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DQG�PHFKDQLFDO�WUHDWPHQW�RQ�PHFKDQLFDO�FKDUDFWHULVWLFV�RI�SRO\FU\VWDOOLQH�DOXPLQXP�VDP�
SOHV� KDV� EHHQ� VWXGLHG� H[SHULPHQWDOO\�� ,W� LV� VKRZQ� WKDW� KHDW� WUHDWPHQW� RI� VDPSOHV� ZLWK
VWURQJO\� GLVWRUWHG� VWUXFWXUH� UHVXOWV� LQ� D� GHFUHDVHG� VDPSOH� GHQVLW\� GXH� WR� JHQHUDWLRQ� RI
SRURXV� VWUXFWXUH�� )RUPDWLRQ� RI� SRUHV� RQ� JUDLQ� ERXQGDULHV� KLQGHUV� UHFU\VWDOOL]DWLRQ� DQG
UHVXOWV� LQ� DSSHDUDQFH� RI�PLFURFUDFNV� QHDU� WKH� SRUHV� DW� SODVWLF� VWUDLQLQJ� WKDW� FDXVHV� WKH
JUDLQ�ERXQGDU\� IDLOXUH� FKDUDFWHU� RI� ILQH�JUDLQHG� VDPSOHV�� ,W� LV� VKRZQ� WKDW� SUH�VWUDLQLQJ
SURPRWHV� GHFUHDVH� LQ� SRURVLW\� GXULQJ� KLJK�WHPSHUDWXUH� DQQHDOLQJ� WKDW�� LQ� WXUQ�� FDXVHV
FRDUVHQLQJ�RI�JUDLQV�
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,Q�>�@��WKH�GHYHORSPHQW�RI�VWUDLQ�LQGXFHG
PLFURGHIHFWV� �SRUHV�DQG�PLFURVFRSLF�FUDFNV�
KDV� EHHQ� VWXGLHG� H[SHULPHQWDOO\� LQ� VLQJOH�
DQG�SRO\FU\VWDOOLQH�VDPSOHV�RI�YDULRXV�PHW�
DOV� XQGHU� VWUDLQLQJ� FRQGLWLRQV� YDU\LQJ
ZLWKLQ� D� UDWKHU� ZLGH� UDQJH�� ,W� KDV� EHHQ
VKRZQ�WKDW�WKH�GHQVLW\�UHGXFWLRQ�FDXVHG�E\
WKH�PLFUR�GHIHFWLYH� VWUXFWXUH� DULVLQJ�XQGHU
SODVWLF�VWUDLQLQJ�LV�ORFDOL]HG�LQ�WKH�QHDU�VXU�
IDFH�OD\HU��7KXV��ZKHQ�GHWHUPLQLQJ�WKH�GHQ�
VLW\� UHGXFWLRQ� YDOXH� XVLQJ� WKH� LQWHJUDO
PHWKRG�� WKH� PD[LPXP� VHQVLWLYLW\� ZLOO� EH
DWWDLQHG� IRU� VDPSOHV� ZLWK� WKH� ODUJH� IUHH
VXUIDFH�WR�YROXPH�UDWLR��DQG�LQ�WKLV�FRQQHF�
WLRQ�� WKH� UHVHDUFK� XVLQJ� WKH� IRLO� VDPSOHV
ZLOO�EH�PRVW�HIIHFWLYH�

$V�WKH�VWXG\�REMHFWV��DERXW�����PP�WKLFN
SRO\FU\VWDOOLQH� DOXPLQXP� VDPSOHV� RI� DERXW
���u���PP�� VL]H� KDYH�EHHQ�XVHG��7KH�GHQ�
VLW\� UHGXFWLRQ� ZDV� GHWHUPLQHG� LQ� LQLWLDO
VDPSOHV�DIWHU�DQQHDOLQJ�DW�����&�DQG�����&
RI� YDULRXV� GXUDWLRQ�� FRDUVH�FU\VWDO� VDPSOHV
ZLWK� WKH�DYHUDJH�JUDLQ�VL]H�GBB|�y���PP��DV
ZHOO�DV�LQ�WKH�ODWWHU�VDPSOHV�VWUDLQHG�XQGHU
DFWLYH� WHQVLRQ� FRQGLWLRQV� DW� D� FRQVWDQW
VWUDLQLQJ�UDWH�H�� ���Ü��VÜ���)RU�DOO�VDPSOHV�
WKH� PHFKDQLFDO� FKDUDFWHULVWLFV� �XOWLPDWH
VWUHVV� VW�� PD[LPXP� SODVWLF� VWUDLQ� HPD[�ZHUH� GHWHUPLQHG� IURP� WKH� VWUHVV�VWUDLQ
FXUYH�DQG�WKH�IDLOXUH�FKDUDFWHU�ZDV�LQYHVWL�
JDWHG� LQ� VLWX� XVLQJ� YLGHR� ILOPLQJ� >�@�� 7KH
VDPSOHV�ZLWK�WKH�YDULRXV�DYHUDJH�JUDLQ�VL]H
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ZHUH� SUHSDUHG� DV� IROORZV�� 7KH� VDPSOHV� FXW
RXW� IURP� D� IRLO� ZHUH� VWUDLQHG� XQGHU� DFWLYH
WHQVLRQ�FRQGLWLRQV�DIWHU�DQQHDOLQJ�DW�����&
GXULQJ���K��7KH�VWUDLQ�YDOXH�ZDV�DERXW���WR
�����7KH�VDPSOHV�ZLWK�DERYH�PHQWLRQHG�DY�
HUDJH� JUDLQ� VL]H� ZHUH� REWDLQHG� XVLQJ� VXE�
VHTXHQW� DQQHDOLQJ� DW� ����&�GXULQJ� ��K��7R
UHYHDO� WKH� JUDLQ� ERXQGDULHV�� WKH� .HOOHU
HWFKDQW� >�@� ZDV� XVHG�� 7KH� GHQVLW\� RI� VDP�
SOHV� ZDV� GHWHUPLQHG� XVLQJ� WKH� K\GURVWDWLF
ZHLJKLQJ��:HLJKLQJ�LQ�ZDWHU�DQG�LQ�DLU�ZDV
FDUULHG�RXW�XVLQJ�D�9/5����EDODQFH�ZLWK�DQ
DEVROXWH�HUURU�RI�DERXW�r������Ü��J�DQG�UHOD�
WLYH�HUURU�RI�DERXW�r����Ü�����7KH�DEVROXWH
DQG�UHODWLYH�HUURUV�RI�VDPSOH�GHQVLW\�GHWHU�
PLQDWLRQ�GLG� QRW� H[FHHG�r����Ü��J�FP�� DQG
r��������UHVSHFWLYHO\��7KH�PDLQ�UHVXOWV�RE�
WDLQHG�DUH�SUHVHQWHG�LQ�7DEOH�
7KH�DYHUDJH�GHQVLW\�YDOXH�RI�LQLWLDO�VDP�

SOHV� �DERXW��������J�FP��� LV� FORVH� WR�;�UD\
DOXPLQXP� GHQVLW\� �DERXW� ������� J�FP���
7KH� LQVLJQLILFDQW� VFDWWHU� RI� VDPSOH� GHQVLW\
YDOXHV� ZLWKLQ� OLPLWV� RI� DERXW� ������� WR
�������J�FP�� LV� GXH� WR� GLVWLQFWLRQV� LQ� WKH
VDPSOH� FXWWLQJ� DUHDV� �DW� HGJH� RU� QHDU� WKH
PLGGOH�SDUW���$IWHU�DQQHDOLQJ�DW�����&�GXU�
LQJ���K��WKH�GHQVLW\�RI�YDULRXV�VDPSOHV�DQG
LWV�VFDWWHU�GHFUHDVH�DSSUHFLDEO\��7KH�GHQVLW\
YDOXHV� RI� VXFK� VDPSOHV� DUH� EHWZHHQ� DERXW
������� DQG� ������� J�FP��� 7KH� VXEVHTXHQW
DQQHDOLQJ�DW�����&�GXULQJ���K�UHVXOWV�LQ�DQ
HVVHQWLDO� GHQVLW\� GHFUHDVH�� 7KH� DYHUDJH
YDOXH� RI� GHQVLW\� GHFUHDVH� 'U� DV� FRPSDUHG
ZLWK� LQLWLDO� VDPSOHV� DPRXQWV��������J�FP�
�'U�U� ���������
,W� LV�NQRZQ�WKDW�KHDWLQJ�RI�VWURQJO\�GLV�

WRUWHG�FU\VWDO�VWUXFWXUH�FDXVHV�DQ�LQFUHDVHG
FRQFHQWUDWLRQ� RI� QRQHTXLOLEULXP� YDFDQFLHV
�GXH�WR�KLJK�DFWLYLW\�RI�GLIIXVLRQ�SURFHVVHV�
DV�ZHOO� DV� WKH� FRDOHVFHQFH� WKHUHRI� UHVXOWLQJ
LQ� SRUH� IRUPDWLRQ�� LQFUHDVH� LQ� WKH� QXPEHU

DQG�VL]HV�RI�SRUHV�>�@��WKDW�VKRXOG�QR�GRXEW
UHGXFH�WKH�VDPSOH�GHQVLW\��)LJ����VKRZV�WKH
;�UD\� GLIIUDFWLRQ� SDWWHUQV� IRU� WKH� LQLWLDO
VDPSOH� DQG� IRU� VDPSOHV� DQQHDOHG� DW� ����&
DQG�����&��7KH�SDWWHUQ�IRU�WKH� LQLWLDO�VDP�
SOH� �WKH� OLQHV� DUH� FRQWLQXRXV� DQG� GLIIXVH�
HYLGHQFHV� D� KLJK� GHJUHH� RI� WKH� FU\VWDO� ODW�
WLFH� GLVWRUWLRQ� DQG� WKH� DYHUDJH� JUDLQ� VL]H
WKDW�GRHV�QRW�H[FHHG�����Ü��FP�>�@��7KH�SDW�
WHUQV�IRU�DOXPLQXP�VDPSOHV�DIWHU�DQQHDOLQJ
DW�����&�DQG�����&�DUH�IRXQG�WR�EH�RI�SRLQW
W\SH�� 'HWHUPLQDWLRQ� RI� WKH� DYHUDJH� JUDLQ
VL]H�IURP�WKH�QXPEHU�RI�SRLQWV�LQ�WKH�'HE\H
ULQJ� XVLQJ� D� NQRZQ� WHFKQLTXH� >����@� VKRZV
WKDW� LW� DPRXQWV� ���Ü����PP� DQG� LV� SUDFWL�
FDOO\� WKH� VDPH� IRU� VDPSOHV�DQQHDOHG�DW�GLI�
IHUHQW�WHPSHUDWXUHV��7KXV��DQ�HVVHQWLDO�GHQ�
VLW\� UHGXFWLRQ� RI� SRO\FU\VWDOOLQH� DOXPLQXP
VDPSOHV� DIWHU� DQQHDOLQJ� DW� ����&� DV� FRP�
SDUHG�WR�WKRVH�DQQHDOHG�DW�����&�FDQQRW�EH
H[SODLQHG�E\�IHDWXUHV�RI�UHFU\VWDOOL]DWLRQ�RI
VXFK� VDPSOHV� �E\� YDULRXV� OHQJWK� RI� JUDLQ
ERXQGDULHV� LQ� VDPSOHV�GHSHQGLQJ�RQ�WKH�UH�
FU\VWDOOL]DWLRQ�WHPSHUDWXUH��
7R�GHWHUPLQH�WKH�ORFDOL]DWLRQ�RI�WKH�GHQ�

VLW\� UHGXFWLRQ�� LQ� VDPSOHV� RI� YDULRXV� W\SH
�LQLWLDO� VDPSOHV� DQG� VDPSOHV� DQQHDOHG� DW
����&�DQG�����&��WKH�GHQVLW\�ZDV�PHDVXUHG
DIWHU�WKH�OD\HU�E\�OD\HU�WKLQQLQJ�RI�VDPSOHV
XVLQJ� FKHPLFDO� SROLVKLQJ� ZLWK� IROORZLQJ
HWFKDQW� FRPSRVLWLRQ�� +�32�� ���� PO��+12����PO��+�62�� ����PO��&X+��2�6�����J� >�@�$Q� DERXW� ��� PP� WKLFN� OD\HU� ZDV� UHPRYHG�
)RU�LQLWLDO�VDPSOHV��DQ�LQVLJQLILFDQW�GHQVLW\
UHGXFWLRQ��DERXW�������ZDV�REVHUYHG�LQ�WKH
QHDU�VXUIDFH� OD\HU� RI� DERXW� ��� PP� WKLFN�
QHVV�� 7KH� GHQVLW\� SUDFWLFDOO\� GRHV� QRW� YDU\
RYHU�WKH�WKLFNQHVV�LQ�VDPSOHV�DQQHDOHG�ERWK
DW� ����&� DQG� ����&�� ,Q� VSLWH� RI� WKH� IDFW
WKDW� WKH� VDPSOHV� ZHUH� WKLQQHG� XVLQJ� WKH
SROLVKLQJ�FRPSRVLWLRQ�>�@��WKH�HWFKLQJ�DFWLRQ

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQV� RI� SRO\FU\VWDOOLQH� DOXPLQXP� VDPSOHV�� LQLWLDO� �D��� DQQHDOHG� DW
����&�IRU���K��E���DQQHDOHG�DW�����&�IRU���K������&�IRU���K��F��
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ZDV�DSSHDUHG�WR�EH�VHOHFWLYH��,Q�VDPSOHV�DQ�
QHDOHG� DW� GLIIHUHQW� WHPSHUDWXUHV� DQG
WKLQQHG�GRZQ�WR�WKLFNQHVV�RI�DERXW�����PP�
WKURXJK� SRUHV�ZHUH� IRXQG� �)LJ������ DQG� WKH
SRUH� GHQVLW\� LQ� VDPSOHV� DQQHDOHG� DW� ����&
���K��������&����K�� LV� WZR�RUGHUV�RI�PDJQL�
WXGH� KLJKHU� WKDQ� LQ� WKRVH� DQQHDOHG� DW
����&�� ,Q� PLFURSKRWRV� RI� WKH� VDPSOH� VXU�
IDFHV� VKRZQ� LQ� )LJ����� WKH� SRUHV� DUH� REYL�
RXVO\�IRUPHG�E\�IXVLRQ�RI�QHLJKERULQJ�SRUHV
ERWK� DW� WKH� VDPSOH� VXUIDFH� DQG� RYHU� LWV
WKLFNQHVV�
&RQVLGHUDWLRQ� RI� WKH� HQODUJHG� �u���� PL�

FURSKRWR� IUDJPHQW� RI� D� VDPSOH� ZLWK
WKURXJK�SRUHV��)LJ���E��PDNHV�LW�SRVVLEOH�WR
DVVXPH�� WDNLQJ� LQWR� DFFRXQW� WKH� JUDLQ� VL]H
YDOXH��WKDW�WKH�WKURXJK�SRUHV�FRUUHVSRQG�WR
WKH� HWFKHG� SDUWV� RI� JUDLQ� ERXQGDULHV�� 7KH
PHWDOORJUDSKLF� UHVHDUFKHV� RI� WKH� VDPSOHV
SRURXV�VWUXFWXUH�FRQILUP�LW��)LJ������,Q�VDP�
SOHV�DQQHDOHG�DW�����&��SRUHV�KDYH�EHHQ�RE�
VHUYHG�LQ�SDUWV�RI�VHSDUDWH�JUDLQ�ERXQGDULHV
�)LJ���D��� $IWHU� DQQHDOLQJ� DW� ����&�� WKH
SRUHV�DSSHDU�SUDFWLFDOO\�LQ�DOO�ERXQGDULHV�RI
DOO�JUDLQV��)LJ���E��
,QLWLDO� VDPSOHV� DQG� VDPSOHV� DIWHU� WKH

WKHUPDO� DQG� WKHUPDO�PHFKDQLFDO� WUHDWPHQW
ZHUH�VWUDLQHG�XQGHU�XQLD[LDO� WHQVLRQ�FRQGL�
WLRQV�� 7KH� REWDLQHG� PHFKDQLFDO� FKDUDF�
WHULVWLFV� IRU� VXFK� VDPSOHV� DQG� GDWD� RQ� WKH
IDLOXUH� FKDUDFWHU� DUH� SUHVHQWHG� LQ� 7DEOH�
7KH� KLJKHVW� XOWLPDWH� VWUHQJWK� VW� DQG� WKHORZHVW� VWUDLQ� EHIRUH� IDLOXUH� HPD[� KDYH�EHHQREVHUYHG� LQ� LQLWLDO� VDPSOHV�� 7KH� XOWLPDWH
VWUHQJWK� VW� DPRXQWV� |���� 03D�� DQG� HPD[GRHV�QRW�H[FHHG��������7KH� IDLOXUH�FKDUDF�
WHU� RI� VXFK� VDPSOHV� LV� DOZD\V�TXDVL�EULWWOH�

7KH� XOWLPDWH� VWUHQJWK� GHFUHDVHV� DQG� WKH
PD[LPDO� SODVWLF� VWUDLQ� LQFUHDVHV� DW� DQQHDO�
LQJ�� 6R�� DIWHU� DQQHDOLQJ� DW� ����&� DQG
����&�� HPD[� DPRXQWV� |�� ��� 7KH� JUDLQ�
ERXQGDU\� IDLOXUH� FKDUDFWHU� RI� VXFK� VDPSOHV
KDV� EHHQ� REVHUYHG�� 7KH� PLFURFUDFNV� DUH
RULJLQDWHG� IURP� SRUHV� RQ� JUDLQ� ERXQGDULHV
�)LJ�����
,Q� WKLV�ZRUN�� LW� LV�VKRZQ�H[SHULPHQWDOO\

WKDW� WKH�SUREDELOLW\�RI�JUDLQ�ERXQGDU\� IDLO�

)LJ����� 7KURXJK� SRUHV� LQ� KHDW� WUHDWHG� DOXPLQXP� VDPSOHV� WKLQQHG� E\� FKHPLFDO� SROLVKLQJ� GRZQ� WR
����PP�WKLFNQHVV��DQQHDOHG�DW�����&�IRU���K��D���DQQHDOHG�DW�����&�IRU���K�������&�IRU���K��E��

)LJ����� 3RUHV� RQ� JUDLQ� ERXQGDULHV� YLVXDOL]HG
E\� FKHPLFDO� HWFKLQJ� LQ� DOXPLQXP� VDPSOHV�
DQQHDOHG� DW� ����&� IRU� �� K� �D��� DQQHDOHG� DW
����&�IRU���K�������&�IRU���K��E��
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XUH�LQFUHDVHV�ZLWK�UHGXFWLRQ�RI�WKH�DYHUDJH
JUDLQ�VL]H��)LJ������WKDW�FRUUHVSRQGV��DV�KDV
EHHQ� VKRZQ� EHIRUH� >�����@�� WR� LQFUHDVLQJ
IUDFWLRQ� RI� JHQHUDO� W\SH� JUDLQ� ERXQGDULHV
ZKHQ� SDVVLQJ� IURP� FRDUVH�JUDLQHG� VDPSOHV
WR� ILQH�JUDLQHG� RQHV�� 7KH� VRXUFH� RI� WKH
JUDLQ�ERXQGDU\� IDLOXUH� LV� QRW� WKH� JUDLQ
ERXQGDU\�W\SH��EXW�WKH�SUHVHQFH�RI�SRUHV�DW
WKH�ERXQGDULHV�ZKLFK�DUH�IRUPHG��DV�D�UXOH�
RQ� JHQHUDO� W\SH� JUDLQ� ERXQGDULHV�� 'XULQJ
SULPDU\�UHFU\VWDOOL]DWLRQ�XQGHU�DQQHDOLQJ�DW
����&�� LQ� VDPSOHV� ZLWK� VWURQJO\� GLVWRUWHG
VWUXFWXUH�DQG�KLJK�FRQFHQWUDWLRQ�RI�H[FHVV�YD�
FDQFLHV��SRUHV�DUH�IRUPHG�GXH�WR�FRDOHVFHQFH�RI
QRQHTXLOLEULXP� YDFDQFLHV� RQ� JUDLQ� ERXQGDULHV
VLPXOWDQHRXVO\�ZLWK�UHFU\VWDOOL]DWLRQ�
)LJ���� SUHVHQWV� WKH� DYHUDJH� JUDLQ� VL]H

DQG� GHQVLW\� RI� DOXPLQXP� VDPSOHV� DV� IXQF�
WLRQV� RI� WKH� DQQHDOLQJ� GXUDWLRQ� DW� ����&�
7KHVH�UHVXOWV�VKRZ�FRQYLQFLQJO\�WKDW�WKH�UH�
FU\VWDOOL]DWLRQ� SURFHVV� HVVHQWLDOO\� VWRSV� DV
WKH� FHUWDLQ� GHQVLW\� RI� SRUHV� �WKH� VDPSOH
GHQVLW\�� LV� DFKLHYHG�� 7KH� SRUH� GHQVLW\� HVWL�
PDWHG� IRU� DYHUDJH� JUDLQ� VL]H� G

BB
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�)LJ�����VKRZV�WKDW�DERXW����SRUHV�RI�DERXW
�Ü���PP�VL]H�DUH�VXIILFLHQW�WR�EORFN�D�JUDLQ
ERXQGDU\� PLJUDWLRQ�� )RUPDWLRQ� RI� GHIHFWV
VXFK� DV� SRUHV� RQ� JUDLQ� ERXQGDULHV�� ILUVW�
KLQGHUV� QRW� RQO\� SULPDU\� UHFU\VWDOOL]DWLRQ
EXW�DSSDUHQWO\�FROOHFWLYH�RQH��VHFRQG��LW�RE�
VWUXFWV�JHQHUDWLRQ�RI�WKH�VSHFLDO� W\SH�JUDLQ
ERXQGDU\� RU� RI� D� VLPLODU� RQH�� WKLUG�� LW� UH�
VXOWV� LQ�RFFXUUHQFH�RI�PLFURFUDFNV�QHDU�WKH
SRUHV�XQGHU�SODVWLF�VWUDLQLQJ�
7KXV�� WKH� UHVXOWV� REWDLQHG�� ILUVW�� VKRZ

RQFH� DJDLQ� WKDW� WKH� SUHVHQFH� RI� SRUHV� RQ
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