�EH�UHGXFHG�WR�D�PLQLPXP�E\�OHWWLQJ�ܰ ൌ ʹ�LQ��������DQG�VHWWLQJܥ�ଵ ൌ േܥ଴���7KH�

VLJQLILFDQFH�RI�WKLV�UHVXOW�LV�WKDW�WKH�YRUWLFHV�WKDW�SHQHWUDWH�WKH�PL[HG�VWDWH�IRUP�D�WULDQJXODU�ODWWLFH�

�VHH�)LJXUH�������

�
�

)LJXUH������/HYHO�VXUIDFH�RI�ȁ߶௅ȁଶ�VKRZLQJ�WKH�WULDQJXODU�IOX[�OLQH�ODWWLFH�>��@��
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6RPH�W\SH�,,�VXSHUFRQGXFWRUV�DUH�DQLVRWURSLF�L�H��WKHLU�FULWLFDO�ILHOG�YDOXHV�DUH�GHSHQGHQW�XSRQ�

WKH�GLUHFWLRQ�LQ�ZKLFK�WKH\�DUH�PHDVXUHG���,W�LV�WKHUHIRUH�QHFHVVDU\�WR�DFFRXQW�IRU�WKLV�ZLWKLQ�WKH�

*LQ]EXUJ�/DQGDX�WKHRU\���7R�DFKLHYH�WKLV�LW�LV�QHFHVVDU\�WR�FRQVLGHU�HDFK�RI�WKH�FU\VWDOORJUDSKLF�

D[HV�VHSDUDWHO\�E\�UHSODFLQJ�WKH�PDVV�E\�DQ�HIIHFWLYH�PDVV�WHQVRU�>��@���7KH�SULQFLSOH�D[HV�RI�

WKH�WHQVRU�KDYH�HOHPHQWV��௜�ZLWK�݅ ൌ ͳ�UHSUHVHQWLQJ�WKH�D�D[LV����݅ ൌ ʹ�UHSUHVHQWLQJ�WKH�E�D[LV�

DQG� ݅ ൌ ͵� WKH�F�D[LV�� �7KH�HOHPHQWV�DUH�QRUPDOLVHG�VR� WKDW��ଵ�ଶ�ଷ ൌ ͳ� DQG� WKH�SHQHWUDWLRQ�

GHSWKV�DQG�FRKHUHQFH�OHQJWKV�DUH�ZULWWHQ�LQ�WHUPV�RI�WKHVH�QRUPDOLVHG�PDVVHV��
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7KH�*LQ]EXUJ�/DQGDX�WKHRU\�GHVFULEHV�D�QXPEHU�RI�FKDUDFWHULVWLFV�RI�VXSHUFRQGXFWLYLW\��VXFK�DV�

WKH�SHQHWUDWLRQ�GHSWK��WKH�FRKHUHQFH�OHQJWK��7\SH�,�ILHOG�H[SXOVLRQ��DQG�H[FOXVLRQ��DV�ZHOO�DV�WKH�

7\SH�,,�XSSHU�DQG�ORZHU�FULWLFDO�ILHOGV��ZKLFK�DUH�WKHPVHOYHV�VHSDUDWHG�E\�WKH�PL[HG�VWDWH����
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������7KH�%DUGHHQ�&RRSHU�6FKULHIIHU�WKHRU\�RI�VXSHUFRQGXFWLYLW\�

,QWURGXFWLRQ�
�

,Q������-RKQ�%DUGHHQ��/HRQ�&RRSHU�DQG�5REHUW�6FKULHIIHU��%&6��SXEOLVKHG�D�PLFURVFRSLF�WKHRU\�

RI� VXSHUFRQGXFWLYLW\� WKDW� H[SODLQHG� WKH� PHFKDQLVP� UHVSRQVLEOH� IRU� WKH� RQVHW� RI� WKH�

SKHQRPHQRQ�>��@���&RQVLGHULQJ�LW�WRRN����\HDUV�WR�JHW�IURP�WKH�GLVFRYHU\�RI�VXSHUFRQGXFWLYLW\�WR�

WKLV�PLFURVFRSLF�H[SODQDWLRQ��LW�LV�HDV\�WR�UHJDUG�WKH�%&6�SDSHU�DV�D�EUHDNWKURXJK��ZKLFK�KDV�

DOVR�EHHQ�GHVFULEHG�E\�7LQNKDP��DV�DQ�³HSRFK�PDNLQJ´�PRPHQW�>��@���)XUWKHUPRUH��WKH�*LQ]EXUJ�

/DQGDX�SKHQRPHQRORJLFDO�WKHRU\��VR�IDU�ODUJHO\�LJQRUHG�E\�WKH�ZHVW�GXH�WR�WKH�FROG�ZDU�DQG�DQWL�

FRPPXQLVW�IHHOLQJV�ZLWKLQ�(XURSH�DQG�WKH�86$�>��@��ZDV�ILQDOO\�UHFRJQLVHG�DQG�ZDV�HYHQWXDOO\�

VKRZQ�WR�EH�GHULYDEOH�IURP�WKH�%&6�WKHRU\�E\�/HY�*RUNRY�>��@��

�

%&6� VHW� RXW� WR� H[SODLQ� ILYH� PDLQ� VXSHUFRQGXFWLQJ� FKDUDFWHULVWLFV�� QDPHO\�� WKH� VHFRQG�RUGHU�

SKDVH�WUDQVLWLRQ�DW�WKH�FULWLFDO�WHPSHUDWXUH��WKH�HQHUJ\�JDS�RI�LQGLYLGXDO�SDUWLFOH�OLNH�H[FLWDWLRQV��

WKH� 0HLVVQHU� HIIHFW�� LQILQLWH� FRQGXFWLYLW\� DQG� WKH� LVRWRSH� HIIHFW�� � ,Q� WKH� SURFHVV�� WKHLU� WKHRU\�

SUHGLFWHG�D�SHQHWUDWLRQ�GHSWK���LQ�DJUHHPHQW�ZLWK�WKH�/RQGRQ�EURWKHUV¶���DQG�D�FRKHUHQFH�OHQJWK���

LQ�EURDG�DJUHHPHQW�ZLWK�WKH�*LQ]EXUJ�/DQGDX�WKHRU\��

7KH�LVRWRSH�HIIHFW�
�

7KH�HOHFWULF� FXUUHQW� IORZLQJ� WKURXJK� D� FRQGXFWRU� LV� FRPSULVHG�RI� VWUHDPV�RI� HOHFWURQV�ZKRVH�

PRWLRQV�DFW�DJDLQVW�SK\VLFDO�UHVLVWDQFHV�WKDW�GLVVLSDWH�HQHUJ\�IURP�WKH�IORZ���7KLV�LV�WKH�UHDVRQ�

ZK\�D�FRQVWDQW�SRWHQWLDO�GLIIHUHQFH�PXVW�EH�PDLQWDLQHG�DFURVV�WKH�HQGV�RI�D�QRUPDO�FRQGXFWRU�LI�

WKH� HQHUJ\� ORVW� WR� WKH� UHVLVWDQFH� LV� WR� EH� UHSOHQLVKHG� DQG� WKH� FXUUHQW� NHSW� FRQVWDQW�� � 7KH�

UHVLVWDQFH�LQ�TXHVWLRQ�LV�FDXVHG�E\�WKH�HOHFWURQV�LQHODVWLFDOO\�ERPEDUGLQJ�WKH�FU\VWDO�ODWWLFH�LRQV�

GXH� WR� WKHLU�RZQ� WKHUPDO�DJLWDWLRQ�� WKH� WKHUPDO�DJLWDWLRQ�RI� WKH�FU\VWDO� ODWWLFH� LWVHOI��DQG� ODWWLFH�

LPSHUIHFWLRQV�DQG�LPSXULWLHV���*RRG�FRQGXFWRUV�DUH�WKRVH�PDWHULDOV�LQ�ZKLFK�WKHVH�HOHFWURQ�LRQ�

ERPEDUGPHQWV�DUH�NHSW�WR�DQ�DEVROXWH�PLQLPXP���+RZHYHU��JRRG�FRQGXFWRUV�GR�QRW�QHFHVVDULO\�

PDNH� JRRG� VXSHUFRQGXFWRUV�� � 7KH� EHVW� �FRQYHQWLRQDO�� VXSHUFRQGXFWRUV� DUH� JHQHUDOO\� SRRU�

FRQGXFWRUV�LQ�WKH�QRUPDO�VWDWH���7KLV�FRXQWHULQWXLWLYH�VLWXDWLRQ�VXJJHVWV�WKDW�WKH�SK\VLFDO�VWUXFWXUH�

RI�D�VXSHUFRQGXFWRU�PXVW�LQ�VRPH�ZD\�EH�FRQGXFLYH�WR�HOHFWURQ�LRQ�LQWHUDFWLRQV�DQG�WKDW�WKHVH�

LQWHUDFWLRQV�DUH�D�QHFHVVDU\�IHDWXUH�RI�VXSHUFRQGXFWLYLW\��

�

7KH� HPSKDVLV� KHUH� LV� WKDW� HOHFWURQ�LRQ� LQWHUDFWLRQV� PXVW� EH� LQYROYHG� LQ� WKH� RQVHW� RI� WKH�

VXSHUFRQGXFWLQJ�VWDWH���,I�WKLV�LV�VR��WKHQ�D�FKDQJH�LQ�WKH�PDVV�RI�WKH�FU\VWDO�ODWWLFH�LRQV�VKRXOG�

SURGXFH� D� FKDQJH� LQ� WKH� HOHFWURQ�LRQ� LQWHUDFWLRQ� DQG� OLNHZLVH�� D� FKDQJH� LQ� WKH� RQVHW� RI� WKH�

VXSHUFRQGXFWLQJ�VWDWH���7KLV� LVRWRSH�HIIHFW�KDV�EHHQ�REVHUYHG�H[SHULPHQWDOO\�DQG�LW�KDV�EHHQ�

VKRZQ� WKDW� DQ� LQFUHDVH� LQ� WKH� QXFOHDU� PDVV� FRUUHVSRQGV� WR� D� GHFUHDVH� LQ� WKH� WUDQVLWLRQ�

WHPSHUDWXUH�� ௖ܶ��>��@��DFFRUGLQJ�WR�WKH�SURSRUWLRQDOLW\�
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,W�VKRXOG�EH�QRWHG�WKDWߙ��YDULHV�GHSHQGLQJ�XSRQ�WKH�PDWHULDO�LQ�TXHVWLRQ��

/DWWLFH�YLEUDWLRQV��WKH�IRUPDWLRQ�RI�&RRSHU�SDLUV�DQG�LQILQLWH�FRQGXFWLYLW\�
�

7KH�FKDUDFWHULVWLFV�RI�WKH�YLEUDWLRQV�RI�WKH�FU\VWDO�ODWWLFH�LRQV�GHSHQG�RQ�WKH�QXFOHDU�PDVV�RI�WKH�

LRQV� WKHPVHOYHV�� � 7KHUHIRUH�� WKH� LVRWRSH� HIIHFW� LV� UHODWHG� WR� WKH� FKDQJH� LQ� WKH� FU\VWDO� ODWWLFH�

YLEUDWLRQV�� � $OVR�� DV� WKH� WHPSHUDWXUH� RI� D� VXSHUFRQGXFWLQJ� PDWHULDO� LV� UHGXFHG� WRZDUGV� WKH�

WUDQVLWLRQ�WHPSHUDWXUH��WKH�WKHUPDO�H[FLWDWLRQ�RI�WKH�FU\VWDO�ODWWLFH�LV�UHGXFHG��DQG�FRQVHTXHQWO\��

WKH�ODWWLFH�LRQ�YLEUDWLRQV�DUH�UHGXFHG���7KLV�GHFUHDVHG�WKHUPDO�DJLWDWLRQ��RI�WKH�HOHFWURQV�DV�ZHOO�

DV�WKH�ODWWLFH��JLYHV�ULVH�WR�D�VLWXDWLRQ�LQ�ZKLFK�WKH�HOHFWURQ�LRQ�LQWHUDFWLRQ�VXIIHUV�OHVV�GLVWXUEDQFH�

EHFDXVH�RI�WKH�UHGXFHG�QXPEHU�RI�VFDWWHULQJ�SKRQRQV��TXDQWLVHG�SDFNHWV�RI�YLEUDWLRQDO�HQHUJ\����

,Q�FODVVLFDO�WHUPV��VRPH�RI�WKH�HOHFWURQV�DW�WKH�)HUPL�VXUIDFH�VOLJKWO\�DWWUDFW�QHDUE\�ODWWLFH�LRQV��

WKURXJK�PXWXDO�&RXORPE�LQWHUDFWLRQ��DV�WKH\�SDVV�WKHP�E\���7KLV�ORFDO�GHIRUPDWLRQ�RI�WKH�FU\VWDO�

ODWWLFH�VHUYHV�WR�VXUURXQG�DQ�HOHFWURQ�ZLWK�SRVLWLYH�FKDUJH�DQG�HIIHFWLYHO\�VFUHHQV�LWV�UHSXOVLRQ�

IURP�RWKHU��PRUH�GLVWDQW��HOHFWURQV���)XUWKHU��WKHVH�GLVWDQW�HOHFWURQV�DUH�WKHQ�DWWUDFWHG�WR�WKH�VDPH�

VFUHHQLQJ�LRQV���2YHUDOO��WKH�VFUHHQLQJ�RI�RQH�HOHFWURQ�E\�WKH�ODWWLFH�LRQV��ZKLFK�WKHQ�DOVR�DWWUDFWV�

D�PRUH�GLVWDQW�HOHFWURQ��LV�HTXLYDOHQW�WR�WKH�HOHFWURQV�EHLQJ�DWWUDFWHG�WR�HDFK�RWKHU���$V�ORQJ�DV�

WKH�WHPSHUDWXUH�RI�WKH�PDWHULDO�LV�NHSW�ORZ�HQRXJK�WR�NHHS�WKH�ODWWLFH�YLEUDWLRQV�IURP�GLVUXSWLQJ�

WKLV�YLUWXDO�DWWUDFWLRQ��WKH�SDLU�RI�HOHFWURQV�LQ�TXHVWLRQ�UHPDLQ�FRXSOHG�WRJHWKHU�LQ�ZKDW�LV�FDOOHG�D�

&RRSHU�SDLU��

�

7KLV�HOHFWURQ�HOHFWURQ�DWWUDFWLRQ�FDQ�DOVR�EH� UHJDUGHG�DV�EHLQJ�PHGLDWHG�E\� WKH�H[FKDQJH�RI�

YLUWXDO�SKRQRQV�EHWZHHQ�WKH�SDUWLFLSDWLQJ�HOHFWURQV�>��@���)XUWKHU��WKH�ERQG�EHWZHHQ�WKH�&RRSHU�

SDLU�HOHFWURQV�LV�VWURQJHVW�ZKHQ�WKH�HOHFWURQV�KDYH�HTXDO�DQG�RSSRVLWH�PRPHQWXP�DQG�RSSRVLWH�

VSLQ�� �7KLV�SDUWLFXODU�VLWXDWLRQ�DOVR�HQVXUHV� WKDW� WKH�SDLU� H[SUHVVHV�ERVRQ�EHKDYLRXU� L�H�� WKHLU�

FRXSOLQJ�GRHV�QRW�DGKHUH�WR�WKH�3DXOL�([FOXVLRQ�3ULQFLSOH��DQG� WKHUHIRUH��DOO�&RRSHU�SDLUV�FDQ�

RFFXS\�WKH�VDPH�TXDQWXP�VWDWH���,W�LV�WKLV�VLWXDWLRQ�WKDW�HQVXUHV�WKH�&RRSHU�SDLU�VWDWH�LV�D�VWDEOH�

VWDWH� EHORZ� WKH� WUDQVLWLRQ� WHPSHUDWXUH� �DQG� EHORZ� FULWLFDO� DSSOLHG� ILHOGV��� � 2Q� D� TXDQWXP�

PHFKDQLFDO�EDVLV��WKH�XQFHUWDLQW\�SULQFLSOH�UHYHDOV�WKDW�VLQFH�WKH�PRPHQWXP�RI�WKH�&RRSHU�SDLU�

HOHFWURQV� LV�ZHOO� GHILQHG�� WKHLU� VSDWLDO� SRVLWLRQV�DUH�XQFHUWDLQ��DQG�FDQ� OLH�ZLWKLQ�DQ�H[WHQGHG�

UHJLRQ���7KH�H[WHQGHG�UHJLRQV�RI�DOO�WKH�&RRSHU�SDLU�HOHFWURQV� WHQG�WR�RYHUODS��DQG�KHQFH��WKH�

VXSHUFRQGXFWLQJ�&RRSHU�SDLUV�DFW�LQ�XQLVRQ�LQ�WKH�VDPH�TXDQWXP�VWDWH���7KLV�FRKHUHQFH�PDNHV�

LW� HYHQ�PRUH� GLIILFXOW� IRU� WKH� VXSHUFRQGXFWLQJ� VWDWH� WR� EH� GHVWUR\HG� EHORZ� FULWLFDO� ILHOGV� DQG�

WHPSHUDWXUHV�� DQG� LW� LV� WKLV� WKDW� LV� UHVSRQVLEOH� IRU� WKH� LQILQLWH� FRQGXFWLQJ� �]HUR� UHVLVWDQFH��

EHKDYLRXU��LW�DOVR�GHPRQVWUDWHV�PLFURVFRSLF�TXDQWXP�PHFKDQLFDO�HIIHFWV�RQ�D�PDFURVFRSLF�VFDOH��

�

6LQFH� WKH� LQWHUDFWLRQ� EHWZHHQ� WKH�&RRSHU� SDLU� HOHFWURQV� FDQ� EH� WKRXJKW� RI� DV� EHLQJ� D� GLUHFW�

H[FKDQJH�RI�YLUWXDO�SKRQRQV��WKH�LQWHUDFWLRQ�FDQ�EH�PRGHOOHG�E\�>��@�

�

� ܸሺܓǡ ᇱǡܓ ሻܙ ൌ
݃ଶ԰߱୯

൫ߝ୩ା୯ െ ୩൯ߝ
ଶ െ ൫԰߱୯൯

ଶǡ� �������
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ZKHUH�݃�LV�WKH�LQWHUDFWLRQ��SKRQRQ��FRXSOLQJ�FRQVWDQWߝ��୩�LV�WKH�HQHUJ\�RI�WKH�HOHFWURQ�VWDWH�ZLWK�

ZDYHQXPEHUܓ���DQG�԰߱୯�LV�WKH�SKRQRQ�HQHUJ\���(TXDWLRQ��������VKRZV�WKDW�IRU�หߝ୩ା୯ െ ୩หߝ ൏ ԰߱୯�

WKH�LQWHUDFWLRQ�SRWHQWLDO�LV�QHJDWLYH�L�H��WKH�HOHFWURQV�DWWUDFW�HDFK�RWKHU��

�

,Q�IRUPXODWLQJ�WKHLU�WKHRU\��%&6�VLPSOLILHG�HTXDWLRQ��������WR�

�

� ୩ܸ୩ᇲస ቄ
െܸ ୩ȁߝ�ȁݎ݋݂ ൏ ԰߱ୈ
Ͳ ���������

ǡ� �������

�

ZKHUH�԰߱ୈ�LV�WKH�'HE\H�HQHUJ\�RI�ODWWLFH�SKRQRQV���7KH\�WKHQ�SURFHHGHG�WR�VROYH�WKH�6FKURGLQJHU�

HTXDWLRQ�IRU�WZR�HOHFWURQV�WKDW�DUH�VXEMHFW�WR�WKH�SRWHQWLDO���������

7KH�HQHUJ\�JDS��WKH�LVRWRSH�HIIHFW�DQG�WKH�WUDQVLWLRQ�WHPSHUDWXUH�
�

7KH� SUHVHQFH� RI� DQ� HQHUJ\� JDS� LV� ZKDW� JLYHV� VXSHUFRQGXFWLYLW\� VWDELOLW\� EHORZ� WKH� WUDQVLWLRQ�

WHPSHUDWXUH�DQG�LQ�DSSOLHG�ILHOGV�EHORZ�WKHLU�FULWLFDO�PDJQHWLF�ILHOGV���,QLWLDOO\��LQ�WKH�QRUPDO�VWDWH��

DOO�WKH�HQHUJ\�OHYHOV�EHORZ��DQG�LQFOXGLQJ��WKH�)HUPL�OHYHO�DUH�RFFXSLHG�E\�HOHFWURQV�DGKHULQJ�WR�

WKH�H[FOXVLRQ�SULQFLSOH�� �+RZHYHU�� WKH�RQVHW�RI�VXSHUFRQGXFWLYLW\�JLYHV�ULVH� WR�WKH� IRUPDWLRQ�RI�

&RRSHU� SDLUV� ZLWK� FRPELQHG� HQHUJLHV� WKDW� OLH� EHORZ� WKH� )HUPL� VXUIDFH� HQHUJ\�� KHQFH�� WKHLU�

IRUPDWLRQ�LV�HQHUJHWLFDOO\�IDYRXUDEOH�DQG�WKH�QRUPDO�HOHFWURQV�DUH�VDLG�WR�EH�XQVWDEOH�WR�&RRSHU�

SDLU�IRUPDWLRQ���)XUWKHU��WKH�PLQLPXP�HQHUJ\�UHTXLUHG�WR�GHVWUR\�D�&RRSHU�SDLU�E\�VHSDUDWLQJ�WKH�

FRQVWLWXHQW�HOHFWURQV�LV�HTXDO�WR�WZLFH�WKH�GLIIHUHQFH�EHWZHHQ�WKH�)HUPL�VXUIDFH�DQG�WKH�&RRSHU�

SDLU�HQHUJLHV��ʹο����7KLV�PHDQV�WKDW�WKH�WRWDO�HQHUJ\�JDS�LV�FHQWUHG�DW�WKH�)HUPL�VXUIDFH��

�

%&6�VROYHG�WKH�6FKURGLQJHU�HTXDWLRQ��IRU�WKH�SRWHQWLDO��������� IRU�WKH�HQHUJ\�HLJHQYDOXHV�DQG�

GHULYHG�WZR�H[SUHVVLRQV�

� ȁοȁ ൌ ʹ԰߱஽��� ൤െ
ͳ

ܰሺͲሻܸ൨�
�������

�

� ݇஻ ௖ܶ ൌ ͳǤͳͶ԰߱஽��� ൤െ
ͳ

ܰሺͲሻܸ൨ǡ�
�������

�

ZKHUH�ο�LV�WKH�HQHUJ\�JDS�IURP�WKH�)HUPL�VXUIDFH��԰߱஽�LV�WKH�'HE\H�HQHUJ\�RI�ODWWLFH�SKRQRQV����

ܰሺͲሻ�LV�WKH�GHQVLW\�RI�HQHUJ\�VWDWHV�DW�WKH�)HUPL�VXUIDFH�DQG�ܸ�LV�WKH�LQWHUDFWLRQ�SRWHQWLDO�LQ�DFFRUG�

ZLWK����������'LYLGLQJ�HTXDWLRQ��������E\���������UHDUUDQJLQJ�DQG�PXOWLSO\LQJ�E\�WZR�\LHOGV�

�

� ʹοሺͲሻ ൌ ͵Ǥͷʹ݇஻ ௖ܶǤ� �������

�

7KLV�LV�LQ�JRRG�DJUHHPHQW�ZLWK�H[SHULPHQW�>��@��

�

(TXDWLRQ��������LV�LQWHUHVWLQJ�IRU�DQRWKHU�UHDVRQ���,W�UHYHDOV�D�SURSRUWLRQDOLW\�EHWZHHQ�WKH�HQHUJ\�

JDS�ο�DQG�WKH�SKRQRQ�HQHUJ\�԰߱஽���)XUWKHU��߱஽�LV�UHODWHG�WR�WKH�DWRPLF�PDVV�RI�GLIIHUHQW�LVRWRSHV��
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DQG�WKHUHIRUH��WKURXJK�HTXDWLRQ���������ZH�VHH�WKDW�ο�LV�UHODWHG�WR�WKH�WUDQVLWLRQ�WHPSHUDWXUH� ௖ܶ���

7KH�VLJQLILFDQFH�RI� WKLV� LV� WKDW� WKH� WUDQVLWLRQ� WHPSHUDWXUH� LV� UHODWHG� WR� WKH� LVRWRSLF�PDVV��DQG�

KHQFH��WKH�LVRWRSH�HIIHFW��������LV�SUHGLFWHG�E\�WKH�%&6�PRGHO���/LNHZLVH��HTXDWLRQ��������DOVR�

SUHGLFWV�WKH�WUDQVLWLRQ�WHPSHUDWXUH�� ௖ܶ��

6SHFLILF�KHDW�
�

7KH�%&6�WKHRU\�DOVR�SUHGLFWV�WKH�VSHFLILF�KHDW�RI�D�VXSHUFRQGXFWRU�LQ�DFFRUG�ZLWK�WKH�IROORZLQJ�

HTXDWLRQ�

�

� ܥ ൌ ෍െ݇ߚʹ
߲ ௞݂

௞ܧ߲
ቆܧ௞ଶ ൅

ͳ
ߚʹ

݀οଶ

ߚ݀ ቇ
௞

ǡ� �������

�

ZKHUH��

�

� ߚ ൌ
ͳ
݇ܶǡ�

�������

�

� ௞݂ ൌ
ͳ

ͳ ൅ ௞ሻܧߚሺ݌ݔ݁
ǡ� �������

�

� ௞ܧ ൌ ටߦ௞ଶ ൅ οሺܶሻଶǡ� �������

�

��@��<�௞�LV�WKH�WHPSHUDWXUH�GHSHQGHQW�VHW�RI�IHUPLRQ�H[FLWDWLRQ�HQHUJLHVܧ

7KH�0HLVVQHU�HIIHFW�
�

%&6�IRUPXODWHG�D�+DPLOWRQLDQ�EDVHG�RQ�WKH�&RRSHU�SDLULQJ�PHFKDQLVP���7KLV�+DPLOWRQLDQ�FDQ�

EH�PDGH�FRPSOH[�WR�JLYH�

�

� ஻஼ௌܪ ൌ
ͳ
ʹන݀ଷݎ ൈ න݀ଷݎᇱȲఈ

றሺܚᇱሻܪఈఉሺܚᇱǡ �ሻܚሻȲఉሺܚ �������

� � �

LQ�ZKLFK�FDVH�%RJROLXERY�DPSOLWXGHV�DUH�WKH�FRPSRQHQWV�RI�WKH�HLJHQYHFWRUV�RIܪ�ఈఉሺܚᇱǡ ���@��<�ሻܚ

7KHVH�%RJROLXERY�DPSOLWXGHV�VDWLVI\�D�FRXSOHG�VHW�RI�HTXDWLRQV�ZKLFK�FDQ�EH�XVHG�LQ�FRQMXQFWLRQ�

ZLWK�WKH�LQLWLDO�FRQGLWLRQ�WKDW�WKH�YHFWRU�SRWHQWLDOۯ� ൌ ૙��ZKHUH�۰ ൌ ����ሺۯሻሻ���7KH�RXWFRPH��DIWHU�

VRPH�PDQLSXODWLRQ��LV�WKDW�WKH�DYHUDJH�FXUUHQW�GHQVLW\�LQGXFHG�E\�WKH�DSSOLHG�ILHOG�LV�>��@�

�

� ۄሻܚ۸ሺۃ ൌ െ
݁ଶ݊௦
݉ �ሻǡܚሺۯ �������

�

ZKHUH�݊௦�LV�WKH�VXSHU�HOHFWURQ�GHQVLW\��

�
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7DNLQJ�WKH�FXUO�RI��������JLYHV�

�

� ����ሺ۸ሻ ൌ െ
݁ଶ݊௦
݉ ����ሺۯሻ �����ฺ ���������ሺ۸ሻ ൌ െ

݁ଶ݊௦
݉ ۰����� ฺ ����� ൌ െߤ଴ߣ௅ଶ����ሺ۸ሻ� �������

�

L�H��/RQGRQV
�HTXDWLRQ�������FRPSOHWH�ZLWK�WKH�SHQHWUDWLRQ�GHSWKߣ�௅��

�

7KH�%&6�PRGHO�WKHUHIRUH�FRUUHFWO\�SUHGLFWV�WKH�FXUUHQW�GHQVLW\�WKDW�IORZV�LQ�DQ�DSSOLHG�ILHOG��ZKLFK�

LQ�WXUQ�H[SODLQV�WKH�0HLVVQHU�HIIHFW��

&RQFOXGLQJ�FRPPHQWV�
�

7KH� %&6� PRGHO� JLYHV� D� GHWDLOHG� DFFRXQW� RI� WKH� PHFKDQLVP� UHVSRQVLEOH� IRU� WKH� RQVHW� RI�

VXSHUFRQGXFWLYLW\�DQG�KDV�H[SODLQHG�ZK\�VRPH�PDWHULDOV�DUH�VXSHUFRQGXFWLQJ�ZKLOH�RWKHUV�DUH�

QRW�� � ,W� KDV� DOVR� SURYLGHG� H[SHULPHQWDOLVWV� ZLWK� SUHGLFWLRQV� WKDW� FDQ� EH� WHVWHG�� QDPHO\�� WKH�

WUDQVLWLRQ�WHPSHUDWXUH��WKH�HQHUJ\�JDS��WKH�LVRWRSH�HIIHFW��WKH�VSHFLILF�KHDW�DQG�WKH�FXUUHQW�GHQVLW\�

LQGXFHG�E\�DSSOLHG�ILHOGV���,Q�WKH�SURFHVV�LW�H[SODLQV�WKH�0HLVVQHU�HIIHFW�DQG�SHUIHFW�FRQGXFWLYLW\��

����+LJK�WHPSHUDWXUH�VXSHUFRQGXFWLQJ�PDWHULDOV�
�

+LJK�WHPSHUDWXUH�VXSHUFRQGXFWLYLW\�ZDV�ILUVW�GLVFRYHUHG�E\�%HGQRU]�DQG�0XOOHU�LQ�D�ODQWKDQXP�

EDULXP�FRSSHU�R[LGH�VXSHUFRQGXFWRU�LQ��������7KHLU�PDWHULDO�KDG�D�WUDQVLWLRQ�WHPSHUDWXUH�RI����.�

>��@���7KLV�GLVFRYHU\�ZDV��KRZHYHU��TXLFNO\�IROORZHG�E\�:X�HW�DO��LQ������ZKR�SURGXFHG�DQ�\WWULXP�

EDULXP�FRSSHU�R[LGH��<%&2��VXSHUFRQGXFWRU�ZLWK�D� WUDQVLWLRQ� WHPSHUDWXUH�FORVH� WR����.�>��@���

1RW�RQO\�ZDV�WKLV�WKH�ZDUPHVW�VXSHUFRQGXFWRU�E\�D�VXEVWDQWLDO�PDUJLQ�EXW�PRUH�LPSRUWDQWO\��LW�

ZDV� WKH� ILUVW�VXSHUFRQGXFWRU� WR�KDYH�D� WUDQVLWLRQ� WHPSHUDWXUH�DERYH� WKH� WHPSHUDWXUH�RI� OLTXLG�

QLWURJHQ�����.��� � ,Q������WKDOOLXP�EDULXP�FDOFLXP�FRSSHU�R[LGH�ZDV�IRXQG�WR�KDYH�D�WUDQVLWLRQ�

WHPSHUDWXUH�RI�����.�E\�'DL�HW�DO� >��@�� �$V�RI�)HEUXDU\�������� WKLV�VWLOO�VWDQGV�DV� WKH�KLJKHVW�

WUDQVLWLRQ�WHPSHUDWXUH�DW�DWPRVSKHULF�SUHVVXUH�>��@��

�

7KH�WZR�PRVW�ZLGHO\� LQYHVWLJDWHG�KLJK�WHPSHUDWXUH�VXSHUFRQGXFWRUV��ZLWK�D�YLHZ�WR�UHDO�ZRUOG�

DSSOLFDWLRQV��DUH�<%&2�DQG�ELVPXWK�VWURQWLXP�FDOFLXP�FRSSHU�R[LGH��%6&&2����7KHVH�EHORQJ�WR�

D�JURXS�RI�VXSHUFRQGXFWRUV�FDOOHG�FXSUDWHV� WKDW�VLJQLILHV� WKHLU�FRSSHU�R[LGH�FRQWHQW�� � ,W� LV� WKH�

HOHFWURQV� �RU�KROHV��ZLWKLQ� WKHVH�FRSSHU�R[LGH�SODQHV� WKDW�DUH� WKRXJKW� WR�EH�SDLUHG�E\�D�QRQ�

SKRQRQ�PHGLDWHG�SDLULQJ�PHFKDQLVP�WKDW�KDV�VR�IDU�HOXGHG�GLVFRYHU\�>��@��

����&ULWLFDO�FXUUHQW�GHQVLW\�Ǿ�%HDQȃV�PRGHO�DQG�ORVVHV�

������,QWURGXFWLRQ�
�

,Q������&KDUOHV�3��%HDQ�SXEOLVKHG�D�YHU\�VLPSOH�PRGHO�WKDW�VXFFHVVIXOO\�GHVFULEHV�K\VWHUHWLF�

EHKDYLRXU� LQ� LQKRPRJHQHRXV� 7\SH� ,,� VXSHUFRQGXFWRUV� >��@� L�H�� 7\SH� ,,� VXSHUFRQGXFWRUV� ZLWK�

JUDQXODU�SRO\FU\VWDOOLQH�PLFURVWUXFWXUHV�� �7KH�PRGHO
V�JUHDWHVW�XWLOLW\� LV� LWV�DELOLW\� WR� UHYHDO� WKH�

FULWLFDO�FXUUHQW�GHQVLW\�� �௖��RIܬ WKHVH� W\SHV�RI�VXSHUFRQGXFWRU� IURP�PDJQHWLVDWLRQ�PHDVXUHPHQW�
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GDWD���7KH�PDLQ�EHQHILW�RI�WKLV�LV�WKDW�PDJQHWLVDWLRQ�GDWD�DUH�FROOHFWHG�LQ�D�FRQWDFWOHVV�ZD\��QRW�

RQO\�UHPRYLQJ�WKH�QHHG�WR�PDNH�IRXU�WHUPLQDO�FRQWDFWV�WR�WKH�VDPSOH�EXW�DOVR�UHPRYLQJ�WKH�QHHG�

WR�GULYH�WUDQVSRUW�FXUUHQW�WKURXJK�WKH�VDPSOH��ZKLFK�FRXOG�LQWURGXFH�-RXOH�KHDWLQJ�DW�WKH�FRQWDFW�

SRLQWV��� �7KLV� IDFLOLW\�� LQ�FRQMXQFWLRQ�ZLWK�WKH�PRGHO
V�VLPSOLFLW\��PDNHV�LW� WKH�PRVW�ZLGHO\�XVHG�

PRGHO�RI�LWV�NLQG��

������%HDQȃV�PRGHO�

7KH�ORZ�ILHOG�FDVH�
�

,Q�XQGHUVWDQGLQJ�%HDQ
V�PRGHO�LW�LV�ILUVW�KHOSIXO�WR�GHVFULEH�WKH�ZD\�LQ�ZKLFK�PDJQHWLF�IOX[�PRYHV�

LQWR� D� 7\SH� ,,� VXSHUFRQGXFWRU�� � ,Q� WKLV� GHVFULSWLRQ� ZH� VHW� WKH� LQLWLDO� FRQGLWLRQV� VR� WKDW� WKH�

VXSHUFRQGXFWRU�KDV�EHHQ�FRROHG�WR�EHORZ�LWV�WUDQVLWLRQ�WHPSHUDWXUH�� ௖ܶ��LQ�]HUR�DSSOLHG�PDJQHWLF�

ILHOG��SURYLGLQJ�FHUWDLQW\�RI�LWV�KLVWRU\�DQG�WKDW�LQWHUQDOO\�LW�LV�ILHOG�IUHH�WKURXJKRXW���:H�QRZ�DSSO\�

D�VPDOO�H[WHUQDO�PDJQHWLF�ILHOG�WKDW�FDXVHV�PDJQHWLF�IOX[�WR�EHJLQ�WR�HQWHU�WKH�EXON�RI�WKH�VDPSOH���

7KH�LQKRPRJHQHLW\�RI�WKH�VDPSOH�SURYLGHV�SLQQLQJ�FHQWUHV�WKDW�DUH�HQHUJHWLFDOO\�IDYRXUDEOH�VLWHV�

IRU�IOX[�YRUWLFHV�WR�RFFXS\���7KHVH�SLQQLQJ�VLWHV�VWRS�IOX[�IURP�PRYLQJ�IUHHO\�DQG�WKHUHIRUH�FDXVH�

IOX[�IORZ�WR�EH�YLVFRXV�ZLWK�VWURQJHU�SLQQLQJ�OHDGLQJ�WR�JUHDWHU�YLVFRVLW\���7KLV�SLQQLQJ�PHDQV�IOX[�

YRUWLFHV�RQO\�HQWHU�WKH�PDWHULDO�XS�WR�D�OLPLWHG�GHSWK��GHSHQGHQW�XSRQ�WKH�SK\VLFDO�VL]H�RI�WKH�

VDPSOH��WKH�DSSOLHG�ILHOG��WKH�QDWXUH�RI�WKH�SLQQLQJ�DQG�WKH�FKDUDFWHULVWLFV�RI�WKH�VXSHUFRQGXFWRU���

,Q�WKLV�FRQGLWLRQ�WKHUH�UHPDLQV�D�FHQWUDO�ILHOG�IUHH�UHJLRQ��

�

$V�WKH�DSSOLHG�PDJQHWLF�ILHOG�LV�LQFUHDVHG�IXUWKHU��DQ�LQFUHDVHG�GHQVLW\�RI�IOX[�YRUWLFHV�SXVK�WKHLU�

ZD\�LQWR�WKH�VXSHUFRQGXFWRU�IURP�WKH�RXWVLGH�VXUIDFH���7KLV�FDXVHV�WKH�H[LVWLQJ�ORZHU�GHQVLW\�IOX[�

YRUWLFHV��ZKLFK�DUH�DOUHDG\�ZLWKLQ�WKH�VDPSOH��WR�EH�SXVKHG�GHHSHU�LQWR�WKH�EXON��IXUWKHU�UHGXFLQJ�

WKH�VL]H�RI�WKH�FHQWUDO�ILHOG�IUHH�UHJLRQ���)RU�VXE�PLOOLPHWUH�VL]HG�VDPSOHV�RQO\�YHU\�VPDOO�DSSOLHG�

ILHOGV��P7��DUH�QHFHVVDU\�WR�FDXVH�IOX[�WR�UHDFK�WKH�VDPSOH¶V�FHQWUH��ZKLFK�PHDQV�QR�ILHOG�IUHH�

UHJLRQ�UHPDLQV�� �7KLV�VWDWH� LV�FDOOHG�WKH�XSSHU� OLPLW�RI� WKH�ORZ�ILHOG�FDVH�RU�PRUH�KHOSIXOO\�� WKH�

LQWHUPHGLDWH�ILHOGכܤ����ZKLFK�LV�VKRZQ�LQ�)LJXUH������

�

�

�

�

� )LJXUH������7KH�LQWHUPHGLDWH�ILHOG���7כܤ��KLV�LV�WKH�YDOXH�RI�WKH�DSSOLHG�ILHOG�ZKHQ�

PDJQHWLF�IOX[�MXVW�UHDFKHV�WKH�FHQWUH�RI�D�VXSHUFRQGXFWLQJ�VDPSOH��

�
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7KH�GHVFULSWLRQ�VR�IDU�KDV�H[SODLQHG�WKDW�IOX[�SLQQLQJ�LV�WKH�PHFKDQLVP�UHVSRQVLEOH�IRU�SURGXFLQJ�

D� IOX[� JUDGLHQW� ZLWKLQ� WKH� VXSHUFRQGXFWRU�� �:H� QRZ� SDXVH� WKLV� GHVFULSWLRQ� WR� ORRN� DW� %HDQ¶V�

DVVXPSWLRQV���

%HDQȃV�DVVXPSWLRQV�DQG�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�LQWHUQDO�ILHOG�DQG�WKH�FULWLFDO�FXUUHQW�
GHQVLW\��
�

,Q�)LJXUH����D��D�VWURQJ�PDJQHWLF�ILHOG��ZHOO�DERYH�WKH�LQWHUPHGLDWH�ILHOG��KDV�EHHQ�DSSOLHG�WR�D�

VPDOO�VDPSOH��WKH�FURVV�VHFWLRQ�RI�ZKLFK�LV�GHSLFWHG�LQ�WKH�ILJXUH����:H�KDYH�VHHQ�WKDW�IOX[�SLQQLQJ�

LV�UHVSRQVLEOH�IRU�WKH�GHSWK�GHSHQGHQW�GHFUHDVLQJ�IOX[�GHQVLW\�DQG�ZH�ZLOO�QRZ�VHH�WKDW�WKH�OLQHDU�

PDJQHWLF�ILHOG�JUDGLHQW��VKRZQ�LQ�WKH�ILJXUH��LV�D�FRQVHTXHQFH�RI�WKH�DVVXPSWLRQV�PDGH�E\�%HDQ�

LQ�GHYLVLQJ�KLV�PRGHO���7KHVH�DVVXPSWLRQV�DUH��

�

���� ZKHUHYHU�VFUHHQLQJ�FXUUHQWV�IORZ��WKH\�GR�VR�DW�WKH�FULWLFDO�FXUUHQW�GHQVLW\ܬ��௖��

�

���� WKH�FULWLFDO�FXUUHQW�GHQVLW\ܬ��௖��LV�LQGHSHQGHQW�RI�PDJQHWLF�ILHOG��

�

���������WKH�ORZHU�FULWLFDO�PDJQHWLF�ILHOGܤ��௖ଵ��FDQ�EH�VHW�WR�]HUR�ZLWK�QR�ORVV�WR�WKH�YDOLGLW\�RI�

����������WKH�PRGHO�L�Hܤ��௖ଵ�LV�LJQRUHG��

�

���������WKH�SHQHWUDWLRQ�GHSWKߣ����FDQ�EH�VHW�WR�]HUR�ZLWK�QR�ORVV�WR�WKH�YDOLGLW\�RI�WKH�PRGHO�L�Hߣ���LV��

����������LJQRUHG��

�

%HDQ�DOVR�VHW�WKH�VLPSOLI\LQJ�FRQGLWLRQ�WKDW�WKHUH�LV�RQO\�D�]�FRPSRQHQW�RI�PDJQHWLF�ILHOG�DQG�KH�

LJQRUHG�FXUUHQWV�WUDYHOOLQJ�LQ�WKH�[�GLUHFWLRQ��

�

2Q�XVH�RI�$PSHUH¶V�ODZ��HTXDWLRQ��������DQG�%HDQ¶V�DVVXPSWLRQV��D�JHQHUDO�PDJQHWLF�ILHOG�SURILOH�

LV�JLYHQ�E\�

�

7KLV� VD\V� WKDW� WKHUH� LV� D� OLQHDU� UHODWLRQVKLS� EHWZHHQ� WKH� ILHOGܤ��௭�� DQG� SRVLWLRQ�� ��ݔ ZLWKLQ� WKH�

VXSHUFRQGXFWRU�DQG�WKDW�WKH�FULWLFDO�FXUUHQW�GHQVLW\ܬ��௖��GHWHUPLQHV�WKH�JUDGLHQW�RI�WKH�UHODWLRQVKLS���

)LJXUH�����H[HPSOLILHV�WKLV�UHODWLRQVKLS�IRU�WKH�ILHOG�SURILOHV�VKRZQ�LQ�)LJXUH������

7KH�KLJK�ILHOG�FDVH��IOX[�VKLHOGLQJ�WUDSSLQJ��DQG�WKH�FDXVH�RI�K\VWHUHVLV�
�

:H�QRZ�FRQWLQXH�WR�GHVFULEH�WKH�LQWHUQDO�ILHOG�SURILOH�DV�IXUWKHU��VPDOO��LQFUHDVHV�LQ�WKH�DSSOLHG�

ILHOG�DUH�PDGH��,Q�WKLV�VFHQDULR�WKH�PDJQHWLF�ILHOG�JUDGLHQW�ZLWKLQ�WKH�PDWHULDO�UHPDLQV�XQFKDQJHG���

7KLV�LV�GHSLFWHG�LQ�)LJXUH����D�WR�)LJXUH����E��IRU�H[DPSOH���4XDOLWDWLYHO\�LW�FDQ�DOVR�EH�VHHQ�LQ�

WKHVH�ILJXUHV�WKDW�WKH�DYHUDJH�PDJQHWLF�ILHOG�ZLWKLQ�WKH�PDWHULDO�LV�OHVV�WKDQ�WKH�DSSOLHG�ILHOG���7KLV�

PHDQV�WKDW�WKH�EXON�LV�EHLQJ�VKLHOGHG�IURP�PDJQHWLF�IOX[���7KH�ILJXUHV�DOVR�VKRZ�WKDW�RQFH�IOX[�

KDV�UHDFKHG�WKH�VDPSOH¶V�FHQWUH��LQFUHDVLQJ�WKH�H[WHUQDO�ILHOG�LQFUHDVHV�WKH�LQWHUQDO�ILHOG�E\�WKH�

� ሻݔ௭ሺܤ ൌ േߤ଴ݔࢉܬ ൅ �Ǥܥ �������
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�

VDPH�DPRXQW��DOO� WKH�ZD\� WR� WKH�FHQWUH��)LJXUH����E�� L�H�� WKH� LQWHUFHSW� LQ� ������� LQFUHDVHV�� � ,Q�

UHDOLW\��LQFUHDVHV�WR�WKH�DSSOLHG�ILHOG�ZLOO�QRWLFHDEO\�FKDQJH�WKH�VKDSH�RI�WKH�LQWHUQDO�ILHOG�SURILOH��

VLQFH� �௖ܬ LV�DFWXDOO\� ILHOG� GHSHQGHQW��ZLWK� WKH�HIIHFW�EHLQJ�PRUH�SURQRXQFHG� LQ� ODUJHU�VDPSOHV�

DQG�RU�ZLWK�ODUJHU�VWHSV�LQ�DSSOLHG�ILHOG���+RZHYHU��%HDQ¶V�VLPSOLI\LQJ�DVVXPSWLRQV�UHPRYH�WKLV�

JUHDWHU�GHWDLO�ZLWKRXW�UHGXFLQJ�WKH�YDOLGLW\�RI�WKH�PRGHO��

�

6R�IDU�RQO\�LQFUHDVLQJ�ILHOGV�KDYH�EHHQ�GLVFXVVHG���:H�QRZ�WXUQ�RXU�DWWHQWLRQ�WR�VPDOO�UHGXFWLRQV�

LQ�WKH�DSSOLHG�ILHOG��VHH�)LJXUH����F����7KH�LQIOXHQFH�RI�WKLV�FKDQJH�DFWV�IURP�WKH�VXSHUFRQGXFWRU
V�

RXWVLGH�VXUIDFH� LQZDUGV�±�DV�KDV�EHHQ� WKH�FDVH�VR� IDU�� �7KLV� LV�DQ� LPSRUWDQW�SRLQW�±�DOO� ILHOG�

FKDQJHV� DUH� JHQHUDWHG� DW� WKH� PDWHULDO¶V� RXWHU� VXUIDFH�� � ,I� WKH� ILHOG� LV� KHOG� FRQVWDQW� DW� DQ\�

LQWHUPHGLDWH� VWDJH� WKHQ� WKH� ILHOG� SURILOH�ZLOO� UHPDLQ� VWHDG\� �LJQRULQJ� IOX[� FUHHS� DQG� MXPSLQJ����

)LJXUH����F�DOVR�UHYHDOV�DQRWKHU�FRQVHTXHQFH�RI�FKDQJLQJ�IURP�LQFUHDVLQJ�WR�GHFUHDVLQJ�DSSOLHG�

ILHOG��QDPHO\��IOX[�WUDSSLQJ���2Q�LQVSHFWLRQ�RI�)LJXUH����F�LW�FDQ�EH�VHHQ�WKDW��QRW�RQO\�LV�WKHUH�OHVV�

VKLHOGHG�IOX[�WKDQ�WKDW�LQ�)LJXUH����E��EXW�WKH�FKDQJH�WR�WKH�LQWHUQDO�ILHOG�SURILOH�KDV�FDXVHG�IOX[�

WR� EH� WUDSSHG� LQ� D� UHJLRQ� WKDW� EHJLQV� DW� WKH� LQVLGH� VXUIDFH� RI� WKH� VDPSOH�� 7KLV� IOX[� WUDSSLQJ�

FRLQFLGHV�ZLWK�D�FKDQJH�LQ�VLJQ�RI�WKH�ILHOG�JUDGLHQW�LQ�DFFRUGDQFH�ZLWK�HTXDWLRQ����������,W�LV�DOVR��

)LJXUH������(IIHFW�RI�D�VWURQJ�DSSOLHG�PDJQHWLF�ILHOG�RQ�D�7\SH�,,�VXSHUFRQGXFWRU�DV�WKH�ILHOG�

VWUHQJWK� LV�FKDQJHG���D��IXOO�IOX[�VKLHOGLQJ���E��VPDOO� LQFUHDVH�LQ�WKH�DSSOLHG�ILHOG���F��D�VPDOO�

GHFUHDVH�LQ�WKH�DSSOLHG�ILHOG��FDXVHV�IOX[�WUDSSLQJ�WR�EHJLQ����G��WR��I��IXUWKHU�GHFUHDVHV�LQ�WKH�

DSSOLHG�ILHOG�LQFUHDVH�WKH�DPRXQW�RI�WUDSSHG�IOX[�DQG�GHFUHDVHV�WKH�DPRXQW�RI�VKLHOGHG�IOX[��
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�

�
)LJXUH������5HODWLRQVKLS�EHWZHHQ�WKH�PDJQHWLF�ILHOG�SURILOHV�IURP�)LJXUH�������D���WR��I����DQG�WKH�

FULWLFDO�FXUUHQW�GHQVLW\���D���WR��I������,W�FDQ�EH�VHHQ�LQ��E���WR��H���WKDW�IOX[�WUDSSLQJ�DQG�VKLHOGLQJ

LV�DFFRPSDQLHG�E\�DOWHUQDWHO\�RSSRVLQJ�VFUHHQLQJ�FXUUHQWV�LQ�HDFK�KDOI�RI�WKH�LQILQLWHO\�ORQJ�VODE�

ZKLFK�LV�GHWHUPLQHG�E\�WKH�VLJQ�RI�WKH�IOX[�GHQVLW\�JUDGLHQWV� LQ��E���WR��H���� ��D���WR��I���DUH�D

VLPSOLILHG� LOOXVWUDWLRQ� RI� IOX[� YRUWLFHV� HQWHULQJ� WKH� VODE� IURP� WKH� RXWVLGH� VXUIDFH� DQG� PRYLQJ

LQZDUGV����
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�
HYLGHQW�WKDW� WKH� WRWDO�DPRXQW�RI� WUDSSHG�IOX[� LV� OHVV�WKDQ�WKH�VKLHOGHG�IOX[�DQG�VR�WKH�DYHUDJH�

LQWHUQDO�ILHOG�LV�VWLOO�OHVV�WKDQ�WKH�DSSOLHG�ILHOG�DW�WKLV�VWDJH�LQ�WKH�GHVFULSWLRQ��

�

$V�IXUWKHU�UHGXFWLRQV�WR�WKH�DSSOLHG�ILHOG�DUH�PDGH��WKH�WRWDO�DPRXQW�RI�WUDSSHG�IOX[�LQFUHDVHV�DV�

WKH�WRWDO�DPRXQW�RI�VKLHOGHG�IOX[�GHFUHDVHV���,Q�)LJXUH����G�WKHUH�LV�QR�VKLHOGHG�IOX[�DQG�LW�LV�HDV\�

WR�VHH� WKDW� WKH�DYHUDJH� LQWHUQDO� ILHOG� LV�QRZ�JUHDWHU� WKDQ� WKH�DSSOLHG� ILHOG�� �(YHQWXDOO\�� IXUWKHU�

UHGXFWLRQV�LQ�DSSOLHG�ILHOG�UHVXOW� LQ�D�PD[LPXP�DPRXQW�RI�WUDSSHG�IOX[��VHH�)LJXUH����I���ZKLFK�

FDQ�EH�VHHQ�WR�RFFXS\�WKH�VDPH�DUHD�DV�WKH�PD[LPXP�DPRXQW�RI�VKLHOGHG�IOX[�LQ�)LJXUH����D����

�

6R��D�EDVLF�DQVZHU�WR�ZKDW�FDXVHV�K\VWHUHVLV�LQ�7\SH�,,�LQKRPRJHQHRXV�VXSHUFRQGXFWRUV�LV�WKDW�

IOX[�SLQQLQJ�VWRSV�WKH�PRWLRQ�RI�IOX[�YRUWLFHV��ZLWK�DOO�FDXVDO�FKDQJHV�RULJLQDWLQJ�DW�WKH�RXWVLGH�

VXUIDFH�RI�WKH�VDPSOH���$OVR��WKH�LQWHUQDO�DYHUDJH�PDJQHWLF�ILHOG�GLIIHUV�IURP�WKH�DSSOLHG�ILHOG�DV�

WKH�DSSOLHG�ILHOG�LV�FKDQJHG�DQG�WKLV�H[SODLQV�ZK\�WKH�PDJQHWLVDWLRQ�RI�D�VXSHUFRQGXFWLQJ�VDPSOH�

GHSHQGV�RQ�LWV�SUHYLRXV�PDJQHWLF�VWDWH�L�H��LWV�KLVWRU\���+RZHYHU��WKH�PDMRU�SRLQW�WR�UHPHPEHU�

IURP�WKLV�VHFWLRQ�LV�WKDW��QR�PDWWHU�ZKDW�WKH�DFWXDO�VKDSH�RI�WKH�WUDSSHG��RU�VKLHOGHG��IOX[�SURILOH�

KDSSHQV� WR� EH�� DV� ORQJ� DV� WKH� DSSOLHG� ILHOG� LV� F\FOHG� WKURXJK� ILHOGV� WKDW� DUH� ODUJHU� WKDQ� WKH�

LQWHUPHGLDWH� ILHOG�� WKHQ�ZH�FDQ�EH�FHUWDLQ� WKDW�PD[LPXP� WUDSSLQJ�DQG�VKLHOGLQJ�KDV�RFFXUUHG���

%HDQ¶V�PDMRU� LQVLJKW�ZDV�LQ�UHDOLVLQJ� WKDW� WKLV�PD[LPXP�WUDSSLQJ�DQG�VKLHOGLQJ�� LQ�FRQMXQFWLRQ�

ZLWK�NQRZOHGJH�DERXW�WKH�VDPSOH¶V�JHRPHWU\�� LV�DOO�WKDW�LV�UHTXLUHG�WR�ILQG�WKH�VDPSOH¶V�FULWLFDO�

FXUUHQW�GHQVLW\��

2EWDLQLQJ�WKH�FULWLFDO�FXUUHQW�GHQVLW\�Ǿ�WKH�PRGHOȃV�JUHDWHVW�XWLOLW\�
�

�:H�KDYH�VHHQ�WKDW�IOX[�VKLHOGLQJ�DQG�WUDSSLQJ�HQVXUH�WKDW�WKH�DYHUDJH�LQWHUQDO�PDJQHWLF�ILHOG��

��ۄ୧୬୲ܤۃ GLIIHUV� IURP� WKH� DSSOLHG� ILHOG�� ��ୟ୮୮ܤ WKURXJKRXW� PRVW� RI� D� ILHOG�VZHSW� F\FOH�� � 7KH�

PDJQHWLVDWLRQ�RI�WKH�VDPSOH�DW�DQ\�SRLQW�WKURXJKRXW�WKLV�F\FOH�LV�JLYHQ�E\�

�

� ܯ଴ߤ ൌ ۄ୧୬୲ܤۃ െ �ୟ୮୮Ǥܤ �������

�

$V�LV�VKRZQ�LQ�)LJXUH�����WKH�YDOXH�RI�WKH�DSSOLHG�ILHOG�QHFHVVDU\�WR�PDNH�PDJQHWLF�IOX[�MXVW�UHDFK�

WKH�FHQWUH�RI�WKH�VDPSOH�LVכܤ���WKH�LQWHUPHGLDWH�ILHOG����7KHUHIRUH��IRU�PD[LPXP�LQWHUQDO�VKLHOGLQJ�

WKH�DYHUDJH�LQWHUQDO�ILHOG�LV�UHODWHG�WR�WKH�LQWHUPHGLDWH�ILHOG�E\�

�

� ۄ୧୬୲ܤۃ ൌ ୟ୮୮ܤ െ
ͳ
ܤʹ

�ǡכ �������

�

ZKHUHܤ�ୟ୮୮�LV�VRPH�ODUJH��LQ�FRPSDULVRQ�WRכܤ���DSSOLHG�ILHOG���,Q�WKH�FDVH�RI�PD[LPXP�IOX[�WUDSSLQJ�

LW�LV�UHODWHG�WR�WKH�LQWHUPHGLDWH�ILHOG�E\�

�

�

� ۄ୧୬୲ܤۃ ൌ ୟ୮୮ܤ ൅
ͳ
ܤʹ

�Ǥכ �������
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�
6XEVWLWXWLRQ�RI��������LQWR��������\LHOGV�

�

� ିܯ଴ߤ ൌ െ
ͳ
ܤʹ

�כ �������

�

DQG�VXEVWLWXWLRQ�RI��������LQWR��������\LHOGV�

�

� ାܯ଴ߤ ൌ
ͳ
ܤʹ

�ǡכ �������

�

ZKLFK�VXJJHVWV�WKDW�

�

� ାܯ െିܯ ൌ
כܤ

଴ߤ
Ǥ� �������

�

&RPSDULVRQ�RI�)LJXUH������D���WR��I���KLJKOLJKWV�WKDW�WKH�JUHDWHVW�GHQVLW\�IOX[�OLQHV�PRYH�LQWR�WKH�

FHQWUH�RI�WKH�VODE�DV�WKH�DSSOLHG�ILHOG�LV�UHGXFHG��

�

7KH�PDJQHWLF�PRPHQW��ȁܕȁ ൌ ݉��RI�DQ�DUELWUDULO\�VKDSHG�VDPSOH�FDQ�EH�IRXQG�WKURXJK�WKH�YROXPH�

LQWHJUDO�

� ܕ ൌ
ͳ
ʹන ܚ ൈ ۸ሺܚሻ݀ଷܚ
௏

ǡ� �������

�

ZKLFK�IRU�WKH�VODE�VKDSHG�VDPSOH�LQ�)LJXUH�����\LHOGV�WKH�PDJQLWXGH�

�

� ݉ ൌ
ͳ
ʹ ଶܽܬ ൬ͳ െ

ܽଶ
͵ܽଵ

൰ ܸǡ� �������

�

ZKHUH�ܸ�LV�WKH�VODE¶V�YROXPH��

�

6XEVWLWXWLQJ�IRUܬ� ൌ �௖ܬ LQ��������DQG�WDNLQJ�LQWR�DFFRXQW�WKH�UHODWLRQVKLS�EHWZHHQ�PDJQHWLVDWLRQ�

DQG�PDJQHWLF�PRPHQWܯ�� ൌ ݉ ܸΤ ���������EHFRPHV�

�

�

DQG�VXEVWLWXWLRQ�RI�WKLV�LQWR��������\LHOGV�

�

�

� ܯ ൌ
ͳ
ʹ ଶܽܬ ൬ͳ െ

ܽଶ
͵ܽଵ

൰� �������

� ାܯ െିܯ ൌ οܯ ൌ ௖ܽଶܬ ൬ͳ െ
ܽଶ
͵ܽଵ

൰ �����ฺ ����� ௖ܬ ൌ
οܯ

ܽଶ ቀͳ െ
ܽଶ
͵ܽଵ

ቁ
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�
7KHUHIRUH��WKH�FULWLFDO�FXUUHQW�GHQVLW\��DW�DQ\�SDUWLFXODU�DSSOLHG�ILHOG�ZLWKLQ�D�VDPSOH
V�K\VWHUHVLV�

ORRS��FDQ�EH�FDOFXODWHG�IURP�D�PHDVXUHPHQW�RI�WKH�FKDQJH�LQ�PDJQHWLVDWLRQ�DW�WKDW�DSSOLHG�ILHOG����

(TXDWLRQ� ������� LV� JRRG� IRU� D� VODE� VKDSHG� VDPSOH� EXW� RWKHU� JHRPHWULHV� DUH� FDOFXODEOH� RQ�

DSSOLFDWLRQ�RI�HTXDWLRQ��������WR�WKH�VSHFLILF�FDVH�LQ�TXHVWLRQ��

�

7KH�EHDXW\�RI�%HDQ¶V�PRGHO� LV� WKDW� LW�FXWV� WKURXJK�WKH�FRPSOH[LWLHV�RI�K\VWHUHWLF�EHKDYLRXU� WR�

UHYHDO�D�YHU\�VLPSOH�UHODWLRQVKLS�EHWZHHQ�WKH�FKDQJH�LQ�PDJQHWLVDWLRQ�DW�D�SDUWLFXODU�ILHOG�DQG�

WKH�FULWLFDO�FXUUHQW�GHQVLW\�DW�WKDW�ILHOG���2QO\�NQRZOHGJH�RI�D�VDPSOH¶V�JHRPHWU\��LQ�FRQMXQFWLRQ�

ZLWK�D�VHW�RI�K\VWHUHVLV�GDWD��DUH�UHTXLUHG�WR�REWDLQܬ�௖��

2WKHU�FULWLFDO�VWDWH�PRGHOV�
�

%HDQ
V�PRGHO� LV� MXVW�RQH�RI�D�FROOHFWLRQ�RI�VR�FDOOHG�FULWLFDO�VWDWH�PRGHOV�� �+RZHYHU��ZKHUHDV�

%HDQ¶V�PRGHO�PDNHV�QR�DWWHPSW�WR�ILW�WR�K\VWHUHVLV�GDWD��LWV�VROH�SXUSRVH�EHLQJ�WR�GHWHUPLQHܬ�௖���

WKH�PRWLYDWLRQ�IRU�WKHVH�RWKHU�PRGHOV�LV�LQ�WKHLU�DELOLW\�WR�PRGHO�WKH�ILHOG�GHSHQGHQFH�RI�ZKROH�

GDWDVHWV��7KH�FRPPRQDOLW\�EHWZHHQ�DOO�RI�WKH�PRGHOV�LV�WKH�HTXDOLW\�EHWZHHQ�WKH�SLQQLQJ�IRUFH�

GHQVLW\�۴௣��WKDW�KROGV�WKH�PDJQHWLF�IOX[�OLQHV�LQ�SODFH��DQG�WKH�/RUHQW]�IRUFH�GHQVLW\�۸ ൈ ۰��WKDW�LV�

JHQHUDWHG�WKURXJK�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�VXSHUFXUUHQW�DQG�WKH�PDJQHWLF�IOX[�OLQHV����

������&RQFOXGLQJ�FRPPHQWV�
�

:KLOH� %HDQ¶V� PRGHO� GRHV� QRW� SURYLGH� D� PLFURVFRSLF� XQGHUVWDQGLQJ� RI� K\VWHUHVLV� LQ�

VXSHUFRQGXFWRUV�RU� LV�DEOH� WR�UHSURGXFH�WKH�VKDSH�RI�PDJQHWLVDWLRQ�GDWD� IRU�D�VDPSOH�F\FOHG�

WKURXJK�ODUJH�PDJQHWLF�ILHOGV��LWV�SRZHU�LV�LQ�LWV�DELOLW\�WR�VLPSO\�REWDLQ�FULWLFDO�FXUUHQW�GHQVLW\��DW�

DQ\�SDUWLFXODU�ILHOG��IURP�D�VDPSOH¶V�PDJQHWLVDWLRQ�GDWD���

�

%HDQ¶V� DVVXPSWLRQV� DUH� FOHDUO\� YHU\� VLPSOH� DQG� DUH� H[WUHPHO\� VXFFHVVIXO� DW� VDWLVI\LQJ� WKHLU�

SXUSRVH�EXW�RWKHU� UHVHDUFKHUV��VXFK�DV�.LP��KDYH�DGGHG�JUHDWHU� GHJUHHV�RI�FRPSOH[LW\� WR� ILW�

ZKROH�H[SHULPHQWDO�GDWDVHWV�� �+RZHYHU�� LQ�UHJDUG� WR�WKH�GHWHUPLQDWLRQ�RIܬ�௖�VSHFLILFDOO\�� WKHVH�

RWKHU�PRGHOV�GR�QRW�RIIHU�DQ\WKLQJ�WKDW�%HDQ¶V�PRUH�VLPSOH�PRGHO�GRHV�QRW�SURYLGH�DQG�WKLV�KDV�

HQVXUHG�LW�VWLOO�UHPDLQV�WKH�PRVW�ZLGHO\�XVHG�PRGHO�RI�LWV�NLQG��

�
)LJXUH������7KH�JHRPHWU\�RI�D�VODE�VKDSHG�VDPSOH��
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�

����0LFURFU\VWDOOLQH� DQG� QDQRFU\VWDOOLQH� VXSHUFRQGXFWRUV� Ǿ� LPSRUWDQW�
OHQJWK�VFDOHV�

������$�UHYLHZ�RI�WKH�LPSRUWDQW�VXSHUFRQGXFWRUV�
�

7KHUH� DUH� WZR� PDLQ� FODVVHV� RI� VXSHUFRQGXFWRUV�� 7\SH� ,� DQG� 7\SH� ,,�� � 7KH� HOHPHQWDO�

VXSHUFRQGXFWRUV�DUH�PRVWO\� RI�7\SH� ,� EXW� WKRVH�PDWHULDOV� LPSRUWDQW� IRU�DSSOLFDWLRQV�DUH�DOO� RI�

7\SH�,,���7KH�FRQYHQWLRQDO�VXSHUFRQGXFWRUV�DUH�PRVWO\�ORZ�WHPSHUDWXUH�L�H��VXSHUFRQGXFWRUV�ZLWK�

D�WUDQVLWLRQ�WHPSHUDWXUH�EHORZ�a����.��ZLWK�WKH�SRVVLEOH�H[FHSWLRQ�RI�0J%���ZKLFK�KDV�D�WUDQVLWLRQ�

WHPSHUDWXUH�RI�a����.���&RQYHQWLRQDO�VXSHUFRQGXFWRUV�SURYLGH�WKH�YDVW�PDMRULW\�RI�PDWHULDOV�XVHG�

LQ� PRGHUQ� GD\� DSSOLFDWLRQV�� VXFK� DV� 05,� VFDQQHUV�� IXVLRQ� WRNDPDNV� �,7(5�� DQG� SDUWLFOH�

DFFHOHUDWRUV�� IRU� H[DPSOH�� � 7KH�PDMRU� ZRUNKRUVH�PDWHULDOV� DUH�1E�6Q� DQG�1E7L�� ZKLFK� KDYH�

UHVSHFWDEOH�XSSHU�FULWLFDO�ILHOGV�DQG�FULWLFDO�FXUUHQW�GHQVLWLHV��VHH�7DEOH�������

�

7KH� XQFRQYHQWLRQDO� VXSHUFRQGXFWRUV� DUH� WKRVH� ZLWK� KLJK� FULWLFDO� WHPSHUDWXUHV� DQG� DUH� QRW�

H[SODLQHG� E\� %&6� WKHRU\�� � 7KH\� DUH�PRVWO\� 7\SH� ,,� LQ� QDWXUH� EXW� KDYH� VR� IDU� HYDGHG�PDMRU�

XWLOLVDWLRQ� LQ� DSSOLFDWLRQV� EHFDXVH� RI� WKH� HQJLQHHULQJ� GLIILFXOWLHV� LQYROYHG� LQ� IRUPLQJ� KLJK�ILHOG�

PDJQHWLF� FRLOV� ZLWK� WKHP�� � +RZHYHU�� WKH� EHQHILWV� RI� KLJK�WHPSHUDWXUH� VXSHUFRQGXFWLYLW\� LQ�

DSSOLFDWLRQV�DUH�WRR�KLJK�WR�VLPSO\�UHPDLQ�ZLWK�WKH�FRQYHQWLRQDO�ZRUNKRUVHV�GLVFXVVHG�DERYH��

DQG�WKHUHIRUH��WKHUH�LV�D�KXJH�DPRXQW�RI�UHVHDUFK�ZRUN�JRLQJ�LQWR�WKH�XQFRQYHQWLRQDO�PDWHULDOV���

7KH� 1DWLRQDO� +LJK� 0DJQHWLF� )LHOG� /DERUDWRU\� LQ� 7DOODKDVVHH�� )ORULGD�� DUH� H[SHUWV� LQ� WKH�

PDQXIDFWXUH� DQG� RSHUDWLRQ� RI� YHU\� KLJK� ILHOG� PDJQHWV� XVLQJ� ORZ� WHPSHUDWXUH� DQG� KLJK�

WHPSHUDWXUH� VXSHUFRQGXFWLQJ� PDWHULDOV� DV� ZHOO� DV� FRQYHQWLRQDO� UHVLVWLYH� PDWHULDOV�� � 7KH\�

FXUUHQWO\�KROG�D�QXPEHU�RI�ZRUOG�UHFRUGV�LQFOXGLQJ�RQH�IRU�WKH�KLJKHVW�VXVWDLQHG�PDJQHWLF�ILHOG�RI�

���7�XVLQJ�D�K\EULG�VXSHUFRQGXFWLQJ�UHVLVWLYH�GHVLJQ�>��@��

������$�UHYLHZ�RI�7D\ORU�DQG�%\UQH�ZRUN�

$�QHZ�SDUDGLJP�IRU�IDEULFDWLQJ�EXON�KLJK�ILHOG�VXSHUFRQGXFWRUV�
�

,Q������'DYLG�7D\ORU�RI�WKH�6XSHUFRQGXFWLYLW\�*URXS�LQ�'XUKDP��8.��SXEOLVKHG�D�SDSHU�HQWLWOHG�

³$�QHZ�SDUDGLJP�IRU�IDEULFDWLQJ�EXON�KLJK�ILHOG�VXSHUFRQGXFWRUV´�LQ�ZKLFK�KH�SUHVHQWHG�D�UHFRUG�

YDOXH�RI�WKH�XSSHU�FULWLFDO�ILHOG�RI�HOHPHQWDO�QLRELXP��a���7�� >��@���7D\ORU�XVHG�PHFKDQLFDO�EDOO�

PLOOLQJ�WR�UHGXFH�WKH�QLRELXP�SRZGHU�JUDLQ�VL]H�IURP�a�����QP�WR�EHWZHHQ���DQG����QP�LQ�IRXU�

LQGHSHQGHQWO\�PLOOHG�VDPSOHV�XVLQJ�QLRELXP�PLOOLQJ�PHGLD�WR�UHGXFH�IRUHLJQ�FRQWDPLQDWLRQ���+H�

WKHQ�H[SRVHG�WKUHH�RI�WKHVH�VDPSOHV�WR�D�SUHVVXUH�RI������EDU�DQG�D�WHPSHUDWXUH�RI����������

DQG�����Σ&�UHVSHFWLYHO\�IRU�XS�WR���K�XVLQJ�D�KRW�LVRVWDWLF�SUHVV��+,3����7KLV�PDWHULDOV�SURFHVVLQJ�

ZDV�HPSOR\HG�WR�PDQLSXODWH�DQG�FRQWURO�WKH�GHJUHH�RI�FU\VWDOOLQH�GLVRUGHU��ZKLFK�UHVXOWHG�LQ�HDFK�

VDPSOH� KDYLQJ� D� VXEVWDQWLDOO\� LQFUHDVHG�QRUPDO� VWDWH� UHVLVWLYLW\ߩ��௡�� LQ� FRPSDULVRQ� WR� WKH� DV�

VXSSOLHG�PDWHULDO���7KH�VDPSOH�PLOOHG�IRU����K�DQG�+,3HG�DW�����Σ&�VKRZHG�WKH�ODUJHVW�LQFUHDVH�

LQܤ�௖ଶሺͲሻ�IURP������7�WR������7�ZLWK�D�GHSUHVVLRQ�LQ� ௖ܶ�IURP������WR������.���

�
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7D\ORU�ZHQW�RQ�WR�SURSRVH�D�PRGHO�WKDW�GHOLYHUV�WKH�³XOWLPDWH�OLPLW�WR�WKH�LQFUHDVH�LQܤ�௖ଶሺͲሻ´�WKDW�

D�FRQYHQWLRQDO�VXSHUFRQGXFWLQJ�PDWHULDO�FRXOG�EH�PDGH�WR�KDYH�LQ�RUGHU�WR�DLG�WKH�VHOHFWLRQ�RI�

OLNHO\� KLJK�ILHOG� QDQRFU\VWDOOLQH� VXSHUFRQGXFWRUV� IRU� DSSOLFDWLRQV�� � 7KLV� PRGHO� LV� EDVHG� RQ�

HVWDEOLVKHG�PLFURVFRSLF�WKHRU\�DQG�7D\ORU¶V�SURSRVLWLRQ� WKDW�WKHUH� LV�D�SURSRUWLRQDOLW\�EHWZHHQ�

WKH� HOHFWURQ�SKRQRQ� FRXSOLQJ� SDUDPHWHU�� �ߣ �ZKLFK� GHVFULEHV� WKH� VWUHQJWK� RI� WKH� DWWUDFWLYH�

HOHFWURQ�SKRQRQ� LQWHUDFWLRQ��� DQG� WKH� XQUHQRUPDOLVHG� GHQVLW\� RI� VWDWHV� DW� WKH� )HUPL� VXUIDFH��

ܰሺܧிሻ�� � 7KH� UHODWLRQVKLS� EHWZHHQܤ�௖ଶሺͲሻ� DQG� �௡ߩ LV� SURYLGHG� E\� *LQ]EXUJ�/DQGDX�$EULNRVRY�

*RUNRY��*/$*��WKHRU\�

�

7DEOH������6RPH�RI�WKH�EHVW�KLJK�ILHOG�VXSHUFRQGXFWLQJ�PDWHULDOV��

0DWHULDO� ��.��ࢉࢀ ��7��૛ࢉ࡮

��������������������������������������������/RZ�7HPSHUDWXUH�������������������������������������������

1E�6Q�>��@� ��� ���

1E�*H�>��@� ����� ���

1E�$O*H�>��@� a��� a���

1E�$O�>��@� a������ a���

1E�*D�>��@� a��� a���

1E�7L�>��@� ���� ���

1E�1�>��@� ��� ���

1E&���1����>��@� ����� ���

1E�&�� ����>��@� �����>��@�

9�*D�>��@� ��� ���

9�6L�>��@� ��� ���

*G��3E0R�6��>��@� a��� a���

0J%��>��@� ����� ���

�������������������������������������������+LJK�7HPSHUDWXUH�������������������������������������������

<%D�&X�2��ɷ�>��@� ����� ����DORQJ�F�D[LV��

%L�6U�&D�&X�2���ɷ�>�����@� ���� ����DORQJ�F�D[LV��

7O�%D�&D�&X�2���>����������@� ���� ����DORQJ�F�D[LV��
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HOHFWURQ�SKRQRQ� FRXSOLQJ��߱୪୬� LV� D� SKRQRQ�PRPHQW� L�H�� D� SDUWLFXODU� H[SHFWDWLRQ� YDOXH� RI� WKH�

HOHFWURQ�SKRQRQ� VSHFWUXP� IXQFWLRQ�� � 7KH�EURDGHQLQJ� RI� WKH�XQUHQRUPDOLVHG�GHQVLW\� RI� VWDWHV��

ܰሺܧிሻ�� E\� LQFUHDVHV� LQ� QRUPDO� VWDWH� UHVLVWLYLW\�� ��௡ߩ LV� LQFRUSRUDWHG� LQWR� WKH�PRGHO� E\� ILWWLQJ� D�
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ZKHUH�߬�LV�WKH�PHDQ�VFDWWHULQJ�WLPH���7KH�OLQN�EHWZHHQ�HTXDWLRQ��������DQG��������LV�SURYLGHG�E\�

WKH�$OOHQ�DQG�'\QHV�HTXDWLRQ�UHODWLQJ�WKH�WUDQVLWLRQ�WHPSHUDWXUH�WR�WKH�HOHFWURQ�SKRQRQ�FRXSOLQJ�

SDUDPHWHUߣ���
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ZKHUHכߤ��LV�WKH�&RXORPE�SVHXGRSRWHQWLDO��ZKLFK�DFFRXQWV�IRU�WKH�&RXORPE�UHSXOVLRQ�WKDW�H[LVWV�

EHWZHHQ�HOHFWURQV��DQG� ഥ߱ଵ� LV�DQRWKHU�FKDUDFWHULVWLF�SKRQRQ�PRPHQW�RI� WKH�VSHFWUXP�IXQFWLRQ���

(TXDWLRQ��������LV�UHODWHG�WR�ܰሺܧிሻ�WKURXJK�WKH�6RPPHUIHOG�FRQVWDQWߛ���ZKLFK�LV�LWVHOI�UHODWHG�WR�

ܰሺܧிሻ�WKURXJK�

� ߛ ൌ
ʹ
ߨ͵

ଶ݇஻ଶܰሺܧிሻሺͳ ൅ �ሻǡߣ �������

�

ZKLFK� LV� D� UHDUUDQJHPHQW� RI� ������� IROORZHG� E\� D� VXEVWLWXWLRQ� RI� ଴ܰሺܧிሻ�IRU�ܰሺܧிሻ� DQG� LV� WKH�

HVVHQFH�RI�7D\ORU¶V�DVVXPSWLRQ���(TXDWLRQ��������HVVHQWLDOO\�UHSUHVHQWV�D�VFDWWHULQJ�IUHH�VWDWH��

�

,Q�7D\ORU¶V�PRGHO��SURYLGHG�E\�HTXDWLRQV��������WR���������LQFUHDVHV�LQ�GLVRUGHU�SURGXFH�LQFUHDVHV�

LQ�HOHFWURQ�VFDWWHULQJ�WKDW�OHDG�WR�LQFUHDVHV�LQߩ�௡���7KHVH�LQFUHDVHV�LQߩ�௡�FDXVH�GLUHFW�LQFUHDVHV�

LQ� �௖ଶሺͲሻܤ �HT�� �������� EXW� DOVR� FDXVH� GHFUHDVHV� LQ�ܰሺܧிሻ� GXH� WR� WKH� EURDGHQLQJ� FDXVHG� E\�

VFDWWHULQJ�HYHQWV��HT������������7KLV�EURDGHQLQJ�WKHQ�GHFUHDVHVߛ���HT����������DQG� ௖ܶ��HT�����������

ZKLFK� ERWK� WKHQ� DFW� WR� GLUHFWO\� LQIOXHQFH� �௖ଶሺͲሻܤ �HT�� ��������� � 7KLV� FRPSHWLWLRQ� EHWZHHQ� WKH�

ORZHULQJ� LQIOXHQFHV�RI� ௖ܶ�DQGߛ��RQ�HTXDWLRQ���������DJDLQVW� WKH�KHLJKWHQLQJ� LQIOXHQFH�RIߩ�௡�RQ�

�������SURGXFHV�D�PD[LPXP�LQܤ�௖ଶሺͲሻ�DV�D�IXQFWLRQ�RI� ௖ܶ���

�

7D\ORU�DSSOLHG�WKLV�PRGHO�WR�QLRELXP�DQG�WR�1E�6Q�XVLQJ�SDUDPHWHU�YDOXHV�UHDGLO\�REWDLQDEOH�IURP�

WKH�OLWHUDWXUH�DQG�FRPSDUHG�LW�DJDLQVW�KLV�H[SHULPHQWDO�GDWD�IRU�QLRELXP�DQG�2UODQGR¶V�IRU�1E�6Q���

7KHVH�SORWV�DUH�VKRZQ�LQ�)LJXUH�������7D\ORU�SRLQWV�RXW�WKDW�WKH�PD[LPXPܤ�௖ଶሺͲሻ�SUHGLFWHG�E\�WKH�

PRGHO�IRU�ERWK�PDWHULDOV�LV�UHDVRQDEOH�DQG�FORVH�WR�H[SHULPHQW���+RZHYHU��WKH�FXUYHV�VKRZQ�LQ�

)LJXUH�����DUH�QRW�FORVHO\�PDWFKHG�E\�WKH�GDWD�SRLQWV�IRU�HLWKHU�PDWHULDO���7KH�PRGHO¶V�DSSOLFDELOLW\�

LV�UHVWULFWHG�E\�7D\ORU¶V�UHOLDQFH�RQ�WKH�EURDGHQLQJ�RI�WKH�GHQVLW\�RI�VWDWHV�DW�WKH�)HUPL�HQHUJ\��

ZKLFK�UHTXLUHV�WKDW�WKH�PDWHULDOV�EHLQJ�PRGHOOHG�PXVW�KDYH�D�SHDN�LQ�WKH�QRUPDO�VWDWH�GHQVLW\�RI�

VWDWHV�DW�WKH�)HUPL�(QHUJ\���,I�WKLV�SHDN�H[LVWV�RII�FHQWUH��WKHQ�WKH�EURDGHQLQJ�FRXOG�DFWXDOO\�UHVXOW�

LQ�DQ�LQFUHDVH�LQ�WKH�GHQVLW\�RI�VWDWHV�DW�WKH�)HUPL�HQHUJ\��ZKLFK�ZRXOG�UHYHUVH�WKH�UHODWLRQVKLS�

WKDW� ௖ܶ�DQGߛ��KDV�ZLWKߩ�௡��SRVVLEO\�OHDGLQJ�WR�XQSK\VLFDO�UHVXOWV���1HYHUWKHOHVV��IRU�WKRVH�PDWHULDOV�

WKDW� GR� KDYH� D� SHDN� DW� WKH� )HUPL� HQHUJ\� LQ� WKH� GHQVLW\� RI� VWDWHV�� WKH�PRGHO� LV� D� SURPLVLQJ�

GHYHORSPHQW�ZLWK�UHDO�SUDFWLFDO�DGYDQWDJHV��
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$E�LQLWLR�FDOFXODWLRQV�RI�WKH�WKHUPDO�DQG�HOHFWURQLF�SURSHUWLHV�RI�VXSHUFRQGXFWRUV�DQG�WKHLU�JUDLQ�
ERXQGDULHV�
�

$Q�XQGHUVWDQGLQJ�RI�JUDLQ�ERXQGDULHV�LQ�VXSHUFRQGXFWLQJ�PDWHULDOV�LV�RI�JUHDW�LPSRUWDQFH�VLQFH�

LQFUHDVHV� LQܤ�௖ଶሺͲሻ�� FDXVHG� E\� UHGXFWLRQV� LQ� JUDLQ� VL]H�� LQHYLWDEO\� OHDG� WR� DQ� LQFUHDVH� LQ� WKH�

FRQFHQWUDWLRQ� RI� ERXQGDULHV�� � ,W� LV� WKHVH� ERXQGDULHV� WKDW� DUH� RYHUZKHOPLQJO\� UHVSRQVLEOH� IRU�

WUDSSLQJ�IOX[�YRUWLFHV��ZKLFK�DOORZV�WKH�IORZ�RI�VXSHUFXUUHQWV�LQ�7\SH�,,�VXSHUFRQGXFWLQJ�PDWHULDOV��

6R��QRW�RQO\�LV�WKH�SUHVHQFH�RI�ERXQGDULHV�LQGLUHFWO\�UHVSRQVLEOH�IRU�D�VXSHUFRQGXFWRU¶V�DELOLW\�WR�

DFFRPPRGDWH�WUDQVSRUW�FXUUHQWV��EXW�WKRVH�FXUUHQWV�DUH�GLUHFWO\�DIIHFWHG�E\�WKH�EDUULHUV�WKDW�WKHVH�

ERXQGDULHV�SUHVHQW���7KH�6XSHUFRQGXFWLYLW\�*URXS�LQ�'XUKDP�LV�XVLQJ�GHQVLW\�IXQFWLRQDO�WKHRU\�

�')7��LQ�FRQMXQFWLRQ�ZLWK�D�VSHFLDOLVW�VRIWZDUH�SDFNDJH�FDOOHG�&$67(3�WR�PRGHO�WKH�HOHFWURQLF�

DQG�WKHUPDO�SURSHUWLHV�RI�JUDLQ�ERXQGDULHV�LQ�VXSHUFRQGXFWRUV���7KLV�UHVHDUFK�LV�FXUUHQWO\�EHLQJ�

GRQH�E\�3HWHU�%\UQH��

�

$SSO\LQJ� WKH� WLPH� LQGHSHQGHQW� PDQ\� ERG\� 6FKURGLQJHU� HTXDWLRQ� �7,�0%6(�� WR� D� V\VWHP� RI�

HOHFWURQV�DQG�QXFOHL�LQ�D�FU\VWDO�ODWWLFH�UHVXOWV�LQ�DQ�HTXDWLRQ�ZKRVH�VROXWLRQV�DUH�REWDLQDEOH��DW�

OHDVW�LQ�WKHRU\���,Q�SUDFWLFH��KRZHYHU��WKH�FRPSXWDWLRQDO�UHVRXUFHV�UHTXLUHG�DUH�QRW�REWDLQDEOH���,W�

LV� WKHUHIRUH� QHFHVVDU\� WR�PDNH� VRPH� VLPSOLI\LQJ� DVVXPSWLRQV� WKDW� DSSUR[LPDWH� WKH� VROXWLRQV�

EHLQJ�VRXJKW���)RU�LQVWDQFH��EHFDXVH�RI�WKH�GLIIHUHQFH�LQ�WKH�PDVV�RI�DQ�HOHFWURQ�DQG�D�QXFOHXV��

WKH�HOHFWURQV�FDQ�EH�UHJDUGHG�DV�PRYLQJ�ZLWKLQ�D�IL[HG�QXFOHDU�SRWHQWLDO���7KLV�LV�FDOOHG�WKH�%RUQ�

2SSHQKHLPHU�DSSUR[LPDWLRQ���)XUWKHU�UHGXFWLRQV�LQ�FRPSOH[LW\�DUH�PDGH�RQ�XVH�RI�WKH�+RKHQEHUJ�

.RKQ�7KHRUHPV�WKDW�DOORZ�WKH�PLQLPXP�HQHUJ\�RI�WKH�V\VWHP�WR�EH�IRXQG�E\�YDU\LQJ�WKH�JURXQG�

�
)LJXUH������7KHRUHWLFDO�XSSHU�FULWLFDO�ILHOG�RI�QDQRFU\VWDOOLQH�QLRELXP�DQG�QLRELXP±WLQ��8SSHU�

FULWLFDO�ILHOG�DV�D�IXQFWLRQ�RI�FULWLFDO�WHPSHUDWXUH�IRU�QLRELXP�DQG�QLRELXP±WLQ�ZLWK�GLIIHUHQW�OHYHOV�

RI�GLVRUGHU��7KH�OLQHV�VKRZ�WKH�WKHRUHWLFDO�YDOXHV�REWDLQHG�E\� LQFUHDVLQJ� WKH�UHVLVWLYLW\��7KH�

V\PEROV�VKRZ�WKH�H[SHULPHQWDO�GDWD�RI�WKH�ILYH�VDPSOHV�SUHSDUHG�E\�7D\ORU�>��@��
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VWDWH�GHQVLW\���+RZHYHU��LW�LV�WKH�.RKQ�6KDP�HTXDWLRQV�WKDW�IXOO\�DOORZ�WKH�RQH�Q�ERG\�7,�0%6(�

WR�EH�VDWLVIDFWRULO\�WUDQVIRUPHG�LQWR�D�VHW�RI�Q�RQH�ERG\�HTXDWLRQV��ZKLFK�QRW�RQO\�FDQ�EH�VROYHG�

XVLQJ�DYDLODEOH�FRPSXWLQJ�UHVRXUFHV��EXW�RQ�DSSOLFDWLRQ�RI�%ORFK¶V�7KHRUHP��FDQ�EH�GUDPDWLFDOO\�

GHFUHDVHG�LQ�TXDQWLW\��IXUWKHU�UHGXFLQJ�WKH�FRPSXWDWLRQDO�RYHUKHDG��

�

')7�LV�EHLQJ�XVHG�LQ�FRQMXQFWLRQ�ZLWK�WKH�&RLQFLGHQFH�6LWH�/DWWLFH�PRGHO��WR�PRGHO�ORZ�HQHUJ\�

JUDLQ�ERXQGDULHV�EHWZHHQ�XQLW�FHOOV�RI�$X�DQG�1E�6Q���*ROG�LV�D�YHU\�ZHOO�UHVHDUFKHG�PDWHULDO�

DQG� WKHUHIRUH� LW� VHUYHV�DV�D�TXDOLW\� WHVW� IRU�VLPLODU�FDOFXODWLRQV�SHUIRUPHG�RQ� OHVV� UHVHDUFKHG�

PDWHULDOV���7KH�GHQVLW\�RI�VWDWHV�RYHU�D�UDQJH�RI�HQHUJLHV�DERXW�WKH�)HUPL�HQHUJ\�IRU�ERXQGDULHV�

RI�YDU\LQJ�DQJOH�DUH�EHLQJ�JHQHUDWHG�DQG�FRPSDUHG�DJDLQVW�VLPLODU�FDOFXODWLRQV�GRQH�RQ�WKH�VDPH�

PDWHULDOV�GRSHG�ZLWK�YDULRXV�LPSXULW\�DWRPV����

�

&DOFXODWLRQV�RQ�EXON�PDWHULDOV�DUH�DOVR�EHLQJ�SHUIRUPHG�WR�FDOFXODWH�HOHFWURQ�SKRQRQ�FRQVWDQWV�

DQG� (OLDVKEHUJ� VSHFWUDO� IXQFWLRQV�� � 7KHVH� FDOFXODWLRQV� FDQ� WKHQ� EH� XVHG� WR� REWDLQ� WUDQVLWLRQ�

WHPSHUDWXUHV�� KHDW� FDSDFLWLHV�� UHVLVWLYLWLHV� DQG� WKHUPDO� FRQGXFWLYLWLHV�� � )XUWKHUPRUH�� IURP� WKH�

FDOFXODWHG� HOHFWURQ�SKRQRQ� FRQVWDQW� ��ߣ D� YDOXH� RI� WUDQVLWLRQ� WHPSHUDWXUH� ௖ܶ�� �DFTXLUHG� IURP�

FDOFXODWLRQ�RU�VXVFHSWLELOLW\�GDWD��DQG�D�YDOXH�RI� WKH�SKRQRQ�PRPHQW� ഥ߱ଵ��FDOFXODWHG�IURP�KHDW�

FDSDFLW\�GDWD���HTXDWLRQ��������FDQ�EH�XVHG�WR�REWDLQ�D�YDOXH�IRU�WKH�&RXORPE�SVHXGRSRWHQWLDO�

��כߤ IRU� DQ\� RI� WKH� VXSHUFRQGXFWRUV� VWXGLHG�� � ,QLWLDOO\�� WKLV�ZRUN� KDV�EHHQ� UHVWULFWHG� WR� FRSSHU��

DOXPLQLXP��VLOYHU�� OHDG�DQG�QLRELXP�ZLWK�D� YLHZ� WR�H[WHQGLQJ� LW� WR�ELQDU\�1E�6Q� �DQG�SRVVLEO\�

0J%���DQG�WHUQDU\�1E&[1��[�LQ�WKH�QHDU�IXWXUH��

������&RQFOXGLQJ�FRPPHQWV�
�

,I�WKH�DSSOLFDELOLW\�RI�7D\ORU¶V�PRGHO�FDQ�EH�H[WHQGHG�WR�D�JUHDWHU�QXPEHU�RI�PDWHULDOV��LW�ZRXOG�

H[FHSWLRQDOO\�HQKDQFH�RXU�DELOLW\�WR�VHOHFW�WKRVH�PDWHULDOV�ZRUWK\�RI�IXUWKHU�LQYHVWLJDWLRQ��ZKLFK�

FRXOG�OHDG�WR�QHZ�³ZRUNKRUVH´�PDWHULDOV��

�

%\UQH¶V�XVH�RI�')7�WR�GHWHUPLQH�QRUPDO�DQG�VXSHUFRQGXFWLQJ�VWDWH�SURSHUWLHV�RI�VXSHUFRQGXFWRUV�

FRXOG�EH�XVHG�WR�SURYLGH�WKH�QHFHVVDU\�SDUDPHWHU�YDOXHV�UHTXLUHG�RI�7D\ORU¶V�PRGHO�VR�WKDW�WKH�

SURVSHFWV�RI�RWKHU�PDWHULDOV� IRU�DSSOLFDWLRQV�FRXOG�EH� LQYHVWLJDWHG�� �)XUWKHUPRUH�� LI�%\UQH�FDQ�

VXFFHVVIXOO\�PRGHO�WKH�JUDLQ�ERXQGDULHV�LQ�VXSHUFRQGXFWRUV��DQG�GHWHUPLQH�WKHLU�HOHFWULFDO�DQG�

WKHUPDO� SURSHUWLHV�� WKHQ�� LQ� D� VLPLODU� IDVKLRQ� WR� 7D\ORU¶V� ZRUN�� JUDLQ� ERXQGDULHV� FRXOG� EH�

HQJLQHHUHG�WR�LPSURYH�FULWLFDO�FXUUHQW�GHQVLWLHV��IRU�H[DPSOH��

����7KH�URDG�WR�,7(5�
�

2Q�1RYHPEHU�WKH���WK�DQG���WK�RI������5RQDOG�5HDJDQ�DQG�0LNKDLO�*RUEDFKHY��ERWK�OHDGHUV�RI�

WKHLU�UHVSHFWLYH�VXSHUSRZHU�QDWLRQV��PHW�IDFH�WR�IDFH�IRU�WDONV�WKDW�VLJQLILHG�WKH�EHJLQQLQJ�RI�WKH�

HQG� RI� WKH� ³FROG� ZDU´�� � 7KLV� PHHWLQJ�� QRZ� ZLGHO\� NQRZQ� DV� WKH� ³*HQHYD� 6XPPLW´�� PDLQO\�

FRQFHQWUDWHG�RQ�GLSORPDWLF�UHODWLRQV�DQG�WKH�QXFOHDU�DUPV�UDFH�EXW�LQ�D�VXPPDU\�VSHHFK�WR�WKH�

$PHULFDQ�SHRSOH�RQ�WKH���VW�RI�1RYHPEHU��������5RQDOG�5HDJDQ�UHSRUWHG�WKDW��
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������³DV�D�SRWHQWLDO�ZD\�RI�GHDOLQJ�ZLWK�WKH�HQHUJ\�QHHGV�RI�WKH�ZRUOG�RI�WKH�IXWXUH��ZH�KDYH�DOVR��

������DGYRFDWHG�LQWHUQDWLRQDO�FRRSHUDWLRQ�WR�H[SORUH�WKH�IHDVLELOLW\�RI�GHYHORSLQJ�IXVLRQ�HQHUJ\´>��@��

�

$OWKRXJK�WKLV�VWDWHPHQW��DQG�LQ�SDUWLFXODU�WKH�WHUP�³GHYHORSLQJ�IXVLRQ�HQHUJ\´��ZDV�E\�QR�PHDQV�

WKH�KLJKOLJKW�RXWFRPH�RI� WKH�VXPPLW��KLVWRU\�PLJKW� MXVW� MXGJH� WKLV� WR�EH� WKH�6XPPLW¶V�JUHDWHVW�

VXFFHVV���7KH�IRUHVLJKW�H[SUHVVHG�E\�WKH�WZR�OHDGHUV�WKDW�³GHDOLQJ�ZLWK�WKH�HQHUJ\�QHHGV�RI�WKH�

ZRUOG�RI�WKH�IXWXUH´�ZDV�LPSRUWDQW�HQRXJK�WR�PHULW� WKHLU�FRRSHUDWLRQ��QRW�RQO\�DW�VXFK�DQ�HDUO\�

VWDJH�LQ�WKHLU�GHIURVWHG�UHODWLRQVKLS��EXW�DOVR�PXFK�EHIRUH�WKH�WHUP�³JUHHQ�HQHUJ\´�KDG�EHFRPH�

WKH�PHGLD�VRXQGELWH�LW� LV�WRGD\��LV�DVWRXQGLQJ«�DQG�IRUWXQDWH�� �7KH�*HQHYD�6XPPLW�WKHUHIRUH�

FKDQQHOOHG�WKH�GLVSDUDWH�QXFOHDU�IXVLRQ�HIIRUWV�RI�ERWK�VXSHUSRZHUV�WRZDUGV�ZKDW�ZRXOG�EHFRPH�

WKH�,QWHUQDWLRQDO�7KHUPRQXFOHDU�([SHULPHQWDO�5HDFWRU��,7(5���DQ�LQWHUQDWLRQDO�SURMHFW�FXUUHQWO\�

EHLQJ�EXLOW�LQ�&DGDUDFKH��VRXWKHUQ�)UDQFH���

������,7(5�DQG�VXVWDLQHG�QXFOHDU�IXVLRQ�
�

7KH� ,7(5� SURMHFW� LV� DQ� LPPHQVHO\� FRPSOLFDWHG� DQG� H[SHQVLYH� XQGHUWDNLQJ� WKDW� UHTXLUHV� WKH�

FRRSHUDWLYH� RUJDQLVDWLRQ�� IXQGLQJ�� H[SHUWLVH�� GHVLJQ� DQG� EXLOGLQJ� HIIRUW� RI� DQ� LQWHUQDWLRQDO�

FRPPXQLW\� LQFOXGLQJ�&KLQD�� WKH�(XURSHDQ�8QLRQ�� ,QGLD�� -DSDQ��6RXWK�.RUHD��5XVVLD� DQG� WKH�

8QLWHG�6WDWHV�RI�$PHULFD���,W�ZLOO�EH�WKH�ILUVW�H[SHULPHQWDO�DWWHPSW�DW�SURGXFLQJ�D�QHW�HQHUJ\�JDLQ�

IURP�VXVWDLQHG�IXVLRQ�UHDFWLRQV�EHWZHHQ�GHXWHULXP�DQG�WULWLXP�>��@���$OWKRXJK�WKH�SULPDU\�DLP�RI�

WKH�SURMHFW�LV�WR�DFKLHYH�D�4��UDWLR�RI�RXWSXW�HQHUJ\�WR�LQSXW�HQHUJ\��HTXDO�WR�RU�JUHDWHU�WKDQ�D�

IDFWRU�WHQ�����0:� LQ������0:�RXW���QXFOHDU�IXVLRQ�KDV�QHYHU�EHHQ�XVHG�DV�DQ�HQHUJ\�VRXUFH�

EHIRUH�DQG�WKH�,7(5�SURMHFW�LV�QR�GLIIHUHQW�LQ�WKLV�UHVSHFW���7KH�VXUSOXV�HQHUJ\�JDLQHG�ZLOO�DFWXDOO\�

EH�ZDVWHG�WR�WKH�DWPRVSKHUH�WKURXJK�FRROLQJ�WRZHUV�WKDW�ZLOO�UHPRYH�WKH�KHDW�IURP�WKH�EODQNHW�

ZDOOV�RI�WKH�WRNRPDN���+RZHYHU��WKH�LQIRUPDWLRQ�DQG�VNLOOV�GHYHORSHG�GXULQJ�WKH�H[SHULPHQW�ZLOO�

IDFLOLWDWH�WKH�QH[W�VWHS�IXVLRQ�WHFKQRORJ\��QDPHO\��'(02��D�ODUJHU�IXVLRQ�UHDFWRU��DQG�SRZHU�SODQW��

WKDW�ZLOO�SURYH�WKH�IHDVLELOLW\�RI�WUDQVIRUPLQJ�WKH�H[WUDFWHG�IXVLRQ�HQHUJ\�LQWR�XVHIXO�FRPPHUFLDO�

HQHUJ\�E\�XVLQJ�WKH�KHDW�IURP�WKH�EODQNHW�ZDOOV�WR�SURGXFH�VWHDP��ZKLFK�LQ�WXUQ�ZLOO�GULYH�WXUELQHV�

DWWDFKHG� WR� HOHFWULF� JHQHUDWRUV�� � 7KLV� PRUH� DGYDQFHG� SURMHFW� LV� FXUUHQWO\� RQO\� LQ� WKH�

FRQFHSWXDO�GHVLJQ�VWDJH�EXW�ZLOO�PDWXUH�DW�DQ�DFFHOHUDWHG�UDWH�DV�,7(5�SURJUHVVHV����

�

)RU�,7(5�WR�SURGXFH�QXFOHDU�IXVLRQ�LW�LV�ILUVW�QHFHVVDU\�WR�FRQILQH��WKURXJK�VWURQJ�PDJQHWLF�ILHOGV��

D�FKDUJHG�SODVPD�ZLWKLQ�ZKLFK�WULWLXP�DQG�GHXWHULXP�DUH�HQHUJHWLFDOO\�H[FLWHG�WR�FDXVH�PXWXDO�

FROOLVLRQ���7KLV�LV�DFKLHYHG�E\�HPSOR\LQJ�D�FRPELQDWLRQ�RI�RKPLF�KHDWLQJ��QHXWUDO�EHDP�LQMHFWLRQ�

DQG�HOHFWURPDJQHWLF�UDGLDWLRQ�>��@���2KPLF�KHDWLQJ�LV�DQ�LQWHUQDO�KHDWLQJ�PHFKDQLVP��LQWHUQDO�WR�

WKH�WRNDPDN��DQG�LQGXFHV�ODUJH�FXUUHQWV�LQWR�WKH�SODVPD�E\�FKDQJLQJ�PDJQHWLF�ILHOGV�JHQHUDWHG�

E\�D�FHQWUDO�VROHQRLG�FRLO���$V�WKH�WHPSHUDWXUH�RI�WKH�SODVPD�LQFUHDVHV���DV�D�FRQVHTXHQFH�RI�WKH�

HQHUJ\� WUDQVIHUUHG� IURP� WKH� LQGXFHG� FXUUHQWV� �� WKH� HIIHFWLYHQHVV� RI� WKLV� KHDWLQJ� PHWKRG�

GHFUHDVHV���+RZHYHU��H[WHUQDO�KHDWLQJ�PHFKDQLVPV�WKDW�ZRUN�DW�WKH�VDPH�WLPH�EHJLQ�WR�GRPLQDWH�

DQG� UDLVH� WKH� SODVPD� WHPSHUDWXUH� HYHQ� IXUWKHU�� � 1HXWUDO� EHDP� LQMHFWLRQ� LQYROYHV� H[WHUQDOO\�

DFFHOHUDWLQJ�GHXWHULXP�QXFOHL�WR�ODUJH�HQHUJLHV�EHIRUH�QHXWUDOLVLQJ�WKHLU�HOHFWULF�FKDUJH�SULRU�WR�
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ILULQJ�WKHP�LQWR�WKH�SODVPD���7KH�RWKHU�H[WHUQDO�KHDWLQJ�SURFHVV�WUDQVIHUV�HQHUJ\�WR�WKH�SODVPD�

E\� LUUDGLDWLQJ� LW� ZLWK� KLJK�HQHUJ\� HOHFWURPDJQHWLF� ZDYHV�� 7KH� FRPELQDWLRQ� RI� WKHVH� KHDWLQJ�

PHWKRGV� SURGXFHV� D� SODVPD� WHPSHUDWXUH� RI� ������������Ԩ�� ZKLFK� LV� KRW� HQRXJK� WR� FDXVH�

GHXWHULXP�WULWLXP�FROOLVLRQV�� � 7KH� UHVXOW� RI� WKLV� IXVLRQ� SURFHVV� LV� WKH� UHOHDVH� RI� KHOLXP�QXFOHL��

H[FHVV�HQHUJ\�DQG�QHXWURQV���7KH�KHOLXP�SURGXFHG�LV�D�ZDVWH�E\�SURGXFW�WKDW�LV�KDUPOHVV�WR�WKH�

HQYLURQPHQW� DQG� WKH� H[FHVV� HQHUJ\� LV� FDUULHG� LQ� WKH� IRUP� RI� SKRWRQV�� EXW� LW� LV� WKH� UHOHDVHG�

QHXWURQV�WKDW�DFWXDOO\�FRQWDLQ�HLJKW\�SHUFHQW�RI�WKH�UHDFWLRQ�HQHUJ\�DQG�LW�LV�WKHVH�QHXWURQV�IURP�

ZKLFK�WKH�QHW�XVHIXO�HQHUJ\�JDLQ�LV�REWDLQHG���%\�WKHLU�YHU\�QDWXUH��QHXWURQV�ODFN�HOHFWULF�FKDUJH���

7KLV�PHDQV�WKDW�WKH\�DUH�QRW�LQIOXHQFHG�E\�WKH�PDJQHWLF�ILHOGV�XVHG�WR�FRQWDLQ�WKH�SODVPD�DQG�VR�

WKH\�OHDYH�WKH�SODVPD�DQG�ERPEDUG�WKH�EODQNHW�ZDOOV�RI�WKH�WRNRPDN��VHH�)LJXUH��������7KHVH�

ERPEDUGPHQWV�FDXVH�WKH�EODQNHW�ZDOO�PRGXOHV�WR�KHDW�XS��GXH�WR�WKH�UHDFWLRQV�FRQWDLQHG�ZLWKLQ��

DQG�WKLV�KHDW�LV�HYHQWXDOO\�H[WUDFWHG�DQG�XVHG�WR�SURYLGH�XVHIXO�SRZHU���+RZHYHU��WKH�EODQNHW�ZDOO�

PRGXOHV�FRQWDLQ�OLWKLXP��RI�ZKLFK�WKHUH�LV�DW�OHDVW�RQH�WKRXVDQG�\HDUV¶�VXSSO\�ZLWKLQ�WKH�(DUWK¶V�

FUXVW�>��@���7KH�ERPEDUGLQJ�QHXWURQV�FROOLGH�DQG�UHDFW�ZLWK�WKH�OLWKLXP�DQG�SURGXFH�KHOLXP�DQG�

WULWLXP�� �7KH�KHOLXP�� DV� DOUHDG\�PHQWLRQHG�� LV� D� KDUPOHVV�E\�SURGXFW� EXW� WKH� WULWLXP� LV� D� YLWDO�

FRQVHTXHQFH�RI�WKH�SURFHVV���7KH�KDOI�OLIH�RI�WULWLXP�LV�a������\HDUV�>��@��PDNLQJ�LW�DQ�H[FHSWLRQDOO\�

UDUH�UDGLRLVRWRSH���7KHUH�LV�RQO\�DSSUR[LPDWHO\�WZHQW\�NLORJUDPV�RI�WULWLXP�LQ�WKH�HQWLUH�ZRUOG�>��@�

DQG�LW�LV�WKHUHIRUH�DEVROXWHO\�QHFHVVDU\�WR�H[WUDFW�WKH�JHQHUDWHG�WULWLXP�IURP�WKH�EODQNHW�ZDOOV�DQG�

XVH�LW� WR�UHIXHO� WKH�SODVPD�UHDFWLRQV���7KLV� LV�FDOOHG�WULWLXP�EUHDGLQJ�DQG� LV�DQ�H[DPSOH�RI� WKH�

DOPRVW�WRWDO�VHOI�VXIILFLHQF\�RI�WKH�SURFHVV���7KH�RWKHU�PDMRU�FRQVWLWXHQW��GHXWHULXP��KDV�DQ�DOPRVW�

OLPLWOHVV�DEXQGDQFH�LQ�WKH�(DUWK¶V�RFHDQV����

�

,I�VXVWDLQHG�QXFOHDU�IXVLRQ�FDQ�EH�KDUQHVVHG�RQ�HDUWK�DV�DQ�HQHUJ\�VRXUFH��LW�KDV�WKH�SRWHQWLDO�

WR�FRXQWHU�WKH�SXEOLF¶V�GLVWUXVW�DQG�IHDU�RI�QXFOHDU�SRZHU�E\�EHLQJ�D�VDIH�DQG�FOHDQ�SURFHVV�WKDW�

GRHV�QRW�FUHDWH�D�KD]DUGRXV�OHJDF\�LQ�WKH�IRUP�RI�QXFOHDU�ZDVWH�RU�DV�D�SRVVLEOH�URXWH�WR�QXFOHDU�

ZHDSRQV�SUROLIHUDWLRQ��� ,W�FRXOG�SURYLGH�DQ�DOPRVW� OLPLWOHVV�VXSSO\�RI�SROOXWLRQ�IUHH�FRPPHUFLDO�

HQHUJ\��ZKLFK�KDV�WR�EH�LWV�JUHDWHVW�GULYLQJ�PRWLYDWRU��

������7KH�XVH�RI�VXSHUFRQGXFWLQJ�PDJQHWV�IRU�SODVPD�FRQWDLQPHQW�
�

1XFOHDU� IXVLRQ� UHTXLUHV� WKH�FRQWDLQPHQW�RI�D�FKDUJHG�SODVPD�ZLWKLQ�D� WRNDPDN�EXW�GXH� WR� LWV�

H[FHSWLRQDOO\�KLJK�WHPSHUDWXUH��DSSUR[LPDWHO\�WHQ�WLPHV�WKDW�RI�WKH�6XQ��LW�QHHGV�WR�EH�KHOG�LQ�

SODFH�ZLWKRXW�SK\VLFDO�FRQWDFW���$V�GHVFULEHG��WKLV�LV�DFKLHYHG�E\�XVLQJ�ODUJH�PDJQHWLF�ILHOGV�WKDW�

LQIOXHQFH�WKH�PRWLRQV�RI�WKH�FKDUJHG�SDUWLFOHV�ZLWKLQ�WKH�SODVPD���,URQ�FRUH�HOHFWURPDJQHWV�DUH�

RQO\�DEOH�WR�SURGXFH�UHODWLYHO\�PRGHVW�PDJQHWLF�ILHOGV�XS�WR�a���7�EHIRUH�WKH�LURQ�VDWXUDWHV�DQG�

FHDVHV� WR�EH�DGYDQWDJHRXV�� �)RU�PXFK�KLJKHU� ILHOGV�%LWWHU�PDJQHWV� WKDW�FRQWDLQ�ZDWHU�FRROHG�

UHVLVWLYH� SODWHV�� DEOH� WR� ZLWKVWDQG� ODUJH� /RUHQW]� IRUFHV�� DUH� DYDLODEOH� DQG� FDQ� EH� XVHG� LQ�

FRQMXQFWLRQ� ZLWK� VXSHUFRQGXFWLQJ� PDJQHWV� WR� IRUP� ³K\EULG´� V\VWHPV� FDSDEOH� RI� SURGXFLQJ�

PDJQHWLF�ILHOGV�DV�VWURQJ�DV����7�>��@���7KHVH�UHVLVWLYH�EDVHG�PDJQHWV��KRZHYHU��FRPH�ZLWK�D�

VXEVWDQWLDO� HQHUJ\�EXUGHQ�� �)RU� LQVWDQFH�� WKH����7�K\EULG�PDJQHW�DW� WKH�+LJK�0DJQHWLF�)LHOG�

/DERUDWRU\� LQ�7DOODKDVVHH��)ORULGD��FRQWDLQV�D������7�UHVLVWLYH� LQVHUW� WKDW�QHHGV�D����0:�'&�

SRZHU�VXSSO\� WR�GULYH�LW�±�DV�ZHOO�DV��������VT��IW��RI�FRROLQJ�HTXLSPHQW��WKRXJK�WKLV�LV�IRU�WKH�
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FRPSOHWH�PDJQHW�V\VWHP��LQFOXGLQJ�WKH�VXSHUFRQGXFWLQJ�FRLO��>��@���$OWKRXJK�WKLV�PDJQHWLF�ILHOG�

VWUHQJWK�LV�H[FHSWLRQDOO\�ODUJH�DQG�LV�PXFK�ODUJHU�WKDQ�WKDW�QHHGHG�E\�,7(5��WKLV�H[DPSOH�VHUYHV�

WR� KLJKOLJKW� DQ� LVVXH� WKDW� FDQQRW� EH� LJQRUHG�� � 7KH� HQHUJ\� UHTXLUHG� WR� SRZHU� UHVLVWLYH�

HOHFWURPDJQHWV�LV�VXEVWDQWLDO�DQG�FRQWLQXDO��DQG�DFWXDOO\�GLVTXDOLILHV�WKHLU�XVH�LQ�IXVLRQ�WRNDPDN�

UHDFWRUV�GHVLJQHG� IRU� WKH�VROH�SXUSRVH�RI�KLJK�HIILFLHQF\�HQHUJ\�H[WUDFWLRQ�±�D�SURFHVV�ZKLFK�

UHTXLUHV�HQHUJ\�WR�UHOHDVH�HQHUJ\���:LWK�UHVLVWLYH�PDJQHWV�WKH�HQHUJ\�UHTXLUHG�KDV�DOZD\V�EHHQ�

JUHDWHU�WKDQ�WKH�HQHUJ\�UHOHDVHG��ZKLFK�LV�MXVW�QRW�D�YLDEOH�RSWLRQ�IRU�,7(5���7KH�LQWHQGHG�WHQIROG�

JDLQ�LQ�HQHUJ\�WR�EH�JHQHUDWHG�E\�,7(5�LV�WKHUHIRUH�RQO\�PDGH�SRVVLEOH�E\�XVLQJ�KLJKO\�HIILFLHQW�

VXSHUFRQGXFWLQJ�PDJQHWV�� �7KHVH�PDJQHWV�DUH�GHVLJQHG� WR�SURGXFH�D�SHDN�PDJQHWLF� ILHOG�RI�

���7�IURP�WKH�FHQWUDO�VROHQRLG�FRLO�>��@�EXW�D�ILHOG�RI������7� LV�DOVR�JHQHUDWHG�IURP�WKH�WRURLGDO�

ILHOG�FRLOV�DQG�OHDGV�WR�D�FHQWUDO�WRURLGDO�ILHOG�RI�����7�>��@������*-�RI�HQHUJ\�ZLOO�EH�QHHGHG�WR�

HQHUJLVH�WKH�PDJQHWV��EXW��XQOLNH�UHVLVWLYH�EDVHG�PDJQHWV��WKH�HOHFWULFDO�ORVVHV�DUH�H[FHSWLRQDOO\�

ORZ��������>��@���DQG�DUH�RQO\�WKLV�VHYHUH�GXULQJ�FKDUJLQJ�DQG�GLVFKDUJLQJ�� �)XUWKHUPRUH�� WKH�

FRROLQJ�SRZHU�QHHGHG�IRU� WKH�VXSHUFRQGXFWLQJ�PDJQHWV� LV�a����0:��DSSUR[LPDWHO\�����WLPHV�

OHVV� WKDQ� WKDW� UHTXLUHG� IRU� D� UHVLVWLYH� V\VWHP� >��@�� � ,W� LV� WKHUHIRUH� HDV\� WR� UHFRJQLVH� WKH�

IXQGDPHQWDO�LPSRUWDQFH�RI�WKH�VXSHUFRQGXFWLQJ�PDJQHW�V\VWHP��

�

7KH�,7(5�PDJQHW�V\VWHP�LV�FRPSULVHG�RI�IRXU�PDMRU�VXEV\VWHPV��VHH�)LJXUH�������D�WRURLGDO�ILHOG�

�7)��V\VWHP�WKDW�SURYLGHV�SULPDU\�SODVPD�FRQWDLQPHQW�DQG�LV�PDGH�RI�HLJKWHHQ�1E�6Q�PDJQHWV�

�SOXV�RQH�VSDUH��±�WKHVH�7)�FRLOV�DUH�WKH�VHFRQG�ODUJHVW�FRPSRQHQW�RI�WKH�HQWLUH�SURMHFW�ZHLJKLQJ�

D�WRWDO�RI������WRQV�DQG�FRQWDLQLQJ���������NP�RI�VXSHUFRQGXFWLQJ�VWUDQG��D�SRORLGDO�ILHOG��3)��

V\VWHP�WKDW�DXJPHQWV�WKH�SODVPD�FRQWDLQPHQW�E\�SURYLGLQJ�VKDSH�FRQWURO�DQG�LV�FRPSULVHG�RI�

VL[�1E7L�PDJQHWV��D�FHQWUDO�VROHQRLG��&6��V\VWHP�XVHG�IRU�SODVPD�KHDWLQJ�WKDW�FRQWDLQV�VL[��SOXV�

RQH�VSDUH��1E�6Q�PDJQHWV�DQG�ILQDOO\�D�FRUUHFWLRQ�FRLO��&&��V\VWHP�WKDW�FRQWDLQV�QLQH�SDLUV�RI�

�
)LJXUH��������6FKHPDWLF�GLDJUDP�RI�WKH�VXVWDLQHG�IXVLRQ�SURFHVV���&ROOLVLRQV�EHWZHHQ�GHXWHULXP�

DQG�WULWLXP�QXFOHL�ZLWKLQ�D�FRQILQHG�SODVPD�UHVXOW�LQ�WKH�UHOHDVH�RI�KHOLXP��QHXWURQV�DQG�HQHUJ\���

7KH�QHXWURQV� WKHQ�FROOLGH�ZLWK� WKH� OLWKLXP�FRQWDLQLQJ�EODQNHW�ZDOO�DQG� UHDFW�ZLWK� WKH� OLWKLXP�

DWRPV�WR�SURGXFH�KHOLXP�DQG�WULWLXP���7KH�WULWLXP�LV�UHPRYHG�XVHG�WR�UHIXHO�WKH�SODVPD���,PDJH�

LV�ORRVHO\�EDVHG�RQ�KWWS���ZZZ�LWHU�RUJ�VFL�ZKDWLVIXVLRQ��



%DVLF�DQG�DSSOLHG�VXSHUFRQGXFWLYLW\� ���������� ���
�
1E7L�FRLOV�XVHG�WR�VPRRWK�WKH� ILHOGV�JHQHUDWHG�IURP�WKH�RWKHU�PDJQHWV�GXH�WR�WKHLU�SK\VLFDOO\�

VHSDUDWHG� ORFDWLRQV�� �7KLV�VXSHUFRQGXFWLQJ�PDJQHW�V\VWHP� LV� WKH�HQDEOLQJ� WHFKQRORJ\�ZLWKRXW�

ZKLFK�WKH�WHQIROG�RXWSXW�WR�LQSXW�SRZHU�UDWLR�MXVW�FDQQRW�EH�DFKLHYHG����

������,7(5�LQ�WKH�FRQWH[W�RI�RWKHU�PDJQHWLF�FRQILQHPHQW�SURMHFWV�
�

,7(5�ZLOO�QRW�EH�WKH�ILUVW�WLPH�VXSHUFRQGXFWLQJ�PDJQHWV�KDYH�EHHQ�XVHG�IRU�SODVPD�FRQWDLQPHQW���

0DQ\�RWKHU�WRNDPDNV�KDYH�XWLOLVHG�WKHP��HLWKHU�SDUWLDOO\���LQ�FRQMXQFWLRQ�ZLWK�UHVLVWLYH�PDJQHWV���

RU�FRPSOHWHO\���,Q�HDUO\������7RUH�6XSUD�ZDV�GHYHORSHG�DQG�EXLOW�LQ�)UDQFH�RQ�D�VLPLODU�WLPHVFDOH�

WR�7����WKDW�ZDV�EXLOW�LQ�WKH�6RYLHW�8QLRQ���%RWK�RI�WKHVH�IXVLRQ�GHYLFHV�SURGXFHG�FRQWDLQPHQW�

ILHOGV�XS�WR�a���7�DQG�XWLOLVHG�1E7L�DORQJVLGH�UHVLVWLYH�PDWHULDOV�>��@���,Q������WKH�([SHULPHQWDO�

$GYDQFHG� 6XSHUFRQGXFWLQJ� 7RNDPDN� �($67� �� EXLOW� LQ� &KLQD�� EHFDPH� WKH� ILUVW� WRNDPDN� WR�

H[FOXVLYHO\�XVH�VXSHUFRQGXFWLQJ�PDJQHWV��DOVR�PDGH�IURP�1E7L�� � ,QGLD�EXLOW�D� WRNDPDN�FDOOHG�

667����6WHDG\�6WDWH�6XSHUFRQGXFWLQJ�7RNDPDN��DURXQG�WKH�VDPH�WLPH�DQG�HPSOR\HG�1E7L�LQ�

FRQMXQFWLRQ�ZLWK�UHVLVWLYH�PDJQHWV�� �$�VLPLODU�VL]HG�WRNDPDN�ZDV�EXLOW� LQ�.RUHD�LQ������FDOOHG�

.67$5��.RUHD�6XSHUFRQGXFWLQJ�7RNDPDN�$GYDQFHG�5HVHDUFK��WKDW�XVHG�ERWK�1E7L�DQG�1E�6Q�

PDWHULDOV� DQG� DOVR� DGRSWHG� D� FRROLQJ� V\VWHP� VLPLODU� WR� WKH� RQH� LQWHQGHG� IRU� XVH� LQ� ,7(5���

$GGLWLRQDOO\��-DSDQ�EHJDQ�FRQVWUXFWLRQ�RI�-7���6$�LQ�������D�1E7L�EDVHG�WRNDPDN�LQWHQGHG�WR�

FRPSOLPHQW�WKH�,7(5�SURMHFW���7KHVH�YDULRXV�WRNDPDNV�DUH�RQO\�DQ�H[DPSOH�RI�D�JUHDW�QXPEHU�RI�

YDULRXV�PDFKLQHV�WKDW�KDYH�EHHQ�EXLOW�VLQFH�WKH�HDUO\�ZRUN�RQ�IXVLRQ�FRQWDLQPHQW�E\�WKH�6RYLHW�

8QLRQ�LQ�WKH�����V��EXW��ZKHUHDV�WKHLU�UROHV�ZHUH�PDLQO\�LQWHQGHG�WR�SUREH�WKH�QDWXUH�RI�SODVPD�

FRQWURO��,7(5¶V�UROH�LV�DGGLWLRQDOO\�FRQFHUQHG�ZLWK�HQHUJ\�H[WUDFWLRQ���)XUWKHUPRUH��,7(5�LV�D�PXFK�

ODUJHU�PDFKLQH������P�PDMRU�UDGLXV��LQ�RUGHU�WR�JHQHUDWH�D�VXIILFLHQW�HQHUJ\�GHQVLW\�WR�PHHW�WKH�

VWDWHG�JRDO�RI�4�������D�JRDO�WKDW�GLVWLQFWO\�VHWV�,7(5�DSDUW�IURP�DOO�SUHYLRXV�HIIRUWV��

�

�

�
)LJXUH������6FKHPDWLF�GLDJUDP�GHSLFWLQJ�D�FURVV�VHFWLRQ�WKURXJK�WKH�,7(5�WRNRPDN�UHDFWRU�

VKRZLQJ� WKH� UHODWLYH� SRVLWLRQV� RI� WKH� WRURLGDO� ILHOG�PDJQHWV�� SRORLGDO� ILHOG�PDJQHWV�� FHQWUDO�

VROHQRLG��WKH�EODQNHW�ZDOO�PRGXOHV�DQG�WKH�FRQWDLQHG�SODVPD��



%DVLF�DQG�DSSOLHG�VXSHUFRQGXFWLYLW\� ���������� ���
�

������&RQFOXGLQJ�FRPPHQWV�
�

,Q�WRGD\¶V�HQHUJ\�REVHVVHG�FOLPDWH�WKH�LPSRUWDQFH�RI�WKH�,7(5�SURMHFW��DQG�HYHQWXDOO\�'(02��

FDQQRW� EH� RYHUVWDWHG�� � $V� PHQWLRQHG� RQ� WKH� ,7(5� ZHEVLWH� LWV� WRNDPDN� LV� ³RQH� RI� WKH� PRVW�

FRPSOLFDWHG�PDFKLQHV�HYHU�HQJLQHHUHG´���,W�LV�WDVNHG�ZLWK�QRW�RQO\�DFFRPPRGDWLQJ�D�VWDU�RQ�HDUWK�

EXW�DOVR�ZLWK�SHUVXDGLQJ�WKDW�VWDU�WR�ZRUN�IRU�KXPDQNLQG�LQ�D�ZD\�QHYHU�DFKLHYHG�EHIRUH���7KH�

PDJQHW�V\VWHP�LV�UHVSRQVLEOH�IRU�WKH�VWDU¶V�FRQWDLQPHQW��D�WDVN�GLIILFXOW�LQ�LWVHOI��EXW�LW�PXVW�GR�LW�

LQ�WKH�OHDVW�HQHUJHWLF�ZD\���7KLV�GHPDQGV�WKH�XVH�RI�VXSHUFRQGXFWLQJ�PDWHULDOV�DQG�WHFKQRORJLHV�

WKDW�FRXOG�EH�UHJDUGHG�DV�WKH�PDFKLQH¶V�$FKLOOHV�KHHO���,I�WKHVH�FRPSRQHQWV�XQGHUSHUIRUP�RU�IDLO�

WR�PHHW�WKH�GHVLJQ�FULWHULD�WKH�PDFKLQH�FRXOG�SRVVLEO\�IDLO�RU�DW�WKH�YHU\�OHDVW�QRW�UHDFK�LWV�LQWHQGHG�

JRDO��D�VFHQDULR� WKDW�FRXOG�KDYH�VHYHUH�FRQVHTXHQFHV�IRU� WKH�KRSHV�RI�RXU� ORQJ�WHUP�HQHUJ\�

IXWXUH���3ULRU�WR�WKH�FRPPHQFHPHQW�RI�WKH�PDQXIDFWXULQJ�VWDJH�RI�WKH�,7(5�PDJQHWV�WKH�ZRUOG¶V�

DQQXDO�SURGXFWLRQ�RI�1E�6Q�VXSHUFRQGXFWLQJ�VWUDQG�ZDV�DURXQG����WRQV�>��@���7KLV�KDV�VHHQ�D�

VHYHQIROG�LQFUHDVH�WR�����WRQV�SHU�\HDU�LQ�RUGHU�WR�PHHW�,7(5¶V�QHHGV���7KLV�VXEVWDQWLDO�LQFUHDVH�

LQ�SURGXFWLRQ��KRZHYHU��KDV�QRW�EHHQ�DFFHSWHG�DW�WKH�H[SHQVH�RI�VWUDQG�TXDOLW\���$OO�WKH�PDMRU�

FRPSRQHQWV� RI� WKH� WRNDPDN� KDYH� WR� PHHW� YHU\� KLJK� VWDQGDUGV� DQG� LQ� WKLV� UHVSHFW� WKH�

VXSHUFRQGXFWLQJ�VWUDQGV�DUH�QR�GLIIHUHQW�



3$57�,,��1E&1�Ǿ�$�3RVVLEOH�1HZ�
0DWHULDO�IRU�)XVLRQ�$SSOLFDWLRQV�

�

�



�

�
1LRELXP�FDUERQLWULGH��1E&[1��[����5HYLHZ�
����,QWURGXFWLRQ�
�

7KH�ZLVHVW�SODFH�WR�EHJLQ�WKH�KDUG�MRE�RI�LPSURYLQJ�DQ\�FKDUDFWHULVWLF�RI�DQ\�PDWHULDO�LV�WR�VWXG\�

VLPLODU�� SUHFHGLQJ��ZRUN� RIWHQ� FRQGXFWHG�E\� WKRVH�KLJKO\� UHVSHFWHG�PHPEHUV� RI� WKH� VFLHQWLILF�

FRPPXQLW\�ZKRVH�VXFFHVVHV�\RX�ZLVK�WR�HPXODWH�DQG�EXLOG�XSRQ���,Q�OLJKW�RI�WKLV��LW�LV�WKH�SXUSRVH�

RI�WKLV�UHYLHZ�WR�HVWDEOLVK�ZKLFK�PDWHULDOV�KDYH�WKH�EHVW�VXSHUFRQGXFWLQJ�SURSHUWLHV�DQG�ZKDW�WKH�

EHVW�PHWKRGV�IRU�WKHLU�IDEULFDWLRQ�DUH��

�

7KH�PDWHULDO�RI�LQWHUHVW�LV�QLRELXP�FDUERQLWULGH��1E&[1��[����7KH�UHYLHZ�EHJLQV�ZLWK�D�EULHI�ORRN�DW�

WKH�VWUXFWXUDO�SURSHUWLHV�RI�WKH�SUHFXUVRU�PDWHULDOV�QLRELXP�QLWULGH�DQG�QLRELXP�FDUELGH��IROORZHG�

E\� DQ� RYHUYLHZ� RI� VRPH� RI� WKHLU� QRUPDO� VWDWH� SURSHUWLHV�� � $� GHWDLOHG� DFFRXQW� RI� WKH� PDMRU�

IDEULFDWLRQ� WHFKQLTXHV� LV� WKHQ� JLYHQ� LQ� ZKLFK� EXON� IDEULFDWLRQ�� WKLQ� ILOP� IDEULFDWLRQ� DQG� ZLUH�

IDEULFDWLRQ�DUH�JLYHQ�VHSDUDWH�WUHDWPHQWV���7KLV�LV�IROORZHG�E\�D�VHFWLRQ�RQ�WKH�XVH�RI�PHFKDQLFDO�

DOOR\LQJ��PLOOLQJ���ZKLFK�LV�WKH�URXWH�XVHG�LQ�WKLV�WKHVLV��

����6WUXFWXUDO�SURSHUWLHV�DQG�SKDVH�GLDJUDP�
�

7KHUH�DUH�D�JUHDW�PDQ\�FRPPRQ�IHDWXUHV�EHWZHHQ�QLRELXP�QLWULGH�DQG�QLRELXP�FDUELGH�DQG�LW�LV�

WKHUHIRUH�YHU\�GLIILFXOW�WR�FRPSOHWHO\�VHSDUDWH�GLVFXVVLRQV�RI�WKHVH�PDWHULDOV�ZLWKRXW�UHSHDWLQJ�WKH�

VDPH�RU�VLPLODU�LQIRUPDWLRQ���)RU�H[DPSOH��ERWK�PDWHULDOV�DUH�YHU\�UDUHO\�IRXQG�LQ�D�FRPSOHWHO\�

VWRLFKLRPHWULF�IRUP�VLQFH�WKH\�KDYH�D�SURSHQVLW\�IRU�GHIHFWV�>��@���$OVR��EHFDXVH�WKH�HOHPHQWV�

QLWURJHQ�DQG�FDUERQ�DUH�VR�PXFK�VPDOOHU�WKDQ�QLRELXP��WKHVH�DUH�RIWHQ�IRXQG�WR�EH�LQWHUVWLWLDOO\�

ORFDWHG�EHWZHHQ�WKH�QLRELXP�DWRPV�DV�RSSRVHG�WR�VXEVWLWXWLQJ�LQ�SODFH�RI�QLRELXP�>��@��

������1LRELXP�QLWULGH�
�

1LRELXP�QLWULGH��1E1��LV�D�UHIUDFWRU\�PDWHULDO���,W�KDV�D�%��URFNVDOW�VWUXFWXUH�ZLWK�D�KLJK�KDUGQHVV��

KLJK�ZHDU� UHVLVWDQFH��KLJK�PHOWLQJ�SRLQW� �̱ʹͲͷͲ�Ԩ� >��@���JRRG� WHPSHUDWXUH�VWDELOLW\�DQG�JRRG�

FKHPLFDO�VWDELOLW\�DW�KLJK�WHPSHUDWXUHV�>��@���,Q�EXON�IRUP�LW�LV�SRURXV�DQG�EULWWOH�>��@��IHDWXUHV�WKDW�

DUH�QRW�FRQGXFLYH�WR�WKH�SURGXFWLRQ�RI�WKLQ��FRLOHG�ZLUHV��IRU�H[DPSOH���,W�LV�WKHUHIRUH�QRW�VXUSULVLQJ�

WR� ILQG� WKDW� WKH� OLWHUDWXUH�PRVWO\� GHDOV�ZLWK� WKH� IDEULFDWLRQ� RI� WKLQ� ILOPV��ZKLFK� SURYLGH� JUHDWHU�

SK\VLFDO�IOH[LELOLW\���)XUWKHU��WKLQ�ILOPV�RI�1E1�DUH�XVHG�LQ�-RVHSKVRQ�MXQFWLRQ�HOHFWURQLF�GHYLFHV�



1LRELXP�FDUERQLWULGH��1E&[1��[����5HYLHZ� � � ���
�
>��@��ZKLFK�LQFUHDVHV�WKH�GHPDQG�IRU�WKH�WKLQ�ILOP�IRUP�RYHU�EXON�RU�ZLUH�IRUP���$QRWKHU�EHQHILFLDO�

FKDUDFWHULVWLF�RI�WKLV�PDWHULDO�LV�WKDW�LW�LV�HIIHFWHG�OHVV�E\�LUUDGLDWLRQ�WKDQ�W\SLFDO�$���FRPSRXQGV�

��VXFK�DV�1E�6Q��IRU�H[DPSOH���H[WHQGLQJ�LWV�XVHIXOQHVV�WR�UDGLRDFWLYH�HQYLURQPHQWV�>��@���)LJXUH�

����VKRZV�WKH�YDULRXV�SKDVHV�RI�QLRELXP�QLWULGH�DQG�)LJXUH�����WKH�IDFH�FHQWUHG�FXELF�VWUXFWXUH�
RI�LWV�į�SKDVH��ZKLFK�VKRZV�WKH�PRVW�SURPLVLQJ�VXSHUFRQGXFWLQJ�SURSHUWLHV���

������1LRELXP�FDUELGH�
�

1LRELXP�FDUELGH�KDV�D�%��URFNVDOW�VWUXFWXUH�DQG�KDV�D�KLJK�KDUGQHVV��H[FHOOHQW�FKHPLFDO�VWDELOLW\�

DQG�JRRG�ZHDU�UHVLVWDQFH�>��@���,W�DOVR�KDV�DQ�H[WUHPHO\�KLJK�PHOWLQJ�SRLQW�RI������Ԩ���7KHVH�

SURSHUWLHV�PDNH�QLRELXP�FDUELGH�DQ�H[FHOOHQW�PDWHULDO�IRU�LQFUHDVLQJ�WKH�KDUGQHVV�DQG�ORQJHYLW\�

RI�LQGXVWULDO�WRROLQJ��IRU�H[DPSOH����7KHUH�DUH�ILYH�VROLG�VLQJOH�SKDVH�UHJLRQV�LQ�WKH�EXON�PDWHULDO��

WKHVH�DUH�GHSLFWHG�LQ�)LJXUH�����>��@��

����(OHFWURQLF�VWUXFWXUH�DQG�QRUPDO�VWDWH�SURSHUWLHV�

������1LRELXP�QLWULGH�
�

1LRELXP�QLWULGH� LV� D� WUDQVLWLRQ�PHWDO� FRPSRXQG� LQ� ZKLFK� WKH� QLRELXP�DQG� QLWURJHQ� DWRPV� DUH�

VWURQJO\� ERQGHG� WRJHWKHU� >��@�� � 7KH� FRQGXFWLRQ�EDQGV�GHSHQG� FULWLFDOO\� RQ�QHDUHVW�QHLJKERXU�

QLRELXP�QLWURJHQ�LQWHUDFWLRQV�DQG�WKH�FRQGXFWLRQ�HOHFWURQV�DUH�SULPDULO\��G�OLNH�LQ�FKDUDFWHU�>��@����

�

7KH�EDQG�VWUXFWXUH�DQG�GHQVLW\�RI�VWDWHV�RI�QLRELXP�QLWULGH�DUH�GHSLFWHG�LQ�)LJXUH�����LQ�ZKLFK�WKH�

�G�EDQGV�DUH�WKRVH�WKDW�EHJLQ�DW�WKH�FHQWUH�RI�WKH�%ULOORXLQ�]RQH��DW�Ȟଶହ����7DEOH�����FRQWDLQV�RWKHU��

�

�

3KDVHV�

ߚ െ ��ଶ��

ߛ െ ��ସ�ଷ�

ߜ െ ����

ᇱߜ െ ����

ߝ െ ����

�

�ᇱ�SKDVHߜ LV� D� WUDQVLHQW

SKDVH� GXULQJ� WKH� į� WR� İ�

WUDQVIRUPDWLRQ��>��@�

)LJXUH������3KDVH�GLDJUDP�RI�QLRELXP�QLWULGH�>��@��VXSSOHPHQWHG�IURP�>���������@���7KH�ɷ�SKDVH

VWUXFWXUH�LV�WKH�RQH�RI�LQWHUHVW�LQ�WKLV�UHYLHZ��
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�

�
)LJXUH������&U\VWDO�VWUXFWXUH�RI�ɷ�SKDVH�QLRELXP�QLWULGH�DQG�QLRELXP�FDUELGH��

�

�

3KDVHV�

6ROLG�VROXWLRQ�RI�&� LQ�

1E��EFF��

�

��ଶ��ሺ���ሻ�

����ሺ���ሻ�

ߞ െ ��ସ�ଷି௫�

ߞ െ ���ଵି௫�

)LJXUH������3KDVH�GLDJUDP�RI�QLRELXP�FDUELGH�>��@��VXSSOHPHQWHG�IURP�>��@���7KH�FXELF��IFF��

VWUXFWXUH�LV�WKH�RQH�RI�LQWHUHVW�LQ�WKLV�UHYLHZ��

�
)LJXUH� ����� %DQG� VWUXFWXUH� DQG� GHQVLW\� RI� VWDWHV� RI� QLRELXP� QLWULGH� >��@�� � 7KH� GDVKHG�

KRUL]RQWDO�OLQH�UHSUHVHQWV�WKH�)HUPL�HQHUJ\�IRU�VWRLFKLRPHWULF�QLRELXP�QLWULGH��



1LRELXP�FDUERQLWULGH��1E&[1��[����5HYLHZ� � � ���
�

QRUPDO�VWDWH�SURSHUWLHV�RI� WKH�EXON� IRUP�RI� WKLV�PDWHULDO�� �7KH� WKHUPDO�FRQGXFWLYLW\�RI�QLRELXP�

QLWULGH�LV�PRUH�WKDQ�RQH�KXQGUHG�WLPHV�OHVV�WKDQ�WKDW�RI�FRSSHU�DQG�LWV�HOHFWULFDO�UHVLVWLYLW\�DW�URRP�

WHPSHUDWXUH�LV�DSSUR[LPDWHO\�WKLUW\�WLPHV�JUHDWHU��

������1LRELXP�FDUELGH�
�

7KH�EDQG�VWUXFWXUH�RI�QLRELXP�FDUELGH�LV�VKRZQ�LQ�)LJXUH�������7KH�YDOHQFH�EDQGV�DUH�FRPSULVHG�

RI�QLRELXP��G�DQG�FDUERQ��V�DQG��S�EDQGV�>��@���6R��DV�LV�WKH�FDVH�IRU�QLRELXP�QLWULGH��WKH��G�

EDQG�LV�LQ�SDUW�UHVSRQVLEOH�IRU�WKH�VXSSO\�RI�FRQGXFWLRQ�HOHFWURQV����

�

7DEOH� ���� FRQWDLQV� RWKHU� QRUPDO� VWDWH� SURSHUWLHV� RI� WKH� EXON� IRUP� RI� WKLV� PDWHULDO�� � 1LRELXP�

FDUELGH¶V� WKHUPDO� FRQGXFWLYLW\� LV� DSSUR[LPDWHO\� WZHQW\�HLJKW� WLPHV� OHVV� WKDQ� FRSSHU� ZKLOH� LWV�

UHVLVWLYLW\�DW�URRP�WHPSHUDWXUH�LV�DSSUR[LPDWHO\�WZHQW\�ILYH�WLPHV�JUHDWHU��

7DEOH������2WKHU�QRUPDO�VWDWH�SURSHUWLHV�RI�EXON�QLRELXP�QLWULGH�DQG�FDUELGH�

0DWHULDO�

7KHUPDO�
&RQGXFWLYLW\�

ቀ ࢃ
۹ܕ
ቁ�

&RHIILFLHQW�RI�
7KHUPDO�

([SDQVLRQ�ሺ۹ି૚ሻ�

5HVLVWLYLW\�ሺࣆષܕ܋ሻ�
�DW�����.��

0LFURKDUGQHVV�

ቀ ܏ܓ
�૛ቁܕܕ

1E1� �����>��@� �����[�������>��@� a����>��@� ������>��@�

1E&����� ������>��@� ����[������>��@� ��������>��@� �����>��@�

&X� ����>��@� �����[������>��@�� ����������.��>��@� �

�
)LJXUH������%DQG�VWUXFWXUH�RI�QLRELXP�FDUELGH�>��@�� �(QHUJ\� LV�LQ�XQLWV�RI�5\GEHUJV�ZLWK�WKH�

GDVKHG�OLQH�UHSUHVHQWLQJ�WKH�)HUPL�HQHUJ\��
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�

����5HYLHZ�RI�IDEULFDWLRQ�WHFKQLTXHV�
�

7KHUH� DUH� WKUHH� SULPDU\� IRUPV� RI�PDWHULDO� FRQVLGHUHG� KHUH�� EXON�� ILOP� DQG� ZLUH�� ZLWK� YDULRXV�

IDEULFDWLRQ� WHFKQLTXHV� DVVRFLDWHG� ZLWK� HDFK� RQH�� � 7KLV� VHFWLRQ� GLVFXVVHV� VRPH� RI� WKH� PRVW�

SUHYDOHQW�RI�WKHVH�WHFKQLTXHV�E\�ZD\�RI�VSHFLILF�H[DPSOHV��ZKLFK�LQFOXGH�WKH�ZRUN�RI�VRPH�RI�WKH�

PRVW�DFWLYH�H[SHULPHQWDOLVWV�LQ�WKH�ILHOG��

������%XON�IDEULFDWLRQ�
�

:KLOH� WKHUH� DUH� D� QXPEHU� RI� GLIIHUHQW� IDEULFDWLRQ� WHFKQLTXHV� IRU� WKH� SURGXFWLRQ� RI� EXON� IRUP�

QLRELXP�FRQWDLQLQJ�FRPSRXQGV��WKHUH�DUH�EURDGO\�IRXU�GLVWLQFW�DSSURDFKHV�WKDW�DUH�RI�SDUWLFXODU�

LQWHUHVW�KHUH���7KHVH�DUH��WKH�UHDFWLRQ�RI�SRZGHUV��RU�JDVHV��RI�WKH�FRQVWLWXHQW�HOHPHQWV�DW�KLJK�

WHPSHUDWXUHV��WKH�UHDFWLRQ�RI�FRPSRXQGV��RU�JDVHV��WKDW�FRQWDLQ�WKH�UHTXLUHG�HOHPHQWV�DW�ORZHU�

WHPSHUDWXUHV��WKH�XVH�RI�FRPEXVWLRQ�V\QWKHVLV�RI�WKH�HOHPHQWV�DW�YDU\LQJ�SUHVVXUHV�DQG�ILQDOO\�

PHFKDQLFDO�DOOR\LQJ�� �:KDW� IROORZV� LV�D�EURDG�GLVFXVVLRQ�RI� WKHVH�DSSURDFKHV��EHJLQQLQJ�ZLWK�

WKRVH�WKDW�UHTXLUH�WKH�KLJKHVW�UHDFWLRQ�WHPSHUDWXUHV�DQG�HQGLQJ�ZLWK�WKRVH�WKDW�UHTXLUH�WKH�ORZHVW��

1LRELXP�QLWULGH�
�

$�YHU\�KLJK�UHDFWLRQ�WHPSHUDWXUH�ZDV�XVHG�E\�%XVFDJOLD�HW�DO��LQ������WR�IDEULFDWH�į�SKDVH�DQG�

Ȗ�SKDVH�QLRELXP�QLWULGH�E\�D�SURFHVV�FDOOHG�FRPEXVWLRQ�V\QWKHVLV�>��@���7KH�PHWKRG�XVHV�IRUFHG�

KHDWLQJ�ZLWKLQ�HOHYDWHG�SUHVVXUHV�WR�UDLVH�WKH�WHPSHUDWXUH�RI�WKH�UHDFWDQWV�WR�D�SRLQW�DW�ZKLFK�

WKH\� LJQLWH�� �2QFH�WKH�LJQLWLRQ�KDV�RFFXUUHG�WKH�WHPSHUDWXUH�GXH�WR�FRPEXVWLRQ� LQFUHDVHV�DQG�

GULYHV�IXUWKHU�VHOI�VXVWDLQLQJ�UHDFWLRQV���%XVFDJOLD�HW�DO��HVWLPDWH�WKHLU�WHPSHUDWXUH�WR�KDYH�EHHQ�

LQ�WKH�UDQJH������WR������Ԩ���7KHLU�SURFHVV�EHJDQ�ZLWK�D�QLRELXP�SRZGHU�RI�DYHUDJH�JUDLQ�VL]H�

a� ���ȝP� �ZLWK� D� EURDG� VL]H� GLVWULEXWLRQ�� WKDW�ZDV� ILUVW� SUHVVHG�DQG� WKHQ� VXEMHFWHG� WR� YDU\LQJ�

QLWURJHQ�SUHVVXUHV�LQ�WKH�UDQJH�����WR�����EDU�ZLWKLQ�D�VWDLQOHVV�VWHHO�DXWRFODYH���,QGXFWLRQ�KHDWLQJ�

ZDV�HPSOR\HG� WR� LJQLWH� WKH� VDPSOHV�� �%XVFDJOLD�HW� DO�� VXJJHVW� WKDW� WKH� QLWURJHQ�JDV�GLIIXVHG�

WKURXJK�WKH�RXWHU�QLWULGH�OD\HU�WR�IXUWKHU�UHDFW�ZLWK�WKH�VROLG�SKDVH���$ERYH�D�QLWURJHQ�SUHVVXUH�RI�

����EDU��RQO\�į�SKDVH�QLRELXP�QLWULGH�ZDV�IRUPHG���%HORZ�����EDU�DQG�DERYH����EDU�ERWK�Ȗ�SKDVH�

DQG�į�SKDVH�ZHUH�IRUPHG���$W����EDU��WKH�ODUJHVW�ODWWLFH�SDUDPHWHU�ZDV�������QP��ZKLFK�LV�WKH�

ODWWLFH�FRQVWDQW�IRU�VWRLFKLRPHWULF�į�1E1���7KH�VXFFHVV�RI�%XVFDJOLD¶V�FRPEXVWLRQ�V\QWKHVLV�LV�LQ�

WKH�SURGXFWLRQ�RI�VWRLFKLRPHWULF�PDWHULDO���)LJXUH�����VKRZV�WKHLU�UHVXOWV����

�

$�PRUH� WUDGLWLRQDO�PHWKRG� RI�PDWHULDO� IDEULFDWLRQ� WKDW� GLG� QRW� UHTXLUH� HOHYDWHG� SUHVVXUH� ZDV�

DGRSWHG�E\�3HVVDOO�HW�DO�� LQ������>��@�� �7KH\�UHDFWHG�QLRELXP�K\GULGH�SRZGHU�DQG�KLJK�SXULW\�

QLWURJHQ�JDV�DW������Ԩ�WR�REWDLQ�QHDU�VWRLFKLRPHWULF�QLRELXP�QLWULGH�ZLWK�D�ODWWLFH�SDUDPHWHU�RI�

������QP���,Q������D�FUXGHU�IRUP�RI�EXON�IDEULFDWLRQ��WKDW�XVHG�D�ORZHU�UHDFWLRQ�WHPSHUDWXUH��ZDV�

HPSOR\HG�E\�%UDXHU�HW�DO��>��@���7KH\�SURGXFHG�D�EDWFK�RI�QLRELXP�ILOLQJV�E\�ILOLQJ�RII�WKH�HGJH�RI�

D�QLRELXP�VKHHW�SULRU�WR�UHDFWLQJ�WKH�ILOLQJV�LQ�D�QLWURJHQ�DWPRVSKHUH�DW������Ԩ�IRU�EHWZHHQ���DQG�

��KRXUV���$OWKRXJK�WKLV�PHWKRG�SURGXFHG�QLRELXP�QLWULGH�DW�D�ORZHU�WHPSHUDWXUH��WKH�PDWHULDO�KDG�

D�YDU\LQJ�VWRLFKLRPHWU\�WKDW�ZDV�QRW�DV�JRRG�DV�3HVVDOO¶V�PDWHULDO����

�
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Watari et al. used more moderate reaction temperatures in 1984 to fabricate niobium nitride 

powder  [78].  They generated a vapour phase reaction in a horizontal alumina reactor, as shown 

in Figure 3.7, given by 

 

NbCl4(g) + NH3(g) +
1
2

H2(g) ⟶ NbN(s) + 4HCl(g). 

 

They found that the temperature at which the NbCl4 was mixed with the NH3 + 1
2

H2 strongly 

affected the properties of their niobium nitride [78].  The optimal mixing temperature that produced 

the purest δ-phase niobium nitride was 800 ℃ , while the optimal reaction temperature was 

between 800 and 1200 ℃  with a gas composition ratio NH3/NbCl4 of 1 to 12.  Point A in Figure 

3.7 represents the point at which the mixing took place and the actual mixing temperature was 

controlled by sliding the inner quartz tube 7 in and out of the outer alumina tube 3.  A method 

developed by Li et al. in 2003 also employed moderate reaction temperatures to react different 

niobium oxides in nitrogen containing gases.  It consisted of flowing NH3 (ammonia) gas over 

amorphous Nb2O5 powder (of 5 nm particle size) at a flow rate of 1000 mL/min within a tube 

 
Figure 3.6: Unit cell parameter (squares) and composition (circles) of δ-phase niobium 

nitride fabricated as a function of pressure at a temperature of 2400 to 2500 ℃.  Results of 

Buscaglia et al. (Reproduced from [76].) 

 
Figure 3.7: Apparatus used by Watari et al. to produce NbN powder.  1-Kenthal heater, 2-SiC 

resistance furnace, 3-alumina tube,4-Pt/Pt thermocouple, 5-collecting flask, 6-chrome-alumina 

thermocouple, 7-quartz tube [78]. 
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IXUQDFH�RYHU�WKH�WHPSHUDWXUH�UDQJH�����WR�����Ԩ�IRU���WR���KRXUV��WKHVH�ZHUH�IRXQG�WR�EH�WKH�

RSWLPXP�FRQGLWLRQ�UDQJHV��>��@���7KH�QLRELXP�QLWULGH�ZDV�WKHQ�DOORZHG�WR�FRRO�ZLWKLQ�WKH�1+��JDV�

IORZ� SULRU� WR� UHPRYLQJ� LW� IURP� WKH� IXUQDFH� WXEH�� � 7KHLU� UHVXOWV�� IRU� GLIIHUHQW� WHPSHUDWXUHV� DQG�

UHDFWLRQ�WLPHV��DUH�VKRZQ�LQ�)LJXUH�������/L�HW�DO��GHWHUPLQHG�WKDW�DV�WKH�UHDFWLRQ�WLPH�LQFUHDVHG�

VR�GLG�WKH�SDUWLFOH�VL]H���/LNHZLVH��WKHUH�ZDV�D�VLPLODU�UHODWLRQVKLS�EHWZHHQ�UHDFWLRQ�WHPSHUDWXUH�

DQG�SDUWLFOH�VL]H���7KHLU�PHWKRG�SURGXFHG�QLRELXP�QLWULGH�SRZGHU�ZLWK�SDUWLFOH�VL]HV�LQ�WKH�UDQJH�

������QP���7KH�VLJQLILFDQFH�RI�/L¶V�PHWKRG��DSDUW�IURP�UHODWLYHO\�PRGHUDWH�UHDFWLRQ�WHPSHUDWXUHV�

DQG� WLPHV�� LV� WKH� SURGXFWLRQ� RI� QDQRFU\VWDOOLQH� PDWHULDO�� � /L� HW� DO�� FDOO� WKHLU� PHWKRG� D� GLUHFW�

QLWULGDWLRQ�PHWKRG�IRU�WKH�V\QWKHVLV�RI�QDQRFU\VWDOOLQH�FXELF�SKDVH�1E1�SRZGHUV�>��@�DQG�WKLV�LV�

WKH�ILUVW�UHSRUW�RI�VXFK�D�PHWKRG�DQG�LV�WKH�SUHIHUUHG�PHWKRG�LQ�PXFK�RI�WKH�OLWHUDWXUH����$QRWKHU�

XVH�RI�D�PRGHUDWH�UHDFWLRQ�WHPSHUDWXUH�ZDV�DGRSWHG�E\�3RZHOO�HW�DO��WR�UHDFW�D�QLRELXP�EHDULQJ�

VSUD\�GULHG�SRZGHU��ZKLFK�WKH\�SUHSDUHG�WKHPVHOYHV���LQ�DQ�DPPRQLD�DWPRVSKHUH�DW�����Ԩ�>��@���

7KHLU�SRZGHU�ZDV�WKHQ�KDQG�SUHVVHG�DW�D�SUHVVXUH�RI������SVL�DQG�UHSHDWHGO\�VLQWHUHG�DQG�WKHQ�

TXHQFKHG���7KH�UHVXOWDQW�EXON�PDWHULDO�FRQVLVWHG�RI�FU\VWDOOLWHV�DQG�YRLGV�RI�EHWZHHQ�����ȝP�DV�

ZHOO� DV� į�SKDVH� VWRLFKLRPHWULF� QLRELXP� QLWULGH�� � 3RZHOO¶V� PHWKRG� LV� VLPLODU� WR� 3HVVDOO¶V� EXW�

SURGXFHG� EHWWHU� VWRLFKLRPHWU\� DW� D� YDVWO\� UHGXFHG� UHDFWLRQ� WHPSHUDWXUH� �����Ԩ� LQVWHDG� RI�

�����Ԩ���ZKLFK�KDV�REYLRXV�SUDFWLFDO�DGYDQWDJHV���

�

7KH� ORZHVW� WHPSHUDWXUH� WUHDWPHQW�ZDV�XVHG�E\�0D�HW� DO�� WR� SURGXFH�QDQRFU\VWDOOLQH� QLRELXP�

QLWULGH�WKURXJK�D�EHQ]HQH�WKHUPDO�URXWH�YDSRXU�SKDVH�UHDFWLRQ�>��@���0D¶V�PHWKRG�LQFOXGHG�WKH�

UHDFWLRQ�RI�1E&O��DQG�1D1��LQ�DQ�DXWRFODYH�DW�����Ԩ�IRU����KRXUV� LQ�DFFRUG�ZLWK�WKH�IROORZLQJ�

IRUPXOD�

�

����ହ ൅ ͷ���ଷ ื ��� ൅ ͷ���� ൅ ͹�ଶǤ�

�

7KHVH�ZHUH�IRXQG�WR�EH�WKH�RSWLPXP�FRQGLWLRQV�WKDW�OHG�WR�SDUWLFOH�VL]HV�LQ�WKH�UDQJH����WR����QP���

7KH�EHQ]HQH�ZDV�XVHG�WR�FRQWURO�WKH�UHDFWLRQ�VSHHG��ZKLFK�LQ�WXUQ�DIIHFWHG�SDUWLFOH�VL]H��

�
)LJXUH������;�UD\�GLIIUDFWLRQ�SDWWHUQ�RI�WKH�IRUPDWLRQ�RI�1E1�RYHU�WKH�WHPSHUDWXUH�UDQJHV�DQG�

WLPHV��D�����Ԩ���K��E�����Ԩ���K��F�����Ԩ���K��G�����Ԩ���K��I�����Ԩ���K��J�����Ԩ���K�>��@��
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�

$�JUDGXDO�LPSURYHPHQW�LQ�EXON�IDEULFDWLRQ�PHWKRGV�HPSOR\HG�E\�GLIIHUHQW�VSHFLDOLVWV�LQ�WKH�ILHOG�

RFFXUUHG�RYHU�D�SHULRG�RI�VHYHQ�GHFDGHV���'XULQJ�WKLV�WLPH�VWRLFKLRPHWULF�PDWHULDO�ZDV�IRUPHG�DW�

GHFUHDVLQJ� UHDFWLRQ� WHPSHUDWXUHV�� IDFLOLWDWHG� E\� UHDFWLQJ� QLRELXP� FRQWDLQLQJ� FRPSRXQGV� ZLWK�

QLWURJHQ�FRQWDLQLQJ�JDVHV���7KH�OHDVW�SRSXODU�PHWKRG�LV�WKH�GLUHFW�UHDFWLRQ�EHWZHHQ�QLRELXP�DQG�

QLWURJHQ��DQG�\HW��DV� IDU�DV� WKH�FRQVWLWXHQW� UHDFWDQWV�DUH�FRQFHUQHG�� WKLV�PHWKRG�UHTXLUHV� WKH�

OHDVW�SUHSDUDWLRQ���+RZHYHU��WKH�PHWKRG�DOVR�UHTXLUHV�D�YHU\�KLJK�UHDFWLRQ�WHPSHUDWXUH�DQG�WKH�

ORQJHVW�UHDFWLRQ�WLPH���

1LRELXP�FDUELGH��DQG�1LWULGH��
�

7KH�OLWHUDWXUH�FRQFHUQLQJ�WKH�IDEULFDWLRQ�RI�QLRELXP�FDUELGH�LV�D�OLWWOH�VFDUFHU�WKDQ�WKDW�RI�QLRELXP�

QLWULGH�DQG�LV�VRPHWLPHV�QRW�SUHVHQWHG�LQ�LVRODWLRQ�RI�WKDW�PDWHULDO���,W�LV�IRU�WKLV�UHDVRQ�WKDW�WKLV�

VHFWLRQ� GRHV� QRW� GHDO�ZLWK� QLRELXP�FDUELGH�H[FOXVLYHO\�� KRZHYHU�� QLRELXP�QLWULGH� LV� RQO\� SDLG�

PLQLPDO�DWWHQWLRQ��

�

7KH� PDMRULW\� RI� WKH� ZRUN� IDEULFDWLQJ� QLRELXP� FDUELGH� EHJDQ� LQ� WKH� PLG�����V�� WKRXJK� QRQ�

VWRLFKLRPHWULF� QLRELXP� FDUELGH� ZDV� ILUVW� SUHSDUHG� E\� -RO\� DV� IDU� EDFN� DV� ����� >��@�� � 7KH�

PHWKRGRORJLHV�XVHG�LQ�WKH�����V�DQG���V�WR�IDEULFDWH�EXON�PDWHULDO�ZHUH�YHU\�VLPLODU�DQG�UHOLHG�

RQ�PL[LQJ�QLRELXP�DQG�FDUERQ��JUDSKLWH��SRZGHUV�WRJHWKHU�SULRU�WR�UHDFWLQJ�DW�KLJK�WHPSHUDWXUHV���

,Q� ����� 6WRUPV� HW� DO�� >��@�PL[HG� QLRELXP� DQG� JUDSKLWH� SRZGHUV� DQG� IRUPHG� SHOOHWV� E\� FROG�

SUHVVLQJ���7KH\�WKHQ�XVHG�LQGXFWLRQ�KHDWLQJ�WR�KHDW�WKHLU�SHOOHWV��ZLWKLQ�KLJK�YDFXXP�FRQGLWLRQV��

WR�GLIIHUHQW�WHPSHUDWXUHV�������Ԩ�WR������Ԩ��DQG�RYHU�GLIIHUHQW�SHULRGV�RI�WLPH������KRXUV�WR����

KRXUV����7KH�UHVXOW�RI�6WRUP¶V�LQYHVWLJDWLRQ�LQWR�WKH�ODWWLFH�SDUDPHWHU�DV�D�IXQFWLRQ�RI�FRPSRVLWLRQ�

RI�WKLV�PDWHULDO�LV�VKRZQ�LQ�)LJXUH�������7KLV�ILJXUH�VKRZV�WKDW�WKH�LQFOXVLRQ�RI�FDUERQ�LQFUHDVHV�

WKH�ODWWLFH�SDUDPHWHU���,Q������6WRUPV��LQ�FROODERUDWLRQ�ZLWK�.ULNRULDQ�DQG�.HPSWHU�>��@��UHSHDWHG�

WKLV�ZRUN��7KLV�WLPH��DIWHU�KHDWLQJ�WKH�PL[WXUH�WR������Ԩ�IRU���KRXUV��WKH\�UHJURXQG�WKH�SHOOHW�LQWR�

�
)LJXUH������1LRELXP�FDUELGH�ODWWLFH�SDUDPHWHU�DV�D�IXQFWLRQ�RI�FRPSRVLWLRQ�DFFRUGLQJ�WR�6WRUPV�

DW�DO���5HSURGXFHG�IURP�>��@���
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D�ILQH�SRZGHU������PHVK���UHKHDWHG�LW�WR������Ԩ�IRU���KRXUV�DQG�WKHQ�UHSHDWHG�WKH�SURFHVV�DJDLQ�

DW������Ԩ�IRU����KRXUV���7KLV�WUHDWPHQW�OHG�WR�WKH�IRUPDWLRQ�RI�QHDU�VWRLFKLRPHWULF�1E&��������$�

VLPLODU� UHDFWLRQ� WHPSHUDWXUH� ZDV� XVHG� E\� 7VXFKLGD� HW� DO�� WR� SURGXFH� QLRELXP� FDUELGH� IURP�

PL[WXUHV�RI�WKH�FRQVWLWXHQW�HOHPHQWV�WKHPVHOYHV���+RZHYHU��WKH\�GLG�WKLV�ZLWKRXW�DFWXDOO\�QHHGLQJ�

WR�JHQHUDWH�WKH�KLJK�UHDFWLRQ�WHPSHUDWXUHV�GLUHFWO\�>��@���7KLV�ZDV�DFKLHYHG�WKURXJK�VSRQWDQHRXV�

FRPEXVWLRQ� V\QWKHVLV�� � 7KH� SURFHVV� FRQVLVWHG� RI� PHFKDQLFDOO\� PLOOLQJ� JUDSKLWH� DQG� QLRELXP�

SRZGHUV�LQ�D�)ULWVFK�SODQHWDU\�EDOO�PLOO�IRU�EHWZHHQ����DQG�����PLQXWHV�DW������USP��7KH�EDOO�WR�

SRZGHU�UDWLR�XVHG�E\�7VXFKLGD�HW�DO��UDQJHG�IURP������WR�����ZLWK���WR���J�RI�PL[HG�SRZGHUV���

7KH�LQVLGH�ZDOO�RI�WKH�PLOOLQJ�SRW�ZDV�VFUDSHG�HYHU\����PLQXWHV�WR�LQFUHDVH�WKH�\LHOG�DQG��RQFH�

WKH� PLOOLQJ� ZDV� FRPSOHWHG�� WKH� SRZGHUV� ZHUH� SODFHG� LQWR� D� JUDSKLWH� FUXFLEOH� WR� DYRLG�

FRQWDPLQDWLRQ��7KH�PLOOHG�SRZGHUV�ZHUH�WKHQ�H[SRVHG�WR�DLU��DW�ZKLFK�SRLQW�WKH\�VSRQWDQHRXVO\�

UHDFWHG�� EHJLQQLQJ� ZLWK� LQGHSHQGHQW� UHG� JORZLQJ� UHJLRQV� WKDW� ZHUH� IROORZHG� E\� D� YLROHQW�

H[RWKHUPLF�UHDFWLRQ�ZKLFK�HQJXOIHG�WKH�HQWLUH�PL[WXUH���7KH�UHDFWLRQ�WHPSHUDWXUH�ZDV�HVWLPDWHG�

WR� KDYH� SHDNHG� DW� DSSUR[LPDWHO\� �����Ԩ�� � 7KH� IDEULFDWLRQ� ZDV� WKHQ� UHSHDWHG� IRU� GLIIHUHQW�

SURSRUWLRQV� RI� JUDSKLWH� DQG�� DV� KDG� EHHQ� GLVFRYHUHG� E\� RWKHU� JURXSV�� DQ� LQFUHDVHG� FDUERQ�

FRQWHQW�FRLQFLGHG�ZLWK�DQ�LQFUHDVH�LQ�ODWWLFH�FRQVWDQW���7KLV�FDQ�EH�VHHQ�LQ�)LJXUH������ZKLOH�7DEOH�

�����OLVWV��WKH��PRUSKRORJ\�RI��WKH��SURGXFWV��DQG��WKH��SKDVHV��LGHQWLILHG�DFFRUGLQJ��WR��WKH�JUDSKLWH�

FRQWHQW�DQG�PLOOLQJ�WLPH��,W�LV�DSSDUHQW�WKDW�WKH�UHDFWLRQ�WHPSHUDWXUHV�UHTXLUHG�WR�IRUP�QLRELXP�

FDUELGH�DUH�IDU�LQ�H[FHVV�RI�WKRVH�QHHGHG�WR�IRUP�QLRELXP�QLWULGH���+RZHYHU��*LRUJL�HW�DO��LQ������

�LQ�FROODERUDWLRQ�ZLWK�6WRUPV��PDQDJHG�WR�SURGXFH�QLRELXP�FDUELGH�DW������Ԩ�RYHU�WLPH�SHULRGV�

EHWZHHQ���DQG����KRXUV�>��@����

�

�����Ԩ�LV�E\�QR�PHDQV�WKH�ORZHVW�UHDFWLRQ�WHPSHUDWXUH�XVHG���,Q������2\DPD�HW�DO��DSSOLHG�KLV�

SUHYLRXVO\� GHYHORSHG� WHPSHUDWXUH�SURJUDPPHG� PHWKRG� WR� WKH� SURGXFWLRQ� RI� WUDQVLWLRQ�PHWDO�

FDUELGHV� >��@�� � 7KH�PDLQ� SXUSRVH� RI� WKLV� SURFHVV� ZDV� WR� SURGXFH� ODUJH� JUDLQ� VL]H� UHIUDFWRU\�

PDWHULDOV��7KH�PHWKRG�FRQVLVWHG�RI�UHGXFLQJ�1E�2��WR�1E�2��DW�DURXQG�����Ԩ�IROORZHG�E\��

�
)LJXUH�������/DWWLFH�FRQVWDQW�DV�D�IXQFWLRQ�RI�JUDSKLWH�FRQWHQW�DFFRUGLQJ�WR�7VXFKLGD�HW�DO��
>��@���7KH�GDVKHG�OLQHV�UHSUHVHQW�WKH�ODWWLFH�FRQVWDQWV�UHSRUWHG�HOVHZKHUH�LQ�WKH�OLWHUDWXUH��
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FKDQJLQJ�1E�2��WR�1E&�DW�DURXQG������Ԩ�� �7R�DFKLHYH�WKLV��D�JDV�IORZ�FRQVLVWLQJ�RI����&+��

�PHWKDQH��DQG�����+��ZDV�IORZHG�RYHU�WKH�1E�2��SUHFXUVRU�DW�D�SUHVVXUH�RI�����N3D�DQG�D�IORZ�

UDWH�RI������ȝPRO�V�����7KH�WHPSHUDWXUH�ZDV�LQLWLDOO\�UDLVHG�UDSLGO\�WR�D� OHYHO�MXVW�EHORZ�WKDW�DW�

ZKLFK�WKH�PDLQ�VROLG�VWDWH�WUDQVIRUPDWLRQ�EHJDQ�WR�RFFXU���7KLV�FDQ�EH�VHHQ�LQ�)LJXUH�������ZKLFK�

VKRZV�WKDW�WKH�SURFHVV�WLPH�H[FHHGHG����KRXUV���)URP�WKHQ�RQ�LW�ZDV�KHDWHG�DW�D�VORZ�UDWH�RI�

�������Ԩ��ିଵ���)LJXUH������VKRZV�WKH�WKHUPDO�DQDO\VLV�UHVXOWV�RQ�2\DPD¶V�PDWHULDO���7KH�SDUWLFOH�

VL]H�RI� WKH�QLRELXP�FDUELGH�ZDV�IRXQG�WR�EH����QP�XVLQJ�;5'�PHDVXUHPHQW� WHFKQLTXHV��7KH�

VLJQLILFDQFH� RI� 2\DPD¶V� PHWKRG�� LQ� OLJKW� RI� WKLV� GLVFXVVLRQ�� LV� WKH� UHODWLYHO\� ORZ� UHDFWLRQ�

WHPSHUDWXUH�DQG�SURFHVV�WLPH�LQ�FRPSDULVRQ�WR�WKH�PHWKRGV�HPSOR\HG�E\�6WRUPV�HW�DO��DQG�*LRUJL�

HW�DO���,W�VKRXOG�EH�QRWHG�WKDW�2\DPD�HW�HO��GLG�QRW�UHVWULFW�WKHLU�PDWHULDO�SURGXFWLRQ�WR�QLRELXP�

FDUELGH�DORQH��EXW�DSSOLHG�WKH�VDPH�PHWKRG�WR�WKH�SURGXFWLRQ�RI�QLRELXP�QLWULGH�DV�ZHOO�DV�RWKHU��

7DEOH������7KH�QLRELXP�FDUELGH�PRUSKRORJ\�DQG�SKDVHV�SURGXFHG�E\�7VXFKLGD�HW�DO��DFFRUGLQJ�

WR�JUDSKLWH�FRQWHQW�DQG�PLOOLQJ�WLPH����5HSURGXFHG�IURP�>��@���

JUDSKLWH�

FRQWHQW�

�PRO���

JULQGLQJ�

WLPH�PLQ�

SURGXFWV�

PRUSKRORJ\� FRORU� 3KDVH�LGHQWLILHG�E\�;5'�

��� ���� SRZGHU\� EODFN� 1E&!1E!1E2��1E2���1E�&�

��� ��� � � 1E&!1E!1E2��1E2���1E�&�

��� ��� � � 1E&!1E!1E2��1E2���1E�&�

��� ��� � � 1E&!!1E!1E2��1E2���1E�&�

��� ��� KLJKO\�VZHOOHG��VFDOH�OLNH� OLJKW�JUH\� 1E&!!1E2��1E2���1E�&�

��� ��� YHU\�EULWWOH� � 1E&��1E�&!!1E��1E2��1E2��

��� ���
VOLJKWO\� VZHOOHG�� VWUDWLILHG��

EULWWOH�
GDUN�JUH\� 1E&��1E�&��1E!!1E2��1E2��

��� ���� 1RQ�VZHOOHG��EULWWOH� �
1E�1!!1E�&��1E��1E&��0E2��1E2���

1E�2��

�
)LJXUH�������7HPSHUDWXUH�SURJUDP�DQG�WKH�WKHUPDO�FRQGXFWLYLW\�UHVSRQVH�RI�2\DPD¶V�PHWKRG���

7KH�LQLWLDO�UDSLG�WHPSHUDWXUH�ULVH�LV�FOHDUO\�YLVLEOH�DQG�WKH�ILJXUH�VKRZV�WKDW�WKH�SURFHVV�WLPH�

H[FHHGHG����KRXUV����5HSURGXFHG�IURP�>��@���
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QLWULGHV�DQG�FDUELGHV���,Q�WKH�FDVH�RI�QLRELXP�QLWULGH��WKH\�XVHG�D�JDV�IORZ�FRQWDLQLQJ������1+��

DW�D�SUHVVXUH�RI�����N3D�DQG�DW�D�UDWH�RI������ȝPRO�V�����7KH�WHPSHUDWXUH�ZDV�DJDLQ�LQFUHDVHG�

UDSLGO\�WR�VWDUW�ZLWK�DQG�ZDV�WKHQ�VORZO\�UDPSHG�DW�D�UDWH�RI�������Ԩ�V�����7KH�SDUWLFOH�VL]H�RI�WKH�

QLRELXP�QLWULGH�ZDV�PHDVXUHG�WR�EH����QP���7KLV�ZRUN�KDV�VLQFH�EHHQ�UHSHDWHG�E\�GD�6LOYD�HW�DO��

LQ������DQG�LW�ZDV�HVWDEOLVKHG�WKDW�GLIIHUHQW�JDV�IORZ�UDWHV�DQG�ORZHU�UHDFWLRQ�WHPSHUDWXUHV�KDYH�

YHU\�OLWWOH�HIIHFW�RQ�WKH�JUDLQ�VL]H�RI�WKH�SURGXFWV�>��@��

�

,Q�FRQFOXVLRQ��WKH�IDEULFDWLRQ�WHFKQLTXHV�GLVFXVVHG�KHUH�KDYH�PRVWO\�UHOLHG�RQ�UHDFWLRQV�RFFXUULQJ�

EHWZHHQ� GLIIHUHQW� QLRELXP� FRQWDLQLQJ� DQG� FDUERQ� FRQWDLQLQJ� FRPSRXQGV� DQG� RQ� WKH� GLUHFW�

UHDFWLRQ�RI�QLRELXP�DQG�FDUERQ�HOHPHQWV�WKHPVHOYHV���9HU\�KLJK�UHDFWLRQ�WHPSHUDWXUHV�DQG�PDQ\�

KRXUV� DUH� UHTXLUHG� WR� IRUP� KRPRJHQHRXV�PDWHULDO�� LQ� WKH� VSLULW� RI� 6WRUP¶V� HIIRUWV�� � +RZHYHU��

2\DPD¶V�WHPSHUDWXUH�SURJUDPPHG�PHWKRG�UHTXLUHG�WKH�ORZHVW�UHDFWLRQ�WHPSHUDWXUH��a������Ԩ��

WR�SURGXFH�SRZGHUV�ZLWK�QDQRPHWHU�VL]HG�JUDLQV�EXW�DOVR�UHTXLUHG�PRUH�GHPDQGLQJ�SUHSDUDWLRQ��

1LRELXP�FDUERQLWULGH�
�

,Q�FRPSDULVRQ�WR�QLRELXP�QLWULGH�DQG�FDUELGH��WKH�DYDLODEOH�OLWHUDWXUH�FRQFHUQLQJ�WKH�IDEULFDWLRQ�RI�

QLRELXP�FDUERQLWULGH�LV�H[WUHPHO\�VSDUVH���2I�WKDW�ZKLFK�LV�DYDLODEOH��WKH�PRVW�GHWDLOHG�DFFRXQW�LV�

SURYLGHG�E\�:LOOLDPV�HW�DO�� LQ������>��@���7KH\�IDEULFDWHG�VDPSOHV�RI�QLRELXP�FDUERQLWULGH�ZLWK�

YDU\LQJ�VWRLFKLRPHWULHV��1E1���&�����1E1���&�����1E1���&������7KH\�PL[HG�FRPPHUFLDOO\�DYDLODEOH�

QLRELXP�DQG�QLRELXP�FDUELGH�SRZGHUV��ERWK�������SXULW\�������PHVK��WR�SUHSDUH�1E&�����1E&����

DQG�1E&����E\�GU\�PL[LQJ���7KHVH�SRZGHUV�ZHUH�WKHQ�H[WUXGHG�LQWR�URGV�ZKLFK�ZHUH�WKHQ�VLQWHUHG�

WR�IRUP�D�SRURXV�PL[WXUH�RI�1E�DQG�1E�&���'LIIHUHQW�VDPSOHV�RI�WKLV�PL[WXUH�ZHUH�WKHQ�QLWULGHG�DW�

�����Ԩ�������Ԩ�DQG������Ԩ��XQGHU�GLIIHUHQW�SUHVVXUHV����WR������WRUU��DQG�UHDFWLRQ�WLPHV����RU�

��K����7R�SUHYHQW�QLWURJHQ�ORVV�WKH\�DYRLGHG�YDFXXP�VLQWHULQJ�RI�WKH�QLWULGHG�VSHFLPHQV���7DEOH�

����OLVWV�WKH�FRPSRVLWLRQV�RI�WKH�YDULRXV�QLRELXP�FDUERQLWULGH�VDPSOHV�WKH\�SURGXFHG��

�

�
)LJXUH� ������ 7KHUPDO� DQDO\VLV� RI� WKH� QLRELXP�FDUELGH�SURGXFHG�E\�2\DPD¶V�7HPSHUDWXUH�

SURJUDPPHG�PHWKRG�� � 7KH� ILJXUH� VKRZV� WKH� WHPSHUDWXUH� UDQJH� RYHU� ZKLFK� WKH� 1E&� ZDV�

IRUPHG�� � �7&'�� WKHUPDO� FRQGXFWLYLW\� GHWHFWRU��� � �735�� WHPSHUDWXUH�SURJUDPPHG� UHDFWLRQ����

�5HSURGXFHG�IURP�>��@���
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:LOOLDPV� HW� DO�� IRXQG� WKDW� WKH� QLWURJHQ� FRQWHQW� LQFUHDVHG� ZLWK� QLWULGLQJ� SUHVVXUH� EXW� ZDV� QRW�

DSSUHFLDEO\�DIIHFWHG�E\�WKH�QLWULGLQJ�WLPH���)XUWKHUPRUH��WKH�JUHDWHVW�QLWURJHQ�FRQWHQW�RFFXUUHG�DW�

�����Ԩ�DQG�WKH�VPDOOHVW�DW������Ԩ��ZKLFK�LQGLFDWHV�WKDW�QLWURJHQ�FRQWHQW��RU�VWRLFKLRPHWU\��LV�

LPSRUWDQW�LQ�WKLV�WHPSHUDWXUH�UDQJH���:LOOLDPV¶�PHWKRG�VKRZV�WKDW�QLRELXP�FDUERQLWULGH�FDQ�EH�

IRUPHG�DW�PRGHUDWH�WHPSHUDWXUHV�XVLQJ�D�GLUHFW�QLWULGLQJ�WHFKQLTXH����

�

$�WHFKQLTXH�VLPLODU�WR�2\DPD¶V�WHPSHUDWXUH�SURJUDPPHG�PHWKRG�ZDV�DGRSWHG�E\�.LP�HW�DO��LQ�

�����WR�SURGXFH�QLRELXP�FDUERQLWULGH�>��@���7KH�SURFHVV�FRQVLVWHG�RI�UHDFWLQJ�QLRELXP�SHQWR[LGH�

�1E�2���LQ�D�IORZ�RI�DPPRQLD�JDV��1+���DW�D�UDWH�RI�����PROH�K���WR�SURGXFH�QLRELXP�R[\QLWULGH�

�1E1[2\����7KH�QLRELXP�R[\QLWULGH�ZDV�WKHQ�VXEMHFWHG�WR�D�PHWKDQH�K\GURJHQ�JDV�IORZLQJ�DW����

WR�����PROH�K���DW�D�WHPSHUDWXUH�WKDW�ZDV�LQFUHDVLQJO\�HOHYDWHG�DW�D�UDWH�RI�����WR�����Ԩ�PLQ�����

7KH� WHPSHUDWXUH�ZDV� VWDELOLVHG� DW� ����Ԩ�� ZKLFK� LV� UHODWLYHO\� ORZ� LQ� FRPSDULVRQ� WR�:LOOLDPV¶V�

SURFHVV���7KH�UHDFWLRQ�ZDV�DOORZHG�WR�FRQWLQXH�XQWLO�PHWKDQH�FRQVXPSWLRQ�KDG�EHHQ�DFKLHYHG��

DW�ZKLFK�SRLQW�WKH�V\VWHP�ZDV�FRROHG�UDSLGO\�SULRU�WR�EHLQJ�IOXVKHG�ZLWK�SXUH�KHOLXP���7DEOH�����

OLVWV�WKH�YDULRXV�SURSHUWLHV�RI�WKH�QLRELXP�FDUERQLWULGH�DQG�WKHLU�VSHFLILF�UHDFWLRQ�FRQGLWLRQV���.LP�

HW�DO��FRQFOXGH�WKDW�WKLV�SURFHVV�OHDGV�WR�WKH�IRUPDWLRQ�RI�QRQ�VWRLFKLRPHWULF�QLRELXP�FDUERQLWULGH���

&RPSDULVRQ�RI�.LP¶V�QLRELXP�FDUERQLWULGH�SDUWLFOH�VL]H�WR�WKDW�RI�2\DPD¶V�QLRELXP�FDUELGH�SDUWLFOH�

VL]H�UHYHDOV�WKDW�WKH�QLRELXP�FDERQLWULGH�SDUWLFOHV�DUH�OHVV�WKDQ�D�WKLUG�WKDW�RI�WKH�QLRELXP�FDUELGH���

7KLV�PD\�ZHOO�KHOS�WR�HQKDQFH�WKH�VXSHUFRQGXFWLQJ�SURSHUWLHV�RI�WKH�PDWHULDO�ZLWKRXW�WKH�QHHG�

IRU�IXUWKHU�JULQGLQJ��

�

7DEOH������0HDVXUHG�FRPSRVLWLRQV�RI�WKH�YDULRXV�QLRELXP�FDUERQLWULGH�VDPSOHV�IDEULFDWHG�E\�

:LOOLDPV����5HSURGXFHG�IURP�>��@���

1RPLQDO�FRPSRVLWLRQ� 1E1� 1E1���&���� 1E1���&���� 1E1���&����

&��ZW����� ������ ����� ����� �����
1��ZW����� ������ ����� ����� �����
2��ZW����� ������ ������� ������� �������
)RUPXOD�EDVHG�RQ�DQDO\VLV� 1E1�����&������ 1E1�����&������ 1E1�����&������ 1E1�����&������
)RUPXOD�EDVHG�RQ�FDUERQ�
DQDO\VLV�DQG�ZHLJKW�JDLQ� 1E1�����&������ 1E1�����&������ 1E1�����&������ 1E1�����&������

7DEOH������3URSHUWLHV�RI�QLRELXP�FDUERQLWULGH�IDEULFDWHG�E\�.LP�HW�DO��>��@��

�
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������7KLQ�ILOP�IDEULFDWLRQ�
�

0DQ\�RI�WKH�LPSRUWDQW�WKLQ�ILOP�IDEULFDWLRQ�WHFKQLTXHV��LQFOXGLQJ�VSXWWHULQJ��GLIIXVLRQ�DQG�VLQWHULQJ�

PHWKRGV��KDYH�EHHQ�XVHG�WR�SURGXFH�QLRELXP�FDUERQLWULGH�>��@���,Q�VSXWWHULQJ��W\SLFDOO\�D�WDUJHW�

FDWKRGH��PDGH�IURP�WKH�VDPH�PDWHULDO�WKDW�D�VXEVWUDWH�LV�WR�EH�FRDWHG��LV�ERPEDUGHG�E\�SRVLWLYHO\�

FKDUJHG� DUJRQ� DWRPV� ZLWKLQ� DQ� LRQLVHG� DUJRQ� DWPRVSKHUH�� � 7KHVH� ERPEDUGPHQWV� FKLS� WKH�

FDWKRGH�VXUIDFH�DZD\�� �2YHU�H[WHQGHG�SHULRGV�RI� WLPH�WKHVH�FKLSSLQJV��ZKLFK� IRUP�D�YDSRXU��

FRQGHQVH�RQWR�D�VXEVWUDWH�WR�IRUP�WKH�UHTXLUHG�ILOP���7KH�SURGXFWLRQ�RI�FOHDQ�VXSHUFRQGXFWLQJ�

ILOPV�XVLQJ�WKH�VSXWWHULQJ�WHFKQLTXH�ZDV�LQLWLDOO\�YHU\�GLIILFXOW�GXH�WR�WKH�LPSXULWLHV�WKDW�FRQGHQVH�

RQWR��RU�DUH�JHWWHUHG�E\��WKH�ILOP�GXULQJ�WKH�SURFHVV���7KH�QHHG�IRU�FOHDQ�VXSHUFRQGXFWLQJ�ILOPV�

OHG�5XGROI�)UHULFKV�LQ������WR�SURSRVH�D�PRGLILFDWLRQ�WR�WKH�SURFHVV�EDVHG�RQ�WKH�REVHUYDWLRQ�

WKDW�WKH�FDWKRGH�DOZD\V�VWD\V�³EULJKW�DQG�VKLQ\´�GXH�WR�WKH�FRQWLQXRXV�ERPEDUGPHQW�RI�$U��LRQV�

ZKLFK�GULYHV�RXW�WKH�LPSXULWLHV�>��@���+H�WKHUHIRUH�UHDVRQHG�WKDW�QR�JHWWHULQJ�E\�WKH�ILOPV�ZRXOG�

WDNH�SODFH�LI��LQ�DGGLWLRQ��WKH\�FRXOG�DOVR�EH�ERPEDUGHG�E\�$U��LRQV�GXULQJ�WKH�VSXWWHULQJ�SURFHVV���

7KH�PDLQ�IHDWXUH�RI�)UHULFKV¶V�PHWKRG�LV�WKDW�DQ�DV\PPHWULF�DOWHUQDWLQJ�FXUUHQW��VHW�XS�EHWZHHQ�

D�YHUWLFDOO\�VHSDUDWHG�FDWKRGH�DQG�DQRGH�� ILUVW�VSXWWHUV� WKH�FDWKRGH�SULRU� WR�D�SRODULW\�FKDQJH�

DIWHU�ZKLFK�WKH�VXEVWUDWH��ZKLFK� LV�SODFHG�RQ�WRS�RI� WKH�DQRGH�� LV�WKHQ�VSXWWHUHG�ZLWK�D�YDVWO\�

GHFUHDVHG�FXUUHQW�GHQVLW\���,Q�WKLV�ZD\�DQ\�LPSXULWLHV�LQ�WKH�QHZO\�IRUPHG�WKLQ�ILOP�OD\HU�DUH�GULYHQ�

RXW�E\�D�FXUUHQW�GHQVLW\�WKDW�ZLOO�QRW�GDPDJH�WKH�ILOP�LWVHOI���,Q������)UHULFKV��LQ�FROODERUDWLRQ�ZLWK�

.LUFKHU�� LPSURYHG� WKH� DF� VSXWWHULQJ� WHFKQLTXH� IXUWKHU� >��@�� � ,Q� RUGHU� WR� LPSURYH� WKH�

VXSHUFRQGXFWLQJ�SURSHUWLHV�RI�WKH�VSXWWHUHG�ILOPV��DQG�LQ�UHVSRQVH�WR�REVHUYDWLRQV�PDGH�E\�RWKHU�

UHVHDUFKHUV� WKDW� WKH� HGJHV� RI� UHFWDQJXODU� VKDSHG� ILOPV� PLJKW� DIIHFW� WKH� VXSHUFRQGXFWLQJ�

SURSHUWLHV��)UHULFKV�HW�DO��IRUPHG�F\OLQGULFDO�ILOPV�E\�FKDQJLQJ�WKH�VKDSH�RI�WKH�VXEVWUDWH�DQG�WKH�

DQRGH�DQG�FDWKRGH���)LJXUH������LV�D�GLDJUDP�RI�WKHLU�DSSDUDWXV���$�IXUWKHU�HQKDQFHPHQW�ZDV�

DFKLHYHG�E\�DOORZLQJ�WKH�LQVLGH�VXUIDFH�RI�WKH�EHOO�MDU�WR�EHFRPH�FRDWHG�ZLWK�WKH�FDWKRGH�PDWHULDO�

�
)LJXUH� ������ $&� VSXWWHULQJ� DSSDUDWXV� XVHG� E\� )UHULFKV� DQG� .LUFKHU� WR� SURGXFH� F\OLQGULFDO�
VXSHUFRQGXFWLQJ�ILOPV�>��@��
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WR�DFW�DV�D�JHWWHU�WR�SLFN�XS�WUDFHV�RI�UHVLGXDO�UHDFWLYH�JDV���)XUWKHU��)UHULFKV�HW�DO��HVWDEOLVKHG�

WKDW�WKH�RSWLPXP�VSXWWHULQJ�FRQGLWLRQV�ZHUH�D�VXEVWUDWH�WHPSHUDWXUH�RI�����Ԩ�DQG�DQ�DOWHUQDWLQJ�

FXUUHQW�GHQVLW\�UDWLR�RI�������7KH�LPSURYHPHQWV�PDGH�WR�WKH�WKLQ�ILOP�IDEULFDWLRQ�WHFKQLTXHV�KDYH�

WKHUHIRUH�OHG�WR�WKH�SURGXFWLRQ�RI�YHU\�FOHDQ�VXSHUFRQGXFWLQJ�ILOPV��

1LRELXP�QLWULGH�
�

*HUVWHQEHUJ�DQG�+DOO�ZHUH�WKH�ILUVW�WR�UHDFWLYHO\�VSXWWHU�QLRELXP�LQ�DQ�DUJRQ�QLWURJHQ�DWPRVSKHUH�

WR� REWDLQ� QLRELXP� QLWULGH� WKLQ� ILOPV� >��@�� � 'XULQJ� WKHLU� SURFHVV� WKH\�PDLQWDLQHG� D� EDFNJURXQG�

SUHVVXUH� RI� a����� 7RUU�� ZKHUHDV� %HOO� HW� DO�� ZKR� DOVR� SURGXFHG� QLRELXP� QLWULGH� ILOPV� LQ� ������

PDLQWDLQHG�D�EDFNJURXQG�SUHVVXUH�RI������7RUU�>�����@���7KLV�SUHSDUDWRU\�ZRUN�SDYHG�WKH�ZD\�IRU�

IXUWKHU�LPSURYHPHQWV�WR�EH�PDGH���)RU�LQVWDQFH��&XNDXVNDV�HW�DO��LQYHVWLJDWHG�WKH�IDEULFDWLRQ�RI�

QLRELXP�QLWULGH�ILOPV�XVLQJ�UDGLR�IUHTXHQF\�PDJQHWURQ�VSXWWHULQJ��ZLWK�WKH�DGGLWLRQ�RI�PHWKDQH�

LQWR�WKH�DUJRQ�QLWURJHQ�DWPRVSKHUH�>��@���7KH\�HVWDEOLVKHG�WKDW�WKH�RSWLPXP�FRQGLWLRQV�ZHUH�DQ�

HOHYDWHG�VXEVWUDWH�WHPSHUDWXUH�DQG�DSSUR[LPDWHO\����PHWKDQH�DGGHG�WR�WKH�VSXWWHU�JDV���7KH\�

DOVR�GHWHUPLQHG�WKDW�ILOPV�IDEULFDWHG�ZLWKRXW�WKH�DGGLWLRQ�RI�VSXWWHU�PHWKDQH�ZHUH�IRXQG�WR�EH�

WZR�SKDVH�į�DQG�İ�1E1��ZKHUHDV�WKRVH�IDEULFDWHG�ZLWK�WKH�DGGLWLRQDO�PHWKDQH�ZHUH�VLQJOH�SKDVH�

į�RQO\���)LJXUH������VKRZV�WKH�ODWWLFH�SDUDPHWHU�DV�D�IXQFWLRQ�RI�PHWKDQH�SDUWLDO�SUHVVXUH�IRU�WKH�

ILOPV� LQ� TXHVWLRQ�� � &XNDXVNDV� VXJJHVWHG� WKDW� WKH� LQFUHDVHG� ODWWLFH� SDUDPHWHU� ZLWK� LQFUHDVHG�

PHWKDQH�SDUWLDO�SUHVVXUH�PD\�ZHOO�EH�GXH�WR�WKH�IRUPDWLRQ�RI�1E&�RU�LQWHUVWLWLDO�FDUERQ�DW�KLJKHU�

SDUWLDO�SUHVVXUHV��

�

7KH� IDEULFDWLRQ� RI� QLRELXP� QLWULGH� WKLQ� ILOPV� XVLQJ� GF� PDJQHWURQ� VSXWWHULQJ� RQWR� DQ� DPELHQW�

WHPSHUDWXUH� VXEVWUDWH� KDV� EHHQ� LQYHVWLJDWHG� E\� %DFRQ� HW� DO�� >��@�� WKRXJK� WKH� SURFHVV� LWVHOI�

UHVXOWHG� LQ� VRPH� KHDWLQJ� RI� WKH� VXEVWUDWH�� WKLV� ZDV� HVWLPDWHG� WR� EH� OHVV� WKDQ� ����Ԩ�� � 7KH\�

HVWDEOLVKHG�WKDW�ILOPV�RI�WKLFNQHVV�����QP�RU�OHVV�ZHUH�JUDQXODU�ZLWK�JUDLQ�VL]H���QP�DQG�D�ODWWLFH�

SDUDPHWHU�RI���������ZKLFK�LV�VLJQLILFDQWO\�KLJKHU�WKDQ�WKH�EXON�YDOXH�IRU�FXELF�1E1���������>��@����

7KH\�DOVR�HVWDEOLVKHG�WKDW�WKH�1�1E�UDWLR�LQFUHDVHG�DV�WKH�1��$U�UDWLR�LQFUHDVHG�XS�WR�����1����

�
)LJXUH�������/DWWLFH�SDUDPHWHU�DV�D�IXQFWLRQ�RI�PHWKDQH�SDUWLDO�SUHVVXUH�IRU�WKH�QLRELXP�QLWULGH�

ILOPV�IDEULFDWHG�E\�&XNDXVNDV�HW�DO����5HSURGXFHG�IURP�>��@���
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)XUWKHU�LQFUHDVHV�LQ�1��XS�WR�����GLG�QRW�DIIHFW�WKH�1�1E�UDWLR���)LJXUH������VKRZV�WKH�UHVLVWLYLW\�

RI� WKH� QLRELXP� QLWULGH� ILOPV� SURGXFHG� E\� %DFRQ� HW� DO�� DV� D� IXQFWLRQ� RI� 1�� JDV� LQ� WKH� DUJRQ�

DWPRVSKHUH�� � )LJXUH� ����� VKRZV� KRZ� WKH� QLWURJHQ� FRQWHQW� LQ� WKH� DUJRQ�QLWURJHQ� DWPRVSKHUH�

DIIHFWHG�WKH�SKDVHV�RI�WKH�PDWHULDO���

1LRELXP�FDUERQLWULGH��DQG�&DUELGH��
�

7KH� OLWHUDWXUH� RQ� WKH� IDEULFDWLRQ� RI� QLRELXP� FDUERQLWULGH� WKLQ� ILOPV� LV� H[WUHPHO\� VFDUFH���

)XUWKHUPRUH�� WKH� IDEULFDWLRQ�SURFHVVHV�XVHG� WR�SURGXFH�QLRELXP�FDUELGH�DQG�FDUERQLWULGH� WKLQ�

ILOPV� DUH� LGHQWLFDO� LQ�PRVW� UHVSHFWV� WR� WKRVH� XVHG� WR� SURGXFH� QLRELXP� QLWULGH� WKLQ� ILOPV�� DQG�

WKHUHIRUH��RQO\�D�EULHI�RYHUYLHZ�RI�FDUELGH�DQG�FDUERQLWULGH�ILOPV�LV�JLYHQ�KHUH��

�

'&�GLRGH�VSXWWHULQJ�ZDV�XVHG�E\�*DYDOHU�HW�DO��LQ������WR�IDEULFDWH�QLRELXP�FDUERQLWULGH�WKLQ�ILOPV�

IRU�WKH�SXUSRVHV�RI�LQYHVWLJDWLQJ�WKHLU�VXSHUFRQGXFWLQJ�SURSHUWLHV�>��@���7KH�ILOPV�ZHUH�IDEULFDWHG�

E\�VSXWWHULQJ�D�QLRELXP�FDUERQ�WDUJHW�LQ�DQ�DWPRVSKHUH�RI�SXUH�QLWURJHQ�RU�D�PL[WXUH�RI�QLWURJHQ�

DQG�DUJRQ�ZLWK�HOHYDWHG�VXEVWUDWH�WHPSHUDWXUHV�LQ�WKH�UDQJH�����WR�����Ԩ���7KH�WDUJHW�ZDV�PDGH�

)LJXUH�������7KH�UHVLVWLYLW\�³DV�D�IXQFWLRQ�
RI� WKH� PROH� IUDFWLRQ� RI� 1�� LQ� WKH� $U�1��

VSXWWHU� JDV�PL[� IRU� YDULRXV� YDOXHV� RI� WKH�

WRWDO�$U�1��SUHVVXUH´�>��@��

)LJXUH� ������ ;�UD\� GLIIUDFWLRQ� UHVXOWV� RI�

PHDVXUHPHQWV� RQ� 1E1� ILOPV� RI� WKLFNQHVV� ����

����QP���7KH�WUDFHV�VKRZ�WKH�WUDQVLWLRQ�IURP�1E�

WR� D� į�SKDVH�1E1� DV� WKH� QLWURJHQ� FRQWHQW� ZDV�

FKDQJHG����5HSURGXFHG�IURP�>��@���
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E\�KRW�SUHVVLQJ�QLRELXP�DQG�FDUERQ�SRZGHUV�DW�DSSUR[LPDWHO\������Ԩ�LQ�WKH�UDWLR����������6LPLODU�

PHWKRGV� RI� ILOP� SURGXFWLRQ� ZHUH� HPSOR\HG� E\� +HUPDQQ�6SLW]HU� LQ� ����� WR� IDEULFDWH� QLRELXP�

FDUELGH� ILOPV� >��@�� � +H� XVHG� D� VXEVWUDWH� WHPSHUDWXUH� RI� ����Ԩ� DQG� DGGHG� PHWKDQH� WR� WKH�

VSXWWHULQJ�DWPRVSKHUH���7KH�GHSRVLWLRQ�UDWH�ZDV�DSSUR[LPDWHO\�����VHF��ZKLFK�LV�YHU\�VLPLODU�WR�

WKH�����VHF�GHSRVLWLRQ�UDWH�XVHG�E\�$XEHUW�HW�DO��LQ������WR�SURGXFH�QLRELXP�FDUERQLWULGH�ILOPV���

7KH�DYHUDJH�WKLFNQHVV�RI�WKH�ILOPV�IDEULFDWHG�E\�6SLW]HU�ZDV�����QP��

�

5DGLR�IUHTXHQF\�VSXWWHULQJ�WHFKQLTXHV�KDYH�EHHQ�XVHG�E\�0RRGHUD�HW�DO��LQ������WR�IDEULFDWH�WKLQ�

QLRELXP� FDUERQLWULGH� ILOPV� XVLQJ� KHDWHG� VDSSKLUH� VXEVWUDWHV�� � 7KH� VSXWWHULQJ� DWPRVSKHUH�

FRQVLVWHG�RI�DQ�DUJRQ��QLWURJHQ�DQG�D�F\DQRJHQ�JDV�PL[WXUH��&�1����ZKLFK�ZDV�YDULHG�WR�FRQWURO�

WKH�FDUERQ�FRQWHQW���7KH�UHVXOWLQJ�ILOP�VDPSOHV�UDQJHG�LQ�WKLFNQHVV�IURP�����ђP�WR�����ђP�DQG�

KDG�ODWWLFH�SDUDPHWHUV�EHWZHHQ�������DQG�����������0RRGHUD�HW�DO��FRQFOXGH�WKDW�WKH�DGGLWLRQ�RI�

&� LQ�1E1�VHHPV� WR� LPSURYH� WKH�TXDOLW\�RI� WKH� LQWHUJUDLQ� UHJLRQV�RU�JUDLQ�ERXQGDULHV�� WKHUHE\�

UHGXFLQJ�UHVLVWLYLW\��

������:LUH�IDEULFDWLRQ�
�

7KH�OLWHUDWXUH�FRQFHUQLQJ�WKH�IDEULFDWLRQ�RI�QLRELXP�QLWULGH��FDUELGH�DQG�FDUERQLWULGH�ZLUHV�LV�WKH�

OHDVW�DYDLODEOH�RI� WKH� WKUHH� W\SHV�RI�PDWHULDO�GLVFXVVHG� LQ� WKLV� UHYLHZ�� � ,W� LV�DVVXPHG� WKDW� WKLV�

VLWXDWLRQ� UHIOHFWV� WKH� GLIILFXOWLHV� LQYROYHG� LQ� SURGXFLQJ� ORQJ� WKLQ� ZLUHV� RI� WKHVH� UHIUDFWRU\�

FRPSRXQGV��

1LRELXP�QLWULGH�
�

$� WHFKQLTXH�XWLOLVHG� LQ� WKH�SURGXFWLRQ�RI� WKLQ� ILOPV��QDPHO\�� UHDFWLYH�VSXWWHULQJ��KDV�DOVR�EHHQ�

XWLOLVHG�E\�0RULWD�HW�DO��WR�SURGXFH�D�ORQJ�WKLQ�ZLUH�RI�VXSHUFRQGXFWLQJ�QLRELXP�QLWULGH�>��@���7R�

DFKLHYH�WKLV�WKH\�IHG�D�WXQJVWHQ�ZLUH�VXEVWUDWH�WKURXJK�WKH�FHQWUH�RI�D�QLRELXP�KROORZ�F\OLQGULFDO�

WXEH�RI�GLPHQVLRQV����PP�ORQJ�E\����PP�RXWVLGH�GLDPHWHU�DQG����PP�LQVLGH�GLDPHWHU���7KH�

IHHGLQJ�UDWH�ZDV�����PP�SHU�PLQXWH���7KH\�WKHQ�SURFHHGHG�WR�UHDFWLYHO\�VSXWWHU�WKH�QLRELXP�LQ�

DQ�DUJRQ�SDUWLDO�SUHVVXUH�RI��[�����7RUU�DQG�D�QLWURJHQ�SDUWLDO�SUHVVXUH�RI��[�����WR��[�����7RUU���

7KHVH� SDUWLDO� SUHVVXUHV� ZHUH� LPSRUWDQW� SDUDPHWHUV� WKDW� KHOSHG� FRQWURO� WKH� VXSHUFRQGXFWLQJ�

SURSHUWLHV�RI�WKH�ZLUH���

� �

1DQRPHWUH� VL]HG� QLRELXP� QLWULGH� VXSHUFRQGXFWLQJ� ZLUHV� XVHG� LQ� WKH� SURGXFWLRQ� RI� VHQVLWLYH�

PHDVXULQJ�GHYLFHV�KDYH�EHHQ�IDEULFDWHG�E\�3DWHO�HW�DO��>��@���7KHLU�PHWKRG�LQYROYHG�WZR�VWDJHV��

WKH\� ILUVW� SURGXFHG� RQH�GLPHQVLRQDO� QDQRVWUXFWXUHV� RI� 1E6H�� DQG� WKHQ� FRQYHUWHG� 1E6H��

QDQRVWUXFWXUHV� LQWR� QLRELXP�QLWULGHV�E\� DGMXVWLQJ� WKHLU� FRPSRVLWLRQ�ZKLOH�PDLQWDLQLQJ� WKHLU� �'�

QDQRVWUXFWXUH�VKDSHV�>��@���7KH\�DQQHDOHG�WKH�1E6H��QDQRVWUXFWXUHV�LQ�IORZLQJ�DPPRQLD�JDV�DW�

���������Ԩ� WR� SURGXFH� D� VXSHUFRQGXFWLQJ� PDWHULDO�� � )LJXUH� ����� VKRZV� VFDQQLQJ� HOHFWURQ�

PLFURJUDSKV�RI�WKH�QLRELXP�QLWULGH�QDQRZLUHV��DQG�QDQRULEERQV����

�
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1LRELXP�FDUERQLWULGH�
�

3LNH�HW�DO��LQ������XVHG�FKHPLFDO�YDSRXU�GHSRVLWLRQ�WR�IDEULFDWH�QLRELXP�FDUERQLWULGH�ZLUHV���$�

FDUERQ�ILODPHQW�ZDV�XVHG�DV�D�VXEVWUDWH� WKDW�ZDV�GHSRVLWHG�ZLWK�D�QLRELXP�FDUERQLWULGH� OD\HU�

UDQJLQJ� LQ� WKLFNQHVV� IURP����WR�����QP�>��@͘� �7KH� ODWWLFH�FRQVWDQW� UDQJHG� IURP�DSSUR[LPDWHO\�

����� �� WR� ����� ��� � 3LNH¶V� SULPDU\� PRWLYDWLRQ� IRU� SURGXFLQJ� WKHVH� ZLUHV� ZDV� WR� VWXG\� WKHLU�

VXSHUFRQGXFWLQJ�SURSHUWLHV���,Q�WKLV�UHVSHFW�LW�ZDV�GHVLUDEOH�WR�SURGXFH�ZLUHV�ZLWK�WKH�RSWLPXP�

VXSHUFRQGXFWLQJ�FRPSRVLWLRQ�RI�1E&���1�����KRZHYHU��3LNH�IDLOHG�WR�DFKLHYH�WKLV��

������0HFKDQLFDO�DOOR\LQJ�
�

0HFKDQLFDO�DOOR\LQJ�FRQVLVWV�RI�GHOLYHULQJ�KLJK�HQHUJ\�LPSDFWV�WR�SRZGHUHG�PDWHULDOV�WR�FDXVH�

WKH�FRQVWLWXHQW�HOHPHQWV��RU�FRPSRXQGV�� WR� IRUP�YDULRXV� �RWKHU��FRPSRXQGV�� � ,W� LV� WKH� LPSDFW�

HQHUJLHV�WKDW�GULYH�WKH�QHFHVVDU\�UHDFWLRQV�EHWZHHQ�WKH�FRQVWLWXHQWV���2QH�RI�WKH�PDLQ�EHQHILWV�

RI� XVLQJ� WKLV� PHWKRG� LV� WKDW� WKH� KLJK� WHPSHUDWXUHV� XVXDOO\� DVVRFLDWHG� ZLWK� VXFK� FRPSRXQG�

IRUPDWLRQV�GR�QRW�KDYH�WR�EH�SURGXFHG���+HQFH��H[SHQVLYH�IXUQDFHV�DQG�WKH�SUDFWLFDO�GLIILFXOWLHV�

LQYROYHG� LQ�SURWHFWLQJ� WKH�SUHFXUVRU�PDWHULDOV� IURP� WKH�DWPRVSKHUH��SULRU� WR�� GXULQJ��DQG�DIWHU�

EDNLQJ��DUH�DOOHYLDWHG��IRU�H[DPSOH���)XUWKHU�� WKH�PHWKRG�DOVR�SURGXFHV�H[WUHPHO\�ILQH�SRZGHU�

SURGXFWV�WKDW�FDQ�IDFLOLWDWH�IXUWKHU�SURFHVVLQJ�XVLQJ�GLIIHUHQW�FRPSOLPHQWDU\�WHFKQLTXHV��

� �

7KH�XVH�RI�PHFKDQLFDO�DOOR\LQJ�DV�D�WHFKQLTXH�IRU�IDEULFDWLQJ�WKH�SDUWLFXODU�PDWHULDOV�XQGHU�UHYLHZ�

KHUH��LV�QRW�ZLGHVSUHDG���7KLV�LV�SULPDULO\�GXH�WR�WKH�PDWHULDOV�WKHPVHOYHV�DQG�QRW�LQGLFDWLYH�RI�

WKH�XQSRSXODULW\�RI�WKH�WHFKQLTXH��VLQFH�PHFKDQLFDO�DOOR\LQJ�LV�UHJXODUO\�XVHG�LQ�WKH�SURGXFWLRQ�RI�

WRXJK�WRROLQJ�PDWHULDOV��IRU�H[DPSOH��

1LRELXP�QLWULGH�
�

7KH�SURGXFWLRQ�RI�QDQRFU\VWDOOLQH�QLRELXP�QLWULGH�E\�PHFKDQLFDO�DOOR\LQJ�RI�QLRELXP�LQ�D�QLWURJHQ�

DWPRVSKHUH�KDV�EHHQ�FRQGXFWHG�E\�0LNL�HW�DO��LQ������>��@���7KLV�PHWKRG�LV�RI�SDUWLFXODU�LQWHUHVW�

KHUH�GXH�WR�WKH�HTXLSPHQW�WKH\�XVHG�EHLQJ�UHDGLO\�DYDLODEOH�LQ�'XUKDP�DQG�WKH�VLPLODULWLHV�ZLWK�

WKH�WKHVLV�ZRUN�SUHVHQWHG�KHUH��

�

� �

)LJXUH�������6FDQQLQJ�HOHFWURQ�PLFURJUDSKV�RI�WKH�QDQRZLUHV�DQG�QDQRULEERQV�SURGXFHG�E\�
3DWHO�HW�DO���,PDJH��D��LV�ORZ�PDJQLILFDWLRQ�DQG�LPDJH��E��LV�KLJK�PDJQLILFDWLRQ�>��@��
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$�6SH[������PLOOLQJ�PDFKLQH�ZLWK�VWDLQOHVV�VWHHO�������YLDO�DQG�EDOOV�RI�GLDPHWHU������PP�ZHUH�

XVHG���$�EDOO�WR�SRZGHU�UDWLR�RI�������ZKLFK�LV�FORVH�WR�WKH�PRUH�FRPPRQ������UDWLR�XVHG�E\�VRPH�

RWKHU�JURXSV��ZDV�DGRSWHG���7KH�YLDO�KDG�WR�EH�FRQQHFWHG�WR�D�QLWURJHQ�JDV�FKDPEHU�LQ�RUGHU�WR�

SURYLGH�D�FRQWLQXRXV�VXSSO\�RI�QLWURJHQ�GXULQJ�WKH�PLOOLQJ�SURFHVV��ERWK�RI�ZKLFK�ZHUH�HYDFXDWHG�

SULRU� WR� UHOHDVLQJ� QLWURJHQ� LQWR� WKH� V\VWHP�� � 0LOOLQJ� IRU� WKLUW\� KRXUV� UHVXOWHG� LQ� WKH� QLRELXP�

DEVRUELQJ����DW��QLWURJHQ�JDV� �VHH�)LJXUH�������� �$V�H[SHFWHG�� SDUWLFOH� VL]H� UHGXFHG�DV� WKH�

PLOOLQJ�WLPH�LQFUHDVHG�� �$IWHU�WKLUW\�KRXUV�į�SKDVH�QLRELXP�QLWULGH��ODWWLFH�SDUDPHWHU�D ��������

DQG�į¶�SKDVH�QLRELXP�QLWULGH�ZHUH�IRUPHG���

1LRELXP�FDUERQLWULGH�
�

7KH�SURFHVV�RI�PHFKDQLFDO�DOOR\LQJ�KDV�DOVR�EHHQ�DSSOLHG�WR�WKH�IRUPDWLRQ�RI�QLRELXP�FDUERQLWULGH�

E\� &RUGRED� HW� DO�� LQ� ����� >���@�� � ,Q� PHFKDQLFDOO\� DOOR\LQJ� WKH� PDWHULDO� &RUGRED� HW� DO�� WRRN�

DGYDQWDJH� RI� PHFKDQLFDOO\� LQGXFHG� VHOI�SURSDJDWLQJ� UHDFWLRQV� LQ� ZKLFK� D� VHOI�VXVWDLQLQJ�

H[RWKHUPLF�UHDFWLRQ�SURSDJDWHV�WKURXJK�WKH�SRZGHU�FKDUJH�DV�D�FRPEXVWLRQ�SURFHVV���&RUGRED�

HPSKDVLVHV�WKDW�WKHVH�UHDFWLRQV�DUH�GLIILFXOW�WR�FUHDWH�GXH�WR�KHDW�ORVV�WR�WKH�PLOOLQJ�PHGLD�L�H��

WKH�EDOOV�DQG�YLDO�WKHPVHOYHV���+RZHYHU��WKH\�SURGXFH�D�KLJK�\LHOG�RI�SURGXFW�LQ�D�VKRUW�WLPH�ZLWK�

KLJK�SXULW\�DQG�DUH�WKHUHIRUH�DGYDQWDJHRXV���)XUWKHU��&RUGRED�HW�DO��VKRZ�WKDW�WKHVH�UHDFWLRQV�

UHVXOW�LQ�JRRG�VWRLFKLRPHWU\�FRQWURO���7HPSHUHG�VWHHO�EDOOV����LQ�WRWDO��GLDPHWHU����PP�ZLWK�ZHLJKW�

������J�HDFK��DQG�D�WHPSHUHG�VWHHO�YLDO�ZHUH�XVHG���$�)ULWVFK�SODQHWDU\�EDOO�PLOO�KDG�EHHQ�PRGLILHG�

WR�DOORZ�D�FRQWLQXRXV�JDV�FRQQHFWLRQ�WR�WKH�YLDO�WKURXJK�ZKLFK�D�FRQWLQXRXV�VXSSO\�RI�KLJK�SXULW\�

QLWURJHQ�JDV��SUHVVXULVHG� WR�EHWZHHQ���DQG����EDU��ZDV� IHG� WR� WKH�FRQWHQWV�RI� WKH�YLDO�� �7KH�

SHUPDQHQW�JDV�FRQQHFWLRQ�ZDV�PDGH�E\�D�URWDU\�YDOYH�DQG�D�IOH[LEOH�SRO\DPLGH�WXEH���7ZR�EDOO�

WR�SRZGHU�UDWLRV�ZHUH�XVHG�������DQG������ZLWK�HLWKHU���RU����J�RI�SRZGHU��1E�&����7KH�)ULWVFK�

ZDV�VHW�WR�URWDWH�EHWZHHQ�����DQG�����USP�IRU�ERWK�WKH�URWDWLRQ�RI�WKH�VXSSRUWLQJ�GLVF�DQG�WKH�

URWDWLRQ�RI� WKH�YLDO�� �7DEOH�����VXPPDULVHV� WKH�PLOOLQJ�FRQGLWLRQV� IRU����GLIIHUHQW�VDPSOHV�DQG�

)LJXUH������VKRZV�WKHLU�;5'�SDWWHUQV���,W�VKRXOG�EH�QRWHG�WKDW�IRU�QLRELXP�FDUELGH�WKH�WHPSHUDWXUH�

DW�ZKLFK� WKH�SRZGHU�PL[WXUH� LJQLWHV�DQG�D�VHOI�VXVWDLQLQJ�UHDFWLRQ�SURSDJDWHV� LV������Ԩ��RQO\�

�
)LJXUH�������$EVRUEHG�QLWURJHQ�DV�D�IXQFWLRQ�RI�PLOOLQJ�WLPH����5HSURGXFHG�IURP�>��@���
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VDPSOHV���DQG����GLG�QRW�VDWLVI\�WKLV�FRQGLWLRQ���7DEOH�����OLVWV�WKH�YDULRXV�UHVXOWV�RI�WKH�IDEULFDWLRQ�

SURFHVV�REWDLQHG�E\�;5'�� �7KH�ODWWLFH�SDUDPHWHUV�DUH�DOO� ODUJHU�WKDQ�WKRVH�RI�QLRELXP�QLWULGH��

ZKLFK� LV� WR�EH�H[SHFWHG�GXH�WR� WKH�DEVRUSWLRQ�RI�FDUERQ���+RZHYHU��PRVW�RI� WKH�SDUWLFOH�VL]HV�

FRPSDUH�IDYRXUDEO\�ZLWK�WKRVH�REWDLQHG�IRU�EXON�QLRELXP�QLWULGH�XVLQJ�QRQ�PHFKDQLFDO�SURFHVVHV�

DQG� WKHUHIRUH� WKH� LQFUHDVHG� ODWWLFH� SDUDPHWHU� LV� QRW� QHFHVVDULO\� LQFUHDVLQJ� WKH� SDUWLFOH� VL]HV�

WKHPVHOYHV��

����6XSHUFRQGXFWLQJ�SURSHUWLHV�
�

7KH�VXSHUFRQGXFWLQJ�SURSHUWLHV�RI�WKH�PDWHULDOV�GLVFXVVHG�LQ�WKLV�UHYLHZ�DUH�LQ�JHQHUDO�GHSHQGHQW�

RQ�WKH�VSHFLILF�IRUP�RI�WKH�PDWHULDO�LQ�TXHVWLRQ���)RU�LQVWDQFH��ZH�QRWH�WKDW�WKLQ�ILOPV�WHQG�WR�KDYH�

KLJKHU� WUDQVLWLRQ� WHPSHUDWXUHV� WKDQ� EXON� IRUP�� PRVW� OLNHO\� GXH� WR� VWUDLQ�� � 6XSHUFRQGXFWLQJ�

SURSHUWLHV�LQFOXGLQJ�FULWLFDO�WHPSHUDWXUH��XSSHU�FULWLFDO�ILHOG�DQG�FULWLFDO�FXUUHQW�GHQVLW\�DUH�GHDOW�

7DEOH� ����� 6XPPDU\� RI� PLOOLQJ� FRQGLWLRQV� DQG� LJQLWLRQ� WLPHV� IRU� WKH� QLRELXP�FDUERQ�PLOOHG�
VDPSOHV�E\�&RUGRED�HW�DO��>���@���7KH�LJQLWLRQ�WLPH�LV�DQ�DFWLYDWLRQ�SHULRG�GXULQJ�ZKLFK�WLPH�WKH�

SRZGHUV�DUH�PHFKDQLFDOO\�DOWHUHG���2QFH�WKH�DFWLYDWLRQ�SHULRG�LV�FRPSOHWH�WKHQ�WKH�PHFKDQLFDO�

HQHUJ\�GXH�WR�LPSDFWV�FUHDWHV�WKH�UHTXLUHG�UHDFWLRQ�WHPSHUDWXUH�WR�LQLWLDWH�WKH�PHFKDQLFDOO\�

LQGXFHG�VHOI�SURSDJDWLQJ�UHDFWLRQV��065���

�

)LJXUH�������*UDSKV� �D��DQG� �E��VKRZ� WKH�;5'�SDWWHUQV�RI� WKH�VDPSOHV� OLVWHG� LQ�7DEOH�����
DERYH�>���@���7KH�VDPSOHV���WR����DUH�WKRVH�OLVWHG�LQ�7DEOH�����DERYH��
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ZLWK� LQ� WKH� IROORZLQJ� VHFWLRQ� DQG� FDUH� LV� WDNHQ� WR� LGHQWLI\� WKH� PDWHULDOV� ZLWK� WKH� EHVW�

VXSHUFRQGXFWLQJ�SURSHUWLHV��

������&ULWLFDO�WHPSHUDWXUH�DQG�ILHOG�

1LRELXP�QLWULGH�
�

:KHQ�WKH�IDEULFDWLRQ�RI�VXSHUFRQGXFWLQJ�QLRELXP�QLWULGH�ILOPV�ZDV�LQ�LWV�LQIDQF\��LW�ZDV�GLIILFXOW�WR�

SURGXFH�ILOPV�WKDW�PDWFKHG�WKH�WUDQVLWLRQ�WHPSHUDWXUHV�RI�EXON�PDWHULDO���+RZHYHU��LQ������'HLV�

HW�DO��FDPH�YHU\�FORVH�DW�a����.�>���@�DQG�*DYDOHU�HW�DO��DOVR�SURGXFHG�WUDQVLWLRQ�WHPSHUDWXUHV�

FRPSDUDEOH�WR�EXON�IRUP�E\�HPSOR\LQJ�XOWUD�KLJK�YDFXXP�WHFKQLTXHV�WR�UHGXFH�WKH�EDFNJURXQG�

UHVLGXDO�JDV�FRQWDPLQDWLRQ�LQ�WKH�ILOPV�>�������@���

�

7KLQ�ILOPV�DUH�H[WHQVLYHO\�XVHG�LQ�HOHFWURQLF�DSSOLFDWLRQV�EXW�DUH�QRW�ZLWKRXW�WKHLU�RZQ�OLPLWDWLRQV���

)RU� LQVWDQFH��SRO\FU\VWDOOLQH�QLRELXP�QLWULGH�WKLQ�ILOPV�KDYH� ODUJH�PDJQHWLF�SHQHWUDWLRQ�GHSWKV��

ZKLFK�OLPLW�WKHLU�DSSOLFDWLRQ�LQ�KLJK�IUHTXHQF\�FLUFXLWV�>���@���)XUWKHU��WKH\�KDYH�VPDOO�FRKHUHQFH�

OHQJWKV��ZKLFK�FDXVHV�GLIILFXOW\�IRU�IDEULFDWLRQ�RI�KLJK�TXDOLW\�WXQQHO�MXQFWLRQV�>���@���,Q�UHVSRQVH�

WR� WKHVH� OLPLWDWLRQV�� VLQJOH� FU\VWDO� WKLQ� ILOPV� KDYH� EHHQ� GHYHORSHG� XVLQJ� UHDFWLYH� VSXWWHULQJ��

FKHPLFDO�YDSRXU�GHSRVLWLRQ�DQG�WKHUPDO�GLIIXVLRQ� WHFKQLTXHV�>�������@�� �$Q�H[DPSOH�RI� WKLV� LV�

SURYLGHG�E\�WKH�ZRUN�RI�:DQJ�HW�DO��ZKR�IDEULFDWHG�VLQJOH�FU\VWDO�QLRELXP�QLWULGH�WKLQ�ILOPV�LQ������

>���@���:DQJ¶V�PHWKRG�GLG�QRW�LQFOXGH�LQWHQWLRQDO�VXEVWUDWH�KHDWLQJ�EXW�WKH\�PDQDJHG�WR�SURGXFH�

D�ILOP�ZLWK�D�WUDQVLWLRQ�WHPSHUDWXUH�RI������.���$FFRUGLQJ�WR�&XNDXVNDV�HW�DO���VHH�)LJXUH�������

WKH� WUDQVLWLRQ� WHPSHUDWXUH� LV� H[SHFWHG� WR� LQFUHDVH� ZLWK� LQFUHDVLQJ� VXEVWUDWH� WHPSHUDWXUH���

+RZHYHU��:DQJ�HW�DO��HVWDEOLVKHG�WKDW�ORZHU�VSXWWHULQJ�SUHVVXUH�ZDV�WKH�UHDVRQ�IRU�WKHLU�VXFFHVV��

WKLV�FDQ�EH�VHHQ�LQ�)LJXUH��������:KLOH�:DQJ¶V�DFKLHYHPHQW�LV�FRPPHQGDEOH��.HVNDU�HW�DO��XVHG�

UDGLR�IUHTXHQF\�VSXWWHULQJ�WHFKQLTXHV�LQ������WR�SURGXFH�D�QLRELXP�QLWULGH�ILOP�ZLWK�D�PD[LPXP�

WUDQVLWLRQ�WHPSHUDWXUH�RI������.���7KLV�VWLOO�UHPDLQV�WKH�KLJKHVW�UHSRUWHG�QLRELXP�QLWULGH�WKLQ�ILOP�

WUDQVLWLRQ�WHPSHUDWXUH��

�

,Q������+RUQ�HW�DO��>���@�SURGXFHG�VXSHUFRQGXFWLQJ�QLRELXP�QLWULGH�EXON�PDWHULDO�DQG�FRQGXFWHG�

PHDVXUHPHQWV�RQ�LWV�VXSHUFRQGXFWLQJ�SURSHUWLHV���)LJXUH������VKRZV�WKHLU�PHDVXUHPHQWV�WKDW�

7DEOH������7KH�UHVXOWV�RI�;5'�PHDVXUHPHQWV�FRQGXFWHG�RQ�WKH�QLRELXP�FDUERQLWULGH�SURGXFHG�
E\�&RUGRED�HW�DO��>���@���³H´�LV�WKH�PD[LPXP�VWUDLQ��

�
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UHYHDO� WKDW�QHDU�VWRLFKLRPHWULF�QLRELXP�QLWULGH�KDV�WKH�JUHDWHVW� WUDQVLWLRQ�WHPSHUDWXUH��DSSUR[��

�����.���

�

3HQHWUDWLRQ�GHSWK�PHDVXUHPHQWV�RQ�VLQJOH�FU\VWDO�QLRELXP�QLWULGH�ILOPV�KDYH�EHHQ�FRQGXFWHG�E\�

.RPL\DPD�HW�DO�� >���@�� �7KHLU� UHVXOWV�DUH�VKRZQ� LQ�)LJXUH�������$W� ]HUR�.HOYLQ� WKH�FDOFXODWHG�

SHQHWUDWLRQ�GHSWK�ZDV�����QP��ZKLFK� LV�QHDUO\�KDOI� WKH�YDOXH�UHSRUWHG�IRU�SRO\FU\VWDOOLQH�ILOPV�

>���@��

�

%XON�IRUP�QLRELXP�QLWULGH�ZDV�IDEULFDWHG�E\�:DWDUL�HW�DO�� LQ�������VHH�)LJXUH�������>��@���7KH\�

GHWHUPLQHG�WKDW�WKH�ODWWLFH�FRQVWDQW�DQG� ௖ܶ�RI�WKH�į�SKDVH�YDULHV�ZLWK�WKH�1�1E�UDWLR���7KH�HIIHFW�

RI� WKH�1�1E� UDWLR� RQ� WKH� ODWWLFH� FRQVWDQW�ZDV�DOVR� REVHUYHG�E\� 7URLWVNL\�HW� DO�� >���@� DQG�0LNL�

�

�
)LJXUH�������7KH�UHVXOWV�RI�&XNDXVNDV�HW�HO��
LQYHVWLJDWLRQ� LQWR� WKH� HIIHFW� RI� VXEVWUDWH�

WHPSHUDWXUH�RQ�WUDQVLWLRQ�WHPSHUDWXUH�RI�U�I��

VSXWWHUHG�1E1�WKLQ�ILOP�>��@��

)LJXUH� ������ 7UDQVLWLRQ� WHPSHUDWXUH� DQG�

UHVLVWLYLW\� DV� D� IXQFWLRQ� RI� WRWDO� SUHVVXUH� LQ�

DFFRUGDQFH�ZLWK�:DQJ�HW�DO��>���@��

�
)LJXUH�������8SSHU�JUDSK��VXSHUFRQGXFWLQJ� WUDQVLWLRQ� WHPSHUDWXUH�DV�D� IXQFWLRQ�RI�QLWURJHQ�
FRQWHQW���/RZHU�JUDSK��QLWURJHQ�FRQWHQW�DV�D�IXQFWLRQ�RI�UHDFWLRQ�WHPSHUDWXUH���+RUQ�HW�DO��>���@�
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HW�DO��>��@���7KH�PD[LPXP�ODWWLFH�FRQVWDQW�DFFRUGLQJ�WR�:DWDUL�HW�DO��RFFXUUHG�DW�D�1�1E�UDWLR�RI�

�����DQG�D�UDWLR�RI������OHG�WR�WKH�PD[LPXP�WUDQVLWLRQ�WHPSHUDWXUH�RI������.��DIWHU�DQQHDOLQJ����

7KLV�LV�WKH�KLJKHVW� ௖ܶ�UHSRUWHG�IRU�EXON�IRUP�QLRELXP�QLWULGH�IDEULFDWHG�DW�DWPRVSKHULF�SUHVVXUH��

�

7KH�HIIHFW�RI�SDUWLFOH�VL]H�RQ�WUDQVLWLRQ�WHPSHUDWXUH�KDV�EHHQ�LQYHVWLJDWHG�E\�D�QXPEHU�RI�JURXSV�

LQFOXGLQJ�6KL�HW�DO�� >���@�ZKR�VD\� WKDW�GLIIHUHQFHV� LQ�SDUWLFOH� VL]H�KDG� YHU\� OLWWOH� HIIHFW�RQ� WKH�

WUDQVLWLRQ� WHPSHUDWXUH�RI� WKHLU�PDWHULDO� ������.��� �7KLV� LV�QRW� WKH�FDVH�ZLWK�XSSHU�FULWLFDO� ILHOG��

KRZHYHU�� � 6WXGLHV� FRQGXFWHG� E\� 7URLWVNL\� HW� DO�� VKRZ� WKDW� SRZGHUV� ZLWK�PHDQ� JUDLQ� VL]HV� RI�

a����QP�KDYH�XSSHU�FULWLFDO�PDJQHWLF�ILHOGV�RI�DERXW����7�DQG�SDUWLFOH�VL]HV�RI�OHVV�WKDQ����QP�

KDYHܤ�௖ଶ�RI�DOPRVW����7�>���@��

1LRELXP�FDUELGH�DQG�FDUERQLWULGH�
�

7KH�HPSKDVLV�LQ�WKLV�VHFWLRQ�LV�JLYHQ�WR�QLRELXP�FDUERQLWULGH���$OWKRXJK�WKH�OLWHUDWXUH�LV�VFDUFH��LW�

PDNHV� FOHDU� WKH� VXSHULRU� VXSHUFRQGXFWLQJ� SURSHUWLHV� RI� WKH� FDUERQLWULGH�� � 3URGXFLQJ� VROLG�

VROXWLRQV� RI� QLRELXP� FDUELGH� DQG� QLRELXP� QLWULGH� LV� D� GLUHFW� URXWH� WR� WKH� IRUPDWLRQ� RI�

VXSHUFRQGXFWLQJ�QLRELXP�FDUERQLWULGH��VR�QLRELXP�QLWULGH�LV�DOVR�GLVFXVVHG�LQ�WKLV�VHFWLRQ��

�

([SHULPHQWV�GHVLJQHG� WR�GHWHUPLQH� WKH�HIIHFW�RI�FRPSRVLWLRQ�RQ� WKH� WUDQVLWLRQ� WHPSHUDWXUH�RI�

QLRELXP�FDUELGH�ZHUH�FRQGXFWHG�E\�*LRUJL�HW�DO��LQ������>��@���7KH\�FRQFOXGHG�WKDW�WKH�KLJKHVW�

FULWLFDO�WHPSHUDWXUH�ZDV�UHDFKHG�IRU�WKH�VWRLFKLRPHWULF�FRPSRVLWLRQ��DV�VKRZQ�LQ�7DEOH�������7KHVH�

UHVXOWV�ZHUH�GHULYHG� IURP�PHDVXUHPHQWV�PDGH�RQ�EXON�PDWHULDO�� KRZHYHU�� LQ� �����6KL�HW� DO��

SXEOLVKHG� UHVXOWV� IURP�PHDVXUHPHQWV� REWDLQHG� RQ� QLRELXP� FDUELGH� QDQRWXEHV� IRU� ZKLFK� WKH�

)LJXUH�������3HQHWUDWLRQ�GHSWK�DV�D�IXQFWLRQ�RI�
WHPSHUDWXUH� RI� VLQJOH� FU\VWDO� QLRELXP� QLWULGH�

ILOPV�>���@��

)LJXUH� ������ /DWWLFH� FRQVWDQW� �D��� DQG�

DWRPLF� UDWLR�1�1E�DV�D� IXQFWLRQ�RI� UHDFWLRQ�

WHPSHUDWXUH���:DWDUL�HW�DO��>��@��
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WUDQVLWLRQ� WHPSHUDWXUH� ZDV� ����� .� >��@�� � 7KH\� DOVR� FRPPHQW� WKDW� ௖ܶ� YDULHV� ZLWK� FDUERQ�

VWRLFKLRPHWU\�LQ�1E&[��DQG�WKH� ௖ܶ ��a���.�FRUUHVSRQGV�WR�[ ������ZKLFK�LV�FRQVLVWHQW�ZLWK�WKH�

ZRUN�RI�*LRUJL�HW�DO��

�

$V�ORQJ�DJR�DV������0DWWKLDV�UHDOLVHG�WKDW�D�ULVH�LQ�XQLW�FHOO�YROXPH�WHQGV�WR�LQFUHDVH�WKH�WUDQVLWLRQ�

WHPSHUDWXUH�RI�VXSHUFRQGXFWLQJ�PDWHULDOV�>���@���,W�ZDV�DOVR�NQRZQ�WKDW�WKH�LQFOXVLRQ�RI�FDUERQ�

UHVXOWV�LQ�VXFK�D�YROXPH�LQFUHDVH���&RQVHTXHQWO\��0DWWKLDV�HW�DO��LQFUHDVHG�WKH�ODWWLFH�E\�IRUPLQJ�

VROLG�VROXWLRQV�EHWZHHQ�1E&�DQG�1E1�� �7KLV� UHVXOWHG� LQ�D�PD[LPXP� WUDQVLWLRQ� WHPSHUDWXUH�RI�

�����.�IRU�D�QLRELXP�FDUELGH�FRQWHQW�RI�EHWZHHQ����DQG����SHUFHQW���7KHVH�ILQGLQJV�FRUUHODWH�ZHOO�

ZLWK�WKRVH�REWDLQHG�E\�:LOODPV�HW�DO��LQ�������LQ�ZKLFK�D�PD[LPXP�WUDQVLWLRQ�WHPSHUDWXUH�RI������.�

ZDV�FRQILUPHG���7KLV�WUDQVLWLRQ�WHPSHUDWXUH�DFWXDOO\�VXSHUVHGHV�WKDW�RI�QLRELXP�QLWULGH�LQ�WKLQ�ILOP�

IRUP� �ZKLFK� LV� ����� .��� � %RWK� 0DWWKLDV� DQG�:LOOLDPV� KDYH� SURGXFHG� WKH� EHVW� EXON� QLRELXP�

FDUERQLWULGH�>�������@��

�

$WWHPSWV�E\�*DYDOHU�HW�DO��LQ������WR�IDEULFDWH�WKLQ�ILOPV�RI�QLRELXP�FDUERQLWULGH�WKDW�PDWFKHG��RU�

HYHQ�VXSHUVHGHG��WKLV�EXON�YDOXH�RI������.�ZHUH�GLVDSSRLQWLQJ��7KH\�XVHG�GF�GLRGH�VSXWWHULQJ�

ZLWK�D�FRPSRVLWLRQ�VLPLODU�WR�WKH�RSWLPXP�UHSRUWHG�IRU�WKH�EXON�V\VWHP�L�H��1E&���1����>��@���7KH\�

DFKLHYHG� D� WUDQVLWLRQ� WHPSHUDWXUH� RI� ����� .�� � +RZHYHU�� WKH\� DOVR� UHSRUWHG� D� FRUUHVSRQGLQJ�

GHFUHDVH�LQ�RWKHU�FULWLFDO�YDOXHV�VXFK�DV�FXUUHQW�GHQVLW\�DQG�XSSHU�FULWLFDO�PDJQHWLF�ILHOG���7KH\�

DWWULEXWH�WKHVH�SRRUHU�SURSHUWLHV�WR�IHZHU�GLVORFDWLRQV�DQG�JUDLQ�ERXQGDULHV��ZKLFK�UHGXFHG�WKH�

WRWDO�QXPEHU�RI�SLQQLQJ�FHQWUHV�LQ�WKHLU�ILOPV���7UDQVLWLRQ�WHPSHUDWXUHV�EHWZHHQ������DQG������.�

IRU�QLRELXP�FDUERQLWULGH�ILOPV�KDYH�EHHQ�SURGXFHG�E\�0RRGHUD�HW�DO��LQ������>���@���7KHVH�ILOPV�

KDG�DQ�XSSHU�FULWLFDO�ILHOG�RI�EHWZHHQ����DQG����7�DQG�D�SHQHWUDWLRQ�GHSWK�RI�����Ŷŵ�WR�����Ŷŵ��

�

7DEOH������)XQGDPHQWDO�SURSHUWLHV�RI�VXSHUFRQGXFWLQJ�
QLRELXP�QLWULGH��EXON��>���@�� ��D��7KLV�YDOXH�KDV�EHHQ�

LQFUHDVHG�WR������.�LQ�WKLQ�ILOP�>��@����E��7KLV�YDOXH�KDV�

EHHQ�GHFUHDVHG�WR�����QP�LQ�WKLQ�ILOP�>���@��

� 7DEOH� ����� 7UDQVLWLRQ�

WHPSHUDWXUHV� RI� YDULRXV�

FRPSRVLWLRQV�RI�QLRELXP�FDUELGH�

E\�*LRUJL�HW�DO��>��@��

௖ܶ��.�� ��QP��ߦ ��QP��ߣ
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It is clear that the structure of the material plays an essential role in determining its 

superconducting properties.  Troitskiy et al., who worked on the production of ultrafine niobium 

carbonitride powders with particle sizes in the range 20 to 60 nm [106], compared standard bulk 

material with their ultrafine material and found the lattice of these powders to be smaller; although, 

after annealing, the lattice parameters increased to match those of the standard bulk material.  

They also found that their ultrafine niobium carbonitride, with the composition NbC0.2N0.8, had an 

upper critical field three times that of the standard bulk material approaching ~42 T (this is 

supported by Figure 3.25).  With regard to upper critical magnetic field, Troitskiy’s material is 

undoubtedly the best.  Figure 3.26 is from early work conducted by Pessall et al. in 1965 that also 

shows the same compositional trend as Troitskiy’s work.  It also confirms the increase in lattice 

parameter with increasing carbon content. 

3.5.2 Critical current 
 

Critical current measurements on superconducting niobium nitride, carbide and carbonitride are 

extremely rare.  However, those measurements that have been conducted, which are pertinent 

to this review, will be discussed in this section.  No attempt is made to segregate the discussion 

into the different materials or their differing forms in order to emphasise the critical current 

measurements themselves. 

 

Suzuki et al. [111] have conducted the most promising and exciting critical current density 

measurements.  The value of 𝐽𝑐 for their sputtered niobium nitride films have been included in 

Figure 3.27, which shows the critical current densities for different applied magnetic fields of some 

Type II superconductors.  Suzuki’s niobium nitride films are anisotropic and Figure 3.27 shows 

the results for two orientations, 𝐁⊥, and 𝐁∥.  The critical current density of these niobium nitride  

 
 

Figure 3.25: Upper critical field (T) as a 

function of niobium carbide composition.  

Curve 1 represents normal bulk material 

whereas curve 2 represents the ultrafine 

powder produced by Troitskiy et al. [106] 

Figure 3.26: Upper critical field as a function 

of niobium carbide composition.  Work 

conducted by Pessall et al. [77]. 
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�
)LJXUH�������7KH�FULWLFDO�FXUUHQW�GHQVLW\�DV�D�IXQFWLRQ�RI�DSSOLHG�PDJQHWLF�ILHOG�IRU�D�QXPEHU�RI�

7\SH�,,�VXSHUFRQGXFWRUV���7KH�EODFN�VTXDUH�V\PEROV�UHSUHVHQW�WKH�1E1�VSXWWHUHG�ILOP�LQ�WZR�

RULHQWDWLRQV�LQ�DFFRUG�ZLWK�WKH�ILQGLQJV�RI�6X]XNL�HW�DO��>���@����*UDSK�DGDSWHG�IURP�>���@���
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WKLQ�ILOPV�LV�JUHDWHU�WKDQ�WKH�LPSRUWDQW�FRPPHUFLDO�PDWHULDOV�1E7L�DQG�1E�6Q���*LYHQ�WKH�LQFUHDVH�

LQ�WKH�VXSHUFRQGXFWLQJ�WUDQVLWLRQ�WHPSHUDWXUH�RI�EXON�PDWHULDO�DIIRUGHG�E\�WKH�LQFOXVLRQ�RI�FDUERQ��

DQG�WKH�LQFUHDVH�LQ�XSSHU�FULWLFDO�ILHOG�FDXVHG�E\�D�UHGXFWLRQ�LQ�SDUWLFOH�VL]H��6X]XNL¶V�UHVXOWV�DUH�

YHU\� HQFRXUDJLQJ�� � $W� WKH� YHU\� OHDVW� LW� VKRZV� WKDW� VXFK� FULWLFDO� FXUUHQWV� DUH� DFKLHYDEOH���

8QIRUWXQDWHO\��WKHܬ�௖�UHVXOWV�REWDLQHG�E\�3HVVDOO�HW�DO��RQ�YDULRXV�FRPSRVLWLRQV�RI�EXON�QLRELXP�

FDUELGHV� DUH�PXFK� ORZHU�� SDUWLFXODUO\� LQ� KLJK�PDJQHWLF� ILHOGV� >��@�� � )LJXUH� ����� UHYHDOV� WKHLU�

ILQGLQJV���

�

:KLOH�3HVVDOO¶V� �௖ܬ UHVXOWV�DUH�QR�PDWFK� IRU�6X]XNL¶V�� WKH\�VWDWH� WKDW� WKHLU�VDPSOHV�H[KLELWHG�D�

SRURVLW\�EHWZHHQ����DQG������DQG�WKDW�WKLV�SRURVLW\�ZDV�QRW�FRQVWDQW�DORQJ�WKH�OHQJWK�RI�WKHLU�

VDPSOHV��DQG� WKHUHIRUH�� WKH�FXUUHQW�GHQVLW\�GHSLFWHG� LQ�)LJXUH� �����FRXOG�DFWXDOO\� EH�DW� OHDVW�

GRXEOH�WKRVH�VKRZQ�>��@���7KLV�UHDVRQLQJ�LV�PRUH�WKDQ�VXSSRUWHG�E\�6SLW]HU�ZKR�ODWHU�SURGXFHG�

QLRELXP�FDUELGH�ILOPV�ZLWKܬ�௖Ԣݏ�LQ�WKH�UDQJH���WR����[����$�FP��>��@���$QRWKHU�SRLQW�WR�EH�QRWHG�

DERXW�3HVVDOO¶V�ZRUN�LV�WKDW�LW�ZDV�FRQGXFWHG�LQ�������WKHUHIRUH��WKHLU�FRQFHUQV�DERXW�WKH�TXDOLW\�

RI�WKHLU�PDWHULDO�DUH�UHLQIRUFHG�E\�WKH�LQFUHDVH�LQ�WKH�TXDOLW\�RI�WKH�SURGXFWLRQ�PHWKRGV�WKDW�KDYH�

RFFXUUHG�VLQFH��

�

)LJXUH� ����� VKRZV� WKH� FULWLFDO� FXUUHQW� UHVXOWV� IRU� WZR�1E1�VLQWHUHG� FRPSDFWV�� RQH� VLQWHUHG� LQ�

���DWP�1��DQG�WKH�RWKHU�LQ���DWP�1��E\�3RZHOO�HW�DO���>��@���3RZHO�HW�DO��DOVR�FRQGXFWHG�FULWLFDO�

FXUUHQW�PHDVXUHPHQWV�RQ�WKHLU�QLRELXP�FDUELGH���7KHLU�UHVXOWV�ZHUH�H[WUHPHO\�³GLVDSSRLQWLQJ´�ZLWK�

� �
)LJXUH� ������ &ULWLFDO� FXUUHQW� GHQVLW\� DV� D�
IXQFWLRQ� RI� PDJQHWLF� ILHOG� IRU� QLRELXP�

FDUERQLWULGH���0DWHULDO�SURGXFHG�E\�3HVVDOO�HW�

DO��>��@���7KH�QXPEHUV�LQGLFDWH�WKH�PROH���RI�

1E&�LQ�1E1��

)LJXUH� ������ &ULWLFDO� FXUUHQW� GHQVLW\� DV� D�
IXQFWLRQ�RI�PDJQHWLF� ILHOG� IRU� WZR�VDPSOHV�RI�

QLRELXP�QLWULGH�VLQWHUHG�FRPSDFWV���3RZHOO�HW�

DO��>��@��
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�௖�YDOXHV�ZHUH�SHUKDSV�D�UHVXOW�RIܬ�௖�OHVV�WKDQ��[����$�FP����+RZHYHU��WKH\�EHOLHYH�WKDW�WKH�ORZܬ

H[FHVV�FDUERQ�DW�WKH�JUDLQ�ERXQGDULHV���,W�VKRXOG�EH�QRWHG�WKDW�3RZHOO�HW�DO��SDLG�PRVW�DWWHQWLRQ�

WR�WKHLU�QLRELXP�QLWULGH�DQG�GLG�QRW�SXUVXH�DQ\�LPSURYHPHQW�LQ�WKHLU�QLRELXP�FDUELGH�SURGXFWLRQ�

WHFKQLTXH���7KHUHIRUH��WKHLU�UHVXOWV�VKRXOG�QRW�EH�YLHZHG�DV�D� OLPLWLQJ�FKDUDFWHULVWLF�RI�QLRELXP�

FDUELGH�LWVHOI�EXW�PRUH�DV�D�OLPLWHG�DWWHPSW�DW�LWV�IDEULFDWLRQ��

�

:RUN�FRQGXFWHG�E\�(NLQ�HW�DO��VKRZV�WKDW� WKH�FULWLFDO�FXUUHQW�RI�QLRELXP�QLWULGH� WKLQ� ILOP� LV�QRW�

DIIHFWHG�E\�XQLD[LDO�VWUDLQ�EHWZHHQ�PDJQHWLF�ILHOGV���WR����7���7KLV�FDQ�EH�VHHQ�LQ�)LJXUH��������

7KHVH�SDUWLFXODU�ILOPV�ZHUH�SUHSDUHG�E\�D�UHDFWLYH�VSXWWHULQJ�WHFKQLTXH�GHYHORSHG�E\�*DYDOHU�HW�

DO��>���@���

�

7KH�VLWXDWLRQ� UHJDUGLQJ� WKH�UHSRUWHG�PHDVXUHPHQWV�RI� WKH�FULWLFDO�FXUUHQW�GHQVLWLHV�RI�QLRELXP�

QLWULGH� DQG� FDUELGH� LV� D� WDOH� RI� WZR�H[WUHPHV�� �$W� RQH�H[WUHPH�ZH� KDYH� WKH�H[FHOOHQW� UHVXOWV�

UHSRUWHG� E\� 6X]XNL� HW� DO�� RQ� QLRELXP� QLWULGH� WKLQ� ILOPV�� ZKLOH� DW� WKH� RWKHU� H[WUHPH� ZH� KDYH�

GLVDSSRLQWLQJ� UHVXOWV� UHSRUWHG� RQ� EXON� PDWHULDO�� � 7KLV� LPSDVVH�� UDWKHU� WKDQ� UHYHDOLQJ� WKH�

LQDGHTXDFLHV� RI� WKH� PDWHULDOV� LQ� WKHLU� EXON� IRUP�� DFWXDOO\� UHYHDOV� WKH� LQDGHTXDFLHV� RI� WKHVH�

SUHYLRXV�DWWHPSWV�DW�SURGXFLQJ�WKH�PDWHULDOV��

����&RQFOXGLQJ�FRPPHQWV�
�

7KHUH� KDV� EHHQ� D� QXPEHU� RI� HIIRUWV� RYHU� DQ� H[WHQGHG� SHULRG� RI� WLPH� WR� LPSURYH� WKH�

VXSHUFRQGXFWLQJ�SURSHUWLHV� RI� QLRELXP�QLWULGH�� QLRELXP�FDUELGH� DQG� QLRELXP�FDUERQLWULGH��7KH�

PRVW�XWLOLVHG�IRUPV�RI�IDEULFDWLRQ�WHFKQLTXH�KDYH�UDQJHG�IURP�WKH�UHDFWLRQ�RI�QLRELXP�FRQWDLQLQJ�

FRPSRXQGV�ZLWK�QLWURJHQ�FRQWDLQLQJ�JDVHV��LQ�WKH�FDVH�RI�QLRELXP�QLWULGH�IRUPDWLRQ��DQG�WKH�GLUHFW�

UHDFWLRQ�DW�KLJK�WHPSHUDWXUH�EHWZHHQ�QLRELXP�DQG�JUDSKLWH��LQ�WKH�FDVH�RI�QLRELXP�FDUELGH����7KH�

IDEULFDWLRQ� RI� EXON� IRUP� QLRELXP� FDUERQLWULGH� KDV� DOVR� SULPDULO\� LQYROYHG� WKH� GLUHFW� KLJK�

WHPSHUDWXUH�UHDFWLRQ�EHWZHHQ�QLRELXP�QLWULGH�DQG�QLRELXP�FDUELGH����

�

�
)LJXUH�������&ULWLFDO�FXUUHQW�GHQVLW\�DV�D�IXQFWLRQ�RI�VWUDLQ�DSSOLHG�WR�D�VDPSOH�RI�QLRELXP�QLWULGH�
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2I�WKH�IDEULFDWLRQ�WHFKQLTXHV�GLVFXVVHG�LQ�WKLV�UHYLHZ��QR�RQH�WHFKQLTXH�FDQ�EH�UHJDUGHG�DV�EHLQJ�

WKH�EHVW��VLQFH�HDFK�KDV�LWV�RZQ�PHULWV���,W�LV�WKHUHIRUH�D�PDWWHU�RI�VHOHFWLQJ�WKH�PHWKRG�WKDW�EHVW�

PDWFKHV�WKH�DYDLODEOH� IDFLOLWLHV�DQG�H[SHUWLVH�� �)RU�H[DPSOH�� ORZ� WHPSHUDWXUH� IDEULFDWLRQ�RI�DOO�

WKUHH�PDWHULDOV�LV�SRVVLEOH��XQIRUWXQDWHO\��WKLV�URXWH�LV�DFFRPSDQLHG�E\�DQ�LQFUHDVH�LQ�SUHFXUVRU�

SUHSDUDWLRQ�DQG�D�PRUH�FRPSOLFDWHG�IDEULFDWLRQ�SURFHVV���7KHVH�FRPSOLFDWLRQV��KRZHYHU��FDQ�EH�

DYRLGHG�DW�WKH�H[SHQVH�RI�LQFUHDVHG�UHDFWLRQ�WHPSHUDWXUHV���7KHUH�DUH�WKHUHIRUH�WZR�PDMRU�URXWHV�

WKDW�FDQ�EH�WDNHQ��D�ORZ�WHPSHUDWXUH�RU�D�KLJK�WHPSHUDWXUH�URXWH���7KH�IDFLOLWLHV�DQG�H[SHUWLVH�DW�

KDQG�GLFWDWHG�WKDW�WKH�KLJK�WHPSHUDWXUH�URXWH�VKRXOG�EH�WKH�RQH�DGRSWHG�IRU�WKLV�WKHVLV�ZRUN��

�

,W� LV�DSSDUHQW� WKDW�DOO� WKUHH�GLIIHULQJ� IRUPV�RI�PDWHULDO� L�H��EXON�� ILOP�DQG�ZLUH��DOO�KDYH�GLIIHUHQW�

VXSHUFRQGXFWLQJ�OLPLWV���)RU�LQVWDQFH��WKH�FXUUHQW�PD[LPXP�WUDQVLWLRQ�WHPSHUDWXUH�RI������.�LQ�D�

QLRELXP�QLWULGH�WKLQ�ILOP�KDV�EHHQ�SURGXFHG�E\�.HVNDU�HW�DO���+RZHYHU��WKH�FXUUHQW�OLPLW�IRU�QLRELXP�

QLWULGH�LQ�EXON�IRUP�LV�RQO\������.��SURGXFHG�E\�:DWDUL�HW�DO��±�RWKHU�JURXSV�ZLWK� ௖ܶ�LQ�WKLV�UHJLRQ�

LQFOXGH�+RUQ�HW�DO���7URLWVN\�HW�DO��DQG�0LNL�HW�DO�����*LRUJL�HW�DO��KDYH�SURGXFHG�QLRELXP�FDUELGH�

ZLWK�D�WUDQVLWLRQ�WHPSHUDWXUH�RI������.�LQ�EXON�IRUP���7KLV�LV�H[WUHPHO\�FORVH�WR�WKH�FXUUHQW�OLPLW�RI�

�����.��ZKLFK�ZDV�WKH�UHVXOW�RI�6KL�HW�DO�¶V�SURGXFWLRQ�RI�QLRELXP�FDUELGH�QDQRWXEHV��
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:KLOH�LW�LV�QRW�SUXGHQW�WR�VLQJOH�RXW�DQ\�RQH�SDUWLFXODU�IDEULFDWLRQ�WHFKQLTXH�DV�EHLQJ�WKH�EHVW��WKH�

VDPH�FDQQRW�EH�VDLG�IRU�WKH�PDWHULDOV�WKHPVHOYHV���7KH�PD[LPXP�YDOXHV�GLVFXVVHG�VR�IDU��DV�

LPSURYHG�DV�WKH\�DUH��DUH�GHILFLHQW�LQ�FRPSDULVRQ�WR�WKDW�RI�QLRELXP�FDUERQLWULGH�EXON�PDWHULDO���

%RWK�0DWWKLDV�HW�DO��DQG�:LOOLDPV�HW�DO��PDQDJHG�WR�SURGXFH�QLRELXP�FDUERQLWULGH�ZLWK�D�WUDQVLWLRQ�

WHPSHUDWXUH�FORVH�WR������.���7KLV�YDOXH�LV�HYHQ�VXSHULRU�WR�WKDW�RI�WKH�WKLQ�ILOP�IRUP��ZKLFK�LV�

DURXQG������.�� � 7KLV� VKRZV� WKDW� QLRELXP�FDUERQLWULGH� LV� E\� IDU� WKH� EHVW�PDWHULDO� RI� WKH� WKUHH�

UHYLHZHG�LQ�WKLV�FKDSWHU��DV�IDU�DV�WUDQVLWLRQ�WHPSHUDWXUH�LV�FRQFHUQHG��

�

2I�FRXUVH�� WUDQVLWLRQ� WHPSHUDWXUH� LV�QRW� WKH�RQO\�VXSHUFRQGXFWLQJ�SURSHUW\�RI� LQWHUHVW�DQG� WKLV�

FKDSWHU�KDV�GHDOW�ZLWK�RWKHU�FKDUDFWHULVWLFV��PRVW�QRWDEO\��WKH�XSSHU�FULWLFDO�PDJQHWLF�ILHOG��ZKLFK�

LQ�WKH�FDVH�RI�QLRELXP�FDUERQLWULGH�LV�DSSUR[LPDWHO\����7���7KLV�LV���7�OHVV�WKDQ�EXON�IRUP�QLRELXP�

QLWULGH���)RUWXQDWHO\��ZRUN�FRQGXFWHG�E\�7URLWVNL\�HW�DO��VKRZV�WKDW�WKLV����7�FULWLFDO�ILHOG�FDQ�EH�

UDLVHG�WR�DSSUR[LPDWHO\����7�E\�SURGXFLQJ�D�QDQRFU\VWDOOLQH�SRZGHU���6LPLODU�ZRUN�E\�7URLWVNL\�

ZLWK� QLRELXP� QLWULGH� RQO\� PDQDJHG� WR� UDLVH� LWV� XSSHU� FULWLFDO� ILHOG� WR� a��� 7�� � 7KHUHIRUH�� WKH�

VXSHULRULW\�RI�QLRELXP�FDUERQLWULGH�RYHU�QLRELXP�FDUELGH�DQG�QLRELXP�QLWULGH�LV�REYLRXV��

�

7KH�KLJKHVW�WUDQVLWLRQ�WHPSHUDWXUH�KDV�EHHQ�DFKLHYHG�E\�:LOOLDPV�HW�DO���DQG�RWKHU�JURXSV��ZKLOH�

WKH�KLJKHVW�XSSHU�FULWLFDO�ILHOG�KDV�EHHQ�DFKLHYHG�E\�7URLWVNL\�HW�DO���5DWKHU�WKDQ�FRQWLQXH�WR�WUHDW�

WKHVH�WZR�SURSHUWLHV�LQ�UHODWLYH�LVRODWLRQ�RI�HDFK�RWKHU��WKH�QH[W�ORJLFDO�VWHS�LV�WKH�DPDOJDPDWLRQ�

RI� WKLV�SUHYLRXV�ZRUN� WR�DWWHPSW� WR�SURGXFH�EXON� IRUP�QLRELXP�FDUERQLWULGH�ZLWK� WKH�YHU\� EHVW�

WUDQVLWLRQ� WHPSHUDWXUH�� XSSHU� FULWLFDO� ILHOG�� DQG� SRVVLEO\� FULWLFDO� FXUUHQW� GHQVLW\�� � 1LRELXP�

FDUERQLWULGH� LV� DQ�REYLRXV� URXWH� WR� REWDLQLQJ� VXSHULRU� VXSHUFRQGXFWLQJ� SURSHUWLHV� LQ� D� UREXVW��

UHIUDFWRU\�� ORZ� WHPSHUDWXUH�VXSHUFRQGXFWRU� WKDW�FRXOG�SRVVLEO\� EH� LQFOXGHG� LQ� WKH�FDWHJRU\�RI�

ZRUNKRUVH�PDWHULDOV�IRU�IXWXUH�DSSOLFDWLRQV����
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�VHH�&KDSWHU���IRU�GHWDLOV����7KLV�FKDSWHU�GHDOV�VSHFLILFDOO\�ZLWK�WKH�URXWH�DGRSWHG�E\�XV��ZKLFK�

ILUVW�LQYROYHG�WKH�SURGXFWLRQ�RI�WZR�EDWFKHV�RI�KLJK�TXDOLW\��VLQJOH�SKDVH��PLFURFU\VWDOOLQH�PDWHULDO�

E\�VROLG�VWDWH�UHDFWLRQ�RI�SUHFXUVRU�SRZGHUV���7KLV�IDEULFDWHG�PLFURFU\VWDOOLQH�PDWHULDO�ZDV�WKHQ�

VXEMHFWHG�WR�JULQGLQJ�DQG�LPSDFW�PHFKDQLVPV�WKURXJK�PHFKDQLFDO�EDOO�PLOOLQJ�WKDW�VXEVWDQWLDOO\�

UHGXFHG�JUDLQ�VL]H�DQG�SURGXFHG�DQ�DPRUSKRXV�SRZGHU���7KH�PLOOHG�SRZGHU�ZDV�WKHQ�SUHVVHG�

LQ� D� KLJK� KHDW�� KLJK� SUHVVXUH� HQYLURQPHQW� �KRW� LVRVWDWLF� SUHVV� DW� ����� EDU�� WR� JURZ� ODUJHU�

QDQRFU\VWDOOLQH�JUDLQV�ZLWKLQ�D�GHQVH�VROLG�FRPSDFW���7KH�IROORZLQJ�VHFWLRQV�GHWDLO�WKH�IDEULFDWLRQ�

SURFHVVHV�WKHPVHOYHV��WKH�PHWKRGRORJLHV�DGRSWHG�DQG�WKH�QLRELXP�FDUERQLWULGH��1E&1��VDPSOHV�

SURGXFHG��

����)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�PDWHULDO�

������3UHOLPLQDU\�H[SHULPHQWV�
�

7KHUH�DUH�D�QXPEHU�RI�GLIIHUHQW�HOHPHQWDO�DQG�RU�FRPSRXQG�SUHFXUVRU�FRPELQDWLRQV�WKDW�FDQ�EH�

XVHG�WR� IRUP�1E&1�ZLWKLQ�D�QXPEHU�RI�GLIIHUHQW�WUHDWPHQW�FRQGLWLRQV���:H�GHFLGHG�WR�DGRSW�D�

VROLG�VWDWH� IDEULFDWLRQ� DSSURDFK�� ZKLFK� �DV�&KDSWHU� �� VKRZV�� KDV� WKH� DGYDQWDJH� RI� UHTXLULQJ�

UHODWLYHO\�VWUDLJKWIRUZDUG�KDUGZDUH�EXW�WKH�GLVDGYDQWDJH�RI�IDEULFDWLRQ�DW�YHU\�KLJK�WHPSHUDWXUHV���

:H� VWDUWHG� E\� SHUIRUPLQJ� SUHOLPLQDU\� H[SHULPHQWV� GHVLJQHG� WR� GHWHUPLQH� WKH� SUHFXUVRU�

FRPELQDWLRQ� DQG� WUHDWPHQW� FRQGLWLRQV� UHTXLUHG� WR� SURGXFH� WKH� YHU\� EHVW� PDWHULDO� IURP� WKH�

DYDLODEOH�HTXLSPHQW�� �7DEOH�����VXPPDULVHV�WKH�����VDPSOHV�SURGXFHG�XVLQJ����LQGHSHQGHQW�

KHDW�WUHDWPHQWV�XVLQJ�IDEULFDWLRQ�WHPSHUDWXUHV�XS�WR������Σ&���

�

7KH�HDUO\�EDWFKHV�RI�VLQWHUHG�1E&1�SHOOHWV��WKH�ILUVW����LQ�7DEOH������ZHUH�IRXQG�WR�EH�HQFUXVWHG�

LQ�D�GDUN�PXOWL�SKDVH�OD\HU��a���PP�WKLFN��WKDW�VXUURXQGHG�D�GLVWLQFWO\�OLJKWHU�JUH\��VLQJOH�SKDVH��

LQQHU�YROXPH��VHH�)LJXUH�����D����7KH�VKDSH�RI�WKH�FUXVW�RQ�HDFK�SHOOHW�FRLQFLGHG�ZLWK�WKH�VKDSH��
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)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�

VXEVWDQWLDO�UHGXFWLRQ�LQ�XVHIXO�PDWHULDO���,QYHVWLJDWLRQV�LQWR�VROYLQJ�WKH�FUXVW�SUREOHP�VWDUWHG�ZLWK�

KHDW�WUHDWPHQW�����ZKLFK�VLQWHUHG�VDPSOH�6��� LQ�DQ�DUJRQ�DWPRVSKHUH� LQVWHDG�RI�QLWURJHQ� WR�

HVWDEOLVK� LI�WKH�JDV�W\SH�DIIHFWHG�WKH�FUXVW�IRUPDWLRQ��ZKLFK� LW�GLG�QRW�� �7KH�FRQWDPLQDWLRQ�ZDV�

HLWKHU�GXH�WR�VPDOO�DPRXQWV�RI�LPSXULWLHV�LQ�WKH�JDV�F\OLQGHUV�DFFXPXODWLQJ�RQ�WKH�VDPSOHV�RYHU�

WKH�UHODWLYHO\�ORQJ�WUHDWPHQW�WLPH��OHDNV�LQ�WKH�JDV�VXSSO\�FLUFXLW��RU�D�FRPELQDWLRQ�RI�ERWK���5DWKHU�

WKDQ�SDUWDNH�LQ�D�OHQJWK\�LQYHVWLJDWLRQ�WR�GHWHUPLQH�WKH�URXWH�VRXUFH�RI�WKH�FRQWDPLQDWLRQ��LW�ZDV�

GHFLGHG�WR�VWRS� WKH�FRQWDPLQDWLRQ� IURP�UHDFKLQJ� WKH�VDPSOHV��DV�RSSRVHG�WR�VWRSSLQJ� LW� IURP�

HQWHULQJ�WKH�JDV�VXSSO\���7KLV�ZDV�DFKLHYHG�E\�UHSODFLQJ�WKH�DOXPLQD�ERDW��WKDW�FRQWDLQHG�WKH�

VDPSOH�SHOOHWV��ZLWK�D�QLRELXP�F\OLQGHU�WKDW�KDG�LWV�RQO\�RSHQ�HQG�ORRVHO\�EORFNHG�E\�D�QLRELXP�

FDS��VHH�)LJXUH�����E����7KLV�QLRELXP�F\OLQGHU���UHIHUUHG�WR�DV�D�JDV�JXDUG�IURP�QRZ�RQ�±�ZDV�

WKHQ�LQVHUWHG�LQWR�WKH�VLQWHULQJ�WXEH��VHH�)LJXUH������LQ�VXEVWLWXWLRQ�IRU�WKH�DOXPLQD�ERDW�GLVFXVVHG�

HDUOLHU���7KH�VXUIDFH�DUHD�RI�WKH�QLRELXP�JDV�JXDUG�DFWHG�DV�D�VDFULILFLDO�JHWWHU�WKDW�UHGXFHG�WKH�

LPSXULWLHV�LQ�WKH�QLWURJHQ�JDV�IORZ�SULRU�WR�LW�UHDFKLQJ�WKH�VDPSOHV�ZLWKLQ���7KLV�VROXWLRQ�ZDV�YHU\�

VXFFHVVIXO�LQ�DOPRVW�DOO�WKH�KHDW�WUHDWPHQWV�LW�ZDV�XVHG���+RZHYHU��WKH�QLRELXP�YLVLEO\�GHJUDGHG�

DQG�EHFDPH�PRUH�EULWWOH�DIWHU�HDFK�VXFFHVVLYH�KHDW�WUHDWPHQW��ZKLFK�OLPLWHG�LWV�XVHIXO�OLIHWLPH�WR�

RQO\�D�IHZ�KHDW�WUHDWPHQW�F\FOHV��VHH�)LJXUH�����F���

� � �

)LJXUH� ����� �D�� 3DUW� RI� D� KHDW�WUHDWHG� VDPSOH� SHOOHW� VKRZLQJ� WKH� GDUN� PXOWL�SKDVH� FUXVW�

VXUURXQGLQJ�LWV�RXWHU�VXUIDFH����E��'LDJUDP�RI�WKH�QLRELXP�JDV�JXDUG�XVHG�WR�SUHYHQW�LPSXULW\�

FUXVW�IRUPDWLRQ���7KH�VDPSOH�SHOOHWV�VLW�RQ�D�QLRELXP�WUD\�LQVLGH�D�QLRELXP�F\OLQGHU�WKDW�KDV�LWV�

RQO\�RSHQ�HQG�ORRVHO\�EORFNHG�E\�D�QLRELXP�FDS����F��3KRWRJUDSK�RI�WKH�JDV�JXDUG�DQG�HQG�FDS�

DIWHU�D�QXPEHU�RI�KHDW�WUHDWPHQW�F\FOHV��

�
)LJXUH������%HVSRNH�VLQWHULQJ�WXEH�DVVHPEO\�XVHG�WR�WUDQVSRUW�VDPSOHV�EHWZHHQ�WKH�JORYH�ER[�

HQYLURQPHQW� DQG� WKH� KLJK� WHPSHUDWXUH� IXUQDFH� IRU� KHDW�WUHDWPHQWV� XS� WR� ����� �&�ZLWKLQ� D�

FRQWUROOHG�DWPRVSKHUH��DUJRQ�RU�QLWURJHQ���

�E�� �F���D��



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
6DPSOHV�6���WR�6���ZHUH�XVHG�WR�LQYHVWLJDWH�JDV�JXDUG�XVH��WKH�HIIHFW�RI�GLIIHUHQW�SHOOHW�VL]HV�

RQ�VDPSOH�KRPRJHQHLW\�DQG�WKH�TXDOLW\�RI�GLIIHUHQW�EDWFKHV�RI�SUHFXUVRU�SRZGHUV���6DPSOHV�6���

WR�6���ZHUH�XVHG�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�GLIIHUHQW�SUHFXUVRU�FRPELQDWLRQV�RQ�WKH�TXDOLW\�RI�WKH�

VLQWHUHG�PDWHULDO���7KHVH�VDPSOHV�VKRZHG�WKDW�WKH�SUHFXUVRU�FRPSRXQGV�1E&�DQG�1E1�SURGXFHG�

WKH�PRVW�KRPRJHQHRXV��VROLG��VLQWHUHG�VDPSOHV�RI�1E&1���7KHVH�SURSHUWLHV�ZHUH�HYDOXDWHG�E\�

YLVXDO� LQVSHFWLRQ�� E\� XVLQJ� [�UD\� GLIIUDFWLRQ�� E\� PHDVXULQJ� WKH� VXSHUFRQGXFWLQJ� WUDQVLWLRQ�

WHPSHUDWXUH�DW�GLIIHUHQW�ORFDWLRQV�ZLWKLQ�WKH�VDPSOH�RU�E\�VRPH�FRPELQDWLRQ�RI�WKHP�DOO����6DPSOHV�

6���WR�6����ZHUH�DWWHPSWV�DW�SURGXFLQJ�EDWFKHV�RI�PDWHULDO�IRU�PLOOLQJ�DQG�+,3LQJ�H[SHULPHQWV�

WKDW�ZHUH�EHVHW�E\�HTXLSPHQW�IDLOXUHV�DQG�UHGXFWLRQV�LQ�VDPSOH�TXDOLW\�DQG�ZHUH�DFFRPSDQLHG�

E\�KHDW�WUHDWPHQWV�GHVLJQHG�WR�LQYHVWLJDWH�WKHVH�LVVXHV���6DPSOHV�6����WR�6����ZHUH�VXFFHVVIXO�

KHDW�WUHDWPHQWV�WKDW�SURGXFHG�WKH�PLFURFU\VWDOOLQH�PDWHULDO�WKDW�EHFDPH�WKH�IRFXV�RI�WKLV�ZRUN��

������3UHSDUDWLRQ�RI�SRZGHUV�
�

7KH�1E&�SRZGHU��SURGXFW�1R���������DQG�1E1�SRZGHU��SURGXFW�1R���������ZHUH�SXUFKDVHG�

IURP�$OID�$HVDU��8.��DQG�ZHUH�VWRUHG�ZLWKLQ�D�JORYH�ER[�WKDW�PDLQWDLQHG�D�ORZ�R[\JHQ������SSP��

DQG�ORZ�PRLVWXUH������SSP���LQHUW�DUJRQ�DWPRVSKHUH���$OO�SUHSDUDWLRQ�ZRUN�WKDW�LQFOXGHG�WKH�XVH�

RI�WKHVH�SRZGHUV�ZDV�FRQGXFWHG�ZLWKLQ�WKH�JORYH�ER[�WR�PLQLPLVH�WKH�H[SRVXUH�WR�DLU���3URSRUWLRQV�

RI�WKH�SUHFXUVRUV��UHTXLUHG�WR�SURGXFH�WKH�FRPSRVLWLRQ�1E&���1�����ZHUH�ILUVW�PL[HG�E\�KDQG�XVLQJ�

D�PRUWDU�DQG�SHVWOH�DQG�WKHQ�PHFKDQLFDOO\�PL[HG�LQ�D�WLWDQLXP�YLDO��ZLWKRXW�EDOOV��XVLQJ�D�)ULWVFK�

3XOYHULVHWWH���SODQHWDU\�EDOO�PLOOHU���7KH�PL[LQJ�SURJUDP�ZDV�VHW�WR�UXQ�IRU�RQH�KRXU�DW�����USP�

ZLWK� D� UHYHUVDO� LQ� GLUHFWLRQ�RFFXUULQJ�HYHU\� ILIWHHQ�PLQXWHV�� � 7KLV� WKRURXJKO\�PL[HG�SUHFXUVRU�

SRZGHU�ZDV�WKHQ�SUHVVHG�LQWR�FRPSDFW�SHOOHWV�RI�DSSUR[LPDWH�GLPHQVLRQV����PP�GLDPHWHU�E\�

���PP�KLJK��HDFK�ZHLJKLQJ�DSSUR[LPDWHO\���J��

������6ROLG�VWDWH�VLQWHULQJ�RI�VDPSOHV�
�

'XH� WR� WKH� UHIUDFWRU\�QDWXUH�RI� WKH�SUHFXUVRU�PDWHULDOV�1E&�DQG�1E1� ��ZKLFK�KDYH�YHU\�KLJK�

PHOWLQJ� SRLQWV� �1E&�� ����� Σ&� >��@�� 1E1�� ����� Σ&� >��@�� �� DQG� WKH� UHODWLYHO\� ORZ� PD[LPXP�

WHPSHUDWXUH�REWDLQDEOH�E\�WKH�DYDLODEOH�HTXLSPHQW��&DUEROLWH�WKUHH�]RQH������Σ&�WXEH�IXUQDFH�

�7=)��������������1E&���1����FRXOG�RQO\�EH�IDEULFDWHG�XVLQJ�VROLG�VWDWH�VLQWHULQJ��DV�RSSRVHG�WR�

PHOWLQJ���7KH�IROORZLQJ�VHFWLRQ�SURYLGHV�D�EULHI�UHYLHZ�RI�VROLG�VWDWH�VLQWHULQJ��

&RDUVHQLQJ��GHQVLILFDWLRQ�DQG�VROLG�VWDWH�GULYLQJ�PHFKDQLVPV�
�

$V�WKH�UDGLXV�RI�D�VSKHUH�RI�PDWHULDO�LQFUHDVHV��WKH�VXUIDFH�DUHD�WR�YROXPH�UDWLR�GHFUHDVHV���7KLV�

PHDQV� WKDW� ODUJHU� JUDLQV� KDYH� SURSRUWLRQDWHO\� OHVV� VXUIDFH� DUHDV� WKDQ� VPDOOHU� JUDLQV� DQG�

WKHUHIRUH�� ODUJHU� JUDLQV� KDYH� SURSRUWLRQDWHO\� OHVV� H[FHVV� VXUIDFH� HQHUJLHV�� � 7KLV� PDNHV� WKH�

IRUPDWLRQ�RI�ODUJH�JUDLQV��IURP�WKH�FRDOHVFHQFH�RI�VPDOO�JUDLQV��HQHUJHWLFDOO\�IDYRXUDEOH���7KHUH�

DUH� WZR�PDLQ�SURFHVVHV� LQYROYHG� LQ�UHGXFLQJ� WKH�H[FHVV�HQHUJLHV�DVVRFLDWHG�ZLWK� WKH�VXUIDFH�

DUHDV�RI�JUDLQV���WKH\�DUH��FRDUVHQLQJ�DQG�GHQVLILFDWLRQ��VHH�)LJXUH������>���@��

�



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�

�

�
)LJXUH� ����� 7KH� WZR� PDLQ� SURFHVVHV� WKDW� GULYH� VROLG�VWDWH� VLQWHULQJ� DUH� FRDUVHQLQJ� DQG�

GHQVLILFDWLRQ����D��7KH�FRDOHVFHQFH�RI�VPDOO�QHLJKERXULQJ�JUDLQV�OHDGV�WR��E��LQFUHDVHV�LQ�JUDLQ�

VL]H�DQG�UHGXFWLRQV�LQ�VXUIDFH�DUHDV�WKDW�SURGXFH�D�FRDUVHQHG��SRURXV�EXON����F��5HGXFWLRQV�LQ�

VROLG�YDSRXU�LQWHUIDFHV�OHDG�WR��G��JUDLQ�ERXQGDU\�DQG�VPDOO�SRUH�IRUPDWLRQ�WKDW�SURGXFH��H��

JUDLQ�JURZWK�DQG�GHQVLILFDWLRQ��

�
)LJXUH������7KH�DWRPLF�GULYLQJ�PHFKDQLVPV�WKDW�OHDG�WR�FRDUVHQLQJ�DQG�RU�GHQVLILFDWLRQ�GXULQJ�

VROLG�VWDWH�VLQWHULQJ��D��6RPH�LPSRUWDQW�UHJLRQV�ZLWKLQ�FRDOHVFLQJ�SDUWLFOHV��E��7KH�ILYH�DWRPLF�

GULYLQJ�PHFKDQLVPV����$GDSWHG�IURP�>���@���



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
&RDUVHQLQJ�FRQVLVWV�RI�VPDOO�JUDLQV�FRDOHVFLQJ�WR�IRUP�ODUJHU�JUDLQV�WKDW�UHPDLQ�VHSDUDWHG�IURP�

RQH� DQRWKHU� E\� YDSRXU�VROLG� LQWHUIDFHV�� � 7KHUH� DUH� WKUHH� PDLQ� DWRPLF� GULYLQJ� PHFKDQLVPV�

UHVSRQVLEOH�IRU�FRDUVHQLQJ���7KH\�DUH��

�

��� HYDSRUDWLRQ���VXUIDFH�PDWHULDO�HYDSRUDWHV�DQG�WKHQ�UH�FRQGHQVHV�LQ�QHFN�DQG�RU�SRUH�

UHJLRQV��VHH�)LJXUH���������

��� �VXUIDFH�GLIIXVLRQ���VXUIDFH�PDWHULDO�GLIIXVHV�WRZDUGV�QHFN�DQG�RU�SRUH�UHJLRQV��VHH�)LJXUH�

��������

��� YROXPH�GLIIXVLRQ���VXUIDFH�PDWHULDO�GLIIXVHV�WKURXJK�WKH�LQQHU�YROXPH�WRZDUGV�ERXQGDU\��

QHFN�DQG�RU�SRUH�UHJLRQV��VHH�)LJXUH���������

�

'HQVLILFDWLRQ� FRQVLVWV� RI� JUDLQV� FRDOHVFLQJ� WR� IRUP�JUDLQ� ERXQGDULHV� DQG� SRUH� UHJLRQV�DQG� LV�

GULYHQ�E\�WZR�DWRPLF�PHFKDQLVPV���7KHVH�PHFKDQLVPV�DUH��

�

��� GLIIXVLRQ���JUDLQ�ERXQGDU\�PDWHULDO�GLIIXVHV�WRZDUGV�QHFN�DQG�RU�SRUH�UHJLRQV��VHH�)LJXUH�

��������

��� YLVFRXV�IORZ���YROXPH�PDWHULDO�IORZV�VORZO\�WRZDUGV�ERXQGDULHV��VHH�)LJXUH���������

�

&RDUVHQLQJ�DQG�GHQVLILFDWLRQ�DUH�RIWHQ�FRPSHWLQJ�PHFKDQLVPV�LQ�VROLG�VWDWH�VLQWHULQJ��ZKLFK�RI�

WKHP�GRPLQDWHV�LV�ODUJHO\�GHWHUPLQHG�E\�WKH�VLQWHULQJ�WHPSHUDWXUH���/RZHU�WHPSHUDWXUHV�SURPRWH�

HYDSRUDWLRQ�FRQGHQVDWLRQ�DQG�VXUIDFH�GLIIXVLRQ��ZKLFK�OHDG�WR�FRDUVHQLQJ���+LJKHU�WHPSHUDWXUHV�

SURPRWH�JUDLQ�ERXQGDU\�DQG�YROXPH�GLIIXVLRQ��ZKLFK�OHDG�WR�GHQVLILFDWLRQ�>���@���2WKHU�IDFWRUV��

VXFK� DV� SUHFXUVRU� GHQVLW\�� SUHFXUVRU� JUDLQ� VL]H� GLVWULEXWLRQ� DQG� YDSRXU� SUHVVXUH� DUH� DOVR�

SDUDPHWHUV�WKDW�FDQ�EH�XVHG�WR�GLVFULPLQDWH�EHWZHHQ�FRDUVHQLQJ�DQG�GHQVLILFDWLRQ�SURYLGLQJ�RQH�

ZLWK�DQ�DGYDQWDJH�RYHU�WKH�RWKHU��

7KH�SURGXFWLRQ�RI�VLQWHUHG�VDPSOHV�
�

7KH�KHDW�WUHDWPHQW�SURJUDP��VHH�)LJXUH������FRQVLVWHG�RI�D�VORZ�����Σ&�K�UDPS������Σ&�PLQ�WR�

UHGXFH� WKH�SRVVLELOLW\� RI� FUDFNLQJ� WKH� IXUQDFH� WXEH�� WR������ Σ&�� IROORZHG�E\�D� ����KRXU�GZHOO�

SHULRG���7KH�IXUQDFH�SURJUDP�WKHQ�UDPSHG�WKH�WHPSHUDWXUH�GRZQ�WR������Σ&�ZKHUH�LW�GZHOOHG�IRU�

��KRXUV���7KLV�ILQDO�WHPSHUDWXUH�SODWHDX�ZDV�XVHG�WR�FRQWURO�WKH�QLWURJHQ�FRQWHQW�RI�WKH�PDWHULDO�

LQ� DFFRUG� ZLWK�:LOOLDPV� HW� DO�� >��@� ZKR� IRXQG� WKDW� WKHLU� EHVW�PDWHULDO� ZDV� SURGXFHG� XVLQJ� D�

WHPSHUDWXUH�RI������Σ&���7ZR�VHSDUDWH�KHDW�WUHDWPHQWV�����DQG����LQ�7DEOH������ZHUH�XVHG�WR�

SURGXFH�HQRXJK�PDWHULDO� IRU� IXUWKHU�SURFHVVLQJ�E\�PLOOLQJ�DQG�+,3LQJ�� �7KHVH� WZR�EDWFKHV�RI�

VDPSOH�SHOOHWV�±����LQ�EDWFK���DQG���LQ�EDWFK�����DUH�VKRZQ�LQ�7DEOH�������7KH�PDWHULDO�LQ�ERWK�

EDWFKHV�ZHUH�RI�VLPLODU�TXDOLW\���8S�WR����SUHVVHG�VDPSOH�SHOOHWV�DW�D�WLPH�ZHUH�SODFHG�RQ�WRS�RI�

D������PP�WKLFN�QLRELXP�WUD\�ZKLFK�ZDV�LWVHOI�SODFHG�ZLWKLQ�D�QLRELXP�JDV�JXDUG�GHVFULEHG�HDUOLHU���

$OO�ZRUN�ZDV�FRQGXFWHG�ZLWKLQ�WKH�JORYH�ER[���7KH�JDV�JXDUG��ZLWK�VDPSOHV��ZDV�LQVHUWHG�LQWR�WKH�

VLQWHULQJ� WXEH��VHH�)LJXUH������WKDW�ZDV�WKHQ�PDGH�JDV�WLJKW�� �7KH�VLQWHULQJ� WXEH�ZDV�XVHG�WR�

WUDQVSRUW�WKH�VDPSOHV�EHWZHHQ�WKH�JORYH�ER[�DQG�WKH�KLJK�WHPSHUDWXUH�IXUQDFH�ZLWKLQ�D�VHDOHG�

HQYLURQPHQW���7KH�VDPSOHV�UHPDLQHG�ZLWKLQ�WKH�WXEH�WKURXJKRXW�WKH�KHDW�WUHDWPHQW�DQG�WKH�WXEH¶V�



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�

OHQJWK� DOORZHG� WKH� VDPSOHV� WR� EH� VLWXDWHG�ZLWKLQ� WKH� IXUQDFH¶V� FHQWUDO� KHDWHG� ]RQH�� �3ULRU� WR�

LQLWLDWLQJ� WKH� KHDW�WUHDWPHQW� SURJUDP� WKH� VLQWHULQJ� WXEH� KDG� LWV� VWDJQDQW� DUJRQ� DWPRVSKHUH�

H[FKDQJHG� IRU� IORZLQJ� QLWURJHQ� WKURXJK� WKH� WXEH¶V� JDV� SRUWV�� � 7KLV� IORZLQJ� QLWURJHQ� ZDV�

PDLQWDLQHG�WKURXJKRXW�WKH�KHDW�WUHDWPHQW����

������;�UD\�GLIIUDFWLRQ�
�

;�UD\�GLIIUDFWLRQ�GDWD�IRU�WKHVH�1E&1�VDPSOHV�ZHUH�REWDLQHG�XVLQJ�D�6LHPHQV�'�����3RZGHU�

'LIIUDFWRPHWHU�� � 7ZR� PHWKRGV� RI� GDWD� DQDO\VLV� ZHUH� DGRSWHG�� � ,Q� VLPSOH� FDVHV� RI� SKDVH�

LGHQWLILFDWLRQ�D�YLVXDO�FRPSDULVRQ�EHWZHHQ�WKH�FROOHFWHG�;5'�GDWD�DQG�SDWWHUQV�REWDLQHG�IURP�

�

)LJXUH������+HDW�WUHDWPHQW�SURILOH�IRU�VLQWHULQJ�1E&���1����VDPSOH�SHOOHWV�LQ�D�IORZLQJ�QLWURJHQ�

DWPRVSKHUH���7HPSHUDWXUH�SURJUDP��UDPS�WR������Σ&�DW�����Σ&�K�DQG�GZHOO�IRU�����KRXUV��UDPS�

WR������Σ&�DQG�GZHOO�IRU���KRXUV��VZLWFK�RII�KHDWHUV��

7DEOH�������6DPSOH�SHOOHWV�RI�1E&���1����IDEULFDWHG�E\�VROLG�VWDWH�VLQWHULQJ�LQ�DFFRUGDQFH�ZLWK�

WKH�KHDW�WUHDWPHQW�VKRZQ�LQ�)LJXUH�������7ZR�VHSDUDWH�VDPSOH�EDWFKHV�ZHUH�IDEULFDWHG�LQ�WZR�

VHSDUDWH�KHDW�WUHDWPHQWV��WUHDWPHQWV����DQG����LQ�7DEOH��������2QO\�PDWHULDO�IURP�WKH�FHQWUDO�

LQWHUQDO�YROXPH�RI�WKH�SHOOHWV�ZDV�XVHG�IRU�IXUWKHU�SURFHVVLQJ�WR�DYRLG�WKH�LQFOXVLRQ�RI�VXUIDFH�

FRQWDPLQDWLRQ��WKLV�LQWHUQDO�XQFRQWDPLQDWHG�PDWHULDO�LV�UHIHUUHG�WR�DV�UHFRYHUHG�PDVV���

� VDPSOH�SHOOHWV�LQ�VLQWHUHG�EDWFK����WRWDO�UHFRYHUHG�PLFURFU\VWDOOLQH�PDVV�§����J��

3HOOHW�

1XPEHU�
ܵͳͳͲ� ܵͳͳͳ� ܵͳͳʹ� ܵͳͳ͵� ܵͳͳͶ� ܵͳͳͷ� ܵͳͳ͸� ܵͳͳ͹� ܵͳͳͺ� ܵͳͳͻ�

3UH�VLQWHUHG�

PDVV��J��
����� ����� a��� a��� ����� ����� ����� ����� ����� �����

� VDPSOH�SHOOHWV�LQ�VLQWHUHG�EDWFK����WRWDO�UHFRYHUHG�PLFURFU\VWDOOLQH�PDVV�§����J��

3HOOHW�

1XPEHU��
ܵͳʹͲ� ܵͳʹͳ� ܵͳʹʹ� ܵͳʹ͵� ܵͳʹͶ� ܵͳʹͷ� ܵͳʹ͸� ܵͳʹ͹� � �

3UH�VLQWHUHG�

PDVV��J��
����� ����� ����� ����� ����� ����� ����� ����� � �



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
WKH�&KHPLFDO�'DWDEDVH�6HUYLFH� >���@� ZHUH� FRQGXFWHG�� �:KHQ�PRUH� GHWDLOHG� NQRZOHGJH�ZDV�

UHTXLUHG��VXFK�DV�JUDLQ�VL]H�DQG�ZHLJKW�SHUFHQW��IRU�H[DPSOH��5LHWYHOG�UHILQHPHQW�RI�WKH�FROOHFWHG�

GDWD�ZDV�FRQGXFWHG�XVLQJ�WKH�723$6�$FDGHPLF�VFULSWLQJ�VRIWZDUH�SDFNDJH�>���@��

3UHFXUVRU�SRZGHUV�
�

;5'�GDWD�RI�WKH�1E&�SUHFXUVRU�SRZGHU�LV�VKRZQ�LQ�)LJXUH������ZKLFK�FRQILUPV�WKDW�LW�ZDV�VLQJOH�

SKDVH���,QIRUPDWLRQ�DYDLODEOH�IURP�$OID�$HVDU�VWDWHV�WKDW�WKH�1E&�KDG�D�SXULW\�RI��������;5'�

GDWD�RI�WKH�1E1�SUHFXUVRU�SRZGHU��VHH�)LJXUH������VKRZHG�WKDW�LW�ZDV�QRW�VLQJOH�SKDVH���$�QXPEHU�

RI�DGGLWLRQDO�L�H��QRQH�1E1��GLIIUDFWLRQ�SHDNV�DUH�FOHDUO\�YLVLEOH���$�YLVXDO�FRPSDULVRQ�ZLWK�SRVVLEOH�

FDQGLGDWHV��VXFK�DV�1E��1E[1��[��RI�YDULRXV�VWRLFKLPHWULHV��RU�QLRELXP�R[LGH��IRU�H[DPSOH��GLG�QRW�

SURGXFH�DQ�LGHQWLILFDWLRQ�IRU�WKH�DGGLWLRQDO�SKDVH�V����$�PRUH�GHWDLOHG�DQDO\VLV�ZDV�QRW�FRQGXFWHG�

EHFDXVH�WKH�LPSXULWLHV�GLG�QRW�DIIHFW�WKH�ILQDO�IDEULFDWHG�PDWHULDO��VHH�)LJXUH��������$OID�$HVDU�GLG�

QRW�KDYH�DQ\�SXULW\�LQIRUPDWLRQ�DYDLODEOH����

)DEULFDWHG�PDWHULDO�DQG�LPSXULW\�FUXVW�
�

7\SLFDO�;5'�GDWD�RI�IDEULFDWHG�1E&���1����DUH�VKRZQ�LQ�)LJXUH�������7KHVH�GDWD�ZHUH�REWDLQHG�

IURP�PDWHULDO�UHFRYHUHG�IURP�VLQWHUHG�EDWFK���SHOOHWV��VHH�7DEOH������DQG�VKRZ�WKDW�WKLV�PDWHULDO�

ZDV�VLQJOH�SKDVH���)LJXUH�����VKRZV�W\SLFDO�;5'�GDWD�RI�WKH�FUXVW�WKDW�IRUPV�DURXQG�WKH�VXUIDFH�

RI�WKH�IDEULFDWHG�1E&���1�����VHH�)LJXUH�����D��ZKHQ�D�QLRELXP�JDV�JXDUG�LV�QRW�XVHG���0RVW�RI�

WKH�DGGLWLRQDO�GLIIUDFWLRQ�SHDNV�EHORQJ�WR�1E�2���

�

�
)LJXUH� �����7\SLFDO�;5'�GDWD� RI� WKH�FUXVW� WKDW� IRUPV�DURXQG� WKH�VXUIDFH�RI� WKH�1E&���1����

VDPSOH�SHOOHWV�GXULQJ�VROLG�VWDWH�VLQWHULQJ��ZLWKRXW�JDV�JXDUG����7KH�UHG�OLQHV�ZLWK�RSHQ�V\PEROV�

LQGLFDWH�WKH�H[SHFWHG�SHDN�SRVLWLRQV�IRU�1E�2��REWDLQHG�IURP�>���@���



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
� �

�

�

�

�

)LJXUH�����7\SLFDO�;5'�GDWD�RI�SUHFXUVRU�1E&�SRZGHU�� �7KH� UHG� OLQHV�ZLWK� RSHQ�V\PEROV�

LQGLFDWH�WKH�H[SHFWHG�SHDN�SRVLWLRQV�IRU�1E&��REWDLQHG�IURP�>���@����
� �

�

�

�

�

�

�

)LJXUH������7\SLFDO�;5'�GDWD�RI�SUHFXUVRU�1E1�SRZGHU�� �7KH� UHG� OLQHV�ZLWK�RSHQ�V\PEROV�

LQGLFDWH�WKH�H[SHFWHG�SHDN�SRVLWLRQV�IRU�1E1��REWDLQHG�IURP�>���@���



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�

�����)DEULFDWLRQ�RI�QDQRFU\VWDOOLQH�1E&1�E\�PHFKDQLFDO�EDOO�PLOOLQJ�
�

0HFKDQLFDO� EDOO� PLOOLQJ� LV� GHVFULEHG� DV� WKH� GHOLYHU\� RI� D� VXVWDLQHG� VHTXHQFH� RI� KLJK� HQHUJ\�

LPSDFWV�WR�D�SRZGHU�VDPSOH��DOVR�UHIHUUHG�WR�DV�D�SRZGHU�FKDUJH��ZLWK�D�YLHZ�WR�HLWKHU�SURGXFLQJ�

QHZ�PDWHULDO�RU�FKDQJLQJ�WKH�SURSHUWLHV�RI�WKH�FXUUHQW�RQH�V����7KH�WHUPV�³GLVRUGHULQJ´��³PLOOLQJ´��

³EDOO�PLOOLQJ´�DQG�RU�³PHFKDQLFDO�PLOOLQJ´�DUH�XVHG�LQWHUFKDQJHDEO\�LQ�WKH�OLWHUDWXUH�±�ZH�VKDOO�XVH�

EDOO�PLOOLQJ�RU�PLOOLQJ�WKURXJKRXW���,Q�JHQHUDO��WKHUH�DUH�WKUHH�PDLQ�SURFHVVHV�WKDW�OHDG�WR�PDWHULDO�

FKDQJHV�GXULQJ�PLOOLQJ���7KH\�DUH��DOOR\LQJ��ZKLFK�LV�WKH�SURGXFWLRQ�RI�PDWHULDO�WKURXJK�WKH�WUDQVIHU�

RU� H[FKDQJH� RI� FRQVWLWXHQW� FRPSRQHQWV�� GLVRUGHULQJ�� ZKLFK� LV� WKH� FRQWURO� RI� JUDLQ� VL]H�� DQG�

UHDFWLRQ�PLOOLQJ��ZKLFK�LV�WKH�JHQHUDWLRQ�RI�VROLG�VWDWH�FKHPLFDO�UHDFWLRQV�>���@���7KHVH�SURFHVVHV�

DUH� VHOHFWHG� DQG� FRQWUROOHG� WKURXJK� D� QXPEHU� RI� SURFHVVLQJ� SDUDPHWHUV� WKDW� LQ� FRPELQDWLRQ�

ZHLJKW�WKH�G\QDPLFV�WRZDUGV�D�SDUWLFXODU�RXWFRPH���6RPH�RI�WKHVH�SDUDPHWHUV�DUH��PLOOHU�W\SH��

FRQWDLQHU� �YLDO�� VL]H�� LQWHUQDO� YLDO� VKDSH�� YLDO� PDWHULDO�� PLOOLQJ� VSHHG�� PLOOLQJ� WLPH�� XVHG� YLDO�

FDSDFLW\�� WHPSHUDWXUH�� EDOO�WR�SRZGHU� UDWLR� �%35�� DQG� EDOO� VL]H� GLVWULEXWLRQ�� � ,Q� WKH� IROORZLQJ�

VHFWLRQV�WKH�XVH�RI�PLOOLQJ�WR�UHGXFH�JUDLQ�VL]H��ZKLFK�LV�SDUWLFXODUO\�LPSRUWDQW�IRU�VXSHUFRQGXFWLQJ�

SURSHUWLHV��FRQVLGHUHG�LQ�&KDSWHU����LV�GLVFXVVHG��������������

������0LOOLQJ�PHGLD�DQG�SUHSDUDWLRQ�
�

$�63(;�����'�0L[HU�0LOO�ZDV�XVHG��VHH�)LJXUH������D����,WV�RSHUDWLRQ�UHTXLUHV�WKH�XVH�RI�D�PLOOLQJ�

YLDO�WKDW�FRQWDLQV�WKH�SRZGHU�FKDUJH��VDPSOH�PDWHULDO��DQG�D�QXPEHU�RI�PLOOLQJ�EDOOV���7KH�ZRUNLQJ�

YLDO� LV� FODPSHG� LQWR� WKH�63(;�0LOO� DQG� LV� FRXQWHUEDODQFHG� E\� DQ� HPSW\� YLDO� WKDW� LV� FODPSHG�

GLDPHWULFDOO\�RSSRVLWH���7KLV�VHW�XS�JUHDWO\�UHGXFHV�WKH�YLEUDWLRQV�WKH�DSSDUDWXV�SURGXFHV���7KH�

�
)LJXUH� �����7\SLFDO�;5'�GDWD� RI� IDEULFDWHG�1E&���1����� � 7KHVH�;5'�GDWD�ZHUH� WDNHQ� IURP�

PHDVXUHPHQWV�FRQGXFWHG�RQ�SHOOHW���RI�VLQWHUHG�EDWFK���PDWHULDO��ܵܤ଺ଵ���VHH�7DEOH��������7KH�

UHG�OLQHV�ZLWK�RSHQ�V\PEROV�LQGLFDWH�WKH�H[SHFWHG�SHDN�SRVLWLRQV�IRU�1E&���1�����>���@���7KH�

LQVHW�VKRZV�WKH�]HUR�ILHOG�PDJQHWLF�VXVFHSWLELOLW\�GDWD�IURP�ZKLFK�WKH�RQVHW�RI�7F�ZDV�REWDLQHG��

7F� ������.�



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�

63(;�PHFKDQLVP�VKDNHV�ERWK�YLDOV�LQ�D�PRWLRQ�WKDW�WUDFHV�RXW�D�ILJXUH�HLJKW�WKDW�LV�DSSUR[LPDWHO\�

���PP�KLJK�E\� ���PP�ZLGH� >���@�� � 7KLV�PRWLRQ� FRQWUROV� WKH�SDWKV� IROORZHG�E\� WKH�HQFORVHG�

VSKHULFDO�PLOOLQJ�HOHPHQWV�FDXVLQJ�WKHP�WR�VFUDSH�DQG�LPSDFW�DJDLQVW�WKH�VDPSOH�SRZGHU�����

WLPHV�SHU�PLQXWH� >���@�� �7KLV� VFUDSLQJ�DQG� LPSDFWLQJ�FDXVHV�SODVWLF�GHIRUPDWLRQ�DQG�SDUWLFOH�

IUDFWXUH�WKDW�H[SRVHV�IUHVK�VXUIDFHV���7KHVH�VXUIDFHV�DUH�WKHQ�DEOH�WR�FROG�ZHOG�ZLWK�WKRVH�IURP�

RWKHU�SDUWLFOHV��ZKLFK�FDXVHV�VRPH�JUDLQ�JURZWK�LQVWHDG�RI�JUDLQ�VL]H�UHGXFWLRQ���&DUHIXO�FRQWURO�

RI�WKH�PLOOLQJ�SDUDPHWHUV�SURPRWHV�IUDFWXULQJ�DW�WKH�H[SHQVH�RI�ZHOGLQJ�DQG�WKHUHIRUH�OHDGV�WR�D�

SDUWLFOH� VL]H� GLVWULEXWLRQ� WKDW� LV� VWURQJO\� ZHLJKWHG� WRZDUGV� UHGXFHG� SDUWLFOH� GLPHQVLRQV�� � $�

FRQVHTXHQFH�RI�SDUWLFOH�IUDFWXUH��KRZHYHU��LV�WKH�LQFUHDVHG�QXPEHU�RI�IUHVKO\�H[SRVHG�SDUWLFOH�

VXUIDFHV� WKDW� DUH� VXVFHSWLEOH� WR� FROOHFWLQJ� FRQWDPLQDWLRQ� IURP� WKH� YLDO¶V� LQWHUQDO� DWPRVSKHUH�

DQG�RU�VLGH�ZDOO���,W�LV�WKHUHIRUH�YHU\�LPSRUWDQW�WR�WU\�WR�VWRS�FRQWDPLQDWLRQ�IURP�RFFXUULQJ�DQG�WR�

PDQDJH�WKH�OLNHO\�VRXUFHV�RI�FRQWDPLQDWLRQ�WR�UHGXFH�WKHLU�LQIOXHQFH�RQ�WKH�GHVLUHG�HQG�SURGXFW��

&RQWDPLQDWLRQ�PDQDJHPHQW�
�

7KH�JUHDWHVW�VRXUFH�RI�FRQWDPLQDWLRQ�LV�WKH�YLDO¶V�LQWHUQDO�ZDOOV�ZKHUH�ZDOO�PDWHULDO�LV�H[FKDQJHG�

IRU�VDPSOH�PDWHULDO�� �7KHUH�DUH�D�QXPEHU�RI�PHWKRGV� WKDW�FDQ�EH�XVHG� WR� UHGXFH�WKLV� W\SH�RI�

FRQWDPLQDWLRQ���,I�WKH�VDPSOH�SRZGHU�LV�VRIW�WKHQ�KDUG��GHQVH��PLOOLQJ�PHGLD�FDQ�EH�XVHG���7KLV�

LQFUHDVHV� WKH� LPSDFW� HQHUJ\� WUDQVIHUUHG� WR� WKH�SRZGHU� FKDUJH�DQG�DOORZV�PLOOLQJ� WLPHV� WR� EH�

UHGXFHG���$OVR��D�PL[WXUH�RI�GLIIHUHQW�EDOO�VL]HV�UDQGRPLVHV�WKHLU�PRWLRQV��UHGXFLQJ�WKH�FKDQFHV�

RI�WKH�EDOOV�FRQWLQXRXVO\�PRYLQJ�DORQJ�WKH�VDPH�WUDMHFWRU\���7KLV�VWRSV�FRQWDPLQDWLRQ�DULVLQJ�IURP�

WUDFN�IRUPDWLRQ�ZKHUH�YLDO�PDWHULDO�LV�UHSHDWHGO\�JRXJHG�RXW�RI�WKH�VLGH�ZDOO�DQG�LQWR�WKH�SRZGHU�

FKDUJH���$QRWKHU�PHWKRG�RI�FRQWDPLQDWLRQ�FRQWURO�LV�WR�XVH�PLOOLQJ�PHGLD�WKDW�LV�PDGH�IURP�WKH�

VDPH�PDWHULDO�DV�WKH�SRZGHU�FKDUJH���:KLOH�WKLV�HQVXUHV�QR�IRUHLJQ�PDWHULDO�LV�LQWURGXFHG�LQWR�

WKH�VDPSOH�LW�FDQ�OHDG�WR�D�FKDQJH�LQ�FRPSRVLWLRQ�LI�WKH�VDPSOH�LV�FRPSULVHG�RI�PRUH�WKDQ�RQH�

FRQVWLWXHQW���/RZ�EDOO�WR�SRZGHU�UDWLRV�FDQ�DOVR�EH�XVHG�WR�SURPRWH�WKH�QXPEHU�RI�EDOO�WR�SRZGHU�

LPSDFWV�DW�WKH�H[SHQVH�RI�EDOO�WR�ZDOO�LPSDFWV���,W�LV�DOVR�LPSRUWDQW�WR�HQVXUH�WKDW�WKH�PHGLD�KDV�

� �
)LJXUH��������D��63(;�����'�PL[HU�PLOO����D����'XPP\�YLDO�XVHG�DV�D�FRXQWHUEDODQFH����D����
0RWRU����D����&ODPS�IRU�VDPSOH�YLDO����D����7LPHU�SDQHO�IRU�SURFHVV�FRQWURO����E��7XQJVWHQ�FDUELGH�

PLOOLQJ�YLDO�DQG�EDOOV�>���@��

�D�� �E��



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
DQ�DLU�WLJKW�VHDO�DQG�WKDW�WKH�JDVHRXV�DWPRVSKHUH�FRQWDLQHG�ZLWKLQ�LV�LWVHOI�FRQWDPLQDQW�IUHH�DQG�

GRHV�QRW�UHDFW�ZLWK�WKH�SRZGHU�FKDUJH��WKRXJK�LQ�WKH�FDVH�RI�UHDFWLRQ�PLOOLQJ�WKLV�PLJKW�DFWXDOO\�

EH�D�GHVLUDEOH�RXWFRPH����7KLV�FDQ�EH�DFKLHYHG�E\�ORDGLQJ�DQG�XQORDGLQJ�WKH�PLOOLQJ�PHGLD�ZLWK�

SRZGHU�FKDUJH�ZLWKLQ� WKH�FRQILQHV�RI�D�JORYH�ER[�ZLWK�D�KLJK�SXULW\� LQHUW�DWPRVSKHUH��VXFK�DV�

DUJRQ���$QRWKHU�FRQWDPLQDWLRQ�FRQWURO�PHDVXUH�LV�WKH�FRQGLWLRQLQJ�RI�WKH�PLOOLQJ�PHGLD���7KLV�LV�D�

YHU\� LPSRUWDQW� SURFHVV� WKDW� FRQVLVWV� RI� FRQGXFWLQJ� D� QXPEHU� RI� LQGHSHQGHQW� PLOOLQJ� UXQV��

PLPLFNLQJ� WKH� LQWHQGHG�H[SHULPHQWDO� SURFHGXUH�DV�FORVHO\�DV�SRVVLEOH��EXW� WUHDWLQJ� WKH�PLOOHG�

SURGXFW�DV�ZDVWH���7KH�SXUSRVH�LV�WR�SUH�FRDW�WKH�LQWHUQDO�ZDOOV�RI�WKH�YLDO�DQG�WKH�VXUIDFH�DUHDV�

RI� WKH�PLOOLQJ� EDOOV� ZLWK� SRZGHU� FKDUJH�PDWHULDO�� � 7KH� ORJLF� KHUH� LV� WKDW� RQFH� WKH� FRDWLQJ� LV�

FRPSOHWHG��WKH�H[FKDQJH�RI�PDWHULDO�EHWZHHQ�WKH�YLDO¶V�LQWHUQDO�ZDOO��DQG�EDOOV��DQG�WKH�SRZGHU�

FKDUJH�LV�PRVWO\�FRPSULVHG�RI�SRZGHU�FKDUJH�PDWHULDO��ZLWK�WKH�SRZGHU�FKDUJH�FRDWLQJ�DFWLQJ�DV�

D� EDUULHU� EHWZHHQ� WKH� PLOOLQJ� PHGLD� DQG� WKH� VDPSOH�� � 2I� FRXUVH�� WKHUH� LV� DOZD\V� VWLOO� VRPH�

FRQWDPLQDWLRQ�IURP�WKH�YLDO�ZDOO�DQG�EDOOV�EXW� WKH� ODUJHVW�FRQWULEXWLRQ�RI�FRQWDPLQDWLRQ�XVXDOO\�

RFFXUV�GXULQJ�WKH�LQLWLDO�FRDWLQJ�SURFHVV���7KH�EHVW�FRQGLWLRQLQJ�SURFHGXUH�WKHUHIRUH�UHTXLUHV�D�

QXPEHU�RI�LQGHSHQGHQW�PLOOLQJ�UXQV�WKDW�DUH�FRPSOHWHG�SULRU�WR�VWDUWLQJ�WKH�H[SHULPHQW�SURSHU���

$IWHU�HDFK�LQGHSHQGHQW�FRQGLWLRQLQJ�UXQ�WKH�FRQWDPLQDWHG�SRZGHU�FKDUJH�LV�UHSODFHG�ZLWK�QHZ�

PDWHULDO�� WKXV� UHVHWWLQJ� WKH� PLOOLQJ� FRQGLWLRQV� EDFN� WR� WKRVH� UHTXLUHG�� � (DFK� VXFFHVVLYH�

FRQGLWLRQLQJ�UXQ�VKRXOG�WHQG�WR�FRQYHUJH�WRZDUGV�D�FRQVWDQW�PLQLPXP�FRQWDPLQDWLRQ�OHYHO�WKDW�LV�

WKH�OHYHO�WR�EH�H[SHFWHG�IURP�WKHQ�RQ���7KH�QXPEHU�RI�UHSHDW�FRQGLWLRQLQJ�UXQV�FDQ�EH�HPSLULFDOO\�

GHWHUPLQHG����

�

)RU�WKLV�ZRUN��D�SUHOLPLQDU\�LQYHVWLJDWLRQ�LQWR�WKH�PLQLPXP�QXPEHU�RI�UHSHDWHG�FRQGLWLRQLQJ�UXQV�

ZDV�XQGHUWDNHQ�XVLQJ�WKH�SUHFXUVRUV�1E&�DQG�1E1���7KH�IRFXV�RI�WKLV�VKRUW�VWXG\�ZDV�RQ�WKH�

XVH�RI�WXQJVWHQ�FDUELGH��:&��PLOOLQJ�PHGLD��IRU�UHDVRQV�GLVFXVVHG�EHORZ��EXW�QLRELXP��FRSSHU�

DQG� KDUGHQHG� VWHHO� ZHUH� DOVR� FRQVLGHUHG�� � ,Q� WKH� FDVH� RI� QLRELXP� PLOOLQJ� PHGLD� LW� ZDV�

FRQWDPLQDWLRQ�E\�QLRELXP� WKDW�ZDV� VSHFLILFDOO\� LQYHVWLJDWHG�� � )RU� FRSSHU�PLOOLQJ�PHGLD� LW� ZDV�

FRSSHU�FRQWDPLQDWLRQ��IRU�KDUGHQHG�VWHHO� LW�ZDV� LURQ�FRQWDPLQDWLRQ�DQG�IRU� WXQJVWHQ�FDUELGH�LW�

ZDV�WXQJVWHQ�FRQWDPLQDWLRQ���7KH�OHYHO�RI�FRQWDPLQDWLRQ�ZDV�PHDVXUHG�XVLQJ�LQGXFWLYHO\�FRXSOHG�

SODVPD�PDVV� VSHFWURPHWU\� �,&3�06��� � 7KLV� WHFKQLTXH� LRQLVHV� WKH� VDPSOH� ZLWK� D� KRW� SODVPD�

�DERYH������Ԩ��DQG�WKHQ�PHDVXUHV�WKH�FKDUJH�WR�PDVV�UDWLRV�RI�WKH�UHVXOWDQW�VSHFLHV�XVLQJ�PDVV�

VSHFWURPHWU\� WR� LGHQWLI\� WKH� FRQVWLWXHQWV�� � ,W� LV� D� YHU\� VHQVLWLYH� WHFKQLTXH� WKDW� FDQ� GHWHFW�

FRQFHQWUDWLRQV�GRZQ�WR�SDUWV�SHU�WULOOLRQ�>���@���(DFK�YLDO�ZDV�ORDGHG�ZLWK�D�SRZGHU�PL[WXUH�RI�

QLRELXP�FDUELGH�DQG�QLRELXP�QLWULGH�LQ�D�ZHLJKW�UDWLR�FRQVLVWHQW�ZLWK�WKH�VWRLFKLRPHWU\�1E&���1����

DQG�HDFK�PLOOLQJ�UXQ�ODVWHG���KRXUV���7KH�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH��������7KH�GDWD�IRU�QLRELXP�

FRQWDPLQDWLRQ�DUH�LQWHUHVWLQJ�EHFDXVH�WKH\�VKRZ�WKDW�WKH�QLRELXP�FRQWHQW�RI�WKH�SRZGHU�FKDUJH�

DFWXDOO\�UHGXFHG�IURP�LWV�SUH�PLOOHG�YDOXH�±�DW�OHDVW�IRU�WKH�ILUVW���PLOOLQJ�UXQV�����KRXUV����7KLV�LV�

GXH�WR�WKH�QLRELXP�LQ�WKH�SRZGHU�FKDUJH�EHLQJ�SUHIHUHQWLDOO\�FRDWHG�RQWR�WKH�YLDO�ZDOO�UDWKHU�WKDQ�

ZDOO�PDWHULDO�EHLQJ�LQWURGXFHG�LQWR�WKH�SRZGHU�FKDUJH���7KH�GDWD�LQ�)LJXUH������DOVR�FOHDUO\�VKRZ�

WKDW��LQ�WKH�FDVH�RI�WXQJVWHQ�FDUELGH��DQ�HTXLOLEULXP�FRQWDPLQDWLRQ�OHYHO�LV�UHDFKHG�DIWHU�WKH�WKLUG�

PLOOLQJ�UXQ�IURP�ZKLFK�D���WR�����WXQJVWHQ�FRQWDPLQDWLRQ�LV�WR�EH�H[SHFWHG���7KH�WXQJVWHQ�FDUELGH�

PHGLD�DOVR�KDV�D�FREDOW�FRQWHQW�WKDW�FDQ�EH�DV�KLJK�DV������ZKLFK�PHDQV�WKH�PLOOHG�SURGXFW�FRXOG��



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�

LQFOXGH�D��������FREDOW�FRQWDPLQDWLRQ��LQ�WKH�ZRUVW�FDVH�VFHQDULR���$OWKRXJK�WKH�KDUGHQHG�VWHHO�

PHGLD�SURGXFHG�WKH�OHDVW�FRQWDPLQDWLRQ��WKLV�URXWH�ZDV�QRW�SXUVXHG�GXH�WR�WKH�PDJQHWLF�QDWXUH�

RI� WKH� FRQWDPLQDQW� L�H�� LURQ�� � 7KH� FRSSHU� PHGLD� ZDV� DOVR� GLVFRXQWHG� GXH� WR� LWV� VRIWQHVV� LQ�

FRPSDULVRQ�WR�WKH�SRZGHU�FKDUJH���

0LOOLQJ�PHGLD�DQG�%35�VHOHFWLRQ���
�

1LRELXP�FDUERQLWULGH�LV�D�YHU\�KDUG�UHIUDFWRU\�PDWHULDO���7KLV�GHFUHDVHV�WKH�QXPEHU�RI�WHFKQLTXHV�

DYDLODEOH�WKDW�HQVXUH�ORZ�FRQWDPLQDWLRQ���)RU�H[DPSOH��YLDO�VHOHFWLRQ�LV�PDGH�GLIILFXOW�GXH�WR�WKH�

KLJK�VDPSOH�KDUGQHVV���%DOO�VL]H�LV�DOVR�OLPLWHG�WR�WKRVH�WKDW�DUH�FRPPHUFLDOO\�DYDLODEOH�VLQFH�LQ�

KRXVH�IDEULFDWLRQ�RI�HTXDOO\�KDUG�EDOOV�ZRXOG�UHTXLUH�D�VLJQLILFDQW�LQYHVWPHQW�LQ�HTXLSPHQW�DQG�

H[SHUWLVH���7KH�FRQWURO�RI�PLOOLQJ�VSHHG��ZKLFK�DIIHFWV�LPSDFW�HQHUJLHV��LV�DOVR�OLPLWHG�ZKHQ�XVLQJ�

WKH�63(;�PLOOHU�EHFDXVH��LQ�FRQWUDVW�WR�WKH�)ULWVFK�3XOYHULVHWWH���3ODQHWDU\�PLOOHU��LW�KDV�QR�VSHHG�

FRQWURO� FDSDELOLWLHV�� �:LWK� WKHVH� LVVXHV� DFNQRZOHGJHG� LW�ZDV� GHFLGHG� WKDW� KDUG�� FRPPHUFLDOO\�

DYDLODEOH�WXQJVWHQ�FDUELGH��:&��PLOOLQJ�PHGLD�ZDV�WKH�PRVW�DSSURSULDWH�FKRLFH���DOWKRXJK�RQO\�

RQH�VL]H�RI�:&�PLOOLQJ�EDOO�ZDV�FRPPHUFLDOO\�DYDLODEOH��DSSUR[LPDWHO\����PP�LQ�GLDPHWHU����7KH�

VL]H�RI�WKLV�EDOO��LQ�FRPSDULVRQ�WR�WKH�LQWHUQDO�GLDPHWHU�RI�WKH�PLOOLQJ�YLDO��a����PP���ZDV�GHHPHG�

WR�EH�VXEVWDQWLDO���6R��DOWKRXJK�VLPXOWDQHRXVO\�XVLQJ�D�TXDQWLW\�RI�EDOOV�LQFUHDVHV�WKH�QXPEHU�RI�

EDOO�WR�SRZGHU�LPSDFWV��D�GHVLUDEOH�RXWFRPH��DQG�WKHUHIRUH�OHDGV�WR�GHFUHDVHG�PLOOLQJ�WLPHV��WKH�

VLPXOWDQHRXV�XVH�RI�RQO\�D�IHZ�EDOOV��VD\�WKUHH��ZRXOG�RFFXS\�D�VL]HDEOH�YROXPH�RI�WKH�YLDO���7KLV�

FDQ�KDYH�XQGHVLUDEOH�DIIHFWV��VXFK�DV�LQFUHDVHG�FRQWDPLQDWLRQ�GXH�WR�EDOO�WR�EDOO�LPSDFWV�DQG�RU�

D�UHGXFHG�ZRUNLQJ�RI�WKH�PDWHULDO�GXH�WR�WKHUH�EHLQJ�OHVV�IUHH�YLDO�YROXPH�IRU�WKH�EDOOV�WR�PRYH�

ZLWKLQ���,W�ZDV�IRU�WKLV�UHDVRQ�WKDW�WKH�XVH�RI�RQO\�WZR�EDOOV�ZDV�FKRVHQ���,W�ZDV�IHOW�WKDW�WKLV�ZDV�D�

VXIILFLHQW�FRPSURPLVH�EHWZHHQ�GHFUHDVLQJ�WKH�PLOOLQJ�WLPH��DQG�SDUWLFOH�VL]H��ZKLOVW�DOVR�NHHSLQJ�

WKH�FRQWDPLQDWLRQ�OHYHO�DV�ORZ�DV�UHDVRQDEO\�SRVVLEOH���7KLV��LQ�FRQMXQFWLRQ�ZLWK�WKH�QHHG�WR�PLOO�

DW�OHDVW���J�RI�IDEULFDWHG�1E&1��DERXW���J�PRUH�WKDQ�ZDV�QHHGHG�IRU�D�VDPSOH�HDUPDUNHG�IRU�KRW�

�
)LJXUH� ������ 6XPPDU\� RI� D� SUHOLPLQDU\� LQYHVWLJDWLRQ� LQWR� WKH� FRQWDPLQDWLRQ� RI� D� QLRELXP�
FDUELGH�QLRELXP�QLWULGH�SRZGHU�FKDUJH�DIWHU�PLOOLQJ�IRU�GLIIHUHQW�WLPH�SHULRGV�LQ�KDUGHQHG�VWHHO��

FRSSHU��WXQJVWHQ�FDUELGH�DQG�QLRELXP�PLOOLQJ�PHGLD��



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
LVRVWDWLF�SUHVVLQJ��OHG�WR�D�EDOO�WR�SRZGHU�UDWLR��%35��RI�DSSUR[LPDWHO\�����EHLQJ�XVHG��PDVV�RI�

WZR�:&�EDOOV�ZDV�a������J�����

3UHSDUDWLRQ�RI�VLQWHUHG�PDWHULDO�IRU�PLOOLQJ�
�

7KH�RXWHU�OD\HUV�RI�HDFK�RI�WKH�VDPSOH�SHOOHWV�IURP�ERWK�RI�WKH�VLQWHUHG�EDWFKHV���VHH�7DEOH������

ZHUH�PDQXDOO\�FKLSSHG�DZD\�XVLQJ�D�QLRELXP�URG�ZLWK�RQH�HQG�VKDSHG�WR�D�FKLVHO�OLNH�HGJH���7KLV�

SURFHVV�H[SRVHG� WKH� LQQHU��FRQWDPLQDQW�IUHH��YROXPH�� �7KLV�FOHDQ�YROXPH�ZDV� WKHQ�PDQXDOO\�

SXOYHULVHG�ZLWK�D�PRUWDU�DQG�SHVWOH�WR�IRUP�D�FRDUVH�SRZGHU���7KH�SRZGHU�IURP�HDFK�SHOOHW�IURP�

WKH�ILUVW�VLQWHUHG�EDWFK�ZDV�WKHQ�PL[HG�WRJHWKHU�WR�IRUP�D�SUHFXUVRU�SRZGHU�FKDUJH�IRU�WKH�ILUVW�

PLOOLQJ�FDPSDLJQ���6LPLODUO\��D�VHFRQG�SUHFXUVRU�SRZGHU�FKDUJH�ZDV�FROOHFWHG�IURP�WKH�VDPSOH�

SHOOHWV�RI�WKH�VHFRQG�VLQWHUHG�EDWFK�IRU�XVH�LQ�WKH�VHFRQG�PLOOLQJ�FDPSDLJQ���7KHVH�WZR�EDWFKHV�

RI�PDWHULDOV�ZHUH�VWRUHG�ZLWKLQ�DQ�DUJRQ�JORYH�ER[�DQG�HYHQWXDOO\�XVHG�WR�FRQGLWLRQ�WKH�PLOOLQJ�

PHGLD�DQG�SURGXFH�WKH�QDQRFU\VWDOOLQH�PDWHULDO��

0LOOLQJ�PHGLD�UH�FRQGLWLRQLQJ�
�

7KH�PLOOLQJ� YLDO� DQG�EDOOV� �ZKLFK� KDG�EHHQ� FRQGLWLRQHG�GXULQJ�SUHYLRXV�H[SHULPHQWV��ZDV� UH�

FRQGLWLRQHG�XVLQJ���J�RI�VLQWHUHG�1E&���1����IURP�WKH�ILUVW�VLQWHUHG�EDWFK�E\�PLOOLQJ�WKH�SRZGHU�IRU�

��KRXUV�XVLQJ�WKH�63(;�PLOO���$W�WKH�HQG�RI�WKLV�PLOOLQJ�UXQ��LQVLGH�WKH�JORYH�ER[��WKH�VLGH�ZDOO�ZDV�

VFUDSHG�FOHDQ�ZLWK�D�QLRELXP�URG�DQG�WKH�PLOOHG�SRZGHU�FKDUJH�UHPRYHG�DQG�GLVSRVHG�RI���7KLV�

UH�FRQGLWLRQLQJ�SURFHGXUH�ZDV�WKHQ�UHSHDWHG�ZLWK�DQRWKHU���J�RI�PDWHULDO�IURP�WKH�ILUVW�VLQWHUHG�

EDWFK���$W�WKH�HQG�RI�WKLV�SURFHGXUH�WKH�LQWHUQDO�VXUIDFHV�RI�WKH�YLDO�DQG�WKH�RXWHU�VXUIDFHV�RI�WKH�

EDOOV�ZHUH�IXOO\�FRDWHG�LQ�1E&���1�����

������0HFKDQLFDO�PLOOLQJ�RI�PLFURFU\VWDOOLQH�1E&1�
�

7ZR�PDLQ�PLOOLQJ�FDPSDLJQV�ZHUH�FRQGXFWHG���0LOOLQJ�FDPSDLJQ�RQH��LQ�ZKLFK�VLQWHUHG�PDWHULDO�

IURP�6DPSOHV�6����±�6����ZHUH�PL[HG�DQG�PLOOHG�WR�IRUP�%DWFK����VHH�7DEOH�����IRU�VLQWHUHG�

VDPSOH�GHWDLOV��DQG�PLOOLQJ�FDPSDLJQ�WZR�LQ�ZKLFK�VDPSOHV�6����±6����ZHUH�PL[HG�DQG�PLOOHG�

WR� IRUP�%DWFK� ��� � 7KH� JHQHUDO�PLOOLQJ� SURFHGXUH� FRQVLVWHG� RI� RQH� KRXU� ORQJ�PLOOLQJ� VHVVLRQV�

LQWHUOHDYHG�E\�KDOI�KRXU�UHVW�SHULRGV�IRU�D�WRWDO�RI�WZHQW\�DFWXDO�PLOOLQJ�KRXUV�IRU�HDFK�PLOOLQJ�UXQ���

7KH�UHVW�SHULRGV�DUH�HPSOR\HG�WR�VWRS�H[FHVVLYH�WHPSHUDWXUHV�RFFXUULQJ���$OVR��WKH�63(;�PLOO�

VKRXOG�QRW�EH�FRQWLQXRXVO\�UXQ�IRU�SHULRGV�ORQJHU�WKDQ�����K�WR�NHHS�ZLWKLQ�WKH�PDQXIDFWXUHU¶V�

VHUYLFH� VSHFLILFDWLRQV�� (DFK� FDPSDLJQ� FRQWDLQHG� WKUHH� LQGHSHQGHQW� PLOOLQJ� UXQV�� � ,Q� WKH� ILUVW�

PLOOLQJ� UXQ��RI� WKH� ILUVW�FDPSDLJQ��VPDOO�TXDQWLWLHV�RI�PDWHULDO�ZHUH�H[WUDFWHG� IURP� WKH�SRZGHU�

FKDUJH�DW������DQG����K�LQWHUYDOV���7KHVH�H[WUDFWLRQV�ZHUH�FDUULHG�RXW�GXULQJ�UHVW�SHULRGV���7KH�

YLDO�ZDV�UHPRYHG�IURP�WKH�PLOO�DQG�SXW�LQWR�WKH�JORYH�ER[�WR�SHUIRUP�WKH�DFWXDO�H[WUDFWLRQ�SULRU�WR�

EHLQJ� UHVHDOHG� DQG� SXW� EDFN� LQWR� WKH�PLOO� UHDG\� IRU� WKH� QH[W� KRXU� ORQJ�PLOOLQJ� VHVVLRQ�� � 7KH�

H[WUDFWHG�PDWHULDO�SURGXFHG�PLOOHG�VDPSOHVǡ �ଶ଴���:Hܯ��ଵଶ�DQG�D�VDPSOH�PLOOHG�IRU����Kܯ���଺ܯ��ଶܯ

DOVR�KDG�D�]HUR�KRXU�PLOOHG�VDPSOHܯ��଴�REWDLQHG�IURP�VLQWHUHG�EDWFK�SHOOHW�VDPSOH�6�����7KH\�

ZHUH�XVHG�IRU�D�WLPH�HYROXWLRQ�VWXG\�DQG�ZLOO�EH�GLVFXVVHG�LQ�VHFWLRQ���������7KH�UHPDLQLQJ����K�



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
PLOOHG�PDWHULDO�IURP�DOO�WKH�UXQV�LQ�ERWK�FDPSDLJQV�SURGXFHG�§������J�RIܯ�ଶ଴�VDPSOH�PDWHULDO���

7KH�GHWDLOV�RI�WKH�VDPSOHV�SURGXFHG�IURP�WKHVH�PLOOLQJ�FDPSDLJQV�FDQ�EH�IRXQG�LQ�7DEOH������

������;�UD\�GLIIUDFWLRQ�
�

;�UD\�GLIIUDFWLRQ�GDWD�ZHUH�REWDLQHG�E\�PHDVXULQJ�VDPSOHVܯ�଴�WRܯ�ଶ଴�XVLQJ�WKH�6LHPHQV�'�����

3RZGHU�'LIIUDFWRPHWHU���7KHVH�GDWD�GHVFULEH�KRZ�WKH�JUDLQ�VL]H�FKDQJHV�ZLWK�LQFUHDVHG�PLOOLQJ���

7KH�GDWD�DUH�VKRZQ�LQ�)LJXUH��������$V�ZHOO�DV�WKHUH�EHLQJ�D�YLVLEOH�EURDGHQLQJ�RI�WKH�SHDN�ZLGWKV�

GXH�WR�JUDLQ�VL]H�UHGXFWLRQ�DQG�VWUDLQ��DQ�DGGLWLRQDO�SHDN�FOHDUO\�DSSHDUV�LQ�WKH���K�VDPSOHܯ��଺��

�EHWZHHQ�DQJOHV����DQG����GHJ��DQG��QRW�RQO\�LQFUHDVHV�LQ�LQWHQVLW\�LQ�WKH����Kܯ���ଵଶ��DQG����K��

�QHDU����GHJ��IURP����K�RQZDUGV���7KHVH�WZR��ଶ଴��VDPSOHV��EXW�LV�DOVR�MRLQHG�E\�DQRWKHU�SHDNܯ

SHDNV�DUH�DWWULEXWHG�WR�WXQJVWHQ�FDUELGH��LQGH[HV�����DQG������FRQWDPLQDWLRQ�IURP�WKH�PLOOLQJ�

PHGLD���&KDQJHV�LQ�UHODWLYH�SHDN�LQWHQVLWLHV�DUH�DOVR�YLVLEOH�LQ�WKH�WZR�PDMRU�SHDNV�WKDW�UHVLGH�

ZLWKLQ� ��� WR� ��� GHJUHHV� LQ� )LJXUH� ������ 0LOOLQJ� FDXVHV� VWUXFWXUDO� GHIHFWV�� VXFK� DV� DQWL�VLWH�

H[FKDQJH� DQG� YDFDQF\� IRUPDWLRQ� WKDW� FRQWULEXWH� WR� WKH� VWUDLQLQJ� RI� WKH� PLOOHG� JUDLQV�� � 7KH�

UHSRVLWLRQLQJ� RI� DWRPLF� VSHFLHV� FDXVHG� E\� WKLV� GHIHFW� IRUPDWLRQ� FKDQJHV� WKH� UHODWLYH� SHDN�

LQWHQVLWLHV� LQ�;5'�� �7KLV� LV�GXH� WR� WKH�QXPEHU�RI�DWRPV� �RI�D�SDUWLFXODU�VSHFLHV��� WKDW�RFFXS\�

SDUWLFXODU�ODWWLFH�SRVLWLRQV��FKDQJLQJ��

*UDLQ�VL]H�
�

7KH�JUDLQ�VL]H��GLDPHWHU��IRU�HDFK�RI�WKH�VDPSOHVܯ�଴�WRܯ�ଶ଴�ZDV�REWDLQHG�WKURXJK�DQ�LWHUDWLYH�

5LHWYHOG�UHILQHPHQW�RI�WKH�UDZ�;5'�GDWD�XVLQJ�7R3DV�$FDGHPLF�VRIWZDUH���7KH�JUDLQ�VL]HV�DUH�

VKRZQ�LQ�)LJXUH��������7KH�UHVXOWV�IRU�WKH�JUDLQ�GLDPHWHU�HYROXWLRQ�VKRZ�DQ�H[SHFWHG�WUHQG�IURP�

WKH�PLFURFU\VWDOOLQH�VWDUWLQJ�PDWHULDOܯ��଴��UHGXFLQJ�E\�D�IDFWRU�RI�a�����IURP�a���ђP�WR�a����QP�

���ଶܯ� �7KH� UHGXFWLRQ� LQ�GLDPHWHU�FRQWLQXHV��DOEHLW�DW�D� YDVWO\� UHGXFHG� UDWH�� WR� WKH����K�PLOOHG�

PDWHULDOܯ��ଵଶǤ� �:H� WKHQ� VHH� DQ� LQFUHDVH� LQ� GLDPHWHU� LQ� WKH� ��� K� PLOOHG� VDPSOHܯ��ଶ଴�� � 2QH�

H[SODQDWLRQ�IRU�WKLV�RFFXUUHQFH�LV�WKDW�WKH�VPDOO�VDPSOH�WDNHQ�IURP�WKH�SRZGHU�FKDUJH�DIWHU����K�

LV�QRW�UHSUHVHQWDWLYH�RI�WKH�PLOOHG�VDPSOH�DV�D�ZKROH�GXH�WR�WKH�LQWURGXFWLRQ�RI�IUHVK�WXQJVWHQ�

FDUELGH�FRQWDPLQDWLRQ�ZLWK�VXIILFLHQWO\�ODUJH�JUDLQ�VL]HV�WR�VNHZ�WKH�DYHUDJH���7KLV�SRVVLELOLW\�LV�

VXSSRUWHG�E\�WKH�SK\VLFDO�PHWKRG�XVHG�WR�DFTXLUH�WKLV�ILQDO�PLOOHG�VDPSOH���2QFH�WKH�PLOOLQJ�ZDV�

FRPSOHWHG��DQG�WKH�YLDO�ZDV�RSHQHG�ZLWKLQ�WKH�JORYH�ER[��WKH�LQWHUQDO�ZDOOV�ZHUH�VFUDSHG�ZLWK�D�

QLRELXP�URG�WR�UHFRYHU�DV�PXFK�RI�WKH�\LHOG�DV�SRVVLEOH���7KLV�UHFRYHUHG�\LHOG�ZDV�QRW�PL[HG�LQ�

DQ\� ZD\� EHIRUH� H[WUDFWLQJ� WKH� VDPSOH� IRU� ;5'�� � :H� VXJJHVW� WKDW� ODUJH� JUDLQ� VL]HG� :&�

FRQWDPLQDWLRQ��VFUDSHG�RII�WKH�YLDO�ZDOOV��ZDV�LQWURGXFHG�LQWR�WKH�WRWDO�\LHOG�DQG�FRQVHTXHQWO\�WKH�

;5'�VDPSOH���7KLV�SURFHVV�LV�DQRPDORXV�EHFDXVH�LW�ZDV�RQO\�DGRSWHG�IRU�WKH�ILQDO�PLOOLQJ�VHVVLRQ���

$OO�WKH�SUHYLRXV�PLOOLQJ�VHVVLRQV�ZHUH�RQO\�LQWHUUXSWHG�WR�H[WUDFW�VPDOO�TXDQWLWLHV�RI�;5'�VDPSOHV�

GLUHFWO\�IURP�WKH�PLOOHG�SRZGHU�FKDUJH�LWVHOI��ZLWKRXW�DQ\�VFUDSLQJ�RI�WKH�VLGH�ZDOOV�WDNLQJ�SODFH���

2QH�SRVVLEOH�PHDQV�RI�FKHFNLQJ�WKLV�K\SRWKHVLV�ZRXOG�KDYH�EHHQ�WR�WKRURXJKO\�PL[�WKH�UHFRYHUHG�

PDWHULDO� WR� GLVWULEXWH� WKH� IUHVK� FRQWDPLQDWLRQ� WKURXJKRXW� WKH� ZKROH� SRZGHU� FKDUJH� DQG� WKHQ�

H[WUDFW�D�QHZ�VDPSOH�IRU�;5'���,I�WKH�JUDLQ�VL]H�DQDO\VLV�RI�WKLV�QHZ�VDPSOH�UHWXUQHG�D�UHGXFHG�

JUDLQ� GLDPHWHU� WR� WKDW� RI� WKH� ILUVW� VDPSOH�� WKHQ� WKH� K\SRWKHVLV� ZRXOG� EH� VWUHQJWKHQHG���



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�

8QIRUWXQDWHO\��E\�WKH�WLPH�WKLV�JUDLQ�VL]H�DQDO\VLV�ZDV�FRPSOHWHG��DOO�WKHܯ�ଶ଴�PDWHULDO�KDG�EHHQ�

FRQVXPHG�E\�IXUWKHU�H[SHULPHQWDWLRQ��

/DWWLFH�SDUDPHWHU�
�

7KH�ODWWLFH�SDUDPHWHU�DV�D�IXQFWLRQ�RI�PLOOLQJ�WLPH�LV�VKRZQ�LQ�)LJXUH��������7KHVH�GDWD�ZHUH�DOVR�

REWDLQHG�WKURXJK�LWHUDWLYH�5LHWYHOG�UHILQHPHQW�RI�WKH�UDZ�;5'�GDWD���$�JHQHUDO�UHGXFWLRQ�LQ�ODWWLFH�

SDUDPHWHU�ZLWK�LQFUHDVHG�PLOOLQJ�WLPH�LV�REVHUYHG���7KLV�LV�GXH�WR�VWUDLQ�LQ�WKH�XQLW�FHOO�FDXVHG�E\�

WKH�UHSHDWHG�KLJK�HQHUJ\�ERPEDUGPHQWV�GXULQJ�PLOOLQJ���$�JHQHUDO�UHGXFWLRQ�LQ�ODWWLFH�SDUDPHWHU�

RI�XOWUDILQH�SRZGHUV��ZLWK�JUDLQ�VL]HV�RI����WR����QP���LQ�FRPSDULVRQ�WR�EXON�PDWHULDO��ZDV�DOVR�

IRXQG�E\�7URLWVNL\�HW�DO��ZKR�DOVR�DWWULEXWH�LW�WR�ODWWLFH�VWUDLQ��ZKLFK�WKH\�VD\�LV�FKDUDFWHULVWLF�RI�

XOWUDILQH�SDUWLFOHV�>���@��

������'LIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�DQG�WKHUPRJUDYLPHWU\�
�

'LIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\��'6&��GDWD�DQG�WKHUPRJUDYLPHWULF�GDWD��7*$��ZHUH�FROOHFWHG�

XVLQJ� D�1HW]VFK� ���&���*� VLPXOWDQHRXV� WKHUPDO� DQDO\VHU� �67$��� � 7KLV� HTXLSPHQW� LV� DEOH� WR�

PHDVXUH�PDVV�FKDQJHV�DV�ORZ�DV�����ђJ��7*$��DQG�KHDW�HQHUJ\�WUDQVIHU�UDWHV�ORZHU�WKDQ�����ђ:�

�'6&����7KH�67$�IDFLOLWDWHV�WKH�VLPXOWDQHRXV�DFTXLVLWLRQ�RI�KHDW�IORZ�GDWD��EHWZHHQ�D�VDPSOH�DQG��

7DEOH������0LOOLQJ� FDPSDLJQV�DQG� VDPSOHV�SURGXFHG�� �$� VPDOO� DPRXQW� RI� ]HUR� KRXU�PLOOHG�

PDWHULDOܯ�଴�ZDV�ILUVW�H[WUDFWHG�IURP�VDPSOH�6������0DWHULDOV�IURP�VDPSOHV�6������6����ZHUH�

WKHQ�PL[HG�WR�IRUP�EDWFK���DQG�VDPSOHV�6����±�6����IRUPHG�EDWFK����7KH�ILUVW�FDPSDLJQ�XVHG�

EDWFK���PDWHULDO�DQG�WKH�VHFRQG�FDPSDLJQ�XVHG�EDWFK���PDWHULDO��VHH�7DEOH�����IRU�GHWDLOV����

(DFK�FDPSDLJQ�ZDV�FRPSULVHG�RI�WKUHH�LQGHSHQGHQW�PLOOLQJ�UXQV��HDFK�RI����K�WRWDO�GXUDWLRQ���

,Q� WKH� ILUVW�FDPSDLJQ�VPDOO�TXDQWLWLHV�RI�PDWHULDO�ZHUH�H[WUDFWHG� IURP� WKH�SRZGHU�FKDUJH�RI�

%DWFK���DW������DQG����K�LQWHUYDOV��SURGXFLQJ�PLOOHG�VDPSOHVܯ��ଶܯ��଺�DQGܯ�ଵଶ�IRU�D�WLPH�HYROXWLRQ�

VWXG\��(YHQWXDOO\�ZH�KDG�WZR�EDWFKHV�RI�QRPLQDOO\�LGHQWLFDO�PDWHULDO�WKDW�KDG�EHHQ�PLOOHG�IRU�

���KRXUV���%DWFK���RI�a������J�DQG�%DWFK���RI�a����J�����

�
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�
)LJXUH�������;5'�GDWD�VKRZLQJ�WKH�WLPH�HYROXWLRQ�RI�WKH�SRZGHU�FKDUJH��VLQWHUHG�1E&���1����

IURP�%DWFK����IRU�XS�WR����K�RI�PHFKDQLFDO�EDOO�PLOOLQJ���7KH�UHG�OLQHV�ZLWK�RSHQ�GLDPRQGV�

�ERWWRP�� LQGLFDWH� WKH� H[SHFWHG� SHDN� SRVLWLRQV� IRU� 1E&���1����� � 7KH� UHG� OLQHV� ZLWK� RSHQ�

VTXDUHV��WRS��LQGLFDWH�WZR�RI�WKH�SHDN�SRVLWLRQV�RI�WXQJVWHQ�FDUELGH��LQGH[HV�����DQG������

�ERWK�GDWD�VHWV�REWDLQHG�IURP�>���@����3HDNV�EHORQJLQJ�WR�WXQJVWHQ�FDUELGH�EHJLQ�WR�DSSHDU�

LQ�WKH���K�PLOOHG�PDWHULDO� L�H��SHDN�����LQ�VDPSOHܯ�଺��DQG�WKLV�LV�MRLQHG�E\�D�VHFRQG�SHDN�

������LQ�WKH����K�VDPSOHܯ��ଵଶ���7KH�LQWHQVLWLHV�RI�WKHVH�SHDNV�LQFUHDVH�ZLWK�PLOOLQJ�WLPH��

�
�

�
)LJXUH��������*UDLQ�GLDPHWHU�DV�D�IXQFWLRQ�RI�PLOOLQJ�WLPH���7KH�RSHQ�V\PEROV�VKRZ�VDPSOHV�

����P��QP��LQ�FRPSDULVRQ�WR�WKH�FORVHG�V\PEROV��ଶ଴�DW�D�UHGXFHG�VFDOHܯ�ଶ�WRܯ
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�

LWV�FRQWUROOHG�HQYLURQPHQW��DQG�PDVV�GDWD�DV�IXQFWLRQV�RI�WLPH�RU�WHPSHUDWXUH���7KH�VLPXOWDQHRXV�

DFTXLVLWLRQ� RI� ERWK� GDWDVHWV�� QRW� RQO\� VHUYHV� WR� LQFUHDVH� H[SHULPHQWDO� HIILFLHQF\�� EXW� PRUH�

LPSRUWDQWO\� VHUYHV�DV�DQ�DLG� WR� WKHLU� LQWHUSUHWDWLRQ�� � 7KH�DFTXLVLWLRQ�SURFHVV�FRQVLVWHG�RI� ILUVW�

SHUIRUPLQJ�67$�PHDVXUHPHQWV�IURP�URRP�WHPSHUDWXUH�XS�WR������Ԩ�DW�D�UDWH�RI����ԨȀ����VW�

UXQ���WKHQ�FRROLQJ�WKH�VDPSOH�EDFN�GRZQ�WR�URRP�WHPSHUDWXUH��XQPHDVXUHG��SULRU�WR�UHSHDWLQJ�

DQ� LGHQWLFDO�PHDVXUHPHQW� SURJUDPPH�RQ� WKH� VDPH� VDPSOH� ��QG� UXQ��� � $� FRPSDULVRQ� RI� ERWK�

PHDVXUHPHQW� UXQV� UHYHDOV� PDVV� DQG� SKDVH� FKDQJHV� DQG�RU� FKHPLFDO� UHDFWLRQV� WKDW� KDYH�

RFFXUUHG�GXULQJ� WKH� WHPSHUDWXUH�VZHHS�E\�GLIIHUHQFHV� LQ� WKH��VW�DQG��QG� UXQ�GDWDVHWV�� �7KHVH�

WHPSHUDWXUH� GHSHQGHQW� GLIIHUHQFHV� PDQLIHVW� WKHPVHOYHV� DV� H[RWKHUPLF� DQG�RU� HQGRWKHUPLF�

FXUYHV�LQ�WKH��VW�UXQ�WKDW�HLWKHU�GR�QRW�DSSHDU�LQ�WKH��QG�UXQ�RU�KDYH�D�YHU\�GLIIHUHQW�FKDUDFWHU�LQ�

WKH� �QG� UXQ�� � ([RWKHUPLF� FKDQJHV� UHVXOW� LQ� FXUYHV� ZLWK� GRZQZDUG� SHDNV� ZKLOVW� HQGRWKHUPLF�

FKDQJHV�FDXVH�XSZDUG�SHDNV���,I�D�VWUXFWXUDO�FKDQJH�LV�RFFXUULQJ�DW�VRPH�WHPSHUDWXUH��VD\��D�

FU\VWDOOL]DWLRQ�RI�DPRUSKRXV�PDWHULDO��ZKLFK�LV�H[RWKHUPLF�>���@��WKHQ�LQ�RUGHU�WR�PDLQWDLQ�D�VWHDG\�

WHPSHUDWXUH�LQFUHDVH�RI�WKH�VDPSOH��WKH�67$�PXVW�UHGXFH�LWV�KHDWLQJ�SRZHU���7KLV�VKRZV�LWVHOI�

DV�D�FXUYH�ZLWK�D�GRZQZDUG�SRLQWLQJ�SHDN����)LJXUH������VKRZV�7*$�DQG�'6&�GDWD�IRU�WKH�]HUR�

KRXU�PLOOHG�VDPSOHܯ��଴��DQG�)LJXUH������VKRZV�WKLV�GDWD�IRU�WKH�WZHQW\�KRXU�PLOOHG�VDPSOHܯ��ଶ଴���

7KH�UHDVRQ�IRU�SHUIRUPLQJ�'6&�DQG�7*$�PHDVXUHPHQWV�RQ�WKHVH�VDPSOHV�ZDV�WR�LQYHVWLJDWH�

WKH�UHFU\VWDOOL]DWLRQ�RI�DPRUSKRXV�FRQWHQW�RI� WKH�QDQRFU\VWDOOLQH�VDPSOHܯ�ଶ଴�� LQ�FRPSDULVRQ�WR�

WKH�PLFURFU\VWDOOLQH��XQPLOOHG��EXON�VDPSOHܯ�଴��ZLWK�D�YLHZ�WR�XVLQJ� WKH�UHVXOWV� WR�KHOS� LGHQWLI\�

SRVVLEOH�WHPSHUDWXUHV�IRU�KRW�LVRVWDWLF�SUHVVLQJ��WR�EH�GLVFXVVHG�EHORZ����7KH��VW�DQG��QG�UXQ�GDWD�

IRU�VDPSOHܯ�଴�DUH�YHU\�VLPLODU�DQG�DUH�GHYRLG�RI�DQ\�LQWHUHVWLQJ�VWUXFWXUH���7KLV�VKRZV�WKDW�RYHU�

WKH�WHPSHUDWXUH�UDQJH�PHDVXUHG��WKH�VDPSOH�FKDQJHG�OLWWOH���7KLV�LV�DQ�XQVXUSULVLQJ�UHVXOW���7KH�

PD[LPXP�WHPSHUDWXUH�ZDV������Ԩ��ZKLFK�LV�YHU\�FRRO�IRU�QLRELXP�FDUERQLWULGH���7KH�GDWD�IRU�WKH�

PLOOHG�VDPSOHܯ�ଶ଴�DUH��KRZHYHU��PRUH�LQWHUHVWLQJ���$W�DSSUR[LPDWHO\�����Ԩ�WKH��VW�DQG��QG�UXQ�

GDWD�EHJLQ�WR�GLIIHU���7KH�FKDQJH�LQ�FXUYDWXUH�RI�WKH��VW�UXQ�'6&�GDWD�VKRZV�WKDW�WKH�FKDQJH�LV�

HQGRWKHUPLF���7KLV�EHKDYLRXU��LQ�FRQMXQFWLRQ�ZLWK�WKH�FRUUHODWHG�GHFUHDVH�LQ�PDVV��YLVLEOH�LQ�WKH�

FRUUHVSRQGLQJ�7*$�GDWD���LV�SUREDEO\�GXH�WR�RXWJDVVLQJ��DV�RSSRVHG�WR�DQ\�SK\VLFDO��VWUXFWXUDO��

������������������ �
��������)LJXUH�������/DWWLFH�SDUDPHWHU�DV�D�IXQFWLRQ�RI�PLOOLQJ�WLPH�IRU�DOO�ILYH�VDPSOHV��
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�
)LJXUH������� �7KHUPRJUDYLPHWULF�PDVV�GDWD��7*$���WRS�RI�SORW�±�/+�D[LV��DQG�GLIIHUHQWLDO�

VFDQQLQJ�FDORULPHWU\�GDWD��'6&���5+�D[LV��IRU�WKH�]HUR�KRXU�PLOOHG�VDPSOHܯ��଴���7KH�VROLG�

DQG�GDVKHG�OLQHV�VKRZ��VW�UXQ�GDWD�DQG�WKH�RSHQ�GLDPRQGV�DQG�FLUFOHV�VKRZ��QG�UXQ�GDWD��

�
�
�
�

�
)LJXUH������� �7KHUPRJUDYLPHWULF�PDVV�GDWD��7*$���WRS�RI�SORW�±�/+�D[LV��DQG�GLIIHUHQWLDO�

VFDQQLQJ�FDORULPHWU\�GDWD��'6&���5+�D[LV��IRU�WKH�WZHQW\�KRXU�PLOOHG�VDPSOHܯ��ଶ଴���7KH�VROLG�

DQG�GDVKHG�OLQHV�VKRZ��VW�UXQ�GDWD�DQG�WKH�RSHQ�GLDPRQGV�DQG�FLUFOHV�VKRZ��QG�UXQ�GDWD���

7KH�YHUWLFDO�UHG�GDVKHG�OLQH�LV�D�JXLGH�WR�WKH�H\H�DQG�KLJKOLJKWV�WKH�WHPSHUDWXUH�DW�ZKLFK�

WKH�PHDVXUHPHQWV�LQ�WKH��VW�UXQ�EHJLQ�WR�GHYLDWH�IURP�WKH��QG�UXQ��
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�
FKDQJH���7KLV�QDQRFU\VWDOOLQH�VDPSOH�ZDV�KDQG�SUHVVHG�LQWR�D�SHOOHW�LQ�SUHSDUDWLRQ�IRU�WKH�67$�

PHDVXUHPHQW���7KHUHIRUH��QRW�RQO\�LV�WKH�QDQRFU\VWDOOLQH�VDPSOHܯ��ଶ଴��IDU�PRUH�SRURXV�WKDQ�WKH�

VROLG�VWDWH�VLQWHUHG�VDPSOHܯ��଴��EXW�WKH�UHODWLYHO\�ODUJH�VXUIDFH�DUHDV�RI�LWV�FRQVWLWXHQW�JUDLQV��LQ�

FRQMXQFWLRQ�ZLWK�UHODWLYHO\�ODUJH�JUDLQ�ERXQGDULHV��SURYLGHV�D�YDVWO\�LQFUHDVHG�VXUIDFH�IURP�ZKLFK�

QLWURJHQ�FRXOG�VXEOLPDWH�� �)XUWKHUPRUH�� WKH�DWPRVSKHUH�ZLWKLQ� WKH�67$� IXUQDFH� LV�KLJK�SXULW\�

DUJRQ��ZKLFK�PHDQV�WKH�QLWURJHQ�LV�HIIHFWLYHO\�VLWWLQJ�ZLWKLQ�D�YDFXXP�L�H��WKH�SDUWLDO�SUHVVXUH�RI�

QLWURJHQ�ZLWKLQ�WKH�67$�HQYLURQPHQW�LV�LQLWLDOO\�]HUR���$OVR��RXWJDVVLQJ�UHPRYHV�KHDW�HQHUJ\�IURP�

WKH� VDPSOH��ZKLFK� UHTXLUHV� DQ� LQFUHDVHG�SRZHU� LQSXW� IURP� WKH�67$� WR�PDLQWDLQ� WKH� VDPSOH¶V�

FXUUHQW�WHPSHUDWXUH�ULVH��KHQFH�WKH�FRUUHODWHG�XSZDUG�FXUYDWXUH�RI�WKH�'6&�GDWD���,W�LV�LQWHUHVWLQJ�

WR� QRWH� WKDW� 7URLWVNL\�HW� DO�� IRXQG� WKDW� WKHLU� XOWUDILQH� SRZGHUV� UHFU\VWDOOL]HG� DIWHU� DQQHDOLQJ� DW�

WHPSHUDWXUHV�DERYH�����Ԩ�L�H��WKHLU�JUDLQ�VL]HV�DQG�ODWWLFH�SDUDPHWHUV�LQFUHDVHG�LQ�VL]H�>���@���

7KH�ODFN�RI�D�VLPLODU�UHFU\VWDOOL]DWLRQ�LQ�VDPSOHܯ�ଶ଴�� LV�SUREDEO\�GXH�WR�WKH�VKRUW�WLPHܯ�ଶ଴�ZDV�

DERYH�����Ԩ���7URLWVNL\�HW�DO��GR�QRW�PHQWLRQ�KRZ�ORQJ�WKHLU�DQQHDOLQJ�SURFHGXUH�ODVWHG�EXW�LW�LV�

OLNHO\� WR� KDYH� EHHQ� ORQJHU� WKDQ� KDOI� DQ�KRXU��ZKLFK� LV� WKH� DSSUR[LPDWH� WLPH� VDPSOHܯ�ଶ଴�ZDV�

WHPSHUDWXUH�VZHSW�DERYH�����Ԩ�ZLWKLQ�WKH�67$��

������2WKHU�PLOOLQJ�FDPSDLJQV�
�

,Q�SDUDOOHO�WR�WKH�WZR�PDLQ�PLOOLQJ�FDPSDLJQV�GLVFXVVHG�DERYH��D�IXUWKHU�IRXU�H[SHULPHQWV�ZHUH�

FRQGXFWHG�� � 7KH� PRWLYDWLRQ� IRU� WKLV� DGGLWLRQDO� ZRUN� ZDV� WKH� SRVVLELOLW\� RI� IDEULFDWLQJ�

QDQRFU\VWDOOLQH�1E&���1����LQ�MXVW�RQH�SURFHVV�E\�PHFKDQLFDO�DOOR\LQJ�LQVWHDG�RI�ILUVW�KDYLQJ�WR�XVH�

VROLG�VWDWH�VLQWHULQJ���7KHVH�DGGLWLRQDO�PLOOLQJ�FDPSDLJQV�DUH�FROOHFWLYHO\�UHIHUUHG�WR�DV�D�³VKRUWFXW´�

URXWH�DQG�ZHUH�EDVHG�RQ�JRRG�PLOOLQJ�SUDFWLFH�DQG�VRPH�ZRUN�FRQGXFWHG�E\�&RUGRED�HW��DO��>���@�

ZKR�XVHG�PHFKDQLFDO�DOOR\LQJ�WR�JHQHUDWH�VHOI�SURSDJDWLQJ�UHDFWLRQV�EHWZHHQ�1E��&�DQG�1��VHH�

VHFWLRQ������� LQ�&KDSWHU����� �7KH�ILUVW� WKUHH�RI� WKHVH�H[SHULPHQWV�UHTXLUHG�WKDW�WKH�PLOOLQJ�ZDV�

SHUIRUPHG�ZLWKLQ�D�QLWURJHQ�DWPRVSKHUH�DQG�VR�D�1E�PLOOLQJ�YLDO�ZDV�PRGLILHG�ZLWK�D�EHVSRNH�

YDOYH� DVVHPEO\� �VHH� )LJXUH� ������ WR� DOORZ� WKH� H[FKDQJH� RI� $U� IRU� 1�� DQG� WR� DOORZ� WKH�

UHSOHQLVKPHQW�RI�1�� WKDW�ZDV�DEVRUEHG�E\� WKH�SRZGHU�FKDUJH�GXULQJ�PLOOLQJ�� �7KH� IRXU�PLOOLQJ�

H[SHULPHQWV�DUH�VXPPDULVHG�LQ�7DEOH�������7KH�ILUVW�H[SHULPHQW�ZDV�D�WULDO�RI�WKH�YDOYH�DVVHPEO\��

ZKLFK�ZRUNHG�ZHOO�ZLWKRXW�PRGLILFDWLRQ�� �7KH�VHFRQG�H[SHULPHQW�ZDV�QRW�EDVHG�RQ�&RUGRED¶V�

ZRUN�EXW�ZDV�QHYHUWKHOHVV�D�ILUVW�DWWHPSW�WR�IDEULFDWH�QDQRFU\VWDOOLQH�1E&���1������9DULRXV�PLOOLQJ�

WLPHV�ZHUH�XVHG� LQ�WKH�UDQJH��� WR�����KRXUV�EXW�QRQH�UHVXOWHG� LQ�WKH�IRUPDWLRQ�RI�1E&���1�����

WKRXJK�RWKHU�SKDVHV�ZHUH�IRUPHG��VXFK�DV�1E�&��DQG�1E�&��IRU�H[DPSOH���7KH�WKLUG�H[SHULPHQW�

ZDV�LQ�WKH�VSLULW�RI�&RUGRED¶V�ZRUN��WKRXJK�D�JUHDWHU�UDQJH�RI�PLOOLQJ�WLPHV�ZDV�HPSOR\HG�DQG�D�

SHUPDQHQW� QLWURJHQ� VXSSO\� ZDV� QRW� XVHG�� � 7KH� ODFN� RI� WKLV� SHUPDQHQW� QLWURJHQ� VXSSO\� ZDV�

FRPSHQVDWHG�IRU�E\�LQFOXGLQJ�1E1�DV�D�SUHFXUVRU���7KH�UHDVRQLQJ�KHUH�ZDV�WKDW�WKH�1E1�ZRXOG�

HQVXUH� WKH� SURFHVV� EHJDQ� ZLWK� VXIILFLHQW� QLWURJHQ� DQG� ZRXOG� WKHUHIRUH� QRW� UHTXLUH� JDVHRXV�

QLWURJHQ� WRS�XSV� GXULQJ� PLOOLQJ�� � 7KH� PDLQ� RXWFRPHV� RI� WKLV� H[SHULPHQW� ZHUH� WKDW� WKH�

FRQWDPLQDWLRQ� OHYHO� IURP� WKH� PLOOLQJ� PHGLD� ZDV� VXEVWDQWLDO� �WKH� PDVV� RI� WKH� SRZGHU� FKDUJH�

GRXEOHG�GXULQJ�PLOOLQJ��UHVXOWLQJ�LQ�PXOWLSKDVH�PDWHULDO���;5'�GDWD�VKRZHG�WKDW�WKH�SURGXFW�ZDV�

DJDLQ�PXOWL�SKDVH�ZLWK�QR�SUHVHQFH�RI�1E&���1������7KH�ILQDO�VKRUWFXW�H[SHULPHQW�ZDV�D�YDULDWLRQ�

RQ�WKH�VHFRQG���7KLV�WLPH�D�6SH[�PLOOHU�ZDV�XVHG�DORQJ�ZLWK�FRSSHU�PLOOLQJ�PHGLD�DQG�$U�ZDV�
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XVHG�LQVWHDG�RI�1����7KH�UHVXOW��KRZHYHU��ZDV�VLPLODU�WR�WKH�VHFRQG�H[SHULPHQW��ZKLFK�ZDV�WKDW�

YDULRXV�SKDVHV�RWKHU�WKDQ�1E&���1����ZHUH�IRUPHG���1R�IXUWKHU�VKRUWFXW�URXWHV�ZHUH�LQYHVWLJDWHG��

����8VLQJ�KRW�LVRVWDWLF�SUHVVLQJ�WR�FRQWURO�ORQJ�UDQJH�RUGHU�LQ�
QDQRFU\VWDOOLQH�PHFKDQLFDOO\�PLOOHG�PDWHULDO�
�

%XON� �DV� RSSRVHG� WR� SRZGHU�� VXSHUFRQGXFWRUV� DUH� UHTXLUHG� IRU� DOO� KLJK�ILHOG� KLJK�FXUUHQW�

DSSOLFDWLRQV���3RZGHUHG�VXSHUFRQGXFWRUV�WKDW�KDYH�RQO\�EHHQ�FROG�SUHVVHG�LQWR�SRURXV�VDPSOHV�

FDQ� KDYH� FULWLFDO� FXUUHQW� GHQVLWLHV� WKDW� DUH� RUGHUV� RI�PDJQLWXGH� ORZHU� WKDQ� WKHLU� GHQVH�� EXON��

FRXQWHUSDUWV�GXH�WR�LQIHULRU�JUDLQ�ERXQGDULHV�WKDW�UHGXFH�WKH�SUHVHQFH�RI�JRRG�TXDOLW\�FRQWLQXRXV�

FXUUHQW�SDWKV���(QJLQHHULQJ�DSSOLFDWLRQV��VXFK�DV�VXSHUFRQGXFWLQJ�PDJQHWV��IRU�H[DPSOH��UHTXLUH�

VXSHUFRQGXFWLQJ�ZLUHV�PDGH�IURP�ORZ�WHPSHUDWXUH�PDWHULDOV�WKDW�HQDEOH�WKH�KLJKHVW�XSSHU�FULWLFDO�

ILHOGV�DQG�WUDQVSRUW�FXUUHQWV�WR�EH�DFKLHYHG���)XUWKHUPRUH��WKH�RSWLPLVDWLRQ�RI�SURSHUWLHV�XVXDOO\�

FRQVLGHUHG�WR�EH�LQWULQVLF��VXFK�DV�WKH�XSSHU�FULWLFDO�PDJQHWLF�ILHOG��FDQ�EH�REWDLQHG�WKURXJK�DQ�

DGMXVWPHQW�RI�QRUPDO�VWDWH�UHVLVWLYLW\�E\�PDQLSXODWLQJ�WKH�VL]H�RI�WKH�FRQVWLWXHQW�JUDLQV���6R��WKH�

YHU\� EHVW�PDWHULDO� LV� D�SRO\FU\VWDOOLQH� GHQVH�EXON�ZLWK�DQ� LQWHUQDO� VWUXFWXUH�ZKRVH� ORQJ�UDQJH�

FU\VWDOOLQH�RUGHU�KDV�EHHQ�UHGXFHG�DQG�FRQWUROOHG���0HFKDQLFDO�EDOO�PLOOLQJ�VXEVWDQWLDOO\�UHGXFHV�

ORQJ�UDQJH�RUGHU�DQG�LQGHHG�SURGXFHV�DQ�DPRUSKRXV��XQRUGHUHG��RU�YHU\�VKRUW�UDQJH�RUGHUHG���

FRPSRQHQW���+RW�LVRVWDWLF�SUHVVLQJ�FDQ�WKHQ�EH�XVHG�WR�VROLGLI\�WKLV�PHFKDQLFDOO\�PLOOHG�PDWHULDO�

LQWR�D�GHQVH�EXON�ZLWK�D�FRQWUROOHG�UHWXUQ�WR�VRPH�VFDOH�RI�ORQJHU�UDQJH�FU\VWDOOLQH�RUGHU���7KH�

IROORZLQJ�VHFWLRQ�SURYLGHV�D�EULHI�LQWURGXFWLRQ�WR�KRW�LVRVWDWLF�SUHVVLQJ�EHIRUH�GHVFULELQJ�LWV�XVH�LQ�

WKLV�ZRUN��

������,QWURGXFWLRQ�WR�KRW�LVRVWDWLF�SUHVVLQJ��+,3LQJ��
�

+RW� LVRVWDWLF�SUHVVLQJ� �+,3LQJ�� LV�XVHG� LQ� LQGXVWU\� WR� LQFUHDVH�GHQVLW\��FRPELQH�GLIIHUHQW�SDUWV�

WKURXJK�GLIIXVLRQ�ERQGLQJ�� LPSURYH�PHFKDQLFDO�SURSHUWLHV�DQG�SURGXFH�SURGXFWV�ZLWK�FRPSOH[�

JHRPHWULHV� >���@�� �+,3LQJ�HQDEOHV�VROLG�VWDWH� VLQWHULQJ� LQ�HOHYDWHG�SUHVVXUHV�DQG� LV� WKHUHIRUH�

FRPSULVHG�RI�DOO�WKH�VROLG�VWDWH�VLQWHULQJ�SURFHVVHV�GLVFXVVHG�HDUOLHU�LQ�WKLV�FKDSWHU��DQG�OLNHZLVH���

� �
)LJXUH��������7KH�PRGLILHG�1E�YLDO���D��([SORGHG�YLHZ�RI�WKH�YDOYH�DVVHPEO\�±�DOO�SDUWV�ZHUH�

PDFKLQHG�IURP�VWDLQOHVV�VWHHO����/���E��)XOO\�DVVHPEOHG�YLDO�DQG�YDOYH��

D�� E��
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�
7DEOH������6KRUWFXW�URXWH�PLOOLQJ�H[SHULPHQWV��
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,QLWLDO� WHVW�RI�JDV�YDOYH�DVVHPEO\�DQG�DWWHPSW�WR�

IRUP�1E&���1����XVLQJ�PHFKDQLFDO�DOOR\LQJ��

9DOYH� DVVHPEO\� ZRUNHG� ZHOO�� $OOR\LQJ� ZDV�

XQVXFFHVVIXO� ±� FDOFXODWHG� WKDW� D� PLQLPXP� RI� �

QLWURJHQ� DWPRVSKHUH� UHILOOV� ZRXOG� EH� QHHGHG� WR�

VXSSO\�HQRXJK�QLWURJHQ�WR�IRUP��1E&���1����
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��

�� � �� � 1E� )ULWVFK� ��� ���

��

<� ���� 1��

7KLV� H[SHULPHQW� ZDV� LQWHQGHG� WR� EH� D� VKRUWFXW�

URXWH� WR� QDQRFU\VWDOOLQH� 1E&���1���� �WKH� PLOOHG

SURGXFW�ZDV�HYHQWXDOO\�+,3HG���0LOOLQJ�RI�VDPSOH�

��GLG�QRW�FRQVXPH�PXFK�QLWURJHQ�EXW�VDPSOHV���

WR� �� GLG�� 7KLV� ZDV� HVWDEOLVKHG� E\� WKH� LQWHUQDO�

SUHVVXUH�RI�WKH�YLDO�XVLQJ�WKH�WXUER�SXPS�JDXJH��

&RQWDPLQDWLRQ�IURP�PLOOLQJ�PHGLD�RFFXUUHG��;5'�

VKRZHG�WKDW�1E&���1����ZDV�QRW�IRUPHG�EXW�WKDW�D

QXPEHU�RI�RWKHU�SKDVHV�ZHUH��,Q�WKH����K�VDPSOH��

1E�&��� 1E�&� DQG� 1E&����� ,Q� WKH� ���� K� VDPSOH��

1E1�DQG�1E�&��6XVFHSWLELOLW\�GDWD� DOVR�VKRZHG

WZR� GLVWLQFW� WUDQVLWLRQV� FRQVLVWHQW� ZLWK� PXOWLSOH�

VXSHUFRQGXFWLQJ�SKDVHV��
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([SHULPHQW� GHVLJQHG� WR� PLPLF� &RUGRED� HW�� DO�

ZKR� DOOR\HG� 1E&[1��[� E\� LQLWLDWLQJ� VHOI�

SURSDJDWLQJ�UHDFWLRQV��7KH�UHFRYHUHG�PDVV�IURP�

WKLV�H[SHULPHQW�ZDV�GRXEOH�WKH�LQLWLDO�PDVV��ZKLFK�

VKRZHG� WKDW� WKH� FRQWDPLQDWLRQ� IURP� WKH�PLOOLQJ�

PHGLD�ZDV�VXEVWDQWLDO��;5'�DOVR�VKRZHG�D�PXOWL�

SKDVH�SURGXFW��7KLV�URXWH�ZDV�DEDQGRQHG��
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QHYHU�UXQ��
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)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
LW�HPSOR\V�WHPSHUDWXUHV�WKDW�DUH�ORZHU�WKDQ�WKH�PHOWLQJ�WHPSHUDWXUH�RI�WKH�VDPSOH�EHLQJ�+,3HG���

+RZHYHU�� +,3LQJ� XWLOLVHV� HOHYDWHG� WHPSHUDWXUHV� LQ� FRQMXQFWLRQ� ZLWK� HOHYDWHG� K\GURVWDWLF�

SUHVVXUHV� WR� PRELOLVH� YDFDQFLHV� DQG� PDWHULDO� IORZ� WKDW� SURPRWHV� GHQVLILFDWLRQ� E\� PRYLQJ�

YDFDQFLHV�IURP�QHFN�UHJLRQV�WR�ERXQGDU\�UHJLRQV�EHWZHHQ�FRDOHVFLQJ�JUDLQV��VHH�)LJXUH���������

7KLV�SURFHVV�LV�HQKDQFHG�DW�KLJK�SUHVVXUHV���$�VLPSOH�H[SODQDWLRQ�DV�WR�ZK\��XQGHU�HOHYDWHG�

DSSOLHG�SUHVVXUH��D�IOX[�RI�YDFDQFLHV�IURP�QHFN�UHJLRQV�WR�ERXQGDU\�UHJLRQV�RFFXUV��LV�GHVFULEHG�

LQ�)LJXUH������ LQ�ZKLFK� WKUHH�VHSDUDWH�VXUIDFHV��PDGH�IURP� WKH�VDPH�PDWHULDO���RQH�FRQFDYH�

�)LJXUH������D���RQH�IODW��)LJXUH������E��DQG�RQH�FRQYH[��)LJXUH������F���DUH�HDFK�HQFORVHG�LQ�

WKHLU�RZQ�VHDOHG��HYDFXDWHG��FRQWDLQHU���7KH�GLIIHUHQFH�LQ�WKH�ELQGLQJ�HQHUJLHV�EHWZHHQ�WKH�UHG�

SDUWLFOH�DQG�LWV�YDFDQF\��ZKLFK�VHUYHV�DV�DQ�HVWLPDWH�RI�WKH�YDFDQF\¶V�HQWKDOS\�RI�IRUPDWLRQ��LV�

OHVV� WKDQ� WKDW� EHWZHHQ� WKH�JUHHQ�SDUWLFOH� DQG� LWV� YDFDQF\�� � 7KH� FRQFOXVLRQ� LV� WKDW� YDFDQFLHV�

SUHIHUHQWLDOO\�IRUP�XQGHU�FRQFDYH�VXUIDFHV�GXH�WR�WKH�ORZHU�HQHUJ\�GHPDQG��VHH�)LJXUH������G�

DQG�)LJXUH������H����)RU�WZR�FRDOHVFLQJ�JUDLQV��VHH�)LJXUH�������WKH�QHFN�UHJLRQV�DUH�FRQFDYH�

DQG�WKHUHIRUH�VHUYH�DV�D�FRQJUHJDWLRQ�ORFDWLRQ�IRU�YDFDQFLHV���7KHVH�QHFN�UHJLRQV��KRZHYHU��DUH�

DOVR�FORVH�WR�WKH�JUDLQ�ERXQGDU\�UHJLRQ���7KH�HTXDWLRQ�WKDW�UHODWHV�YDFDQF\�FRQFHQWUDWLRQ�DW�D�

ERXQGDU\�WKDW�LV�VXEMHFWHG�WR�D�VWUHVVܥ��ୱ୲୰ୣୱୱୣୢǡ�WR�D�YDFDQF\�FRQFHQWUDWLRQ�XQGHU�D�VWUHVV�IUHH�

IODW�VXUIDFHܥ��଴��LV�JLYHQ�E\�

�

� ୱ୲୰ୣୱୱୣୢܥ ൌ ൬ͳ ൅ ௠ܸߪ௕
ܴܶ ൰ܥ଴� ������

�

ZKHUH� ௠ܸ�LV�WKH�PRODU�YROXPHߪ��௕�LV�WKH�HIIHFWLYH�VWUHVV�DW�D�ERXQGDU\�GXH�WR�DSSOLHG�VWUHVV��ܴ�LV�

WKH�JDV�FRQVWDQW�DQG�ܶ�LV�WKH�WHPSHUDWXUH�>���@���$�FRPSUHVVLYH�K\GURVWDWLF�SUHVVXUH�DSSOLHG�WR�

D�JURXS�RI�ORFDO�JUDLQV�UHVXOWV�LQ�D�QHJDWLYH�HIIHFWLYH�VWUHVVߪ��௕��DW�WKHLU�ERXQGDULHV��ZKLFK��WKURXJK�

HTXDWLRQ��������VKRZV�WKDWܥ�ୱ୲୰ୣୱୱୣୢ ൏ �଴���6R�YDFDQF\�FRQFHQWUDWLRQ�DW�WKH�ERXQGDU\�LV�VPDOOHUܥ

WKDQ�WKDW�DW�D�IODW�VXUIDFH���7KH�QHLJKERXULQJ��EXW�GLIIHUHQW��YDFDQF\�FRQFHQWUDWLRQV�DW�WKH�QHFN�

DQG�ERXQGDU\�UHJLRQV�SURGXFH�D�SUHVVXUH�JUDGLHQW�WKDW�FDXVHV�D�IOX[�RI�YDFDQFLHV�WR�PRYH�LQWR�

WKH�ERXQGDU\���&RQYHUVHO\��WKLV�FDQ�DOVR�EH�UHJDUGHG�DV�D�IOX[�RI�JUDLQ�ERXQGDU\�PDWHULDO�LQWR�WKH�

QHFN�UHJLRQV��VHH�)LJXUH������E����,W�LV�WKLV�WUDQVSRUW�RI�ERXQGDU\�PDWHULDO�WKDW�ILOOV�DQG�EXLOGV�WKH�

QHFN�UHJLRQV��OHDGLQJ�WR�RYHUDOO�VKULQNDJH�DQG�GHQVLILFDWLRQ���7KH�KLJK�SUHVVXUHV�XWLOLVHG�LQ�+,3LQJ�

SURPRWH�VSHHG\�GHQVLILFDWLRQ�RYHU�JUDLQ�JURZWK�� �7KLV� LV�DGGLWLRQDOO\�EHQHILFLDO� LQ�PDLQWDLQLQJ�

KRPRJHQHLW\��DQG�LQ�WKH�FDVH�RI�WKLV�ZRUN��LQ�HQVXULQJ�WKDW�JUDLQ�JURZWK�UDWH�LV�VXIILFLHQWO\�VORZ�

WR�VWRS�D�UHWXUQ�WR�JUDLQ�GLDPHWHUV�RI�PLFURPHWHU�SURSRUWLRQV��ZKLOVW�DOVR�HQVXULQJ�YHU\�JRRG�JUDLQ�

FRQQHFWHGQHVV��

������+,3LQJ�1E&1�PLOOHG�VDPSOHV�
�

1E&1�KDV�QRW�EHHQ�VWXGLHG�H[WHQVLYHO\�LQ�WKH�OLWHUDWXUH�VR�LW�LV�QRW�SRVVLEOH�WR�FKRRVH�DFFXUDWHO\�

WKH�WHPSHUDWXUH��SUHVVXUH�DQG�WLPH�YDOXHV�QHFHVVDU\�WR�DFKLHYH�D�SDUWLFXODU�JUDLQ�VL]H�GHQVLW\���

)XUWKHUPRUH��WKHUH�LV�QR�H[DFW�NQRZOHGJH�RI�ZKDW�WKH�RSWLPXP�JUDQXODULW\�RI�WKH�VDPSOH�VKRXOG�

EH�ZLWK�UHVSHFW�WR�VXSHUFRQGXFWLQJ�SURSHUWLHV���:H�DUH�PLQGIXO�WR�UHGXFH�WKH�QXPEHU�RI�FRQWURO�

SDUDPHWHUV�WKDW�DUH�YDULHG�LQ�RUGHU�WR�HVWDEOLVK�FODULW\�LQ�WKH�GHGXFWLRQV�PDGH�IURP�+,3LQJ��
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�

�

�

�

�

�
)LJXUH��������7KH�GHQVLILFDWLRQ�WKURXJK�VKULQNDJH�DQG�WUDQVSRUW�RI�ERXQGDU\�PDWHULDO�WR�QHFN�

UHJLRQV�RI�WZR�FRDOHVFLQJ�JUDLQV�VXEMHFWHG�WR�KRW�LVRVWDWLF�SUHVVLQJ����D��YDFDQFLHV�SUHIHUHQWLDOO\�

FRQJUHJDWH�XQGHU�WKH�FRQFDYH�VXUIDFHV�RI�WKH�QHFN�UHJLRQV�DQG�PRYH�LQWR�WKH�ERXQGDU\�UHJLRQ�

GXH� WR� LWV� ORZHU� YDFDQF\� FRQFHQWUDWLRQ�� �:KLOVW� LQ� WKH� ERXQGDU\� UHJLRQ� WKH� YDFDQFLHV� DUH�

DQQLKLODWHG����E��WKH�IOX[�RI�YDFDQFLHV�LQWR�WKH�ERXQGDU\�UHJLRQ��DQG�VXEVHTXHQW�DQQLKLODWLRQ��LV�

HTXLYDOHQW� WR� D� IOX[� RI� ERXQGDU\� PDWHULDO� LQWR� WKH� QHFN� UHJLRQV�� � 7KLV� WUDQVSRUW� RI�

YDFDQFLHV�ERXQGDU\� PDWHULDO� FDXVHV� WKH� QHFN� UHJLRQV� WR� EH� ILOOHG� LQ� DQG� IRU� RYHUDOO�

VKULQNDJH�GHQVLILFDWLRQ�WR�RFFXU����$GDSWHG�IURP�>���@���

�
�
�



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
�
�
�

�
)LJXUH� ������ � 7KUHH� VXUIDFHV� HDFK� HQFORVHG� ZLWKLQ� D� VHDOHG�� HYDFXDWHG�� FRQWDLQHU�� D�� D�
FRQFDYH�VXUIDFH��E��D�IODW�VXUIDFH��DQG�F��D�FRQYH[�VXUIDFH���(DFK�FRQWDLQHU�LV�KHDWHG�XQWLO�DQ�

HTXLOLEULXP�YDSRXU�SUHVVXUH�LV�REWDLQHG�ZLWKLQ���7KH�UHG�SDUWLFOH��ER[��D���LV�PRUH�WLJKWO\�ERXQG�

WKDQ�WKH�JUHHQ�SDUWLFOH��ER[��F���DQG�WKHUHIRUH�WKH�SDUWLDO�SUHVVXUH�ZLWKLQ�ER[��F��LV�JUHDWHU�WKDQ�

WKDW�LQ�ER[��D��GXH�WR�WKH�HDVH�ZLWK�ZKLFK�WKH�JUHHQ�SDUWLFOH�FDQ�OHDYH�LWV�FRQYH[�VXUIDFH���7KHVH�

WKUHH�ER[HV�DOVR�VKRZ�WKDW�LW�LV�HDVLHU�IRU�YDFDQFLHV�WR�IRUP�XQGHU�WKH�FRQFDYH�VXUIDFH��ER[�

�D��� WKDQ�XQGHU� WKH�FRQYH[�VXUIDFH��ER[��F���� �7KLV� LV�EHFDXVH� WKH�GLIIHUHQFH� LQ� WKH�ELQGLQJ�

HQHUJLHV� RI� WKH� YDFDQFLHV� DQG� WKHLU� UHVSHFWLYH� VXUIDFH� SDUWLFOHV� LV� OHVV� XQGHU� WKH� FRQFDYH�

VXUIDFH� �ER[� �D��� WKDQ� WKH� FRQYH[� VXUIDFH� �ER[� �F���� � %R[HV� �G�� DQG� �H�� VXPPDULVH� WKH�

GLVFXVVLRQ�JLYHQ�LQ�WKHQ�WH[W����)LJXUH�DGDSWHG�IURP�>���@���



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
H[SHULPHQWV�� )XUWKHUPRUH�� JLYHQ� WKDW� ORZHU� WHPSHUDWXUHV� DQG� KLJKHU� SUHVVXUHV� OHDG� WR�

GHQVLILFDWLRQ�DQG�OLPLW�JUDLQ�JURZWK��ZH�FKRVH�WR�NHHS�D�IL[HG�+,3LQJ�SUHVVXUH�RI������EDU��ZKLFK�

LV�WKH�PD[LPXP�RI�WKH�DYDLODEOH�HTXLSPHQW��IRU�DOO�+,3LQJ�UXQV�LQ�WKLV�ZRUN��

6DPSOH�SUHSDUDWLRQ�
�

(DFK�SRZGHU�VDPSOH�PXVW�EH�VHDOHG�ZLWKLQ�DQ�HYDFXDWHG��VWDLQOHVV�VWHHO��ELOOHW���7KLV�HQVXUHV�

WKDW�YHU\�OLWWOH�JDV�UHPDLQV�EHWZHHQ�SRZGHU�SDUWLFOHV���:H�IRXQG�WKLV�ZDV�UHTXLUHG�WR�IXOO\�GHQVLI\�

WKH�VDPSOHV���(DFK�ELOOHW�LV�IRUPHG�IURP�D�VWDLQOHVV�VWHHO�����/��WXEH�RI����PP�RXWVLGH�GLDPHWHU��

D�a�����PP�ZDOO�WKLFNQHVV��DQG�a�����PP�OHQJWK���2QH�HQG�LV�SUHVVHG�IODW�XVLQJ�D�IO\�SUHVV�DQG�

LV�WKHQ�7,*�ZHOGHG��VHH�6WDJH�����LQ�)LJXUH���������7KH�SRZGHU�VDPSOH�LV�ZUDSSHG�LQ�D�QLRELXP�

IRLO� VKHHW� WR� IRUP�D� VDPSOH� SDFNHW� WKDW� LV� WKHQ�SXW� LQWR� WKH� WXEH�� � 7KH�QLRELXP� IRLO� DFWV� DV� D�

FRQWDPLQDWLRQ�EDUULHU�EHWZHHQ�WKH�VDPSOH�DQG�WKH�LQQHU�VWDLQOHVV�VWHHO�ZDOO���$OO�RI�WKLV�SUHSDUDWLRQ�

ZRUN�LV�FRQGXFWHG�ZLWKLQ�DQ�DUJRQ�JORYH�ER[���7KH�WXEH�LV�WHPSRUDULO\�VHDOHG�DW�RQH�HQG�XVLQJ�D�

�
)LJXUH�������$�VHTXHQFH�RI�VWDJHV�LQ�WKH�+,3�ELOOHW�SUHSDUDWLRQ�DQG�+,3LQJ�SURFHVV���6WDJH������
D�VWDLQOHVV�VWHHO� WXEH� LV� IODWWHQHG�DQG�ZHOGHG�DW�RQH�HQG�� �6WDJH� ����� WKH�VDPSOH��HQFORVHG�

ZLWKLQ�D�SURWHFWLYH�QLRELXP�IRLO�ZUDSSHU��LV�SXW�LQWR�WKH�WXEH�SULRU�WR�LWV�RSHQ�HQG�EHLQJ�VHDOHG�

ZLWK�D�YDFXXP�YDOYH�DVVHPEO\��WKLV�ZRUN�LV�FRQGXFWHG�LQ�DQ�DUJRQ�JORYH�ER[����7KH�WXEH�LV�WKHQ�

HYDFXDWHG�ZLWK�D�WXUER�SXPS�WR�UHPRYH�WKH�DUJRQ���6WDJH������DQRWKHU�SRUWLRQ�RI�WKH�WXEH��MXVW�

DERYH�WKH�VDPSOH¶V�ORFDWLRQ��LV�IODWWHQHG�ZLWK�D�IO\�SUHVV�DQG� LV�WKHQ�VHDOHG�E\�VSRW�ZHOGLQJ�

DFURVV�WKH�IODW���7KH�VHDOHG�ELOOHW�LV�WKHQ�FXW�IURP�WKH�UHPDLQLQJ�WXEH�OHQJWK���6WDJH������WKH�VSRW�

ZHOGHG�HQG�LV�WKHQ�7,*�ZHOGHG�WR�UHLQIRUFH�WKH�VHDO��6WDJH������WKH�ELOOHW�LV�WKHQ�+,3HG���7KLV�

SURFHVV�IODWWHQV�WKH�ELOOHW�UHDG\�IRU�WKH�VDPSOH�WR�EH�H[WUDFWHG�EXW�FXWWLQJ�WKH�ELOOHW�RSHQ��



)DEULFDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH� � � ���
�
YDFXXP�YDOYH�DVVHPEO\��VHH�6WDJH�����LQ�)LJXUH���������7KLV�DVVHPEO\�DOORZV�WKH�UHPRYDO�RI�WKH�

WXEH�IURP�WKH�JORYH�ER[�DQG�LWV�VXEVHTXHQW�HYDFXDWLRQ�ZLWK�D�WXUER�SXPS�WR�UHPRYH�WKH�DUJRQ�

JDV� ZLWKLQ�� � $IWHU� WKH� WXEH� KDV� EHHQ� SXPSHG� IRU� DSSUR[LPDWHO\� KDOI� DQ� KRXU�� DQG� ZKHQ� WKH�

SUHVVXUH�ZLWKLQ�LV�RI�RUGHU������PEDU��DQRWKHU�SRUWLRQ�RI�WKH�WXEH��MXVW�DERYH�WKH�VDPSOH�ORFDWLRQ��

LV�IODWWHQHG�XVLQJ�WKH�IO\�SUHVV���7KLV�IODWWHQHG�DUHD�LV�WKHQ�VHDOHG�E\�VSRW�ZHOGLQJ�DFURVV�WKH�IODW�

�6WDJH�����LQ�)LJXUH���������7KH�ELOOHW�LV�WKHQ�FXW�DZD\�IURP�WKH�UHPDLQLQJ��XQXVHG��OHQJWK�RI�WXEH�

DQG�LV�7,*�ZHOGHG�WR�UHLQIRUFH�WKH�VSRW�ZHOGHG�VHDO��6WDJH�����LQ�)LJXUH���������7KH�ELOOHW�LV�WKHQ�

PDUNHG� XVLQJ� D� OHWWHU� SXQFK� WR� SURYLGH� D� SHUPDQHQW� LGHQWLILFDWLRQ� WKDW� VXUYLYHV� WKH� H[WUHPH�

WHPSHUDWXUH�DQG�SUHVVXUH�RI�WKH�+,3LQJ�SURFHVV���

+,3�UXQV�DQG�IDLOHG�ELOOHWV�
�

(DFK�+,3�WUHDWPHQW� LV�UHIHUUHG�WR�KHUH�DV�D�³UXQ´���7KH�+,3�FKDPEHU�FDQ�DFFHSW�VL[�ELOOHWV�IRU�

VLPXOWDQHRXV�WUHDWPHQW���+RZHYHU�� LI�WKHUH�DUH�DQ\�VPDOO�KROHV� LQ�WKH�ZHOGV�RI�D�ELOOHW�WKURXJK�

ZKLFK�WKH�LQWHUQDO�YDFXXP�FDQ�EH�EUHDFKHG��WKHQ�WKH�ELOOHW�ZLOO�IDLO�WKH�+,3LQJ�UXQ���7KLV�PHDQV�

WKH�VDPSOH�ZLOO�QRW�EH�VXIILFLHQWO\�GHQVLILHG�DQG�ZLOO�DOVR�EH�FRQWDPLQDWHG���$OO�WKH�H[SHULPHQWDO�

HIIRUW�H[SHQGHG�LQ�SURGXFLQJ�DQG�+,3LQJ�WKH�VDPSOH�V��LV�ZDVWHG���*UHDW�FDUH�PXVW�EH�WDNHQ�LQ�

WKH� ELOOHW� SUHSDUDWLRQ� SURFHVV� WR� OLPLW� WKH� QXPEHU� RI� WKHVH� IDLOHG� ELOOHWV�� � +RZHYHU�� LW� LV� QRW�

XQFRPPRQ�IRU�WKHUH�WR�EH�DW�OHDVW�RQH�IDLOXUH�IRU�HDFK�EDWFK�RI�VL[���7KH�TXDOLW\�RI�WKH�ZHOGLQJ�

�VSRW�DQG�7,*��LV�SDUDPRXQW�WR�VXFFHVV��

6DPSOH�DQG�+,3LQJ�GHWDLOV�
�

(LJKW�+,3�ELOOHWV�ZHUH�SURGXFHG�LQ�WRWDO���7KH�IRUPDW�RI�+,3�VDPSOH�LGHQWLILFDWLRQ�LV�H[SODLQHG�LQ�

)LJXUH��������%LOOHWV���WR���FRQWDLQHG�VDPSOH�SRZGHU�WKDW�RULJLQDWHG�IURP�VLQWHUHG�EDWFK���PDWHULDO��

ELOOHWV���DQG���FRQWDLQHG�]HUR�KRXU�PLOOHG�SRZGHU��VDPSOHܯ��଴��DQG�ELOOHWV���WR���FRQWDLQHG�WZHQW\�

KRXU�PLOOHG�SRZGHU� �VDPSOH� ��ଶ଴ܯ� ��VHH�7DEOH����� IRU�GHWDLOV�� �%LOOHWV��� WR���FRQWDLQHG�VDPSOH�

SRZGHU�WKDW�RULJLQDWHG�IURP�VLQWHUHG�EDWFK���PDWHULDO�WKDW�KDG�EHHQ�PLOOHG�IRU�WZHQW\�KRXUV��DOVR�

VDPSOHܯ��ଶ଴����6HYHQ�RI�WKHVH�HLJKW�ELOOHWV�ZHUH�+,3HG�XVLQJ�ILYH�LQGHSHQGHQW�+,3�UXQV���%LOOHW���

ZDV�QRW�+,3HG���+,3�UXQV���WR���FRQVLVWHG�RI�WUHDWPHQWV�UDQJLQJ�LQ�WHPSHUDWXUH�IURP�����Ԩ�WR�

�����Ԩ�DW�D�IL[HG�SUHVVXUH�RI������EDU�DQG�D�IL[HG�GZHOO�WLPH�RI����PLQXWHV���+,3�UXQV���DQG���

H[SHULPHQWHG�ZLWK�GLIIHUHQW�GZHOO�WLPHV�RI�����DQG����PLQXWHV�UHVSHFWLYHO\����

ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ ��

�

7KH�DERYH�V\PERO�UHDGV��
+,3�ELOOHW�FRQWDLQV�PDWHULDO�WKDW�ZDV�

PLOOHG�IRU����KRXUV�DQG�+,3HG�IRU����

PLQXWHV�DW������GHJUHHV�FHQWLJUDGH�

�

)LJXUH��������+,3�VDPSOH�LGHQWLILFDWLRQ���$OO�QXPEHUV�WKDW�DSSHDU�EHIRUH�WKH�FHQWUDO�³+´�UHIHU�WR�

SURFHVVHV�WKDW�SUHFHGH�+,3LQJ� L�H��PLOOLQJ�RU� IDEULFDWLRQ�� �$OO�QXPEHUV� WKDW�DSSHDU�DIWHU� WKH�

FHQWUDO�³+´�DUH�GLUHFW�+,3LQJ�SDUDPHWHUV��
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�

+,3�UXQ�����%LOOHWV���DQG���ZHUH�+,3HG�DW������Ԩ�IRU����PLQXWHV�WR�SURGXFH�VDPSOHV� ଴ܪ ଵ଴ହ଴
ଵ଴ �DQG�

ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ �UHVSHFWLYHO\���7KHVH�VDPSOHV�FRQWDLQHG�]HUR�KRXU�PLOOHG�DQG�WZHQW\�KRXU�PLOOHG�PDWHULDO�

DQG�ZHUH�VHOHFWHG�IRU�VLPXOWDQHRXV�+,3LQJ�WR�HVWDEOLVK�KRZ�WKH�+,3�FRQGLWLRQV�DIIHFWHG�WKHLU�YHU\�

GLIIHUHQW�JUDLQ�VL]HV��

�

+,3�UXQ�����%LOOHWV���DQG���ZHUH�+,3HG�DW�����Ԩ�IRU����PLQXWHV�WR�SURGXFH�VDPSOHV� ଶ଴ܪ
ଽହ଴
ଵ଴ ���7KH�

UHDVRQ�IRU�+,3LQJ�WZR�LGHQWLFDO�VDPSOHV�ZDV�WR�JXDUG�DJDLQVW�WKH�FKDQFHV�RI�RQH�IDLOLQJ���
�

+,3�UXQ�����%LOOHW���ZDV�+,3HG�DW������Ԩ�IRU����PLQXWHV�WR�SURGXFH�VDPSOH� ଶ଴ܪ
ଵଵହ଴
ଵ଴ ���7KLV�ELOOHW�

IDLOHG��

�

+,3�UXQ�����%LOOHW���ZDV�+,3HG�DW������Ԩ�IRU�����PLQXWHV�WR�SURGXFH�VDPSOH� ଶ଴ܪ
ଵଵ଺ଷ
ଵଶ଴ ���7KH�VHW�

SRLQW� WHPSHUDWXUH� IRU� WKLV�+,3� UXQ�ZDV�DFWXDOO\�VHW� WR������Ԩ� WR�PDNH� WLPH� WKH�RQO\�YDULDEOH���

+RZHYHU�� SUREOHPV� ZLWK� WKH� +,3� GXULQJ� WKH� WHPSHUDWXUH�SUHVVXUH� UDPS� PHDQW� WKH� GZHOO�

WHPSHUDWXUH�KDG�WR�EH�DGMXVWHG�WR������Ԩ��ZKLFK�ZDV�WKH�FORVHVW��VWDEOH�� WHPSHUDWXUH��WR�WKH�

GHVLUHG������Ԩ��WKDW�FRXOG�EH�DFKLHYHG��

�

+,3�UXQ�����%LOOHW���ZDV�+,3HG�DW������Ԩ�IRU����PLQXWHV�WR�SURGXFH�VDPSOH� ଶ଴ܪ
ଵଵହ଴
ସ଴ ���7KLV�ELOOHW�

IDLOHG��

������;�UD\�GLIIUDFWLRQ�
�

;�UD\�GLIIUDFWLRQ�GDWD�ZHUH�REWDLQHG�E\�PHDVXULQJ�HDFK�RI�WKH�+,3HG�VDPSOHV�XVLQJ�WKH�6LHPHQV�

'�����3RZGHU�'LIIUDFWRPHWHU�� � 7KH� GDWD� DUH� VKRZQ� LQ� )LJXUH� ������ � 7KHUH� LV� D� VWDUN� YLVLEOH�

GLIIHUHQFH�LQ�WKH�;5'�SDWWHUQV�RI�VDPSOHV� ଴ܪ ଵ଴ହ଴
ଵ଴ �DQG� ଶ଴ܪ

ଵ଴ହ଴
ଵ଴ �RI�+,3�UXQ�����7KLV�LV�WR�EH�H[SHFWHG�

VLQFH�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ � LV�HVVHQWLDOO\�PLFURFU\VWDOOLQH�VLQWHUHG�EDWFK�PDWHULDO� WKDW�ZDV�QRW�PLOOHG���

7KLV�VDPSOH¶V�VKDUS�SHDNV�DUH�LQGLFDWLYH�RI�LWV�ODUJHU�JUDLQ�VL]H�������QP�FRPSDUHG�WR� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ ��

ZKLFK�ZDV�a����QP����7KH�SDWWHUQV�IRU�WKH�WZR�VDPSOHV� ଶ଴ܪ
ଽହ଴
ଵ଴ �RI�+,3�UXQ���DUH�YHU\�VLPLODU�WR�

HDFK�RWKHU�DQG�YLVLEO\�VKRZ�VRPH�ODUJHU�SHDN�EURDGHQLQJ�LQ�FRPSDULVRQ�WR�VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ �IURP�

+,3�UXQ�����7KLV�VXJJHVWV�WKDW�WKH�ORZHU�WHPSHUDWXUH�RI�+,3�UXQ���UHVXOWHG�LQ�OHVV�JUDLQ�JURZWK����

$QRWKHU�LQWHUHVWLQJ�IHDWXUH�LV�WKDW�WKH�WZR�SDWWHUQV�EHORQJLQJ�WR�WKH�WZR�IDLOHG�+,3�UXQV���DQG���

DUH�VLPLODU�WR�UXQ����ZKLFK�VXJJHVWV�VLPLODU�JUDLQ�VL]H��WKRXJK�WKLV�UHYHDOV�QRWKLQJ�DERXW�WKHVH�

VDPSOHV¶�GHQVLWLHV�RU�TXDOLW\�RI�FRQQHFWLRQV�EHWZHHQ�WKH�JUDLQV��ZKLFK�LV�OLNHO\�WR�EH�PXFK�LQIHULRU�

GXH�WR�WKH�+,3�ELOOHW�IDLOXUH��

*UDLQ�GLDPHWHU�DQG�ODWWLFH�SDUDPHWHU�FRPSDULVRQ�WR�PLOOHG�VDPSOHV�
�

7KH�JUDLQ�GLDPHWHUV�DQG�ODWWLFH�SDUDPHWHUV�RI�WKH�+,3HG�VDPSOHV� ଴ܪ ଵ଴ହ଴
ଵ଴ �DQG� ଶ଴ܪ

ଵ଴ହ଴
ଵ଴ �DUH�GLUHFWO\�

FRPSDUHG�WR�WKH�PLOOHG�VDPSOHVܯ�଴�WRܯ�ଶ଴�LQ�)LJXUH��������7KLV�FRPSDULVRQ�SURYLGHV�D�FRPSOHWH�

SLFWXUH�RI�WKH�HIIHFWV�RI�WKH�SURFHVVLQJ�RQ�WKH�VDPSOH�PDWHULDO���)RU�LQVWDQFH��+,3LQJ�VDPSOHܯ�଴��
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�

�
)LJXUH������� �;5'�GDWD�IRU�VHYHQ�+,3HG�VDPSOHV� LQFOXGLQJ�JUDLQ�GLDPHWHU��*'��DQG� ODWWLFH�

SDUDPHWHUV��/3��IRU�+,3�UXQ���VDPSOHV���7KH�UHG�OLQHV�ZLWK�RSHQ�GLDPRQGV��ERWWRP��LQGLFDWH�

WKH�H[SHFWHG�SHDN�SRVLWLRQV�IRU�1E&���1������7KH�UHG�OLQHV�ZLWK�RSHQ�VTXDUHV��WRS��LQGLFDWH�WZR�

RI�WKH�SHDN�SRVLWLRQV�RI�WXQJVWHQ�FDUELGH��LQGH[HV�����DQG��������WKLV�LV�FRQWDPLQDQW�IURP�WKH�

PLOOLQJ�PHGLD��ERWK�GDWD�VHWV�REWDLQHG�IURP�>���@���

7DEOH������+,3�VDPSOH��ELOOHW��GHWDLOV�DQG�+,3�UXQ�GHWDLOV��

�

PDWHULDO�RULJLQDWLQJ�IURP��

%DWFK����

PDWHULDO�RULJLQDWLQJ�IURP�

%DWFK���

ELOOHW��� ELOOHW��� ELOOHW��� ELOOHW��� ELOOHW��� ELOOHW��� ELOOHW��� ELOOHW���

VDPSOH�,'� ଴ܪ ଵ଴ହ଴
ଵ଴ � ଴ܪ � ଶ଴ܪ

ଽହ଴
ଵ଴ � ଶ଴ܪ

ଵ଴ହ଴
ଵ଴ � ଶ଴ܪ

ଵଵହ଴
ସ଴ � ଶ଴ܪ

ଵଵ଺ଷ
ଵଶ଴ � ଶ଴ܪ

ଽହ଴
ଵ଴ � ଶ଴ܪ

ଵଵହ଴
ଵ଴ �

PDVV��J�� ���� ���� �� �� �� �� �� ��

+,3�

UXQ�

WHPS�

�Ԩ��
WLPH�

�P�� VWDWXV� +,3LQJ�FDPSDLJQ�

�� ����� ��� � ELOOHW���

VDPSOH�

QRW�

+,3HG�

� ELOOHW��� � � � �

�� ���� ��� � � ELOOHW��� � � � ELOOHW��� �

�� ����� ��� IDLOHG� � � � � � � ELOOHW���

�� ����� ���� � � � � � ELOOHW��� � �

�� ����� ��� IDLOHG� � � � ELOOHW��� � � �
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�
KDV�KDG�QR�HIIHFW�RQ� LWV� ODWWLFH�SDUDPHWHU��ZKLFK� LV� WR�EH�H[SHFWHG� �VHH� WKH� WDEXODWHG�GDWD� LQ�

)LJXUH�������� �+RZHYHU��+,3LQJ�VDPSOHܯ�ଶ଴�KDV� UHVXOWHG� LQ�D�VLJQLILFDQW� LQFUHDVH� WR� LWV� ODWWLFH�

SDUDPHWHU�IURP�a������WR�������͕�ZKLFK�LV�D�a������UHFRYHU\�WR�LWV�SUH�PLOOHG�YDOXH��VDPSOHܯ�଴����

7KLV�LQGLFDWHV�WKDW�WKH�+,3LQJ�SURFHVV�KDV�DOORZHG�D�UHOD[DWLRQ�RI�WKH�ODWWLFH��PRVW�OLNHO\�FDXVHG�

E\�D�UHGXFWLRQ�LQ�ODWWLFH�GHIHFWV�GXH�WR�YDFDQF\�DQQLKLODWLRQ���$�FRPSDULVRQ�RI�JUDLQ�VL]HV�WHOOV�D�

VLPLODU�VWRU\�� �+,3LQJ� WKH�PLFURFU\VWDOOLQH��]HUR�PLOOHG�PDWHULDO� �VDPSOHܯ�଴��KDV�KDG�QR�HIIHFW���

+RZHYHU��+,3LQJ�WKH�WZHQW\�KRXU�PLOOHG�VDPSOHܯ��ଶ଴��KDV�SURGXFHG�DQ�LQFUHDVH�LQ�JUDLQ�VL]H�IURP�

a����WR�a����QP��

������'LIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�DQG�WKHUPRJUDYLPHWU\�
�

'LIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\��'6&��GDWD�DQG�WKHUPRJUDYLPHWULF�GDWD��7*$��ZHUH�FROOHFWHG�

XVLQJ� WKH�1HW]VFK����&���*�VLPXOWDQHRXV� WKHUPDO�DQDO\VHU� �67$��� �7KH�PHDVXUHPHQWV�ZHUH�

SHUIRUPHG�RQ�+,3�UXQ���VDPSOHV�� ଴ܪ ଵ଴ହ଴
ଵ଴ �DQG� ଶ଴ܪ

ଵ଴ହ଴
ଵ଴ ��VHH�)LJXUH������UHVSHFWLYHO\����7KHVH�GDWD�

VKRZ�VLPLODU�EHKDYLRXU�WR�WKHLU�SUH�+,3HG�FRXQWHUSDUWVܯ��଴�DQGܯ�ଶ଴��ZKHUH�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ �VKRZV�

YHU\�OLWWOH�GLIIHUHQFH�EHWZHHQ�LWV��VW�DQG��QG�UXQV��ZKLFK�LV�QRW�WKH�FDVH�IRU�VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ ���$JDLQ��

WKH�H[SODQDWLRQ�KHUH� LV�RXWJDVVLQJ�RI�QLWURJHQ��KRZHYHU�� WKHUH� LV�QRZ�DSSUR[LPDWHO\�D�����Ԩ�

LQFUHDVH�LQ�WHPSHUDWXUH�EHIRUH�WKH�RXWJDVVLQJ�IURP�VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ �VXEVWDQWLDOO\�EHJLQV�WR�FKDQJH�

IURP�LWV��QG�UXQ�GDWD�VHW���7KLV�WHPSHUDWXUH�LQFUHDVH�LV�V\PSWRPDWLF�RI�WKH�VDPSOH¶V�LQFUHDVHG�

JUDLQ�VL]H�DQG�GHQVLW\��

�

�

VDPSOH�
JUDLQ�
VL]H�
�QP��

/DWWLFH�
SDUDPHWHU��

����

��଴ܯ a������ ������

��ଶܯ ����� ������

��଺ܯ ����� ������

��ଵଶܯ ����� ������

��ଶ଴ܯ ����� ������

଴ܪ ଵ଴ହ଴
ଵ଴ �� a������ ������

ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ �� ����� ������

)LJXUH��������&RPSDULVRQ�EHWZHHQ�JUDLQ�VL]H�DQG�ODWWLFH�SDUDPHWHUV�RI�PLOOHG�VDPSOHVܯ�଴�WR�

�ଶ଴�WR�+,3HG�VDPSOHVܯ ଴ܪ ଵ଴ହ଴
ଵ଴ �DQG� ଶ଴ܪ

ଵ଴ହ଴
ଵ଴ ���7KH�YDOXHV�IRU�HDFK�GLPHQVLRQ�DUH�WDEXODWHG�RQ�WKH

ULJKW���7KH�JUDLQ�VL]HV�IRU�VDPSOHVܯ�଴�DQG� ଴ܪ ଵ଴ହ଴
ଵ଴ �DUH�WRR�ODUJH�WR�EH�SORWWHG�LQ�WKH�ILJXUH�EXW�WKH

WDEXODWHG�GDWD�VKRZV�WKDW�WKHLU�JUDLQ�VL]H�LV�DSSUR[LPDWHO\�WKH�VDPH��
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�
)LJXUH� ������ � 7KHUPRJUDYLPHWULF�PDVV� GDWD� �7*$�� �WRS� RI� SORW� ±� /+� D[LV�� DQG� GLIIHUHQWLDO�

VFDQQLQJ�FDORULPHWU\�GDWD��'6&���5+�D[LV��IRU�WKH�+,3HG�VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ ���7KH�VROLG�DQG�GDVKHG�

OLQHV�VKRZ��VW�UXQ�GDWD�DQG�WKH�RSHQ�GLDPRQGV�DQG�FLUFOHV�VKRZ��QG�UXQ�GDWD���7KH�YHUWLFDO�UHG�

GDVKHG�OLQH�LV�D�JXLGH�WR�WKH�H\H�DQG�KLJKOLJKWV�D�FRUUHODWLRQ�LQ�ERWK�GDWDVHWV�ZKHUH�WKH��VW�UXQ�

PHDVXUHPHQWV�EHJLQ�WR�VXEVWDQWLDOO\�GHYLDWH�IURP�WKH�WUHQGV�RI�WKH��QG�UXQ�PHDVXUHPHQWV��

�

�

�

�
�
)LJXUH� ������ � 7KHUPRJUDYLPHWULF�PDVV� GDWD� �7*$�� �WRS� RI� SORW� ±� /+� D[LV�� DQG� GLIIHUHQWLDO�

VFDQQLQJ�FDORULPHWU\�GDWD��'6&���5+�D[LV��IRU�WKH�+,3HG�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ ���7KH�VROLG�DQG�GDVKHG�

OLQHV�VKRZ��VW�UXQ�GDWD�DQG�WKH�RSHQ�GLDPRQGV�DQG�FLUFOHV�VKRZ��QG�UXQ�GDWD��
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�

������&RQFOXGLQJ�FRPPHQWV�
�

$� QXPEHU� RI� PDWHULDO� IDEULFDWLRQ� H[SHULPHQWV� ZHUH� FRQGXFWHG� WR� REWDLQ� DQ� RSWLPXP� VHW� RI�

FRQGLWLRQ�SDUDPHWHUV��WLPH�DQG�WHPSHUDWXUH��IRU�H[DPSOH��WR�DOORZ�WKH�SURGXFWLRQ�E\�VROLG�VWDWH�

VLQWHULQJ� RI� a� ��� J� RI� VLQJOH� SKDVH� JRRG� TXDOLW\� EXON� 1E&���1���� �VHH� )LJXUH� ����� ZLWK� D�

VXSHUFRQGXFWLQJ�WUDQVLWLRQ�WHPSHUDWXUH�RI������.���6PDOO�TXDQWLWLHV�RI�YHU\�KLJK�TXDOLW\�PDWHULDO�

ZLWK�D�WUDQVLWLRQ�WHPSHUDWXUH�RI������.�ZHUH�DOVR�SURGXFHG���%DWFKHV�RI�WKH�IDEULFDWHG�PDWHULDO�

ZHUH� SXOYHULVHG� XVLQJ� PHFKDQLFDO� EDOO� PLOOLQJ� IRU� XS� WR� ��� KRXUV� WR� SURGXFH� a� ����� J� RI�

QDQRFU\VWDOOLQH� SRZGHU� WKDW� ZDV� XVHG� WR� IRUP� HLJKW� +,3� ELOOHWV�� � 6HYHQ� RI� WKHVH� ELOOHWV� ZHUH�

VXEVHTXHQWO\�+,3HG�XVLQJ�GLIIHUHQW�WHPSHUDWXUHV�DQG�RU�WLPHV�WR�IRUP�VHYHQ�EXON�VDPSOHV���,Q�

SDUDOOHO� WR� WKLV� ZRUN� YDULRXV�PHDVXUHPHQW� DQG�DQDO\VLV� WHFKQLTXHV�� VXFK�DV� [�UD\� GLIIUDFWLRQ��

5LHWYHOG� UHILQHPHQW� DQG� GLIIHUHQWLDO� VFDQQLQJ� FDORULPHWU\� ZHUH� HPSOR\HG� WR� FKDUDFWHULVH� WKH�

PDWHULDO¶V� SK\VLFDO� SURSHUWLHV� WKURXJKRXW� LWV� SURGXFWLRQ� DQG� SURFHVVLQJ�� � 7KH� QH[W� FKDSWHU�

DXJPHQWV� WKLV� SK\VLFDO� FKDUDFWHULVDWLRQ� ZLWK� WKH� PHDVXUHPHQW� DQG� DQDO\VLV� RI� WKH�

VXSHUFRQGXFWLQJ�SURSHUWLHV�RI�VRPH�RI�WKHVH�PLFURFU\VWDOOLQH�DQG�+,3HG�QDQRFU\VWDOOLQH�VDPSOHV��
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�
&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�
QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH�
����,QWURGXFWLRQ�
�

5HVLVWLYLW\��DF�VXVFHSWLELOLW\��KHDW�FDSDFLW\�DQG�PDJQHWLVDWLRQ�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�

ERWK�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�VDPSOHV�RI�1E&���1������7KLV�VXLWH�RI�PHDVXUHPHQWV�ZDV�

LPSOHPHQWHG�WR�HVWDEOLVK�WKH�QRUPDO�VWDWH�DQG�WKH�VXSHUFRQGXFWLQJ�SURSHUWLHV�RI�WKH�VDPSOHV���

7KH� IROORZLQJ� VHFWLRQV� GLVFXVV� WKH� PHDVXUHPHQWV� DQG� WKH� LPSRUWDQW� PDWHULDOV� SDUDPHWHUV�

GHULYHG��VXFK�DV��UHVLVWLYLW\��WUDQVLWLRQ�WHPSHUDWXUH��XSSHU�FULWLFDO�ILHOG�DQG�FULWLFDO�FXUUHQW�GHQVLW\��

8QIRUWXQDWHO\��QRW�DOO�PHDVXUHPHQWV�ZHUH�FRPSOHWHG�RQ�DOO�VDPSOHV�EHFDXVH�RI� WLPH�DQG�FRVW�

FRQVWUDLQWV��EXW�WKH�FKRLFHV�PDGH�ZHUH�PRWLYDWHG�E\�RXU�LQWHQWLRQ�WR�XQGHUVWDQG�DQG�LPSURYH�WKH�

HIIHFW� RQ� WKH� VXSHUFRQGXFWLQJ� SURSHUWLHV� RI� 1E&���1���� E\� FKDQJLQJ� WKH� PDWHULDO� IURP�

PLFURFU\VWDOOLQH� WR� QDQRFU\VWDOOLQH�� 7KH� ILUVW� VHFWLRQ� GHVFULEHV� PHDVXUHPHQWV� RQ� WKH�

PLFURFU\VWDOOLQH�PDWHULDO�DQG�WKH�VHFRQG�VHFWLRQ�LV�RQ�WKH�QDQRFU\VWDOOLQH�PDWHULDO���)LQDOO\��ZH�

FRPSDUH�DQG�FRQWUDVW�WKHVH�WZR�W\SHV�RI�PDWHULDOV�DQG�GLVFXVV�RXU�UHVXOWV������

����0LFURFU\VWDOOLQH�PDWHULDO�
�

)RXU�PLFURFU\VWDOOLQH�VDPSOHV�ZHUH�LQYHVWLJDWHG���7KUHH�RI�WKHVH�VDPSOHV�ZHUH�6���6����DQG�

6����WKDW�ZHUH�IDEULFDWHG�LQ�KHDW�WUHDWPHQWV�������DQG����UHVSHFWLYHO\��VHH�7DEOH��������:H�DOVR�

LQYHVWLJDWHG� VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ � �WKDW� ZDV� QRW� PLOOHG�� ZKRVH� SUHFXUVRU� ZDV� REWDLQHG� IURP� KHDW�

WUHDWPHQW����DQG�ZDV�VXEVHTXHQWO\�+,3HG�IRU�WHQ�PLQXWHV�DW������Ԩ�DQG������EDU���6DPSOH�6��

ZDV�FKRVHQ�IRU�LQYHVWLJDWLRQ�EHFDXVH�LW�KDG�WKH�KLJKHVW� ௖ܶ���6DPSOH�6����ZDV�FKRVHQ�EHFDXVH�

LW� IRUPHG�SDUW�RI� WKH�EDWFK�PDWHULDO�XVHG� IRU�QDQRFU\VWDOOLQH� IDEULFDWLRQ�DQG�VDPSOH�6����ZDV�

FKRVHQ�EHFDXVH�LW�ZDV�LQGLFDWLYH�RI�WKH�VRUWV�RI�YDULDWLRQ�H[SHFWHG�LQ�RXU�JRRG�PDWHULDO��

������1RUPDO�VWDWH�UHVLVWLYLW\�
�

5HVLVWLYLW\ߩ��௡��DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�ZDV�PHDVXUHG�XVLQJ�WKH�4XDQWXP�'HVLJQ�3K\VLFDO�

3URSHUWLHV�0HDVXUHPHQW�6\VWHP� �3306�� LQ� UHVLVWLYLW\�PRGH�� �6DPSOHV�6���6����DQG� ଴ܪ ଵ଴ହ଴
ଵ଴ ��

ZHUH�PHDVXUHG�DQG�DUH�VKRZQ�LQ�)LJXUH�������7KHLU�UHVLVWLYLWLHV��WUDQVLWLRQ�ZLGWKV�DQG�WUDQVLWLRQ�

RQVHWV�DUH�WDEXODWHG�LQ�7DEOH�������7KH�FULWLFDO�WHPSHUDWXUH�DQG�VXSHUFRQGXFWLQJ�LQ�ILHOG�SURSHUWLHV��



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

DUH�VLPLODU� IRU� WKHVH�VDPSOHV��ZKLFK�VXJJHVWV� WKDW� WKHLU� LQWUDJUDLQ� TXDOLW\� LV�DOVR�VLPLODU�� �:H�

DWWULEXWH�WKH�UDQJH�LQ�WKH�QRUPDO�VWDWH�UHVLVWLYLW\�RI�D�IDFWRU�a���WR�UHODWLYHO\�VPDOO�GLIIHUHQFHV�LQ�

WKH�TXDOLW\�RI�LQWHUJUDLQ�FRQQHFWHGQHVV�ZLWKLQ�HDFK�VDPSOH���:H�H[SHFW�VDPSOHV�6��DQG�6����WR�

KDYH�VLPLODU�UHVLVWLYLWLHV�GXH�WR�WKHLU�YHU\�VLPLODU�KHDW�WUHDWPHQWV�DQG�DWWULEXWH�WKH�IDFWRU�RI�WZR�

GLIIHUHQFH��6DPSOH�6��௡ߩ� ൌ ͳǤ͹ߤ�ȳ��DQG�6DPSOH�6����௡ߩ� ൌ ͲǤ͹ߤ�ȳ���WR�WKH�GLIIHUHQFHV�LQ�WKH�

SRURVLWLHV�RI�WKH�SUH�KHDW�WUHDWHG�VDPSOH�SHOOHWV���7KHVH�SHOOHWV�ZHUH�SUHVVHG�E\�KDQG�ZLWK�QR�

PHDQV�RI�HQVXULQJ�D�FRQVLVWHQW�DSSOLFDWLRQ�RI�SUHVVXUH�DFURVV�GLVWLQFW�EDWFKHV�>��@���7KH�SRURVLW\�

RI�SUHFXUVRU�PDWHULDOV�LV�D�SURFHVV�SDUDPHWHU�WKDW�DIIHFWV�VLQWHULQJ�G\QDPLFV���+LJKHU�SRURVLWLHV�

7DEOH������5HVLVWLYLW\ߩ��௡��WUDQVLWLRQ�ZLGWK��ȟ ஼ܶ �����±��������WUDQVLWLRQ�WHPSHUDWXUH�� ஼ܶ��DQG�

XSSHU�FULWLFDO�PDJQHWLF�ILHOGܤ��௖ଶሺͲሻ��REWDLQHG�IURP�)LJXUHܤ�������௖ଶሺͲሻ�YDOXHV�ZHUH�REWDLQHG�

E\�ILWWLQJ�HTXDWLRQ�������WR�WKH�GDWD��

VDPSOH�
�௡ߩ

���ȳߤ��

ȟ ஼ܶ �
�% ���

�.��

஼ܶ�
�RQVHW��

�.��

,Q�ILHOG�UHVLVWLYLW\�WUDQVLWLRQ�RQVHWV��.��

�௖ଶሺͲሻܤ

�7��

%�
 �
��
��

%�
 �
��
��

%�
 �
��
��

%�
 �
��
��

%�
 �
��
��

%�
 �
��
��

%�
 �
��
��

଴ܪ ଵ଴ହ଴
ଵ଴ � ���� a����� ����� ����� ����� ����� ����� ����� � ����� �����

6�� ���� a����� ����� ����� � � ����� � ����� ����� �����

6���� ���� a����� ����� ����� ����� ����� ����� ����� � ����� �����

�
)LJXUH�������1RUPDO�VWDWH�UHVLVWLYLW\�GDWD�RI�WKUHH�PLFURFU\VWDOOLQH�VDPSOHV���6DPSOHV�6��DQG�

6�����VHH�7DEOH������DUH�VLQWHUHG�VDPSOHV�DQG�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ �LV�D�VLQWHUHG�VDPSOH�WKDW�ZDV�

+,3HG�IRU�WHQ�PLQXWHV�DW������Ԩ�DQG�DW������EDU���6DPSOHV�6����DQG� ଴ܪ ଵ଴ହ଴
ଵ଴ �ZHUH�PHDVXUHG�

LQ�DSSOLHG�ILHOGV����������������������������DQG�����7���6DPSOH�6��ZDV�PHDVXUHG�LQ�DSSOLHG�ILHOGV��

�����������������DQG�����7���7KH�OLQHV�DUH�JXLGHV�WR�WKH�H\H����



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�
IDYRXU� DWRPLF� GULYLQJ�PHFKDQLVPV� WKDW� OHDG� WR� FRDUVHQLQJ� LQVWHDG� RI� GHQVLILFDWLRQ�� � $� VLPLODU�

VLWXDWLRQ�LV�HYLGHQW�LQ�WKH�GDWD�RI�WKH�+,3HG�VDPSOH�� ଴ܪ ଵ଴ହ଴
ଵ଴ ��ZKLFK�KDV�WKH�KLJKHVWߩ�௡ ൌ ʹǤ͹ߤ�ȳ���

7KLV� VDPSOH¶V� SUHFXUVRU� ZDV� H[WUDFWHG� IURP� D� FRDUVH� JUDLQHG� SRZGHU� REWDLQHG� IURP� JURXQG�

VLQWHUHG�SHOOHWV���,W� LV�WKHUHIRUH�PRVW�OLNHO\�WKDW�WKH�UHODWLYHO\�ORZ�+,3LQJ�WHPSHUDWXUH�DQG�GZHOO�

WLPH�ZDV�DQ�LQVXIILFLHQW�FRPELQDWLRQ�RI�DJJUHVVLYH�SURFHVV�SDUDPHWHUV��WKHUHE\�SURGXFLQJ�D�PRUH�

UHVLVWLYH�JUDLQ�ERXQGDU\�PDWUL[�WKDQ�WKH�PXFK�ORQJHU��DQG�KRWWHU��VLQWHULQJ�FRQGLWLRQV�DSSOLHG�WR�

VDPSOHV�6��DQG�6����WKDW�KDYH�EHWWHU�JUDLQ�FRQQHFWLYLW\��

������$&�VXVFHSWLELOLW\�
�

$&�VXVFHSWLELOLW\�GDWD�ZHUH�REWDLQHG� IURP�PHDVXUHPHQWV�SHUIRUPHG�ZLWK� WKH�3306� LQ�$&06�

PRGH���7KH�3306�ZDV�XVHG�WR�DSSO\�D�VWDWLF�PDJQHWLF�ILHOG�WR�HDFK�VDPSOH�ZKLOH�WKH�WHPSHUDWXUH�

ZDV�VZHSW� IURP�D�IHZ�.HOYLQ�DERYH�WKH�H[SHFWHG�PD[LPXP�FULWLFDO� WUDQVLWLRQ� WHPSHUDWXUH�� ஼ܶ��

GRZQ�WR���.���'XULQJ�WKH�PHDVXUHPHQWV�WKH�3306�VXSHULPSRVHG�D�VPDOO�RVFLOODWLQJ�ILHOG�RQ�WRS�

RI�WKH�DSSOLHG�ILHOG�WR�H[FLWH�WKH�VDPSOH¶V�PDJQHWLF�UHVSRQVH���7KLV�SURFHGXUH�ZDV�UHSHDWHG�IRU�

DSSOLHG�ILHOGV�LQ�WKH�UDQJH���WR���7���7KH�GDWD�IRU�VDPSOHV�6���6�����6����DQG� ଴ܪ ଵ଴ହ଴
ଵ଴ �DUH�VKRZQ�

LQ�)LJXUH�����DQG�LQGLYLGXDO�SORWV�RI�WKH�WUDQVLWLRQV�DW�HDFK�DSSOLHG�ILHOG�DUH�VKRZQ�LQ�7DEOH�������

7KHVH�GDWD�ZHUH�XVHG�WR�GHWHUPLQH�WKH�RQVHW�RI� ஼ܶ��VHH�)LJXUH�����IRU�KRZ�WKH�RQVHW�LV�GHILQHG��

DQG�WKH�WUDQVLWLRQ�ZLGWK��ȟ ஼ܶ��EHWZHHQ����WR������DQG�DUH�WDEXODWHG�LQ�7DEOH�������6DPSOHV�6���

6����DQG�6����DOO�VKDUH�VLPLODU� ஼ܶ ¶V�������������.��EXW�WKH�+,3HG�VDPSOH�� ଴ܪ ଵ଴ହ଴
ଵ଴ ��KDV�D�ORZHU� ஼ܶ�

RI������.���7KH�WUDQVLWLRQ�ZLGWKV�RI�VDPSOHV�6���6����DQG� ଴ܪ ଵ଴ହ଴
ଵ଴ ���IURP����WR�������DUH�YHU\�

VLPLODU�DW�a�������������EXW�VDPSOH�6����KDV�WKH�VKDUSHVW�WUDQVLWLRQ�DW�a������.��:H�DWWULEXWH�

WKHVH�YDULDWLRQV�LQ� ஼ܶ�WR�LQKRPRJHQHLWLHV�LQ�%DWFK���PDWHULDO�DQG�SRVVLEO\�D�VOLJKW�UHGXFWLRQ�LQ� ஼ܶ�

GXH�WR�WKH�+,3LQJ�SURFHVV���

�
)LJXUH�������$&�VXVFHSWLELOLW\�GDWD�RI�VDPSOHV�6���6�����6����DQG� ଴ܪ ଵ଴ହ଴

ଵ଴ �LQ�DSSOLHG�PDJQHWLF�

ILHOGV���WR�����7���7KH�WUDQVLWLRQV�IRU�HDFK�RI�WKH�ILHOGV�DUH�VKRZQ�LQ�SORWV�D��WR�J��LQ�)LJXUH�������

7KH�H[FLWDWLRQ�ILHOG�ZDV�����P7�DW�����+]���



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

�

�

�
)LJXUH� ����� � 1RUPDOLVHG� PDJQHWLF� PRPHQW� YV� WHPSHUDWXUH� IRU� WKH� WUDQVLWLRQV� LQ� DSSOLHG�

PDJQHWLF�ILHOGV���WR���7��SDQHOV��D��WR��J��UHVSHFWLYHO\��RI�VDPSOHV�6���6�����6����DQG� ଴ܪ ଵ଴ହ଴
ଵ଴ �

IURP�WKH�DF�VXVFHSWLELOLW\�GDWD�VKRZQ�LQ�)LJXUH������



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

������+HDW�FDSDFLW\�
�

+HDW�FDSDFLW\�GDWD�ZHUH�REWDLQHG�IURP�PHDVXUHPHQWV�SHUIRUPHG�ZLWK�WKH�3306�LQ�KHDW�FDSDFLW\�

PRGH���7KLV�ILUVW�HQWDLOV�SUHSDULQJ�WKH�PHDVXUHPHQW�SXFN�E\�DSSO\LQJ�D�VPDOO�DPRXQW��a�����PP���

RI�1�JUHDVH�WKDW�KDV�D�FU\RJHQLF�ZRUNLQJ�WHPSHUDWXUH�UDQJH�WKDW�LQFOXGHV�WKDW�RI�WKH�LQWHQGHG�

PHDVXUHPHQW���7KH�SXFN�DQG�JUHDVH�WKHQ�KDYH�WKHLU�FRPELQHG�KHDW�FDSDFLW\�PHDVXUHG�E\�WKH�

3306��ZKLFK� LV� WUHDWHG�DV�DQ�DGGHQGD�GDWDVHW�� �7KH�VDPSOH� LV� WKHQ�PRXQWHG�RQWR� WKH�SXFN�

SODWIRUP�RQ�WRS�RI�WKH�JUHDVH���7KH�JUHDVH�SURYLGHV�D�JRRG�WKHUPDO�FRQWDFW�WR�WKH�SODWIRUP�DQG�

DOVR�VWRSV�WKH�VDPSOH�IURP�EHLQJ�HDVLO\�GLVORGJHG�GXULQJ�KDQGOLQJ���7KH�WRWDO�KHDW�FDSDFLW\�RI�WKH�

SXFN�� JUHDVH� DQG� VDPSOH� DUH� WKHQ�PHDVXUHG�� � 7KH� DGGHQGD� GDWDVHW� LV� VXEWUDFWHG� IURP� WKH�

FRPELQHG��VDPSOH�DQG�DGGHQGD��GDWDVHW��SURYLGLQJ�WKH�KHDW�FDSDFLW\�RI�WKH�VDPSOH�DORQH���7KUHH�

VDPSOHV�ZHUH�PHDVXUHG�LQ�WKLV�ZD\��WKH�VLQWHUHG�VDPSOHV�6��DQG�6����DQG�WKH�+,3HG�VDPSOH�

଴ܪ ଵ଴ହ଴
ଵ଴ ���7KHVH�GDWD�ZHUH�DQDO\VHG�LQ�DFFRUGDQFH�ZLWK�WKH�ZHOO�NQRZQ�HTXDWLRQ�

�

�

ZKHUHܥ�� LV� WKH�KHDW�FDSDFLW\ߛ��� LV� WKH�6RPPHUIHOG� FRQVWDQW��ܶ� LV� WKH� WHPSHUDWXUH� DQGߚ�� LV�D�

FRQVWDQW�UHODWHG�WR�WKH�'HE\H�WHPSHUDWXUHߠ��஽��JLYHQ�E\�

�

�

ZKHUH�ܴ�LV�WKH�JDV�FRQVWDQW���'HE\H�SORWV�RI�WKHVH�GDWD�DUH�VKRZQ�LQ�)LJXUH�����DQG�WKH�GDWD�ZDV�

XVHG�WR�GHWHUPLQH�WKH�6RPPHUIHOG�FRQVWDQWV�DQG�'HE\H�WHPSHUDWXUHV�RI�WKH�VDPSOHV��ZKLFK�DUH�

OLVWHG�LQ�7DEOH������

7DEOH� ����� 7UDQVLWLRQ� WHPSHUDWXUH�� ஼ܶ�� DQG�

WUDQVLWLRQ� ZLGWK�� ȟ ஼ܶ � ���� ±� ��� ��� IRU� IRXU�

VDPSOHV�REWDLQHG�IURP�DF�VXVFHSWLELOLW\�GDWD��

�

VDPSOH� ஼ܶ��RQVHW�� ȟ ஼ܶ �

� �.�� �.��

6�� ����� a������

6���� ����� a������

6���� ����� a������ )LJXUH�������'LDJUDP�VKRZLQJ�KRZ�WKH�RQVHW�

RI�WKH�VXSHUFRQGXFWLQJ�WUDQVLWLRQ�ZDV�

GHWHUPLQHGܪ��଴ ଵ଴ହ଴
ଵ଴ � ����� a������

� ܥ
ܶ ൌ ߛ ൅ �ଶܶߚ ������

� ஽ߠ ൌ ඨ
ͳʹ
ͷߚ ߨ

ସܴ
య

� ������



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

�
)LJXUH�������'HE\H�SORWV�RI�WKH�VLQWHUHG�VDPSOHV�6��DQG�6����DQG�WKH�+,3HG�VDPSOH� ଴ܪ ଵ଴ହ଴

ଵ଴ �

LQ�DSSOLHG�PDJQHWLF�ILHOGV���WR�����7���7KH�GDWD�IRU�HDFK�RI�WKH�ILHOGV�����������������������DQG�

����7�DUH�LQGHSHQGHQWO\�VKRZQ�LQ�SORWV�D��WR�I��UHVSHFWLYHO\��



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

�

)RU�KLJK�ILHOG�VXSHUFRQGXFWRUV��LW�LV�GLIILFXOW�WR�REWDLQ�DFFXUDWH�YDOXHV�RI�WKH�SDUDPHWHUVߛ��DQGߚ��

XVLQJ� HTXDWLRQ� ������ EHFDXVH� LW� UHTXLUHV� DQ� H[WUDSRODWLRQ� RI� WKH� QRUPDO� VWDWH� GDWD� DW� ORZ�

WHPSHUDWXUHV�WR���.�IURP�ZKLFK�WKH�LQWHUFHSW�DQG�VORSH�FRUUHVSRQG�WR�WKH�UHTXLUHG�YDOXHV�RIߛ��

DQGߚ����+RZHYHU��EHFDXVH�YHU\�KLJK�PDJQHWLF�ILHOG�KHDW�FDSDFLW\�PHDVXUHPHQWV�DUH�OHVV�UHDGLO\�

DYDLODEOH� LQ� WKH� VFLHQWLILF� FRPPXQLW\�� LW� LV� GLIILFXOW� WR� FRPSOHWHO\� VXSSUHVV� WKH� RQVHW� RI�

VXSHUFRQGXFWLYLW\�DOO�WKH�ZD\�WR�YHU\�ORZ�WHPSHUDWXUHV��ZKLFK�LV�QHFHVVDU\�WR�UHGXFH�WKH�H[WHQW�

RI�WKH�UHTXLUHG�H[WUDSRODWLRQ�DQG�LPSURYH�LWV�DFFXUDF\���)RUWXQDWHO\��ZH�FDQ�XVH�WKH�UHODWLRQVKLS�

EHWZHHQ� KHDW� FDSDFLW\� DQG� HQWURS\� WR� LPSURYH� WKH� H[WUDSRODWLRQ� >���@�� � 7KLV� UHODWLRQVKLS� LV�

H[SUHVVHG�E\�

�

�

ZKHUHܥ��LV�WKH�KHDW�FDSDFLW\��ܶ�WKH�WHPSHUDWXUH�DQG�ܵ�WKH�HQWURS\���(TXDWLRQ�������OHDGV�WR�

�

�

ZKLFK�VKRZV�WKDW�WKH�DUHD�XQGHU�D�SORW�RIܥ� ܶΤ �YV�ܶ��RYHU�VRPH�WHPSHUDWXUH�UDQJH��LV�HTXDO�WR�WKH�

HQWURS\��்ܵ��DW�WKH�XSSHU�ERXQG�RI�WKDW�WHPSHUDWXUH�UDQJH���7KLV��LQ�FRQMXQFWLRQ�ZLWK�WKH�IDFW�WKDW��

LQ�]HUR�ILHOG��WKH�HQWURSLHV�RI�WKH�QRUPDO�DQG�VXSHUFRQGXFWLQJ�VWDWHV�DUH�HTXDO��FDQ�EH�XVHG�WR�

DLG�WKH�DQDO\VLV�RI�WKH�KHDW�FDSDFLW\�GDWD���:H�KDYH�XVHG�WZR�KHDW�FDSDFLW\�GDWDVHWV��RQH�LQ�]HUR�

ILHOG�DQG�WKH�RWKHU� LQ� WKH�KLJKHVW� ILHOG�ZH�KDYH�DYDLODEOH��VHH�)LJXUH�����D��� �7KH�KLJKHVW�ILHOG�

GDWDVHW�LV�XVHG�WR�VXSUHVV�WKH�RQVHW�RI�WKH�VXSHUFRQGXFWLQJ�WUDQVLWLRQ�DV�PXFK�DV�SRVVLEOH�WR�

IDFLOLWDWH�WKH�H[WUDSRODWLRQ�RI�LWV�QRUPDO�VWDWH�FXUYH�WR���.��VHH�)LJXUH�����E����6XEVWLWXWLRQ�RI�WKH�

XSSHU�OLPLW�ܶ�IRU�ܶ ௖�LQ�HTXDWLRQ�������SURYLGHV�WKH�HQWURS\�DW� ௖ܶ�L�H��ܵ ೎்��WKLV�SRLQW�LV�VKRZQ�LQ�)LJXUH�

����E�WR�G���ZKLFK�LV�WKH�VDPH�IRU�ERWK�WKH�]HUR�ILHOG�VXSHUFRQGXFWLQJ�VWDWH�DQG�WKH�QRUPDO�VWDWH���

7KHQ��DV�GHSLFWHG�LQ�)LJXUH�����F�DQG�G��WKH�DUHD�XQGHU�WKH�QRUPDO�FXUYH��DUHD��$���DQG�WKDW�XQGHU�

WKH�]HUR� ILHOG� VXSHUFRQGXFWLQJ�FXUYH� �DUHD� �%���PXVW�EH� WKH�VDPH�� � ,Q�SUDFWLFH�ZH�DGMXVW� WKH�

H[WUDSRODWLRQ��FRQVLVWHQW�ZLWK�'HE\H�EHKDYLRXU��XQWLO�WKLV�HTXDOLW\�LV�PHW�DV�FORVHO\�DV�SRVVLEOH���

7DEOH������6RPPHUIHOG�FRQVWDQWߛ����DQG�'HE\H�WHPSHUDWXUHߠ��஽��REWDLQHG�IURP�DQ�DQDO\VLV�RI�

KHDW�FDSDFLW\�GDWD�WDNHQ�IURP�WKUHH�PLFURFU\VWDOOLQH�VDPSOHV���7KH�GDWD�IRU�*HEDOOH¶V�VDPSOH�

LV�LQFOXGHG�IRU�FRPSDULVRQ�SXUSRVHV��

6DPSOH� ����P-.��PRO��ߛ ��.��஽ߠ

6�� ����� ����

6���� ����� ����

଴ܪ ଵ଴ହ଴
ଵ଴ � ����� ����
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&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

7KH�H[WUDSRODWLRQ�RI�WKH�QRUPDO�VWDWH�FXUYH��VHH�)LJXUH�����E��FDQ�WKHQ�EH�SORWWHG�RQ�D�'HE\H�

SORW�RIܥ� ܶΤ �YV�ܶଶ�DQG�D�OLQHDU�ILW�WR�LWV�YHU\�ORZ�WHPSHUDWXUH�EHKDYLRXU�XVHG�WR�REWDLQߛ��DQGߚ��LQ�

DFFRUGDQFH�ZLWK�HTXDWLRQ��������

������8SSHU�FULWLFDO�PDJQHWLF�ILHOG�
�

$Q�HVWLPDWH�RI�WKH�XSSHU�FULWLFDO�PDJQHWLF�ILHOG�DW�]HUR�WHPSHUDWXUHܤ��௖ଶሺͲሻ��RI�PLFURFU\VWDOOLQH�

1E&���1����LV�REWDLQDEOH�IURP�WKH�VXSHUFRQGXFWLQJ�WUDQVLWLRQV�LQ�DF�VXVFHSWLELOLW\��PDJQHWLVDWLRQ�

DQG�KHDW�FDSDFLW\�PHDVXUHPHQWV�SHUIRUPHG�RQ�WKH�IRXU�PLFURFU\VWDOOLQH�VDPSOHV�6���6�����6����

DQG� ଴ܪ ଵ଴ହ଴
ଵ଴ �� � 7KH� UHVLVWLYLW\� GDWD� ZHUH� QRW� XVHG� LQ� WKLV� LQVWDQFH� GXH� WR� WKHP� EHLQJ� PRUH�

UHSUHVHQWDWLYH�RI�WKH�EHVW�SHUFRODWLYH�FXUUHQW�SDWKV�ZLWKLQ�D�VDPSOH�UDWKHU�WKDQ�UHSUHVHQWLQJ�WKH�

VDPSOH�DV�D�ZKROH���7\SLFDOO\�WKH\�JLYH�YDOXHV�RIܤ�௖ଶ�WKDW�DUH�a���7�DERYH�WKH�EXON�YDOXHV��7KH\�

DOVR�SURGXFH�KLJKHU� ஼ܶ ¶V�WKDQ�YROXPHWULF�PHDVXUHPHQWV��IRU�H[DPSOH���$�FRPSLODWLRQ�RI�WKH�GDWD�

SRLQWV�REWDLQHG�IURP�WKH�FRPSOLPHQWDU\�PHDVXUHPHQW�WHFKQLTXHV�LV�VKRZQ�LQ�)LJXUH�������7KH�

GDVKHG�FXUYH�LQ�WKH�ILJXUH�UHSUHVHQWV�WKH�EHVW�ILW�WR�WKH�GDWD�LQ�DFFRUGDQFH�ZLWK�>���@��

�

�
)LJXUH�������6FKHPDWLF�SORWV�RI�]HUR�ILHOG�DQG�LQ�ILHOG�KHDW�FDSDFLW\�GDWD�LQ�WKH�IRUPܥ�� ܶΤ �YV�ܶ��

D��VKRZV�ERWK�GDWDVHWV�DQG�SRLQWV�RXW�WKH�RQVHW�RI�WKH�]HUR�ILHOG�WUDQVLWLRQ��E��D�ILW�WR�WKH�QRUPDO�

VWDWH�FXUYH�RI�WKH�LQ�ILHOG�GDWDVHW��F��WKH�DUHD��$��XQGHU�WKH�ILWWHG�FXUYH�IURP���.�XS�WR� ௖ܶ��G��WKH�

DUHD��%��XQGHU� WKH�]HUR�ILHOG�FXUYH� IURP���.�WR� ௖ܶ�� �7KHUPRG\QDPLF�UHODWLRQV�VKRZ�WKDW�WKH�

DUHDV��$��DQG��%��DUH�HTXDO��7KLV�IDFW�FDQ�EH�XVHG�WR�LPSURYH�WKH�ILW�WR�WKH�LQ�ILHOG�GDWDVHW�XQWLO�

WKLV�HTXDOLW\�LV�PHW��7KH�QRUPDO�VWDWH�EHKDYLRXU�RI�WKH�VDPSOH�GRZQ�WR���.�FDQ�WKHQ�EH�DQDO\VHG�

LQ�D�'HE\H�SORW�WR�REWDLQ�WKH�QRUPDO�VWDWH�SDUDPHWHUV��F�I�HTXDWLRQ���������



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

�

DQG�WKH�H[WUDSRODWLRQ�WR�ܶ ൌ Ͳ�SURYLGHV�D�YDOXH�RIܤ�஼మሺͲሻ�RI����������7��

������&ULWLFDO�FXUUHQW�GHQVLW\�
�

7KH�FULWLFDO�FXUUHQW�GHQVLW\ܬ��஼��RI�WKH�VLQWHUHG�VDPSOHV�6���6����DQG�6����DQG�WKH�+,3HG�VDPSOH�

଴ܪ ଵ଴ହ଴
ଵ଴ �ZHUH� REWDLQHG� IURP�PDJQHWLVDWLRQ� GDWD� XVLQJ�%HDQ¶V� FULWLFDO� VWDWH�PRGHO� >��@� IRU� VODE�

VKDSHG�VDPSOHV�LQ�DFFRUGDQFH�ZLWK�HTXDWLRQ����������(DFK�RI�WKH�VDPSOHV�ZHUH�VODE�OLNH�LQ�VKDSH�

DQG�RI�PLOOLPHWUH�GLPHQVLRQV��JLYLQJ�D� W\SLFDO�XQFHUWDLQW\� LQ� �������஼�RI�aܬ �3ORWV�RIܬ�஼�YV�%� IRU�

WHPSHUDWXUHV� ��� ��� ��� ��� DQG� ��� .� DUH� VKRZQ� LQ� )LJXUH� ����� ZKHUH� LQGLYLGXDO� SORWV� IRU� HDFK�

WHPSHUDWXUH�DUH�DOVR�SURYLGHG���7KH�YDOXHV�RI�WKH�FULWLFDO�FXUUHQW�GHQVLW\�IRU�HDFK�VDPSOH�LQ�DQ�

DSSOLHG�PDJQHWLF�ILHOG�RI���7�DQG�D�WHPSHUDWXUH�RI���.�DUH�OLVWHG�LQ�7DEOH�������7KH�FXUUHQW�GHQVLW\�

RI�WKHVH�VDPSOHV�LV�YHU\�ORZ�LQ�FRPSDULVRQ�WR�WKH�W\SLFDO�YDOXHV�H[SHFWHG�RI�1E�6Q��ZLUH�a�����[�

�����$P���DW��7�DQG���.���>��@���)LJXUH�����E�WR�)LJXUH�����H�VKRZ�WKDW�WKH�VLQWHUHG�VDPSOHV�6���

6���� DQG� 6���� VKDUH� YHU\� VLPLODU� ஼ܬ ¶V��ZKLFK� LV� H[SHFWHG� JLYHQ� WKHLU� YHU\� VLPLODU� IDEULFDWLRQ�

PHWKRGV�� �+RZHYHU�� �஼�RIܬ WKH�+,3HG�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ �� LV�DSSUR[LPDWHO\�KDOI� WKDW�RI� WKH�VLQWHUHG�

VDPSOHV���7KLV�VXJJHVWV�WKDW�WKH�FRQQHFWLYLW\�EHWZHHQ�WKH�JUDLQV�LQ�WKH�VDPSOHV�VLQWHUHG�DW�KLJKHU�

WHPSHUDWXUHV� LV�EHWWHU�WKDQ�WKH�VDPSOHV�+,3HG�DW� ORZ�WHPSHUDWXUHV�DQG� LV�FRQVLVWHQW�ZLWK�WKH�

UHVLVWLYLW\�GDWD���:H�QRWH��KRZHYHU��WKDW�LQ�SULQFLSOH�LW�FRXOG�EH�DUJXHG�WKDW�+,3LQJ�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ ��

�
)LJXUH�������8SSHU�FULWLFDO�PDJQHWLF�ILHOG�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�IRU�1E&���1����REWDLQHG�

IURP� DF�VXVFHSWLELOLW\� �$&06��� PDJQHWLF� K\VWHUHVLV� �0$*�� DQG� KHDW� FDSDFLW\� �+&��

PHDVXUHPHQWV�SHUIRUPHG�RQ�VDPSOHV�6���6�����6����DQG� ଴ܪ ଵ଴ହ଴
ଵ଴ �� �7KH�GDVKHG�FXUYH�LV�D�

EHVW�ILW�WR�WKH�FRPSOHWH�GDWDVHW��

� ஼మሺܶሻܤ ൌ ஼మሺͲሻܤ ቌͳ െ ൬
ܶ
஼ܶ
൰
ଷ
ଶ
ቍ� ������



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

�
�

)LJXUH�������&ULWLFDO�FXUUHQW�GHQVLW\ܬ��஼��DV�D�IXQFWLRQ�RI�DSSOLHG�PDJQHWLF�ILHOG�IRU�WKH�VLQWHUHG�

VDPSOHV�6���6����DQG�6����DQG�WKH�+,3HG�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ �DW� WHPSHUDWXUHV�������������DQG�

���.���7KH�GDWD�IRU�HDFK�RI�WKH�WHPSHUDWXUHV�DUH�LQGHSHQGHQWO\�VKRZQ�LQ�SORWV�D��WR�H����1RWH��

GDWD�DW���.�ZHUH�QRW�REWDLQHG�IRU�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ ��



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

KDV� SURYLGHG� DQ� DGGLWLRQDO� DQQHDOLQJ� RI� LWV� JUDLQV�� WKXV� UHGXFLQJ� GHIHFWV� WKDW� ZRXOG� XVXDOO\�

SURYLGH�DGGLWLRQDO�WUDSSLQJ�ORFDWLRQV�IRU�PDJQHWLF�IOX[�WR�UHVLGH�ZLWKLQ���7KH�UHGXFWLRQ�RI�WKHVH�

LQWUDJUDLQ�SLQQLQJ�VLWHV�ZRXOG�GHFUHDVH�FXUUHQW�IORZ�ZLWKLQ�WKH�YROXPH�RI�WKH�JUDLQV�DQG�LQFUHDVH�

WKH�FXUUHQW�IORZ�DORQJ�JUDLQ�VXUIDFHV��ZKLFK�ZRXOG�OHDG�WR�DQ�RYHUDOO�UHGXFWLRQ�LQ�WKH�WRWDO�FXUUHQW�

WKDW� FRXOG�EH�FDUULHG� E\� WKH�VDPSOH�� �$OVR�� VLQFH�PDJQHWLVDWLRQ�PHDVXUHPHQWV�ZHUH�XVHG� WR�

DFTXLUH� WKH� GDWD� IURP� ZKLFK� �஼ܬ ZDV� FDOFXODWHG�� DV� RSSRVHG� WR� DFWXDO� FXUUHQW� WUDQVSRUW�

PHDVXUHPHQWV�� WKLV� OLQH� RI� UHDVRQLQJ� VXJJHVWV� ZH� DUH� VHHLQJ� WKH� UHVXOW� RI� DQ� LQFUHDVH� LQ�

LQWUDJUDLQ� TXDOLW\� �LQ� WHUPV� RI� D� UHGXFWLRQ� LQ� GHIHFWV�� UDWKHU� WKDQ� D� GHFUHDVH� LQ� LQWHUJUDLQ�

FRQQHFWHGQHVV��RU�PRUH�OLNHO\��VRPH�FRPELQDWLRQ�RI�WKHP�ERWK����1HYHUWKHOHVV��LQ�WKH�FRQWH[W�RI�

WKH� QDQRFU\VWDOOLQH� PDWHULDO� FRQVLGHUHG� EHORZ�� ZH� WDNH� WKH� PLFURFU\VWDOOLQH� VXSHUFRQGXFWLQJ�

PDWHULDO� WKDW� ZH� KDYH� XVHG� WR� SURGXFH� WKH� QDQRFU\VWDOOLQH� PDWHULDO�� DV� KLJK� TXDOLW\�� DQG�

UHDVRQDEO\�KRPRJHQRXV��

����1DQRFU\VWDOOLQH�PDWHULDO�
�

$� VLPLODU� DQDO\VLV� WR� WKDW� DSSOLHG� WR� WKH�PLFURFU\VWDOOLQH� VDPSOHV� GLVFXVVHG� DERYH�� ZDV� DOVR�

SHUIRUPHG�RQ�WKH�ILYH�QDQRFU\VWDOOLQH�VDPSOHV�SURGXFHG�IURP�+,3HG�ELOOHWV���WR���LQ�7DEOH�������

7KHVH� VDPSOHV� ZHUH� PDGH� IURP� WZR� EDWFKHV� RI� VLQWHUHG� PLFURFU\VWDOOLQH� PDWHULDO� WKDW� ZDV�

VXEVHTXHQWO\�PLOOHG�IRU����KRXUV�SULRU�WR�EHLQJ�+,3HG���'LIIHUHQW�+,3LQJ�WHPSHUDWXUHV�DQG�RU�GZHOO�

WLPHV�ZHUH�XVHG�ZLWK�D�YLHZ�WR�DFKLHYLQJ�RSWLPXP�VDPSOH�TXDOLW\���7KH�IROORZLQJ�VHFWLRQV�DQDO\VH�

WKH�GDWD�DFTXLUHG�IURP�DF�VXVFHSWLELOLW\��KHDW�FDSDFLW\�DQG�GF�PDJQHWLVDWLRQ�PHDVXUHPHQWV�WR�

GHWHUPLQH�QRUPDO�VWDWH�DQG�FULWLFDO�VXSHUFRQGXFWLQJ�SURSHUWLHV����

������$F�VXVFHSWLELOLW\�
�

7KH�PDJQHWLF�VXVFHSWLELOLW\�RI�WKH�PLOOHG�QDQRFU\VWDOOLQH�SRZGHUܯ�ଶ଴�IURP�%DWFK���LV�FRPSDUHG�

ZLWK�WKH�PLFURFU\VWDOOLQH�VDPSOH�6����LQ�)LJXUH�������7KHUH�LV�D�VXEVWDQWLDO�VXSSUHVVLRQ�RI�WKH�

VXSHUFRQGXFWLQJ�WUDQVLWLRQ��ZKLFK�LV�YHU\�FOHDUO\�FDXVHG�E\�WKH�PLOOLQJ��IURP�D�VWDUWLQJ�YDOXH�RI�

a������.�GRZQ�WR�a�����.���)LJXUH������FRQWDLQV�WKH�VXVFHSWLELOLW\�GDWD�IRU�WKH�+,3HG�VDPSOHV�DQG�

7DEOH�����FRQWDLQV�WKHLU�WUDQVLWLRQ�WHPSHUDWXUHV�DQG�WUDQVLWLRQ�ZLGWKV���6DPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ ��ZKLFK�LV�

PLFURFU\VWDOOLQH�� DQG� WKH� �VWDUWLQJ�� PLOOHG� SRZGHU� VDPSOH� �ଶ଴ܯ DUH� LQFOXGHG� LQ� WKH� WDEOH� IRU�

7DEOH������&ULWLFDO�FXUUHQW�GHQVLW\ܬ��஼��LQ�DSSOLHG�PDJQHWLF�ILHOG�% ��7�DQG�DW�D�WHPSHUDWXUH�RI�
7 ��.�IRU�WKH�PLFURFU\VWDOOLQH�VDPSOHV����7KHVH�GDWD�SRLQWV�ZHUH�REWDLQHG�IURP�)LJXUH�����E���

VDPSOH� ܤ஼ሺܬ ൌ ͵��ǡ ܶ ൌ ͸��ሻ��$P����

6�� ����[�����

6���� ����[�����

6���� ����[�����

଴ܪ ଵ଴ହ଴
ଵ଴ � ����[�����



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

FRPSDULVRQ�SXUSRVHV���7KH�GDWD�LQ�7DEOH�����LV�VKRZQ�LQ�)LJXUH�������SORWWHG�DV�WKH�XSSHU�FULWLFDO�

PDJQHWLF�ILHOG�YHUVXV�WHPSHUDWXUH�� �7KH�FXUYHV�UHSUHVHQW�ILWV�WR�WKH�GDWD�XVLQJ�HTXDWLRQ���������

7KHUH� LV�D�FOHDU�DQG�V\VWHPDWLF� LQFUHDVH� LQܤ�௖ଶሺͲሻ�DQG�D�GHFUHDVH� LQ� ௖ܶ� IRU� WKH�EXON�VDPSOHV�

+,3HG�DW� WKH�KRWWHVW� WHPSHUDWXUH� �DQG� ORQJHVW� WLPH��� ଶ଴ܪ
ଵଵହ଴
ସ଴ �� WKURXJK� WR� WKH�RQH�+,3HG�DW� WKH�

FRROHVW�WHPSHUDWXUH� ଶ଴ܪ
ଽହ଴
ଵ଴ ���:H�DWWULEXWH�WKLV�LQYHUVH�FRUUHODWLRQ�EHWZHHQ�+,3�WHPSHUDWXUH�DQG�

�௖ଶሺͲሻܤ WR� LQFUHDVHG� JUDLQ�JURZWK�DQG� OHVV�HOHFWURQ�VFDWWHULQJ�� �:H�DOVR�QRWH� WKH�GHFUHDVH� LQ�

�ELOOHWV������DQG���LQ�)LJXUH�������DUH�JUHDWHU��௖ଶሺͲሻ�GXH�WR�����Ԩ�LQFUHDVHV�LQ�+,3�WHPSHUDWXUHܤ

WKDQ�WKDW�GXH�WR�DQ�LQFUHDVH�LQ�+,3�GZHOO�WLPH�RI����PLQXWHV��ELOOHW����±�WKRXJK�H[SHULPHQWDWLRQ�

ZLWK�RWKHU�FKDQJHV�LQ�GZHOO�WLPH�DQG�+,3�WHPSHUDWXUH�ZRXOG�EH�QHHGHG�WR�PDNH�D�PRUH�GHILQLWLYH�

VWDWHPHQW� LQ� WKLV� UHVSHFW�� �0RVW� VWULNLQJ�� KRZHYHU�� LV� WKH� LQFUHDVH� LQܤ�௖ଶሺͲሻ� RI� VDPSOH� ଶ଴ܪ
ଽହ଴
ଵ଴ �

�a������7��LQ�FRPSDULVRQ�WR�WKH�PLFURFU\VWDOOLQH�GDWD��a������7���ZKLFK�LV�DQ�a������LQFUHDVH�ZLWK�

QR� UHDVRQ� WR� EHOLHYH� WKH� PD[LPXP� KDV� \HW� EHHQ� UHDFKHG�� � )LJXUH� ����� � FRQWDLQV� D� GLUHFW�

FRPSDULVRQ�EHWZHHQ�WKH�+,3HG�QDQRFU\VWDOOLQH�VDPSOH�� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ ���IURP�)LJXUH������F��WR�LWV�PLOOHG�

QDQRFU\VWDOOLQH�SUHFXUVRUܯ��ଶ଴���IURP�)LJXUH������DQG�WKH�+,3HG�PLFURFU\VWDOOLQH�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ �

�IURP� )LJXUH� �����D��� � 7KLV� ILJXUH� XQDPELJXRXVO\� FRQILUPV� WKDW� VDPSOH�� � ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ �� �WKH�

QDQRFU\VWDOOLQH�VDPSOH���KDV�EHWWHU�KLJK�ILHOG�SURSHUWLHV�DERYH���7�WKDQ�PLFURFU\VWDOOLQH�PDWHULDO��

�

%H\RQG�WKH�V\VWHPDWLF�EHKDYLRXU�VR�IDU�GLVFXVVHG��ZH�FDQ�DOVR�FRQVLGHU�RWKHU�GHWDLOV�LQ�WKH�DF��

VXVFHSWLELOLW\� GDWD�� � 6DPSOHV� ଶ଴ܪ
ଽହ଴
ଵ଴ � DQG� ଶ଴ܪ

ଵ଴ହ଴
ଵ଴ �� VKRZQ� LQ� )LJXUH� �����E� DQG� F� KDYH� VKDUS�

VXSHUFRQGXFWLQJ� WUDQVLWLRQV� DQG� WKH\�PDLQWDLQ�PD[LPXP�PDJQHWLF� VFUHHQLQJ� DW� DOO�PHDVXUHG�

ILHOGV��ZKLFK�LV�LQGLFDWLYH�RI�JRRG�TXDOLW\��KRPRJHQHRXV��PDWHULDO���7KH�+,3�GZHOO�WLPH�IRU�WKHVH�

WZR�VDPSOHV�ZDV�WKH�VDPH�DQG�WKHLU�+,3�GZHOO�WHPSHUDWXUHV�RQO\�GLIIHUHG�E\�����Ԩ��DQG�VR�WKHLU�

VLPLODULWLHV� DUH� QRW� VXUSULVLQJ�� � 6DPSOHV� VKRZQ� LQ� )LJXUH� �����D� �WKH� +,3HG� PLFURFU\VWDOOLQH�

VDPSOH��DQG�)LJXUH������G�DQG�H��ZKLFK�DUH�ERWK�WKH�UHVXOW�RI�IDLOHG�+,3�WUHDWPHQWV��WKHLU�ELOOHWV�

�
)LJXUH� ����� � $&�VXVFHSWLELOLW\� GDWD� RI� WKH� WZHQW\�KRXU� PLOOHG� QDQRFU\VWDOOLQH� VDPSOHܯ��ଶ଴��

FRPSDUHG� DJDLQVW� WKH� ]HUR�KRXU� PLOOHG�PLFURFU\VWDOOLQH� VDPSOHܯ��଴�� PHDVXUHG� LQ� DSSOLHG�

PDJQHWLF�ILHOGV������������������������������DQG�����7��ZKHUH�LQFUHDVLQJ�ILHOG�LV�IURP�ULJKW�WR�OHIW���

7KH�H[FLWDWLRQ�ILHOG�ZDV�����P7�DW�����+]��



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�

ZHUH�QRW�JDV�WLJKW�DQG�SUREDEO\�QRW�VXIILFLHQWO\�GHQVLILHG���VKRZ�WKDW�LQ�KLJK�ILHOGV�IXOO�VFUHHQLQJ�

RI�WKH�VDPSOHV�GRHV�QRW�RFFXU���)XUWKHUPRUH��WKHVH�VDPSOHV�KDYH�UHODWLYHO\�ZLGH�WUDQVLWLRQ�ZLGWKV��

ZKLFK� LV� LQGLFDWLYH�RI�ZLGHU�GLVWULEXWLRQV�RI�YDU\LQJ�TXDOLW\�PDWHULDO� L�H�� LQKRPRJHQHLW\�� �7KHVH�

UHVXOWV�VXJJHVW� WKDW� WKH�JUDLQ�ERXQGDULHV�GR�QRW�FRQWDFW� WKH�JUDLQV�ZHOO�RU� WKDW� WKH�YROXPH�RI�

PDWHULDO�WKDW�FRQWULEXWHV�WR�WKH�VXSHUFRQGXFWLQJ�VWDWH�UHGXFHV�LQ�KLJK�ILHOGV�DQG�WKHUHIRUH�OHDGV�

WR�D�UHGXFHG�PDJQHWLF�PRPHQW���

)LJXUH��������$&�VXVFHSWLELOLW\�GDWD�RI�WKH�+,3HG�VDPSOHV�PHDVXUHG�LQ�DSSOLHG�PDJQHWLF�ILHOGV�
�����������������������������DQG�����7�ZKHUH� WKH� ILHOG� LQFUHDVHV� IURP�ULJKW� WR� OHIW�� �D��ELOOHW���

�PLFURFU\VWDOOLQH��VDPSOH�+,3HG�DW������Ԩ�IRU����P��WKLV�VDPSOH�LV�SURYLGHG�IRU�FRPSDULVRQ�

SXUSRVHV���E��ELOOHW���VDPSOH�+,3HG�DW�����Ԩ�IRU����PLQ��F��ELOOHW���VDPSOH�+,3HG�DW������Ԩ�

IRU����PLQ��G��ELOOHW���VDPSOH�+,3HG�DW������Ԩ�IRU����PLQ��H��ELOOHW���VDPSOH�+,3HG�DW������Ԩ�

IRU����PLQ�DQG�I��ELOOHW���VDPSOH�+,3HG�DW������Ԩ�IRU�����PLQ���7KH�H[FLWDWLRQ�ILHOG�ZDV�����P7�

DW�����+]��
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�

:H�DOVR�QRWH�WKH�EHKDYLRXU�RI�VDPSOH� ଶ଴ܪ
ଵଵ଺ଷ
ଵଶ଴ �LQ�)LJXUH������I�LQ�ZKLFK�µWZR�SKDVH¶�EHKDYLRXU�LV�

YLVLEOH���7KH�VWDQGDUG�H[SODQDWLRQ�IRU�WKHVH�W\SHV�RI�GDWDVHW�LV�WKDW�WKH�VDPSOH�LV�FRPSULVHG�RI�D�

PL[WXUH� RI� JRRG� TXDOLW\� JUDLQV� DQG� SRRUHU� TXDOLW\� JUDLQ� ERXQGDU\� PDWUL[�� � 7KH� JURXS� RI�

VXSHUFRQGXFWLQJ�WUDQVLWLRQ�RQVHWV�DVVRFLDWHG�ZLWK�WKH�KLJK�WHPSHUDWXUH�SKDVH�FDQ�EH�FRPSDUHG�

ZLWK�WKH�PLFURFU\VWDOOLQH�VDPSOH�GDWD�LQ�)LJXUH������D���7KLV�FRPSDULVRQ�VKRZV�WKHP�WR�EH�VLPLODU�

�HVSHFLDOO\�DW�ORZHU�DSSOLHG�ILHOGV����/LNHZLVH��D�FRPSDULVRQ�FDQ�EH�PDGH�RI�WKH�ORZ�WHPSHUDWXUH�

SKDVH�GDWD�ZLWK�WKH�QDQRFU\VWDOOLQH�VDPSOHV�LQ�)LJXUH������E�DQG�F���$JDLQ��WKH�WUDQVLWLRQ�RQVHWV�

DW�ORZHU�DSSOLHG�ILHOGV�DUH�VLPLODU���$�VWUDLJKWIRUZDUG�LQWHUSUHWDWLRQ�ZRXOG�EH�WKDW�WKH�FRPELQDWLRQ�

RI�+,3LQJ�GZHOO�WLPH��WHPSHUDWXUH�DQG�SUHVVXUH�IRU�VDPSOH� ଶ଴ܪ
ଵଵ଺ଷ
ଵଶ଴ �KDV�SURGXFHG�D�FRPELQDWLRQ�

RI�PLFURFU\VWDOOLQH�JUDLQV�EXW�WKDW�D�VXEVWDQWLDO�SRUWLRQ�RI�QDQRFU\VWDOOLQH�JUDLQV�VWLOO�UHPDLQ���+DG�

WKH�VDPSOH�EHHQ�KRPRJHQHRXV��ZH�ZRXOG�KDYH�H[SHFWHG�WKDW�VDPSOH� ଶ଴ܪ
ଵଵ଺ଷ
ଵଶ଴ �ZRXOG�KDYH�EHHQ�

PXFK�PRUH�OLNH�WKH�PLFURFU\VWDOOLQH�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ ��)LJXUH������D��ZLWK�VKDUSHU�LQ�ILHOG�WUDQVLWLRQV�

RU�OLNH�VDPSOH� ଶ଴ܪ
ଵଵହ଴
ସ଴ ��)LJXUH������H��ZLWK�D�VOLJKWO\�KLJKHU�WUDQVLWLRQ�WHPSHUDWXUH�DQG�D�JUHDWHU�

VSUHDG�LQ�WKH�RQVHWV�RI�LWV�YDULRXV�LQ�ILHOG�WUDQVLWLRQV���:H�FDQ�DOVR�FRQMHFWXUH�WKDW�WKH�PRUSKRORJ\�

RI�WKLV�VDPSOH�PD\�EH�EHWWHU�FRQVLGHUHG�DV�PLFURFU\VWDOOLQH�JUDLQV�VXEPHUJHG�ZLWKLQ�D�PDWUL[�RI�

JUDLQ�ERXQGDULHV�WKDW�DUH�LQ�SDUW�FRPSULVHG�RI�QDQRFU\VWDOOLQH�PDWHULDO���2QH�SRVVLEOH�H[SODQDWLRQ�

LV�WKDW�WKH�YDFXXP�ZLWKLQ�WKH�+,3�ELOOHW�ZDV�QRW�DV�KLJK�DV�LW�VKRXOG�KDYH�EHHQ�DQG�QRW�DV�KLJK�DV�

�

7DEOH������7UDQVLWLRQ�WHPSHUDWXUH�� ஼ܶ��IRU�DOO�PHDVXUHG�ILHOGV�DQG�WUDQVLWLRQ�ZLGWK��ȟ ஼ܶ �����±����

���IRU�]HUR�ILHOG�IRU�WKH�+,3HG�VDPSOHV�REWDLQHG�IURP�DF�VXVFHSWLELOLW\�GDWD�VKRZQ�LQ�)LJXUH�

�������7KH�PLOOHG�VDPSOHܯ��ଶ଴��LV�LQFOXGHG�IRU�FRPSDULVRQ�SXUSRVHV��

VDPSOH�
ILJXUH�

UHIHUHQFH�

ȟ ஼ܶ ��

�% ���

�.��

஼ܶ�

�RQVHW��

,Q�ILHOG�DF��VXVFHSWLELOLW\�WUDQVLWLRQ�RQVHWV��.��
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�ଶ଴ܯ )LJXUH����� � ���� � � � � � �

ଶ଴ܪ
ଽହ଴
ଵ଴ � )LJXUH������E� a������ ����� ����� ����� ����� ����� ���� ����

ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ � )LJXUH������F� a������ ����� ����� ����� ����� ����� ����� ����

ଶ଴ܪ
ଵଵହ଴
ଵ଴ � )LJXUH������G� a����� ����� ����� ����� ����� ����� ����� ����

ଶ଴ܪ
ଵଵହ଴
ସ଴ � )LJXUH������H� a������ ����� ����� ����� ����� ����� ����� ����

ଶ଴ܪ
ଵଵ଺ଷ
ଵଶ଴ � )LJXUH������I�

a�����D�

a�����E�

����D�

����E�
� � � � � �

଴ܪ ଵ଴ହ଴
ଵ଴ � )LJXUH������D�� � ����� � � � � � �

D�DERYH�VKRXOGHU����E�EHORZ�VKRXOGHU��
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�

�
)LJXUH�������8SSHU�FULWLFDO� ILHOG�DV�D�IXQFWLRQ�RI� WHPSHUDWXUH�IRU�WKH�QDQRFU\VWDOOLQH�SRZGHU�

�ଶ଴��WKH�QDQRFU\VWDOOLQH�+,3HG�VDPSOHVܯ ଶ଴ܪ
ଽହ଴
ଵ଴ �� ଶ଴ܪ

ଵ଴ହ଴
ଵ଴ �� ଶ଴ܪ

ଵଵହ଴
ଵ଴ �DQG� ଶ଴ܪ

ଵଵହ଴
ସ଴ ��DQG�WKH�+,3HG�

PLFURFU\VWDOOLQH�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ ���7KH�GDVKHG�FXUYHV�DUH�EHVW�ILWV�WR�WKH�GDWD��IURP�)LJXUH������

RI�HTXDWLRQ����������

�
)LJXUH�������$�GLUHFW�FRPSDULVRQ�RI�WKH�DF�VXVFHSWLELOLW\�GDWD�IURP�WKH�+,3HG�QDQRFU\VWDOOLQH�

VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ � WR� LWV� QDQRFU\VWDOOLQH�PLOOHG� SUHFXUVRUܯ��ଶ଴�� DQG� WKH�+,3HG�PLFURFU\VWDOOLQH�

VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ ���7KHVH�PHDVXUHPHQWV�ZHUH�FRQGXFWHG�LQ�DSSOLHG�PDJQHWLF�ILHOGV����������������

��������������DQG�����7��ZKHUH�LQFUHDVLQJ�ILHOG�LV�IURP�ULJKW�WR�OHIW��



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�
WKH�RWKHU�JRRG�VDPSOHV�� �$�VPDOO� SUHVHQFH�RI�GLIIXVH�JDV�VHDOHG�ZLWKLQ� WKH�ELOOHW�PLJKW�KDYH�

FDXVHG�LQKRPRJHQHLW\�LQ�WKH�GHQVLILFDWLRQ�E\�LVRODWLQJ�ODUJH�FROOHFWLRQV�RI�QDQRFU\VWDOOLQH�JUDLQV��

IURP� VPDOOHU� SRFNHWV� RI� QDQRFU\VWDOOLQH� JUDLQV�� WKHUHE\� OLPLWLQJ� JUDLQ� JURZWK� ZLWKLQ� WKH�PXFK�

VPDOOHU�SRFNHWV�� �+RZHYHU�� WKH� H[DFW� FDXVH�RI� WKH�XQXVXDO� VKRXOGHU� LQ� WKH�GDWD� LV�GLIILFXOW� WR�

GHWHUPLQH� ZLWKRXW� DQ� H[WHQGHG� H[SHULPHQWDO� VWXG\� DQG� FXUUHQWO\� LW� LV� WKH� SUHSDUDWLRQ� RI� WKLV�

SDUWLFXODU� VDPSOH� WKDW� UHPDLQV� XQGHU� VXVSLFLRQ�� &OHDUO\�� HOHFWURQ� PLFURVFRS\� ZRXOG� EH� DQ�

DGYDQWDJHRXV�WRRO�LQ�KHOSLQJ�WR�SURSHUO\�FKDUDFWHULVH�WKLV�VDPSOH¶V�PRUSKRORJ\�EXW�DW�WKH�WLPH�D�

GHWDLOHG�LQYHVWLJDWLRQ�RI�WKLV�VDPSOH�ZDV�QRW�RQH�RI�WKH�H[SHULPHQWDO�JRDOV�DQG�VR�DQ�H[SODQDWLRQ�

IRU�WKLV�DQRPDORXV�WZR�SKDVH�EHKDYLRXU�LV�VWLOO��KRZHYHU��DQ�RSHQ�TXHVWLRQ����

������+HDW�FDSDFLW\�
�

7KH�KHDW�FDSDFLW\�RI�WKH�QDQRFU\VWDOOLQH�+,3HG�VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ �ZDV�PHDVXUHG�XVLQJ�WKH�VDPH�

HTXLSPHQW�DQG�WHFKQLTXHV�XVHG�RQ�WKH�PLFURFU\VWDOOLQH�VDPSOHV�GLVFXVVHG�DERYH���7KH�GDWD�DUH�

SUHVHQWHG�LQ�)LJXUH������LQ�WKH�IRUP�RI�'HE\H�SORWV���7KLV�ILJXUH�DOVR�SURYLGHV�FRPSDULVRQV�WR�WKH�

PLFURFU\VWDOOLQH�+,3HG�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ �IRU�HDFK�RI�WKH�PHDVXUHG�ILHOGV��7KH�'HE\H�WHPSHUDWXUH�

DQG� 6RPPHUIHOG� FRQVWDQW� IRU� VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ � ZHUH� QRW� REWDLQHG� IURP� WKHVH� GDWD� GXH� WR� WKH�

SUHVHQFH�RI� D�PDJQHWLF� FRPSRQHQW�� ZKLFK� LV�PRVW� OLNHO\� WR� EH� FREDOW� FRQWDPLQDWLRQ� IURP� WKH�

PLOOLQJ�PHGLD� �VHH�&RQWDPLQDWLRQ�0DQDJHPHQW� LQ�VHFWLRQ������� LQ�&KDSWHU����� �7KLV�PDJQHWLF�
FRPSRQHQW�SUHVHQWV�LWVHOI�DV�D�PDJQHWLF�ILHOG�GHSHQGHQW�YHUWLFDO�VKLIW��YLVLEOH�LQ�WKH�QRUPDO�VWDWH�

GDWD� �� VHH� WKH� ERWWRP� ULJKW�KDQG� LQVHW� LQ� )LJXUH� ������ DQG� DOVR� DV� XSWXUQV� LQ� WKH� YHU\� ORZ�

WHPSHUDWXUH�VXSHUFRQGXFWLQJ�UHJLRQ�RI�WKH�GDWD��VHH�WKH�WRS�OHIW�KDQG�LQVHW�LQ�)LJXUH���������7KLV�

EHOLHI� LV� IXUWKHU�VXSSRUWHG�E\� WKH� IDFW� WKH�XQPLOOHG�VDPSOH�� ଴ܪ ଵ଴ହ଴
ଵ଴ �� LV� IUHH�RI� WKHVH�DGGLWLRQDO�

FKDUDFWHULVWLFV�LQ�WKH�GDWD���7KH�HIIHFWV�RI�WKH�PDJQHWLF�FRQWDPLQDWLRQ�PDNHV�LW�H[WUHPHO\�GLIILFXOW�

WR� REWDLQ� UHOLDEOH� YDOXHV� RI� WKH� 'HE\H� DQG� 6RPPHUIHOG� FRQVWDQWV�� ZKLFK� ZHUH� LQWHQGHG� IRU�

FRPSDULVRQ�DJDLQVW� WKRVH�REWDLQHG� IRU� WKH�PLFURFU\VWDOOLQH�VDPSOHV�� � �1HYHUWKHOHVV�� WKH�KHDW�

FDSDFLW\�GDWD�IRU�WKH�QDQRFU\VWDOOLQH�VDPSOH�LQ�)LJXUH������VKRZ�YHU\�FOHDU�EXON�VXSHUFRQGXFWLQJ�

WUDQVLWLRQV���)XUWKHUPRUH��WKHUH�LV�D�FOHDU�FURVV�RYHU�EHWZHHQ�SDQHO��D��DQG�SDQHO��I��LQ�WKH�ILJXUH��

ZKLFK�GHPRQVWUDWHV�WKDW�WKH�ODUJH�LPSURYHPHQW�LQ�WKH�XSSHU�FULWLFDO�ILHOG�LV�DQ�LPSURYHPHQW�LQ�WKH�

EXON�SURSHUWLHV�DQG�QRW�VLPSO\�DQ�LPSURYHPHQW�LQ�WKH�SHUFRODWLYH�SURSHUWLHV�RI�WKH�VDPSOH��

������&ULWLFDO�FXUUHQW�GHQVLW\�
�

7KH�FULWLFDO�FXUUHQW�GHQVLW\ܬ��஼��DV�D�IXQFWLRQ�RI�DSSOLHG�PDJQHWLF�ILHOG��DW�YDULRXV�WHPSHUDWXUHV��

IRU� WKH� QDQRFU\VWDOOLQH� +,3HG� VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ � LV� VKRZQ� DORQJVLGH� WKH�PLFURFU\VWDOOLQH� +,3HG�

VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ �LQ�)LJXUH��������7KHVH�GDWD�ZHUH�FROOHFWHG�DQG�DQDO\VHG�XVLQJ�WKH�VDPH�%HDQ¶V�

PRGHO�DQDO\VLV�XVHG�IRU�WKH�PLFURFU\VWDOOLQH�VDPSOHV�GLVFXVVHG�LQ�VHFWLRQ�������DERYH���$W���7�

DQG�DW�����.�WKHܬ�஼�RI�WKH�QDQRFU\VWDOOLQH�VDPSOH�� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ ��LV�����[�����$�P�����7KLV�LV�DOPRVW�WZR�

RUGHUV� RI�PDJQLWXGH�JUHDWHU� WKDQ� WKH� �஼ܬ RI� WKH� FRUUHVSRQGLQJ�+,3HG�PLFURFU\VWDOOLQH� VDPSOH��

଴ܪ ଵ଴ହ଴
ଵ଴ ��DQG�LV�D�IDFWRU�RI�a����JUHDWHU�WKDQ�WKH�PLFURFU\VWDOOLQH�SUHFXUVRU�VDPSOH�6�����VHH�7DEOH�

���� IRU�PLFURFU\VWDOOLQH� �஼ܬ YDOXHV��� � 7KLV� UHDOLVDWLRQ� RI� D� IRUW\IROG� LQFUHDVH� LQ� �஼ܬ KLJKOLJKWV� WKH�

SRWHQWLDO�IRU�IXUWKHU�LPSURYHPHQWV�LQ�WKH�KLJK�ILHOG�SHUIRUPDQFH�RI�QLRELXP�FDUERQLWULGH��
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�

�
)LJXUH��������'HE\H�SORW�RI�WKH�+,3HG�VDPSOH� ଶ଴ܪ

ଵ଴ହ଴
ଵ଴ ��WRS��LQ�DSSOLHG�PDJQHWLF�ILHOGV���WR�����7���

7KH�WRS�OHIW�KDQG�LQVHW�VKRZV�WKH�ORZ�WHPSHUDWXUH�XSWXUQV�GXH�WR�WKH�SUHVHQFH�RI�D�PDJQHWLF�

FRPSRQHQW�� � 7KH� ERWWRP� ULJKW�KDQG� LQVHW� VKRZV� WKH� XSZDUG� VKLIW� LQ� WKH� QRUPDO� VWDWH� KHDW�

FDSDFLWLHV��KHDW�FDSDFLW\�LQFUHDVHV�ZLWK�ILHOG��GXH�WR�WKH�PDJQHWLF�FRPSRQHQW���3ORWV�D��WR�I��

DUH� FRPSDULVRQV� EHWZHHQ� WKH� QDQRFU\VWDOOLQH� VDPSOH� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ � �IURP� WKH� WRS� SORW�� DQG� WKH�

PLFURFU\VWDOOLQH�VDPSOH� ଴ܪ ଵ଴ହ଴
ଵ଴ ��
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����'LVFXVVLRQ�DQG�&RQFOXGLQJ�&RPPHQWV�
�

7KH�XVH�RI�PLFURVWUXFWXUH�LQ�WKH�QDQRFU\VWDOOLQH�UHJLPH�WR�LQFUHDVH�WKH�XSSHU�FULWLFDO�PDJQHWLF�

ILHOG�ZDV�SLRQHHUHG�E\�WKH�JURXS�LQ�'XUKDP���,W�ZDV�ILUVW�UHSRUWHG�LQ�D�&KHYUHO�SKDVH�PDWHULDO�

>���@�DQG�VXEVHTXHQWO\�LQFUHDVHV�LQܤ�௖ଶ� LQ�1E�>��@�DQG�1E�6Q�>���@�ZHUH�DOVR�DFKLHYHG�� �7KH�

EURDG�H[SHULPHQWDO�REVHUYDWLRQV�LQ�WKRVH�QDQRFU\VWDOOLQH�PDWHULDOV�ZHUH�VLPLODU�WR�WKRVH�UHSRUWHG�

KHUH�IRU�QLRELXP�FDUERQLWULGH�L�H��DQ�LQFUHDVH�LQܤ�௖ଶ�DW�WKH�H[SHQVH�RI�D�GHFUHDVH�LQ� ௖ܶ���+RZHYHU��

LQ� WKH�FDVH�RI� WKH�&KHYUHO�SKDVH�PDWHULDOV�� DOWKRXJK� WKHUH�ZHUH� ODUJH� LQFUHDVHV� LQ� WKH�XSSHU�

FULWLFDO�ILHOG��WKH�LUUHYHUVLELOLW\�ILHOG�DQGܬ�௖�YDOXHV�ZHUH�RQO\�PDUJLQDOO\�LPSURYHG���,Q�WKH�FDVHV�RI�

1E�DQG�1E�6Q��WKHUH�ZHUH�VLJQLILFDQW�LQFUHDVHV�LQܤ�௖ଶ�IRU�1E�XS�WR���7�DQG�WKH�SURSHUWLHV�RI�ELQDU\�

1E�6Q�ZHUH� LPSURYHG� WR�QHDUO\� WKRVH�RI� WHUQDU\�PDWHULDO��EXW� WKH� UHODWLYH� LPSURYHPHQWV�ZHUH�

PRGHVW���,Q�WKLV�ZRUN�ZH�KDYH�IRXQG�DQ�XQSUHFHGHQWHG�LQFUHDVH�LQܤ�௖ଶ�RI�QHDUO\����7HVOD���7KLV�

LPSURYHPHQW�KDV�EHHQ�YHULILHG�XVLQJ�UHVLVWLYLW\�DQG�VXVFHSWLELOLW\�PHDVXUHPHQWV���)XUWKHUPRUH��

WKLV� LQFUHDVH� KDV� EHHQ� FRQILUPHG� DV� DQ� LPSURYHPHQW� LQ� EXON� SURSHUWLHV� XVLQJ� KHDW� FDSDFLW\�

PHDVXUHPHQWV���&RQVLVWHQW�ZLWK�DQ�LPSURYHPHQW�LQ�EXON�SURSHUWLHV��WKH�FXUUHQW�GHQVLW\�KDV�EHHQ�

LQFUHDVHG�E\�QHDUO\�WZR�RUGHUV�RI�PDJQLWXGH����

�

$OWKRXJK�DQ�HQRUPRXV�HIIRUW�KDV�EHHQ�H[SHQGHG�LQ�PDNLQJ�WKHVH�PDWHULDOV�� LW� LV�FOHDU�WKDW�ZH�

KDYH�OLNHO\�QRW�\HW�UHDFKHG�WKH�RSWLPXP�XSSHU�FULWLFDO�ILHOG�DQG�WKDW�+,3LQJ�DW�KLJKHU�WHPSHUDWXUHV�

�EXW�IRU�VKRUWHU� WLPHV�WR�NHHS�WKH�JUDLQ�VL]H� ORZ��ZLOO�SUREDEO\� LPSURYH�WKH�TXDOLW\�RI� WKH�JUDLQ�

ERXQGDULHV��OHDGLQJ�WR�IXUWKHU�LQFUHDVHV�LQܬ�௖���$�GHWDLOHG�XQGHUVWDQGLQJ�RI�WKH�XQGHUO\LQJ�VFLHQFH�

WKDW�OHDGV�WR� WKH�LPSURYHPHQWV� LQ�SURSHUWLHV�ZH�KDYH�IRXQG�LV�QRW�\HW�DYDLODEOH��7KH�OLWHUDWXUH�

SURYLGHV�D� SODXVLEOH� H[SODQDWLRQ� WKDW� IRU� D� KRPRJHQRXV� VDPSOH�� WKH� LQFUHDVHV� LQܤ�௖ଶ� FDQ�EH�

�
)LJXUH� ������ &ULWLFDO� FXUUHQW� GHQVLW\� DV� D� IXQFWLRQ� RI� DSSOLHG� PDJQHWLF� ILHOG� RI� WKH�

QDQRFU\VWDOOLQH� VDPSOH�� ଶ଴ܪ
ଵ଴ହ଴
ଵ଴ � �LQ� WKH� WHPSHUDWXUH� UDQJH� ���� WR� ����� .��� DQG� WKH�

PLFURFU\VWDOOLQH�VDPSOH�� ଴ܪ ଵ଴ହ଴
ଵ଴ ��LQ�WKH�WHPSHUDWXUH�UDQJH���WR����.���



&KDUDFWHULVDWLRQ�RI�PLFURFU\VWDOOLQH�DQG�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH���������� ����
�
DWWULEXWHG�WR�LQFUHDVHV�LQ�UHVLVWLYLW\��DQG�WKDW�WKH�GHFUHDVHV�LQ� ௖ܶ�DUH�DVVRFLDWHG�ZLWK�D�GHFUHDVH�

LQ�WKH�6RPPHUIHOG�FRQVWDQW�>��@���+RZHYHU��LW�LV�FOHDU�WKDW�DV�WKH�JUDLQ�VL]H�LV�UHGXFHG�WR�D�VL]H�

FRPSDUDEOH� WR� WKH� FRKHUHQFH� OHQJWK� RI� WKH� VXSHUFRQGXFWRU�� LW� PLJKW� QRW� EH� YHU\� DFFXUDWH� WR�

FRQVLGHU�WKH�VDPSOH�DV�EHLQJ�KRPRJHQRXV��VLQFH�WKH�GLVWLQFWLRQ�LQ�UHODWLYH�GLPHQVLRQV�EHWZHHQ�

JUDLQV�DQG�ERXQGDULHV�LV�UHPRYHG���:H�QRWH�WKDW�D�UHDO�KXUGOH�WR�RXU�WKHRUHWLFDO�XQGHUVWDQGLQJ�LV�

RXU�OLPLWHG�XQGHUVWDQGLQJ�RI�JUDLQ�ERXQGDULHV��RI�ZKLFK�ZH�NQRZ�YHU\�OLWWOH�DERXW�WKHLU�HOHFWURQLF�

SURSHUWLHV� LQ� FRPSOH[� LQWHUPHWDOOLF�PDWHULDOV�� OHW� DORQH�XQGHUVWDQG�KRZ� WKHLU� VXSHUFRQGXFWLQJ�

SURSHUWLHV�FKDQJH�RQ�D�ORFDO�VFDOH�QHDU�WKHP���1HYHUWKHOHVV��GHVSLWH�WKLV�ODFN�RI�XQGHUVWDQGLQJ��

ZH�KDYH�IRXQG�WKDW�E\�PDNLQJ�QLRELXP�FDUERQLWULGH�QDQRFU\VWDOOLQH��ZH�KDYH�SURGXFHG�WKH�PRVW�

PDUNHG�LPSURYHPHQW�LQ�VXSHUFRQGXFWLQJ�SURSHUWLHV�UHSRUWHG�WR�GDWH�RI�DQ\�EXON�PDWHULDO�PDGH�

QDQRFU\VWDOOLQH����

�

1LQH�VDPSOHV�LQ�WRWDO��IRXU�PLFURFU\VWDOOLQH�DQG�ILYH�QDQRFU\VWDOOLQH��ZHUH�DQDO\VHG�XVLQJ�YDULRXV�

PHDVXUHPHQW� WHFKQLTXHV� GHVLJQHG� WR� SUREH� VSHFLILF� QRUPDO� VWDWH� DQG� VXSHUFRQGXFWLQJ�

SURSHUWLHV�� � 7KHVH� SURSHUWLHV�� QDPHO\�� UHVLVWLYLW\�� ��௡ߩ 'HE\H� WHPSHUDWXUH�� ��஽ߠ 6RPPHUIHOG�

FRQVWDQWߛ����WUDQVLWLRQ�WHPSHUDWXUH�� ௖ܶ��FULWLFDO�FXUUHQW�GHQVLW\ܬ��௖��DQG�XSSHU�FULWLFDO�PDJQHWLF�ILHOG��

��௖ଶܤ ZHUH� UHTXLUHG� WR� SURYLGH� D� FRPSUHKHQVLYH� NQRZOHGJH� RI� WKH� VDPSOHV�� ZLWK� D� YLHZ� WR�

LGHQWLI\LQJ��DQG�XQGHUVWDQGLQJ��WKH�VDPSOH�ZLWK�WKH�PRVW�HQKDQFHGܤ�௖ଶ�DQG�WKHUHE\�HVWDEOLVKLQJ�

WKH�EHVW�URXWH�E\�ZKLFK�WKLV�RSWLPLVHG�PDWHULDO�FDQ�EH�IDEULFDWHG��2XU�GDWD�KDYH�VKRZQ�WKDW�D�

VXEVWDQWLDO�LQFUHDVH�LQܤ�௖ଶ�KDG�EHHQ�DFKLHYHG�LQ�VDPSOH� ଶ଴ܪ
ଽହ଴
ଵ଴ ௖ଶሺͲሻܤ�� ൎ ʹͲǤ͸����DQ�LQFUHDVH�RI�

a��������ZKLFK�ZDV�DFFRPSDQLHG�E\�D�PRGHVW�UHGXFWLRQ�LQ� ௖ܶ�VR�WKDW�DW�WKH�WHPSHUDWXUH�RI�OLTXLG�

KHOLXP� ����� .��� �௖ܬ LV� D� IDFWRU� IRUW\� JUHDWHU� WKDQ� WKH� FRUUHVSRQGLQJ� PLFURFU\VWDOOLQH� VDPSOH�

�PHDVXUHG�DW���7�DQG���.����7KLV��LQ�FRQMXQFWLRQ�ZLWK�WKH�IDFW�WKDW�QRQH�RI�WKH�PHDVXUHPHQW�UHVXOWV�

VXJJHVW�WKDW�DQ�RSWLPXP�HQKDQFHPHQW�KDV�EHHQ�DFKLHYHG��SURYLGHV�HQFRXUDJHPHQW�WKDW�LW�PLJKW�

VWLOO�EH�SRVVLEOH�WR�RSWLPLVH�WKH�IDEULFDWLRQ�SURFHVV�IXUWKHU���$�PRUH�FRPSUHKHQVLYH�DQG�H[WHQGHG�

H[SHULPHQW� DQG� VXEVHTXHQW� DQDO\VLV� LV� XQGRXEWHGO\� UHTXLUHG� WR� IXOO\� LGHQWLI\� WKH� RSWLPXP�

IDEULFDWLRQ�URXWH�DQG�ZKDW�PD[LPXP�HQKDQFHPHQWV�WR�WKH�PDWHULDO¶V�VXSHUFRQGXFWLQJ�SURSHUWLHV�

DUH�SRVVLEOH���+RZHYHU��WKH�FXUUHQW�ERG\�RI�ZRUN�KDV�SURYLGHG�D�ILUP�IRXQGDWLRQ�XSRQ�ZKLFK�WKLV�

H[WHQGHG�ZRUN� FRXOG� EH�EDVHG�� � 7KLV�� LQ� FRQMXQFWLRQ�ZLWK� QLRELXP�FDUERQLWULGH¶V� UHVLOLHQFH� WR�

LUUDGLDWLRQ�GDPDJH��LQ�FRPSDULVRQ�WR�WKH�$��¶V��VKRZV�WKDW�LW�KDV�WKH�SRWHQWLDO�WR�EH�DQ�DOWHUQDWLYH�

ORZ�WHPSHUDWXUH�PDWHULDO� IRU� IXVLRQ� WRNDPDN� DSSOLFDWLRQV�� WKRXJK� RI� FRXUVH�� WKLV� VWDWHPHQW� LV�

PDGH� LQ� WKH� NQRZOHGJH� WKDW� WKHUH� DUH� D� JUHDW� QXPEHU� RI� WHFKQRORJLFDO�HQJLQHHULQJ�ILQDQFLDO�

FKDOOHQJHV� LQ� JHWWLQJ� D� SRWHQWLDO� FDQGLGDWH� PDWHULDO� IURP� WKH� ODERUDWRU\� LQWR� D� UHDO�ZRUOG�

DSSOLFDWLRQ�� �:LWK�WKDW�VDLG��DQ������ LQFUHDVH�LQ�XSSHU�FULWLFDO� ILHOG�DQG�D� IRUW\IROG� LQFUHDVH� LQ�

FULWLFDO� FXUUHQW� GHQVLW\�� ZLWKLQ� WKH� VDPH� VDPSOH�� DUH� H[FLWLQJ� VWHSV� WRZDUGV� ZKDW� PLJKW� EH�

DFKLHYDEOH��



�

3$57�,,,��7KH�0HWURORJ\�RI�
1E�6Q�IRU�,7(5�



�

�
0HWURORJ\�RI�ODUJH�TXDQWLW\�FKDUDFWHULVDWLRQ�RI�
WRURLGDO�ILHOG�1E�6Q�VWUDQGV�IRU�,7(5�
����,QWURGXFWLRQ�
�

,Q�������WKH�6XSHUFRQGXFWLYLW\�*URXS�VLJQHG�D�FRQWUDFW�ZLWK�)XVLRQ�IRU�(QHUJ\��)�(��WR�SHUIRUP�

VHYHQ�W\SHV�RI�FKDUDFWHULVDWLRQ�PHDVXUHPHQW�RQ�1E�6Q�VWUDQGV�DV�SDUW�RI�WKH�YHULILFDWLRQ�DQG�

DFFHSWDQFH�SURFHVV���2XU�DLPV�ZHUH��

�

L�� 7R�PHHW�RXU�FRQWUDFWXDO�REOLJDWLRQV�E\�PDNLQJ�PRUH�WKDQ��������PHDVXUHPHQWV�LQ�

WKUHH�\HDUV��

LL�� 7R�UHVHDUFK�DQG�GHYHORS�WKH�FU\RJHQLF�DQG�URRP�WHPSHUDWXUH�PHWURORJ\�QHFHVVDU\�

IRU�ODUJH�TXDQWLW\�FKDUDFWHULVDWLRQ�RI�1E�6Q�VWUDQGV����

LLL�� 7R� KDYH� LPSDFW� RQ� WKH� VXFFHVV� RI� WKH� ,7(5� WRNDPDN� EHLQJ� EXLOW� LQ� &DGDUDFKH��

6RXWKHUQ�)UDQFH���

�

7KH�SULQFLSOH�LQYHVWLJDWRU�DQG�VXSHUYLVRU�IRU�WKLV�SURMHFW��DQG�P\�WKHVLV��ZDV�3URIHVVRU�'DPLDQ�

+DPSVKLUH���$V�ZLWK�PDQ\�ODUJH�SURMHFWV��KRZHYHU��WKLV�ZDV�YHU\�PXFK�D�WHDP�HIIRUW�WKDW�LQFOXGHG�

VHYHUDO�WKRXVDQG�KRXUV�RI�ZRUN�E\�GHGLFDWHG�WHFKQLFLDQV���0\�PDLQ�UHVSRQVLELOLW\��RQ�GD\�WR�GD\�

EDVLV��ZDV�WR�GHYHORS�DQG�LPSURYH�WKH�PHWURORJ\�QHFHVVDU\�IRU�PDNLQJ�WKH�PHDVXUHPHQWV���,Q�

SDUWLFXODU�� ,�ZDV�WKH�ILUVW�SRLQW�RI�FRQWDFW�IRU�DOO�QHZ�UHVXOWV� LQ�WKH� ODERUDWRU\��HLWKHU�EHFDXVH�,�

SHUIRUPHG� WKH�PHDVXUHPHQWV�P\VHOI� RU� EHFDXVH� ,� ZDV� WKH� OLQH�PDQDJHU� IRU� WKH� WHFKQLFLDQV�

LQVWUXFWHG�E\�PH�WR�PDNH�WKRVH�PHDVXUHPHQWV���,�FRPSOHWHG�DOO�WKH�DQDO\VLV�RI�WKH�GDWD��ERWK�IRU�

WKLV� WKHVLV�DQG�IRU� WKH� IRUPDO� UHSRUWLQJ�RI� WKH�GDWD� WR�)�(�� � ,W�VKRXOG�DOVR�EH�PDGH�FOHDU�� WKDW�

HYHU\WKLQJ�ZULWWHQ� LQ�WKLV�FKDSWHU�GRHV�QRW�UHSUHVHQW�WKH�YLHZV�RU�RSLQLRQV�RI�)�(�RU�WKH�,7(5�

RUJDQLVDWLRQ�RU�DQ\�DFWLRQV�RU�GHFLVLRQV�WKDW�PLJKW�KDYH�EHHQ�PDGH�E\�WKRVH�RUJDQLVDWLRQV�LQ�

UHODWLRQ�WR�WKH�FRQWHQW�RI�WKLV�FKDSWHU���7KH�FKDSWHU�LV�ZULWWHQ�LQ�WKH�FRQWH[W�RI�'XUKDP¶V�UROH�DQG�

LV�OLPLWHG�WR�RQO\�WKRVH�DVSHFWV�IRU�ZKLFK�,�KDG�GLUHFW�LQYROYHPHQW������

�

'XULQJ� WKH� FRQWUDFW� SHULRG� WKHUH� ZHUH� VRPH� µQRQ�WULYLDO¶� GLVDJUHHPHQWV� ZLWK� WKH� VWUDQG�

PDQXIDFWXUHUV� DERXW� WKH� DFFXUDF\� RI� WKH� GDWD� JHQHUDWHG� LQ� 'XUKDP�� � 7KLV� OHG� WR� DGGLWLRQDO�

YHULILFDWLRQ�WHVWLQJ�E\�'XUKDP�DQG�RWKHU�LQWHUQDWLRQDO�ODERUDWRULHV�LQFOXGLQJ�&(51���,Q�DOO�FDVHV��

WKH�GDWD�LQ�'XUKDP�ZHUH�FRQILUPHG�WR�ZLWKLQ�WKH�VWDWHG�DFFXUDF\�RI�RXU�PHDVXUHPHQWV��ZKLFK�OHG�



0HWURORJ\�RI�ODUJH�TXDQWLW\�FKDUDFWHULVDWLRQ�RI�WRURLGDO�ILHOG�1E�6Q�VWUDQGV�IRU�,7(5� � ����
�
WR�VFLHQWLILFDOO\�DFFXUDWH��ZHOO�LQIRUPHG�DQG�HIILFLHQW�GLVFXVVLRQV�EHWZHHQ�WKH�PDQXIDFWXUHUV�DQG�

)�(�DERXW�KRZ�EHVW�WR�SURFHHG����

�

7KLV�FKDSWHU�EHJLQV�E\�ORRNLQJ�DW�WKH�EDFNJURXQG�WR�WKH�PHDVXUHPHQWV�DQG�WKH�DUFKLWHFWXUH�RI�

WKH�VWUDQGV���,W�WKHQ�FRQVLGHUV�WKH�GHYHORSPHQW�RI�WKH�IXUQDFH�IDFLOLWLHV��KHDW�WUHDWPHQW�SUHSDUDWLRQ�

DQG�VDPSOH�PRXQWLQJ��ZKLFK�OHDGV�WR�D�GLVFXVVLRQ�DERXW�HDFK�RI�WKH�VHYHQ�PHDVXUHPHQW�W\SHV���

7KH� GHYHORSPHQWV� PDGH� WR� LPSURYH� WKH� DFFXUDF\� DQG� SUDFWLFDOLW\� RI� PDNLQJ� ODUJH� TXDQWLW\�

PHDVXUHPHQWV� DUH� FRQVLGHUHG�� � 7KHUH� DUH� VRPH� FRPPHUFLDO� FRQILGHQWLDOLW\� LVVXHV� DERXW�

SUHVHQWLQJ�DOO� WKH� GDWD� EXW� WKLV� LV�PDGH� FOHDU�ZKHUH� QHFHVVDU\�� � )RU� HDFK�PHDVXUHPHQW��ZH�

GHVFULEH� WKH� ILQDO�PHWKRGV�DQG� WKH�DFFXUDF\�DFKLHYHG�E\�'XUKDP� WR�PDNH�KLJK�TXDOLW\�� ODUJH�

TXDQWLW\� PHDVXUHPHQWV�� � $OO� XQFHUWDLQWLHV� RU� HUURU� EDUV� WKDW� DSSHDU� RQ� SORWV� UHSUHVHQW� RQH�

VWDQGDUG�GHYLDWLRQ��

�����%DFNJURXQG��
�

$�WRWDO�RI����WRQV�RI�FRSSHU�VWUDQG�DQG������WRQV�RI�1E�6Q�VWUDQG�DUH�EHLQJ�XVHG�WR�PDQXIDFWXUH�

WKH�FRQGXFWRUV�RI�WKH�WRURLGDO�ILHOG��7)��FRLOV�IRU�,7(5�>���@���7ZR�W\SHV�RI�1E�6Q�VWUDQG��LQWHUQDO�

WLQ�DQG�EURQ]H�URXWH��ZHUH�SURFXUHG�E\�)�(�IURP�WZR�GLIIHUHQW�VXSSOLHUV�WR�PLQLPLVH�WKH�ULVN�RI�

GHOD\� WR� WKH� SURJUDPPH� VFKHGXOH�� ZKHUH� GHOD\V� IURP� RQH� VXSSOLHU� ZRXOG� EH� UHFWLILHG� E\� DQ�

LQFUHDVHG�SURGXFWLRQ�IURP�WKH�RWKHU���,Q�SDUDOOHO�WR�WKLV�VXSSOLHU�SURGXFWLRQ��DQG�WR�IXUWKHU�UHGXFH�

WKH� ULVN� WR� WKH�SURMHFW�� LW�ZDV�GHFLGHG�E\�)�(� WKDW� WKH�VWUDQGV�ZRXOG� QHHG� WR� VDWLVI\�D� VHW�RI�

VXSSOLHU�LQGHSHQGHQW� YHULILFDWLRQ� WHVWV� �VHH� 7DEOH� ����� WKDW� ZRXOG� GHWHUPLQH� WKHLU� TXDOLW\� DQG�

TXDOLI\� WKHP�IRU� LQFOXVLRQ� LQ� WKH�FRQGXFWRUV�� �7KHVH�YHULILFDWLRQ� WHVWV�ZHUH� WR�FRQVLVW�RI�VHYHQ�

W\SHV�RI�FKDUDFWHULVDWLRQ�PHDVXUHPHQW��WKUHH�WR�EH�SHUIRUPHG�DW�FU\RJHQLF�WHPSHUDWXUHV���FULWLFDO�

FXUUHQWܫ��஼���DW������.���K\VWHUHVLV�ORVVHV��ܳ௛௬௦௧���DW������.��DQG�UHVLGXDO�UHVLVWLYLW\�UDWLR��555���DW�

����.�DQG�DW����.���WKH�UHPDLQLQJ�IRXU�PHDVXUHPHQWV�DW�URRP�WHPSHUDWXUH���VWUDQG�WZLVW�SLWFK��

௣ܶ�� �DQG� GLUHFWLRQ��� VWUDQG� GLDPHWHU�� ݀�� FKURPLXP� SODWLQJ� WKLFNQHVV�� ��୘ݎܥ DQG� FRSSHU�WR�QRQ�

FRSSHU�UDWLRܥ݊ܥ����

7DEOH������6SHFLILFDWLRQ�SDUDPHWHUV�IRU�WKH�,7(5�7)�1E�6Q�VWUDQGV�>���@��

VSHFLILFDWLRQ�SDUDPHWHU� SDUDPHWHU�YDOXH�

FU\RJHQLF�PHDVXUHPHQWV�

FULWLFDO�FXUUHQW�DW����7�DQG������.�����ђ9P���� !�����$�

Q�YDOXH�DW����7�DQG������.��EHWZHHQ����DQG�����ђ9P���� !����

K\VWHUHVLV�ORVVHV����7�DW������.� ������P-�FP��

UHVLGXDO�UHVLVWLYLW\�UDWLR�DW�����.�DQG����.� !�����

URRP�WHPSHUDWXUH�PHDVXUHPHQWV�

VWUDQG�GLDPHWHU� ��������������PP�

VWUDQG�WZLVW�SLWFK� �������PP�

FKURPLXP�SODWLQJ�WKLFNQHVV� ������±���ђP�

&X�WR�QRQ�&X�UDWLR� ��������



0HWURORJ\�RI�ODUJH�TXDQWLW\�FKDUDFWHULVDWLRQ�RI�WRURLGDO�ILHOG�1E�6Q�VWUDQGV�IRU�,7(5� � ����
�
)�(� UHTXLUHG� WKDW� 'XUKDP� KHDW�WUHDW� DOO� WKH� VDPSOHV� HDUPDUNHG� IRU� WHVWLQJ� DW� FU\RJHQLF�

WHPSHUDWXUHV���:KLOH�'XUKDP�DOUHDG\�KDG�WKH�WHFKQLFDO�H[SHUWLVH�DQG�HTXLSPHQW�WR�SHUIRUP�WKH�

WHVWV��WKH�ODUJH�QXPEHU�RI�VDPSOHV��a��������LQ�WRWDO��WKDW�ZRXOG�EH�JHQHUDWHG�GXULQJ�WKH�WHVWLQJ�

SKDVH��WKUHH� \HDUV���DQG� WKH�QHHG�WR�VDWLVI\�)�(¶V�GHOLYHU\�VFKHGXOH��GHPDQGHG� WKDW�'XUKDP�

LQFUHDVH�LWV�LQIUDVWUXFWXUH��EXLOG�D�GHGLFDWHG�FRPSHWHQW�WHFKQLFDO�WHDP�DQG�VHW�LQ�SODFH�VWULQJHQW�

SURFHGXUHV�IRU�KDQGOLQJ�DQG�WUDFNLQJ�ODUJH�VDPSOH�TXDQWLWLHV���$GGLWLRQDOO\��LW�ZDV�YHU\�LPSRUWDQW�

WR�GHYHORS�SUDFWLFDO�DQG�HIILFLHQW�ZD\V�RI�LQFUHDVLQJ�PHDVXUHPHQW�WKURXJKSXW�ZKLOH�PDLQWDLQLQJ�

KLJK�DFFXUDF\��

����6WUDQG�DUFKLWHFWXUH�DQG�EULWWOHQHVV�
�

7KH�FDEOH�LQ�FRQGXLW�FRQGXFWRUV��&,&&V��WKDW�DUH�XVHG�LQ�WKH�ZLQGLQJ�RI�WKH�7)�FRLOV�IRU�WKH�,7(5�

PDJQHW�V\VWHP�DUH�HDFK�FRPSULVHG�RI�����FRSSHU�VWUDQGV�DQG�����1E�6Q�VWUDQGV��ZKLFK�DUH�

WKHPVHOYHV�VXEGLYLGHG�LQWR�WZR�GLIIHUHQW�W\SHV��QDPHO\��LQWHUQDO�WLQ�DQG�EURQ]H�URXWH��VHH�)LJXUH�

����D��>���@���7KHVH�WZR�W\SHV�RI�1E�6Q�VWUDQG�VKDUH�YHU\�VLPLODU�DUFKLWHFWXUHV��VHH�)LJXUH�����

E��� ERWK� HPSOR\� DQ� RXWHU� FKURPLXP� SODWLQJ� OD\HU� WKDW� HOHFWULFDOO\� GHFRXSOHV� WKH� VWUDQGV� DQG�

PDLQWDLQV�WKHLU�LQGHSHQGHQW�SK\VLFDO�LQWHJULW\�ZKHQ�JURXSHG�WRJHWKHU��ERWK�KDYH�D�FRSSHU�OD\HU�

WKDW�RFFXSLHV�DSSUR[LPDWHO\�KDOI�WKH�FURVV�VHFWLRQ�DQG�DFWV�DV�D�WKHUPDO�VWDELOLVHU�DQG�FXUUHQW�

VKXQW�GXULQJ�VXSHUFRQGXFWRU�TXHQFKHV�DQG�ERWK�KDYH�D�WDQWDOXP�OD\HU�WKDW�VHUYHV�DV�D�GLIIXVLRQ�

EDUULHU� WR� VWRS�PRELOH� WLQ� IURP�UHDFKLQJ� WKH�FOHDQ�FRSSHU� VWDELOLVHU�GXULQJ�KHDW�WUHDWPHQW� �WKH�

FOHDQOLQHVV�RI�WKLV�FRSSHU�VWDELOLVHU�LV�RI�SDUDPRXQW�LPSRUWDQFH����7KH�PDLQ�IHDWXUHV�WKDW�DFWXDOO\�

GLVWLQJXLVK�HDFK�DUFKLWHFWXUH�UHVLGH�XQGHU� WKH� WDQWDOXP�EDUULHU�� � ,Q� WKH�FDVH�RI� WKH� LQWHUQDO� WLQ�

DUFKLWHFWXUH� ��� VXE�HOHPHQWV� DUH� HDFK� FRPSULVHG� RI� D� FHQWUDO� WLQ� UHJLRQ� VXUURXQGHG� E\� ILQH�

QLRELXP�ILODPHQWV���,Q�WKH�FDVH�RI�WKH�EURQ]H�URXWH�DUFKLWHFWXUH�����QLRELXP�ILODPHQW�EXQGOHV�DUH�

VXEPHUJHG�ZLWKLQ�D�EURQ]H�PDWUL[���

�

1E�6Q�LV�D�EULWWOH�PDWHULDO���6R��ZKLOVW�LWV�VXSHUFRQGXFWLQJ�FKDUDFWHULVWLFV�PDNH�LW�D�WHFKQRORJLFDO�

ZRUNKRUVH��LWV�EULWWOH�QDWXUH�PHDQV�WKDW�JHQHUDOO\�D�ZLQG�DQG�UHDFW�SURFHVV�LV�XVHG�>���@���)LUVW��

IOH[LEOH�VWUDQG�LV�PDQXIDFWXUHG�WKDW�FRQWDLQV�WKH�VHSDUDWHG�HOHPHQWDO�FRPSRQHQWV�QLRELXP�DQG�

WLQ��VHH�)LJXUH�����E����7KLV�IOH[LEOH�VWUDQG�FDQ�HDVLO\�EH�ZRXQG�LQWR�DQ\�QXPEHU�RI�VKDSHV�WKDW�

VXLW�WKH�WHFKQRORJLFDO�DSSOLFDWLRQ��ZLWK�OLWWOH�ULVN�RI�EUHDNDJH�LI�KDQGOHG�FDUHIXOO\���2QFH�WKH�GHVLUHG�

FRLO� LV�ZRXQG� LW� LV� WKHQ�QHFHVVDU\� WR�KHDW�WUHDW� LW� LQ�DFFRUGDQFH�ZLWK�D�VSHFLILF�KHDW�WUHDWPHQW�

SURJUDPPH�WR�FDXVH�WKH�WLQ�FRPSRQHQW�WR�GLIIXVH�LQWR�WKH�QLRELXP�FRPSRQHQW��IRUP�1E�6Q�DQG�

WKHQ�JURZ�ZHOO�FRQQHFWHG�JUDLQV�RI�1E�6Q�ZLWK�WKH�UHTXLUHG�VXSHUFRQGXFWLQJ�SURSHUWLHV����

�

$OO� WKH� VDPSOHV� HDUPDUNHG� IRU� YHULILFDWLRQ� WHVWLQJ� ZHUH� VHQW� WR� 'XUKDP� LQ� ��� EDWFKHV�

�GHOLYHUDEOHV��RI�IOH[LEOH�VWUDQG�IURP�ZKLFK�WKUHH�GLIIHUHQW�VDPSOH�JHRPHWULHV��RQH�IRU�HDFK�RI�WKH�

FU\RJHQLF� PHDVXUHPHQW� W\SHV�� ZHUH� SUHSDUHG� DQG� WKHQ� KHDW�WUHDWHG� LQ� GHGLFDWHG� KLJK�

WHPSHUDWXUH�IXUQDFHV����

�
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D��

�
E��

�

�
�

)LJXUH������D��&URVV�VHFWLRQ�LPDJH�VKRZLQJ�D�WRURLGDO�ILHOG�FDEOH�LQ�FRQGXLW�FRQGXFWRU��&,&&��

ZLWKLQ�ZKLFK�WKH�1E�6Q�VWUDQGV�UHVLGH��LPDJH�DGDSWHG�IURP�>���@���E��&URVV�VHFWLRQ� LPDJHV�

�DFTXLUHG� ZLWK� WKH� VFDQQLQJ� HOHFWURQ�PLFURVFRSH� LQ� 'XUKDP�� VKRZLQJ� WKH� SUH�KHDW�WUHDWHG�

DUFKLWHFWXUHV�RI�WKH�WZR�W\SHV�RI�1E�6Q�VWUDQG�EHLQJ�XVHG�LQ�WKH�WRURLGDO�ILHOG�&,&&V���7KH�PDLQ�

GLIIHUHQFH�EHWZHHQ�ERWK�DUFKLWHFWXUHV�LV�WKH�ZD\�WKH�WLQ�FRQWHQW�LV�FRQWDLQHG���,Q�WKH�FDVH�RI�

WKH�EURQ]H�URXWH��OHIW�KDQG�LPDJH��� WKH�WLQ�UHVLGHV�ZLWKLQ� WKH�EURQ]H�PDWUL[��ZKHUHDV�� LQ�WKH�

LQWHUQDO�WLQ�DUFKLWHFWXUH��ULJKW�KDQG�LPDJH��LW�LV�FRQWDLQHG�ZLWKLQ�WKH�FHQWUDO�UHJLRQ�RI�WKH�QLRELXP�

ILODPHQW�EXQGOHV���
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�

����+HDW�WUHDWPHQW�RI�VDPSOHV��

������6DPSOH�SUHSDUDWLRQ�DQG�PRXQWLQJ�
�

(DFK�RI�WKH�VDPSOHV�GHVLJQDWHG�IRU�FU\RJHQLF�PHDVXUHPHQWV�KDG�WR�EH�LQGLYLGXDOO\�SUHSDUHG�ZLWK�

WKH�JHRPHWULHV�UHTXLUHG�RI�WKHLU�PHDVXUHPHQW�W\SHV�DQG�WKHQ�KHDW�WUHDWHG�LQ�IXUQDFHV���&ULWLFDO�

FXUUHQW�VDPSOHV�DQG�ORVV�VDPSOHV�ZHUH�KHDW�WUHDWHG�WRJHWKHU��ZKLOVW�555�VDPSOHV���ZKHUH�JDV�

SXULW\�ZDV�HVVHQWLDO���ZHUH�UHDFWHG�VHSDUDWHO\�LQ�GHGLFDWHG�IXUQDFHV���7KH�UHVHDUFK�JURXS�XVHG�

VWDLQOHVV�VWHHO�DV�DQ�DVVHPEO\�ULJ�PDWHULDO���+RZHYHU��DQDO\VLV�RI�HDUO\�KHDW�WUHDWHG�VDPSOHV�ZLWK�

WKH� VFDQQLQJ� HOHFWURQ� PLFURVFRSH� IRXQG� WKDW� YDULRXV� FRQWDPLQDQWV�� LQFOXGLQJ� PDQJDQHVH��

VZHDWHG�RXW�RI�WKH�VWHHO�GXULQJ�KHDW�WUHDWPHQW���:H�WKHUHIRUH�GHFLGHG�WR�PDNH�DOO�ULJ�SDUWV�IURP�

WKH�VDPH�PDWHULDOV�XVHG�IRU�WKH�VDPSOH�EDUUHOV���SUHGRPLQDQWO\�WKH�WLWDQLXP�DOOR\�UHFRPPHQGHG�

E\�,7(5�DQG�FRSSHU���

&ULWLFDO�FXUUHQW�VDPSOHV�
�

���� P� OHQJWKV� RI� IOH[LEOH� VWUDQG� ZHUH� HDFK� ZRXQG� RQWR� LQGLYLGXDO�� HQJUDYHG� �IRU� VDPSOH�

LGHQWLILFDWLRQ�SXUSRVHV���PHDVXUHPHQW�EDUUHOV�DQG�KHOG�LQ�SODFH�ZLWK�VFUHZV��VHH�)LJXUH�����D����

'XULQJ�KHDW�WUHDWPHQW�WKH�HQGV�RI�WKH�VWUDQG�FDQ�EHFRPH�WLQ�GHILFLHQW�GXH�WR�PROWHQ�WLQ�GULSSLQJ�

IURP�WKH�HQGV���'LVFXVVLRQV�ZLWK�)�(�HVWDEOLVKHG�WKDW�WKLV�WLQ�GHSOHWLRQ�XVXDOO\�DIIHFWV�QR�PRUH�

WKDQ� ��� PP� RI� VWUDQG� DQG� WKDW� FULPSLQJ� WKH� HQGV� KHOSV� WR� UHVWULFW� WKLV� RXWZDUG� WLQ� IORZ���

$GGLWLRQDOO\�����PP�ORQJ�WDLOV�ZHUH�FXW�IURP�WKH�HQGV�RI�HDFK�KHDW�WUHDWHG�VWUDQG�WR�UHPRYH�WKH�

SRVVLEOH�LQFOXVLRQ�RI�ORZHU�TXDOLW\�VXSHUFRQGXFWRU�HQWHULQJ�WKH�PHDVXUHPHQW�SURFHVV��VHH�)LJXUH�

����D��DQG�D�����8S�WR�WKLUW\�ZRXQG�FULWLFDO�FXUUHQW�EDUUHOV�ZHUH�WKHQ�DVVHPEOHG��LQ�WHQ�WLHUV�RI�

WKUHH��LQWR�D�KHDW�WUHDWPHQW�ULJ�WKDW�ZDV�PDGH�IURP�FRSSHU�DQG�WLWDQLXP��7L�$O�9����VHH�)LJXUH�

����G�DQG�H����

+\VWHUHVLV�ORVV�VDPSOHV�
�

&RLOV�ZHUH�IRUPHG�DURXQG���PP�GLDPHWHU�WLWDQLXP�SLQV�WKDW�HDFK�FRQWDLQHG����WR����WXUQV��VHH�

)LJXUH�����F���DIWHU�KHDW�WUHDWPHQW�RQO\�WKH�FHQWUDO�QLQH�WXUQV�ZHUH�PHDVXUHG�±�WKH�H[WUD��XQXVHG�

WXUQV��ZHUH�LQFOXGHG�WR�DOORZ�IRU�SRVW�KHDW�WUHDWPHQW�KDQGOLQJ����7KH�HQGV�RI�HDFK�FRLO�ZHUH�DOVR�

FULPSHG�WR�UHVWULFW�WLQ�GHSOHWLRQ���7KHVH�SUHSDUHG�FRLOV�ZHUH�WKHQ�PRXQWHG�RQWR�WKH�FULWLFDO�FXUUHQW�

ULJ�LQ�D�SRVLWLRQ�DGMDFHQW�WR�WKHLU�DVVRFLDWHG�FULWLFDO�FXUUHQW�VDPSOH�EDUUHO��VHH�)LJXUH�����E��F�DQG�

G�����

555�VDPSOHV�
�

7KH� UHVHDUFK� JURXS� URXWLQHO\� UHDFWHG� VDPSOHV� LQ� KLJK� SXULW\� �VL[� QLQHV�� IORZLQJ� DUJRQ� JDV���

+RZHYHU��FROODERUDWLYH�H[SHULPHQWV�FRQGXFWHG�ZLWK�RQH�RI�WKH�VWUDQG�PDQXIDFWXUHUV�DQG�&(51�

VKRZHG�WKDW�WKH�XVH�RI�FORVH�ILWWLQJ�TXDUW]�WXEHV��a���PP�2'�E\�a�����PP�,'�E\�����PP�ORQJ��

IXUWKHU�LQFUHDVHG�WKH�YLVLEOH�FOHDQOLQHVV�RI�WKH�VDPSOHV�������PP�VWUDLJKW�OHQJWKV�RI�IOH[LEOH�VWUDQG�

ZHUH�ILUVW�SUHSDUHG�E\�FOHDQLQJ�WKHP�ZLWK�DFHWRQH�EHIRUH�SODFLQJ�WKHP�ZLWKLQ�TXDUW]�WXEHV���7KH�
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�

WXEHV�ZHUH� WKHQ�VWDFNHG�RQWR�D�FRSSHU� ULJ��ZKLFK�ZDV� WKHQ�SODFHG�ZLWKLQ�D�FRSSHU� WXEH� �VHH�

)LJXUH�����I���

������)XUQDFH�IDFLOLWLHV��
�

'XUKDP�VHW�XS�D�VXLWH�RI�WHQ�(OLWH�WKUHH�]RQH�WXEH�IXUQDFHV�FDSDEOH�RI�FRQWLQXRXV�KHDW�WUHDWPHQWV�

XS�WR������Ԩ��VHH�)LJXUH��������.H\�DUHDV�RI�GHYHORSPHQW�ZHUH�DV�IROORZV��

�

�
�
)LJXUH�������+HDW�WUHDWPHQW�ULJV�IRU�D��FULWLFDO�FXUUHQW�EDUUHOV���������PP�WDLO�OHIW�ORRVH�DW�VDPSOH�

HQGV�DQG�����VDPSOH�HQGV�FULPSHG�WR�UHGXFH�WLQ�GHSOHWLRQ���E��WKUHH�WLHUV�RI�WKUHH�FULWLFDO�FXUUHQW�

EDUUHOV�PRXQWHG�LQWR�WKH�KHDW�WUHDWPHQW�ULJ�VKRZLQJ�WKH�DGMDFHQWO\�PRXQWHG�K\VWHUHVLV�VDPSOH�

FRLOV�F����G��LV�D�GLDJUDP�VKRZLQJ�WKH�DVVHPEO\�RI�D�FULWLFDO�FXUUHQW�ULJ���H��VKRZV�D�IXOO�FULWLFDO�

FXUUHQW�ULJ�ZLWK�DOO�WHQ�WLHUV�IXOO\�RFFXSLHG�DQG�I��VKRZV�D�QXPEHU�RI�555�VDPSOHV�RQ�D�555�

ULJ�EHLQJ�VOLG�LQWR�D�FRSSHU�WXEH��TXDUW]�WXEHV�DUH�QRW�VKRZQ����7KH�FRSSHU�WXEH�LV�XVHG�WR�KHOS�

HTXDOLVH� WKH� IXUQDFH� WHPSHUDWXUH�RYHU� WKH�VDPSOH� UHJLRQ�DQG� LV� DOVR�XVHG�ZLWK� WKH�FULWLFDO�

FXUUHQW�VDPSOH�ULJ���
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�

7HPSHUDWXUH�SURILOHV�
�

6WDQGDUG�SUDFWLFH�LQ�WKH�JURXS�KDG�EHHQ�WR�XVH�D�VLQJOH��FHQWUDOO\�SODFHG��WKHUPRFRXSOH�LQ�D�WKUHH�

]RQH�IXUQDFH��ZKLFK�ZDV�XVHG�WR�PRQLWRU�WKH�VDPSOH�WHPSHUDWXUH�WKURXJKRXW�WKH�KHDW�WUHDWPHQW���

,Q�WKHVH�PHDVXUHPHQWV�ZH�LQWURGXFHG�D�FRSSHU�WXEH��VHH�)LJXUH�����H��WR�H[WHQG�WKH�XQLIRUPLW\�

RI�WKH�WHPSHUDWXUH�SURILOH���:H�DOVR�SXUFKDVHG�QHZ�DOXPLQD�EDIIOH�VHWV�EHFDXVH�WKH\�ZHUH�IRXQG�

WR�VXEVWDQWLDOO\�DIIHFW�WKH�KRPRJHQHLW\�RI�WKH�IXUQDFH�WHPSHUDWXUH�DQG�ZH�LQFUHDVHG�WKH�QXPEHU�

RI�LQGHSHQGHQWO\�PRQLWRUHG�WKHUPRFRXSOHV�IURP�RQH�WR�WKUHH��RQH�IRU�HDFK�KHDWLQJ�]RQH����7KH�

FRQWURO� WKHUPRPHWU\� RI� HDFK� RI� WKH� WKUHH� ]RQHV� ZDV� FDUHIXOO\� EDODQFHG� WR� DFKLHYH� D� GZHOO�

WHPSHUDWXUH�ZLWKLQ�����Ԩ�RI�WKH�VHW�SRLQW�DORQJ�WKH�FHQWUDO�����PP�VDPSOH�VSDFH�UHJLRQ��VHH�

)LJXUH����������7KLV�SURFHVV�ZDV�UHSHDWHG�IRU�DOO�WHPSHUDWXUH�SODWHDXV�UHTXLUHG�RI�HDFK�RI�WKH�WZR�

KHDW�WUHDWPHQW�VFKHGXOHV�XVHG�WR�UHDFW�WKH�WZR�W\SHV�RI�1E�6Q�VWUDQG��VHH�)LJXUH��������7KHVH�

�
)LJXUH�������7\SLFDO�KLJK�WHPSHUDWXUH�IXUQDFH�VHW�XS�XVHG�IRU�1E�6Q�KHDW�WUHDWPHQWV��
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LQGLYLGXDOO\� WDLORUHG� WHPSHUDWXUH� SURJUDPPHV� ZHUH� WKHQ� LQSXW� LQWR� WKHLU� UHVSHFWLYH� IXUQDFH�

FRQWUROOHUV�IRU�IXWXUH�XVH��

7KHUPRFRXSOHV�
�

7KH�WKUHH�WKHUPRFRXSOHV�XVHG�WR� LQGHSHQGHQWO\�FKHFN�WKH�IXUQDFH�]RQH�WHPSHUDWXUHV�ZHUH�RI�

W\SH�1��FODVV����DQG�ZHUH�SXUFKDVHG�IURP�WKH� IXUQDFH�PDQXIDFWXUHU� LQ�EDWFKHV���7KH�7\SH�1�

�FODVV����WKHUPRFRXSOHV�XVHG�E\�'XUKDP�KDYH�D�PDQXIDFWXUHU¶V�WROHUDQFH�RI�����Ԩ�DW�����Ԩ���

+RZHYHU��ZKHQ�D�QHZ�EDWFK�ZDV�UHFHLYHG�LQ�'XUKDP�XS�WR�VL[�WKHUPRFRXSOHV�DW�D�WLPH�ZRXOG�

KDYH�WKHLU�HQGV�SODFHG�ZLWKLQ�D�FRSSHU�EORFN�DQG�WKHQ�SXW�LQWR�RQH�RI�WKH�IXUQDFHV���7KH�IXUQDFH�

ZRXOG�EH�SURJUDPHG�WR�SHUIRUP�D�QXPEHU�RI�WHPSHUDWXUH�GZHOOV�IRU�YDULRXV�WLPH�SHULRGV�ZKLOH�

GDWD�IURP�HDFK�WKHUPRFRXSOH�ZDV�UHFRUGHG���7KHVH�GDWD�ZHUH�XVHG��QRW�RQO\�WR�FRQILUP�WKDW�WKH�

WKHUPRFRXSOHV� ZHUH� ZLWKLQ� WKH�PDQXIDFWXUHU¶V� WROHUDQFH�� EXW� WR� DOVR� HVWDEOLVK� KRZ� ZHOO� WKH\�

DJUHHG� ZLWK� RQH� DQRWKHU� �VHH� )LJXUH� ������ � $Q\� RXWOLHUV� ZHUH� QRW� XVHG�� � 7KLV� LPSURYHG� WKH�

FRQVLVWHQF\�EHWZHHQ�KHDWLQJ�]RQHV�DQG�EHWZHHQ�GLIIHUHQW�IXUQDFHV��

D�� E��

)LJXUH�������+HDW�WUHDWPHQW�SURILOHV�IRU�D��EURQ]H�URXWH�DQG�E��LQWHUQDO�WLQ�VWUDQG�UHDFWLRQV��

�
)LJXUH�������'DWD�RI�VL[�7\SH�1��FODVV����WKHUPRFRXSOHV���7KH�WKHUPRFRXSOH�WKDW�SURGXFHG�WKH�

ERWWRP�GDWDVHW�ZDV�QRW�XVHG��
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�
)XUQDFH�WXEHV��JDV�VHDOV�DQG�SXULW\�
�

:H�XVHG�WZR�W\SHV�RI�IXUQDFH�WXEHV�VHDOV��+LJK�JUDGH��($�����DOXPLQD�WXEHV�ZLWK�VWDLQOHVV�VWHHO�

GRXEOH�2�ULQJ�VHDOLQJ�KROGHUV��VHH�)LJXUH��������WKDW�ZHUH�GHYHORSHG�LQ�KRXVH�DQG�KHOG�LQ�SODFH�

ZLWK�VWDLQOHVV�VWHHO�HQG�SODWHV�WKDW�ZHUH�FODPSHG�WR�WKH�WXEH�HQGV�ZLWK�DOXPLQLXP�EUDFLQJ��VHH�

)LJXUH����������)RU�555�PHDVXUHPHQWV��ZKHUH�WKH�KLJKHVW�SXULW\�HQYLURQPHQW�ZDV�UHTXLUHG��ZH�

XVHG�.DQWKDO��DQ�DOOR\�RI�LURQ��FKURPLXP�DQG�DOXPLQLXP��WXEHV���7KH�.DQWKDO�DOORZHG�D�ZHOGHG�

NQLIH�HGJH�VHDOLQJ�IODQJH�WR�EH�DWWDFKHG�WR�RQH�HQG�RI�D�WXEH�ZKLOH�WKH�UHPDLQLQJ�HQG�ZDV�ZHOGHG�

FORVHG�ZLWK�D�VWDLQOHVV�VWHHO�SODWH���:H�IRXQG�WKDW�NQLIH�HGJH�VHDOV�ZHUH�H[WUHPHO\�UREXVW�DQG�

UHOLDEOH���6WDQGDUG�SUDFWLFH�LQ�WKH�JURXS�IRU�PDLQWDLQLQJ�JDV�SXULW\�ZDV�WR�XVH�IRXU�QLQHV�JDV�ZLWK�

DQ�H[KDXVW�EXEEOHU�WR�UHGXFH�WKH�ULVN�RI�JDV�EDFNIORZ���7KH�ULVN�RI�EDFNIORZ�ZDV�IXUWKHU�UHGXFHG�

E\�ILWWLQJ�RQH�ZD\�JDV�YDOYHV�LQ�OLQH�ZLWK�WKH�JDV�EXEEOHUV�RQ�DOO�IXUQDFHV���6XSHOFR�6XSHU�&OHDQ�

JDV�ILOWHUV�WKDW�PDLQWDLQHG�D�PLQLPXP�DUJRQ�SXULW\�RI�VL[�QLQHV�ZHUH�DOVR�LQVWDOOHG�LQWR�WKH�LQOHW�

SLSLQJ�RI�WKH�555�IXUQDFHV��VHH�)LJXUH���������

*DV�SLSLQJ�
�

$OO�WKH�RULJLQDO�SODVWLF�JDV�SLSLQJ�WR�DQG�IURP�WKH�HQG�SODWHV�ZDV�UHSODFHG�ZLWK���PP�FRSSHU�SLSH�

�IRU� LQFUHDVHG�IOH[LELOLW\�RYHU� WKH�VWDLQOHVV�VWHHO�DOWHUQDWLYH��DQG�ZDV�KDUG�VROGHUHG�WR� WKH�HQG�

SODWHV�WR�LQFUHDVH�ORFDO�LQJUHVV�SURWHFWLRQ����

)XUQDFH�RSHUDWLRQ�
�

)XUQDFHV�ZHUH�GHGLFDWHG�WR�SDUWLFXODU�W\SHV�RI�KHDW�WUHDWPHQW�WR�VWRS�FURVV�FRQWDPLQDWLRQ��WKUHH�

IXUQDFHV�ZHUH�RQO\�XVHG�IRU�KLJK�SXULW\�555�KHDW�WUHDWPHQWV��WKLV�LQFOXGHG�WKH�IXUQDFH�ILWWHG�ZLWK�

WKH� .DQWKDO� WXEH� DQG� NQLIH�HGJH� VHDO��� VL[� IXUQDFHV� ZHUH� GHGLFDWHG� WR� FULWLFDO� FXUUHQW� DQG�

K\VWHUHVLV�ORVV�KHDW�WUHDWPHQWV�DQG�RQH�IXUQDFH�ZDV�XVHG�IRU�R[LGLVDWLRQ�RI�WKH�WLWDQLXP�FULWLFDO�

FXUUHQW�EDUUHOV���$W�DQ\�SDUWLFXODU�WLPH�RQH�555�IXUQDFH�DQG�WZR�FULWLFDO�FXUUHQW�IXUQDFHV�ZHUH�

NHSW�RXW�RI�XVH� IRU� VHUYLFLQJ�� �7KH� IXUQDFHV�ZHUH� DOVR�DOO� HOHFWULFDOO\� VXSSRUWHG�E\�D� EDFN�XS�

JHQHUDWRU�WR�SURWHFW�DJDLQVW�SRZHU�RXWDJHV����

������)XUQDFH�ORDGLQJ�DQG�RSHUDWLRQ��
�

2QFH�WKH�ORDGLQJ�RI�D�FULWLFDO�FXUUHQW�DQG�ORVVHV�ULJ�RU�555�ULJ�ZDV�FRPSOHWHG��LW�ZDV�VOLG�LQWR�D�

FRSSHU� WXEH� RI� D� IXUQDFH� DQG� LWV� RSHQ� HQGV� ZHUH� SDUWLDOO\� EORFNHG� ZLWK� FUXPSOHG� VKHHWV� RI�

]LUFRQLXP� IRLO� WKDW� DFWHG� DV� R[\JHQ� JHWWHUV� >���@�� � 2QFH� D� ULJ� ZDV� VLWHG� ZLWKLQ� LWV� UHVSHFWLYH�

IXUQDFH��DQG�WKH�HQGV�RI�WKH�VDPSOH�WXEH�VHDOHG��WKH�IXUQDFH�ZRXOG�EH�SXPSHG�DQG�IOXVKHG�ZLWK�

3XUHVKLHOG�DUJRQ�D�PLQLPXP�RI�WKUHH�WLPHV�EHIRUH�D�ILQDO��VORZ��DUJRQ�IORZ�UDWH�ZDV�VHW���7KH�

IORZ� UDWH�ZDV� VHW� E\� DGMXVWLQJ� DQ�H[KDXVW� YDOYH� XQWLO� �DSSUR[LPDWHO\�� RQH�EXEEOH� SHU� VHFRQG�

IORZHG� WKURXJK� WKH� H[KDXVW� EXEEOHU�� � 7KH� UHVSHFWLYH� KHDW�WUHDWPHQW� SURJUDP� ZRXOG� WKHQ� EH�

LQLWLDWHG�YLD� WKH� IXUQDFH¶V�PDVWHU�FRQWUROOHU�� �'XULQJ�DOO�KHDW�WUHDWPHQWV� WKH� WKUHH� LQGHSHQGHQW�

WKHUPRFRXSOHV� �ORFDWHG� ZLWKLQ� WKH� VDPSOH� VSDFH�� ZHUH� FRQWLQXRXVO\� PRQLWRUHG� E\� 1DWLRQDO�

,QVWUXPHQWV�6LJQDO�([SUHVV�GDWD�DFTXLVLWLRQ�VRIWZDUH���$V�ZHOO�DV�WKLV�UHDO�WLPH�GDWD�DFTXLVLWLRQ��
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�
PDQXDO�WHPSHUDWXUH�FKHFNV�DQG�DGMXVWPHQWV�ZHUH�UHJXODUO\�FRQGXFWHG���$Q\�DGMXVWPHQWV�PDGH�

WR� D� IXUQDFH�ZHUH� UHFRUGHG�DQG� WKHQ� XVHG� WR� ILQH� WXQH� LWV� WHPSHUDWXUH� SURJUDP� IRU� XVH�ZLWK�

VXEVHTXHQW�KHDW�WUHDWPHQWV��

������(UURUV�DQG�XQFHUWDLQWLHV�LQ�KHDW�WUHDWPHQWV��
�

:H� VXJJHVW� WKDW� WKH� WZR� ODUJHVW� VRXUFHV�RI� HUURU� LQ� WKHVH�KHDW�WUHDWPHQWV�� LQ� WKH�ZRUVW� FDVH�

VFHQDULR�L�H��DW�WKH�����Ԩ�GZHOO�SODWHDX��DUH�DVVRFLDWHG�ZLWK�IXUQDFH�VWDELOLW\��a�������Ԩ��DQG�WKH�

XQFHUWDLQW\� LQ� WKH�7\SH�1��FODVV����WKHUPRFRXSOHV���$�UHDVRQDEOH�HVWLPDWH�WR�FKDUDFWHULVH�WKH�

WRWDO�XQFHUWDLQWLHV�LQ�WKH�KHDW�WUHDWPHQWV�LV�WKHUHIRUH��a�������Ԩ��

����&ULWLFDO�FXUUHQW�PHDVXUHPHQWV�
�

6WDII�LQ�'XUKDP�KDYH�PRUH�WKDQ����\HDUV¶�H[SHULHQFH�PDNLQJ�FULWLFDO�FXUUHQW�PHDVXUHPHQWV�RQ�

VXSHUFRQGXFWRUV�� � 7KH� )�(� FRQWUDFW� VSHFLILHG� WKDW� FULWLFDO� FXUUHQW� PHDVXUHPHQWV� ZHUH� WR� EH�

SHUIRUPHG�DW������.�DQG�DW� WKUHH�DSSOLHG�PDJQHWLF�ILHOGV�������7�������7�DQG������7���'XUKDP�

XVHG�D����7�YHUWLFDO�PDJQHW��KRPRJHQHRXV�WR������RYHU�D����PP�GLDPHWHU�VSKHUH�YROXPH�� LQ�

FRQMXQFWLRQ�ZLWK�D�3RZHU�7HQ������$�SRZHU�VXSSO\��D�'HOWHF�VKXQW�DQG�YDULRXV�QDQRDPSOLILHUV�

DQG�.HLWKOH\�YROWPHWHUV�FRQQHFWHG�WR�D�EHVSRNH�/DE9LHZ�SURJUDP�IRU�LQVWUXPHQW�FRQWURO�DQG�GDWD�

DFTXLVLWLRQ�>���@���'XULQJ�WKHVH�PHDVXUHPHQWV�WKH�FXUUHQW�ZDV�OLQHDUO\�LQFUHDVHG�ZKLOVW�UHFRUGLQJ�

WKH�YROWDJHV�GURSSHG�DFURVV�WKUHH�YROWDJH�WDSV��D�����PP�WDS�VSDQQLQJ�WKH�FHQWUDO�VDPSOH�UHJLRQ�

LQ�SDUDOOHO�ZLWK�WZR�����PP�WDSV�LQ�VHULHV�ZLWK�HDFK�RWKHU���7KH�FULWLFDO�FXUUHQW�FULWHULD�ZDV�VHW�E\�

)�(�DWି��ߤ����ଵ�DQG�Q�YDOXH�EHWZHHQ����WRି��ߤ�����ଵ���7KH�QXPEHU�RI�VDPSOHV�WR�EH�PHDVXUHG��

UHOLDEO\�DQG�UHSURGXFLEO\��DV�SDUW�RI�WKH�)�(�FRQWUDFW�ZDV�YHU\�ODUJH���7KLV�LQFUHDVHG�WKH�GHPDQGV�

PDGH�RQ�WKH�PHWKRGV�XVXDOO\�DGRSWHG�IRU�ORZ�TXDQWLW\�PHDVXUHPHQWV���)RU�H[DPSOH��VROGHULQJ�

VXFK�D�ODUJH�QXPEHU�RI�VDPSOHV�DFURVV�HOHFWULFDO�MRLQWV�KDG�WR�EH�UHDQDO\VHG�LQ�RUGHU�WR�LQFUHDVH�

VDPSOH�WKURXJKSXW�DQG�UHPRYH�DQ\�SRVVLELOLW\�RI�RSHUDWRU�GHSHQGHQFH���$OO�DVSHFWV�RI�WKH�FULWLFDO�

FXUUHQW�PHDVXUHPHQWV�LQ�'XUKDP�ZHUH�WKHUHIRUH�FDUHIXOO\�FRQVLGHUHG�WR�VHH�KRZ�ZHOO�WKH\�ILWWHG�

LQWR�D�KLJK�TXDOLW\��KLJK�TXDQWLW\�SURFHVVLQJ�HQYLURQPHQW���7KH�IROORZLQJ�VHFWLRQV�ILUVW�FRQVLGHU�

PLQRU�LPSURYHPHQWV�DQG�WKHQ�GLVFXVV�WKH�WKUHH�PRVW�EHQHILFLDO�FKDQJHV�WKDW�ZHUH�PDGH��ZKLFK�

ZHUH�D�FKDQJH�LQ� WKH�VWDQGDUG�,7(5�EDUUHO�GHVLJQ��DQ�LPSURYHG�ZD\�WR�WUDQVIHU�FXUUHQW� LQWR�D�

VDPSOH��DQG�D�FRPSOHWH�RYHUKDXO�RI�VDPSOH�PRXQWLQJ�PHWKRGRORJ\���7KH�VHFWLRQ�HQGV�ZLWK�DQ�

RYHUYLHZ�RI�WKH�WHVW�UHVXOW�GDWD��

([WHUQDO�FLUFXLWU\�
�

7KH�UHVLVWDQFH�RI�WKH�'HOWHF�VKXQW��XVHG�WR�PHDVXUH�WKH�DSSOLHG�WUDQVSRUW�FXUUHQW�VXSSOLHG�E\�WKH�

3RZHU�7HQ��ZDV�SHULRGLFDOO\�FDOLEUDWHG�WR�DQ�DFFXUDF\�RI�WZR�SDUWV�LQ������DQG�WKH�JDLQ�RI�WKH�

QDQRDPSOLILHUV� ZDV� FDOLEUDWHG� WR� DQ� DFFXUDF\� RI� IRXU� SDUWV� LQ� ����� XVLQJ� FDOLEUDWHG� .HLWKOH\�

LQVWUXPHQWV� FDSDEOH� RI� PHDVXULQJ� YROWDJHV� WR� ZLWKLQ� ������� ��� � 7KH� YDULRXV� HTXLSPHQW�

XQFHUWDLQWLHV�OHG�WR�D�SURSDJDWHG�XQFHUWDLQW\�LQ�WKH�PHDVXUHPHQW�RI��������

�

�
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�
7HPSHUDWXUH�
�

7KH�DWPRVSKHULF�SUHVVXUH�RI�WKH�ODERUDWRU\�ZDV�PRQLWRUHG�RQ�D�GDLO\�EDVLV�WR�WDNH�LQWR�DFFRXQW�

WKH�GLIIHUHQFH�LQ�OLTXLG�KHOLXP�EDWK�WHPSHUDWXUH�IURP������.���+RZHYHU��WKH�SUHVVXUH�GDWD�IRU�WKH�

'XUKDP�ODERUDWRU\��RYHU�D�SHULRG�RI�WZR�\HDUV��VKRZHG�WKDW�WKH�PRVW�VHYHUH�FRQVHTXHQFH�WR�WKH�

FULWLFDO�FXUUHQW�PHDVXUHPHQWV�ZDV�D�GLVFUHSDQF\�LQ�WKH�FULWLFDO�FXUUHQW�RI�OHVV�WKDQ�����$��ZKLFK�

WUDQVODWHV�DV�DQ�DGGLWLRQDO�XQFHUWDLQW\�LQ�WKH�FULWLFDO�FXUUHQW�PHDVXUHPHQW�RI�a���������7R�HQVXUH�

WKDW� WKH�SUHVVXUH�ZLWKLQ�WKH�PDJQHW�'HZDU�ZDV�DV�FORVH�WR�DWPRVSKHUH�DV�SRVVLEOH��EXEEOHUV�

ZHUH�GHVLJQHG�DQG�EXLOW�LQ�KRXVH�DQG�LQVWDOOHG�WR�UHSODFH�WKH�PHFKDQLFDO�RQH�ZD\�YDOYHV��WKDW�

ZHUH�SURQH�WR�³VWLFNLQJ´��LQ�WKH�KHOLXP�JDV�H[KDXVW�SRUWV�RI�WKH�'HZDU�DQG�PHDVXUHPHQW�SUREHV���

7KLV�HQVXUHG�SUHVVXUH�HTXDOLVDWLRQ�RI�WKH�'HZDU�WR�WKH�ODERUDWRU\�FRQGLWLRQV�GXULQJ�KHOLXP�ERLO�

RII��

0DJQHWLF�ILHOG�
�

7KH�PDJQHWLF�ILHOG�SURILOH�ZDV�FKHFNHG�XVLQJ�D�+DOO�SUREH�WKDW�ZDV�FDOLEUDWHG�DJDLQVW�DQ�105�

V\VWHP�LQ�'XUKDP¶V�&KHPLVWU\�'HSDUWPHQW��

������&KDQJH�LQ�EDUUHO�GHVLJQ�
�

7KH�FULWLFDO�FXUUHQW�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�FRLOHG�VDPSOHV�RI�1E�6Q���7KLV�JHRPHWU\�

DOORZV�IRU�D�UHODWLYHO\�ORQJ�OHQJWK�RI�VWUDQG�WR�EH�PHDVXUHG�LQ�D�UHODWLYHO\�FRQILQHG�YROXPH��ZKLFK�

FDQ� EH� DFFRPPRGDWHG� E\� WKH� NLQGV� RI� VXSHUFRQGXFWLQJ�PDJQHW� IRXQG� LQ� VSHFLDOLVW� UHVHDUFK�

ODERUDWRULHV�OLNH�'XUKDP���7KH�VDPSOH�FRLO�LV�ZRXQG�DURXQG�D�GHGLFDWHG�F\OLQGHU��RU�EDUUHO��WKDW�

SHUIRUPV�D�QXPEHU�RI�LPSRUWDQW�UROHV���)RU�LQVWDQFH��LW�PXVW�VXSSRUW�WKH�VDPSOH�LQ�H[WUHPHV�RI�

WHPSHUDWXUH� IURP� WKH�PD[LPXP� KHDW�WUHDWPHQW� WHPSHUDWXUH� RI� ����Ԩ� GRZQ� WR� WKDW� RI� OLTXLG�

KHOLXP���,W�PXVW�DOVR�VXSSRUW�WKH�VDPSOH�DJDLQVW�WKH�/RUHQW]�IRUFHV�WKDW�DUH�JHQHUDWHG�GXULQJ�WKH�

PHDVXUHPHQWV�DQG� LW�PXVW�VXSSRUW� WKH�VDPSOH�GXULQJ�PDQ�KDQGOLQJ�� �)XUWKHUPRUH�� LW�PXVW�EH�

DEOH�WR�GHOLYHU�WKH�DSSOLHG�WUDQVSRUW�FXUUHQW�WR�D�VXIILFLHQWO\�ORQJ�SRUWLRQ�RI�WKH�VDPSOH�WR�DOORZ�

DGHTXDWH�FXUUHQW�WUDQVIHU�LQWR�WKH�VXSHUFRQGXFWLQJ�ILODPHQWV���7KLV�FXUUHQW�WUDQVIHU�UHJLRQ�RFFXUV�

LQ�WKH�FRSSHU�HQG�ULQJV�RI�D�EDUUHO��VHH�)LJXUH��������+RZHYHU��ZH�IHOW�WKDW�WKH�SK\VLFDO�LQWHJULW\�

RI� WKH� VWDQGDUG� EDUUHOV� XVHG� E\� ,7(5� ZHUH� LQVXIILFLHQWO\� UREXVW� IRU� XVH� WKURXJK� WKH� 'XUKDP�

V\VWHP�� �:H� WKHUHIRUH�PDGH� WZR� LPSURYHPHQWV��ZH� FKDQJHG� WKH�ZD\� WKH� FRSSHU� ULQJV�ZHUH�

DWWDFKHG� WR� WKH� WLWDQLXP�F\OLQGHU�DQG�ZH� LQFUHDVHG� WKH� UHJLRQ�RYHU�ZKLFK� WKH�VDPSOH�VXSSRUW�

JURRYH�H[WHQGHG���7KH�FRSSHU�HQG�ULQJV�RI�WKH�VWDQGDUG�,7(5�GHVLJQ�DUH�VPRRWK�ULQJV�ZKLFK�ILW�

RYHU�WKH�HQGV�RI�WKH�WLWDQLXP�F\OLQGHU�DQG�DUH�KHOG�LQ�SODFH�ZLWK�SLQV�RU�VFUHZV��VHH�)LJXUH�����

D����+RZHYHU��ZH�IRXQG�LW�ZDV�SRVVLEOH�WR�ZREEOH�WKH�FRSSHU�HQG�ULQJV�DIWHU�KHDW�WUHDWPHQW���7KH�

EULWWOHQHVV�RI�KHDW�WUHDWHG�1E�6Q�PDNHV�LW�HDVLO\�VXVFHSWLEOH�WR�GDPDJH���7KLV�LQFUHDVHG�WKH�RQXV�

RQ�FDUHIXO�RSHUDWRU�KDQGOLQJ��ZKLFK�ZDV�IHOW�VKRXOG�EH�DYRLGHG�JLYHQ�WKH�ODUJH�TXDQWLW\�RI�VDPSOHV�

WR�EH�KDQGOHG���7KH�FRSSHU�ULQJV�RI�WKH�'XUKDP�EDUUHO�ZHUH�WKHUHIRUH�WKUHDGHG�DW�RQH�HQG��VHH�

)LJXUH�����G���DOORZLQJ�WKHP�WR�EH�VFUHZHG�GLUHFWO\�LQWR�WKH�WLWDQLXP�F\OLQGHU��ZKLFK�ZDV�OLNHZLVH�

WKUHDGHG� �VHH�)LJXUH�����F���� �7KLV�VFUHZ� WKUHDG�VWRSSHG�DQ\� UHODWLYH� ORQJLWXGLQDO�DQG� ODWHUDO�

PRWLRQ�EXW�GLG�QRW�VWRS�URWDWLRQDO�PRWLRQ�� �5RWDWLRQ�ZDV�VWRSSHG�E\�DOVR�HPSOR\LQJ� WZR� IL[LQJ�
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�

VFUHZV��DW�QLQHW\�GHJUHHV�WR�HDFK�RWKHU��WKURXJK�WKH�VLGHZDOO�RI�WKH�WLWDQLXP�F\OLQGHU�DQG�LQWR�WKH�

FRSSHU�HQG�ULQJV��VHH�)LJXUH�����E��DQG�G�����7KH�VHFRQG�DOWHUDWLRQ�PDGH�WR�WKH�VWDQGDUG�,7(5�

GHVLJQ�ZDV� WR� H[WHQG� WKH� VDPSOH� VXSSRUW� JURRYH� IURP� WKH� WLWDQLXP�F\OLQGHU� RQWR� HDFK�RI� WKH�

FRSSHU�HQG�ULQJV��VHH�)LJXUH�����E��DQG�G���� �7KHUH�ZHUH�WZR�PDLQ�UHDVRQV�IRU�WKLV�GHFLVLRQ���

7KH�ILUVW�ZDV�WKDW�ZLWKRXW�WKH�JURRYH�WKH�KHDW�WUHDWHG�VWUDQG�FRXOG�EH�TXLWH�ORRVH�LQ�WKH�FRSSHU�

UHJLRQ���7KLV�GLG�QRW�SUHVHQW�LWVHOI�DV�SUREOHPDWLF�GXULQJ�WKH�PHDVXUHPHQW�EHFDXVH�WKH�VDPSOH�LV�

ILUVW�VROGHUHG�WR�HDFK�ULQJ��KRZHYHU��WKH�SK\VLFDO�VROGHULQJ�SURFHVV�FDQ�UHVXOW�LQ�WKH�VDPSOH�EHLQJ�

PRYHG��SRVVLEO\�FDXVLQJ�ILODPHQW�EUHDNDJH���7KH�VHFRQG�UHDVRQ�ZDV�WKDW�WKH�FRSSHU�WR�WLWDQLXP�

ERXQGDU\��EHWZHHQ�WKH�HQG�ULQJV�DQG� WKH�FHQWUDO� WLWDQLXP�F\OLQGHU��PLJKW�QRW�EH�H[DFWO\� OHYHO��

PD\EH�GXH�WR�SRRU�PDQXIDFWXULQJ���([WHQGLQJ�WKH�JURRYH�RYHU�WKLV�ERXQGDU\��DQG�HQVXULQJ�WKDW�

HDFK� FRSSHU� ULQJ� LV� RQO\� HYHU� XVHG� RQ� WKH� VDPH� HQG� RI� LWV� RULJLQDO� F\OLQGHU�� PLWLJDWHG� WKLV�

KDSSHQLQJ��

�

7KH�FRQVHTXHQFH�RI�WKH�'XUKDP�PRGLILFDWLRQV�WR�WKH�VWDQGDUG�,7(5�EDUUHO�GHVLJQ�ZHUH�WKDW�WKH�

DPRXQW�RI�EDUUHO�SUHSDUDWLRQ�ZRUN�ZDV�LQFUHDVHG���$IWHU�PDQXIDFWXUH�DQG�LQVSHFWLRQ��HDFK�EDUUHO�

KDG�WR�EH�GLVDVVHPEOHG��FOHDQHG�DQG�LWV�WLWDQLXP�F\OLQGHU�R[LGLVHG��WR�OXEULFDWH�LWV�VXUIDFH�WR�VWRS�

WKH� VDPSOH� VWLFNLQJ� GXULQJ� KHDW�WUHDWPHQW�� EHIRUH� EHLQJ� UHDVVHPEOHG�� � 7KH� GLVDVVHPEO\� DQG�

�
)LJXUH� ����� � &RPSDULVRQ� EHWZHHQ� WKH� VWDQGDUG� ,7(5� GHVLJQ� FULWLFDO� FXUUHQW� EDUUHO� DQG�

'XUKDP¶V� LPSURYHPHQWV� RQ� WKH� GHVLJQ�� � D�� WKH� VWDQGDUG� ,7(5� EDUUHO� GHVLJQ� VKRZLQJ� WKH�

VHSDUDWH�WRS�DQG�ERWWRP�FRSSHU�FXUUHQW�ULQJV�DQG�WKH�FHQWUDO�WLWDQLXP�F\OLQGHU��SDJH���RI�WKH�

)�(�7HFKQLFDO�6SHFLILFDWLRQ�$QQH[�%����1RWH�WKDW�RQO\�WKH�WLWDQLXP�F\OLQGHU�LV�SUHSDUHG�ZLWK�D�

JURRYH�WR�VXSSRUW�WKH�VDPSOH�VWUDQG���7KH�FRSSHU�ULQJV�DUH�SLQQHG��RU�VXSSRUWHG�ZLWK�VFUHZV��

RQWR� WKH� WLWDQLXP�F\OLQGHU�� �E�� WKH�'XUKDP�EDUUHO�KDV�FRSSHU�FXUUHQW� ULQJV�VFUHZHG� LQWR� WKH�

WLWDQLXP�F\OLQGHU���1RWH�WKDW�WKH�VDPSOH�VWUDQG�VXSSRUW�JURRYH�����IURP�WKH�WLWDQLXP�F\OLQGHU�LV�

H[WHQGHG�LQWR�WKH�FRSSHU�ULQJV�������F��'XUKDP�EDUUHO�ZLWK�WRS�FRSSHU�ULQJ�UHPRYHG�VKRZLQJ�

WKH� LQWHUQDO�VFUHZ�WKUHDG�����IRU�FRSSHU�ULQJ�DWWDFKPHQW�� �G��FRSSHU�ULQJ�VKRZLQJ�WKH�VFUHZ�

WKUHDG������IRU�DWWDFKPHQW�WR�WKH�WLWDQLXP�F\OLQGHU��DQG�WKH�RXWHU�VDPSOH�VXSSRUW�JURRYH��������
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�
UHDVVHPEO\�WLPH�ZDV�QRWLFHDEO\�JUHDWHU���:KLOH�LQFUHDVHG�ODERXU�WLPH�LV�DQ�DGGLWLRQDO�EXUGHQ�RQ�

DQ\�WLPH�OLPLWHG�SURFHVV��LW�LV�E\�IDU�SUHIHUDEOH�WR�WKH�DOWHUQDWLYH�LQ�ZKLFK�GDPDJHG�VDPSOHV�JHW�

WKURXJK�WKH�V\VWHP�DOO�WKH�ZD\�WR�PHDVXUHPHQW���:H�QRWH�WKDW�,7(5�)�(�KDV�HIIHFWLYHO\�DGRSWHG�

WKH�'XUKDP�GHVLJQ��WKH�7)�SDQFDNHV�DUH�FXUUHQWO\�EHLQJ�KHDW�WUHDWHG�DORQJVLGH�ZLWQHVV�VDPSOHV��

ZKLFK�DUH�EDUUHO�PRXQWHG�VWUDQGV� WKDW�DIWHU�KHDW�WUHDWPHQW�KDYH� WKHLU� �௖�PHDVXUHGܫ WR� WHVW� WKH�

TXDOLW\�RI�WKH�SDQFDNH�IXUQDFH�WUHDWPHQWV���'XUKDP�LV�SURYLGLQJ�WKH�ZRUOG¶V�VXSSO\�RI�EDUUHOV�IRU�

WKH�ZLWQHVV�VDPSOHV�WKDW�DUH�FXUUHQWO\�EHLQJ�UHDFWHG�DORQJVLGH�WKH�7)�FRLOV�DQG�LV�DOVR�SHUIRUPLQJ�

WKH�PHDVXUHPHQW�RI�WKHLUܫ�௖Ԣݏ����

������,QFUHDVLQJ�WKH�GDWD�DFTXLVLWLRQ�UDQJH�RI�,�9�WUDFHV�
�

'XULQJ�WKH�HDUO\�GHYHORSPHQW�DQG�WHVWLQJ�SKDVH�LW�ZDV�VRRQ�HVWDEOLVKHG�WKDW�VRPH�RI�WKH�WHVW�

VDPSOHV�TXHQFKHG�DW�ORZ�(�ILHOGV�GXULQJ�WKH�WUDQVLWLRQ���7KHVH�ORZ�(�ILHOGV�ZHUH�VRPHWLPHV�XQGHU�

���ђ9P����WKRXJK�DOZD\V�DERYH����ђ9P�������&RPPXQLFDWLRQV�ZLWK�)�(�DQG�GDWD�VXSSOLHG�E\�RQH�

RI�WKH�PDQXIDFWXUHUV�FRQILUPHG�WKDW�(�ILHOGV�EHORZ����ђ9P���ZHUH�REVHUYHG�E\�RWKHU�ODERUDWRULHV���

7KLV�EHKDYLRXU�ZDV�DOPRVW�H[FOXVLYH�WR�WKH�LQWHUQDO�WLQ�VDPSOHV���:RUN�FRQGXFWHG�E\�-HZHOO�HW�DO��

>���@� KDV� VKRZHG� WKDW� WKH� LQWHUQDO� WLQ� DUFKLWHFWXUH� LV� VXEVWDQWLDOO\�PRUH� VXVFHSWLEOH� WR� FUDFN�

IRUPDWLRQ�WKDQ�WKH�EURQ]H�URXWH�DUFKLWHFWXUH��WKRXJK�QR�FRUUHODWHG�GHJUDGDWLRQ�LQ�FULWLFDO�FXUUHQWV�

ZDV�REVHUYHG���1HYHUWKHOHVV��ZH�FRQVLGHUHG�WKDW�FUDFNV�ZLWKLQ�D�OLPLWHG�FXUUHQW�WUDQVIHU�UHJLRQ��

VXFK�DV�WKH�FRSSHU�HQG�ULQJV�RI�WKH�FULWLFDO�FXUUHQW�EDUUHOV��PLJKW�EH�UHVSRQVLEOH�IRU�SUHPDWXUH�

TXHQFKLQJ�RI�VDPSOHV�EHORZ�����ђ9P�����2XU�UHPHG\�ZDV�WR�³VWUDS´�WKH�EDUUHOV���7KLV�FRQVLVWHG�

RI�VROGHULQJ�VKRUW�VWULSV�RI�FRPPHUFLDOO\�DYDLODEOH�<%&2�WDSH�DFURVV�WKH�WRS�RI�IRXU�WXUQV�RI�WKH�

FRLOHG�VDPSOH�DW�VL[�WR�HLJKW�ORFDWLRQV�DURXQG�HDFK�HQG��VHH�)LJXUH��������7ZR�RI�WKH�WXUQV�UHVLGHG�

RQ�D�FRSSHU�HQG�ULQJ�DQG�WKH�UHPDLQLQJ�WZR�RQ�WKH�WLWDQLXP�F\OLQGHU���:H�VXJJHVW�WKDW�WKH�<%&2�

VWUDSV�SURYLGHG�ORZHU�UHVLVWLYH�FXUUHQW�SDWKV�WR�DQ�LQFUHDVHG�QXPEHU�RI�FRQWDFW�SRLQWV��E\SDVVLQJ�

SUREOHPDWLF�UHJLRQV� WKDW�PLJKW�DOVR�EH�DFWLQJ�DV�KRW�]RQHV�GXULQJ� WKH� WUDQVLWLRQ�FDXVLQJ�HDUO\�

WKHUPDO�UXQDZD\���&DUH�ZDV�WDNHQ�ZKHQ�SRVLWLRQLQJ�WKH�VWUDSV�WR�NHHS�WKHP�DV�IDU�DZD\�IURP�WKH�

�
�

)LJXUH� ����� � ,PDJH� GHSLFWLQJ� D� ³VWUDSSHG´� FULWLFDO� FXUUHQW� EDUUHO�� � 6WULSV� RI� FRPPHUFLDOO\�

DYDLODEOH�<%&2�WDSH�DUH�VROGHUHG�DW�WKH�HQGV�RI�D�VDPSOH��FURVVLQJ�IURP�WKH�FRSSHU�UHJLRQ�

RQWR�WKH�WLWDQLXP�UHJLRQ���6L[�WR�HLJKW�VWUDSV�DUH�DSSOLHG���7KHVH�VWUDSV�LQFUHDVHG�WKH�QXPEHU�

RI�ORZ�UHVLVWDQFH�FXUUHQW�SDWKV�LQWR�WKH�VDPSOH�DQG�LPSURYH�WKH�PD[LPXP�(�ILHOGV�WKDW�FDQ�EH�

PHDVXUHG��
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�
YROWDJH�WDS�UHJLRQ�DV�SRVVLEOH���7KLV�VROXWLRQ��LQ�WKH�YDVW�PDMRULW\�RI�FDVHV��GLG�LQGHHG�LQFUHDVH�

WKH�PHDVXUHG�(�ILHOGV��QRW�QHFHVVDULO\�XS�WR�WKH�GHVLUHG�����ђ9P����DOWKRXJK�VRPH�ZHUH�LPSURYHG�

WR� (�ILHOGV� DERYH� ���� ђ9P����� EXW� FRQVLVWHQWO\� GRXEOLQJ� RU� HYHQ� WULSOLQJ� WKH� SUH�VWUDSSHG�

PD[LPXP��

������0HDVXUHPHQW�SUREHV�
�

3ULRU�WR�WKH�)�(�FRQWUDFW�'XUKDP�URXWLQHO\�PHDVXUHG�MXVW�RQH�VDPSOH�DW�D�WLPH�RQ�D�FULWLFDO�FXUUHQW�

SUREH�� �7KH�WLPH�DQG�HIIRUW� LQYROYHG� LQ�RQO\�FRROLQJ�D�VLQJOH�VDPSOH�GRZQ�WR������.�DQG�WKHQ�

ZDUPLQJ�LW�EDFN�XS�DJDLQ�ZDV�DQ�LPSUDFWLFDO�PHWKRG�WR�DGRSW�IRU�ODUJH�TXDQWLW\�PHDVXUHPHQWV���

$�VXLWH�RI�IRXU�FULWLFDO�FXUUHQW�PHDVXUHPHQW�SUREHV�ZHUH�WKHUHIRUH�GHVLJQHG�DQG�EXLOW�LQ�KRXVH�

WKDW�HDFK�KDG�D�FDSDFLW\�WR�VLPXOWDQHRXVO\�KROG�WKUHH�VDPSOH�EDUUHOV��VHH�)LJXUH�����D����7HVWV�

ZHUH� FRQGXFWHG� WR� HQVXUH� WKDW� WKH� UHVXOWV� ZHUH� LQGHSHQGHQW� RI� VDPSOH� SRVLWLRQ� E\� UHSHDWLQJ�

PHDVXUHPHQWV�ZLWK�GLIIHUHQW�SRVLWLRQ�FRQILJXUDWLRQV�SULRU�WR�LQWURGXFLQJ�HDFK�SUREH�LQWR�UHDO�ZRUOG�

XVH���7KH�SUREHV�HQDEOHG�DQ�HIILFLHQW�VDPSOH�WKURXJKSXW�ZLWK�RQH�WHFKQLFLDQ�PRXQWLQJ�VDPSOHV�

DQG�DQRWKHU�SHUIRUPLQJ�WKH�PHDVXUHPHQWV���7KUHH�SUREHV�FRXOG�EH�FRPIRUWDEO\�PHDVXUHG�LQ�RQH�

GD\�DQG�ZKHQ�QHHGHG�� WKLV�FRXOG�EH� LQFUHDVHG�WR� IRXU�� �'XUKDP�UHJXODUO\�PHDVXUHG�XS� WR����

VDPSOHV�SHU�ZHHN�ZLWK�WKH�SRWHQWLDO�IRU�WKLV�WR�EH�LQFUHDVHG�WR������7KH�VDPSOH�PRXQWLQJ�DVVHPEO\�

DW� WKH�HQGV�RI�HDFK�SUREH�ZDV�GHVLJQHG�WR�DFFRPPRGDWH� WKUHH��RU� OHVV��EDUUHOV�E\�SK\VLFDOO\�

FODPSLQJ�WKHP�WRJHWKHU�DQG�UHO\LQJ�RQ� WKH�SUHVVHG�FRSSHU�FRQWDFW�EHWZHHQ�WKHLU�FOHDQ�FURVV�

VHFWLRQ� LQWHUIDFHV� DW� HDFK� RI� WKHLU� HQGV� �VHH� )LJXUH� ����E��� � 7KH� DGHTXDF\� RI� WKHVH� SUHVVHG�

FRQWDFWV�ZDV�WHVWHG�E\�SHUIRUPLQJ�UHSHDW�PHDVXUHPHQWV�RQ�VDPSOHV�WKDW�KDG�EHHQ�SUHYLRXVO\�

PHDVXUHG�LQ�WKH�XVXDO�ZD\�DQG�ZHUH�IRXQG�WR�SHUIRUP�H[WUHPHO\�ZHOO�RYHU�WKH�FXUUHQW�UDQJH�XVHG�

IRU�1E�6Q�DW�KLJK�ILHOGV���7KH�GUDPDWLFDOO\�UHGXFHG�SUHSDUDWLRQ�WLPH�LQ�FRPSDULVRQ�WR�VROGHUHG�

MRLQWV��ZLWK�QR�GHFUHDVH� LQ�PHDVXUHPHQW�TXDOLW\��PDGH�WKHVH�SUHVVHG�FRQWDFWV�D�PXFK�EHWWHU�

VROXWLRQ���7KH�FURVV�VHFWLRQDO�DUHD�RI�WKH�FRSSHU�LQWHUIDFH�ZDV�DSSUR[LPDWHO\�����PP��DQG�WKLV�

DUHD�ZDV�SROLVKHG�ZLWK�ILQH�JULW�(PHU\�SDSHU�WR� LQFUHDVH�FRQWDFW�TXDOLW\��7KH�HQG�RI� WKH� WKUHH�

EDUUHOV�ZDV�FODPSHG�ZLWK�D�FRSSHU�QXW�DQG�FRQWDFW�VSDFHU�WR�D�FHQWUDO�VKDIW�WKDW�DFWHG�DV�WKH�

QHJDWLYH�UHWXUQ�SDWK��VHH�)LJXUH�����F��G�DQG�H����7KH�HQG�FODPS�WKHUHIRUH�PDGH�WKH�HOHFWULFDO�

FRQQHFWLRQ� EHWZHHQ� WKH�SRVLWLYH� WHUPLQDO� �VHH�)LJXUH� ����G��DQG� H�� DQG� WKH�QHJDWLYH� FRSSHU�

FXUUHQW�OHDG�WKDW�UDQ�WKURXJK�WKH�FHQWUH�RI�WKH�EDUUHO�DVVHPEO\��VHH�)LJXUH�����G�DQG�H���

�

'XULQJ�WKHVH�PHDVXUHPHQWV�WKHUH�ZDV�DQ�LQWHUQDWLRQDO�OLTXLG�KHOLXP�µFULVLV¶�>���@��ZKLFK�'XUKDP�

KDG�WR�ZRUN�DURXQG�LQ�RUGHU�WR�FRQWLQXH�VDWLVI\LQJ�)�(¶V�GHOLYHU\�UHTXLUHPHQWV���:RUN�FRQGXFWHG�

E\�DQRWKHU�PHPEHU�RI�WKH�'XUKDP�JURXS��3UDSDLZDQ�6XQZRQJ�>���@��VKRZHG�WKDW�RSWLPDO�GHVLJQ�

RI�FXUUHQW�OHDGV�FRXOG�OHDG�WR�D������UHGXFWLRQ�LQ�OLTXLG�KHOLXP�FRQVXPSWLRQ�GXULQJ�PHDVXUHPHQWV�

E\�UXQQLQJ� WKH�SUREHV�KRWWHU�� �7KH�SUREHV�ZHUH� WKHUHIRUH� UHILWWHG�ZLWK�QHZ� µKRW¶�EUDVV�FXUUHQW�

OHDGV�ZLWK�DQ�DSSUR[LPDWH� UHGXFWLRQ� LQ� FURVV�VHFWLRQ�RI������� � 7KLV� FKDQJH� UHGXFHG�RXU�QHW�

KHOLXP�FRQVXPSWLRQ�SHU�VDPSOH�E\�a�������

�

�

�
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������5HVXOWV��DFFXUDF\�DQG�LQWHUODERUDWRU\�FRPSDULVRQV�RI�WKHࢉࡵ��GDWD�

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV�
�

7KURXJKRXW� WKH� FRQWUDFW� SHULRG� DSSUR[LPDWHO\� ����� FULWLFDO� FXUUHQW� PHDVXUHPHQWV� ZHUH�

SHUIRUPHG�LQ�WRWDO���)LJXUH�����VKRZV�W\SLFDO�GDWD��DW�����.�DQG������7��IRU�ERWK�VWUDQG�DUFKLWHFWXUHV�

DQG�QRUPDOLVHG��WR�WKH�PHDQ��WHVW�UHVXOWV�IRU�WKH�FRPSOHWH�VHW�RI�VDPSOHV��QRW�LQFOXGLQJ�DGGLWLRQDO�

PHDVXUHPHQWV� UHTXHVWHG� E\� )�(��� 7KH� FDOFXODWHG� LQVWUXPHQWDO� XQFHUWDLQW\� LQ� 'XUKDP¶V�

PHDVXUHPHQWV� LV�a�������DQG� WKDW�DVVRFLDWHG�ZLWK�GLIIHUHQFHV� LQ�'XUKDP¶V�GDLO\�DWPRVSKHULF�

�
)LJXUH�������&ULWLFDO�FXUUHQW�PHDVXUHPHQW�SUREH���D��(DFK�SUREH�LV�FDSDEOH�RI�KROGLQJ�WKUHH�

FULWLFDO�FXUUHQW�VDPSOHV���E��7KH�VDPSOH�PRXQWLQJ�DVVHPEO\�FRPSOHWH�ZLWK�DOO� WKUHH�EDUUHOV���

)RU�DVVHPEO\�VSHHG� WKH�EDUUHOV�DUH�FODPSHG� WRJHWKHU�XVLQJ�D�FRSSHU�HQG�QXW�DQG�FRQWDFW�

VSDFHU�VKRZQ� LQ�F��� �G��7KH� OHIW�KDQG�SRVLWLYH� WHUPLQDO� ����DQG� WKH�FHQWUDO�QHJDWLYH�FXUUHQW�

UHWXUQ�OHDG�DUH�VKRZQ���7KH�SRVLWLYH�DQG�QHJDWLYH�VLGHV�RI�WKH�HOHFWULFDO�FLUFXLW�DUH�FRQQHFWHG�

E\�WKH�FRSSHU�QXW�DQG�FRQWDFW�VSDFHU�VKRZQ�LQ�F����H��$VVHPEO\�GLDJUDP��
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SUHVVXUH�OHDGV�WR�DQ�DGGLWLRQDO�XQFHUWDLQW\�LQܫ�௖�RI�a���������:H�FKRVH�WR�PHDVXUH�ILIWHHQ�VDPSOHV�

WZLFH�LQ�'XUKDP�DQG�WKHVH�VKRZHG�D�VOLJKW�LQFUHDVH�LQܫ�௖�RI�������LQ�WKH�UHSHDW�PHDVXUHPHQW�

GDWD���6XFK�DQ�LQFUHDVH�LQܫ�௖�DIWHU�FRQVHFXWLYH�PHDVXUHPHQWV�LV�QRW�XQXVXDO�DV�D�UHVXOW�RI�WKHUPDO�

F\FOLQJ���)RU�H[DPSOH��*RRGULFK�HW��DO��IRXQG�LQFUHDVHV�LQܫ�௖�RI�XS�WR�����DW����7�RFFXUULQJ�LQ�WKH�

VHFRQG�WKHUPDO�F\FOH�RI�1E�6Q�VDPSOHV�>���@���,W�LV�WKRXJKW�WKDW�WKLV�LV�FDXVHG�E\�VWUDLQ�UHOD[DWLRQ�

RI� WKH� ILODPHQWV�� �+RZHYHU��ZH� H[SHFW� WKH� ODUJHVW� XQFHUWDLQW\� LQ� �௖ܫ WR� EH� DVVRFLDWHG�ZLWK� WKH�

XQFHUWDLQWLHV�LQ�WKH�KHDW�WUHDWPHQW�WHPSHUDWXUH���)LJXUH������VKRZV�WKH�UHVXOWV�IURP�D�VPDOO�VFDOH�

H[SHULPHQW�LQ�ZKLFK�QLQH�VDPSOHV�ZHUH�KHDW�WUHDWHG�LQ�D�YDU\LQJ�WHPSHUDWXUH�SURILOH�EHORZ�WKH�

UHTXLUHG�XSSHU�WHPSHUDWXUH�SODWHDX�RI�����Ԩ��DQG�WKHQ�WKHLUܫ�௖Ԣݏ�ZHUH�PHDVXUHG���8VLQJ�WKH�ILW�WR�

WKH�GDWD�LQ�)LJXUH�������D�GLIIHUHQFH�LQ�KHDW�WUHDWPHQW�WHPSHUDWXUH�RI�����Ԩ�OHDGV�WR�D�GLIIHUHQFH�

LQܫ�௖�RI�a�������7KHUHIRUH��WKH�WRWDO�XQFHUWDLQW\�LQ�'XUKDP¶V�PHDVXUHPHQW�RIܫ�௖��REWDLQHG�IURP�WKH�

VTXDUH�URRW�RI�WKH�VXP�RI�WKH�VTXDUHV�RI�WKH�LQGLYLGXDO�XQFHUWDLQWLHV��LV�GRPLQDWHG�E\�WKH�HIIHFWV�

RI�WKH�KHDW�WUHDWPHQW��DQG�LV�a������

�

D�� E��

F�� G��

�
�
)LJXUH�������D��7\SLFDO�FULWLFDO�FXUUHQW�GDWD�IRU�LQWHUQDO�WLQ�DQG�E��EURQ]H�URXWH�DUFKLWHFWXUHV���
&RPSOHWH�WHVW�UHVXOW�GDWD�IRU�DOO�VDPSOHV�UHTXHVWHG�E\�)�(��H[FHSW�DGGLWLRQDO�PHDVXUHPHQWV���

F��FULWLFDO�FXUUHQW�DQG�G��Q�YDOXH�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV��EURQ]H�URXWH��%5��DQG�LQWHUQDO�

WLQ��,7���
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5HVXOWV�RQ�,7(5�VDPSOHV�
�

)LJXUH������VKRZV�WKH�FULWLFDO�FXUUHQW�WHVW�UHVXOWV��DW�����.�DQG������7��IRU�ERWK�WKH�LQWHUQDO�WLQ�

�SORWV�D�DQG�F��DQG�EURQ]H�URXWH��SORWV�E�DQG�G��DUFKLWHFWXUHV�LQ�PHDVXUHPHQW�RUGHU���,W�LV�FOHDU�

WKDW�WKH�FRPSOHWH�GDWDVHW�IRU�HDFK�DUFKLWHFWXUH�YDULHV�LQ�D�QRQ�V\VWHPDWLF�ZD\�WKDW�LV�LQ�SDUW�EDWFK�

GHSHQGHQW�� � :H� KDYH� FDOFXODWHG� WKH� VWDQGDUG� GHYLDWLRQ� RI� WKH� ZKROH� GDWDVHW� DQG� WKHQ� WKH�

VWDQGDUG�GHYLDWLRQ�ZLWK�UHVSHFW�WR�DQ�DGMDFHQW�PRYLQJ�DYHUDJH��DPD��VPRRWKLQJ�SURFHGXUH���7KLV�

JLYHV� D� EHWWHU� HVWLPDWH� RI� WKH� VSUHDG� H[SHFWHG� RI� VPDOOHU� TXDQWLW\� EDWFKHV�� � 2XU� DSSURDFK�

FRQVLVWHG�RI�WDNLQJ�DQ�DYHUDJH�RI�D�VHW�QXPEHU�RI�GDWD�SRLQWV������DURXQG�HDFK�LQGLYLGXDO�SRLQW���

7KHVH�DYHUDJHV�SURYLGHG�D�ORFDOO\�UHSUHVHQWDWLYH�DYHUDJH����

�

7KH�DGMDFHQW�PRYLQJ�DYHUDJH�LV�VKRZQ�LQ�)LJXUH������DV�D�VROLG�EOXH�FXUYH�DQG�WKH�JOREDO�PHDQ�

DV�D�GRWWHG�EODFN�OLQH���6XEWUDFWLQJ�WKH�DPD�IURP�HDFK�GDWDVHW�UHPRYHV�WKH�VDPSOH�EDWFK�VSHFLILF�

YDULDWLRQV�DOORZLQJ�D� ORFDOLVHG� VSUHDG�RI� WKH�GDWD� WR� EH� YLVXDOLVHG�DQG�D�PRUH� UHSUHVHQWDWLYH�

VWDQGDUG�GHYLDWLRQ� WR�EH�FDOFXODWHG�� �7KLV� ORFDO�VWDQGDUG�GHYLDWLRQ� LV�VKRZQ� LQ�)LJXUH������DV�

GDVKHG�UHG�FXUYHV���7KH�VDPH�DQDO\VLV�ZDV�DOVR�DSSOLHG�WR�WKH�Q�YDOXHV��ZKLFK�DUH�SORWWHG� LQ�

)LJXUH� ������ 7KH� JOREDO�PHDQ� FULWLFDO� FXUUHQW� YDOXH� RI� WKH� LQWHUQDO� WLQ� VDPSOHV��PHDVXUHG� E\�

'XUKDP��ZDV�����$�������ZLWK�D�ORFDO�RQH�VLJPD�GHYLDWLRQ�IURP�WKH�DPD�RI�������DQG�WKDW�RI�WKH�

EURQ]H�URXWH�VDPSOHV�ZDV�����������ZLWK�D�GHYLDWLRQ�IURP�WKH�DPD�RI���������&RUUHVSRQGLQJ�Q�

YDOXHV�ZHUH�������������ZLWK�D�GHYLDWLRQ�IURP�WKH�DPD�RI��������IRU�LQWHUQDO�WLQ�DQG�����������ZLWK�

D�GHYLDWLRQ�IURP�WKH�DPD�RI��������IRU�EURQ]H�URXWH��

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV�
�

6RPH� GDWD� FRPSDULVRQV� EHWZHHQ� 'XUKDP�� DQRWKHU� (XURSHDQ� ODERUDWRU\� �/DE� $�� DQG� WKH�

PDQXIDFWXUHV�ZHUH�FRPSOHWHG�� �7KH�PDQXIDFWXUHUV¶�PHDVXUHPHQW� UHVXOWV�KDYH� UHFHQWO\� EHHQ�

SXEOLVKHG�E\�%RXWERXO�HW��DO��LQ������>���@���7KH�PDQXIDFWXUHUV¶�FULWLFDO�FXUUHQW�DQG�Q�YDOXHV�IRU�

LQWHUQDO�WLQ�DQG�EURQ]H�URXWH�DW�����.�DQG������7�ZHUH�����$��������REWDLQHG�IURP�PHDVXUHPHQWV�

RQ�RYHU������VDPSOHV��DQG�����$��������REWDLQHG�IURP�PHDVXUHPHQWV�RQ�RYHU�����VDPSOHV���

�
)LJXUH��������3ORW�RI�WKH�H[SHFWHG���ORZHULQJ�LQ�WKHܫ�௖�RI�VDPSOHV�FDXVHG�E\�KHDW�WUHDWPHQW�

DW�ORZHU�WHPSHUDWXUHV�WKDQ�WKH�UHFRPPHQGHG�KLJKHVW�SODWHDX�RI�����Ԩ��LQWHUQDO�WLQ���
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+HQFH��WKH�PDQXIDFWXUHUV¶�GDWD�DJUHH�ZHOO�ZLWK�'XUKDP�GDWD���ZLWKLQ�����RI�WKH�PHDQ�IRU�ERWK�

DUFKLWHFWXUHV�DQG�D�VLPLODU�VWDQGDUG�GHYLDWLRQ�IRU�ERWK�DUFKLWHFWXUHV���,Q�VPDOOHU�TXDQWLW\�VDPSOH�

FRPSDULVRQV�ZLWK�/DE�$��ZKHUH�LQGHSHQGHQW�KHDW�WUHDWPHQWV�ZHUH�FRQGXFWHG��/DE�$�PHDVXUHG�

ORZHU�YDOXHV�RIܫ�௖��a������DQG�Q�YDOXHV��a������WKDQ�'XUKDP��VHH�)LJXUH�������� �6XEVHTXHQW�

UHSHDW�H[SHULPHQWV�RQ�RWKHU�VPDOO�TXDQWLW\�FURVV�FKHFN�VDPSOHV�ZHUH�DOVR�SHUIRUPHG��ZLWK�QR�

FKDQJHV�PDGH�WR�RXU�PHDVXUHPHQW�SURFHGXUH����7KHVH�VKRZHG�DJUHHPHQW�ZLWK�PHDQ�YDOXHV�WR�

ZLWKLQ�������IRUܫ�௖�DQG�������IRU�Q�YDOXH��

�

7KHUH� LV� YHU\� JRRG� DJUHHPHQW� EHWZHHQ� 'XUKDP� DQG� WKH� PDQXIDFWXUHUV� �ZLWKLQ� �� ���� � :H�

WKHUHIRUH�VXJJHVW�WKDW�WKHVH�PHDVXUHPHQW�UHVXOWV�DUH�LQGHHG�UHSUHVHQWDWLYH�RI�WKH�FKDUDFWHULVWLFV�

RI�WKH�VDPSOHV�WKHPVHOYHV��DQG�WKDW�DQ\�LQFOXVLYH�YDULDWLRQV�GXH�WR�KDQGOLQJ��GLIIHUHQFHV�LQ�KHDW�

WUHDWPHQWV�RU�PHDVXUHPHQW�LQDFFXUDFLHV�GR�QRW�KLQGHU�WKH�IRUPDWLRQ�RI�EURDG�FRQFOXVLRQV�DERXW��

D�� E��

� �

F�� G��

� �
)LJXUH��������&ULWLFDO�FXUUHQW�WHVW�UHVXOWV�IRU�DOO�WKH�VDPSOHV�PHDVXUHG�E\�'XUKDP�DW������.�

DQG������7�IRU�D��LQWHUQDO�WLQ�DQG�E��EURQ]H�URXWH�VWUDQGV���7KH�EOXH�FXUYHV�DUH�DGMDFHQW�PRYLQJ�

DYHUDJH��DPD��ILWV�WR�WKH�GDWD�DQG�WKH�EODFN�GRWWHG�OLQH�LV�WKH�JOREDO�PHDQ���7KH�UHG�GDVKHG�

FXUYHV�UHSUHVHQW���RQH�VWDQGDUG�GHYLDWLRQ��ʍ��IURP�WKH�DPD���7KH�VSUHDG�LQ�WKH�GDWD�LV�PRUH�

FOHDUO\�VKRZQ�LQ�SORW�F��UHODWHG�WR�SORW�D�IRU�LQWHUQDO�WLQ��DQG�SORW�G��UHODWHG�WR�SORW�E�IRU�EURQ]H�

URXWH��ZKHUH�WKH�UHVSHFWLYH�DPD�KDV�EHHQ�VXEWUDFWHG�IURP�LWV�GDWDVHW���7KH�VSUHDG�LQ�WKH�GDWD�

IRU�WKH�LQWHUQDO�WLQ�PHDVXUHPHQWV�LV������DPSV�DQG�IRU�WKH�EURQ]H�URXWH�PHDVXUHPHQWV�LW�LV�����

DPSV��
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D�� E��

� �
F�� G��

� �
)LJXUH��������Q�YDOXH�WHVW�UHVXOWV�IRU�DOO�WKH�VDPSOHV�PHDVXUHG�E\�'XUKDP�IRU�D��LQWHUQDO�WLQ�

DQG�E��EURQ]H�URXWH�VWUDQGV���7KH�EOXH�FXUYHV�DUH�DGMDFHQW�PRYLQJ�DYHUDJH��DPD��ILWV�WR�WKH�

GDWD�DQG�WKH�UHG�GDVKHG�FXUYHV�UHSUHVHQW���RQH�VWDQGDUG�GHYLDWLRQ�IURP�WKH�DPD���7KH�VSUHDG�

LQ�WKH�GDWD�LV�PRUH�FOHDUO\�VKRZQ�LQ�SORW�F��UHODWHG�WR�SORW�D�IRU�LQWHUQDO�WLQ��DQG�SORW�G��UHODWHG�

WR�SORW�E�IRU�EURQ]H�URXWH��ZKHUH�WKH�UHVSHFWLYH�DPD�KDV�EHHQ�VXEWUDFWHG�IURP�LWV�GDWDVHW���7KH�

VSUHDG� LQ� WKH� GDWD� IRU� WKH� LQWHUQDO� WLQ� PHDVXUHPHQWV� LV� �� �� DQG� IRU� WKH� EURQ]H� URXWH�

PHDVXUHPHQWV�LW�LV������

D�� E��

)LJXUH������� �&RPSDULVRQ�RI� WKH�FULWLFDO�FXUUHQWV��D��DQG�Q�YDOXHV��E��RI�D�VHW�RI� LQWHUQDO� WLQ�

VWUDQGV�LQGHSHQGHQWO\�KHDW�WUHDWHG�DQG�PHDVXUHG�E\�'XUKDP�DQG�/DE�$��
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�
WKH�VDPSOHV�DV�D�ZKROH���)RU�LQVWDQFH��LQ�WKH�FDVH�RI�WKH�LQWHUQDO�WLQ�VWUDQGV�)LJXUH�����F�VKRZV�

WKDW�WKH�FULWLFDO�FXUUHQW�RI�D�VPDOO�IUDFWLRQ�RI�VDPSOHV�LV�a������EHORZ�WKH�PHDQ�L�H��a����$���7KLV�

LV�QRW�DQ�DUWHIDFW�RI�VDPSOH�KDQGOLQJ��KHDW�WUHDWPHQW�RU�PHDVXUHPHQW���2I�FRXUVH��WKH�DYHUDJH�

LQWHUQDO� WLQ� �௖ܫ LV�VR� IDU�DERYH� WKH�DFFHSWDQFH�FULWHULD� WKDW�HYHQ�WKHVH�H[WUHPH�VDPSOHV�GR�QRW�

SUHVHQW�FDXVH�IRU�FRQFHUQ���7R�RXU�NQRZOHGJH�WKH�GDWDVHW�SURGXFHG�E\�'XUKDP�LV�WKH�ILUVW�WLPH�

VXFK�D�ODUJH�GDWDVHW�KDV�EHHQ�SURGXFHG�E\�DQ�LQGHSHQGHQW�QRQ�FRPPHUFLDO�ODERUDWRU\��

����+\VWHUHVLV�ORVV�PHDVXUHPHQWV�
�

7KH�K\VWHUHVLV�ORVV�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�FRLOV�RI�1E�6Q�FRQWDLQLQJ�QLQH�WXUQV�HDFK�

XVLQJ�D�VWDQGDUG�FRPPHUFLDO�PDJQHWRPHWHU���WKH�4'�3306�LQ�GF�H[WUDFWLRQ�PRGH�>��������@���,Q�

RUGHU�WR�DYRLG�DQ\�HQG�HIIHFWV�DVVRFLDWHG�ZLWK�WLQ� ORVV�� WKH�K\VWHUHVLV� ORVV�VDPSOH�FRLO�RI�QLQH�

WXUQV�ZDV�FXW�IURP�WKH�FHQWUH�RI�LWV�KHDW�WUHDWHG�FRLO��ZKLFK�W\SLFDOO\�FRQWDLQHG�ILIW\�WR�VL[W\�WXUQV���

7KH�PDVV�RI�WKH�VDPSOH�ZDV�WKHQ�PHDVXUHG�XVLQJ�D�0HWWOHU�7ROHGR�EDODQFH�FDSDEOH�RI�PHDVXULQJ�

XS�WR������J�WR�ZLWKLQ��������PJ���7KH�VDPSOH�PRXQWLQJ�FRQVLVWHG�RI�KROGLQJ�WKH�VDPSOH�FRLO�DW�

WKH�HQG�RI�D���PP��RXWVLGH�GLDPHWHU��VDPSOH�VWUDZ�ZLWK�VPDOO�DPRXQWV�RI�.DSWRQ�WDSH�EORFNLQJ�

WKH�RSHQ�HQG���7KH�RXWVLGH�GLDPHWHU�RI�HDFK�VDPSOH�FRLO�ZDV�GHVLJQHG�WR�ILW�VQXJJO\�ZLWKLQ�WKH�

VWUDZ�EXW� VRPHWLPHV� WZR� GLDPHWULFDOO\� RSSRVLWH� ���PP�VOLWV�ZRXOG� EH� FXW� �ZLWKLQ� WKH� VDPSOH�

ORFDWLRQ��WR�HQVXUH�QR�DGGLWLRQDO�VWUHVV�ZDV�QHHGHG�ZKHQ�VOLGLQJ�WKH�VDPSOH�LQWR�WKH�VWUDZ���2QH�

WXUQ�RI�.DSWRQ�WDSH�ZRXOG�WKHQ�EH�ZRXQG�DURXQG�WKH�FLUFXPIHUHQFH�RI�WKH�FXW�UHJLRQ�WR�KROG�WKH�

VDPSOH�LQ�SODFH���7KH�RWKHU�HQG�RI�WKH�VWUDZ�ZDV�WKHQ�FXW�WR�WKH�OHQJWK�UHTXLUHG�RI�WKH�3306���

7KH�FDOLEUDWLRQ�RI�WKH�PDJQHWRPHWHU�ZDV�SHULRGLFDOO\�FKHFNHG�E\�PHDVXULQJ�D�����PP�GLDPHWHU�

E\�����PP� ORQJ�F\OLQGULFDO�VWDQGDUG�VDPSOH�RI�SDOODGLXP�ZLWK�D�ZHOO�NQRZQ�VXVFHSWLELOLW\��7KH�

PHDVXUHPHQW� SURFHGXUH� FRQVLVWHG� RI� VHWWLQJ� WKH� 3306� WHPSHUDWXUH� WR� ����� .� DQG� WKHQ�

PHDVXULQJ�WKH�PDJQHWLF�PRPHQW�RI�WKH�VDPSOH�LQ�D�VZHSW�ILHOG�EHWZHHQ�����7���8S�WR�IRXU�VDPSOHV�

SHU�GD\�ZHUH�PHDVXUHG���7KH�ORVVHV�SHU�XQLW�VWUDQG�YROXPH�ZHUH�FDOFXODWHG�IURP�WKH�LQWHJUDO�RI�

WKH�PDJQHWLF�PRPHQW�YV�DSSOLHG�ILHOG�GLYLGHG�E\�WKH�SRVW�KHDW�WUHDWHG�VDPSOH�YROXPH���,W�ZDV�QRW�

SUDFWLFDO� WR� FDOFXODWH� WKH� YROXPH� RI� HDFK� LQGLYLGXDO� VDPSOH� IURP� GLUHFW� GLPHQVLRQDO�

PHDVXUHPHQWV��VR�WKH�YROXPH�ZDV�REWDLQHG�IURP�WKH�PDVV�RI�WKH�VDPSOH�DQG�DQ�DYHUDJH�SRVW�

KHDW�WUHDWHG�VDPSOH�GHQVLW\�� �7KH� IROORZLQJ�VHFWLRQV�EHJLQ�E\�GLVFXVVLQJ�KRZ� WKHVH�GHQVLWLHV�

ZHUH�GHWHUPLQHG��EHIRUH�PRYLQJ�RQ�WR�GLVFXVV�VRPH�UHVXOWV�IURP�VPDOO�VFDOH�H[SHULPHQWV�WKDW�

LQYHVWLJDWHG�WKH�UHODWLRQVKLS�EHWZHHQ�VDPSOH�ORVVHV�DQG�IXUQDFH�FOHDQOLQHVV��VDPSOH�HORQJDWLRQ��

QXPEHU�RI�WXUQV�DQG�LQVXODWLRQ�RI�WXUQV�DQG�D�URXQG�URELQ�H[SHULPHQW�ZLWK�RWKHU�ODERUDWRULHV��

������&KDQJH�LQ�VDPSOH�GHQVLW\�SUH�WR�SRVW�KHDW�WUHDWPHQW�
�

'XULQJ� KHDW�WUHDWPHQW� HOHPHQWDO� QLRELXP� DQG� WLQ� DUH� FRQYHUWHG� LQWR� 1E�6Q� DQG� ODUJH� YRLGV�

�LQFOXGLQJ� .LUNHQGDOH� YRLGV�� DUH� SURGXFHG�� � 7KHVH� LQWHUQDO� VWUXFWXUDO� FKDQJHV� PHDQ� WKDW� ZH�

FDQQRW�H[SHFW�WKDW�WKH�SUH�DQG�SRVW�KHDW�WUHDWPHQW�GHQVLWLHV�RI�WKH�VWUDQGV�DUH�WKH�VDPH���,Q�RUGHU�

WR�GHWHUPLQH�DQ\�FKDQJH�LQ�GHQVLW\�WKDW�PLJKW�RFFXU�ZH�VHW�XS�WZR�H[SHULPHQWV��RQH�GHVLJQHG�WR�

GHWHFW�FKDQJHV�LQ�OHQJWK�DQG�WKH�RWKHU�WR�GHWHUPLQH�FKDQJHV�LQ�GLDPHWHU���7KH�OHQJWK�FKDQJH�

H[SHULPHQW�FRQVLVWHG�RI�KROGLQJ�WZHOYH�VWUDQGV�LQ�UHFWDQJXODU�JURRYHV�PLOOHG�RXW�RI�D�FRSSHU�EDVH�
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�
SODWH��VHH�)LJXUH������D����7KH�VWUDQGV�ZHUH�IL[HG�DW�RQH�HQG�ZLWK�D�FRSSHU�FODPS�DQG�OHIW�ORRVH�

DW�WKH�RWKHU�HQG�ZKLOH�EHLQJ�JHQWO\�KHOG�ZLWKLQ�WKH�JURRYHV�ZLWK�1E�6Q�OLQNV�EROWHG�LQWR�WKH�FRSSHU�

EDVH�SODWH�DW�HLWKHU�VLGH�RI�WKH�VDPSOHV���)RXU�OLQHV�ZHUH�VFRUHG�DFURVV�WKH�EDVH�SODWH�DQG�WKH�

VWUDQGV��DW�DUELWUDU\�ORFDWLRQV�QHDU�WKHLU�ORRVH�HQGV��VHH�)LJXUH������D�����WR��������7KH�VHW�XS�ZDV�

WKHQ� KHDW�WUHDWHG� LQ� DFFRUGDQFH�ZLWK� WKH� LQWHUQDO� WLQ� VFKHGXOH�� � $IWHU� KHDW�WUHDWPHQW� FORVH�XS�

SKRWRJUDSKV� RI� WKH� VFRUH� OLQHV� ZHUH� WDNHQ� DQG� 3KRWRVKRS� ZDV� XVHG� WR� PHDVXUH� WKH�

GLVSODFHPHQWV��VHH�G�LQ�)LJXUH������F��EHWZHHQ�WKH�VFRUH�OLQHV�RQ�WKH�VWUDQGV�DQG�WKRVH�LQ�WKH�

RULJLQDO� ORFDWLRQV�RQ� WKH�FRSSHU�EDVH�SODWH�� �7KH�DYHUDJH�HORQJDWLRQ�ZDV� IRXQG� WR�EH� �������

�� ������ L�H�� D� QHJDWLYH� HORQJDWLRQ�� RU� FRQWUDFWLRQ�� VHHPHG� WR� KDYH� RFFXUUHG�� �+RZHYHU�� WKLV�

DSSDUHQW�FRQWUDFWLRQ�LV�FRPSHQVDWHG�IRU�E\�WKH�VWUDQGV�ERZLQJ�VOLJKWO\�DW�YDULRXV�ORFDWLRQV�DORQJ�

WKHLU�OHQJWKV�GXULQJ�WKH�KHDW�WUHDWPHQW���(YLGHQFH�RI�WKLV�ERZLQJ�ZDV�YLVLEOH�XSRQ�FORVH�LQVSHFWLRQ�

RI�WKH�VLGH�SURILOH�RI�WKH�H[SHULPHQWDO�VHW�XS�DIWHU�KHDW�WUHDWPHQW���2XU�FRQFOXVLRQ�LV�WKDW�WR�ZLWKLQ�

WKH�DFFXUDF\�RI�WKH�H[SHULPHQW��a��������WKHUH�ZDV�QR�FKDQJH�LQ�OHQJWK��

�
)LJXUH��������([SHULPHQWDO�VHW�XS�WR�ILQG�DQ\�OHQJWK�FKDQJH�WKDW�PLJKW�RFFXU�LQ�1E�6Q�VWUDQGV�

GXULQJ�KHDW�WUHDWPHQW��D��D�����PP�ORQJ�FRSSHU�SODWIRUP�ZLWK�WKUHH�UHFWDQJXODU�JURRYHV�ZLWKLQ�

ZKLFK�E��WZHOYH�VDPSOHV�ZHUH�ORRVHO\�KHOG�LQ�SODFH�ZLWK�1E�6Q�OLQNV���F��/LQHV�ZHUH�VFRUHG�

WKURXJK�WKH�FRSSHU�SODWIRUP�DQG�VWUDQG�VDPSOH�VXUIDFHV�EHIRUH�KHDW�WUHDWPHQW��+7��DW�DUELWUDU\�

ORFDWLRQV�����WR�������2QO\�RQH�HQG�RI�WKH�VDPSOHV�ZDV�FODPSHG�LQ�SODFH�ZLWK�D�FRSSHU�EORFN�

�$����$IWHU�KHDW�WUHDWPHQW�WKH�GLVSODFHPHQWV�EHWZHHQ�WKH�VDPSOH�VFRUHOLQHV�DQG�WKHLU�RULJLQDO�

SRVLWLRQV��݀��ZHUH�PHDVXUHG�WR�HVWDEOLVK�DQ�DYHUDJH�HORQJDWLRQ��
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�
7KH� H[SHULPHQWDO� SURFHGXUH� IRU� PHDVXULQJ� WKH� FKDQJH� RI� GLDPHWHU� FRQVLVWHG� RI� SHUIRUPLQJ�

GLDPHWHU� PHDVXUHPHQWV� DW� PXOWLSOH� FLUFXPIHUHQWLDO� ORFDWLRQV� DQG� DW� GLIIHUHQW� SRVLWLRQV� DORQJ�

����PP�OHQJWKV�RI�VWUDQG��IURP�ERWK�DUFKLWHFWXUHV��WR�REWDLQ�D�UHSUHVHQWDWLYH�DYHUDJH�GLDPHWHU�

RI�HDFK�VWUDQG���7KH�OHQJWKV�DQG�PDVVHV�RI�HDFK�VDPSOH�ZHUH�DOVR�PHDVXUHG�EHIRUH�VHSDUDWHO\�

KHDW�WUHDWLQJ� HDFK� VWUDQG� DUFKLWHFWXUH� XVLQJ� LWV� VSHFLILF� WHPSHUDWXUH� SURJUDPPH�� � $IWHU� KHDW�

WUHDWPHQW�WKH�GLDPHWHUV�RI�WKH�VWUDQGV�ZHUH�UH�PHDVXUHG���)LJXUH������VKRZV�WKH�SUH�DQG�SRVW�

KHDW�WUHDWPHQW�GLDPHWHUV�� �)RU� WKH� LQWHUQDO� WLQ�VWUDQGV�WKHUH�ZDV�D��������������� LQFUHDVH� LQ�

VWUDQG�GLDPHWHU�DIWHU�KHDW�WUHDWPHQW�DQG�IRU�WKH�EURQ]H�URXWH�WKH�LQFUHDVH�ZDV�MXVW�����������������

7KHVH�GDWD��LQ�FRQMXQFWLRQ�ZLWK�WKH�SUH�KHDW�WUHDWHG�VDPSOH�GLPHQVLRQV�DQG�PDVVHV��ZHUH�XVHG�

WR� FDOFXODWH� WKH�SRVW�KHDW�WUHDWHG�GHQVLWLHV��ZKLFK�ZHUH�������� ����� J�FP�� IRU� WKH� LQWHUQDO� WLQ�

VWUDQGV�DQG�������������J�FP��IRU�WKH�EURQ]H�URXWH�VWUDQGV��

������7KH�HIIHFW�RI�IXUQDFH�JDV�SXULW\�RQ�ORVVHV�
�

$Q�H[SHULPHQW�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�JDV�SXULW\��RU�IXUQDFH�FOHDQOLQHVV��RQ�K\VWHUHVLV�ORVVHV�

ZDV�SHUIRUPHG���7KH�PHWKRGRORJ\�FRQVLVWHG�RI�KHDW�WUHDWLQJ�WZR�VHWV�RI�VDPSOH�FRLOV��WZHOYH�SHU�

VHW��WDNHQ�IURP�WKUHH�VHSDUDWH�EDWFKHV�RI�LQWHUQDO�WLQ�VWUDQGV���2QH�VHW�RI�WZHOYH�VDPSOHV�ZDV�

KHDW�WUHDWHG�LQ�WKH�XVXDO�ZD\�L�H��LQ�RQH�RI�WKH�ORZ�SXULW\�FULWLFDO�FXUUHQW�IXUQDFHV��DORQJVLGH�FULWLFDO�

FXUUHQW�VDPSOHV��DQG�WKH�RWKHU�VHW�ZDV�KHDW�WUHDWHG�RQ�LWV�RZQ�ZLWKLQ�RQH�RI�WKH�KLJK�SXULW\�555�

IXUQDFHV�XVLQJ�D�555�KHDW�WUHDWPHQW� ULJ� WR�VWRS� WKH� LQWURGXFWLRQ�RI�FRQWDPLQDWLRQ�� �7KH�KHDW��

WUHDWHG�VDPSOHV�ZHUH�WKHQ�PHDVXUHG�LQ�WKH�XVXDO�ZD\�XVLQJ�WKH�3306���7KH�GDWD�LV�VKRZQ�LQ�

)LJXUH������DQG�7DEOH�������$Q�RYHUYLHZ�RI�WKH�UHVXOWV�LV�VKRZQ�LQ�)LJXUH������D�ZKHUH�LW�FDQ�EH�

VHHQ� WKDW� DSSUR[LPDWHO\� KDOI� WKH� VDPSOH� VHW� VKRZV� YHU\� OLWWOH� FKDQJH� EHWZHHQ� ERWK� IXUQDFH�

FRQGLWLRQV�ZKLOH�WKH�UHPDLQLQJ�KDOI�RI�WKH�VDPSOHV�KHDW�WUHDWHG�LQ�WKH�KLJK�SXULW\�IXUQDFH�VKRZ�D�

GLVWLQFW�GHFUHDVH�LQ�ORVVHV���)LJXUH������E�SURYLGHV�PRUH�GHWDLO�IURP�ZKLFK�LW�LV�FOHDU�WKDW�FKDQJHV�

LQ� ORVVHV�DUH�EDWFK�GHSHQGHQW�DQG�WKDW�RQ�DYHUDJH�WKHUH� LV�DW�PRVW�D�UHODWLYHO\�VPDOO��a������

UHGXFWLRQ�LQ�WKH�ORVVHV�RI�WKH�KLJK�SXULW\�IXUQDFH��DQG�PRUH�SUREDEO\��QR�HIIHFW�JLYHQ�WKH�YDULDWLRQ�

LQ�ORVVHV�DFURVV�WKH�VDPSOHV���,W�LV�NQRZQ�WKDW�WKH�LQFOXVLRQ�RI�WLWDQLXP�DURXQG�WKH�ILODPHQW�EXQGOHV�

GXULQJ�PDQXIDFWXUH�OHDGV�WR�D�GHFUHDVH�LQ�K\VWHUHVLV�ORVVHV�DIWHU�KHDW�WUHDWPHQW�E\�LQFUHDVLQJ�

� �

)LJXUH��������&KDQJH�LQ�SUH�WR�SRVW�KHDW�WUHDWPHQW�VWUDQG�GLDPHWHU�IRU�EURQ]H�URXWH��/()7��

DQG�LQWHUQDO�WLQ��5,*+7����7KH�PHDVXUHPHQWV�ZHUH�PDGH�XVLQJ�WKH�6FDQWURQ�GXDO�D[LV�ODVHU�

PLFURPHWHU���7KH�XQFHUWDLQW\�LQ�WKH�GDWD�LV�����ђP��
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�

�

7DEOH� ����� 'DWD� IURP�)LJXUH� ����� OLVWLQJ� EDWFK� DQG� IXOO� VDPSOH� VHW� DYHUDJHV� DQG� VWDQGDUG�

GHYLDWLRQV�IRU�WKH�K\VWHUHVLV�ORVVHV�RI�VDPSOHV�KHDW�WUHDWHG�LQ�D�KLJK�SXULW\�IXUQDFH�FRPSDUHG�

WR�D�VWDQGDUG�,F�IXUQDFH���7KHUH�LV�D�UHGXFWLRQ�LQ�ORVVHV�E\�a����IRU�WKRVH�VDPSOHV�KHDW�WUHDWHG�

LQ�D�KLJK�SXULW\�HQYLURQPHQW��

EDWFK�

DUELWUDU\�

VDPSOH�

QXPEHU�

ORVVHV��P-�FFBVW��

� ��LQFUHDVH�

IURP��ORZ�SXULW\�

IXUQDFH�

�

DY��ORVVHV��VWG�GHY��

/RZ�

SXULW\�

IXUQDFH�

KLJK�

SXULW\�

IXUQDFH�

�
SHU�
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SHU�

EDWFK�

� /RZ�

SXULW\�

IXUQDFH�
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SXULW\�

IXUQDFH�
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D�� E��

� �

)LJXUH� ������ � 'LIIHUHQFH� LQ� K\VWHUHVLV� ORVVHV� EHWZHHQ� LQWHUQDO� WLQ� FRLOV� KHDW�WUHDWHG� LQ� WKH�
VWDQGDUG�ZD\���UHG�HQFLUFOHG�\HOORZ�V\PEROV��L�H��LQ�RQH�RI�WKH�,F�IXUQDFHV�DORQJVLGH�,F�VDPSOHV��

DQG�LQ�D�KLJK�SXULW\�555�IXUQDFH�RQ�WKHLU�RZQ��JUHHQ�V\PEROV����7KH�OHIW�KDQG�SORW�VKRZV�WKH�

GDWD�RUGHUHG� IURP� ORZ� WR� KLJK�� �7KH� ULJKW�KDQG�SORW� VKRZV�DOO� ���VDPSOHV�JURXSHG� LQ� WKHLU�

RULJLQDO�EDWFKHV��
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�
WKH�XSSHU�FULWLFDO�PDJQHWLF�ILHOG�DQG�UHGXFLQJ�WKH�FULWLFDO�FXUUHQW�GHQVLW\�>���@�EXW�LW�LV�GLIILFXOW�WR�

VHH�KRZ�DQ\�VXEVWDQWLDO�FRQWDPLQDQWV�FRXOG�GLIIXVH�LQWR�WKH�ILODPHQWV�YLD�D�URXWH�WKDW�WUDYHUVHG�

WKH� RXWHU� FKURPLXP�SODWLQJ�� WKHQ� WKH� FRSSHU� VWDELOLVHU�� IROORZHG� E\� WKH� WDQWDOXP�EDUULHU�� �:H�

FRQFOXGH�WKDW�IXUQDFH�FOHDQOLQHVV�GRHV�QRW�VLJQLILFDQWO\�DIIHFW�ORVV�PHDVXUHPHQWV��

������([SHULPHQWDO�UHVXOWV�RQ�VDPSOH�OHQJWK�DQG�LQVXODWLRQ��
�

:H�LQYHVWLJDWHG�ZKHWKHU�WKHUH�ZDV�DQ\�GHSHQGHQFH�RI�K\VWHUHVLV�ORVV�RQ�WKH�QXPEHU�RI�WXUQV�LQ�

D�VDPSOH�FRLO�XVHG�WR�PDNH�WKH�PHDVXUHPHQW���6WDQGDUG�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�D�

VDPSOH�ZLWK�WKLUWHHQ�WXUQV��WKLV�QXPEHU�RI� WXUQV�SURGXFHG�D�VDPSOH�ZLWK�D� OHQJWK�RI������PP��

ZKLFK�ZDV�ZLWKLQ�WKH�PD[LPXP�VDPSOH�OHQJWK�����PP��VSHFLILHG�IRU�WKH�3306�GF�PDJQHWLVDWLRQ�

RSWLRQ����)LYH�VXFFHVVLYH�PDJQHWLVDWLRQ�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�WKH�VDPH�VDPSOH�ZLWK�

RQH�ZKROH�WXUQ�FXW�DZD\�SULRU�WR�HDFK�PHDVXUHPHQW��GRZQ�WR�QLQH�WXUQV���)LJXUH������D�VKRZV�

WKDW�WKH�PDJQLWXGH�RI�WKH�ORVVHV�FKDQJHG�E\�a�������:H�VXJJHVW�WKH�YDULDWLRQ�LQ�UHVXOWV�VKRZV�

WKH� HIIHFWV� RI� WKH� ILQLWH� OHQJWKV� LQ� RXU� PDJQHWRPHWHU�� � 7KH� PDJQHWRPHWHU� PDQXIDFWXUHU�

UHFRPPHQGV�VDPSOHV�QR�ORQJHU�WKDQ����PP���2EVHUYDWLRQ�RI�WKH�JHRPHWU\�RI�WKH�VHFRQGDU\�SLFN�

XS�FRLOV�VXJJHVWV�ZH�FDQ�H[SHFW�D�YDULDWLRQ�LQ�VLJQDO�RYHU�D����PP�VDPSOH�WR�EH�GLIIHUHQW�IURP�

WKDW�RI�WKH�����PP�SDOODGLXP�VDPSOH�E\�DSSUR[LPDWHO\������
�������������������������������������������D��

�
E�� F��

�

�
)LJXUH��������D��+\VWHUHVLV�ORVVHV�DV�D�IXQFWLRQ�RI�QXPEHU�RI�WXUQV�LQ�D�VDPSOH�FRLO��E��SKRWR�

VKRZLQJ�D�VDPSOH�ZLWK�HDFK�WXUQ�LQVXODWHG�IURP�LWV�DGMDFHQW�WXUQ�XVLQJ�FLJDUHWWH�SDSHU�DQG�F��

D�FRPSDULVRQ�RI�WKH�WZR�GDWD�VHWV�RI�WKH�XQLQVXODWHG�DQG�LQVXODWHG�VDPSOH�PDJQHWLVDWLRQ�GDWD��
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�
$�VPDOO�H[SHULPHQW�ZDV�FRQGXFWHG�WR�WHVW�LI�WKH�ORVVHV�RI�D�WLJKWO\�ZRXQG�VDPSOH�FRLO��ZKRVH�WXUQV�

ZHUH�WRXFKLQJ��ZHUH�GLIIHUHQW�IURP�RQH�ZKRVH�WXUQV�ZHUH�LQVXODWHG�IURP�RQH�DQRWKHU���7KH�ORJLF�

KHUH�ZDV� WKDW� WRXFKLQJ� WXUQV�PLJKW�SURYLGH�FRQGXFWLYH�FXUUHQW�SDWKV� WKURXJK�ZKLFK�DGGLWLRQDO�

FXUUHQW�ORRSV�PLJKW�IORZ�DQG�FKDQJH�WKH�FRXSOLQJ�ORVVHV���$�SKRWR�RI�WKH�VDPSOH�ZLWK�LWV�WXUQV�

LQVXODWHG�LV�VKRZQ�LQ�)LJXUH������E�DQG�WKH�PHDVXUHPHQW�GDWD�DUH�VKRZQ�LQ�)LJXUH������F���%RWK�

QRQ�LQVXODWHG�DQG� LQVXODWHG�VDPSOH�PHDVXUHPHQW� UHVXOWV�ZHUH� WR�ZLWKLQ�������RI�HDFK�RWKHU���

:KLOH�WKLV�LV�DERYH�WKH�FDOFXODWHG�XQFHUWDLQW\�RI�UHSHDW�PHDVXUHPHQWV��a���������WKH�OLNHOLKRRG�

RI�DFKLHYLQJ�WKLV�OHYHO�RI�DFFXUDF\�LV�UHJDUGHG�DV�QHJOLJLEOH�LI�WKH�VDPSOH�KDV�EHHQ�PDQ�KDQGOHG�

EHWZHHQ�PHDVXUHPHQWV���:H�WKHUHIRUH�UHJDUG�WKH�������GLIIHUHQFH�EHWZHHQ�QRQ�LQVXODWHG�DQG�

LQVXODWHG�WXUQV�WR�EH�ZHOO�ZLWKLQ�WKH�H[SHULPHQWDO�DFFXUDF\�DQG�VR�QR�FKDQJH�LQ�K\VWHUHVLV�ORVVHV�

ZDV�PHDVXUHG��

������5HVXOWV��DFFXUDF\�DQG�LQWHUODERUDWRU\�FRPSDULVRQV�RI�WKH�K\VWHUHVLV�
ORVV�GDWD�

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV�
�

2YHU� WKH�FRQWUDFW�SHULRG�DSSUR[LPDWHO\�����K\VWHUHVLV� ORVV�PHDVXUHPHQWV�ZHUH�SHUIRUPHG� LQ�

WRWDO�� �)LJXUH������D�VKRZV�D� W\SLFDO� GDWDVHW�DQG�)LJXUH������E�VKRZV� WKH�QRUPDOLVHG� �WR� WKH�

PHDQ�� WHVW� UHVXOWV�IRU� WKH�FRPSOHWH�VHW�RI�VDPSOHV�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV��QRW� LQFOXGLQJ�

DGGLWLRQDO�PHDVXUHPHQWV�UHTXHVWHG�E\�)�(����7KHUH�DUH�WKUHH�DVSHFWV�WR�WKH�PHDVXUHPHQW��DQG�

FDOFXODWLRQ�� RI� K\VWHUHVLV� ORVVHV� WKDW� LQWURGXFH� XQFHUWDLQWLHV�� � 7KHVH� DUH�� WKH� DFFXUDF\� �DQG�

VWDELOLW\��RI�WKH�VHW�SRLQW�WHPSHUDWXUH��ZKLFK�ZH�HVWLPDWH�LV�a���P.�L�H��DQ�XQFHUWDLQW\�RI���������

WKH�HIIHFW�RI�ILHOG�VZHHS�UDWH��ZKLFK�LV�NHSW�ORZ����P7�V��DQG�SURGXFHV�DQ�XQFHUWDLQW\�RI�a��������

WKH�HIIHFW�RI�WKH�GLIIHUHQFH�LQ�VDPSOH�VL]HV�EHWZHHQ�WKH�SDOODGLXP�VWDQGDUG�XVHG�IRU�FDOLEUDWLRQ�

RI�WKH�3306�DQG�WKH�VDPSOH�FRLOV��ZKLFK�ZH�HVWLPDWH�WR�EH�a������DQG�DOVR�WKH�XQFHUWDLQW\�LQ�WKH�

YDOXH� RI� WKH� FDOFXODWHG� VDPSOH� YROXPH�� ZKLFK� LV� ���� ��� � 7KHVH� LQGLYLGXDO� XQFHUWDLQWLHV� DUH�

GRPLQDWHG�E\�WKH�GLIIHUHQFH�LQ�WKH�SDOODGLXP�VDPSOH�VL]HV�DQG�WKHUHIRUH�WKH�RYHUDOO�XQFHUWDLQW\�

LQ�WKH�K\VWHUHVLV�ORVV�UHVXOWV�LV�a������

5HVXOWV�RQ�,7(5�VDPSOHV�
�

)LJXUH� �����F� DQG� )LJXUH� �����G� VKRZ� WKH� K\VWHUHVLV� ORVV� WHVW� UHVXOWV� IRU� HDFK� DUFKLWHFWXUH�

PHDVXUHG� E\� 'XUKDP�� LQ� PHDVXUHPHQW� RUGHU�� � 7KH� PHDQ� JOREDO� ORVVHV� DUH�� LQWHUQDO� WLQ��

����P-�FFBVW��������DQG�EURQ]H�URXWH�����P-�FFBVW����������,I�WKH�EDWFK�LQIOXHQFH�LV�UHPRYHG�

�VHH�)LJXUH������H�DQG�I��WKH�GHYLDWLRQ�IURP�WKH�DPD�IRU�LQWHUQDO�WLQ�LV�������DQG�WKDW�IRU�WKH�EURQ]H�

URXWH�LV����������6LQFH�WKH�PDJQHWLVDWLRQ�RI�D�VDPSOH�DQG�LWV�FULWLFDO�FXUUHQW�DUH�UHODWHG�TXDQWLWLHV�

�%HDQ¶V�PRGHO���WR�VRPH�H[WHQW��RQH�ZRXOG�H[SHFW�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�K\VWHUHVLV�ORVV�

GDWDVHWV�WR�EH�VLPLODU�WR�WKRVH�RI�WKH�FULWLFDO�FXUUHQW�PHDVXUHPHQW�UHVXOWV���+RZHYHU��WKH�GHYLDWLRQ�

IURP�WKH�DPD�IRU�WKH�LQWHUQDO�WLQ�FULWLFDO�FXUUHQW�ZDV������ZKHUHDV�WKH�VDPH�YDOXH�IRU�WKH�K\VWHUHVLV�

ORVVHV�ZDV�������/LNHZLVH��IRU�WKH�EURQ]H�URXWH�WKH�GHYLDWLRQ�IURP�WKH�DPD�IRU�WKH�FULWLFDO�FXUUHQW�

ZDV������ZKHUHDV�IRU�WKH�K\VWHUHVLV�ORVVHV�LW�ZDV��������)XUWKHUPRUH��WKH�GDWD�SRLQWV�DW�WKH���
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D�� E��

�
F�� G��

� �
H�� I��

�
�
)LJXUH��������D��7\SLFDO�K\VWHUHVLV�ORVV�GDWD�DQG�E��K\VWHUHVLV�ORVVHV�RI�DOO�VDPSOHV�PHDVXUHG��

QRUPDOLVHG�WR�WKH�PHDQ�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV���+\VWHUHVLV�ORVV�WHVW�UHVXOWV�IRU�DOO�WKH�

VDPSOHV�PHDVXUHG�E\�'XUKDP�DW������.�DQG�������7�DUH�VKRZQ�LQ�F��IRU�LQWHUQDO�WLQ�DQG�G��IRU�

EURQ]H�URXWH�VWUDQGV���7KH�EOXH�FXUYHV�DUH�DGMDFHQW�PRYLQJ�DYHUDJH��DPD��ILWV�WR�WKH�GDWD�DQG�

WKH�EODFN�GRWWHG� OLQH� LV� WKH�JOREDO�PHDQ�� �7KH� UHG�GDVKHG�FXUYHV� UHSUHVHQW���RQH�VWDQGDUG�

GHYLDWLRQ�IURP�WKH�DPD���7KH�VSUHDG�LQ�WKH�GDWD� LV�PRUH�FOHDUO\�VKRZQ� LQ�SORWV�H��DQG�I��IRU�

LQWHUQDO� WLQ� DQG� EURQ]H� URXWH�� UHVSHFWLYHO\�� ZKHUH� WKH� DPD� KDV� EHHQ� VXEWUDFWHG� IURP� WKH�

GDWDVHWV�� � 7KH�PHDQ� ORVVHV� DUH�� LQWHUQDO� WLQ�� ���� �� ���P-�FFBVW� DQG�EURQ]H� URXWH�� ��� �� ��

P-�FFBVW��
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�
H[WUHPHV�RI�WKH�RUGHUHG�FULWLFDO�FXUUHQW�GDWD��VHH�)LJXUH�����F��DUH�XS�WR������IURP�WKH�PHDQ��

ZKHUHDV�WKRVH�RI�WKH�ORVV�GDWDVHW�DUH�PRUH�WKDQ�WZLFH�WKLV�YDOXH�DZD\�IURP�WKHLU�PHDQ���$�VLPLODU��

EXW�PXFK�PRUH�SURQRXQFHG�VLWXDWLRQ�H[LVWV�ZLWK� WKH�EURQ]H� URXWH�VDPSOHV�� �$�FRPSDULVRQ�RI�

)LJXUH������E�DQG�)LJXUH������G�JRHV�VRPH�ZD\�WR�KLJKOLJKW�WKH�GLIIHUHQFHV���2I�FRXUVH��WKH�ORVVHV�

DVVRFLDWHG�ZLWK�D�FRPSRVLWH�PDWHULDO�DUH�PRUH�FRPSOLFDWHG�WKDQ�D�EXON�VXSHUFRQGXFWRU�GXH�WR�

DGGLWLRQDO� FRQWULEXWLRQV� IURP� LQGXFHG� HGG\� FXUUHQWV� ZLWKLQ� WKH� PDWUL[� DQG� EHWZHHQ� ILODPHQWV�

WKURXJK�WKH�PDWUL[�EXW�WKHVH�DGGLWLRQDO�FRQWULEXWLRQV�DUH�IUHTXHQF\�GHSHQGHQW�DQG�VR�DW�WKH�YHU\�

VORZ�VZHHS� UDWH�XVHG� ���P7�V�� WKH�VXSHUFRQGXFWLQJ�K\VWHUHVLV� VKRXOG� EH� WKH�PRVW�GRPLQDQW�

FRQWULEXWRU���6R��WKH�GLVVLPLODULW\�EHWZHHQ�FULWLFDO�FXUUHQW�DQG�K\VWHUHVLV�ORVVHV�KHUH�FRXOG�EH�D�

FRQVHTXHQFH� RI� PRUSKRORJ\�� � 7KHUH� LV� D� ZLGH� GLVWULEXWLRQ� RI� JUDLQ� VL]HV�� FRPSRVLWLRQV� DQG�

FRQQHFWHGQHVV�ZLWKLQ�1E�6Q�VWUDQGV�WKDW�DUH�WKH�SURGXFW�RI�WKH�KHDW�WUHDWPHQW� >���@��ZKLFK� LV�

GHVLJQHG�WR�RSWLPLVH�WKH�PDWHULDO�IRU�DSSOLFDWLRQV���,W�LV�WKHUHIRUH�OLNHO\�WKDW�WKH�ZLGHU�GLVWULEXWLRQ�

LQ� K\VWHUHVLV� ORVVHV� LV� GXH� WR� FRQWULEXWLRQV� IURP� JUDLQV� ZLWK� FRPSRVLWLRQV� DQG� JUDLQ�

FRQQHFWHGQHVV�WKDW�SOD\�D�YHU\�OLPLWHG�UROH��LI�DQ\�UROH��LQ�WKH�WUDQVSRUWDWLRQ�RI�FXUUHQW�WKDW�GR��

KRZHYHU��FRQWULEXWH�WR�WKH�ORVVHV��

�

7KHUH�LV�D�GLVWLQFW�FKURQRORJLFDOO\�UHGXFLQJ�WUHQG�LQ�WKH�EURQ]H�URXWH�GDWD�VKRZQ�LQ�)LJXUH������

G��ZKLFK�FRXOG�KDYH� LQ�SULQFLSOH�EHHQ�D�V\PSWRP�RI�FKDQJLQJ�KHDW�WUHDWPHQW�RU�PHDVXUHPHQW�

TXDOLW\��IRU�H[DPSOH���+RZHYHU��WKH�WUHQG�LV�DEVHQW�IURP�WKH�FRUUHVSRQGLQJ�LQWHUQDO�WLQ�GDWD�VKRZQ�

LQ�)LJXUH������F���7KH�FKURQRORJ\�RI�HDFK�DUFKLWHFWXUH¶V�KHDW�WUHDWPHQW�DQG�PHDVXUHPHQW��DV�ZHOO�

DV�WKH�IXUQDFH�DQG�PHDVXUHPHQW�HTXLSPHQW�XVHG��ZDV�WKH�VDPH��DQG�WKHUHIRUH�DQ\�SUREOHPV�

WKDW�ZRXOG�OHDG�WR�VXFK�D�WUHQG�LQ�WKH�EURQ]H�URXWH�GDWDVHW�VKRXOG�DOVR�EH�SUHVHQW�LQ�WKH�LQWHUQDO�

WLQ�GDWDVHW� WR�VRPH�H[WHQW��ZKLFK� LV�FOHDUO\�QRW� WKH�FDVH�� �7KLV�GHGXFWLRQ� LV�VXSSRUWHG�E\� WKH�

YDULRXV� EHQFKPDUNLQJ� DQG� FURVV�FKHFN� H[SHULPHQWV� WR� EH� GLVFXVVHG� EHORZ�� � ,W� LV� WKHUHIRUH�

UHDVRQDEOH�WR�VXVSHFW�WKDW�WKH�WUHQG�LV�LQWULQVLF�WR�WKH�VDPSOHV�WKHPVHOYHV���7DNLQJ�LQWR�DFFRXQW�

WKH�IDFW�WKDW�WKH�ORVV�YDOXHV�IRU�DOO�WKH�EURQ]H�URXWH��DQG�LQGHHG�WKH�LQWHUQDO�WLQ��VWUDQGV�ZHUH�DOO�

VXEVWDQWLDOO\�ZLWKLQ�WKH�DFFHSWDQFH�FULWHULD�RI�����P-�FFBVW��WKHVH�WUHQGV�KDYH�UHPDLQHG�SXUHO\�

DQ�DFDGHPLF�LVVXH��ZKLFK�ZH�DWWULEXWH�WR�FKDQJHV�PDGH�WR�WKH�PDQXIDFWXULQJ�SURFHVV��

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV�
�

6RPH� VPDOO� TXDQWLW\�PHDVXUHPHQW� FRPSDULVRQV�ZHUH� RUJDQLVHG� EHWZHHQ� 'XUKDP� DQG� RWKHU�

ODERUDWRULHV�ZKHUH�HDFK�ODE�KHDW�WUHDWHG�DQG�PHDVXUHG�WKHLU�RZQ�VDPSOHV���7KH�GDWD�RI�RQH�VXFK�

FRPSDULVRQ�LV�SURYLGHG�LQ�)LJXUH������D�ZKHUH�WKH�GLIIHUHQFH�EHWZHHQ�WKH�DYHUDJHV�ZDV�a��������

7KH�JHQHUDO�DJUHHPHQW�EHWZHHQ�'XUKDP�DQG�RWKHU� ODERUDWRULHV�ZDV�� LQ�JHQHUDO��VLPLODUO\� ORZ�

ZKHQ�DOO�SDUWLFLSDWLQJ�ODERUDWRULHV�KHDW�WUHDWHG�WKHLU�RZQ�VDPSOHV���)LJXUH������E�VKRZV�D�GDWD�

FRPSDULVRQ�RI�D�ODUJHU�VHW�RI�VDPSOHV�KHDW�WUHDWHG�DQG�PHDVXUHG�LQGHSHQGHQWO\�E\�/DE�%�DQG�

'XUKDP�IRU�ZKLFK�WKH�DJUHHPHQW�ZDV��������)LJXUH������F��KRZHYHU��VKRZV�D�FRPSDULVRQ�RI�D�

VXEVHW�RI�WKH�VDPH�VDPSOHV�IRU�ZKLFK�/DE�$�DOVR�SDUWLFLSDWHG�E\�KHDW�WUHDWLQJ�DQG�PHDVXULQJ�

WKHLU�RZQ�VDPSOHV���7KH�DJUHHPHQW�IRU�WKLV�VPDOOHU�VHW�RI�VDPSOHV�EHWZHHQ�'XUKDP�DQG�/DE�$�

ZDV�����ZKLOH�WKDW�EHWZHHQ�/DE�%�DQG�/DE�$�ZDV��������,Q�SDUDOOHO�WR�WKHVH�FRPSDULVRQV��ZH�

DOVR�VHQW�VRPH�VDPSOHV� WKDW�KDG�EHHQ�KHDW�WUHDWHG�DQG�PHDVXUHG�E\�'XUKDP� WR�&DPEULGJH�



0HWURORJ\�RI�ODUJH�TXDQWLW\�FKDUDFWHULVDWLRQ�RI�WRURLGDO�ILHOG�1E�6Q�VWUDQGV�IRU�,7(5� � ����
�

8QLYHUVLW\�IRU�PHDVXUHPHQW�LQ�WKHLU�3306��VHH�)LJXUH������G����7KH�DJUHHPHQW�KHUH�ZDV�ZLWKLQ�

��������$�IXUWKHU� WZR�H[SHULPHQWV� LQ�ZKLFK�RQH�EDWFK�RI� WHQ�VDPSOHV�ZDV�SUHSDUHG�DQG�KHDW�

WUHDWHG�E\�'XUKDP�DQG�DQRWKHU�VHW�RI� WHQ�VDPSOHV�� IURP� WKH�VDPH�EDWFK��ZHUH�SUHSDUHG�DQG�

KHDW�WUHDWHG�E\�/DE�%�ZDV�SHUIRUPHG���%RWK�VHWV�RI�KHDW�WUHDWHG�VDPSOHV�ZHUH�WKHQ�VHTXHQWLDOO\�

PHDVXUHG�E\�'XUKDP�DQG�1,67���7KH�DJUHHPHQW�LQ�WKH�PHDVXUHPHQW�UHVXOWV�IRU�HDFK�VDPSOH�

EDWFK�ZDV�����DQG����� UHVSHFWLYHO\�� �7KH�RULJLQ�RI� WKH�PXFK�JUHDWHU� YDULDELOLW\�EHWZHHQ� WKH�

YDULRXV�ODERUDWRULHV�LV�QRW�\HW�ZHOO�XQGHUVWRRG�EXW�D�QXPEHU�RI�IDFWRUV��LQFOXGLQJ�KHDW�WUHDWPHQW�

TXDOLW\��VDPSOH�LQKRPRJHQHLW\��FDOFXODWLRQ�RI�VDPSOH�OHQJWK��VDPSOH�KDQGOLQJ�DQG�PHDVXUHPHQW�

PHWKRG�PXVW�DOO�SOD\�D�UROH�WR�VRPH�H[WHQW��

�

�

D�� E��

� �

F�� G��

�
�

)LJXUH������� �&RPSDULVRQ�RI�K\VWHUHVLV� ORVVHV�RI��D��WZHOYH�SDLUV�RI�VDPSOHV��HDFK�SDLU�FXW�

IURP�WKH�VDPH�VWUDQG��RUGHUHG�IURP�ORZ�WR�KLJK���2QH�VDPSOH�IURP�HDFK�SDLU�ZDV�LQGHSHQGHQWO\�

SUHSDUHG��KHDW�WUHDWHG�DQG�PHDVXUHG�E\�'XUKDP�ZKLOH�WKH�VHFRQG�ZDV�OLNHZLVH�WUHDWHG�DQG�

PHDVXUHG� E\� /DE� $�� E�� /DUJHU� VDPSOH� VHW� FRPSDULVRQ� EHWZHHQ�'XUKDP� DQG� /DE� %�� F�� $�

FRPSDULVRQ�EHWZHHQ�'XUKDP��/DE�$�DQG�/DE�%�RQ�D�VXEVHW�RI�VDPSOHV�IURP�E���G��&RPSDULVRQ�

RI� ORVVHV�GDWD� IURP� WKH�VDPH�VDPSOH� LQGHSHQGHQWO\�PHDVXUHG�E\�'XUKDP�DQG�&DPEULGJH�

8QLYHUVLWLHV��
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����5HVLGXDO�UHVLVWLYLW\�UDWLR�
�

7KH� UHVLGXDO� UHVLVWLYLW\� UDWLR� IRU� HDFK� VDPSOH� ZDV� REWDLQHG� IURP� IRXU�WHUPLQDO� UHVLVWDQFH�

PHDVXUHPHQWV�SHUIRUPHG�DW�����.�DQG�DW����.�XVLQJ�'XUKDP¶V�555�SUREHV�WKDW�ZHUH�VSHFLILFDOO\�

GHVLJQHG�DQG�EXLOW�LQ�KRXVH��VHH�)LJXUH������D����(DFK�SUREH�KDG�WKH�FDSDFLW\�WR�VLPXOWDQHRXVO\�

PHDVXUH�WHQ�VKRUW�VDPSOHV��a����PP�ORQJ��WKDW�ZHUH�FRQQHFWHG�WRJHWKHU�LQ�JURXSV�RI�ILYH��VHH�

)LJXUH������E�DQG�F��ZLWK�FRSSHU�ZLUH��IRUPLQJ�D�ODGGHU���7KHVH�FRSSHU�ODGGHUV�SURYLGHG�VXSSRUW�

WR�WKH�VDPSOHV�ZKLOH�WKH\�ZHUH�EHLQJ�PRXQWHG�RQ�WR�WKH�VDPSOH�SUREH�DQG�ZHUH�DOVR�XVHG�DV�

�
)LJXUH��������5HVLGXDO�UHVLVWLYLW\�UDWLR�PHDVXUHPHQW�SUREH���D��(DFK�SUREH�LV�FDSDEOH�RI�KROGLQJ�

WHQ�VKRUW�VDPSOHV�FRQQHFWHG�WRJHWKHU�LQ�WZR�ODGGHUV�RI�ILYH�VDPSOHV�HDFK��DV�VKRZQ�LQ�E����F��

7KH�VDPSOHV�DUH�VROGHUHG�WR�FRSSHU�ZLUH��FXUUHQW�OHDGV��DW�WKHLU�HQGV���G��(DFK�VDPSOH�ODGGHU�

LV�PRXQWHG�WR�RSSRVLWH�VLGHV�RI�WKH�FRSSHU�VDPSOH�SODWIRUP�DQG�YROWDJH�WDSV��QRW�VKRZQ��IURP�

HDFK�VDPSOH�DUH�WKUHDGHG�WKURXJK�KROHV�LQ�WKH�*���WHUPLQDO�SODWHV�����EHIRUH�EHLQJ�VROGHUHG�

WR�FRSSHU�SUREH�OHDG�WHUPLQDOV���H��6LGH�YLHZ�RI�WKH�VDPSOH�PRXQWLQJ�DVVHPEO\�VKRZLQJ�WKH�

VDPSOH�ODGGHUV�EHLQJ�KHOG�DJDLQVW�WKH�FHQWUDO�FRSSHU�SODWIRUP�ZLWK�WKH�*���WHUPLQDO�SODWHV�������

I��7KH�WHPSHUDWXUH�RI�WKH�FRSSHU�SODWIRUP�LV�PRQLWRUHG�E\�D�FDOLEUDWHG�&(512;�WKHUPRPHWHU���

J��,PDJH�VKRZLQJ�D�FORVH�XS�RI�WKH�FRSSHU�SODWIRUP�DQG�WKH�HQGV�RI�WZR�PRXQWHG�VDPSOHV���K��

$IWHU�WKH�VDPSOHV�KDYH�EHHQ�PRXQWHG��DOWHUQDWH�VHFWLRQV�RI�WKH�VDPSOH�FXUUHQW�OHDGV�DUH�FXW�

DZD\�WR�IRUP�D�VHULHV�FXUUHQW�SDWK�WKURXJK�HDFK�RI�WKH�VDPSOHV���2QH�HQG�RI�D�FXUUHQW�OHDG�

IURP�HDFK�VDPSOH�ODGGHU�DUH�FRQQHFWHG�VR�DOO�WHQ�VDPSOHV�DUH�LQ�VHULHV��
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�
FXUUHQW� OHDGV�� �(DFK� ODGGHU�RI� ILYH�VDPSOHV�ZDV�PRXQWHG�RQWR�RQH�VLGH�RI� WKH�FHQWUDO�FRSSHU�

VDPSOH�SODWIRUP�RI�D�SUREH��VHH�)LJXUH������G�DQG�H��DQG�ZDV�KHOG�LQ�SODFH�ZLWK�*���WHUPLQDO�

SODWHV��VHH�)LJXUH������G�����7KH�FHQWUDO�FRSSHU�SODWIRUP�ZDV�WKHUPDOO\�FRQQHFWHG�WR�D�VWDQGDUG�

�EODQN��3306�PHDVXUHPHQW�SXFN��VHH�)LJXUH������G�����7KH�YROWDJH�WDSV�IURP�HDFK�VDPSOH�ZHUH�

FRQQHFWHG�WR�WKHLU�UHVSHFWLYH�WHUPLQDOV�RQ�RQH�RI�WKH�*���SODWHV��ZKLFK�SURYLGHG�D�JRRG�HOHFWULFDO�

FRQQHFWLRQ� WR� WKH�PHDVXUHPHQW� OHDGV�� � 7KH� WHPSHUDWXUH� RI� WKH� FHQWUDO� FRSSHU� SODWIRUP�ZDV�

PRQLWRUHG�XVLQJ�D�FDOLEUDWHG�&(512;�WKHUPRPHWHU��VHH�)LJXUH������I��DQG�WKH�WHUPLQDO�SODWHV�

HQVXUHG�WKDW�HDFK�VDPSOH�ZDV�KHOG�LQ�JRRG�WKHUPDO�FRQWDFW�ZLWK�WKH�FRSSHU�SODWIRUP��VHH�)LJXUH�

�����J���ZKLFK�ZDV�DOVR�HOHFWULFDOO\�LVRODWHG�IURP�WKH�VDPSOHV�XVLQJ�FLJDUHWWH�SDSHU���2QFH�WKH�

VDPSOHV�ZHUH�FRQQHFWHG�WR�WKH�SUREH��DOWHUQDWH�VHFWLRQV�RI�WKH�VXSSRUWLQJ�ODGGHU�ZHUH�FXW�DZD\�

WR�IRUP�D�VHULHV�FXUUHQW�ORRS�WKURXJK�HDFK�VDPSOH��VHH�)LJXUH������K����7KH�HQGV�RI�WKH�ORRS�ZHUH�

DOVR�FRQQHFWHG�WR�WKHLU�UHVSHFWLYH�WHUPLQDOV�RQ�WKH�*���SODWHV��FRPSOHWLQJ�WKH�HOHFWULFDO�FLUFXLW���

7KH� ILWWHG�PHDVXUHPHQW�SUREH�ZDV� WKHQ� LQVHUWHG� LQWR� WKH�3306�XQWLO� LWV�SXFN�PDWHG�ZLWK� WKH�

VRFNHW�DW�WKH�ERWWRP�RI�WKH�VDPSOH�FKDPEHU���7KH�FRQWDFW�EHWZHHQ�LWV�VRFNHW�DQG�WKH�SUREH�SXFN�

SURYLGHG�D�JRRG�WKHUPDO�FRQWDFW�WR�WKH�FHQWUDO�FRSSHU�SODWIRUP�DQG�WR�WKH�VDPSOHV���7KH�3306�

WKHUPRPHWU\�ZDV�XVHG�DV�D�VHFRQGDU\�PHDQV�RI� WHPSHUDWXUH�PRQLWRULQJ�DQG�IRU� WHPSHUDWXUH�

FRQWURO���$OO�GDWD�ZHUH�DFTXLUHG�E\�D�EHVSRNH�/DE9LHZ�SURJUDP�FRQQHFWHG�WR�.HLWKOH\�YROWPHWHUV�

DQG�QDQRDPSOLILHUV�� �0HDVXUHPHQW� FRQVLVWHQF\�ZDV� HQVXUHG�E\� JLYLQJ�XS� RQH� RI� WKH� VDPSOH�

SRVLWLRQV�WR�D�³VWDQGDUG´�VDPSOH�RI�1E7L�ZLWK�D�555�RI�������)XUWKHU�FRQVLVWHQF\�FKHFNV�ZHUH�

SHULRGLFDOO\� SHUIRUPHG� E\� PDNLQJ� PXOWLSOH� PHDVXUHPHQWV� RQ� D� VHW� RI� VDPSOHV� LQ� GLIIHUHQW�

SRVLWLRQDO�FRQILJXUDWLRQV���$�VXLWH�RI�VL[�555�SUREHV�DOORZHG�D�FRQVWDQW�PHDVXUHPHQW�WKURXJKSXW�

RI� WZR� WR� WKUHH� SUREHV� SHU� GD\�� JLYLQJ� D� SRWHQWLDO� PHDVXUHPHQW� FDSDFLW\� RI� ���� VDPSOH�

PHDVXUHPHQWV� SHU� ZHHN� �H[FOXGLQJ� VWDQGDUG� VDPSOHV��� � 7KH� PHDVXUHPHQW� PHWKRGRORJ\� LV�

GLVFXVVHG�EHORZ�� �7KH� UHVXOWV�RI�D�VPDOO�H[SHULPHQW� WR�GHWHUPLQH� WKH�HIIHFW�RQ�555�RI�KHDW�

WUHDWLQJ� VDPSOHV� DORQJVLGH� FULWLFDO� FXUUHQW� EDUUHOV� LV� DOVR� SUHVHQWHG�� � 'XH� WR� WKH� FRPPHUFLDO�

VHQVLWLYLW\�RI�555�WHVW�UHVXOWV�ZH�KDYH�UHVWULFWHG�WKH�VFRSH�RI�DOO�SORWV�DQG�GLVFXVVLRQV�WR�RQH�RI�

FRPSDULVRQ�E\�QRUPDOLVHG�GDWD����

������'DWD�DFTXLVLWLRQ�
�

7KH� 3306� WHPSHUDWXUH� ZDV� VHW� WR� ���� .� DQG� VXIILFLHQW� WLPH� DOORZHG� IRU� WKH� WHPSHUDWXUH� WR�

VWDELOLVH���2QFH�WKH�PHDVXUHPHQW�VHTXHQFH�ZDV�LQLWLDWHG�D�.HLWKOH\�FXUUHQW�VRXUFH�GHOLYHUHG�����

FXUUHQWV��VWHSSHG�LQ�SRODULW\�UHYHUVHG�SDLUV��WR�FDQFHO�WKHUPDO�YROWDJHV���LQ�WKH�UDQJH���WR�����P$�

WR�DOO�WHQ�VDPSOHV���7KLV�VHTXHQFH�ZDV�UHSHDWHG�DW����.�DQG�WKH�GDWD�ZHUH�VDYHG�WR�D�FRPPD�

GHOLPLWHG�WH[W�ILOH�IRU�DQDO\VLV���7KH�UHVLVWDQFH�RI�HDFK�VDPSOH��DW�HDFK�WHPSHUDWXUH��ZDV�WKHQ�

REWDLQHG�E\�ILWWLQJ�D�OHDVW�VTXDUHV�EHVW�ILW�OLQH�WR�WKH�YROWDJH�YV�FXUUHQW�GDWD��VHH�)LJXUH���������

7KH�555�ZDV�VLPSO\�WKH�UDWLR�RI�WKHVH�WZR�UHVLVWDQFHV���7KH�XQFHUWDLQW\�LQ�WKH�555�UHVXOWV�LV�

HVWLPDWHG�WR�EH�EHORZ��������

�

�

�

�
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������)XUQDFH�FOHDQOLQHVV�DQG�555�
�

$�VPDOO�H[SHULPHQW�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�IXUQDFH�FOHDQOLQHVV�RQ�UHVLGXDO�UHVLVWLYLW\�UDWLR�ZDV�

SHUIRUPHG�� �7KH�PHWKRGRORJ\�FRQVLVWHG�RI�KHDW�WUHDWLQJ� WZR�VHWV� RI� VDPSOHV� �WZHOYH�SHU� VHW��

GHULYHG�IURP�WKUHH�VHSDUDWH�EDWFKHV�RI�LQWHUQDO�WLQ�VWUDQGV����7KHVH�VDPSOHV�ZHUH�REWDLQHG�IURP�

DGMDFHQW�OHQJWKV�RI�WKH�VDPH�VDPSOHV�XVHG�IRU�WKH�K\VWHUHVLV�ORVV�H[SHULPHQW�GLVFXVVHG�DERYH����

2QH�VHW�RI�WZHOYH�VDPSOHV�ZDV�KHDW�WUHDWHG�LQ�RQH�RI�WKH�KLJK�SXULW\��VL[�QLQHV��555�IXUQDFHV�

DQG�WKH�RWKHU�VHW�ZDV�KHDW�WUHDWHG�LQ�RQH�RI�WKH�ORZHU�SXULW\��IRXU�QLQHV��FULWLFDO�FXUUHQW�IXUQDFHV��

DORQJVLGH�FULWLFDO�FXUUHQW�VDPSOHV���7KH�KHDW�WUHDWHG�VDPSOHV�ZHUH�WKHQ�PHDVXUHG�LQ�WKH�VDPH�

ZD\�DV�GHVFULEHG�DERYH���7KH�QRUPDOLVHG��WR�WKH�PHDQ��UHVXOWV�DUH�FRQWDLQHG�ZLWKLQ�)LJXUH������

DQG�7DEOH�������$Q�RYHUYLHZ�RI�WKH�UHVXOWV�LV�FOHDUO\�YLVLEOH�LQ�WKH�SORW�RI�WKH�RUGHUHG�GDWD�LQ�)LJXUH�

�����E�ZKHUH�WKH�555�RI�DOO�WKH�VDPSOHV�KHDW�WUHDWHG�LQ�WKH�ORZHU�SXULW\�IXUQDFH�FDQ�EH�VHHQ�WR�

EH�ORZHU�WKDQ�WKHLU�UHVSHFWLYH�KLJK�SXULW\�FRXQWHUSDUWV���7DEOH�����SURYLGHV�PRUH�GHWDLO�DQG�VKRZV�

WKDW�DFURVV�DOO�VDPSOHV� WKHUH�ZDV�DQ�DYHUDJH�UHGXFWLRQ� LQ�555�RI�a������� �7KLV�GHFUHDVH� LV�

DFFRPSDQLHG�E\�D�UHGXFWLRQ�LQ�WKH�VWDQGDUG�GHYLDWLRQ��ZKLFK�LV�WR�EH�H[SHFWHG�VLQFH�ORZHU�555V�

DUH�FORVHU�WR�D�FRQYHUJHQW�PLQLPXP�WKDW�VKRXOG�UHVWULFW�YDULDELOLW\���7KH�UHGXFWLRQ�LQ�555�LV��RI�

FRXUVH��DQ�H[SHFWHG�UHVXOW���,W�LV�FRPPRQ�NQRZOHGJH�WKDW�WKH�555��EHLQJ�D�PHDVXUH�RI�PDWHULDO�

SXULW\��LV�KLJKO\�GHSHQGHQW�RQ�IXUQDFH�FOHDQOLQHVV���+RZHYHU��WKLV�VPDOO�H[SHULPHQW�JRHV�VRPH�

ZD\�WR�TXDQWLI\�WKH�PDJQLWXGH�RI�WKH�UHGXFWLRQ�DVVRFLDWHG�ZLWK�KHDW�WUHDWPHQWV�GLUHFWO\�UHODWHG�WR�

VDPSOHV�WKDW�DUH�GHVLJQHG�WR�IXOILO�WKH�,7(5�DFFHSWDQFH�FULWHULD��ZKLFK�LV�D�555�RI�����RU�DERYH���

,Q� WKLV� UHJDUG��VDPSOHV���DQG����ZHUH�SXUSRVHO\�VHOHFWHG�EHFDXVH� WKH\�ZHUH�ERWK�EHORZ� WKH�

DFFHSWDQFH�FULWHULD�� �+RZHYHU�� WKHLU� UHGXFWLRQV�DUH�QRW� WRR�GLVVLPLODU� IURP� WKH�DYHUDJH��ZKLFK�

VKRZV� WKH\� GR�QRW� VHHP� WR� EH�DQ\�PRUH� VHQVLWLYH� WR� GHFUHDVHG� SXULW\� WKDQ�DQ\�RI� WKH�RWKHU�

VDPSOHV�� � 7KLV� REVHUYDWLRQ� LV� VXSSRUWHG� LQ� )LJXUH� �����F�ZKHUH� WKH� KLJK�SXULW\� IXUQDFH�555�

UHVXOWV�DUH�FRPSDUHG�DJDLQVW�WKHLU�SHUFHQWDJH�GURS�LQ�555�GXH�WR�WKH�ORZHU�SXULW\�KHDW�WUHDWPHQW���

7KH�FRQFOXVLRQ�RI�WKLV�H[SHULPHQW�LV�WKDW�D�KDOYLQJ��RQ�DYHUDJH��LQ�555�FDQ�EH�H[SHFWHG�ZLWK�D�

GHFUHDVH�LQ�UHDFWLRQ�SXULW\�RI�PRUH�WKDQ�WZR�QLQHV��

�
)LJXUH��������7\SLFDO�YROWDJH�YV�FXUUHQW�GDWD�DW�����.�DQG����.�XVHG�WR�REWDLQ�WKH�UHVLGXDO�
UHVLVWLYLW\�UDWLR�RI�WKH�1E�6Q�VDPSOHV����
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������5HVXOWV��DFFXUDF\�DQG�LQWHUODERUDWRU\�FRPSDULVRQV�RI�WKH�555�GDWD�

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV�
�

2YHU�WKH�FRQWUDFW�SHULRG�RYHU������555�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�LQ�WRWDO����

)LJXUH������VKRZV�WKH�QRUPDOLVHG��WR�WKH�PHDQ��WHVW�UHVXOWV�IRU�WKH�FRPSOHWH�VHW�RI�VDPSOHV�IRU�

ERWK�VWUDQG�DUFKLWHFWXUHV��QRW�LQFOXGLQJ�DGGLWLRQDO�PHDVXUHPHQWV�UHTXHVWHG�E\�)�(����7KH�PDLQ�

IDFWRUV�WKDW�FRQWULEXWH�WR�WKH�PHDVXUHPHQW�XQFHUWDLQW\�DUH�WHPSHUDWXUH�VHW�SRLQW�DFFXUDF\��DQG�

VWDELOLW\��� XQLIRUPLW\� RI� WHPSHUDWXUH� DORQJ� WKH� VDPSOH� SODWIRUP� �VHH�)LJXUH� �����H� DQG�J�� DQG�

LQVWUXPHQWDO�HUURUV���7KH�XQFHUWDLQW\�LQ�WKH�WHPSHUDWXUH�VHW�SRLQW�RI�WKH�3306�DW�����.�LV��������

DQG�DW����.�LW�LV���������7KH�HIIHFW�RI�GHYLDWLRQV�LQ�WHPSHUDWXUH�IURP�WKH�VHW�SRLQW�WR�WKH�UHVLVWLYLW\�

RI� WKH� FRSSHU� DW� ���� .� LV� a� ���� �� SHU� .HOYLQ� DQG� WKDW� DW� ��� .� LV� a� ���� �� SHU� .�� � �7KHVH�

DSSUR[LPDWLRQV� ZHUH� REWDLQHG� IURP� ILWV� WR� GDWD� FRQWDLQHG� LQ� >���@��� � 7DNLQJ� RXU� WHPSHUDWXUH�

XQFHUWDLQWLHV�LQWR�DFFRXQW���

D�� E��

� �
F��

�
)LJXUH��������D��FRPSDULVRQ�RI�WKH�555�RI�LQWHUQDO�WLQ�VDPSOHV�KHDW�WUHDWHG�LQ�WKH�VWDQGDUG�

ZD\��JUHHQ�V\PEROV��L�H�� LQ�D�KLJK�SXULW\�IXUQDFH��DQG�RI�WKH�555�RI�DGMDFHQW�OHQJWKV�RI�WKH�

VDPH� VDPSOHV� KHDW�WUHDWHG� LQ� RQH� RI� WKH� ORZHU�SXULW\� IXUQDFHV�� DORQJVLGH� ,F� � VDPSOHV� �UHG�

HQFLUFOHG�\HOORZ�V\PEROV����7KLV�SORW�VKRZV�DOO����VDPSOHV�JURXSHG�LQ�WKHLU�RULJLQDO�EDWFKHV���E��

6KRZV�WKH�VDPH�GDWD�RUGHUHG�IURP�ORZ�WR�KLJK���F��6KRZV�WKH�KLJK�SXULW\�IXUQDFH�555�UHVXOWV�

FRPSDUHG�DJDLQVW�WKH�SHUFHQWDJH�GURS�LQ�555�RI�WKH�VDPH�VDPSOHV�KHDW�WUHDWHG�LQ�WKH�ORZ�

SXULW\�IXUQDFH���7KLV�SORW�KLJKOLJKWV�WKDW�WKH�SHUFHQWDJH�GURS�LQ�555�LV�LQGHSHQGHQW�RI�WKH�KLJK�

SXULW\�555�YDOXH���
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�
�
)LJXUH��������5HVLGXDO�UHVLVWLYLW\�UDWLR�QRUPDOLVHG�WR�WKH�PHDQ�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV�IRU�

DOO�VDPSOHV�PHDVXUHG�XQGHU�WKH�)�(�FRQWUDFW��H[FOXGLQJ�DGGLWLRQDO�PHDVXUHPHQWV�UHTXHVWHG���

7DEOH� ����� 'DWD� IURP�)LJXUH� ����� OLVWLQJ� EDWFK� DQG� IXOO� VDPSOH� VHW� DYHUDJHV� DQG� VWDQGDUG�

GHYLDWLRQV�IRU�WKH�QRUPDOLVHG�555�RI�VDPSOHV�KHDW�WUHDWHG�LQ�D�KLJK�SXULW\�IXUQDFH��LQ�WKH�XVXDO�

ZD\��FRPSDUHG�WR�D�ORZHU�SXULW\�IXUQDFH���7KH�GDWD�VXJJHVW�WKDW�WKHUH�LV�D�UHGXFWLRQ�LQ�555�RI�

a�����IRU�WKRVH�VDPSOHV�KHDW�WUHDWHG�LQ�WKH�ORZHU�SXULW\�IXUQDFH��

EDWFK�

DUELWUDU\�

VDPSOH�

QXPEHU�

QRUPDOLVHG�555�

� ��UHGXFWLRQ�

IURP��555��

IXUQDFH�

�
DY��QRUPDOLVHG�555�

�VWG�GHY��

KLJK�

SXULW\�

IXUQDFH�

/RZ�

SXULW\�

IXUQDFH��

�
SHU�

VDPSOH�

SHU�

EDWFK�

� KLJK��

SXULW\��

IXUQDFH�

/RZ��
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WKLV� OHDGV� WR� DQ� XQFHUWDLQW\� LQ� WKH�555�� GXH� WR� XQFHUWDLQWLHV� LQ� WKH� VHW� SRLQW� WHPSHUDWXUH�� RI�

a���������7KH�XQFHUWDLQW\�GXH�WR�WHPSHUDWXUH�JUDGLHQWV�DORQJ�WKH�VDPSOH�SODWIRUP�FRXOG�KDYH�

EHHQ�REWDLQHG�E\�SHUIRUPLQJ�GLUHFW�WHPSHUDWXUH�PHDVXUHPHQWV�DW��DW�OHDVW��WKH�WZR�H[WUHPH�HQGV�

RI�WKH�SODWIRUP��ZLWK�D�OLQHDU�WHPSHUDWXUH�JUDGLHQW�DVVXPHG����+RZHYHU��ZH�IHOW�WKDW�DQ�DOWHUQDWLYH�

PHWKRG�ZRXOG��QRW�RQO\�FDSWXUH�WKH�XQFHUWDLQW\�DVVRFLDWHG�ZLWK�WKLV�WHPSHUDWXUH�SURILOH��EXW�ZRXOG�

DOVR� FDSWXUH� WKH� LQVWUXPHQWDO� XQFHUWDLQW\�� � 7KLV� PHWKRG� FRQVLVWHG� RI� SHUIRUPLQJ� PXOWLSOH�

VHTXHQWLDO�PHDVXUHPHQWV�RQ�D�VHW�RI�WHQ�1E7L�VDPSOHV�LQ�GLIIHUHQW�SRVLWLRQV��DQG�GLIIHUHQW�VLGHV��

RQ�D�VDPSOH�SODWIRUP���7KH�XQFHUWDLQW\�LQ�SHUIRUPLQJ�WKHVH�PHDVXUHPHQWV�ZDV���������+RZHYHU��

WKLV�LQFOXGHV�DQ\�XQFHUWDLQW\�LQ�WKH�VHW�SRLQW�WHPSHUDWXUHV����������IURP�DERYH��DQG�VR�������LV�

WKH�WRWDO�XQFHUWDLQW\�LQ�SHUIRUPLQJ�WKH�555�PHDVXUHPHQWV�XVLQJ�RXU�HTXLSPHQW��

5HVXOWV�RQ�,7(5�VDPSOHV�
�

)LJXUH������D�DQG�)LJXUH������E�VKRZ�WKH�QRUPDOLVHG��WR�WKH�PHDQ��555�WHVW�UHVXOWV�IRU�HDFK�

DUFKLWHFWXUH�PHDVXUHG�E\�'XUKDP��LQ�PHDVXUHPHQW�RUGHU���)RU�WKH�LQWHUQDO�WLQ�VWUDQGV�WKH�JOREDO�

VSUHDG�LQ�WKH�GDWD�ZDV��������DQG�WKDW�RI�WKH�EURQ]H�URXWH�VWUDQGV�ZDV����������,I�WKH�EDWFK�

LQIOXHQFH�LV�UHPRYHG��VHH�)LJXUH������F�DQG�G��WKHQ�WKH�GHYLDWLRQ�IURP�WKH�DPD�IRU�WKH�LQWHUQDO�

WLQ�VDPSOHV�LV��������DQG�WKDW�IRU�WKH�EURQ]H�URXWH�VDPSOHV�LV��������

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV�
�

'DWD� FRPSDULVRQV� EHWZHHQ� 'XUKDP� DQG� D� QXPEHU� RI� RWKHU� ODERUDWRULHV� ZHUH� FRQGXFWHG� DW�

YDULRXV� RFFDVLRQV� WKURXJKRXW� WKH� FRQWUDFW� SHULRG�� � 7KHVH� FKHFNV� ZHUH� XVXDOO\� LQLWLDWHG� E\�

FRQWUDGLFWLRQV�EHWZHHQ�'XUKDP¶V�WHVW�UHVXOWV�DQG�WKRVH�RI�D�PDQXIDFWXUHU�DQG�LQFOXGHG��QRW�RQO\�

WHVWLQJ�'XUKDP¶V�PHDVXUHPHQW�DFFXUDF\��EXW�DOVR�'XUKDP¶V�KHDW�WUHDWPHQW�TXDOLW\���,Q�DOO�WHVWV�

'XUKDP¶V� UHVXOWV� ZHUH� VXSSRUWHG� E\� WKH� WKLUG� SDUW\� GDWD�� � )LJXUH� ����� VKRZV� D� FRPSDULVRQ�

EHWZHHQ�WKUHH�GDWDVHWV�RI�WZR�EDWFKHV�RI����DGMDFHQW�VDPSOHV���2QH�EDWFK�ZDV�KHDW�WUHDWHG�DQG�

PHDVXUHG�E\�'XUKDP�DQG� WKH�RWKHU�EDWFK�ZDV�KHDW�WUHDWHG�E\�&(51�DQG� WKHQ�VXEVHTXHQWO\�

PHDVXUHG�E\�'XUKDP�DQG�/DE�$���7KH�WHVW�UHVXOWV�RI�ERWK�'XUKDP�DQG�/DE�$�DJUHHG�WR�ZLWKLQ�

��������7KH�DYHUDJH�555�RI�WKH�VHW�RI�VDPSOHV�KHDW�WUHDWHG� LQ�'XUKDP�ZDV�����KLJKHU�WKDQ�

WKRVH�KHDW�WUHDWHG�DW�&(51��ZKLFK�FRXOG�EH�UHJDUGHG�DV�FRQILUPDWLRQ�RI�'XUKDP¶V�KHDW�WUHDWPHQW�

JDV� SXULW\�� � $GGLWLRQDOO\�� D� EOLQG� FURVV� FKHFN� EHWZHHQ� 'XUKDP�� &(51� DQG� WZR� LQGHSHQGHQW�

ODERUDWRULHV��/DE�$�DQG�/DE�%�ZDV�SHUIRUPHG���7KLV�FRQVLVWHG�RI�WHQ�VDPSOHV�EHLQJ�KHDW�WUHDWHG�

E\� &(51� DQG� WKHQ�PHDVXUHG� E\� 'XUKDP� DQG� /DE� $�� � 7KH�PHDVXUHPHQW� UHVXOWV� ZHUH� WKHQ�

FRPSDUHG�DJDLQVW� WKH�VDPH�VDPSOHV�SUHYLRXVO\�KHDW�WUHDWHG�DQG�PHDVXUHG� LQGHSHQGHQWO\�E\�

'XUKDP�DQG�/DE�%�� �7KHUH�ZDV�D�����DJUHHPHQW�EHWZHHQ� WKH�PHDVXUHPHQWV�SHUIRUPHG�E\�

'XUKDP�DQG�/DE�$�RQ�&(51�KHDW�WUHDWHG�VDPSOHV�� �7KH�DYHUDJH�555�RI� WKH�VDPSOHV�KHDW�

WUHDWHG�E\�'XUKDP�ZDV�����KLJKHU�WKDQ�WKRVH�KHDW�WUHDWHG�E\�&(51�DQG�WKH�555�RI�/DE�%¶V�

KHDW�WUHDWHG� �DQG� PHDVXUHG�� VDPSOHV� ZDV� D� IXUWKHU� �� �� KLJKHU�� � 7KH� TXDOLW\� RI� WKH� KHDW�

WUHDWPHQWV�DQG�PHDVXUHPHQWV��KRZHYHU��LV�QRW�WKH�RQO\�PDMRU�IDFWRU�WKDW�GHWHUPLQHV�WKH�GHJUHH�

RI�DJUHHPHQW�EHWZHHQ�GLIIHUHQW�ODERUDWRULHV���'XUKDP�PHDVXUHG�UHODWLYHO\�VPDOO�VDPSOH�OHQJWKV�

�a����PP���ZKHUHDV�VRPH�RWKHU�ODERUDWRULHV�PHDVXUHG�OHQJWKV�WKDW�FRXOG�EH�XS�WR�ILYH�WLPHV�DV�
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ORQJ�� �7KLV�PHDQV�WKDW� LQKRPRJHQHLW\� LQ�WKH�VWUDQGV��GXH�WR�WKH�PDQXIDFWXULQJ�SURFHVV��FRXOG�

KDYH�D�PRUH�SURQRXQFHG�HIIHFW�RQ�'XUKDP¶V�PHDVXUHPHQW�UHVXOWV�WKDQ�WKRVH�ODERUDWRULHV�ZKR�

PHDVXUH� VLJQLILFDQWO\� ORQJHU� VDPSOHV�� � 2I� FRXUVH�� WKLV� GHSHQGV� RQ� WKH� OHQJWK� VFDOH� RI� WKH�

LQKRPRJHQHLW\���$�WHVW�WR�FKHFN�WKH�KRPRJHQHLW\�RI�WZR�GLIIHUHQW�VWUDQGV�ZDV�FRQGXFWHG�E\�/DE�

%�LQ�XQLVRQ�ZLWK�'XUKDP���7ZR���NP�VWUDQG�OHQJWKV�ZHUH�HDFK�FXW�LQWR����SLHFHV���7ZR�VDPSOH�

EDWFKHV��IURP�HDFK�VWUDQG��ZHUH�WKHQ�SURGXFHG�E\�FRQVHFXWLYHO\�VHSDUDWLQJ�WKH����SLHFHV�VR�WKDW�

HDFK�EDWFK�FRQWDLQHG����VDPSOHV�WKDW�ZHUH�RULJLQDOO\�DGMDFHQW�WR�RQH�DQRWKHU���/DE�%�DQG�'XUKDP�

WKHQ�HDFK�KHDW�WUHDWHG�DQG�PHDVXUHG�RQH�EDWFK�IURP�HDFK�VWUDQG���)RU�VDPSOH�EDWFK�D��/DE�%¶V�

DYHUDJH�ZDV������KLJKHU�WKDQ�'XUKDP¶V�DQG�'XUKDP¶V�VSUHDG�ZDV������KLJKHU���)RU�VDPSOH�

EDWFK�E��/DE�%¶V�DYHUDJH�ZDV������KLJKHU�WKDQ�'XUKDP¶V�DQG�'XUKDP¶V�VSUHDG�ZDV�����ORZHU���

7KH�GLIIHUHQFHV�LQ�WKH�VSUHDG�RI�HDFK�ODERUDWRU\¶V�GDWDVHW�FRXOG�KDYH�EHHQ�SDUWLDOO\�H[SODLQHG�E\�

WKH�GLIIHUHQFH�LQ�WKH�VDPSOH�OHQJWKV�XVHG�WR�SHUIRUP�WKH�PHDVXUHPHQWV��ZKHUH�/DE�%�PHDVXUHG�

OHQJWKV� WKDW� ZHUH� IRXU� WR� ILYH� WLPHV� WKH� OHQJWK� RI� 'XUKDP¶V�� � $OVR�� WKHUH� DUH� SURIRXQG�

GLVDJUHHPHQWV� LQ� WKH� DYHUDJH� 555¶V� PHDVXUHG� E\� ERWK� ODERUDWRULHV� ���� �� DQG� ��� ��

D�� E��

� �
F�� G��

� �
)LJXUH� ������ �555� WHVW� UHVXOWV� �QRUPDOLVHG� WR� WKH�PHDQ�� IRU� DOO� WKH� VDPSOHV�PHDVXUHG�E\�

'XUKDP�IRU�D��LQWHUQDO�WLQ�DQG�E��EURQ]H�URXWH�VWUDQGV���7KH�EOXH�FXUYHV�DUH�DGMDFHQW�PRYLQJ�

DYHUDJH��DPD��ILWV�WR�WKH�GDWD�DQG�WKH�UHG�GDVKHG�FXUYHV�UHSUHVHQW���RQH�VWDQGDUG�GHYLDWLRQ�

IURP�WKH�DPD�� �7KH�VSUHDG� LQ� WKH�GDWD� LV�PRUH�FOHDUO\�VKRZQ� LQ�SORW�F��UHODWHG� WR�SORW�D� IRU�

LQWHUQDO�WLQ��DQG�SORW�G��UHODWHG�WR�SORW�E�IRU�EURQ]H�URXWH��ZKHUH�WKH�UHVSHFWLYH�DPD�KDV�EHHQ�

VXEWUDFWHG�IURP�LWV�GDWDVHW���7KH�VSUHDG�LQ�WKH�GDWD�IRU�WKH�LQWHUQDO�WLQ�PHDVXUHPHQWV�LV������

DQG�IRU�WKH�EURQ]H�URXWH�PHDVXUHPHQWV�LW�LV������
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UHVSHFWLYHO\��� �7KLV�GLVDJUHHPHQW�SURPSWHG�YDOXDEOH�GLVFXVVLRQV�EHWZHHQ�'XUKDP�DQG�/DE�%�

WKDW� UHYHDOHG� WKHLU� KHDW�WUHDWPHQWV�ZHUH�SHUIRUPHG� LQ� IORZLQJ� QLWURJHQ�� DV� RSSRVHG� WR�DUJRQ���

'XUKDP�KDV�EHHQ�LQVWUXFWHG�E\�)�(�WR�XVH�DUJRQ�IRU�DOO�KHDW�WUHDWPHQWV�VLQFH�WKLV�LQHUW�JDV�ZDV�

WR�EH�XVHG�LQ�KHDW�WUHDWLQJ�WKH�7)�FRLOV�IRU�WKH�,7(5�WRNDPDN���,QWHUHVWLQJO\��IXUWKHU�WHVWV�E\�/DE�

%� VKRZHG� WKDW� WKH� XVH� RI� QLWURJHQ� FRQVLVWHQWO\� SURGXFHG� VLJQLILFDQWO\� KLJKHU� 555� YDOXHV� ±�

SRVVLEO\� EHFDXVH� QLWURJHQ� ELQGV� WR� HOHFWURQLF� VFDWWHULQJ� VLWHV�� � :KHQ� DUJRQ� ZDV� XVHG�� WKH�

DJUHHPHQW� EHWZHHQ�'XUKDP�DQG� /DE� %� LPSURYHG� VXEVWDQWLDOO\�� � $VLGH� IURP� WKHVH� DGGLWLRQDO�

FRPSOLFDWLQJ�IDFWRUV��WKH�H[SHULPHQWV�VKRZHG�WKDW�WKH�LQKRPRJHQHLW\�RI�WKH�VWUDQGV�FRXOG�OHDG�

WR�ODUJH�GLVFUHSDQFLHV�LQ�WKH�555�RI�VDPSOHV�REWDLQHG�IURP�QRQ�DGMDFHQW�ORFDWLRQV��

����5RRP�WHPSHUDWXUH�PHDVXUHPHQWV�
�

)RXU�GLIIHUHQW�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�DW�URRP�WHPSHUDWXUH�RQ�IOH[LEOH��QRQ�KHDW�WUHDWHG��

VWUDQGV���7KH�FKDUDFWHULVWLFV�WR�EH�PHDVXUHG�ZHUH�VWUDQG�GLDPHWHU��FKURPLXP�SODWLQJ�WKLFNQHVV��

WZLVW�SLWFK��DQG�GLUHFWLRQ��DQG�WKH�UDWLR�EHWZHHQ�WKH�DPRXQW�RI�FRSSHU�DQG�WKH�DPRXQW�RI�QRQ�

FRSSHU�XVHG�LQ�HDFK�DUFKLWHFWXUH���7KH�IROORZLQJ�VHFWLRQV�FRQVLGHU�WKHVH�PHDVXUHPHQWV�LQ�WKUHH�

SDUWV�±�ILUVW�ZH�GLVFXVV�WKH�PHDVXUHPHQWV�DQG�KRZ�'XUKDP�SHUIRUPHG�WKHP��ZH�WKHQ�SURYLGH�

LQIRUPDWLRQ�DV�WR�KRZ�WKH�TXDOLW\�RI�WKH�GDWD�ZDV�PDLQWDLQHG��LQFOXGLQJ�URXQG�URELQ�PHDVXUHPHQWV�

DQG�FDOLEUDWLRQV���)LQDOO\�ZH�SURYLGH�RYHUYLHZV�RI�WKH�ODUJH�GDWDVHWV�PHDVXUHG�DQG�GLVFXVV�WKH�

HUURU�EDUV�DVVRFLDWHG�ZLWK�HDFK�PHDVXUHPHQW����

������'LDPHWHU�PHDVXUHPHQWV�
�

�����PP�OHQJWKV�RI�VDPSOH�VWUDQG�ZHUH�FOHDQHG�ZLWK�DFHWRQH�WR�UHPRYH�DQ\�VXUIDFH�JUHDVH�GLUW�

EHIRUH� EHLQJ� LQGLYLGXDOO\� SODFHG� LQWR� WKH� 6FDQWURQ� GXDO�D[LV� ODVHU� PLFURPHWHU�� � 'XDO�D[LV�

PHDVXUHPHQWV�ZHUH�WKHQ�PDGH�DW�WHQ�DQJOHV�DURXQG�WKH�FLUFXPIHUHQFH�RI�HDFK�VDPSOH�DQG�DW�

�

)LJXUH��������$�FRPSDULVRQ�RI�WKH�UHVLGXDO�UHVLVWLYLW\�UDWLR��QRUPDOLVHG�WR�WKH�'XUKDP�PHDQ��

RI� WZR� EDWFKHV� RI� ��� DGMDFHQW� VDPSOHV�� �2QH� EDWFK�ZDV� KHDW�WUHDWHG� DQG�PHDVXUHG� E\�

'XUKDP�DQG�WKH�RWKHU�EDWFK�ZDV�KHDW�WUHDWHG�E\�&(51�DQG�WKHQ�VXEVHTXHQWO\�PHDVXUHG�

E\�'XUKDP�DQG�/DE�$���
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IRXU�VHSDUDWH�ORFDWLRQV�DORQJ�WKHLU�OHQJWKV�DQG�WKH�GDWD�VDYHG�LQ�D�FRPPD�GHOLPLWHG�WH[W�ILOH�IURP�

ZKLFK�WKH�DYHUDJH�GLDPHWHU�ZDV�FDOFXODWHG����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV�
�

7KH�ODVHU�PLFURPHWHU�LV�FDSDEOH�RI�SHUIRUPLQJ�PHDVXUHPHQWV�RQ�ZLUH�GLDPHWHUV�LQ�WKH�UDQJH������

WR�����PP�ZLWK�D�UHVROXWLRQ�RI�������P�DQG�DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�VSHFLILFDWLRQ�KDV�D�

UHSHDWDELOLW\� RI� ����� �P�� � 7KHUH� DUH� LQ� SULQFLSOH� WKUHH� GRPLQDQW� FRQWULEXWLQJ� VRXUFHV� WR� WKH�

XQFHUWDLQWLHV� LQ� SHUIRUPLQJ� WKH�GLDPHWHU�PHDVXUHPHQWV�� � 7KH\�DUH�� WKH� LQKRPRJHQHLW\� LQ� WKH�

GLDPHWHU� DW� GLIIHUHQW� SRVLWLRQV� DORQJ� D� VWUDQG�� WKH� GLIIHUHQFH� LQ� WKH�RYDOLW\� �DQG�RULHQWDWLRQ� RI�

RYDOLW\��DW�GLIIHUHQW�ORFDWLRQV��DQG�WKH�XQFHUWDLQW\�DVVRFLDWHG�ZLWK�WKH�RSHUDWRU�QRW�HQVXULQJ�WKH�

VWUDQGV�DUH�VLWXDWHG�FRUUHFWO\�ZLWKLQ�WKH�PHDVXUHPHQW�HTXLSPHQW���:H�VXJJHVW�WKDW�WKH�LQIOXHQFH�

RI�WKH�ODWWHU�LV�VXEVWDQWLDOO\�UHGXFHG�WKURXJK�SURSHU�WUDLQLQJ�DQG�UHJXODU�FKHFNV�WKDW�WKH�VWUDQGV�

DUH� VWUDLJKW� DQG� VHDWHG� FRUUHFWO\�� � :H� FRQFOXGH� WKDW� WKHVH� VRXUFHV� RI� HUURU� DUH� EHORZ� WKH�

VHQVLWLYLW\�RI�RXU�LQVWUXPHQW��WKH�FDOLEUDWLRQ�RI�ZKLFK�ZDV�SHULRGLFDOO\�FKHFNHG�E\�PHDVXULQJ�IRXU�

SUHFLVLRQ� JDXJHV� SXUFKDVHG� IURP� <RUNVKLUH� 3UHFLVLRQ� *DXJHV� ZLWK� GLDPHWHUV� LQ� WKH� UDQJH�

������PP�WR�������PP��HDFK�ZLWK�D�WROHUDQFH�RI���������PP�±�VHH�)LJXUH���������7KH�*DXJHV�

ZHUH�PDGH�IURP�VWDLQOHVV�VWHHO�DQG�VWRUHG�ZLWKLQ�DQ�DUJRQ�JORYH�ER[�ZKHQ�QRW�LQ�XVH���7KHVH�

JDXJHV�ZHUH�WKH�FORVHVW�ZH�KDG�WR�VWDQGDUGV�DQG�QRQH�RI�RXU�FDOLEUDWLRQ�FKHFNV�VKRZHG�WKDW�WKH�

DFFXUDF\� RI� WKH� HTXLSPHQW� KDG� FKDQJHG�� � 7KHUHIRUH�� WKH� XQFHUWDLQW\� RI� WKH� GLDPHWHU�

PHDVXUHPHQWV�ZDV���ȝP����

�
)LJXUH��������$QQXDO�FDOLEUDWLRQ�FKHFNV�RI�WKH�6FDQWURQ�'XDO�$[LV�/DVHU�0LFURPHWHU�XVLQJ�IRXU�

SUHFLVLRQ�JDXJHV�ZLWK�GLDPHWHUV���������������������DQG�������PP��EOXH�GDVKHG�OLQHV����7KH�

PDQXIDFWXUHU¶V�WROHUDQFH�RQ�WKH�JDXJHV�ZDV���������PP��UHG�GDVKHG�OLQH����7KH�������PP�

JDXJH�ZDV�QRW�PHDVXUHG� LQ� WKH� ILUVW� \HDU� GXH� WR� LW� QRW� EHLQJ�DV� UHDGLO\� DYDLODEOH� IURP� WKH�

PDQXIDFWXUHU��
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�

�
�

)LJXUH��������'LDPHWHU�QRUPDOLVHG�WR�WKH�PHDQ�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV��

D�� E��

F�� G��

�
�
)LJXUH��������'LDPHWHU�WHVW�UHVXOWV�IRU�WKH�VDPSOHV�PHDVXUHG�E\�'XUKDP�IRU�D��LQWHUQDO�WLQ�DQG�

E��EURQ]H�URXWH�VWUDQGV���7KH�EOXH�FXUYHV�DUH�DGMDFHQW�PRYLQJ�DYHUDJH��DPD��ILWV�WR�WKH�GDWD�

DQG�WKH�UHG�GDVKHG�FXUYHV�UHSUHVHQW���RQH�VWDQGDUG�GHYLDWLRQ�IURP�WKH�DPD���7KH�VSUHDG�LQ�

WKH�GDWD�LV�PRUH�FOHDUO\�VKRZQ�LQ�SORW�F��UHODWHG�WR�SORW�D�IRU�LQWHUQDO�WLQ��DQG�SORW�G��UHODWHG�WR�

SORW�E�IRU�EURQ]H�URXWH��ZKHUH�WKH�UHVSHFWLYH�DPD�KDV�EHHQ�VXEWUDFWHG�IURP�LWV�GDWDVHW���7KH�

VSUHDG�LQ�WKH�GDWD�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV�LV���������PP��
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�
5HVXOWV�RQ�,7(5�VDPSOHV�
�

2YHU�WKH�FRQWUDFW�SHULRG�a������GLDPHWHU�PHDVXUHPHQWV�ZHUH�SHUIRUPHG���)LJXUH������VKRZV�

WKH� QRUPDOLVHG� �WR� WKH� PHDQ�� WHVW� UHVXOWV� IRU� WKH� FRPSOHWH� VHW� RI� VDPSOHV� IRU� ERWK� VWUDQG�

DUFKLWHFWXUHV��QRW�LQFOXGLQJ�DGGLWLRQDO�PHDVXUHPHQWV�UHTXHVWHG�E\�)�(����)LJXUH������VKRZV�WKH��

GLDPHWHU�WHVW�UHVXOWV�IRU�HDFK�DUFKLWHFWXUH�PHDVXUHG�E\�'XUKDP��LQ�PHDVXUHPHQW�RUGHU���)RU�WKH�

LQWHUQDO�WLQ�VWUDQGV�WKH�JOREDO�PHDQ�GLDPHWHU�IRU�WKH�FRPSOHWH�GDWDVHW�LV�������PP���������DQG�

IRU�WKH�EURQ]H�URXWH�VWUDQGV�LW�LV�������PP�����������,I�WKH�EDWFK�LQIOXHQFH�LV�UHPRYHG��VHH�)LJXUH�

�����F� DQG� G�� WKHQ� WKH� YDULDWLRQ� LQ� WKH� GLDPHWHUV� UHPDLQV� XQFKDQJHG� DW� �� ���� �� IRU� ERWK�

DUFKLWHFWXUHV���

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV�
�

$V� ZHOO� DV� HTXLSPHQW� FDOLEUDWLRQ� FKHFNV� VRPH� DGGLWLRQDO� �VPDOO� TXDQWLW\�� FURVV�FKHFN�

PHDVXUHPHQWV�ZHUH�SHUIRUPHG�EHWZHHQ�'XUKDP�DQG�/DE�$�WKDW�VKRZHG�DJUHHPHQW� WR�ZLWKLQ�

�������VHH�)LJXUH���������(DFK�ODERUDWRU\�PHDVXUHG�WKHLU�RZQ�VHW�RI�WZHOYH�VDPSOHV�REWDLQHG�

IURP�WZHOYH�GLIIHUHQW�VWUDQGV�L�H��WZR�DGMDFHQW�VDPSOHV�IURP�HDFK�VWUDQG�ZHUH�VHSDUDWHG�WR�IRUP�

WZR�VHWV�RI�WZHOYH�FRUUHODWHG�VDPSOHV���7KH�DJUHHPHQW�EHWZHHQ�ERWK�ODERUDWRULHV�ZDV�YHU\�JRRG��

������&KURPLXP�SODWLQJ�WKLFNQHVV�PHDVXUHPHQWV�
�

,QLWLDOO\�'XUKDP�XVHG�WKH�6(0�IDFLOLW\�WR�PHDVXUH�WKH�FKURPLXP�SODWLQJ�WKLFNQHVV�DW�VL[�ORFDWLRQV�

DURXQG�WKH�FLUFXPIHUHQFH�RI�HDFK�ZLUH�VHSDUDWHG�E\����GHJUHHV���$Q�DYHUDJH�RI�WKHVH�GDWD�ZHUH�

WKHQ�WDNHQ���+RZHYHU��WKLV�PHWKRG�ZDV�PDFKLQH�DQG�ODERXU�LQWHQVLYH�DQG�UHTXLUHG�HDFK�VDPSOH�

WR�EH�HOHFWURSODWHG�ZLWK�FRSSHU�WR�KHOS�VWRS�VPXGJLQJ�RI�WKH�WKLQ�FKURPLXP�SODWLQJ�FDXVHG�E\�WKH�

SROLVKLQJ�SURFHVV��ZKLFK�DOVR�KDG�WR�EH�FRPSOHWHG�WR�D�YHU\�KLJK�VWDQGDUG��DQG�DOVR�FRPSRXQGHG�

WKH� WLPH� LVVXH�� �:H� WKHUHIRUH�DGRSWHG�D� GLIIHUHQW�PHWKRG� WKDW� FRXOG�EH�FRPSOHWHG� LQ� D�PRUH�

HIILFLHQW�ZD\���7KLV�HQWDLOHG�FOHDQLQJ������PP�ORQJ�VDPSOHV�ZLWK�DFHWRQH�WR�UHPRYH�DQ\�VXUIDFH�

JUHDVH�GLUW���7KHLU�PDVVHV�ZHUH�WKHQ�PHDVXUHG�IRXU�WLPHV�DQG�DQ�DYHUDJH�WDNHQ���7KH�FKURPLXP�

SODWLQJ� ZDV� WKHQ� UHPRYHG� E\� HWFKLQJ� ZLWK� GLOXWH� K\GURFKORULF� DFLG� DQG� DQRWKHU� IRXU� PDVV�

�
)LJXUH� ������ � &URVV�FKHFN� GLDPHWHU� PHDVXUHPHQWV� EHWZHHQ� 'XUKDP� DQG� /DE� $�� � %RWK�

ODERUDWRU\¶V�PHDVXUHPHQWV�DJUHHG�WR�ZLWKLQ��������
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PHDVXUHPHQWV�WDNHQ�WR�REWDLQ�DQ�DYHUDJH���7KH�GLDPHWHU�GDWD�DQG�WKH�FKDQJH�LQ�PDVV�GDWD�ZHUH�

WKHQ�XVHG� WR�FDOFXODWH� WKH�DYHUDJH�FKURPLXP�SODWLQJ� WKLFNQHVV�RI�HDFK�VDPSOH� LQ�DFFRUGDQFH�

ZLWK�WKH�IROORZLQJ�IRUPXOD��

�

ZKHUHܦ�଴�LV�WKH�DYHUDJH�GLDPHWHU��ZLWK�FKURPLXP��� ஼ܸ௥�LV�WKH�YROXPH�RI�WKH�FKURPLXP�DQGܮ��LV�

WKH�VWUDQG� OHQJWK�� �7KH�FKURPLXP�YROXPH�ZDV�REWDLQHG�E\�GLYLGLQJ� WKH�GLIIHUHQFH� LQ�WKH�PDVV�

PHDVXUHPHQWV�E\�WKH�GHQVLW\�RI�FKURPLXP����

�

7KH�TXDOLW\�RI�WKH�PHDVXUHPHQW�SURFHGXUH�ZDV�FKHFNHG�E\�UHSHDWLQJ�WKH�SURFHVV�RQ�GLIIHUHQW�

VDPSOH� OHQJWKV� RI� HDFK� VWUDQG� DUFKLWHFWXUH� WR� PDNH� VXUH� WKDW� D� OLQHDU� UHODWLRQVKLS� EHWZHHQ�

FKURPLXP�PDVV�DQG�VDPSOH�OHQJWK�H[LVWHG�DQG�WKDW�D������PP�OHQJWK�ZDV�D�VXIILFLHQW�FKRLFH���

7KH�GDWD�IRU�WKLV�FKHFN�DUH�SUHVHQWHG�LQ�)LJXUH���������

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV�
�

7KHUH�DUH�IRXU�VRXUFHV�RI�PHDVXUHPHQW�XQFHUWDLQW\�WKDW�FRQWULEXWH�WR�WKH�WRWDO�XQFHUWDLQW\�LQ�WKH�

FKURPLXP�SODWLQJ�WKLFNQHVV���7KHVH�XQFHUWDLQWLHV�RULJLQDWH�IURP�PHDVXULQJ�D�VDPSOH¶V�GLDPHWHU�

�a���������OHQJWK��a���������DQG�PDVV��a����������±�DOO�TXDQWLWLHV�UHTXLUHG�RI�HTXDWLRQ�������±�DV�

ZHOO�DV� WKH�XQFHUWDLQW\� LQ� WKH�VWDQGDUG�YDOXH�RI� WKH�GHQVLW\�RI�FKURPLXP� ���������� �7KH�PRVW�

GRPLQDQW� XQFHUWDLQW\� LV� WKHUHIRUH� WKDW� DVVRFLDWHG� ZLWK� WKH� GLDPHWHU� PHDVXUHPHQW�� � 7KH�

SURSDJDWLRQ�RI�WKHVH�YDOXHV�WKURXJK�HTXDWLRQ�������OHDGV�WR�D�WRWDO�XQFHUWDLQW\�LQ�WKH�FKURPLXP�

SODWLQJ�WKLFNQHVV�RI�a��������

5HVXOWV�RQ�,7(5�VDPSOHV�
�

2YHU� WKH� FRQWUDFW� SHULRG� a� ����� FKURPLXP�SODWLQJ� WKLFNQHVV�PHDVXUHPHQWV�ZHUH�SHUIRUPHG���

)LJXUH������VKRZV�WKH�QRUPDOLVHG��WR�WKH�PHDQ��WHVW�UHVXOWV�IRU�WKH�FRPSOHWH�VHW�RI�VDPSOHV�IRU�

ERWK�VWUDQG�DUFKLWHFWXUHV��QRW�LQFOXGLQJ�DGGLWLRQDO�PHDVXUHPHQWV�UHTXHVWHG�E\�)�(����)LJXUH������

� ݎ்ܥ ൌ
ͳ
ʹ ቎ܦ଴ െ

ඨܦ଴ଶ െ
Ͷ ஼ܸ௥

ܮߨ ��቏� ������

�
)LJXUH��������4XDOLW\�FKHFN�RI�WKH�FKURPLXP�SODWLQJ�WKLFNQHVV�PHDVXUHPHQWV�WKDW�FRQILUPHG�

DQ�H[SHFWHG�OLQHDU�UHODWLRQVKLS�EHWZHHQ�FKURPLXP�PDVV�DQG�VDPSOH�OHQJWK����
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�

VKRZV� WKH� FKURPLXP� SODWLQJ� WHVW� UHVXOWV� IRU� HDFK� DUFKLWHFWXUH� PHDVXUHG� E\� 'XUKDP�� LQ�

PHDVXUHPHQW�RUGHU���)RU�WKH�LQWHUQDO�WLQ�VWUDQGV�WKH�PHDQ�SODWLQJ�WKLFNQHVV�IRU�WKH�FRPSOHWH��

�
)LJXUH��������&KURPLXP�SODWLQJ�WKLFNQHVV�QRUPDOLVHG�WR�WKH�PHDQ�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV��

D�� E��

F�� G��

�
)LJXUH��������&KURPLXP�SODWLQJ�WKLFNQHVV�WHVW�UHVXOWV�IRU�WKH�VDPSOHV�PHDVXUHG�E\�'XUKDP�

IRU�D��LQWHUQDO�WLQ�DQG�E��EURQ]H�URXWH�VWUDQGV���7KH�EOXH�FXUYHV�DUH�DGMDFHQW�PRYLQJ�DYHUDJH�

�DPD��ILWV�WR�WKH�GDWD�DQG�WKH�UHG�GDVKHG�FXUYHV�UHSUHVHQW���RQH�VWDQGDUG�GHYLDWLRQ�IURP�WKH�

DPD���7KH�VSUHDG�LQ�WKH�GDWD�LV�PRUH�FOHDUO\�VKRZQ�LQ�SORW�F��UHODWHG�WR�SORW�D�IRU�LQWHUQDO�WLQ��

DQG�SORW�G��UHODWHG�WR�SORW�E�IRU�EURQ]H�URXWH��ZKHUH�WKH�UHVSHFWLYH�DPD�KDV�EHHQ�VXEWUDFWHG�

IURP�LWV�GDWDVHW���7KH�VSUHDG�LQ�WKH�GDWD�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV�LV�������ђP��
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�
GDWDVHW�LV�����ђP�������DQG�IRU�WKH�EURQ]H�URXWH�VWUDQGV�LW�LV�����ђP���������,I�WKH�EDWFK�LQIOXHQFH�

LV� UHPRYHG� �VHH�)LJXUH������F�DQG�G�� WKH�GHYLDWLRQ� IURP� WKH�DPD� LV������� IRU� WKH� LQWHUQDO� WLQ�

DUFKLWHFWXUH�DQG�IRU�WKH�EURQ]H�URXWH�DUFKLWHFWXUH�LW�LV��������

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV�
�

6RPH�VPDOO�TXDQWLW\�FRPSDULVRQV�EHWZHHQ�'XUKDP�DQG�/DE�$�ZHUH�DOVR�FRQGXFWHG��VHH�)LJXUH�

��������7KH�DJUHHPHQW�ZDV�������,W�LV�NQRZQ��KRZHYHU��WKDW�WKH�FKURPLXP�WKLFNQHVV�LV�QRW�XQLIRUP�

RYHU�D�VWUDQG¶V� OHQJWK�DQG�VR�VRPH�YDULDELOLW\� LQ�FRPSDULVRQV� LV� WR�EH�H[SHFWHG��DOWKRXJK�WKH�

H[DFW�FRQWULEXWLRQ�IURP�WKLV�YDULDELOLW\�WR�WKLV�VPDOO�VFDOH�FRPSDULVRQ�LV�QRW�NQRZQ���/DE�$¶V�GDWD�

DUH� KRZHYHU�� V\VWHPDWLFDOO\� KLJKHU� WKDQ� 'XUKDP¶V�� ZKLFK� FRXOG� EH� V\PSWRPDWLF� RI� GLIIHUHQW�

PHDVXUHPHQW�PHWKRGRORJLHV�EHWZHHQ�ERWK�ODEV��'XUKDP�GR�QRW�NQRZ�KRZ�/DE�$�SHUIRUPHG�WKHLU�

PHDVXUHPHQWV����

������7ZLVW�SLWFK�PHDVXUHPHQWV�
�

7KHUH�DUH�QXPEHU�RI�ZD\V� LQ�ZKLFK�DQ�HVWLPDWH�RI�VWUDQG�WZLVW�SLWFK�FDQ�EH�GHWHUPLQHG�� �)RU�

H[DPSOH��D�VDPSOH�FDQ�EH�HWFKHG�WR�UHYHDO�LWV�ILODPHQW�EXQGOHV�DQG�WKHQ�XQWZLVWHG���'LYLGLQJ�WKH�

H[SRVHG�OHQJWK�E\�WKH�QXPEHU�RI�WZLVWV�SURYLGHV�DQ�HVWLPDWH�RI� LWV�WZLVW�SLWFK���$OWHUQDWLYHO\��D�

VDPSOH�FDQ�EH�VOLFHG�ORQJLWXGLQDOO\�WR�UHYHDO�WKH�SHULRGLF�WZLVW�SDWWHUQ�IURP�ZKLFK�WKH�WZLVW�SLWFK�

FDQ�EH�PHDVXUHG���$�PHWKRG�WKDW�UHOLHG�RQ�WKH�VWULDWLRQV�WKDW�DUH�YLVLEOH�RQ�WKH�VXUIDFH�RI� WKH�

WDQWDOXP�EDUULHU��VHH�)LJXUH������D��ZDV�DGRSWHG�E\�'XUKDP���7KH�FHQWUDO�a����PP�RI�D�a�����PP�

ORQJ� VDPSOH� KDV� LWV� FKURPLXP� SODWLQJ�PHFKDQLFDOO\� UHPRYHG� ZLWK� (PHU\� SDSHU� DQG� WKHQ� LWV�

FRSSHU�VWDELOLVHU�HWFKHG�DZD\�LQ�GLOXWH�QLWULF�DFLG�WR�UHYHDO�WKH�XQGHUO\LQJ�WDQWDOXP�EDUULHU���7KH�

WZLVW�SLWFK�RI�WKH�QLRELXP�EXQGOHV�XQGHU�WKH�EDUULHU�LV�FOHDUO\�YLVLEOH�DV�VWULDWLRQV�RQ�WKH�EDUULHU¶V�

VXUIDFH��VHH�)LJXUH������D����7KH�HWFKHG�UHJLRQ�RI�D�VDPSOH�LV�WKHQ�SODFHG�RQ�WRS�RI�D�UXOH�VR�WKDW�

WKH�VDPSOH��DQG�WKH�JUDGDWLRQV�RQ�WKH�UXOH��DUH�FOHDUO\�YLVLEOH�WKURXJK�WKH�H\HSLHFH�RI�DQ�RSWLFDO�

PLFURVFRSH���7KH�VWULDWLRQV��DQG�JUDGDWLRQV��DUH�WKHQ�SKRWRJUDSKHG�WKURXJK�WKH�H\HSLHFH�RI�WKH�

PLFURVFRSH�XVLQJ�D�IRXUWHHQ�PHJDSL[HO�GLJLWDO�FDPHUD���7KH�SKRWRJUDSKV�ZHUH�DQDO\VHG�LQ�$GREH��

�
)LJXUH������� �&KURPLXP�SODWLQJ�FURVV�FKHFN�PHDVXUHPHQWV�EHWZHHQ�'XUKDP�DQG�/DE�$�LQ�

ZKLFK�WKHUH�ZDV�DQ�����DJUHHPHQW�LQ�WKH�DYHUDJH��
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3KRWRVKRS�E\�PHDVXULQJ�WKH�GLDPHWHU��݀��RI�WKH�HWFKHG�VWUDQG�DQG�WKH�DQJOHߠ����WKH�VWULDWLRQV�

PDNH�WR�WKH�KRUL]RQWDO��WKURXJK�WKH�FHQWUDO�D[LV�RI�WKH�VWUDQG���DW�D�PLQLPXP�RI�WKUHH�LQGHSHQGHQW�

ORFDWLRQV� DORQJ� LWV� OHQJWK�� � $Q� DYHUDJH� RI� WKHVH�PHDVXUHPHQWV� ZDV� FDOFXODWHG� DQG� XVHG� WR�

GHWHUPLQH�WKH�WZLVW�SLWFK�� ௉ܶ��LQ�DFFRUGDQFH�ZLWK�WKH�IROORZLQJ�HTXDWLRQ��

�

�

7KH�GLUHFWLRQ�RI�WKH�WZLVW�SLWFK�ZDV�DOVR�UHFRUGHG����

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV�
�

7KLV� PHDVXUHPHQW� LV� UHDVRQDEO\� VLPSOH� WR� SHUIRUP� DQG� EHFDXVH� RI� WKH� WROHUDQFH� RI� WKH�

DFFHSWDQFH�FULWHULD��ZKLFK�RQO\�UHTXLUHG�DQ�HVWLPDWH�RI�WKH�WZLVW�SLWFK�WR�ZLWKLQ������ZH�GLG�QRW�

ZRUN� WR� LPSURYH� WKH� XQFHUWDLQW\� RQ� WKLV� VWUDLJKWIRUZDUG� PHDVXUHPHQW�� � :H� HVWLPDWH� WKH�

XQFHUWDLQW\� LQ� RXU� WZLVW� SLWFK� PHDVXUHPHQW�FDOFXODWLRQ� WR� EH� a� �� ��� SUHGRPLQDQWO\� IURP� WKH�

XQFHUWDLQW\�LQ�PHDVXULQJ�WKH�DQJOH��a���������1HYHUWKHOHVV��DV�FDQ�EH�VHHQ�LQ�)LJXUH������E��WKLV�

DFFXUDF\�ZDV�VXIILFLHQW�WR�LGHQWLI\�VWUDQG�WKDW�PXVW�KDYH�EHHQ�WZLVWHG�WZLFH�GXULQJ�PDQXIDFWXUH�

UHVXOWLQJ�LQ�KDOI�WKH�VSHFLILHG�WZLVW�SLWFK���7KHVH�VWUDQGV�ZHUH�VXEVHTXHQWO\�UHMHFWHG�IURP�XVH�LQ�

WKH�7)�FRLOV����

5HVXOWV�RQ�,7(5�VDPSOHV�
�

2YHU�WKH�FRQWUDFW�SHULRG�a������WZLVW�SLWFK�PHDVXUHPHQWV�ZHUH�SHUIRUPHG���)LJXUH������E�VKRZV�

WKH� QRUPDOLVHG� �WR� WKH� PHDQ�� WHVW� UHVXOWV� IRU� WKH� FRPSOHWH� VHW� RI� VDPSOHV� IRU� ERWK� VWUDQG�

DUFKLWHFWXUHV��QRW�LQFOXGLQJ�DGGLWLRQDO�PHDVXUHPHQWV�UHTXHVWHG�E\�)�(����)LJXUH������VKRZV�WKH�

WZLVW�SLWFK�WHVW�UHVXOWV�IRU�HDFK�DUFKLWHFWXUH�PHDVXUHG�E\�'XUKDP��LQ�PHDVXUHPHQW�RUGHU���)RU�

WKH�LQWHUQDO�WLQ�VWUDQGV�WKH�JOREDO�PHDQ�WZLVW�SLWFK�IRU�WKH�FRPSOHWH�GDWDVHW�LV����PP�������DQG�

WKDW�RI�WKH�EURQ]H�URXWH�VWUDQGV�LV����PP���������,I�WKH�EDWFK�LQIOXHQFH�LV�UHPRYHG��VHH�)LJXUH�

�����F�DQG�G��WKHQ�WKH�GHYLDWLRQ�IURP�WKH�DPD�IRU�ERWK�DUFKLWHFWXUHV�LV��������

D�� E��

�

�
)LJXUH��������D��7ZLVW�SLWFK�YLVLEOH�LQ�WKH�VWULDWLRQV�RQ�WKH�WDQWDOXP�EDUULHU�DQG�E��WZLVW�SLWFK�

QRUPDOLVHG�WR�WKH�PHDQ�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV��

� ௉ܶ ൌ
ͳͺͲ݀ ��� ߠ

ߠ � ������
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&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV�
�

1R� LQWHU�ODERUDWRU\� FURVV�FKHFN� PHDVXUHPHQWV� ZHUH� SHUIRUPHG� �� RWKHU� WKDQ� WKH� RULJLQDO�

EHQFKPDUNLQJ�PHDVXUHPHQWV�WKDW�ZHUH�UHTXLUHG�RI�DOO�SDUWLHV�ZLWKLQ�WKH�FRQWUDFW�ELGGLQJ�SURFHVV�

WR�HVWDEOLVK�WKHLU�DELOLW\�WR�SHUIRUP�WKH�PHDVXUHPHQW���

������&RSSHU�WR�QRQ�FRSSHU�UDWLR�PHDVXUHPHQWV�
�

7KH� FRSSHU� WR� QRQ�FRSSHU� UDWLR� ZDV�PHDVXUHG� E\� ILUVW� DFTXLULQJ� FURVV�VHFWLRQ� LPDJHV� RI� WKH�

VDPSOHV� XVLQJ� WKH�+LWDFKL� 68���� )(*�6(0� LQ� WKH� 'XUKDP�0LFURVFRS\� 8QLW�� ZKLFK� SURYLGHV�

PDJQLILFDWLRQV�IURP�[���XS�WR�[����������7KH�XVXDO�SUDFWLFH�LV�WR�PRXQW�D�VLQJOH�VDPSOH��RU�PD\EH�

WZR��ZLWKLQ�D�%DNHOLWH�SXFN��EXW� WKLV�ZDV�QRW�D�SUDFWLFDO�ZD\� WR�GHDO�ZLWK� WKH� ODUJH�QXPEHU�RI�

VDPSOHV�WR�EH�PHDVXUHG�DV�SDUW�RI�WKLV�FRQWUDFW���:H�WKHUHIRUH�PRXQWHG�XS�WR����VDPSOHV��WKH�

PD[LPXP�IHDVLEOH�QXPEHU�WKDW�FRXOG�EH�ILWWHG�ZLWKLQ�D�VWDQGDUG�VL]HG�SXFN��LQWR�D�%DNHOLWH�SXFN�

D�� E��

F�� G��

)LJXUH��������7ZLVW�SLWFK�WHVW�UHVXOWV�IRU�DOO�WKH�VDPSOHV�PHDVXUHG�E\�'XUKDP�IRU�D��LQWHUQDO�WLQ�

DQG�E��EURQ]H�URXWH�VWUDQGV���7KH�EOXH�FXUYHV�DUH�DGMDFHQW�PRYLQJ�DYHUDJH��DPD��ILWV�WR�WKH�

GDWD�DQG�WKH�UHG�GDVKHG�FXUYHV�UHSUHVHQW���RQH�VWDQGDUG�GHYLDWLRQ�IURP�WKH�DPD���7KH�VSUHDG�

LQ�WKH�GDWD�LV�PRUH�FOHDUO\�VKRZQ�LQ�SORW�F��UHODWHG�WR�SORW�D�IRU�LQWHUQDO�WLQ��DQG�SORW�G��UHODWHG�

WR�SORW�E�IRU�EURQ]H�URXWH��ZKHUH�WKH�UHVSHFWLYH�DPD�KDV�EHHQ�VXEWUDFWHG�IURP�LWV�GDWDVHW���7KH�

ORFDO�VSUHDG�LQ�WKH�GDWD�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV�LV�������PP��
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�
LQ�ZKLFK����KROHV�KDG�EHHQ�GULOOHG���2QH�VDPSOH�ZDV�IL[HG�LQ�HDFK�KROH�ZLWK�DQ�HSR[\�UHVLQ�SULRU�

WR�SROLVKLQJ��VHH�)LJXUH������D����7KH�SROLVKLQJ�SURFHVV�FRQVLVWHG�RI�D�VWDJHG�JULQGLQJ�URXWLQH�LQ�

ZKLFK� SROLVKLQJ� GLVNV� RI� LQFUHDVLQJO\� ILQHU� JULW� ZRXOG� IODWWHQ� WKH� VDPSOH� VXUIDFHV� DQG� UHGXFH�

DEUDVLRQ�PDUNV���7KH�SURFHVV�ZRXOG�WKHQ�FRQWLQXH�ZLWK�HYHQ�ILQHU�JULW�GLDPRQG�SDVWHV��VXEVWLWXWHG�

IRU�WKH�JULQGLQJ�GLVFV��XQWLO�WKH�UHTXLUHG�SROLVKLQJ�OHYHO�ZDV�DFKLHYHG���7KH�FURVV�VHFWLRQ�LPDJHV�

�VHH�)LJXUH������E��ZHUH�WKHQ�DQDO\VHG�LQ�$GREH�3KRWRVKRS�WR�PHDVXUH�WKH�FURVV�VHFWLRQDO�DUHDV�

RFFXSLHG�E\�WKH�FRSSHU�UHJLRQ��VHH�)LJXUH������F��DQG�WKH�QRQ�FRSSHU�UHJLRQ��VHH�)LJXUH������

G��IURP�ZKLFK�D�YDOXH�RI�WKH�FRSSHU�WR�QRQ�FRSSHU�UDWLR�ZDV�HDVLO\�FDOFXODWHG��

'XUKDP�ODERUDWRU\�XQFHUWDLQWLHV�
�

7KH�HOHFWURQ�PLFURVFRSHV� LQ�'XUKDP�DUH�SDUW�RI�D���0� LQYHVWPHQW�PDGH�E\� WKH�8QLYHUVLW\� LQ�

DURXQG�������7KH�6(0�ZH�XVH� LV�D�ZRUOG�FODVV�SLHFH�RI�HTXLSPHQW�ZLWK�VXSHUE�UHOLDELOLW\�DQG�

FDOLEUDWLRQ��DQG�VR��DQ\�HUURU�DVVRFLDWHG�ZLWK� LWV�XVH� LV�QHJOLJLEOH�� �$GGLWLRQDOO\�� DVVXPLQJ� WKH�

HUURUV�DUH�UHDVRQDEO\�XQLIRUP�RYHU�HDFK�LPDJH�DQG�WDNLQJ�LQWR�DFFRXQW�WKDW�WKH�FRSSHU�WR�QRQ�

FRSSHU�UDWLR�RI�WKHVH�VWUDQGV�LV�DURXQG�RQH��WKH�UDWLR�VKRXOG�QRW�EH�QRWLFHDEO\�DIIHFWHG�E\�WKH�

PDFKLQH�XQFHUWDLQW\���:H�PXVW�WKHUHIRUH�ORRN�WR�RSHUDWRU�SROLVKLQJ�DV�WKH�QH[W�OLNHO\�VRXUFH�RI�

HUURU�� � +RZHYHU�� DQ\� VLJQLILFDQW� HUURUV� LQWURGXFHG� E\� SROLVKLQJ�� VXFK� DV� WKH� SURGXFWLRQ� RI� DQ�

�
)LJXUH��������&RSSHU�WR�QRQ�FRSSHU�UDWLR���D��PRXQWLQJ�SXFN��%DNHOLWH��XVHG�WR�LPDJH�WKH�FURVV�

VHFWLRQV�RI�XS�WR����VDPSOHV�ZLWK�WKH�68����)(*�6(0��E��H[DPSOH�LPDJH��F��FRSSHU�UHJLRQ�

KLJKOLJKWHG��G��QRQ�FRSSHU�UHJLRQ�KLJKOLJKWHG��

E��D��

F�� G��
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�
DQJOHG�VXUIDFH��VKRXOG�EH�YLVLEO\�GHWHFWDEOH�WKURXJK�XQFKDUDFWHULVWLF�HOOLSVRLGDO�FURVV�VHFWLRQDO�

DUHDV���WKHVH�ZHUH�QRW�GHWHFWHG���,PDJH�SURFHVVLQJ�HUURUV�DVVRFLDWHG�ZLWK�WKH�LGHQWLILFDWLRQ�RI�WKH�

FRSSHU�DQG�QRQ�FRSSHU�DUHDV�LQ�3KRWRVKRS�KDYH�DOVR�EHHQ�FRQVLGHUHG���2XU�FRQFOXVLRQ�LV�WKDW�

WKH�HUURUV�LQ�WKHVH�PHDVXUHPHQWV�DUH�YHU\�VPDOO�DQG�FHUWDLQO\�EHORZ������ZKLFK�LV�IDU�VPDOOHU�

WKDQ�WKDW�QHHGHG�IRU�WKH�,7(5�PHDVXUHPHQWV����

5HVXOWV�RQ�,7(5�VDPSOHV�
�

2YHU� WKH� FRQWUDFW� SHULRG� a� ����� FRSSHU� WR� QRQ�FRSSHU� UDWLR�PHDVXUHPHQWV�ZHUH� SHUIRUPHG���

)LJXUH������VKRZV�WKH�QRUPDOLVHG��WR�WKH�PHDQ��WHVW�UHVXOWV�IRU�WKH�FRPSOHWH�VHW�RI�VDPSOHV�IRU�

ERWK�VWUDQG�DUFKLWHFWXUHV��QRW�LQFOXGLQJ�DGGLWLRQDO�PHDVXUHPHQWV�UHTXHVWHG�E\�)�(����)LJXUH������

VKRZV�WKH�FRSSHU�WR�QRQ�FRSSHU�UDWLR�WHVW�UHVXOWV�IRU�HDFK�DUFKLWHFWXUH�PHDVXUHG�E\�'XUKDP��LQ�

PHDVXUHPHQW�RUGHU���)RU�WKH�LQWHUQDO�WLQ�VWUDQGV�WKH�JOREDO�PHDQ�FRSSHU�WR�QRQ�FRSSHU�UDWLR�IRU�

WKH�FRPSOHWH�GDWDVHW�LV������������DQG�IRU�WKH�EURQ]H�URXWH�LW�LV��������������,I�WKH�EDWFK�LQIOXHQFH�

LV�UHPRYHG��VHH�)LJXUH������F�DQG�G��WKHQ�WKH�GHYLDWLRQ�IURP�WKH�DPD�IRU�WKH�LQWHUQDO�WLQ�VWUDQGV�

LV�������DQG�WKDW�RI�WKH�EURQ]H�URXWH�VWUDQGV�LV��������

&RPSDULVRQV�ZLWK�RWKHU�ODERUDWRULHV�
�

6RPH�VPDOO�TXDQWLW\�FRPSDULVRQV�EHWZHHQ�'XUKDP�DQG�/DE�$�VKRZHG�DJUHHPHQW�WR�ZLWKLQ�������

�VHH��

)LJXUH���������(DFK�ODERUDWRU\�PHDVXUHG�WKHLU�RZQ�VHW�RI�WZHOYH�VDPSOHV��ZKHUH�ERWK�VHWV�ZHUH�

SURGXFHG�IURP����DGMDFHQW�VDPSOHV�FXW�IURP�WZHOYH�VWUDQGV��

����&RQFOXGLQJ�FRPPHQWV�
�

$W�WKH�EHJLQQLQJ�RI�WKLV�FKDSWHU�ZH�VWDWHG�WKUHH�DLPV�WKDW�ZH�VRXJKW�WR�DFKLHYH���7KH�ILUVW�ZDV�WR�

VDWLVI\�RXU�FRQWUDFWXDO�REOLJDWLRQV��ZKLFK�ZH�DFKLHYHG�E\�PHHWLQJ�HYHU\�DJUHHG�GHOLYHU\�GHDGOLQH�

DQG�E\�SURYLGLQJ�KLJK�TXDOLW\�GDWD�XSRQ�ZKLFK�YDOXHG�TXDOLW\�DVVHVVPHQWV�FRXOG�EH�PDGH���7KH�

VHFRQG�DLP�ZDV�WR�GHYHORS�WKH�FU\RJHQLF�DQG�URRP�WHPSHUDWXUH�PHWURORJ\�IRU�YHU\�ODUJH�VDPSOH�

TXDQWLWLHV�� �:H�DFKLHYHG� WKLV�E\�GHYHORSLQJ�QHZ�ZD\V� WR�PDLQWDLQ�VDPSOH� WKURXJKSXW�ZLWKRXW�

XQGHUPLQLQJ�PHDVXUHPHQW�TXDOLW\��IRU�H[DPSOH��LQ�XVLQJ�SUHVV�ILW�FRQWDFWV�EHWZHHQ�FULWLFDO�FXUUHQW�

EDUUHOV�UDWKHU�WKDQ�VROGHUHG�MRLQWV���:H�DOVR�FRQGXFWHG�D�ODUJH�QXPEHU�RI�UHSHDW�PHDVXUHPHQWV��

�
)LJXUH��������&RSSHU�WR�QRQ�FRSSHU�UDWLR�QRUPDOLVHG�WR�WKH�PHDQ�IRU�ERWK�VWUDQG�DUFKLWHFWXUHV�



0HWURORJ\�RI�ODUJH�TXDQWLW\�FKDUDFWHULVDWLRQ�RI�WRURLGDO�ILHOG�1E�6Q�VWUDQGV�IRU�,7(5� � ����
�
D�� E��

F�� G��

� �

)LJXUH���������&RSSHU�WR�QRQ�FRSSHU�UDWLR�WHVW�UHVXOWV�IRU�WKH�VDPSOHV�PHDVXUHG�E\�'XUKDP�IRU�

D��LQWHUQDO�WLQ�DQG�E��EURQ]H�URXWH�VWUDQGV���7KH�EOXH�FXUYHV�DUH�DGMDFHQW�PRYLQJ�DYHUDJH��DPD��

ILWV�WR�WKH�GDWD�DQG�WKH�UHG�GDVKHG�FXUYHV�UHSUHVHQW���RQH�VWDQGDUG�GHYLDWLRQ�IURP�WKH�DPD���

7KH�VSUHDG�LQ�WKH�GDWD�LV�PRUH�FOHDUO\�VKRZQ�LQ�SORW�F��UHODWHG�WR�SORW�D�IRU�LQWHUQDO�WLQ��DQG�SORW�

G��UHODWHG�WR�SORW�E�IRU�EURQ]H�URXWH��ZKHUH�WKH�UHVSHFWLYH�DPD�KDV�EHHQ�VXEWUDFWHG�IURP�LWV�

GDWDVHW����7KH�VSUHDG�LQ�WKH�GDWD�IRU�WKH�LQWHUQDO�WLQ�PHDVXUHPHQWV�LV��������DQG�IRU�WKH�EURQ]H�

URXWH�LW�LV���������

�
�
)LJXUH��������&RSSHU�WR�QRQ�FRSSHU�FURVV�FKHFN�PHDVXUHPHQWV�EHWZHHQ�'XUKDP�DQG�/DE�$�

LQ�ZKLFK�WKHUH�ZDV�D�����DJUHHPHQW�LQ�WKH�DYHUDJH��



0HWURORJ\�RI�ODUJH�TXDQWLW\�FKDUDFWHULVDWLRQ�RI�WRURLGDO�ILHOG�1E�6Q�VWUDQGV�IRU�,7(5� � ����
�
LQ�GLIIHUHQW�WHVW�FRQILJXUDWLRQV�WR�LPSURYH�DQG�WHVW�RXU�PHDVXUHPHQW�PHWKRGRORJLHV���/DVWO\��ZH�

DLPHG�WR�KDYH�DQ�LPSDFW�RQ�WKH�VXFFHVV�RI�WKH�,7(5�SURMHFW�LWVHOI���7KLV�LV�D�WDOO�GHPDQG�WR�VDWLVI\��

EXW�E\�SHUIRUPLQJ�DFFXUDWH�PHDVXUHPHQWV��QRW�RQO\�RQ�DQ�H[WUHPHO\�ODUJH�TXDQWLW\�RI�VDPSOHV��

LQ�D�IDLUO\�VKRUW�SHULRG�RI�WLPH��EXW�DOVR�RQ�D�JUHDW�QXPEHU�RI�DGGLWLRQDO�PHDVXUHPHQWV�UHTXHVWHG�

E\�)�(��ZH�EHOLHYH�WKLV�DLP�KDV�DOVR�EHHQ�VDWLVILHG���7KH�VFUXWLQ\�WKDW�'XUKDP¶V�SURFHVVHV�DQG�

PHDVXUHPHQWV� ZHUH� VXEMHFWHG� WR� WKURXJKRXW� WKH� FRQWUDFW� SHULRG� ZDV�� RI� FRXUVH�� SHUIHFWO\�

UHDVRQDEOH�DQG�FRUUHFW��EXW�RQ�HYHU\�RFFDVLRQ�IDXOW�FRXOG�QRW�EH�IRXQG�ZLWK�'XUKDP¶V�UHVXOWV���

7KLV�PHDQW� WKDW�'XUKDP¶V� UROH� KHOSHG� WR� ILOWHU� RXW� VXEVWDQGDUG� PDWHULDOV� DQG� LQ� WKLV� UHVSHFW��

DOWKRXJK�ZH�ZHUH�EXW�D�PLQXWH�FRJ�LQ�D�YHU\�FRPSOLFDWHG�WLPHSLHFH��RXU�LPSDFW�ZDV�ODUJHO\�GRZQ�

WR�WKH�DFFXUDF\��UHOLDELOLW\�DQG�WLPHOLQHVV�RI�RXU�GDWD��

�

'XULQJ� WKH�FRQWUDFW�SHULRG�ZH�HVWDEOLVKHG�VXFFHVVIXO�DQG� UHOLDEOH�PHWKRGV� IRU�KDQGOLQJ��KHDW�

WUHDWLQJ� DQG� PHDVXULQJ� ODUJH� VDPSOH� TXDQWLWLHV�� � )RU� WKH� FULWLFDO� FXUUHQW� PHDVXUHPHQWV� ZH�

LPSURYHG�GDWD�DFTXLVLWLRQ�E\�VWUDSSLQJ�WKH�VDPSOHV�ZLWK�<%&2�WDSH�WR�LQFUHDVH�(�ILHOGV�GXULQJ�

WKH�WUDQVLWLRQ�WKDW�DOORZHG�PRUH�DFFXUDWH�PHDVXUHPHQWV�RI�Q�YDOXH�WR�EH�GHWHUPLQHG���:H�DOVR�

HVWDEOLVKHG� WKH�GHJUHH� WR�ZKLFK�D�VDPSOH¶V� FULWLFDO� FXUUHQW�ZRXOG�EH�HIIHFWHG�E\� WHPSHUDWXUH�

GHYLDWLRQV� IURP� WKH� VSHFLILHG� XSSHU� KHDW�WUHDWPHQW� SODWHDX�� DQG� LQFOXGHG� WKLV� DQDO\VLV� LQ� RXU�

HVWLPDWH�RI� WKH�WRWDO�XQFHUWDLQW\� LQ�WKH� WHVW�UHVXOWV�� �)RU� WKH�K\VWHUHVLV� ORVV�PHDVXUHPHQWV�ZH�

PHDVXUHG� WKH�FKDQJH� LQ� YROXPH�RI� WKH�VWUDQGV�GXULQJ�KHDW�WUHDWPHQW�DQG�XVHG� WKHVH�GDWD� WR�

GHWHUPLQH�WKH�SRVW�KHDW�WUHDWPHQW�GHQVLWLHV�WKDW�ZHUH�XVHG�LQ�WKH�FDOFXODWLRQ�RI�WKH�ORVVHV�SHU�

XQLW�VWUDQG�YROXPH��WKXV�SURYLGLQJ�LPSURYHG�DFFXUDF\���:H�DOVR�HVWDEOLVKHG�WKDW�WKH�SXULW\�RI�WKH�

JDV�XVHG�LQ�WKH�KHDW�WUHDWPHQWV�GLG�QRW�VLJQLILFDQWO\�DIIHFW�ORVVHV�DQG�WKDW�WKH�QXPEHU�RI�WXUQV�LQ�

D� VDPSOH� DQG�HOHFWULFDOO\� LQVXODWLQJ� WXUQV�� KDG� OLWWOH� �LI� DQ\�� HIIHFW� RQ�PHDVXUHPHQW� DFFXUDF\���

&RQYHUVHO\��ZH�IRXQG�WKDW�KHDW�WUHDWLQJ�555�VDPSOHV�LQ�DQ�HQYLURQPHQW�ZLWK�D�JDV�SXULW\�OHVV�

WKDQ�IRXU�QLQHV�KDOYHG�WKH�H[SHFWHG�555�YDOXHV��DGGLQJ�IXUWKHU�FUHGHQFH�WR�WKH�LPSRUWDQFH�RI�

HQYLURQPHQWDO�FOHDQOLQHVV�RQ�555�DQG�SURYLGLQJ�D�EDOO�SDUN�JXLGH�DV�WR�WKH�VHYHULW\�RI�GHYLDWLRQV�

DZD\� IURP�EHVW�SUDFWLFH�� �7KH�GHJUHH� WR�ZKLFK�ZH�VXEMHFWHG� WKH� FU\RJHQLF�PHDVXUHPHQWV� WR�

DGGLWLRQDO� H[SHULPHQWV� VLJQLILHV� WKHLU� JUHDWHU� FRPSOH[LW\� RYHU� WKH� URRP� WHPSHUDWXUH�

PHDVXUHPHQWV��ZKLFK�ZHUH�UHDVRQDEO\�VWUDLJKW�IRUZDUG�WR�SHUIRUP�DQG�ZHUH�IDU�OHVV�VXVFHSWLEOH�

WR�RSHUDWRU�SURFHVV�LQIOXHQFHV���+RZHYHU��QR�OHVV�GLOLJHQFH�ZDV�H[SHQGHG�LQ�FRQGXFWLQJ�WKHP�

DQG�DOO�UHDVRQDEOH�FDOLEUDWLRQ��DQG�FRQVLVWHQF\��FKHFNV�ZHUH�SHUIRUPHG����

�

)RU�FRPPHUFLDO�UHDVRQV�ZH�KDYH�QRW�H[SOLFLWO\�TXDQWLILHG�WKH�QXPEHU�RI�VDPSOHV�WKDW�GLG�QRW�PHHW�

WKH�,7(5�DFFHSWDQFH�FULWHULD�EXW�LW�LV�UHDVRQDEOH�WR�VD\�WKDW�E\�IDU�WKH�PRVW�GLIILFXOW�YHULILFDWLRQ�

WHVW�WR�VDWLVI\�ZDV�555�DQG�WKH�OHDVW�GLIILFXOW�ZDV�K\VWHUHVLV� ORVVHV���7KH�UHTXLUHPHQW�IRU�YHU\�

FOHDQ� FRSSHU� VWDELOLVHU� QDWXUDOO\� SUHVHQWV� JUHDW� WHFKQRORJLFDO� SUREOHPV� LQ� FRPSRVLWH� VWUDQGV�

ZKHUH�WKH�PHWKRG�QHHGHG�WR�SURFHVV�WKH�VXSHUFRQGXFWLQJ�YROXPH��QDPHO\��KHDW�WUHDWPHQW��FDQ�

EH�GHWULPHQWDO� WR� VWDELOLVHU� SXULW\�� � $Q\� VPDOO� EUHDNV� LQ� WKH� WDQWDOXP�EDUULHU� RU� WKH� FKURPLXP�

SODWLQJ��IRU�LQVWDQFH��FDQ�VHYHUHO\�UHGXFH�555�DQG�OHDG�WR�VLJQLILFDQW�LQKRPRJHQHLWLHV���2YHUDOO��

KRZHYHU��WKH�VWUDQGV�IURP�ERWK�PDQXIDFWXUHUV�SHUIRUPHG�YHU\�ZHOO�DQG�WKLV�LV�LQ�VSLWH�RI�WKH�KHIW\�

GHPDQGV�PDGH�RQ�WKHLU�SURGXFWLRQ�IDFLOLWLHV�JLYHQ�WKH�VKHDU�DPRXQW�RI�1E�6Q�UHTXLUHG�IRU�,7(5��



0HWURORJ\�RI�ODUJH�TXDQWLW\�FKDUDFWHULVDWLRQ�RI�WRURLGDO�ILHOG�1E�6Q�VWUDQGV�IRU�,7(5� � ����
�
�

:H�ZRXOG�OLNH�WR�HQG�WKLV�FKDSWHU�E\�SRLQWLQJ�RXW�WKDW�PHWURORJ\�LV�QHYHU�D�GRQH�GHDO«�LW¶V�RQO\�

GRQH��GRQH��DQG�GRQH�DJDLQ�ZLWK�EHWWHU�DFFXUDF\�DQG�ILQHU�SUHFLVLRQ��

�

�



�

�

�

�
&RQFOXGLQJ�FRPPHQWV�DQG�IXWXUH�ZRUN�
�

7KH�ZRUN�GLVFXVVHG� LQ� WKLV� WKHVLV�KDV�EHHQ�FRQFHUQHG�ZLWK� WKH� IDEULFDWLRQ�DQG�SURFHVVLQJ�RI�

QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH�DQG�WKH�PHWURORJ\�RI�D�ODUJH�QXPEHU�RI�1E�6Q�VDPSOHV�IRU�

,7(5�� WZR� GLIIHUHQW� VXEMHFWV� WKDW� PLJKW� RQO\� VHHP� FRQQHFWHG� E\� WKHLU� VKDUHG� UHODWLRQVKLS� WR�

VXSHUFRQGXFWLYLW\���+RZHYHU��WKH�LQWHUHVW�DQG�PRWLYDWLRQ�WKDW�KDV�GULYHQ�HDFK�NLQG�RI�ZRUN�KDV�

EHHQ�WKH�VDPH���:H�DUH�IXQGDPHQWDOO\�LQWHUHVWHG�LQ�DSSO\LQJ�D�FRPELQDWLRQ�RI�WHFKQRORJ\�DQG�

PHWKRGRORJ\��EDVHG�RQ�LQWHOOLJHQFH��H[SHUWLVH��H[SHULHQFH�DQG�SHUVHYHUDQFH�WR�VXSHUFRQGXFWRUV�

DQG�VXSHUFRQGXFWLYLW\�LQ�DQ\�ZD\�WKDW�PLJKW�EHQHILW�LWV�DSSOLFDWLRQ�ZLWKLQ�VRFLHW\��QR�PDWWHU�KRZ�

VPDOO�WKDW�EHQHILW�PLJKW�EH����

�

:LOO�QDQRFU\VWDOOLQH�QLRELXP�FDUERQLWULGH�ZLWK�DQ�XSSHU�FULWLFDO�ILHOG�RI�a����7�EHQHILW�VRFLHW\"��2Q�

LWV� RZQ��PRVW� OLNHO\� QRW�� EXW� WKLV�� LQ� FRQMXQFWLRQ�ZLWK� WKH� REVHUYHG� LQFUHDVH� LQ� FULWLFDO� FXUUHQW�

GHQVLW\��VHUYHV�WR�VKRZ�WKH�SRWHQWLDO�IRU�UHDO�EHQHILWV�WKDW�PLJKW�EH�DFKLHYHG�ZLWK�PRUH�ZRUN���,Q�

WKH�IXWXUH�ZH�ZRXOG�OLNH�WR�VXEVWDQWLDOO\�DXJPHQW�WKH�QDQRFU\VWDOOLQH�ZRUN�GLVFXVVHG�LQ�WKH�WKHVLV�

E\�SHUIRUPLQJ��RQ�DOO� WKH�VDPSOHV�VR�IDU�SURGXFHG��D�IXOO�VXLWH�RI�UHVLVWLYLW\��KHDW�FDSDFLW\�DQG�

PDJQHWLVDWLRQ�PHDVXUHPHQWV� WR�PRUH� IXOO\�FRPSOHWH� WKH�QDQRFU\VWDOOLQH�FKDUDFWHULVDWLRQ���:H�

ZRXOG� DOVR� OLNH� WR�PHDVXUH� WKH� YHU\� EHVW� VDPSOHV� LQ� KLJKHU� DSSOLHG�PDJQHWLF� ILHOGV� WKDQ� DUH�

FXUUHQWO\�DYDLODEOH�WR�XV�LQ�'XUKDP�E\�YLVLWLQJ�D�QDWLRQDO�LQWHUQDWLRQDO�IDFLOLW\�ZLWK�WKH�QHFHVVDU\�

HTXLSPHQW���$�IXOO�DQDO\VLV�RI�WKLV�GDWD�ZRXOG�OHDG�WR�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�UHODWLRQVKLS�

EHWZHHQ�WKH�VDPSOHV¶�PRUSKRORJLHV�DQG�WKHLU�FKDUDFWHULVWLF�SDUDPHWHUV��VXFK�DV��6RPPHUIHOG�

FRQVWDQW�DQG�'HE\H�WHPSHUDWXUH�DQG�WKHLU�VXSHUFRQGXFWLQJ�FULWLFDO�YDOXHV���7KLV�FRPSUHKHQVLYH�

GDWD�VHW�VKRXOG�WKHUHIRUH�DLG�WKH�VHOHFWLRQ�RI�D�VHW�RI�SURFHVV�SDUDPHWHUV�WKDW�ZRXOG�HQDEOH�D�

PRUH�GLUHFWHG�H[SHULPHQW��GHVLJQHG�WR�VHHN�RXW�WKH�RSWLPXP�XSSHU�FULWLFDO�ILHOG�DQG�FULWLFDO�FXUUHQW�

GHQVLW\�DQG�WR�WHVW�RXU�XQGHUVWDQGLQJ�RI�WKH�UHOHYDQW�SDUDPHWHUV���7KLV�LQFUHDVHG�XQGHUVWDQGLQJ�

ZRXOG�JUHDWO\�IDFLOLWDWH�ZLGHQLQJ�WKH�VFRSH�RI�7D\ORU¶V�PRGHO�WR�WKRVH�PDWHULDOV�WKDW�GRQ¶W�KDYH�D�

SHDN�LQ�WKHLU�GHQVLW\�RI�VWDWHV��FHQWUHG�DW�WKH�)HUPL�HQHUJ\���$W�WKH�YHU\�OHDVW�LW�ZRXOG�HQDEOH�D�

UHILQHPHQW�RI�WKH�PRGHO�DQG�ZRXOG�LQFUHDVH�WKH�PRGHO¶V�DSSOLFDELOLW\��ZKLFK�LQ�LWVHOI�PLJKW�OHDG�WR�

DQ� LQFUHDVHG� DELOLW\� WR� SUHGLFW� WKRVH� PDWHULDOV� WKDW� PLJKW� EHQHILW� WKH� PRVW� IURP� EHLQJ� PDGH�

QDQRFU\VWDOOLQH�� HLWKHU� JHQHUDWLQJ� DQ� DFFHOHUDWHG� URXWH� WR� VXSHULRU� PDWHULDOV� IRU� UHDO�ZRUOG�

DSSOLFDWLRQV�VXFK�DV�,7(5�RU�HQDEOLQJ�URXWHV�WR�D�JUHDWHU�XQGHUVWDQGLQJ�RI�WKH�XQGHUO\LQJ�SK\VLFV��



&RQFOXGLQJ�FRPPHQWV�DQG�IXWXUH�ZRUN� � ����
�
�

7KH�PHWKRGV�WKDW�ZH�KDYH�XVHG� WR�SURGXFH�QDQRFU\VWDOOLQH�PDWHULDO��QDPHO\��PHFKDQLFDO�EDOO�

PLOOLQJ�DQG�+,3LQJ��DUH�D�JRRG�WULHG�DQG�WHVWHG�PHDQV�RI�PDWHULDO�SURFHVVLQJ���+RZHYHU��WKH\�DUH�

DOVR� EUXWLVK� ZD\V� RI�PDQLSXODWLQJ�PDWHULDO�� � 7KH\� GR� QRW� SURYLGH� WKH�PHDQV� E\� ZKLFK� JUDLQ�

ERXQGDULHV�WKHPVHOYHV�FRXOG�EH�GHOLFDWHO\�HQJLQHHUHG��IRU�H[DPSOH�� �7KLV�NLQG�RI�HQJLQHHULQJ�

ZRXOG�EH�RI�EHQHILW��QRW�RQO\��RU�QHFHVVDULO\��WR�LQFUHDVH�RU�FRQWURO�IOX[�SLQQLQJ��EXW�DOVR�WR�RSWLPLVH�

LQWHUJUDQXODU� FXUUHQW� SDWKV�� � ,W� PLJKW� EH� SRVVLEOH� WR� DXJPHQW� PLOOLQJ� DQG� +,3LQJ� ZLWK� RWKHU�

WHFKQRORJLHV�WKDW�IDFLOLWDWH�ILQHU�FRQWURO�RYHU�JUDLQ�ERXQGDULHV���)RU�H[DPSOH��LW�PLJKW�EH�SRVVLEOH�

WR� +,3� D� PLOOHG� PDWHULDO� ZKLOH� VLPXOWDQHRXVO\� DJLWDWLQJ� LW� ZLWK� XOWUDVRQLF� ZDYHV� WR� UHGXFH�

LQWHUJUDQXODU�SRUHV�WKDW�ZRXOG�OHDG�WR�PRUH�FRPSDFWHG�VDPSOHV���7KH�IUHTXHQF\�RI�WKH�XOWUDVRQLF�

ZDYHV�FRXOG�EH�DGMXVWHG�WR�WDUJHW�WKH�PXFK�VPDOOHU��DPRUSKRXV��PDWHULDO�WKDW�UHVLGHV�ZLWKLQ�WKH�

JUDLQ� ERXQGDULHV�� FDXVLQJ� LW� WR� EH�PRUH� HYHQO\� GLVWULEXWHG�� SRVVLEO\� OHDGLQJ� WR� D� UHGXFWLRQ� LQ�

DYHUDJH� JUDLQ� VHSDUDWLRQ� DQG� FOHDQHU� JUDLQ� ERXQGDULHV� ZLWKRXW� H[FHVVLYHO\� UHGXFLQJ� SLQQLQJ�

VLWHV���2I�FRXUVH��WKH�PLOOLQJ�DQG�+,3LQJ�SDUDPHWHUV�ZRXOG�QHHG�WR�EH�DGMXVWHG�WR�IDFLOLWDWH�WKLV�

PRUH�WDUJHWHG�IRUP�RI�JUDLQ�ERXQGDU\�HQJLQHHULQJ���,W�PLJKW�HYHQ�EH�WKDW�WKH�XOWUDVRQLF�WUHDWPHQW�

LV� FRQGXFWHG� GXULQJ� DQ� LQLWLDO� ORZ� WHPSHUDWXUH�� ORZ� SUHVVXUH�� +,3LQJ� VHVVLRQ� WKDW� SUHSDUHV� D�

SDUWLDOO\�FRPSDFWHG�VDPSOH�WKDW�LV�VXEVHTXHQWO\�+,3HG�LQGHSHQGHQWO\�RI�WKH�XOWUDVRQLF�VWDJH��DW�

PXFK�KLJKHU�SUHVVXUHV�DQG�WHPSHUDWXUHV���)RUWXQDWHO\��ZH�KDYH�IRXQG�WKDW�QLRELXP�FDUERQLWULGH�

LV�VHQVLWLYH�WR�PLOOLQJ�DQG�+,3LQJ�DQG�WKHUHIRUH�LW�DOVR�VHUYHV�DV�DQ�LGHDO�FDQGLGDWH�IRU�WHVWLQJ�WKH�

YLDELOLW\�RI�XVLQJ�XOWUDVRXQG�LQ�WKLV�ZD\�WR�IXUWKHU�LPSURYH�PDWHULDO�TXDOLW\��

�
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D�ODUJH�GDWD�VHW�KDV�EHHQ�JHQHUDWHG�E\�D�QRQ�FRPPHUFLDO��VFLHQWLILF�LQVWLWXWLRQ�IRU�RQH�VSHFLILF�
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ZRXOG� OLNH� WR� SXEOLVK� D� FRPSUHKHQVLYH�� LPSRUWDQW� DQG� LQIOXHQWLDO� SDSHU� WKDW� GHILQHV�� LQ� RQH�

SXEOLFDWLRQ�� D� EHQFKPDUN� PHWKRGRORJ\� IRU� KDQGOLQJ�� SURFHVVLQJ� DQG� SHUIRUPLQJ� WKH� NLQGV� RI�

PHDVXUHPHQW�ZH�KDYH�SHUIRUPHG���7KH�NLQGV�RI�PHDVXUHPHQW�WKDW�DUH�LQ�IDFW�QRW�VSHFLILF�WR�DQ\�

RQH� SDUWLFXODU� W\SH� RI� VXSHUFRQGXFWRU� EXW� DUH� PRUH� ZLGHO\� DSSOLFDEOH� WR� VXSHUFRQGXFWRUV� LQ�

JHQHUDO��
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0DWHULDOV�IDEULFDWLRQ��SURFHVVLQJ�DQG�PHDVXUHPHQW�DUH�DOO�GLVWLQFW�IDFHWV�UHODWHG�E\�WKH�ZD\�LQ�

ZKLFK�WKH\�FDQ�EH�XVHG�WR�FRPSOLPHQW�QDWXUH¶V�SURYLVLRQ�IRU�OLIH���$V�VFLHQWLVWV��WDVNHG�ZLWK�WKH�

IRUWXQDWH� JRDO� RI� XQGHUVWDQGLQJ� QDWXUH¶V� XQGHUO\LQJ� PHFKDQLVPV�� ZH� MXVWLI\� RXU� VFUXWLQ\� RI�

QDWXUH¶V�ZD\V�E\�VKDULQJ�RXU�ILQGLQJV��
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