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(IIHFWV� RI� FRQGHQVDWLRQ� WHPSHUDWXUH� DQG� VXEVHTXHQW� DQQHDOLQJ� RQ� FRPSRVLWLRQ� DQG
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7XQJVWHQ� ERULGHV� DUH� DPRQJ� WKH� PRVW
SURVSHFWLYH�PDWHULDOV�IRU�LQGXVWULDO�DSSOLFD�
WLRQV� LQ� PDFKLQH� EXLOGLQJ� DQG� PLFURHOHF�
WURQLFV� >����@�� )RU� WXQJVWHQ� ERULGHV�� YHU\
ULJLG� LQWHUDWRPLF� FRYDOHQW�PHWDOOLF� ERQGV
DUH�W\SLFDO��ZKLFK�FDXVH�KLJK�OHYHO�RI�HODVWLF
FRQVWDQWV�� LQIXVLELOLW\�� KLJK� KDUGQHVV�� DQG
FKHPLFDO�VWDELOLW\��$PRQJ�WKH�NQRZQ�SKDVHV
RI� WXQJVWHQ� ERULGHV�� WKH� PRVW� VWXGLHG� LV
:�%���ZKLFK�SRVVHVVHV�D�KLJK� FKHPLFDO� VWD�ELOLW\�� KLJK� WKHUPR�FRQGXFWLYLW\� ������ WR
�����:�P�GHJ� LQ� WHPSHUDWXUH�UDQJH����� WR
�����&�� DQG� D� UHODWLYHO\� KLJK� KDUGQHVV
����*3D��>�@��7KH�ERULGH�:�%��KDV�D�KH[DJR�QDO� W\SH� ODWWLFH� �VSDFH� JURXS� '��KÜ3���PPF�� ZLWK� OD\HUV� RI� PHWDO� DQG� ERURQ
DWRPV�DOWHUQDWLQJ� DORQJ� WKH�D[LV�F� >�@��7KH

PHWDO� DWRPV� LQ� :�%�� ODWWLFH� IRUP� FORVHO\SDFNHG� OD\HUV�� ZKLOH� ERURQ� DWRPV�� IODW� DQG
SDUWLDOO\�ELGLPHQVLRQDO�KH[DJRQDO�QHWV�>����@�

8QIRUWXQDWHO\�� WXQJVWHQ� ERULGH� FHUDPLFV
LQ�FRDUVH�FU\VWDOOLQH�EXON�VWDWH�LV�YHU\�EULW�
WOH��WKDW�OLPLWV�LWV�ZLGH�DSSOLFDWLRQ�LQ�HQJL�
QHHULQJ��2QH�RI�WKH�SURPLVLQJ�GLUHFWLRQV�IRU
VWUHQJWK�LQFUHDVH�DQG�FUDFNLQJ�UHVLVWDQFH�LV
GHFUHDVLQJ� WKH� VL]HV� RI� VWUXFWXUDO� FRPSR�
QHQWV� GRZQ� WR� QDQRPHWHU� UDQJH��ZKHUH� WKH
SUHYDLOLQJ� UROH� IRU� LPSURYLQJ� WKH� VWUHQJWK
DQG�FUDFN�UHVLVWDQFH�LV�SOD\HG�E\�WKH�DWRPV
SRVLWLRQHG� DW� LQWHUSKDVH� DQG� LQWHUJUDLQ
ERXQGDULHV��$� VXEVWDQWLDO� FRQWHQW� RI� DWRPV
ZKLFK� GR� QRW� IRUP� D� ORQJ� UDQJH� RUGHU� DQG
DUH� SRVLWLRQHG� LQ� LQWHU�FU\VWDOOLWH� OD\HU� RI
QDQR�PDWHULDO��UHVXOWV� LQ�IRUPDWLRQ�RI�D�EL�
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VWUXFWXUDO� VWDWH�� L�H�� FU\VWDOOLQH� RUGHUHG
VWDWH� DQG� LQWHU�FU\VWDOOLWH� ZLWKRXW� ORQJ
UDQJH�RUGHU�RQH� >�@��$�KLJK�VSHFLILF�FRQWUL�
EXWLRQ� RI� VXUIDFH� DWRPV� PD\� UHVXOW� LQ
FKDQJH�RI�FU\VWDOOLQH�RUGHULQJ�W\SH�LQ�QDQR�
FU\VWDOOLWHV��WKDW�ZRXOG�VWLPXODWH�IRUPDWLRQ
RI� D� FU\VWDOOLQH� VWUXFWXUH� ZLWK� PLQLPXP
VXUIDFH�HQHUJ\��IRU�LQVWDQFH��JRLQJ�WR�VWUXF�
WXUDO� IRUPDWLRQV� FRQWDLQLQJ� OHVV� WKDQ
�����DWRPV�� WKH�PRVW� VWDEOH� DUH� FRQILJXUD�
WLRQV�ZLWK� IFF� ODWWLFH� RU�ZLWK�PRUH� VSKHUH�
OLNH�GHFDKHGUDO�DQG�LFRVDKHGUDO�RQHV�>����@��
7KH�PHQWLRQHG�IHDWXUHV�DOORZ�WR�H[SHFW�WKH
ERULGHV� LQ� LRQ�SODVPD� QDQRFU\VWDOOLQH� FRQ�
GHQVDWHV�KDYLQJ�DQ�XQXVXDO�VWUXFWXUH�VWDWH�
SKDVH� FRPSRVLWLRQ� DQG� IXQFWLRQDO� FKDUDF�
WHULVWLFV��,W�LV�ZRUWK�WR�QRWH�DV�ZHOO�WKDW�WKH
LQWHQGHG� DSSOLFDWLRQV� RI� WXQJVWHQ� ERULGH
FRDWLQJV�DV�SURWHFWLYH�RQHV�LQFOXGLQJ�SURWHF�
WLRQ� RI� FRQVWUXFWLRQ� HOHPHQWV� ZRUNLQJ� DW
HOHYDWHG�WHPSHUDWXUHV�������WR������&���UH�
TXLUH� WR� VWXG\� WKH� VWDELOLW\� RI� FRQGHQVHG
ERULGH� FRDWLQJ� FRPSRVLWLRQ� DQG� VWUXFWXUH� LQ
WKLV�WHPSHUDWXUH�UDQJH��7KXV��WKH�DLP�RI�WKLV
ZRUN�ZDV�WR�VWXG\�WKH�HIIHFWV�RI�FRQGHQVDWLRQ
FRQGLWLRQV�DQG�KLJK�WHPSHUDWXUH�DQQHDOLQJ�RQ
SKDVH�FRPSRVLWLRQ�DQG�VWUXFWXUH�RI�:±%�LRQ�
SODVPD� FRQGHQVDWHV� SUHSDUHG� E\� VSXWWHULQJ
WKH� WDUJHW� RI� WKH� PRVW� WKHUPRG\QDPLFDOO\
VWDEOH�:�%��VWRLFKLRPHWULF�SKDVH�7KH��Ü��PP�WKLFN�VDPSOHV�ZHUH�SUHSDUHG
E\� PDJQHWURQ� VSXWWHULQJ� RI� :�%�VWRLFKLRPHWULF� WDUJHW�� $� SODQDU� PDJQHWURQ
VSXWWHULQJ� V\VWHP� ZDV� XVHG�� 7KH� VXEVWUDWH
ZDV� SRVLWLRQHG� DW� ���PP� DERYH� WKH� DQRGH�
DQG� DQRGH�WR�WDUJHW� GLVWDQFH� ZDV� �Ü�� PP�
'XULQJ�WKH�FHUDPLF�ILOP�GHSRVLWLRQ��DUJRQ�SUHV�
VXUH� �c�� LQ� YDFXXP� FKDPEHU� ZDV� ����Ü��3D�
7KH�WDUJHW�DYHUDJH�VL]HV�ZHUH��GLDPHWHU�G� 
���PP��WKLFNQHVV�W� ���PP��7KH�GHSRVLWLRQ
UDWH� ZDV� DERXW� ���� QP�V�� $V� VXEVWUDWHV�
SROLVKHG� VLQJOH�FU\VWDOOLQH� VLOLFRQ� �����
SODWHV� ZHUH� XVHG� DV� ZHOO� DV� SRO\FU\VWDOOLQH
WDQWDOXP� SODWHV� ZLWK� PHOWLQJ� WHPSHUDWXUH
KLJKHU� WKDQ� PD[LPXP� H[SHULPHQWDO� WHP�
SHUDWXUHV� LQ� WKLV� ZRUN�� %HIRUH� WKH� FRDWLQJ
GHSRVLWLRQ��WKH�VXEVWUDWHV�ZHUH�KHOG�LQ�YDF�
XXP� ����Ü�� 3D� DW� ����&� WR� UHPRYH� DQ\
JDVHRXV� LPSXULWLHV� IURP� WKH� VXUIDFH�� 7KH
ILOPV� ZHUH� GHSRVLWHG� RQ� WKH� VXEVWUDWHV
KHDWHG� XS� WR� ���Ü����&�� 7KH� ILOPV� ZHUH
DQQHDOHG�LQ�D�PRGHUQL]HG�YDFXXP�V\VWHP�DW
���Ü�����&� IRU� ��Ü��� PLQ� XQGHU� UHVLGXDO
JDV� SUHVVXUH� ORZHU� WKDQ� ����Ü�� 3D� �WKH
ZRUNLQJ� YDFXXP�ZDV� SURYLGHG� XVLQJ� GLIIX�
VLRQ�SXPSV���7KH�PDLQ�FRPSRQHQWV�RI�UHVLG�
XDO� JDV� ZHUH� PROHFXODU�+�2� DV� ZHOO� DV� RLOGHFRPSRVLWLRQ� SURGXFWV� IURP� SXPSLQJ� V\V�
WHP��&o+��&2[�1���HWF���

;�UD\� GLIIUDFWLRQ� ZDV� VWXGLHG� XVLQJ� D
'521��� GLIIUDFWRPHWHU� ZLWK� )H±.D� DQG&X±.D� UDGLDWLRQ�� WKH� VFDWWHUHG� EHDP� EHLQJUHJLVWHUHG� LQ�GLVFUHWH� UHJLPH�ZLWK�VFDQQLQJ
VWHS� LQ� WKH� UDQJH� '��T�� �����Ü������� GH�
SHQGLQJ�RQ�KDOI�ZLGWK�DQG� LQWHQVLW\�RI�GLI�
IUDFWLRQ� OLQHV��7KH� H[SRVXUH�GXUDWLRQ� IRU� D
VWHS� ZDV� ��� WR� ���� V�� 7KH� GLIIUDFWLRQ� SUR�
ILOHV� VHSDUDWHG� XVLQJ� WKH� RYHUODSSHG� OLQH
VHSDUDWLRQ� VRIWZDUH� SDFNDJH� �1HZBSURILOH�
GHYHORSHG� DW� 178� �.K3,��� 7KH� SKDVH� YRO�
XPH� IUDFWLRQV� ZHUH� FDOFXODWHG� XVLQJ� VWDQG�
DUG�WHFKQLTXH�WDNLQJ�LQWR�DFFRXQW�ERWK�LQWH�
JUDO� LQWHQVLW\� DQG� UHIOHFWLYLW\� RI� VHYHUDO
OLQHV�IRU�HDFK�SKDVH�>�@��

&RQGHQVDWLRQ� WHPSHUDWXUH� HIIHFW� RQ
SKDVH� FRPSRVLWLRQ� RI� WXQJVWHQ� ERULGH� ILOPV�
7KH� VFDQQLQJ� LQ� WKH� ODUJH�DQJOH� ;�UD\� GLI�
IUDFWLRQ�PRGH� ��T�!������KDYH�VKRZQ��)LJ����
WKDW�DV�WKH�VLQJOH�SKDVH�VWRLFKLRPHWULF�KH[�
DJRQDO�DÜ:�%�� WDUJHW� LV� VSXWWHUHG�� D� FKDU�DFWHULVWLF� IHDWXUH� RI� FRQGHQVDWHV� GHSRVLWHG
RQ�UHODWLYHO\�ORZ�KHDWHG�����Ü����&��VLOLFRQ
DQG� WDQWDOXP� VXEVWUDWHV� LV� D� GLIIUDFWLRQ
SHDN�RI�QDQR�FU\VWDOOLQH�SKDVH�ZLWK�KH[DJR�
QDO� FU\VWDOOLQH� ODWWLFH� RI� c��PPP� VSDFH
JURXS� W\SLFDO� RI� WUDQVLWLRQ� PHWDO� ERULGHV
0H%�� RQ� WKH��KDOR�OLNH��SURILOH�EDFNJURXQGRI� DPRUSKRXV�FOXVWHU� FRPSRQHQW� �)LJ����
FXUYHV��È��E��°���,Q�WKH�FDVH�RI�:±%�V\VWHP�
VXFK� D� SKDVH�PD\� EH�:%��� LWV� H[LVWHQFH� LQEXON� HTXLOLEULXP� VWDWH� EHLQJ� HYLGHQFHV� E\
VRPH� FRQWUDGLFWRU\� GDWD� >�@�� $W� WKH� VDPH
WLPH�� XQGHU� DQQHDOLQJ�XS� WR� ����&� RI� QRQ�
VWUHVVHG�ILOPV�VHSDUDWHG�IURP�WKH�VXEVWUDWH�

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQV� IRU� WXQJ�
VWHQ� ERULGH� ILOPV� REWDLQHG� DW� VXEVWUDWH� WHP�
SHUDWXUHV���V���&�������������������DQG���������)H±.D� UDGLDWLRQ��� 7KH� LQLWLDO� GLIIUDFWLRQFXUYH� �D�� DQG� WKH� GLIIUDFWLRQ� SURILOH� VHSDUD�
WLRQ�UHVXOWV�LQWR�FRPSRQHQWV��E��F��
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WKH�ZKROH�VSHFWUXP�RI�GLIIUDFWLRQ�OLQHV�W\SL�
FDO� RI� WKLV� SKDVH� LV� UHYHDOHG�� ,Q� )LJ����� D
W\SLFDO�SDUW�RI�GLIIUDFWLRQ�SDWWHUQ��REWDLQHG
XVLQJ�PRUH�KDUG�&X±.D�LUUDGLDWLRQ�LQ�RUGHUWR� FRPSUHVV� WKH� VSHFWUXP�� LV� VKRZQ�� 7KH
FDOFXODWLRQ� RI�:%�� SKDVH� FU\VWDOOLQH� ODWWLFHSDUDPHWHUV�XVLQJ���PDLQ� OLQHV�KDV�UHVXOWHG
LQ�È� ��������QP��°� ��������QP��

7KH� VXEVWUDWH� WHPSHUDWXUH� HOHYDWLRQ� XS
WR��VXE� �����&� XQGHU� FRQGHQVDWLRQ� UHVXOWVLQ� IRUPDWLRQ�RI� WKH�RQO\�DPRUSKRXV�FOXVWHU
VWUXFWXUH� ZLWK� FKDUDFWHULVWLF� DQJXODU� SRVL�
WLRQ� RI� LQWHQVLW\�PD[LPXP��T�|����� LQ� GLI�
IUDFWLRQ� FXUYH� REWDLQHG� LQ� )H±.D� UDGLDWLRQ�)LJ�����FXUYHV��D���E���E���,W�LV�ZHOO�NQRZQ
WKDW� DPRUSKRXV�OLNH� VWDWH� LV� FKDUDFWHUL]HG
E\�ORFDO�VKRUW�UDQJH�FKHPLFDO�RUGHULQJ�VLPL�
ODU� WR� FU\VWDOOLQH� VWUXFWXUH� >��@�� 7KXV�� IRU
OD\HUHG� V\VWHPV� EDVHG� RQ� WXQJVWHQ�� KDYLQJ
QR� ORQJ� UDQJH�� D� GLIIUDFWLRQ� PD[LPXP� LV
W\SLFDO� SRVLWLRQHG� FORVH� WR� RUGHULQJ� OHQJWK
GD� ������� QP� �LQ� )H±.D� UDGLDWLRQ�
�T�|������ FRUUHVSRQGLQJ� WR� WKH� ILUVW� LQWHUD�
WRPLF� GLVWDQFH� 5ZÜZ� �����GD��S� ������QP�IRU�FU\VWDOOLQH�WXQJVWHQ�>��@�

7KH� FRQGHQVDWLRQ� WHPSHUDWXUH� HOHYDWLRQ
XS� WR� ���Ü����&� UHVXOWV� LQ� IRUPDWLRQ� RI� D
QHZ�W\SH�RI�EL�VWUXFWXUDO�VWDWH�LQ�WKH�ILOPV�
ZKHUH�DORQJ�ZLWK�DPRUSKRXV�FOXVWHU�FRPSR�
QHQW��EÜ:<�ERULGH�QDQR�FU\VWDOOLWHV�DUH�SUH�
VHQW� >��@� ZLWK� WKH� ������ VWURQJHVW� GLIIUDF�
WLRQ�OLQH��)LJ�����FXUYHV��È��°���7KH�FU\VWDO�
OLWH�VL]HV�HVWLPDWHG�IURP�WKH�GLIIUDFWLRQ�OLQH
EURDGHQLQJ� �6HO\DNRY�6FKHUUHU� HTXDWLRQ
>��@��DUH���Ü���QP�

$�PXFK�PRUH� FRPSOHWH� VSHFWUXP� RI� GLI�
IUDFWLRQ� OLQHV� LQKHUHQW� LQ�KLJK� WHPSHUDWXUH
EÜ:<� SKDVH� ZDV� UHYHDOHG� LQ� GLIIUDFWLRQ
VSHFWUD�RI�WKH�ILOPV�DQQHDOHG�IRU�DQ�KRXU�DW
�DQQ� ������&� �)LJ����� &X±.D� UDGLDWLRQ��&DOFXODWLRQ� RI� IRUPHG� RUWKRUKRPELF� EÜ:%
ODWWLFH� SDUDPHWHUV� KDV� JLYHQ� WKH� IROORZLQJ
YDOXHV�� È� ������� QP�� E� �������QP�
°� ��������QP�ZKLFK�GLIIHUHG�D�OLWWOH�IURP�UHI�
HUHQFH� YDOXHV� � �È� ������� QP�� E� �������QP�
°� �������QP��>��@��,W�LV�VHHQ�WKDW�WKH�PDLQ
GLIIHUHQFH�LV�LQFUHDVHG�E�YDOXH��,W�LV�WR�QRWH
WKDW��DFFRUGLQJ�WR�HTXLOLEULXP�GLDJUDP�>��@�
WKH�EÜ:%�SKDVH�KDV�D�UHODWLYHO\�ODUJH�KRPR�
JHQHLW\� DUHD� WKDW��XQGHU�ERURQ�DWRPLF�QRQ�
VWRLFKLRPHWU\��PDNHV�LW�PRUH�VWDEOH�DV�FRP�
SDUHG�WR�DÜ:%�

$QQHDOLQJ�WHPSHUDWXUH�HIIHFW�RQ�WXQJVWHQ
ERULGH� FRQGHQVDWH� SKDVH� FRPSRVLWLRQ�� $IWHU
DQQHDOLQJ� RI� WKH� VDPSOHV� SUHSDUHG� DW� UHOD�
WLYHO\�KLJK�7VXE�RI�����WR�����&�IRU�DQ�KRXUDW� �����&� WKH� OLQHV� IURP� WKH� VWDEOH� SKDVH
JÜ:�%� PRVW� GHSOHWHG� RI� ERURQ� DWRPV� ZLWKWHWUDJRQDO� ODWWLFH� >��@� DUH� DSSHDUHG� LQ� WKH
GLIIUDFWLRQ�VSHFWUD��7KH�OLQHV�RI�:�%��SKDVHW\SLFDO�RI�WKH�VSXWWHUHG�WDUJHW�ZHUH�QRW�UH�
YHDOHG�XQGHU�KLJK�WHPSHUDWXUH�DQQHDOLQJ�DV
ZHOO�� ZKLOH�� EHVLGHV� RI� JÜ:�%� SKDVH�� WKHOLQHV� ZHUH� UHJLVWHUHG� LGHQWLILHG� DV� EÜ:%
RQHV�� WKH� FRQWHQW� WKHUHRI� LQ� WKH� ILOP�EHLQJ
GRPLQDWLQJ�IRU��VXE� �����&�DQG�FRPPHQVX�UDEOH� ZLWK� JÜ:�%� SKDVH� FRQFHQWUDWLRQ� IRUDQQHDOHG� VDPSOH� GHSRVLWHG� DW� �VXE� �����&�7DEOH����� ,QFUHDVLQJ� RI� DQQHDOLQJ� WHPSHUD�
WXUH� DERYH� �����&� GLG� QRW� FDXVHG� TXDOLWD�

)LJ�����;�UD\�GLIIUDFWLRQ�VSHFWUXP�IRU�DQQHDOHG
�����&�� �� K�� EL�VWUXFWXUH� ILOPV� FRQWDLQLQJ
DPRUSKRXV�OLNH� PDWUL[� DQG� QDQR�FU\VWDOOLQH
:%�� LQFOXVLRQV� �&X±.D� UDGLDWLRQ��� 7KH� LQLWLDOGLIIUDFWLRQ�FXUYH��D��DQG�GLIIUDFWLRQ�OLQHV�VHSD�
UDWHG�E\�FRPSXWHUL]HG�SURFHVVLQJ��E��F��

)LJ�����;�UD\�GLIIUDFWLRQ�VSHFWUXP�IRU�D�ILOP
REWDLQHG�E\�PDJQHWURQ�VSXWWHULQJ� RI�D�:�%�WDUJHW�DW�WKH�FRQGHQVDWLRQ�WHPSHUDWXUH�����&
SULRU�WR�DQQHDOLQJ�����DQG�DIWHU���K�DQQHDOLQJ
LQ�YDFXXP�DW������&������&X±.D�UDGLDWLRQ���
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WLYH� YDULDWLRQV� LQ� WKH� ILOP� SKDVH� FRPSRVL�
WLRQ�� KRZHYHU�� LW� ZDV� DFFRPSDQLHG� E\
FKDQJHV� LQ� WKH�TXDQWLWDWLYH�FRUUHODWLRQV� WR�
ZDUGV�VWDELOL]DWLRQ�RI�JÜ:�%�SKDVH�ZLWK�WKHORZHVW�ERURQ�FRQWHQW��7KLV� LV�WKH�PRVW�SUR�
QRXQFHG� IRU� WKH� VDPSOHV� LQLWLDOO\� GHSRVLWHG
DW�KLJKHU��VXE� �����&� �7DEOH����� ,Q�)LJ����W\SLFDO�GLIIUDFWLRQ�SDWWHUQV�IRU�GLIIHUHQW�DQ�
QHDOLQJ� VWDJHV� RI� WKH� FRQGHQVDWHV� SUHSDUHG
DW��VXE� �����&�DUH�VKRZQ��,W�LV�VHHQ�WKDW�LQWKH� WHPSHUDWXUH� UDQJH� ����Ü�����&�� WKH
FU\VWDOOL]DWLRQ� RI� LQLWLDO� DPRUSKRXV�FOXVWHU
VWUXFWXUH� RFFXUV� ZLWK� IRUPDWLRQ� RI� WKH
EÜ:%�FU\VWDOOLWHV�ZLWK�SUHIHUHQWLDO�RULHQWD�
WLRQ� SDUDOOHO� WR� ������ FU\VWDOOLWH� SODQH
JURZWK�VXUIDFH�

$QQHDOLQJ� DW� ����Ü�����&� UHVXOWV� LQ
FKDQJLQJ�RI�WKH�FU\VWDOOLQH�SKDVH�UDWLR�ZLWK
SUHIHUHQWLDO� IRUPDWLRQ� RI� QRQ�WH[WXUHG
JÜ:�%�FU\VWDOOLWHV��)LJ�����FXUYH�����/DWWLFHSDUDPHWHUV� RI� JÜ:�%�SKDVH� ZHUH� È� 
������� QP�� °� �������� QP�� WKH� F� EHLQJ
FORVH� WR� QRPLQDO� YDOXH� �������� QP� >��@��
ZKLOH�D�H[FHHGLQJ�D�OLWWOH�WKH�QRPLQDO�YDOXH
��������QP�����

,Q� WKH� FRQGHQVDWHV� SUHSDUHG� DW� ORZHU
�VXE� �����&�� KLJK� WHPSHUDWXUH� DQQHDOLQJJLYHV�RWKHU�UHVXOWV��,Q�WKLV�FDVH��WKH�DQQHDO�
LQJ� ERWK� WR� �����&� DQG� WR� �����&� VWLPX�
ODWHV� WKH� IRUPDWLRQ� RI� SUDFWLFDOO\� VLQJOH�
SKDVH� VDPSOH�� 7KLV� LV� WKH� ORZ�WHPSHUDWXUH
DÜ:%� SKDVH� ZLWK� WHWUDJRQDO� ODWWLFH� >�@� �LQ
VRPH�RWKHU�UHIHUHQFHV��WKH�QRWDWLRQ�GÜ:%�LV
XVHG� >��@��� ,Q� )LJ����� WKH� DUHDV� RI� GLIIUDF�
WLRQ� SDWWHUQV� REWDLQHG� EHIRUH� DQG� DIWHU
KLJK�WHPSHUDWXUH� DQQHDOLQJ� DUH� VKRZQ� IRU
WKH� VDPSOH� GHSRVLWHG� DW��VXE� �����&�� &RQ�VLGHULQJ� WKH� FDXVHV� RI� DÜ:%� SKDVH� IRUPD�
WLRQ�XQGHU�KLJK�WHPSHUDWXUH�DQQHDOLQJ�� WKH
PDLQ� IHDWXUH� ZKLFK� VKRXOG� EH� QRWHG� LV� D
UDWKHU�ZHDN� LQIOXHQFH� RI� WKHUPDO� IDFWRU� RQ
WKH�FRDWLQJ�VWUXFWXUH�DQG�HOHPHQWDO�FRPSR�
VLWLRQ� DW� UHODWLYHO\� ORZ� FRQGHQVDWLRQ� WHP�
SHUDWXUH�� ZKLOH� WKH� SUHSDUDWLRQ� FRQGLWLRQV
EHLQJ�FORVH� WR�HTXLOLEULXP��$V� LV�VHHQ�IURP
)LJ�����VXFK�SUHSDUDWLRQ�FRQGLWLRQV�UHVXOW�LQ
IRUPDWLRQ� RI� SKDVHV� VWUXFWXUDOO\� FORVH� WR
WKH� KH[DJRQDO�:�%�� EHLQJ� VSXWWHUHG�� 3HU�KDSV�WKLV�LV�WKH�PDLQ�FDXVH�RI�SKDVH�WUDQVL�
WLRQ� WR� PRUH� VWDEOH� ORZ�WHPSHUDWXUH� DÜ:%
PRGLILFDWLRQ� XQGHU� KLJK�WHPSHUDWXUH� DQ�
QHDOLQJ� >��@�� ZKLFK� LV� DFFRPSDQLHG� E\� WKH
VLPSOHVW�UHFRQVWUXFWLRQ�RI�LQLWLDO�FU\VWDOOLWH
KH[DJRQDO� ODWWLFH� LQWR� WHWUDJRQDO� ,���DPG
W\SH�RQH�RI� WKH�DÜ:%� >�����@�� ,W� LV� WR�QRWH
WKDW�WKH�DÜ:%�ODWWLFH�LV�REWDLQHG�IURP�KH[DJR�
QDO�0H%��RQH�E\�URWDWLRQ�DQG�WUDQVODWLRQ�RI�WKHOD\HUV�RI�WULDQJXODU�SULVPV�IRUPHG�E\�WXQJVWHQ
DWRPV�DQG�FHQWHUHG�DW�ERURQ�RQHV�>��@��

%DVLQJ�RQ�WKH�UHVXOWV�REWDLQHG�IRU�SKDVH
FRPSRVLWLRQV� RI� DV�SUHSDUHG� DQG� DQQHDOHG
FRQGHQVDWHV�� LW�FRXOG�EH�VXSSRVHG�WKDW��GXH
WR� KLJK� GLIIXVLRQ� PRELOLW\� FKDUDFWHULVWLF

)LJ�����&KDQJHV�LQ�WKH�FRQGHQVDWH�GLIIUDFWLRQ
VSHFWUXP�GXH�WR�KLJK�WHPSHUDWXUH�DQQHDOLQJ�
LQLWLDO� VWDWH� ��V� �����&�� ����� DQQHDOHG� DW�����&������DQG�DW������&�����

)LJ�����6HFWLRQV�RI�WKH�GLIIUDFWLRQ�VSHFWUD�IRU
FRQGHQVDWH� REWDLQHG� DW� �V� �����&�� LQLWLDOVWDWH������DQQHDOHG�DW������&�IRU���K�����

7DEOH����,QIOXHQFH�RI�7DQQ�HIIHFW�RQ�YROXPHFRQWHQW�RI�SKDVHV�LQ�WKH�ILOPV�FRQGHQVHG�DW
�V� �����DQG�����&�

�V��&
�DQQ���&

���� ���� ����
EÜ:% JÜ:�% EÜ:% JÜ:�% EÜ:% JÜ:�%
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W\SLFDO� RI� QDQR�FU\VWDOOLQH� PDWHULDOV� �HVSH�
FLDOO\� IRU� JUDLQ�ERXQGDU\� GLIIXVLRQ�� >��@�
ERURQ� DWRP� GHILFLHQF\� LQ� WKH� FRDWLQJ� WDNHV
SODFH�DOUHDG\�GXULQJ�WKH�IRUPDWLRQ�SURFHVV�
ZKLFK� LV� LQFUHDVHV�DV�WKH�FRQGHQVDWLRQ�WHP�
SHUDWXUH�LV�HOHYDWHG��,QGHHG��DV�WKH�WLPH�RI�
IOLJKW� VHFRQGDU\� LRQ�PDVV� VSHFWURPHWU\� �DV
GHVFULEHG�LQ�>��@��KDV�VKRZQ��WKH�LQFUHDVH�RI
VXEVWUDWH� WHPSHUDWXUHV� UHVXOWV� LQ� FKDQJLQJ
WKH�DWRPLF�UDWLR�ERURQ�WXQJVWHQ�LQ�WKH�VDP�
SOHV�� 7KH� FKDQJH� RI� %�:� VLJQDO� UDWLR� DV
FRPSDUHG� WR�UHIHUHQFH�YDOXH� LQGLFDWHV�D�GH�
FUHDVH� RI� ERURQ� DWRPV� FRQWHQW� LQ� WKH� ILOPV
FRQGHQVHG�DW�KLJKHU�VXEVWUDWH�WHPSHUDWXUHV�
:KLOH� WKH� DWRPLF� UDWLR� FRUUHVSRQGV� WR
:%�����IRUPXOD�IRU�WKH�VDPSOHV�SUHSDUHG�DW�VXE� �����&�� WKLV� LV� GHVFULEHG� E\� :%����IRU� WKH� ILOPV� GHSRVLWHG� DW� �VXE� �����&�7DEOH�����,W�VKRXOG�EH�QRWHG�WKDW�WKH�DWRPLF
UDWLR�UHPDLQV�DOPRVW�FRQVWDQW�RYHU�WKH�ILOP
WKLFNQHVV� �RI� WKH� RUGHU� RI� PLFURQV�� H[FHSW
IRU�D�WKLQ���Ü��QP��VXEVXUIDFH�OD\HU�QHDU�

,W�LV�ZHOO�NQRZQ�WKDW�IRUPDWLRQ�RI�LQWHUVWL�
WLDO� SKDVHV� RI� WUDQVLWLRQ� PHWDOV� UHVXOWV� LQ
WUDQVIRUPDWLRQ� RI� WKH� PHWDO� HOHFWURQ� VSHF�
WUXP� >��@�� +RZHYHU�� LQ� WKH� GLUHFWLRQ
7L;�o�:;��;�LV�D�QRQ�PHWDO�DWRP��&��1��%��
G�� VWDWH� VWDELOLW\� GHJUHH� LQFUHDVHV� VKDUSO\
ZKLOH�WKDW�RI�VS�FRQILJXUDWLRQ��IRU�LQVWDQFH�
ERURQ�DWRPV��GURSV��L�H��WKH�FRYDOHQW�FRPSR�
QHQW� RI� 0H±;� ERQG� GHFUHDVHV� >��@�� 7KXV�
WKHUPDO�VWDELOLW\�RI�WXQJVWHQ�EDVHG�LQWHUVWL�
WLDO� SKDVHV� LV� UHODWLYHO\� ORZ�� 7KLV� IHDWXUH
PDQLIHVWV� LWVHOI� PRVW� FOHDUO\� XQGHU� YDFXXP
DQQHDOLQJ� RI� FRDWLQJV� DQG� ILOPV� RI�PLFURPH�
WHU� VFDOH� WKLFNQHVV�� ,W�ZDV� IRXQG� WKDW� XQGHU
DQQHDOLQJ�RI�WKH�WXQJVWHQ�FDUELGH�FRDWLQJV�DW
��!������&�LQ�YDFXXP�������WR��������Ü��3D�
LQWHQVH�GHFDUERQL]DWLRQ�WDNHV�SODFH�DV�D�UHVXOW
RI� HDV\� FDUERQ� GLIIXVLRQ� WR� WKH� VXUIDFH� DQG
IRUPDWLRQ�RI�YRODWLOH�FDUERQ�FRPSRXQGV�ZLWK
UHVLGXDO�JDV�DWRPV�>��Ü��@��)RU�VXFK�VXEVXU�
IDFH�R[LGDWLRQ�DQG�IRUPDWLRQ�RI�YRODWLOH�FDUE�
RQ�FRPSRXQG��D�ZDWHU�YDSRU�SUHVVXUH�DV� ORZ
DV����SSP�LV�VXIILFLHQW�>��@��

,Q�WKH�EXON�VWDWH��D�UHODWLYHO\�ZHDN�ERQG
EHWZHHQ�WXQJVWHQ�DQG�LQWHUVWLWLDO�DWRPV��&�
1��%��ZDV�UHYHDOHG�ZKHQ�VWXG\LQJ�WKH�WXQJ�
VWHQ� ERULGH� VWDELOLW\� LQ� QLWURJHQ� DWPRV�
SKHUH�� ,W�ZDV� IRXQG� WKDW� DOUHDG\� DW� ���� WR
����&�� QLWURJHQ� VWDUWV� WR� UHDFW� LQWHQVHO\
ZLWK�WXQJVWHQ�ERULGHV� �:�%��:%��:%���DQGIRUP�ERURQ�DQG� WXQJVWHQ�QLWULGHV� >��@��7KH
UHVXOWV� REWDLQHG� LQ� WKLV� ZRUN� LQGLFDWH� DV
ZHOO�WKDW�DOUHDG\�DW�WKH�:±%�ILOP�IRUPDWLRQ
VWDJH�� GHSOHWLRQ� RI� OLJKW� ERURQ� DWRPV� RF�
FXUV�� ,Q� WKLV� FDVH�� WKH� ERQGLQJ� EHWZHHQ
WXQJVWHQ� DQG� ERURQ� DWRPV� LQ� REWDLQHG
�DPRUSKRXV�FOXVWHU�� DQG� �DPRUSKRXV�QDQR�

FU\VWDOOLQH��LRQ�SODVPD�FRQGHQVDWHV�UHPDLQV
ZHDN�HQRXJK�WR�FDXVH�D� IXUWKHU�ILOP�GHSOH�
WLRQ�RI�ERURQ�DWRPV�XQGHU�KLJK�WHPSHUDWXUH
DQQHDOLQJ�� 7KXV�� WKH� DQQHDOLQJ� LV� IROORZHG
E\�ILOP�SKDVH�FRPSRVLWLRQ�YDULDWLRQ�WRZDUGV
ORZ�ERURQ� FRPSRXQGV� ZLWK� RQH�GLPHQVLRQDO
LVRODWHG�DUUDQJHPHQW�RI�ERURQ�DWRPV�LQ�WHW�
UDKHGUDO� YRLGV� RI� PHWDO� ODWWLFH� �JÜ:�%�SKDVH���,W�VKRXOG�EH�QRWHG�WKDW�WKH�GHFUHDVH
RI� ERURQ� FRQFHQWUDWLRQ� LQ� WXQJVWHQ� ERULGH
ODWWLFH� LV� VWLPXODWHG�E\� FRPSUHVVLYH�PDFUR�
VWUHVVHV�GHYHORSLQJ�LQ�WKH�ILOPV�GXULQJ�WKHLU
FRQGHQVDWLRQ� >��@�� 7KH� VWDUWLQJ� WHPSHUD�
WXUHV�RI�LQWHQVH�ERURQ�GLIIXVLRQ�LQ�WXQJVWHQ
ERULGH� FRUUHVSRQGLQJ� WR� WKH� ILUVW� ����Ü
����&�� DQG� VHFRQG� �����Ü�����&�� VWDJHV� RI
SKDVH� WUDQVIRUPDWLRQV� DVVRFLDWHG� ZLWK� GH�
FUHDVLQJ� ERURQ� FRQWHQW� LQ� FRQGHQVDWHV�
QDPHO\�� ZLWK� WKH� ORZHVW� ERULGH� JÜ:�%� IRU�PDWLRQ��FRUUHVSRQG�WR�HQHUJ\�UDQJH������WR
����� H9�� 7KH� DYHUDJH� HQHUJ\� RI� WKH� ILOP�
IRUPLQJ� DWRPV� GHSRVLWHG� IURP� LRQ�SODVPD
EHDPV��IRU�WKH�GHSRVLWLRQ�FRQGLWLRQV�XVHG�LQ
WKLV� ZRUN�� WKH� DYHUDJH� HQHUJ\� LV� ��� WR
��� H9� >��@�� LV� RQH� RUGHU� KLJKHU� WKDQ� WKH
FDOFXODWHG� YDOXHV� QHFHVVDU\� IRU� KLJK� ERURQ
GLIIXVLRQ�PRELOLW\�LQ�WXQJVWHQ�ERULGH��0RUH�
RYHU��KHDY\�WXQJVWHQ�DWRPV�ERPEDUGLQJ�WKH
JURZLQJ� FRDWLQJ� LQWHQVLI\� WKH� GHSOHWLRQ� HI�
IHFW�RI�OLJKW�ERURQ�DWRPV�LQ�VXEVXUIDFH�OD\�
HUV� GXH� WR� WKHLU� EDOOLVWLF� VSXWWHULQJ� IURP
WKH�JURZWK�VXUIDFH�>��@��7KH�DFWLRQ�RI�ERWK
IDFWRUV� PD\� H[SODLQ� WKH� GHFUHDVLQJ
ERURQ�WXQJVWHQ� DWRPLF� UDWLR� XQGHU� FRQGHQ�
VDWLRQ�� 7KXV�� WKH� FRQGHQVDWHV� IRUPHG� E\� D
:�%�� WDUJHW� LRQ�SODVPD� VSXWWHULQJ� KDYHDPRUSKRXV�FOXVWHU�� RU� DPRUSKRXV�QDQRFU\V�
WDOOLQH� VWUXFWXUH��7KH� SKDVH� FRPSRVLWLRQ� RI
IRUPHG� QDQR�FU\VWDOOLWHV� FRUUHVSRQGV� WR
WXQJVWHQ�ERULGHV� ORZHU� WKDQ� WKH� WDUJHW�PD�
WHULDO�� 7KH� IRUPDWLRQ� RI� WKH� ORZHVW� ERULGHV
XQGHU�FRQGHQVDWLRQ�LV�FDXVHG�E\�GHFUHDVH�RI
UHODWLYH� ERURQ� DWRPLF� FRQFHQWUDWLRQ� LQ� WKH
ILOP� GXULQJ� LWV� IRUPDWLRQ� DV� D� UHVXOW� RI
SK\VLFRFKHPLFDO� DQG� UDGLDWLRQ� VWLPXODWHG
SURFHVVHV��7KH�DQQHDOLQJ�RI�WKH�FRQGHQVDWHV

7DEOH���� �V� HIIHFW� RQ� ERURQ�WXQJVWHQ
DWRPLF� UDWLR� LQ� FRQGHQVDWHV� REWDLQHG� E\
:�%��WDUJHW�VSXWWHULQJ

6XEVWUDWH�WHPSHUDWXUH
DW�FRQGHQVDWLRQ���V���&

%�:�UDWLR
LQ�WKH�ILOPV

��� :%����
��� :%����
��� :%����
��� :%����
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LQ�WKH������WR������&�UDQJH�UHVXOWV�LQ�SUH�
GRPLQDWHG� IRUPDWLRQ� RI� JÜ:�%� FU\VWDOOLWHVZLWK� LVRODWHG� ERURQ� DWRPLF� DUUDQJHPHQW� LQ
WHWUDKHGUDO� YRLGV� RI� WHWUDJRQDO� WXQJVWHQ
DWRPLF� ODWWLFH�� $PRQJ� WKH� WUDQVLWLRQ�PHWDO
ERULGHV�� VXFK� VWUXFWXUH� FRUUHVSRQGV� WR� WKH
VWURQJHVW�0H±0H�ERQG�

$XWKRU� DFNQRZOHGJHV� 3K�'�� $�*ODGNLNK
IRU�72)�6,06�VWXGLHV��

5HIHUHQFHV
� ���<�/HH��*�:HQ��%�<�=KDQJ��7�4�/HL��0DWHULDOV

&KHPLVWU\�DQG�3K\VLFV�������������������
� ���.�$�.KRU�� /�*�<X�� *�6XQGDUDUDMDQ�� 7KLQ

6ROLG�)LOPV������������������
� ���*�9�6DPVRQRY�� 7�,�6HUHEU\DNRYD�� 9�$�1HUR�

QRY�� %RULGHV�� $WRPL]GDW�� 0RVFRZ� ������� >LQ
5XVVLDQ@�

� ���&�6FKPDO]ULHG�� 5�7HOOH�� %�)UHLWDJ�� :�0DGHU�
=��0HWDOONG�������������������

� ���$�3RKO�� 5�7HOOH�� *�3HW]RZ�� =��0HWDOONG��� ���
�����������

� ���2�9�6RERO��� 6�1�'XE�� 2�1�*ULJRUMHY� HW� DO��
)XQFWLRQDO�0DWHULDOV������������������

� ���$�3�6KSDN�� 2�9�6RERO��� <X�$�.XQLWVNL\�
3�*�&KHUHPVNR\��6HOI�2UJDQL]DWLRQ�LQ�/RZ�'L�
PHQVLRQDO� 6\VWHPV�� ,0)� 1$18� 3XEO��� .LHY
�������>LQ�5XVVLDQ@�

� ���2�9�6RERO��� LQ��3URF���WK� ,QW��&RQI��RQ�(TXLS�
PHQW�DQG�7HFKQRORJLHV�IRU�7KHUPDO�7UHDWPHQW
RI� 0HWDOV� DQG� $OOR\V�� Y���� 117V� .K3K7,�
,37V��.RQWUDVW���.KDUNLY���������S�����

� ���6�6�*RUHOLN�� <X�$�6NDNRY�� /�1�5DVWRUJX\HY�
;�UD\� DQG� (OHFWURQ�2SWLF� $QDO\VLV�� 0,6,6
3XEO���0RVFRZ��������>LQ�5XVVLDQ@�

����$�)�6NU\VKHYVN\�� 6WUXFWXUH� $QDO\VLV� RI� /LT�
XLGV�DQG�$PRUSKRXV�%RGLHV��9\VVKD\D�6KNROD�
0RVFRZ��������>LQ�5XVVLDQ@�

����2�9�6RERO��� (�$�6RERO��� 9HVWQLN� .K18�� 6HU�
)L]LND�������������������

����-&3'6� 3RZGHU� 'LIIUDFWLRQ� &DUGV�� ,QWHUQD�
WLRQDO� &HQWHU� IRU� 'LIIUDFWLRQ� 'DWD�� 6ZDUWK�
PRUH��3$��������&DUG���������

����/�6�3DODWQLN�� 0�<D�)XNV�� 9�0�.RVHYLFK�
0HFKDQLVP�RI�)RUPDWLRQ�DQG�6XEVWUXFWXUH�RI
&RQGHQVHG� )LOPV�� 1DXND�� 0RVFRZ� ������� >LQ
5XVVLDQ@�

����'LDJUDPV� RI� 6WDWH� IRU� 'RXEOH� 0HWDOOLF� 6\V�
WHPV��HG��E\�1�3�/\DNLVKHY��Y����0DVKLQRVWUR�
MHQLH��0RVFRZ��������>LQ�5XVVLDQ@�

����-&3'6� 3RZGHU� 'LIIUDFWLRQ� &DUGV�� ,QWHUQD�
WLRQDO� &HQWHU� IRU� 'LIIUDFWLRQ� 'DWD�� 6ZDUWK�
PRUH��3$��������&DUG���������

����-&3'6� 3RZGHU� 'LIIUDFWLRQ� &DUGV�� ,QWHUQD�
WLRQDO� &HQWHU� IRU� 'LIIUDFWLRQ� 'DWD�� 6ZDUWK�
PRUH��3$��������&DUG���������

����:�%�3HDUVRQ�� 7KH� &U\VWDO� &KHPLVWU\� DQG
3K\VLFV�RI�0HWDO�DQG�$OOR\V��:LOH\�,QW���1HZ�
<RUN��������

����$�,�*XV\HY�� $�$�5HPSHO�� 1DQR�FU\VWDOOLQH
0DWHULDOV��)L]0DW/LW��0RVFRZ��������>LQ�5XV�
VLDQ@�

����2�9�6RERO���(�$�6RERO���/�,�*ODGNLNK��$�1�*ODG�
NLNK��)XQFWLRQDO�0DWHULDOV����������������

����*�9�6DPVRQRY�� ,�)�3U\DGNR�� &RQILJXUDWLRQ
0RGHO� RI� 6XEVWDQFH�� 1DXNRYD� 'XPND�� .LHY
�������>LQ�5XVVLDQ@��

����+�5RPDQXV�� 9�&LPDOOD�� -�$�6FKDHIHU� HW� DO��
7KLQ�6ROLG�)LOPV�������������������

����$�6�%ROJDU�� $�*�7XUFKDQLQ�� 9�9�)HVHQNR�
7KHUPRG\QDPLFDO� 3URSHUWLHV� RI� &DUELGHV�
1DXNRYD�'XPND��.LHY��������>LQ�5XVVLDQ@���

����(�)URPP�� (�*HEKDUGW�� *DVH� XQG�.RKOHQVWRII
LQ�0HWDOOHQ��6SULQJHU�9HUODJ��%HUOLQ��������

����$�(�9RO�� %XLOGLQJ� DQG� 3URSHUWLHV� RI� 'RXEOH
0HWDOOLF� 6\VWHPV�� Y����)L]0DW/LW�� 0RVFRZ
�������>LQ�5XVVLDQ@�

����2�9�6RERO��� $�7�3XJDFKHY�� $�1�6WHWVHQNR�
9HVWQLN�9*78�������������������

����2�9�6RERO��� )L]LND�0HWDOORY� L�0HWDORYHGHQLH�
��������������

����6SXWWHULQJ�E\�3DUWLFOH�%RPEDUGPHQW�,,��6SXW�
WHULQJ� RI�$OOR\V� DQG�&RPSRXQGV��(OHFWURQ� DQG
1HXWURQ�6SXWWHULQJ��6XUIDFH�7RSRJUDSK\��HG��E\
5�%HKULVFK��6SULQJHU�9HUODJ��%HUOLQ��������
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