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$QDO\WLFDO�6FLHQFHV��,QYLWHG�/HFWXUH $6����

*HQHUDWLRQ�DQG�SK\VLFRFKHPLFDO�FKDUDFWHULVDWLRQ�RI�DPELHQW�OLNH�PRGHO�DHURVROV�LQ�WKH
ODERUDWRU\��DSSOLFDWLRQ�LQ�WKH�LQWHUFRPSDULVRQ�RI�DXWRPDWHG�30�PRQLWRUV�ZLWK�WKH

UHIHUHQFH�JUDYLPHWULF�PHWKRG

.��9DVLODWRX�

��NRQVWDQWLQD�YDVLODWRX#PHWDV�FK

6WHIDQ +RUHQGHU�� .HYLQ $XGHUVHW�� 3DXO 4XLQFH\�� 6WHIDQ 6HHJHU�� 6ºUHQ 1LHOVHQ 6NRY�� .DL
'LUVFKHUO�� 7KRPDV 2� 0� 6PLWK�� .DWLH :LOOLDPV�� 3DROD )LVLFDUR�� &DUROLQH 2VWHU�� &DPLOOH &�
$HJHUWHU���'DQLHO�0��.DOEHUPDWWHU���)UDQ©RLV�*DLH�OHYUHO���DQG�.RQVWDQWLQD�9DVLODWRX�

�)HGHUDO ,QVWLWXWH RI 0HWURORJ\ 0(7$6� %HUQ�:DEHUQ� 6ZLW]HUODQG� �1DWLRQDO 3K\VLFDO /DERUDWRU\�
7HGGLQJWRQ� /RQGRQ� 8.� �%XQGHVDQVWDOW I¾U 0DWHULDOIRUVFKXQJ XQG �SU¾IXQJ� %HUOLQ�
*HUPDQ\� �%LRHQJLQHHULQJ DQG (QYLURQPHQWDO 7HFKQRORJ\� 'DQLVK 7HFKQRORJLFDO ,QVWLWXWH� $DUKXV�
'HQPDUN� �'DQLVK 1DWLRQDO 0HWURORJ\ ,QVWLWXWH �')0�� .RJOH $OOH �� ���� +ºUVKROP�
'HQPDUN���/DERUDWRLUH�QDWLRQDO�GH�P«WURORJLH�HW�GHVVDLV��3DULV��)UDQFH

$ QHZ IDFLOLW\ KDV EHHQ GHYHORSHG ZKLFK DOORZV IRU D VWDEOH DQG UHSURGXFLEOH JHQHUDWLRQ RI
DPELHQW�OLNH DHURVROV LQ WKH ODERUDWRU\� 7KH VHWXS FRQVLVWV RI PXOWLSOH DHURVRO JHQHUDWRUV� D
FXVWRP�PDGH IORZ WXEH KRPRJHQLVHU� LVRNLQHWLF VDPSOLQJ SUREHV DQG D V\VWHP WR FRQWURO DHURVRO
WHPSHUDWXUH DQG KXPLGLW\� 0RGHO DHURVROV FRQWDLQLQJ HOHPHQWDO FDUERQ� VHFRQGDU\ RUJDQLF PDWWHU
IURP WKH SKRWR�R[LGDWLRQ RI ͅ�SLQHQH� LQRUJDQLF VDOWV VXFK DV DPPRQLXP VXOSKDWH DQG DPPRQLXP
QLWUDWH� PLQHUDO GXVW SDUWLFOHV DQG ZDWHU ZHUH JHQHUDWHG DW GLIIHUHQW HQYLURQPHQWDO FRQGLWLRQV DQG
GLIIHUHQW QXPEHU DQG PDVV FRQFHQWUDWLRQV� 7KH DHURVRO SK\VLFDO DQG FKHPLFDO SURSHUWLHV ZHUH
FKDUDFWHULVHG ZLWK DQ DUUD\ RI H[SHULPHQWDO PHWKRGV� LQFOXGLQJ VFDQQLQJ PRELOLW\ SDUWLFOH VL]LQJ�
LRQ FKURPDWRJUDSK\� WRWDO UHIOHFWLRQ ;�UD\ IOXRUHVFHQFH VSHFWURVFRS\� DQG WKHUPR�RSWLFDO DQDO\VLV�
7KH IDFLOLW\ LV YHU\ YHUVDWLOH DQG FDQ ILQG DSSOLFDWLRQV LQ WKH FDOLEUDWLRQ DQG SHUIRUPDQFH
FKDUDFWHULVDWLRQ RI DHURVRO LQVWUXPHQWV PRQLWRULQJ DPELHQW DLU� ,Q WKLV VWXG\� ZH SHUIRUPHG� DV
SURRI RI FRQFHSW� DQ LQWHUFRPSDULVRQ RI WKUHH GLIIHUHQW FRPPHUFLDO 30 �SDUWLFXODWH PDWWHU�
PRQLWRUV �7(20 ����� 'XVW7UDN '5; ���� DQG )LGDV )URJ� ZLWK WKH JUDYLPHWULF UHIHUHQFH PHWKRG
XQGHU WKUHH VLPXODWHG HQYLURQPHQWDO VFHQDULRV� 7KH UHVXOWV ZLOO EH SUHVHQWHG DQG FRPSDUHG WR
SUHYLRXV ILHOG VWXGLHV� :H EHOLHYH WKDW WKH ODERUDWRU\�EDVHG PHWKRG IRU VLPXODWLQJ DPELHQW
DHURVROV SUHVHQWHG KHUH FRXOG SURYLGH D XVHIXO DOWHUQDWLYH WR WLPH�FRQVXPLQJ DQG H[SHQVLYH ILHOG
FDPSDLJQV��ZKLFK�DUH�RIWHQ�UHTXLUHG�IRU�LQVWUXPHQW�FHUWLILFDWLRQ�DQG�FDOLEUDWLRQ�

7DEOH� &KHPLFDO FRPSRVLWLRQ RI WKH WKUHH PRGHO DHURVROV DQG HQYLURQPHQWDO FRQGLWLRQV GXULQJ
HDFK H[SHULPHQW� (&� 2& DQG 20 VWDQG IRU HOHPHQWDO FDUERQ� RUJDQLF FDUERQ DQG RUJDQLF PDWWHU�
UHVSHFWLYHO\�
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7UDQVLWLRQ�PHWDO�)5(7�LQ�WKH�JDV�SKDVH��D���������UDQJH�VWUXFWXUDO�SUREH�IRU�JDVHRXV
ELRPROHFXODU�EDFNERQH�VWUXFWXUH

3��7LZDUL���5��=HQREL�

�'�&+$%��(7+�=¾ULFK��6ZLW]HUODQG

,QWURGXFWLRQ� 6WUXFWXUDO VWXGLHV RI ELRPROHFXOHV LQ WKH JDV SKDVH QRW RQO\ UHYHDO WKHLU LQWULQVLF
SURWHLQ SURSHUWLHV �L�H�� WKRVH LQ WKH DEVHQFH RI VROYHQW� EXW DOVR SURYLGH XVHIXO EHQFKPDUNV IRU
ELRPROHFXODU PRGHOLQJ� )OXRUHVFHQFH�EDVHG WHFKQLTXHV OLNH )¸UVWHU 5HVRQDQFH (QHUJ\ 7UDQVIHU
�)5(7� DUH DPRQJ WKH PRVW SRSXODU PHWKRGV WR LQYHVWLJDWH WKH VWUXFWXUH DQG G\QDPLFV RI
ELRPROHFXOHV LQ VROXWLRQ� $QDORJRXV H[SORUDWLRQV LQ WKH JDV SKDVH KDYH DOVR VWDUWHG WR UHYHDO
LQIRUPDWLRQ IRU WKH VWUXFWXUH HOXFLGDWLRQ RI JDVHRXV ELRPROHFXOHV�>�@ +RZHYHU� FRQYHQWLRQDO )5(7
KDV LWV OLPLWDWLRQV� LW FDQ PHDVXUH GLVWDQFHV RQO\ LQ WKH UDQJH RI �� ૱ �� �� WKH VL]H RI G\HV DQG
OLQNHUV UHQGHUV WKH GLVWDQFH PHDVXUHPHQW OHVV DFFXUDWH� DQG ODEHOLQJ DQG SXULI\LQJ D ELRPROHFXOH
ZLWK D G\H SDLU LV GLIILFXOW DQG H[SHQVLYH� 7UDQVLWLRQ PHWDO LRQ )5(7 �WP)5(7�� ZLWK D WUDQVLWLRQ
PHWDO LRQ DV DQ DFFHSWRU� KDV HPHUJHG DV D YLDEOH DOWHUQDWLYH WR FRQYHQWLRQDO )5(7 DQG VROYHV
PDQ\�RI�LWV�LQKHUHQW�SUREOHPV�>�@

0HWKRGV� $ �� DPLQR DFLG KHOLFDO SHSWLGH ZDV ODEHOHG ZLWK UKRGDPLQH ��� IOXRURSKRUH DV D GRQRU
DW RQH HQG DQG D KLVWLGLQH SDLU ZDV SODFHG LQ WKH KHOL[ DW D VWUDWHJLF ORFDWLRQ WR ELQG D WUDQVLWLRQ
PHWDO LRQ DV DQ DFFHSWRU� 7KH H[SHULPHQWV ZHUH SHUIRUPHG RQ D TXDGUXSROH LRQ WUDS �4,7� PDVV
VSHFWURPHWHU� ZKLFK ZDV PRGLILHG WR HQDEOH JDV�SKDVH IOXRUHVFHQFH VSHFWURVFRS\ RI WKH WUDSSHG
LRQV� 7KLV QHZO\ PRGLILHG 4,7 HQDEOHV JDV�SKDVH IOXRUHVFHQFH H[SHULPHQWV ZLWK D KLJK
IOXRUHVFHQFH FROOHFWLRQ HIILFLHQF\ RI a��� $ �� ͐0 VROXWLRQ RI WKH ODEHOHG SHSWLGH ZDV
HOHFWURVSUD\HG LQ WKH DEVHQFH DQG SUHVHQFH RI �� ͐0 &X��� *DV�SKDVH IOXRUHVFHQFH VSHFWUD DQG
IOXRUHVFHQFH OLIHWLPH GHFD\ PHDVXUHPHQWV ZHUH VHSDUDWHO\ UHFRUGHG IRU WKH �� FKDUJH VWDWH RI
WKH ODEHOHG SHSWLGH ZLWK DQG ZLWKRXW ERXQG &X��� 7KH IOXRUHVFHQFH OLIHWLPHV FDQ DOVR EH XVHG WR
HVWLPDWH�GLVWDQFHV�

5HVXOWV� 7KH JRDO RI RXU VWXG\ LV WR SHUIRUP WP)5(7 LQ WKH JDV SKDVH DQG WR XVH LW DV D WRRO WR
XQGHUVWDQG WKH VWUXFWXUH RI JDVHRXV ELRPROHFXODU LRQV� 7KH JDV�SKDVH IOXRUHVFHQFH VSHFWUXP RI
WKH GRQRU DQG VROXWLRQ�SKDVH DEVRUEDQFH VSHFWUXP RI WKH DFFHSWRU VKRZ VLJQLILFDQW RYHUODS�
LQGLFDWLQJ WKH SRVVLELOLW\ RI WP)5(7� $ GHFUHDVH LQ JDV�SKDVH IOXRUHVFHQFH OLIHWLPH LQ WKH SUHVHQFH
RI DQ DFFHSWRU IXUWKHU FRQILUPV WKLV K\SRWKHVLV� 7KH IOXRUHVFHQFH OLIHWLPH RI WKH �� FKDUJH VWDWH RI
WKH ODEHOHG SHSWLGH ZDV IRXQG WR EH ��� QV LQ WKH DEVHQFH RI DQ DFFHSWRU EXW GHFUHDVHV WR ��� QV
ZKHQ FRPSOH[HG ZLWK &X��� 7KLV GHFUHDVH LQ IOXRUHVFHQFH OLIHWLPH LV FDXVHG E\ )5(7 EHWZHHQ
UKRGDPLQH ��� DQG &X��� )URP WKH PHDVXUHG IOXRUHVFHQFH OLIHWLPHV DQG HVWLPDWHG FULWLFDO )5(7
GLVWDQFH��WKH�GLVWDQFH�EHWZHHQ�WKH�G\H�DQG�WKH�&X���ZDV�FDOFXODWHG�WR�EH�����QP�

&RQFOXVLRQV� +HUH ZH SUHVHQW WKH ILUVW HYLGHQFH RI WP)5(7 LQ WKH JDV SKDVH� ,W GRHV QRW RQO\ DGG
D QHZ WRRO WR WKH DUVHQDO RI JDV�SKDVH VWUXFWXUDO ELRORJ\ EXW DOVR SURYLGHV DQ RSSRUWXQLW\ IRU PRUH
FKHPLFDOO\�FRQWUROOHG�WP)5(7�

>�@�&]DU��0��)��	�-RFNXVFK��5��$���&XUU��2SLQ��6WUXFW��%LRO����������������૱���
>�@ 7DUDVND� -� :�� 3XOMXQJ� 0� &� 	 =DJRWWD� :� 1�� 3URF� 1DWO� $FDG� 6FL� 8� 6� $�� ����� ����
�����૱������
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&RPELQHG�0DVV�6SHFWURPHWU\�%DVHG�6WXGLHV�RI�&HOOXODU�3URWHLQ�&RPSOH[HV�XQGHU
1DWLYH�&RQGLWLRQV�

0��1DXPHQNR���5��=HQREL�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���'HSDUWPHQW�RI�&KHPLVWU\�DQG
$SSOLHG�%LRVFLHQFHV��(7+�=XULFK��6ZLW]HUODQG

0DVV�VSHFWURPHWU\ �06� LV D SRZHUIXO PHWKRG IRU KLJK�WKURXJKSXW DQG UREXVW DQDO\VLV RI FHOOXODU
SURWHLQV DQG PHWDEROLWHV� 5HFHQW DGYDQFHV LQ QDWLYH 06 DOORZ WR KDYH VKRZQ WKDW LW LV SRVVLEOH WR
VWXG\ FHOOXODU SURWHLQV GLUHFWO\ IURP FHOO JURZWK PHGLXP XQGHU QDWLYH FRQGLWLRQV DQG WKXV WR JHW D
GHHSHU LQVLJKW LQWR FHOOXODU LQWHUDFWRPH SURFHVVHV >�@� 0RUHRYHU� FRXSOLQJ WKH 06�EDVHG QDWLYH
SURWHRPLF DQDO\VLV WR ��&�WUDFHU /&�06�06 PHWDEROLF VWXGLHV JLYHV DQ RSSRUWXQLW\ WR VFUHHQ WKH
HIIHFWV�RI�FHOOXODU�PHWDERORPH�DOWHUDWLRQV�RQ�WKH�SURWHLQ�LQWHUDFWLRQV�

+HUH ZH SUHVHQW D FRPELQHG SURWHRPLF�PHWDEROLF 06�EDVHG LQYHVWLJDWLRQ RI WKH LQDFWLYDWLRQ RI
1DWXUDO�.LOOHU�FHOOV�LQ�WXPRU�PLFURHQYLURQPHQW�

5HFRPELQDQW KXPDQ *U% ZDV H[SUHVVHG LQ WKH \HDVW 3LFKLD 3DVWRULV� 8SRQ H[SUHVVLRQ DQG
VHFUHWLRQ RI WKH SURWHLQ� WKH FHOO JURZWK PHGLD ZDV FROOHFWHG DQG FOHDUHG ZLWK FHQWULIXJDWLRQ� 7KH
UHVXOWLQJ VXSHUQDWDQW ZDV EXIIHU�H[FKDQJHG LQWR 06�FRPSDWLEOH EXIIHU� (DFK RI WKH SUHSDUHG
VDPSOHV ZDV VXSSOHPHQWHG ZLWK KHSDUDQ VXOIDWH�VHUJO\FLQ LQ WKH HVWLPDWHG FHOOXODU FRQFHQWUDWLRQ�
7KH HIIHFW RI GLIIHUHQW JO\FRO\WLF FRPSRXQGV RQ WKH IRUPDWLRQ DQG VWDELOLW\ RI *U% � KHSDUDQ
VXOIDWH�*U% � VHUJO\FLQ FRPSOH[HV ZDV LQYHVWLJDWHG RQ D FRPPHUFLDO 06 LQVWUXPHQW �6\QDSW *��
:DWHUV��

)RU PHWDERORPLF DQDO\VLV 1DWXUDO .LOOHU FHOOV ZHUH FR�FXOWXUHG ZLWK +&7��� KXPDQ FRORQ
FDUFLQRPD FHOOV LQ WKH SUHVHQFH RI WKH ��& �JOXFRVH PHGLXP� $IWHU WKH FR�FXOWXULQJ� FHOOV ZHUH
KDUYHVWHG DQG FHOOXODU PHWDEROLWHV ZHUH DQDO\VHG ERWK IURP WKH FHOOV DQG IURP WKH PHGLXP�
7DUJHWHG PHWDERORPLF DQDO\VLV ZDV SHUIRUPHG XVLQJ D KLJK�UHVROXWLRQ /&�06�06 PHWKRG >�@� 'DWD
DQDO\VLV�IRU���&�ODEHOOHG�PHWDEROLWH�SURILOLQJ�ZDV�GRQH�XVLQJ�WKH�;&DOLEXU�VRIWZDUH�

3UHOLPLQDU\ UHVXOWV RI WKH PHWDEROLF SURILOLQJ UHYHDO WKDW WKH JOXFRVH PHWDEROLVP RI 1DWXUDO .LOOHU
FHOOV XQGHUJRHV VXEVWDQWLDO FKDQJHV LQ WKH WXPRU PLFURHQYLURQPHQW� 7KH SURWHLQ DQDO\VLV VKRZV
WKDW WKHVH PHWDEROLF DOWHUDWLRQV DIIHFW WKH IRUPDWLRQ RI *U% � KHSDUDQ VXOIDWH�*U% � VHUJO\FLQ
FRPSOH[HV�UHVSRQVLEOH�IRU�WKH�DQWLWXPRU�DFWLYLW\�RI�WKH�1DWXUDO�.LOOHU�FHOOV�

>�@�6KD\�9LPHU��*LOL�%HQ�1LVVDQ��0LFKDO�6KDURQ��1DWXUH�SURWRFROV��������������������
>�@ $QGUHZ 3DOPHU� 3UDVDG 3KDSDOH� ,O\D &KHUQ\DYVN\ HW DO� )'5�FRQWUROOHG PHWDEROLWH DQQRWDWLRQ
IRU�KLJK�UHVROXWLRQ�LPDJLQJ�PDVV�VSHFWURPHWU\��1DW�0HWKRGV��������������૱����
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0XOWL�HOHPHQW�SDUWLFOH�GHWHFWLRQ�DQG�LQIRUPDWLRQ�JDLQ�IURP�SDUWLFOH�FOXVWHULQJ��$�FDVH
VWXG\�RI�ZDVWH�ZDWHU�WUHDWPHQW�SODQWV�DFURVV�6ZLW]HUODQG

.��0HKUDEL���5��.¦JL���$��*XQGODFK�*UDKDP���'��*¾QWKHU�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+��=XULFK��6ZLW]HUODQG���'HSDUWPHQW�RI
3URFHVV�(QJLQHHULQJ��(DZDJ��'¾EHQGRUI��6ZLW]HUODQG���'HSDUWPHQW�RI�&KHPLVWU\��,RZD�6WDWH

8QLYHUVLW\��$PHV��86$

6LQJOH�SDUWLFOH LQGXFWLYHO\ FRXSOHG SODVPD WLPH�RI�IOLJKW PDVV VSHFWURPHWHU �VS�,&3�72)06� LV D
SRZHUIXO WRRO IRU PXOWLSOH[ QDQRSDUWLFOH FKDUDFWHUL]DWLRQ� :LWK WKH FRPELQDWLRQ RI RQOLQH
PLFURGURSOHW FDOLEUDWLRQ� DQG XSWDNH VWDQGDUG � RQH FDQ PHDVXUH QDQRSDUWLFOH DOPRVW LQ WKH ZKROH
SHULRGLF WDEOH FRQVLGHULQJ OLPLW RI GHWHFWLRQ RQ LQGLYLGXDO HOHPHQWV� &RQYHQWLRQDO VS�,&3�72)06
DUH XVHU LQWHQVLYH DQG RQH WULHV WR ORRN LQWR GDWD WR ILQG SDUWLFOH DQG SDWWHUQ� EXW VXFK PHWKRG LV
WLPH�FRQVXPLQJ� QRW VFDODEOH DQG SURQH WR PLVV PDQ\ SDUWLFOH W\SHV� $SDUW IURP LWV DQDO\WLFDO
FKDOOHQJHV� TXHVWLRQ VWLOO UHPDLQV LV KRZ WR SHUIRUP PXOWL HOHPHQWDO SDUWLFOH DQDO\VLV DQG REWDLQ
IXUWKHU LQIRUPDWLRQ VXFK DV SDUWLFOHV VRXUFHV LQ WKH VDPSOH� +HUH ZH SUHVHQW D QHZ DSSURDFK WR
DQDO\]LQJ PXOWL�HOHPHQW VS�,&3�72)06 GDWD LQ RUGHU WR PHDVXUH SDUWLFOHV DOVR ILQG SRVVLEOH
FOXVWHUV RI PXOWL�HOHPHQW SDUWLFOHV LQ HDFK DQG DFURVV VDPSOHV� 6RPH FULWLFDO VWHS LQFOXGHV�
DXWRQRPRXVO\ ORRNLQJ IRU VLJQDO FRUUHVSRQGLQJ WR SDUWLFOHV LQ GDWD DQG FDOLEUDWH LW WR
FRUUHVSRQGLQJ PDVV RI SDUWLFOH XVLQJ RQOLQH PLFURGURSOHW FDOLEUDWLRQ� FRUUHFWHG IRU IDOVHO\ LQGLFDWHG
PXOWL�HOHPHQWDO SDUWLFOHV� DQG FOXVWHU WKHP WR VHSDUDWH JURXS EDVH RQ WKHLU HOHPHQWDO DQG PDVV
ILQJHUSULQW� $V FDVH VWXG\ DQDO\]HG ILYH GLIIHUHQW ZDVWHZDWHU WUHDWPHQW SODQWV �::73� LQIOXHQW DQG
HIIOXHQW DFURVV 6ZLW]HUODQG� ::73 VDPSOHV DUH FKRVHQ IRU WKHLU KLJK FRPSOH[LW\ DQG OLPLWHG
NQRZOHGJH DERXW WKHLU SDUWLFXODWH IUDFWLRQ� %HVLGHV ORRNLQJ DW LPSRUWDQW TXHVWLRQV VXFK DV KRZ
HIILFLHQW LV HDFK ::73 WR UHPRYH WKH SDUWLFOHV� ZH DOVR LQYHVWLJDWH WKH VRXUFH RI GLIIHUHQW
SDUWLFXODWH FRQWDPLQDQWV LQ VXFK VDPSOHV� $ YDULHW\ RI VLQJOH DQG PXOWL�HOHPHQWDO SDUWLFOHV ZHUH
GHWHFWHG DQG PHDVXUHG IRU WKHLU PDVV DQG FRQFHQWUDWLRQ� )XUWKHUPRUH� FOXVWHULQJ UHFRJQL]HG
VRPH FRQVHUYHG FODVVHV RI SDUWLFOH DFURVV GLIIHUHQW ::73 ZLWK QDWXUDO RULJLQ� 6RPH RWKHU FODVVHV
LQGLFDWHG�DV�DQWKURSRJHQLF�DQG�QHHG�IXUWKHU�PXOWLGLVFLSOLQDU\�HIIRUW�WR�ILQG�WKHLU�RULJLQ�

>�@ /\QGVH\ +HQGULNV� %HQLWD 5DPNRUXQ�6FKPLGW� $OH[DQGHU *XQGODFK�*UDKDP� -XOLDQ .RFK� 5REHUW
1� *UDVV� 1RUEHUW -DNXERZVNL� DQG 'HWOHI *¾QWKHU� -RXUQDO RI $QDO\WLFDO $WRPLF 6SHFWURPHWU\� �����
�����������
>�@ .DP\DU 0HKUDEL� 'HWOHI *¾QWKHU� DQG $OH[DQGHU *XQGODFK�*UDKDP� (QYLURQPHQWDO 6FLHQFH�
1DQR�������������������
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&KDUDFWHUL]DWLRQ�RI�DQ�([WUHPH�8OWUDYLROHW�+ROORZ�&DWKRGH�/DPS�E\�PHDQV�RI�3ODVPD
(PLVVLRQ�6SHFWURVFRS\

'��4X�����'��%OHLQHU���

�(03$��$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���'HSW��RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK���'HSW��RI
&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��6ZLW]HUODQG

7KH GHYHORSPHQW RI H[WUHPH XOWUDYLROHW �;89� VRXUFHV KDV HQDEOHG D UDQJH RI QHZ DSSOLFDWLRQV LQ
QDQR�VWUXFWXULQJ � DQG VSHFWURVFRS\ ���� 7KH TXDQWLWDWLYH FKDUDFWHUL]DWLRQ RI WKH ;89 HPLVVLRQ
IURP D SVHXGRSDUN KROORZ FDWKRGH ODPS �+&/� ZDV FDUULHG RXW ZLWK D VHOI�GHYHORSHG IODW�ILHOG
VSHFWURPHWHU IRU VXFK VKRUW ZDYHOHQJWK UDQJH� +RZHYHU� VSHFWUDO FDOLEUDWLRQ IRU ;89 VSHFWURVFRS\
LV FKDOOHQJLQJ� EHFDXVH WKH VKRUWHU ZDYHOHQJWKV VKRZ SRRU UHVROYLQJ SRZHU� 7KH IODW�ILHOG
ZDYHOHQJWK FDOLEUDWLRQ PHWKRG SUHVHQWHG WKH KLJKHVW DFFXUDF\ LQ WKH ;89 VSHFWURPHWHU DPRQJ
WKUHH DOWHUQDWLYH FDOLEUDWLRQ PHWKRGV� 7KH SODVPD GLDJQRVWLFV ZHUH FDUULHG RXW E\ XVLQJ WKH
FDOLEUDWHG VSHFWUD LQ WKH ZDYHOHQJWK UDQJH RI ����� QP IURP WKH GLVFKDUJHG ZRUN JDV LQ +&/� 7KH
HOHFWURQ WHPSHUDWXUHV RI WKH GLVFKDUJHG 1�� 2� DQG $U JDVHV LQ +&/ DUH LQ WKH UDQJH RI ����� H9�
0RUHRYHU� WKH LQWHQVLW\ RI WKH ;89 UDGLDWLRQ GHFUHDVHG ZLWK WKH LQFUHDVH RI ZRUN JDV SUHVVXUH� GXH
WR VHOI�DEVRUSWLRQ� )LQDOO\� D VHOI�GHYHORSHG RQH�KROH +&/ H[KLELWHG WKUHH RUGHUV RI PDJQLWXGH
KLJKHU HOHFWURQ GHQVLW\ �1H ���y���� FP��� FRPSDUHG WR WKH VWDWH�RI�WKH�DUW WKUHH�KROH +&/ GHVLJQ
�1H �����FP�����DV�GHWHUPLQHG�E\�PHDQV�RI�FROOLVLRQDO�UDGLDWLYH�PRGHOLQJ�

>�@ .� %HUJPDQQ DQG /� -XVFKNLQ� ૺ)XQGDPHQWDOV DQG OLPLWV IRU WKH (89 HPLVVLRQ RI SLQFK SODVPD
VRXUFHV�IRU�(89�OLWKRJUDSK\�7KRPDV�.U�XFNHQ�ૻ������
>�@ '� %OHLQHU� 0� 7� $� &DEDV� 9� $� :LFKVHU� DQG <� (� 5� $� 1� 7LZDUL� ૺ;89 ODVHU PDVV
VSHFWURPHWU\ IRU QDQR ૯ VFDOH �' HOHPHQWDO SURILOLQJ RI IXQFWLRQDO WKLQ ILOPV�ૻ $SSO� 3K\V� $� YRO�
�����QR�����SS���૱���������
>�@ 2� 6DPEDORYD HW DO�� ૺ;�UD\ DEVRUSWLRQ VSHFWURVFRS\ SURELQJ K\GURJHQ LQ PHWDOV�ૻ YRO� ������
SS���૱��������
>�@ <� $UEHOR� )� %DUEDWR� DQG '� %OHLQHU� ૺ+H�GRSHG SVHXGRVSDUN DV D KRPH�ODE ;89 VRXUFH
EH\RQG�WKH�EHDPWLPH�ERWWOHQHFN�ૻ�3ODVPD�6RXUFHV�6FL��7HFKQRO���YRO������QR�����SS���૱���������
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$QDO\WLFDO�6FLHQFHV��6KRUW�WDON $6����

)RUHQVLF�)ORDW�*ODVV�)UDJPHQW�DQDO\VLV�DQG�PDWFKLQJ�E\�PHDQV�RI�6LQJOH�3XOVH�/DVHU
$EODWLRQ�,QGXFWLYHO\�&RXSOHG�3ODVPD�7LPH�RI�)OLJKW�0DVV�6SHFWURPHWU\

3��%HFNHU�����'��*¾QWKHU�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���6ZLW]HUODQG���'HSDUWPHQW�RI
&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV

/DVHU DEODWLRQ LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ �/$�,&306� KDV EHHQ DQ HVWDEOLVKHG
PHWKRG IRU IRUHQVLF JODVV IUDJPHQW DQDO\VLV VLQFH WKH ����V� DV JODVV LV D FRPPRQ SLHFH RI
HYLGHQFH HQFRXQWHUHG LQ YDQGDOLVP� WUDIILF DFFLGHQWV RU EXUJODULHV�>�@ 7KH FXUUHQWO\ XVHG
TXDGUXSROH�EDVHG PHWKRG UHTXLUHV � DEODWLRQ VSRWV ZLWK �� wP GLDPHWHU� UHVXOWLQJ LQ UHTXLUHG
JODVV IUDJPHQWV WKDW DUH ELJJHU WKDQ ���[���[��� wP� ZKHUHDV FDVH VDPSOHV DUH RIWHQ
VPDOOHU�>�@ (VSHFLDOO\ WKH WKLFNQHVV RI D FDVH VDPSOH FDQ EH D OLPLWLQJ IDFWRU� PDNLQJ LW GLIILFXOW WR
REWDLQ�HQRXJK�GDWD�SRLQWV�WR�TXDQWLI\�WKH�HOHPHQWV�LQ�WKH�VDPSOH���

,Q WKLV ZRUN� D VLQJOH SXOVH TXDQWLILFDWLRQ PHWKRG IRU IORDW JODVV IUDJPHQWV LV LQWURGXFHG� $ ��� QP
$U) H[FLPHU ODVHU �*HR/DV&� /DPEGD 3K\VLN� *RHWWLQJHQ� *HUPDQ\� ZDV HTXLSSHG ZLWK D ORZ
GLVSHUVLRQ DEODWLRQ FHOO WR HQVXUH IDVW DHURVRO ZDVK RXW� 7KLV ZDV FRXSOHG ZLWK DQ ,&3�72)06
�LFS72)� 7RIZHUN� 7KXQ� 6ZLW]HUODQG� WR HQDEOH TXDVL�VLPXOWDQHRXV GHWHFWLRQ RI DOO HOHPHQWV IURP
1D WR 8 DQG DOORZ IRU D UHSUHVHQWDWLYH PHDVXUHPHQW RI WKH IDVW LRQ FORXG�>�@ $V D ILUVW SURRI RI
FRQFHSW� WKLV PHWKRG ZDV XVHG WR PDWFK DQG PLVPDWFK �� IUDJPHQWV IURP �� GLIIHUHQW FDVH
VDPSOHV� ZLWK D VDPSOH YROXPH UHTXLUHPHQW UHGXFWLRQ WR ���[���[�� wP� VKRZLQJ D UHGXFWLRQ RI
VDPSOH�PDWHULDO�IURP�DSSUR[�����wJ�WR�����wJ��ZKLOH�PDLQWDLQLQJ�VLPLODU�VXFFHVV���

7KH VLQJOH SXOVH DSSURDFK UHVXOWV LQ PRUH GDWD SRLQWV DQG RIIHUV PRUH VSDWLDO LQIRUPDWLRQ� DOORZLQJ
IRU�IXUWKHU�VWDWLVWLFDO�WUHDWPHQW�WKDW�ZDV�QRW�SRVVLEOH�SUHYLRXVO\�

>�@�5��-��:DWOLQJ��%��)��/\QFK�DQG�'��+HUULQJ��-��$QDO��$W��6SHFWURP����������������૱����
>�@ 3� :HLV� 0� '¾FNLQJ� 3� :DW]NH� 6� 0HQJHV DQG 6� %HFNHU� -� $QDO� $W� 6SHFWURP�� ����� ���
����૱�����
>�@ +� $� 2� :DQJ� '� *UROLPXQG� &� *LHVHQ� &� 1� %RUFD� -� 5� +� 6KDZ�6WHZDUW� %� %RGHQPLOOHU DQG
'��*¾QWKHU��$QDO��&KHP������������������૱������
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'LJLWDO�7UDQVIRUPDWLRQ�LQ�5HVHDUFK�/DERUDWRULHV

&��-DQVHQ�

�0HWWOHU�7ROHGR�*PE+��1¦QLNRQ

7KH &29,'��� FULVLV KDV DPSOLILHG WKH GLVFXVVLRQ DURXQG GLJLWDO WUDQVIRUPDWLRQ LQ PDQ\ VHJPHQWV
RI�RXU�VRFLHW\��LQFOXGLQJ�ODERUDWRU\�GRFXPHQWDWLRQ�DQG�FRPPXQLFDWLRQ�

/DERUDWRULHV RXWVLGH RI 3KDUPD *03 DUHDV PRVW RIWHQ GR QRW ZDQW WR SXW LQ WKH HIIRUW UHTXLUHG IRU
HTXLYDOHQW ZRUNIORZ YDOLGDWLRQ DQG GRFXPHQWDWLRQ DV LW LV SHUFHLYHG DV PDNLQJ GHYHORSPHQW
SURFHVVHV�VORZ��LQIOH[LEOH�DQG�PRUH�H[SHQVLYH�WKDQ�QHFHVVDU\��

2Q WKH RWKHU KDQG� UHSURGXFLELOLW\ RI VFLHQWLILF UHVXOWV LV LPSHUDWLYH� 7KLV LV RIWHQ KDUG WR DFKLHYH�
HVSHFLDOO\�ZKHQ�UHSURGXFLQJ�UHVXOWV�GHVFULEHG�LQ�VRPH�RI�WKH�ROGHU�VFLHQWLILF�SDSHUV��

1RQ�UHSURGXFLELOLW\ PD\ EH WKH UHVXOW RI D QRQ�FDOLEUDWHG DQDO\WLFDO V\VWHP� WUDQVFULSWLRQ HUURUV�
LQDGHTXDWH�PHDVXUHPHQW�XQFHUWDLQW\�FRQGLWLRQV�RU�HYHQ�IUDXG��

$ IHDVLEOH VWUDWHJ\ WR DYRLG WKHVH VFHQDULRV LV XWLOL]LQJ WKH �WHFKQLFDO FRQWUROV� XVHG IRU SKDUPD
SURFHVVHV WR HQVXUH FRPSOLDQW HOHFWURQLF UHFRUGV� EXW ZLWK UHGXFHG YDOLGDWLRQ GRFXPHQWDWLRQ
HIIRUW� 6XFK FRQWUROV HQIRUFH FDOLEUDWHG PHDVXUHPHQWV DQG VHDPOHVV HOHFWURQLF ZRUNIORZV� 7KH\
VLJQLILFDQWO\�UHGXFH�WKH�DPRXQW�RI�WUDQVFULSWLRQ�HUURUV�DQG�LPSURYH�WKH�GDWD�TXDOLW\���

�6PDUW FRPSRQHQWV� VXSSRUW VHDPOHVV ZRUNIORZV DQG SURYLGH SOXJ DQG SOD\ IXQFWLRQDOLW\� �$ZDUH
FRPSRQHQWV� FRPPXQLFDWH WKHLU LGHQWLW\ DORQJ ZLWK FHUWLILFDWHV DQG WROHUDQFHV WR WKH DQDO\WLFDO
LQVWUXPHQW� 7KH LQVWUXPHQW LV DEOH WR WUDQVIHU WKLV LQIRUPDWLRQ DORQJ ZLWK WKH PHDVXUHPHQW UHVXOWV
WR�D�UHVXOW�UHFRUG�IRU�IXOO�WUDFHDELOLW\�DQG�FRQILGHQFH�LQ�WKH�UHVXOWV�

$W 0(77/(5 72/('2� ZH KDYH PDQ\ VFLHQWLVWV ZRUNLQJ WR GHYHORS EHWWHU WRROV IRU DFWLYH VFLHQWLVWV
ZKR QHHG WR LQYHVW WKHLU HQHUJ\ LQ HIILFLHQW UHVHDUFK DQG QRW LQ WKH DGPLQLVWUDWLRQ RI SURFHVVHV
WKDW�FDQ�EH�DXWRPDWHG�
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$UVHQLF�VSHFLDWLRQ�LQ�PLFH�JXW�DIWHU�FKURQLF�H[SRVXUH�IURP�ULFH

7��&K£YH]�&DSLOOD���0��0XNKHUMHH���0��&ROO�&UHVSL���$��0HVWURW���6��+DSIHOPHLHU�

�,QVWLWXWH�RI�*HRJUDSK\��8QLYHUVLW\�RI�%HUQ��6ZLW]HUODQG���,QVWLWXWH�IRU�,QIHFWLRXV�'LVHDVHV�
8QLYHUVLW\�RI�%HUQ��6ZLW]HUODQG���,QVWLWXWH�RI�*HRJUDSK\��8QLYHUVLW\�RI�%HUQ��������%HUQ�
6ZLW]HUODQG���,QVWLWXWH�IRU�,QIHFWLRXV�'LVHDVHV��8QLYHUVLW\�RI�%HUQ��������%HUQ��6ZLW]HUODQG

$FFRUGLQJ WR WKH :RUOG +HDOWK 2UJDQL]DWLRQ� DUVHQLF �$V� LV RQH RI WKH WHQ SROOXWDQWV RI PDMRU
KHDOWK FRQFHUQ >�@� ZLWK PRUH WKDQ ��� PLOOLRQ SHRSOH ZRUOGZLGH EHLQJ DW ULVN RI $V H[SRVXUH IURP
WKHLU GLHW >�@� ,Q SDUWLFXODU� ULFH DFFXPXODWHV XS WR ��� ͐J Jಗ� RI $V� RI ZKLFK �� ૱ �� � FRUUHVSRQGV
DUVHQRXV DFLG �$V,,,� DQG DUVHQLF DFLG �$V9�� DQG WKH UHPDLQLQJ WR PHWK\ODUVRQLF DFLG �00$V9� DQG
GLPHWK\ODUVLQLF DFLG �'0$V9� >�� �� �@� $OWKRXJK DOO IRXU $V VSHFLHV DUH FODVVLILHG DV FDUFLQRJHQV E\
WKH ,QWHUQDWLRQDO $JHQF\ RI 5HVHDUFK LQ &DQFHU �,$5&� >�@� WKHLU VSHFLILF PRGHV RI WR[LF DFWLRQ DUH
VWURQJO\ UHODWHG WR WKHLU PHWDEROLWHV RQFH LQ WKH KXPDQ ERG\� 7KHVH PHWDEROLWHV FDQ LQFOXGH WKH
WKLRODWHG DQG UHGXFHG FRXQWHUSDUWV RI 00$V9 DQG '0$V9� ZKLFK DUH KLJKO\ XQVWDEOH DQG GLIILFXOW WR
H[WUDFW DQG DQDO\VH LQ DHURELF FRQGLWLRQV� 7KLV VWXG\ DLPV WR GHYHORS DQG RSWLPLVH DQDO\WLFDO
PHWKRGV IRU LQGXFWLYHO\ FRXSOHG SODVPD�PDVV VSHFWURPHWU\ �,&3�06� DQG KLJK�SHUIRUPDQFH OLTXLG
FKURPDWRJUDSK\�LQGXFWLYHO\ FRXSOHG SODVPD�PDVV VSHFWURPHWU\ �+3/&�,&3�06� WR PHDVXUH $V
FRQFHQWUDWLRQV DQG LGHQWLI\ GLIIHUHQW $V VSHFLHV LQ VPDOO FRPSOH[ ELRORJLFDO PDWULFHV� :H DFKLHYHG
/2' YDOXHV UDQJLQJ IURP ���� WR ���� ͐J NJಗ� DQG VXFFHVVIXOO\ RYHUFDPH WKH PDWUL[ HIIHFWV RI KLJK
FDUERQ FRQWHQW VDPSOHV RQ WKH SODVPD VWDELOLW\� $GGLWLRQDOO\� ZH GHYHORSHG DQ H[WUDFWLRQ
SURFHGXUH XQGHU DQDHURELF FRQGLWLRQV DQG RSWLPLVHG DQ $V VSHFLDWLRQ PHWKRG EDVHG RQ SUHYLRXVO\
SXEOLVKHG ZRUNV >�� �� �@� 7R WHVW WKH PHWKRG LQ UHDO VDPSOHV� VSHFLILF SDWKRJHQ IUHH �63)� PLFH
ZHUH IHG ULFH�FRQWDLQLQJ FKRZ GLHWV DW YDU\LQJ FRQFHQWUDWLRQV RI LQRUJDQLF DQG RUJDQLF $V VSHFLHV�
$IWHU VHYHQ ZHHNV RI FKURQLF $V H[SRVXUH� PLFH ZHUH HXWKDQL]HG DQG DOO JXW FRQWHQWV DQG NH\
RUJDQV LQYROYHG LQ $V PHWDEROLVP ZHUH UHPRYHG� H[WUDFWHG DQG DQDO\VHG� 2XU UHVXOWV VKRZ WKH
HIILFLHQW VHSDUDWLRQ DQG LGHQWLILFDWLRQ RI WHQ $V VSHFLHV LQFOXGLQJ WKH XQVWDEOH WKLRODWHG DQG
WULYDOHQW RUJDQLF DUVHQLF VSHFLHV� 7KHVH PHWKRGV DUH LQGLVSHQVDEOH WR JDLQ UHOLDEOH LQVLJKWV LQWR
WKH�PLFURELDO�PHGLDWHG�WUDQVIRUPDWLRQV�RI�$V�IURP�WKH�GLHW�LQ�PDPPDOV�

>�@�:RUOG�+HDOWK�2UJDQL]DWLRQ��([SRVXUH�WR�$UVHQLF��$�0DMRU�+HDOWK�&RQFHUQ�������
>�@ -RHO (� 3RGJRUVNL� 6\HG $OL 0XVVWMDE $NEHU 6KDK (TDQL� 7DVDZDU .KDQDP� 5L]ZDQ 8OODK� +HTLQJ
6KHQ�DQG�0LFKDHO�%HUJ��6FLHQFH�$GYDQFHV��������������H��������
>�@�%DGDO�.XPDU�0DQGDO�DQG�.D]XR�7��6X]XNL��7DODQWD�����������������������
>�@�.HYLQ�)UDQFHVFRQL��3XUH�DQG�$SSOLHG�&KHPLVWU\�����������������������
>�@ :LOOLDP 0DKHU� 6LPRQ )RVWHU� )UDQN .ULNRZD� (OL]DEHWK 'RQQHU DQG (Q]R /RPEL� (QYLURQPHQWDO
6FLHQFH�DQG�7HFKQRORJ\����������������������
>�@ %DRZHL &KHQ� )HQJOLQ &DR� &KXQJDQJ <XDQ� ;LXIHQ /X� 6KHQJZHQ 6KHQ� -LQ =KRX DQG ;� &KLV /H�
$QDO\WLFDO�DQG�%LRDQDO\WLFDO�&KHPLVWU\��������������������������
>�@ %DRZHL &KHQ� ;LXIHQ /X� /RUD /� $UQROG� 6DPXHO 0� &RKHQ DQG ;� &KULV /H� &KHPLFDO 5HVHDUFK LQ
7R[LFRORJ\����������������������
>�@ %DRZHL &KHQ� )HQJOLQ &DR� ;LXIHQ /X� 6KHQJZHQ 6KHQ� -LQ =KRX DQG ;� &KLV /H� 7DODQWD� �����
���������������
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$QDO\]LQJ�JO\FDQV�FOHDYHG�IURP�D�ELRWKHUDSHXWLF�SURWHLQ�XVLQJ�XOWUDKLJK�UHVROXWLRQ�LRQ
PRELOLW\�VSHFWURPHWU\�WRJHWKHU�ZLWK�FU\RJHQLF�LRQ�VSHFWURVFRS\

1��<DORYHQNR���9��<DWV\QD���3��%DQVDO���7��5��5L]]R�

�(3)/��/DERUDWRU\�RI�0ROHFXODU�3K\VLFDO�&KHPLVWU\��/DXVDQQH���(3)/��/DERUDWRU\�RI�0ROHFXODU
3K\VLFDO�&KHPLVWU\

%LRWKHUDSHXWLFV DUH D UDSLGO\ LQFUHDVLQJ SDUW RI WKH WRWDO SKDUPDFHXWLFDO PDUNHW� DQG PRVW RI WKHVH
DUH JO\FRSURWHLQV� 7KH JO\FDQ PRLHWLHV FRYDOHQWO\ DWWDFKHG WR D WKHUDSHXWLF SURWHLQ DIIHFW LWV
ELRORJLFDO DFWLYLW\� VWDELOLW\� DQG VDIHW\� $V D FRQVHTXHQFH� 1�JO\FRV\ODWLRQ LV FRQVLGHUHG DV D
FULWLFDO TXDOLW\ DWWULEXWH �&4$� WKDW UHTXLUHV DQ DGHTXDWH DQDO\WLFDO DSSURDFK WR FHUWLI\ SURGXFW
TXDOLW\� ,W LV FUXFLDO WR DQDO\]H JO\FRIRUPV WR PRQLWRU WKH EDWFK�WR�EDWFK YDULDELOLW\ LQ WKHUDSHXWLF
JO\FRSURWHLQ SURGXFWLRQ DQG FRPSDUH ELRVLPLODUV ZLWK WKHLU RULJLQDWRUV� 7KH LVRPHULF FRPSOH[LW\
DQG EUDQFKHG VWUXFWXUH RI 1�JO\FDQV VWLOO UHPDLQV D FHQWUDO DQDO\WLFDO FKDOOHQJH� 0RGHUQ
K\SKHQDWHG WHFKQLTXHV FRPELQHG ZLWK FU\RJHQLF LQIUDUHG VSHFWURVFRS\ VKRZ SRWHQWLDO WR
GLVWLQJXLVK�JO\FDQV�XQDPELJXRXVO\�

,Q WKLV ZRUN� ZH GHPRQVWUDWH D ZRUNIORZ IRU 1�JO\FDQ SURILOLQJ RI D ELRWKHUDSHXWLF SURWHLQ� :H ILUVW XVHG
31JDVH ) WR GHJO\FRV\ODWH (WDQHUFHSW RU 71)5�)F �7XPRU QHFURVLV IDFWRU UHFHSWRU OLQNHG WR WKH )F SRUWLRQ
RI KXPDQ ,J*��� ZKLFK LV XVHG LQ WUHDWLQJ UKHXPDWRLG DUWKULWLV� :H PRQLWRUHG WKH HIILFLHQF\ RI WKH
HQ]\PDWLF GLJHVWLRQ E\ 83/& DQG SXULILHG WKH 1�JO\FDQV IURP VDOWV� GHWHUJHQWV� DQG SHSWLGHV� XVLQJ &��
DQG SRURXV JUDSKLWLF FDUERQ FDUWULGJHV� :H WKHQ FKDUDFWHUL]HG WKH 1�OLQNHG JO\FDQV XVLQJ D
PXOWLGLPHQVLRQDO DSSURDFK WKDW FRPELQHV XOWUDKLJK�UHVROXWLRQ LRQ PRELOLW\ VSHFWURPHWU\ �,06� DQG
FU\RJHQLF� PHVVHQJHU�WDJJLQJ� YLEUDWLRQDO VSHFWURVFRS\� 2QH H[SHULPHQW SURYLGHV WKH PDVV� GULIW WLPH�
DQG ,5 ILQJHUSULQW VSHFWUXP RI HDFK RI 1�JO\FDQV� 7KH UHFRUGHG YLEUDWLRQDO VSHFWUD GHPRQVWUDWH ZHOO�
UHVROYHG WUDQVLWLRQV LQ D ZDYHQXPEHU UHJLRQ ZKHUH IUHH DQG ZHDNO\ K\GURJHQ�ERQGHG 2+ RVFLOODWRUV
DSSHDU� DQG WKHVH FDQ EH XVHG DV D ILQJHUSULQW WR LGHQWLI\ D SDUWLFXODU JO\FDQ� :H LGHQWLI\ WKH FOHDYHG
JO\FDQV E\ FRPSDULQJ WKHLU VSHFWUD DQG DUULYDO WLPH GLVWULEXWLRQV �$7'V� WR D WDUJHWHG GDWDEDVH WKDW ZH
FUHDWHG EDVHG RQ VWDQGDUGV RI WKH DERYH�PHQWLRQHG JO\FDQV� 7KH DGYDQWDJH RI ,06 RYHU FXUUHQW
WHFKQLTXHV LV WKDW LW SURYLGHV DOO WKH LQIRUPDWLRQ DERXW WKH SRVVLEOH LVRPHUV RI 1�JO\FDQV DQG KDV QR QHHG
IRU D FKURPRSKRUH� $SDUW IURP PDNLQJ VDPSOH SUHSDUDWLRQ WLPH VKRUWHU DQG VLPSOHU� RXU WHFKQLTXH DOORZV
JO\FDQ�LGHQWLILFDWLRQ�LQ�DV�OLWWOH�DV���PLQXWHV�

7KLV ZRUN UHSUHVHQWV DQ LPSRUWDQW DGYDQFH LQ WKH JDV�SKDVH DQDO\VLV RI 1�JO\FDQV FOHDYHG IURP
ELRSKDUPDFHXWLFDO�SURWHLQV��ZKLFK�FDQ�EH�XVHG�DV�ILQJHUSULQWLQJ�WRRO�IRU�PRQLWRULQJ�JO\FRIRUPV�

�
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$QDO\WLFDO�6FLHQFHV��6KRUW�WDON $6����

(OHFWURQ�LPSDFW��KLJK�UHVROXWLRQ�PDVV�VSHFWURPHWU\�IRU�QRQ�WDUJHWHG�DQDO\VLV�RI�WKH
DWPRVSKHUH

0��*XLOOHYLF���0��.��9ROOPHU���$��*XLOOHYLF���0��+LOO���3��6FKODXUL���6��5HLPDQQ���/��(PPHQHJJHU�

�/DERUDWRU\�IRU�$LU�3ROOXWLRQ�DQG�(QYLURQPHQWDO�7HFKQRORJ\��(PSD��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU
0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��&+������'¾EHQGRUI��6ZLW]HUODQG���8QLYHUVLW«�GH�/RUUDLQH�

&156��,QULD��/25,$��)�������1DQF\��)UDQFH

2YHU ��� DQWKURSRJHQLF KDORJHQDWHG FRPSRXQGV DUH NQRZQ WR EH SUHVHQW LQ WKH DWPRVSKHUH>�@�
PDQXIDFWXUHG PRVWO\ DV UHIULJHUDQWV� RU IRDP EORZLQJ DJHQWV� 7KH\ DUH SRWHQW JUHHQKRXVH JDVHV
DQG�PDQ\�DUH�R]RQH�GHSOHWLQJ�VXEVWDQFHV�

7R VHDUFK IRU HPHUJLQJ KDORJHQDWHG JDVHV UHOHYDQW IRU FOLPDWH RU DLU TXDOLW\� VXVSHFW DSSURDFKHV
DUH VWLOO PRVWO\ XVHG� L�H� WR VFUHHQ DLU VDPSOHV EDVHG RQ SULRU NQRZOHGJH RQ VXEVWDQFHV QHZO\
SURGXFHG E\ LQGXVWU\>�@� $ UDGLFDOO\ GLIIHUHQW DSSURDFK LV QRQ�WDUJHW VFUHHQLQJ� WR VHDUFK LQ D
VDPSOH IRU DOO SUHVHQW VXEVWDQFHV� VXVSHFWHG DQG XQNQRZQ� ZLWK YHU\ OLWWOH SULRU NQRZOHGJH DERXW
WKH VDPSOH� 6XFK DSSURDFKHV KDYH EHHQ LQWURGXFHG DOUHDG\ PRUH WKDQ D GHFDGH DJR LQ WKH ILHOG RI
H�J� ZDWHU DQDO\VLV� EXW DUH VWLOO YHU\ VFDUFH LQ WKH ILHOG RI LQGRRU DQG DPELHQW WUDFH JDV
PHDVXUHPHQWV��GHVSLWH�WKH�XUJHQW�QHHG�IRU�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�FRPSRVLWLRQ�RI�WKH�DLU�

,Q DWPRVSKHULF PHDVXUHPHQWV� VR IDU WKH LQVWUXPHQW RI FKRLFH IRU WDUJHW VFUHHQLQJ RI PDQ\
FRPSRXQGV LQ WKH VDPH VDPSOH LV SUHFRQFHQWUDWLRQ� JDV FKURPDWRJUDSK\ VHSDUDWLRQ� DQG HOHFWURQ
LPSDFW �(,� LRQLVDWLRQ IROORZHG E\ PDVV VSHFWURPHWU\ �06� GHWHFWLRQ� 5HFHQWO\� KLJK�UHVROXWLRQ 06
�+506��XVLQJ�WKH�WLPH�RI�IOLJKW��72)��GHWHFWLRQ�KDV�EHHQ�LQWURGXFHG�IRU�DLU�PHDVXUHPHQWV�

+HUH� ZH SUHVHQW D QHZ DQG LQQRYDWLYH PHWKRG WR LGHQWLI\ XQNQRZQ VXEVWDQFHV GHWHFWHG LQ
'¾EHQGRUI DPELHQW DLU XVLQJ *&�(,�+5�72)�06� :H GHYHORSHG DQ DOJRULWKP FRPELQLQJ WKH
LGHQWLILFDWLRQ RI DWRP DVVHPEODJH IRU WKH GHWHFWHG IUDJPHQWV DQG WKH UHFRQVWUXFWLRQ RI D SVHXGR�
IUDJPHQWDWLRQ WUHH� OLQNLQJ IUDJPHQWV EHORQJLQJ WR WKH VDPH VXEVWDQFH� 7KLV PDNHV SRVVLEOH WR
LGHQWLI\ VXEVWDQFHV IRU ZKLFK QR PDVV VSHFWUXP LV UHJLVWHUHG LQ GDWDEDVHV� :H ZLOO SUHVHQW
PHWKRG SHUIRUPDQFH FKDUDFWHULVWLFV IRU YDULRXV W\SHV RI FKHPLFDO VXEVWDQFHV� LQ SDUWLFXODU
KDORJHQDWHG�VXEVWDQFHV�

>�@�3ULQQ�5���(DUWK�6\VW��6FL��'DWD���������������������
>�@�9ROOPHU�0�.���(QYLURQ��6FL��7HFKQRO�������������������������
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+LJKO\�VHQVLWLYH��VSDWLDOO\�UHVROYHG����7K૱���7K૱���8૱���8�DQDO\VLV�XVLQJ�/$�,&306

&��:X���&��6KHQ���'��*¾QWKHU���%��+DWWHQGRUI�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK��6ZLW]HUODQG���'HSDUWPHQW�RI
*HRVFLHQFHV��1DWLRQDO�7DLZDQ�8QLYHUVLW\

8�7K GDWLQJ LV IUHTXHQWO\ XVHG WR GHWHUPLQH WKH WLPLQJ RI (DUWKV JHRORJLFDO� HQYLURQPHQWDO� DQG
ELRWLF SURFHVVHV IURP PDWHULDOV IRUPHG D IHZ \HDUV LQ WKH SDVW WR RYHU ��� WKRXVDQG \HDUV �N\V�
DJR >�@� /DVHU DEODWLRQ�LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ �/$�,&306� FRXOG SURYLGH
DGYDQWDJHV RI UDSLG� LQ�VLWX� DQG VSDWLDOO\ ODWHUDO VFDOH RI ��૱��� ͐P IRU 8�7K GDWLQJ� +RZHYHU� WKH
ORZ DEXQGDQFH RI ���7K LQ PRVW VDPSOHV WRJHWKHU ZLWK LQWHU�HOHPHQW IUDFWLRQDWLRQ HIIHFWV KDYH
UHVWULFWHG WKH XVH RI /$�,&306 IRU 8�7K GDWLQJ DSSOLFDWLRQV DQG RQO\ D IHZ VWXGLHV KDYH EHHQ
SXEOLVKHG�XQWLO�WRGD\�>�@�

+HUH ZH SUHVHQW D VHQVLWLYH DQG TXDQWLWDWLYH PHWKRG IRU WKH GHWHUPLQDWLRQ RI 7K DQG 8 LVRWRSH
UDWLRV YLD ODVHU DEODWLRQ�LQGXFWLYHO\ FRXSOHG SODVPD�VHFWRU ILHOG�PDVV VSHFWURPHWU\ �/$�,&3�6)�06��
,W HPSOR\V D VWUDWHJ\ RI VROXWLRQ�EDVHG ����7K����8����8� VSLNH DGGLWLRQ >�@ IRU WKH QRUPDOL]DWLRQ RI
PDVV GLVFULPLQDWLRQ DQG HOHPHQW IUDFWLRQDWLRQ HIIHFWV� $ ZHOO FKDUDFWHUL]HG 8�7K VSLNH LV DGGHG WR
WKH ODVHU JHQHUDWHG DHURVRO E\ PHDQV RI D GHVROYDWLQJ QHEXOL]HU� 7KH ���8 DQG ���8 LQWHQVLW\ SDLU LV
XVHG WR FRUUHFW IRU YDULDWLRQV LQ PDVV GLVFULPLQDWLRQ GXULQJ ODVHU DEODWLRQ VDPSOLQJ� ZKLOH WKH ���7K
DQG ���8 SDLU PRQLWRUV DQG FRUUHFWV IRU FKDQJHV LQ WKH ���8����7K DQG ���8����7K VHQVLWLYLW\ UDWLRV�
7KXV LQVWUXPHQWDO DUWLIDFWV FDQ EH HIIHFWLYHO\ UHGXFHG DQG DJH GHWHUPLQDWLRQ FRXOG EH LPSURYHG
DV�ZHOO�

$ KLJK�VHQVLWLYLW\ ,&306 ZLWK MHW�LQWHUIDFH VHWXS� ZKLFK SURYLGHV D VLJQLILFDQWO\ GHWHFWLRQ HIILFLHQF\
HQKDQFHG� DSSURDFKLQJ D XVHIXO \LHOG RI ��� ZDV DSSOLHG IRU WKHVH H[SHULPHQWV� 7KHUHE\
VXIILFLHQWO\ KLJK VLJQDO LQWHQVLWLHV FDQ EH DFKLHYHG HYHQ IRU WKH FULWLFDO LVRWRSH ���7K LQ D UHDO IRVVLO
VWDODJPLWH ZLWK UHSRUWHG DJHV RI ��� N\V >�@� 7KH HIILFDF\ RI LQWHU�HOHPHQW� PDVV GLVFULPLQDWLRQ�
WDLOLQJ� DQG EDVHOLQH FRUUHFWLRQV ZHUH FULWLFDOO\ HYDOXDWHG DQG RSWLPL]HG� 7KLV DSSURDFK DOORZV IRU
WKH UHYHODWLRQ RI DFFXUDWH DJH SURILOHV LQ YDULRXV PDWHULDOV DQG FDUERQDWHV LQ SDUWLFXODU� DQG ZLOO EH
DSSOLFDEOH WR GLYHUVH ILHOGV VXFK DV SDOHRFOLPDWRORJ\� RFHDQRJUDSJ\� JHRPDJQHWLFV� DQG
DUFKDHRORJ\�

>�@�-LDQ�[LQ�=KDR��.H�IX�<X��<XH�[LQJ�)HQJ��4XDWHUQDU\�*HRFKURQRORJ\�������������������
>�@ 6WHYHQ -� *ROGVWHLQ� &ODXGLQH +� 6WLUOLQJ� 5HYLHZV LQ 0LQHUDORJ\ DQG *HRFKHPLVWU\� ����� ���
������
>�@�+DL�&KHQJ�HW�DO���(DUWK�DQG�3ODQHWDU\�6FLHQFH�/HWWHUV�������������������
>�@�7LQJ�<RQJ�/L�HW�DO���&OLPDWH�RI�WKH�3DVW����������������������
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4XDQWLWDWLYH�DQG�VHQVLWLYH�HOHPHQWDO�DQDO\VLV�XVLQJ�D�QRYHO�KLJK�PDVV�UHVROXWLRQ�ODVHU
DEODWLRQ�LRQL]DWLRQ�PDVV�VSHFWURPHWHU

&��3��GH�.RQLQJ���$��5LHGR���9��*ULPDXGR���0��7XOHM���5��/XNPDQRY���1��)��/LJWHULQN���3��:XU]�

�8QLYHUVLW\�RI�%HUQ��3K\VLFV�,QVWLWXWH��6SDFH�5HVHDUFK�DQG�3ODQHWDU\�6FLHQFHV���8QLYHUVLW\�RI�%HUQ�
&HQWHU�IRU�6SDFH�DQG�+DELWDELOLW\

$FFXUDWH TXDQWLWDWLYH HOHPHQWDO DQDO\VLV RI VROLG VDPSOHV KDV KLJKO\ LPSRUWDQW DSSOLFDWLRQV LQ
YDULRXV VFLHQWLILF DQG LQGXVWULDO ILHOGV� UDQJLQJ IURP SODQHWDU\ VFLHQFHV� WR PDWHULDO VFLHQFHV� WR WKH
VHPLFRQGXFWRU LQGXVWU\� $VSHFWV W\SLFDOO\ RI LQWHUHVW UDQJH IURP HOHPHQWV SUHVHQW DW WKH PLQRU
�SHU PLOOH WR SSP� DQG WUDFH �SSP DQG EHORZ� OHYHO �H�J� WKH SUHVHQFH RI WR[LF KHDY\ PHWDOV LQ
FRQVXPHU SURGXFWV�� WR GLVWULEXWLRQ RI PDMRU� PLQRU DQG WUDFH HOHPHQWV WKURXJKRXW WKH PDWHULDO
�H�J�� WKH VSDWLDO GLVWULEXWLRQ RI GLIIHUHQW PHWDOOLF VSHFLHV LQ DOOR\V�� WR ORFDOO\ HQKDQFHG
FRQFHQWUDWLRQV IRU HOHPHQWV LQ FKHPLFDOO\ KHWHURJHQHRXV VDPSOHV �H�J� PLFURIRVVLOV HPEHGGHG LQ
JHRORJLFDO KRVW PDWHULDO�� $FFXUDWH LGHQWLILFDWLRQ RI DOO WKHVH DVSHFWV UHOLHV� WR D FHUWDLQ H[WHQW� RQ
WKH�DSSOLHG�PHDVXUHPHQW�WHFKQLTXHV�RIIHULQJ�VSDWLDOO\�UHVROYHG�FKHPLFDO�DQDO\VLV�

:LWK WKH HPHUJHQFH RI VWDEOH IV ODVHU V\VWHPV� ODVHU DEODWLRQ KDV SURYHQ WR EH D KLJKO\ VXLWDEOH
WHFKQLTXH IRU GLUHFW SURELQJ RI VROLG VDPSOHV ZLWK KLJK VSDWLDO UHVROXWLRQ DW WKH PLFURPHWHU OHYHO
DQG EHORZ� 7KH ZLGHVSUHDG XVH RI /DVHU $EODWLRQ ,QGXFWLYHO\ &RXSOHG 3ODVPD 0DVV 6SHFWURPHWU\
�/$�,&3�06� DQG /DVHU ,QGXFHG %UHDNGRZQ 6SHFWURVFRS\ �/,%6� DWWHVWV WR WKLV� +RZHYHU� ERWK
WHFKQLTXHV KDYH WKHLU DGYDQWDJHV DQG GUDZEDFNV� 2QH PDMRU DGYDQWDJH RI /,%6 LV WKH FDSDELOLW\ WR
GR VWDQGRII PHDVXUHPHQWV VHYHUDO PHWHUV DZD\ IURP WKH WDUJHW� +RZHYHU� LW LV XVXDOO\ GHVFULEHG
DV EHLQJ VHPL�TXDQWLWDWLYH DQG VKRZV OLPLWHG GHWHFWLRQ VHQVLWLYLWLHV IRU FHUWDLQ HOHPHQWV�� /$�,&3�
06� RQ WKH RWKHU KDQG� LV KLJKO\ VHQVLWLYH �GHWHFWLRQ OLPLWV DW WKH SSP OHYHO DQG EHORZ� DQG
TXDQWLWDWLYH� EXW VXIIHUV IURP QRQ�VWRLFKLRPHWULF SURFHVVHV� OHDGLQJ WR HOHPHQWDO IUDFWLRQDWLRQ��
7KLV FRPSOLFDWHV DQDO\VLV E\ UHTXLULQJ PDWUL[�PDWFKHG VWDQGDUGV IRU DFFXUDWH TXDQWLWDWLYH
DQDO\VLV� /DVHU $EODWLRQ ,RQL]DWLRQ 0DVV 6SHFWURPHWU\ �/,06� SDUWLDOO\ DGGUHVVHV WKH LVVXH RI
HOHPHQW IUDFWLRQDWLRQ� E\ HOLPLQDWLQJ VHYHUDO NQRZQ VRXUFHV RI HOHPHQWDO IUDFWLRQDWLRQ �H�J�
WUDQVSRUW RI DHURVRO SDUWLFOHV WR WKH ,&3� DQG YDSRUL]DWLRQ� DWRPL]DWLRQ� DQG LRQL]DWLRQ ZLWKLQ WKH
,&3�� DQG FDQ WKXV EH H[SHFWHG WR UHO\ OHVV RQ XVH RI PDWUL[�PDWFKHG VWDQGDUGV IRU DFFXUDWH
DQDO\VLV� +RZHYHU� /,06 DQDO\VLV LV RIWHQ FRPSOLFDWHG E\ WKH SUHVHQFH RI LVREDULF LQWHUIHUHQFHV LQ
WKH PDVV VSHFWUD� ZKLFK FDQQRW EH UHVROYHG GXH WR UHODWLYHO\ ORZ PDVV UHVROXWLRQ RI WKH PDVV
DQDO\]HU�V\VWHPV�DSSOLHG�LQ�FRPELQDWLRQ�ZLWK�/,06�VR�IDU�

5HFHQWO\ ZH GHVLJQHG DQG FRQVWUXFWHG D QRYHO ODERUDWRU\�VFDOH /,06 V\VWHP DW WKH 8QLYHUVLW\ RI
%HUQ� WKH /DVHU 0DVV 6SHFWURPHWHU ૺ*UDQ 7XULVPRૻ �/06 *7� LQVWUXPHQW� 7KH V\VWHP ZDV
GHVLJQHG DQG GHYHORSHG VSHFLILFDOO\ WR DGGUHVV WKH LVVXH RI LVREDULF LQWHUIHUHQFHV� 7KLV /,06
V\VWHP FRPSULVHV D IHPWRVHFRQG ODVHU V\VWHP ���� QP� a��� IV� � N+]� DV DEODWLRQ DQG LRQL]DWLRQ
VRXUFH DQG D GRXEOH�UHIOHFWURQ WLPH�RI�IOLJKW PDVV VSHFWURPHWHU ZLWK D WRWDO IOLJKWSDWK OHQJWK RI
a� P� 7KH LQVWUXPHQW KDV SUHYLRXVO\ EHHQ VKRZQ WR EH FDSDEOH RI DQDO\VLV ZLWK KLJK ODWHUDO
UHVROXWLRQ �PLFURPHWHU UDQJH�� ORZ OLPLWV RI GHWHFWLRQ �SSP UDQJH DQG EHORZ�� DQG KLJK PDVV
UHVROXWLRQ �P�̩P H[FHHGLQJ �� ������ ,Q WKLV FRQWULEXWLRQ� WKH FDSDELOLWLHV RI WKH /06 *7 WR
FRQGXFW DFFXUDWH TXDQWLWDWLYH DQDO\VLV EDVHG RQ D ODUJH VWXG\ FRQGXFWHG RQ VHYHUDO 1,67 650
VWHHO VWDQGDUGV ZLOO EH GLVFXVVHG� 7KH GLVFXVVLRQ ZLOO FRYHU GLIIHUHQW DVSHFWV� LQFOXGLQJ WKH
LPSRUWDQFH RI KLJK G\QDPLF UDQJH LQ DFTXLVLWLRQ� DGDSWDWLRQV WR RXU DQDO\VLV VRIWZDUH WR
DFFRPPRGDWH WKH GDWD SURGXFHG E\ /06 *7� WKH LQIOXHQFH RI WKH DFKLHYHG PDVV UHVROXWLRQ RQ
PDVV GHWHUPLQDWLRQ DFFXUDF\ DQG TXDQWLILFDWLRQ DFFXUDF\� DQG WKH REVHUYHG HOHPHQW
IUDFWLRQDWLRQ� &RPELQHG� WKHVH DVSHFWV ZLOO DOORZ PDNLQJ DQ LQ�GHSWK DVVHVVPHQW RQ WKH
FDSDELOLWLHV RI RXU /06 *7� DQG LWV FRQVLGHUDEOH SRWHQWLDO IRU VSDWLDOO\ UHVROYHG FKHPLFDO DQDO\VLV RI
VROLGV�

>�@�'��+DKQ��1��2PHQHWWR��$SSOLHG�6SHFWURVFRS\��������������������



>�@�-��.RFK��*��'HWOHI��LQ�(QF\FORSHGLD�RI�6SHFWURVFRS\�DQG�6SHFWURPHWU\����������������
>�@ 5� :LHVHQGDQJHU� 9� *ULPDXGR� 0� 7XOHM� $� 5LHGR� 5� /XNPDQRY� 1� /LJWHULQN� 5� )DXVK� +� 6KDH�
3��:XU]��-RXUQDO�RI�$QDO\WLFDO�$WRPLF�6SHWURPHWU\���������������������
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8VLQJ�6/,0�EDVHG�,06�,06�WRJHWKHU�ZLWK�FU\RJHQLF�LQIUDUHG�VSHFWURVFRS\�IRU�JO\FDQ
DQDO\VLV

3��%DQVDO���9��<DWV\QD���$��$EL�.KRUGU���6��:DUQNH���$��%HQ�)DOHK���1��<DORYHQNR���9��:\VRFNL���7��5�
5L]]R�

�(3)/��/DERUDWRU\�RI�0ROHFXODU�3K\VLFDO�&KHPLVWU\����7KH�2KLR�6WDWH�8QLYHUVLW\��&ROXPEXV

7KH LQKHUHQW VWUXFWXUDO FRPSOH[LW\ RI JO\FDQV SRVHV D PDMRU FKDOOHQJH IRU WKHLU DQDO\VLV� 7DQGHP
PDVV VSHFWURPHWU\ �06Q� FRPELQHG ZLWK LRQ PRELOLW\ PDVV VSHFWURPHWU\ �,0�06� LV D SRZHUIXO
WHFKQLTXH IRU LGHQWLILFDWLRQ DQG FKDUDFWHUL]DWLRQ RI JO\FDQV� EXW XQDPELJXRXV LGHQWLILFDWLRQ RI
LVRPHUV ZLWK VXEWOH GLIIHUHQFHV UHPDLQV D JHQHUDO FKDOOHQJH� &U\RJHQLF ,5 VSHFWURVFRS\ SURYLGHV D
XQLTXH YLEUDWLRQDO ILQJHUSULQW WKDW LV H[WUHPHO\ VHQVLWLYH WR JO\FDQ VWUXFWXUH� ,Q WKH SUHVHQW ZRUN�
ZH SURSRVH D QHZ DSSURDFK WR JO\FDQ DQDO\VLV ZKLFK FRPELQHV XOWUDKLJK�UHVROXWLRQ ,06 XVLQJ
VWUXFWXUHV RI ORVVOHVV LRQ PDQLSXODWLRQ �6/,0���� ZLWK WDQGHP 06 DQG FU\RJHQLF ,5 VSHFWURVFRS\�
:H SUHVHQW WKH GHVLJQ RI D 6/,0 ERDUG FRQWDLQLQJ D VHULHV RI RQ�ERDUG WUDSV VSHFLDOO\ GHVLJQHG WR
SHUIRUP FROOLVLRQ�LQGXFHG GLVVRFLDWLRQ �&,'� DW SUHVVXUHV LQ WKH PLOOLEDU UDQJH� :H FKDUDFWHUL]H WKH
&,' SURFHVV RQ WKH 6/,0 ERDUG E\ FRPSDULQJ LW WR WKDW REWDLQHG RQ D FRPPHUFLDO PDVV
VSHFWURPHWHU IRU D SHQWDSHSWLGH� :H WKHQ DSSO\ WKLV WHFKQLTXH WR FKDUDFWHUL]H JO\FDQ
IUDJPHQWDWLRQ XVLQJ KXPDQ PLON ROLJRVDFFKDULGHV E\ PHDVXULQJ WKH PRELOLW\ DQG FU\RJHQLF ,5
VSHFWUD RI WKHLU &,' IUDJPHQWV� &RPSDULVRQ RI ERWK WKH DUULYDO WLPH GLVWULEXWLRQ DQG VSHFWURVFRSLF
ILQJHUSULQW RI &,' IUDJPHQWV ZLWK WKHLU FRUUHVSRQGLQJ UHIHUHQFH JO\FDQV DOORZV XV WR LGHQWLI\
LVRPHULF IUDJPHQWV WRJHWKHU ZLWK DQRPHULF FRQILJXUDWLRQ RI WKH JO\FRVLGLF ERQG� 7KHVH UHVXOWV
GHPRQVWUDWH WKH SRZHU RI FRPELQLQJ LRQ PRELOLW\ ZLWK &,' DQG FU\RJHQLF ,5 VSHFWURVFRS\ IRU
JO\FDQ�DQDO\VLV

>�@ /LXOLQ 'HQJ� <HKLD 0� ,EUDKLP� $KPHG 0� +DPLG� 6DQGLO\D 9�%� *DULPHOOD� ,DQ .� :HEE� ;XH\XQ
=KHQJ� 6SHQFHU $� 3URVW� -HUHP\ $� 6DQGRYDO� 5DQGROSK 9� 1RUKHLP� *RUGRQ $� $QGHUVRQ� $OHNVH\
9��7ROPDFKHY��(ULQ�6��%DNHU��5LFKDUG�'��6PLWK��$QDO\WLFDO�&KHPLVWU\����������������������
>�@ $KPHG 0� +DPLG� 6DQGLO\D 9�%� *DULPHOOD� <HKLD 0� ,EUDKLP� /LXOLQ 'HQJ� ;XH\XQ =KHQJ� ,DQ .�
:HEE� *RUGRQ $� $QGHUVRQ� 6SHQFHU $� 3URVW� 5DQGROSK 9� 1RUKHLP� $OHNVH\ 9� 7ROPDFKHY� (ULQ 6�
%DNHU��5LFKDUG�'��6PLWK��$QDO\WLFDO�&KHPLVWU\����������������������
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7LS�(QKDQFHG�5DPDQ�6SHFWURVFRS\�RI�%LRORJLFDOO\�5HOHYDQW�0HPEUDQHV

*��%DUWRORPHR���*��*RXEHUW���5��=HQREL�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK���'HSDUWPHQW�RI�&KHPLVWU\�DQG
$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK��6ZLW]HUODQG

7LS�HQKDQFHG 5DPDQ VSHFWURVFRS\ �7(56� LV D ODEHO�IUHH VSHFWUDO LPDJLQJ WHFKQLTXH FRPELQLQJ
VFDQQLQJ SUREH PLFURVFRS\ ZLWK 5DPDQ VSHFWURVFRS\ WR REWDLQ FKHPLFDO LQIRUPDWLRQ ZLWK D VSDWLDO
UHVROXWLRQ ZHOO EHORZ WKH RSWLFDO GLIIUDFWLRQ OLPLW� 'LVFRYHUHG LQ WKH HDUO\ ����V� LW KDV QRZ EHFRPH
WKH WRRO RI FKRLFH IRU WKH QDQRVFDOH LQYHVWLJDWLRQ RI OLJKW�PDWWHU LQWHUDFWLRQ� UHDFKLQJ VLQJOH�ERQG
VSDWLDO UHVROXWLRQ LQ XOWUD�KLJK YDFXXP >�@� ,Q DPELHQW FRQGLWLRQV� LW LV HIIHFWLYHO\ DSSOLHG IRU WKH
VWXG\ RI �' PDWHULDOV DQG LQ WKH ILHOG RI FDWDO\VLV >�@� 6HQVLWLYH DQG�RU ORZ 5DPDQ FURVV�VHFWLRQ
VDPSOHV� VXFK DV ELRORJLFDO PHPEUDQHV DQG WKHLU FRPSRQHQWV �OLSLGV� SURWHLQV�� DUH QRWRULRXVO\
GLIILFXOW WR VWXG\ E\ 7(56 EHFDXVH H[WHQGHG ODVHU LUUDGLDWLRQ DQG LQWHQVH ORFDO ILHOGV OHDG WR WKHLU
GHFRPSRVLWLRQ >�@� 1RQHWKHOHVV� WKH SHUVSHFWLYH RI LPDJLQJ ELRORJLFDO VDPSOHV �DQG HVSHFLDOO\
PHPEUDQHV� LV DWWUDFWLYH EHFDXVH RI WKHLU JUHDW VLJQLILFDQFH IRU ELRPHGLFDO VFLHQFHV DQG GUXJ
GHVLJQ� \HW� MXVW D OLPLWHG QXPEHU RI UHOLDEOH DQDO\WLFDO WHFKQLTXHV DUH DYDLODEOH IRU WKHLU
FKDUDFWHUL]DWLRQ� DQG DOO RI WKHP KDYH VRPH GRZQVLGHV� 7KHUHIRUH� WKH HIIHFWLYHQHVV RI 7(56�
DOORZLQJ IRU ODEHO�IUHH LPDJLQJ LQ QDWLYH HQYLURQPHQW� ZRXOG EH RI JUHDW LQWHUHVW� 3UHOLPLQDU\
VWXGLHV KDYH DOUHDG\ VKRZQ SURPLVLQJ RXWFRPHV� ,Q WKLV ZRUN� ZH HVWDEOLVK DQ HIIHFWLYH GHSRVLWLRQ
PHWKRG IRU FHOOXODU DQG ELRPLPHWLF PHPEUDQHV RQ FRQGXFWLYH VXEVWUDWHV� 7DNLQJ DGYDQWDJH RI WKH
UHVXOWLQJ JDS�PRGH HQKDQFHPHQW� ZH PDQDJH WR FKHPLFDOO\ PDS GLIIHUHQW FRPSRQHQWV RI WKH
ELRORJLFDO V\VWHP ZKLOH PLQLPL]LQJ WKH VDPSOH GHJUDGDWLRQ GXULQJ WKH DQDO\VLV �)LJXUH ��� 7KHVH
UHVXOWV SDYH WKH ZD\ WR HYHQ PRUH FKDOOHQJLQJ ELRORJLFDO V\VWHPV� WR REWDLQ QHZ LQVLJKWV DERXW
WKHLU�QDQRVFDOH�RUJDQL]DWLRQ�

>�@�/HH�-��HW�DO���1DWXUH������������������
>�@�6KDR�)���=HQREL�5���$QDO��%LRDQDO��&KHP��������������������
>�@�6]F]HUELQVNL�-��HW�DO���6PDOO�������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


$QDO\WLFDO�6FLHQFHV��9LUWXDO�3RVWHU $6����

/LQNLQJ�SDSHU�EDVHG�DQDO\WLFV�WR�DPELHQW�PDVV�VSHFWURPHWU\�IRU�WUDFH�DQDO\VLV�RI
HQYLURQPHQWDO�WR[LQV

$��,��%HJOH\���<��/DL�����5��=HQREL�

�/DERUDWRU\�IRU�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=XULFK���'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ�
1DWLRQDO�8QLWHG�8QLYHUVLW\��0LDROL��������7DLZDQ

$QDO\WLFDO PHWKRGV IRU KLJK�WKURXJKSXW WHVWLQJ RI WUDFH WR[LQV DUH LPSRUWDQW IRU VFUHHQLQJ KLJK
VDPSOH�YROXPHV��IRRGVWXIIV��ZDVWHZDWHU��HIILFLHQWO\��

3DSHU LV D YHU\ VLPSOH DQG ORZ�FRVW VXEVWUDWH� ZKLFK PDNHV LW DWWUDFWLYH IRU KLJK�WKURXJKSXW
VDPSOLQJ� 7KH IRFXV RI WKLV SURMHFW LV WR GHYHORS D SDSHU�EDVHG VDPSOLQJ VWULS ZKLFK LV UHDG RXW E\
PDVV VSHFWURPHWU\� :H DUH GHYHORSLQJ DQ DSWDPHU IXQFWLRQDOL]HG SDSHU VWULS �$SWDSDSHU� WR
XSFRQFHQWUDWH WDUJHW PROHFXOHV� OLNH SHVWLFLGHV RU WR[LQV� IURP FRPSOH[ VDPSOH PDWULFHV OLNH
IRRGVWXIIV� ERG\ IOXLGV� RU ZDVWH ZDWHU� '1$�$SWDPHUV DUH ROLJRQXFOHRWLGH VHTXHQFHV WKDW FDQ EH
HYROYHG�DQG�VHOHFWHG�WR�ELQG�VPDOO�PROHFXOH�WDUJHWV�ZLWK�KLJK�DIILQLW\����

,Q WKLV SURMHFW� WKH ERXQG DQDO\WH LV WKHUPDOO\ GHVRUEHG IURP $SWDSDSHU DQG DQDO\]HG RQOLQH YLD D
GLHOHFWULF EDUULHU GLVFKDUJH LRQL]DWLRQ �'%',�� VRXUFH FRXSOHG WR D KLJK�UHVROXWLRQ PDVV
VSHFWURPHWHU��+5�06��

>�@��7XHUN��&��	�*ROG��/���6FLHQFH�����������������/3�૱�����
>�@ 6HIDK� .�� 6KDQJJXDQ� '�� ;LRQJ� ;�� 2'RQRJKXH� 0� %� 	 7DQ� :�� 1DW� 3URWRF�� ����� ��
����૱�����
>�@�1XGQRYD��0��0���=KX��/��	�=HQREL��5��5DSLG�&RPPXQ��0DVV�6SHFWURP�����������������૱�����
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*DV�SKDVH�IUDJPHQWDWLRQ�RI�͆�F\FORGH[WULQ

3��6��%UXQL���6��6FK¾UFK�

�8QLYHUVLW\�RI�%HUQ��'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��%HUQ��6ZLW]HUODQG���8QLYHUVLW\�RI
%HUQ��'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��&+������%HUQ��6ZLW]HUODQG

&DUERK\GUDWHV DUH D IUHTXHQW WRSLF RI UHVHDUFK GXH WR WKHLU PDQ\�IDFHG DSSHDUDQFH LQ RXU
HQYLURQPHQW� 7KH\ IXOILOO YDULRXV WDVNV LQ QDWXUH� VXFK DV HQHUJ\ VWRUDJH� RU SOD\ LPSRUWDQW UROHV LQ
FHOOXODU UHJXODWLRQ� $GGLWLRQDOO\� F\FORGH[WULQV ILQG DSSOLFDWLRQ LQ GUXJ IRUPXODWLRQV WR LQFUHDVH WKH
VROXELOLW\�RI�UDWKHU�K\GURSKRELF�GUXJV�E\�IRUPLQJ�LQFOXVLRQ�FRPSOH[HV�

0DVV VSHFWURPHWU\ LV RQH RI WKH PRVW SRZHUIXO WRROV IRU WKH VWUXFWXUH HOXFLGDWLRQ DQG VHTXHQFLQJ
RI ELRSRO\PHUV� 7KRXJK YDULRXV IUDJPHQWDWLRQ VWXGLHV RQ OLQHDU DQG EUDQFKHG ROLJRVDFFKDULGHV E\
PDVV VSHFWURPHWU\ KDYH EHHQ SXEOLVKHG� PHFKDQLVWLF LQIRUPDWLRQ DERXW WKH JDV�SKDVH
GLVVRFLDWLRQ�RI�F\FORGH[WULQV�LV�VWLOO�VFDUFH�

,Q WKH FXUUHQW VWXG\� WKH IUDJPHQWDWLRQ PHFKDQLVPV RI SURWRQDWHG F\FORGH[WULQV DQG WKHLU
PHWK\ODWHG GHULYDWLYHV DUH LQYHVWLJDWHG� 5HVXOWV UHYHDO GLVVRFLDWLRQ PHFKDQLVPV GLIIHUHQW IURP
OLQHDU ROLJRVDFFKDULGHV FRQVLVWLQJ RI D FRPELQDWLRQ RI SURWRQ�LQGXFHG OLQHDUL]DWLRQ DQG WKH
FRQVHFXWLYH�HOLPLQDWLRQ�RI�VXJDU�UHVLGXHV�DV�QHXWUDO�ORVVHV�

>�@ %HQMDPLQ -� %\WKHOO� 0DKD 7� $EXWRNDLNDK� $VKOH\ 5� :DJRQHU� 6KDQVKDQ *XDQ� -RUGDQ 0�
5DEXV��-RXUQDO�RI�7KH�$PHULFDQ�6RFLHW\�IRU�0DVV�6SHFWURPHWU\��������������������
>�@�%UXQR�'RPRQ��&DWKHULQH�(��&DVWHOOR��*O\FRFRQMXJDWH�-RXUQDO�������������������
>�@ 0XFKHQD -� .DLOHPLD� /� 5HQHH 5XKDDN� &DUOLWR %� /HEULOOD� ,� -RQDWKDQ $PVWHU� $QDO\WLFDO
&KHPLVWU\��������������������
>�@�$OH[DQGHU�2��&KL]KRY��<XU\�(��7VYHWNRY��1LNROD\�(��1LIDQWLHY��0ROHFXOHV�����������������
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([SORULQJ�'LDO\VLV�0HPEUDQHV�DV�/LTXLG�-XQFWLRQ�0DWHULDOV

7��)RUUHVW���(��%DNNHU�

�'HSDUWPHQW�RI�,QRUJDQLF�DQG�$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

'LDO\VLV PHPEUDQHV KDYH EHHQ ZLGHO\ XVHG LQ WKH PHGLFDO ILHOG DV ZHOO DV LQ UHVHDUFK IRU RYHU D
FHQWXU\ QRZ� $OWKRXJK GLDO\VLV ZDV RULJLQDOO\ GHYHORSHG WR KHOS SDWLHQWV DIIHFWHG ZLWK NLGQH\
UHODWHG GLVHDVH FOHDQ WR[LQV IURP WKHLU EORRG� GLDO\VLV PHPEUDQHV ZHUH VRRQ IRXQG WKHLU XVH LQ
UHVHDUFK PDLQO\ DV D SURWHLQ SXULILFDWLRQ WRRO� 'LDO\VLV PHPEUDQHV DUH QRZDGD\V FRPPHUFLDOO\
DYDLODEOH LQ GLIIHUHQW VKDSHV DQG VL]HV� SURYLGH D ODUJH UDQJH RI PROHFXODU ZHLJKW FXW�RII �0:&2�
DQG DUH PDGH RXW RI VHYHUDO GLIIHUHQW PDWHULDOV� 'XH WR WKHLU KLJK YHUVDWLOLW\� WKH\ KDYH QRZ
EHFRPH D VWDQGDUG WRRO LQ DQDO\WLFDO FKHPLVWU\ DQG OLIH VFLHQFHV� 3UHYLRXV VWXGLHV KDYH DOUHDG\
UHSRUWHG WKH XVH RI GLDO\VLV PHPEUDQHV FRPELQHG ZLWK LRQ�VHOHFWLYH HOHFWURGHV DV DQ DQWL�IRXOLQJ
EDUULHU LQ WKH FDVH RI FRPSOH[ PHGLD DQDO\VLV� VXFK DV VHUXP >�@� %\ PRGLI\LQJ WKH 0:&2�
SURWHLQV DQG ODUJH FRPSOH[HV FDQ EH WUDSSHG RXWVLGH WKH VHQVLQJ DUHD DQG VPDOO LRQV RI LQWHUHVW
FDQ GLIIXVH WKURXJK WKH PHPEUDQH� WKXV PLQLPLVLQJ LQWHUIHUHQFHV GXULQJ PHDVXUHPHQWV� 'LDO\VLV
PHPEUDQHV DUH DOVR FRPPRQO\ XVHG LQ 'RQQDQ HTXLOLEULXP H[SHULPHQWV >�@ EHFDXVH RI WKHLU VHPL�
SHUPHDELOLW\� 6XUSULVLQJO\� UHJDUGLQJ WKLV VDPH SURSHUW\� WKH\ KDYH RQO\ UDUHO\ EHHQ FRQVLGHUHG DV
VXLWDEOH�OLTXLG�MXQFWLRQ�PDWHULDOV��VXFK�DV�VHHQ�LQ�UHIHUHQFH�HOHFWURGHV�>�@�

:H SUHVHQW KHUH WKH SHUIRUPDQFH VWXG\ RI D UHJHQHUDWHG FHOOXORVH�EDVHG VHPL�SHUPHDEOH
PHPEUDQH DV OLTXLG MXQFWLRQ PDWHULDO� :LWK WKH KHOS RI D VPDOO WZR�FRPSDUWPHQW PLFURIOXLGLF FHOO
VHSDUDWHG E\ D GLDO\VLV PHPEUDQH� WKH OLTXLG MXQFWLRQ SRWHQWLDO SUHVHQW DFURVV WKH PHPEUDQH ZDV
PRQLWRUHG IRU GLIIHUHQW HOHFWURO\WHV� 7R FRQILUP WKH UHOLDELOLW\ RI WKH V\VWHP� WKH H[SHULPHQWDO
UHVXOWV�ZHUH�WKHQ�FRPSDUHG�ZLWK�D�WKHRUHWLFDO�VLPXODWLRQ�

>�@ .HLLFKL .LPXUD� +LGHNL 2LVKL� 7VXWRPX 0LXUD� 7RVKL\XNL 6KRQR� $QDO\WLFDO &KHPLVWU\� ����� ���
����������
>�@�0DQXHO�0LUµ��:ROIJDQJ�)UHQ]HO��$QDO\WLFD�&KLPLFD�$FWD���������������������
>�@�&ULVWLQD�0��5��5��2OLYHLUD��0��-��)��5HEHOR��0��)��*��)��&��&DP·HV��$QDO\VW�����������������������
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,PSURYHPHQWV�RQ�WKH�GHSWK�SURILOLQJ�SHUIRUPDQFH�RI�D�PLQLDWXUH�/,06�V\VWHP�XVLQJ
GRXEOH�SXOVH�ODVHU�LUUDGLDWLRQ

9��*ULPDXGR���$��5LHGR���0��7XOHM���5��/XNPDQRY���1��)��/LJWHULQN���3��:XU]�

�3K\VLFV�,QVWLWXWH��8QLYHUVLW\�RI�%HUQ���&HQWHU�IRU�6SDFH�DQG�+DELWDELOLW\��8QLYHUVLW\�RI�%HUQ

/DVHU DEODWLRQ LRQL]DWLRQ PDVV VSHFWURPHWU\ �/,06� GHYHORSV WR D SURPLVLQJ DQDO\WLFDO WRRO IRU
FKHPLFDO GHSWK SURILOLQJ RI VROLGV� )HPWR�VHFRQG ODVHU SXOVHV KDYH WKH UHPDUNDEOH FDSDELOLW\ WR
DOORZ WKH TXDQWLWDWLYH LQVSHFWLRQ RI PLFURPHWUH�VL]HG REMHFWV ZLWK QP GHSWK UHVROXWLRQ� $LPLQJ IRU
KLJK GHSWK UHVROXWLRQ UHTXLUHV ODVHU LUUDGLDWLRQ FRQGLWLRQV QHDU WKH DEODWLRQ WKUHVKROG� +RZHYHU� DW
WKHVH PLOG FRQGLWLRQV WKH DEODWLRQ SOXPH FRQVLVWV WR D PDMRU H[WHQW RI QHXWUDO VSHFLHV� ZKLFK
FDQQRW EH UHFRUGHG E\ WKH PDVV DQDO\VHU� 7KH TXDOLW\ RI WKH FKHPLFDO GHSWK SURILOHV GHSHQGV RQ
WKH VHQVLWLYLW\ RI WKH LQVWUXPHQW� ZKLFK LQ WXUQ GHSHQGV RQ WKH QXPEHU RI LRQL]HG VSHFLHV
JHQHUDWHG GXULQJ WKH ODVHU DEODWLRQ�LRQL]DWLRQ SURFHVV� 2XU /,06 LQVWUXPHQW ZDV GHVLJQHG IRU
IXWXUH VSDFH�H[SORUDWLRQ PLVVLRQV DQG LV WKHUHIRUH RI FRPSDFW VL]H DQG ZHLJKW� ,W FRQVLVWV RI D
PLQLDWXUH 72) PDVV VSHFWURPHWHU DQG D IV�ODVHU V\VWHP ZKLFK LQGXFHV D FROLQHDU DEODWLRQ RI WKH
PDWHULDO LQ DERXW � PP GLVWDQFH IURP WKH HQWUDQFH RSWLFV RI WKH PDVV DQDO\VHU� 7KH DEODWHG
PDWHULDO HQWHUV GLUHFWO\ WKH PDVV DQDO\VHU ZKLWHRXW SDVVLQJ DQ\ DGGLWLRQDO LRQL]DWLRQ VWDJH� 7R
LPSURYH WKH GHSWK SURILOLQJ UHVROXWLRQ LW LV UHTXLUHG WR LQFUHDVH WKH LRQ VLJQDO IRU ORZHU DEODWLRQ
UDWHV� 7R LQFUHDVH WKH LRQ \LHOG LQ RXU VHWXS� WKH ODVHU SXOVH XVHG IRU DEODWLRQ RI VDPSOH PDWHULDO LV
IROORZHG E\ D VHFRQG ODVHU SXOVH WKDW LRQLVHV WKH QHXWUDO PDWHULDO LQ WKH DEODWHG SOXPH� D GRXEOH
SXOVH DEODWLRQ�LRQLVDWLRQ DUUDQJHPHQW� )RU WKLV UHDVRQ� WKH ODVHU SDWK RI RXU V\VWHP LV VSOLW LQWR WZR
VHSDUDWH SDWKV� ZKHUH RQH SDWK LV GHOD\HG E\ VHYHUDO SLFRVHFRQGV XVLQJ DQ DGMXVWDEOH RSWLFDO
GHOD\ OLQH� 7KH WZR EHDP SDWKV DUH FRPELQHG DJDLQ WR IRUP WKH GRXEOH SXOVH DUUDQJHPHQW� 7KH
GRXEOH SXOVH SURYLGHV DQ HIILFLHQW ZD\ WR SRVW�LRQL]H WKH DEODWLRQ SOXPH ZLWKRXW LPSDLULQJ WKH
DEODWLRQ UDWH� DV WKH ILUVW SXOVH LV DEODWLQJ WKH PDWHULDO� DQG WKH VHFRQG� GHOD\HG SXOVH LV
LQWHUDFWLQJ RQO\ ZLWK WKH DEODWLRQ SOXPH� ,Q WKLV FRQILJXUDWLRQ� WKH HQHUJ\ RI WKH DEODWLQJ SXOVH FDQ
EH UHGXFHG WR WKH PLQLPXP QHDU WKH DEODWLRQ WKUHVKROG� DQG WKH HQHUJ\ RI WKH LRQL]LQJ SXOVH FDQ
EH�VHW�WR�PXFK�ODUJHU�HQHUJLHV�WR�SURPRWH�WKH�KLJKHVW�SRVVLEOH�LRQ�\LHOG�

7KH LPSURYHG SHUIRUPDQFH RI RXU PLQLDWXUH /,06 LQVWUXPHQW LV GHPRQVWUDWHG RQ WKH ZHOO�NQRZQ
&U�1L PXOWL�OD\HUHG VWDQGDUG IRU GHSWK SURILOH FDOLEUDWLRQ� FRQVLVWLQJ RI � DOWHUQDWLQJ OD\HUV� HDFK RI
DERXW �� QP WKLFNQHVV� 7KH LPSOHPHQWDWLRQ RI WKH GRXEOH SXOVH V\VWHP KDV VKRZQ WR LQFUHDVH WKH
VLJQDO XS WR �� WLPHV� ZKLFK DOORZV WR ZRUN ZLWK SXOVH HQHUJLHV QHDU WKH DEODWLRQ WKUHVKROG� :LWK
WKLV LPSURYHPHQW DOO OD\HUV FRXOG EH FOHDUO\ GLVWLQJXLVKHG IURP HDFK RWKHU DQG D PHDQ GHSWK
UHVROXWLRQ�RI�a���DQG�a���QP�IRU�&U�DQG�1L�FRXOG�EH�DFKLHYHG�

>�@ 9DOHQWLQH *ULPDXGR� 0DUHN 7XOHM� $QGUHDV 5LHGR� 5XVWDP /XNPDQRY� 1LHOV )�:� /LJWHULQN�
&RHQUDDG�GH�.RQLQJ��3HWHU�:XU]��5DSLG�&RPPXQLFDWLRQV�LQ�0DVV�6SHFWURPHWU\������������H�����
>�@ 0DUHN 7XOHM� 5HWR :LHVHQGDQJHU� $QGUHDV 5LHGR� *UHJRU .QRSS� 3HWHU :XU]� -RXUQDO RI
$QDO\WLFDO�$WRPLF�6SHFWURPHWU\����������������������
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1(;$)6�ZLWKRXW�D�7XQDEOH�;�UD\�6RXUFH��6LJQDO�5HFRQVWUXFWLRQ�E\�PHDQV�RI
&RPSUHVVLYH�6HQVLQJ

<��+HPDQL�����'��%OHLQHU���

�(03$��/DERUDWRU\�RI�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���8QLYHUVLW\�RI�=XULFK���8QLYHUVLW\�RI
=XULFK��6ZLW]HUODQG

1HDU (GJH ;�UD\ $EVRUSWLRQ 6SHFWURVFRS\ �1(;$)6� LV XVXDOO\ FDUULHG RXW DW V\QFKURWURQV OLNH WKH
6ZLVV /LJKW 6RXUFH �6/6�� ZKLFK KDYH D GHGLFDWHG EHDPOLQH IRU ;�UD\ $EVRUSWLRQ 6SHFWURVFRS\
�;$6� VWXGLHV� 1(;$)6 QHHGV D PRQRFKURPDWLF� WXQHDEOH VRXUFH� ZKLFK SURYLGHV KLJK UHVROYLQJ
SRZHU WR VFDQ WKH VSHFWUDO UHJLRQ RI LQWHUHVW� 8QIRUWXQDWHO\� 7XQDEOH VRXUFHV DUH IHZ ZRUOGZLGH
DQG KDYH OLPLWHG DFFHVV� $OVR� WKH UHVROXWLRQ LV OLPLWHG E\ WKH PRQRFKURPDWRU DQG DGGLWLRQDO
RSWLFDO VHWXSV DUH QHHGHG WR HQDEOH WLPH UHVROYHG VSHFWURVFRS\� 7R SHUIRUP DSSOLHG VWXGLHV DQG
SURRI�RI�SULQFLSOH VFLHQFH� WDEOH WRS ;�UD\V VRXUFHV DUH WKXV SUHIHUUHG� &RKHUHQW� GLVFUHWHO\
WXQHDEOH ;�UD\V SURGXFHG E\ ODVHU�SURGXFHG SODVPD HQDEOHV VSHFWURVFRSLF VWXGLHV RQ D ODERUDWRU\
VFDOH�

$V VKRZQ LQ ILJXUH EHORZ� DLGHG E\ VLJQDO SURFHVVLQJ WHFKQLTXHV� IDVWHU DQG UHOLDEOH GDWD
DFTXLVLWLRQ LV SRVVLEOH ZLWK FRPSHWHQW UHVXOWV� &RPSUHVVHG 6HQVLQJ LV D ZHOO�NQRZQ FRQFHSW LQ
VLJQDO SURFHVVLQJ XVHG WR DFTXLUH DQG UHFRQVWUXFW XQGHU VDPSOHG GDWD VHWV ZLWKRXW ORVLQJ DQ\
LPSRUWDQW LQIRUPDWLRQ DERXW WKH VLJQDO� 7KLV VWXG\ ZDV IRFXVHG RQ WKH DSSOLFDWLRQ RI FRPSUHVVHG
VHQVLQJ WHFKQLTXH WR ODERUDWRU\ EDVHG 1(;$)6� &RPSUHVVHG 6HQVLQJ DOJRULWKP HQDEOHV TXLFNHU
1(;$)6 ZLWK DFFXUDWH UHVXOWV ZLWK PLQLPXP DPRXQW RI HUURU ZKHQ XVHG ZLWK D FRKHUHQW GLVFUHWHO\
WXQHDEOH ;�UD\ VRXUFH� $ SURRI RI FRQFHSW LV VKRZQ RQ KRZ FRPSUHVVHG VHQVLQJ VKLQHV ZKHQ
DSSOLHG WR VSHFWURVFRS\ VLJQDOV ZLWK WKH XQLYHUVDO ��[GL� IRUPDW DWWDLQHG IURP DQ RSHQ VRXUFH ;$)6
GDWDEDVH� 7KH DGYDQWDJHV DQG OLPLWDWLRQV RI VXFK D WHFKQLTXH DUH GLVFXVVHG� $Q H[SHULPHQWDO
VHWXS LV SURSRVHG WR DFTXLUH LQ UHDO WLPH� WKH 1(;$)6 VLJQDOV XVLQJ D ODERUDWRU\ ;�UD\ VRXUFH DQG
FRPSUHVVHG VHQVLQJ DOJRULWKP� 7KH UHVXOWV IURP GLIIHUHQW VDPSOHV VKRZ WKDW WKH SHUFHQWDJH RI WKH
DFTXLUHG GDWD FRUUHVSRQG WKH DFFXUDF\ RI UHFRQVWUXFWLRQ RI 1(;$)6 VLJQDO� PRUH VDPSOLQJ UHVXOWV
LQ PRUH DFFXUDWH UHFRQVWUXFWLRQ� 2Q WKH RWKHU KDQG� HYHQ ZLWK �� � RI VDPSOLQJ� WKH HUURU IRU
UHFRQVWUXFWLRQ RI WKH 1(;$)6 VSHFWUXP LV OHVV WKDQ RU HTXDO WR �� ZKLFK VKRZV ZLWK DFTXLULQJ
RQO\�D�IHZ�DPRXQW�RI�FRPSRQHQWV��1(;$)6�GDWD�FDQ�EH�DFFXUDWHO\�UHFRQVWUXFWHG�IRU�DQDO\VLV�
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7UDFNLQJ�,VRPHUV�LQ�%UHDWK�0HWDERORPLFV�E\�&RXSOLQJ�*DV�&KURPDWRJUDSK\�ZLWK
6HFRQGDU\�(OHFWURVSUD\�,RQL]DWLRQ�0DVV�6SHFWURPHWU\

-��.DHVOLQ���7��%UXGHUHU���5��=HQREL�

�/DERUDWRU\�IRU�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=XUL���/DERUDWRU\�IRU�2UJDQLF�&KHPLVWU\��'�&+$%�
(7+�=XULFK��6ZLW]HUODQG

2Q�OLQH EUHDWK DQDO\VLV XVLQJ VHFRQGDU\ HOHFWURVSUD\ LRQL]DWLRQ PDVV VSHFWURPHWU\ �6(6,�06� KDV
SURGXFHG GHHS LQVLJKW LQWR D SHUVRQV PHWDEROLVP�� 3DUWLFXODUO\ XVHIXO LV WKH UHDO�WLPH WUDFNLQJ RI
PHWDEROLWHV GXULQJ SKDUPDFRNLQHWLF H[SHULPHQWV�� +RZHYHU� LVRPHUV DUH LQKHUHQWO\ GLIILFXOW WR
DQDO\]H EHFDXVH WKH\ RIWHQ FDQQRW EH UHVROYHG GLUHFWO\ E\ PDVV VSHFWURPHWU\� 7R JDLQ GHHSHU
PHWDEROLF LQVLJKW� ZH FRXSOHG JDV FKURPDWRJUDSK\ �*&� ZLWK 6(6,�06 WR LGHQWLI\ LVRPHUV E\ WKHLU
IUDJPHQWDWLRQ SDWWHUQ DQG WR GLVWLQJXLVK WKHP E\ WDQGHP PDVV VSHFWURPHWU\ �06�� LQ VXEVHTXHQW
UHDO�WLPH GLUHFW 6(6,�06� H[SHULPHQWV� )RU WKLV SXUSRVH� ZH FRQVWUXFWHG DQ DPELHQW SUHVVXUH DQG
WHPSHUDWXUH *& LQOHW WR GLUHFWO\ VDPSOH EUHDWK IURP DQ H[KDOLQJ SHUVRQ� %UHDWK ZDV FU\RWUDSSHG�
VHSDUDWHG� SRVW�FROXPQ KXPLGLILHG DQG DQDO\]HG E\ 6(6,�06 DQG �06�� $V D PRGHO V\VWHP� ZH
LQYHVWLJDWH WKH PHWDEROLVP RI LQJHVWHG SHSSHUPLQW RLO DQG LWV LQGLYLGXDO FRQVWLWXHQWV� 7KLV VHWXS
DOORZHG�XV�WR�GLVWLQJXLVK�LVRPHUV�DQG�LGHQWLI\�DGGXFWV�DQG�ORVVHV�RI�DQDO\WHV�REVHUYHG�ZLWK�6(6,�

>�@ %UXGHUHU� 7�� *DLVO� 7�� *DXJJ� 0� 7�� 1RZDN� 1�� 6WUHFNHQEDFK� %�� 0¾OOHU� 6�� 0RHOOHU� $�� .RKOHU�
0���=HQREL��5���&KHPLFDO�UHYLHZV�������������������������
>�@ /L� ;�� 0DUWLQH]૮/R]DQR 6LQXHV� 3�� 'DOOPDQQ� 5�� %UHJ\� /�� +ROOP«Q� 0�� 3URXO[� 6�� %URZQ� 6� $��
'HWPDU� 0�� .RKOHU� 0�� =HQREL� 5�� $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ� ����� ���
����������
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&KDUDFWHUL]DWLRQ�RI�QDQRSDUWLFOHV�LQ�RUJDQLF�PDWULFHV�E\�PHDQV�RI�6LQJOH�3DUWLFOH
,QGXFWLYHO\�&RXSOHG�3ODVPD�0DVV�6SHFWURPHWU\

-��.RFLF���'��*¾QWKHU���%��+DWWHQGRUI�

�'�&+$%��9ODGLPLU�3UHORJ�:HJ����(7+�=¾ULFK��6ZLW]HUODQG���'�&+$%��9ODGLPLU�3UHORJ�:HJ����(7+
=¾ULFK��=¾ULFK�

(QJLQHHUHG QDQRSDUWLFOHV �13V� DUH LQFUHDVLQJO\ XVHG LQ PDQ\ ILHOGV� VXFK DV FRVPHWLFV� ELRORJ\�
IRRG SDFNDJLQJ� PHGLFDO GHYLFHV� HQHUJ\ GHYLFHV� HWF� � $FFRUGLQJO\� DQDO\WLFDO PHWKRGV DUH
UHTXLUHG WR DVVHVV 13 SURSHUWLHV DV PDVV� VL]H� SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31&�� VKDSH�
PRUSKRORJ\� HOHPHQWDO FRPSRVLWLRQ� DJJORPHUDWLRQ VWDWH� VXUIDFH IXQFWLRQDOLW\� HWF� 6LQJOH�SDUWLFOH
LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ �VS�,&306� LV IUHTXHQWO\ XVHG IRU DQDO\VLV RI PHWDO�
FRQWDLQLQJ 13V PDVV� FRPSRVLWLRQ DQG 31&� %HLQJ WKH FRPPRQO\ XVHG VROYHQW IRU ,&306 DQDO\VHV�
13 VWXGLHV DUH PRVWO\ FDUULHG RXW XVLQJ DTXHRXV VXVSHQVLRQV DQG WKH PHDVXUHPHQW RI 13V LQ
RUJDQLF VROYHQWV LV D FKDOOHQJH� 2UJDQLF VROYHQWV FDQ FDXVH LQVWUXPHQWDO GULIW� DQG UHTXLUH WKH
DGGLWLRQ RI R[\JHQ WR SUHYHQW FDUERQ GHSRVLWLRQ� HWF� � 7KXV GHWHUPLQLQJ 13V LQ RUJDQLF VDPSOHV
UHTXLUHV H[WHQVLYH ODERXU ZRUN� H�J� VROYHQW H[WUDFWLRQ� ,Q RUGHU WR UHGXFH VROYHQW ORDG LQ WKH
SODVPD� PLFURGURSOHW JHQHUDWLRQ �0'*� ZDV HYDOXDWHG DV DQ DOWHUQDWLYH VDPSOH LQWURGXFWLRQ
VHWXS� 7KH IDFW WKDW RQO\ ��V RI Q/�PLQ RI VROYHQW DUH LQWURGXFHG WR WKH ,&3 ZDV IRXQG WR DOORZ IRU
VWDEOH RSHUDWLRQ RI WKH V\VWHP IRU VHYHUDO KRXUV ZLWK PLQLPDO GULIW� 6DPSOH WUDQVSRUW HIILFLHQF\
ZDV GHWHUPLQHG WR EH ����� 7R DFKLHYH DV KLJKHVW DV SRVVLEOH DQDO\WH VHQVLWLYLW\� WKH 0'* VHWXS
ZDV XVHG LQ FRPELQDWLRQ ZLWK D ૺ-HWૻ LQWHUIDFH� DQG LWV SHUIRUPDQFH ZDV FRPSDUHG WR RSHUDWLRQ
ZLWK DTXHRXV VROYHQWV� 7R RSWLPL]H WKH SHUIRUPDQFH� GLIIHUHQW H[SHULPHQWDO FRQILJXUDWLRQV ZHUH
H[SORUHG� VXFK DV GLIIHUHQW LQMHFWRU GLDPHWHUV� FRQHV �VWDQGDUG YHUVXV ૺ-HWૻ FRQHV�� DQG RSHUDWLQJ
SDUDPHWHUV� VXFK DV JDV IORZ UDWHV DQG FRPSRVLWLRQ� )RU WKLV SXUSRVH� OHDG�ROHDWH GLVVROYHG LQ
WROXHQH ZDV XVHG� $V D SURRI RI FRQFHSW� FKDUDFWHUL]DWLRQ RI 7L2� 13V IURP FRVPHWLF SURGXFWV ZHUH
VXVSHQGHG�LQ�WROXHQH�DQG�FKDUDFWHULVHG�

>�@ 0� (� 9DQFH� 7� .XLNHQ� (� 3� 9HMHUDQR� 6� 3� 0F*LQQLV� 0� )� +RFKHOOD DQG '� 5� +XOO� %HLOVWHLQ -�
1DQRWHFKQRO����������������૱�����
>�@ $� /HFOHUFT� $� 1RQHOO� -� /� 7RGRO¯ 7RUUµ� &� %UHVVRQ� /� 9LR� 7� 9HUFRXWHU DQG )� &KDUWLHU� $QDO�
&KLP��$FWD���������������૱���

�
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/LVWHQLQJ�ZLWK�FXULRVLW\�૱�7UDFNLQJ�WKH�DFRXVWLF�UHVSRQVH�RI�SRUWDEOH�/$

6��.UDGROIHU���.��+HXWVFKL���-��.RFK���'��*¾QWKHU�

�'�&+$%��9ODGLPLU�3UHORJ�:HJ����(7+�=¾ULFK��=¾ULFK��6ZLW]HUODQG���/DERUDWRU\�IRU�$FRXVWLFV�1RLVH
&RQWURO��(PSD���EHUODQGVWUDVVH�����������'¾EHQGRUI��6ZLW]HUODQG�

/DVHU DEODWLRQ �/$�� DV D VDPSOLQJ WRRO� LV ZLGHO\ XVHG DQG ZHOO�HVWDEOLVKHG LQ DQDO\WLFDO SUDFWLFH
IRU HOHPHQWDO DQDO\VLV� 7KH DEVRUSWLRQ RI D VKRUW SXOVHG� KLJK�HQHUJ\ ODVHU E\ DQ\ �VROLG� PDWHULDO
UHVXOWV LQ D ILQLWH PDWHULDO UHPRYDO DQG YDSRUL]DWLRQ�LRQL]DWLRQ XQGHU WKH IRUPDWLRQ RI D SODVPD�
7KH DEODWHG PDWHULDO FDQ EH DQDO\VHG VXEVHTXHQWO\ E\ YDULRXV WHFKQLTXHV� H�J�� /,%6 DQG
,&306�2(6� RU FDQ EH FROOHFWHG IRU RIIOLQH FKDUDFWHUL]DWLRQ� >�@ )RU FRQYHQWLRQDO ODE�RQO\�EDVHG
WHFKQLTXHV� WKH DEODWHG VDPSOH PDVV FDQ GLUHFWO\ EH FRQWUROOHG DQG WUDFNHG GXULQJ WKH
PHDVXUHPHQW VHVVLRQ DQG VHYHUDO VWUDWHJLHV DOORZ WR QRUPDOL]H IRU YDULDWLRQV LQ WKH DEODWLRQ
UDWH� %\ FRQWUDVW� VDPSOLQJ LQ WKH ILHOG LV PRUH FKDOOHQJLQJ DV SUHYLRXV RSWLRQV DUH QRW DSSOLFDEOH�
7KH DFWXDO FROOHFWHG DPRXQW LV XQNQRZQ DQG DQ HVWLPDWH LV H[FOXVLYHO\ EDVHG LQ WKH H[SHULHQFH
IURP�SULRU�PHWKRG�GHYHORSPHQW�DQG�WKH�H[SHULHQFH�RI�WKH�XVHU�

,Q WKLV ZRUN� ZH SUHVHQW D VLPSOH DQG UHODWLYHO\ HDV\�WR�XVH PHWKRG WR WUDFN WKH DPRXQW RI DEODWHG
PDWHULDO FROOHFWHG GXULQJ VDPSOLQJ XVLQJ D SRUWDEOH /$ V\VWHP �S/$�� RSHUDWHG DW D 9,6 ZDYHOHQJWK
RI ��� QP� >�@ E\ ૺOLVWHQLQJૻ� 7KH DFRXVWLF HQHUJ\ RI WKH VKRFN ZDYHV IRUPHG E\ /$ KDV EHHQ
VKRZQ WR FRUUHODWH ZLWK WKH DPRXQW RI DEODWHG PDWHULDO >�@ DQG� WKXV� HQDEOHV IRU D EHWWHU FRQWURO
RI WKH VDPSOLQJ� 7R PRQLWRU WKH DFRXVWLF VLJQDO� D GLUHFWLRQDO PLFURSKRQH ZDV LQWHJUDWHG LQWR WKH
KDQGKHOG DEODWLRQ KHDG RI WKH S/$ V\VWHP� 7KLV DOORZV WR FRXQW WKH DFWXDO DEODWLRQ HYHQW RQ DQ
LQGLYLGXDO HYHQW EDVLV� LQGHSHQGHQW RI WKH ODVHU WULJJHU� 5HDGMXVWPHQW RI WKH ODVHU IRFXV EDVHG RQ
WKH LQWHQVLW\ RI WKH DFRXVWLF VLJQDO DOORZV WR VDPSOH ZLWK PD[LPDO DEODWLRQ \LHOG� )XUWKHU� WKH
LQWHQVLW\ RI DFRXVWLF VLJQDOV WRJHWKHU ZLWK WKHLU FRXQW SURYLGHV D JRRG HVWLPDWH RI WRWDO VDPSOH
PDVV UHPRYDO� 7KH FRPSDUDEO\ ORZ SKRWRQ HQHUJ\ RI WKH 9,6 S/$ V\VWHP XVHG �UHODWLYH WR 89 /$ LQ
FRQYHQWLRQDO /$�,&306� PDNHV DFRXVWLF WUDFNLQJ D YDOXDEOH WRRO HVSHFLDOO\ KHOSIXO IRU VDPSOLQJ ORZ�
DEVRUELQJ PDWHULDOV ZLWK XQVWHDG\ DEODWLRQ� VXFK DV FHUDPLFV� PLQHUDOV DQG JODVVHV� (PSW\
VDPSOH�FRQWDLQHUV�DQG��WKHUHIRUH��XQVXFFHVVIXO�ILHOG�WULSV�VKDOO�EHFRPH�D�WKLQJ�RI�WKH�SDVW�

>�@�'HWOHI�*¾QWKHU��%RGR�+DWWHQGRUI��7U$&����������������������
>�@�5HWR�*ODXV��-RDFKLP�.RFK��'HWOHI�*¾QWKHU��$QDO\WLFDO�&KHPLVWU\�������������������������
>�@�*XR\LQJ�&KHQ��(GZDUG�6��<HXQJ��$QDO\WLFDO�&KHPLVWU\�������������������������
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$FFXUDWH�DQG�3UHFLVH�VWRLFKLRPHWULF�7XQLQJ�RI�WKH�/L�0Q�UDWLR�LQ�/L0Q�2��7KLQ�)LOPV
XVLQJ�/DVHU�$EODWLRQ

.��.UDIW�����&��:\GHU���1��2KDQQHVVLDQ���0��7URWWPDQQ���$��:LFKVHU���'��%OHLQHU�����7��/LSSHUW�

�/DERUDWRU\�IRU�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV��(PSD���EHUODQGVWUDVVH�����������'¾EHQGRUI�
6ZLW]HUODQG���3DXO�6FKHUUHU�,QVWLWXW��(QHUJ\�DQG�(QYLURQPHQW�'HSDUWPHQW�������9LOOLJHQ�36,�
6ZLW]HUODQG���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��:LQWHUWKXUHUVWUDVVH����������

=¾ULFK��6ZLW]HUODQG

7KH FXELF VSLQHO /L0Q�2� FRXOG SRWHQWLDOO\ UHSODFH WKH FXUHQW FDWKRGH PDWHULDO /L&R2� RI OLWKLXP�
LRQ EDWWHULHV DQG WKXV UHSODFH WKH XVH RI WR[LF DQG H[SHQVLYH FREDOW� PDNLQJ WKH EDWWHULHV FKHDSHU
DQG PRUH HQYLURQPHQWDOO\ IULHQGO\� ZLWKRXW UHGXFLQJ WKH FDSDFLW\�>�@ 7KH GHSRVLWLRQ RI /L
PDQJDQDWHV LV VWUDLJKWIRUZDUG E\ PHDQV RI SXOVHG ODVHU GHSRVLWLRQ �3/'��>�@ 8QIRUWXQDWHOO\� WKH
DWRPLF PDVV GLIIHUHQFH EHWZHHQ /L DQG 0Q OHDGV WR GLIIHUHQW EHKDYLRXUV GXULQJ WKH GHSRVLWLRQ
SURFHVV� ZKLFK DOWHUV WKH VWRLFKLRPHWU\ RI WKH SURGXFHG WKLQ ILOP�>�@ $Q DFFXUDWH DQG SUHFLVH
VWRLFKLRPHWULF WXQLQJ RI WKH /L�0Q UDWLR LV HVVHQWLDO� LQ RUGHU WR JURZ WKLQ ILOPV WKDW KDYH WKH VDPH
/L�0Q VWRLFKLRPHWU\ DV WKH WDUJHW PDWHULDO�>�@ YLDEOH PHWKRGV IRU WKH DQDO\VLV� VXFK DV UXWKHUIRUG
EDFNVFDWWHULQJ VSHFWURPHWU\ �5%6� DQG HODVWLF UHFRLO GHWHFWLRQ DQDO\VLV �(5'$�� DUH KDPSHUHG E\ D
ODUJH HUURU UDQJH IRU OLJKW HOHPHQWV VXFK DV /L DQG JLYH RQO\ DFFXUDWH UHVXOWV LQ WKLFN ILOPV
UHVSHFWLYHO\�>�@ 7KH DLP RI WKLV VWXG\ ZDV WR GHYHORS D QHZ PHWKRG DQG TXDQWLILFDWLRQ VWUDWHJ\�
XVLQJ VHOI PDGH PDWUL[ PDWFKHG VWDQGDUG PDWHULDOV ZLWK GLIIHUHQW /L�0Q UDWLRV� WR PDNH XVH RI WKH
EURDG GHWHFWLRQ UDQJH RI ODVHU DEODWLRQ LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ �/$�,&3�06�
IRU�WKH�DQDO\VLV�RI�/L0Q�2��WKLQ�ILOPV��ZKLOH�SUHVHUYLQJ�ORFDO�LQIRUPDWLRQ�>�@

8VLQJ /$�,&3�06 WKH DEODWLRQ VSRW DV D IXQFWLRQ RI WKH ODVHU HQHUJ\ ZDV LQYHVWLJDWHG IURP �������
P-� ZLWK D 1G�<$* ��� QP ODVHU DQG SUHVVHG SHOOHW VDPSOHV RI /L0Q�2�� :LWK VHOI�PDGH PDWUL[
PDWFKHG VWDQGDUG PDWHULDOV� KDYLQJ GLIIHUHQW /L�0Q UDWLRV DQG XVLQJ DQ 53D WKUHVKROG IRU /L� DQG
0Q WR RYHUFRPH RYHUVDWXUDWLRQ WKURXJK WKH 0Q IURP WKH EXON DQG /L�� D OLPLW RI GHWHFWLRQ �/2'� IRU
/L IURP ����� wJ�J ��P-� WR ���� wJ�J ����P-� DQG ����� wJ�J ��P-� WR ���� wJ�J ���� P-� IRU 0Q
ZDV DFKLHYHG� 7KH GHWHUPLQHG VWRLFKLRPHWULF /L�0Q UDWLR RI ��� PRO�PRO ZDV FRQVWDQW RYHU WKH
LQYHVWLJDWHG ODVHU HQHUJ\� 7KH UDWLR RI WKH PHDVXUHG LQWHQVLW\ RI WKH VLJQDO ZDV DOVR FRQVWDQW RYHU
WKH�ODVHU�HQHUJ\�UDQJH�RI����P-�WR��P-�ZLWK������s�����FSV�FSV�

7KH VWXG\ VKRZHG� WKDW ZLWK D FDOLEUDWLRQ VWUDWHJ\ XVLQJ KRPH�PDGH PDWUL[ PDWFKHG VWDQGDUG
PDWHULDOV� WKH VWRLFKLRPHWULF UDWLRV RI /L���[�0Q���[�2� WKLQ ILOPV FDQ EH TXDQWLILHG E\ /$�,&3�06� 7KH
PHWKRG FDQ EH XVHG IRU KLJK LQWHQVLWLHV IURP EXON PDWHULDOV WR ORZ LQWHQVLWLHV IURP WKLQ ILOPV DQG
VKRZV�D�VXLWDEOH�DFFXUDF\�DQG�SUHFLVLRQ�

>�@ 'DQLHO $OEUHFKW� +HQGULN :XOIPHLHU� +ROJHU )ULW]H� (QHUJ\ 7HFKQRORJ\� ����� YRO� �� QR� ���
���������
>�@ $OHMDQGUR 2MHGD�*�3� &KULVWRI :� 6FKQHLGHU� 0D[ '¸EHOL� 7KRPDV /LSSHUW� $OH[DQGHU :RNDXQ�
$SSOLHG�6XUIDFH�6FLHQFH��������������������
>�@ 6WHIDQ 6PHWDF]HN� 0D[LPLOLDQ %RQWD� $QGUHDV :DFKWHU�:HO]O� 6WHIDQLH 7DLEO� 5HLQKDUG :DJQHU�
'DQLHO 5HWWHQZDQGHU� -¾UJHQ )OHLJ� $QGUHDV /LPEHFN� -RXUQDO RI $QDO\WLFDO $WRPLF 6SHFWURPHWU\�
�����������������
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0RQLWRULQJ�SHSSHUPLQW�ZDVKRXW�LQ�WKH�EUHDWK�PHWDERORPH�E\�VHFRQGDU\�HOHFWURVSUD\
LRQL]DWLRQ�KLJK�UHVROXWLRQ�PDVV�VSHFWURPHWU\

-��/DQ���5��=HQREL�

�/DERUDWRU\�IRU�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=¾ULFK��6ZLW]HUODQG

2YHU WKH SDVW GHFDGH� VHFRQGDU\ HOHFWURVSUD\ LRQL]DWLRQ �6(6,��06 KDV PDWXUHG LQWR D WRRO IRU
RQOLQH EUHDWK DQDO\VLV LQ ELRORJLFDO�FOLQLFDO UHVHDUFK� 3UHYLRXV VWXGLHV KDYH VKRZQ WKH DELOLW\ RI
6(6,�72)�06 LQ SDWKZD\ PRQLWRULQJ DQG SKDUPDFRNLQHWLFV� )RU VXFK DQ RQOLQH WHFKQLTXH� D KLJKHU
UHVROYLQJ SRZHU RI WKH 06 ZLOO JUHDWO\ EHQHILW WKH XQDPELJXRXV DVVLJQPHQW RI PHWDEROLWHV�
7KHUHIRUH� ZH GHYHORSHG DQG EHQFKPDUNHG D 6(6,�2UELWUDS SODWIRUP IRU EUHDWK PRQLWRULQJ LQ
KXPDQV� :H DOVR GHPRQVWUDWHG WKH SRVVLELOLW\ RI RXU SODWIRUP WR EH XVHG IRU GUXJ PRQLWRULQJ DQG
WR SRWHQWLDOO\ JHQHUDWH IXUWKHU K\SRWKHVHV RQ GUXJ�WULJJHUHG V\VWHPLF FKDQJHV IURP WKH EUHDWK
PHWDERORPH�

,Q WKLV VWXG\� D 6(6,�2UELWUDS V\VWHP ZDV HPSOR\HG WR SURILOH WKH UHDO�WLPH H[KDOHG PHWDERORPH RI
WZHOYH VXEMHFWV ZKR KDG LQJHVWHG D SHSSHUPLQW RLO FDSVXOH� 8VLQJ DQ XQWDUJHWHG ZD\ RI SURILOLQJ
WKH EUHDWK PHWDERORPH� ���� P�] XQLTXH PHWDEROLWH IHDWXUHV ZHUH GHWHUPLQHG LQ SRVLWLYH PRGH�
���� LQ QHJDWLYH PRGH� 7KH SHUIRUPDQFH RI WKH 6(6,�2UELWUDS ZDV EHQFKPDUNHG ZLWK VHYHUDO
DGGLWLRQDO FKHFNV RQ H[SHULPHQWDO YDULDWLRQV� WDNLQJ DOO P�] IHDWXUHV LQWR DFFRXQW� 5HSURGXFLELOLW\
ZDV JRRG� ZLWK WKH PHGLDQ WHFKQLFDO YDULDWLRQ EHLQJ ು��� DQG WKH PHGLDQ YDULDWLRQ ZLWKLQ
ELRORJLFDO UHSOLFDWHV EHLQJ ು���� ERWK ORZHU WKDQ WKH YDULDWLRQ DFURVV LQGLYLGXDOV� &RPSRXQGV
IURP WKH SHSSHUPLQW RLO �PHQWKRQH� OLPRQHQH� SXOHJRQH� PHQWKRO DQG PHQWKRIXUDQ� DQG WKHLU
PHWDEROLWHV �FLV�WUDQV�FDUYHRO� SHULOOLF DFLG DQG PHQWKRO JOXFXURQLGH� ZHUH GHWHUPLQHG LQ DOO
VXEMHFWV� %XW\ULF DFLG ZDV IRXQG WR EH WKH PDMRU PHWDEROLWH WKDW UHODWHV WR WKH UHGXFHG XSWDNH UDWH
RI OLPRQHQH� 3DWKZD\V UHODWHG WR OLPRQHQH PHWDEROLVP ZHUH H[DPLQHG� DQG PHDQLQJIXO SDWKZD\V
ZHUH�LGHQWLILHG�IURP�EUHDWK�PHWDERORPLFV�GDWD�DFTXLUHG�E\�6(6,�

2YHU WKH SDVW GHFDGH� VHFRQGDU\ HOHFWURVSUD\ LRQL]DWLRQ �6(6,��06 KDV PDWXUHG LQWR D WRRO IRU
RQOLQH EUHDWK DQDO\VLV LQ ELRORJLFDO�FOLQLFDO UHVHDUFK� 3UHYLRXV VWXGLHV KDYH VKRZQ WKH DELOLW\ RI
6(6,�72)�06 LQ SDWKZD\ PRQLWRULQJ� )RU VXFK DQ RQOLQH WHFKQLTXH� D KLJKHU UHVROYLQJ SRZHU RI WKH
06 ZLOO JUHDWO\ EHQHILW WKH XQDPELJXRXV DVVLJQPHQW RI PHWDEROLWHV� 7KHUHIRUH� ZH GHYHORSHG DQG
EHQFKPDUNHG D 6(6,�2UELWUDS SODWIRUP IRU EUHDWK PRQLWRULQJ LQ KXPDQV� :H DOVR GHPRQVWUDWHG
WKH SRVVLELOLW\ RI RXU SODWIRUP WR EH XVHG IRU GUXJ PRQLWRULQJ DQG WR SRWHQWLDOO\ JHQHUDWH IXUWKHU
K\SRWKHVHV�RQ�GUXJ�WULJJHUHG�V\VWHPLF�FKDQJHV�IURP�WKH�EUHDWK�PHWDERORPH�

,Q WKLV VWXG\� D 6(6,�2UELWUDS V\VWHP ZDV HPSOR\HG WR SURILOH WKH UHDO�WLPH H[KDOHG PHWDERORPH RI
WZHOYH VXEMHFWV ZKR KDG LQJHVWHG D SHSSHUPLQW RLO FDSVXOH� XVLQJ DQ XQWDUJHWHG ZD\ RI SURILOLQJ�
7KH SHUIRUPDQFH RI WKH V\VWHP ZDV EHQFKPDUNHG ZLWK VHYHUDO DGGLWLRQDO FKHFNV RQ H[SHULPHQWDO
YDULDWLRQV� WDNLQJ DOO P�] IHDWXUHV LQWR DFFRXQW� 5HSURGXFLELOLW\ ZDV JRRG� ZLWK WKH PHGLDQ
WHFKQLFDO YDULDWLRQ EHLQJ ��� DQG WKH PHGLDQ YDULDWLRQ ZLWKLQ ELRORJLFDO UHSOLFDWHV EHLQJ ����
ERWK ORZHU WKDQ WKH YDULDWLRQ DFURVV LQGLYLGXDOV� &RPSRXQGV IURP WKH SHSSHUPLQW RLO DQG WKHLU
PHWDEROLWHV ZHUH GHWHUPLQHG LQ DOO VXEMHFWV� %XW\ULF DFLG ZDV IRXQG WR EH WKH PDMRU PHWDEROLWH
WKDW UHODWHV WR WKH UHGXFHG XSWDNH UDWH RI OLPRQHQH� 2WKHU SDWKZD\V UHODWHG WR OLPRQHQH
PHWDEROLVP�ZHUH�LGHQWLILHG�IURP�EUHDWK�PHWDERORPLFV�GDWD�DFTXLUHG�E\�6(6,�

>�@�.DSLO�'HY�6LQJK�HW�DO��$QDO\WLFDO�DQG�ELRDQDO\WLFDO�FKHPLVWU\��SDJHV��૱���������
>�@�0LFKDHOD�0DOvDVNRYvD�HW�DO��-RXUQDO�RI�EUHDWK�UHVHDUFK�������
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([SORULQJ�WKH�+LJK�0DVV�/LPLWV�RI�,RQL]DWLRQ�ZLWK�D�'%',�6RXUFH

4��/LX���5��=HQREL�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK��6ZLW]HUODQG

'LHOHFWULF EDUULHU GLVFKDUJH LRQL]DWLRQ �'%',� KDV EHHQ GHYHORSHG D ORW LQ UHFHQW \HDUV >���@� DQG
IHDWXUHV D VPDOO VL]H� VLPSOH VWUXFWXUH� ORZ FRVW� KLJK HIILFLHQF\� JRRG UHSURGXFLELOLW\� DQG LV HDV\
WR RSHUDWH� $OWKRXJK '%', LV JHQHUDOO\ FRQVLGHUHG WR EH D VRIW LRQL]DWLRQ VRXUFH� LW LV VWLOO XQFOHDU
ZKDW PDVV UDQJH RI FRPSRXQGV LW FDQ HIILFLHQWO\ LRQL]H DQG KRZ �VRIW� '%', UHDOO\ LV ZKHQ XVHG IRU
PDFURPROHFXOHV� $ EHWWHU XQGHUVWDQGLQJ RI WKHVH DVSHFWV ZLOO EH EHQHILFLDO IRU RSHQLQJ XS PRUH
DSSOLFDWLRQV RI '%', LQ SRO\PHU DQDO\VLV� ELRDQDO\VLV� DQG VR RQ� ,Q SXUVXLW RI WKLV JRDO� ZH XVHG D
QHEXOL]HU WR LQWURGXFH SRO\HWK\OHQH JO\FRO �3(*� LQWR D '%', VRXUFH� :H IRXQG WKDW SURWRQDWHG
VSHFLHV �>0�+@�� ZHUH SUHGRPLQDQWO\ IRUPHG IURP 3(* ��� DQG ���� +RZHYHU� IRU ODUJHU 3(*V
�VXFK DV 3(* ����� ����� ���� DQG ������ IUDJPHQWV ZHUH REVHUYHG� 2WKHU SRO\PHUV� HVSHFLDOO\
QRQSRODU SRO\PHUV ZKLFK FDQQRW EH SURWRQDWHG E\ VSUD\ LRQL]DWLRQ ZLOO DOVR EH LQYHVWLJDWHG� WR VHH
ZKHWKHU WKH '%', FDQ HIILFLHQWO\ SRVW�LRQL]H WKH QRQSRODU SRO\PHUV� 0RUHRYHU� WKH RULJLQ RI WKH
IUDJPHQWV�IRUPHG�IURP�ODUJHU�3(*V�DV�WKH\�SDVV�WKURXJK�WKH�ZLOO�EH�LQYHVWLJDWHG�

>�@ -DQ�&KULVWRSK :ROI� 0DUWLQ 6FKDHU� 3HWHU 6LHJHQWKDOHU� 5HQDWR =HQREL� $QDO\WLFDO
&KHPLVWU\��������������������
>�@ 0DU\LD 0 1XGQRYD� /LDQJ =KX� 5HQDWR =HQREL� 5DSLG &RPPXQLFDWLRQV LQ 0DVV
6SHFWURPHWU\����������������������
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7LS�HQKDQFHG�5DPDQ�6SHFWURVFRS\�RQ�7ZR�'LPHQVLRQDO�3RO\PHUV

7��6��1LHSHO���:��:DQJ���$��6FKO¾WHU���5��=HQREL�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK��6ZLW]HUODQG���'HSDUWPHQW�RI
0DWHULDOV��(7+�=XULFK���'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK

7LS�HQKDQFHG 5DPDQ VSHFWURVFRS\ �7(56� LV D KLJK�UHVROXWLRQ QDQRVFRS\ PHWKRG� ZKLFK KDV EHHQ
FRQWLQXRXVO\ GHYHORSHG VLQFH LWV LQYHQWLRQ LQ RXU UHVHDUFK JURXS DW (7+ =XULFK� >�@ ,WV VSDWLDO
UHVROXWLRQ EHORZ WKH OLPLW RI GLIIUDFWLRQ DV ZHOO DV LWV FKHPLFDO VSHFLILFLW\ QRZDGD\V TXDOLI\ 7(56
LPDJLQJ DV WKH DQDO\WLFDO PHWKRG RI FKRLFH IRU LQYHVWLJDWLRQV RQ QDQRVWUXFWXUHG VXUIDFHV DQG WKLQ
ILOPV� >�@ $PRQJ WKHVH� WZR�GLPHQVLRQDO SRO\PHUV DUH RI SDUWLFXODU LQWHUHVW WR XV� VLQFH WKH\ DUH
FU\VWDOOLQH LQ WZR GLUHFWLRQV ZKLOH EHLQJ PROHFXODUO\ WKLQ� 7KHLU SDUWLFXODUO\ XQLIRUP SRUH VL]H
GLVWULEXWLRQ DQG KLJK PHFKDQLFDO VWDELOLW\ PDNH WKHP SURPLVLQJ FDQGLGDWHV IRU DSSOLFDWLRQV DV
QDQRPHPEUDQHV LQ VHSDUDWLRQ VFLHQFH� >�@ +RZHYHU� WKH SHUIRUPDQFH RI VXFK PHPEUDQHV LV
QHJDWLYHO\�LPSDFWHG�E\�GHIHFW�VLWHV�

,Q WKLV ZRUN� ZH KDYH V\QWKHVL]HG ODUJH DUHDV RI WKHVH QRYHO PDWHULDOV RQ WKH DLU�ZDWHU LQWHUIDFH RI
D /DQJPXLU�%ORGJHWW WURXJK DQG VSHFWURVFRSLFDOO\ TXDQWLILHG VXFK GHIHFWV XVLQJ 7(56�
3RO\PHUL]DWLRQ LV LQGXFHG ZLWK D SKRWRFKHPLFDO >� � �@�F\FORDGGLWLRQ RI WULIXQFWLRQDO DQWKUDFHQH
EDVHG PRQRPHUV� 7KH 5DPDQ VKLIW RI RSWLFDO SKRQRQV LV YDOLGDWHG ZLWK DQ /&$2�&2 GHQVLW\
IXQFWLRQDO WKHRUHWLFDO QRUPDO FRRUGLQDWH DQDO\VLV XQGHU GLSHULRGLF ERXQGDU\ FRQGLWLRQV� )DFWRU
JURXS DQDO\VLV RI WKH �'�SRO\PHU
V V\PPRUSKLF OD\HU JURXS S� �,7( /��� LV HPSOR\HG WR H[SODLQ
WKH 5DPDQ DFWLYLW\ RI WKHVH H[SHULPHQWDOO\ REVHUYHG YLEUDWLRQDO PRGHV QHDU WKH FHQWHU RI WKH
%ULOORXLQ ]RQH� 6FDUFH UHVLGXDO PRQRPHU DQG XQUHDFWHG ROHILQLF VLWHV �� ��� DUH GLVFHUQHG WKURXJK
WKHLU FKDUDFWHULVWLF VSHFWUDO IHDWXUHV LQ WKH ILQJHUSULQW UHJLRQ� H�J� WKH V\PPHWULF EDFNERQH
YLEUDWLRQ ��$� DW DERXW ���� FP��� 7KLV VWXG\ ULJRURXVO\ DVVHVVHV WKH YDOLGLW\ RI VROLG�VWDWH 5DPDQ
VHOHFWLRQ�UXOHV�DW�WKH�QDQRVFDOH�ZLWK�JDS�PRGH�7(56�

>�@ D� 5�0� 6W¸FNOH� <�'� 6XK� 9� 'HFNHUW� 5� =HQREL� &KHP� 3K\V� /HWW� ���� ��� ������� E� 0�6�
$QGHUVRQ� $SSO� 3K\V� /HWW� ��� ���� ������� F� 1� +D\D]DZD� <� ,QRX\H� =� 6HNNDW� 6� .DZDWD� 2SW�
&RPPXQ� ���� ��� ������� G� %� 3HWWLQJHU� *� 3LFDUGL� 5� 6FKXVWHU� *� (UWO� (OHFWURFKHPLVWU\
�7RN\R��-SQ������������������
>�@ D� -� 6WDGOHU� 7� 6FKPLG� /� 2SLOLN� 3� .XKQ� 3�6� 'LWWULFK� 5� =HQREL� %HLOVWHLQ -� 1DQRWHFKQRO� ��
��� ������� E� /� 2SLOLN� 3� 3D\DP\DU� -� 6]F]HUELĆVNL� $�3� 6FK¾W]� 0� 6HUYDOOL� 7� +XQJHUODQG� $�'�
6FKO¾WHU� 5� =HQREL� $&6 1DQR �� ���� ������� F� :� :DQJ� $�'� 6FKO¾WHU� 0DFURPRO� 5DSLG
&RPPXQ����������������������G��)��6KDR��5��=HQREL��$QDO��%LRDQDO��&KHP�����������������
>�@�7�6�*��1LHSHO��<��3DQGH\��5��=HQREL��&KLPLD����������������
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7KHUPDO�'HQDWXUDWLRQ�RI�51$VH�$�%RXQG�WR�D�/LEUDU\�RI�'1$�51$�/LJDQGV��%LQGLQJ
&RQVWDQWV�DQG�7KHUPRG\QDPLF�$QDO\VLV�RI�0XOWLSOH�6WDEOH�,QWHUPHGLDWHV�5HYHDOHG�E\

(OHFWURVSUD\�0DVV�6SHFWURPHWU\�ZLWK�D�7HPSHUDWXUH�&RQWUROOHG�6RXUFH

,��2JDQHV\DQ���$��0DUFKDQG���5��=HQREL�

�/DERUDWRU\�IRU�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=XULFK��6ZLW]HUODQG���/DERUDWRU\�IRU�2UJDQLF
&KHPLVWU\��'�&+$%

2EWDLQLQJ WKH SURSHU �' VWUXFWXUH IRU D SURWHLQ LV FUXFLDO VLQFH LW GHWHUPLQHV LWV ELRORJLFDO IXQFWLRQ�
:LWK WKH LQFUHDVLQJ LQWHUHVW LQ GLVHDVHV LQGXFHG E\ LPSURSHU SURWHLQ IROGLQJ OLNH $O]KHLPHUV DQG
3DUNLQVRQV� XQGHUVWDQGLQJ WKH PHFKDQLVPV RI D SURWHLQV IROGLQJ�XQIROGLQJ SDWKZD\ EHFRPHV
LPSRUWDQW� 0RUHRYHU� PRQLWRULQJ WKH GLIIHUHQFHV LQ WKHVH SDWKZD\V GXULQJ SURWHLQ�OLJDQG
LQWHUDFWLRQV FDQ KHOS WR HOXFLGDWH WKHUPRG\QDPLF FKDUDFWHULVWLFV RI ELQGLQJ HQWKDOSLHV �ಋ+r� DQG
HQWURSLHV�ಋ6r� IRU PXOWLSOH VWUXFWXUH VWRLFKLRPHWULHV LQ D PL[WXUH� ,Q WKLV SURMHFW� 51$VH $ ERXQG WR
D OLEUDU\ RI '1$ DQG 51$ QXFOHRWLGHV ZDV WKHUPDOO\ XQIROGHG XVLQJ D WHPSHUDWXUH�FRQWUROOHG
QDWLYH (6, VRXUFH �7& Q(6,�� 7KLV VRXUFH ZDV EXLOW LQ�KRXVH DQG FRQVLVWV RI D FRSSHU EORFN ZLWK WKH
HPLWWHU HPEHGGHG LQVLGH LW� ZKHUH WKH DQDO\WH LV KHOG DW WKH GHVLUHG WHPSHUDWXUH� &RROLQJ RU
KHDWLQJ RI WKH EORFN LV FRQWUROOHG E\ D 3HOWLHU HOHPHQW �$GDSWLYH (7�����������56� ���� 9� ���� :��
DQG FRQWUROOHG E\ /DE9LHZ VRIWZDUH �1DWLRQDO ,QVWUXPHQWV�� 7KH LQIRUPDWLRQ RI WKH FXUUHQW
WHPSHUDWXUH FRPHV IURP D WKHUPLVWRU VHQVRU �����:� 21���������� 2PHJD�� 7KH WHPSHUDWXUH
IRU DOO H[SHULPHQWV ZDV UDPSHG IURP ��r& WR ��r&� �r& SHU PLQXWH� 06 PHDVXUHPHQWV ZHUH PDGH
RQ D 6\QDSW *��6 �:DWHUV� 0$� XVLQJ VRIW FRQGLWLRQV� (6�� ��� N9 �FDSLOODU\ YROWDJH�� WUDS DQG
FROOLVLRQ�HQHUJ\�VHW�WR�����

7KH UHVXOWLQJ VWRLFKLRPHWULHV RI LQWHUPHGLDWH VSHFLHV GXULQJ XQIROGLQJ DQG XQELQGLQJ SURFHVV ZHUH
PRQLWRUHG DQG DQDO\]HG E\ PDVV VSHFWURPHWU\ �06�� 'LVVRFLDWLRQ FRQVWDQWV �.G� RI YDULRXV OLJDQGV
FRXOG EH REWDLQHG� HQDEOLQJ WKH UDQNLQJ RI QXFOHRWLGH LQWHUDFWLRQ VWUHQJWKV ZLWK ZLWK 51DVH $� ,Q
DGGLWLRQ� WKH *LEEV IUHH HQHUJ\ RI IROGLQJ �*I� DQG GLIIHUHQW XQIROGLQJ SDWWHUQV GXH WR QXFOHRWLGH
ELQGLQJ�DW���r&�LQGLFDWHG�WKH�PRVW�VWDEOH�FRQIRUPDWLRQV�RI�ERXQG�XQERXQG�51$VH�$�

7KHUPDO GHQDWXUDWLRQ RI 51$VH $ ZLWK ILYH '1$�51$ QXFOHRWLGHV E\ 7& Q(6, DOORZHG IRU D IDLUO\
KLJK WKURXJKSXW PHWKRG RI UDQNLQJ WKH PRUH SURPLQHQW ELQGLQJ SDUWQHUV� $FFRUGLQJ WR SUHOLPLQDU\
GDWD� �*03 DQG �803 DUH PRUH SRWHQW ELQGHUV ZLWK KLJKHU PHOWLQJ WHPSHUDWXUHV RI WKHVH
FRPSOH[HV� ZKLFK FRQWUDGLFWV OLWHUDWXUH UHSRUWV WKDW VWDWH WKDW S\ULPLGLQH EDVHV ELQG PRUH
VWURQJO\ WR 51$VH $ �5XVVR� 6KDSLUR DQG 9DOOHH� ����� 5DLQHV� ����� 6SHQFHU DQG 5DIID� �����
/HRQLGDV�HW�DO���������

>�@ /HRQLGDV� '� '� HW DO� ������ +LJK�UHVROXWLRQ FU\VWDO VWUXFWXUHV RI ULERQXFOHDVH $ FRPSOH[HG
ZLWK DGHQ\OLF DQG XULG\OLF QXFOHRWLGH LQKLELWRUV� ,PSOLFDWLRQV IRU VWUXFWXUH�EDVHG GHVLJQ RI
ULERQXFOHRO\WLF�LQKLELWRUV��3URWHLQ�6FLHQFH����������SS������૱������GRL����������SV����������
>�@�5DLQHV��5��7���������5LERQXFOHDVH�$���$PHULFDQ�&KHPLFDO�6RFLHW\��GRL����������&5������+�
>�@ 5XVVR� 1�� 6KDSLUR� 5� DQG 9DOOHH� %� /� ������ �ଐ�'LSKRVSKRDGHQRVLQH �ଐ�3KRVSKDWH ,V D 3RWHQW
,QKLELWRU RI %RYLQH 3DQFUHDWLF 5LERQXFOHDVH $� %LRFKHPLFDO DQG %LRSK\VLFDO 5HVHDUFK
&RPPXQLFDWLRQV����������SS�����૱�����GRL����������EEUF�����������
>�@ 6SHQFHU� 6� '� DQG 5DIID� 5� %� ������ ,VRWKHUPDO 7LWUDWLRQ &DORULPHWULF 6WXG\ RI 51DVH�$
.LQHWLFV �F&03 DQG ��&03� ,QYROYLQJ (QG�3URGXFW ,QKLELWLRQ� 3KDUPDFHXWLFDO 5HVHDUFK� .OXZHU
$FDGHPLF 3XEOLVKHUV�3OHQXP 3XEOLVKHUV� ������ SS� ����૱����� GRL�
��������%�3+$0�������������������I�
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7KHUPRG\QDPLF�6WXGLHV�RI�'1$�*�TXDGUXSOH[HV�DQG�&KDUDFWHUL]DWLRQ�RI�D�*4�6SHFLILF
$QWLERG\�8VLQJ�7HPSHUDWXUH�&RQWUROOHG�QDQR(6,�06

$��3UXģND���'��%¸NHQ���$��0DUFKDQG���5��=HQREL�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK��&+������=¾ULFK��6ZLW]HUODQG

6LQJOH�VWUDQGHG JXDQLQH�ULFK 51$ RU '1$� ZKLFK UHDGLO\ IRUPV VWUXFWXUHV NQRZQ DV *�
TXDGUXSOH[HV �*4� LQ WKH SUHVHQFH RI SRWDVVLXP >�@� KDYH EHHQ H[WHQVLYHO\ VWXGLHG LQ YLWUR�
'HVSLWH WKH LPSRUWDQFH RI *4V LQ FHOOXODU SURFHVVHV� WKH FKDUDFWHUL]DWLRQ RI *4 VWUXFWXUHV LQ
VLWX KDV EHHQ OLPLWHG LQ SDUW EHFDXVH VXLWDEOH PHWKRGV WR GHWHFW *4V KDYH EHHQ ODFNLQJ >�@�
5HFHQWO\� +HQGHUVRQ HW DO� KDYH GHYHORSHG �+�� D PRQRFORQDO DQWLERG\ WKDW VSHFLILFDOO\ ELQGV WR
*4 VWUXFWXUHV LQ YLWUR DQG LQ YLYR� +RZHYHU� VWURQJ FURVV�UHDFWLYLW\ RI �+� WR VLQJOH�VWUDQGHG '1$
WKDW LV SRRU LQ JXDQLQH KDV EHHQ IRXQG >�@� 8QGHUVWDQGLQJ RI WKH ELQGLQJ PHFKDQLVP DQG WKH HIIHFW
RI WKH W\SH RI *4 RQ WKH �+� DQWLERG\ UHPDLQV FKDOOHQJLQJ� +HUH� ZH XVHG QDWLYH 06 WR
FKDUDFWHUL]H PDQ\ W\SHV RI *4V� ZKLFK GLIIHU LQ WRSRORJ\ DQG VL]H� DV ZHOO DV WR VWXG\ WKHLU
LQWHUDFWLRQ ZLWK WKH �+� DQWLERG\� 0DVV VSHFWUD ZHUH DFTXLUHG XVLQJ D 6\QDSW *�6 �:DWHUV� PDVV
VSHFWURPHWHU FRXSOHG ZLWK D ODERUDWRU\�EXLOW WHPSHUDWXUH�FRQWUROOHG Q(6, LRQL]DWLRQ �7&Q(6,�
VRXUFH >�@� )LUVW� ZH FKDUDFWHUL]HG YDULRXV WRSRORJLFDOO\ GLIIHUHQW *4V LQGLYLGXDOO\� $OWKRXJK
GLPHULF *4V H[KLELWHG VLJQLILFDQWO\ ORZHU WKHUPRG\QDPLF VWDELOLW\� WKH\ KDYH EHHQ XVHG LQ �+�
DQWLERG\ GHYHORSPHQW� 6HFRQG� ZH LQYHVWLJDWHG WKH HIIHFW RI GRPDLQV SUR[LPDO WR D *4 DQG WKHLU
HIIHFW RQ ELQGLQJ ZLWK �+�� 7ZR�GRPDLQ FRPSOH[HV WKDW YDU\ LQ WKH *4 SRVLWLRQ H[KLELWHG PXWXDO
GHVWDELOL]DWLRQ UHVXOWLQJ LQ D VLJQLILFDQW GURS LQ WKH PHOWLQJ WHPSHUDWXUH �7P� FRPSDUHG WR
LQGLYLGXDO GRPDLQV RI ERWK 7�� *4 DQG D ��EDVH ORQJ GXSOH[� ZLWK 7P RI �� ʜ& DQG �� ʜ&�
UHVSHFWLYHO\� 7KHUPDO GHQDWXUDWLRQ RI WKH *4�*4 FRPSOH[� ZKLFK UHSUHVHQWV WHORPHULF UHJLRQV�
ZDV IROORZHG E\ 06� DQG UHYHDOHG WKH IRUPDWLRQ RI D WKHUPRG\QDPLFDOO\ ZHDN IRUP RI VWDFNHG *4V
ZLWK D ILIWK SRWDVVLXP FDWLRQ LQFRUSRUDWHG� )LQDOO\� ZH XVHG QDWLYH 06 WR LQYHVWLJDWH WKH ELQGLQJ RI
WKH �+� DQWLERG\ WR PXOWLSOH *4 VWUXFWXUDO YDULDWLRQV �OHQJWK DQG RULHQWDWLRQ RI WKH ORRSV� WRJHWKHU
ZLWK WKH PXOWL�GRPDLQ FRPSOH[HV FRQWDLQLQJ WKH *4 GRPDLQ PHQWLRQHG DERYH� 7KHVH VWXGLHV�
ZKLFK DUH EDVHG RQ QDWLYH 06 WRJHWKHU ZLWK ODERUDWRU\�EXLOW 7&Q(6, OHW XV FKDUDFWHUL]H
ROLJRQXFOHRWLGH PXOWL�GRPDLQ FRPSOH[HV LQ GHWDLO DQG JDYH LQVLJKW LQWR WKHUPRG\QDPLFV RI PXWXDO
GRPDLQ�LQWHUDFWLRQV�DQG�*4�VSHFLILF�$E�ELQGLQJ�

>�@�'��6HQ��:��*LOEHUW��0HWKRGV�(Q]\PRO����������������૱����
>�@�'��5KRGHV��+��-��/LSSV��1XFOHLF�$FLGV�5HV����������������૱�����
>�@�+��*��.D]HPLHU��.��3DHVFKNH��3��0��/DQVGRUS��1XFOHLF�$FLGV�5HV����������������૱�����
>�@�$��0DUFKDQG��)��5RVX��5��=HQREL��9��*DEHOLFD��-��$P��&KHP��6RF������������������૱������
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'HHS�89�5DPDQ�IRU�LQ�VLWX�GHWHFWLQJ�RI�ZDWHU�FRQWDPLQDQWV

$��6WHU]L���8��6FKQHLGHU���2��6DPEDORYD�����5��)LJL�����'��%OHLQHU�����$��%RUJVFKXOWH���

�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��'¾EHQGRUI��6ZLW]HUODQG���
5DVFRSH�DJ��:LGQDX��6ZLW]HUODQG���8QLYHUVLW\�=¾ULFK��'HSDUWPHQW�RI�&KHPLVWU\��=¾ULFK�

6ZLW]HUODQG

7KH VFLHQWLILF DQG VRFLDO LQWHUHVW LQ ZDWHU TXDOLW\ KDV EHHQ JURZLQJ GXH WR LQFUHDVLQJ UHOHDVH RI
KD]DUGRXV FRQWDPLQDQWV LQ ZDVWHZDWHU� 1LWUDWH DQG QLWULWH� DV IHUWLOL]HUV GHULYHG FRPSRXQGV� KDYH
EHHQ GHWHFWHG DW W\SLFDO FRQFHQWUDWLRQV RI WHQV PJ�/ >���@� 3KDUPDFHXWLFDOV RI FRPPRQ XVH� DV
DQWLGHSUHVVDQW DJHQWV� ZHUH DOVR XQH[SHFWHGO\ UHYHDOHG DW ͐J�/ FRQFHQWUDWLRQV >���@� 7KH VWDWH�RI�
WKH�DUW DQDO\WLFDO PHWKRG LV OLTXLG FKURPDWRJUDSK\�PDVV VSHFWURPHWU\ WKDW LV ZHOO HVWDEOLVKHG LQ
WKH ODE� EXW GRHV QRW RIIHU LQ VLWX FDSDELOLW\� $ SURPLVLQJ DOWHUQDWLYH� SURYLGLQJ ERWK FKHPLFDO
VHOHFWLYLW\ DQG VHQVLWLYLW\ LV 5DPDQ VSHFWURVFRS\� +RZHYHU� ZKHQ SHUIRUPHG LQ WKH YLVLEOH WKH OLPLW
RI GHWHFWLRQ LV DERYH WKH WKUHVKROG LPSRVHG E\ GULQNDEOH ZDWHU UHJXODWLRQV >�@� )XUWKHUPRUH� ZKHQ
RUJDQLF FRQWHQW LV SUHVHQW LQ DTXHRXV HQYLURQPHQW� WKH EURDG IOXRUHVFHQFH RYHUODSV RQ WKH ZHDN
5DPDQ VLJQDO� $ VHOI�GHYHORSHG GHHS 89 5DPDQ VHWXS �͏  ����� QP� ZDV DEOH WR GHWHFW QLWUDWH
LRQV LQ D UHDO ZDWHU VDPSOH >�@ DV ZHOO DV DQWLGHSUHVVDQW DJHQWV �&LWDORSUDP� 9HQODID[LQH�
&DUEDPD]HSLQH� FDQ EH DOVR PHDVXUHG LQ VROXWLRQ XS WR WHQV RI PJ�O� 7KH DSSOLFDELOLW\ RI GHHS 89
5DPDQ DV TXDQWLWDWLYH PHWKRG LV GLVFXVVHG� 7KH PDLQ HIIHFWV RFFXUULQJ GXULQJ WKH PHDVXUHPHQW
DV�RSWLFDO�VHOI�DEVRUSWLRQ�IRU�SKDUPDFHXWLFDOV�DQG�DV�SKRWRO\VLV�IRU�QLWUDWH�DUH�LQYHVWLJDWHG�

>�@ .� :LFN� &� +HXPHVVHU� DQG (� 6FKPLG� -RXUQDO RI (QYLURQPHQWDO 0DQDJHPHQW� �����
�������૱���
>�@ 0� :DUG HW DO�� ,QWHUQDWLRQDO -RXUQDO RI (QYLURQPHQWDO 5HVHDUFK DQG 3XEOLF +HDOWK� �����
����������
>�@ -� *LHEXOWRZLF] DQG *� 1DOHF]�-DZHFNL� (FRWR[LFRORJ\ DQG (QYLURQPHQWDO 6DIHW\� �����
�������૱���
>�@ $� /DMHXQHVVH� 6� 6P\WK� .� %DUFOD\� 6� 6DXY«� DQG &� *DJQRQ� :DWHU 5HVHDUFK� �����
�����������૱����
>�@�*��3HUVLFKHWWL�HW�DO���7DODQWD����������������૱���
>�@�$��6WHU]L�HW�DO���89�DQG�+LJKHU�(QHUJ\�3KRWRQLFV��)URP�0DWHULDOV�WR�$SSOLFDWLRQV�������63,(

�
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6WDQGDUGL]DWLRQ�3URFHGXUH�IRU�%UHDWK�$QDO\VLV�E\�6HFRQGDU\�(OHFWURVSUD\�,RQL]DWLRQ
0DVV�6SHFWURPHWU\

%��6WUHFNHQEDFK���-��6DNDV�����6��0XHOOHU���1��3HUNLQV���$��0RHOOHU���0��.RKOHU���5��=HQREL�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���&ROOHJH�RI�6FLHQFH�DQG
(QJLQHHULQJ��8QLYHUVLW\�RI�(GLQEXUJK���'LYLVLRQ�RI�&OLQLFDO�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\
&KLOGUHQ
V�+RVSLWDO�=XULFK���'LYLVLRQ�RI�5HVSLUDWRU\�0HGLFLQH��8QLYHUVLW\�&KLOGUHQ
V�+RVSLWDO�=XULFK�

�'HSDUWPHQW�RI�3XOPRQRORJ\��8QLYHUVLW\�+RVSLWDO�=XULFK

6HFRQGDU\ HOHFWURVSUD\ LRQL]DWLRQ PDVV VSHFWURPHWU\ �6(6,�06� HQDEOHV QRQ�LQYDVLYH
GHWHUPLQDWLRQ RI D EURDG UDQJH RI H[KDOHG FRPSRXQGV LQ UHDO�WLPH� $FFRUGLQJO\� LWV DSSOLFDWLRQV LQ
EUHDWK DQDO\VLV DUH H[SDQGLQJ� VXFK DV IRU WKH GLVFRYHU\ RI GLVHDVH�VSHFLILF ELRPDUNHUV� :KLOH WKH
DSSOLFDELOLW\ LV SURPLVLQJ� VWDQGDUGL]DWLRQ IRU WKLV IDLUO\ \RXQJ WHFKQRORJ\ LV FXUUHQWO\ PLVVLQJ�
7KLV��KRZHYHU��LV�PDQGDWRU\�WR�HQVXUH�GDWD�FRPSDUDELOLW\�DQG�UREXVWQHVV�

:H WKHUHIRUH GHVLJQHG DQG HYDOXDWHG D KRPH�EXLOW JDV�SKDVH VWDQGDUG GHOLYHU\ V\VWHP WDLORUHG
IRU 6(6,�06 EUHDWK DQDO\VLV� ,Q WKLV V\VWHP� WKH JDVHRXV VWDQGDUG �IURP D F\OLQGHU� LV LQWURGXFHG
LQWR WKH GHOLYHU\ PRGXOH WR EH GLOXWHG DQG KXPLGLILHG EHIRUH HQWHULQJ WKH LRQ VRXUFH WR RSWLPDOO\
VLPXODWH H[KDOHG EUHDWK� )RU WKH HYDOXDWLRQ� JDVHRXV VWDQGDUGV DW D ORZ PRODU IUDFWLRQ �SSEY� DQG
ZLWK GLIIHUHQW PROHFXODU ZHLJKWV ZLOO EH DSSOLHG� WR EH LQ OLQH ZLWK WKH UDQJH RI GHWHFWDELOLW\ RI 6(6,�
06� &XUUHQW HYDOXDWLRQV DW GLIIHUHQW VLWHV DQG RQ GLIIHUHQW KLJK�UHVROXWLRQ PDVV VSHFWURPHWHUV
UHVXOWHG LQ D VWDEOH SHUIRUPDQFH RI WKH GHOLYHU\ V\VWHP �&9 � �� ��� 7KHUHIRU� YDU\LQJ
FRQFHQWUDWLRQV RI D JDVHRXV VWDQGDUG ZHUH DSSOLHG� $Q LQFUHDVHG LQWHU�GD\ SUHFLVLRQ ZDV REVHUYHG
�&9 � ��� ZKLOVW DSSO\LQJ D FRQVWDQW FRQFHQWUDWLRQ RYHU D SHULRG RI VHYHUDO PRQWKV LQ DQ RQJRLQJ
FOLQLFDO WULDO� )XUWKHUPRUH� DEVROXWH TXDQWLILFDWLRQ RI WKLV VWDQGDUG XVLQJ FDOLEUDWLRQ FXUYHV VKRZHG
KLJK�LQWHU�GD\�SUHFLVLRQ��&9��������DQG�DFFXUDF\��s������RI�WKH�GHOLYHU\�PRGXOH��

3UHOLPLQDU\ UHVXOWV YDOLGDWH WKH VWDEOH GHOLYHU\ RI D JDVHRXV VWDQGDUG E\ WKLV KRPH�EXLOW PRGXOH�
SDYLQJ WKH ZD\ IRU DSSOLFDWLRQ LQ RQJRLQJ EUHDWK DQDO\VLV VWXGLHV� $ VWDQGDUG GHOLYHU\ V\VWHP IRU
URXWLQH 6(6,�06 PHDVXUHPHQWV HQDEOHV SUHFLVH PRQLWRULQJ RI LQVWUXPHQW VWDELOLW\� 7KLV ZLOO JUHDWO\
LPSURYH GDWD TXDOLW\ DQG UREXVWQHVV� ZKLFK DUH IXQGDPHQWDO IRU ORQJ�WHUP DQG PXOWL�FHQWHU WULDOV�
0RUHRYHU� HQVXULQJ GDWD FRPSDUDELOLW\ ZLOO LPSURYH WKH UHOLDEOH LGHQWLILFDWLRQ RI ELRPDUNHUV LQ
H[KDOHG�EUHDWK�
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9LVXDOL]DWLRQ�RI�YRODWLOH�LQWHUPHGLDWHV�LQ�WKH�FRXUVH�RI�&2��PHWKDQDWLRQ�RYHU�D
FRPPHUFLDO�QLFNHO�RQ�DOXPLQD�VLOLFD�FDWDO\VW�E\�'5,)76�DQG�,16

-��7HUUHQL�����2��6DPEDORYD�����6��5XGLF���6��)��3DUNHU���$��-��5DPLUH]�&XHVWD���$��%RUJVFKXOWH���

�(PSD��/DERUDWRU\�RI�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���,6,6�)DFLOLW\��67)&�5XWKHUIRUG�$SSOHWRQ
/DERUDWRU\���2DN�5LGJH�1DWLRQDO�/DERUDWRU\��6SDOODWLRQ�1HXWURQ�6RXUFH��616���1HXWURQ

6SHFWURVFRS\�'LYLVLRQ���8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\

7KH RSHUDQGR GHWHFWLRQ RI YRODWLOH LQWHUPHGLDWHV RQ WKH VXUIDFH RI D FDWDO\VW LV D GLIILFXOW WDVN� DV LW
QHHGV WR EH FRPSDWLEOH WR WKH KDUVK UHDFWLRQ FRQGLWLRQV� :H KHUH LQWURGXFH WKH XVH RI GLIIXVH
UHIOHFWDQFH )RXULHU WUDQVIRUP VSHFWURVFRS\ �'5,)76� IRU IROORZLQJ &2� PHWKDQDWLRQ RQ D
FRPPHUFLDO QLFNHO FDWDO\VW VXSSRUWHG RQ DOXPLQD�VLOLFD� $OWKRXJK VXLWDEOH IRU RSHUDQGR
PHDVXUHPHQWV� '5,)76 KDV OLPLWDWLRQV EDVHG RQ WKH RSWLFDO VHOHFWLRQ UXOHV� (VSHFLDOO\ WKH
GHWHFWLRQ RI K\GURJHQ LV YHU\ GLIILFXOW E\ ,5 VSHFWURVFRS\� )RU YLVXDOL]LQJ K\GURJHQ GXULQJ &2�
PHWKDQDWLRQ RYHU 1L RQ $O�6L� ZH LQWURGXFH WKH XVH RI LQHODVWLF QHXWURQ VFDWWHULQJ �,16�� $V ,16
IROORZV QR VHOHFWLRQ UXOHV DQG DV LW LV D KLJKO\ VHOHFWLYH PHWKRG IRU K\GURJHQ� WKH YLVXDOL]DWLRQ RI
K\GURJHQ FRQWDLQLQJ VSHFLHV DV ZHOO DV DGVRUEHG K\GURJHQ RQ WKH FDWDO\VW VKRXOG EH
VWUDLJKWIRUZDUG�>�@ &RPSDUHG WR '5,)76� ,16 LV D SRVW�PRUWHP PHWKRG DV WKH PHDVXUHPHQWV DUH
SHUIRUPHG EHORZ �� .�>�@ ,Q RUGHU WR IROORZ K\GURJHQDWLRQ UHDFWLRQV� ZH WKHUHIRUH QHHG WR FRRO WKH
V\VWHP DV TXLFN DV SRVVLEOH WR FRQVHUYH WKH FKHPLFDO VWDWH� HQDEOLQJ WKH GHWHFWLRQ RI UHDFWLRQ
LQWHUPHGLDWHV� 7KH FRPELQDWRULDO XVH RI '5,)76 DQG ,16 DOORZV XV WR GHWHFW YDULRXV UHDFWLRQ
PHGLDWHV��KHOSLQJ�WR�XQGHUVWDQG�WKH�UROH�RI�DGVRUEDWHV�DQG�WKH�PHFKDQLVP�IRU�&2��PHWKDQDWLRQ�

,Q ERWK VSHFWURVFRSLF WHFKQLTXHV� ZH IXUWKHU IDFH WKH SUREOHP RI UHFRUGLQJ D SURSHU EDFNJURXQG�
:H KHUH KLJKOLJKW KRZ LPSRUWDQW WKH EDFNJURXQG PHDVXUHPHQW LV DQG KRZ LW DIIHFWV WKH RXWFRPH
RI�D�PHDVXUHPHQW�

)LJXUH����0HDVXUHPHQW�SURFHGXUH�RI�LQHODVWLF�QHXWURQ�VFDWWHULQJ�

>�@ 3� &� +� 0LWFKHOO� 6� )� 3DUNHU� $� -� 5DPLUH]�&XHVWD� -� 7RPNLQVRQ 9LEUDWLRQDO 6SHFWURVFRS\ ZLWK
1HXWURQV��:RUOG�6FLHQWLILF�3XEOLVKLQJ�&R��3WH��/WG���6LQJDSRUH������
>�@�3��:��$OEHUV��6��)��3DUNHU��$GY��&DWDO��������������૱���
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3URJUHVV�LQ�WKH�GHYHORSPHQW�RI�D�VDPSOH�LQWURGXFWLRQ�V\VWHP�IRU�WKH�GRZQZDUGV�
SRLQWLQJ�YHUWLFDO�,&306�IRU�IXWXUH�SDUWLFOH�DQG�FHOO�DQDO\VLV

7��9RQGHUDFK���%��+DWWHQGRUI���'��*¾QWKHU�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK

,QVSLUHG E\ WKH DSSURDFK RI 6WHZDUW DQG 2OHVLN >�@ ZKHUH DQ ,&306 LQVWUXPHQW ZDV RULHQWHG
XSZDUGV DQG PRQRGLVSHUVH GURSOHWV ZHUH WUDQVSRUWHG XSZDUGV LQWR WKH SODVPD ZH GHYHORSHG D
YHUWLFDO�GRZQZDUGV�SODVPD�FRQILJXUDWLRQ�WKDW�HQDEOHV�WKH�VDPSOH�LQWURGXFWLRQ�IURP�WKH�WRS�

:LWK WKH DVVLVWDQFH RI JUDYLW\ DQG GLUHFWLQJ JDV IORZV� WKH DHURVRO FDQ EH FHQWHUHG RQ WKH WRUFK
D[LV DQG IROORZV D VWUDLJKW SDWKZD\ GRZQZDUGV LQWR WKH SODVPD� ,Q VXFK D FRQILJXUDWLRQ� WKH ULVN RI
ORVVHV GXH WR VDPSOH GHSRVLWLRQ JHWV PLQLPL]HG EHFDXVH JUDYLWDWLRQDO VHWWOLQJ FDQQRW RFFXU XQOLNH
ZKHQ�WKH�SODVPD�LV�RULHQWHG�KRUL]RQWDOO\��>�@>�@

7KH SURWRW\SH FRPSULVHV DQ (/$1 ���� '5&� ,&306 LQVWUXPHQW WKDW ZDV RULHQWHG YHUWLFDOO\ ZLWK D
PRGLILHG ,&3 VRXUFH� 7KH WRUFK ER[ LV FRXSOHG ZLWK WKH (/$1 LQWHUIDFH VR WKDW WKH WRUFK D[LV DOLJQV
ZLWK WKH LQWHUIDFH RI WKH 06 LQ D YHUWLFDO GRZQZDUGV IDVKLRQ� $Q DG KRF FRROLQJ PDQDJHPHQW ZDV
GHYHORSHG DQG LQWHJUDWHG LQWR WKH WRUFK ER[ NHHSLQJ WKH WHPSHUDWXUH FRQVWDQWO\ EHORZ �� r&� 7KLV
JXDUDQWHHV WKH WRUFK DGDSWHUV DQG RWKHU WHFKQLFDO SLHFHV IURP RYHUKHDWLQJ GXH WR DVFHQGLQJ
FRQYHFWLYH�KHDW�

,Q WKLV VWXG\� PRQRGLVSHUVH GURSOHWV �$XWRGURS 3LSHWWH 	 'LVSHQVHU +HDG� PLFURGURS 7HFKQRORJLHV
*PE+� *HUPDQ\� RI GLIIHUHQW VL]HV LQ WKH UDQJH RI �� WR �� ͐P ZHUH LQWURGXFHG LQWR WKH SODVPD DW
GLIIHUHQW GLVSHQVLQJ IUHTXHQFLHV XS WR ���� +]� 7KH EHQHILW RI XVLQJ D JDV�H[FKDQJH GHYLFH �*('
>�@� DV GURSOHW GHVROYDWLRQ V\VWHP ZDV VWXGLHG LQ GHWDLO� 3UHOLPLQDU\ UHVXOWV LQGLFDWH WKDW WKH
SDUWLDO UHPRYDO RI WKH VROYHQW E\ XVLQJ D *(' LPSURYHG WKH GHWHFWLRQ HIILFLHQFLHV E\ D IDFWRU RI �
IRU YDULRXV HOHPHQWV LQ VROXWLRQ� )XUWKHUPRUH� SRO\PHU PLFUREHDGV �DSSUR[� � wP� FRQWDLQLQJ &H�
(X� +R� /X �)OXLGLJP� ZHUH LQYHVWLJDWHG XVLQJ WKH *(' DV GHVROYDWLRQ GHYLFH� 7KH REWDLQHG LRQ
FRXQWV SHU EHDG ZHUH DOVR REVHUYHG ZKHQ D F\FORQLF VSUD\ FKDPEHU DQG D QHEXOL]HU ZDV XVHG
DSSO\LQJ�VWDQGDUG�RSHUDWLRQ�FRQGLWLRQV�

7KH SUHVHQWHG FRQILJXUDWLRQ DQG VDPSOH VXSSO\ V\VWHP VKDOO EH WHVWHG IXUWKHU IRU WKH DQDO\VLV RI
SDUWLFOHV�DQG�ELRORJLFDO�FHOOV�

>�@�,��,��6WHZDUW�DQG�-��:��2OHVLN��-��$P��6RF��0DVV�6SHFWURP���������������������
>�@ -� .RFK� /� )ODPLJQL� 6� *VFKZLQG� 6� $OOQHU� +� /RQJHULFK DQG '� *¾QWKHU�-� $QDO� $W� 6SHFWURP��
��������������������
>�@�6��/��YRQ�GHU�:HLGHQ��)��'UHZQLFN��DQG�6��%RUUPDQQ��$WPRV��0HDV��7HFK��������������������
>�@�.��1LVKLJXFKL��.��8WDQL��DQG�(��)XMLPRUL��-��$QDO��$W��6SHFWURP�����������������������
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