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$EVWUDFW�
�*UDSKLFDO�DEVWUDFW�

�
� 7KH�SUHVHQW�WKHVLV�LV�D�FRQWULEXWLRQ�WR�WKH�DSSOLFDWLRQ�RI�IOXLG�WUDQVSRUW�SKHQRPHQD�LQ�SRURXV�
PHGLD� IRU� WKH�GHYHORSPHQW�RI�HOHFWURFKHPLFDO� VHQVRUV��7KH�VWXG\� IRFXVHV�RQ� WKH�H[SHULPHQWDO�
LQYHVWLJDWLRQ�DQG�PRGHOOLQJ�RI�IORZ�LQ�SRURXV�PHGLD�XQGHU�WKH�DFWLRQ�RI�PDVV�DQG�FDSLOODU\�IRUFHV��
ZLWK�DSSOLFDWLRQV� LQ� WKH�FRQWUROOHG�HOHFWULF�FKDUJH� WUDQVSRUW� LQ�FRQGXFWLYH�SRURXV�PHGLD� LQ� WKH�
SUHVHQFH� RI� D� IOXLG�� 7KH� ILQDO� DSSOLFDWLRQ� RI� WKH� WKHVLV� LV� WKH� IDEULFDWLRQ� RI� D� SRUWDEOH�
HOHFWURFKHPLFDO�FHOO�FRQVLVWLQJ�RI�PHWDOOLVHG�HOHFWURVSXQ�SRO\PHULF�PHVKHV�GHSRVLWHG�RQ�D�SDSHU�
VXEVWUDWH��7KLV�LV�WKH�ILUVW�OLWHUDWXUH� UHSRUW�RI�D�VHQVRU�ZLWK�VXFK�DQ�DUFKLWHFWXUH�WKDW�FDQ�GHWHFW�
YDULRXV�FKHPLFDO�FRPSRXQGV�LQ�IOXLG�PHGLD�7KXV��WKH�WKHVLV�LV�VWUXFWXUHG�LQ�WZR�SDUWV��WKH�ILUVW�
RQH�LV�GHYRWHG�WR�WKH�VWXG\�RI�IOXLG�ZLFNLQJ�WKURXJK�SRURXV�PHGLD��UHSUHVHQWHG�E\�SDSHU��DQG�WKH�
VHFRQG� RQH� SUHVHQWV� WKH� IDEULFDWLRQ� DQG� RSWLPL]DWLRQ�PHWKRGV� IRU� ILEULOODU� HOHFWURGHV� DQG� WKH�
LQWHJUDWHG�DUFKLWHFWXUH�ZLWK�SDSHU��
� 7KH� WKHRUHWLFDO� DQDO\VLV� RI� WKH� SKHQRPHQRQ� FRQVLVWHG� LQ� LGHQWLI\LQJ� WKH� HTXDWLRQV� ZLWK�
ZKLFK�WKH�WLPH�HYROXWLRQ�RI�WKH�ZHWWHG�VXUIDFH�DQG�WKH�GURSOHW�LQWHUIDFH�FDQ�EH�GHVFULEHG��DQG�WKH�
UHVXOWV�ZHUH�HYDOXDWHG�XVLQJ�WKH�0DWKHPDWLFD�QXPHULFDO�FRGH���
� 7KH�H[SHULPHQWDO�VWXG\�ZDV�FDUULHG�RXW�IRU�GLIIHUHQW�FDVHV�RI�WKH�GLIIXVLRQ�SKHQRPHQRQ��DQG�
WKH� LQIOXHQFHV� RI� JHRPHWU\� RI� WKH� SRURXV� PHGLXP�� YLVFRVLW\� RI� IOXLGV�� DQG� FRQFHQWUDWLRQ� RI�
GLVVROYHG�PROHFXOHV�LQ�OLTXLGV�ZHUH�LQYHVWLJDWHG��,Q�RUGHU�WR�VWUHDPOLQH�WKH�DQDO\VLV�SURFHVV��D�
QXPHULFDO�DOJRULWKP�IRU�DXWRPDWLF�LPDJH�SURFHVVLQJ�ZDV�GHYHORSHG�LQ�0$7/$%���
� ,Q� WKH� VHFRQG�SDUW� RI� WKH� WKHVLV�� WZR�PHWKRGV� IRU� IDEULFDWLQJ�SRURXV�PHGLD�ZLWK� ILEULOODU�
SRO\PHU� VWUXFWXUH� ZHUH� H[SHULPHQWDOO\� LQYHVWLJDWHG�� 7KH� LQIOXHQFHV� RI� PDWHULDO�� SURFHVV� DQG�
HQYLURQPHQWDO�SDUDPHWHUV�RQ� WKH�PRUSKRORJ\�RI�WKH�UHVXOWLQJ�ILEHUV�DQG�VXUIDFH�SRURVLW\�ZHUH�
DQDO\]HG��6XEVHTXHQWO\�� FRQGXFWLYH� OD\HUV�ZHUH�GHSRVLWHG�RQ� WKH� VXUIDFH�RI� WKHVH�PDWHULDOV� LQ�
RUGHU�WR�LQYHVWLJDWH�HOHFWULFDO�FKDUJH�WUDQVIHU�DW�WKH�FRQWDFW�LQWHUIDFH�ZLWK�D�IOXLG���
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� )LQDOO\��WKH�VWHSV�UHTXLUHG�WR�GHYHORS�DQ�HOHFWURFKHPLFDO�VHQVRU�ZLWK�D�PXOWL�OD\HUHG�SRURXV�
VWUXFWXUH�� FRPSULVLQJ� DQ� DEVRUEHQW� VXEVWUDWH� IRU� IOXLG� UHWHQWLRQ� DQG� WZR� OD\HUV� RI� PHWDOOL]HG�
SRO\PHU�ILEHUV�DFWLQJ�DV�HOHFWURGHV��DUH�SUHVHQWHG��7KH�EHKDYLRXU�RI�WKH�VHQVRU�ZDV�LQYHVWLJDWHG�
XVLQJ�GLIIHUHQW�FRQGXFWLYH�PDWHULDOV�DQG�IOXLGV�ZLWK�GLIIHUHQW�SURSHUWLHV��7KH�DSSOLFDELOLW\�RI�WKH�
VHQVRU�ZDV� LQYHVWLJDWHG� LQLWLDOO\� IRU� WKH� GHWHFWLRQ� RI� K\GURJHQ� SHUR[LGH� DQG� VXEVHTXHQWO\� IRU�
FKHPLFDO�FRPSRXQGV�RI�ELRORJLFDO�RULJLQ��7KH�SURVSHFWV�IRU�IXUWKHU�UHVHDUFK�LQFOXGH�H[WHQGLQJ�
WKH�DSSOLFDELOLW\�RI�WKH�VHQVRU�IRU�PRQLWRULQJ�ZDWHU�RU�DLU�TXDOLW\��WKH�DVVHPEO\�EHLQJ�D�SRUWDEOH�
HOHFWURFKHPLFDO� FHOO� WKDW� KDV� EHHQ� GHVLJQHG� WR� DOORZ� IXUWKHU� LQWHJUDWLRQ�ZLWK� EDWWHU\�SRZHUHG�
HOHFWURQLF� FLUFXLWV�� RU� HQHUJ\�RSHUDWHG� LQVWDOODWLRQV� DQG� GHYLFHV� XVHG� LQ� YDULRXV� DSSOLFDWLRQV��
UHSUHVHQWLQJ�D�GHYLFH�IRU�IOXLG�DQDO\VLV�ZLWK�ORZ�HQHUJ\�FRQVXPSWLRQ��7KH�VWHSV�XQGHUWDNHQ�WR�
DFKLHYH�WKLV�DUH�VKRZQ�LQ�WKH�IORZFKDUW�EHORZ��
�
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.H\ZRUGV��IOXLG�GLIIXVLRQ��SRURXV�PHGLD��SRO\PHU�ILEHUV��HOHFWURFKHPLFDO�GHWHFWLRQ��
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,�� ,6,�LQGH[HG�DUWLFOHV�
��� '��%RWWD��,��(QFXOHVFX��&��%DODQ��9��&��'LFXOHVFX��,QWHJUDWHG�DUFKLWHFWXUHV�RI�HOHFWURGHV�DQG�

IOH[LEOH� SRURXV� VXEVWUDWHV� IRU� SRLQW�RI�FDUH� WHVWLQJ��&XUUHQW�2SLQLRQ� LQ�(OHFWURFKHPLVWU\��
��������������,661��������������������M�FRHOHF��������������

��� '��%RWWD��&��%ăODQ��1XPHULFDO�$QDO\VLV�RI�WKH�'URS�6KDSH�'XULQJ�:LFNLQJ�LQ�3RURXV�0HGLD��
8�3�%��6FL��%XOO���6HU��$�������������
�

,,�� ,6,�SURFHHGLQJV�DQG�%',�
��� '��%RWWD��,��0DJRV�DQG�&��%DODQ��,QIOXHQFH�RI�9LVFRVLW\�RQ�5DGLDO�'LIIXVLRQ�RI�)OXLGV�LQ�

3DSHU� 6XEVWUDWHV�� ��WK� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� $GFDQFHG� 7RSLFV� LQ� (OHFWULFDO�
(QJLQHHULQJ��$7((�����������������$7((��������������������

��� '��%RWWD��,��0DJRV�DQG�&��%DODQ��7KH�,QIOXHQFH�RI�6XUIDFH�7HQVLRQ�RQ�5DGLDO�:LFNLQJ�LQ�
3DSHU����������WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�(1(5*<�DQG�(19,5210(17��&,(0���SS��
�������������&,(0�������������������

��� 2�'��%RWWD��,��0DJRV��&��%DODQ��([SHULPHQWDO�VWXG\�RQ�WKH�IRUPDWLRQ�DQG�EUHDN�XS�RI�IOXLG�
EXEEOHV��,1&$6�%XOOHWLQ�����������������������������������������������������
�

,,,�� ,QWHUQDWLRQDO�FRQIHUHQFHV�
��� '�� %RWWD�� $�� (YDQJKHOLGLV�� 0�� %HUHJRL�� (�� 0DWHL�� ,�� (QFXOHVFX� DQG� 9�� &�� 'LFXOHVFX��

0LFURIOXLGLF�'HYLFHV�ZLWK�&RQGXFWLYH�(OHFWURVSXQ�3RO\PHULF�)LEHUV����WK�$QQXDO�0HHWLQJ�
RI�WKH�,QWHUQDWLRQDO�6RFLHW\�RI�(OHFWURFKHPLVWU\��,6(�������

��� '��%RWWD��&��6DQ]��0��%HUHJRL��(��0DWHL��,��(QFXOHVFX�DQG�9��&��'LFXOHVFX��'HYLFHV�ZLWK�
0HWDOOL]HG� (OHFWURVSXQ� )LEHU� 0HVKHV� (OHFWURGHV�� %LRV\VWHPV� LQ� 7R[LFRORJ\� DQG�
3KDUPDFRORJ\�±�&XUUHQW�FKDOOHQJHV��%73�������

��� '�� %RWWD� DQG� &�� %DODQ�� ([SHULPHQWDO� 'HWHUPLQDWLRQ� RI� 5DGLDO� :LFNLQJ� 9HORFLWLHV� IRU�
&RPSOH[�)OXLGV��$QQXDO�(XURSHDQ�5KHRORJ\�&RQIHUHQFH��$(5&��������

��� '��%RWWD�� ,��0DJRV�DQG�&��%DODQ��,QIOXHQFH�RI�9LVFRVLW\�RQ�5DGLDO�'LIIXVLRQ�RI�)OXLGV�LQ�
3DSHU� 6XEVWUDWHV�� ��WK� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� $GYDQFHG� 7RSLFV� LQ� (OHFWULFDO�
(QJLQHHULQJ��$7((�������

��� '��%RWWD��,��0DJRV�DQG�&��%DODQ��7KH�,QIOXHQFH�RI�6XUIDFH�7HQVLRQ�RQ�5DGLDO�:LFNLQJ�LQ�
3DSHU����WK�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�(1(5*<�DQG�(19,5210(17��&,(0�������
�

,9�� 0HPEHU�LQ�UHVHDUFK�SURMHFWV��
��� 3K\VLFV�RI�9LURPLPHWLF�3DUWLFOHV��FRQWUDFW�QR��������������������3155��
��� %LR�LQVSLUHG�VHPLFRQGXFWLQJ�ILEHUV�IRU�ILHOG�HIIHFW�WUDQVLVWRUV��31�,,,�3��3&(������������
��� $Q�HOHFWURFKHPLFDO�SRLQW�RI�FDUH�GHYLFH� IRU�QXFOHLF�DFLGV�TXDQWLILFDWLRQ� �31�,,,�3��3&(�

�����������
��� 0ROHFXODUO\�LPSULQWHG�QDQRIOXLGLF�ELRVHQVRUV�IRU� WKH�GHWHFWLRQ�RI�KXPDQ�GHULYHG�SURWHLQV�

�(5$1(7�0$181(7�,,,�0,1D)%LR6��
��� 'LVSRVDEOH� QDQRVWUXFWXUHG� ELRVHQVRUV� EDVHG� RQ� PHWDOOLF� HOHFWURVSXQ� ILEHUV� IRU� UHDO� WLPH�

PRQLWRULQJ�RI�VXSHUR[LGH�LQ�FHOO�FXOWXUHV��31�,,,�3������7(������������
�

9�� 3DWHQWV�
x� %RWWD�2DQD�'DFLDQD��'LFXOHVFX�9LFWRU�&RQVWDQWLQ��(QFXOHVFX�0DULXV�,RQXW��%HUHJRL�

0LKDHOD�� (YDQJKHOLGLV�$OH[DQGUX�� 0DWHL� (OHQD�� &HOXOă� HOHFWURFKLPLFă� FX� VWUXFWXUă�
ILEULODUă�IOH[LELOă�LQWHJUDWă��$�������������
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x� &RVWDV� /LOLDQD�$QGUHHD�� 3UHGD� 1LFROHWD�5R[DQD�� %RWWD� 2DQD�'DFLDQD�� &LRERWDUX�
,XOLD�&RULQD�� (QFXOHVFX� 0DULXV� ,RQXW�� 3URFHGHX� GH� RE܊LQHUH� D� XQHL� GLRGH�
HOHFWUROXPLQHVFHQWH�SH�ED]ă�GH�PDWULFL�GH�QDQRILUH�PLH]�FRDMă�GH� WLS�R[LG�GH�]LQF܈�L�
VHOHQLXUă�GH�]LQF�RE܊LQXWH�SH�HOHFWUR]L�PHWDOLFL�LQWHUGLJLWD܊L��$�������������

x� (QDFKH�7HRGRU�$GULDQ��&RVWDV�/LOLDQD�$QGUHHD��%RWWD�2DQD�'DFLDQD��0DWHL�(OHQD��
'LFXOHVFX� 9LFWRU�&RQVWDQWLQ�� 0HWRGă� GH� IDEULFDUH� D� XQHL� SODWIRUPH� DQDOLWLFH� GXDOH�
SHQWUX�GHWHF܊LH�HOHFWURFKLPLFă܈�L�FRORULPHWULFă��$����������������

�
9,�� $UWLFOHV�LQ�ZULWLQJ�

��� '��%RWWD��0��%HUHJRL��0��(QFXOHVFX��$��(YDQJKHOLGLV��(��0DWHL��$��0��,JQDW��$��3DVFX��
,��(QFXOHVFX��&��%DODQ��9�&��'LFXOHVFX��$Q�HOHFWURFKHPLFDO�'1$�TXDQWLILFDWLRQ�VHQVRU�
RQ� FKURPDWRJUDSKLF� SDSHU� ZLWK� DWWDFKHG� HOHFWURGHV� IURP� FRQGXFWLYH� HOHFWURVSXQ�
SRO\PHULF�ILEHUV��$GYDQFHG�0DWHULDOV
�

��� '��%RWWD��0�� %HUHJRL��$�� (YDQJKHOLGLV��$�� 3DVFX�� ,�� (QFXOHVFX��9�&��'LFXOHVFX��$Q�
LPSHGLPHWULF� VHQVRU� RQ� FKURPDWRJUDSKLF� SDSHU� ZLWK� DWWDFKHG� HOHFWURGHV� IURP�
FRQGXFWLYH� HOHFWURVSXQ� SRO\PHULF� ILEHUV� IRU� TXDQWLILFDWLRQ� RI� QXFOHLF� DFLGV�� $&6�
6HQVRUV
�

��� '�� %RWWD��$�� (YDQJKHOLGLV�� (�� 0DWHL�� ,�� (QFXOHVFX�� 9�&�� 'LFXOHVFX��$� SDSHU�EDVHG�
DUFKLWHFWXUH�ZLWK�FRQGXFWLYH�HOHFWURVSXQ�SRO\PHULF�ILEHUV�IRU�ZHDUDEOH�ELRVHQVRUV��$&6�
$SSOLHG�0DWHULDOV�DQG�,QWHUIDFHV
�

�
�LQWHQGHG�MRXUQDO��
�
9,,��0HPEHU�RI�,QWHUQDWLRQDO�6RFLHW\�RI�(OHFWURFKHPLVWU\��,6(��±�VLQFH�������

� �
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&KDSWHU����,QWURGXFWLRQ�
�
� )URP�DQ�LQGXVWULDO�SRLQW�RI�YLHZ��WKH�DSSOLFDWLRQV�RI�GLIIXVLRQ�WKURXJK�SRURXV�PDWHULDOV�FDQ�
EH� IRXQG� LQ� DUHDV� VXFK� DV�� GHYHORSPHQW� RI� HQHUJ\� VWRUDJH� GHYLFHV� >���@�� FDWDO\VLV� RI� R[\JHQ�
UHGXFWLRQ� RU� K\GURJHQ� HYROXWLRQ� UHDFWLRQV� DV� UHQHZDEOH� HQHUJ\� VRXUFHV� >���@�� GHYHORSPHQW� RI�
VWUXFWXUHV�ZLWK�KLJK�DEVRUEDQFH�IRU�JUHHQKRXVH�JDV�FRPSRXQGV�FDSWXUH�IURP�WKH�DWPRVSKHUH�>�@�
RU�ZDWHU�SXULILFDWLRQ� >���@��GHYHORSPHQW�RI�VHQVRUV� IRU� WKH�GHWHFWLRQ�RI�VXEVWDQFHV� LQ�FRPSOH[�
IOXLGV�RU�JDVHRXV�FRPSRXQGV�IRU�PRQLWRULQJ�DLU�RU�ZDWHU�TXDOLW\�LQ�RUGHU�WR�RSWLPLVH�WKH�RSHUDWLRQ�
RI�YDULRXV�LQVWDOODWLRQV���
� 7KH�LQFUHDVHG�LQWHUHVW�LQ�SRURXV�PDWHULDOV�LV�GXH�WR�WKHLU�VWUXFWXUDO�SURSHUWLHV��ZKLFK�DOORZ�
ERWK�SDVVLYH�IOXLG�WUDQVSRUW�XQGHU�WKH�DFWLRQ�RI�FDSLOODU\�IRUFH��DQG�HIILFLHQW�VWRUDJH�RI�FKHPLFDO�
FRPSRXQGV�LQ�WKHLU�VWUXFWXUH�E\�DGVRUSWLRQ��GXH�WR�WKHLU�ODUJH�FRQWDFW�VXUIDFH���
� ,Q� DGGLWLRQ�� WKH� H[DPSOH� RI� VZHDW� GLIIXVLRQ� LQ� WH[WLOHV� KDV� JHQHUDWHG� WKH� QXFOHXV� DURXQG�
ZKLFK�WKH�ILHOG�RI�ZHDUDEOH�VHQVRUV�GHYHORSPHQW�KDV�HPHUJHG��DQ�DGGLWLRQDO�DGYDQWDJH�RI�WKHVH�
EHLQJ� WKHLU� IXQFWLRQDOLW\�ZLWK� ORZ� YROWDJH� VXSSO\� �����9�� >�@�� 6XFK� VHQVRUV� DOORZ� FRQWLQXRXV�
PRQLWRULQJ�RI�ERWK�KHDOWK�DQG�HQYLURQPHQWDO�VWDWXV��ZLWK�ORZ�HQHUJ\�FRQVXPSWLRQ�FRPSDUHG�WR�
WKDW�UHTXLUHG�IRU�D�FOLQLFDO�DQDO\VLV�ODERUDWRU\��

6WDWH�RI�WKH�DUW�
� 7KH�LPSRUWDQFH�RI�SRUWDEOH�VHQVRUV�OLHV�LQ�WKH�DELOLW\�WR�PRQLWRU�LQ�UHDO�WLPH�WKH�SUHVHQFH�RU�
DEVHQFH� RI� D� FKHPLFDO� FRPSRXQG� LQ� WKH� WHVW�PHGLXP�� 3RLQW�RI�FDUH� �3R&�� GHYLFHV� KDYH� EHHQ�
GHILQHG�LQ�WKH�OLWHUDWXUH�DV�EHLQJ�GHYLFHV�ZKLFK�FDQ�EH�XVHG��LQ�FORVH�SUR[LPLW\�WR�WKH�SDWLHQW��
UDWKHU�WKDQ�LQ�WKH�WUDGLWLRQDO�HQYLURQPHQW�RI�D�FOLQLFDO�ODERUDWRU\��>��@��WR�SURYLGH�LQIRUPDWLRQ�
DERXW�WKH�KHDOWK�VWDWXV�RI�D�SDWLHQW��+RZHYHU��WKH�IDEULFDWLRQ�PHWKRGV�DQG�GHWHFWLRQ�VWUDWHJLHV�XVHG�
LQ� 3R&� GHYLFHV� DUH� DOVR� DSSOLFDEOH� IRU� FRQWLQXRXV� HQYLURQPHQWDO� TXDOLW\� PRQLWRULQJ�� 6XFK�
DQDO\WLFDO�GHYLFHV�VKRXOG�EH�SRUWDEOH��HDV\�WR�XVH��HIILFLHQW�WR�PDQXIDFWXUH��DQG�FDSDEOH�RI�EHLQJ�
LQWHJUDWHG�ZLWK�HOHFWURQLF�FLUFXLWV�DQG�EDWWHULHV�>��@��
� (OHFWURFKHPLFDO�VHQVRUV�ZLWK�SRURXV�VXEVWUDWHV�FRXOG�EH�DSSOLHG�LQ�WKH�ELRPHGLFDO�ILHOG�IRU�
WKH�GHWHFWLRQ�RI�GLIIHUHQW�FKHPLFDO� FRPSRXQGV� VXFK�DV� LRQV� >�����@�� VPDOO�PROHFXOHV� >�����@��
SURWHLQV�>�����@�DQG�QXFOHLF�DFLGV�>�����@��2XWVLGH�WKH�ELRPHGLFDO�ILHOG��WKHLU�DSSOLFDWLRQV�FRXOG�
EH�H[WHQGHG�WR�WKH�GHWHFWLRQ�RI�FRQWDPLQDQWV�LQ�FRQFUHWH�>��@��GUXJV�>�����@�DQG�SHVWLFLGHV�RQ�
IUXLW�SHHO� >��@�� LQ� VRLO� >��@�RU�DHURVROV� >��@��)LJXUH������)DEULFDWLRQ� WHFKQLTXHV�DUH�FRQVWDQWO\�
EHLQJ� HYDOXDWHG� DQG� RSWLPLVHG�� EXW� IHZ� GHYLFHV� UHDFK� WKH� FRPPHUFLDO� VWDWH�� EHLQJ� PDLQO\�
IXQFWLRQDO�RQO\�XQGHU�ODERUDWRU\�FRQGLWLRQV��
� 7KXV��LQ�RUGHU�WR�GHYHORS�UHOLDEOH�GHYLFHV�ZLWK�UHSURGXFLEOH�IHDWXUHV�DQG�IXQFWLRQDOLW\��HYHQ�
RXWVLGH�D�FRQWUROOHG�HQYLURQPHQW��WKH�PRVW�RSWLPDO�DUFKLWHFWXUHV��SDSHU�PRGLILFDWLRQ�VWUDWHJLHV�
DQG�K\GURSKRELF�EDUULHU�IDEULFDWLRQ��DV�ZHOO�DV�PHWKRGV�RI�LQWHJUDWLQJ�LW�ZLWK�HOHFWURGHV�PXVW�EH�
LGHQWLILHG��7KH�WHFKQLTXHV�DQG�PHWKRGV�IRU�WKH�GHWHFWLRQ�RI�GLIIHUHQW�W\SHV�RI�DQDO\WHV�VKRXOG�DOVR�
EH�FRQVLGHUHG��WDNLQJ�LQWR�DFFRXQW�WUDQVSRUW�DQG�DGVRUSWLRQ�SURFHVVHV�LQ�SRURXV�PHGLD�
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�
)LJXUH������([DPSOHV�RI�SRUWDEOH�HOHFWURFKHPLFDO�VHQVRUV�IRU�PRQLWRULQJ��$��ODFWDWH�LQ�KXPDQ�
VZHDW��UHSURGXFHG�IURP�>��@�ZLWK�SHUPLVVLRQ�IURP�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\��%��FRUWLVRO��
UHSURGXFHG�IURP�>��@�ZLWK�SHUPLVVLRQ�IURP�(OVHYLHU��&��FRQWDPLQDWLRQ�RI�FRQFUHWH�VWUXFWXUHV�
ZLWK�FKORULQH�LRQV��UHSURGXFHG�IURP�>��@�ZLWK�SHUPLVVLRQ�IURP�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\��
'��SHVWLFLGHV��VXFK�DV�SDUDR[RQ�DQG�JO\SKRVDWH��LQ�WKH�DHURVRO�SKDVH��UHSURGXFHG�IURP�>��@�ZLWK�

SHUPLVVLRQ�IURP�(OVHYLHU��

$LP�DQG�PRWLYDWLRQ�
� 7KH�ILUVW�REMHFWLYH�RI�WKLV�WKHVLV�ZDV�WR�VWXG\�GLIIXVLRQ�SURFHVVHV�LQ�SRURXV�PHGLD��WDNLQJ�WKH�
FDVH�RI� D�GURSOHW� LQ� FRQWDFW�ZLWK� D� SDSHU� VXEVWUDWH��7KH� DQDO\VLV�ZDV� IRFXVHG�RQ� VWXG\LQJ� WKH�
XQLIRUPLW\�RI�WKH�SURFHVV�DQG�WKH�GLIIXVLRQ�YHORFLW\�RI�WKH�IOXLG�IURQW�LQ�WKH�FDVHV�RI�UDGLDO�DQG�
XQLGLUHFWLRQDO� ZLFNLQJ�� 7KH� DQDO\VLV� ZDV� DLPHG� DW� GHVFULELQJ� WKH� LQIOXHQFH� RI� WKH� PDWHULDO�
SURSHUWLHV�RI�WKH�IOXLG�RQ�WKH�SURFHVV��WKXV�IOXLGV�ZLWK�GLIIHUHQW�YLVFRVLWLHV�ZHUH�LQFOXGHG�LQ�WKH�
VWXG\��DV�ZHOO�DV�VROXWLRQV�ZLWK�PROHFXOHV�LQFOXGLQJ�FKURPRSKRUHV�LQ�WKH�FKHPLFDO�VWUXFWXUH��IRU�
WKH�VWXG\�RI�WKH�UHWHQWLRQ�SKHQRPHQRQ���
� $� VHFRQG�REMHFWLYH� RI� WKH� WKHVLV�ZDV� WR� HDVH� WKH� GLIIXVLRQ� DQDO\VLV� SURFHVV�� DQG� IRU� WKLV�
SXUSRVH�D�QXPHULFDO�DOJRULWKP�ZDV�LPSOHPHQWHG�IRU�WKH�DXWRPDWLF�SURFHVVLQJ�RI�IUDPHV�H[WUDFWHG�
IURP�GLIIXVLRQ�UHFRUGLQJV��7KH�DOJRULWKP�ZDV�DSSOLHG�WR�VWXG\�WKH�FRUUHODWLRQ�EHWZHHQ�GLIIXVLRQ�
WKURXJK�WKH�SRURXV�PHGLXP�DQG�WKH�HYROXWLRQ�RI�WKH�GURSOHW�LQWHUIDFH�UHPDLQLQJ�DW�WKH�VXUIDFH�RI�
WKH�VXEVWUDWH���
� 7KH�WKLUG�REMHFWLYH�RI�WKH�WKHVLV�LQFOXGHG�WKH�VWXG\�RI�PDWHULDO�DQG�HQYLURQPHQWDO�SDUDPHWHUV�
RQ�WKH�PDQXIDFWXULQJ�SURFHVV�RI�ILEULOODU�SRURXV�PDWHULDOV�IURP�SRO\PHU�VROXWLRQV��$�FRPSDULVRQ�
EHWZHHQ� IDEULFDWHG� VXUIDFHV� DQG� ILOWHU� SDSHU� ZDV� SHUIRUPHG� DQG� WKH� RSWLFDO� DQG� HOHFWULFDO�
SURSHUWLHV�RI�WKHVH�PDWHULDOV�ZHUH�DQDO\VHG���
� 7KH� ILQDO� DLP�RI� WKH� WKHVLV� LQYROYHG� WKH� LQWHJUDWLRQ� RI� SRURXV� VXEVWUDWHV�ZLWK� HOHFWURGHV�
IRUPHG�IURP�SRO\PHULF�PHVKHV��IRU�WKH�GHYHORSPHQW�RI�ZHDUDEOH�VHQVRUV��'LIIHUHQW�DUFKLWHFWXUHV�
ZHUH� DQDO\VHG� DQG� HOHFWURFKHPLFDOO\� FKDUDFWHULVHG�� LQ� RUGHU� WR� REWDLQ� RSWLPDO� GHYLFHV�� 7KHLU�
IXQFWLRQDOLW\�ZDV� GHPRQVWUDWHG�E\� SHUIRUPLQJ� HOHFWURFKHPLFDO� GHWHFWLRQ� DQG�TXDQWLILFDWLRQ� RI�
DQDO\WHV�SUHVHQW�LQ�VZHDW��DV�ZHOO�DV�QXFOHLF�DFLGV��
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7KHVLV�VWUXFWXUH�
� &KDSWHU���SUHVHQWV�WKH�FXUUHQW�VWDWH�RI�VWXGLHV�UHJDUGLQJ�GLIIXVLRQ�LQ�SRURXV�PHGLD��DV�ZHOO�
DV�WKH�FXUUHQW�SURJUHVV�LQ�WKH�GHYHORSPHQW�RI�VHQVRUV�EDVHG�RQ�SRURXV�VXEVWUDWHV��7KH�PHWKRGV�RI�
IDEULFDWLQJ�DQG�LQWHJUDWLQJ�WKH�HOHFWURGHV�ZLWK�SRURXV�VXEVWUDWHV��DV�ZHOO�DV�WKH�PHWKRGV�LQYROYHG�
LQ�HOHFWURFKHPLFDO�GHWHFWLRQ�KDYH�EHHQ�UHYLHZHG��
� &KDSWHU� �� SUHVHQWV� WKH� WKHRUHWLFDO� GHVFULSWLRQ� RI� WKH� GLIIXVLRQ� SKHQRPHQRQ� LQ� SDSHU�
FRQVLGHULQJ�WKH�XQLGLUHFWLRQDO�DQG�UDGLDO�FDVHV��7KH�HYROXWLRQ�RI�WKH�GURSOHW�LQWHUIDFH�IRU�D�IOXLG�
LQ�FRQWDFW�ZLWK�D�SRURXV�PHGLXP�LV�DOVR�GLVFXVVHG��
� &KDSWHU� �� GLVFXVVHV� WKH� H[SHULPHQWDO� WHFKQLTXHV� XVHG� WR� FDUU\� RXW� WKH� H[SHULPHQWV� DQG�
GHVFULEHV�WKH�SK\VLFDO�RU�FKHPLFDO�SKHQRPHQD�XQGHUO\LQJ�WKH�SURFHVVHV��
� &KDSWHU���SUHVHQWV�WKH�VWHSV�RI�WKH�LPDJH�SURFHVVLQJ�DOJRULWKP�GHYHORSHG��LWV�PHWKRG�DQG�
OLPLWDWLRQV� LQ� LQWHUIDFH� LGHQWLILFDWLRQ�� DQG� WKH� PDWKHPDWLFDO� IRUPDOLVP� XVHG� WR� FDOFXODWH�
SDUDPHWHUV�VXFK�DV�GLDPHWHU��YROXPH��FRQWDFW�DQJOH�DQG�GLIIXVLRQ�YHORFLW\��
� &KDSWHU���LV�GHGLFDWHG�WR�WKH�H[SHULPHQWDO�VWXG\�RI�WKH�GLIIXVLRQ�SURFHVV�LQ�SRURXV�PHGLD��
7KH�FDVHV�RI�XQLGLUHFWLRQDO�GLIIXVLRQ� LQ� WKH�SUHVHQFH�RI�ZD[�EDUULHUV�� DQG� UDGLDO��XQLQIOXHQFHG�
GLIIXVLRQ�DUH�DQDO\VHG��,Q�WKH�FDVH�RI�XQLGLUHFWLRQDO�GLIIXVLRQ�WKH�LQIOXHQFH�RI�FKDQQHO�ZLGWK�ZDV�
LQYHVWLJDWHG��)RU�WKH�FDVH�RI�UDGLDO�GLIIXVLRQ��WKH�LQIOXHQFH�RI�YLVFRVLW\�RQ�WKH�GLIIXVLRQ�YHORFLW\�
DV� ZHOO� DV� FRQFHQWUDWLRQ� RQ� WKH� PROHFXOH� UHWHQWLRQ� SKHQRPHQRQ� ZHUH� VWXGLHG�� )LQDOO\�� WKH�
GLIIXVLRQ�RI�YLVFRHODVWLF�IOXLGV�ZDV�LQYHVWLJDWHG�E\�DQDO\]LQJ�WKH�HYROXWLRQ�RI�WKH�GURSOHW�LQWHUIDFH�
RYHU�WLPH���
� ,Q�&KDSWHU� ��� WZR� WHFKQLTXHV� IRU� IDEULFDWLQJ� SRURXV� VXUIDFHV� IURP� SRO\PHU� ILEHUV� DUH�
VWXGLHG��7KH�UKHRORJLFDO�FKDUDFWHULVWLFV�RI�WKH�SRO\PHU�VROXWLRQV�DQG�WKH�HQYLURQPHQWDO�RU�SURFHVV�
SDUDPHWHUV�LQIOXHQFH�RQ�WKH�IDEULFDWLRQ�SURFHVVHV�ZDV�DQDO\VHG��7KH�FKDUDFWHULVWLFV�RI�WKH�SRO\PHU�
PHVKHV�ZHUH�LQYHVWLJDWHG�LQ�WHUPV�RI�PRUSKRORJ\�DQG�ZHWWLQJ�SURSHUWLHV��&RQGXFWLYH�OD\HUV�ZHUH�
GHSRVLWHG�RQ�WKHLU�VXUIDFH�DQG�WKHLU�HOHFWULFDO�DQG�HOHFWURFKHPLFDO�FKDUDFWHULVWLFV�ZHUH�VWXGLHG��
� &KDSWHU���SUHVHQWV�WKH�SURFHGXUH�GHYHORSHG�IRU�IDEULFDWLQJ�DQ�HOHFWURFKHPLFDO�VHQVRU�ZLWK�
D� SDSHU� VXEVWUDWH� DQG� HOHFWURVSXQ� ILEHU�PHVK� HOHFWURGHV��'LIIHUHQW� W\SHV� RI� DUFKLWHFWXUHV�ZHUH�
DQDO\VHG� LQ� WHUPV�RI�HOHFWURFKHPLFDO�EHKDYLRXU�� LQ�RUGHU� WR� LGHQWLI\� WKH�RSWLPDO�FRQILJXUDWLRQ��
6XEVHTXHQWO\�� WKLV� FRQILJXUDWLRQ�ZDV� XVHG� IRU� WKH� GHWHFWLRQ� RI� GLIIHUHQW� FKHPLFDO� FRPSRXQGV��
XVLQJ�DPSHURPHWULF��YROWDPPHWULF�DQG�LPSHGLPHWULF�WHFKQLTXHV��
� 7KH� FRQFOXVLRQV� RI� WKH� WKHVLV�� RULJLQDO� FRQWULEXWLRQV� WR� WKH� ILHOG� DQG� IXWXUH� UHVHDUFK�
SHUVSHFWLYHV�DUH�GLVFXVVHG�LQ�&KDSWHU����7KH�WKHVLV�FRQFOXGHV�ZLWK�HLJKW�DSSHQGLFHV�FRQWDLQLQJ�
YLVXDOL]DWLRQV�RI�LPSDFW�SKHQRPHQD��QXPHULFDO�FRGHV�IRU�LPDJH�SURFHVVLQJ�DQG�VSHFLILFDWLRQV�RI�
WKH�H[SHULPHQWDO�GHYLFHV�XVHG�� �
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&KDSWHU����7KHRUHWLFDO�%DFNJURXQG�
�

,QWURGXFWLRQ�
� )OXLG�ZLFNLQJ�LQ�SRURXV�PHGLD�LV�GHILQHG�DV��WKH�VSRQWDQHRXV�WUDQVSRUW�RI�D�IOXLG�GULYHQ�E\�
FDSLOODU\�IRUFHV��>��@��&DSLOODULW\�LV�WKH�DELOLW\�RI�D�IOXLG�WR�SDVVLYHO\�IORZ�WKURXJK�D�QDUURZ�VSDFH��
HYHQ�ZKHQ�XSRQ�LW�DUH�DFWLQJ�IRUFHV�RI�RSSRVLWH�GLUHFWLRQ�UHODWLYH�WR�WKH�PRWLRQ��VXFK�DV�JUDYLW\���
3RURXV�PDWHULDOV�VXFK�DV�SDSHU�RU�WH[WLOHV�DUH�QHWZRUNV�RI�ILEHUV��EHWZHHQ�ZKLFK�FDSLOODU\�VSDFHV�
�SRUHV��DUH�IRUPHG��VDWXUDWHG�ZLWK�JDV��ZKLFK�LV�XVXDOO\�DLU��7KH�SRURVLW\�RI�VXFK�D�PDWHULDO� LV�
GHILQHG�DV�࣪ ൌ�௏బ௏೟ ǡ�ZKHUH� ଴ܸ� LV� WKH�YROXPH�RFFXSLHG�E\�DLU� �SRUH�YROXPH�� DQG� ௧ܸ� LV� WKH� WRWDO�
YROXPH�RFFXSLHG�E\�WKH�SRURXV�PHGLXP��7KH�DEVRUSWLRQ�DQG�GLIIXVLRQ�SURFHVVHV�DUH�FRQVLGHUDEO\�
LQIOXHQFHG�E\�WKH�LQWHUIDFLDO�WHQVLRQ�EHWZHHQ�IOXLG�DQG�ILEHUV��WKH�YLVFRVLW\�RI�WKH�IOXLG�DQG�WKH�
FDSLOODU\�GLPHQVLRQV�RI�WKH�VXEVWUDWH��7KH�SURFHVV�ZLOO�DOVR�EHKDYH�GLIIHUHQWO\�GHSHQGLQJ�RQ�WKH�
YROXPH�RI�IOXLG��WKXV�EHLQJ�GHILQHG�V\VWHPV�ZLWK�LQILQLWH�UHVHUYRLUV��WKH�FDVH�RI�D�SRURXV�PHGLXP�
LPPHUVHG� LQ� D� ILOOHG� FRQWDLQHU�� RU� ILQLWH� UHVHUYRLUV� �WKH� FDVH� RI� D� GURSOHW� GHSRVLWHG� RQ� WKH�
VXEVWUDWH���
� :KLOH�WKH�SKHQRPHQRQ�FDQ�EH�DQDO\VHG�IURP�D�SDUDOOHO�SODQH��REVHUYLQJ�WKH�GLVSODFHPHQW�
RI�WKH�IOXLG�IURQW�RYHU�WLPH��SHUIRUPLQJ�WKH�VWXG\�RI�WKH�LQ�WKH�ODWHUDO�SODQH�RIIHUV�WKH�SRVVLELOLW\�
WR�REVHUYH�WKH�HYROXWLRQ�RI�WKH�GURSOHW�UHPDLQLQJ�RQ�WKH�VXUIDFH�RI�WKH�VXEVWUDWH�DV�LW�LV�DEVRUEHG��
EHLQJ�DEOH�WR�H[WUDFW�LQIRUPDWLRQ�VXFK�DV�WKH�HYROXWLRQ�RI�WKH��UHPDLQLQJ�YROXPH��FRQWDFW�DQJOH��
GURSOHW�KHLJKW�DQG�FRQWDFW�DUHD��)LJXUH������

�
)LJXUH�����'\QDPLFV�RI�D�OLTXLG�DIWHU�GURSOHW�LPSDFW�RQ�$��D�ULJLG�LPSHQHWUDEOH�VXUIDFH�DQG�%��
D�SRURXV�VXUIDFH�RI�WKLFNQHVV�KV������GURSOHW�LPSDFW������YHUWLFDO�GLIIXVLRQ������UDGLDO�YHUWLFDO�
GLIIXVLRQ������UDGLDO�GLIIXVLRQ��9LVXDOL]DWLRQV�RI�GURSOHW�HYROXWLRQV�RQ�&���JODVV�DQG�&���SDSHU�

�SRURXV�PHGLXP���
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)ORZ�WKURXJK�SRURXV�PHGLD�
� )ORZ�LQ�D�KRPRJHQHRXV�SRURXV�PHGLXP�LV�GHVFULEHG�E\�WKH�'DUF\���%ULQNPDQ���)RUFKKHLPHU�
HTXDWLRQ��

݌݀ܽݎ݃ ൌ െ�ఎ఑ ௣࢜ ൅ߟ�
௣࢜οכ െ�

ఘ
఑భ
ห࢜௣ห࢜௣ǡ�� ������

ZKHUH�WKH�SUHVVXUH�JUDGLHQW�LV�GHWHUPLQHG�E\�WKUHH�FRPSRQHQWV���L��SRURVLW\��'DUF\����LL��YLVFRXV�
IULFWLRQ��%ULQNPDQ��DQG��LLL��LQHUWLD��)RUFKKHLPHU��>��±��@��,Q������࢖࢜��LV�WKH�VXUIDFH�YHORFLW\�LQ�
WKH�SRURXV�PHGLXP��GHILQHG�DV�WKH�UDWLR�RI�WKH�IOXLG�IORZ�UDWH�WR�WKH�FURVV�VHFWLRQDO�DUHD�LQ�WKH�
SRURXV�VXEVWUDWH�ߢ���LV�WKH�SHUPHDELOLW\�RI�WKH�PHGLXP��ZKLFK�LV�SRURVLW\�GHSHQGHQW�ߟ���LV�WKH�IOXLG�
YLVFRVLW\��DVVXPHG�1HZWRQLDQ�כߟ���WKH�HIIHFWLYH�YLVFRVLW\�RI�WKH�IOXLG�IORZLQJ�WKURXJK�WKH�SRURXV�
PHGLXPߢ��ଵ�LV�WKH�LQHUWLDO�SHUPHDELOLW\�DQGߩ��WKH�IOXLG�GHQVLW\��)RU�WKH�SDUWLFXODU�FDVH�ZKHUHכߟ� ൌ
Ͳ�DQGߢ�ଵ �՜ λ��WKH�UHODWLRQ�������IRU�D�QRQ�LVRWURSLF�QHRPRJHQHRXV�PHGLXP�EHFRPHV��

௣࢜ ൌ െ ଵ
ఎ �ન ή ���݌݀ܽݎ݃ ������

ZKHUH�ન�LV�D�VHFRQG�RUGHU�WHQVRU�>�����@��,Q�WKLV�FDVH�WKH�SHUPHDELOLW\�GHSHQGV�RQ�WKH�GLUHFWLRQ�RI�IORZ���
� )RU�D�KRPRJHQHRXV�DQG�LVRWURSLF�PHGLXP��WKH�SHUPHDELOLW\�LV�D�VFDODU��������EHFRPLQJ�WKH�
FODVVLFDO�'DUF\
V�UHODWLRQ��>��@���

௣࢜ ൌ െ݌݀ܽݎ݃�ܯ��� ሺʹǤ͵ሻ�
ZKHUHܯ� ؔ� ఑ఎ��LV�WKH�IOXLG�PRELOLW\�WKURXJK�WKH�SRURXV�PHGLXP���
� ,W� VKRXOG� EH� QRWHG� WKDW� SHUPHDELOLW\� GRHV� QRW� GHSHQG� H[FOXVLYHO\� RQ� WKH� SRURVLW\� RI� WKH�
PHGLXP��7KH�K\GURSKRELF�RU�K\GURSKLOLF�FKDUDFWHU�RI�WKH�SRURXV�VWUXFWXUH�LQ�UHODWLRQ�WR�WKH�IOXLG�
DOVR�KDV�D�VWURQJ�LQIOXHQFH�RQ�SHUPHDELOLW\��

'URSOHW�IORZ�RQ�VPRRWK�DQG�SRURXV�VXUIDFHV�
� ,Q�WKH�FDVH�D�YLVFRXV�IOXLG�GURSOHW�PRYLQJ�RQ�D�ULJLG��SRURXV�RU�LPSHUPHDEOH��VXUIDFH��)LJXUH�
����� XQGHU� WKH� DVVXPSWLRQ� RI� 6WRNHV� IORZ� �LQ� ZKLFK� SUHVVXUH� IRUFHV� DUH� EDODQFHG� E\� YLVFRXV�
IULFWLRQDO� IRUFHV��DQG�XQGHU�WKH�DVVXPSWLRQ�݄ሺݔǡ ሻݐ ا ݀�� WKH�GHIRUPDWLRQ�RI� WKH�IUHH�VXUIDFH� LV�
GHVFULEHG�E\�WKH�WKLQ�ILOP�HTXDWLRQ��D�SDUWLFXODU�VROXWLRQ�RI�WKH�1DYLHU�6WRNHV�HTXDWLRQ���

�
)LJXUH������7KH�SRVLWLRQ�RI�D�YLVFRXV�OLTXLG�GURSOHW�RQ�D�VROLG�VXUIDFH�DQG�WKH�OLQHDU�IRUFH�

EDODQFH�DW�WKH�FRQWDFW�SRLQW��,Q�WKH�G\QDPLF�FDVH��WKH�JHRPHWULFDO�TXDQWLWLHV�DUH�WLPH�GHSHQGHQW��
FRQWDFW�DQJOHߠ�௢��ZHWWLQJ�OHQJWK�GLDPHWHU�݀଴�DQG�KHLJKW�݄��)RU�D�JLYHQ�IOXLGߠ��௢ ൏ ͻͲ୭�GHILQHV�D�

K\GURSKLOLF�VXUIDFHߠ��௢ ൐ ͻͲ୭�GHILQHV�D�K\GURSKRELF�VXUIDFH��
� ,Q�WKH�FDVH�RI�LQWHUIDFH�GLVSODFHPHQW�DORQJ�WKH�ZDOO��L�H��FRQWDFW�SRLQW�$��RQ�WKH�VROLG�VXUIDFH��
௦௔ߛ ൐ ௦௟ߛ ൅ ߛ� ή ��<�ߠݏ݋ܿ@��$W�WLPH�W� ����RQVHW�RI�WKH�PRWLRQ��WKH�FRQILJXUDWLRQ�VKRZQ�LQ�)LJXUH�
����LV�FRQVLGHUHG�NQRZQ��WKH�HTXDWLRQ�RI�WKH�IUHH�VXUIDFH��RI�WKH�LQWHUIDFH��EHLQJ��݄ ൌ ݄ሺݔǡ Ͳሻ��
� &RQVLGHULQJ�WKH�UHIHUHQFH�TXDQWLWLHV��݀଴଴ ؔ ݀଴ǡ௧ୀ଴��IRU�OHQJWKV�DQGݐ�଴ ؔ ݀଴଴ ߭Τ �IRU�WLPH��
ZLWK� ߭ ؔ ߛ Τߟ � >P�V@� WKH� FDSLOODU\� YHORFLW\�� LW� IROORZV� WKDW� ଴߭ݐ ݀଴଴ ൌ ͳǤΤ �7KH� HYROXWLRQ� RI� WKH�
LQWHUIDFH�DW�WKH�VXUIDFH�RI�WKH�SRURXV�PHGLXP�ZLOO�EH�GHVFULEHG�E\�WKH�GLPHQVLRQOHVV�UHODWLRQ��

డ௛
డ௧ ൌ ࣞࣵ ቀడ

మ௛
డ௫మ െ ࣜՄ݄ቁ െࣨࣵ డ௛

డ௫
డయ௛
డ௫య� ������
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ZKHUH�ࣞ ࣵ ൌ ߤ ݀଴଴Τ �LV�WKH�OLQHDU�'DUF\�QXPEHU��ࣨ ࣵ ൌ ߙ ͵݀଴଴ଶΤ �WKH�1DYLHU�QXPEHU�DW�WKH�LQWHUIDFH�
DQG�ࣜՄ ൌ ఘ௚ௗబమ

ఊ �WKH�%RQG�QXPEHU��'LPHQVLRQOHVV�HTXDWLRQV�VLPLODU�WR�������DUH�REWDLQHG�E\�'DYLV�
	�+RFNLQJ�LQ�>��@��

D�� 3RURXV�ZDOO�IORZ�RQO\�LQ�YHUWLFDO�GLUHFWLRQ��QR�VOLS��IRU�ܴ଴ ب ݄଴��

�డ௛డ௧ ൌ ݇ ቀడ
మ௛

డ௫మ െ ࣜՄ ή ݄ቁ�� ������

ZLWK� WKH�VROXWLRQ�݄ ൌ ௏బ௘షೖࣜՄ೟
ଶξగ௞௧ ݁ି௫

మ
ସ௞௧ൗ ��ZKHUH�DW� W� ����9�� LV� WKH� LQLWLDO�YROXPH��ܴ଴�DQG�݄଴� WKH�

UDGLXV�DQG�WKH�PD[LPXP�KHLJKW�RI�WKH�LQWHUIDFH�DW�]� ����WKHVH�DOVR�GHILQLQLQJ�WKH�FKDUDFWHULVWLF�
OHQJWKV�LQ�WKH�WZR�GLUHFWLRQV��,Q�WKH�GLPHQVLRQLQJ�SURFHVV�WKH�IROORZLQJ�FKDUDFWHULVWLF�TXDQWLWLHV�

ZHUH�XVHG�଴ݐ� ൌ
ଷఎோబ
ఊ ቀோబ௛బቁ

ଷ
IRU�WLPH��݇ ଴ ൌ

ଵ
ଷ ቀ

௛బ
ோబ
ቁ
ଷ
ܴ଴�IRU�WKH�OLQHDU�SHUPLWWLYLW\�݇ �>P@��ZLWK�ࣜ Մ ൌ ఘ௚ோబమ

ఊ ���

E�� 3RURXV�ZDOO�IORZ�LQ�ERWK�GLUHFWLRQV��IRU�݇߮ࣜՄݐ ب �ߜ�
డ௛
డ௧ ൌ ܭ డమ௛

డ௫మ�� ������

ZKHUHܭ� ൌ ݇�߮�ࣜՄߜ���߮�LV�WKH�SRURVLW\�DQGߜ��LV�WKH�WKLFNQHVV�RI�WKH�SRURXV�VXEVWUDWH���ZLWK�WKH�
VROXWLRQ�݄ ൌ ௏బ

ଶξగ௄௧ ݁
ି௫మ ସ௄௧ൗ ��,Q�WKH�H[SUHVVLRQ�RI�WKH�FRHIILFLHQW�.�LQ�������WKH�SHUPLWWLYLW\�݇>P�@�

LV�GLPHQVLRQOHVV�ZLWK�݇଴ ൌ
ଵ
ଷ
௛బయ
ோబ
��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�H[SUHVVLRQV��������������DQG�������

DUH�DSSUR[LPDWLRQV�RI�WKH�HTXDWLRQ�GHVFULELQJ�WKH�GURSOHW�G\QDPLFV�IRU�݄ ا ݀��WKXV�LQ�WKH�VHFRQG�
SKDVH�RI�WKH�GLIIXVLRQ�SURFHVV�RQ�WKH�SRURXV�VXUIDFH��7KH�QXPHULFDO�VROXWLRQV�RI�HTXDWLRQV�������
DQG��������REWDLQHG�LQ�0DWKHPDWLFD��DUH�VKRZQ�LQ�)LJXUHV������������7KH�LQLWLDO�FRQGLWLRQ�LPSRVHG�
IRU�W� ���LV�݄ ൌ ξͳ െ ݔ�ଶǡ�IRUݔ א ሾെͳǡͳሿ��)LJXUH������WKH�ERXQGDU\�FRQGLWLRQ�EHLQJ�݄ሺݐሻ ൌ Ͳ�DW�
ݔ ൌ �േͳͲ��DSSUR[LPDWLRQ�FRQGLWLRQ�ݔ� ՜ λ����

�
)LJXUH�����)OXLG�KHLJKW�YDULDWLRQ�݄ሺݔǡ �ሻ�±�QXPHULFDO�VROXWLRQVݐ�$��GLIIXVLRQ�HTXDWLRQ��������.�� �

���%��PRGLILHG�GLIIXVLRQ�HTXDWLRQ��������݇ ൌ ͳǡ ࣜՄ ൌ ͳ��LQLWLDO�FRQGLWLRQ��݄ሺݔǡ Ͳሻ ൌ
ሺͳ െ ݔଶሻ଴Ǥହ�ሺ��������ሾݔ ൅ ͳሿ െ ��������ሾݔ െ ͳሿሻ��

�
)LJXUH�����(YROXWLRQ�RI�݄ሺݔሻ�IRU�W� ����������������������������������WDNHQ�IURP�)LJXUH������



�

���

� ,W�ZDV�REVHUYHG�WKDW�WKH�SUHVHQFH�RI�WKH�WHUP�SURSRUWLRQDO�WR�WKH�%RQG�QXPEHU�LQ�������OHDGV�
WR�D�IDVWHU�GLIIXVLRQ�SURFHVV��EXW�GRHV�QRW�EULQJ�TXDOLWDWLYH�FKDQJHV�LQ�WKH�KHLJKW�GLVWULEXWLRQ����
5DGLDO�GLIIXVLRQ�RI�D�GURS�LQ�SRURXV�PHGLD��
� ,Q�WKH�WKLUG�SKDVH�RI�WKH�GLIIXVLRQ�SURFHVV��݄ ؆ Ͳ��WKH�GURSOHW�LV�FRPSOHWHO\�DEVRUEHG�LQWR�
WKH�SRURXV�PHGLXP��LQ�ZKLFK�FDVH�WKH�GLIIXVLRQ�RFFXUV�H[FOXVLYHO\�LQ�WKH�UDGLDO�GLUHFWLRQ��$�YDULDQW�
RI�WKH�UDGLDO�GLIIXVLRQ�HTXDWLRQV��LQ�ZKLFK�WKH�XQNQRZQ�WHUP�LV�WKH�YROXPH�FRQFHQWUDWLRQ�RI�WKH�
OLTXLG� LQ� WKH� SRURXV�PHGLXP�ࣝ��ZDV� REWDLQHG� E\�*LOOHVSLH� >��@� DQG� ODWHU� E\�%RUKDQ	5XQJWD�
>�����@��6WDUWLQJ�IURP�'DUF\
V�HTXDWLRQ�������DQG�FRQVLGHULQJ�WKH�FRQFHQWUDWLRQ�SURSRUWLRQDO�WR�
WKH�UHODWLYH�GHQVLW\�RI�WKH�OLTXLG�LQ�WKH�SRURXV�PHGLXP��WKH�FRQWLQXLW\�UHODWLRQ�ZLWK�VRXUFH�WHUP�
�JLYHQ� E\� WKH� WLPH� YDULDWLRQ� RI� WKH� OLTXLG� FRQFHQWUDWLRQ� LQ� WKH� SRURXV�PHGLXP�� VLPLODU� WR� WKH�
GHQVLW\�YDULDWLRQ�LQ�WKH�FDVH�RI�FRPSUHVVLEOH�PHGLD��EHFRPHV�>��@��

డࣝ
డ௧ ൌ ݒ݅݀ ቀെ ఑

ఎ ��ቁǡ݌݀ܽݎ݃ ������

HTXLYDOHQW�WR��
డࣝ
డ௧ ൌ െ ఉ

௥
డࣝయ
డ௥ �� ������

ZLWK�WKH�FRQGLWLRQV��ࣝ ൌ �ࣝ௦��VDWXUDWLRQ�FRQFHQWUDWLRQ��DW�W� ���DQGݎ�� ����ࣝ ൌ Ͳ�IRU�5 �ݎ��ZKHQ�W�
!���LQ�WKH�*LOOHVSLH�K\SRWKHVLV�>��@��RU�

డࣝ
డ௧ ൌ

ఈ
௥
డ
డ௥ ቀࣝݎ

௡ డࣝ
డ௥ቁ�� ������

ZLWK�WKH�FRQGLWLRQV��ࣝ ൌ �ͳ�DW�W� ���DQGݎ� ൑ ͳ��ࣝ ൌ Ͳ�IRU�5 �ݎ��DQG�డࣝడ௥ ൌ Ͳ�IRUݎ�� ��ZKHQ�W�!����LQ�
WKH�%RUKDQ	5XQJWD�K\SRWKHVLV� >��@�� ,Q� ������DQG� �����ߚ�� DQGߙ�� DUH�FRQVWDQWV�DQG�ܴሺݐሻ� LV� WKH�
UDGLXV� RI� WKH� ZHWWHG� SRURXV� VXUIDFH� RI� WKLFNQHVV� ݄௦�� ,PSRVLQJ� D� VHPL�HPSLULFDO� GHSHQGHQFH�
EHWZHHQ� WKH� FRQFHQWUDWLRQ� FKDQJH�ࣝሺݎǡ ��ሻݐ WKH� SUHVVXUH� JUDGLHQW� DQG� WKH� WLPH� YDULDWLRQ� RI� WKH�
UDGLXV�ܴሺݐሻ��JLYHQ�DQ�DSSUR[LPDWH�VROXWLRQ�RI�HTXDWLRQ�������DQG�WKH�IOXLG�YROXPH�FRQVHUYDWLRQ�
HTXDWLRQ��

଴ܸ ൌ ௦݄ߨʹ ׬ ࣝሺݎǡ ோሺ௧ሻݎ݀ݎሻݐ
଴ �� �������

LQ�>��@�D�GHVFULSWLRQ�IRU�5�LV�SURSRVHG�DV��

ܴሺݐሻ ൌ �ܴ଴ ቂͳ ൅ ቀସሺ௡ାଵሻఈఊ఑௡ఎோబమ௛
ቁ ቃݐ

ଵ ଶሺ௡ାଵሻΤ
��� �������

RU�LQ�GLPHQVLRQOHVV�IRUP��

ܴሺݐሻതതതതതത ൌ ቀͳ ൅ ܽ ସሺ௡ାଵሻ
௡ ҧቁݐ

ଵ ଶሺ௡ାଵሻΤ
�� �������

ZLWK� തܴ ൌ ܴ ܴ଴Τ � ҧݐ�� ൌ ݐ ቀఎ௛ೞఊ ቁൗ �DQG�ܽ ൌ ߢߙ ܴ଴ଶΤ ��7KH�YDULDWLRQ�RI� WKH�UDGLXV�ܴሺݐǡ ݊ሻ� LQ�������� LV�
SORWWHG�LQ�)LJXUH�����$���IRU�D�IL[HG�YDOXH�RI�WKH�FRHIILFLHQW�ܽ��7KH�VHPL�HPSLULFDO�UHODWLRQ�������
LV�DOVR�EDVHG�RQ�WKH�VWURQJO\�QRQ�OLQHDU�GLIIXVLRQ�HTXDWLRQ��(YHQ�LQ�WKLV�FDVH��WKH�VROXWLRQ���������
HVSHFLDOO\�LQ�WKH��UG�SKDVH�RI�WKH�GLIIXVLRQ��IROORZV�WKH�HYROXWLRQ�SUHGLFWHG�E\�WKH�VROXWLRQV�RI�WKH�
VLPSOLILHG�HTXDWLRQV�������DQG��������)LJXUH�����%���
� 6LQFH�WKH�QXPHULFDO�VROXWLRQV�RI� WKH�QRQOLQHDU�HTXDWLRQV�PRGHOOLQJ�GURSOHW�GLIIXVLRQ� LQ�D�
SRURXV� PHGLXP� DUH� GLIILFXOW� WR� REWDLQ� �PDLQO\� GXH� WR� LQVXIILFLHQW� NQRZOHGJH� RI� LQLWLDO� DQG�
ERXQGDU\�FRQGLWLRQV���LQ�SUDFWLFH��WKH�YDULDWLRQ�RI�WKH�ZHWWHG�GLPHWHU�LQ�WLPH�FDQ�EH�GHVFULEHG�E\�
SRZHU�IXQFWLRQV�VXFK�DV�%RUKDQ	5XQJWD��������RU�H[SRQHQWLDO�IXQFWLRQV��

ሻݐሺݕ ൌ ݁௔ା
್

ೣశ೎� �������
RU�ORJLVWLF��
�
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���

ሻݐሺݕ ൌ ௔
ଵା௘షೖሺೣషೣబሻ�� �������

UHSUHVHQWHG�LQ�)LJXUH������

�
)LJXUH�����$��5HSUHVHQWDWLRQ�RI�WKH�UHODWLRQ��������IRU�H[SRQHQW�YDOXHV�݊ א ሾͲǤͷ ൊ Ͷሿ��LQ�WKH�
WLPH�LQWHUYDO�Ͳ ൑ ݐ ൑ ͷ��%��9DULDWLRQ�RI�WKH�ZHWWHG�GLDPHWHU�H[WUDFWHG�IURP�WKH�QXPHULFDO�
VROXWLRQV��)LJXUH������FRUUHVSRQGLQJ�WR�WKH�YDOXH�K �������FRPSDULVRQ�ZLWK�WKH�VROXWLRQ�

SURSRVHG�E\�%RUKDQ	5XQJWD���������

�
)LJXUH�����([SRQHQWLDO�DQG�ORJLVWLF�IXQFWLRQV�XVHG�IRU�PRGHOOLQJ�WKH�WLPH�YDULDWLRQ�RI�ZHWWHG�
GLDPHWHU�LQ�D�SRURXV�PHGLXP��9DULDWLRQ�RI�WKH�PRGHO��������DQG�WKH�VROXWLRQ�RI�WKH�GLIIXVLRQ�

HTXDWLRQ�DUH�DOVR�VKRZQ��
� ,Q�FRQFOXVLRQ��LW�FDQ�EH�FRQVLGHUHG�WKDW�WKH�SKHQRPHQRQ�VWXGLHG�LQ�WKLV�WKHVLV��WKH�IORZ�RI�D�
YLVFRXV�OLTXLG�LQ�D�SRURXV�SDSHU�VXEVWUDWH��LV�TXDOLWDWLYHO\�PRGHOOHG�E\�WKH�GLIIXVLRQ�HTXDWLRQ��7KH�
UHDO� SKHQRPHQRQ� LV� QRQOLQHDU�� VR� WKH� QXPHULFDO� VROXWLRQV� SUHVHQWHG� FDQQRW� UHSUHVHQW� WKH� IORZ�
VDWLVIDFWRULO\�DQG�TXDQWLWDWLYHO\��6LQFH�WKH�YLVXDOL]DWLRQ�RI�WKH�IORZ�LV�PDLQO\�REWDLQHG�LQ��QG�DQG�
�UG� SKDVHV� RI� WKH� GLIIXVLRQ�� WKH� IRUPXODV� ������� DQG� �������ZLOO� EH� XVHG� LQ� WKH� DQDO\VLV� RI� WKH�
GLIIXVLRQ�SURFHVV�RI�OLTXLGV�LQ�WKH�SRURXV�VXEVWUDWH��DV�WKH\�VDWLVIDFWRULO\�PRGHO�WKH�YDULDWLRQ�LQ�
WLPH�RI�WKH�ZHWWHG�GLDPHWHU�>��@��
� �



�

���

&KDSWHU����([SHULPHQWDO�3URFHGXUHV�
�
� (OHFWURVSLQQLQJ�DQG�URWDU\�MHW�VSLQQLQJ�WHFKQLTXHV�ZHUH�XVHG�WR�IDEULFDWH�SRURXV�PDWHULDOV�
ZLWK� D� ILEULOODU� VWUXFWXUH� IURP� SRO\PHU� VROXWLRQV�� XQGHU� WKH� DFWLRQ� RI� HOHFWURVWDWLF� IRUFH� DQG�
FHQWULIXJDO�IRUFH�UHVSHFWLYHO\��)LJXUH������6XEVHTXHQWO\��WKH�FRQGXFWLYLW\�RI�WKHVH�VWUXFWXUHV�ZDV�
HQVXUHG� E\� GHSRVLWLQJ� WKLQ� PHWDO� OD\HUV� E\� PDJQHWURQ� VSXWWHULQJ�� 7KH� PRUSKRORJLFDO�
FKDUDFWHUL]DWLRQ�RI�WKH�UHVXOWLQJ�PDWHULDOV�ZDV�SHUIRUPHG�E\�VFDQQLQJ�HOHFWURQ�PLFURVFRS\��7KH�
DFTXLUHG�UHVXOWV�DUH�SUHVHQWHG�LQ�&KDSWHU����
� 7KH� VWXG\�RI� IOXLG�GLIIXVLRQ� LQ�SRURXV�PHGLD�ZDV�SHUIRUPHG�E\� LPDJH�DQDO\VLV��)RU� WKLV�
SXUSRVH� D� QXPHULFDO� LPDJH� SURFHVVLQJ� DOJRULWKP� ZDV� GHYHORSHG� LQ� 0$7/$%�� GHVFULEHG� LQ�
&KDSWHU�����
� 0ROHFXODU�LQWHUDFWLRQV�LQ�WKH�SRURXV�VXEVWUDWH�ZHUH�LQYHVWLJDWHG�E\�VSHFWURVFRSLF�WHFKQLTXHV�
VXFK� DV�89�9LV�1,5� VSHFWURSKRWRPHWU\� DQG�5DPDQ� VSHFWURVFRS\��7KH� DSSOLFDELOLW\� RI� SRURXV�
PHGLD�ZDV�LQYHVWLJDWHG�E\�DVVHPEOLQJ�DQ�HOHFWURFKHPLFDO�FHOO�EDVHG�RQ�FRQGXFWLYH�VWUXFWXUHV�RI�
SRO\PHU�ILEHUV�DQG�SDSHU�VXEVWUDWH��7KH�FKDUDFWHUL]DWLRQ�RI�WKH�HOHFWURFKHPLFDO�FHOO�DQG�WKH�SURRI�
RI�FRQFHSW�ZHUH�SHUIRUPHG�E\�HOHFWURFKHPLFDO�WHFKQLTXHV��DQG�WKH�REWDLQHG�UHVXOWV�DUH�GHVFULEHG�
LQ�&KDSWHU����

�
)LJXUH������$��6FKHPH�RI�WKH�H[SHULPHQWDO�VHW�XS�IRU�WKH�IDEULFDWLRQ�RI�HOHFWURVSXQ�ILEUHV��%��
6FKHPH�RI�WKH�H[SHULPHQWDO�GHYLFH�IRU�FHQWULIXJDWLRQ�DQG�LWV�FRPSRQHQWV�����PRWRU�IRU�SULQWLQJ�
WKH�VSHHG�����FDSLOODU\�RULILFHV�����WDQN�����WXEH�IRU�LQMHFWLQJ�WKH�SRO\PHU�VROXWLRQ�LQWR�WKH�WDQN��

���EDUV�IRU�FROOHFWLQJ�WKH�ILEHUV��
� �
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&KDSWHU����$XWRPDWHG�,PDJLQJ�$QDO\VLV�3URFHGXUH�IRU�'LIIXVLRQ�$QDO\VLV��
�
� 7KH� GLIIXVLRQ� SURFHVV� LQ� SRURXV� PHGLD� LV� XVXDOO\� DQDO\VHG� E\� GLJLWDOO\� UHFRUGLQJ� WKH�
SKHQRPHQRQ�DQG� H[WUDFWLQJ� LQIRUPDWLRQ� IURP� VLQJOH� IUDPHV��+RZHYHU�� VLQFH� WKH� SKHQRPHQRQ�
RFFXUV�YHU\�IDVW��LW�LV�QHFHVVDU\�WR�XVH�KLJK�VSHHG�FDPHUDV��UHVXOWLQJ�LQ�D�ODUJH�DPRXQW�RI�IUDPHV�
WR� DQDO\VH�� ,Q� RUGHU� WR� PDNH� WKH� GLIIXVLRQ� VWXG\� PRUH� HIILFLHQW�� D� QXPHULFDO� FRGH� KDV� EHHQ�
GHYHORSHG��ZKLFK�FDQ�EH�XVHG�WR�DQDO\VH�ERWK�WKH�HYROXWLRQ�RI�WKH�GURSOHW�VKDSH�DQG�WKH�GLIIXVLRQ�
RI� WKH� IOXLG� IURQW��7KH�DGYDQWDJH�RI� WKLV�PHWKRG� OLHV� LQ� WKH�SRVVLELOLW\� WR� VWXG\�QRW�RQO\�VWDWLF�
GURSOHWV�� EXW� DOVR� WKRVH� ZKRVH� LQWHUIDFHV� FKDQJH� RYHU� WLPH�� &RPSDUHG� WR� RWKHU� WHFKQLTXHV��
NQRZOHGJH�RI�WKH�IOXLG�SURSHUWLHV�LV�QRW�QHFHVVDU\��DV�DOO�SDUDPHWHUV�ZLOO�EH�FDOFXODWHG�IURP�WKH�
GURSOHW�VKDSH��0RUHRYHU��WKH�SURSRVHG�FRGH�FDQ�HDVLO\�GHWHFW�WKH�LQWHUIDFHV�RI�FRORXUOHVV�IOXLGV��
WKXV�HOLPLQDWLQJ�WKH�QHHG�WR�XVH�G\HV��ZKLFK�FRXOG�LQIOXHQFH�WKH�VXUIDFH�WHQVLRQ�RI�WKH�IOXLG��,Q�
WKH� FDVH� RI� GLIIXVLRQ� DQDO\VLV� SHUIRUPHG� IURP� WKH� ODWHUDO� SODQH�� WKH� SXUSRVH� RI� WKH� FRGH� LV� WR�
LGHQWLI\�WKH�GURSOHW�LQWHUIDFH�DQG�FDOFXODWH�SDUDPHWHUV�VXFK�DV�GLDPHWHU��YROXPH�DQG�FRQWDFW�DQJOH��
7KH�H[SHULPHQWDO�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�ZLWK�VROXWLRQV�RI�SRO\�HWK\OHQH�R[LGH���3(2��RI�
ORZ� FRQFHQWUDWLRQV�� WKLV� W\SH� RI� IOXLG� EHLQJ� FKRVHQ� EHFDXVH� RI� LWV� ZHDN� YLVFRXV� DQG� HODVWLF�
EHKDYLRXU��%\�YDU\LQJ�WKH�FRQFHQWUDWLRQ��WKH�UHVXOWLQJ�IOXLGV�FDQ�UHSUHVHQW�PRGHOV�IRU�D�ZLGH�UDQJH�
RI�IOXLGV�RI�LQWHUHVW�LQ�WHUPV�RI�WKHLU�EHKDYLRXU��

0HDVXULQJ�SURFHGXUH�
� 3(2�VROXWLRQV�ZHUH�SUHSDUHG�LQ�ZDWHU�ZLWK�WZR�FRQFHQWUDWLRQV�������DQG�����Z�Y���'URSOHWV�
ZLWK�YROXPHV�EHWZHHQ���DQG����O�ZHUH�SODFHG�RQ�WKH�SDSHU�VXUIDFH�DQG�WKH�GLIIXVLRQ�ZDV�UHFRUGHG�
LQ�WKH�ODWHUDO�SODQH��7R�HQVXUH�KLJK�LPDJH�TXDOLW\�ZLWK�ORZ�QRLVH��WKH�SDSHU�ZDV�LOOXPLQDWHG�IURP�
WZR�SRVLWLRQV��RQH�OLJKW�VRXUFH�ZDV�SODFHG�EHKLQG�WKH�GURSOHW�DQG�WKH�RWKHU�XQGHU�WKH�SDSHU��)LJXUH�
�����

�
)LJXUH������$��([SHULPHQWDO�VHWXS�IRU�UHFRUGLQJ�GURS�ZLFNLQJ�LQ�SDSHU��%��)UDPHV�H[WUDFWHG�

IURP�WKH�UHFRUGLQJ�RI�D�3(2�GURSOHW�ZLFNLQJ�RQ�SDSHU�VXEVWUDWH��

1XPHULFDO�FRGH�DOJRULWKP�IRU�LQWHUIDFH�DQDO\VLV�
� 7KH�FRGH�LV�GHVLJQHG�VR�WKDW�LW�FDQ�UHWULHYH�5*%�LPDJHV��ZKLFK�DUH�FRQYHUWHG�WR�JUD\VFDOH�
DQG�WKHQ�WR�ELQDU\��)LJXUH������7KH�ELQDUL]DWLRQ�WKUHVKROG�ZDV�NHSW� WKH�VDPH��[�!������IRU�DOO�
LPDJHV� DQDO\]HG� LQ� WKLV� VWXG\�� ,Q� RUGHU� WR� H[WUDFW� WKH� LQWHUIDFH� EHWZHHQ� WKH� IOXLG� DQG� WKH�
VXUURXQGLQJ�DLU��D�IRU�ORRS�ZDV�SHUIRUPHG�RQ�WKH�ELQDU\�PDWUL[��ZKLFK�LGHQWLILHV�WKH�ILUVW�QRQ�]HUR�



�

���

HOHPHQW��ZKLWH�SL[HO��LQ�HDFK�FROXPQ��)RU�HDFK�HOHPHQW��LWV�SRVLWLRQ�RQ�WKH�URZV�DQG�FROXPQV�ZDV�
VWRUHG�LQ�WZR�YHFWRUV��WKXV�FRQWDLQLQJ�WKH�FRRUGLQDWHV�RQ�WKH�2;�DQG�2<�D[HV�IRU�HDFK�SRLQW�RI�
WKH�LQWHUIDFH��%\�PXOWLSO\LQJ�WKH�WZR�YHFWRUV�ZLWK�D�VFDOLQJ�IDFWRU��WKH�LQIRUPDWLRQ�LV�FRQYHUWHG�
IURP�SL[HOV�WR�PP��7KH�LQWHUIDFH�LV�WKHQ�FHQWHUHG�RQ�;� ���E\�WUDQVODWLQJ�WKH�YHFWRU�FRUUHVSRQGLQJ�
WR�WKH�;�D[LV�FRRUGLQDWHV��)LQDOO\�WKH�LQWHUIDFH�SRLQWV�DUH�LQWHUSRODWHG�ZLWK�D��WK�GHJUHH�SRO\QRPLDO�
IXQFWLRQ���

�
)LJXUH������7KH�VWHSV�SHUIRUPHG�E\�WKH�QXPHULFDO�FRGH��$���UHWULHYDO�RI�WKH�RULJLQDO�LPDJH�LQ�
5*%�IRUPDW��$���FRQYHUVLRQ�WR�JUD\VFDOH��$���FRQYHUVLRQ�WR�ELQDU\�DQG�LGHQWLILFDWLRQ�RI�WKH�

ILUVW�QRQ�]HUR�HOHPHQW�IRU�HDFK�FROXPQ��%��UHSUHVHQWDWLRQ�RI�WKH�LQWHUIDFH�SRLQWV�ILWWHG�ZLWK�D��WK�
GHJUHH�SRO\QRPLDO�IXQFWLRQ��

� :LWK�WKH�LQWHUIDFH�UHSUHVHQWHG�DV�VXFK��WKH�KHLJKW�FDQ�EH�GHWHUPLQHG�DV�݄� ൌ �݂ሺͲሻ��DQG�WKH�
UDGLXV�RI�WKH�GURSݎ����LV�WKH�DEVROXWH�YDOXH�RI�WKH�;�D[LV�FRRUGLQDWH�RI�WKH�ODVW�SRLQW�RI�WKH�LQWHUIDFH��
7KH�GLDPHWHU�ZLOO�EH�FDOFXODWHG�DVܦ� ൌ ���DQG�WKH�YROXPH�RI�WKH�GURSOHW�FDQ�EH�DSSUR[LPDWHG�DVݎʹ
WKH�VROLG�RI�UHYROXWLRQ�DURXQG�WKH�<�D[LV��

ܸሺݔሻ ൌ �ߨʹ ׬ �ݔ ή ݂ሺݔሻ�݀ݔ�௥
଴ ���� ������

� ,Q�RUGHU�WR�GHWHUPLQH�WKH�FRQWDFW�DQJOH��WKH�ILUVW����SRLQWV�RI�WKH�LQWHUIDFH�DUH�VXEVHTXHQWO\�
LQWHUSRODWHG�ZLWK�D�OLQHDU�IXQFWLRQ�DQG�LWV�YDOXH�LV�REWDLQHG�DV�WKH�DUFWDQJHQW�RI�WKH�VORSH��

ߠ ൌ ���ିଵ ݂ᇱሺݔሻǤ� ������

� 7KH�DQDO\VLV�RI�WKH�LQWHUIDFH�HYROXWLRQ�RYHU�WLPH�ZDV�SHUIRUPHG�LQ�D�IRU�ORRS��ZKLFK�UDQ�IRU�
HDFK�IUDPH�IRXQG�LQ�WKH�VSHFLILHG�GLUHFWRU\��DQG�WKH�YDOXHV�IRU�IUDPH�QXPEHU��GLDPHWHU��YROXPH�
DQG� FRQWDFW� DQJOH� ZHUH� VDYHG� LQ� FRUUHVSRQGLQJ� YHFWRUV�� 7KH� YHFWRU� UHSUHVHQWLQJ� WKH� IUDPH�
QXPEHUV�ZDV� VFDOHG� WR� VHFRQGV� E\�PXOWLSO\LQJ�ZLWK� D� FRUUHFWLRQ� IDFWRU�� FRUUHVSRQGLQJ� WR� WKH�
UHFRUGLQJ�VSHHG��'LIIXVLRQ�YHORFLW\�DQG�IORZ�UDWH�ZHUH�FDOFXODWHG�DV�WKH�DEVROXWH�YDOXHV�RI�WKH�
ILUVW�RUGHU�GHULYDWLYHV�RI�WKH�GLDPHWHUݒ�� ൌ ȁ݀ܦȀ݀ݐȁ��DQG�YROXPH��ܳ ൌ ȁܸ݀Ȁ݀ݐȁ��UHVSHFWLYHO\���

(YDOXDWLRQ�RI�LQWHUIDFH�GHWHFWLRQ�HUURU�
� 7KH�DFFXUDF\�LQ�LQWHUIDFH�UHSUHVHQWDWLRQ�GHSHQGV�GLUHFWO\�RQ�WKH�ELQDUL]DWLRQ�WKUHVKROG�XVHG��
7KH�LQWHUIDFH�GHWHFWLRQ�HUURU�ZDV�FDOFXODWHG�E\�DQDO\]LQJ�WKH�JUD\VFDOH�LPDJH�DQG�LGHQWLI\LQJ�WKH�
QXPEHU�RI�SL[HOV�FRUUHVSRQGLQJ�WR�WKH�ERUGHU�EHWZHHQ�EDFNJURXQG�DQG�GURS��7KH�DYHUDJH�GLVWDQFH�
EHWZHHQ�WKH�ILUVW�QRQ�]HUR�HOHPHQW�DQG�WKH�RQH�ZKRVH�YDOXH�LV�OHVV�WKDQ�KDOI�RI�WKH�QHLJKERXULQJ�



�

���

SL[HO�ZDV�LGHQWLILHG�DV���SL[HOV��)LJXUH������,Q�WKH�DQDO\VHG�FDVH��WKH�PHWULF�HTXLYDOHQW�RI�D�VLQJOH�
SL[HO�LV��������PP��WKHUHIRUH�WKH�PHDVXUHPHQW�HUURU�ZDV�FRQVLGHUHG�������PP��

�
)LJXUH�����$��5HSUHVHQWDWLRQ�RI�WKH�JUH\VFDOH�LPDJH�DQG�WKH�DUHD�FKRVHQ�IRU�DVVHVVLQJ�WKH�

ERXQGDU\�EHWZHHQ�WKH�GURS�DQG�WKH�EDFNJURXQG��%��(QODUJHG�YLHZ�RI�WKH�LQWHUIDFH�DQG�WKH�SL[HOV�
FRQVLGHUHG�WR�FRUUHVSRQG�WR�WKH�ERXQGDU\��

$SSOLFDWLRQ�RI�WKH�FRGH�LQ�GURSOHW�GLIIXVLRQ�DQDO\VLV�
� ,Q� WKH� ILUVW� VWHS� WKH� LQWHUIDFH�ZDV� GHWHFWHG� DQG� LWV� HYROXWLRQ� RYHU� WLPH�ZDV� UHSUHVHQWHG��
)LJXUH������)RU�HDFK�IUDPH�WKH�FRQWDFW�DQJOH��KHLJKW��GLDPHWHU��DUHD�DQG�YROXPH�ZHUH�HYDOXDWHG�
DFFRUGLQJ�WR�WKH�SURFHGXUH�GHVFULEHG�DERYH��)LJXUH������7KH�ILWWLQJ�RI�WKH�H[SHULPHQWDO�SRLQWV�
ZDV�SHUIRUPHG�ZLWK�VPRRWK�IXQFWLRQV�IRU�GLDPHWHU�DQG�H[SRQHQWLDO�IXQFWLRQV�IRU�FRQWDFW�DQJOH�
DQG�YROXPH���

�
�

)LJXUH������(YROXWLRQ�RYHU�WLPH�RI�WKH�LQWHUIDFH�GHWHFWHG�E\�QXPHULFDO�FRGH��SORWWHG�LQ�$���'�
DQG�%���'��

� )RU�WKH�DQDO\VHG�FDVH�� WKH�PHDVXUHPHQW�HUURU�KDG�D�VWURQJ�LPSDFW�RQ�WKH�DFFXUDF\�RI� WKH�
GURS�KHLJKW�UHSUHVHQWDWLRQ��EXW�GRHV�QRW�VLJQLILFDQWO\�LQIOXHQFH�WKH�GLPHWHU�HYDOXDWLRQ��7KH�FKRLFH�
RI�WKH�ILWWLQJ�IXQFWLRQ�IRU�WKH�GLDPHWHU�SRLQWV�LV�RI�XWPRVW�LPSRUWDQFH��DV�WKLV�ZLOO�KDYH�D�PDMRU�
LPSDFW�RQ�KRZ�WKH�GHULYDWLYH�LV�UHSUHVHQWHG��$OWKRXJK�WKH�H[SHULPHQWDO�SRLQWV�FRXOG�KDYH�EHHQ�
LQWHUSRODWHG�ZLWK�D��QG�GHJUHH�SRO\QRPLDO�IXQFWLRQ��WKLV�ZRXOG�KDYH�UHVXOWHG�LQ�WKH�YHORFLW\�EHLQJ�
UHSUHVHQWHG�DV�D�OLQHDU�IXQFWLRQ�RYHU�WKH�HQWLUH�WLPH�LQWHUYDO��)LWWLQJ�ZLWK�D�VPRRWK�IXQFWLRQ�DOORZV�
IRU�FDOFXOXV�RI�WKH�GHULYDWLYH�ZLWK�KLJKHU�DFFXUDF\�LQ�UHVSHFW�WR�WKH�H[SHULPHQWDO�SRLQWV��



�

���

�
)LJXUH������(YROXWLRQ�RYHU�WLPH�RI�WKH�SDUDPHWHUV�FDOFXODWHG�IURP�WKH�GURSOHW�LQWHUIDFH��$��
FRQWDFW�DQJOH��%��KHLJKW��&��YROXPH��'��IORZ��(��GLDPHWHU�DQG�)���VW�RUGHU�GHULYDWLYH�RI�

GLDPHWHU��
� 7KH�DSSOLFDELOLW\�RI�WKH�QXPHULFDO�FRGH�IRU�WKH�VWXG\�RI�GLIIXVLRQ�LQ�SRURXV�PHGLD�ZDV�WKXV�
GHPRQVWUDWHG��DQG�WKH�DYHUDJH�UXQ�WLPH�ZDV������VHFRQGV�SHU�IUDPH��)RU�WKH�FDVHV�LQYHVWLJDWHG��
WKH�DEVRUSWLRQ�SKHQRPHQRQ�RI�D�VLQJOH�GURSOHW�FRXOG�EH�DQDO\]HG�LQ�DERXW���PLQXWH��7KXV��WKH�
QXPHULFDO�FRGH�FDQ�EH�XVHG�WR�EHWWHU�XQGHUVWDQG�KRZ�WKH�PDWHULDO�SURSHUWLHV�RI�WKH�IOXLGV�LQIOXHQFH�
WKH�GLIIXVLRQ�SURFHVV��LQ�SDUWLFXODU�WKH�YHORFLW\�RI�WKH�IOXLG�IURQW��



�

���

&KDSWHU����([SHULPHQWDO�6WXG\�RI�WKH�'LIIXVLRQ�3URFHVV�LQ�3DSHU�
�

8QLGLUHFWLRQDO�GLIIXVLRQ�LQ�WKH�SUHVHQFH�RI�K\GURSKRELF�EDUULHUV�
� 7KH�XQLGLUHFWLRQDO�GLIIXVLRQ�VWXG\�ZDV�SHUIRUPHG�XVLQJ�D�ILOWHU�SDSHU�RI�����PP�WKLFNQHVV�
DV�SRURXV�PHGLXP��7R�UHVWULFW�IOXLG�IORZ�LQ�RQH�GLUHFWLRQ��K\GURSKRELF�EDUULHUV�ZHUH�FUHDWHG�RQ�
WKH� SDSHU� VXUIDFH� E\�ZD[� SULQWLQJ��:D[� SHQHWUDWLRQ� GHHS� LQWR� WKH� SDSHU�ZDV� HQVXUHG� E\� KHDW�
WUHDWPHQW��
� ,Q�RUGHU�WR�XQGHUVWDQG�KRZ�ZD[�EDUULHUV�DIIHFW�IOXLG�GLIIXVLRQ��WKH�PRUSKRORJ\�RI�WKH�ILOWHU�
SDSHU�ZDV�LQYHVWLJDWHG�EHIRUH�DQG�DIWHU�ZD[�SULQWLQJ��DV�ZHOO�DV�EHIRUH�DQG�DIWHU�KHDW�WUHDWPHQW��
)LJXUH������,W�ZDV�REVHUYHG�WKDW�DOWKRXJK�ZD[�SULQWLQJ�LQYROYHV�FRDWLQJ�WKH�SRURXV�VXUIDFH�ZLWK�
D� VROLG� SRUH�EORFNLQJ� PDWHULDO�� )LJXUH� ���� %���� DIWHU� KHDW� WUHDWPHQW�� WKH� PRUSKRORJ\� RI� WKH�
PRGLILHG�SDSHU�LV�YHU\�VLPLODU�WR�WKH�XQPRGLILHG�RQH��)LJXUH�����$����+RZHYHU��WKH�VXUIDFH�RI�
FHOOXORVH�ILEHUV�SUHVHQWHG�D�KLJKHU�URXJKQHVV�LQ�WKH�XQPRGLILHG�VWDWH��)LJXUH�����$����FRPSDUHG�
WR�WKH�RQHV�PRGLILHG�ZLWK�ZD[�DQG�KHDW�WUHDWHG��)LJXUH�����&����

�
)LJXUH������)LOWHU�SDSHU�PRUSKRORJ\�$��LQ�XQPRGLILHG�VWDWH��%��DIWHU�ZD[�SULQWLQJ��&��DIWHU�KHDW�

WUHDWPHQW�RI�WKH�GHSRVLWHG�ZD[��
� 7KH�K\GURSKRELFLW\�RI�WKH�GHSRVLWHG�OD\HU�ZDV�LQYHVWLJDWHG�XVLQJ�GURSV�RI����O�����Z�Y��
PHWK\OHQH�EOXH��0%��SUHSDUHG�LQ�XOWUDSXUH�ZDWHU��SODFHG�RQ�WKH�KHDW�WUHDWHG�ZD[�PRGLILHG�SDSHU��
)LJXUH������,W�ZDV�REVHUYHG�LQ�WKLV�FDVH�WKDW�K\GURSKRELFLW\�FDQ�EH�DFKLHYHG�E\�SULQWLQJ�WKH�SDSHU�
ZLWK�WZR�OD\HUV�RI�ZD[��7DNLQJ�LQWR�DFFRXQW�WKH�UHVXOWV�REWDLQHG�E\�HOHFWURQ�PLFURVFRS\�DQG�WKH�
PHDVXUHG�FRQWDFW�DQJOHV��LW�ZDV�FRQVLGHUHG�WKDW�WKH�K\GURSKRELFLW\�RI�WKH�ZD[�PRGLILHG�SDSHU�LV�
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QRW�GXH�WR�SRUH�EORFNLQJ��EXW�WR�D�VXUIDFH�PRGLILFDWLRQ�RI�WKH�FHOOXORVH�ILEHUV��$V�ZD[�LV�D�ZDWHU�
LQVROXEOH� OLSLG�PROHFXOH�� ERWK� WKH� FKHPLFDO� SURSHUWLHV� RI� WKH�ZD[� FRYHULQJ� WKH� VXUIDFH� RI� WKH�
ILEHUV��DQG�WKH�URXJKQHVV�RI�WKH�ILEHUV¶�VXUIDFH�FDQ�LQIOXHQFH�WKH�LQWHUIDFLDO�WHQVLRQ�EHWZHHQ�WKH�
IOXLG�DQG�WKH�SRURXV�PHGLXP��

�
)LJXUH������7KH�FRQWDFW�DQJOH�EHWZHHQ�D�GURS�RI�0%�DQG�SDSHU�PRGLILHG�ZLWK�$��RQH�OD\HU�RI�

ZD[�DQG�%��WZR�OD\HUV�RI�ZD[��
� 6XEVHTXHQWO\��FKDQQHOV�ZLWK�YDU\LQJ�GLVWDQFHV�EHWZHHQ�WKH�WZR�ZD[�EDUULHUV�ZHUH�GHVLJQHG�
WR�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�FKDQQHO�ZLGWK�RQ�GLIIXVLRQ��)LJXUH�����$���7KH�VWXG\�ZDV�FDUULHG�
RXW�E\�SLSHWWLQJ�0%�GURSOHWV�ZLWK�YROXPHV�RI����O�LQWR�WKH�FKDQQHO�DQG�WKH�IOXLG�GLIIXVLRQ�ZDV�
UHFRUGHG�DW�D�UDWH�RI������IUDPHV�SHU�VHFRQG��7KH�DQDO\VLV�SURFHGXUH�FRQVLVWHG�RI�PHDVXULQJ�WKH�
GLVWDQFH�EHWZHHQ�WKH�IOXLG�IURQW�DQG�WKH�LQLWLDO�SRVLWLRQ�DW�W� ����)LJXUH�����%���,Q�RUGHU�WR�REVHUYH�
ZKHWKHU�WKH�GLIIXVLRQ�LV�XQLIRUP�DFURVV�WKH�FKDQQHO�ZLGWK��WKH�YDULDWLRQ�RI�WKH�GLVWDQFH�RYHU�WLPH�
ZDV�PHDVXUHG�RQ�WKUHH�GLUHFWLRQV�RI�LQWHUHVW��7KH�UHVXOWV�REWDLQHG�ZHUH�DYHUDJHG�DQG�ILWWHG�ZLWK�
D��WK�GHJUHH�SRO\QRPLDO�IXQFWLRQ��)LJXUH������7KH�LQWHUSRODWLRQ�FXUYH�ZDV�GHULYHG�ZLWK�UHVSHFW�WR�
WLPH�� WR� REWDLQ� WKH� IOXLG� YHORFLW\� YDULDWLRQ� DQG� LW� ZDV� UHSUHVHQWHG� DORQJ� ZLWK� WKH� QXPHULFDO�
GHULYDWLRQ�RI�WKH�H[SHULPHQWDO�SRLQWV���

�
)LJXUH������$��9HFWRU�GLDJUDPV�IRU�WKH�IOXLGLF�FKDQQHOV�YDULDEOH�ZLGWKV��DQG�WKH�IUDPHV�

H[WUDFWHG�IURP�GLIIXVLRQ�UHFRUGLQJV�RI�D����O�0%�GURSOHW��%��6FKHPDWLF�RI�WKH�PHDVXUHPHQW�
PHWKRG��LQLWLDO�SRVLWLRQ�RI�WKH�IOXLG�IURQW�DQG�WKH�WKUHH�GLUHFWLRQV�FRQVLGHUHG�IRU�WKH�

PHDVXUHPHQWV��
�



�

���

�
)LJXUH������9DULDWLRQ�RYHU�WLPH�RI�WKH�IOXLG�IURQW�GLVSODFHPHQW�HYDOXDWHG�LQ�WKUHH�GLUHFWLRQV�RI�
PHDVXUHPHQW��IRU�FKDQQHOV�ZLGWK�RI��$������PP��%������PP��&������PP��'������PP��(������
PP��)��7KH�DYHUDJH�GLVSODFHPHQW�REWDLQHG�IRU�HDFK�FKDQQHO�ZLGWK��,QVHWV��'LIIXVLRQ�YHORFLW\�

HYROXWLRQ�UHSUHVHQWHG�DV�WKH�ILUVW�RUGHU�GHULYDWLYH�RI�WKH�LQWHUSRODWLRQ�FXUYH��EODFN��DQG�
H[SHULPHQWDO�SRLQWV��UHG���

� ,W�ZDV�REVHUYHG�WKDW�WKH�GLIIXVLRQ�SKHQRPHQRQ�GLG�QRW�RFFXU�DW�D�FRQVWDQW�VSHHG�DORQJ�WKH�
OHQJWK�RI�WKH�FKDQQHO��7KH�GLIIXVLRQ�YHORFLW\�UHDFKHG�D�PD[LPXP�LPPHGLDWHO\�DIWHU�WKH�GURSOHW�
FDPH�LQWR�FRQWDFW�ZLWK�WKH�SDSHU�VXUIDFH��IROORZLQJ�D�VORZ�GHFUHDVH�XQWLO�WKH�HQG�RI�WKH�SURFHVV��
7ZR�IORZ�UHJLPHV�ZHUH�LGHQWLILHG�IRU�HDFK�LQYHVWLJDWHG�FKDQQHO��FKDUDFWHUL]HG�E\�LQIOHFWLRQ�SRLQWV�
LQ�WKH�HYROXWLRQ�RI�WKH�IURQW�GLVSODFHPHQW�RYHU�WLPH�DQG�ORFDO�PLQLPD�LQ�WKH�YHORFLW\�HYROXWLRQ��
7KHVH�UHJLPHV�ZHUH�DWWULEXWHG�WR�WKH�LQLWLDO�SKDVH�RI�GURSOHW�H[SDQVLRQ�RQ�WKH�VXEVWUDWH�VXUIDFH�
DQG�WR�WKH�DEVRUSWLRQ�SKDVH�LQ�WKH�SRURXV�PHGLXP���



�
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� � ,Q�QDUURZ�FKDQQHOV��WKH�ORFDO�YHORFLW\�PLQLPD�DUH�PRUH�SURQRXQFHG��7KLV�SKHQRPHQRQ�
FDQ�EH�H[SODLQHG�E\�WKH�SUHVVXUH�GLIIHUHQFH�EHWZHHQ�WKH�IOXLG�DQG�WKH�JDV�WKDW�FRPSOHWHO\�VDWXUDWHV�
WKH�SRUH�PHGLXP�DW�WKH�EHJLQQLQJ�RI�WKH�SURFHVV��ZKLFK�LV�ORFDOLVHG�RYHU�WKH�HQWLUH�FRQWDFW�VXUIDFH�
EHWZHHQ�WKH�GURSOHW�DQG�WKH�VXEVWUDWH��$V�WKH�IOXLG�GLIIXVHV��WKH�FDSLOODU\�IRUFH�ZLOO�DFW�RQ�D�PXFK�
VPDOOHU�DUHD�QHDU�WKH�IOXLG�IURQW��,Q�DGGLWLRQ��EHLQJ�D�ILQLWH�UHVHUYRLU��GXULQJ�WKH�GLIIXVLRQ�SURFHVV��
WKH�YROXPH�DYDLODEOH�DW�WKH�SDSHU�VXUIDFH�LV�FRQVXPHG�XQWLO�WKH�GLIIXVLRQ�RFFXUV�RQO\�WKURXJK�WKH�
SRUHV�RI�WKH�SDSHU��IXUWKHU�OLPLWLQJ�WKH�DUHD�RQ�ZKLFK�WKH�FDSLOODU\�IRUFH�DFWV���
� 9HORFLW\�IOXFWXDWLRQV�GXULQJ�WKH�SURFHVV�ZHUH�DWWULEXWHG�WR�WKH�LQKRPRJHQHLW\�RI�WKH�SRURXV�
PHGLXP��7KXV��LI�WKH�IOXLG�IURQW�ZLOO�HQFRXQWHU�D�UHJLRQ�RI�WKH�SDSHU�ZKHUH�WKH�SRUH�GHQVLW\�LV�
KLJKHU��WKH�YHORFLW\�ZLOO�UHDFK�D�ORFDO�PD[LPXP��6LPLODUO\��LI�LW�HQFRXQWHUV�DQ�DUHD�ZKHUH�WKH�ILEHUV�
DUH�PRUH�FRQGHQVHG��VRPH�RI� WKH�IOXLG�ZLOO�EH�DEVRUEHG� LQWR� WKH�ILEUHV��FDXVLQJ�VZHOOLQJ�� WKXV�
UHGXFLQJ�WKH�IRUZDUG�PRWLRQ�RI�WKH�IOXLG�IURQW��
� ,Q� WKH� FDVH� RI�ZLGH� FKDQQHOV�� WKH�ZD\� WKH� IOXLG� LV� EURXJKW� LQWR� FRQWDFW�ZLWK� WKH� SRURXV�
PHGLXP�ZLOO�KDYH�DQ�LQIOXHQFH�RQ�WKH�GLIIXVLRQ�XQWLO�WKH�HQG�RI�WKH�SURFHVV��7KLV�LV�HYLGHQW�LQ�WKH�
FDVH�RI�WKH�����PP�GLDPHWHU�FKDQQHO��IRU�ZKLFK�WKH�IOXLG�IURQW�LV�QRW�D[LDOO\�V\PPHWULF�DW�WKH�HQG�
RI� GLIIXVLRQ�� EXW� WKLV� QRQ�XQLIRUPLW\� LV� SUHVHQW� IURP� WKH� YHU\� EHJLQQLQJ��$V� WKH� SODFHPHQW� LV�
SHUIRUPHG�ZLWK�D�SLSHWWH��WKH�HYROXWLRQ�RI�WKH�GLVSODFHPHQWV�ZLOO�EH�LQIOXHQFHG�DOVR�E\�WKH�PRPHQW�
RI� GHWDFKPHQW� RI� WKH� GURSOHW� IURP� WKH� SLSHWWH� WLS��7KXV�� WKH� LQIOHFWLRQ� SRLQWV� REVHUYHG� LQ� WKH�
YHORFLW\�YDULDWLRQ�WKURXJK�WKH�QDUURZ�ZLGWK�FKDQQHOV�FDQ�DOVR�EH�DWWULEXWHG�WR�WKH�LQIOXHQFH�RI�DQ�
RSSRVLQJ�IRUFH�DFWLQJ�RQ�WKH�GURSOHW�ZKHQ�WKH�SLSHWWH�WLS�LV�ZLWKGUDZQ�IURP�WKH�SDSHU�VXUIDFH��

7KH�LQIOXHQFH�RI�YLVFRVLW\�RQ�UDGLDO�GLIIXVLRQ�
� ,Q�D�SUHOLPLQDU\�VWXG\��WKH�UDGLDO�GLIIXVLRQ�ZDV�DQDO\VHG�LQ�WHUPV�RI�SURFHVV�XQLIRUPLW\��)RU�
WKLV�SXUSRVH��D�����Z�Y��0%�GURSOHW�ZLWK�D�YROXPH�RI����O�ZDV�SODFHG�RQ�WKH�VXUIDFH�RI�WKH�ILOWHU�
SDSHU�DQG�DOORZHG�WR�GLIIXVH�IUHHO\��WKH�GLVSODFHPHQW�RI�WKH�IOXLG�IURQW�EHLQJ�PHDVXUHG�LQ�HLJKW�
PDLQ�GLUHFWLRQV��)LJXUH�����$����
� ,W�ZDV�H[SHULPHQWDOO\�REVHUYHG�WKDW�WKH�GLVWDQFH�WUDYHOOHG�E\�WKH�IOXLG�YDULHG�H[SRQHQWLDOO\�
ZLWK�WLPH��GLIIXVLRQ�EHLQJ�IDVWHU�DW�WKH�EHJLQQLQJ�RI�WKH�SURFHVV��$OVR��WKH�SKHQRPHQRQ�GLG�QRW�
SUHVHQW�XQLIRUPLW\��DV�WKH�IOXLG�IURQW�WUDYHOOHG�D�JUHDWHU�GLVWDQFH�DORQJ�WKH�G��GLUHFWLRQ��6LPLODU�WR�
WKH�UHVXOWV�REWDLQHG�IRU�XQLGLUHFWLRQDO�GLIIXVLRQ�� WKLV�QRQ�XQLIRUPLW\�ZDV�DWWULEXWHG�ERWK� WR� WKH�
LQKRPRJHQHLW\�RI�WKH�SRURXV�PHGLXP�DQG�WR�WKH�LQIOXHQFH�RI�WKH�SLSHWWLQJ�PHWKRG��,Q�DGGLWLRQ��
VLQFH�WKH�YROXPH�RI�IOXLG�ZDV�QRW�UHVWULFWHG��LQIOXHQFHV�VXFK�DV�LQFOLQDWLRQV�RI�WKH�SODQH�FRXOG�OHDG�
WR�D�QRQ�XQLIRUP�GLIIXVLRQ��7KH�ILWWLQJ�ZDV�SHUIRPHG�ZLWK�HT���������IRU�WKH�WKH�UHVXOWV�REWDLQHG�
RQ� WKH�G�� DQG�G�� GLUHFWLRQV��)LJXUH�����%���7KH� FRQVWDQWV� RI� WKH� HTXDWLRQ�ZHUH� LGHQWLILHG� DV��
Dא>���������@��Eא>�������������@�DQG�F��7@�����������<אKH�LQLWLDO�GLIIXVLRQ�YHORFLW\�ZDV�REWDLQHG�
WR�EH�LQ�WKH�UDQJH�>�����@�PP�V�����
� ,Q�WKH�VHFRQG�VWHS��GURSOHWV�RI�HTXDO�YROXPHV�����O��RI�IOXLGV�ZLWK�GLIIHUHQW�YLVFRVLWLHV�ZHUH�
DOORZHG� WR� GLIIXVH� UDGLDOO\�� WKH� REMHFWLYH� EHLQJ� WR� DQDO\VH� WKH� LQIOXHQFH� RI� YLVFRVLW\� RQ� WKH�
GLIIXVLRQ� YHORFLW\�� 7KH� VWXG\� LQFOXGHG� VL[� IOXLGV� ZLWK� GLIIHUHQW� PDWHULDO� SURSHUWLHV�� GHLRQLVHG�
ZDWHU��DFHWRQH��LVRSURSDQRO��JO\FHURO��VXQIORZHU�RLO�DQG�VLOLFRQH�RLO��6LQFH�ILOWHU�SDSHU�GRHV�QRW�
KDYH�D�FRQVWDQW�PHDQ�SRUH�UDGLXV�DQG�WKH�UHVXOWV�REWDLQHG�IRU�0%�VKRZHG�QRQ�XQLIRUPLWLHV�LQ�WKH�
GLIIXVLRQ� SURFHVV�� DOO� HLJKW� PHDVXUHPHQW� GLUHFWLRQV� ZHUH� NHSW� LQ� WKH� DQDO\VLV� RI� IOXLGV� ZLWK�
GLIIHUHQW�YLVFRVLWLHV��)LJXUHV������������7KH�H[SHULPHQWDO�UHVXOWV�IRU�WKH�IOXLG�IURQW�GLVSODFHPHQW�
ZHUH�ILWWHG�XVLQJ�WKH�%RUKDQ	5XQJWD�PRGHO��HT����������$V�Į�DQG�Q�DUH�QRW�LPSRVHG�RU�WDEXODWHG�
YDOXHV�LQ�WKH�OLWHUDWXUH��WKH�VWXG\�DLPHG�WR�ILQG�WKH�YDOXHV�WKDW�SURYLGH�D�KLJK�GHJUHH�RI�DFFXUDF\�
EHWZHHQ�WKH�LQWHUSRODWLRQ�FXUYH�DQG�WKH�H[SHULPHQWDO�GDWD��)LJXUH������
�
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�
)LJXUH������$��5DGLDO�GLIIXVLRQ�RI�DQ�0%�GURSOHW�RQ�SDSHU�DQG�WKH�GLUHFWLRQV�FRQVLGHUHG�IRU�WKH�

PHDVXUHPHQWV��%��9DULDWLRQ�RI�WKH�GLVWDQFH�WUDYHOOHG�E\�WKH�IOXLG�IURQW�RYHU�WLPH�ILWWHG�ZLWK�HT����������
,QVHW��'LVSODFHPHQW�YHORFLW\�HYDOXDWHG�DV�WKH�ILUVW�RUGHU�GHULYDWLYH�RI�WKH�ILWWHG�FXUYH��

�
)LJXUH������5DGLDO�GLIIXVLRQ�RQ�SDSHU�RI�$��GHLRQL]HG�ZDWHU��%��DFHWRQH��&��LVRSURS\O�DOFRKRO��

5HFRUGLQJ�VSHHG��������IUDPHV�SHU�VHFRQG��

�
)LJXUH������5DGLDO�GLIIXVLRQ�RQ�SDSHU�RI�$��VLOLFRQH�RLO��%��VXQIORZHU�RLO��&��JO\FHURO��

5HFRUGLQJ�VSHHG������IUDPHV�SHU�VHFRQG��
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�
)LJXUH������'LVSODFHPHQW�RI�WKH�IOXLG�IURQW�DORQJ�WKH�HLJKW�PHDVXUHPHQW�GLUHFWLRQV�IRU�GHLRQL]HG�
ZDWHU��DFHWRQH��LVRSURSDQRO��VXQIORZHU�RLO��JO\FHURO�DQG�VLOLFRQH�RLO��0HDQ�YDOXHV�ZHUH�ILWWHG�

ZLWK�WKH�%RUKDQ�	�5XQJWD�PRGHO��

� 3UHYLRXV�VWXGLHV�RI�UDGLDO�GLIIXVLRQ�UHSRUWHG�D�GHSHQGHQFHݐ�̱�ݎ�
భ
ల��7KLV�LPSOLHV�WKDW�Q� ���LQ�

%RUKDQ�	�5XQJWD
V�ODZ��)XUWKHUPRUH��LQ�JHQHUDO��Į�LV�FRQVLGHUHG�D�PDWHULDO�FRQVWDQW��VR�LWV�YDOXH�
VKRXOG�YDU\�RQO\�LI�WKH�SRURXV�VXEVWUDWH�LV�GLIIHUHQW��+RZHYHU��LW�ZDV�REVHUYHG�WKDW�Q� ���GLG�QRW�
DOZD\V�SURYLGH�WKH�EHVW�ILW��DQG�FKDQJLQJ�WKH�FRQVWDQW�Q�DOVR�UHTXLUHG�D�YDULDWLRQ�RI�Į��7KH�YDOXHV�
GHWHUPLQHG�IRU�WKH�WZR�FRQVWDQWV�WKDW�OHG�WR�DFFXUDWH�ILWWLQJ�FXUYHV�LQ�UHVSHFW�WR�WKH�H[SHULPHQWDO�
UHVXOWV�DUH�SUHVHQWHG�LQ�7DEOH������7KH�PRVW�DFFXUDWH�ILWV�ZHUH�REWDLQHG�IRU�LVRSURSDQRO�DQG�WKH�
KLJK�YLVFRVLW\�IOXLGV��,Q�WKH�FDVH�RI�GHLRQLVHG�ZDWHU�DQG�DFHWRQH��LQFRQVLVWHQFLHV�LQ�WKH�GHVFULSWLRQ�
RI�WKH�LQLWLDO�GLIIXVLRQ�SKDVH�ZHUH�REVHUYHG��
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� �7DEHOXO������([SHULPHQWDOO\�GHWHUPLQHG�YDOXHV�IRU�WKH�%RUKDQ	5XQJWD¶V�PRGHO�
FRQVWDQWV��Q�DQG�Į��

)OXLG� Q� Į�
'HLRQLVHG�ZDWHU� �� �����

$FHWRQH� �� ����
,VRSURSDQRO� �� ������
6XQIORZHU�RLO� �� ������
*O\FHURO� ����� ����
6LOLFRQH�RLO� �� �����

�
� )RU�HDFK�IOXLG��WKH�GLIIXVLRQ�YHORFLW\�ZDV�HYDOXDWHG�E\�FDOFXODWLQJ�WKH�ILUVW�GHULYDWLYH�RI�WKH�
GLVSODFHPHQW�RYHU�WLPH��)RU�DOO�IOXLGV��WKH�KLJKHVW�YHORFLW\�ZDV�REWDLQHG�DW�WKH�RQVHW�RI�WKH�SURFHVV��
ZLWK�DQ�H[SRQHQWLDO�GHFUHDVH�WKHUHDIWHU��7KH�KLJKHVW�YDOXH�ZDV�REWDLQHG�IRU�DFHWRQH�����PP�V��
DQG�WKH�ORZHVW�IRU�VLOLFRQH�RLO������PP�V���7DNLQJ�LQWR�DFFRXQW�WKH�PDWHULDO�SURSHUWLHV�RI�WKH�IOXLGV��
D�GHSHQGHQFH�EHWZHHQ�WKH�LQLWLDO�GLIIXVLRQ�YHORFLW\�DQG�WKH�YLVFRVLW\�ZDV�REVHUYHG��)LJXUH�������
7KH�H[SHULPHQWDO�SRLQWV�ZHUH�ILWWHG�ZLWK�D�SRZHU�IXQFWLRQݒ��௠௔௫ �ሺߟሻ ൌ �௕��WKH�YDOXHV�IRU�D�DQGߟ�ܽ
E�EHLQJ������DQG�������UHVSHFWLYHO\��

�
)LJXUH�������7KH�GHSHQGHQFH�RI�LQLDO�GLIIXVLRQ�YHORFLW\�RQ�YLVFRVLW\��

� ,Q�WKH�FDVH�RI�LVRSURSDQRO�DQG�JO\FHURO��WKH�GHYLDWLRQ�IURP�WKH�ODZ�FRXOG�EH�DWWULEXWHG�WR�
HIIHFWV�QRW�LQFOXGHG�LQ�WKLV�VWXG\��VXFK�DV�WKH�LQIOXHQFH�RI�HQYLURQPHQWDO�IDFWRUV��KXPLGLW\�DQG�
WHPSHUDWXUH��RU�RWKHU�PDWHULDO�SURSHUWLHV��VXUIDFH�WHQVLRQ�RU�YLVFRHODVWLF�EHKDYLRXU�LQ�WKH�FDVH�RI�
JO\FHURO���

7KH�LQIOXHQFH�RI�FRQFHQWUDWLRQ�IRU�VROYHQW�VROXWH�IOXLGV�
� )OXLGV�RI�ELRORJLFDO�LQWHUHVW�RU�ZLWK�ELRPHGLFDO�DSSOLFDWLRQV�DUH�DOZD\V�FRPSOH[�V\VWHPV�RI�
PROHFXOHV� �VROXWH�� GLVVROYHG� LQ� D� OLTXLG� SKDVH� �VROYHQW���:KHQ� EURXJKW� LQWR� FRQWDFW� ZLWK� WKH�
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SRURXV� PHGLXP�� WKH� WZR� SKDVHV� WHQG� WR� VHSDUDWH� GXULQJ� WKH� GLIIXVLRQ� SURFHVV�� ,I� WKH� SRURXV�
PHGLXP�LV�D�ILEULOODU�VXEVWUDWH��PDGH�RI�FHOOXORVH�LQ�WKH�FDVH�RI�SDSHU���WKH�GLIIXVLRQ�SURFHVVHV�RI�
FRPSOH[�IOXLGV�FDQQRW�EH�XQGHUVWRRG�RQO\�E\�VWXG\LQJ�WKH�SK\VLFDO� LQWHUDFWLRQV��&HOOXORVH�LV�D�
QDWXUDO� SRO\PHU� RI� WKH� SRO\VDFFKDULGH� JURXS�� FRPSRVHG� RI� JOXFRVH�PROHFXOHV� DQG� JO\FRVLGLF�
ERQGV��3KDVH�VHSDUDWLRQ�LQ�SDSHU�RFFXUV�WKURXJK�WKH�IRUPDWLRQ�RI�K\GURJHQ�ERQGV�EHWZHHQ�WKH�
PROHFXOHV�LQ�WKH�DTXHRXV�SKDVH�DQG�K\GUR[\O�JURXSV�LQ�WKH�FHOOXORVH�ILEUH�VWUXFWXUH��7KHUHIRUH��
WKH�VHSDUDWLRQ�SURFHVV�LV�LQIOXHQFHG�E\�WKH�FKHPLFDO�SURSHUWLHV�RI�DOO�WKH�WKUHH�PDWHULDOV�LQYROYHG�
�SRURXV�PHGLXP��VROYHQW��VROXWH���WKH�LPSRUWDQW�SDUDPHWHUV�EHLQJ�WKH�SRODULW\�RI�WKH�PROHFXOHV�
DQG�VROYHQW��DQG�WKH�DYDLODELOLW\�RI�K\GURJHQ�ERQGV�LQ�WKH�VWUXFWXUH�RI�WKH�SRUH�PHGLXP��7KHUHIRUH��
DQDO\VLV� RI� WKH� EHKDYLRXU� RI� D� VLQJOH� FKHPLFDO� FRPSRXQG� FDQQRW� SURYLGH� JHQHUDO� LQIRUPDWLRQ�
DSSOLFDEOH�WR�DOO�PROHFXOHV��UHJDUGOHVV�RI�WKHLU�GLPHQVLRQ��
� 5HWHQWLRQ�SKHQRPHQD�ZHUH�DQDO\VHG�E\� LQYHVWLJDWLQJ�GLIIXVLRQ� LQ� ILOWHU�SDSHU�RI�VROYHQW�
VROXWH�V\VWHPV��ZKHUH�WKH�OLTXLG�SKDVH�LV�ZDWHU��DQG�WKH�PROHFXOHV�LQFOXGHG�LQ�WKH�VWXG\�ZHUH�0%��
JHQWLDQ� YLROHW� �*9�� DQG� IOXRUHVFHLQ�� 'LIIXVLRQ� DQG� VHSDUDWLRQ� SURFHVVHV� ZHUH� DQDO\VHG� IRU�
VROXWLRQV�ZLWK�FRQFHQWUDWLRQV�UDQJLQJ�IURP�����0�WR��������0��)LJXUH������$���
� ,Q�D�ILUVW�VWHS��WKH�LQIOXHQFH�RI�WKH�PROHFXOHV¶�SUHVHQFH�RQ�VROYHQW�GLIIXVLRQ�ZDV�DQDO\VHG��,W�
ZDV� H[SHULPHQWDOO\�REVHUYHG� WKDW� IRU� DOO� FRQFHQWUDWLRQV�XVHG� LQ� WKLV� VWXG\�� WKH� VROYHQW� DOZD\V�
UHDFKHG� D� KLJKHU� GLVWDQFH� WKDQ� WKH� VROXWH�� $OVR�� UHJDUGOHVV� RI� WKH� W\SH� RI� PROHFXOH� RU� WKH�
FRQFHQWUDWLRQ�RI�WKH�VROXWLRQ��WKH�VROYHQW�LQWHUIDFH�DGYDQFHG�LQWR�WKH�SRURXV�VXEVWUDWH�E\�VLPLODU�
GLVWDQFHV��)LJXUH������%����

�
)LJXUH�������$��'LIIXVLRQ�LQ�SDSHU�RI�VROXWLRQV�ZLWK�GLIIHUHQW�FRQFHQWUDWLRQV�RI�*9�DQG�0%�
GLVVROYHG�LQ�ZDWHU��%��'LVSODFHPHQW�RI�WKH�IOXLG�IURQWV�DVVRFLDWHG�ZLWK�WKH�VROYHQW�DQG�VROXWH�
SKDVHV��IRU�*9�DQG�0%�VROXWLRQV�ZLWK�FRQFHQWUDWLRQV�RI�����������������������������0��

� ,Q�WKH�FDVH�RI�WKH�PROHFXOH�GLIIXVLRQ��*9�WUDYHOOHG�ORQJHU�GLVWDQFHV�LQ�WKH�SDSHU�VXEVWUDWH�
WKDQ�0%��,W�ZDV�QRWHG�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�WKH�ILQDO�GLVWDQFHV�UHDFKHG�E\�VROYHQW�DQG�VROXWH�
YDULHV� ZLWK� WKH� FRQFHQWUDWLRQ� RI� WKH� VROXWLRQ�� 7KXV�� WKH� VPDOOHU� WKH� TXDQWLW\� RI� GLVVROYHG�
PROHFXOHV��WKH�VWURQJHU�WKH�VHSDUDWLRQ�SURFHVV�ZLOO�EH�HYLGHQFHG��PRVW�RI�WKH�PROHFXOHV�ELQGLQJ�
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WR� WKH� FHOOXORVH� ILEHUV� IURP� WKH� LQLWLDO� VWDJHV� RI� GLIIXVLRQ��7KLV� OHG� WR� WKH� FRQFOXVLRQ� WKDW� WKH�
GLVVROYHG�PROHFXOHV�LQ�D�VROXWLRQ�ZLOO�DGKHUH�WR�WKH�SDSHU�VXEVWUDWH�XQWLO�ORFDO�VDWXUDWLRQ�RFFXUV��
DQG� WKH� IURQW� DVVRFLDWHG� ZLWK� WKH� VROXWH� SKDVH� ZLOO� RQO\� DGYDQFH� LI� WKHUH� DUH� IUHH� PROHFXOHV�
UHPDLQLQJ�LQ�WKH�VROXWLRQ��,W�VKRXOG�EH�QRWHG��KRZHYHU��WKDW�WKH�YHORFLW\�RI�WKH�IOXLG�FDQ�LQIOXHQFH�
WKH�UHWHQWLRQ�SURFHVV��7KXV��LI�WKH�IOXLG�PRYHV�WKURXJK�WKH�SRURXV�VXEVWUDWH�DW�D�YHORFLW\�KLJKHU�
WKDQ�WKH�UHDFWLRQ�UDWH�IRU�WKH�ERQG�IRUPDWLRQ�EHWZHHQ�WKH�GLVVROYHG�PROHFXOHV�DQG�WKH�FHOOXORVH�
ILEHUV��D�KLJKHU�FRQFHQWUDWLRQ�RI�PROHFXOHV�ZLOO�UHPDLQ�LQ�WKH�DTXHRXV�SKDVH��WUDYHOOLQJ�ORQJHU�
GLVWDQFHV��+RZHYHU��LQ�WKLV�FDVH��WKH�IOXLG�YHORFLW\�PXVW�EH�H[WHUQDOO\�VWLPXODWHG��H�J��E\�XVLQJ�
SXPSV���)RU�HDFK�VROXWLRQ��WKH�GLIIHUHQFH�EHWZHHQ�WKH�ILQDO�GLVWDQFH�UHDFKHG�E\�WKH�VROYHQW�DQG�
VROXWH�ZDV�FDOFXODWHG�DQG�SORWWHG�RQ�D�OLQH�ORJ�SORW�DV�D�IXQFWLRQ�RI�FRQFHQWUDWLRQ��)LJXUH�������
7KH�YDULDWLRQ�WUHQG�ZDV�DSSUR[LPDWHG�E\�WKH�IXQFWLRQ�οሺܥሻ ൌ െ݉ ���ଵ଴ሺܥሻ ൅ ܾ��DQG�WKH�YDOXHV�
REWDLQHG�IRU�P�DQG�E�ZHUH������DQG������IRU�*9��DQG������DQG������IRU�0%�UHVSHFWLYHO\���

�
)LJXUH�������7KH�GLIIHUHQFH�EHWZHHQ�WKH�ILQDO�GLVWDQFHV�UHDFKHG�E\�VROYHQW�DQG�VROXWH�SORWWHG�DV�

D�IXQFWLRQ�RI�VROXWLRQ�FRQFHQWUDWLRQ��
� ,Q�WKH�VHFRQG�VWDJH�RI�WKH�VWXG\��D�PHWKRG�IRU�DSSUR[LPDWLQJ�WKH�VROXWLRQ�FRQFHQWUDWLRQ�DORQJ�
WKH�FKDQQHO�ZDV�LPSOHPHQWHG��)RU�WKLV�SXUSRVH�D�����P0�IOXRUHVFHLQ�VROXWLRQ�ZDV�XVHG��ZKRVH�
GLIIXVLRQ� LQ� WKH� FKDQQHO�ZDV� UHFRUGHG� XQGHU�89� LUUDGLDWLRQ��)LJXUH� ������7KH� DSSUR[LPDWLRQ�
PHWKRG� LV� EDVHG�RQ� WKH� DVVXPSWLRQ� WKDW� D� KLJKHU�GHQVLW\�RI� IOXRUHVFHLQ�PROHFXOHV�ZLOO� HPLW� D�
UDGLDWLRQ�RI�KLJKHU�LQWHQVLW\��7KHUHIRUH��DQDO\VLV�RI�WKH�FRORXU�LQWHQVLW\�FRXOG�SURYLGH�LQIRUPDWLRQ�
DERXW�WKH�FRQFHQWUDWLRQ�JUDGLHQW�DORQJ�WKH�FKDQQHO���

�
)LJXUH������'LIIXVLRQ�RI�����P0�IOXRUHVFHLQ��
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� 7KH�FRORXU�LQWHQVLW\�KLVWRJUDP�IURP�HDFK�IUDPH�ZDV�H[WUDFWHG�DORQJ�WKH�FKDQQHO�PLGOLQH��
7KH�GDWD�ZDV��'�SORWWHG��)LJXUH������$���UHSUHVHQWLQJ�WKH�FRORXU�LQWHQVLW\��LQ�DUELWUDU\�XQLWV��DV�
D� IXQFWLRQ�RI�GLVWDQFH�DORQJ� WKH�FKDQQHO��DQG�RYHU� WLPH��)URP�WKHVH��'�SORWV�� WKH�EDFNJURXQG�
QRLVH�ZDV�VXEWUDFWHG�VR�WKDW�WKH�FRORXU�LQWHQVLW\�ZRXOG�EH�]HUR�LQ�UHJLRQV�ZKHUH�IOXRUHVFHLQ�ZDV�
QRW�\HW�SUHVHQW��7KH�FRORU�LQWHQVLW\�YDULDWLRQ�ZDV�H[WUDFWHG�IRU�D�QXPEHU�RI�VSHFLILF�JHRPHWULF�
SRLQWV�DORQJ�WKH�FKDQQHO��7KHVH�GDWD�ZHUH�WKHQ�FDOLEUDWHG�ZLWK�WKH�FRQFHQWUDWLRQ�RI�WKH�VROXWLRQ�
E\� DVVLJQLQJ� WKH�PD[LPXP�YDOXH� REWDLQHG� IRU� WKH� FRORXU� LQWHQVLW\� WR� WKH� LQLWLDO� FRQFHQWUDWLRQ�
YDOXH��)LQDOO\�� WKH�DSSUR[LPDWH�FRQFHQWUDWLRQ�YDOXH�DW�HDFK�FKRVHQ�GLVWDQFH�DORQJ� WKH�FKDQQHO�
VXUIDFH�ZDV�SORWWHG�DV�D�IXQFWLRQ�RI�WLPH��)LJXUH������%���

�
)LJXUH�������$��&RORXU�LQWHQVLW\�SURILOH�DORQJ�WKH�FKDQQHO�DQG�RYHU�WLPH��%��$SSUR[LPDWLRQ�RI�
WKH�FRQFHQWUDWLRQ�GLVWULEXWLRQ�HYROXWLRQ�DW�GLIIHUHQW�SRLQWV�DORQJ�WKH�FKDQQHO��,QVHW��7KH�PLGOLQH�

DORQJ�ZKLFK�WKH�FRORXU�LQWHQVLW\�SURILOH�ZDV�H[WUDFWHG��
� $W�WKH�LQLWLDO�WLPH��W� �����WKH�FRQFHQWUDWLRQ�LV�PD[LPXP�DW���DQG���PP�GLVWDQFH�IURP�WKH�
FKDQQHO�LQOHW��DQG�KDV�D�YDOXH�RI���DW�WKH�HQG�RI�WKH�FKDQQHO��'XULQJ�GLIIXVLRQ��WKH�FRQFHQWUDWLRQ�
GHFUHDVHV�DW�WKH�LQOHW�UHJLRQ�DQG�LQFUHDVHV�WRZDUGV�WKH�HQG�RI�WKH�UHVHUYRLU��ILQDOO\�UHDFKLQJ�WKH�
VDPH�YDOXH��DSSUR[LPDWHG�DV�����P0��DORQJ�WKH�HQWLUH�OHQJWK�RI�WKH�FKDQQHO��7KH�FDOFXODWHG�YDOXH�
LV���WLPHV�ORZHU�WKDQ�WKH�LQLWLDOO\�LQMHFWHG�YDOXH��VKRZLQJ�D�VLJQLILFDQW�UHGXFWLRQ�RI�WKH��+RZHYHU��
UHDFKLQJ�WKH�VDPH�YDOXH�LQ�WKH�HQG�LV�D�UHVXOW�FRQVLVWHQW�ZLWK�WKH�WKHRU\�WKDW�XQGHU�WKH�DFWLRQ�RI�
WKH�FRQFHQWUDWLRQ�JUDGLHQW��V\VWHPV�WHQG�WRZDUGV�HTXLOLEULXP���

'URSOHW�LQWHUIDFH�HYROXWLRQ�GXULQJ�GLIIXVLRQ��
� ,Q� RUGHU� WR� DQDO\VH� WKH� HYROXWLRQ� RI� WKH� LQWHUIDFH�� WKH� H[SHULPHQWV� LQYROYHG� YLVFRHODVWLF�
VROXWLRQV��DV� WKHLU�GLIIXVLRQ�ZLOO�EH� VORZ�DQG� LQWHUIDFH� LGHQWLILFDWLRQ�FDQ�EH�FDUULHG�RXW�ZLWK�D�
JUHDWHU�DFFXUDF\��7KXV��IOXLGV�ZLWK�GLIIHUHQW�FRQFHQWUDWLRQV�RI�3(2�ZHUH�LQFOXGHG�LQ�WKH�VWXG\��LQ�
RUGHU�WR�KDYH�D�EURDG�XQGHUVWDQGLQJ�RI�WKH�SKHQRPHQRQ��%\�XVLQJ�YLVFRHODVWLF�VROXWLRQV�RI�3(2��
WKH�DSSOLFDELOLW\�RI�WKH�VWXGLHV�FDQ�EH�H[WHQGHG��DV�WKHVH�FDQ�EH�PRGHOV�IRU�IOXLGV�UHVXOWLQJ�IURP�
LQGXVWULDO� DFWLYLWLHV� RU� RI� ELRORJLFDO� LQWHUHVW�� ,Q� DGGLWLRQ�� 3(2� LV� D� ZDWHU�VROXEOH� SRO\PHU��
HOLPLQDWLQJ� WKH�QHFHVVLW\� IRU� VWURQJ�VROYHQWV��ZKRVH� UKHRORJLFDO�SURSHUWLHV�FRXOG� LQIOXHQFH� WKH�
GLIIXVLRQ�SURFHVV���
� 7KH�HYROXWLRQ�RI�WKH�IOXLG�LQWHUIDFH�ZDV�DQDO\]HG�IRU�ERWK�ORZ�DQG�KLJK�YLVFRVLW\�IOXLGV��ZLWK�
SRO\PHU�FRQFHQWUDWLRQV� UDQJLQJ�EHWZHHQ� ������ ��������� �Z�Y���8VLQJ� WKH�QXPHULFDO�SURFHGXUH�
GHVFULEHG�LQ�&KDSWHU����WKH�WLPH�HYROXWLRQ�RI�GURSOHW�GLDPHWHU�DQG�GLIIXVLRQ�YHORFLW\��DV�ZHOO�DV�
FRQWDFW�DQJOH�DQG�YROXPH�FRXOG�EH�H[WUDFWHG�IURP�WKH�LQWHUIDFH�QXPHULFDO�UHSUHVHQWDWLRQ��)LJXUHV�
�������������



�

���

� )RU�DOO�WKH�IOXLGV�XVHG��DQ�LQIOHFWLRQ�SRLQW�LQ�WKH�GLDPHWHU�HYROXWLRQ�FRXOG�EH�LGHQWLILHG�DQG�
LW�ZDV�DWWULEXWHG� WR� WKH� WUDQVLWLRQ�EHWZHHQ� WKH� WZR�GLIIXVLRQ�SKDVHV��:KHQ� WKH� IOXLG�FDPH� LQWR�
FRQWDFW�ZLWK�WKH�SRURXV�PHGLXP��LW�VWDUWHG�WR�UDSLGO\�GLIIXVH�RQ�WKH�VXUIDFH�RI�WKH�VXEVWUDWH�XQWLO�
LW� UHDFKHG�D� FULWLFDO� GLDPHWHU�� �WKH� VSUHDGLQJ�SKDVH��6XEVHTXHQWO\�� WKH�GURSOHW� EHJDQ� WR� VKULQN�
XQGHU�WKH�DFWLRQ�RI�WKH�FDSLOODU\�IRUFH�DV�LW�ZDV�DEVRUEHG�LQWR�WKH�VXEVWUDWH��WKH�DEVRUSWLRQ�SKDVH���

�
)LJXUH�������(YROXWLRQ�RYHU�WLPH�RI�$��GLDPHWHU��%��ILUVW�RUGHU�GHULYDWLYH�DQG�&��GLIIXVLRQ�

YHORFLW\�IRU�3(2�GURSOHWV�ZLWK�GLIIHUHQW�FRQFHQWUDWLRQV��
� )RU�ORZ�YLVFRVLW\�IOXLGV��ERWK�SKDVHV�FRXOG�EH�REVHUYHG��WKH�WUDQVLWLRQ�EHWZHHQ�WKH�WZR�EHLQJ�
LQGLFDWHG�E\�WKH�SRLQW�DW�ZKLFK�WKH�GHULYDWLYH�UHDFKHV�]HUR��%\�SORWWLQJ�WKH�DEVROXWH�YDOXH�RI�WKH�
GHULYDWLYH�� LW�FDQ�EH�VHHQ� WKDW� WKH� WZR�GLIIXVLRQ�SKDVHV�RFFXU�DW� VLPLODU� UDWHV�� WKH�SUHGRPLQDQW�
LQIOXHQFH�EHLQJ�JLYHQ�E\�WKH�PDWHULDO�FKDUDFWHULVWLFV�RI�WKH�IOXLG�XVHG��,Q�WKH�FDVH�RI�WKH������3(2�
VROXWLRQ��DIWHU�UHDFKLQJ�D�FULWLFDO�YDOXH�RI�WKH�GLDPHWHU��WKH�IORZ�HQWHUV�D�VORZ�WUDQVLHQW�UHJLPH��
EHLQJ�KDUGO\�DEVRUEHG�LQWR�WKH�VXEVWUDWH�GXH�WR�KLJK�YLVFRVLW\��
� )LWWLQJ� WKH� GDWD� SRLQWV� ZLWK� D� VPRRWK� IXQFWLRQ� DOORZHG� D� UHSUHVHQWDWLRQ� RI� WKH� GLDPHWHU�
HYROXWLRQ�ZLWK�KLJK�DFFXUDF\��WDNLQJ�LQWR�DFFRXQW�WKH�GLVFRQWLQXLW\�DUHDV��7KH�ORFDO�PD[LPD�DQG�
PLQLPD�REVHUYHG�LQ�WKH�HYROXWLRQ�RI�WKH�GHULYDWLYH�ZHUH�DWWULEXWHG�WR�WKH�LQKRPRJHQHLW\�RI�WKH�
SRURXV�PHGLXP��WKH�IOXLG�GLIIXVLRQ�EHLQJ�LQIOXHQFHG�E\�WKH�VSDWLDO�GLVWULEXWLRQ�RI�WKH�SRUHV��DV�
ZHOO�DV�WKHLU�VL]H���



�

���

�
)LJXUH�������9DULDWLRQV�RI�$��FRQWDFW�DQJOH�DQG�%��GURS�YROXPH��

� ,Q� WKH� FDVH�RI� FRQWDFW� DQJOH� DQG�YROXPH�HYROXWLRQV�� QR�DUHDV�RI� KLJK�GLVFRQWLQXLW\�ZHUH�
LGHQWLILHG�DQG�WKH�H[SHULPHQWDO�GDWD�ILWWLQJ�ZDV�SHUIRUPHG�XVLQJ�H[SRQHQWLDO�IXQFWLRQV��6LQFH�WKH�
YROXPH�HYROXWLRQ�VKRZV�D�GHFUHDVH�IURP�WKH�HDUO\�VWDJH�RI�WKH�DEVRUSWLRQ�SKHQRPHQRQ��LW�FDQ�EH�
FRQFOXGHG�WKDW�GLIIXVLRQ�WKURXJK�WKH�VXEVWUDWH�RFFXUV�IURP�WKH�ILUVW�LGHQWLILHG�VWDJH��DQG�LW�LV�QRW�
D�UHGLVWULEXWLRQ�RI�WKH�IOXLG�YROXPH�RQ�WKH�VXEVWUDWH�VXUIDFH���
� 7KH�LQLWLDO�YHORFLWLHV�UHDFKHG�E\�HDFK�IOXLG�ZHUH�SORWWHG�DV�D�IXQFWLRQ�RI�VROXWLRQ�FRQFHQWUDWLRQ�
DQG�YLVFRVLW\��)LJXUH�������$�GHSHQGHQFH�EHWZHHQ�WKH�PD[LPXP�DGYDQFLQJ�YHORFLW\�RI� WKH�IOXLG�
IURQW�LQ�WKH�H[SDQVLRQ�VWDJH�DQG�WKH�VROXWLRQ�FRQFHQWUDWLRQ�ZDV�REVHUYHG��)LJXUH������$���ZKLFK�FDQ�
EH�GHVFULEHG�E\�WKH�HTXDWLRQݒ�௠௔௫ �ሺܥሻ ൌ ��������� �௕��ZKHUH�D� �������DQG�Eܥ�ܽ

�
)LJXUH�������'LIIXVLRQ�YHORFLW\�DV�D�IXQFWLRQ�RI�$��FRQFHQWUDWLRQ�DQG�%��YLVFRVLW\��

� &RQVLGHULQJ�WKH�YLVFRVLW\�YDOXHV�IRU�WKUHH�RI�WKH�LQYHVWLJDWHG�3(2�VROXWLRQV��WKH�YHORFLW\�YDOXHV�
KDYH� EHHQ� SORWWHG� WRJHWKHU� ZLWK� WKH� SUHYLRXVO\� REWDLQHG� UHVXOWV�� )LJXUH� ����� %��� 6LQFH� WKH�
FRQFHQWUDWLRQ� RI� D� SRO\PHU� VROXWLRQ� GLUHFWO\� LQIOXHQFHV� LWV� YLVFRVLW\�� WKH� WZR� GHSHQGHQFLHV� DUH�
VLPLODU��+RZHYHU��3(2�VROXWLRQV�DOVR�KDYH�DQ�HODVWLFLW\�FRPSRQHQW��ZKLFK�PD\�KDYH�DQ�LQIOXHQFH�
RQ�WKH�GLIIXVLRQ�YHORFLW\��DQG�GLIIHUHQFHV�IURP�WKH�EHKDYLRXU�RI�1HZWRQLDQ�IOXLGV�DUH�REVHUYHG��,Q�
WKH�FDVH�RI�3(2�VROXWLRQV�� WKH�YHORFLW\�GHSHQGHQFH�RQ�WKH�YLVFRVLW\�ZDV�ILWWHG�ZLWK�WKH�HTXDWLRQ�
ሻߟ୫ୟ୶௉ாை�ሺݒ ൌ ��\௕��ZKHUH�WKH�YDOXHV�LGHQWLILHG�IRU�D�DQG�E�ZHUH������DQG��������UHVSHFWLYHOߟ�ܽ



�

���

&KDSWHU����)DEULFDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�SRURXV�VXUIDFHV�
�
� 3RURXV�PLFUR��RU�QDQR�VWUXFWXUHG�PDWHULDOV�KDYH�D�KLJK�SRWHQWLDO�IRU�DSSOLFDWLRQ��EHLQJ�RQ�
WKH�VDPH�VFDOH�DV�SDUWLFXODWH�PDWWHU� �30��DQG�PDFURPROHFXOHV��DQG�FDQ�EH� WKXV�XVHG� WR� ILOWHU��
FDSWXUH� RU� LPPRELOLVH� QDQRSDUWLFOHV� DQG� FKHPLFDO� FRPSXQGV�� ,Q� WKLV� FKDSWHU�� HOHFWURVSXQ� DQG�
URWDU\�MHW� VSXQ� SRO\PHU� ILEHU� PHVKHV� PDGH� RI� FHOOXORVH� DFHWDWH� �&$�� DQG� SRO\�PHWK\O�
PHWKDFU\ODWH���300$��ZHUH�IDEULFDWHG��7KH�ILUVW�REMHFWLYH�RI�WKH�VWXG\�ZDV�WR�LQYHVWLJDWH�WKH�
LQIOXHQFH�RI� UHODWLYH�KXPLGLW\�RQ� WKH�SURFHVV�DQG� WKH�PRUSKRORJ\�RI� WKH� UHVXOWLQJ� ILEHUV��7KLV�
SDUDPHWHU�ZDV�FKRVHQ�EHFDXVH�RI�LWV�KLJK�LQIOXHQFH�RQ�WKH�SURFHVV��GLUHFWO\�DIIHFWLQJ�WKH�VROYHQW�
HYDSRUDWLRQ�WLPH�DQG�VXEVHTXHQWO\�WKH�XQLIRUPLW\�RI�WKH�ILEHU�VWUXFWXUH�DQG�WKH�KRPRJHQHLW\�RI�
WKH�PHVKHV��7KH�VHFRQG�REMHFWLYH�ZDV�WR�HYDOXDWH�WKH�HOHFWULFDO�DQG�HOHFWURFKHPLFDO�SURSHUWLHV�RI�
PHWDOOL]HG� SRO\PHU� PHVKHV�� WKH� ILQDO� JRDO� EHLQJ� WKH� IDEULFDWLRQ� RI� HOHFWURGHV� ZLWK� ILEULOODU�
VWUXFWXUH��

5KHRORJLFDO�SURSHUWLHV�
� 7KH�VWXG\�LQFOXGHG�&$�VROXWLRQV�RI�GLIIHUHQW�FRQFHQWUDWLRQV�DQG�VROYHQW�PL[WXUHV��7DEOH������
7KH�UKHRORJLFDO�VWXG\�ZDV�FDUULHG�RXW�IRU�WKH�VROXWLRQV�6���6��DQG�6���DQG�WKH�YDULDWLRQ�RI�YLVFRVLW\�
RYHU�WLPH�ZDV�HYDOXDWHG��$WWHQWLRQ�ZDV�IRFXVHG�RQ�WKH�VROXWLRQ�YLVFRVLW\��EHLQJ�FRQVLGHUHG�WKH�
SURSHUW\�RI�PDMRU�LQIOXHQFH�RYHU�WKH�SURFHVV��)LJXUH������7KH�YLVFRVLW\�YDOXH�DVVLJQHG�WR�HDFK�
VROXWLRQ�ZDV� FRQVLGHUHG� WKH� YDOXH� REWDLQHG� DW� W�  � ��� )URP� WKH� OLQHDU� VHFWLRQ� RI� WKH� YLVFRVLW\�
HYROXWLRQ�RYHU�WLPH��D�YLVFRVLW\�LQFUHDVH�FRHIILFLHQW�ZDV�HYDOXDWHG�DV�WKH�VORSH�RI�WKH�ILWWLQJ�FXUYH��
WKH�REWDLQHG�YDOXHV�EHLQJ�VKRZQ�LQ�7DEOH������
7DEOH������&$�VROXWLRQV�XVHG�DQG�WKH�YDOXHV�GHWHUPLQHG�IRU�LQLWLDO�YLVFRVLW\�DQG�WKH�YLVFRVLW\�

LQFUHDVH�FRHIILFLHQW���
6ROXWLRQ� 6ROYHQW� 5DWLR�

�Y�Y��
&$�
����

9LVFRVLW\�DW�
������&��3D�

V��

9LVFRVLW\�LQFUHDVH�
FRHIILFLHQW��3D��

6�� $FHWRQH�ZDWHU� ����� ��� � �
6�� ����� ��� � �
6��

$FHWRQH�'0$F�
���� ��� ����������� ������

6�� ���� ��� � �
6�� ���� ��� ����������� ������
6�� $FHWRQH�'062� ���� ��� ����������� ������

�
)LJXUH�����7LPH�HYROXWLRQ�RI�YLVFRVLW\��כߟ���HYDOXDWHG�DW�WKH�WHPSHUDWXUH�������&�DQG�DQJXODU�

YHORFLW\����UDG�V��
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���

� ,W�ZDV�REVHUYHG�WKDW�WKH�YLVFRVLW\�HYROXWLRQ�RYHU�WLPH�IRU�VROXWLRQV�IRUPHG�ZLWK�WKH�VDPH�
VROYHQW�PL[WXUH��6��DQG�6���SUHVHQWV�D�VLPLODU�WUHQG��WKH�PDLQ�GLIIHUHQFH�EHLQJ�WKH�LQLWLDO�YLVFRVLW\�
YDOXH��ZKLFK�LV�GLUHFWO\�LQIOXHQFHG�E\�WKH�SRO\PHU�FRQFHQWUDWLRQ��7KH�UDSLG�LQFUHDVH�LQ�YLVFRVLW\�
RI� 6�� ZDV� DWWULEXWHG� WR� WKH� KLJKHU� FRQFHQWUDWLRQ� RI� DFHWRQH�� EHLQJ� D� FRPSRXQG� ZLWK� KLJKHU�
YRODWLOLW\�WKDQ�'0$F��7KH�DFHWRQH�'062�VROYHQW�PL[WXUH�ZDV�FRQVLGHUHG�WKH�PRVW�VWDEOH��VLQFH�
XSRQ�SURORQJHG�H[SRVXUH�WR� WKH�DWPRVSKHUH�� WKH�YLVFRVLW\�YDOXH�GRHV�QRW�FKDQJH�VXEVWDQWLDOO\��
7KH�LQLWLDO�YLVFRVLW\�YDOXH�ZDV�FRQVLGHUHG�DV�D�UHIHUHQFH�SDUDPHWHU��VLQFH�LQ�HOHFWURVSLQQLQJ�DQG�
URWDU\�MHW�VSLQQLQJ�WHFKQLTXHV��GURSOHWV�DUH�H[SRVHG�IRU�VKRUW�SHULRGV��RQ�WKH�RUGHU�RI�VHFRQGV��WR�
DLU�EHIRUH�WKH\�WXUQ�LQWR�ILODPHQWV���

7KH�LQIOXHQFH�RI�KXPLGLW\�RQ�WKH�HOHFWURVSXQ�ILEHU�PHVK�PRUSKRORJ\��
D��&HOOXORVH�DFHWDWH�
� 7KH�HOHFWURVSLQQLQJ�SURFHVV�ZDV�WHVWHG�IRU�UHODWLYH�KXPLGLWLHV�UDQJLQJ�IURP�������������)RU�
DOO� WKH� VROXWLRQV� VWXGLHG�� UHJDUGOHVV�RI� WKH� VROYHQW� RU� SRO\PHU�FRQFHQWUDWLRQ�XVHG�� WKH� RSWLPDO�
UHVXOWV�ZHUH�REWDLQHG�DW�KLJK�KXPLGLW\�YDOXHV��ZKLFK�FRQVLVWHG�RI�LQFUHDVHG�ILEUH�GHQVLW\�DQG�D�
KLJK�GHJUHH�RI�ILEHU�XQLIRUPLW\��7KH�GLDPHWHUV�RI�WKH�UHVXOWLQJ�ILEHUV�LQ�UHODWLRQ�WR�WKH�VROXWLRQV�
DQG�KXPLGLW\�YDOXHV��DUH�VKRZQ�LQ�)LJXUH�������

�
)LJXUH������'LDPHWHU�RI�HOHFWURVSXQ�ILEHUV�UHVXOWHG�DW�GLIIHUHQW�UHODWLYH�KXPLGLW\�YDOXHV�IRU�$��

6���%��6���&��6��DQG�'��6���
� 'LIIHUHQW�ILEHU�PRUSKRORJLHV�ZHUH�LGHQWLILHG�GHSHQGLQJ�RQ�WKH�VROYHQW�XVHG�DQG�WKH�UHODWLYH�
KXPLGLW\�LQ�WKH�HQFORVXUH��)LJXUH������7KH�PHVKHV�IDEULFDWHG�IURP�DFHWRQH�ZDWHU�VROXWLRQV��6��
DQG�6���KDYH�D�ULEERQ�VKDSH��XQOLNH�WKRVH�IURP�DFHWRQH�'0$F��6��DQG�6����ZKLFK�KDYH�D�UHJXODU�
F\OLQGULFDO� VKDSH�� ,Q� WKH� FDVH� RI� VROXWLRQ� 6��� HOOLSWLFDO� SRO\PHU� DJJORPHUDWLRQV� GXH� WR� ORZ�
KXPLGLW\� ZHUH� LGHQWLILHG�� D� PRUSKRORJ\� GHILQHG� LQ� WKH� OLWHUDWXUH� DV� �EHDGV� RQ� ILEHUV��� 7KH�
LQIOXHQFH�RI�YLVFRVLW\�FRXOG�EH�REVHUYHG�E\�DQDO\]LQJ�WKH�ILEHUV�SURGXFHG�IURP�VROXWLRQV�6��DQG�
6���,Q�WKH�FDVH�RI�6���ZKLFK�KDV�D�KLJKHU�YLVFRVLW\�GXH�WR�WKH�KLJKHU�SRO\PHU�FRQFHQWUDWLRQ��WKH�
ILEHUV�ZHUH�XQLIRUPO\�HORQJDWHG�LQ�WKH�HOHFWULF�ILHOG��KDYLQJ�D�VPRRWK�VXUIDFH��,Q�WKH�FDVH�RI�6���
UHJDUGOHVV�RI�WKH�UHODWLYH�KXPLGLW\�ZLWKLQ�WKH�HQFORVXUH��WKH�PHVKHV�SUHVHQWHG�GHIHFWV���



�

���

�
)LJXUH������)LEHUV�IDEULFDWHG�IURP�GLIIHUHQW�VROXWLRQV�UHVXOWLQJ�LQ�GLIIHUHQW�PRUSKRORJLHV��$��

ULEERQV��6����%���EHDGHG�ILEUHV���6����&��F\OLQGULFDO�ILEUHV��6����
E��3RO\�PHWK\O�PHWKDFU\ODWH��
� ,Q� WKH�FDVH�RI�HOHFWURVSXQ�300$�ILEUHV�� WKH� LQIOXHQFH�RI�HQYLURQPHQWDO�SDUDPHWHUV�RQ� WKH�
SURFHVV�HIILFLHQF\�ZDV�HYDOXDWHG��'LIIHUHQW�VDPSOHV�ZHUH�REWDLQHG��IRU�ZKLFK�WKH�SURFHVV�HIILFLHQF\�
ZDV�TXDQWLILHG�E\�WKH�ILEHU�GHQVLW\�REWDLQHG��ZKLOH�WKH�HOHFWURVSLQQLQJ�WLPH�ZDV�NHSW�WKH�VDPH�IRU�
DOO�VDPSOHV��7KH�ILEHU�GHQVLW\�ZDV�TXDQWLILHG�E\�DQDO\VLQJ�WKH�RSWLFDO�WUDQVPLWWDQFH�RI�WKH�UHVXOWLQJ�
PHVKHV���
� ,W� ZDV� H[SHULPHQWDOO\� REVHUYHG� WKDW� LQ� WKH� FDVH� RI� 300$� VROXWLRQV�� WKH� WHPSHUDWXUH� DQG�
KXPLGLW\�YDOXH�UDQJHV�LQ�ZKLFK�WKH�PHVKHV�FRXOG�EH�IDEULFDWHG�ZHUH�PXFK�QDUURZHU��$Q�LQFUHDVH�RI�
���LQ�UHODWLYH�KXPLGLW\�OHG�WR�D�GUDVWLF�GHFUHDVH�LQ�PHVK�IDEULFDWLRQ�DQG�FROOHFWLRQ�HIILFLHQF\��)LJXUH�
���� &��� 2SWLPDO� WHPSHUDWXUH� DQG� UHODWLYH� KXPLGLW\� FRQGLWLRQV� ZHUH� IRXQG� WR� EH� ������ ၨ&��
UHVSHFWLYHO\���������ZKLFK�GHWHUPLQHG�D�KLJK�SURFHVV�HIILFLHQF\�DQG�ILEHUV�ZLWK�XQLIRUP��GHIHFW�
IUHH�VWUXFWXUH�)LJXUH�����$���%���

�
)LJXUH������$��0RUSKRORJ\�RI�HOHFWURVSXQ�300$�ILEUHV�XQGHU�RSWLPDO�WHPSHUDWXUH�DQG�UHODWLYH�

KXPLGLW\�FRQGLWLRQV�����ၨ&������UHVSHFWLYHO\��DQDO\VHG�E\�VFDQQLQJ�HOHFWURQ�PLFURVFRS\��
3KRWRJUDSKLF�PDJHV�RI�300$�PHVKHV�IDEULFDWHG�DW����ၨ&��XQGHU�UHODWLYH�KXPLGLW\�FRQGLWLRQV�RI�

%������DQG�&�������

3RURVLW\�HYDOXDWLRQ�
� 7KH� &$� VROXWLRQV� ZHUH� VXEMHFWHG� WR� FRQWLQXRXV� HOHFWURVSLQQLQJ� LQ� RUGHU� WR� SURGXFH�
IXQFWLRQDO� SRURXV� OD\HUV� RI� KLJK� GHQVLW\�� IRU� DSSOLFDWLRQV� UHTXLULQJ� DEVRUEHQW� PDWHULDOV�� 7KH�
WKLFNQHVV� DQG� VXUIDFH� SRURVLW\� RI� WKH� GHSRVLWHG� OD\HUV� ZHUH� DSSUR[LPDWHG� IURP� HOHFWURQ�
PLFURVFRS\� LPDJHV� DQG� FRPSDUHG�ZLWK� WKH� FKDUDFWHULVWLFV� RI� WKH� ILOWHU� SDSHU��)LJXUH� �����7KH�
VXUIDFH�SRURVLW\�ZDV�GHWHUPLQHG�DV�WKH�UDWLR�RI�WKH�WRWDO�EODFN�DUHD��SRUHV��WR�WKH�WRWDO�DUHD�RI�WKH�
DQDO\VHG�LPDJH�LQ�ELQDU\�IRUPDW��)LJXUH�����$���%����
� 6LPLODU�WR�WKH�SUHYLRXV�UHVXOWV��WKH�VROYHQW�YRODWLOLW\�KDG�D�KLJK�LQIOXHQFH�RQ�WKH�SURFHVV��7KH�
KLJK�DFHWRQH�FRQFHQWUDWLRQ�RI�6��UHVXOWHG�LQ�D�ORZ�FROOHFWLRQ�\LHOG��ZLWK�WKH�GHSRVLWHG�OD\HU�KDYLQJ�
D�WKLFNQHVV�RI�����P�DIWHU����PLQXWHV�RI�FROOHFWLRQ��,Q�WKH�FDVH�RI�6���WKH�OD\HU�GHSRVLWHG�DIWHU����
PLQXWHV�UHDFKHG�D�WKLFNQHVV�RI������P��D�YDOXH�FORVH�WR�WKH�WKLFNQHVV�RI�ILOWHU�SDSHU�������P���,W�
ZDV� WKXV� FRQFOXGHG� WKDW� KLJK� ILEHU� GHQVLWLHV� FRXOG� EH� DFKLHYHG� E\� HOHFWURVSLQQLQJ� DQG� WKH�



�

���

WKLFNQHVV�RI� WKH�GHSRVLWHG� OD\HU� FRXOG�EH� VLPLODU� WR� ILOWHU�SDSHU��+RZHYHU�� WKH�GLDPHWHU�RI� WKH�
HOHFWURVSXQ�ILEUHV�ZDV�PXFK�VPDOOHU�WKDQ�WKH�RQH�RI�FHOOXORVH�ILEUHV�LQ�SDSHU��DQG�WKH�SRURVLW\�
PXFK�KLJKHU��7KHUHIRUH��IRU�WKH�FDVH�RI�D�IOXLG�LQ�FRQWDFW�ZLWK�WKHVH�SRO\PHU�SRURXV�VXEVWUDWHV�WKH�
EHKDYLRU�ZRXOG�EH�GLIIHUHQW�WKDQ�IRU�WKH�FDVH�RI�ILOWHU�SDSHU��

�
)LJXUH�����0RUSKRORJLFDO�FRPSDULVRQ�RI�$���HOHFWURVSXQ�PHVK�IURP�6��VROXWLRQ�DQG�%���ILOWHU�

SDSHU��$���%���5HSUHVHQWDWLRQ�LQ�ELQDU\�IRUPDW�RI�HOHFWURQ�PLFURVFRS\�LPDJHV�DQG�WKH�
QXPHULFDOO\�HYDOXDWHG�VXUIDFH�SRURVLWLHV��

:HWWLQJ�SURSHUWLHV�DVVHVVPHQW��
� 2Q� WKH� VXUIDFH� RI� WKH� 300$�PHVKHV�� ��� �O� GURSOHWV� RI� D� ���� �0�0%� VROXWLRQ� ZHUH�
GHSRVLWHG��%RWK�WKH�XQPRGLILHG�300$�PHVKHV��)LJXUH�����$���DQG�WKHUPDOO\�DWWDFKHG�PHVKHV�RQ�
SRO\HWK\OHQH� WHUHSKWKDODWH��3(7��ILOPV��)LJXUH�����&���ZHUH�LQYHVWLJDWHG��7KH�300$�PHVKHV�
ZHUH�FKRVHQ�IRU�WKLV�VWXG\�GXH�WR�WKHLU�VXSHULRU�PHFKDQLFDO�VWUHQJWK���

�
)LJXUH�����&RQWDFW�DQJOHV�PHDVXUHG�IRU�����O������0�0%�GURSOHWV�GHSRVLWHG�RQ�$��XQPRGLILHG�

300$�PHVK��%��3(7�ILOP��&��300$�3(7�DVVHPEO\�VKRZQ�DW�GLIIHUHQW�WLPH�SHULRGV��
� $�VWURQJ�K\GURSKRELF�FKDUDFWHU�RI�WKH�IDEULFDWHG�PHVKHV�ZDV�REVHUYHG��EXW�WKHLU�LQWHJUDWLRQ�
ZLWK�D�K\GURSKLOLF�VXEVWUDWH�UHVXOWHG�LQ�D�WUDQVLHQW�EHKDYLRXU��)RU�WKH�WLPH�LQWHUYDO�LQYHVWLJDWHG����
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���

PLQ���QR�FRQVLGHUDEOH�FKDQJHV�RI�WKH�GURSOHW�LQWHUIDFHV�SODFHG�RQ�300$�RU�3(7�ZHUH�REVHUYHG��
+RZHYHU��LQ�WKH�FDVH�RI�WKH�300$�3(7�DVVHPEO\��UDSLG�FKDQJHV�RI�WKH�LQWHUIDFH�ZHUH�REVHUYHG��
DV�LW�GLIIXVHG�RQ�WKH�VXEVWUDWH�VXUIDFH��7KLV�EHKDYLRXU�FRXOG�DOVR�EH�DWWULEXWHG�WR�D�ODPLQDU�IORZ�DW�
WKH�LQWHUIDFH�EHWZHHQ�WKH�WZR�VXEVWUDWHV��DV�QR�FKHPLFDO�PHGLDWRU��DGKHVLYH��ZDV�SUHVHQW�EHWZHHQ�
WKHP��,W�ZDV�WKXV�FRQFOXGHG�WKDW�WKH�LQWHJUDWLRQ�RI�WKH�PHVKHV�ZLWK�D�VXEVWUDWH�ZLWK�K\GURSKLOLF�
SURSHUWLHV�ZRXOG�FDXVH�WKH�ZKROH�DVVHPEO\�WR�WHQG�WRZDUGV�K\GURSKLOLFLW\��

7KH�LQIOXHQFH�RI�URWDWLRQ�VSHHG�RQ�WKH�PRUSKRORJ\�RI�URWDU\�MHW�VSXQ�PHVKHV�
� 7KH�YRODWLOLW\�RI�WKH�VROYHQWV�XVHG�DOVR�KDG�D�SURQRXQFHG�HIIHFW�RQ�WKH�URWDU\�MHW�VSLQQLQJ�
SURFHVV��7KXV��IURP�WKH�VROXWLRQV�6��WR�6��ILEHUV�FRXOG�QRW�EH�SURGXFHG��DV�WKH�SRO\PHU�GULHG�DW�
WKH�QHHGOH�WLS�EHIRUH�WKH\�FRXOG�EH�HORQJDWHG�E\�WKH�FHQWULIXJDO�IRUFH��3RO\PHU�PHVKHV�FRXOG�EH�
IDEULFDWHG�IURP�VROXWLRQV�6��DQG�6���DQG�WKH�UHVXOWV�REWDLQHG�XQGHU�WKH�LQIOXHQFH�RI�WKH�URWDWLRQ�
VSHHG�DUH�FHQWUDOLVHG�LQ�)LJXUH��������

�
)LJXUH������'LDPHWHUV�DQG�PRUSKRORJLHV�RI�WKH�ILEHUV�REWDLQHG�E\�URWDU\�MHW�VSLQQLQJ�IRU�

VROXWLRQV�$���%��6��DQG�&���'��6���
� 5RWDU\�MHW�VSXQ�PHVKHV�ZHUH�SURGXFHG�ZLWK�KLJK�GHQVLWLHV��EXW�WKH�GHJUHH�RI�XQLIRUPLW\�ZDV�
FRQVLGHUDEO\� ORZHU� WKDQ�IRU� WKH�HOHFWURVSXQ�PHVKHV��DQG� WKH�RYHUDOO� VWUXFWXUH�RI� WKH�GHSRVLWHG�
PDWHULDO�ZDV� LQKRPRJHQHRXV� DQG� QRQ�LVRWURSLF�� )RU� WKH�6�� VROXWLRQ�� GHIHFWV� FKDUDFWHUL]HG� E\�
VSKHULFDO�SRO\PHU�DJJORPHUDWLRQV�RFFXUUHG�DW�DQ\�URWDWLRQ�VSHHG�YDOXH��DQ�RSWLPDO�YDOXH�ZDV�WKXV�
QRW� IRXQG�� ,Q� WKH� FDVH� RI� VROXWLRQ�6��� D�ZLGHU� UDQJH� RI� YDOXHV� LQ�ZKLFK� WKH�PHVKHV� FRXOG� EH�
SURGXFHG�ZDV�IRXQG��ZLWK�KLJKHU�ILEHU�XQLIRUPLW\��D�GHJUHH�RI�RUGHULQJ�EHLQJ�DOVR�REVHUYHG��7KH�
RSWLPDO�URWDWLRQ�VSHHG�YDOXH�ZDV�FRQVLGHUHG������USP��DV� WKH�RFFXUUHQFH�RI�GHIHFWV�DORQJ�WKH�
ILEHUV�ZDV�PLQLPDO���
� 7KH�GLIIHUHQFHV�LQ�WKH�UHVXOWV�EHWZHHQ�WKH�WZR�VROXWLRQV�FDQ�EH�H[SODLQHG�E\�FRQVLGHULQJ�WKH�
YLVFRVLW\�SUHYLRXVO\�REWDLQHG������3D�V�IRU�6��DQG�����3D�V�IRU�6����$�VROXWLRQ�RI�ORZHU�YLVFRVLW\�
ZLOO�DFW�ZLWK�D�ORZHU�IRUFH�RSSRVHG�WR�WKH�FHQWULIXJDO�IRUFH��EHLQJ�DEOH�WR�EH�XQLIRUPO\�HORQJDWHG��
ZKLOH�SRO\PHU�DJJORPHUDWHV�KDYH�D�ORZHU�SUREDELOLW\�WR�IRUP��
PDL�XQLIRUP�DOXQJLWă��LDU�DJORPHUăULOH�GH�SROLPHU�DYkQG�R�WHQGLQ܊ă�PDL�PLFă�Vă�VH�IRUPH]H��

(OHFWULFDO�DQG�HOHFWURFKHPLFDO�FKDUDFWHULVWLFV�
� )RU� WKH�DQDO\VLV�RI� WKH�HOHFWULFDO� DQG�HOHFWURFKHPLFDO�FKDUDFWHULVWLFV�� HOHFWURVSXQ�300$�
PHVKHV�RI�GLIIHUHQW�GHQVLWLHV�ZHUH�IDEULFDWHG�DQG�WKH�RSWLFDO�WUDQVPLWWDQFH�RI�WKH�UHVXOWLQJ�PHVKHV�
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ZDV�HYDOXDWHG�VSHFWURSKRWRPHWULFDOO\�LQ�WKH�YLVLEOH�UDQJH��7KH�UHIHUHQFH�YDOXH�IRU�WKH�FRPSDULVRQ�
EHWZHHQ�WKH�PHVKHV�ZDV�FKRVHQ�WR�EH�WKH�����QP�VSHFWUDO�EDQG��$IWHUZDUGV��D�����QP�JROG�OD\HU�
ZDV�GHSRVLWHG�RQ�WKH�VXUIDFH�RI�WKH�PHVKHV��ZKLFK�ZHUH�VXEVHTXHQWO\�WKHUPDOO\�WUDQVIHUUHG�RQWR�
3(7� IRLOV�� UHVXOWLQJ� LQ� D�$X�300$�3(7� DVVHPEO\��7KH� IOH[LEOH� HOHFWURGHV� WKXV� IRUPHG�ZHUH�
VXEMHFWHG� WR� UHVLVWLYLW\� PHDVXUHPHQWV� LQ� WZR� DQG� IRXU� SRLQWV�� )LJXUH� ����� DV� ZHOO� DV�
HOHFWURFKHPLFDO�PHDVXUHPHQWV�LQ�D�WKUHH�HOHFWURGH�FRQILJXUDWLRQ�LQ�WKH�SUHVHQFH�RI�.�>)H�&1��@��
)LJXUH������XVLQJ�D�$J�$J&O�UHIHUHQFH�HOHFWURGH�DQG�D�3W�DX[LOLDU\�HOHFWURGH��(YDOXDWLRQ�RI�WKH�
FKDUDFWHULVWLFV�RI�WKH�PHVKHV�ZDV�FDUULHG�RXW�E\�DQDO\VLQJ�WKH�FXUUHQW�GHQVLW\�YDULDWLRQ��UHFRUGHG�
DW�D�VFDQ�UDWH�RI����P9�V������

�
)LJXUH������9DULDWLRQ�RI�HOHFWULFDO�UHVLVWDQFH�PHDVXUHG�LQ�$��WZR�DQG�%��IRXU�SRLQWV�DV�D�

IXQFWLRQ�RI�ILEHU�PHVK�RSWLFDO�WUDQVPLWWDQFH���

�
)LJXUH������$��&\FOLF�YROWDPPRJUDPV�UHFRUGHG�ZLWK�$X�300$�3(7�HOHFWURGHV��SHUIRUPHG�LQ�
WKH�SUHVHQFH�RI���P0�.�>)H�&1��@��LQ�SKRVSKDWH�EXIIHU��S+�����DW�D�VFDQ�UDWH�RI����P9�V����%��

9DULDWLRQ�RI�DQRGLF�SHDN�FXUUHQW�DV�D�IXQFWLRQ�RI�PHVK�WUDQVPLWWDQFH��
� (OHFWULFDO�PHDVXUHPHQWV�VKRZHG�D�PLQLPXP�YDULDWLRQ�LQ�UHVLVWDQFH�IRU�PHVKHV�ZLWK�RSWLFDO�
WUDQVPLWWDQFH� LQ� WKH� UDQJH� ����������� IROORZHG�E\� DQ� H[SRQHQWLDO� LQFUHDVH�� ,Q� WKH�FDVH�RI� WKH�
HOHFWURFKHPLFDO�PHDVXUHPHQWV��WKH�HIIHFW�ZDV�PRUH�SURQRXQFHG��REVHUYLQJ�D�����UHGXFWLRQ�LQ�
FXUUHQW�GHQVLW\�IRU�D�����FKDQJH�LQ�WUDQVPLWWDQFH��,W�ZDV�WKXV�FRQFOXGHG�WKDW�WKH�HOHFWURVSXQ�ILEHU�
PHVKHV�YLDEOH�WR�EHFRPH�IOH[LEOH�HOHFWURGHV�ZHUH�WKRVH�ZKRVH�WUDQVPLWWDQFH�YDOXHV�IDOO�EHWZHHQ�
�����������LQ�ZKLFK�FDVH�WKH�HOHFWULFDO�FKDUJH�WUDQVIHU�DW�WKH�HOHFWURGH�IOXLG�LQWHUIDFH�KDG�D�KLJK�
HIILFLHQF\�� �
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&KDSWHU����$SSOLFDWLRQV�
�
� 3RUWDEOH�HOHFWURFKHPLFDO�GHYLFHV�GHVLJQHG�IRU�VHQVRU�DSSOLFDWLRQV�KDYH�WKH�DGYDQWDJH�RI�EHLQJ�
DEOH�WR�EH�LQWHJUDWHG�ZLWK�HOHFWURQLF�FLUFXLWV�IRU�PHDVXUHPHQWV�DQG�GDWD�WUDQVPLVVLRQ��DQG�WKH�SRZHU�
VXSSO\�RI�WKHVH�LQWHJUDWHG�V\VWHPV�FDQ�EH�SURYLGHG�E\�ORZ�YROWDJH�EDWWHULHV������9��>�@��,Q�WKLV�ZD\��
V\VWHPV�IRU�FRQWLQXRXV�PRQLWRULQJ�RI�ZDWHU�TXDOLW\��DWPRVSKHUH�RU�KHDOWK�VWDWXV�FDQ�EH�GHYHORSHG�
ZLWK�ORZ�SRZHU�FRQVXPSWLRQ��,QGXVWULDO�RU�HQYLURQPHQWDO�DSSOLFDWLRQV�LQFOXGH�WKH�GHWHFWLRQ�RI�KHDY\�
PHWDO� LRQV� �&G�,,��� 3E�,,�� >��@��� SHVWLFLGHV� �RUJDQRSKRVSKDWHV� >��@�� FDUEDPDWHV� >��@�� RU� WR[LF�
FRPSRXQGV��SKHQROV�>��@���)RU�ELRORJLFDO�DSSOLFDWLRQV��LRQV��VPDOO�PROHFXOHV��SURWHLQV�DQG�QXFOHLF�
DFLGV�LQ�ERG\�IOXLGV�FDQ�EH�GHWHFWHG�E\�HOHFWURFKHPLFDO�WHFKQLTXHV�>��@��
� ,Q�WKLV�FKDSWHU��SURFHGXUHV�IRU�IDEULFDWLQJ�D�SRUWDEOH�HOHFWURFKHPLFDO�FHOO�EDVHG�RQ�SRURXV�
VWUXFWXUHG�PDWHULDOV�ZLWK�D�SDSHU�VXEVWUDWH�DQG�ILEULOODU�HOHFWURGHV�PDGH�RI�HOHFWURVSXQ�300$�
PHVKHV�ZHUH� LPSOHPHQWHG��7KH� VWXG\� IRFXVHG�RQ� LGHQWLI\LQJ� WKH�RSWLPDO� FRQILJXUDWLRQ�RI� WKH�
HOHFWURFKHPLFDO�FHOO�LQ�WHUPV�RI�VWDELOLW\�DQG�UHSURGXFLELOLW\��)LQDOO\��WKH�HOHFWURFKHPLFDO�FHOO�ZDV�
HYDOXDWHG� IRU� WKH� GHWHFWLRQ� RI� K\GURJHQ� SHUR[LGH�� D� FKHPLFDO� FRPSRXQG� RI� LQGXVWULDO� DQG�
ELRORJLFDO� LQWHUHVW�� JOXFRVH� DQG� QXFOHLF� DFLGV�� PROHFXOHV� WKDW� FDQ� EH� XVHG� IRU� FRQWLQXRXV�
PRQLWRULQJ�RI�FKURQLF�RU�SDQGHPLF�GLVHDVHV��

����)DEULFDWLRQ�DQG�FKDUDFWHULVDWLRQ�RI�HOHFWURFKHPLFDO�GHYLFHV�ZLWK�SRURXV�
VXEVWUDWHV�
� &RQGXFWLYH�OD\HUV�RI�$X��$J��3W�DQG�3G�ZHUH�GHSRVLWHG�RQ�WKH�VXUIDFH�RI�WKH�SRO\PHU�PHVKHV��
ZKLFK�ZLOO�UHSUHVHQW�WKH�FRQWDFW�LQWHUIDFH�EHWZHHQ�WKH�HOHFWURGHV�DQG�WKH�IOXLG�GLIIXVLQJ�WKURXJK�
WKH� SRURXV� PHGLXP�� 7KH� PRUSKRORJ\� RI� WKH� GHSRVLWHG� OD\HUV� ZDV� LQYHVWLJDWHG� E\� VFDQQLQJ�
HOHFWURQ�PLFURVFRS\��)LJXUH�����$���'���� ,Q�RUGHU� WR�FKDUDFWHULVH� WKH�VXUIDFH�RI� WKH�GHSRVLWHG�
OD\HUV��DQ�LPDJH�SURFHVVLQJ�DOJRULWKP�ZDV�GHYHORSHG��WKXV�DFKLHYLQJ�WKH�LGHQWLILFDWLRQ�RI�VLQJOH�
FU\VWDOV�DQG�TXDQWLI\LQJ�WKHLU�VXUIDFH�DUHD��)LJXUH�����$���'����7KH�LQIOXHQFH�RI�WKH�GHSRVLWHG�
PHWDO� OD\HUV� RQ� WKH� ZHWWLQJ� SURSHUWLHV� RI� WKH� PHVKHV� ZDV� LQYHVWLJDWHG� E\� FRQWDFW� DQJOH�
PHDVXUHPHQWV��SHUIRUPHG�DFFRUGLQJO\�WR�WKH�SURFHGXUH�GHVFULEHG�LQ�WKH�SUHYLRXV�FKDSWHU��
� ,Q�WKH�FDVH�RI�WKH�$X�DQG�$J�OD\HUV��D�UHGXFWLRQ�RI�WKH�SUHYLRXVO\�PHDVXUHG�FRQWDFW�DQJOH�
�������ZDV�REVHUYHG��6LPLODULWLHV�ZHUH�REVHUYHG�EHWZHHQ�WKH�WZR�PHWDOV�ERWK�LQ�WHUPV�RI�OD\HU�
PRUSKRORJ\�DQG�FRQWDFW�DQJOH�YDOXH��6LPLODULWLHV�FRXOG�DOVR�EH�VHHQ�LQ�WKH�FDVH�RI�3W�DQG�3G��IRU�
ZKLFK�WKH�K\GURSKRELF�FKDUDFWHU�ZDV�VOLJKWO\�DFFHQWXDWHG��,Q�WKH�FDVH�RI�SODWLQXP��WKH�ILEUHV�ZHUH�
FRYHUHG�ZLWK� D� ORZ� JUDLQ� VL]H�PDLQ� OD\HU�� RQ� WRS� RI� ZKLFK� VLQJOH� FU\VWDOV� ZHUH� IRUPHG��7KH�
SDOODGLXP�GHSRVLWLRQ�UHVXOWHG�LQ�WKH�IRUPDWLRQ�RI�D�ORZ�JUDLQ�VL]H�OD\HU�ZLWK�D�ODUJH�GLVWULEXWLRQ�
RI�SDUWLFOHV�ZLWK�DUHDV�RI�DERXW�����QP��&RUUHODWLQJ�WKHVH�UHVXOWV��LW�FDQ�EH�FRQVLGHUHG�WKDW�WKH�
JUDQXODWLRQ�RI�WKH�GHSRVLWHG�PHWDO�OD\HU�ZLOO�FDXVH�GLIIHUHQW�EHKDYLRXUV�DW�WKH�FRQWDFW�LQWHUIDFH�
ZLWK�D�IOXLG��LQIOXHQFLQJ�WKH�ZDOO�VOLS�SKHQRPHQD��
� � 7KH�IDEULFDWLRQ�RI�WKH�HOHFWURFKHPLFDO�FHOO�LQYROYHG�LQWHJUDWLQJ�WKH�PHWDOOLVHG�SRO\PHU�
PHVKHV�ZLWK�SDSHU��7KH�SURFHGXUH�ZDV�DFKLHYHG�E\�KHDW�WUHDWPHQW�RI�WKH�WZR�VXUIDFHV�EURXJKW�
LQWR�FRQWDFW��(OHFWURQ�PLFURVFRS\�LQYHVWLJDWLRQV�VKRZHG�WKDW�WKH�VWUXFWXUH�RI�WKH�PHVKHV�UHPDLQHG�
LQWDFW�DIWHU�WKH�WKHUPDO�WUDQVIHU�RQWR�SDSHU��QR�GLVFRQWLQXLWLHV�RI�WKH�ILEHUV�RU�WKH�PHWDOOLF�OD\HU�
EHLQJ�REVHUYHG�� WKXV�FRQFOXGLQJ� WKDW� WKH� WUDQVIHU� SURFHGXUH�GRHV�QRW� DIIHFW� WKHLU� FRQGXFWLYLW\��
)LJXUH������0RUHRYHU��WKH�SRURXV�VWUXFWXUH�RI�WKH�SDSHU�ZDV�XQDIIHFWHG�E\�WKH�PHVKHV�GHSRVLWHG�
RQWR�LWV�VXUIDFH��WKXV�FRQVLGHULQJ�WKDW�WKH�IOXLG�GLIIXVLRQ�WKURXJK�WKH�SRURXV�VXEVWUDWH�ZLOO�QRW�EH�
LQIOXHQFHG�E\�WKH�HOHFWURGHV�IRUPHG�RQ�LWV�VXUIDFH��
�
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�
)LJXUH�����6FDQQLQJ�HOHFWURQ�PLFURVFRS\�LPDJHV�RI�300$�ILEHUV�PHWDOOLVHG�ZLWK�$���JROG��
%���VLOYHU��&���SODWLQXP��'���SDOODGLXP��$���'���5HSUHVHQWDWLRQ�RI�WKH�LPDJHV�LQ�ELQDU\�

IRUPDW��DORQJ�ZLWK�WKH�LGHQWLILHG�FU\VWDOV�DQG�WKHLU�DUHD�GLVWULEXWLRQ��,QVHWV��YLHZV�RI�WKH�FRQWDFW�
DQJOH�EHWZHHQ�����O������0�0%�GURSOHWV�DQG�WKH�PHWDOOL]HG�300$�PHVKHV��

�
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�
)LJXUH�����$QVDPEOXO�KkUWLH�SODVH�SROLPHULFH�FX�IRFDOL]DUH�SH�$��SODVHOH�SROLPHULFH��%��KkUWLD�

FURPDWRJUDILFă��
� ,Q� RUGHU� WR� REWDLQ� DQ� RSWLPDO� FRQILJXUDWLRQ� IRU� DQ� HOHFWURFKHPLFDO� VHQVRU�� EXW� DOVR� WR�
XQGHUVWDQG� WKH� EHKDYLRU� RI� HOHFWURDFWLYH� VSHFLHV� DW� WKH� HOHFWURGH�SDSHU� LQWHUIDFH�� PXOWLSOH�
DUFKLWHFWXUHV� ZLWK� LQFUHPHQWDO� FRPSOH[LW\� ZHUH� GHYHORSHG�� )RXU� HOHFWURFKHPLFDO� FHOO�
FRQILJXUDWLRQV�ZHUH�IDEULFDWHG��GHVLJQHG�LQ�WZR��RU�WKUHH�HOHFWURGH�DUFKLWHFWXUHV��)LJXUH������2I�
WKHVH��RQH�LQYROYHG�IDEULFDWLQJ�WKH�GHYLFH�ZLWKRXW�D�IOXLGLF�FKDQQHO��DQG�WKUHH�ZHUH�GHVLJQHG�ZLWK�
D� �'� SULQWHG� IOXLGLF� FKDQQHO�� 7KHLU� HOHFWURFKHPLFDO� FKDUDFWHUL]DWLRQ� ZDV� SHUIRUPHG� LQ� WKH�
SUHVHQFH�RI�UHGR[�SUREHV��.�>)H�&1���DQG�0%��,Q�RUGHU�WR�IDEULFDWH�PXOWLSOH�HOHFWURGHV�IURP�D�
VLQJOH� SRO\PHULF�PHVK�� �'� SULQWHG�PDVNV�ZHUH� IDEULFDWHG��ZLWK�ZKLFK� VHOHFWLYH�PHWDOOLVDWLRQ�
FRXOG�EH�DFKLHYHG��)LQDOO\���'�SULQWHG�VXSSRUWV�ZLWK�3W�RU�&X�SODWHV�ZHUH�IDEULFDWHG�IRU�HQVXULQJ�
WKH�FRQQHFWLRQ�WR�WKH�SRWHQWLRVWDW��
� 7KH�&RQILJXUDWLRQ�,9�ZDV�FRQVLGHUHG�RSWLPDO��DV�WKH�LQIOXHQFH�RI�WKH�QRQ�)DUDGDLF�FXUUHQWV�
ZDV�ORZ��DQG�D�FOHDU�GHILQLWLRQ�RI�WKH�DQRGLF�DQG�FDWKRGLF�FXUUHQW�SHDNV�ZDV�REVHUYHG��ZKLFK�DUH�
VSHFLILF� WR� FKDUJH� WUDQVIHU� UHDFWLRQV�� E\� R[LGDWLRQ� DQG� UHGXFWLRQ� RI� WKH� LQYHVWLJDWHG� FKHPLFDO�
VSHFLHV��7KH�HOHFWURGHV�ZHUH�IDEULFDWHG�ZLWK�FRUQHU�IUHH�ERXQGDULHV��DV� WKHVH�FRXOG� OHDG�WR�WKH�
ORFDO�KLJK�FXUUHQW�GHQVLWLHV�DQG�WKXV�WR�QRQ�XQLIRUPLWLHV�LQ�WKH�FKDUJH�GLVWULEXWLRQ�DW�WKH�HOHFWURGH�
VXUIDFH��7KH�ZRUNLQJ�DQG�UHIHUHQFH�HOHFWURGHV�ZHUH�SODFHG�RQ�WKH�XSSHU�VLGH�RI�WKH�SDSHU��DQG�WKH�
DX[LOLDU\�HOHFWURGH�RQ�WKH�ORZHU�VLGH��7KH�&RQILJXUDWLRQ�,9�ZDV�VWXGLHG�E\�IDEULFDWLQJ�DOO�WKUHH�
HOHFWURGHV�IURP�$X��DV�ZHOO�DV�XVLQJ�$J�IRU�WKH�UHIHUHQFH�RU�3W�DQG�3G�IRU�WKH�ZRUNLQJ�HOHFWURGH��
� 7KH�EHKDYLRXU�RI�WKH�HOHFWURFKHPLFDO�FHOO�IDEULFDWHG�LQ�&RQILJXUDWLRQ�,9�ZDV�VXEVHTXHQWO\�
LQYHVWLJDWHG�E\�F\FOLF�YROWDPPHWU\�LQ����0�+�62��LQ�RUGHU�WR�GHWHUPLQH�WKH�SRWHQWLDO�OLPLWV��WKH�
PLQLPXP� YROXPH� QHHGHG� DQG� WKH� LQIOXHQFH� RI� VFDQ� UDWHV� RQ� WKH� FXUUHQW�� )LJXUH� �����
&KDUDFWHULVDWLRQ�ZDV� FDUULHG� RXW� LQ� WKH� SRWHQWLDO� UDQJH� >������� �����@�9� �YV��$X���ZKHUH� IRXU�
GLVWLQFW� SURFHVVHV� ZHUH� LGHQWLILHG�� 7KH� DQRGLF� FRPSRQHQW� RI� WKH� YROWDPPRJUDP� VKRZHG� WKH�
VSHFLILF�SHDN�RI�R[LGH�K\GUR[LGH�IRUPDWLRQ�DW�WKH�HOHFWURGH�VXUIDFH�DW�SRWHQWLDOV�KLJKHU�WKDQ�������
9�EHLQJ�OLPLWHG�E\�WKH�ZDWHU�K\GURO\VLV�UHDFWLRQ�DW�SRWHQWLDOV�KLJKHU�WKDQ�������9��7KH�FDWKRGH�
FRPSRQHQW� VKRZV� WKH� SHDN� FRUUHVSRQGLQJ� WR� WKH� UHGXFWLRQ� RI� R[LGHV�K\GUR[LGHV� LQ� WKH� UDQJH�
>�����������@�9�DQG�WKH�K\GURJHQ�HYROXWLRQ�UHDFWLRQ�IRU�SRWHQWLDOV�EHORZ�������9��7KH�RSWLPDO�
SRWHQWLDO�UDQJH�ZDV�GHWHUPLQHG�WR�EH�>������������@�9���
� ,W�ZDV�REVHUYHG�WKDW�WKH�FXUUHQW�LQWHQVLW\�LQFUHDVHG�ZLWK�YROXPH�XS�WR�����O�DQG�UHPDLQHG�
FRQVWDQW�WKHUHDIWHU��WKLV�YDOXH�EHLQJ�WKXV�FRQVLGHUHG�WR�EH�WKH�PLQLPXP�QHFHVVDU\�IRU�WKH�FRUUHFW�
RSHUDWLRQ� RI� WKH� GHYLFH�� +RZHYHU�� LQ� RUGHU� WR� FRXQWHUEDODQFH� WKH� HIIHFW� RI� HYDSRUDWLRQ�� WKH�
RSWLPXP�PHDVXUHPHQW�YROXPH�ZDV�FRQVLGHUHG�WR�EH�����O��9DU\LQJ�WKH�VFDQ�UDWHV��GRHV�QRW�EULQJ�
GUDVWLF�FKDQJHV�RQ�WKH�HOHFWURFKHPLFDO�EHKDYLRXU��R[LGDWLRQ�DQG�UHGXFWLRQ�SURFHVVHV�EHLQJ�FOHDUO\�
GHILQHG�DQG�WKH�LQIOXHQFH�RI�WKH�QRQ�)DUDGDLF�FXUUHQWV�PLQLPDO��
�
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�
)LJXUH������(OHFWURFKHPLFDO�FHOO�DUFKLWHFWXUHV�FRQVLVWLQJ�RI�HOHFWURGHV�DUUDQJHG�RQ�HDFK�VLGH�RI�
WKH�SDSHU��$���ZLWKRXW�IOXLGLF�FKDQQHO�DQG�%�����'���ZLWK��'�SULQWHG�FKDQQHO��(OHFWURFKHPLFDO�
FKDUDFWHULVDWLRQV�SHUIRUPHG�E\�F\FOLF�YROWDPPHWU\�LQ�SKRVSKDWH�EXIIHU��S+������LQ�WKH�SUHVHQFH�

RI�$����%����&����'�����P0��)H�&1���������DQG�$����%���&����'������P0�0%��

�
)LJXUH������&\FOLF�YROWDPPRJUDPV�SHUIRUPHG�LQ�����0�+�62��IRU�HYDOXDWLQJ�$��SRWHQWLDO�

OLPLWV��%��LQIOXHQFH�RI�VFDQ�UDWH�RQ�WKH�FXUUHQW��&��RSWLPDO�VROXWLRQ�YROXPH��
� ,Q�WKH�FDVH�RI�XVLQJ�SODWLQXP�RU�SDOODGLXP�IRU�WKH�ZRUNLQJ�HOHFWURGH��LW�ZDV�QHFHVVDU\�WR�
SODFH� WKH�GHYLFH� LQ�FRQWUROOHG�QLWURJHQ�IORZ�� LQ� WKH�DEVHQFH�RI�ZKLFK� WKH�SHDNV�VSHFLILF� WR� WKH�
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UHGR[�UHDFWLRQV�FRXOG�QRW�EH�LGHQWLILHG��)LJXUH������$V�WKH�GHSRVLWHG�OD\HU�KDV�D�ORZ�JUDLQ�VL]H�IRU�
WKH� WZR�PHWDOV� DQG� WKH� OD\HUV� KDYH� D� VWURQJ� K\GURSKRELF� FKDUDFWHU�� D� SRVVLEOH� FDXVH� RI� WKLV�
EHKDYLRXU�ZDV�FRQVLGHUHG�WR�EH�WKH�DGVRUSWLRQ�RI�PROHFXODU�R[\JHQ�IURP�WKH�DPELHQW�DWPRVSKHUH�
RQ�WKH�HOHFWURGH�VXUIDFH��LQIOXHQFLQJ�WKH�IOXLG�ZDOO�VOLS�IRU�WKH�HOHFWURGH�OLTXLG�LQWHUIDFH��6LQFH�LQ�
WKH�FDVH�RI�JROG�WKLV�SKHQRPHQRQ�ZDV�QRW�REVHUYHG��DQG�WKH�GHYLFH�ZDV�GHVLJQHG�ZLWK�WKH�DLP�RI�
EHLQJ�IXQFWLRQDO�RXWVLGH�D�FRQWUROOHG�HQYLURQPHQW��LW�ZDV�FRQFOXGHG�WKDW�WKH�XVH�RI�JROG�IRU�WKH�
ZRUNLQJ�HOHFWURGH�GHWHUPLQHV�WKH�GHVLUHG�GHJUHH�RI�VWDELOLW\��

�
)LJXUH�����&\FOLF�YROWDPPRJUDPV�FDUULHG�RXW�LQ�DFLGLF�PHGLXP�IRU�HOHFWURFKHPLFDO�FHOO�

IDEULFDWHG�ZLWK�ZRUNLQJ�HOHFWURGH�PDGH�RI�SRO\PHULF�PHVKHV�PHWDOOL]HG�ZLWK�$��3W��LQ�+�62��
S+������DQG�%��3G��LQ�DFHWDWH�EXIIHU�S+�������DW�D�VFDQ�UDWH�RI�����P9�V����XQGHU�FRQVWDQW�IORZ�RI�

1���,QVHWV��9ROWDPPRJUDPV�SHUIRUPHG�LQ�DPELHQW�DWPRVSKHUH�ZLWKRXW�1��IORZ��
� )LQDOO\�� WKH� GHYLFH� ZDV� FKDUDFWHUL]HG� E\� HOHFWURFKHPLFDO� LPSHGDQFH� VSHFWURVFRS\� LQ�
SKRVSKDWH�EXIIHU�WR�GHWHUPLQH�WKH�HTXLYDOHQW�FLUFXLW�DQG�WKH�VWDELOLW\�RI�WKH�V\VWHP�RYHU�WLPH��7KH�
VWDELOLW\�RI�WKH�V\VWHP�ZDV�DQDO\VHG�LQ�RSHQ�FLUFXLW�IRU�IRXU�IUHTXHQF\�YDOXHV��������������������
+]��)LJXUH�������

�
)LJXUH������7LPH�HYROXWLRQ�RI�WKH�LPSHGDQFH�HYDOXDWHG�LQ�RSHQ�FLUFXLW�IRU�IRXU�IUHTXHQF\�

YDOXHV���������������������+]��
� ,W�ZDV�REVHUYHG�WKDW�WKH�LPSHGDQFH�YDOXH�UHPDLQHG�FRQVWDQW�IRU�PHDVXUHPHQWV�UHFRUGHG�IRU�
�����V��7KLV�GHPRQVWUDWHV�WKH�SRVVLELOLW\�RI�SHUIRUPLQJ�LPSHGLPHWULF�GHWHFWLRQV�DQG�WKH�FHUWDLQW\�
WKDW� DQ\� FKDQJH� LQ� LPSHGDQFH� LV� D� UHVXOW� RI� WKH� LQWHUDFWLRQ� ZLWK� DQDO\WHV� LQMHFWHG� LQWR� WKH�
HOHFWURFKHPLFDO�FHOO��
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����6HQVRU�IRU�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�RI�DQDO\WHV�SUHVHQW�LQ�VZHDW�
� ,Q�WKLV�VXE�FKDSWHU��D�ELRVHQVRU�ZLWK�SDSHU�VXEVWUDWH�DQG�HOHFWURVSXQ�ILEHU�PHVK�HOHFWURGHV��
ZDV�GHYHORSHG�DFFRUGLQJ�WR�&RQILJXUDWLRQ�,9�IRU�PRQLWRULQJ�DQDO\WHV�LQ�ERG\�IOXLGV��DV�D�PHWKRG�
WR�SURYLGH�D�SURILOH�RI�WKH�SDUDPHWHUV�UHODWHG�WR�WKH�SK\VLRORJLFDO�VWDWH�RI�DQ�RUJDQLVP�LQ�UHDO�WLPH�
>��@��7KH�FRQFHQWUDWLRQV�RI�PROHFXOHV�VXFK�DV�JOXFRVH��ODFWLF�DFLG�RU�XULF�DFLG�LQ�ELRORJLFDO�IOXLGV�
�EORRG��VZHDW��XULQH��WHDUV��DUH�GLUHFWO\�UHODWHG�WR�WKH�SURFHVVHV�WDNLQJ�SODFH�LQ�WKH�KXPDQ�ERG\��
DQG�WKHLU�YDOXHV�FDQ�SURYLGH�LQIRUPDWLRQ�DERXW�WKH�KHDOWK�VWDWXV�RI�DQ�LQGLYLGXDO�>��@��7KH�JHQHUDO�
DSSURDFK�LQ�ELRVHQVRU�GHYHORSPHQW�LQYROYHV�XVLQJ�HQ]\PHV�VSHFLILF�WR�WKH�PROHFXOHV�RI�LQWHUHVW�
DQG�GHWHFWLQJ�WKH�UHDFWLRQ�E\�SURGXFWV��VXFK�DV�+�2��LQ�WKH�FDVH�RI�R[LGDVHV��RU�FR�HQ]\PHV��VXFK�
DV�QLFRWLQDPLGH�DGHQLQH�GLQXFOHRWLGH��1$'+�1$'���LQ�WKH�FDVH�RI�GHK\GURJHQDVHV��DFFRUGLQJ�
WR�WKH�UHDFWLRQV��

݁ݏ݋ܿݑ݈݃ ൅ ܱଶ
ࢋ࢙ࢇࢊ࢏࢞࢕ࢋ࢙࢕ࢉ࢛࢒ࢍ
ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛሮ ݁݊݋ݐ݈ܿܽ݋݊݋ܿݑ݈݃� ൅ �ଶܱଶܪ

݁ݐܽݐ݈ܿܽ ൅ ାܦܣܰ ࢋ࢙ࢇ࢔ࢋࢍ࢕࢘ࢊ࢟ࢎࢋࢊ�ࢋ࢚ࢇ࢚ࢉࢇ࢒
ርۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ ݁ݐܽݒݑݎݕ݌� ൅ �ܪܦܣܰ

� ,Q�D�ILUVW�VWHS��WKH�IXQFWLRQDOLW\�RI�WKH�VHQVRU�ZDV�DQDO\VHG�IRU�WKH�DPSHURPHWULF�GHWHFWLRQ�
DQG�TXDQWLILFDWLRQ�RI�K\GURJHQ�SHUR[LGH��+�2���DQG�QLFRWLQDPLGH�DGHQLQH�GLQXFOHRWLGH��1$'+���
0HDVXUHPHQWV�ZHUH�SHUIRUPHG�DW�ERWK�SRVLWLYH�DQG�QHJDWLYH�SRWHQWLDOV��)LJXUH������LQ�QHXWUDO�DQG�
DFLG�PHGLD��7KH�FXUUHQW�YDULDWLRQ�LV�UHSUHVHQWHG�E\�D�SRVLWLYH�RU�QHJDWLYH�VWHS�GHSHQGLQJ�RQ�WKH�
DSSOLHG� SRWHQWLDO��ZKLFK� LQGXFHV� R[LGDWLRQ� DQG� UHGXFWLRQ� UHDFWLRQV� RI� +�2��� UHVSHFWLYHO\��7KH�
VHQVRU�FDOLEUDWLRQ�FXUYHV��L�H��WKH�FRUUHODWLRQ�EHWZHHQ�FXUUHQW�YDULDWLRQ�DQG�DQDO\WH�FRQFHQWUDWLRQ��
ZHUH� VKRZQ� WR� EH� OLQHDU� IXQFWLRQV� GHVFULEHG� E\� WKH� HTXDWLRQ� �݆߂ ൌ �ܽ� ൅ �ܾ ή � ሾ݈ܽ݊ܽ݁ݐݕሿ�� 7KH�
VHQVLWLYLW\�RI�WKH�VHQVRU�ZDV�GHWHUPLQHG�DV�WKH�VORSH��E��RI�WKH�ILWWLQJ�OLQH��7KH�OLPLW�RI�GHWHFWLRQ�
�/2'��ZDV�HYDOXDWHG�DVܦܱܮ� ൌ �Ȁܾ��ZKHUH�6'�LV�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�VORSH��7KHܦܵ�͵
OLPLW�RI�TXDQWLILFDWLRQ��/24��ZDV�GHWHUPLQHG�DVܱܳܮ�� ൌ �ͳͲ�ܵܦȀܾ��7KH�VHQVLWLYLWLHV��GHWHFWLRQ�
OLPLWV�DQG�OLQHDULW\�UDQJHV�REWDLQHG�IRU�HDFK�PHDVXUHPHQW�DUH�SUHVHQWHG�LQ�7DEOH������

�
)LJXUH������$PSHURPHWULF�PHDVXUHPHQWV�UHFRUGHG�ZLWK�VXFFHVVLYH�DGGLWLRQV�RI�+�2��LQ�DFHWDWH�

EXIIHU��S+������DW�$��SRVLWLYH�DQG�%��QHJDWLYH�SRWHQWLDOD��,QVHWV��WKH�FDOLEUDWLRQ�FXUYHV��
� 6XEVHTXHQWO\�� SRUWDEOH� VHQVRUV�ZHUH� GHYHORSHG� DQG� WHVWHG� IRU� JOXFRVH� GHWHFWLRQ� LQ� ERWK�
HOHFWURO\WH� EXIIHU� VROXWLRQV� DQG� DUWLILFLDO� VZHDW�� )LJXUH� ����� )RU� WKLV� SXUSRVH�� SULRU� WR� WKH�
PHDVXUHPHQWV��WKH�HQ]\PH�JOXFRVHR[LGDVH��*2[��ZDV�LPPRELOL]HG�LQ�WKH�PLFURIOXLGLF�FKDQQHO��
7KH�ZRUNLQJ�SRWHQWLDO�IRU�WKH�DPSHURPHWULF�PHDVXUHPHQWV�ZDV�FKRVHQ�DFFRUGLQJ�WR�WKH�UHVXOWV�
REWDLQHG�E\�F\FOLF�YROWDPPHWU\��)LJXUH�����$���7KXV��JOXFRVH�GHWHFWLRQ�ZDV�SHUIRUPHG� LQ� WKH�
SRWHQWLDO�UDQJH�ZKHUH�DQ�LQFUHDVH�LQ�FXUUHQW�ZDV�LGHQWLILHG�LQ�WKH�SUHVHQFH�RI�*2[�DQG�JOXFRVH��
EXW�RXWVLGH�WKH�UHJLRQ�ZKHUH�RWKHU�UHDFWLRQV��VXFK�DV�R[LGH�IRUPDWLRQ��DUH�SUHVHQW���
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7DEOH������6HQVLWLYLW\��GHWHFWLRQ�OLPLW�DQG�OLQHDULW\�UDQJH�FDOFXODWHG�IRU�+�2��DQG�1$'+�
GHWHFWLRQ��

$QDO\WH� S+� (DSS�
�9��

6HQVLWLYLW\�
��$�FP���P0����

/2'�
��0�� /LQHDULW\�UDQJH�

+�2��
���� ������ ����� ���� EHORZ������P0�

������ ���� ��� EHORZ�����P0�

���� ������ ���� ���� �����P0�!�
������ ���� ����� EHORZ����P0�

1$'+� ���� ������ ����� ��� EHORZ������P0�

�
)LJXUH������$��&\FOLF�YROWDPPRJUDP�SHUIRUPHG�LQ�SKRVSKDWH�EXIIHU�LQ�WKH�DEVHQFH��GDVKHG�
FXUYH��DQG�LQ�WKH�SUHVHQFH�RI�JOXFRVH��EODFN�FXUYH��DQG�*2[��UHG�FXUYH���$PSHURPHWULF�

PHDVXUHPHQWV�ZLWK�JOXFRVH�DGGLWLRQV�LQ�%��SKRVSKDWH�EXIIHU��(DSS� ������9��YV��$X���&��DFHWDWH�
EXIIHU��(DSS� ������9��YV��$X���'��DUWLILFLDO�VZHDW��S+�������(DSS� ������9��YV��$J���,QVHWV��

FDOLEUDWLRQ�FXUYHV��
� *OXFRVH�GHWHFWLRQ�ZDV�LQLWLDOO\�LQYHVWLJDWHG�LQ�SKRVSKDWH�EXIIHU�S+������DW�DQ�DSSOLHG�SRWHQWLDO�
(DSS�  �������9�� WKH� ELRVHQVRU� UHVSRQVH� EHLQJ� LQ� WKH� IRUP�RI� SRVLWLYH� FXUUHQW� VWHSV� GXH� WR�+�2��
R[LGDWLRQ� UHDFWLRQV�� )LJXUH� ���� %��� 8QGHU� WKHVH� FRQGLWLRQV� D� GHWHFWLRQ� OLPLW� RI� ����� P0� ZDV�
REVHUYHG��7DEOH������D�YDOXH�UHOHYDQW�IRU�JOXFRVH�PHDVXUHPHQWV�LQ�ELRORJLFDO�PHGLD��+RZHYHU��LW�LV�
SUHIHUDEOH�WKDW�JOXFRVH�GHWHFWLRQ�LV�SHUIRUPHG�DW�QHJDWLYH�SRWHQWLDO�YDOXHV�WR�DYRLG�LQWHUIHUHQFHV�IURP�
RWKHU�FRPSRXQGV��VXFK�DV�XULF�DFLG�RU�GRSDPLQH��ZKLFK�PD\�XQGHUJR�R[LGDWLRQ�UHDFWLRQV�DW�SRWHQWLDO�
YDOXHV�VLPLODU�WR�WKRVH�IRU�+�2��GHWHFWLRQ��7KXV��JOXFRVH�GHWHFWLRQ�ZDV�LQYHVWLJDWHG�LQ�DFHWDWH�EXIIHU�
DW�DQ�DSSOLHG�SRWHQWLDO�(DSS� �������9��WKH�ELRVHQVRU�UHVSRQVH�EHLQJ�LQ�WKH�IRUP�RI�QHJDWLYH�FXUUHQW�
VWHSV�GXH�WR�UHGXFWLRQ�UHDFWLRQV�RI�+�2���)LJXUH�����&���8QGHU�WKHVH�FRQGLWLRQV�D�GHWHFWLRQ�OLPLW�RI�
�����P0�ZDV�REVHUYHG��
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�
7DEOH������6HQVLWLYLW\��GHWHFWLRQ�OLPLW�DQG�OLQHDULW\�UDQJH�FDOFXODWHG�IRU�JOXFRVH�GHWHFWLRQ��

(OHFWURO\WH� (DSS�
�9��

6HQVLELOLW\�
��$�FP���P0����

�ࡰࡻࡸ
��0�� /LQHDULW\�UDQJH�

3KRVSKDWH�EXIIHU��S+���� ������ ����� ���� EHORZ����P0�
$FHWDWH�EXIIHU��S+������ ������ ����� ����� EHORZ������P0�
$UWLILFLDO�VZHDW��S+������ ������ ����� ��� EHORZ������P0�

� 6LPLODU�PHDVXUHPHQWV�ZHUH� DOVR� SHUIRUPHG� LQ� DUWLILFLDO� VZHDW��)LJXUH� ����'��� WR� VLPXODWH�
ELRVHQVRU� IXQFWLRQDOLW\� LQ� HQYLURQPHQWV� DV� FORVH� DV� SRVVLEOH� WR� WKH� UHDO� RQHV�� ,Q� WKLV� FDVH�� WKH�
GHWHFWLRQ�OLPLW�UHFRUGHG�ZDV�EHORZ�WKH�QRUPDO�YDOXHV�RI�JOXFRVH�LQ�KXPDQ�VZHDW�����������P0���
7DEOH������GHPRQVWUDWLQJ�WKH�DSSOLFDELOLW\�RI�WKH�VHQVRU�IRU�FRQWLQXRXV�PRQLWRULQJ�V\VWHPV�LQ�VZHDW��

����6HQ]RU�SHQWUX�GHWHF܊LD܈�L�FXDQWLILFDUHD�DFL]LORU�QXFOHLFL�
� )RU�WKH�GHWHFWLRQ�RI�QXFOHLF�DFLGV��WKH�VHQVRU�ZDV�IDEULFDWHG�LQ�&RQILJXUDWLRQ�,9�DQG�WZR�
VWUDWHJLHV�ZHUH�DGGUHVVHG��7KH�ILUVW�VWUDWHJ\�LQYROYHG�YROWDPPHWULF�GHWHFWLRQ�LQ�WKH�SUHVHQFH�RI�
0%��DV�LW�KDV�WKH�SURSHUW\�RI�LQWHUDFWLQJ�ZLWK�QXFOHLF�DFLGV�ERWK�XQGHU�WKH�DFWLRQ�RI�HOHFWURVWDWLF�
IRUFHV� DQG� E\� LQWHUFDODWLRQ� EHWZHHQ� QLWURJHQRXV� EDVH� SDLUV�� 7KH� VHFRQG� GHWHFWLRQ� VWUDWHJ\�
LQYROYHG�LPSHGLPHWULF�PHDVXUHPHQWV�LQ�WKH�DEVHQFH�RI�DQ\�PDUNHU��'XH�WR�WKH�GLHOHFWULF�QDWXUH�
RI�QXFOHLF�DFLGV��WKHLU�SUHVHQFH�LQ�DQ�HOHFWURFKHPLFDO�V\VWHP�ZLOO�FDXVH�FKDQJHV�LQ�FDSDFLWDQFH��
ZKLFK�FDQ�EH�LQYHVWLJDWHG�E\�HOHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\��DQDO\VLQJ�WKH�YDULDWLRQ�RI�
WKH�LPDJLQDU\�FRPSRQHQW�RI�LPSHGDQFH��
� 6LQFH�YROWDPPHWULF�GHWHFWLRQ�GHSHQGV�RQ�WKH�LQWHUDFWLRQ�RI�QXFOHLF�DFLGV�ZLWK�0%��LQ�D�ILUVW�
VWHS�WKH�PROHFXODU�LQWHUDFWLRQ�LQ�WKH�SRURXV�VXEVWUDWH�ZDV�VWXGLHG�E\�RSWLFDO�DQG�VSHFWURVFRSLF�
LQYHVWLJDWLRQV��9LVXDOL]DWLRQV�RI�WKH�LQWHUDFWLRQ�RI�WKH�WZR�FRPSRXQGV�RQ�FKURPDWRJUDSKLF�SDSHU��
)LJXUH�����$���VKRZHG�RQ�WKH�RQH�KDQG�D�XQLIRUP�GLVWULEXWLRQ�RI�0%�LQ�WKH�DQDO\VLV�]RQH��HYHQ�
DIWHU�VXFFHVVLYH�DGGLWLRQV�RI�VROYHQW��+�2���DQG�RQ�WKH�RWKHU�KDQG�FKDQJHV�LQ�FRORXU�LQWHQVLW\�DIWHU�
VXFFHVVLYH�DGGLWLRQV�RI�GRXEOH�VWUDQGHG�QXFOHLF�DFLGV��GV'1$���7KHVH�FKDQJHV�DUH�GHSHQGHQW�RQ�
ERWK�WKH�FRQFHQWUDWLRQ�RI�QXFOHLF�DFLGV�DQG�WKH�LQWHUDFWLRQ�WLPH��7KH�UHVXOWV�REWDLQHG�RQ�WKH�SDSHU�
VXEVWUDWH�ZHUH�FRPSDUHG�ZLWK�WKRVH�REWDLQHG�RQ�D�JODVV�VOLGH��)LJXUH�����%���VXEVWUDWH�XVHG�DV�
FRQWURO�� ,W� ZDV� REVHUYHG� WKDW� WKH� SKHQRPHQRQ� RFFXUV� VLPLODUO\� RQ� ERWK� VXEVWUDWHV�� WKXV�
GHPRQVWUDWLQJ�WKDW�WKH�PROHFXODU�LQWHUDFWLRQV�FRXOG�WDNH�SODFH�ZLWKLQ�WKH�SRURXV�PDWUL[��ZLWK�QR�
LQIOXHQFH�RI� WKH�SDSHU�VXEVWUDWH�RQ�WKH�UHDFWLRQ��2SWLFDO�PLFURVFRS\�DQDO\VLV�RI�WKH�JODVV�VOLGH�
GULHG�VDPSOHV��)LJXUH�������VKRZHG�WKH�SUHVHQFH�RI�ILEULOODU�VWUXFWXUHV��ZKRVH�GHQVLW\�LV�GLUHFWO\�
SURSRUWLRQDO� WR� WKH� FRQFHQWUDWLRQ� RI� DGGHG� QXFOHLF� DFLGV�� 7KHVH� ILEULOODU� VWUXFWXUHV� ZHUH� QRW�
LGHQWLILHG�LQ�WKH�FDVH�RI�WKH�SXUH�XQPRGLILHG�0%�VDPSOH��LQGLFDWLQJ�WKDW�WKHLU�IRUPDWLRQ�LV�D�UHVXOW�
RI�0%�DJJUHJDWLRQ�RQ�WKH�QXFOHLF�DFLG�FKDLQ���
� 5DPDQ� VSHFWURVFRS\� PHDVXUHPHQWV�� )LJXUH� ����� %��� ZHUH� SHUIRUPHG� RQ� WKH�
FKURPDWRJUDSKLF� SDSHU� EHIRUH� DQG� DIWHU� WKH� DGGLWLRQ� RI�0%�� LQ� WKH� DEVHQFH� DQG� SUHVHQFH� RI�
GV'1$��,Q�WKLV�FDVH��D�VKLIW�RI�WKH�EDQGV�IURP������FP���DQG������FP���WR�ORQJHU�ZDYHOHQJWKV�
ZDV�REVHUYHG��EXW�DOVR�WKH�DSSHDUDQFH�RI�D�QHZ�5DPDQ�EDQG�DW�DSSUR[�������FP���ZDV�REVHUYHG��
,W�VKRXOG�EH�QRWHG�WKDW�WKH�EDQG�REWDLQHG�DW������FP���FRUUHVSRQGV�WR�WKH�HORQJDWLRQ�YLEUDWLRQV�RI�
WKH��&��1������&��1���DQG��&�1��PROHFXODU�ERQGV��ZKLOH�WKH�EDQG�DW������FP���FRUUHVSRQGV�WR�WKH�
HORQJDWLRQ�YLEUDWLRQV�RI�WKH��&�&���&�1��DURPDWLF�VWUXFWXUH�>��@��7KLV�GHPRQVWUDWHV�D�YLEUDWLRQDO�
PRGH�VKLIW�REVHUYHG�IRU�ERWK�WKH�DURPDWLF�VWUXFWXUH�DQG�WKH�HQGV�RI�WKH�0%�PROHFXOH�FKDLQ��DQG�
LW�ZDV�FRUUHODWHG�ZLWK�WKH�LQWHUFDODWLRQ�RI�WKH�HQWLUH�VWUXFWXUH�ZLWKLQ�QXFOHLF�DFLGV��$OVR��QR�EDQG�



�

���

GLVDSSHDUDQFHV�ZHUH�REVHUYHG��WKXV�FRQFOXGLQJ�WKDW�WKH�0%�FKDLQ�VWUXFWXUH�UHPDLQHG�LQWDFW�DIWHU�
WKH�LQWHUDFWLRQ�ZLWK�QXFOHLF�DFLGV��

�
)LJXUH������5HFRUGLQJV�RI�WKH�LQWHUDFWLRQ�EHWZHHQ���P0�0%�DQG�GV'1$�DW�GLIIHUHQW�

FRQFHQWUDWLRQV��$��RQ�SDSHU�VXEVWUDWH�DQG�%��RQ�JODVV�VOLGH��0%
�UHSUHVHQWV�WKH�YLVXDOL]DWLRQ�RI�
WKH�PHWK\OHQH�EOXH�GLVWULEXWLRQ�SULRU�WR�DQ\�DGGLWLRQ��

�
)LJXUH�������2SWLFDO�PLFURVFRS\�LPDJHV�WDNHQ�RI�GULHG�0%�GURSOHWV�RQ�JODVV�VOLGHV�LQ�WKH�

DEVHQFH�DQG�SUHVHQFH�RI�GV'1$��
� 5DPDQ� VSHFWURVFRS\� PHDVXUHPHQWV� ZHUH� FRPSOHPHQWHG� E\� 9LV�1,5� VSHFWURSKRWRPHWU\�
LQYHVWLJDWLRQV��)LJXUH������&���REVHUYLQJ�DQ�LQFUHDVH�LQ�WKH�UHIOHFWDQFH�VSHFWUD�RI�0%�VDWXUDWHG�
FKURPDWRJUDSKLF�SDSHU�IROORZLQJ�VXFFHVVLYH�DGGLWLRQV�RI�GV'1$��EXW�DOVR�D�VKLIW�RI�WKH�PD[LPXP�
WRZDUGV�VKRUWHU�ZDYHOHQJWKV��7KH�LQFUHDVH�LQ�UHIOHFWDQFH�LPSOLHV�D�GHFUHDVH�LQ�WKH�DEVRUEDQFH�RI�
0%�PROHFXOHV��7KHVH�UHVXOWV�GHPRQVWUDWH�D�GHFUHDVH�LQ�WKH�QXPEHU�RI�IUHH�0%�PROHFXOHV�WKDW�FDQ�
LQWHUDFW�ZLWK�WKH�HOHFWURPDJQHWLF�UDGLDWLRQ�IROORZLQJ�WKH�DGGLWLRQ�RI�QXFOHLF�DFLGV��DQ�HIIHFW�GXH�
WR�WKHLU�LQWHUFDODWLRQ�EHWZHHQ�WKH�QLWURJHQRXV�EDVHV�RI�GV'1$��
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�
)LJXUH�������$��&KHPLFDO�VWUXFWXUH�RI�0%��%��5DPDQ�VSHFWUD�UHFRUGHG�RQ�FKURPDWRJUDSK\�
SDSHU��EODFN���SDSHU�ZLWK����P0�0%��WXUTXRLVH��DQG�SDSHU�ZLWK�0%�LQ�WKH�SUHVHQFH�RI�����
�EOXH��DQG�������UHG���J�PO���GV'1$��&��5HIOHFWDQFH�VSHFWUD�RI�FKURPDWRJUDSKLF�SDSHU�

VDWXUDWHG�ZLWK������0�0%�EHIRUH�DQG�DIWHU�VXFFHVVLYH�DGGLWLRQV�RI������J�PO���GV'1$��,QVHW��
PDJQLILHG�YLHZ�RI�GLVSODFHG�EDQGV�IROORZLQJ�LQWHUDFWLRQ�EHWZHHQ�0%�DQG�GV'1$��

� )RU�WKH�GHWHFWLRQ��WKH�FKURPDWRJUDSKLF�SDSHU�VHQVRU�UHVHUYRLU�ZDV�VDWXUDWHG�ZLWK�����O�RI���
P0�0%� LQ� SKRVSKDWH� EXIIHU� S+������7KH� WHFKQLTXH� XVHG� IRU� GHWHFWLRQ�ZDV� GLIIHUHQWLDO� SXOVH�
YROWDPPHWU\� ZKLFK� VKRZHG� D� FDWKRGLF� FXUUHQW� SHDN� GXH� WR� WKH� 0%� UHGXFWLRQ� UHDFWLRQ��
6XEVHTXHQWO\��VXFFHVVLYH�DGGLWLRQV�RI����O�RI�VROXWLRQV�RI�GLIIHUHQW�GV'1$�FRQFHQWUDWLRQV�ZHUH�
PDGH�DQG�D�YROWDPPRJUDP�ZDV� UHFRUGHG�DIWHU�HDFK�DGGLWLRQ��)LJXUH�������7KHVH�H[SHULPHQWV�
VKRZHG� D� SURJUHVVLYH� GHFUHDVH� LQ� WKH� LQWHQVLW\� RI� WKH� 0%� UHGXFWLRQ�VSHFLILF� FXUUHQW� ZLWK�
LQFUHDVLQJ� GV'1$� FRQFHQWUDWLRQ�� $V� SUHYLRXVO\� PHQWLRQHG�� 0%� LQWHUDFWV� ZLWK� GV'1$� E\�
LQWHUFDODWLRQ� EHWZHHQ� LWV� QLWURJHQRXV� EDVHV�� ZKLFK� OHDGV� WR� D� GHFUHDVH� LQ� WKH� QXPEHU� RI� IUHH�
PROHFXOHV� LQ� VROXWLRQ� DYDLODEOH� WR� SHUIRUP� D� FKDUJH� WUDQVIHU� ZLWK� WKH� HOHFWURGH� VXUIDFH��7KLV�
LQWHUDFWLRQ�EHWZHHQ�GV'1$�DQG�0%�ZDV�SUHYLRXVO\� UHYHDOHG�E\�VSHFWURVFRSLF�PHDVXUHPHQWV��
WKXV�GHPRQVWUDWLQJ�WKDW�WKH�GHFUHDVH�LQ�FXUUHQW�LQWHQVLW\�LV�QRW�GXH�WR�EORFNDJH�RI�WKH�HOHFWURGH�
VXUIDFH�E\�DGVRUSWLRQ�RI�0%�RU�QXFOHLF�DFLGV��EXW�WR�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�WZR�FRPSRXQGV��
� 7KH�H[SHULPHQWDO� UHVXOWV�RQ� WKH�YDULDWLRQ�RI�FXUUHQW�GHQVLW\�DV�D�IXQFWLRQ�RI�QXFOHLF�DFLG�
FRQFHQWUDWLRQ�ZHUH�LQWHUSRODWHG�ZLWK�D�OLQH�GHVFULEHG�E\�ǻM� �D���E�ORJ��>GV'1$@���J�PO�����ZKHUH�
D� ��������േ��������$�FP����DQG�E� ��������േ��������$�FP�����J�PO��������IRU�ZKLFK�5�� �������
ZDV�REWDLQHG��LQ�WKH�OLQHDULW\�UDQJH�EHWZHHQ�����DQG�������J�PO����7KH�OLPLW�RI�GHWHFWLRQ�RI��������
േ� ������� �J� PO���� WKH� VHQVLWLYLW\� RI� ������� േ� ������ �$� FP����J� PO������ DQG� WKH� OLPLW� RI�
TXDQWLILFDWLRQ�RI��������േ���������J�PO���ZHUH�REWDLQHG��
� 7KH�DSSOLFDELOLW\�RI�WKH�VHQVRUV�IRU�WKH�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�RI�QXFOHLF�DFLGV�ZDV�DOVR�
LQYHVWLJDWHG�E\�HOHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\��)LJXUH�������,Q�WKLV�FDVH��WKH�LPSHGDQFH�
RI� WKH�V\VWHP�ZDV�PHDVXUHG�LQ�SKRVSKDWH�EXIIHU�S+�����DW�RSHQ�FLUFXLW�SRWHQWLDO�ZLWK�SHULRGLF�
LQMHFWLRQV�RI�GV'1$��
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�
)LJXUH�������$��9ROWDPPRJUDPV�SHUIRUPHG�LQ�WKH�SUHVHQFH�RI�0%�LQ�SKRVSKDWH�EXIIHU�S+�����
ZLWK�DGGLWLRQV�RI�GLIIHUHQW�FRQFHQWUDWLRQV�RI�GV'1$��%��&DOLEUDWLRQ�FXUYH�RI�H[SHULPHQWDO�GDWD��

,QVHW��ORJ�ORJ�UHSUHVHQWDWLRQ�RI�WKH�H[SHULPHQWDO�SRLQWV��
� $GGLWLRQV�RI�GV'1$�OHG�WR�DQ�LQFUHDVH�LQ�WKH�LPDJLQDU\�FRPSRQHQW�RI�WKH�LPSHGDQFH�DQG�
WKXV�WKH�WRWDO�LPSHGDQFH�RI�WKH�V\VWHP��6LQFH�QXFOHLF�DFLGV�DUH�D�GLHOHFWULF�PDWHULDO��WKH�LQFUHDVH�
LQ�LPSHGDQFH�LV�D�GLUHFW�PHDVXUH�RI�WKH�LQFUHDVH�LQ�WKH�GLHOHFWULF�FRQVWDQW�RI�WKH�SDSHU�GV'1$�
FRPSOH[�GXH� WR� WKH� LQFUHDVH� LQ�QXFOHLF�DFLG�FRQFHQWUDWLRQ��7KHUH�ZHUH�REVHUYHG�D�SURJUHVVLYH�
LQFUHDVH�LQ�WKH�LPDJLQDU\�FRPSRQHQW�RI�WKH�V\VWHP�LPSHGDQFH�IRU�HDFK�DGGLWLRQ�RI�GV'1$�DQG�
WKH�VWDELOLW\�RI�WKH�UHVSRQVH�RYHU�WLPH�DW�HDFK�YDOXH�UHDFKHG���

�
)LJXUH�������(OHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\�SHUIRUPHG�LQ�RSHQ�FLUFXLW�ZLWK�

VXFFHVVLYH�DGGLWLRQV�RI�GV'1$��$��9DULDWLRQ�RI�WKH�LPDJLQDU\�FRPSRQHQW�DQG�%��FDOLEUDWLRQ�
FXUYH���

� 7KH� YDULDWLRQ� RI� WKH� LPDJLQDU\� LPSHGDQFH� FRPSRQHQW� DV� D� IXQFWLRQ� RI� QXFOHLF� DFLG�
FRQFHQWUDWLRQ�ZDV�LQWHUSRODWHG�ZLWK�D�OLQH�GHVFULEHG�E\�WKH�HTXDWLRQ�ǻ=¶¶� �D���E�ORJ��>GV'1$@��
�J�PO�����ZKHUH�D� ����������������ȍ��DQG�E� ����������������ȍ�FP����J�PO��������IRU�ZKLFK�5�� �
������ZDV�REWDLQHG��LQ�WKH�OLQHDULW\�UDQJH�IURP�����WR�������J�PO����7KH�OLPLW�RI�GHWHFWLRQ�RI�������
���������J�PO����WKH�VHQVLWLYLW\�RI����������������ȍ�FP����J�PO�������DQG�WKH�OLPLW�RI�TXDQWLILFDWLRQ�
RI�����������������J�PO���ZHUH�REWDLQHG�� �
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&KDSWHU����&RQFOXVLRQV�DQG�ILQDO�UHPDUNV�
�
� 7KH�PDLQ�IRFXV�RI�WKLV�WKHVLV�ZDV�WKH�VWXG\�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�IOXLGV�DQG�ILEULOODU�
SRURXV�PHGLD�� WKH�PDLQ�DWWHQWLRQ�EHLQJ� IRFXVHG�RQ� WKH�GLIIXVLRQ�SURFHVV��7KH� UHVXOWV�REWDLQHG�
ZHUH� XVHG� IRU� WKH� IDEULFDWLRQ� RI� SRUWDEOH� VHQVRUV� FRQVLVWLQJ� RI� SDSHU� VXEVWUDWH� DQG�PHWDOL]HG�
SRO\PHU� ILEHU�HOHFWURGHV��7KXV�� WKH� WKHVLV�ZDV�VWUXFWXUHG� LQ� WZR�SDUWV� VSHFLILF� WR�HDFK� ILHOG�RI�
VWXG\��
� ,Q�WKH�ILUVW�SDUW�RI�WKH�WKHVLV�WKH�WKHRUHWLFDO�GHVFULSWLRQV�RI�WKH�GLIIXVLRQ�SKHQRPHQRQ�ZHUH�
LQWURGXFHG�� 7KH� DLP� ZDV� WR� FRPSUHKHQVLYHO\� GHVFULEH� WKH� SURFHVV�� FRQVLGHULQJ� ERWK� WKH�
DGYDQFHPHQW�RI�WKH�IOXLG�LQWR�WKH�SRURXV�VXEVWUDWH�DQG�WKH�HYROXWLRQ�RI�WKH�IOXLG�GURSOHW�LQWHUIDFH�
UHPDLQLQJ�DW�WKH�VXEVWUDWH�VXUIDFH���
� ,Q� RUGHU� WR� HIILFLHQWO\� DQDO\VH� WKH� SKHQRPHQRQ�� D� QXPHULFDO� FRGH� ZDV� GHYHORSHG� LQ�
0$7/$%� IRU� DXWRPDWLF� SURFHVVLQJ� RI� WKH� LPDJHV� UHVXOWLQJ� IURP� UHFRUGLQJV� RI� WKH� GLIXVVLRQ�
SURFHVV��7KH�FRGH�ZDV�GHYHORSHG�WR�LGHQWLI\�WKH�LQWHUIDFH�RI�WKH�GURSOHW��DQG�HYDOXDWH�WKH�WLPH�
HYROXWLRQ�RI�SDUDPHWHUV�VXFK�DV�GLDPHWHU��KHLJKW��YROXPH�DQG�FRQWDFW�DQJOH��7KH�RULJLQDOLW\�RI�WKH�
GHYHORSHG� FRGH� LV� LWV� DSSOLFDELOLW\� WR� DQ\� W\SH� RI� IOXLG� GURSOHW�� ZLWKRXW� UHTXLULQJ� WKH� XVH� RI�
FKHPLFDO�FRPSRXQGV�IRU�IOXLG�FRORXULQJ��ZKLFK�FRXOG�LQIOXHQFH�LWV�EHKDYLRXU��,Q�DGGLWLRQ��XVLQJ�
WKLV�FRGH��WKH�DQDO\VLV�RI�WKH�GLIIXVLRQ�SURFHVV�FDQ�EH�SHUIRUPHG�ZLWKRXW�SULRU�NQRZOHGJH�RI�WKH�
PDWHULDO�SDUDPHWHUV�RI�WKH�IOXLG��VXFK�DV�YLVFRVLW\�RU�VXUIDFH�WHQVLRQ��WKH�HYROXWLRQ�RI�WKH�LQWHUIDFH�
RYHU�WLPH�EHLQJ�VXIILFLHQW�IRU�WKH�QXPHULFDO�HYDOXDWLRQ�RI�WKH�SDUDPHWHUV�RI�SKHQRPHQRORJLFDO�
LQWHUHVW��
� 7KH�H[SHULPHQWDO�VWXGLHV�RQ�WKH�GLIIXVLRQ�SURFHVV�ZHUH�IRFXVHG�RQ�WKH�EHKDYLRXU�RI�VLPSOH�
DQG�FRPSOH[�IOXLGV��ERWK�IRU�WKH�FDVH�RI�DQ��LQILQLWH��PHGLXP��XQERXQGHG�UDGLDO�GLIIXVLRQ���DQG�
LQ� WKH�SUHVHQFH�RI�K\GURSKRELF�EDUULHUV��7KH� LQIOXHQFHV�RI� WKH� IOXLG�PDWHULDO�SURSHUWLHV�RQ� WKH�
GLIIXVLRQ�SURFHVV�ZHUH�DQDO\VHG��DQG�WUHQGV�LQ�YHORFLW\�YDULDWLRQ�DV�D�IXQFWLRQ�RI�IOXLG�YLVFRVLW\��
DV�ZHOO�DV�UHWHQWLRQ�RI�GLVVROYHG�PROHFXOHV�LQ�WKH�IOXLG�DV�D�IXQFWLRQ�RI�FKHPLFDO�FRPSRXQG�DQG�
VROXWLRQ�FRQFHQWUDWLRQ�ZHUH�LGHQWLILHG��%\�LPDJH�DQDO\VLV��WKH�FRQFHQWUDWLRQ�GLVWULEXWLRQ�RI�OLTXLG�
SKDVH�PROHFXOHV�GLIIXVLQJ�WKURXJK�WKH�SRURXV�PHGLXP�FRXOG�EH�HYDOXDWHG��)XUWKHUPRUH��ZLWK�WKH�
GHYHORSHG�FRGH�LW�ZDV�SRVVLEOH�WR�DQDO\VH�WKH�GURSOHW�EHKDYLRXU�DW�WKH�VXUIDFH�RI�WKH�VXEVWUDWH�DQG�
WR�HYDOXDWH�WKH�GLIIXVLRQ�YHORFLW\�DQG�IORZ�UDWH�WKURXJK�WKH�SDSHU��
� ,Q�WKH�VHFRQG�SDUW�RI�WKH�WKHVLV��IOH[LEOH�SRURXV�PDWHULDOV�FRQVLVWLQJ�RI�SRO\PHU�ILEHU�PHVKHV�
ZHUH�IDEULFDWHG�E\�HOHFWURVSLQQLQJ�DQG�URWDU\�MHW�VSLQQLQJ��%\�LQYHVWLJDWLQJ�WKH�PRUSKRORJ\�RI�
WKH�UHVXOWLQJ�PHVKHV��WKH�LQIOXHQFH�RI�HQYLURQPHQWDO��SURFHVV�DQG�PDWHULDO�SDUDPHWHUV�RQ�WKH�WZR�
PDQXIDFWXULQJ� SURFHVVHV�ZDV� DQDO\VHG��$W� WKLV� VWDJH� D�0$7/$%�FRGH�ZDV� GHYHORSHG� IRU� WKH�
DQDO\VLV�RI�WKH�VXUIDFH�SRURVLW\�RI�WKH�PDWHULDOV��IURP�WKH�LPDJHV�REWDLQHG�E\�VFDQQLQJ�HOHFWURQ�
PLFURVFRS\�� 7KH� VWUXFWXUH� RI� SRO\PHU�PHVKHV� ZDV� LQYHVWLJDWHG� WR� HYDOXDWH� WKH� SRVVLELOLW\� RI�
IDEULFDWLQJ� DEVRUEHQW� VXEVWUDWHV� DQG� IOH[LEOH� HOHFWURGHV�� 7KH� FRQGXFWLYLW\� RI� WKH� PHVKHV� ZDV�
HQVXUHG�E\�PDJQHWURQ�VSXWWHULQJ�RI� WKLQ�PHWDOOLF�OD\HUV��DQG�WKH�HOHFWULFDO�DQG�HOHFWURFKHPLFDO�
SURSHUWLHV�ZHUH�LQYHVWLJDWHG�H[SHULPHQWDOO\�IRU�GLIIHUHQW�GHQVLWLHV�RI�WKH�SRO\PHU�OD\HU�IRUPHG��
0RUHRYHU��WKH�IDEULFDWHG�SRURXV�VXEVWUDWHV�ZHUH�REVHUYHG�WR�KDYH�D�PRUSKRORJ\�VXLWDEOH�IRU�WKH�
GHYHORSPHQW�RI�ILOWHULQJ�PDWHULDOV��GXH�WR�WKH�VPDOO�SRUH�VL]H�LQ�WKH�PLFURPHWHU�UDQJH��
� )RU�WKH�SURSRVHG�DSSOLFDWLRQ��D�SURFHGXUH�IRU�IDEULFDWLQJ�D�SRUWDEOH�HOHFWURFKHPLFDO�FHOO�ZLWK�
SRURXV�VXEVWUDWH�DQG�SRO\PHULF�PHVK�HOHFWURGHV�ZDV�LPSOHPHQWHG��EHLQJ�WKH�ILUVW�H[DPSOH�RI�VXFK�
DQ� LQWHJUDWHG� DUFKLWHFWXUH�� ,Q� D� ILUVW� VWHS�� K\GURSKRELF� EDUULHUV�ZHUH� �'�SULQWHG� LQ� WKH� SRURXV�
VXEVWUDWH�� DQG�PXOWLSOH� JHRPHWULHV� DV�ZHOO� DV� GLIIHUHQW� SULQWLQJ� SDUDPHWHUV� DQG�KHDW� WUHDWPHQW�
FRQGLWLRQV� ZHUH� LQYHVWLJDWHG� LQ� RUGHU� WR� DFKLHYH� WKH� IXOO� FRQILQHPHQW� RI� IOXLG�� 6HOHFWLYH�
PHWDOOL]DWLRQ�RI�WKH�SRO\PHU�PHVKHV�ZDV�DFKLHYHG�E\�&$'�GHVLJQLQJ�DQG��'�SULQWLQJ�RI�PDVNV�
ZLWK� SKRWRSRO\PHU� UHVLQ�� 7R� GHYHORS� D� VHQVRU� ZLWK� RSWLPDO� RSHUDWLQJ� SDUDPHWHUV�� IRXU�
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FRQILJXUDWLRQV� ZLWK� GLIIHUHQW� HOHFWURGH� SODFHPHQW� RQ� WKH� SDSHU� ZHUH� IDEULFDWHG�� 7KHLU�
FKDUDFWHULVWLFV�ZHUH� VWXGLHG�HOHFWURFKHPLFDOO\�E\�F\FOLF�YROWDPPHWU\� LQ� WKH�SUHVHQFH�RI� UHGR[�
VDPSOHV��SRWDVVLXP�KH[DF\DQRIHUUDWH�DQG�PHWK\OHQH�EOXH���7KH�FRQILJXUDWLRQ�FRQVLGHUHG�RSWLPDO�
ZDV� WKHQ� FKDUDFWHUL]HG�YROWDPPHWULFDOO\� LQ� HOHFWURO\WH�PHGLD�ZLWK�GLIIHUHQW� S+�YDOXHV�DQG�E\�
HOHFWURFKHPLFDO� LPSHGDQFH� VSHFWURVFRS\�� LQ� RUGHU� WR� PRGHO� WKH� GHYLFH� ZLWK� DQ� HTXLYDOHQW�
HOHFWULFDO�FLUFXLW��)DFLOH�KDQGOLQJ�RI�WKH�GHYHORSHG�VHQVRU�ZDV�HQVXUHG�E\�IDEULFDWLQJ��'�SULQWHG�
VXSSRUWV�HTXLSSHG�ZLWK�FRSSHU�RU�SODWLQXP�SODWHV�IRU�DQ�RKPLF�FRQWDFW�ZLWK�WKH�HOHFWURGHV��
� )LQDOO\��WZR�DSSOLFDWLRQV�ZHUH�GHYHORSHG�IRU�WKH�HOHFWURFKHPLFDO�VHQVRU��ZKLFK�ZHUH�DLPHG�
DW�WKH�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�RI�DQDO\WHV�SUHVHQW�LQ�VZHDW��DV�ZHOO�DV�QXFOHLF�DFLGV��7KHVH�
FRPSRXQGV�ZHUH�FKRVHQ�ZLWK�WKH�DLP�RI�GHYHORSLQJ�D�SRUWDEOH�ELRVHQVRU��ZKLFK�FDQ�UHGXFH�WKH�
HQHUJ\�UHTXLUHPHQWV�LQYROYHG�LQ�FODVVLFDO�DQDO\VLV�LQ�D�FOLQLFDO�ODERUDWRU\��7KH�VHQVRU�KDV�EHHQ�
GHVLJQHG� VR� WKDW� LW� FDQ� EH� XVHG� RXWVLGH� D� GHGLFDWHG� ODERUDWRU\� DQG� DOORZV� LQWHJUDWLRQ� ZLWK�
HOHFWURQLF� FLUFXLWV� SRZHUHG�E\� ORZ�YROWDJH�EDWWHULHV�� ,Q� WKH� ILUVW� DSSOLFDWLRQ�� WKH�SRVVLELOLW\�RI�
GHWHFWLQJ�UHDFWLRQ�E\�SURGXFWV�EHWZHHQ�DQ�DQDO\WH�DQG�DQ�HQ]\PH��DW�GLIIHUHQW�DSSOLHG�SRWHQWLDOV��
LQ�EDVLF�RU�DFLGLF�PHGLD�ZDV�HYDOXDWHG��6XEVHTXHQWO\��WKH�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�RI�JOXFRVH�
LQ�ERWK�EXIIHU�VROXWLRQV��DQG�DUWLILFLDO�VZHDW�ZDV�SHUIRUPHG��7KH�GHWHFWLRQ�OLPLW�REWDLQHG�IRU�WKH�
GHWHUPLQDWLRQ�RI�JOXFRVH�LQ�DUWLILFLDO�VZHDW�ZDV�EHORZ�WKH�QRUPDO�YDOXHV�LQ�KXPDQ�VZHDW��WKXV�
GHPRQVWUDWLQJ�WKH�DSSOLFDELOLW\�RI�WKH�IDEULFDWHG�GHYLFH��,Q�WKH�VHFRQG�DSSOLFDWLRQ��WKH�GHWHFWLRQ�
DQG�TXDQWLILFDWLRQ�RI�QXFOHLF�DFLGV�ZDV�SHUIRUPHG�ERWK�LQ�WKH�SUHVHQFH�RI�PHWK\OHQH�EOXH��DQG�LQ�
WKH�DEVHQFH�RI�DQ\�HOHFWURFKHPLFDO�PDUNHU��7KH�LQWHUDFWLRQ�EHWZHHQ�QXFOHLF�DFLGV�DQG�PHWK\OHQH�
EOXH�RQ�WKH�SDSHU�VXEVWUDWH�ZDV�LQYHVWLJDWHG�E\�RSWLFDO�DQG�VSHFWURVFRSLF�PHWKRGV��89�9LV�1,5�
DQG�5DPDQ���GHPRQVWUDWLQJ�WKDW�PROHFXODU�UHDFWLRQV�FDQ�WDNH�SODFH�LQ�D�SRURXV�VXEVWUDWH�ZLWKRXW�
EHLQJ�LQIOXHQFHG�E\�WKH�VWUXFWXUH�RI�WKH�PDWHULDO��$OO�WKH�DSSOLFDWLRQV�FRXOG�EH�SHUIRUPHG�LQ�WKH�
SRWHQWLDO�UDQJH�>����������@�9��WKXV�PDNLQJ�LW�IHDVLEOH�WR�LQWHJUDWH�DQG�SRZHU�WKH�GHYLFH�ZLWK�ORZ�
YROWDJH�EDWWHULHV��

3HUVRQDO�FRQWULEXWLRQV�
� 7KH�FRQWULEXWLRQV�RI� WKLV� WKHVLV� UHJDUG� WKH� ILHOGV�RI� IOXLG�PHFKDQLFV� DQG� HOHFWURFKHPLFDO�
VHQVRUV��,Q�WKH�ILUVW�FDVH��WKH�VWXG\�ZDV�IRFXVHG�GHVFULELQJ�WKH�GLIIXVLRQ�SKHQRPHQD�RI�VLPSOH�DQG�
FRPSOH[� IOXLGV� LQ� SRURXV� PHGLD�� ,Q� WKH� VHFRQG� FDVH�� SURFHGXUHV� IRU� WKH� IDEULFDWLRQ��
FKDUDFWHULVDWLRQ� DQG� DSSOLFDWLRQ� RI� VHQVRUV� IDEULFDWHG� IURP� OD\HUV� RI� SRURXV� PHGLD� ZHUH�
LPSOHPHQWHG��7KXV��WKH�PDLQ�FRQWULEXWLRQV�WR�WKH�ILHOGV�DUH��
��� 'HYHORSPHQW� RI� DQ� DOJRULWKP� DQG� D� QXPHULFDO� FRGH� LQ�0$7/$%� IRU� DXWRPDWLF� LPDJH�

SURFHVVLQJ�IRU�H[WUDFWLQJ�DQG�DQDO\VLV�SDUDPHWHUV�UHODWHG�WR�WKH�GLIIXVLRQ�SKHQRPHQRQ��
��� 2SWLPLVDWLRQ�RI�K\GURSKRELF�EDUULHUV�IDEULFDWLRQ�SURFHGXUHV�LQ�SRURXV�PHGLD��
��� ([SHULPHQWDO�LQYHVWLJDWLRQ�RI�WKH�GLIIXVLRQ�SURFHVV�DQG�GHVFULSWLRQ�RI�IORZ�UHJLPHV��
��� 1XPHULFDO�GHVFULSWLRQ�RI�WKH�GHSHQGHQFH�EHWZHHQ�GLIIXVLRQ�YHORFLW\�DQG�IOXLG�YLVFRVLW\��
��� ,QYHVWLJDWLRQ� RI� WKH� FRQFHQWUDWLRQ�GHSHQGHQW� UHWHQWLRQ� SURFHVV� RI� PROHFXOHV� DQG�

GHYHORSPHQW� RI� DQ� LPDJLQJ� DQDO\VLV� SURFHGXUH� IRU� DSSUR[LPDWLQJ� WKH� FRQFHQWUDWLRQ�
YDULDWLRQ�RI�WKH�PROHFXOHV�RQ�WKH�VXUIDFH�RI�WKH�SRURXV�PHGLD��

��� 2SWLPLVDWLRQV�RI�WKH�HOHFWURVSLQQLQJ�DQG�URWDU\�MHW�VSLQQLQJ�SURFHVVHV�IRU�IDEULFDWLQJ�SRURXV�
PDWHULDOV��E\�VWXG\LQJ�WKH�LQIOXHQFHV�RI�PDWHULDO��HQYLURQPHQW�DQG�SURFHVV�SDUDPHWHUV�RQ�
WKH�PRUSKRORJ\�RI�WKH�UHVXOWLQJ�ILEHUV��

��� 'HYHORSPHQW�RI�D�QXPHULFDO�FRGH�LQ�0$7/$%�IRU�WKH�HYDOXDWLRQ�RI�VXUIDFH�SRURVLW\���
��� (YDOXDWLRQ�RI�HOHFWULFDO�DQG�HOHFWURFKHPLFDO�FKDUDFWHULVWLFV�RI�PHWDOOL]HG�SRURXV�VWUXFWXUHV�

DV�D�IXQFWLRQ�RI�WKHLU�GHQVLW\��
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��� 'HYHORSPHQW� RI� WKH� IDEULFDWLRQ� SURFHGXUH� RI� DQ� HOHFWURFKHPLFDO� FHOO� FRPSRVHG� RI�
HOHFWURGHV� UHSUHVHQWHG�E\�PHWDOOL]HG� ILEULOODU�SRURXV�VXUIDFHV�DQG�K\GURSKLOLF�SRURXV�
VXEVWUDWH�PRGLILHG�ZLWK�K\GURSKRELF�EDUULHUV��

���� (OHFWURFKHPLFDO� FKDUDFWHUL]DWLRQ� RI� WKH� IDEULFDWHG� GHYLFH�� LQYHVWLJDWLQJ� PXOWLSOH�
DUFKLWHFWXUHV�LQ�WZR�DQG�WKUHH�HOHFWURGH�FRQILJXUDWLRQ��

���� 'HYHORSPHQW� RI� GHWHFWLRQ� SURFHGXUHV� IRU� K\GURJHQ� SHUR[LGH�� QLFRWLQDPLGH� DGHQLQH�
GLQXFOHRWLGH��JOXFRVH�DQG�QXFOHLF�DFLGV��LQ�WKH�IDEULFDWHG�GHYLFH��

���� ,QYHVWLJDWLRQ� RI� PROHFXODU� UHDFWLRQV� LQ� WKH� SRURXV� VXEVWUDWH� E\� VSHFWURVFRSLF�
PHDVXUHPHQWV��

� 7KH�VWXGLHV�FDUULHG�RXW�LQ�WKLV�WKHVLV�UHYHDOHG�WKH�SRVVLELOLW\�RI�DSSO\LQJ�SRURXV�PHGLD�RI�
GLIIHUHQW�VWUXFWXUHV�IRU�WKH�GHYHORSPHQW�RI�D�SRUWDEOH�GHYLFH��ZKLFK�FDQ�SHUIRUP�DQ�DQDO\VLV�RI�
WKH� FKHPLFDO� FRPSRXQGV�SUHVHQW� LQ� YDULRXV� IOXLGV��7KH� UHVXOWV�REWDLQHG� OHG� WR� D�SDWHQW� IRU� DQ�
HOHFWURFKHPLFDO�FHOO�ZLWK�DQ�LQWHJUDWHG�IOH[LEOH�ILEULOODU�VWUXFWXUH��

)XWXUH�SHUVSHFWLYHV�
� )OXLG�GLIIXVLRQ�LQ�ILEULOODU�SRURXV�PHGLD�LV�D�FRPSOH[�SURFHVV�GXH�WR�WKH�LQKRPRJHQHLWLHV�RI�
WKH�VWUXFWXUH�DQG�FKHPLFDO�LQWHUDFWLRQV�EHWZHHQ�IOXLG�DQG�ILEUH�VXUIDFH��7KH�VWXGLHV�SUHVHQWHG�LQ�
WKH�FXUUHQW� WKHVLV�SUHVHQW� WKH�EDVLV� IRU�XQGHUVWDQGLQJ� WKH�SKHQRPHQRORJ\��DQG�IROORZLQJ� WKHVH�
H[SHULPHQWV�RQ�WKH�FKHPLFDO�PRGLILFDWLRQ�RI�SDSHU�DQG�DQDO\VLV�RI�WKH�LQIOXHQFH�RI�WKLV�SURFHVV�
RQ�WKH�WUDQVSRUW�RI�FRPSOH[�IOXLGV�DUH�HQYLVLRQHG��,Q�WKLV�ZD\��VHOHFWLYH�WUDQVSRUW�SDWKZD\V�FDQ�
EH�REWDLQHG��RU�VHOHFWLYH�VHSDUDWLRQ�RI�FKHPLFDO�FRPSRXQGV�IURP�FRPSOH[�IOXLGV�FDQ�EH�DFKLHYHG���
� 7R�H[WHQG�WKH�DSSOLFDELOLW\�RI�SRURXV�PHGLD��WKHLU�DELOLW\�WR�FDSWXUH�DQG�UHWDLQ�PROHFXOHV�RU�
QDQR��PLFUR�SDUWLFOHV�GLVVROYHG�LQ�OLTXLG�PHGLD�ZLOO�EH�HYDOXDWHG��LQ�RUGHU�WR�IDEULFDWH�ILOWHULQJ�
PDWHULDOV��6WXGLHV�ZLOO�DOVR�EH�FDUULHG�RXW�RQ�WKH�DELOLW\�RI�SRURXV�PHGLD�WR�FDSWXUH�YDSRXUV�IURP�
WKH�DPELHQW�DWPRVSKHUH�WR�H[WHQG�WKH�DSSOLFDELOLW\�RI�WKH�VHQVRU�LQ�WKH�GHWHFWLRQ�RI�DHURVROLVHG�
FKHPLFDO�FRPSRXQGV���
� $V�WKH�PRUSKRORJ\�RI�WKH�SRURXV�PHGLXP�LQIOXHQFHV�WKH�LQWHUDFWLRQ�ZLWK�IOXLGV��WKH�SURFHVV�
RI�IDEULFDWLQJ�SRO\PHU�PHVKHV�ZLOO�EH�HYDOXDWHG�ZLWK�GLIIHUHQW�W\SHV�RI�V\QWKHWLF��VXFK�DV�Q\ORQ��
RU�QDWXUDO�SRO\PHUV��SRO\FDSURODFWRQH��SRO\ODFWLF�DFLG���ZKLFK�GXH�WR�WKHLU�PDWHULDO�SURSHUWLHV�FDQ�
FRQIHU� XQLTXH� FKDUDFWHULVWLFV� WR� WKH� IRUPHG� OD\HUV� �IOH[LELOLW\�� PHFKDQLFDO� VWUHQJWK��
ELRGHJUDGDELOLW\��� 7KH� UKHRORJLFDO� SURSHUWLHV� RI� GLIIHUHQW� SRO\PHU� VROXWLRQV�� WKH� LQIOXHQFH� RI�
HQYLURQPHQWDO�DQG�SURFHVV�SDUDPHWHUV��DQG�WKH�RSWLFDO�DQG�PHFKDQLFDO�SURSHUWLHV�RI�WKH�UHVXOWLQJ�
PHVKHV�ZLOO�EH�LQYHVWLJDWHG��
� 7KH�DSSOLFDWLRQV�SUHVHQWHG�LQ�WKLV�WKHVLV�DUH�LQ�WKH�ELRPHGLFDO�ILHOG��EXW�WKH�DSSOLFDELOLW\�RI�
WKH�VHQVRU�FDQ�EH�H[WHQGHG�E\�XVLQJ�PDUNHUV��HQ]\PHV�RU�PHWDOOLF�RU�VHPLFRQGXFWLQJ�PDWHULDOV�
DGDSWHG�WR�WKH�VHOHFWLYH�LQWHUDFWLRQ�ZLWK�RWKHU�LRQV�RU�PROHFXOHV�RI�LQWHUHVW��7KXV��LW�LV�HQYLVDJHG�
WR�SHUIRUP�IXQFWLRQDOLVDWLRQ�IRU�WKH�GHWHFWLRQ�RI�FRQWDPLQDQWV�VXFK�DV�WR[LF�FKHPLFDO�FRPSRXQGV�
RU�KHDY\�PHWDO�LRQV��
� ,Q�RUGHU�WR�EURDGHQ�WKH�VHQVRU
V�DSSOLFDELOLW\��WKH�GHYHORSHG�DUFKLWHFWXUH�ZLOO�EH�LQWHJUDWHG�
ZLWK� DX[LOLDU\� HOHPHQWV�� ,Q� RUGHU� WR� RIIHU� WKH� IXQFWLRQDOLW\� RXWVLGH� D� VFLHQWLILF� ODERUDWRU\�� WKH�
GHYLFH�ZLOO�EH�LQWHJUDWHG�ZLWK�HOHFWURQLF�FLUFXLWV�WKDW�ZLOO�IXOILO�WKH�UROHV�RI�PHDVXUHPHQW��WKXV�
IRUPLQJ�D�SRUWDEOH�SRWHQWLRVWDW��DQG�GDWD� WUDQVPLVVLRQ� WR�PRELOH�GHYLFHV��6XFK�DQ�DUFKLWHFWXUH�
DOORZV�PHDVXUHPHQWV� WR�EH�PDGH�XVLQJ�HOHFWULFDO� VXSSO\� IURP� ORZ�YROWDJH�EDWWHULHV��%\�XVLQJ�
DGGLWLRQDO� SRO\PHULF� VXEVWUDWHV�� DEVRUSWLRQ� DQG� HYDSRUDWLRQ� SURFHVVHV� FDQ� EH� VWLPXODWHG� WR�
GHYHORS�D�ZHDUDEOH�ELRVHQVRU�ZLWK�D�FRQVWDQW�IORZ�UHJLPH���
� �
�
�
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5HIHUHQFHV��VHOHFWLRQ��
�
>�@� -��.LP��-��3DUN��-��/HH��:�*��/LP��&��-R��-��/HH��%LRPDVV�'HULYHG�3��1�6HOI�'RSHG�+DUG�

&DUERQ� DV� %LIXQFWLRQDO� 2[\JHQ� (OHFWURFDWDO\VW� DQG� $QRGH� 0DWHULDO� IRU� 6HDZDWHU�
%DWWHULHV��$GY��)XQFW��0DWHU����������������������

>�@� ;��0LDR��'��6XQ��;��=KRX��=��/HL��'HVLJQHG�IRUPDWLRQ�RI�QLWURJHQ�DQG�VXOIXU�GXDO�GRSHG�
KLHUDUFKLFDOO\�SRURXV�FDUERQ�IRU�ORQJ�OLIH�OLWKLXP�DQG�VRGLXP�LRQ�EDWWHULHV��&KHP��(QJ��
-����������������±������

>�@� <�+��/HH��-�6��.LP��-��1RK��,��/HH��+�-��.LP��6��&KRL��-��6HR��6��-HRQ��7�6��.LP��-�<��/HH��
-�:��&KRL��:HDUDEOH�WH[WLOH�EDWWHU\�UHFKDUJHDEOH�E\�VRODU�HQHUJ\��1DQR�/HWW������������
����±�������

>�@� 4��/DL��-��=KHQJ��=��7DQJ��'��%L��-��=KDR��<��/LDQJ��2SWLPDO�&RQILJXUDWLRQ�RI�1�'RSHG�
&DUERQ�'HIHFWV�LQ��'�7XUERVWUDWLF�&DUERQ�1DQRPHVK�IRU�$GYDQFHG�2[\JHQ�5HGXFWLRQ�
(OHFWURFDWDO\VLV��$QJHZ��&KHPLH������������������±��������

>�@� .�5�$�� 6DUDYDQDQ��1�� 3UDEX��0�� 6DVLGKDUDQ��*��0DGXUDLYHHUDQ��1LWURJHQ�VHOI� GRSHG�
DFWLYDWHG�FDUERQ�QDQRVKHHWV�GHULYHG�IURP�SHDQXW�VKHOOV�IRU�HQKDQFHG�K\GURJHQ�HYROXWLRQ�
UHDFWLRQ��$SSO��6XUI��6FL����������������±������

>�@� 6�$��1LFRODH��3�È��6]LOiJ\L��0�0��7LWLULFL��6RIW�WHPSODWLQJ�SURGXFWLRQ�RI�SRURXV�FDUERQ�
DGVRUEHQWV�IRU�&2��DQG�+�6�FDSWXUH��&DUERQ�1��<����������������±������

>�@� <��6RQJ�� -��3KLSSV��&��=KX��6��0D��3RURXV�0DWHULDOV� IRU�:DWHU�3XULILFDWLRQ��$QJHZ��
&KHPLH�,QW��(G������������H������������

>�@� 4��6XQ��%��$JXLOD��-�$��3HUPDQ��7��%XWWV��)�6��;LDR��6��0D��,QWHJUDWLQJ�6XSHUZHWWDELOLW\�
ZLWKLQ�&RYDOHQW�2UJDQLF�)UDPHZRUNV�IRU�)XQFWLRQDO�&RDWLQJ��&KHP���������������±�������

>�@� ;��/XR��;��<DR��<��=KDQJ��;��=KHQJ��*��;LH��<��&XL��$PSHURPHWULF�ELRVHQVLQJ�V\VWHP�
GLUHFWO\�SRZHUHG�E\�EXWWRQ�FHOO�EDWWHU\�IRU�ODFWDWH��3/R6�2QH������������H����������

>��@� 5�$��2¶.HOO\��-�-��%UDG\��(��%\UQH��.��+RROH\��&��0XOOLJDQ��.��0XOUHDG\��3��2¶*RUPDQ��
3�� 2¶6KHD�� *�� %RUDQ�� $� VXUYH\� RI� SRLQW� RI� FDUH� WHVWLQJ� LQ� ,ULVK� KRVSLWDOV�� URRP� IRU�
LPSURYHPHQW��,U��-��0HG��6FL����������������±������

>��@� $�&�� 6XQ�� '�$�� +DOO�� 3RLQW�RI�&DUH� 6PDUWSKRQH�EDVHG� (OHFWURFKHPLFDO� %LRVHQVLQJ��
(OHFWURDQDO\VLV�������������±����

>��@� %��/LDQJ��4��&DR��;��0DR��:��3DQ��7��7X��/��)DQJ��;��<H��$Q�,QWHJUDWHG�3DSHU�%DVHG�
0LFURIOXLGLF� 'HYLFH� IRU� 5HDO�7LPH� 6ZHDW� 3RWDVVLXP� 0RQLWRULQJ�� ,(((� 6HQV�� -�� ���
�����������±�������

>��@� )��&ULVFXROR��,��1\�+DQLWUD��6��$LDVVD��,��7DXULQR��1��2OLYD��6��&DUUDUD��*��'H�0LFKHOL��
:HDUDEOH� PXOWLIXQFWLRQDO� VZHDW�VHQVLQJ� V\VWHP� IRU� HIILFLHQW� KHDOWKFDUH� PRQLWRULQJ��
6HQVRUV�$FWXDWRUV�%�&KHP����������������������

>��@� +�5��/LP��<��/HH��.�$��-RQHV��<�7��.ZRQ��6��.ZRQ��0��0DKPRRG��6�0��/HH��:�+��
<HR�� $OO�LQ�RQH�� ZLUHOHVV�� IXOO\� IOH[LEOH� VRGLXP� VHQVRU� V\VWHP� ZLWK� LQWHJUDWHG�
$X�&17�$X�QDQRFRPSRVLWHV��6HQVRUV�$FWXDWRUV�%�&KHP����������������������

>��@� 5��6LOYD��.��=KDR��5��'LQJ��:�3��&KDQ��0��<DQJ��-�6�4��<LS��*��/LVDN�� ,RQ�VHOHFWLYH�
PHPEUDQH� PRGLILHG� PLFURIOXLGLF� SDSHU�EDVHG� VROXWLRQ� VDPSOLQJ� VXEVWUDWHV� IRU�
SRWHQWLRPHWULF�KHDY\�PHWDO�GHWHFWLRQ��$QDO\VW�����������������±�������

>��@� 7�� 6DKD�� 7�� 6RQJNDNXO�� &�7�� .QLVHO\��0�$�� <RNXV��0�$�� 'DQLHOH��0�'�� 'LFNH\�� $��
%R]NXUW��2�'��9HOHY��:LUHOHVV�:HDUDEOH�(OHFWURFKHPLFDO�6HQVLQJ�3ODWIRUP�ZLWK�=HUR�
3RZHU�2VPRWLF�6ZHDW�([WUDFWLRQ�IRU�&RQWLQXRXV�/DFWDWH�0RQLWRULQJ��$&6�6HQVRUV����
�����������±�������

>��@� 5��:DQJ��4��=KDL��7��$Q��6��*RQJ��:��&KHQJ��6WUHWFKDEOH�JROG�ILEHU�EDVHG�ZHDUDEOH�WH[WLOH�
HOHFWURFKHPLFDO�ELRVHQVRU�IRU�ODFWDWH�PRQLWRULQJ�LQ�VZHDW��7DODQWD����������������������
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>��@� 0��/L��/��:DQJ��5��/LX�� -��/L��4��=KDQJ��*��6KL��<��/L��&��+RX��+��:DQJ��$�KLJKO\�
LQWHJUDWHG� VHQVLQJ� SDSHU� IRU� ZHDUDEOH� HOHFWURFKHPLFDO� VZHDW� DQDO\VLV�� %LRVHQV��
%LRHOHFWURQ����������������������

>��@� '�6��5RFKD��/�&��'XDUWH��+�$��6LOYD�1HWR��&�/�6��&KDJDV��0�+�3��6DQWDQD��1�5��$QWRQLRVL�
)LOKR��:�.�7��&ROWUR��6DQGSDSHU�EDVHG�HOHFWURFKHPLFDO�GHYLFHV�DVVHPEOHG�RQ�D�UHXVDEOH�
�'�SULQWHG�KROGHU�WR�GHWHFW�GDWH�UDSH�GUXJ�LQ�EHYHUDJHV��7DODQWD����������������������

>��@� &��=KRX��.��&XL��<��/LX��6��+DR��/��=KDQJ��6��*H��-��<X��8OWUDVHQVLWLYH�0LFURIOXLGLF�
3DSHU�%DVHG� (OHFWURFKHPLFDO�9LVXDO� $QDO\WLFDO� 'HYLFH� YLD� 6LJQDO� $PSOLILFDWLRQ� RI�
3G#+ROORZ�=Q�&R�&RUH�6KHOO�=,)���=,)��1DQRSDUWLFOHV�IRU�3URVWDWH�6SHFLILF�$QWLJHQ�
'HWHFWLRQ��$QDO��&KHP����������������±�������

>��@� 6��%RRQNDHZ��$��<DNRK��1��&KXD\SHQ��3��7DQJNLMYDQLFK��6��5HQJSLSDW��:��6LDQJSURK��
2�� &KDLODSDNXO�� $Q� DXWRPDWHG� IDVW�IORZ�GHOD\HG� SDSHU�EDVHG� SODWIRUP� IRU� WKH�
VLPXOWDQHRXV�HOHFWURFKHPLFDO�GHWHFWLRQ�RI�KHSDWLWLV�%�YLUXV�DQG�KHSDWLWLV�&�YLUXV�FRUH�
DQWLJHQ��%LRVHQV��%LRHOHFWURQ����������������������

>��@� '��/HH��-��%KDUGZDM��-��-DQJ��3DSHU�EDVHG�HOHFWURFKHPLFDO�LPPXQRVHQVRU�IRU�ODEHO�IUHH�
GHWHFWLRQ�RI�PXOWLSOH�DYLDQ�LQIOXHQ]D�YLUXV�DQWLJHQV�XVLQJ�IOH[LEOH�VFUHHQ�SULQWHG�FDUERQ�
QDQRWXEH�SRO\GLPHWK\OVLOR[DQH�HOHFWURGHV��6FL��5HSRUWV����������������������±�����

>��@� )�*��2UWHJD��0�'��5HJLDUW��$��5RGUtJXH]�0DUWtQH]��'��'H�0LJXHO�3pUH]��0�-��6HUUDQR��
-�$��/RUHQWH��*��7RUWHOOD��2��5XELODU��.�� 6DSDJ��0��%HUWRWWL��0�$�� )HUQiQGH]�%DOGR��
6DQGZLFK�7\SH�(OHFWURFKHPLFDO�3DSHU�%DVHG�,PPXQRVHQVRU�IRU�&ODXGLQ���DQG�&'���
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