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5HFHLYHG�2FWREHU���������
2SWLFDO� WUDQVPLVVLRQ� ZDV� PHDVXUHG� IRU� SHOOHWV� PDGH� RI� SRO\FU\VWDOOLQH� SRZGHUV� RI

VWLOEHQH� DQG� S�WHUSKHQ\O� VXEMHFW� WR� SUHVVXUH� FRPSDFWLRQ� DW� WHPSHUDWXUHV� FORVH� WR� WKH
PHOWLQJ�SRLQW��$V�FRPSDUHG�ZLWK�VLPLODU�VDPSOHV�REWDLQHG�E\�FRPSDFWLRQ�DW�URRP�WHPSHUD�
WXUH�� WKH� WUDQVSDUHQFH� ZDV� VXEVWDQWLDOO\� KLJKHU�� ZLWK� WKLV� GLIIHUHQFH� EHLQJ� PRUH� SUR�
QRXQFHG� DW� KLJKHU� WUHDWPHQW� WHPSHUDWXUHV� DQG� VPDOOHU� JUDLQ� VL]H� RI� WKH� LQLWLDO� SRZGHU�
DOVR�� WKH� HIIHFW� REVHUYHG�ZDV�QRWLFHDEO\� VWURQJHU� IRU� WUDQV�VWLOEHQH� WKDQ� IRU�S�WHUSKHQ\O�
7KH� REWDLQHG� UHVXOWV� FDQ� EH� H[SODLQHG� LQ� WHUPV� RI� ORFDO� PHOWLQJ� DQG� OLTXLG� FU\VWDOOLQH
RUGHULQJ�RI�WKH�PROHFXOHV�LQ�RXWHU�OD\HUV�RI�QHLJKERULQJ�JUDLQV��UHVXOWLQJ�LQ�PRUH�XQLIRUP
VWUXFWXULQJ��6LQFH�WKH�PHDVXUHG�WUDQVSDUHQFH�RI�WKH�VDPSOHV�VKRZHG�JRRG�FRUUHODWLRQ�ZLWK
WKH�OXPLQHVFHQFH�OLJKW�\LHOG�IRU�VKRUW�UDQJH�DOSKD�UDGLDWLRQ��WKLV�DSSURDFK�FDQ�DOVR�EH�XVHG
DV� D� PHWKRG� IRU� H[SUHVV� DQDO\VLV� RI� WKH� SHOOHW� TXDOLW\� LQ� H[SHULPHQWDO� RSWLPL]DWLRQ� RI
SUHSDUDWLRQ�FRQGLWLRQV�RI�SRO\FU\VWDOOLQH�RUJDQLF�VFLQWLOODWRUV�
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2UJDQLF� SRO\FU\VWDOOLQH� VFLQWLOODWRUV� RE�
WDLQHG�E\�SUHVVXUH�FRPSDFWLRQ�RI�SRZGHU�RI
DQ� DSSURSULDWH� VXEVWDQFH� �H�J��� VWLOEHQH�
S�WHUSKHQ\O��DQWKUDFHQH��HWF���DUH�QHZ�SURP�
LVLQJ�PDWHULDOV�WKDW�FRXOG�EH�XVHIXO�LQ�PDQ\
DSSOLFDWLRQ� ILHOGV� >�Ü�@�� ,Q� GHWHFWLRQ� RI
VKRUW�UDQJH� UDGLDWLRQ�� RSWLFDO� WUDQVSDUHQFH
RI� WKH� VFLQWLOODWLRQ� PDWHULDO� LV� H[SHFWHG� WR
EH� DPRQJ� WKH� PDMRU� IDFWRUV� DIIHFWLQJ� WKH
OLJKW� RXWSXW� Û� WKH� LQLWLDO� UDGLDWLRQ� �H�J��
DOSKD�SDUWLFOHV�� LV� DEVRUEHG� LQ� WKH� VXUIDFH�
DGMDFHQW�OD\HU��ZKLOH�WKH�HPHUJLQJ�VFLQWLOOD�

WLRQV�DUH�UHFRUGHG�DIWHU�SDVVLQJ�WKURXJK�DOO
WKH�PDWHULDO�WKLFNQHVV��,Q�WKLV�UHODWLRQVKLS�
WKH�REMHFWLYH�RI�WKLV�ZRUN�ZDV�WR�VWXG\�WKH
HIIHFWV� RI� YDULRXV� SDUDPHWHUV� RI� WKH� SUHV�
VXUH� FRPSDFWLRQ� SURFHVV� �WHPSHUDWXUH�� DS�
SOLHG� SUHVVXUH�� JUDLQ� VL]H� RI� WKH� SRZGHU
XVHG�� XSRQ� RSWLFDO� WUDQVSDUHQFH� RI� WKH� RE�
WDLQHG�SRO\FU\VWDOOLQH�VDPSOHV�
7R� SUHSDUH� SRO\FU\VWDOOLQH� VDPSOHV� RI

VWLOEHQH� DQG�S�WHUSKHQ\O��PHOW�JURZQ� VLQJOH
FU\VWDO� LQJRWV� RI� WKHVH� VXEVWDQFHV� ZHUH
JURXQG� WR� SRZGHU� XQGHU� D� OLTXLG� QLWURJHQ
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OD\HU�� 7KH� REWDLQHG� JUDLQV� ZHUH� GULHG� DQG
VRUWHG�RXW�LQWR�IUDFWLRQV�ZLWK�OLQHDU�GLPHQ�
VLRQV� RI� JUDLQV� G������� PP�� ��������PP�
DQG�������PP��XVLQJ�WKH�DSSURSULDWH�VLHYHV�
3RZGHUV� RI� HDFK� IUDFWLRQ� ZHUH� VXEMHFW� WR
WKHUPDO� WUHDWPHQW� LQ� D� ULJLG� PRXOG� ZLWK
VLPXOWDQHRXV� DSSOLFDWLRQ� RI� K\GURVWDWLF
SUHVVXUH�3�����03D��7KH�REWDLQHG�SUHVVXUH�
FRPSDFWHG� VDPSOHV� ZHUH� F\OLQGHU�VKDSHG�
���PP�LQ�GLDPHWHU�DQG���PP�WKLFN�
2SWLFDO�WUDQVPLVVLRQ�RI�WKH�SUHVVXUH�FRP�

SDFWHG�VWLOEHQH�DQG�S�WHUSKHQ\O�VDPSOHV�ZDV
PHDVXUHG� XVLQJ� D� +LWDFKL� ���� VSHFWUR�
SKRWRPHWHU��7KH�PHDVXUHPHQWV�ZHUH�FDUULHG
RXW� E\� WZR� GLIIHUHQW� PHWKRGV�Û� ZLWK� DQG
ZLWKRXW� WKH� LQWHJUDWLQJ�VSKHUH��7KH�UHVXOWV
REWDLQHG� DUH� VKRZQ� LQ�)LJ���Ü��DV� IXQFWLRQ
RI� WKH� UHODWLYH� FRPSDFWLRQ� WHPSHUDWXUH
WUHG� �7FRPS�7P�� ZKHUH� 7P� LV� WKH� PHOWLQJSRLQW� ����� .� IRU� VWLOEHQH� DQG� ���� .� IRU
S�WHUSKHQ\O��� WUHG� Û� UHGXFHG� WHPSHUDWXUH�

:LWKRXW� WKH� LQWHJUDWLQJ� VSKHUH�� WKH� PHDV�
XUHG� WUDQVPLVVLRQ� YDOXHV� DUH� YHU\� VPDOO�Û
RQ�LWV�ZD\�WKURXJK�D�SRO\FU\VWDOOLQH�VDPSOH�
RQO\� D� VPDOO� IUDFWLRQ� RI� WKH� LQFLGHQW� OLJKW
JRHV�RXW�DORQJ�WKH�VDPH�GLUHFWLRQ�EHFDXVH�RI
VFDWWHULQJ� RQ� JUDLQ� ERXQGDULHV�� :LWK� WKH
LQWHJUDWLQJ� VSKHUH�� PRVW� RI� WKH� VFDWWHUHG
OLJKW� LV� FROOHFWHG� EDFN� LQWR� D� EHDP� WKDW
UHDFKHV� WKH�307�RI� WKH� VSHFWURSKRWRPHWHU�
,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� TXDOLWDWLYH
FKDUDFWHU� RI� WKH� UHVXOWV� LV� HVVHQWLDOO\� WKH
VDPH�LQ�ERWK�FDVHV�
7KH�PHDVXUHG�WUDQVPLWWDQFH�LQFUHDVHG�E\

XS� WR� �Ü�� WLPHV�ZKHQ� WKH� FRPSDFWLRQ� WHP�
SHUDWXUHV� URVH� IURP� WKH� URRP� WHPSHUDWXUH
WR� WKH� UHJLRQ� FORVH� WR� WKH� PHOWLQJ� SRLQW�
�7KH�OLPLWLQJ�FRQGLWLRQV�FDQ�EH�GHVLJQHG��LQ
WHFKQRORJ\�WHUPV��DV��FROG��DQG��KRW��SUHV�
VXUH� FRPSDFWLRQ��� $QRWKHU� DQWLFLSDWHG� UH�
VXOW� ZDV� WKDW� ODUJHU� JUDLQ� VL]HV� RI� LQLWLDO

)LJ����� 2SWLFDO� WUDQVPLVVLRQ� RI� WKH� SUHVVXUH�
FRPSDFWHG� S�WHUSKHQ\O� VDPSOHV� �ZLWKRXW� WKH
LQWHJUDWLQJ�VSKHUH��

)LJ����� 2SWLFDO� WUDQVPLVVLRQ� RI� WKH� SUHVVXUH�
FRPSDFWHG�S�WHUSKHQ\O�VDPSOHV��ZLWK�WKH�LQWH�
JUDWLQJ�VSKHUH��

)LJ����� 2SWLFDO� WUDQVPLVVLRQ� RI� WKH� SUHVVXUH�
FRPSDFWHG�VWLOEHQH�VDPSOHV��ZLWKRXW�WKH�LQWH�
JUDWLQJ�VSKHUH��

)LJ����� 2SWLFDO� WUDQVPLVVLRQ� RI� WKH� SUHVVXUH�
FRPSDFWHG� VWLOEHQH� VDPSOHV� �ZLWK� WKH� LQWH�
JUDWLQJ�VSKHUH��
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SRZGHUV� OHG� WR� KLJKHU� WUDQVSDUHQFH� XQGHU
VLPLODU�FRPSDFWLRQ�FRQGLWLRQV���
7R� EHWWHU� DVVHVV� WKH� GLIIHUHQFH� LQ� SL�

HVRWKHUPLF� EHKDYLRU� RI� VWLOEHQH� DQG� S�WHU�
SKHQ\O� SRZGHUV�� ZH� KDYH� FDOFXODWHG� WKH
UHODWLYH� LQFUHDVH� LQ� WUDQVPLVVLRQ� ZLWK� WHP�
SHUDWXUH� �)LJ��������+HUH�7UHI� DUH� WUDQVPLV�VLRQ� YDOXHV� RI� VDPSOHV� FRPSDFWHG� DW� URRP
WHPSHUDWXUH�
,Q� WKH� FDVH� RI� VWLOEHQH�� WKH� LQIOXHQFH� RI

SLHVRWKHUPLF� IDFWRUV� UHVXOWV� LQ� PXFK
VWURQJHU� UHVSRQVH� DV� FRPSDUHG� ZLWK� S�WHU�
SKHQ\O� �PD[LPXP� REWDLQHG� LQFUHDVH� LQ
WUDQVPLVVLRQ� E\� ���� WLPHV� DQG� E\� �� WLPHV�
UHVSHFWLYHO\���7KLV� FDQ�EH� H[SODLQHG�E\�GLI�
IHUHQFHV� LQ� VWHULF� DVSHFWV� RI� WKH� PROHFXODU
VWUXFWXUH�� 7KH� S�WHUSKHQ\O� PROHFXOH� LV� HV�
VHQWLDOO\� ULJLG�� ZLWK� URWDWLRQV� RI� DURPDWLF
ULQJV�DURXQG�WKH�ORQJ�PROHFXODU�D[LV�DOPRVW
FRPSOHWHO\�VXSSUHVVHG�Û�WKH�DURPDWLF�ULQJV
DUH� NQRZQ� WR� EH� SDUDOOHO� LQ� WKH� VROLG� VWDWH
>�@�� $V� IRU� VWLOEHQH� LQ� WUDQV�FRQIRUPDWLRQ�
WKH�PROHFXODU�SDFNLQJ�VSRQWDQHRXVO\�HPHUJ�
LQJ�XSRQ�FU\VWDOOL]DWLRQ� LV�� LQ�IDFW��QRW�WKH
GHQVHVW�SDFNLQJ�SRVVLEOH��DQG�IXUWKHU�DSSOL�
FDWLRQ�RI�SUHVVXUH�LQ�FRPELQDWLRQ�ZLWK�SUH�
PHOWLQJ� WHPSHUDWXUHV� DOORZLQJ� PRUH� IUHH�
GRP� RI� PROHFXODU� PRYHPHQW� FDQ� SUREDEO\
OHDG�WR�D�PRUH�RUGHUHG�VWUXFWXUH���
7KHVH�UHVXOWV�HYRNH�DQG�VXSSRUW�RXU�HDU�

OLHU�DVVXPSWLRQ�>�@�RQ�D�SRVVLEOH�PHFKDQLVP
LQYROYHG��3UHVVXUH�LQGXFHG�FKDQJHV�LQ�LQWHU�
PROHFXODU� GLVWDQFHV� IDYRXU� DQLVRWURSLF� LQ�
WHUPROHFXODU�LQWHUDFWLRQV��ZKLFK��XQGHU�FRQ�
GLWLRQV�RI�FHUWDLQ�PROHFXODU�PRELOLW\�DW�SUH�
PHOWLQJ� WHPSHUDWXUHV�� FDQ� OHDG� WR� OLTXLG
FU\VWDO�OLNH� RULHQWDWLRQDO� RUGHULQJ� RI� WKH
PROHFXOHV� IURP� WKH� QHLJKERXULQJ� GRPDLQV
�JUDLQV���7KH�HPHUJLQJ�ODUJHU�VLQJOH�FU\VWDO�

OLQH� VHFWLRQV� RI� WKH� FRPSDFWHG� VDPSOH� FDQ
SRVVLEO\� EH� IRUPHG� YLD� D� YLUWXDO� VPHFWLF�%
SKDVH��ZLWK�WKH�UHODWLYH�IUHHGRP�RI�PROHFX�
ODU�PRYHPHQW�GHVFULEHG�E\�RUGHU�SDUDPHWHUV
FORVH�EXW�HVVHQWLDOO\�QRW�HTXDO�WR����)XUWKHU
VWXGLHV� RQ� SUHVVXUH�FRPSDFWHG� SRO\FU\VWDOV�
LQFOXGLQJ� PL[HG� V\VWHPV� >�@�� FRXOG� JLYH
PRUH�HYLGHQFH�RQ�WKLV�SKHQRPHQRQ�
)URP� WKH� YLHZSRLQW� RI� DSSOLFDWLRQV�� RQH

VKRXOG�QRWH�JRRG�FRUUHODWLRQ�EHWZHHQ�RSWLFDO
WUDQVSDUHQF\� RI� WKH� VWXGLHG� VDPSOHV� DQG
WKHLU�VFLQWLOODWLRQ�OLJKW�RXWSXW�XQGHU�H[FLWD�
WLRQ� E\� DOSKD�SDUWLFOHV� �7DEOH��� � � ,W� FDQ� EH
VHHQ� WKDW� PRUH� WUDQVSDUHQW� VDPSOHV� �SUHV�
VXUH�FRPSDFWHG� DW� KLJKHU� WHPSHUDWXUHV�
VKRZHG� VXEVWDQWLDOO\� KLJKHU� OLJKW� RXWSXW�
HVSHFLDOO\�PDUNHG� LQ� WKH� FDVH� RI� H[FLWDWLRQ
E\� IRU� H[FLWDWLRQ� E\� D�SDUWLFOHV�� ,Q� IDFW�
VXFK� WUHDWPHQW� LPSURYHV� VWUXFWXUDO� SHUIHF�
WLRQ� RQ� GLVWDQFHV� FRPSDUDEOH� ZLWK� WKH� IUHH
SDWK�RI�D�SDUWLFOH��a���PP�LQ�RXU�FDVH���EXW
FDQQRW�DIIHFW�WKH�SHUIHFWLRQ�RI�VHFWLRQV�ZLWK

)LJ����� 7KH� UHODWLYH� LQFUHDVH� LQ� WUDQVPLVVLRQ
ZLWK�WHPSHUDWXUH�IRU�SUHVVXUH�FRPSDFWHG�S�WHU�
SKHQ\O�VDPSOHV��7UHI�DUH�WUDQVPLVVLRQ�YDOXHV�RIVDPSOHV�FRPSDFWHG�DW�URRP�WHPSHUDWXUH��

)LJ����� 7KH� UHODWLYH� LQFUHDVH� LQ� WUDQVPLVVLRQ
ZLWK�WHPSHUDWXUH�IRU�SUHVVXUH�FRPSDFWHG�VWLO�
EHQH�VDPSOHV�

7DEOH��5HODWLYH�OLJKW�RXWSXW�-�RI�SRO\FU\V�
WDOOLQH� VDPSOHV� RI� VWLOEHQH� REWDLQHG� E\
�FROG��DQG��KRW��SUHVVXUH�FRPSDFWLRQ

3UHVVXUH
FRPSDF�
WLRQ�W\SH
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GLPHQVLRQV�FRPSDUDEOH�ZLWK�WKH�IUHH�SDWK�RI
FRQYHUVLRQ�HOHFWURQV��a����PP���
,Q� WKLV� UHVSHFW��PHDVXUHPHQWV� RI� RSWLFDO

WUDQVSDUHQF\� DV� GHVFULEHG� LQ� RXU� SDSHU� FDQ
EH�XVHG�DV�D�PHWKRG�IRU�UDSLG�TXDOLW\�DQDO\�
VLV� RI� SUHVVXUH�FRPSDFWHG� RUJDQLF� VFLQWLOOD�
WRUV� LQ� WKH� SURFHVV� RI� RSWLPL]DWLRQ� RI� WKH
SUHSDUDWLRQ�FRQGLWLRQV�
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