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����,QWURGXFWLRQ�

,Q�JHQHUDO� WKH� VWUXFWXUDO�SKDVH�WUDQVLWLRQV LQ�D�FU\VWDOOLQH�PDWHULDO�DUH FOHDUO\�QRWLFHDEOH

ZLWK� FKDQJH� LQ� ODWWLFH� V\PPHWU\� DV� D� IXQFWLRQ� RI WHPSHUDWXUH� �7��� FRPSRVLWLRQ� �[��� RU�

SUHVVXUH��3���*HQHUDOO\� D�V\PPHWU\�HOHPHQW�RI�KLJK�V\PPHWU\�SKDVH LV�ORVW�DW�WKH�SKDVH�

WUDQVLWLRQ�WHPSHUDWXUH��7&���DQG�WUDQVIRUPHG�LQWR�D�VWUXFWXUH�KDYLQJ ORZHU V\PPHWU\� 7KH�

VWUXFWXUDO�SKDVH�WUDQVLWLRQV�LQYROYLQJ�FKDQJH�RI�VSDFH JURXS�V\PPHWU\�DUH�XELTXLWRXV�LQ�

QDWXUH�� WKHUH� DUH� NQRZQ� H[DPSOHV� RI� OHVV� FRPPRQO\� REVHUYHG� LVRVWUXFWXUDO SKDVH�

WUDQVLWLRQV�ZKLFK�SUHVHUYH�WKH�VSDFH�JURXS�V\PPHWU\ DQG�WKH�W\SH�RI�RFFXSLHG�:\FNRII�

SRVLWLRQV��6XFK�WUDQVLWLRQV PDQLIHVW�WKURXJK�VKDUS�FKDQJH�RI�VRPH�PDFURVFRSLF�SURSHUW\

RI�WKH�V\VWHP�OLNH�YROXPH��UHVLVWLYLW\��HWF� >6FRWW�������@�

7KLV� WUDQVLWLRQ� LV DFFRPSDQLHG� ZLWK� DQ� DQRPDO\� LQ� WKH� GLHOHFWULF� FRQVWDQW�� GF

FRQGXFWLYLW\��DQG�SURWRQ�UHVRQDQFH�VSHFWUD�ZLWKRXW�EUHDNLQJ WKH�LQWHUQDO�V\PPHWU\��,Q�WKH�

FDVH� RI� DQWLIHUURPDJQHWLF LQRUJDQLF� FRPSRXQGV�� WKH� GHIRUPDWLRQ� LQ� WKH� DUUDQJHPHQW RI�

PDJQHWLF�DWRPV�H[LVWLQJ�DERYH�WKH�1HHO WHPSHUDWXUH �71� LV�D�QDWXUDO�FRQVHTXHQFH�RI�WKH�

DUUDQJHPHQW� RI DGMDFHQW� PDJQHWLF� DWRPV� LQ� DQWLSDUDOOHO� VSLQ� RULHQWDWLRQ� EHORZ WKH�

WUDQVLWLRQ� WHPSHUDWXUH�� 7KLV� GHIRUPDWLRQ� LQ� WKH� FU\VWDO VWUXFWXUH� RI� DQWLIHUURPDJQHWLF�

FRPSRXQGV� RQ� SDVVLQJ� WKURXJK WKH�PDJQHWLF� WUDQVLWLRQ� WHPSHUDWXUH�ZDV� LQYHVWLJDWHG� LQ�

WKH SLRQHHULQJ�ZRUN�LQ�WKH�HDUO\�����V�E\ *UHHQZDOG�HW�DO� ������� 5HFHQWO\��LVRVWUXFWXUDO�

SKDVH�WUDQVLWLRQV RFFXUULQJ�DFURVV�DQWLIHUURPDJQHWLF�WUDQVLWLRQ�LQ�PXOWLIHUURLFV KDYH�EHHQ�

VKRZQ�WR�EH�UHVSRQVLEOH�IRU�WKH�PDJQHWRHOHFWULF FRXSOLQJ�>/HH�HW�DO����������6LQJK�HW�DO��

��������%KDWWDFKUMHH�HW�DO�������@�

:KLOH� WKHUH� KDV� EHHQ�FRQVLGHUDEOH�SURJUHVV� LQ� WKH�XQGHUVWDQGLQJ�RI� WKH�PDJQHWRHOHFWULF�

FRXSOLQJ� DQG� PDJQHWLF� VWUXFWXUH� RI� %L)H2��� WKH� VWDELOLW\� ILHOG� RI� LWV� URRP� WHPSHUDWXUH�

SKDVHV�DQG�WKH�VHTXHQFH�RI� WKH�VWUXFWXUDO�SKDVH� WUDQVLWLRQV� LW�XQGHUJRHV�DV�D� IXQFWLRQ�RI�
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WHPSHUDWXUH� FRQWLQXH� WR� UHPDLQ� FRQWURYHUVLDO� DQG� KDV� ORQJ� KLVWRU\� WRR�� DV� GLVFXVVHG� LQ�

UHVHQW� OLWHUDWXUH�>$UQROG�HW�DO����������.RUQHY�HW�DO����������3DODL�HW�DO����������+DXPRQW�

HW�DO���������6HOEDFK�HW�DO����������.RUQHY�HW�DO��������@��7KHUH�LV�XQDQLPLW\�RQ�WKH�URRP�

WHPSHUDWXUH� VWUXFWXUH� RI� Į�SKDVH� RI� %L)H2� WKDW� LV� UKRPERKHGUDOO\� GLVWRUWHG� SHUYVNLWH�

VWUXFWXUH�LQ�5�F�VSDFH�JURXS�>*OD]HU��������DQG�������@��

6HOEDFK�HW�DO���������SUHGLFDWHG�WZR�IHUURHOHFWULF�SKDVH WUDQVLWLRQV��FXELFЍUKRPERKHGUDO

5�F��RI�%L)H2� DW�71��DQG�D�FRQWLQXRXV�YROXPH�H[SDQVLRQ RFFXUV�DFURVV�WKH�VHFRQG�RUGHU�

DQWL�IHUURPDJQHWLF�WUDQVLWLRQ DW�����.�� >.RWKDL HW�DO��������@�KDYH�UHSRUWHG�XVLQJ� [�UD\�

DQG� QHXWURQ� SRZGHU� GLIIUDFWLRQ� VWXG\�%)�[37� FRPSRVLWLRQV� FORVH� WR� WKH�PRUSKRWURSLF�

SKDVH ERXQGDU\� UHYHDOV WZR� W\SH� RI VWUXFWXUDO� SKDVH� WUDQVLWLRQ� 2QH�� FRROLQJ� IURP�

FXELF!WHWUDJRQDO�7���WHWUDJRQDO�7��!WHWUDJRQDO�7��� DQG� DQRWKHU� RQH� LV� FXELF!�

7HWUDJRQDO�7���WHWUDJRQDO�7���UKRPERKHGUDO�5�F�!WHWUDJRQDO�7���UKRPERKHGUD��5�F��

,Q�SXUH�%L)H2���WKH�WHPSHUDWXUHV�FRUUHVSRQGLQJ�WR WKH�Į WR�ȕ DQG�WKH�ȕ WR�Ȗ WUDQVLWLRQV�OLH�

DERYH������.�>3DODL�HW�DO� ������@�� DW�ZKLFK�%L)H2�� LV� QR� ORQJHU�FKHPLFDOO\� VWDEOH�DQG�

WHQGV WR�GHFRPSRVH�LQWR�%L�)H�2� DQG�%L��)H2�� SKDVHV >6HOEDFK�HW�DO��������@ IROORZHG

E\�PHOWLQJ�DW�VWLOO�KLJKHU�WHPSHUDWXUHV��

>5DQMDQ HW�DO�������@�KDYH�DOVR�VKRZQ�WKDW�%)�[37���ZKLFK�H[KLELWLQJ JLDQW�WHWUDJRQDOLW\�

RI� DERXW�����GRHV�QRW�IROORZ�WKH�GLUHFW�FXELF WR� WHWUDJRQDO WUDQVLWLRQ� 7KH�FXELF�SKDVH�

WUDQVIRUPV�WR WZR�LQWHUPHGLDWH�FRH[LVWLQJ�SKDVHV OLNH��PDMRU��WHWUDJRQDO�ZLWK�VSDFH�JURXS�

3�PP�DQG��PLQRU��PRQRFOLQLF SKDVH�ZLWK�VSDFH�JURXS�3P� 7KLV� LQWHUPHGLDWH�WHWUDJRQDO�

SKDVH� JUDGXDOO\� GLVDSSHDUV DQG�PRQRFOLQLF� SKDVH��ZKLFK� LV� SVHXGRWHWUDJRQDO LQ� QDWXUH�

WUDQVIRUPV LWVHOI�WR�D�WHWUDJRQDO�SKDVH�ZLWK�JLDQW�WHWUDJRQDOLW\ XSRQ�FRROLQJ�
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,Q�WKLV�FKDSWHU��ZH�SUHVHQW�WKH�UHVXOWV�RI�D�KLJK�WHPSHUDWXUH V\QFKURWURQ�[�UD\�GLIIUDFWLRQ�

�6;5'��VWXG\�RI�GLIIHUHQW�VL]HV�RI�%)����37�

����([SHULPHQWDO�GHWDLOV

7KH GLIIHUHQW�VL]HV�RI�VDPSOHV�RI�%)����37�DUH�V\QWKHVL]HG�E\�VRO�JHO�SURFHVV��WKH�GHWDLOV�

RI�ZKLFK�KDYH�EHHQ�GHVFULEHG�LQ�FKDSWHU�,,��7KH�KLJK�WHPSHUDWXUH�6;5'�PHDVXUHPHQWV RI�

��QP����QP�DQG�EXON�VDPSOHV�RI�%)����37�ZHUH FDUULHG�RXW�DW�D�ZDYH�OHQJWK�RI��������

c LQ WKH�����WR����� .�UDQJH�DW�WKH�%/��%��EHDP�OLQH�RI�6SULQJ� ���-DSDQ�XVLQJ�D�ODUJH�

'HE\H�6FKHUUHU� FDPHUD� HTXLSSHG ZLWK� DQ� LPDJLQJ�SODWH� DV� D� WZR�GLPHQVLRQDO� GHWHFWRU��

7KH WHPSHUDWXUH� RI� WKH� VDPSOH� ZDV� YDULHG� XVLQJ� D� KRW� 1� JDV�IORZ V\VWHP� ZLWK� DQ�

DFFXUDF\�RI�s� .�

7KH� 6;5'� GDWD� ZHUH� DQDO\]HG� E\� ERWK� /HEDLO� DQG� 5LHWYHOG� WHFKQLTXHV�� XVLQJ�

)8//352)��&DUYDMDO���������SDFNDJH�

����5HVXOWV�DQG�'LVFXVVLRQ

������(YROXWLRQ�RI�WKH�6;5'�SURILOH�RI�%)���37�SRZGHU�RI�GLIIHUHQW�

VL]HV�ZLWK�WHPSHUDWXUH�

7KH�HYROXWLRQ�RI����������DQG�����SVHXGRFXELF�SHDNV�IURP�URRP�WHPSHUDWXUH�WR�����.�

ZDV�VKRZQ� LQ� ILJ�����DQG� ILJ������ IRU���QP�DQG���QP�UHVSHFWLYHO\��$V�ZH�GLVFXVVHG� LQ�

FKDSWHU� ,,,�� WKDW� %)�����37� VDPSOHV� RI� WKHVH� VL]HV� FRQWDLQV� WZR� WHWUDJRQDO� SKDVH� ZLWK�

GLIIHUHQW� WHWUDJRQDOLW\��%RWK� �����SF DQG� �����SF SHDN�DUH�GRXEOHW�DW� URRP� WHPSHUDWXUH�

IRU���QP�DQG����QP�SRZGHUV ZKLFK�SULPDULO\�VLJQDWXUH�RI�WHWUDJRQDO�SKDVH� 7KH�VSOLWWLQJ�

DUH�SHUVLVWV�XS�WR����.�IRU��� QP�SRZGHU�ZKHUHDV� IRU����QP�SRZGHU� LW� LV�XS�WR����.��

DIWHU�ZKLFK�DOO�SHDNV�EHFRPH�VLQJOHW��2Q�WKH�RWKHU�KDQG��������SHDN�ZKLFK�LV�EURDG�KXPS�

LV�VKLIWLQJ�WRZDUGV�KLJKHU�DQJOH�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��7KH�EURDGHQLQJ�RI�WKH�SHDN�

VXJJHVWV�FRH[LVWHQFH�RI�WZR�SKDVHV�ZKLFK�FRQILUPHG�E\�5HLWYHOG�UHILQHPHQW�RI�QDQR�%)�



ϭϲϭ

���37� SRZGHU� DW� URRP� WHPSHUDWXUH� DV� GLVFXVVHG� LQ� FKDSWHU�,,,�� 7KH� GLVDSSHDUDQFH� RI�

EURDGHQLQJ�ZDV�REVHUYHG� IURP� WKH� ILJXUH��DW� DURXQG ���.�DQG����.� IRU��� QP����QP�

VL]H� SRZGHU� UHVSHFWLYHO\�� 7KLV� VXJJHVWV� WKDW� WKHUH� VRPH� VWUXFWXUDO� WUDQVLWLRQ� RQ� WKDW�

SDUWLFXODU�WHPSHUDWXUH� ZKLFK�LV�PDWWHU�RI� LQYHVWLJDWLRQ��7KLV�LV�IXUWKHU�GLVFXVVHG�LQ�QH[W�

VHFWLRQ� RI� WKLV� FKDSWHU�� 7KH� ILJ����� VKRZV� WHPSHUDWXUH� GHSHQGHQW� V\QFKURWURQ� [�UD\�

GLIIUDFWLRQ�SDWWHUQ� IRU�EXON�%)����37�VDPSOH�RI� VL]H����QP��%RWK� �����SF�DQG� �����SF�

DUH�VKDUS�DQG�ZHOO�VSOLWWHG��ZKLFK�FRQILUP�WKDW�WKLV�VDPSOH�LV�PRUH�FU\VWDOOLQH�WKDW���QP�

DQG���QP����7KH�VKDUS�������SHDN�ZKLFK�VKLIWLQJ�WRZDUGV�KLJKHU��ș�ZLWK�WHPSHUDWXUH�ZDV�

GLVDSSHDUV� DW� ���.��7KH�6;5'�GDWD�ZDV� FROOHFWHG� IURP����.� WR� ����.� LQ� LQWHUYDO� RI�

���.��6R�GXH�WR� OHVV�GDWD�� LW� LV�YHU\�GLIILFXOW� WR�SUHGLFW�WKH�H[DFW� WUDQVLWLRQ�WHPSHUDWXUH��

%XW�LW�EHOLHYHV�WKDW�%KDWWDFKDUMHH�HW�DO��DOUHDG\�KDYH�GLVFXVVHG�WKH�KLJK�WHPSHUDWXUH�;5'�

RI�EXON�VDPSOH�RI�%)����37��ZKLFK�ZDV�SUHSDUHG�WKURXJK�VROLG�VWDWH�URXWH�>%KDWWDFKDUMHH�

HW�DO��������@��6LQFH�%)����37�SRZGHU�KDV�WHWUDJRQDO�VWUXFWXUH�DQG�RXU�VDPSOH�LV�FORVH�WR�

WKLV�FRPSRVLWLRQ�VR��LWV�WUDQVLWLRQ�WHPSHUDWXUH�LV�FORVH�WR�LW��6R�ZH�GLG�QRW�WDNH�VR�PXFK�

GDWD� WR� UH�HVWDEOLVK� WKH� UHVXOW�� $OWKRXJK� WKHUH� LV� VPDOO� EURDGHQLQJ� RFFXUV� DW� ���.� DQG�

���.� LQ� ������SHDN�� WKLV�PD\�EH�VRPH�SKDVH� WUDQVLWLRQ� LQ� VDPSOH�ZKLFK�PD\�GLVFXVVHG�

ODWWHU�LQ�WKLV�FKDSWHU�
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)LJ����� (YROXWLRQ�RI�6;5'�SURILOH�RI������SF������SF�DQG������SF�UHIOHFWLRQV�RI��� QP�%)�

����37�ZLWK�WHPSHUDWXUH�VKRZLQJ�VWUXFWXUDO�SKDVH�WUDQVLWLRQ�
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)LJ�� ��� (YROXWLRQ� RI� 6;5'� SURILOH� RI� �����SF������SF� DQG� �����SF� UHIOHFWLRQV� RI� ��� QP�%)�

����37�ZLWK�WHPSHUDWXUH�VKRZLQJ�VWUXFWXUDO�SKDVH�WUDQVLWLRQ�
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)LJ�� ��� (YROXWLRQ� RI� 6;5'� SURILOH� RI� �����SF������SF� DQG� �����SF� UHIOHFWLRQV� RI� EXON� %)�

����37�ZLWK�WHPSHUDWXUH�VKRZLQJ�VWUXFWXUDO�SKDVH�WUDQVLWLRQ�

������7HPSHUDWXUH�GHSHQGHQW�SURILOH�UHILQHPHQW�RI�%)����37�RI�

GLIIHUHQW�VL]HV

7KH� /H%DLO� UHILQHPHQW�ZDV� FDUULHG� RXW� IRU� DOO WKH� VDPSOHV� XVLQJ� )8//352)� SDFNDJH�

>&DUYDMDO� �����@�� ,Q� WKHVH� UHILQHPHQWV�� SVHXGR�YRLJW� IXQFWLRQ� DQG� OLQHDU� LQWHUSRODWLRQ�

IXQFWLRQ�ZHUH�XVHG�WR�GHILQH�WKH�SURILOH�VKDSH�DQG�EDFNJURXQG�UHVSHFWLYHO\� 7KH�REVHUYHG�

DQG� FDOFXODWHG� � SURILOHV� VKRZ�H[FHOOHQW� ILW� IRU� DOO WKH� VDPSOHV�� DV� FDQ� EH� VHHQ� IURP� WKH�



ϭϲϱ

GLIIHUHQFH��ERWWRP�OLQH��SURILOH�JLYHQ�LQ�ILJ�������7KLV�FRQILUPV�WKDW�VDPSOH�RI�VL]H��� QP�

KDYLQJ� FRH[LVWHQFH WZR� WHWUDJRQDO� SKDVHV� DW� URRP� WHPSHUDWXUH�� 7KH� �� QP� SRZGHUV�

FRQVLVW� WZR� WHWUDJRQDO� SKDVHV� EORZ� ���.�� ZKLFK� XSRQ� KHDWLQJ� WR� KLJKHU� WHPSHUDWXUH�

ORZHU� WHWUDJRQDO�SKDVH� EHFRPH� FXELF�SKDVH��)XUWKHU�� WKH� �����SF�SHDN� LV�PXFK�EURDGHU�

WKDQ� QHDUE\� �����SF� SHDN� DW� URRP� WHPSHUDWXUH�� 7KH� EUDGHQLQJ� RI� SHDN� GHFUHDVHV� DV�

WHPSHUDWXUH�LQFUHDVHV��7KLV�EURDGHQLQJ�LQGLFDWHV�WKH�FRH[LVWHQFH�RI�PRUH�WKDQ�RQH�SKDVH�

LQ�VDPSOH���7KH������SF�SHDN�UHPDLQ�D�VLQJOHW�DQG�WKHUH�LV�QR�HIIHFW�RI�WHPSHUDWXUH�RQ�LW��

:H�WKHUHIRUH�FRQFOXGH�WKDW�WKH�WHWUDJRQDO�SKDVH�IRU�SRZGHU�RI��� QP�WUDQVIRUPV�LQWR�WZR�

FXELF�SKDVHV�DW����.�)LJ������VKRZV WKDW�VDPSOH�RI�VL]H����QP�KDYLQJ�DOVR�FRH[LVWHQFH

WZR� WHWUDJRQDO� SKDVHV� DW� URRP� WHPSHUDWXUH��7KHVH� WZR� WHWUDJRQDO� SKDVHV�ZLWK� GLIIHUHQW�

WHWUDJRQDOLW\� SHUVLVW� EORZ� ���.�� ZKLFK� XSRQ� KHDWLQJ� WR� KLJKHU� WHPSHUDWXUH� ORZHU�

WHWUDJRQDO� SKDVH� EHFRPH� FXELF� SKDVH�� )XUWKHU�� WKH� �����SF� SHDN� LV� PXFK� EURDGHU� WKDQ�

QHDUE\� �����SF� SHDN� DW� URRP� WHPSHUDWXUH�� 7KH� EURDGHQLQJ� RI� SHDN� GHFUHDVHV� DV�

WHPSHUDWXUH� LQFUHDVHV��7KHUH� LV�QR�DQ\�HIIHFW�RQ������SF�SHDN�� LW�UHPDLQV�D�VLQJOHW�HYHQ�

DIWHU�LQFUHDVLQJ�WHPSHUDWXUH��:H�WKHUHIRUH�FRQFOXGH�WKDW�WKH�WHWUDJRQDO�SKDVH�IRU�SRZGHU�

RI� ��� QP� WUDQVIRUPV� LQWR� WZR� FXELF� SKDVHV� DW� ���.� )LJ�� ���� VKRZV WKDW� EXON� SRZGHU

KDYLQJ�VLQJOH�WHWUDJRQDO�SKDVHV�DW����.��,W�LV�DOUHDG\�GLVFXVVHG�LQ�FKDSWHU�,,,�WKDW�DW�URRP�

WHPSHUDWXUH� LW� FRQWDLQV� VLQJOH� WHWUDJRQDO� SKDVH�� 6R� WKHUH� LV� QR� DQ\� VWUXFWXUDO� SKDVH�

WUDQVLWLRQ� REVHUYH� XSWR� WKH� ���.�� $W� ���.� WKH WHWUDJRQDO� SKDVH� �7��� RI� VL]H� ���� QP

XQGHUJRHV�D ILUVW�RUGHU�LVRVWUXFWXUDO�SKDVH�WUDQVLWLRQ�WR�DQRWKHU�WHWUDJRQDO�SKDVH��7���ZLWK�

ORZHU� WHWUDJRQDOLW\ ZLWKRXW ORVLQJ� WKH� 3�PP VSDFH� JURXS� V\PPHWU\�� ZKLFK� HDUOLHU�

UHSRUWHG�E\�>%KDWWDFKDUMHH�HW�DO��������@�LQ�WKLV�W\SH�RI�V\VWHP��)RU�EXON�SRZGHU�LW�LV�YHU\�

GLIILFXOW�WR�ILQG�H[DFW�WHPSHUDWXUH�DW�ZKLFK�LW�WUDQVIRUP�LQWR�FXELF��EHFDXVH��ZH�KDYH�YHU\�

OHVV�GDWD�SRLQWV�WR�HVWLPDWH�LW��%XW�ZH�FDQ�VD\�WKDW�LW�LV�OLHV�LQ�EHWZHHQ����.�WR�����.�
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)LJ����� /H%DLO�UHILQHPHQW�SORW�RI�WKUHH�GLIIHUHQW�EHVW�SRVVLEOH�VWUXFWXUDO�PRGHOV�DW����.�����.�

DQG�����.��7KH�YHUWLFDO�WLFN�PDUNV�DERYH�WKH�GLIIHUHQFH�SURILOH�FRUUHVSRQG�WR�WKH�SRVLWLRQV�RI�WKH�

%UDJJV�UHIOHFWLRQV�
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)LJ����� /H%DLO�UHILQHPHQW SORW�RI�WKUHH�GLIIHUHQW�EHVW�SRVVLEOH�VWUXFWXUDO�PRGHOV�DW����.�����.�

DQG�����.��7KH�YHUWLFDO�WLFN�PDUNV�DERYH�WKH�GLIIHUHQFH�SURILOH�FRUUHVSRQG�WR�WKH�SRVLWLRQV�RI�WKH�

%UDJJV�UHIOHFWLRQV�



ϭϲϴ

�� �� ��

��
��
�

��
��
�

��
��
�

��
��
�

��
��
�

��
��
�

��
��
�

��
��
�

��
��
�

��
��
�

��
��
� %XON

����.

���.

���.

�T�GHJUHH�

,Q
WH
QV
LW
\�
D�
X�

3P�P

3�PP

3�PP�3�PP

)LJ����� /H%DLO�UHILQHPHQW�SORW�RI�WKUHH�GLIIHUHQW�EHVW�SRVVLEOH�VWUXFWXUDO�PRGHOV�DW����.�����.�

DQG����� .��7KH�YHUWLFDO�WLFN�PDUNV�DERYH�WKH�GLIIHUHQFH�SURILOH�FRUUHVSRQG�WR�WKH�SRVLWLRQV�RI�WKH�

%UDJJV�UHIOHFWLRQV�



ϭϲϵ

)RU�UHOLDELOLW\�RI GHWHUPLQLQJ WKH�WHWUDJRQDO�WR�FXELF�SKDVH�WUDQVLWLRQ�WHPSHUDWXUH��ZH�SORW�

IXOO�ZLGWK�KDOI�PD[LPXP��):+0��RI�WKH������SF�SHDN�DV�D�IXQFWLRQ�RI� WHPSHUDWXUH�IRU�

DOO� WKH� VL]HV� 7KH� YDOXHV� RI� ):+0� ZHUH� REWDLQHG� E\� OHDVW� VTXDUH� ILWWLQJ� RI� ������

UHIOHFWLRQ��,Q�ILJ������LQGLFDWHV�WKDW�IRU��� QP�%)����37�SRZGHU�YDOXH�RI�):+0�LQFUHDVH�

XS�WR����.�DQG�WKHQ�GHFUHDVLQJ�FRQWLQXRXVO\�XS�WR�����.��7KH�FKDQJH�LQ�VORS�LQGLFDWHV�

SKDVH�WUDQVLWLRQ� LQ�VDPSOH�DW� WKDW�SDUWLFXODU� WHPSHUDWXUH��,Q� ILUVW�SDUW�RI� ILJ������DQG� ILJ��

�����LW�LV�FOHDUO\�VKRZV�WKDW�WZR�WHWUDJRQDO�SKDVH�ZLWK�GLIIHUHQW�WHWUDJRQDOLW\�DUH�H[LVWLQJ��

,Q�VHFRQG�SDUW�RI� ILJXUH�� WKH�WHWUDJRQDO�SKDVH�ZLWK� ORZHU�WHWUDJRQDOLW\� LV�FRQYHUWLQJ� LQWR�

FXELF� SKDVH� DQG� WKLV� SKHQRPHQRQ� LV� UHSHDWLQJ� LQWR� WKLUG� SDUW� RI� ILJXUH� ZKHUH� DQRWKHU�

WHWUDJRQDO�SKDVH�LV�FRQYHUWLQJ�LQWR�FXELF�SKDVH�

��� ��� ��� ��� ����

����

����

����

����

,,,,,

�����
SF

���QP

&��&�
7��&�7

�
�7

�

7HPSHUDWXUH��.�

)
:
+
0
�G
HJ
UH
HV
�

,

)LJ����� 7KH� YDULDWLRQ� RI�):+0�RI� WKH� �����SF� UHIOHFWLRQ� RI��� QP�VL]H� RI�%)����37�SRZGHU�

ZLWK�WHPSHUDWXUH�



ϭϳϬ

��� ��� ��� ����
���

���

���

��� ,,,,,,���QP

&
��

&
�

7
��

&
�

7
��

7
�

)
:
+
0
�G
HJ
UH
HV
�

7�.�

�����
SF

)LJ����� 7KH� YDULDWLRQ� RI�):+0�RI� WKH� �����SF� UHIOHFWLRQ� RI���� QP�VL]H� RI�%)����37�SRZGHU�

ZLWK�WHPSHUDWXUH�

��� ��� ��� ����
����

����

����

����
,,,,,,

%XON

&7
�
�7

�7
�

)
:
+
0
�G
HJ
UH
HV
�

7�.�

�����
SF

)LJ����� 7KH� YDULDWLRQ� RI�):+0�RI� WKH� �����SF� UHIOHFWLRQ� RI���� QP�VL]H� RI�%)����37�SRZGHU�

ZLWK�WHPSHUDWXUH�



ϭϳϭ

2Q�WKH�RWKHU�KDQG�LQ�EXON�%)���37��WKH�):+0�RI������SF�SHDN�UHPDLQ�FRQVWDQW�LQ�WKLUG�

SDUW�RI�ILJ������7KLV�LQGLFDWHV�WKDW�WHWUDJRQDO�SKDVH�KDV�WUDQVIRUPHG�LQ�VLQJOH�FXELF�SKDVH�

DW� a� ���.�� )URP� DERYH� GLVFXVVLRQ�� LW� LV� HYLGHQW� WKDW� WUDQVLWLRQV� DUH� QHDUO\� DW� VDPH�

WHPSHUDWXUH�DV�SHU�WKH�6;5'�GDWD�

����� 9DULDWLRQ�RI�VWUXFWXUDO�SDUDPHWHU�ZLWK�VL]H

7KH�YDULDWLRQV�RI� ODWWLFH�SDUDPHWHUV�ZLWK�WHPSHUDWXUH�IRU�GLIIHUHQW�VL]HV�DUH�VKRZQ�LQ�ILJ�

����� WR� ILJ�� ������ ,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH� WHWUDJRQDOLW\� �F�D���� RI� 7� SKDVH�

GHFUHDVHV�IURP������DW�URRP�WHPSHUDWXUH�WR�������DW����.�IRU��� QP�RI�SRZGHU��

��� ��� ��� ��� ��� ����
���

���

���

&
��

&
�

7
��

&
�

7
��

7
�

/
DW
WL
FH
�S
DU
DP

HW
HU
��
�

7HPSHUDWXUH��.�

�D7�
�F7�
�D7�
�F7�

���QP

)LJ������ 7KH�YDULDWLRQ�RI�ODWWLFH�SDUDPHWHUV�RI�WHWUDJRQDO��7��DQG�7���DQG�FXELF��&��SKDVHV�ZLWK�

WHPSHUDWXUH�REWDLQHG�IURP�/H%DLO�UHILQHPHQW�RI��� QP�%)����37�SRZGHU�



ϭϳϮ

��� ��� ��� ��� ��� ����

���

���

���

���

���

&
��

&
����QP

/
DW
WL
FH
�3
DU
DP

HW
HU
V�
�
�

7HPSHUDWXUH�.�

�D7�
�F7�
�D7�
�F7�

7
��

7
�

7
��

&
�

)LJ������ 7KH�YDULDWLRQ�RI�ODWWLFH�SDUDPHWHUV�RI�WHWUDJRQDO��7��DQG�7���DQG�FXELF��&��SKDVHV�ZLWK�

WHPSHUDWXUH�REWDLQHG�IURP�/H%DLO�UHILQHPHQW�RI����QP�%)����37�SRZGHU�

��� ��� ��� ��� ����

���

���

���

���

���

/
DW
WL
FH
�S
DU
DP

HW
HU
V�
��
�

7HPSHUDWXUH��.�

�D7�
�F7�
�D7�
�F7�

7
�

7
�
�7

�
&

%XON

)LJ������ 7KH�YDULDWLRQ�RI�ODWWLFH�SDUDPHWHUV�RI�WHWUDJRQDO��7��DQG�7���DQG�FXELF��&��SKDVHV�ZLWK�

WHPSHUDWXUH�REWDLQHG�IURP�/H%DLO�UHILQHPHQW�RI�EXON�%)����37�SRZGHU�



ϭϳϯ

7KH� PDJQLWXGH� RI� WHWUDJRQDOLW\� RI� WKLV� VL]H� VWLOO� ODUJH� DV� FRPSDUHG� WR� WHWUDJRQDOLW\�

REVHUYHG� IRU�HYHQ�SXUH�3E7L2� �a�����DW�URRP�WHPSHUDWXUH��2Q�WKH�RWKHU�KDQG�� WKRXJK�

WKH� WHWUDJRQDOLW\� RI� 7� SKDVH� LV� QHDUO\� ������ DW� ���.�ZKLFK� LQFUHDVHV� WR� a� ������RQ�

FRROLQJ�GRZQ�WR����.��6LPLODU�NLQG�RI�SKHQRPHQD�LV�DOVR�REVHUYHG�IRU����QP�SRZGHU�RI�

%)����37��ZKHUH�WHWUDJRQDOLW\�GHFUHDVHV�IURP�a������DW����.�WR�a������DW����.��7KHVH�

UHVXOWV� VKRZV� WKDW� KRZ� VL]HV� DUH� DIIHFW� WKH� WHWUDJRQDOLW\� RI� SRZGHU� VDPSOHV�� 7KH� EXON�

SRZGHU� VKRZV�a������� WHWUDJRQDOLW\� DW� ���.�ZKLFK� LV�PXFK� ODUJHU� YDOXH� WKDW� RI� SXUH�

3E7L2� SRZGHU�DW�URRP�WHPSHUDWXUH�



ϭϳϰ

��� 6XPPDU\�DQG�FRQFOXVLRQV

7KH�PDLQ�FRQFOXVLRQV�RI�WKLV�FKDSWHU�PD\�VXPPDUL]H�DV�XQGHU�

��� 7KH� WHWUDJRQDO� WR� WHWUDJRQDO� SKDVH� WUDQVLWLRQ� LQ� %)����37�� L�H� DQ� LVRVWUXFWXUDO�

SKDVH�WUDQVLWLRQ�LV�REVHUYHG�E\�SUHVHUYLQJ�WKH�ERWK�VSDFH�JURXS�V\PPHWU\�

��� 7KH� IHUURHOHFWULF� WUDQVLWLRQ�WHPSHUDWXUH�GHFUHDVHV�ZLWK�VL]H� LQ�%)����37��7KH���

QP�DQG����QP�SRZGHU�VKRZV�WKHLU�IHUURHOHFWULF�WUDQVLWLRQ�DURXQG ����.�DQG����.�

UHVSHFWLYHO\��ZKLOH�IRU�WKH�EXON�SRZGHU�LW�LV�LQ�EHWZHHQ����.�WR�����.�


