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,Q� PRGHUQ� QDQRWHFKQRORJLHV�� WKH� R[LGH
SRZGHUV� DUH� DPRQJ� EDVLF�PDWHULDOV�� 6LOLFRQ
GLR[LGH�6L2��LV�WUDGLWLRQDOO\�XVHG�LQ�PHGLFDOFKHPLVWU\� >�@� DQG� QDQRHOHFWURQLFV� >�@�� 7KLV
FRPSRXQG�LV�DOVR�ZLGHO\�XVHG�DV�PRGLILHU�RI
SURSHUWLHV�RI�RWKHU�QDQRPDWHULDOV�>�@��7KXV�
QDQRFRPSRVLWH� =Q2�KLJK�GLVSHUVHG� 6L2�VKRZV���Ü��� WLPHV�PRUH� LQWHQVLYH�SKRWROX�
PLQHVFHQFH� LQ� FRPSDULVRQ� WR� QDQR�=Q2� >�@�
ZKLFK� LV� XVHG� LQ� OXPLQHVFHQW� JDV� VHQVRUV

>�@�� ,QWURGXFWLRQ� RI� QDQRVFDOH� 6L2�� LQWRSRO\PHUV� FDXVHV� FRQVLGHUDEOH� PRGLILFDWLRQ
RI� WKHLU� VXSHUPROHFXODU� VWUXFWXUH� >�@�� DQG
VXFK�GRSDQWV�FRQWULEXWH� WR�KLJK�FRQGXFWLRQ
SURSHUWLHV�RI�SURWRQ�FRQGXFWRUV�>�@��6XUIDFH
6L2�� WKLQ� OD\HU� RQ� PDJQHWLWH� HOHYDWHV� LWVWKHUPDO�VWDELOLW\�>�@��

7KH� WHFKQLFDO� FKDUDFWHULVWLFV� RI� 6L2�SRZGHU�FDQ�EH� LPSURYHG�E\� LQWURGXFLQJ�YD�
QDGLXP� QDQRFOXVWHUV� >�@�� ,Q� V\QWKHVLV� RI

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

��� )XQFWLRQDO�PDWHULDOV�������������



QDQRFRPSRVLWH�6L2��9�2�� DW� FHUWDLQ� DWRPLFUDWLR�9�6L��DQ�LPSRUWDQW�UROH�EHORQJV�WR�IRU�
PDWLRQ� RI� YDQDGLXP� SHQWDR[LGH� PLFURFU\V�
WDOV�� 1DQRFRPSRVLWH� 6L2��9�2�� LV� NQRZQDOVR�DV�D�FDWDO\VW�V\VWHP�>��Ü��@��

3UDFWLFDO� XVHIXOQHVV� RI� QDQRPDWHULDOV� DV
WKHUPRG\QDPLFDOO\�QRQ�HTXLOLEULXP�V\VWHPV
>��@� VXEVWDQWLDOO\�GHSHQGV� RQ� WKHLU�GHIHFWV�
7KXV�� SURSHUWLHV� RI� QDQRPDWHULDOV�� VL]H� HI�
IHFWV�� VWDELOLW\� DQG� UHSURGXFLELOLW\� RI� FKDU�
DFWHULVWLFV� GHSHQG� XSRQ� WKHLU� VWUXFWXUH
SRLQW� GHIHFWV�� 7KH� HOHFWURQ� SDUDPDJQHWLF
UHVRQDQFH� �(35�� PHWKRG� LV� DQ� LQIRUPDWLYH
DQG� VHQVLWLYH� LQVWUXPHQW� IRU� WKH� VWXG\� RI
QDQRPDWHULDOV� >��@�� %\� WKLV� PHWKRG�� =Q2
QDQRSRZGHUV� ZHUH� LQYHVWLJDWHG� XQGHU� KLJK
SUHVVXUHV� >��@�� (35� VLJQDOV� ZHUH� GHWHFWHG
DOVR�LQ�=U2��Û�SXUH�DQG�GRSHG�E\�WUDQVLWLRQ
LRQV�>������@��)RU�QDQRSRZGHUV�WKH�YDFDQF\�
W\SH�VWUXFWXUDO�GHIHFWV�DUH�SUHGRPLQDQW�DQG
FDXVH�WKH�(35�VLJQDOV�

7KH�HOHPHQWDU\�GHIHFWV�RI�6L2��DQG�9�2�ZHUH� LQYHVWLJDWHG�E\�GLIIHUHQW�PHWKRGV�� LQ�
FOXGLQJ�WKH�(35�WHFKQLTXH��VHH�H�J��>��Ü��@
DQG�>������@��UHVSHFWLYHO\���)HDWXUHV�RI�FDWD�
O\WLF� DFWLYH� FHQWHUV� LQ� QDQRFRPSRVLWH
6L2��9�2�� ZHUH� LQYHVWLJDWHG� E\� (35
PHWKRG��7KH�LQYHVWLJDWHG�VDPSOHV�RI�GLIIHU�
HQW� VWUXFWXUH� DQG�PRUSKRORJ\� RI� WKH� VWDUW�
LQJ� R[LGHV� DQG� ILQDO� FRPSRXQGV� >��Ü��@
ZHUH�REWDLQHG�E\�GLIIHUHQW�PHWKRGV��,Q�>��@
6L2��9�2��QDQRFRPSRVLWH�ZDV�REWDLQHG�E\�DILYH�IROG� LQFLSLHQW� ZHWQHVV� LPSUHJQD�
WLRQ�GU\LQJ�ZLWK� D� ILQDO� FDOFLQDWLRQ�RQ� DLU�
$OVR��6L2��9�2��ZDV�V\QWKHVL]HG�E\�LRQ�H[�FKDQJH� PHWKRG� LQ� D� ILOP� IRUP� ZLWK� VXE�
VHTXHQW�GU\LQJ�DW�URRP�WHPSHUDWXUH�IRU�WZR
GD\V� >��@�� ,Q� >��@�� WKH� QDQRFRPSRVLWH� ZDV
REWDLQHG� E\� IODPH� S\URO\VLV� ZLWK� GLIIHUHQW
6L2��9�2�� UDWLRV� DQG� YDOXHV� RI� VXUIDFHDUHDV� ���Ü���P��J��� +RZHYHU�� WKH� IHDWXUHV
RI�WKH�REWDLQHG�VWUXFWXUH�DQG�WKH�QDWXUH�RI�SRLQW
GHIHFWV�DQG�SDUDPDJQHWLF�FHQWUHV�LQ�QDQRPDWHUL�
DOV�KDYH�QRW�EHHQ�HVWDEOLVKHG�UHOLDEO\�

,Q� WKLV� ZRUN�� =Q2�� 6L2�� DQG� 6L2��9�2�FRPSRVLWH� QDQRSRZGHUV� ZHUH� VWXGLHG� E\
(35� PHWKRG�� 7KH� FKDUDFWHUL]DWLRQ� RI� WKH
QDQRSRZGHUV� ZDV� FDUULHG� RXW� XVLQJ� ;�UD\
GLIIUDFWLRQ��;5'��SDWWHUQV����

=Q2��6L2��DQG�6L2������9�2��FRPSRVLWHQDQRSRZGHUV� ZHUH� REWDLQHG� E\� OLTXLG�SKDVH
PHWKRG� RI� VRO�JHO� WHFKQRORJ\� >��@�� $W� WKH
ILQDO� VWDJH�� WKH� V\QWKHVL]HG� PDWHULDOV� LQ
HDFK� LQGLYLGXDO� FDVH� ZHUH� VWLUUHG�� ZDVKHG
DQG� GULHG� XS� WR� WKH� IRUPLQJ� RI� ILQH� SRZ�
GHUV�� 7KH� VXUIDFH� PRUSKRORJ\� RI� WKH� VDP�
SOHV� ZDV� VWXGLHG� XVLQJ� D� 5(00$�������
W\SH� VFDQQLQJ� HOHFWURQ� PLFURVFRSH� �6(/0,�
8NUDLQH��>��@��

;5'�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�D�672(
67$',�3�3RZGHU�'LIIUDFWLRQ�6\VWHP��7KH�DU�
UD\V�RI�H[SHULPHQWDO�LQWHQVLWLHV�DQG�UHIOHFWLRQ
DQJOHV�IURP�WKH�LQYHVWLJDWHG�SDWWHUQV�ZHUH�RE�
WDLQHG�XVLQJ�WKH�DERYH�PHQWLRQHG�GLIIUDFWRPH�
WHU� ZLWK� D� OLQHDU� SRVLWLRQDO� VHQVLWLYH� GHWHFWRU
36'�XSRQ�PRGLILHG�*KLQLHU�JHRPHWU\�VFKHPH�
ZLWK� %UDJJ�%UHQWDQR�PRGHV� IRU� WUDQVPLVVLRQ�
&RQGLWLRQV� RI� WKH�PHDVXUHPHQWV�� SXUH�&X.D�
UDGLDWLRQ��O� ����������c���EHQW�-RKDQQ�W\SH
>���@�*H�PRQRFKURPDWRU�� �T�Z�VFDQLQJ���T�
DQJOH�UDQJH�LV��������d��T�d�����������GHWHF�
WRU�V� VWHS� LV�������� ��T��� VWHS� VFDQQHG� WLPH
LV� ���� V�� 7KH� DSSDUDWXV� FHUWLILFDWLRQ� ZDV
FDUULHG� RXW� E\� VWDQGDUGV� 1,67� 650� ���E
�6L���1,67�650������$O�2���DQG�1,67�650�/D%���7KH� FDOFXODWLRQ� RI� WKHRUHWLFDO� GLDJUDPV�
;�UD\�SURILOHV�DQG�SKDVH�DQDO\VLV�ZHUH�FDU�
ULHG�RXW�XVLQJ�RI�WKH�SURJUDP�SDFNHW�672(
:LQ;32:� �YHUVLRQ� ������ >��@�� 7KH� UHILQH�
PHQW�RI�FU\VWDOOLQH�VWUXFWXUHV�RI�WKH�SKDVHV
E\� 5LHWYHOG� PHWKRG� �7KRPSVRQ�� &R[�+DVW�
LQJ� SVHXGR�9RLJW� IXQFWLRQ� IRU� DSSUR[LPD�
WLRQ� RI�;�UD\� UHIOH[HV�� DQG� IRU�PLFURVWUXF�
WXUH�SDUDPHWHUV�FDOFXODWLRQ�ZHUH�SHUIRUPHG
E\�PHDQV� RI� SURJUDP�)XOO3URII��N� �YHUVLRQ
�����>��@�IURP�WKH�SDFNHW�:LQ3/275�>��@�

7KH�(35�VSHFWUD�ZHUH�LQYHVWLJDWHG�XVLQJ
5DGLRSDQ�6(�;�������3RODQG��DQG�5p�����
�5XVVLD�� UDGLRVSHFWURPHWHUV�� 7KH� (35� VLJ�
QDOV� ZHUH� UHFRUGHG� DW� OLTXLG� QLWURJHQ� WHP�
SHUDWXUH� LQ� D� VSHFLDO� FU\RVWDW� >��@�PDGH� RI
VLQWHUHG� UHILQHG� YLWUHRXV� VLOLFD�� &U\VWDOOLQH
VWUXFWXUH��SKDVH�FRPSRVLWLRQ�DQG�WKH�PLFUR�
VWUXFWXUH� SDUDPHWHUV� ZHUH� VWDWHG� DW� URRP
WHPSHUDWXUH�

7KH� ;5'� SDWWHUQ� RI� WKH� =Q2� SRZGHU� LV
VKRZQ�LQ�)LJ�����,Q�DFFRUGDQFH�ZLWK�WKH�RE�
WDLQHG� H[SHULPHQWDO� GDWD� DQG� DSSURSULDWH
PDWKHPDWLFDO�WUHDWPHQW�WKH�=Q2�VDPSOH�LV�D
VLQJOH�SKDVH� FRPSRXQG�� 7KH� SDUDPHWHUV� RI
VWUXFWXUH� UHILQHPHQW� DQG� FU\VWDOORJUDSK\

)LJ�����;�UD\�GLIIUDFWLRQ�GDWD�IRU�=Q2�
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GDWD�DUH�WKH�IROORZLQJ��WKH�VWUXFWXUH�W\SH�LV
=Q2��]LQFLWH���3HDUVRQ�V\PERO�Û�K3���=� ���
VSDFH�JURXS�Û�3��PF��ODWWLFH�SDUDPHWHUV�ÛD� �������������F� ������������c��9� �����������c��
$WRP�FRRUGLQDWHV�RI�=Q�LQ���E��SRVLWLRQ�����
���� ����� LVRWURSLF� WKHUPDO� SDUDPHWHU� LV
%LVR� ����������� �c���� WKH� VDPH� IRU�2� DWRPLQ� ��E�� SRVLWLRQ�� ���� ���� ����������
%LVR� ��������� �c���� 7KH� IDFWRUV� RI� UHOLDELO�LW\��5S� ���������5ZS� ���������5)� ���������F�� ������

7KH� DYHUDJH� VL]H� RI� SDUWLFOHV� LV� �G!� 
���������c� DQG� DYHUDJH� PD[LPDO� VWUHVV� LV
�H!� ���������� )LJ���� LOOXVWUDWHV� WKH�:LO�
OLDPVRQ�+DOO� SORW� IRU� D� VDPSOH� ZKHUH� WKH
UHFLSURFDO� SHDN� ZLGWKV� E��T�� 
>E���T�FRVT@�O� DUH� SORWWHG� YV� WKH� UHFLSURFDOODWWLFH� GLVWDQFHV� G� ���VLQT��O�� DQG� E�� LVWKH� OLQH�EURDGHQLQJ��7KH�UHVXOWLQJ�FXUYH�DW
VPDOO�G�YDOXHV�ILWWHG�XVLQJ�\�[�� �F�[���F��ZKHUH� F�� DQG� F�� DUH� FRQVWDQWV� GHWHUPLQLQJWKH� �H!� DQG� �G!� YDOXHV� UHVSHFWLYHO\�� 7KH
GHYLDWLRQ�IURP�WKH�OLQHDU�GHSHQGHQFH�E��T�
LV�SRVVLEO\�FDXVHG�E\�FRQVLGHUDEOH�FRQWULEX�
WLRQ� RI� WKH� *DXVV� IXQFWLRQ� WR� WKH� GHVFULS�
WLRQ�RI�WKH�VKDSH�GLIIUDFWLRQ�SHDNV�

7KH�;5'�SDWWHUQ�DQG�UHILQHPHQW�RI�FU\V�
WDOOLQH� VWUXFWXUH� RI� WKH� 6L2�� SRZGHU� DUHVKRZQ�LQ�)LJ�����7KH�H[DPLQHG�VDPSOH�LV�VLQ�
JOH�SKDVH�� 7KH� FU\VWDOORJUDSK\� GDWD� DQG� SD�
UDPHWHUV� RI� UHILQHPHQW� DUH� WKH� IROORZLQJ�
WKH� VWUXFWXUH� W\SH� LV�6L2�� �D�TXDUW]�DW� URRPWHPSHUDWXUHV���3HDUVRQ�V\PERO�Û�K3���=� ���
VSDFH�JURXS�Ü�3������ ODWWLFH�SDUDPHWHUV�Ü�D ������������� F� ������������c�� 9� 
�����������c��� 6L� DWRP� FRRUGLQDWHV� LQ� ��D�
SRVLWLRQ�� ������������ �� �����%LVR� ����������c���� WKH� VDPH� IRU�2� DWRP� LQ� ��F�� SRVLWLRQ�
���������� ���������� ����������� %LVR� ���������c����7KH�IDFWRUV�RI�UHOLDELOLW\��5S� ��������5ZS� ��������� 5%� ��������� 5)� ��������F�� ������

7KH�DYHUDJH�VL]H�RI�6L2��SDUWLFOHV�LV��G!� ������������c�DQG�DYHUDJH�PD[LPDO�VWUHVV�LV

�H! ����������$V�LQ�WKH�FDVH�=Q2�WKH�)LJ�
��VKRZV�WKH�:LOOLDPVRQ�+DOO�SORW���

([SHULPHQWDO�;5'�SDWWHUQ�RI�WKH�VDPSOH
6L2������9�2��LV�JLYHQ�LQ�)LJ���D��7KH�IHD�WXUHV�RI�;5'�VSHFWUD�DUH� VKRZQ�RQ� WKH� LQ�
VHUWV�E�DQG�F��,Q�WKH�;5'�SDWWHUQ�WKH�WKUHH
EURDG� EDQGV� DUH� REVHUYHG� DW� �T�a�������

)LJ�����;�UD\�GLIIUDFWLRQ�GDWD�IRU�6L2��

)LJ�����:LOOLDPVRQ�+DOO�SORW�IRU�=Q2�

)LJ�����:LOOLDPVRQ�+DOO�SORW�IRU�6L2��

)LJ�����;5'�SDWWHUQV� RI�6L2������9�2�� �D��DQG� IHDWXUHV� LQ� UHJLRQ� RI� WKH� ILUVW� SHDN� �E��
DQG�LQ�UHJLRQ�RI�D�TXDUW]�UHIOHFWLRQ�>���@��F��
,Q�WKH�LQVHUW��F��WKH�WRS�FXUYH�FRUUHVSRQGV�WR
VDPSOH� 6L2������9�2�� DQG� WKH� EHORZ� FXUYHFRUUHVSRQGV�WR�FU\VWDOOLQH�6L2��DV�RQ�)LJ����
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�������DQG��������7KH�EURDG�GLIIXVH�KDORV�DW
�T�a�������DQG�������DUH�DWWULEXWHG�WR�DPRU�
SKRXV� 6L2��� 7KH� VDPH� FKDUDFWHULVWLF� RIEURDG� SHDNV� IRU� WKH� DPRUSKRXV� 6L2�� ZHUHREVHUYHG� SUHYLRXVO\� >������@�� 7KH� PD[LPDO
LQWHQVLW\� UHIOHFWLRQ� >���@� ��T� �������� DW�
WULEXWHG� WR� D�TXDUW]� DQG� FDXVH� WKH� DGGL�
WLRQDO�SHDN��VHH�LQVHUW�F���

7KH� ILUVW� VKDUS� GRXEOH� SHDN� ��T� YDOXHV
DUH� a������ DQG� a������ UHVSHFWLYHO\�� VHH� ,Q�
VHUW� E�� RI� FRPSRVLWH� 6L2������9�2��� DF�FRXQWLQJ� IRU� GDWD� >������@� RQ� QDQRVWUXF�
WXUHG� 9�2��� FDQ� EH� DWWULEXWHG� WR� WKH� ���PD[LPXP� UHIOHFWLRQ� RI� 9�2��� 7KH� REVHUY�DEOH� SHDN� �T�a������� LV� VWURQJO\� EURDGHQHG�
REYLRXVO\�GXH�WR�9�2��QDQRGLVSHUVLRQ�LQ�WKHFRPSRVLWH�� 7KXV�� WKH� QDQRFRPSRVLWH

6L2������9�2�� FRQWDLQV� WKH� DPRUSKRXV6L2���WKH�DGGLWLRQDO�SKDVH�RI�WKH�FU\VWDOOLQHD�TXDUW]�DQG�WKH�KLJK�GLVSHUVH�9�2��7KH�HOHPHQW�;�UD\�PLFURDQDO\VLV� VKRZHG
LQWHQVH� SHDNV� RI� EDVLF� FKHPLFDO� HOHPHQWV
DQG�WUDFHV�RI�QRQFRQWUROOHG�LPSXULWLHV��VXFK
DV�*G�� )H�� $O��*D��0J�� .�� 'XH� WR� WKH� IHD�
WXUHV�RI�FKDUDFWHULVWLF�;�UD\�UDGLDWLRQ�>��@�
ZH�FDQ�GLVSOD\�WKH�EDVLF�HOHPHQWV�RI�QDQRSRZ�
GHUV� LQ�RXU�FDVH��+RZHYHU��WKH� LGHQWLILFDWLRQ
RI� LRQ� 9� �LQ� QDQRFRPSRVLWH�� LV� FRPSOLFDWHG
EHFDXVH�RI�HQHUJHWLFDOO\�FORVHQHVV�RI�WKH�FKDU�
DFWHULVWLF�OLQHV�RI�LRQV�2�DQG�9�

7KH� W\SLFDO� PLFURJUDSKV� RI� VDPSOHV� DUH
SUHVHQWHG�RQ�)LJ�����6(0�WHFKQLTXH�GHPRQ�
VWUDWHV� WKH� VWURQJO\� VLQWHUHG� PDWHULDO�� 7KH
GLPHQVLRQV� RI� VWUXFWXUDO� HOHPHQWV� ZHUH

)LJ�����6(0�PLFURJUDSKV�RI�WKH�VDPSOHV�=Q2��DÜF���6L2���G��H���DQG�6L2������9�2���I��DW�GLIIHUHQWPDUNHU�VL]H�
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HYDOXDWHG�ZLWK� WKH� DFFRXQW� RI� WKH� DXWKRUV�
ZDUQLQJ� >������@� WR� WKH� 6(0� WHFKQLTXH�� ,Q
QDQRFU\VWDOOLQH�=Q2� WKH� ODUJH� DJJORPHUDWHV
ZLWK�GLPHQVLRQV�RI���Ü����PP�DQG�ZLWK�IUL�
DEOH� VWUXFWXUH� DUH� REVHUYHG�� 7KH\� FRQVLVW� RI
DQ� HQVHPEOH� RI� VPDOO� SDUWLFOHV� ZLWK� WKH� GL�
PHQVLRQV� a����Ü�����PP�� ,Q� 6L2�� QDQRFU\V�WDOOLQH� SRZGHU�� IRUPDWLRQ� RI� PLFURREMHFWV
ZLWK�GLPHQVLRQV�a���Ü�����PP�LV�REVHUYHG��,Q
WKH� V\QWKHVLV�FRQGLWLRQV��WKH�PLFURVWUXFWXUHV
RI� D� �URVHWWH�� W\SH� DUH� IRUPHG�� JURXSHG� E\
�Ü��SDUWLFOHV�DQG�IRUPLQJ�FKDLQV�

7KH� PRUSKRORJ\� RI� QDQRFRPSRVLWH
6L2��9�2�� VXUIDFH� LV� LOOXVWUDWHG�E\�)LJ���I�$� SRO\GLVSHUVH� V\VWHP� LV� REVHUYDEOH�� 7KH
QHDUO\�VSKHULFDO�PLFURREMHFWV�ZHUH�REYLRXVO\
IRUPHG� E\� FRQJOXWLQDWLRQ� RI� WKH� LQGLYLGXDO
VWDUWLQJ� QDQRSDUWLFOHV�� ,Q� WKH� REVHUYDWLRQ
FRQGLWLRQV�� LQGLYLGXDO� JUDQXOHV� ZLWK� D� GL�
DPHWHU� QHDU� ����Ü����� PP� DUH� UHFRUGHG�
7KH� UHODWLYHO\� FRPSDFW� VXSHUDJJUHJDWHV
ZLWK� GLDPHWHUV� RI� ����Ü����� PP� DUH� SUH�
GRPLQDQW��7KH�ODWWHU�IRUP�JURXSV�RI�D�ZLGH
UDQJH� RI� OLQHDU� GLPHQVLRQV�� ,Q� WKH� FDVH� RI
6L2����Ü���ZW���9�2�� >��@�� WKH� 6(0� PL�FURJUDSKV� DUH� OLNHO\� DVVRFLDWHG� ZLWK� WKH
DPRUSKRXV� VWUXFWXUH�� $W� KLJK� WHPSHUDWXUH
ORDGLQJ� WKH� VDPSOH� VHHPHG� WR� RUJDQL]H� LQ
VPDOO������QP��VSKHURLGDO�SDUWLFOHV�

7KH� PHDVXUHPHQWV� RI� WKH� (35� VSHFWUD
DUH� SHUIRUPHG� DW� IUHTXHQF\� I� �������*+]
DQG�OLTXLG�QLWURJHQ�WHPSHUDWXUH��7KH�LQIRU�
PDWLRQ�DERXW�TXDQWLW\�RI�WKH�HIIHFWLYH�PDJ�
QHWLF�PRPHQW� JLYHV� WKH� VSHFWURVFRSLF� VSOLW�
WLQJ� IDFWRU� �J�IDFWRU��� ,Q� JHQHUDO�� J�IDFWRU
GHSHQGV�RQ�GLUHFWLRQ��:H�VXSSRVH�DV�LQ�WKH
ILUVW� DSSUR[LPDWLRQ� WKDW� WKHUH� LV� WKH� LVR�
WURSLF� IDFWRU� RI� WKH� VSHFWURVFRSLF� VSOLWWLQJ
�J�IDFWRU��� 7KH� PDJQLWXGH� RI� J�IDFWRU� LV
HVWLPDWHG�LQ�WKH�IUDPH�RI�JHQHUDO�IRUPDOLVP
RI� WKH� (35� PHWKRG� >��@� IRU� WKH� RQH� XQ�
SDLUHG� HOHFWURQ� LQ� VWURQJ� PDJQHWLF� ILHOG
ZLWK�LQGXFWLRQ�%�DV�LQ�WKH�ILUVW�DSSUR[LPD�
WLRQ�RI�VLQJOH�OLQH�LQ�FRQGLWLRQ�RI�UHVRQDQFH
WUDQVLWLRQ� EHWZHHQ� WZR� OHYHOV� DW� IUHTXHQF\
I�� �JE%��K��+HUH�E�LV�WKH�%RKU�PDJQHWRQ�

%�� LV� H[WHUQDO�PDJQHWLF� ILHOG�� DQG�K� LV� WKH3ODQFN�FRQVWDQW�
([SHULPHQWDO� VWXG\� RI� (35� VLJQDOV� RI

QDQRFRPSRVLWH� 6L2������9�2�� DQG� =Q2
ZHUH� SUHYLRXVO\� GHVFULEHG� LQ� ZRUN� >��@�� ,Q
WKH� FDVH� RI� 6L2�� QDQRSRZGHU�� QR� SDUDPDJ�QHWLF� FHQWUHV�DUH�GHWHFWHG��7KH�)LJ���� LOOXV�
WUDWHV� W\SLFDO� (35� OLQHV� RI� LQYHVWLJDWHG
QDQRSRZGHUV�� 6RPH� SDUDPHWHUV� RI� WKH� H[�
SHULPHQWDO�REVHUYHG�(35�OLQHV�DUH�JLYHQ�LQ
WKH�7DEOH�

7KH�(35�VSHFWUD�ZHUH�PHDVXUHG�IRU�VDP�
SOHV� MXVW� DIWHU� SUHSDUDWLRQ�� /RQJHU� VWRUDJH
WLPHV�RI�QDQRSRZGHUV�OHG�WR�ZHDNHU�LQWHQVL�
WLHV�RI�(35�VLJQDOV�

,Q�VDPSOHV�RI�6L2��9�2���)LJ����DÜE��WKH(35� OLQH� ZLWK� SDUWLDO� VWUXFWXUH� UHVROXWLRQ
DUH�GHWHFWHG��7KH� VWUXFWXUH� WUDFHV� RI�PHDV�
XUHG� OLQH� VKRZ� KLJK� SRZGHU� GLVSHUVLRQ�
&RPSRQHQWV�RI�(35�VLJQDO��VHH�)LJ���E��DUH
DOPRVW� HTXLGLVWDQW�ZLWKLQ� WKH�PHDVXUHPHQW
DFFXUDF\��,W�LV�REYLRXV�WKDW�WKH�VWUXFWXUH�LV

7DEOH�� 7KH� SDUDPHWHUV� �J�IDFWRUV� DQG� GLVWDQFH�'%� EHWZHHQ� OLPLWLQJ� SHDNV� RI� OLQHV�� RI� REVHUYH
(35�VLJQDOV��FRUUHVSRQGLQJO\�WR�)LJ������1XPEHUV��,Ü,,,��DUH�FRUUHVSRQGHG�WR�(35�VLJQDOV�VLJQ�RQ
)LJ���F�

1XPEHU 0DWHULDO J�IDFWRU '%��P7
� 6L2�Ü����9�2� �����r����� ����r����
� =Q2 �,�������r����� ����r����

�,,�������r�����
�,,,�������r�����

)LJ����� 7KH� W\SLFDO� (35� VSHFWUD� RI� VDPSOHV
6L2������9�2�� �D�� E��� DQG�=Q2� �F�� DW����.�7KH� FXUYH� �D�� LV� JHQHUDO� VSHFWUXP�� �E�� LV
GRPLQDWH� REVHUYHG� VLJQDO�� 2Q� VSHFWUXP� �F�
WKH�VHSDUDWH�VLJQDOV��,Ü,,,��DUH�VLJQHG�
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D� UHVXOW� RI� VSOLWWLQJ� GXH� WR� RQH� XQSDLUHG
HOHFWURQ� FRXSOLQJ� ZLWK� QXFOHDU� VSLQ� RI� LVR�
WRSH� ��9� �QDWXUDO� FRQWHQW� LV���������� VSLQ
RI� QXFOHXV� LV� ,� ����� >��@��� 7KH� HVWLPDWH
RI� WKH�PDJQLWXGH� RI� VSOLWWLQJ� FRQVWDQW� LV
D�� ������ P7� �GHILQHG� DV� GLVWDQFH� EHWZHHQFRPSRQHQWV� RI� VWUXFWXUH��� )RU� LQWHUDFWLRQ� RI
RQH�HOHFWURQ�ZLWK�RQH�QXFOHXV�RI���9���,����� 
��FRPSRQHQWV�RI�(35�VSHFWUXP�DUH�H[SHFWHG
IURP�FDOFXODWLRQV��

,Q�WKH�FRQGLWLRQV�RI�H[SHULPHQW�WKH�UHVR�
OXWLRQ�RI�VSHFWUXP�LV�LQVXIILFLHQW��+RZHYHU�
VHSDUDWLRQ�RI�WKH�FRPSRQHQWV�RI�VWUXFWXUH�LV
FRPSOLFDWHG�� 7KH� RYHUODS� RI� FRPSRQHQWV� LV
FRQQHFWHG�ZLWK�SRVVLEOH� EURDGHQLQJ�RI� OLQHV
�GXH�WR�QDQRGLVSHUVLRQ��DQG�ZLWK�WKH�IHDWXUHV
RI� WKHLU� LQWHQVLW\�GLVWULEXWLRQ� >��@��$W� VPDOO
DQLVRWURS\�RI�J�IDFWRU�LQ�WKH�V\VWHP�RI�FKDRWL�
FDOO\� RULHQWHG� FHQWUHV� WKH� LQWHQVLWLHV�RI� OLQHV
DUH�H[DFWO\�FKDUDFWHUL]HG� >��@�E\�KHWHURJHQH�
RXV� GLVWULEXWLRQ�� 7KH� LQWHQVLWLHV� RI� WKH� H[�
WUHPH� OLQHV� ZLWK� UHVSHFW� WR� WKH� FHQWUDO� OLQH
DUH�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�GLVWDQFH�EH�
WZHHQ�WKHP�������H[SRQHQWLDO�ODZ��

7KHUH� DUH� GLIIHUHQW� YLHZV� DERXW� WKH� QD�
WXUH� RI� (35� VLJQDOV� LQ� QDQRFRPSRVLWHV
6L2��9�2���7KXV��(35�VLJQDOV�ZHUH�FKDUDF�WHUL]HG�E\�TXLWH�VWURQJ� OLQHV�DQG�DVVRFLDWHG
E\� DXWKRUV� ZLWK� SDUDPDJQHWLF� 9���FRQWDLQ�
LQJ�SKDVHV� >��@�� ,Q� >��@�� WKH�(35�VSHFWUXP
H[KLELWV�OLQHV�GXH�WR�WKH�K\SHUILQH�FRXSOLQJ
RI� RQH� XQSDLUHG� HOHFWURQ� ZLWK� WKH� ��9� QX�
FOHDU� VSLQ� LQ� DQ� D[LDOO\� GLVWRUWHG� FU\VWDO
ILHOG�� 0RUHRYHU�� VLOLFD� PDWUL[� SUDFWLFDOO\
GRHV�QRW� DIIHFW� WKH�9�2�� VWUXFWXUH� DQG�9��FHQWUHV�ZHUH�QRW�UHGXFHG�WR�9����VXJJHVWLQJ
D� ZHDN� LQWHUDFWLRQ� EHWZHHQ� WKH� LQRUJDQLF
SRO\PHUV� �SRO\KHGURQV���7KH�VDPH�(35�VLJ�
QDOV� ZHUH� GHWHFWHG� LQ� 9�2�� [HURJHO�� (35UHYHDOHG�9��±2�JURXSV�>��@�LQ�92[�6L2��FD�WDO\VLV�SRLQWLQJ�RXW�QRUPDOO\�IURP�WKH�FRP�
SRXQG�VXUIDFH�DQG�VLWWLQJ�LQ�WKH�FHQWUH�RI�D
VXUIDFH� DUUD\� RI� R[\JHQ� DWRPV�� VXJJHVWLQJ
WKDW� JOO���JA� FRXOG� EH� DWWULEXWHG� WR� WHWUDJR�QDO�GLVWRUWLRQ��

,Q� DFFRUGDQFH� WR� REWDLQHG� UHVXOWV� >���
��@�� WKH� SDUDPHWHUV� �LQWHQVLW\�� ZLGWK�� RI
(35� OLQH� DQG� LWV� K\SHUILQH� VWUXFWXUH� DQG
WKH�YDOXH�RI�J�IDFWRU�RI�(35�VLJQDO�LQ�QDQR�
FRPSRVLWH� 6L2��9�2�� VWURQJO\� GHSHQG� RQSUHSDUDWLRQ�FRQGLWLRQV��

7KH� REVHUYDEOH� SDUDPDJQHWLF� FHQWUH� LQ
6L2��9�2�� LV� IRUPHG� LQ� WKH� QHDUHVW� FRRUGL�QDWLQJ�VSKHUH�RI�9�LRQ��7KH�VWUXFWXUH�RI�WKH
PHDVXUHG� (35� VSHFWUXP� WHVWLILHV� DERXW
KLJK�GLVSHUVH� IRUP� RI� WKH� FRPSRXQG� �VHH
DOVR�;5'�DQG�6(0�GDWD��DQG�LQWHUDFWLRQ�RI
XQSDLUHG�HOHFWURQ�ZLWK�QXFOHXV�RI�YDQDGLXP
���9��� 7KH� 9��� LQ� (35� LV� QRW� GHWHFWHG�� ,Q

DFFRUGDQFH� ZLWK� WKH� GDWD� >��Ü��@� WKH� (35
VSHFWUD�RI� WKH�TXLQTXLYDOHQW�YDQDGLXP�FRQ�
WDLQHG�PDWHULDOV�DUH�FRQQHFWHG�ZLWK�9���LRQ�
,Q�WKLV�FDVH�XQSDLUHG�HOHFWURQ�LQWHUDFWV�ZLWK
QXFOHXV�RI���9��

$V� DQ� DOWHUQDWLYH� K\SRWKHVLV�ZH� SURSRVH
D�SUREDEOH�OLQN�RI�WKH�UHJLVWHUHG�(35�VLJQDO
LQ�6L2��9�2��ZLWK� DQ� R[\JHQ� YDFDQF\�ZLWKRQH� HOHFWURQ� LQ� LWV� DFWLRQ� ILHOG�� 7KH� VDPH
HOHFWURQ� SUHVXPDEO\� LQWHUDFWV� ZLWK� WKH� ��9
QXFOHXV�� 7KH� YDFDQFLHV� DV� PHQWLRQHG� DERYH
DUH� WKH�EDVLF�SRLQW�GHIHFWV� LQ�QDQRSRZGHUV�
7KH� (35� VLJQDO� LQ� QDQRSRZGHU� =U2�� ZDVDVFULEHG�>��@�WR�WKH�VXUIDFH�R[\JHQ�YDFDQF\
ZLWK�D�ZHDN�ORFDOL]HG�HOHFWURQ�ZKDW�LV�FKDU�
DFWHUL]HG� E\� LVRWURSLF� J�IDFWRU� ������ DQG
OLQHZLGWK�'%� �����P7�

)LJ���F� VKRZV� W\SLFDO� (35� VSHFWUD� IRU
=Q2� QDQRSRZGHU�� &RPSOH[� VSHFWUD� ZLWK
OLQHV��,Ü,,,��DUH�REVHUYHG��7KH�ORZ�LQWHQVLW\
(35�VLJQDOV�DUH�UHJLVWHUHG�LQ�WKH�ORZHU�DQG
LQ�WKH�KLJKHU�ILHOGV�ZLWK�UHVSHFW�WR�WKH�FHQ�
WUDO�OLQH��7KH�(35�VLJQDOV�ZLWK�VLPLODU�IRUP
DQG� YDOXHV� RI� J�IDFWRUV� ZHUH� GHWHFWHG� DW
URRP�WHPSHUDWXUH�IRU�QDQRSRZGHU�=Q2� �WKH
IUHH� VXUIDFH� LV� ����P��J�� S�D�� .HPLND�� =D�
JUHE��GHSHQGLQJ�RQ�H[WHUQDO�SUHVVXUHV�XS�WR
�� *3D� >��@�� $W� WKH� VDPH� WLPH� LQ� WKLV�=Q2
QDQRSRZGHU�EHIRUH�SUHVVLQJ�QR�(35�VLJQDOV
ZHUH� REVHUYHG�� )RU� GLVSHUVH� =Q2� XQGHU
RWKHU� FRQGLWLRQV� >��@� SDUDPDJQHWLF� FHQWUHV
ZHUH�GHWHFWHG��

)RU� SUHVVXUH�FRPSDFWHG� VDPSOHV� RI�=Q2�
LQ� DFFRUGDQFH� ZLWK� (35� GDWD� DQDO\VLV� DQG
FRPSDULVRQ�ZLWK�WKH�FU\VWDOOLQH�DQDORJ��YDO�
XHV� RI� J�IDFWRU� RI� ����� WR� ����� DUH� JLYHQ
>��@��7KH�LQWHQVLWLHV�RI�WKH�VL[�FHQWUHV�QRQ�
OLQHDUO\�GHSHQGHG�RQ�SUHVVXUH�DQG�WHPSHUD�
WXUH� WUHDWPHQW�� 7KH� GRPLQDQW� (35� VLJQDOV
ZHUH� DVVRFLDWHG� ZLWK� WKH� FRPSOH[� �GRXEOH
YDFDQF\�RI�=Q��DQG��YDFDQF\�RI�=Q���

2XU� PHDVXUHPHQWV� VKRZ� WKDW� WKH� PDMRU
(35�VLJQDO��,��LV�PRVW�OLNHO\�DVVRFLDWHG�ZLWK
VLQJOH�FKDUJHG�R[\JHQ�YDFDQF\��J� ��������
VHH� WKH� 7DEOH�� WKH� QHDU� YDOXHV� RI� J�IDFWRUV
JA� �������r�������DQG�JOO� �������r������ZHUH�REWDLQHG�E\�DXWKRUV�>��@�LQ�FDVH�RI�WKH
VDPH�VLQJOH�YDFDQF\���7KH�LQWHQVLWLHV�RI�WKH
UHPDLQLQJ�REVHUYHG�OLQHV��)LJ���F��DUH�VPDOO�

,Q� >��@�� WKH� (35� VLJQDO� ZLWK� WKH� PHQ�
WLRQHG� J�IDFWRU� ZDV� DVFULEHG� WR� R[\JHQ� YD�
FDQF\� DV�ZHOO� DV� WR� LQWHUVWLWLDO� R[\JHQ� LRQ�
:H�PDNH�SUHIHUHQFH�WR�WKH�ILUVW�DVVXPSWLRQ
VLQFH� WKH� LQWHUVWLWLDO� R[\JHQ� LRQ� H[LVWV� LQ
VSHFLDOO\� WUHDWHG�=Q2�VDPSOHV� >��@�� ,Q� >��@�
DQ� R[\JHQ� YDFDQF\�ZLWK� RQH� XQSDLUHG� HOHF�
WURQ�FRXSOHG�ZLWK�LVRWRSH���=Q��QDWXUDO�FRQ�
WDLQLQJ�LV���������VSLQ�RI�QXFOHXV�LV�,� �����

9�1�6KHYFKXN�HW�DO����6WUXFWXUH�IHDWXUHV�DQG����

)XQFWLRQDO�PDWHULDOV������������� ���



ZDV� UHFRUGHG� E\� (35� PHWKRG�� DV� ZHOO� DV
ILQH� VWUXFWXUH� FRPSRQHQWV��$V� LQ� UHI�� >��@�
LW�ZDV�DVFHUWDLQHG�E\�(35�PHWKRG�WKDW�WKH
GRQRU�DFFHSWRU� FHQWUHV� LQ�SRZGHU�=Q2�ZHUH
FUHDWHG�LQ�WKH�SUHVHQFH�RI�XQLYDOHQW�LPSXUL�
WLHV�RI�DONDOL�PHWDOV�RU�LQWULQVLF�GHIHFWV�WKDW
DUH� FRQQHFWHG� ZLWK� GHYLDWLRQ� RI
VWRLFKLRPHWU\�

&RQVHTXHQWO\�WKH�GRPLQDWLQJ�VLJQDO��,��LQ
WKH�LQYHVWLJDWHG�=Q2�FDQ�EH�FRQQHFWHG�ZLWK
R[\JHQ� YDFDQFLHV�� 7KH� VLJQDOV� �,,�� DQG� �,,,�
�VHH� )LJ���F��� DV� LQ� >������@�� DUH� DVVRFLDWHG
ZLWK�VKDOORZ�GRQRU�FHQWHU�DQG�XQFRQWUROOHG
LPSXULW\� �6(0� GDWD� VKRZV� WKH� SUHVHQFH� RI
LPSXULWLHV�� UHVSHFWLYHO\�� 7KH� ORZ�LQWHQVLW\
(35�VLJQDOV�DUH�QRW�LGHQWLILHG�DV�D�UHVXOW�RI
ORZ�LQWHQVLW\��VLJQDO�QRLVH�UDWLR�LV�QHDUO\����

7KH� QDWXUH� RI� GRPLQDWLQJ� SDUDPDJQHWLF
FHQWUHV�LV�K\SRWKHWLFDOO\�DVFULEHG�WR�R[\JHQ
YDFDQF\� ZLWK� RQH� HOHFWURQ� LQ� LWV� DFWLRQ
ILHOG�� $V� LW� LV� REYLRXV� IURP� WKH� SHUIRUPHG
H[SHULPHQWV�DQG�IURP�WKH�DQDO\VLV�RI�OLWHUD�
WXUH�GDWD�WKH�HVWDEOLVKPHQW�RI�QDWXUH�RI�WKH
SDUDPDJQHWLF� FHQWUHV� LV� FRPSOLFDWHG� ZKDW
GHPDQGV� DGGLWLRQDO� LQYHVWLJDWLRQV�� 7KLV
SUREOHP� LV� FDXVHG� E\� FRPSOH[� FRPSRVLWLRQ
DQG� GHIHFW� VWUXFWXUH� RI� QDQRGLVSHUVHG� V\V�
WHPV�� E\� WKH� JUHDW� IXQFWLRQ� RI� VXUIDFH
VWDWHV� DQG� E\� WHQGHQF\� WR� FRPSOH[DWLRQ� LQ
QDQRSRZGHU� =Q2� DV� ZHOO� DV� LQ� QDQRFRPSR�
VLWH�6L2��9�2���6XPPLQJ� XS�� QDQRSRZGHUV� =Q2�� 6L2��DQG�FRPSRVLWH�6L2��9�2��REWDLQHG�E\�VRO�JHOWHFKQRORJ\� KDYH� EHHQ� LQYHVWLJDWHG� XVLQJ
;5'�� 6(0�� DQG� (35� PHWKRGV� DV� FRQWLQX�
DWLRQ�RI�RXU�PHDVXUHPHQWV�RQ�SUHVVHG�VDP�
SOHV� >��@�� 7KH� REWDLQHG� ;5'� DQG� 6(0� UH�
VXOWV�VKRZ�VDWLVIDFWRU\�FRUUHODWLRQ�ZLWK�UHI�
HUHQFHG� VWUXFWXUDO� GDWD� IRU� FRUUHVSRQGLQJ
FRPSRXQGV�� 7KH�;5'� SDWWHUQ� RI� WKH� QDQR�
FRPSRVLWH�6L2������9�2��GHPRQVWUDWHV�WKHDPRUSKRXV�6L2���WKH�DGGLWLRQDO�SKDVH�RI�WKH
FU\VWDOOLQH� D�TXDUW]�� DQG� KLJK�GLVSHUVH
9�2��� 7KH� 6L2�� DQG� =Q2� DUH� VLQJOH�SKDVHQDQRSRZGHUV��7KH�GLPHQVLRQV�RI�QDQRJUDLQV
REWDLQHG�E\�;5'�PHWKRGV�DUH�VPDOOHU�WKDQ
WKH�VDPH�GLPHQVLRQV�REWDLQHG�IURP�6(0�UH�
VXOWV��7KLV�LV�DQ�HYLGHQFH�RI�DJJUHJDWLRQ�RI
QDQRSDUWLFOHV� DQG� IRUPDWLRQ� RI� DJJORPHU�
DWHV�RI�PLFUR�GLPHQVLRQV�

5HIHUHQFHV
� ���0HGLFDO�&KHPLVWU\�DQG�&OLQLFDO�$SSOLFDWLRQ�RI

6LOLFD�� HG�� E\� $�$�&KXMNR�� 1DXNRYD� 'XPND�
.\LY��������>LQ�8NUDLQLDQ@�

� ���$�/�$VHHY�� 5XVVLDQ� 1DQRWHFKQRORJLHV�� ��� ��
�������

� ���9�0�+XQ�NR��,�)�0\URQ\XN��9�/�&KHO\DG\Q�HW
DO��� 3K\V�� DQG� &KHP�� 6ROLG� 6WDWH�� ��� ���
�������

� ���&�0�0R��<�+�/L��<�=KDQJ��,�'�=KDQJ��-��$SSO�
3K\V�������������������

� ���%�.�.RWO\DUFKXN�� ,�)�0\URQ\XN�� '�,�3RS�
RY\FK�� $�6�6HUHGQ\WV�N\M�� 3K\V�� DQG� &KHP�
6ROLG�6WDWH����������������

� ���3�3�*RUE\N��9�9�/HYDQGRYV�N\L��5�9�0D]XUHQNR
HW� DO��� 3K\V�� DQG� &KHP�� 6ROLG� 6WDWH�� ��� ���
�������

� ���9�*�3RQRPDUHYD�� *�9�/DYURYD�� /�*�6L�
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