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5HFHLYHG�-XQH���������
7KH� VWUXFWXUH� FKDQJHV� LQ� K\GUR[LGH� QDQRSRZGHU� =U2�±��<�2�±[+2Q� �Q ����� V\VWHPXQGHU�KLJK�K\GURVWDWLF�SUHVVXUH�KDYH�EHHQ�VWXGLHG�XVLQJ�VPDOO�DQJOH�;�UD\�VFDWWHULQJ�DQG

(35�VSHFWURVFRS\��,W�KDV�EHHQ�GHPRQVWUDWHG�WKDW�WKH�VWXGLHG�[HURJHOV�DUH�FKDUDFWHUL]HG�E\
PXOWLSOH� OHYHOV� RI� VSDFWLDO� VWUXFWXUH� WKDW� FDQ� EH� GHVFULEHG� DV�PDVV� IUDFWDOV�� ,W� KDV� EHHQ
VKRZQ� WKDW� IUDFWDO� GLPHQVLRQDOLWLHV� RI� WKHVH� OHYHOV� WHQG� WR� HTXDOL]DWLRQ�� VR� D� JUDGXDO
WUDQVLWLRQ� WR� D�PRQRIUDFWDO� V\VWHP� WDNHV�SODFH�� 7KH� VWUXFWXUDO� FKDQJHV� LQ� [HURJHO�XQGHU
KLJK� K\GURVWDWLF� SUHVVXUH� KDYH� EHHQ� IRXQG� WR� EH� RI� RI� QRQ�PRQRWRQLF� FKDUDFWHU�ZLWK� DQ
H[WUHPXP�DW�DERXW�����03D�
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���,QWURGXFWLRQ
7KH� PRGHUQ� PDWHULDO� VFLHQFH� SD\V� JUHDW

DWWHQWLRQ�WR�WKH�GHYHORSPHQW�RI�WHFKQRORJLHV
RI� REWDLQLQJ� RI� R[LGH� QDQRPDWHULDOV� ZLWK
IXQFWLRQDO�SURSHUWLHV�EHLQJ�RI�LPSRUWDQFH�LQ
FDWDO\VLV�� SKRWRFDWDO\VLV�� PLFURHOHFWURQLFV�
RSWLFV�� ELRWHFKQRORJ\�� PHGLFLQH�� SRO\PHU
FKHPLVWU\�� HWF�� >����@�� $PRQJ� WKH� PDMRU
FKDUDFWHULVWLFV� FRQWUROOLQJ� WKHVH� IHDWXUHV
DUH�WKH�VL]H��SKDVH�FRPSRVLWLRQ��PRUSKRORJL�
FDO�SHFXOLDULWLHV�RI�WKH�SDUWLFOHV��WKH�QDWXUH
RI�WKH�SDUWLFOH�LQWHUDFWLRQ��WKH�VSDFH�GLVWUL�
EXWLRQ�FKDUDFWHU�RI�SDUWLFOHV��WKH�GLVSHUVLW\
DQG� WKH� DJJUHJDWLRQ�GHJUHH� WKHUHRI��$W� WKH
VDPH� WLPH�� WKH� IRUPDWLRQ� RI� SK\VLFDO� DQG
FKHPLFDO� SURSHUWLHV� DQG� VWUXFWXUDO� FKDUDF�

WHULVWLFV�RI�R[LGH�QDQRSDUWLFOHV�DUH�DIIHFWHG
HVVHQWLDOO\�E\�WKH�V\QWKHVLV�PHWKRG��WKH�QD�
WXUH�RI�SUHFXUVRUV�DQG�DOOR\LQJ�FRQVWLWXHQWV
>�Ü�@�� 6R�� LW� ZDV� VKRZQ� EHIRUH� WKDW� DW� WKH
VWDJH� RI� [HURJHO� IRUPDWLRQ�� WKH� GLIIHUHQW
SK\VLFDO�IDFWRUV�VXFK�DV�WHPSHUDWXUH��WUHDW�
PHQW� E\� XOWUD�KLJK� IUHTXHQFLHV� �0:�GU\�
LQJ���SXOVH�PDJQHWLF�ILHOG��30)��SURYLGH�DQ
LQFUHDVHG� GLVSHUVLW\� DQG� UHGXFHG� DJJUHJD�
WLRQ� DELOLW\� RI� V\QWKHVL]HG� ]LUFRQLD
QDQRSRZGHUV�>����@��0RUHRYHU��WKH�LQIOXHQFH
RI� KLJK� K\GURVWDWLF� SUHVVXUH� RQ� WKH� VWUXF�
WXUDO� RUJDQL]DWLRQ� RI� WKH� QDQRSDUWLFXODWH
R[LGH�V\VWHP�LV�YHU\�LQWHUHVWLQJ�DQG�LPSRU�
WDQW�ZLWK�UHVSHFW�WR�WKH�SXUSRVHIXO�DJJUHJD�
WLRQ�RI�QDQRSRZGHU�PDWHULDOV��7KLV�ZRUN� LV
GHYRWHG� WR� WKH� HYROXWLRQ� RI� VWUXFWXUDO� RU�
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JDQL]DWLRQ�LQ�=U2�±��PRO��<�2�±Q+�2�[HUR�JHOV�XQGHU�KLJK�K\GURVWDWLF�SUHVVXUH��++3��
,W� LV� WR� QRWH� WKDW� WKH� VWUXFWXUH� RI� ]LU�

FRQLD�EDVHG�V\VWHPV�LV�IRUPHG�LQ�WKH�FRXUVH
RI� FRPSOH[�SK\VLFDO� DQG� FKHPLFDO� SURFHVVHV
RI� WKH� FRDJHO� �o�[HURJHO�o�DPRUSKRXV� K\�
GUR[LGH�o��R[LGH�WUDQVIRUPDWLRQ��7KXV��WKH
VWXG\� RI� WKH� UHODWLRQ� EHWZHHQ� WKH� [HURJHO
VWUXFWXUDO� RUJDQL]DWLRQ� DQG� WKH� SURSHUWLHV
RI�R[LGH�V\VWHPV�IRUPHG�RQ�LWV�EDVH�LV�YHU\
LQWHUHVWLQJ�� 7KH� VHOI�RUJDQL]DWLRQ� RI
QDQRSDUWLFOHV� RFFXUV� DOUHDG\� DW� WKH� HDUO\
VWDJHV� RI� WKH� [HURJHO� V\QWKHVLV� DQG� WKH
IRUPHG� VWUXFWXUHV� DUH� UDQGRP� WR� VRPH� H[�
WHQW��1HYHUWKHOHVV��VXFK�V\VWHPV�DUH�FKDUDF�
WHUL]HG� E\� D� FHUWDLQ� KLHUDUFKLFDO� VWUXFWXUH
RUJDQL]DWLRQ�DQG� WKH�UHSUHVHQWDWLRQ�RI� UDQ�
GRP�IUDFWDO�FDQ�EH�XVHG�WR�GHVFULEH�WKH�V\V�
WHP� JHRPHWU\� >�@�� 7KH� IUDFWDO� JHRPHWU\
PDNHV�LW�SRVVLEOH�WR�WDNH�WKH�UDQGRP�HYHQWV
LQWR�DFFRXQW��VR�LW� LV�RIWHQ�XVHG�WR�GHVFULEH
WKH�VWUXFWXUH�RI�FKHPLFDO�V\VWHPV�>�@��

���([SHULPHQWDO
7KH� QDQRSRZGHUV� RI� =U2�±��<�2�±Q+�2K\GUR[LGH� [HURJHO� ZHUH� V\QWKHVL]HG� E\� FR�

SUHFLSLWDWLRQ� PHWKRG� DFFRUGLQJ� WR� QLWUDWH
WHFKQRORJ\�XVLQJ�0:�UDGLDWLRQ�DW������*+]
IUHTXHQF\� DQG� ���� :� SRZHU�� 7KH� [HURJHO
ZDV� VXEMHFWHG� WR� KLJK� K\GURVWDWLF� SUHVVXUH
YDULHG� XS� WR� ��*3D��7KH� VPDOO�DQJOH�;�UD\
VFDWWHULQJ��6$;6��PHWKRG�ZDV�XVHG�WR�VWXG\
WKH� VWUXFWXUDO� RUJDQL]DWLRQ� RI� =U2�±�PRO��<�2�±Q+�2�[HURJHOV��7KH�6$;6�VSHF�WUD�ZHUH�PHDVXUHG�XVLQJ�D�'521���GLIIUDF�
WRPHWHU� LQ� &X.D�UDGLDWLRQ� PRQRFKURPDWHG
E\� UHIOHFWLRQ� IURP� ������ SODQH� RI� D� SHUIHFW
*H� VLQJOH� FU\VWDO�� 7R� UHGXFH� WKH� SDUDVLWLF
VFDWWHULQJ� DUHD� RI� WKH�PRQRFKURPDWLQJ�VLQ�
JOH� FU\VWDO�� D� VSHFLDO� VOLW� GHYLFH�ZDV�SODFHG
LQ� IURQW� RI� WKH� VDPSOH� ZLWK� WKH� GLVSODFH�
PHQW� SRVVLELOLW\� RI� r�� PP� QRUPDO� WR� WKH
LQFLGHQW� EHDP��7KH� EDFNJURXQG�RI� DLU� VFDW�
WHULQJ� ZDV� UHVWULFWHG� E\� D� VOLW� GHYLFH� LQ
IURQW� RI� WKH� ;�UD\� UDGLDWLRQ� GHWHFWRU�� 7KH
XVH�RI�SHUIHFW�*H�VLQJOH�FU\VWDO�DQG�FROOLPD�
WLRQ� V\VWHP� RI� WKH� SULPDU\� DQG� VFDWWHUHG
EHDP�DOORZHG�XV�WR�PDNH�WKH�PHDVXUHPHQWV
VWDUWLQJ� IURP� WKH� DQJOHV� T� ����Ü������ 7KH
���� PP� ZLGH� VOLW� EHIRUH� WKH� GHWHFWRU� SUR�
YLGHV� WKH� VSDFH� UHVROXWLRQ� RI� '�T� �������
7KH�VFDWWHULQJ�LQWHQVLW\�ZDV�UHFRUGHG�LQ�WKH
SRLQW� VFDQQLQJ� PRGH� �WKH� DQJOH� VWHS� ZDV
������� WKH� H[SRVXUH� WLPH� ���� V���$V� DW� WKH
VPDOOHVW�DQJOHV�RI�VFDWWHULQJ�����Ü�������WKH
VFDWWHUHG� EHDP� LV� VXSHULPSRVHG� ZLWK� WKH
SULPDU\� UDGLDWLRQ� EHDP� DWWHQXDWHG� GXH� WR
DEVRUSWLRQ� ZLWKLQ� WKH� VDPSOH�� WKH� SULPDU\

EHDP� LQWHQVLW\� WDNLQJ� LQWR� DFFRXQW� WKH� DE�
VRUSWLRQ� ZLWKLQ� WKH� VDPSOH� ZDV� VXEWUDFWHG
IURP�WKH�PHDVXUHG�LQWHQVLW\�

,��T�� �,H[S���T����.,���T��e�FRV��T�� ���
ZKHUH� ,���T�� LV� WKH� SULPDU\� EHDP� LQWHQVLW\
GLVWULEXWLRQ�� ,H[S���T��� WKH� H[SHULPHQWDOO\
PHDVXUHG� VFDWWHULQJ� LQWHQVLW\�� ��FRV��T��
WKH� IDFWRU� DFFRXQWLQJ� WKH� WKH� EHDP� SDWK
ZLWKLQ�WKH�VDPSOH�GHSHQGLQJ�RQ�WKH�VFDWWHU�
LQJ� DQJOH�� 7KH� DEVRUSWLRQ� FRHIILFLHQW� ZDV
FDOFXODWHG�DV

.� �,����e�,����� ���
ZKHUH� ,������ ,���� DUH� WKH� LQWHQVLWLHV� RI� WKHSULPDU\�DQG�WKH�VHFRQGDU\�EHDPV�DW�WKH�GH�
WHFWRU� SRVLWLRQ� �T� ����� 7KH� LQWHQVLW\� ZDV
UHFRUGHG� ZLWKLQ� WKH� V� UDQJH� IURP� ���� WR
�����QPÜ��� 7KH� FROOLPDWLRQ� FRUUHFWLRQ� ZDV
LQWURGXFHG� DFFRUGLQJ� WR� WKH� SURFHGXUH� LQ
>��@�� 7KH� H[SHULPHQWDO� VSHFWUD� ZHUH� SURF�
HVVHG�XVLQJ�WKH�*120�VRIWZDUH�>��@�

7KH� IUDFWDO� GLPHQVLRQ� RI� WKH� VFDWWHULQJ
DUHD�'I�ZDV�GHILQHG� LQ�WKH�NQRZQ�ZD\�>��@IURP� WKH� VORSH� RI� WKH� FRUUHVSRQGLQJ� OLQHDU
VHFWLRQ� RI� WKH� 6$;6� VFDWWHULQJ� FXUYH� SUH�
VHQWHG� LQ� OJ�,�V��ÜOJ�V�� FRRUGLQDWHV�� 7R
HYDOXDWH� WKH�VSDFH� VWUXFWXUH�RI� WKH� VFDWWHU�
LQJ� [HURJHO� DUHD�� WKH� 6$;6� FXUYHV� ZHUH
DQDO\]HG�LQ�.UDWN\�FRRUGLQDWHV�,�V�ÜV�>��@�

7KH�(35�VWXGLHV�RI�[HURJHOV�ZHUH�FDUULHG
RXW� XVLQJ� D� VWDQGDUG� 36����;� UDGLRVSHF�
WURPHWHU�ZLWK�KLJK�IUHTXHQF\�PRGXODWLRQ�DW
�� *+]� DQG� DW� URRP� WHPSHUDWXUH�� 7KH�0:
SRZHU�ZDV�FKRVHQ�WR�EH�IDU�IURP�WKH�VDWXUD�
WLRQ�RI�WKH�VWXGLHG�OLQHV��7KH�ILIWK�&7&�OLQH
RI� WZR�YDOHQW�PDQJDQHVH� LRQ� LQ� FXELF�PDQ�
JDQHVH� R[LGH� IRU� D� FDOLEUDWHG� VDPSOH� ZDV
FKRVHQ�DV�D�UHIHUHQFH�PDUN�RI�SDUDPDJQHWLF
FHQWHU�FRQFHQWUDWLRQ��30&��7KH�WRWDO�LQWHQ�
VLW\�RI�WKH�VWXGLHG�VSHFWUDO� OLQHV�ZDV�GHWHU�
PLQHG� DV� WKH� UDWLR� RI� DUHDV� XQGHU� WKH� DE�
VRUSWLRQ�FXUYHV�IRU�WKH�VDPSOHV�DQG�WKH�UHI�
HUHQFH�PDUN�OLQH�FDOFXODWHG�XVLQJ�WKH�GRXEOH
LQWHJUDWLRQ�RI� WKH�GHULYDWLYHV�RI�DEVRUSWLRQ
OLQHV��7KH�PHDVXUHPHQW�UHODWLYH�HUURU�RI�WKH
30&�FRQWHQW�GLG�QRW�H[FHHG������

���5HVXOWV�DQG�GLVFXVVLRQ
7KH� [HURJHO� VWUXFWXUH� FDQ� EH� SUHVHQWHG

DV� D� VROLG� IUDPH� FRQVLVWLQJ� RI� PRQR�GLV�
SHUVHG� SDUWLFOHV� ZLWK� D� GHYHORSHG� K\GUDWH
VKHOO� VXSSOHPHQWHG� ZLWK� SRURXV� VSDFH
IRUPHG� LQ� WKH�FRXUVH� RI�GU\LQJ��)LJ����SUH�
VHQWV�WKH�6$;6�SURILOHV� LQ� OJ�,�V��ÜOJ�V��FR�
RUGLQDWHV� IRU� [HURJHOV� WUHDWHG� E\� K\GUR�

2�$�*RUEDQ�HW�DO����6WUXFWXUDO�HYROXWLRQ�RI�WKH����
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VWDWLF�SUHVVXUH�RI���������������������03D�
7KH� 6$;6� FXUYH� RI� WKH� VWDUWLQJ� QRQ�FRP�
SUHVVHG�SRZGHU�LV�DGGHG��WRR��

7KH� DQDO\VLV� RI� 6$;6� VSHFWUD� IRU� WKH
VWDUWLQJ� =U2�±��<�2�±Q+�2� [HURJHO� WHVWL�ILHV� WKH� PXOWLSOH� OHYHOV� RI� WKH� VFDWWHULQJ
DUHD� VSDFH� VWUXFWXUH�� WKH� FXUYH� LQ� OJ�,�V��Ü
OJ�V�� FRRUGLQDWHV� FRQVLVWV� RI� WZR� SDUWV� GLI�
IHULQJ� LQ� WKH� DQJXODU� GHSHQGHQFH� FKDUDFWHU
RI� WKH� UDGLDWLRQ� LQWHQVLW\� RQ� WKH�ZDYH� YHF�
WRU� V�� 7KH� ILUVW� SDUW� LV� DVVRFLDWHG�ZLWK� WKH
VFDWWHULQJ�FRRUGLQDWH�V�YDOXHV� IURP������WR
������cÜ���RU�LQ�WKH�GLUHFW�VSDFH�UHVROXWLRQ
/� ���S�V�IURP�����WR���QP��7KH�VHFRQG�SDUW
KDV� V�YDOXHV� IURP������ WR�������cÜ��� RU� LQ
WKH�GLUHFW�VSDFH�UHVROXWLRQ�5� ��S�V�IURP���
WR� �� QP�� 7KH� IUDFWDO� GLPHQVLRQDOLWLHV� HVWL�
PDWHG�DW�VFDOH�OHYHOV� OHVV�WKDQ���QP�DQG�LQ
WKH� �Ü���QP�UDQJH�SHUPLW�XV� WR� LQWHUSUHWH
WKHP� DV� D� PDVV� IUDFWDO� ZLWK� GLPHQVLRQDOL�
WLHV�RI������DQG�������UHVSHFWLYHO\��

7KH� VWXG\� RI� WKH� [HURJHO� VWUXFWXUDO� RU�
JDQL]DWLRQ� HYROXWLRQ� DW� YDU\LQJ� DSSOLHG
SUHVVXUH� KDV� VKRZQ� WKDW� WKH� KLJK� K\GUR�
VWDWLF� SUHVVXUH� �++3�� WUHDWPHQW� DW� ���Ü
�����03D� UHVXOWV� LQ� WKH� FKDQJH� RI� IUDFWDO
GLPHQVLRQDOLW\�DW�DOO�VFDOH�OHYHOV��7KH�DQDO\�
VLV�RI�VPDOO�DQJOH�VFDWWHULQJ�VSHFWUD�LQ�ORJD�
ULWKPLFDO�FRRUGLQDWHV�KDV�GHPRQVWUDWHG�WKDW
LQ� K\GUR[LGH� V\VWHP�� ZLWKLQ� WKH� DSSOLHG

UDQJH� RI� SUHVVXUHV�� WKH� PXOWLSOH� OHYHOV� RI
WKH� VFDWWHULQJ� DUHD� VSDFH� VWUXFWXUH� LV� UH�
WDLQHG�ZLWK�FRQVHUYDWLRQ�RI�WKH�IUDFWDO�W\SH�
7KH\� DOO� DUH� GHVFULEHG� DV� D� PDVV� IUDFWDO�
0RUHRYHU�� QRQ�PRQRWRQLF� HYROXWLRQ� EHKDYLRU
RI� WKH�K\GUR[LGH� V\VWHP�IUDFWDO�GLPHQVLRQDO�
LW\� LV� REVHUYHG� LQ�GHSHQGHQFH� RQ� WKH� DSSOLHG
SUHVVXUH�YDOXH�DW�DOO�WKH�VFDOH�OHYHOV��

7KH� HIIHFW� RI� SUHVVXUH� RQ� WKH� K\GUR[LGH
VWUXFWXUH� DW� VFDOH� OHYHOV� EHORZ� �Ü�� QP� UH�
VXOWV�LQ�DQ�HVVHQWLDO��ORRVHQLQJ��RI�WKH�IUDF�
WDO�VWUXFWXUH�GHPRQVWUDWHG�DV�WKH�IUDFWDO�GL�
PHQVLRQDOLW\� UHGXFWLRQ� IURP� ����� IRU� QRQ�
FRPSUHVVHG�K\GUR[LGH�V\VWHP�GRZQ�WR������
������������������ DQG������ IRU�SUHVVXUHV�RI
��������������������DQG������03D��UHVSHF�
WLYHO\��$V�VHHQ�IURP�WKH�SUHVHQWHG�GDWD��WKH
SUHVVXUH�RI�����03D�H[HUWV�WKH�OHDVW�LQIOX�
HQFH� RQ� WKH� VWUXFWXUDO� HOHPHQWV� RI� K\GUR[�
LGH� V\VWHP� DW� WKLV� VFDOH� OHYHO��$W� WKH� VDPH
WLPH�� WKH� K\GURVWDWLF� FRPSUHVVLRQ� RI� [HUR�
JHO� DW� ����� ����� DQG� ���� 03D� UHVXOWV� LQ
FRQVROLGDWLRQ� RI� WKH� VFDWWHULQJ� DUHD� IUDFWDO
VWUXFWXUH� DW� VFDOH� OHYHO� DERYH� �Ü�� QP� �WKH
HVWLPDWHG� IUDFWDO� GLPHQVLRQDOLWLHV� DUH������
����� DQG� ������ UHVSHFWLYHO\��� 7KH� V\VWHPV
FRPSUHVVHG� DW� ���� DQG� ����� 03D� GR� QRW
GHPRQVWUDWH�VXFK�HIIHFW��7KH�IUDFWDO�GLPHQ�
VLRQDOLW\�RI�K\GUR[LGH�FRPSUHVVHG�LV������DW
����03D�DQG������DW������03D��

7KH� FRPSDULVRQ� RI� IUDFWDO� GLPHQVLRQDOL�
WLHV� RI� K\GURVWDWLFDOO\� FRPSUHVVHG� [HURJHO
VWUXFWXUHV�DW�WKH�VFDOH�OHYHOV�EHORZ��Ü��QP
DQG� DERYH� �� QP�KDV� VKRZQ� WKDW� IUDFWDO� GL�
PHQVLRQDOLWLHV�RI�WKRVH�OHYHOV�WHQG�WR�HTXDOL�
]DWLRQ�� WKXV�� D� JUDGXDO� WUDQVIHU� WR� D� PRQ�
RIUDFWDO�V\VWHP�WDNHV�SODFH��$Q�H[FHSWLRQ�LV
WKH� [HURJHO� FRPSUHVVHG� DW� ���� 03D� ZKHUH
WKH��ORRVHQLQJ��RI� IUDFWDO�DUHDV� LV�REVHUYHG
DW� ERWK� VFDOH� OHYHOV��7KH� IUDFWDO� GLPHQVLRQ�
DOLWLHV� DUH� ����� DQG� ����� IRU� VFDOH� OHYHOV
EHORZ��Ü��QP�DQG�DERYH���QP��UHVSHFWLYHO\
�WR� FRPSDUH�� WKRVH� DUH� ����� DQG� ����� IRU
QRQ�FRPSUHVVHG�[HURJHO���

,Q� RUGHU� WR� HVWLPDWH� WKH� VSDFH� VWUXFWXUH
RI�WKH�[HURJHO�VFDWWHULQJ�DUHD��WKH�FXUYHV�RI
VPDOO�DQJOH�;�UD\� VFDWWHULQJ�ZHUH� DQDO\]HG
XVLQJ� .UDWN\� FRRUGLQDWHV� ,�V�ÜV�� 7KH� VWXG�
LHG�[HURJHO�6$;6�VSHFWUD�LQ�.UDWN\�FRRUGL�
QDWHV�DUH�SUHVHQWHG�LQ�)LJ����

,W� LV� WR� QRWH� WKDW� LQ� WKHVH� FRRUGLQDWHV�
WKH�VFDWWHULQJ�FXUYH�VKDSH�IRU�WKH�QRQ�FRP�
SUHVVHG� [HURJHO� DQVZHUV� WR� VFDWWHULQJ� IURP
DQ� REMHFW� FRQWDLQLQJ� VFDWWHULQJ� IUDJPHQWV
�SRUHV� DQG� SDUWLFOHV�� ZLWK� YDULRXV� FKDUDF�
WHULVWLF� VL]HV�� ,W� LV� VHHQ� WKDW� WKH� WUHDWPHQW
RI� [HURJHO� ZLWK� KLJK� K\GURVWDWLF� SUHVVXUH
UHVXOWV� LQ� UHGXFWLRQ� RI� WKH� WRWDO� VFDWWHULQJ
FDSDFLW\�

)LJ����� 6FDWWHULQJ� GDWD� LQ� 3RURG� FRRUGLQDWHV
IRU�=U2�±��<�2�±[2+Q�[HURJHOV�VXEMHFWHG�WRKLJK�K\GURVWDWLF�SUHVVXUH�
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7KH� DSSUR[LPDWLRQ� RI� VPDOO�DQJOH� VFDW�
WHULQJ�H[SHULPHQWDO�VSHFWUXP�LQ�.UDWN\�FR�
RUGLQDWHV� XVLQJ� *DXVVLDQV�PDGH� LW� SRVVLEOH
WR�HVWLPDWH�FKDUDFWHULVWLF�VL]HV�RI�VFDWWHULQJ
DUHDV�LQ�WKH�LQYHVWLJDWHG�V\VWHPV��/� ���S�V
�WKH�DSSUR[LPDWLRQ�FRUUHODWLRQ�FRHIILFLHQW�LV
DW� OHDVW� ������ IRU� DOO� WKH� VSHFWUD��� 7DEOH
SUHVHQWV�FRQWULEXWLRQV�IURP�GLIIHUHQW�VWUXF�
WXUH�IUDJPHQWV�WR�WKH�WRWDO�VFDWWHULQJ�FDSDF�
LW\�RI�WKH�VWXGLHG�V\VWHPV�DQG�FKDUDFWHULVWLF
VL]HV�RI�WKH�VFDWWHULQJ�DUHDV�

,W� LV� VHHQ� WKDW� WKDW� IRU� WKH� QRQ�FRP�
SUHVVHG� [HURJHO�� D� FRQVLGHUDEOH� IUDFWLRQ� RI
WKH� WRWDO� VFDWWHULQJ� FDSDFLW\� LV� FRQWULEXWHG
E\�WKH�VFDWWHULQJ�RQ�IUDJPHQWV�ZLWK�WKH�DY�
HUDJH� FKDUDFWHULVWLF� VL]HV� RI� �� DQG� �� QP�

%HIRUH�>��@��LW�ZDV�UHYHDOHG�E\�WUDQVPLVVLRQ
HOHFWURQ�PLFURVFRS\� WKDW� WKH� DYHUDJH� SDUWL�
FOH� VL]H� LQ� WKH�=U2�±��<�2�±Q+�2� K\GUR[�LGH� V\VWHP� LV� DERXW� �Ü�� QP�� 7KLV� IDFW� DO�
ORZV� XV� WR� LQWHUSUHWH� WKH� VFDWWHULQJ� IURP
WKH� DUHDV� RI� �Ü�� QP� FKDUDFWHULVWLF� VL]H� DV
WKH� VFDWWHULQJ� RQ� PRQRGLVSHUVHG� K\GUR[LGH
SDUWLFOHV� IRUPLQJ� WKH� [HURJHO� VNHOHWRQ�
+RZHYHU�� WKH� SRUHV� RI� WKH� VDPH� VL]H� PD\
FRQWULEXWH� WR� WKH� VFDWWHULQJ� LQ� WKLV� DUHD�
WRR��0RVW� SUREDEO\�� WKH� VFDWWHULQJ� DUHDV� RI
��Ü��� QP� VL]H� FDQ� EH� DVVRFLDWHG� ZLWK� WKH
DJJUHJDWHV� RI� [HURJHO� SDUWLFOHV�� 7KH� H[SR�
VXUH�RI�[HURJHO�WR�KLJK�K\GURVWDWLF�SUHVVXUH
UHVXOWV� LQ� WKH� UHGXFWLRQ� RI� WRWDO� VFDWWHULQJ
FDSDFLW\�� 7KH� DYHUDJH� VFDWWHULQJ� IUDJPHQW

7DEOH��&KDUDFWHULVWLF�VL]HV�RI�VFDWWHULQJ�DUHDV�

3UHVVXUH��03D 6FDWWHULQJ�DUHD�VL]H��QP��FRQWULEXWLRQ�WR�WKH�WRWDO�VFDWWHULQJ�����
��� ����� ����� ���� ������
��� ������ ����� ����� ���� ������
��� ������ ������ ����� ���� ������
��� ������ ����� ����� ���� ������
��� ������ ������ ����� ����� ������
���� ����� ������ ���� ���� �����

)LJ�����6$;6�LQWHQVLW\�DV�D�IXQFWLRQ�RI�ZDYH�YHFWRU�LQ�.UDWN\�FRRUGLQDWHV�
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VL]H�LQFUHDVHV�XS�WR����QP�LQ�WKH�DUHDV�ZLWK
VPDOO�V��VR�WKH�IUDFWLRQ�RI�WKHLU�FRQWULEXWLRQ
WR� WKH� WRWDO� VFDWWHULQJ� FDSDFLW\� ULVHV�� WRR�
7KLV�WHVWLILHV�D�FKDQJH�RI�WKH�V\VWHP�DJJUH�
JDWLRQ�VWDWH�

$V� WR� WKH� VFDWWHULQJ� DUHD� RI� �� QP� DYHU�
DJH�VL]H��LW�PXVW�EH�PRVW�SUREDEO\�LGHQWLILHG
DV�D�SRUH��WRR��,W�LV�VHHQ�IURP�7DEOH�WKDW�DOO
[HURJHOV�FRPSUHVVHG�DW�WKH�VWXGLHG�SUHVVXUH
YDOXHV� GHPRQVWUDWHG� WKH� GLVDSSHDUDQFH� RI
�� QP� VFDWWHULQJ� DUHD� �WKLV� DUHD� PDNHV� WKH
PDLQ�FRQWULEXWLRQ�WR�WKH�WRWDO�VFDWWHULQJ�FD�
SDFLW\� RI� WKH� QRQ�FRPSUHVVHG� K\GUR[LGH�
ZKLOH� WKH� DUHDV� RI� �Ü�� QP� DQG� �Ü��� QP
HPHUJH�LQ�WKH�VWUXFWXUH��1RWH�WKDW�WKH�FRQ�
WULEXWLRQV�IURP�WKH��Ü��DQG��Ü���QP�DUHDV
IRU� FRPSUHVVHG� K\GUR[LGHV� FRUUHVSRQG� WR
WKH� FRQWULEXWLRQ� IURP� �� QP� DUHD� IRU� QRQ�
FRPSUHVVHG�[HURJHO��7KH�VL]HV�RI�WKHVH�DUHDV
GR�QRW�GHSHQG�RQ�WKH�SUHVVXUH�YDOXH�DSSOLHG
WR�WKH�[HURJHO�

/HW� XV� FRQVLGHU� WKH� [HURJHO� DV� DQ� LQKR�
PRJHQHRXV� VWUXFWXUH� FRQWDLQLQJ� RSHQ� DQG
FORVHG� SRUHV� FRQWDLQLQJ� DGVRUEHG� ZDWHU
ERXQG�ZLWK�WKH�KDUG�IUDPHZRUN��7KH�ERXQG
ZDWHU� FDQ� EH� WUHDWHG� DV� WKH� VHFRQG� SKDVH
ULJLGO\� ERXQG� ZLWK� WKH� VROLG� =U2�� SKDVH�7KH� HVWLPDWLRQV� VKRZ� WKDW� WKH� SUHVVXUH� LQ�
VLGH�WKH�SRUHV�FDOFXODWHG�RQ�WKH�IRUPXOD�

S� ��J' FRVT� ���

ZKHUH�'�LV�WKH�SRUH�GLDPHWHU��J��WKH�VXUIDFH
WHQVLRQ� FRHIILFLHQW� RI�ZDWHU��T�� WKH�ZHWWLQJ
DQJOH� RI� WKH� VXUIDFH�� LV� S�|�Ü�������� 3D� DW
�� QP� SRUH� GLDPHWHU�� DQG� S�|�Ü���������3D
DW������QP��,W� LV�VHHQ�WKDW�WKH�SUHVVXUH�LQ�
VLGH�WKH�SRUHV� LV��Ü��RUGHUV� ORZHU�WKDQ�WKH
DSSOLHG� H[WHUQDO� K\GURVWDWLF� SUHVVXUH�� VR� LW
SOD\V� DQ� LQVLJQLILFDQW� UROH� DW� KLJK� SUHV�
VXUHV�� 7KH�PDLQ� HIIHFW� LV� GXH� WR� WKH� H[WHU�
QDO� DSSOLHG� SUHVVXUH� DQG� LW� DFWV� LQ� WZR
ZD\V�� )RU� WKH� XSSHU� VFDOH� OHYHOV� ZLWK� WKH
VL]H�DERYH���QP��WKH�LQIOXHQFH�RI�UHODWLYHO\
ORZ� SUHVVXUHV� RI� ���Ü���� 03D� UHVXOWV� LQ
UDSSURFKHPHQW� RI� SRZGHU� SDUWLFOHV� WR� WKH
GLVWDQFHV� ZKHUH� WKH� H[WHUQDO� K\GUR[LOH
JURXSV� EHFRPH� DEOH� WR� LQWHUDFW� DQG� WR� FRQ�
QHFW�WKH�SDUWLFOHV� LQWR�D�VLQJOH�DJJORPHUDWH
ZLWKRXW� YLRODWLQJ� WKH� LQQHU� VWUXFWXUH�� ,Q
WKLV� FDVH�� WKH� SUHVVHG� PDWHULDO� GHQVLW\� LV
UHGXFHG� GXH� WR� IRUPDWLRQ� RI� QHZ� FORVHG
SRUHV�DQG�IRUPHU�RSHQ�RQHV��$V�WKH�SUHVVXUH
LQFUHDVHV��LWV�VHFRQG�DVSHFW�EHJLQV�WR�UHYHDO
LWVHOI� DVVRFLDWHG� ZLWK� WKH� LQFUHDVH� RI� DGGL�
WLRQDO�ERXQGDU\��PLVILW��VWUHVVHV��%HLQJ�FR�

RUGLQDWHG� E\� WKH� VROLG� SKDVH�� WKH� ZDWHU
ZLWKLQ� VPDOO� FORVHG� SRUHV� KDV� D� FRPSUHVVL�
ELOLW\�ZKLFK� GLIIHUV� E\� VHYHUDO� RUGHUV� IURP
WKDW�RI�WKH�VROLG�SKDVH��'XH�WR�WKH�HVVHQWLDO
GLIIHUHQFH� LQ� WKH� FRPSUHVVLELOLWLHV� RI� WKH
SKDVHV� XQGHU� +*3�� VKHDU� PLVILW� VWUHVVHV
DULVH� DW� ]LUFRQLD�ZDWHU� SKDVH� LQWHUIDFHV�� ,W
LV�VKRZQ�LQ�>��@�WKDW�WKH�PDJQLWXGH�RI�WKHVH
VWUHVVHV�GHSHQGV�ERWK�RQ�WKH�SUHVVXUH�YDOXH
DQG� WKH� FRPSUHVVLELOLW\� GLIIHUHQFH� EHWZHHQ
WKH�SKDVHV�J���J��DFFRUGLQJ�WR�H[SUHVVLRQ�

VY� �
J����J�
J����J�

S� ���

ZKHUH�S�LV�SUHVVXUH��J��DQG�J���FRPSUHVVLELOLWLHV
RI� SKDVHV�� IRU� ZDWHU�� � J�� ���������Ü��3DÜ��
IRU� =U2��� J�� ����������Ü��3DÜ�� >��@�� 7KHHVWLPDWLRQ� RI� PLVILW� VWUHVVHV� DFFRUGLQJ� WR
���� VKRZV� WKDW� WKH� VWUHVV� LQFUHDVHV� IURP
��� 03D� XQGHU� ���� 03D� SUHVVXUH� WR
����03D�DW������03D��7KH�DGGLWLRQDO�VKHDU
�PLVILW��VWUHVV�YDOXH�LV�UDWKHU�KLJK�DQG�DEOH
WR� EUHDN� WKH� LQWHUSKDVH� ERQGV� DQG� VTXHH]H
RXW� ZDWHU� IURP� SRUHV�� WKDW� UHVXOWV� ERWK� LQ
LQFUHDVHG�PDWHULDO�GHQVLW\�DQG�WKH�EUHDNLQJ
RI� WKH�PDWHULDO� DW� WKH� ORZ� VFDOH� OHYHO�� 7KH
DFWLRQ� RI� WZR� WUHQGV� GHILQHV� WKH� VXGGHQ
FKDQJH�LQ�WKH�SURSHUWLHV�QHDU�����03D�

7KH� (35� VWXGLHV� RI� [HURJHOV� GULHG� DW
����&� KDYH� VKRZQ� WKDW� DQ� LVRWURSLF� VLJQDO
ZLWK�J�IDFWRU�RI������� LV�UHJLVWHUHG�LQ�(35
VSHFWUD� RI� VDPSOHV� WUHDWHG� E\� KLJK� K\GUR�
VWDWLF� SUHVVXUH��7KLV� VLJQDO� LV�XVXDOO\� DVVR�
FLDWHG�ZLWK� WKH� DSSHDUDQFH� RI�)� FHQWHU� GXH
WR� UHPRYDO� RI� ZDWHU� PROHFXOH� DQG� 2+
JURXSV�IURP�WKH�SDUWLFOH�VXUIDFH� >��@��1RWH
WKDW� WKH� QRQ�FRPSUHVVHG� [HURJHO� GULHG� LQ
WKH�VDPH�FRQGLWLRQV�GRHV�QRW�KDYH�SDUDPDJ�
QHWLF� FHQWHUV�� 6R�� [HURJHOV� FRPSUHVVHG� DW
����� ����� ����� DQG� ����� 03D� VKRZ� WKH
SDUDPDJQHWLF� FHQWHU� FRQFHQWUDWLRQV� RI
����������� ����������� ����������� DQG
����������VSLQ�PJ��$�JRRG�DJUHHPHQW�LV�RE�
VHUYHG�EHWZHHQ�WKH�HYDOXDWHG�FRQFHQWUDWLRQV
RI� WKH� UHJLVWHUHG�R[\JHQ�YDFDQFLHV� LQ�GULHG
FRPSUHVVHG�[HURJHOV�DQG�WKH�HYDOXDWHG�PLV�
ILW� VWUHVVHV�� 7KH� YDULDWLRQ� RI� SDUDPDJQHWLF
FHQWHUV� FRQFHQWUDWLRQ� GHSHQGLQJ� RQ� WKH
SUHVVXUH� DFFRUGLQJ� WR�(35�VSHFWUD� WHVWLILHV
DQ�H[WUHPXP�QHDU�����03D��WRR��7KLV�PD\
EH� GXH� EH� DOVR� WR� WKH� UHDOL]DWLRQ� RI� WZR
WUHQGV�LQ�WKH�SUHVVXUH�LQIOXHQFH�

7KXV��WKH�VWUXFWXUH�RI�WKH�LQLWLDO�[HURJHO
FRQWDLQV� WKH� VFDWWHULQJ� IUDJPHQWV� �SRUHV
DQG� SDUWLFOHV�� ZLWK� YDULRXV� FKDUDFWHULVWLF
VL]HV�� ,W� LV� VKRZQ� WKDW� WKH�HYROXWLRQ�RI� WKH

2�$�*RUEDQ�HW�DO����6WUXFWXUDO�HYROXWLRQ�RI�WKH����

��� )XQFWLRQDO�PDWHULDOV�������������



]LUFRQLD�QDQRSDUWLFXODU�V\VWHP�RFFXUV�XQGHU
KLJK�K\GURVWDWLF�SUHVVXUH��$W�WKH�VFDOH�OHYHO
EHORZ��Ü��QP�DQG�DERYH���QP��WKH�FRPSDUL�
VRQ� RI� VWUXFWXUH� IUDFWDO� GLPHQVLRQDOLWLHV� LQ
K\GURVWDWLFDOO\� FRPSUHVVHG� [HURJHOV� KDV
VKRZQ� WKDW� WKH� IUDFWDO� GLPHQVLRQDOLWLHV� RI
WKLV�OHYHOV�WHQG�WR�HTXDOL]DWLRQ��VR�D�JUDGXDO
WUDQVLWLRQ� WR� D� PRQRIUDFWDO� V\VWHP� WDNHV
SODFH�

���&RQFOXVLRQV
7KH� VWUXFWXUDO� RUJDQL]DWLRQ� HYROXWLRQ� LQ

=U2�±��<�2�±[2+Q�[HURJHOV�KDV�EHHQ�VWXG�LHG�� ,W� KDV� EHHQ� VKRZQ� WKDW� WKH� VWXGLHG
[HURJHOV� DUH� FKDUDFWHUL]HG� E\� WKH� PXOWLSOH
OHYHOV� RI� VSDFH� VWUXFWXUH� WKDW� FDQ� EH� GH�
VFULEHG� DV�PDVV� IUDFWDOV�� ,W�KDV� EHHQ� IRXQG
WKDW�LQ�WKH�V\VWHPV�H[SRVHG�WR�+*3��IUDFWDO
GLPHQVLRQDOLWLHV� RI� WKHVH� OHYHOV� WHQG� WR
HTXDOL]DWLRQ�� VR� D� JUDGXDO� WUDQVLWLRQ� WR� D
PRQRIUDFWDO�V\VWHP�WDNHV�SODFH��7KH�FKDUDF�
WHULVWLF� VL]HV� RI� WKH� VFDWWHULQJ� DUHDV� RI� WKH
VWXGLHG�V\VWHPV�KDYH�EHHQ�HVWLPDWHG�DQG� LW
LV� VKRZQ� WKDW� WKH� V\VWHPV� H[SRVHG� WR�+*3
ORVH� WKH� VFDWWHULQJ� IUDJPHQWV� RI� �� QP� VL]H
ZKLOH� WKH� DUHDV� RI� �Ü�� DQG� �Ü��� QP� VL]H
DSSHDU� LQ� WKH� VWUXFWXUH�� 7KH� FRQWULEXWLRQV
IURP� WKRVH� �Ü�� DQG� �Ü��� QP� DUHDV� WR� WKH
WRWDO�VFDWWHULQJ�LQWHQVLW\�FRUUHVSRQG�WR�WKDW
IURP�WKH���QP�RQH��7KH�DGGLWLRQDO�LQWHUIDFH
PLVILW� VWUHVVHV� RI� VKHDU� FKDUDFWHU� DUH� HVWL�
PDWHG�LQ�WKH�VPDOO�SRUHV�

5HIHUHQFHV
� ���7�(�.RQVWDQWLQRYD�� ,�$�'DQLOHQNR�� 1�3�3LOL�

SHQNR�HW�DO���(OHFWURFKHPLFDO�6RFLHW\�3URFHHG�
LQJV��3DULV��)UDQFH����������������������

� ���;LQ�0HL�/LX��*�4�/X��=L�)HQJ�<DQ��$SSO��&D�
WDO\VLV�$�*HQHUDO�������������������

� ���:�7�0�&URRW� =HYHUW�� $�,�$�:LQQXEVW�� *�6�$�0�
7KHXQLVVHQ�� $�,�%XUJJUDDW�� -��0DWHU��6FL��� ���
������������

� ���$�*�%HORXV�� (�9�3DVKNRYD�� $�1�0DNDUHQNR�
1DQRV\VWHPV�� 1DQRPDWHULDOV�� 1DQRWHFKQROR�
JLHV���������������

� ���&KXDQ\RQJ� +XDQJ�� =LORQJ� 7DQJ�� =KRQJWDL
=KDQJ��-��$P��&HUDP��6RF�������������������

� ���1�3�3LOLSHQNR��<�$�'DQLOHQNR��7�(�.RQVWDQWL�
QRYD� HW� DO��� )XQFWLRQDO� 0DWHULDOV�� ��� ���
�������

� ���1�3�3LOLSHQNR��7�(�.RQVWDQWLQRYD��9�9�7RNL\
HW�DO���)XQFWLRQDO�0DWHULDOV����������������

� ���$�,�2OHPVNRL��$�<D�)ODW��8VS��)L]��1DXN������
���������

� ���'�6KHIHU��.�.HIHU��LQ��3URF��RI��WK�,QW��6\PS�
RQ�)UDFWDOV�LQ�3K\VLFV��7ULHVW��,WDO\��������

����%�9�6FKHGULQ��/�$�)HLJLQ��.ULVWDOORJUDILD�����
�����������

����'�,�6YHUJXQ��$�9�6HPHQ\DN��/�$�)HLJHQ��$FWD
&U\VW���$���������������

����-�(�0DULQ�� $�-�+XUG�� -��$SSO��&U\VW��� ���� ��
�������

����*�3RURG��.ROORLG�=������������������
����7�$�5\XPVKLQD��8NU��)L]��=K������������������
����7DEOHV� RI� 3K\VLFDO� 4XDQWLWLHV�� $� 5HIHUHQFH

%RRN��HG��E\�1�.�.LNRLQ��$WRPL]GDW��0RVFRZ
�������>LQ�5XVVLDQ@�

����,�9�%REULVFKHYD�� ,�$�6WDYLWVN\�� 9�.�<HUPR�
ODHY�HW�DO���&DWDO��/HWW�����������������
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