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$FNQRZOHGJHPHQW�

,� ZLVK� WR� H[SUHVV� P\� DSSUHFLDWLRQ�WRU� WKH� HQFRXUDJH�

PHQW� DQG� JXLGDQFH� RIIHUHG�PH� E\�'U�� (UQHVW� *ULVZROG� GXULQJ�

WKH� FRXUVH� RI� WKLV�ZRUN�� ,� DOVR� ZLVK� WR� WKDQN� KLP� IRU� WKH�

SDWLHQFH� KH� KDV� VKRZQ� WRZDUGV� PH� LQ�UHJDUGV� WR�GLVFXVVLRQ�

DERXW� WKLV�ZRUN� DQG� UHODWHG� WRSLFV�� 2WKHU� PHPEHUV� RI� WKH�

VWDII
� ZKR� KDYH� EHHQ� RI� GLUHFW� DVVLVWDQFH� DUH� 'U�� $UWKXU�

'DYLGVRQ� DQG� 'U�� :LOOLDP�$UJHUVLQJHU�� 7KH� DLG�KDV� FHU�

WDLQO\� QRW� EHHQ� XQDSSUHFLDWHG�� )LQDOO\� ,� ZLVK� WR� WKDQN�

WKRVH� LQVWLWXWLRQV�ZKLFK� KDYH� SURYLGHG� ILQDQFLDO� VXSSRUW�

WRU� WKH� DXWKRU� GXULQJ� WKLV�ZRUN�� 7KH� 6WDWH� RI�.DQVDV� IRU�

WKH� SURYLVLRQ� RI� DQ� DVVLVWDQWVKLS� GXULQJ� WKH� ILUVW� WZR� \HDUV�

DQG� WKH� (�� ,�� GX�3RQW� GH� 1HPRXUV� &RPSDQ\� IRU� D� IHOORZVKLS�

GXULQJ� WKH� ILQDO� \HDU��



7DEOH� RI� &RQWHQWV�

3DJH�

,QWURGXFWLRQ���a����������������������������a����
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3UHSDUDWLRQ� RI� 6DOWV������������������������

3UHSDUDWLRQ� RI� $QK\GURXV� $FHWLF� $HLG��������

&RQVWDQW� 7HPSHUDWXUH� %DWK�������������������

&RQGXFWDQFH� 6WXGLHV�������������������������

3UHSDUDWLRQ� DQG� $QDO\VLV� RI� 6ROXELOLW\�

6DPSOHV�� � ���� � ���� � ���������a��� � ������� � � ���� �������

'LVFXVVLRQ������������a����������������a����a����

6ROXELOLW\�6WXGLHV��������������������������

2WKHU� 0HWKRGV� IRU� WKH� 'HWHUPLQDWLRQ�

RI� WKH� 'LVVRFLDWLRQ�&RQāVWDQW����������������

6XPPDU\��a����������������a����������������������
%LEOLRJUDSK\�������������������������������������
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,QWURGXFWLRQ�

7KH� VHYHUDO� VWXGLHV� RI� VDOW� HIIHFWV� RQ� VROXELOLW\�

LQ� DFHWLF� DFLG� ZKLFK� KDYH� EHHQ� UHSRUWHG� ������������� VKRZ�

WKLV� HIIHFW� WR� EH� YHU\� SURQRXQFHG�� ,Q� VRPH� LQVWDQFHV� WKH�
'HE\H�+XFNHO� WKHRU\� RI� LQWHULRQLF� DWWUDFWLRQ�� RU� WKH�

*URQZDOO�� /D0HU�� DQG� 6DQGYHG� H[WHQVLRQ� RI� LW�KDYH� EHHQ�

XVHG� LQ� WKH� LQWHUSUHWDWLRQ� RI� WKH� GDWD�� :LWK� WKLV�

LQWHUSUHWDWLRQ� LW�KDV� EHHQ� DVVXPHG�� PRUHRYHU�� WKDW� WKH�

GLVVROYHG� VDOWV� DUH� FRPSOHWHO\� GLVVRFLDWHG� LQWR� LRQV�

LQ� WKLV� VROYHQW�� 6XFK� WUHDWPHQWV� OHDG� WR� H[FHHGLQJO\�

VPDOO� DFWLYLW\� FRHIILFLHQWV� IRU� WKH� VROXWH� VSHFLHV��

+RZHYHU�� RYHU� WKH� SDVW� IHZ� GHFDGHV� D� ODUJH� QXPEHU�

RI� LQYHVWLJDWLRQV� RQ� VROYHQWV� RI� ORZ� GLHOHFWULF� FRQVWDQW�

KDYH� LQGLFDWHG� WKDW� VROXWLRQV� LQ� VXFK� VROYHQWV� PD\� QRW�

EH� DPHQDEOH� WR� WUHDWPHQW� E\� DQ\� WKHRU\� ZKLFK� FRQVLGHUV�

DOO� HOHFWURO\WLF� VROXWHV� WR� EH� FRPSOHWHO\� LRQL]HG� LQ�

VROX�WLRQ�� 0RVW� RI� WKH� VWXGLHV�� HVSHFLDOO\� RI� FRQGXFWLYLWLHV��

KDYH� LQGLFDWHG� WKDW� VROXWLRQV� RI� VXFK� VDOWV� DV� WKH�

DONDOL�PHWDO� KDOLGHV�� IRU� H[DPSOH�� FRQVLVW� ODUJHO\� RI�

LRQ�SDLUV� LQ� HTXLOLEULXP�ZLWK� D� UHODWLYHO\� VPDOO� QXPEHU�

RI� IUHH� LRQV� ����� ,Q� VXFK� FDVHV� WKH� LQWHULRQLF� HIIHFWV� ZRXOG� EH�



��

XQLPSRUWDQW� �Q� LQIOXHQFLQJ� WKH� EHKDYLRU� RI� WKH� VROXWLRQ��

DQG� VRPH� RWKHU� H[SODQDWLRQ� RI� WKH� VDOW� HIIHFW� RQ�

VROXELOLW\�PXVW� EH� VRXJKW��

7KHUH� LV� VRPH� HYLGHQFH� �WKDW� WKH� HIIHFWV� RI� RQH�

VDOW�XSRQ� WKH� VROXELOLW\� RI� DQRWKHU� LQ� DFHWLF� DFLG��

ZKLFK� KDV� WKH�PRGHUDWHO\� ORZ� GLHOHFWULF� FRQVWDQW� RI�

������ DW� ����F���PD\� EH� H[SODLQHG� LQ� WHUPV� RW� H[FKDQJH�
DPRQJ� LRQ�SDLUV� EHWZHHQ� WKH� VROXWH� DQG� WKH� VROYHQW�

VDOWV� ����� 6XFK� DQ� H[FKDQJH� PD\� EH� UHSUHVHQWaG� E\�

WKH� HTXDWLRQ�

0$�a���
5W�[��� B �� 0��W�[� �W� 57�$B�
:KHQ� VXFK� D� UHDFWLRQ� SURFHHGV� WR� HTXLOLEULXP� WKH�

VROXELOLW\�RI� WKH� VDOW�0�$�ZLOO�EH� LQFUHDVHG� WR� DQ�
H[WHQW� GHSHQGHQW� XSRQ� WKH� RULJLQDO� FRQFHQWUDWLRQ�RW�
5���;�DQG� WKH� HTXLOLEULXP� FRQVWDQW� �IRU� WKH� H[FKDQJH��

)ROORZLQJ� WKH� HDUOLHU�ZRUN� RI� %MHUUXP� ����� )X�RVV�

DQG� .UDXV� ������� KDYH� VKRZQ� KRZ� LW�LV�SRVVLEOH� WR� REWDLQ�

IURP� FRQGXFWDQFH� GDWD� YDOXHV� RI� HTXLOLEULXP� FRQVWDQWV�

IRU� WKH� GLVVRFLDWLRQ� RI� LQGLYLGXDO� LRQ�SDLUV� DV� ZHOO� DV�

YDOXHV� RI� WKH� ��LQLWLQJ� HTXLYDOHQW� FRQGXFWDQFHV� RI� VDOWV�
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LQ� VXFK� VROXWLRQV�� 7KHUH� OV�� KRZHYHU�� OLWWOH� LQIRUPDWLRQ�

RW� WKLV� W\SH� DYDLODEOH� RQ� VROXWLRQV� �Q� DFHWLF� DFLG��


IE�H� SUHVHQ�W� LQYHVWLJDWLRQ�ZDV� XQGHUWDNHQ� WR� REWDLQ�

DGGLWLRQDO� LQIRUPDWLRQ� RQ� VDOW� VROXWLRQV� LQ��DFHWLF� DFLG��

:KLOH� VRPH� LQIRUPDWLRQ� RQ� VROXELOLW\�HWWHFWV�ZDV� REWDLQHG� ��

WKH�PDMRU� SRUWLRQ� RI� WKH� ZRUN� ZDV� GHYRWHG� WR� D� VWXG\� RIā�

WKH� FRQGXFWLYLWLHV� RW� D� VHULHV� RU� VDOWV� LQ�DFHWLF� DFLG�
DQG� WKH� �QI
RUPDW�RQ� WKDW� FRXOG� EH� REWDLQHG� �IURP� VXFK�

GDWD�� 7KLV� LP
RUPDWLRQ� LQFOXGHG� WKH� GLVVRFLDWLRQ� FRQVWDQWV�

RI� WKH� LRQ�SDLUV�� WKH� OLPLWLQJ� HTXLYDOHQW� FRQGXHWV�QFHV� RI�

WKH� YDULRXV� VDOWV� VWXGLHG�� WKH� SUREDELOLW\�RI� FOXVWHUV�

RI� WKUHH� RU�PRUH� LRQV� DQG� LRQLF� UDGLL� DQG� WKH� VL]H� RI�

�RQ�SD�UVR�
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+LVWRULFDO�

7KH� SXEOLFDWLRQ� RI� WKH� 'HE\H�+XFNHO� WKHRU\� RW� �QWHU�

�RQ�R� DWWUDFWLRQ��Q� ����� ZDV� IROORZHG� E\� H[WHQVLYH� WHVWV�

RW� LWV�YDOLGLW\� IRU� HOHFWURO\WH� VROXWLRQV� RI� YDULRXV�

W\SHV�� ,QJHQHUDO��� WKH� SUHGLFWHG� GHSHQGHQFH� RI� WKH�

DFWLYLW\� FRHIaLFLHQW� RU� DQ� HOHFWURO\WLF� VROXWH� XSRQ�
YDOHQFH� W\SH��� LRQLF� VWUHQJWK��� DQG� WHPSHUDWXUH� ZDV� VDWLV�

IDFWRULO\�ERUQH� RXW� E\� WKH� H[SHULPHQWDO� YDOXHV� LQ� YHU\�

GLOXWH� DTXHRXV� VROXWLRQV�� ,Q�PRUH� FRQFHQWUDWHG� VROXWLRQV�

WKH� DJUHHPHQW� ZDV� OHVV� VDWLVIDFWRU\��� DQG� YDULRXV� PRGLILFD�

WLRQV� RI� WKH� WKHRU\� ZHUH� SURSRVHG� WR� DFFRXQW� IRU� WKH�

GHYLDWLRQV��

,Q� RUGHU� WR� WHVW�PRUH� WXOO\� WKH� SUHGLFWHG� GHSHQGHQFH�
RI� DFWLYLW\� RRHI
I�F�HQWV� XSRQ� WKH� GLHOHFWULF� FRQVWDQW�

RI� WKH� PHGLXP��� D� QXPEHU� RU� LQYHVWLJDWLRQV� RW� QRQ�DTXHRXV�
VROYHQWV� ZHUH� FDUULHG�RXW�� 1RWDEOH� DPRQJ� WKHVH� DUH� WKH�

ZRUN� RI� 1R\HV� DQG� %D[WHU� LQ� HWKDQRO� ����� DQG� :HEE� �Q�

JODFLDO� DFHWLF� DFLG� DQG� OLTXLG� DPPRQLD� ������ 7KHVH�

LQYHVWLJDWRUV� XVHG� IUHH]LQJ� SRLQW� GHSUHVVLRQ� VWXGLHV�� $�

ODUJH� QXPEHU� RI� RWKHU� VWXGLHV� LQ�QRQ�DTXHRXV� VROYHQWV�

FRQFHUQ� WKHPVHOYHV� ZLWK� VROXELOLWLHV�� $PRQJ� WKHVH� DUH� WKH�



ZRUN� RI� .UDXV� DQG� 6HZDUG� ���� �Q� LVR�SURS\O� DOFRKRO� DQG�

PHWK\O� DFHWDWH�� :LOOLDPV� ����� LQ�PHWKDQRO�� :LOOLDPV�

DQG� +DQVHQ� ������ LQ� HWKDQRO�ZDWHU�PL[WXUH�� .UDXV� DQG�

6HZDUG� LQ� DFHWRQH� ������ 5RELQVRQ� LQ� DFHWRQH� �����
6HZDUG� LQ� HWK\OHQH� GLFKORULGH� ������ DQG� 6HZV�UG� DQG�
+VPEOHWW� ���� DQG� 6FKROO�� +XWFKLVRQ� DQG� &KHQGOHH� ����� LQ�

DFHWLF� DFLG�� $OWKRXJK� VRPH� RU� WKHVH�ZRUNHUV� IRXQG�
DJUHHPHQW� ZLWK� WKH� 'HE\H�+XFNHO� WKHRU\��� RWKHUV��

HVSHFLDOO\� WKRVH� ZRUNLQJ� LQ� VROYHQWV� RI� ORZ� GLHOHFWULF�

FRQVWDQW�� IRXQG� WKDW� WKHUH� ZHUH� VHULRXV� GLVFUHSDQFLHV�
EHWZHHQ� H[SHULPHQW� DQG� WKH�'HE\H�+XFNHO� WKHRU\� ā�

��

7KH� 'HE\H�+XFNHO� WKHRU\� DVVXPHV� WKDW� DURXQG� D� JLYHQ�

LRQ� WKHUH� H[LVWV� DQ� �LRQ� DWPRVSKHUH�� DULVLQJ� IURP� D�

%ROW]PDQQ� GLVWULEXWLRQ� RI� WKH� RWKHU� LRQV� DURXQG� LW�� LQ�

ZKLFK� RQ� WKH� DYHUDJH� WKHUH� LV� D� VOLJKW� SUHSRQGHUDQFH� RI�

LRQV� RI� RSSRVLWH� VLJQ�� 7KH� UHVXOWLQJ� FKDUJH� GHQVLW\�

VDWLVILHV� WKH� 3RLVVRQ� UHODWLRQ�� DQG� WKH� LRQ� DWPRVSKHUH�

PDNHV� D� FRQWULEXWLRQ� WR� WKH� HOHFWULFDO� SRWHQWLDO� RI� WKH�

FHQWUDO� LRQ�ZKLFK� LQ� WXUQ� �V� UHIOHFWHG� LQ� LWV� FKHPLFDO�

SRWHQWLDO� DQG� LQ� UHODWHG� WKHUPRG\QDPLF� SURSHUWLHV��� �$Q�
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LQWHUHVWLQJ�PRGLILFDWLRQ� RU� WaLV� WKHRU\� ZDV� SURSRVHG�
E\� %MHUUXP� ���� ZKR� FRQVLGHUHG� WKH� SUREDELOLW\� WKDW� D�

VLQJOH� LRQ� SW āRSSRVLWH� FKDUJH� PLJKW� DSSURDFK� VXIILFLHQWO\�
FORVH� WR� D� JLYHQ� LRQ� WR� IRUP� HQ� LRQ�����SDLU�ZLWK� LW�� 7KH�

UHVXOWLQJ�SDLU� ZRXOG� FRQVWLWXWH� HVVHQWLDOO\� D� GLSROH��
DQG�PLJKW� EH� FRQVLGHUHG� QHLWKHU� WR� SRVVHVV�� QRU� WR�PDNH�

DQ\� VLJQLILFDQW� FRQWULEXWLRQ� WR� WKH� LRQ� DWPRVSKHUH��

7KH� SUREDELOLW\� RI� IRUPDWLRQ� RI� VXFK� DQ� LRQ�SDLU�ZRXOG�
EH� IDYRUHG� E\� UHODWLYHO\�KLJK� IRUFH� ILHOGV� DURXQG� WKH�

LRQV� VXFK� DV� ZRXOG� DULVH� IURP� KLJK� LRQLF� FKDUJH�� VPDOO�
LRQLF� UDGLXV�� RU� ORZ� GLHOHFWULF� FRQVWDQW� RI� WKH ��

VXUURXQGLQJ�PHGLXP�� $OVR�� RI� FRXUVH�� WKH� SUREDELOLW\�

RI� LRQ�SDLU� IRUPDWLRQ� ZRXOG� LQFUHDVH� ZLWK� LQFUHDVLQJ�
FRQFHQWUDWLRQ�� ,W� LV�XQGHU� WKHVH� FRQGLWLRQV� WKDW� WKH�

'HE\H�5XFNHO� WKHRU\�KDV� EHHQ� OHDVW� VXFFHVVIXO��
%MHUUXP�GHYHORSHG� D� PHWKRG� IRU� FDOFXODWLQJ� WKH�

UHODWLYH� QXPEHUV� RI� SDLUHG� DQG� XQSDLUHG� LRQV�� DQG� E\�

FRPELQLQJ� WKLV�ZLWK� D� 'HE\H�+XFNHO� WUHDWPHQW� RI� WKH�
IUHH� LRQV� KH� ZDV� DEOH� WR� FDOFXODWH� WKH� WKHUPRG\QDPLF�

SURSHUWLHV� RI� VXFK� VROXWLRQV�� ,Q� JHQHUDO�� WKH� DJUHHPHQW ��
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ZLWK� H[SHULPHQW� ZDV� DV� JRRG� DV� WKDW� RI� WKH� 'HE\H�+XFNHO�

WKHRU\�� ā ,QVROYHQWV� RI� ORZ� GLHOHFWULF� FRQVWDQW� %MHUUXP�
V�

WUHDWPHQW� ZDV� VXSHULRU� LQ� WKDW� LW�ILW� WKH� GDWD�ZLWK�PRUH�

UHDVRQDEOH� YDOXHV� RI� WKH� LRQLF� UDGLXV� SDUDPHWHU�� 7KH�

ZRUN� RI� %M�HUUXP�ZDV� FRQVLGHUDEO\�PRUH� ��WHGLRXV�ā�WR� DSSO\��

KRZHYHU�� DQG� �W�KDV� QHYHU� KDG� WKH� ZLGHVSUHDG�XVH� WKDW� WKH�

'HE\H�+XFNHO� WKHRU\� KDV� HQMR\HG��

,Q� ����� )XRVV� DQG� .UDXV� �
������� XVHG� WKH� LGHDV� RI�

%MHUUXP� LQ� D� WUHDWPHQW� RI� HOHFWURO\WLF� FRQGXFWLRQ��

7KH\� ZHUH� DEOH� WR� VKRZ� WKDW� FRQGXFWDQFH� PLQLPD�� ORQJ�

NQRZQ� LQ� VROYHQWV� RI� ORZ� GLHOHFWULF� FRQVWDQW�� FRXOG�

EH� UHDGLO\� H[SODLQHG� LQ� WHUPV� RI� HTXLOLEULD� DPRQJ� VLQJOH���

GRXEOH��� DQG� WULSOH�LRQV����,Q� JHQHUDO� VXFK�PLQLPD� EHFRPH�

QRWLFHDEOH� DW� ORZHU� FRQFHQWUDWLRQV� DV� WKH� GLHOHFWULF�

FRQVWDQW� LV� ORZHUHG�� 7KH\� ZHUH� DOVR� DEOH� WR� JLYH� WKH�

VKDSH� RI� WKH� FXUYH� EHORZ� VXFK� D� PLQLPXP� TXDQWLWDWLYHO\��

7KH\� H[DPLQHG� VROXWHV� LQ�GLR[DQH�ZDWHU� PL[WXUH� LQ�ZKLFK�

WKH\� ZHUH� DEOH� WR� YDU\� WKH� GLHOHFWULF� FRQVWDQW� RYHU� D�

ZLGH� UDQJH�� ,Q� VXPPDU\� RQH� PD\� VD\� WKDW� WKH� XVH� RI�

%MHUUXP�V� WUHDWPHQW�� DV� DPHQGHG� E\� )XRVV� DQG� .UDXV��



SURYLGH�D� IDU� PRUH� VDWLVIDFWRU\� SLFWXUH� RI� WKH� EHKDYLRU�

RI� PDQ\� VROYHQWV� RI� ORZ� GLHOHFWULF� FRQVWDQW� WKDQ�GRHV�

WKH�'HE\H�+XFNHO� WKHRU\��

$OWKRXJK� D� QXPEHU� RU� SDSHUV� RQ� WKH� SURSHUWLHV� RI�

DFHWLF� DFLG� VROXWLRQV� ZaUH� SXEOLVKHG� SULRU� WR� ����a�

WKH\�ZHUH� JHQHUDOO\�PRUH� FRQFHUQHG� ZLWK� WKH� SUHVHQFH�

RI� VROYDWHV� WKDQ�ZLWK� WKH� DFWXDO� SURSHUWLHV� RU� WKH�

VROXWLRQV�� ,QWHUHVW� LQ� DFHWLF� DFLG� DV� D� VROYHQW�

��

ZRUWK\� RU� VWXG\� LQ� LWV�RZQ� ULJKW� VWHPV� PDLQO\� IURP� WKH�

SXEOLFDWLRQV� RI�'DYLGVRQ� DQG� KLV� FR�ZRUNHUV�� 6WDUWLQJ�

LQ������� 'DYLGVRQ� LQYHVWLJDWHG� VROXELOLWLHV� RI� D� ODUJH�

QXPEHU� RI� VDOWV�� DFLG� DQG� EDVH� UHODWLRQVKLSV� LQ� DFHWLF�

DFLG�� WUDQVIHUHQFH� QXPEHUV�� DQG� SKDVH� GLDJUDPV� RI�

YDULRXV� V\VWHPV� ������������������������������̂ ��������������̂ �����

7KH� VROXELOLW\� UHODWLRQV� LQ� DFHWLF� DFLG� KDYH� DOVR� EHHQ�

VWXGLHG� E\� *ULVZROG� DQG� KLV� FR�ZRUNHUV� ������������������

:HEE� KDV� HYDOXDWHG� VRPH� WKHUPRG\QaLF� SURSHUWLHV�

RI� OLWKLXP�EURPLGH�� VRGLXP� EURPLGH�� DQG� VRGLXP� DFHWDWH�

VROXWLRQV� LQ� DFHWLF� DFLG� IURP� IUHH]LQJ� SRLQW� PHDVXUHPHQWV��

+H� VXFFHHGHG� LQ� ILWWLQJ�KLV� GDWD� RQ� WKH� DFWLYLW\� FRHIILFLHQWV�
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RI� WKHVH� VROXWHV� WR� DQ� H[WHQGHG� IRUP� RI� WKH�

'HE\H�+XFNHO� H[SUHVVLRQ�� 2WKHU� VWXGLHV� RI� DFWLYLW\�

FRHIILFLHQWV� LQFOXGH� WKRVH� RI� +XWFKLVRQ� DQG� &KDQGOHH�����

ZKR� XVHG� FHOOV� WR� VWXG\� VXOIXULF� DFLG� VROXWLRQV�� WKRVH�

RI� 6FKROO�� +XWFKLVRQ� DQG� &KDQGOHH� ���� ZKR� XVHG�

VROXELOLW\� VWXGLHV� RQ� SRWDVVLXP�SHUFKORUDWH� DQG�

EDULXP� FKORULGH� DQG� WKRVH� RI� 6HZDUG� DQG� +DPEOHWW� ����

RQ� WKH� VROXELOLWLHV� RI� SRWDVVLXP�SHUFKORUDWH� DQG�

SRWDVVLXP�-OOLWUDWH�� 7KHVH� DXWKRUV� XVHG� HLWKHU� WKH�

H[WHQGHG� 'HE\H�+XFNHO� WKHRU\� RU� WKH� *URQZDOO�� /D0HU��

DQG� 6DQGYHG� WUHDWPHQW� LQ� WKH� GLVFXVVLRQ� RI� WKHLU�

UHVXOWV�� 7KH� GDWD�ZH��U��H�ILW� VDWLVIDFWRULO\� LQ� WKH�

ILUVW� WZR� LQVWDQFHV���EXW� 6HZDUG� DQG� +DPEOHWW� QRWLFHG�

GLVFUHSDQFLHV��

7KH� LQYHVWLJDWLRU�VRQ� WKH� FRQGXFWLYLWLHV� RI�

DFHWLF� DFLG� VROXWLRQ� DUH� SUDFWLFDOO\� OLPLWHG� WR� WKH�

ZRUN� RI�:HLGQHU�� +XWFKLVRQ� DQG� &KDQGOHH� ����� ������ DQG�

RI�.ROWKRII� DQG� :LOOPDQ� ���������� 7KHVH� DXWKRUV� LQYHVWL�

JDWHG� D� ODUJH� QXPEHU� RI� VDOWV� EXW� JDYH� QHLWKHU� D�

TXDQWLWDWLYH� QRU� D� FRPSOHWH� TXDOLWDWLYH� H[SODQDWLRQ�



���

RI� WKHLU� UHVXOWV�� 7KHLU� GDWD�DUH� SUHVHQWHG� EXW� QRWKLQJ�

IXUWKHU�� 7KH� VDOWV� LQYHVWLJDWHG�E\�:HLGQHU�� +XWFKLVRQ�

DQG� &KH�QGOHH� ZHUH� +�VR� �� /L&O�� .&O�� /L1���� ;1�� �� �&+� ��1&���

�&+����Q&�+J�1%U�� 1D&O�� 1+�&O�� 1D�1���� &V1R��� �2+���1%U� DQG�

1D2$F�� E\� .ROWKRII� HQG�:LOOPDQ� ZHUH� +2O���� +�6���� +&O�� +%U��

+1���� /L&O�� .2$F�� 1D2$F�� DQG� S\ULGLQH��

$�VXUYH\� RI� WKH� OLWHUDWXUH� RQ� WKH� VXEMHFW� WKXV�

UHYHDOV� RQ� WKH� RQH� KDQG� WKDW� WKH� WKHUPRG\QDPLF� GDWD� WRU�

VROXWLRQV� RI� HOHFWURO\WHV� LQ�DFHWLF� DFLG� L �� FRPSDUDWLYHO\�

PHDJHU�� DQG� ZKHUH�DWWHPSWV� KDYH� EHHQ�PDGH� WR� JLYH� D�

WKHRUHWLFDO� LQWHUSUHWDWLRQ�WL�WKH� GDWD�� WKHVH� KDYH�
LQYROYHG� DSSOLFDWLRQ� RI� WKH� 'HE\H�+XFNHO� WKHRU\�ZLWK� WKH�

DVVXPSWLRQ� RI� FRPSOHWH� LRQL]DWLRQ� RI� WKH� VROXWHV�� 2Q�

WKH� RWKHU� KDQG�� JRRG� HYLGHQFH� H[LVWV�� EDVHG� HVSHFLDOO\�

RQ� FRQGXFWDQFH� GDWD�� WKDW�� DW� OHDVW� LQ� RWKHU� QRQ�DTXHRXV�

VROYHQWV� RI� GLHOHFWULF� FRQVWDQWV� HYHQ� VRPHZKDW� KLJKHU�

WKDQ� DFHWLF� DFLG�� GLVVROYHG� HOHFWURO\WHV� DUH� E\� QR�

PHDQV� FRPSOHWHO\�GLVVRFLDWHG� LQWR� LRQV� EXW�� LQVWHDG��

WKH\� DSSHDU� WR� EH� ODUJHO\� DVVRFLDWHG�� 7R� EH� VXUH�� WKHUH�

LV� DW� SUHVHQW� OLWWO��FRQFOXVLYH� HYLGHQFH� RQH� ZD\� RU� WKH�



���

RWKHU�� EHDULQJ� RQ� WKLV� SRLQW� LQ�UHODWLRQ� WR� DFHWLF� DFLG�

VROXWLRQ�� 1HYHUWKHOHVV� LW� VHHPV� LPSRUWDQW� WR� FRQVLGHU�

WKLV� SRVVLELOLW\� LQ�FRQQHFWLRQ�ZLWK� VROXELOLW\� HIIHFWV�

DQG� RWKHU� UHODWHG� SKHQRPHQD� LQ� DFHWLF� DFLG��



���

7KHRUHWLFDO�

6KRUWO\� DIWHU� WKH� 'HE\H�+LLFNHO� WKHRU\� DSSHDUHG��

%MHUUXP�SXEOLVKHG� WKH� UHVXOWV� RI�KLV� WKHRUHWLFDO�

LQYHVWLJDWLRQ� RI� WKH� HIIHFWV� RI� LRQLF� DVVRFLDWLRQ� �����

%MHUUXP� FDOFXODWHG� WKH� SUREDELOLW\� RI� ILQGLQJ� DQ� LRQ�

LQ� WKH� LPPHGLDWH� QHLJKERUKRRG� RU� D� VHFRQG� LRQ� DV� D�
IXQFWLRQ�RW� WKHLU�GLVWDQFH� RI� VaSDUDWLRQ�� +H� DVVXPHG�

WKDW� WKH� LQWHUPROHFXODU� IRUFHV� ZHUH� SXUHO\� FRXORPELF�

DQG� IXUWKHU�� WKDW� WZR� LRQV� RI� RSSRVLWH� VLJQ� FORVHU�

WRJHWKHU� WKDQ� D� FHUWDLQ�FULWLFDO� UDGLXV� IRUPHG� D�

VLQJOH� SDUWLFOH� DV� IDU� DV� FROOLJDWLYH� SURSHUWLHV�
�� 0a� �ZHUH� FRQFHUQHG�� 7KLV� SDUWLFOH� ZDV� DQ� LRQ�SDLU� ;���

$V� D� UH�VXOW� RI
� LWV�SRVVHVVLQJ� QR� QHW� FKDUJH�� LW�GLG�

QRW� FRQWULEXWH� WR� WKH� FRQGXFWDQFH� RI� WKH� VROXWLRQ��

7KHVH� LRQ�SDLUV� ZHUH� DVVXPHG� WR� H[LVW� LQ� HTXLOLEULXP�

ZLWK� VLQJOH� LRQV� DQG� WKLV� HTXLOLEULXP� FRXOG� EH� UHSUHVHQWHG�

E\� DQ� HTXLOLEULXP�FRQVWDQW� H[SUHVVLRQ��

.� >B0W@>�[��B�
>�0W;�@� ��O��



���

,Q�KLV� RULJLQDO� DUWLFOH� %MHUUXP� FDOFXODWHG� DFWLYLW\�

FRHIILFLHQWV� DQG� LRQLF� UDGLL� I
RU� VHYHUDO� VWURQJ� HOHFWUR�

O\WHV� DQG� FRPSDUHG� WKHP� ZLWK� WKH� YDOXHV� REWDLQHG� IURPā�

WKH� 'HE\H�+XFNHO� WKHRU\a� ,Q�PRVW� FDVHV� WKH� FRPSDULVRQ�

ZDV� TXLWH� IDYRUDEOH� WR� %MHUUXP�V� WKHRU\�� 6LQFH� LW� LV�

%MHUUXP���V� WKHRU\� ZKLFK� ZLOO� EH� XVHG� WR� GLVFXVV� WKLV�

SUREOHP�� D� VKRUW� RXWOLQH� RU� LW�LV�QRW� RXW� RI
� SODFH��

7R� EHJLQ� ZLWK�� %MHUUXP�� FRQVLGHUV� WKH� SUREDELOLW\�

RU� ILQGLQJ� DQ� LRQ� RI� WKH�L� �WK�NLQG� ZLWKLQ� D� VSKHULFDO�
VKHOO� RI� WKLFNQHVV�G-L�� DW� D� GLVWDQFH�K� DZD\� IURP� D�
JLYHQ� FHQWUDO� LRQ� WR� EH� H[SUHVVHG�E\�

�9F]Â���������

�,,��

&L� �V� WKH�PRODULW\� RI
� WKH��L�WK� VSHFLHV� RI� LRQ�
1� LV� $YRJDGUR�, V� QXPEHU�U��V� WKH� ZRUN� RI� VHSDUDWLRQ�RI� WKH� LRQ� IURP�

WKH� FHQWUDO� LRQ�



���

)URP� &RXORPE
V� /DZ� %MHUUXP�ZULWHV�

��,,,��

'� LV� WKH� GLHOHFWULF� FRQVWDQW�
¼� LV� WKH� HOHFWURQLF� FKDUJH�

LL� LV� WKH� FKDUJH� RQ� WKH�L� �WK� LRQ�
7KLV� SUREDELOLW\� IXQFWLRQ�+WOO���KDV� D� PLQLPXP� YDOXH� DW�

B�F��a�B� (����
�--�H�7�

��,9��

%MHUUXP� WKHQ� DVVXPHV� WKDW� HQ� LRQ� RU� RSSRVLWH� FKDUJH�
O\LQJ� FORVHU� WR� WKH� FHQWUDO� LRQ� WKDQ� -Fa�LV� WR� EH�
FRQVLGHUHG� DV� SDLUHG�ZLWK� LW�� %MHUUXP� QH[W� LQWHJUDWHV�

WKH� SUREDELOLW\� HTXDWLRQ� IURP� WKH� GLVWDQFH� RI� FORVHVW�

DSSURDFK��/� WR� $U�X���DQG� FRQVLGHUV� WKLV� UHVXOW� WR� EH�
WKH� GHJUHH� RI� DVVRFLDWLRQ��

�9��



ZKHUH©�UHSUHVHQWV� WKH� GHJUHH� RI� DVVRFLDWLRQ� LQWR�

LRQ�SDLUV��

���

7R� HYDOXDWH� WKLV� LQWHJUDO� LQ� WKH� FDVH� RI� D� VLQJOH� XQL�

XQLYDOHQW� HOHFWURO\WH� LW�LV� WUDQVIRUPHG� WR�

�9,��

ZKHUH�

�9,,��

4&�ā������ KDV� EHHQ� FDOFXODWHG� IRU� YDULRXV� YDOXHV� RI��IU�
UDQJLQJ� IURP� �� WR� ��� DQG� WKH� UHVXOWV� DUH� JLYHQ� LQ� WKH�

WDEOHV� RI� %MHUUXP� ���� RU� RI� )XRVV� DQG� .UDXV� �����

)URP� RXU� YDOXH� RI� R�� ZH� FDQ� UHDGLO\� REWDLQ� WKH�

HTXLOLEULXP� FRQVWDQW� IRU� LRQ�SDLU� IRUPDWLRQ� LQ� D�

VROXWLRQ� FRQWDLQLQJ� D� VLQJOH� XQLXQLYDOHQW� HOHFWURO\WH��



���

�^ �

�9,,,��

I��� ���� �I
����R�����W�&;�&� �� �� ,��������� �W�.� � ������ �
D^� FB� IX� R^� -a�

�,;��

.��

�;��

ZKHUH� IB�� LV� WKH�PHDQ� DFWLYLW\� FRHIILFLHQW� RI� WKH� IUHH�
LRQV� RW� WKH� HOHFWURO\WH�� DQG� IX��� LV� WKH� DFWLYLW\�
FRHIILFLHQW� RI� WKH� LRQ���SDLUV �a� DVVXPHG� WR� EH� XQLW\��

,Q�GLOXWH� VROXWLRQV� WKLV� VLPSOLILHV� WR�

�;,��
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,W�PD\� EH� VHHQ� IURP� HTXDWLRQV� �9,�� DQG� �;,�� WKDW�
���%MHUUZQ
�V� H[SUHVVLRQV� JLYH� H[����� .� �� ZKLFK� IURP� �;��

OHDGV� WR� WKH� DEVXUG� UHVXOW� WKDW� �W � �� 0RUHRYHU��

LW� LV�QRW� VWULFWO\�FRUUHFW� WR� VHW�
���

��� �a� I� II���OB���GWL���
&Y�

VLQFH� FR�

MZI/��K���,�
D���

)X�DVV� DQG� .UDXV� �"����� KDYH� PRGLILHG� %MHUUXP�V� SUREDELOLW\�

IXQFWLRQ� LQ� D� UHDVRQDEOH� PDQQHU� ZKLFK� HOLPLQDWHV� WKHVH�

�2EMHFWLRQV�� 7KHLU� SURFHGXUH� \LHOGV� HTXDWLRQ� �;,�� IRU�

WKH� LRQ�SDLU� GLVVRFLDWLRQ� FRQVWDQW�� EXW� PRGLILHV� HTXDWLRQ�

�9,�� VXFK� WKDW� LW� LV� DSSURDFKHG� RQO\� LQ� WKH� OLPLW� RI�

LQILQLWH�GLOXWLRQ��

,W� LV� VHHQ� WKDW� .� ZLOO� EH� GHWHUPLQHG� E\� W� �� 7KLV�

SDUDPHWHU� PXVW� EH� REWDLQHG� E\� RWKHU�PHDVXUHPHQWV� GLV�

FXVVHG� EHORZ��

6LQFH� WKH� FRQVWDQWV� RI� LQWHUHVW� DUH� WKH� GLVVRFLDWLRQ�

FRQVWDQWV� RI� ZHDN� HOHFWURO\WHV� �LQ� DFHWLF� DFLG�� ZH� PD\�



REWDLQ� WKHVH� IURP� FRQGXFWDQFH� GDWD� E\� XVLQJ� WKH�

PHWKRG� RI� )XRVV� DQG� .UDX�� �6��� 7KLV� PHWKRG� LV�

HVVHQWLDOO\� D� PRGHUQL]DWLRQ� RI� WKH� 2VWZDOG� 'LOXWLRQ�

/DZ� DQG� WKH� ZRUN� 2I� .UDXV� DQG� %UD\�� )RU� D� ZHDN�

HOHFWURO\WH� 2VWZDOG� ZURWH� WKH� GLVVRFLDWLRQ� FRQVWDQW�

H[SUHVVLRQ� DV�

� �O�]B� 4��
.� ��
^,,
�

�;,,��

.UDXV� DQG� %UD\� UH?�,
RWH� WKLV� LQ� WKH� IRUP�

B/�
,?�

,����� ���

���

�;,,,��

)XRVV� DQG� .UDXV� PRGLILHG� WKHVH� HTXDWLRQV� WR�

WDNH� LQWR� DFFRXQW� WKH� 2QVDJHU� HTXDWLRQ� IRU�

FRQGXFWDQFH�

�;,9��

DQG� WKH� 'HE\H�+XFNHO� OLPLWLQJ� HTXDWLRQ� IRU� DFWLYLW\�



FRHIILFLHQWV�

�;9�ā�

,Q�GLOXWH� VROXWLRQV� RI� DQ� HOHFWURO\WH� ZLWK� D� GHJUHH�

RI� GLVVRFLDWLRQ� RIa�WKH� 2QVDJHU� HTXDWLRQ� EHFRPHV�

ZKHUH� 6,?� LV� WKH� 2QVDJHU� VORSH��
)URP� WKLV�

,?�
R�� ����

�;9,��

���

�;9,,��

,I� RQH� VXEVWLWXWHV� WKLV� YDOXH� ��� T� EDFN� LQWR� WKH�

GHQRPLQDWRU� RW� WKLV� HTXDWLRQ�� WKH� WHUP� LQ�SDUHQWKHVaV�

PD\� EH� UHSODFHG�E\� D� FRQWLQXHG� IUDFWLRQ�

,� BM�

)���� � ��]I���=>��L�^aI�7"�`� /�

�;9,,,��

ZKHUH� ���]BB�L�� � 6��� �� ,,�R�� �;,;��



)URP� WKLV�

,?�
$��)�L��

�;;��

)XRVV� KDV� WDEXODWHG� YDOXHV� R�I� I�L��`� IRU� YDULRXV� YDOXHV�

RI� WKH� DUJXPHQW� �� ��

���

�;;,��

:H� PD\� VXEVWLWXWH� IURP� �;;�� LQWR� WKH� H[SUHVVLRQ�

IRU� WKH� WKHUPRG\QDPLF� LRQL]DWLRQ� FRQVWDQW�

UHZULWLQJ�� REWDLQ� WKH� H[SUHVVLRQ�

)�DM�

�?�

�;;,,��

�;;,,,��

�PD\� EH� FDOFXODWHG� IURP� WKH� 'HE\H�+XFNHO� UHODWLRQ�

�;9��



���
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I�W�,� F��I��$�SORW� RI� ,$� DJDLQVW� )�a� VKRXOG� WKHQ�\LHOG�

D� VWUDLJKW� OLQH� RI� VORSH� ,��.������� DQG� LQWHUFHSW���� �
^��� �� ā�

$FWXDOO\� WKLV� SURFHGXUH� LV� UHSHDWHG� XQWLO� WKH� VDPH� YDOXH�

RI� ���� XVHG� WR� REWDLQ� )�a�D�-�FW���� LV� DFWXDOO\� REWDLQHG� DV� DQ�
LQWHUFHSW�� 7KLV� LV� WKH�PHWKRG� E\� ZKLFK� WKH� LQGLYLGXDO�

,���V� ZHUH� REWDLQHG� IRU� WKH� VDOWV� VWXGLHG��
7KH� WKHRU\� RI� %MHUUXP�� )XRVV�� DQG� .UDXV� XQGHU�

O\LQJ� HTXDWLRQ� �;;�� KDVa��� QRW� JRQH� ZLWKR�TW� FULWLFLVP��

*URQZDOO�� /D0�HU�� DQG� 6DQGYHG� ������ DQG� *URVV� DQG� +DOSHUQ�

��������� �� LQ�SDUWLFXODU�� KDYH� OHYHOHG� VKDUS� FULWLFLVPV�

DJDLQVW� FHUWDLQ� DVSHFWV� RI� WKH� WKHRU\�� 7KHVH� DSSHDU�

WR�KDYH� EHHQ�PHW� DGHTXDWHO\�� KRZHYHU� ��������������

7KH� SUREDELOLW\�IXQFWLRQV� REWDLQHG� E\� WKHVH�

LQYHVWLJDWRUV� LQYROYHG� RQO\� D� &RXORPE� SRWHQWLDO�� ,Q�

FRQVHTXHQFH� WKH� IXQFWLRQ� FXWV� RII� VKDUSO\�ZLWK� D� UHOD�
�UUW��� ^� ��� � 
��� ��

WLYHO\� KLJK� SHDN� YDOXH� RI� �����RF�ā�T��� <�I��� B�� E��IH��7D��� �� 
�� DW�
WKH� GLVWDQFH� RI� FORVHVW� DSSURDFK� DB�� :LWK� LQFUHDVLQJ�

�� 
�
K�� WKH� IXQFWLRQ� JRHV� WKURXJK� D� PLQLPXP� DW� -W������'I�7���

�� 
 �
�

WKHQ� ULVHV�� %MHUUZQ
V� IXQFWLRQ� ULVHV�ZLWKRXW� OLPLW��

EXW� WKH� PRGLILHG� IXQFWLRQ� RI� )�XRVV� DQG� .UDXV� JRHV�



WKURXJK� D� PD[LPXP� DQG� WKHQ� IDOOV� WR� ]HUR��

7KH� LQWURGXFWLRQ�RU� D� UHSXOVLRQ� WHUP� LQ� WKH�
SRWHQWLDO�ā�RI� D� IRUP� VLPLODU� WR� WKDW� IRU� LRQV� LQ�

FU\VWDOV�� ZRXOG� DIIHFW� WKH� IRUP� RW� WKH� SUREDELOLW\�

FXUYH� PDLQO\� LQ� WKH� UHJLRQ� RI� FORVHVW� DSSURDFK��

�7KXV� LI�āWKH�PXWXDO� SRWHQWLDO� HQHUJ\� RI� D� FHQWUDO� LRQ�L�

,�

DQG� DQ� LRQ�G� LV� JLYHQ�E\�

: �� �

���

�;;,9��

WKHQ� %MHUUXP�V� IRUP� RI� WKH� SUREDELOLW\� IXQFWLRQ�

EHFRPHV�

8VLQJ� I!�  � ���� [� ��ā��� HUJV� PROHFX�Hā�� DQG�S � ������$�
,�����O�� 3W!a��

��������� WKH� YDOXHV� RI� /WUUFā� JLYHQ� LQ�7DEOH� ,�B��
DUH� FDOFXODWHG� IRU� YDULRXV� YDOXHV� RW� UW�� 7KH�YDOXHV�

RI�H� DQG�S� XVHG� KHUH� DUH� WKRVH� XVHG��E\�%RUQ� IRU� WKH�
DONDOL�PHWDO� KDOLGHV�� 6LQFH� WKHVH��ZHUH
GHULYHG� IURP�
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GDWD�RQ� WKH� FU\VWDOOLQH��FRPSRXQGV� WKH\� VKRXOG� QRW� EH�

H[SHFWHG� WR� UHSUHVHQW� WKH� H[DFW� UHSXOVLRQ� SRWHQWLDO� IRU�

WKH� LRQV� LQ� VROXWLRQ�� EXW� UDWKHU� WKH� W\SH� RI� FXUYH� ZKLFK�

LV� H[SHFWHG��

U
[� ���� HPV�

��

��

��

��

��

��

��

��

��

���

7DEOH� ,�

�� ���H�UY��ā�� ��

����� ;� �����

����� ;� �����

����� ;� �����

����� ;� �����

�� ������ ;� ���

����� ;� �����

����� ;� ����O2�

����� ;� O2�O2�

���� ;� �R�OO�

7KH� FRQGLWLRQ� IRU� WKH� H[WUHPXP�� YDOXH� RI� 3O� �� LV�
R�3F����� B� ��RIW� �



���

,Q� WKLV� FDVH� WKH� FRQGLWLRQ� JLYHV�

%� "�� ���H�
-L� H�

�L� �$���� H��
7KHUH� DUH� WZR� H[WUHPXP� YDOXHV� RI� LQWHUHVW�� 7KHUH� LV�

DQ� ���
OI���� ��FRUUHVSRQGLQJ� WR� %M�HUUXP���V� -Wa��EXW� YHU\�
VOLJKWO\� VPDOOHU� WKDQ�KLV�� 7KHUH� LV� DOVR� HQ�-F���� YDOXH�
FRUUHVSRQGLQJ� WR� D� PD[LPXP� LQ� WKH� 3������ FXUYH� LQ� WKH�

UHJLRQ� RI� FORVHVW� DSSURDFK�� $Q� DSSUR[LPDWH� FDOFXODWLRQ�

VKRZV� WKLV� GLVWDQFH� WR� EH� LQ� WKH� QHLJKERUKRRG� RI� �� L��
7KH� DERYH� DQDO\VLV� IROORZV� %MHUUXP�V� DQG� GRHV� QRW�

GLIIHU� IURP� LW� DW� HQ\� EXW� WKH� VPDOOHVW�OH� YDOXHV�� $�

VLPLODU� WUHDWPHQW� IROORZLQJ� )XRVV� OHDGV� WR� DQ� LQWHJUDO�

HTXDWLRQ� RI� FRQVLGHUDEO\� JUHDWHU� FRPSOH[LW\�� 7KH�

JHQHUDO� VKDSH� RI� WKH� SUREDELOLW\� FXUYH� FRXOG� EH� KD]DUGHG�

DV� IROORZLQJ� WKDW� RI� )XRVV� IRU� DOO�UW���� �� $��� DQG� EHKDYLQJ�
PXHK� OLNH� WKH� DERYH� IXQFWLRQ� IRU� VPDOO�,/� �K/��$����

5HFHQWO\� WKH� FRQFHSW� RI� LRQ�SDLUV� KDV� EHHQ� XVHG� WR�

H[SODLQ� FHUWDLQ� VROXELOLW\� HWUHFWV�QRWHG� LQ� VRPH� DFHWLF�

DFLG� VROXWLRQV� ����� �� 7KH� LQFUHDVH� LQ� VROXELOLW\� RI� D�

JLYHQ� VDOW� LQ� DFHWLF� DF��LG� RQ� WKH� DGGLWLRQ� RI� D� VHFRQG�

VDOW� QRW� FRQWDLQLQJ� DQ� LRQ� LQ� FRPPRQ� ZLWK� WKH� ILUVW�

LV� DWWULEXWHG� WR� WKH� L
RUPD�WLRQ� RI�PL[HG� LRQ�SDLUV��



���

,I� LW�LV� DVVXPHG� WKDW� HOHFWURO\WHV� GLVVROYHG�

LQ� DFHWLF� DFLG� H[LVW� ODUJHO\� DV� LRQ�SDLUV� LQ� HTXLOLEULXP�

ZLWK� YHU\� VPDOO� FRQFHQWUDWLRQV� RI� IUHH� LRQV�� WKHQ� ZKHQ�

WZR� VDOWV�� .%U� DQG� �<,�.��� IRU� H[DPSOH�� DUH� PL[HG�
WRJHWKHU� LQ� VXFK� D� VROYHQW�� LW�LV� WR� EH� H[SHFWHG� WKDW�

D �UHDFWLRQ� R�I� WKH� IROORZLQJ� W\SH� ZRXOG� WUXFH� SODFH�

7KH� HTXLOLEULXP� H[SUHVVLRQ� IRU� WKLV� UHDFWLRQ�PD\�

EH� ZULWWHQ� DV�

�;;9��

6LQFH� WKH� DFWLYLW\� RI� WKH� GLVVROYHG� .%U� PXVW� UHPDLQ�

FRQVWDQW� �LW� LV� LQ� HTXLOLEULXP�ZLWK� VROLG�.%U�� ZH� PD\�

ZULWH�

�;;�9,��



6R�LV� WKH� VROXELOLW\� RI� VROLG�.%U� LQ� WKH� DEVHQFH� RI�

DQ\� DGGHG� VDOW�� DQG� <Y� LV� WKH� FRUUHVSRQGLQJ� DFWLYLW\�
FRHIILFLHQW��

���

$VVXPLQJ � WKDW� WKH� FRQFHQWUDWLRQ� RI� WKH� IUHH� LRQV�

FDQ�EH� QHJOHFWHG� LQ� FRPSDULVRQ� ZLWK� WKRVH� RI� WKH� LRQ�

SDLUV�� WKHD� LW� FDQ� HDVLO\�EH� VHHQ� WKDW�

�;;9,,��

DQG�

�;;9,,,��
ZKHUH� W-�6��V� WKH� LQFUHDVH� LQ 
 VROXELOLW\� RI� SRWDVVLXP�

EURPLGH� DQG� &���VāWKH� FRQFHQWUDWLRQ� RI� DGGHG� VDOW�� ,I��

PRUHRYHU�� ZH� DVVXPH� WKH� DFWLYLW\� FRHIILFLHQWV� RI� WKH�

LRQ�SDLUV� WR� EH� HTXDO� WR� RQH� DQRWKHU� DQG� HVVHQWLDOO\�

FRQVWDQW�

R�-��L�,`��  �<�0�U;� ��WL�U�I`���� � � ��NW��F��� �
�;;,;��

WKHQ�

�;;;��



���

RU�� VLQFH� 6R� LV� D� FRQVWDQW��

�;;;,��

7KLV� SDUWLFXODU� HTXDWLRQ�KDV� EHHQ� IRXQG� WR� DSSO\�

VDWLVIDFWRULO\� WR� GDWD� RQ� WKH� VROXELOLW\� RI� SRWDVVLXP�

EURPLGH� LQ� DFHWLF� DFLG� VROXWLRQV� RI� VRPH� KDOI�GR]HQ�

GLIIHUHQW� XQ�XQLYDOHQW� VDOWV� ���� RYHU� D� FRQFHQWUDWLRQ�

UDQJH� RI� DERXW� ������PRODO� WR� ����PRODO�� $V� ZLOO� EH�

SRLQWHG� RXW� LQ� WKH� QH[W� SDUDJUDSK�� FRQGXFWDQFH�

PHDVXUHPHQWV� VKRXOG�PDNH� LW�SRVVLEOH� WR� REWDLQ� D�

FRPSOHWHO\� LQGHSHQGHQW� YDOXH� RI� WKH� FRQVWDQW� LQ� HTXDWLRQ�

�;;9 
������

7KH� PHWKRG� E\� ZKLFK� WKLV�ZDV� DWWHPSWHG� LV� DV� I
ROORZV��
,�

*ULVZROG
V� RULJLQDO� H[SUHVVLRQ� IRU���

>`���[��-�>� ,9`� W� I!���@� U���7;� 20Wa�
>.W``�@�>0L�[�-�2O�Wa� WQ�[�

�;;;,,��

FDQ�EH� ZULWWHQ� LQ� DQRWKHU� IRUP�� )RU� HDFK� VDOW� ZH� PD\�

ZULWH� DQ� LRQ�SDLU� GLVVRFLDWLRQ� UHDFWLRQ�



DQG� IRU� HDFK� RI� WKHVH� UHDFWLRQV� DQ� HTXLOLEULXP�

FRQVWDQW� H[SUHVVLRQ�

>��-H[�M� <���
>�F�W�\�M� 2�a��a�

aM>a-�
LW"B�
>��LI`�@� `��L�L�Wa�

>a@>��a@� 
�^�
/W�LD�-�āU�a��

�;;;,,,��

�;;;,9��

�;;;9��

�;;;9,��

,I� LW�LV�SRVVLEOH� WR� HYDOXDWH� HDFK� RI� WKHVH�

FRQVWDQWV� VHSDUDWHO\�� WKH\� VKRXOG� FRPELQH� WR� JLYH� WKH�

���



IF
�LQ� HTXDWLRQ� �;;;,,�� GLUHFWO\�� &RPSDULVRQ� RI� WKH�
,�����2EWDLQHG� LQ� WKLV�PDQQHU� ZLWK� WKDW� REWDLQHG� IURP�

VROXELOLW\�GDWD� E\� HTXDWLRQ� �;;;�� VKRXOG� HLWKHU� OHQG�

VXSSRUW 
�WR� WKH� WKHRU\� WKDW� LRQ�SDLU� LQWHUFKDQJH�

DFFRXQWV� LQ� ODUJH� SDUW� IRU� WKH� VROXELOLW\� HIIHFWV�

REVHUYHG�� RU� LQGLFDWH� WKDW� VRPH� RWKHU� HIIHFW� LV�

RFFXUULQJ��

%\� PHDQV� RI� FRQGXFWDQFH� PHDVXUHPHQWV� XVLQJ� WKH�

)XRVV�.UDXV� WUHDWPHQW� RXWOLQHG� LQ� WKH� SUHFHGLQJ�

VHFWLRQ� WKH� WKHUPRG\QDPLF� GLVVRFLDWLRQ� FRQVWDQWV� IRU�

WKHVH� LRQ�SDLUV� UHVXOWHG�� 7KH� VROXELOLW\�GDWD� JLYH�

.�YDOXHV� ZKLFK� DUH� XQFRUUHFWHG� IRU� DFWLYLW\�
��

FRHIILFLHQWV�� 7KLV� PHDQV� WKDW� WKH� ,��� 
V�ZKLFK� DUH�
FRPSDUHG� LQ� WKH� HQG� DUH� QRW� H[DFWO\� RI� WKH� VDPH�

���

IRUP�� $� TXDQWLWDWLYH� HVWLPDWH� RI� DFWLYLW\� FRHIILFLHQWV�

RI� LRQ�SDLUV� LQ� DFHWLF� DFLG� ZRXOG� EH� UHTXLUHG� WR� MXGJH�

H[DFWO\�KRZ� ZHOO� WKH�.� 
V� FRPSDUH�� ,Q� DQ\� HYHQW� WKH�

SURFHVVHV� DFWXDOO\� RFFXUULQJ�PD\� EH� GHPRQVWUDWHG� LI�ZH�

LJQRUH� WKH� DFWLYLW\� FRHIILFLHQWV�� $W� PRVW� WKLV�ZLOO�

LQWURGXFH� D� VPDOO� DGMXVWPHQW� WQ� WKH� .B� YDOXHV��



$FWLYLW\� &RHIILFLHQWV�

,Q� WKH� WUHDWPHQW� RI� VROXELOLW\�GDWD�GHVFULEHG�
DERYH�� WKH� DFWLYLW\� FRHIILFLHQWV� RI� WKH� LRQ�SDLUV�

DUH� DVVXPHG� WR� FDQFHO� RXW�� 7KXV� LQ� WKH� HTXLOLEULXP�

FRQVWDQW� H[SUHVVLRQ�

.-� >� ,���U�-�>� V��-� W�U��L�WU�����BB�
>.L�Ia�->0�U[��� W.aa� ��[�

RU� WKH� HTXLYDOHQW� IRUP�

WKH� TXR�WLHQW�

LV� VHW� HTXDO� WR� XQLW\��

)URP� SUHYLRXV� ZRUN� ���� RQ� VROXELOLWLHV� RI�

SRWDVVLXP�EURPLGH� LQ�WKH� SUHVHQFH� RI� VDOWV�ZLWK� D�

FRPPRQ� LRQ�� ZKHUH� LRQ�LQWHUFKDQJH� FDQQRW� RFFXU�� LW�

���



LV�NQRZQ� WKDW� >.�%LO � �����R�EXW� GLIIHUV� IURP� LW�
E\� D� UHODWLYHO\� VPDOO� DPRXQW�� 7KLV� SDUWLFXODU�

�� ��

VLPSOLILFDWLRQ�GRHV� QRW� LQWURGXFH� DQ\� FRQVLGHUDEOH�

HUURU� LQWR� WKH� WUHDWPHQW��

���

7KH� TXRWLHQW� N
N[� 
��
I-������2W�%Ua0�[�� FDQQRW� EH�

HYDOXDWHG� IURP� *ULVZROG
V� ZRUN� RU� IURP� WKH� H[SHULPHQWDO�

ZRUN� SUHVHQWHG� LQ� WKLV� WKHVLV�� ,W� LV�QHYHUWKHOHVV�
4K�4���

RI� VRPH� LQWHUHVW� WR� NQRZ� WKDW� WKHUH� �WV�H[SHULPHQWDO�
GDWD� LQ� WKH� OLWHUDWXUH� IURP� ZKLFK� DSSUR[LPDWH� YDOXHV�

RU� WKLV� TXRWLHQW� PD\� EH� REWDLQHG� IRU� RQH� FDVH�� 7KLV�

LV� WKH� TXRWLHQW� IRU� VRGLXP� DFHWDWH� DV� VROYHQW� VDOW��

,Q� WKLV� FDVH� WKH�āTXRWLHQW� EHFRPHV�

IL�R$�F�� aI
-D
%�U�

2�&a�Y� �1DR��F�

7KHVH� DFWLYLW\� FRHIILFLHQWV� KDYH� EHHQ� HVWLPDWHG� LQ�

WKH� IROORZLQJ� ZD\V�� "^� .2$F� IURP� WKH� IUHH]LQJ�
SRLQW� GHSUHVVLRQV� PHDVXUHG� E\�'DYLGVRQ� DQG� 0F$OOLVWHU�

������ 
��1D2$F� DQG� I[D%U� �IURP� WKH� IUHH]LQJ� SRLQW�

GHSUHVVLRQV�PHDVXUHG� E\�:HEE� &??�� DQG
��.%U� IURP� WKH�
VROXELOLW\�PaDVXUHPHQWV� RU� *ULVZDOG��



WKH�

���

:KHUH� IUHH]LQJ� SRLQW� GHSUHVVLRQ� GDW�D� ZHUH� XVHG��

M� IXQFWLRQ� RI� /HZLV� ZDV� FDOFXODWHG� H�V�

���� 	�
,�� �-$�P�

����� �	�
����

$�


� ����� ��� 6�E��-UL�

LV� WKH� IUHH]LQJ� SRLQW� GHSUHVVLRQ�

LV� WKH� QR�� RI� SDUWLFOHV� SHU� PROHFXOH�

RI� VROXWH� WDNHQ� DV� O�

LV� WKH� IUHH]LQJ� SRLQW� GHSUHVVLRQ�

FRQVWDQW� FDOFXODWHG� DV�

/�� ������� ����� FDORULHV� SHU�PROH� L������ KHDW�

RI� IXVLRQ�

,� � JDV� FRQVWDQW�PROH�� � ������ FDOV�GHJ��

7R � PHOWLQJ� SRLQW� RI� DFHWLF� DFLG� ������.��
�-,-�a� PROHFXODU� ZHLJKW� RI� DFHWLF� DFLG� ������

7KHVH� GDWD�ZHUH� REWDLQHG� IURP� 7LPPHUPH�Q
V� ��7KH� �3K\VLFDO�

&RQVWDQWV� RI� 3XUH� 2UJDQLF� &RPSRXQGV �� �E�����



���

7KH� DFWLYLW\� FRHIILFLHQW� RI� WKH� VROXWH� PD\� EH�

REWDLQHG� E\� D� JUDSKLFDO� VROXWLRQ�RI� WKH� HTXDWLRQ��

�����

O Q��a-�ONP��U-�L�
H�!�

���
�a�� /-&�S��

F\�  � � ���BR�6� ,� ��,R�� ��

E�&S� � ����� FDOV��PROH� �IURP�7LPPHUPDQ
�D`�
7KH� ILUVW� WZR� WHUPV� RQ� WKH� ULJKW�KDQG� VLGH� ZHUH� IRXQG�

WR� EH� WKH� RQO\� RQHV� ZKLFK� FRQWULEXWHG� DSSUHFLDEO\� WR�

K���
:KHUH� VROXELOLW\�GDWD�ZHUH� XVHG�� WKH�PRVW� GLOXWH�

VROXWLRQ�ZDV� XVHG� DV� D� WHPSRUDU\� VWDQGDUG�� ���IR� YDOXHV�
ZHUH� FDOFXODWHG� DQG� SORWWHG� DV� RUGLQDWHV� ZLWK� WKH�

PRODOLW\� DV� DEVFLVVD�� $�JUDSKLFDO� H[WUDSRODWLRQ�ZDV�



XVHG� WR� REWDLQ� a�a
� IURP� WKLV� SORW� ������ )URP�

WKLV�� ZLWK� I �O� �� DFWLYLW\� FRHIILFLHQWV� RI� DOO�
WKH� VROXWLRQV� DW� ILQLWH� FRQFHQWUDWLRQV�ZHUH�
FDOFXODWHG��

���

7KH� UHVXOWV� RI� WKHVH� FRPSXWDWLRQV� DUH� FRQYHQLHQWO\�

VXPPDUL]HG� LQ� WKH� IROORZLQJ� WDEOH��

7DEOH� ,,�

]�LP �� 
<.R$F� aD%U� aU� aH�2$H�
�.FPH�� W��-D�Y��

�
[-���� ��1D�Q2F�����

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

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

����� ������ ����� ���� ����� R�����

����� O����� ����� ���� ����� �����

$OWKRXJK� WKHVH� DFWLYLW\� FRHIILFLHQWV� DUH� E\� QR�
PHDQV� SUHFLVH� WKH� UHVXOWDQW� TXRWLHQW� LV� IDLUO\� FRQVWDQW��

7KH� YDULDWLRQ� LQ�WKH� TXRWLHQW� LQ�WKH� UHJLRQ� �Q� ZKLFK�

PRVW� PHDVXUHPHQWV� OLH� L�H�������� WR� ����� PRODO� LV�

OHVV� WKDQ� ���� 7KH� TXRWLHQW� FRXOG� QRW� EH� HYDOXDWHG� LQ�
PRUH� FRQFHQWUDWHG� VROXWLRQV� EHFDXVH� RI� D� ODFN� RI� GDWD��



���

,I� WKHVH� ILJXUHV� GR� QRW� FRPSOHWHO\� YLQGLFDWH� WKH�

DVVXPSWLRQ� WKDW� WKH� TXRWLHQW� LV�XQLW\�� WKH\� DW� OHDVW�

VKRZ� WKDW� VXFK� V�Q� DVVXPSWLRQ�ZLOO� QRW� OHDG� WR� DQ�

HTXLOLEULXP� FRQVWDQW� GLIIHULQJ� VLJQLILFDQWO\� IURP� WKDW�

REWDLQHG�E\� WKH� XVH� RI� DFWLYLWLHV��

7KH� �DFW� WKDW� VROXWLRQV� RI� WKHVH� VDOWV� LQ� DFHWLF�

DFLG� EHKDYH� DOPRVW� DV� LGHDO� VROXWLRQV� ����-� �
,W� `� ZDV�

QRWLFHG� RYHU� VL[W\�\HDUV� DJR� E\�5DRXOW� ��a��� 5DRXOW�

DQG� 5HFRXUD� ������ DQG� %HHORQDQQ� ������



([SHULPHQWDO�

7KH� H[SHULPHQWDO� ZRUNUHSRUWHG� LQ� WKLV� WKHVLV�

FRQVLVWV� RI� WZR� SDUWV�� 7KH� ILUVW� DQG� SULQFLSDO�

SDUW� FRQVLVWV� RI� WKH� PHDVXUHPHQW� DW� ������ RI� WKH�

HOHFWULFDO� FRQGXFWDQFH�RI� VROXWLRQV� RI� WKH� EURPLGHV��

DFHWDWHV�� DQG� IRUPDWHV� RI� OLWKLXP�� VRGLXP�� DQG�

SRWDVVLXP� LQ� DQK\GURXV� DF�HWLF� DFLG�� &RQFHQWUDWLRQV�

UDQJLQJ� IURP� DERXW� O[OR��� WR� O� [� ��ā�� PRODO� ZHUH�

XVHG� LQ� WKLV� SDUW� RI� WKH� ZRUN��

)RU� WKH� VHFRQG� SDUW� RI� WKLV� LQYHVWLJDWLRQ� WKH�

VROXELOLW\� RI� SRWDVVLXP�� EURPLGH� DW� ������ LQ� DFHWLF�

DFLG� VROXWLRQV� RI� OLWKLXP� IRUPDWH� DQG� RI� VRGLXP�

EURPLGH� ZDV� GHWHUPLQHG�� 7KH� ILUVW� RI� WKHVH� VDOWV�

���

LV�� RI� FRXUVH�� D� KHWHURLRQLF� VROYHQW� VDOW�� WKH� VHFRQG�

KDV� DQ� LRQ� LQ� FRPPRQ� ZLWK� WKH� VROXWH� VDOW�� &RQFHQWUDWLRQV�
�� ���RI� VROYHQW� V�OW�UDQJLQJ� IURP� DERXW� O� [� ��� WR� �� [� ���

PRODO� ZHUH� HPSOR\HG� LQ� WKLV� VWXG\��

3UHSDUDWLRQ����� 6DOWV�
7KH� VDOWV�XVHG� LQ� WKLV� ZRUN� ZHUH� UHFU\VWDOOL]HG�

WZLFH� IURP� UHDJHQW� TXDOLW\� VDOWV�� H[FHSW� IRU� SRWDVVLXP�

EURPLGH� ZKLFK� ZDV� UHFU\VWDOOL]HG� WKUHH� WLPHV�� 7KHVH�



���

VDOWV�ZHUH� GULHG� DW� ������� WRU� D� ZHHN�� 6HYHUDO�

VDPSOHV� ZHUH� LGHQWLFDO� ZLWK� WKRVH� XVHG� LQ� D� SUHYLRXV�

LQYHVWLJDWLRQ� ������ 7KHLU� SUHSDUDWLRQ�ZDV� DV� IROORZV��

WKH� DFHWDWHV� ZHUH� SUHSDUHG� IURP� FRPPHUFLDO� F�S�� VDOWV��
�� ���FU\VWDOOL]HG�IURP� ZDWHU�� GULHG� DW� ���� F��� WKHQ�

SXOYHUL]HG� DQG� GULHG� DJDLQ� DW� �������� WKH� VRGLXP�

EURPLGH� ZD�V� UHFU\VWDOOL]HG� IURP� ZDWHU�� GULHG� DW� ����&��

WR� UHPRYH� WKH� ZDWHU� RI� FU\VWDOOL]DWLRQ�� DQG� WKHQ�
��GULHG� DW� ���� F��� WKH� SRWDVVLXP� IRUPDWH� ZDV� UHFU\VWDOOL]HG�

IURP� ZDWHU� DQG� GULHG� DW� ���a���� WKH� VRGLXP� IRUPDWH�

ZDV� SUHSDUHG� IURP� F�S�� VRGLXP� FDUERQDWH� DQG� F�S��

IRUPLF� DFLG� ������� FU\VWDOOL]HG� WZLFH� DQG� GULHG� DW�

�������� WKH� OLWKLXP� DFHWDWH� ZDV� UHFU\VWDOOL]HG� IURP�

WKH� F�S�� VDOW� DQG� GULHG� DW� �������� WKHQ� SXOYHUL]HG�

DQG� GULHG� DJDLQ� DW� �����F�� 7KH� VDOWV� ZHUH� DQDO\]HG�

IRU� SXULW\�E\� JUDYLPHWULF� PHWKRGV�� 7KH� EURPLGHV� ZHUH�

SUHFLSLWDWHG� DV� VLOYHU� EURPLGH� DQG� WKH� DFHWDWHV� DQG�

IRUPDWHV� ZHUH� IXPHG� ZLWK� FRQFHQWUDWHG� VXOIXULF� DFLG�

WR� JLYH� WKH� DONDOL� PHWDO� VXOIDWH�� 7KH� FRPSRQHQWV�

XVHG� ZHUH� JHQHUDOO\� EHWWHU� WKDQ������� SXUH��



3UHSDUDWLRQ����� $QK\GURXV ��$FHWLF����
7KH� DQK\GURXV� DFHWLF� DFLG� XVHG� LQ� WKLV� ZRUN� ZDV�

SUHSDUHG� IURP� ������ FRPPHUFLDO� F�S�� DFHWLF� DFLG�� )RU�

WKH� HDUOLHU�ZRUN� WKLV� DFLG� ZDV� IUDFWLRQDWHG� DQG�

DQDO\]HG� IRU� LWV�ZDWHU� FRQWHQW� E\� WKH� IUHH]LQJ� SRLQW�

PHWKRG�� +HUH� WKH� Z�DLLJKW� RW� DFHWLF� DQK\GULG(+-UHTXLUHG�

ZDV� FDOFXODWHG� IURP� WKH� IDFWRU� RI� 'H9�VVHU� �����

$Fa��� ������ �����L� UD����Z��� FL��W�
ZKHUH��=�8�LV� WKH� ZHLJKW� RI� LPSXUH� DFLG�

/OW�V� WKH� GLIIHUHQFH� EHWZHHQ� WKH� IUHH]LQJ�

SRLQW� RI� WKH� DFLG� DQG� ������&��

$�TXDQWLW\� RI� DFHWLF� DQK\GULGH� �VOLJKWO\� LQ�

H[FHVV� RI� WKH� DPRXQW� QHHGHG� WKHRUHWLFDOO\� WR� UHDFW�

ZLWK� DOO� WKH� ZDWHU� SUHVHQW�� ZDV� DGGHG�� 7KLV�PL[WXUH�

ZDV� WKHQ� DOORZHG� WR� UHIOX[� IRU� DW� OHDVW� WZR� GD\V�� ,W�

ZDV� WKHQ� IUDFWLRQDWHG� WKURXJK� D� IRXU� IRRW� FROXPQ�

SDFNHG� �ZLWK� ����� JODVV� EHDGV�� WKH� SRUWLRQ� JRLQJ� RYHU�

DW� ����������� EHLQJ� FROOHFWHG�� $FLG� SXULILHG� LQ� WKLV�

���

�� ��� ���PDQQHU� KDG� D� VSHFLILF� FRQGXFWDQFH� RI� ������ [� ��� FP� RKP�

DQG� D� PHOWLQJ� SRLQW� RI� ��������������� 7KH� ORZHVW� YDOXH�



RI� WKH� VSHFLILF� FRQGXFWDQFH� RI� DFHWLF� DFLG� LQ� WKH�

OLWHUDWXUH� LV� ���[� ����� FP� RKP�� ����� ZKLOH� WKH� DFFHSWHG�

PHOWLQJ� SRLQW� LV���������� )RU� WKH� ODWHU� ZRUN� D�

PRUH� FRQYHQLHQW� PHWKRG� RI� SXULILFDWLRQ�ZDV� XVHG�� ,Q�

���

WKLV�PHWKRG� D� TXDQWLW\� RI� ������ DFHWLF� DFLG� LV� UHIOX[HG�

ZLWK� DFHWLF� DQK\GULGH� �H[FHVV�� DQG� EHQ]HQH�� $IWHU� WZR�

GD\V� WKLV� LV� IUDFWLRQDWHG�� 7KH� EHQ]HQH� IRUPV� DQ� D]HRWURSH�

ZLWK� ZKDW� ZDWHU�� LI� DQ\�� WKDW� UHPDLQV� LQ� WKH� PL[WXUH� DQG�

GLVWLOOV� RYHU� DW� ������ )ROORZLQJ� WKLV� WKH� WHPSHUDWXUH�

RI� WKH� FROXPQ� ULVHV� WR� ������� DQG� WKH� VDPH� IUDFWLRQ� LV� FXW�

DV� EHIRUH�� 7KH� DFHWLF� DFLG� SUHSDUHG� E\� WKLV�PHWKRG� LV�

IRXQG� WR� KDYH� D� VSHFLILF� FRQGXFWDQFH� RI� ���� [� ����FP� RKP����

7KH� PHOWLQJ� SRLQW� RI� WKLV� DFLG� ZLV� ����LM&��

&RQVWDQW� 7HPSHUDWXUH�

%RWK� WKH� VROXELOLW\� VWXGLHV� DQG� WKH� FRQGXFWDQFH�

PHDVXUHPHQWV� LQ� WKLV� ZRUN� ZHUH� PDGH� DW� ������ 6LQFH�

�FRQWURO� RI� EDWK� WHPSHUDWXUH� LV�YHU\� LPSRUWDQW�� HVSHFLDOO\�

IRU� FRQGXFWDQFH� PHDVXUHPHQWV�� WKH� EDWK�XVHG� KHUH� ZLOO�

EH� GHVFULEHG� LQ� VRPH� GHWDLO�� 7KH� EDWK� SURSHU� FRQVLVWHG�

RI� D� UHFWDQJXODU� HQDPHOHG� FDVW� LURQ� WXE� DSSUR[LPDWHO\�



�
� [� �
� [� �� �� ,W� FRQWDLQHG� D� VWLUUHU�VDPSOH� KROGHU��

PDGH� RI� VWDLQOHVV� VWHHO� ZKLFK� NHSW� WKH� VROXELOLW\�

VDPSOHV� VXEPHUJHG� DQG� WXPEOHG� WKHP� HQG� RYHU� HQG� XQWLO�

HTXLOLEULXP�ZDV� UHDFKHG�� $� VPDOO� RLO�EDWK�� HTXLSSHG�

BZLWK� LWV� RZQ� VWLUUHU�� ZDV� LQVHUWHG� WR� KROG� WKH�

FRQGXFWLYLW\� FHOOV� ������ 7KH� PDLQ� EDWK�ZDV� KHDWHG�

E\� PHDQV� RI� D� ���� ZDWW� FRSSHU� WXEH� KHDWHU�� &RROLQJ�

FRLOV�� DOVR� RI� FRSSHU�� ZHUH� XVHG� FRQWLQXDOO\� �Q� WKH�

VXPPHU�� ,W�ZDV� IRXQG� WKDW� D� VORZ� WULFNOH� RI� FRROLQJ�

ZDWHU� ZDV� VXIILFLHQW� WR� NHHS� WKH� EDWK� DW� FRQVWDQW�

WHPSHUDWXUH� L�H�� ZLWK� WKH� WKHUPRUHJXODWRU� FOLFNLQJ�

LQWHUPLWWHQWO\�� 7KH� DFWXDO� WKHUPRUHJX�ODWRU� ZDV�

REWDLQHG� IURP� WKH� $PHULFDQ� ,QVWUXPHQW� &RPSDQ\�� 6LOYHU�

6SULQJV�� 0DU\ODQG�� 7KH� VHQVLWLYLW\� RI� WKHVH� WKHUPR�

UHJXODWRUV� LV�QRW� JUHDWHU� WKDQ�� �����F��

���

6LQFH� WKH� DYHUDJH� WHPSHUDWXUH� FRHIILFāLHQW� R�U�

FRQGXFWLYLW\� LV� ���� WKLV�PHDQV� WKDW� WKH� HUURU� LQWUR��

GXFHG� E\� WKH� IOXFWXDWLRQ� RI� WKH� WKHUPRUHJXODWRU� LV� RI�

WKH� RUGHU� RI� L� ������� 7KLV� HUURU� LV� RIWHQ� WKH� IDFWRU�

ZKLFK� OLPLWV� WKH� SUHFLVLRQ� RI� FRQGXFWLYLW\�PHDVXUHPHQW��

%HFDXVH� RI� WKH����������YBHU\� KLJK� UHVLVWDQFHV�PHDVXUHG� LQ� WKH�



���

SUHVHQW� ZRUN�� DQG� EHFDXVH� RI� WKH� EULGJH� HPSOR\HG�� KRZHYHU��

WHPSHUDWXUH� FRQWURO� WXUQV� RXW� QRW� WR� EH� WKH� OLPLWLQJ�

IDFWRU� LQ� WKLV� FDVH�� 7KH�RULJLQDO� VHWWLQJ� RI� WKH� PHUFXU\�

WKHUPRUHJXODWRU� ZDV� PDGH� E\� FRPSDULVRQ� ZLWK� D� VHW� RU� $QVFKXW]�
WKHUPRPHWHUV� SUHYLRXVO\� FDOLEUDWHG� DW� WKH� 1DWLRQDO� %XUHDX�

RU� 6WDQGDUGV�� :KHQ� DOO� WKH� VRXUFHV� RI� HUURU� DUH� WDNHQ�

LQWR� FRQVLGHUDWLRQ� WKH� FRQVWDQW� WHPSHUDWXUH� EDWK�SUREDEO\�

KDG� D� WHPSHUDWXUH� RI� ������ WR� ZLWKLQ���������

&RQGXFWDQFH� 6WXGLHV�

�D��%ULGJH� 7KH� EULGJH� XVHG� LQ� WKHVH� PHDVXUHPHQWV� ZDV�

D� /HHGV� DQG� 1RUWKUXS� 0RGHO� �����$���� $�GLDJUDP� RI� WKLV�

EULGJH� LV� VKRZQ� RQ� WKH� QH[W� SDJH�� 2WKHU� HTXLSPHQW� XVHG�

ZLWK� WKH� EULGJH� ZDV�� ���� D� UHVLVWDQFH� ER[� RI� ���������� RKPV��

/HHGV� DQG� 1RUWKUXS� 0RGHO� ��������� DQ� RVFLOODWRU�ZKLFK� ZDV�

FDSDEOH� RI� IXUQLVKLQJ� ����� ������ RU� ����� F\FOHV� SHU� VHFRQG��

/HHGV� DQG� 1RUWKUXS� 0RGHO� ��������� D� ODUJH� DLU� FDSDFLWRU� RI�

����� OOOOOOIG�� /HHGV� DQG� 1RUWKUXS� 0RGHO� ��������� DQ� DPSOLILHU��

/HHGV� DQG� 1RUWKUXS� 0RGHO� ����� DQG� ���� V�� SDLU� RI� HDUSKRQHV��

:LWK� UHIHUHQFH� WR� WKH� GODJUDP�� WKH� DGGLWLRQDO� UHVLVWDQFH�

ER[� RI� ������a��� RKPV� ZDV� FRQQHFWHG� EHWZHHQ� D� JURXQG� DQG�
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WHUPLQDO� $
�� 7KH� FRQGXFWLYLW\� FHOO� DV� ZHOO� DV� D�� ����������

RKP� VWDQGDUG� UHVLVWDQFH� DQG� WKH� ODUJH� DLU� FDSDFLWRU� ZHUH�

FRQQHFWHG� EHWZHHQ� WKH� VDPH� JURXQG� DQG� � � �� 7KLV� DOORZHG�

FDSDFLWDQFH� HIIHFWV�� RULJLQDWLQJ� LQ� WKH� FRQGXFWLYLW\� FHOOa�

WR� EH� EDODQFHG� RXW�� ,W�ZDV� IRXQG� WKDW� WKH� GLDO� RQ� WKH� ER[�

FRUUHVSRQGLQJ� WR� KXQGUHGWKV� RI� DQ� RKP� FRXOG� QRW� EH� XVHG��

7KLV� ZDV� GXH� WR� WKH� SUHVHQFH� RI� D� ODUJH� DPRXQW� RI� HOHFWULFDO�

HTXLSPHQW� LQ� WKH� YLFLQLW\� RI� WKH� EULGJH�� 7KH� EULGJH� ZDV�

IRXQG� WR� EH� YHU\� VHQVLWLYH� WR� WKH� HIIHFWV� RI� UXQQLQJ�

HOHFWULFDO� HTXLSP�DQW� VXFK� DV� PRWRUV�� WKH� EDWK� WKHUPRVWDW��

HWF�� DQG� RUGLQDULO\� DQ\� HTXLSPHQW� ZKLFK� FRXOG� EH�� ZDV�

PRPHQWDULO\� VKXW� RII� ZKLOH� WKH� ILQDO� EDODQFH� RI� WKH� EULGJH�

ZDV� PDGH�� $� VXSHUILFLDO� DQDO\VLV� RI� WKH� �HIIHFW� RI� HUURUV�

LQ� WKH� EULGJH� UHDGLQJ� XSRQ� WKH� FDOFXODWHG� UHVLVWDQFH� RI�

WKH� FHOO� DQG� GLDO� ER[� LQ�SDUDOOHO�a�&W�EaHaDLQVW�

D� ������� RKP� VWDQGDUG� DW� DOO� WLPHVa)URP� WKLV� LQIRUPDWLRQ�

ZH� PD\� ZULWH�




5V�W-�

RU� PRUH� FRQYHQLHQWO\�

�����

)URP� WKLV� ZH� PD\� UHDGLO\� VKRZ� WKDW� DQ� HUURU� RI�

���� RKP� LQ� WKH� GLDO� ER[� UHDGLQJ�ZLOO� FDXVH� HQ� HUURU�

RI� ���� RKPV� LQ� WKH� FHOO� UHDGLQJ� LI�ZH� WDNH� 5�Z�������� OR�L�
DQG� 5Z��������E� �� 7KXV� ZKLOH� RXU� ER[� UHDGLQJ�PD\� EH�

SUHFLVH� WR� ����� RXU� FHOO� UHVLVWDQFH� ZLOO� KDYH� D�

SUHFLVLRQ� RI� RQO\� �����

���



,W�PXVW� EH� UHPHPEHUHG� WKDW� WKH� FDOFXODWLRQ� LV�

UHSUHVHQWDWLYH� RU� WKH� UHDGLQJV� DFWXDOO\� WDNHQ�� ,Q�

VRPH� LQVWDQFHV� D� SUHFLVLRQ�RU� ������ RQ� WKH� GLDO� ER[�
RU� ����� RQ� WKH� FHOO�ZDV� WKH� JUHDWHVW� WKDW� FRXOG� EH�

REWDLQHG��

&RQGXFWDQFH� &HOOV�

$�JUHDW�PDQ\� FRQGXFWDQFH� FHOOV� ZHUH� PDGH� IRU�

WKH� VWXGLHV� RQ� FRQGXFWLYLWLHV�� 7KH\� DUH� DOO� RI� WKH�

GHVLJQ� DGYRFDWHG�E\� -RQHV� DQG� %ROOLQJHU� ����� YHBU\�

VOLJKWO\�PRGLILHG�� RU� WKRVH� WKDW�ZHUH� PDGH� RQO\�
ILYH� VKRZHG� WKHPVHOYHV� XVDEOH� LQ� WKH� FRQFHQWUDWLRQ�

UDQJHV� VWXGLHG�� 7KHVH� KDG� FHOO� FRQVWDQWV� UDQJLQJ�

IURP� 2�O� WR� ���� DQG� ZHUH� UHFDOLEQDWHG� VHYHUDO� WLPHV�

WO���������� 7KH� FDOLEUDWLRQ�SURFHGXUH� XVHG� ZDV� DV�

IROORZV�� VROXWLRQV� RI� .&O� LQ� UH�GLVWLOOHG�ZDWHU� ZHUH�

SUHSDUHG� DFFRUGLQJ� WR� WKH� GLUHFWLRQV� RI� -RQHV� DQG�

%ROOLQJHU� ����� WKHVH� VWDQGDUG� VROXWLRQV� ZHUH� WKHQ�

XVHG� WR� FDOLEUDWH� D� FHOO�ZLWK� D� KLJK� FHOO� FRQVWDQW��

D� PRUH� GLOXWH�.&O� VROXWLRQ�ZDV� WKHQ� SUHSDUHG� DQG� LWV�

FRQGXFWLYLW\� ZDV� aHDVXUHG� LQ� WKH� FHOO� SUHYLRXVO\�

FDOLEUDWHG�� WKLV� VROXWLRQ�ZDV� WKHa� XVHG� WR� FDOLEUDWH�

FHOOV�ZLWK� ORZHU� FHOO� FRQVWDQWV�� ,W� ZDV� IRXQG� WKDW�

���



���

LW�ZDV� QHFHVVDU\� WKDW� WKH� FRQGXFWDQFH� FHOOV� EH� GULHG�

LQ� D� YDFXXP� RYHQ� DW� ��������� WR� SUHYHQW� WKH� FHOO�

FRQVWDQW� IURP� GULIWLQJ�� &HOOV� GULHG� DW� ����F��

VXEVHTXHQW� WR� FDOLEUDWLRQ� VKRZHG� D� PDUNHG� FKDQJH� LQ�

FHOO� FRQVWDQW� ZKHQ� UHFDOLEUDWHG�� 7KH� IDFW� WKDW� GLOXWH�

VROXWLRQV� RI� WKH� VDOWV� VWXGLHG�KDG� YHU\�KLJK�

UHVLVWDQFHV� ���Y���RRR�RRR� RKPV�� GHPDQGHG� FHOO� FRQVWDQWV�
QR� KLJKHU� WKDQ� ������

3UHSDUDWLRQ�������� 6DPSOHV������ &RQGXFWDQFH� 0HDVXUHPHQWV�

7KH� VROXWLRQV� XVHG� LQ� WKH� FRQGXFWDQFH� VWXGLHV�

ZHUH� SUHSDUHG� LQ� WKH� IROORZLQJ� PDQQHU�� 7KH� GU\� VDOW�

�XVXDOO\� GULHG� DW� ������� WRU� ��� KRXUV�� ZDV� SXW� LQWR�

D� ZHLJKLQJ� ERWWOH� DQG� ZHLJKHG�� $�VDPSOH� RI� DFHWLF�

DFLG� ZDV� WUDQVIHUUHG� WR� D� ZHLJKW� EXUHWWH� LQ� D� GU\�ER[�

DQG� VXEVHTXHQWO\� ZHLJKHG�� 6XLWDEOH� SRUWLRQV� RI� WKHVH�

ZHUH� WKHQ� WUDQVIHUUHG� WR� D� JODVV� VWRSSHUHG� ERWWOH� LQ�

D� GU\� ER[�� 7KH� ZHLJKLQJ� ERWWOH�� ZHLJKW� EXUHWWH� DQG�

VROXWLRQ�ZHUH� VXEVHTXHQWO\� UHPRYHG� IURP� WKH� GU\� ER[�

ā�HQG� DOO�EXW� WKH� ODWWHU�ZHUH� ZHLJKHG�� 7KH� VROXWLRQ�ZDV�

XVXDOO\� VKDNHQ� RYHUQLJKW� RQ� DQ� DXWRPDWLF� VKDNHU�� WR�



���

LQVXUH� FRPSOHWH� VROXWLRQ�� 7KLV� VROXWLRQ�ZDV� WKHQ�

WUDQVIHUUHG� WR� D� GU\� ER[� DQG� XVHG� WR� IXUQLVK� D� VWRFN�

�VROXWLRQ� IURP� ZKLFK� PRUH� GLOXWH� VROXWLRQV�ZHUH�

SUHSDUHG�� $OO� WUDQVIHUV� RI� DFHWLF� DFLG� DQG� RI� VROXWLRQ�

�ZHUH� SHUIRUPHG� LQ� D� GU\� ER[�� GULHG�ZLWK� SKRVSKRURXV�

SHQWR[LGH�� 7KH� ZHLJKWV� RI� WKH� FRQWDLQHUV� EHIRUH� DQG�

DIWHU� WUDQVIHU� IXUQLVK� �Q�
RUPDW�RQ� IURP� ZKLFK� WKH�

PRODOLWLHV� FRXOG� EH� FDOFXODWHG�� 7KHVH� PRODOLWLHV�

ZHUH� ODWHU� FRQYHUWHG� WR� FRQFHQWUDWLRQ�XQLWV� E\� XVH�

RI� WKH� GHQVLW\�� )RU� GLOXWH� VROXWLRQV� �EHORZ� DERXW�

,�-LR��Q��� WKH� GHQVLW\� ZDV� DVVXPHG� WR� EH� WKH� VDPH�
DV� WKH� GHQVLW\� RI� WKH� DFLG� DW� WKH� WHPSHUDWXUH� ���������

)RU� WKH�PRUH� FRQFHQWUDWHG� VROXWLRQV� WKH� GHQVLW\� ZDV�

FRPSXWHG� E\� DVVXPLQJ� WKH� YROXPH� RI� WKH� VROXWLRQ� WR� EH�

WKH� VDPH� DV� WKDW� RI� WKH� DFLG� XVHG�� EXW� WDNLQJ� WKH�

ZHLJKW� RI� WKH� DGGHG� VDOW� LQWR� DFFRXQW�� 6LQFH� HYHQ�

WKH� PRDW� FRQFHQWUDWHG� VROXWLRQ�XVHG� ZDV� TXLWH� GLOXWH�

�� �� �U�,�R���]� �� aKH� FRUUHFWLRQV� ZHUH� RUGLQDULO\�QRW�
�� 
�

PRUH� WKDQ������� R�W� WKH� GHaVLW\� RI� DFHWLF� DFLG� DORQH��

3UHSDUDWLRQ� $QDO�\VLV����� ��6ROXELOLW\B�6DPSOHV�

7KH� VROXELOLW\� VDPSOHV� ZHUH� DOO�SUHSDUHG� GLUHFWO\�



���

LQ� DPSXOHV� GUDZQ� IURP� � ��� 3\UH[� WHVW� WXEHV�� $�VWRFN�

VROXWLRQ� RI� D� VDOW� LQ� DFHWLF� DFLG�ZDV� SUHSDUHG� LQ� D�

GU\� ER[�� 7KH� ZHLJKW� RI� VDOW� DQG� DFHWLF� DFLG�XVHG� ZDV�

GHWHUPLQHG� DQG� WKH� VWRFN� VROXWLRQ� WKHQ� SXW� RQ� D�

VKDNHU� WR� LQVXUH� VROXWLRQ�� $�NQRZQ� ZHLJKW� RI� VWRFN�

VROXWLRQ� RI� WKH� VROYHQW� VDOW�� D� NQRZQ� YROXPH� RI�

DFHWLF� DFLG� �GHOLYHUHG� IURP� D� FDOLEUDWHG� SLSHWWH���

DQG� DQ� H[FHVV� RI� VROLG�SRWDVVLXP�EURPLGH� ZHUH� DOO�

DGGHG� WR� WKH� DPSXOH�� ,W�ZDV� WKHQ� VHDOHG� RIW�ZLWK�

DQ� R[\JHQ� WRUFK�� WHVWHG� IRU� OHDNV� DQG�� LI�QRQH�
?I�W
�Â
�
!�

ZHUH� IRXQG�� ZDV� SXW� RQ� WKH� URWDWLQJ� VDPSOH� KROGHU�

LQ� D� ������ EDWK�� �� 7KHVH� VDPSOHV� ZHUH� WKHQ� DOORZHG�

WR� HTXLOLEUDWH� IRU� �� WR� ��� GD\V� EHIRUH� DQDO\VLV�

�XVXDOO\� DERXW� ��� GD\V��� $W� WKH� HQG� RI� WKH� VHWWOLQJ�

SHULRG� WKH� WLS� RI� WKH� DPSXOH� ZDV� EURNHQ� DQG� D�

SLSHWWH�� ZKRVH� WLS�ZDV� FRYHUHG� ZLWK� ILOWHU� SDSHU��

ZDV� LQVHUWHG�� 7KH� VDPSOH� GUDZQ� XS� ZDV� LPPHGLDWHO\�

WUDQVIHUUHG� WR� D� WDUHG�ZHLJKLQJ� ERWWOH� DQG� ZHLJKHG��

7KH� PDWHULDO� LQ� WKH� ZHLJKLQJ� ERWWOH� ZDV� WKHQ�ZDVKHG�

LQWR� D� EHDNHU� DQG� DQDO\]HG� E\� WKH� 9ROKDUG� 0HWKRG� ������

:KHQ� WKH� VROYHQW� VDOW�ZDV� QRW� D� EURPLGH�� WKLV� DQDO\VLV�



JDYH� WKH� WRWDO� SRWDVVLXP� EURPLGH� GLUHFWO\�� ��H�� WKH�

VROXELOLa\� RI� WKH� SRWDVVLXP�EURPLGH�� :KHUH� WKH�

VROYHQW� VDOW�ZDV� VRGLXP� EURPLGH� WKH� WRWDO� DQDO\WLFDO�

FRQFHQWUDWLRQ� RI� EURPLGH� LRQ�� WRJHWKHU� ZLWK� WKH�

WRWDO� ZHLJKW� RI� VDPSOH� DQDO\]HG� DQG� WKH� NQRZQ� UDWLR�

RI� DFHWLF� DFLG� WR� VRGLXP� EURPLGH� LQ� WKH� LQLWLDO�

VROYHQW� PL[WXUH� ZHUH� FRPELQHG� WR� \LHOG� YDOXHV� RI�

SRWDVVLXP� EURPLGHā�FRQFHQWUDWLRQ�� 7KLV� FXFXODWLRQ�

�V� LOOXVWUDWHG�IRU� 1D%U��

,I�

;� � ZHLJKW� RI� VRO�YHQW� LQ� VDPSOH�

G���� ZHLJKW� RI� 1H�%U�
�O�� ��ZHLJKW� RI� .%U�

WL�

,,�

$ � WRWDO�ZHLJKW� RI� VDPSOH�

��
Q�

�� � UDWLR� RU� +2$F�1D%U� LQ� VDPSOH�
% � ZHLJKW� RI� EURPLGH� E\�9ROKDUG� $QDO\VLV�

���



/���a� O� >� %U�@� U� � %�O�IYD���Y��-� �� .%a� �

1RZ�
,�^77W!�

�2
-�������� WQ�

6ROYLQJ� WKHVH� HTXDWLRQV� IRU� DQG� ���� ZH� JHW�

$� �I��a�

��
������

,a���U� I-� -�

�� �L�� �
W����3H���

M�
��W�

O���a��E��
�L�
���aa�

���

$�
��


�
I����I���



���

7DEOH� ,,,�

(TXLYDOHQW� &RQGXFWDQFH� RI� 3RWDVVLXP�%URPLGH� 6ROXWLRQV� DW� ���&��

&�UQRODU�G\� O?F��� IRKP���
-�
������ ;� ����� ������

������ ;� ����� ������

������ ;� ����� ����
��

������ ;� ����� �������

������ ;� ����� R����
��

������ ;� ����� ���
����

������ ;� ����� �������

������ ;� �������� R������

������ ;� ����� �������

������ ;� ����� �������

������ ;� ����� �������

������ ;� ����� �������



����

����

����

$�����

����

����

�����
��
�
�

&
�?�

D�?���

�����
�
��
�
�

&
2
1
2
��

2
)� .

%
U6
2
/8

7
,2
1
6
��

�
�
��&��


�
��

������������
U���

�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�



���

7DEOH� ,9�

(TXLYDOHQW� &RQGXFWDQFH� RI� 6RGLXP� %URPLGH� DW� ���&��

&��QR�DY�FW� �?F� U�YKQ��
��
�� �������� ;� ��� ��
����

������ ;� ����� ������

������ ;� ����� �������

������ ;� ����� ������

��
���� ;� ����� �������

������ ;� ����� �������

������ ;� ������ �������

������ ;� ����� R������



���

7DEOH� 9�

(TXLYDOHQW� &RQGXFWDQFH� RI� /LWKLXP�%URPLGH� DW� ������

&� PRORU���� �?�&� ��&-K��Q�����

������ ;� ����� ������

�W���� ;� ����� ������

������ ;� ����� ������

������ ;� ����� ������

������ ;� ����� ������

������ ;� ����� ������

������ ;� ����� O�����

������ ;� ����� ������

������ ;� ����� ������

������ ;� ����� ������

������ ;� �������� ������

������ ;� ����� R������

������ ;� ����� �������

������ ;� ����� R�VR�V�
������ ;� ����� �������



���

7DEOH� 9,�

(TXLYDOHQW� &RQGXFWDQFH� ��� 3RWDVVLXP�)RUPDWH� DW� ������
BBBB��2BPBRBODBQB�IU� �?F��R���P���
������ ;� ����� ������

������ ;� ����� R������

������ ;� ����� R����
��
������ ;� ����� �������

O��
��� [� ����� �������

������ ;� ����� �������

������ ;� ����� R��DRR�
������ ;� ����� �������

�H���� ;� ����� �������

������ ;� ����� �������

�������;� ����� �������



���

7DEOH� 9,,�

(TXLYDOHQW� &RQGXFWDQFH� RI� 6RGLXP� )RUPDWH� DW� ���&��

&�PRODU��I� O?H� �R�Y����
������ ;� ����� �������

������ ;� ����� ���a���

������ ;� ����� �������

������ ;� ����� �������

������ ;� ������ �������

������ ;� ������ �������

������ ;� ������ �������

������ ;� ������ �������

������ ;� ������ �������



���

7DEOH� 9,,,�

(TXLYDOHQW� &RQGXFWDQFH� RI� /LWKLXP�)RUPDWH� DW� ��a���

������ ;� ����� �������

������ ;� ����� �������

������ ;� ����� �������

������ ;� ����� �������

������ ;� ����� �������

��
���� ;ā� ����� R��D���

������ ;� ����� �������

������ ;� ������ �������

������ ;� ����� R��RVR�
������ ;� ����� ��������

������ ;� �������� ��������



���

7DEOH� ,;�

(TXLYDOHQW� &RQGXFWDQFH� RI�3RWDVVLXP�$FHWDWH� DW� ������
&�PRODU��U� �?F� R��P����

������ ;� ����� ������

������ ;� ����� ������

������ ;� ����� ������

������ ;� ����� ������

������ ;� ����� ā� O�����

������ ;� ����� R������

������ ;� ����� �������

������ ;� ��
��� R������

������ ;� ����� �������

������ ;� ����� �������

������ ;� ����� R������

���
��� ;� ����� �������

������ ;� ����� �������



���

7DEOH� ;�

(TXLYDOHQW� &RQGXFWDQFH� RI� 6RGLXP� $FHWDWH� DW� ���&��

&�PR�DL��-�R�� ,?�F� �RKP��BM������������
������ ;� ����� ������

������ ;� ����� ����
��

������ ;� OR�6� ������

������ ;� ����� O�����

�����
�� ;� ����� ������

������ ;� ����� �������

������ ;� ���
�
�� �������

������ ;� ����� �������

������ ;� ����� �������

-������ ;� ����� �������

������ ;� ����� R��HR��

������ ;� ����� �������



���

��7DEOH�;,�

(TXLYDOHQW� &RQGXFWDQFH� RI� /LWKLXP�$FHWDWH� DW� ������
BBBB�FBPBRB]BD�M�BGI� $�&� ��4��-�a����
��
���� ;� ����� ������

������ ;� ����� ������

������ ;� ����� ������

��RVD� [� ��ā�� R������

������ ;� �������� �������

������ ;� ����� �������

��
���� ;� ����� �������

������ ;� ����� �������

������ ;� ����� �������

�����
�� ;� ����� �������



���

7DEOH� ;,,�

6ROXELOLW\�RI� )RWDVVLXP��%URPLGH� LQ�/LWKLXP� IRU�PD	H�$FHWLF�

$FLG� 6ROXWLRQV�

Ja� Va� .�
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'LVFXVVLRQ�

7KH� UHVXOWV� RI� WKH� FRQGXFWDQFH�PHDVXUHPHQWV� VKRZ�

D� YDULDWLRQ� RI� HTXLYDOHQW� FRQGXFWDQFH� ZLWK� FRQFHQWUD�

WLRQ�ZKLFK� LV� FKDUDFWHULVWLF� RI� ZHDNO\� GLVVRFLDWHG�

VROXWHV�� V�4XDOLWDWLYHO\�� DW� OHDVW�� WKH� UHODWLRQD� DUH�

���

W\SLFDO� RI� WKRVH� SUHYLRXVO\� REVHUYHG� ZLWK� RWKHU� VROYHQWV�

RI�PRGHUDWHO\� ORZ� GLHOHFWULF� FRQVWDQW�� ,W� VHHPHG�

ZRUWKZKLOH�� WKHUHIRUH�� WR� XQGHUWDNH� D� )XRVV�.UDXV� WUHDW�
&8O5��PHQWRU� WKH� GDWD�� 7KH� GDWD� VR� XVHG� W�V�� H[SUHVVHG� LQ�

WHUPV� RI�PRODaLW\�� 9DOXHV� RI� WKH� OLPLWLQJ� HTXLYDOHQW�

FRQGXFWDQFa�� a�� �� ZHUH� DFFRUGLQJO\� REWDLQHG� IRU� HDFK�

VDOW� E\� WKH�PHWKRG� RI� VXFFHVVLYH� DSSUR[LPDWLRQV� RXW�

OLQHG� LQ� WKH� 7KHRUHWLFDO� VHFWLRQ�� $�W\SLFDO� ILQDO�

VHW� RI� YDOXHV� XVHG� LQ� WKLV� WUHDWPHQW� LV� JLYHQ� IRU�

.%U� LQ�7DEOH� ;,9�� 7KH� FRUUHVSRQGLQJ� SORW� LV� VKRZQ�

IROORZLQJ� WKH� WDEOH�� )URP� D� ODUJH�VFDOH� SORW� RI�

WKLV� NLQG� WKH� LQWHUFHSW� FRXOG� EH� REWDLQHG� DQG� ,-R�
FDOFXODWHG�� 7KLV� YDOXH�� WRJHWKHU� ZLWK� WKH� VORSH� RI�

WKH� OLQH� WKHQ�PDGH� LW�SRVVLEOH� WR� JHW� D� YDOXH� RI�

WKH� LRQ�SDLU� GLVVRFLDWLRQ� FRQVWDQW� IRU� HDFK� VDOW�� 7KH�

UHVXOWV� RI� WKHVH� FRPSXWDWLRQV� URXQGHG� WR� WZR� VLJQLILFDQW�

ILJXUHV� DUH� SUHVHQWHG� LQ�
7DEOH� ;a9a��
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7DEOH� ;9�

/LPLWLQJ� (TXLYDOHQW� &RQGXFWDQFHV� DQG� 'LVVRFLDWLRQ�

&RQVWDQWV� RI� WKH� 6DOWV� 6WXGLHG� &RQGXFWRPHWU�FDOO\�

6DOW� ,,�R� .�Z�-Z�W���
.%U� ��� �� �� ��� 
 ���
���� ��� �[���� ���

1D%U� 
��� ���
�� ;� �����

/�%U� ��� ����� ;� �����

.22&+� 
��� �����;� �����

1D222+� ��� ���� ;� �����

/L22&+� ��� ����� ;� �����

.2$F� ��� �����[������
1D2$F� ��� ����� ;� �����

/��$F� ��� ���� ;� �����



���

$Q� H[DPLQDWLRQ� RI� WKH� YDOXHV� RI�aR� LQ�WKH� WDEOH�

VKRZV� WKDW� .RKOQDXVFK � V� ODZ� RI� DGGLWLYLW\� RI� LRQLF�

FRQGXFWDQFHV� DW� LQILQLWH�GLOXWLRQ�PXVW� EH� REH\HG�� 7KXV�

���� ��B� �� D� B� R�
,�����U� �?��9LO� I%� � ,?�.�2�N�� �&a�LROK���  � �� 
,

� ����O� �aRHLF�II� � � ��-ODRRFOI� �

6LPLODUO\�

���

7KXV�� H[FHSW� IRU� OLWKLXP� DFHWDWH�� WKH� YDOXHV� RI� �? ��
N � ��W�Ua-�� �G� Y�L�

REWDLQHG� KHUH� DUH� DOO� VHOI�FRQVLVWHQW�ZLWK� NRKOUDXVFK
V�� �� ,?�
ODZ��

,Q� RUGHU� WR� REWDLQ� YDOXHV� RI� OLPLWLQJ� LRQLF�

FRQGXFWDQFHV� LW� LV�QHFHVVDU\�� RI� FRXUVH�� WR�KDYH� YDOXHV�

RI� WUDQVIHUHQFH� QXPEHUV� IRU� WKH� LRQV� LQ� DW� OHDVW� RQH�

RI� WKH� VDOWV�� 'DYLGVRQ� DQG� /DQQLQJ� ����� GHWHUPLQHG�

WUDQVIHUHQFH� QXPEHUV� RI� VRGLXP� DQG� DFHWDWH� LRQV� LQ�

VRGLXP� DFHWDWH� VROXWLRQV� LQ� DFHWLF� DFLG� DW� ������ RYHU�



D� FRQFHQWUDWLRQ� UDQJH� RI� ���� WR� ���� PRODO�� )URP�

WKHLU�GDWD� RQH� PD\� UHDGLO\� REWDLQ� W�� DQG� W��YDOXHV�
E\� DQ� H[WUDSRODWLRQ� WR� LQaLQLWH� GLOXWLRQ�� 7KHVH�

YDOXHV�� FRPELQHG� ZLWK� WaH� GDWD� FROOHFWHG� LQ� WKLV�

WaHVLV� ZHUH� XVHG� WR� FDOFXODWH� OLPLWLQJ� LRQLF� HTXLYD�

OHQW� FRQGXFWDQFHV� IRU� DOO� WKH� LRQV�� )RU� WKLV� WKH�

HTXDWLRQV� XVHG� ZHUH��

�/W������ �
� �L��
���� OOR� � UWa�

7KH� UHVXOWV� RI� WKHVH� FDOFXODWLRQV� DUH� SUHVHQWHG�

���

LQ�7DEOH:� �� ,Q�PDQ\� FDVHV� IXUWKHU� LQIRUPDWLRQ�PH�\� EH�

REWDLQHG� IURP� WKHVH� OLPLWLQJBLRQLF� HTXLYDOHQW� FRQGXFW�

DQFHV�� 7KH� LRQLF�PRELOLWLHV�PD\� EH� GLUHFWO\� FDOFXODWHG�

IURP� WKH� YDOXH� RI� WKH� OLPLWLQJ� LRQLF� HTXLYDOHQW� FRQGXFW�
� @� ����DQFH� ,/� DQG� WKH� YDOXH� RI� WKH� IDUH�GD\� �)���

$W�  � OIW�)� ��
��a���� X��)�

)�  � ������� FRXORPEV� HTXLYDOHQWā��

8QGHU� FHUWDLQ� FRQGLWLRQV� IXUWKHU� LQIRUPDWLRQ�PD\�



EH� REWDLQHG� IURP� WKHVH� LRQLF�PRELOLWLHV�� ,W� FDQ� EH�

VKRZQ� WKH�W�

ZKHUH� 
3W� LV� WKH� YLVFRXV� UHVLVWDQFH� RI� WKH� PHGLXP��
6WRNHV� ODZ� HQDEOHV� XV� WR� ZULWH�

��� 
7I�IO�����
ZKHUH� <�� LV� WKH� YLVFRVLW\� RI� WKH� PHGLXP� KHUH� WDNHQ� DV�
������ [� ������ SRLVH� DQG� -O�L� WKH� UDGLXV� RI� WKH� LRQ�� %\�

FRPELQLQJ� RXU� HTXDWLRQV� ZH� DUULYH� DW�

8QGHU� VXLWDEOH� FRQGLWLRQV� WKLV� UHODWLRQVKLS�ZLOO�

IXUQLVK� D� PHWKRG� IRU� WKH� GHWHUPLQDWLRQ� RI� WKH� LRQLF�

UDGLL�� 7KH� YDOXHV� RI� WKH� LRQLF� UDGLL� REWDLQHG� E\� WKLV�

PHWKRG� DUH� DOO� VRPHZKDW� ODUJHU� WKDQ� WKRVH� REWDLQHG� IURP�

WKH� HTXLOLEULXP� FRQVWDQW�� 7KH\� DUH� OLVWHG�

LQ�7DEOH� ;9,�� ,W� LV� PRVāW� UHDVRQDEOH� WR�

���



���

7DEOH� ;9,�

,RQ� `WB�� X� $OX�� ,� `O���9NL��
.�� ��� ����� ;� ���� �� ���� $� �����

1LL� ��� �����;� ���
�����

��
�� $� R�DV�
/I�� �� ����� ;� �������� ��� $� R����

%U� ��� ��DR� [� ������ ���� $� �����
���22&+� ��� ����� ;� ��� ���� $� �����

� ��� 
���� $�2$F� ��� O���� ;� ��� �� ����



FRQFOXGH� WKDW� 6WRNH
V� ODZ� KROGV� IDLUO\� ZHOO��

,W�LV� RI� LQWHUHVW� WR� QRWH� WKDW� WKH� RUGHU� RI�

GHFUHDVLQJ�PRELOLW\� RI� WKH� WKUHH� FDWLRQV� FRQVLGHUHG�

LQ� WKH� SUHVHQW� LQYHVWLJDWLRQ� LV�.L��� 1D
��� /���

WKH� VDPH� RUGHU� DV� LQ�ZDWHU�� $V� LQ� WKH� ODWWHU� FDVH��

WKLV� UHYHUVDO� LQ�RUGHU�PD\� SUREDEO\� EH� DWWULEXWHG�

WR� GLIIHUHQW� GHJUHHV� RI� VROYDWLRQ� LQFUHDVLQJ� LQ� WKH�
RUGHU� LQGLFDWHG��

7KH� YDOXHV� RI� LRQ�SDLU� GLVVRFLDWLRQ� FRQVWDQWV�

JLYHQ� LQ�7DEOH� ;9,,� LQGLFDWH� WKDW� WKH� VDOWV� LQYROYHG�

���

GR� LQGHHG� H[LVW� YHU\� ODUJHO\� LQ� DFHWLF� DFLG� DV� LRQ�SDLUV�

ZLWK� RQO\� YHU\� ORZ� FRQFHQWUDWLRQV� RI� WUHH� LRQV� SUHVHQW��

)RU� LQVWDQFH�� WKH� FRQFHQWUDWLRQ� RI� IUHH� LRQV� LQ� D� �����

PRODU� VROXWLRQ� RI� .%U� �V� ���� [� ��āô�� 7KH� HIIHFW� RI�

ORQJ�UDQJH� LQWHUDFWLRQ� DPRQJ� LRQV� LQ� WKLV� VROYHQW�

ZRXOG� WKXV� DSSHDU� WR� EH� PXFK� VPDOOHU� WKDQ� KDV� JHQHUDOO\�

EHHQ� DVV8LQHG��

$WWHQWLRQ�PD\� EH� FDOOHG� WR� WKH� IDFW� WKDW� WKH� RUGHU�

RI� GHFUHDVLQJ� GLVVRFLDWLRQ� FRQVWDQW� IRU� WKH� DFHWDWHV�

LV�/��$F�!�.2$F�!�1D2$F� �� 6LQFH� WKHVH� FRPSRXQGV� DUH�

EDVHV� LQ� DFHWLF� DFLG� WKLV� RUGHU� VKRXOG� UHSUHVHQW� WKHLU�



UHODWLYH� EDVLF� VWUHQJWKV�� 3UHYLRXV� ZRUN� E\� .ROWKRII�

DQG� :LOOPDQ� ��������� GRHV� QRW� DJUHH� ZLWK� WKLV�� 7KH�

RUGHU� REWDLQHG� E\� WKHVH� LQYHVWLJDWRUV� LV�.4$F
��1D2$FL��

/L2$F�� 7KLV� ZRUN� XVHG� LQGLFDWRU� PHWKRGV��

,Q� DQ� HDUOLHU� VHFWLRQ� RI� WKLV� WKHVLV� LW� ZDV�

SRLQWHG� RXW� WKDW� WKH� %MHUUXP�)XRVV�.UDXV� WKHRU\�

\LHOGV� WKH� IROORZLQJ� UHODWLRQ� LQYROYLQJ� WKH� LRQ�����SH�LU�

GLVVRFLDWLRQ� FRQVWDQW�

:LWK� .�NQRZQ�� LW�LV� HDV\� WR� JHW� WKH� FRUUHVSRQGLQJ�
YDOXH� RI� WKH� GHILQLWH� LQWHJUDO��TUW���� )URP� WKLV��

LQ� WXUQ�� WKH� SDUDPHWHU� ¼� PD\� EH� REWDLQHG�� 6LQFH�����
LV� UHODWHG� WR� WKH� GLVWDQFH� RI� FORVHVW� DSSURDFK�

SDUH�PHWHU�� F������ �� WKURXJK� WKH� UHODWLRQ�

E� �

YDOXHV� RI�4�� PD\� EH� FDOFXODWHG�� 5HVXOWV� RI� WKHVH�

���
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7DEOH� ;9,,�

,RQLF� 5DGLL� IURP� WKH� %MHUUXP� 7KHRU\�

6DOW� .� a/W�� �����W�� ��IU� 4���

/L22&+� ����� [� ����� ����� [����� ������ ����� ����� $�

.2$H� ����� ;� ����� ����� ;� ���� ������ ����� �����

/�%U� ���L� ;� ����� ����� ;� ���� ������ ����� �����

.22&+� ����� ;� ����� ����� ;� ���� ������ ����� �����

.%U� ������;� ����� ����� ;� ���� ������ ����� �����

/L2$F� ���� ;� ���
�� O�O� ;� ���� ������ ����� ����

1D22&+� ���� ;� ����� ���� ;� ���� ā������� ����� ����

1D2$F� ����� ;� ���
�� ����� ;� ���� ������ ����� ���
��

1D%U� ����� ;� ���
�� ����� ;� ���� ������ ����� �����



FDOFXODWLRQV� DUH� JLYHQ� LQ�7DEOH� ;9,,�� 7KHVH� YDOXHV�

DSSHDU� WR� EH� RI� UHDVRQDEOH� PDJQLWXGH�� ,Q� YLHZ� RW�

VROYDWLRQ� HIIHFWV� LW� LV�QRW� VXUSULVLQJ� WKDW� WKH�

FDOFXODWHG�GLVWDQFHV� IRU� WKH� EURPLGHV�� IRU� H[DPSOH��

DUH� ODUJHU� WKDQ� WKH� VXPV� RI� WKH� FU\VWDO� UDGLL��

6ROXELOLW\� 6WXGLHV�

,W�LV� WR� EH� QRWHG� WKDW� D� KHWHURLRQLF� VROYHQW�

VDOW� SURGXFHV� D� SURQRXQFHG� LQFUHDVH� �Q� VROXELOLW\�

ZKLOH� D� VDOW� ZLWK� D� FRQQQRQ� LRQ�KDV� OLWWOH�HIIHFW��

7KH� FRPPRQ� LRQ� HIIHFW� VHHPV� WR� EH� DEVHQW� LQ� WKLV�

VRO�YHQW�� 7KLV� W
DFW� �V� LOOXVWUDWHG� LQ� WKH� GDWD�

IRU� WKH� HIIHFW� RI� VRGLXP� EURPLGH� RQ� WKH� VROXELOLW\�

RI� SRWDVVLXP�EURPLGH�� ZKLFK� VKRZV� QR� HYLGHQFH� RI� D�

GHFUHDVH� LQ�SRWDVVLXP��EURPLGH� FRQFHQWUDWLRQ��ZKHQ��

VRGLXP� EURPLGH� LV� DGGHG�� 7KH� DVVXPSWLRQ� WKDW� LRQ�SDLU�

H[FKDQJH� RFFXUV�� WRJHWKHU� ZLWK� WKH� DVVXPSWLRQ� WKDW�

WKH� IUHH� LRQ� FRQFHQWUDWLRQV� DUH� VPDOO� DQG� WKDW� WKH�

L�V� RI� WKH� LRQ�SDLUV� DUH� FRQVWDQW�� OHDGV� LQ� WKH� FDVH�
RI� D� KHWHUR�RQ�F� VROYHQW� VDOW� WR�

���



,� ��

7KH� -�� YDOXHV� �IRU� OLWKLXP� IRUPDWH�� FROOHFWHG� LQ� WKLV�

WKHVLV�� FRQ�ILUP� WKH� FRQVWDQF\� RI� N
� �� ,W� FDQ� DOVR�

EH� VHHQ� WKDW� LQ� WKH� FDVH� RI� D� VROYHQW� VDOW�ZLWK� D�

FRPPRQ� LRQ� WKH� LRQ�SDLU� H[FKDQJH� FDQQRW� DIIHFW� WKH�

VROXELOLW\�� 7KH� GDWD� RQ� VRGLXP� EURPLGH�SRWDVVLXP�

EURPLGH� PL[WXUHV� SUHVHQWHG� KHUH� FRQILUPV� WKLV��

���

,W� LV�RI� VRPH� LQWHUHVW� WR� FRQVLGHU� DQRWKHU�

PHFKDQLVP� ZKLFK� ZLOO� DOVR� �IXUQLVK� DQ� HTXLOLEULXP� FRQVWDQW�

RI� H[DFWO\� WKH� VDPH� IRUP� DV� HTXDWLRQ� �;;;,��� 7KH�

FRQGLWLRQV� XQGHU� ZKLFK� VXFK� D� PHFKDQLVP�PD\� RFFXU� ZLOO ��

EH� H[SOLFLWO\� VWDWHG� EHORZ���� ,I� RQH� DVVXPHV� WKDW� DOO�

VROXWHV� LQ� VROXWLRQ� DUH� SUHVHQW� SUHGRPLQDQWO\� DV� WULSOH�

LRQV� ZH� PD\� FRQVLGHU� WKH� IROORZLQJ� HTXLOLEULD�� )RU�

SXUH� VROXWLRQV� RI� .%U� RU� 0� ZH� PD\� ZULWH�



7KH� HTXLOLEULD� DUH� DVVXPHG� WR� EH� GLVSODFHG� IDU�

WR� WKH� ULJKW�� ,I
� ZH� DGG� &�� PROHV� RW0;� WR�6ROXWLRQ�

VDWXUDWHG�ZLWK� .%U� WKH� IROORZLQJ� UHDFWLRQV� PD\� RFFXU�

W�+��UN
�� 0L1��
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IRU
� WKHVH� UHDFWLRQV� ZH� PD\� ZULWH� DQ� HTXLOLEULXP�

FRQVWDQW�
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7KHQ�

6R� LI�WKH� DERYH� FRQGLWLRQV� ZHUH� WR� KROG�B-WKH�

SDUWLFXODU� FRPELQDWLRQ� RI� IDFWRUV�
E��V������ā�F�/6�6�


���

ZRXOG� EH� D� FRQVWDQW�� 7KH� FRQGLWLRQV� I
RU� WKLV�PHFKDQ�

LVP� DUH� TXLWH� VWULQJHQW� �DOVR�XQOLNHO\��� :KLOH� LRQ�

WULSOHWVB�RI� WKH� W\SH� .%U.� DQG� %U.%U� DUH� SUREDEO\�

SUHVHQW� LQ�QHDUO\� HTXDO� DPRXQWV�� VXFK� WULSOHWV� DV��I�$���

HQG;.%U� ZRXOG� KDUGO\� EH� H[SHFWHG� WR� EH� SUHVHQW� LQ�

HTXDO� DPRXQWV�� ,W� VHHPV� SUREDEOH� WKDW� XQGHU� FRQGLWLRQV�

VXFK� WKDW� LRQ� WULSOHWV�ZHUH� SUHVHQW� LQ� UHODWLYHO\�KLJK�

SURSRUWLRQ�� RWKHU� LRQ�PXOWLSOHV�PLJKW� YHU\�ZHOO� EH� DOVR��

VR� WKDW� WKH� UHDFWLRQV� ZRXOG� EH� PXFK� OHVV� GHILQLWH� WKDQ�



WKRVH� ZULWWHQ� DERYH�� 7KH� DEVHQFH� RI�PLQLPD� LQ� WKH�

,?����F���FXUYHV�� LQ� WKH� OLJKW� RI� SUHVHQW� WKHRULHV�� PDNHV�
LW�YHU\� GRXEWIXO� WKDW� D� VLJQLILFDQW� SURSRUWLRQ� RI�

WULSOH� LRQV� LV�SUHVHQW��

7KH� FDOFXODWLRQ� RI� HTXLOLEULXP� FRQVWDQWV� WRU�

WKH� VROXELOLW\� HTXDWLRQV�� IURP� LRQ�SDLU� GLVVRFLDWLRQ�
FRQVWDQWV� REWDLQHG� IURP� FRQGXFWLYLW\�GDWD� FDQ� EH�

LOOXVWUDWHG�E\� FRQāVLGHULQJ� WKH� VLWXDWLRQ�ZKHQ� VRGLXP�
IRUPDWH� �V� WKH� VROYHQW� VDOW�� ,Q� WKLV� FDVH� WKH�

VROXELOLW\� FRQVWDQW� LV�ZULWWHQ�
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7KH� DFWXDO� FRQFHQWUDWLRQ� RI� WKH� LRQV� �V� VHHQ� WR�

FDQFHO� RXW��

���
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7KH� .� IURP� VROXELOLW\�GDWD� DORQH� LV� O2� [� ������ 7KH�

RWKHU�.� YDOXHV� DUH� WDEXODWHG� EHORZ��
7DEOH� ;9,,,�

7KH� 6ROXELOLW\�(TXLOLEULXP� &RQVWDQWV�

6DOW� ���IURP� VRO]�� GDWD� I��IURP� FRQG�� GDWD�
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7KHVH� HTXLOLEULXP� FRQVWDQWV� DUH� LPSRUWDQW� EHFDXVH� ā�

WKH\� VKRZ� WKDW� LQ� DOO� SUREDELOLW\� WKH� PHFKDQLVP� SUR��

SRVHG� E\� *ULVZROG� WR� DFFRXQW� IRU� WKH� FKDQJH� LQ� VROXELO�

LW\� LV� WKH� FRUUHFW� RQH�� 7KH� DFWXH�O� IRUP� XVHG� E\�

*ULVZROG� FDQ� EH� GHULYHG� RQ� RWKHU� EDVHV�� 2QH� VXFK�

PHWKRG� DVVXPHV� PHUHO\� WKDW�PRVW� RI� WKH� LRQV� DUH� SUHVHQW�

DV� LRQ�WULSOHWV� LQVWHDG� RI� DVVXPLQJa� DV� *ULVZROD� GRHV��
WKDW� PRVW� RI� WKH� LRQV� DUH� SDLUHG�� 7KH� ZRUN� SUHVHQWHG�

LQ� WKLV� WKHVLV� VKRZV� WKDW� VXFK� D� VLWXDWLRQ� LV�KLJKO\�

XQUHDVRQDEOH��

2WKHU�0HWKRGVaa�'HWHUPLQDWLRQ���I� 'LVVRFLDWLRQ�
&RQVWDQW�

$Q� LQGHSHQGHQW� GHWHUPLQDWLRQ� RI� WKH� LRQ�SDLU�

GLVVRFLDWLRQ� FRQVWDQWV� E\� D� PHWKRG� PRW� LQYROYLQJ�

FRQGXFWLYLW\� ZRXOG� FHUWDLQO\� EH� YHU\� GHVLUDEOH�� $�

VHDUFK� RI� WKH� OLWHUDWXUH� VKRZHG� WKDW� RWKHU�PHWKRGV�

FRPPRQO\� XVHG� IRU� WKLV� SXUSRVH� LQ� DTXHRXV� �VROXWLRQV�

VWRRG� RQO\� D� VPDOO� �FKDQFH� RI� VXFFHVV� LQ� DFHWLF� DFLG��

6RPH� RW� WKH� PHWKRGV� ZKLFK� KDYH� EHHQ� XVHG� WR� LQYHVWLJDWH�
WKLV� W\SH� RI� SUREOHP� DUH��

��� 0RODU� UHIUDFWLRQ� VWXGLHVā������������������������



��� 5DPDQ� 6SHFWUD� �������������

��� 5RWDWLRQ� RI� WKH� 3ODQH� RI�3RODUL]DWLRQ� LQ� D�

0DJQHWLF� )LHOG� �����a������

7KHUH� LV� RQH� VHULRXV� GLIILFXOW\� ZKLFK� LV� FRPP�RQ�

WR� DOO� RI� WKH� PHWKRGV� RWKHU� WKDQ� WKH� FRQGXFWRPHWULF�

PHWKRG�� 7KLV� LV� WKDW� DOO� WKHVH� PHWKRGV� UHTXLUH� WKDW�

VROXWLRQV� RI� WKH� FRPSRQHQWV� VWXGLHG�PXVW� EH� DYDLODEOH�

LQ� UHODWLYHO\� SXUH� IRUP�� 7KXV� LQ� WKH� HTXLOLEULXP�

������� %�� �)����U��-�FUQ��a��

���

RQH� PXVW��KDYH� VROXWLRQV� RI� IUHH� -O�W� HQG�ā��������� DQG� RI�$W%�
IRU� FRPSDULVRQ�� ā�6LQFH� IUHH� LRQV� DSSHDU� WR� EH� SUHVHQW�

WR� VXFK� D� VPDOO� H[WHQW� LQ� DOO� DFHWLF� DFLG� VROXWLRQV�

RI� HOHFWURO\WHV�� WKLV� FRQGLWLRQ� FDQQRW� EH� IXOILOOHG�

GLUHFWO\�� ,W�PD\� EH� SRVVLEOH� WR� HVWDEOLVK� WKH�

SURSHUWLHV� RI� VXFK� VROXWLRQV� LQGLU�HFWO\�� EXW� WKH�

PDQQHU� LQ� ZKLFK� WKLV� �4� GRQH� ZLOO� DOZD\V� EH� VRPHZKDW�

DUELWUDU\��

,W� LV� RI� VRPH� LQWHUHVW� WR� QRWH� WKDW� VWXGLHV� E\�
����O��

%HUQVWHLQ� DQG� FR�ZRUNHUVa� VKRZHG� WKDW� LQ� DTXHRXV�

VROXWLRQV� QHLWKHU�PRQDWRPLF� LRQV� QRU� DJJUHJDWHV�

FRUUHVSRQGLQJ� WR� LRQ�SDLUV� ����H�� DQ\� HOHFWURYDOHQW�



IIERQGV �� �� ZHUH� IRXQG� WR� JLYH� DQ\� 5DPDQ� OLQHV�� 7KLV�

ZRXOG� LQGLFDWH� WaDW BD� 5DPDQ� VWXG\� RI� WKH� SDUWLFXODU�

HTXLOLEULD�āVWXGLHG� LQ� WKLV� WKHVLV� aRXOG� SUREDEO\� EH�
XQVXFFHVVIXO��

���



6XPPDU\�

��� 6ROXELOLW\� VWXGLHV� RQ� WKH� V\VWHPV� OLWKLXP�

IRUPDWH�SRWDVVLXP� EURPLGH� DQG� VRGLXP� EURPLGH�SRWDVVLXP�

EURPLGH� KDYH� EHHQ� FDUULHG� RXW� LQ� DFHWLF� DFLG� DW� ���&��

7KH� VROXELOLW\� RI� SRWDVVLXP� EURPLGH� LQFUHDVHV� FRQVLGHUDEO\�

LQ� VROXWLRQV� RI� OLWKLXP� IRUPDWH� EXW āQRW� LQ� VROXWLRQV�

RI� VRGLXP� EURPLGH��

��� 7KH� HTXLYDOHQW� FRQGXFWDQFHV�H�QG� WKH� OLPLWLQJ�

HTXLYDOHQW� FRQGXFWDQFHV� DQG� GLVVRFLDWLRQ� FRQVWDQWV� RI�

WKH� IRUPDWHV�� DFHWDWHV�� DQG� EURPLGHV� RI� OLWKLXP�� VRaLXP��

DQG� SRWDVVLXP� LQ� DFHWLF� DFLG� KDYH� EHHQ� GHWHUPLQHG��

��� 7KH� HTXLOLEULXP� FRQVWDQW� H[SUHVVLRQV� UHSUHVHQW�

LQJ� WKH� HIIHFW� RI� FHUWDLQ� VDOWV� RQ� WKH� VROXELOLW\� RI�

SRWDVVLXP� EURPLGH� LQ� DFHWLF� DFLG� KDYH� EHHQ� HYDOXDWHG�

E\� DQ� LQGHSHQGHQW� PHWKRG� DQG� VDWLVIDFWRU\� DJUHHPHQW�

REWDLQHG��

��� 7KH� YDOLGLW\� RI� WKH� K\SRWKHVLV� RI� H[FKDQJH�

DPRQJ� LRQ�SDLUV� KDV� EHHQ� H[DPLQHG�� 7KLV� K\SRWKHVLV� KDV�

EHHQ� VKRZQ� WR� EH� FDSDEOH� RI� H[SODLQLQJ� TXDOLWDWLYHO\�

DQG� TXDQWLWDWLYHO\� WKH� EHKDYLRU� RI� WKH� VROXWLRQV� H[DPLQHG��

7KH� HTXLOLEULXP� FRQVWDQWV� IRU� WKH� LRQ�SDLU� H[FKDQJH�

FDOFXODWHG� IURP� VROXELOLW\�GDWD� IRU� WKLV� DQG� RWKHU� V\VWHPV�

���



KDYH� EHHQ� IRXQG� WR� DJUHH� UHDVRQDEO\� ZHOO� ZLWK� FRQVWDQWV�

FDOFXODWHG� IURP� LQGLYLGXDO� LRQ�SDLU� HTXLOLEULXP� FRQVWDQWV��

��� %RWK� FRQGXFWLYLW\�PHDVXUHPHQWV� DQG� WKH� VROXELOLW\�

GDWD �LQGLFDWH� WKDW� HOHFWURO\WHV� LQ� VROXWLRQ� H[LVW�

SUHGRPLQDQWO\� LQ� WKH� IRUP� RI� LRQ�SDLUV��

���



%LEOLRJUDSK\�

���� 5RELQVRQ�� $�� /��� -�� 3K\V�� &KHP�a�� ����� �������

���� 6HZDUG�� 5�� 3��� DQG� +DPEOHWW�� &�+��� -�� $P�� &KHP��

6RF�� ����� BB����� �����`�

���� 6FKROO�� $�� :��� +XWFKLVRQ�� $�� :��� DQG� &KDQGOHH�� *�� F���
-�� $P�� &KHP��� 6RF�� ����� ����� ��������

���� .UDXV�� F�� $��� DQG� 6HZDUG�� 5�� 3��� 7UDQV�� )DUDG�� 6RF��
a������ ��������

���� :DOGHQ�� 3��� �0ROHNX�ODUJURVHQ� LQ�/RVXQJHQ�� 7KHRGRUH�

6WHLQNRSW�� 'UHVGHQ� DQG� /HLS]LJ� �������

���� %MHUUXP�� 1��� 'DQVNH� 9LGHQVNDEHUQHV� 6HOVNDE����������

���� )XRVV�� 5�� 0��� DQG� .UDXV�� F�� $��� -�� $P�� &KHP�� 6RF���
����� ���� ��������

^��� )XRVV�� 5�� 0��� -�� $P�� &KHP�� 6RF�� 	-���� ���� �������
���� *ULVZROG�� (��� 8QSXEOLVKHG� ZRUN�

�O2�1R\HV�� $��� DQG� %D[WHU�:���� �� -�� $P�� &KHP�� 6RF�� ���� ������
�������

�OO�:HEE�� 7�B� -��� -�� $P�� &KHP�� 6RF�a�� ����� �������
����:�OOLDPV�-���� -�� $P�� &KHP�� 6RF��� ��������� �������

�����+DQVHQ�/������ DQG� :LOOLDPV�-������ -�� $P�� &KHP�� 6RF�� a��

����� �������

���



����� .UDXV�� F�� $��� DQG� 6HZDUG�� 5�� 3��� -�� 3K\V�� &KHP��
a��� ����� ��������

����� 6HZDUG�� 5�� 3��� -�� $P�� &KHP�� 6RF��� ������ ����� �������

����� 'DYLGVRQ�� $�� Z��� -�� $P�� &KHP�� 6RF�� ��4�� ����� �������
����� 'DYLGVRQ�� $�� Z��� -�� 3K\V�� &KHP�� 0�� ����� �������
����� 'DYLGVRQ�� $�� Z��� DQG� 0F$OOLVWHU�� Z�� +��� -�� $P��

&KHP�� 6RF�a�� ���� �������

����� 'DYLGVRQ�� $�� Z��� &KHP�� 5HYLHZV� D�� ���� �������
����� 'DYLGVRQ�� $�� Z��� DQG� *ULVZROG�� (��� -�� $P�� &KHP��

6RF�� a������� �������

����� 'DYLGVRQ�� $�� Z��� DQG� +ROP�� Y��� 8QLY�� .DQVDV� 6FL��
%XO��� ������ ���� �������

�^���� 'DYLGVRQ�� $�� Z��� DQG� &KDSSHOO�� Z��� -��� �$P�� &KHP��
,�

6RF�� ���� ����� �������

������ 'DYLG�VRQ�� $�� :��� DQG� &KDSSHOO�� āZ���� -�� $P�� &KHP��
6RF��� ����� ����� �������

����� 'DYLGVRQ�� $�� Z��� DQG� *HHU�� +�� $��� -�� $P�� &KHP��
6RF�� ���� ���� �������

����� 'DYLGVRQ�� $�� Z��� DQG� *ULVZROG�� (��� -�� $P�� &KHP��
6RF��� ����� ���� �������
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����� *ULVZROG�� (��� DQG� 2OVHQ�� ā)�� Y��� -�� $P�� &KHP�� 6RF��
a������� �������

����� *ULVZROG�� (��� $VK�� $��� DQG� 0DF5H\QROGV�� /��� -��

$P�� &KHP�� 6RF�� ���� ���� ��������

����� *ULVZROG�� (��� DQG� 9DQ� +RUQ�� Z��� -�� $P�� &KHP�� 6RF��
���� ���� �������

���

����� +XWFKLVRQ�� $�� Z��� DQG� &KDQGOHH�� *�� F��� -�� $P�� &KHP��

6RF�� 0������� �������

����
� :HLGQHU�� %�� Y��� +XWFKLVRQ�� $� �Z��� DQG� &KDQGOHH�� *�� F���
� 
�

-�� $P�� &KHP�� 6RF��� ������ ����� �������

����� :HLGQHU�� %�� 9��� +XWFaLVRQ�� $�� Z��� DQG� &KDQGOHH�� *�� F���
-�� $P�� &KHP�� 6RF�� ����� ����� �������

����� .ROWKRII�� ,�� 0��� DQG� :LOOPDQ�� $��� -�� -XQ�� &KHP�� 6RF��

a�� ����� �������

����� .ROWKRII
�� ,�� 0��� HQG� :LOOPDQ�� $��� -�� $P�� &KHP�� 6RF��
���ā������ �������

����� *UHQZDOO�� 7��� /D0HU�� 9��� DQG� 6DQGYHG�� .��� 3K\V�.��

=HLW�� ���� ���� �������

����� +DOSHUQ�� R��� -�� &KHP�� 3K\V�� ��� ��� �������
����� *URVV�� 3��� DQG� +DOSHUQ�� R����-�� &KHP�� 3K\V�a�� ����
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����� )XRVV�� 5��� 7UDQV�� )DUDG�� 6RH��a������ ��������
����� )XRVV�� 5��� &KHP�� 5HY�� ���� ��� �������
����� )XRVV�� 5��� DQG� .UDXV�� F�� $��� -�� &KHP�� 3K\V�� ���

���� �������

����� *ODVVWRQH�� V��� �7H[WERRN� RI� 3K\VLFDO� &KHP��� �QG�
(G��� '�� 9DQ� 1RVWUDQG� &R�� B1HZ� <RUN� �������

�� �� ������ )RZOHU�� 5�+��� DQG� *XJJHQKHLP�� (�� $��� 6WDWLVWLFDO�

7KHUPRG\QDPLFV�� &DPEULGJH� 8QLYHUVLW\� 3UHVV��
&DPEULGJH� �������
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����� -RQHV�� R��� DQG� -RVHSKV�� 5�� F��� -�� $P�� &KHP�� 6RF��
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����� -RQHV�� R��� DQG� %ROOLQJHU�� R�� 0��� -�� $P�� &KHP�� 6RF��
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����� .ROWKRII�� ,�� 0��� DQG� 6DQGHOO�� (�� %��� �7H[WERRN�

RI� 4XDQWLWDWLYH� ,QRUJDQLF� $QDO\VLV�� 0DF0LOODQ��

1HZ� <RUN� ������� S�� ����
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