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$UQROG $FNHUODXHU

%LEOLRJUDSKLFDO 'HWDLO
$FNHUODXHU� $�� ����� )HDWXUH (QJLQHHULQJ IRU 6SLNH 6RUWLQJ� %DFKHORU 7KHVLV� LQ (QJOLVK� ±

�� S�� ,QVWLWXWH IRU 6LJQDO 3URFHVVLQJ 8QLYHUVLW\� /LQ]� $XVWULD

$QQRWDWLRQ
6SLNH VRUWLQJ LV WKH SURFHVV RI LGHQWLI\LQJ WKH QHXURQ IURP ZKLFK D VSLNH RULJLQDWHG IURP DQG

FDQ EH XVHG LQ YDULRXV DSSOLFDWLRQV VXFK DV EUDLQ�PDFKLQH LQWHUIDFHV� 7KLV WKHVLV LV EDVHG RQ

VLPXODWHG� FRQWLQXRXV UHFRUGLQJV RI VLQJOH QHXURQDO FHOOV� 8VLQJ VHYHUDO IHDWXUH HQJLQHHULQJ

WHFKQLTXHV ZH ZHUH DEOH WR SURSRVH D IHDWXUH VHW ZKLFK FDQ EH XVHG IRU VSLNH VRUWLQJ�
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$UQROG $FNHUODXHU

'HFODUDWLRQ
, KHUHE\ GHFODUH WKDW , KDYH ZRUNHG RQ P\ EDFKHORU¶V WKHVLV LQGHSHQGHQWO\ DQG XVHG RQO\ WKH

VRXUFHV OLVWHG LQ WKH ELEOLRJUDSK\�

, KHUHE\ GHFODUH WKDW� LQ DFFRUGDQFH ZLWK $UWLFOH ��E RI $FW 1R� �������� LQ WKH YDOLG ZRUGLQJ�

, DJUHH ZLWK WKH SXEOLFDWLRQ RI P\ EDFKHORU WKHVLV� LQ IXOO WR EH NHSW LQ WKH )DFXOW\ RI 6FLHQFH

DUFKLYH� LQ HOHFWURQLF IRUP LQ D SXEOLFO\ DFFHVVLEOH SDUW RI WKH ,6 67$* GDWDEDVH RSHUDWHG E\ WKH

8QLYHUVLW\ RI 6RXWK %RKHPLD LQ ýHVNp %XGČMRYLFH DFFHVVLEOH WKURXJK LWV ZHE SDJHV� )XUWKHU�

, DJUHH WR WKH HOHFWURQLF SXEOLFDWLRQ RI WKH FRPPHQWV RI P\ VXSHUYLVRU DQG WKHVLV RSSRQHQWV

DQG WKH UHFRUG RI WKH SURFHHGLQJV DQG UHVXOWV RI WKH WKHVLV GHIHQFH LQ DFFRUGDQFH ZLWK DIRUH�

PHQWLRQHG $FW 1R� ��������� , DOVR DJUHH WR WKH FRPSDULVRQ RI WKH WH[W RI P\ WKHVLV ZLWK

WKH 7KHVHV�F] WKHVLV GDWDEDVH RSHUDWHG E\ WKH 1DWLRQDO 5HJLVWU\ RI 8QLYHUVLW\ 7KHVHV DQG D

SODJLDULVP GHWHFWLRQ V\VWHP�

3ODFH� 'DWH $UQROG $FNHUODXHU

LLL
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&RQWHQWV

� ,QWURGXFWLRQ �

� 5HODWHG :RUN �

��� )HDWXUH (QJLQHHULQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 1HXURQDO 6SLNHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� $SSOLFDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� ([SHULPHQWDO 6HWXS �

��� 'DWD 6HW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 'DWD 3UH�3URFHVVLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� )HDWXUH ([WUDFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� )HDWXUH (YDOXDWLRQ DQG 6HOHFWLRQ � � � � � � � � � � � � � � � � � � � � ��

� 5HVXOWV ��

� 'LVFXVVLRQ ��

� &RQFOXVLRQ ��

/LVW RI )LJXUHV ��

/LVW RI 7DEOHV ��

5HIHUHQFHV ��

� $SSHQGL[ ��

��� 'LVWULEXWLRQ RI )HDWXUH 9DOXH � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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$UQROG $FNHUODXHU

$EVWUDFW

6SLNH VRUWLQJ LV WKH FOXVWHULQJ RI GLIIHUHQW VSLNHV DFFRUGLQJ WR ZKLFK QHXURQ WKH\ RULJL�

QDWHG IURP� 2QH RI WKH PRVW LPSRUWDQW VWHSV LQ VSLNH VRUWLQJ LV IHDWXUH HQJLQHHULQJ� :LWKLQ

WKLV WKHVLV ZH IRFXV RQ DSSO\LQJ IHDWXUH HQJLQHHULQJ WHFKQLTXHV RQ VLPXODWHG� FRQWLQXRXV

UHFRUGLQJV RI VLQJOH QHXURQDO FHOOV LQ RUGHU WR SURSRVH D IHDWXUH VHW� ZKLFK LV D JRRG EDVLV

IRU SUHGLFWLQJ WKH QHXURQV RI HDFK VSLNH� 7KH VWHSV WR JHW WR D SURSRVHG IHDWXUH VHW LQFOXGHG

H[WUDFWLQJ VLQJOH DFWLRQ SRWHQWLDOV IURP WKH FRQWLQXRXV GDWDVHW� H[WUDFWLQJ IHDWXUHV EDVHG

RQ WKH LGHQWLILHG DFWLRQ SRWHQWLDOV DQG DSSO\LQJ IHDWXUH VHOHFWLRQ PHWKRGV WR LGHQWLI\ WKH

PRVW SURPLVLQJ IHDWXUHV� 7KH DSSOLHG IHDWXUH VHOHFWLRQ PHWKRGV LQFOXGHG WKH LQYHVWLJD�

WLRQ RI WKH GLVWULEXWLRQ RI IHDWXUH YDOXHV EHWZHHQ GLIIHUHQW FOXVWHU ERWK YLVXDOO\ DQG XVLQJ

$129$� )XUWKHUPRUH� UDQGRP IRUHVW LQWULQVLF IHDWXUH LPSRUWDQFH DQG UDQGRP IRUHVW SHU�

PXWDWLRQ IHDWXUH LPSRUWDQFH ZHUH XVHG IRU GHWHUPLQLQJ WKH EHVW IHDWXUHV� &RQVLGHULQJ WKH

RXWFRPHV RI WKHVH IHDWXUH VHOHFWLRQ PHWKRGV� ZH IRXQG WKDW DQ LGHDO IHDWXUH VHW FRQVLVWV RI

WKH JHRPHWULF IHDWXUH SRVLWLYH 	 QHJDWLYH DPSOLWXGH DV ZHOO DV SRVLWLYH 	 QHJDWLYH DFWLRQ

SRWHQWLDO HQHUJ\ DQG WKH ILUVW IRXU SULQFLSDO FRPSRQHQWV� 7KH GLIIHUHQW IHDWXUH VHOHFWLRQ

PHWKRGV ZHUH QRW FRQFOXVLYH IRU WKH IHDWXUH VSLNH ZLGWK� 7KHUHIRUH� ZH SURSRVH WR WHVW D

IHDWXUH VHW ZLWK DQG ZLWKRXW WKDW IHDWXUH ZKHQ UXQQLQJ PDFKLQH OHDUQLQJ�EDVHG SUHGLFWLRQ

WDVNV� 7KH SURSRVHG IHDWXUH VHW FDQ EH XVHG DV D EDVLV WR GR VSLNH VRUWLQJ LQ DSSOLFDWLRQV

VXFK DV LQYDVLYH EUDLQ FRPSXWHU LQWHUIDFHV� ZKLFK LV DQ HPHUJLQJ WRSLF LQ WKH SDVW IHZ

\HDUV � 6XFK DSSOLFDWLRQV KDYH WKH SRWHQWLDO WR VXSSRUW SHRSOH ZLWK YDULRXV GLVDELOLWLHV LQ

WKHLU GDLO\ OLIH�
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$UQROG $FNHUODXHU

� ,QWURGXFWLRQ
$SSOLFDWLRQV RI QHXURQDO VSLNH VRUWLQJ KDYH WKH SRWHQWLDO WR FKDQJH WKH ZRUOG DV ZH NQRZ

LW� 6SLNH VRUWLQJ KHOSV UHVHDUFKHUV LQ XQGHUVWDQGLQJ WKH SURFHVVHV RI WKH KXPDQ EUDLQ DQG IRVWHUV

WKH GLVFRYHU\ RI WUHDWPHQWV IRU QHXURORJLFDO GLVHDVHV VXFK DV $O]KHLPHU¶V GLVHDVH RU HSLOHSV\

>�@� 1HXURQDO VSLNH VRUWLQJ LV DOVR DQ HVVHQWLDO FRPSRQHQW LQ EUDLQ�PDFKLQH LQWHUIDFHV >�@�

%UDLQ�PDFKLQH LQWHUIDFHV RSHQ WKH SRVVLELOLW\ IRU FRPPXQLFDWLRQ EHWZHHQ WKH EUDLQ DQG WKH

H[WHUQDO ZRUOG� ZLWKRXW KDYLQJ WR UHO\ RQ VWDQGDUG FRPPXQLFDWLRQ ZD\V VXFK DV PXVFOHV RU

QHUYHV �>��@ LQ >�@�� 7KH\ KROG WKH SRVVLELOLW\ WR VXSSRUW SHRSOH ZLWK YDULRXV GLVDELOLWLHV E\

SURYLGLQJ VSHHFK V\QWKHVL]HUV >�@ DQG URERWLF OLPEV >��@ >�@�

6SLNH VRUWLQJ LV HVVHQWLDO WR JDLQ NQRZOHGJH RI H[WUDFHOOXODU UHFRUGLQJV QHHGHG IRU WKH

SUHYLRXVO\ GHVFULEHG DSSOLFDWLRQV� ([WUDFHOOXODU UHFRUGLQJV DUH UHFRUGHG E\ SODFLQJ HOHFWURGHV

LQ EUDLQ WLVVXH EHWZHHQ QHXURQV LQ RUGHU WR PRQLWRU WKH H[WUDFHOOXODU DFWLYLW\ RI QHXURQV� >��@�

7KH ILUVW VWHS RI VSLNH VRUWLQJ LV LGHQWLI\LQJ WKH DFWXDO DFWLRQ SRWHQWLDOV� DV HOHFWURGHV DOVR SLFN

XS RWKHU HOHFWULFDO DFWLYLWLHV DSDUW IURP WKH GHVLUHG QHXURQDO DFWLRQ SRWHQWLDOV� 7KHVH RWKHU

HOHFWULFDO DFWLYLWLHV FDQ LQFOXGH SK\VLRORJLFDO DFWLYLWLHV VXFK DV PXVFXODU DFWLYLW\ RU H[WHUQDO

DFWLYLWLHV VXFK DV FHOOSKRQH VLJQDOV >�@� 7KH QH[W VWHS DIWHU WKH DFWLRQ SRWHQWLDOV DUH LGHQWLILHG LV

IHDWXUH HQJLQHHULQJ� 7KLV FDQ EH XVHG WR H[WUDFW UHOHYDQW LQIRUPDWLRQ IURP HDFK DFWLRQ SRWHQWLDO�

8VLQJ WKHVH IHDWXUHV� PDFKLQH OHDUQLQJ FDQ WKHQ EH DSSOLHG WR FOXVWHU VSLNHV WRJHWKHU RULJLQDWLQJ

IURP WKH VDPH QHXURQV� 7KLV LV SRVVLEOH� DV HDFK QHXURQ SURGXFHV D FHUWDLQ VSLNH VKDSH GLIIHUHQW

IURP RWKHU QHXURQV >��@�

7KH DLP RI WKLV WKHVLV LV WR IRFXV RQ WKH VWHS RI IHDWXUH H[WUDFWLRQ DQG VHOHFWLRQ DQG WR JLYH

D SURSRVDO IRU D IHDWXUH VHW� ZKLFK LV D JRRG EDVLV IRU SUHGLFWLQJ WKH QHXURQV RI HDFK VSLNH� 7KH

UHDVRQ IRU IRFXVLQJ RQ WKLV SDUW RI VSLNH VRUWLQJ LV WKDW LW LV RQH RI WKH WZR PDMRU SDUWV LQ W\SLFDO

DSSURDFKHV RI VSLNH VRUWLQJ� EHVLGHV WKH FODVVLILFDWLRQ RI WKH DFWLRQ SRWHQWLDOV >�@� 7KLV DOVR

DOORZV WR JLYH WKLV WKHVLV D JRRG IRFXV�

2XU UHVHDUFK LV EDVHG RQ VLPXODWHG FRQWLQXRXV UHFRUGLQJV RI VLQJOH QHXURQDO FHOOV EDVHG

RQ UHDO DFWLRQ SRWHQWLDOV UHFRUGHG E\ )DUDXW HW DO� >�@� )URP WKLV GDWDVHW ZH LGHQWLILHG DFWLRQ

SRWHQWLDOV� DV WKLV LV D QHFHVVDU\ GDWD SUH�SURFHVVLQJ VWHS WR SHUIRUP IHDWXUH HQJLQHHULQJ� )HD�

WXUHV ZKLFK ZHUH H[WUDFWHG EDVHG RQ WKH GDWDVHW LQFOXGH JHRPHWULF IHDWXUHV EDVHG RQ WKH VKDSH
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RI WKH VSLNH� 3&$ IRU GLPHQVLRQDOLW\ UHGXFWLRQ RI WKH UDZ VSLNH GDWD DQG 1(2 FRHIILFLHQWV

ZKLFK JLYH DQ HVWLPDWH RI WKH HQHUJ\ FRQWHQW DW VSHFLILF SRLQWV LQ WKH DFWLRQ SRWHQWLDO� 7KH

H[WUDFWHG IHDWXUHV ZHUH WKHQ HYDOXDWHG XVLQJ IHDWXUH VHOHFWLRQ PHWKRGV� )LQDOO\� ZH FRPH XS

ZLWK D SURSRVDO IRU D IHDWXUH VHW ZKLFK FDQ WKHQ EH XVHG IRU SUHGLFWLQJ WKH QHXURQV IRU HDFK

VSLNH�

�
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� 5HODWHG :RUN

��� )HDWXUH (QJLQHHULQJ
)HDWXUH HQJLQHHULQJ LV DQ LPSRUWDQW SDUW LQ PRVW PDFKLQH OHDUQLQJ WDVNV� ,Q JHQHUDO� IHD�

WXUH HQJLQHHULQJ LQYROYHV ILQGLQJ UHODWLRQV EHWZHHQ WZR RU PRUH YDULDEOHV DQG WUDQVIRUPLQJ

WKHP LQWR D QHZ YDULDEOH� D IHDWXUH� ,W FDQ DOVR LQYROYH WUDQVIRUPDWLRQV RI GDWD� VXFK DV IRU H[�

DPSOH WDNLQJ WKH URRW RI WKH YDULDEOH� )XUWKHUPRUH� IHDWXUH HQJLQHHULQJ FDQ DOVR FRQWDLQ WDNLQJ

DYHUDJHV� RU DSSO\LQJ RWKHU WUDQVIRUPDWLRQV VXFK DV IDVW )RXULHU WUDQVIRUP RU ZDYHOHW WUDQV�

IRUPV� ,W LV NQRZQ WKDW IHDWXUH HQJLQHHULQJ LV D WDVN YHU\ GLIILFXOW WR DXWRPDWH� DV LW UHTXLUHV

H[SORUDWRU\ GDWD DQDO\VLV DV ZHOO DV GRPDLQ NQRZOHGJH� >��@ 7KHUHIRUH� IRU WKH DSSOLFDWLRQ RI

VSLNH VRUWLQJ� LW LV YLWDO WR NQRZ PRUH DERXW WKH RULJLQ RI QHXURQDO VSLNHV�

��� 1HXURQDO 6SLNHV
1HXURQDO VSLNHV RULJLQDWH IURP QHXURQV� ZKLFK DUH� VLPSO\ SXW� VSHFLDO FHOOV LQ WKH KXPDQ

EUDLQ� $ QHXURQ FRQVLVWV RI D FHOO ERG\� ZKLFK LV YHU\ VLPLODU WR DQ\ RWKHU FHOO� :KDW LV XQLTXH

WR QHXURQV LV WKH DGGLWLRQDO VWUXFWXUH DURXQG WKH FHOO ERG\� 7KH FHOO ERG\ LV VXUURXQGHG E\

GHQGULWHV� ZKLFK ORRN OLNH ZLUHV EUDQFKLQJ RXW RI WKH FHOO ERG\� )XUWKHUPRUH� WKH D[RQ DOVR

RULJLQDWHV RXW RI WKH FHOO ERG\� ,W FDQ EH GHVFULEHG DV WKH WHQWDFOH RI WKH QHXURQ ZKLFK FDQ EH

XVHG WR FRQQHFW WR RWKHU QHXURQV� 7KH SRLQW ZKHUH DQ D[RQ PHHWV ZLWK D GHQGULWH RI DQRWKHU

QHXURQ LV FDOOHG V\QDSVH� 7KLV LV ZKHUH WKH QHXURQ FDQ VHQG RXW DFWLRQ SRWHQWLDOV WR DQRWKHU

QHXURQ LQ WKH IRUP RI HOHFWULF HQHUJ\ EXLOW XS XVLQJ LRQ FKDQQHOV DW WKH V\QDSVH� >�@

7KHVH DFWLRQ SRWHQWLDOV FDQ QRZ EH PHDVXUHG XVLQJ HOHFWURGHV EHLQJ SODFHG LQ WKH YLFLQLW\

RI WKHVH QHXURQV� 7KH VKDSH RI WKHPHDVXUHG DFWLRQ SRWHQWLDO GHSHQGV RQ WKH VKDSH DQG VWUXFWXUH

RI WKH GHQGULWHV RI WKH VSLNH� ,W DOVR GHSHQGV RQ KRZ WKH LRQ FKDQQHOV DUH GLVWULEXWHG DW WKH

V\QDSVH� )LQDOO\� WKH GLUHFWLRQ DQG GLVWDQFH RI WKH HOHFWURGH WR WKH QHXURQ DOVR GHWHUPLQH WKH

VSLNH VKDSH� �>�@ LQ >��@�

��� $SSOLFDWLRQV
0DNLQJ XVH RI GRPDLQ NQRZOHGJH UHJDUGLQJ QHXURQDO VSLNHV� IHDWXUH HQJLQHHULQJ DQG WKH

RWKHU VWHSV LQYROYHG LQ VSLNH VRUWLQJ� QHZ DQG H[FLWLQJ DSSOLFDWLRQV FDQ EH GHYHORSHG� 2QH

�
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ZKLFK JDLQHG TXLWH D ELW RI DWWHQWLRQ LQ WKHPHGLD ODWHO\ LV WKH EUDLQ�PDFKLQH LQWHUIDFH GHYHORSHG

E\ 1HXUDOLQN� 7KLV VWDUWXS IRXQGHG E\ (ORQ 0XVN DLPV DW FUHDWLQJ D EUDLQ�PDFKLQH LQWHUIDFH

ZKLFK HQDEOHV SHRSOH ZLWK QHXURORJLFDO GLVRUGHUV WR UHJDLQ PRWRU DQG VHQVRU\ IXQFWLRQV� 7KH\

GHYHORSHG D GHYLFH ZKLFK FRQWDLQV ���� HOHFWURGHV IRU UHFRUGLQJ QHXURQDO DFWLRQ SRWHQWLDOV�

,Q DGGLWLRQ� 1HXUDOLQN XVHV D SUHFLVH URERW WR SODFH WKH HOHFWURGHV RI WKH GHYLFH LQ D EUDLQ� :LWK

WKLV DSSURDFK WKH\ DUH DEOH WR UHFRUG QHXUDO DFWLYLW\ VSUHDG DFURVV GLIIHUHQW DUHDV RI WKH EUDLQ

DQG PRQLWRU WKH EUDLQ DFWLYLW\ LQ WKH IRUP RI VSLNHV LQ UHDO�WLPH� >�@ >��@ 7KLV LV D WHFKQRORJ\

WUHQG QRW OLPLWHG WR (ORQ 0XVN¶V FRPSDQ\� EXW LV SRSXODU DFURVV VHYHUDO GLIIHUHQW FRPSDQLHV�

6RPH KDYH HYHQ DOUHDG\ DFKLHYHG ILUVW WHVW WULDOV RI VLPLODU WHFKQRORJ\ LQ KXPDQV� >��@

�
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� ([SHULPHQWDO 6HWXS

��� 'DWD 6HW
7KH EDVLV IRU WKLV H[SHULPHQW DUH VLPXODWHG� FRQWLQXRXV UHFRUGLQJV RI VLQJOH QHXURQDO

FHOOV� 7KH FRQWLQXRXV GDWDVHW ZDV FUHDWHG EDVHG RQ DFWXDO UHFRUGLQJV RI DFWLRQ SRWHQWLDOV E\

)DUDXW HW DO� >�@� 7KH\ ZHUH WKHQ UDQGRPO\ GLVWULEXWHG DIWHU HDFK RWKHU LQ UDQGRP WLPH LQWHUYDOV

DQG QRLVH ZDV DGGHG� 7R EH DEOH WR H[SHULPHQW ZLWK GLIIHUHQW QRLVH OHYHOV� ZH VLPXODWHG DGGHG

QRLVH RQ IRXU GLIIHUHQW OHYHOV� IURP OHYHO � ZLWK UDWKHU OLWWOH QRLVH WR OHYHO � ZLWK PXFK QRLVH�

)LJXUH � VKRZV D VPDOO VXEVHW RI WKH GDWD SORWWHG RYHU WLPH� $SDUW IURP WKH FRQWLQXRXV OHYHO

RI QRLVH WKHUH DUH VHYHUDO VSLNHV YLVLEOH�

)LJXUH �� 7KH ILJXUH VKRZV D VDPSOH RI WKH GDWDVHW XVHG IRU WKLV H[SHULPHQW SORWWHG RYHU WLPH�

��� 0HWKRGV

����� 'DWD 3UH�3URFHVVLQJ

7KH YHU\ ILUVW VWHS RI VSLNH VRUWLQJ LV DFWXDOO\ H[WUDFWLQJ DFWLRQ SRWHQWLDOV IURP WKH FRQ�

WLQXRXV GDWD VHW� 7KLV LV YLWDO� DV ZH FDQQRW VLPSO\ FOXVWHU VLQJOH VDPSOHV RI WKH GDWD VHW� ZH

UDWKHU ZDQW WR FOXVWHU WKH ZKROH DFWLRQ SRWHQWLDO ZKLFK FRQVLVWV RI VHYHUDO GDWD SRLQWV�

�
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,GHQWLI\LQJ $FWLRQ 3RWHQWLDO 3HDNV ,Q RUGHU WR H[WUDFW DFWLRQ SRWHQWLDOV� WKH ILUVW VWHS LV WR

LGHQWLI\ SHDNV RI DFWLRQ SRWHQWLDOV LQ RUGHU WKHQ WR EH DEOH WR XVH D VSHFLILHG UDQJH DURXQG WKHVH

SHDNV� HDFK RI ZKLFK DUH WKHQ GHILQHG DV DFWLRQ SRWHQWLDOV� $ SULPLWLYH DSSURDFK ZRXOG EH WR

WDNH DOO SHDNV IRXQG LQ WKH GDWD VHW� L�H� DOO VDPSOHV V DW SRVLWLRQ S �sp� ZKHUH sp−1 < sp DQG

sp+1 < sp� +RZHYHU� WKLV LV REYLRXVO\ QRW D YHU\ SUHFLVH PHWKRG� DV KLJK�DPSOLWXGH QRLVH ZLOO

DOVR EH LGHQWLILHG DV SHDNV�

7KHUHIRUH� ZH XVHG D GLIIHUHQW DSSURDFK� $V SURSRVHG LQ 4XLURJD HW DO� >��@ ZH LQWURGXFHG

D WKUHVKROG ZKLFK D SHDN KDV WR DW OHDVW VXUSDVV EHIRUH EHLQJ LGHQWLILHG DV DQ DFWLRQ SRWHQWLDO

SHDN� 7KH IRUPXOD IRU WKLV WKUHVKROG �7KU� DV SURSRVHG LQ 4XLURJD HW DO� >��@ LV�

σn = PHGLDQ{ | x |
0.6745

} ���

7KU = ]σn ���

ZKHUH x DUH WKH DFWLRQ SRWHQWLDOV DQG σn LV DQ HVWLPDWLRQ RI WKH VWDQGDUG GHYLDWLRQ RI

WKH QRLVH >��@� ,W ZRXOG DOVR EH SRVVLEOH WR GLUHFWO\ WDNH WKH VWDQGDUG GHYLDWLRQ RI WKH GDWD

σ� KRZHYHU� DV WKH GDWDVHW FRQWDLQV VSLNHV ZKLFK DUH YHU\ GLIIHUHQW WR WKH UHVW RI WKH GDWD� WKH

VWDQGDUG GHYLDWLRQ LV QRW YHU\ UREXVW� +RZHYHU� XVLQJ WKH PHGLDQ DV LQ WKH SURSRVHG PHWKRG LV

PRUH UREXVW WR RXWOLHUV� 7KH YDULDEOH ] LV D PXOWLSOLHU RI σn ZKLFK WKHQ PDNHV XS WKH WKUHVKROG�

$V SURSRVHG E\ 4XLURJD HW DO� >��@ WKLV PXOWLSOLHU FRXOG EH VHW WR ��

+RZHYHU� WR RSWLPL]H WKLV SDUDPHWHU DFFRUGLQJ WR WKH QRLVH OHYHO IRXQG LQ RXU GDWD VHW�

ZH ILQH WXQHG WKLV PXOWLSOLHU� ,Q RUGHU WR DFKLHYH WKLV� ZH WULHG RXW GLIIHUHQW YDOXHV LQ WKH UDQJH

IURP � WR �� PRUH SUHFLVHO\ DOO WKH IROORZLQJ YDOXHV�

60∑

z=0

z

10
= {0, 0.1, 0.2, 0.3, ..., 5.8, 5.9, 6} ���

1H[W� ZH FDOFXODWHG WKH DPRXQW RI VSLNHV ZH ZRXOG LGHQWLI\ XVLQJ HDFK RI WKH PXOWLSOLHUV

WR VHW WKH WKUHVKROG� )XUWKHUPRUH� ZH UHSHDWHG WKLV SURFHVV IRU GLIIHUHQW QRLVH OHYHOV ���� ZKHUH

´1RLVH OHYHO �´ KDV UHODWLYHO\ WKH VPDOOHVW QRLVH OHYHO DQG ´1RLVH OHYHO �´ UHODWLYHO\ WKH KLJKHVW

QRLVH OHYHO� 7KHVH QRLVH OHYHOV ZHUH DUWLILFLDOO\ DGGHG WR WKH GDWD� )LJXUH � VKRZV WKH DPRXQW

RI VSLNHV EHLQJ LGHQWLILHG IRU HDFK RI WKH GLIIHUHQW QRLVH OHYHOV DQG IRU GLIIHUHQW WKUHVKROGV XVLQJ

�
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WKH DIRUHPHQWLRQHG YDOXHV IRU WKH PXOWLSOLHU z�

)LJXUH �� 7KH ILJXUH VKRZV WKH DPRXQW RI LGHQWLILHG VSLNHV DW GLIIHUHQW QRLVH OHYHOV IRU GLIIHUHQW WKUHVK�

ROGV HDFK EHLQJ FDOFXODWHG E\ XVLQJ GLIIHULQJ PXOWLSOLHUV z� $V WKH YDOXHV IRU WKH GLIIHUHQW QRLVH OHYHOV

DUH VLPLODU� LW EHFRPHV KDUG WR GLVWLQJXLVK WKH GLIIHUHQW QRLVH OHYHOV�

$V RQH ZRXOG H[SHFW� WKHUH LV D FOHDU WUHQG LQ OHVV SHDNV EHLQJ LGHQWLILHG DV WKH WKUHVKROG

YDOXH LQFUHDVHV� 0RUH QRWDEOH LV KRZ IDVW WKH DPRXQW RI SHDNV DUH GHFUHDVLQJ� DW WKH EHJLQQLQJ

WKH DPRXQW RI VSLNHV GHFOLQHV TXLWH UDSLGO\� EXW WKLV GHFOLQH OHYHOV RXW DSSUR[LPDWHO\ DW D z = 3�

)URP WKLV SRLQW RQ WKH GHFOLQH VHHPV WR EH PRUH VWDEOH� KRZHYHU� ZLWK WKH VFDOH RI )LJXUH �

WKHUH LV QRW PXFK PRUH ZH FDQ LQWHUSUHW IURP LW� 7KHUHIRUH� ZH FUHDWHG DQRWKHU )LJXUH �)LJXUH

�� ZKLFK VKRZV RQO\ D PRUH UHOHYDQW VXEVHW RI GLIIHUHQW z YDOXHV�

�
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)LJXUH �� 7KH ILJXUH VKRZV WKH DPRXQW RI LGHQWLILHG VSLNHV DW GLIIHUHQW QRLVH OHYHOV IRU GLIIHUHQW WKUHVK�

ROGV HDFK EHLQJ FDOFXODWHG E\ XVLQJ GLIIHULQJ PXOWLSOLHUV z ZLWKLQ D UHILQHG UDQJH DIWHU DQDO\VLQJ )LJXUH

��

)LJXUH � JLYHV XV D QHZ SHUVSHFWLYH RQ WKH GDWD ZH DOUHDG\ VDZ LQ )LJXUH �� 1RZ� WKHUH

LV D GLIIHUHQFH REVHUYDEOH EHWZHHQ WKH GLIIHUHQW QRLVH OHYHOV DQG PXOWLSOLHUV� 7KHUH LV VWLOO D

QRWLFHDEOH GHFUHDVH LQ DPRXQW RI VSLNHV LGHQWLILHG EHWZHHQ z = 3 DQG z = 4� +RZHYHU� IRU

1RLVH OHYHO � WKH DPRXQW RI VSLNHV UHPDLQHG VWDEOH IRU DOO WHVWHG z YDOXHV DIWHU z = 4� <HW� IRU

RWKHU QRLVH OHYHOV WKH DPRXQW RI LGHQWLILHG VSLNHV VWLOO FRQWLQXHG WR GURS HYHQ DIWHU z = 4� EXW

WKHUH LV D ORJLFDO H[SODQWLRQ IRU WKLV REVHUYDWLRQ� WKH KLJKHU WKH QRLVH� WKH KLJKHU WKH VWDQGDUG

GHYLDWLRQ RI WKH QRLVH ZH FDOFXODWH� WKH KLJKHU WKH WKUHVKROG DIWHU EHLQJ PXOWLSOLHG E\ z DQG

DOVR WKH IHZHU VSLNHV EHLQJ LGHQWLILHG�

:KHQ YLVXDOO\ FKHFNLQJ WKH DFWXDO GDWD� ZH QRWLFHG WKDW IRU KLJKHU QRLVH OHYHOV WKUHVKROGV

ZLWK z YDOXHV JUHDWHU WKDQ � VHHP WR FXW RII SHDNV ZKLFK DFWXDOO\ DUH DFWLRQ SRWHQWLDOV� )LJXUH

� VKRZV WKH WKUHVKROGV DQG SHDNV RI z = 4� DQG WR XV WKLV VHHPV WR SURGXFH UHDVRQDEOH UHVXOWV�

7KHUHIRUH� LQ WKH HQG ZH GHFLGHG WR XVH D z YDOXH RI �� DV LW ZDV DFWXDOO\ DOUHDG\ UHFRPPHQGHG

E\ >��@� 1HYHUWKHOHVV� ZH EHOLHYH WKLV ZDV D WRSLF ZRUWK LQYHVWLJDWLQJ DV WKH WKUHVKROG FRXOG

GLIIHU IRU GLIIHUHQW GDWD DQG D ZURQJ YDOXH FRXOG SRWHQWLDOO\ PDNH XV PLVV PDQ\ DFWLRQ SRWHQ�

WLDOV RU FODVVLI\ QRLVH DV DFWLRQ SRWHQWLDOV� 7KLV FRXOG WKHQ GUDVWLFDOO\ LQIOXHQFH WKH TXDOLW\ RI

IHDWXUHV DQG DOVR D SRVVLEOH FODVVLILFDWLRQ RI WKH DFWLRQ SRWHQWLDOV ODWHU RQ� ,I ZH ZHUH WR WDNH

WKH SHDNV RI QRLVH ZH ZRXOG FODVVLI\ VRPHWKLQJ DV VRPH DFWLRQ SRWHQWLDO HYHQ LI LW LV QRW� LI ZH

�
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�D� 1RLVH OHYHO �

�E� 1RLVH OHYHO �

�F� 1RLVH OHYHO �

�G� 1RLVH OHYHO �

)LJXUH �� 7KH ILJXUH VKRZV D VDPSOH RI GDWD ZLWK GLIIHUHQWO\ VLPXODWHG QRLVH OHYHOV� )RU HDFK QRLVH

OHYHO� WKH WKUHVKROG ZDV FDOFXODWHG DQG WKH SHDNV ZHUH LGHQWLILHG DFFRUGLQJ WR WKH FDOFXODWHG WKUHVKROG�

�
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ZHUH WR WDNH WRR IHZ DFWLRQ SRWHQWLDOV� ZH ZRXOG VLPSO\ UHGXFH RXU WUDLQLQJ GDWD� DQG SHUKDSV

HYHQ PLVV FOXVWHUV ZLWK ORZHU SHDNV FRPSOHWHO\� 7KLV ZRXOG VLJQLILFDQWO\ UHGXFH WKH DFFXUDF\

RI DQ\ FOXVWHULQJ HIIRUWV�

$FWLRQ 3RWHQWLDO ([WUDFWLRQ $IWHU WKH SHDNV DUH LGHQWLILHG� ZH VWLOO QHHG WR H[WUDFW WKH DFWXDO

DFWLRQ SRWHQWLDOV� 7KH EDVLF SULQFLSOH IRU WKLV LV UDWKHU VLPSOH� DV LW LV MXVW WDNLQJ D ZLQGRZ RI

VRPH DPRXQW RI VDPSOHV EHIRUH DQG DIWHU WKH SHDN� 7KH VL]H RI WKLV ZLQGRZ GLUHFWO\ GHSHQGV

RQ WKH VDPSOLQJ UDWH RI WKH GDWD� 7KLV LV EHFDXVH WKH WLPH GXUDWLRQ RI DFWLRQ SRWHQWLDOV UHPDLQV

WKH VDPH QR PDWWHU LQ ZKLFK VDPSOLQJ UDWH WKH\ DUH UHFRUGHG� EXW WKH DPRXQW RI VDPSOHV LQ

WKLV VDPH WLPH IUDPH FKDQJHV ZLWK WKH VDPSOLQJ UDWH� ,Q RUGHU WR JHW WKH EHVW ZLQGRZ VL]H� ZH

FKHFNHG WKH DFWLRQ SRWHQWLDOV YLVXDOO\ WR LGHQWLI\ WKH LGHDO VL]H�

<HW� WKHUH LV VWLOO D VSHFLDO FDVH WR FRQVLGHU ZKHQ H[WUDFWLQJ WKH DFWLRQ SRWHQWLDOV� ,W LV

SRVVLEOH WKDW RQH DFWLRQ SRWHQWLDO DFWXDOO\ KDV WZR SHDNV ZKLFK DUH DERYH WKH WKUHVKROG� ,Q WKLV

FDVH ZH RQO\ ZDQW WR H[WUDFW WKLV DFWLRQ SRWHQWLDO RQFH� UDWKHU WKDQ WZLFH DV LI ZH ZHUH WR GR

WKLV QDLYHO\� 7KLV FDQ EH JHQHUDOL]HG IRU D DFWLRQ SRWHQWLDO WR KDYH Q SHDNV� ZKHUH ZH RQO\ ZDQW

WR XVH WKH KLJKHVW SHDN DV DFWLRQ SRWHQWLDO SHDN DQG DSSO\ WKH ZLQGRZ FRQVLGHULQJ WKLV SHDN�

7KLV LVVXH ZDV VROYHG E\ UHFXUVLYHO\ UHPRYLQJ WKH VPDOOHVW SHDN XQWLO RQO\ RQH UHPDLQV

SHU ZLQGRZ� )LJXUH � VKRZV VRPH DFWLRQ SRWHQWLDOV H[WUDFWHG IURP WKH GDWD� FHQWHUHG DURXQG

WKHLU SHDN�

��
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)LJXUH �� 7KH ILJXUH VKRZV D UDQGRP VXE�VDPSOH RI LGHQWLILHG DFWLRQ SRWHQWLDOV� FHQWHUHG DURXQG WKH

SHDN DQG ZLWK WKH UHVSHFWLYH DUHDV OHIW DQG ULJKW RI WKH SHDN� &RORUV DUH DVVLJQHG DFFRUGLQJ WR WKH FOXVWHU

WKH DFWLRQ SRWHQWLDO RULJLQDWHV IURP�

����� )HDWXUH ([WUDFWLRQ

7KH QH[W WDVN LQ VSLNH VRUWLQJ LV H[WUDFWLQJ IHDWXUHV� 7KLV LV QHFHVVDU\� DV GLUHFWO\ XVLQJ WKH

H[WUDFWHG DFWLRQ SRWHQWLDO GDWD DV LQSXW WR DPDFKLQH OHDUQLQJPRGHO FDQ EH WRPHPRU\ LQWHQVLYH�

DV WKHUH FDQ EH PDQ\ GDWD SRLQWV IRU MXVW RQH DFWLRQ SRWHQWLDO� $OVR� IHDWXUH H[WUDFWLRQ FDQ EH

XVHG WR DGG QHZ LQIRUPDWLRQ WR WKH H[LVWLQJ GDWD XVLQJ GRPDLQ NQRZOHGJH�

*HRPHWULF )HDWXUHV 7KH ILUVW VXEVHW RI IHDWXUHV ZH H[WUDFWHG DUH JHRPHWULF IHDWXUHV� *HR�

PHWULF IHDWXUHV IRFXV VROHO\ RQ WKH JHRPHWULF VKDSH RI WKH DFWLRQ SRWHQWLDO ZDYHIRUPV DQG DUH

XVXDOO\ FRPSXWDWLRQDOO\ LQH[SHQVLYH DV WKH\ W\SLFDOO\ KDYH D GHWHUPLQLVWLF ZD\ RI FDOFXODWLQJ

WKHP�

3RVLWLYH $PSOLWXGH 7KH IHDWXUH SRVLWLYH DPSOLWXGH LV WKH KLJKHVW YROWDJH IRXQG LQ WKH

DFWLRQ SRWHQWLDO ZDYHIRUP� PHDQLQJ WKH YROWDJH DW WKH SHDN RI WKH DFWLRQ SRWHQWLDO� 7KH IRUPDO

GHILQLWLRQ RI WKH IHDWXUH fPA IRU WKH DFWLRQ SRWHQWLDO X LV GHILQHG LQ HTXDWLRQ �� )LJXUH �

GLVSOD\V WKH FDOFXODWLRQ YLVXDOO\� $V ZH KDYH SUHYLRXVO\ H[WUDFWHG WKH DFWLRQ SRWHQWLDO ZLWK D

GHILQHG ZLQGRZ FHQWHUHG DURXQG LWV SHDN� WKH SHDN LV DOZD\V DW WKH VDPH WLPH LQWHUYDO DIWHU WKH

VWDUW RI WKH DFWLRQ SRWHQWLDO�

��
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fPA = max(X) ���

)LJXUH �� 7KH ILJXUH VKRZV D YLVXDO H[SODQDWLRQ RI WKH SRVLWLYH DPSOLWXGH IHDWXUH�

1HJDWLYH $PSOLWXGH 7KH IHDWXUH QHJDWLYH DPSOLWXGH fNA LV WKH ORZHVW YROWDJH YDOXH

IRXQG LQ WKH DFWLRQ SRWHQWLDO X � ,W LV FRPSDUDEOH WR WKH SRVLWLYH DPSOLWXGH DV GHVFULEHG LQ

VHFWLRQ ������ +RZHYHU� WKH QHJDWLYH DPSOLWXGH LV QRW DOZD\V IRXQG DW WKH VDPH WLPH LQWHUYDO

DV LW LV WKH FDVH ZLWK WKH SRVLWLYH DPSOLWXGH� 7KLV IHDWXUH ZDV FDOFXODWHG XVLQJ HTXDWLRQ �� ILJXUH

� GLVSOD\V WKLV DV ZHOO�

fNA = min(X) ���

��
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)LJXUH �� 7KH ILJXUH VKRZV D YLVXDO H[SODQDWLRQ RI WKH QHJDWLYH DPSOLWXGH IHDWXUH�

3RVLWLYH $FWLRQ 3RWHQWLDO (QHUJ\ 7KH IHDWXUH SRVLWLYH DFWLRQ SRWHQWLDO HQHUJ\ fPSE LV

WKH DFWLRQ SRWHQWLDO HQHUJ\ RI RQO\ WKH SRVLWLYH SDUW RI WKH DFWLRQ SRWHQWLDO� $V WKH GDWD ZH DUH

ZRUNLQJ ZLWK LV GLVFUHWH� HTXDWLRQ � FDQ EH XVHG WR FDOFXODWHG WKH IHDWXUH� )LJXUH � GLVSOD\V WKH

FDOFXODWLRQ LQ D PRUH YLVXDO ZD\�

fPSE =
n∑

i=1






x2
i , LI x ≥ 0,

0, RWKHUZLVH.
���

��
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)LJXUH �� 7KH ILJXUH VKRZV D YLVXDO H[SODQDWLRQ RI WKH SRVLWLYH DFWLRQ SRWHQWLDO HQHUJ\� 7KH SRVLWLYH

DFWLRQ SRWHQWLDO HQHUJ\ LV WKH DUHD VKDGHG JUH\ LQ WKLV YLVXDOL]DWLRQ�

1HJDWLYH $FWLRQ 3RWHQWLDO (QHUJ\ 7KH IHDWXUH QHJDWLYH DFWLRQ SRWHQWLDO HQHUJ\ fNSE

LV WKH HQHUJ\ RI WKH QHJDWLYH SDUWV RI WKH DFWLRQ SRWHQWLDO �FRQWUDU\ DV GHVFULEHG LQ VHFWLRQ �������

$JDLQ� WKLV FDQ EH FDOFXODWHG ZLWK WKH VXP RI WKH VTXDUHV� DV DOVR GHILQHG LQ HTXDWLRQ �� )LJXUH �

VKRZV WKLV IHDWXUH� 1RWH� WKDW WKH SRVLWLYH DFWLRQ SRWHQWLDO HQHUJ\ fPSE DQG WKH QHJDWLYH DFWLRQ

SRWHQWLDO HQHUJ\ fNSE VXP XS WR EH WKH WRWDO DFWLRQ SRWHQWLDO HQHUJ\ RI D DFWLRQ SRWHQWLDO�

fNSE =
n∑

i=1






x2
i , LI x ≤ 0,

0, RWKHUZLVH.
���

��
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)LJXUH �� 7KH ILJXUH VKRZV D YLVXDO H[SODQDWLRQ RI WKH QHJDWLYH DFWLRQ SRWHQWLDO HQHUJ\� 7KH QHJDWLYH

DFWLRQ SRWHQWLDO HQHUJ\ LV WKH DUHD VKDGHG JUH\ LQ WKLV YLVXDOL]DWLRQ�

/HIW 6SLNH $QJOH 7KH IHDWXUH OHIW VSLNH DQJOH fLSA LV FDOFXODWHG LQ D VLPLODU ZD\ DV

GHVFULEHG LQ >�@� )LUVW� WKH SRLQW OHIW RI WKH VSLNH ZLWK D YDOXH FORVHVW WR �� SHUFHQW RI WKH

KLJKHVW SRLQW pl50 ZDV LGHQWLILHG� )RU WKH FDVH WKDW WKHUH DUH VHYHUDO VXFK SRLQWV� WKH ILUVW SRLQW

WR WKH OHIW RI WKH VSLNH SHDN ZDV WDNHQ� 1H[W� ZH DSSUR[LPDWHG WKH WDQJHQW IRU WKLV SRLQW� )RU

WKLV� RQH SRLQW IXUWKHU WR WKH OHIW pl50−1 DQG RQH SRLQW IXUWKHU WR WKH ULJKW pl50+1 ZDV WDNHQ�

(TXDWLRQ � LV XVHG FDOFXODWH WKH JUDGLHQW m DQG HTXDWLRQ � LV XVHG WR FDOFXODWH WKH \�LQWHUFHSW

k� 7KH\ DUH WKHQ FRPELQHG XVLQJ HTXDWLRQ �� WR JLYH WKH WDQJHQW OLQH y RI WKH SRLQW pl50�

m =
pl50+1y − pl50−1y

pl50+1x − pl50−1x

���

k = −m ∗ pl50−1x + pl50−1y ���

y = m ∗ x+ k ����

8VLQJ WKH JUDGLHQWm ZH DUH QRZ DEOH WR FDOFXODWH WKH OHIW VSLNH DQJOH fLSA �ZKLFK LV DOVR

��
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WKH JUDGLHQW DQJOH RI y�� 7KLV FDOFXODWLRQ LV GRQH XVLQJ HTXDWLRQ �� DQG D YLVXDO H[SODQDWLRQ RI

WKH ZKROH FDOFXODWLRQ FDQ EH IRXQG LQ ILJXUH ���

fLSA =






0, LIm = 0,

arctan(m), LIm > 0,

arctan(m) + π, m < 0.

����

)LJXUH ��� 7KH ILJXUH VKRZV D YLVXDO H[SODQDWLRQ RI WKH OHIW VSLNH DQJOH�

5LJKW 6SLNH $QJOH 7KH IHDWXUH ULJKW VSLNH DQJOH fRSA LV FDOFXODWHG LQ D YHU\ VLPLODU

ZD\ DV WKH OHIW VSLNH DQJOH IURP VHFWLRQ ������ +RZHYHU� IRU WKH ULJKW VSLNH DQJOH� LQVWHDG RI

SRLQW pl50 ZH XVH pr50 ZKLFK LV DJDLQ WKH SRLQW FORVHVW WR WKH �� SHUFHQW EXW ULJKW RI WKH DFWLRQ

SRWHQWLDO SHDN� 7KH IXUWKHU FDOFXODWLRQV DUH WKHQ WKH VDPH DV DOUHDG\ GHVFULEHG LQ WKH VHFWLRQ

������ )LJXUH �� LV D GLDJUDP GHSLFWLQJ WKH ZKROH FDOFXODWLRQ RI fRSA�

��
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)LJXUH ��� 7KH ILJXUH VKRZV D YLVXDO H[SODQDWLRQ RI WKH ULJKW VSLNH DQJOH�

6SLNH :LGWK 7KH VSLNH ZLGWK fSW � LV DSSUR[LPDWHG XVLQJ WKH JUDGLHQW OLQHV RI WKH

SRLQWV pl50 DQG pr50� yl DQG yr UHVSHFWLYHO\� )RU WKHVH WZR OLQHV WKH WLPH RI WKH [�LQWHUFHSW LV

FDOFXODWHG XVLQJ HTXDWLRQ ���

[�LQWHUFHSW =
k

m
����

7KH GLIIHUHQFH EHWZHHQ WKH WZR [�LQWHUFHSWV SHU HDFK JUDGLHQW OLQH JLYHV WKH VSLNH ZLGWK

DV GHILQHG LQ HTXDWLRQ �� DQG YLVXDOO\ H[SODLQHG LQ ILJXUH ���

fSW = [�LQWHUFHSWr − [�LQWHUFHSWl ����

��
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)LJXUH ��� 7KH ILJXUH VKRZV D YLVXDO H[SODQDWLRQ RI WKH VSLNH ZLGWK�

3ULQFLSDO &RPSRQHQWV 1H[W WR WKH JHRPHWULF IHDWXUH� SULQFLSDO FRPSRQHQW DQDO\VLV LV XVHG

IRU GLPHQVLRQDOLW\ UHGXFWLRQ DQG XVLQJ WKH H[WUDFWHG SULQFLSDO FRPSRQHQWV DV IHDWXUHV� 3&$

LV SHUIRUPHG IRU DOO GLVFUHWH YROWDJH YDOXHV RI D VSLNH� ,Q RUGHU WR GHFLGH ZKLFK SULQFLSDO

FRPSRQHQWV VKRXOG EH XVHG DV IHDWXUHV� ZH ORRNHG LQWR WKH DPRXQW RI FXPXODWLYH H[SODLQHG

YDULDQFH� $V FDQ EH VHHQ LQ ILJXUH ��� WKHUH LV DOUHDG\ D KLJK OHYHO RI FXPXODWLYH H[SODLQHG

YDULDQFH UHDFKHG ZLWK OHVV WKDQ �� SULQFLSDO FRPSRQHQWV�

��
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)LJXUH ��� 7KLV ILJXUH VKRZV WKH FXPXODWLYH H[SODLQHG YDULDQFH RYHU DOO SULQFLSDO FRPSRQHQWV�

7KHUHIRUH� ZH GHFLGHG WR PDJQLI\ WKLV VHFWLRQ RI WKH JUDSK� DV FDQ EH VHHQ LQ ILJXUH ���

8VLQJ WKLV ILJXUH� ZH GHFLGHG WR XVH � SULQFLSDO FRPSRQHQWV� DV DOUHDG\ D KLJK OHYHO RI FXPX�

ODWLYH H[SODLQHG YDULDQFH LV UHDFKHG ������� DQG WKH LQFUHDVH SHU IXUWKHU SULQFLSDO FRPSRQHQW

GLPLQLVKHV�

)LJXUH ��� 7KLV ILJXUH VKRZV WKH FXPXODWLYH H[SODLQHG YDULDQFH IRU WKH ILUVW �� SULQFLSDO FRPSRQHQWV�

1(2&RHIILFLHQWV 7KH QH[W WZR IHDWXUHV DUH FDOFXODWHG XVLQJ WKH 1(2 RSHUDWRU� 8VLQJ HTXD�

WLRQ �� WDNHQ IURP >�@ LW LV SRVVLEOH WR FDOFXODWH WKH 1(2 RSHUDWRU Ψ(x[n])� 7KLV JLYHV DQ HV�

WLPDWH RI WKH HQHUJ\ FRQWHQW DW D GLVFUHWH WLPH VWHS n IRU WKH DFWLRQ SRWHQWLDO x[n] >�@� 6LPLODU

��
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WR %HVWHO HW� DO ZH FDOFXODWHG WKH 1(2 FRHIILFLHQW IRU WKH PLQLPXP� +RZHYHU� ZH DGGHG DQ

DGGLWLRQDO IHDWXUH E\ FDOFXODWLQJ WKH 1(2 FRHIILFLHQW DOVR IRU WKH SHDN RI WKH DFWLRQ SRWHQWLDO�

Ψ(x[n]) = x2[n]− x[n− 1] · x[n+ 1] ����

)HDWXUH ([WUDFWLRQ 2YHUYLHZ $OO LQ DOO� ZH XVH � FDOFXODWHG IHDWXUHV DQG WKH ILUVW IRXU

SULQFLSDO FRPSRQHQWV DV IHDWXUHV� $ VXPPDU\ FDQ EH IRXQG LQ WKH WDEOH EHORZ� )RU UHSUR�

GXFLELOLW\� WKH FRGH XVHG IRU H[WUDFWLQJ WKH VLJQDOV DQG FDOFXODWLQJ WKH IHDWXUHV LV PDGH DYDLODEOH

SXEOLFO\ DV D S\WKRQ SDFNDJH ZKLFK FDQ EH UHWULHYHG YLD� https://github.com/arnold3003/
bachelor-thesis-public.git�

)HDWXUH *URXS )HDWXUH 1DPH

*HRPHWULF )HDWXUHV

3RVLWLYH $PSOLWXGH

1HJDWLYH $PSOLWXGH

3RVLWLYH $FWLRQ 3RWHQWLDO (QHUJ\

1HJDWLYH $FWLRQ 3RWHQWLDO (QHUJ\

/HIW 6SLNH $QJOH

5LJKW 6SLNH $QJOH

6SLNH :LGWK

3&$ )LUVW IRXU SULQFLSDO FRPSRQHQWV

1(2 &RHIILFLHQW
1(2 &RHIILFLHQW IRU $FWLRQ 3RWHQWLDO 0LQLPXP

1(2 FRHIILFLHQW IRU $FWLRQ 3RWHQWLDO 0D[LPXP

7DEOH �� $ FROOHFWLRQ RI DOO IHDWXUHV ZKLFK ZHUH H[WUDFWHG ZLWK WKHLU FRUUHVSRQGLQJ IHDWXUH JURXS�

7KH QH[W VWHS LQ IHDWXUH HQJLQHHULQJ LV WR SHUIRUP IHDWXUH VHOHFWLRQ DQG HYDOXDWLRQ WR LGHQ�

WLI\ KRZ ZHOO WKH IHDWXUHV DUH VXLWHG WR VROYH PDFKLQH OHDUQLQJ FODVVLILFDWLRQ WDVNV� ZKLFK ZLOO

EH GRQH LQ WKH IROORZLQJ VHFWLRQ �VHFWLRQ �������

����� )HDWXUH (YDOXDWLRQ DQG 6HOHFWLRQ

)HDWXUH HYDOXDWLRQ DQG VHOHFWLRQ LV D YHU\ LPSRUWDQW VWHS LQ HYHU\ FODVVLILFDWLRQ WDVN�

$PRQJ WKH PDQ\ EHQHILWV LW EULQJV� RQH RI WKHP LV WKDW LW FDQ DYRLG RYHUILWWLQJ E\ GLVFDUG�

LQJ LUUHOHYDQW IHDWXUHV� )XUWKHUPRUH� OHVV IHDWXUHV XVXDOO\ PHDQ D UHGXFHG UXQWLPH RI WUDLQLQJ

��
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DQG SUHGLFWLQJ PDFKLQH OHDUQLQJ PRGHOV DQG DOVR DQ LQFUHDVH LQ PDFKLQH OHDUQLQJ SHUIRUPDQFH

FDQ EH REVHUYHG ZKHQ IRFXVLQJ RQ UHOHYDQW IHDWXUHV RQO\�

'LVWULEXWLRQ RI )HDWXUHV DFURVV GLIIHUHQW &OXVWHUV :H VWDUWHG WKH IHDWXUH HYDOXDWLRQ E\

LQYHVWLJDWLQJ WKH GLVWULEXWLRQ RI WKH IHDWXUHV DFURVV GLIIHUHQW FOXVWHUV� )RU WKLV ZH XVHG WZR

GLIIHUHQW PHWKRGV� )LUVW� ZH YLVXDOL]HG WKH GLVWULEXWLRQV XVLQJ SDUDOOHO ER[SORWV� $OWKRXJK D

ER[SORW RQO\ VKRZV WKH GLVWULEXWLRQ XVLQJ WKH TXDUWLOHV� ZH GHFLGHG WR VWLOO XVH WKLV DSSURDFK IRU

FRPSDULQJ WKH GLVWULEXWLRQ DFURVV PDQ\ FOXVWHUV� :H WKHUHIRUH SURGXFHG VXFK YLVXDOL]DWLRQV�

ZLWK WKH FOXVWHU RQ WKH [�D[LV DQG WKH FDOFXODWHG IHDWXUH YDOXHV RQ WKH \�D[LV� SHU IHDWXUH DQG

FRPSDUHG KRZ GLIIHUHQW WKH GLVWULEXWLRQV DUH DFURVV FOXVWHUV� 7KHQ ZH GHFLGHG WR XVH DQDO\VLV

RI YDULDQFH �$129$� DV D PRUH VWDWLVWLFDO DSSURDFK WR FKHFN LI WKH YDOXHV RI IHDWXUHV DUH

GLVWULEXWHG GLIIHUHQWO\ DFURVV GLIIHUHQW FOXVWHUV� 7R DFKLHYH WKLV� ZH GLG DQ $129$ SHU FOXVWHU

DQG YLVXDOL]HG WKH )� VWDWLVWLF DQG ZKHWKHU LW LV VLJQLILFDQW SHU FOXVWHU� :H FKRVH D VLJQLILFDQFH

OHYHO RI 0.05�

1HYHUWKHOHVV� WKHUH LV RQH OLPLWDWLRQ ZKHQ XVLQJ ERWK RI WKHVH PHWKRGV� ,W LV LPSRVVLEOH

WR LGHQWLI\ SRVVLEOH LQWHUDFWLRQV EHWZHHQ GLIIHUHQW IHDWXUHV� )RU H[DPSOH� WZR IHDWXUHV FRXOG

EH LQGLYLGXDOO\ GLVWULEXWHG YHU\ VLPLODUO\ DFURVV GLIIHUHQW FOXVWHUV� +RZHYHU� D FRPELQDWLRQ

RI WKRVH WZR IHDWXUHV FRXOG HQG XS EHLQJ GLIIHUHQW DFURVV GLIIHUHQW FOXVWHUV DQG WKHUHIRUH WKH

IHDWXUHV FRXOG VWLOO EH YDOXDEOH WR EH NHSW� )RU WKLV UHDVRQ� ZH FRQWLQXHG WR H[SORUH IXUWKHU

PHWKRGV IRU IHDWXUH VHOHFWLRQ DV ZHOO ZLWKLQ WKLV VHFWLRQ�

5DQGRP )RUHVW )HDWXUH ,PSRUWDQFH 1H[W� ZH LQYHVWLJDWHG WKH IHDWXUH LPSRUWDQFH ZKHQ

WUDLQLQJ D UDQGRP IRUHVW� )RU WKLV� ZH ILUVW WUDLQHG D UDQGRP IRUHVW ZLWK ��� WUHHV EDVHG RQ D

WUDLQLQJ GDWDVHW RI WKH GDWDVHW ZKLFK LV D VDPSOH RI WKH RULJLQDO GDWD VHW� 7KH WUDLQLQJ GDWDVHW

ZDV REWDLQHG E\ XVLQJ WKH ILUVW ��� RI WKH GDWDVHW� 7KHQ� ZH FDOFXODWHG WKH IHDWXUH LPSRUWDQFH

RI HDFK IHDWXUH IRU WKH UDQGRP IRUHVW E\ XVLQJ WKH LQWULQVLF LPSRUWDQFH RI HDFK IHDWXUH SHU WUHH

DQG WKH DYHUDJLQJ LW RYHU WKH HQWLUH IRUHVW� ,Q PRUH GHWDLOV� ZH FDOFXODWHG IHDWXUH LPSRUWDQFH

DV DOVR GRQH E\ >��@� 7KH WRWDO GHFUHDVH LQ QRGH LPSXULW\ LV ZHLJKWHG E\ WKH OLNHOLKRRG RI

UHDFKLQJ HDFK QRGH �ZKLFK LV DSSUR[LPDWHG E\ WKH SHUFHQWDJH RI VDPSOHV LQ WKH WUDLQLQJ GDWD

UHDFKLQJ WKDW QRGH�� 7KLV LV GRQH SHU WUHH LQ WKH UDQGRP IRUHVW� 1H[W� ZH WRRN WKH PHDQ RYHU
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DOO WUHHV� ZKLFK QRZ EHFRPHV WKH PHDQ QRGH LPSXULW\ �03,� XVHG DV WKH IHDWXUH LPSRUWDQFH�

7KHVH YDOXHV ZHUH WKHQ FRPSDUHG DFURVV DOO IHDWXUHV�

+RZHYHU� DOVR WKLV PHWKRG KDV GUDZEDFNV� ,W LV FRPPRQO\ NQRZQ WKDW WKLV PHWKRG GRHV

QRW ZRUN ZHOO ZLWK KLJK FDUGLQDOLW\ IHDWXUHV� ZKLFK FRXOG DFWXDOO\ EH WKH FDVH ZLWK RXU GDWD�

)XUWKHUPRUH� DV WKLV PHWKRG XVHV WKH LQWULQVLF IHDWXUH LPSRUWDQFH RI RQH PDFKLQH OHDUQLQJ

PRGHO �UDQGRP IRUHVW�� LW PLJKW QRW SHUIRUP DV ZHOO IRU RWKHU PDFKLQH OHDUQLQJ PRGHOV� )RU

H[DPSOH� IRU D GHHS QHXUDO QHW VLPSOHU IHDWXUHV PLJKW VXIILFH DV LW FDQ FRPELQH LQIRUPDWLRQ

IURP VHYHUDO YDULDEOHV ZHOO� 2Q WKH RWKHU KDQG� D VLPSOH OLQHDU UHJUHVVLRQ PRGHO PLJKW QHHG

RWKHU IHDWXUHV WR EHVW EH DEOH WR OHDUQ �H�J� DSSO\ QRQ�OLQHDU WUDQVIRUPDWLRQ�� 1HYHUWKHOHVV�

ZH VWLOO EHOLHYH WKDW WKLV PHWKRG LV DSSOLFDEOH IRU D YDULHW\ RI PDFKLQH OHDUQLQJ PRGHOV� DV WKH

UDQGRP IRUHVW KDV QRQ�OLQHDU LQWHUDFWLRQV DQG WKH IHDWXUHV VHOHFWHG DV LPSRUWDQW KDYH LQIRUPD�

WLRQ QHFHVVDU\ WR SUHGLFW WKH WDUJHW� $Q\KRZ� ZH DOVR ORRNHG LQWR RQH PRUH PHWKRG IRU IHDWXUH

LPSRUWDQFH� DV GHVFULEHG LQ WKH QH[W SDUDJUDSK�

5DQGRP )RUHVW 3HUPXWDWLRQ )HDWXUH ,PSRUWDQFH )LQDOO\� ZH DOVR ORRNHG LQWR WKH SHU�

PXWDWLRQ IHDWXUH LPSRUWDQFH ZKHQ XVLQJ D UDQGRP IRUHVW PDFKLQH OHDUQLQJ PRGHO� $JDLQ� ZH

WUDLQHG D UDQGRP IRUHVW ZLWK ��� WUHHV EDVHG RQ WKH VDPH WUDLQLQJ GDWDVHW DV DOUHDG\ GHVFULEHG

DERYH� :H WKHQ FDOFXODWHG D EDVH DFFXUDF\ EDVHG RQ WKH WHVW GDWDVHW� ZKLFK ZDV WKH UHPDLQLQJ

��� RI WKH GDWD� 1H[W� ZH SHUPXWHG DOZD\V RQH IHDWXUH UDQGRPO\ DQG FRPSDUHG WKH DFFXUDF\

ZKHQ SUHGLFWLQJ EDVHG RQ WKH SHUPXWHG GDWDVHW�

$OVR WKLV PHWKRG KDV DOVR D VLPLODU GUDZEDFN DV WKH SUHYLRXVPHWKRG� ,W LV DJDLQ VSHFLILF WR

WKLV RQH PDFKLQH OHDUQLQJ PRGHO� 6WLOO� DV DOVR ZULWWHQ SUHYLRXVO\� ZH EHOLHYH WKDW WKLV PHWKRG

LV LQ JHQHUDO YDOLG DOVR IRU RWKHU PDFKLQH OHDUQLQJ PRGHOV� )RU WKLV PHWKRG WKH SUHYLRXVO\

GHVFULEHG GUDZEDFN UHJDUGLQJ KLJK FDUGLQDOLW\ IHDWXUHV GRHV QRW DSSO\ IRU WKLV PHWKRG�
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� 5HVXOWV
,Q WKLV VHFWLRQ� ZH H[DPLQH WKH UHVXOWV RI WKH YDULRXV IHDWXUH H[WUDFWLRQ DQG VHOHFWLRQ PHWK�

RGV ZKLFK ZHUH DSSOLHG ZLWKLQ WKLV ZRUN�

,Q RUGHU WR ILQG RXW WKH EHVW IHDWXUH VHW� ZH DSSOLHG VHYHUDO IHDWXUH VHOHFWLRQ WHFKQLTXHV�

(DFK WHFKQLTXH LV XQLTXH DQG WKH UHVXOWV FDQ EH LQWHUSUHWHG LQGLYLGXDOO\� ,Q WKH HQG ZH FDQ

WKH FRPELQH WKH RXWFRPHV RI HDFK PHWKRG DQG JLYH D FRPELQHG UHFRPPHQGDWLRQ IRU WKH EHVW

SRVVLEOH VHW�

7KH ILUVW WHFKQLTXH ZDV YLVXDOL]LQJ WKH GLVWULEXWLRQ RI WKH YDOXHV RI HDFK IHDWXUH IRU WKH

GLIIHUHQW FOXVWHUV XVLQJ ER[SORWV� )LJXUHV �� DQG �� DUH MXVW WZR RI WKH YLVXDOL]DWLRQV ZH XVHG�

WKH FRPSOHWH VHW RI YLVXDOL]DWLRQV IRU DOO IHDWXUHV FDQ EH IRXQG LQ WKH DSSHQGL[ LQ VHFWLRQ ����

:H FKRVH WKH WZR ILJXUHV� EHFDXVH WKH\ FDQ EH VHHQ UHSUHVHQWDWLYH IRU YLVXDOL]DWLRQV RI RWKHU

IHDWXUHV� )LJXUH �� VKRZV WKH GLVWULEXWLRQ RI WKH IHDWXUH ´1HJDWLYH $FWLRQ 3RWHQWLDO (QHUJ\´

RI HDFK FOXVWHU� :KDW FDQ EH REVHUYHG IRU WKLV IHDWXUH LV WKDW YDOXHV DUH YHU\ GLIIHUHQWO\ VSUHDG

IRU HDFK FOXVWHU� WKHUHIRUH� PDNLQJ LW SRVVLEOH WR XVH WKH IHDWXUH WR SUHGLFW WKH FOXVWHU EDVHG RQ

WKH YDOXH RI WKH IHDWXUH� 6WLOO VRPH RI WKH FOXVWHUV KDYH VLPLODU DQG� RU RYHUODSSLQJ UDQJHV RI

YDOXHV� EXW D ORW RI GLIIHUHQWLDWLQJ FDQ DOUHDG\ EH GRQH MXVW E\ XVLQJ WKLV IHDWXUH�

)LJXUH ��� 7KLV ILJXUH VKRZV D SDUDOOHO ER[SORW ZKLFK GLVSOD\V WKH GLVWULEXWLRQ RI YDOXHV IRU WKH IHDWXUH

´1HJDWLYH 6LJQDO (QHUJ\´ IRU HDFK FOXVWHU LQ WKH GDWDVHW�
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7KLV LV D GLIIHUHQW VLWXDWLRQ ZKHQ ORRNLQJ DW WKH GLVWULEXWLRQ RI WKH YDOXHV RI WKH IHDWXUH

´1(2 &RHIILFLHQW 0D[´ IRU HDFK FOXVWHU LQ ILJXUH ��� ,Q WKLV FDVH� PRVW YDOXHV DUH RYHUODSSLQJ

DQG QR FOXVWHU VWDQGV RXW DV KDYLQJ D XQLTXH GLVWULEXWLRQ RI YDOXHV� 7KHUHIRUH� ZH EHOLHYH WKDW

WKLV IHDWXUH LV QRW OLNHO\ WR SHUIRUP ZHOO ZKHQ EHLQJ XVHG DV LQSXW IRU SUHGLFWLQJ WKH FOXVWHUV�

:KHQ DSSO\LQJ WKLV PHWKRG WR WKH UHPDLQLQJ H[WUDFWHG IHDWXUHV� ZH LGHQWLILHG WKDW WKH IROORZLQJ

IHDWXUHV DOVR KDG D KLJK RYHUODS DFURVV GLIIHUHQW FOXVWHUV� OHIW VSLNH DQJOH DQG 1(2 FRHIILFLHQW

PLQ� 7KH IHDWXUHV SRVLWLYH DPSOLWXGH� ULJKW VSLNH DQJOH� VSLNH ZLGWK DQG 3&$ � RQO\ VKRZHG

YHU\ RYHUODSSLQJ YDOXHV IRU VRPH RI WKH FOXVWHUV� ZKLOH WKH YDOXH GLVWULEXWLRQ ZDV GLYHUV IRU

RWKHU FOXVWHUV� 7KH UHPDLQLQJ IHDWXUHV �QHJDWLYH DPSOLWXGH� SRVLWLYH DFWLRQ SRWHQWLDO HQHUJ\�

3&$ �� 3&$ � DQG 3&$ �� VKRZHG YHU\ GLIIHUHQW GLVWULEXWLRQV DFURVV FOXVWHUV� PHDQLQJ WKH\

DUH PRVW OLNHO\ WR SHUIRUP ZHOO ZKHQ EHLQJ XVHG LQ D SUHGLFWLRQ WDVN�

)LJXUH ��� 7KLV ILJXUH VKRZV D SDUDOOHO ER[SORW ZKLFK GLVSOD\V WKH GLVWULEXWLRQ RI YDOXHV IRU WKH IHDWXUH

´1(2 &RHIILFLHQW 0D[´ IRU HDFK FOXVWHU LQ WKH GDWDVHW�

)XUWKHUPRUH� ZH SHUIRUPHG DQ $129$ DQDO\VLV RI DOO IHDWXUHV HDFK DFURVV WKH GLIIHUHQW

FOXVWHUV� )LJXUH �� VKRZV WKH UHVXOWV RI WKH $129$ DQDO\VLV� $V FDQ EH VHHQ� WKH )�VWDWLVWLF

RI HDFK IHDWXUH LV VLJQLILFDQW DQG DOO DUH JUHDWHU WKDQ � �VRPH DUH HYHQ PXFK JUHDWHU WKDQ � �

WKH\ DUH FXW RII DV )LJXUH �� RQO\ VKRZV D PD[LPXP )�VWDWLVWLF RI ���� ,I DQ )�VWDWLVWLF LV FORVH

WR �� RQH FRXOG QRW WKDW UHMHFW WKH QXOO K\SRWKHVLV WKDW DOO FOXVWHUV KDYH WKH VDPH PHDQ� $V
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WKH )�VWDWLVWLFV DUH JUHDWHU WKDQ � DQG DOO DUH VLJQLILFDQW� ZH FDQ UHMHFW WKH QXOO K\SRWKHVLV LQ

WKLV FDVH� 7KLV ZRXOG PHDQ WKDW DOO IHDWXUHV KDYH DW OHDVW RQH FOXVWHU ZKHUH WKH YDOXHV KDYH D

GLIIHUHQW PHDQ WKDQ DQRWKHU FOXVWHU� PHDQLQJ WKDW ZH FDQ VD\ WKH WKH GLVWULEXWLRQ RI WKH YDOXHV

DUH GLIIHUHQW� 7R VXPPDUL]H� IURP RXU $129$ ZH GHGXFH WKDW DOO IHDWXUHV DUH UHOHYDQW DQG DW

OHDVW RQH FOXVWHU KDV D GLIIHUHQW GLVWULEXWLRQ LQ YDOXHV�

)LJXUH ��� 7KLV ILJXUH VKRZV D SDUDOOHO ER[SORW ZKLFK GLVSOD\V )�VWDWLVWLF IRU HDFK IHDWXUH LQ WKH GDWDVHW�

7KH FRORU LV FRGHG DFFRUGLQJ WR ZKHWKHU WKH S�YDOXH LQGLFDWHV VLJQLILFDQFH RU QRW �DW D VLJQLILFDQFH OHYHO

RI ������ 7KH JUDSK LV FXW RII DW D PD[LPLP )�VWDWLVWLF RI ���

2I FRXUVH� ZKHQ DSSO\LQJ WKRVH WZR PHWKRGV LW LV LPSRUWDQW WR NHHS PLQG LWV OLPLWDWLRQV�

2QH LPSRUWDQW OLPLWDWLRQ LV WKDW ZH RQO\ ORRNHG DW HDFK IHDWXUH LQGLYLGXDOO\� 2QH WKH RQH KDQG�

LW ZRXOG VWLOO EH SRVVLEOH WKDW D FRPELQDWLRQ RI GLIIHUHQW IHDWXUHV KROGV YDOXDEOH LQIRUPDWLRQ�

EXW QRW WKH IHDWXUHV E\ WKHPVHOYHV� 2Q WKH RWKHU KDQG� LW LV QRW SRVVLEOH WR LGHQWLI\ LI VHYHUDO

IHDWXUHV KDYH YHU\ UHGXQGDQW LQIRUPDWLRQ DQG VRPH RI WKRVH IHDWXUHV ZRXOG QRW EH QHFHVVDU\�

)XUWKHUPRUH� XVLQJ $129$ ZH FDQ RQO\ GHGXFH WKDW DW OHDVW RQH FOXVWHU KDV D GLIIHUHQW PHDQ

YDOXH WKDQ DQRWKHU FOXVWHU� 7KLV PHDQV WKDW LQ WKH H[WUHPH FDVH DOO FOXVWHUV FRXOG KDYH WKH

VDPH PHDQ YDOXH H[FHSW IRU RQH FOXVWHU � PDNLQJ WKH IHDWXUH VWLOO QRW YHU\ YDOXDEOH� 7KHUHIRUH�
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ZH GLGQ¶W GLVFDUG DQ\ IHDWXUH MXVW E\ XVLQJ WKRVH PHWKRGV� EXW UDWKHU FRPELQLQJ WKH JDLQHG

NQRZOHGJH ZLWK WKH UHVXOWV RI RWKHU PHWKRGV�

$QRWKHU PHWKRG DSSOLHG IRU LGHQWLI\LQJ DQG VHOHFWLQJ WKH EHVW IHDWXUHV ZDV UDQGRP IRUHVW

IHDWXUH LPSRUWDQFH� )LJXUH �� VKRZV WKH LPSRUWDQFH RI HDFK IHDWXUH� $V FDQ EH VHHQ RQ WKLV

ILJXUH� DFFRUGLQJ WR WKH UDQGRP IRUHVW IHDWXUH LPSRUWDQFH SRVLWLYH DFWLRQ SRWHQWLDO HQHUJ\ DQG

QHJDWLYH DFWLRQ SRWHQWLDO HQHUJ\ DUH WKH PRVW LPSRUWDQW DFWLRQ SRWHQWLDOV� 7KH � 3&$ IHDWXUHV

DQG SRVLWLYH DQG QHJDWLYH DPSOLWXGH DOVR KDYH D KLJK LPSRUWDQFH� 7KH UHPDLQLQJ IHDWXUHV

VSLNH ZLGWK� ULJKW VSLNH DQJOH� OHIW VSLNH DQJOH� 1(2 FRHIILFLHQW PLQ DQG 1(2 FRHIILFLHQW PD[

KDYH UDWKHU ORZ LPSRUWDQFH �DQG DUH UDQNHG LQ WKLV RUGHU�� 6SLNH ZLGWK VWLOO KDV WKH KLJKHVW

LPSRUWDQFH RI WKHVH IHDWXUHV DQG DV LW FRQWDLQV WR VRPH H[WHQW VLPLODU LQIRUPDWLRQ DV WKH IHDWXUHV

ULJKW VSLNH DQJOH DQG OHIW VSLNH DQJOH� WKLV PLJKW EH D JRRG FXW�RII SRLQW WR GHILQH D IHDWXUH VHW

WR EH XVHG IRU PDFKLQH OHDUQLQJ� +RZHYHU� DV DOVR WKLV PHWKRG KDV VRPH GUDZEDFNV� ZH ORRNHG

DW \HW DQRWKHU PHWKRG IRU ILQGLQJ WKH IHDWXUH LPSRUWDQFH�

)LJXUH ��� 7KLV ILJXUH VKRZV WKH UDQGRP IRUHVW IHDWXUH LPSRUWDQFH RI HDFK FDOFXODWHG IHDWXUH�

7KH ILQDO PHWKRG ZH ORRNHG LQWR ZDV SHUPXWDWLRQ IHDWXUH LPSRUWDQFH XVLQJ D UDQGRP

IRUHVW� )LJXUH �� VKRZV WKH SHUPXWDWLRQ IHDWXUH LPSRUWDQFH DFURVV DOO IHDWXUHV� ,Q JHQHUDO� WKLV
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PHWKRG VKRZHG D VLPLODU UHVXOW DV WKH SUHYLRXV� DV WKH �PRVW LPSRUWDQW IHDWXUHV VWD\HG WKH VDPH

�WKRXJK QRW LQ UDQN EHWZHHQ HDFK RWKHU�� 7KLV PHDQV WKDW DOVR WKH � OHDVW LPSRUWDQW IHDWXUHV

VWD\HG WKH VDPH �DOVR WKLV WLPH WKH UDQN LQ EHWZHHQ WKHVH IHDWXUHV FKDQJHG�� +RZHYHU� ZKDW

EHFRPHV TXLWH FOHDU IURP WKLV YLVXDOL]DWLRQ LV WKDW WKH OHDVW � LPSRUWDQW IHDWXUHV� VWDUWLQJ IURP

WKH IHDWXUH VSLNH ZLGWK� SOD\ RQO\ D YHU\ PLQRU SDUW LQ JHWWLQJ WKH FRUUHFW SUHGLFWLRQ� 7KHUHIRUH�

WKLV PHWKRG PLJKW VXJJHVW WR FXW RII WKH IHDWXUH WR EH XVHG ULJKW EHIRUH WKH VSLNH ZLGWK�

)LJXUH ��� 7KLV ILJXUH VKRZV WKH UDQGRP IRUHVW SHUPXWDWLRQ IHDWXUH LPSRUWDQFH RI HDFK FDOFXODWHG IHD�

WXUH�

7DEOH � VKRZV DQ RYHUYLHZ RI WKH ILQGLQJV UHJDUGLQJ IHDWXUH VHOHFWLRQ RI WKLV WKHVLV� )HD�

WXUH LPSRUWDQFH LV GLVSOD\HG XVLQJ WZR EXFNHWV� ORZ IRU HYHU\WKLQJ EHORZ WKH SURSRVHG FXW RII

YDOXH DQG KLJK IRU HYHU\WKLQJ DERYH WKH SURSRVHG FXW RII YDOXH� 7KH GLVWULEXWLRQ RI YDOXHV LV

GHVFULEHG LQ D ZULWWHQ IRUP� 7KH FRORU RI WKH FHOO RI WKH WDEOH UHIOHFWV ZKHWKHU D PHWKRG ZRXOG

EH LQ IDYRU RI VHOHFWLQJ D IHDWXUH �JUHHQ \HV� \HOORZ PD\EH DQG UHG QR�� $V $129$ KDG

WKH VDPH UHVXOW IRU HDFK RI WKH IHDWXUHV �DW OHDVW RQH FOXVWHU LV VLJQLILFDQWO\ GLIIHUHQW WR DQRWKHU

FOXVWHU� LW ZDV QRW LQFOXGHG LQ WKH WDEOH�
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)HDWXUH 1DPH
'LVWULEXWLRQ RI YDOXHV

SHU FOXVWHU

5) )HDWXUH

,PSRUWDQFH

3HUPXWDWLRQ

)HDWXUH ,PSRUWDQFH

3RVLWLYH

$PSOLWXGH

:LGH VSUHDG EHWZHHQ VRPH

FOXVWHUV� RWKHUV YHU\ VLPLODU
+LJK +LJK

1HJDWLYH

$PSOLWXGH

:LGH VSUHDG EHWZHHQ

GLIIHUHQW FOXVWHUV
+LJK +LJK

3RVLWLYH $FWLRQ

3RWHQWLDO (QHUJ\

:LGH VSUHDG EHWZHHQ

GLIIHUHQW FOXVWHUV
+LJK +LJK

1HJDWLYH $FWLRQ

3RWHQWLDO (QHUJ\

:LGH VSUHDG EHWZHHQ

GLIIHUHQW FOXVWHUV
+LJK +LJK

/HIW

6SLNH $QJOH

9HU\ VLPLODU GLVWULEXWLRQ

EHWZHHQ FOXVWHUV
/RZ /RZ

5LJKW

6SLNH $QJOH

:LGH VSUHDG EHWZHHQ VRPH

FOXVWHUV� RWKHUV YHU\ VLPLODU
/RZ /RZ

6SLNH

:LGWK

:LGH VSUHDG EHWZHHQ VRPH

FOXVWHUV� RWKHUV YHU\ VLPLODU
+LJK /RZ

3&$ �

FRPSRQHQW �

:LGH VSUHDG EHWZHHQ

GLIIHUHQW FOXVWHUV
+LJK +LJK

3&$ �

FRPSRQHQW �

:LGH VSUHDG EHWZHHQ

GLIIHUHQW FOXVWHUV
+LJK +LJK

3&$ �

FRPSRQHQW �

:LGH VSUHDG EHWZHHQ

GLIIHUHQW FOXVWHUV
+LJK +LJK

3&$ �

FRPSRQHQW �

:LGH VSUHDG EHWZHHQ VRPH

FOXVWHUV� RWKHUV YHU\ VLPLODU
+LJK +LJK

1(2 FRHIILFLHQW

IRU VSLNH PLQLPXP

9HU\ VLPLODU GLVWULEXWLRQ

EHWZHHQ FOXVWHUV
/RZ /RZ

1(2 FRHIILFLHQW

IRU VSLNH PD[LPXP

9HU\ VLPLODU GLVWULEXWLRQ

EHWZHHQ FOXVWHUV
/RZ /RZ

7DEOH �� 7KLV WDEOH VKRZV WKH UHVXOWV RI WKUHH RI WKH DSSOLHG IHDWXUH VHOHFWLRQ PHWKRGV SHU HDFK IHDWXUH�
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� 'LVFXVVLRQ
:LWKLQ WKLV WKHVLV ZH DLPHG WR JLYH D SURSRVDO RI D IHDWXUH VHW ZKLFK FDQ EH XVHG IRU VSLNH

VRUWLQJ� :H VHW D IRFXV RQWR WKH IHDWXUH HQJLQHHULQJ DVSHFW RI VSLNH VRUWLQJ� )RU WKLV� ZH ZDQWHG

WR H[WUDFW XVHIXO IHDWXUHV� VRPH EDVHG RQ GRPDLQ NQRZOHGJH� DQG YHULI\ WKH TXDOLW\ RI WKHVH

IHDWXUHV XVLQJ IHDWXUH VHOHFWLRQ PHWKRGV� )LQDOO\� FRPELQLQJ WKLV LQIRUPDWLRQ� ZH ZDQWHG WR

JLYH D SURSRVDO IRU D IHDWXUH VHW ZKLFK FDQ EH XVHG WR SUHGLFW ZKLFK QHXURQV ILUHG JLYHQ VSLNHV�

$IWHU LGHQWLI\LQJ DQG H[WUDFWLQJ WKH DFWLRQ SRWHQWLDOV IURP WKH GDWDVHW� ZH LGHQWLILHG ��

SRWHQWLDO IHDWXUHV� 7KHVH IHDWXUHV LQFOXGHG � JHRPHWULF IHDWXUHV �SRVLWLYH DPSOLWXGH� QHJDWLYH

DPSOLWXGH� SRVLWLYH DFWLRQ SRWHQWLDO HQHUJ\� QHJDWLYH DFWLRQ SRWHQWLDO HQHUJ\� OHIW VSLNH DQJOH�

ULJKW VSLNH DQJOH DQG VSLNH ZLGWK�� )XUWKHUPRUH� ZH DOVR XVHG WKH ILUVW IRXU SULQFLSDO FRPSR�

QHQWV DV IHDWXUHV DV ZHOO DV WKH YDOXH RI WKH 1(2 FRHIILFLHQW DW WKH VSLNH PLQLPXP DQG DW WKH

VSLNH PD[LPXP�

:H WKHQ HYDOXDWHG WKHVH �� IHDWXUHV XVLQJ IRXU GLIIHUHQW IHDWXUH HYDOXDWLRQPHWKRGV� :KHQ

FRPSDULQJ WKH UHVXOWV RI WKH GLIIHUHQW IHDWXUH VHOHFWLRQ PHWKRGV� LW EHFRPHV FOHDU WKDW WKHUH LV

D WUHQG WRZDUGV VLPLODU IHDWXUHV EHLQJ VHOHFWHG XVLQJ GLIIHUHQW PHWKRGV� 2YHUDOO� EDVHG RQ RXU

UHVHDUFK DQG DQDO\VLV ZH ZRXOG VXJJHVW WKH IROORZLQJ IHDWXUH VHW WR EH XVHG IRU SUHGLFWLQJ IURP

ZKLFK VSLNH D VSHFLILF QHXURQ RULJLQDWHV IURP�

� 3RVLWLYH DPSOLWXGH

� 1HJDWLYH DPSOLWXGH

� 3RVLWLYH DFWLRQ SRWHQWLDO HQHUJ\

� 1HJDWLYH DFWLRQ SRWHQWLDO HQHUJ\

� 3&$ FRPSRQHQWV ���

� 6SLNH ZLGWK �PD\EH�

7KH IHDWXUH VSLNH ZLGWK LV WKH RQO\ TXHVWLRQDEOH IHDWXUH LQ WKLV VHW� DV WKH DQDO\VLV ZDVQ¶W IXOO\

FRQFOXVLYH ZKHQ LW FRPHV WR WKLV IHDWXUH �GLIIHUHQW PHWKRGV ZRXOG VXJJHVW RSSRVLQJ RXWFRPHV��

7KHUHIRUH� ZH ZRXOG SURSRVH WR WHVW D IHDWXUH VHW ZLWK DQG ZLWKRXW WKDW IHDWXUH ZKHQ UXQQLQJ

D PDFKLQH OHDUQLQJ�EDVHG SUHGLFWLRQ WDVN�

��
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:LWKLQ WKLV WKHVLV� ZH ZHUH DEOH WR FRPH XS ZLWK D FRQFUHWH SURSRVDO IRU D IHDWXUH VHW WR

EH XVHG IRU VSLNH VRUWLQJ RI QHXURQDO VSLNHV� 7KLV PDNHV LW SRVVLEOH WR FRQWLQXH WKH SURFHVV RI

VSLNH VRUWLQJ E\ ILWWLQJ D PDFKLQH OHDUQLQJ PRGHO RQ D GDWDVHW WUDQVIRUPHG XVLQJ WKHVH IHDWXUHV�

,Q RWKHU ZRUGV� WKLV HQDEOHV IXWXUH UHVHDUFKHUV WR FRQWLQXH WKH SURFHVV RI VSLNH VRUWLQJ ZLWKRXW

RU ZLWK RQO\ OLWWOH GRPDLQ NQRZOHGJH� DV WKH SDUW ZKHUH H[WHQVLYH GRPDLQ NQRZOHGJH LV QHHGHG�

IHDWXUH HQJLQHHULQJ� LV DOUHDG\ FRPSOHWHG�

:H EHOLHYH WKDW RQH RI WKH OLPLWDWLRQV RI WKLV WKHVLV LV DW WKH VDPH WLPH DOVR RQH RI WKH

PDLQ VWUHQJWKV RI WKLV WKHVLV� WKH VKDUS IRFXV RQ WKH IHDWXUH HQJLQHHULQJ SDUW RI VSLNH VRUWLQJ�

:LWK VXFK D VKDUS IRFXV� ZH ZHUH DEOH WR JR LQWR GHSWK DQG SURSHUO\ H[SORUH GLIIHUHQW DVSHFWV

RI WKLV WRSLF� +RZHYHU� ZH DUH DZDUH WKDW IHDWXUH HQJLQHHULQJ LQ LWVHOI KDV UDWKHU OLWWOH YDOXH DQG

RQO\ EHFRPHV YDOXDEOH ZKHQ WKH IHDWXUHV DUH EHLQJ XVLQJ LQ D PDFKLQH OHDUQLQJ DSSOLFDWLRQ�

7KHUHIRUH� IHDWXUH HQJLQHHULQJ FDQ XVXDOO\ QRW EH VHHQ DV D FRPSOHWHO\ LQGHSHQGHQW WRSLF DV WKH

HIIHFWV RQ WKH PDFKLQH OHDUQLQJ SHUIRUPDQFH VKRXOG EH FRQVLGHUHG ZKHQ RSWLPL]LQJ WKH IHDWXUH

VHW� 1HYHUWKHOHVV� ZH DUH FRQYLQFHG WKDW D GHHSHU LQYHVWLJDWLRQ RI WKH IHDWXUH HQJLQHHULQJ

DVSHFWV RI VSLNH VRUWLQJ EULQJV YDOXH� DV LW FDQ HDVLO\ EH FRPELQHG ZLWK WKH FODVVLILFDWLRQ DVSHFWV

RI VSLNH VRUWLQJ� )XUWKHUPRUH� ZH ZDQW WR PHQWLRQ WKDW ZH ZHUH QRW FRPSOHWHO\ EOLQG WR WKH

FODVVLILFDWLRQ DVSHFWV RI VSLNH VRUWLQJ� 2QH RI RXU IHDWXUH VHOHFWLRQ PHWKRGV� UDQGRP IRUHVW

SHUPXWDWLRQ IHDWXUH LPSRUWDQFH� HYHQ LQYROYHV WUDLQLQJ D PDFKLQH OHDUQLQJ PRGHO �UDQGRP

IRUHVW� EDVHG RQ WHVW GDWD DQG WKHQ HYDOXDWLQJ WKH SHUIRUPDQFH EDVHG RQ GLIIHUHQW IHDWXUH VHWV�

7R VXPPDUL]H� ZH ZHUH DEOH WR SURGXFH D SURSRVDO IRU D IHDWXUH VHW WR EH XVHG IRU QHXURQDO

VSLNH VRUWLQJ DQG UHFRPPHQG WKLV WR EH XVHG IRU IXWXUH DSSOLFDWLRQV�

��
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� &RQFOXVLRQ
7KH DLP RI WKLV WKHVLV ZDV WR JLYH D SURSRVDO IRU D IHDWXUHV VHW ZKLFK FDQ EH XVHG IRU

ILWWLQJ D PDFKLQH OHDUQLQJ PRGHO WR SUHGLFW WKH RULJLQDWLQJ QHXURQ RI HDFK DFWLRQ SRWHQWLDO� :H

ZHUH DEOH WR DFKLHYH WKLV E\ ILUVW H[WUDFWLQJ DFWLRQ SRWHQWLDOV IURP D GDWDVHW ZLWK FRQWLQXRXV

UHFRUGLQJV RI VLQJOH QHXURQDO FHOO UHVSRQVHV� 1H[W� ZH H[WUDFWHG VHYHUDO IHDWXUHV IRU HDFK DFWLRQ

SRWHQWLDO DQG HYDOXDWHG WKHVH IHDWXUHV XVLQJ VHYHUDO IHDWXUH VHOHFWLRQ PHWKRGV� %\ FRPELQLQJ

WKH UHVXOWV RI DOO RI WKHVH PHWKRGV� ZH FDPH XS ZLWK WKH SURSRVHG IHDWXUH VHW�

7KLV SURSRVHG IHDWXUH VHWV JLYHV WKH EDVLV IRU VSLNH VRUWLQJ WR EH SHUIRUPHG RQ WKH GDWDVHW�

7KH NQRZOHGJH JDLQHG LQ VSLNH VRUWLQJ FDQ WKHQ DW VRPH SRLQW EH XVHG IRU WKH SUHYLRXVO\ GLV�

FXVVHG DSSOLFDWLRQV LQ VHFWLRQ ���� 7KHUH DUH VWLOO PDQ\ DGGLWLRQDO PDMRU SDUWV QHHGHG IRU DS�

SOLFDWLRQV VXFK DV EUDLQ�PDFKLQH LQWHUIDFHV� 7KHVH ZRXOG LQFOXGH DOO WKH KDUGZDUH RI DFWXDOO\

UHFRUGLQJ WKH VSLNHV DV ZHOO DV WKH KDUGZDUH IRU SHUIRUPLQJ WKH GHVLUHG WDVN �VXFK DV D URERWLF

DUP�� $OVR� WKHUH QHHGV WR EH IXUWKHU UHVHDUFK GRQH LQ RUGHU WR KDYH PHDQLQJIXO SUHGLFWLRQV

DQG WR EH DEOH WR WUDQVODWH WKHP LQWR DFWLRQDEOH LQIRUPDWLRQ IRU PDFKLQHV� <HW� ZH EHOLHYH WKDW

D IRFXVHG UHVHDUFK LQWR RQH FRPSRQHQW RI VSLNH VRUWLQJ LV VWLOO YDOXDEOH DV D ZLGHU UHVHDUFK DLP

ZRXOG KDYH XQGRXEWHGO\ PHDQW OHVV IRFXV RQ GHWDLOV� FRQVLGHULQJ WKH OLPLWHG WLPH ZLWK ZKLFK

ZH SHUIRUPHG WKLV UHVHDUFK�

1HYHUWKHOHVV� ZH VWLOO IDFHG VRPH OLPLWDWLRQV HYHQ ZKHQ RQO\ FRQVLGHULQJ WKH QDUURZ ILHOG

RI IHDWXUH HQJLQHHULQJ IRU VSLNH VRUWLQJ� 2QH RI WKH PDLQ OLPLWDWLRQV ZDV WKH ODFN RI DFWLRQ SR�

WHQWLDOV ZLWK ODEHOV RI WKHLU FRUUHVSRQGLQJ QHXURQV� 7KLV LV ZK\ ZH KDG WR IDOOEDFN WR VLPXODWHG

GDWD� $OWKRXJK WKH DFWLRQ SRWHQWLDOV RI WKLV GDWD DUH EDVHG RQ UHDO DFWLRQ SRWHQWLDOV� ZH VWLOO VXV�

SHFW WKDW UHDO GDWD PLJKW EHKDYH GLIIHUHQWO\ DQG DQ LGHDO IHDWXUH VHW PLJKW ORRN GLIIHUHQWO\� 6WLOO�

LQ WKLV FDVH RXU SXEOLFO\ PDGH DYDLODEOH FRGH FDQ EH XVHG WR UHSURGXFH WKH VLJQDO DQG IHDWXUH

H[WUDFWLRQ VWHSV EDVHG RQ D GLIIHUHQW GDWD VHW�

)RU IXWXUH UHVHDUFK UHJDUGLQJ IHDWXUH HQJLQHHULQJ IRU VSLNH VRUWLQJ� ZH ZRXOG UHFRPPHQG

WR XVH D IHDWXUH VHW EDVHG RQ UHDO GDWD DFWXDOO\ UHFRUGHG LQ D KXPDQ EUDLQ DQG WKHQ ODEHOOHG E\

H[SHUWV� )XUWKHUPRUH� ZH EHOLHYH WKDW H[SORULQJ IXUWKHU SRVVLEOH IHDWXUHV DSDUW IURP WKH RQHV

PHQWLRQHG ZLWKLQ WKLV WKHVLV ZRXOG EH DQRWKHU SRWHQWLDO WR LPSURYH WKH IHDWXUH VHW�

7R FRQFOXGH� ZLWKLQ WKLV WKHVLV ZH ZHUH DEOH WR FRPH XS ZLWK D SURSRVHG IHDWXUH VHW ZKLFK

��
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FDQ EH XVHG IRU ILWWLQJ D PDFKLQH OHDUQLQJ PRGHO WR SUHGLFW WKH RULJLQDWLQJ QHXURQ RI HDFK DFWLRQ

SRWHQWLDO� $OWKRXJK ZH DUH DZDUH WKDW WKHUH DUH VWLOO FHUWDLQ OLPLWDWLRQ WR WKLV ZRUN� ZH EHOLHYH

WKDW WKH RXWFRPH LV YDOXDEOH DQG FDQ EH XVHG IRU IXUWKHU UHVHDUFK LQWR WKLV WRSLF�

��



/LVW RI )LJXUHV

� 6XEVHW RI WKH UDZ GDWD SORWWHG RYHU WLPH � � � � � � � � � � � � � � � � � � � � �

� $PRXQW RI LGHQWLILHG VSLNHV IRU GLIIHUHQW WKUHVKROGV EHLQJ FDOFXODWHG � � � � � �

� $PRXQW RI LGHQWLILHG VSLNHV IRU D UHILQHG UDQJH RI WKUHVKROGV EHLQJ FDOFXODWHG �

� 'DWD ZLWK FDOFXODWHG WKUHVKROG DQG LGHQWLILHG SHDNV DERYH WKH WKUHVKROG IRU

PXOWLSOH QRLVH OHYHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� 5DQGRP VXE�VDPSOH RI LGHQWLILHG DFWLRQ SRWHQWLDOV� FHQWHUHG DURXQG WKH SHDN

DQG VKRZLQJ VDPSOHV OHIW DQG ULJKW RI WKH SHDN � � � � � � � � � � � � � � � � � ��

� 9LVXDO ([SODQDWLRQ RI WKH 3RVLWLYH $PSOLWXGH )HDWXUH � � � � � � � � � � � � � ��

� 9LVXDO ([SODQDWLRQ RI WKH 1HJDWLYH $PSOLWXGH )HDWXUH � � � � � � � � � � � � ��

� 9LVXDO ([SODQDWLRQ RI WKH 3RVLWLYH $FWLRQ 3RWHQWLDO (QHUJ\ )HDWXUH � � � � � � ��

� 9LVXDO ([SODQDWLRQ RI WKH 1HJDWLYH $FWLRQ 3RWHQWLDO (QHUJ\ )HDWXUH � � � � � ��

�� 9LVXDO ([SODQDWLRQ RI WKH /HIW 6SLNH $QJOH )HDWXUH � � � � � � � � � � � � � � ��

�� 9LVXDO ([SODQDWLRQ RI WKH 5LJKW 6SLNH $QJOH )HDWXUH � � � � � � � � � � � � � ��

�� 9LVXDO ([SODQDWLRQ RI WKH 6SLNH :LGWK )HDWXUH � � � � � � � � � � � � � � � � � ��

�� &XPXODWLYH ([SODLQHG 9DULDQFH RYHU DOO 3ULQFLSDO &RPSRQHQWV � � � � � � � � ��

�� &XPXODWLYH ([SODLQHG 9DULDQFH IRU WKH ILUVW �� 3ULQFLSDO &RPSRQHQWV � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´1HJDWLYH 6LJQDO (QHUJ\´ � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´1(2 &RHIILFLHQW 0D[´ � � � � � � � � � � � ��

�� $129$ )�VWDWLVWLF SHU )HDWXUH � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 5DQGRP )RUHVW )HDWXUH ,PSRUWDQFH � � � � � � � � � � � � � � � � � � � � � � � ��

�� 5DQGRP )RUHVW 3HUPXWDWLRQ )HDWXUH ,PSRUWDQFH � � � � � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´3RVLWLYH $PSOLWXGH´ � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´1HJDWLYH $PSOLWXGH´ � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´3RVLWLYH 6LJQDO (QHUJ\´ � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´/HIW 6SLNH $QJOH´ � � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´5LJKW 6SLNH $QJOH´ � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´6SLNH :LGWK´ � � � � � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´1(2 &RHIILFLHQW 0LQ´ � � � � � � � � � � � ��

��
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�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´3&$ �´ � � � � � � � � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´3&$ �´ � � � � � � � � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´3&$ �´ � � � � � � � � � � � � � � � � � � � ��

�� 9DOXH 'LVWULEXWLRQ RI WKH )HDWXUH ´3&$ �´ � � � � � � � � � � � � � � � � � � � ��

��



/LVW RI 7DEOHV

� ([WUDFWHG )HDWXUHV 2YHUYLHZ � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 5HVXOWV RI )HDWXUH 6HOHFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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