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3UH�P51$ VSOLFLQJ �VSOLFHRVRPDO FDWDO\VLV� � � � � � � � � � � � � � � � � � � � � � � ��
$OWHUQDWLYH VSOLFLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
5HJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
0HFKDQLVPV RI 5%3 IXQFWLRQ LQ DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ � � � � � � � � � � � ��
7KH KHWHURJHQHRXV QXFOHDU ULERQXFOHRSURWHLQ + �+1513+� � � � � � � � � � � � � ��
$OWHUQDWLYH VSOLFLQJ LQ GLVHDVH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
5HFHSWHXU G·RULJLQH QDQWDLV �521� UHFHSWRU W\URVLQH NLQDVH � � � � � � � � � � � � � ��
'HFRGLQJ WKH UHJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ � � � � � � � � � � � � � � � � � � � � ��
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0RWLYH DQG REMHFWLYHV RI WKH SURMHFW � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

&KDSWHU �� 0DWHULDOV DQG PHWKRGV ��
([SHULPHQWDO PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
%LRLQIRUPDWLFV PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

&KDSWHU �� 5HVXOWV ��
7KH 521 PLQLJHQH FRQVWUXFW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
7KH 521 PLQLJHQH OLEUDU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
,GHQWLI\LQJ PXWDWLRQV LQ WKH 521 PLQLJHQH OLEUDU\ E\ KLJK�WKURXJKSXW '1$�VHT ��
4XDQWLI\LQJ 521 PLQLJHQH DOWHUQDWLYH VSOLFLQJ E\ 51$�VHT � � � � � � � � � � � � ��
'LVVHFWLQJ FRPSOH[ PXWDWLRQ HIIHFWV ZLWK OLQHDU UHJUHVVLRQ PRGHOOLQJ � � � � � � � ��
7KH FLV�UHJXODWRU\ ODQGVFDSH RI 521 DOWHUQDWLYH VSOLFLQJ � � � � � � � � � � � � � � ��
(YROXWLRQDU\ FRQVHUYDWLRQ RI VSOLFLQJ�HIIHFWLYH PXWDWLRQV � � � � � � � � � � � � � � ��
&RPSDULVRQV WR LQ�VLOLFR VSOLFLQJ HIIHFW DQG *�TXDGUXSOH[ SUHGLFWLRQV � � � � � � � ��
&OLQLFDO UHOHYDQFH RI 521 PXWDWLRQV LQ FDQFHU � � � � � � � � � � � � � � � � � � � � ��
,GHQWLILFDWLRQ RI WUDQV�DFWLQJ IDFWRUV PHGLDWLQJ 521 DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ ��
3RVLWLRQ�GHSHQGHQW UHJXODWLRQ RI 521 VSOLFLQJ E\ +1513+ � � � � � � � � � � � ���
6\QHUJ\ DQDO\VLV VKRZV LQWHUDFWLRQV EHWZHHQPXWDWLRQV DQG+1513+ NQRFNGRZQ���
&RRSHUDWLYH +1513+ ELQGLQJ HVWDEOLVKHV D VSOLFLQJ VZLWFK � � � � � � � � � � � � ���

&KDSWHU �� 'LVFXVVLRQ ���
3UHIDFH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
7KH ZLGHVSUHDG HYHU�H[SDQGLQJ ODQGVFDSH RI VSOLFLQJ�HIIHFWLYH PXWDWLRQV � � � � ���
0DQ\ WUDQV�DFWLQJ IDFWRUV UHJXODWH 521 VSOLFLQJ � � � � � � � � � � � � � � � � � � � ���
&RRSHUDWLYH UHJXODWLRQ LQ 521 VSOLFLQJ LV PHGLDWHG E\ +1513+ � � � � � � � � � ���
3UH�P51$ VWUXFWXUDO FRQWH[W DIIHFWV 521 VSOLFLQJ UHJXODWLRQ � � � � � � � � � � � ���
&OLQLFDO DQG SK\VLRORJLFDO FRQVHTXHQFHV RI VSOLFLQJ�HIIHFWLYH PXWDWLRQV � � � � � � ���
6LJQLILFDQFH RI LQWURQLF DQG V\QRQ\PRXV PXWDWLRQV LQ GLVHDVH � � � � � � � � � � � ���
7HFKQLFDO OLPLWDWLRQV RI RWKHU VWXGLHV � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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/LVW RI )LJXUHV

)LJXUH 1XPEHU 3DJH

��� 7KH VSOLFHRVRPH PHGLDWHV DOWHUQDWLYH VSOLFLQJ LQ D PXOWL�VWHS F\FOH� � � � � � ��
��� $OWHUQDWLYH VSOLFLQJ DQG FDQRQLFDO LVRIRUPV� � � � � � � � � � � � � � � � � � � � ��
��� $OWHUQDWLYH VSOLFLQJ DQG QRQ�FDQRQLFDO LVRIRUPV� � � � � � � � � � � � � � � � � ��
��� 5HJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ LV DPXOWL�OD\HUHG SURFHVV LQYROYLQJ VSOLF�

LQJ HQKDQFHUV DQG VLOHQFHUV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3UH�P51$ VHFRQGDU\ VWUXFWXUHV PHGLDWH VSOLFLQJ UHJXODWLRQ� � � � � � � � � ��
��� 65 DQG +1513 SURWHLQV PHGLDWH VSOLFLQJ DFWLYDWLRQ� � � � � � � � � � � � � � ��
��� 65 DQG +1513 SURWHLQV PHGLDWH VSOLFLQJ UHSUHVVLRQ� � � � � � � � � � � � � � ��
��� 0XOWLPHULVHG +1513 SURWHLQV PHGLDWH VSOLFLQJ DFWLYDWLRQ DQG UHSUHVVLRQ� ��
��� +1513+ SURWHLQV VKRZ FRQVHUYDWLRQ RI GRPDLQV� � � � � � � � � � � � � � � � ��

��� &RYHUDJH RI UHDGV IRU SODVPLGV LQ WKH '1$�VHT OLEUDU\� � � � � � � � � � � � � ��

��� 7KH 521PLQLJHQH PRGHO IRFXVVHV RQ WKH DOWHUQDWLYH VSOLFLQJ RI H[RQ �� RI
WKH067�5 JHQH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2YHUYLHZ RI WKH+LJK�WKURXJKSXW VFUHHQLQJ DSSURDFK WR GHFRGH521 H[RQ
�� VSOLFLQJ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH ILYH FDQRQLFDO LVRIRUP W\SHV DUH FRUUHFWO\ LGHQWLILHG E\ SDLUHG�HQG
51$�VHT� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH 521 PLQLJHQH UHVHPEOHV LWV HQGRJHQRXV FRXQWHUSDUW LQ IXQFWLRQ� � � � ��
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��� 7KH OLEUDU\ FRQVLVWV RI WKRXVDQGV RI PXWDWHG 521 PLQLJHQH YDULDQWV� � � � � ��

��� '1$�VHT SULPHU VWUDWHJ\ RI ILYH RYHUODSSLQJ DPSOLFRQV HQVXUHV KLJKHU
UHDG FRYHUDJH DFURVV WKH 521 PLQLJHQH VHTXHQFH� � � � � � � � � � � � � � � � ��

��� &XVWRP ELRLQIRUPDWLFV ZRUNIORZV HQDEOH LGHQWLILFDWLRQ RI PXWDWLRQV DQG
FRUUHVSRQGLQJ VSOLFLQJ SURGXFWV IURP KLJK�WKURXJKSXW '1$�VHT DQG
51$�VHT� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0XWDWLRQV DUH GLVWULEXWHG XQLIRUPO\ DFURVV WKH 521 PLQLJHQH DQG PRVW
YDULDQWV DUH UHFRYHUHG LQ WKH WKUHH 51$�VHT UHSOLFDWHV� � � � � � � � � � � � � ��

��� +LJK�WKURXJKSXW PXWDJHQHVLV VFUHHQLQJ RI 521PLQLJHQH OLEUDU\ LQYROYHV
TXDQWLWDWLYH VSOLFLQJ RXWFRPHV� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� (IIHFWV RI PXWDWLRQV VKRZ DGGLWLYH EHKDYLRXU� � � � � � � � � � � � � � � � � � ��

���� ,VRIRUP IUHTXHQFLHV LQIHUUHG IURP OLQHDU UHJUHVVLRQ PRGHOOLQJ FRUUHODWH
ZLWK PHDVXUHG LVRIRUP IUHTXHQFLHV� � � � � � � � � � � � � � � � � � � � � � � � ��

���� /LQHDU UHJUHVVLRQ SURYLGHV DQ DFFXUDWH HVWLPDWLRQ RI VLQJOH PXWDWLRQ HI�
IHFWV FRPSDUHG WR WKH PHGLDQ LVRIRUP IUHTXHQF\ RI PLQLJHQHV FRQWDLQLQJ
WKH VDPH PXWDWLRQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 7KH UHJXODWRU\ HIIHFWV RI ���� SRLQW PXWDWLRQV RQ 521 H[RQ �� VSOLFLQJ� � � ��

���� 0XWDWLRQ HIIHFWV DW ERWK WKH VSOLFH VLWHV RI $( FRUUHODWH ZLWK VSOLFH VLWH
VWUHQJWK SUHGLFWLRQV LQ +(.���7 FHOOV� � � � � � � � � � � � � � � � � � � � � � � ��

���� 6SOLFLQJ�HIIHFWLYH SRVLWLRQV DUHPRUH FRQVHUYHG WKDQ QRQ�HIIHFWLYH SRVLWLRQV
LQ LQWURQV �0&)� FHOOV�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� %RWK V\QRQ\PRXV DQG QRQ�V\QRQ\PRXV PXWDWLRQV KDYH VLPLODU HIIHFW VL]HV� ��

���� 6SOLFLQJ�HIIHFWLYH DQG QRQ�HIIHFWLYH PXWDWLRQV VKRZ VLPLODU DOOHOLF SURSRU�
WLRQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� ,Q�VLOLFR SUHGLFWLRQV VKRZ IHZHU VWURQJ PXWDWLRQ HIIHFWV FRPSDUHG WR WKH
VFUHHQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 0XWDWLRQ HIIHFWV DUH VLPLODU EHWZHHQ 0&)� DQG +(.���7 FHOOV� � � � � � � � ��

���� 521 FDQFHU VRPDWLF PXWDWLRQV VKRZ HQULFKPHQW RI VSOLFLQJ�HIIHFWLYH PX�
WDWLRQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 521 VSOLFLQJ LQ PXWDWLRQ�EHDULQJ FDQFHU SDWLHQWV FRUUHODWHV ZLWK PXWDWLRQ
HIIHFW TXDQWLILFDWLRQV IURP WKH VFUHHQ� � � � � � � � � � � � � � � � � � � � � � � ��

���� 6SOLFLQJ DFWLYDWRUV DQG UHSUHVVRUV UHJXODWH 521 H[RQ �� VSOLFLQJ� � � � � � � ��
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���� :LGHVSUHDG HIIHFWV RI PXWDWLRQV XQGHU 5%3 .'V LQ WKH FRQWH[W RI WKH 521
PLQLJHQH OLEUDU\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 7KH V\QHUJLVWLF EHKDYLRXU RI SODVPLGV XQGHU 5%3 .'V LQ WKH FRQWH[W RI WKH
521 PLQLJHQH OLEUDU\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 521 VSOLFLQJ UHJXODWRUV LGHQWLILHG XVLQJ GDWD IURP LQ�VLOLFR ELQGLQJ VLWH SUH�
GLFWLRQV DQG WKH VFUHHQLQJ DSSURDFK� � � � � � � � � � � � � � � � � � � � � � � � ���

���� +1513+� H[SUHVVLRQ FRUUHODWHV ZLWK 521 $( 36, OHYHOV DFURVV 7&*$ WX�
PRXU VDPSOHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� +1513+ ELQGV WR ERWK H[RQV DQG LQWURQV DFURVV WKH 521 PLQLJHQH� � � � � ���
���� +1513+ L&/,3 VLJQDO LV HQULFKHG LQ IRXU RXW RI ILYH+1513+65%6 FOXVWHUV����
���� 2SSRVLQJ HIIHFWV RQ VSOLFLQJ E\ H[WHQVLRQ DQG GLVUXSWLRQ RI *�UXQ VWUHWFKHV

LQ WKH 521 PLQLJHQH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� +1513+�PHGLDWHG UHJXODWLRQ RI 521 VSOLFLQJ LV GHSHQGHQW RQ *�UXQV DW

WKH 65%6 LQ WKH 521 $(� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� +1513+�PHGLDWHG UHJXODWLRQ RI521 VSOLFLQJ LV GHSHQGHQW RQ+1513+

ELQGLQJ SRVLWLRQ DFURVV WKH 521 PLQLJHQH� � � � � � � � � � � � � � � � � � � � ���
���� 0LQLJHQH YDULDQWV LQ WKH OLEUDU\ DUH GLIIHUHQWLDOO\ DIIHFWHG E\ +1513+ .'� ���
���� 6\QHUJLVWLF LQWHUDFWLRQV EHWZHHQ PXWDWLRQV DQG +1513+ .' RYHUODS DW

+1513+ 65%6 UHJLRQV LQ WKH 521 DOWHUQDWLYH H[RQ� � � � � � � � � � � � � � ���
���� $( FOXVWHU VKRZV KLJK IXQFWLRQDO UHOHYDQFH IRU +1513+�PHGLDWHG UHJX�

ODWLRQ RI 521 VSOLFLQJ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� +1513+ L&/,3 VLJQDO UHGXFWLRQ H[WHQGV WRZDUGV QHLJKERXULQJ+1513+

ELQGLQJ VLWHV LQ GLIIHUHQW SRLQW PXWDWLRQ PLQLJHQH YDULDQWV� � � � � � � � � � � ���
���� &RRSHUDWLYH ELQGLQJ RI +1513+ DW 521 $( UHVXOWV LQ D VSOLFLQJ VZLWFK� � ���

��� ,QIRUPDWLRQ RQ WKH LQSXW DQG RXWSXW GDWD RI WKHPDWKHPDWLFDO PRGHO RQ WKH
GLIIHUHQW 51$�VHT UHSOLFDWHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6SOLFLQJ�HIIHFWLYH PXWDWLRQV DQG SRVLWLRQV SHU UHJLRQ LQ WKH 521PLQLJHQH
LQ +(.���7 FHOOV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6SOLFLQJ�HIIHFWLYH PXWDWLRQV DQG SRVLWLRQV SHU UHJLRQ LQ WKH 521PLQLJHQH
LQ 0&)� FHOOV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6\QHUJLVWLF LQWHUDFWLRQV RI PXWDWLRQV DQG SRVLWLRQV SHU UHJLRQ LQ WKH 521
PLQLJHQH LQ 0&)� FHOOV XQGHU +1513+ .'� � � � � � � � � � � � � � � � � � � ���
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��� 2OLJRQXFOHRWLGHV XVHG LQ WKLV VWXG\� � � � � � � � � � � � � � � � � � � � � � � � ���
��� 2OLJRQXFOHRWLGHV XVHG LQ WKLV VWXG\ �FRQWLQXHG�� � � � � � � � � � � � � � � � � ���
��� 2OLJRQXFOHRWLGHV XVHG LQ WKLV VWXG\ �FRQWLQXHG�� � � � � � � � � � � � � � � � � ���
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/LVW RI 7DEOHV

7DEOH 1XPEHU 3DJH

��� /LVW RI DEEUHYLDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 6LJQLILFDQW VSOLFLQJ�UHJXODWRU\ HIIHFWV DUH REVHUYHG ZLWK HTXDO IUHTXHQF\

DPRQJ V\QRQ\PRXV DQG QRQ�V\QRQ\PRXV PXWDWLRQV� � � � � � � � � � � � � � ���
��� /LVW RI WRS WHQ 5%3V ZKRVH H[SUHVVLRQ OHYHOV VKRZ VWURQJHVW DVVRFLDWLRQ

ZLWK 521 $( 36, OHYHOV LQ WXPRXU VDPSOHV IURP 7&*$� � � � � � � � � � � � ���
��� 0XWDWLRQ HIIHFWV RQ 521 H[RQ �� VSOLFLQJ LQ FDQFHU SDWLHQWV� � � � � � � � � � ���
��� +(.���7PRGHOOLQJ�H[FOXGHGPXWDWLRQV WKDW ZHUH DQQRWDWHG ZLWK PHGLDQ

LVRIRUP IUHTXHQFLHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� /LVW RI SODVPLGV FRQWDLQLQJ SRLQW PXWDWLRQV RU VPDOO LQVHUWLRQV RU GHOHWLRQV� ���
��� /LVW RI VL51$V XVHG LQ WKLV VWXG\� � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� /LVW RI DQWLERGLHV XVHG LQ WKLV VWXG\� � � � � � � � � � � � � � � � � � � � � � � � ���
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=XVDPPHQIDVVXQJ

3ULPlUH 7UDQVNULSWH RGHU SUl�P51$V �3UHFXUVRU�0HVVHQJHU�51$V� 3UH�P51$V� ZHU�

GHQ YRQ GHU '1$ DEJHVFKULHEHQ XQG HUIRUGHUQ PHKUHUH 9HUDUEHLWXQJVVFKULWWH� EHYRU

VLH %RWHQ�51$ �P51$V� RGHU ÄPDWXUH WUDQVFULSWV· JHQDQQW ZHUGHQ� ,Q (XNDU\RQWHQ

ZLUG GLH P51$ YRQ GHU 7UDQVNULSWLRQ LP .HUQ ELV ]XP ([SRUW LQ GDV =\WRSODVPD

ZHLWHUYHUDUEHLWHW XQG PRGLIL]LHUW� ZLH ]�%� GXUFK �DOWHUQDWLYHV� 6SOHL�HQ �%HQ�<LVKD\

HW DO�� ������ 6SOHL�SUR]HVVH HQWVWHKHQ LQGHP GLH 7UDQVNULSWH� GLH GLVNRQWLQXLHUOLFK LQ

QLFKW�NRGLHUHQGH ,QWURQV XQG NRGLHUHQGH ([RQV RUJDQLVLHUW VLQG� PLW GHQ 6SOHL�NRP�

SRQHQWHQ LQ UHJXODWRULVFKHQ %HUHLFKHQ LQWHUDJLHUHQ� XP GLH ,QWURQV DXV GHU SUl�P51$

]X HQWIHUQHQ� 'DV UHVXOWLHUHQGH� GXUFKJHKHQGH 7UDQVNULSW GHV *HQHV NDQQ GDQQ LQ

GLH 3URWHLQV\QWKHVH HLQJHKHQ E]Z� EHL IHKOHUKDIW SUR]HVVLHUWHQ 7UDQVNULSWHQ LQ GHVVHQ

$EEDX UHVXOWLHUHQ� $OWHUQDWLYHV 6SOHL�HQ LVW HLQ FR� RGHU SRVWWUDQVNULSWLRQHOOHU 3UR]HVV�

EHL GHP HLQ HLQ]HOQHV *HQ ]X XQWHUVFKLHGOLFKHQ 7UDQVNULSW�,VRIRUPHQ I�KUW� LQGHP

([RQV VHOHNWLY HLQJHI�JW RGHU �EHUVSUXQJHQ ZHUGHQ� 'LHVHU µ7HLOHQ�XQG�.RPELQLHUHQµ�

6FKULWW PXOWLSOL]LHUW GLH HXNDU\RWLVFKH 3URWHRP�'LYHUVLWlW XP HLQ 9LHOIDFKHV XQG LVW

DXIJUXQG VHLQHU IXQGDPHQWDOHQ $XVZLUNXQJHQ DQ HLQHU 9LHO]DKO YRQ .UDQNKHLWHQ

EHWHLOLJW �<DQJ HW DO�� ������ +LQ]X NRPPW� GDVV DOWHUQDWLYHV 6SOHL�HQ JHZHEH� XQG

HQWZLFNOXQJVVWDGLHQ�VSH]LILVFK GHWHUPLQLHUW LVW XQG GDPLW DQ ZLFKWLJHQ ELRORJLVFKHQ

3UR]HVVHQ ZLH *HZHEHKRP|RVWDVH� =HOO� XQG 2UJDQGLIIHUHQ]LHUXQJ EHWHLOLJW LVW �%DUDOOH
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HW DO�� ������ $OWHUQDWLYHV 6SOHL�HQ ZLUG LQ HLQHU PHKUVWXILJHQ 6SOHL�UHDNWLRQ PLWKLOIH

HLQHU 9LHO]DKO YRQ 3URWHLQHQ GHV 6SOHL�RVRPV HUP|JOLFKW� ZDV HLQH SUl]LVH 6WHXHUXQJ

XQG 0RGXODWLRQ HUP|JOLFKW �-RKQVRQ HW DO�� ������ 8P GLHVH SUl]LVH 6WHXHUXQJ ]X

JHZlKUOHLVWHQ� EHQ|WLJW GLH 6SOHL�PDVFKLQH ]XVlW]OLFKH WUDQV�DJLHUHQGH )DNWRUHQ RGHU

51$�%LQGHSURWHLQH �5%3�� 'LHVH 5%3V ELQGHQ DQ 51$�6HTXHQ]HOHPHQWH RGHU FLV�

UHJXODWRULVFKH (OHPHQWH LQQHUKDOE GHU SUl�P51$� VWHXHUQ GLH 6SOHL�RVRPHQDNWLYLWlW

XQG HUP|JOLFKHQ VRPLW NRQWH[WDEKlQJLJHV DOWHUQDWLYHV 6SOHL�HQ �)X HW DO�� ������ ,P

(LQ]HOQHQ ZHUGHQ FLV�UHJXODWRULVFKH (OHPHQWH LQ H[RQLVFKH RGHU LQWURQLVFKH 6SOHL�YHU�

VWlUNHU �(6(V RGHU ,6(V� VRZLH 6SOHL�KHPPHU �(66V RGHU ,66V� HLQJHWHLOW� MH QDFKGHP�

RE VLH GHQ ([RQ�(LQEDX YHUVWlUNHQ RGHU XQWHUGU�FNHQ �.RUQEOLKWW HW DO�� ������ &LV�

UHJXODWRULVFKH (OHPHQWH EHVWHKHQ DXV 51$�6HTXHQ]HQ RGHU DXV 0RWLYHQ� ZLH ]�%�

µ*�5XQVµ� GLH 6WUXNWXUHQ ZLH *�4XDGUXSOH[H DXVELOGHQ �2EHUVWUDVV HW DO�� ����� :DUI

HW DO�� ������ =XVlW]OLFK ]XU UHJXODWRULVFKHQ 5ROOH OHQNHQ WUDQV�DJLHUHQGH )DNWRUHQ GLH

6SOHL�RVRPDQRUGQXQJ �EHU ([RQV KLQZHJ� XP GLH VRJHQDQQWH ([RQ�'HILQLWLRQ ]X YHU�

PLWWHOQ �&RQWL HW DO�� ������ $XIIDOOHQG LVW� GDVV GLH UHSUHVVLYH RGHU DNWLYLHUHQGH 5ROOH

YRQ 5%3V YRQ LKUHQ MHZHLOLJHQ %LQGXQJVRUWHQ LQ GHU SUl�P51$ DEKlQJW �(UNHOHQ] HW DO��

������ 6R HUIROJW ]�%� HLQH SRVLWLRQVDEKlQJLJH 5HJXODWLRQ� HQWZHGHU DOV 5HSUHVVRU RGHU

$NWLYDWRU GHV 6SOHL�HQV� GXUFK 5%3V ZLH +1513� RGHU 65�3URWHLQH� ,Q YHUVFKLHGHQHQ

6WXGLHQ NRQQWH JH]HLJW ZHUGHQ� ZLH +1513�3URWHLQH GDV 6SOHL�HQ EHL %LQGXQJ DQ HLQ

([RQ KHPPHQ �5RWKURFN HW DO�� ����� 0DXJHU HW DO�� ������ MHGRFK 6SOHL�HQ EHL %LQGXQJ

DQ HLQ ,QWURQ DNWLYLHUHQ �+XL HW DO�� ����� ;LDR HW DO�� ������ 8PJHNHKUW ZXUGH JH]HLJW�

GDVV H[RQJHEXQGHQH 65�3URWHLQH GDV 6SOHL�HQ DNWLYLHUHQ �&DUWHJQL HW DO�� ����� 6KHQ HW

DO�� ����� XQG LQWURQJHEXQGHQH 65�3URWHLQH GDV 6SOHL�HQ XQWHUGU�FNHQ �,EUDKLP HW DO��

����� %XUDWWL HW DO�� ����� 6KHQ HW DO�� ������ =XVlW]OLFK ZHUGHQ 6SOHL�HUHLJQLVVH GXUFK

HLQ =XVDPPHQVSLHO PHKUHUHU FLV�UHJXODWRULVFKHU (OHPHQWH LQ .RPELQDWLRQ PLW LKUHQ

NRUUHVSRQGLHUHQGHQ 5%3V JHVWHXHUW �1DVULQ HW DO�� ����� 4LDQ HW DO�� ������

'LH PRGXODUH 2UJDQLVDWLRQ GLHVHU ,QWHUDNWLRQHQ GHXWHW DXI GLH ([LVWHQ] HLQHV µ6SOHL��



�

FRGHVµ KLQ� G�K� HLQHV &RGHV YRQ SUl�P51$�0HUNPDOHQ� GHU YRQ VSH]LILVFKHQ 5%3V

GHNRGLHUW ZLUG� 8PIDQJUHLFKH ELRLQIRUPDWLVFKH 6WXGLHQ HUP|JOLFKHQ LQ VLOLFR 9RUKHU�

VDJHQ �EHU GDV (UJHEQLV YRQ 6SOHL�SUR]HVVHQ� GXUFK GLH ,QWHJUDWLRQ YRQ ,QIRUPDWLRQHQ

�EHU 51$�0HUNPDOH PLW 51$�6HTXHQ]LHUXQJVGDWHQ �51$�6HT�� PLW GHP =LHO� GHQ

µ6SOHL�FRGHµ ]X HQWVFKO�VVHOQ �%DUDVK HW DO�� ����� ;LRQJ HW DO�� ������ 'LH UHVXOWLHUHQGHQ

$OJRULWKPHQ VLQG Q�W]OLFK� XP SULQ]LSLHOOH 7UHQGV ]X HUNHQQHQ XQG XP GLH (LQI�KUXQJ

YRQ 0XWDWLRQHQ LQ H[SHULPHQWHOOHQ $QDO\VHQ YRU]XVFKODJHQ� ,KUH 9RUKHUVDJHNUDIW

LVW MHGRFK JHULQJ� ZHQQ HV GDUXP JHKW� GLH )ROJHQ HLQ]HOQHU 1XNOHRWLGDXVWDXVFKH

DXI DOWHUQDWLYHV 6SOHL�HQ ]X EHZHUWHQ �6RXNDULHK HW DO�� ������ 2EZRKO HLQLJH GLHVHU

UHJXODWRULVFKHQ :HFKVHOZLUNXQJHQ EHUHLWV LP 'HWDLO EHVFKULHEHQ VLQG� IHKOW XQV HLQ

XPIDVVHQGHV 9HUVWlQGQLV GHV UHJXODWRULVFKHQ &RGHV� GHU HLQHU 6SOHL�HQWVFKHLGXQJ ]X�

JUXQGH OLHJW� 8P HLQ EHVWLPPWHV 6SOHL�HUHLJQLV LP 'HWDLO ]X XQWHUVXFKHQ� LVW DX�HUGHP

HLQH H[SHULPHQWHOOH 9DOLGLHUXQJ GHU LQ VLOLFR 9RUKHUVDJHQ HUIRUGHUOLFK� ZDV KlXILJ GLH

0XWDJHQHVH YRQ 0LQLJHQ�5HSRUWHUQ EHLQKDOWHW �&RRSHU� ������ -�QJVWH +RFKGXUFKVDW]�

VWXGLHQ WUXJHQ GD]X EHL� HLQ EHVVHUHV 9HUVWlQGQLV GHV 6SOHL�FRGHV ]X HUUHLFKHQ� LQGHP

VLH GLH 0LQLJHQH�5HSRUWHU�0XWDJHQHVH PLW +RFKGXUFKVDW]�6HTXHQ]LHUXQJ �µ'HHS 6H�

TXHQFLQJµ� NRPELQLHUWHQ� 'LHV HUP|JOLFKWH HLQH JHQDXH 9RUKHUVDJH GHV (LQIOXVVHV YRQ

6HTXHQ]YDULDQWHQ DXI GDV 6SOHL�HQ� OLHIHUWH HLQ QDKH]X YROOVWlQGLJHV 0XWDWLRQVVFUHHQLQJ

HLQHV PHQVFKOLFKHQ ([RQV XQG HUODXEWH GLH +HUOHLWXQJ DOOJHPHLQHU 6SOHL�PHFKDQLVPHQ

�5RVHQEHUJ HW DO�� ����� -XOLHQ HW DO�� ����� .H HW DO�� ������

,Q DOO GLHVHQ 6WXGLHQ EHVFKUlQNWHQ VLFK GLH 0XWDWLRQHQ MHGRFK DXI H[RQLVFKH 5HJLRQHQ

RGHU V\QWKHWLVFKH 6HTXHQ]HQ� ZlKUHQG WUDQV�DJLHUHQGH )DNWRUHQ QLFKW EHU�FNVLFKWLJW

ZXUGHQ� 'LHVH (LQVFKUlQNXQJHQ I�KUWHQ ]XU1RWZHQGLJNHLW DOWHUQDWLYHU $QVlW]H� XP GLH

5HJXOLHUXQJ GHV 6SOHL�HQV LQ PHKU 'HWDLO ]X XQWHUVXFKHQ� $OV .RQVHTXHQ] KDEHQ ZLU LQ

GLHVHP 3URMHNW HLQHQ +RFKGXUFKVDW]�6FUHHQLQJDQVDW] HWDEOLHUW� XP FLV�UHJXODWRULVFKH (O�

HPHQWH� GLH HLQH EHVWLPPWH 6SOHL�HQWVFKHLGXQJ VWHXHUQ� XPIDVVHQG ]X LGHQWLIL]LHUHQ XQG

]X FKDUDNWHULVLHUHQ� +LHU]X ZDU HV ZLFKWLJ� GDV ULFKWLJH 0LQLJHQ�5HSRUWHU�6\VWHP I�U GLH
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'XUFKI�KUXQJ GHU =XIDOOVPXWDJHQHVH DXV]XZlKOHQ� =X GLHVHP =ZHFN ZXUGH DXV GHP

JHQRPLVFKHQ /RNXV GHV 521�*HQV �5HFHSWHXU G·RULJLQH QDQWDLV� HLQ 0LQLJHQ�.RQVWUXNW

JHQHULHUW� GDV DXV GHP DOWHUQDWLY JHVSOHL�WHQ ([RQ ��� VHLQHQ YROOVWlQGLJHQ IODQNLHUHQGHQ

,QWURQV VRZLH GHQ ([RQV �� XQG �� EHVWHKW� 'LH DXVVFKODJJHEHQGHQ.ULWHULHQ I�U GLH:DKO

GHV 521 0LQLJHQ�5HSRUWHU�6\VWHPV ZDU GHU $VSHNW� GDVV HV PLW KRKHU (IIL]LHQW ULFKWLJ

JHVSOHL�W ZXUGH� GLH ([LVWHQ] IU�KHUHQ 6WXGLHQ ]X VHLQHU 5HJXODWLRQ XQG VHLQH NOLQLVFKH

5HOHYDQ] EHL GHU .UHEV�3DWKRJHQHVH� 521 LVW HLQH 5H]HSWRU�7\URVLQ�.LQDVH� GLH GXUFK

GDV 3URWR�2QNRJHQ 067�5 �DXFK DOV 521 EH]HLFKQHW� *DXGLQR HW DO�� ����� NRGLHUW

ZLUG� 8QWHU QRUPDOHQ SK\VLRORJLVFKHQ %HGLQJXQJHQ O|VW GLH $XWR�3KRVSKRU\OLHUXQJ GHU

3URWHLQ�7\URVLQ�.LQDVH�'RPlQH GLH QDFKJHVFKDOWHWH 6LJQDONDVNDGH DXV �6FKOHVVLQJHU�

������ GLH ELRORJLVFKH )XQNWLRQHQ ZLH GLH .RQWUROOH GHU ,PPXQDQWZRUW EHL (QW]�QGXQ�

JHQ XQG:XQGKHLOXQJ HUP|JOLFKW �<DR HW DO�� ����� )DKDP HW DO�� ������ 'DV hEHUVSULQJHQ

GHV DOWHUQDWLYHQ 521�([RQV �� I�KUW ]X GHU ,VRIRUP 521ӹ���� GLH EHL PHWDVWDVLHUHQGHP

.UHEV KRFKUHJXOLHUW ZLUG XQG GXUFK GLH )|UGHUXQJ GHV hEHUJDQJV YRQ HSLWKHOLDOHP

]X PHVHQFK\PDOHP *HZHEH ]XU 7XPRULQYDVLYLWlW EHLWUlJW �&ROOHVL HW DO�� ����� =KRX HW

DO�� ������ 'DU�EHU KLQDXV ZLUG 521ӹ��� KlXILJ EHL VROLGHQ 7XPRUHQ� HLQVFKOLH�OLFK

(LHUVWRFN�� %DXFKVSHLFKHOGU�VHQ�� %UXVW� XQG 'DUPNUHEV� KRFKUHJXOLHUW �*KLJQD HW DO��

����� 0D\HU HW DO�� ����� &KDNHGLV HW DO�� ������ $XV IU�KHUHQ 6WXGLHQ JLQJ KHUYRU� GDVV

GDV 6SOHL�HQ YRQ ([RQ �� ZHLWJHKHQG GXUFK WUDQV�DJLHUHQGH )DNWRUHQ ZLH +1513+

UHJXOLHUW ZLUG �/HIDYH HW DO�� ����� %RQRPL HW DO�� ������ 2EZRKO EHUHLWV HLQLJH ZHQLJH

FLV�UHJXODWRULVFKH (OHPHQWH LGHQWLIL]LHUW ZXUGHQ� GLH GHQ (LQEDX YRQ ([RQ �� UHJXOLHUHQ

�/HIDYH HW DO�� ������ JLEW HV ELVKHU NHLQH XPIDVVHQGH XQG V\VWHPDWLVFKH 6WXGLH� GLH HV

HUP|JOLFKW KlWWH� VRZRKO ]XYRU HQWGHFNWH DOV DXFK QRFK XQEHNDQQWH FLV�UHJXODWRULVFKH

(OHPHQWH ]X DQDO\VLHUHQ� 'DKHU ZXUGH GDV 3URWR�2QNRJHQ521 DOV0LQLJHQ DXVJHZlKOW�

XP HLQHQ VROFKHQ 6FUHHQLQJ�$QVDW] ]X GXUFK]XI�KUHQ�

+LHUI�U ZXUGH HLQH µPXWDJHQH 3&5µ GXUFKJHI�KUW� XP HLQH %LEOLRWKHN PLW PXWD�

JHQLVLHUWHQ9DULDQWHQGHV521�0LQLJHQ ]XJHQHULHUHQ� (LQH µSDLUHG�HQGµ+RFKGXUFKVDW]�
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'1$�6HTXHQ]LHUXQJ LGHQWLIL]LHUWH GLH UHVXOWLHUHQGHQ .RPELQDWLRQHQ YRQ 0XWDWLRQHQ

LQ GHU 0LQLJHQ�%LEOLRWKHN� +LHUDXI ZXUGH GLH %LEOLRWKHN DOV µ3RROµ LQ PHQVFKOLFKH

=HOOHQ WUDQVIL]LHUW� GLH DOWHUQDWLY JHVSOHL�WHQ ,VRIRUPHQ ZXUGHQ GXUFK µSDLUHG�HQGµ

+RFKGXUFKVDW]�51$�6HTXHQ]LHUXQJ TXDQWLIL]LHUW� :LFKWLJ ZDU GLH 9HUZHQGXQJ HLQHU

%DUFRGHVHTXHQ]� XP MHGH 0LQLJHQ�9DULDQWH ]X NHQQ]HLFKQHQ XQG HLQGHXWLJ LQ GHQ UHVXO�

WLHUHQGHQ ,VRIRUPHQ LGHQWLIL]LHUHQ ]X N|QQHQ� 'LHVHU $QVDW] HUP|JOLFKWH GLH SDDUZHLVH

=XRUGQXQJ YRQ PXWLHUWHQ 0LQLJHQYDULDQWHQ ]X GHQ HQWVSUHFKHQGHQ 6SOHL�LVRIRUPHQ�

,QVJHVDPW ZXUGHQ ����� 0LQLJHQ�9DULDQWHQ HUIDVVW� GDUXQWHU ����� PLW 0XWDWLRQHQ

XQG ��� PLW GHU :LOGW\S �ZW��6HTXHQ]� 'LH ,GHQWLILNDWLRQ GHU 0XWDWLRQHQ �µ0XWD�

WLRQ FDOOLQJµ� ]HLJWH ������ 3XQNWPXWDWLRQHQ� GLH JOHLFKPl�LJ �EHU DOOH 3RVLWLRQHQ GHU

521�0LQLJHQVHTXHQ] YHUWHLOW ZDUHQ� ZRPLW 0XWDWLRQVHUHLJQLVVH �EHU GLH JHVDPWH

/lQJH GHV 0LQLJHQV EHREDFKWHW ZXUGHQ� 8P GLH YHUVFKLHGHQHQ 6SOHL�LVRIRUPHQ GHU

0LQLJHQ�%LEOLRWKHN ]X HUIDVVHQ� ZXUGH GLH %LEOLRWKHN ]XQlFKVW DOV µ3RROµ LQ PHQVFKOLFKH

+(.���7�=HOOHQ WUDQVIL]LHUW� $QVFKOLH�HQG ZXUGHQ GLH UHVXOWLHUHQGHQ DOWHUQDWLY

JHVSOHL�WHQ 7UDQVNULSWH PLWWHOV 51$�6HTXHQ]LHUXQJ PLW HLQHU 3ULPHUNRPELQDWLRQ TXDQ�

WLIL]LHUW� GLH HLQH HLQGHXWLJH ,GHQWLIL]LHUXQJ DOOHU NDQRQLVFKHQ ,VRIRUPHQ HUP|JOLFKWH�

'LH NDQRQLVFKHQ ,VRIRUPHQ XPIDVVWHQ GHQ (LQEDX GHV DOWHUQDWLYH ([RQV �$(� �ÅH[RQ

LQFOXVLRQ´�� GHQ $(�$XVVFKOXVV �ÅH[RQ VNLSSLQJµ�� GLH YROOVWlQGLJH ,QWURQUHWHQWLRQ �,5��

VRZLH 5HWHQWLRQ GHV HUVWHQ ,QWURQV �HUVWH ,5� E]Z� GHV ]ZHLWHQ ,QWURQV �]ZHLWH ,5� XQG

PDFKWHQ ��� DOOHU 6SOHL�SURGXNWH DXV� 'LH UHVWOLFKHQ �� GHU ,VRIRUPHQ UHVXOWLHUWHQ DXV

GHU 9HUZHQGXQJ YRQ NU\SWLVFKHQ �·� XQG �·�6SOHL�VWHOOHQ� 6DQJHU�6HTXHQ]LHUXQJ XQG

57�3&5 YRQ ]XIlOOLJ DXVJHZlKOWHQ 0LQLJHQYDULDQWHQ EHVWlWLJWHQ GLH *HQDXLJNHLW GHU

0XWDWLRQVEHVWLPPXQJ XQG GHU 4XDQWLIL]LHUXQJHQ GHU 51$�6HTXHQ]LHUXQJHQ� =XVDP�

PHQIDVVHQG HUP|JOLFKWH GDV +RFKGXUFKVDW]�0XWDJHQHVH�6FUHHQLQJ GLH $QDO\VH YRQ

0XWDWLRQVHIIHNWHQ �EHU GLH JHVDPWH 6HTXHQ]OlQJH GHV 521�0LQLJHQV�

'LH UHVXOWLHUHQGHQ 0LQLJHQH�9DULDQWHQ HQWKLHOWHQ LP 'XUFKVFKQLWW ��� 0XWDWLRQHQ� 'DV

EHGHXWHW� GDVV GDV EHREDFKWHWH 6SOHL�PXVWHU HLQHU 0LQLJHQ�9DULDQWH KlXILJ GDV (UJHEQLV
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PHKUHUHU 0XWDWLRQHQ GDUVWHOOWH� :HLWHUKLQ NDQQ GLHVHOEH 0XWDWLRQ ]X XQWHUVFKLHGOLFKHQ

6SOHL�HIIHNWHQ I�KUHQ� LQ $EKlQJLJNHLW YRQ ZHLWHUHQ� LP JOHLFKHQ 0LQLJHQ DXIWUHWHQGHQ

0XWDWLRQHQ� 8P GLH (IIHNWH GHU HLQ]HOQHQ 0XWDWLRQHQ ]X HUIDVVHQ� ZXUGH HLQH OLQHDUH

5HJUHVVLRQVPRGHOOLHUXQJ DQJHZHQGHW� EHL GHU HLQ G\QDPLVFKHV 6SOHL�PRGHOO IRUPXOLHUW

ZXUGH� GDV GLH %HUHFKQXQJ GHU OLQHDUHQ 5HJUHVVLRQ DXI GHU*UXQGODJH YRQ 6SOHL�LVRIRUP�

9HUKlOWQLVVHQ HUODXEW �,VRIRUP�(QWVWHKXQJ YHUVXV ,VRIRUP�$EEDX LP 9HUKlOWQLV ]XU 5DWH

GHU $(�(LQVFKOX�LVRIRUP DOV 5HIHUHQ]�� 'LH %HWUDFKWXQJ GHU 9HUKlOWQLVVH GHU ,VRIRUPHQ

DQVWHOOH GHU DEVROXWHQ )UHTXHQ]HQ EHL GHU OLQHDUHQ 5HJUHVVLRQ EHU�FNVLFKWLJWH GLH 1LFKW�

OLQHDULWlW YRQ 0XWDWLRQVHIIHNWHQ� 8QWHU GHU $QQDKPH� GDVV 0XWDWLRQVHIIHNWH DGGLWLY

VLQG� EHUHFKQHWH GLH OLQHDUH 5HJUHVVLRQ HLQ]HOQH 0XWDWLRQVHIIHNWH �ÅORJ�IROG FKDQJHVµ

UHODWLY ]XP :LOGW\S� DXV GHU 6XPPH PHKUHUHU 0XWDWLRQVHIIHNWH LQ HLQHP 0LQLJHQ� 8P

GDV 5HJUHVVLRQVPRGHOO ]X YDOLGLHUHQ� ZXUGHQ KLHUDXV DEJHOHLWHWH (LQ]HOPXWDWLRQVHIIHNWH

PLW 57�3&5�DEJHOHLWHWHQ 6SOHL�PHVVXQJHQ YRQ QHX HUVWHOOWHQ 0LQLJHQHQ PLW (LQ]HOPX�

WDWLRQHQ YHUJOLFKHQ� =XP 9HUJOHLFK PLW GHU 0RGHOOLHUXQJ ZXUGH ]XVlW]OLFK GLH PLWWOHUH

,VRIRUP�)UHTXHQ] �EHU DOOH 0LQLJHQYDULDQWHQ� GLH HLQH EHVWLPPWH 0XWDWLRQ DXIZLHVHQ�

DOV YHUHLQIDFKWHU $QVDW] ]XU $EVFKlW]XQJ HLQ]HOQHU 0XWDWLRQVHIIHNWH EHUHFKQHW� 'LHVH

PHGLDQEDVLHUWH 6FKlW]XQJ ZXUGH MHGRFK GXUFK GLH YRQ GHU OLQHDUHQ 5HJUHVVLRQ DEJHOHLW�

HWHQ (LQ]HOPXWDWLRQVHIIHNWH �EHUWURIIHQ� ,QVEHVRQGHUH EHL 0XWDWLRQHQ� GLH PLW QLHGULJHU

)UHTXHQ] LQ GHU %LEOLRWKHN DXIWUDWHQ� G�K� LP )DOOH� GDVV QXU ZHQLJH 0LQLJHQYDULDQWHQ

HLQH EHVWLPPWH 0XWDWLRQ WHLOWHQ� NRQQWHQ GLHVH 0XWDWLRQHQ GHQ 0HGLDQ OHLFKW YRP

WDWVlFKOLFKHQ (LQ]HOPXWDWLRQVHIIHNW YHUVFKLHEHQ� =XVDPPHQIDVVHQG HUP|JOLFKWH GLH

9HUZHQGXQJ HLQHV OLQHDUHQ 5HJUHVVLRQVPRGHOOV XQWHU GHU $QQDKPH DGGLWLYHU 0XWDWLRQ�

VHIIHNWH GLH JHQDXH $EVFKlW]XQJ GHU (IIHNWH HLQ]HOQHU 0XWDWLRQHQ DXV GHQ JHPHVVHQHQ�

NRPELQLHUWHQ 0XWDWLRQVHIIHNWHQ GHU FD� ����� 0XWDWLRQHQ DXI GLH I�QI NDQRQLVFKHQ

,VRIRUPHQ� ,QQHUKDOE DOOHU 0XWDWLRQHQ ZXUGH GDV 6SOHL�HQ YRQPLQGHVWHQV HLQHU ,VRIRUP

GXUFK ��� 0XWDWLRQHQ VLJQLILNDQW YHUlQGHUW� ZHOFKH DOV VSOHL�ZLUNVDPH 0XWDWLRQHQ

EH]HLFKQHW ZXUGHQ �6LJQLILNDQ] GHILQLHUW GXUFK � �� bQGHUXQJ GHU ,VRIRUP�)UHTXHQ]

EHL �� )DOVFKHUNHQQXQJVUDWH� )'5�� 'LH K|FKVWH 'LFKWH DQ VSOHL�ZLUNVDPHQ 3RVLWLRQHQ�
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G�K� 3RVLWLRQHQ PLW PLQGHVWHQV HLQHU VSOHL�ZLUNVDPHQ 0XWDWLRQ� ZXUGH LP DOWHUQDWLYHQ

([RQ JHIXQGHQ� %HPHUNHQVZHUW ZDU� GDVV ��� DOOHU 3RVLWLRQHQ LQQHUKDOE GHV521�([RQV

�� ���� YRQ ��� 1XNOHRWLGHQ� VSOHL�ZLUNVDP ZDUHQ� 'HQQRFK HQWKLHOWHQ DXFK GLH YRU�

XQG QDFKJHODJHUWHQ ,QWURQV ��� E]Z� ��� VSOHL�ZLUNVDPH 3RVLWLRQHQ� XQG HEHQVR

ZDUHQ HWZD GLH +lOIWH GHU 3RVLWLRQHQ LQ GHQ IODQNLHUHQGHQ NRQVWLWXWLYHQ ([RQV DQ GHU

6SOHL�UHJXODWLRQ EHWHLOLJW� 'LHV ]HLJWH� GDVV GHU XQWHUVXFKWH 6HTXHQ]EHUHLFK GLFKW PLW

6SOHL�UHJXODWLRQVUHJLRQHQ EHVHW]W ZDU XQG GDVV 6SOHL�UHJXODWLRQ QLFKW QXU YRQ GHQ

1XNOHRWLGHQ LQQHUKDOE GHV DOWHUQDWLYHQ ([RQV NRQWUROOLHUW ZLUG� VRQGHUQ DXFK YRQ GHQ

EHQDFKEDUWHQ ,QWURQV XQG NRQVWLWXWLYHQ ([RQV� ,QVEHVRQGHUH GDV KlXILJH $XIWUHWHQ YRQ

6SOHL�SRVLWLRQHQ LQ ([RQV XQWHUVWUHLFKW GLH GRSSHOWH 5ROOH GHU 3URWHLQNRGLHUXQJV� XQG

6SOHL�UHJXOLHUXQJVIXQNWLRQ�

:LH ZLU ]HLJWHQ� VLQG VSOHL�ZLUNVDPH 0XWDWLRQHQ HYROXWLRQlU VRZRKO LQ ([RQV DOV

DXFK LQ ,QWURQV NRQVHUYLHUW� ,Q ,QWURQV XQWHUVFKHLGHQ VLFK VSOHL�ZLUNVDPH 3RVLWLRQHQ

GXUFK HLQH K|KHUH HYROXWLRQlUH .RQVHUYLHUXQJ YRQ VROFKHQ 3RVLWLRQHQ� GLH GDV 6SOHL�HQ

QLFKW EHHLQIOXVVHQ� ZDV GHQ HYROXWLRQlUHQ 6HOHNWLRQVGUXFN ]XU $XIUHFKWHUKDOWXQJ GHU

VSOHL�ZLUNVDPHQ 3RVLWLRQHQ EHOHJW �;LQJ HW DO�� ������ ,P *HJHQVDW] GD]X ZXUGH NHLQH

JU|�HUH .RQVHUYLHUXQJ GHU VSOHL�ZLUNVDPHQ 3RVLWLRQHQ LQ ([RQV IHVWJHVWHOOW� ZDV GDUDXI

KLQGHXWHW� GDVV GHU GXUFK GLH 6SOHL�IXQNWLRQ HLQHV 1XNOHRWLGV HU]HXJWH 6HOHNWLRQVGUXFN

GXUFK SURWHLQNRGLHUHQGH (LQVFKUlQNXQJHQ DX�HU .UDIW JHVHW]W ZLUG� 'HU 9HUJOHLFK

PLW GHQ 0XWDWLRQVZLUNXQJVYRUKHUVDJHQ GHU LQ VLOLFR $SSOLNDWLRQ 63,'(; �63$15�

;LRQJ HW DO�� ����� ]HLJWH� GDVV GLH 0XWDWLRQVHIIHNWH PLW $XVQDKPH ZHQLJHU VWDUNHU

VSOHL�ZLUNVDPHU 0XWDWLRQHQ GXUFK XQVHUHQ 6FUHHQLQJ�$QVDW] JHQDXHU EHVWLPPW ZXU�

GHQ� 8P ]X WHVWHQ� LQZLHZHLW V\QRQ\PH 0XWDWLRQHQ DQ GHU 6SOHL�UHJXODWLRQ EHWHLOLJW

VLQG� ZXUGHQ GLH (IIHNWH YRQ V\QRQ\PHQ XQG QLFKW�V\QRQ\PHQ 0XWDWLRQHQ YHUJOLFKHQ�

,Q hEHUHLQVWLPPXQJ PLW IU�KHUHQ (UJHEQLVVHQ I�U )$6�&'���([RQ � �-XOLHQ HW DO�� �����

YHUPLWWHOQ V\QRQ\PH 0XWDWLRQHQ LQ GHQ 521�([RQV ��� �� XQG �� HLQH 6SOHL�UHJXODWLRQ

PLW lKQOLFKHQ (IIHNWJU|�HQ ZLH QLFKWV\QRQ\PH 0XWDWLRQHQ� 'DU�EHU KLQDXV YHUlQGHUQ
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GLH ��� V\QRQ\PHQ VSOHL�ZLUNVDPHQ 0XWDWLRQHQ QLFKW GLH 521�3URWHLQVHTXHQ]� VRQ�

GHUQ WUDJHQ ]X SDWKRJHQHQ $XVZLUNXQJHQ GXUFK HLQH 9HUlQGHUXQJ YRQ 3URWHLQPHQJH

XQG �IXQNWLRQ GXUFK DOWHUQDWLYHV 6SOHL�HQ EHL �;LQJ HW DO�� ����� 6KDEDOLQD HW DO�� ������

=XVDPPHQIDVVHQG OlVVW VLFK VDJHQ� GDVV GDV DOWHUQDWLYH 6SOHL�HQ YRQ521�([RQ �� GXUFK

]DKOUHLFKH ,QWURQ� XQG ([RQ�3RVLWLRQHQ UHJXOLHUW ZLUG XQG GDVV GLH %HGHXWXQJ GLHVHU

UHJXODWRULVFKHQ 3RVLWLRQHQ LQQHUKDOE YRQ ,QWURQV GXUFK LKUH HYROXWLRQlUH .RQVHUYLHUXQJ

ZLGHUJHVSLHJHOW ZLUG� 'DU�EHU KLQDXV NRQQWHQ ZLU ]HLJHQ� GDVV GLH VSOHL�ZLUNVDPHQ

0XWDWLRQHQ KlXILJ PLW V\QRQ\PHQ 0XWDWLRQHQ ]XVDPPHQILHOHQ� 'D GLHVH 0XWDWLRQHQ

GLH 6HTXHQ] GHV NRGLHUWHQ 3URWHLQV QLFKW YHUlQGHUQ� N|QQWHQ VLH IlOVFKOLFKHUZHLVH DOV

QLFKW�SDWKRJHQ LQWHUSUHWLHUW ZHUGHQ� ZlKUHQG VLH WDWVlFKOLFK GLH 3URWHLQIXQNWLRQ GXUFK

DOWHUQDWLYHV 6SOHL�HQ EHHLQWUlFKWLJHQ N|QQHQ�

:HLWHUKLQ NRUUHOLHUWHQ GLH DXV GHP 6FUHHQLQJ�$QVDW] TXDQWLIL]LHUWHQ 0XWDWLRQVHIIHNWH

PLW GHP DOWHUQDWLYHQ 521�6SOHL�HQ EHL .UHEVSDWLHQWHQ� 'D 521 HLQ 3URWR�2QNRJHQ

LVW XQG GDV hEHUVSULQJHQ YRQ ([RQ �� I�U GLH .UHEVSDWKRSK\VLRORJLH UHOHYDQW LVW� ZXU�

GHQ 0XWDWLRQVHIIHNWH LQ GHU QLFKW�LQYDVLYHQ PHQVFKOLFKHQ %UXVWNUHEV�=HOOOLQLH 0&)�

TXDQWLIL]LHUW� 'LH NOLQLVFKH 5HOHYDQ] GHU 0XWDWLRQHQ ZXUGH DQVFKOLH�HQG GXUFK GLH

$QDO\VH YRQ .UHEVSDWLHQWHQGDWHQ EHZHUWHW� =XQlFKVW ZXUGH GLH 'DWHQEDQN µ&DW�

DORJXH RI 6RPDWLF 0XWDWLRQV LQ &DQFHUµ �&260,&� DXI 0XWDWLRQHQ LQQHUKDOE GHU

521�0LQLJHQUHJLRQ XQWHUVXFKW� &260,& HQWKlOW PDQXHOO DQQRWLHUWH� VRPDWLVFKH

0XWDWLRQHQ DXV EHJXWDFKWHWHQ 3XEOLNDWLRQHQ XQG 'DWHQEDQNHQ� 'LH 5HJLRQ GHV 521�

0LQLJHQHV HQWKLHOW �� &260,&�(LQWUlJH� YRQ GHQHQ �� PLW VSOHL�ZLUNVDPHQ 0XWDWLRQHQ

]XVDPPHQILHOHQ� 6LHEHQ GLHVHU 0XWDWLRQHQ ZDUHQ V\QRQ\PH 0XWDWLRQHQ� ZDV GD�

UDXI KLQGHXWHW� GDVV LKUH 5ROOH EHL .UHEV DXV LKUHQ $XVZLUNXQJHQ DXI GLH DOWHUQDWLYH

6SOHL�UHJXODWLRQ XQG QLFKW DXV LKUHU 3URWHLQNRGLHUXQJVIXQNWLRQ UHVXOWLHUHQ N|QQWH�

8P GLH 5ROOH YRQ 0XWDWLRQHQ� GLH GDV 521�6SOHL�HQ EHL .UHEV EHHLQIOXVVHQ� ZHLWHU ]X

XQWHUVXFKHQ� ZXUGHQ DOV QlFKVWHV 3DWLHQWHQGDWHQ DXV GHP µ7KH &DQFHU *HQRPH $WODVµ

�7&*$� DQDO\VLHUW� 'LH VWlUNVWHQ 0XWDWLRQVHIIHNWH ZXUGHQ GXUFK GLH 0XWDWLRQHQ *���7
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XQG *���$� JHIXQGHQ EHL HLQHP 3DWLHQWHQ PLW .RSI�+DOV�3ODWWHQ]HOONDU]LQRP E]Z�

6FKLOGGU�VHQNDU]LQRP� YHUXUVDFKW� %HLGH 0XWDWLRQHQ I�KUWHQ ]X HLQHP HUK|KWHQ *UDG

DQ $(�$XVVFKO�VVHQ� HQWZHGHU DXIJUXQG GHU 6W|UXQJ GHU �·�6SOHL�VWHOOH GHV $( �*���$�

RGHU GXUFK bQGHUXQJ HLQHU SXWDWLYHQ %LQGXQJVVWHOOH LP 521�([RQ �� �*���7�� 'D HV

VLFK EHL *���$ XP HLQH 0XWDWLRQ GHU 6SOHL�VWHOOH KDQGHOW� KlWWH LKU VWDUNHU (LQIOXVV DXI

GHQ HUK|KWHQ $(�$XVVFKOXVV EHUHLWV RKQH GLH ,QIRUPDWLRQHQ DXV GHU 0XWDJHQHVHDQDO\VH

DEJHVFKlW]W ZHUGHQ N|QQHQ� ,P *HJHQVDW] GD]X LVW GLH 0XWDWLRQ *���7 HLQH QLFKWV\Q�

RQ\PH 0XWDWLRQ� GLH DXI $PLQRVlXUHHEHQH HLQ YRU]HLWLJHV 6WRSSFRGRQ �ÅSUHPDWXUH

VWRS FRGRQµ� 37&� LP DOWHUQDWLYHQ ([RQ HLQI�KUW� )�U 37&�KDOWLJH P51$V ZXUGH ]XYRU

JH]HLJW� GDVV VLH GXUFK µQRQVHQVH�PHGLDWHG P51$ GHFD\µ DEJHEDXW ZHUGHQ �1LFKRO�

VRQ HW DO�� ������ 8QVHUH $UEHLW ]HLJWH MHGRFK� GDVV GHU $(�$XVVFKOXVV DXIJUXQG GHU

0XWDWLRQ HUK|KW LVW XQG VRPLW GDV DOWHUQDWLYH ([RQ QLFKW LQ GHU UHLIHQ P51$ HQWKDOWHQ

LVW� 'LHV NHKUW GLH SK\VLRORJLVFKHQ )ROJHQ GLHVHU 0XWDWLRQ XP� 6WDWW HLQHV ZHQLJHU

IXQNWLRQHOOHQ 5H]HSWRUV ZHLVHQ GLH =HOOHQ HLQHQ HUK|KWHQ 521ӹ��� 3HJHO DXI� ZDV

]XYRU DOV 8UVDFKH I�U HLQH NRQVWLWXWLYHQ 5H]HSWRUDNWLYLHUXQJ JH]HLJW ZXUGH �&ROOHVL HW

DO�� ����� =KRX HW DO�� ������ =XVDPPHQJHQRPPHQ HUP|JOLFKW GDV 0XWDJHQHVH�6FUHHQLQJ

GLH %HZHUWXQJ GHU SDWKRSK\VLRORJLVFKHQ 5HOHYDQ] YRQ .UHEVPXWDWLRQHQ XQG GHXWHW

GDUDXI KLQ� GDVV GLH $XVZLUNXQJHQ YRQ QLFKWV\QRQ\PHQ0XWDWLRQHQ EHL .UHEV QLFKW QXU

GXUFK $PLQRVlXUHYHUlQGHUXQJHQ� VRQGHUQ DXFK GXUFK 6SOHL�YHUlQGHUXQJHQ HQWVWHKHQ

N|QQHQ�

8P GDV 6HW YRQ WUDQV�UHJXOLHUHQGHU )DNWRUHQ� GLH SRWHQ]LHOO DQ GHU 521�6SOHL�UHJXODWLRQ

EHWHLOLJW VLQG� P|JOLFKVW YROOVWlQGLJ ]X HUIDVVHQ� ZXUGH GLH µ$7W5$&7µ�'DWHQEDQN I�U

LQ VLOLFR %LQGHVWHOOHQYRUKHUVDJHQ DXI GLH 6HTXHQ] GHV521�0LQLJHQV DQJHZDQGW �*LXGLFH

HW DO�� ������ 8P GLH (UJHEQLVVH GHV YRUKHULJHQ 6FUHHQV QXW]HQ ]X N|QQHQ XQG VLFK DXI

3RVLWLRQHQ ]X NRQ]HQWULHUHQ� GLH DNWLY DQ GHU 6SOHL�UHJXODWLRQ EHWHLOLJW VLQG� ZXUGHQ5%3�

0RWLY�9RUKHUVDJHQ DXI GDV 9RUKDQGHQVHLQ YRQ PLQGHVWHQV ��� VSOHL�ZLUNVDPHQ 3RVL�

WLRQHQ JHILOWHUW �VRJHQDQQWH VSOHL�UHJXODWRULVFKH %LQGHVWHOOHQ� 65%6�� 'LHVH $QDO\VH HU�



��

JDE �� PXWPD�OLFKH 5HJXODWRUHQ GHV 521�6SOHL�HQV XQG EHVWlWLJWH ]XYRU YHU|IIHQWOLFKWH

%LQGHVWHOOHQ YRQ +1513+ XQG 656)� �*KLJQD HW DO�� ����� /HIDYH HW DO�� ������ )�U GLH

$XVZDKO GHU .DQGLGDWHQ�5%3V ZXUGH DXI HLQH YHU|IIHQWOLFKWH 5%3�Å.QRFNGRZQµ �.'��

6WXGLH ]XU�FNJHJULIIHQ �3DSDVDLNDV HW DO�� ������ LQ GHU GLH .'�(IIHNWH YRQ FD� ��� 5%3V

DXI YHUVFKLHGHQH 6SOHL�HUHLJQLVVH JHPHVVHQ ZXUGHQ� GDUXQWHU DXFK DXI GDV 521�([RQ

��� JHPHVVHQ LQ +H/D�=HOOHQ� (LQH $XVZDKO YRQ SXWDWLYHQ 5HJXODWRUHQ DXV GLHVHU 6WXGLH

HUIROJWH DQKDQG VWDUNHU XQG LQ 5HSOLNDWHQ NRQVLVWHQW DXIWUHWHQGHQ $XVZLUNXQJHQ DXI

GDV 521�6SOHL�HQ� ,QVJHVDPW ZXUGH GLH GXUFK .' LQGX]LHUWHQ 6SOHL�YHUlQGHUXQJHQ

YRQ �� DXVJHZlKOWHQ 5%3V ]ZLVFKHQ HQGRJHQHPXQG521�0LQLJHQ�6SOHL�HQ YHUJOLFKHQ�

XQG HUIROJUHLFKH .'V ZXUGHQ GXUFK GLH 57�T3&5 $QDO\VH EHVWlWLJW� 8P QHXH 5HJXOD�

WRUHQ GHV 521�6SOHL�HQV ]X LGHQWLIL]LHUHQ� GLH LQ GHP YRUKHUJHKHQGHQ 5%3�.'�6FUHHQ

QLFKW EHU�FNVLFKWLJW ZXUGHQ �3DSDVDLNDV HW DO�� ������ ZXUGHQ LQ YLYR 5%3�([SUHVVLRQ

XQG 521�6SOHL�HQ LQ GHQ ([SUHVVLRQVGDWHQ DXV 7&*$ DQDO\VLHUW� 'LH VWlUNVWH $VVR]L�

DWLRQ ]ZLVFKHQ 5%3�([SUHVVLRQVQLYHDX XQG 521�([RQ ���(LQEDX ZXUGH I�U +1513+�

EHREDFKWHW� =XVDPPHQJHQRPPHQ GHXWHQ GLHVH (UJHEQLVVH GDUDXI KLQ� GDVV GDV 521�

6SOHL�HQ GXUFK PHKUHUH 6SOHL�DNWLYDWRUHQ XQG �UHSUHVVRUHQ ZHLWJHKHQG UHJXOLHUW ZLUG�

ZREHL 656)� XQG +1513+ GHU VWlUNVWH $NWLYDWRU E]Z� 5HSUHVVRU VLQG� 'DU�EHUKLQ�

DXV HQWGHFNWHQ ZLU ]DKOUHLFKH ELVKHU XQEHNDQQWH FLV�UHJXODWRULVFKH (OHPHQWH VRZRKO LQ

,QWURQV DOV DXFK LQ ([RQV XQG IDQGHQ KHUDXV� GDVV GDV KHWHURJHQH QXNOHDUH 5LERQXNOHR�

SURWHLQ + �+1513+� GDV DOWHUQDWLYH 521�6SOHL�HQ DXI PHKUHUHQ (EHQHQ VRZRKO LQ =HO�

OOLQLHQ DOV DXFK LQ .UHEV ZHLWJHKHQG UHJXOLHUW� :HLWHUKLQ ZHLVW GLH JUR�H $Q]DKO GHU DP

3UR]HVV EHWHLOLJWHQ 5%3V DXI HLQ NRPSOH[HV 6SOHL�UHJXODWLRQVQHW]ZHUN KLQ� GDV DQ GHU

6WHXHUXQJ GHV 521�6SOHL�HQV EHWHLOLJW LVW�

(LQJHKHQGHU EHWUDFKWHW VLQG KQ513�3URWHLQH IXQNWLRQHOO YLHOIlOWLJ XQG UHJXOLHUHQ XQ�

WHUVFKLHGOLFKH 6FKULWWH GHV 51$�6WRIIZHFKVHOV� HLQVFKOLH�OLFK SUl�P51$�9HUDUEHLWXQJ�

P51$�7UDQVSRUW XQG 7UDQVODWLRQVNRQWUROOH� 9RQ GLHVHQ 3URWHLQHQ ZHLVHQ +1513+�

XQG +1513+� ��� $PLQRVlXUHLGHQWLWlW DXI XQG ZHUGHQ LP )ROJHQGHQ DOV +1513+
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]XVDPPHQJHIDVVW� 'DV 51$�%LQGHPRWLY YRQ +1513+�3URWHLQHQ EHVWHKW DXV *XDQLQ�

UHLFKHQ 5HJLRQHQ �µ*�UXQVµ� �5RPDQR HW DO�� ����� 0DUFXFFL HW DO�� ������ 6SOHL�lQGHUXQ�

JHQ DXIJUXQG UHGX]LHUWHU ([SUHVVLRQ YRQ +1513+ NRUUHOLHUHQ PLW GHU /lQJH GHV µ*�

UXQVµ LQ GHU %LQGHVWHOOH �;LDR HW DO�� ������ 5%3V DXV GHU +1513+�3URWHLQIDPLOLH N|QQHQ

PLW *�4XDGUXSOH[�)DOWXQJHQ GHU 51$ LQWHUDJLHUHQ �+DFKW HW DO�� ����� /LX HW DO�� ������

'HVZHLWHUHQ ZXUGHQ +1513+�DVVR]LLHUWH 6SOHL�GHIHNWH PLW PHKUHUHQ .UDQNKHLWHQ HLQ�

VFKOLH�OLFK .UHEV LQ 9HUELQGXQJ JHEUDFKW �5DXFK HW DO�� ����� /HIDYH HW DO�� ������ ,QVJH�

VDPW IDQGHQ ZLU KHUDXV� GDVV GDV 521�0LQLJHQ �� 65%6 I�U +1513+ HQWKlOW� GLH VLFK

LQ DOOHQ 5HJLRQHQ GHV 0LQLJHQV EHILQGHQ� 'LHVH NDQQ PDQ LQ I�QI YHUVFKLHGHQH &OXVWHU

]XVDPPHQIDVVHQ� PLW GUHL ELV I�QI 65%6� 8PGLH SRVLWLRQVSH]LILVFKHQ ,QWHUDNWLRQHQ ]ZLV�

FKHQ +1513+ XQG GHP0LQLJHQ ]X XQWHUVXFKHQ� ZXUGH DOV 0HWKRGH (LQ]HO�1XNOHRWLG

DXIO|VHQGH 89�.UHX]YHUQHW]XQJ XQG ,PPXQRSUl]LSLWDWLRQ �ÅLQGLYLGXDO�QXFOHRWLGH UHV�

ROXWLRQ 89 FURVVOLQNLQJ DQG LPPXQRSUHFLSLWDWLRQµ� L&/,3� LQ +(.���7�=HOOHQ GXUFKJH�

I�KUW� 9HUlQGHUWH 6SOHL�HUJHEQLVVH UHVXOWLHUWHQ DXV 8QWHUEUHFKXQJHQ E]Z� 9HUOlQJHUXQ�

JHQ GHU µ*�UXQVµ� ZDV DOV UHGX]LHUWH E]Z� YHUEHVVHUWH +1513+�%LQGXQJ LQWHUSUHWLHUW

ZHUGHQ NRQQWH� :LH EHUHLWV HUZlKQW� KLQJ GLH $UW GHU GXUFK +1513+ YHUPLWWHOWHQ

6SOHL�lQGHUXQJHQ YRQ GHU 3RVLWLRQ GHU +1513+�%LQGHVWHOOH LQQHUKDOE GHV 0LQLJHQHV

DE� +1513+�%LQGXQJ LP DOWHUQDWLYHQ ([RQ YHUPLWWHOWH 6SOHL�XQWHUGU�FNXQJ� ZlKUHQG

GLH %LQGXQJ YRQ +1513+ LP VWURPDXIZlUWV JHOHJHQHQ ,QWURQ 6SOHL�HQ I|UGHUWH� 0X�

WDWLRQHQ LQ &OXVWHU � XQG �� GLH VLFK LQ GHQ YRU� XQG QDFKJHODJHUWHQ NRQVWLWXWLYHQ ([RQV

EHILQGHQ� UHGX]LHUWHQ GLH ,QWURQUHWHQWLRQ XQG LQ &OXVWHU �ZXUGH GLHV YRQ HLQHP HUK|KWHQ

$(�$XVVFKOXVV EHJOHLWHW� (LQH VROFKH NRQWH[WDEKlQJLJH 5HJXOLHUXQJ ZXUGH EHUHLWV I�U

+1513+ XQG DQGHUH 6SOHL�UHJXODWRUHQ EHVFKULHEHQ �;LDR HW DO�� ����� .DW] HW DO�� ������

'LH VWlUNVWHQ 6SOHL�ZLUNXQJHQ ZXUGHQ GXUFK0XWDWLRQHQ LP+1513+ 656%6 &OXVWHU ��

GDV VLFK LP DOWHUQDWLYHQ ([RQ EHILQGHW� YHUPLWWHOW� $XIIDOOHQG LVW� GDVV +1513+ .' HLQ

lKQOLFKHV 6SOHL�PXVWHU LQGX]LHUWH ZLH 0XWDWLRQHQ LP &OXVWHU �� ZDV GLH %HGHXWXQJ GHV

+1513+ 65%6 &OXVWHUV � LQ GHU +1513+�YHUPLWWHOWHQ 5HJXODWLRQ GHV 521�6SOHL�HQV

XQWHUVWUHLFKW� 'DPLW OlVVW VLFK ]XVDPPHQIDVVHQG VDJHQ� GDVV +1513+ JOHLFK]HLWLJ DOV
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$NWLYDWRU XQG 5HSUHVVRU GHV 521�6SOHL�HQV IXQJLHUW XQG VRPLW HLQH NRPSOH[H 5HJXOD�

WLRQ YHUVFKLHGHQHU ,VRIRUPHQ �EHU PHKUHUH %LQGXQJVVWHOOHQ LQ GHU 0LQLJHQHUHJLRQ YHU�

PLWWHOW�

8P GLH IXQNWLRQHOO UHOHYDQWHVWHQ 6WHOOHQ GHU +1513+�5HJXOLHUXQJ ]X LGHQWLIL]LHUHQ�

ZXUGH GDV 6SOHL�HQ GHU0LQLJHQ�%LEOLRWKHN XQWHU +1513+.'�%HGLQJXQJHQ DQDO\VLHUW�

(VZXUGH HUZDUWHW� GDVV0XWDWLRQHQPLW (LQIOXVV DXI GLH+1513+�%LQGXQJ HLQH SRVLWLYH

RGHU QHJDWLYH 6\QHUJLH PLW GHP +1513+ .' ]HLJHQ Z�UGHQ� G�K� GLH NRPELQLHUWHQ

(IIHNWH YRQ 0XWDWLRQ XQG .QRFNGRZQ VLFK DOV JU|�HU RGHU NOHLQHU ]HLJHQ Z�UGHQ DOV

GLH HLQ]HOQHQ (IIHNWH� 6\QHUJLVWLVFKH (IIHNWH DNNXPXOLHUWHQ LQQHUKDOE GHV DOWHUQDWLYHQ

([RQV� EHPHUNHQVZHUWHUZHLVH PLW HLQHP 3UR]HQWVDW] YRQ ��� DQ V\QHUJLVWLVFKHQ 3R�

VLWLRQHQ LQQHUKDOE GHV 65%6�&OXVWHUV �� 'HPHQWVSUHFKHQG VWHOOW GDV DOWHUQDWLYH ([RQ

GLH 6FKO�VVHOUHJLRQ I�U GLH +1513+�YHUPLWWHOWH 6SOHL�UHJXODWLRQ YRQ 521 GDU� 6R

HUP|JOLFKWH HLQ .' ([SHULPHQW PLW GDUDXIIROJHQGHU 51$�6HTXHQ]LHUXQJ GHU PXWLHUWHQ

0LQLJHQ�%LEOLRWKHN GLH DQVFKOLH�HQGH %HUHFKQXQJ GHU 6\QHUJLH ]ZLVFKHQ 0XWDWLR�

QHQ XQG +1513+ .'� XQG GDPLW HLQH TXDQWLWDWLYH %HZHUWXQJ GHU IXQNWLRQHOOHQ

%HGHXWXQJ GHU %LQGHVWHOOHQ� 'LH %HREDFKWXQJ� GDVV HLQ]HOQH 3XQNWPXWDWLRQHQ LP &OXV�

WHU � DXVUHLFKHQ� XP GLH +1513+�YHUPLWWHOWH 6SOHL�XQWHUGU�FNXQJ IDVW YROOVWlQGLJ

DXI]XKHEHQ� GHXWHWH GDUDXI KLQ� GDVV GLH +1513+�%LQGXQJVHUHLJQLVVH YRQHLQDQGHU

DEKlQJLJ VLQG XQG 0XWDWLRQHQ� GLH GLH %LQGXQJ YRQ +1513+ EHHLQWUlFKWLJHQ� DXFK

GLH +1513+�%LQGXQJ EHL EHQDFKEDUWHQ 65%6 EHHLQWUlFKWLJHQ� 8P GLHVH ,GHH ]X

WHVWHQ� ZXUGHQ L&/,3�([SHULPHQWH LP 5DKPHQ YRQ 0LQLJHQHQ PLW 3XQNWPXWDWLRQHQ LP

&OXVWHU � ZLHGHUKROW� ,P (LQNODQJ PLW GHP 0RGHOO HLQHU NRRSHUDWLYHQ %LQGXQJ ZDU GLH

5HGXNWLRQ GHV L&/,3�6LJQDOV QLFKW DXI GHQ 2UW GHU 3XQNWPXWDWLRQ EHVFKUlQNW� VRQGHUQ

HUVWUHFNWH VLFK �EHU GDV JHVDPWH DOWHUQDWLYH ([RQ� (LQH NRRSHUDWLYH 5HJXOLHUXQJ GHV

521�6SOHL�HQV GXUFK +1513+ Z�UGH EHGHXWHQ� GDVV GLH 0HQJH DQ 521�,VRIRUPHQ

HPSILQGOLFK DXI 9HUlQGHUXQJHQ GHV +1513+�3URWHLQVSLHJHOV UHDJLHUWH� ZDV LQ HLQHU

VWHLOHQ� VLJPRLGHQ 'RVLV�:LUNXQJVNXUYH UHVXOWLHUHQ Z�UGH� 7DWVlFKOLFK ZXUGH HLQH
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VFKDOWHUDUWLJH 6SOHL�UHDNWLRQ GHV 521�([RQV �� DXV GHP0LQLJHQ VRZLH GHP HQGRJHQHQ

521�*HQ I�U GLH 9HUlQGHUXQJ GHU +1513+�.RQ]HQWUDWLRQHQ EHREDFKWHW� GLH PLW GHU

+LOO�*OHLFKXQJ TXDQWLWDWLY DXVJHZHUWHW ZHUGHQ NDQQ� 'DU�EHU KLQDXV ]HLJWH +1513+�

GLH VWHLOVWH 5HJUHVVLRQVVWHLJXQJ XQWHU GHQ ��� 5%3V� GLH DXI ([SUHVVLRQVNRUUHODWLRQ LQ

GHQ 7&*$�'DWHQ JHWHVWHW ZXUGHQ� ZDV PLW GHU NRRSHUDWLYHQ 5HJXOLHUXQJ DXFK LQ YLYR

�EHUHLQVWLPPWH� =XVDPPHQJHQRPPHQ IXQJLHUWH +1513+ DOV 6SOHL�VFKDOWHU GHV 521�

([RQV �� GXUFK NRRSHUDWLYH %LQGXQJ� ZDV ]X JUR�HQ 6SOHL�lQGHUXQJHQ I�KUW� GLH GXUFK

NOHLQH 9HUlQGHUXQJHQ GHV +1513+�3URWHLQJHKDOWV YHUXUVDFKW ZHUGHQ� 6R ZXUGHQ

GXUFK L&/,3� XQG 6\QHUJLHDQDO\VHQ ]ZLVFKHQ 0XWDWLRQHQ XQG +1513+�.QRFNGRZQ�

'DWHQ GLH UHOHYDQWHVWHQ +1513+�%LQGHVWHOOHQ LP JHVDPWHQ 521�0LQLJHQ HUPLWWHOW�

6FKOLH�OLFK ZXUGH JH]HLJW� GDVV GLH NRRSHUDWLYH +1513+�%LQGXQJ HLQHQ 6SOHL�VFKDOWHU

GHV 521�([RQV �� HUP|JOLFKW�

=XVDPPHQIDVVHQG KDEHQ ZLU LQ GLHVHP 3K'�3URMHNW HLQ +RFKGXUFKVDW]�6FUHHQLQJ DXI

%DVLV ]XIlOOLJHU 0XWDJHQHVH HWDEOLHUW� XP GLH UHJXODWRULVFKH /DQGVFKDIW GHV ([RQ ���

6SOHL�HQV LP 521�0LQLJHQ XPIDVVHQG ]X FKDUDNWHULVLHUHQ� 'D GDV 0LQLJHQH QLFKW QXU

521�([RQ ��� VRQGHUQ DXFK GLH EHQDFKEDUWHQ ,QWURQV VRZLH GLH IODQNLHUHQGHQ� NRQVWLWX�

WLYHQ ([RQV HQWKlOW� HUP|JOLFKWH GDV 6FUHHQLQJ GLH %HZHUWXQJ GHV %HLWUDJV GHU 5HJLRQHQ

XP GDV DOWHUQDWLYH ([RQ XQG HUZHLWHUWH GDPLW GLH ELVKHULJHQ 6WXGLHQ� .OLQLVFKH 'DWHQ

KDOIHQ� GLH HUPLWWHOWHQ 0XWDWLRQVHIIHNWH GHV 6FUHHQLQJDQVDW]HV PLW GHP 521�6SOHL�HQ

EHL .UHEVSDWLHQWHQ PLW GHQ JOHLFKHQ 0XWDWLRQHQ ]X YHUJOHLFKHQ� 'HPHQWVSUHFKHQG

ZHUGHQ GLH (UJHEQLVVH EHL GHU %HXUWHLOXQJ YRQ 0XWDWLRQVHIIHNWHQ KHOIHQ� GLH I�U GLH

NOLQLVFKH 'LDJQRVWLN SRWHQ]LHOO UHOHYDQW VLQG� 1HEHQ GHU XPIDVVHQGHQ &KDUDNWHULVLHUXQJ

YRQ FLV�UHJXODWRULVFKHQ (OHPHQWHQ LGHQWLIL]LHUWHQ .QRFNGRZQ�([SHULPHQWH GLH DQ GHU

521�([RQ ���5HJXODWLRQ EHWHLOLJWHQ 6SOHL�IDNWRUHQ� :HLWHUI�KUHQG OlVVW VLFK IHVWVWHOOHQ�

GDVV GLHVHU QHXDUWLJH 6FUHHQLQJ�$QVDW] HLQ :HUN]HXJ GDUVWHOOW� XP GLH :HFKVHOZLUNXQJ

YRQ 51$�6HTXHQ]YDULDQWHQ PLW WUDQV�UHJXOLHUHQGHQ 5HJXODWRUHQ ]X XQWHUVXFKHQ� 'DV

HUP|JOLFKW (LQEOLFNH LQ DOWHUQDWLYH 6SOHL�UHJXODWLRQVPHFKDQLVPHQ XQG GLH 5HOHYDQ]
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YRQ 0XWDWLRQHQ EHL PHQVFKOLFKHQ (UNUDQNXQJHQ� :HLWHUKLQ ELHWHQ GLH (UJHEQLVVH HLQH

HLQ]LJDUWLJH 6LFKWZHLVH DXI GLH .RPSOH[LWlW GHU 6SOHL�UHJXOLHUXQJ HLQHV DOWHUQDWLYHQ

([RQV�
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$EVWUDFW

$OWHUQDWLYH VSOLFLQJ �$6� LV D FR� RU SRVW�WUDQVFULSWLRQDO SURFHVV E\ ZKLFK RQH JHQH JLYHV

ULVH WRPXOWLSOH LVRIRUPV� 7KLV ¶VSOLW DQG FRPELQH· VWHSPXOWLSOLHV HXNDU\RWLF SURWHRPH GL�

YHUVLW\ VHYHUDO IROG DQG LV LPSOLFDWHG LQ VHYHUDO GLVHDVHV JLYHQ LWV SHUYDVLYH LPSDFW� &RQ�

WURO RI DOWHUQDWLYH VSOLFLQJ LV EURXJKW DERXW E\ FLV�UHJXODWRU\ HOHPHQWV� VXFK DV 51$ VH�

TXHQFH DQG VWUXFWXUH� ZKLFK UHFUXLW WUDQV�DFWLQJ 51$�ELQGLQJ SURWHLQV �5%3V�� $OWKRXJK

VHYHUDO RI WKHVH LQWHUDFWLRQV DUH DOUHDG\ GHVFULEHG LQ GHWDLO� ZH ODFN D FRPSUHKHQVLYH XQ�

GHUVWDQGLQJ RI WKH UHJXODWRU\ FRGH WKDW XQGHUOLHV D VSOLFLQJ GHFLVLRQ�

+HUH� ZH KDYH HVWDEOLVKHG D KLJK�WKURXJKSXW VFUHHQ WR FRPSUHKHQVLYHO\ LGHQWLI\ DQG

FKDUDFWHULVH FLV�UHJXODWRU\ HOHPHQWV WKDW FRQWURO D VSHFLILF VSOLFLQJ GHFLVLRQ� $ FDQFHU�

UHOHYDQW VSOLFLQJ HYHQW LQ SURWR�RQFRJHQH 521 ZDV SLFNHG DV D PLQLJHQH SURWRW\SH IRU

LQLWLDOLVLQJ WKH VFUHHQLQJ DSSURDFK� 7KHQ� ZH WUDQVIHFWHG D OLEUDU\ RI WKRXVDQGV RI UDQ�

GRPO\PXWDJHQLVHGPLQLJHQH YDULDQWV DV D SRRO LQWR KXPDQ FHOOV� DQG VXEVHTXHQWO\ TXDQ�

WLILHG WKH VSOLFHG LVRIRUPV E\ 51$ VHTXHQFLQJ� ,PSRUWDQWO\� ZH XVHG D EDUFRGH VHTXHQFH

WR WDJ WKH PLQLJHQH YDULDQWV DQG WKHUHE\ OLQNHG PXWDWLRQV WR WKHLU FRUUHVSRQGLQJ VSOLFHG

SURGXFWV� %\ XVLQJ D OLQHDU UHJUHVVLRQ�EDVHG PRGHOOLQJ DSSURDFK� ZH ZHUH DEOH WR GH�

WHUPLQH WKH HIIHFWV RI VLQJOH PXWDWLRQV RQ 521 $6� ,Q WRWDO� PRUH WKDQ ��� PXWDWLRQV

ZHUH IRXQG WR VLJQLILFDQWO\ DIIHFW WKH VSOLFLQJ UHJXODWLRQ RI WKH 521 DOWHUQDWLYH H[RQ� ,Q

DGGLWLRQ� PXWDWLRQ HIIHFWV TXDQWLILHG IURP WKH VFUHHQLQJ DSSURDFK FRUUHODWH ZLWK 521
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DOWHUQDWLYH VSOLFLQJ LQ FDQFHU SDWLHQWV� :H GLVFRYHUHG QXPHURXV SUHYLRXVO\ XQNQRZQ FLV�

UHJXODWRU\ HOHPHQWV LQ ERWK LQWURQV DQG H[RQV� DQG IRXQG WKDW WKH 5%3 KHWHURJHQHRXV

QXFOHDU ULERQXFOHRSURWHLQ + �+1513+� H[WHQVLYHO\ UHJXODWHV 521 $6 DW PXOWLSOH OHY�

HOV LQ ERWK FHOO OLQHV DQG FDQFHU� )XUWKHUPRUH� WKH ODUJH QXPEHU RI 5%3V LQYROYHG LQ WKH

SURFHVV� SRLQW WR D FRPSOH[ VSOLFLQJ UHJXODWRU\ QHWZRUN LQYROYHG LQ WKH FRQWURO RI 521

VSOLFLQJ� L&/,3 DQG V\QHUJ\ DQDO\VLV EHWZHHQ PXWDWLRQV DQG +1513+ NQRFNGRZQ GDWD

SLQSRLQWHG WKH PRVW UHOHYDQW +1513+ ELQGLQJ VLWHV DFURVV 521� )LQDOO\� FRRSHUDWLYH

+1513+ ELQGLQJ ZDV VKRZQ WR PHGLDWH D VSOLFLQJ VZLWFK RI 521 DOWHUQDWLYH H[RQ� ,Q

VXPPDU\� RXU UHVXOWV SURYLGH DQ XQSUHFHGHQWHG YLHZ RQ WKH FRPSOH[LW\ RI VSOLFLQJ UHJ�

XODWLRQ RI DQ DOWHUQDWLYH H[RQ� 7KH QRYHO VFUHHQLQJ DSSURDFK LQWURGXFHV D WRRO WR VWXG\

WKH UHODWLRQVKLS RI 51$ VHTXHQFH YDULDQWV DORQJ ZLWK WUDQV�DFWLQJ UHJXODWRUV WR WKHLU LP�

SDFW RQ WKH VSOLFLQJ RXWFRPH� RIIHULQJ LQVLJKWV RQ DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ DQG WKH

UHOHYDQFH RI PXWDWLRQV LQ KXPDQ GLVHDVH�
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3UHIDFH

7KH 521 PXWDJHQHVLV VFUHHQLQJ SURMHFW �%UDXQ HW DO�� ����� FRQVWLWXWHG RI WKUHH VHFWLRQV�

H[SHULPHQWDO� ELRLQIRUPDWLFV DQG PDWKHPDWLFDO PRGHOOLQJ DQG ZDV VXSHUYLVHG E\ 'U� -X�

OLDQ .|QLJ �,0%� 0DLQ]�� 'U� .DWKL =DUQDFN �%0/6� )UDQNIXUW�� 'U� 6WHIDQLH (EHUVEHUJHU

�,0%� 0DLQ]� DQG 'U� 6WHIDQ /HJHZLH �,0%� 0DLQ]�� UHVSHFWLYHO\� ,Q P\ 3KG VWXG\� , SHU�

IRUPHG PRVW RI WKH ELRLQIRUPDWLFV DQDO\VHV RI WKH SURMHFW� ,Q WKLV WKHVLV� , KDYH SUHVHQWHG

WKH WRSLFV WKDW ZHUH H[FOXVLYHO\ DQDO\VHG E\ P\VHOI� DORQJ ZLWK DQDO\VHV SHUIRUPHG E\

WKH RWKHU FROODERUDWRUV WR SUHVHQW D FRPSOHWH DQG FRKHVLYH SLFWXUH RI WKH SURMHFW IRU EHWWHU

FRPSUHKHQVLRQ� 7KH UHVXOWV RI WKH SURMHFW KDYH EHHQ SXEOLVKHG LQ WKH IROORZLQJ DUWLFOH �

%UDXQ� 6�� (QFXOHVFX� 0�� 6HWW\� 6� 7�� &RUWpV�/ySH]� 0�� $OPHLGD� %� 3� GH� 6XWDQG\� )�

;� 5�� 6FKXO]� /�� %XVFK� $�� 6HLOHU� 0�� (EHUVEHUJHU� 6�� %DUERVD�0RUDLV� 1� /�� /HJHZLH�

6�� .|QLJ� -�� =DUQDFN� .�� ����� 'HFRGLQJ D FDQFHU�UHOHYDQW VSOLFLQJ GHFLVLRQ LQ WKH 521

SURWR�RQFRJHQH XVLQJ KLJK�WKURXJKSXW PXWDJHQHVLV� 1DWXUH &RPPXQLFDWLRQV�� �� �����

7KHVH FROODERUDWRUV DQG WKHLU FRUUHVSRQGLQJ ZRUN LQ EUDFNHWV DUH DV IROORZV �

6LPRQ %UDXQ �521 KLJK WKURXJKSXW PXWDJHQHVLV VFUHHQ DQG OLEUDU\ JHQHUDWLRQ DQG

SUHS��� )� ;� 5H\PRQG 6XWDQG\ �L&/,3 H[SHULPHQWV�� 0DULHOD &RUWpV�/ySH] �5%3 VLWH DQ�

QRWDWLRQ DQG DQDO\VHV�� /DXUD 6FKXO] �57�3&5 YDOLGDWLRQ H[SHULPHQWV�� 'U� 0DUNXV 6HLOHU

�$QQRWDWLRQ RI 51$*�TXDGUXSOH[ VHTXHQFHV�� 'U� $QNH %XVFK �L&/,3 DQG 51$�VHT GDWD

SURFHVVLQJ DQG VSOLFH LVRIRUP TXDQWLILFDWLRQ�� %HUQDUGR 3� GH $OPHLGD DQG 'U� 1XQR /�
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%DUERVD�0RUDLV �7&*$ DQG *7([ DQDO\VHV� L00� /LVERQ�� 7KH SURMHFW ZDV FRQFHLYHG E\

'U� -XOLDQ .|QLJ DQG H[SHULPHQWDO DQDO\VHV ZHUH SHUIRUPHG XQGHU KLV VXSHUYLVLRQ� 7KH

ELRLQIRUPDWLFV DQDO\VHV ZHUH SHUIRUPHG XQGHU WKH VXSHUYLVLRQ RI 'U� .DWKDULQD =DUQDFN

ZLWK DGGLWLRQDO VXSHUYLVLRQ E\ 'U� 6WHIDQLH (EHUVEHUJHU� 'U� 0LKDHOD (QFXOHVFX DQG

'U� 6WHIDQ /HJHZLH GHVLJQHG DQG SHUIRUPHG WKH PDWKHPDWLFDO PRGHOOLQJ DSSURDFK�
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1
,QWURGXFWLRQ

�u;Ŋl!�� vrѴb1bm] ŐvrѴb1;ovol-Ѵ 1-|-Ѵ�vbvő

7KH PHVVHQJHU 51$ �P51$� LV DQ HVVHQWLDO PDFURPROHFXOH� LQYROYHG LQ WKH WLVVXH�

VSHFLILF SURFHVV RI WUDQVFULSWLRQ LQ FHOOV� (XNDU\RWLF JHQHV DUH WUDQVFULEHG LQWR SUHFXUVRU

P51$ RU SUH�P51$� ZKLFK DUH PDGH XS RI GLVFUHWH XQLWV FDOOHG H[RQV �FRGLQJ UHJLRQV�

DQG LQWURQV �QRQ�FRGLQJ UHJLRQV�� 7KH SURFHVV RI UHPRYDO RI LQWURQV IURP WKH SUH�P51$

DQG MRLQLQJ RI H[RQV LQ RUGHU WR IRUP D IXQFWLRQDO P51$ WUDQVFULSW LV FDOOHG VSOLFLQJ�

6SOLFLQJ LV UHDOLVHG E\ D PXOWL�VWHS FDWDO\VLQJ UHDFWLRQ LQYROYLQJ WKH VSOLFHRVRPH� D

FRPSOH[ PDGH XS RI KXJH SURWHLQ DVVHPEOLHV ZKLFK LQWHUDFWV ZLWK RWKHU VSOLFLQJ IDFWRUV
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WR JLYH ULVH WR WKH PDWXUH P51$ WUDQVFULSW �:DKO HW DO�� ������ 6XFK D PXOWL�VWHS UHDFWLRQ

LQYROYLQJ PDQ\ SURWHLQV DOORZV RSSRUWXQLWLHV IRU LQFUHDVHG FRQWURO DQG PRGXODWLRQ�

VXFK DV WKH FKRLFH WR LQFOXGH H[RQV VHOHFWLYHO\ YLD D SURFHVV NQRZQ DV DOWHUQDWLYH VSOLFLQJ

�-RKQVRQ HW DO�� ������ 7KLV SURFHVV IRUPV WKH EDVLV IRU WLVVXH DQG SURWHRPH GLYHUVLW\ DQG

RFFXUV LQ a��� RI PXOWL�H[RQLF KXPDQ JHQHV �3DQ HW DO�� ������ )XUWKHUPRUH� VWUXFWXUDO

LPDJHV IURP \HDVW FU\R�HOHFWURQ PLFURVFRS\ VKRZHG WKDW WKH XQGHUO\LQJ PHFKDQLVP RI

VSOLFHRVRPDO FDWDO\VLV LV FRQVHUYHG DFURVV HXNDU\RWHV �3ODVFKND HW DO�� ����� VXJJHVWLQJ

WKH XQLYHUVDOLW\ RI WKH SURFHVV DPRQJ KLJKHU RUJDQLVPV�

7KH VSOLFHRVRPDO FDWDO\WLF UHDFWLRQV DUH PHGLDWHG E\ WKH VSOLFHRVRPH FRPSOH[� ZKLFK LV

DQ LQWULFDWH ELRORJLFDO PDFKLQH FRQVLVWLQJ RI D KLJKHU RUGHU DVVHPEO\ RI � VPDOO QXFOHDU

51$V �VQ51$V� DQG a��� UHODWHG SURWHLQV �:LOO HW DO�� ����� )LFD HW DO�� ������ 'XULQJ RU

LPPHGLDWHO\ DIWHU WUDQVFULSWLRQ� WKH VSOLFHRVRPDO FRPSOH[ PHGLDWHV WKH FDWDO\WLF H[FLVLRQ

RI LQWURQV DQG VWLWFKLQJ WRJHWKHU RI H[RQV �VSOLFLQJ� LQ WKH SUH�P51$ LQ D VHULHV RI VWHSV

DV GHWDLOHG EHORZ�

7KH DVVHPEO\ RI WKH VSOLFHRVRPH LV LQLWLDWHGZLWK WKH UHFRJQLWLRQ RI WKH VLJQDOV DW WKH VSOLFH

VLWHV� WKH EUDQFK SRLQW DQG WKH SRO\S\ULPLGLQH WUDFW �)LJXUH ���� WRS OHIW FRUQHU�� )LUVWO\�

WKH 8� VPDOO QXFOHDU 513 �VQ513� ELQGV WR WKH �· VSOLFH VLWH DQG WKH 8� DX[LOLDU\ IDFWRU

�8�$)� ELQGV WR WKH SRO\S\ULPLGLQH WUDFW DORQJ ZLWK WKH ELQGLQJ RI WKH VSOLFLQJ IDFWRU

� �6)�� WR WKH EUDQFK SRLQW� WKXV IRUPLQJ WKH FRPSOH[ (� 6XEVHTXHQW UHFUXLWPHQW RI WKH

8� VQ513 LV LQLWLDWHG DW WKH �· VSOLFH VLWH UHJLRQ� 7KH UHVXOWLQJ LQWHUDFWLRQ EHWZHHQ 8�

DQG 8� VQ513V GHSHQGV RQ WKH KHOLFDVHV 353� DQG 8$3�� DQG WRJHWKHU IRUPV WKH SUH�

VSOLFHRVRPDO FRPSOH[ $�

1H[W� WKH SUH�FDWDO\WLF VSOLFHRVRPH FRPSOH[ �FRPSOH[ %� LV IRUPHG E\ WKH UHFUXLWPHQW RI

8��8��8� WUL�VQ513� DQG LV IROORZHG E\ WKH UHOHDVH RI 8� DQG 8� VQ513V� 7KLV QHFHV�

VLWDWHV D UHPRGHOOLQJ VWHS �% DFWLYDWHG FRPSOH[� DQG DFWLYDWHV WKH FDWDO\WLF FHQWUH RI WKH

VSOLFHRVRPH �FRPSOH[ %�� WKXV HQDEOLQJ WKH VXEVHTXHQW VSOLFLQJ UHDFWLRQV� ,Q GHWDLO� WKH

VSOLFLQJ FDWDO\VLV FRQVLVWV RI WZR WUDQVHVWHULILFDWLRQ VWHSV� VWDUWLQJ ZLWK� WKH �·�2+ RI WKH
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)LJXUH ���� 7KH VSOLFHRVRPH PHGLDWHV DOWHUQDWLYH VSOLFLQJ LQ D PXOWL�VWHS F\FOH� &RUH�
VSOLFLQJ VLJQDOV ZLWKLQ LQWURQV RI SUH�P51$V FRPSULVH WKH �· VSOLFH VLWH ��· 66�� WKH EUDQFK
SRLQW �%3�� WKH SRO\S\ULPLGLQH�WUDFW �3\�WUDFW�� DQG WKH �· VSOLFH VLWH ��· 66�� (DUO\ VSOLFLQJ
IDFWRUV 8� VQ513� 6)� DQG WKH 8�$) KHWHURGLPHU� FRQVLVWLQJ RI 8�$)�� DQG8�$)��� WDU�
JHW WKHVH VLJQDOV� 'XULQJ WKH VSOLFLQJ UHDFWLRQ� WKH VSOLFLQJ IDFWRUV 8� VQ513 DQG 8��8��
8� WUL�VQ513 DUH UHTXLUHG WR H[FLVH WKH LQWURQ� ZKLOH QXPHURXV DGGLWLRQDO IDFWRUV WUDQ�
VLHQWO\ LQWHUDFW ZLWK WKH SUH�P51$ GXULQJ WKH GLIIHUHQW VWHSV RI VSOLFLQJ FDWDO\VLV� %R[HV
UHSUHVHQW H[RQV ZKLOH WKH FRQQHFWLQJ LQWURQV DUH GHSLFWHG ZLWK OLQHV� $GDSWHG IURP �)LFD
HW DO�� ������
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DGHQLQH� ZKLFK LV D SDUW RI WKH EUDQFK SRLQW FRQVHQVXV VLJQDO� DWWDFNLQJ WKH SKRVSKDWH RI

WKH JXDQLQH DW WKH �· FRQVHQVXV VSOLFH VLWH� 7KLV UHVXOWV LQ D FOHDYHG SURGXFW EHWZHHQ WKH

H[RQ DQG WKH JXDQLQH LQ WKH LQWURQ DQG LQ D IUHH �·�2+ DW WKH XSVWUHDP H[RQ� $GGLWLRQDOO\�

WKH LQWURQ ODULDW LV UHOHDVHG DQG LV DWWDFKHG WR WKH GRZQVWUHDP H[RQ� ,Q WKH VHFRQG VWHS�

WKH IUHH �·�2+ RI WKH XSVWUHDP H[RQ UHDFWV ZLWK WKH SKRVSKDWH DW WKH �· HQG RI WKH GRZQ�

VWUHDP H[RQ WR FRYDOHQWO\ MRLQ ERWK H[RQV DQG UHOHDVH WKH LQWURQ ODULDW YLD WKH & FRPSOH[

DQG WKHQ IRUPV WKH SRVW�VSOLFHRVRPDO 3 FRPSOH[ �:DKO HW DO�� ����� )LFD HW DO�� ����� 6KL�

������ )LQDOO\� WKH OLJDWHG H[RQV DQG LQWURQ ODULDW DUH UHOHDVHG IURP WKH VSOLFHRVRPH E\ WKH

353�� KHOLFDVH �:LOO HW DO�� ������ OHDGLQJ WR WKH IRUPDWLRQ RI WKHPDWXUHP51$ WUDQVFULSW�

�Ѵ|;um-ঞ�; vrѴb1bm]

7KH VHOHFWLYH VNLSSLQJ RU LQFOXVLRQ RI H[RQV OHDGV WR LQFUHDVHG P51$ GLYHUVLW\ LQ D SUR�

FHVV FDOOHG DOWHUQDWLYH VSOLFLQJ �$6�� $OWHUQDWLYH VSOLFLQJ LV TXLWH SUHYDOHQW� JLYHQ WKDW DW

OHDVW ��� RI KXPDQ JHQHV DUH DOWHUQDWLYHO\ VSOLFHG �.RUQEOLKWW HW DO�� ����� 0DQQLQJ HW DO��

����� UHVXOWLQJ LQ DQ LQFUHDVHG SKHQRW\SLF GLYHUVLW\ IURP D VPDOOHU VHW RI JHQHV �<DQJ HW

DO�� ������ $OWHUQDWLYH VSOLFLQJ GHWHUPLQHV KRPHRVWDVLV DQG GHYHORSPHQW RI FHOO� WLVVXH

DQG RUJDQ IDWH �%DUDOOH HW DO�� ����� DQG PD\ UHVXOW LQ PRUH WKDQ ����� GLIIHUHQW LVRIRUPV

IURP D VLQJOH KXPDQ JHQH �7UHXWOHLQ HW DO�� ������ $OWHUQDWLYH VSOLFLQJ LV DOVR D KDOOPDUN RI

HYROXWLRQDU\ FRPSOH[LW\ DV PRUH VSOLFLQJ LV VHHQ LQ KLJKHU YHUWHEUDWHV �%DUERVD�0RUDLV HW

DO�� ����� &KHQ HW DO�� ������ 6XFK H[WHQVLYH DOWHUQDWLYH VSOLFLQJ KDV EHHQ REVHUYHG LQ KLJKHU

RUJDQLVPV DV D UHVXOW RI D KLJKHU SUHVHQFH RI ZHDN VSOLFH VLWHV �/HH HW DO�� ������ ZKLFK YDU\

IURP WKH FRQVHQVXV VWURQJ VSOLFH VLWHV� 5HFHQWO\� VWXGLHV RQ $6 KDYH LQFUHDVLQJO\ VKRZQ

LWV HVVHQWLDO UROH LQ FHOOXODU GLIIHUHQWLDWLRQ� VWUHVV UHVSRQVHV� GLVHDVH GHYHORSPHQW DQG FDQ�

FHU FHOO VXUYLYDO �&ROWUL HW DO�� ������ 7KHUH DUH ILYH GLIIHUHQW HYHQWV RI DOWHUQDWLYH VSOLFLQJ

REVHUYHG� ZKLFK DUH EDVHG RQ WKH FKRLFH RI VSOLFH VLWHV� ZKLFK LQ WXUQ LQYROYH VSOLFH VLWH

VWUHQJWK DQG FRQWH[W �)LJXUH ��� DQG �����
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)LJXUH ���� $OWHUQDWLYH VSOLFLQJ DQG FDQRQLFDO LVRIRUPV� &DQRQLFDO VSOLFLQJ LVRIRUPV LQ�
FOXGH H[RQ LQFOXVLRQ DQG VNLSSLQJ LVRIRUPV� ([RQV DUH VKRZQ DV ER[HV� ZKLOH WKH VROLG
OLQHV FRQQHFWLQJ WKHP DUH LQWURQV� 2WKHU VROLG OLQHV LQGLFDWH WKH VSOLFH MXQFWLRQV EHWZHHQ
H[RQV� $GDSWHG IURP �:DQJ HW DO�� ������

&DVVHWWH H[RQV� FDQ HLWKHU EH SUHVHQW �H[RQ LQFOXVLRQ� RU DEVHQW �H[RQ VNLSSLQJ� LQ WKH

PDWXUH P51$ �)LJXUH ����� 8QVSOLFHG LQWURQV �LQWURQ UHWHQWLRQ RU ,5� DQG DOWHUQDWLYH

VSOLFH VLWH XVDJH �DOWHUQDWLYH �· DQG DOWHUQDWLYH �· VSOLFH VLWH� UHVXOW LQ DOWHULQJ WKH H[RQLF

VHTXHQFHV �.RUQEOLKWW HW DO�� ����� �)LJXUH ����� :KLOH H[RQ VNLSSLQJ LV WKH PRVW FRPPRQ

DOWHUQDWLYH VSOLFLQJ HYHQW �:DQJ HW DO�� ������ ,5 KDV UHFHQWO\ EHHQ KLJKOLJKWHG DV DQ LP�

SRUWDQW PHFKDQLVP WR UHJXODWH JHQH H[SUHVVLRQ DQGZDV VKRZQ WR RFFXU LQ PRUH WKDQ KDOI

RI DOO KXPDQ LQWURQV �%UDXQVFKZHLJ HW DO�� ����� -DFRE HW DO�� ������ ,Q VRPH FDVHV� RQH

H[RQ DPRQJ WZR RU PRUH SRVVLEOH FDVVHWWH H[RQV LV LQFOXGHG LQ WKH P51$ UHVXOWLQJ LQ

H[RQ LQFOXVLRQ LQ D PXWXDOO\ H[FOXVLYH PDQQHU �)LJXUH ����� )XUWKHUPRUH� SUHYLRXV VWXG�

LHV VKRZHG WKDW PRVW JHQHV H[SUHVV PXOWLSOH LVRIRUPV VLPXOWDQHRXVO\ �¶QRQ�PLQLPDOLVWLF

SDWWHUQ·� �'MHEDOL HW DO�� ������ 5HFHQW VWXGLHV RQ VLQJOH QXFOHRWLGH YDULDQWV �619V� RI �����

WXPRXU VDPSOHV� UHYHDOHG WKDW H[RQ VNLSSLQJ DQG LQWURQ UHWHQWLRQ ZHUH DPRQJ WKH PRVW

IUHTXHQWO\ REVHUYHG DOWHUQDWLYH VSOLFLQJ HYHQWV LQ FDQFHU �-XQJ HW DO�� ������
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)LJXUH ���� $OWHUQDWLYH VSOLFLQJ DQG QRQ�FDQRQLFDO LVRIRUPV� 2WKHU W\SHV RI DOWHUQDWLYH
VSOLFLQJ UHVXOW LQ GLIIHUHQW P51$ LVRIRUPV� ([RQV DUH VKRZQ DV ER[HV� ZKLOH WKH VROLG
OLQHV FRQQHFWLQJ WKHP DUH LQWURQV� 2WKHU VROLG OLQHV LQGLFDWH WKH VSOLFH MXQFWLRQV EHWZHHQ
H[RQV� $GDSWHG IURP �:DQJ HW DO�� ������
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7KH UHJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ LV D PXOWL�OD\HUHG ILQH�WXQHG PHFKDQLVP ZKHUH WKH

LQIRUPDWLRQ FRQWHQW LQ 51$ VHTXHQFHV LV GHFRGHG E\ WKH FRJQDWH 5%3 SURWHLQV� 7KH IDF�

WRUV WKDW GHWHUPLQH UHJXODWLRQ RI $6 DUH GHWDLOHG EHORZ�

�� 6SOLFH VLWH VWUHQJWK

&RQVWLWXWLYH VSOLFLQJ RFFXUV LQ VWURQJ VSOLFH VLWHV� ZKLFK KDUERXU FRQVHUYHG FRQVHQVXV VH�

TXHQFHV DW �Х �&$*_*8$$*8� DQG �Х �1<$*_*� VSOLFH VLWHV LQ PDPPDOV �0RXQW� �����

%ODFN� ������ ,I WKH VHTXHQFHV DW WKH VSOLFH VLWHV PDWFK WKHVH FRQVHQVXV VHTXHQFHV� WKHQ LW

LV LPPHGLDWHO\ UHFRJQLVHG E\ WKH HDUO\ VSOLFHRVRPH DQG VSOLFLQJ RFFXUV �*DUJ HW DO�� ������

+RZHYHU� PDQ\ DGGLWLRQDO DOWHUQDWLYH VSOLFH VLWHV RI ZHDN RU LQWHUPHGLDWH VWUHQJWK PD\

H[LVW DORQJ ZLWK VWURQJHU VLWHV� ZKLFK PD\ FRPSOLFDWH WKH VSOLFLQJ GHFLVLRQ� ,Q RUGHU WR

HQVXUH SURSHU VSOLFLQJ� WKH VSOLFH VLWHV PXVW EH VHOHFWHG LQ D FRUUHFW PDQQHU� 7KLV LV DF�

FRPSOLVKHG E\ WKH UHFUXLWPHQW RI 51$ ELQGLQJ SURWHLQV �5%3V� LQ D FRQWH[W�GHSHQGHQW

PDQQHU� ,Q SDUWLFXODU� WKLV FRPSHWLWLYH VHOHFWLRQ RI VSOLFH VLWHV DPRQJ VWURQJHU FRQVWLWX�

WLYH DQG ZHDNHU VLWHV GHFLGHV DOWHUQDWLYH VSOLFLQJ �%DUDOOH HW DO�� ������

�� &LV�UHJXODWRU\ HOHPHQWV

&RQWURO RI DOWHUQDWLYH VSOLFLQJ LV DFKLHYHG WKURXJK FLV�UHJXODWRU\ HOHPHQWV� VXFK DV 51$

VHTXHQFH DQG VWUXFWXUH� ZKLFK UHFUXLW WUDQV�DFWLQJ 5%3V� 7KH 5%3V LQWHUDFW ZLWK SUH�

P51$ VHTXHQFH HOHPHQWV� FDOOHG ([RQLF DQG ,QWURQLF 6SOLFLQJ (QKDQFHUV RU 6LOHQFHUV

�(6(� (66� ,6( DQG ,66� )LJXUH ����� 7KHVH VHTXHQFHV HQKDQFH RU LQKLELW WKH XVDJH RI ZHDN

DOWHUQDWLYH VSOLFH VLWHV LQ FRQMXQFWLRQ ZLWK WKH VSOLFHRVRPH �.RUQEOLKWW HW DO�� ����� :DQJ

HW DO�� ������ 0RUHRYHU� FLV�UHJXODWRU\ HOHPHQWV FDQ EH KLJKO\ FRQWH[W�GHSHQGHQW �*RUHQ
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)LJXUH ���� 5HJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ LV D PXOWL�OD\HUHG SURFHVV LQYROYLQJ VSOLFLQJ
HQKDQFHUV DQG VLOHQFHUV� 65 DQG+1513 SURWHLQV LQWHUDFW ZLWK VSOLFLQJ HQKDQFHUV DQG VL�
OHQFHUV HLWKHU DW LQWURQV RU H[RQV WR PHGLDWH VSOLFLQJ UHJXODWLRQ� LQ FRQMXQFWLRQ ZLWK VSOLF�
LQJ SURWHLQV� (6(�H[RQ VSOLFLQJ HQKDQFHU� (66�H[RQ VSOLFLQJ VLOHQFHU� ,6(�LQWURQ VSOLFLQJ
HQKDQFHU DQG ,66�LQWURQ VSOLFLQJ VLOHQFHU� *UH\ FLUFOHV LQGLFDWH YDULRXV VSOLFLQJ IDFWRUV�
$GDSWHG IURP �%DUW\V HW DO�� ������

HW DO�� ����� DQG VSOLFLQJ HYHQWV DUH FRQWUROOHG E\ FRPELQDWRULDO LQWHUSOD\ RI PXOWLSOH FLV�

UHJXODWRU\ HOHPHQWV �1DVULQ HW DO�� ����� 4LDQ HW DO�� ������ 0RUHRYHU� LW ZDV VKRZQ WKDW

YDULDWLRQ LQ FLV�UHJXODWRU\ HOHPHQWV PDMRUO\ GULYHV VSOLFLQJ HYROXWLRQ �+VLDR HW DO�� ������

�� 7UDQV�DFWLQJ IDFWRUV

7UDQV�DFWLQJ IDFWRUV DUH VSOLFLQJ�UHODWHG SURWHLQV WKDW WDUJHW FLV�UHJXODWRU\ HOHPHQWV

SUHVHQW LQ WKH SUH�P51$ �)X HW DO�� ������ 5%3V ZRUN LQ FRQMXQFWLRQ ZLWK WKH VSOLFHR�

VRPH WR PHGLDWH H[RQ GHILQLWLRQ �'H &RQWL HW DO�� ����� DQG LQKLELW RU DFWLYDWH FRJQDWH

VSOLFH VLWH XVDJH� 0RUHRYHU� WKHVH SURWHLQV DUH XELTXLWRXVO\ H[SUHVVHG DFURVV QRUPDO KX�

PDQ WLVVXHV �*HUVWEHUJHU HW DO�� ������ DUH HYROXWLRQDULO\ FRQVHUYHG �$QDQWKDUDPDQ HW DO��

����� DQG DUH NQRZQ WR EH LQYROYHG LQ DOO DVSHFWV RI 51$SURFHVVLQJ �*OLVRYLF HW DO�� ������

7KH JURXS RI WUDQV�DFWLQJ VSOLFLQJ IDFWRUV LQFOXGH 6HULQH�$UJLQLQH UHSHDW �65� VSOLFLQJ

IDFWRUV� KHWHURJHQHRXV QXFOHDU ULERQXFOHRSURWHLQV �+1513V� DQG RWKHU VSOLFLQJ IDFWRUV

�&RUGLQ HW DO�� ����� �)LJXUH ����� +1513V DUH D KLJKO\ FRQVHUYHG IDPLO\ RI 51$�ELQGLQJ

SURWHLQV ZKLFK ELQG WR QDVFHQW SUH�P51$ DQG DUH LQYROYHG LQ GLYHUVH FHOOXODU IXQFWLRQV

VXFK DV ORFDOL]DWLRQ� PDWXUDWLRQ� WUDQVODWLRQ DPRQJ RWKHU UROHV� 65 SURWHLQV DUH HVVHQWLDO



��

VSOLFLQJ IDFWRUV WKDW UHJXODWH ERWK FRQVWLWXWLYH DQG DOWHUQDWLYH VSOLFLQJ� &LV�UHJXODWRU\

HOHPHQWV DUH VRPHWLPHV ERXQG E\ PXOWLSOH 51$ ELQGLQJ GRPDLQV RI D VLQJOH WUDQV�DFWLQJ

IDFWRU DQG KHQFH UHTXLUH FRPSOH[ LQWHUDFWLRQV WR GHWHUPLQH EHWWHU VSHFLILFLW\ RI 5%3V

�0DULV HW DO�� ����� $XZHWHU HW DO�� ����� 9DOYHUGH HW DO�� ����� 'RPLQJXH] HW DO�� ������ 7KH

WUDQV�DFWLQJ VSOLFLQJ IDFWRUV XVXDOO\ ELQG WR ��� ES RI WDUJHW 51$ VHTXHQFH �'DXEQHU HW

DO�� ������ EXW HYHQ ORQJHU FLV�UHJXODWRU\ HOHPHQWV KDYH EHHQ VKRZQ�

�� 3RVLWLRQDO UHJXODWLRQ

7KH DFWLYLW\ RI WUDQV�DFWLQJ IDFWRUV GHSHQGV RQ WKHLU ELQGLQJ VLWH SRVLWLRQ ZLWKLQ WKH SUH�

P51$ �(UNHOHQ] HW DO�� ������ $V D JHQHUDO UXOH� +1513 SURWHLQV ELQGLQJ DW WKH H[RQ

UHSUHVV VSOLFLQJ �5RWKURFN HW DO�� ����� 0DXJHU HW DO�� ������ EXW GLVSOD\ RSSRVLWH EHKDYLRXU

DQG DFWLYDWH VSOLFLQJ� ZKHQ WKH\ ELQG WR WKH LQWURQV �+XL HW DO�� ����� ;LDR HW DO�� ������ ,Q

WKH FDVH RI ERXQG 65 SURWHLQV� D UROH UHYHUVDO WDNHV SODFH DQG VSOLFLQJ LV DFWLYDWHG DW WKH

H[RQV �&DUWHJQL HW DO�� ����� 6KHQ HW DO�� ����� DQG UHSUHVVHG DW LQWURQV �,EUDKLP HW DO��

����� %XUDWWL HW DO�� ����� 6KHQ HW DO�� ������ +HQFH ERWK +1513 DQG 65 SURWHLQV SHUIRUP

D SRVLWLRQ�GHSHQGHQW UHJXODWRU\ IXQFWLRQ LQ RSSRVLQJ GLUHFWLRQV DV VSOLFLQJ UHSUHVVRUV RU

DFWLYDWRUV� VLPLODU WR RWKHU WUDQV�DFWLQJ IDFWRUV VXFK DV 129$� �/LFDWDORVL HW DO�� ����� RU

5%)2;� �6XQ HW DO�� ������

�� 51$ VWUXFWXUH

,Q DGGLWLRQ WR VHTXHQFH DQG SURWHLQV� DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ LV PHGLDWHG WKURXJK

SUH�P51$ VHFRQGDU\ VWUXFWXUH �2EHUVWUDVV HW DO�� ����� :DUI HW DO�� ������ )RU LQVWDQFH�

5%3V VXFK DV0%1/�� 37%3�� 656)� DQG+1513$� FDQPRGXODWH 51$ VHFRQGDU\ VWUXF�

WXUHV DQG WKXV PHGLDWH H[RQ VNLSSLQJ RU LQFOXVLRQ �%ODQFKHWWH HW DO�� ����� 2EHUVWUDVV HW

DO�� ����� 3DVFXDO HW DO�� ����� /LX HW DO�� ����� �)LJXUH ����� 7KH DUUDQJHPHQW DQG QXPEHU RI

5%3 ELQGLQJ VLWHV DQG D VWUXFWXUH�GHSHQGHQW FRPSHWLWLYH EHKDYLRXU IRU LQVWDQFH� KDLUSLQ
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)LJXUH ���� 3UH�P51$ VHFRQGDU\ VWUXFWXUHV PHGLDWH VSOLFLQJ UHJXODWLRQ� 7KH LQIOXHQFH RI
D UHSUHVHQWDWLYH H[RQLF KDLUSLQ VWUXFWXUH RQ WKH HQKDQFHU DFWLYLW\ RI 65 SURWHLQV LV VKRZQ
KHUH� (6( � ([RQLF VSOLFLQJ HQKDQFHU� $GDSWHG IURP �%DUW\V HW DO�� ������

RU VWHP ORRS SUHVHQFH� DOVR GHWHUPLQHV VSOLFLQJ UHJXODWLRQ �7D\ORU HW DO�� ������ )XUWKHU�

PRUH� 51$ *�TXDGUXSOH[HV UHSUHVHQWV D VHFRQGDU\ VWUXFWXUH HOHPHQW WKDW LV VKRZQ WR EH

IUHTXHQWO\ LQYROYHG LQ VSOLFLQJ UHJXODWLRQ �&RQORQ HW DO�� ����� +XDQJ HW DO�� ����� :HOGRQ

HW DO�� ������ 7KHVH VHFRQGDU\ VWUXFWXUHV DUH IRUPHG E\ PXOWLSOH VWDFNV RI IRXU JXDQLQHV�

RUJDQLVHG LQWR D SODQDU DUUDQJHPHQW YLD +RRJVWHHQ K\GURJHQ ERQGLQJ �&DPPDV HW DO��

������ 0RUHRYHU� PXOWLSOH 5%3VZHUH VKRZQ WR LQWHUDFWZLWK 51$*�TXDGUXSOH[HV �+DFKW

HW DO�� ����� /LX HW DO�� ����� LQFOXGLQJ +1513+ SURWHLQV �'HFRUVLqUH HW DO�� ����� )LVHWWH HW

DO�� ����� &RQORQ HW DO�� ������ *�TXDGUXSOH[HV KDYH EHHQ VKRZQ WR EH ZLGHO\ SUHYDOHQW LQ

WKH KXPDQ WUDQVFULSWRPH LQ DGGLWLRQ WR EHLQJ HYROXWLRQDULO\ FRQVHUYHG �.ZRN HW DO�� ������

+RZHYHU� LQ�YLWUR DQG LQ�YLYR GDWD VKRZ FRQWUDGLFWRU\ HYLGHQFHV� OLPLWLQJ WKH LQWHUSUHWD�

WLRQ RI WKH UROH RI 51$ *�TXDGUXSOH[HV �%LIIL HW DO�� ����� /DJXHUUH HW DO�� ����� *XR HW DO��

���� � .ZRN HW DO�� ������ DQG WKXV UHTXLUH PRUH IXQFWLRQDO VWXGLHV� )XUWKHUPRUH� WKHUH DUH

VWXGLHV VKRZLQJ PDQ\ PRUH GHWHUPLQDQWV LQYROYLQJ FKURPDWLQ PRGLILFDWLRQV� WUDQVFULS�

WLRQDO NLQHWLFV� GHYHORSPHQWDO VWDJHV DQG FHOO W\SH VSHFLILFLWLHV� DQG ELQGLQJ VSHFLILFLWLHV

OLNH DOOHOOH VSHFLILF ELQGLQJ WKDW PD\ PRGXODWH DOWHUQDWLYH VSOLFLQJ�
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&RUH VSOLFLQJ IDFWRUV VXFK DV 8� LQWHUDFW ZLWK WUDQV�DFWLQJ SURWHLQV VXFK DV 65 DQG +1�

513 SURWHLQV� LQ FRQMXQFWLRQ ZLWK RWKHU WUDQVFULSW�VSHFLILF VSOLFLQJ UHJXODWRUV LQ RUGHU

WR PRGXODWH VSOLFLQJ UHJXODWLRQ� %RWK 65 DQG +1513 SURWHLQV DVVLVW LQ WKH VSOLFH VLWH

UHFRJQLWLRQ DQG FDQ UHFUXLW WKH VSOLFHRVRPH �+RZDUG HW DO�� ������ ,PSRUWDQWO\� WKH LQWHU�

SOD\ EHWZHHQ 65 DQG +1513 SURWHLQV DQG UHFUXLWPHQW DQG VWDELOLVDWLRQ RI WKH VSOLFLQJ

PDFKLQHU\ GHILQHV WKH H[RQ ERXQGDULHV �¶H[RQ GHILQLWLRQ·� EHIRUH VSOLFLQJ DFWLYDWLRQ FDQ

RFFXU �*UDYHOH\� ����� &DSXWL HW DO�� ����� �)LJXUH ��� SDQHO D�� $GGLWLRQDOO\� D FRPSHWLWLRQ

EHWZHHQ VSOLFLQJ UHSUHVVRUV DQG HLWKHU 65 RU +1513 SURWHLQV �=KX HW DO�� ����� 3DUDGLV HW

DO�� ����� FDQ DFWLYDWH VSOLFLQJ �)LJXUH ��� SDQHO E�� 7KH GLUHFW FRPSHWLWLRQ RI +1513 SUR�

WHLQV ZLWK FRUH VSOLFLQJ IDFWRU 8�$) �+HLQHU HW DO�� ����� =DUQDFN HW DO�� ����� FDQ UHSUHVV

VSOLFLQJ �)LJXUH ��� SDQHO D��

%\ VLPXOWDQHRXVO\ LQWHUDFWLQJ ZLWK 8� VQ513 DQG 8�$) VSOLFLQJ SURWHLQV� 65 SURWHLQV

SRVLWLRQ WKH �· DQG �· VSOLFH VLWH FORVH WR HDFK RWKHU DQG DFWLYDWH VSOLFLQJ �:X HW DO�� �����

*UDYHOH\� ����� �)LJXUH ��� SDQHO F�� +RZHYHU� +1513 SURWHLQV HQDEOH VSOLFLQJ UHSUHV�

VLRQ E\ ORRSLQJ DQG KLGLQJ WKH H[RQV �0DUWLQH]�&RQWUHUDV HW DO�� ����� .|QLJ HW DO�� �����

�)LJXUH ���SDQHO E�� 0RUHRYHU� FRRSHUDWLYH ELQGLQJ E\ SRO\PHULF+1513SURWHLQV DFURVV

WKH JHQH VKRZV FRQWUDVWLQJ EHKDYLRXU DV LW FDQ ERWK SURPRWH H[RQ VNLSSLQJ �2NXQROD HW

DO�� ����� DQG H[RQ LQFOXVLRQ GHSHQGLQJ RQ WKH FRQWH[W� DOWKRXJK WKH PHFKDQLVP UHPDLQV

XQGLVFRYHUHG �*XHURXVVRY HW DO�� ����� �)LJXUH �����

$_; _;|;uo];m;o�v m�1Ѵ;-u ub0om�1Ѵ;oruo|;bm � Ő��!���ő

0DQ\ VWXGLHV KDYH HOXFLGDWHG WKH LPSRUWDQW UROH RI +1513+ SURWHLQV LQ GULYLQJ

VSOLFLQJ UHJXODWLRQ �0DUWLQH]�&RQWUHUDV HW DO�� ����� &KDXGKXU\ HW DO�� ����� .DW] HW DO��

������ %DVHG RQ VWUXFWXUDO GLIIHUHQFHV� WKH +1513+ IDPLO\ FRQVLVWV RI ILYH PHPEHUV�
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)LJXUH ���� 65 DQG +1513 SURWHLQV PHGLDWH VSOLFLQJ DFWLYDWLRQ� �D� 5HFUXLWPHQW RI FRUH
VSOLFLQJ IDFWRUV E\ 65 DQG +1513 SURWHLQV PHGLDWH VSOLFLQJ UHJXODWLRQ� �E� &RPSHWLWLRQ
RI 65 RU+1513SURWHLQVZLWK VSOLFLQJ UHSUHVVRUV DFWLYDWHV H[RQ LQFOXVLRQ� �F� 65 SURWHLQV
PHGLDWH FURVV�LQWURQ LQWHUDFWLRQV DQG DFWLYDWH VSOLFLQJ� ([RQV DQG LQWURQV DUH GHSLFWHG DV
ER[HV DQG OLQHV� UHVSHFWLYHO\� $GDSWHG IURP �*UDYHOH\� ����� 0DUWLQH]�&RQWUHUDV HW DO��
����� :DFKWHU HW DO�� ����� DQG IURP 6LPRQ %UDXQ�
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)LJXUH ���� 65 DQG +1513 SURWHLQV PHGLDWH VSOLFLQJ UHSUHVVLRQ� �D� &RPSHWLWLRQ RI +1�
513 SURWHLQV ZLWK FRUH VSOLFLQJ IDFWRUV UHSUHVVHV H[RQ LQFOXVLRQ� �E� +1513 SURWHLQ
PHGLDWHG ORRSLQJ RI SUH�P51$ DW ,66 VLWHV UHSUHVVHV H[RQ LQFOXVLRQ� ([RQV DQG LQWURQV
DUH GHSLFWHG DV ER[HV DQG OLQHV� UHVSHFWLYHO\� $GDSWHG IURP �*UDYHOH\� ����� 0DUWLQH]�
&RQWUHUDV HW DO�� ����� :DFKWHU HW DO�� ����� DQG IURP 6LPRQ %UDXQ�
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)LJXUH ���� 0XOWLPHULVHG +1513 SURWHLQV PHGLDWH VSOLFLQJ DFWLYDWLRQ DQG UHSUHVVLRQ�
0XOWLPHULVDWLRQ RI+1513SURWHLQV DFURVV SUH�P51$ FDQ ERWK DFWLYDWH DQG UHSUHVV H[RQ
LQFOXVLRQ� ([RQV DQG LQWURQV DUH GHSLFWHG DV ER[HV DQG OLQHV� UHVSHFWLYHO\� $GDSWHG IURP
�*XHURXVVRY HW DO�� ������



��

+1513+�� +1513+�� DQG +1513)� +1513+�D DQG +1513+�E� +1513+

SURWHLQV FRQWDLQ 550V �51$ UHFRJQLWLRQ PRWLIV�ƴUHODWHG GRPDLQV WKDW DUH ORRVHO\ VLPLODU

WR WKH FRQVHQVXV 550V DQG DUH FDOOHG TXDVLƴ550V �T550V� DQG UHJLRQV ULFK LQ JO\FLQH�

W\URVLQH DQG DUJLQLQH �*<5� RU JO\FLQHƴ DQG W\URVLQHƴULFK �*<� �0DUWLQH]�&RQWUHUDV HW DO��

������ ,Q RXU VWXG\� WKH SURWHLQ +1513+ LV UHIHUUHG WR ERWK WKH SURWHLQV +1513+� DQG

+1513+� DV WKH\ VKDUH ��� DPLQR DFLG LGHQWLW\ �0DUWLQH]�&RQWUHUDV HW DO�� ������ :KLOH

+1513) LV VLPLODU WR +1513+ RQ WKH DPLQR DFLG OHYHO� +1513+�D DQG +1513+�E

DUH OHVV FRQVHUYHG DQG ODFN D TXDVL 51$ UHFRJQLWLRQ PRWLI �T550� �1D]LP HW DO�� ������

)LJXUH ��� VKRZV WKH FRQVHUYDWLRQ EHWZHHQ WKH +1513+ SURWHLQV�

+1513+ ELQGV WR *�ULFK VHTXHQFHV RU *�UXQV DQG FRQVHTXHQWO\� PHGLDWHV VSOLFLQJ UHJX�

ODWLRQ YLD LWV T550 GRPDLQV �'LQJ HW DO�� ����� 'RPLQJXH] HW DO�� ������ 'HSHQGLQJ RQ WKH

ORFDWLRQ RI WKH ELQGLQJPRWLI LQ WKH GLIIHUHQW UHJLRQV RI WKH JHQH� +1513+HLWKHU DFWLYDWHV

RU UHSUHVVHV H[RQ LQFOXVLRQ� UHVSHFWLYHO\ �;LDR HW DO�� ����� .DW] HW DO�� ������ $FFRUGLQJO\�

WKH OHQJWK RI WKHVH *�UXQV DOVR EHFRPHV LPSRUWDQW LQ PHGLDWLQJ WKH UHJXODWRU\ DFWLYLW\

�5RPDQR HW DO�� ����� 0DUFXFFL HW DO�� ����� 0DVXGD HW DO�� ����� 5DKPDQ HW DO�� ����� 8UHQ

HW DO�� ����� 1D]LP HW DO�� ������ *LYHQ WKH LPSRUWDQFH RI +1513+ LQ FUXFLDO FHOOXODU

SURFHVVHV� VHYHUDO GLVHDVHV DUH OLQNHG WR LWV GHUHJXODWLRQ �5DXFK HW DO�� ����� /HIDYH HW DO��

����� 6WDUN HW DO�� ������ ,Q SDUWLFXODU� GHUHJXODWLRQ PHGLDWHG E\ 5%3 +1513+ OHDGV WR

HQKDQFHG PHWDVWDWLF UHVSRQVH LQ JOLRPDV �/HIDYH HW DO�� ������

�Ѵ|;um-ঞ�; vrѴb1bm] bm 7bv;-v;

$OWHUQDWLYH VSOLFLQJ LV FUXFLDO LQ WKH JHQHUDWLRQ RI ELRORJLFDO FRPSOH[LW\� DQG LWV GHUHJ�

XODWLRQ OHDGV WR VHYHUDO KXPDQ GLVHDVHV �'DJXHQHW HW DO�� ������ 'HUHJXODWLRQ RI VSOLFLQJ

KDV EHHQ DWWULEXWHG WRPXWDWLRQV� ZKLFKPD\ UHVXOW LQ SHUWXUELQJ D FLV�UHJXODWRU\ HOHPHQW�

&RQVHTXHQWO\� H[RQ LQFOXVLRQ RU H[RQ VNLSSLQJ PD\ OHDG WR LUUHJXODU SURWHLQ DFWLYLW\� )RU

LQVWDQFH� PXWDWLRQV WKDW DOWHU D VSOLFH VLWH� UHVXOW LQ ORVV RI IXQFWLRQ RI WKDW VLWH DQG PD\
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)LJXUH ���� +1513+ SURWHLQV VKRZ FRQVHUYDWLRQ RI GRPDLQV� 7KH TXDVL�51$ UHFRJQL�
WLRQPRWLIV �T550�PHGLDWH 51$ ELQGLQJ� ZKLOH WKH JO\FLQH�W\URVLQH�DUJLQLQH�ULFK �*<5�
GRPDLQV FRQWURO QXFOHDU ORFDOL]DWLRQ� $ JO\FLQH�W\URVLQH�ULFK �*<� GRPDLQ DW WKH &�
WHUPLQXV PHGLDWHV SURWHLQ�SURWHLQ LQWHUDFWLRQV� $GDSWHG IURP �1D]LP HW DO�� ������

OHDG WR FKDQJLQJ WKH VSOLFH ORFDWLRQ� 7KLV FDQ FDXVH LQVHUWLRQ RU GHOHWLRQ RI XQZDQWHG VH�

TXHQFHV DQG LQ WXUQ� ORQJHU RU VKRUWHU H[RQV LQ WKH PDWXUH P51$� $OWKRXJK� PDQ\ VSOLF�

LQJ HUURUV DUH VDIHJXDUGHG E\ QRQVHQVH�PHGLDWHG P51$ GHFD\ �10'�� D TXDOLW\ FRQWURO

VWHS LQ FHOOV �'DQFNZDUGW HW DO�� ����� +XJ HW DO�� ������ VHYHUDO VSOLFLQJ�UHODWHG GLVHDVHV

VWLOO SUHYDLO� ,W LV HVWLPDWHG WKDW ��� RI GLVHDVH�FDXVLQJ H[RQLF PXWDWLRQV DQG WKDW XS WR

��� RI DOO GLVHDVH�DVVRFLDWHG DOOHOHV DOWHU VSOLFLQJ �+DYHQV HW DO�� ����� 6RHPHGL HW DO�� ������

*LYHQ WKH SUHYDOHQFH RI VSOLFLQJ GHUHJXODWLRQ HVSHFLDOO\ LQ FDQFHU� WKH VWXG\ RI WKH UROH RI

DOWHUQDWLYH VSOLFLQJ LQ FDQFHUV KDV EHHQ D SULPDU\ FRQFHUQ� 6SOLFLQJ PLVUHJXODWLRQ RFFXUV

LQ WUDQVFULSWV FRGLQJ IRU JHQHV DVVRFLDWHG ZLWK DOO KDOOPDUNV RI FDQFHU LQFOXGLQJ LQYDVLRQ�

PHWDVWDVLV DQG DQJLRJHQHVLV �$PLQ HW DO�� ����� %RQRPL HW DO�� ����� 2OWHDQ HW DO�� �����

6YHHQ HW DO�� ������ 0RUHRYHU� D ��� ULVH LQ DOWHUQDWLYH VSOLFLQJ HYHQWV LV REVHUYHG LQ WX�

PRXU VDPSOHV ZKHQ FRPSDUHG WR QRUPDO VDPSOHV� 0DQ\ WXPRXUV FRQVLVW RI WKRXVDQGV

RI DOWHUQDWLYH VSOLFLQJ HYHQWV QRW GHWHFWDEOH LQ QRUPDO VDPSOHV� L�H� RQ DYHUDJH� a��� QHZ



��

H[RQ�H[RQ MXQFWLRQV �¶QHRMXQFWLRQV·� ZHUH REVHUYHG LQ WXPRXUV DQG QRW W\SLFDOO\ IRXQG

LQ *7([ QRUPDO VDPSOHV� 6WULNLQJO\� WXPRXUV ZLWK DEHUUDQW VSOLFLQJ LVRIRUPV WHQG WR

H[KLELW GHFUHDVHG H[SUHVVLRQ OHYHOV RI LPPXQH V\VWHP�UHODWHG JHQHV DQG LQFUHDVHG H[�

SUHVVLRQ OHYHOV RI FHOO�F\FOH PDUNHU JHQHV� 7KHVH WXPRXU�VSHFLILF VSOLFLQJ HYHQWV FUHDWH D

QRYHO LPPXQH UHVSRQVH DQG FRXOG EH H[SORLWHG LQ LPPXQRWKHUDS\� IRU LQVWDQFH LQ SHUVRQ�

DOLVHG WXPRXU YDFFLQHV �0R HW DO�� ����� .DKOHV HW DO�� ������ )XUWKHUPRUH� 5%3 H[SUHVVLRQ

LV D WLJKWO\ FRQWUROOHG SURFHVV XQGHU QRUPDO FLUFXPVWDQFHV� DQG DQ\ VLJQLILFDQW FKDQJHV

PD\ DIIHFW D SOHWKRUD RI WUDQVFULSWV DQG WKXV UHVXOW LQ DQ LPEDODQFH LQ FHOOXODU KRPHRVWDVLV

�0LWWDO HW DO�� ������ ,QGHHG� DOWHUHG H[SUHVVLRQ RI VRPH 5%3V KDV EHHQ OLQNHG WR GLVHDVHV

LQFOXGLQJ FDQFHU �0XVXQXUX� ����� /XNRQJ HW DO�� ����� &DVWHOOR HW DO�� ����� &RUUHD HW DO��

����� 6HEHVW\pQ HW DO�� ������ 1RWDEO\� PDQ\ VSOLFLQJ IDFWRUV PRRQOLJKW LQ FDQFHU HLWKHU DV

WXPRXU VXSSUHVVRUV RU SURWR�RQFRJHQHV DQG GUDVWLFDOO\ DOWHU H[SUHVVLRQ OHYHOV RI JHQHV

LQYROYHG LQ FDQFHU DW D V\VWHP�ZLGH VFDOH �'YLQJH HW DO�� ����� 6HLOHU HW DO�� ������ $ VWXG\

UHYHDOHG WKDW 5%3V KDYH DQ DYHUDJH RI DSSUR[LPDWHO\ �PXWDWLRQV SHU0E DFURVV �� FDQFHU

W\SHV DQG ��� 5%3V WR EH HQULFKHG IRU PXWDWLRQV LQ DW OHDVW RQH FDQFHU W\SH �1HHODPUDMX

HW DO�� ������ 0RUHRYHU� FDQFHU UHODWHG 5%3V DUH SUHGRPLQDQWO\ GRZQUHJXODWHG LQ WXPRXU

ZKHQ FRPSDUHG WR QRUPDO WLVVXHV �:DQJ HW DO�� ������ KRZHYHU =KDQJ HW DO� ������ VKRZHG

WKDW VHYHUDO 5%3V DUH XSUHJXODWHG LQ FDQFHUV� ,Q WKH �� 7&*$ FDQFHU W\SHV VWXGLHG� ���

5%3VZHUH FRQVLVWHQWO\ XSUHJXODWHGZKLOH RQO\ �� 5%3VZHUH FRQVLVWHQWO\ GRZQUHJXODWHG

�=KDQJ HW DO�� ������ )XUWKHUPRUH� H[SUHVVLRQ RI PDQ\ +1513 5%3V LV DOWHUHG LQ QHX�

URGHJHQHUDWLYH GLVHDVHV DQG FDQFHU �%RXNDNLV HW DO�� ������ 7KH LPSRUWDQFH RI +1513

SURWHLQV LQ FDQFHU LV XQGHUOLQHG E\ WKH IDFW WKDW WKH 5%3 OHYHOV FRUUHODWH WR SURJQRVLV RI

SDWLHQWV �.DUQL HW DO�� ����� +XHOJD HW DO�� ������
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5HFHSWRU W\URVLQH NLQDVHV �57.V� GLVFRYHUHG LQ ����V� DUH WUDQVPHPEUDQH FHOO�VXUIDFH UH�

FHSWRUV WKDW ELQG WR OLJDQGV� ZKLFK SURPRWHV UHFHSWRU GLPHULVDWLRQ DQG VWLPXODWLRQ RI

WKH W\URVLQH NLQDVH DFWLYLW\ �SKRVSKRU\ODWLRQ� DQG VXEVHTXHQW VLJQDO WUDQVGXFWLRQ �6FK�

OHVVLQJHU� ����� ������ 57.V DUH NH\ UHJXODWRUV RI KRPHRVWDVLV DQG QRUPDO GHYHORSPHQW�

EXW DOVR KDYH D FULWLFDO UROH LQ WKH GHYHORSPHQW DQG SURJUHVVLRQ RI PDQ\ W\SHV RI FDQ�

FHU� 2QH RI WKH PRVW ZHOO VWXGLHG H[DPSOH LQ SK\VLRORJLFDO FRQGLWLRQV LV LQVXOLQ ELQGLQJ

D PXOWLPHULF 57. FRPSOH[ �0H\WV HW DO�� ������ 3URWHLQV LQ WKH UHFHSWRU W\URVLQH NLQDVH

IDPLO\ FRQVLVW RI WKH IROORZLQJ GRPDLQV �

�� H[WUDFHOOXODU OLJDQG�ELQGLQJ GRPDLQ�

�� LQWUDFHOOXODU SURWHLQ W\URVLQH NLQDVH GRPDLQ�

�� WUDQVPHPEUDQH KHOL[�

5HFHSWHXU G·RULJLQH QDQWDLV �521� LV D UHFHSWRU W\URVLQH NLQDVH �5RQVLQ HW DO�� ����� HQ�

FRGHG E\ WKH SURWR�RQFRJHQH067�5 �DOVR UHIHUUHG WR DV521� DQG LV DPHPEHU RI WKH0(7

SURWR�RQFRJHQH IDPLO\ �%HQYHQXWL HW DO�� ������ 521 XQGHUJRHV WUDQVFULSWLRQ LQ HSLWKHOLDO

FHOOV� KRZHYHU LW LV ORZO\ H[SUHVVHG �*DXGLQR HW DO�� ����� ������ ,Q FRQWUDVW WR KLJKO\ H[�

SUHVVHG UHFHSWRU W\URVLQH NLQDVHV ZKLFK H[SUHVV ������ PROHFXOHV SHU NHUDWLQRF\WH� RQO\

��� ² ����� 521 UHFHSWRU SURWHLQV ZHUH HVWLPDWHG WR EH SUHVHQW SHU FHOO �5RTXH HW DO��

����� :DQJ HW DO�� ������ ,Q SK\VLRORJLFDO FRQGLWLRQV� 521 H[LVWV DV D VLQJOH�FKDLQ SUH�

FXUVRU� ZKLFK LV FOHDYHG HQ]\PDWLFDOO\ LQWR D ��� N'D KHWHURGLPHU RI D �� N'D �ն� DQG

D ��� N'D �շ� GLVXOILGH�OLQNHG FKDLQ �*DXGLQR HW DO�� ������ ,Q DGGLWLRQ� WKH 521 OLJDQG

PDFURSKDJH�VWLPXODWLQJ SURWHLQ �063 RU 067�� UHTXLUHV SURWHRO\WLF PDWXUDWLRQ EHIRUH LW

FDQ EH ERXQG WR 521 UHFHSWRU DQG DFWLYDWHG �:DQJ HW DO�� ����D� E��

8QGHU QRUPDO FRQGLWLRQV� 521 VLJQDOOLQJ UHJXODWHV LQIODPPDWRU\ LPPXQH UHVSRQVH DQG

ZRXQG KHDOLQJ LQ KXPDQV �<DR HW DO�� ����� )DKDP HW DO�� ������ $OWKRXJK 521 DQG 063
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DUH HYROXWLRQDU\ KLJKO\ FRQVHUYHG� WKHLU IXQFWLRQ YDULHV LQ GLIIHUHQW VSHFLHV �*DXGLQR HW

DO�� ����� 4XDQWLQ HW DO�� ����� $RNL HW DO�� ����� %DVVHWW� ������ 6LQFH KRPR]\JRXV NQRFNRXW

RI 521 LV HPEU\RQLFDOO\ OHWKDO LQ PLFH� 521 LV HVVHQWLDO WR OLIH �0XUDRND HW DO�� ������ ,Q

UHODWLRQ WR GLVHDVH� WKH 521 UHFHSWRU NLQDVH SOD\V DQ DFWLYH UROH WKURXJK LWV VSOLFLQJ LVR�

IRUPV LQ FDQFHUV RI WKH EUHDVW� SDQFUHDV� OXQJ DQG FRORQ �*KLJQD HW DO�� ����� 0D\HU HW DO��

����� &KDNHGLV HW DO�� ������ $PRQJ WKH GLIIHUHQW 521 LVRIRUPV SURGXFHG DEHUUDQWO\ LQ

FDQFHU� WKH LVRIRUP IRUPHG E\ WKH VNLSSLQJ RI WKH 521 DOWHUQDWLYH H[RQ �� ¶521Ј���·� LV

WKH IRFXV RI WKH FXUUHQW VWXG\� 7KH VNLSSLQJ LVRIRUP LV WUDQVODWHG LQWR D SURWHLQZLWK DQ LQ�

IUDPH GHOHWLRQ RI �� DPLQR DFLGV DQG FRQVHTXHQWO\� WKH UHFHSWRU SHUVLVWV DV D VLQJOH�FKDLQ

SUHFXUVRUPROHFXOH LQ WKH F\WRSODVP� 3UHYLRXV VWXGLHV KDYH VKRZQ WKDW VSRQWDQHRXVPXO�

WLPHULVDWLRQ RI 521Ј��� RFFXUV� ILQDOO\ OHDGLQJ WR FRQVWLWXWLYH DFWLYDWLRQ RI 521� PHDQ�

LQJ DQ DFWLYDWLRQ ZKLFK LV LQGHSHQGHQW RI ELQGLQJ RI D OLJDQG �&ROOHVL HW DO�� ����� =KRX HW

DO�� ������ ,Q FRQWUDVW WR RWKHU 521 VSOLFLQJ LVRIRUPV� 51$�VHT VWXGLHV VKRZHG 521Ј���

RYHUH[SUHVVLRQ OHDGV WR VLPLODU JHQH H[SUHVVLRQ FKDQJHV WR WKRVH SURGXFHG E\ WKH DFWL�

YDWLRQ RI WKH IXOO�OHQJWK SURWHLQ� VXJJHVWLQJ WKDW 521Ј��� SURPRWHV WXPRXU IRUPDWLRQ

E\ DEHUUDQW 521 DFWLYDWLRQ �&KDNHGLV HW DO�� ������ 0RUHRYHU� 521Ј��� LV FRQVLVWHQWO\

XSUHJXODWHG LQ PHWDVWDWLF FDQFHU� DQG FRQWULEXWHV WR WXPRXU LQYDVLYHQHVV E\ SURPRWLQJ

HSLWKHOLDO�WR�PHVHQFK\PDO WUDQVLWLRQ �&ROOHVL HW DO�� ����� =KRX HW DO�� ����� :DQJ HW DO��

����� *KLJQD HW DO�� ����� 0D\HU HW DO�� ������ 7DUJHWHG VWUDWHJLHV IRU FDQFHU WKHUDSLHV LQ�

YROYLQJ 521 DUH EDVHG RQ WKHUDSHXWLF DQWLERGLHV� 0RUHRYHU� DQWLERG\�GUXJ FRQMXJDWHV

�$'&V�� ZKLFK DUH FRPELQDWLRQV RI DQWL�521 PRQRFORQDO DQWLERGLHV �P$EV� ZLWK F\WR�

WR[LF GUXJV� SDUWLFXODUO\ =W�JU�'0� DQG +�=W�J��00$( KDYH EHHQ VKRZQ WR HUDGLFDWH

WXPRXUV LQ�YLYR E\ LQGXFLQJ 521 LQWHUQDOLVDWLRQ �<DR HW DO�� ����� ����� /L HW DO�� ������

$GGLWLRQDOO\� P$EV WKDW ELQG WR 521 UHFHSWRUV DQG EORFN063�521 VLJQDOOLQJ SDWKZD\V

KDYH EHHQ DVVHVVHG LQ FOLQLFDO WULDOV �&OLQLFDO7ULDOV�JRY ,GHQWLILHU� 1&7��������� DQWLERG\

521�� 1DUQDWXPDE� ,P&ORQH� SKDVH�, GLVFRQWLQXHG� �2·7RROH HW DO�� ������ +RZHYHU�

HYHQ WKRXJK WKH 521�DQWLERG\ ELQGLQJ DIIHFWV 063�521 VLJQDOOLQJ� FRQVWLWXWLYH DFWLYD�

WLRQ RI 521Ј��� LV QRW DIIHFWHG DV LW LV OLJDQG LQGHSHQGHQW DQG WXPRXUV H[SUHVVLQJ WKLV
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LVRIRUP FDQ HVFDSH VXFK WKHUDSLHV �&KDNHGLV HW DO�� ������ 7KHUHIRUH� PRUH LQIRUPDWLRQ RQ

WKH VSOLFLQJ LPSDFW RI PXWDWLRQV RQ 521Ј��� SDWKRJHQLF LVRIRUP LQ SDWLHQWV LV UHTXLUHG

WR DGYDQFH SHUVRQDOLVHG RU WDUJHWHG WKHUDS\�

	;1o7bm] |_; u;]�Ѵ-ঞom o= -Ѵ|;um-ঞ�; vrѴb1bm]

,Q FRQWUDVW WR KLJK�WKURXJKSXW VWUDWHJLHV� SUHYLRXV VWUDWHJLHV HPSOR\HG PLQLJHQH UH�

SRUWHUV ZLWK OLPLWHG QXPEHU RI WDUJHWWHG PXWDWLRQV WR GHFLSKHU WKH UROH RI VSOLFLQJ

UHODWHG PXWDWLRQV �&RRSHU� ������ 7KHVH VWUDWHJLHV VWLOO UHPDLQ WKH PRVW UHOLDEOH DQG

GLUHFW ZD\ WR DVVHVV PXWDWLRQ DQG LWV FRQVHTXHQW SKHQRW\SLF HIIHFWV� +RZHYHU� WKH\ DUH

WLPH FRQVXPLQJ DQG LPSUDFWLFDO IRU DSSURDFKHV ZKHUH D ODUJH VFDOH RU QRYHO VSOLFLQJ

VWXG\ LV QHFHVVDU\� $GGLWLRQDOO\� WKH\ IDLO WR GHWHFW PRUH FRPSOH[ UHJXODWLRQ HYHQWV VXFK

DV WKRVH LQYROYLQJ HSLVWDVLV EHWZHHQ WZR RU PRUH PXWDWLRQV �1DVULQ HW DO�� ����� $KVDQ HW

DO�� ������ +HQFH� UHFHQW LQ�VLOLFR VWXGLHV LQ FRPELQDWLRQ ZLWK H[SHULPHQWDO WRROV KHOSHG

EHWWHU SUHGLFW JHQRPH�ZLGH VSOLFH�DOWHULQJ PXWDWLRQV �6RHPHGL HW DO�� ����� $GDPVRQ

HW DO�� ����� &KHXQJ HW DO�� ������ 7R VWXG\ WKH UROH RI 5%3 UHJXODWRUV� D JHQRPH�ZLGH

VL51$ URERWLF VFUHHQ FDWDORJXHG WKH VSOLFLQJ UHJXODWRUV RI D VSHFLILF HQGRJHQRXV JHQH

�7HMHGRU HW DO�� ������ :LWK WKH DGYHQW RI 1*6� KLJK�WKURXJKSXW VWXGLHV EHQHILWHG IURP

FRPELQLQJ GHHS VHTXHQFLQJ WHFKQLTXHV ZLWK PLQLJHQH UHSRUWHU PXWDJHQHVLV VFUHHQV�

7KHVH VWXGLHV HQDEOHG D PRUH DFFXUDWH SUHGLFWLRQ RI WKH LPSDFW RI VHTXHQFH YDULDQWV

RQ VSOLFLQJ� SURYLGHG PXWDWLRQDO VFUHHQLQJ RI D KXPDQ H[RQ� RU DOORZHG LQVLJKWV LQWR

JHQHUDO VSOLFLQJ PHFKDQLVPV �5RVHQEHUJ HW DO�� ����� -XOLHQ HW DO�� ����� .H HW DO�� ����� UH�

VSHFWLYHO\�� +RZHYHU� PXWDJHQHVLV DSSURDFKHV LQ WKHVH VWXGLHV ZHUH WDUJHWWHG WR VSHFLILF

H[RQLF UHJLRQV RU UHVWULFWHG WR WKH XVH RI VKRUW V\QWKHWLF VSDFHU UHJLRQV� $GGLWLRQDOO\�

UHJXODWRU\ OD\HUV OLNH WUDQV�DFWLQJ IDFWRUV RU VHFRQGDU\ VWUXFWXUHV ZHUH QRW FRQVLGHUHG�

*LYHQ WKHVH FRQVWUDLQWV� WKHUH LV D QHHG WR VWXG\ WKH FRPSUHKHQVLYH ODQGVFDSH RI VSOLFLQJ

UHJXODWLRQ XVLQJ D FRPELQDWLRQ RI LQ�VLOLFR DQG LQ�YLYR DSSURDFKHV�
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,Q OLJKW RI OLPLWDWLRQV LQ WKH SUHYLRXV DSSURDFKHV� WKH PRWLYH RI WKLV 3K' SURMHFW LV WR

HVWDEOLVK D KLJK�WKURXJKSXW VFUHHQ WR FRPSUHKHQVLYHO\ LGHQWLI\ DQG FKDUDFWHULVH WKH

FRPSOHWH FLV�UHJXODWRU\ ODQGVFDSH FRQWUROOLQJ WKH VSOLFLQJ UHJXODWLRQ RI DQ DOWHUQDWLYHO\

VSOLFHG H[RQ� ,Q RUGHU WR VWXG\ D FDQFHU�UHOHYDQW VSOLFLQJ GHFLVLRQ� ZH FKRVH D PLQLJHQH

GHULYHG IURP WKH SURWR�RQFRJHQH 521 �GHULYHG IURP WKH 067�5 JHQRPLF ORFXV�� 7KH

DLP LV WR DVVHVV WKH VSOLFLQJ UHJXODWRU\ HIIHFWV RI WKH H[RQLF DQG LQWURQLF PXWDWLRQV RI 521

PLQLJHQH LQ ERWK SK\VLRORJLFDO DQG GLVHDVHV VWDWHV DQG WR H[SDQG SUH�H[LVWLQJ NQRZOHGJH

RQ WKH PHFKDQLVPV RI DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ�

7KH REMHFWLYHV RI WKH SURMHFW DUH DV IROORZV �

�� 7R HVWDEOLVK D KLJK�WKURXJKSXW VFUHHQLQJPHWKRG WR LGHQWLI\ FLV�UHJXODWRU\ HOHPHQWV

E\ GHYHORSLQJ ELRLQIRUPDWLFV SLSHOLQHV IRU DQDO\VLQJ WKH 521 PXWDJHQLVHG PLQL�

JHQH OLEUDU\�

�� 7R LGHQWLI\ NH\ FLV�UHJXODWRU\ HOHPHQWV LQ WKH 521 PLQLJHQH IURP WKH KLJK�

WKURXJKSXW VFUHHQ�

�� 7R LGHQWLI\ LPSRUWDQW WUDQV�DFWLQJ IDFWRUV UHJXODWLQJ VSOLFLQJ RI 521 PLQLJHQH E\

DQDO\VLQJ 51$�VHT GDWD UHVXOWLQJ IURP .' RI NQRZQ VSOLFLQJ IDFWRUV�
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2
0DWHULDOV DQG PHWKRGV

��r;ubl;m|-Ѵ l;|_o7v

7KHPHWKRGV SUHVHQWHG EHORZZHUH SHUIRUPHG E\ WKH IROORZLQJ SHRSOH XQGHU VXSHUYLVLRQ

E\ 'U� -XOLDQ .|QLJ � 6LPRQ %UDXQ �521 KLJK WKURXJKSXW PXWDJHQHVLV VFUHHQ DQG OLEUDU\

JHQHUDWLRQ DQG SUHS��� )� ;� 5H\PRQG 6XWDQG\ �L&/,3 H[SHULPHQWV� DQG /DXUD 6FKXO] �57�

3&5 YDOLGDWLRQ H[SHULPHQWV��

&ORQLQJ RI UHFRPELQDQW SODVPLG '1$

7KH 521 ZW SODVPLG UHVXOWHG IURP 3&5 DPSOLILFDWLRQ RI D VHJPHQW RI WKH 067�5 JHQH
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E\ SRO\PHUDVH FKDLQ UHDFWLRQ XVLQJ 3KXVLRQ '1$ SRO\PHUDVH �1(%� ZLWK WKH IRUZDUG

SULPHU R-��� DQG WKH UHYHUVH SULPHU R6��� DW DQ DQQHDOLQJ WHPSHUDWXUH RI �� �& ZLWK KX�

PDQ JHQRPLF '1$ �3URPHJD� DV D WHPSODWH �)LJXUH ����� 7KH ��� ES '1$ SURGXFW ZDV

JHO�SXULILHG ZLWK WKH 4,$TXLFN *HO ([WUDFWLRQ .LW �4,$*(1� DQG WKHQ GLJHVWHG XVLQJ

+LQG,,, DQG ;ED, UHVWULFWLRQ HQGRQXFOHDVHV �1(%�� 7KH FXW '1$ IUDJPHQW ZDV SXULILHG

XVLQJ D 3&5 SXULILFDWLRQ NLW �4,$*(1� SULRU WR OLJDWLRQ LQWR WKH SF'1$ ��� ��� YHFWRU �,Q�

YLWURJHQ�� 7R PDWFK $( LQFOXVLRQ LQ WKH 521 ZW PLQLJHQH WR HQGRJHQRXV OHYHOV� WKH ILUVW

QXFOHRWLGH RI WKH DOWHUQDWLYH H[RQ ZDV UHSODFHG E\ D JXDQLQH� 3ODVPLGV FRQWDLQLQJ SRLQW

PXWDWLRQV ZHUH JHQHUDWHG XVLQJ WKH 4� 6LWH�'LUHFWHG0XWDJHQHVLV .LW �1(%� DFFRUGLQJ WR

WKH PDQXIDFWXUHU·V LQVWUXFWLRQV�

7KH +1513+� RSHQ�UHDGLQJ�IUDPH ZDV 3&5�DPSOLILHG IURP D SODVPLG �NLQGO\ GRQDWHG

E\ 'U� 'DYRU /HVVHO� ,QVWLWXWH RI +XPDQ *HQHWLFV� 8QLYHUVLW\ 0HGLFDO &HQWHU +DPEXUJ�

(SSHQGRUI� XVLQJ R6��� DQG R6��� �)LJXUH ���� DQG FORQHG LQWR WKH SF'1$ ��� ��� YHFWRU

�,QYLWURJHQ� WR JHQHUDWH DQ RYHUH[SUHVVLRQ FRQVWUXFW� 6XFFHVVIXO FORQLQJ RI SODVPLGV ZDV

PRQLWRUHG E\ GLDJQRVWLF UHVWULFWLRQ GLJHVW RI WKH WDUJHW YHFWRU IROORZHG E\ DQDO\VLV RI UH�

VXOWLQJ IUDJPHQWV YLD DJDURVH JHO HOHFWURSKRUHVLV� ,Q DGGLWLRQ� UHOHYDQW VHTXHQFHV RI DOO

UHFRPELQDQW SODVPLGV ZHUH YDOLGDWHG E\ 6DQJHU VHTXHQFLQJ�

6'6 3$*( DQG :HVWHUQ EORWWLQJ

3URWHLQ VDPSOHV ZHUH ILUVW VHSDUDWHG E\ 6'6�3$*( XVLQJ SUHFDVW ����� 1X3$*( %LV�

7ULV JHOV �,QYLWURJHQ� DQG0236 6'6 UXQQLQJ EXIIHU �,QYLWURJHQ�� 6XEVHTXHQWO\� SURWHLQV

ZHUH WUDQVIHUUHG WR D ���� �P SRUH VL]H QLWURFHOOXORVH PHPEUDQH �*( +HDOWKFDUH�� %HIRUH

:HVWHUQ %ORW DQDO\VLV� ORDGLQJ ZDV FRQWUROOHG E\ VWDLQLQJ PHPEUDQHV XVLQJ 3RQFHDX UHG

VWDLQLQJ VROXWLRQ �6XSSOHPHQWDU\ 7DEOH ��� $QWLERGLHV XVHG IRU:HVWHUQ %ORW DQDO\VLV DUH

OLVWHG LQ �7DEOH �����

6\QWKHVLV RI F'1$ DQG VHPLTXDQWLWDWLYH 57�3&5

([WUDFWLRQ RI 51$ IRU VXEVHTXHQW DQDO\VLV ZDV FDUULHG RXW XVLQJ WKH 51HDV\ 3OXV 0LQL

.LW �4,$*(1�� 6HPLTXDQWLWDWLYH 57�3&5 ZDV XVHG IRU TXDQWLILFDWLRQ RI LVRIRUP UDWLRV RI



��

LQGLYLGXDO SODVPLGV DQG HQGRJHQRXV 521 P51$� 7RZDUGV WKLV� UHYHUVH WUDQVFULSWLRQ

ZDV DFKLHYHG LQ D YROXPH RI �� �O XVLQJ ��� QJ RI WRWDO 51$� � �O �G7��� SULPHU ���� �0�

7KHUPR 6FLHQWLILF�� � �O G173V ��� P0� 1(%�� DQG � �O 5HYHUW$LG UHYHUVH WUDQVFULSWDVH

�)HUPHQWDV� E\ KHDWLQJ �� �& IRU � PLQ� �� �& IRU � PLQ� �� �& IRU �� PLQ� �� �& IRU ��

PLQ� DQG �� �& IRU � PLQ� 6XEVHTXHQWO\� � �O RI WKH F'1$ ZDV XVHG DV D WHPSODWH IRU WKH

3&5 UHDFWLRQ ZLWK WKH IROORZLQJ FRQGLWLRQ� �� �& IRU �� V� �� F\FOHV �PLQLJHQH� RU �� F\FOHV

�HQGRJHQRXV� RI >�� �& IRU �� V� �� �& �PLQLJHQH� RU �� �& �HQGRJHQRXV� IRU �� V� �� �& IRU

�� V@ DQG ILQDO H[WHQVLRQ DW �� �& IRU �PLQ� 7KH SULPHUV R6��� �IRUZDUG SULPHU� DQG R6���

�UHYHUVH SULPHU� ZHUH XVHG WR DPSOLI\ WKH PLQLJHQH GHULYHG LVRIRUPV� 7KHVH SULPHUV DQ�

QHDOHG WR WKH XSVWUHDP FRQVWLWXWLYH H[RQ DQG D UHJLRQ ORFDWHG GRZQVWUHDP RI WKH UDQGRP

EDUFRGH EXW XSVWUHDP RI WKH SRO\DGHQ\ODWLRQ VLWH� 7KH SULPHUV R6��� �IRUZDUG SULPHU�

DQG R6��� �UHYHUVH SULPHU�ZHUH XVHG WR DPSOLI\ HQGRJHQRXVO\ GHULYHG LVRIRUPV� 7R DQDO�

\VH HQGRJHQRXV 521P51$ LQ 521PLQLJHQH WUDQVIHFWHG FHOOV� WKH VDPH UHYHUVH SULPHU

EXW D GLIIHUHQW IRUZDUG SULPHU VSDQQLQJ WKH VSOLFH MXQFWLRQ EHWZHHQ H[RQ �� DQG �� ZDV

XVHG �R6���� ZLWK WKH FRQGLWLRQ DV IROORZV� �� �& IRU �� V� �� F\FOHV RI >�� �& IRU �� V� �� �&

IRU �� V� �� �& IRU �� V@ DQG ILQDO H[WHQVLRQ DW �� �& IRU � PLQ� 7KLV UHJLRQ LV QRW SDUW RI WKH

PLQLJHQH DQG HQGRJHQRXV 521 WUDQVFULSWV DUH WKXV H[FOXVLYHO\ DPSOLILHG LQ WKH 3&5 UH�

DFWLRQ� 7KH 7DSH6WDWLRQ ���� FDSLOODU\ JHO HOHFWURSKRUHVLV LQVWUXPHQW �$JLOHQW� ZDV XVHG

IRU LVRIRUP TXDQWLILFDWLRQ RI WKH 3&5 SURGXFWV �)LJXUH �����

4XDQWLILFDWLRQ RI P51$ OHYHOV E\ 57�T3&5

7R TXDQWLI\ P51$ OHYHOV RI VL51$ WUHDWHG FHOOV� F'1$ ZDV DQDO\VHG E\ UHDO�WLPH TXDQ�

WLWDWLYH UHYHUVH WUDQVFULSWLRQ 3&5 �57�T3&5� XVLQJ WKH /XPLQDULV +L*UHHQ /RZ 52;

�7KHUPR 6FLHQWLILF� DQG WKH 9LL$ � 5HDO�7LPH 3&5 6\VWHP �7KHUPR 6FLHQWLILF�� 3&5 DP�

SOLILFDWLRQ HIILFLHQF\ RI HDFK 57�T3&5 SULPHU SDLU ZDV DVVHVVHG E\ WKH GLOXWLRQ PHWKRG

DQG UHODWLYH P51$ H[SUHVVLRQ OHYHOV ZHUH TXDQWLILHG E\ HIILFLHQF\ FRUUHFWHG FDOFXODWLRQ

�'RUDN� ����� ������ %HWD�$FWLQ ZDV XVHG DV D UHIHUHQFH WUDQVFULSW IRU QRUPDOL]DWLRQ� $OO

PHDVXUHPHQWV ZHUH FDUULHG RXW LQ WHFKQLFDO WULSOLFDWHV� 3ULPHUV XVHG IRU 57�T3&5 DUH
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OLVWHG LQ �)LJXUH �����

&HOO FXOWXUH

+(.���7� 0&)�� DQG 0'$�0%����6 FHOOV ZHUH JURZQ LQ 'XOEHFFR·V PRGLILHG (DJOH

PHGLXP �'0(0� ,QYLWURJHQ� VXSSOHPHQWHG ZLWK ��� IRHWDO ERYLQH VHUXP �,QYLWURJHQ�

DW �� �& ZLWK �� &2�� 0&)��$ FHOOV ZHUH FXOWXUHG LQ '0(0�)�� �,QYLWURJHQ�� VXSSOH�

PHQWHG ZLWK ��QJ�PO HSLGHUPDO JURZWK IDFWRU �3HSURWHFK�� ��� PJ�PO K\GURFRUWL]RQH

�6LJPD�� ��� QJ�PO FKROHUD WR[LQ �6LJPD�� �� �J�PO LQVXOLQ �6LJPD�� �� KRUVH VHUXP �,Q�

YLWURJHQ� DQG �[ SHQLFLOOLQ� VWUHSWRP\FLQ �,QYLWURJHQ� DW �� �& ZLWK �� &2��

VL51$�PHGLDWHG NQRFNGRZQ RI WDUJHW P51$

51$ LQWHUIHUHQFH LQGXFHG NQRFNGRZQ RI WDUJHW P51$V ZDV SHUIRUPHG XVLQJ VLQJOH

VPDOO LQWHUIHULQJ 51$V �VL51$V� DW D ILQDO FRQFHQWUDWLRQ RI �� Q0 V\QWKHVL]HG E\ 6LJPD�

$OGULFK� )RU JUDGXDO +1513+ .'� WKH VL51$ FRQFHQWUDWLRQ UDQJHG IURP ���� Q0 WR ��

Q0� 2QH GD\ EHIRUH WUDQVIHFWLRQ� � [ ��� +(.���7 FHOOV ZHUH VHHGHG LQ D ��ZHOO SODWH WR

UHVXOW ZLWK DSSUR[LPDWHO\ ��� FRQIOXHQFH DW WKH GD\ RI WUDQVIHFWLRQ� 0&)� FHOOV ZHUH

VHHGHG WKUHH GD\V SULRU WR WUDQVIHFWLRQ ZLWK ��� [ ��� FHOOV SHU ZHOO RI D ��ZHOO SODWH� 7KH

WUDQVIHFWLRQ PL[ ZDV SUHSDUHG E\ LQFXEDWLQJ � �O RI 51$L0D[ �,QYLWURJHQ� ZLWK � �O RI

VL51$ ��� �0� LQ ��� �O 237,�0(0 �,QYLWURJHQ� IRU �� PLQ DQG WKHQ WKH PL[WXUH ZDV

DGGHG GURSZLVH WR WKH FHOOV� 7KH FHOOV ZHUH FROOHFWHG �� KRXUV DIWHU WKH NQRFNGRZQV�

.QRFNGRZQ HIILFLHQFLHV ZHUH DVVHVVHG E\ 57�T3&5 RU :HVWHUQ EORW DQDO\VHV� VL51$

VHTXHQFHV DUH OLVWHG LQ �7DEOH �����

7UDQVIHFWLRQ RI PLQLJHQH SODVPLGV

7UDQVIHFWLRQ RI PLQLJHQH SODVPLGV LQ VL[�ZHOO SODWHV ZDV FDUULHG RXW E\ PL[LQJ � �J RI

PLQLJHQH SODVPLG '1$� ��� �O 237,�0(0 �,QYLWURJHQ�� DQG �� �J RU �� �J SRO\HWK\OHQ�

LPLQH 0: a ���� WUDQVIHFWLRQ UHDJHQW �3RO\VFLHQFHV� ,QF�� IRU +(.���7 RU 0&)� FHOOV�

UHVSHFWLYHO\� )ROORZLQJ LQFXEDWLRQ IRU �� PLQ� WKH PL[WXUH ZDV DGGHG WR WKH FHOOV� )RU

RYHUH[SUHVVLRQ RI +1513+�� WKH UHVSHFWLYH SODVPLG ZDV WUDQVIHFWHG XVLQJ � �O RI /LSR�
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IHFWDPLQH���� �,QYLWURJHQ� DQG � �J RU ��� �J RI SODVPLG '1$ DFFRUGLQJ WR WKH PDQXIDF�

WXUHU·V LQVWUXFWLRQV� &HOOV ZHUH KDUYHVWHG DQRWKHU �� KRXUV DIWHU WKH WUDQVIHFWLRQ�

3UHSDUDWLRQ RI PXWDWHG 521 PLQLJHQH OLEUDU\

0XWDJHQHVLV ZDV GRQH E\ HUURU�SURQH 3&5 DPSOLILFDWLRQ RI WKH ZLOG�W\SH 521PLQLJHQH

XVLQJ WKH *HQH0RUSK ,, .LW �$JLOHQW�� 7KH WDUJHW PXWDWLRQ IUHTXHQF\ ZDV FRQWUROOHG YLD

DGMXVWLQJ WKH LQSXW '1$ FRQFHQWUDWLRQ DQG WKH QXPEHU RI 3&5 F\FOHV L�H� ZKHQ ORZHU LQ�

SXW '1$ DPRXQWV DUH XVHG� KLJKHU QXPEHU RI 3&5 F\FOHV DUH UHTXLUHG WR UHDFK VDWXUDWHG

3&5 SURGXFW OHYHOV� UHVXOWLQJ LQ LQFUHDVLQJ PXWDWLRQ IUHTXHQFLHV�

6XEVHTXHQWO\� D PXWDWLRQ UDWH RI WKUHH WR IRXU PXWDWLRQV SHU PLQLJHQH ZDV DFKLHYHG E\

PXWDJHQLF 3&5 XVLQJ WKH IRUZDUG SULPHU R-��� DQG WKH UHYHUVH SULPHU R6��� XVLQJ � �J� �

�J� RU ��� �J RI 521ZW SODVPLG '1$ �FRUUHVSRQGLQJ WR � �J� ��� �J� RU ��� �J 3&5 DPSOL�

FRQV RI ��� ES� DQG ��[� ��[� RU ��[ 3&5 F\FOHV� UHVSHFWLYHO\� 7KH UHYHUVH SULPHU FRQWDLQV

D �� 1 UDQGRP UHJLRQ DV D PROHFXODU EDUFRGH WR XQLTXHO\ DVVLJQ HDFK RI WKH JHQHUDWHG

PLQLJHQH YDULDQWV� 3&5 SURGXFWV ZHUH VHSDUDWHG YLD DJDURVH JHO HOHFWURSKRUHVLV XVLQJ

D ���� 7$( JHO DQG VXEVHTXHQWO\ SXULILHG XVLQJ WKH 4,$TXLFN *HO ([WUDFWLRQ .LW �4,$�

*(1�� 1H[W� 3&5 SURGXFWV ZHUH SUHSDUHG IRU OLJDWLRQ E\ UHVWULFWLRQ GLJHVW XVLQJ +LQG,,,

�1(%� DQG ;ED, �1(%� UHVWULFWLRQ HQGRQXFOHDVHV� 8VLQJ ��� PRODU H[FHVV RI LQVHUW WR YHF�

WRU� WKH 3&5 SURGXFWV ZHUH WKHQ OLJDWHG WR GHSKRVSKRU\ODWHG DQG+LQG,,, �1(%� DQG ;ED,

�1(%� GLJHVWHG SF'1$ ��� ��� YHFWRU �,QYLWURJHQ� XVLQJ D 4XLFN /LJDWLRQ .LW �4,$*(1��

6XEVHTXHQWO\� (VFKHULFKLD FROL'+�ն ZHUH FKHPLFDOO\ WUDQVIRUPHG ZLWK � �O RI WKH OLJDWLRQ

PL[WXUH� :H JHQHUDWHG WKUHH LQGHSHQGHQW OLEUDULHV XVLQJ WKH VDPH SURFHVV�

)RU VLQJOH EDFWHULDO FRORQLHV RI HTXDO VL]H� ����� RI WKH FHOO�OLJDWLRQ PL[WXUH ZDV VSUHDG

RQ PXOWLSOH VHOHFWLRQ SODWHV WR \LHOG ������� WUDQVIRUPDQWV SHU �� FP SODWH� )ROORZLQJ

RYHUQLJKW LQFXEDWLRQ DW �� �&� WKH QXPEHU RI WUDQVIRUPDQWV SHU SODWH ZDV FRXQWHG DQG

WKHQ ���� WUDQVIRUPDQWV SHU OLEUDU\ �HDFK WUDQVIRUPDQW FRUUHVSRQGV WR D VLQJOH PXWDQW

PLQLJHQH YDULDQW� ZHUH KDUYHVWHG XVLQJ /% � DPSLFLOOLQ VHOHFWLRQ PHGLXP DQG D 'ULJDO�

VNL VSDWXOD IRU GHWDFKPHQW RI WKH FRORQLHV� )LQDOO\� WKH SODVPLG '1$ RI WKH FROOHFWHG FHOOV
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ZDV H[WUDFWHG XVLQJ WKH 3ODVPLG 3OXV0LGL .LW �4,$*(1�� ,Q DGGLWLRQ� ��� ZLOG W\SH SODV�

PLGV ZHUH JHQHUDWHG WR EH XVHG DV D VSLNH�LQ WR WKH DERYHPHQWLRQHG OLEUDULHV E\ XVLQJ WKH

VDPH SULPHUV DQG WHPSODWH ZLOG W\SH SODVPLG EXW QRQ�PXWDJHQLF 3&5 DPSOLILFDWLRQZLWK

3KXVLRQ '1$ 3RO\PHUDVH �1(%� DQG WKH IROORZLQJ FRQGLWLRQV� �� �& IRU �� V� �� F\FOHV RI

>�� �& IRU �� V� �� �& IRU �� V� �� �& IRU �� V@ DQG ILQDO H[WHQVLRQ DW �� �& IRU � PLQ� )RO�

ORZLQJ FRQILUPDWLRQ RI VLPLODU PXWDWLRQ IUHTXHQFLHV EHWZHHQ WKH WKUHH PXWDQW PLQLJHQH

OLEUDULHV� WKH\ ZHUH PL[HG LQ ����� PRODU UDWLR ZLWK ���� RI WKH ZLOG W\SH VSLNH�LQ OLEUDU\

WR UHVXOW ZLWK D ILQDO OLEUDU\ FRQWDLQLQJ DSSUR[LPDWHO\ ����� PLQLJHQHV LQ HTXLPRODU UDWLR�

/LEUDU\ TXDOLW\ FRQWUROV

0XWDWLRQ IUHTXHQFLHV RI LQGLYLGXDO PLQLJHQH YDULDQWV IURP WKH OLEUDULHV ZHUH DVVHVVHG

E\ 6DQJHU VHTXHQFLQJ� 7R WKLV HQG� UH�WUDQVIRUPDWLRQ RI (� FROL '+�DOSKD ZLWK 521

OLEUDU\ '1$ DQG VXEVHTXHQW SODVPLG '1$ LVRODWLRQ ZDV FDUULHG RXW WR REWDLQ VLQJOH

PLQLJHQH FRQVWUXFWV IRU VHTXHQFLQJ� 6LPLODUO\� ZLOG W\SH PLQLJHQHV ZHUH REWDLQHG E\

UH�WUDQVIRUPDWLRQ RI (� FROL '+�DOSKD ZLWK WKH ZLOG W\SH OLEUDU\ DQG IROORZLQJ SODVPLG

'1$ LVRODWLRQ� 7R WHVW ZKHWKHU WKH �� 1 UDQGRP EDUFRGH UHJLRQ DIIHFWV VSOLFLQJ� VSOLFLQJ

RI WKHVH ZLOG W\SH PLQLJHQHV ZDV WHVWHG LQ VHPLTXDQWLWDWLYH 57�3&5 DQDO\VLV�

/LEUDU\ DPSOLILFDWLRQ

7R DPSOLI\ SUH�H[LVWLQJ OLEUDU\� �� QJ RI WKH PXWDQW PLQLJHQH OLEUDU\ ZHUH HOHFWURSRUDWHG

XVLQJ 2QH 6KRW� 723�� (OHFWURFRPS� (� FROL �,QYLWURJHQ�� )ROORZLQJ RXWJURZWK� D GL�

OXWLRQ VHULHV UDQJLQJ IURP ����� WR ����� ZDV VSUHDG RQ VHOHFWLRQ SODWHV WR HVWLPDWH WKH

QXPEHU RI VXFFHVVIXO WUDQVIRUPDQWV �REWDLQLQJ DSSUR[LPDWHO\ �[��� WUDQVIRUPDQWV� FRU�

UHVSRQGLQJ WR ������IROG FRYHUDJH RI WKH ����� SODVPLG OLEUDU\�� 7KH UHPDLQLQJ WUDQV�

IRUPDWLRQ PL[WXUH ZDV WKHQ WUDQVIHUUHG GLUHFWO\ IURP RXWJURZWK WR ��� PO /% � DPSL�

FLOOLQ VHOHFWLRQ PHGLXP RYHUQLJKW� 7KH QH[W GD\� WKH JURZQ EDFWHULD FXOWXUHV ZHUH VSOLW

LQ VL[ �� PO DOLTXRWV DQG SODVPLG '1$ ZDV H[WUDFWHG XVLQJ WKH 3ODVPLG 3OXV 0LGL .LW

�4,$*(1�� 7KH LQWHJULW\ RI WKH DPSOLILHG OLEUDU\ ZDV FRQILUPHG E\ 57�3&5 DQDO\VLV DQG

51$�VHTXHQFLQJ �51$�VHT��
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(PXOVLRQ 3&5 DPSOLILFDWLRQ RI '1$ IUDJPHQWV IRU KLJK�WKURXJKSXW VHTXHQFLQJ

7R SUHYHQW FKLPHULF DPSOLFRQ IRUPDWLRQ GXULQJ 3&5�DPSOLILFDWLRQ RI '1$ DQG F'1$

IUDJPHQWV LQWHQGHG IRU QH[W�JHQHUDWLRQ '1$� DQG 51$�VHT� UHVSHFWLYHO\� D ZDWHU�LQ�RLO

HPXOVLRQ 3&5 ZDV FDUULHG RXW DFFRUGLQJ WR D SUHYLRXVO\ SXEOLVKHG SURWRFRO �:LOOLDPV HW

DO�� ������ ,Q EULHI� ��� �O RI RLO�VXUIDFWDQW PL[WXUH �6XSSOHPHQWDU\ 7DEOH �� ZDV DGGHG

WR D ��� PO URXQG ERWWRP &U\R7XEH YLDO �1XQF� 7KHUPR 6FLHQWLILF� DQG VWLUUHG XVLQJ D

�[� PP VWLUULQJ EDU RQ D PDJQHWLF VWLUUHU DW ����� USP� 1H[W� D 3&5 PL[WXUH ZDV PDGH

FRQWDLQLQJ WKH IROORZLQJ LQJUHGLHQWV� �� �O RI �[ 3KXVLRQ +)�%XIIHU� �� �O RI ���J�O %6$�

��� �O RI HDFK �� �0 IRUZDUG DQG UHYHUVH SULPHU �)LJXUH ����� ��� �O RI ��P0G173V� ��� �O

RI 3KXVLRQ '1$�SRO\PHUDVH �1(%�� ���� �O RI � QJ��O WHPSODWH '1$ �'1$�VHT� RU �� �O

WHPSODWH F'1$ �51$�VHT�� DQG ILOOHG WR ��� �OZLWKZDWHU� 7KHQ ��� �O RI WKH 3&5PL[WXUH

ZDV DGGHG GURSZLVH WR WKH RLO�VXUIDFWDQW PL[WXUH RYHU D SHULRG RI ��� PLQ WR JHQHUDWH D

ZDWHU�LQ�RLO HPXOVLRQ� $IWHU WKH DGGLWLRQ RI WKH 3&5 PL[WXUH ZDV FRPSOHWH� WKH VROXWLRQ

ZDV VWLUUHG IRU DGGLWLRQDO � PLQ� 1H[W� WKH PL[WXUH ZDV GLVSHQVHG LQ ��[ �� �O 3&5 WXEHV

DQG HDFK UHDFWLRQ ZDV RYHUODLG ZLWK �� �O PLQHUDO RLO �6LJPD $OGULFK�� 3&5 DPSOLILFDWLRQ

ZDV FDUULHG RXW XVLQJ WKH IROORZLQJ FRQGLWLRQV� �� �& IRU �� V� �� F\FOHV �'1$�VHT� RU ��

F\FOHV �51$�VHT� RI >�� �& IRU �� V� �� �& �'1$�VHT� RU �� �& �51$�VHT� IRU �� V� �� �&

IRU �� V �'1$�VHT� RU � PLQ �51$�VHT�@ DQG ILQDO H[WHQVLRQ DW �� �& IRU � PLQ� 7R FRQWURO

WKH 3&5 DPSOLILFDWLRQ ZLWK D QRQ�HPXOVLILHG FRQWURO UHDFWLRQ� �� �O RI WKH DTXHRXV 3&5

PL[WXUH ZDV DPSOLILHG LQ DGGLWLRQ WR WKH ��[ �� �O HPXOVLRQ 3&5 UHDFWLRQV� )ROORZLQJ

DPSOLILFDWLRQ� WKH HPXOVLRQ 3&5 UHDFWLRQV ZHUH SRROHG LQ D ��� PO (SSHQGRUI WXEH DQG RLO

DQG ZDWHU SKDVHV ZHUH VHSDUDWHG E\ FHQWULIXJDWLRQ DW ������[J IRU � PLQ� 1H[W� WKH XSSHU

�RLO� SKDVH ZDV GLVFDUGHG DQG WKH ZDWHU SKDVH ZDV H[WUDFWHG WZLFH XVLQJ � PO RI ZDWHU�

VDWXUDWHG GLHWK\O HWKHU �6LJPD$OGULFK�� 5HPDLQLQJ VROYHQWZDV UHPRYHG IURP WKH EURNHQ

HPXOVLRQ E\ YDFXXP FHQWULIXJDWLRQ IRU �� PLQ DW �� �& XVLQJ D 9DFXIXJH� &RQFHQWUDWRU

�(SSHQGRUI�� 7KH VDPSOHV ZHUH WKHQ VSXQ DW ������[J IRU � PLQ WR SHOOHW SUHFLSLWDWHG

%6$ DQG WKH VXSHUQDWDQWV ZHUH SXULILHG XVLQJ WKH *HQH5HDG 6L]H VHOHFWLRQ NLW �4,$*(1�
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IRU '1$�VHT VDPSOHV RU $JHQFRXUW $03XUH ;3 EHDGV �%HFNPDQ &RXOWHU� IRU VDPSOHV

LQWHQGHG IRU 51$�VHT DV IROORZV� 7ZR YROXPHV RI $JHQFRXUW $03XUH ;3 EHDGV ZHUH

PL[HG ZLWK WKH VDPSOH DQG LQFXEDWHG IRU �� PLQ� )ROORZLQJ WKUHH ZDVKLQJ VWHSV HDFK

XVLQJ ��� �O RI ��� HWKDQRO� WKH EHDGV ZHUH DLU�GULHG IRU �� PLQ�

/LEUDU\ SUHSDUDWLRQ DQG VHTXHQFLQJ RI KLJK�WKURXJKSXW '1$�VHT OLEUDULHV

3ODVPLG '1$ IURP WKH 521 PLQLJHQH OLEUDU\ ZDV DPSOLILHG E\ HPXOVLRQ 3&5 DQG ILYH

RYHUODSSLQJ DPSOLFRQVZHUH JHQHUDWHG XVLQJ ILYH GLIIHUHQW IRUZDUG SULPHUV R6���� R6����

R6���� R6���� DQG R6���� DQG R6��� DV D FRPPRQ UHYHUVH SULPHU� 7KH SXULILHG SURG�

XFWV ZHUH ILUVW DQDO\VHG ZLWK WKH 7DSH6WDWLRQ ���� FDSLOODU\ JHO HOHFWURSKRUHVLV LQVWUX�

PHQW �$JLOHQW� DQG WKHQ IOXRULPHWULFDOO\ TXDQWLILHG XVLQJ D 4XELW IOXRULPHWHU �7KHUPR

6FLHQWLILF�� 6DPSOHV ZHUH PXOWLSOH[HG LQ HTXLPRODU UDWLRV SULRU WR KLJK�WKURXJKSXW VH�

TXHQFLQJ� 6HTXHQFLQJ ZDV FDUULHG RXW RQ WKH ,OOXPLQD 0L6HT SODWIRUP XVLQJ � [ ��� ES

SDLUHG�HQG UHDGV �����F\FOH 0L6HT 5HDJHQW .LW Y�� DQG D ��� 3KL; VSLNH�LQ WR LQFUHDVH

VHTXHQFH FRPSOH[LW\�

/LEUDU\ SUHSDUDWLRQ DQG VHTXHQFLQJ RI KLJK�WKURXJKSXW 51$�VHT OLEUDULHV

)RU SUHSDUDWLRQ RI KLJK�WKURXJKSXW 51$�VHT OLEUDULHV� WKH WRWDO 51$REWDLQHG IURP WUDQV�

IHFWHG +(.���7 FHOOV RU 0&)� FHOOV ZDV HQULFKHG IRU P51$ E\ SHUIRUPLQJ SRO\$ VHOHF�

WLRQ XVLQJ '\QDEHDGV� 2OLJR �G7��� EHDGV �,QYLWURJHQ� DV IROORZV� �� �O EHDGV ZHUH ILUVW

HTXLOLEUDWHG ZLWK � PO ELQGLQJ EXIIHU DQG WKHQ UHVXVSHQGHG LQ �� �O ELQGLQJ EXIIHU� ��

�J RI WRWDO 51$ ZDV PL[HG ZLWK DQ HTXDO YROXPH RI ELQGLQJ EXIIHU DQG KHDWHG IRU � PLQ

DW �� �&� $IWHU KHDWLQJ� WKH 51$ ZDV LPPHGLDWHO\ SODFHG RQ LFH DQG WKHQ WKH EHDGV ZHUH

LQFXEDWHG ZLWK WKH 51$ VKDNLQJ DW ����� USP IRU �� PLQ DW 57� 1H[W� WKH VXSHUQDWDQW ZDV

UHPRYHG DQG WKH EHDGVZHUHZDVKHG WZLFHZLWK ��� �O:DVKLQJ %XIIHU % �6XSSOHPHQWDU\

7DEOH ��� 3RO\DGHQ\ODWHG 51$V ZHUH ILQDOO\ HOXWHG ZLWK �� �O RI �� P0 7ULV�+&O IRU �

PLQ DW �� �&�

5HYHUVH WUDQVFULSWLRQ ZDV FDUULHG RXW XVLQJ ��� QJ RI HQULFKHG P51$ XQGHU WKH DERYH�

PHQWLRQHG FRQGLWLRQV� 1H[W� HPXOVLRQ 3&5 XVLQJ WKH IROORZLQJ SULPHUV FRQWDLQLQJ ,OOX�
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PLQD VHTXHQFLQJ DGDSWRUVZHUH XVHG� R6��� �IRUZDUG SULPHU� DQG R6��� �UHYHUVH SULPHU��

3XULILHG DPSOLILFDWLRQ SURGXFWV ZHUH DQDO\VHG XVLQJ WKH 7DSH6WDWLRQ ���� FDSLOODU\ JHO

HOHFWURSKRUHVLV LQVWUXPHQW �$JLOHQW� DQG IOXRULPHWULFDOO\ TXDQWLILHG ZLWK D 4XELW IOXR�

ULPHWHU �7KHUPR 6FLHQWLILF�� +LJK�WKURXJKSXW VHTXHQFLQJ ZDV SHUIRUPHG XVLQJ � [ ���

ES SDLUHG�HQG UHDGV �����F\FOH 0L6HT 5HDJHQW .LW Y�� RQ DQ ,OOXPLQD 0L6HT V\VWHP DQG D

��� 3KL; VSLNH�LQ WR LQFUHDVH VHTXHQFH FRPSOH[LW\�

L&/,3 H[SHULPHQW

,QGLYLGXDO�QXFOHRWLGH UHVROXWLRQ 89 FURVVOLQNLQJ DQG LPPXQRSUHFLSLWDWLRQ �L&/,3� ZDV

XVHG WR FDSWXUH WKH ELQGLQJ SDWWHUQ RI +1513+ RQ WKH 067�5 WUDQVFULSW� L&/,3 ZDV

SHUIRUPHG DFFRUGLQJ WR D SUHYLRXVO\ SXEOLVKHG SURWRFRO �6XWDQG\ HW DO�� ������ 7KH L&/,3

OLEUDULHV ZHUH PDGH IURP +(.���7 FHOOV �� K DIWHU WUDQVIHFWLRQ RI WKH 521 ZW PLQLJHQH

�LQ WULSOLFDWHV� RUPXWDWHG521PLQLJHQHV FDUU\LQJ SRLQWPXWDWLRQV *���$ �LQ WULSOLFDWHV��

*���& RU *���& �ERWK LQ GXSOLFDWHV�� 7KH FHOOV ZHUH LUUDGLDWHG ZLWK ��� P-�FP� 89 OLJKW

DW ��� QP� )RU WKH LPPXQRSUHFLSLWDWLRQ VWHS� ��� �J RI D SRO\FORQDO UDEELW DQWL�+1513+

DQWLERG\ IURP $EFDP �$%������ ZHUH XVHG� 51DVH GLJHVWLRQ ZDV SHUIRUPHG E\ DGGLQJ

�� �O RI ����� GLOXWHG 51DVH , �$PELRQ� WR WKH VDPSOH RI WKH ZW PLQLJHQH H[SHULPHQW RU

����� GLOXWHG 51DVH , �$PELRQ� WR HDFK VDPSOH RI WKH H[SHULPHQW FRPSDULQJ WKH L&/,3

ODQGVFDSH RI WKH 521ZWPLQLJHQH ZLWK WKH 521 *���$ SRLQW PXWDWLRQ PLQLJHQH� 1H[W�

JHQHUDWLRQ VHTXHQFLQJ ZDV SHUIRUPHG RQ DQ ,OOXPLQD +L6HT���� IRU WKH 521 ZW PLQL�

JHQH ����QW VLQJOH�HQG UHDGV� DQG 0L6HT RU 1H[W6HT ��� IRU WKH 521 ZW� SRLQW PXWDQW

PLQLJHQH FRPSDULVRQ ����QW VLQJOH�HQG UHDGV��

�bobm=oul-ঞ1v l;|_o7v

,Q DGGLWLRQ WR EHORZ PHQWLRQHG ELRLQIRUPDWLFV PHWKRGV SHUIRUPHG E\ P\VHOI� WKH PHWK�

RGV DQG UHVXOWV SUHVHQWHG EHORZ ZHUH SHUIRUPHG E\ WKH IROORZLQJ SHRSOH XQGHU VXSHUYL�

VLRQ E\ 'U� .DWKDULQD =DUQDFN ZLWK DGGLWLRQDO VXSHUYLVLRQ E\ 'U� 6WHIDQLH (EHUVEHUJHU�
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0DULHOD &RUWpV�/ySH] �5%3 VLWH DQQRWDWLRQ�� 'U� 0DUNXV 6HLOHU �$QQRWDWLRQ RI 51$ *�

TXDGUXSOH[ VHTXHQFHV�� 'U� $QNH %XVFK �L&/,3 DQG 51$�VHT GDWD SURFHVVLQJ DQG VSOLFH

LVRIRUP TXDQWLILFDWLRQ�� )XUWKHUPRUH� ZH FROODERUDWHG ZLWK %HUQDUGR 3� GH $OPHLGD DQG

'U� 1XQR /� %DUERVD�0RUDLV IRU WKH 7&*$ DQG *7([ DQDO\VHV�

%LRLQIRUPDWLFV SURJUDPV

7KH IROORZLQJ OLVW FRPSLOHV WKH SURJUDPV XVHG LQ WKH FXUUHQW VWXG\�

� 3\WKRQ Y������ $QDFRQGD Y����� ����ELW�

7KH $QDFRQGD HQYLURQPHQW ZDV XVHG IRU VFULSWLQJ DQG GHYHORSPHQW RI SLSHOLQHV LQ

3\WKRQ�

� 6/850

6OXUP ZRUNORDG PDQDJHU LV DQ RSHQ VRXUFH FOXVWHU PDQDJHPHQW DQG MRE VFKHGXOLQJ V\V�

WHP UXQQLQJ DW WKH *RHWKH 8QLYHUVLW\ %LRLQIRUPDWLFV FOXVWHU IDFLOLW\� ,Q RUGHU WR UXQ FRP�

SXWDWLRQDOO\ LQWHQVLYH SURJUDPV RQ WKH FOXVWHU� 6/850 FRPPDQGVZHUH XVHG� 7KH VFULSWV

ZHUH ILUVW WHVWHG RQ D ���ELW PDF26 6LHUUD ������� V\VWHP DQG WKHQ UXQ RQ WKH %LRLQIRUPDW�

LFV FRPSXWLQJ FOXVWHU IDFLOLW\�

� %DVK

:UDSSHU VFULSWV ZHUH ZULWWHQ DV %DVK VFULSWV� 6(' DQG $:. ZHUH DOVR XVHG ZKHUHYHU

VLPSOHU DQG IDVWHU IXQFWLRQDOLWLHV ZHUH UHTXLUHG� IRU LQVWDQFH� WR FDOFXODWH UHDG OHQJWKV�

� 5

&RPSXWLQJ &OXVWHU� Y����� 0DF26� Y����� WR Y����� �5 IUDPHZRUN� 56WXGLR Y��� RQZDUGV�
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5 LV D VFULSWLQJ ODQJXDJH H[WHQVLYHO\ XVHG IRU VWDWLVWLFDO DQDO\VHV DQG KDV H[FHOOHQW SDFN�

DJH HFRV\VWHP IRU ELRLQIRUPDWLF DQDO\VHV� 6FULSWV ZULWWHQ LQ 5 SURJUDPPLQJ ODQJXDJH

ZHUH IUHTXHQWO\ XVHG IRU FRPSXWDWLRQDO DQDO\VHV� ZLWK IXQFWLRQDOLWLHV IURP %LRVWULQJV�

6KRUW5HDG� .QLWU� JJSORW�� G3O\U� JJSXEU DPRQJ PDQ\ RWKHUV� 0RUH GHWDLOV RQ WKH IXQF�

WLRQDOLWLHV XVHG IURP WKHVH SDFNDJHV DUH GHVFULEHG LQ WKH IROORZLQJ VHFWLRQV�

� )$674& Y������

)DVW4& WRRO LV XVHG IRU FKHFNLQJ WKH TXDOLW\ �3KUHG VFDOH� RI WKH VHTXHQFHG UHDGV LQ WKH

VWXG\ �#//+.Γχχ222Α�$*$)!*-(�/$�.Α���-�#�(Α��Α0&χ+-*% �/.χ!�./,���

� 7ULPPRPDWLF Y����

7ULPPRPDWLF LV D WRRO XVHG LQ WULPPLQJ WKH VHTXHQFLQJ UHDGV� 7KH SDUDPHWHUV XVHG DQG

WKHLU H[SODQDWLRQV DUH JLYHQ EHORZ �%ROJHU HW DO�� ������

� +($'&523� &XW WKH VSHFLILHG QXPEHU RI EDVHV IURP WKH VWDUW RI WKH UHDG � 0,1/(1�

'URS WKH UHDG LI LW LV EHORZD VSHFLILHG OHQJWK � 6/,',1*:,1'2:�3HUIRUPD VOLGLQJZLQ�

GRZ WULPPLQJ� FXWWLQJ RQFH WKH DYHUDJH TXDOLW\ ZLWKLQ WKH ZLQGRZ IDOOV EHORZ D WKUHVK�

ROG�

� 3LFDUG Y�����

3LFDUG LV D WRRO XVHG LQ WKH DOLJQPHQW RI VHTXHQFHG UHDGV IURP WKH '1$�VHT GDWD �#//+Γ
χχ�-*��$)./$/0/ Α"$/#0�Α$*χ+$��-�χ��

� 6DPWRROV Y������

6DPWRROV LV D WRRO XVHG LQ WKH PDQLSXODWLRQ RI GDWD IRUPDWV DQG DOLJQPHQW RI VHTXHQFHG

UHDGV IURP WKH '1$�VHT GDWD �/L HW DO�� ������
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� 1H[W*HQ0DS Y������

1H[W*HQ0DS �#//+Γχχ�$�$1Α"$/#0�Α$*χ� 3/� )��+χ� LV D IDVW UHDG DOLJQPHQW WRRO�
XVLQJ D KDVK�WDEOH EDVHG DOJRULWKP� DQG LV XVHG WR DOLJQ '1$�VHT UHDGV �6HGOD]HFN HW DO��

������

� 67$5 Y�����D

67$5 �#//+.Γχχ"$/#0�Α�*(χ�' 3�*�$)χ����� LV D VSOLFH�DZDUH DOLJQHU XVHG LQ

DOLJQLQJ WKH 51$�VHT UHDGV RI WKH OLEUDU\ �'RELQ HW DO�� ������

� 3K\OR3

3K\OR3 FRQVHUYDWLRQV VFRUHV UHWULHYHG IURP 8&6& JHQRPH EURZVHU �#//+Γχχ" )*( Α
0�.�Α �0χ�"$Χ�$)χ#"���' .� WDEOH� 0DPPDO &RQV� 3K\OR3��ZD\3ODFHQWDO� DUH D

PHDVXUH RI HYROXWLRQDU\ FRQVHUYDWLRQ DW LQGLYLGXDO DOLJQPHQW VLWHV DQG DUH LQWHUSUHWHG

LQ HODWLRQ WR H[SHFWHG HYROXWLRQ XQGHU QHXWUDO GULIW�

3RVLWLYH VFRUHV ² 0HDVXUH FRQVHUYDWLRQ� ZKLFK LV VORZHU HYROXWLRQ WKDQ H[SHFWHG� DW VLWHV

WKDW DUH SUHGLFWHG WR EH FRQVHUYHG�

1HJDWLYH VFRUHV ² 0HDVXUH DFFHOHUDWLRQ� ZKLFK LV IDVWHU HYROXWLRQ WKDQ H[SHFWHG� DW VLWHV

WKDW DUH SUHGLFWHG WR EH IDVW�HYROYLQJ �3ROODUG HW DO�� ������

� 0D[(QW6FDQ

0D[(QW6FDQ DOJRULWKPPRGHOV WKH VKRUW VSOLFH VLWH VHTXHQFHV DFFRXQWLQJ IRU QRQ�DGMDFHQW

DVZHOO DV DGMDFHQW GHSHQGHQFLHV EHWZHHQSRVLWLRQV DQG LV EDVHG RQ WKH0D[LPXP(QWURS\

3ULQFLSOH DQG FRPDSUHV RWKHU PRGHOV DV ZHOO �<HR HW DO�� ������

� *�KXQWHU
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*�KXQWHU LV D WRRO WKDW WDNHV LQWR DFFRXQW *�ULFKQHVV DQG *�VNHZQHVV RI D JLYHQ VHTXHQFH

DQG JLYHV D TXDGUXSOH[ SURSHQVLW\ VFRUH DV RXWSXW �%HGUDW HW DO�� ������

� 63,'(; Y���

63,'(; SUHGLFWV VSOLFLQJ FKDQJHV EDVHG RQPXOWLSOH VHTXHQFH IHDWXUHV ZLWK GHHS OHDUQLQJ

PRGHOV �#//+.Γχχ222Α�  +" )*($�.Α�*(χ.+$� 3� �;LRQJ HW DO�� ������

� $GREH ,OOXVWUDWRU Y��

,OOXVWUDWRU ZDV XVHG WR UHGXFH LPDJH VL]H� LPSURYH FRORXULQJ VFDOH� LQFUHDVH YLVLELOLW\ DQG

DGGLQJ DQQRWDWLRQV� &DUH ZDV WDNHQ WR DYRLG DQ\ PDQLSXODWLRQ RI GDWD LQ LPDJHV�

%LRLQIRUPDWLFV GDWDEDVHV

7KH IROORZLQJ OLVW FRPSLOHV WKH GDWDEDVHV XVHG LQ WKH FXUUHQW VWXG\�

� $7W5$&7 �$ GD7DEDVH RI 51$ ELQGLQJ SURWHLQV DQG $VVR&LDWHG PR7LIV�

$7W5$&7 �#//+.Γχχ�//-��/Α�)$�Α .χ� LV D GDWDEDVH RI H[SHULPHQWDOO\ YDOLGDWHG

51$ ELQGLQJ SURWHLQV DQG DVVRFLDWHG PRWLIV� 7KH VFDQ VHTXHQFH WRRO RI WKH GDWDEDVH ZDV

XVHG WR LGHQWLI\ SRWHQWLDO 5%3 UHJXODWRU ELQGLQJ VLWHV DORQJ WKH 521 PLQLJHQH VHTXHQFH

�*LXGLFH HW DO�� ������

� ([$& �7KH ([RPH $JJUHJDWLRQ &RQVRUWLXP�

([$& GDWDEDVH FDWDORJXHV YDULDWLRQV DQG UHVSHFWLYH DOOHOH IUHTXHQFLHV REWDLQHG IURP VH�

TXHQFLQJ WKH SURWHLQ�FRGLQJ UHJLRQV RI ������ LQGLYLGXDOV RI YDULHG KXPDQ DQFHVWULHV �/HN

HW DO�� ������

� &260,& Y�� �&DWDORJXH 2I 6RPDWLF 9DULDQWV ,Q &DQFHU�
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&260,& LV D FRPSUHKHQVLYH UHVRXUFH IRU H[SORULQJ WKH LPSDFW RI VRPDWLF PXWDWLRQV

LQ KXPDQ FDQFHU �#//+.Γχχ�*.($�Χ�'*"Α.�)" -Α��Α0&χ�*.($�Χ- ' �. Χ1��χ�
�%DPIRUG HW DO�� ������

� 7&*$ �7KH &DQFHU *HQRPH $WODV�

'DWDEDVH RI PROHFXODU FKDUDFWHULVDWLRQV �'1$� 51$� SURWHLQV� RI ������ SULPDU\ FDQFHU

DQG PDWFKHG QRUPDO VDPSOHV DFURVV �� FDQFHU W\SHV �7RPF]DN HW DO�� ������

� *7(; �*HQRW\SH�7LVVXH ([SUHVVLRQ� SURMHFW Y�

*7(; LV D FRPSUHKHQVLYH SXEOLF UHVRXUFH RI WLVVXH�VSHFLILF JHQH H[SUHVVLRQ DQG UHJXOD�

WLRQ� FRPSULVLQJ RI VHTXHQFHG VDPSOHV IURP �� QRQ�GLVHDVHG WLVVXH VLWHV DFURVV QHDUO\

���� LQGLYLGXDOV �&DULWKHUV HW DO�� ����� 'H/XFD HW DO�� ������

%LRLQIRUPDWLFV PHWKRGV� 'DWD UHWULHYDO� VDPSOH SURFHVVLQJ YLD SLSHOLQHV DQG IXUWKHU

DQDO\VHV

L&/,3 GDWD SURFHVVLQJ

7KH L&/,3 GDWD ZDV SURFHVVHG DW WKH FRUH ELRLQIRUPDWLFV IDFLOLW\ DW ,0%� 0DLQ]� ,QLWLDOO\�

WKH VHTXHQFLQJ UHDGV ZHUH ILOWHUHG E\ FKHFNLQJ WKH 3KUHG TXDOLW\ VFRUHV RI H[SHULPHQ�

WDO DQG UDQGRP EDUFRGH UHJLRQV DQG WKHUHDIWHU DGDSWHU WULPPLQJ ZDV SHUIRUPHG� 7KH

WULPPHG UHDGV ZHUH PDSSHG WR WKH KXPDQ JHQRPH �KJ���*5&K��� XVLQJ 67$5 �'RELQ

HW DO�� ����� UHVXOWLQJ LQ a�� PLOOLRQ �+L6HT ������ a�� PLOOLRQ �0L6HT�� RU a��� PLOOLRQ

�1H[W6HT ���� XQLTXHO\ PDSSLQJ UHDGV� 7KH UHVXOWLQJ FURVVOLQN HYHQWV ZHUH QRUPDOLVHG

WR WKH WRWDO QXPEHU RI FURVVOLQN HYHQWV ZLWKLQ WKH PLQLJHQH UHJLRQ H[FOXGLQJ 521 H[RQ

��� QRUPDOLVHG FRXQWV ZHUH DYHUDJHG EHWZHHQ UHSOLFDWHV� FRXQWHG LQWR ��QW VOLGLQJ ZLQ�

GRZV DQG WKHQ VXEWUDFWHG EHWZHHQ WKH FRQGLWLRQV WR GHWHUPLQH GLIIHUHQFHV LQ +1513+

FURVVOLQNLQJ� +1513+ L&/,3 GDWD RI WKH 521 ZW ZDV WKHQ FRPSDUHG ZLWK WKRVH RI WKH
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PLQLJHQHV FRQWDLQLQJ WKH VHOHFWHG SRLQW PXWDWLRQV DQGZDV XVHG WR GHWHUPLQH GLIIHUHQWLDO

ELQGLQJ RI +1513+�

'1$�VHT GDWD SURFHVVLQJ DQG PXWDWLRQ FDOOLQJ

7KH'1$�VHT OLEUDU\ZDV VHTXHQFHGXVLQJ ,OOXPLQD0L6HT �����QW SDLUHG�HQG� WHFKQRORJ\

ZLWK D WRWDO RI �� PLOOLRQ UHDGV �PHUJH RI WZR OLEUDULHV� DQG DQDO\VHG ZLWK D FXVWRP EXLOW

SLSHOLQH �3\WKRQ YHUVLRQ ������ $QDFRQGD ������ ���ELW� FRQVLVWLQJ RI FXVWRP 3\WKRQ� 5 DQG

EDVK VFULSWV �)LJXUH ��� $��

,Q GHWDLO� )DVW4& �IDVWTFBY������� #//+.Γχχ222Α�$*$)!*-(�/$�.Α���-�#�(Α��Α0&χ
+-*% �/.χ!�./,�χς ZDV XVHG IRU TXDOLW\ FRQWURO� DQG 7ULPPRPDWLF �YHUVLRQ ����� SD�
UDPHWHUV +($'&523� �� 6/,',1*:,1'2:� ���� 0,1/(1� �� �%ROJHU HW DO�� ����� ZDV

XVHG IRU UHPRYDO RI DGGLWLRQDO EDVHV OLNH VHTXHQFLQJ DGDSWHUV �+($'&523� DQG WULP�

PLQJ RI ORZ�TXDOLW\ EDVHV �6/,',1*:,1'2: FRUUHVSRQGLQJ WR DQ DYHUDJH 3KUHG VFRUH

� �� LQ ��QW ZLQGRZ��

7R WHVW WKH RSWLPDO FRPELQDWLRQ RI OLVWHG WULPPLQJ SDUDPHWHUV� DYHUDJH 3KUHG TXDOLW\

VFRUHV RI �� ��� �� DQG ��ZHUH FKHFNHG� )RU WKH VOLGLQJZLQGRZ� WKH SDUDPHWHUVZHUH VHW DW

��QW� ��QW� ��QW DQG QRQH� EHIRUH GHFLGLQJ RQ DQ DIIRUHPHQWLRQHG RSWLPDO SDUDPHWHUV EDVHG

RQ EDODQFLQJ VXIILFLHQW JRRG TXDOLW\ UHDGV EHLQJ NHSW DJDLQVW WKRVH WKDW ZHUH ILOWHUHG RXW�

7KHQ� WKH UHVXOWLQJ UHDGV ZHUH ILOWHUHG IRU D PLQLPXP OHQJWK RI ��� QW �UHDG ��� DQG �� QW

�UHDG ���� 7KLV ZDV GRQH LQ D ZD\ WR FDSWXUH PD[LPDO VHTXHQFH FRQWHQW DORQJ ZLWK VXIIL�

FLHQW EDUFRGH GLYHUVLW\� ,Q RUGHU WR H[WUDFW WKH ���QW EDUFRGH �UHDG ��� ZKLFK DVVLJQV WKH

UHDG SDLUV WR DQ LQGLYLGXDO PLQLJHQH YDULDQW� WKH IXQFWLRQ ¶PDWFK/53DWWHUQV��· IURP WKH

5�%LRFRQGXFWRU SDFNDJH ¶%LRVWULQJV· ZDV XVHG WR VHDUFK IRU WKH IODQNLQJ UHVWULFWLRQ VLWHV

RU SDWWHUQV �/SDWWHUQ µ7&7$*$µ� 5SDWWHUQ µ**$7&&µ� DOORZLQJ IRU RQH PLVPDWFK��

5HDG SDLUV ZHUH RQO\ UHWDLQHG ZKHQ WKH\ SDVVHG D TXDOLW\ WKUHVKROG RI 3KUHG VFRUH � ��

DW HYHU\ VLQJOH EDUFRGH SRVLWLRQ� 7KH EDUFRGHV UDQJHG IURP ��� WR ���QW ZLWK PRVW EHLQJ

���QW DV LQWHQGHG�
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)LJXUH ���� &RYHUDJH RI UHDGV IRU SODVPLGV LQ WKH '1$�VHT OLEUDU\� 7KH EDU SORW VKRZV
WKH RFFXUHQFH RI UHDGV SHU SODVPLG FRXQWV RI WKH 521 PLQLJHQH '1$�VHT OLEUDU\� 7KH
GLVWULEXWLRQ VKRZV D PDUNHG LQFUHDVH DW WKH WKUHVKROG RI ��� UHDGV� 7KH GDWD RI EDUFRGHV
EHORZD IUHTXHQF\ RI � SODVPLGV� FRUUHVSRQGLQJ WR WKH ILUVW SHDN� DQG DERYH ���� SODVPLGV�
DUH QRW VKRZQ�

%DUFRGH ILOWHULQJ� 7KH IUHTXHQF\ RI WKHVH EDUFRGH RFFXUUHQFHV UDQJHG IURP � WR ����� DQG

VKRZHG D ELPRGDO GLVWULEXWLRQ� ,W ZDV SRVWXODWHG WKDW WKH ILUVW SHDN VKRZHG UDUH EDUFRGH

RFFXUUHQFHV DV D UHVXOW RI PXWDWLRQV RU LQGHOV LQ WKH EDUFRGH VHTXHQFH DQG WKH VHFRQG

VPDOOHU SHDN UHVXOWV IURP EDUFRGHV ZKLFK DUH KLJKO\ IUHTXHQW DQG DUH WUXH UHSUHVHQWDWLYHV

RI WKH FORQDO SRSXODWLRQ RI PLQLJHQH YDULDQWV VKRZQ LQ )LJXUH ����

$OLJQLQJ WKH PLQLJHQH YDULDQWV

(DFK PLQLJHQH YDULDQW ZDV DVVLJQHG UHDG SDLUV EDVHG RQ LWV PDWFKLQJ EDUFRGH VHTXHQFH

DQG KDG DW OHDVW ��� UHDG SDLUV IRU RSWLPDO FRYHUDJH �WKUHVKROG FKRVHQ DV SHU )LJXUH �����

7KHQ� WKHPDWFKHG UHDGV IRU HDFKPLQJLHQH YDULDQW ZHUHPDSSHG WR WKH 521ZWPLQLJHQH

VHTXHQFH XVLQJ1H[W*HQ0DS �YHUVLRQ ������� �6HGOD]HFN HW DO�� ������ $ UHDGZDV UHSRUWHG

DV PDSSHG LI ! ��� RI LWV EDVHV ZHUH PDSSHG� WKH DOLJQPHQW KDG DQ LGHQWLW\ ! ���� DQG

DW OHDVW RQH VWUHWFK RI �� ES ZDV LGHQWLFDO WR WKH UHIHUHQFH� 6DPWRROV �/L HW DO�� ����� DQG

3LFDUG �#//+Γχχ�-*��$)./$/0/ Α"$/#0�Α$*χ+$��-�χ� ZHUH XVHG WR SURFHVV� VRUW

DQG LQGH[ WKH UHVXOWDQW %$0 ILOHV� %HGJUDSK ILOHV ZHUH FUHDWHG IURP WKHVH %$0 ILOHV WR
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FDOFXODWH FRYHUDJH PDSV RI WKH 521 PLQLJHQH�

5HDG FRYHUDJH IURP '1$�VHT DFURVV WKH PLQLJHQH YDULDQWV

7KH UHDG SDLUV WKDW PDSSHG DFURVV WKH PLQLJHQH VHTXHQFH� DUH D SURGXFW RI WKH DPSOL�

ILFDWLRQ RI ILYH GLIIHUHQW IRUZDUG SULPHUV DQG D FRPPRQ UHYHUVH SULPHU� DV SUHYLRXVO\

H[SODLQHG LQ WKH OLEUDU\ JHQHUDWLRQ SURWRFRO� 7KLV UHVXOWHG LQ D QRQ�XQLIRUP EXW VXIILFLHQW

FRYHUDJH DFURVV WKH ZKROH PLQLJHQH DV LQ �)LJXUH ��� $ DQG %�� 7KH GLSV LQ FRYHUDJH DUH

D UHVXOW RI WKH WULPPLQJ DW WKH HQGV RI UHDGV DPSOLILHG E\ WKH GLIIHUHQW IRUZDUG�UHYHUVH

SULPHU FRPELQDWLRQV�

0XWDWLRQ FDOOLQJ DQG ILOWHULQJ

0XWDWLRQV ZHUH FDOOHG XVLQJ WKH +DSORW\SH&DOOHU WRRO �YHUVLRQ ������ RI WKH *HQRPH$QDO�

\VLV 7RRONLW �*$7.� �9DQ GHU $XZHUD HW DO�� ����� ZLWK �GW 121( WR RYHUULGH WKH GRZQ�

VDPSOLQJ IXQFWLRQ� 7KLV ZDV GRQH WR LQFOXGH WKRVH PXWDWLRQV ZKLFK UHPDLQ XQVHHQ DV

GRZQVDPSOLQJ OHDGV WR D ORVV RI UHDGV DW FHUWDLQ SRVLWLRQV� 2YHUODSSLQJ UHDGV ZHUH UH�

FRXQWHG XVLQJ EDP�UHDGFRXQW �#//+.Γχχ"$/#0�Α�*(χ" )*( χ��(Χ- ���*0)/� DQG
WKHQPDQXDOO\ ILOWHUHG DJDLQVW VLQJOH QXFOHRWLGH YDULDQWV �619�ZLWK ORZSHQHWUDQFH EDVHG

RQ UHIHUHQFH �5HI� DQG DOWHUQDWLYH �$OW� DOOHOH IUHTXHQFLHV� �L� $OW � �$OW � 5HI� ! ���� DQG �LL�

�$OW � 5HI� � WRWDO ! ��� WDNLQJ LQWR DFFRXQW DOO RWKHU LVRIRUPV� 6LQFH *$7. ZDV QRW EXLOW

IRU VXFK FXVWRP DSSOLFDWLRQV DQG LV PRVWO\ XVHG IRU KXPDQ JHQRPLF YDULDWLRQ GDWDVHWV�

ZH ILOWHUHG PDQXDOO\ XVLQJ WKH PHQWLRQHG ILOWHULQJ FULWHULD�

7KH PXWDWLRQV LQFOXGHG ������ SRLQW PXWDWLRQV DQG ��� VKRUW LQVHUWLRQV DQG GHOHWLRQV�

,QGHOV ZHUH VHSDUDWHO\ FRQVLGHUHG DV LQGHSHQGHQW VHTXHQFH YDULDQWV LQ WKH PDWKHPDWL�

FDO VSOLFLQJ PRGHO� EXW ZHUH QRW WDNHQ IRUZDUG LQ WKH VXEVHTXHQW DQDO\VHV DV WKH IRFXV

ZDV RQ 619V� 7KH ILQDO OLEUDU\ FRQWDLQHG ����� PLQLJHQH YDULDQWV� LQFOXGLQJ ��� ZW DQG

����� PXWDWHG PLQLJHQHV� 7KH DFFXUDF\ RI PXWDWLRQ FDOOLQJ ZDV YDOLGDWHG E\ 6DQJHU VH�

TXHQFLQJ RI �� UDQGRPO\ VHOHFWHG PLQLJHQH YDULDQWV� FRQILUPLQJ WKH SUHVHQFH RI DOO ���

*$7.�FDOOHG PXWDWLRQV ZLWKRXW DQ\ IXUWKHU IDOVH�QHJDWLYHV�
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51$�VHT GDWD SURFHVVLQJ

51$�VHT OLEUDULHV ZHUH VHTXHQFHG RQ ,OOXPLQD 0L6HT �����QW SDLUHG�HQG�� \LHOGLQJ �����

PLOOLRQ UHDGV SHU VDPSOH DQG DQDO\VHGZLWK D FXVWRP 3\WKRQ SLSHOLQH VLPLODU WR '1$�VHT

�)LJXUH ��� %�� $V EHIRUH� ORZ�TXDOLW\ VHTXHQFHV ZHUH UHPRYHG ILUVW �DYHUDJH 3KUHG VFRUH

� �� LQ ��QW ZLQGRZ� DQG WKHQ WKH ���QW EDUFRGH �UHDG ��� ZDV H[WUDFWHG DV GHVFULEHG LQ

WKH SUHYLRXV VHFWLRQ� 2QO\ UHDGV RULJLQDWLQJ IURP WKH ����� PLQLJHQH YDULDQWV WKDW ZHUH

UHFRYHUHG IURP WKH '1$�VHT OLEUDU\ ZHUH FRQVLGHUHG IRU IXUWKHU DQDO\VHV�

$OLJQLQJ WKH PLQLJHQH YDULDQWV IURP 51$�VHT

5HDG SDLUV IRU HDFK PLQLJHQH YDULDQW ZHUH DOLJQHG WR WKH 521 ZW PLQLJHQH VHTXHQFH

XVLQJ WKH VSOLFH�DZDUH DOLJQPHQW DOJRULWKP 67$5 �YHUVLRQ �����E� �'RELQ HW DO�� ������ DO�

ORZLQJ XS WR ��PLVPDWFKHV ZLWKRXW DGGLQJ DQ\ SULRU LQIRUPDWLRQ RQ H[LVWLQJ VSOLFH MXQF�

WLRQV� 2QO\ UHDG SDLUV SHUWDLQLQJ WR VSOLFH LVRIRUP ERXQGDULHV L�H� ERWK PDWHV H[WHQGHG DW

OHDVW �� QW EH\RQG WKH FRQVWLWXWLYH H[RQ ERXQGDULHV ZHUH FRQVLGHUHG� )XUWKHUPRUH� DOO

LPSURSHUO\ RU LQFRQVLVWHQWO\ PDSSHG UHDG SDLUV ZHUH UHPRYHG IURP WKH DQDO\VLV� 5HDG

SDLUV DUH UHIHUUHG WR DV LPSURSHUO\ PDSSHG LI WKH\ PDS ZLWK D ZURQJ RULHQWDWLRQ� ZKLOH

LQFRQVLVWHQWO\ PDSSHG UHDG SDLUV RYHUODS DQG VKRZ D GLVDJUHHPHQW LQ WKHLU PDSSLQJ SDW�

WHUQV� )LQDOO\� RQO\ PLQLJHQH YDULDQWV ZKLFK ZHUH FRYHUHG E\ DW OHDVW ��� UHDG SDLUV ZHUH

XVHG IXUWKHU� UHVXOWLQJ LQ ������ ����� DQG ����� PLQLJHQH YDULDQWV GHWHFWHG LQ 51$�VHT

UHSOLFDWHV �� � DQG � IURP +(.���7 FHOOV� UHVSHFWLYHO\�

5HFRQVWUXFWLRQ DQG TXDQWLILFDWLRQ RI VSOLFLQJ LVRIRUPV

)RU HDFK UHDG SDLU� WKH XQGHUO\LQJ VSOLFLQJ LVRIRUPZDV UHFRQVWUXFWHG EDVHG RQ WKH&,*$5

VWULQJV RI WKH WZRPDWHV� ,VRIRUPV� ZKLFKZHUH VXSSRUWHG E\ OHVV WKDQ �� RI WKH UHDG SDLUV

RU OHVV WKDQ WZR UHDG SDLUV LQ DQ\ SODVPLG� ZHUH UHPRYHG IURP WKH DQDO\VLV� 7KH IUHTXHQF\

RI HDFK LVRIRUP IRU HDFK PLQLJHQH YDULDQW ZDV FDOFXODWHG DV WKH QXPEHU RI UHDG SDLUV VXS�

SRUWLQJ WKLV SDUWLFXODU LVRIRUP LQ FRPSDULVRQ WR WKH WRWDO UHDG SDLUV IRU DOO GHWHFWHG LVR�

IRUPV IRU RQH SDUWLFXODUPLQLJHQH YDULDQW� )LQDOO\� DOO WKXV GHULYHGQRQ�FDQRQLFDO LVRIRUPV

�FU\SWLF VSOLFH VLWH DFWLYDWLRQ SURGXFWV� ZHUH FDWHJRULVHG LQ WKH LVRIRUP JURXS ¶RWKHU·�
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'\QDPLF PRGHO RI VSOLFLQJ

6SOLFLQJ G\QDPLFV ZHUH PRGHOOHG XVLQJ D VHW RI RUGLQDU\ GLIIHUHQWLDO HTXDWLRQV� LQ ZKLFK

FRQFHQWUDWLRQV RI 51$ LQWHUPHGLDWHV DUH GHWHUPLQHG E\ SURGXFWLRQ DQG GHJUDGDWLRQ

WHUPV� 7KH SUH�P51$ SUHFXUVRU [� LV SURGXFHG DW D FRQVWDQW UDWH F DQG VSOLFHG LQWR

ILYH VSOLFH SURGXFWV ZLWK OLQHDU NLQHWLFV DQG UDWHV UL� $OO QRQ�FDQRQLFDO LVRIRUPV DUH

LQFOXGHG LQ WKH PRGHO DV RQH DGGLWLRQDO VSHFLHV SURGXFHG DW UDWH U�� 7KLV OHDGV WR
G[�
GW = F − (U� + U� + U� + U� + U� + U�) [�� 6L[ DGGLWLRQDO GLIIHUHQWLDO HTXDWLRQV GHVFULEH WKH

G\QDPLFV RI WKH FDQRQLFDO �$( LQFOXVLRQ� $( VNLSSLQJ� IXOO ,5� ILUVW ,5� DQG VHFRQG ,5�

DQG QRQ�FDQRQLFDO �¶RWKHU·� VSOLFH LVRIRUPV� 7KH FRQFHQWUDWLRQ [L RI LVRIRUP L LV GHVFULEHG

E\ G[L
GW = UL[�GL[L� ZKHUH GL DUH 51$ GHJUDGDWLRQ UDWHV�

7KH PHDVXUHG LVRIRUP IUHTXHQFLHV LQ WKH PRGHO FRUUHVSRQG WR WKH FRQFHQWUDWLRQ RI WUDQ�

VFULSWV [L QRUPDOLVHG E\ WKH WRWDO 51$ FRQFHQWUDWLRQ� 7KHVH IUDFWLRQV DUH FDOFXODWHG DQ�

DO\WLFDOO\ IURP WKH FRQVLGHUDWLRQ RI WKH V\VWHP EHLQJ LQ D VWHDG\ VWDWH� $V D UHVXOW� WKH

IUHTXHQF\ SL RI D FHUWDLQ LVRIRUP L KDV WKH IRUP SL = .L
(.�+.�+.�+.�+.�+.�)

�

+HUH� WKH VSOLFLQJ UDWHV .M =
UM
GM
� M = �, �, �, �, � DUH WKH UDWLRV RI SURGXFWLRQ DQG GHJUDGDWLRQ

UDWHV IRU WKH LVRIRUPV LQYROYLQJ VSOLFLQJ� DQG .� = � + U�
G� UHIOHFWV VXP RI WKH XQVSOLFHG

SUH�P51$ �[�� DQG IXOO LQWURQ UHWHQWLRQ �[�� LVRIRUPV� ZKLFK FDQQRW EH GLVFULPLQDWHG H[�

SHULPHQWDOO\� 7KXV� GXH WR QRUPDOL]DWLRQ� D FKDQJH LQ WKH SURGXFWLRQ UDWH RI RQH LVRIRUP

GXH WR D SDUWLFXODU PXWDWLRQ ZLOO DIIHFW DOO LVRIRUP IUHTXHQFLHV� DQG WKLV HIIHFW GHSHQGV LQ

D QRQOLQHDU PDQQHU RQ WKH YDOXHV RI DOO VSOLFH UDWHV.L �L�H�� RQ WKHPXWDWLRQDO EDFNJURXQG��

7R LQIHU WKH PXWDWLRQ HIIHFWV IURP WKH GDWD� WKH LVRIRUP UDWLR UHODWLYH WR WKH LQFOXVLRQ LVR�

IRUP � SLS� = .L
.�
� ZDV XVHG DV D UHSUHVHQWDWLYH DV WKLV QR ORQJHU GHSHQGV RQ DOO VSOLFH UDWHV�

DQG UHODWHV WR .L LQ D OLQHDU IDVKLRQ�

&DOFXODWLRQ RI VLQJOH PXWDWLRQ HIIHFWV E\ OLQHDU UHJUHVVLRQ

7R FDOFXODWH VLQJOH PXWDWLRQ HIIHFWV LQ +(.���7 FHOOV� WKH FRPELQHG ORJ IROG�FKDQJHV RI

PXOWLSOH PXWDWLRQV RQ D VSOLFH LVRIRUP UDWLR ZHUH DVVXPHG WR EH WKH VXP RI LQGLYLGXDO

ORJ IROG�FKDQJHV� 2QH VXFK HTXDWLRQ ZDV IRUPXODWHG IRU HDFK PLQLJHQH� UHVXOWLQJ LQ D
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V\VWHP RI ����������� HTXDWLRQV IRU HDFK VSOLFH LVRIRUP UDWLR� GHSHQGLQJ RQ WKH QXPEHU RI

PLQLJHQH YDULDQWV REWDLQHG IURP HDFK 51$�VHT UHSOLFDWH�

7R WHVW WKH DVVXPSWLRQ RI DGGLWLYH PXWDWLRQ HIIHFWV� VLQJOH PXWDWLRQ HIIHFWV ZHUH DQDO\VHG

LQWHUDFW LQ PLQLJHQHV FRQWDLQLQJ VHYHUDO PXWDWLRQV�

7R WKLV HQG� D VXEVHW RI PXWDWLRQV WKDW LV FRQWDLQHG LQ WKH OLEUDU\ DV VLQJOH�PXWDWLRQ PLQL�

JHQHV �a��� PLQLJHQH YDULDQWV�� DQG IXUWKHUPRUH RFFXU ZLWKLQ GRXEOH�WULSOH�PXWDWLRQ

PLQLJHQHV WRJHWKHU ZLWK RWKHU PXWDWLRQV IURP WKH OLVW ZDV DQDO\VHG� )RU WKH PDMRULW\

RI WKHVH PXWDWLRQV� WKH FRPELQHG PXWDWLRQDO HIIHFWV RQ WKH VSOLFLQJ UDWHV .L ZHUH PXOWL�

SOLFDWLYH� H�J� .L
(P�,P�)

.L
(:7) = .L

(P�)
.L

(:7) ∗ .L
(P�)
.L

(:7)� ZKHUH .L (:7) ,.L (P�) ,.L (P�)

DQG .L (P�,P�) DUH WKH VSOLFLQJ UDWHV RI WKH ZW PLQLJHQH DQG RI WKH PLQLJHQHV LQFOXGLQJ

PXWDWLRQ P� RU PXWDWLRQ P� RU ERWK PXWDWLRQV P� DQG P�� UHVSHFWLYHO\� ,Q SUDFWLFH� WKH

PXWDWLRQDO HIIHFWV .L
(P�,...PQ)

.L
(:7) ZHUH FDOFXODWHG DV D PXWDWLRQ�LQGXFHG IROG�FKDQJH RI

WKH VSOLFH LVRIRUP UDWLRV SL/S� �VHH DERYH�� %\ D ORJ�WUDQVIRUPDWLRQ� WKH DERYH PXOWLSOLFD�

WLYH UHODWLRQVKLS WUDQVIRUPV WR D OLQHDU RQH WKDW FRQQHFWV WKH PHDVXUHG FXPXODWLYH PXWD�

WLRQ HIIHFWV ZLWK WKH SUHGRPLQDQWO\ XQNQRZQ VLQJOH PXWDWLRQ HIIHFWV� )RU WKH ZKROH SRRO

RI PHDVXUHG PLQLJHQH YDULDQWV� WKLV FRQVWLWXWHV D V\VWHP RI OLQHDU HTXDWLRQV WKDW FDQ EH

VROYHG IRU WKH VLQJOH PXWDWLRQ HIIHFWV LQ D OHDVW�VTXDUH VHQVH� $GGLWLRQDOO\ FHUWDLQ PLQL�

JHQHV ZHUH H[FOXGHG �)LJXUH ���� IURP WKH OLQHDU UHJUHVVLRQ EHFDXVH WKH\ GHYLDWHG IURP

OLQHDU EHKDYLRXU�

�L� 0LQLJHQHV VLPXOWDQHRXVO\ KDUERXULQJ WZR VSOLFH VLWH PXWDWLRQV DV DSSDUHQW ODFN�

RI�HIIHFW RI VHFRQGDU\ VSOLFH VLWH PXWDWLRQV DW QRQ�]HUR LQFOXVLRQ IUHTXHQFLHV FRQWUD�

GLFWV WKHLU VWURQJ HIIHFW DV LVRODWHG VSOLFH VLWHPXWDWLRQV� DQG LQWURGXFHV VWURQJ LQFRQ�

VLVWHQFLHV DQG ELDVHV LQ OLQHDU UHJUHVVLRQ� 7KLV LV SUREDEO\ GXH WR OHDN\ VHTXHQFLQJ

UHDGV RULJLQDWLQJ IURP RWKHUPLQLJHQHV ZKHUH LQFOXVLRQ LV WKH SUHGRPLQDQW LVRIRUP�

�LL� 0LQLJHQHV ZLWK VWURQJ DFWLYDWLRQ RI FU\SWLF VSOLFH VLWHV� 7KH DFWLYDWLRQ RI FU\SWLF

VSOLFH VLWHV E\ PXWDWLRQV OHDGV WR WKH JHQHUDWLRQ RI D SOHWKRUD RI QHZ VSOLFLQJ SURG�
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XFWV �¶RWKHU·� ZKLFK EHKDYH KHWHURJHQHRXVO\ DQG FDQQRW EH FRQVLGHUHG LQ RXUPRGHO�

7KHUHIRUH� ZH SHUIRUPHG ILUVW WKH UHJUHVVLRQ RQ WKH FRPSOHWH GDWDVHW DQG VXEVH�

TXHQWO\ H[FOXGHG WKH PLQLJHQHV FRQWDLQLQJ PXWDWLRQV WKDW ZHUH SUHGLFWHG WR H[KLELW

DQ LQFUHDVHG ¶RWKHU· LVRIRUP IUHTXHQF\�

$V DQ DOWHUQDWLYH DSSURDFK WR HVWLPDWH WKH PXWDWLRQ HIIHFWV RI WKH H[FOXGHG PXWDWLRQV�

WKH PHGLDQ LVRIRUP IUHTXHQF\ ZDV FDOFXODWHG XVLQJ LVRIRUP IUHTXHQFLHV IURP DOO PLQL�

JHQH YDULDQWV KDUERXULQJ WKH JLYHQ PXWDWLRQ �7DEOH ����� 0RUHRYHU� WKH PHGLDQ LVRIRUP

IUHTXHQF\ ZDV WKHQ FRPSDUHG WR WKH SUHGLFWLRQ RI WKH UHJUHVVLRQ PRGHO� ,I HQRXJK PLQL�

JHQH YDULDQWV ZLWK WKH PXWDWLRQ DUH SUHVHQW LQ WKH OLEUDU\� WKLV SURFHGXUH VKRXOG DYHUDJH

RXW WKH HIIHFW RI DFFRPSDQ\LQJ PXWDWLRQV� 7KH PHGLDQ LVRIRUP IUHTXHQF\ IRU D PXWDWLRQ

ZDV LQGHSHQGHQWO\ FDOFXODWHG IRU HDFK LVRIRUP FDWHJRU\ DQG WUHDWHG DV D UHSUHVHQWDWLYH

PHDVXUH RI WKH VSOLFLQJ HIIHFW RI WKDW SDUWLFXODU PXWDWLRQ�

(VWLPDWLRQ RI WKH LQIHUHQFH DFFXUDF\ RI WKH PRGHO

7KH WUDLQLQJ GDWDVHW FRPSULVHG RI VLQJOH SRLQW PXWDWLRQV LQ LQGLYLGXDO PLQLJHQH YDULDQWV

ZLWK WKHLU PHDVXUHG VSOLFLQJ HIIHFWV �a��� PXWDWLRQV�� 7KHVH VLQJOH�PXWDWLRQ PLQLJHQHV

ZHUH XVHG WR HVWLPDWH WKH LQIHUHQFH DFFXUDF\ RI WKH PRGHO� DQG WR DVVHVV WKH GHSHQGHQF\

RI WKH SUHGLFWLRQ DFFXUDF\ RQ WKH RFFXUUHQFH RI D PXWDWLRQ LQ WKH GDWDVHW� )RU HDFK VXFK

PXWDWLRQ� WKH IROORZLQJ FURVV�YDOLGDWLRQ SURFHGXUH ZDV UHSHDWHG� 7KH VLQJOH�PXWDWLRQ

PLQLJHQH ZDV UHPRYHG IURP WKH GDWDVHW EHIRUH ILWWLQJ WKH UHJUHVVLRQ PRGHO� DQG NHSW IRU

WKH HYDOXDWLRQ RI WKH UHJUHVVLRQ UHVXOWV� 7KH UHPDLQLQJ PLQLJHQHV FRQWDLQLQJ WKH SDUWLFX�

ODU PXWDWLRQ ZHUH UHPRYHG IURP WKH GDWDVHW VXFFHVVLYHO\ �DQG LQ GLIIHUHQW SHUPXWDWLRQV��

DQG HDFK WLPH WKH HIIHFW RI WKH PXWDWLRQ ZDV DVVHVVHG E\ UHJUHVVLRQ DQG WKH SUHGLFWLRQ

FRPSDUHG WR WKH VLQJOH�PXWDWLRQ PLQLJHQH YDOXH� ,Q WKLV ZD\� HVWLPDWHV IRU WKH LQIHUHQFH

HUURU ZHUH REWDLQHG EDVHG RQ � XS WR Q − � PLQLJHQHV FRQWDLQLQJ D SDUWLFXODU PXWDWLRQ�

ZKHUH Q LV WKH WRWDO RFFXUUHQFH RI WKH PXWDWLRQ LQ WKH GDWDVHW� ,Q VRPH FDVHV� HVWLPD�

WLRQ RI PXWDWLRQDO HIIHFWV ZDV QRW SRVVLEOH IURP D UHGXFHG GDWDVHW� H�J� WKH LQIHUHQFH HU�

URU IRU D SDUWLFXODU PXWDWLRQ ZDV HVWLPDWHG RQO\ IRU RFFXUUHQFHV EHWZHHQ P DQG Q − ��
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ZLWK� < P ≤ Q − �� )LQDOO\� WKH VWDQGDUG GHYLDWLRQ RI WKH SUHGLFWLRQ HUURUV IRU DOO PXWD�

WLRQV ZDV HVWLPDWHG IRU HDFK PHDVXUHG IUHTXHQF\�

'HILQLWLRQ RI VLJQLILFDQW VLQJOH PXWDWLRQ HIIHFWV DQG V\QHUJLVWLF LQWHUDFWLRQV

7KH HVWLPDWHG VLQJOH PXWDWLRQ HIIHFWV RQ VSOLFH LVRIRUP UDWLRV� REWDLQHG E\ OLQHDU UHJUHV�

VLRQ ZHUH XVHG WR SUHGLFW VLQJOH PXWDWLRQ HIIHFWV RQ HDFK VSOLFH LVRIRUP IUHTXHQF\ �SL��

7R TXDQWLI\ WKH HIIHFWV RI HDFK LQGLYLGXDO PXWDWLRQ RQ HDFK LVRIRUP IUHTXHQF\� D ]�VFRUH

YDOXH ZDV FDOFXODWHG IURP WKH PRGHO�GHULYHG VLQJOH PXWDWLRQ HIIHFWV� XVLQJ WKH PHDQ DQG

VWDQGDUG GHYLDWLRQ RI WKH ��� ZW PLQLJHQH YDULDQWV� (SL
PXWDWLRQ− PHDQ(SLZW))

VWDQGDUG GHYLDWLRQ (SLZW)
� 7KH ]�VFRUHV ZHUH

LQGHSHQGHQWO\ FDOFXODWHG SHU UHSOLFDWH DQG ODWHU DYHUDJHG� 2QO\ PXWDWLRQV SUHVHQW LQ DOO

WKUHH UHSOLFDWHV ZHUH NHSW IRU IXUWKHU DQDO\VHV�

,Q RUGHU WR FRPELQH WKH HYLGHQFH IURP WKH WKUHH UHSOLFDWH H[SHULPHQWV� 6WRXIIHU·V WHVW ZDV

DSSOLHG WR FRPELQH WKH ]�VFRUHV �:KLWORFN� ������ 7KH UHVXOWLQJ PHWULF �XQGHU VWDQGDUG

QRUPDO GLVWULEXWLRQ� ZDV FRQYHUWHG LQWR D S�YDOXH DQG VXEMHFWHG WR PXOWLSOH WHVWLQJ FRU�

UHFWLRQ �%HQMDPLQL�+RFKEHUJ�� $ PXWDWLRQ ZDV FRQVLGHUHG DV VLJQLILFDQW IRU D JLYHQ LVR�

IRUP LI LW GLVSOD\V �L� ��� FKDQJH LQ LVRIRUP IUHTXHQF\ FRPSDUHG WR WKH PHDQ RI WKH ���

PLQLJHQH YDULDQWV �ӹ,) � ���� DQG �LL� OHVV WKDQ �� IDOVH GLVFRYHU\ UDWH �)'5� DGMXVWHG

S�YDOXH � ������ &RPELQLQJ DOO VL[ LVRIRUP FDWHJRULHV� WKLV DSSURDFK LGHQWLILHG ��� DQG

����� VSOLFLQJ�HIIHFWLYH PXWDWLRQV LQ +(.���7 DQG 0&)� FHOOV� UHVSHFWLYHO\� 7KHVH DFFX�

PXODWHG LQWR ��� DQG ��� VSOLFLQJ�HIIHFWLYH SRVLWLRQV� L�H� QXFOHRWLGH SRVLWLRQV LQ WKH 521

PLQLJHQH ZKHUH DW OHDVW RQH RXW RI WKUHH SRVVLEOH PXWDWLRQV VKRZV D VLJQLILFDQW HIIHFW RQ

DW OHDVW RQH LVRIRUP�

7R FDOFXODWH ]�VFRUHV IRU V\QHUJLVWLF LQWHUDFWLRQV EHWZHHQPXWDWLRQV DQG+1513+ NQRFN�

GRZQ IURP WKH PRGHO�GHULYHG LVRIRUP UDWLRV� WKH ORJ�WUDQVIRUPHG IROG�FKDQJH ZDV GL�

YLGHG LQ LVRIRUP UDWLRV �.' RYHU FRQWURO FRQGLWLRQ� E\ WKH ZW YDULDWLRQ �VWDQGDUG GHYL�

DWLRQ�� 7KHQ� WKH ]�VFRUHV ZHUH FDOFXODWHG E\ UHSOLFDWHV DQG WKHQ DYHUDJHG� UHPRYLQJ

PXWDWLRQV WKDW ZHUH QRW SUHVHQW LQ WKH WKUHH UHSOLFDWHV XQGHU .' FRQGLWLRQV� 6WRXIIHU·V

WHVW DQG PXOWLSOH WHVWLQJ FRUUHFWLRQ ZDV WKHQ DSSOLHG DV DERYH� 7R LGHQWLI\ VLJQLILFDQW
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V\QHUJLVWLF LQWHUDFWLRQV� D FXWRII DW ���� )'5 �DGMXVWHG S YDOXH � ������ ZDV DSSOLHG� $G�

GLWLRQDOO\� D FRQVLVWHQW GLUHFWLRQDOLW\ RI WKH V\QHUJLVWLF HIIHFWV ZDV UHTXLUHG LQ DOO WKUHH

UHSOLFDWHV� &RPELQLQJ WKH ILYH GLIIHUHQW LVRIRUP UDWLRV� WKLV DSSURDFK LGHQWLILHG ��� VLJ�

QLILFDQW V\QHUJLVWLF LQWHUDFWLRQV �_]�VFRUH_ ! �� RQ ��� SRVLWLRQV EHWZHHQ PXWDWLRQV DQG

+1513+ NQRFNGRZQ LQ 0&)� FHOOV� $SSO\LQJ PRUH VWULQJHQW FXWRIIV DW _]�VFRUH_ ! � RU

! � LGHQWLILHG ��� RU �� VLJQLILFDQW V\QHUJLVWLF LQWHUDFWLRQV� UHVSHFWLYHO\�

&KDUDFWHULVDWLRQ RI VSOLFLQJ�HIIHFWLYH SRVLWLRQV

6SOLFH VLWH VWUHQJWKV ZHUH SUHGLFWHG XVLQJ WKH VHTXHQFH DQDO\VLV VRIWZDUH 0D[(QW6FDQ

�<HR HW DO�� ����� IRU DOO PXWDWLRQV LQ WKH SRVLWLRQV FRQVLGHUHG E\ 0D[(QW6FDQ ��������

QW DQG ������� QW IRU WKH �· DQG �· VSOLFH VLWH� UHVSHFWLYHO\� 3K\OR3 VFRUHV ZHUH UHWULHYHG

IURP WKH 8&6& *HQRPH %URZVHU IRU WKH JHQRPLF FRRUGLQDWHV FRUUHVSRQGLQJ WR WKH 521

PLQLJHQH �FKU���������� ² ��������� KXPDQ JHQRPH YHUVLRQ KJ���� *HQWR\SHG PXWD�

WLRQV ZLWK WKHLU UHVSHFWLYH DOOHOH IUHTXHQF\ GDWD ZHUH UHWULHYHG IURP ([RPH $JJUHJDWLRQ

&RQVRUWLXP �([$&� IRU WKH H[RQV ZLWKLQ WKH 521 PLQLJHQH UHJLRQ�

$QQRWDWLRQ RI VSOLFH�UHJXODWRU\ 5%3 ELQGLQJ VLWHV �65%6�

7KH ¶6FDQ 6HTXHQFH· WRRO RI WKH $7W5$&7 GDWDEDVH ZDV XVHG �*LXGLFH HW DO�� ����� WR LGHQ�

WLI\ SRWHQWLDO 5%3 ELQGLQJ VLWHV DORQJ WKH521ZWPLQLJHQH VHTXHQFH� 'XSOLFDWHG UHFRUGV�

H�J� GXH WR RYHUODSSLQJ GDWDEDVH HQWULHV IURP GLIIHUHQW H[SHULPHQWDO PHWKRGRORJLHV� ZHUH

UHPRYHG� 2QO\ WKRVH ELQGLQJ VLWHV ZHUH UHWDLQHG� IRU ZKLFK ���� RI SRVLWLRQV ZHUH LGHQ�

WLILHG DV VSOLFLQJ�HIIHFWLYH LQ WKH VFUHHQ� 7KLV VWHS ZDV LQGHSHQGHQWO\ SHUIRUPHG IRU HDFK

VSOLFH LVRIRUP� :LWKLQ HDFK 5%3� WKHVH ELQGLQJ VLWHV ZHUH WKHQ FROODSVHG LI WKH\ VKDUHG DQ

RYHUODS RI �� QW DQG VWLOO KDUERXUHG ���� VSOLFLQJ�HIIHFWLYH SRVLWLRQV IRU DW OHDVW RQH LVR�

IRUP DIWHU FROODSVLQJ� LI WKH\ GLG QRW IXOILO WKLV FRQGLWLRQ� WKH\ ZHUH NHSW XQPHUJHG� )RU

WKH FRPSDULVRQ LQ )LJXUH ����� WKH+1513+ 65%6ZLWKLQ HDFK FOXVWHU ZHUH H[WHQGHG E\ �

QW� 1XFOHRWLGH SRVLWLRQV LQ WKH WZR LVRODWHG 65%6 LQ WKH FRQVWLWXWLYH H[RQV ZHUH H[FOXGHG

IURP WKLV DQDO\VLV�

,Q RUGHU WR FRQQHFW PXWDWLRQ HIIHFWV WR WKH VHTXHQFH VSHFLILF ELQGLQJ RI +1513+� *�UXQ�
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GLVUXSWLQJ PXWDWLRQV ZHUH GHILQHG DV D *�WR�+ PXWDWLRQ DW DQ\ SRVLWLRQ RI WKH *�UXQ�

ZKLOH WKH WZR SRVVLEOH +�WR�* PXWDWLRQV LQ LPPHGLDWHO\ QHLJKERXULQJ SRVLWLRQV ZHUH

FRXQWHG DV *�UXQ�H[WHQGLQJ� )LJXUH ���� $ FRPSDUHV WKH PHGLDQ VSOLFLQJ HIIHFW �DYHUDJH

RI WKUHH ELRORJLFDO UHSOLFDWHV� RI DOO *�UXQ GLVUXSWLQJ YHUVXV H[WHQGLQJ PXWDWLRQV IRU WKH

�� SUHGLFWHG +1513+ 65%6� ,Q GHWDLO� )LJXUH ���� JLYHV WKH *�UXQ GLVUXSWLQJ PXWDWLRQ

HIIHFWV RI WKH � 65%6 DW WKH DOWHUQDWLYH H[RQ� FRQWULEXWLQJ WRJHWKHU WR IRUP WKH HIIHFWV RI

FOXVWHU ��

&RPSDULVRQ RI VFUHHQ�GHULYHG VSOLFLQJ�HIIHFWLYH PXWDWLRQV WR LQ�VLOLFR *�TXDGUXSOH[

SURSHQVLW\ VFRUHV� DQG VSOLFLQJ HIIHFWV SUHGLFWLRQV DW WKH 521 $(

$ORQJZLWK OLQHDU RUJDQLVDWLRQ RI HOHPHQWV� VHFRQGDU\ VWUXFWXUHV OLNH *�TXDGUXSOH[HV �*�

ULFK HOHPHQWV� DOVR SOD\ D UROH LQ VSOLFLQJ UHJXODWLRQ �0DUFHO HW DO�� ������ *�TXDGUXSOH[

SURSHQVLW\ VFRUHV ZHUH UHWULHYHG IRU WKH SRVLWLRQV ������� YLD WKH WRRO *�KXQWHU �%HGUDW HW

DO�� ������ )LJXUH ���� $ LQGLFDWHV WKH HIIHFWV RI SUHGLFWHG * KXQWHU VFRUHV LQ FRPSDULVRQ

WR 'HOWD ,QFOXVLRQ ,) YDOXHV

7R FRPSDUH 63,'(; �63$15� SUHGLFWLRQV WR WKH VFUHHQLQJ PHWKRG� PXWDWLRQ HIIHFWV RI

521 ([RQ �� ZHUH FRPSDUHG WR WKHLU FRXQWHUSDUW PXWDWLRQ HIIHFWV �G36,� LQ 63,'(;

GDWDVHW� 7KH 63,'(; JHQRPH�ZLGH GDWDVHW FRQWDLQHG VFRUHV IRU SUHGLFWLRQV RI WKH

IXQFWLRQDO HIIHFWV RI ������� LQWURQLF DQG H[RQLF YDULDQWV RQ FDVVHWWH VSOLFLQJ �;LRQJ HW

DO�� ������ 7KH YDULDQWV SUHGLFWHG LQ WKH JHQRPLF FRRUGLQDWHV FRUUHVSRQGLQJ WR WKH 521

PLQLJHQH �FKU���������� � ��������� KXPDQ JHQRPH YHUVLRQ KJ��� ZHUH UHWULHYHG� )LJXUH

���� % VKRZV KRZ 63,'(; SUHGLFWLRQV FRPSDUH WR $( ,QFOXVLRQ RXWFRPH RI WKH VFUHHQLQJ�

&OLQLFDO UHOHYDQFH RI 521 PXWDWLRQV LQ &DQFHU

7R DQDO\VH JHQH H[SUHVVLRQ DQG DOWHUQDWLYH VSOLFLQJ SURILOHV RI KHDOWK\ �FRQWURO�

DQG FDQFHURXV �FDVH� KXPDQ WLVVXHV� QRUPDOLVHG JHQH H[SUHVVLRQ GDWDVHWV ZHUH FRO�

OHFWHG IURP WZR GLIIHUHQW VRXUFHV L�H� IRU FDVH� 7KH &DQFHU *HQRPH $WODV �7&*$�

�#//+.Γχχ��)� -" )*( Α)$#Α"*1χ� DQG FRQWURO� *HQRW\SH�7LVVXH ([SUHVVLRQ

�*7([� SURMHFW �Y��� )LUVWO\� WR HVWDEOLVK WKH H[SUHVVLRQ SURILOHV RI WKH FRQWURO GDWDVHW�
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������ SRVW�PRUWHP VDPSOHV FRPSULVLQJ RI �� KXPDQ WLVVXHV IURP ��� KHDOWK\ KXPDQ

GRQRUV ZHUH FROOHFWHG �&DULWKHUV HW DO�� ����� 'H/XFD HW DO�� ������ 7KHQ� QRUPDOLVHG

JHQH H[SUHVVLRQ GDWD RI WXPRXU VDPSOHV FRPSULVLQJ WKH FDVH� ZHUH UHWULHYHG YLD )LUH�

EURZVH �#//+Γχχ!$- �-*2. Α*-"χς� $OWHUQDWLYH VSOLFLQJ SURILOHV IRU ERWK WKHVH

GDWDVHWV ZHUH TXDQWLILHG XVLQJ WKH QHZO\ GHYHORSHG SVLFKRPLFV WRRO �YHUVLRQ ������

#//+.Γχχ"$/#0�Α�*(χ)0)*Χ�"*./$)#*χ+.$�#*($�.� 1XQR 6DUDLYD�$JRVWLQKR

DQG 1XQR / %DUERVD�0RUDLV ������ &RQVHTXHQWO\� ZLWK D PLQLPXP FRYHUDJH WKUHVKROG�

521 H[RQ �� SHUFHQW VSOLFHG�LQ �36,� YDOXHV ZHUH FDOFXODWHG�

,Q WRWDO� 521 JHQH H[SUHVVLRQ SURILOHV DQG 521 H[RQ �� 36, TXDQWLILFDWLRQV ZHUH GHULYHG

IURP ����� FRQWURO VDPSOHV� IURP �� KHDOWK\ KXPDQ WLVVXHV� DQG ����� WXPRXU VDPSOHV�

IURP �� FDQFHU W\SHV� 1RUPDOLVHG 730 YDOXHV IRU FRPSDULVRQ RI +1513+� H[SUHVVLRQ

EHWZHHQ WXPRXU DQG KHDOWK\ WLVVXHV ZHUH REWDLQHG XVLQJ 7RLO �9LYLDQ HW DO�� ������

&DOFXODWLRQ RI VLQJOH PXWDWLRQ HIIHFWV LQ 7&*$ WXPRXU VDPSOHV

([RPH VHTXHQFLQJ GDWD IURP 7&*$ WXPRXU VDPSOHV ZHUH GRZQORDGHG IURP *HQRPLF

'DWD &RPPRQV 'DWD 3RUWDO �#//+.Γχχ+*-/�'Α"��Α��)� -Α"*1χ� DIWHU REWDLQLQJ WKH
UHTXLUHG DFFHVV SHUPLVVLRQV� $ WRWDO RI ��� SDWLHQWV FRQVLVWLQJ RI �� GLIIHUHQW PXWDWLRQV

ZLWKLQ WKH 521 PLQLJHQH ZHUH WDNHQ IRU DQDO\VLV�

7R TXDQWLI\ WKH VSOLFLQJ HIIHFWV RI WKHVHPXWDWLRQV� WKH GLIIHUHQFH RI521 H[RQ �� VNLSSLQJ

�FDOFXODWHG DV � � 36,� EHWZHHQ PXWDWHG DQG QRQ�PXWDWHG WXPRXU VDPSOHV LQ HDFK FRKRUW

ZDV FRQVLGHUHG� 7KHQ� 521 H[RQ �� VNLSSLQJ GLIIHUHQFHV RI WKHVH PXWDWLRQV ZHUH FRUUH�

ODWHG ZLWK WKH VNLSSLQJ LVRIRUP IUHTXHQFLHV �$( VNLSSLQJ� GHULYHG IURP WKH VFUHHQ �RI WKH

VDPH PXWDWLRQV�� :LWK D PLQLPXP UHDG FRYHUDJH WKUHVKROG �DYHUDJH RI JUHDWHU WKDQ ��

RQ VSOLFH MXQFWLRQV�� WKH FRUUHODWLRQ DQDO\VLV ZDV SHUIRUPHG XVLQJ GDWD IURP ��� SDWLHQWV

IURP �� FRKRUWV KDUERXULQJ D WRWDO RI �� GLIIHUHQW PXWDWLRQV� 7KH YDULDELOLW\ RI 521 H[RQ

�� LQFOXVLRQ OHYHOV LQ 7&*$ SDWLHQW VDPSOHV ZDV FRQVLGHULQJ E\ WDNLQJ LQWR DFFRXQW WKH

VWDQGDUG GHYLDWLRQ RI 521 H[RQ �� LQ ¶XQPXWDWHG· 7&*$ WXPRXU VDPSOHV �L�H� ZLWKRXW D

JLYHQ PXWDWLRQ� LQ WKH VDPH FRKRUWV�
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,GHQWLILFDWLRQ RI WUDQV�DFWLQJ IDFWRUV LQYROYHG LQ 521 DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ

3DSDVDLNDV HW DO� ������ WHVWHG D ODUJH�VFDOH 5%3 .' VFUHHQ RQ YDULRXV DOWHUQDWLYH H[RQ

PRGHOV ZKHUHE\� WKH .' HIIHFWV RI !��� 5%3V RQ VSOLFLQJ RI 521 H[RQ �� DQG RWKHU DO�

WHUQDWLYH H[RQV LQ +H/D FHOOV ZHUH UHSRUWHG� ,Q GHWDLO� WKH .' HIIHFW LQ WHUPV RI ]�VFRUHV

ZHUH FDOFXODWHG IURP SHUFHQW VSOLFHG�LQ �36,� XSRQ VL51$ WUHDWPHQW DQG WKH PHGLDQ DE�

VROXWH 36, GHYLDWLRQ� GLYLGHG E\ LWV VWDQGDUG GHYLDWLRQ� $ SRVLWLYH ]�VFRUH LPSOLHG PRUH

$( LQFOXVLRQ XSRQ 5%3.' DQG YLFH YHUVD� &RQVHTXHQWO\� DPRQJ ��� 5%3V DIIHFWLQJ521

H[RQ �� VSOLFLQJ �_]�VFRUH_ ! ����� �� 5%3V ZHUH LGHQWLILHG WR KDYH SUHGLFWHG 65%6 LQ WKH

521 PLQLJHQH� ,Q RUGHU WR LGHQWLI\ SRWHQWLDO UHJXODWRUV RI 521 H[RQ �� VSOLFLQJ LQ KX�

PDQV� P51$ H[SUHVVLRQ SURILOHV RI 5%3V ZHUH FRUUHODWHG ZLWK 521 H[RQ �� VSOLFLQJ LQ

FDQFHU� 7KH FRUUHODWLRQ DQDO\VLV �6SHDUPDQ FRUUHODWLRQ� ZDV SHUIRUPHG ZLWK D ILQDO OLVW RI

��� LGHQWLILHG 5%3V� FRQVLVWLQJ RI �� LGHQWLILHG YLD $7W5$&7� ��� LGHQWLILHG LQ WKH 5%3.'

VFUHHQ �3DSDVDLNDV HW DO�� ������ DQG �� LQ FRPPRQ WR ERWK DIIRUHPHQWLRQHG DSSURDFKHV�

7KLV VHOHFWLRQ LQFOXGHG 5%3V ZLWK GLIIHUHQW IXQFWLRQV LQ VSOLFLQJ� VXFK DV +1513+� D

NQRZQ UHSUHVVRU RI H[RQ �� LQFOXVLRQ� 656)�� D JOREDO VSOLFLQJ DFWLYDWRU� DQG 353)�� D

FRUH FRPSRQHQW RI WKH 8� VQ513 VXEXQLW RI WKH VSOLFHRVRPH� $Q LQLWLDO VHOHFWLRQ RI ILYH

5%3V ZDV GRQH IRU KLJK�WKURXJKSXW VFUHHQLQJ DSSURDFK LQ WKH FRQWH[W RI WKH PLQLJHQH

OLEUDU\� WR OHDUQ DERXW WKHLU LQWHUSOD\ ZLWK WKH FLV�UHJXODWRU\ ODQGVFDSH RI 521� 7KH 521

PLQLJHQH OLEUDU\ ZDV WUDQVIHFWHG LQWR +(.���7 FHOOV� LQ ZKLFK +1513+� 656)�� 353)��

38)�� RU 608� KDG EHHQ GHSOHWHG ZLWK VL51$V �5%3 .'V� DORQJ ZLWK D PRFN VL51$

FRQWURO� )ROORZLQJ VSOLFLQJ TXDQWLILFDWLRQ LQ ERWK WKH FRQWURO DQG .' OLEUDULHV� WKH $(

LQFOXVLRQ OHYHOV RI WKH UHVSHFWLYH OLEUDULHV ZHUH FRPSDUHG WR LGHQWLI\ FKDQJHV LQ VSOLFLQJ

EHKDYLRXU�

,Q DGGLWLRQ WR WKLV� WKH P51$ H[SUHVVLRQ OHYHOV RI WKH 5%3V ZHUH FRUUHODWHG ZLWK 521

H[RQ �� LQFOXVLRQ OHYHOV DFURVV 7&*$ WXPRXU VDPSOHV� 7KH VLJQLILFDQFH RI WKRVH FRUUH�

ODWLRQV �UDQNLQJ RI PLQXV EDVH��� ORJDULWKP RI WKH DVVRFLDWHG S�YDOXH� ZDV WHVWHG DJDLQVW

WKRVH RI DOO 5%3V REWDLQHG IURP �6HEHVW\pQ HW DO�� ����� DQG RI DOO SURWHLQ�FRGLQJ JHQHV
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XVLQJ *HQH 6HW (QULFKPHQW $QDO\VLV �*6($� WRRO �0RRWKD HW DO�� ����� 6XEUDPDQLDQ HW

DO�� ������ 5%3V DQG SURWHLQ�FRGLQJ JHQHV ZHUH LQLWLDOO\ ILOWHUHG WR WKH RQHV VKRZLQJ DW

OHDVW WKH VDPH DYHUDJH H[SUHVVLRQ YDOXH DV WKH OHDVW H[SUHVVHG SUH�VHOHFWHG 5%3� NQRZQ

WR EH KLJKO\ H[SUHVVHG LQ FDQFHU� VR WKDW *6($ ZDV QRW ELDVHG E\ YDU\LQJ JHQH H[SUHV�

VLRQ UDQJHV� 7KHQ� WR DVVHVV WKH UHODWLYH PDJQLWXGH RI DVVRFLDWLRQ EHWZHHQ HDFK 5%3 DQG

521 H[RQ �� VSOLFLQJ� OLQHDU UHJUHVVLRQ DSSURDFKHV ZHUH SHUIRUPHG EHWZHHQ WKH IROORZ�

LQJ GDWDVHWV� WKH H[SUHVVLRQ SURILOH RI HDFK RI WKH ��� SUH�VHOHFWHG 5%3V DQG 521 H[RQ ��

36, LQ 7&*$ WXPRXU VDPSOHV�

$QDO\VLV RI WKH VSOLFLQJ VZLWFK UHVSRQVH DQG FRRSHUDWLYLW\

'LIIHUHQFHV LQ SHUFHQW VSOLFHG�LQ �ӹ36,� GDWD IRU 521 H[RQ �� LQFOXVLRQ IURP WKH HQGRJH�

QRXV 521 JHQH DQG WKH ZW 521 PLQLJHQH PHDVXUHG DW GLIIHUHQW +1513+ NQRFNGRZQ

�.'� DQG RYHUH[SUHVVLRQ �2(� OHYHOV �)LJXUH ����� ZHUH ILWWHG XVLQJ WKH IROORZLQJ +LOO

IXQFWLRQ �

\ ([) = \max − (\max−\min)[Q+
[Q++(&��Q+ �

ZLWK [ DQG \ EHLQJ YHFWRUV RI H[SHULPHQWDOO\ GHWHUPLQHG +1513+ OHYHOV DQG FRUUH�

VSRQGLQJ VSOLFLQJ RXWFRPHV �ӹ36,�� UHVSHFWLYHO\ �)LJXUH ���� $�� \min, \max,(&��, Q+ DUH

ILWWHG SDUDPHWHUV� )LWWLQJ ZDV GRQH E\ PLQLPLVLQJ WKH UHVLGXDO FRVW IXQFWLRQ

֊� = (ӹ36,− \ (+1513+))

ֆӹ36,
,

ZKHUH ֆ36, GHQRWHV WKH VWDQGDUG GHYLDWLRQ RI WKH 36, PHDVXUHPHQW� 0LQLPLVDWLRQ ZDV

GRQH XVLQJ WKH 0DWODE QRQ�OLQHDU OHDVW�VTXDUHV VROYHU OVTQRQOLQ� 7KH SDUDPHWHU UDQJHV

XVHG GXULQJ ILWWLQJ ZHUH \min ∈ [−�.�, �] , \max ∈ [�, �.�] ,(&�� ∈ [�.�, �] , Q+ ∈ [�, ��] . 7KH

RSWLPDO SDUDPHWHU YDOXHV WKDW ZHUH IRXQG ZHUH

IRU WKH HQGRJHQRXV 521 JHQH� \min = −�.��, \max = �.��,(&�� = �.��, Q+ = ��.�

IRU WKH ZW 521 PLQLJHQH� \min = −�.��, \max = �.�,(&�� = �.��, Q+ = ��.�
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&RQILGHQFH LQWHUYDOV ZHUH GHWHUPLQHG IRU DOO SDUDPHWHUV E\ XVLQJ D SURILOH OLNHOLKRRG DS�

SURDFK� )RU HDFK ILWWHG SDUDPHWHU ս� WKH IROORZLQJZRUNIORZZDV UHSHDWHG� 7KH SDUDPHWHU

ZDV DVVLJQHG VXFFHVVLYHO\ D QXPEHU RI YDOXHV DURXQG LWV RSWLPDO YDOXH ս� OLVWHG DERYH�

:KLOH NHHSLQJ WKLV SDUDPHWHU DW WKH IL[HG YDOXH� WKH UHPDLQLQJ SDUDPHWHUVZHUH RSWLPLVHG

DQG WKH YDOXH RI WKH FRUUHVSRQGLQJ FRVW IXQFWLRQ ZDV GHWHUPLQHG� 7KXV� WKH GHSHQGHQFH

RI WKH FRVW IXQFWLRQ ֊� (ս) RQ WKH SDUDPHWHU YDOXH DURXQG WKH PLQLPXP FRUUHVSRQGLQJ WR

WKH RSWLPDO YDOXH ս� ZDV GHWHUPLQHG� 7KH OLNHOLKRRG�EDVHG FRQILGHQFH LQWHUYDO IRU WKLV

SDUDPHWHU LV GHILQHG E\

[
ս,֊� (ս)− ֊� (ս�) < ֊� (ն, �)

]
,

ZKHUH ն LV WKH FRQILGHQFH OHYHO DQG ֊� (ն, �) LV WKH ֊� GLVWULEXWLRQ ZLWK GHJUHH RI IUHH�

GRP �� )RU HDFK SDUDPHWHU� WKH ��� FRQILGHQFH LQWHUYDOV ZHUH IRXQG E\ GHWHUPLQLQJ

WKH YDOXHV ս RQ ERWK VLGHV RI ս�� IRU ZKLFK WKH OLNHOLKRRG ֊� (ս) FURVVHV WKH WKUHVKROG

֊� (ս�) + ֊� (�.��, �)� 7KH ��� FRQILGHQFH LQWHUYDOV IRXQG ZHUH IRU WKH HQGRJHQRXV 521

JHQH�

\min ∈ [−�.��,−�.�] , \max ∈ [�.��, �.��] ,(&�� ∈ [�.��, �.��] , Q+ ∈ [��.�, ��.�] ,

DQG IRU WKH ZW 521 PLQLJHQH�

\min ∈ [−�.��,−�.��] , \max ∈ [�.�, �.��] ,(&�� ∈ [�.��, �.��] , Q+ ∈ [��.�, ��.�]
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3
5HVXOWV
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,Q WKLV VWXG\� D KLJK�WKURXJKSXW VFUHHQLQJ DSSURDFK LV XVHG WR LGHQWLI\ WKH ODQGVFDSH

RI PXWDWLRQV WKDW UHJXODWH VSOLFLQJ LQ D PLQLJHQH FRQWH[W� )LUVWO\� LW ZDV LPSHUDWLYH WKDW

WKH ULJKW PLQLJHQH UHSRUWHU V\VWHP ZDV FKRVHQ IRU SHUIRUPLQJ UDQGRP PXWDJHQHVLV� 7R�

ZDUGV WKLV� D PLQLJHQH FRQVWUXFW ZDV REWDLQHG IURP WKH JHQRPLF ORFXV RI WKH067�5 JHQH

ZKLFK FRPSULVHG RI WKH H[RQ �� �DOWHUQDWLYHO\ VSOLFHG� WRJHWKHU ZLWK LWV FRPSOHWH IODQNLQJ

LQWURQV DQG WKH H[RQV �� DQG �� �)LJXUH ����� ,Q WKH FRQWH[W RI WKH PLQLJHQH FRQVWUXFW� WKH

XSVWUHDP �H[RQ ��� DQG GRZQVWUHDP H[RQV �H[RQ ��� DUH FRQVWLWXWLYHO\ VSOLFHG�
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)LJXUH ���� 7KH 521PLQLJHQH PRGHO IRFXVVHV RQ WKH DOWHUQDWLYH VSOLFLQJ RI H[RQ �� RI WKH
067�5 JHQH� 7KH 521 PLQLJHQH FRPSULVHV RI WKH $( �� DQG WKH XSVWUHDP DQG GRZQ�
VWUHDP FRQVWLWXWLYH H[RQV �� DQG ��� UHVSHFWLYHO\� $ ��� ES UHJLRQ ZDV FKRVHQ IRU PX�
WDJHQHVLV XVLQJ HUURU�SURQH 3&5 ZLWK WKH LQGLFDWHG IRUZDUG DQG UHYHUVH SULPHUV� 766�
WUDQVFULSWLRQDO VWDUW VLWH� S$� SRO\DGHQ\ODWLRQ VLWH� �� 1� WKH ���QW EDUFRGH�

$IWHU WKH 521 PLQLJHQH ZDV REWDLQHG� PXWDJHQLF 3&5 ZDV SHUIRUPHG UHVXOWLQJ LQ D OL�

EUDU\ RI PXWDJHQLVHG YDULDQWV RI WKH PLQLJHQH� +LJK�WKURXJKSXW '1$�VHT DQG IROORZ�

LQJ DQDO\VHV OHG WR WKH LGHQWLILFDWLRQ RI PXWDWLRQ VHWV LQ WKH PLQLJHQH OLEUDU\ �)LJXUH �����

1H[W� WKH OLEUDU\ ZDV WUDQVIHFWHG DV D SRRO LQWR KXPDQ FHOOV DQG WKH DOWHUQDWLYHO\ VSOLFHG

LVRIRUPV ZHUH TXDQWLILHG E\ KLJK�WKURXJKSXW 51$�VHT� ,PSRUWDQWO\� D XQLTXH EDUFRGH

VHTXHQFH ZDV XVHG WR WDJ HDFK PLQLJHQH YDULDQW� ,Q DGGLWLRQ� D ���QW LQWURQLF VSDFHU VH�

TXHQFH ZDV LQWURGXFHG WR DYRLG DQ\ EDUFRGH HIIHFWV� 7KH EDUFRGH LV UHFDSLWXODWHG LQ WKH

UHVXOWLQJ VSOLFH�LVRIRUPV DOORZLQJ WKH RQH�WR�RQH DVVLJQPHQW RI PXWDWHG PLQLJHQH YDUL�

DQWV WR WKHLU FRUUHVSRQGLQJ VSOLFLQJ LVRIRUPV�

,Q RUGHU WR VWXG\ WKH UROH RI DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ� WKH 521 PLQLJHQH UHSRUWHU

V\VWHP ZDV FKRVHQ IRU WKH IROORZLQJ UHDVRQV �

�� /LPLWDWLRQV RI 6HTXHQFLQJ� ,Q RUGHU WR VHTXHQFH D PLQLJHQH RI LQWHUHVW� LW LV UHTXLUHG WR

EH RI D SHUPLVVLEOH OHQJWK GXH WR VHTXHQFLQJ WHFKQRORJ\ OLPLWDWLRQV� 7KLV LV EHFDXVH

DOO WKH PXWDWLRQV DQG WDJJHG EDUFRGHV PXVW EH FKDUDFWHULVHG YLD SDLUHG�HQG '1$�

VHT� 7KH UHVXOWDQW UHDGV VKRXOG FRYHU WKHZKROHPLQLJHQHZLWKRXW DQ\ JDSV DQGZLWK

JRRG TXDOLW\ SKUHG VFRUHV� ,Q WKH FDVH RI 51$�VHT� WKH H[SHULPHQWDO EDUFRGH DQG

DOO UHOHYDQW VSOLFH MXQFWLRQV PXVW EH SDUW RI WKH SDLUHG�HQG 51$�VHT UHDG WR DOORZ

SURSHU DVVLJQPHQW RI PLQLJHQHV DQG WKHLU FRUUHVSRQGLQJ VSOLFLQJ SURGXFWV� ,Q OLJKW
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)LJXUH ���� 2YHUYLHZ RI WKH +LJK�WKURXJKSXW VFUHHQLQJ DSSURDFK WR GHFRGH 521 H[RQ ��
VSOLFLQJ� $ OLEUDU\ RIPXWDWHGPLQLJHQH YDULDQWV UHVXOWLQJ IURPPXWDJHQLF 3&5� OHIW SDQHO�
$IWHU WUDQVIHFWLRQ LQWR KXPDQ FHOOV� WKH PLQLJHQHV DUH WUDQVFULEHG DQG DUH DOWHUQDWLYHO\
VSOLFHG� PLGGOH SDQHO� 0XWDWLRQV LQ WKH OLEUDU\ DQG FRUUHVSRQGLQJ VSOLFLQJ LVRIRUPV DUH
FKDUDFWHULVHG E\ QH[W�JHQHUDWLRQ '1$�VHT DQG 51$�VHT� UHVSHFWLYHO\� $ XQLTXH ��QW
EDUFRGH� WKDW ODEHOV HDFK PLQLJHQH YDULDQW� OLQNV PXWDWLRQV WR WKHLU VSOLFLQJ HIIHFWV� %ODFN
DQG JUH\ ER[HV LQGLFDWH FRQVWLWXWLYH DQG DOWHUQDWLYH H[RQV� UHVSHFWLYHO\�

RI WKHVH UHTXLUHPHQWV� ,OOXPLQD QH[W�JHQHUDWLRQ VHTXHQFLQJ WHFKQRORJ\ ZDV XVHG

IRU ERWK '1$�VHT DQG 51$�VHT� 7KH ORQJHVW UHDG OHQJWKV DYDLODEOH DW WKH WLPH IRU

,OOXPLQD0L6HT SODWIRUPZHUH � [ ��� ES ZLWK WKH ����F\FOH NLW� +RZHYHU� WULPPLQJ

WKH UHDG HQGV IRU TXDOLW\ UHVXOWHG LQ VKRUWHQLQJ RI UHDG OHQJWK DQG QHFHVVLWDWHG WKH

XVH RI VHYHUDO SULPHUV DORQJ WKH PLQLJHQH� 7KXV� VHTXHQFLQJ EHFRPHV WKH OLPLWLQJ

IDFWRU WRZDUGV WKH FKRLFH RI WKHPLQLJHQH V\VWHPDOORZLQJ IRU D WKHRUHWLFDOPD[LPXP

GLVWDQFH RI ��� ES EHWZHHQ WKH �· HQG RI EDUFRGH DQG UHOHYDQW VSOLFLQJ LQIRUPDWLRQ

�L�H� MXQFWLRQV� FRQWDLQLQJ VLWHV �)LJXUH ����� +RZHYHU� WKH TXDOLW\ RI WKH UHDGV UHGXFH

ZLWK LQFUHDVLQJ UHDG OHQJWKV �6FKLUPHU HW DO�� ����� DQG DOO RI WKH ��� ES VHTXHQFH RI

WKH UHDG FDQQRW EH XVHG IRU GRZQVWUHDP DQDO\VHV�

�� (QGRJHQRXV VSOLFLQJ RI WKH PLQLJHQH UHSRUWHU� 0LQLJHQH VSOLFLQJ SDWWHUQV PD\ GLIIHU

IURP WKH HQGRJHQRXV VSOLFLQJ RXWFRPH JLYHQ LWV DUWLILFLDO QDWXUH� (YLGHQWO\� LQ�

FUHDVHG $( LQFOXVLRQ OHYHOV ZHUH REVHUYHG IURP WKH HQGRJHQRXV 521 JHQH FRP�

SDUHG WR WKHPLQLJHQH UHSRUWHU V\VWHP �)LJXUH ��� $�� 7R RIIVHW WKLV LQ WKH 521PLQL�

JHQH� WKH WK\PLGLQH DW WKH DOWHUQDWLYH H[RQ VWDUW ZDV UHSODFHG ZLWK D JXDQLQH WR LQ�
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canonical isoforms:
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second IR
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full IR

)LJXUH ���� 7KH ILYH FDQRQLFDO LVRIRUP W\SHV DUH FRUUHFWO\ LGHQWLILHG E\ SDLUHG�HQG 51$�
VHT� 5HDG � VWDUWLQJ IURP WKH 3� DGDSWRU SURYLGHV WKH ���QW EDUFRGH LQIRUPDWLRQ DQG WKH
VSOLFH MXQFWLRQ XSVWUHDP RI H[RQ ��� ZKLOH UHDG � IURP 3� UHDGV WKH VSOLFH MXQFWLRQ GRZQ�
VWUHDP RI H[RQ ��� )RU SDUWLDO RU IXOO ,5 LVRIRUPV� ERWK UHDGV H[WHQG LQWR WKH UHVSHFWLYH
LQWURQ�
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)LJXUH ���� 7KH521PLQLJHQH UHVHPEOHV LWV HQGRJHQRXV FRXQWHUSDUW LQ IXQFWLRQ� 57�3&5
DQDO\VLV VKRZV WKH 521PLQLJHQH JLYHV ULVH WR WKH VDPH VSOLFLQJ LVRIRUPV DV WKH HQGRJH�
QRXV 067�5 JHQH LQ +(.���7 DQG 0&)� FHOOV� LQ SDQHO $� *HO�OLNH UHSUHVHQWDWLRQ RI
FDSLOODU\ HOHFWURSKRUHVLV� $ �� ES VL]H GLIIHUHQFH EHWZHHQ LVRIRUPV VWHPV IURP GLIIHUHQW
SULPHU FRPELQDWLRQV XVHG WR GLIIHUHQWLDWH EHWZHHQ VSOLFLQJ SURGXFWV IURP HQGRJHQRXV
521 DQG 521 PLQLJHQH DV LQ �)LJXUH ����� 3XEOLVKHG PXWDWLRQV PXW $ �%RQRPL HW DO��
����� DQG PXW % �/HIDYH HW DO�� ����� WULJJHU H[SHFWHG VSOLFLQJ FKDQJHV WRZDUGV LQFUHDVHG
RU GHFUHDVHG $( VNLSSLQJ� UHVSHFWLYHO\� SDQHO % VKRZV *HO�OLNH UHSUHVHQWDWLRQ RI 57�3&5
SURGXFWV IURP+(.���7 FHOOV� %DU GLDJUDP EHORZ VKRZV WKH DYHUDJH LVRIRUP IUHTXHQFLHV
�LQ �� IRU $( LQFOXVLRQ DQG VNLSSLQJ� DV ZHOO DV SDUWLDO DQG IXOO ,5 IURP ELRORJLFDO WULSOL�
FDWHV� (UURU EDUV GHQRWH WKH VWDQGDUG GHYLDWLRQ� 3DUWLDO ,5 UHIHUV WR WKH VXP RI ILUVW ,5 DQG
VHFRQG ,5 LVRIRUPV WKDW FDQQRW EH GLVFULPLQDWHG E\ 57�3&5 DQDO\VLV�

FUHDVH WKH �· VSOLFH VLWH VWUHQJWK RI WKH DOWHUQDWLYH H[RQ �<HR HW DO�� ������ ,Q DGGLWLRQ�

57�3&5 EDVHG VSOLFLQJ DQDO\VHV LQ GLIIHUHQW FHOO OLQHV FRQILUPHG WKDW WKH PLQLJHQH

VSOLFLQJ SDWWHUQV DUH FRPSDUDEOH WR WKH HQGRJHQRXV ORFXV DV WKH VDPH LVRIRUPVZHUH

SURGXFHG� 7KHUHIRUH� WKH PLQLJHQH UHSRUWHU V\VWHP DOORZV WKH SURSHU VWXG\ RI WKH

UHJXODWLRQ RI 521 H[RQ �� DOWHUQDWLYH VSOLFLQJ�

�� &OLQLFDO UHOHYDQFH RI 521 $6 UHJXODWLRQ� 7KH $( VNLSSLQJ LVRIRUP LQYROYLQJ 521

H[RQ �� �521ӹ���� ZDV SUHYLRXVO\ VKRZQ WR SURPRWH LQFUHDVHG FHOO PRWLOLW\ GXU�

LQJ HSLWKHOLDO WR PHVHQFK\PDO WUDQVLWLRQ �(07� �*KLJQD HW DO�� ������ 7KHUHIRUH� WKLV
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DVSHFW DGGV SDWKRSK\VLRORJLFDO UHOHYDQFH WR WKH VWXG\ RI DOWHUQDWLYH VSOLFLQJ UHJX�

ODWLRQ LQ WKH 521 PLQLJHQH�

�� 3ULRU NQRZOHGJH RI 521 $6 UHJXODWLRQ� 3UHYLRXV PXWDJHQHVLV VWXGLHV KDYH LGHQWLILHG

WKH UROH RI PXWDWLRQV LQ LQIOXHQFLQJ 521 DOWHUQDWLYH VSOLFLQJ� ,Q OLQH ZLWK WKHVH

VWXGLHV� WZRPXWDWLRQVZHUH FKRVHQ WKDW GLVUXSW D+1513$� �%RQRPL HW DO�� ����� RU

+1513+ ELQGLQJ VLWH �/HIDYH HW DO�� ����� UHVSHFWLYHO\ IRU WKHLU HIIHFW LQ DOWHULQJ $(

VNLSSLQJ LQ RSSRVLQJ GLUHFWLRQV �)LJXUH ��� %�� ,Q VXPPDU\� SUHYLRXV LQIRUPDWLRQ

ZDV XVHG LQ YDOLGDWLQJ WKH UHJXODWLRQ RI WKH PLQLJHQH UHSRUWHU�

$_; !��lbmb];m; Ѵb0u-u�

7KH OLEUDU\ RI 521 PLQLJHQH YDULDQWV ZDV JHQHUDWHG ZLWK DQ RSWLPLVHG PXWDWLRQ UDWH RI

��� PXWDWLRQV SHU PLQLJHQH YDULDQW E\ YDU\LQJ DPRXQWV RI WHPSODWH '1$ DQG 3&5 F\FOHV

LQ WKH HUURU�SURQH 3&5 DPSOLILFDWLRQ RI WKH 521 ZW PLQLJHQH �)LJXUH ��� $�� 7KH 3&5

DPSOLFRQV RI HDFK UHDFWLRQPL[WXUH ZHUH XVHG IRU FORQLQJ RI PXWDWHG 521PLQLJHQHV DQG

XSRQ WUDQVIRUPDWLRQ RI (� FROL� PLQLJHQHV IURP a����� FRORQLHV RI HDFK RI WKH WKUHH WUDQV�

IRUPDWLRQV ZHUH FROOHFWHG �VHH PHWKRGV� )LJXUH ��� %�� 6DQJHU VHTXHQFLQJ RI WHQ PLQLJHQH

YDULDQWV RI HDFK RI WKH WKUHH OLEUDULHV FRQILUPHG PXWDWLRQ IUHTXHQFLHV ZLWK DQ DYHUDJH RI

��� PXWDWLRQV SHU YDULDQW� 7KHQ� WKH OLEUDULHV ZHUH SRROHG WR IRUP D VLQJOH 521PLQLJHQH

OLEUDU\ RI a�����PLQLJHQHV� 0RUHRYHU� WKH OLEUDU\ZDV VSLNHG�LQZLWK ���521PLQLJHQHV

ZLWK ZW VHTXHQFH ZKLFK FRQWDLQHG UDQGRP EDUFRGHV� WR DFW DV DQ LQWHUQDO UHIHUHQFH� 57�

3&5 DQDO\VLV RI D UDQGRP VHOHFWLRQ RIPXWDWHGPLQLJHQH YDULDQWV IURP WKH OLEUDU\ VKRZHG

KLJKO\ YDULDEOH VSOLFLQJ SDWWHUQV� VXJJHVWLQJ WKDW WKH LQWHQGHGPXWDWLRQ IUHTXHQF\ ZRXOG

VXIILFH �)LJXUH ��� &��
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)LJXUH ���� 7KH OLEUDU\ FRQVLVWV RI WKRXVDQGV RI PXWDWHG 521 PLQLJHQH YDULDQWV� �$�
$QDO\WLFDO DJDURVH JHO HOHFWURSKRUHVLV RI IUDJPHQWV UHVXOWLQJ IURP HUURU SURQH 3&5 XV�
LQJ YDU\LQJ DPRXQWV RI 521 ZLOG W\SH SODVPLG DV WHPSODWH DQG LQGLFDWHG 3&5 F\FOHV�
7KH WDUJHW 3&5 DPSOLFRQ DPRXQW LV VDWXUDWHG DQG HTXDO IRU HDFK FRQGLWLRQ DQG HDFK FRQ�
GLWLRQ UHVXOWV LQ PLQLJHQHV ZLWK VLPLODU PXWDWLRQ IUHTXHQF\� �%� 6FKHPDWLF RYHUYLHZ RI
WKH H[SHULPHQWDO VWHSV SHUIRUPHG WR JHQHUDWH WKH 521PLQLJHQH OLEUDU\� 0XWDJHQLF 3&5
JHQHUDWHVPXWDWHGPLQLJHQH IUDJPHQWV WKDW DUH OLJDWHGZLWK DQ H[SUHVVLRQ YHFWRU WR JHQHU�
DWH PXWDWHG PLQLJHQHV� )ROORZLQJ WUDQVIRUPDWLRQ LQ (� FROL� WUDQVIRUPDQWV FRUUHVSRQGLQJ
WR VLQJOH PLQLJHQH YDULDQWV DUH FROOHFWHG DQG WKH SODVPLG '1$ LV H[WUDFWHG� UHVXOWLQJ LQ
WKH PLQLJHQH OLEUDU\� �&� 0XWDWHG PLQLJHQH YDULDQWV VKRZ GLIIHUHQW VSOLFLQJ RXWFRPHV�
57�3&5 UHVXOWV GLVSOD\HG E\ JHO�OLNH UHSUHVHQWDWLRQ RI FDSLOODU\ HOHFWURSKRUHVLV IURP UDQ�
GRPO\ VHOHFWHG FORQHV IURP WKH 521 PLQLJHQH OLEUDU\ LQ +(.���7 FHOOV� 7KH QXPEHU RI
PXWDWLRQV LQ HDFK PLQLJHQH YDULDQW LV SURYLGHG DERYH�
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7R FKDUDFWHULVH WKH PXWDWLRQV RI WKH PLQLJHQH OLEUDU\� ZH SHUIRUPHG QH[W�JHQHUDWLRQ VH�

TXHQFLQJ ZLWK ����QW SDLUHG�HQG UHDGV �)LJXUH ��� $ DQG %�� )RU VXIILFLHQW FRYHUDJH RI

WKH FRQVWUXFW� ILYH DPSOLFRQV VSDQQLQJ WKH ZKROH PLQLJHQH ZHUH XVHG� 7KLV ZDV GRQH IRU

WZR UHDVRQV� )LUVWO\� WR RIIVHW WKH GHFUHDVH LQ FRYHUDJH GXH WR EDG TXDOLW\ DW WKH HQGV RI

VHTXHQFLQJ UHDGV� ,W ZDV SUHYLRXVO\ ZDV REVHUYHG WKDW UHDG HQGV KDYH D KLJKHU DFFXPX�

ODWLRQ RI HUURUV GXULQJ WKH VHTXHQFLQJ SURFHVV �'RKP HW DO�� ����� 6FKLUPHU HW DO�� ������

7KXV� WKH � RYHUODSSLQJ DPSOLFRQV DW WKH SUREOHPDWLF DUHDV KHOSHG LQFUHDVH WKH TXDOLW\ DW

WKH UHDG HQGV �)LJXUH ��� &�� 6HFRQGO\� DPSOLFRQV ZKLFK DUH ODUJHU LQ VL]H FRPSDUHG WR WKH

UHVW� DUH SUHIHUUHG IRU SULPHU H[WHQVLRQ GXULQJ FOXVWHU IRUPDWLRQ� 7KLV UHVXOWHG LQ LQ D EL�

DVHG OLEUDU\ IRUPDWLRQ IDYRXULQJ WKH ODUJH DPSOLFRQV� 7KH RYHUODSSLQJ DPSOLFRQV KHOSHG

UHGXFH WKLV ELDV LQ WKH OLEUDU\� ,PSRUWDQWO\� D ���QW EDUFRGH ZDV LQFOXGHG LQ HDFK UHDG

SDLU ZKLFK HQDEOHG WKH FRPSOHWH UHFRQVWUXFWLRQ DQG DVVLJQPHQW RI DOO PLQLJHQH YDULDQWV

LQ WKH OLEUDU\�

$ FXVWRP�WDLORUHG 3\WKRQ SLSHOLQHZDV GHYHORSHG �)LJXUH ��� $� WR LGHQWLI\ WKHPXWDWLRQV

LQ WKH '1$�VHT OLEUDU\� 7KH OLEUDU\ZDV VHTXHQFHG RQ ,OOXPLQD0L6HT �����QW SDLUHG�HQG�

ZLWK D WRWDO RI �� PLOOLRQ UHDGV� $IWHU LQLWLDO TXDOLW\ FRQWURO VWHSV� WKH UHDGV ZHUH ILOWHUHG

IRU D PLQLPXP OHQJWK DQG WKH EDUFRGH ZKLFK DVVLJQV WKH UHDG SDLUV WR DQ LQGLYLGXDO PLQL�

JHQH YDULDQW� ZDV H[WUDFWHG IRU HDFK YDULDQW� 6XEVHTXHQWO\� UHDG SDLUV IRU HDFK PLQLJHQH

YDULDQWZHUH DOLJQHG WR WKH521ZWPLQLJHQH VHTXHQFH DQG WKHPXWDWLRQVZHUH LGHQWLILHG�

2QO\ WKRVH PXWDWLRQV WKDW SDVVHG WKH ULJRURXV ILOWHULQJ FULWHULD ZHUH FRQVLGHUHG DV WKH IL�

QDO VHW �UHIHU PDWHULDOV DQG PHWKRGV IRU GHWDLOV�� ,Q WRWDO� ����� XQLTXH PLQLJHQH YDULDQWV

ZHUH FDSWXUHG LQFOXGLQJ ����� ZLWK UDQGRPO\ LQWURGXFHG PXWDWLRQV DQG ��� ZLWK WKH ZW

VHTXHQFH�
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)LJXUH ���� '1$�VHT SULPHU VWUDWHJ\ RI ILYH RYHUODSSLQJ DPSOLFRQV HQVXUHV KLJKHU UHDG
FRYHUDJH DFURVV WKH 521 PLQLJHQH VHTXHQFH� �$� 2YHUYLHZ RI WKH ILYH RYHUODSSLQJ DP�
SOLFRQV JHQHUDWHG IRU SDLUHG�HQG '1$�VHT� 7KH UHYHUVH SULPHU ELQGV GRZQVWUHDP RI WKH
���QW EDUFRGH ���1� UHG ER[� DQG LQWURGXFHV ,OOXPLQD VHTXHQFLQJ DGDSWRU 3� �5HDG ���
)LYH YDULDQWV RI WKH IRUZDUG SULPHU ELQG WR VXEVHTXHQW SRVLWLRQV UHVXOWLQJ LQ ILYH RYHUODS�
SLQJ DPSOLFRQV RI WKH PLQLJHQH� 7KH IRUZDUG SULPHUV LQWURGXFH 3� �5HDG ��� �%� *HO�OLNH
UHSUHVHQWDWLRQ RI WKH GLIIHUHQW 3&5 DPSOLFRQV JHQHUDWHG E\ HPXOVLRQ 3&5� 7KH JUHHQ OLQH
LQGLFDWHV WKH LQWHUQDO VL]H VWDQGDUG� �&� $YHUDJH UHDG GHSWK SHU SRVLWLRQ DFURVV WKH 521
PLQLJHQH DIWHU TXDOLW\ ILOWHULQJ DQG WULPPLQJ� 7KH JUDSK LV DOLJQHG ZLWK WKH RYHUYLHZ RI
SULPHU FRPELQDWLRQV LQ �$��
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BA

FastQC & trimming (Trimmomatic)

Barcode extraction and filtering (R)

DNA-seq

Alignment (NGM)

Mutation calling (GATK)

��4���RYHU
��ES�ZLQGRZ

������UHDGV

���PLR�UHDGV
�SDLUHG�HQG�

a������UHDGV
RQ�DYHUDJH

a������
PXWDWLRQV

FastQC & trimming (Trimmomatic)

Barcode extraction and filtering (R)

RNA-seq

Alignment (STAR)

��4���RYHU
��ES�ZLQGRZ

������UHDGV

������PLR�UHDGV
�SDLUHG�HQG�

a������UHDGV
RQ�DYHUDJH

Splice isoforms (R) ,VRIRUP�IUHTXHQF\
SURILOHV

Isoform abundance filter �����RI�WKH�UHDG�SDLUV�RU
����UHDG�SDLUV�LQ�DQ\�SODVPLG

)LJXUH ���� &XVWRP ELRLQIRUPDWLFV ZRUNIORZV HQDEOH LGHQWLILFDWLRQ RI PXWDWLRQV DQG FRU�
UHVSRQGLQJ VSOLFLQJ SURGXFWV IURP KLJK�WKURXJKSXW '1$�VHT DQG 51$�VHT� �$� %LRLQ�
IRUPDWLFV ZRUNIORZ IRU '1$�VHT DQDO\VLV WR FKDUDFWHULVH PXWDWLRQV� 4XDOLW\ FRQWURO DQG
WULPPLQJ ZDV SHUIRUPHG ZLWK )DVW4& DQG 7ULPPRPDWLF� UHVSHFWLYHO\� IROORZHG E\ FXV�
WRP VFULSWV WR H[WUDFW ���QW EDUFRGH DQG ILOWHU IRU PLQLJHQHV ZLWK ���� UHDG SDLUV� 5HDGV
ZHUH DOLJQHG WR ZW 521 PLQLJHQH VHTXHQFH XVLQJ 1H[W*HQ0DS �1*0�� DQG PXWDWLRQ
FDOOLQJ ZDV GRQH XVLQJ +DSORW\SH&DOOHU WRRO IURP *HQRPH $QDO\VLV 7RRONLW �*$7.�� �%�
%LRLQIRUPDWLFV ZRUNIORZ IRU 51$�VHT DQDO\VLV WR TXDQWLI\ VSOLFH LVRIRUPV� 8SRQ TXDO�
LW\ FRQWURO DQG ILOWHULQJ VLPLODU WR �$�� UHDGV ZHUH DOLJQHG WR ZW 521 PLQLJHQH XVLQJ
VSOLFH�DZDUH DOLJQPHQW VRIWZDUH 67$5� $OO LVRIRUPV SUHVHQW LQ 51$VHT OLEUDU\ ZHUH UH�
FRQVWUXFWHG DQG ILOWHUHG IRU PLQLPXP DEXQGDQFH XVLQJ FXVWRP VFULSWV� 6HH PHWKRGV IRU
IXUWKHU GHWDLOV�
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minigenes found in:
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(= 5,598)

1.2% (= 70)

0.5% (= 31)
3/3 RNA-seq

replicates
0/3 RNA-seq replicates
1.6% (= 92)

2/3 RNA-seq replicates

1/3 RNA-seq replicates
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)LJXUH ���� 0XWDWLRQV DUH GLVWULEXWHG XQLIRUPO\ DFURVV WKH 521 PLQLJHQH DQG PRVW YDUL�
DQWV DUH UHFRYHUHG LQ WKH WKUHH 51$�VHT UHSOLFDWHV� �$�0XWDWLRQV HTXDOO\ GLVWULEXWH DORQJ
WKH 521 PLQLJHQH SRVLWLRQV� 7KH EDU FKDUW VKRZV WKH GLVWULEXWLRQ RI ������ SRLQW PXWD�
WLRQV DFURVV ����� PLQLJHQHV� �%� (DFK SRVLWLRQ LQ WKH 521 PLQLJHQH LV FRYHUHG ZLWK DW
OHDVW WZR PXWDWLRQV LQ WKH 521 PLQLJHQH OLEUDU\� 3RVLWLRQV DUH FRYHUHG ZLWK DQ DYHUDJH
RI �� PXWDWLRQV �RUDQJH OLQH�� �&� 7KH PDMRULW\ RI PLQLJHQH YDULDQWV LGHQWLILHG E\ '1$�
VHT LV SUHVHQW LQ DOO WKUHH 51$�VHT UHSOLFDWHV� 3LH�FKDUW UHSUHVHQWLQJ WKH IUDFWLRQ RI WKH
PLQLJHQHV SUHVHQW LQ WKH OLEUDU\ ������� IRXQG LQ ��� 51$�VHT UHSOLFDWHV�

0XWDWLRQ FDOOLQJ LGHQWLILHG ������ SRLQW PXWDWLRQV ZLWK DQ DYHUDJH IUHTXHQF\ RI ��� PX�

WDWLRQV SHU PLQLJHQH YDULDQW� 7KH PXWDWLRQV ZHUH UDQGRPO\ VSUHDG DFURVV DOO SRVLWLRQV

RI WKH 521 PLQLJHQH VHTXHQFH� VXFK WKDW ��� RI WKH SRVLWLRQV ZHUH PXWDWHG DW OHDVW WHQ

WLPHV ZLWKLQ WKH OLEUDU\ �DYHUDJH �� WLPHV SHU SRVLWLRQ� )LJXUH ��� $ DQG %�� 6DQJHU VH�

TXHQFLQJ RI �� UDQGRPO\ VHOHFWHG PLQLJHQH YDULDQWV YDOLGDWHG WKH DFFXUDF\ RI PXWDWLRQ

FDOOLQJ VLQFH DOO ��� PXWDWLRQV ZHUH UHWULHYHG E\ WKH PXWDWLRQ FDOOLQJ ZLWKRXW DQ\ DGGL�

WLRQDO IDOVH�SRVLWLYHV� 7KXV� PXWDWLRQ HIIHFWV FRXOG EH VFUHHQHG DFURVV WKH HQWLUH VHTXHQFH

VSDFH RI WKH 521 PLQLJHQH VHTXHQFH�
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7R FRXQW WKH GLIIHUHQW VSOLFLQJ LVRIRUPV RI WKH521PLQLJHQH OLEUDU\� WKH OLEUDU\ZDV ILUVWO\

WUDQVIHFWHG DV D SRRO LQ+(.���7 FHOOV� 7KHQ� WKH UHVXOWLQJ DOWHUQDWLYHO\ VSOLFHG WUDQVFULSWV

ZHUH TXDQWLILHG E\ SDLUHG�HQG 51$�VHT XVLQJ D SULPHU FRPELQDWLRQ WKDW DOORZHG XQDP�

ELJXRXV LGHQWLILFDWLRQ RI DOO FDQRQLFDO LVRIRUPV �)LJXUH ��� DQG )LJXUH ����� $V SUHYLRXVO\

GRQH� HDFK UHDG SDLU LQFOXGHG D ���QW EDUFRGH WR DOORZ PDWFKLQJ RI WKH UHVSHFWLYH FRXQ�

WHUSDUW PLQLJHQH YDULDQWV�

7KUHH LQGHSHQGHQW 51$�VHT UHSOLFDWHV ZHUH JHQHUDWHG DQG VHTXHQFHG RQ ,OOXPLQD0L6HT

�����QW SDLUHG�HQG�� \LHOGLQJ ��²�� PLOOLRQ UHDGV SHU VDPSOH� DQG DQDO\VHG ZLWK D FXVWRP

3\WKRQ SLSHOLQH VLPLODU WR '1$�VHT �)LJXUH ��� %�� /RZ�TXDOLW\ VHTXHQFHV ZHUH UHPRYHG

DQG WKH ���QW EDUFRGH VHTXHQFHZDV H[WUDFWHG VLPLODU WR WKH VWHSV IROORZHG LQ WKH'1$�VHT

SLSHOLQH�

0RUHRYHU� RQO\ UHDGV RULJLQDWLQJ IURP WKH ���� PLQLJHQH YDULDQWV WKDW ZHUH UHFRYHUHG

IURP WKH '1$�VHT OLEUDU\ ZHUH FRQVLGHUHG IRU IXUWKHU DQDO\VHV� 5HDG SDLUV IRU HDFK PLQL�

JHQH YDULDQW ZHUH DOLJQHG WR WKH 521 ZW PLQLJHQH VHTXHQFH� 2QO\ UHDG SDLUV FRQIHUULQJ

VSOLFH LVRIRUP LQIRUPDWLRQ �L�H�� ERWK PDWHV H[WHQGHG DW OHDVW �� QW EH\RQG WKH FRQVWLWXWLYH

H[RQ ERXQGDULHV� ZHUH NHSW� )XUWKHUPRUH� DOO LPSURSHUO\ RU LQFRQVLVWHQWO\ PDSSHG UHDG

SDLUV ZHUH UHPRYHG IURP WKH DQDO\VLV �UHIHU PDWHULDOV DQG PHWKRGV�� )LQDOO\� RQO\ PLQL�

JHQH YDULDQWV ZKLFK ZHUH FRYHUHG E\ DW OHDVW ��� UHPDLQLQJ UHDG SDLUV ZHUH XVHG IXUWKHU�

UHVXOWLQJ LQ ����� ���� DQG ����PLQLJHQH YDULDQWV GHWHFWHG LQ 51$�VHT UHSOLFDWHV �� � DQG

� IURP +(.���7 FHOOV� UHVSHFWLYHO\�

��� RI PLQLJHQH YDULDQWV ZHUH IRXQG LQ DOO WKUHH UHSOLFDWHV �)LJXUH ��� &�� 7KH IUHTXHQF\

RI HDFK LVRIRUP IRU HDFK PLQLJHQH YDULDQW ZDV FDOFXODWHG DV WKH QXPEHU RI UHDG SDLUV VXS�

SRUWLQJ WKLV SDUWLFXODU LVRIRUP LQ UHODWLRQ WR WKH WRWDO UHDG SDLUV IRU DOO GHWHFWHG LVRIRUPV

IRU WKLV SDUWLFXODU PLQLJHQH YDULDQW� :KLOH WKH FDQRQLFDO LVRIRUPV RI DOWHUQDWLYH H[RQ �$(�

LQFOXVLRQ� $( VNLSSLQJ� IXOO LQWURQ UHWHQWLRQ �,5�� ILUVW ,5� DQG VHFRQG ,5 DFFRXQWHG IRU ���
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RI DOO VSOLFLQJ SURGXFWV� WKH UHPDLQLQJ ��ZHUH FDWHJRULVHG DV ¶RWKHU· LVRIRUPVZKLFK RULJ�

LQDWHG IURP FU\SWLF �· DQG �· VSOLFH VLWH XVDJH �)LJXUH ��� $ DQG %�� 7KHVH QRQ�FDQRQLFDO

¶RWKHU· LVRIRUPV FDQ VWLOO EH D PDMRU SURSRUWLRQ RI WKH VSOLFLQJ SURGXFWV RI FHUWDLQ LQGLYLG�

XDO PLQLJHQH YDULDQWV� )RU LQVWDQFH� �· VSOLFH VLWH GLVUXSWLQJ PXWDWLRQV DW WKH GRZQVWUHDP

FRQVWLWXWLYH H[RQ �� WULJJHU DFWLYDWLRQ RI D FU\SWLF GRZQVWUHDP $* �PDUNHG E\ RQH DVWHU�

LVN LQ )LJXUH ��� $ DQG )�� 7KHZWPLQLJHQHV VKRZHG FRQVLGHUDEO\ VPDOO VSOLFLQJ YDULDQFH�

WKXV LQGLFDWLQJ WKH EDUFRGH LV QRW D FRQIRXQGLQJ IDFWRU IRU TXDQWLILFDWLRQV �)LJXUH ��� &��

,Q FRQWUDVW� ��� RI PXWDWHG PLQLJHQHV ZHUH VSOLFHG ZLWK PRUH WKDQ ��� GHYLDWLRQ IURP

WKH ZW DYHUDJH $( LQFOXVLRQ� VKRZLQJ WKDW PDQ\ RI WKH LQWURGXFHGPXWDWLRQV FDQ EH VWXG�

LHG IRU FDXVLQJ ZLGH UDQJH RI VSOLFLQJ HIIHFWV�

,Q RUGHU WR YDOLGDWH WKH VSOLFLQJ TXDQWLILFDWLRQV� VSOLFLQJ RI PLQLJHQH YDULDQWV FRQWDLQLQJ

$( VSOLFH VLWH PXWDWLRQV ZHUH FKHFNHG �)LJXUH ��� &�� 6SOLFH VLWHV DEROLVKPHQW E\ PXWD�

WLRQV GLVUXSWLQJ WKH FDQRQLFDO VSOLFH VLJQDOV DW WKH $(� DOZD\V OHG WR VHYHUHO\ GHFUHDVHG

QHDU QXOO $( LQFOXVLRQ OHYHOV� LOOXVWUDWLQJ WKDW WKH VFUHHQLQJ DOORZV UHOLDEOH GHWHFWLRQ RI

VWURQJ VSOLFLQJ FKDQJHV� LQ DGGLWLRQ WR VPDOO VSOLFLQJ FKDQJHV� )XUWKHUPRUH� 57�3&5 GH�

ULYHG VSOLFLQJ PHDVXUHPHQWV RI �� UDQGRPO\ VHOHFWHG PLQLJHQH YDULDQWV ZDV SHUIRUPHG

DQG FRPSDUHG ZLWK WKH 51$�VHT GHULYHG TXDQWLILFDWLRQV IRU YDULDQWV FRQWDLQLQJ WKH VDPH

PXWDWLRQV� UHVSHFWLYHO\ �)LJXUH ��� '�� 7KH REVHUYHG FRUUHODWLRQ FRQILUPHG WKDW WKH DF�

FXUDF\ RI 51$�VHT GHULYHG VSOLFLQJ TXDQWLILFDWLRQ LV FRPSDUDEOH WR LQGLYLGXDO 57�3&5

PHDVXUHPHQWV �3HDUVRQ FRUUHODWLRQ FRHIILFLHQW� U  ����� S�YDOXH � �H����� 7DNHQ WRJHWKHU�

WKH KLJK�WKURXJKSXW PXWDJHQHVLV VFUHHQLQJ DOORZV DQDO\VLV RI PXWDWLRQ HIIHFWV DFURVV WKH

HQWLUH 521 PLQLJHQH UHJLRQ�
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Ɣ
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Ɣ
ƔƔƔƔƔƔƔƔƔƔ
Ɣ
ƔƔƔƔƔ
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Ɣ
ƔƔƔƔƔƔ
Ɣ
ƔƔƔƔƔƔƔ
ƔƔ
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Ɣ
ƔƔƔƔƔ
Ɣ
Ɣ
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ƔƔƔƔƔƔƔƔƔƔƔƔƔ
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ƔƔ ƔƔƔƔƔƔƔƔƔƔƔƔƔ

(588) (5010) (133)

TƔGƔCƔAƔ
mutation to:

3' splice site

)LJXUH ���� +LJK�WKURXJKSXW PXWDJHQHVLV VFUHHQLQJ RI 521 PLQLJHQH OLEUDU\ LQYROYHV
TXDQWLWDWLYH VSOLFLQJ RXWFRPHV� �$� &DQRQLFDO LVRIRUPV FRPSRVH WKH PRVW IUHTXHQW VSOLF�
LQJ YDULDQWV LQ WKH OLEUDU\� %DU SORW VKRZV WKH QLQH PRVW IUHTXHQW LVRIRUPV VRUWHG E\ WRWDO
IUHTXHQF\ LQ WKH 51$�VHT OLEUDU\ �EODFN� DORQJ ZLWK WKH PD[LPXP IUHTXHQF\ IRU DQ LQGL�
YLGXDO PLQLJHQH YDULDQW �JUH\�� �%� 6SOLFH MXQFWLRQ IUHTXHQFLHV� /LQH WKLFNQHVV DQG FRORXU
UHSUHVHQW WKH QXPEHU RI PLQLJHQH YDULDQWV SURGXFLQJ WKH UHVSHFWLYH VSOLFH MXQFWLRQ� 2QO\
MXQFWLRQV DFFRXQWLQJ IRU ��� RI DOO MXQFWLRQV IRU D JLYHQ PLQLJHQH YDULDQW ZHUH FRQVLG�
HUHG� �&� :LGHVSUHDG VSOLFLQJ HIIHFWV RI PXWDWHG PLQLJHQH YDULDQWV� 7KH ER[SORWV VKRZ
WKH GLVWULEXWLRQ RI $( LQFOXVLRQ IUHTXHQFLHV LQ � IRU DOO ZLOG W\SH �ZW� DQG PXWDWHG PLQL�
JHQHV DQG D VXEVHW RI PXWDWHG PLQLJHQH YDULDQWV ZLWK PXWDWLRQV LQ WKH VSOLFH VLWHV �VV� RI
521 H[RQ ��� 0LQLJHQHV LQ HDFK FDWHJRU\ LV JLYHQ EHORZ� :KLVNHUV UHSUHVHQW WKHPRVW H[�
WUHPH YDOXHV ZLWKLQ ���[ LQWHUTXDUWLOH UDQJH� �'� 9DOLGDWLRQ RI 51$�VHT TXDQWLILFDWLRQ E\
FRUUHODWLRQ ZLWK 57�3&5 PHDVXUHPHQWV RI �� LQGLYLGXDO FORQHV IURP WKH OLEUDU\ �U � 3HDU�
VRQ FRUUHODWLRQ FRHIILFLHQW DQG DVVRFLDWHG S�YDOXH�� �(� 0XWDWLRQ HIIHFWV DURXQG WKH $( �·
VSOLFH VLWH� %R[SORWV VKRZ WKH LVRIRUP UDWLRV GLVSOD\HG DV $( LQFOXVLRQ ��� IRU PLQLJHQHV
KDUERXULQJ D PXWDWLRQ DW WKH UHVSHFWLYH VLWH ZLWK FRORXUV LQGLFDWLQJ WKH LQVHUWHG EDVH �VHH
OHJHQG�� 7KH SXUSOH DQG EOXH OLQHV VKRZ WKH ���� DQG ����SHUFHQWLOHV RI $( LQFOXVLRQ RI
WKH ZW PLQLJHQHV DQG WKH FRPSOHWH OLEUDU\� UHVSHFWLYHO\� �)� ,VRIRUP IUHTXHQFLHV UHVXOWLQJ
IURP PXWDWLRQV DORQJ WKH 521PLQLJHQH� 6WDFNHG EDU FKDUW VKRZV WKH PHGLDQ IUHTXHQF\
RI WKH VL[ LVRIRUP FDWHJRULHV IRU DOO PLQLJHQHV ZLWK D PXWDWLRQ DW D JLYHQ SRVLWLRQ� $Y�
HUDJH RI WKUHH ELRORJLFDO UHSOLFDWHV LQ +(.���7 FHOOV� $VWHULVNV VKRZ SRVLWLRQV WKDW XSRQ
PXWDWLRQ FDXVH LQFUHDVHG IRUPDWLRQ RI QRQ�FDQRQLFDO LVRIRUPV �VKRZQ LQ %��
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7KH VSOLFLQJ RXWFRPH RI D PLQLJHQH YDULDQW LV EDVHG RQ WKH XQGHUO\LQJ PXWDWLRQV SUHVHQW

LQ WKH UHVSHFWLYH PLQLJHQH YDULDQW� ,Q WKH PLQLJHQH OLEUDU\� PXWDWLRQV RFFXUUHG ZLWK DQ

DYHUDJH RI ��� SHU PLQLJHQH YDULDQW� 7KLV SUHVHQWHG D FRPSOH[ VLWXDWLRQ� ZKHUH RQO\ VSOLF�

LQJ HIIHFWV RI WKRVH YDULDQWVZLWK RQO\ RQHPXWDWLRQ RU SUHYLRXVO\ VWXGLHGPXWDWLRQV FRXOG

EH HIIHFWLYHO\ VWXGLHG� ,Q PLQLJHQH YDULDQWV ZLWKPDQ\PRUHPXWDWLRQV� VSOLFLQJ HIIHFWV RI

D PXWDWLRQ PD\ GHSHQG RQ WKH HIIHFWV RI FR�RFFXUULQJ PXWDWLRQV LQ WKH PLQLJHQH YDULDQW

�)LJXUH ��� (�� 6XFK PLQLJHQH YDULDQWV SUHVHQW DQ RYHUOD\LQJ RI PXOWLSOH PXWDWLRQ HIIHFWV

DQG WKXV� WKH VSOLFLQJ RXWFRPH RI LQGLYLGXDO PXWDWLRQV QHHGV WR EH SLQSRLQWHG� ,Q RUGHU

WR SUHFLVHO\ LQIHU WKH VSOLFLQJ HIIHFWV RI HDFK PXWDWLRQ LQ WKH FRQWH[W RI PXOWLSOH PXWD�

WLRQV� D OLQHDU UHJUHVVLRQ EDVHG PRGHOOLQJ DSSURDFK ZDV XQGHUWDNHQ �UHIHU PDWHULDOV DQG

PHWKRGV VHFWLRQ�� 7RZDUGV WKLV� D G\QDPLF VSOLFLQJ PRGHO EDVHG RQ VSOLFH LVRIRUP UDWLRV

LQVWHDG RI DEVROXWH YDOXHV ZDV IRUPXODWHG IRU FDOFXODWLQJ OLQHDU UHJUHVVLRQ� 7KH PRGHO

LQYROYHG LVRIRUP SURGXFWLRQ YHUVXV LVRIRUP GHJUDGDWLRQ LQ UHODWLRQ WR WKH UDWH RI WKH $(

LQFOXVLRQ LVRIRUP DV D UHIHUHQFH� 8VLQJ LVRIRUP UDWLRV LQVWHDG RI DEVROXWH IUHTXHQFLHV IRU

WKH LQSXW RI WKH OLQHDU UHJUHVVLRQ DFFRXQWHG IRU WKH QRQ�OLQHDULW\ RI PXWDWLRQ HIIHFWV� 7KH

QRQ�OLQHDULW\ RI WKH GDWD ZDV DWWULEXWHG WR WKH QDWXUDO ERXQGDU\ RI LVRIRUP IUHTXHQFLHV

ZKLFK ZHUH ERXQG EHWZHHQ �� DQG �����

$VVXPLQJ WKDW PXWDWLRQ HIIHFWV DUH DGGLWLYH� WKH OLQHDU UHJUHVVLRQ PRGHO KHOSHG LQIHU VLQ�

JOHPXWDWLRQ HIIHFWV �ORJ�IROG FKDQJHV UHODWLYH WR WKHZW� IURP WKH VXPRIPXOWLSOHPXWDWLRQ

HIIHFWV LQ D PLQLJHQH YDULDQW� 7R FRQILUP WKDW PXWDWLRQV DFW DGGLWLYHO\� a��� VLQJOH PXWD�

WLRQ PLQLJHQHV WKDW DOORZ GLUHFW DVVHVVPHQW RI PXWDWLRQ HIIHFWV ZHUH XVHG IRU FRPSDULVRQ

ZLWK PLQLJHQHV VKDULQJ FRPELQDWLRQV RI WZR RU WKUHH RI WKHVH VLQJOH PXWDWLRQV �)LJXUH

������



��

lo
g 

fo
ld

-c
ha

ng
e 

(m
ea

su
re

d 
co

m
bi

ne
d 

m
ut

at
io

n 
ef

fe
ct

s)

log fold-change (sum of measured single mutation effects)

0&)��í�UHSOLFDWH�� 0&)��í�UHSOLFDWH�� 0&)��í�UHSOLFDWH��

í�

í�

0

�

�

6

8

í�

í�

0

�

�

6

8

í�

í�

0

�

�

6

8

í� í� 0 � � 6 8

í� í� 0 � � 6 8

+(.���7�í�UHSOLFDWH�� +(.���7�í�UHSOLFDWH�� +(.���7�í�UHSOLFDWH��

r� �����
p���H���

í� í� 0 � � 6 8
í�

í�

0

�

�

6

8

í�

í�

0

�

�

6

8

í�

í�

0

�

�

6

8

í� í� 0 � � 6 8

í� í� 0 � � 6 8í� í� 0 � � 6 8

r� �����
p���H���
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r� �����
p���H���

r = 0.87
p���H���

r� �����
p���H���

GRXEOH�PXWDWLRQV

WULSOH�PXWDWLRQV

)LJXUH ����� (IIHFWV RI PXWDWLRQV VKRZ DGGLWLYH EHKDYLRXU� 6FDWWHUSORWV VKRZLQJ WKH FRU�
UHODWLRQ RIPXWDWLRQ HIIHFWV �ORJ�IROG FKDQJHV UHODWLYH WR WKHZW� IRU WKH VXP RI VLQJOHPXWD�
WLRQ HIIHFWV DQG PHDVXUHG PXWDWLRQ HIIHFWV RI PLQLJHQH YDULDQWV FRQWDLQLQJ FRPELQDWLRQV
RI WZR �OLJKW EOXH� RU WKUHH �GDUN EOXH� LQGLYLGXDOO\ PHDVXUHG PXWDWLRQV� 7RS DQG ERWWRP
SDQHOV VKRZ DQDO\VHV IRU WKUHH UHSOLFDWHV LQ +(.���7 DQG 0&)� FHOOV� UHVSHFWLYHO\� U �
3HDUVRQ FRUUHODWLRQ FRHIILFLHQWV� S � DVVRFLDWHG S�YDOXHV�

,Q OLQH ZLWK WKH DVVXPSWLRQ RI DGGLWLYH EHKDYLRXU� WKH VXP RI WKH VLQJOH PXWDWLRQ HI�

IHFWV KLJKO\ FRUUHODWHG ZLWK WKH FRPELQHG PXWDWLRQ HIIHFWV� +HQFH� WKH UHJUHVVLRQ DS�

SURDFK DOORZHG WKH DFFXUDWH PRGHOOLQJ RI WKH H[SHULPHQWDOO\ PHDVXUHG LVRIRUP IUHTXHQ�

FLHV IRU HDFK PXWDWHG PLQLJHQH YDULDQW �)LJXUH ������ $V D YDOLGDWLRQ VWHS IRU WKH UHJUHV�

VLRQPRGHO� LQIHUUHG VLQJOHPXWDWLRQ HIIHFWVZHUH FRPSDUHGZLWK 57�3&5GHULYHG VSOLFLQJ

PHDVXUHPHQWV RI PLQLJHQHV FRQWDLQLQJ VLQJOH PXWDWLRQV �)LJXUH ������

0HGLDQ LVRIRUP IUHTXHQF\ PHDVXUHPHQWV RIIHU D VLPSOHU DSSURDFK IRU TXDQWLI\LQJ WKH

PXWDWLRQ HIIHFWV

,Q FRQMXQFWLRQ ZLWK WKH PRGHOOLQJ DSSURDFK� WKH PHGLDQ LVRIRUP IUHTXHQF\ ZDV FDOFX�

ODWHG XVLQJ LVRIRUP IUHTXHQFLHV IURP DOO PLQLJHQH YDULDQWV KDUERXULQJ WKH JLYHQPXWDWLRQ
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)LJXUH ����� ,VRIRUP IUHTXHQFLHV LQIHUUHG IURP OLQHDU UHJUHVVLRQ PRGHOOLQJ FRUUHODWH ZLWK
PHDVXUHG LVRIRUP IUHTXHQFLHV� 6FDWWHUSORW VKRZLQJ WKH IUHTXHQFLHV RI VSOLFH LVRIRUPV IRU
FRPELQHG PXWDWLRQV FDOFXODWHG IURP WKH ILWWHG PRGHO DJDLQVW WKH PHDVXUHG GDWD RI RQH
ELRORJLFDO UHSOLFDWH LQ+(.���7 FHOOV� FRORXUV LQGLFDWH GLVWLQFW VSOLFH LVRIRUPV �VHH OHJHQG��
U � 3HDUVRQ FRUUHODWLRQ FRHIILFLHQW� S � DVVRFLDWHG S�YDOXH�

�7DEOH ���� UHIHU PDWHULDOV DQG PHWKRGV VHFWLRQ�� $V D VLPSOH DSSURDFK� WKH PHGLDQ ZDV

XVHIXO LQ HVWLPDWLQJ LQGLYLGXDO PXWDWLRQ HIIHFWV DV DQ DSSUR[LPDWLRQ RI WKH VSOLFLQJ RXW�

FRPHV RI PXOWLSOH PLQLJHQH YDULDQWV FRQWDLQLQJ WKH VDPH PXWDWLRQ �)LJXUH ������ ,Q IDFW�

WKH PHGLDQ SHUIRUPHG LQ OLQH ZLWK UHJUHVVLRQ DSSURDFK ZKHQ PLQLJHQH YDULDQWV FDUU\LQJ

WKH VDPH PXWDWLRQV RFFXUUHG DW OHDVW �� WLPHV ��� SODVPLGV FDUU\LQJ WKH VDPH PXWDWLRQ��

6WULNLQJO\� WKH PXWDWLRQV UHSUHVHQWLQJ ORZPXWDWLRQ RFFXUUHQFHV �OLJKWO\ FRORXUHG SRLQWV�

VKRZHG SRRU FRUUHODWLRQ IRU DOO LVRIRUP W\SHV �)LJXUH ���� ERWWRP SDQHO�� 7KLV VXJJHVWHG

WKDW LI VXIILFLHQW PLQLJHQH YDULDQWV FDUU\LQJ WKH VDPHPXWDWLRQZHUH SUHVHQW LQ WKH OLEUDU\�

WKH PHGLDQ VKRXOG DYHUDJH RXW WKH HIIHFW RI WKH DFFRPSDQ\LQJ PXWDWLRQV DQG VHUYH DV DQ

HIIHFWLYH SUR[\ IRU GHSLFWLQJ WKH VSOLFLQJ RXWFRPH�

7KH PHGLDQ LVRIRUP IUHTXHQF\ ZDV WKHQ FRPSDUHG WR WKH SUHGLFWLRQ RI WKH UHJUHVVLRQ

PRGHO� +RZHYHU� WKH PHGLDQ�EDVHG HVWLPDWLRQ ZDV RXWSHUIRUPHG E\ WKH OLQHDU UHJUHV�

VLRQ GHULYHG VLQJOH PXWDWLRQ HIIHFWV ���� RI DOO WHVWV� DQG XOWLPDWHO\ ZDV XVHG RQO\ IRU

WKRVH PXWDWLRQV WKDW ZHUH QRQ�LQIHUUHG E\ WKH PRGHO� 'HSHQGLQJ RQ WKH UHSOLFDWH DQG

FHOO OLQH� EHWZHHQ ���� RI WKH XQLTXH FRPELQDWLRQV RI PXWDWLRQV ZHUH H[FOXGHG IURP WKH

FDOFXODWLRQV EDVHG RQ WZR FULWHULD� $V GHWDLOHG LQ WKHPHWKRGV VHFWLRQ� ZH H[FOXGHG FHUWDLQ
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)LJXUH ����� /LQHDU UHJUHVVLRQ SURYLGHV DQ DFFXUDWH HVWLPDWLRQ RI VLQJOH PXWDWLRQ HIIHFWV
FRPSDUHG WR WKH PHGLDQ LVRIRUP IUHTXHQF\ RI PLQLJHQHV FRQWDLQLQJ WKH VDPH PXWDWLRQV�
(IIHFWV RI PXWDWLRQV WKDW UDUHO\ RFFXU LQ WKH OLEUDU\ �FRORXU FRGHG� FRUUHODWH EHWWHU ZLWK
WKH PRGHO�LQIHUUHG WKDQ WKH PHGLDQ�EDVHG HVWLPDWHV� 6FDWWHUSORWV FRPSDUH WKH PRGHO�
LQIHUUHG �WRS URZ� DQG WKH PHGLDQ�EDVHG �ERWWRP URZ� HVWLPDWLRQV RI VLQJOH PXWDWLRQ
HIIHFWV UHODWLYH WR ZW �\�D[HV� WR VHPL�TXDQWLWDWLYH 57�3&5 PHDVXUHPHQWV �[�D[HV� RI WDU�
JHWHG PLQLJHQHV KDUERXULQJ WKH UHVSHFWLYH VLQJOH SRLQW PXWDWLRQV� LQVHUWLRQV DQG GHOH�
WLRQV� 6HSDUDWH SORWV DUH VKRZQ IRU WKH GLIIHUHQW VSOLFH LVRIRUPV� )LUVW ,5 DQG VHFRQG ,5
ZHUH VXPPHGXS DV SDUWLDO ,5� VLQFH WKHVH LVRIRUPV FDQQRW EH GLVFULPLQDWHG LQ WKH 57�3&5�
3HDUVRQ FRUUHODWLRQ FRHIILFLHQWV U DQG DVVRFLDWHG S�YDOXHV DUH SURYLGHG LQ HDFK SDQHO�
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PLQLJHQHV IURP WKH OLQHDU UHJUHVVLRQ PRGHO WKDW KDUERXUHG HLWKHU �L� FRPELQDWLRQV RI WZR

VSOLFH VLWH PXWDWLRQV RU �LL� WKDW VKRZHG D VWURQJ DFWLYDWLRQ RI FU\SWLF VSOLFH VLWHV �¶RWKHU·�

UHIHU PDWHULDOV DQG PHWKRGV� 7DEOH ����� 7KH HIIHFWV RI WKH UHVW ������ RI WKH PXWDWLRQV

SUHVHQW LQ WKH OLEUDU\ FRXOG EH DVVHVVHG E\ OLQHDU UHJUHVVLRQ PRGHO WKDW FRYHUHG DOPRVW

WKH HQWLUH OHQJWK RI WKH PLQLJHQH �DOO EXW ��� RXW RI DOO ��� QXFOHRWLGHV LQ WKH PLQLJHQH�

)LJXUH �����

,Q VXPPDU\� WKH PRGHO SUHGLFWLRQV IRU +(.���7 FHOOV DOORZHG HVWLPDWLRQ RI PXWDWLRQ

HIIHFWV IRU a����� VLQJOH SRLQW PXWDWLRQV IRU WKH ILYH FDQRQLFDO LVRIRUP FDWHJRULHV� )RU

WKRVH PXWDWLRQV WKDW IHOO LQ WKH H[FOXGHG FDWHJRULHV� WKH PHGLDQ HVWLPDWLRQ PHWKRG ZDV

XVHG WR DVVHVV WKH VSOLFLQJ RXWFRPH� )XUWKHUPRUH� LQ FDVHV ZKHUH VXIILFLHQW QXPEHU RI

SODVPLGV FRQWDLQ WKH JLYHQ PXWDWLRQ� WKH PHGLDQ DSSURDFK ZDV VKRZQ WR EH ZHOO VXLWHG

DV D ILUVW�DSSUR[LPDWLRQ DSSURDFK WR DVVHVV WKH VSOLFLQJ LPSDFW RI D PXWDWLRQ LQ WKH 521

PLQLJHQH OLEUDU\ �a��� PXWDWLRQV SHU PLQLJHQH YDULDQW� �

$_; 1bvŊu;]�Ѵ-|ou� Ѵ-m7v1-r; o= !�� -Ѵ|;um-ঞ�; vrѴb1bm]

$PRQJ WKH a���� PXWDWLRQV� VSOLFLQJ ZDV VLJQLILFDQWO\ DOWHUHG LQ DW OHDVW RQH LVRIRUP E\

���PXWDWLRQV �UHIHUUHG DV VSOLFLQJ�HIIHFWLYHPXWDWLRQV� � �� FKDQJH LQ LVRIRUP IUHTXHQF\�

�� IDOVH GLVFRYHU\ UDWH� )'5 )LJXUH ������ (YLGHQWO\� PXWDWLRQV WKDW GLVUXSWHG WKH VSOLFH

VLWHV DW WKH DOWHUQDWLYH H[RQ FRPSOHWHO\ SUHYHQWHG $( LQFOXVLRQ �)LJXUH ���� %�� ,Q FRQ�

WUDVW� HIIHFWV RI PXWDWLRQV DW WKH SRO\�S\ULPLGLQH WUDFW XSVWUHDP RI WKH $( �· VSOLFH VLWH

ZHUH EDVH�VSHFLILF� :KLOH S\ULPLGLQH WUDQVLWLRQV VKRZHG YHU\ OLWWOH HIIHFW� WUDQVYHUVLRQV

WR SXULQHV UHGXFHG LQFOXVLRQ GUDVWLFDOO\ H�J� SRVLWLRQ ��� �)LJXUH ���� %�� 6LPLODUO\� GH�

JHQHUDWH SRVLWLRQV RI WKH EUDQFK SRLQW FRQVHQVXV RI <81$< VHTXHQFH �SRVLWLRQV ��� �<��

��� �1�� DQG ��� �<�� ZHUH PRUH UHVLVWDQW WR PXWDWLRQ WKDQ WKH VWULFWO\ FRQVHUYHG 8 RU $

DW SRVLWLRQV ��� DQG ���� UHVSHFWLYHO\ �*DR HW DO�� ����� �)LJXUH ���� %��

:H VDZ WKDW PXWDWLRQV DW WKH VSOLFH VLWHV RI WKH IODQNLQJ FRQVWLWXWLYH H[RQV VKRZHG LQ�



��

A

G

C

T

wt median

wt median
± 2 STD 

A

0

20

40

60

80

100

is
o
fo

rm
 f
re

q
u
e
n
cy

 (
%

)

200 400 600

position (nt)

AE inclusion

0

20

40

60

80

100

200 400 600

position (nt)

0

20

40

60

80

100

200 400 600

position (nt)

full IR mutation to:

280 285 290 295 300 305
T C C T C A T G A C C C T C T C T G C A G G A T A T T G G G C T

0

50

100

A
E

 in
cl

u
si

o
n
 (

%
)

3' splice sitebranch point
(consensus: yUnAy)

205 210 215 220
T T T G A G G T A A G T G T A A G

0

50

100

fu
ll 

IR
 (

%
)

5' splice site

B C

Py-tract

AE skipping

)LJXUH ����� 7KH UHJXODWRU\ HIIHFWV RI ���� SRLQW PXWDWLRQV RQ 521 H[RQ �� VSOLFLQJ� �$�
0RGHOOLQJ GHULYHG TXDQWLILFDWLRQV RI VLQJOH SRLQW PXWDWLRQV RQ $( LQFOXVLRQ� �OHIW�� $(
VNLSSLQJ� �PLGGOH�� DQG IXOO ,5 LVRIRUPV �ULJKW� DFURVV WKH 521 PLQLJHQH SRVLWLRQV LQ
+(.���7 FHOOV� �%� 0XWDWLRQ HIIHFWV RQ $( LQFOXVLRQ VXUURXQGLQJ WKH $( �· VSOLFH VLWH�
+RUL]RQWDO EODFN OLQHV DQG DUURZKHDGV SRLQW WR FRUH VSOLFLQJ VLJQDOV� LQFOXGLQJ EUDQFK
SRLQW� SRO\S\ULPLGLQH WUDFW �3\�WUDFW� DV ZHOO DV WKH �· VSOLFH VLWH� �&� 0XWDWLRQ HIIHFWV RQ
IXOO ,5 VXUURXQGLQJ WKH �· VSOLFH VLWH �EODFN DUURZKHDG� RI WKH XSVWUHDP FRQVWLWXWLYH H[RQ�
7KH )LJXUH ���� % VKRZV WKH VDPH UHJLRQ DV LQ )LJXUH ��� (�

FUHDVHG IXOO ,5 DQG ORZHUHG $( LQFOXVLRQ LVRIRUPV �)LJXUH ���� &�� 0XWDWLRQV DW WKH �·

VSOLFH VLWH RI WKH GRZQVWUHDP FRQVWLWXWLYH H[RQ DIIHFWHG$( LQFOXVLRQ� VXJJHVWLQJ WKDW H[RQ

GHILQLWLRQ DW IODQNLQJ H[RQV PD\ DIIHFW WKH VSOLFLQJ UHJXODWLRQ RI WKH DOWHUQDWLYH H[RQ� 7KH

SRVVLEOH UROH RI H[RQ GHILQLWLRQ DW WKH XSVWUHDP FRQVWLWXWLYH H[RQ WR VSOLFLQJ UHJXODWLRQ

RI WKH $( FRXOG QRW EH DVVHVVHG� VLQFH WKH �· VSOLFH VLWH RI WKH XSVWUHDP FRQVWLWXWLYH H[RQ

ZDV QRW SUHVHQW �)LJXUH ����� 7KLV FRQILUPV SUHYLRXV NQRZOHGJH RQ WKH SRVVLEOH HIIHFWV RI

GLVWDO H[RQV LQ UHJXODWLQJ WKH VSOLFLQJ RI DQ DOWHUQDWLYH H[RQ �%DUDVK HW DO�� ������

7R FKHFN FRUUHODWLRQ RI $( LQFOXVLRQ OHYHOV ZLWK WKH VSOLFH�VLWH VWUHQJWK RI PXWDWLRQV RI

ERWK �· DQG �· VSOLFH VLWHV� LQ�VLOLFR SUHGLFWLRQV RI VSOLFH VLWH VWUHQJWK XVLQJ WKH WDUJHW LQ�
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)LJXUH ����� 0XWDWLRQ HIIHFWV DW ERWK WKH VSOLFH VLWHV RI $( FRUUHODWHZLWK VSOLFH VLWH VWUHQJWK
SUHGLFWLRQV LQ +(.���7 FHOOV� �$� %� $( LQFOXVLRQ FRUUHODWHV ZLWK WKH LQ�VLOLFR SUHGLFWLRQV
�0D[(QW6FDQ� RI �· �$� RU �· �%� VSOLFH VLWH VWUHQJWK RI UHVSHFWLYH VHTXHQFHV� 6SHDUPDQ
FRUUHODWLRQ FRHIILFLHQWV U DQG DVVRFLDWHG S�YDOXHV DUH SURYLGHG�

SXW VHTXHQFHV �UHIHU PDWHULDOV DQGPHWKRGV� ZHUH SHUIRUPHG XVLQJ0D[(QW6FDQ VRIWZDUH

�<HR HW DO�� ������ ,Q�VLOLFR SUHGLFWLRQV RI VSOLFH VLWH VWUHQJWK FDSWXUHG WKH PXWDWLRQ HIIHFWV

DW WKH �· VSOLFH VLWH RI 521 H[RQ �� �6SHDUPDQ FRUUHODWLRQ FRHIILFLHQW� U  ����� S�YDOXH  

����H���� )LJXUH ���� $�� +RZHYHU� SUHGLFWLRQV IRU �· VSOLFH VLWH VWUHQJWK ZHUH OHVV FRUUH�

ODWHG �6SHDUPDQ FRUUHODWLRQ FRHIILFLHQW� U  ����� S�YDOXH  ����H���� )LJXUH ���� %�� VKRZ�

LQJ WKDW VSOLFH VLWH VWUHQJWK SUHGLFWLRQV DUH OHVV DFFXUDWH DW WKLV VLWH� 7KLV PD\ EH H[SODLQHG

E\ WKH SUHVHQFH RI D KLJKHU GHQVLW\ RI UHJXODWRU\ VLJQDOV DW WKH �· VSOLFH VLWH FRPSDUHG WR

WKH �· VSOLFH VLWH�

$ KLJKO\ GHQVH DUUDQJHPHQW RI VSOLFLQJ�HIIHFWLYH SRVLWLRQV� L�H� SRVLWLRQV ZLWK DW OHDVW RQH

VSOLFLQJ�HIIHFWLYH PXWDWLRQ� ZDV IRXQG LQ WKH DOWHUQDWLYH H[RQ DV ��� RI DOO SRVLWLRQV RI

WKH 521 H[RQ �� �������� QW� ZHUH VSOLFLQJ�HIIHFWLYH� ,Q FRPSDULVRQ� WKH XSVWUHDP DQG

GRZQVWUHDP IODQNLQJ LQWURQV HQFRPSDVVHG ��� DQG ��� VSOLFLQJ�HIIHFWLYH SRVLWLRQV� UH�

VSHFWLYHO\� ,Q WKH FRQVWLWXWLYH H[RQV �� DQG ��� �� DQG ��� RI WKH SRVLWLRQV ZHUH LQYROYHG

LQ WKH VSOLFLQJ UHJXODWLRQ �)LJXUH ����� 7KH YDVW VSOLFLQJ�UHJXODWRU\ LQIRUPDWLRQ� UHIOHFWHG

LQ WKH RYHUZKHOPLQJ SUHVHQFH RI VSOLFLQJ�HIIHFWLYH SRVLWLRQV ZLWKLQ WKH 521 UHJLRQV LV
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KLJKOLJKWHG KHUH�

,Q VXPPDU\� WKH GHQVH SDFNDJLQJ RI VSOLFLQJ�HIIHFWLYH SRVLWLRQVZLWKLQ WKH521PLQLJHQH

UHJLRQ LV REVHUYHG QRW RQO\ ZLWKLQ WKH DOWHUQDWLYH H[RQ EXW DOVR LQ DWOHDVW ��� RI WKH SR�

VLWLRQV ZLWKLQ WKH IODQNLQJ LQWURQV DQG FRQVWLWXWLYH H[RQV� 3DUWLFXODUO\� WKH ZLGHVSUHDG

RFFXUUHQFH RI VSOLFLQJ HIIHFWLYH SRVLWLRQV DFURVV H[RQV VLJQLILHV WKH LPSRUWDQW UROH RI VSOLF�

LQJ UHJXODWLRQ DW H[RQLF SRVLWLRQV�

��oѴ�ঞom-u� 1omv;u�-ঞom o= vrѴb1bm]Ŋ;@;1ঞ�; l�|-ঞomv

(YROXWLRQDU\ VHOHFWLRQ SUHVVXUHV SRVLWLYHO\ DIIHFW WKH FRQVHUYDWLRQ RI VSOLFLQJ�HIIHFWLYH SR�

VLWLRQV �;LQJ HW DO�� ������ ,Q OLQH ZLWK WKLV REVHUYDWLRQ� WKH HYROXWLRQDU\ FRQVHUYDWLRQ

�3K\OR3 VFRUHV� EHWZHHQ VSOLFLQJ�HIIHFWLYH DQG QRQ�HIIHFWLYH SRVLWLRQV LQ 521 ZDV FRP�

SDUHG �)LJXUH ������ ,Q LQWURQV� VSOLFLQJ�HIIHFWLYH SRVLWLRQV VKRZHG KLJKHU HYROXWLRQDU\

FRQVHUYDWLRQ ZKHQ FRPSDUHG WR QRQ�HIIHFWLYH LQWURQLF SRVLWLRQV� )XUWKHUPRUH� LQWURQLF

VSOLFLQJ�HIIHFWLYH SRVLWLRQV ZKLFK H[KLELWHG VWURQJ VSOLFLQJ FKDQJHV ������� VXFK DV FRUH�

VSOLFLQJ HOHPHQWV� VKRZHG FRQVHUYDWLRQ OHYHOV DV KLJK DV H[RQLF VSOLFLQJ�HIIHFWLYH SRVL�

WLRQV �)LJXUH ������ ,Q H[RQV� VSOLFLQJ�HIIHFWLYH SRVLWLRQV VKRZHG WKH VDPH HYROXWLRQDU\

FRQVHUYDWLRQ DV QRQ�HIIHFWLYH SRVLWLRQV� $V H[RQLF VHTXHQFHV FRGH IRU DPLQR DFLGV� ZKLFK

DUH IXQFWLRQDOO\ FRQVWUDLQHG E\ VHOHFWLRQ SUHVVXUHV� WKH VSOLFLQJ�IXQFWLRQ RI H[RQLF SRVL�

WLRQV EHFRPHV VHFRQG SULRULW\ DQG LV RYHUULGGHQ�

3UHYLRXVO\� V\QRQ\PRXVPXWDWLRQVZHUH VXJJHVWHG WR DOWHU SURWHLQ VHTXHQFHV YLD VSOLFLQJ

UHJXODWLRQ �0XHOOHU HW DO�� ������ ,Q RUGHU WR FKDUDFWHULVH WKH FRQWULEXWLRQ RI V\QRQ\PRXV

PXWDWLRQV LQ VSOLFLQJ UHJXODWLRQ� DEVROXWH PXWDWLRQ HIIHFWV ZHUH FRPSDUHG EHWZHHQ QRQ�

V\QRQ\PRXV PXWDWLRQV DQG V\QRQ\PRXV PXWDWLRQV� $V D UHVXOW� V\QRQ\PRXV PXWDWLRQV

LQ WKH 521 H[RQV ��� ��� DQG �� DUH REVHUYHG WR PHGLDWH VSOLFLQJ UHJXODWLRQ ZLWK VLPLODU

HIIHFW VL]HV DQG IUHTXHQFLHV DV QRQ�V\QRQ\PRXV PXWDWLRQV �)LJXUH ������ LQ OLQH ZLWK WKH

)$6�&'�� H[RQ � VWXG\ �-XOLHQ HW DO�� ������
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)LJXUH ����� 6SOLFLQJ�HIIHFWLYH SRVLWLRQV DUH PRUH FRQVHUYHG WKDQ QRQ�HIIHFWLYH SRVLWLRQV
LQ LQWURQV �0&)� FHOOV�� 6SOLFLQJ�HIIHFWLYH SRVLWLRQV ZLWKLQ LQWURQV DUH VLJQLILFDQWO\ PRUH
FRQVHUYHG �3K\OR3 VFRUH DFURVV �� SODFHQWDOPDPPDOV� FRPSDUHG WR VSOLFLQJ QRQ�HIIHFWLYH
SRVLWLRQV� 7KLV HIIHFW LV QRW REVHUYHG LQ ([RQLF SRVLWLRQV� 6SOLFLQJ�HIIHFWLYH SRVLWLRQVZHUH
FDWHJRULVHG DFFRUGLQJ WR FXW�RIIV RI ���� ����� RU ���� FKDQJH LQ LVRIRUP IUHTXHQF\�
1XPEHU RI SRVLWLRQV FRXQWHG LQ HDFK ER[ DUH LQGLFDWHG EHORZ� S�YDOXHV FRUUHVSRQG WR
WZR�VLGHG 0DQQ�:KLWQH\�8 WHVW� Q�V�� QRW VLJQLILFDQW�

,Q WRWDO� ��� VSOLFLQJ�HIIHFWLYH PXWDWLRQV ZHUH IRXQG WR EH ERWK V\QRQ\PRXV DQG HIIHFWLYH

LQ PHGLDWLQJ VSOLFLQJ �7DEOH ����� ,Q OLQH ZLWK SUHYLRXV VWXGLHV� V\QRQ\PRXV PXWDWLRQV

FRQWULEXWH WR GLVHDVH E\ DOWHULQJ WKH VSOLFLQJ RXWFRPH DQG FRQVHTXHQWO\� WKH SURWHLQ IXQF�

WLRQ �;LQJ HW DO�� ����� 6KDEDOLQD HW DO�� ����� 0XHOOHU HW DO�� ������

,Q RUGHU WR DVVHVV LI VSOLFLQJ�HIIHFWLYH PXWDWLRQV RFFXU LQ D ORZ IUHTXHQF\ DPRQJ KXPDQ

SRSXODWLRQV� DOOHOH IUHTXHQF\GDWDZDV XVHG IURP([RPH$JJUHJDWLRQ&RQVRUWLXP �([$&�

ZKLFK FRQVLVWHG RI H[RQLF YDULDWLRQV JHQRW\SHG IURP ODUJH VFDOH H[RPH VHTXHQFLQJ GDWD�

7KLV FDWDORJXH RI JHQHWLF GLYHUVLW\ VKRZHG WKDW WKH KXPDQ H[RPH FRQWDLQHG DQ DYHUDJH

RI RQH YDULDQW HYHU\ HLJKW EDVHV� WKXV LPSO\LQJ ZLGHVSUHDG UHFXUUHQFH RI PXWDWLRQV LQ

KXPDQV �/HN HW DO�� ������ +RZHYHU� WKHUH ZDV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ VSOLFLQJ�

HIIHFWLYH PXWDWLRQV DQG QRQ�HIIHFWLYH PXWDWLRQV� UHYDOLGDWLQJ WKDW WKH HYROXWLRQDU\ VHOHF�

WLYH SUHVVXUH JHQHUDWHG E\ WKH VSOLFLQJ�IXQFWLRQ RI D QXFOHRWLGH LQ DQ H[RQ LV RYHUUXOHG E\

SURWHLQ�FRGLQJ FRQVWUDLQWV �)LJXUH ������
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)LJXUH ����� %RWK V\QRQ\PRXV DQG QRQ�V\QRQ\PRXV PXWDWLRQV KDYH VLPLODU HIIHFW VL]HV�
%R[SORWV VKRZ WKH GLVWULEXWLRQ RI DEVROXWH FKDQJHV LQ $( LQFOXVLRQ LQ +(.���7 FHOOV
IRU V\QRQ\PRXV DQG QRQ�V\QRQ\PRXV PXWDWLRQV DFURVV WKH H[RQV RI WKH 521 PLQLJHQH�
1XPEHU RI PXWDWLRQV LQ HDFK ER[ DUH LQGLFDWHG EHORZ� S�YDOXHV IURP WZR�VLGHG 0DQQ�
:KLWQH\�:LOFR[RQ WHVW� Q�V�� QRW VLJQLILFDQW�
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1RQ�HIIHFWLYH�

)LJXUH ����� 6SOLFLQJ�HIIHFWLYH DQG QRQ�HIIHFWLYH PXWDWLRQV VKRZ VLPLODU DOOHOLF SURSRU�
WLRQV� 6SOLFLQJ�HIIHFWLYH PXWDWLRQV ZKHQ FRPSDUHG WR QRQ�HIIHFWLYH PXWDWLRQV VKRZHG QR
VLJQLILFDQW FKDQJHV LQ WHUPV RI WKHLU ([$&�GHULYHG DOOHOH IUHTXHQFLHV DV VKRZQ LQ WKH ER[�
SORWV� 1XPEHU RI SRVLWLRQV FRXQWHG LQ HDFK ER[ DUH LQGLFDWHG EHORZ� 7ZR�VLGHG 0DQQ�
:KLWQH\�8 WHVW� Q�V�� QRW VLJQLILFDQW�
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7DNHQ WRJHWKHU� WKH DOWHUQDWLYH VSOLFLQJ RI 521 H[RQ �� LV UHJXODWHG E\PDQ\ LQWURQLF DQG

H[RQLF SRVLWLRQV DQG WKH VLJQLILFDQFH RI VSOLFLQJ UHJXODWRU\ SRVLWLRQV ZLWKLQ LQWURQV LV UH�

FDSLWXODWHG E\ WKHLU HYROXWLRQDU\ FRQVHUYDWLRQ� 0RUHRYHU� VWURQJHU VHOHFWLRQ SUHVVXUH LV

REVHUYHG RQSURWHLQ�FRGLQJ FRQVWUDLQWV RI VHTXHQFHV LQ FRPSDULVRQ WR VSOLFLQJ FRQVWUDLQWV�

0RUHRYHU� VSOLFLQJ UHJXODWRU\ PXWDWLRQV ZHUH DOVR VKRZQ WR EH V\QRQ\PRXV PXWDWLRQV�

6LQFH WKHVH PXWDWLRQV GR QRW DOWHU WKH VHTXHQFH RI WKH HQFRGHG SURWHLQ� WKH\ PLJKW HU�

URQHRXVO\ EH LQWHUSUHWHG DV QRQ�SDWKRJHQLF� KRZHYHU� WKH\ PD\ LPSDLU SURWHLQ IXQFWLRQ

WKURXJK DOWHUQDWLYH VSOLFLQJ�

�olr-ubvomv |o bmňvbѲb1o vrѴb1bm] ;@;1| -m7 �Ŋt�-7u�rѴ;� ru;7b1Ŋ

ঞomv

,Q RUGHU WR FKHFN LI LQ�VLOLFR VSOLFLQJ HIIHFW SUHGLFWLRQV ZHUH LQ OLQH ZLWK WKRVH TXDQWLILHG

E\ WKH VFUHHQ� 63,'(; �63$15� VSOLFLQJ SUHGLFWLRQV ZHUH UHWULHYHG �;LRQJ HW DO�� ������ ,Q

WKH 63,'(;GDWDVHW� PXWDWLRQV SUHGLFWHG WR GLVUXSW521 H[RQ �� VSOLFLQJ EHORQJHGZLWKLQ

WKH 521 H[RQ �� UHJLRQ� L�H� RQO\ WKRVH PXWDWLRQV SUHVHQW ZLWKLQ WKH 521 H[RQ �� ZHUH

SUHGLFWHG WR VWURQJO\ LQIOXHQFH WKH VSOLFLQJ UHJXODWLRQ RI WKH521 H[RQ ��� $PRQJ WKLV VHW

RI PXWDWLRQV� RQO\ �� PXWDWLRQV ��� FRLQFLGLQJ ZLWK WKH VFUHHQ� H[KLELWHG VWURQJ VSOLFLQJ

FKDQJHV �G36, ! ���� DQG ZHUH IDU IHZHU WKDQ WKRVH LGHQWLILHG E\ WKH VFUHHQ �)LJXUH ����

%� )LJXUH ����� 7KHVHPXWDWLRQ QXPEHUV DUH IHZHU LQ QDWXUH FRPSDUHG WR WKH VFUHHQLQJ DS�

SURDFK� EHFDXVH WKH 63,'(; GDWDVHW FRQVLVWHG RI SUHGLFWLRQV IRU RQO\ WKH VWURQJHVW VSOLFH�

UHJXODWRU\ HIIHFW RI D PXWDWLRQ� ,Q FRQWUDVW� IURP WKH VFUHHQLQJ DSSURDFK� ��� �+(.���7�

DQG ��� �0&)�� RI WKH VSOLFLQJ�HIIHFWLYH PXWDWLRQV WULJJHU FKDQJHV RI JUHDWHU WKDQ ���

LQ DW OHDVW RQH VSOLFH LVRIRUP ���� RXW RI ��� LQ +(.���7� DQG ��� RXW RI ���� LQ 0&)���

DQG ��� RI WKHP H[FHHG ��� ���� LQ +(.���7 DQG ��� LQ 0&)�� UHVSHFWLYHO\�� ,PSRU�

WDQWO\� LQWURQLF DQG RWKHU H[RQLF �H[RQ �� DQG ��� PXWDWLRQV� LGHQWLILHG E\ WKH VFUHHQLQJ

DSSURDFK� WRR VKRZ VWURQJHU VSOLFLQJ HIIHFWV RQ 521 H[RQ �� LQFOXVLRQ� +HQFH� D ODUJH
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G370T

)LJXUH ����� ,Q�VLOLFR SUHGLFWLRQV VKRZ IHZHU VWURQJ PXWDWLRQ HIIHFWV FRPSDUHG WR WKH
VFUHHQ� �$� *� SUHGLFWLRQ VFRUHV RI WKH *�TXDGUXSOH[ UHJLRQ LQ 521 $( FRUUHODWHV ZLWK
VSOLFLQJ FKDQJHV REWDLQHG IURP WKH VFUHHQ� �%� 63,'(; SUHGLFWLRQV DUH OLPLWHG WR WKH
VWURQJHVW HIIHFW RI D PXWDWLRQ DQG SDUWLDOO\ FRUUHODWH WR VSOLFLQJ HIIHFWV REWDLQHG IURP WKH
VFUHHQ� 7R�$ PXWDWLRQV �OHIW WRS FRUQHU� VKRZ RSSRVLQJ VSOLFLQJ FKDQJHV LQ WKH VFUHHQ�
LQJ DSSURDFK FRPSDUHG WR 63,'(; SUHGLFWLRQV� &RORXUHG SRLQWV UHSUHVHQW PXWDWLRQV WR
GLIIHUHQW EDVHV� 6SHDUPDQ FRUUHODWLRQ FRHIILFLHQWV U DQG DVVRFLDWHG S�YDOXHV DUH SURYLGHG�

QXPEHU RI SRWHQW PXWDWLRQV LGHQWLILHG E\ WKH VFUHHQLQJ DSSURDFK� VXEVWDQWLDOO\ DOWHU WKH

VSOLFLQJ RXWFRPH IRU 521 H[RQ ���

)XUWKHUPRUH� WKH VSOLFLQJ UHJXODWRU\ UROH RI PXWDWLRQV OLNH *���7 LV DQ LPSRUWDQW GLV�

FRYHU\ RI WKH VFUHHQLQJ DSSURDFK �UHIHU )LJXUH ������ WKDW LV DOVR FRQILUPHG E\ 63,'(;

SUHGLFWLRQV DOEHLW KLJKHU LQ PDJQLWXGH E\ a���� 1HYHUWKHOHVV� 63,'(; SUHGLFWHG WR�$

�PXWDWLRQ IURP ZW EDVH WR DGHQRVLQH� PXWDWLRQV VKRZ QHJOLJLEOH HIIHFW LQ FRPSDULVRQ WR

WKRVH LQIHUUHG E\ WKH VFUHHQLQJ DSSURDFK �)LJXUH ���� %� WRS OHIW FRUQHU�� ZKLFK PD\ EH

DWWULEXWHG WR WKH ZHDN SUHGLFWLYH SRZHU RI WKH WRRO� HVSHFLDOO\ ZKHQ SUHGLFWLQJ QRQ�VSOLFH

VLWHV �6RXNDULHK HW DO�� ����� *URGHFNi HW DO�� ����� 0ROHV�)HUQiQGH] HW DO�� ������ +HQFH�

RXU VFUHHQLQJ DSSURDFK FDQ EH XVHIXO LQ XSGDWLQJ DQG YDOLGDWLQJ LQ�VLOLFR EDVHG SUHGLFWLYH

PRGHOV�

,Q RUGHU WR DVVHVV LI D SRVVLEOH *�TXDGUXSOH[ PHGLDWHV 521 VSOLFLQJ UHJXODWLRQ� *�

TXDGUXSOH[ SURSHQVLW\ VFRUHV IRU WKH SXWDWLYH *�TXDGUXSOH[ �UHIHU PDWHULDOV DQG



��

PHWKRGV� ZHUH UHWULHYHG IURP *�KXQWHU WRRO �%HGUDW HW DO�� ������ 7KHQ� WKH SURSHQVLW\

VFRUHV ZHUH FRPSDUHG WR WKH VSOLFLQJ HIIHFWV DW WKH UHVSHFWLYH VLWHV� $V H[SHFWHG� PXWD�

WLRQV WR�JXDQLQH �ULJKW ERWWRP FRUQHU� VKRZ KLJK VSOLFLQJ HIIHFWV �!��� FKDQJH LQ ,)�

DQG *�KXQWHU VFRUHV �! �� ZKHUH DV PXWDWLRQV GLVUXSWLQJ D JXDQLQH KDYH ORZ *�KXQWHU

VFRUHV �OHIW WRS FRUQHU� U  ������ S  ���H����� 6LQFH WKH 521 DOWHUQDWLYH H[RQ FOXVWHU KDV

WKH KLJKHVW GHQVLW\ RI VSOLFLQJ�HIIHFWLYH PXWDWLRQV� WKH *�TXDGUXSOH[ PLJKW KDYH D UROH LQ

PHGLDWLQJ VSOLFLQJ UHJXODWLRQ RI 521 �)LJXUH ���� $� UHIHU )LJXUH ����� +RZHYHU� IXUWKHU

VWXGLHV RQ *�TXDGUXSOH[HV DUH UHTXLUHG WR LGHQWLI\ WKH SRVVLEOH UROH RI WKHVH VWUXFWXUDO

HOHPHQWV LQ PRGXODWLQJ DOWHUQDWLYH VSOLFLQJ �UHIHU GLVFXVVLRQ��

,Q VXPPDU\� LQ�VLOLFR WRROV OLNH 63,'(; SUHGLFW IHZHU VWURQJ PXWDWLRQ HIIHFWV ZKHQ FRP�

SDUHG WR WKH VFUHHQLQJ DSSURDFK� 0XWDWLRQ HIIHFWV TXDQWLILHG E\ WKH VFUHHQLQJ DSSURDFK

FRUUHODWH ZLWK *�TXDGUXSOH[ SURSHQVLW\ VFRUHV DQG PD\ KHOS DVVHVV WKH UROH RI VWUXFWXUDO

HOHPHQWV LQ PHGLDWLQJ DOWHUQDWLYH VSOLFLQJ� )XUWKHUPRUH� WKH PXWDWLRQ HIIHFWV IURP WKH

VFUHHQLQJ DSSURDFK PD\ FRPSOHPHQW LQ�VLOLFR SUHGLFWLRQV DQG KHOS LQ IXUWKHU YDOLGDWLRQ

VWXGLHV�

�Ѵbmb1-Ѵ u;Ѵ;�-m1; o= !��l�|-ঞomv bm 1-m1;u

,Q WXPRXUV� 521 SURWR�RQFRJHQH LV LQYROYHG LQ SURJUHVVLRQ WR LQYDVLYH EHKDYLRXU

WKURXJK HOHYDWHG OHYHOV RI WKH $( VNLSSLQJ �521ӹ���� LVRIRUP �&ROOHVL HW DO�� �����

&KDNHGLV HW DO�� ������ ,Q OLQH ZLWK WKLV LGHD� WKH PLQLJHQH OLEUDU\ ZDV WUDQVIHFWHG DV

D SRRO LQWR 0&)� FHOOV �KXPDQ EUHDVW FDQFHU FHOO OLQH� DQG WKH PXWDWLRQ HIIHFWV ZHUH

TXDQWLILHG DV SUHYLRXVO\ GRQH� &RQVHTXHQWO\� LQFUHDVHG $( VNLSSLQJ OHYHOV RI WKH OLEUDU\

ZHUH VHHQ LQ 0&)� FRPSDUHG WR WKH +(.���7 FHOOV �)LJXUH ��� $�� 0RUHRYHU� RYHUDOO

PXWDWLRQ HIIHFWV ZHUH UHSURGXFLEOH ZKHQ H[SUHVVHG LQ IROG�FKDQJH �LQ UHODWLRQ WR PXWDQW

DJDLQVW ZLOG�W\SH� RI WKH LVRIRUP UDWLRV �)LJXUH ������ 7KH GLVWULEXWLRQ RI VSOLFLQJ�HIIHFWLYH

PXWDWLRQV DQG SRVLWLRQV VKRZHG VLPLODULWLHV EHWZHHQ WKH WZR FHOO OLQHV �UHIHU )LJXUH ���
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)LJXUH ����� 0XWDWLRQ HIIHFWV DUH VLPLODU EHWZHHQ 0&)� DQG +(.���7 FHOOV� 6FDWWHUSORW
VKRZV FKDQJHV LQ VSOLFH LVRIRUP UDWLRV SUHGLFWHG IRU PXWDWLRQV DQDO\VHG LQ 0&)� DJDLQVW
WKRVH LQ +(.���7 FHOOV� /LJKW DQG GDUN JUH\ OLQHV FRUUHVSRQG WR GLDJRQDO DQG OLQHDU UH�
JUHVVLRQ OLQH� UHVSHFWLYHO\� U� 3HDUVRQ FRUUHODWLRQ FRHIILFLHQW DQG DVVRFLDWHG S�YDOXH�

DQG )LJXUH ����� LPSO\LQJ WKDW UHJXODWLRQ RI 521 VSOLFLQJ LV PRVWO\ FRQVLVWHQW EHWZHHQ

WKH WZR FHOO OLQHV�

,Q RUGHU WR LGHQWLI\ 521 GLVHDVH�UHOHYDQW PXWDWLRQV LQ FDQFHU� WKH &260,& �&DWDORJXH RI

6RPDWLF 0XWDWLRQV LQ &DQFHU� GDWDEDVH ZDV XVHG� &260,& FRPSLOHV VRPDWLF PXWDWLRQV

FRPSUHKHQVLYHO\ IURP VHYHUDO SXEOLFDWLRQV DQG GDWDEDVHV� 7KH 521 PLQLJHQH HQFRP�

SDVVHG �� &260,& HQWULHV� RI ZKLFK �� LQWHUVHFWHG ZLWK VSOLFLQJ�HIIHFWLYH PXWDWLRQV GH�

GXFHG E\ WKH VFUHHQLQJ DSSURDFK �)LJXUH ������ 6WULNLQJO\� � V\QRQ\PRXVPXWDWLRQV �ZLWK

UHVSHFW WR WKH HQFRGHG 521 SURWHLQ� ZHUH REVHUYHG LQ WKLV VHW� 7KLV VXJJHVWHG WKDW V\Q�

RQ\PRXVPXWDWLRQVPD\ SOD\ D KDUPIXO UROH E\ SHUWXUELQJ DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ

LQ FDQFHU�

1H[W� WKH GLVHDVH UHOHYDQFH RI WKHVH PXWDWLRQV ZDV IXUWKHU DVVHVVHG E\ DQDO\VLQJ VSOLFLQJ

TXDQWLILFDWLRQ IURP 7&*$ �7KH &DQFHU *HQRPH $WODV� #//+.Γχχ��)� -" )*( Α)$#Α
"*1χ� FDQFHU SDWLHQW GDWDVHWV� ,Q FRQWUDVW WR WKH &260,& GDWDEDVH� 7&*$ DGGLWLRQDOO\

OLVWV 51$�VHT GDWDVHWV �L�H� VSOLFLQJ TXDQWLILFDWLRQV� DVVRFLDWHG ZLWK WKH PXWDWLRQV� WKXV

FRPSDULVRQV RI LQ�YLYR PXWDWLRQ HIIHFWV ZLWK WKRVH RI WKH VFUHHQLQJ DSSURDFK ZHUH PDGH

SRVVLEOH� ,Q WRWDO� �� PXWDWLRQV ZLWKLQ WKH 521 PLQLJHQH UHJLRQ ZHUH OLVWHG IURP �� GLI�
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)LJXUH ����� 521 FDQFHU VRPDWLF PXWDWLRQV VKRZ HQULFKPHQW RI VSOLFLQJ�HIIHFWLYH PXWD�
WLRQV� %DU SORW VKRZV WKH $( VNLSSLQJ FKDQJHV TXDQWLILHG IURP WKH VFUHHQLQJ LQ 0&)�
FHOOV IRU �� PXWDWLRQV WKDW ZHUH SUHVHQW LQ &260,& GDWDEDVH ZLWKLQ WKH 521 PLQLJHQH
UHJLRQ� 6SOLFLQJ�HIIHFWLYH PXWDWLRQV DUH ODEHOOHG DERYH UHOHYDQW EDUV� 2UDQJH� EOXH DQG
JUH\ LQGLFDWH QRQ�V\QRQ\PRXV� V\QRQ\PRXV DQG VSOLFH VLWH PXWDWLRQV� UHVSHFWLYHO\�

IHUHQW FRKRUWV �UHSUHVHQWLQJ GLIIHUHQW FDQFHU W\SHV LQ ��� SDWLHQWV�� 2QO\ WKRVH PXWDWLRQV

WKDW RFFXU VSHFLILFDOO\ LQ WKH WXPRXU EXW QRW LQ WKH FRUUHVSRQGLQJ QRUPDO VDPSOHV �7DEOH

���� ZHUH UHWULHYHG� 7KH FKDQJH RI $( VNLSSLQJ OHYHOV EHWZHHQ PXWDWLRQ�KDUERXULQJ WX�

PRXU WLVVXH DQG WXPRXU WLVVXHZLWKRXW WKH FRUUHVSRQGLQJPXWDWLRQVZHUH FRPSDUHGZLWK

WKRVH RI WKH UHVSHFWLYH PXWDWLRQV IURP WKH PXWDJHQHVLV VFUHHQLQJ �)LJXUH ������

7KH VWURQJHVW PXWDWLRQ HIIHFWV ZHUH FDXVHG E\ *���7 DQG *���$ PXWDWLRQV LQ +HDG�

1HFN 6TXDPRXV &HOO &DUFLQRPD DQG 7K\URLG &DUFLQRPD� UHVSHFWLYHO\ �)LJXUH ���� %��

%RWK WKHVH PXWDWLRQV OHG WR LQFUHDVHG $( VNLSSLQJ OHYHOV� HLWKHU YLD GLVUXSWLQJ WKH $( �·

VSOLFH VLWH �*���$� RU E\ DOWHUDWLRQ RI D SXWDWLYH ELQGLQJ HOHPHQW IRU 4., DQG+1513/ LQ

521 H[RQ �� �*���7�� 7KH REVHUYHG FRUUHODWLRQ �3HDUVRQ FRUUHODWLRQ FRHIILFLHQW� U  �����

S�YDOXH  ���H���� LQGLFDWHG WKDW GDWD IURP WKH VFUHHQLQJ DOORZHG WKH HVWLPDWLRQ RI PDQ\

VWURQJ LQ�YLYR PXWDWLRQ HIIHFWV LQ FDQFHU �UHIHU GLVFXVVLRQ�� ,Q VXPPDU\� WKH PXWDJHQH�

VLV VFUHHQLQJ LV KHOSIXO QRW RQO\ LQ WKH DVVHVVPHQW RI WKH SDWKRSK\VLRORJLFDO UHOHYDQFH RI

FDQFHU PXWDWLRQV EXW DOVR LQ GHGXFLQJ WKH VSOLFLQJ GLVUXSWLQJ UROH RI QRQ�V\QRQ\PRXV

PXWDWLRQV LQ FDQFHU�
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)LJXUH ����� 521 VSOLFLQJ LQ PXWDWLRQ�EHDULQJ FDQFHU SDWLHQWV FRUUHODWHV ZLWK PXWDWLRQ
HIIHFW TXDQWLILFDWLRQV IURP WKH VFUHHQ� �$� 6FDWWHUSORW FRPSDULQJ $( VNLSSLQJ FKDQJHV RI
PXWDWLRQV IRXQG LQ 7&*$ GDWDEDVH ZLWK VFUHHQLQJ GHULYHG TXDQWLILFDWLRQV� +LJKOLJKWHG
PXWDWLRQV DUH GHWDLOHG LQ �%�� *UH\ OLQHV LQGLFDWH PHDQ DQG VWDQGDUG GHYLDWLRQ RI XQPX�
WDWHG WXPRU VDPSOHV� 2QO\ PXWDWLRQV IURP FRKRUWV ZLWK PRUH WKDQ �� VXSSRUWLQJ UHDGV
RQ DYHUDJH ZHUH XVHG LQ )LJXUH ���� $ �7DEOH ����� �%� %R[SORWV VKRZLQJ $( 36, GLVWULEX�
WLRQ LQ +HDG�1HFN 6TXDPRXV &HOO &DUFLQRPD �+16&� DQG 7K\URLG &DUFLQRPD �7+&$��
7KH KLJKOLJKWHG PXWDWLRQV VWURQJO\ UHGXFH $( 36, OHYHOV�

�7;mঞC1-ঞom o= |u-mvŊ-1ঞm] =-1|ouv l;7b-ঞm] !�� -Ѵ|;um-ঞ�;

vrѴb1bm] u;]�Ѵ-ঞom

$V D UHVXOW RI WKH VFUHHQLQJ DSSURDFK� WKH VHW RI VSOLFLQJ�HIIHFWLYH PXWDWLRQV FRQWDLQHG

����� PXWDWLRQV LQ0&)� FHOOV �)LJXUH ����� LPSO\LQJ WKDW PXOWLSOH FLV�UHJXODWRU\ HOHPHQWV

H[LVW DORQJ WKH PLQLJHQH� ,Q RUGHU WR ILQG WKH WUDQV�DFWLQJ IDFWRUV WKDW UHJXODWH 521 VSOLF�

LQJ E\ WDUJHWLQJ WKHVH FLV�UHJXODWRU\ HOHPHQWV� WKH IROORZLQJ DSSURDFKHV ZHUH FRQVLGHUHG�

.QRFNGRZQ RI WUDQV�DFWLQJ IDFWRUV DQG VXEVHTXHQW DQDO\VLV RI 521 VSOLFLQJ YLD 57�

3&5 DQG VFUHHQLQJ DSSURDFK�

$ VL51$�PHGLDWHG .' RI D 521 VSOLFLQJ UHJXODWRU VKRXOG DIIHFW 521 LVRIRUP OHYHOV�

ZKLFK FDQ TXDQWLWDWLYHO\ EH PHDVXUHG E\ 57�3&5� ,Q RUGHU WR VHOHFW FDQGLGDWH 5%3V� D

SUHYLRXVO\ SXEOLVKHG ODUJH�VFDOH 5%3 .' VFUHHQ ZDV RI LPPHQVH XVH �3DSDVDLNDV HW DO��
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)LJXUH ����� 6SOLFLQJ DFWLYDWRUV DQG UHSUHVVRUV UHJXODWH 521 H[RQ �� VSOLFLQJ� �$� 6FDW�
WHUSORW FRPSDULQJ VSOLFLQJ FKDQJHV LQGXFHG E\ .' RI VHOHFWHG 5%3V EHWZHHQ HQGRJHQRXV
521 DQG 521 PLQLJHQH VSOLFLQJ� 5HG DQG EOXH FRORXU FRGHV IRU SRVLWLYH DQG QHJDWLYH
VSOLFLQJ FKDQJHV PHDVXUHG E\ �3DSDVDLNDV HW DO�� ������ UHVSHFWLYHO\� 36, SHUFHQW�VSOLFHG�
LQ� �%� &RUUHVSRQGLQJ .' HIILFLHQFLHV DQDO\VHG E\ 57�T3&5�

������ +HUH� WKH DXWKRUV PHDVXUHG WKH .' HIIHFW RI a��� 5%3V RQ VHYHUDO VSOLFLQJ HYHQWV

LQFOXGLQJ 521 H[RQ �� LQ +H/D FHOOV� 3XWDWLYH UHJXODWRUV IURP WKLV VWXG\ ZHUH VHOHFWHG

EDVHG RQ WKHLU VWURQJ DQG UHSOLFDWH�FRQVLVWHQW HIIHFW RQ 521 VSOLFLQJ� ,Q WRWDO� WKH VSOLF�

LQJ FKDQJH LQGXFHG E\ .' RI �� VHOHFWHG 5%3V ZDV FRPSDUHG EHWZHHQ HQGRJHQRXV DQG

521 PLQLJHQH VSOLFLQJ �)LJXUH ���� $� DQG VXFFHVVIXO .'V ZHUH FRQILUPHG E\ 57�T3&5

DQDO\VLV �)LJXUH ���� %�� 7KH REVHUYHG VSOLFLQJ FKDQJHV ZHUH LQ WKH VDPH GLUHFWLRQ DQG

FRQVLVWHQW ZLWK WKH UHVXOWV RI 3DSDVDLNDV HW DO� ������ VWXG\� H[FHSW IRU WKH .' RI H,)�$�

WKDW VKRZHG RSSRVLQJ VSOLFLQJ HIIHFWV� )XUWKHUPRUH� WKH .' RI '(. KDG DOPRVW QR HIIHFW

RQ QHLWKHU HQGRJHQRXV 521 RU 521 PLQLJHQH VSOLFLQJ� ZKLOH LW FDXVHG VWURQJ UHGXFWLRQ

RI $( LQFOXVLRQ LQ WKH 3DSDVDLNDV HW DO� ������ VWXG\� 7DNHQ WRJHWKHU� WKHVH UHVXOWV LQGLFDWH

WKDW 521 VSOLFLQJ LV H[WHQVLYHO\ UHJXODWHG E\ VHYHUDO VSOLFLQJ DFWLYDWRUV DQG UHSUHVVRUV�

ZLWK 656)� DQG +1513+ DV WKH VWURQJHVW DFWLYDWRU DQG UHSUHVVRU� UHVSHFWLYHO\�

7KH VSOLFLQJ SDWWHUQV RI HDFK PLQLJHQH SODVPLG ZDV DQDO\VHG LQ WKH FRQWH[W RI WKH � PRVW

HIIHFWLYH 5%3 .'V� YLD WKH KLJK�WKURXJKSXW VFUHHQLQJ DSSURDFK� 7KHVH 5%3V FRPSULVHG
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)LJXUH ����� :LGHVSUHDG HIIHFWV RI PXWDWLRQV XQGHU 5%3 .'V LQ WKH FRQWH[W RI WKH 521
PLQLJHQH OLEUDU\� %R[SORWV VKRZ WKH 3HUFHQW�VSOLFHG LQ �36,� RI WRS � HIIHFWLYH 5%3 .'V
LQ WKH FRQWH[W RI PLQLJHQH OLEUDU\ FRPSDUHG WR ZW 521 SODVPLG SRRO DQG WKH 521 FWUO
�FRQWURO��51$VHT �51$6HT UHSV� PLQLJHQH OLEUDU\�

RI ERWK FRUH VSOLFLQJ IDFWRUV DQG DX[LOLDU\ 5%3V QDPHO\ +1513+� 656)�� 353)�� 38)��

DQG 608�� ([SHFWHGO\� WKH VSOLFLQJ RXWFRPH LQ 36, RI SODVPLGV XQGHU .'V FRPSDUHG WR

WKH ZW SODVPLGV DQG FRQWURO OLEUDU\� VKRZV ZLGHVSUHDG HIIHFWV GXH WR FRQVWLWXHQW PXWD�

WLRQV �)LJXUH ������

7KH XQGHUO\LQJ LGHD� UHIHUUHG WR DV V\QHUJ\ DQDO\VLV �PRUH GHWDLOV LQ WKH IROORZLQJ VHFWLRQ��

LV WKDW PLQLJHQH YDULDQWV ZLWK PXWDWLRQV WKDW FKDQJH ELQGLQJ RI D UHJXODWRU\ 5%3 ZLOO

EHKDYH GLIIHUHQWO\ XSRQ WKH .' FRPSDUHG WR WKH UHPDLQGHU RI WKH PLQLJHQH OLEUDU\� )RU

LQVWDQFH� PLQLJHQH YDULDQWV WKDW ORVW DQ 5%3 ELQGLQJ VLWH ZLOO QR ORQJHU UHVSRQG WR WKH

.' RI WKLV SDUWLFXODU IDFWRU� ,Q VXFK VFHQDULRV� PLQLJHQH YDULDQWV ZLWK PXWDWLRQV LQ WKH

5%3 ELQGLQJ VLWH ZRXOG DOVR GHYLDWH IURP WKH UHPDLQGHU RI WKH OLEUDU\ LQ WKH .' RI RWKHU

FRPSOH[ FRPSRQHQWV� ,Q RUGHU WR XQGHUVWDQG WKLV EHKDYLRXU� WKH VSOLFLQJ RXWFRPH RI WKH

FRQWURO PLQLJHQH OLEUDU\ �FWUO $( LQFOXVLRQ� ZDV FRPSDUHG WR WKH NQRFNGRZQ HIIHFW RI WKH
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OLEUDU\� 7KH NQRFNGRZQ HIIHFW LV JLYHQ E\ WKH GLIIHUHQFH LQ VSOLFLQJ RXWFRPH RI WKH .'

OLEUDU\ �.' $( LQFOXVLRQ� LQ UHODWLRQ WR WKH FRQWURO OLEUDU\ �FWUO $( LQFOXVLRQ�� ZKLFK LV

JLYHQ E\

ӹ.' $( LQFOXVLRQ  .' $( LQFOXVLRQ � FWUO $( LQFOXVLRQ

([SHFWHGO\� LQ WKH FDVH RI .' RI UHSUHVVRUV +1513+ DQG 38)��� WKH 521 PLQLJHQH

OLEUDU\ H[KLELWV DQ RYHUDOO LQFUHDVH LQ $( LQFOXVLRQ OHYHOV IURP WKH EDVHOLQH DQG WKH UHVW

H[KLELW DQ RYHUDOO GHFUHDVH LQ $( LQFOXVLRQ �)LJXUH ���� DQG )LJXUH ������ $PRQJ WKHVH ��

+1513+ ZDV FKRVHQ DV DQ LQLWLDO FDQGLGDWH IRU IXUWKHU DQDO\VHV�

6FUHHQLQJ DSSURDFK DQG LQ�VLOLFR ELQGLQJ VLWH SUHGLFWLRQV LGHQWLI\ 5%3V UHJXODWLQJ

521 DW 65%6�

8VLQJ SUHGLFWLRQV IURP WKH $7W5$&7 GDWDEDVH� 5%3V DQG WKHLU ELQGLQJ VLWHV DFURVV WKH

521 PLQLJHQH ZHUH LGHQWLILHG DQG FDWDORJXHG �*LXGLFH HW DO�� ������ )XUWKHUPRUH� XVLQJ

LQIRUPDWLRQ IURP WKH VFUHHQLQJ DSSURDFK� 5%3PRWLI SUHGLFWLRQVZHUH ILOWHUHG IRU WKH SUHV�

HQFH RI DW OHDVW ��� VSOLFLQJ�HIIHFWLYH SRVLWLRQV ZKLFK ZHUH WHUPHG DV VSOLFH�UHJXODWRU\

ELQGLQJ VLWHV� 65%6� 7KLV UHVXOWHG LQ D OLVW RI �� SXWDWLYH UHJXODWRUV RI 521 DORQJ ZLWK

WKHLU TXDQWLILFDWLRQV LQ WHUPV RI VSOLFLQJ FKDQJHV� VXJJHVWLQJ WKDW 521 VSOLFLQJ LV H[WHQ�

VLYHO\ FRQWUROOHG E\ PXOWLSOH 5%3V� 7KH DQDO\VLV DOVR UHFDSLWXODWHG SUHYLRXVO\ SXEOLVKHG

ELQGLQJ VLWHV RI 521 UHJXODWRUV +1513+ DQG 656)� �*KLJQD HW DO�� ����� /HIDYH HW DO��

����� )LJXUH ������ ,Q RUGHU WR SULRULWLVH DPRQJ WKH �� 5%3V� RXU GDWD ZDV RYHUODLG ZLWK

WKH ODUJH�VFDOH NQRFNGRZQ �.'� VFUHHQ ZKLFK WHVWHG WKH .' HIIHFW RI �� 5%3V IURP WKH OLVW

RI �� 5%3V RQ 521 H[RQ �� VSOLFLQJ �3DSDVDLNDV HW DO�� ������ $PRQJ WKH QHZ OLVW RI ��

5%3V� �� 5%3V VXEVWDQWLDOO\ DIIHFWHG 521 VSOLFLQJ ZLWK 65)6� DQG +1513+ HPHUJLQJ

DV WKH VWURQJHVW DFWLYDWRU DQG UHSUHVVRU� UHVSHFWLYHO\ �)LJXUH ������

&RUUHODWLRQ RI 5%3 H[SUHVVLRQ SURILOHV DQG 521 VSOLFLQJ OHYHOV LQ WXPRXU VDPSOHV�

7&*$ WXPRXU VDPSOH GDWDVHWV FRQWDLQLQJ LQ�YLYR 5%3 H[SUHVVLRQ SURILOHV DQG 521 VSOLF�

LQJ GDWD ZHUH XVHG IRU PLQLQJ QRYHO 5%3 UHJXODWRUV RI 521 VSOLFLQJ LQ WXPRXUV� ,Q SDU�
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mutant
Plasmids:

wt 

)LJXUH ����� 7KH V\QHUJLVWLF EHKDYLRXU RI SODVPLGV XQGHU 5%3 .'V LQ WKH FRQWH[W RI WKH
521PLQLJHQH OLEUDU\� 7KH VFDWWHUSORWV VKRZ WKH HIIHFW RI WKH WRS � 5%3 .'V DIIHFWLQJ WKH
VSOLFLQJ RXWFRPH RI521PLQLJHQH OLEUDU\� 7KH VSOLFLQJ HIIHFWV RI LQGLYLGXDO SODVPLGV DUH
UHSUHVHQWHG E\ JUD\ GRWV� H[KLELWLQJ DQ LQFUHDVHG $( LQFOXVLRQ IURP WKH EDVHOLQH LQ WKH
FDVH RI +1513+ .' DQG 38)�� .' DQG GHFUHDVHG $( LQFOXVLRQ LQ WKH RWKHU 5%3 .'V�
7KH FRQWRXUV LQ EOXH VKRZ PD[LPXP FRQFHQWUDWLRQ RI SODVPLGV DQG WKH FRQFHQWULF UDQJH
RI PRVW SODVPLGV� ,Q WKH PLGGOH RI FRQWRXUV� WKH ZW SODVPLGV DUH UHSUHVHQWHG LQ UHG�
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ZRANB2
ZNF346

ZFP36
YTHDC1

YBX1
TRA2B
TIAL1
TIA1

TARDBP
SSB

SRSF9
SRSF7
SRSF6
SRSF5
SRSF3
SRSF2
SRSF1
SRP68
SRP54
SRP19
SRP14

SF1
SAMD4A

RBMX
RBM5

RBM25
RBM24

RBFOX2
RBFOX1

QKI
PTBP2
PTBP1
PIWIL1
PCBP2
PCBP1

OAS1
NXF1

NOVA2
NOVA1
NONO

MBNL1
LIN28A
KHSRP

IGF2BP3
IFIH1

HNRNPL
HNRNPK

HNRNPH3
HNRNPH2
HNRNPH1

HNRNPF
HNRNPDL
HNRNPD
HNRNPC

HNRNPA2B1
HNRNPA1
HNRNPA0

GRSF1
G3BP2

FUS
FMR1

F2
ESRP2
ESRP1

ERI1
ELAVL2

DHX9
DDX58

DAZAP1
CPEB4
CELF6
CELF5
CELF4
CELF2
CELF1
ADAR

19.08

17.78

11.95

7.64

4.4

3.78

3.38

3.15

3.12

2.16

2.04

1.72

1.59

1.23

0.82

0.68

0.63

0.47

0.24

0.14

0.04

0.03

í0.02

í0.26

í0.43

í0.76

í1.13

í1.92

í1.93

í2.15

í5.39

-5 0 5 10 15 20
splicing change upon RBP KD (z-score)

Papasaikas et al., 2015 splice-regulatory binding site (SRBS)

)LJXUH ����� 521 VSOLFLQJ UHJXODWRUV LGHQWLILHG XVLQJ GDWD IURP LQ�VLOLFR ELQGLQJ VLWH SUH�
GLFWLRQV DQG WKH VFUHHQLQJ DSSURDFK� %R[HV LQGLFDWH ORFDWLRQV RI VSOLFH�UHJXODWRU\ ELQGLQJ
VLWHV �65%6�� L�H� VLWHV RI LQ�VLOLFR SUHGLFWHG 5%3 PRWLIV WKDW FRQWDLQ DW OHDVW ��� VSOLFLQJ�
HIIHFWLYH SRVLWLRQV �VHH PHWKRGV�� 65%6 IRU +1513+� DQG +1513+� DUH KLJKOLJKWHG
LQ EURZQ� %DU FKDUW RQ WKH ULJKW SURYLGHV WKH VSOLFLQJ FKDQJH PHDVXUHG XSRQ .' RI WKH
LQGLFDWHG 5%3V IURP SUHYLRXVO\ SXEOLVKHG GDWD �LQ ]�VFRUHV� ]�VFRUHV !� LPSO\ LQFUHDVHG
$( LQFOXVLRQ XSRQ .'� ]�VFRUHV �� LPSO\ GHFUHDVHG $( LQFOXVLRQ XSRQ .'��
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HNRNPH2 expression
(log2 TPM)
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p < 2e-16

)LJXUH ����� +1513+� H[SUHVVLRQ FRUUHODWHV ZLWK 521 $( 36, OHYHOV DFURVV 7&*$ WX�
PRXU VDPSOHV� 'HQVLW\ VFDWWHU SORW VKRZV +1513+� H[SUHVVLRQ �LQ WUDQVFULSWV SHU PLO�
OLRQ� 730� DQG 521 H[RQ �� 36, DFURVV DOO 7&*$ WXPRXU VDPSOHV� U� 6SHDUPDQ FRUUHOD�
WLRQ FRHIILFLHQW DQG DVVRFLDWHG S�YDOXH�

WLFXODU� WKH H[SUHVVLRQ RI ��� 5%3V DQG FRUUHVSRQGLQJ 521 $( 36, OHYHOV ZHUH DQDO\VHG

LQ ����� FDQFHU SDWLHQW VDPSOHV IRU FRUUHODWLRQ �7DEOH ����� 6WULNLQJO\� WKH VWURQJHVW DVVR�

FLDWLRQ EHWZHHQ 5%3 H[SUHVVLRQ OHYHOV DQG 521 $( 36, ZDV VHHQ IRU +1513+� �)LJXUH

������ ZKLFK XSRQ .' DOVR VKRZHG VWURQJHU VSOLFLQJ FKDQJHV LQ WKH 5%3 .' VFUHHQ �7DEOH

����� $V LQ RWKHU FDVHV RI VSOLFLQJ UHJXODWLRQ� 521 VSOLFLQJ LV DOVR UHJXODWHG LQ�YLYR E\PXO�

WLSOH 5%3V ZLWK YDU\LQJ PDJQLWXGHV RI DVVRFLDWLRQ�

,Q VXPPDU\� 521 VSOLFLQJ LV H[WHQVLYHO\ UHJXODWHG E\ PXOWLSOH 5%3V LQ YDU\LQJ DQG EL�

GLUHFWLRQDO PDJQLWXGHV DQG +1513+ LV FUXFLDO IRU 521 VSOLFLQJ ERWK LQ�YLYR �IURP WX�

PRXU VDPSOHV� UHIHU )LJXUH ����� DQG LQ FHOOV �)LJXUH ���� DQG ������ +HQFH� +1513+

DFWV DV D YDOLG WDUJHW 5%3 WR VWXG\ VSOLFLQJ UHJXODWLRQ LQ 521�

�ovbঞomŊ7;r;m7;m| u;]�Ѵ-ঞom o= !�� vrѴb1bm] 0� ��!���

+1513+ LV SUHGLFWHG WR ELQG DW �� GLIIHUHQW QRQ�RYHUODSSLQJ 65%6 VSUHDG DFURVV WKH

521PLQLJHQH �)LJXUH ������ 7KHVH 65%6 DUUDQJH LQWR ILYH GLVWLQFW FOXVWHUV DFURVV LQWURQLF

DQG H[RQLF UHJLRQV� ZLWK HDFK FRPSULVLQJ RI ��� 65%6� ,Q RUGHU WR QDUURZGRZQ RQ VSHFLILF

ELQGLQJ LQWHUDFWLRQV RI +1513+ ZLWK WKH 521 PLQLJHQH� LQGLYLGXDO�QXFOHRWLGH UHVROX�
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21

HNRNPH iCLIP

HNRNPH SRBS
Cluster 53

1,688

4

)LJXUH ����� +1513+ELQGV WR ERWK H[RQV DQG LQWURQV DFURVV WKH521PLQLJHQH� %LQGLQJ
RI +1513+ WR WKH SUHGLFWHG +1513+ 65%6 LV YDOLGDWHG IRU IRXU RXW RI ILYH +1513+
65%6 FOXVWHUV� %DU GLDJUDP VKRZV+1513+ L&/,3 FURVVOLQNLQJ HYHQWV SHU SRVLWLRQ DFURVV
WKH 521PLQLJHQH �WRS�� %URZQ ER[HV LQGLFDWH +1513+ 65%6 WKDW ZHUH DVVLJQHG WR ILYH
FOXVWHUV �FLUFOHG QXPEHUV� ERWWRP��

SRBS in cluster other nt in that region
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Cluster

)LJXUH ����� +1513+ L&/,3 VLJQDO LV HQULFKHG LQ IRXU RXW RI ILYH+1513+65%6 FOXVWHUV�
%R[SORWV FRPSDUH WKH +1513+ FURVVOLQN HYHQWV ZLWKLQ +1513+ 65%6 �� QW �EURZQ�
ZLWK +1513+ FURVVOLQN HYHQWV IRU RWKHU SRVLWLRQV ZLWKLQ WKH VDPH LQWURQ� H[RQ UHJLRQ
�JUH\�� 1XPEHU RI SRVLWLRQV SHU ER[SORW LV JLYHQ EHORZ� S�YDOXHV FRUUHVSRQG WR WZR�VLGHG
:LOFR[RQ 5DQN�6XP WHVW�

WLRQ FURVV�OLQNLQJ DQG LPPXQRSUHFLSLWDWLRQ �L&/,3� ZDV GRQH LQ +(.���7 FHOOV LQ UHSOL�

FDWHV �)LJXUH ������ $PRQJ IRXU RXW RI ILYH +1513+ 65%6 FOXVWHUV� WKH L&/,3 DSSURDFK

FRQILUPHG +1513+ ELQGLQJ DV VHHQ E\ L&/,3 VLJQDOV �)LJXUH ������ +RZHYHU� FOXVWHU �

ODFNHG D VLJQLILFDQW L&/,3 VLJQDO� VXJJHVWLQJ WKDW LW PLJKW SRVVLEO\ EH ERXQG E\ DQRWKHU

5%3 ZLWK VLPLODU ELQGLQJ SURILOHV�

7KH ELQGLQJ PRWLI IRU +1513+ ZDV SUHYLRXVO\ VKRZQ WR FRQVLVW RI JXDQLQH�ULFK VH�

TXHQFHV �8UHQ HW DO�� ������ :H IRXQG WKDW JXDQLQH�ULFK VHTXHQFHV �*�UXQV� ZHUH DEXQ�

GDQWO\ SUHVHQW LQ WKH GHILQHG +1513+ 65%6� ,Q RUGHU WR XQGHUVWDQG WKH SRVVLEOH UROH

RI *�UXQV LQ DOWHULQJ +1513+ ELQGLQJ� ZH GLVVHFWHG WKH FOXVWHUV LQWR WKHLU FRQVWLWXHQW
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)LJXUH ����� 2SSRVLQJ HIIHFWV RQ VSOLFLQJ E\ H[WHQVLRQ DQG GLVUXSWLRQ RI *�UXQ VWUHWFKHV
LQ WKH 521PLQLJHQH� 6FDWWHUSORW VKRZLQJ FRUUHODWLRQ RI PHGLDQ $( VNLSSLQJ LQGXFHG E\
PXWDWLRQV WKDW H[WHQG RU GLVUXSW *�UXQV ZLWKLQ +1513+ 65%6� U� 6SHDUPDQ FRUUHODWLRQ�
FRHIILFLHQW� S� DVVRFLDWHG S�YDOXH�

65%6� ,Q GHWDLO� WKH ILYH 65%6 DW WKH $( FOXVWHU � DQG WKHLU VSOLFLQJ HIIHFWV RQ *�UXQ GLVUXS�

WLRQV DUH VKRZQ �)LJXUH ������ 6WULNLQJO\� WKH HIIHFWV DUH VLPLODU DFURVV DOO WKHVH 65%6 ZLWK

LQFUHDVHG $( LQFOXVLRQ DQG VLPXOWDQHRXV GHFUHDVH LQ $( VNLSSLQJ� ,Q VXPPDU\� VSOLFLQJ

ZDV DOWHUHG XSRQ GLVUXSWLRQ RU H[WHQVLRQ RI *�UXQV E\ DQ DGGLWLRQDO JXDQLQH� ZKLFK PD\

OHDG WR UHGXFHG RU HQKDQFHG +1513+ ELQGLQJ� UHVSHFWLYHO\ �)LJXUH ������

,PSRUWDQWO\� WKH +1513+�PHGLDWHG VSOLFLQJ FKDQJHV VKRZHG RSSRVLQJ EHKDYLRXU GH�

SHQGLQJ RQ ZKHUH +1513+ ELQGLQJ VLWHV ZHUH SRVLWLRQHG DFURVV WKH PLQLJHQH� &RQVH�

TXHQWO\� +1513+ ELQGLQJ LQ WKH DOWHUQDWLYH H[RQ OHG WR UHSUHVVLRQ RI WKH $( LQFOXVLRQ�

KRZHYHU ELQGLQJ DW WKH XSVWUHDP LQWURQ DFWLYDWHG VSOLFLQJ� ,Q GHWDLO� PXWDWLRQV LQ FOXVWHU

� DQG �� ORFDWHG LQ WKH XS� DQG GRZQVWUHDP FRQVWLWXWLYH H[RQV� UHVSHFWLYHO\� UHGXFHG LQ�

WURQ UHWHQWLRQ DQG LQ FOXVWHU �� OHG WR LQFUHDVHG $( VNLSSLQJ �)LJXUH ���� $�� ,Q OLQH ZLWK

SUHYLRXVO\ GHVFULEHG OLWHUDWXUH� FRQWH[W�GHSHQGHQW UHJXODWLRQ RI VSOLFLQJ UHJXODWRUV DOVR

H[WHQGV WR +1513+ �;LDR HW DO�� ����� .DW] HW DO�� ������ 7KH VWURQJHVW VSOLFLQJ HIIHFWV

ZHUH VHHQ LQ PXWDWLRQV RI +1513+ 656%6 FOXVWHU � LQ WKH DOWHUQDWLYH H[RQ �)LJXUH ����

$�� 0RUHRYHU� +1513+ .' LQGXFHV D VLPLODU VSOLFLQJ FKDQJH DV PXWDWLRQV LQ FOXVWHU ��

XQGHUOLQLQJ WKH VLJQLILFDQFH RI +1513+ 65%6 FOXVWHU � LQ WKH +1513+�PHGLDWHG UHJ�

XODWLRQ RI 521 VSOLFLQJ �)LJXUH ���� %�� ,Q FRQFOXVLRQ� +1513+ DFWV VLPXOWDQHRXVO\ DV
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)LJXUH ����� +1513+�PHGLDWHG UHJXODWLRQ RI 521 VSOLFLQJ LV GHSHQGHQW RQ *�UXQV DW
WKH 65%6 LQ WKH521$(� 65%6 ����� DW WKH521$( VKRZ VLPLODU VWURQJ VSOLFLQJ HIIHFWV LQ
WKH VDPH GLUHFWLRQ� %R[SORWV VKRZ WKH LVRIRUP IUHTXHQFLHV DV D UHVXOW RI *�UXQ GLVUXSWLQJ
PXWDWLRQV HQFRPSDVVHG LQ +1513+ 65%6 ����� �DERYH� LQ 0&)� FHOOV �DYHUDJH RI WKUHH
ELRORJLFDO UHSOLFDWHV�� 1XPEHU RI PXWDWLRQV IRU HDFK 65%6 LV JLYHQ�

DQ DFWLYDWRU DQG UHSUHVVRU RI 521 VSOLFLQJ DQG PHGLDWHV FRPSOH[ UHJXODWLRQ RI GLIIHUHQW

LVRIRUPV YLD PXOWLSOH 65%6 FOXVWHULQJ DFURVV WKH PLQLJHQH UHJLRQ�

"�m;u]� -m-Ѵ�vbv v_o�v bm|;u-1ঞomv 0;|�;;m l�|-ঞomv -m7 ��ň

!��� hmo1h7o�m

$OWKRXJK +1513+ LV VKRZQ WR ELQG DFURVV WKH HQWLUH PLQLJHQH �)LJXUH ������ WKH PXWD�

WLRQ HIIHFWV VKRZHG D YDULHG UHVSRQVH EHWZHHQ GLIIHUHQW +1513+ ELQGLQJ VLWHV �)LJXUH

������ 7KLV VXJJHVWV WKDW ELQGLQJ VLWHV GLIIHUHQWLDOO\ DIIHFW 521 VSOLFLQJ UHJXODWLRQ L�H� QRW

DOO ELQGLQJ VLWHV FRQWULEXWH LQ WKH VDPH PDQQHU WRZDUGV 521 VSOLFLQJ UHJXODWLRQ� ,Q RU�

GHU WR LGHQWLI\ WKH PRVW UHOHYDQW VLWHV LQYROYHG LQ +1513+�UHJXODWLRQ� VSOLFLQJ RXWFRPH

RI WKH PLQLJHQH OLEUDU\ ZDV DQDO\VHG XQGHU +1513+ .' FRQGLWLRQV� $ V\QHUJ\ LPSOLHV

WKDW WKH FRPELQHG UHVSRQVH RIPXWDWLRQ DQG NQRFNGRZQ DUH JUHDWHU RU VPDOOHU WKDQ WKH UH�

VSRQVH H[SHFWHG IURP WKHLU LQGHSHQGHQW FRQWULEXWLRQV UHVSHFWLYHO\ �¶WKH ZKROH LV JUHDWHU
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A effects of G-run disrupting mutations in HNRNPH SRBS clusters:
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)LJXUH ����� +1513+�PHGLDWHG UHJXODWLRQ RI 521 VSOLFLQJ LV GHSHQGHQW RQ +1513+
ELQGLQJ SRVLWLRQ DFURVV WKH 521PLQLJHQH� �$� %R[SORWV VKRZ WKH LVRIRUP IUHTXHQFLHV DV
D UHVXOW RI *�UXQ GLVUXSWLQJ PXWDWLRQV HQFRPSDVVHG LQ GLIIHUHQW +1513+ 65%6 FOXVWHUV
�FLUFOHG QXPEHUV� LQ 0&)� FHOOV �DYHUDJH RI WKUHH ELRORJLFDO UHSOLFDWHV�� 1XPEHU RI PXWD�
WLRQV IRU HDFK FOXVWHU LV JLYHQ�  S�YDOXH � �����  S�YDOXH � ����� RQH�VDPSOH :LOFR[RQ·V
WHVW DJDLQVW SRSXODWLRQ PHDQ RI ]HUR� �%� %DU GLDJUDP VKRZLQJ WKH LVRIRUP IUHTXHQF\
FKDQJHV RI WKH ZW PLQLJHQHV UHVXOWLQJ IURP +1513+ .'� (UURU EDUV LQGLFDWH VWDQGDUG
HUURU RI WKH PHDQ IURP WKUHH ELRORJLFDO UHSOLFDWHV�
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)LJXUH ����� 0LQLJHQH YDULDQWV LQ WKH OLEUDU\ DUH GLIIHUHQWLDOO\ DIIHFWHG E\ +1513+ .'�
6FDWWHUSORW VKRZLQJ VSOLFLQJ FKDQJH RI YDULDQWV XSRQ+1513+.' FRPSDUHG WR FWUO� 6HY�
HUDO YDULDQWV DUH VWURQJO\ �EOXH VKDGH� RU ZHDNO\ �UHG VKDGH� DIIHFWHG E\ WKH+1513+ .'
FRPSDUHG WR WKH PDMRULW\ RI YDULDQWV �GHVFULEHG E\ WKH UXQQLQJ PHDQ � VWDQGDUG GHYLD�
WLRQ� UHG OLQH�� 0LQLJHQH YDULDQWV KDUERXULQJ LQGLFDWHG SRLQW PXWDWLRQV &���*� *���$�
DQG *���$ DUH KLJKOLJKWHG LQ RUDQJH� EOXH� DQG \HOORZ� UHVSHFWLYHO\�

RU HYHQ OHVVHU WKDQ WKH VXP RI LWV SDUWV·�� 7KLV PHDQV WKDW WKH PXWDWLRQV WKDW DIIHFW +1�

513+ ELQGLQJ� ZHUH H[SHFWHG WR VKRZ HLWKHU SRVLWLYH RU QHJDWLYH V\QHUJ\ LQ WKH FRQWH[W

RI+1513+ .'� 7R EH SUHFLVH� PXWDWLRQV GLVWXUELQJ +1513+ ELQGLQJ VLWHV� ZRXOG GLV�

SOD\ UHGXFHG.' UHVSRQVH LQ UHODWLRQ WRZWPLQLJHQHV �QHJDWLYH V\QHUJ\�� ZKLOHPXWDWLRQV

VWUHQJWKHQLQJ +1513+ ELQGLQJ VLWHV ZRXOG GLVSOD\ HQKDQFHG .' UHVSRQVH LQ UHODWLRQ

WR ZW PLQLJHQHV �SRVLWLYH V\QHUJ\��

,PSRUWDQWO\�+1513+ .' OHG WR LQFUHDVH LQ $( LQFOXVLRQ RQ D V\VWHP�ZLGH VFDOH �)LJXUH

����� DQG DV H[SHFWHG� VXEVHWV RI PLQLJHQHV GLVSOD\HG ZHDNHU RU VWURQJHU .' UHVSRQVHV

FRPSDUHG WR WKH UHVW RI WKH OLEUDU\� )RU LQVWDQFH� PLQLJHQHV WKDW KDUERXUPXWDWLRQV ZLWKLQ

+1513+ 65%6 LQ FOXVWHU �� VXFK DV *���$ RU *���$� VKRZHG D FRQVLVWHQWO\ ZHDNHU .'

UHVSRQVH EXW KLJKHU $( LQFOXVLRQ LQ FRQWURO FHOOV� LPSO\LQJ QHJDWLYH V\QHUJ\� ,Q FRQWUDVW�

PLQLJHQHVZLWK &���*PXWDWLRQVZKLFK H[WHQG D SUH�H[LVWLQJ+1513+ELQGLQJPRWLI E\

DQ DGGLWLRQDO JXDQLQH� VKRZHG D VWURQJHU .' UHVSRQVH EXW ORZHU FRQWURO $( LQFOXVLRQ�

7KLV FRQILUPV SRVLWLYH V\QHUJ\ DV WKH +1513+ .' SURPRWHG D VWURQJHU�WKDQ�DYHUDJH

LQFUHDVH RI $( LQFOXVLRQ LQ WKHVH PLQLJHQHV�
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)LJXUH ����� 6\QHUJLVWLF LQWHUDFWLRQV EHWZHHQPXWDWLRQV DQG+1513+.'RYHUODS DW +1�
513+65%6 UHJLRQV LQ WKH521 DOWHUQDWLYH H[RQ� %DU SORWV TXDQWLI\ VLJQLILFDQW V\QHUJLVWLF
LQWHUDFWLRQV DIIHFWLQJ $( VNLSSLQJ�WR�LQFOXVLRQ LVRIRUP UDWLR XVLQJ GLIIHUHQW ]�VFRUH FXW�
RIIV LQ DGMDFHQW ��QW ZLQGRZV� /LQH LQGLFDWHV GHQVLW\ LQ ��QW VOLGLQJ ZLQGRZ� 6SOLFH VLWHV
� � QW ZHUH H[FOXGHG� 3UHGLFWHG +1513+ 65%6 �EURZQ� DUH JLYHQ DERYH�

7KH V\QHUJ\ HIIHFWV IRU HDFKPXWDWLRQ ZHUH FDOFXODWHG DV WKH GLIIHUHQFH RI WKH PXWDWLRQ HI�

IHFWV EHWZHHQ FWUO �FRQWURO� DQG+1513+ .'� 7KHQ� WR DFFRXQW IRU WKH H[SHULPHQWDO YDUL�

DWLRQ RI WKH ZW PLQLJHQHV� D ]�VFRUH QRUPDOL]DWLRQ DSSURDFK ZDV XVHG WR GHILQH V\QHUJ\

HIIHFWV TXDQWLWDWLYHO\ �)LJXUH ������ ,I UHVXOWLQJ ]�VFRUH WHQGHG WR ]HUR� WKHQ WKH PXWDWLRQV

VKRZ VLPLODU HIIHFWV EHWZHHQ FWUO DQG +1513+ .'� LPSO\LQJ WKDW WKRVH PXWDWLRQV DQG

+1513+ .' DUH QRW V\QHUJLVWLF� +RZHYHU� ]�VFRUHV JUHDWHU RU VPDOOHU WKDQ ]HUR LQGLFDWH

SRVLWLYH RU QHJDWLYH V\QHUJ\� UHVSHFWLYHO\�

,Q WRWDO� ��� PXWDWLRQV LQ ��� SRVLWLRQV ����� VKRZHG VLJQLILFDQW V\QHUJ\ IRU DW OHDVW RQH

VSOLFH LVRIRUP �_]�VFRUH_!�� DGMXVWHG S�YDOXH � ������ 6WRXIIHU·V WHVW�� ,PSRUWDQWO\� ��� RI

SRVLWLRQV ZLWKLQ 65%6 FOXVWHU � ZHUH V\QHUJLVWLF �)LJXUH ���� $�� +HQFH� VXFK VWURQJ V\Q�

HUJLVWLF LQWHUDFWLRQV ZLWKLQ WKH DOWHUQDWLYH H[RQ UHSUHVHQWV WKH PRVW IXQFWLRQDOO\ UHOHYDQW

UHJLRQ LQYROYHG LQ +1513+�PHGLDWHG VSOLFLQJ UHJXODWLRQ LQ 521�

)XUWKHUPRUH� WR YDOLGDWH WKH LPSRUWDQFH RI $( FOXVWHU� WKH VSOLFLQJ RXWFRPH XQGHU FRQ�

WURO DQG +1513+ .' FRQGLWLRQV RI WHQ GLIIHUHQW PLQLJHQH YDULDQWV ZDV PHDVXUHG� (DFK

YDULDQW KDUERXUHG SRLQW PXWDWLRQV LQ RQH RI WKH ILYH FOXVWHUV �)LJXUH ���� %�� ,Q OLQH ZLWK
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WKLV LGHD� DOO WKH SRLQW PXWDWLRQV ORFDWHG LQ FOXVWHU � VKRZHG ODUJHO\ XQFKDQJHG UHVSRQVH

XSRQ +1513+ .'� +RZHYHU� VSOLFLQJ RXWFRPH RI PLQLJHQHV KDUERXULQJ SRLQW PXWD�

WLRQV LQ RWKHU FOXVWHUV VWLOO VKRZHG FKDQJHV XSRQ +1513+ .'� ZKLFK DJUHHG ZLWK WKH

UHGXFHG V\QHUJ\ TXDQWLILHG IRU WKHVH FOXVWHUV �RWKHU WKDQ FOXVWHU ���

�oor;u-ঞ�; ��!��� 0bm7bm] ;v|-0Ѵbv_;v - vrѴb1bm] v�b|1_

$Q LPSRUWDQW ILQGLQJ RI WKH VFUHHQLQJ DSSURDFK LV WKDW LQGLYLGXDO SRLQW PXWDWLRQV LQ FOXV�

WHU � DUH DEOH WR FRPSOHWHO\ UHOHDVH +1513+�PHGLDWHG UHSUHVVLRQ RI $( LQFOXVLRQ� )RU

LQVWDQFH� PXWDWLRQ HIIHFWV RI SRLQW PXWDWLRQV �*���$� *���& DQG *���&� LQ WKH DOWHUQD�

WLYH H[RQ �FOXVWHU �� UHVHPEOH +1513+�PHGLDWHG UHSUHVVLRQ RI 521 $( LQFOXVLRQ� 7KLV

VXJJHVWV WKDW +1513+ ELQGLQJ RFFXUV LQ DQ LQWHUGHSHQGHQWPDQQHU �)LJXUH ���� %�� )XU�

WKHUPRUH� PXWDWLRQV WKDW DQWDJRQLVH +1513+ ELQGLQJ DOVR SUHYHQWHG +1513+ ELQG�

LQJ DW RWKHU 65%6� ,Q RUGHU WR WHVW WKLV ILQGLQJ� L&/,3 H[SHULPHQWV ZHUH UHSHDWHG LQ WKH

FRQWH[W RI PLQLJHQH YDULDQWV KDUERXULQJ RQO\ VLQJOH SRLQW PXWDWLRQV LQ FOXVWHU � �)LJXUH

������ 7KH UHGXFWLRQ RI L&/,3 VLJQDO ZDV QRW OLPLWHG WR WKH VLWH RI WKH SRLQW PXWDWLRQ EXW

H[WHQGHG DFURVV WKH HQWLUH DOWHUQDWLYH H[RQ �FOXVWHU ��� LPSO\LQJ D FRRSHUDWLYH PRGH RI

ELQGLQJ�

7KH FRRSHUDWLYH UHJXODWLRQ RI 521 VSOLFLQJ E\ +1513+ LPSOLHG WKDW 521 LVRIRUP OHY�

HOV UHDFW WR FKDQJHV LQ +1513+ FRQFHQWUDWLRQV DQG VKRZ D VZLWFK�OLNH EHKDYLRXU LQ WXUQ

UHVHPEOLQJ D VWHHS� VLJPRLGDO GRVH�UHVSRQVH FXUYH RQ FDUWHVLDQ FR�RUGLQDWHV� ,Q RUGHU

WR VKRZ WKLV EHKDYLRXU� 521 PLQLJHQH DQG HQGRJHQRXV 521 VSOLFLQJ OHYHOV ZHUH PHD�

VXUHG DIWHU JUDGXDOO\ FKDQJLQJ +1513+ OHYHOV LQ ERWK GLUHFWLRQV �+1513+ .'� DQG

+1513+� RYHU�H[SUHVVLRQ WLWUDWLRQ� �)LJXUH ���� $ DQG ���� &�+�� $V D UHVXOW� D VZLWFK�

OLNH VSOLFLQJ UHVSRQVH RI 521 $( ZDV REVHUYHG ZLWK FKDQJLQJ +1513+ FRQFHQWUDWLRQV

ZLWK D KLJK+LOO·V FR�HIILFLHQW IRU ERWK WKH521PLQLJHQH DQG HQGRJHQRXV521� YDOLGDWLQJ

WKDW +1513+ ELQGV VWURQJO\ LQ D FRRSHUDWLYH PDQQHU� $GGLWLRQDOO\�+1513+� VKRZHG
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)LJXUH ����� $( FOXVWHU VKRZV KLJK IXQFWLRQDO UHOHYDQFH IRU +1513+�PHGLDWHG UHJXOD�
WLRQ RI 521 VSOLFLQJ� �$� 'RW SORWV �WRS� GLVSOD\ VLQJOH PXWDWLRQ HIIHFWV �LQVHUWHG EDVH�
VHH OHJHQG� RQ $( LQFOXVLRQ �PHDQ� Q ��� 5HG OLQHV LQGLFDWH PHGLDQ LVRIRUP IUHTXHQF\
RI ZW PLQLJHQHV � � VWDQGDUG GHYLDWLRQV �6'�� +1513+ 65%6 �EURZQ� DUH JLYHQ DERYH�
+HDWPDSV �ERWWRP� VKRZ ]�VFRUHV DV PHDVXUH RI V\QHUJ\ �PHDQ� Q �� SHU LQVHUWHG EDVH�
:KLWH RU JUH\ ILHOGV LQGLFDWH PXWDWLRQV WKDW ZHUH QRW SUHVHQW RU ILOWHUHG RXW� UHVSHFWLYHO\
�VHH PHWKRGV�� 3XUSOH ER[HV KLJKOLJKW VLJQLILFDQW V\QHUJLVWLF LQWHUDFWLRQV ����� )'5�� �%�
6FDWWHUSORW FRPSDUHV WKH VSOLFLQJ FKDQJH RI SRLQW PXWDWLRQ KDUERXULQJ PLQLJHQHV EH�
WZHHQ FRQWURO DQG +1513+ .' FRQGLWLRQV �PHDQ� Q �� DV LQIHUUHG E\ WKH PRGHO IURP
51$�VHT GDWD �\�D[LV� DQG 57�3&5 DQDO\VLV �[�D[LV�� $( LQFOXVLRQ �FLUFOHV� DQG $( VNLS�
SLQJ �WULDQJOH� DUH VKRZQ VHSDUDWHO\� ,Q VXPPDU\� .' IROORZHG E\ 51$�VHT RI WKH PX�
WDWHGPLQLJHQH OLEUDU\ IROORZHG E\ LQIHUHQFH RI V\QHUJ\ EHWZHHQPXWDWLRQV DQG+1513+
.' HQDEOHG WKH UDQNLQJ RI WKH IXQFWLRQDOO\ UHOHYDQW ELQGLQJ VLWHV �65%6��
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)LJXUH ����� +1513+ L&/,3 VLJQDO UHGXFWLRQ H[WHQGV WRZDUGV QHLJKERXULQJ +1513+
ELQGLQJ VLWHV LQ GLIIHUHQW SRLQW PXWDWLRQ PLQLJHQH YDULDQWV� %DU GLDJUDP VKRZV WKH QRU�
PDOLVHG FURVV�OLQNLQJ HYHQWV SHU SRVLWLRQ DFURVV WKH ZW 521 PLQLJHQH LQ D VOLGLQJ ��QW
ZLQGRZ �WRS� +1513+ L&/,3�� %DU GLDJUDP VKRZLQJ WKH GLIIHUHQFH RI QRUPDOLVHG FURVV�
OLQNLQJ HYHQWV RI LQGLFDWHG SRLQW PXWDQWV DQG WKH ZW 521 PLQLJHQH LQ ��QW VOLGLQJ ZLQ�
GRZV �ERWWRP�� 6WURQJ RU ZHDN ELQGLQJ LQ WKH PXWDQWV LV LQGLFDWHG ZLWK EOXH DQG UHG�
UHVSHFWLYHO\� +513+ 65%6 DUH GHSLFWHG ZLWK EURZQ ER[HV DQG GDVKHG OLQHV KLJKOLJKW
WKHLU ORFDWLRQ ZLWKLQ WKH EDU GLDJUDPV�
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WKH VWHHSHVW UHJUHVVLRQ VORSH DPRQJ WKH ��� 5%3V WHVWHG IRU FRUUHODWLRQ ZLWK 7&*$ FDQFHU

H[SUHVVLRQ GDWD� FRQILUPLQJ LQ�YLYR FRRSHUDWLYH UHJXODWLRQ �)LJXUH ���� %�� ,Q VXPPDU\�

+1513+ EHKDYHV DV D VSOLFLQJ VZLWFK RI 521 H[RQ �� WKURXJK FRRSHUDWLYH ELQGLQJ� UH�

VXOWLQJ LQ D PDMRU VSOLFLQJ VKLIW GXH WR PLQRU FKDQJHV LQ +1513+ SURWHLQ OHYHO�
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)LJXUH ����� &RRSHUDWLYH ELQGLQJ RI +1513+ DW 521 $( UHVXOWV LQ D VSOLFLQJ VZLWFK�
�$� 'RVH�UHVSRQVH FXUYH VKRZLQJ WKH FKDQJH RI 521 $( SHUFHQW�VSOLFHG�LQ IRU FKDQJHV
LQ +1513+ SURWHLQ OHYHOV IRU HQGRJHQRXV 521 �RUDQJH� DQG WKH 521 PLQLJHQH �EOXH��
'HJUHH RI FRRSHUDWLYLW\ LV TXDQWLILHG E\ ILWWLQJ WKH +LOO HTXDWLRQ �VROLG OLQHV� DQG FRP�
SDUHG WR WKH WKHRUHWLFDO ILW IRU QRQ�FRRSHUDWLYLW\ �GDVKHG OLQH�� (UURU EDUV GHQRWH VWDQGDUG
GHYLDWLRQ RI ELRORJLFDO WULSOLFDWHV� &, FRQILGHQFH LQWHUYDOV� �%� %R[SORW VKRZV WKH GLVWUL�
EXWLRQ RI UHJUHVVLRQ VORSHV IURP WKH FRUUHODWLRQ RI ��� 5%3V ZLWK 521 H[RQ �� VSOLFLQJ
LQ 7&*$ VDPSOHV �UHIHU PDWHULDOV DQG PHWKRGV�� +1513+� LV KLJKOLJKWHG� �&� 5HS�
UHVHQWDWLYH :HVWHUQ %ORW RI +1513+� RYHUH[SUHVVLRQ XVLQJ HLWKHU HPSW\ YHFWRU RU LQ�
FUHDVLQJ DPRXQW RI +1513+� RYHUH[SUHVVLRQ FRQVWUXFW IRU WUDQVIHFWLRQ �+� 2( � DQG
+� 2( ��� +1513$� ZDV XVHG IRU QRUPDOL]DWLRQ� �'� (� 5HSUHVHQWDWLYH 57�3&5 UHVXOWV
FRUUHVSRQGLQJ WR WKH +1513+� RYHUH[SUHVVLRQ VKRZQ LQ �&� IRU WKH HQGRJHQRXV 521
JHQH �'� RU WKH 521PLQLJHQH �(�� *HO�OLNH UHSUHVHQWDWLRQ RI FDSLOODU\ HOHFWURSKRUHVLV� �)�
5HSUHVHQWDWLYH :HVWHUQ %ORW RI JUDGXDO +1513+ .' REWDLQHG WKURXJK WUDQVIHFWLRQ RI
LQFUHDVLQJ VL51$ DPRXQW� +1513$� ZDV XVHG IRU QRUPDOL]DWLRQ� �*� +� 5HSUHVHQWD�
WLYH 57�3&5 UHVXOWV FRUUHVSRQGLQJ WR WKH +1513+ .' VKRZQ LQ �)� IRU WKH HQGRJHQRXV
521 JHQH �*� RU WKH521PLQLJHQH �+�� *HO�OLNH UHSUHVHQWDWLRQ RI FDSLOODU\ HOHFWURSKRUH�
VLV� 36, SHUFHQW�VSOLFHG�LQ�
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4
'LVFXVVLRQ

�u;=-1;

$W WKH RXWVHW RI WKLV 3K' SURMHFW� SUHYLRXV PXWDJHQHVLV VWXGLHV RQ GHWHUPLQLQJ WKH HI�

IHFW DQG H[WHQW RI FLV�UHJXODWRU\ HOHPHQWV RQ UHJXODWLQJ $6 ZHUH IRXQG WR EH ODFNLQJ�

7KHVH VWXGLHV ZHUH HLWKHU FRQILQHG WR VKRUW H[RQLF UHJLRQV RU WR V\QWKHWLF UHSRUWHU FRQ�

VWUXFWV� 6HFRQGO\� WKH PXWDWLRQV DIIHFWLQJ WKH VSOLFLQJ IXQFWLRQV ZHUH SUHGLFWHG EDVHG RQ

GLIIHUHQW PRGHOV DQG PD\ QRW DOZD\V DFFXUDWHO\ UHSUHVHQW LQ�YLYR TXDQWLILFDWLRQV RI PX�

WDWLRQ HIIHFWV� ,Q RUGHU WR PLWLJDWH WKLV� RXU QRYHO KLJK�WKURXJKSXW VFUHHQLQJ DSSURDFK

WR GHFRGH WKH DOWHUQDWLYH VSOLFLQJ RI 521 H[RQ �� ZDV GHYLVHG� 7KH VFUHHQLQJ DSSURDFK
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IRUPV WKH EDVLV RI WKLV SURMHFW� 2XU VWXG\ LQYROYHV WKH LQWHJUDWLRQ RI H[SHULPHQWDO� ELRLQ�

IRUPDWLFV DQG PDWKHPDWLFDO PRGHOOLQJ DVSHFWV� ZKLFK KDV UHVXOWHG LQ WKH PRVW FRPSOHWH

FLV�UHJXODWRU\ ODQGVFDSH RI DQ DOWHUQDWLYH VSOLFLQJ PLQLJHQH PRGHO WLOO GDWH� ,Q GHWDLO� WKH

UHSHUWRLUH RIPXOWLSOHPXWDWLRQV DIIHFWLQJ521 H[RQ �� VSOLFLQJZDV GHWHUPLQHGZLWK SUH�

FLVH TXDQWLWDWLYH LQIRUPDWLRQ� ,Q DGGLWLRQ� OLQHDU UHJUHVVLRQ EDVHG DSSURDFKHV ZLWK D G\�

QDPLF PRGHO RI VSOLFLQJ HQDEOHG WKH DFFXUDWH GLVVHFWLRQ RI FRPSOH[ PXWDWLRQ HIIHFWV� 7KH

UHVXOWV HQDEOHG WKH UHFDSLWXODWLRQ RI VSOLFLQJ UHJXODWLRQ LQ WXPRXU SDWLHQWV DQG SURYLGHG

QHZ LQVLJKWV LQWR WKH UHJXODWRU\ UROH RI VHTXHQFHV DIIHFWLQJ GRZQVWUHDP SURWHLQ IXQFWLRQ�

)XUWKHUPRUH� D NH\ SOD\HU LQ WKH UHJXODWLRQ RI 521 DOWHUQDWLYH VSOLFLQJ� +1513+ ZDV

NQRFNHG GRZQ LQ WKH FRQWH[W RI WKH PXWDJHQLVHG OLEUDU\� )URP WKHVH H[SHULPHQWV� D FRQ�

FHQWUDWLRQ GHSHQGHQW UHJXODWLRQ RI VSOLFLQJ DW PXOWLSOH ELQGLQJ ORFDWLRQV RI +1513+

ZDV REVHUYHG� %\ V\VWHPDWLFDOO\ OLQNLQJ FLV�UHJXODWRU\ HOHPHQWV WR WKH V\QHUJLVWLF DFWLYLW\

RI WKH WUDQV�DFWLQJ IDFWRU +1513+� DQ DGGLWLRQDO UHJXODWRU\ OD\HU RI DOWHUQDWLYH VSOLFLQJ

ZDV REVHUYHG� )LQDOO\� WKH FRRSHUDWLYH +1513+ ELQGLQJ ZDV VKRZQ WR PHGLDWH D VSOLF�

LQJ VZLWFK RI 521 H[RQ ��� 7KH VFUHHQLQJ DSSURDFK SURYLGHG DQ XQSUHFHGHQWHG YLHZ RI

WKH FRPSOH[LW\ RI VSOLFLQJ UHJXODWLRQ RI D VLQJOH H[RQ� 7KH DSSURDFK DOVR JDYH ULVH WR VHY�

HUDO LQVLJKWV LQWR WKH PROHFXODU GHWDLOV RI 521 DOWHUQDWLYH VSOLFLQJ ZKLFK DUH GLVFXVVHG LQ

WKH IROORZLQJ VHFWLRQV�

$_;�b7;vru;-7 ;�;uŊ;�r-m7bm] Ѵ-m7v1-r; o= vrѴb1bm]Ŋ;@;1ঞ�;l�Ŋ

|-ঞomv

([SHULPHQWDO VWXGLHV KDYH SUHYLRXVO\ HVWLPDWHG WKDW �������RI KXPDQ H[RQLF VHTXHQFHV

FRQWDLQV SXWDWLYH FLV�UHJXODWRU\ HOHPHQWV �3DUPOH\ HW DO�� ����� �6DYLVDDU HW DO�� ����D��

$Q HDUO\ FRPSXWDWLRQDO VWXG\ SUHGLFWHG WKDW DOWHUQDWLYH H[RQV RQ DYHUDJH FRQWDLQ ����

FLV�UHJXODWRU\ ��PHUV SHU ����QW VHTXHQFH� ZKLFK FRUUHVSRQGV WR ��� RI H[RQ SRVLWLRQV

LQYROYHG LQ VSOLFLQJ UHJXODWLRQ �=KDQJ HW DO�� ������ LPSO\LQJ WKDW WKH VHTXHQFHV WKDW LQ�
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IOXHQFH VSOLFLQJ PD\ EH YHU\ DEXQGDQW LQ SUH�P51$� <HW� WKH RFFXUUHQFH RI VSOLFLQJ UHJ�

XODWLRQ HOHPHQWV OLNH HQKDQFHUV DQG VLOHQFHUV DUH VWLOO YDVWO\ XQGHUHVWLPDWHG �+XUVW HW DO��

������

,Q WKH FXUUHQW VWXG\ IRFXVVHG RQ WKH 521 PLQLJHQH� ZH VKRZHG WKDW PRUH WKDQ ��� RI

H[RQ �� SRVLWLRQV DIIHFW VSOLFLQJ VXJJHVWLQJ WKDW VSOLFLQJ UHJXODWLRQ LV FRQIHUUHG E\ PRVW

QXFOHRWLGHV ZLWKLQ WKH DOWHUQDWLYH H[RQ� ,Q WKLV UHVSHFW� 521 H[RQ �� LV QRW DW\SLFDO JLYHQ

WKDW WKH RWKHU PXWDJHQHVLV VWXGLHV UHSRUW D KLJK GHQVLW\ RI VSOLFLQJ HIIHFWLYH PXWDWLRQV LQ

&)75 H[RQ ��� 601� H[RQ �� DQG )$6�&'�� H[RQ � ��� ES� �� ES� DQG �� ES UHVSHFWLYHO\�

�3DJDQL HW DO�� ����� 0XHOOHU HW DO�� ����� -XOLHQ HW DO�� ������ +RZHYHU� WKHVH VWXGLHV ZHUH

GRQH RQ VLPLODU�VL]HG VPDOO H[RQV DQG UDLVH TXHVWLRQV RQ WKH YDOLGLW\ RI WKHVH LQVLJKWV LQ

WKH FDVH RI ODUJHU H[RQV �6DYLVDDU HW DO�� ����E�� ,Q SDUWLFXODU� WKH SUHYLRXV PLQLJHQH VWXG�

LHV ZLWK VKRUWHU H[RQV ZHUH FRQVLGHUHG WR RYHUHVWLPDWH WKH GHQVLW\ RI VSOLFLQJ�HIIHFWLYH

PXWDWLRQV DQG FRPSXWDWLRQDO SUHGLFWLRQV ZHUH WKRXJKW WR EH PRUH VXLWDEOH �6DYLVDDU HW

DO�� ����E�� 1HYHUWKHOHVV� LQ OLQH ZLWK DIRUHPHQWLRQHG VWXGLHV� ZH IRXQG WKDW VSOLFLQJ LQ�

IRUPDWLRQ ZDV GHQVHO\ VSUHDG LQ WKH 521 DOWHUQDWLYH H[RQ� ,Q IDFW� WKH OHQJWK RI 521

DOWHUQDWLYH H[RQ� H[RQ �� ���� ES� ZDV JUHDWHU WKDQ WKH PHGLDQ OHQJWK RI D W\SLFDO KXPDQ

H[RQ ���� ES�� LPSO\LQJ WKDW LQGHHG� WKH FRPSDFW DQG GHQVH DUUDQJHPHQW RI VSOLFLQJ VLJ�

QDOV LV W\SLFDO DFURVV DYHUDJH VL]HG H[RQV� ,Q VXPPDU\� VSOLFLQJ UHJXODWLRQ LV FRQIHUUHG LQ

D FRPSOH[ ZD\ DV VSOLFLQJ UHJXODWLRQ VWHPV IURP PDQ\ PRUH SRVLWLRQV LQ WKH DOWHUQDWLYH

H[RQ WKDQ SUHYLRXVO\ DQWLFLSDWHG�

�-m� |u-mvŊ-1ঞm] =-1|ouv u;]�Ѵ-|; !�� vrѴb1bm]

,Q WKH SURMHFW� WKH FDWDORJXH RI WUDQV�DFWLQJ IDFWRUV WKDW SXWDWLYHO\ UHJXODWH 521 H[RQ ��

VSOLFLQJ ZHUH VKRUW�OLVWHG E\ WKUHH DSSURDFKHV� )LUVWO\� LQGLYLGXDO .'V RI WUDQV�DFWLQJ IDF�

WRUV IURP D SUHYLRXVO\ GHVFULEHG KLJK�WKURXJKSXW FDQGLGDWH VFUHHQLQJ DSSURDFK �3DSD�

VDLNDV HW DO�� ����� UHVXOWHG LQ D OLVW RI WUDQV�DFWLQJ IDFWRUV LQWHUDFWLQJ ZLWK 521 VSOLFLQJ�
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7KH LGHD EHKLQG WKH DSSURDFK ZDV QRW WR LGHQWLI\ GH QRYR UHJXODWRUV EXW WR OLVW RXW WKH

VWURQJ UHJXODWRUV RI 521 VSOLFLQJ� 3DUWLFXODUO\� DPRQJ WKH WRS � 5%3V DIIHFWLQJ 521

UHJXODWLRQ� ZH VDZ D JOREDO VKLIW DQG D ZLGHVSUHDG UDQJH RI VSOLFLQJ HIIHFWV RI PXWDWLRQV

XSRQ WKH .' RI WKH UHVSHFWLYH 5%3V LQ WKH FRQWH[W RI WKH PLQLJHQH OLEUDU\ �)LJXUH ������

:H REVHUYHG WKDW WKH PXWDWLRQ HIIHFWV VFDOH QRQ�PRQRWRQLFDOO\ ZLWK WKH VWDUWLQJ LQFOX�

VLRQ OHYHO RI WKH H[RQ LQ GLIIHUHQW 5%3 .'V �)LJXUH ������ 7KLV PHDQV WKDW WKH +1513+

.' UHVXOWHG LQ PXWDWHG PLQLJHQH YDULDQWV VKRZLQJ GLIIHUHQW VSOLFLQJ HIIHFWV EDVHG RQ

WKHLU VWDUWLQJ FRQWURO LQFOXVLRQ OHYHOV� 7ZR UHFHQW VWXGLHV WKDW GHDOW ZLWK XQGHUVWDQGLQJ

WKH EHKDYLRXU RI VSOLFH�DOWHULQJ PXWDWLRQV� VXJJHVWHG WKDW H[RQV ZLWK LQWHUPHGLDWH LQFOX�

VLRQ OHYHOV KDYH D KLJKHU WHQGHQF\ WR EH DIIHFWHG E\ VSOLFLQJ PXWDWLRQV RU EH DOWHUQDWLYHO\

VSOLFHG GLIIHUHQWO\ WKDQ WKRVH H[RQV ZLWK PD[LPXP RU PLQLPXP LQFOXVLRQ OHYHOV� 7KLV

ZDV UHIHUUHG WR DV WKH QRQ�PRQRWRQLF JOREDO VFDOLQJ ODZ �%DH]D�&HQWXULRQ HW DO�� ����� -D�

JDQDWKDQ HW DO�� ������ $V DQ LQLWLDO DSSURDFK� WKH .' RI +1513+ LQ WKH FRQWH[W RI WKH

PLQLJHQH OLEUDU\ LQ PXOWLSOH UHSOLFDWHV� DOORZHG IRU WKH VWXG\ DQG V\QHUJLVWLF PRGHOOLQJ

RI +1513+�PHGLDWHG VSOLFLQJ UHJXODWLRQ�

7KH VHFRQG DSSURDFK HPSOR\HG DQ XQELDVHG LQ�VLOLFR SUHGLFWLRQ DQG YDOLGDWLRQ RI 5%3V

UHJXODWLQJ 521$( XVLQJ WKH $7W5$&7 GDWDEDVH� 7KH KLJK QXPEHU RI SXWDWLYH SUHGLFWHG

IDFWRUV ���� IURP WKH $7W5$&7 GDWDEDVH VXJJHVWHG WKDW 521 VSOLFLQJ UHJXODWLRQ LV PRUH

FRPSOH[ WKDQ SUHYLRXVO\ DQWLFLSDWHG� +RZHYHU� WKLV OHG WR XV WR DVNLQJ ZKHWKHU DOO WKHVH

IDFWRUV ZHUH DFWLYHO\ LQYROYHG LQ 521 VSOLFLQJ UHJXODWLRQ� $GGLWLRQDOO\� PXOWLSOH WUDQV�

DFWLQJ IDFWRUV PD\ VKDUH RYHUODSSLQJ FLV�UHJXODWRU\ HOHPHQWV� ZKLFK FRPSOLFDWHV WKH VH�

OHFWLRQ RI FLV�UHJXODWRU\ HOHPHQWV� 3UHYLRXVO\� LW KDV EHHQ VKRZQ WKDW DOWHUQDWLYH VSOLFLQJ LV

KLJKO\ FRQWH[W� DQG WLVVXH�VSHFLILF� ZKLFK KDV PDLQO\ EHHQ DWWULEXWHG WR WKH FRPELQDWRULDO

QDWXUH RI DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ DQG FHOO W\SH�VSHFLILF 5%3 H[SUHVVLRQ SDWWHUQV �)X

HW DO�� ������ )XUWKHUPRUH� -DJDQDWKDQ HW DO� ������ VXJJHVW WKDW ZHDN RU LQWHUPHGLDWH FU\S�

WLF VSOLFH PXWDWLRQV SOD\ FHQWUDO UROHV LQ JHQHUDWLQJ WLVVXH VSHFLILFLW\� 7KLV FKRLFH RI VSOLFH

VLWH XVDJH PD\ GHSHQG RQ LWV HQYLURQPHQW� IRU LQVWDQFH WKH FRQFHQWUDWLRQ RI 5%3V LQ WKH
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SRRO� +HQFH� WKH SXWDWLYH SUHGLFWHG IDFWRUV PLJKW FRPSHWH IRU ELQGLQJ LQ D FRQWH[W GHSHQ�

GHQWPDQQHU LQ D UHVWULFWHG VHTXHQFH VSDFH� OHDGLQJ WRPDQ\ WUDQV�DFWLQJ IDFWRUV SXWDWLYHO\

VKDULQJ FRQWLJXRXV FLV�UHJXODWRU\ HOHPHQWV� $FFRUGLQJO\� VHYHUDO SXWDWLYH UHJXODWRUV VXJ�

JHVWHG LQ WKLV ZRUN E\ WKH $7W5$&7 GDWDEDVH DQDO\VLV DUH FHOO W\SH� RU WLVVXH�VSHFLILFDOO\

H[SUHVVHG DQG WKHUHIRUH� PD\ UHVXOW LQ GUDZEDFNV LQ WKH SUHGLFWLRQV RI WKH JLYHQ ELQGLQJ

VLWH XQGHU WKH H[SHULPHQWDO FRQGLWLRQV� )LUVWO\� WKH JLYHQ ELQGLQJ VLWH SUHGLFWLRQPLJKW QRW

EH IXOO\ UHSOLFDEOH XQGHU VSHFLILF H[SHULPHQWDO FRQGLWLRQV� 6HFRQGO\� WKH ELQGLQJ SUHIHU�

HQFHV RI 5%3V LQ WKH GDWDEDVH ZHUH JHQHUDWHG IURP LQ YLWUR EDVHG PHWKRGV OLNH 6(/(;

ZKLFK PLJKW EH LQDFFXUDWH LQ�YLYR �:X HW DO�� ����� DQG PD\ QRW DOZD\V VXIILFLHQWO\ UH�

FDSLWXODWH WKH UROH SOD\HG E\ FRIDFWRUV LQIOXHQFLQJ WKH ELQGLQJ RI VSOLFLQJ IDFWRUV LQ�YLYR�

)XUWKHUPRUH� VSOLFLQJ IDFWRUV ELQG WR D VXEVHW RI WKHLU QDWXUDO ELQGLQJ PRWLIV SUHVHQW LQ

WKH WUDQVFULSWRPH DQG WKDW WKHLU UHVXOWDQW ELQGLQJ LV VKDSHG E\ RWKHU FRIDFWRUV �6XWDQG\

HW DO�� ������ +HQFH� IXUWKHU YDOLGDWLRQ H[SHULPHQWV DUH UHTXLUHG LQ RUGHU WR FRQILUP WKHVH

UHJXODWRUV� ,Q RXU VFUHHQLQJ DSSURDFK� ZH ILQG D ODUJH QXPEHU RI YDOLGDWHG UHJXODWRUV UH�

FDSLWXODWLQJ WKH LGHD RI H[WHQVLYH UHJXODWLRQ RI 521 VSOLFLQJ �)LJXUH ������ 7KLV ILQGLQJ LV

LQ OLQH ZLWK WKH QXPHURXV VSOLFLQJ IDFWRUV OLQNHG WR WKH 521 VSOLFLQJ UHJXODWRU\ QHWZRUN�

VKRZQ E\ WKH 3DSDVDLNDV HW DO� ������ VWXG\�

)LQDOO\� LQ RUGHU WR LGHQWLI\ QRYHO UHJXODWRUV RI 521 VSOLFLQJ WKDW ZHUH QRW FRQVLGHUHG LQ

WKH 5%3 .' VFUHHQ �3DSDVDLNDV HW DO�� ������ LQ�YLYR 5%3 H[SUHVVLRQ DQG 521 VSOLFLQJ ZDV

DQDO\VHG IURP 7&*$ WXPRXU GDWDVHWV� 7KH DVVRFLDWLRQ EHWZHHQ 5%3 H[SUHVVLRQ OHYHOV

DQG 521 $( 36, ZDV REVHUYHG IRU PDQ\ QXPHURXV 5%3V� ZLWK +1513+� HPHUJLQJ DV

WKH VWURQJHVW VSOLFLQJ GHWHUPLQDQW LQ�YLYR �)LJXUH ������ ,Q VXPPDU\� ZH ILQG WKDW D ODUJH

QXPEHU RI WUDQV�DFWLQJ IDFWRUV UHJXODWH 521 VSOLFLQJ� VLJQLI\LQJ D VSOLFLQJ UHJXODWRU\ QHW�

ZRUN RI 521 FRPSRVHG RI PDQ\ IDFWRUV� DPRQJ ZKLFK +1513+ VXJJHVWLQJ WKDW 521

VSOLFLQJ UHJXODWLRQ LV FRPSOH[ DQG FRPSRVHG RI D QHWZRUN RI VSOLFLQJ IDFWRUV LQVWHDG RI

VLPSOHU� XQLW LQWHUDFWLRQV EHWZHHQ FLV�UHJXODWRU\ HOHPHQWV DQG LQGLYLGXDO WUDQV�DFWLQJ IDF�

WRUV� ,Q DGGLWLRQ� FRPELQLQJ VHYHUDO DSSURDFKHV IRU WKH LGHQWLILFDWLRQ RI SXWDWLYH VSOLFLQJ
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UHJXODWRUV UHVXOWV LQ FDQGLGDWH 5%3V WKDW VWLOO UHTXLUH GRZQVWUHDP YDOLGDWLRQ�

�oor;u-ঞ�; u;]�Ѵ-ঞom bm !�� vrѴb1bm] bv l;7b-|;7 0� ��!���

$ SUHYLRXV VWXG\ E\ 'RPLQJXH] HW DO� ������ VKRZHG WKDW +1513+ SUH�P51$ WDUJHWV

KDUERXU PXOWLSOH *�WUDFW ELQGLQJ VLWHV� ,Q OLQH ZLWK WKLV ILQGLQJ� ZH FRQILUP WKDW +1�

513+ ELQGV DW PXOWLSOH *�UXQV �65%6� DQG H[WHQGLQJ RU VKRUWHQLQJ *�UXQV FDQ DIIHFW

521 VSOLFLQJ �)LJXUH ������ ,Q DGGLWLRQ� ZH VHH WKDW PXWDWLQJ LQGLYLGXDO ELQGLQJ VLWHV RI

+1513+ FDQ UHFDSLWXODWH WKH IXOO HIIHFW RI +1513+ .' LQ WHUPV RI DOWHULQJ $( LQFOX�

VLRQ� L&/,3 H[SHULPHQWV VKRZHG WKDW LQGLYLGXDO SRLQW PXWDWLRQV DORQH DUH SRWHQW HQRXJK

WR DOWHU +1513+ ELQGLQJ LQ WKH FOXVWHU �� DQG VPDOO FKDQJHV LQ +1513+ FRQFHQWUDWLRQ

OHG WR GUDVWLF $( LQFOXVLRQ FKDQJHV� ,Q WXPRXUV� 521 H[RQ �� LQFOXVLRQ VKRZV D SDUWLFX�

ODUO\ VWHHS FRUUHODWLRQ ZLWK+1513+� H[SUHVVLRQ OHYHOV� ,Q VXPPDU\� WKHVH UHVXOWV SRLQW

WR WKH H[WHQVLYH UHJXODWLRQ RI 521 VSOLFLQJ PHGLDWHG E\ +1531+� ,Q IDFW� ZH VKRZ WKDW

+1513+ H[KLELWV D FRRSHUDWLYH PRGHO RI VSOLFLQJ UHJXODWLRQ LQ 521� 7KH FRRSHUDWLYH

EHKDYLRXU RI +1513+ LV DWWULEXWHG WR WKH VWUXFWXUDO XQGHUSLQQLQJV RI WKH SURFHVV DV GH�

WDLOHG LQ WKLV VHFWLRQ�

$ FRPPRQ IHDWXUH DPRQJ VSOLFLQJ IDFWRUV LV WKDW WKH\ ELQG DV PXOWLPHUV� )RU LQVWDQFH�

WKH SRO\S\ULPLGLQH WUDFW�ELQGLQJ SURWHLQ �37% RU +1513,� ELQGV WR D ORQJ VWUHWFK RI

SRO\S\ULPLGLQH WUDFWV LQPXOWLPHUV �&OHUWH HW DO�� ������ 7KLV SUHIHUHQFH LV DWWULEXWHG WR WKH

PRGXODULW\ RI VWUXFWXUDO IHDWXUHV RI WKHVH SURWHLQV� DV WKH\ SRVVHVV PXOWLSOH 550V ZKLFK

KDYH ERWK SURWHLQ�SURWHLQ DQG 51$�SURWHLQ ELQGLQJ DIILQLWLHV LQ DGGLWLRQ WR LQWHUDFWLRQV

ZLWK RWKHU 550V �&OpU\ HW DO�� ������ ,QGHHG� RWKHU +1513 SURWHLQV WRR IRUP PXOWLPHULF

DVVHPEOLHV DQG ELQG DORQJ WKH SUH�P51$ �&DVDV�)LQHW HW DO�� ����� %HGDUG HW DO�� ����� DW

PXOWLSOH ORFDWLRQV YLD T550V �'RPLQJXH] HW DO�� ������ 6WULNLQJO\� VXFK DQ DVVHPEO\ LV

DWWULEXWHG WR ROLJRPHULVDWLRQ RI WKH LQKHUHQW *<�ULFK VWUXFWXUDO GRPDLQV RI +1513 SUR�

WHLQV �$NHUPDQ HW DO�� ����� *XHURXVVRY HW DO�� ������ 0RUHRYHU� 9DQ 'XVHQ HW DO� ������
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VKRZHG WKDW WKH JO\FLQH�W\URVLQH �*<��ULFK GRPDLQV DUH LPSRUWDQW IRU ROLJRPHULVDWLRQ

RI +1513+ DQG LQ WXUQ� PHGLDWH FRRSHUDWLYLW\� ILQDOO\ UHVXOWLQJ LQ QXFOHRF\WRSODVPLF

VKXWWOLQJ� $V D FRQVHTXHQFH� WKH FRRSHUDWLYH LQWHUDFWLRQV RI +1513+ DIIHFW WKH VSOLFLQJ

UHJXODWLRQ RI WKH WDUJHW SUH�P51$V �*XHURXVVRY HW DO�� ����� LQ OLQH ZLWK VLPLODU FRRS�

HUDWLYH EHKDYLRXU H[KLELWHG E\ RWKHU VSOLFLQJ UHODWHG SURWHLQV� VXFK DV 6)� DQG 8�$)��

�%HUJOXQG HW DO�� ����� &RULRQL HW DO�� ������

)XUWKHUPRUH LQ WKLV VWXG\� ZH ILQG WKDW WKH FRRSHUDWLYH UHJXODWLRQ RI521 VSOLFLQJ HQDEOHV

D VZLWFK�OLNH VSOLFLQJ UHVSRQVH� $SDUW IURP DEQRUPDO GLVHDVH VWDWHV� WKH VZLWFK UHVSRQVH

PLJKW SURYH EHQHILFLDO XQGHU QRUPDO SK\VLRORJLFDO VWDWHV WKDW UHTXLUH D VZLWFK EHWZHHQ

WZR VWDWHV� $ SRVVLEOH VFHQDULR WKDW H[SODLQV WKLV� ZRXOG EH DV D VZLWFK GXULQJ KXPDQ

HPEU\RQLF GHYHORSPHQW� ZKHUH D VZLWFK RFFXUV EHWZHHQ LQLWLDO UDSLG FHOO SUROLIHUDWLRQ

��WK ZHHN SRVW�IHUWLOLVDWLRQ� WR ODWHU RUJDQ GHYHORSPHQW ��WK ZHHN SRVW�IHUWLOLVDWLRQ� �<L HW

DO�� ������ ,Q IDFW� +1513+� UDQNV DPRQJ WKH WRS ��� RI WKH JHQHV WKDW DUH GLIIHUHQWLDOO\

UHJXODWHG LQ WKLV GHYHORSPHQW VZLWFK �<L HW DO�� ����� ZKLFK VLJQLILHV LQFUHDVHG 521 $(

LQFOXVLRQ DQG ORZHU 521Ј��� OHYHOV DQG LQ WXUQ� UHGXFHG FHOO SUROLIHUDWLRQ DQG DFWLYDWLRQ

RI PLJUDWRU\ SDWKZD\V� ,Q VXPPDU\� +1513+ JHQH H[SUHVVLRQ FKDQJHV ZKLFK OHDG WR

WKH VZLWFK�OLNH VSOLFLQJ RI 521� PD\ HQDEOH WKH SUHFLVH PRGXODWLRQ RI WKH SUROLIHUDWLRQ

DQG PLJUDWLRQ DFWLYLW\ RI FHOOV GXULQJ HPEU\RJHQHVLV�

�u;Ŋl!�� v|u�1|�u-Ѵ 1om|;�| -@;1|v !�� vrѴb1bm] u;]�Ѵ-ঞom

0DQ\ VWXGLHV KDYH GHWDLOHG RQ KRZ51$ VWUXFWXUHV FDQ DIIHFW VSOLFLQJ� ,Q RQH VXFK VWXG\�

WKH VSOLFLQJ DFWLYLW\ RI 5%3 0%1/ ZDV VKRZQ WR EH GHSHQGHQW RQ WKH VWUXFWXUDO FRQWH[W

L�H WKH VSOLFLQJ RXWFRPH ZDV GHSHQGHQW RQ WKH DUUDQJHPHQW DQG QXPEHU RI ELQGLQJ VLWHV

RI 5%3 ZLWKLQ XQVWUXFWXUHG 51$ �7D\ORU HW DO�� ������ 6LPLODUO\� LW ZDV VKRZQ WKDW WKH

VWUXFWXUDO FRQWH[W LQ WKH WDUJHW SUH�P51$ ZDV FUXFLDO IRU +1513+�PHGLDWHG VSOLFLQJ

�-DEORQVNL HW DO�� ������
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:KLOH VWUXFWXUDO VWXGLHV DUH RXWVLGH WKH SXUYLHZ RI WKH SURMHFW� WKH HIIHFWV RI *�TXDGUXSOH[

IRUPLQJ VHTXHQFHV FRXOG VWLOO EH H[SORUHG �)LJXUH ���� $�� 6SOLFLQJ�HIIHFWLYH PXWDWLRQV

LQ WKH *�UXQV GLVUXSW RU HQKDQFH WKH SURSHQVLW\ RI *�TXDGUXSOH[ IRUPDWLRQV DQG WKXV

DIIHFW VSOLFLQJ UHJXODWLRQ RI 521 �)LJXUH ���� $� )LJXUH ����� $OWKRXJK� WKHUH LV XQFHU�

WDLQW\ DERXW WKH IRUPDWLRQ RI *�TXDGUXSOH[HV �*XR HW DO�� ������ PDQ\ VWXGLHV LPSOLFDWH

WKHVH VWUXFWXUDO HOHPHQWV LQ UHJXODWLQJ VSOLFLQJ UHJXODWLRQ� )RU LQVWDQFH� D *�TXDGUXSOH[

VWUXFWXUH LQ VWHP�ORRS VWUXFWXUH ZLWKLQ +�5DV SUH�P51$ ZDV VKRZQ WR UHJXODWH VSOLF�

LQJ WKURXJK LQWHUDFWLRQV ZLWK +1513+ �&DPDWV HW DO�� ������ $FFRUGLQJO\� D PXOWLPHULF

DVVHPEO\ DQG FRRSHUDWLYH UHJXODWLRQ RI+1513+PLJKW DOORZ UHPRGHOOLQJ RI 51$ VWUXF�

WXUDO IHDWXUHV� LQFOXGLQJ *�TXDGUXSOH[HV� WR PDLQWDLQ WKHP LQ VLQJOH�VWUDQGHG FRQIRUPD�

WLRQ� ,Q WKH FXUUHQW VWXG\ RI 521 H[RQ �� $6 UHJXODWLRQ� WKLV PLJKW VXJJHVW D GXDO�VWDWH

VZLWFKLQJ PRGHO RI VSOLFLQJ UHJXODWLRQ ZKHUH WKH PRGH RI UHJXODWLRQ VKLIWV EHWZHHQ DQ

RSHQ DQG D FORVHG VWDWH� $ UHOD[HG DQG RSHQ FRQIRUPDWLRQ PHGLDWHG E\ DQ +1513+

DVVHPEO\ PLJKW DOORZ WKH VHTXHVWHULQJ RI *�UXQV DQG WKXV KLQGHU WKH IRUPDWLRQ RI WKH

*�TXDGUXSOH[� ,Q FRQWUDVW� LQ D UHOHDVHG VWDWH RU XQGHU ORZ +1513+ FRQFHQWUDWLRQ� WKH

*�UXQV PD\ UHDGLO\ IROG LQWR *�TXDGUXSOH[HV WKXV H[SODLQLQJ WKH REVHUYHG VZLWFK�OLNH

VSOLFLQJ UHVSRQVH XSRQ DOWHUHG +1513+ OHYHOV �)LJXUH ������

+RZHYHU� LW LV VWLOO XQFOHDU LI +1513+PDLQWDLQV *�TXDGUXSOH[�IRUPLQJ 51$ LQ VLQJOH�

VWUDQGHG FRQIRUPDWLRQ RU ELQGV WR SUH�IRUPHG *�TXDGUXSOH[ VWUXFWXUHV� 3UHYLRXV VWXGLHV

LQ WKLV UHJDUG KDYH DWWULEXWHG ERWK WKH DIRUHPHQWLRQHG DVSHFWV RI +1513+ ELQGLQJ WR

*�TXDGUXSOH[HV� ,Q GHWDLO� &RQORQ HW DO� ������ VKRZHG WKDW *�TXDGUXSOH[ VWUXFWXUHV DUH

ERXQG DQG KHOG WRJHWKHU E\ +1513+� ZKHUH DV YRQ +DFKW HW DO� ������ SURSRVHG WKDW

+1513+ ELQGV DQG GLVVROYHV *�TXDGUXSOH[HV �+DFKW HW DO�� ����� &RQORQ HW DO�� ������

7KLV VXJJHVWV WKDW VSOLFLQJ UHJXODWLRQ E\ *�TXDGUXSOH[HV PD\ DFW LQ D FRQWH[W�GHSHQGHQW

PDQQHU DQG LWV DFWLRQ PD\ GLIIHU LQ LQGLYLGXDO WDUJHWV� ,Q SDUWLFXODU� LW ZDV VKRZQ WKDW

*�TXDGUXSOH[�UHVROYLQJ KHOLFDVH '+;�� XQZLQGV*�TXDGUXSOH[HV WR DOORZ DFFHVV RI +1�

513+�) DQG WKDW '';� DQG'';�� LQWHUDFW ZLWK+1513+�) DW *�TXDGUXSOH[�IRUPLQJ
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VLWHV WR PHGLDWH VSOLFLQJ UHJXODWLRQ �'DUGHQQH HW DO�� ����� 1HZPDQ HW DO�� ������ 7KHUH�

IRUH� GLIIHUHQW PRGHV RI UHJXODWLRQ VHHP WR EH WDUJHW�GHSHQGHQW DQG LQFUHDVLQJ HYLGHQFH

KLJKOLJKWV WKH LPSRUWDQFH RI *�TXDGUXSOH[HV DQG DVVRFLDWHG *�TXDGUXSOH[�UHVROYLQJ KH�

OLFDVHV LQ +1513+�PHGLDWHG VSOLFLQJ UHJXODWLRQ�

7DNHQ WRJHWKHU� FRRSHUDWLYLW\ FRXOG EH DFKLHYHG WKURXJK +1513+ DVVHPEOLHV RQ 521

H[RQ ��� ,Q IDFW� *�TXDGUXSOH[ VWUXFWXUHV PLJKW EH LQYROYHG LQ WKH FRQWURO RI 521 VSOLF�

LQJ DQG WKHLU LQWHUSOD\ ZLWK +1513+ DVVHPEOLHV PLJKW FDXVH WKH VZLWFK�OLNH VSOLFLQJ�

EXW IXUWKHU VWXGLHV DUH UHTXLUHG LQ WKLV UHJDUG� )XUWKHUPRUH� RXU GDWD PLJKW KHOS H[WHQG

VWXGLHV RQ GHGXFLQJ WKH UROH RI *�TXDGUXSOH[HV� IRU LQVWDQFH� LQ WKH UHFHQWO\ GHYHORSHG

KLJK�WKURXJKSXW VFUHHQV WR XQUDYHO UROH RI *�TXDGUXSOH[HV LQ JHQH UHJXODWLRQ DQG (07

�=KDQJ HW DO�� ������

�Ѵbmb1-Ѵ -m7 r_�vboѴo]b1-Ѵ 1omv;t�;m1;v o= vrѴb1bm]Ŋ;@;1ঞ�; l�|-Ŋ

ঞomv

$OWHUQDWLYH VSOLFLQJ RI WKH 521 UHFHSWRU NLQDVH SOD\V DQ DFWLYH UROH LQ FDQFHUV RI WKH

EUHDVW� SDQFUHDV� OXQJ DQG FRORQ �*KLJQD HW DO�� ����� 0D\HU HW DO�� ����� &KDNHGLV HW DO��

������ $PRQJ WKH GLIIHUHQW 521 LVRIRUPV SURGXFHG DEHUUDQWO\ LQ FDQFHU� WKH LVRIRUP

IRUPHG E\ WKH VNLSSLQJ RI WKH 521 DOWHUQDWLYH H[RQ �� ¶521Ј���·� SURPRWHV WXPRXU

IRUPDWLRQ E\ DEHUUDQW 521 DFWLYDWLRQ �&KDNHGLV HW DO�� ������ ,Q IDFW� 521Ј��� LV FRQVLV�

WHQWO\ XSUHJXODWHG LQ PHWDVWDWLF FDQFHU� DQG FRQWULEXWHV WR WXPRXU LQYDVLYHQHVV E\ SUR�

PRWLQJ HSLWKHOLDO�WR�PHVHQFK\PDO WUDQVLWLRQ �&ROOHVL HW DO�� ����� =KRX HW DO�� ����� :DQJ

HW DO�� ����� *KLJQD HW DO�� ����� 0D\HU HW DO�� ������ +HQFH� WDUJHWWLQJ WKH GHIHFWLYH VSOLF�

LQJ PHFKDQLVPV RI 521 VLJQDOOLQJ� LQYROYH HLWKHU DQWLERG\�GUXJ FRQMXJDWHV �$'&V� OLNH

=W�JU�'0� DQG +�=W�J��00$( ZKLFK KDYH EHHQ VKRZQ WR HUDGLFDWH WXPRXUV LQ�YLYR

E\ LQGXFLQJ 521 LQWHUQDOLVDWLRQ �<DR HW DO�� ����� ����� /L HW DO�� ����� RU LQYROYH WKHU�

DSHXWLF DQWLERGLHV �P$%V� WKDW ELQG WR 521 UHFHSWRUV DQG EORFN 063�521 VLJQDOOLQJ
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SDWKZD\V �DQWLERG\ 521�� 1DUQDWXPDE� ,P&ORQH� 2·7RROH HW DO� �������� $OWKRXJK�

WKH SURFHVV RI 521�DQWLERG\ ELQGLQJ GRHV DIIHFW 063�521 VLJQDOOLQJ� FRQVWLWXWLYH DF�

WLYDWLRQ RI 521Ј��� LV QRW DIIHFWHG DV LW LV OLJDQG LQGHSHQGHQW DQG WXPRXUV H[SUHVVLQJ

WKLV LVRIRUP FDQ HVFDSH VXFK WKHUDSLHV �&KDNHGLV HW DO�� ������ 7KHUHIRUH� PRUH LQIRUPD�

WLRQ RQ WKH VSOLFLQJ LPSDFW RI PXWDWLRQV RQ 521Ј��� SDWKRJHQLF LVRIRUP LV UHTXLUHG WR

DGYDQFH SHUVRQDOLVHG WKHUDS\� +HQFH� IRU IXUWKHU GLUHFWLRQV RQ WDUJHWWHG WKHUDS\� RQH

PLJKW UHTXLUH FRPSOHWH NQRZOHGJH RI WKH FLV�UHJXODWRU\ HOHPHQWV� )RU LQVWDQFH� WKH VHW RI

VSOLFLQJ�HIIHFWLYH PXWDWLRQV LQ SDWLHQWV� ,Q WKLV UHJDUG� WKH VFUHHQ LGHQWLILHG D VHW RI a�����

PXWDWLRQV RI ZKLFK ��� DQG ���� VLJQLILFDQWO\ DIIHFWHG VSOLFLQJ LQ +(.���7 DQG 0&)�

FHOOV� UHVSHFWLYHO\ �UHIHU )LJXUH ��� DQG )LJXUH ��� �� ,Q FRPSDULVRQ WR SUHYLRXV OLPLWHG

WDUJHWWHG DSSURDFKHV RU FRPSXWDWLRQDO SUHGLFWLRQV� WKH PXWDJHQHVLV VFUHHQ UHVXOWHG LQ

SUHFLVH PHDVXUHPHQWV LQ WHUPV RI VSOLFLQJ TXDQWLILFDWLRQV� $ TXDQWLWDWLYH PHDVXUH IURP

WKH VFUHHQLQJ GDWD OLNH $( VNLSSLQJ RU LQFOXVLRQ� UHSUHVHQWLQJ WKH VSOLFLQJ RXWFRPH RIPX�

WDWLRQV FDQ DOVR EH XVHG WR GHWHUPLQH SDWKRJHQLFLW\ LQ FDQFHUV DV WKH VFUHHQLQJ FDSWXUHV

LQ�YLYR VSOLFLQJ HIIHFWV �)LJXUH ����� UHIHU )LJXUH ����� ,PSRUWDQWO\� WKH PXWDWLRQ HIIHFWV LQ

WKH VFUHHQLQJ DSSURDFK DUH UHIOHFWHG LQ FDQFHU SDWLHQWV KDUERXULQJ WKH VDPHPXWDWLRQV� ,Q

GHWDLO� WZR VSOLFLQJ�HIIHFWLYH PXWDWLRQV ¶*���$· DQG ¶*���7· ZHUH REVHUYHG WR EH SUHVHQW

LQ WXPRXU SDWLHQWV ZLWK LQFUHDVHG $( VNLSSLQJ OHYHOV RI ��� DQG ��� RQ DYHUDJH� UHVSHF�

WLYHO\� 7KH VDPH PXWDWLRQV VKRZHG ��� DQG ��� LQFUHDVHG $( VNLSSLQJ OHYHOV LQ WKH

VFUHHQLQJ GDWD� UHVSHFWLYHO\� ,W LV HYLGHQW WKDW ¶*���$· EHLQJ D VSOLFH VLWH PXWDWLRQ� VKRZV

D VWURQJ LPSDFW RQ $( VNLSSLQJ� ,Q FRQWUDVW� WKH PXWDWLRQ ¶*���7· LV D QRQ�V\QRQ\PRXV

PXWDWLRQ DQG IRUPV D SUHPDWXUH WHUPLQDWLRQ FRGRQ �37&�� 37&�FRQWDLQLQJ P51$V DUH

GHJUDGHG HDUO\ RQ WKURXJK WKH QRQVHQVH�PHGLDWHG P51$ GHFD\ �1LFKROVRQ HW DO�� ������

$V D FRQVHTXHQFH RI ZKLFK� WKH DOWHUQDWLYH H[RQ LV QRW LQFOXGHG LQ WKH PDWXUH P51$ DQG

$( VNLSSLQJ LVRIRUPV DUH PRUH DEXQGDQW� 7KHVH UHVXOWV IURP WKH VFUHHQ GLUHFW WR XV WR

D QHZ LQYHUWHG UROH RI WKH PXWDWLRQ ZKHUH E\ WKH SK\VLRORJLFDO FRQVHTXHQFHV DUH WKHP�

VHOYHV DOWHUHG� 7KXV� LQVWHDG RI IRUPLQJ D OHVV IXQFWLRQDO UHFHSWRU� LQFUHDVHG 521Ј���

OHYHOV DUH REVHUYHG� OHDGLQJ WR FRQVWLWXWLYH UHFHSWRU DFWLYDWLRQ DV VKRZQ LQ SUHYLRXV VWXG�
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LHV �&ROOHVL HW DO�� ����� =KRX HW DO�� ������

8QGHU QRUPDO SK\VLRORJLFDO FRQGLWLRQV� 521 VLJQDOOLQJ UHJXODWHV LQIODPPDWRU\ LPPXQH

UHVSRQVH DQG ZRXQG KHDOLQJ LQ KXPDQV �<DR HW DO�� ����� )DKDP HW DO�� ������ 0RUHRYHU�

521 P51$ LV ORZO\ WUDQVFULEHG LQ PDQ\ HSLWKHOLDO FHOOV �*DXGLQR HW DO�� ����� ����� UH�

IHU LQWURGXFWLRQ�� &RQVHTXHQWO\� WKH UHDG FRYHUDJH IRU 521 H[SUHVVLRQ SURILOHV LQ SXE�

OLFO\ DYDLODEOH JHQRPH�ZLGH VHTXHQFLQJ GDWD LV ORZ RU ]HUR �*7(;� &DULWKHUV HW DO�� �����

'H/XFD HW DO�� ����� LQ DFFRUGDQFHZLWK LWV ORZ H[SUHVVLRQ OHYHOV �:DQJ HW DO�� ������ 7KHUH�

IRUH� DOWHUQDWLYH DSSURDFKHV DUH QHFHVVLWDWHG LQ RUGHU WR DVVHVV WKH UROH RIPXWDWLRQVZLWKLQ

521� ,Q WKLV UHJDUG� WKH PXWDJHQHVLV VFUHHQLQJ DSSURDFK SURYLGHV TXDQWLWDWLYH VSOLFLQJ

GDWD IRU PXWDWLRQV DIIHFWLQJ 521 VSOLFLQJ� 7DNHQ WRJHWKHU� WKH SRWHQWLDO UHVXOWV IURP WKH

VFUHHQLQJ DSSURDFK ZLOO EH KHOSIXO LQ WUDLQLQJ LQ�VLOLFR VSOLFLQJ SUHGLFWLRQ DOJRULWKPV LQ

WKH IXWXUH DQG WKHUHE\� DVVLVW LQ FOLQLFDO GLDJQRVLV RI SRWHQWLDO KDUPIXO PXWDWLRQV�

"b]mbC1-m1; o= bm|uomb1 -m7 v�mom�lo�v l�|-ঞomv bm 7bv;-v;

,QWURQLF PXWDWLRQV� LQFOXGLQJ FU\SWLF VSOLFH PXWDWLRQV� KDYH EHHQ UHFHQWO\ LPSOLFDWHG LQ

VHYHUDO FDQFHUV �6XSHN HW DO�� ����� -XQJ HW DO�� ������ ,Q RXU VWXG\� LQWURQLF VSOLFLQJ�

HIIHFWLYH SRVLWLRQV� HYHQ WKRVH ZLWK RQO\ D �� FKDQJH LQ LVRIRUP IUHTXHQF\� VKRZHG DQ

LQFUHDVHG HYROXWLRQDU\ FRQVHUYDWLRQ FRPSDUHG WR QRQ�HIIHFWLYH SRVLWLRQV LQ 0&)� FHOOV

�)LJXUH ������ 6WURQJ HYROXWLRQDU\ FRQVHUYDWLRQ LQ WKH LQWURQLF VSOLFLQJ�HIIHFWLYH SRVLWLRQV

FRXOG VLJQLI\ WKHLU UHOHYDQFH LQ PHGLDWLQJ VSOLFLQJ GHUHJXODWLRQ LQ FDQFHU� 0RUHRYHU� HI�

IHFWV RI VSOLFLQJ�HIIHFWLYH PXWDWLRQV IURP WKH VFUHHQLQJ DSSURDFK UHFDSLWXODWHV VWURQJ LQ�

YLYR VSOLFLQJ HIIHFWV LQ FDQFHUV �)LJXUH ������

,Q DGGLWLRQ� ZH VDZ WKDW VSOLFLQJ�HIIHFWLYH PXWDWLRQV GLVWULEXWH LQ SURSRUWLRQ DPRQJ WKH

V\QRQ\PRXV DQG QRQ�V\QRQ\PRXV PXWDWLRQV �7DEOH ����� LPSO\LQJ WKH HTXDOO\ SRWHQW

GHOHWHULRXV UROH RI V\QRQ\PRXV PXWDWLRQV� +RZHYHU� V\QRQ\PRXV PXWDWLRQV ZHUH SUH�

YLRXVO\ FRQVLGHUHG DV VLOHQW PXWDWLRQV �*UHHQPDQ HW DO�� ����� DQG KDYH EHHQ OLPLWHG WR
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IHZHU VWXGLHV �*RWHD HW DO�� ������ 7KH UROH RI HYROXWLRQDU\ SUHVVXUHV RQ VHOHFWLQJ V\QRQ\�

PRXV YDULDQWV KDYH EHHQ REVHUYHG ERWK LQ QRUPDO �6DYLVDDU HW DO�� ����� DQG FDQFHU FHOOV

�*DUWQHU HW DO�� ����� 6XSHN HW DO�� ������ ,Q OLQH ZLWK WKLV ILQGLQJ� ZH LGHQWLI\ VHYHUDO V\Q�

RQ\PRXV PXWDWLRQV SUHVHQW LQ FDQFHU SDWLHQWV ZLWK D SRVVLEOH GHOHWHULRXV VSOLFH�DOWHULQJ

UROH �)LJXUH ������

7KHVH PXWDWLRQV GR QRW DOWHU WKH HQFRGHG SURWHLQ FRQWHQW� EXW GLVUXSW IXQFWLRQ WKURXJK

DOWHUQDWLYH VSOLFLQJ E\ LQYHUWLQJ WKHLU IXQFWLRQDO RU FRGLQJ UROH� 6XFK PXWDWLRQV PLJKW

SURYH KHOSIXO LQ SRWHQWLDO IXQFWLRQDO YDULDQW UHFODVVLILFDWLRQ HIIRUWV �&XPPLQJV HW DO��

������ $GGLWLRQDOO\� V\QRQ\PRXV PXWDWLRQV KDYH EHHQ SUHYLRXVO\ LPSOLFDWHG LQ DOWHULQJ

+1513+� ELQGLQJ VLWHV LQ RQFRJHQHV� WKXV OHDGLQJ WR WXPRXU SURJUHVVLRQ �6XSHN HW DO��

������ ,Q RXU VWXG\� H[RQLF PXWDWLRQV DW WKH $( FOXVWHU �FOXVWHU �� 65%6 ������� GHVWUR\HG

+1513+ ELQGLQJ VLWHV DQG OHG WR GHFUHDVHG $( VNLSSLQJ �)LJXUH ������ +RZHYHU�

LQWURQLF PXWDWLRQV DOWHULQJ +1513+ ELQGLQJ VLWHV� SDUWLFXODUO\ LQ 65%6 FOXVWHU � DQG ��

SURPRWHG LQFUHDVHG OHYHOV RI WKH SDWKRJHQLF $( VNLSSLQJ LVRIRUP� LQ FRQWUDVW WR UHGXFHG

$( VNLSSLQJ RQ D V\VWHP�ZLGH VFDOH XSRQ +1513+ .' �)LJXUH ������ +HQFH V\QRQ\�

PRXV PXWDWLRQV FDQ DOWHU +1513+ ELQGLQJ� WKXV FDXVLQJ D GHUHJXODWLRQ RI DOWHUQDWLYH

VSOLFLQJ� ,Q VXPPDU\� WKH VFUHHQLQJ DSSURDFK XQGHUVFRUHV WKH IXQFWLRQDO UHOHYDQFH

RI VSOLFLQJ�HIIHFWLYH PXWDWLRQV DQG SRVLWLRQV HLWKHU LQWURQLF RU�DQG V\QRQ\PRXV WKDW

DIIHFW VSOLFLQJ LQ FDQFHUV� ,Q SDUWLFXODU� LQWURQLF PXWDWLRQV WKDW FDXVH FU\SWLF VSOLFH VLWH

DFWLYDWLRQV LQ GLVHDVH FRXOG KHOS LGHQWLI\ XQFODVVLILHG YDULDQWV �)LQGOD\ HW DO�� ����� DQG

SRWHQWLDOO\ EHQHILW SDWLHQWV ZLWK VHYHUH JHQHWLF GLVRUGHUV �%DR HW DO�� ������

$;1_mb1-Ѵ Ѵblb|-ঞomv o= o|_;u v|�7b;v

0DQ\ SUHYLRXV PXWDJHQHVLV DSSURDFKHV ZHUH IRXQG ODFNLQJ EHFDXVH RI WHFKQRORJ\ GUDZ�

EDFNV DW WKH WLPH RI VWXG\� VXFK DV OLPLWDWLRQ LQ ROLJRQXFOHRWLGH V\QWKHVLV WHFKQRORJ\

�6RHPHGL HW DO�� ������ ZKLFK OHG WR WKH VWXG\ RI PXWDWLRQ HIIHFWV LQ VKRUW H[RQV �����
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QW LQ OHQJWK�� 5HFHQW PXWDJHQHVLV VWXGLHV KDYH H[DPLQHG WKH UHJXODWRU\ UROH RI 51$

VHTXHQFHV LQ D GHWDLOHG PDQQHU �0XHOOHU HW DO�� ����� -XOLHQ HW DO�� ����� .H HW DO�� ������

+RZHYHU� WKHVH DSSURDFKHV ZHUH OLPLWHG E\ RQO\ WDUJHWWLQJ PXWDWLRQV LQ D VKRUW V\QWKHWLF

VSDFHU UHJLRQ RU H[RQV DORQH� $GGLWLRQDOO\� FRPSXWDWLRQDO PRGHOV WKDW SUHGLFW DOWHUQDWLYH

VSOLFLQJ RXWFRPHV IURP VHTXHQFHV H[LVW� IRU LQVWDQFH� SHUFHQW VSOLFHG�LQ �36,� SUHGLFWLRQV

LQ 63,'(; �63$15 WRRO� �;LRQJ HW DO�� ������ +RZHYHU� SUHGLFWLYH PRGHOV PD\ QRW EH

VSHFLILF WR WLVVXH�W\SHV� ZKHUH DV VSOLFLQJ LV LQGHHG WLVVXH�VSHFLILF DQG UHTXLUHV PLQLJHQH

H[SHULPHQWDO GDWD WR UXQ YDOLGDWLRQ VWXGLHV �&KHQJ HW DO�� ������ +HQFH� LQ�YLYR VSOLFLQJ

HIIHFWV� GHULYHG IURP WKH VFUHHQLQJ DSSURDFK� FDQ EH XVHIXO LQ XSGDWLQJ DQG YDOLGDWLQJ

LQ�VLOLFR EDVHG SUHGLFWLYH PRGHOV �%DUDOOH HW DO�� ������ %HVLGHV� VSOLFLQJ LV VKRZQ WR EH H[�

WHQVLYHO\ UHJXODWHG E\ QXPHURXV FLV�UHJXODWRU\ HOHPHQWV DQG ERWK VSOLFH�HQKDQFLQJ DQG

�VLOHQFLQJ VHTXHQFHV IUHTXHQWO\ RYHUODS� 7KLV SUHVHQWV D FKDOOHQJH DV WR KRZ VSOLFLQJ UHJ�

XODWLRQ LV RUJDQLVHG DQG RIIHUV DQ H[SODQDWLRQ RQ WKH GLIILFXOW\ RI SUHGLFWLQJ PXWDWLRQ

HIIHFWV �*URGHFNi HW DO�� ������ ,Q FRPSDULVRQ WR DOO WKHVH VWXGLHV� RXU VWXG\ HQDEOHG D

V\VWHPDWLF TXDQWLILFDWLRQ RI PXWDWLRQ HIIHFWV LQ LQWURQLF SRVLWLRQV DQG VKRZHG WKDW LQ DG�

GLWLRQ WR H[RQV� D ODUJH QXPEHU RI SRVLWLRQV ZLWKLQ WKH LQWURQV RI WKH 521 PLQLJHQH PH�

GLDWH VSOLFLQJ UHJXODWLRQ� 7KH DYHUDJH KXPDQ LQWURQV DUH ��� NE ORQJ �/DQGHU HW DO�� ������

,Q FRQWUDVW� WKH LQWURQV IODQNLQJ WKH $( RI WKH 521 PLQLJHQH DUH PXFK VPDOOHU LQ VL]H

�a�� ES�� 7KLV LQ WXUQ� HQDEOHV D FRPSDFW DUUDQJHPHQW RI VSOLFLQJ UHJXODWLRQ VLJQDOV LQ WKH

DW\SLFDOO\ VKRUW LQWURQV� 7KXV� UHVXOWV IURP WKH VFUHHQ VWLOO H[WHQG WR RWKHU PRGHOV DOEHLW

ZLWK VKRUW UDQJH LQWHUDFWLRQV EHWZHHQ WKH VSOLFLQJ VLJQDOV�

2II�ODWH� LQWURQLF UHJLRQV DUH RI VSHFLDO LQWHUHVW DV FU\SWLF VSOLFH PXWDWLRQV DUH LQYROYHG

LQ FDQFHU �6XSHN HW DO�� ����� -XQJ HW DO�� ����� DQG WKH UROH RI QHZ FU\SWLF VSOLFH VLWHV LQ

GLVHDVH UHPDLQ OHVV XQGHUVWRRG� +RZHYHU� FOLQLFDO VHTXHQFLQJ KDV IRFXVHG RQ UDUH FRGLQJ

PXWDWLRQV� ODUJHO\ GLVUHJDUGLQJ YDULDWLRQ LQ WKH QRQ�FRGLQJ JHQRPH GXH WR WKH GLIILFXOW\

RI LQWHUSUHWDWLRQ �-DJDQDWKDQ HW DO�� ������ 7KXV� LQ�VLOLFR SUHGLFWLRQ WRROV VR IDU KDYH QRW

EHHQ ULJRURXV HQRXJK WRZDUUDQW D FOLQLFDO GLDJQRVWLF VWDQGDUG DQG LQVWHDG FRPSDFWPXWD�
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JHQHVLV VWXGLHV DUH UHTXLUHG WR EHWWHU XQGHUVWDQG VSOLFLQJ UHJXODWLRQ �%DUDOOH HW DO�� ������

$OWKRXJK QHZHU DSSURDFKHV LQYROYLQJ GHHS OHDUQLQJ KDYH OHG WR SURPLVLQJ GLVFRYHULHV�

WKH\ VWLOO SUHVHQW SRWHQWLDO SUREOHPV� -DJDQDWKDQ HW DO� ������ VKRZHG WKDW� ZKLOH GHHS

OHDUQLQJ FDQ DXWRPDWLFDOO\ H[WUDFW VHTXHQFH IHDWXUHV WKDW DUH QRW ZHOO GHVFULEHG E\ KX�

PDQ H[SHUWV� LW VWLOO LQFRUSRUDWHV IHDWXUHV WKDW GR QRW UHIOHFW WKH WUXH EHKDYLRXU RI WKH

VSOLFHRVRPH� 7KHVH IHDWXUHV KDYH EHHQ VKRZQ WR UHGXFH WKH DFFXUDF\ RI SUHGLFWLQJ WKH

VSOLFH�DOWHULQJ HIIHFWV LQGXFHG E\ JHQHWLF YDULDWLRQ� $ORQJ ZLWK WKHVH GUDZEDFNV� FRP�

SOH[ LQWHUDFWLRQ HIIHFWV VXFK DV V\QHUJLVWLF HIIHFWV EHWZHHQ WKH .' RI DQ LQWHUDFWLQJ 5%3

DQG PXWDWLRQV� DUH GLIILFXOW WR PRGHO E\ GHHS OHDUQLQJ PHWKRGV �+DQ HW DO�� ������ ,Q FRQ�

WUDVW� RXU PRGHOV DOORZHG WKH LGHQWLILFDWLRQ RI V\QHUJLVWLF LQWHUDFWLRQV RI PXWDWLRQV ZLWK

WKH +1513+ .' GDWD DQG HQDEOHG XV WR SLQSRLQW WKH IXQFWLRQDOO\ UHOHYDQW +1513+

ELQGLQJ VLWHV LQ521� 0RUHRYHU� ZHZHUH DEOH WR SUREHPRWLI LQWHUDFWLRQV YLDPXWDWLRQV RI

65%6 DORQJZLWK WKHLU UHODWLYH ORFDWLRQV DQG GLVWDQFHV� LQ UHODWLRQ WR521 H[RQ ��� ,Q VXP�

PDU\� DV DQ H[WHQVLRQ WR SUHYLRXV DSSURDFKHV ZKHUH VSOLFLQJ UHJXODWRU\ HOHPHQWV ZLWKLQ

LQWURQV KDYH QRW EHHQ V\VWHPDWLFDOO\ VWXGLHG �0XHOOHU HW DO�� ����� -XOLHQ HW DO�� ����� .H HW

DO�� ������ RXU DSSURDFK HQDEOHV WKH FRPSUHKHQVLYH VWXG\ RI SRVLWLRQV WKDW PHGLDWH VSOLF�

LQJ UHJXODWLRQ ERWK ZLWKLQ WKH LQWURQV DQG H[RQV� )XUWKHUPRUH� V\QHUJ\ DQDO\VLV DOORZV

WKH LGHQWLILFDWLRQ RI WKH PRVW IXQFWLRQDOO\ UHOHYDQW ELQGLQJ VLWHV RI 5%3V DQG H[WHQGV SUH�

YLRXV LQIRUPDWLRQ RQ 5%3 UHJXODWLRQ PHFKDQLVPV�
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2XWORRN

2WKHU PLQLJHQHV DQG DSSURDFKHV

7KH FXUUHQW VWXG\ UHVXOWHG LQ VHYHUDO QRYHO LQVLJKWV LQWR WKH VHTXHQFH GHWHUPLQDQWV DQG

VSOLFLQJ UHJXODWLRQ RI 521 DOWHUQDWLYH H[RQ� $V DQ H[WHQVLRQ RI WKH SURMHFW� FXUUHQWO\�

RWKHU PLQLJHQH PRGHOV DUH EHLQJ LQYHVWLJDWHG XSRQ XVLQJ WKH VFUHHQLQJ DSSURDFK� ,Q SDU�

WLFXODU� UDQGRP PXWDJHQHVLV VWXGLHV RI PLQLJHQHV GHULYHG IURP %5&$�� 'G[�� �PRXVH�

DQG &'�� JHQHV KDYH EHHQ LQLWLDWHG� ,Q GHWDLO� WKH %5&$�PLQLJHQH FRQVLVWHG RI UHSHDW HO�

HPHQWV OHDGLQJ WR H[RQLVDWLRQ RI LQWURQLF HOHPHQWV DQG WKH UHVXOWLQJ PDOIRUPHG LVRIRUPV

KDYH EHHQ LPSOLFDWHG LQ DGHQRFDUFLQRPDV� 7KH &'�� PLQLJHQH PRGHO ZLWK WKH ([RQ �

VNLSSLQJ SDWKRORJLFDO LVRIRUP LV DVVRFLDWHG ZLWK OHXNHPLD LQ SDWLHQWV� ,Q FRPSDULVRQ� WKH

'G[�� PLQLJHQH ZRXOG EH HPSOR\HG LQ XQGHUVWDQGLQJ WKH UHJXODWRU\ UROH RI VHTXHQFH

GHWHUPLQDQWV LQ DOWHUQDWLYH SRO\DGHQ\ODWLRQ� )RU UHDVRQV RI LQLWLDO SURWRW\SLQJ GXULQJ

WKH SXUYLHZ RI RXU VWXG\� LW ZDV LPSHUDWLYH WKDW D VSOLFLQJ PLQLJHQH PRGHO OLPLWHG WR WKH

FRQILQHV RI FXUUHQW VHTXHQFLQJ WHFKQRORJ\ EH FKRVHQ� 7KLV UHVXOWHG LQ WKH VHOHFWLRQ RI WKH

VPDOOHU VL]HG 521PLQLJHQH PRGHO DQG WKH VKRUW�UHDG ,OOXPLQD0L6HT IRU WKH VHTXHQFLQJ

RI WKH 521 PLQLJHQH OLEUDU\� +RZHYHU� WKH QH[W JHQHUDWLRQ RI VHTXHQFLQJ WHFKQRORJLHV

OLNH WKH 6057 VHTXHQFLQJ WHFKQRORJ\ RI 3DFLILF %LRVFLHQFHV RU 1DQRSRUH VHTXHQFLQJ E\

2[IRUG 1DQRSRUH 7HFKQRORJLHV �&ODUNH HW DO�� ����� (LG HW DO�� ����� KDYH FRPH RI DJH DQG

DUH DOUHDG\ LQ YRJXH �$UGXL HW DO�� ������ %HVLGHV� )XVHOOL HW DO� ������ SUHYLRXVO\ XVHG D
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FRPELQDWLRQ DSSURDFK LQ ZKLFK SUREOHPDWLF UHJLRQV LQ ORQJ UHDGV ZHUH UHVHTXHQFHGZLWK

VKRUW UHDG WHFKQRORJ\ WR DGMXVW IRU DQ\ HUURUV IURP ORQJ UHDGV� +HQFH� WKHVH QHZO\ FRQ�

VLGHUHG PLQLJHQHV FDQ EH HPSOR\HG IRU OLEUDU\ JHQHUDWLRQ XVLQJ WKHVH WHFKQRORJLHV� 7KH

EULJKWHU RXWORRN LV QRW RQO\ LQ WHUPV RI UHGXFLQJ FRVWV RI UHDJHQWV EXW DOVR FRPSXWDWLRQDO

UHVRXUFHV� VLQFH LW LV OHVV FXPEHUVRPH DQG PRUH HIILFLHQW WR DOLJQ ORQJHU UHDGV �$UGXL HW

DO�� ������

,Q DGGLWLRQ WR 619V� RXU DSSURDFK DOVR HQDEOHV WKH TXDQWLILFDWLRQ RI WKH VSOLFLQJ HIIHFWV

RI LQVHUWLRQV DQG GHOHWLRQV �,1'(/6�� ,Q SDUWLFXODU� D IUDPHVKLIW�FDXVLQJ LQGHO PD\ LQWUR�

GXFH SUH�PDWXUH WHUPLQDWLRQ FRGRQ �37&� LQWR WKH P51$ DQG HOLFLW QRQ�VHQVH PHGLDWHG

GHFD\ �10'� �/\NNH�$QGHUVHQ HW DO�� ����� DQG LQGHHG� PDQ\ VXFK LVRIRUPV PD\ QRW EH

UHFRYHUHG E\ 51$�VHT� 1HYHUWKHOHVV� ZKHQ P51$V FRQWDLQLQJ ,1'(/6 DUH WUDQVODWDEOH

LQWR DEHUUDQW SURWHLQ SURGXFWV �SVHXGR�P51$V�� WKH\ PD\ LQGXFH GHUHJXODWLRQ RI VSOLF�

LQJ VXFK DV H[RQ VNLSSLQJ E\ GLVUXSWLRQ RI H[RQ VSOLFLQJ HQKDQFHUV �7XODGKDU HW DO�� ������

,1'(/6 ZHUH XQH[SORUHG LQ WKH FRQWH[W RI 521 H[RQ �� VSOLFLQJ VWXG\ DV WKH VWXG\ ZDV

RSWLPLVHG IRU VLQJOH QXFOHRWLGH YDULDWLRQV DQG ,1'(/6 ZHUH QRW FRYHUHG VXIILFLHQWO\ E\

PXOWLSOH SODVPLGV� 7KH UHJXODWRU\ HIIHFWV RI ,1'(/6 RQ VSOLFLQJ FRXOG EH IXUWKHU H[SORUHG

DV D QH[W VWHS LQ IXWXUH VFUHHQLQJ DSSURDFKHV�

$QRWKHU GLUHFWLRQ ZKHUH PRUH LQVLJKWV FRXOG EH REWDLQHG� LV IURP DQDO\VLQJ WKH VWUXFWXUDO

IHDWXUHV RI WKH PLQLJHQH PRGHOV DQG LWV FRUUHODWLRQ WR VSOLFLQJ UHJXODWLRQ� ,Q OLJKW RI WKH

ILQGLQJ WKDW RQO\ D VPDOO VHW RI 51$ELQGLQJPRWLIV H[LVWZLWK ORZ FRPSOH[LW\ �'RPLQJXH]

HW DO�� ������ RWKHU FRQWH[WXDO IHDWXUHV VXFK DV IODQNLQJ FRPSRVLWLRQ DQG 51$ VWXFWXUH

SOD\ D SURPLQHQW UROH LQ LQ GHFLGLQJ LQ ZKLFK 5%3 ILQDOO\ HOLFLWV LWV VSOLFLQJ UHJXODWRU\

UROH� ,W ZDV SUHYRXVO\ VKRZQ WKDW WKH VWUXFWXUDO FRQWH[W RI SUH�P51$� LQ WHUPV RI WKH

SRVLWLRQDO DUUDQJHPHQW RI LWV UHJXODWRU\PRWLIV LQ 51$KDLUSLQV� FDQ LQIOXHQFH WKH ELQGLQJ

RI 5%3V DQG KHQFH PHGLDWH VSOLFLQJ UHJXODWLRQ �7D\ORU HW DO�� ������ $FFRUGLQJO\� PRGHOV

WKDW SUHGLFW 51$ VWDELOLW\ IURP VHTXHQFH �6KL HW DO�� ����� ����� ;X HW DO�� ����� &KHQJ HW

DO�� ����� FRXOG EH LQWHJUDWHG WR WKH VFUHHQLQJ DSSURDFK WR DQDO\VH VSOLFLQJ UHJXODWLRQ LQ
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WKH FRQWH[W RI 51$ VWDELOLW\� $GGLWLRQDOO\� WKHUH QHHGV WR EH PRUH HIIRUW WR OHDUQ UHOHYDQW

PRWLIV QRW MXVW IURP VHTXHQFH IHDWXUHV� EXW IURP DGGLWLRQDO IHDWXUHV IURP RWKHU OD\HUV VXFK

DV 5%3 NLQHWLFV �6XWDQG\ HW DO�� ������ 0RUHRYHU� FKURPDWLQ PRGLILFDWLRQV DUH NQRZQ WR

DIIHFW VSOLFLQJ UHJXODWLRQ LQ D VLJQLILFDQW PDQQHU �.RODVLQVND�=ZLHU] HW DO�� ����� :DQJ

HW DO�� ������ +HQFH� WKH DSSURDFK FRXOG SRVVLEO\ EHQHILW IURP PRGHOV WDNLQJ FKURPDWLQ

VWDWHV �KLVWRQH DFFHVVLELOLW\ VFRUHV� LQWR DFFRXQW�

5HFHQWO\� LW KDV EHHQ VKRZQ WKDW GHHS OHDUQLQJ WHFKQLTXHV PD\ EH SDUWLFXODUO\ ZHOO VXLWHG

WR VROYH SUREOHPV RI ELJ GDWD ELRORJ\ �&KLQJ HW DO�� ������ (VSHFLDOO\ LQ WKH FRQWH[W RI DO�

WHUQDWLYH VSOLFLQJ UHJXODWLRQ� UHFHQW VWXGLHV RIIHUHG QHZ LQVLJKWV LQWR WKH SDWKRJHQLF UROHV

RI QRQFRGLQJ VHTXHQFH YDULDQWV� ZKLFK ZHUH SUHYLRXVO\ RI XQNQRZQ FOLQLFDO VLJQLILFDQFH

�%DH]D�&HQWXULRQ HW DO�� ����� -DJDQDWKDQ HW DO�� ������ ,Q OLJKW RI WKHVH ILQGLQJV� RXU GDWD

PD\ KHOS DVVHVV WKH GLVHDVH UHOHYDQFH RI PXWDWLRQV LQ FOLQLFDO GLDJQRVWLFV DQG PD\ DGGL�

WLRQDOO\ EH XVHG WR WUDLQ LQ�VLOLFR VSOLFLQJ SUHGLFWLRQ WRROV� )XUWKHUPRUH� ZKHUH D VLQJOH

PRGHO PD\ EH LQVXIILFLHQW WR SUHGLFW VSOLFLQJ�HIIHFWLYH YDULDQWV ZLWK KLJK DFFXUDF\� $YVHF

HW DO� ������ SURYLGHV WKH .LSRL UHSRVLWRU\ ZKHUH PXOWLSOH PDFKLQH OHDUQLQJ PRGHOV PD\

EH HPSOR\HG LQ XQLVRQ UHVXOWLQJ LQ EHWWHU DFFXUDF\� 7DNHQ WRJHWKHU� RXU VWXG\ VKRZV WKDW

WKH FRPELQDWLRQ RI ELRLQIRUPDWLFV� PDWKHPDWLFDO PRGHOOLQJ DQG H[SHULPHQWDO DSSURDFKHV

OHDG WR VHYHUDO LQVLJKWV LQWR VSOLFLQJ UHJXODWLRQ DQG WKHUHE\� VXFK LQWHJUDWHG DSSURDFKHV

ZLOO SURYLGH IRU D GHHSHU XQGHUVWDQGLQJ RI WKH VSOLFLQJ FRGH�

6\QHUJ\ DQDO\VLV RI RWKHU WUDQV�DFWLQJ SURWHLQV

)XUWKHU VWXGLHV WR GHFLSKHU WKH FRPSOHWH VSOLFLQJ UHJXODWRU\ QHWZRUN FRXOG EH XQGHU�

WDNHQ� E\ ZKLFK PDQ\ PRUH WUDQV�DFWLQJ IDFWRUV WKDW LQWHUDFW VWURQJO\ ZLWK 521 VSOLFLQJ

FDQ EH LGHQWLILHG� 2XU VWXG\ VKRZHG WKDW 521 VSOLFLQJ LV UHJXODWHG E\ PXOWLSOH WUDQV�

DFWLQJ IDFWRUV DQG VKRZV D QRQ�PRQRWRQLF V\QHUJLVWLF EHKDYLRXU ZKHQ .' LQ WKH FRQWH[W

RI WKH PLQLJHQH OLEUDU\ �V\QHUJ\ DQDO\VLV�� 6LQFH� V\QHUJ\ DQDO\VLV DOORZV GHWHFWLRQ RI

IXQFWLRQDOO\ PRVW UHOHYDQW ELQGLQJ VLWHV� DVVD\LQJ IXUWKHU UHJXODWRUV ZLOO HQDEOH WR OLQN

DGGLWLRQDO WUDQV�DFWLQJ IDFWRUV WR WKHLU FRJQDWH FLV�UHJXODWRU\ HOHPHQWV� &RPSUHKHQVLYH
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DQDO\VLV RI VLPLODULWLHV LQ WKH UHFUXLWPHQW SDWWHUQV DORQJ WKH PLQLJHQH IRU D ODUJH QXPEHU

RI WUDQV�DFWLQJ IDFWRUV LV H[SHFWHG WR DOORZ UHFRQVWUXFWLRQ RI WKH IXOO 521 VSOLFLQJ UHJXOD�

WRU\ QHWZRUN� 7KLV LV DWWULEXWHG WR WKH DVVXPSWLRQ WKDW .' RI IDFWRUV WKDW DFW LQ WKH VDPH

PROHFXODU FRPSOH[ VKRXOG GLVSOD\ V\QHUJLHV ZLWK WKH VDPH VHW RI FLV�UHJXODWRU\ HOHPHQWV�

2WKHU VSOLFLQJ VZLWFKHV PHGLDWHG E\ +1513+

$ PRUH FRPSUHKHQVLYH DQDO\VLV RI RWKHU OLQHDU DQG VZLWFK�OLNH VSOLFLQJ UHVSRQVHV FRXOG

EH XQGHUWDNHQ� IURP D GHHSHU VWXG\ RI DOO WKH HYHQWV WKDW PHGLDWH +1513+ FRRSHUDWLYH

VSOLFLQJ UHJXODWLRQ� ,Q RUGHU WR LQYHVWLJDWH WKLV� ZH JHQHUDWHG WUDQVFULSWRPH�ZLGH 51$�

VHT GDWDVHWV IURP FHOOV ZLWK JUDGXDOO\ FKDQJLQJ +1513+ OHYHOV� 7KH 51$�VHT GDWDVHW

ZLOO EH IXUWKHU XVHG WR GHWHUPLQH WKH OLQN EHWZHHQ *�TXDGUXSOH[HV DQG FRRSHUDWLYH +1�

513+ VSOLFLQJ UHJXODWLRQ LQ WKH VWXGLHG HYHQWV� LQ OLJKW RI SUHYLRXV VWXGLHV OLQNLQJ +1�

513+ VSOLFLQJ UHJXODWLRQ WR *�TXDGUXSOH[HV �%HGUDW HW DO�� ����� .ZRN HW DO�� ������

1HHG IRU IXUWKHU VWXGLHV RI 521 VSOLFLQJ UHJXODWLRQ

$OWKRXJK� $6 SOD\V DQ LPSRUWDQW UROH LQ HYHU\ KDOOPDUN RI FDQFHU� LW LV UDUHO\ H[DPLQHG

LQ HLWKHU SURILOLQJ RI WXPRXUV RU LQ ELRPDUNHU DQG GUXJ GHYHORSPHQW LQ RQFRORJ\� ,Q

IDFW� WKLV LV DWWULEXWHG WR WKH GLIILFXOW\ LQ DQDO\VLQJ VSOLFLQJ UHJXODWLRQ GDWD DQG D ODFN RI

SDUWQHUVKLS EHWZHHQ ELRLQIRUPDWLFLDQV DQG FDQFHU UHVHDUFKHUV �5RELQVRQ HW DO�� ������ ,Q

SDUWLFXODU� WKH 521 UHFHSWRU W\URVLQH NLQDVH KDV EHHQ UHFHQWO\ VKRZQ WR EH D SUHGLFWLYH

PDUNHU IRU DJJUHVVLYH SURVWDWH FDQFHU LQ$IULFDQ$PHULFDQV �%HGROOD HW DO�� ����� DQGGUXJV

WKDW LQWHUQDOLVH WKH UHFHSWRU� OLNH +�=W�J��00$( KDYH EHHQ LQ FXUUHQW GHYHORSPHQW �<DR

HW DO�� ������ $OWKRXJK WKHUH LV VRPH LQWHUHVW LQ WKHVH VWXGLHV� WKHUH QHHGV WR EH D UHQHZHG

LPSHWXV WR LGHQWLI\ WKH FRPSOHWH UROH RI 521 VSOLFLQJ GHUHJXODWLRQ LQ FDQFHUV�
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$EEUHYLDWLRQV

7DEOH ���� /LVW RI DEEUHYLDWLRQV

$ $GHQLQH

$'& $QWLERG\�GUXJ FRQMXJDWHV

$( $OWHUQDWLYH H[RQ

$6 $OWHUQDWLYH VSOLFLQJ

%0/6 %XFKPDQQ ,QVWLWXWH IRU 0ROHFXODU /LIH 6FLHQFHV

%6$ %RYLQH VHUXP DOEXPLQ

& &\WRVLQH

F'1$ &RPSOHPHQWDU\ '1$

&, &RQILGHQFH LQWHUYDO

FWUO &RQWURO

'1$ 'HR[\ULERQXFOHLF DFLG

'1$�VHT '1$�VHTXHQFLQJ

G173 'HR[\ QXFOHRVLGH WULSKRVSKDWH

(� FROL (VFKHULFKLD FROL

(07 (SLWKHOLDO WR PHVHQFK\PDO WUDQVLWLRQ

)'5 )DOVH GLVFRYHU\ UDWH
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7DEOH ���� /LVW RI DEEUHYLDWLRQV �FRQWLQXHG�

IZG )RUZDUG

* *XDQLQH

*)3 *UHHQ IOXRUHVFHQW SURWHLQ

L&/,3 ,QGLYLGXDO�QXFOHRWLGH UHVROXWLRQ 89 FURVVOLQNLQJ DQG LPPXQRSUHFLSLWDWLRQ

,0% ,QVWLWXWH RI 0ROHFXODU %LRORJ\

L00 ,QVWLWXWR GH 0HGLFLQD 0ROHFXODU

,1'(/6 ,QVHUWLRQV DQG 'HOHWLRQV

,5 ,QWURQ UHWHQWLRQ

.' .QRFNGRZQ

P51$ 0HVVHQJHU ULERQXFOHLF DFLG

063 0DFURSKDJH�VWLPXODWLQJ SURWHLQ

067� 0DFURSKDJH�VWLPXODWLQJ �

067�5 0DFURSKDJH�VWLPXODWLQJ SURWHLQ UHFHSWRU

1 $Q\ QXFOHRWLGH

10' 1RQ�VHQVH 0HGLDWHG 'HFD\

1R� 1XPEHU

QW 1XFOHRWLGH

3%6 3KRVSKDWH %XIIHUHG 6DOLQH

3&5 3RO\PHUDVH FKDLQ UHDFWLRQ

SUH�P51$ 3UHFXUVRU PHVVHQJHU ULERQXFOHLF DFLG

37& 3UHPDWXUH WHUPLQDWLRQ FRGRQ

T550 4XDVL 51$ UHFRJQLWLRQ PRWLI

5%3 51$ ELQGLQJ SURWHLQ

UHY 5HYHUVH

51$ 5LERQXFOHLF DFLG



���

7DEOH ���� /LVW RI DEEUHYLDWLRQV �FRQWLQXHG�

51$�VHT 51$�VHTXHQFLQJ

521 5HFHSWHXU G2ULJLQH 1DQWDLV

550 51$ UHFRJQLWLRQ PRWLI

57�3&5 5HYHUVH WUDQVFULSWLRQ 3&5

57�T3&5 5HDO�WLPH TXDQWLWDWLYH UHYHUVH WUDQVFULSWLRQ 3&5

6'6�3$*( 6RGLXP GRGHF\O VXOIDWH SRO\DFU\ODPLGH JHO HOHFWURSKRUHVLV

VL51$ VPDOO LQWHUIHULQJ 51$

65%6 6SOLFLQJ�UHJXODWRU\ ELQGLQJ VLWH

7 7K\PLQH

7&*$ 7KH &DQFHU *HQRPH $WODV

730 7UDQVFULSWV 3HU 0LOOLRQ

8 8UDFLO

ZW :LOG W\SH



���

$SSHQGL[ RI WDEOHV DQG VXSSOHPHQWDU\

PDWHULDOV



���

 

 HEK293T MCF7 – control MCF7 – HNRNPH KD 
rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 rep 1 rep 2 rep 3 

General information 
internal ID imb_koenig_2015_13 imb_koenig_2016_07 imb_koenig_2016_08 

initial 
reads 

17,261,
922 

19,501,
750 

18,166,
077 

19,103,
473 

17,132,
590 

22,075,
639 

17,956,
862 

19,551,
048 

21,930,1
73 

minigenes 5,697 5,645 5,623 5,680 5,680 5,684 5,686 5,700 5,683 
wt 

minigenes 586 586 586 586 586 586 586 586 586 

unique 
mutation 

comb. 
4,938 4,886 4,865 4,923 4,923 4,927 4,929 4,942 4,926 

Model input 
comb. used 
by model 4,571 4,467 4,472 4,672 4,678 4,650 4,763 4,771 4,739 

excluded 
comb. 

367 
(7%) 

419 
(9%) 

393 
(8%) 

251 
(5%) 

245 
(5%) 

277 
(6%) 

166 
(3%) 

171 
(3%) 187 (4%) 

singlets 606 603 603 612 608 609 613 613 613 
doublets 1,009 1,000 1,001 1,023 1,025 1,021 1,034 1,032 1,030 
triplets 869 859 858 891 888 886 910 909 905 

Model output 
mutations 
in dataset 2,042 2,033 2,032 2,038 2,040 2,041 2,039 2,042 2,040 

estimated 
mutation 
HͿHFWV 

1,942 
(95%) 

1,915 
(94%) 

1,915 
(94%) 

1,957 
(96%) 

1,956 
(96%) 

1,957 
(96%) 

1,972 
(97%) 

1,974 
(97%) 

1,974 
(97%) 

positions in 
dataset 680 679 680 680 680 680 680 680 680 

estimated 
position 
HͿHFWV 

676 
(99.4%) 

675 
(99.6%) 

676 
(99.4%) 

677 
(99.6%) 

677 
(99.6%) 

677 
(99.6%) 

677 
(99.6%) 

677 
(99.6%) 

677 
(99.6%) 

 

)LJXUH ���� ,QIRUPDWLRQ RQ WKH LQSXW DQG RXWSXW GDWD RI WKH PDWKHPDWLFDO PRGHO RQ WKH
GLIIHUHQW 51$�VHT UHSOLFDWHV� )RU HDFK 51$�VHT UHSOLFDWH �UHS�� WKH LQWHUQDO OLEUDU\ LGHQ�
WLILHU LV JLYHQ WRJHWKHU ZLWK LQIRUPDWLRQ RQ WKH QXPEHU RI WRWDO DQG ZW PLQLJHQH YDULDQWV
GHWHFWHG LQ HDFK GDWDVHW� WKH QXPEHU RI XQLTXHPXWDWLRQ FRPELQDWLRQV �GLIIHUHQWLDWHG LQWR
WKRVH XVHG RU H[FOXGHG IURP WKHPRGHO DQDO\VLV� UHIHU7DEOH ���� DV ZHOO DV WKH XVHG VLQJOH�
�GRXEOH��WULSOH�PXWDWLRQ FRPELQDWLRQV �VLQJOHWV�GRXEOHWV�WULSOHWV� UHVSHFWLYHO\�� 2XW�
SXW LQIRUPDWLRQ VXPPDULVHV WKH PXWDWLRQ DQG SRVLWLRQ HIIHFWV WKDW FDQ EH HVWLPDWHG E\
WKH PRGHO LQ UHODWLRQ WR DOO PXWDWLRQV DQG PXWDWHG SRVLWLRQV UHSUHVHQWHG LQ HDFK GDWDVHW�



���

  exon 10 intron 10 exon 11 intron 11 exon 12 intron 
12 total 

H
EK

29
3T

 

mutations 555 261 441 240 498 42 2037 

measured 487 
(87.8%) 

224 
(85.8%) 

381 
(86.4%) 

190 
(79.2%) 

430 
(86.4%) 

35 
(83.3%) 

1747 
(85.8%) 

any 
isoform 

117 
(23.4%) 

118 
(51.5%) 

270 
(70.0%) 

108 
(55.1%) 

144 
(32.7%) 

21 
(60.0%) 

778 
(43.5%) 

AE 

inclusion 
100 

(20.5%) 
111 

(49.6%) 
263 

(69.0%) 
87 

(45.8%) 
92 

(21.4%) 
19 

(54.3%) 
672 

(38.5%) 

AE 

skipping 
20 

(4.1%) 
67 

(29.9%) 
185 

(48.6%) 
53 

(27.9%) 
29 

(6.7%) 
9 

(25.7%) 
363 

(20.8%) 

ÀUVW�,5 2 
(0.4%) 

6 
(2.7%) 

3 
(0.8%) 

0 
(0.0%) 

4 
(0.9%) 

2 
(5.7%) 

17 
(1.0%) 

VHFRQG�,5 0 
(0.0%) 

1 
(0.5%) 

0 
(0.0%) 

3 
(1.6%) 

6 
(1.4%) 

10 
(28.6%) 

20 
(1.1%) 

IXOO�,5 70 
(14.4%) 

74 
(33%) 

107 
(28.1%) 

79 
(41.6%) 

113 
(26.3%) 

16 
(45.7%) 

459 
(26.3%) 

RWKHU 0 
(0.0%) 

0 
(0.0%) 

2 
(0.5%) 

4 
(2.1%) 

1 
(0.2%) 

0 
(0.0%) 

7 
(0.4%) 

 
positions 185 87 147 80 166 14 679 

measured 184 
(99.5%) 

87 
(100.0%) 

147 
(100.0%) 

77 
(96.2%) 

166 
(100.0%) 

14 
(100.0%) 

675 
(99.4%) 

any 
isoform 

92 
(49.7%) 

67 
(77.0%) 

134 
(91.2%) 

64 
(82.1%) 

99 
(59.6%) 

13 
(92.9%) 

469 
(69.3%) 

AE 

inclusion 
81 

(44.0%) 
63 

(72.4%) 
134 

(91.2%) 
53 

(68.8%) 
73 

(44.0%) 
12 

(85.7%) 
416 

(61.6%) 

AE 

skipping 
20 

(10.9%) 
42 

(48.3%) 
110 

(74.8%) 
32 

(41.6%) 
28 

(16.9%) 
4 

(28.6%) 
236 

(35.0%) 

ÀUVW�,5 2 
(1.1%) 

4 
(4.6%) 

3 
(2.0%) 

0 
(0.0%) 

4 
(2.4%) 

2 
(14.3%) 

15 
(2.2%) 

VHFRQG�,5 0 
(0.0%) 

1 
(1.2%) 

0 
(0.0%) 

3 
(3.9%) 

6 
(3.6%) 

5 
(35.7%) 

15 
(2.2%) 

IXOO�,5 59 
(32.1%) 

48 
(55.2%) 

70 
(47.6%) 

53 
(68.8%) 

82 
(49.4%) 

11 
(78.6%) 

323 
(47.9%) 

RWKHUV 0 
(0.0%) 

0 
(0.0%) 

2 
(1.4%) 

4 
(5.2%) 

1 
(0.6%) 

0 
(0.0%) 

7 
(1.0%) 

 

)LJXUH ���� 6SOLFLQJ�HIIHFWLYH PXWDWLRQV DQG SRVLWLRQV SHU UHJLRQ LQ WKH 521 PLQLJHQH LQ
+(.���7 FHOOV�



���

  exon 10 intron 10 exon 11 intron 11 exon 12 intron 12 total 
M

CF
7 

mutations 555 261 441 240 498 42 2037 

measured  501 
(90.3%) 

229 
(87.7%) 

386 
(87.5%) 

196 
(81.7%) 

440 
(88.4%) 

35 
(83.3%) 

1787 
(87.7%) 

any 
isoform 150 

(29.9%) 
149 

(65.1%) 
300 

(77.7%) 
137 

(70.0%) 
264 

(60.0%) 
22 

(62.9%) 
1022 

(57.2%) 
AE 

inclusion 81 
(16.2%) 

115 
(50.2%) 

260 
(67.4%) 

99 
(50.5%) 

91 
(20.7%) 

16 
(45.7%) 

662 
(37.1%) 

AE 

skipping 86 
(17.2%) 

125 
(54.6%) 

271 
(70.2%) 

102 
(52.0%) 

217 
(49.3%) 

18 
(51.4%) 

819 
(45.8%) 

ÀUVW�,5 5  
(1.0%) 

14  
(6.1%) 

5  
(1.3%) 

3  
(1.5%) 

6  
(1.4%) 

0  
(0.0%) 

33 
(1.9%) 

VHFRQG�,5 1  
(0.2%) 

2  
(0.9%) 

12 
(3.1%) 

7  
(3.6%) 

15 
(3.4%) 

11 
(31.4%) 

48 
(2.7%) 

IXOO�,5 
79 

(15.8%) 
63 

(27.5%) 
62 

(16.1%) 
82 

(41.8%) 
185 

(42.1%) 
16 

(45.7%) 
487 

(27.3%) 
RWKHU 3  

(0.6%) 
2  

(0.9%) 
8  

(2.1%) 14 (7.1%) 
13 

(3.0%) 
0  

(0.0%) 
40 

(2.2%) 
 

positions 185 87 147 80 166 14 679 
measured 185 

(100.0%) 
87 

(100.0%) 
147 

(100.0%) 
78 

(97.5%) 
166 

(100.0%) 
14 

(100.0%) 
677 

(99.7%) 

any 
isoform 

108 
(58.4%) 

74 
(85.1%) 

139 
(94.6%) 

70 
(89.7%) 

147 
(88.6%) 

12 
(85.7%) 

550 
(81.2%) 

AE 

inclusion 
72 

(39.0%) 
62 

(71.3%) 
136 

(92.5%) 
57 

(73.1%) 
73 

(44.0%) 
11 

(78.6%) 
411 

(60.7%) 

AE 

skipping 
71 

(38.4%) 
65 

(74.7%) 
131 

(89.1%) 
58 

(74.4%) 
136 

(81.9%) 
9  

(64.3%) 
470 

(69.4%) 

ÀUVW�,5 5  
(2.7%) 

11 
(12.6%) 

5  
(3.4%) 

3  
(3.9%) 

6  
(3.6%) 

0  
(0.0%) 

30 
(4.4%) 

VHFRQG�,5 1  
(0.5%) 

2  
(2.3%) 

11  
(7.5%) 

6  
(7.7%) 

13 
(7.8%) 

6  
(42.9%) 

39 
(5.8%) 

IXOO�,5 63 
(34.1%) 

44 
(50.6%) 

47 
(32.0%) 

55 
(70.5%) 

116 
(69.9%) 

10 
(71.4%) 

335 
(49.5%) 

RWKHUV� 3  
(1.6%) 

1  
(1.2%) 

8  
(5.4%) 

12 
(15.4%) 

9  
(5.4%) 

0  
(0.0%) 

33 
(4.9%) 

 

)LJXUH ���� 6SOLFLQJ�HIIHFWLYH PXWDWLRQV DQG SRVLWLRQV SHU UHJLRQ LQ WKH 521 PLQLJHQH LQ
0&)� FHOOV�



���

  exon 10 intron 10 exon 11 intron 11 exon 12 intron 12 total 
M

CF
7 

– 
sy

ne
rg

is
tic

 in
te

ra
ct

io
ns

 w
ith

 H
N
RN
PH

 k
no

ck
do

w
n  

mutations 555 261 441 240 498 42 2037 

measured 501 
(90.3%) 

229 
(87.7%) 

386 
(87.5%) 

196 
(81.7%) 

440 
(88.4%) 

35 
(83.3%) 

1787 
(87.7%) 

any 
isoform 

73 
(14.6%) 

50 
(21.8%) 

147 
(38.1%) 

63 
(32.1%) 

63 
(14.3%) 

13 
(37.1%) 

409 
(22.9%) 

AE 
skipping 

39 
(53.4%) 

30 
(60%) 

112 
(76.2%) 

24 
(38.1%) 

40 
(63.5%) 

5 
(38.5%) 

250 
(61.1%) 

ÀUVW 
IR 

10 
(13.7%) 

6 
(12%) 

6 
(4.1%) 

5 
(7.9%) 

9 
(14.3%) 

2 
(15.4%) 

38 
(9.3%) 

second 
IR 

10 
(13.7%) 

12 
(24%) 

10 
(6.8%) 

6 
(9.5%) 

8 
(12.7%) 

1 
(7.7%) 

47 
(11.5%) 

full 
IR 

30 
(41.1%) 

24 
(48%) 

56 
(38.1%) 

19 
(30.2%) 

18 
(28.6%) 

5 
(38.5%) 

152 
(37.2%) 

RWKHU 21 
(28.8%) 

23 
(46%) 

65 
(44.2%) 

39 
(61.9%) 

12 
(19%) 

4 
(30.8%) 

164 
(40.1%) 

 
positions 185 87 147 80 166 14 679 

measured 185 
(100%) 

87 
(100%) 

147 
(100%) 

78 
(97.5%) 

166 
(100%) 

14 
(100%) 

677 
(99.7%) 

any 
isoform 

63 
(34.1%) 

38 
(43.7%) 

98 
(66.7%) 

46 
(59%) 

58 
(34.9%) 

9 
(64.3%) 

312 
(46.1%) 

AE 
Skipping 

36 
(57.1%) 

24 
(63.2%) 

74 
(75.5%) 

20 
(43.5%) 

38 
(65.5%) 

4 
(44.4%) 

196 
(62.8%) 

ÀUVW 
IR 

10 
(15.9%) 

5 
(13.2%) 

6 
(6.1%) 

5 
(10.9%) 

9 
(15.5%) 

2 
(22.2%) 

37 
(11.9%) 

second 
IR 

10 
(15.9%) 

11 
(28.9%) 

9 
(9.2%) 

6 
(13%) 

8 
(13.8%) 

1 
(11.1%) 

45 
(14.4%) 

full 
IR 

29 
(46%) 

22 
(57.9%) 

47 
(48%) 

13 
(28.3%) 

18 
(31%) 

5 
(55.6%) 

134 
(42.9%) 

RWKHU 21 
(33.3%) 

19 
(50%) 

47 
(48%) 

31 
(67.4%) 

11 
(19%) 

3 
(33.3%) 

132 
(42.3%) 

 

)LJXUH ���� 6\QHUJLVWLF LQWHUDFWLRQV RIPXWDWLRQV DQG SRVLWLRQV SHU UHJLRQ LQ WKH521PLQL�
JHQH LQ 0&)� FHOOV XQGHU +1513+ .'�



���

7DEOH ���� 6LJQLILFDQW VSOLFLQJ�UHJXODWRU\ HIIHFWV DUH RE�

VHUYHG ZLWK HTXDO IUHTXHQF\ DPRQJ V\QRQ\PRXV DQG

QRQ�V\QRQ\PRXV PXWDWLRQV�

0XWDWLRQV HIIHFWLYH PXWDWLRQV¬ QRQ�HIIHFWLYH

PXWDWLRQV¬

SHUFHQWDJH RI HIIHFWLYH PXWDWLRQV¬

QRQ�V\QRQ\PRXV ��� ��� ���

V\QRQ\PRXV ��� ��� ���

7DEOH ���� /LVW RI WRS WHQ 5%3V ZKRVH H[SUHVVLRQ OHYHOV

VKRZ VWURQJHVW DVVRFLDWLRQ ZLWK 521 $( 36, OHYHOV LQ

WXPRXU VDPSOHV IURP 7&*$�

JHQH HQVHPEO�,' 6SHDUPDQ�FRUUHODWLRQ UHJUHVVLRQ�VORSH S�YDOXH )'5

&'.�� (16*����������� ���� ���� ���H��� ���H���

1;)� (16*����������� ���� ���� ���H��� ���H���

61513�� (16*����������� ���� ���� ���H��� ���H���

353)�� (16*����������� ���� ���� ���H��� ���H���

3$;%3� (16*����������� ���� ���� ���H��� ���H���

353)� (16*����������� ����� ����� ���H��� ���H���

+1513) (16*����������� ����� ����� ���H��� ���H���

'+;� (16*����������� ����� ����� ���H��� ���H���

6/8� (16*����������� ����� ����� ���H��� ���H���

+1513+� (16*����������� ����� ����� ���H��� ���H���



���

7DEOH ���� 0XWDWLRQ HIIHFWV RQ 521 H[RQ �� VSOLFLQJ LQ FDQ�

FHU SDWLHQWV�

0XWDWLRQ *HQRPLF

SRVLWLRQ

�KJ���

&RKRUW $ % & ' ( )

*��7 FKU���������� %/&$ ��� � ����� ������ ������ �����

*��$ FKU���������� &2$' ��� � ����� ���� ���� ����

*��7 FKU���������� 6.&0 �� � ����� ����� ����� ����

*��7 FKU���������� &(6& ��� � ������ ����� ����� ����

*��$ FKU���������� %/&$ ��� � ����� ����� ����� ����

*���7 FKU���������� +16& ��� � ����� 1$ 1$ 1$

$���7 FKU���������� 29 ��� � ����� 1$ 1$ 1$

&���$ FKU���������� (6&$ ��� � ������ ������ ������ ������

&���7 FKU���������� /8$' ��� � ������ ���� ���� �����

&���7 FKU���������� 67$' ��� � ����� ����� ����� �����

&���$ FKU���������� 29 ��� � ����� 1$ 1$ 1$

*���7 FKU���������� +16& ��� � ����� 1$ 1$ 1$

*���$ FKU���������� %5&$ ��� � ����� 1$ 1$ 1$

*���7 FKU���������� &2$' ��� � ����� ������ ������ ����

*���7 FKU���������� 7+<0 �� � ����� 1$ 1$ 1$

$���* FKU���������� 67$' ��� � ����� ����� ����� �����

7���* FKU���������� %/&$ ��� � ����� ���� ���� �����

7���* FKU���������� 3$$' ��� � ����� ������ ���� �����

7���* FKU���������� 29 ��� � ����� ���� ���� �����

7���* FKU���������� %5&$ ��� � ����� ����� ���� �����

7���* FKU���������� /86& ��� � ����� ����� ���� �����

7���* FKU���������� &(6& ��� �� ����� ���� ���� �����

7���* FKU���������� .,5& � � ����� 1$ 1$ 1$

7���* FKU���������� .,53 �� � ����� 1$ 1$ 1$



���

7DEOH ���� 0XWDWLRQ HIIHFWV RQ 521 H[RQ �� VSOLFLQJ LQ FDQ�

FHU SDWLHQWV� �FRQWLQXHG�

0XWDWLRQ *HQRPLF

SRVLWLRQ

�KJ���

&RKRUW $ % & ' ( )

7���* FKU���������� 7+&$ ��� �� ����� 1$ 1$ 1$

7���* FKU���������� /8$' ��� �� ����� ���� ���� �����

7���* FKU���������� 67$' ��� � ������ ���� ���� �����

7���* FKU���������� +16& ��� �� ����� ����� ���� �����

&���* FKU���������� 67$' ��� � ����� ����� ����� �����

&���7 FKU���������� 6.&0 �� � ����� 1$ 1$ 1$

*���$ FKU���������� 7+&$ ��� � ����� ����� ����� �����

&���$ FKU���������� 6.&0 �� � ����� ����� ����� �����

*���7 FKU���������� +16& ��� � ����� 1$ ���� 1$

*���7 FKU���������� +16& ��� � ����� ����� ����� �����

&���$ FKU���������� &(6& ��� � ������ ����� ����� �����

&���$ FKU���������� 29 ��� � ����� 1$ 1$ 1$

*���$ FKU���������� &(6& ��� � ����� 1$ 1$ 1$

&���$ FKU���������� +16& ��� � ����� ����� ����� �����

&���$ FKU���������� 6.&0 �� � ����� 1$ 1$ 1$

&���7 FKU���������� /86& ��� � ����� ���� ���� �����

&���$ FKU���������� 6.&0 �� � ����� 1$ 1$ 1$

&���$ FKU���������� +16& ��� � ����� ����� ����� ������

&���$ FKU���������� +16& ��� � ����� ����� ����� �����

*���$ FKU���������� '/%& � � ����� ����� ����� �����
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SOHV IURP ��� SDWLHQWV LQ 7KH &DQFHU *HQRPH $WODV�7&*$�� LQFOXGLQJ WKH PXWDWLRQ� LWV

JHQRPLF FRRUGLQDWH �KXPDQ JHQRPH YHUVLRQ KJ���� WKH WXPRXU FRKRUW RI WKH SDWLHQW

ZLWK WKH WRWDO QXPEHU RI SDWLHQWV DQG RI PXWDWLRQ�EHDULQJ SDWLHQWV WKHUHLQ� WKH QXPEHU

RI 51$�VHT UHDGV VXSSRUWLQJ WKH 36, LQ WKH 7&*$ VDPSOHV �DYHUDJH DFURVV PXWDWLRQ�

EHDULQJ VDPSOHV IURP WKH FRKRUW�� DV ZHOO DV FKDQJHV LQ DOWHUQDWLYH H[RQ �$(� VNLSSLQJ

IURP 7&*$ �LQ ��36,� DQG WKH VFUHHQ �LQ � LVRIRUP IUHTXHQF\�� $EEUHYLDWLRQV RI FDQFHU
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&HUYLFDO 6TXDPRXV &HOO &DUFLQRPD DQG (QGRFHUYLFDO $GHQRFDUFLQRPD� &2$'� &RORQ
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(VRSKDJHDO &DUFLQRPD� +16&� +HDG�1HFN 6TXDPRXV &HOO &DUFLQRPD� .,5&� .LGQH\

5HQDO &OHDU &HOO &DUFLQRPD� .,53� .LGQH\ 5HQDO 3DSLOODU\ &HOO &DUFLQRPD� /,+&� /LYHU

+HSDWRFHOOXODU &DUFLQRPD� /8$'� /XQJ $GHQRFDUFLQRPD� /86&� /XQJ 6TXDPRXV &HOO

&DUFLQRPD� 29� 2YDULDQ 6HURXV &\VWDGHQRFDUFLQRPD� 3$$'� 3DQFUHDWLF $GHQRFDUFL�

QRPD� 6.&0� 6NLQ &XWDQHRXV 0HODQRPD� 67$'� 6WRPDFK $GHQRFDUFLQRPD� 7+&$�

7K\URLG &DUFLQRPD� 7+<0� 7K\PRPD� 8&(&� 8WHULQH &RUSXV (QGRPHWULDO &DUFLQRPD�

2QO\ PXWDWLRQV IURP FRKRUWV ZLWK PRUH WKDQ �� VXSSRUWLQJ UHDGV RQ DYHUDJH ZHUH XVHG

LQ �)LJXUH ���� $�� &ROXPQV $� %� &� '� ( DQG ) VWDQG IRU ¶7RWDO SDWLHQWV·� ¶3DWLHQWV ZLWK

PXWDWLRQ·� ¶$YHUDJH VXSSRUWLQJ UHDGV·� ¶Ј$( VNLSSLQJ ���36,� 7&*$�·� ¶Ј$( VNLSSLQJ

ZHLJKWHG DYHUDJH ���36,� 7&*$�·� ¶Ј$( VNLSSLQJ �RXU VFUHHQ�· UHVSHFWLYHO\� 1$ LPSOLHV

QR YDOXH DYDLODEOH�



���

7DEOH ���� +(.���7 PRGHOOLQJ�H[FOXGHG PXWDWLRQV WKDW

ZHUH DQQRWDWHG ZLWK PHGLDQ LVRIRUP IUHTXHQFLHV�

PXWDWLRQ W\SH SRVLWLRQ RFFXUUHQFH $ % & ' ( )

$���& 619 FKU���������� � ������ ����� ����� ����� ����� �����

$���& 619 FKU���������� � ������ ����� ����� ����� ����� ����

$���& 619 FKU���������� � ������ ����� ������ ����� ����� �����

$���& 619 FKU���������� � ������ ����� ����� ����� ����� �����

$���7 619 FKU���������� �� ������ ���� ���� ����� ���� �����

$���& 619 FKU���������� � ������ ����� ����� ����� ����� �����

$���& 619 FKU���������� � ������ ����� ����� ����� ���� ����

$���* 619 FKU���������� �� ������ ����� ����� ����� ����� �����

$���& 619 FKU���������� � ����� ����� ����� ����� ���� ����

$���* 619 FKU���������� �� ������ ����� ����� ����� ����� �����

$���7 619 FKU���������� �� ������ ����� ���� ����� ���� �����

$���& 619 FKU���������� � ������ ����� ����� ����� ����� �����

$���7 619 FKU���������� �� ����� ����� ���� ����� ���� ����

$���7 619 FKU���������� � ����� ���� ����� ����� ���� ����

$���* 619 FKU���������� �� ������ ����� ����� ����� ���� �����

$*���$ '(/ FKU���������� � ������ ����� ���� ���� ����� �����

$*���$ '(/ FKU���������� � ������ ����� ����� ����� ���� �����

&���&7 ,16 FKU���������� � ���� ����� ���� ����� ���� �����

&���* 619 FKU���������� � ������ ����� ����� ����� ����� ����

&���$ 619 FKU���������� � ���� ����� ���� ����� ���� �����

&���$ 619 FKU���������� � ������ ����� ����� ����� ���� �����

&���$ 619 FKU���������� � ������ ���� ����� ����� ����� ����

&���* 619 FKU���������� � ����� ����� ���� ���� ����� ����

&���* 619 FKU���������� � ������ ����� ����� ����� ����� �����

&���$ 619 FKU���������� � ������ ����� ����� ����� ����� �����

&���* 619 FKU���������� � ����� ����� ����� ���� ���� ����



���

7DEOH ���� +(.���7 PRGHOOLQJ�H[FOXGHG PXWDWLRQV WKDW

ZHUH DQQRWDWHG ZLWK PHGLDQ LVRIRUP IUHTXHQFLHV� �FRQWLQ�

XHG�

PXWDWLRQ W\SH SRVLWLRQ RFFXUUHQFH $ % & ' ( )

&���* 619 FKU���������� � ������ ����� ����� ����� ����� �����

&���$ 619 FKU���������� � ������ ���� ���� ���� ����� ����

&���$ 619 FKU���������� � ������ ����� ����� ����� ����� �����

&���* 619 FKU���������� � ������ ����� ���� ����� ����� ����

&���* 619 FKU���������� � ������ ����� ���� ����� ����� �����

&���* 619 FKU���������� � ������ ���� ����� ����� ���� ����

&���* 619 FKU���������� � ������ ����� ����� ����� ����� ����

&���* 619 FKU���������� � ����� ���� ���� ����� ���� �����

&���$ 619 FKU���������� � ����� ����� ���� ����� ���� ����

&���* 619 FKU���������� � ������ ���� ���� ���� ����� ����

&���* 619 FKU���������� � ������ ���� ���� ����� ���� �����

&���* 619 FKU���������� � ������ ����� ������ ����� ���� �����

&���* 619 FKU���������� � ������ ����� ����� ����� ���� ����

&���* 619 FKU���������� � ������ ����� ���� ����� ���� ����

&���* 619 FKU���������� � ������ ����� ����� ����� ����� �����

&���$ 619 FKU���������� � ������ ����� ����� ����� ���� ����

&���* 619 FKU���������� � ������ ����� ���� ����� ����� ����

&���* 619 FKU���������� � ���� ���� ������ ����� ����� ����

&���&$ ,16 FKU���������� � ���� ����� ������ ����� ����� ����

&���$ 619 FKU���������� � ������ ����� ����� ����� ���� ����
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ZHUH DQQRWDWHG ZLWK PHGLDQ LVRIRUP IUHTXHQFLHV� �FRQWLQ�

XHG�

PXWDWLRQ W\SH SRVLWLRQ RFFXUUHQFH $ % & ' ( )

7*���7 '(/ FKU���������� � ������ ����� ����� ����� ����� ����

7*���7 '(/ FKU���������� � ������ ����� ����� ����� ���� ����

7*���7 '(/ FKU���������� �� ������ ����� ����� ����� ���� �����

7*���7 '(/ FKU���������� �� ����� ���� ����� ����� ����� ����

7*���7 '(/ FKU���������� � ���� ����� ����� ����� ���� ����

/LVW RI +(.���7 PXWDWLRQV H[FOXGHG IURP WKH PRGHOOLQJ DSSURDFK DQG VXEVHTXHQWO\ DQ�

QRWDWHG ZLWK PHGLDQ LVRIRUP IUHTXHQFLHV IURP DOO PLQLJHQH YDULDQWV FRQWDLQLQJ WKH JLYHQ

PXWDWLRQ DV WKH VSOLFLQJ RXWFRPH� &ROXPQV $� %� &� '� ( DQG ) VWDQG IRU ¶0HGLDQ Ј$(

LQFOXVLRQ ���·� ¶0HGLDQ Ј$( VNLSSLQJ ���·� ¶0HGLDQ Ј$( IXOO ,5 ���·� ¶0HGLDQ ЈILUVW ,5

���·� ¶0HGLDQ ЈVHFRQG ,5 ���· DQG ¶0HGLDQ ЈRWKHU ���· UHVSHFWLYHO\�



���

3ODVPLGV

7DEOH ���� /LVW RI SODVPLGV XVHG LQ WKLV VWXG\�

3ODVPLG ,' 1DPH 'HVFULSWLRQ
S6B��� S&'1$B521B7$7BWRB*$7��� 521 PLQLJHQH ZLWK D

7���* VLQJOH
QXFOHRWLGH H[FKDQJH
DQG �� ES H[WHQVLRQ
GRZQVWUHDP RI H[RQ
��

S6B��� SF'1$B521B7$7BWRB*$7B/HIDYH 521 PLQLJHQH ZLWK
SRLQW PXWDWLRQV
DFFRUGLQJ WR �/HIDYH
HW DO�� �����

S6B��� SF'1$B521B7$7BWRB*$7B%RQRPL 521 PLQLJHQH ZLWK
SRLQW PXWDWLRQV
DFFRUGLQJ WR �%RQRPL
HW DO�� �����

S6B��� SF'1$B+1513+� +1513+�
RYHUH[SUHVVLRQ
FRQVWUXFW

$OO SODVPLGV DUH LQ WKH SF'1$ ��� ��� YHFWRU EDFNERQH �,QYLWURJHQ��

7DEOH ���� /LVW RI SODVPLGV FRQWDLQLQJ SRLQW PXWDWLRQV

RU VPDOO LQVHUWLRQV RU GHOHWLRQV�

3ODVPLG

,'

0XWDWLRQ

� *���$

� *���$

� &���*

� &���7

� $���*



���

7DEOH ���� /LVW RI SODVPLGV FRQWDLQLQJ SRLQW PXWDWLRQV

RU VPDOO LQVHUWLRQV RU GHOHWLRQV� �FRQWLQXHG�

3ODVPLG

,'

0XWDWLRQ

� $���*

� &���7

� *���$

� $���7

�� 7���&

�� *���7

�� &���$

�� *7���*

�� *���7

�� *���7

�� 7���*

�� *���&

�� *���&

�� 7*���7

�� *��&

�� &7���&

�� 7$���7

�� 7���*

�� &���$

�� *���&

�� $���&

�� *���$

�� *���&



���

7DEOH ���� /LVW RI SODVPLGV FRQWDLQLQJ SRLQW PXWDWLRQV

RU VPDOO LQVHUWLRQV RU GHOHWLRQV� �FRQWLQXHG�

3ODVPLG

,'

0XWDWLRQ

�� *���&

�� *���7

�� *���$

�� *���&

VL51$V

$OO VL51$V ZHUH SXUFKDVHG IURP 6LJPD $OGULFK�

7DEOH ���� /LVW RI VL51$V XVHG LQ WKLV VWXG\�

1R� 7DUJHW 6HTXHQFH

�� 1R WDUJHW 8**888$&$8*8&*$&8$$>G7@>G7@

�� 353)� *$*$$*$88***&$*&88$>G7@>G7@

�� +1513+ **$*&8**&888*$*$**$>G7@>G7@

�� 656)� $$8&&$**8&*&*$8&*$$>G7@>G7@

�� 608� *&$&*$*$$**$8*8*$88>G7@>G7@

�� 38)�� *&$*$8*$$&8&**8*$8*>G7@>G7@

�� +1513) 8*$*$$**&8&8$***$$$>G7@>G7@



���

$QWLERGLHV

7DEOH ���� /LVW RI DQWLERGLHV XVHG LQ WKLV VWXG\�

$QWLJHQ 'LOXWLRQ 2ULJLQ 3URGXFW QXPEHU 6XSSOLHU

*)3 ����� ������ PRXVH VF����� 6DQWD &UX]

*)3 WUDS �� �O VOXUU\� VDPSOH ODPD JWPD���� &KURPRWHN

+1513$� �������� PRXVH 5���� 6LJPD $OGULFK

+1513+ �������� UDEELW $%����� $EFDP

+1513) ����� ������ PRXVH �+� 6DQWD &UX]

PRXVH ,J* ������� KRUVH ���� &HOO 6LJQDOOLQJ

UDEELW ,J* ������� JRDW ���� &HOO 6LJQDOOLQJ

2OLJRQXFOHRWLGHV �QH[W SDJH�

2OLJRQXFOHRWLGHV ZHUH REWDLQHG HLWKHU IURP 6LJPD�$OGULFK RU ,QWHJUDWHG '1$ 7HFKQROR�

JLHV



���

No. Name Sequence (5’-3’) Purpose 

oJ303 minigene_cloning_fwd CCCAAGCTTTGTGAGAGGCAGCTT
CCAGA 

Cloning of wt RON 
minigene 

oS111 minigene_cloning_rev 
cagTCTAGANNNNNNNNNNNNNN
NGGATCCgccattggttgggggtaggggctgat
taaaggtagg 

Cloning of wt RON 
minigene 

oS428 BamHI_HNRNPH1_fwd catGGATCCaccatgatgttgggcacggaagg 
Cloning of 
HNRNPH1 
overexpression 
construct 

oS429 XbaI_HNRNPH1_rev cattctagactatgcaatgtttgattgaaaatc 
Cloning of 
HNRNPH1 
overexpression 
construct 

oS66 RT-PCR_minigene_fwd TGCCAACCTAGTTCCACTGA RT-PCR for RON 
minigene 

oS67 RT-PCR_minigene_rev GCAACTAGAAGGCACAGTCG RT-PCR for RON 
minigene 

oS44 RT-PCR_endo_fwd CCTGAATATGTGGTCCGAGACCCC
CAG 

RT-PCR for 
endogenous RON 
gene 

oS45 RT-PCR_endo_rev CTAGCTGCTTCCTCCGCCACCAGTA 
RT-PCR for 
endogenous RON 
gene 

oS237 RT-PCR-endo_fwd2 GGGCAGTGGAAAGCAGGTGTGAG 
RT-PCR for 
endogenous RON 
gene in minigene 
transfected cells 

oS118 RON A 
CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNN
CTATAGGGAGACCCAAGCTT  

Illumina fwd 
sequencing primer for 
DNA-seq 

oS119 RON B 
CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNN
GTTCCACTGAAGCCTGAG  

Illumina fwd 
sequencing primer for 
DNA-seq and RNA-
seq 

oS120 RON C 
CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNN
AGCTGCCAGCACGAGTTC  

Illumina fwd 
sequencing primer for 
DNA-seq 

oS138 RON D 
CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNN
GAATCTGAGTGCCCGAGG  

Illumina fwd 
sequencing primer for 
DNA-seq 

)LJXUH ���� 2OLJRQXFOHRWLGHV XVHG LQ WKLV VWXG\� 2OLJRQXFOHRWLGHV ZHUH REWDLQHG HLWKHU
IURP 6LJPD�$OGULFK RU ,QWHJUDWHG '1$ 7HFKQRORJLHV�



���

No. Name Sequence (5’-3’) Purpose 

oS105 RON E 
CAAGCAGAAGACGGCATACGAGA
TCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTNNNNNNNNNNc
tactggctggtcctcatga  

Illumina fwd 
sequencing primer for 
DNA-seq 

oS106 P5 SOLEXA RON 
AATGATACGGCGACCACCGAGATC
TACACTCTTTCCCTACACGACGCTC
TTCCGATCTNNNNNNNNNNATAG
AATAGGGCCCTCTAGA 

Illumina rev 
sequencing primer for 
DNA-seq and RNA-
seq 

oS153 HNRNPH1_qPCR_f GTACACATGCGGGGATTACC RT-qPCR validation 
of HNRNPH1 KD 

oS154 HNRNPH1_qPCR_r CGAACTCGACATCTGCTTCA RT-qPCR validation 
of HNRNPH1 KD 

oS155 PRPF6_qPCR_f CCGGAGAGAACCATACCTCA RT-qPCR validation 
of PRPF6 KD 

oS156 PRPF6_qPCR_r CTGTGCCAGGTGTCATCAGT RT-qPCR validation 
of PRPF6 KD 

oS157 PUF60_qPCR_f GCAAGATCAAGTCCTGCACA RT-qPCR validation 
of PUF60 KD 

oS158 PUF60_qPCR_r GGTTCATGGAAGACACAGCA RT-qPCR validation 
of PUF60 KD 

oS159 SMU1_qPCR_f TCCTCTGCATGTGTTTCAGC RT-qPCR validation 
of SMU1 KD 

oS160 SMU1_qPCR_r TGTGCCCTCTCAAATCTCCT RT-qPCR validation 
of SMU1 KD 

oS161 SRSF2_qPCR_f GCACTAGGCGCAGTTGTGTA RT-qPCR validation 
of SRSF2 KD 

oS162 SRSF2_qPCR_r CAATCGGGAGAAAACAGGAA RT-qPCR validation 
of SRSF2 KD 

oS253 HNRNPH2_qPCR_fwd GTGGTGGTTATGGAGGTGGT RT-qPCR validation 
of HNRNPH2 KD 

oS254 HNRNPH2_qPCR_rev GTGCTCCTTCTCTACCTAAGCA RT-qPCR validation 
of HNRNPH2 KD 

oS289 HNRNPF_qPCR_f GCCTGGTAGCAACAGAAACC RT-qPCR validation 
of HNRNPF KD 

oS290 HNRNPF_qPCR_r GTGATCTTGGGTGTGGCTTT RT-qPCR validation 
of HNRNPF KD 

)LJXUH ���� 2OLJRQXFOHRWLGHV XVHG LQ WKLV VWXG\ �FRQWLQXHG�� 2OLJRQXFOHRWLGHV ZHUH RE�
WDLQHG HLWKHU IURP 6LJPD�$OGULFK RU ,QWHJUDWHG '1$ 7HFKQRORJLHV�



���

No. Name Sequence (5’-3’) Purpose 

oS428 BamHI_HNRNPH1_fwd catGGATCCaccatgatgttgggcacggaagg 

 
Cloning of 
HNRNPH1 
overexpression 
construct 

oS429 XbaI_HNRNPH1_rev cattctagactatgcaatgtttgattgaaaatc 

 
Cloning of 
HNRNPH1 
overexpression 
construct 
 

 

)LJXUH ���� 2OLJRQXFOHRWLGHV XVHG LQ WKLV VWXG\ �FRQWLQXHG�� 2OLJRQXFOHRWLGHV ZHUH RE�
WDLQHG HLWKHU IURP 6LJPD�$OGULFK RU ,QWHJUDWHG '1$ 7HFKQRORJLHV�



���

2WKHU VXSSOHPHQWDU\ WDEOHV

7KH IROORZLQJ WDEOHV OLVW WKH FRQWHQWV RI WKH VROXWLRQV DQG EXIIHUV XVHG LQ WKH VWXG\�

6XSSOHPHQWDU\ 7DEOH �� /\VLV EXIIHU FRPSRVLWLRQ�

&RPSRQHQW )LQDO FRQFHQWUDWLRQ

7ULV�+&O� S+ ��� �� P0

1D&O ��� P0

('7$ � P0

13��� �� �Y�Y�

VRGLXP GHR[\FKRODWH ���� �Z�Y�

1(0 �1�HWK\OPDOHLPLGH� �� P0

F2PSOHWH� 3URWHDVH ,QKLELWRU &RFNWDLO � WDEOHW� �� PO

շ�JO\FHURSKRVSKDWH � P0

6XSSOHPHQWDU\ 7DEOH �� 3RQFHDX UHG VWDLQLQJ VROXWLRQ�

&RPSRQHQW )LQDO FRQFHQWUDWLRQ

3RQFHDX 6 ���� �Z�Y�

$FHWLF DFLG �� �Y�Y�



���

6XSSOHPHQWDU\ 7DEOH �� %XIIHU $� FRPSRVLWLRQ�

&RPSRQHQW )LQDO FRQFHQWUDWLRQ

+HSHV .2+ S+ ��� �� P0

0J&O� ��� P0

.&O �� P0

,JHSDO &$��� ���� �Y�Y�

F2PSOHWH� 3URWHDVH ,QKLELWRU &RFNWDLO � WDEOHW� �� PO

'77 ��� P0

6XSSOHPHQWDU\ 7DEOH �� %XIIHU &� FRPSRVLWLRQ�

&RPSRQHQW )LQDO FRQFHQWUDWLRQ

+HSHV .2+ S+ ��� �� P0

0J&O� � P0

1D&O ��� P0

*O\FHURO ��� �Y�Y�

,JHSDO &$��� ���� �Y�Y�

F2PSOHWH� 3URWHDVH ,QKLELWRU &RFNWDLO � WDEOHW� �� PO

'77 ��� P0

6XSSOHPHQWDU\ 7DEOH �� %LQGLQJ EXIIHU FRPSRVLWLRQ�

&RPSRQHQW )LQDO FRQFHQWUDWLRQ

7ULV�+&O� S+ ��� �� P0

/L&O � 0

('7$ � P0



���

6XSSOHPHQWDU\ 7DEOH �� :DVKLQJ EXIIHU % FRPSRVLWLRQ�

&RPSRQHQW )LQDO FRQFHQWUDWLRQ

7ULV�+&O� S+ ��� �� P0

/L&O ���� 0

('7$ � P0

6XSSOHPHQWDU\ 7DEOH �� 51$ ELQGLQJ EXIIHU FRPSRVLWLRQ�

&RPSRQHQW )LQDO FRQFHQWUDWLRQ

1D&O ��� P0

+HSHV� +&O� S+ ��� �� P0

,JHSDO &$��� ���� �Y�Y�

0J&O� �� P0

6XSSOHPHQWDU\ 7DEOH �� 51$ ZDVK EXIIHU FRPSRVLWLRQ�

&RPSRQHQW )LQDO FRQFHQWUDWLRQ

1D&O ��� P0

+HSHV� +&O� S+ ��� �� P0

,JHSDO &$��� ���� �Y�Y�

0J&O� �� P0

6XSSOHPHQWDU\ 7DEOH �� 2LO�VXUIDFWDQW PL[WXUH IRU HPXOVLRQ 3&5�

&RPSRQHQW $PRXQW )LQDO FRQFHQWUDWLRQ

6SDQ �� ���� PO ���� �YRO�YRO�

7ZHHQ �� ��� �O ���� �YRO�YRO�



���

&RPSRQHQW $PRXQW )LQDO FRQFHQWUDWLRQ

7ULWRQ ;���� �� �O ����� �YRO�YRO�

0LQHUDO RLO WR �� PO



���

&LWDWLRQV

� )LJXUHV LQ WKH ,QWURGXFWLRQ VHFWLRQ ZHUH FUHDWHG XVLQJ %LR5HQGHU�FRP

� 7KH UHIHUHQFHV ZHUH DGGHG DQG PDQDJHG XVLQJ 3DSHUV ��



5HIHUHQFHV ���

5HIHUHQFHV

$GDPVRQ� 6� ,�� =KDQ� /�� *UDYHOH\� %� 5�� ����� 9H[�VHT� KLJK�WKURXJKSXW LGHQWLILFDWLRQ RI

WKH LPSDFW RI JHQHWLF YDULDWLRQ RQ SUH�P51$ VSOLFLQJ HIILFLHQF\� *HQRPH ELRORJ\�� ��� ���

$KVDQ� .� %�� 0DVXGD� $�� 5DKPDQ� 0� $�� 7DNHGD� -� L�� 1D]LP� 0�� 2KNDZDUD� %�� ,WR� 0��

2KQR� .�� ����� 656)� VXSSUHVVHV VHOHFWLRQ RI LQWURQ�GLVWDO �· VSOLFH VLWH RI '2.� LQWURQ �

WR JHQHUDWH IXQFWLRQDO IXOO�OHQJWK 'RN�� SURWHLQ� 6FLHQWLILF 5HSRUWV�� �� ������

$NHUPDQ� 0�� 'DYLG�(GHQ� +�� 3LQWHU� 5� <�� 0DQGHO�*XWIUHXQG� <�� ����� $ FRPSXWD�

WLRQDO DSSURDFK IRU JHQRPH�ZLGH PDSSLQJ RI VSOLFLQJ IDFWRU ELQGLQJ VLWHV� *HQRPH ELRO�

RJ\�� ��� �²���

$PLQ� (� 0�� 2OWHDQ� 6�� +XD� -�� *DPPRQV� 0� 9� 5�� +DPGROODK�=DGHK� 0�� :HOVK� *� ,��

&KHXQJ� 0� .�� 1L� /�� .DVH� 6�� 5HQQHO� (� 6�� 6\PRQGV� .� (�� 1RZDN� '� *�� 5R\HU�3RNRUD�

%�� 6DOHHP� 0� $�� +DJLZDUD� 0�� 6FKXPDFKHU� 9� $�� +DUSHU� 6� -�� +LQWRQ� '� 5�� %DWHV�

'� 2� HW DO�� ����� :7� PXWDQWV UHYHDO 653.� WR EH D GRZQVWUHDP DQJLRJHQHVLV WDUJHW E\

DOWHULQJ 9(*) VSOLFLQJ� &DQFHU FHOO�� ��� ���²����

$QDQWKDUDPDQ� 9�� .RRQLQ� (� 9�� $UDYLQG� /�� ����� &RPSDUDWLYH JHQRPLFV DQG HYROXWLRQ

RI SURWHLQV LQYROYHG LQ 51$ PHWDEROLVP� 1XFOHLF DFLGV UHVHDUFK�� ��� ����²�����

$RNL� 6�� 7DNDKDVKL� 7�� 0DWVXPRWR� .�� .L\RKDUD� 7�� 1DNDPXUD� 7�� ����� &ORQLQJ DQG

H[SUHVVLRQ RI ;HQRSXV +*)�OLNH SURWHLQ �+/3� DQG 5RQ�+/3 UHFHSWRU LPSOLFDWH WKHLU



5HIHUHQFHV ���

LQYROYHPHQW LQ HDUO\ QHXUDO GHYHORSPHQW� %LRFKHPLFDO DQG ELRSK\VLFDO UHVHDUFK FRPPXQLFD�

WLRQV�� ���� ���²����

$UGXL� 6�� $PHXU� $�� 9HUPHHVFK� -� 5�� +HVWDQG� 0� 6�� ����� 6LQJOH PROHFXOH UHDO�WLPH

�6057� VHTXHQFLQJ FRPHV RI DJH� DSSOLFDWLRQV DQG XWLOLWLHV IRU PHGLFDO GLDJQRVWLFV� 1X�

FOHLF DFLGV UHVHDUFK�� ��� ����²�����

$XZHWHU� 6� '�� )DVDQ� 5�� 5H\PRQG� /�� 8QGHUZRRG� -� *�� %ODFN� '� /�� 3LWVFK� 6�� $OODLQ� )�

+� 7�� ����� 0ROHFXODU EDVLV RI 51$ UHFRJQLWLRQ E\ WKH KXPDQ DOWHUQDWLYH VSOLFLQJ IDFWRU

)R[��� 7KH (0%2 MRXUQDO�� ��� ���²����

$YVHF� çLJD� .UHX]KXEHU� 5�� ,VUDHOL� -�� ;X� 1�� &KHQJ� -�� 6KULNXPDU� $�� %DQHUMHH� $�� .LP�

'� 6�� %HLHU� 7�� 8UEDQ� /�� .XQGDMH� $�� 6WHJOH� 2�� *DJQHXU� -�� ����� 7KH .LSRL UHSRVLWRU\

DFFHOHUDWHV FRPPXQLW\ H[FKDQJH DQG UHXVH RI SUHGLFWLYH PRGHOV IRU JHQRPLFV� 1DWXUH

ELRWHFKQRORJ\�� ��� ���²����

%DH]D�&HQWXULRQ� 3�� 0LxDQD� %�� 6FKPLHGHO� -� 0�� 9DOFiUFHO� -�� /HKQHU� %�� ����� &RPEL�

QDWRULDO *HQHWLFV 5HYHDOV D 6FDOLQJ /DZ IRU WKH (IIHFWV RI 0XWDWLRQV RQ 6SOLFLQJ� &HOO�� ����

���²����H���

%DPIRUG� 6�� 'DZVRQ� (�� )RUEHV� 6�� &OHPHQWV� -�� 3HWWHWW� 5�� 'RJDQ� $�� )ODQDJDQ� $��

7HDJXH� -�� )XWUHDO� 3� $�� 6WUDWWRQ� 0� 5�� :RRVWHU� 5�� ����� 7KH &260,& �&DWDORJXH RI

6RPDWLF 0XWDWLRQV LQ &DQFHU� GDWDEDVH DQG ZHEVLWH� %ULWLVK MRXUQDO RI FDQFHU�� ��� ���²����

%DR� 6�� 0RDNOH\� '� )�� =KDQJ� &�� ����� 7KH 6SOLFLQJ &RGH *RHV 'HHS� &HOO�� ���� ���²����

%DUDOOH� )� (�� *LXGLFH� -�� ����� $OWHUQDWLYH VSOLFLQJ DV D UHJXODWRU RI GHYHORSPHQW DQG

WLVVXH LGHQWLW\� 1DWXUH 5HYLHZV 0ROHFXODU &HOO %LRORJ\�� ��� ���²����

%DUDVK� <�� &DODUFR� -� $�� *DR� :�� 3DQ� 4�� :DQJ� ;�� 6KDL� 2�� %OHQFRZH� %� -�� )UH\� %� -��

����� 'HFLSKHULQJ WKH VSOLFLQJ FRGH� 1DWXUH�� ���� ��²���

%DUERVD�0RUDLV� 1� /�� ,ULPLD� 0�� 3DQ� 4�� ;LRQJ� +� <�� *XHURXVVRY� 6�� /HH� /� -�� 6OR�

ERGHQLXF� 9�� .XWWHU� &�� :DWW� 6�� &RODN� 5�� .LP� 7�� 0LVTXLWWD�$OL� &� 0�� :LOVRQ� 0� '��



5HIHUHQFHV ���

.LP� 3� 0�� 2GRP� '� 7�� )UH\� %� -�� %OHQFRZH� %� -�� ����� 7KH (YROXWLRQDU\ /DQGVFDSH RI

$OWHUQDWLYH 6SOLFLQJ LQ 9HUWHEUDWH 6SHFLHV� 6FLHQFH �1HZ <RUN� 1�<���� ���� ����²�����

%DUW\V� 1�� .LHU]HN� 5�� /LVRZLHF�:DFKQLFND� -�� ����� 7KH UHJXODWLRQ SURSHUWLHV RI 51$

VHFRQGDU\ VWUXFWXUH LQ DOWHUQDWLYH VSOLFLQJ� %LRFKLPLFD HW %LRSK\VLFD $FWD �%%$� � *HQH 5HJ�

XODWRU\ 0HFKDQLVPV�� �������

%DVVHWW� '� ,�� ����� ,GHQWLILFDWLRQ DQG GHYHORSPHQWDO H[SUHVVLRQ RI D PDFURSKDJH VWLPX�

ODWLQJ �� KHSDWRF\WH JURZWK IDFWRU�OLNH � RUWKRORJXH LQ WKH ]HEUDILVK� 'HYHORSPHQW JHQHV

DQG HYROXWLRQ�� ���� ���²����

%HGDUG� .� 0�� :DOWHU� %� /�� 6HPOHU� %� /�� ����� 0XOWLPHUL]DWLRQ RI SRO\�U&� ELQGLQJ

SURWHLQ � LV UHTXLUHG IRU WUDQVODWLRQ LQLWLDWLRQ PHGLDWHG E\ D YLUDO ,5(6� 51$�� ��� ����²

�����

%HGROOD� 5� *�� 6KDK� '� 3�� +XDQJ� 6� %�� 5HGGLFN� 5� /�� *KRVK� 5�� .XPDU� $� 3�� �����

5HFHSWRU W\URVLQH NLQDVH UHFHSWHXU G·RULJLQH QDQWDLV DV SUHGLFWLYH PDUNHU IRU DJJUHVVLYH

SURVWDWH FDQFHU LQ $IULFDQ $PHULFDQV� 0ROHFXODU &DUFLQRJHQHVLV�� ��� ���²����

%HGUDW� $�� /DFURL[� /�� 0HUJQ\� -� /�� ����� 5H�HYDOXDWLRQ RI *�TXDGUXSOH[ SURSHQVLW\

ZLWK *�+XQWHU� 1XFOHLF DFLGV UHVHDUFK�� ��� ����²�����

%HQYHQXWL� 6�� &RPRJOLR� 3� 0�� ����� 7KH 0(7 UHFHSWRU W\URVLQH NLQDVH LQ LQYDVLRQ DQG

PHWDVWDVLV� -RXUQDO RI FHOOXODU SK\VLRORJ\�� ���� ���²����

%HQ�<LVKD\� 5�� 6KDY�7DO� <�� ����� 7KH G\QDPLF OLIHF\FOH RIP51$ LQ WKH QXFOHXV� &XUUHQW

2SLQLRQ LQ &HOO %LRORJ\�� ��� ��²���

%HUJOXQG� -� $�� $ERYLFK� 1�� 5RVEDVK� 0�� ����� $ FRRSHUDWLYH LQWHUDFWLRQ EHWZHHQ

8�$)�� DQG P%%3�6)� IDFLOLWDWHV EUDQFKSRLQW UHJLRQ UHFRJQLWLRQ� *HQHV 	 GHYHORSPHQW��

��� ���²����

%LIIL� *�� 7DQQDKLOO� '�� 0LOOHU� -�� +RZDW� :� -�� %DODVXEUDPDQLDQ� 6�� ����� (OHYDWHG OHY�

HOV RI *�TXDGUXSOH[ IRUPDWLRQ LQ KXPDQ VWRPDFK DQG OLYHU FDQFHU WLVVXHV� 3OR6 RQH�� ��

H�������
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%ODFN� '� /�� ����� 0HFKDQLVPV RI DOWHUQDWLYH SUH�PHVVHQJHU 51$ VSOLFLQJ� $QQXDO UHYLHZ

RI ELRFKHPLVWU\�� ��� ���²����

%ODQFKHWWH� 0�� &KDERW� %�� ����� 0RGXODWLRQ RI H[RQ VNLSSLQJ E\ KLJK�DIILQLW\ KQ513

$��ELQGLQJ VLWHV DQG E\ LQWURQ HOHPHQWV WKDW UHSUHVV VSOLFH VLWH XWLOL]DWLRQ� 7KH (0%2

MRXUQDO�� ��� ����²�����

%ROJHU� $� 0�� /RKVH� 0�� 8VDGHO� %�� ����� 7ULPPRPDWLF� D IOH[LEOH WULPPHU IRU ,OOXPLQD

VHTXHQFH GDWD� %LRLQIRUPDWLFV �2[IRUG� (QJODQG��� ��� ����²�����

%RQRPL� 6�� 0DWWHR� $� GL� %XUDWWL� (�� &DELDQFD� '� 6�� %DUDOOH� )� (�� *KLJQD� &�� %LDPRQWL�

*�� ����� +Q513 $� FRQWUROV D VSOLFLQJ UHJXODWRU\ FLUFXLW SURPRWLQJ PHVHQFK\PDO�WR�

HSLWKHOLDO WUDQVLWLRQ� 1XFOHLF DFLGV UHVHDUFK�� ��� ����²�����

%RXNDNLV� *�� 3DWULQRX�*HRUJRXOD� 0�� /HNDUDNRX� 0�� 9DODYDQLV� &�� *XLDOLV� $�� �����

'HUHJXODWHG H[SUHVVLRQ RI KQ513 $�% SURWHLQV LQ KXPDQ QRQ�VPDOO FHOO OXQJ FDQFHU�

SDUDOOHO DVVHVVPHQW RI SURWHLQ DQG P51$ OHYHOV LQ SDLUHG WXPRXU�QRQ�WXPRXU WLVVXHV�

%0& FDQFHU�� ��� ���²����

%UDXQ� 6�� (QFXOHVFX� 0�� 6HWW\� 6� 7�� &RUWpV�/ySH]� 0�� $OPHLGD� %� 3� GH� 6XWDQG\� )�

;� 5�� 6FKXO]� /�� %XVFK� $�� 6HLOHU� 0�� (EHUVEHUJHU� 6�� %DUERVD�0RUDLV� 1� /�� /HJHZLH�

6�� .|QLJ� -�� =DUQDFN� .�� ����� 'HFRGLQJ D FDQFHU�UHOHYDQW VSOLFLQJ GHFLVLRQ LQ WKH 521

SURWR�RQFRJHQH XVLQJ KLJK�WKURXJKSXW PXWDJHQHVLV� 1DWXUH &RPPXQLFDWLRQV�� �� �����

%UDXQVFKZHLJ� 8�� %DUERVD�0RUDLV� 1� /�� 3DQ� 4�� 1DFKPDQ� (� 1�� $OLSDQDKL� %��

*RQDWRSRXORV�3RXUQDW]LV� 7�� )UH\� %�� ,ULPLD� 0�� %OHQFRZH� %� -�� ����� :LGHVSUHDG

LQWURQ UHWHQWLRQ LQ PDPPDOV IXQFWLRQDOO\ WXQHV WUDQVFULSWRPHV� *HQRPH UHVHDUFK�� ���

����²�����

%XUDWWL� (�� 6WXDQL� &�� 'H 3UDWR� *�� %DUDOOH� )� (�� ����� 65 SURWHLQ�PHGLDWHG LQKLELWLRQ RI

&)75 H[RQ � LQFOXVLRQ� PROHFXODU FKDUDFWHUL]DWLRQ RI WKH LQWURQLF VSOLFLQJ VLOHQFHU� 1XFOHLF

DFLGV UHVHDUFK�� ��� ����²�����

&DPDWV� 0�� *XLO� 6�� .RNROR� 0�� %DFK�(OLDV� 0�� ����� 3�� 51$ +HOLFDVH �'';�� $OWHUV
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$FWLYLW\ RI &LV� DQG 7UDQV�$FWLQJ )DFWRUV RI WKH $OWHUQDWLYH 6SOLFLQJ RI +�5DV� 3OR6 RQH��

��

&DPPDV� $�� 0LOOHYRL� 6�� ����� 51$ *�TXDGUXSOH[HV� HPHUJLQJ PHFKDQLVPV LQ GLVHDVH�

1XFOHLF DFLGV UHVHDUFK�� ��� ����²�����

&DSXWL� 0�� =DKOHU� $� 0�� ����� 65 SURWHLQV DQG KQ513 + UHJXODWH WKH VSOLFLQJ RI WKH

+,9�� WHY�VSHFLILF H[RQ �'� 7KH (0%2 MRXUQDO�� ��� ���²����

&DULWKHUV� /� -�� $UGOLH� .�� %DUFXV� 0�� %UDQWRQ� 3� $�� %ULWWRQ� $�� %XLD� 6� $�� &RPSWRQ� &�

&�� 'H/XFD� '� 6�� 3HWHU�'HPFKRN� -�� *HOIDQG� (� 7�� *XDQ� 3�� .RU]HQLHZVNL� *� (�� /RFN�

KDUW� 1� &�� 5DELQHU� &� $�� 5DR� $� .�� 5RELQVRQ� .� /�� 5RFKH� 1� 9�� 6DZ\HU� 6� -�� 6HJUH�

$� 9� HW DO�� ����� $ 1RYHO $SSURDFK WR +LJK�4XDOLW\ 3RVWPRUWHP 7LVVXH 3URFXUHPHQW�

7KH *7([ 3URMHFW� %LRSUHVHUYDWLRQ DQG %LREDQNLQJ�� ��� ���²����

&DUWHJQL� /�� .UDLQHU� $� 5�� ����� 'LVUXSWLRQ RI DQ 6)��$6)�GHSHQGHQW H[RQLF VSOLFLQJ

HQKDQFHU LQ 601� FDXVHV VSLQDO PXVFXODU DWURSK\ LQ WKH DEVHQFH RI 601�� 1DWXUH JHQHW�

LFV�� ��� ���²����

&DVDV�)LQHW� -� 5�� 6PLWK -U� -� '�� .XPDU� $�� .LP� -� *�� :LOVRQ� 6� +�� .DUSHO� 5� /�� �����

0DPPDOLDQ +HWHURJHQHRXV 5LERQXFOHRSURWHLQ $� DQG LWV &RQVWLWXHQW 'RPDLQV� 1XFOHLF

$FLG ,QWHUDFWLRQ� 6WUXFWXUDO 6WDELOLW\ DQG 6HOI�DVVRFLDWLRQ� -RXUQDO RI PROHFXODU ELRORJ\�� ����

���²����

&DVWHOOR� $�� )LVFKHU� %�� +HQW]H� 0� :�� 3UHLVV� 7�� ����� 51$�ELQGLQJ SURWHLQV LQ

0HQGHOLDQ GLVHDVH� 7UHQGV LQ JHQHWLFV � 7,*�� ��� ���²����

&KDNHGLV� -�� )UHQFK� 5�� %DELFN\� 0�� -DTXLVK� '�� +RZDUG� +�� 0RVH� (�� /DP� 5�� +ROPDQ�

3�� 0L\DPRWR� -�� :DOWHUVFKHLG� =�� /RZ\� $�0�� ����� $ QRYHO SURWHLQ LVRIRUP RI WKH 521

W\URVLQH NLQDVH UHFHSWRU WUDQVIRUPV KXPDQ SDQFUHDWLF GXFW HSLWKHOLDO FHOOV� 2QFRJHQH�� ���

����²�����

&KDXGKXU\� $�� &KDQGHU� 3�� +RZH� 3� +�� ����� +HWHURJHQHRXV QXFOHDU ULERQXFOHRSUR�

WHLQV �KQ513V� LQ FHOOXODU SURFHVVHV� )RFXV RQ KQ513 (�·V PXOWLIXQFWLRQDO UHJXODWRU\
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UROHV� 51$�� ��� ����²�����

&KHQ� /�� %XVK� 6� -�� 7RYDU�&RURQD� -� 0�� &DVWLOOR�0RUDOHV� $�� 8UUXWLD� $� 2�� ����� &RU�

UHFWLQJ IRU GLIIHUHQWLDO WUDQVFULSW FRYHUDJH UHYHDOV D VWURQJ UHODWLRQVKLS EHWZHHQ DOWHUQD�

WLYH VSOLFLQJ DQG RUJDQLVP FRPSOH[LW\� 0ROHFXODU ELRORJ\ DQG HYROXWLRQ�� ��� ����²�����

&KHQJ� -�� 0DLHU� .� &�� $YVHF� çLJD� 5XV� 3�� *DJQHXU� -�� ����� &LV�UHJXODWRU\ HOHPHQWV

H[SODLQ PRVW RI WKH P51$ VWDELOLW\ YDULDWLRQ DFURVV JHQHV LQ \HDVW� 51$�� ��� ����²�����

&KHQJ� -�� 1JX\HQ� 7� <� '�� &\JDQ� .� -�� dHOLN�0�+�� )DLUEURWKHU�:�*�� $YVHF� çLJD� *DJ�

QHXU� -�� ����� 006SOLFH� PRGXODU PRGHOLQJ LPSURYHV WKH SUHGLFWLRQV RI JHQHWLF YDULDQW

HIIHFWV RQ VSOLFLQJ� *HQRPH ELRORJ\�� ��� ���

&KHXQJ� 5�� ,QVLJQH� .� '�� <DR� '�� %XUJKDUG� &� 3�� :DQJ� -�� +VLDR� <� +� (�� -RQHV� (�

0�� *RRGPDQ� '� %�� ;LDR� ;�� .RVXUL� 6�� ����� $ 0XOWLSOH[HG $VVD\ IRU ([RQ 5HFRJQL�

WLRQ 5HYHDOV WKDW DQ 8QDSSUHFLDWHG )UDFWLRQ RI 5DUH *HQHWLF 9DULDQWV &DXVH /DUJH�(IIHFW

6SOLFLQJ 'LVUXSWLRQV� 0ROHFXODU FHOO�� ��� ���²����H��

&KLQJ� 7�� +LPPHOVWHLQ� '� 6�� %HDXOLHX�-RQHV� %� .�� .DOLQLQ� $� $�� 'R� %� 7�� :D\� *� 3��

)HUUHUR� (�� $JDSRZ� 3� 0�� =LHW]� 0�� +RIIPDQ� 0� 0�� ;LH� :�� 5RVHQ� *� /�� /HQJHULFK�

%� -�� ,VUDHOL� -�� /DQFKDQWLQ� -�� :RORV]\QHN� 6�� &DUSHQWHU� $� (�� 6KULNXPDU� $�� ;X� -� HW

DO�� ����� 2SSRUWXQLWLHV DQG REVWDFOHV IRU GHHS OHDUQLQJ LQ ELRORJ\ DQG PHGLFLQH� -RXUQDO

RI WKH 5R\DO 6RFLHW\� ,QWHUIDFH�� ���

&ODUNH� -�� :X� +� &�� -D\DVLQJKH� /�� 3DWHO� $�� 5HLG� 6�� %D\OH\� +�� ����� &RQWLQXRXV EDVH

LGHQWLILFDWLRQ IRU VLQJOH�PROHFXOH QDQRSRUH '1$ VHTXHQFLQJ� 1DWXUH 1DQRWHFKQRORJ\�� ��

���²����

&OHUWH� &�� +DOO� .� %�� ����� &KDUDFWHUL]DWLRQ RI PXOWLPHULF FRPSOH[HV IRUPHG E\ WKH KX�

PDQ 37%� SURWHLQ RQ 51$� 51$�� ��� ���²����

&OpU\� $�� %ODWWHU� 0�� $OODLQ� )� +� 7�� ����� 51$ UHFRJQLWLRQ PRWLIV� ERULQJ" 1RW TXLWH�

&XUUHQW RSLQLRQ LQ VWUXFWXUDO ELRORJ\�� ��� ���²����

&ROOHVL� &�� 6DQWRUR� 0� 0�� *DXGLQR� *�� &RPRJOLR� 3� 0�� ����� $ VSOLFLQJ YDULDQW RI WKH
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521 WUDQVFULSW LQGXFHV FRQVWLWXWLYH W\URVLQH NLQDVH DFWLYLW\ DQG DQ LQYDVLYH SKHQRW\SH�

0ROHFXODU DQG &HOOXODU %LRORJ\�� ��� ����²�����

&ROWUL� 3� 3�� 6DQWRV� 0� *� 3� GRV� 6LOYD� *� +� *� GD� ����� 6SOLFLQJ DQG FDQFHU� &KDOOHQJHV

DQG RSSRUWXQLWLHV� :LOH\ ,QWHUGLVFLSOLQDU\ 5HYLHZV� 51$�� ��� H�����

&RQORQ� (� *�� /X� /�� 6KDUPD� $�� <DPD]DNL� 7�� 7DQJ� 7�� 6KQHLGHU� 1� $�� 0DQOH\� -�

/�� ����� 7KH &�25)�� ****&& H[SDQVLRQ IRUPV 51$ *�TXDGUXSOH[ LQFOXVLRQV DQG

VHTXHVWHUV KQ513 + WR GLVUXSW VSOLFLQJ LQ $/6 EUDLQV� H/LIH�� �� ����

&RRSHU� 7� $�� ����� 8VH RI PLQLJHQH V\VWHPV WR GLVVHFW DOWHUQDWLYH VSOLFLQJ HOHPHQWV�

0HWKRGV �6DQ 'LHJR� &DOLI���� ��� ���²����

&RUGLQ� 2�� %HJJV� -� '�� ����� 51$ KHOLFDVHV LQ VSOLFLQJ� 51$ ELRORJ\�� ��� ��²���

&RULRQL� 0�� $QWLK� 1�� 7DQDFNRYLF� *�� =DYRODQ� 0�� .UlPHU� $�� ����� $QDO\VLV RI LQ VLWX

SUH�P51$ WDUJHWV RI KXPDQ VSOLFLQJ IDFWRU 6)� UHYHDOV D IXQFWLRQ LQ DOWHUQDWLYH VSOLFLQJ�

1XFOHLF DFLGV UHVHDUFK�� ��� ����²�����

&RUUHD� %� 5�� $UDXMR� 3� 5� GH� 4LDR� 0�� %XUQV� 6� &�� &KHQ� &�� 6FKOHJHO� 5�� $JDUZDO� 6��

*DODQWH� 3� $� )�� 3HQDOYD� /� 2� )�� ����� )XQFWLRQDO JHQRPLFV DQDO\VHV RI 51$�ELQGLQJ

SURWHLQV UHYHDO WKH VSOLFLQJ UHJXODWRU 6153% DV DQ RQFRJHQLF FDQGLGDWH LQ JOLREODVWRPD�

*HQRPH ELRORJ\�� ��� �²���

&XPPLQJV� %� %�� 0DUVKDOO� -� /�� 7XNLDLQHQ� 7�� /HN� 0�� 'RQNHUYRRUW� 6�� )ROH\� $� 5��

%ROGXF� 9�� :DGGHOO� /� %�� 6DQGDUDGXUD� 6� $�� 2·*UDG\� *� /�� (VWUHOOD� (�� 5HGG\� +� 0��

=KDR� )�� :HLVEXUG� %�� .DUF]HZVNL� .� -�� 2·'RQQHOO�/XULD� $� +�� %LUQEDXP� '�� 6DUNR]\�

$�� +X� <� HW DO�� ����� ,PSURYLQJ JHQHWLF GLDJQRVLV LQ 0HQGHOLDQ GLVHDVH ZLWK WUDQVFULS�

WRPH VHTXHQFLQJ� 6FLHQFH WUDQVODWLRQDO PHGLFLQH�� �� HDDO�����

'DJXHQHW� (�� 'XMDUGLQ� *�� 9DOFiUFHO� -�� ����� 7KH SDWKRJHQLFLW\ RI VSOLFLQJ GHIHFWV� PHFK�

DQLVWLF LQVLJKWV LQWR SUH�P51$ SURFHVVLQJ LQIRUP QRYHO WKHUDSHXWLF DSSURDFKHV� (0%2

UHSRUWV�� ��� ����²�����

'DQFNZDUGW� 6�� 1HX�<LOLN� *�� 7KHUPDQQ� 5�� )UHGH� 8�� +HQW]H� 0� :�� .XOR]LN� $� (��
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����� $EQRUPDOO\ VSOLFHG EHWD�JORELQ P51$V� D VLQJOH SRLQW PXWDWLRQ JHQHUDWHV WUDQ�

VFULSWV VHQVLWLYH DQG LQVHQVLWLYH WR QRQVHQVH�PHGLDWHG P51$ GHFD\� %ORRG�� ��� ����²

�����

'DUGHQQH� (�� 3ROD\ (VSLQR]D� 0�� )DWWHW� /�� *HUPDQQ� 6�� /DPEHUW� 0� 3�� 1HLO� +�� =RQWD�

(�� 0RUWDGD� +�� *UDWDGRX� /�� 'H\JDV� 0�� &KDNUDPD� )� =�� 6DPDDQ� 6�� 'HVPHW� )� 2��

7UDQFKHYHQW� /� &�� 'XWHUWUH� 0�� 5LPRNK� 5�� %RXUJHRLV� &� )�� $XERHXI� '�� ����� 51$

KHOLFDVHV '';� DQG '';�� G\QDPLFDOO\ RUFKHVWUDWH WUDQVFULSWLRQ� PL51$� DQG VSOLFLQJ

SURJUDPV LQ FHOO GLIIHUHQWLDWLRQ� &HOO UHSRUWV�� �� ����²�����

'DXEQHU� *� 0�� &OpU\� $�� $OODLQ� )� +� 7�� ����� 55051$ UHFRJQLWLRQ� 105 RU FU\VWDO�

ORJUDSK\«DQG QHZ ILQGLQJV� &XUUHQW RSLQLRQ LQ VWUXFWXUDO ELRORJ\�� ��� ���²����

'H &RQWL� /�� %DUDOOH� 0�� %XUDWWL� (�� ����� ([RQ DQG LQWURQ GHILQLWLRQ LQ SUH�P51$ VSOLF�

LQJ� :LOH\ ,QWHUGLVFLSOLQDU\ 5HYLHZV� 51$�� �� ��²���

'HFRUVLqUH� $�� &D\UHO� $�� 9DJQHU� 6�� 0LOOHYRL� 6�� ����� (VVHQWLDO UROH IRU WKH LQWHUDFWLRQ

EHWZHHQ KQ513 +�) DQG D * TXDGUXSOH[ LQ PDLQWDLQLQJ S�� SUH�P51$ �·�HQG SURFHVV�

LQJ DQG IXQFWLRQ GXULQJ '1$ GDPDJH� *HQHV 	 GHYHORSPHQW�� ��� ���²����

'H/XFD� '� 6�� 6HJUH� $� 9�� 6XOOLYDQ� 7� -�� <RXQJ� 7� 5�� *HOIDQG� (� 7�� 7URZEULGJH� &�

$�� 0DOOHU� -� %�� 7XNLDLQHQ� 7�� /HN� 0�� :DUG� /� '�� .KHUDGSRXU� 3�� ,ULDUWH� %�� 0HQJ� <��

3DOPHU� &� '�� (VNR� 7�� :LQFNOHU� :�� +LUVFKKRUQ� -� 1�� 0DF$UWKXU� '� *�� *HW]� *� HW DO��

����� 7KH *HQRW\SH�7LVVXH ([SUHVVLRQ �*7([� SLORW DQDO\VLV� 0XOWLWLVVXH JHQH UHJXODWLRQ

LQ KXPDQV� 6FLHQFH �1HZ <RUN� 1�<���� ���� ���²����

'LQJ� -�� +D\DVKL� 0� .�� =KDQJ� <�� 0DQFKH� /�� .UDLQHU� $� 5�� ;X� 5� 0�� ����� &U\VWDO

VWUXFWXUH RI WKH WZR�550 GRPDLQ RI KQ513 $� �83�� FRPSOH[HG ZLWK VLQJOH�VWUDQGHG

WHORPHULF '1$� *HQHV 	 GHYHORSPHQW�� ��� ����²�����

'MHEDOL� 6�� 'DYLV� &� $�� 0HUNHO� $�� 'RELQ� $�� /DVVPDQQ� 7�� 0RUWD]DYL� $�� 7DQ]HU� $��

/DJDUGH� -�� /LQ� :�� 6FKOHVLQJHU� )�� ;XH� &�� 0DULQRY� *� .�� .KDWXQ� -�� :LOOLDPV� %� $��

=DOHVNL� &�� 5R]RZVN\� -�� 5|GHU� 0�� .RNRFLQVNL� )�� $EGHOKDPLG� 5� )� HW DO�� ����� /DQG�
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VFDSH RI WUDQVFULSWLRQ LQ KXPDQ FHOOV� 1DWXUH�� ���� ���²����

'RELQ� $�� 'DYLV� &� $�� 6FKOHVLQJHU� )�� 'UHQNRZ� -�� =DOHVNL� &�� -KD� 6�� %DWXW� 3�� &KDLV�

VRQ� 0�� *LQJHUDV� 7� 5�� ����� 67$5� XOWUDIDVW XQLYHUVDO 51$�VHT DOLJQHU� %LRLQIRUPDWLFV

�2[IRUG� (QJODQG��� ��� ��²���

'RKP� -� &�� /RWWD]� &�� %RURGLQD� 7�� +LPPHOEDXHU� +�� ����� 6XEVWDQWLDO ELDVHV LQ XOWUD�

VKRUW UHDG GDWD VHWV IURP KLJK�WKURXJKSXW '1$ VHTXHQFLQJ� 1XFOHLF DFLGV UHVHDUFK�� ���

H���²H����

'RPLQJXH]� &�� )LVHWWH� -� )�� &KDERW� %�� $OODLQ� )� +� 7�� ����� 6WUXFWXUDO EDVLV RI *�WUDFW

UHFRJQLWLRQ DQG HQFDJLQJ E\ KQ513 ) TXDVL�550V� 1DWXUH 6WUXFWXUDO 	0ROHFXODU %LRORJ\��

��� ���²����

'RPLQJXH]� '�� )UHHVH� 3�� $OH[LV� 0� 6�� 6X� $�� +RFKPDQ� 0�� 3DOGHQ� 7�� %D]LOH� &��

/DPEHUW� 1� -�� 9DQ 1RVWUDQG� (� /�� 3UDWW� *� $�� <HR� *� :�� *UDYHOH\� %� 5�� %XUJH� &�

%�� ����� 6HTXHQFH� 6WUXFWXUH� DQG &RQWH[W 3UHIHUHQFHV RI +XPDQ 51$ %LQGLQJ 3URWHLQV�

0ROHFXODU FHOO�� ��� ���²��

'RUDN� 0� 7�� ����� ,Q 07 'RUDN �(G��� 5HDO�WLPH 3&5�

'RUDN� 0� 7�� ����� 5HDO�WLPH 3&5� *DUODQG 6FLHQFH�

'YLQJH� +�� .LP� (�� $EGHO�:DKDE� 2�� %UDGOH\� 5� .�� ����� 51$ VSOLFLQJ IDFWRUV DV RQ�

FRSURWHLQV DQG WXPRXU VXSSUHVVRUV� 1DWXUH UHYLHZV� &DQFHU�� ��� ���²����

(LG� -�� )HKU� $�� *UD\� -�� /XRQJ� .�� /\OH� -�� 2WWR� *�� 3HOXVR� 3�� 5DQN� '�� %D\ED\DQ�

3�� %HWWPDQ� %�� %LELOOR� $�� %MRUQVRQ� .�� &KDXGKXUL� %�� &KULVWLDQV� )�� &LFHUR� 5�� &ODUN�

6�� 'DODO� 5�� GH:LQWHU� $�� 'L[RQ� -� HW DO�� ����� 5HDO�7LPH '1$ 6HTXHQFLQJ IURP 6LQJOH

3RO\PHUDVH 0ROHFXOHV� 6FLHQFH �1HZ <RUN� 1�<���� ���� ���²����

(UNHOHQ]� 6�� 0XHOOHU� :� )�� (YDQV� 0� 6�� %XVFK� $�� 6FK|QHZHLV� .�� +HUWHO� .� -�� 6FKDDO�

+�� ����� 3RVLWLRQ�GHSHQGHQW VSOLFLQJ DFWLYDWLRQ DQG UHSUHVVLRQ E\ 65 DQG KQ513 SUR�

WHLQV UHO\ RQ FRPPRQ PHFKDQLVPV� 51$�� ��� ��²����
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)DKDP� 1�� :HOP� $� /�� ����� 521 6LJQDOLQJ ,V D .H\ 0HGLDWRU RI 7XPRU 3URJUHVVLRQ LQ

0DQ\ +XPDQ &DQFHUV� &ROG 6SULQJ +DUERU 6\PSRVLD RQ 4XDQWLWDWLYH %LRORJ\�� ��� ���²����

)LFD� 6� 0�� 7XWWOH� 1�� 1RYDN� 7�� /L� 1� 6�� /X� -�� .RRGDWKLQJDO� 3�� 'DL� 4�� 6WDOH\� -� 3��

3LFFLULOOL� -� $�� ����� 51$ FDWDO\VHV QXFOHDU SUH�P51$ VSOLFLQJ� 1DWXUH�� ���� ���²����

)LFD� 6�0�� 1DJDL� .�� ����� &U\R�HOHFWURQPLFURVFRS\ VQDSVKRWV RI WKH VSOLFHRVRPH� VWUXF�

WXUDO LQVLJKWV LQWR D G\QDPLF ULERQXFOHRSURWHLQ PDFKLQH� 1DWXUH 6WUXFWXUDO 	 0ROHFXODU

%LRORJ\�� ��� ���²����

)LQGOD\� *�0�� 'D]D� 5�0�� 0DUWLQ� %�� =KDQJ�0� '�� /HLWK� $� 3�� *DVSHULQL� 0�� -DQL]HN� -�

'�� +XDQJ� ;�� 6WDULWD� /� 0�� 6KHQGXUH� -�� ����� $FFXUDWH FODVVLILFDWLRQ RI %5&$� YDULDQWV

ZLWK VDWXUDWLRQ JHQRPH HGLWLQJ� 1DWXUH�� ���� ���²����

)LVHWWH� -� )�� 0RQWDJQD� '� 5�� 0LKDLOHVFX� 0� 5�� :ROIH� 0� 6�� ����� $ *�ULFK HOHPHQW

IRUPV D *�TXDGUXSOH[ DQG UHJXODWHV %$&(� P51$ DOWHUQDWLYH VSOLFLQJ� -RXUQDO RI QHXUR�

FKHPLVWU\�� ���� ���²����

)X� ;� '�� $UHV� 0�� ����� &RQWH[W�GHSHQGHQW FRQWURO RI DOWHUQDWLYH VSOLFLQJ E\ 51$�

ELQGLQJ SURWHLQV� 1DWXUH UHYLHZV� *HQHWLFV�� ��� ���²����

)XVHOOL� 6�� %DSWLVWD� 5� 3�� 3DQ]LHUD� $�� 0DJL� $�� *XJOLHOPL� 6�� 7RQLQ� 5�� %HQD]]R� $��

%DX]HU� /� *�� 0D]]RQL� &� -�� %HUWRUHOOH� *�� ����� $ QHZ K\EULG DSSURDFK IRU 0+& JHQR�

W\SLQJ� KLJK�WKURXJKSXW 1*6 DQG ORQJ UHDG 0LQ,21 QDQRSRUH VHTXHQFLQJ� ZLWK DSSOL�

FDWLRQ WR WKH QRQ�PRGHO YHUWHEUDWH $OSLQH FKDPRLV �5XSLFDSUD UXSLFDSUD�� +HUHGLW\�� ����

���²����

*DR� .�� 0DVXGD� $�� 0DWVXXUD� 7�� 2KQR� .�� ����� +XPDQ EUDQFK SRLQW FRQVHQVXV VH�

TXHQFH LV \8Q$\� 1XFOHLF DFLGV UHVHDUFK�� ��� ����²�����

*DUJ� .�� *UHHQ� 3�� ����� 'LIIHULQJ SDWWHUQV RI VHOHFWLRQ LQ DOWHUQDWLYH DQG FRQVWLWXWLYH

VSOLFH VLWHV� *HQRPH UHVHDUFK�� ��� ����²�����

*DUWQHU� -� -�� 3DUNHU� 6� &� -�� 3ULFNHWW� 7� '�� 'XWWRQ�5HJHVWHU� .�� 6WLW]HO� 0� /�� /LQ� -� &��

'DYLV� 6�� 6LPKDGUL� 9� /�� -KD� 6�� .DWDJLUL� 1�� *RWHD� 9�� 7HHU� -� .�� :HL� ;�� 0RUNHQ�
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0� $�� %KDQRW� 8� .�� 3URJUDP� 1� &� 6�� &KHQ� *�� (OQLWVNL� /� /�� 'DYLHV� 0� $� HW DO��

����� :KROH�JHQRPH VHTXHQFLQJ LGHQWLILHV D UHFXUUHQW IXQFWLRQDO V\QRQ\PRXV PXWDWLRQ

LQ PHODQRPD� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI $PHULFD��

���� �����²������

*DXGLQR� *�� )ROOHQ]L� $�� 1DOGLQL� /�� &ROOHVL� &�� 6DQWRUR� 0�� *DOOR� .� $�� *RGRZVNL� 3�

-�� &RPRJOLR� 3� 0�� ����� 521 LV D KHWHURGLPHULF W\URVLQH NLQDVH UHFHSWRU DFWLYDWHG E\

WKH +*) KRPRORJXH 063� 7KH (0%2 MRXUQDO�� ��� ����²�����

*DXGLQR� *�� $YDQWDJJLDWR� 9�� )ROOHQ]L� $�� $FDPSRUD� '�� 6LPHRQH� $�� &RPRJOLR� 3�

0�� ����� 7KH SURWR�RQFRJHQH 521 LV LQYROYHG LQ GHYHORSPHQW RI HSLWKHOLDO� ERQH DQG

QHXUR�HQGRFULQH WLVVXHV� 2QFRJHQH�� ��� ����²�����

*HUVWEHUJHU� 6�� +DIQHU� 0�� $VFDQR� 0�� 7XVFKO� 7�� ����� (YROXWLRQDU\ &RQVHUYDWLRQ DQG

([SUHVVLRQ RI +XPDQ 51$�%LQGLQJ 3URWHLQV DQG 7KHLU 5ROH LQ +XPDQ *HQHWLF 'LVHDVH�

,Q� 6\VWHPV ELRORJ\ RI UQD ELQGLQJ SURWHLQV� 6SULQJHU� 1HZ <RUN� 1<� 1HZ <RUN� 1<� SS�

�²���

*KLJQD� &�� *LRUGDQR� 6�� 6KHQ� +�� %HQYHQXWR� )�� &DVWLJOLRQL� )�� &RPRJOLR� 3� 0�� *UHHQ�

0� 5�� 5LYD� 6�� %LDPRQWL� *�� ����� &HOO 0RWLOLW\ ,V &RQWUROOHG E\ 6)��$6) WKURXJK $OWHU�

QDWLYH 6SOLFLQJ RI WKH 5RQ 3URWRRQFRJHQH� 0ROHFXODU FHOO�� ��� ���²����

*LXGLFH� *�� 6iQFKH]�&DER� )�� 7RUURMD� &�� /DUD�3H]]L� (�� ����� $7W5$&7�D GDWDEDVH RI

51$�ELQGLQJ SURWHLQV DQG DVVRFLDWHG PRWLIV� 'DWDEDVH � WKH MRXUQDO RI ELRORJLFDO GDWDEDVHV

DQG FXUDWLRQ�� ����� EDZ����

*OLVRYLF� 7�� %DFKRULN� -� /�� <RQJ� -�� 'UH\IXVV� *�� ����� 51$�ELQGLQJ SURWHLQV DQG SRVW�

WUDQVFULSWLRQDO JHQH UHJXODWLRQ� )(%6 /HWWHUV�� ���� ����²�����

*RUHQ� $�� 5DP� 2�� $PLW� 0�� .HUHQ� +�� /HY�0DRU� *�� 9LJ� ,�� 3XSNR� 7�� $VW� *�� �����

&RPSDUDWLYH $QDO\VLV ,GHQWLILHV ([RQLF 6SOLFLQJ 5HJXODWRU\ 6HTXHQFHV7KH &RPSOH[ 'HI�

LQLWLRQ RI (QKDQFHUV DQG 6LOHQFHUV� 0ROHFXODU FHOO�� ��� ���²����

*RWHD� 9�� *DUWQHU� -� -�� 4XWRE� 1�� (OQLWVNL� /�� 6DPXHOV� <�� ����� 7KH IXQFWLRQDO UHOH�
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YDQFH RI VRPDWLF V\QRQ\PRXV PXWDWLRQV LQ PHODQRPD DQG RWKHU FDQFHUV� 3LJPHQW FHOO 	

PHODQRPD UHVHDUFK�� ��� ���²����

*UDYHOH\� %� 5�� ����� 6RUWLQJ RXW WKH FRPSOH[LW\ RI 65 SURWHLQ IXQFWLRQV� 51$�� �� ����²

�����

*UHHQPDQ� &�� :RRVWHU� 5�� )XWUHDO� 3� $�� 6WUDWWRQ� 0� 5�� (DVWRQ� '� )�� ����� 6WDWLVWLFDO

DQDO\VLV RI SDWKRJHQLFLW\ RI VRPDWLF PXWDWLRQV LQ FDQFHU� *HQHWLFV�� ���� ����²�����

*URGHFNi� /�� %XUDWWL� (�� )UHLEHUJHU� 7�� ����� 0XWDWLRQV RI 3UH�P51$ 6SOLFLQJ 5HJX�

ODWRU\ (OHPHQWV� $UH 3UHGLFWLRQV 0RYLQJ )RUZDUG WR &OLQLFDO 'LDJQRVWLFV" ,QWHUQDWLRQDO

MRXUQDO RI PROHFXODU VFLHQFHV�� ��� �����

*XHURXVVRY� 6�� :HDWKHULWW� 5� -�� 2·+DQORQ� '�� /LQ� =� <�� 1DUXOD� $�� *LQJUDV� $� &��

%OHQFRZH� %� -�� ����� 5HJXODWRU\ ([SDQVLRQ LQ 0DPPDOV RI 0XOWLYDOHQW KQ513 $VVHP�

EOLHV WKDW *OREDOO\ &RQWURO $OWHUQDWLYH 6SOLFLQJ� &HOO�� ���� ���²����H���

*XR� -� 8�� %DUWHO� '� 3�� ����� 51$ *�TXDGUXSOH[HV DUH JOREDOO\ XQIROGHG LQ HXNDU\RWLF

FHOOV DQG GHSOHWHG LQ EDFWHULD� 6FLHQFH �1HZ <RUN� 1�<���� ���� DDI�����

+DFKW� $� YRQ� 6HLIHUW� 2�� 0HQJHU� 0�� 6FK�W]H� 7�� $URUD� $�� .RQWKXU� =�� 1HXEDXHU�

3�� :DJQHU� $�� :HLVH� &�� .XUUHFN� -�� ����� ,GHQWLILFDWLRQ DQG FKDUDFWHUL]DWLRQ RI 51$

JXDQLQH�TXDGUXSOH[ ELQGLQJ SURWHLQV� 1XFOHLF DFLGV UHVHDUFK�� ��� ����²�����

+DQ� .�� <HR� *�� $Q� 3�� %XUJH� &� %�� *UDERZVNL� 3� -�� ����� $ &RPELQDWRULDO &RGH IRU

6SOLFLQJ 6LOHQFLQJ� 8$** DQG ****0RWLIV� 3/R6 ELRORJ\�� �� H����

+DYHQV� 0� $�� 'XHOOL� '� 0�� +DVWLQJV� 0� /�� ����� 7DUJHWLQJ 51$ VSOLFLQJ IRU GLVHDVH

WKHUDS\� :LOH\ ,QWHUGLVFLSOLQDU\ 5HYLHZV� 51$�� �� ���²����

+HLQHU� 0�� +XL� -�� 6FKUHLQHU� 6�� +XQJ� /� +�� %LQGHUHLI� $�� ����� +Q513 /�PHGLDWHG

UHJXODWLRQ RI PDPPDOLDQ DOWHUQDWLYH VSOLFLQJ E\ LQWHUIHUHQFH ZLWK VSOLFH VLWH UHFRJQLWLRQ�

51$ ELRORJ\�� �� ��²���

+RZDUG� -� 0�� 6DQIRUG� -� 5�� ����� 7KH 51$LVVDQFH IDPLO\� 65 SURWHLQV DV PXOWLIDFHWHG
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UHJXODWRUV RI JHQH H[SUHVVLRQ� :LOH\ ,QWHUGLVFLSOLQDU\ 5HYLHZV� 51$�� �� ��²����

+VLDR� <� +� (�� %DKQ� -� +�� /LQ� ;�� &KDQ� 7� 0�� :DQJ� 5�� ;LDR� ;�� ����� $OWHUQDWLYH

VSOLFLQJ PRGXODWHG E\ JHQHWLF YDULDQWV GHPRQVWUDWHV DFFHOHUDWHG HYROXWLRQ UHJXODWHG E\

KLJKO\ FRQVHUYHG SURWHLQV� *HQRPH UHVHDUFK�� ��� ���²����

+XDQJ� +�� =KDQJ� -�� +DUYH\� 6� (�� +X� ;�� &KHQJ� &�� ����� 51$ *�TXDGUXSOH[ VHF�

RQGDU\ VWUXFWXUH SURPRWHV DOWHUQDWLYH VSOLFLQJ YLD WKH 51$�ELQGLQJ SURWHLQ KQ513)�

*HQHV 	 GHYHORSPHQW�� ��� ����²�����

+XHOJD� 6� &�� 9X� $� 4�� $UQROG� -� '�� /LDQJ� 7� <�� /LX� 3� 3�� <DQ� %� <�� 'RQRKXH� -�

3�� 6KLXH� /�� +RRQ� 6�� %UHQQHU� 6�� $UHV� 0�� <HR� *� :�� ����� ,QWHJUDWLYH JHQRPH�ZLGH

DQDO\VLV UHYHDOV FRRSHUDWLYH UHJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ E\ KQ513 SURWHLQV� &HOO

UHSRUWV�� �� ���²����

+XJ� 1�� /RQJPDQ� '�� &iFHUHV� -� )�� ����� 0HFKDQLVP DQG UHJXODWLRQ RI WKH QRQVHQVH�

PHGLDWHG GHFD\ SDWKZD\� 1XFOHLF DFLGV UHVHDUFK�� ��� ����²�����

+XL� -�� 6WDQJO� .�� /DQH� :� 6�� %LQGHUHLI� $�� ����� +Q513 / VWLPXODWHV VSOLFLQJ RI WKH

H126 JHQH E\ ELQGLQJ WR YDULDEOH�OHQJWK &$ UHSHDWV� 1DWXUH 6WUXFWXUDO 	 0ROHFXODU %LRO�

RJ\�� ��� ��²���

+XUVW� /� '�� %DWDGD� 1� 1�� ����� 'HSOHWLRQ RI VRPDWLF PXWDWLRQV LQ VSOLFLQJ�DVVRFLDWHG

VHTXHQFHV LQ FDQFHU JHQRPHV� *HQRPH ELRORJ\�� ��� ����

,EUDKLP� (� &�� 6FKDDO� 7� '�� +HUWHO� .� -�� 5HHG� 5�� 0DQLDWLV� 7�� ����� 6HULQH�DUJLQLQH�ULFK

SURWHLQ�GHSHQGHQW VXSSUHVVLRQ RI H[RQ VNLSSLQJ E\ H[RQLF VSOLFLQJ HQKDQFHUV� 3URFHHG�

LQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI $PHULFD�� ���� ����²�����

-DEORQVNL� -� $�� %XUDWWL� (�� 6WXDQL� &�� &DSXWL� 0�� ����� 7KH VHFRQGDU\ VWUXFWXUH RI WKH

KXPDQ LPPXQRGHILFLHQF\ YLUXV W\SH � WUDQVFULSW PRGXODWHV YLUDO VSOLFLQJ DQG LQIHFWLYLW\�

-RXUQDO RI YLURORJ\�� ��� ����²�����

-DFRE� $� *�� 6PLWK� &� :� -�� ����� ,QWURQ UHWHQWLRQ DV D FRPSRQHQW RI UHJXODWHG JHQH

H[SUHVVLRQ SURJUDPV� +XPDQ *HQHWLFV�� ���� ����²�����
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-DJDQDWKDQ� .�� .\ULD]RSRXORX 3DQDJLRWRSRXORX� 6�� 0F5DH� -� )�� 'DUEDQGL� 6� )��

.QRZOHV� '�� /L� <� ,�� .RVPLFNL� -� $�� $UEHODH]� -�� &XL� :�� 6FKZDUW]� *� %�� &KRZ� (�

'�� .DQWHUDNLV� (�� *DR� +�� .LD� $�� %DW]RJORX� 6�� 6DQGHUV� 6� -�� )DUK� .� .� +�� �����

3UHGLFWLQJ 6SOLFLQJ IURP 3ULPDU\ 6HTXHQFH ZLWK 'HHS /HDUQLQJ� &HOO�� ���� ���²����H���

-RKQVRQ� 7� /�� 9LODUGHOO� -�� ����� 5HJXODWHG SUH�P51$ VSOLFLQJ� WKH JKRVWZULWHU RI WKH

HXNDU\RWLF JHQRPH� %LRFKLPLFD HW ELRSK\VLFD DFWD�� ����� ���²����

-XOLHQ� 3�� 0LxDQD� %�� %DH]D�&HQWXULRQ� 3�� 9DOFiUFHO� -�� /HKQHU� %�� ����� 7KH FRPSOHWH

ORFDO JHQRW\SHSKHQRW\SH ODQGVFDSH IRU WKH DOWHUQDWLYH VSOLFLQJ RI D KXPDQ H[RQ� 1DWXUH

&RPPXQLFDWLRQV�� �� ������

-XQJ� +�� /HH� '�� /HH� -�� 3DUN� '�� .LP� <� -�� 3DUN� :� <�� +RQJ� '�� 3DUN� 3� -�� /HH�

(�� ����� ,QWURQ UHWHQWLRQ LV D ZLGHVSUHDG PHFKDQLVP RI WXPRU�VXSSUHVVRU LQDFWLYDWLRQ�

1DWXUH JHQHWLFV�� ��� ����²�����

.DKOHV� $�� /HKPDQQ� .� 9�� 7RXVVDLQW� 1� &�� +�VHU� 0�� 6WDUN� 6� *�� 6DFKVHQEHUJ� 7�� 6WH�

JOH� 2�� .RKOEDFKHU� 2�� 6DQGHU� &�� &DQFHU *HQRPH $WODV 5HVHDUFK 1HWZRUN� 5lWVFK� *��

����� &RPSUHKHQVLYH$QDO\VLV RI $OWHUQDWLYH 6SOLFLQJ$FURVV 7XPRUV IURP ����� 3DWLHQWV�

&DQFHU FHOO�� ��� ���²����H��

.DUQL� 5�� 6WDQFKLQD� (� GH� /RZH� 6� :�� 6LQKD� 5�� 0X� '�� .UDLQHU� $� 5�� ����� 7KH JHQH

HQFRGLQJ WKH VSOLFLQJ IDFWRU 6)��$6) LV D SURWR�RQFRJHQH� 1DWXUH 6WUXFWXUDO 	���� 0ROHF�

XODU %LRORJ\�� ��� ���²����

.DW]� <�� :DQJ� (� 7�� $LUROGL� (� 0�� %XUJH� &� %�� ����� $QDO\VLV DQG GHVLJQ RI 51$

VHTXHQFLQJ H[SHULPHQWV IRU LGHQWLI\LQJ LVRIRUP UHJXODWLRQ� 1DWXUH0HWKRGV�� �� ����²�����

.H� 6�� $QTXHWLO� 9�� =DPDOORD� -� 5�� 0DLW\� $�� <DQJ� $�� $ULDV� 0� $�� .DODFKLNRY� 6��

5XVVR� -� -�� -X� -�� &KDVLQ� /� $�� ����� 6DWXUDWLRQ PXWDJHQHVLV UHYHDOV PDQLIROG GHWHUPL�

QDQWV RI H[RQ GHILQLWLRQ� *HQRPH UHVHDUFK�� ��� ��²���

.RODVLQVND�=ZLHU]� 3�� 'RZQ� 7�� /DWRUUH� ,�� /LX� 7�� /LX� ;� 6�� $KULQJHU� -�� ����� 'LIIHU�

HQWLDO FKURPDWLQ PDUNLQJ RI LQWURQV DQG H[SUHVVHG H[RQV E\ +�.��PH�� 1DWXUH JHQHWLFV��
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��� ���²����

.RUQEOLKWW� $� 5�� 6FKRU� ,� (�� $OOy� 0�� 'XMDUGLQ� *�� 3HWULOOR� (�� 0XxR]� 0� -�� ����� $O�

WHUQDWLYH VSOLFLQJ� D SLYRWDO VWHS EHWZHHQ HXNDU\RWLF WUDQVFULSWLRQ DQG WUDQVODWLRQ� 1DWXUH

5HYLHZV 0ROHFXODU &HOO %LRORJ\�� ��� ���²����

.|QLJ� -�� =DUQDFN� .�� 5RW� *�� &XUN� 7�� .D\LNFL� 0�� =XSDQ� %�� 7XUQHU� '� -�� /XVFRPEH�

1� 0�� 8OH� -�� ����� L&/,3 UHYHDOV WKH IXQFWLRQ RI KQ513 SDUWLFOHV LQ VSOLFLQJ DW LQGLYLGXDO

QXFOHRWLGH UHVROXWLRQ� 1DWXUH 6WUXFWXUDO 	 0ROHFXODU %LRORJ\�� ��� ���²����

.ZRN� &� .�� 0DUVLFR� *�� 6DKDN\DQ� $� %�� &KDPEHUV� 9� 6�� %DODVXEUDPDQLDQ� 6�� �����

U*��VHT UHYHDOVZLGHVSUHDG IRUPDWLRQ RI*�TXDGUXSOH[ VWUXFWXUHV LQ WKH KXPDQ WUDQVFULS�

WRPH� 1DWXUH 0HWKRGV�� ��� ���²����

/DJXHUUH� $�� +XNH]DOLH� .�� :LQFNOHU� 3�� .DWUDQML� )�� &KDQWHORXS� *�� 3LUURWWD� 0��

3HUULHU�&RUQHW� -� 0�� :RQJ� -� 0� <�� 0RQFKDXG� '�� ����� 9LVXDOL]DWLRQ RI 51$�

4XDGUXSOH[HV LQ /LYH &HOOV� -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\�� ���� ����²�����

/DQGHU� (� 6�� /LQWRQ� /� 0�� %LUUHQ� %�� 1XVEDXP� &�� =RG\� 0� &�� %DOGZLQ� -�� 'HYRQ�

.�� 'HZDU� .�� 'R\OH� 0�� )LW]+XJK� :�� )XQNH� 5�� *DJH� '�� +DUULV� .�� +HDIRUG� $��

+RZODQG� -�� .DQQ� /�� /HKRF]N\� -�� /H9LQH� 5�� 0F(ZDQ� 3� HW DO�� ����� ,QLWLDO VHTXHQFLQJ

DQG DQDO\VLV RI WKH KXPDQ JHQRPH� 1DWXUH�� ���� ���²����

/HH� <�� 5LR� '� &�� ����� 0HFKDQLVPV DQG 5HJXODWLRQ RI $OWHUQDWLYH 3UH�P51$ 6SOLFLQJ�

$QQXDO UHYLHZ RI ELRFKHPLVWU\�� ��� ���²����

/HIDYH� &� 9�� 6TXDWULWR� 0�� 9RUORYD� 6�� 5RFFR� *� /�� %UHQQDQ� &� :�� +ROODQG� (� &�� 3DQ�

<� ;�� &DUWHJQL� /�� ����� 6SOLFLQJ IDFWRU KQ513+ GULYHV DQ RQFRJHQLF VSOLFLQJ VZLWFK LQ

JOLRPDV� 7KH (0%2 MRXUQDO�� ��� ����²�����

/HN�0�� .DUF]HZVNL� .� -�� 0LQLNHO� (� 9�� 6DPRFKD� .� (�� %DQNV� (�� )HQQHOO� 7�� 2·'RQQHOO�

/XULD� $� +�� :DUH� -� 6�� +LOO� $� -�� &XPPLQJV� %� %�� 7XNLDLQHQ� 7�� %LUQEDXP� '� 3��

.RVPLFNL� -� $�� 'XQFDQ� /� (�� (VWUDGD� .�� =KDR� )�� =RX� -�� 3LHUFH�+RIIPDQ� (�� %HUJKRXW�

-� HW DO�� ����� $QDO\VLV RI SURWHLQ�FRGLQJ JHQHWLF YDULDWLRQ LQ ������ KXPDQV� 1DWXUH�� ����
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���²����

/L� +�� +DQGVDNHU� %�� :\VRNHU� $�� )HQQHOO� 7�� 5XDQ� -�� +RPHU� 1�� 0DUWK� *�� $EHFD�

VLV� *�� 'XUELQ� 5�� ���� *HQRPH 3URMHFW 'DWD 3URFHVVLQJ 6XEJURXS� ����� 7KH 6HTXHQFH

$OLJQPHQW�0DS IRUPDW DQG 6$0WRROV� %LRLQIRUPDWLFV �2[IRUG� (QJODQG��� ��� ����²�����

/L� =�� <DR� +�� *XLQ� 6�� 3DGK\H� 6� 6�� =KRX� <� 4�� :DQJ� 0� +�� ����� 0RQRFORQDO DQ�

WLERG\ �P$E��LQGXFHG GRZQ�UHJXODWLRQ RI 521 UHFHSWRU W\URVLQH NLQDVH GLPLQLVKHV WX�

PRULJHQLF DFWLYLWLHV RI FRORQ FDQFHU FHOOV� ,QWHUQDWLRQDO -RXUQDO RI 2QFRORJ\�� ��� ���²����

/LFDWDORVL� '� '�� 0HOH� $�� )DN� -� -�� 8OH� -�� .D\LNFL� 0�� &KL� 6�:�� &ODUN� 7� $�� 6FKZHLW]HU�

$� &�� %OXPH� -� (�� :DQJ� ;�� 'DUQHOO� -� &�� 'DUQHOO� 5� %�� ����� +,76�&/,3 \LHOGV JHQRPH�

ZLGH LQVLJKWV LQWR EUDLQ DOWHUQDWLYH 51$ SURFHVVLQJ� 1DWXUH�� ���� ���²����

/LX� ;�� -LDQJ� <�� 5XVVHOO� -� (�� ����� $ SRWHQWLDO UHJXODWRU\ UROH IRU P51$ VHFRQGDU\

VWUXFWXUHV ZLWKLQ WKH SURWKURPELQ �·875� 7KURPERVLV UHVHDUFK�� ���� ���²����

/LX� ;�� ,VKL]XND� 7�� %DR� +� /�� :DGD� .�� 7DNHGD� <�� ,LGD� .�� 1DJDVDZD� .�� <DQJ� '��

;X� <�� ����� 6WUXFWXUH�'HSHQGHQW %LQGLQJ RI KQ513$� WR 7HORPHUH 51$� -RXUQDO RI WKH

$PHULFDQ &KHPLFDO 6RFLHW\�� ���� ����²�����

/XNRQJ� .� (�� &KDQJ� .� Z�� .KDQGMLDQ� (� :�� 5LFKDUG� 6�� ����� 51$�ELQGLQJ SURWHLQV

LQ KXPDQ JHQHWLF GLVHDVH� 7UHQGV LQ JHQHWLFV � 7,*�� ��� ���²����

/\NNH�$QGHUVHQ� 6�� -HQVHQ� 7� +�� ����� 1RQVHQVH�PHGLDWHG P51$ GHFD\� DQ LQWULFDWH

PDFKLQHU\ WKDW VKDSHV WUDQVFULSWRPHV� 1DWXUH 5HYLHZV 0ROHFXODU &HOO %LRORJ\�� ��� ���²����

0DQQLQJ� .� 6�� &RRSHU� 7� $�� ����� 7KH UROHV RI 51$ SURFHVVLQJ LQ WUDQVODWLQJ JHQRW\SH

WR SKHQRW\SH� 1DWXUH 5HYLHZV 0ROHFXODU &HOO %LRORJ\�� ��� ���²����

0DUFHO� 9�� 7UDQ� 3� /� 7�� 6DJQH� &�� 0DUWHO�3ODQFKH� *�� 9DVOLQ� /�� 7HXODGH�)LFKRX� 0� 3��

+DOO� -�� 0HUJQ\� -� /�� +DLQDXW� 3�� 9DQ '\FN� (�� ����� *�TXDGUXSOH[ VWUXFWXUHV LQ 73��

LQWURQ �� UROH LQ DOWHUQDWLYH VSOLFLQJ DQG LQ SURGXFWLRQ RI S�� P51$ LVRIRUPV� &DUFLQR�

JHQHVLV�� ��� ���²����
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0DUFXFFL� 5�� %DUDOOH� )� (�� 5RPDQR� 0�� ����� &RPSOH[ VSOLFLQJ FRQWURO RI WKH KXPDQ

7KURPERSRLHWLQ JHQH E\ LQWURQLF * UXQV� 1XFOHLF DFLGV UHVHDUFK�� ��� ���²����

0DULV� &�� 'RPLQJXH]� &�� $OODLQ� )� +� 7�� ����� 7KH 51$ UHFRJQLWLRQ PRWLI� D SODVWLF

51$�ELQGLQJ SODWIRUP WR UHJXODWH SRVW�WUDQVFULSWLRQDO JHQH H[SUHVVLRQ� 7KH )(%6 -RXU�

QDO�� ���� ����²�����

0DUWLQH]�&RQWUHUDV� 5�� )LVHWWH� -� )�� 1DVLP� )� X� +�� 0DGGHQ� 5�� &RUGHDX� 0�� &KDERW�

%�� ����� ,QWURQLF ELQGLQJ VLWHV IRU KQ513 $�% DQG KQ513 )�+ SURWHLQV VWLPXODWH SUH�

P51$ VSOLFLQJ� 3/R6 ELRORJ\�� �� H���

0DUWLQH]�&RQWUHUDV� 5�� &ORXWLHU� 3�� 6KNUHWD� /�� )LVHWWH� -� )�� 5HYLO� 7�� &KDERW� %�� �����

KQ513 SURWHLQV DQG VSOLFLQJ FRQWURO� $GYDQFHV LQ H[SHULPHQWDO PHGLFLQH DQG ELRORJ\�� ����

���²����

0DVXGD� $�� 6KHQ� ;� 0�� ,WR� 0�� 0DWVXXUD� 7�� (QJHO� $� *�� 2KQR� .�� ����� KQ513 +

HQKDQFHV VNLSSLQJ RI D QRQIXQFWLRQDO H[RQ 3�$ LQ &+51$� DQG D PXWDWLRQ GLVUXSWLQJ

LWV ELQGLQJ FDXVHV FRQJHQLWDO P\DVWKHQLF V\QGURPH� +XPDQ PROHFXODU JHQHWLFV�� ��� ����²

�����

0DXJHU� '� 0�� /LQ� &�� *DUFLD�%ODQFR� 0� $�� ����� KQ513 + DQG KQ513 ) &RPSOH[

ZLWK )R[� 7R 6LOHQFH )LEUREODVW *URZWK )DFWRU 5HFHSWRU � ([RQ ,,,F� 0ROHFXODU DQG &HOOXODU

%LRORJ\�� ��� ����²�����

0D\HU� 6�� +LUVFKIHOG� 0�� -DHJHU� 0�� 3LHV� 6�� ,ERUUD� 6�� (UEHV� 7�� 6WLFNHOHU� (�� ����� 521

DOWHUQDWLYH VSOLFLQJ UHJXODWLRQ LQ SULPDU\ RYDULDQ FDQFHU� 2QFRORJ\ UHSRUWV�� ��� ���²����

0H\WV� 3� GH� 5RWK� -�� 1HYLOOH� '� 0�� *DYLQ� -� 5�� /HVQLDN� 0� $�� ����� ,QVXOLQ LQWHUDF�

WLRQV ZLWK LWV UHFHSWRUV� H[SHULPHQWDO HYLGHQFH IRU QHJDWLYH FRRSHUDWLYLW\� %LRFKHPLFDO DQG

ELRSK\VLFDO UHVHDUFK FRPPXQLFDWLRQV�� ��� ���²����

0LWWDO� 1�� 5R\� 1�� %DEX� 0� 0�� -DQJD� 6� &�� ����� 'LVVHFWLQJ WKH H[SUHVVLRQ G\QDPLFV

RI 51$�ELQGLQJ SURWHLQV LQ SRVWWUDQVFULSWLRQDO UHJXODWRU\ QHWZRUNV� 3URFHHGLQJV RI WKH

1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI $PHULFD�� ���� �����²������
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0R� =�� 'X� 3�� :DQJ� *�� :DQJ� <�� ����� 7KH0XOWL�3XUSRVH 7RRO RI 7XPRU ,PPXQRWKHU�

DS\� *HQH�(QJLQHHUHG 7 &HOOV� -RXUQDO RI &DQFHU�� �� ����²�����

0ROHV�)HUQiQGH]� $�� 'XUDQ�/R]DQR� /�� 0RQWDOEDQ� *�� %RQDFKH� 6�� /ySH]�3HUROLR� ,��

0HQpQGH]� 0�� 6DQWDPDULxD� 0�� %HKDU� 5�� %ODQFR� $�� &DUUDVFR� (�� /ySH]�)HUQiQGH]� $��

6WMHSDQRYLF� 1�� %DOPDxD� -�� &DSHOOi� *�� 3LQHGD� 0�� 9HJD� $�� /i]DUR� &�� +R\D� 0� GH OD�

'LH]� 2� HW DO�� ����� &RPSXWDWLRQDO 7RROV IRU 6SOLFLQJ'HIHFW 3UHGLFWLRQ LQ %UHDVW�2YDULDQ

&DQFHU *HQHV� +RZ (IILFLHQW $UH 7KH\ DW 3UHGLFWLQJ 51$ $OWHUDWLRQV" )URQWLHUV LQ JHQHW�

LFV�� �� ����

0RRWKD� 9� .�� /LQGJUHQ� &� 0�� (ULNVVRQ� .� )�� 6XEUDPDQLDQ� $�� 6LKDJ� 6�� /HKDU� -��

3XLJVHUYHU� 3�� &DUOVVRQ� (�� 5LGGHUVWUnOH� 0�� /DXULOD� (�� +RXVWLV� 1�� 'DO\� 0� -�� 3DWWHU�

VRQ� 1�� 0HVLURY� -� 3�� *ROXE� 7� 5�� 7DPD\R� 3�� 6SLHJHOPDQ� %�� /DQGHU� (� 6�� +LUVFKKRUQ�

-� 1� HW DO�� ����� 3*&��DOSKD�UHVSRQVLYH JHQHV LQYROYHG LQ R[LGDWLYH SKRVSKRU\ODWLRQ DUH

FRRUGLQDWHO\ GRZQUHJXODWHG LQ KXPDQ GLDEHWHV� 1DWXUH JHQHWLFV�� ��� ���²����

0RXQW� 6� 0�� ����� $ FDWDORJXH RI VSOLFH MXQFWLRQ VHTXHQFHV� 1XFOHLF DFLGV UHVHDUFK�� ���

���²����

0XHOOHU� :� )�� /DUVHQ� /� 6� =�� *DULEDOGL� $�� +DWILHOG� *� :�� +HUWHO� .� -�� ����� 7KH

6LOHQW 6ZD\ RI 6SOLFLQJ E\ 6\QRQ\PRXV 6XEVWLWXWLRQV� 7KH -RXUQDO RI ELRORJLFDO FKHPLVWU\��

���� �����²������

0XUDRND� 5� 6�� 6XQ� :� <�� &ROEHUW� 0� &�� :DOW]� 6� (�� :LWWH� '� 3�� 'HJHQ� -� /�� )ULH]QHU

'HJHQ� 6� -�� ����� 7KH 5RQ�67. UHFHSWRU W\URVLQH NLQDVH LV HVVHQWLDO IRU SHUL�LPSODQWDWLRQ

GHYHORSPHQW LQ WKH PRXVH� 7KH -RXUQDO RI FOLQLFDO LQYHVWLJDWLRQ�� ���� ����²�����

0XVXQXUX� .�� ����� &HOO�VSHFLILF 51$�ELQGLQJ SURWHLQV LQ KXPDQ GLVHDVH� 7UHQGV LQ FDU�

GLRYDVFXODU PHGLFLQH�� ��� ���²����

1DVULQ� )�� 5DKPDQ� 0� $�� 0DVXGD� $�� 2KH� .�� 7DNHGD� -� L�� 2KQR� .�� ����� +Q513 &�

<%�� DQG KQ513 / FRRUGLQDWHO\ HQKDQFH VNLSSLQJ RI KXPDQ �L!086.��L! H[RQ �� WR

JHQHUDWH D :QW�LQVHQVLWLYH 0X6. LVRIRUP� 6FLHQWLILF 5HSRUWV�� �� �����
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1D]LP� 0�� 0DVXGD� $�� 5DKPDQ� 0� $�� 1DVULQ� )�� 7DNHGD� -� L�� 2KH� .�� 2KNDZDUD�

%�� ,WR� 0�� 2KQR� .�� ����� &RPSHWLWLYH UHJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ DQG DOWHUQDWLYH

SRO\DGHQ\ODWLRQ E\ KQ513 + DQG &VW)�� GHWHUPLQHV DFHW\OFKROLQHVWHUDVH LVRIRUPV� 1X�

FOHLF DFLGV UHVHDUFK�� ��� ����²�����

1HHODPUDMX� <�� *RQ]DOH]�3HUH]� $�� %KDW�1DNVKDWUL� 3�� 1DNVKDWUL� +�� -DQJD� 6� &�� �����

0XWDWLRQDO ODQGVFDSH RI 51$�ELQGLQJ SURWHLQV LQ KXPDQ FDQFHUV� 51$ ELRORJ\�� ��� ���²

����

1HZPDQ� 0�� 6ID[L� 5�� 6DKD� $�� 0RQFKDXG� '�� 7HXODGH�)LFKRX� 0� 3�� 9DJQHU� 6�� �����

7KH *�4XDGUXSOH[�6SHFLILF 51$ +HOLFDVH '+;�� 5HJXODWHV S�� 3UH�P51$ �·�(QG 3UR�

FHVVLQJ )ROORZLQJ89�,QGXFHG'1$'DPDJH� -RXUQDO RI PROHFXODU ELRORJ\�� ���� ����²�����

1LFKROVRQ� 3�� 0�KOHPDQQ� 2�� ����� &XWWLQJ WKH QRQVHQVH� WKH GHJUDGDWLRQ RI 37&�

FRQWDLQLQJ P51$V� %LRFKHPLFDO 6RFLHW\ WUDQVDFWLRQV�� ��� ����²�����

2EHUVWUDVV� )� &�� $XZHWHU� 6� '�� (UDW� 0�� +DUJRXV� <�� +HQQLQJ� $�� :HQWHU� 3�� 5H\�

PRQG� /�� $PLU�$KPDG\� %�� 3LWVFK� 6�� %ODFN� '� /�� $OODLQ� )� +� 7�� ����� 6WUXFWXUH RI

37% ERXQG WR 51$� VSHFLILF ELQGLQJ DQG LPSOLFDWLRQV IRU VSOLFLQJ UHJXODWLRQ� 6FLHQFH �1HZ

<RUN� 1�<���� ���� ����²�����

2NXQROD� +� /�� .UDLQHU� $� 5�� ����� &RRSHUDWLYH�ELQGLQJ DQG VSOLFLQJ�UHSUHVVLYH SURS�

HUWLHV RI KQ513 $�� 0ROHFXODU DQG &HOOXODU %LRORJ\�� ��� ����²�����

2OWHDQ� 6�� %DWHV� '� 2�� ����� +DOOPDUNV RI DOWHUQDWLYH VSOLFLQJ LQ FDQFHU� 2QFRJHQH�� ���

����²�����

2·7RROH� -� 0�� 5DEHQDX� .� (�� %XUQV� .�� /X� '�� 0DQJDODPSDOOL� 9�� %DOGHUHV� 3�� &RYLQR�

1�� %DVVL� 5�� 3UHZHWW� 0�� *RWWIUHGVHQ� .� -�� 7KREH� 0� 1�� &KHQJ� <�� /L� <�� +LFNOLQ� '�

-�� =KX� =�� :DOW]� 6� (�� +D\PDQ� 0� -�� /XGZLJ� '� /�� 3HUHLUD� '� 6�� ����� 7KHUDSHXWLF

,PSOLFDWLRQV RI D +XPDQ 1HXWUDOL]LQJ $QWLERG\ WR WKH 0DFURSKDJH�6WLPXODWLQJ 3URWHLQ

5HFHSWRU 7\URVLQH .LQDVH �521�� D F�0(7 )DPLO\ 0HPEHU� &DQFHU 5HVHDUFK�� ��� ����²

�����
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3DJDQL� )�� 5DSRQL� 0�� %DUDOOH� )� (�� ����� 6\QRQ\PRXV PXWDWLRQV LQ &)75 H[RQ �� DIIHFW

VSOLFLQJ DQG DUH QRW QHXWUDO LQ HYROXWLRQ� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI

WKH 8QLWHG 6WDWHV RI $PHULFD�� ���� ����²�����

3DQ� 4�� 6KDL� 2�� /HH� /� -�� )UH\� %� -�� %OHQFRZH� %� -�� ����� 'HHS VXUYH\LQJ RI DOWHUQDWLYH

VSOLFLQJ FRPSOH[LW\ LQ WKH KXPDQ WUDQVFULSWRPH E\ KLJK�WKURXJKSXW VHTXHQFLQJ� 1DWXUH

JHQHWLFV�� ��� ����²�����

3DSDVDLNDV� 3�� 7HMHGRU� -� 5�� 9LJHYDQL� /�� 9DOFiUFHO� -�� ����� )XQFWLRQDO VSOLFLQJ QHWZRUN

UHYHDOV H[WHQVLYH UHJXODWRU\ SRWHQWLDO RI WKH FRUH VSOLFHRVRPDO PDFKLQHU\� 0ROHFXODU FHOO��

��� �²���

3DUDGLV� &�� &ORXWLHU� 3�� 6KNUHWD� /�� 7RXWDQW� -�� .ODUVNRY� .�� &KDERW� %�� ����� KQ513

,�37% FDQ DQWDJRQL]H WKH VSOLFLQJ UHSUHVVRU DFWLYLW\ RI 65S��F� 51$�� ��� ����²�����

3DUPOH\� -� /�� &KDPDU\� -� 9�� +XUVW� /� '�� ����� (YLGHQFH IRU SXULI\LQJ VHOHFWLRQ DJDLQVW

V\QRQ\PRXV PXWDWLRQV LQ PDPPDOLDQ H[RQLF VSOLFLQJ HQKDQFHUV� 0ROHFXODU ELRORJ\ DQG

HYROXWLRQ�� ��� ���²����

3DVFXDO� 0�� 9LFHQWH� 0�� 0RQIHUUHU� /�� $UWHUR� 5�� ����� 7KH 0XVFOHEOLQG IDPLO\ RI SUR�

WHLQV� DQ HPHUJLQJ FODVV RI UHJXODWRUV RI GHYHORSPHQWDOO\ SURJUDPPHG DOWHUQDWLYH VSOLF�

LQJ� 'LIIHUHQWLDWLRQ� UHVHDUFK LQ ELRORJLFDO GLYHUVLW\�� ��� ��²���

3ODVFKND� &�� 1HZPDQ� $� -�� 1DJDL� .�� ����� 6WUXFWXUDO %DVLV RI 1XFOHDU SUH�P51$6SOLF�

LQJ� /HVVRQV IURP <HDVW� &ROG 6SULQJ +DUERU 3HUVSHFWLYHV LQ %LRORJ\�� ��� D�������

3ROODUG� .� 6�� +XELV]� 0� -�� 5RVHQEORRP� .� 5�� 6LHSHO� $�� ����� 'HWHFWLRQ RI QRQQHXWUDO

VXEVWLWXWLRQ UDWHV RQ PDPPDOLDQ SK\ORJHQLHV� *HQRPH UHVHDUFK�� ��� ���²����

4LDQ� :�� /LX� )�� ����� 5HJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ RI WDX H[RQ ��� 1HXURVFLHQFH

EXOOHWLQ�� ��� ���²����

4XDQWLQ� %�� 6FKXKEDXU� %�� *HVQHO� 0� &�� 'ROO·H� 3�� %UHDWKQDFK� 5�� ����� 5HVWULFWHG H[�

SUHVVLRQ RI WKH URQ JHQH HQFRGLQJ WKH PDFURSKDJH VWLPXODWLQJ SURWHLQ UHFHSWRU GXULQJ
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PRXVH GHYHORSPHQW� 'HYHORSPHQWDO G\QDPLFV � DQ RIILFLDO SXEOLFDWLRQ RI WKH $PHULFDQ $VVRFL�

DWLRQ RI $QDWRPLVWV�� ���� ���²����

5DKPDQ� 0� $�� $]XPD� <�� 1DVULQ� )�� 7DNHGD� -� L�� 1D]LP� 0�� %LQ $KVDQ� .�� 0DVXGD�

$�� (QJHO� $� *�� 2KQR� .�� ����� 656)� DQG KQ513 + DQWDJRQLVWLFDOO\ UHJXODWH VSOLFLQJ

RI &2/4 H[RQ �� LQ D FRQJHQLWDO P\DVWKHQLF V\QGURPH� 6FLHQWLILF 5HSRUWV�� �� ������

5DXFK� -�� 2·1HLOO� (�� 0DFN� %�� 0DWWKLDV� &�� 0XQ]� 0�� .ROFK� :�� *LUHV� 2�� ����� +HW�

HURJHQHRXV QXFOHDU ULERQXFOHRSURWHLQ + EORFNV 067��PHGLDWHG DSRSWRVLV LQ FDQFHU FHOOV

E\ UHJXODWLQJ $�5DI WUDQVFULSWLRQ� &DQFHU 5HVHDUFK�� ��� ����²�����

5RELQVRQ� 7� -�� )UHHGPDQ� -� $�� $O $ER� 0�� 'HYHDX[� $� (�� /D&URL[� %�� 3DWLHUQR� %� 0��

*HRUJH� '� -�� 3DWLHUQR� 6� 5�� ����� $OWHUQDWLYH 51$ 6SOLFLQJ DV D 3RWHQWLDO 0DMRU 6RXUFH

RI 8QWDSSHG 0ROHFXODU 7DUJHWV LQ 3UHFLVLRQ 2QFRORJ\ DQG &DQFHU 'LVSDULWLHV� &OLQLFDO

&DQFHU 5HVHDUFK�� ��� ����²�����

5RPDQR� 0�� 0DUFXFFL� 5�� %XUDWWL� (�� $\DOD� <� 0�� 6HEDVWLR� *�� %DUDOOH� )� (�� ����� 5HJ�

XODWLRQ RI �· VSOLFH VLWH VHOHFWLRQ LQ WKH ���LQV�� SRO\PRUSKLVP RI WKH F\VWDWKLRQLQH %HWD

�V\QWKDVH JHQH� 7KH -RXUQDO RI ELRORJLFDO FKHPLVWU\�� ���� �����²������

5RQVLQ� &�� 0XVFDWHOOL� )�� 0DWWHL� 0� *�� %UHDWKQDFK� 5�� ����� $ QRYHO SXWDWLYH UHFHSWRU

SURWHLQ W\URVLQH NLQDVH RI WKH PHW IDPLO\� 2QFRJHQH�� �� ����²�����

5RTXH� 5� 6�� &DOGZHOO� 5� %�� %HK]DGLDQ� 0� $�� ����� &XOWXUHG 0�OOHU FHOOV KDYH KLJK

OHYHOV RI HSLGHUPDO JURZWK IDFWRU UHFHSWRUV� ,QYHVWLJDWLYH RSKWKDOPRORJ\ 	 YLVXDO VFLHQFH��

��� ����²�����

5RVHQEHUJ� $� %�� 3DWZDUGKDQ� 5� 3�� 6KHQGXUH� -�� 6HHOLJ� *�� ����� /HDUQLQJ WKH 6HTXHQFH

'HWHUPLQDQWV RI $OWHUQDWLYH 6SOLFLQJ IURP0LOOLRQV RI 5DQGRP 6HTXHQFHV� &HOO�� ���� ���²

����

5RWKURFN� &� 5�� +RXVH� $� (�� /\QFK� .� :�� ����� +Q513 / UHSUHVVHV H[RQ VSOLFLQJ YLD D

UHJXODWHG H[RQLF VSOLFLQJ VLOHQFHU� 7KH (0%2 MRXUQDO�� ��� ����²�����
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6DYLVDDU� 5�� +XUVW� /� '�� ����D� (VWLPDWLQJ WKH SUHYDOHQFH RI IXQFWLRQDO H[RQLF VSOLFH

UHJXODWRU\ LQIRUPDWLRQ� +XPDQ *HQHWLFV�� ���� ����²�����

6DYLVDDU� 5�� +XUVW� /� '�� ����E� %RWK 0DLQWHQDQFH DQG $YRLGDQFH RI 51$�%LQGLQJ 3UR�

WHLQ ,QWHUDFWLRQV &RQVWUDLQ &RGLQJ 6HTXHQFH (YROXWLRQ� 0ROHFXODU ELRORJ\ DQG HYROXWLRQ��

��� ����²�����

6DYLVDDU� 5�� +XUVW� /� '�� ����� ([RQLF VSOLFH UHJXODWLRQ LPSRVHV VWURQJ VHOHFWLRQ DW V\Q�

RQ\PRXV VLWHV� *HQRPH UHVHDUFK�� ��� ����²�����

6FKLUPHU� 0�� ,MD]� 8� =�� '·$PRUH� 5�� +DOO� 1�� 6ORDQ� :� 7�� 4XLQFH� &�� ����� ,QVLJKW LQWR

ELDVHV DQG VHTXHQFLQJ HUURUV IRU DPSOLFRQ VHTXHQFLQJ ZLWK WKH ,OOXPLQD 0L6HT SODWIRUP�

1XFOHLF DFLGV UHVHDUFK�� ��� H��²H���

6FKOHVVLQJHU� -�� ����� &HOO VLJQDOLQJ E\ UHFHSWRU W\URVLQH NLQDVHV� &HOO�� ���� ���²����

6FKOHVVLQJHU� -�� ����� 5HFHSWRU W\URVLQH NLQDVHV� OHJDF\ RI WKH ILUVW WZR GHFDGHV� &ROG

6SULQJ +DUERU 3HUVSHFWLYHV LQ %LRORJ\�� �� D������²D�������

6HEHVW\pQ� (�� 6LQJK� %�� 0LxDQD� %�� 3DJqV� $�� 0DWHR� )�� 3XMDQD�0�$�� 9DOFiUFHO� -�� (\UDV�

(�� ����� /DUJH�VFDOH DQDO\VLV RI JHQRPH DQG WUDQVFULSWRPH DOWHUDWLRQV LQ PXOWLSOH WXPRUV

XQYHLOV QRYHO FDQFHU�UHOHYDQW VSOLFLQJ QHWZRUNV� *HQRPH UHVHDUFK�� ��� ���²����

6HGOD]HFN� )� -�� 5HVFKHQHGHU� 3�� +DHVHOHU� $� YRQ� ����� 1H[W*HQ0DS� IDVW DQG DFFXUDWH

UHDGPDSSLQJ LQ KLJKO\ SRO\PRUSKLF JHQRPHV� %LRLQIRUPDWLFV �2[IRUG� (QJODQG��� ��� ����²

�����

6HLOHU� 0�� 3HQJ� 6�� $JUDZDO� $� $�� 3DODFLQR� -�� 7HQJ� 7�� =KX� 3�� 6PLWK� 3� *�� %XRQDPLFL�

6�� <X� /�� &DHVDU�-RKQVRQ� 6� -�� 'HPFKRN� -� $�� )HODX� ,�� .DVDSL� 0�� )HUJXVRQ� 0� /�� +XW�

WHU� &� 0�� 6RILD� +� -�� 7DUQX]]HU� 5�� :DQJ� =�� <DQJ� /� HW DO�� ����� 6RPDWLF 0XWDWLRQDO

/DQGVFDSH RI 6SOLFLQJ )DFWRU *HQHV DQG 7KHLU )XQFWLRQDO &RQVHTXHQFHV DFURVV �� &DQFHU

7\SHV� &HOO UHSRUWV�� ��� ���²����H��

6KDEDOLQD� 6� $�� 6SLULGRQRY� 1� $�� .DVKLQD� $�� ����� 6RXQGV RI VLOHQFH� V\QRQ\PRXV

QXFOHRWLGHV DV D NH\ WR ELRORJLFDO UHJXODWLRQ DQG FRPSOH[LW\� 1XFOHLF DFLGV UHVHDUFK�� ���
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����²�����

6KHQ� +�� .DQ� -� /� &�� *UHHQ� 0� 5�� ����� $UJLQLQH�VHULQH�ULFK GRPDLQV ERXQG DW VSOLFLQJ

HQKDQFHUV FRQWDFW WKH EUDQFKSRLQW WR SURPRWH SUHVSOLFHRVRPH DVVHPEO\� 0ROHFXODU FHOO��

��� ���²����

6KHQ� 0�� 0DWWR[� :�� ����� $FWLYDWLRQ DQG UHSUHVVLRQ IXQFWLRQV RI DQ 65 VSOLFLQJ UHJXOD�

WRU GHSHQG RQ H[RQLF YHUVXV LQWURQLF�ELQGLQJ SRVLWLRQ� 1XFOHLF DFLGV UHVHDUFK�� ��� ���²����

6KL� <�� ����� 0HFKDQLVWLF LQVLJKWV LQWR SUHFXUVRU PHVVHQJHU 51$ VSOLFLQJ E\ WKH VSOLFHR�

VRPH� 1DWXUH 5HYLHZV 0ROHFXODU &HOO %LRORJ\�� ��� ���²����

6KL� <� =�� -LQ� /�� :DQJ� )� +�� =KX� ;� /�� 7DQ� =� -�� ����� 3UHGLFWLQJ �' 6WUXFWXUH� )OH[LELO�

LW\� DQG 6WDELOLW\ RI 51$ +DLUSLQV LQ 0RQRYDOHQW DQG 'LYDOHQW ,RQ 6ROXWLRQV� %LRSK\VLFDO

-RXUQDO�� ���� ����²�����

6KL� <� =�� -LQ� /�� )HQJ� &� -�� 7DQ� <� /�� 7DQ� =� -�� ����� 3UHGLFWLQJ �' VWUXFWXUH DQG VWD�

ELOLW\ RI 51$ SVHXGRNQRWV LQ PRQRYDOHQW DQG GLYDOHQW LRQ VROXWLRQV� 3/R6 FRPSXWDWLRQDO

ELRORJ\�� ��� H��������

6RHPHGL� 5�� &\JDQ� .� -�� 5KLQH� &� /�� :DQJ� -�� %XODFDQ� &�� <DQJ� -�� %D\UDN�7R\GHPLU�

3�� 0F'RQDOG� -�� )DLUEURWKHU�:�*�� ����� 3DWKRJHQLF YDULDQWV WKDW DOWHU SURWHLQ FRGH RIWHQ

GLVUXSW VSOLFLQJ� 1DWXUH JHQHWLFV�� ��� ���²����

6RXNDULHK� 2�� *DLOGUDW� 3�� +DPLHK� 0�� 'URXHW� $�� %DHUW�'HVXUPRQW� 6�� )UpERXUJ� 7��

7RVL� 0�� 0DUWLQV� $�� ����� ([RQLF 6SOLFLQJ0XWDWLRQV $UH0RUH 3UHYDOHQW WKDQ &XUUHQWO\

(VWLPDWHG DQG &DQ %H 3UHGLFWHG E\ 8VLQJ ,Q 6LOLFR 7RROV� 3/R6 JHQHWLFV�� ��� H��������

6WDUN� 0�� %UDP� (� (�� $NHUPDQ� 0�� 0DQGHO�*XWIUHXQG� <�� $VVDUDI� <� *�� ����� +HW�

HURJHQHRXV QXFOHDU ULERQXFOHRSURWHLQ +��+��GHSHQGHQW XQVSOLFLQJ RI WK\PLGLQH SKRV�

SKRU\ODVH UHVXOWV LQ DQWLFDQFHU GUXJ UHVLVWDQFH� 7KH -RXUQDO RI ELRORJLFDO FKHPLVWU\�� ����

����²�����

6XEUDPDQLDQ� $�� 7DPD\R� 3�� 0RRWKD� 9� .�� 0XNKHUMHH� 6�� (EHUW� %� /�� *LOOHWWH� 0� $��

3DXORYLFK� $�� 3RPHUR\� 6� /�� *ROXE� 7� 5�� /DQGHU� (� 6�� 0HVLURY� -� 3�� ����� *HQH VHW
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HQULFKPHQW DQDO\VLV� D NQRZOHGJH�EDVHG DSSURDFK IRU LQWHUSUHWLQJ JHQRPH�ZLGH H[SUHV�

VLRQ SURILOHV� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI $PHULFD��

���� �����²������

6XQ� 6�� =KDQJ� =�� )UHJRVR� 2�� .UDLQHU� $� 5�� ����� 0HFKDQLVPV RI DFWLYDWLRQ DQG UHSUHV�

VLRQ E\ WKH DOWHUQDWLYH VSOLFLQJ IDFWRUV 5%)2;���� 51$�� ��� ���²����

6XSHN� )�� 0LxDQD� %�� 9DOFiUFHO� -�� *DEDOGyQ� 7�� /HKQHU� %�� ����� 6\QRQ\PRXVPXWDWLRQV

IUHTXHQWO\ DFW DV GULYHU PXWDWLRQV LQ KXPDQ FDQFHUV� &HOO�� ���� ����²�����

6XWDQG\� )� 5�� +LOGHEUDQGW� $�� .|QLJ� -�� ����� 3URILOLQJ WKH %LQGLQJ 6LWHV RI 51$�

%LQGLQJ 3URWHLQV ZLWK 1XFOHRWLGH 5HVROXWLRQ 8VLQJ L&/,3� ,Q� 3RVW�WUDQVFULSWLRQDO JHQH

UHJXODWLRQ� ,QVWLWXWH RI 0ROHFXODU %LRORJ\ J*PE+� $FNHUPDQQZHJ �� ������ 0DLQ]�

*HUPDQ\� +XPDQD 3UHVV� 1HZ <RUN� 1<� 1HZ <RUN� 1<� SS� ���²����

6XWDQG\� )� ;� 5�� (EHUVEHUJHU� 6�� +XDQJ� /�� %XVFK� $�� %DFK� 0�� .DQJ� +� 6�� )DOOPDQQ�

-�� 0DWLF]ND� '�� %DFNRIHQ� 5�� 6WDGOHU� 3� )�� =DUQDFN� .�� 6DWWOHU� 0�� /HJHZLH� 6�� .|QLJ�

-�� ����� ,Q YLWUR L&/,3�EDVHG PRGHOLQJ XQFRYHUV KRZ WKH VSOLFLQJ IDFWRU 8�$)� UHOLHV RQ

UHJXODWLRQ E\ FRIDFWRUV� *HQRPH UHVHDUFK�� ��� ���²����

6YHHQ� $�� .LOSLQHQ� 6�� 5XXVXOHKWR� $�� /RWKH� 5� $�� 6NRWKHLP� 5� ,�� ����� $EHUUDQW 51$

VSOLFLQJ LQ FDQFHU� H[SUHVVLRQ FKDQJHV DQG GULYHUPXWDWLRQV RI VSOLFLQJ IDFWRU JHQHV� 2QFR�

JHQH�� ��� ����²�����

7D\ORU� .�� 6]QDMGHU� /� -�� &\ZRQLXN� 3�� 7KRPDV� -� '�� 6ZDQVRQ� 0� 6�� 6REF]DN� .�� �����

0%1/ VSOLFLQJ DFWLYLW\ GHSHQGV RQ 51$ ELQGLQJ VLWH VWUXFWXUDO FRQWH[W� 1XFOHLF DFLGV

UHVHDUFK�� ��� ����²�����

7HMHGRU� -� 5�� 3DSDVDLNDV� 3�� 9DOFiUFHO� -�� ����� *HQRPH�ZLGH LGHQWLILFDWLRQ RI )DV�&'��

DOWHUQDWLYH VSOLFLQJ UHJXODWRUV UHYHDOV OLQNV ZLWK LURQ KRPHRVWDVLV� 0ROHFXODU FHOO�� ��� ��²

���

7RPF]DN� .�� &]HUZLĸVND� 3�� :L]QHURZLF]� 0�� ����� 7KH &DQFHU *HQRPH $WODV �7&*$��

DQ LPPHDVXUDEOH VRXUFH RI NQRZOHGJH� &RQWHPSRUDU\ RQFRORJ\ �3R]QDQ� 3RODQG��� ��� $��²
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���

7UHXWOHLQ� %�� *RNFH� 2�� 4XDNH� 6� 5�� 6�GKRI� 7� &�� ����� &DUWRJUDSK\ RI QHXUH[LQ DOWHU�

QDWLYH VSOLFLQJ PDSSHG E\ VLQJOH�PROHFXOH ORQJ�UHDG P51$ VHTXHQFLQJ� 3URFHHGLQJV RI

WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI $PHULFD�� ���� (����²��

7XODGKDU� 5�� <HX� <�� 3LD]]D� -� 7�� 7DQ� =�� &OHPHQFHDX� -� 5�� :X� ;�� %DUUHWW� 4�� +HUEHUW�

-�� 0DWKHZV� '�+�� .LP� -�� +ZDQJ� 7�+�� /XP� /�� ����� &5,635�&DV��EDVHGPXWDJHQHVLV

IUHTXHQWO\ SURYRNHV RQ�WDUJHW P51$ PLVUHJXODWLRQ� ELR5[LY�� ���� �������

8UHQ� 3� -�� %DKUDPL�6DPDQL� (�� $UDXMR� 3� 5� GH� 9RJHO� &�� 4LDR� 0�� %XUQV� 6� &�� 6PLWK�

$� '�� 3HQDOYD� /� 2� )�� ����� +LJK�WKURXJKSXW DQDO\VHV RI KQ513 +� GLVVHFWV LWV PXOWL�

IXQFWLRQDO DVSHFW� 51$ ELRORJ\�� ��� ���²����

9DOYHUGH� 5�� (GZDUGV� /�� 5HJDQ� /�� ����� 6WUXFWXUH DQG IXQFWLRQ RI .+ GRPDLQV� 7KH

)(%6 -RXUQDO�� ���� ����²�����

9DQ GHU $XZHUD� *� $�� &DUQHLUR� 0� 2�� +DUWO� &�� 3RSOLQ� 5�� 'HO $QJHO� *�� /HY\�

0RRQVKLQH� $�� -RUGDQ� 7�� 6KDNLU� .�� 5RD]HQ� '�� 7KLEDXOW� -�� %DQNV� (�� *DULPHOOD� .�

9�� $OWVKXOHU� '�� *DEULHO� 6�� 'H3ULVWR� 0� $�� ����� )URP )DVW4 GDWD WR KLJK FRQILGHQFH

YDULDQW FDOOV� WKH *HQRPH $QDO\VLV 7RRONLW EHVW SUDFWLFHV SLSHOLQH� &XUUHQW SURWRFROV LQ

ELRLQIRUPDWLFV�� ��� �������²���

9DQ 'XVHQ� &� 0�� <HH� /�� 0F1DOO\� /� 0�� 0F1DOO\� 0� 7�� ����� $ *O\FLQH�5LFK 'RPDLQ

RI KQ513 +�) 3URPRWHV 1XFOHRF\WRSODVPLF 6KXWWOLQJ DQG 1XFOHDU ,PSRUW WKURXJK DQ

,QWHUDFWLRQ ZLWK 7UDQVSRUWLQ �� 0ROHFXODU DQG &HOOXODU %LRORJ\�� ��� ����²�����

9LYLDQ� -�� 5DR� $� $�� 1RWKDIW� )� $�� .HWFKXP� &�� $UPVWURQJ� -�� 1RYDN� $�� 3IHLO� -�� 1DUN�

L]LDQ� -�� 'HUDQ� $� '�� 0XVVHOPDQ�%URZQ� $�� 6FKPLGW� +�� $PVWXW]� 3�� &UDIW� %�� *ROG�

PDQ� 0�� 5RVHQEORRP� .�� &OLQH� 0�� 2·&RQQRU� %�� +DQQD� 0�� %LUJHU� &� HW DO�� ����� 7RLO

HQDEOHV UHSURGXFLEOH� RSHQ VRXUFH� ELJ ELRPHGLFDO GDWD DQDO\VHV� 1DWXUH ELRWHFKQRORJ\�� ���

���²����

:DFKWHU� $�� 5�KO� &�� 6WDXIIHU� (�� ����� 7KH 5ROH RI 3RO\S\ULPLGLQH 7UDFW�%LQGLQJ 3UR�
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WHLQV DQG 2WKHU KQ513 3URWHLQV LQ 3ODQW 6SOLFLQJ 5HJXODWLRQ� )URQWLHUV LQ SODQW VFLHQFH�� ��

���

:DKO� 0� &�� :LOO� &� /�� /�KUPDQQ� 5�� ����� 7KH 6SOLFHRVRPH� 'HVLJQ 3ULQFLSOHV RI D

'\QDPLF 513 0DFKLQH� &HOO�� ���� ���²����

:DQJ� '�� 6KHQ� 4�� &KHQ� <� 4�� :DQJ� 0� +�� ����� &ROODERUDWLYH DFWLYLWLHV RI

PDFURSKDJH�VWLPXODWLQJ SURWHLQ DQG WUDQVIRUPLQJ JURZWK IDFWRU�EHWD� LQ LQGXFWLRQ

RI HSLWKHOLDO WR PHVHQFK\PDO WUDQVLWLRQ� UROHV RI WKH 521 UHFHSWRU W\URVLQH NLQDVH�

2QFRJHQH�� ��� ����²�����

:DQJ� 0� +�� <RVKLPXUD� 7�� 6NHHO� $�� /HRQDUG� (� -�� ����� 3URWHRO\WLF FRQYHUVLRQ RI VLQ�

JOH FKDLQ SUHFXUVRU PDFURSKDJH�VWLPXODWLQJ SURWHLQ WR D ELRORJLFDOO\ DFWLYH KHWHURGLPHU

E\ FRQWDFW HQ]\PHV RI WKH FRDJXODWLRQ FDVFDGH� 7KH -RXUQDO RI ELRORJLFDO FKHPLVWU\�� ����

����²�����

:DQJ�0�+�� 'OXJRV]� $�$�� 6XQ� <�� 6XGD� 7�� 6NHHO� $�� /HRQDUG� (� -�� ����� 0DFURSKDJH�

VWLPXODWLQJ SURWHLQ LQGXFHV SUROLIHUDWLRQ DQG PLJUDWLRQ RI PXULQH NHUDWLQRF\WHV� ([SHUL�

PHQWDO FHOO UHVHDUFK�� ���� ��²���

:DQJ� <�� /LX� -�� +XDQJ� %� 2�� ;X� <� 0�� /L� -�� +XDQJ� /� )�� /LQ� -�� =KDQJ� -�� 0LQ� 4�

+�� <DQJ� :� 0�� :DQJ� ;� =�� ����� 0HFKDQLVP RI DOWHUQDWLYH VSOLFLQJ DQG LWV UHJXODWLRQ�

%LRPHGLFDO UHSRUWV�� �� ���²����

:DQJ� =�� %XUJH� &� %�� ����� 6SOLFLQJ UHJXODWLRQ� IURP D SDUWV OLVW RI UHJXODWRU\ HOHPHQWV

WR DQ LQWHJUDWHG VSOLFLQJ FRGH� 51$�� ��� ���²����

:DQJ� =� /�� /L� %�� /XR� <� ;�� /LQ� 4�� /LX� 6� 5�� =KDQJ� ;� 4�� =KRX� +�� <DQJ� -� +�� 4X�

/� +�� ����� &RPSUHKHQVLYH *HQRPLF &KDUDFWHUL]DWLRQ RI 51$�%LQGLQJ 3URWHLQV DFURVV

+XPDQ &DQFHUV� &HOO UHSRUWV�� ��� ���²����

:DUI�0� %�� %HUJOXQG� -� $�� ����� 5ROH RI 51$ VWUXFWXUH LQ UHJXODWLQJ SUH�P51$VSOLFLQJ�

7UHQGV LQ ELRFKHPLFDO VFLHQFHV�� ��� ���²����
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:HOGRQ� &�� 'DFDQD\� -� *�� *RNKDOH� 9�� %RGGXSDOO\� 3� 9� /�� %HKP�$QVPDQW� ,�� %XU�

OH\� *� $�� %UDQODQW� &�� +XUOH\� /� +�� 'RPLQJXH]� &�� (SHURQ� ,� &�� ����� 6SHFLILF *�

TXDGUXSOH[ OLJDQGV PRGXODWH WKH DOWHUQDWLYH VSOLFLQJ RI %FO�;� 1XFOHLF DFLGV UHVHDUFK�� ���

���²����

:KLWORFN� 0� &�� ����� &RPELQLQJ SUREDELOLW\ IURP LQGHSHQGHQW WHVWV� WKH ZHLJKWHG =�

PHWKRG LV VXSHULRU WR )LVKHU·V DSSURDFK� -RXUQDO RI HYROXWLRQDU\ ELRORJ\�� ��� ����²�����

:LOO� &� /�� /�KUPDQQ� 5�� ����� 6SOLFHRVRPH 6WUXFWXUH DQG )XQFWLRQ� &ROG 6SULQJ +DUERU

3HUVSHFWLYHV LQ %LRORJ\�� �� D������²D�������

:LOOLDPV� 5�� 3HLVDMRYLFK� 6� *�� 0LOOHU� 2� -�� 0DJGDVVL� 6�� 7DZILN� '� 6�� *ULIILWKV� $� '��

����� $PSOLILFDWLRQ RI FRPSOH[ JHQH OLEUDULHV E\ HPXOVLRQ 3&5� 1DWXUH 0HWKRGV�� �� ���²

����

:X� -� <�� 0DQLDWLV� 7�� ����� 6SHFLILF LQWHUDFWLRQV EHWZHHQ SURWHLQV LPSOLFDWHG LQ VSOLFH

VLWH VHOHFWLRQ DQG UHJXODWHG DOWHUQDWLYH VSOLFLQJ� &HOO�� ��� ����²�����

:X� <� ;�� .ZRQ� <� -�� ����� $SWDPHUV� 7KH µHYROXWLRQµ RI 6(/(;� 0HWKRGV �6DQ 'LHJR�

&DOLI���� ���� ��²���

;LDR� ;�� :DQJ� =�� -DQJ� 0�� 1XWLX� 5�� :DQJ� (� 7�� %XUJH� &� %�� ����� 6SOLFH VLWH VWUHQJWK�

GHSHQGHQW DFWLYLW\ DQG JHQHWLF EXIIHULQJ E\ SRO\�* UXQV� 1DWXUH 6WUXFWXUDO 	 0ROHFXODU

%LRORJ\�� ��� ����²�����

;LQJ� <�� /HH� &� -�� ����� 3URWHLQ PRGXODULW\ RI DOWHUQDWLYHO\ VSOLFHG H[RQV LV DVVRFLDWHG

ZLWK WLVVXH�VSHFLILF UHJXODWLRQ RI DOWHUQDWLYH VSOLFLQJ� 3/R6 JHQHWLFV�� �� H���

;LQJ� <�� /HH� &�� ����� $OWHUQDWLYH VSOLFLQJ DQG 51$ VHOHFWLRQ SUHVVXUH²HYROXWLRQDU\

FRQVHTXHQFHV IRU HXNDU\RWLF JHQRPHV� 1DWXUH UHYLHZV� *HQHWLFV�� �� ���²����

;LRQJ� +� <�� $OLSDQDKL� %�� /HH� /� -�� %UHWVFKQHLGHU� +�� 0HULFR� '�� <XHQ� 5� .� &�� +XD�

<�� *XHURXVVRY� 6�� 1DMDIDEDGL� +� 6�� +XJKHV� 7� 5�� 0RUULV� 4�� %DUDVK� <�� .UDLQHU� $�

5�� -RMLF� 1�� 6FKHUHU� 6� :�� %OHQFRZH� %� -�� )UH\� %� -�� ����� 7KH KXPDQ VSOLFLQJ FRGH
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UHYHDOV QHZ LQVLJKWV LQWR WKH JHQHWLF GHWHUPLQDQWV RI GLVHDVH� 6FLHQFH �1HZ <RUN� 1�<����

���� �������²��������

;X� ;�� &KHQ� 6� -�� ����� $ 0HWKRG WR 3UHGLFW WKH 6WUXFWXUH DQG 6WDELOLW\ RI 51$�51$

&RPSOH[HV� 0HWKRGV LQ PROHFXODU ELRORJ\ �&OLIWRQ� 1�-���� ����� ��²���

<DQJ� ;�� &RXORPEH�+XQWLQJWRQ� -�� .DQJ� 6�� 6KH\QNPDQ� *� 0�� +DR� 7�� 5LFKDUGVRQ� $��

6XQ� 6�� <DQJ� )�� 6KHQ� <� $�� 0XUUD\� 5� 5�� 6SLURKQ� .�� %HJJ� %� (�� 'XUDQ�)ULJROD� 0��

0DF:LOOLDPV� $�� 3HY]QHU� 6� -�� =KRQJ� 4�� 7ULJJ� 6� $�� 7DP� 6�� *KDPVDUL� /� HW DO�� �����

:LGHVSUHDG ([SDQVLRQ RI 3URWHLQ ,QWHUDFWLRQ &DSDELOLWLHV E\ $OWHUQDWLYH 6SOLFLQJ� &HOO��

���� ���²����

<DR� +� 3�� /XR� <� /�� /HL� )�� &KHQJ� /� )�� /X� <�� /L� :�� :DQJ� 0� +�� ����� $JRQLVWLF

PRQRFORQDO DQWLERGLHV SRWHQWLDWH WXPRULJHQLF DQG LQYDVLYH DFWLYLWLHV RI VSOLFLQJ YDULDQW

RI WKH 521 UHFHSWRU W\URVLQH NLQDVH� &DQFHU %LRORJ\ 	 7KHUDS\�� �� ����²�����

<DR� +� 3�� =KRX� <� 4�� =KDQJ� 5�� :DQJ� 0� +�� ����� 063�521 VLJQDOOLQJ LQ FDQFHU�

SDWKRJHQHVLV DQG WKHUDSHXWLF SRWHQWLDO� 1DWXUH UHYLHZV� &DQFHU�� ��� ���²����

<DR� +� 3�� )HQJ� /�� 6XWKH� 6� 5�� &KHQ� /� +�� :HQJ� 7� +�� +X� &� <�� -XQ� (� 6�� :X� =�

*�� :DQJ� :� /�� .LP� 6� &�� 7RQJ� ;� 0�� :DQJ� 0� +�� ����� 7KHUDSHXWLF HIILFDF\� SKDU�

PDFRNLQHWLF SURILOHV� DQG WR[LFRORJLFDO DFWLYLWLHV RI KXPDQL]HG DQWLERG\�GUXJ FRQMXJDWH

=W�J��00$( WDUJHWLQJ 521 UHFHSWRU W\URVLQH NLQDVH IRU FDQFHU WKHUDS\� -RXUQDO IRU ,P�

PXQR7KHUDS\ RI &DQFHU�� �� �²���

<HR� *�� %XUJH� &� %�� ����� 0D[LPXP (QWURS\ 0RGHOLQJ RI 6KRUW 6HTXHQFH 0RWLIV ZLWK

$SSOLFDWLRQV WR 51$ 6SOLFLQJ 6LJQDOV� KRPH�OLHEHUWSXE�FRP�� ��� ���²����

<L� +�� ;XH� /�� *XR� 0� ;�� 0D� -�� =HQJ� <�� :DQJ� :�� &DL� -� <�� +X� +� 0�� 6KX� +� %��

6KL� <� %�� /L� :� ;�� ����� *HQH H[SUHVVLRQ DWODV IRU KXPDQ HPEU\RJHQHVLV� )DVHE -RXUQDO��

��� ����²�����

=DUQDFN� .�� .|QLJ� -�� 7DMQLN� 0�� 0DUWLQFRUHQD� ,�� (XVWHUPDQQ� 6�� 6WpYDQW� ,�� 5H\HV�

$�� $QGHUV� 6�� /XVFRPEH� 1� 0�� 8OH� -�� ����� 'LUHFW &RPSHWLWLRQ EHWZHHQ KQ513 &
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DQG 8�$)�� 3URWHFWV WKH 7UDQVFULSWRPH IURP WKH ([RQL]DWLRQ RI $OX (OHPHQWV� &HOO�� ����

���²����

=KDQJ� -�� +DUYH\� 6� (�� &KHQJ� &�� ����� $ KLJK�WKURXJKSXW VFUHHQ LGHQWLILHV VPDOO

PROHFXOH PRGXODWRUV RI DOWHUQDWLYH VSOLFLQJ E\ WDUJHWLQJ 51$ *�TXDGUXSOH[HV� 1XFOHLF

DFLGV UHVHDUFK�� ��� ����²�����

=KDQJ� :�� )OHPLQJWRQ� (� .�� =KDQJ� .�� ����� 'ULYHU JHQH PXWDWLRQV EDVHG FOXVWHULQJ RI

WXPRUV� PHWKRGV DQG DSSOLFDWLRQV� %LRLQIRUPDWLFV �2[IRUG� (QJODQG��� ��� L���²L����

=KDQJ� ;�� &KDVLQ� /� $�� ����� &RPSXWDWLRQDO GHILQLWLRQ RI VHTXHQFH PRWLIV JRYHUQLQJ

FRQVWLWXWLYH H[RQ VSOLFLQJ� *HQHV 	 GHYHORSPHQW�� ��� ����²�����

=KRX� <� 4�� +H� &�� &KHQ� <� 4�� :DQJ� '�� :DQJ� 0� +�� ����� $OWHUHG H[SUHVVLRQ RI WKH

521 UHFHSWRU W\URVLQH NLQDVH LQ SULPDU\ KXPDQ FRORUHFWDO DGHQRFDUFLQRPDV� JHQHUDWLRQ

RI GLIIHUHQW VSOLFLQJ 521 YDULDQWV DQG WKHLU RQFRJHQLF SRWHQWLDO� 2QFRJHQH�� ��� ���²����

=KX� -�� 0D\HGD� $�� .UDLQHU� $� 5�� ����� ([RQ LGHQWLW\ HVWDEOLVKHG WKURXJK GLIIHUHQWLDO

DQWDJRQLVP EHWZHHQ H[RQLF VSOLFLQJ VLOHQFHU�ERXQG KQ513 $� DQG HQKDQFHU�ERXQG 65

SURWHLQV� 0ROHFXODU FHOO�� �� ����²�����



 
 

 
Addendum  

 
 
 
Preface (extended with figure 
contributions) 
 
 
The RON mutagenesis screening project constituted of three sections; experimental, 
bioinformatics and mathematical modelling and was supervised by Dr. Julian König 
(IMB, Mainz), Dr. Kathi Zarnack (BMLS, Frankfurt), Dr. Stefanie Ebersberger (IMB, 
Mainz) and Dr. Stefan Legewie (IMB, Mainz), respectively. The results of the project 
and part of the thesis have been published in the following article - 
 
Braun, S.*; Enculescu, M.*; Setty, S. T.*; Cortés-López, M.; Almeida, B. P. de; Sutandy, 
F. X. R.; Schulz, L.; Busch, A.; Seiler, M.; Ebersberger, S.; Barbosa-Morais, N. L.; 
Legewie, S.; König, J.; Zarnack, K., 2018: Decoding a cancer-relevant splicing decision 
in the RON proto-oncogene using high-throughput mutagenesis. Nature 
Communications., 9, 3315. 
 
*These authors contributed equally: Simon Braun, Mihaela Enculescu, Samarth 
Thonta Setty. The author and figure contributions are as listed in the following 
paragraphs.  
 
In my PhD study, I performed most of the bioinformatics analyses of the project. In 
this thesis, I have presented the topics that were exclusively analysed by myself 
(Figures 2.1, 3.6 C, 3.7, 3.8, 3.9 C, D & E, 3.13 (Modelling results from Mihaela) , 3.14, 
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