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5HFHLYHG�6HSWHPEHU���������
&KDQJHV� LQ� GLDPHWHUV� DQG� GHSWKV� RI� SRUHV� ZHUH� VWXGLHG� LQ� WKH� SURFHVV� RI� HWFKLQJ

SRO\HWK\OHQHWHUHSKWKDODWH� ILOPV� LUUDGLDWHG� ZLWK� $U� LRQV� KDYLQJ� WKH� HQHUJ\� RI� ��0H9�Q�
,QIRUPDWLRQ�DERXW�WKH�SRUH�GLDPHWHUV�DQG� OHQJWKV�ZDV�REWDLQHG�ZLWK�HOHFWURQ�PLFURVFRS\
PHWKRGV������1�DQG���1�VROXWLRQV�RI�1D2+�ZHUH�XVHG�DV�HWFKDQWV��(WFKLQJ�ZDV�SHUIRUPHG
DW����DQG����&��7ZR�PHWKRGV�RI�VHQVLWL]DWLRQ�ZHUH�XVHG��WKH�ILUVW�RQH�E\�89�LOOXPLQDWLRQ
DQG�WUHDWLQJ�LQ�GLPHWK\OIRUPDPLGH��WKH�VHFRQG�PHWKRG�MXVW�E\�LQ�89�LOOXPLQDWLRQ��,W�ZDV
IRXQG�WKDW�GLDPHWHUV�DQG�GHSWKV�RI�SRUHV�DUH�ODUJHU�LQ�ILOPV�WUHDWHG�DFFRUGLQJ�WR�WKH�ILUVW
VHQVLWL]DWLRQ�PHWKRG��(WFKLQJ�GXUDWLRQ��EUHDNWKURXJK�WLPH��ZKLFK�OHDGV�WR�WKURXJK�JRLQJ
SRUHV� RI� WKH� PLQLPDO� UDGLXV� ZDV� HVWDEOLVKHG�� $IWHU� VHQVLWL]DWLRQ� DFFRUGLQJ� WR� WKH� ILUVW
PHWKRG� WKH� WUDFN� HWFK� UDWH� JURZV� TXLFNHU� WKDQ� WKH� WUDQVYHUVH� HWFK� UDWH�� 7KLV� JLYHV� D
SRVVLELOLW\� WR� REWDLQ� WKURXJK� SRUHV� ZLWK� GLDPHWHUV� UDQJLQJ� IURP� ��� QP� WR� VHYHUDO� PL�
FURPHWHUV�
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7UDFN�HWFKHG� PHPEUDQHV� DUH� XQLTXH� ILO�
WHUV� EHFDXVH� WKHVH� ILOWHUV� KDYH� D� V\VWHP� RI
WKURXJK�SRUHV��SDUDOOHO�RU�QRQSDUDOOHO��UDQJ�
LQJ�IURP�PLFURPHWHUV�WR�VXE�PLFURPHWHUV�LQ
GLDPHWHU��7KHVH�SRUHV�FDQ�EH�VKDSHG�DV�F\O�
LQGHUV�� WDSHUV� RU� VRPHWKLQJ�� 7KH� WUDFN
PHPEUDQHV� KDYH� ZLGH� DSSOLFDWLRQV� IRU� WKH
ILQHVW� ILOWUDWLRQ� ZKLFK� LV� LPSRVVLEOH� ZLWK
RWKHU� W\SHV� RI� ILOWHUV�� &RQYHQWLRQDOO\�� IRU

WUDFN�HWFKHG�PHPEUDQH�SURGXFWLRQ�KLJK�HQ�
HUJ\�KHDY\�LRQV�DUH�XVHG��WKH\�SURGXFH�VXI�
ILFLHQW� UDGLDWLRQ� GDPDJHV� LQ� WUDFNV� SURYLG�
LQJ� WKH� HWFKLQJ� UDWH� DORQJ� WKH� WUDFNV� QO�WUDFN� HWFK� UDWH�� ZHUH� PXFK� KLJKHU� WKDQ
WUDQVYHUVH��L�H��UDGLDO��HWFKLQJ�UDWH�QU��:LWK
QO�!!QU� LW� LV� SRVVLEOH� WR� REWDLQ� WKURXJK�JRLQJ� SRUHV� RI� UDWKHU� VPDOO� GLDPHWHUV�� )RU
LQVWDQFH�� ZLWK� HWFKLQJ� WUDFNV� RI� ;H� LRQV
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KDYLQJ�WKH�HQHUJ\�RI���0H9�Q�LQ�3(7�ILOPV
WKURXJK�SRUHV�t���QP�LQ�GLDPHWHU�ZHUH�RE�
WDLQHG�>����@��,W�LV�EHOLHYHG�WKDW�OLJKWHU�LRQV
VXFK�DV�$U�LRQV�FDQQRW�EH�XVHG�IRU�REWDLQLQJ
WKURXJK� SRUHV� LQ� SRO\\HHWK\OHQH�WHUHSKWKD�
ODWH��3(7��ILOPV������PP�LQ�GLDPHWHU�>�Ü�@�
5DGLDWLRQ� GDPDJHV� LQ� WKH� FRUH� RI� WKHVH
WUDFNV�DUH�QRW�VXIILFLHQW�WR�IXOILOO�WKH�FRQGL�
WLRQ� QO�!!�QU� ZKLFK� LV� UHTXLUHG� IRU� HWFKLQJWKURXJK�SRUHV�RI�D�UHJXODU�F\OLQGULFDO�VKDSH
DQG� VPDOO� LQ� GLDPHWHU�� 2XU� H[SHULPHQWV
KDYH�VKRZQ�WKDW�WKH�SURSHU�FKRLFH�RI�VHQVL�
WL]DWLRQ� FRQGLWLRQV� DOORZV� WR� LQFUHDVH� WUDFN
HWFK�UDWH�RI�$U� WUDFNV� LQ�3(7�ILOPV�VLJQLIL�
FDQWO\� DQG� WR� REWDLQ� WKURXJK�JRLQJ� SRUHV
�����PP�LQ�GLDPHWHU�>����@�

7KH�JRDO�RI�WKLV�ZRUN�ZDV�IXUWKHU�LQYHV�
WLJDWLRQ�RI�VHQVLWL]DWLRQ�PHWKRGV�DQG�FRQGL�
WLRQV�RI�HWFKLQJ�$U� LRQ�WUDFNV� LQ�3(7�ILOPV
IRU�REWDLQLQJ�WKURXJK�SRUHV�RI�VPDOO�GLDPH�
WHUV�� ,Q� RUGHU� WR� REWDLQ� F\OLQGULFDO� SRUHV�
WKH�UDWLR�EHWZHHQ�WKH�WUDFN�HWFK�UDWH�QO�DQGWKH� EXON� HWFK� UDWH� QR� VKRXOG� EH� DV� KLJK� DVSRVVLEOH�� &RPSDULVRQ� RI� WKH� GDWD� IURP� OLW�
HUDWXUH� DQG� RXU� GDWD� DOORZV� XV� WR� H[SHFW
WKDW�QO�QR�UDWLR�ZRXOG�EH�WKH�PD[LPDO�LQ�WKH
FDVH� RI� HWFKLQJ� $U� LRQ� WUDFNV� LQ� DQ� ZHDN
HWFKDQW�� ,Q�VXFK�HWFKDQW� WKH�EXON�HWFK�UDWH
LV� QHJOLJLEO\� ORZ�� DQG� SRUH� VL]HV� ZRXOG� EH
PDLQO\�GHILQHG�E\�HWFKLQJ�RQO\�WKH�GDPDJHG
DUHD�RI�WUDFNV�� ,Q�WKLV�ZRUN�ZH�VWXGLHG�WKH
LQLWLDO� VWDJH� RI� WKH� SRUH� IRUPDWLRQ� LQ� 3(7
ILOPV� LUUDGLDWHG�E\�$U� LRQV� LQ�WKH�FRXUVH�RI
HWFKLQJ� LQ� ���� 1� DQG� �� 1� VROXWLRQV� RI
1D2+�� 7KH� GLVWLQFWLYH� IHDWXUH� RI� RXU� H[�
SHULPHQWV� LV� WKH� LQIRUPDWLRQ� DERXW� SRUH
GHSWKV�DQG�GLDPHWHUV�REWDLQHG�E\�PHDVXULQJ
RI�WKHVH�SDUDPHWHUV�GLUHFWO\�E\�HOHFWURQ�PL�
FURVFRSHV��,Q�PRVW�SDUW�RI�ZRUNV�WKLV�LQIRU�
PDWLRQ� ZDV� REWDLQHG� LQGLUHFWO\� �FRQGXF�
WRPHWULF� WHFKQLTXH� RU� EXEEOH� PHWKRG� >�Ü
��@��� $W� KLJK� LUUDGLDWLRQ� GRVHV� WKH
LQIRUPDWLRQ� REWDLQHG� E\� WKHVH� PHWKRGV
ZRXOG�EH�GLVWRUWHG�GXH�WR�SUHVHQFH�WKH�RYHU�
ODSSHG� SRUHV� DQG� WKH� IDFW� WKDW� QRW� DOO� WKH
SRUHV� EHFRPH� WKURXJK�� JRLQJ� VLPXOWDQH�
RXVO\��7KH�PHWKRG�ZH�KDYH�XVHG�DOORZHG�WR
PHDVXUH�SRUH�GHSWKV�RQ�WKH�FURVV�VHFWLRQV�RI
ILOPV� DQG� GLDPHWHUV� RI� RQO\� VHSDUDWHG
WKURXJK�JRLQJ� SRUHV� RQ� WKH� ILOP� VXUIDFH
ZLWKRXW�FRQVLGHULQJ�WKH�RYHUODSSHG�SRUHV�

3(7�ILOPV��/DYVDQ����PP�WKLFN�ZHUH�LUUD�
GLDWHG� ZLWK� DFFHOHUDWHG� $U��� LRQV� ZLWK� WKH
HQHUJ\�RI���0H9�Q�DW�WKH�0,/$&�KHDY\�LRQ
OLQHDU� DFFHOHUDWRU� >�����@�� 7KH� IOXHQFH� FRU�
UHVSRQGHG� WR� WKH� WUDFN� GHQVLW\� RI� ���Ü
������FPÜ���$OO�VDPSOHV�ZHUH�H[SRVHG�WR�XO�
WUDYLROHW�OLJKW�LQ�WKH�DLU�DW�D�VSHFLDO�RSWLFDO

V\VWHP� ZLWK� VHYHUDO� PHUFXU\� ODPSV� DQG
JODVV�ILOWHUV��'HSDUWPHQW�RI�2SWLFV��.KDUNLY
1DWLRQDO� 8QLYHUVLW\��� ZKLFK� PDGH� SRVVLEOH
WR�VHOHFW�WKH�QHFHVVDU\�ZDYH�UDQJH�IRU�LUUD�
GLDWLRQ��7KH�OLJKW�ZDV�ILOWHUHG�LQ�D�ZD\�WKDW
WKH� OLJKW� IOX[� KDV� WKH� PD[LPXP� LOOXPLQD�
WLRQ� LQ� WKH�ZDYHOHQJWK� UDQJH� ���Ü���� QP�
7KH� LQWHQVLW\� RI� 89� LOOXPLQDWLRQ� ZDV
|�����TXDQWD�FPÜ��VÜ��� $OO� VDPSOHV� ZHUH� LO�
OXPLQDWHG�ZLWK�89�IRU���K��:LWK�VXFK�GX�
UDWLRQ�RI� LOOXPLQDWLRQ� WKH�PD[LPXP�GHJUHH
RI� UDGLDWLRQ� GDPDJH� LQ� LRQ� WUDFNV� LV� SUR�
YLGHG� >���@�� $V� D� VROYHQW� WKH� G\PHWK\OIRU�
PDPLGH��'0)��ZDV�FKRVHQ��7KLV�VROYHQW�QR�
WLFHDEO\� LQFUHDVHG� WKH� WUDFN� HWFKLQJ� UDWH
>��Ü��@�� %HIRUH� HWFKLQJ�� D� KDOI� RI� VDPSOHV
ZHUH� VRDNHG� LQ�'0)� IRU����PLQXWHV� DW� WKH
URRP� WHPSHUDWXUH�� 7KH� VRDNLQJ� ZDV� FRQ�
GXFWHG� E\� LPPHUVLQJ� WKH� VDPSOHV� LQ� WKH
'0)� VROXWLRQ�� $IWHU� '0)� WUHDWPHQW� WKH
VDPSOHV�ZHUH�GULHG�RXW�ZLWK�ILOWHULQJ�SDSHU�
$V� WKH� HWFKDQW�����1� DQG� ��1� VROXWLRQV� RI
1D2+� ZHUH� XVHG�� DQG� WKH� HWFKLQJ�ZDV� FDU�
ULHG� RXW� DW� ���&� DQG� ���&�� )RU� H[DPLQLQJ
WKH�GHSHQGHQFH�RI�WKH�SRUH�GLDPHWHUV�RQ�WKH
HWFKLQJ� GXUDWLRQ� WZR� VDPSOHV� ZHUH� HWFKHG
VLPXOWDQHRXVO\�GXULQJ�WKH�VDPH�HWFKLQJ�SH�
ULRG�� RQH� ZDV� LOOXPLQDWHG� ZLWK� 89� DQG
WUHDWHG� ZLWK� '0)� �ILUVW� PRGH� RI� VHQVLWL]D�
WLRQ��� WKH� RWKHU� ZDV� MXVW� 89� LOOXPLQDWHG
�VHFRQG�PRGH�RI�VHQVLWL]DWLRQ���3RUHV�LQ�WKH
EXON�DQG�RQ�WKH�VXUIDFH�RI�ILOPV�ZHUH�VWXG�
LHG�E\�VFDQQLQJ��6(0��-60������DQG�WUDQV�
PLVVLRQ� �7(0������ HOHFWURQ� PLFURVFRSHV�
)RU� LQYHVWLJDWLRQ� RI� SRUHV� LQ� WKH� EXON� RI
ILOPV� WKH� HWFKHG� VDPSOHV� ZHUH� FOHDYHG� LQ
OLTXLG� QLWURJHQ�� 7KH� SRUH� OHQJWKV� RQ� WKH
FURVV�VHFWLRQ� RI� WKH� ILOP� ZHUH� PHDVXUHG�
7KH� GXUDWLRQ� RI� HWFKLQJ� DIWHU� ZKLFK� WKH
SRUHV� EHFRPH� WKURXJK� �VLPLODUO\� WR� >�@�� ZH
ZLOO� GHQRWH� DV� EUHDNWKURXJK� WLPH�� ,Q� RUGHU
WR� ILQG� WKH� EUHDNWKURXJK� WLPH�ZH� HWFKHG� D
ODUJH�QXPEHU�RI�VDPSOHV�VLPXOWDQHRXVO\�UH�
PRYLQJ� WKHP� LQ� WXUQV� RQH� E\� RQH�ZLWK� WKH
LQWHUYDO� RI� �� PLQXWHV� �IRU� ���� 1� HWFKDQW�
DQG� ��PLQXWHV� �IRU� ��1� HWFKDQW��� 7KH� SRUH
GLDPHWHUV� ZHUH� PHDVXUHG� RQ� WKH� ILOP� VXU�
IDFH�E\�7(0��ZLWK�VKDGRZ�UHSOLFD�PHWKRG��
7KH�UHSOLFDV�ZHUH�SUHSDUHG�LQ�WKH�IROORZLQJ
ZD\�� ,Q�YDFXXP�RI���Ü��3D��D�JROG�ZDV�GH�
SRVLWHG� DW� DQ� DQJOH� RI� ���� ZLWK� UHVSHFW� WR
WKH� VDPSOH� VXUIDFH�� 7KH� GHSRVLWHG� JROG
IRUPHG� DQ� LVODQG� ILOP� FKDUDFWHUL]HG� E\� LV�
ODQGV�RI�UDGLXV�DQG�VHSDUDWLRQ���QP��,Q�WKH
DUHD� RI� SRUHV� JROG� ZDV� DEVHQW� DV� LW� FDYHG
LQWR� WKH� SRUHV�� )LQDOO\�� D� FDUERQ� OD\HU� RI
��� QP� WKLFNQHVV�ZDV� GHSRVLWHG� RQ� WKH� ILOP
VXUIDFH��7KH�FDUERQ�OD\HU�WRJHWKHU�ZLWK�WKH
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JROG�LVODQGV�ZDV�SHHOHG�IURP�3(7�ILOP�VXU�
IDFH�DQG�H[DPLQHG�E\�7(0�

)RU� ERWK�PRGHV� RI� VHQVLWL]DWLRQ�� WKH� GH�
SHQGHQFH�RI�SRUH�GLDPHWHUV�RQ�WKH�ILOP�VXU�
IDFH� DQG� WKHLU� OHQJWK� RQ� WKH� FURVV� VHFWLRQV
RQ�WKH�HWFKLQJ�GXUDWLRQ�ZDV�VWXGLHG��,W�ZDV
IRXQG�WKDW�XQGHU�VDPH�FRQGLWLRQV�RI�HWFKLQJ
WKH� SRUH� GLDPHWHU� LV� ODUJHU� LQ� VDPSOHV
ZKLFK�ZHUH�VRDNHG�LQ�'0)��:H�SUHVHQW�WKH
UHVXOWV�REWDLQHG� LQ� WKH�FRXUVH�RI�ILOP�HWFK�
LQJ� LQ� ���� 1� Ò� �� 1� HWFKDQWV� VHSDUDWHO\�
3RUHV� RQ� WKH� FURVV�VHFWLRQ� RI� WKH� ILOPV� GH�
SHQGLQJ� RQ� WKH� VHQVLWL]DWLRQ� PHWKRG� DQG
HWFKLQJ�GXUDWLRQ� DW� ��Å&� DUH� VKRZQ� LQ�)LJ�
���7KH�SRUHV�DUH�VHHQ�DV�GDVKHV�SHUSHQGLFX�
ODU� WR� VXUIDFHV�� ,W� LV� VHHQ� WKDW� ZLWK� HDFK
HWFKLQJ�GXUDWLRQ�WKH�SRUH�OHQJWK�LV�ODUJHU�LQ
WKH� VDPSOHV� WUHDWHG� ZLWK� '0)� �ILUVW� PRGH
RI�VHQVLWL]DWLRQ���$IWHU�HWFKLQJ�IRU�����K��LQ
89� LUUDGLDWHG� VDPSOHV� WKH� SRUHV� ZHUH
HWFKHG� RQO\� QHDU� WKH� VXUIDFHV� �)LJ���D�
XSSHU�URZ���:LWK�WKH�VDPH�HWFKLQJ�GXUDWLRQ
LQ� WKH� VDPSOHV� VRDNHG� LQ� '0)� WKH� SRUHV
ZHUH�HWFKHG�E\�RQH�WKLUG�RI�WKH�ILOP�WKLFN�
QHVV��)LJ���G��ORZHU�URZ���$IWHU�HWFKLQJ�IRU
�����K��LQ�VDPSOHV�VRDNHG�LQ�'0)�WKURXJK�
JRLQJ� SRUHV� ZHUH� HWFKHG� �)LJ���I�� ORZHU
URZ���ZLWKRXW�'0)�WUHDWPHQW�LQ�WKH�PLGGOH
RI� WKH� FURVV� VHFWLRQ� DUHD� D� QRQ�HWFKHG� DUHD
UHPDLQHG��)LJ���F��XSSHU�URZ��

:H�IRXQG�WKDW�DW����&�WKH�EUHDNWKURXJK
WLPH� IRU� WKH� ILUVW� VHQVLWL]DWLRQ� PRGH� ZDV
����r���� PLQ�� DQG� IRU� WKH� VHFRQG� RQH� Û
����r���� PLQ�� .QRZLQJ� WKH� EUHDNWKURXJK
WLPH�ZH�FDQ�HYDOXDWH�WKH�WUDFN�HWFK�UDWH�IRU
ERWK�VHQVLWL]DWLRQ�FRQGLWLRQV��:H�WKLQN�WKDW

IRU� WKLV� WLPH� WKH� WUDFNV� ZHUH� HWFKHG� E\� D
KDOI�RI�WKH�ILOP�WKLFNQHVV��,W�DSSHDUHG�WKDW
IRU� WKH� ILUVW�VHQVLWL]DWLRQ�PRGH�WKLV�UDWH� LV
��� QP�PLQ�� DQG� IRU� WKH� VHFRQG� Û
��� QP�PLQ�� )RU� ERWK� VHQVLWL]DWLRQ� PRGHV
WKH�GDWD�RQ�SRUH�OHQJWKV�DUH�JLYHQ�LQ�)LJ����
,W� LV� VHHQ� WKDW� WKH� HWFK� UDWH� LV� DOPRVW
����WLPH�ODUJHU�LQ�WKH�VDPSOHV�WUHDWHG�ZLWK
'0)�� 6XFK� LQIOXHQFH� RI� '0)� RQ� WKH� HWFK
UDWH�RI�$U�LRQ�WUDFNV�LV�PXFK�OHVV�WKDQ�WKDW
REVHUYHG�LQ�>��@�ZKHUH�WUHDWPHQW�ZLWK�'0)
LQFUHDVHG� WKH� HWFK� UDWH� RI�$U� LRQ� WUDFNV� LQ
SRO\HVWHU� E\� WKH� IDFWRU� RI� ���� 7KLV� GLIIHU�
HQFH�FDQ�EH�FDXVHG�E\�WKH�IROORZLQJ�UHDVRQV�

)LJ����3RUHV�LQ�WKH�FURVV�VHFWLRQV�RI�3(7�ILOPV�WKDW�ZHUH�HWFKHG�LQ�����1�VROXWLRQ�RI�1D2+�DW���Å&
IRU����K��D��G������K��E��H��DQG�����K��F��I���7KH�XSSHU�URZ�Û�89�VHQVLWL]DWLRQ��WKH�ORZHU�URZ�Û
VHQVLWL]DWLRQ�ZLWK�89�DQG�'0)�

)LJ���� 'HSHQGHQFH� RI� WKH� SRUH� OHQJWK� DW� WKH
FURVV� VHFWLRQV� RI� 3(7� ILOPV� RQ� WKH� HWFKLQJ
GXUDWLRQ� DQG� VHQVLWL]DWLRQ� PHWKRG�� �� Ü� 89
DQG�'0)����Ü�VHQVLWL]DWLRQ�ZLWK�89�RQO\��
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LQ� >��@� WKH� HQHUJ\� RI� $U� LRQV� ZDV� VLJQLIL�
FDQWO\�KLJKHU� WKDQ���0H9�X�ZKLFK� OHDGV�WR
KLJK� HQHUJ\� ORVVHV�� WKDW� LV�� WR� KLJKHU� GDP�
DJH� LQ� WKH� WUDFN� ]RQH�� ,Q� >��@� WUHDWPHQW
ZLWK� '0)� ZDV� SHUIRUPHG� DW� KLJKHU� WHP�
SHUDWXUH� DQG� HWFKLQJ� ZDV� FDUULHG� RXW� LQ
PRUH� FRQFHQWUDWHG� HWFKDQW�� %HVLGHV� WKDW�
WKH�HWFK�UDWH�GHSHQGV�RQ�WKH�SRO\PHU�VWUXF�
WXUH� �GHQVLW\�� DGPL[WXUHV�� SRURVLW\� HWF��
7KH� VWUXFWXUDO� GLIIHUHQFH� RI� WKH� ILOP� FDQ

DOVR�FKDQJH�WKH�HWFKLQJ�UDWH��,Q�>��@�LW�ZDV
QRW� LQGLFDWHG� ZKLFK� NLQG� RI� SRO\HVWHU� ZDV
VWXGLHG��

7KH�DYHUDJH�SRUH�GLDPHWHU�ZDV�FDOFXODWHG
E\� DYHUDJLQJ� GLDPHWHUV� RI� QR� OHVV� WKDQ
��� SRUHV� RQ� WKH� ILOP� VXUIDFH�� ,QIRUPDWLRQ
DERXW� WKH� SRUH� GLDPHWHUV� GHSHQGLQJ� RQ� GX�
UDWLRQ� DQG� WHPSHUDWXUH� RI� HWFKLQJ� LV� VXP�
PDUL]HG� LQ� 7DEOH���GLDPHWHUV� RI� WKURXJK�
JRLQJ� SRUHV� DUH� JLYHQ� LQ� EROG��� ,W� LV� VHHQ
WKDW� IRU� DOO� HWFKLQJ� GXUDWLRQV� WKH� SRUH� GL�
DPHWHUV� DUH� ODUJHU� LQ� VDPSOHV� WUHDWHG� DF�

)LJ����3RUHV�LQ�WKH�FURVV�VHFWLRQV�DQG�WKH�VXU�
IDFHV� RI�3(7� ILOPV� WKDW�ZHUH� HWFKHG� LQ�����1
VROXWLRQ� RI� 1D2+� IRU� ���K�� �D�� Û� WKH� ILOP
ZDV�HWFKHG�DIWHU�WKH�ILUVW�VHQVLWL]DWLRQ�PRGH�
�E��Û�DIWHU�WKH�VHFRQG�VHQVLWL]DWLRQ�PRGH�

)LJ����0HPEUDQHV�REWDLQHG�E\�HWFKLQJ�WKH�3(7
ILOPV�LQ���1�VROXWLRQ�RI�1D2+�IRU���PLQ��D��DQG
��PLQ��E��DIWHU�WKH�ILUVW�VHQVLWL]DWLRQ�PRGH�

7DEOH���� 'HSHQGHQFH� RI� WKH� SRUH� GLDPHWHUV� �G�� RQ� WKH� VHQVLWL]DWLRQ�PRGH�� WHPSHUDWXUH� �7�� DQG
HWFKLQJ�GXUDWLRQ��W��LQ�VROXWLRQV�RI�1D2+

7� ����&������1��RI�1D2+
W��PLQ ��� ��� ��� ���

G��QP��89��'0)� ���r��� ���r��� ����r��� ����r���
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7� ����&����1��RI�1D2+
W��PLQ ��� ��� ��� ��� ��� ��� ���
G��QP

�89��'0)� ��r�� ��r�� ��r�� ���r�� ���r�� ���r�� ���r��
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�89��'0)� ��r�� ���r�� ���r�� ���r�� ���r�� ���r��
G��QP��89� ��r�� ��r�� ���r�� ���r�� ���r��
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W��PLQ �� �� �� �� �� ��� ���
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FRUGLQJ� WR� ILUVW� VHQVLWL]DWLRQ� PRGH�� ,Q�
FUHDVHPHQW� RI� WKH� HWFKLQJ� WHPSHUDWXUH� WR
���&�DOORZHG�REWDLQLQJ�WKURXJK�JRLQJ�SRUHV
RI�VPDOOHU�VL]HV�WKDQ�WKRVH�RI�WKH�SRUHV�RE�
WDLQHG�DW����&��,Q�)LJ����SRUHV�DW�WKH�FURVV
VHFWLRQV�DQG�VXUIDFHV�RI�ILOPV�HWFKHG�LQ�WKH
VDPH� HWFKDQW� DUH� JLYHQ�� ,W� LV� VHHQ� WKDW� LQ
WKH�VDPSOH�WUHDWHG�ZLWK�'0)�WKURXJK�SRUHV
ZHUH� IRUPHG� �)LJ���D��� ,Q� WKH� VDPSOH� WKDW
ZDV� QRW� WUHDWHG� ZLWK� '0)� WKH� XQWUHDWHG
DUHD�UHPDLQV�LQ�WKH�PLGGOH�RI�WKH�FURVV�VHF�
WLRQ��)LJ���E���,W�LV�VHHQ�WKDW�SRUH�GLDPHWHUV
DUH� ODUJHU� LQ� WKH� VDPSOH� WUHDWHG� DFFRUGLQJ
WR�WKH�ILUVW�PHWKRG�RI�VHQVLWL]DWLRQ��$OO�WKH
SRUHV� DUH� URXQG� LQ� VKDSH�� 7KHLU� GLDPHWHUV
DUH����r����QP�LQ�WKH�FDVH�RI�WKH�ILUVW�VHQ�
VLWL]DWLRQ�PRGH� DQG� ���r����QP� LQ� WKH� VHF�
RQG��+RZHYHU��WKH�SRUHV�LQ�WKH�VDPSOH�WKDW
ZDV� QRW� WUHDWHG� LQ� '0)� DUH� QRW� WKURXJK
�)LJ���E��

,W�ZDV�IRXQG�WKDW�LQ���1�HWFKDQW�WKH�UDWH
RI� HWFKLQJ� WKURXJK�JRLQJ� SRUHV� LV� PXFK
ODUJHU� WKDQ� LQ� ���� 1� HWFKDQW�� ,Q� WKH� ILOPV
WUHDWHG� DFFRUGLQJ� WR� WKH� ILUVW� VHQVLWL]DWLRQ
PRGH� WKURXJK� SRUHV� ��r���QP� LQ� GLDPHWHU
DUH�HWFKHG�IRU����PLQXWHV�DW����&��:LWKRXW
'0)� WUHDWPHQW� WKURXJK� SRUHV� DUH� IRUPHG
RQO\� DIWHU� HWFKLQJ� IRU� ��� PLQXWHV�� ,Q� )LJ�
��È�� E�� SRUHV� DW� WKH� FURVV� VHFWLRQV� DQG� VXU�
IDFHV� RI� WKH� ILOPV� WUHDWHG� DFFRUGLQJ� WR� WKH
ILUVW� VHQVLWL]DWLRQ� PRGH� DQG� HWFKHG� IRU� ��
PLQXWHV� �È��DQG����PLQXWHV� �E��DW����&�DUH
VKRZQ�� 7KH� DYHUDJH� SRUH� GLDPHWHU� LQ� WKHVH
ILOPV� DSSHDUHG� WR� EH� ��� QP� �)LJ���D�� DQG
����QP��)LJ���E���,W�LV�FOHDUO\�VHHQ�WKDW�WKH
SRUHV� KDYH� D� UHJXODU� URXQG� VKDSH� DQG� WKH
VDPH�GLDPHWHU�WKURXJK�WKH�WRWDO�EXON�RI�WKH
ILOP�� ,W� LV� VHHQ� WKDW�ZLWK� WKH� VDPH� HWFKLQJ

GXUDWLRQ�SRUHV�DUH�DOPRVW� WZLFH�DV� ODUJH� LQ
WKH�FDVH�RI�HWFKLQJ�DW����&��7DEOH�����

/HW�XV�FRPSDUH�RXU�GDWD�RQ�HWFKLQJ�RI�$U
LRQ� WUDFNV� ZLWK� WKH� GDWD� RQ� HWFKLQJ� WUDFNV
RI� KHDYLHU� LRQV� >�@�� ,Q� >�@� 3(7� ILOPV� ZHUH
LUUDGLDWHG�ZLWK�GLIIHUHQW�KHDY\� LRQV��DQG� LQ�
IRUPDWLRQ�DERXW�SRUH�GLDPHWHUV�ZHUH�REWDLQHG
E\� PHDVXULQJ� HOHFWULF� FRQGXFWDQFH� RI� WKH
VDPSOHV� LQ� WKH� FRXUVH� RI� HWFKLQJ� LQ� ���� 1
VROXWLRQ�RI�1D2+�DW����&��$XWKRUV�REVHUYHG
WKUHH�VWDJHV�RI�HWFKLQJ��7KH�ILUVW�VWDJH�FRU�
UHVSRQGV� WR� HWFKLQJ� WKH� WUDFN� FRUH��$W� WKLV
VWDJH� WKH� WUDFN� FRUH���Ü���QP� LQ�GLDPHWHU
LV� HWFKHG� WKURXJK�� 7KH� KLJKO\� GDPDJHG
WUDFN� FRUH� PDQLIHVWV� LWVHOI� RQ� WKH� HWFKLQJ
FXUYH�DV�D�VKDUS�LQFUHDVH�LQ�WKH�SRUH�GLDPH�
WHU��7KH�VHFRQG�VWDJH�FRUUHVSRQGV�WR�HWFKLQJ
WKH� WUDFN� KDOR� Û� DUHD� VXUURXQGLQJ� WKH
WUDFN� FRUH�� ,Q� WKH� WUDFN� KDOR� WKH� HWFKLQJ
SURFHHGV�DW�D�UDWH�WKDW�VORZO\� LQFUHDVHV�DS�
SURDFKLQJ� D� FRQVWDQW� YDOXH� DW� ODUJH� UDGLL�
7KHQ� WKH� WKLUG� VWDJH� EHJLQV� WKDW� FRUUH�
VSRQGV� WR� HWFKLQJ� XQGDPDJHG� SRO\PHU
ZKHUH� WKH� UDGLDO� HWFK� UDWH� LV� D� FRQVWDQW
YDOXH�� 7KLV� YDOXH� LV� KLJKHU� WKDQ� WKH� HWFK
UDWH�RI�KDOR�EXW�ORZHU�WKDQ�WKH�HFWKLQJ�UDWH
RI�WUDFN�FRUH�

7KH�SRUH�GLDPHWHU�DV�D�IXQFWLRQ�RI�HWFK�
LQJ� WLPH� DQG� WHPSHUDWXUH� IRU� RXU� GDWD� LV
VKRZQ�LQ�)LJ����È��E���,W�LV�VHHQ�WKDW�DW����&
SRUH� GLDPHWHUV� JURZ� OLQHDUO\� ZLWK� HWFKLQJ
GXUDWLRQ�LQ�ERWK�HWFKDQWV��$W�WKLV�WHPSHUD�
WXUH� WKH� HWFKLQJ� SURFHVV� UXQV� VORZO\�� 7KH
SRUHV�EHFRPH�WKURXJK�ZKHQ�WKHLU�GLDPHWHUV
DUH�PXFK�ODUJHU�WKDQ�WKH�KDOR�GLDPHWHU��'H�
YLDWLRQ�IURP�OLQHDULW\�LV�REVHUYHG�DW����&�LQ
WKH� UHJLRQ�RI� VPDOO� GLDPHWHUV�� ,W� VKRXOG�EH
QRWHG�WKDW�WKLV�GHYLDWLRQ�LV�GLIIHUHQW�IRU����
1�DQG���1�HWFKDQWV��7KLV�GHYLDWLRQ�LV�HVSH�

)LJ����'HSHQGHQFHV�RI� WKH�SRUH�GLDPHWHUV�RQ�WKH�VHQVLWL]DWLRQ�PRGH��GXUDWLRQ�DQG�WHPSHUDWXUH�RI
HWFKLQJ�LQ�����1�VROXWLRQ�RI�1D2+��D��DQG���1�VROXWLRQ�RI�1D2+��E���:KLWH�GRWV�FRUUHVSRQGV�WR�QRW
WKURXJK�SRUHV����Ü�����&��89��'0)����Ü�����&��89����Ü�����&��89��'0)����Ü�����&��89�
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FLDOO\� FOHDUO\� VHHQ� IRU� VDPSOHV� WUHDWHG� DF�
FRUGLQJ� WR� WKH� ILUVW� VHQVLWL]DWLRQ� PRGH�� ,Q
WKH�FDVH�RI�����1�HWFKDQW��WKH�SRUH�GLDPHWHU
VORZO\� LQFUHDVHV� DW� WKH� LQLWLDO� VWDJH�� &RQ�
VWDQW�HWFK�UDWH�ZRXOG�EH�UHDFKHG�RQO\�DIWHU
SRUH� GLDPHWHUV� EHFRPH� t���� QP�� ,Q� WKH
FRXUVH� RI� HWFKLQJ� LQ� �� 1� HWFKDQW� WKH� SRUH
GLDPHWHU�JURZV�TXLFNO\�ZLWK�HWFKLQJ�GXUDWLRQ
DQG�FRQVWDQW�UDWH�ZRXOG�EH�UHDFKHG�DIWHU�WKH
SRUH�GLDPHWHU�LV�t����QP��6HYHUDO�IDFWRUV�FDQ
SRVVLEO\� FDXVH� WKH� GLIIHUHQW� EHKDYLRU� RI� WKH
HWFKLQJ� FXUYHV� DW� ���&� LQ� ���� 1� Ò� �� 1
HWFKDQWV�� %HKDYLRU� RI� WKH� FXUYHV� PD\� GH�
SHQG�RQ�GLIIHUHQW�UDWHV�RI�WKH�IUHVK�HWFKDQW
VXSSO\�LQ�WKH�FDVH�RI�HWFKLQJ�LQ�VROXWLRQV�RI
GLIIHUHQW� FRQFHQWUDWLRQV��:H� GLG� QRW� FDUU\
RXW�WKHVH�VWXGLHV��7KH�SRUH�VL]HV�VKRXOG�DOVR
GHSHQG� RQ� WKH� UHODWLRQ� RI� WKH� FRUH� HWFKLQJ
UDWH�� DUHD� RI� KDOR� DQG� XQ�LUUDGLDWHG� ILOP
DUHDV� LQ�WKH�HWFKDQW�RI�GLIIHUHQW�FRQFHQWUD�
WLRQV�� 3RVVLEO\� LQ� WKH� ���� 1� HWFKDQW� WKH
VWDJH�RI�VORZ�HWFKLQJ�FRUUHVSRQGV�WR�HWFKLQJ
WKH�KDOR�UHJLRQV�LQ�WKH�$U�LRQ�WUDFNV��:H�GR
QRW�REVHUYH�WKH�ILUVW�IDVW�VWDJH�RI�HWFKLQJ�DV
LW�ZDV�REVHUYHG�LQ�>�@��,W�PD\�EH�DVVRFLDWHG
ZLWK� WKH� IDFW� WKDW� WKH� UDGLDWLRQ� GDPDJH� LQ
WKH�$U� WUDFN� FRUH� LV�PXFK� OHVV� WKDQ� LQ� WKH
FRUH�RI�KHDY\�LRQ�WUDFN��%HVLGHV�WKDW��WKH�$U
LRQ�FRUH�WUDFN�GLDPHWHU�LV�YHU\�VPDOO��DERXW
��QP� >�@��3RUHV�RI�VXFK�VPDOO�GLDPHWHU�DUH
QRW� WKURXJK�JRLQJ�� ,I� WKH� KDOR� GLDPHWHU� LV
PXFK� ODUJHU� WKDQ� WKH� FRUH� GLDPHWHU� LW� LV
SRVVLEOH� WR� REVHUYH� FKDQJLQJ� RI� WKH� UDGLDO
HWFK� UDWH� DVVRFLDWHG� ZLWK� HWFKLQJ� WKH� KDOR
DUHD��$V�ZHOO�DV�LQ�>�@��LQ�WKH�KDOR�DUHD�WKH
UDGLDO� UDWH� VORZO\� LQFUHDVHV� DSSURDFKLQJ� D
FRQVWDQW� YDOXH� LQ� WKH� XQGDPDJHG� DUHD
DURXQG� WKH�KDOR�� ,Q���1�HWFKDQW�ZH�GR�QRW
REVHUYH�WKH�VWDJH�RI�VORZ�ULVH�RI�SRUH�GLDPH�

WHU�� 7KH� SRVVLEOH� UHDVRQ� RI� WKLV� GLIIHUHQFH
PD\� EH� DVVRFLDWHG� ZLWK� WKH� IDFW� WKDW� �� 1
HWFKDQW�LV�PXFK�PRUH�DJJUHVVLYH�WKDQ�����1
HWFKDQW�� +LJK� UDGLDO� DQG� OLQHDU� UDWHV� RI
HWFKLQJ�OHDGV�WR�WKH�IDFW�WKDW�ERWK�WKH�WUDFN
FRUH� DQG� WKH� KDOR� ZHUH� HWFKHG� RII� FRP�
SOHWHO\�DW�WKH�LQLWLDO�VWDJH�RI�HWFKLQJ��$IWHU
WKDW� WKH�HWFKLQJ�SURFHVV�UXQV�DW�D� FRQVWDQW
UDWH��)URP� WKH� GHSHQGHQFHV�JLYHQ� LQ�)LJ���
ZH�FDQ�FRQFOXGH�WKDW�WKH�GLDPHWHU�RI�WKH�$U
LRQ�WUDFNV�KDOR�LV�UDWKHU�ODUJH��1HYHUWKHOHVV
ZH�DUH�QRW�DFTXDLQWHG�ZLWK�WKH�ZRUNV�ZKHUH
SURSDJDWLRQ�RI�WKH�UDGLDWLRQ�LQGXFLQJ�FURVV�
OLQNLQJ� RI� SRO\PHU�PROHFXOHV� DW� LUUDGLDWLRQ
E\� $U� LRQV� LV� VWXGLHG�� ,Q� WKH� FDVH� RI� WKH
KHDYLHVW�LRQV�WKH�WUDFN�KDOR�ZDV�GHWHFWHG�DW
D�UDGLDO�GLVWDQFH�DV�ORQJ�DV�����QP�

.QRZLQJ� WKH� EUHDNWKURXJK� WLPH� DQG� GL�
DPHWHUV�RI�WKH�SRUHV�HWFKHG�GXULQJ�WKLV�SH�
ULRG��ZH�FDQ�HVWLPDWH�UDGLDO�DQG�OLQHDU�UDWHV
RI� SRUH� HWFKLQJ�� 7KH� OLQHDU� HWFK� UDWH� ZDV
GHWHUPLQHG� DV� K��W�� ZKHUH� K� LV� WKH� ILOP
WKLFNQHVV� DQG� W� LV� WKH� EUHDNWKURXJK� WLPH�
7KH� UDGLDO� HWFKLQJ� UDWH� ZDV� GHWHUPLQHG� DV
WKH� UDWLR� RI� WKH� PLQLPDO� UDGLXV� RI� D
WKURXJK�JRLQJ� SRUH� WR� WKH� EUHDNWKURXJK
WLPH�� ,W� VKRXOG� EH� QRWHG� WKDW� VXFK� HVWLPD�
WLRQ�RI�WKH�UDGLDO�HWFKLQJ�UDWH�LV�PDGH�ZLWK�
RXW�DFFRXQW�RI� WKH�IDFW� WKDW� UDGLDO� UDWHV�RI
WKH� WUDFN� FRUH� DQG� WKH� KDOR� PD\� EH� UDWKHU
GLIIHUHQW��2XU�HVWLPDWLRQV�JLYH� WKH�DYHUDJH
UDGLDO� UDWH� RI� WKH� IRUPDWLRQ� WKURXJK� SRUHV
RI�WKH�PLQLPDO�GLDPHWHU��'DWD�RQ�WKH�EUHDN�
WKURXJK� WLPH�� UDGLDO� DQG� OLQHDU� UDWHV� RI
SRUH� HWFKLQJ� IRU� ERWK�PHWKRGV� RI� VHQVLWL]D�
WLRQ�DUH�VXPPDUL]HG�LQ�7DEOH����,Q�WKH�ULJKW
FROXPQV� RI� 7DEOH� �� WKH� UDWLR� RI� WKH� OLQHDU
UDWH� WR� WKH�UDGLDO� UDWH�DUH�JLYHQ�� ,W� LV� VHHQ
WKDW� WKLV� UDWLR� LV�PXFK� ODUJHU� IRU� WKH� ILUVW

7DEOH���� %UHDFNWKURXJK� WLPH� �W��� WKH� OLQHDU� �QO�� DQG� UDGLDO� �QU�� HWFKLQJ� UDWHV� RI� WKH� SRUHV� LQVROXWLRQV�RI�1D2+�GHSHQGLQJ�RQ�HWFKLQJ�WHPSHUDWXUH��7��DQG�VHQVLWL]DWLRQ�PRGH��
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VHQVLWL]DWLRQ� PRGH�� +LJK� OLQHDU� UDWH� RI
WUDFN�HWFKLQJ�DW�WKH�ILUVW�VHQVLWL]DWLRQ�PRGH
HQDEOHV� REWDLQLQJ� QDUURZ� WKURXJK�JRLQJ
SRUHV�

,Q�FRQFOXVLRQ��WUHDWLQJ�3(7�ILOPV�ZLWK�GL�
PHWK\OIRUPDPLGH� LQFUHDVHV� ERWK� OLQHDU� DQG
UDGLDO� UDWHV� RI� $U� LRQ� WUDFN� HWFKLQJ�� EXW
JURZWK� LQ� OLQHDU� HWFK� UDWH� DSSHDUHG� WR� EH
KLJKHU� WKDQ� WKH� UDGLDO� RQH�� 7KLV� DOORZV� RE�
WDLQLQJ�WUDFN�HWFKHG�PHPEUDQHV�ZLWK�SRUH�GL�
DPHWHUV� UDQJLQJ� IURP� ��� QP� WR� VHYHUDO� PL�
FURPHWHUV�

,Q� WKH� ���� 1� HWFKDQW� LQFUHDVH� LQ� SRUH
GLDPHWHUV�UXQV�VORZO\�WKDW�DOORZV�REWDLQLQJ
PHPEUDQHV�ZLWK�SRUHV�ZKLFK�GLDPHWHUV�GLI�
IHU� E\� D� VPDOO� YDOXH� RI� DERXW� ��� QP� �VHH
7DEOH����� /RZ� UDGLDO� UDWH� RI� HWFKLQJ� SUR�
YLGHV�D�SRVVLELOLW\�WR�REVHUYH�WKH�KDOR�LQ�WKH
$U� LRQ� WUDFN� VWUXFWXUH�� 7KH�PDLQ� GUDZEDFN
RI� XVLQJ� ���� 1� HWFKDQW� LV� WKH� SURORQJHG
WLPH�RI�HWFKLQJ�WKURXJK�JRLQJ�SRUHV��

:LWK� HWFKLQJ� LQ� �� 1� HWFKDQW� WKH� SRUH
GHSWK� DQG�GLDPHWHU�JURZ�TXLFNO\��+LJK� UD�
GLDO� DQG� OLQHDU� HWFK� UDWHV� DOORZ� RQH� WR� RE�
WDLQ�PHPEUDQHV�ZLWK� GLIIHUHQW� SRUH� GLDPH�
WHUV� GXULQJ� UHODWLYHO\� VKRUW� HWFKLQJ� SURFH�
GXUH��

$FNQRZOHGJPHQW��7KLV� UHVHDUFK�ZDV�VXS�
SRUWHG�E\�SURMHFW�6&78�1R������
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