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6WXG\ RI 3RODUL]DWLRQ LQ DW ���� *H9

-� )pOL[� &� $YLOH]� DQG *� 0RUHQR
,QVWLWXWR GH )Õ�VLFD� 8QLYHUVLGDG GH *XDQDMXDWR� /HyQ� *XDQDMXDWR ������ 0p[LFR

(� 3� +DUWRXQL� '�$� -HQVHQ�� 0�1� .UHLVOHU� DQG -� 8ULEHÁ

'HSDUWPHQW RI 3K\VLFV DQG $VWURQRP\� 8QLYHUVLW\ RI 0DVVDFKXVHWWV� $PKHUVW� 0DVVDFKXVHWWV �����

'� &� &KULVWLDQ� *� *XWLHUUH]� 6� '� +ROPHV� DQG $� :HKPDQQ
)HUPLODE� %DWDYLD� ,OOLQRLV �����

0�'� &KXUFK�� (� (� *RWWVFKDON�� %� &� .QDSS� %� -� 6WHUQ� DQG /� 5� :LHQFNH�

1HYLV /DERUDWRULHV� &ROXPELD 8QLYHUVLW\� ,UYLQJWRQ� 1HZ <RUN �����

0� )RUEXVK� )� 5� +XVRQ� DQG -� 7� :KLWH
'HSDUWPHQW RI 3K\VLFV� 7H[DV $	0 8QLYHUVLW\� &ROOHJH 6WDWLRQ� 7H[DV �����

�5HFHLYHG �� 6HSWHPEHU �����

:H PHDVXUHG WKH SRODUL]DWLRQ RI �� ��� ¶V SURGXFHG LQ WKH VSHFL¿F UHDFWLRQ
ZLWK ���� *H9 F SURWRQV LQFLGHQW RQ D OLTXLG K\GURJHQ WDUJHW�

%HFDXVH WKH UHDFWLRQ ZDV PHDVXUHG FRPSOHWHO\� WKH SRODUL]DWLRQ ZDV VWXGLHG YHUVXV WKH IROORZLQJ�
WR � WUDQVYHUVH PRPHQWXP �� WR ���� *H9 F�� FRUUHODWLRQV ZLWK WKH PRPHQWXP

YHFWRUV RI WKH RWKHU SDUWLFOHV LQ WKH UHDFWLRQ� DQG WKH LQYDULDQW PDVV RI FRPELQDWLRQV RI SDUWLFOHV LQ
WKH ¿QDO VWDWH� 7KH GHSHQGHQFH RI WKH SRODUL]DWLRQ RQ WKHVH YDULDEOHV GRHV QRW DOZD\V DJUHH ZLWK
WKHRUHWLFDO H[SHFWDWLRQV�

3$&6 QXPEHUV� �������H� ������+G� ������-Q

(YHU VLQFH WKH GLVFRYHU\ WKDW K\SHURQV DUH SURGXFHG
ZLWK VLJQL¿FDQW SRODUL]DWLRQ LQ KLJK HQHUJ\ FROOLVLRQV >�±
�@� WKHUH KDV EHHQ D PDMRU HIIRUW WR XQGHUVWDQG WKH VRXUFH
RI WKH SRODUL]DWLRQ SKHQRPHQRQ� ([SHULPHQWV KDYH HV�
WDEOLVKHG VHYHUDO JHQHUDO IHDWXUHV RI WKH SKHQRPHQRQ DQG
KDYH IRXQG WKDW RWKHU K\SHURQV DUH DOVR SRODUL]HG ZKHQ
SURGXFHG LQ KLJK HQHUJ\ FROOLVLRQV >�±�@� $OWKRXJK WKH�
RUHWLFDO PRGHOV KDYH EHHQ GHYHORSHG ZKLFK ¿W VRPH RI
WKH GDWD� WKHVH PRGHOV IDLO WR SUHVHQW D FRPSOHWH SLFWXUH
RI WKH XQGHUO\LQJ SK\VLFDO SURFHVVHV DQG RIWHQ ODFN SUH�
GLFWLYH SRZHU >�±��@� 6LQFH WKH VRXUFH RI K\SHURQ SR�
ODUL]DWLRQ UHPDLQV HOXVLYH� VWXGLHV DUH QHHGHG RI DV PDQ\
DVSHFWV RI SRODUL]DWLRQ DV SRVVLEOH LQ WKH KRSH RI VKHG�
GLQJ OLJKW RQ WKLV LPSRUWDQW SURFHVV� ,W LV LQWHUHVWLQJ WKDW
PRVW SRODUL]DWLRQ H[SHULPHQWV KDYH XWLOL]HG LQFOXVLYH

SURGXFWLRQ� L�H�� DOO WKH ¶V HPHUJLQJ IURP WKH KLJK
HQHUJ\ FROOLVLRQV DUH XVHG� 1R DWWHPSW LV PDGH WR GLV�
WLQJXLVK WKH VSHFL¿F UHDFWLRQ ZKLFK SURGXFHG D JLYHQ
RU WR GHWHUPLQH WKH FRQWULEXWLRQ RI ¶V IURP D SDUWLFXODU
¿QDO VWDWH WR WKH SRODUL]DWLRQ RI WKH VDPSOH� 5HFRJ�
QL]LQJ WKDW VWXGLHV RI VSHFL¿F UHDFWLRQV PLJKW SURYLGH QHZ
LQVLJKW LQ WKLV ¿HOG� ZH EHJDQ DQ H[SHULPHQWDO SURJUDP
WR LQYHVWLJDWH VHYHUDO H[FOXVLYH SURGXFWLRQ UHDFWLRQV�
7KH GHFLVLRQ WR PRYH LQ WKDW GLUHFWLRQ ZDV EXR\HG E\ WKH
SXEOLFDWLRQ RI HQKDQFHG SRODUL]DWLRQ LQ RQH ¿QDO VWDWH >��@
DQG E\ WKHRUHWLFDO VXJJHVWLRQV WKDW WKH EHKDYLRU RI RWKHU
SDUWLFOHV >����@ SURGXFHG ZLWK WKH PLJKW KROG LPSRU�
WDQW FOXHV� ,Q WKLV SDSHU� ZH UHSRUW WKH ¿UVW UHVXOWV RI WKDW
SURJUDP²D KLJK VWDWLVWLFV VWXG\ RI WKH SDUWLFXODU UHDFWLRQ

���

7KH GDWD ZHUH DPDVVHG DW WKH $OWHUQDWLQJ *UDGLHQW 6\Q�
FKURWURQ �$*6� DW %URRNKDYHQ 1DWLRQDO /DERUDWRULHV LQ
H[SHULPHQW (���� GHVFULEHG LQ GHWDLO HOVHZKHUH >��±��@�
$ EHDP RI ���� *H9 F SURWRQV LQWHUDFWHG LQ D ���LQ��
ORQJ OLTXLG K\GURJHQ WDUJHW� &KDUJHG SDUWLFOHV IURP WKH
LQWHUDFWLRQ ZHUH GHWHFWHG DQG PHDVXUHG LQ D SUHFLVLRQ
VSHFWURPHWHU FRQWDLQLQJ VL[ PLQLGULIW FKDPEHU PRGXOHV
��� ��� LQVWUXPHQWDO ZLUHV� LQ WKH PDJQHWLF ¿HOG RI D ODUJH
DSHUWXUH �� IW ZLGH � IW KLJK � IW GHHS� PDJQHW� 7KH
DYHUDJH RI WKH PDJQHW ZDV ���� 7P ���� 0H9 F��
7KH LQFRPLQJ SURWRQ EHDP PRPHQWXP YHFWRU ZDV PHD�
VXUHG LQ D VHSDUDWH VSHFWURPHWHU >��@� 'LUHFW SDUWLFOH
LGHQWL¿FDWLRQ ZDV SURYLGHG E\ D �� HOHPHQW DWPRVSKHULF
SUHVVXUH )UHRQ ��� WKUHVKROG &KHUHQNRY FRXQWHU DQG WZR
VFLQWLOODWRU FRXQWHU KRGRVFRSHV \LHOGLQJ WLPH�RI�ÀLJKW DQG
SXOVH KHLJKW LQIRUPDWLRQ� ,Q D WZR ZHHN H[SRVXUH� PRUH
WKDQ KLJK PXOWLSOLFLW\ LQWHUDFWLRQV ZHUH UHFRUGHG�
7KH HYHQW VDPSOH ZDV UHFRQVWUXFWHG XVLQJ D VSHFLDOO\ FRQ�
VWUXFWHG FRPSXWDWLRQDO V\VWHP >��@�
7KH QDUURZ ZLUH VSDFLQJ ���� WR ��� PP� RI WKH GULIW

FKDPEHUV� WKH P DFFXUDF\ RI WKH VSDWLDO PHDVXUH�
PHQWV� DQG WKH UHGXQGDQF\ DIIRUGHG ZLWK IRXU YLHZV SHU
GULIW FKDPEHU PRGXOH SURYHG VXI¿FLHQW WR DOORZ DFFXUDWH
WUDFN UHFRQVWUXFWLRQ ZLWK DV PDQ\ DV �� SDUWLFOHV LQ WKH
¿QDO VWDWH� 7KH PRPHQWXP UHVROXWLRQ RI WKH VSHFWURPHWHU

):+0 ZDV *H9 � )RU IXUWKHU

�� ��������� �� ����� ����������� � ���� 7KH $PHULFDQ 3K\VLFDO 6RFLHW\
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GHWDLOV RI WKH VSHFWURPHWHU� WKH WULJJHULQJ V\VWHPV� DQG WKH
UHFRQVWUXFWLRQ DOJRULWKPV� VHH 5HI� >��@�
,Q RUGHU IRU DQ HYHQW WR EH D FDQGLGDWH IRU WKH FRP�

SOHWHO\ PHDVXUHG RU H[FOXVLYH VDPSOH� WKH PDJQLWXGH RI
WKH YHFWRU VXP RI WKH ¿QDO VWDWH PRPHQWD WUDQVYHUVH WR
WKH EHDP SURWRQ KDG WR EH 0H9 DQG WKH VXPV RI
WKH GLIIHUHQFH RI WKH SDUWLFOH HQHUJ\ �(� DQG ORQJLWXGLQDO
PRPHQWXP LQ WKH LQLWLDO DQG ¿QDO VWDWHV KDG WR
DJUHH ZLWKLQ 0H9 � L�H��

0H9 � 2XU VDPSOH \LHOGHG
H[FOXVLYH HYHQWV� 7KH VSHFL¿F FKDQQHOV RI

LQWHUHVW IRU WKLV PHDVXUHPHQW KDG WR VDWLVI\ VHYHUDO DGGL�
WLRQDO UHTXLUHPHQWV� �L� 6LQFH WKH GHFD\ ZDV
XVHG WR LGHQWLI\ DQG VHOHFW ¶V� WKH QXPEHU RI FKDUJHG
SDUWLFOH WUDFNV� LQ WKH ¿QDO VWDWH� KDG WR HTXDO �� �LL� 2QO\
RQH YHUWH[ VHSDUDWHG IURP WKH LQWHUDFWLRQ SRLQW RI WKH
EHDP SURWRQ ZDV DOORZHG� �LLL� 7KH LQYDULDQW PDVV RI WKH
VHSDUDWHG YHUWH[ KDG WR EH FRQVLVWHQW ZLWK HLWKHU D LI
WKH HYHQW ZDV D FDQGLGDWH IRU UHDFWLRQ ��� RU D LI WKH
HYHQW ZDV D FDQGLGDWH IRU WKH UHDFWLRQ

���

%DFNJURXQGV IRU DQ\ H[FOXVLYH HYHQW VDPSOH IURP PLV�
PHDVXUHG� QRQH[FOXVLYH HYHQWV DUH � 7KH NLQHPDWLF
DPELJXLW\ EHWZHHQ ¶V DQG ¶V LV VPDOO EHFDXVH �D�
WKH PDVV UHVROXWLRQ RI WKH VSHFWURPHWHU LV H[FHOOHQW²
WKH VWDQGDUG GHYLDWLRQ RI WKH PDVV GLVWULEXWLRQ LV
��� 0H9²DQG �E� DQ H[FOXVLYH HYHQW PXVW VDWLVI\ WKH DG�
GLWLYH FRQVHUYDWLRQ ODZV VXFK DV EDU\RQ QXPEHU� VWUDQJH�
QHVV� DQG FKDUJH� 7KH H[FOXVLYH HYHQW VDPSOHV VHOHFWHG
IRU WKLV PHDVXUHPHQW DUH �� ��� HYHQWV RI UHDFWLRQ ��� DQG
�� ��� HYHQWV RI UHDFWLRQ ����
7KH SRODUL]DWLRQ LV GHWHUPLQHG XVLQJ WKH H[SUHV�

VLRQ >��@

FRV ���

ZKHUH LV WKH DQJXODU GLVWULEXWLRQ RI WKH SURWRQ
IURP WKH GHFD\ LQ WKH UHVW IUDPH� LV D
QRUPDOL]DWLRQ FRQVWDQW� DQG WKH DV\PPHWU\ SDUDPHWHU LV

>��@� 7KH DQJOH LV EHWZHHQ WKH GLUHFWLRQ
RI WKH SURWRQ IURP WKH GHFD\ RI WKH DQG WKH QRUPDO
WR WKH SURGXFWLRQ SODQH �

ZKHUH DQG DUH WKH PRPHQWXP YHFWRUV RI
WKH DQG WKH LQFLGHQW EHDP SURWRQ� UHVSHFWLYHO\�
7KH SRODUL]DWLRQ IRU D VDPSOH ZDV GHWHUPLQHG E\

KLVWRJUDPPLQJ WKH GLVWULEXWLRQ RI WKH SURWRQ GLUHFWLRQV LQ
�� HTXDO VL]HG ELQV LQ FRV DQG E\ XVLQJ D OHDVW VTXDUHV ¿W
RI WKH GLVWULEXWLRQ E\ D VWUDLJKW OLQH LQ FRV >VHH (T� ���@�
7KH XQFHUWDLQW\ LQ WKH SRODUL]DWLRQ LV VWDWLVWLFDO RQO\�
:H KDYH FKRVHQ WR SUHVHQW WKH GHWHUPLQDWLRQ RI WKH

SRODUL]DWLRQ ZLWKRXW FRUUHFWLRQ IRU WKH DFFHSWDQFH RI WKH
VSHFWURPHWHU LQ FRV VLQFH WKH DFFHSWDQFH LV ÀDW LQ WKDW
YDULDEOH� ,Q RUGHU WR LQVXUH WKDW WKLV SURFHGXUH ZDV
UHDVRQDEOH� ZH GHWHUPLQHG WKH DFFHSWDQFH ZLWK 0RQWH

&DUOR WHFKQLTXHV ZLWK PRGHUDWH VWDWLVWLFV DQG SHUIRUPHG
WKH FRUUHFWLRQV RQ D ELQ�E\�ELQ EDVLV DIWHU ELQQLQJ LQ FRV �
7KH SRODUL]DWLRQ UHVXOWV ZHUH LGHQWLFDO ZLWKLQ VWDWLVWLFV
WR WKH RQHV FDOFXODWHG ZLWKRXW WKH DFFHSWDQFH FRUUHFWLRQ�
DOWKRXJK WKH XQFHUWDLQWLHV LQ WKH SRODUL]DWLRQ UHVXOWV ZHUH
LQFUHDVHG GXH WR WKH ¿QLWH 0RQWH &DUOR VWDWLVWLFV�
7KH SURFHGXUH WR H[WUDFW WKH SRODUL]DWLRQ ZDV DOVR

FKHFNHG DV IROORZV� �D� $ VDPSOH RI H[FOXVLYH HYHQWV RI
UHDFWLRQ ��� ZDV JHQHUDWHG XVLQJ D 0RQWH &DUOR FDOFX�
ODWLRQ ZKLFK IDLWKIXOO\ VLPXODWHV DOO DVSHFWV RI WKH VSHF�
WURPHWHU� 7KH ¶V LQ WKLV VDPSOH ZHUH JHQHUDWHG ZLWK D
VSHFL¿F SRODUL]DWLRQ� LQFOXGLQJ GHSHQGHQFLHV RQ GLIIHUHQW
NLQHPDWLF YDULDEOHV� 7KHVH 0RQWH &DUOR HYHQWV ZHUH DQD�
O\]HG DV WKRXJK WKH\ ZHUH GDWD DQG WKH SRODUL]DWLRQ ZDV
H[WUDFWHG� 7KH SRODUL]DWLRQ RI WKLV VDPSOH ZDV LGHQWLFDO�
ZLWKLQ VWDWLVWLFDO XQFHUWDLQWLHV� ZLWK WKH NQRZQ SRODUL]D�
WLRQ RI WKH VDPSOH� 7KH DJUHHPHQW EHWZHHQ WKH NQRZQ SR�
ODUL]DWLRQ DQG WKDW FDOFXODWHG IURP WKH 0RQWH &DUOR HYHQWV
ZDV H[FHOOHQW ZKHWKHU RU QRW WKH GLVWULEXWLRQV ZHUH FRU�
UHFWHG IRU VSHFWURPHWHU DFFHSWDQFH� �E� 7KH VDPSOH RI
H[FOXVLYH HYHQWV FRQWDLQLQJ D ²LQVWHDG RI D ²ZDV
VXEMHFWHG WR WKH VDPH SRODUL]DWLRQ DQDO\VLV� 7KH SRODUL]D�
WLRQ RI WKH ZDV IRXQG WR EH ]HUR �DV H[SHFWHG� IRU HY�
HU\ SRVVLEOH VXEVHW RI WKH VDPSOH� GHPRQVWUDWLQJ WKDW
WKH REVHUYHG SRODUL]DWLRQ LV LQGHSHQGHQW RI RXU DQDO\VLV
SURFHGXUHV�
,Q RUGHU WR FRPSDUH ZLWK LQFOXVLYH PHDVXUHPHQWV�

WKH SRODUL]DWLRQ DV D IXQFWLRQ RI WKH WUDQVYHUVH
PRPHQWXP RI WKH ZLWK UHVSHFW WR WKH LQFLGHQW SURWRQ
EHDP� ZDV GHWHUPLQHG IRU WKH HQWLUH VDPSOH� :LWKLQ
HUURUV� WKH SRODUL]DWLRQ IRU WKLV WRWDO VDPSOH DYHUDJHV WR
]HUR� 7KLV LQLWLDOO\ VXUSULVLQJ UHVXOW LV GXH WR WKH IDFWV
WKDW RXU GHWHFWRU KDV XQLIRUP DFFHSWDQFH LQ )H\QPDQ [�

DQG WKDW WKH SRODUL]DWLRQ RI WKH ¿QDO VWDWH RI LQ SS
FROOLVLRQV LV DQWLV\PPHWULF LQ E\ YLUWXH RI URWDWLRQDO
LQYDULDQFH� 7KH WRWDO VDPSOH ZDV WKHQ GLYLGHG LQWR WZR
SLHFHV RQ WKH EDVLV RI WKH VLJQ RI WKH RI WKH DQG
WKH UHVXOWV DUH SORWWHG LQ )LJ� ��D�� 6LQFH RXU VDPSOH
KDV URXJKO\ HTXDO QXPEHUV RI HYHQWV LQ HDFK VXEVDPSOH
DQG VLQFH WKH SRODUL]DWLRQV LQ HDFK VXEVDPSOH GLIIHU RQO\
LQ VLJQ� WKH REVHUYDWLRQ RI ]HUR DYHUDJH SRODUL]DWLRQ
LQ WKH WRWDO VDPSOH LV XQGHUVWDQGDEOH� &RPELQLQJ WKH
VXEVDPSOHV ZLWK WKH DSSURSULDWH FKDQJH RI VLJQ� ZH ¿QG
H[FHOOHQW DJUHHPHQW ZLWK WKH LQFOXVLYH UHVXOWV VKRZQ LQ
)LJ� ��E�� :KHQ ¿W ZLWK D OLQHDU GHSHQGHQFH RQ ZH
¿QG IRU

� IRU
� DQG

IRU WKH FRPELQHG VDPSOHV�
�

:H WKHQ VWXGLHG WKH GHSHQGHQFH RI WKH SRODUL]DWLRQ�
7KH DYHUDJH SRODUL]DWLRQ IRU HYHQWV LQ VL[ ELQV IURP

WR LV VKRZQ LQ )LJ� ��D�� %RWK WKH
DQG ELQV KDYH DSSUR[LPDWHO\ WKH VDPH QXPEHU RI
HYHQWV DQG URXJKO\ WKH VDPH GLVWULEXWLRQ� 7KH DYHUDJH SR�
ODUL]DWLRQ LV URXJKO\ OLQHDU LQ >DYHUDJH

��
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),*� �� �D� SRODUL]DWLRQ� VSOLWWLQJ WKH VDPSOH LQWR
DQG � �E� 7KH VDPSOH SRODUL]DWLRQ KDV EHHQ
PXOWLSOLHG E\ DQG FRPELQHG ZLWK WKH VDPSOH�

@� 7KH
DYHUDJH SRODUL]DWLRQ FKDQJHV VLJQ DW �
7KH SRODUL]DWLRQ GDWD ZHUH H[DPLQHG IRU SRVVLEOH FRU�

UHODWLRQV ZLWK UHVSHFW WR WKH GLUHFWLRQV RI RWKHU SDUWLFOHV
LQ WKH ¿QDO VWDWH� WKH SURWRQ DQG WKH � 7KHUH LV D WKH�
RUHWLFDO VXJJHVWLRQ >�@ WKDW WKH V DQG TXDUNV LQ WKH ¿QDO
VWDWH PRYH LQ RSSRVLWH GLUHFWLRQV� FDXVLQJ SRODUL]DWLRQ�
7KLV PRGHO FDQ EH LQYHVWLJDWHG E\ VHDUFKLQJ IRU FRUUHOD�
WLRQV EHWZHHQ WKH SRODUL]DWLRQ DQG WKH PRWLRQV RI WKH
�V TXDUN� DQG WKH � TXDUN�� )RU WKLV DQDO\VLV� ZH
WRRN WKH GLUHFWLRQ RI � � DV WKH GLUHFWLRQ RI TXDUN
�V TXDUN�� 7KH VDPSOH ZDV GLYLGHG EDVHG RQ ZKHWKHU WKH

DQG ZHUH LQ WKH VDPH F�P� KHPLVSKHUH RU LQ RSSR�

),*� �� �D� SRODUL]DWLRQ DV D IXQFWLRQ RI � �E�
SRODUL]DWLRQ� DQG DUH LQ RSSRVLWH KHPLVSKHUHV� �F�
SRODUL]DWLRQ� DQG S DUH LQ RSSRVLWH KHPLVSKHUHV� ,Q �E� DQG
�F�� WKH VDPSOH SRODUL]DWLRQ KDV EHHQ PXOWLSOLHG E\
DQG FRPELQHG ZLWK WKH VDPSOH�

VLWH KHPLVSKHUHV� 7KH SRODUL]DWLRQV ZHUH FDOFXODWHG FRU�
UHFWLQJ WKH VLJQ RI WKH SRODUL]DWLRQ IRU WKH VLJQ RI � 7KH
SRODUL]DWLRQV ZHUH LGHQWLFDO� LQVLGH VWDWLVWLFDO HUURUV� LQ WKH
WZR KHPLVSKHUHV� VHH )LJ� ��E�� 7KLV UHVXOW GLIIHUV
IURP WKH WKHRUHWLFDO VXJJHVWLRQ LQ 5HI� >�@�
7KH SRODUL]DWLRQ ZDV GHWHUPLQHG LQ WKH VXEVHW LQ

ZKLFK WKH DQG S KDYH RSSRVLWH VLJQV RI � )RU
¶V ZLWKLQ WKLV VXEVHW ZKLFK KDYH

�
� )RU ¶V ZLWKLQ WKLV VXEVHW ZKLFK KDYH

�
� 7KHVH UHVXOWV DUH ZLWKLQ � VWDQGDUG

GHYLDWLRQV RI WKH UHVXOWV LQ ZKLFK QR FRQGLWLRQV RQ WKH
UHODWLYH GLUHFWLRQV ZHUH LPSRVHG� )LJXUH ��F� VKRZV

SRODUL]DWLRQ FRPELQLQJ DSSURSULDWHO\ WKH DQG
VXEVDPSOHV�

:KHQ WKH S DQG WKH KDYH WKH VDPH VLJQ RI
WKH SRODUL]DWLRQ LV FRQVLVWHQW ZLWK ]HUR

� 7KLV
UHVXOW LV GRPLQDWHG E\ WKH IDFW WKDW RI WKHVH ¶V
KDYH � 6LQFH WKH PDJQLWXGH RI WKH SRODUL]D�
WLRQ LV OLQHDU LQ RI WKH � WKH VPDOO SRODUL]DWLRQ LV
H[SHFWHG�
:H DOVR LQYHVWLJDWHG SRODUL]DWLRQ DV IXQFWLRQV

RI WKH LQYDULDQW PDVV DQG
� ,Q WKLV DQDO\VLV� WKH VLJQ RI WKH

SRODUL]DWLRQ ZDV DSSURSULDWHO\ WUHDWHG IRU WKH VLJQ RI
WKH � :H REVHUYHG WKH IROORZLQJ�
�D� SRODUL]DWLRQ LV URXJKO\ OLQHDU ZLWK

GHFUHDVLQJ IURP ]HUR DW *H9 WR DW
*H9� VHH )LJ� ��D�� 7KH OLQHDU ¿W LV

�
� 7KHVH UHVXOWV DJUHH ZLWK WKRVH REVHUYHG >��@ LQ

WKH UHDFWLRQ DW KLJKHU HQHUJLHV� IRU PDVVHV
EHWZHHQ ��� DQG ��� *H9� )LJ� ��D�� :H FDQQRW FRPPHQW
RQ WKH ODUJH SRODUL]DWLRQ VHHQ DW ��� *H9�
�E� SRODUL]DWLRQ LV URXJKO\ OLQHDU ZLWK

GHFUHDVLQJ IURP ]HUR DW
*H9 WR DW *H9�

VHH )LJ� ��E�� 7KH OLQHDU ¿W LV

�
�F� SRODUL]DWLRQ LV URXJKO\ OLQHDU ZLWK

GHFUHDVLQJ IURP ]HUR DW
*H9 WR DW
*H9� VHH )LJ� ��F�� 7KH OLQ�

HDU ¿W LV
�

,Q JHQHUDO� D PHDVXUHPHQW RI SRODUL]DWLRQ PD\ GH�
SHQG RQ ZKHWKHU WKH LV SURGXFHG GLUHFWO\ LQ WKH LQWHU�
DFWLRQ RU LV WKH GHFD\ SURGXFW RI D SDUWLFOH RU UHVRQDQFH�
7KLV GLI¿FXOW\ PLJKW EH D SUREOHP IRU LQFOXVLYH VWXGLHV�
,Q WKH IROORZLQJ� ZH VKRZ WKDW VXFK SUREOHPV DUH JUHDWO\
UHGXFHG ZLWK WKH H[FOXVLYH VDPSOH�
�D� 7KH QXPEHU RI ¶V ZKLFK DUH WKH UHVXOWV RI WKH

GHFD\ LV TXLWH VPDOO� ,Q RUGHU IRU DQ HYHQW WR

��
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),*� �� SRODUL]DWLRQ DV D IXQFWLRQ RI �D� �E�
�F� �

EH D FDQGLGDWH IRU DQ H[FOXVLYH UHDFWLRQ� WKHUH DUH VWULQ�
JHQW GHPDQGV RQ ERWK WKH FRQVHUYDWLRQ RI ORQJLWXGLQDO
DQG WUDQVYHUVH PRPHQWD IRU WKH HQWLUH HYHQW� 7KHVH UH�
TXLUHPHQWV DOORZ RQO\ D VPDOO IUDFWLRQ RI GH�
FD\V ZLWK DQ XQGHWHFWHG WR IDNH UHDFWLRQ ���� 8VLQJ
0RQWH &DUOR WHFKQLTXHV ZH HVWLPDWH WKDW RQO\ ���� RI
WKH VDPSOH FRXOG FRPH IURP GHFD\� 7KH IUDFWLRQ
RI ¶V IURP GHFD\ LV IXUWKHU UHGXFHG E\ D IDFWRU RI
� WR ���� ZKHQ WKH UHTXLUHPHQWV RQ WKRVH PRPHQWXP
VXPV DUH WLJKWHQHG� :H DQDO\]HG WKH SRODUL]DWLRQ DI�
WHU WKRVH WLJKWHU FXWV ZHUH DSSOLHG� 1R VWDWLVWLFDOO\ VLJQL¿�
FDQW FKDQJHV LQ WKH SRODUL]DWLRQ UHVXOWV ZHUH IRXQG LQ WKDW
VPDOOHU VDPSOH�
�E� &RQWULEXWLRQV IURP GHFD\V RI UHVRQDQFHV DUH

QRW ODUJH� %\ H[DPLQLQJ DQG LQYDULDQW
PDVV GLVWULEXWLRQV� ZH GHWHUPLQHG WKDW DQG

SURGXFWLRQ DQG GHFD\ DFFRXQWHG IRU URXJKO\
���� RI WKH ¶V HDFK� 1R VWDWLVWLFDOO\ VLJQL¿FDQW GLI�
IHUHQFHV LQ WKH SRODUL]DWLRQ ZHUH REVHUYHG ZKHQ
UHVRQDQFHV ZHUH H[FOXGHG�
,Q FRQFOXVLRQ� WKLV PHDVXUHPHQW RI SRODUL]DWLRQ LQ

DQ H[FOXVLYH UHDFWLRQ KDV SURYLGHG GHWDLOHG LQIRUPDWLRQ
RQ WKH NLQHPDWLF GHSHQGHQFLHV RI WKDW SRODUL]DWLRQ� 7KDW
GHWDLO SRVHV D FKDOOHQJH WR IXWXUH PRGHOV RI WKH SRODUL]D�

WLRQ SKHQRPHQRQ� HVSHFLDOO\ ZKHUH WKH H[SHULPHQWDO UH�
VXOWV GLIIHU IURP FXUUHQW WKHRUHWLFDO H[SHFWDWLRQV�
:H DFNQRZOHGJH WKH DVVLVWDQFH RI WKH WHFKQLFDO VWDII

DW WKH $*6 DW %URRNKDYHQ 1DWLRQDO /DERUDWRULHV DQG
WKH VXSHUE HIIRUWV E\ WKH VWDIIV DW WKH 8QLYHUVLW\ RI
0DVVDFKXVHWWV� &ROXPELD 8QLYHUVLW\� DQG )HUPLODE� 7KLV
ZRUN ZDV VXSSRUWHG LQ SDUW E\ 1DWLRQDO 6FLHQFH )RXQGD�
WLRQ *UDQWV 1R� 3+<�������� DQG 1R� 3+<���������
E\ 'HSDUWPHQW RI (QHUJ\ &RQWUDFWV 1R� '(�$&���
�� &+2���� DQG 1R� '(�$6�����(5������ DQG E\
&R1D&\7 RI 0p[LFR XQGHU *UDQWV 1R� ��������� DQG
1R� )����(�����
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�3UHVHQW DGGUHVV� )HUPLODE� %DWDYLD� ,/ ������
Á3UHVHQW DGGUHVV� 8QLYHUVLW\ RI 7H[DV� 0�'� $QGHUVRQ
&DQFHU &HQWHU� +RXVWRQ� 7; ������
�3UHVHQW DGGUHVV� &DUQHJLH�0HOORQ 8QLYHUVLW\� 3LWWVEXUJK�
3$ ������
3UHVHQW DGGUHVV� $7	7 5HVHDUFK /DERUDWRULHV� 0XUUD\
+LOO� 1- ������
�3UHVHQW DGGUHVV� 8QLYHUVLW\ RI 8WDK� 6DOW /DNH &LW\� 87
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3UHVHQW DGGUHVV� 8QLYHUVLW\ RI &DOLIRUQLD� 'DYLV� &$
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>�@ $� /HVQLN HW DO�� 3K\V� 5HY� /HWW� ��� ��� �������
>�@ *� %XQFH HW DO�� 3K\V� 5HY� /HWW� ��� ���� �������
>�@ .� +HOOHU HW DO�� 3K\V� /HWW� ��%� ��� �������
>�@ *� %XQFH HW DO�� 3K\V� /HWW� ��%� ��� �������
>�@ -� 'XU\HD HW DO�� 3K\V� 5HY� /HWW� ��� ���� �������
>�@ 5� 5DPHLND HW DO�� 3K\V� 5HY� ' ��� ���� �������
>�@ &� :LONLQVRQ HW DO�� 3K\V� 5HY� /HWW� ��� ��� �������
>�@ 7� $� 'H*UDQG HW DO�� 3K\V� 5HY� ' ��� ���� �������
>�@ %� $QGHUVVRQ HW DO�� 3K\V� /HWW� ��%� ��� �������
>��@ -� 6]ZHHG HW DO�� 3K\V� /HWW� ���%� ��� �������
>��@ 7� +HQNHV HW DO�� 3K\V� /HWW� % ���� ��� �������
>��@ /� *� 3RQGURP� 3K\V� 5HS� ���� �� �������
>��@ -� 8ULEH HW DO�� 3K\V� 5HY� ' ��� ���� ������� DQG

5HIV� >�����@ WKHUHLQ�
>��@ (� 3� +DUWRXQL HW DO�� 3K\V� 5HY� /HWW� ��� ���� �������
>��@ -� )pOL[� 3K�'� WKHVLV� 8QLYHUVLGDG GH *XDQDMXDWR� 0p[LFR�

�����
>��@ '� &� &KULVWLDQ HW DO�� 1XFO� ,QVWUXP� 0HWKRGV 3K\V� 5HV��

6HFW� $ ���� �� �������
>��@ %� &� .QDSS DQG :� 6LSSDFK� ,((( 7UDQV� 1XFO� 6FL� ���

��� ������� (� 3� +DUWRXQL HW DO�� LELG� ��� ���� �������
%� &� .QDSS� 1XFO� ,QVWUXP� 0HWKRGV 3K\V� 5HV�� 6HFW� $
���� ��� �������

>��@ 3DUWLFOH 'DWD *URXS� 3K\V� 5HY� ' ��� � �������
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