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5HFHLYHG�1RYHPEHU���������
7KH� KHDW� FDSDFLW\� RI�1D1E�±[7D[2�� VROLG� VROXWLRQV� ZDV� PHDVXUHG� LQ� WKH� WHPSHUDWXUHUDQJH�����WR�����.��7KH�VWHS�OLNH�FKDQJH�RI�SKDVH�WUDQVLWLRQ�WHPSHUDWXUH� LV�REVHUYHG� LQ

WKH� 7Ü[� SKDVH� GLDJUDP� DW� FRQFHQWUDWLRQ� [� ������� 7KH� REWDLQHG� UHVXOWV� DUH� LQ� D� JRRG
DJUHHPHQW�ZLWK�WKH�GDWD�RI�GLHOHFWULF�VWXGLHV��7KH���1D�0$6�105�VSHFWUD�ZHUH�REWDLQHG
DW�/DUPRU�IUHTXHQF\�������0+]�XVLQJ�D�%UXNHU�$9$1&(�����VSHFWURPHWHU��7KH�TXDGUX�
SRODU�FRXSOLQJ�FRQVWDQW�� �&4� �H�T4�K��DQG�DV\PPHWU\�SDUDPHWHU� �K��ZHUH�GHWHUPLQHG�E\FRPSXWHU�ILWWLQJ�RI�WKH�105�OLQH�VKDSH�XVLQJ�WKH�'0)LW�VRIWZDUH��7KH�IRXQG�SDUDPHWHUV
VKRZ� WKDW� VROLG� VROXWLRQ� VWUXFWXUH� LV� 1D7D2��EDVHG� DW� ����[d�� DQG� 1D1E2��EDVHG� DW�d[d�����7KH�VSHFWUD�LQ�WKH�LQWHUPHGLDWH�UHJLRQ������[d�����FDQ�EH�GHVFULEHG�DW�D�UHDVRQ�
DEOH�DFFXUDF\�ZKHQ�DVVXPLQJ�WKH�FRH[LVWHQFH�RI�1D7D2��DQG�1D1E2��VWUXFWXUHV��
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���,QWURGXFWLRQ
6RPH� ELQDU\� VROLG� VROXWLRQV� 1D1E2�±$%2�� DUH� NQRZQ� WR� H[KLELW� WKH� UHOD[RUSURSHUWLHV�ZKHQ� WKH�VHFRQG� FRPSRQHQW� FRQ�

FHQWUDWLRQ� H[FHHGV� D� FHUWDLQ� YDOXH� [��� 7KH1D1E�±[7D[2��VROLG�VROXWLRQV�EHORQJ�WR�WKLVJURXS��$FFRUGLQJ�WR�WKH�OLWHUDWXUH�GDWD�>�@�
VRGLXP�QLREDWH� XQGHUJRHV� VL[� SKDVH� WUDQVL�
WLRQV� ZLWK� WKH� IROORZLQJ� SKDVH� VHTXHQFH�
KLJK�WHPSHUDWXUH� �3(�� FXELF�3P�P�o� �3(�
WHWUDJRQDO� 3��PEP� o� �3(�� RUWKRUKRPELF
&FPP�o��3(��RUWKRUKRPELF�3QPP�o��$)(�

RUWKRUKRPELF� 3QPQ�o� �$)(�� RUWKRUKRPELF
3EFP�o� �)(�� UKRPERKHGUDO�5�F��$V� WR� VR�
GLXP� WDQWDODWH�� WKUHH� SKDVH� WUDQVLWLRQV� DUH
NQRZQ�WR�RFFXU�DW�����������DQG�����.�>�@�
%HIRUH�� WKH� FRQFHQWUDWLRQ� SKDVH� GLDJUDP
�7Ü[�� RI� WKH� 1D1E�±[7D[2�� VROXWLRQV� ZDVVWXGLHG�PDLQO\� E\� GLHOHFWULF�PHWKRGV� >�����
�@�� ,Q�1D1E2��� WKH� DQRPDOLHV� RI�SHUPLWWLY�
LW\� Hc� DUH� REVHUYHG� DW� WKH� SKDVH� WUDQVLWLRQ
EHWZHHQ� WKH� DQWLIHUURHOHFWULF� 3PQP� DQG
3EFP� VWUXFWXUHV� DW� ���� .� DQG� DW� WKH� IHU�
URHOHFWULF� SKDVH� WUDQVLWLRQ� EHWZHHQ� WKH� DQ�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

�� )XQFWLRQDO�PDWHULDOV�������������



WLIHUURHOHFWULF� 3EFP� SKDVH� DQG� WKH� SRODU
5�F�SKDVH�DW����.�>����@�

,Q� WKH�1D1E�±[7D[2�� VROLG� VROXWLRQV�� WKHILUVW�RUGHU�3PQP�Ü�3EFP�WUDQVLWLRQ� OLQH� LV
REVHUYHG� DW� LQFUHDVLQJ�7D� FRQFHQWUDWLRQ� XS
WR� WKH� HQG� SRLQW� DW� [� �[��|����� >�@�� +RZ�HYHU�� WKHUH� LV�DQ�RSLQLRQ� WKDW� WKH�WKH�WUDQ�
VLWLRQ� WHPSHUDWXUH� GURSV� E\� PRUH� WKDQ
���� .� DW� [�� DQG� FRQWLQXHV� WR� [�|����� >�@�7KH� Hc�PD[LPXP�SURQRXQFHG� HQRXJK� LQ� WKH
UDQJH�[���[��EHFRPHV�GLIIXVH�DW�[�!�[���$QHYLGHQW�IUHTXHQF\�GLVSHUVLRQ�RI�SHUPLWWLYLW\
DQG�WKH�WUDQVLWLRQ�WHPSHUDWXUH�VKLIW�WRZDUG
KLJKHU� WHPSHUDWXUHV� DUH� REVHUYHG� DV� WKH
PHDVXULQJ� IUHTXHQF\� LQFUHDVHV�� 7KHVH� IHD�
WXUHV� RI� WKH� SHUPLWWLYLW\� DQRPDO\� LQ� WKH
1D1E�±[7D[2�� VROXWLRQV� DUH� PXFK� ZHDNHUWKDQ� WKRVH� LQ� FODVVLFDO�3E�FRQWDLQLQJ� UHOD[�
RUV�� ,W� VKRXOG�EH�QRWHG��KRZHYHU��WKDW�HYHQ
D�VPDOO�DGGLWLYH�RI�D�WKLUG�FRPSRQHQW��/L�IRU
H[DPSOH�� LQFUHDVHV�WKH�SHUPLWWLYLW\�DQG�WKH
WUDQVLWLRQ� WHPSHUDWXUH� FRQVLGHUDEO\�� ZKLFK
PDNHV�WKHVH�FRPSRXQGV�DWWUDFWLYH�IRU�DSSOL�
FDWLRQV��$V� IDU� DV�ZH� NQRZ�� WKH� SKDVH� GLD�
JUDP�7Ü[�RI�1D1E�±[7D[2��LQ�WKH�UDQJH�[�![�� ZDV� QRW� VWXGLHG� E\� PHWKRGV� SURYLGLQJLQIRUPDWLRQ� DW� WKH� VWUXFWXUH� OHYHO�� ,Q� RXU
FDVH�� VXFK� PHWKRGV� RI� WKH� ORFDO� VWUXFWXUH
VWXG\� DV� WKH� WUDGLWLRQDO� QXFOHDU� PDJQHWLF
UHVRQDQFH� �105�� DQG� HOHFWURQ� VSLQ� UHVR�
QDQFH� �(65�� FDQQRW� EH� XVHG� EHFDXVH� WKRVH
UHTXLUH�VXIILFLHQWO\�ODUJH�VLQJOH�FU\VWDOV��,Q
WKLV� VWXG\�� ZH� XVH� WKH� �PDJLF� DQJOH� VSLQ�
QLQJ�� �0$6�� 105� PHWKRG� ZKLFK� FDQ� SUR�
YLGH� LQIRUPDWLRQ� RQ� WKH� VWUXFWXUH� ZKHQ
XVLQJ� SRO\FU\VWDO� VDPSOHV�� 7KH� LPSRUWDQW
SRLQW� LV� WKDW� WKH� 0$6� PHWKRG� SURYLGHV� D
KLJK� UHVROXWLRQ� LQ� WKH� 105� VSHFWUD�� ,Q
RUGHU�WR�LQYHVWLJDWH�WKH�7Ü[�SKDVH�GLDJUDP
OLQH�LQ�D�ZLGH�WHPSHUDWXUH�UDQJH��FDORULPHW�
ULF�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�

���([SHULPHQWDO
7KH�VDPSOHV�RI�1D1E�±[7D[2���[� ������������� ������ ����� ����� ����� ���� DQG� ����� VROLG

VROXWLRQV� ZHUH� SUHSDUHG� E\� WKH� KLJK�WHP�
SHUDWXUH� VROLG�VWDWH� V\QWKHVLV�� 7KH� VDPSOHV
ZHUH� SUHVVHG� DW� ���03D�� SUHOLPLQDU\� FDOFL�
QDWHG� DW� ����� .�� DQG� V\QWKHVL]HG� DW
�����.��7KH�KHDW�FDSDFLW\�RI�1D1E�±[7D[2��[� ���� ����� ����� ������ DQG� ����� VROLG� VROX�
WLRQV� ZDV� PHDVXUHG� LQ� WKH� ���� WR� ���� .
WHPSHUDWXUH�UDQJH�XVLQJ�D�GLIIHUHQWLDO�VFDQ�
QLQJ�FDORULPHWHU��'6&��LQ�WKH�FRXUVH�RI�ERWK
KHDWLQJ� DQG� FRROLQJ� DW� WKH� UDWH� RI
���.�PLQ��7KH�FHUDPLF�VDPSOHV�����Ü����J�
ZHUH� SDFNHG� LQ� DQ� DOXPLQXP� FRQWDLQHU�� 7KH
HUURU�LQKHUHQW�LQ�WKLV�PHWKRG��a������LV�VXE�

VWDQWLDOO\� ODUJHU� WKDQ� WKDW� LQ� RWKHU� FDOR�
ULPHWHUV�� IRU� H[DPSOH�� LQ� DQ� DGLDEDWLF� FDOR�
ULPHWHU�� 7KH� VFDWWHU� RI� H[SHULPHQWDO� SRLQWV
IURP� D� VPRRWKHQHG� FXUYH� GLG� QRW� H[FHHG
�� ��� ,Q� WKH� �Ü���� .� UDQJH�� WKH� KHDW� FD�
SDFLWLHV� RI� 1D1E���7D���2�� DQG
1D1E���7D���2��ZHUH�PHDVXUHG�ZLWK�D�3K\VL�FDO� 3URSHUW\� 0HDVXUHPHQW� 6\VWHP� �3306�
4XDQWXP� 'HVLJQ��� 7KH� VDPSOH� PDVV� ZDV
������DQG�������J��UHVSHFWLYHO\��7R�SURYLGH
D� JRRG� WKHUPDO� FRQWDFW� EHWZHHQ� WKH� SODW�
IRUP� DQG� D� VDPSOH�� YDFXXP� ORZ�WHPSHUD�
WXUH�OXEULFDQW��$SLH]RQ��LQ������PJ�DPRXQW
ZDV� XVHG�� 7KH� PHDVXUHPHQW� DFFXUDF\� GH�
SHQGV� RQ� WKH� KHDWLQJ� PHWKRG� DQG� DPRXQWV
WR�����Ü�������

7KH� ��1D�0$6�105�VSHFWUD�ZHUH�PHDV�
XUHG�XVLQJ�DQ�$9$1&(�����SXOVH�VSHFWURPH�
WHU�DW�D�/DUPRU�IUHTXHQF\�RI������0*]��7KH
VDPSOHV� ZHUH� SODFHG� LQWR� D� ��PP� ]LUFRQLD
FRQWDLQHU�DQG�URWDWHG�DW�D��PDJLF��DQJOH�RI
������ WR� WKH� H[WHUQDO�PDJQHWLF� ILHOG� DW� WKH
���N+]�IUHTXHQF\��,I�WKH�URWDWLRQ�VSHHG�H[�
FHHGV�� DV� LQ� RXU� FDVH�� WKH� YDOXH� RI� WKH� GL�
SROH�GLSROH�LQWHUDFWLRQ��WKHQ�WKH�ODWWHU�LV�DY�
HUDJHG�WR�]HUR�DQG�D�KLJK�UHVROYHG�VSHFWUXP
LV� REVHUYHG� LQ� D� VROLG�� ,Q� WKH�KLJK�UHVROYHG
VSHFWUXP��DQ� LVRWURSLF�SDUW�RI� WKH�FKHPLFDO
VKLIW�DQG� WKH�VHFRQG�RUGHU�TXDGUXSROH�VKLIW
RI�WKH�FHQWUDO��Ü����l�����WUDQVLWLRQ��FRP�
SRQHQW� RI� WKH� ��1D� 105� VSHFWUXP� DUH� UH�
WDLQHG��7KH�VSHFLILF� VKDSH�RI� WKH�KLJK�UHVR�
OXWLRQ� OLQH� LQ� WKH� SRO\FU\VWDO� VDPSOHV� ZLWK
WKH�TXDGUXSROH�LQWHUDFWLRQ�SHUPLWV�WR�GHWHU�
PLQH� WKH� SDUDPHWHUV� RI� WKH� TXDGUXSROH� LQ�
WHUDFWLRQ�WHQVRUV�DW�D�JRRG�DFFXUDF\�HYHQ�LQ
WKH�SUHVHQFH� RI� RYHUODSSLQJ� OLQHV� IURP�VHY�
HUDO�VWUXFWXUDOO\�QRQHTXLYDOHQW�VRGLXP�VLWHV
LQ�D�VWUXFWXUH�

���5HVXOWV�RI�WKH�PHDVXUHPHQWV
)LJ���� VKRZV� WKH� VWXG\� UHVXOWV� RI� D

1D1E�±[7D[2�� VROLG� VROXWLRQ� ZLWK� [� �����7KH� FXUYH� GHVFULELQJ� WKH� WHPSHUDWXUH� GH�
SHQGHQFH� RI� KHDW� FDSDFLW\� GRHV� QRW� H[KLELW
FOHDUO\�PDQLIHVWHG�DQRPDOLHV� W\SLFDO�RI�WUD�
GLWLRQDO� SKDVH� WUDQVLWLRQV��+RZHYHU�� LQ� WKH
WHPSHUDWXUH� UHJLRQ� ��Ü���� .�� D� EURDG
EOXUUHG� DQRPDO\� LQ�&S�7�� DW�7� ���r��.� LVREVHUYHG��7R�DQDO\VH�WKHVH�IHDWXUHV�LQ�PRUH
GHWDLO�� WKH� DQRPDORXV� '&S� DQG� ODWWLFH� &/FRQWULEXWLRQV� WR� WKH� WRWDO� KHDW� FDSDFLW\
VKRXOG� EH� VHSDUDWHG�� 7KLV� SURFHGXUH� ZDV
FDUULHG�RXW�XVLQJ�D�VLPSOH�PRGHO�GHVFULELQJ
WKH�ODWWLFH�KHDW�FDSDFLW\�RI�D�FRPSRXQG�E\�D
FRPELQDWLRQ�RI�WKH�'HE\H�DQG�(LQVWHLQ�IXQF�
WLRQV��GDVKHG�OLQH�LQ�)LJ��������

,�3�$OHNVDQGURYD�HW�DO����&DORULPHWULF�DQG����

)XQFWLRQDO�PDWHULDOV������������� ��
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ZKHUH� $� DQG� %� DUH� WKH� ILWWLQJ� SDUDPHWHUV
DQG�4'�DQG�4(�DUH�WKH�FKDUDFWHULVWLF�'HE\HDQG�(LQVWHLQ�WHPSHUDWXUHV��,W�LV�WR�QRWH�WKDW
ZKHQ�H[WUDSRODWLQJ�WR�WKH�KLJK�WHPSHUDWXUH
DUHD��WKH�KHDW�FDSDFLW\�>GHVFULEHG�E\�(T����@
WHQGV� WR� WKH� FODVVLFDO� YDOXH� IROORZLQJ� IURP
WKH�'XORQJ�3HWLW�ODZ����

&9� ��1$���N%� ���
ZKHUH�1$�LV�WKH�$YRJDGUR�QXPEHU�DQG�N%�LVWKH�%ROW]PDQQ�FRQVWDQW�

,Q�WKH�WHPSHUDWXUH�DUHD�XQGHU�FRQVLGHUD�
WLRQ�� WKH� KHDW� FDSDFLW\� LV� DOUHDG\� SRRUO\
VHQVLWLYH� WR� ILQH� GHWDLOV� RI� WKH� YLEUDWLRQ
VSHFWUXP�DQG�WKH�DSSUR[LPDWLRQ�RI�WKH� ODW�
WLFH�FRQWULEXWLRQ�FDUULHG�RXW� LQ�WKDW�ZD\� LV
TXLWH� MXVWLHG�� 7KXV�� DQKDUPRQLF� FRQWULEX�
WLRQV� DQG� GLVWLQFWLRQ�&S�7�� DQG�&Y�7�� ZHUHQRW� FRQVLGHUHG�� DV� WKLV� GLIIHUHQFH� LV� DV� D
UXOH�LQVLJQLILFDQW�GXH�WR�ORZ�WKHUPDO�H[SDQ�
VLRQ� FRHIILFLHQWV� RI� WKH�1D1E2��EDVHG� VROLGVROXWLRQV��7KH�DQRPDORXV�FRPSRQHQW�RI�KHDW
FDSDFLW\� '&S� �&S�Ü�&/� VKRZQ� LQ� )LJ���EUHDFKHV� RQO\� a���� -�PROÜ��.Ü�� RU� a����� RI
ODWWLFH� KHDW� FDSDFLW\� &/�7��� 7KH� HQWURS\FKDQJH� DVVRFLDWHG� ZLWK� WKH� DQRPDORXV� EH�
KDYLRXU� RI� KHDW� FDSDFLW\�� GHWHUPLQHG� DV
'6� �³�'&S�e�7�G7�� LV� VKRZQ� LQ� )LJ���F�� 7KH

VPDOO�YDOXH�RI�'6�|�����-�PROÜ��.Ü��|�5OQ���
GHPRQVWUDWHV� FOHDUO\� WKH� GLVSODFLYH� QDWXUH
RI�FU\VWDO�SKDVH�FKDQJHV�

)LJ���� GLVSOD\V� WKH� WHPSHUDWXUH� GHSHQG�
HQFH� RI� WKH� H[FHHV� KHDW� FDSDFLW\� FDOFXODWHG
DIWHU�H[WUDFWLRQ�RI�WKH�ODWWLFH�KHDW�FDSDFLW\
IRU� DOO� WKH� 1D1E�±[7D[2�� VROLG� VROXWLRQV�7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� ODWWLFH
KHDW� FDSDFLW\� LQ� WKH� GLIIHUHQWLDO� FDORULPHW�
ULF� VWXG\� ZDV� DSSUR[LPDWHG� E\� D� VPRRWK
SRO\QRPLDO� IXQFWLRQ�� 7KLV� IXQFWLRQ� FRLQ�
FLGHG� ZLWK� WKH� H[SHULPHQWDO� FXUYH� RXWVLGH
WKH� KHDW� FDSDFLW\� DEQRUPDO� EHKDYLRU�� $V
ZRXOG� EH� H[SHFWHG� DFFRUGLQJ� WR� WKH� GLHOHF�
WULF� GDWD�� WKH� ILUVW�RUGHU� SKDVH� WUDQVLWLRQ
�3EFP�o� 3PQP�� LV� REVHUYHG� DW�7� �����.
LQ� WKH� VROLG� VROXWLRQ� ZLWK� [� ���� ,Q� WKLV
FDVH�� WKH� WRWDO� HQWURS\� FKDQJH� LV
'6�|�����r�����-�PROÜ��.Ü���6XFK�D�VPDOO�HQ�
WURS\� FKDQJH� LQGLFDWHV� D� VXEVWDQWLDO� UROH
EHLQJ� SOD\HG� E\� GLVSODFLYH� SURFHVVHV� LQ� WKH
SKDVH�WUDQVLWLRQ�PHFKDQLVP��$V�WKH�7D�FRQ�
FHQWUDWLRQ� LQFUHDVHV�� WKH� KHDW� FDSDFLW\
DQRPDO\� GHFUHDVHV�� GLIIXVHV�� DQG� GLVSODFHG
WRZDUGV� ORZ� WHPSHUDWXUHV�� 7KH� FRQFHQWUD�
WLRQ�[� ������FRUUHVSRQGV�WR�WKH�ODVW�H[SHUL�
PHQWDOO\� UHJLVWHUHG� SRLQW� RI� WKH� ILUV�RUGHU
WUDQVLWLRQ� �3EFP�o� 3PQP��� $W� D� IXUWKHU
LQFUHDVH� RI� 7D� FRQFHQWUDWLRQ� �[� ����Ü�����
WKH� RQO\� ORZ�WHPSHUDWXUH� KHDW� FDSDFLW\
DQRPDO\� LV� REVHUYHG�� 7KLV� DQRPDO\� LV� GLV�
SODFHG� LQ� ORZ� WHPSHUDWXUH� DUHD� ZLWK� LQ�
FUHDVLQJ�[�� 7KH� DQRPDO\� VWURQJO\� EURDGHQV
ZLWK� WKH� LQFUHDVLQJ� 7D� FRQFHQWUDWLRQ� DQG
DERYH�[� ����� LW� LV�QHDUO\� LPSRVVLEOH� WR�H[�
WUDFW�WKH�H[FHVV�KHDW�FDSDFLW\�IURP�WKH�ODW�
WLFH�RQH��7KH�7Ü[�SKDVH�GLDJUDP�RI�1D1E�±
[7D[2�� REWDLQHG� IURP� WKH� FDORULPHWULF� GDWDLV�SUHVHQWHG�LQ�)LJ���E��7KH�REWDLQHG�UHVXOWV
RI� SKDVH� WUDQVLWLRQ� WHPSHUDWXUH� DUH� LQ� D

)LJ����� D�� WHPSHUDWXUH� GHSHQGHQFH� RI
1D1E���7D���2�� KHDW� FDSDFLW\�� 'DVKHG� OLQH�WKH� ODWWLFH� KHDW� FDSDFLW\�� E�� WHPSHUDWXUH� GH�
SHQGHQFH�RI� H[FHVV� VSHFLILF�KHDW�� F�� WHPSHUD�
WXUH�GHSHQGHQFH�RI�WUDQVLWLRQ�HQWURS\��

)LJ����� D�� WHPSHUDWXUH� GHSHQGHQFH� RI� H[FHVV
KHDW�FDSDFLW\�IRU�GLIIHUHQW�7D�FRQFHQWUDWLRQV�
E�� FKDQJH� RI� SKDVH� WUDQVLWLRQ� WHPSHUDWXUHV
ZLWK�7D�FRQFHQWUDWLRQ��
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JRRG� DJUHHPHQW� ZLWK� WKH� GDWD� RI� GLHOHFWULF
VWXGLHV�>�@�

)LJ����VKRZV�WKH���1D�0$6�VSHFWUD�WDNHQ
DW� URRP� WHPSHUDWXUH� IRU� VHYHUDO� VROLG� VROX�
WLRQV�RI�D�JHQHUDO�IRUPXOD�1D1E�±[7D[2��DW7D� FRQFHQWUDWLRQ� ²� IURP� �� WR� ��� $W� URRP
WHPSHUDWXUH��WKH�1D1E2��VWUXFWXUH�LV�LQ�WKHDQWLIHUURHOHFWULF� 3EFP� SKDVH� ZLWK� WZR� ODW�
WLFH�SRVLWLRQV�RI���1D� LQ�WKH�XQLW�FHOO�TXDG�
UXSOLFDWHG�DORQJ�WKH�F�GLUHFWLRQ�>����@��7KXV�
WKH�1D1E2��0$6� VSHFWUXP�VKRXOG�EH� D�VX�SHUSRVLWLRQ� RI� WKH� OLQHV� IURP� WKH� WZR� ODWWLFH
VLWHV��1D��LQ�WKH�VSHFLDO���F��SRVLWLRQ�DQG�1D�
LQ�WKH�JHQHUDO���G��SRVLWLRQ��)LJ�����

7KH� VSHFWUD�RI� WKH� VROLG� VROXWLRQV� LQ� WKH
FRQFHQWUDWLRQ� UDQJH� IURP� �� WR� ���� YDU\
JUDGXDOO\� ZLWK� LQFUHDVLQJ� [�� NHHSLQJ� WKH
VKDSH� W\SLFDO� RI�1D1E2��� +RZHYHU�� DW� [� ������WKH�VSHFWUXP�OLQH�VKDSH�FKDQJHV�GUDV�
WLFDOO\��+LJK�UHVROXWLRQ�RI�WKH�VSHFWUXP�RE�
WDLQHG� ZLWK� 0$6� PDNHV� LW� SRVVLEOH� WR� UH�
VROYH�WKH�VSHFWUXP�RI�WKH�3EFP�SKDVH�DQG�D
QHZ�OLQH�RFFXUULQJ�IURP�D�FHUWDLQ�WKLUG�1D�
VLWH� DW� [� ������� 7KH�PDMRULW\� RI� WKH� VSHF�
WUDO�LQWHQVLW\�LV�FRQFHQWUDWHG�LQ�WKH�OLQH�EH�
ORQJLQJ� WR� WKH�1D�� SRVLWLRQ�� 7KH� VSHFWUXP
FRQVLVWLQJ� RI� WKUHH� RYHUODSSLQJ� OLQHV� LV� RE�
VHUYHG� LQ� WKH� UDQJH� IURP� [� ������ WR� [� 
����� $W� ²� ����� DQG� ����� WKHUH� LV� WKH� RQO\

OLQH� IURP� WKH� 1D�� QXFOHXV� ORFDWHG� LQ� WKH
JHQHUDO�SRVLWLRQ�LQ�WKH�FHOO���������

7KH�KLJK�UHVROYHG�VSHFWUD�ZHUH�SURFHVVHG
XVLQJ� WKH�'0)LW� VRIWZDUH� >�@�� 7KH� TXDGUX�
SROH� FRXSOLQJ�FRQVWDQWV�&4L�� DV\PPHWU\�SD�UDPHWHUV�RI�WKH�HOHFWULF�ILHOG�JUDGLHQW��()*�
WHQVRU�KL�� DQG� LQWHJUDO� LQWHQVLWLHV�$L� RI� WKHVSHFWUXP�FRPSRQHQWV��DUH�YDULHG�GXULQJ�ILW�
WLQJ� RI� WKH� PRGHO� VSHFWUXP� WR� WKH� H[SHUL�
PHQWDO� 105� VSHFWUXP�� 7KH� UHVXOWV� RI� WKH
DQDO\VLV�DUH�JLYHQ� LQ�WKH�7DEOH��3DUDPHWHUV

)LJ�����7KH���1D�105�0$6�VSHFWUD�LQ�1D1E�±[7D[2��VROLG�VROXWLRQV�

)LJ����� 7KH� GHFRPSRVLWLRQ� RI� H[SHULPHQWDO
��1D� 105� 0$6� VSHFWUXP� RI� 1D1E2��� 7ZRFRPSRQHQWV� FRUUHVSRQG� WR� 1D�� ���� DQG� 1D�
����SRVLWLRQV�
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$��&4� �N+]���DQG�K�ZHUH�GHWHUPLQHG�DW� WKHDFFXUDF\� � RI� r����� r����� DQG� r����� UHVSHF�
WLYHO\�

$FFRUGLQJ� WR� WKH� 7DEOH�� WKH� VROLG� VROX�
WLRQV� LQ� WKH� FRQFHQWUDWLRQ� UDQJH� IURP� �� WR
����UHWDLQ�WKH�V\PPHWU\�RI�WKH�1D��DQG�1D�
VLWHV� H[LVWLQJ� LQ� 3EFP� VSDFH� JURXS� RI
1D1E2�� VWUXFWXUH��1RWH� WKDW� WKH�1D�� VSHF�WUXP� VKDSH� FRUUHVSRQGV� WR� WKH� WKHRUHWLFDO
OLQH� ZLWK� WZR� PD[LPD� W\SLFDO� RI� WKH� SD�
UDPHWHU� K� ���� ZKLOH� WKH� 1D�� VSHFWUXP� LV
FKDUDFWHULVWLF� RI� WKH� JHQHUDO� SRVLWLRQ� RI� D
QXFOHXV�ZLWK�K�|����� �)LJ������$V� LV�NQRZQ�
WKH� DV\PPHWU\� SDUDPHWHU� LV� ]HUR�ZKHQ� WKH
REVHUYHG�QXFOHXV�LV�ORFDWHG�RQ�WKH�V\PPHWU\
D[LV� RI� WKLUG� RU� KLJKHU� RUGHU�� ,Q� RXU� FDVH�
]HUR�YDOXH�K�LQ�WKH�3EFP�SKDVH�LV�FDXVHG�E\
WKH�VXEFHOO�FXELF�SVHXGRV\PPHWU\��:KHQ�7D
HQWHUV� WKH� 1D1E2�� ODWWLFH�� WKH� TXDGUXSROHFRXSOLQJ� FRQVWDQW� RI� WKH� 1D�� QXFOHXV� UH�
GXFHV�DQG�WKDW�RI�WKH�1D��QXFOHXV�VRPHZKDW
LQFUHDVHV� ZLWK� [�� $W� [�!������ WKH� QRQ]HUR
DV\PPHWU\�SDUDPHWHU�RI�WKH�()*�WHQVRU�RF�
FXUV� RQ� WKH� 1D�� QXFOHL� DQG� UHDFKHV� WKH
YDOXH� K� ����� DW� [� ������ 6XFK� D� YDULDWLRQ
LQ�WKH�()*�WHQVRU�SDUDPHWHUV�RULJLQDWHV�IURP
VWURQJ� ORFDO� GLVWRUWLRQV� RI� WKH� 3EFP� SKDVH
VWUXFWXUH�LQ�WKH�VROLG�VROXWLRQV�XQGHU�VWXG\��

7KH�VKDUS�FKDQJH� LQ�WKH�VSHFWUXP�VKDSH
�)LJ����� DW� [� ������� DV� LV� VHHQ� IURP� WKH
7DEOH�� UHVXOWV� IURP� MXPS�OLNH� LQWHJUDO� LQ�
WHQVLW\� GURS�RI� WKH� VSHFWUXP� IURP� WKH�1D�
DQG�1D�� QXFOHL� GRZQ� WR� ���r�����7KH�PDLQ
LQWHJUDO� VSHFWUXP� LQWHQVLW\� DW� [�t������ LV
IRFXVHG�LQ�WKH�1D��OLQH��ZKLFK�JURZV�ZLWKLQ
[� �����Ü����DWWDLQLQJ���DW�[� ������$W�WKH
FRQFHQWUDWLRQV�[� �����������DQG����SDUDPH�
WHUV�$���&4��� DQG�K�� KDYH� FRQVWDQW� YDOXHV�7KH� TXDGUXSROH� FRXSOLQJ� FRQVWDQW� DQG� WKH
()*� WHQVRU� DV\PPHWU\� SDUDPHWHU� RQ� 1D�
QXFOHXV� LQ� WKLV� FRQFHQWUDWLRQ� UDQJH� FRUUH�
VSRQG�ZLWK�KLJK�DFFXUDF\�WR�WKH�NQRZQ�YDO�
XHV�IRU�1D7D2��>�@�

���&RQFOXVLRQ
7KH� DERYH� UHVXOWV� GHPRQVWUDWH� WKH� H[LVW�

HQFH�RI�WZR�DUHDV�ZLWK�GLIIHUHQW�VWUXFWXUHV�LQ
WKH�7Ü[�SKDVH�GLDJUDP�RI� WKH�1D1E�±[7D[2�VROLG� VROXWLRQV��GHSHQGLQJ�RQ�7D� FRQFHQWUD�
WLRQ��,Q�WKH�FRQFHQWUDWLRQ�UDQJH�[� ��Ü�����
WKH�VROLG�VROXWLRQ�VWUXFWXUH�EHORZ�����.�UH�
WDLQV�WKH�3EFP�VSDFH�JURXS�LQKHUHQW�LQ�WKH
1D1E2�� VWUXFWXUH�� $FFRUGLQJO\�� LQ� WKRVHFRQFHQWUDWLRQ� DQG� WHPSHUDWXUH� UDQJHV� WKH
OLQH� RI� WKH� ILUVW�RUGHU� WUDQVLWLRQV� EHWZHHQ
WKH� DQWLIHUURHOHFWULF� 3EFP� DQG� 3PQP
SKDVHV� LV� REVHUYHG�� 7KLV� OLQH� KDV� WKH� HQG
SRLQW�DW�[� �����r������1RWH�WKDW�WUDQVLWLRQ
OLQH� RI� WKH� IHUURHOHFWULF� WUDQVLWLRQ� 5�F�l
3EFP� REVHUYHG� LQ� 1D1E2�� DW� ���� .� XSRQKHDWLQJ� ZDV� QRW� UHYHDOHG� GXULQJ� RXU� FDO�
RULPHWULF�PHDVXUHPHQWV�DW�[���������7KLV�LV
SRVVLEO\� UHODWHG� WR� VWURQJ� EOXUULQJ� RI� WKH
WKHUPDO� DQRPDO\� GXH� WR� WKH� FRH[LVWHQFH� RI
WKH� 5�F� DQG� 3EFP� SKDVHV� LQ� D� ZLGH� WHP�
SHUDWXUH� UDQJH� >�@�� $W� [�!������ DQG� EHORZ
���� .�� WKH� VROLG� VROXWLRQV� DUH� IRUPHG� RQ
WKH�EDVLV�RI� WKH�1D7D2�� VWUXFWXUH�ZLWK�WKH3EQP� VSDFH� JURXS�� ,Q� WKH� ORZ�WHPSHUDWXUH
UHJLRQ�� WKH� VHFRQG�RUGHU� WUDQVLWLRQ� OLQH� LV
REVHUYHG� WKDW� OLPLWV� WKH� UHJLRQ� ZKHUH� WKH
3EQP�SKDVH�H[LVWV��)LJ���E���7KLV�WUDQVLWLRQ
RFFXUV� WR� WKH� IHUURHOHFWULF� VWUXFWXUH� ZKRVH
VSDFH� JURXS� LV� EHLQJ� UHILQHG� E\� XV�� :LWK
LQFUHDVLQJ� [�� D� VWURQJ� EURDGHQLQJ� RI� WKH
WKHUPDO�DQRPDO\�LV�REVHUYHG�LQ�WKLV�UHJLRQ�
7KH�SKDVH�WUDQVLWLRQ�PD\�EH�REVHUYHG�XS�WR
[� ������$FFRUGLQJ�WR�WKH�OLWHUDWXUH�GDWD��DW
[� ���� WKHUH�DUH�QR�SKDVH� WUDQVLWLRQV�EHORZ
URRP� WHPSHUDWXUH�� :LWKLQ� WKH� UDQJH� [� 
����Ü�����WKH���1D�VSHFWUD�VKRZ�WKH�FRH[LV�
WHQFH� RI� WKH� 1D1E2��� DQG� 1D7D2��EDVHGVROLG�VROXWLRQV��3HUKDSV�WKH�GLHOHFWULF�SURS�
HUWLHV�W\SLFDO�RI�WKH�UHOD[RU�IHUURHOHFWULFV�LQ
WKH�1D1E�±[7D[2��VHULHV�KDYH�WKH�VDPH�RUL�JLQ� DV� WKH� IHUURHOHFWULF� WUDQVLWLRQ� LQ
1D1E2�� >�@�� L�H��� RFFXU� GXH� WR� WKH� FRH[LV�

7DEOH��$QDO\VLV�UHVXOWV�RI�WKH�H[SHULPHQWDO�105�VSHFWUXP�
[ $� &4�N+]� K� $� &4�N+]� K� $� &4�N+]� K�
��� ��� ���� ��� ��� ��� ��� Ü Ü Ü
��� ��� ���� ��� ��� ��� ��� Ü Ü Ü
��� ��� ���� ��� ��� ���� ��� Ü Ü Ü
���� ��� ���� ��� ��� ���� ��� ��� ���� ���
��� ��� ���� ��� ��� ���� ��� ��� ���� ���
��� ��� ���� ��� ��� ���� ��� ��� ���� ���
��� Ü Ü Ü Ü Ü Ü � ���� ���
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WHQFH�RI�SKDVHV�ZLWK� IUHH�HQHUJ\�GLIIHUHQFH
RQ�D�OHYHO�RI�WKHUPDO�IOXFWXDWLRQV�

$FNQRZOHGJHPHQWV�� 7KLV� ZRUN� ZDV� VXS�
SRUWHG�E\�D�JUDQW�IURP�WKH�3UHVLGHQW�RI�WKH
5XVVLDQ�)HGHUDWLRQ�IRU�VXSSRUW�RI�OHDGLQJ�VFL�
HQWLILF� VFKRROV� �16K�������������� DQG� 6LEH�
ULDQ�%UDQFK�RI�5$6�SURJUDP��SURMHFW��������

5HIHUHQFHV
���6�1�0LVKUD�� 1�&KRXGKXU\�� 6�/�&KDSORW� HW� DO��

FRQG�PDW���������

���%�-�.HQQHG\��$�.�3URGMRVDQWRVR��&�-�+RZDUG��-�
3K\V��&RQGHQV��0DWWHU�������������������

���1�1�.UDLQLN��,]Y��$1�6665��6HU��)L]�����������
�������

���,�3�5DHYVNL��6�$�3URVDQGHHY��FRQG�PDW����������
���+�<ZDVDNL��5HY��(OHNWU��&RPPXQ��/DE��� ���� ���

�������
���'�0DVVLRW�� )�)D\RQ�� 0�&DSURQ� HW� DO��� 0DJQ�

5HVRQ��&KHP�����������������
���6�(�$VKEURRN�� /�/H� 3ROOHV�� 5�*DXWLHU� HW� DO��

3K\V��&KHP��&KHP��3K\V������������������
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