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�

$ JHQHUDO�VXUYH\�RI�GLIIHUHQW� WKHUPRSK\VLFDO�PHDVXUHPHQW�PHWKRGV�LV�JLYHQ�ZLWKLQ�

WKLV� ZRUN�� IRFXVLQJ� PDLQO\� RQ� WHFKQLTXHV�� ZKLFK� DUH� XVHG� WR� GHWHUPLQH� WKHUPDO�

FRQGXFWLYLW\� DQG� WKHUPDO�GLIIXVLYLW\�RI�PHWDOV� DQG�DOOR\V�ERWK� LQ� WKH� VROLG� VWDWH�� DV�

ZHOO�DV�DW� WKH�PHOWLQJ�SRLQW�DQG� LQWR� WKH�OLTXLG�SKDVH��%\�XVLQJ�D�VXEVHFRQG�RKPLF�

SXOVH�KHDWLQJ�WHFKQLTXH�LW�LV�SRVVLEOH�WR�PHDVXUH�WKHUPRSK\VLFDO�SURSHUWLHV�RI�PHWDOV�

DQG�DOOR\V�DW�WHPSHUDWXUH�UHJLRQV�WKDW�DUH�LQDFFHVLEOH�WR�PRVW�RWKHU�WHFKQLTXHV��7KLV�

WHFKQLTXH�HQDEOHV�KHDWLQJ�UDWHV�XS�WR�����.�V�DQG�WKXV�LV�DSSOLHG�IRU�VKRUW�WLPH��µV��

PHDVXUHPHQWV� RI� WKHUPRSK\VLFDO� SURSHUWLHV� RI� HOHFWULFDO� FRQGXFWLQJ� PDWHULDOV��

%HFDXVH�RI� WKH� VKRUW� WLPH�RI� WKH�H[SHULPHQWV�QR�FKHPLFDO� LQWHUDFWLRQV�EHWZHHQ� WKH�

VDPSOH� DQG� LWV� HQYLURQPHQW� RFFXU�� 8VLQJ� SXOVH�KHDWLQJ�� PHDVXUHPHQWV� RQ� ZLUH�

VKDSHG�&RSSHU��&X��VSHFLPHQV�RI�����PP�GLDPHWHU�DQG�DQ�DYHUDJH�OHQJWK�RI����PP�

ZHUH� SHUIRUPHG� DQG� WKH� UHVXOWV� �� HVSHFLDOO\� WKHUPDO� FRQGXFWLYLW\� DQG� WKHUPDO�

GLIIXVLYLW\� XS� WR� ���� .� LQWR� WKH� OLTXLG� SKDVH� �� DUH� GLVFXVVHG� DQG� FRPSDUHG� WR�

OLWHUDWXUH�YDOXHV��
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,Q� GHU� YRUOLHJHQGHQ� $UEHLW� ZLUG� HLQ� JHQHUHOOHU� hEHUEOLFN� �EHU� YHUVFKLHGHQH��

0HWKRGHQ�]XU�0HVVXQJ� WKHUPRSK\VLNDOLVFKHU�'DWHQ�YRQ�0HWDOOHQ�XQG�/HJLHUXQJHQ�

JHJHEHQ��*DQ]� EHVRQGHUHV�$XJHQPHUN�ZXUGH� GDEHL� DXI�7HFKQLNHQ� JHOHJW�� GLH� HLQH�

0HVVXQJ� GHU� :lUPHOHLWIlKLJNHLW� XQG� GHU� 7HPSHUDWXUOHLWIlKLJNHLW� � �� VRZRKO� YRQ�

)HVWN|USHUQ�DOV�DXFK�YRQ�)O�VVLJNHLWHQ����HUP|JOLFKHQ��(LQH�GLHVHU�0HWKRGHQ�LVW�GLH�

2KP
VFKH� 3XOVKHL]XQJ� HOHNWULVFK� OHLWHQGHU� 0DWHULDOLHQ�� GLH� HLQH� (UPLWWOXQJ� GHU�

WKHUPRSK\VLNDOLVFKHQ� 'DWHQ� ELV� LQ� 7HPSHUDWXUEHUHLFKH� HUODXEW�� GLH� PLW�

KHUN|PPOLFKHQ�7HFKQLNHQ��]�%��0HVVXQJHQ� LP�RGHU�QDKH�GHP�WKHUPRG\QDPLVFKHQ�

*OHLFKJHZLFKW��QLFKW�HUUHLFKW�ZHUGHQ�N|QQHQ��'DPLW�ZHUGHQ�$XIKHL]UDWHQ�ELV�]X�����

.�V� HUUHLFKW�� ZRGXUFK� 0HVVXQJHQ� LP� µV�%HUHLFK� HUP|JOLFKW� XQG� FKHPLVFKH�

:HFKVHOZLUNXQJHQ� PLW� GHU� 8PJHEXQJ� QDKH]X� DXVJHVFKORVVHQ� ZHUGHQ� N|QQHQ�� ,Q�

GLHVHU�$UEHLW�ZXUGHQ�0HVVXQJHQ�DQ�KRFKUHLQHQ������������.XSIHUGUlKWHQ��&X��PLW�

HLQHP� 'XUFKPHVVHU� YRQ� ���� PP� XQG� HLQHU� GXUFKVFKQLWWOLFKHQ� /lQJH� YRQ� ��� PP�

GXUFKJHI�KUW� XQG� GLH� GDUDXV� HUPLWWHOWHQ�'DWHQ� �� YRU� DOOHP�:lUPHOHLWIlKLJNHLW� XQG�

7HPSHUDWXUOHLWIlKLJNHLW� ELV� ���� .� LQ� GLH� IO�VVLJH� 3KDVH� �� GLVNXWLHUW� XQG� PLW�

/LWHUDWXUZHUWHQ�YHUJOLFKHQ���
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&KDSWHU����,QWURGXFWLRQ� ������������������������������������������������������������������������������������������������

&KDSWHU����)XQGDPHQWDO�7KHRU\������������������������������������������������������������������������������

�����'HILQLWLRQV�RI�WKHUPDO�FRQGXFWLYLW\�DQG�WKHUPDO�GLIIXVLYLW\� ��������������������������������������������������

�����([SHULPHQWDO�GHWHUPLQDWLRQ� ��������������������������������������������������������������������������������������������� ����

������ &RQYHFWLRQ� �������������������������������������������������������������������������������������������������������������� ����

������ 5HODWLRQVKLS�RI�WKHUPDO�FRQGXFWLYLW\�ZLWK�HOHFWULFDO�FRQGXFWLYLW\��

� WKH�:,('(0$11�)5$1=�ODZ������������������������������������������������������������������������������ ����

�����6XPPDU\�RI�LPSRUWDQW�HTXDWLRQV�IURP�WKH�GHULYDWLRQ������������������������������������������������������� ����

&KDSWHU����6XUYH\�RI�0HWKRGV� ���������������������������������������������������������������������������� ����

���� &ODVVLILFDWLRQ�RI�PHWKRGV�XVHG�WR�PHDVXUH�WKHUPDO�FRQGXFWLYLW\�DQG��

WKHUPDO�GLIIXVLYLW\� ������������������������������������������������������������������������������������������������������������ ����

�����6WHDG\�VWDWH�WHFKQLTXHV� ����������������������������������������������������������������������������������������������������� ����

�����1RQ�VWHDG\�VWDWH�WHFKQLTXHV����������������������������������������������������������������������������������������������� ����

�����7UDQVLHQW�WHFKQLTXHV� ��������������������������������������������������������������������������������������������������������� ����

�����3XOVH�KHDWLQJ�WHFKQLTXHV� �������������������������������������������������������������������������������������������������� ����

&KDSWHU����([SHULPHQWDO�VHWXS�DQG�GDWD�HYDOXDWLRQ� ���������������������������� ����

�����([SHULPHQWDO�GHWDLOV�RI�WKH�SXOVH�KHDWLQJ�VHWXS� ��������������������������������������������������������������� ����

�����0HDVXUHG�DQG�FDOFXODWHG�SURSHUWLHV����������������������������������������������������������������������������������� ����

�����'DWD�HYDOXDWLRQ� ����������������������������������������������������������������������������������������������������������������� ����

�����$GGLWLRQDO�PHDVXUHPHQWV� ������������������������������������������������������������������������������������������������� ����

�����([SHULPHQWDO�SDUDPHWHUV�DQG�VSHFLILF�YDOXHV�XVHG�IRU�FDOFXODWLRQ� ���������������������������������� ����

�
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&KDSWHU����5HVXOWV� ������������������������������������������������������������������������������������������������������ ����

�����([SHULPHQWDO�UHVXOWV� ��������������������������������������������������������������������������������������������������������� ����

�����7DEXODU�VXPPDU\�RI�WKH�H[SHULPHQWDO�UHVXOWV�������������������������������������������������������������������� ����

�����&RPSDULVRQ�WR�OLWHUDWXUH� ��������������������������������������������������������������������������������������������������� ����

&KDSWHU����(VWLPDWLRQ�RI�XQFHUWDLQW\�������������������������������������������������������������� ����

&KDSWHU����&RQFOXVLRQ�DQG�RXWORRN� ����������������������������������������������������������������� ����

&KDSWHU����5HIHUHQFHV� ���������������������������������������������������������������������������������������������� ����
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&KDSWHU���

,QWURGXFWLRQ�

)RU� VHYHUDO� \HDUV� QRZ�� WKH� 6XEVHFRQG�7KHUPRSK\VLFV�*URXS� RI� WKH� ,QVWLWXWH� IRU�([SHULPHQWDO�

3K\VLFV� SHUIRUPV� WKHUPRSK\VLFDO� SURSHUWLHV� PHDVXUHPHQWV� E\� XVLQJ� D� RKPLF� SXOVH�KHDWLQJ�

WHFKQLTXH��:LWK� WKLV� WHFKQLTXH�� JRRG� UHVXOWV�KDYH�EHHQ�REWDLQHG� IRU�ERWK�� SXUH�PHWDOV� VXFK�DV�

$X��1E��:��RU�1L��DV�ZHOO�DV�IRU�DOOR\V�VXFK�DV�,QFRQHO�����RU�,QYDU��)H�1L���

7KH� GDWD� REWDLQHG� E\� RXU� PHDVXUHPHQWV� DUH� RI� WKH� JUHDWHVW� LQWHUHVW� IRU� WKH� PHWDOZRUNLQJ�

LQGXVWU\��L�H��DV�LQSXW�GDWD�IRU�FRPSXWHU�VLPXODWLRQV�WR�PRGHO�OLTXLG�PHWDO�SURFHVVLQJ�RSHUDWLRQV�

VXFK�DV�FDVWLQJ�RU�ZHOGLQJ��0$*0$VRIW���WR�XQGHUVWDQG�DQG�GHVLJQ�SURFHVVLQJ�HTXLSPHQW�VXFK�

DV� IDFLOLWLHV� IRU� WKH� JURZWK� RI� VLQJOH� FU\VWDOV� IURP� WKH� PHOW�� WR� REWDLQ� PRUH� DFFXUDWH� SKDVH�

GLDJUDPV��IRU�EHWWHU�DVVHVVPHQW�RI�SRWHQWLDO�DFFLGHQWV�LQ�WKH�GHVLJQ�RI�VDIHU�QXFOHDU�UHDFWRUV��IRU�

DHURVSDFH�WHFKQLTXHV��RU�MXVW�IRU�IXQGDPHQWDO�PDWHULDOV�UHVHDUFK�UHDVRQV��

�

7KLV�SUHVHQW�ZRUN�GHDOV�ZLWK�WKH�GHWHUPLQDWLRQ�RI�WKHUPDO�FRQGXFWLYLW\�DQG�WKHUPDO�GLIIXVLYLW\�RI�

SXUH�&RSSHU��&X���&RSSHU�LWVHOI�KDV�DOUHDG\�EHHQ�PHDVXUHG�DW�WKH�,QVWLWXWH�D�FRXSOH�RI�\HDUV�DJR�

ZLWK� JRRG� UHVXOWV�� EXW� WKLV� WLPH� ZH� PDLQO\� IRFXVHG� RQ� GLIIHUHQW� SURSHUWLHV� OLNH� WKHUPDO�

FRQGXFWLYLW\�DQG�WKHUPDO�GLIIXVLYLW\��%DFN�LQ�������WKH�S\URPHWHU�ZDV�DEOH�WR�SURSHUO\�GHWHFW�WKH�

PHOWLQJ�SODWHDX�RI�&RSSHU��DOWKRXJK�WKH�VXUIDFH�UDGLDWLRQ�RI�&RSSHU�LV�ORZ��ZKLFK�LV���E\�XVLQJ�

3/$1&.
V�ODZ�RQ�EODFN�ERG\�UDGLDWLRQ���D�UHVXOW�RI�WKH�ORZ�PHOWLQJ�WHPSHUDWXUH�RI�&RSSHU��%\�

ZD\�RI�FRQWUDVW��DOO�WKH�VLJQDOV�DQG�GDWD�IURP�WKH�VROLG�VWDWH�EHIRUH�PHOWLQJ�ZHUH�FRYHUHG�E\�WKH�

QRLVH� RI� WKH� DPSOLI\LQJ� HOHFWURQLF� DQG�ZHUH� WKHUHIRUH� LQDFFHVVLEOH��$V� D�PDWWHU� RI� IDFWV�� VRPH�

TXDQWLWLHV� VXFK�DV� WKH�HQWKDOS\�RU� WKH�HOHFWULFDO� UHVLVWLYLW\�DW� WKH�PHOWLQJ� WUDQVLWLRQ� OHG� WR�JRRG�

UHVXOWV��ZKHUHDV�PHDVXUHPHQWV�LQ�WKH�VROLG�VWDWH�ZHUH�QHDUO\�XQSUDFWLFDEOH���

�

0HDQZKLOH��WKLV�SUREOHP�KDV�EHHQ�UHPRYHG�E\�UHQHZLQJ�DQG�LPSURYLQJ�RXU�DSSDUDWXV��:H�KDYH�

D� QHZ� LQWHUIHUHQFH� ILOWHU� LQ� WKH� S\URPHWHU� ZLWK� D� ZLGHU� EDQGZLWK� DQG� QHZ� DPSOLILFDWLRQ�

HOHFWURQLFV�ZLWK�EHWWHU�VLJQDO� WR�QRLVH�UDWLR��7KHUHIRUH�ZH�IHOW�DEOH�WR�PHDVXUH�WKH�SURSHUWLHV�RI�



� �

&RSSHU�DJDLQ��%XW�ZH�GLG�QRW�WKLQN�DERXW�UH�PHDVXULQJ�WKH�SURSHUWLHV�RI�OLTXLG�&RSSHU�XQWLO�ZH�

JRW� DQ� LQTXLU\� IURP�'U�� -RKQ�5HGJURYH��+HDG�RI�7KHUPRSK\VLFDO�3URSHUWLHV�6HFWLRQ��1DWLRQDO�

3K\VLFDO� /DERUDWRU\� �13/��� /RQGRQ�� ZKR� KDYH� EHHQ� FRPPLVVLRQHG� WR� GHYHORS� D� QDWLRQDO�

VWDQGDUG� IRU� PHDVXUHPHQW� RI� WKH� WKHUPDO� GLIIXVLYLW\� DQG� WKHUPDO� FRQGXFWLYLW\� RI� PROWHQ�

PDWHULDOV��7KH�REMHFWLYHV�RI�WKHLU���\HDU�SURMHFW��ZKLFK�EHJDQ�-XO\�������DUH�WR��

�

• VXSSRUW� WKH� SURFHVV� LQGXVWULHV� E\� SURYLGLQJ� D� WKHUPDO� FRQGXFWLYLW\�GLIIXVLYLW\�

PHDVXUHPHQW�VWDQGDUG�IRU�PROWHQ�PDWHULDOV�

• SURYLGH�GDWD�RQ�NH\�UHIHUHQFH�PDWHULDOV��
�

$V�D�SDUW�RI�WKH�YDOLGDWLRQ��WKH\�ZDQW�WR�LQWHUFRPSDUH�PHDVXUHPHQWV�RQ�VHOHFWHG�PDWHULDOV�ZLWK�

RWKHU�ODERUDWRULHV�DQG�GLIIHUHQW�PHDVXUHPHQW�WHFKQLTXHV�WR�JHW�DQ�HVWLPDWLRQ�RI�WKH�DFFXUDF\�RI�

ERWK��WKH�PHDVXUHG�YDOXHV�DV�ZHOO�DV�WKH�GLIIHUHQW�WHFKQLTXHV��13/�DVNHG�XV�WR�SDUWLFLSDWH�LQ�WKH�

LQWHUFRPSDULVRQ� RI� DERXW� ��� GLIIHUHQW� ODERUDWRULHV� ZRUOGZLGH� DQG� WR� FRQWULEXWH� WKH�

WKHUPRSK\VLFDO� SURSHUWLHV� �� PDLQO\� WKH� WKHUPDO� FRQGXFWLYLW\� DQG� WKH� WKHUPDO� GLIIXVLYLW\� �� RI�

&RSSHU�DW������.�WR������.�WR�WKHLU�PROWHQ�PDWHULDOV�LQWHUFRPSDULVRQ��

�

&RSSHU�LWVHOI�LV�FRPPRQO\�XVHG�DV�D�UHIHUHQFH�PDWHULDO�EHFDXVH�RI�VHYHUDO�UHDVRQV��WKH�ORZ�DQG�

ZHOO�NQRZQ�PHOWLQJ�WHPSHUDWXUH��JRRG�PHFKDQLFDO�SURSHUWLHV��JRRG�HOHFWULFDO�SURSHUWLHV�VXFK�DV�

KLJK� HOHFWULFDO� FRQGXFWLYLW\� �RQO\� VLOYHU� �$J�� KDV� D� EHWWHU� HOHFWULFDO� FRQGXFWLYLW\� WKDQ�&RSSHU��

DQG�WKHUHIRUH�D�ORZ�UHVLVWLYLW\��DQG�RI�FRXUVH�LWV�DYDLODELOLW\�WR�QDPH�MXVW�D�IHZ��13/�DOVR�DLPV�WR�

SXEOLVK�WKH�ILQDO�UHVXOWV�DIWHU�WKH���\HDUV�LQ�WKH�VFLHQWLILF�OLWHUDWXUH�WR�PDNH�WKH�GDWD�DFFHVVLEOH�WR�

WKH�VFLHQWLILF�FRPPXQLW\��

�

$OWKRXJK�ZH�NQHZ�WKDW� WKH�VDPH�UHDVRQV�WKDW�PDNH�&RSSHU�VXFK�D�JRRG�UHIHUHQFH�PDWHULDO�DUH�

WKH�RQHV� WR�PDNH�PHDVXUHPHQWV�PRUH�FRPSOLFDWHG�DQG�GLIILFXOW��ZH�DJUHHG�DQG�SDUWLFLSDWHG� LQ�

WKH�LQWHUFRPSDULVRQ�SURMHFW�ZLWK�13/��1RW�DW�OHDVW��WKHVH�QHZ�&RSSHU�PHDVXUHPHQWV�DUH�D�TXLWH�

JRRG�LQGLFDWRU�IRU�WKH�SUHVHQW�DELOLWLHV�RI�RXU�PHDVXUHPHQW�V\VWHP��
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&KDSWHU���

)XQGDPHQWDO�7KHRU\�

����� 'HILQLWLRQV� RI� WKHUPDO� FRQGXFWLYLW\� DQG� WKHUPDO�
GLIIXVLYLW\�

$V�D�VWDUWLQJ�SRLQW�IRU�D�VKRUW�GHULYDWLRQ��D�F\OLQGULFDO�URG�ZKLFK�LV�LVRODWHG�DJDLQVW�KHDW�ORVVHV�

DORQJ�WKH�VXUIDFH�LV�FKRVHQ��:H�ORRN�DW�WKH�KHDW�WUDQVIHU�SDUDOOHO�WR�WKH�F\OLQGHU�D[LV��

�

�

)LJ������6FKHPDWLF�GLVSOD\LQJ� WKH�EDVLFV�RI�KHDW� FRQGXFWLRQ��.H\��7�� WHPSHUDWXUH��[�� GLVWDQFH��GT��KHDW�

IOX[��$��DUHD��9��YROXPH��

�

)RXULHU
V�SULQFLSOH�ODZ�RI�WKH�KHDW�WUDQVIHU�UHDGV��

JUDG7T ⋅−= λ � � � � � � � � � ����

�
ZKHUH�T�LV�WKH�KHDW�IOX[��7�WKH�WHPSHUDWXUH�DQG�λ�WKH�WKHUPDO�FRQGXFWLYLW\��

DGLDEDWLF�LQVXODWLRQ$

'LVWDQFH�[

7

[ [�G[

7
[

7
[�G[

G[

9
GT

[
GT

[�G[



� ��

)RXULHU�PDGH� WKH� DVVXPSWLRQ�� WKDW� WKH� SHUSHQGLFXODU� KHDW� IORZ� DFURVV� WKH� XQLW� DUHD�$�SHU�XQLW�

WLPH�PXVW�EH�SURSRUWLRQDO�WR�WKH�XQLW�DUHD�$�DQG�WKH�WHPSHUDWXUH�JUDGLHQW��G7�G[��ZKLFK�OHDGV�WR��

G[
G7

$
G7
GT ⋅⋅−==Φ λ � � � � � � � � ����

�

ZKHUH�Φ�LV�WKH�KHDW�FXUUHQW��DQG�$�WKH�XQLW�DUHD��

�

,Q�WKLV�HTXDWLRQ�WKHUPDO�FRQGXFWLYLW\�λ�LV�D�SURSRUWLRQDO�FRQVWDQW��,W�KDV�WR�EH�VWDWHG�KHUH��WKDW�λ�

LWVHOI� FRXOG� EH� D� WHPSHUDWXUH� GHSHQGHQW� TXDQWLW\� DQG� WKHUHIRUH� FRXOG� QRW� ORQJHU� EH� VHHQ� DV� D�

FRQVWDQW��

�

,I�ZH�PDNH�VRPH�VLPSOH�FRQYHUVLRQV�ZLWK�(T�������ZH�ILQG�WKH�ZHOO�NQRZQ�GHVFULSWLRQ��

G[
G7

$

T

⋅
−=λ � � � � � � � � � ����

�

2QH�FDQ�VHH�� WKDW� WKHUPDO�FRQGXFWLYLW\�λ�FDQ�EH�GHILQHG�DV�WKH�KHDW�IOX[�T�FRQGXFWHG�DFURVV�DQ�

XQLW�DUHD�$�SHU�VHFRQG�SHU�XQLW�WHPSHUDWXUH�JUDGLHQW�DQG�KDV�WKH�GLPHQVLRQ�>:P��.��@��

�

6LPLODU�WR�WKH�GHULYDWLRQ�RI�WKH�HTXDWLRQ�IRU�GLIIXVLRQ��WKH�HQWLUH�PDWKHPDWLFDO�VROXWLRQ�FDQ�RQO\�

EH�IRXQG�� LI� WKH�WHPSHUDWXUH�7�ZLWKLQ�WKH�F\OLQGHU�LV�NQRZQ�DV�D�IXQFWLRQ�RI�WLPH�W�DQG�SODFH�[�

�7�[��\��]��W����7KH�HTXDWLRQ�FRQVLGHULQJ�WKRVH�SRLQWV�LV�NQRZQ�DV�WKH�GLIIHUHQWLDO�HTXDWLRQ�RI�KHDW�

WUDQVIHU��
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7KHUPDO� GLIIXVLYLW\� UHSUHVHQWV� WKH� UDWH� RI� KHDW� GLIIXVLRQ� SHU� XQLW� WLPH� DQG� KDV� WKH� GLPHQVLRQ�

>P�V��@�� (T������� HTXDOV� ),&.
V� �QG� ODZ� RI� GLIIXVLRQ�� ZKLFK� UHIOHFWV� LQ� WKH� QDPH� WKHUPDO�

GLIIXVLYLW\��
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$V�RQH�FDQ�VHH��(T�������FUHDWHV�D�UHODWLRQ�EHWZHHQ�WKHUPDO�FRQGXFWLYLW\�DQG�WKHUPDO�GLIIXVLYLW\��

7KLV� LV� YHU\� LPSRUWDQW� IRU� GLIIHUHQW�PHDVXUHPHQWV�� EHFDXVH� LQ� VRPH�PHWKRGV� LW� LV� QRW� WKHUPDO�

FRQGXFWLYLW\� λ� EXW� WKHUPDO� GLIIXVLYLW\� D� ZKLFK� LV� GHWHUPLQHG�� DV� ZLWK� WKH� NQRZOHGJH� RI� RQH�

TXDQWLW\�LW
V�SRVVLEOH�WR�GHWHUPLQH�WKH�RWKHU�TXDQWLW\��
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���� ([SHULPHQWDO�GHWHUPLQDWLRQ�

%HIRUH�WKH�YDULRXV�GLIIHUHQW�PHWKRGV�XVHG�WR�PHDVXUH�WKHUPDO�FRQGXFWLYLWLHV�DQG�GLIIXVLYLWLHV�DUH�

GLVFXVVHG�LQ�WKH�QH[W�FKDSWHU��,�ZDQW�WR�FDOO�\RXU�DWWHQWLRQ�WR�WZR�WKLQJV��ZKLFK�VKRXOG�DOZD\V�EH�

NHSW�LQ�PLQG�ZKLOH�GLVFXVVLQJ�WKHVH�PHWKRGV���
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• 7KH�ILUVW�SRLQW� LV�KRZ�FRQYHFWLRQ�DIIHFWV� WKH�VSHFLILF�PHDVXUHPHQW�RU�KRZ�RQH�FDQ�SUHYHQW�

WKH�HIIHFW�RI�FRQYHFWLRQ��
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• 7KH� VHFRQG� SRLQW� LV� WKH� FORVH� UHODWLRQVKLS� RI� WKHUPDO� FRQGXFWLYLW\� ZLWK� HOHFWULFDO�

FRQGXFWLYLW\��7KHVH�VLPLODULWLHV�OHDG�WR�VRPH�WRWDOO\�GLIIHUHQW�SRVVLELOLWLHV�RI�PHDVXULQJ�WKHVH�

TXDQWLWLHV��
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:KHQ�WKHUPDO�FRQGXFWLYLW\�PHDVXUHPHQWV�DUH�FDUULHG�RXW�RQ�OLTXLGV�� WKH�KHDW�IOX[�T�FDQ�REWDLQ�

VXEVWDQWLDO� FRQWULEXWLRQV� IURP� FRQYHFWLRQ� DQG� FDQ� OHDG� WR� HUURQHRXVO\� KLJK� YDOXHV� IRU� WKHUPDO�

FRQGXFWLYLW\��DQG�DOVR�IRU�WKHUPDO�GLIIXVLYLW\���&RQVHTXHQWO\��JUHDW�HIIRUWV�DUH�PDGH�WR�PLQLPL]H�

FRQYHFWLRQ�E\��
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�L�� DFFXUDWH�WHPSHUDWXUH�FRQWURO�RI�WKH�VDPSOH�
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SURYLGH� WKH� QHFHVVDU\� FRQWURO� RI� WHPSHUDWXUH� XQGHU� WKHVH� FRQGLWLRQV�� &RQVHTXHQWO\�� LQ� UHFHQW�

\HDUV� WUDQVLHQW� DQG� QRQ�VWHDG\� VWDWH� PHWKRGV� �VHH� &KDSWHU� ��� KDYH� EHHQ� LQFUHDVLQJO\� XVHG� WR�
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,Q� PDQ\� GLIIHUHQW� SUDFWLFDO� FDVHV� HOHFWULFDO� FRQGXFWLYLW\� �σ�� RU� HOHFWULFDO� UHVLVWLYLW\� ���σ��

PHDVXUHPHQWV� DUH� D� ORW� HDVLHU� WR� SHUIRUP� WKDQ� WKH� GHWHUPLQDWLRQ� RI� WKH� WKHUPDO� FRQGXFWLYLW\�

LWVHOI�� WKXV�� D� UHODWLRQ� EHWZHHQ� WKHVH� YDOXHV� LV� QHHGHG� WR� GHULYH�λ� HLWKHU� IURP�σ� RU� ��σ� �� WKH�

:,('(0$11�)5$1=�/25(17=�ODZ��:)/���>.OHPHQV�DQG�:LOOLDPV������@�KDYH�VKRZQ�LW
V�
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7KH� WKHUPDO� FRQGXFWLYLW\� RI� PHWDOV� DQG� DOOR\V� LV� FRPSRVHG� RI� WZR� FRPSRQHQWV�� D� ODWWLFH�

FRPSRQHQW� λO� DQG� DQ� HOHFWURQLF� FRPSRQHQW� λH�� ,Q� ERWK� FDVHV� KHDW� LV� WUDQVSRUWHG� E\� PRELOH�

FDUULHUV��DQG�WKHUPDO�FRQGXFWLYLW\�GXH�WR�HDFK�FDUULHU�FDQ�EH�H[SUHVVHG�LQ�WKH�IRUP�
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+HUH�&L� LV� WKH� FRQWULEXWLRQ� RI� FDUULHUV� RI� W\SH� L� WR� WKH� VSHFLILF� KHDW� SHU� XQLW� YROXPH�� YL� LV� WKH�

DYHUDJH�VSHHG�RI�WKRVH�FDUULHUV��DQG�OL�WKHLU�PHDQ�IUHH�SDWK��7KLV�HTXDWLRQ�KDV�WKH�VDPH�IRUP�DV�

WKH�H[SUHVVLRQ�IRU�WKHUPDO�FRQGXFWLYLW\�LQ�WKH�NLQHWLF�WKHRU\�RI�JDVHV��DQG�FDQ�EH�GHULYHG�IURP�D�

%2/7=0$11�HTXDWLRQ��6LQFH�WKH�FRQWULEXWLRQV�RI�WKHVH�WZR�W\SHV�RI�FDUULHUV�FRXOG�EH�GLYLGHG�

IXUWKHU�LQWR�VXEJURXSV��WKH�RYHUDOO�WKHUPDO�FRQGXFWLYLW\�EHFRPHV�WKH�VXP�RI�WKHVH�FRQWULEXWLRQV�
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$V� PHQWLRQHG� EHIRUH�� WKHUPDO� FRQGXFWLRQ� LQ� PHWDOV� DQG� DOOR\V� FRQVLVWV� RI� D� ODWWLFH� DQG� DQ�

HOHFWURQLF� FRPSRQHQW�� 6HYHUDO� LQYHVWLJDWRUV� KDYH� VKRZQ� H[SHULPHQWDOO\�� WKDW� DOWKRXJK� WKH�

PHFKDQLVP� RI� SKRQRQ� RU� ODWWLFH� FRQGXFWLRQ� FDQ� PDNH� D� VLJQLILFDQW� FRQWULEXWLRQ� DW� ORZHU�

WHPSHUDWXUHV��HOHFWURQLF�FRQGXFWLRQ�LV�GRPLQDQW�DW�WHPSHUDWXUHV�DURXQG�WKH�PHOWLQJ�SRLQW�>13/�

5HSRUW������@��:LWK�WKHVH�DVVXPSWLRQV�WKHRU\�OHDGV�WR�WKH�:)/�E\�MXVW�ORRNLQN�DW�WKH�HOHFWURQLF�

FRPSRQHQW��
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(T�������KROGV�IRU�WKH�HOHFWURQLF�FRPSRQHQW�DV�ZHOO�DV�IRU�WKH�ODWWLFH�FRPSRQHQW��EXW�LW�LV�PRUH�

XVHIXO�WR�UHODWH�λH�WR�WKH�HOHFWULFDO�FRQGXFWLYLW\�σ��,Q�SDUW��WKLV�IROORZV�EHFDXVH�&H��WKH�HOHFWURQLF�

FRPSRQHQW�RI�WKH�VSHFLILF�KHDW��LV�RQO\�D�VPDOO�SDUW�RI�WKH�WRWDO�VSHFLILF�KHDW��DQG�WKXV�QRW�HDVLO\�

GHGXFHG� IURP�PHDVXUHPHQWV��7KH�PDLQ� DGYDQWDJH�RI� H[SUHVVLQJ�λH� LQ� WHUPV�RI�σ� LV�� WKDW�ERWK�

TXDQWLWLHV� DUH� GLUHFWO\� SURSRUWLRQDO� WR� WKH� HOHFWURQ�PHDQ� IUHH� SDWK� OH�� VR� WKDW� WKH� UDWLR�λH�σ� LV�

LQGHSHQGHQW�RI�OH��IXUWKHUPRUH�σ�LV�UHODWLYHO\�HDV\�WR�PHDVXUH��7KLV�DVVXPHV��RI�FRXUVH��WKDW�WKH�

PHDQ� IUHH� SDWK� OH�� DV� SURSHUO\� GHILQHG� WKURXJK� D� %2/7=0$11� HTXDWLRQ�� LV� WKH� VDPH� IRU�

HOHFWULFDO�DV�IRU�WKHUPDO�FRQGXFWLRQ��:KLOH�WKLV�LV�E\�QR�PHDQV�XQLYHUVDOO\�WUXH��GLIIHUHQFHV�LQ�WKH�

WZR�PHDQ�IUHH�SDWKV�DUH�LPSRUWDQW�PDLQO\�DW�ORZ�WHPSHUDWXUHV��ZKHUH�HOHFWURQ�VFDWWHULQJ�LV�ERWK�

LQHODVWLF�DQG�DQLVRWURSLF��

,Q�WKH�ILUVW�LQVWDQFH�OHW�XV�DVVXPH�D�PHDQ�IUHH�SDWK�ZKLFK�LV�WKH�VDPH�IRU�HOHFWULFDO�DQG�WKHUPDO�

FRQGXFWLRQ�� (DFK� HOHFWURQ� LV� WUHDWHG� DV� EHLQJ� LQ� D� GHILQLWH� VWDWH� RI� PRWLRQ�� VSHFLILHG� E\� LWV�

PRPHQWXP�S��EXW�KDYLQJ�LWV�SRVLWLRQ�FRPSOHWHO\�XQVSHFLILHG�ZLWKLQ�WKH�YROXPH�RI�WKH�VROLG��)RU�

HDFK�S�YDOXH� WKHUH� DUH� WZR�SRVVLEOH� YDOXHV�RI� VSLQ�� WKH� VWDWH�RI� WKH� HOHFWURQ� LV� VSHFLILHG�E\� LWV�

PRPHQWXP� VSLQ�� $FFRUGLQJ� WR� WKH� 3DXOL� H[FOXVLRQ� SULQFLSOH�� WKHUH� FDQQRW� EH� PRUH� WKDQ� RQH�

HOHFWURQ� LQ� HDFK� VXFK� VWDWH��7KH� DYHUDJH� QXPEHU� RI� HOHFWURQV� SHU� VWDWH� GHILQHV� WKH� GLVWULEXWLRQ�

IXQFWLRQ�I�S���7KH�HOHFWURQ�GRHV�QRW�PRYH�LQ�IUHH�VSDFH��EXW�LQ�WKH�SHULRGLF�SRWHQWLDO�RI�WKH�FU\VWDO�

ODWWLFH�� KHQFH�(�S��� WKH� HQHUJ\� RI� WKH� HOHFWURQ� RI� WKH�PRPHQWXP�S�� GLIIHUV� IURP� WKDW� RI� D� IUHH�
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,�� ���π������DQG�IRU�KLJKHU�HYHQ�YDOXHV�RI�Q��,Q�≈���Q����

�

7KHVH� DERYH� UHODWLRQV� ZHUH� GHULYHG� XQGHU� WKH� DVVXPSWLRQ� WKDW� WKH� UHOD[DWLRQ� WLPH� τ�S�� LV� D�

IXQFWLRQ�RI�S��EXW� LV� LQGHSHQGHQW�RI� WKH�IXQFWLRQDO�IRUP�RI�J�S��� WKXV�τ�S�� LV�DVVXPHG�WR�EH�WKH�

VDPH� IRU� HOHFWULFDO� DQG� WKHUPDO� FRQGXFWLRQ�� VR� WKDW� σ�ε�� LV� DOVR� XQLTXH�� ,Q� FDVHV� ZKHQ� WKLV�

FRQGLWLRQ� LV�QRW� VDWLVILHG��(T��������ZRXOG�QRW�KROG��EHFDXVH� WKH�PDJQLWXGH�RI�σ�(��ZRXOG�QRW�

FDQFHO�RXW�LQ�WKH�UDWLR�RI�PRPHQWV�RI�(T���������

�

1HYHUWKHOHVV�� WKHVH� UHVXOWV�DUH� LQ�JRRG�DJUHHPHQW�ZLWK� WKH�H[SHULPHQWDOO\�REWDLQHG� UHVXOWV�DQG�

XVHG�IRU�GDWD�HYDOXDWLRQ���

�

�

�

����6XPPDU\�RI�LPSRUWDQW�HTXDWLRQV�IURP�WKH�GHULYDWLRQ��

:,('(0$11�)5$1=�/25(17=�ODZ��:)/��

6LPSOH�PDQLSXODWLRQV�ZLWK�(T��������OHDG�WR�WKH�:,('(0$11�)5$1=�ODZ��LQ�WKH�GHVFULSWLRQ�

RI��/��/25(17=���������

�
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ZKHUH�/�LV�WKH�/25(17=�QXPEHU��λ�LV�WKHUPDO�FRQGXFWLYLW\��σ�LV�HOHFWULFDO�FRQGXFWLYLW\�DQG�7�

LV�WHPSHUDWXUH��

�
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/25(17=�QXPEHU�

$V�PHQWLRQHG�EHIRUH��WKH�OHDGLQJ�WHUP�LQ�(T��������
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�

LV� WKH� 6200(5)(/'� YDOXH� RI� WKH� /25(17=� UDWLR�� $V� ZH� FDQ� VHH�� LW� GHSHQGV� RQO\� RQ�

FRQVWDQWV�DQG���DV�D�PDWWHU�RI�IDFWV���LV�D�FRQVWDQW�LWVHOI��,WV�XQLYHUVDO�YDOXH�FDQ�EH�FDOFXODWHG�ZLWK�

WKH�XVH�RI�VRPH�TXDQWXP�PHFKDQLFV�DQG�VKRXOG�UHDG��>%HUJPDQQ�6FKDHIHU������@��

�

�

�
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7DEOH�����(OHFWULFDO�FRQGXFWLYLWLHV��σ��DQG�/25(17=�QXPEHUV��/��IRU�GLIIHUHQW�PHWDOV�DW�GLIIHUHQW�

WHPSHUDWXUHV�>%HUJPDQQ�6FKDHIHU������@�

�

� (OHFWULFDO�FRQGXFWLYLW\�
V�������>:��FP��@�

/25(17=�QXPEHU�
O�V7������>9��.�@�

7HPSHUDWXUH�
>.@�
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6LOYHU� ����� ����� ����� ����� ����� ����� ����� �����

&RSSHU� ����� ����� ����� ����� ����� ����� ����� �����

*ROG� ����� ����� ����� ����� ����� ����� ����� �����

$OXPLQXP� ����� ����� ����� ����� ����� ����� ����� �����

=LQF� �������� ����� ����� �������� ����� ����� ����� �����

1LFNHO� �������� ����� �������� �������� ����� ����� ����� �����

3ODWLQXP� �������� ����� �������� �������� ����� ����� ����� �����

/HDG� �������� �������� �������� �������� ����� ����� ����� �����

�

�

�
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7DEOH���VKRZV�WKH�YDOLGLW\�RI�WKH�:)/�IRU�KLJKHU���!�����.��WHPSHUDWXUHV��DOWKRXJK�WKH�HOHFWULFDO�

FRQGXFWLYLW\�YDOXHV�DUH�GLIIHULQJ�LQ�WKH�UDQJH�RI������8QIRUWXQDWHO\�WKH�YDOXHV�IRU�WKH�/25(17=�

QXPEHU�DUH�QRW�H[DFW�WKH�VDPH�DV�WKH�WKHRUHWLFDO�YDOXH��ZKLFK�OHDGV�WR�D�XQFHUWDLQW\�ZKLOH�XVLQJ�

WKH�:)/�IRU�GLIIHUHQW�PDWHULDOV��

�

8QVXUSULVLQJO\��DV�WKH�:)/�ZDV�GHULYHG�XQGHU�RPLVVLRQ�RI�WKH�ODWWLFH�RU�SKRQRQ�FRPSRQHQW�RI�

FRQGXFWLRQ��ZKLFK�LV�GRPLQDQW�DW�ORZ�WHPSHUDWXUHV���7DEOH���VKRZV�WKH�IDLOXUH�RI�WKH�:)/�LQ�WKH�

ORZ�WHPSHUDWXUH�UDQJH��

�
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&KDSWHU���

6XUYH\�RI�PHWKRGV�

���� &ODVVLILFDWLRQ� RI� PHWKRGV� XVHG� WR� PHDVXUH� WKHUPDO�
FRQGXFWLYLW\�DQG�GLIIXVLYLW\�RI�PHWDOV�

0RVW� RI� WKH� WHFKQLTXHV� XVHG� WR� GHWHUPLQH� WKHUPDO� FRQGXFWLYLW\� DQG� WKHUPDO� GLIIXVLYLW\� FDQ� EH�

FODVVLILHG� LQWR� VWHDG\� VWDWH�� QRQ�VWHDG\� VWDWH� DQG� WUDQVLHQW� WHFKQLTXHV�� HYHQ� WKRXJK� WKLV�

FODVVLILFDWLRQ� LV�QRW� DOZD\V� HDV\� DQG�FOHDU��(VSHFLDOO\� WKH�GLIIHUHQFHV�EHWZHHQ�QRQ�VWHDG\�VWDWH�

DQG�WUDQVLHQW�WHFKQLTXHV�DUH�YHU\�VPDOO��

�

�

• 6WHDG\� VWDWH� PHDQV� D� VWHDG\� WHPSHUDWXUH� JUDGLHQW� DFURVV� WKH� ZKROH� VSHFLPHQ�� 7KHVH�

WHFKQLTXHV� UHTXLUH� YHU\� DFFXUDWH� WHPSHUDWXUH� FRQWURO� WKURXJKRXW� WR� PLQLPL]H� FRQYHFWLRQ��

7KLV� EHFRPHV� SURJUHVVLYHO\� PRUH� GLIILFXOW� DV� WKH� WHPSHUDWXUH� LQFUHDVHV�� DQG� FRQVHTXHQWO\�

WKHVH�PHWKRGV�KDYH�PRVWO\�EHHQ�XVHG�RQ�ORZ�PHOWLQJ�PHWDOV�VXFK�DV�WLQ�DQG�OHDG��

�

• 1RQ�VWHDG\�VWDWH�WHFKQLTXHV�DQG�DV�ZHOO�WUDQVLHQW�WHFKQLTXHV�KDYH�EHHQ�XVHG�ZLWK�D�YLHZ�WR�

FRPSOHWLQJ�WKH�H[SHULPHQWV�EHIRUH�WKH�RQVHW�RI�FRQYHFWLRQ��,Q�QRQ�VWHDG\�VWDWH�H[SHULPHQWV�

WKLV� LV� DFFRPSOLVKHG� E\� XVLQJ� YHU\� KLJK� KHDWLQJ� UDWHV� �XS� WR� �����.V��� DQG� DERYH�� VR� WKH�

GXUDWLRQ�RI�H[SHULPHQWV�IRU� WKH�OLTXLG�SKDVH�LV�������VHFRQG��7KH�PHWKRGV�VXPPHG�XS�LQWR�

WKLV� FDWHJRU\� DUH� KLVWRULFDOO\� WKH� ILUVW� RQHV� WR� DEDQGRQ� WKH�ZHOO� NQRZQ� HQYLURQPHQW� RI� WKH�

VWHDG\� VWDWH� PHDVXUHPHQWV�� EXW� QRQ�VWHDG\� VWDWH� H[SHULPHQWV� EHFDPH� PRUH� DQG� PRUH� OHVV�

LPSRUWDQW�DV�WLPH�ZHQW�RQ��7KHVH�GD\V�WUDQVLHQW�WHFKQLTXHV�DQG�PHWKRGV�DUH�D�PRUH�SRZHUIXO�

DQG�UHOLDEOH�WRRO�IRU�G\QDPLF�PHDVXUHPHQWV��

�

�
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• 7UDQVLHQW�PHWKRGV�RQ�OLTXLGV�KDYH�LQGLFDWHG�WKDW�FRQYHFWLRQ�RFFXUV�DIWHU�FD����VHFRQG�EXW�WKH�

WHPSHUDWXUH� GLIIHUHQFHV� LQ� WKH� WUDQVLHQW� WHFKQLTXHV� DUH�RI� WKH�RUGHU�RI���.�� FRPSDUHG�ZLWK�

!�����.�LQ�WKH�QRQ�VWHDG\�VWDWH�H[SHULPHQWV��7KHVH�ODUJH�WHPSHUDWXUH�JUDGLHQWV�PD\�JLYH�ULVH�

WR� FRQYHFWLRQDO� IORZV� GXH� WR� EXR\DQF\� DQG� WKHUPRFDSLOODU\� IRUFHV�� 7KXV� FRQYHFWLRQDO�

FRQWULEXWLRQV� WR� WKH� WKHUPDO� FRQGXFWLYLW\� FDQ� QRW� EH� UXOHG� RXW� LQ� WKHVH� QRQ�VWHDG\� VWDWH�

H[SHULPHQWV��LQGHHG�WKHUH�DUH�VRPH�FDVHV��L�H��)H��ZKHUH�WKLV�DSSHDUV�WR�KDYH�RFFXUHG��$V�D�

PDWWHU� RI� IDFWV�� WUDQVLHQW� PHWKRGV� PRUH� RU� OHVV� KDYH� UHSODFHG� QRQ�VWHDG\� VWDWH� WHFKQLTXHV�

EHFDXVH�RI�WKH�VPDOOHU�WHPSHUDWXUH�JUDGLHQWV�DQG�WKH�EHWWHU�UHVXOWV��

�

7UDQVLHQW� WHFKQLTXHV� KDYH� EHFRPH�ZLGHO\� XVHG� IRU�PHDVXUHPHQWV� RQ� RUJDQLF� OLTXLGV� VLQFH�

WKH� PHDVXUHPHQW� FDQ� EH� FDUULHG� RXW� UDSLGO\� LQ� RUGHU� WR� PLQLPL]H� FRQYHFWLRQ�� 7KHVH�

WHFKQLTXHV� DSSHDU� WR� KDYH� D� GLVWLQFW� DGYDQWDJH� EXW� PD\� EH� OLPLWHG� LQ� WKHLU� DSSOLFDWLRQ� WR�

WHPSHUDWXUHV� RI� OHVV� WKDQ� ����� .� GXH� WR� WKH� IDFW� WKDW� �L�� LQVXODWRUV� EHFRPH� HOHFWULFDO�

FRQGXFWRUV� DW� KLJK� WHPSHUDWXUHV� DQG� �LL�� UHDFWLRQV�PD\�RFFXU�EHWZHHQ� WKH� OLTXLG�PHWDO�DQG�

WKH�FRDWLQJ�DW�KLJK� WHPSHUDWXUH��EHFDXVH�PRVW�PHWDOV�EHFRPH�YHU\�UHDFWLYH�DV�WKH\�EHFRPH�

OLTXLG��

�

�

0RVW� RI� WKH� IROORZLQJ� WHFKQLTXHV� FDQ� EH� DSSOLHG� WR� PHDVXUHPHQWV� RQ� VROLGV�� DV� ZHOO� DV� RQ�

OLTXLGV��ZKHUHDV�VRPH�WHFKQLTXHV�RU�DSSDUDWXV�DUH�VSHFLDOO\�GHVLJQHG�MXVW�IRU�PHDVXUHPHQWV�RQ�

VROLGV�RU�OLTXLGV��,I�WKLV�DSSOLHV�WR�D�PHWKRG�D�VHSDUDWH�DQQRWDWLRQ�ZLOO�EH�PDGH���

�
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�����6WHDG\�VWDWH�WHFKQLTXHV�
7UDGLWLRQDO�FODVVLILFDWLRQ�GLVWLQJXLVKHV�IRXU�DEVROXWH�VWHDG\�VWDWH�WHFKQLTXHV�IRU�PHDVXULQJ��D[LDO�

KHDW�IORZ��UDGLDO�KHDW�IORZ��JXDUGHG�KRW�SODWH��DQG�GLUHFW�HOHFWULFDO�KHDWLQJ���

�

$[LDO�KHDW�IORZ�PHWKRG�

,Q�WKH�D[LDO�KHDW�IORZ�PHWKRG��D�NQRZQ�WKHUPDO�IOX[�T�LV�DSSOLHG�WR�RQH�HQG�RI�WKH�VDPSOH�DQG�

UHPRYHG�DW�WKH�RWKHU�HQG�E\�D�KHDW�VLQN��

�

�

)LJ�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�D[LDO�KHDW�IORZ�PHWKRG��

�

7KHUPDO�FRQGXFWLYLW\�FDQ�EH�FDOFXODWHG�E\�WKH�IROORZLQJ�HTXDWLRQ��

�
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�

ZKHUH�T�LV�WKH�KHDW�IOX[�WUDYHUVLQJ�WKURXJK�WKH�VSHFLPHQ�RI�FURVV�VHFWLRQDO�DUHD�$�DQG�∆7�∆]�LV�

WKH�FRQVWDQW�WHPSHUDWXUH�JUDGLHQW�DORQJ�WKH�VSHFLPHQ��XVXDOO\�GHWHUPLQHG�IURP�WKH�WHPSHUDWXUHV�

7�� DQG�7�� �∆7� �7�]��� �� 7�]���� RI� VHQVRUV� ORFDWHG� DW� ]�� DQG� ]��� 7KH� HYDOXDWLRQ� RI�λ� WKHUHIRUH�

LQYROYHV�WKH�IROORZLQJ��

�

���� 7KH�GHWHUPLQDWLRQ�RI�WKH�JHRPHWULFDO�SDUDPHWHUV�$�DQG�∆]� �]����]���

���� $VVXUDQFH� WKDW� WKH� KHDW� IORZ� SDWWHUQ� LV� LQGHHG� XQLGLUHFWLRQDO�� 7KLV� XVXDOO\� LQYROYHV� ERWK��

FDUHIXO�GHVLJQ�RI�H[SHULPHQWDO�FRQILJXUDWLRQV��DQG�DFWLYH��WHPSHUDWXUH�PDWFKLQJ��RI�YDULRXV�

FRPSRQHQWV�RI�WKH�DSSDUDWXV�GXULQJ�WKH�H[SHULPHQW��

���� &RPSOLDQFH�ZLWK�WKH�UHTXLUHPHQWV�RI�VWHDG\�VWDWH�FRQGLWLRQV��

T T∆]

∆7

$
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����0HDVXUHPHQW� RI� T�� XVXDOO\� JHQHUDWHG� LQ� VRPH� KHDWHU� DWWDFKHG� WR�� RU� HPEHGGHG� LQ�� WKH�

VSHFLPHQ�� 7KLV� PHDVXUHPHQW� LWVHOI� LV� QRUPDOO\� D� VWDQGDUG� RSHUDWLRQ�� EXW� GLIILFXOWLHV� DUH�

HQFRXQWHUHG� LQ� HQVXULQJ� WKDW� DOO� WKH� PHDVXUHG� SRZHU� �KHDW� IOX[�� LV� UHVSRQVLEOH� IRU� WKH�

PHDVXUHG�WHPSHUDWXUH�JUDGLHQW�∆7�∆]��

���� 7KH�PHDVXUHPHQW�RI�WKH�WHPSHUDWXUH�RI�WKH�WZR��RU�LQ�VRPH�PHWKRGV�PRUH��VHQVRUV��7��DQG�

7��� $V� ZLWK� WKH� SRZHU� PHDVXUHPHQW�� WKLV�� E\� LWVHOI�� LV� DJDLQ� VWUDLJKWIRUZDUG�� KRZHYHU��

HQVXULQJ� WKDW� WKH�PHDVXUHG� VHQVRU� WHPSHUDWXUH� FRUUHVSRQGV� WR� WKH� VSHFLPHQ� WHPSHUDWXUH� DW�

WKH�SUHVXPHG�ORFDWLRQV�]��DQG�]���LV�QRW�WULYLDO��

�

7KHVH�ILYH�SRLQWV�DUH�FRPPRQ�WR�DOO��XQLGLUHFWLRQDO��VWHDG\�VWDWH�PHWKRGV��DOWKRXJK�WKHLU�UHODWLYH�

LPSRUWDQFH�PD\�YDU\�IURP�WHFKQLTXH�WR�WHFKQLTXH��,Q�JHQHUDO������DQG�����DUH�VWUDLJKWIRUZDUG��WKH�

RWKHU�WKUHH�WURXEOHVRPH��)RU�WKH�D[LDO�KHDW�IORZ�WHFKQLTXH������LV�WKH�PRVW�LPSRUWDQW�IDFWRU�DW�ORZ�

WHPSHUDWXUHV��DQG�����DW�KLJK�WHPSHUDWXUHV��

�

7KLV� SULQFLSDO� SUREOHP� DW� KLJK� WHPSHUDWXUHV� LV� UHODWHG� WR� WKH� SUHYHQWLRQ� RI� KHDW� ORVVHV� E\�

FRQYHFWLRQ�DQG�UDGLDWLRQ��LW�LV�XVXDOO\�RYHUFRPH�E\�XVLQJ�LQVXODWLRQ�PDWHULDOV�DQG�KHDWHG�JXDUG�

VKLHOGV��%\�XVLQJ�LQVXODWLRQ�PDWHULDOV�RU�KHDWHG�JXDUG�VKLHOGV��(T�������KDV�WR�EH�UHDUUDQJHG��

�
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�

7KH�VXEVFULSW�F�GHQRWHV�SURSHUWLHV�RI�WKH�VXUURXQGLQJ�FHOO��

�

7KH�ELJJHVW�DGYDQWDJH�RI�WKH�D[LDO�KHDW�IORZ�LV�WKH�VLPSOH�JHRPHWU\�DQG�WKH�PRUH�RU�OHVV�VLPSOH�

VHWXS��7KLV�PHWKRG�KDV�EHHQ�XVHG� WR�GHWHUPLQH� WKH� WKHUPDO�FRQGXFWLYLW\�QRW�RQO\�RI�VROLGV�EXW�

DOVR� RI� YDULRXV� OLTXLG� PHWDOV� ZLWK� ORZ� PHOWLQJ� SRLQWV� LQFOXGLQJ� +J�� 3E�� ,Q� DQG� *D�����������������

>13/�5HSRUW������@���

�

�

5DGLDO�KHDW�IORZ�PHWKRG�

)RXULHU
V� ODZ�IRU�VWHDG\�VWDWH�KHDW� WUDQVIHU�KROGV� UHJDUGOHVV�ZKHWKHU�WKH�WHPSHUDWXUH�JUDGLHQW� LV�

OLQHDU�RU�F\OLQGULFDO��

�
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)RXULHU
V�ODZ�IRU���GLPHQVLRQ�UHDGV��

�
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G7

T ⋅−= λ � � � � � � � � � �����

�

)RXULHU
V�ODZ�FDQ�EH�WUDQVODWHG�WR�D�F\OLQGULFDO�JHRPHWU\�E\�UHFRJQL]LQJ�WKDW�WKH�VXUIDFH�DUHD�RI�D�

F\OLQGHU�LV��⋅π⋅U⋅/��7KH�KHDW�IORZV�IURP�WKH�LQQHU��U���WR�WKH�RXWHU��U���UDGLXV�DW�WHPSHUDWXUHV�7��

DQG� 7�� UHVSHFWLYHO\�� %\� UHDUUDQJLQJ� (T������� XQGHU� FRQVLGHUDWLRQ� RI� WKHVH� IDFWV�� RQH� JHWV� WKH�

IROORZLQJ��

�
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)LJ������6FKHPDWLF� RI� D� IXQGDPHQWDO� UDGLDO� KHDW� IORZ� DSSDUDWXV�� 7KH� WHPSHUDWXUH� VHQVRU� SRVLWLRQV� DUH������

GHQRWHG�E\�•��>0DJOLü������@�

�
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)LJ�����VKRZV�WKH�VFKHPDWLF�RI�DQ�DSSDUDWXV�XVHG�IRU�UDGLDO�KHDW�IORZ�PHDVXUHPHQWV��7KH�WKHUPDO�

FRQGXFWLYLW\�LV�FDOFXODWHG�E\�XVLQJ�(T�������ZKHUH�T�/�LV�WKH�KHDW�IOX[�SHU�XQLW�OHQJWK�IURP�WKH�

FRUH�KHDWHU�RYHU�WKH�VSHFLPHQ�PLGSODQH�DQG�7Q�LV�WKH�WHPSHUDWXUH�DW�UDGLXV�UQ��

�

7KLV� FRQILJXUDWLRQ�ZLOO� \LHOG� DFFXUDWH� GDWD� LI� WKH� UDWLR� RI� VSHFLPHQ� OHQJWK� /� WR� GLDPHWHU� G� LV�

VXIILFLHQWO\�ODUJH�WR�HQVXUH�WKDW�DOO�KHDW�IORZ�DW�WKH�VSHFLPHQ�PLGSODQH�LV�UDGLDO��

�

7KH� JUHDWHVW� DGYDQWDJH� RI� D� UDGLDO� KHDW� IORZ� DSSDUDWXV� LV� LWV� KLJK� DFFXUDF\� DW� HOHYDWHG�

WHPSHUDWXUHV��$� VHFRQGDU\� DGYDQWDJH� DULVHV� IURP� WKH� IDFW�� WKDW� WKHVH� V\VWHPV� FDQ� EH� RSHUDWHG�

ZLWK�UHODWLYHO\�VLPSOH�LQVWUXPHQWDWLRQ��$Q�DGGLWLRQDO�DGYDQWDJH�LV�LWV�DSSOLFDELOLW\�RQ�VSHFLPHQV�

ZLWK�YHU\�KLJK�DQG�YHU\�ORZ�WKHUPDO�FRQGXFWLYLWLHV��

7KH�JUHDWHVW�GLVDGYDQWDJH�RI�WKH�UDGLDO�KHDW�IORZ�WHFKQLTXH�LV�WKH�ODUJH�VSHFLPHQ�VL]H��ZKLFK�FDQ�

OHDG�WR�XQGHVLUDEOH�KLJK�VSHFLPHQ�FRVW��DVVHPEO\�GLIILFXOWLHV��DQG�VORZ�RSHUDWLRQ���

�

7KH� UDGLDO� KHDW� IORZ�PHWKRG� FDQ� DOVR� EH� DGDSWHG� IRU�PHDVXUHPHQWV�ZLWK�PROWHQ�PHWDOV�� 7KLV�

PHWKRG�LV�VRPHWLPHV�FDOOHG�FRQFHQWULF�F\OLQGHU�PHWKRG�LQVWHDG�RI�UDGLDO�KHDW�IORZ�PHWKRG��

�

�

)LJ�����6FKHPDWLF�GLDJUDP�RI�WKH�FRQFHQWULF�F\OLQGHU�PHWKRG�

�

7KH� DGDSWHG� DSSDUDWXV� FRQVLVWV� RI� WKH� WZR�FRQFHQWULF� F\OLQGHUV�ZLWK� D�JDS�EHWZHHQ� WKHP��7KH�

PROWHQ� PHWDO� LV� SODFHG� LQ� WKH� DQQXOXV� EHWZHHQ� WKH� F\OLQGHUV� DQG� WKH� NQRZQ� KHDW� IOX[� T� LV�

VXSSOLHG� WR� WKH� LQQHU� F\OLQGHU� DQG� WKH� WHPSHUDWXUH� GLIIHUHQFH�∆7�EHWZHHQ� WKH� WZR�F\OLQGHUV� LV�

PRQLWRUHG��

(QG�&DS

7KHUPRFRXSOH�:HOOV

+HDWHU�:HOO

2XWHU�&\OLQGHU

*DS

,QQHU�&\OLQGHU

(QG�&DS
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$V� RQH� FDQ� VHH�� WKH� UDGLDO� KHDW� IORZ� PHWKRG� LV� DGDSWHG� IRU� PROWHQ� PHWDOV� E\� SURGXFLQJ� D�

FRQWDLQHU�IRU� WKH�OLTXLG�EXW� WKH�UHVW�RI�WKH�PHDVXUHPHQW�VWD\V�H[DFWO\�WKH�VDPH��8QVXUSULVLQJO\��

DV� WKH�WHFKQLTXH�HTXDOV� WKH�UDGLDO�KHDW�IORZ�PHWKRG��WKH�WKHUPDO�FRQGXFWLYLW\�LV�DOVR�FDOFXODWHG�

E\�(T��������$V�D�VRUW�RI�KHUHGLW\�WKH�FRQFHQWULF�F\OLQGHU�PHWKRG�VXIIHUV�IURP�WKH�VDPH�SUREOHPV�

��VXFK�DV�DVVHPEO\�GLIILFXOWLHV�RU�VORZ�RSHUDWLRQ���DV�LWV�RULJLQ��

�

'LUHFW�KHDWLQJ�PHWKRG�

7KHUH� LV� D� JHQHUDO� FODVV� RI� WKHUPRSK\VLFDO� GHWHUPLQDWLRQV� ZKLFK� XWLOL]H� -RXOHDQ� KHDWLQJ�

JHQHUDWHG� E\� HOHFWULFDO� FXUUHQW� IORZLQJ� WKURXJK� WKH� VDPSOH� WR� FRQWURO� WKH� VDPSOH� WHPSHUDWXUH�

JUDGLHQWV�GXULQJ�WKH�SURSHUW\�PHDVXUHPHQWV��7KLV�FODVV�LV�FRPELQHG�DV��GLUHFW�HOHFWULFDO�KHDWLQJ�

PHWKRGV��� 7KH\� DUH� GLVWLQJXLVKHG� E\� WKH� ODFN� RI� H[WHUQDO� IXUQDFHV� WR� FRQWURO� WKH� VSHFLPHQ�

WHPSHUDWXUH��7KLV�LQ�WXUQ�JUHDWO\�VKRUWHQV�WKH�WLPH�WR�DWWDLQ�DQ�HTXLOLEULXP�WHPSHUDWXUH�DQG�HDVLO\�

SHUPLWV� WUDQVLHQW�PHDVXUHPHQWV��7KHVH�PHWKRGV� DUH� OLPLWHG� WR� UHDVRQDEOH�HOHFWULFDO�FRQGXFWRUV�

EXW�DOORZ�WKH�XVH�RI�GLIIHUHQW�VSHFLPHQ�IRUPV�VXFK�DV�ZLUHV��URGV��WXEHV��RU�VKHHWV��

7KH�JUHDWHVW�DGYDQWDJH�RI�WKLV�PHWKRG�H[FHSW�RI�WKH�ODFN�RI�DQ�H[WHUQDO�IXUQDFH�LV�WKH�RSSRUWXQLW\�

WR�\LHOG�PRUH�WKDQ�RQH�SURSHUW\�E\�PHDVXULQJ�VHYHUDO�SURSHUWLHV�VLPXOWDQHRXVO\��

�

7KH�PHDVXUHPHQWV�RI� WKLV�ZRUN�ZHUH�SHUIRUPHG�ZLWK�D�GLUHFW�HOHFWULF�KHDWLQJ�VHWXS��EXW�ZLWK�D�

G\QDPLF�PHDVXUHPHQW�WHFKQLTXH�LQVWHDG�RI�WKH�VWHDG\�VWDWH�PHDVXUHPHQW��6HH�WKH�SXOVH�KHDWLQJ�

VHFWLRQ�DW�WKH�HQG�RI�WKLV�FKDSWHU�IRU�PRUH�VSHFLILF�GHWDLOV�RQ�WKLV�PHWKRG��

�

*XDUGHG�KRW�SODWH�PHWKRG�

7KH� JXDUGHG� KRW� SODWH� PHWKRG� LV� D� VWHDG\� VWDWH� D[LDO� KHDW� IORZ� PHDVXUHPHQW� RI� WKHUPDO�

FRQGXFWLYLW\�IRU�GLVN�VKDSHG�VSHFLPHQV��7KH�KHDW�IORZ�LV�PHDVXUHG�LQ�D�VLPLODU�ZD\�DV�WKH�UDGLDO�

KHDW�IORZ�DQG�WKH�KRW�ZLUH�WHFKQLTXH��WKHUPDO�GLVVLSDWLRQ�GXH�WR�-RXOHDQ�,�⋅5�KHDWLQJ�RI�D�FHQWUDO�

KHDWHU��7KLV� WHFKQLTXH� LV�JHQHUDOO\� UHJDUGHG� WR�EH� WKH�PRVW�DFFXUDWH�PHDVXUHPHQW� WHFKQLTXH� LQ�

WKH�ILHOG�RI�VWHDG\�VWDWH�H[SHULPHQWV��

�

7KHUH�DUH� WZR�GLIIHUHQW�DSSDUDWXV� IRU� WKLV�PHWKRG��7KH�ILUVW�DQG�PRUH�FRPPRQ�RQH�LV� WKH�WZR�

VSHFLPHQ� VHWXS�� WKH� VHFRQG�RQH� LV� WKH� VLQJOH�VSHFLPHQ� VHWXS��7KH� H[SHULPHQWDO� FRQILJXUDWLRQV�

IRU�WKH�WHFKQLTXH�DUH�VKRZQ�LQ�)LJXUHV���D���E���

�

�
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)LJ������*HQHUDO�IHDWXUHV�RI�WZR�VSHFLPHQ�DQG�VLQJOH�VSHFLPHQ�KRW�SODWH�DSSDUDWXV��

D�� WZR�VSHFLPHQ�DSSDUDWXV� �

E�� VLQJOH�VSHFLPHQ�DSSDUDWXV��

.H\��$��PHWHULQJ�DUHD��KHDWHU��%��PHWHULQJ�DUHD�VXUIDFH�SODWHV��&��JXDUG�KHDWHU��'��JXDUG�KHDWHU�

VXUIDFH� SODWHV�� (�� FRROLQJ� XQLW�� (V�� FRROLQJ� XQLW� VXUIDFH� SODWHV�� )�� GLIIHUHQWLDO� WKHUPRFRXSOHV��������

*��KHDWLQJ�XQLW�VXUIDFH�WKHUPRFRXSOHV��+��FRROLQJ�XQLW�VXUIDFH�WKHUPRFRXSOHV��,��WHVW�VSHFLPHQ����

/��JXDUG�SODWH��0��JXDUG�SODWH�LQVXODWLRQ��1��JXDUG�SODWH�GLIIHUHQWLDO�WKHUPRFRXSOHV��

�

,Q� WKH� FDVH�RI� WKH� WZR� VSHFLPHQV�PHWKRG�)LJ���D�� WKH� WHVW� VSHFLPHQV�DUH� V\PPHWULFDOO\�SODFHG�

DERYH�DQG�EHORZ�WKH�PDLQ�KHDWHU�DQG�WKH�WHPSHUDWXUH�GURS�DFURVV�WKH�VSHFLPHQV�∆7�LV�PHDVXUHG�

E\� WZR� WKHUPRFRXSOHV� LPPHUVHG� LQ� HDFK� VSHFLPHQ�� VSDFHG�GLVWDQFH�/�DSDUW��$VVXPLQJ�SHUIHFW�

V\PPHWU\�LQ�GLPHQVLRQV��WKHUPRFRXSOH�MXQFWLRQ�SODFHPHQW��DQG�KHDW�IORZ�WKURXJK�WKH�XSSHU�DQG�

ORZHU�VSHFLPHQ�RQH�JHWV��

�

7$
T/
∆

=
�
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�

,Q�RUGHU�WR�JXDUDQWHH�WKDW�WKH�KHDW�IORZ�IURP�WKH�PHWHUHG�DUHD�LV�RQH�GLPHQVLRQDO��WKDW�PHDQV�LW�

IORZV� VWULFWO\� WKURXJK� WKH� VSHFLPHQV� DQG� QRW� RXW� RI� WKH� VLGH�ZDOOV� RI� WKH�PDLQ� KHDWHU� DQG� WKH�

VSHFLPHQV��VHYHUDO�JXDUG�KHDWHUV�DQG�JXDUG�SODWHV�ZLWK�LQVXODWLRQ�DUH�XVHG��
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,Q� WKH� FDVH� RI� WKH� VLQJOH� VSHFLPHQ�PHWKRG�)LJ���E�� RQH� RI� WKH� FROG� SODWHV� LV� UHPRYHG�DQG� WKH�

DX[LOLDU\� KHDWHU� RQ� WKDW� VLGH� LV� KHDWHG� WR�PDWFK� WKH� WHPSHUDWXUH� RI� WKH�PHWHUHG� DUHD��6LQFH�QR�

WHPSHUDWXUH� JUDGLHQW� H[LVWV� LQ� WKDW� GLUHFWLRQ�� KHDW� JHQHUDWHG� IURP� WKH� PHWHUHG� DUHD� IORZV�

XQLD[LDOO\� WKURXJK� WKH� VLQJOH� VSHFLPHQ�� %\� ORVLQJ� WKH� PXOWLSOLFLW\� IDFWRU� �� IURP� (T������� WKH�

WKHUPDO�FRQGXFWLYLW\�LV�FDOFXODWHG�E\��

7$
T/
∆

=λ � � � � � � � � � �����

�

,Q�VRPH�SXEOLFDWLRQV�D�VLPLODU�WHFKQLTXH�LV�PHQWLRQHG�WR�SHUIRUP�PHDVXUHPHQWV�RQ�OLTXLG�PHWDOV�

FDOOHG�SDUDOOHO�SODWH�PHWKRG��7KLV�PHWKRG�LV�PRVWO\�WKH�VDPH�DV�WKH�VLQJOH�VSHFLPHQ�JXDUGHG�KRW�

SODWH�PHWKRG�DQG�XVHV�DOVR�(T�������WR�FDOFXODWH�WKHUPDO�FRQGXFWLYLW\��7KH�RQO\�PDMRU�GLIIHUHQFH�

LQ� WKH� VHWXS� DUH� WKH� H[SDQVLRQ� YROXPHV� XVHG� WR� FRPSHQVDWH� WKHUPDO� H[SDQVLRQV� WKURXJK� WKH�

PHDVXUHPHQW�SURFHVV��

�

)LJ�����6FKHPDWLF�GLDJUDP�RI�SDUDOOHO�SODWH�DSSDUDWXV�

�

�

�

&DORULPHWHU�PHWKRG�

$Q� DGGLWLRQDO�PHWKRG� WR� WKH� IRXU� WUDGLWLRQDO� WHFKQLTXHV� LV� WKH� FDORULPHWHU�PHWKRG�� 7KLV� LV� DQ�

ROGHU� WHFKQLTXH� ZKLFK� LV� D� GLUHFW� PHDVXUHPHQW� RI� WKH� )RXULHU
V� ODZ�� ,W� LV� RQH� RI� WKH� $670�

�$PHULFDQ� 6RFLHW\� IRU� 7HVWLQJ� DQG� 0DWHULDOV�� VWDQGDUG� WHVWV� IRU� WKHUPDO� FRQGXFWLYLW\�� 7KH�

H[SHULPHQWDO�FRQILJXUDWLRQ�LV�VKRZQ�EHORZ��

�

�

�

VWDLQOHVV�VWHHO

VWDLQOHVV�VWHHO

WKHUPRFRXSOHV

WLQ

H[SDQVLRQ�YROXPH
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)LJ�� ��� 6FKHPDWLF� RI� WKH� FDORULPHWHU� PHWKRG� RI� PHDVXULQJ� WKHUPDO� FRQGXFWLYLW\�� 6SHFLPHQ� VL]HV� DUH�

DSSUR[LPDWHO\�WKUHH�EULFNV�RI�GLPHQVLRQ����[������[�����FP���>6SH\HU������@��

�

�

$�6L&�VODE�DFWV� WR�GLVWULEXWH�WHPSHUDWXUH�JUDGLHQWV�IURP�WKH�KHDW�VRXUFH��XVXDOO\�6L&�RU�0R6L��

KHDWLQJ�HOHPHQWV���7KH�WHVW�VSHFLPHQ�LV�ERUGHUHG�E\�WZR�LQVXODWLQJ�JXDUG�EULFNV��DQG�WKHVH�JXDUG�

EULFNV� DV� ZHOO� DV� WKH� VSHFLPHQ� DUH� LQ� WKHUPDO� FRQWDFW� ZLWK� D� ZDWHU�FRROHG� &RSSHU� EDVH�� 7KH�

&RSSHU� EDVH� LV� PDGH� XS� RI� VHYHUDO� VHSDUDWHG� ZDWHU� FRROLQJ� V\VWHPV�� $� FHQWHU� V\VWHP� LV� WKH�

FDORULPHWHU��ZKLFK� LV� VXUURXQGHG�E\� WKH� LQQHU� DQG�RXWHU�JXDUGV��7KH� FDORULPHWHU�KDV�D� VPDOOHU�

DUHD�WKDQ�WKH�WHVW�EULFN��7KH�FRQILJXUDWLRQ�LV�GHVLJQHG�VR�WKDW�WKHUH�DUH�QR�WHPSHUDWXUH�JUDGLHQWV�

LQ�WKH�KRUL]RQWDO�SODQHV�DORQJ�WKH�KHDW�IORZ�SDWK�WR�WKH�FDORULPHWHU��7KXV��WKH�KHDW�IORZ�LQWR�WKH�

FDORULPHWHU�LV�RQH�GLPHQVLRQDO��

�

7ZR� WKHUPRFRXSOHV� VHSDUDWHG� E\� GLVWDQFH� /� DUH� LPEHGGHG� LQ� WKH� WHVW� VSHFLPHQ�� RQH� GLUHFWO\�

DERYH�WKH�RWKHU��ZKHUHE\�WKH�WHPSHUDWXUH�GURS�7����7��EHWZHHQ�WKHP�LV�PHDVXUHG��$�GLIIHUHQWLDO�

WKHUPRFRXSOH�PHDVXUHV�WKH�WHPSHUDWXUH�ULVH�RI�WKH�H[LW�ZDWHU�RI�WKH�FDORULPHWHU�DV�FRPSDUHG�WR�

LWV�HQWUDQFH�WHPSHUDWXUH��7KH�PDVV�IORZ�UDWH�RI�ZDWHU�LQWR�WKH�FDORULPHWHU�LV�PRQLWRUHG��VR�WKDW�

RYHU� D� VSHFLILF� WLPH� LQWHUYDO�∆W�� WKH� WRWDO� KHDW� DEVRUEHG�E\� WKH� FDORULPHWHU�PD\�EH� FDOFXODWHG��
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NQRZLQJ� WKH� VSHFLILF� KHDW� FS� RI�ZDWHU��'LYLGLQJ� E\� WKH� WLPH� LQWHUYDO�ZLOO� JLYH� WKH� UDWH�RI�KHDW�

IORZ� LQWR� WKH� FDORULPHWHU� XQGHU� VWHDG\� VWDWH� FRQGLWLRQV�� +HQFH�� WKHUPDO� FRQGXFWLYLW\� PD\� EH�

GHWHUPLQHG�E\�D�UHDUUDQJHPHQW�RI�)RXULHU
V�HTXDWLRQ��

�
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�

ZKHUH� $� LV� WKH� FURVV� VHFWLRQDO� DUHD� RI� WKH� FDORULPHWHU�� DQG� /� WKH� GLVWDQFH� EHWZHHQ� WKH� WZR�

HPEHGGHG�WKHUPRFRXSOHV�MXQFWLRQV��6LQFH�WKH�KHDW�IORZ�LV�FRQVWDQW�WKURXJKRXW�D�YHUWLFDO�VHFWLRQ�

RI�WKH�VSHFLPHQ��VWHDG\�VWDWH�FRQGLWLRQV���WKHUPRFRXSOH�MXQFWLRQV�PHDVXULQJ�7��DQG�7��FDQ�KDYH�

YHUWLFDO�SRVLWLRQV�DQ\ZKHUH�DORQJ�WKH�VSHFLPHQ�ZKLFK�LV�RQH�RI�WKH�DGYDQWDJHV�RI�WKLV�PHWKRG��

�
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�����1RQ�VWHDG\�VWDWH�WHFKQLTXHV�

%RWK� PHWKRGV� GHVFULEHG� LQ� WKLV� VHFWLRQ� DUH� QRW� YHU\� FRPPRQ� EHFDXVH� RWKHU� PHDVXUHPHQWV������

�L�H��WUDQVLHQW�PHWKRGV��DUH�HDVLHU�WR�FDUU\�RXW��1HYHUWKHOHVV��WKH\�DUH�LQFOXGHG�WR�GHPRQVWUDWH�WKH�

RYHUDOO� SULQFLSOHV� RI� QRQ�VWHDG\� VWDWH� WHFKQLTXHV�� DV� WKH\� DUH� FKDUDFWHUL]LQJ� IRU� WKLV� JURXS� RI�

WHFKQLTXHV��

�

�

5DGLDO�WHPSHUDWXUH�ZDYH��57:��WHFKQLTXH�

,Q�WKLV�PHWKRG�WKH�VDPSOH�LV�XVXDOO\�F\OLQGULFDOO\�VKDSHG�DQG�D�PRGXODWHG�KHDW�VXSSO\�LV�DSSOLHG�

DORQJ�WKH�FHQWHU�RI�WKH�VSHFLPHQ��7KH�YDULDWLRQV�LQ�WHPSHUDWXUH�DUH�PRQLWRUHG�RQ�WKH�RXWVLGH�RI�

WKH�VDPSOH��7KHUH�LV�D�SKDVH�ODJ�EHWZHHQ�WKH�LQSXW�DQG�WKH�RXWSXW�DQG�WKLV�LV�UHODWHG�WR�WKHUPDO�

GLIIXVLYLW\� D� RI� WKH� VDPSOH�� 7KHUPDO� GLIIXVLYLWLHV� FDQ� EH� GHULYHG� IURP� WKH� DPSOLWXGH� RI�

WHPSHUDWXUH�RVFLOODWLRQV� DQG� IURP� WKH�SKDVH�GLIIHUHQFHV�EHWZHHQ� WKHP�� WKHUPDO� FRQGXFWLYLW\� LV�

FDOFXODWHG�YLD�WKH�:)/�DQG�WKH�YDOXHV�FDOFXODWHG�ZLWK�GDWD�IURP�WKLV�PHWKRG�ZHUH�IRXQG�WR�EH�LQ�

JRRG�DJUHHPHQW�>13/�5HSRUW������@��

�

�

3ODQH�WHPSHUDWXUH�ZDYH��37:��WHFKQLTXH�

7KLV�PHWKRG�XVHV�GLVF�VKDSHG�VSHFLPHQV��W\SLFDOO\�����PP�WKLFN��DQG�SODQH�WHPSHUDWXUH�ZDYHV�

DUH� GHULYHG� E\� ERPEDUGLQJ� WKH� VSHFLPHQ� ZLWK� D� KDUPRQLFDOO\�PRGXODWHG� HOHFWURQ� EHDP� DQG�

PRQLWRULQJ� WKH� SKDVH� FKDQJH� RI� WKH� WHPSHUDWXUH� WUDQVLHQW� UHFRUGHG� RQ� WKH� RWKHU� IDFH� RI� WKH�

VSHFLPHQ��0HDVXUHPHQWV� FDQ� EH� REWDLQHG� HLWKHU� DW� FRQVWDQW� WHPSHUDWXUHV� RU� G\QDPLFDOO\�ZLWK�

KHDWLQJ� UDWHV� XS� WR� �����.⋅VHF���� 7KH� UHVXOWV�RI� WKH� WZR�H[SHULPHQWV�ZHUH� DOVR� IRXQG� WR�EH� LQ�

JRRG� DJUHHPHQW�� )RU� PHDVXUHPHQWV� LQ� WKH� OLTXLG� SKDVH�� RQO\� D� VPDOO� SRUWLRQ� RI� WKH� GLVF� LV�

DOORZHG� WR�PHOW�� DQG� UHDGLQJV� DUH� REWDLQHG� IRU� WHPSHUDWXUHV� XS� WR� ����.� DERYH� WKH� OLTXLGXV��

7KHUPDO�GLIIXVLYLWLHV�IRU�WKH�OLTXLG�SKDVH�RI�KLJK�PHOWLQJ�PHWDOV�VXFK�DV�0R��7L��,U��5K��3W�DQG�

3G� ZHUH� REWDLQHG� ZLWK� WKLV� PHWKRG� >13/� UHSRUW�� ����@�� ,W� FRXOG� EH� DUJXHG� WKDW� FRQYHFWLRQDO�

FRQWULEXWLRQV�ZRXOG�WHQG�WR�EH�VPDOO�GXH�WR�VKRUW�GXUDWLRQ�RI�H[SHULPHQWV�LQ�WKH�OLTXLG�VWDWH��EXW�

DVVXPSWLRQV� PD\� QRW� EH� YDOLG� VLQFH� FLUFXODWLRQ� IORZV� FRXOG� DULVH� IURP� EXR\DQF\� DQG�

WKHUPRFDSLOODU\� IRUFHV� FDXVHG� E\� WKH� ODUJH� WHPSHUDWXUH� JUDGLHQWV�� 7KLV� PHWKRG� LV� VRPHWLPHV�

UHIHUUHG�WR�DV�WKH�PRGXODWHG�EHDP�WHFKQLTXH��

�
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�����7UDQVLHQW�WHFKQLTXHV�

7KH� WUDQVLHQW� WHFKQLTXHV�DUH�WKH�KLVWRULFDOO\�QHZHVW�PHDVXUHPHQW�PHWKRGV��7KH\�DUH�HDVLHU�DQG�

IDVWHU�WR�FDUU\�RXW�WKDQ�WKH�QRQ�VWHDG\�VWDWH�PHWKRGV�DQG�HYHQ�SURYLGH�PRUH�DFFXUDF\��

�

7UDQVLHQW�KRW�ZLUH�PHWKRG�

7KH� KRW� ZLUH� WKHUPDO� FRQGXFWLYLW\� PHWKRG� LQYROYHV� WKH� SODFHPHQW� RI� D� WKLQ� UHIUDFWRU\� ZLUH�

EHWZHHQ�WZR�LGHQWLFDO�UHIUDFWRU\�SODWHV�XQGHU�LQYHVWLJDWLRQ��+LVWRULFDOO\��WKLV�LV�DQ�DSSOLFDWLRQ�RI�

D�KRW�ZLUH�PHWKRG�XVHG�LQ�WKH�GHWHUPLQDWLRQ�RI�WKHUPDO�FRQGXFWLYLWLHV�RI�OLTXLGV�DQG�JDVHV��

$�FRQVWDQW�HOHFWULFDO�SRZHU�LV�GLVVLSDWHG�E\�WKH�ZLUH�DV�KHDW�LQWR�WKH�VXUURXQGLQJ�UHIUDFWRU\��DQG�

WKH� WHPSHUDWXUH� RI� WKH�ZLUH� LV�PRQLWRUHG�� ,I� WKH� UHIUDFWRU\� LV� KLJKO\� WKHUPDOO\� FRQGXFWLQJ�� WKH�

ZLUH�WHPSHUDWXUH�ZLOO�EH�ORZHU�FRPSDUHG�WR�WKH�FDVH�ZKHQ�WKH�UHIUDFWRU\�LV�KLJKO\�LQVXOWLQJ��

�

�

)LJ������6FKHPDWLF�RI�WKH�KRW�ZLUH�WKHUPDO�FRQGXFWLYLW\�WHVW��5HIUDFWRU\�EULFNV�ZRXOG�EH�RI�WKH�VDPH�VL]H�

DV�LQ�)LJ�����>6SH\HU������@�

�

7KH�WKHRUHWLFDO�PRGHO�DVVXPHV�D�OLQHDU�KHDW�VRXUFH�GLVVLSDWLQJ�KHDW�UDGLDOO\�LQWR�DQ�LQILQLWH�VROLG��

LQLWLDOO\� DW� XQLIRUP� WHPSHUDWXUH�� 7KH� IXQGDPHQWDO� KHDW� FRQGXFWLRQ� HTXDWLRQ� LQ� F\OLQGULFDO�

FRRUGLQDWHV�LV�VROYHG�ZLWK�WKH�LQLWLDO�FRQGLWLRQ�WKDW�WKH�WHPSHUDWXUH�RI�WKH�ZLUH�DW�]HUR�WLPH�LV�7��

DQG� DIWHU� VRPH� WLPH� W�� ERXQGDU\� FRQGLWLRQV�� ���� DW� LQILQLWH� UDGLDO� GLVWDQFH� IURP� WKH� ZLUH�� WKH�
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WHPSHUDWXUH�LV�VWLOO�7�������DW�D�UDGLDO�SRVLWLRQ�ZLWKLQ�WKH�UHIUDFWRU\��DSSURDFKLQJ�WKH�UDGLXV�RI�WKH�

ZLUH��VWHDG\�VWDWH�UDGLDO�KHDW�WUDQVIHU�RFFXUV��7KH�VROXWLRQ�REWDLQHG�E\�/$3/$&(�WUDQVIRUPV�LV��

�
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7KHUPDO�FRQGXFWLYLW\�LV�JLYHQ�E\�WKLV�HTXDWLRQ��������ZKHUH�T�LV�WKH�KHDW�LQSXW�SHU�XQLW�OHQJWK�RI�

ZLUH��U�LV�WKH�UDGLXV�RI�WKH�ZLUH��D�LV�WKH�WKHUPDO�GLIIXVLYLW\�RI�WKH�PDWHULDO�XQGHU�LQYHVWLJDWLRQ��γ�

LV�(8/(5
V�FRQVWDQW��γ� �����������>%URQVWHLQ������@��DQG�W�LV�WLPH��7KH�WHPSHUDWXUH�RI�WKH�ZLUH�

LV� DVVXPHG� WR� EH� FRQVWDQW� WKURXJKRXW� LWV� YROXPH��%DVHG� RQ� WKLV� H[SUHVVLRQ�� D� SORW� RI�∆7�U�� W��

YHUVXV� OQ� WLPH� VKRXOG� EH� D� OLQHDU� LQFUHDVLQJ� IXQFWLRQ�� ZKHUH� WKH� WKHUPDO� FRQGXFWLYLW\� RI� WKH�

UHIUDFWRU\� FDQ� EH� GLUHFWO\� FDOFXODWHG� IURP� WKH� VORSH�� LI� T� LV� NQRZQ�� �1RWH� WKDW� (T������� RQO\�

DSSOLHV��ZKHQ�U���DW���������

�

,Q�SUDFWLFH��RQO\�D�SRUWLRQ�RI� WKH� OQ� WLPH�WHPSHUDWXUH�SORW� LV� OLQHDU��$�QRQ�OLQHDU�SRUWLRQ�DW� WKH�

VWDUW� RI� WKH� FXUYH� LV� D� UHVXOW� RI� VWHDG\� VWDWH� FRQGLWLRQV� QRW� LPPHGLDWHO\� EHLQJ�PHW� DW� WKH�ZLUH�

VXUIDFH��$QG�WKH�QRQ�OLQHDU�SRUWLRQ�DIWHU�ORQJHU�WLPHV�UHVXOWV�IURP�WKH�UHIUDFWRU\�EORFN�QRW�DFWXDO�

EHLQJ�RI�LQILQLWH�GLPHQVLRQV��

7KHUPDO�FRQGXFWLYLW\�PHDVXUHPHQWV�DUH�WDNHQ�DW�D�VHULHV�RI�LVRWKHUPDO�WHPSHUDWXUHV��FUHDWHG�E\�

DQ� H[WHUQDO� IXUQDFH�� 7KH� IXUQDFH� PXVW� SURYLGH� HQRXJK� VWDELOLW\� VR� WKDW� WKHUH� DUH� QHJOLJLEOH�

WHPSHUDWXUH�JUDGLHQWV�ZLWKLQ�WKH�UHIUDFWRU\�EORFNV��

�

7HPSHUDWXUH�LV�PHDVXUHG�YLD�D�WKHUPRFRXSOH�MXQFWLRQ�ZHOGHG�WR�WKH�FHQWHU�RI�WKH�KRW�ZLUH��7KH�

OHJV�RI� WKH� WKHUPRFRXSOHV�H[WHQG�SHUSHQGLFXODU� LQ�HLWKHU�GLUHFWLRQ�WR�WKH�KRW�ZLUH��DQG�JURRYHV�

PXVW� EH� FXW� LQ� WKH� UHIUDFWRU\� IRU� WKHVH� ZLUHV�� $� GLVDGYDQWDJH� RI� WKLV� WHFKQLTXH� LV�� WKDW� WKH�

WKHUPRFRXSOH�ZLUHV�PD\�DFW�DV�KHDW�VLQNV�IRU�WKH�KRW�ZLUH��ZKLFK�FDQ�EH�DYRLGHG�RU�PLQLPL]HG�

E\�XVLQJ�WKHUPRFRXSOH�ZLUH�RI�PLQLPDO�GLDPHWHU�DQG�D�MXQFWLRQ�EHDG�DV�VPDOO�DV�SRVVLEOH����

�

,Q�DQRWKHU�FRPPRQO\�XVHG�FRQILJXUDWLRQ�RI�WKH�KRW�ZLUH�PHWKRG�WKH�ZLUH�DFWV�ERWK��DV�D�KHDWLQJ�

HOHPHQW�DQG�D�UHVLVWDQFH�WKHUPRPHWHU��7KLV�VSHFLDO�FRQILJXUDWLRQ�H[SDQGV�WKH�EDVLF�PHWKRG�DQG�

DOORZV�WR�PHDVXUH�PROWHQ�PHWDOV�DQG�OLTXLGV�ZLWK�LW��(T�������KROGV�IRU�DOO�GLIIHUHQW�W\SHV�RI�KRW�

ZLUH� FRQILJXUDWLRQV� DQG� WKH� GHWHUPLQDWLRQ� RI� WKH� WKHUPDO� FRQGXFWLYLW\� YLD� WKH� VORSH� RI� WKH�∆7�

YHUVXV�OQ�WLPH�SORW�VWD\V�WKH�VDPH��WRR��6HH�)LJXUH���IRU�D�VFKHPDWLF�GLDJUDP�RI�WKLV�VHWXS��
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�

)LJ�����6FKHPDWLF�GLDJUDP�VKRZLQJ�WKH�WUDQVLHQW�KRW�ZLUH�PHWKRG�IRU�OLTXLGV�

�

:KHQ�WKLV�PHWKRG�LV�DSSOLHG�WR�HOHFWULFDOO\�FRQGXFWLQJ�PHOWV�LW�LV�QHFHVVDU\�WR�DSSO\�D�FRDWLQJ�WR�

WKH� ZLUH� WR� SUHYHQW� HOHFWULFDO� OHDNDJH� LQWR� WKH� PHOW�� 9DULRXV� LQVXODWLRQ� WHFKQLTXHV� KDYH� EHHQ�

HPSOR\HG��VXFK�DV��

�

• XVLQJ�D�JODVV�FDSLOODU\�FRQWDLQLQJ�OLTXLG�+J�RU�*D�

• DSSOLFDWLRQ�RI�$O�2��RU�RWKHU�LQVXODWLQJ�R[LGH�OD\HUV�

• WKH�R[LGDWLRQ�RI�WKH�PHWDO�ZLUH�WR�SURYLGH�D�SURWHFWLYH�FRDWLQJ�

�

+RZHYHU�� WKH�DSSOLFDWLRQ�RI� WKLV�FRQILJXUDWLRQ�PD\�EH� UHVWULFWHG� WR� WHPSHUDWXUHV�XS� WR������.�

VLQFH�ZLWK� LQFUHDVLQJ� WHPSHUDWXUHV� WKH� FRDWLQJV�EHFRPH�SURJUHVVLYHO\� �L��PRUH�FRQGXFWLQJ�� �LL��

PRUH� YXOQHUDEOH� WR� FKHPLFDO� DWWDFN�� DQG� �LLL�� WKH�PLVPDWFK� LQ� WKHUPDO� H[SDQVLRQ�RI�PHWDO� DQG�

FRDWLQJ�EHFRPH�PRUH�SURQRXQFHG�DQG�FDQ�OHDG�WR�VSDOOLQJ��

�

�

/DVHU�IODVK��RU�SXOVH��PHWKRG�

7KH�ODVHU�IODVK�PHWKRG�GLIIHUV�IURP�WKH�RWKHU�PHWKRGV�GLVFXVVHG�DERYH�LQ�WKLV�FKDSWHU�LQ�VR�IDU�DV�

LW� LV� D� PHWKRG� RI� PHDVXULQJ� WKH� WKHUPDO� GLIIXVLYLW\� LQVWHDG� RI� WKH� WKHUPDO� FRQGXFWLYLW\�� 7KH�

WKHUPDO� FRQGXFWLYLW\�PD\�EH� REWDLQHG� IURP� WKH� WKHUPDO� GLIIXVLYLW\� LI� WKH� VSHFLILF�KHDW� DQG� WKH�
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GHQVLW\�RI� WKH�PDWHULDO� XQGHU� LQYHVWLJDWLRQ� DUH�NQRZQ�� �6HH� WKH�&KDSWHU����([SHULPHQWDO� VHWXS�

DQG�GDWD�HYDOXDWLRQ�IRU�PRUH�GHWDLOV���

�

7KH�IODVK�PHWKRG�HQWDLOV�D�VKRUW�SXOVH�RI�KLJK�LQWHQVLW\�HQHUJ\��DEVRUEHG�E\�WKH�IURQW�VXUIDFH�RI�D�

VPDOO� VSHFLPHQ� VKDSHG� LQ� WKH� IRUP�RI� D� GLVN��7KH� UDGLDQW� HQHUJ\� VRXUFH� FDQ�EH� D�[HQRQ� IODVK�

ODPS��DQ�HOHFWURQ�EHDP��RU���PRVW�FRPPRQ���D� ODVHU��7KH�HQHUJ\�SURSDJDWHV�GXH�WR�FRQGXFWLRQ�

DQG�� DW�KLJKHU� WHPSHUDWXUHV�� UDGLDWLRQ� WRZDUG� WKH�EDFN�VXUIDFH�RI� WKH� VSHFLPHQ��%\�PRQLWRULQJ�

WKH�WHPSHUDWXUH�ULVH�RI�WKH�EDFN�IDFH�RI�WKH�VDPSOH�WKHUPDO�GLIIXVLYLW\�FDQ�EH�REWDLQHG��

$�QXPEHU�RI�VLPSOLI\LQJ�DVVXPSWLRQV�DUH�QHHGHG�IRU�D�PDWKHPDWLFDO�PRGHO�IRU�WKLV�PHWKRG�OLNH��

7KH�IODVK�LV�XQLIRUPO\�GLVWULEXWHG�DFURVV�WKH�IURQW�IDFH�DQG�DEVRUEHG�ZLWKLQ�D�WKLQ�OD\HU�UHODWLYH�

WR�LWV�RYHUDOO�WKLFNQHVV��RU�WKH�KHDW�SURSDJDWHV�RQH�GLPHQVLRQDOO\�WRZDUG�WKH�EDFN�IDFH��HWF���7KH�

ZKROH� PDWKHPDWLFDO� PRGHO� LV� H[SODLQHG� LQ� GLIIHUHQW� SXEOLFDWLRQV� H�J�� >5�)�� 6SH\HU�� 7KHUPDO�

DQDO\VLV�RI�PDWHULDOV������@��

'XULQJ� WKH� GHULYDWLRQ� RQH� REWDLQV� WKH� ODWHU� RQ� XVHG� UHVXOW� WKDW� WKH� WHPSHUDWXUH� WUDQVLHQW� DW� WKH�

EDFN� IDFH� H[KLELWV� D�PD[LPXP�∆7PD[� DV� D� FRQVHTXHQFH�RI� UDGLDWLRQ� ORVVHV��$VVXPLQJ� WKDW� WKH�

DVVXPSWLRQV� RI� WKH� PRGHO� KDYH� EHHQ� PHW� H[SHULPHQWDOO\�� E\� GHWHUPLQLQJ� WKH� WLPH� W����

FRUUHVSRQGLQJ�WR�WKH�WHPSHUDWXUH�DW�KDOI�PD[LPXP�∆7PD[����WKHUPDO�GLIIXVLYLW\�FDQ�EH�FDOFXODWHG�

E\��

�

���

�������
W

O
D
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�

ZKHUH�D�LV�WKH�WKHUPDO�GLIIXVLYLW\�DQG�O�WKH�WKLFNQHVV�RI�WKH�VDPSOH��

�

,Q�SUDFWLFH��RWKHU�IUDFWLRQV�Wγ�FDQ�DOVR�EH�XVHG��EXW�D�GLIIHUHQW�FRQVWDQW�PXVW�EH�HPSOR\HG��7KHVH�

FRQVWDQWV�DUH�WDEXODWHG�IRU�GLIIHUHQW�IUDFWLRQV��

�

7KLV�PHWKRG�KDV�EHHQ�ZLGHO\�XVHG�IRU�PHDVXUHPHQWV�RQ�VROLGV��)RU�WKH�XVH�RQ�OLTXLGV��LW�PXVW�EH�

PRGLILHG�VLQFH�LW�LV�QHFHVVDU\��L��WR�FRQWDLQ�WKH�VDPSOH�DQG��LL��WR�PRXQW�WKH�GLVF�KRUL]RQWDOO\��

�

$�ODVHU�LV�XVHG�WR�VXSSO\�WKH�KHDW�SXOVH�DQG�WKH�WHPSHUDWXUH�RI�WKH�EDFN�IDFH�LV�PRQLWRUHG�E\�DQ�

LQIUDUHG� GHWHFWRU� �L�H�� ,Q6E��� 7KH� VDPSOH� LV� FRQWDLQHG� LQ� VLOLFD� RU� VDSSKLUH� FHOOV� ZKLFK� DUH�

WUDQVSDUHQW�WR�LQIUD�UHG�UDGLDWLRQ��7KH�WKLFNQHVV�RI�WKH�VSHFLPHQ�PXVW�EH�FDUHIXOO\�VHOHFWHG�ZLWK�

UHJDUG�WR�WKH�WKHUPDO�FRQGXFWLYLW\�RI�WKH�VDPSOH��&DUERQ�LV�IUHTXHQWO\�DSSOLHG�WR�WKH�VXUIDFH�RI�
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WKH�PHWDO� WR� LPSURYH� WKH�DEVRUSWLRQ�RI� WKH�HQHUJ\�SXOVH�� ,W� LV�GLIILFXOW� WR�PDLQWDLQ�GLVF� VKDSHG�

JHRPHWU\� IRU� OLTXLG� PHWDOV� ZKLFK� DUH� QRQ�ZHWWLQJ� RQ� VDSSKLUH� �RU� VLOLFD�� DQG� FRQVHTXHQWO\�

UHOLDEOH�PHDVXUHPHQWV�FDQ�QRW�EH�REWDLQHG�IRU�WKHVH�FRQGLWLRQV��&RUUHFWLRQV�DUH�XVXDOO\�DSSOLHG�

WR�DFFRXQW�IRU�H[SDQVLRQV�RI�WKH�PHWDO��

�

�

)LJ������� 6FKHPDWLF� GLDJUDP� LOOXVWUDWLQJ� �L�� W\SLFDO� ODVHU� SXOVH� DSSDUDWXV� XVHG� WR� GHWHUPLQH� WKHUPDO�

GLIIXVLYLW\�RI�OLTXLG�PHWDOV�DQG��LL��W\SLFDO�WUDQVLHQW�GLVSOD\��

�

7KH�SULQFLSOH�DGYDQWDJHV�RI�WKLV�WHFKQLTXH�DUH���

• LW�LV�UREXVW�DQG�LQYROYHV�QR�FRQWDFW�EHWZHHQ�WKH�SUREH�DQG�WKH�PHOW��

• WKH�PHWKRG�LV�ZHOO�SURYHQ�DQG�ZLGHO\�XVHG�RQ�VROLGV�

�

3RVVLEOH�GLVDGYDQWDJHV�RI�WKH�PHWKRG�DUH��

• WUDQVLHQW� WLPHV� LQ� OLTXLG�PHWDOV�DUH�XS�WR�����VHFRQGV�DQG�VRPH�FRQYHFWLRQDO�IORZV�PD\�EH�

LQLWLDWHG�ZKLFK�FRXOG�DIIHFW�WKH�UHVXOWV�

• UHDFWLRQV�EHWZHHQ�WKH�OLTXLG�PHWDO�DQG�WKH�FRQWDLQHU�PD\�DOVR�DIIHFW�WKH�UHVXOWV�

• WKH�DSSOLFDWLRQ�RI�FDUERQ�WR�LPSURYH�HQHUJ\�DEVRUSWLRQ�LV�QRW�GHVLUDEOH�IRU�PHWDOV�VXFK�DV�)H�

ZKLFK�KDYH�DSSUHFLDEOH�FDUERQ�VROXELOLW\�

�

7P

W��� WLPH

WHPS

7 ��P

)ODVK
VRXUFH

'HWHFWRU

6LJQDO
FRQGLWLRQHU

'DWD
FROOHFWLRQ
V\VWHP

'DWD
SURFHVVRU

/LQH
SULQWHU

6DPSOH

+HDWHU

9LVXDO�GLVSOD\

9DFXXP
RU�LQHUW

DWPRVSKHUH
HQFORVXUH
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�����3XOVH�KHDWLQJ�WHFKQLTXHV�

&ODVVLILFDWLRQ�

7KH�SXOVH�KHDWLQJ�PHWKRG�LV�QRZ�JRLQJ�WR�EH�GLVFXVVHG��WKH�WHFKQLTXH�WKH�PHDVXUHPHQWV�RI�WKLV�

ZRUN�ZHUH�PDGH�ZLWK��7KHUH�DUH�WZR�GLIIHUHQW�UHDVRQV�ZK\�WKLV�PHWKRG�ZDV�QRW�KDQGOHG�HDUOLHU�

LQ� WKH� VXUYH\�� �L�� LW
V� WKH�PHWKRG�ZKRVH� WKHRU\�DQG�H[SHULPHQWDO�GHWDLOV�DUH�EHVW�NQRZQ�ZLWKLQ�

RXU�ZRUNJURXS�� �LL�� VRPHKRZ�SXOVH�KHDWLQJ�GRHV�QRW� ILW� LQ�DQ\�RI� WKH���FDWHJRULHV�GHDOW�ZLWKLQ�

WKLV�FKDSWHU���

�

7KH�FODVVLILFDWLRQ�RI�WKH�SXOVH�KHDWLQJ�PHWKRG�LV�D�OLWWOH�ELW�GLIILFXOW�DQG�FRQIXVLQJ��RQ�RQH�VLGH�LW�

GRHV� QRW� DSSO\� WR� WKH� WUDQVLHQW� WHFKQLTXHV�� EHFDXVH� WHPSHUDWXUH� JUDGLHQWV� DUH� RI� WKH� RUGHU� RI�

VRPH�����.�DQG�RQ� WKH�RWKHU� VLGH� LW� FDQ
W�EH�D�QRQ�VWHDG\�VWDWH� WHFKQLTXH�EHFDXVH�RI� WKH�VKRUW�

WLPH�UHJLPH�RI�DERXW������WR������VHF��7R�KDQGOH�WKLV��XQFOHDUQHVV���ZH�GHFLGHG�WR�H[SODLQ�SXOVH�

KHDWLQJ�DV�D�VWDQG�DORQH�WHFKQLTXH��

����

�

3ULQFLSDO�FRQVLGHUDWLRQV�

$V�PHQWLRQHG� EHIRUH�� WKH� SULQFLSOH�PHWKRG� RI� -RXOHDQ� ,�⋅5� KHDWLQJ� JHQHUDWHG� E\� DQ� HOHFWULFDO�

FXUUHQW�IORZLQJ�WKURXJK�D�VDPSOH�LV�QRW�UHVWULFWHG�WR�VWHDG\�VWDWH�WHFKQLTXHV��RQ�WKH�FRQWUDU\��LW
V�

ZLGHO\�XVHG�LQ�G\QDPLF�PHDVXUHPHQWV�EHFDXVH�RI�WKH�DELOLW\�WR�UHDFK�WHPSHUDWXUH�UHJLRQV�ZKLFK�

DUH� LPSRVVLEOH� WR� JHW� WR� ZLWK� VWHDG\� VWDWH� PHWKRGV�� 7UDGLWLRQDO� VWHDG\� VWDWH� WHFKQLTXHV� DUH�

JHQHUDOO\� OLPLWHG� WR� WHPSHUDWXUHV� XS� WR� DERXW� ����� .�� 7KLV� OLPLWDWLRQ� UHVXOWV� IURP� GLIIHUHQW�

UHDVRQV��

�

• FKHPLFDO�LQWHUDFWLRQV�RI�WKH�VSHFLPHQV�ZLWK�LWV�FRQWDLQHUV�

• WKH�ORVV�RI�PHFKDQLFDO�VWUHQJWK�

• LQFUHDVLQJO\� PRUH� SUREOHPV� ZLWK� KHDW� WUDQVIHU�� HYDSRUDWLRQ� DQG� HOHFWULFDO� LQVXODWLRQ� DV�

WHPSHUDWXUH� ULVHV�ZKLOH� WKH� VDPSOHV� DQG� LWV� HQYLURQPHQW� DUH� NHSW� IRU� WLPHV� XS� WR� KRXUV� DW�

KLJK�WHPSHUDWXUHV�

�

$V�D�ZD\�RXW� IDVW�G\QDPLF�PHWKRGV�VXFK�DV�SXOVH�KHDWLQJ�KDYH�EHHQ�GHYHORSHG� WR�DYRLG� WKHVH�

GLIILFXOWLHV�DQG�SHUPLW�WKH�H[WHQVLRQ�RI�WKH�H[SHULPHQWDO�UDQJH�VRPH�����.�LQWR�WKH�OLTXLG�SKDVH��

�
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([SHULPHQWDO�GHWDLOV�

5DSLG� YROXPH� KHDWLQJ� PHWKRGV� LQYROYH� UHVLVWLYH� VHOI�KHDWLQJ� RI� WKH� VSHFLPHQ� E\� SDVVLQJ� DQ�

HOHFWULFDO�FXUUHQW�SXOVH�WKURXJK�LW��6WDUWLQJ�DW�URRP�WHPSHUDWXUH��PHDVXUHPHQWV�FDQ�EH�SHUIRUPHG�

IDU� LQWR� WKH� OLTXLG� SKDVH� RI� WKH� PDWHULDO� XQGHU� LQYHVWLJDWLRQ�� 'HSHQGLQJ� RQ� WKH� KHDWLQJ� UDWH�

UHTXLUHG�� WKH� HOHFWULFDO� HQHUJ\� LV� VWRUHG� LQ� D� EDWWHU\�EDQN� �VORZ�� RU� LQ� D� FDSDFLWRU�EDQN� �IDVW���

0HDVXUHPHQWV�FDQ�EH�SHUIRUPHG�HLWKHU�LQ�DQ�DLU���RU�DQ�LQHUW�JDV�DWPRVSKHUH���

�

�

)LJ������6FKHPDWLF�GLVSOD\�RI�D�VWDQGDUG�UHVLVWLYH�SXOVH�KHDWLQJ�V\VWHP�

�

)LJXUH� �����VKRZV�D�IXQFWLRQDO�GLDJUDP�RI�D� W\SLFDO�SXOVH�KHDWLQJ�V\VWHP�ZKLFK�VKRXOG�KHOS�WR�

H[SODLQ� WKH�PDMRU� SDUWV� IRU� VXFK� D�PHDVXUHPHQW��7KH� GHWDLOV� RI� WKH� FRPSRQHQWV� YDU\�ZLWK� WKH�

WLPH�VFDOH�RI�WKH�PHDVXUHPHQW��

�

7KH�GLVFKDUJH�FLUFXLW�FRQVLVWV�RI� WKH�HQHUJ\�VWRUDJH��WKH�PDLQ�VZLWFK��L�H��KLJK�YROWDJH�PHUFXU\�

YDSRU� LJQLWURQ� WXEH��� DQG� RI� WKH� VSHFLPHQ� FKDPEHU� ZLWK� ZLQGRZV� IRU� RSWLFDO� GLDJQRVWLFV��$Q�

DGGLWLRQDO�UHTXLUHPHQW�LV�WKH�FURZEDU�VZLWFK�WR�VWRS�WKH�H[SHULPHQW�DW�DQ\�GHVLUHG�PRPHQW���

7KH�PHDVXUHG�TXDQWLWLHV�DUH�WKH�FXUUHQW�WKURXJK�WKH�VDPSOH��WKH�YROWDJH�GURS�DFURVV�WKH�VDPSOH��

WKH� WHPSHUDWXUH�RI� WKH� VDPSOH�ZKLFK� LV�GHWHFWHG�E\�XVLQJ�RSWLFDO� S\URPHWHUV� DQG�RWKHU�RSWLFDO�

&KDUJLQJ
XQLW

(QHUJ\
VWRUDJH

&URZEDU
VZLWFK

0DLQ
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&XUUHQW
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6WDUW
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&LUFXLW
,QGXFWLYLW\

&LUFXLW
5HVLVWLYLW\

6KLHOGHG�5RRP

9ROWDJH
0HDVXUHPHQW

&XUUHQW
0HDVXUHPHQW

7HPSHUDWXUH�0HDVXUHPHQW

2WKHU�RSWLFDO�0HDVXUHPHQWV
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PHDVXULQJ� LQVWUXPHQWV� VXFK� DV� D� FDPHUD�V\VWHP� ZLWK� D� &&'�DUUD\� WR� GHWHUPLQH� YROXPH�

H[SDQVLRQ�RI�WKH�VDPSOH�GXULQJ�WKH�H[SHULPHQW��

'XH�WR�WKH�KHDWLQJ�UDWHV�XVHG��YHU\�IDVW�DQG�UHOLDEOH�GDWD�DFTXLVLWLRQ�HTXLSPHQW�LV�D�PXVW��$OO�RI�

WKLV�HTXLSPHQW�KDV�WR�EH�SODFHG�LQ�D�VKLHOGHG�URRP��D�VR�FDOOHG��)$5$'$<�FDJH����

�

3XOVH�KHDWLQJ� PHWKRGV� KDYH� EHHQ� XVHG� WR� PHDVXUH� WKHUPDO� FRQGXFWLYLW\�� HOHFWULFDO� UHVLVWLYLW\��

VSHFLILF�KHDW��KHPLVSKHULFDO�WRWDO�HPLVVLYLW\��QRUPDO�VSHFWUDO�HPLVVLYLW\��WKHUPDO�H[SDQVLRQ��DQG�

SURSHUWLHV�GHULYHG�IURP�WKH�SULPDU\�SURSHUWLHV�VXFK�DV�HQWKDOS\��WKHUPDO�GLIIXVLYLW\��FRHIILFLHQW�

RI�OLQHDU�H[SDQVLRQ��DQG�:)/�UDWLR��

��

�

3URV�DQG�FRQWUDV�RI�WKH�SXOVH�KHDWLQJ�PHWKRG�

7KH�JUHDWHVW�DGYDQWDJH�RI�SXOVH�KHDWLQJ��DQG�RI�FRXUVH�RI�DOO�GLUHFW�KHDWLQJ�WHFKQLTXHV��LV�VXUHO\�

WKH�IDFW��WKDW�WKLV�WHFKQLTXH�\LHOGV�PRUH�WKDQ�RQH�SURSHUW\�GHWHUPLQHG�DW�RQFH�DQG��LQ�IDFW��DOO�WKH�

SURSHUWLHV�OLVWHG�DERYH�FDQ�EH�PHDVXUHG�VLPXOWDQHRXVO\��RU�FRQVHFXWLYHO\�ZLWK�VWHDG\�VWDWH�GLUHFW�

KHDWLQJ�PHWKRGV��RQ�WKH�VDPH�VSHFLPHQ��$QRWKHU�DGYDQWDJH�LV��WKDW�VDPSOHV�FDQ�EH�XVHG�LQ�D�ORW�

RI�GLIIHUHQW�IRUPV�VXFK�DV�URGV��WXEHV��SODWHV��DQG�ZLUHV��

�

2Q� WKH� FRQWUDU\�� WKH�JUHDWHVW� GLVDGYDQWDJH� LV� WKH� IDFW� WKDW� WKLV�PHWKRG� LV� OLPLWHG� WR�HOHFWULFDOO\�

FRQGXFWLQJ� PDWHULDOV�� $� VHFRQG� GLVDGYDQWDJH� LV� WKH� H[WHQVLYH� H[SHULPHQWDO� VHWXS� QHHGHG� IRU�

PHDVXUHPHQWV�LQ�WKH�µV�WLPH�UHJLPH��

�

�
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&KDSWHU���

([SHULPHQWDO�VHWXS�DQG�GDWD�
HYDOXDWLRQ�

����([SHULPHQWDO�GHWDLOV�RI�WKH�SXOVH�KHDWLQJ�VHWXS�

$V�PHQWLRQHG�LQ�WKH�ODVW�FKDSWHU��WKH�PHDVXUHPHQWV�RI�WKLV�ZRUN�DUH�SHUIRUPHG�ZLWK�D�UHVLVWLYH�

SXOVH�KHDWLQJ� DSSDUDWXV�� RXU� VR� FDOOHG� �VORZ� GLVFKDUJH� FLUFXLW��� 7KH�ZRUG� �VORZ�� UHIHUV� WR� WKH�

WLPH� UHJLPH� �� ��� WR� ����µV� �� FRYHUHG� E\� RXU�PHDVXUHPHQWV�� �:H�DOVR�KDYH� D� �IDVW��GLVFKDUJH�

FLUFXLW��ZKLFK�PHDQV�D�GXUDWLRQ�IRU�RQH�PHDVXUHPHQW�RI�DERXW���WR���µV���7KH�SULQFLSOH�RI�WKLV�

DSSDUDWXV�LV�PRUH�RU� OHVV� WKH�VDPH�DV�VKRZQ�LQ�)LJ������EXW�GLIIHUV�LQ�H[SHULPHQWDO�GHWDLOV�OLNH�

WKH� RSWLFDO� GHWHFWLRQ�� RU� WKH� YROWDJH� PHDVXUHPHQW�� )RU� EHWWHU� XQGHUVWDQGLQJ�� WDNH� D� ORRN� DW�

)LJ������DW�WKH�HQG�RI�WKLV�VHFWLRQ��ZKLFK�VKRZV�D�VFKHPDWLF�GLDJUDP�RI�WKH�GLVFKDUJH�FLUFXLW�XVHG�

LQ�RXU�ODERUDWRU\��

�

'XULQJ�D�PHDVXUHPHQW��YHU\�KLJK�FXUUHQWV��DERXW�����$��FDQ�RFFXU��GHSHQGLQJ�RQ�WKH�VSHFLPHQ�

DQG�WKH�FKDUJLQJ�YROWDJH��'XH�WR�WKLV�IDFW��YHU\�DSSURSULDWH�HOHFWULFDO�VKLHOGLQJ�LV�QHHGHG�IRU�DOO�

WKH� LQVWUXPHQWV�� OHDGV�� DQG� GHWHFWRUV��$OO� HOHFWULFDO� OHDGV� DUH� SURYLGHG�ZLWK� FRD[LDO� FDEOHV� DQG�

VKLHOGHG�ZLWKLQ�&RSSHU� WXEHV� WR�PLQLPL]H�HOHFWULFDO� LQWHUIHUHQFH�RQ� WKH�VLJQDOV�� �7KH�DPSOLILHU�

HOHFWURQLF�LV�VKLHOGHG�WZLFH�WR�SUHYHQW�LQWHUIHUHQFH���7KH�ODUJH�VFDOH�VKLHOGLQJ�SD\V�RII��DV�ZH�FDQ�

UHDFK�KHDWLQJ�UDWHV�XS�WR�����.�V��7KH�HQHUJ\�VWRUDJH�ILWWHG�LQWR�WKH�FLUFXLW�LV�D�����µ)�FDSDFLWRU�

EDQN�ZKLFK�FRXOG�EH�FKDUJHG�XS�WR�DERXW����N9�XVLQJ�DQ�KLJK�YROWDJH�SRZHU�VXSSO\��

�

�

�

�

�
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)LJ������6FKHPDWLF�GLDJUDP�RI�WKH�GLVFKDUJH�FLUFXLW�LQ�*UD]�

.H\��+936�� KLJK� YROWDJH� SRZHU� VXSSO\��&�� FDSDFLWRU� EDQN��6�� VZLWFK��5FURZ�� FURZEDU� UHVLVWRU����

5Y�� YDULDEOH� UHVLVWRU�� ,*����� LJQLWURQV�� 3*�� SXOVH� JHQHUDWRU�� $�� DPSOLILHU�� 33�� 3HDUVRQ� SUREH�������

'&�� GLVFKDUJH� FKDPEHU�� .(����� NQLIH�HGJHV�� 5��5��� RKPLF� YROWDJH� GLYLGHU� UHVLVWRUV��������������������

3<��S\URPHWHU��/��OHQV��,)��LQWHUIHUHQFH�ILOWHU��)��OLJKW�ILEHU��'��SKRWRGLRGH��

�

�

����0HDVXUHG�DQG�FDOFXODWHG�SURSHUWLHV�

2XU� SXOVH�KHDWLQJ� DSSDUDWXV� HQDEOHV� XV� WR� PHDVXUH� �� GLIIHUHQW� WLPH� UHVROXWHG� TXDQWLWLHV�

VLPXOWDQHRXVO\�GXULQJ�RQH�VLQJOH�H[SHULPHQW��$GGLWLRQDOO\�ZH�FDQ�PDNH�VXSSOHPHQWDU\�RSWLFDO�

PHDVXUHPHQWV� OLNH� VWDELOLW\� LQYHVWLJDWLRQV� RQ� WKH� ZLUH� ZLWKRXW� DIIHFWLQJ� WKH� SULQFLSOH�

PHDVXUHPHQW��7KHVH���TXDQWLWLHV�ZH�EDVLFDOO\�PHDVXUH�DUH���

�

• WKH�FXUUHQW�WKURXJK�WKH�ZLUH�

• WKH�YROWDJH�GURS�DORQJ�WKH�ZLUH�

• WKH�UDGLDQFH�RI�WKH�ZLUH�VXUIDFH�

• WKH�YROXPH�H[SDQVLRQ�RI�WKH�ZLUH�

�

$V� WKH� QHZHVW� DGGLWLRQ� WR� RXU� H[SHULPHQWDO� VHWXS�� ZH� JRW� D� 'LYLVLRQ� RI� $PSOLWXGH� /DVHU�

3RODULPHWHU��'2$3���ZKLFK�DOORZV�XV�WR�PHDVXUH�WKH�HPLVVLYLW\�ε��DW�λ� �����QP��WLPH�UHVROYHG�
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DQG�VLPXOWDQHRXVO\�ZLWK�DOO�WKH�RWKHU�VLJQDOV��8S�WR�QRZ��WKH�HPLVVLYLW\�PHDVXUHPHQW�LV�VWLOO�LQ�

LWV�WHVW�SKDVH�DQG�KDV�QRW�EHFRPH�RQH�RI�RXU�VWDQGDUG�SURSHUWLHV�WR�PHDVXUH��)LUVW�UHVXOWV�DUH�YHU\�

HQFRXUDJLQJ� DQG� KRSHIXOO\� ZH� FDQ� DGG� WKH� HPLVVLYLW\� WR� WKH� OLVW� RI� FRQVWDQWO\� GHWHUPLQHG�

SURSHUWLHV�GXULQJ�WKH�QH[W�\HDU��

�

)LJ������� 3ORW�RI�WKH�HOHFWULFDO�UDZ�VLJQDOV�GHWHFWHG�GXULQJ�RQH�H[SHULPHQW��6LJQDOV��JUHHQ��FXUUHQW��UHG��

EODFN��YROWDJHV��EOXH��VXUIDFH�UDGLDQFH��7KH�QHDUO\�KRUL]RQWDO�OLQH�LQ�WKH�UDGLDQFH�VLJQDO�EHWZHHQ�

����DQG�����µV�LV�WKH�VR�FDOOHG�PHOWLQJ�SODWHDX��WKH�VROLG�OLTXLG�WUDQVLWLRQ�RI�WKH�ZLUH��&URZEDU�

DW�����µV���1RWH��)RU�HDVH�RI�JUDSKLFDO�UHSUHVHQWDWLRQ��WKH�UDGLDQFH�VLJQDO�RI�WKH�S\URPHWHU�KDV�

EHHQ�GLYLGHG�E\�D�IDFWRU������

��

6WDUWLQJ�ZLWK� WKHVH� IRXU�TXDQWLWLHV�ZH�REWDLQ�PRVW�RI� WKH�GHVLUHG� WKHUPRSK\VLFDO� SURSHUWLHV�E\�

VLPSOH�FDOFXODWLRQV��$�VXUYH\�RI�WKH�SURSHUWLHV�ZH�DUH�DEOH�WR�GHWHUPLQH�LV�JLYHQ�LQ�WKH�IROORZLQJ�

SDUDJUDSKV��

�

��� ��� ��� ��� ��� ��� ��� ��� ���
����

����

����

����
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)LJ������� 6FKHPDWLF�GLDJUDP�RI� WKH�PHDVXUHG�TXDQWLWLHV�DQG� WKH�SURSHUWLHV�FDOFXODWHG�IURP�WKH�RULJLQDO�

VLJQDOV�� 4XDQWLWLHV� LQ� \HOORZ� FLUFOHV� DUH� WKH� PHDVXUHG� RQHV�� JUHHQ� FLUFOHV� DUH� LQGLFDWLQJ� WKH�

GHULYHG�SURSHUWLHV���1RWH��LQ�WKLV�JUDSKLF�WKH�HPLVVLYLW\�ε�DSSHDUV�DV�D�ILIWK�PHDVXUHG�SURSHUW\�

DOWKRXJK�ZH�GR�QRW�PHDVXUH�LW�SHUPDQHQWO\�\HW��,W�LV�SDUW�RI�WKH�FXUUHQW�SURMHFW�ZH�DUH�UXQQLQJ�

ULJKW�DW�WKH�PRPHQW���

�

7KH�IROORZLQJ�VHFWLRQ�GLVSOD\V�LQ�VKRUW�WHUPV�WKH�PHDVXUHPHQW�RI�HDFK�RI�WKH�IRXU�SURSHUWLHV�DQG�

WKH�UHODWLRQV�XVHG�WR�FDOFXODWH�DOO�RWKHU�SURSHUWLHV�IURP�WKH�PHDVXUHG�RQHV��

�

����'DWD�HYDOXDWLRQ�

7KH�FXUUHQW�

$� UHVLVWRU�5Y� ����� WR� ����Ω�� LV� XVHG� WR� UHDOL]H� D� UHVRQDQW� FLUFXLW� WR� VKDSH� WKH� FXUUHQW� SXOVH� DV�

UHFWDQJXODU� DV�SRVVLEOH�� �6HH� FXUUHQW� VLJQDO� LQ�)LJ��������7KH�GLVFKDUJH� LV�SURPSWO\� VWDUWHG� DQG�

DERUWHG� E\� WZR� LJQLWURQV�� ZKLFK� DUH� YHU\� IDVW� VZLWFKHV�� 7KH� ILUVW� RQH� VWDUWV� WKH�PHDVXUHPHQW��

ZKHUHDV�WKH�VHFRQG�LJQLWURQ�FURZEDUV�WKH�GLVFKDUJH�ZLWK�DQRWKHU�UHVLVWRU�5FURZ��

�

7KH� FXUUHQW� LQ� WKH� GLVFKDUJH� FLUFXLW� DQG� WKURXJK� WKH� ZLUH� LV� PHDVXUHG� YLD� D� 3HDUVRQ� SUREH�

�3HDUVRQ�(OHFWURQLFV�� W\SH�������XVLQJ�WKH�LQGXFWLRQ�SULQFLSOH��7R�JHW�D�FXUUHQW�VLJQDO�ZKLFK�LV�

GLUHFW�SURSRUWLRQDO�WR�WKH�YROWDJH�WKURXJK�WKH�SUREH�D�5&�FRPSRQHQW�LV�LQWHJUDWHG�LQ�WKH�SUREH��

7KH�FDOLEUDWLRQ�IDFWRU�IRU�WKH�SUREH�LV������$�9���

α�7�

λ�7�F3

-�W� ,�W�8�W�ε�W� U�W�

7�W� ρ0�W�+�W� �W�9
9�

ρ�7� ρ�+�+�7� �+�9
9�

�7�9
9�
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$OO�HOHFWULFDO�VLJQDOV�UHFRUGHG�ZLWK�WKH�GDWD�DFTXLVLWLRQ�HTXLSPHQW�KDYH�WR�EH�LQ�WKH�UDQJH�RI�±���

YROWV��QRW� WR�RYHUORDG� WKH�GDWD�DFTXLVLWLRQ�FDUGV� LQ� WKH�FRPSXWHU��ZKLFK� LV�JXDUDQWHHG�E\�XVLQJ�

FDOLEUDWHG�RKPLF�YROWDJH�GLYLGHUV��

�

7KH�YROWDJH�GLYLGHU�IDFWRU�IRU�WKH�FXUUHQW�KDV�EHHQ�GHWHUPLQHG�DV��

�

'LYLGHU�5DWLR�� ���������±�����

�

7KH�YROWDJH�

$FWXDOO\�� LW
V�QRW� WKH�YROWDJH�ZH�PHDVXUH��EXW� WKH�YROWDJH�GURS�EHWZHHQ� WZR�NQLIH�HGJH�SUREHV�

DQG� JURXQG��7KHVH� NQLIH�HGJH�SUREHV� DUH�����PP�7DQWDOXP�VWULSV��ZKLFK� DUH�Y�VKDSHG�RQ�RQH�

HQG�� 7KH� NQLIH�HGJH� SUREHV� DUH� SODFHG� DW� ERWK� VLGHV� RI� WKH� ZLUH� ZLWK� WKH� VSHFLPHQ� UXQQLQJ�

WKURXJK� WKH�Y�VKDSHG�FXWWLQJ��7KH�GLVWDQFH�EHWZHHQ� WKH� WZR�SUREHV�KDV� WR�EH�PHDVXUHG�ZLWK�D�

WUDYHOOLQJ� PLFURVFRSH�� EHFDXVH� WKLV� DFWXDO� OHQJWK� LV� XVHG� IRU� WKH� FDOFXODWLRQ� RI� WKH� VSHFLILF�

FRQGXFWLYLW\��

7KH�GHVLUHG�UHVXOW�LV�WKH�YROWDJH�GURS�DFURVV�WKH�ZLUH��ZKLFK�LV�REWDLQHG�E\�VXEWUDFWLQJ�WKH�WZR�

YROWDJH�VLJQDOV��7KLV�PHWKRG�KHOSV�XV�WR�FDQFHO�RXW�WKH�DUELWUDU\�UHVLVWDQFH�DW�WKH�FRQWDFW�SRLQWV�

RI�WKH�NQLIH�HGJH�SUREHV�ZLWK�WKH�ZLUH��ZKLFK�ZRXOG�EH�QHDUO\�LPSRVVLEOH�WR�GHWHUPLQH��

�

�

)LJ������6FKHPDWLF�GUDZLQJ�RI�WKH�NQLIH�HGJH�SUREHV���2QH�RI�WKH�SUREHV�FDQ�EH�VHHQ�LQ�)LJ����D���

�

$V� ZLWK� WKH� FXUUHQW� VLJQDO�� ERWK� YROWDJH� VLJQDOV� KDYH� WR� SDVV� WKURXJK� YROWDJH�GLYLGHUV� WR�

JXDUDQWHH� WKDW� WKH\�DUH� LQ� WKH�UDQJH�RI�RXU�PHDVXUHPHQW�HOHFWURQLF��VHH�WKH�SDUDJUDSK�KDQGOLQJ�

WKH�FXUUHQW�VLJQDO�DERYH���7KH�IDFWRUV�IRU�WKH�GLYLGHUV�KDYH�EHHQ�FDOLEUDWHG�WR��

�

'LYLGHU�5DWLRKRW�� �����������±�����

'LYLGHU�5DWLRFROG�� ������������±�����

a����PP

a���PP
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7KH� VXEVFULSW� KRW�PDUNV� WKH�YROWDJH� VLJQDO�QH[W� WR� WKH�FXUUHQW� LQMHFWLRQ�� WKH� VXEVFULSW�FROG� WKH�

YROWDJH�VLJQDO�RQ�WKH�RWKHU�VLGH�RI�WKH�ZLUH��

�

7KH�PHDVXUHG�YROWDJH�VLJQDO�FRQVLVWV�RI�WKH�IROORZLQJ�WKUHH�WHUPV�DQG�KDV�WR�EH�WUHDWHG�D�OLWWOH�ELW�

WR�JHW�WKH�GHVLUHG�UHVXOW��

�
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�

ZKHUH�8�W��LV�WKH�PHDVXUHG�YROWDJH�VLJQDO��,�W��LV�WKH�FXUUHQW��5V�LV�WKH�UHVLVWLYLW\�RI�WKH�VDPSOH���

/V�LV�WKH�LQGXFWDQFH�RI�WKH�VDPSOH��DQG�/F�LV�WKH�LQGXFWDQFH�RI�WKH�FHOO��

�

7KH�ILUVW�WHUP�LQ�(T�������LV�WKH�GHVLUHG�YROWDJH�GURS�DFURVV�WKH�ZLUH��7KH�VHFRQG�WHUP�UHSUHVHQWV�

WKH� LQGXFWLYH� FRPSRQHQW�RI� WKH�YROWDJH� VLJQDO�� FDXVHG�E\� WKH� LQGXFWDQFH�RI� WKH�FLUFXLW� DQG� WKH�

VDPSOH� ZKLOH� EHLQJ� WUHDWHG� ZLWK� D� FKDQJLQJ� FXUUHQW� SXOVH�� 7KLV� WHUP� KDV� WR� EH� FRPSHQVDWHG��

ZKLFK� LV� GRQH�ZLWK� D� FRPSXWHU� HYDOXDWLRQ� SURJUDP�E\� DSSUR[LPDWLQJ� WKH� DFWXDO� FRXUVH� RI� WKH�

VLJQDO� ZLWK� D� SRO\QRPLDO� ILW� DQG� VXEWUDFWLQJ� WKH� WZR� FXUYHV�� �)RU� IXUWKHU� GHWDLOV� VHH�

>6DFKVHQKRIHU�� ����@��� 7KH� WKLUG� WHUP� WDNHV� WKH� FKDQJH� RI�ZLUH�LQGXFWDQFH� LQWR� FRQVLGHUDWLRQ��

ZKLFK�LV�FDXVHG�E\�WKH�YROXPH�H[SDQVLRQ�RI�WKH�VDPSOH��7KLV�WHUP�LV�RQO\�D�VPDOO�FRQWULEXWLRQ�WR�

WKH�WRWDO�YROWDJH�VLJQDO�DQG�FDQ�EH�QHJOHFWHG�ZLWKRXW�DIIHFWLQJ�WKH�UHVXOW�DW�DOO���6HH�&KDSWHU����

(VWLPDWLRQ�RI�XQFHUWDLQW\�IRU�PRUH�GHWDLOV���

�

7KH�VXUIDFH�UDGLDQFH�

7KH�RQO\�ZD\�WR�PHDVXUH�WHPSHUDWXUHV�LQ�D�UDQJH�IURP������WR�VRPH�����.�LV�E\�XVLQJ�DQ�RSWLFDO�

S\URPHWHU��1RW�RQO\�LV� WKH�S\URPHWHU�WKH�RQO\�UHOLDEHO�PHWKRG�RI�PHDVXULQJ�KLJK�WHPSHUDWXUHV��

EXW� LW� DOVR� KDV� DOO� WKH� DGYDQWDJHV� RI� DQ� RSWLFDO� PHWKRG�� LW
V� IDVW� HQRXJK� WR� IROORZ� UDSLG�

WHPSHUDWXUH�FKDQJHV�� LW�GRHV�QRW�QHHG�GLUHFW�FRQWDFW�ZLWK�WKH�VSHFLPHQ��DQG�GRHV�QRW�DIIHFW�WKH�

HOHFWULFDO�PHDVXUHPHQWV���

7KH�SULQFLSOH�RI� WKH�S\URPHWHU�XVHG� FDQ�EH� H[SODLQHG�DV� IROORZV��7KH� OLJKW� �YLVLEOH�DV�ZHOO� DV��

LQIUDUHG��HPLWWHG�IURP�WKH�KHDWHG�VXUIDFH�SDVVHV�WKURXJK�DQ�LQWHUIHUHQFH�ILOWHU��WR�VHOHFW�D�VSHFLILF�

ZDYHOHQJWK��DQG�D�OHQV�FROOHFWV�WKH�OLJKW�DQG�SURMHFWV�DQ�LPDJH�RI�WKH�ZLUH�RQ�WKH�HQWUDQFH�VOLW�RI�

D� OLJKW�ILEHU�� 7KURXJK� WKLV� ILEHU� WKH� OLJKW� LV� WUDQVSRUWHG� WR� WKH� S\URPHWHU� FLUFXLWU\�� ZKHUH� LW
V�
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GHWHFWHG� E\� DQ� ,Q*D$V�SKRWRGLRGH� DQG� WKH� YROWDJH� VLJQDO� LV� DPSOLILHG� ZLWK� DQ� RS�DPS�� 7KLV�

DPSOLILHG�VLJQDO�LV�GHWHFWHG�DQG�UHFRUGHG�ZLWK�D�FRPSXWHU��

�

7DEOH����6SHFLILFDWLRQV�RI�WKH�LQWHUIHUHQFH�ILOWHU�XVHG�IRU�WKH�PHDVXUHPHQWV�RQ�&RSSHU��

�

)LOWHU�W\SH�
&HQWHU�ZDYHOHQJWK�

>QP@�
%DQGZLGWK�

>QP@�
%ORFNLQJ�
>QP@�

EDQGSDVV� ����� ��� 89�WR������

�

�

,Q� )LJ������ WKH� QHDUO\� KRUL]RQWDO� DUHD� EHWZHHQ� ���� DQG� ����µV� LQ� WKH� VXUIDFH� UDGLDQFH� VLJQDO�

LQGLFDWHV� WKH�PHOWLQJ�RI� WKH�ZLUH��ZKHUH� WKH� WHPSHUDWXUH�VWD\V�PRUH�RU� OHVV�FRQVWDQW�XQOHVV� WKH�

HQWLUH�VSHFLPHQ�LV�PROWHQ��

�

�

7KH�YROXPH�H[SDQVLRQ�

7KH�ZLUH�LV�LOOXPLQDWHG�E\�D�IODVK�ODPS�DQG�WKH�SLFWXUH�LV�SURMHFWHG�YLD�D�OHQV�RQ�D�PXOWL�FKDQQHO�

SODWH� �0&3���$�VSHFLDO� WHFKQLTXH�RI�VKLIWLQJ� WKH�H[SRVHG�DUHD�RQ� WKH�&&'�DUUD\�HQDEOHV�XV� WR�

WDNH�HYHU\����µV�D�SLFWXUH�RI�WKH�H[SDQGLQJ�ZLUH�IURP�ZKLFK�ZH�GHWHUPLQH�WKH�YROXPH�H[SDQVLRQ�

GXULQJ�WKH�H[SHULPHQW���

�

7KHVH� SUHVHQW� PHDVXUHPHQWV� RQ� &RSSHU� KDYH� EHHQ� SHUIRUPHG� ZLWKRXW� WKH� H[SDQVLRQ�

PHDVXUHPHQW��EHFDXVH�RI�WKH�IROORZLQJ�UHDVRQV���L��WKH�&&'�FDPHUD�ZDV�DW�WKH�PDQXIDFWXUHU�IRU�

UHSDLU�DQG� LPSURYHPHQW�� �LL�� WKH�&&'�DUUD\�UHDG�RXW�SURFHVV�RI�RXU�VHFRQG�FDPHUD�LV� WRR�VORZ�

IRU�DFFXUDWH�PHDVXUHPHQWV��RQO\�RQH�SLFWXUH�SHU�����µV�SRVVLEOH����LLL��VHYHUDO�LQYHVWLJDWRUV�KDYH�

VWXGLHG�WKH�YROXPH�H[SDQVLRQ�GXULQJ�KHDWLQJ�RI�SXUH�&RSSHU��VR�WKDW�WKH�UHVXOWV�DUH�ZHOO�NQRZQ�

DQG�IRXQG� WR�EH�FRUUHFW��6LQFH�HYHU\�PHDVXUHPHQW�FRQWDLQV�V\VWHPDWLF�HUURUV�DQG�XQFHUWDLQWLHV��

ZKLFK� DUH� GLIILFXOW� WR� HVWLPDWH��ZH� GHFLGHG� WR� XVH� WKH� UHFRPPHQGHG� YDOXHV� IURP�ZHOO� NQRZQ�

VRXUFHV� �H�J�� >7RXORXNLDQ�� ����@� RU� >1,67�� ����@��� ZKLFK� DUH� YHU\� DFFXUDWH� DQG�ZHOO� SURYHQ��

LQVWHDG�RI�PHDVXULQJ�WKH�YROXPH�H[SDQVLRQ�RXUVHOYHV�DW�DOO�FRVWV��

�

�

�
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7KH�WHPSHUDWXUH�

7KH� WHPSHUDWXUH� LV� FDOFXODWHG� E\� XVLQJ� DQ� DGDSWHG� YHUVLRQ� RI� 3/$1&.
V� ODZ� RI� EODFN� ERG\�

UDGLDWLRQ��

�

( )
( )

( )
( ) 
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ZKHUH�F��LV�3/$1&.
V�VHFRQG�FRQVWDQW��F�� ��������⋅�����P.�>%HUJPDQQ�6FKDHIHU������@���λ�LV�

WKH�ZDYHOHQJWK� VHOHFWHG� E\� WKH� LQWHUIHUHQFH� ILOWHU� �λ�  � ����� QP��� ε� LV� WKH� HPLVVLYLW\�� -� LV� WKH�

UDGLDQFH� LQWHQVLW\� GHWHFWHG� E\� WKH� S\URPHWHU�� WKH� VXEVFULSW� P� GHQRWHV� WKH� WHPSHUDWXUH� DW� WKH�

PHOWLQJ�SRLQW��

�

6LQFH� WKH�HPLVVLYLW\�ε�7��RI�PRVW� OLTXLG�PHWDOV� LV�XQNQRZQ��DQ�DVVXPSWLRQ�KDV�WR�EH�PDGH�IRU�

WKH� UDWLR�ε�W��ε�7P�� LQ� WKH� OLTXLG�SKDVH�RI� WKH�PHWDO��ε�7P�� LV� WKH�YDOXH�RI� WKH�HPLVVLYLW\�RI� WKH�

VDPSOH� DW� WKH�PHOWLQJ� WHPSHUDWXUH�7P��ZKHUH� WHPSHUDWXUHV� DUH� FDOFXODWHG� E\� IRUPLQJ� UDWLRV� RI�

UDGLDQFH� -�7�� DW�D� WHPSHUDWXUH�7� WR� WKH� UDGLDQFH�-P�7P�� DW�7P��7KH�PHOWLQJ� WHPSHUDWXUH�7P� � LV�

WDNHQ�IURP�OLWHUDWXUH�GDWD���

8S� WR� QRZ� D� FRQVWDQW� HPLVVLYLW\� ε�W��ε�7P��  � �� ZDV� DVVXPHG� IRU� WKH� OLTXLG� SKDVH� IRU� SXOVH�

KHDWLQJ�H[SHULPHQWV��6LPXODWLRQV�VKRZHG�>6HLIWHU������@��WKDW�D�FKDQJH�RI�HPLVVLYLW\�GXULQJ�WKH�

OLTXLG�SKDVH�GRHV�QRW�DIIHFW�WKH�WHPSHUDWXUH�UHVXOWV�WRR�PXFK��

�

$W� WKH�PRPHQW�ZH� DUH� IRUFLQJ� HPLVVLYLW\�PHDVXUHPHQWV�ZLWK� RXU� ODVHU� SRODULPHWU\� DSSDUDWXV��

:LWK�WKLV�V\VWHP�ZH�DUH�DEOH�WR�GHWHUPLQH�WKH�DEVROXWH�YDOXH�RI�HPLVVLYLW\�ε�RI�WKH�VSHFLPHQ�DW�

PHOWLQJ�DQG�WKURXJKRXW�WKH�OLTXLG�SKDVH�RQ�RQH�ZDYHOHQJWK�DW�����QP��

�

�

7KH�HQWKDOS\�

:LWK� WKH�GHWHFWHG�HOHFWULFDO�VLJQDOV�YROWDJH�DQG�FXUUHQW� LW� LV�SRVVLEOH� WR�GHWHUPLQH� WKH�HQWKDOS\�

LQGXFHG�LQWR�WKH�ZLUH�E\�-RXOHDQ�KHDWLQJ��7KH�HQWKDOS\�LV�FDOFXODWHG�ZLWK��

�
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ZKHUH� +���.� LV� WKH� HQWKDOS\� DW� URRP� WHPSHUDWXUH� DQG� LV� FRPPRQO\� VHW� WR� WKH� DUELWUDU\� YDOXH��

+���.� ���DQG�FDQ�KHQFH�EH�RPLWWHG��P�LV�WKH�PDVV�RI�WKH�ZLUH�GHWHUPLQHG�IURP�WKH�GHQVLW\�RI�WKH�

PHWDO� DQG� WKH� OHQJWK�RI� WKH�ZLUH� �OHQJWK�PHDVXUHPHQW�RI� WKH�ZLUH�EHWZHHQ� WKH� WZR�NQLIH�HGJH�

SUREHV���

�

7KH� HQWKDOS\� GHWHUPLQDWLRQ� LV� RQH� RI� WKH� ELJJHVW� DGYDQWDJHV� RI� WKH� SXOVH�KHDWLQJ� PHWKRG��

EHFDXVH� WKH� HQWKDOS\� E\� -RXOHDQ� SXOVH�KHDWLQJ� H[SHULPHQWV� HTXDOV� WKH� HQHUJ\� DEVRUEHG� E\� WKH�

ZLUH��7KHUHIRUH��ZH�FDQ�FDOFXODWH�GLUHFWO\�WKH�DEVRUEHG�HQHUJ\�RI�WKH�ZLUH�DW�DQ\�JLYHQ�WLPH���

�

�

7KH�VSHFLILF�KHDW��

$V�ZH�KDYH�VHHQ��(T�������DOORZV�WR�FDOFXODWH�HQWKDOS\�+�RI�WKH�ZLUH�E\�PHDVXULQJ�WKH�FXUUHQW�

DQG�WKH�YROWDJH�DFURVV�WKH�VDPSOH��%XW�WKHUH�LV�DQRWKHU�UHODWLRQ�WKDW�KROGV�IRU�WKH�HQWKDOS\��

�
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ZKHUH�F3�LV�WKH�VSHFLILF�KHDW�RI�WKH�VSHFLPHQ�XQGHU�FRQVWDQW�SUHVVXUH��

�

5HDUUDQJLQJ�OHDGV�WR��
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%\�WDNLQJ�D�FORVHU�ORRN�DW�(T�������RQH�FDQ�VHH��WKDW�WKH�VSHFLILF�KHDW�FDQ�EH�GHWHUPLQHG�IURP�WKH�

VORSH�RI�WKH�OLQHDU�VHFWLRQV�RI�WKH�FXUYH�HQWKDOS\�+�YHUVXV�WHPSHUDWXUH�7��

�

�

7KH�HOHFWULFDO�UHVLVWLYLW\�
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7KH�XQFRUUHFWHG� HOHFWULFDO� UHVLVWLYLW\�ρR� �QR� DFWXDO�YROXPH�H[SDQVLRQ�FRQVLGHUHG��FDQ�DJDLQ�EH�

FDOFXODWHG� IURP�RXU�RULJLQDOO\�PHDVXUHG�SURSHUWLHV�FXUUHQW�DQG�YROWDJH��E\�XVLQJ� WKH� IROORZLQJ�

UHODWLRQ��
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�
ZKHUH�UR�LV�WKH�UDGLXV�RI�WKH�ZLUH�DW�URRP�WHPSHUDWXUH��DQG�O�LWV�OHQJWK��

�

6LQFH�WKH�UDGLXV�RI�WKH�ZLUH�FKDQJHV�GXULQJ�WKH�H[SHULPHQW��EHFDXVH�RI�WKH�YROXPH�H[SDQVLRQ��LW�

FRXOG� QRW� EH� UHJDUGHG� DV� FRQVWDQW�� ,I�ZH� QHJOHFW� WKH� UDGLDO� H[SDQVLRQ��ZH� JHW� WKH� XQFRUUHFWHG�

HOHFWULFDO� UHVLVWLYLW\��&RQVHTXHQWO\�� E\� FRQVLGHULQJ� WKH� UDGLDO� H[SDQVLRQ� RQH� JHWV� WKH� FRUUHFWHG�

HOHFWULFDO�UHVLVWLYLW\�ZLWK��
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ZKHUH�U��W��U�
��LV�WKH�UDGLDO��RU�YROXPH��H[SDQVLRQ�RI�WKH�ZLUH��

�

)RU� IXUWKHU�FDOFXODWLRQV� WKH�HOHFWULFDO�FRQGXFWLYLW\�σ� LV�QHHGHG�ZKLFK� LV�FOHDUO\�FRQQHFWHG�ZLWK�

WKH�HOHFWULFDO�UHVLVWLYLW\�WURXJK�WKH�HOHPHQWDU\�UHODWLRQ��

FRUUρ
σ �= �� � � � � � � � � �����

�

7KH�WKHUPDO�FRQGXFWLYLW\�

$V� DOUHDG\� VKRZQ� LQ� &KDSWHU� ������� HOHFWULFDO� FRQGXFWLYLW\� DQG� WKHUPDO� FRQGXFWLYLW\� DUH� WLHG�

WRJHWKHU�WKURXJK�WKH�:,('(0$11�)5$1=�/25(17=��:)/��ODZ��

FRUU

7/
ρ

λ ⋅= ��� � � � � � � � � �

����

7KH�SXEOLVKHG�YDOXHV� IRU� WKH�/25(17=�QXPEHU�DW� WKH�PHOWLQJ� WHPSHUDWXUH�GLIIHU� LQ� WKH�UDQJH�

EHWZHHQ������������⋅�����9��.��IRU�GLIIHUHQW�PHWDOV��$OWKRXJK�ZH�PRVW�FRPPRQO\�XVH�WKH�YDOXH�

����⋅�����9��.��>:HL�PDQWHO�DQG�+DPDQQ������@�IRU�WKH�/25(17=�QXPEHU��ZH�GHFLGHG�WR�XVH�

DQRWKHU�� KLJKHU� YDOXH� LQ� WKLV� ZRUN� RQ� WKH� EDVLV� RI� WKH� ZRUN� RI� >7\H�� +D\GHQ�� ����@�� 7KH\�



� ��

GHWHUPLQHG� /25(17=�QXPEHUV� IRU� &RSSHU� DW� GLIIHUHQW� WHPSHUDWXUHV� ZKLFK� DUH� FRQVHTXHQWO\�����

!�����⋅�����9��.���$V�WKHVH�YDOXHV�FKDQJH�IRU�GLIIHUHQW� WHPSHUDWXUHV��ZH�DVVXPH�WKDW�WKH�YDOXH�

IRU� WKH�/25(17=�QXPEHU�IRU�&RSSHU�LV� LQ�WKH�LQYHVWLJDWHG�WHPSHUDWXUH�UDQJH�IURP������.�WR���

�����.���

/� �����������9��.��

7KH�WKHUPDO�GLIIXVLYLW\�

7KH� HTXDWLRQ� IRU� GHWHUPLQDWLRQ� RI� WKHUPDO� GLIIXVLYLW\�D� KDV� DOUHDG\� EHHQ�PHQWLRQHG� EHIRUH� LQ�

&KDSWHU������%\�SURFHHGLQJ�IURP�WKH�WKHUPDO�FRQGXFWLYLW\�λ��WKH�VSHFLILF�KHDW�F3�DQG�WKH�GHQVLW\�

G�RI�WKH�ZLUH��RQH�JHWV��
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7KH�GHWHUPLQDWLRQ�RI�7�W���+�W���ρR�W���+�7���DQG�ρR�7��LV�FDUULHG�RXW�ZLWK�D�QHZ�GDWD�HYDOXDWLRQ�

VRIWZDUH�SURJUDPPHG�E\�>6DFKVHQKRIHU������@�DV�D�SDUW�RI�KLV�IRUWKFRPLQJ�GLSORPD�WKHVLV��$OO�

RWKHU�FDOFXODWLRQV�DUH�GRQH�E\�XVLQJ�FRPPHUFLDO�FDOFXODWLRQ�VRIWZDUH�VXFK�DV�2ULJLQ�RU�([FHO��

�

�

����$GGLWLRQDO�PHDVXUHPHQWV�

6WDELOLW\�RI�WKH�ZLUH�GXULQJ�WKH�KHDWLQJ�SURFHVV�

7KH� VWDELOLW\� RI� WKH�ZLUH� GXULQJ� WKH� KHDWLQJ� SURFHVV� LV� RQH�RI� WKH�PRVW� LPSRUWDQW� WKLQJV�ZKLOH�

XVLQJ�WKLV�VRUW�RI�SXOVH�KHDWLQJ�WHFKQLTXH��7KH�ZLUH�KDV�WR�EH�KHDWHG�VR�IDVW��WKDW�JUDYLW\�FDQQRW�

HIIHFW�WKH�JHRPHWU\�RI�WKH�ZLUH�DV�D�UHVXOW�RI�LQHUWLD�RI�PDVV��,Q�RWKHU�ZRUGV��WKH�ZLUH�PDLQWDLQV�

KLV�LQLWLDO�UDGLDO�JHRPHWU\�WKURXJKRXW�WKH�HQWLUH�WLPH�RI�PHDVXUHPHQW�ZKLFK�LV�DERXW����WR����µV��

7KLV�EHKDYLRU�KDV�WR�SURYHQ�E\�VKRUW�WLPH�SLFWXUHV��PRQLWRULQJ�WKH�ZKROH�ZLUH�VDPSOH��

�

7KHUH�DUH�WZR�GLIIHUHQW�FRPSOH[HV�RI�SUREOHPV�WKDW�PLJKW�RFFXU�LI�WKH�ZLUH�LV�XQVWDEOH��

�

• WKH�VXUIDFH�UDGLDQFH�PHDVXUHPHQW�
�

• WKH�YROXPH�H[SDQVLRQ�PHDVXUHPHQWV�
�

7KH�ILUVW�SRLQW�RQH�KDV�WR�FRQVLGHU�LV� WKH�PHDVXUHPHQW�RI�WKH�VXUIDFH�UDGLDWLRQ��$V�VDLG�EHIRUH��

WKH�UDGLDWLRQ�HPLWWHG�E\�WKH�KRW�ZLUH�LV�PHDVXUHG�ZLWK�DQ�RSWLFDO�S\URPHWHU��7KLV�S\URPHWHU�KDV�



� ��

WR�EH�DGMXVWHG�LQ�VXFK�D�ZD\��WKDW�WKH�VXUIDFH�RI�WKH�ZLUH�LV�LQ�WKH�IRFDO�SODQH�RI�WKH�S\URPHWHU�

OHQV�� 2WKHUZLVH�� WKH� PHDVXUHPHQWV� ZRXOG� EH� QRW� LQWHUFRPSDUDEOH�� 7KHUHIRUH� D� PRUH� RU� OHVV�

SHUIHFW� RSWLFDO� DGMXVWPHQW� LV� WKH� RQO\� ZD\� WR�PDNH� FRUUHVSRQGLQJ�PHDVXUHPHQWV�� ,I� �� IRU� DQ\�

UHDVRQ���WKH�ZLUH�PRYHV�GXULQJ�WKH�PHDVXUHPHQW��ZKLFK�PHDQV�LW�PRYHV�RXW�RI�WKH�IRFXV�RI�WKH�

OHQV��WKH�S\URPHWHU�GHWHFWV�XVHOHVV�DQG�DUELWUDU\�UDGLDWLRQ�LQWHQVLWLHV��

7KH� VHFRQG� LV� WKH� GHWHUPLQDWLRQ� RI� WKH� YROXPH� H[SDQVLRQ��2XU�&&'�FDPHUD� IRU� GHWHFWLQJ� WKH�

YROXPH�H[SDQVLRQ�FDQ�RQO\�WDNH���GLPHQVLRQDO�SLFWXUHV�RI�WKH�ZLUH��7KHUHIRUH�ZH�FDQQRW�GLUHFWO\�

PHDVXUH�WKH�YROXPH�H[SDQVLRQ��EXW�RQO\�WKH�UDGLDO�H[SDQVLRQ�RI�WKH�ZLUH��)XUWKHUPRUH��ZH�KDYH�

WR�DVVXPH�WKDW�WKH�ZLUH�PDLQWDLQV�LWV�UDGLDO�JHRPHWU\�WR�FDOFXODWH�WKH�YROXPH�H[SDQVLRQ�ZLWK�KHOS�

RI� WKH� UDGLDO� H[SDQVLRQ��7KLV�PHDQV� �� LQ� RWKHU�ZRUGV� �� WKDW� WKH� VSHFLPHQ� VKRXOG� QRW� EH� JLYHQ�

HQRXJK� WLPH� IRU� OLQHDU� H[SDQVLRQ� GXULQJ� WKH� KHDWLQJ� SURFHVV�� 6R� LI� WKH�ZLUH�PRYHV�� WKH� UDGLDO�

JHRPHWU\�LV�QR�ORQJHU�JXDUDQWHHG�DQG�DOO�FDOFXODWHG�SURSHUWLHV�FDQQRW�EH�H[SHFWHG�WR�EH�FRUUHFW��

�

,QVWDELOLWLHV�DUH�PDLQO\�FDXVHG�E\��

�

�L�� LQVXIILFLHQW� FKDUJLQJ�YROWDJH�� WKH� VDPSOH� LV� KHDWHG� WRR� VORZ� DQG�

JHWV��

HQRXJK�WLPH�IRU�OLQHDU�H[SDQVLRQ�

�LL�� LUUHJXODULWLHV� RI� WKH� VDPSOH�JHRPHWU\� �LI� WKH� VDPSOHV
�

GLDPHWHU�LV�QRW�FRQVWDQW�WKURXJKRXW�WKH�OHQJWK��WKLQQHU�VHFWLRQV�DUH�

KHDWHG�IDVWHU��

�LLL�� GLVFKDUJHV�EHWZHHQ�WKH�ZLUH�DQG�WKH�KROGLQJ�GHYLFH�

�

7KH� IROORZLQJ� VHFWLRQ� VKRXOG� VKRUWO\� GHVFULEH� KRZ� ZH� DYRLG� DOO� RI� WKH� EHIRUHPHQWLRQHG�

LQVWDELOLWLHV�� ZKLFK� ZRXOG� FDXVH� XQZDQWHG� WURXEOHV�� ,W� KDV� WR� EH� VDLG� JHQHUDOO\�� WKDW� QRW� DOO�

PDWHULDOV�HTXDOO\� WHQG� WRZDUGV� LQVWDELOLW\�HIIHFWV��1LRELXP�LV�RQH�RI� WKH�PRUH�KDUPOHVV�VDPSOH�

PDWHULDOV�UHODWLQJ�WR�LQVWDELOLWLHV��&RSSHU��RQ�WKH�RWKHU�KDQG��LV�YHU\�GLIILFXOW�WR�KDQGOH�EHFDXVH�RI�

LWV�ORZ�PHOWLQJ�SRLQW�DQG�LWV�JRRG�HOHFWULFDO�FRQGXFWLYLW\��

7KH�YHU\�ORZ�UHVLVWLYLW\�RI�&RSSHU�LV�WKH�PDLQ�UHDVRQ�IRU�WKH�GLIILFXOWLHV�ZKLOH�SXOVH�KHDWLQJ�WKLV�

PHWDO�� VLQFH� WKH�HOHFWULFDO�SRZHU�DEVRUEHG�E\�WKH�VDPSOH�LV�GLUHFW�SURSRUWLRQDO� WR�WKH�VTXDUH�RI�

WKH�FXUUHQW�DQG�WR�WKH�UHVLVWLYLW\��3� �,�⋅5���7KHUHIRUH�ZH�KDG�WR�XVH�YHU\�KLJK�FKDUJLQJ�YROWDJHV�

RI�DERXW���������N9�IRU�RXU�H[SHULPHQWV�WR�DYRLG�WKRVH�LQVWDELOLWLHV��7KHVH�KLJK�YROWDJHV�OHDG�WR�

FXUUHQW�SXOVHV�DFURVV�WKH�ZLUH�DQG�WKH�GLVFKDUJH�FKDPEHU�LQ�WKH�UDQJH�RI����N$��&RQVHTXHQWO\��
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WKHVH�KLJK�FXUUHQW�SXOVHV�KHDYLO\�VXSSRUW�WKH�SURGXFWLRQ�RI�GLVFKDUJHV�DQG�IODVKRYHUV��VHH�VHFWLRQ�

IRU��LLL��EHORZ���

�

7KH�RQO\� WKLQJ�ZH�FDQ�GR�FRQFHUQLQJ��LL�� LV� WR�WUHDW� WKH�ZLUH�DV�FDUHIXOO\�DV�SRVVLEOH��6LQFH�ZH�

KDYH� WR�SXUFKDVH� WKH�ZLUH�DQG� LW� LV� FRLOHG�XS�RQ�D� VSLQGOH�ZH�KDYH� WR�VWUHWFK� LW� VOLJKWO\�EHIRUH�

XVLQJ� LW�� $QRWKHU� LPSRUWDQW� WKLQJ� LV� QRW� WR� EHQG� WKH�ZLUH�ZKLOH� EXLOGLQJ� LW� LQWR� WKH� GLVFKDUJH�

FKDPEHU��,W�LV�UHFRPPHQGHG�QRW�WR�WRXFK�WKH�ZLUH�ZLWK�EDUH�KDQGV��$OVR��ZH�UHFRPPHQG�WR�FOHDQ�

WKH�VXUIDFH�RI�WKH�ZLUH�ZLWK�$FHWRQH��ZKLFK�OHDGV�WR�EHWWHU�VLJQDOV�EHFDXVH�RI�D�FOHDQHU�VXUIDFH��

�

$W�OHDVW��ZH�KDYH�WR�KDQGOH��LLL��WKH�JORZ�GLVFKDUJHV�DQG�WKH�IODVKRYHUV�EHWZHHQ�WKH�ZLUH�DQG�WKH�

KROGLQJ�GHYLFHV��7KHUH�LV�QRW�PXFK�ZH�FDQ�GR�DERXW�LW��H[FHSW�VDQG�WKH�KROGLQJ�GHYLFHV��PDGH�RI�

EURQ]H��ZLWK�KLJK�JUDGH�SDSHU� WR� UHPRYH�GHSRVLWLRQV� IURP�SUHFHGLQJ�H[SHULPHQWV�DQG�WR�PDNH�

WKH�VXUIDFH�DV�VPRRWK�DV�SRVVLEOH���(GJHV�DQG�VSLNHV�DUH�WKH�SULPDU\�VRXUFH�RI�IODVKRYHUV��

�

2QFH� \RX� JRW� XVHG� WR� DOO� RI� WKLV�� LW� LV� QRW� WKDW� GLIILFXOW� WR� PDLQWDLQ� WKH� VWDELOLW\� RI� WKH� ZLUH�

DOWKRXJK�LW�GHPDQGV�D�OLWWOH�ELW�RI�SDWLHQFH�WR�KDQGOH�DOO�RI�WKH�DERYH��

�

�

�

D� � � � � � � E�

�

)LJ������� D��&RSSHU�ZLUH�ZLWK�PDVVLYH�LQVWDELOLWLHV�GXULQJ�WKH�KHDWLQJ��E��VWDEOH��OLTXLG�&RSSHU�ZLUH�DIWHU�

����µV�DW�DERXW������.��1RWH��WKH�QDUURZ�VHFWLRQ�RI�WKH�ZLUH�LQ�WKH�XSSHU�KDOI�RI����E��LV�QRW�DQ�



� ��

LUUHJXODULW\�RI� WKH�ZLUH�EXW� DQ�RYHUH[SRVHG�DUHD� DW� WKH�&&'�DUUD\�GXH� WR� WKH� LQWHQVLW\�RI� WKH�

EDFNJURXQG�IODVK�

�
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(PLVVLYLW\�PHDVXUHPHQW�

$V�PHQWLRQHG�EHIRUH�DW�WKH�EHJLQQLQJ�RI�WKLV�FKDSWHU��ZH�KDYH�JRW�D�ODVHU�SRODULPHWU\�V\VWHP�WR�

PHDVXUH� WKH� FKDQJH� RI� HPLVVLYLW\� ε� WLPH� UHVROYHG� GXULQJ� WKH� HQWLUH� SXOVH�KHDWLQJ� H[SHULPHQW��

7KH� QH[W� SDUDJUDSK� GHDOV� ZLWK� WKLV�PHDVXUHPHQW� WR� SURYLGH� DQ� LGHD� RI� WKH� WHFKQLTXH� DQG� WKH�

UHVXOWV�� )RU� IXUWKHU� LQIRUPDWLRQ� DERXW� ODVHU� SRODULPHWU\� DQG� WKH� '2$3� V\VWHP�� VHH� H�J��

>6DFKVHQKRIHU������@���

�

7KH�'2$3�FRQVLVWV�PRUH�RU�OHVV�RI�WKH�IROORZLQJ�FRPSRQHQWV��D�PRGXODWHG����0+]��ODVHU�GLRGH��

D�SRODUL]HU�� ILYH�GHWHFWRUV� �XVLQJ�/RFN�,Q� WHFKQRORJ\���D�VHSDUDWHG�GDWD�DFTXLVLWLRQ��D�FRPSXWHU�

ZLWK� WKH� GDWD� HYDOXDWLRQ� SURJUDP� DQG� OLJKW�ILEHUV� IRU� VLJQDO� WUDQVSRUWDWLRQ�� $OO� SDUWV� DUH�

VHSDUDWHO\�EXLOG�LQWR�WKH�VWDQGDUG�SXOVH�KHDWLQJ�VHWXS��QRW�WR�DIIHFW�WKH�RULJLQDO�H[SHULPHQW��

�

:H�SHUIRUPHG�VRPH�H[SHULPHQW�ZLWK�WKH�'2$3�RQ�&RSSHU�WR�VHH�LI�ZH�JHW�SUDFWLFDEOH�UHVXOWV��

6HH�)LJ������IRU�D�W\SLFDO�VLJQDO�RI�WKH�H[SHULPHQW��

)LJ������� (PLVVLYLW\�ε�RI�&RSSHU�YHUVXV�WLPH�GXULQJ�D�SXOVH�KHDWLQJ�H[SHULPHQW��7KH�PHOWLQJ�RI�WKH�ZLUH�
LV� EHWZHHQ� ���� DQG� ���� µV�� �1RWH�� 3RODULPHWHU� PHDVXUHPHQWV� DUH� SHUIRUPHG� DW� RQO\� RQH�
ZDYHOHQJWK�DW�����QP���

�
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7KH� YDOXH� IRU� HPLVVLYLW\� ε� EHIRUH� PHOWLQJ� LV� DUELWUDU\�� GHSHQGLQJ� RQO\� RQ� WKH� SUHYLRXV�

SUHSDUDWLRQ� RI� WKH� VXUIDFH�� ,Q� )LJ������ WKH� VLJQDO� IRU� HPLVVLYLW\� GHFUHDVHV� VWURQJO\� DV� WKH�ZLUH�

UHDFKHV� 7P�� 7KH� OLWHUDWXUH� YDOXH� IRU� ε� DW� WKLV� ZDYHOHQJWK� LV� ε�7P��  � ������ >.ULVKQDQ�� ����@�������

)LJ������VKRZV�FOHDUO\��WKDW�RXU�PHDVXUHPHQW�PDWFKHV�WKLV�YDOXH�DW�WKH�PHOWLQJ�WHPSHUDWXUH�7P��

7KH�PRVW� LQWHUHVWLQJ� IDFW� LV�� WKDW�ε� ULVHV�DJDLQ� LQ� WKH� OLTXLG�SKDVH�DV� WHPSHUDWXUH� LQFUHDVHV�DQG�

UHDFKHV�D�YDOXH�RI������DW������.��

�

�

����� ([SHULPHQWDO� SDUDPHWHUV� DQG� VSHFLILF� YDOXHV� XVHG� IRU�
FDOFXODWLRQV�

�

�

7DEOH����&RSSHU�VSHFLILF�YDOXHV�DQG�H[SHULPHQWDO�SDUDPHWHUV�

�

6SHFLPHQ�PDWHULDO� ��&RSSHU��&X��

0DQXIDFWXUHU�
��$GYHQW�5HVHDUFK�0DWHULDOV�/GW��
��(\QVKDP��(QJODQG�

6KDSH� ��:LUH�

'LDPHWHU� ������PP�

3XULW\� ������������QRQ�R[\JHQ�IUHH��

+DUGQHVV� ��7HPSHU�DV�GUDZQ�

'HQVLW\�DW�����.� �������NJ⋅P���

0HOWLQJ�SRLQW� �������.�

%RLOLQJ�SRLQW� �������.�

6SHFLPHQ�OHQJWK� ��9DULDEOH����������PP��

&KDUJLQJ�YROWDJH� ������������N9�

:DYHOHQJWK�O� �������QP�
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7KH� H[SHULPHQWDO� SDUDPHWHUV� IRU� &RSSHU� FDQ� EH� VHHQ� LQ� 7DE������ ,Q� WKH� WHPSHUDWXUH� UDQJH�

EHWZHHQ������.�DQG������.��WKH�IROORZLQJ�SURSHUWLHV�DUH�GHWHUPLQHG�IURP�WKH�PHDVXUHG�VLJQDOV��
�

�
�L�� HQWKDOS\�+�

�
�LL�� VSHFLILF�KHDW��XQGHU�FRQVWDQW�SUHVVXUH��F3�

�
�LLL�� HOHFWULFDO�UHVLVWLYLW\�ZLWKRXW�FRUUHFWLRQ�RI�WKH�YROXPH�

� H[SDQVLRQ�ρ��
�

�LY�� YROXPH�H[SDQVLRQ�
�

�Y�� HOHFWULFDO�UHVLVWLYLW\�LQFOXGLQJ�FRUUHFWLRQ�RI�WKH�YROXPH�
� H[SDQVLRQ�ρFRUU�
�

�YL�� WKHUPDO�FRQGXFWLYLW\�λ�
�

�YLL�� WKHUPDO�GLIIXVLYLW\�D�
�

3OHDVH�QRWH��WKDW�DOO�JUDSKV�LQ�WKLV�FKDSWHU�VKRZ�WKHVH�SURSHUWLHV�YHUVXV�WHPSHUDWXUH�7��$OWKRXJK�

JUDSKV� SURSHUW\� YHUVXV� HQWKDOS\�ZRXOG� EH�PRUH� DFFXUDWH�� LW� LV� FRPPRQO\� RI�PRUH� LQWHUHVW� IRU�

WHFKQLFDO� XVH� WR� SORW� WKH� SURSHUWLHV� YHUVXV� WHPSHUDWXUH�� (UURU� EDUV� DW� VLJQLILFDQW� WHPSHUDWXUHV��

�DERXW������.�������.��DQG������.��DUH�DOVR�VKRZQ�LQ�WKH�JUDSKV���
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(QWKDOS\�+�

)LJXUH������VKRZV�HQWKDOS\�+�YHUVXV�WHPSHUDWXUH�7��7KH�UHVXOWV�RI�WKH�PHDVXUHPHQWV�DUH�JLYHQ�

E\� WKH� IROORZLQJ� OLQHDU� SRO\QRPLDO� ILWV� RI� DSSUR[LPDWHO\� ��� VHSDUDWH�PHDVXUHPHQWV��7KH� QRQ�
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OLQHDU�FXUYH�GXULQJ�PHOWLQJ�LV��DV�ZH�WKLQN��D�UHVXOW�RI�VXUIDFH�HIIHFWV��D�FKDQJH�LQ�HPLVVLYLW\��DQG�

D�VOLJKW�RVFLOODWLRQ�RI�WKH�DPSOLILHU�HOHFWURQLF��

)LJ������� 6SHFLILF� HQWKDOS\�+� YHUVXV� WHPSHUDWXUH� 7� RI�&RSSHU�� � DUH� GDWD� SRLQWV� RI� WKH�PHDVXUHPHQW��

VROLG�OLQHV�DUH�WKH�OHDVW�VTXDUHV�ILWV��

�

3RO\QRPLDO�ILW�UHVXOWV�IRU�WKH�HQWKDOS\�+�7��LQ�WKH�VROLG�VWDWH�DQG�LQ�WKH�OLTXLG�SKDVH��

�

� 3RO\QRPLDO�ILWV��+�7����N-�NJ��� 7HPSHUDWXUH�UDQJH�RI�YDOLGLW\�

VROLG�� +�7�� �������������������⋅7�� �����.���7��������.�

OLTXLG�� +�7�� �������������������⋅7�� �����.���7��������.�

�
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6SHFLILF�KHDW�

$V�PHQWLRQHG� LQ� WKH� ODVW�FKDSWHU�� WKH�VSHFLILF�KHDW�RI�&RSSHU� LV�GHULYHG�IURP�WKH�VORSHV�RI� WKH�

OLQHDU�VHFWLRQV�RI�WKH�HQWKDOS\�YHUVXV�WHPSHUDWXUH�SORW��)URP�WKH�SRO\QRPLDO�ILWV�RI�WKH�HQWKDOS\�

ZH�REWDLQ�IRU�WKH�VSHFLILF�KHDW��

�

6SHFLPHQ� &3�6ROLG� &3�OLTXLG�

&RSSHU�ZLUH� ����-⋅NJ��.��� ����-⋅NJ��.���

�

)LJ������6SHFLILF�KHDW�F3�YHUVXV�WHPSHUDWXUH�7�FDOFXODWHG�IURP�WKH�HQWKDOS\�+�ZLWK�(T��������
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1RWH��)LJ������LV�GHULYHG�IURP�RXU�PHDVXUHPHQWV�DQG�QRW�GLUHFWO\�PHDVXUHG��$OWKRXJK�WKH�YDOXHV�

IRU�F3�DUH�QRW�DV�VWHDG\�DV�WKH�RQHV�REWDLQHG�E\�D�'6&�PHDVXUHPHQW��WKH�SORW�VKRZV�WKH�FRUUHFW�

IXQFWLRQDO�IRUP�RI�F3�DW�WKH�PHOWLQJ�WUDQVLWLRQ��
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(OHFWULFDO�UHVLVWLYLW\�ZLWKRXW�FRUUHFWLRQ�RI�YROXPH�H[SDQVLRQ�

7KH�HOHFWULFDO�UHVLVWLYLW\�ZLWKRXW�FRUUHFWLRQ�LV�FDOFXODWHG�E\�XVLQJ�(T���������

)LJ������� (OHFWULFDO�UHVLVWLYLW\�ρ��YHUVXV�WHPSHUDWXUH�7�� �DUH�GDWD�SRLQWV�RI�WKH�PHDVXUHPHQW��VROLG�OLQHV�

DUH�WKH�OHDVW�VTXDUHV�ILWV��

�
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� 3RO\QRPLDO�ILWV��U��7����P:�P� 7HPSHUDWXUH�UDQJH�RI�YDOLGLW\�

VROLG�� ρ��7�� �������������������[���
��⋅7� �����.���7��������.�

OLTXLG�� ρ��7�� �����������������[���
��⋅7� �����.���7��������.�
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$W�PHOWLQJ��WKH�FKDQJH�LQ�HOHFWULFDO�UHVLVWLYLW\�ZLWKRXW�YROXPH�FRUUHFWLRQ�LV��
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9ROXPH�H[SDQVLRQ�

$V�H[SODLQHG�HDUOLHU��WKH�YROXPH�H[SDQVLRQ�RI�&RSSHU�KDV�QRW�EHHQ�PHDVXUHG�ZLWKLQ�WKLV�ZRUN��

6HYHUDO� LQYHVWLJDWRUV� �H�J�� >1X�EDXPHU�� ����@� LQ� RXU� ODERUDWRU\�� RU� >*DWKHUV�� ����@�� KDYH�

GHWHUPLQHG�UHOLDEOH�DQG�DFFXUDWH�SRO\QRPLDO�ILWV�IRU�WKH�YROXPH�H[SDQVLRQ�RI�SXUH�&RSSHU��:H�

GHFLGHG�WR�XVH�WKHVH�GDWD�LQVWHDG�RI�PHDVXUH�LW�RXUVHOYHV��

�

7KH� YROXPH� H[SDQVLRQ� LQ� WKH� VROLG� SKDVH� LV� FDOFXODWHG� IURP� OLQHDU� H[SDQVLRQ� GDWD� IRU� SXUH�

&RSSHU� SXEOLVKHG� E\� >*ROGVPLWK�� ����@� DQG� >1,67�����@�� :KHUHDV� (T�������� SXEOLVKHG� E\�

>%OXPP� DQG� +HQGHUVRQ�� ����@�� ZDV� XVHG� WR� GHULYH� WKH� YROXPH� H[SDQVLRQ� 9�9�� IURP� OLQHDU�

H[SDQVLRQ�/�/���
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7KH�EHVW�ZD\�WR�ILW�WKH�FDOFXODWHG�GDWD�IRU�9�9��LV�D��
UG�RUGHU�SRO\QRPLDO�ILW�VKRZQ�EHORZ��

�

)RU� WKH� OLTXLG� SKDVH� ZH� XVHG� WKH� SRO\QRPLDO� ILW� IURP� WKH� ZRUN� RI� >1X�EDXPHU�� ����@� ZKR�

GHWHUPLQHG� WKH� YROXPH� H[SDQVLRQ� 9�9��+��� :H� DGDSWHG� WKH� SRO\QRPLDO� ILW� DQG� REWDLQHG�

9�9��7���

�
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� 3RO\QRPLDO�ILWV��9�9�� 7HPSHUDWXUH�UDQJH�RI�YDOLGLW\�

VROLG��
9�9��7�� �����������������[���

��⋅7���
����������[�����⋅7�����������[������⋅7��
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OLTXLG�� 9�9��7�� �����������������[���
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)LJ������� 9ROXPH� H[SDQVLRQ�9�9�� YHUVXV� WHPSHUDWXUH�7��Ì� DUH� YDOXHV� IURP� >*ROGVPLWK�� ����@�� � DUH�

>1,67�����@�YDOXHV�DQG� �UHSUHVHQW�WKH�YDOXHV�PHDVXUHG�E\�>1X�EDXPHU������@��7KH�VROLG�OLQH�

LV�WKH�SRO\QRPLDO�ILW�IRU�WKH�YROXPH�H[SDQVLRQ���

�

)RU� SXUH�PHWDOV�� VHYHUDO� H[SHULPHQWDO� LQYHVWLJDWLRQV� HVWLPDWHG� D� YDOXH� IRU� WKH� YROXPH� FKDQJH�

GXULQJ�PHOWLQJ�LQ�WKH�UDQJH�EHWZHHQ�������SHU�FHQW��7KH�FKDQJH�GXULQJ�PHOWLQJ�REWDLQHG�E\�RXU�

SRO\QRPLDO�ILWV�LV��������/LWHUDWXUH�YDOXHV�IRU�WKH�YROXPH�FKDQJH�DW�WKH�VROLG�OLTXLG�WUDQVLWLRQ�RI�

SXUH� &RSSHU� DUH� ���� �� >$VNHODQG�� ����@� DQG� ���� �� >%OXPP�� +HQGHUVRQ�� ����@�� 7KH� DFWXDO�

GHQVLWLHV�DUH�OLVWHG�LQ�7DE������
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(OHFWULFDO�UHVLVWLYLW\�ZLWK�FRUUHFWLRQ�RI�WKH�YROXPH�H[SDQVLRQ�

%\� XVLQJ� WKH� ILWV� IRU� WKH� YROXPH� H[SDQVLRQ�� RQH� FDQ� FDOFXODWH� WKH� YROXPH�FRUUHFWHG� HOHFWULFDO�

UHVLVWLYLW\�ZLWK�(T���������

)LJ������9ROXPH�FRUUHFWHG�HOHFWULFDO�UHVLVWLYLW\�ρFRUU�YHUVXV�WHPSHUDWXUH�7��

�

� 3RO\QRPLDO�ILWV��UFRUU�7����P:�P� 7HPSHUDWXUH�UDQJH�RI�YDOLGLW\�

VROLG�� ρFRUU�7�� ���������������������[���
��⋅7� �����.���7��������.�

OLTXLG�� ρFRUU�7�� �������������������[���
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%\�FRQVLGHULQJ�WKH�YROXPH�FRUUHFWLRQ��WKH�FKDQJH�∆ρFRUU�DW�PHOWLQJ�LV��
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7KHUPDO�FRQGXFWLYLW\�

$V� VKRZQ� LQ� (T�������� WKHUPDO� FRQGXFWLYLW\� LV� FDOFXODWHG� E\� XVLQJ� WHPSHUDWXUH�� FRUUHFWHG�

HOHFWULFDO�UHVLVWLYLW\��DQG�WKH�/25(17=�QXPEHU��

)LJ������� 7KHUPDO�FRQGXFWLYLW\�λ�YHUVXV�WHPSHUDWXUH�7�� �DUH�WKH�PHDVXUHG�GDWD�SRLQWV��VROLG�OLQHV�DUH�WKH�

OHDVW�VTXDUHV�ILWV�� �DUH�IURP�>3RWWODFKHU������@�� �DUH�IURP�>=LQRY\HY������@��DQG� �DUH�IURP�
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7KH�OHDVW�VTXDUHV�ILWV�IRU�WKH�WKHUPDO�FRQGXFWLYLW\�DUH��

�

� 3RO\QRPLDO�ILWV��O���:�.���P��� 7HPSHUDWXUH�UDQJH�RI�YDOLGLW\�
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7KHUPDO�GLIIXVLYLW\�

)RU�FDOFXODWLQJ�WKHUPDO�GLIIXVLYLW\�ZLWK�(T��������WKH�GHQVLW\�G�DW�D�JLYHQ�WHPSHUDWXUH�LV�QHHGHG��

ZKLFK�FDQ�EH�REWDLQHG�E\��
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ZKHUH�9�9��7��LV�WKH�UHODWLYH�YROXPH�H[SDQVLRQ�DW�D�JLYHQ�WHPSHUDWXUH�7��DQG������LV�WKH�GHQVLW\�

RI�&RSSHU�LQ�NJ⋅P���DW�����.��
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3RO\QRPLDO�ILWV�IRU�WKH�WKHUPDO�GLIIXVLYLW\�D�7��IRU�&RSSHU��
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� 3RO\QRPLDO�ILWV��D���P��V��� 7HPSHUDWXUH�UDQJH�RI�YDOLGLW\�
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EHWZHHQ������.�DQG������.��LQ����.�VWHSV��YDOXHV�IRU�DOO�RI�WKH�SURSHUWLHV�FDOFXODWHG�IURP�WKH�
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7DE������&RPSDULVRQ� RI� HQWKDOS\� +�� VSHFLILF� KHDW� FS�� DQG� HOHFWULFDO� UHVLVWLYLW\� ρ� ZLWK� OLWHUDWXUH� GDWD��

�VXEVFULSWV�� V� LQGLFDWHV�VROLG�VWDWH�YDOXHV�� O�YDOXHV�LQ�WKH�OLTXLG�SKDVH��DQG� V�O�YDOXHV�DW�WKH�VROLG�

OLTXLG�WUDQVLWLRQ��1RWH���LQGLFDWHV�QRQ�YROXPH�FRUUHFWHG�YDOXHV��

�
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7DE������&RPSDULVRQ� RI� WKHUPDO� FRQGXFWLYLW\�λ� DQG� WKHUPDO� GLIIXVLYLW\� D� ZLWK� OLWHUDWXUH� GDWD�� �1RWH�� ��

LQGLFDWHV�YDOXHV�DW������.���
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:LWKLQ�RXU�HVWLPDWHG�XQFHUWDLQW\��DOO�RI�WKH�JLYHQ�OLWHUDWXUH�GDWD�VKRZ�DQ�H[FHOOHQW�DJUHHPHQW�IRU�

WKHUPDO�FRQGXFWLYLW\�DQG�WKHUPDO�GLIIXVLYLW\�RI�&RSSHU��



� ��

�
�
�
�

&KDSWHU���

(VWLPDWLRQ�RI�XQFHUWDLQW\�

7KHVH� IROORZLQJ� SDUDJUDSKV� DUH� GHDOLQJ�ZLWK� WKH� SUREOHP� RI� GHWHUPLQLQJ� WKH� DFFXUDF\� RI� RXU�

UHVXOWV�DQG�WKH�EHORQJLQJ�HUURUV��%HIRUHKDQG��LW�KDV�WR�EH�VDLG��WKDW�PRVW�RI�WKH�NQRZQ�V\VWHPDWLF�

HUURUV�DUH�FRPSHQVDWHG�GXULQJ�WKH�GDWD�HYDOXDWLRQ��ZKHUHDV�WKH�XQNQRZQ�V\VWHPDWLF�HUURUV�RI�RXU�

PHDVXUHPHQWV� DUH� QRW� LQFOXGHG�ZLWKLQ� WKH� JLYHQ� XQFHUWDLQW\� UDQJHV��7KH� GHYLDWLRQ� RI� WKH� RZQ�

UHVXOW� IURP�SURYHQ� OLWHUDWXUH�GDWD� LV�D�JRRG� LQGLFDWRU� IRU� WKH�V\VWHPDWLF�HUURU��6LQFH�RXU�UHVXOWV�

FRUUHVSRQG� TXLWH� ZHOO� ZLWK� OLWHUDWXUH� GDWD� DQG� UHFRPPHQGHG� YDOXHV�� ZH� WKLQN� WKDW� ZH� KDYH�

FDQFHOHG�RXW�PRVW�RI�WKHVH�HUURUV��7KH�VWDWHG�XQFHUWDLQWLHV�FRYHU�WKH�DFFLGHQWDO�HUURUV�ZKLFK�PD\�

DQG� GR� DULVH� GXULQJ� WKH�PHDVXUHPHQWV� DQG� WKH� HYDOXDWLRQ� SURFHVVHV�� �1RWH�� VXEVFULSWV� V� DQG� O�

GHQRWH�VROLG�VWDWH���OLTXLG�SKDVH�SURSHUWLHV��

�

7KH� FXUUHQW� VLJQDO�� 7ZR� GLIIHUHQW� HUURUV� FDQ� RFFXU�ZLWKLQ� WKH� FXUUHQW�PHDVXUHPHQW�� 3HDUVRQ�

HOHFWURQLFV� FDOLEUDWH� WKHLU� FXUUHQW�SUREHV� DQG� JXDUDQWHH� D�PD[LPDO� GHYLDWLRQ� RI�±� ������� 7KH�

VHFRQG�XQFHUWDLQW\� LV� WKH� VLJQDO�GLJLWDOL]DWLRQ�ZLWKLQ� WKH�GDWD� UHJLVWUDWLRQ�RI� WKH�FRPSXWHU��:H�

KDYH����ELW�GDWD�DFTXLVLWLRQ�FDUGV�ZKHUHDV�WKH�HUURU� LV�DW�PRVW� LQ�WKH�ODVW�GLJLW��KHQFH�OHVV�WKDQ����

±��������$�WKLUG���EXW�QHJOLJLEOH���SRLQW�LV�WKH�XQFHUWDLQW\�RI�WKH�RKPLF�YROWDJH�GLYLGHUV�EHFDXVH�

RI�LWV�VPDOO�FRQWULEXWLRQ�RI�OHVV�WKDQ���������7KH�VDPH�DSSOLHV�WR�WKH�YROWDJH�PHDVXUHPHQW���7KH�

WRWDO�HUURU�RI�WKH�FXUUHQW�PHDVXUHPHQW�LV��

∆,� �±�����

�

7KH�YROWDJH�VLJQDOV��7KH�HUURU�RI�WKH�YROWDJH�VLJQDOV�LV�PRUH�GLIILFXOW�WR�HVWLPDWH�WKDQ�WKH�RQH�RI�

WKH�FXUUHQW�VLJQDO��7KH�YROWDJH�LV�FDOFXODWHG�E\�(T��������$V�VDLG�HDUOLHU��WKH�WKLUG�WHUP�G/�GW�FDQ�

EH� RPLWWHG� EHFDXVH� LW� LV� D� VPDOO� FRQWULEXWLRQ� WR� WKH� RYHUDOO� YDOXH�� EXW� WKLV� OHDGV� WR� D� VPDOO�

XQFHUWDLQW\��$QRWKHU� HUURU� FDQ�RFFXU�� LI� WKH�FRUUHFWLRQ�RI� WKH� VHFRQG� WHUP��/⋅G,�GW�� LQ� WKH� VDPH�

HTXDWLRQ� LV� QRW� GRQH� DFFXUDWHO\�� �)RU� VRPH� RWKHU� PDWHULDOV�� WKH� YROWDJH� VLJQDOV� DUH� QRW� YHU\�

VHQVLWLYH� RQ� WKH� VL]H� RI� WKLV� FRUUHFWLRQ�� EXW� ZLWK� &RSSHU�� WKLV� FRUUHFWLRQ� VKRXOG� EH� GRQH� DV�
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DFFXUDWH�DV�SRVVLEOH���$QRWKHU�SUREOHP�ZKLOH�XVLQJ�WKHVH�KLJK�FXUUHQWV�FRXOG�EH�WKH�DULVLQJ�VNLQ�

HIIHFW��(DUOLHU�HVWLPDWLRQV�KDYH�VKRZQ�� WKDW� WKLV� LQIOXHQFH�FRXOG�EH�QHJOHFWHG�ZLWKRXW�DIIHFWLQJ�

WKH� VLJQDOV� WRR� PXFK�� $QG� DV� D� ODVW� SRLQW�� WKH� YROWDJH� PHDVXUHPHQW� LV� DIIHFWHG� E\� WKH� VDPH�

GLJLWDOL]DWLRQ�SUREOHP�DV�WKH�FXUUHQW�VLJQDOV��,I�DOO�RI�WKH�DERYH�HUURUV�DUH�HVWLPDWHG�ZLWK�±�������

DQG�DUH�VXPPHG�XS��WKH�WRWDO�HUURU�RI�WKH�YROWDJH�PHDVXUHPHQW�LV��

�

∆8� �±�����

�

�

7KH� WHPSHUDWXUH�PHDVXUHPHQW�� 7KHUH� DUH�PDLQO\� WZR�GLIIHUHQW� UHDVRQV�� WKDW� DUH� UHVSRQVLEOH�

IRU�DQ�XQFHUWDLQW\�RI�WKH�WHPSHUDWXUH�PHDVXUHPHQW��)LUVW��WKH�LQWHUIHUHQFH�ILOWHU�LQ�WKH�S\URPHWHU�

KDV� D� EDQGZLGWK� RI� ��� QP�ZKLOH� WKH� IRUPDOLVP� IRU� FDOFXODWLQJ� WKH� WHPSHUDWXUH� XVHV� DQ� H[DFW�

ZDYHOHQJWK��6LPXODWLRQV�IURP�>6DFKVHQKRIHU������@�VKRZHG��WKDW�WKH�HUURU�LV�DW�OHDVW�OHVV�WKDQ�±�

�������7KH�VHFRQG�HUURU�RFFXUV�E\�VHWWLQJ�WKH�UDWLR�RI�WKH�HPLVVLYLWLHV�ε�εP� ����:H�ZHUH�DEOH�WR�

VKRZ� WKDW� WKH� HPLVVLYLW\� RI� &RSSHU� VOLJKWO\� ULVHV� ZKLOH� RYHUKHDWLQJ� WKH� OLTXLG� PHWDO�� %XW�

VLPXODWLRQV� LQFOXGLQJ� WKLV� FKDQJH� LQ�HPLVVLYLW\� >6HLIWHU������@� VKRZHG� WKDW� WKLV� IRUFHG�HUURU� LV�

QHJOLJLEOH��1HZ�VLPXODWLRQV�IRU�&RSSHU�OHDG�DW������.�WR�DQ�HUURU�OHVV�WKDQ��������7KHUHIRUH��WKH�

WRWDO�HUURU�RI�WKH�WHPSHUDWXUH�PHDVXUHPHQW�LV�JLYHQ�E\��

�

∆7� �±����

�

�

7KH�PDVV�RI�WKH�ZLUH��7KH�PDVV�LV�FDOFXODWHG�E\�WKH�GHQVLW\�DQG�WKH�YROXPH�RI�WKH�ZLUH�VDPSOH��

ZKHUHDV� WKH� YROXPH� LWVHOI� KDV� WR� EH� FDOFXODWHG� IURP� WKH� OHQJWK� RI� WKH� ZLUH� DQG� WKH� GLDPHWHU��

6LQFH� WKH� ZLUH� LV� GUDZQ� DQG� LWV� GLDPHWHU� LV� FRQWUROOHG� WKURXJKRXW� WKH� ZKROH� SURFHVV�� WKH�

XQFHUWDLQW\� RI� WKH� GLDPHWHU� FDQ� EH� RPLWWHG�� 7KH� RQO\� HUURU� ZH� FDQ� HVWLPDWH� LV� DQ� XQFHUWDLQW\�

ZLWKLQ� WKH� OHQJWK� GHWHUPLQDWLRQ�� 7KH� OHQJWK� RI� WKH� ZLUH� FDQ� EH� PHDVXUHG� ZLWK� DQ� HUURU� RI�������������

±�����PP��&RQVLGHULQJ�DQ�DYHUDJH�OHQJWK�RI�WKH�ZLUHV�RI����PP��WKH�HUURU�LV�±��������7KXV��WKH�

HUURU�RI�WKH�PDVV�LV�DOVR��

∆P� �±�������

�

7KH�HQWKDOS\��7KH�HQWKDOS\�LV�ILUVW�FDOFXODWHG�IURP�WKH�PHDVXUHG�YDOXHV�E\�XVLQJ�(T��������7KH�

HUURU� RI�+� LV� FDOFXODWHG� E\� VXPPLQJ� XS� WKH� HUURUV� RI� HDFK� RI� WKH� VLJQDOV� XVHG� WR� FDOFXODWH�+��

7KXV�� WKH� WRWDO�HUURU� LV�±������%XW� WKH�FDOFXODWHG�HUURU�RI�+� LV�DOZD\V� OHVV� WKDQ� WKUHH�SHU�FHQW��
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EHFDXVH� ZH� DYHUDJH� VHYHUDO� HQWKDOS\�FXUYHV� WR�PLQLPL]H� WKH� VWDWLVWLF� HUURUV��1HYHUWKHOHVV��ZH�

GHFLGHG�WR�VHW�WKH�HUURU�IRU�WKH�HQWKDOS\�WR���

∆+� �±�����

�

7KH�VSHFLILF�KHDW��6LQFH�WKH�VSHFLILF�KHDW� LV�FDOFXODWHG�IURP�WKH�VORSH�RI� WKH�OLQHDU�VHFWLRQV�RI�

WKH�HQWKDOS\�FXUYH��WKH�HUURU�FDQ�RQO\�EH�DSSUR[LPDWHG�VWDWLVWLFDOO\��7KH�HUURU�RI�WKH�VSHFLILF�KHDW�

LV� WKH�XQFHUWDLQW\�RI� WKH� VORSH�RI� WKH� OLQHDU� ILW��6LQFH� WKHUH�DUH�PRUH� �DQG�HYHQ�PRUH�DFFXUDWH��

GDWD�SRLQWV� IRU�FDOFXODWLQJ� WKH� OLQHDU� ILW�RI� WKH� OLTXLG�SKDVH��F3�O� LV�PRUH�DFFXUDWH� WKDQ�F3�V��7KH�

HUURUV�IRU�WKH�VSHFLILF�KHDW�DUH��� �

∆F3�V� �±�����

∆F3�O� �±�����

�

7KH� XQFRUUHFWHG� HOHFWULFDO� UHVLVWLYLW\�� 7KH� VDPH� SRLQWV� �� DV� VDLG� EHIRUH� ZKLOH� KDQGOLQJ� WKH�

HUURU�RI�WKH�HQWKDOS\���DUH�DSSO\LQJ�WR�ρ��DV�ZHOO��7KXV�WKH�XQFHUWDLQW\�LV�WKH�VDPH��

�

∆ρ�� �±����

�

�

7KH�YROXPH�H[SDQVLRQ��6LQFH�ZH�XVHG�OLWHUDWXUH�GDWD�IRU�WKH�YROXPH�H[SDQVLRQ��ZH�KDYH�WR�XVH�

HUURU� HVWLPDWLRQV�� 7KH� YROXPH� H[SDQVLRQ� GDWD� IRU� WKH� VROLG� VWDWH� DUH� YHU\� DFFXUDWH� DQG� RIWHQ�

SURYHG�E\�GLIIHUHQW�PHDVXUHPHQWV��VR� WKH�HVWLPDWHG�YDOXH�IRU� WKH�XQFHUWDLQW\�LV�±������)RU�WKH�

OLTXLG� SKDVH��ZH�XVHG�D�SRO\QRPLDO� ILW�ZKLFK�ZDV�PHDVXUHG� LQ�RXU�RZQ� ODERUDWRU\� DQG�ZKRVH�

XQFHUWDLQW\�ZDV�GHWHUPLQHG�WR�±������$V�D�UHVXOW��ZH�KDYH�IRU�WKH�HUURU�RI�WKH�YROXPH�H[SDQVLRQ��

�

∆9�9��V� �±�����

∆9�9��O� �±�����

�

�

7KH�FRUUHFWHG�HOHFWULFDO�UHVLVWLYLW\��ρFRUU�LV�FDOFXODWHG�IURP�WKH�XQFRUUHFWHG�HOHFWULFDO�UHVLVWLYLW\�

DQG�WKH�YROXPH�H[SDQVLRQ��7KHUHIRUH��WKH�HUURUV�RI�ERWK�TXDQWLWLHV�DUH�VXPPHG�XS�DQG�UHVXOW�LQ�

WKH�WRWDO�XQFHUWDLQW\�RI�ρFRUU��ZKLFK�LV���

ρFRUU�V� �±�����

ρFRUU�O� �±�����
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7KH�WKHUPDO�FRQGXFWLYLW\��7KLV�TXDQWLW\�LV�FDOFXODWHG�E\�XVLQJ�(T��������7KH�ELJJHVW�SUREOHP�

ZKLOH�KDQGOLQJ�WKLV�HTXDWLRQ�LV�WKH�HUURU�HVWLPDWLRQ�RI�WKH�/25(17=�QXPEHU�/��VLQFH�WKH�YDOXHV�

UHSRUWHG�IRU�/�DUH�YDU\LQJ�LQ�WKH�UDQJH�EHWZHHQ������DQG������[������9��.���:H�GHFLGHG�WR�UHJDUG�

/�DV�D�FRQVWDQW�ZKLFK�KDV�WKH�HUURU�]HUR��EHFDXVH�LI�DQ\RQH�LV�DEOH�WR�GHWHUPLQH�WKH�FRUUHFW�YDOXH�

RI� /� IRU� &RSSHU�� ZH� ZLOO� XVH� LW� IRU� RXU� FDOFXODWLRQV� DQG� DUH� DEOH� WR� FKDQJH� RXU� UHVXOWV�

LPPHGLDWHO\�� 7KHUHIRUH�� WKH� WRWDO� HUURU� RI� λ� FRQVLVWV� RI� WKH� HUURUV� RI� WKH� WHPSHUDWXUH� DQG� WKH�

FRUUHFWHG�HOHFWULFDO�UHVLVWLYLW\��%\�IROORZLQJ�WKH�UXOHV�RI�WKH�EDVLF�HUURU�SURSDJDWLRQ�FDOFXODWLRQV��

RQH�JHWV��

FRUU

FRUU
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6LQFH�WKH�GHWHUPLQDWLRQ�RI�ERWK�TXDQWLWLHV�LV�LQGHSHQGHQW�IURP�WKH�RWKHU��ZH�FDQ�UHDUUDQJH�WKLV�

HTXDWLRQ�DQG�REWDLQ��
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,I�WKLV�FDOFXODWLRQ�LV�FDUULHG�RXW��RQH�JHWV�IRU�WKH�WRWDO�XQFHUWDLQW\�RI�WKH�WKHUPDO�FRQGXFWLYLW\��

�

∆λV� �±�����

∆λO� �±�����

�

�

7KH� WKHUPDO� GLIIXVLYLW\�� /DVW� EXW� QRW� OHDVW�� ZH� KDYH� WR� GHDO�ZLWK� WKH� XQFHUWDLQW\� RI� WKHUPDO�

GLIIXVLYLW\�ZKLFK�LV�FDOFXODWHG�E\�XVLQJ�(T���������)RU�FDOFXODWLQJ�WKH�HUURU�RI�WKLV�TXDQWLW\��LW�LV�

QHFHVVDU\� WR� UHDUUDQJH� WKH� HTXDWLRQ� WR� VHH� WKDW� WKHUPDO� GLIIXVLYLW\� LV� LQGHSHQGHQW� IURP� WKH�

YROXPH�H[SDQVLRQ��

�
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2WKHUZLVH��WKH�YROXPH�H[SDQVLRQ�9�9��ZRXOG�EH�FRQVLGHUHG�WZLFH�DQG�WKH�HUURU�ZRXOG�EHFRPH�

HUURQHRXVO\�ODUJH��%\�DSSO\LQJ�WKH�VDPH�IRUPDOLVP�DV�IRU�WKHUPDO�FRQGXFWLYLW\�WR�(T��������RQH�

JHWV��VLQFH�/�DQG�G��DUH�FRQVWDQWV���

�
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7KH�RQO\�GLIIHUHQFH�EHWZHHQ�WKH�HUURU�FDOFXODWLRQ�RI�WKHUPDO�FRQGXFWLYLW\�DQG�GLIIXVLYLW\�LV��WKDW�

WKH�GLIIHUHQW�WHUPV�RI�(T�������DUH�QRW�LQGHSHQGHQW�IURP�HDFK�RWKHU�DQG�PXVW�QRW�EH�VXPPHG�XS�

JHRPHWULFDOO\��%\�FDOFXODWLQJ�WKH�WRWDO�HUURU�RI�WKHUPDO�GLIIXVLYLW\��RQH�REWDLQV���

�

∆DV� �±�����

∆DO� �±�����

�
�

7DEXODU�VXPPDU\�RI�WKLV�FKDSWHU�

7DE�����0HDVXUHG�DQG�FDOFXODWHG�SURSHUWLHV�RI�&RSSHU�ZLWK�WKHLU�EHORQJLQJ�HUURUV�

� VROLG�VWDWH�������.���7��������.��OLTXLG�SKDVH�������.���7��������.�

�
� (UURU�

4XDQWLW\� VROLG�VWDWH� OLTXLG�SKDVH�

&XUUHQW�,� ±�����
9ROWDJH�8� ±�����
7HPSHUDWXUH�7� ±�����
0DVV�P� ±�������
(QWKDOS\�+� ±�����
∆+P� ±�����
6SHFLILF�KHDW�F3� ±����� ±�����
XQFRUU��5HVLVWLYLW\�ρ�� ±�����
9ROXPH�H[SDQVLRQ�9�9�� ±����� ±�����
'HQVLW\�G� ±���� ±�����
FRUU��5HVLVWLYLW\�ρFRUU� ±����� ±����
∆ρFRUU� ±������
WKHUP��&RQGXFWLYLW\�λ� ±����� ±�����
WKHUP��'LIIXVLYLW\�D� ±����� ±�����

�
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&KDSWHU���

&RQFOXVLRQ�DQG�RXWORRN�

�
7KH�WKHUPRSK\VLFDO�SURSHUWLHV�RI�&RSSHU�XS�WR�����.�LQWR�WKH�OLTXLG�SKDVH�KDYH�EHHQ�PHDVXUHG�

ZLWKLQ�WKH�FXUUHQW�ZRUN�E\�XVLQJ�DQ�RKPLF�SXOVH�KHDWLQJ�WHFKQLTXH��$PRQJ�WKHVH�SURSHUWLHV�DUH�

WZR��ZKLFK�ZHUH�RI�SDUWLFXODU�LQWHUHVW��WKHUPDO�FRQGXFWLYLW\�DQG�WKHUPDO�GLIIXVLYLW\��

�

$V�D�ILUVW�SRLQW��ZH�VKRZHG�WKDW�RXU�SXOVH�KHDWLQJ�DSSDUDWXV�FDQ�EH�DGDSWHG�IRU�PHDVXUHPHQWV�RQ�

ORZ�PHOWLQJ�PHWDOV�ZLWKRXW�H[SDQGLQJ�WKH�XQFHUWDLQW\�RI�WKH�H[SHULPHQWDO�GDWD��:H�DUH�DEOH�WR�

VKRZ� WKDW� RXU� YDOXHV� IRU� HQWKDOS\�� HOHFWULFDO� UHVLVWLYLW\� DQG� VSHFLILF�KHDW� �� LQ� WKH� VROLG� VWDWH� DV�

ZHOO� DV� LQ� WKH� OLTXLG� SKDVH� �� FRUUHVSRQG� YHU\� ZHOO� ZLWK� OLWHUDWXUH� GDWD� ZLWKLQ� WKH� XQFHUWDLQW\�

UDQJHV��:H�XVHG�WKH�:,('(0$11�)5$1=�/25(17=�ODZ�WR�GHWHUPLQH�WKHUPDO�FRQGXFWLYLW\�

DQG� WKHUPDO� GLIIXVLYLW\�� 1RUPDOO\�� WKHVH� SURSHUWLHV� DUH� PHDVXUHG� GLUHFWO\�� DV� VKRZQ� LQ� PRVW�

SXEOLFDWLRQV�� E\� XVLQJ� H�J�� D� ODVHU� IODVK� DSSDUDWXV�� 2XU� REWDLQHG� UHVXOWV� DUH� LQ� H[FHOOHQW�

DJUHHPHQW�ZLWK�OLWHUDWXUH�YDOXHV��L�H��>&XVFR������@���DOWKRXJK�ZH�FDOFXODWHG�WKHVH�SURSHUWLHV���

�

$V� D� IXWXUH� SURMHFW�� DFFXUDWH� HPLVVLYLW\� PHDVXUHPHQWV� ZLWK� RXU� '2$3� V\VWHP� VKRXOG� EH�

SHUIRUPHG�RQ�&RSSHU�IRU�YDULRXV�UHDVRQV��

�

�L�� IXUWKHU�WHVWLQJ�RI�WKH�'2$3�V\VWHP�

�LL�� PLQLPL]DWLRQ�RI�WKH�XQFHUWDLQW\�RI�WKH�WHPSHUDWXUH�LQ�WKH�OLTXLG�SKDVH�

�LLL�� EDVLF�UHVHDUFK�UHDVRQV�

�

3DUWLFXODUO\�� �LL�� LV� RI� JUHDW� LQWHUHVW� IRU� RXU� PHDVXUHPHQWV� ZLWK� UHJDUG� WR� PDNH� WKH� UHVXOWV� DV�

DFFXUDWH� DV� SRVVLEOH�� $V� PHQWLRQHG� EHIRUH�� �LLL�� VKRXOG� EH� DOVR� RI� JUHDW� LQWHUHVW�� EHFDXVH� WKH�

HPLVVLYLW\�ε�IRU�&RSSHU�VHHPV�WR�ULVH�DJDLQ�LQ�WKH�OLTXLG�SKDVH�DV�WHPSHUDWXUH�LQFUHDVHV��

�



� ��

6HYHUDO� \HDUV� DJR�� ZH� ZHUH� DEOH� WR� GHWHUPLQH� ZLWK� RXU� DSSDUDWXV� WKH� SURSHUWLHV� RI� *ROG�

>1X�EDXPHU�� ����@�� 1RZ�ZH� DSSOLHG� �� ZLWK� HTXDOO\� VXFFHVV� �� WKH� SXOVH�KHDWLQJ� WHFKQLTXH� WR�

&RSSHU�DQG�ZHUH�DOVR�DEOH�WR�DGG�WKHUPDO�FRQGXFWLYLW\�GLIIXVLYLW\�WR�WKH�GHWHUPLQHG�SURSHUWLHV��

7KHUHIRUH� WKH� QH[W� ORJLFDO� VWHS� VKRXOG� EH� WR� ILJXUH� RXW�� LI� ZH� DUH� DEOH� WR� H[SDQG� RXU�

PHDVXUHPHQWV�WR�WKH�QH[W�ORZHU�PHOWLQJ�PHWDO��6LOYHU��

)LJ������� 7KH� GHWHFWHG� VLJQDOV� RI� 6LOYHU�� 6LJQDOV�� JUHHQ�� FXUUHQW�� UHG�� EODFN�� YROWDJH�� EOXH�� VXUIDFH�

UDGLDQFH�7KH�KRUL]RQWDO��OLQHDU�VHFWLRQ�RI�WKH�UDGLDQFH�VLJQDO�EHWZHHQ�����DQG�����µV�LQGLFDWHV�

WKH�PHOWLQJ�RI�WKH�ZLUH��

�

)LJ������ �� DV� D� ILUVW� DWWHPSW� �� FOHDUO\� VKRZV� WKH�PHOWLQJ� SODWHDX� RI�6LOYHU� �7P� ������.�� WLPH�

UHVROYHG�WRJHWKHU�ZLWK�DOO�WKH�RWKHU�HOHFWULFDO�VLJQDOV��7KLV�ILUVW�DQG�YHU\�HQFRXUDJLQJ�H[SHULPHQW�

RQ�6LOYHU�VKRXOG�EH�XVHG�DV�D�VWDUWLQJ�SRLQW�IRU�PHDVXUHPHQWV�RQ�6LOYHU�DV�D�IXWXUH�SURMHFW��7KHVH�

PHDVXUHPHQWV�ZRXOG�QRW�RQO\�EH�D� IXUWKHU� WHVW� IRU� WKH�DELOLWLHV�RI� WKH�S\URPHWHU��EXW�DOVR�YHU\�

FKDOOHQJLQJ��EHFDXVH�XS�WR�QRZ��QR�DFFXUDWH�PHDVXUHPHQWV�RQ�6LOYHU�KDYH�EHHQ�SHUIRUPHG�ZLWK�

WKH�SXOVH�KHDWLQJ�WHFKQLTXH��

��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
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&KDSWHU���

5HIHUHQFHV�

$VNHODQG�'��5���������0DWHULDOZLVVHQVFKDIWHQ��6SHNWUXP�9HUODJ�*PE+��+HLGHOEHUJ��S������
�
�
%HUJPDQQ�/���6FKDHIHU�&���������/HKUEXFK�GHU�([SHULPHQWDOSK\VLN��%DQG�,�����$XIODJH��:DOWHU�
GH�*UX\WHU��1HZ�<RUN��
�
�
%OXPP�-���+HQGHUVRQ�-��%��������0HDVXUHPHQW�RI�WKH�9ROXPHWULF�([SDQVLRQ�DQG�%XON�'HQVLW\�RI�
0HWDOV�LQ�WKH�6ROLG�DQG�0ROWHQ�5HJLRQV��SUHVHQWHG�DW�WKH���WK�(7&3��:�U]EXUJ��*HUPDQ\��
�
�
%URQVWHLQ� ,�� 1�� �� 6HPHQGMDMHZ�.�� $��� ������7DVFKHQEXFK� GHU�0DWKHPDWLN�� ���$XIODJH�� %��*��
7HXEQHU��6WXWWJDUW��
��
�
&XVFR� /���0RQDJKDQ� %�� -��� ������8.� QDWLRQDO� VWDQGDUG� IRU� WKH� WKHUPDO� SURSHUWLHV� RI�PROWHQ�
PDWHULDOV��WKHUPDO�GLIIXVLYLW\�RI�PROWHQ�FRSSHU��SUHVHQWHG�DW�WKH���WK�(7&3��:�U]EXUJ��*HUPDQ\��
�
�
*DOORE� 5��� ������0HVVXQJ� WKHUPRSK\VLNDOLVFKHU� 'DWHQ� YRQ� IO�VVLJHP� 1LFNHO� XQG� .XSIHU� PLW�
+LOIH�GHU�'UDKWH[SORVLRQVPHWKRGH��'LSORPDUEHLW��
�
�
*DWKHUV�*��5���������7KHUPRSK\VLFDO�3URSHUWLHV�RI�OLTXLG�&RSSHU�DQG�$OXPLQLXP��,QWHUQDWLRQDO�
-RXUQDO�RI�7KHUPRSK\VLFV��9RO����S�����������
�
�
*ROGVPLWK�$���:DWHUPDQ�7��(���+LUVFKKRUQ�+��-���������+DQGERRN�RI�7KHUPRSK\VLFDO�3URSHUWLHV�
RI�6ROLG�0DWHULDOV��9ROXPH�,�±�(OHPHQWV��3HUJDPRQ�3UHVV��2[IRUG��
�
�
+XOWJUHQ�5���'HVDL� 3��'���+DZNLQV�'��7���*OHLVHU�0���.HOOH\�.�.�� DQG�:DJPDQ�'��'��� ������
6HOHFWHG�9DOXHV�RI�WKHUPRG\QDPLF�3URSHUWLHV�RI�WKH�(OHPHQWV��$PHULFDQ�6RFLHW\�IRU�0HWDOV��
�
�
.OHPHQV� 3�� *�� DQG� :LOOLDPV� 5�� .��� ������ 7KHUPDO� FRQGXFWLYLW\� RI� PHWDOV� DQG� DOOR\V��
,QWHUQDWLRQDO�0HWDOV�5HYLHZV��9RO�����1R����S�����������
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.ULVKQDQ�6���������SULYDWH�FRPPXQLFDWLRQ��
�
�
0DJOLü� .�� '��� &H]DLUOL\DQ� $�� DQG� 3HOHWVN\� 9�� (��� ������ &RPSHQGLXP� RI� 7KHUPRSK\VLFDO�
3URSHUW\��0HDVXUHPHQW�0HWKRGV��9ROXPH����3OHQXP�3UHVV��1HZ�<RUN��
�
�
0DJOLü� .�� '��� &H]DLUOL\DQ� $�� DQG� 3HOHWVN\� 9�� (��� ������ &RPSHQGLXP� RI� 7KHUPRSK\VLFDO�
3URSHUW\��0HDVXUHPHQW�0HWKRGV��9ROXPH����3OHQXP�3UHVV��1HZ�<RUN��
�
�
0LOOV�.��&���0RQDJKDQ�%��-��DQG�.HHQH�%��-���������7KHUPDO�&RQGXFWLYLWLHV�RI�0ROWHQ�0HWDOV��
3DUW�����3XUH�0HWDOV��13/�5HSRUW�&007�$������
�
�
1DWLRQDO�,QVWLWXWH�RI�6WDQGDUGV�DQG�7HFKQRORJ\��1,67���������&HUWLILFDWH�RI�6WDQGDUG�5HIHUHQFH�
0DWHULDO������&RSSHU�7KHUPDO�([SDQVLRQ���6WDQGDUG�5HIHUHQFH�0DWHULDOV�3URJUDP��
�
�
1XVVEDXPHU�� *��� ������ :HLWHUHQWZLFNOXQJ� GHU� ]HLWDXIJHO|VWHQ� ([SDQVLRQV�� XQG� 6SDQQXQJV�
PHVVXQJ� EHL�0LNURVHNXQGHQ� �� 3XOVKHL]H[SHULPHQWHQ�� %HVWLPPXQJ� WKHUPRSK\VLNDOLVFKHU�'DWHQ�
YRQ�.XSIHU�XQG�*ROG��'LSORPDUEHLW�
�
�
3RWWODFKHU� *��� ������ %HLWUlJH� ]XU� H[SHULPHQWHOOHQ� 8QWHUVXFKXQJ� WKHUPRSK\VLNDOLVFKHU� 'DWHQ�
IO�VVLJHU�0HWDOOH�XQG�/HJLHUXQJHQ��+DELOLWDWLRQVFKULIW��
�
�
3RWWODFKHU�*��� ������7KHUPDO� FRQGXFWLYLW\� RI� SXOVH�KHDWHG� OLTXLG�PHWDOV� DW�PHOWLQJ� DQG� LQ� WKH�
OLTXLG�SKDVH��-RXUQDO�RI�1RQ�&U\VWDOOLQH�6ROLGV����������S�����������
�
�
6DFKVHQKRIHU�)���������'DWD�HYDOXDWLRQ�IRU�SXOVH�KHDWLQJ�H[SHULPHQWV�FRPELQHG�ZLWK�HPLVVLYLW\�
PHDVXUHPHQWV�XVLQJ�D�GLYLVLRQ�RI�DPSOLWXGH�SKRWRSRODULPHWHU��'LSORPDUEHLW��
�
�
6HLIWHU� $��� ������ %HVWLPPXQJ� WKHUPRSK\VLNDOLVFKHU� 'DWHQ� YRQ� (LVHQ�1LFNHO�/HJLHUXQJHQ� LP�
IO�VVLJHQ�=XVWDQG�PLWWHOV�RKPVFKHU�3XOVDXIKHL]XQJ��'LSORPDUEHLW��
�
�
6SH\HU�5��)���������7KHUPDO�$QDO\VLV�RI�0DWHULDOV��0DUFHO�'HNNHU��,QF���1HZ�<RUN��
�
�
7RXORXNLDQ� <�� 6��� ������ 7KHUPDO� 3URSHUWLHV� RI� +LJK� 7HPSHUDWXUH� 6ROLG� 0DWHULDOV�� 9RO�� ���
(OHPHQWV��S�����������7KH�0DF0LOODQ�&RPSDQ\��1HZ�<RUN��
�
�
7\H�5��3���+D\GHQ�5��:���������7KH�WKHUPDO�FRQGXFWLYLW\�DQG�HOHFWULF�UHVLVWLYLW\�RI�FRSSHU�DQG�
FRSSHU�DOOR\V�LQ�WKH�PROWHQ�VWDWH��+LJK�7HPSHUDWXUHV���+LJK�3UHVVXUHV��9RO������S�����������
�
�
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:HL�PDQWHO�&K��XQG�+DPDQQ�&���������*UXQGODJHQ�GHU�)HVWN|USHUSK\VLN����$XIODJH��6SULQJHU�
9HUODJ��%HUOLQ��
�
�
=LQRY\HY�9��(���7DOXWV�6��*���.DPDVKHY�0��*���9ODVRY�%��9���3RO\NRYD�9��3���.RUHQRYVNLL�1��,���
&KLSLQD�/�� ,���=DJUHELQ�/��'��� ������7KHUPDO�3URSHUWLHV�DQG�/RUHQW]�1XPEHUV�RI�&RSSHU�DQG�
6LOYHU�DW�+LJK�DQG�$YHUDJH�7HPSHUDWXUHV��3K\V��0HW��0HWDOO������S����������
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�

'LH� YRUOLHJHQGH�$UEHLW�ZXUGH� DP� ,QVWLWXW� I�U�([SHULPHQWDOSK\VLN� GHU�7HFKQLVFKHQ�8QLYHUVLWlW�

*UD]� XQWHU� GHU� /HLWXQJ� YRQ� +HUUQ� D�R�� 8QLY��� 3URI�� 'U�� *HUQRW� 3RWWODFKHU� GXUFKJHI�KUW�� ,KP�

JHE�KUW� PHLQH� YROOVWH� +RFKDFKWXQJ� XQG� VHL� DQ� GLHVHU� 6WHOOH� PHLQ� JDQ]� EHVRQGHUV� 'DQN�

DXVJHGU�FNW�� 1LFKW� QXU� I�U� GLH� %HUHLWVWHOOXQJ� GHU� DSSDUDWLYHQ�0LWWHO� ]XU� 'XUFKI�KUXQJ� GLHVHU�

$UEHLW�� VRQGHUQ� DXFK� I�U� VR�YLHOH� DQGHUH�'LQJH��GD�� HLQH�YROOVWlQGLJH�$XIOLVWXQJ�GHQ�5DKPHQ�

GLHVHU�6HLWH�VSUHQJHQ�Z�UGH��6HLQH�+LOIVEHUHLWVFKDIW�ZDU�VR�JUR���GD��HU�DXFK�LQ�VHLQHU�)UHL]HLW�

QRFK�=HLW�I�U�PLFK�HU�EULJWH�XQG�LPPHU�HLQ�JXWHV�:RUW�RGHU�HLQHQ�JXWHQ�9RUVFKODJ�SDUDW�KDWWH��

2KQH�VHLQ�=XWXQ�ZlUH�GLHVH�$UEHLW�QLH�]XVWDQGH�JHNRPPHQ��

�

(EHQVR�]X�'DQN�YHUSIOLFKWHW� I�KOH� LFK�PLFK�PHLQHQ�EHLGHQ�)UHXQGHQ�XQG�.ROOHJHQ�',�$FKLP�

6HLIWHU�XQG�)UDQ]�6DFKVHQKRIHU��6LH�VLQG�PLU�ZlKUHQG�GHU�$UEHLW�QLFKW�QXU�PLW�VHKU�]DKOUHLFKHQ�

XQG� ZHUWYROOHQ� 5DWVFKOlJHQ� ]XU� 6HLWH� JHVWDQGHQ�� VRQGHUQ� KDOIHQ� PLU� DXFK� LPPHU� ZLHGHU� DXV�

H[SHULPHQWHOOHQ� 6DFNJDVVHQ�� $X�HUGHP� VRUJWHQ� VLH� QHEHQ� GHU� $UEHLW� I�U� HLQ� ZLUNOLFK�

DQJHQHKPHV�.OLPD�XQG�GHQ�Q|WLJHQ�6SD��LP�/DERU��

�

'D�ZlKUHQG�PHLQHU�'LSORPDUEHLW� GHU� ,QVWLWXWVYRUVWDQG�ZHFKVHOWH��P|FKWH� LFK�PLFK�EHL�EHLGHQ�

9RUVWlQGHQ�� +HUUQ� 8QLY��3URI�� 'U�� +HOPXW� -lJHU� XQG� +HUUQ� D�R� 8QLY��3URI�� 'U�� /DXUHQWLXV�

:LQGKRO]��KHU]OLFK�EHGDQNHQ��VRZLH�EHL�DOO�GHQ�DQGHUHQ�XQJHQDQQWHQ�0LWJOLHGHUQ�GHV�,QVWLWXWHV�

I�U�GLH�+LOIVEHUHLWVFKDIW��XQG�GDV�DQJHQHKPH�$UEHLWVNOLPD��

�

)�U� DOO� GLH� )UHXQGVFKDIW� XQG� GLH� VFK|QHQ� 0RPHQWH� ZlKUHQG� GHV� 6WXGLXPV� P|FKWH� LFK� DXFK�

PHLQH�6WXGLHQNROOHJLQQHQ�XQG�.ROOHJHQ�GDQNHQ��GLH�PLU� VWHWV�KDOIHQ�GHQ� ULFKWLJHQ�:HJ�GXUFK�

GLH��8QWLHIHQ��GHU�3K\VLN�]X�ILQGHQ��

�

=X� JXWHU� /HW]W� VHL� DQ� GLHVHU� 6WHOOH� PHLQHQ� (OWHUQ�� *HVFKZLVWHUQ�� 9HUZDQGWHQ� XQG� )UHXQGHQ�

JHGDQNW�� GLH� PLFK� ZlKUHQG� GHV� 6WXGLXPV� XQWHUVW�W]W� KDEHQ�� DXFK� ZHQQ� VLH� VLFK� QLFKW� LPPHU�

JHQDX�YRUVWHOOHQ�NRQQWHQ��ZDV� LFK�JHUDGH�PDFKH��0HLQ�JDQ]�EHVRQGHUHU�'DQN�JLOW�DEHU�PHLQHU�

)UHXQGLQ�$QJHOLND��6LH�ZDU�ZLUNOLFK�LPPHU�I�U�PLFK�GD�XQG�PX�WH�DXFK�|IWHUV�PHLQHQ�0L�PXW�

QDFK�)HKOVFKOlJHQ�HUWUDJHQ����

�
�

'$1.(���
�
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