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PL[WXUHV�VKRZ�WKDW�&2��PROHFXOHV�LQWHUDFW�PRUH�VWURQJO\�ZLWK�PHWK\O�JURXS�WKDQ�PHWK\OHQH�JURXS�RI�&�+�2+

DQG�&+�&+�&+�2+�GXH�WR�WKH�VWHULF�HIIHFWV�RI�WKH�DOFRKRO�PROHFXOHV�

.H\ZRUGV �0RQWH�&DUOR�VLPXODWLRQ��&DUERQ�GLR[LGH��$OFRKRO�

,QWURGXFWLRQ

7KHUH� KDV� EHHQ� PXFK� SURJUHVV� LQ� WKH� GHYHORSPHQW� RI

0RQWH� &DUOR� VLPXODWLRQV�� )UDQNHO�� HW� DO�� GHYHORSHG� WKH

FRQILJXUDWLRQDO� ELDV�0RQWH�&DUOR� �&%0&��PHWKRG� IRU� WKH

VLPXODWLRQ� RI� FKDLQ� PROHFXOHV� LQ� GHQVH� V\VWHPV�� ,Q� WKLV

VLPXODWLRQ�� WKH� HQWLUH�PROHFXOH� GRVH� QRW�PRYH� DW� UDQGRP�

EXW�WKH�FKDLQ�PROHFXOH�LV�JURZQ�VHJPHQW�E\�VHJPHQW�LQ�VXFK

D�ZD\�WKDW�UHJLRQV�RI�IDYRUDEOH�HQHUJ\�DUH�IRXQG��3DEOR��HW

DO�� SURSRVHG� WKH� FRQWLQXXP� FRQILJXUDWLRQDO� ELDV� �&&%�

0RQWH�&DUOR�PHWKRG��ZKLFK�LV�VLPLODU�WR�WKH�&%0&�PHWKRG�

7KHVH�PHWKRGV�KDYH�LPSURYHG�WKH�HIILFLHQF\�RI�VLPXODWLRQV

FRPSDUHG�ZLWK�FRQYHQWLRQDO�0RQWH�&DUOR�VLPXODWLRQV��7KH

*LEEV�HQVHPEOH�0RQWH�&DUOR��*(0&��VLPXODWLRQ��HQDEOHV

XV� WR� FDOFXODWH� WKH� SKDVH� HTXLOLEULXP� RI� SXUH� FRPSRQHQWV

DQG� PL[WXUHV�� DQG� LV� PRUH� FRQYHQLHQW� WKDQ� WKH� LQGLUHFW

PHWKRG� LQYROYLQJ� FRPSXWDWLRQV� RI� FKHPLFDO� SRWHQWLDO�

%HFDXVH�WKH�SUREDELOLW\�RI�WKH�VXFFHVVIXO�LQVHUWLRQ�RI�D�FKDLQ

PROHFXOH� LQWR� D� KLJK� GHQVLW\� V\VWHP� LQ� VLPXODWLRQ� LV� YHU\

ORZ�� D� FRPELQDWLRQ� RI� WKH� *(0&� VLPXODWLRQ� ZLWK� WKH

&%0&�PHWKRG� KDV� EHHQ� XVHG� UHFHQWO\�� )RU� H[DPSOH� WKLV

PHWKRG� DSSOLHG� WR� FDOFXODWH� WKH� SKDVH� HTXLOLEULXP� RI

Q�DONDQHV���EUDQFKHG�DONDQHV���DONDQROV���Q�DONDQHV�PL[WXUH��

&2��SHUIOXRURDONDQH� PL[WXUH��� DQG� PHWKDQHWKLRO�&�+�

PL[WXUH���+RZHYHU��WKH�VXFFHVVIXO�LQVHUWLRQ�RI�D�PROHFXOH�LV

GLIILFXOW� IRU� ODUJHU�PROHFXOHV� VXFK� DV� KHDY\�K\GURFDUERQV�

HYHQ�LI�WKH�&%0&�PHWKRG�DUH�XVHG��6HYHUDO�WHFKQLTXHV�KDYH

EHHQ� UHSRUWHG� LQ� RUGHU� WR� LQFUHDVH� WKH� SUREDELOLW\� RI� WKH

VXFFHVVIXO� LQVHUWLRQ�� )RU� H[DPSOH�� &DPS� DQG� $OOHQ ��

LQWURGXFHG�WKH�SVHXGR�*LEEV�HQVHPEOH�WHFKQLTXH�ZKLFK�QR

ORQJHU� HPSOR\V� PROHFXOH� WUDQVIHU� PRYHV�� LQVWHDG�� WKH

YROXPHV�RI� WKH� WZR� VLPXODWLRQ�ER[HV� DUH� DOWHUHG� WR�PLPLF

PROHFXOH�WUDQVIHU�

&2�� LV� QRQWR[LF�� QRQIODPPDEOH�� UHODWLYHO\� LQH[SHQVLYH�

DQG� LWV� FULWLFDO� WHPSHUDWXUH� LV� ORZ�� 6XSHUFULWLFDO� &2 �� KDV

EHHQ� XVHG� DV� DQ� H[WUDFWLRQ� VROYHQW� LQ� PDQ\� LQGXVWULHV�

6HYHUDO�DFWXDO�RU�FRPPHUFLDO�DSSOLFDWLRQV���LQFOXGH�H[WUDFWLRQ

RI�IUDJUDQFHV�DQG�IODYRUV�IURP�OLTXLGV��GHRGRUL]DWLRQ�RI�RLOV�

H[WUDFWLRQ� RI� RLO� VHHGV�� IUDFWLRQDWLRQ� RI� KLJKO\� XQVDWXUDWHG

PHWK\O�HVWHUV�GHULYHG�IURP�ILVK�RLO�WULJO\FHULGHV��VHSDUDWLRQ

RI� RUJDQLF� PDWHULDOV� IURP� ZDWHU�� GHFDIIHLQDWLRQ� RI� JUHHQ

FRIIHH��UHPRYDO�RI�FKROHVWHURO�IURP�EXWWHU��UHPRYDO�RI�FRFRD

EXWWHU�IURP�FRFRD�EHDQV��DQG�H[WUDFWLRQ�RI�KRSV��VSLFHV��DQG

QLFRWLQH� IURP� UDZ� PDWHULDOV�� 7KH� H[WUDFWLRQ� HIILFLHQF\� RI

VXSHUFULWLFDO� &2�� FDQ� EH� LPSURYHG� ZLWK� WKH� DGGLWLRQ� RI

FRVROYHQWV�

,Q� WKLV� VWXG\� WKH� *(0&� PHWKRGV� ZHUH� SHUIRUPHG� WR

FDOFXODWH� WKH� YDSRU�OLTXLG� FRH[LVWHQFH� SURSHUWLHV� IRU� &2 �

PL[WXUHV� ZLWK� &+�2+�� &�+�2+�� DQG� &+�&+�&+�2+�� ,Q

WKH�IROORZLQJ�VHFWLRQV�WKH�GHWDLOV�RI�WKH�PROHFXODU�PRGHO�DQG

WKH� VLPXODWLRQ� PHWKRG� DUH� GHVFULEHG�� 7KHUHDIWHU�� WKH

VLPXODWLRQ�UHVXOWV�DUH�SUHVHQWHG�DQG�GLVFXVVHG�

0ROHFXODU�0RGHO�DQG�6LPXODWLRQ�0HWKRG

7KH�&2��PROHFXOH
���ZDV�DVVXPHG�WR�EH�FRPSRVHG�RI�WZR

VLWHV�FRQQHFWHG�E\�D�ULJLG�OHQJWK�RI�������QP�IRU�WKH�UHDVRQV

RI� VLPSOLFLW\�� )RU� WKH� DOFRKRO� PROHFXOHV�� &+�� DQG� &+�

JURXSV�ZHUH�FRQVLGHUHG�DV�VLQJOH�LQWHUDFWLRQ�VLWHV��DQG�ERQG

OHQJWKV� DQG� ERQG� DQJOHV� ZHUH� IL[HG� LQ� VLPXODWLRQV�� 7KH

JHRPHWU\� RI� WKH� DOFRKRO� PROHFXOHV����� ZHUH� DGRSWHG� DV

IROORZV��U �+�2�� ��������QP��U �2�&�� �������QP��U �&�&�
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���R�� 7KH� LQWHUDFWLRQ� EHWZHHQ� PROHFXOH� N� DQG� O� ZDV
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σLM� �����σL���σM�� ���

εLM� ���−δLM���εLεM����� ���

ZKHUH�εL�DQG�σL�DUH�WKH�/-�SDUDPHWHUV�IRU�VLWH�L��DQG�δLM�LV�WKH�LQWHU�

VLWH�LQWHUDFWLRQ�SDUDPHWHU�ZKLFK�PRGLILHV�WKH�ZHOO�GHSWK�IRU�WKH

LQWHUDFWLRQ� RI� XQOLNH� VLWHV�� 7KH� /-� SDUDPHWHUV� DQG� WKH� SDUWLDO

FKDUJHV� RI� VLWHV� RQ� WKH� DOFRKRO�PROHFXOHV� DUH� VXPPDUL]HG� LQ

7DEOH����)RU�HDFK�VLWH�RI�&2���WKH�YDOXH�σ  �������QP�ZDV�WDN�

HQ�IURP�WKH��&/-�PRGHO����DQG�WKH�YDOXH���RI�ε �N�IRU�&2��ZDV

DVVXPHG�WR�EH���������.��7KH�SRWHQWLDO�EHWZHHQ�&2��PROHFXOHV

FDOFXODWHG�ZLWK�WKHVH�YDOXHV�RI�ε�DQG�σ�LQFOXGHV�WKH�FRQWULEXWLRQ
RI�SRWHQWLDO�DULVLQJ�IURP�WKH�TXDGUXSROH�TXDGUXSROH�LQWHUDFWLRQ

EHWZHHQ�&2��PROHFXOHV�

,Q�DGGLWLRQ�WR�/-�DQG�&RXORPELF�LQWHUDFWLRQ��WKH�WRUVLRQDO

HQHUJ\�RI�PROHFXOH�ZLWK�PRUH�WKDQ�WKUHH�VLWHV�ZDV�WDNHQ�LQWR

DFFRXQW�DV�LQ�WKH�IROORZLQJ�HTXDWLRQ�

XW��φ�� �����9�������FRVφ��������9����−FRV�φ��
������9�������FRV�φ�� ���

ZKHUH� φ� LV� WKH� GLKHGUDO� DQJOH� DQG� XW�φ�� LV� WKH� WRUVLRQDO
HQHUJ\��7KH�)RXULHU�FRHIILFLHQWV�9L�DUH�OLVWHG�LQ�7DEOH���

6LPXODWLRQ�0HWKRG��7KH�*(0&��DQG�WKH�&%0&�PHWKRG��

ZHUH�FDUULHG�RXW�XVLQJ�FRQYHQWLRQDO�SURFHGXUHV�LQ�SULQFLSOH�

$OO�VLPXODWLRQV�ZHUH�SHUIRUPHG�IRU�D�WRWDO�RI�����PROHFXOHV

LQ� WKH� WZR� FXELF� VLPXODWLRQ� ER[HV� ,� DQG� ,,�� DQG� WKUHH

GLPHQVLRQDO� SHULRGLF� ERXQGDU\� FRQGLWLRQV�ZHUH� XVHG�� 7KH

W\SHV�RI�0RQWH�&DUOR�PRYHV�ZHUH�DV�IROORZV���D��PROHFXOH

WUDQVODWLRQ���E��PROHFXOH�URWDWLRQ���F��&%0&�FRQIRUPDWLRQDO

FKDQJH���G��YROXPH�UHDUUDQJHPHQW�LQ�WKH�137�HQVHPEOH��DQG

�H��PROHFXOH�WUDQVIHU��0RYH��D����E���DQG��G��ZHUH�FDUULHG�RXW

E\�PHDQV�RI�WKH�SURFHGXUHV�LQ�UHI������

,Q�PRYH��F���D�DOFRKRO�PROHFXOH�ZDV�VHOHFWHG�DW�UDQGRP�

DQG� ZKHWKHU� WR� UHJURZ� WRZDUG� WKH� KHDG� RU� WKH� WDLO� ZDV

FKRVHQ� UDQGRPO\��7KHQ� WKH� DOFRKRO�PROHFXOH�ZDV� FXW� DW� D

UDQGRPO\� VHOHFWHG� VHJPHQW�� DQG� UHJURZLQJ� EHJDQ� DW� WKH

UDQGRPO\� VHOHFWHG� VHJPHQW�� 7KH� QXPEHU� RI� WULDO� RULHQWD�

WLRQV� ZDV� IL[HG� DW� ��� 0RYH� �F�� ZDV� DFFHSWHG� ZLWK� WKH

SUREDELOLW\��

3F� �PLQ� ���

ZKHUH�:R�DQG�:Q�DUH�WKH�5RVHQEOXWK�IDFWRUV�RI�ROG�DQG�QHZ

FRQILJXUDWLRQ��UHVSHFWLYHO\��,Q�PRYH��H���LW�ZDV�ILUVW�GHFLGHG

DW�UDQGRP�WR�FKRRVH�ER[�,�RU�,,�IRU�WULDO�FUHDWLRQ��7KHQ�WKH

W\SH� RI�PROHFXOH� WR� EH� WUDQVIHUUHG�ZDV� FKRVHQ� DW� UDQGRP�

)RU� D� WUDQVIHU� RI�&2��PROHFXOH� IURP� ER[� ,,� WR� ,�� WKH� WULDO

PRYH�ZDV�DFFHSWHG�ZLWK�D�SUREDELOLW\�JLYHQ�E\�

3W���� �

PLQ� ���

ZKHUH�∆(,�LV�WKH�HQHUJ\�FKDQJH�IRU�WKH�WULDO�PRYH�LQ�ER[�,��9,

LV�WKH�YROXPH�RI�ER[�,�� �LV�WKH�QXPEHU�RI�&2��PROHFXOHV

LQ�ER[�,��DQG�β�LV���N7��+HUH�N�LV�%ROW]PDQQ�FRQVWDQW��DQG�7
LV�WHPSHUDWXUH��)RU�D�WUDQVIHU�RI�DOFRKRO�PROHFXOH�IURP�ER[

,,�WR�,��WKH�WULDO�PRYH�ZDV�DFFHSWHG�ZLWK�D�SUREDELOLW\�JLYHQ

E\����

�3W���� �PLQ� ���

ZKHUH� � LV� WKH�QXPEHU�RI� DOFRKRO�PROHFXOHV� LQ�ER[� ,�� ,I

ER[�,,�LV�FKRVHQ�IRU�WKH�FUHDWLRQ��WKH�VXSHUVFULSWV�,�DQG�,,�LQ

(T������DQG�(T������DUH�LQWHUFKDQJHG�

(DFK� FRQILJXUDWLRQ� LQ� VLPXODWLRQV� ZDV� JHQHUDWHG� E\� D

UDQGRPO\� VHOHFWHG� 0RQWH� &DUOR� PRYH�� 7KH� ILYH� W\SHV� RI

0RQWH� &DUOR�PRYHV� RFFXUUHG� ZLWK� WKH� IROORZLQJ� SUREDEL�

OLWLHV����������������������DQG�����IRU�PRYH��D����E����F��

�G��� DQG� �H��� UHVSHFWLYHO\�� )RU� PRYH� �D��� �E��� DQG� �G��� WKH

PD[LPXP�PRYH�ZDV�DGMXVWHG�WR�JLYH�DQ�DYHUDJH�DFFHSWDQFH

UDWLR�RI�����HYHU\�������FRQILJXUDWLRQV��

)RU� WKH� /-� SDUW� RI� WKH� SRWHQWLDO�� WKH� LQWHUDFWLRQV� ZHUH

WUXQFDWHG� LI� WKH� LQWHU�VLWH� GLVWDQFH� ZDV� ODUJHU� WKDQ� FXWRII

GLVWDQFH��ZKLFK�ZDV�KDOI� WKH� OHQJWK�RI� WKH� VLPXODWLRQ�ER[�

7KH� UDQJHV� RI� FXWRII� GLVWDQFH� ZHUH� ���������� QP� IRU� WKH

YDSRU� SKDVH� DQG�����������QP� IRU� WKH� OLTXLG� SKDVH� LQ� WKLV

VWXG\�� 7KH� FRUUHFWLRQV� WR� WKH� SRWHQWLDO� DULVLQJ� IURP� WUXQ�

FDWLRQV� RI� LQWHU�VLWH� LQWHUDFWLRQV�ZHUH� FDOFXODWHG� DFFRUGLQJ

WR�

(FXW� ��� ���

ZKHUH� 0� LV� WKH� QXPEHU� RI� GLIIHUHQW� FRPSRQHQWV� LQ� WKH

VROXWLRQ��9�LV�WKH�YROXPH�RI�WKH�VLPXODWLRQ�ER[��0N�DQG�0O

DUH�WKH�QXPEHU�RI�VLWHV�RQ�PROHFXOH�N�DQG�O��UHVSHFWLYHO\��7KH

UDGLDO�GLVWULEXWLRQ�IXQFWLRQV��5')V��JLM�U��DUH�WDNHQ�WR�EH��

EH\RQG�WKH�FXWRII�GLVWDQFH�UF��DQG�XLM�U��LV�WKH�/-�SRWHQWLDO�IRU

WKH� VLWH� L� DQG� M��7KH�(ZDOG� VXP� IRU�&RXORPELF� WHUPV�ZDV

FDUULHG� RXW� E\� XVLQJ� WKH� SURJUDP� FRGH��� 0'032/�� 7KH

LQLWLDO� FRQILJXUDWLRQV� ZHUH� REWDLQHG� E\� SXWWLQJ� ���� PROH�

FXOHV�RQ� D� IDFH�FHQWHUHG�FXELF� ODWWLFH� LQ� HDFK�RI� WKH� VLPX�

ODWLRQ�ER[HV��7KH�LQLWLDO�GHQVLWLHV�ZHUH�WDNHQ�DV�����J�FP��IRU

WKH� YDSRU� SKDVH� DQG� ZHUH� WDNHQ� DV� ���� J�FP�� IRU� OLTXLG

SKDVH�� 7KH� VLPXODWLRQ� UHVXOWV�ZHUH� DOPRVW� QRW� DIIHFWHG� E\
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�7RUVLRQ�D[LV� 9� 9�� 9��
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0RQWH�&DUOR�6LPXODWLRQ�IRU�9DSRU�/LTXLG�(TXLOLEULXP�RI�%LQDU\�0L[WXUHV �%XOO��.RUHDQ�&KHP��6RF��������9RO������1R�����������

WKH�LQLWLDO�GHQVLWLHV��+RZHYHU��WKH�LQLWLDO�FRPSRVLWLRQV�ZHUH

FKRVHQ� WR�EH�DSSUR[LPDWHO\� WKH�H[SHULPHQWDO�FRPSRVLWLRQV

RI�WKH�YDSRU�DQG�WKH�OLTXLG�SKDVHV�IRU�IDVW�HTXLOLEUDWLRQ�

7KH� QXPEHU� RI� FRQILJXUDWLRQV� JHQHUDWHG� LQ� HTXLOLEUDWLRQ

UXQ�ZDV��×�����DQG�WKDW�LQ�HTXLOLEULXP�UXQ�ZDV��×�����7KH
VLPXODWLRQ�UXQ�ZDV�GLYLGHG�LQWR�PDQ\�EORFNV��HDFK�RI�ZKLFK

FRQVLVWV�RI�������FRQILJXUDWLRQV��7KH�SURSHUWLHV�RI�V\VWHP

ZHUH� FDOFXODWHG� E\� DFFXPXODWLQJ� WKH� SURSHUWLHV� HYHU\� ��

FRQILJXUDWLRQV�DQG�E\�DYHUDJLQJ�WKHP��7KH�HVWLPDWHG�HUURUV

IRU� SURSHUWLHV� ZHUH� REWDLQHG� E\� FDOFXODWLQJ� WKH� VWDQGDUG

GHYLDWLRQ�RI�WKH�EORFN�DYHUDJH�SURSHUWLHV��

5HVXOWV�DQG�'LVFXVVLRQ

(VWLPDWLQJ� WKH� YDOXH� RI� δLM� LV� GLIILFXOW� EHFDXVH� WKHUPR�

G\QDPLF� SURSHUWLHV� DUH� VLJQLILFDQWO\� VHQVLWLYH� WR� WKH� LQWHU�

DFWLRQ�SRWHQWLDOV��)RU�LQWHUDFWLRQV�EHWZHHQ�&2��DQG�DOFRKRO�

WKH� YDOXHV� RI� δLM� ZHUH� VHW� DW� ������ ������� DQG� �� IRU� &2��

&+�2+�� &2��&�+�2+�� DQG� &2��&+�&+�&+�2+�� UHVSHF�

WLYHO\�

7DEOH� �� VKRZV� WKH� VLPXODWLRQ� UHVXOWV� IRU� VRPH�PL[WXUHV

DORQJ�ZLWK�WKH�H[SHULPHQWDO�RQHV��7KH�WRUVLRQDO�HQHUJLHV�RI

WKH�&�+�2+�DQG�&+�&+�&+�2+�DUH�DERXW���DQG����N-�PRO�

UHVSHFWLYHO\�� DQG� DUH� DOPRVW� LQGHSHQGHQW� RI� SUHVVXUH�

WHPSHUDWXUH��DQG�PROH�IUDFWLRQ�RI�DOFRKROV��QRW�VKRZQ�LQ�WKH

7DEOH� ���� 2Q� WKH� RWKHU� KDQG�� WR� WHVW� WKH� HIIHFWV� RI� ODUJHU
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WLYHO\��7KHVH�YDOXHV�DUH�YHU\�VLPLODU�WR�WKH�VLPXODWLRQ�UHVXOWV

RI�WKH�FRUUHVSRQGLQJ�PL[WXUH�LQ�7DEOH����LQGLFDWLQJ�WKDW�WKH

FRQILJXUDWLRQV� � × ���� DQG� � × ���� DUH� ODUJH� HQRXJK� IRU

HTXLOLEUDWLRQ�DQG�HTXLOLEULXP��UHVSHFWLYHO\�

)LJXUHV�������DQG���VKRZ�WKH�SUHVVXUH�FRPSRVLWLRQ�GLDJUDP

IRU�WKH�ELQDU\�PL[WXUHV�&2��&+�2+��&2��&�+�2+��DQG�&2��

&+�&+�&+�2+��UHVSHFWLYHO\��7KH�FDOFXODWHG�PROH�IUDFWLRQV

RI�&2��LQ�WKH�PL[WXUHV�&2��&�+�2+�DQG�&2��&+�&+�&+�2+

DJUHH�FRQVLGHUDEO\�ZHOO�ZLWK�WKH�H[SHULPHQWDO�YDOXHV�RYHU�D

ZLGH�UDQJH�RI�SUHVVXUH��+RZHYHU��WKH�PROH�IUDFWLRQV�RI�&2�

LQ�WKH�YDSRU�PL[WXUH�&2��&+�2+�GHYLDWH�FRQVLGHUDEO\�IURP

WKH� H[SHULPHQWDO� YDOXHV�� HVSHFLDOO\� DW� ORZ� SUHVVXUH�� 7KH

ODUJHVW� GHYLDWLRQ� LV� IURP� WKH� YDSRU�PL[WXUH� DW� ����.� DQG

������03D��ZKHUH�WKH�PROH�IUDFWLRQ�RI�&2��LV�DERXW�����

VPDOOHU�WKDQ�WKH�H[SHULPHQWDO�YDOXH��

7KH�H[SHULPHQWDO�GHQVLWLHV�DQG�WKH�FDOFXODWHG�GHQVLWLHV�RI

WKH� PL[WXUH� &2��&�+�2+� DW� YDSRU�OLTXLG� HTXLOLEULXP� DUH

VKRZQ�LQ�)LJXUH����7KH�VLPXODWLRQ�UHVXOWV�DJUHH�IDLUO\�ZHOO

ZLWK� WKH�H[SHULPHQWDO�RQHV��7KH�H[SHULPHQWDO�YDSRU�OLTXLG

FRH[LVWHQFH�GHQVLWLHV�RI�WKH�PL[WXUHV�&2��&+�2+�DQG�&2��

&+�&+�&+�2+� ZLWK� ZKLFK� WR� FRPSDUH� WKH� FRH[LVWHQFH

GHQVLWLHV�IURP�VLPXODWLRQ�KDYH�QRW�EHHQ�IRXQG�

5')V�DUH�LPSRUWDQW�LQ�XQGHUVWDQGLQJ�RI�WKH�VWUXFWXUHV�RI

IOXLGV��5')V�J[\�U��JLYHV�WKH�SUREDELOLW\�RI�ILQGLQJ�D�VLWH�RI

W\SH� \� DW� D� GLVWDQFH� U� IURP� D� VLWH� RI� W\SH�[�� ([SHULPHQWDO

LQIRUPDWLRQ�DERXW�5')V�FDQ�EH�REWDLQHG�E\�QHXWURQ�VFDWWHU�

LQJ� DQG� [�UD\� GLIIUDFWLRQ�� 1HYHUWKHOHVV�� GXH� WR� WKH� PDQ\

VFDWWHULQJ�FHQWHUV�LQ�EXON�OLTXLGV��WKH�RXWSXW�IURP�VFDWWHULQJ

DQG�GLIIUDFWLRQ�H[SHULPHQWV�DUH�GLIILFXOW�WR�DQDO\VH����)LJXUH

�� VKRZV� WKH� 5')V� LQ� WKH� OLTXLG�PL[WXUHV� FDOFXODWHG� IURP

0RQWH�&DUOR� VLPXODWLRQ��%HFDXVH� WKH� DQJXODU� GLVWULEXWLRQV

ZHUH� QRW� FDOFXODWHG� LQ� WKLV� VWXG\�� WKH� RULHQWDWLRQDO� LQIRU�

PDWLRQV�ZHUH�QRW�JLYHQ�LQ�WKH�5')V��,Q�)LJXUH���D��DQG���E��

WKH�ILUVW�VKDUS�SHDNV�RI�WKH�2�+�DQG�WKH�2�2�5')V�FOHDUO\

UHIOHFW� WKH� K\GURJHQ� ERQGLQJ�� 7KH� VHFRQG� SHDN� RI� 2�+

5')V�LV�GXH�WR�WKH�K\GURJHQ�ERQGLQJ�IRUPHG�LQGLUHFWO\��7KH

ILUVW� WZR� SHDNV� RI� WKH�2�+� DQG� WKH�2�2�5')V� DUH� QHDUO\

ORFDWHG�DW������DQG������QP�IRU�2�+��DQG������DQG������QP

IRU�2�2��7KH�SRVLWLRQV�RI�WKHVH�SHDNV�DUH�YHU\�VLPLODU�WR�WKH

RQHV�IRXQG�IRU�SXUH�DOFRKROV�������

7KH�FRRUGLQDWLRQ�QXPEHU��ZKLFK�LQGLFDWHV�WKH�DYHUDJH�QXPEHU

RI� WKH� ILUVW� QHLJKERXUV� IRU� D� JLYHQ� VLWH��ZDV� FDOFXODWHG� E\

)LJXUH� ��� 7KH� SUHVVXUH�FRPSRVLWLRQ� GLDJUDP� IRU� WKH� ELQDU\
PL[WXUHV�&2��&+�2+��([SHULPHQWDO�GDWD�ZHUH�WDNHQ�IURP�UHI�����

)LJXUH� ��� 7KH� SUHVVXUH�FRPSRVLWLRQ� GLDJUDP� IRU� WKH� ELQDU\
PL[WXUHV�&2��&�+�2+��([SHULPHQWDO�GDWD�ZHUH�WDNHQ�IURP�UHI�����

)LJXUH� ��� 7KH� SUHVVXUH�FRPSRVLWLRQ� GLDJUDP� IRU� WKH� ELQDU\
PL[WXUHV�&2��&+�&+�&+�2+��([SHULPHQWDO�GDWD�ZHUH�WDNHQ�IURP
UHI�����

)LJXUH����6LPXODWHG�GHQVLWLHV�RI� WKH�YDSRU�DQG� WKH� OLTXLG� IRU� WKH
PL[WXUHV�&2��&�+�2+�DW��������.��; ��: ��DQG��������.G�5��ð ��
([SHULPHQWDO�GDWD�ZHUH�WDNHQ�IURP�UHI�����
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LQWHJUDWLQJ�5')�RYHU� WKH� ILUVW�PD[LPXP� WR� WKH� ILUVW�PLQL�

PXP� SRVLWLRQ�� )RU� WKH� WKUHH� DOFRKROV� LQ� WKH� PL[WXUHV� LQ

)LJXUH���� WKH� LQWHJUDOV�RI� WKH� ILUVW�SHDNV�RI� WKH�2�+�5')V

DQG�2�2�5')V�\LHOGHG�WKH�FRRUGLQDWLRQ�QXPEHUV��&1V��RI

WKH�UDQJH�����������DQG������������UHVSHFWLYHO\��7KHVH�UHVXOWV

DUH� FRQVLVWHQW� ZLWK� WKH� RQHV� RI� SXUH� DOFRKROV������ DV� ZHOO�

7DEOH���VKRZV�WKH�2�+�DQG�2�2�&1V�IRU�WKH�OLTXLG�PL[WXUHV

&2��&+�&+�&+�2+�DW�������.�DQG�IRU�GLIIHUHQW�SUHVVXUHV�

([FHSW�WKH�PL[WXUH�DW�������03D��WKH�&1V�IRU�WZR�PL[WXUHV

DUH�VLPLODU�WR�WKH�RQHV�IRU�SXUH�OLTXLG�&+�&+�&+�2+��$QG

WKH� GLIIHUHQFHV� EHWZHHQ� WKH� &1V� IRU� WKH�PL[WXUH� DW� �����

03D�DQG�WKRVH�IRU�SXUH�OLTXLG�&+�&+�&+�2+�DUH�QRW�ODUJH�

7KHVH� SUREDEO\� UHVXOW� IURP� FOXVWHULQJ� EHWZHHQ� DOFRKRO

PROHFXOHV�DV�VKRZQ�LQ�)LJXUH����

7KH� ILUVW� SHDN� RI� &2��&2�� 5')V� LQ� WKH� PL[WXUH� &2��

&+�&+�&+�2+�LV�EURDGHU�DQG�VOLJKWO\�VKLIWHG�WR�WKH�ODUJHU�U

GLUHFWLRQ� WKDQ� WKDW� LQ� WKH� PL[WXUH� &2��&+�2+� DQG� &2��

&�+�2+�� DV� VKRZQ� LQ� )LJXUH� ��F��� 7KLV� LQGLFDWHV� WKDW� WKH

DWWUDFWLYH�LQWHUDFWLRQ�EHWZHHQ�&2��PROHFXOHV�LQ�WKH�PL[WXUH

&2��&+�&+�&+�2+� LV� ZHDNHU� WKDQ� WKDW� LQ� WKH� PL[WXUH

&2��&+�2+�DQG�&2��&�+�2+��)LJXUH���G��DQG���H��VKRZ

WKDW� WKH� ILUVW� SHDNV� RI� WKH� &2��&+�� 5')V� DUH� KLJKHU� DQG

VOLJKWO\�VKLIWHG�WR�WKH�VKRUWHU�U�GLUHFWLRQ�WKDQ�WKRVH�RI�&2��

&+��2�� 5')V� LQ� WKH� VDPH� PL[WXUHV�� ZKLFK� VXJJHVWV� WKDW

&2�� PROHFXOHV� LQWHUDFW� PRUH� VWURQJO\� ZLWK� PHWK\O� JURXS

WKDQ�PHWK\OHQH�JURXS�RI�WKH�DOFRKRO�PROHFXOHV�EHFDXVH�&2�

PROHFXOHV� DUH� VKLHOGHG� IURP� DSSURDFKLQJ� FORVH� WKH� PHWK�

\OHQH� JURXSV� E\� WKH� RWKHU� VLWHV� RQ� WKH� VDPH� DOFRKRO

PROHFXOH�

$FNQRZOHGJPHQW��7KLV�ZRUN�ZDV�VXSSRUWHG�E\�3XN\RQJ

5HVHDUFK�)XQG�LQ�������7KH�DXWKRU�DFNQRZOHGJHV�WKH�XVH�RI

WKH� ,%0� 63�� FRPSXWHU� LQ� WKH� 7RQJP\XQJ� 8QLYHUVLW\� RI

,QIRUPDWLRQ�7HFKQRORJ\�
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