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3URMHFW 7LWOH 1RQ�LQYDVLYH 'LDEHWHV 'HWHFWLRQ E\ 5DPDQ 6SHFWURPHWHU

6WXGHQW 1DPH 3DUDZHH 7DQJNLDWSKDLEXQ ��������

3KROFKDQRN 8GRPWDQDVXE ��������

'HJUHH %DFKHORU RI (QJLQHHULQJ LQ %LRPHGLFDO (QJLQHHULQJ

3URMHFW $GYLVRU :LERRO 3L\DZDWWDQDPHWKD

$FDGHPLF <HDUV ����

$%675$&7

1RQ�FRPPXQLFDEOH GLVHDVHV �1&'V� DUH QRQ�LQIHFWLRXV GLVHDVHV WKDW GR QRW VSUHDG IURP
SHUVRQ WR SHUVRQ DQG DUH FDXVHG E\ XQGHVLUHG EHKDYLRUV VXFK DV H[FHVVLYH DOFRKRO XVH� VPRNLQJ�
FKURQLF VWUHVV� DQG WKH FRQVXPSWLRQ RI IRRGV ULFK LQ VXJDU� VRGLXP� RU FKROHVWHURO� 7KH PDMRULW\
RI 1RQ�&RPPXQLFDEOH GLVHDVHV DUH FKURQLF REVWUXFWLYH SXOPRQDU\ GLVHDVH� GLDEHWHV �W\SH ���
K\SHUWHQVLRQ� HWF�� ZLWK GLDEHWHV EHLQJ RQH RI WKH GLVHDVHV WKDW KDV EHHQ DQ LVVXH LQ WKH SUHYLRXV
ILYH \HDUV� $FFRUGLQJ WR WKH ,QWHUQDWLRQDO 'LDEHWHV )HGHUDWLRQ �,')�� WKH QXPEHU RI GLDEHWHV
SDWLHQWV ZRUOGZLGH LQ ���� ZDV DSSUR[LPDWHO\ ��� PLOOLRQ� ZLWK DQ HVWLPDWHG LQFUHDVH WR ���
PLOOLRQ E\ �����

'LDEHWHV LV D FRQGLWLRQ FDXVHG E\ D PDOIXQFWLRQ RI WKH LQVXOLQ HQ]\PH� ZKLFK FDXVHV
DEQRUPDOO\ KLJK EORRG JOXFRVH OHYHOV� ,W FDQ GHYHORS FRPSOLFDWLRQV VXFK DV KHDUW GLVHDVH�
FKURQLF UHQDO GLVHDVH� QHUYH GDPDJH� DQG RWKHU IRRW� YLVLRQ� DQG KHDULQJ LVVXHV� 'XH WR WKH QDWXUH
RI GLDEHWHV� EORRG JOXFRVH WHVWLQJ FDQ EH XVHG WR ERWK GLDJQRVH DQG PRQLWRU LW� %ORRG JOXFRVH
WHVWLQJ LV PRVW UHOLDEOH DQG DFFXUDWH ZKHQ SHUIRUPHG ZLWK D EORRG VXJDU PHWHU� ZKLFK HQWDLOV
SULFNLQJ WKH SDWLHQW
V ILQJHU �LQYDVLYH DSSURDFK�� ,W LV D SDLQIXO SURFHGXUH WKDW FDUULHV DQ LQIHFWLRQ
ULVN� 6HYHUDO QRQ�LQYDVLYH EORRG JOXFRVH WHVWLQJ WHFKQRORJLHV DUH FXUUHQWO\ DYDLODEOH� +RZHYHU�
PRVW RI WKHP DUH HUURQHRXV� 7KHUHIRUH� LW LV SUHIHUDEOH WR XVH QRQ�LQYDVLYH JOXFRVH PRQLWRULQJ
PHWKRGV WKDW DUH GHSHQGDEOH DQG DFFXUDWH� :H EHOLHYH 5DPDQ VSHFWURVFRS\ WR EH WKH VROXWLRQ WR
WKLV LVVXH�

5DPDQ VSHFWURVFRS\ LV D WHFKQLTXH IRU DOWHULQJ WKH ODVHU
V ZDYHOHQJWK WKURXJK LQWHUDFWLRQ
ZLWK D VDPSOH� $ VSHFWURPHWHU FDQ UHFRUG WKH VKLIWV� ZKLFK RIIHU LQIRUPDWLRQ DERXW WKH VXEVWDQFH�
&RVWLQJ DW OHDVW ������� 86� 5DPDQ VSHFWURPHWHUV DUH SURKLELWLYHO\ H[SHQVLYH IRU WKH PDMRULW\
RI LQVWLWXWLRQV DQG XQLYHUVLWLHV� :H ZLOO LQVWHDG FRQVWUXFW WKH 5DPDQ ',<� ZKLFK FRVWV OHVV WKDQ
������ 86� ,Q WKLV VHQLRU SURMHFW� ZH DLPHG WR EXLOG D 5DPDQ VSHFWURPHWHU WR PHDVXUH JOXFRVH
RQ 6(56 VXEVWUDWHV DQG FDOLEUDWH WKH UHVXOWV XVLQJ D EHQFKPDUN H[SHULPHQW FRQGXFWHG E\ RQH RI
RXU WHDP PHPEHUV DW 068� 8QIRUWXQDWHO\� ZH ZHUH XQDEOH WR REWDLQ VDWLVIDFWRU\ UHVXOWV DV WKH
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V\VWHP IDLOHG WR DOLJQ SURSHUO\� DQG ZH ZHUH XQDEOH WR LGHQWLI\ WKH ILQJHUSULQW RI DQ\ VXEVWUDWH RU
JOXFRVH SRZGHU GXH WR OLPLWDWLRQV� 'HVSLWH WKH ODFN RI VXFFHVV LQ REWDLQLQJ UHVXOWV� ZH OHDUQHG
YDOXDEOH OHVVRQV DERXW WKH FKDOOHQJHV RI EXLOGLQJ DQG DOLJQLQJ D 5DPDQ VSHFWURPHWHU� :H DOVR
JDLQHG LQVLJKW LQWR WKH LPSRUWDQFH RI SURSHU FDOLEUDWLRQ DQG WKH QHHG IRU FDUHIXO FRQVLGHUDWLRQ RI
H[SHULPHQWDO OLPLWDWLRQV�

,Q FRQFOXVLRQ� ZKLOH ZH ZHUH XQDEOH WR DFKLHYH RXU GHVLUHG RXWFRPH� WKH SURMHFW SURYLGHG
D YDOXDEOH OHDUQLQJ H[SHULHQFH WKDW ZLOO EHQHILW XV LQ RXU IXWXUH HQGHDYRUV LQ VFLHQWLILF UHVHDUFK
DQG GHYHORSPHQW� :H KRSH WKDW RXU H[SHULHQFH ZLOO LQVSLUH IXWXUH VWXGHQWV WR SXUVXH VLPLODU
SURMHFWV� OHDUQ IURP RXU FKDOOHQJHV DQG PLVWDNHV� DQG FRQWLQXH WR H[SORUH WKH H[FLWLQJ
SRVVLELOLWLHV RI 5DPDQ VSHFWURVFRS\ LQ WKH ILHOG RI ELRPHGLFDO UHVHDUFK�
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:H ZRXOG OLNH WR H[SUHVV P\ GHHSHVW JUDWLWXGH WR P\ DGYLVRUV� $VVRF� 3URI� :LERRO
3L\DZDWWDQDPHWKD DQG $VVW� 3URI� =KHQ 4LX� IRU WKHLU XQZDYHULQJ VXSSRUW� JXLGDQFH� DQG
H[SHUWLVH WKURXJKRXW WKLV UHVHDUFK SURMHFW� 7KHLU LQYDOXDEOH LQVLJKWV DQG IHHGEDFN KDYH EHHQ
FULWLFDO WR WKH VXFFHVV RI WKLV ZRUN� :H ZRXOG DOVR OLNH WR WKDQN RXU VHQLRU 3K�'� VWXGHQWV� 3DVLQ
.XQFKDULQ DQG $QLZDW -XKRQJ� IRU WKHLU FROODERUDWLRQ DQG KHOSIXO GLVFXVVLRQV GXULQJ WKLV
UHVHDUFK� $OVR� RXU VHQLRU 0�'� VWXGHQWV 3UHH\DUDW 5LWKFKDUXQJ DQG 1LWLSRQ 1DYDLWWKLSRUQ¶V
FRQWULEXWLRQV KDYH EHHQ LQYDOXDEOH WR WKH SURMHFW
V VXFFHVV�

3DUDZHH 7DQJNLDWSKDLEXQ

3KROFKDQRN 8GRPWDQDVXE
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��� 'LDEHWHV ��
��� 5DPDQ VSHFWURVFRS\ ��
��� 2EMHFWLYH ��

&+$37(5 � ��
7+(25< ��

��� %ORRG DQDO\WHV LGHQWLILHG LQ WKLV GLVVHUWDWLRQ ��
����� *OXFRVH ��
����� 7HVWLQJ DQG 'LDJQRVLV RI 'LDEHWHV ��
����� &UHDWLQLQH ��
����� 8UHD ��

��� $Q DQDO\VLV RI WKH QRQ�LQYDVLYH RSWLFDO PHWKRGV WKDW DUH FXUUHQWO\ LQ XVH IRU JOXFRVH
GHWHFWLRQ� ��

����� 'LUHFW DSSURDFKHV ��
������� $EVRUSWLRQ VSHFWURVFRS\ LQ WKH 1HDU�LQIUDUHG 5DQJH �1,5� ��

����� $EVRUSWLRQ VSHFWURVFRS\ ZLWKLQ WKH PLG�LQIUDUHG �0,5� VSHFWUXP ��
������� 1HDU�,QIUDUHG �1,5� ��
������� $FWLYLW\ LQ WKH RSWLFDO VSHFWUXP DQG SRODULPHWU\ ��

����� ,QGLUHFW DSSURDFKHV ��
������� 'LIIXVH 5HIOHFWDQFH 6SHFWURVFRS\ �'56� ��
������� 2SWLFDO &RKHUHQFH 7RPRJUDSK\ �2&7� ��

����� 2WKHU DSSURDFKHV ��
��� 3UHYLRXV VWXGLHV FRQGXFWHG LQ WKH 6SHFWURVFRS\ /DERUDWRU\ DW 0,7 ��

����� ,Q YLWUR LQYHVWLJDWLRQV ��
����� ,Q YLYR VWXGLHV ��

������� 0HWKRGV DQG H[SHULPHQWDO SURWRFROV ��
������� 5HVXOWV DQG GLVFXVVLRQ ��

��� $UWLILFLDO LQWHOOLJHQFH ��
����� &RQYROXWLRQDO 1HXUDO 1HWZRUNV �&11� ��
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����� 5HVLGXDO 1HWZRUN �5HV1HW� ��
����� $XWRHQFRGHU ��
����� *HQHUDWLYH $GYHUVDULDO 1HWZRUN �*$1� ��
����� $UWLILFLDO 1HXUDO 1HWZRUNV�$11� ��
����� .�1HDUHVW 1HLJKERXU FODVVLILFDWLRQ ��
����� $SSOLFDWLRQV IRU 5DPDQ 6SHFWURVFRS\ ��

��� 6XPPDU\ ��
&+$37(5 � ��
0(7+2'2/2*< ��

��� 5DPDQ VSHFWURVFRS\ ��
��� %LRORJLFDO IDFWRUV ��

����� 8VLQJ QHDU�LQIUDUHG UDGLDWLRQ ��
����� $ 6LJQDO 2EVHUYHG LQ WKH &RQWH[W RI %LRORJLFDO 5DPDQ 6SHFWUD ��
����� +HWHURJHQHLWLHV LQ KXPDQ VNLQ ��

��� 0HWKRGV RI FDOLEUDWLRQ XVLQJ VHYHUDO YDULDEOHV ��
��� 6(5V ��
��� ,QVWUXPHQWDWLRQ ��
��� &ROOHFWLRQ RI GDWD ��
��� 'HHS /HDUQLQJ GHYHORSPHQW ��

����� &RQYROXWLRQDO 1HXUDO 1HWZRUN �&11�� ��
����� .�QHDUHVW QHLJKERUV DOJRULWKP�.11�� ��

��� 6XPPDU\ ��
&+$37(5 � ��
(;3(5,0(17$/ 5(68/7 $1' ',6&866,21 ��

��� ,QWURGXFWLRQ ��
��� 7KH ',< 5DPDQ VSHFWURVFRS\ FRUH V\VWHP GHVLJQ ��
��� 7KH V\VWHP GHVLJQ� DOLJQPHQW DQG� FDOLEUDWLRQ� ��

����� /DVHU 6RXUFH RU ([FLWDWLRQ VRXUFH RI 5DPDQ VFDWWHULQJ� ��
:H DUH XVLQJ D ODVHU GLRGH DV WKH QDWXUH RI OLJKW WR GLYHUJH RYHU D FHUWDLQ GLVWDQFH�
7KH GLYHUJHQW ODVHU OLJKW FDQ GHFUHDVH WKH ZRUNLQJ GLVWDQFH DQG GHFUHDVH WKH RXWSXW
RI ODVHU SRZHU ZKLFK FDQ IXUWKHU GHFUHDVH WKH 5DPDQ VFDWWHULQJ FKDQFH WR RFFXU�
:LWK WKLV WKH ODVHU EHDP LV QHHGHG WR EH FROOLPDWHG WR LPSURYH EHDP VL]H DQG SRZHU�
7KLV VHWXS FDQ KHOS HQVXUH WKDW WKH EHDP LV FROOLPDWHG WR KDYH D ORQJHU ZRUNLQJ
GLVWDQFH RYHU WKH RSWLFDO V\VWHP WR GHFUHDVH WKH VLJQDO ORVV DV UHVXOW IRU XQGHVLUDEOH
IRFXVLQJ OHQJWK� ��
������� 7KH ILUVW V\VWHP GHVLJQ ��
������� 7KH VHFRQG V\VWHP GHVLJQ ��
������� 7KH WKLUG V\VWHP GHVLJQ ��
������� 7KH IRXUWK V\VWHP GHVLJQ ��
������� 5DPDQ 6DPSOLQJ IRU WKH 5DPDQ 6\VWHP� ��
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����� 6SHFWURPHWHU ��
��� 5HVXOWV ��

����� 5HVXOWV IURP WKH ILUVW V\VWHP GHVLJQ ��
����� 5HVXOWV IURP WKH VHFRQG V\VWHP GHVLJQ ��
����� 5HVXOWV IURP WKH WKLUG V\VWHP GHVLJQ ��
����� 5HVXOWV IURP WKH IRXUWK V\VWHP GHVLJQ ��
����� ([SHULPHQWDO RQ EDVHOLQH VXEWUDFWLRQ ��

��� 'LVFXVVLRQ ��
��� 6XPPDU\ ��

&+$37(5 � ��
&21&/86,21 ��

��� ,QWURGXFWLRQ ��
��� 6XPPDU\ ��
��� &RQFOXVLRQV ��
��� 6XJJHVWLRQ ��

5()(5(1&(6 ��
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7DEOHV 3DJH

���� *OXFRVH PHDVXUHPHQW XVLQJ 1,5 DEVRUSWLRQ VSHFWURVFRS\ ��

���� *OXFRVH PHDVXUHPHQW XVLQJ 1,5 DEVRUSWLRQ VSHFWURVFRS\ ��

���� &URVV�YDOLGDWHG UHVXOWV RI FDOLEUDWLRQ RQ HLJKW DQDO\WHV ��
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)LJXUHV 3DJH

���� D�'�JOXFRVH �VROLG� DQG DQRPHULF EDODQFHG '�JOXFRVH �GDVKHG� LQ ', ZDWHU

5DPDQ VSHFWUD� ��

���� 5DPDQ VSHFWUD RI '�JOXFRVH �*�� FUHDWLQH �&�� DQG XUHD �8� ZLWK

WKHLU DQRPHULF H[FHVVHV UHPRYHG� ��

���� $ YROXQWHHU ZDV IRXQG VHDWHG QH[W WR WKH RSWLFDO WDEOH ZLWK KLV IRUHDUP

SUHVVHG RQ WKH HTXLSPHQW ��

���� GHPRQVWUDWHV &11
V RUJDQL]DWLRQDO VWUXFWXUH� ��

���� %ORFNDJH� 7KHUH LV D VKRUWFXW IURP [ WR +� 7KLV QHWZRUN DUFKLWHFWXUH SURYLGHV

VNLS FRQQHFWLRQV� ZKLFK FDUU\ JUDGLHQW LQIRUPDWLRQ EHWZHHQ OD\HUV DQG DYRLG

WKH YDQLVKLQJ JUDGLHQW SUREOHP� ��

���� $XWRHQFRGHU ERWWOHQHFNV� ��

���� 6FKHPDWLF RI $11 ZLWK VHYHQ LQSXW� IRXU KLGGHQ� DQG WZR RXWSXW QRGHV�,QSXW

YDOXHV DUH [L� KLGGHQ OD\HU ZHLJKWV DUH ZLM� KLGGHQ OD\HU RXWSXWV DUH DM� RXWSXW OD\HU

ZHLJKWV DUH XMN� DQG KLGGHQ DQG RXWSXW OD\HU WUDQVIHU IXQFWLRQV DUH I DQG K� ��

���� )RXU 5DPDQ DSSOLFDWLRQV WKDW OHYHUDJH PDFKLQH OHDUQLQJ� 0RGHOV IRU

SUHSURFHVVLQJ� FODVVLILFDWLRQ� UHJUHVVLRQ� DQG KLJKOLJKWLQJ EDVHG RQ RXWSXW�

7KH RXWSXW RI D SUH�SURFHVVLQJ PRGHO LV DQRWKHU 5DPDQ VSHFWUXP� WKH RXWSXW RI

D FODVVLILFDWLRQ PRGHO LV D ODEHO� WKH RXWSXW RI D UHJUHVVLRQ PRGHO LV D QXPEHU RU

SUREDELOLW\ YDOXH� DQG WKH RXWSXW RI D KLJKOLJKWLQJ PRGHO LV WKH VSHFWUDO 52,

RI WKH LQSXW VSHFWUXP� ��

���� $ GLDJUDP GHSLFWLQJ WKH HQHUJLHV LQYROYHG LQ 5D\OHLJK� 6WRNHV 5DPDQ� DQG

DQWL�6WRNHV 5DPDQ VFDWWHULQJ ��

���� $ 5DPDQ VSHFWUXP LV FUHDWHG E\ SORWWLQJ WKH VFDWWHUHG LQWHQVLW\ YV WKH HQHUJ\�

$V DQ H[DPSOH� WKLV ILJXUH WDNHV WKH UHDGLQJV IURP D TXDUW] FXYHWWH FRQWDLQLQJ

DFHWDPLQRSKHQ SRZGHU ��

���� $ QXPEHU RI GLIIHUHQW VXEVWDQFHV
 DEVRUSWLRQ VSHFWUD� LQFOXGLQJ WKRVH RI ZDWHU�

VNLQ PHODQLQ� KHPRJORELQ� DQG IDW� 7KH VFDWWHULQJ VSHFWUXP RI ��� ,QWUDOLSLG�

��This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use



ZKLFK LV D OLSLG HPXOVLRQ� LV DOVR VKRZQ� 7KLV OLSLG HPXOVLRQ LV H[KLELWHG EHFDXVH�

,W LV ZLGHO\ XVHG WR UHSOLFDWH WKH VFDWWHULQJ WKDW KDSSHQV LQ WLVVXH� ��

���� 5DPDQ VFDWWHULQJ HQKDQFHPHQW IURP D 6(56 VXEVWUDWH� ��

���� 7KH �' GLDJUDP RI 5DPDQ RSWLFDO VSHFWURVFRS\ ��

���� 7KH �' 'HVLJQ RI 5DPDQ VSHFWURVFRS\ ��

���� ([DPSOH RI WKH 5DPDQ VSHFWUXP WKDW LV IRXQG LQ UHIHUHQFH SDSHU PDWHULDO

UHSUHVHQWLQJ WKH ILQDO GHVWLQDWLRQ RI ',< 5DPDQ UHVXOWV� �D� 'LJLWDO SLFWXUH RI

WKH 5DPDQ VSHFWUXP RI SXUH EHQ]HQH� �E� 7KH SORW RI WKH 5DPDQ VSHFWUXP RI

SXUH EHQ]HQH IURP ILJXUH�D� ��

���� ,QWHUIDFH RI 6SLQQDNHU ��

���� 7KH &11 PRGHO WKDW ZH JRW� FDQ GHWHFW WKH $HGHV PRVTXLWR DQG

&XOH[ 0RVTXLWR VHSDUDWHO\ ��

����� ([DPSOH RI WKH GDWDVHW IRU WKH .11 PRGH ��

���� $� /DVHU VRXUFH ZLWKRXW FROOLPDWLRQ FDOLEUDWLRQ� %� /DVHU VRXUFH ZLWK

FROOLPDWLRQ FDOLEUDWLRQ� ��

���� �' 'LDJUDP� 'HVLJQ�� ��

���� 6\VWHP� 'HVLJQ�� ��

���� %HDP VL]H FDOFXODWLRQ GLDJUDP IRU V\VWHP�� ��

���� 7KH VHWXS RI GHVLJQ�� 5DPDQ V\VWHP $� 2YHUDOO V\VWHP ZLWK WKH EHDP WKDW

VFDWWHULQJ DURXQG WKH V\VWHP� %� 5HVXOW IURP PHDVXULQJ ODVHU SRZHU DW DQ REMHFWLYH

OHQV ZLWK ���� P: IURP �� P: RXWSXW ��

���� �' 'LDJUDP� 'HVLJQ�� ��

���� 6\VWHP� 'HVLJQ�� ��

���� %HDP VL]H FDOFXODWLRQ GLDJUDP IRU V\VWHP�� ��

���� /DVHU FROOLPDWLRQ IRU V\VWHP GHVLJQ�� XVLQJ D *DOLOHDQ EHDP H[SDQGHU� ��

����� $� /DVHU FROOLPDWLRQ LQSXW SRZHU RI ��� P: � %� /DVHU RXWSXW SRZHU RI

���� P: DW WKH REMHFWLYH OHQV� ��

����� �' 'LDJUDP� 'HVLJQ�� ��

����� 6\VWHP� 'HVLJQ�� ��

����� %HDP VL]H FDOFXODWLRQ GLDJUDP IRU V\VWHP�� ��

����� /DVHU FROOLPDWLRQ IRU V\VWHP GHVLJQ�� XVLQJ D .HSOHULDQ EHDP H[SDQGHU ��
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����� $� /DVHU FROOLPDWLRQ LQSXW SRZHU RI ��� P: � %� /DVHU RXWSXW SRZHU RI

���� P: DW WKH REMHFWLYH OHQV� ��

����� �' 'LDJUDP� 'HVLJQ�� ��

����� 6\VWHP� 'HVLJQ�� ��

����� %HDP VL]H FDOFXODWLRQ IRU V\VWHP�� ��

����� $� /DVHU FROOLPDWLRQ IRU V\VWHP GHVLJQ�� � %� 8VLQJ D WHVW WDUJHW WR PHDVXUH

D EHDP VL]H ZLWK WKH DSSUR[LPDWLRQ WR EH DURXQG � PP ��

����� $� /DVHU FROOLPDWLRQ LQSXW SRZHU RI ��� P: � %� /DVHU RXWSXW SRZHU RI

���� P: DW WKH REMHFWLYH OHQV ��

����� 7KH VHWXS XVHG WR ILQG WKH IRFXVLQJ GLVWDQFH $� LQVWDOODWLRQ RI ;<= VWDJH ZLWK

D UDPDQ V\VWHP� %� /DVHU WHVWLQJ LQ JHQHUDO ZLWK ;<= VWDJH ��

����� 7KH VHWXS XVHG WR ILQG WKH IRFXVLQJ GLVWDQFH $� ,PDJH FDSWXULQJ IURP FDPHUD�

%� *UDSK SORWWLQJ XVLQJ 0DWODE ILQGLQJ PD[LPXP SHDN YDOXH ��

����� ,PDJH IRU GLVWDQFH � PP DQG � PP XVLQJ RQO\ DOXPLQXP SODWH VWDJH ��

����� ,PDJH IRU GLVWDQFH � PP DQG � PP XVLQJ RQO\ DOXPLQXP SODWH VWDJH ��

����� ,PDJH IRU GLVWDQFHV � PP DQG � PP XVLQJ RQO\ DOXPLQXP SODWH VWDJH ��

����� 'LDJUDP IRU FRPSDULQJ D � GLIIHUHQFH V\VWHP VLJQDO ��

����� 7KH SDUWV RI WKH V\VWHP FDOOHG D VSHFWURPHWHU SDUWV �� ��� QP /RQJ SDVV ILOWHU

�)(/+����� �� IRFXVLQJ OHQV �$&��������%� �� VOLW RI �� �P :LGH� � PP /RQJ

�� &ROOLPDWLQJ OHQV �$&��������%� �� $SHUWXUH �60�'��&� �� *UDWLQJ RI

���� OLQHV�PP �*5�������� �� &026 'HWHFWRU �&DPHUD %)/<�3*(���6�0�&� ��

����� 6HWXS IRU JUDWLQJ H[SHULPHQW� $� 6HW XS IURP WKH WRS � %� 6HW XS IURP WKH VLGH�

�� /DVHU GLRGH VRXUFH� ��� QP �/���3����� �� &ROOLPDWLRQ OHQV� $FKURPDWLFV

GRXEOHW �$&��������%�� �� /LJKW JUDWLQJV �*5�������� ���� /LQHV�PP��

�� 5HIOHFWLRQ VXUIDFH ��

����� 'LDJUDP IURP WKH VHW XS ZLWK DQJOH DQG GLVWDQFH UHTXLUHG IRU FDOFXODWLRQ ��

����� *UDWLQJ GLIIUDFWLRQ RUGHU GLDJUDP ��

����� $� *OXFRVH 3RZGHU UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV

ZLWK QR ORQJ SDVV ILOWHU RI ��� QP �%/3������5����� %� *OXFRVH 3RZGHU UHIOHFWLRQ LV

FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK D ORQJ SDVV ILOWHU

RI ��� QP �%/3������5���� ��
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����� $� 3RZHU PHWHU PHDVXUHPHQW DW REMHFWLYH JLYHQ RXW SRZHU RI ���� P:� %��

'LVSOD\ RI ODVHU GLRGH FRQWUROOHU WKDW JLYHQ WKH FXUUHQW RI ������ P$ HTXLYDOHQW

WR DURXQG �� P: ��

����� ,PSURYHG V\VWHP RI ILUVW GHVLJQ $� *OXFRVH 3RZGHU LV FDSWXUHG ZKLOH SDVVLQJ

WR WKH VSHFWURPHWHU SDUWV ZLWK QR ORQJ SDVV ILOWHU RI ��� QP �%/3������5�����

%� *OXFRVH 3RZGHU UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV

ZLWK D ORQJ SDVV ILOWHU RI ��� �%/3������5���� ��

����� 6\VWHP RI VHFRQG GHVLJQ ZLWK .HSOHULDQ EHDP H[SDQGHU $� *OXFRVH 3RZGHU

UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK QR ORQJ SDVV ILOWHU RI

��� QP �%/3������5����� %� *OXFRVH 3RZGHU UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ

WR WKH VSHFWURPHWHU SDUWV ZLWK D ORQJ SDVV ILOWHU RI ��� �%/3������5���� ��

����� *DOLOHDQ EHDP H[SDQGHU V\VWHP RI WKLUG GHVLJQ $� *OXFRVH 3RZGHU LV FDSWXUHG

ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK QR ORQJ SDVV ILOWHU RI ��� QP �%/3������5�����

%� *OXFRVH 3RZGHU UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK

D ORQJ SDVV ILOWHU RI ��� �%/3������5���� ��

����� 3RZHU PHWHU PHDVXUHPHQW $� 3RZHU DW DQ REMHFWLYH OHQV RI *DOLOHDQ EHDP H[SDQGHU

RI ���� P:� %� 3RZHU DW DQ REMHFWLYH OHQV RI .HSOHULDQ EHDP H[SDQGHU RI ���� P: ��

����� )XUWKHU LPSURYHPHQW LQ DOLJQPHQW DQG FKDQJH RI ODVHU GLRGH �/���+��

D�� 7KH WKLUG GHVLJQ V\VWHP RI 5DPDQ SDUWV� E�� 3RZHU DIWHU DQ REMHFWLYH OHQV

RI ��� P: IURP D ��� P: SRZHU LQSXW F�� 3RZHU DIWHU WKH GLFKURLF PLUURU WKDW

WUDQVPLWV IURP WKH VOLGH KROGHU ��

����� )XUWKHU LPSURYHPHQW LQ DOLJQPHQW DQG FKDQJH RI ODVHU GLRGH �/���+��

ZLWK D UHVXOW RI ODVHU ZLWK QR ORQJ SDVV ILOWHU RI ��� QP �%/3������5����

D�� 5HVXOW RI XVLQJ $OXPLQXP SODWH DV VDPSOH� E�� 5HVXOW RI XVLQJ JOXFRVH SRZGHU DV VDPSOH�

F� 5HVXOW RI XVLQJ 6L2� DV D VDPSOH� G� 5HVXOW RI XVLQJ ,&* DV VDPSOH�

H� 5HVXOW RI XVLQJ JOXFRVH SRZGHU DV D VDPSOH ZLWK D UHGXFWLRQ RI H[SRVXUH WLPH�

I� 5HVXOW RI XVLQJ 6L2� DV D VDPSOH ZLWK D UHGXFWLRQ RI H[SRVXUH WLPH ��

����� 0$7/$% FRGLQJ IRU FRPSDULQJ WKH VLJQDO EHWZHHQ HDFK VDPSOH RI ,&*�

*OXFRVH� $OXPLQLXP DQG 6L2� ��

����� 7KH IRXUWK V\VWHP LV GHVLJQHG XVLQJ D FROOLPDWLRQ OHQV �$&��������%��

D� /DVHU EHDP DIWHU ODVHU� E� 3RZHU RI ��� P: IURP ��� P: DIWHU WKH OHQV FROOLPDWRU
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F� /DVHU EHDP DIWHU GLFKURLF PLUURU� G� 3RZHU RI ���� DW WKH REMHFWLYH OHQV

H� /DVHU EHDP SURILOH WKDW HQWHUV WKH REMHFWLYH OHQV� I�/DVHU EHDP DW WKH REMHFWLYH OHQV

RQ VDPSOH KROGHU ��

����� )RXUWK V\VWHP GHVLJQ LPDJH FROOHFWLRQ ZLWK D ORQJ SDVV ILOWHU RI ��� QP

�)(/+����� WR UHGXFH WKH UDQJH RI ZDYHOHQJWK EORFNDJH � D�� 5HVXOW RI XVLQJ

$OXPLQXP SODWH DV VDPSOH� E�� 5HVXOW RI XVLQJ 6(5V (WKDQRO DV D VDPSOH�

F� 5HVXOW RI XVLQJ 6L2� DV D VDPSOH� G� 5HVXOW RI XVLQJ 6(5V JOXFRVH DV VDPSOH�

H� 5HVXOW RI XVLQJ JOXFRVH SRZGHU DV D VDPSOH ZLWK D UHGXFWLRQ RI H[SRVXUH WLPH�

I� 5HVXOW RI XVLQJ 6(5V DV D VDPSOH� ��

����� 0$7/$% FRGLQJ IRU FRPSDULQJ WKH VLJQDO EHWZHHQ HDFK VDPSOH RI

$OXPLQXP SODWH � *OXFRVH� 6L2�� 6(5V JOXFRVH� 6(5V (WKDQRO DQG 6(5V EDFNJURXQG ��

����� 7KH EDVHOLQH VXEWUDFWLRQ ZLWKRXW ORQJ SDVV ILOWHU $� $OXPLQXP VXEVWUDWH �%DVHOLQH��

%� *OXFRVH VXEVWUDWH� &� 6L2� VXEVWUDWH ��

����� 7KH EDVHOLQH VXEWUDFWLRQ ZLWK ��� QP ORQJ SDVV ILOWHU �)(/+�����

$� $OXPLQXP VXEVWUDWH�%DVHOLQH�� %� 'LVWLO ZDWHU� &� *OXFRVH VXEVWUDWH ��

����� 7KH EDVHOLQH VXEWUDFWLRQ ZLWK ��� QP ORQJ SDVV ILOWHU�)(/+�����

$� 6(5V VXEVWUDWH�%DVHOLQH�� %� (WKDQRO RQ 6(5V VXEVWUDWH� &� *OXFRVH RQ 6(5V VXEVWUDWH ��
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6\PEROV�$EEUHYLDWLRQV 7HUPV

D�'�JOXFRVH DOSKD�'�*OXFRVH
$�& +HPRJORELQ $�&
$, $UWLILFLDO ,QWHOOLJHQFH
$11 $UWLILFLDO QHXUDO QHWZRUN
%81 %ORRG 8UHD 1LWURJHQ
&&' &KDUJHG &RXSOHG 'HYLFH
&&+ (WK\Q\O UDGLFDO
&+ +\GURFDUERQV
&/6 &ODVVLFDO /HDVW 6TXDUHV
&11 &RQYROXWLRQDO 1HXUDO 1HWZRUN
&026 &RPSOHPHQWDU\ 0HWDO 2[LGH 6HPLFRQGXFWRU
&9 &URVV 9DOLGDWHG
G /LQH VSDFLQJ
'�JOXFRVH 'H[WURURWDWRU\ JOXFRVH
',< 'R ,W <RXUVHOI
'56 'LIIXVH 5HIOHFWDQFH 6SHFWURVFRS\
G/ 'HFLOLWHU
'P 'LDPHWHU
)11 )HHGIRUZDUG 1HXUDO 1HWZRUN
*$1 *HQHUDWLYH $GYHUVDULDO 1HWZRUN
*)5 *ORPHUXODU )LOWUDWLRQ 5DWH
,&* ,QGRF\DQLQH JUHHQ
,Q*D$V ,QGLXP *DOOLXP $UVHQLGH
,Q6E ,QGLXP DQWLPRQLGH
,5 ,QIUDUHG
.&O 3RWDVVLXP &KORULGH
N11 .�1HDUHVW 1HLJKERU
2&+ ��2[RTXLQROLQH
2&7 2SWLFDO &RKHUHQFH 7RPRJUDSK\
2/6 2UGLQDU\ /HDVW 6TXDUHV
0$( 0HDQ $EVROXWH (UURU
0J 0LOOLJUDP
0,5 0LG�LQIUDUHG
0,7 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\
P/ 0LOOLOLWHU
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0P 0LOOLPHWHU
P0 0LOOLPROH
P: 0LOOLZDWW
Q 'LIIUDFWLRQ RUGHU
1D&O 6RGLXP FKORULGH
1,5 1HDU�LQIUDUHG
1P 1DQRPHWHU
13V 1DQRSDUWLFOHV
3 3UHGLFWHG
3$6 3KRWRDFRXVWLF VSHFWURVFRS\
3&5 3ULQFLSDO &RPSRQHQW 5HJUHVVLRQ
3/6 3DUWLDO /HDVW 6TXDUH
5HV1HW 5HVLGXDO 1HWZRUN
506(&9 5RRW 0HDQ 6WDQGDUG (UURU IRU &DOLEUDWLRQ
52, 5HJLRQ RI ,QWHUHVW
6(5V 6XUIDFH (QKDQFHG 5DPDQ VFDWWHULQJ
6L2� 6LOLFRQ 'LR[LGH
615 6LJQDO WR 1RLVH 5DWLR
X0 0LFURPROH
8�1HW &RQYROXWLRQDO QHWZRUNV IRU ELRPHGLFDO LPDJH
89 8OWUDYLROHW
86' 86 'ROODU
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7KH SXUSRVH RI WKLV FKDSWHU LV WR SURYLGH DQ RYHUYLHZ RI FRUH LGHDV DV ZHOO DV WR
FRQWH[WXDOL]H WKH LQVSLUDWLRQ IRU WKH UHVHDUFK� $IWHU WKDW� D GLVFXVVLRQ RI WKH PRWLYDWLRQV IRU WKH
H[DPLQDWLRQ RI WKH SURMHFW DQG WKH REMHFWLYHV� IROORZHG E\ DQ RYHUYLHZ RI WKH SURMHFW� )LQDOO\� DQ
RYHUYLHZ RI WKH GLVVHUWDWLRQ LV JLYHQ RQ D SHU�FKDSWHU EDVLV�

��� 'LDEHWHV
'LDEHWHV� D PHWDEROLF GLVRUGHU FKDUDFWHUL]HG E\ D ULVH LQ EORRG JOXFRVH FRQFHQWUDWLRQ� LV

RQH RI WKH PRVW SUHYDOHQW GLVHDVHV� 7KH ,QWHUQDWLRQDO 'LDEHWHV )HGHUDWLRQ HVWLPDWHG WKDW ���
PLOOLRQ SHRSOH KDG GLDEHWHV LQ ���� >�@� 7KHUH DUH IRXU GLVWLQFW W\SHV RI GLDEHWHV� ZLWK WKH ILUVW
EHLQJ DQ DXWRLPPXQH GLVRUGHU� 7KH LPPXQH V\VWHP DWWDFNV WKH SDQFUHDV� ZKHUH LQVXOLQ LV
SURGXFHG� ��� RI WKH SRSXODWLRQ KDV WKLV IRUP RI GLDEHWHV� 7KH VHFRQG W\SH RI GLDEHWHV LV LQVXOLQ
UHVLVWDQFH� LQ ZKLFK WKH ERG\
V UHVLVWDQFH WR LQVXOLQ FDXVHV VXJDU WR EHFRPH WUDSSHG LQ EORRG
YHVVHOV� *HVWDWLRQDO 'LDEHWHV LV WKH WKLUG W\SH RI GLDEHWHV� FKDUDFWHUL]HG E\ KLJK EORRG SUHVVXUH
GXULQJ SUHJQDQF\� 7KH SODFHQWD SURGXFHV KRUPRQHV WKDW LQKLELW LQVXOLQ� 3UHGLDEHWHV LV WKH ILQDO
W\SH RI GLDEHWHV� ,I \RXU EORRG VXJDU OHYHOV DUH DERYH DYHUDJH EXW QRW KLJK HQRXJK WR EH
GLDJQRVHG ZLWK W\SH � GLDEHWHV� \RX KDYH SUHGLDEHWHV� *HQHUDO GLDEHWHV V\PSWRPV LQFOXGH
LQFUHDVHG DSSHWLWH� WKLUVW� ZHLJKW ORVV� IUHTXHQW XULQDWLRQ� LPSDLUHG YLVLRQ� H[WUHPH IDWLJXH� DQG
QRQ�KHDOLQJ ZRXQGV >�@�

*OXFRVH FRQFHQWUDWLRQ LQ WKH EORRG FDQ EH XVHG WR PRQLWRU GLDEHWHV� &XUUHQWO\� WKH
VWDQGDUG PHWKRG IRU PHDVXULQJ EORRG JOXFRVH LV PLQLPDOO\ LQYDVLYH EORRG ZLWKGUDZDO IRU ODE
DQDO\VLV RU DQ\ ELRVHQVRU GHYLFHV IRU JOXFRVH GHWHFWLRQ >�@� 7KLV SURFHGXUH FDQ EH SDLQIXO RU
VWUHVVIXO IRU SDWLHQWV ZLWK KHPRSKRELD� 1RZ� PDQ\ SHRSOH DUH LQWHUHVWHG LQ QRQLQYDVLYH JOXFRVH
GHWHFWLRQ EHFDXVH LW SURYLGHV D SDLQOHVV DQG FRQYHQLHQW PHWKRG IRU EORRG JOXFRVH PRQLWRULQJ�

��� 5DPDQ VSHFWURVFRS\
5DPDQ VSHFWURVFRS\ LV D PHWKRG IRU DOWHULQJ WKH ZDYHOHQJWK RI D ODVHU E\ LQWHUDFWLQJ ZLWK

D PDWHULDO� D SURFHVV NQRZQ DV 5DPDQ VFDWWHULQJ� 5DPDQ VFDWWHULQJ LV DQ RSWLFDO SURFHVV LQ ZKLFK
LQFRPLQJ H[FLWDWLRQ OLJKW LQWHUDFWV ZLWK D VDPSOH� UHVXOWLQJ LQ ORZHU�HQHUJ\ VFDWWHUHG OLJKW GXH WR
WKH YLEUDWLRQDO PRGHV RI WKH FKHPLFDO ERQGV LQ WKH VDPSOH >�@� $ VSHFWURPHWHU FDQ WKHQ UHFRUG WKH
VKLIWV� ZKLFK SURYLGHV LQIRUPDWLRQ DERXW WKH PDWHULDO� 5DPDQ LV WKHUHIRUH VXLWDEOH IRU
QRQLQYDVLYH EORRG JOXFRVH GHWHFWLRQ XVLQJ WKH ILQJHU�

+RZHYHU� FRPPHUFLDO 5DPDQ VSHFWURVFRS\ LV WRR H[SHQVLYH WR VWXG\ DQG WDNH DGYDQWDJH
RI QRQ�LQYDVLYH EORRG JOXFRVH WHVWLQJ� $FFRUGLQJ WR FRVW� ZH XVH WKH 5DPDQ ',< PRGHO LQVWHDG�
$OVR� VLQFH WKH 5DPDQ VSHFWURVFRS\ SULQFLSOH LV PRUH REVHUYDEOH� ZH FDQ VWXG\ LW LQ JUHDWHU
GHWDLO� 7KH 5DPDQ ',< XWLOL]HV WKH VDPH SULQFLSOH DV FRPPHUFLDO 5DPDQ VSHFWURVFRS\� EXW ZLWK
PRUH DFFHVVLEOH� DGMXVWDEOH FRPSRQHQWV WKDW ZH FDQ XVH DQG DW D PXFK ORZHU FRVW� ZLWK FRVWV
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EHORZ ����� 86' FRPSDUHG WR WKH VWDUWLQJ SULFH RI ������ 86' IRU FRPPHUFLDO�JUDGH 5DPDQ
VSHFWURVFRS\ >�@ >�@�

��� 2EMHFWLYH
7KH GHWHFWLRQ RI FOLQLFDOO\�UHOHYDQW DQDO\WHV LQ WKH EORRG WLVVXH PDWUL[ RI KXPDQ VXEMHFWV

XVLQJ QHDU�LQIUDUHG 5DPDQ VSHFWURVFRS\ LV WKH ORQJ�WHUP REMHFWLYH RI WKLV SURMHFW� 7KH
VKRUWHU�WHUP UHVHDUFK IRFXV RI WKLV SURMHFW LV LQWHQGHG WR GHYHORS D QRQ�LQYDVLYH EORRG JOXFRVH
GHWHFWRU IRU WKH WUHDWPHQW RI GLDEHWHV� 8VLQJ 5DPDQ VSHFWURVFRS\� ZH FDQ H[DPLQH WKH 5DPDQ
VSHFWUXP IURP D ILQJHUWLS WR GHWHUPLQH LI JOXFRVH LV SUHVHQW LQ WKH EORRGVWUHDP� 7KLV RSWLFDO
PHWKRG RIIHUV QRQ�FRQWDFW� SDLQOHVV� DQG VLPXOWDQHRXV DQDO\VLV RI QXPHURXV DQDO\WHV ZLWKRXW WKH
QHHG IRU DQ\ VDPSOH SUHSDUDWLRQ� :H DQWLFLSDWHG ILQGLQJ JOXFRVH�VSHFLILF 5DPDQ SHDN VLJQDOV
WKDW FRUUHVSRQG WR JOXFRVH FRQFHQWUDWLRQ� 'XULQJ WKH H[SHULPHQW� ZH FROOHFWHG PXOWLSOH VDPSOHV
RI WKH 5DPDQ VSHFWUXP� :H FDQ SUHGLFW JOXFRVH FRQFHQWUDWLRQ >�@ XVLQJ PDWKHPDWLFDO PHWKRGV
VXFK DV OLQHDU UHJUHVVLRQ RU 3/6 UHJUHVVLRQ DQDO\VLV� LV RQ JOXFRVH UHDGLQJV IRU GLDEHWHV SDWLHQWV�
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7KLV FKDSWHU ZLOO SURYLGH VRPH FRQWH[W IRU WKH WKHPHV RI JOXFRVH� FUHDWLQLQH� DQG XUHD�
ZKLFK ZLOO EH GLVFXVVHG WKURXJKRXW WKH UHVW RI WKLV WKHVLV� *OXFRVH LV RQH RI WKH WKUHH EORRG
DQDO\WHV RI FOLQLFDO LPSRUWDQFH WKDW ZLOO EH LQYHVWLJDWHG� ,W KDV EHHQ GHWHUPLQHG WKDW
FRQFHQWUDWLRQV LQ WKH PLOOLPRODU UDQJH �P0�� ZKLFK DUH ZLWKLQ WKH SK\VLRORJLFDO UDQJH� DUH LGHDO
IRU QRQLQYDVLYH RSWLFDO WHFKQRORJLHV� 7KLV DUWLFOH SURYLGHV D FRQFLVH VXPPDU\ RI H[LVWLQJ
QRQLQYDVLYH RSWLFDO WHFKQLTXHV� ZLWK DQ HPSKDVLV RQ WKH EHQHILWV RI HDFK PHWKRG LQGLYLGXDOO\�
7KH SUHYLRXV UHVHDUFK WKDW KDV EHHQ GRQH RQ WKLV VXEMHFW LV UHYLHZHG� LQFOXGLQJ WKH FUHDWLRQ RI D
VHQVLWLYH LQVWUXPHQW� WKH DQDO\VLV RI FKHPLFDO FRQFHQWUDWLRQV LQ XVHG KXPDQ VHUXP DQG ZKROH
EORRG� DQG WKH WUDQVFXWDQHRXV LQYHVWLJDWLRQ ZLWK WKH SDUWLFLSDWLRQ RI KXPDQ YROXQWHHUV� 7KH
DOJRULWKP RI PDFKLQH OHDUQLQJ DQG GHHS OHDUQLQJ DUH XVHG IRU FDOFXODWLRQ DQG FDQ EH RI EHQHILW LQ
WKH GLDJQRVLV RI GLDEHWHV�

��� %ORRG DQDO\WHV LGHQWLILHG LQ WKLV GLVVHUWDWLRQ
7KH GLDJQRVWLF YDOXH RI EORRG DQDO\WH OHYHOV FDQQRW EH RYHUVWDWHG� 7KH IRXU PRVW

FRPPRQ SURFHVVHV LQ FOLQLFDO FKHPLVWU\ DUH WKH FROOHFWLRQ RI SDWLHQW EORRG� WKH FHQWULIXJDWLRQ RI
EORRG WR REWDLQ VHUXP RU SODVPD� WKH LQFOXVLRQ RI VSHFLILF UHDJHQWV IRU FKHPLFDOV ZKRVH DPRXQWV
DUH RI LQWHUHVW� DQG WKH PHDVXUHPHQW RI WKRVH FRQFHQWUDWLRQV XVLQJ VSHFWURSKRWRPHWU\� 'HVSLWH
WKH IDFW WKDW WKHVH WHVWV PD\ EH XVHG WR GHWHFW D EURDG YDULHW\ RI GUXJV DQG WKDW WKH\ KDYH
DGYDQFHG WR WKH SRLQW ZKHUH WKH\ FDQ EH GRQH IDVW DQG SURSHUO\ RQ OLWWOH YROXPHV RI EORRG� WKH\
IUHTXHQWO\ QHHG WR JR WKURXJK D QXPEHU RI SURFHVVHV LQ D ODE EHIRUH WKH\ FDQ EH H[DPLQHG�
7KHUHIRUH� IURP D SUDFWLFDO DVSHFW� GRFWRUV FDQQRW JHW IDVW RXWFRPHV XVLQJ WKHVH PHWKRGV� ,W
ZRXOG EH KLJKO\ XVHIXO WR GHYHORS D WHFKQLTXH WR TXDQWLI\ FOLQLFDOO\ VLJQLILFDQW FKHPLFDOV WKDW
GRHV QRW UHTXLUH UHDJHQWV DQG GRHV QRW QHFHVVLWDWH GUDZLQJ EORRG� DV H[LVWLQJ FOLQLFDO FKHPLVWU\
SURFHGXUHV VWLOO LQFOXGH EORRG FROOHFWLRQ� $QDO\WH FRQFHQWUDWLRQV LQ WKH EORRG FDQ EH GHWHUPLQHG
ZLWK QRQLQYDVLYH EORRG DQDO\VLV ZLWKRXW UHTXLULQJ GLUHFW FRQWDFW ZLWK WKH EORRG VDPSOH RU WKH
WHVW VXEMHFW� 2SWLFDO WHFKQRORJ\ LV WKH PRVW DSSOLFDEOH PRGDOLW\ WR FRQVLGHU� 7KDQNV WR RSWLFDO
WHFKQRORJ\� VDPSOHV PD\ EH PHDVXUHG ZLWKRXW HYHU EHLQJ KDQGOHG� 7KHUH LV QR QHHG IRU VDPSOH
SUHSDUDWLRQ� DQG D ZLGH UDQJH RI DQDO\WHV PD\ EH H[DPLQHG DOO DW RQFH� ,Q WKH IROORZLQJ
GLVFXVVLRQ� ZH ZLOO XWLOL]H WKH DQDO\WHV JOXFRVH� FUHDWLQLQH� DQG XUHD DV H[DPSOHV�

����� *OXFRVH
(DFK DQG HYHU\ RQH RI \RXU FHOOV UHOLHV RQ WKH FDUERK\GUDWH JOXFRVH IRU LWV PDMRU VRXUFH

RI HQHUJ\� ,W FDQ DOVR HQWHU WKH ERG\ DIWHU EHLQJ GLJHVWHG DORQJVLGH RWKHU ODUJH FDUERK\GUDWH
PROHFXOHV RU DIWHU EHLQJ DEVRUEHG GLUHFWO\ LQ WKH IRUP RI JOXFRVH >�@� $OWKRXJK LQVXOLQ SOD\V WKH
PRVW LPSRUWDQW UROH� RWKHU KRUPRQHV DOVR FRQWULEXWH WR UHJXODWLQJ LWV OHYHOV� :KHQ JOXFRVH OHYHOV
LQ WKH EORRG ULVH� WKH SDQFUHDV SURGXFHV LQVXOLQ WR ORZHU WKHP� 7KURXJK WKLV PHFKDQLVP� JOXFRVH
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PD\ HQWHU FHOOV� :LWKRXW DGHTXDWH LQVXOLQ� JOXFRVH EXLOGV XS RXWVLGH WKH FHOOV DQG LQWR WKH
EORRGVWUHDP� ZKHUH LW WULJJHUV FHOOXODU FDWDEROLVP �WKH EUHDNGRZQ RI IDW� >�@�

$FFRUGLQJ WR WKH PDMRULW\� GLDEHWHV PHOOLWXV LV WKH PRVW SUHYDOHQW JOXFRVH�UHODWHG
FRQGLWLRQ� 7\SH � GLDEHWHV �DOVR NQRZQ DV LQVXOLQ�GHSHQGHQW GLDEHWHV� DQG W\SH � GLDEHWHV �DOVR
NQRZQ DV DGXOW�RQVHW GLDEHWHV� DUH WKH WZR PRVW SUHYDOHQW IRUPV RI WKH GLVHDVH� ,QVXOLQ VHFUHWLRQ
LV QRQH[LVWHQW LQ W\SH � GLDEHWHV� LQ ZKLFK WKH LPPXQH V\VWHP DWWDFNV DQG GHVWUR\V WKH SDQFUHDWLF
EHWD�FHOO LVOHWV� ,QGLYLGXDOV ZLWK W\SH � GLDEHWHV PXVW WDNH H[RJHQRXV LQVXOLQ GDLO\� 2YHU QLQHW\
SHUFHQW RI DOO FDVHV RI GLDEHWHV DUH W\SH �� LQ ZKLFK WKH SDWLHQW LV DEOH WR SURGXFH LQVXOLQ EXW LV
XQDEOH WR XWLOL]H LW HIIHFWLYHO\� 7KLV LV EHFDXVH LQVXOLQ QR ORQJHU UHJXODWHV EORRG VXJDU OHYHOV
HIIHFWLYHO\ LQ LQGLYLGXDOV ZLWK W\SH � GLDEHWHV� 'LDEHWHV PD\ QRW EH IDWDO RQ LWV RZQ� EXW LI OHIW
XQWUHDWHG� LW FDQ OHDG WR D YDULHW\ RI VHYHUH FRPSOLFDWLRQV� LQFOXGLQJ KHDUW GLVHDVH DQG VWURNH�
YLVLRQ ORVV� UHQDO IDLOXUH� QHUYH GDPDJH� DQG HYHQ DPSXWDWLRQ� 7KHVH LVVXHV KDYH KDG D
VLJQLILFDQW HFRQRPLF LPSDFW� SODFLQJ D VWUDLQ RQ DYDLODEOH IXQGV� :LWK YLJLODQW VXUYHLOODQFH DQG
PDQDJHPHQW RI EORRG JOXFRVH OHYHOV� WKH ULVN RI FRPSOLFDWLRQV FDQ EH PLQLPL]HG� $V D
FRQVHTXHQFH� WKH $PHULFDQ 'LDEHWHV $VVRFLDWLRQ XUJHV DOO GLDEHWLFV WR FRQGXFW FRPSUHKHQVLYH
DQG URXWLQH JOXFRVH PRQLWRULQJ� ,QGLYLGXDOV ZLWK W\SH � GLDEHWHV VKRXOG LQGHSHQGHQWO\ PRQLWRU
WKHLU EORRG VXJDU OHYHOV DW OHDVW RQFH SHU GD\� 1RQHWKHOHVV� D QXPEHU RI VWXGLHV DQG DUWLFOHV KDYH
DUJXHG WKDW PRUH IUHTXHQW PHDVXUHPHQW FRXOG EH DGYDQWDJHRXV� 3DWLHQWV ZLWK W\SH � GLDEHWHV
FDQQRW SURGXFH LQVXOLQ� VR WKH\ PXVW UHO\ RQ VHOI�LQMHFWLRQV WKUHH RU IRXU WLPHV SHU GD\ �RIWHQ
EHIRUH HDFK PHDO DQG EHIRUH EHG� WR PDLQWDLQ QRUPDO EORRG VXJDU OHYHOV� 1RUPDO JOXFRVH
FRQFHQWUDWLRQV LQ WKH EORRG RU SODVPD RI KHDOWK\ KXPDQV UDQJH EHWZHHQ �� DQG ��� PJ�G/ ����
DQG ���� P0� >��@� ,Q DGGLWLRQ WR WKH DJH� JHQGHU� DQG GXUDWLRQ RI WLPH VLQFH WKH VXEMHFW
V ODVW
PHDO� DGGLWLRQDO IDFWRUV DIIHFW WKH JOXFRVH FRQFHQWUDWLRQ� ,I RQH
V EORRG JOXFRVH OHYHO LV
FRQVLVWHQWO\ DERYH WKH QRUPDO UDQJH� WKH\ KDYH K\SHUJO\FHPLD� DQG LI WKHLU EORRG JOXFRVH OHYHO LV
FRQVLVWHQWO\ EHORZ WKH QRUPDO UDQJH� WKH\ KDYH K\SRJO\FHPLD� $ FRQFHQWUDWLRQ RI ���� PJ�G/
��� P0� KDV EHHQ UHSRUWHG� (Q]\PDWLF WHFKQRORJLHV DUH XWLOL]HG LQ FOLQLFDO FKHPLVWU\ WR JHQHUDWH
WKH PRVW DFFXUDWH JOXFRVH OHYHOV DYDLODEOH� 7KH UHDFWLRQ RI I��'�JOXFRVH ZLWK JOXFRVH R[LGDVH
SURGXFHV JOXFRQLF DFLG DQG K\GURJHQ SHUR[LGH� ZKLFK FDQ EH XVHG DV D VXUURJDWH IRU JOXFRVH
FRQFHQWUDWLRQ� $IWHU D UHDFWLRQ EHWZHHQ K\GURJHQ SHUR[LGH DQG DQ R[\JHQ DFFHSWRU FDWDO\]HG E\
SHUR[LGDVH KDV EHHQ FRPSOHWHG� WKH FRORU SURGXFHG E\ WKH UHDFWLRQ LV GHWHFWHG XVLQJ
VSHFWURSKRWRPHWU\� $ DIIRUGDEOH SULFH LV RQH RI WKH PRVW DOOXULQJ DVSHFWV RI WKH JOXFRVH R[LGDVH
PHWKRG� 8VLQJ JOXFRVH R[LGDVH DQG R[\JHQ HOHFWURGHV LV D IXUWKHU EHQHILFLDO WHFKQLTXH� 8VLQJ DQ
R[\JHQ�VHQVLQJ HOHFWURGH� WKH UHDFWLRQ EHWZHHQ JOXFRVH DQG R[\JHQ LV PRQLWRUHG� DQG WKH
K\GURJHQ SHUR[LGH LW SURGXFHV LV QHXWUDOL]HG ZLWK HWKDQRO DQG LRGLGH� ,W LV SRVVLEOH WR GHWHUPLQH
WKH JOXFRVH FRQFHQWUDWLRQ ZLWK KLJK SUHFLVLRQ LI WKH PHWDEROLF UDWH LV ILUVW GHWHUPLQHG� 'XH WR LWV
SUHFLVLRQ� OLQHDULW\� DQG DEVHQFH RI VLJQLILFDQW LQWHUIHUHQFHV� WKLV PHWKRG KDV EHHQ H[WHQVLYHO\
DGRSWHG LQ WKH FRQWH[W RI UHIHUHQFH PHWKRGV� ZLWK VRPH PRGLILFDWLRQV� (DFK RI WKH WZR SRVVLEOH
DQRPHULF IRUPV RI JOXFRVH LQ DTXHRXV VROXWLRQ KDV LWV RZQ 5DPDQ VSHFWUXP� 8VH FDXWLRQ ZKHQ
SURGXFLQJ LQ YLWUR VDPSOHV RU FRPSDULQJ WKHP WR WKH UHJUHVVLRQ YHFWRU ZKHQ HPSOR\LQJ WKH
EDODQFHG IRUP� %RWK D�'�JOXFRVH DQG LWV DQRPHULF EDODQFHG IRUP DUH GHSLFWHG LQ )LJXUH ��� DW
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URRP WHPSHUDWXUH� &RPELQLQJ D� DQG -��'�JOXFRVH SURGXFHV WKH DQRPHULF EDODQFHG IRUP� :KHQ
LPPHUVHG LQ D ZDWHU VROXWLRQ� WKH D VKDSH GRHVQ
W LQVWDQWDQHRXVO\ WUDQVIRUP LQWR WKH EDODQFHG
IRUP�

)LJXUH ��� D�'�JOXFRVH �VROLG� DQG DQRPHULF EDODQFHG '�JOXFRVH �GDVKHG� LQ ', ZDWHU 5DPDQ
VSHFWUD� 6KLK� :��&� �4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\� LQ 4XDQWLWDWLYH %LRORJLFDO

5DPDQ VSHFWURVFRS\ IRU QRQ�LQYDVLYH EORRG DQDO\VLV� YRO���� �����

����� 7HVWLQJ DQG 'LDJQRVLV RI 'LDEHWHV

D� 7KH $�& WHVW PHDVXUHV JO\FDWHG KHPRJORELQ� 7KH SDWLHQW LV QRW UHTXLUHG WR IDVW EHIRUH
XQGHUJRLQJ WKLV EORRG WHVW� ,W LV DEOH WR SURYLGH \RXU DYHUDJH EORRG VXJDU OHYHO IRU WKH
SDVW WKUHH PRQWKV� ,W PHDVXUHV WKH DPRXQW RI JOXFRVH�DWWDFKHG KHPRJORELQ LQ WKH EORRG� D
SURWHLQ IRXQG LQ UHG EORRG FHOOV DQG UHVSRQVLEOH IRU WUDQVSRUWLQJ R[\JHQ WKURXJKRXW WKH
ERG\� ,I \RX KDYH D JUHDWHU TXDQWLW\ RI VXJDU�ERXQG KHPRJORELQ� \RXU EORRG VXJDU OHYHOV
ZLOO DOVR EH HOHYDWHG� ,I \RXU $�& OHYHO LV JUHDWHU WKDQ ���� LQ DW OHDVW WZR VHSDUDWH
H[DPLQDWLRQV� \RX KDYH GLDEHWHV� /HYHOV RI $�& EHWZHHQ ���� DQG ���� DUH FRQVLGHUHG
LQGLFDWLYH RI SUHGLDEHWHV� $ VFRUH RI OHVV WKDQ ��� LV FRQVLGHUHG DYHUDJH >��@�

E� $ PHDVXUHPHQW RI WKH IDVWLQJ EORRG JOXFRVH OHYHO� $ EORRG VDPSOH ZLOO EH REWDLQHG DIWHU
WKH SDWLHQW KDV IDVWHG IRU DW OHDVW HLJKW KRXUV �RYHUQLJKW�� $ IDVWLQJ EORRG JOXFRVH OHYHO RI
��� PJ�G/ RU OHVV LV FRQVLGHUHG WR EH ZLWKLQ WKH QRUPDO UDQJH� :KLOH IDVWLQJ� D EORRG
JOXFRVH OHYHO EHWZHHQ ��� DQG ��� PJ�G/ LV FRQVLGHUHG SUHGLDEHWHV� ,I \RXU EORRG VXJDU
OHYHOV RQ WZR VHSDUDWH RFFDVLRQV DUH JUHDWHU WKDQ ��� PJ�G/� GLDEHWHV VKRXOG EH
FRQVLGHUHG >��@�

F� (YDOXDWLRQ RI RQH
V WROHUDQFH WR JOXFRVH� ,Q RUGHU WR FRPSOHWH WKLV WHVW� \RX ZLOO QHHG WR
DEVWDLQ IURP IRRG DQG ZDWHU IRU WKH ZKROH SUHFHGLQJ QLJKW� $IWHU WKDW� \RX DUH JLYHQ D
VXJDU\ GULQN WR FRQVXPH� DQG \RXU GRFWRU ZLOO FKHFN \RXU EORRG VXJDU HYHU\ �� PLQXWHV
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IRU WKH QH[W WZR KRXUV� /HVV WKDQ ��� PLOOLJUDPV RI JOXFRVH SHU GHFLOLWHU LV FRQVLGHUHG WR
EH QRUPDO� :KHQ WKH WHVW LV UHSHDWHG DIWHU WZR KRXUV� GLDEHWHV LV GLDJQRVHG ZKHQ WKH
UHVXOW LV PRUH WKDQ ��� PJ�G/� $ EORRG VXJDU OHYHO WKDW IDOOV EHWZHHQ ��� WR ��� PJ�G/
LV FRQVLGHUHG WR EH SUHGLDEHWHV >��@�

G� 5DQGRP EORRG GUDZV� $ VDPSOH RI EORRG ZLOO EH WDNHQ RQ DQ DUELWUDU\ EDVLV� 'LDEHWHV LV
GLDJQRVHG ZKHQ D SHUVRQ KDV D EORRG VXJDU OHYHO RI ��� PLOOLJUDPV SHU GHFLOLWHU �PJ�G/�
RU DERYH� UHJDUGOHVV RI WKH WLPH RI WKHLU PRVW UHFHQW PHDO >��@�

����� &UHDWLQLQH
7KH ZDVWH SURGXFW FUHDWLQLQH LV D UHVXOW RI PXVFOH DFWLRQ DQG LV VXEVHTXHQWO\ WUDQVSRUWHG

WKURXJKRXW WKH ERG\ YLD WKH FLUFXODWLRQ� 7KH EORRG FUHDWLQLQH FRQFHQWUDWLRQ RI D KHDOWK\ DGXOW
PDOH LV � PJ�G/ ��� X0�� 6HUXP FUHDWLQLQH OHYHOV DUH XVHG DORQJVLGH GHPRJUDSKLF LQIRUPDWLRQ
OLNH DJH� JHQGHU� DQG UDFH WR GHWHUPLQH D SDWLHQW
V JORPHUXODU ILOWUDWLRQ UDWH �*)5�� D SUR[\ IRU
WKH NLGQH\V
 DELOLW\ WR ILOWHU EORRG DQG JHQHUDWH XULQH� 7KH JORPHUXODU ILOWUDWLRQ UDWH �*)5�
TXDQWLILHV KRZ ZHOO RQH
V NLGQH\V ILOWHU EORRG� .LGQH\ KHDOWK PD\ EH HVWLPDWHG IURP VHUXP
FUHDWLQLQH FRQFHQWUDWLRQV� 7KH 1DWLRQDO .LGQH\ )RXQGDWLRQ UHFRPPHQGV PRQLWRULQJ VHUXP
FUHDWLQLQH OHYHOV WR DVVHVV NLGQH\ IXQFWLRQ� $ JUHDW GHDO RI YDULDWLRQ LQ WKLV PHDVXUHPHQW�
KRZHYHU� FDQ EH DWWULEXWHG WR WKH IDFW WKDW YDULRXV ODERUDWRULHV XVH GLIIHUHQW WHFKQLTXHV�
&UHDWLQLQH ZDV IRXQG LQ WKH ZDWHU DQG LWV 5DPDQ VSHFWUD LV VKRZQ LQ )LJXUH ��� >��@�

)LJXUH ��� 5DPDQ VSHFWUD RI '�JOXFRVH �*�� FUHDWLQH �&�� DQG XUHD �8� ZLWK WKHLU DQRPHULF
H[FHVVHV UHPRYHG� 4XRWHG IURP �4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\� E\ 6KLK� :��&�
LQ 4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\ IRU 1RQ�,QYDVLYH %ORRG $QDO\VLV� ���� (VVD\V�

9ROXPH ���
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����� 8UHD
8UHD LV SURGXFHG LQ WKH OLYHU E\ D SURFHVV FDOOHG GHDPLQDWLRQ� ZKLFK EUHDNV GRZQ SURWHLQ

�UHPRYDO RI QLWURJHQ IURP DPLQR DFLGV�� 7KH PHDVXUHPHQW RI SODVPD XUHD LV WKH IRUP RI UHQDO
IXQFWLRQ WHVWLQJ WKDW LV SHUIRUPHG PRVW FRPPRQO\� 7KLV LV GXH WR WKH IDFW WKDW XUHD GRHV QRW
VSHQG D VLJQLILFDQW DPRXQW RI WLPH FLUFXODWLQJ LQ WKH EORRGVWUHDP� UDWKHU� LW LV SURFHVVHG E\ WKH
NLGQH\V EHIRUH EHLQJ HOLPLQDWHG LQ WKH XULQH� 7KH UDWH RI ILOWUDWLRQ DV ZHOO DV LWV HIILFDF\ ERWK
GHFUHDVH ZKHQ NLGQH\ IXQFWLRQ GHFOLQHV� OHDGLQJ WR DQ LQFUHDVH LQ WKH FRQFHQWUDWLRQ RI XUHD LQ WKH
EORRG� 8UHD FRQFHQWUDWLRQ LV D XVHIXO WRRO IRU VFUHHQLQJ IRU UHQDO GLVRUGHUV DQG PRQLWRULQJ WKH
FRXUVH RI WKHVH FRQGLWLRQV +HQU\ HW DO�>��@� 7KURXJKRXW WKH FRXUVH RI KLVWRU\� WKH QLWURJHQ FRQWHQW
RI XUHD ZDV W\SLFDOO\ UHSRUWHG UDWKHU WKDQ WKH UHDO XUHD FRQFHQWUDWLRQ� %HFDXVH RI WKLV�
PHDVXUHPHQWV RI XUHD OHYHOV LQ WKH EORRG DUH W\SLFDOO\ UHIHUUHG WR DV �EORRG XUHD QLWURJHQ�
FRQFHQWUDWLRQV �%81�� 0XOWLSO\LQJ D EORRG XUHD QLWURJHQ FRQFHQWUDWLRQ E\ WKH FRQYHUVLRQ IDFWRU
���� \LHOGV D XUHD FRQFHQWUDWLRQ DV WKH RXWSXW RI WKH FRQYHUVLRQ� 3ODVPD XUHD QLWURJHQ
FRQFHQWUDWLRQV W\SLFDOO\ UDQJH IURP � WR �� PJ�G/ ���� WR ��� P0�� ZKLOH XULQH XUHD QLWURJHQ
FRQFHQWUDWLRQV W\SLFDOO\ UDQJH IURP �� WR �� PJ�G/ ����� WR ���� P0�� 7KH SUHVHQFH RI ORZ
TXDQWLWLHV RI XUHD LQ XULQH PD\ EH DQ LQGLFDWLRQ RI PDOQXWULWLRQ DV ZHOO DV G\VIXQFWLRQ LQ WKH
NLGQH\V� ZKHUHDV KLJK OHYHOV PD\ EH DQ LQGLFDWLRQ RI H[FHVVLYH FRQVXPSWLRQ RI SURWHLQ� )LJXUH
��� GHSLFWV WKH 5DPDQ VSHFWUXP RI XUHD WKDW ZDV PHDVXUHG ZKHQ LW ZDV GLVVROYHG LQ ZDWHU�

��� $Q DQDO\VLV RI WKH QRQ�LQYDVLYH RSWLFDO PHWKRGV WKDW DUH FXUUHQWO\ LQ XVH IRU JOXFRVH
GHWHFWLRQ�

,Q WKH IROORZLQJ� ZH ZLOO SURYLGH D EDVLF RYHUYLHZ RI GLUHFW DQG LQGLUHFW RSWLFDO
WHFKQLTXHV WKDW KDYH EHHQ XVHG IRU QRQ�LQYDVLYH PHDVXUHPHQWV RI JOXFRVH DQG WKDW KDYH EHHQ
SXEOLVKHG LQ WKH OLWHUDWXUH WKDW KDV EHHQ SHHU�UHYLHZHG GXULQJ WKH SUHYLRXV WZR GHFDGHV� 7KHVH
WHFKQLTXHV ZHUH GHYHORSHG� 'LUHFW PHWKRGV UHO\ RQ JOXFRVH
V XQLTXH LQKHUHQW PROHFXODU IHDWXUHV�
VXFK DV RSWLFDO DEVRUSWLRQ� 5DPDQ VFDWWHULQJ� DQG RSWLFDO URWDWLRQ� 7KHVH DUH DOO H[DPSOHV RI
GLUHFW PHWKRGV� 7KH LQGH[ RI UHIUDFWLRQ DQG WKH VFDWWHULQJ FRHIILFLHQW DUH WZR H[DPSOHV RI
LQGLUHFW WHFKQLTXHV� 7KHVH DSSURDFKHV DUH EDVHG RQ FKDQJHV WKDW K\SHUJO\FHPLD KDV FDXVHG WR
RFFXU LQ SK\VLRORJLFDO RU SK\VLFDO IDFWRUV� 2PDU .KDOLO >��� ��@ KDV SHQQHG WZR LQ�GHSWK DQDO\VHV
WKDW FRYHU WKH WLPH SHULRG IURP ���� WR ����� 2XU REMHFWLYH KHUH LV QRW WR FDUU\ RXW D
FRPSUHKHQVLYH DQDO\VLV RI WKH UHOHYDQW OLWHUDWXUH� UDWKHU� ZH ZDQW WR DFTXDLQW WKH UHDGHU ZLWK
HDFK DSSURDFK� 7KH PRVW LPSRUWDQW IXQGDPHQWDOV DQG FKDUDFWHULVWLFV RI HDFK PHWKRG ZLOO EH
FRYHUHG ILUVW� IROORZHG E\ D UHYLHZ RI RQH RU PRUH UHSUHVHQWDWLYH VWXGLHV� 7KHVH VWXGLHV ZLOO EH
FKRVHQ EDVHG RQ WKHLU VLJQLILFDQFH WR WKH LQGXVWU\ DV ZHOO DV WKH SUHVHQFH RI DGHTXDWH GDWD WR
EDFN XS WKHLU FODLPV� 7KHUH DUH VHYHUDO GLIIHUHQW W\SHV RI VWXG\ GHVLJQV UHSUHVHQWHG LQ WKH FLWHG
OLWHUDWXUH� 2YHUDOO� LW LV DEVROXWHO\ QHFHVVDU\ WKDW WKH JOXFRVH FRQFHQWUDWLRQV LQ WKH VDPSOHV XVHG
IRU FDOLEUDWLRQ VSDQ D ZLGH UDQJH RI YDOXHV� 7KLV FULWHULD FDQ EH DFFRPSOLVKHG IRU LQ YLWUR
UHVHDUFK HLWKHU E\ WKH GLYHUVLW\ RI WKH RULJLQDO VDPSOH RU E\ DGGLQJ D JOXFRVH VWRFN VROXWLRQ WR WKH
VDPSOHV� %RWK PHWKRGV DUH DFFHSWDEOH� )RU LQ YLYR UHVHDUFK� RQH RI WKUHH GLIIHUHQW H[SHULPHQWDO
SURWRFROV LV FRPPRQO\ IROORZHG� RUDO JOXFRVH RU PHDO WROHUDQFH >��@� WLPH�UDQGRPL]HG� RU JOXFRVH
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FODPSLQJ >��@� 3DWLHQWV VXIIHULQJ IURP GLDEHWHV KDYH WDNHQ SDUW LQ D QXPEHU RI WKH VWXGLHV LQ RUGHU
WR EURDGHQ WKH VFRSH RI WKH UDQJH RI JOXFRVH FKDQJH� 7KHUH LV D SRVVLELOLW\ WKDW VSXULRXV
FRUUHODWLRQV PD\ KDYH DQ HIIHFW RQ WKH FDOLEUDWLRQ UHVXOWV WKDW DUH EDVHG RQ JOXFRVH WROHUDQFH
SURWRFROV >��@� 7KLV LV D FDXVH IRU FRQFHUQ� 6LQFH PRUH VWULQJHQW H[SHULPHQWDO GHVLJQV FDQ EH
LPSOHPHQWHG� WKH WLPH�UDQGRPL]HG DQG JOXFRVH FODPSLQJ PHWKRGV DUH WKH VXSHULRU RSWLRQV� 2Q
WKH RWKHU KDQG� WKH\ WHQG WR EH VXEVWDQWLDOO\ PRUH H[SHQVLYH DQG GHPDQG D KLJKHU OHYHO RI
FRPSOLDQFH IURP WKH WHVW UHVSRQGHQWV� ,Q WKH LQWHUHVW RI EUHYLW\� WKH RXWFRPHV RI D VHOHFWLRQ RI LQ
YLWUR DQG LQ YLYR UHVHDUFK WKDW PDGH XVH RI 1HDU�LQIUDUHG 5DQJH �1,5� DEVRUSWLRQ RU 5DPDQ
VSHFWURVFRS\� WKH PHWKRGV WKDW ZHUH XWLOL]HG WKH PDMRULW\ RI WKH WLPH� DUH GRFXPHQWHG LQ 7DEOHV
��� DQG ���� (VWLPDWHV RI WKH DPRXQW RI HUURU DUH SUHVHQWHG LQ WKH WDEOHV ZLWK HLWKHU WKH OHWWHUV
�&9� RU �3� LQ SDUHQWKHVLV� 7KHVH OHWWHUV VWDQG IRU FURVV�YDOLGDWHG DQG SUHGLFWHG UHVXOWV�
UHVSHFWLYHO\�

����� 'LUHFW DSSURDFKHV
������� $EVRUSWLRQ VSHFWURVFRS\ LQ WKH 1HDU�LQIUDUHG 5DQJH �1,5�
1,5 DEVRUSWLRQ VSHFWUXP DQDO\VLV LV RQH RI WKH PRVW GHVLUDEOH WHFKQLTXHV IRU LQ YLYR

JOXFRVH PRQLWRULQJ GXH WR WKH ORZ FRVW RI WKH HTXLSPHQW UHTXLUHG� WKH KLJK 615 RI WKH GDWD� DQG
WKH H[WHQW WR ZKLFK 1,5 OLJKW SHQHWUDWHV ELRORJLFDO WLVVXH� 7KLV LV EHFDXVH� DW GLIIHUHQW
ZDYHOHQJWKV ZLWKLQ WKH 1,5 VSHFWUDO UDQJH RI �������� QP ����������� FP���� 1,5 OLJKW FDQ
SHQHWUDWH ELRORJLFDO WLVVXH WR GHSWKV RI PLOOLPHWHUV WR FHQWLPHWHUV� 7KLV LV D FRQVHTXHQFH RI WKH
ZLGHVSUHDG XVH RI 1,5 DEVRUSWLRQ VSHFWURVFRS\� 0ROHFXOHV XQGHUJRLQJ ,5�DFWLYH RYHUWRQH RU
FRPELQDWLRQ YLEUDWLRQDO WUDQVLWLRQV ZLOO DEVRUE OLJKW DW WKHVH ZDYHOHQJWKV GXULQJ WKHLU WUDQVLWLRQ�
&KDQJHV LQ WKH GLSROH PRPHQW RI PROHFXOHV DUH DVVRFLDWHG ZLWK YLVLEOH LQIUDUHG VSHFWUXP
WUDQVLWLRQV� /RQJHU�ZDYHOHQJWK PLG� WR IDU�LQIUDUHG OLJKW FDQQRW SHQHWUDWH WLVVXH DV GHHSO\ DV 1,5
OLJKW� 7KLV LV EHFDXVH 1,5 OLJKW KDV VKRUWHU ZDYHOHQJWKV� 7KLV LV EHFDXVH WKH WUDQVLWLRQ EHWZHHQ
IXQGDPHQWDOV DQG RYHUWRQHV RU FRPELQDWLRQV LV PXFK VWURQJHU WKDQ WKH WUDQVLWLRQ EHWZHHQ
RYHUWRQHV DQG FRPELQDWLRQV� 'XH WR IDFWRUV VXFK DV WKH DEVRUSWLRQ RI OLJKW E\ KHPRJORELQ DQG
WKH GLVSHUVLRQ RI OLJKW� VKRUWHU ZDYHOHQJWKV SURYLGH OHVV SHQHWUDELOLW\ WKDQ ORQJHU ZDYHOHQJWKV�
7KLV PDNHV WKH QHDU�LQIUDUHG �1,5� VSHFWUXP D QDWXUDO ILW IRU PRUH LQ�GHSWK VWXGLHV RI OLYLQJ
RUJDQLVPV DQG WKHLU WLVVXHV� 7KH QHDU�LQIUDUHG �1,5� VSHFWUXP KDV EHHQ VWXGLHG IRU LWV SRVVLEOH
XVH LQ JOXFRVH PRQLWRULQJ DSSOLFDWLRQV ZLWKRXW UHTXLULQJ LQYDVLYH SURFHGXUHV� 2YHUWRQHV RI 2+
������ FP��� DQG &+ ����� FP��� FDQ EH IRXQG LQ WKH UHJLRQ ZLWK VKRUWHU ZDYHOHQJWKV
����������� FP���� $ FRPELQHG EDQG RI 2+ DQG &+ DWRPV ����� FP��� DQG D &+ RYHUWRQH
����� FP��� PDNH XS WKH VSHFWUDO UHJLRQ ��������� FP��� &&+ DQG 2&+ GHIRUPDWLRQ EDQGV
PD\ EH VHHQ DW ���� DQG ���� FP��� UHVSHFWLYHO\� ZKLOH &+ VWUHWFK FRPELQDWLRQ EDQGV FDQ EH
IRXQG LQ WKH ORQJHU ZDYHOHQJWK UHJLRQ ���������� FP���� 7KHVH ULQJ GHIRUPDWLRQ EDQGV PD\
H[KLELW JUHDWHU VHOHFWLYLW\ IRU JOXFRVH WKDQ RWKHU UHJLRQV� :DWHU� IDW� DQG KHPRJORELQ DUH DOO
SRWHQWLDO LQWHUIHUHQWV WKDW PXVW EH WDNHQ LQWR DFFRXQW ZKHQ XVLQJ VHYHUDO ZDYHOHQJWKV >��@�

7KH DEVRUSWLRQ UDWH RI JOXFRVH LQ KHDOWK\ LQGLYLGXDOV LV PDQ\ RUGHUV RI PDJQLWXGH ORZHU
WKDQ WKH DEVRUSWLRQ UDWH RI JOXFRVH E\ ZDWHU� WKH SUHGRPLQDQW EDFNJURXQG DEVRUEHU LQ WLVVXH�
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2YHUWRQH DQG FRPELQDWLRQ EDQGV LQ PROHFXOHV DUH RIWHQ UDWKHU EURDG� OHDGLQJ WR D JUHDW GHDO RI
VSHFWUDO RYHUODS� 7KLV PHDQV WKDW PXOWLYDULDWH FDOLEUDWLRQ LV QHFHVVDU\ IRU WKH H[WUDFWLRQ RI
TXDQWLWDWLYH DQDO\WH�VSHFLILF LQIRUPDWLRQ� $ WXQJVWHQ�KDORJHQ ODPS LV RIWHQ XWLOL]HG DV WKH
EURDGEDQG OLJKW VRXUFH LQ 1,5 DEVRUSWLRQ DSSDUDWXV� WRJHWKHU ZLWK LQWHUPHGLDWH RSWLF HOHPHQWV� D
)RXULHU�7UDQVIRUP VSHFWURPHWHU� DQG DQ ,Q6E GHWHFWRU� :KHQ D )RXULHU�WUDQVIRUP VSHFWURPHWHU LV
QRW DYDLODEOH� D JUDWLQJ DQG DQ DUUD\ RI ,Q*D$V SKRWRGLRGHV FDQ EH XVHG LQVWHDG� 5HFHQW ZRUN E\
2OHVEHUJV >��@ GHPRQVWUDWHG WKDW WKH VLJQDO�WR�QRLVH UDWLR �615� PD\ EH VLJQLILFDQWO\ LPSURYHG E\
HPSOR\LQJ D WXQDEOH GLRGH ODVHU UDWKHU WKDQ ODPS LOOXPLQDWLRQ� %RWK WKH WUDQVPLVVLRQ DQG
UHIOHFWDQFH PRGHV KDYH EHHQ VXFFHVVIXOO\ LPSOHPHQWHG� ZLWK ILEHURSWLF SUREHV EHLQJ ZLGHO\
XWLOL]HG� 7KH UHIOHFWLRQ PRGH >��@ LV DGYDQWDJHRXV VLQFH LW MXVW UHTXLUHV RQH HQG RI WKH LQVWUXPHQW
WR IXQFWLRQ� ,I WKH VRXUFH DQG GHWHFWRU DUH RQ WKH VDPH VLGH RI WKH PHDVXUHPHQW ORFDWLRQ� WKHQ WKH
UHVXOWV ZLOO EH WKH VDPH� 7KLV VLPSOLILHV WKH GHYHORSPHQW RI RSWLFDO SUREHV DQG H[SDQGV WKH UDQJH
RI WLVVXHV WKDW PD\ EH VWXGLHG� 7KH VDPSOH VKDSH DQG DYDLODEOH VSDFH DUH ERWK FRQVLGHUDWLRQV
VLQFH WKH WLVVXH VLWH QHHGV WR EH SRVLWLRQHG VR WKDW LW LV �VDQGZLFKHG� EHWZHHQ WKH VRXUFH DQG WKH
GHWHFWRU IRU WKH WUDQVPLVVLRQ PRGHO >��@ WR RSHUDWH� +RZHYHU� WKH RSWLFDO SDWK OHQJWK PD\ EH PRUH
DFFXUDWHO\ HVWLPDWHG ZKLOH RSHUDWLQJ LQ WKH WUDQVPLVVLRQ PRGH DV RSSRVHG WR WKH UHIOHFWLRQ PRGH�
3RVVLEOH LPSURYHPHQW LQ DFFXUDF\ DV D UHVXOW RI WKLV� ,Q HDUO\ LQ YLWUR LQYHVWLJDWLRQV�
JOXFRVH�DGXOWHUDWHG EORRG RU SODVPD VDPSOHV ZHUH XVHG WR GHPRQVWUDWH 1,5 DEVRUSWLRQ
VSHFWURVFRS\
V >��� ��@ FDSDFLW\ WR GHWHFW JOXFRVH� 7KH ILQGLQJV ZHUH VLJQLILFDQWO\ EHWWHU ZKHQ
SODVPD ZDV XVHG LQVWHDG RI EORRG LQ WKH VHFRQG DWWHPSW DW WKH H[SHULPHQW� 7KLV ZDV SUREDEO\ GXH
WR WKH KLJKHU DEVRUSWLRQ DQG VFDWWHULQJ ORVV SURYLGHG E\ UHG EORRG FHOOV� $IWHU WHQ PLQXWHV� WKH
JOXFRVH FRQFHQWUDWLRQ LQ WKH RSWLFDOO\ SUREHG YROXPH PLUURUV WKH SODVPD EORRG JOXFRVH
FRQFHQWUDWLRQ� DV GHWHUPLQHG E\ 0DUEDFK HW DO�>��@ LQ WKHLU UHVHDUFK RI LQ YLYR GLIIXVH UHIOHFWDQFH
VSHFWUD UHFRUGHG IURP KXPDQ LQQHU OLSV� 7KLV GHOD\ KDV VLJQLILFDQW LPSOLFDWLRQV IRU WKH GHVLJQ RI
D QRQ�LQYDVLYH WHFKQLTXH� DV WKH VSHFWURVFRSLF VLJQDO LV JHQHUDWHG LQ ODUJH SDUW E\ JOXFRVH
PROHFXOHV H[LVWLQJ LQ WKH WLVVXH LQWHUVWLWLDO IOXLG� /RQJ�WHUP DFFXUDF\ RI DQ 1,5 FDOLEUDWLRQ
PHWKRG ZDV DQDO\]HG E\ 6DPDQQ HW DO�>��@� DQG WKH UHVXOWLQJ ZLGH HUURU UDQJH KLJKOLJKWHG WKH QHHG
IRU KLJKO\ VWDEOH HTXLSPHQW DQG DOJRULWKPV WKDW FDQ DFFRXQW IRU YDULDWLRQV LQ SDWLHQW SK\VLRORJ\�
0DUXR HW DO�>��@ XVHG D QRYHO FDOLEUDWLRQ PRGHO WKDW ZDV VLPXODWHG FRPSXWDWLRQDOO\ WR SURYLGH
DFFXUDWH SUHGLFWLRQV UHJDUGLQJ WKH FRQFHQWUDWLRQ RI JOXFRVH ZLWKLQ D IHZ KRXUV RI FRPSOHWLQJ WKH
FDOLEUDWLRQ SKDVH� 6SHFWUDO UHVLGXDOV HTXLYDOHQW WR WKH JOXFRVH QHW DQDO\WH VLJQDO ZHUH IRXQG E\
2OHVEHUJ HW DO�>��@ E\ UHPRYLQJ PDLQ FRPSRQHQWV IURP VSHFWUD UHFRUGHG GXULQJ D K\SHUJO\FHPLF
SKDVH WKDW ZHUH WDNHQ GXULQJ D IDVWLQJ FRQGLWLRQ� $ WHFKQLTXH FDOOHG JOXFRVH FODPSLQJ DOORZHG
XV WR DFKLHYH RXU JRDO� %HFDXVH RI WKLV� LW LV UHDVRQDEOH WR DVVXPH WKDW WKH VSHFWUDO VLJQDWXUH RI
JOXFRVH LV UHIOHFWHG LQ WKH 1,5 GDWD� 7DEOH ��� EHORZ VXPPDUL]HV WKH UHVXOWV RI WKHVH DQG
DGGLWLRQDO ZHOO FKRVHQ 1,5 LQYHVWLJDWLRQV�
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7DEOH ��� *OXFRVH PHDVXUHPHQWV XVLQJ 1,5 DEVRUSWLRQ VSHFWURVFRS\

,Q YLWUR

$XWKRU
6SHFWUDO
UDQJH
>FP��@

0RGH 6DPSOH � 6DPSOH 3URWRFRO
$SSUR[�
(UURU
>P0@

+DDODQG HW DO�>��@ ��������� WUDQVPLVVLRQ ZKROH EORRG
YDULRXV

QXPEHU IURP
� LQGLYLGXDOV

VSLNHG ��&9�

6PDOO HW DO >��@ ��������� WUDQVPLVVLRQ ERYLQH
SODVPD

�� VSLNHG ������� �3�

,Q YLYR

$XWKRU
6SHFWUDO
UDQJH
>FP��@

0RGH 6DPSOH � 6DPSOH 3URWRFRO
$SSUR[�
(UURU
>P0@

5RELQVRQ HW DO�>��@ ��������� WUDQVPLVVLRQ ILQJHUWLS � GLDEHWLF WROHUDQFH ��� �&9�

0DUEDFK HW DO�>��@ ��������� UHIOHFWLRQ LQQHU OLS ��� WLPH�
UDQGRPL]HG

����� �&9�

%XUPHLVWHU HW DO�>��@ ��������� WUDQVPLVVLRQ WRQJXH � GLDEHWLF WLPH�
UDQGRPL]HG

!� �3�

6DPDQQ HW DO�>��@ ���������� UHIOHFWLRQ ILQJHUWLS �� GLDEHWLF �������� �3�

0DUXR HW DO�>��@ ��������� UHIOHFWLRQ IRUHDUP � KHDOWK\ WROHUDQFH ��� �&9�

0DUXR HW DO�>��@ ��������� UHIOHFWLRQ IRUHDUP � KHDOWK\�
� ,&8

WROHUDQFH ��� �3�

2OHVEHUJ HW DO�>��@ ��������� WUDQVPLVVLRQ UDW EDFN � FODPS ��� �3�

7DEOH ��� *OXFRVH PHDVXUHPHQWV XVLQJ 1,5 DEVRUSWLRQ VSHFWURVFRS\ E\ 6KLK� :��&�
³4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\´ LQ 4XDQWLWDWLYH %LRORJLFDO 5DPDQ VSHFWURVFRS\

IRU QRQ�LQYDVLYH EORRG DQDO\VLV� HVVD\� YRO���� �����
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����� $EVRUSWLRQ VSHFWURVFRS\ ZLWKLQ WKH PLG�LQIUDUHG �0,5� VSHFWUXP

7R UHGXFH VSHFWUDO RYHUODS ZKHQ PHDVXULQJ WKH IXQGDPHQWDO YLEUDWLRQV RI JOXFRVH�
H[WHQGHG ZDYHOHQJWK PLG�LQIUDUHG UDGLDWLRQ LQ WKH UDQJH RI ������ JP ��������� FP��� FDQ EH
XWLOL]HG� 0,5 WLVVXH DEVRUSWLRQ VSHFWUD H[KLELW GLVFUHWH SHDNV� WKHUHE\ HQKDQFLQJ PROHFXODU
VSHFLILFLW\� +RZHYHU� ZDWHU DEVRUEV PDQ\ RUGHUV RI PDJQLWXGH PRUH OLJKW LQ WKLV VSHFWUDO UDQJH
WKDQ LQ WKH 1,5 UHJLRQ� $V D UHVXOW� WKH H[WHQW WR ZKLFK OLJKW FDQ SHQHWUDWH ELRORJLFDO WLVVXH LV
GUDVWLFDOO\ GLPLQLVKHG DQG LV RQ WKH RUGHU RI �� WR ��� SP� 7KHUHIRUH� LW LV FKDOOHQJLQJ WR REWDLQ D
UHSUHVHQWDWLYH VDPSOH RI JOXFRVH�FRQWDLQLQJ IOXLG LQ LQ YLYR DSSOLFDWLRQV� 7KH IXQGDPHQWDO
FRPSRQHQWV RI D 0,5 DEVRUSWLRQ LQVWUXPHQW DUH LGHQWLFDO WR WKRVH RI DQ 1,5 DEVRUSWLRQ
LQVWUXPHQW� KRZHYHU� WKH OLJKW VRXUFH� RSWLFV� DQG GHWHFWRU KDYH EHHQ PRGLILHG IRU RSWLPDO
SHUIRUPDQFH LQ WKH PLG�LQIUDUHG VSHFWUXP� 7KH SUHSRQGHUDQFH RI UHSRUWHG 0,5 UHVHDUFK KDV
EHHQ FRQGXFWHG LQ YLWUR� LQFOXGLQJ VWXGLHV HPSOR\LQJ GHVLFFDWHG VDPSOHV >��@ WR UHGXFH ZDWHU
DEVRUSWLRQ� 'HVSLWH WKH IDFW WKDW 0,5 DEVRUSWLRQ VSHFWURVFRS\ FDQ H[WUDFW FOLQLFDO LQIRUPDWLRQ
IURP EORRG RU VHUXP >��@� WKH WHFKQLTXH
V SHQHWUDWLRQ GHSWK LV VR VHYHUHO\ UHVWULFWHG WKDW LW FDQ RQO\
EH XVHG IRU PHDVXUHPHQWV LQ WKH VXSHUILFLDO OD\HU RI WLVVXH� +HLVH HW DO�>��@ DWWHPSWHG WR PHDVXUH
JOXFRVH LQ WKH EXFFDO PXFRVD DQG GHWHUPLQHG WKDW WKHUH LV QR FRQFOXVLYH HYLGHQFH WKDW JOXFRVH
FDQ EH GHWHFWHG�

������� 1HDU�,QIUDUHG �1,5�

8VLQJ DQ\ SDUWLFXODU ZDYHOHQJWK RI OLJKW� 5DPDQ VSHFWURVFRS\ SHUPLWV WKH LQYHVWLJDWLRQ
RI WKH IXQGDPHQWDO YLEUDWLRQDO VWDWHV RI PROHFXOHV� 'XULQJ VSRQWDQHRXV 6WRNHV 5DPDQ VFDWWHULQJ�
WKH ZDYHOHQJWK RI WKH OLJKW VFDWWHUHG IURP D PROHFXOH LQFUHDVHV� 7KLV FKDQJH LQ ZDYHOHQJWK
FRUUHVSRQGV WR YLEUDWLRQDO WUDQVLWLRQV LQ WKH PROHFXOH� ZKLFK DUH UHSUHVHQWHG E\ WKH GLIIHUHQFH LQ
HQHUJ\� 5DPDQ VFDWWHULQJ DQG LQIUDUHG DEVRUSWLRQ HDFK KDYH WKHLU RZQ VHW RI VHOHFWLRQ FULWHULD�
EXW WKH\ SURYLGH LGHQWLFDO LQIRUPDWLRQ DERXW PROHFXOHV� ,QIUDUHG�DFWLYH YLEUDWLRQDO WUDQVLWLRQV
KDYH DQ HIIHFW RQ WKH PROHFXOH
V GLSROH� ZKHUHDV 5DPDQ�DFWLYH YLEUDWLRQDO WUDQVLWLRQV KDYH DQ
HIIHFW RQ WKH PROHFXOH
V SRODUL]DELOLW\� 0RUH FRPSDULVRQV FDQ EH PDGH EHWZHHQ 1,5 DEVRUSWLRQ
VSHFWURVFRS\ DQG 5DPDQ VSHFWURVFRS\ LQ WHUPV RI WKH GDWD SURSHUWLHV� 7KH 1,5 VSHFWURVFRS\
GDWD KDYH D KLJK 615� EXW WKHLU IHDWXUHV DUH EURDG DQG GLIILFXOW WR GLVWLQJXLVK� 5DPDQ
VSHFWURVFRS\ FDQ SURGXFH GDWD ZLWK VWURQJ VSHFWUDO IHDWXUHV� EXW IHHEOH VLJQDOV UHVXOW LQ GDWD ZLWK
D ORZ VLJQDO�WR�QRLVH UDWLR� 1RQUHVRQDQW VSRQWDQHRXV 5DPDQ VFDWWHULQJ ZLOO EH WKH VXEMHFW RI WKH
VXEVHTXHQW GLVFXVVLRQ� 6LQFH 5DPDQ VKLIWV DUH LQGHSHQGHQW RI H[FLWDWLRQ ZDYHOHQJWK� 1,5
UDGLDWLRQ �W\SLFDOO\ ��� RU ��� QP� LV FKRVHQ IRU GHHSHU SHQHWUDWLRQ LQWR ELRORJLFDO WLVVXH DQG WR
HUDGLFDWH WKH ODVHU�LQGXFHG IOXRUHVFHQFH EDFNJURXQG� 7KLV HQDEOHV WKH XVH RI 1,5 UDGLDWLRQ�
'HVSLWH WKLV� 1,5 WLVVXH IOXRUHVFHQFH LV VWLOO VHYHUDO RUGHUV RI PDJQLWXGH JUHDWHU WKDQ
SK\VLRORJLFDO JOXFRVH 5DPDQ VLJQDOV� 'HVSLWH WKH IDFW WKDW 5DPDQ VSHFWUD KDYH VKDUS� GLVWLQFW
SHDNV� WKH EDFNJURXQG IOXRUHVFHQFH VLJQDO LV RIWHQ D VLJQLILFDQW GUDZEDFN RI WKLV WHFKQLTXH GXH
WR WKH VSHFWUXP YDULDWLRQ LW H[KLELWV DQG WKH DVVRFLDWHG GHWHFWRU QRLVH� (YHQ WKRXJK 5DPDQ
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VSHFWUD KDYH FOHDU� GLVWLQFW SHDNV� WKLV LV WKH FDVH� 0XOWLYDULDWH FDOLEUDWLRQ LV UHTXLUHG LQ RUGHU WR
REWDLQ SUHFLVH LQIRUPDWLRQ DERXW WKH JOXFRVH FRQFHQWUDWLRQ� $Q 1,5 5DPDQ LQVWUXPHQW FRQVLVWV
RI D ODVHU VRXUFH� RSWLF HOHPHQWV IRU OLJKW GHOLYHU\ DQG FROOHFWLRQ� DQG RQH RI WKH IROORZLQJ� D
)RXULHU�7UDQVIRUP VSHFWURPHWHU ZLWK DQ ,Q*D$V GHWHFWRU� D JUDWLQJ ZLWK D SKRWRGLRGH DUUD\� RU D
JUDWLQJ ZLWK D FRROHG &&' GHWHFWRU� 7KHVH FRPSRQHQWV DUH FRQWDLQHG ZLWKLQ DQ HQFORVXUH WKDW
FRQWDLQV WKH ODVHU VRXUFH� 'XH WR WKH LQKHUHQW ZHDNQHVV RI WKH 5DPDQ VLJQDO� FROOHFWLRQ RSWLFV DUH
W\SLFDOO\ GHVLJQHG ZLWK JUHDW FDUH WR DFFRXQW IRU LWV FKDUDFWHULVWLFV� 7KH YDVW PDMRULW\ RI WKH WLPH�
D PLFURVFRSH REMHFWLYH LV XVHG WR FROOHFW OLJKW� EXW D SDUDERORLGDO PLUURU KDV DOVR EHHQ XVHG WR
HQKDQFH WKH TXDQWLW\ RI OLJKW FROOHFWHG >��@� %RWK ILOWHUHG EORRG VHUXP DQG EORRG VHUXP� DV ZHOO DV
ZKROH EORRG� KDYH EHHQ XVHG IRU LQ YLWUR PHDVXUHPHQWV >��� ��@� 5RKOHGHU HW DO� >��@ XVHG
XOWUDILOWUDWLRQ WR UHPRYH PDFURPROHFXOHV WKDW SURGXFH D KLJK 5DPDQ EDFNJURXQG DQG WKHUHIRUH
LPSDLU PHDVXUHPHQW DFFXUDF\� 7KLV UHVXOWHG LQ D VXEVWDQWLDO LQFUHDVH LQ WKH SUHFLVLRQ RI VHUXP
PHDVXUHPHQWV� $OWKRXJK WKH UHVXOWV IURP ZKROH EORRG KDYH D ODUJHU PDUJLQ RI HUURU WKDQ WKRVH
IURP ILOWHUHG RU XQILOWHUHG VHUXP� WKH\ DUH FOLQLFDOO\ DFFHSWDEOH >��@� /DPEHUW HW DO� >��@ FRQGXFWHG
PHDVXUHPHQWV LQ KXPDQ DTXHRXV KXPRU WR VLPXODWH H\H PHDVXUHPHQWV� &RQFHUQV UHJDUGLQJ ODVHU
GRVLPHWU\ PD\ UHQGHU LPSRVVLEOH FHUWDLQ LQ YLYR DSSOLFDWLRQV� 7R GDWH� RQO\ WZR JURXSV >��� ��@

KDYH UHSRUWHG FRQGXFWLQJ HIIHFWLYH LQ YLYR H[SHULPHQWV RQ KXPDQ SDUWLFLSDQWV� (QHMGHU HW DO�>��@

IURP RXU ODE SXEOLVKHG JOXFRVH FRQFHQWUDWLRQ PHDVXUHPHQWV LQ �� KHDOWK\ YROXQWHHUV ZKR ZHUH
DGPLQLVWHUHG DQ RUDO JOXFRVH WROHUDQFH SURWRFRO� 7KHVH LQGLYLGXDOV ZHUH QRW GLDEHWLF� $V
HYLGHQFHG E\ WKH ILQGLQJV EDVHG RQ D VLQJOH YROXQWHHU DQG PXOWLSOH SDUWLFLSDQWV� D
JOXFRVH�VSHFLILF FDOLEUDWLRQ PRGHO ZDV DOPRVW FHUWDLQO\ GHYHORSHG� &KDLNHQ HW DO� >��@ ZHUH DEOH
WR DFTXLUH FRPSOHWH EORRG 5DPDQ VSHFWUD LQ YLYR DQG GHVFULEH WKHLU ILQGLQJV E\ XWLOL]LQJ WLVVXH
PRGXODWLRQ� ,Q WKH VXEVHTXHQW VWDJHV� JOXFRVH FRQFHQWUDWLRQV ZHUH GHWHUPLQHG E\ DQDO\]LQJ D
SDUWLFXODU VSHFWUDO UDQJH RI WKH FRPSOHWH EORRG VSHFWUXP� :KHQ DSSOLHG WR GDWD IURP RWKHU
VRXUFHV� D FDOLEUDWLRQ PRGHO GHULYHG IURP D VLQJOH LQGLYLGXDO ZDV FDSDEOH RI SURGXFLQJ DFFXUDWH
SUHGLFWLRQV�

,Q WKH IROORZLQJ 7DEOH ���� \RX ZLOO ILQG D VXPPDU\ RI WKHVH DQG D IHZ DGGLWLRQDO
VHOHFWHG 5DPDQ VSHFWURVFRS\ LQYHVWLJDWLRQV� $V D UHVXOW RI WKH YDVW PDMRULW\ RI SXEOLVKHG
DFFRXQWV PDNLQJ XVH RI WKH VDPH VSHFWUDO UDQJH ���������� FP
�� ZH ZLOO QRW EH UHSRUWLQJ RQ
VSHFLILF UDQJHV�
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7DEOH ��� *OXFRVH PHDVXUHPHQWV XVLQJ 1,5 DEVRUSWLRQ VSHFWURVFRS\
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6DPSOH � 6DPSOH 3URWRFRO $SSUR[�
(UURU >P0@

(QHMGHU HW DO� >��@ ��� IRUHDUP �� KHDOWK\ WROHUDQFH ������� �&9�

&KDLNHQ HW DO� >��@ ��� ILQJHUWLS �� GLDEHWLFV WLPH�UDQGRPL]HG ��� �3�

7DEOH ��� *OXFRVH PHDVXUHPHQWV XVLQJ 1,5 DEVRUSWLRQ VSHFWURVFRS\� 6RXUFH� 6KLK� :��&�
³4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\´ LQ 4XDQWLWDWLYH %LRORJLFDO 5DPDQ VSHFWURVFRS\

IRU QRQ�LQYDVLYH EORRG DQDO\VLV� HVVD\� YRO���� �����

������� $FWLYLW\ LQ WKH RSWLFDO VSHFWUXP DQG SRODULPHWU\
*OXFRVH LV D FKLUDO PROHFXOH� ZKLFK PHDQV WKDW ZKHQ LW FRPHV LQWR FRQWDFW ZLWK OLJKW� LW

FDXVHV D URWDWLRQ LQ WKH SRODUL]DWLRQ RI WKDW OLJKW >��@� 3RODULPHWU\ LV D PHWKRG WKDW PD\ EH XWLOL]HG
WR GHWHUPLQH WKH DQJOH RI URWDWLRQ� DQG LW LV FRQQHFWHG WR WKH FRQFHQWUDWLRQ RI JOXFRVH LQ WKH
EORRG� 3RODULPHWU\ LV RIWHQ FDUULHG RXW DW D VLQJOH ZDYHOHQJWK� ZKLFK UHPRYHV WKH QHFHVVLW\ IRU
FDOLEUDWLQJ VHYHUDO YDULDEOHV >��@� ,W LV SRVVLEOH WKDW WKH DQDO\VLV ZLOO EHFRPH PRUH GLIILFXOW LI RQH
LV ZRUNLQJ ZLWK ELRORJLFDO WLVVXH WKDW LV ERWK ELUHIULQJHQW DQG RSDTXH >��@�

����� ,QGLUHFW DSSURDFKHV
7KH SUHVHQFH RI SK\VLFDO EDUULHUV� ZKLFK DUH UHVSRQVLEOH IRU YDULDWLRQV LQ WKH UHIUDFWLYH

LQGH[ RI WKH VXUURXQGLQJ WLVVXH� LV WKH SULPDU\ IDFWRU WKDW FRQWULEXWHV WR WKH VFDWWHULQJ RI OLJKW LQ
ELRORJLFDO WLVVXH� 7KLV EHKDYLRU FDQ EH REVHUYHG EHLQJ FDUULHG RXW LQ D YDULHW\ RI GLIIHUHQW ZD\V�
:LWKLQ WKH IUDPHZRUN RI WKH GLIIXVLRQ DSSUR[LPDWLRQ >��@� WKH GHFUHDVHG VFDWWHULQJ FRHIILFLHQW >��@
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PD\ EH DSSUR[LPDWLYHO\ HVWLPDWHG DV D IXQFWLRQ RI WKH QXPEHU GHQVLW\ DQG GLDPHWHU RI VSKHULFDO
VFDWWHUHUV� LQ DGGLWLRQ WR WKH GLIIHUHQFH LQ UHIUDFWLYH LQGH[ EHWZHHQ WKH VFDWWHUHUV DQG WKH PHGLXP
WKDW VXUURXQGV WKHP� 7KHUH LV D GLIIHUHQFH LQ WKH UHIUDFWLYH LQGLFHV RI WKH VFDWWHUHUV DQG WKH
PHGLXP WKDW LV DURXQG WKHP� ,W LV ZHOO NQRZQ WKDW WKH LQGH[ GLIIHUHQFH WKDW H[LVWV EHWZHHQ WKH
H[WUDFHOOXODU IOXLG DQG VWUXFWXUDO VFDWWHUHUV IRXQG LQ WLVVXHV� VXFK DV FHOO PHPEUDQHV DQG SURWHLQ
PDWUL[� ZLOO FKDQJH LQ UHVSRQVH WR FKDQJHV LQ WKH RVPRO\WH FRQFHQWUDWLRQ RI WKH WLVVXH� 7KLV LV
RQO\ RQH RI PDQ\ GLIIHUHQW VFHQDULRV WKDW PD\ SOD\ RXW LI DQ\WKLQJ OLNH WKLV ZHUH WR WDNH SODFH�
2Q WKH RWKHU KDQG� WKH PHFKDQLVP WKDW XQGHUOLHV WKLV SKHQRPHQRQ LV QRW FRPSOHWHO\ NQRZQ� $V D
GLUHFW FRQVHTXHQFH RI WKHVH GLVFUHSDQFLHV� LW LV SRVVLEOH WKDW REVHUYDEOH GLIIHUHQFHV LQ WKH WLVVXH
VFDWWHULQJ FRHIILFLHQW PD\ EHFRPH DSSDUHQW� :KHQ H[DPLQLQJ WKH HIIHFWV RI FKDQJLQJ WKH
UHIUDFWLYH LQGH[� JOXFRVH KDV D VLJQLILFDQWO\ PRUH VLJQLILFDQW LQIOXHQFH WKDQ SRWDVVLXP FKORULGH
�.&��� VRGLXP FKORULGH �1D&��� RU XUHD >��� ��@�

������� 'LIIXVH 5HIOHFWDQFH 6SHFWURVFRS\ �'56�
,Q FRQWUDVW WR UHIOHFWDQFH�PRGH DEVRUSWLRQ VSHFWURVFRS\� GLIIXVH UHIOHFWDQFH VSHFWURVFRS\

�'56� GHWHUPLQHV WKH EXON DEVRUSWLRQ DQG VFDWWHULQJ FRHIILFLHQWV E\ ILWWLQJ WKH VSHFWUXP WR D
VSHFLILF PRGHO� DV RSSRVHG WR DQDO\]LQJ WKH IUHTXHQF\ UHVSRQVH RI WKH OLJKW WR H[WUDFW PROHFXOH
LQIRUPDWLRQ >��@� 7KLV UHSODFHV WKH WUDGLWLRQDO PHWKRG RI H[WUDFWLQJ PROHFXODU GDWD� $ W\SLFDO
VWHDG\�VWDWH '56 FRQILJXUDWLRQ >��@ ZRXOG LQFOXGH D &&'�EDVHG JUDWLQJ VSHFWURPHWHU�
LQWHUPHGLDWH RSWLFV� DQG VSDWLDOO\ VHSDUDWHG GHOLYHU\�FROOHFWLRQ RSWLFDO ILEHU VHQVRUV�
$GGLWLRQDOO\� UHVHDUFK KDV EHHQ FRQGXFWHG RQ IUHTXHQF\�EDVHG PHWKRGRORJLHV EDVHG RQ D OHVV
FRQFUHWH WKHRUHWLFDO IUDPHZRUN >��@� 5HVHDUFK >�����@ KDV GHPRQVWUDWHG WKDW WKH VFDWWHULQJ FRHIILFLHQW
IRU WLVVXH WUDQVSRUW LV FRUUHODWHG ZLWK JOXFRVH OHYHOV�

������� 2SWLFDO &RKHUHQFH 7RPRJUDSK\ �2&7�
8VLQJ RSWLFDO FRKHUHQFH WRPRJUDSK\ �2&7� >��� �����@� WKH JOXFRVH DQG RWKHU DQDO\WH

FRQFHQWUDWLRQV LQ OLYLQJ WLVVXH KDYH EHHQ GHWHFWHG� 2&7� ZKLFK LV EDVHG RQ LQWHUIHURPHWU\�
SURYLGHV WKH DSSURSULDWH UDQJH �LQ PLOOLPHWHUV� DQG GHSWK UHVROXWLRQ �LQ PLFURPHWHUV� IRU WKH
VWXG\ RI WLVVXH UHIOHFWDQFH DW D ORFDOL]HG OHYHO� 7KH FRPSRQHQWV RI DQ RSWLFDO FRKHUHQFH
WRPRJUDSK\ �2&7� V\VWHP LQFOXGH D EURDGEDQG OLJKW VRXUFH� LQWHUPHGLDWH RSWLFV� D 0LFKDHOVRQ
LQWHUIHURPHWHU� ILEHU�RSWLFDO LQVWUXPHQWV� DQG D GHWHFWRU� /DULQ HW DO�>��@ GLVFRYHUHG D FRUUHODWLRQ
EHWZHHQ WKH VORSH RI WKH 2&7 VLJQDO YHUVXV GHSWK DQG WKH JOXFRVH FRQWHQW LQ �� KHDOWK\
LQGLYLGXDOV� ,W KDV EHHQ K\SRWKHVL]HG WKDW JOXFRVH�LQGXFHG UHJLRQDO FKDQJHV LQ WKH LQGH[ RI
UHIUDFWLRQ DUH DVVRFLDWHG ZLWK WKH VORSH RI WKH 2&7 VLJQDO�

����� 2WKHU DSSURDFKHV
8VLQJ WKH ERG\
V QDWXUDOO\ HPLWWHG LQIUDUHG UDGLDWLRQ DV WKH HQHUJ\ VRXUFH� WKH

IXQGDPHQWDO DEVRUSWLRQ EDQGV RI JOXFRVH DW �� XP DUH PHDVXUHG WR GHWHUPLQH WKHUPDO HPLVVLRQ�
)RU ,5 DEVRUSWLRQ VSHFWURVFRS\� FRPSDUDEOH GHWHFWLRQ HTXLSPHQW LV XWLOL]HG� 0DOFKRII HW DO�>��@

GHVFULEHG WKH HYDOXDWLRQ RI D SURWRW\SH WKDW PHDVXUHV LQIUDUHG HPLVVLRQ IURP WKH W\PSDQLF
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PHPEUDQH� 3KRWRDFRXVWLF VSHFWURVFRS\ �3$6� LV DQ DOWHUQDWLYH PHWKRG IRU GHWHFWLQJ DEVRUSWLRQ
LQ OLTXLGV DQG JDVHV� LQ DGGLWLRQ WR YDULDWLRQV LQ WKH UHIUDFWLYH LQGH[� 7KH VDPSOH LV DJLWDWHG E\
HPSOR\LQJ QDQR�SLFRVHFRQG ODVHU SXOVHV� /LJKW DEVRUSWLRQ DQG FRQVHTXHQW ORFDOL]HG KHDWLQJ
JHQHUDWH XOWUDVRQLF ZDYHV WKDW FDQ EH GHWHFWHG ZLWK SLH]RHOHFWULF WUDQVGXFHUV� 3$6 KDV EHHQ XVHG
WR PHDVXUH LQ YLYR JOXFRVH FRQFHQWUDWLRQV� EXW QR DGYDQWDJH KDV EHHQ GHPRQVWUDWHG RYHU 1,5
DEVRUSWLRQ VSHFWURVFRS\� ,QGLUHFWO\� 3$6 FDQ EH XVHG WR GHWHFW FKDQJHV LQ WKH UHIUDFWLYH LQGH[�

��� 3UHYLRXV VWXGLHV FRQGXFWHG LQ WKH 6SHFWURVFRS\ /DERUDWRU\ DW 0,7
����� ,Q YLWUR LQYHVWLJDWLRQV
0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\�0,7� UHVHDUFK JURXS
V LQLWLDO LQYHVWLJDWLRQV ZLWK

5DPDQ VSHFWURVFRS\ IRFXVHG RQ KXPDQ EORRG DV RQH RI WKH ILUVW ELRORJLFDO WLVVXHV RI LWV NLQG >��@�
%HUJHU HW DO�>��@ SHUIRUPHG FRQFHQWUDWLRQ PHDVXUHPHQWV LQ ELRORJLFDO PHGLXP DIWHU FROOHFWLQJ
VHUXP DQG ZKROH EORRG VDPSOHV IURP �� LQGLYLGXDOV RYHU WKH FRXUVH RI � ZHHNV� 7KH\ UHSRUWHG
PHDVXULQJ D ODUJH QXPEHU RI DQDO\WHV LQ WKHVH VDPSOHV� $ QXPEHU RI GLIIHUHQW DQDO\WHV� LQFOXGLQJ
JOXFRVH� XULF DFLG� FKROHVWHURO� WULJO\FHULGHV� DOEXPLQ� WRWDO SURWHLQ� DQG KHPDWRFULW� ZHUH
HYDOXDWHG� :KLOH FRPSDUHG WR WKH HUURUV WKDW RFFXUUHG ZKHQ PHDVXULQJ WKH RYHUDOO EORRG YROXPH�
WKH HUURUV WKDW RFFXUUHG ZKHQ FDOFXODWLQJ VHUXP FRQFHQWUDWLRQV ZHUH VLJQLILFDQWO\ OHVV� 7KLV GDWD
ZDV LQWHUSUHWHG WR VXJJHVW WKDW WKH WXUELGLW\ RI ZKROH EORRG FRQWULEXWHG WR VLJQDO OHYHOV WKDW ZHUH
ORZHU WKDQ H[SHFWHG 6KLK HW DO�>��@� $V D FRQVHTXHQFH RI WKLV� D WRRO ZDV GHYHORSHG WR ERRVW WKH
FDSDFLW\ IRU VLJQDO FROOHFWLQJ E\ PRUH WKDQ D IDFWRU RI IRXU >��@� $ VHFRQG LQYHVWLJDWLRQ� WKLV RQH
FRQGXFWHG E\ (QHMGHU HW DO�>��@ XVLQJ ZKROH EORRG� UHYHDOHG WKDW LW LV SRVVLEOH WR PHDVXUH PDQ\
DQDO\WHV ZLWK D VLQJOH VDPSOH RI EORRG� $V D VWDQGDUG SDUW RI WKHLU FOLQLFDO GLDJQRVLV� WKLUW\�RQH
SDUWLFLSDQWV FRQWULEXWHG IXOO EORRG VDPSOHV IRU WKH SXUSRVH RI WKH WULDO� :H REWDLQHG �� VSHFWUD
IURP HDFK VDPSOH RYHU WKH FRXUVH RI � PLQXWHV� ZLWK HDFK RQH ODVWLQJ H[DFWO\ �� VHFRQGV� ,Q
RUGHU WR GHWHUPLQH WKH FRQFHQWUDWLRQV RI WKH HLJKW UHIHUHQFH DQDO\WHV� WKH SURFHGXUHV WKDW DUH
VWDQGDUG SUDFWLFH LQ FOLQLFDO ODEV ZHUH DSSOLHG WR HDFK VDPSOH� %\ HPSOR\LQJ 3/6 DQG FURVV
YDOLGDWLRQ� LW ZDV SRVVLEOH WR HVWDEOLVK D FRUUHODWLRQ EHWZHHQ WKH 5DPDQ VSHFWUD DQG WKH UHOHYDQW
UHIHUHQFH FRQFHQWUDWLRQV� 7KH RXWFRPHV RI D 3/6 OHDYH�RQH�RXW FURVV YDOLGDWLRQ WHVW WKDW ZDV
SHUIRUPHG RQ WKH IXOO EORRG GDWDVHW DUH SUHVHQWHG LQ 7DEOH ���� 7KH XVXDO UDQJH IRU DGXOW PDOHV
OLYLQJ LQ WKH 8QLWHG 6WDWHV LV SURYLGHG IRU HDFK DQDO\WH� 7KLV LV GRQH LQ RUGHU WR SURYLGH WKH
UHDGHU ZLWK D EHWWHU XQGHUVWDQGLQJ RI WKH VLJQLILFDQFH RI WKH 506(&9 GRFXPHQWV� �� :LWK WKH
H[FHSWLRQ RI WRWDO FKROHVWHURO� HYHU\ WHVW SDUDPHWHU UHYHDOV D VXEVWDQWLDO FRUUHODWLRQ EHWZHHQ WKH
SUHGLFWHG DQG WKH UHIHUHQFH FRQFHQWUDWLRQV� ZLWK U� YDOXHV RI ���� RU DERYH� 7KH RQO\ H[FHSWLRQ
LV WRWDO FKROHVWHURO� 7KH RQO\ YDULDEOH WKDW GLG QRW FRQQHFW VXEVWDQWLDOO\ ZLWK WKH RXWFRPH LV WRWDO
FKROHVWHURO ������� $ DGHTXDWH FRUUHODWLRQ EHWZHHQ WKH UHIHUHQFH DQG WKH PHDVXUHG FRQFHQWUDWLRQ
OHYHOV LV LQGLFDWHG ZKHQ WKH U � YDOXH LV PRUH WKDQ ���� 7KLV YDOXH PD\ EH WKRXJKW RI DV D UXOH RI
WKXPE� .HHS LQ PLQG WKDW WKH VTXDUH RI WKH FRUUHODWLRQ FRHIILFLHQW EHWZHHQ WZR YHFWRUV LV WKH
QXPEHU WKDW LV UHIHUUHG WR DV WKH U� YDOXH� ,Q WKLV SDUWLFXODU VFHQDULR� ERWK WKH RULJLQDO
FRQFHQWUDWLRQ� ZKLFK ZLOO EH UHIHUUHG WR DV WKH �UHIHUHQFH FRQFHQWUDWLRQ�� DQG WKH IRUHFDVW
FRQFHQWUDWLRQ� ZKLFK ZLOO EH UHIHUUHG WR DV WKH �SURMHFWHG FRQFHQWUDWLRQ�� ZLOO VHUYH DV YHFWRUV�
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3/6 DQG OHDYH�RQH�RXW FURVV YDOLGDWLRQ ZHUH DSSOLHG WR GHYHORS D RQH�RI�D�NLQG
FDOLEUDWLRQ PRGHO >�����@� 7KH GDWD IURP HDFK SDUWLFLSDQW ZDV SXW WR XVH LQ WKLV SURFHVV� 7KH
DPRXQWV RI JOXFRVH LQ WKH VXEMHFWV
 EORRG UDQJHG IURP �� WR ��� PLOOLJUDPV SHU GHFLOLWHU� $
YROXQWHHU LV VHHQ LQ )LJXUH ��� VLWWLQJ ZLWK KLV DUP H[WHQGHG WRZDUG WKH JDGJHW� )RU WKH DLP RI
FRQGXFWLQJ DQ DQDO\VLV RI WKH GDWD� 5DPDQ VSHFWUD ZHUH FKRVHQ WKDW IHOO DQ\ZKHUH EHWZHHQ ����
DQG ��� FP��� ,Q WKH LQ YLYR VSHFWUD� WKHUH ZHUH GLVWLQFW 5DPDQ VLJQDOV WKDW ZHUH SODFHG RQ WRS
RI D EDFNJURXQG WKDW ZDV TXLWH XQLIRUP DQG ZLGH� 7KH SURFHVV E\ ZKLFK WKH EURDG EDFNGURS LV
JUDGXDOO\ HUDVHG LV UHIHUUHG GHVFULEHG DV IOXRUHVFHQFH SKRWREOHDFKLQJ� ,Q WKH IROORZLQJ VWHS� D
���SRLQW 6DYLW]N\�*ROD\ ILOWHU ZDV DSSOLHG WR HDFK ��PLQXWH VDPSOH LQ RUGHU WR VPRRWK RXW WKH
VSHFWUD DQG LQFUHDVH WKH VLJQDO�WR�QRLVH UDWLR�

7DEOH ��� &URVV�YDOLGDWHG UHVXOWV RI FDOLEUDWLRQ RQ HLJKW DQDO\WHV�

$QDO\WH �XQLWV� &URVV�9DOLGDWHG
(UURU �506(&9�

1RUPDO 5DQJH
�DGXOW PDOHV�

U�

*OXFRVH �PJ�G/�
 �� ������ ����

8UHD �PJ�G/� ��� ����� ����

&KROHVWHURO �PJ�G/� �� ������� ����

7ULJO\FHULGHV �PJ�G/� �� ������ ����

7RWDO 3URWHLQ �PJ�G/� ���� ����� ����

$OEXPLQ �J�G/� ���� ������� ����

+HPRJORELQ �J�G/� ���� ������� ����

+HPDWRFULW ��� ��� ��������� ����


�)RU JOXFRVH� �P0  �� PJ�G/�

7DEOH ��� *OXFRVH PHDVXUHPHQWV XVLQJ 1,5 DEVRUSWLRQ VSHFWURVFRS\� 6RXUFH� 6KLK� :��&�
³4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\´ LQ 4XDQWLWDWLYH %LRORJLFDO 5DPDQ VSHFWURVFRS\

IRU QRQ�LQYDVLYH EORRG DQDO\VLV� HVVD\� YRO���� �����

����� ,Q YLYR VWXGLHV

(QHMGHU HW DO�>��@ FDUULHG RXW D WUDQVFXWDQHRXV LQYHVWLJDWLRQ XVLQJ D JOXFRVH FKDOOHQJH WHVW
RQ �� KHDOWK\ YROXQWHHUV ZKR ZHUH QRW GLDEHWLFV� ,Q RUGHU WR GR DQ LQ�GHSWK DQDO\VLV RI HDFK
LQGLYLGXDO� ZH HPSOR\HG 3/6 LQ FRQMXQFWLRQ ZLWK OHDYH�RQH�RXW FURVV YDOLGDWLRQ� 6HYHUDO
GLIIHUHQW JURXSLQJ DOJRULWKPV ZHUH XVHG� DQG WKH LQIRUPDWLRQ DERXW JOXFRVH
V VSHFWUXP ZDV
XOWLPDWHO\ VWRUHG LQ WKH E YHFWRU WKDW ZDV SURGXFHG�
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������� 0HWKRGV DQG H[SHULPHQWDO SURWRFROV

,Q WKH FRXUVH RI WKLV UHVHDUFK SURMHFW� D VHULHV RI VSHFWUD ZHUH DFTXLUHG RQ WKH IRUHDUPV RI
KXPDQ SDUWLFLSDQWV LQ FRPELQDWLRQ ZLWK D WHFKQLTXH WKDW PHDVXUHG WKHLU RUDO JOXFRVH WROHUDQFH�
'XULQJ WKLV WHVW� WKH VXEMHFW GULQNV D VROXWLRQ WKDW KDV D KLJK FRQFHQWUDWLRQ RI JOXFRVH� $V D
UHVXOW� WKHLU EORRG JOXFRVH OHYHOV ULVH WR PRUH WKDQ GRXEOH WKH DPRXQW VHHQ ZKHQ WKH VXEMHFW KDV
EHHQ IDVWLQJ� 7KURXJKRXW WKH OHQJWK RI WKH RSHUDWLRQ� ZKLFK UDQJHG IURP RQH WR WZR DQG D KDOI
KRXUV IRU HDFK SDUWLFLSDQW� 5DPDQ VSHFWUD DQG UHIHUHQFH JOXFRVH FRQFHQWUDWLRQV IURP EORRG
VDPSOHV ZHUH PRQLWRUHG DW YDULRXV LQWHUYDOV� 7KH UHIHUHQFH PHDVXUHPHQW IRU WKH EORRG DQDO\VLV
WKDW ZDV SHUIRUPHG XVLQJ ILQJHU VWLFNV ZDV JLYHQ E\ D +HPRFXH JOXFRVH DQDO\]HU�

)LJXUH ��� $ YROXQWHHU ZDV IRXQG VHDWHG QH[W WR WKH RSWLFDO WDEOH ZLWK KLV IRUHDUP SUHVVHG RQ WKH
HTXLSPHQW� 6RXUFH� 6KLK� :��&� ³4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\´ LQ 4XDQWLWDWLYH

%LRORJLFDO 5DPDQ VSHFWURVFRS\ IRU QRQ�LQYDVLYH EORRG DQDO\VLV� HVVD\� YRO���� �����

3/6 ZDV XVHG LQ FRQMXQFWLRQ ZLWK OHDYH�RQH�RXW FURVV YDOLGDWLRQ>�����@ WR FRQVWUXFW DQ
LQGLYLGXDO FDOLEUDWLRQ PRGHO IURP WKH GDWD FROOHFWHG IURP HDFK SDUWLFLSDQW LQ WKH VWXG\ �UHI�� 7KH
OHYHOV RI JOXFRVH LQ WKH EORRG RI HDFK DQG HYHU\ YROXQWHHU UDQJHG DQ\ZKHUH IURP �� WR ���
PJ�G/� 7KH YROXQWHHU VKRZQ LQ )LJXUH ��� LV VHDWHG ZLWK KLV DUP SRVLWLRQHG VXFK WKDW LW LV IDFLQJ
WKH LQVWUXPHQW� )RU WKH SXUSRVH RI GDWD DQDO\VLV� 5DPDQ VSHFWUD ZHUH FKRVHQ WR IDOO ZLWKLQ WKH
UDQJH RI �������� FP��� 7KH VSHFWUD WKDW ZHUH DFTXLUHG LQ YLYR KDG D YDVW DQG GLIIXVH
EDFNJURXQG WKDW ZDV VXSHUSRVHG ZLWK WLQ\ DQG GLVWLQFW 5DPDQ IHDWXUHV� )OXRUHVFHQFH
SKRWREOHDFKLQJ LV WKH SURFHVV WKDW GHVFULEHV WKH EURDG EDFNJURXQGV JUDGXDO GHWHULRUDWLRQ RYHU
WLPH� ,Q RUGHU WR JHW D KLJKHU VLJQDO�WR�QRLVH UDWLR� WKH VSHFWUD RI HDFK ��PLQXWH VDPSOH ZHUH WKHQ
VPRRWKHG XVLQJ D ���SRLQW 6DYLW]N\�*ROD\ ILOWHU�
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������� 5HVXOWV DQG GLVFXVVLRQ
(DFK YROXQWHHU
V FRPELQHG EDFNJURXQG DQG 5DPDQ VSHFWUD ZHUH DQDO\]HG XVLQJ 3/6

ZLWK VWDUW OHDYLQJ FURVV YDOLGDWLRQ� %\ FRPELQLQJ � HOHPHQWV IURP HDFK UHVSRQGHQW� D E YHFWRU
ZDV FRQVWUXFWHG� 5HVXOWV VKRZHG DQ 0$( RI ���� DQG D U� RI ���� RQ DYHUDJH� 7KH PHDQ
DEVROXWH HUURU �0$(� ZDV ����� ZKHQ GDWD IURP DOO �� VXEMHFWV ZDV FRPELQHG� 3RVLWLYH DQG
HQFRXUDJLQJ UHVXOWV ZHUH IRXQG ZKHQ PXOWLSOH JOXFRVH VSHFWUDO VLJQDWXUHV ZHUH GLVFRYHUHG LQVLGH
WKH UHJUHVVLRQ YHFWRUV� 7KHVH VLJQDWXUHV RIIHUHG VXSSRUWLQJ HYLGHQFH WKDW JOXFRVH ZDV LQGHHG
PHDVXUHG�

��� $UWLILFLDO LQWHOOLJHQFH
5DPDQ VSHFWURVFRS\ LV D W\SH RI VSHFWURVFRS\ WKDW FDQ EH XVHG WR FRQGXFW DQ LQGLUHFW

DQDO\VLV RI WKH YLEUDWLRQDO VWDWHV RI GLIIHUHQW VXEVWDQFHV� ,QIRUPDWLRQ RQ WKH YLEUDWLRQDO VWDWHV RI
WKH VDPSOH FDQ EH XVHG WR GHWHUPLQH WKH VSHFWURVFRSLF LPSULQW RI WKH VDPSOH� 7KHQ� WKHVH
VSHFWURVFRSLF VLJQDWXUHV FDQ EH XVHG LQ D YDULHW\ RI DSSOLFDWLRQ VLWXDWLRQV WR GHWHUPLQH WKH
FKHPLFDO FRPSRVLWLRQ RI D VDPSOH ZLWKRXW PRGLI\LQJ LW� RU WR SUHGLFW D VDPSOH SURSHUW\ VXFK DV D
SDWLHQW
V KHDOWK FRQGLWLRQ� 7KHUH LV D ZLGH YDULHW\ RI DSSOLFDWLRQ VFHQDULRV� UDQJLQJ IURP
ELRORJLFDO GLDJQRVWLFV WR PDWHULDO VFLHQFH�UHODWHG LVVXHV� RI ZKLFK WKHVH WZR H[DPSOHV RQO\
UHSUHVHQW D VPDOO IUDFWLRQ� +RZHYHU� EHFDXVH WKH 5DPDQ VLJQDO LV TXLWH ZHDN DQG 5DPDQ
VSHFWURVFRS\ ODFNV LGHQWLILHUV� WKH GDWD REWDLQHG IURP 5DPDQ VSHFWURVFRS\ GRHV QRW VSHFLILFDOO\
WDUJHW DQ\WKLQJ� &RQVHTXHQWO\� DQDO\]LQJ 5DPDQ VSHFWUD LV D FKDOOHQJLQJ WDVN WKDW QHFHVVLWDWHV
WKH DSSOLFDWLRQ RI FKHPRPHWULF PRGHOV EDVHG RQ WKH FRQFHSW RI PDFKLQH OHDUQLQJ� 'HHS OHDUQLQJ�
D VXEVHW RI UHSUHVHQWDWLRQ OHDUQLQJ WHFKQLTXHV� KDV EHHQ GHPRQVWUDWHG WR EH KLJKO\ HIIHFWLYH LQ
WKH DQDO\VLV RI 5DPDQ VSHFWUD DQG SKRWRQLF GDWD LQ JHQHUDO ZLWKLQ WKH ILHOG RI GDWD VFLHQFH�
:LWKLQ WKH VFRSH RI WKLV SDSHU� ZH ZLOO GLVFXVV UHFHQW DGYDQFHPHQWV PDGH LQ GHHS OHDUQLQJ
DOJRULWKPV IRU 5DPDQ VSHFWURVFRS\� DV ZHOO DV WKH FXUUHQW LPSOHPHQWDWLRQ FKDOOHQJHV� /XR HW
DO�>��@� ,Q QHDUO\ DOO RI WKH PRVW VLJQLILFDQW ILHOGV RI VFLHQWLILF UHVHDUFK� WKH DSSOLFDWLRQ RI GHHS
OHDUQLQJ DOJRULWKPV KDV PHW ZLWK WUHPHQGRXV VXFFHVV� 'HHS OHDUQLQJ H[LVWV ZLWKLQ WKH VXEILHOG RI
UHSUHVHQWDWLRQ OHDUQLQJ ZLWKLQ WKH GLVFLSOLQH RI DUWLILFLDO LQWHOOLJHQFH �$,�� 7KHUH DUH DOZD\V WKUHH
OD\HUV LQ DUWLILFLDO QHXUDO QHWZRUNV �$11V�� DQ LQSXW OD\HU� D KLGGHQ OD\HU� DQG DQ RXWSXW OD\HU�
7KH PHWKRGRORJLHV RI GHHS OHDUQLQJ DUH D VXEVHW RI $11V� 7KH PDMRULW\ RI WKH WLPH� IHHGIRUZDUG
QHXUDO QHWZRUNV� DOVR NQRZQ DV )11V� VHUYH DV WKH IRXQGDWLRQ RI GHHS OHDUQLQJ DOJRULWKPV� $IWHU
WKH QHXURQV LQ WKH QHWZRUN
V KLGGHQ OHYHOV KDYH XVHG WKHLU ZHLJKWV WR SURFHVV WKH GDWD� WKH
SURFHVVHG GDWD LV UHWXUQHG WR WKH LQSXW OD\HU YLD WKH RXWSXW OD\HU� 7KLV RFFXUV RQFH WKH QHXURQV LQ
WKH FRQFHDOHG OHYHOV KDYH SURFHVVHG WKH GDWD� 'DWD DUH LQLWLDOO\ WUDQVPLWWHG LQWR WKH QHWZRUN E\
WKH LQSXW OD\HU� ZKLFK LV UHVSRQVLEOH IRU WKLV DFWLRQ� %DFNSURSDJDWLRQ DQG JUDGLHQW�EDVHG
RSWLPL]DWLRQ DUH WZR SUHYDOHQW WHFKQLTXHV IRU DGMXVWLQJ WKH ZHLJKWV DQG ELDV RI D QHXUDO QHWZRUN�
%DFNSURSDJDWLRQ LV D VSHFLILF LQVWDQFH RI EDFNSURSDJDWLRQ� $V ORQJ DV VXIILFLHQW YDVW YROXPHV RI
ODEHOHG WUDLQLQJ GDWD DUH DYDLODEOH� WKH VWUXFWXUDO IRXQGDWLRQ RI D GHHS OHDUQLQJ QHWZRUN PDNHV LW
IHDVLEOH IRU WKH QHWZRUN WR UHSUHVHQW LQFUHDVLQJO\ FRPSOH[ IXQFWLRQV� 7KLV IXQFWLRQDOLW\ FDQ EH
REWDLQHG E\ LQFRUSRUDWLQJ DGGLWLRQDO QHWZRUN HQWLWLHV DQG OD\HUV >��@�
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����� &RQYROXWLRQDO 1HXUDO 1HWZRUNV �&11�
&11
V FRQYROXWLRQDO OD\HU LV WKH PRVW LPSRUWDQW SDUW RI WKH QHWZRUN� ,Q DGGLWLRQ WR

IXOO\�FRQQHFWHG OD\HUV� D &11 ZLOO IUHTXHQWO\ XWLOL]H EXON QRUPDOL]DWLRQ OD\HUV� SRROLQJ OD\HUV�
DQG SRROLQJ OD\HUV� 7KH LQSXW RI RQH FRQYROXWLRQDO OD\HU LV FRQYROYHG E\ WKH NHUQHOV RI WKDW
OD\HU� DQG WKH UHVXOW LV WKHQ XVHG DV WKH LQSXW IRU WKH VXEVHTXHQW OD\HU� :KLOH WKH ZHLJKWV RI HDFK
OD\HU DUH EHLQJ PRGLILHG� WKH FRQYROXWLRQ NHUQHO RI HDFK OD\HU LV EHLQJ WUDLQHG� FRQVHTXHQWO\� WKH
NHUQHO�JHQHUDWHG IHDWXUH PDSV DUH EHLQJ XSGDWHG� ,Q DGGLWLRQ� SRROLQJ OD\HUV DUH XWLOL]HG WR
VXEVDPSOH GDWD LQ RUGHU WR UHGXFH WKH GDWD
V GLPHQVLRQV DQG WKH FRPSXWDWLRQDO FRPSOH[LW\� 7KH
WZR PRVW SUHYDOHQW IRUPV RI SRROLQJ DOJRULWKPV DUH PD[LPDO SRROLQJ DQG DYHUDJH SRROLQJ� $
FRPSOHWHO\ FRQQHFWHG OD\HU LV W\SLFDOO\ ORFDWHG DW WKH FRQFOXVLRQ RI D &11� 7KLV OD\HU OLQNV
HYHU\ QHXURQ RI WKH SUHFHGLQJ OD\HU WR WKH RXWSXW� 7KH W\SLFDO RUJDQL]DWLRQDO VWUXFWXUH RI D &11
PRGHO LV LOOXVWUDWHG LQ )LJXUH ���� ,W LV HVVHQWLDO WR UHPHPEHU WKDW &11V DUH GLVWLQJXLVKHG E\ WZR
GLVWLQFW FKDUDFWHULVWLFV� SDUDPHWHU VKDULQJ DQG ORFDO FRQQHFWLRQ� 7KHVH FRQFHSWV UHGXFH WKH WRWDO
QXPEHU RI SDUDPHWHUV� UHVXOWLQJ LQ PRUH HIILFLHQW FDOFXODWLRQV� DV VWDWHG E\ /XR HW DO� >��@�

)LJXUH ��� GHPRQVWUDWHV &11
V RUJDQL]DWLRQDO VWUXFWXUH� 2Q WKH OHIW� WKH \HOORZ VTXDUH UHSUHVHQWV
LQSXW GDWD� ZKLOH WKH JUD\ FLUFOH UHSUHVHQWV RXWSXW GDWD� 7KH JUHHQ DQG EOXH VTXDUHV� UHVSHFWLYHO\�
UHSUHVHQW WKH ILUVW DQG VHFRQG FRQYROXWLRQDO OD\HUV� DQG D SRROLQJ SKDVH �UHSUHVHQWHG E\ D JUH\
DUURZ ZLWK GDVKHV� VXEVDPSOHV EHWZHHQ WKHP� %HIRUH HPLVVLRQ� D IXOO\�FRQQHFWHG OD\HU LV XVHG
DW WKH HQG RI WKH &11 �VKRZQ E\ WKH SXUSOH GRWWHG OLQH�� 6RXUFH� 5� /XR� -� 3RSS� 	 7� %RFNOLW]

'HHS /HDUQLQJ IRU 5DPDQ 6SHFWURVFRS\� $ 5HYLHZ ����� $QDO\WLFD� ����� ���±����

����� 5HVLGXDO 1HWZRUN �5HV1HW�
5HV1HW
V UHVLGXDO EORFN� ZKLFK LV GHSLFWHG LQ )LJXUH ���� LV WKH QHWZRUN
V IXQGDPHQWDO

EXLOGLQJ HOHPHQW� 7KH UHVLGXDO EORFN XVHV D VKRUWFXW WR VNLS EHWZHHQ OD\HUV� 7KLV GHVLJQ FDQ
DYRLG WKH YDQLVKLQJ JUDGLHQW SUREOHP� ZKLFK FRXOG SUHYHQW WKH QHXUDO QHWZRUN IURP OHDUQLQJ
IXUWKHU GXULQJ WKH WUDLQLQJ SURFHVV� $FFRUGLQJ WR QHWZRUN OHQJWK� WKH PRVW IUHTXHQWO\ HPSOR\HG
5HV1HWV DUH 5HV1HW���� 5HV1HW����� DQG 5HV1HW����� DOO RI ZKLFK FDQ EH FODVVLILHG DV &11
YDULDQWV�
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)LJXUH ��� %ORFNDJH� 7KHUH LV D VKRUWFXW IURP [ WR +� 7KLV QHWZRUN DUFKLWHFWXUH SURYLGHV
VNLS FRQQHFWLRQV� ZKLFK FDUU\ JUDGLHQW LQIRUPDWLRQ EHWZHHQ OD\HUV DQG DYRLG WKH YDQLVKLQJ

JUDGLHQW SUREOHP� 6RXUFH� 5� /XR� -� 3RSS� 	 7� %RFNOLW] 'HHS /HDUQLQJ IRU 5DPDQ
6SHFWURVFRS\� $ 5HYLHZ ����� $QDO\WLFD� ����� ���±����

����� $XWRHQFRGHU
)LJXUH ��� LOOXVWUDWHV KRZ DQ DXWRHQFRGHU� ZKLFK XVHV D ERWWOHQHFN VWUXFWXUH� FDQ EH XVHG

WR DFKLHYH XQVXSHUYLVHG OHDUQLQJ� $Q DXWRHQFRGHU FRQVLVWV RI WZR SULPDU\ FRPSRQHQWV� DQ
HQFRGHU DQG D GHFRGHU� ZKLFK DUH LQWHQGHG IRU GDWD LQSXW DQG RXWSXW� UHVSHFWLYHO\� $ IHDWXUH
UHSUHVHQWDWLRQ RI WKH LQSXW GDWD LV IRUPHG DV WKH GDWD SDVV WKURXJK D ERWWOHQHFN RQ WKHLU ZD\ IURP
WKH LQSXW WR WKH RXWSXW� 7KH 8�1HW� ZKLFK ZDV LQLWLDOO\ IRU WKH SXUSRVH RI ELRPHGLFDO LPDJH
VHJPHQWDWLRQ >��@� LV DQ H[DPSOH RI DQ LPSRUWDQW DSSOLFDWLRQ WKDW PDNHV XVH RI DQ DXWRHQFRGHU
VWUXFWXUH WKDW ZDV JHQHUDWHG E\ PHDQV RI D &11�

)LJXUH ��� $XWRHQFRGHU ERWWOHQHFNV� 7KH \HOORZ HQFRGHU PDSV WKH LQSXW ; WR WKH
ERWWOHQHFN +� ZKLOH WKH JUHHQ GHFRGHU PDSV + WR ;
� 7KH HQFRGHU DQDO\]HV ; DQG FUHDWHV +

�FRQWDLQLQJ NH\ LQIRUPDWLRQ�� QH[W� WKH GHFRGHU WUDQVODWHV + LQWR WKH GHVLUHG RXWSXW ;
 E\ 5� /XR�
-� 3RSS� 	 7� %RFNOLW] 'HHS /HDUQLQJ IRU 5DPDQ 6SHFWURVFRS\� $ 5HYLHZ ����� $QDO\WLFD� �����

���±����
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����� *HQHUDWLYH $GYHUVDULDO 1HWZRUN �*$1�
*RRGIHOORZ HW DO� >��@ LQWURGXFHG D YHU\ LQWULJXLQJ GHHS OHDUQLQJ DUFKLWHFWXUH GXEEHG

*HQHUDWLYH $GYHUVDULDO 1HWZRUN �*$1�� *RRGIHOORZ HW DO�>��@ LQWURGXFHG D YHU\ LQWULJXLQJ GHHS
OHDUQLQJ DUFKLWHFWXUH WKH\ GXEEHG *$1� ZKLFK LV FRPSULVHG RI D JHQHUDWRU * DQG D GLVFULPLQDWRU
'� *RRGIHOORZ HW DO� LQWURGXFHG WKH *$1 DUFKLWHFWXUH IRU GHHS OHDUQLQJ� ZKLFK WKH\ GHHPHG WR
EH TXLWH LQWULJXLQJ� 'XULQJ WKH WUDLQLQJ SKDVH� *
V REMHFWLYH LV WR LQFUHDVH WKH OLNHOLKRRG WKDW '
ZLOO FRPPLW DQ HUURU� ZKHUHDV '
V REMHFWLYH LV WR GLVWLQJXLVK EHWZHHQ JHQXLQH DQG SURGXFHG GDWD
LQVWDQFHV� 8VLQJ WKH PLQLPD[ ORVV� ZKLFK LV WHFKQLFDOO\ D PLQLPD[ WZR�SOD\HU JDPH� WUDLQLQJ LV
FRQGXFWHG LQ D VHTXHQWLDO IDVKLRQ� $V D UHVXOW� * LV DEOH WR JHQHUDWH GDWD WKDW GHULYHV IURP DQ
DSSUR[LPDWHG GLVWULEXWLRQ WKDW LV FRPSDUDEOH WR WKH GLVWULEXWLRQ RI WKH LQSXW GDWD� ,Q WKH LQWHULP�
' HQGHDYRUV WR GLVWLQJXLVK EHWZHHQ DFWXDO SKRWRV LQ WKH WUDLQLQJ '�

����� $UWLILFLDO 1HXUDO 1HWZRUNV�$11�

1HXUDO QHWZRUNV KDYH HPHUJHG DV RQH RI WKH PRVW H[WHQVLYHO\ XWLOL]HG V\VWHPV IRU SDWWHUQ
UHFRJQLWLRQ DQG KDYH GLVFRYHUHG D EURDG UDQJH RI XVHV DFURVV WKH ERDUG LQ WKH ILHOG RI
ELRPHGLFLQH� 7KLV LV GXH LQ ODUJH SDUW WR WKH IDFW WKDW QHXUDO QHWZRUNV DUH DEOH WR OHDUQ IURP WKHLU
RZQ PLVWDNHV� $Q DUWLILFLDO QHXWUDO QHWZRUN� DOVR NQRZQ DV DQ $11� LV D QHWZRUN WKDW FRQVLVWV RI
VHYHUDO OD\HUV DQG QRGHV� HDFK RI ZKLFK LV UHVSRQVLEOH IRU SHUIRUPLQJ D EDVLF RSHUDWLRQ RQ D
QXPEHU RI LQSXWV LQ RUGHU WR SURGXFH D VLQJOH RXWSXW� 7KLV DOORZV WKH QHWZRUN WR IXQFWLRQ DV D
VLQJOH HQWLW\� 9LD ZHLJKWHG FRQQHFWLRQV� WKH VLJQDO LV VHQW IURP WKH LQSXW OD\HU RI WKH VWDQGDUG
IRUPDW NQRZQ DV D PXOWLOD\HU SHUFHSWURQ �VHH )LJXUH ����� ZKLFK LV D PXOWLOD\HU SHUFHSWURQ� WR
WKH OD\HU RI KLGGHQ QRGHV� 7KH SURFHVVLQJ RI WKH VLJQDO LV XQGHU WKH SXUYLHZ RI WKLV OD\HU� :KHQ
GHDOLQJ ZLWK VSHFWUDO DSSOLFDWLRQV� WKHUH LV RIWHQ MXVW RQH LQSXW QRGH IRU HDFK HYHU\ VSHFWUDO VLJQDO
RU SRUWLRQ RI WKH VSHFWUXP� $QDO\VLV RI VSHFWUD LV DQRWKHU QDPH IRU WKH ILHOG RI VSHFWUDO
DSSOLFDWLRQV� 6LJQDOV IURP DOO RI WKH LQSXW QRGHV DUH WR EH FROOHFWHG E\ HDFK FRQFHDOHG QRGH�
ZKLFK LV DFFRXQWDEOH IRU GRLQJ VR� $IWHU WKDW� WKHVH VLJQDOV DUH FRPELQHG WRJHWKHU LQ WKH IRUP RI
D ZHLJKWHG WRWDO� DQG WKHQ WKH\ DUH VHQW WKURXJK D QRQ�OLQHDU �DFWLYDWLRQ IXQFWLRQ�� ZKLFK LV RIWHQ
D VPRRWKHG VWHS IXQFWLRQ RU VLJPRLG�7KLV KDV WKH HIIHFW RI DSSO\LQJ D VRIW WKUHVKROG WR WKH WRWDO
LQSXWV� ZLWK WKH ZHLJKWV GHWHUPLQLQJ ZKLFK VSHFWUDO IHDWXUHV HDFK KLGGHQ QRGH UHVSRQGV WR LQ WKH
PRVW IDYRUDEOH PDQQHU� 7KLV KDV WKH HIIHFW RI DSSO\LQJ D VRIW WKUHVKROG WR WKH ZKROH LQSXWV� 7KH
VLJQDOV FRPLQJ IURP WKH KLGGHQ QRGHV DUH PHUJHG LQ WKH IRUP RI D ZHLJKWHG VXP E\ WKH RXWSXW
QRGHV� DQG WKH RXWSXW QRGHV PD\ RU PD\ QRW DSSO\ D QRQ�OLQHDU DGMXVWPHQW WR WKH FRPELQHG
VLJQDO� ,Q FODVVLILFDWLRQ DSSOLFDWLRQV� WKHUH LV W\SLFDOO\ RQH RXWSXW QRGH FRUUHVSRQGLQJ WR HDFK
FODVV� DQG PD\EH RQH EHORQJLQJ WR D �XQNQRZQ� FODVV� ,Q FHUWDLQ FDVHV� WKHUH PD\ DOVR EH D
�XQNQRZQ� FODVV� ,Q DGGLWLRQ WR WKDW� WKHUH LV D SRVVLELOLW\ RI RQH� 7KH RXWSXW QRGH WKDW JHQHUDWHV
WKH KLJKHVW RXWSXW YDOXH GHWHUPLQHV ZKLFK FODVV D QHZ LQSXW YHFWRU EHORQJV WR� DQG WKDW FODVV LV
WKH RQH WR ZKLFK WKH QHZ LQSXW YHFWRU LV DVVLJQHG� ,W LV D W\SLFDO SUDFWLFH IRU FRPSXWHU V\VWHPV WR
XWLOL]H WKH YDOXH RI D VLQJOH RXWSXW QRGH DV WKH GHSHQGHQW YDULDEOH LQ UHJUHVVLRQ VWXGLHV >��@�
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)LJXUH ��� 6FKHPDWLF RI $11 ZLWK VHYHQ LQSXW� IRXU KLGGHQ� DQG WZR RXWSXW QRGHV� ,QSXW YDOXHV
DUH [L� KLGGHQ OD\HU ZHLJKWV DUH ZLM� KLGGHQ OD\HU RXWSXWV DUH DM� RXWSXW OD\HU ZHLJKWV DUH XMN� DQG

KLGGHQ DQG RXWSXW OD\HU WUDQVIHU IXQFWLRQV DUH I DQG K� 6RXUFH� 7LPRWK\� 0�'� ³1RQ�OLQHDU
PHWKRGV IRU WKH DQDO\VLV RI PHWDEROLF SURILOHV�Q�G�´ LQ (OVHYLHU %�9� ����� �� ����

����� .�1HDUHVW 1HLJKERXU FODVVLILFDWLRQ

7KH .�1HDUHVW 1HLJKERU �N11� UXOH LV D WHFKQLTXH WR FODVVLILFDWLRQ WKDW LV RIWHQ
FRQVLGHUHG WR EH WKH PRVW VWUDLJKWIRUZDUG RI DOO VXSHUYLVHG FODVVLILFDWLRQ PHWKRGV� ,Q RUGHU WR
FODVVLI\ WHVW VDPSOHV� N QHDUHVW QHLJKERUV LQ WKH PXOWLGLPHQVLRQDO SDUDPHWHU VSDFH DUH XVHG� DQG
HDFK VDPSOH LV WKHQ DVVLJQHG WR WKH FODVV WKDW RFFXUV WKH PRVW IUHTXHQWO\ DPRQJ WKRVH N
QHLJKERUV� 7KH DSSURDFK� GHVSLWH LWV DSSDUHQW VLPSOLFLW\� KDV D JRRG WKHRUHWLFDO EDVLV LQ
QRQ�SDUDPHWULF GHQVLW\ HVWLPDWLRQ DQG KDV WKH DELOLW\ WR IUHTXHQWO\ RXWSHUIRUP PHWKRGV WKDW DUH
IDU PRUH FRPSOH[� 7KH VROH QHHG IRU WKH DSSURDFK LV WKH VHOHFWLRQ RI N� ZKLFK UHSUHVHQWV WKH
QXPEHU RI QHLJKERUV WKDW ZLOO EH WDNHQ LQWR DFFRXQW WKURXJKRXW WKH FODVVLILFDWLRQ SURFHVV�
6PDOOHU YDOXHV RI N ZLOO UHVXOW LQ WKH VHOHFWLRQ RI WKH WUDLQLQJ SRLQWV WKDW DUH WKH PRVW FDSDEOH RI
HVWLPDWLQJ WKH ULJKW FODVVLILFDWLRQ DW WKH WHVW SRLQW� 7KHVH ZLOO EH WKH SRLQWV WKDW DUH FORVHVW WR WKH
WHVW SRLQW� 7KLV HVWLPDWH� RQ WKH RWKHU KDQG� ZLOO EH VXVFHSWLEOH WR VHYHUH VWDWLVWLFDO IOXFWXDWLRQV
GXH WR WKH OLPLWHG QXPEHU RI SDUWLFLSDQWV� 2Q WKH RWKHU KDQG� ODUJH YDOXHV RI N FDQ PLQLPL]H
VWDWLVWLFDO PLVWDNHV� EXW WKH\ DOVR OHW GLVWDQW SRLQWV WR SDUWLFLSDWH WR WKH FODVVLILFDWLRQ� ZKLFK PD\
KDYH WKH HIIHFW RI VPRRWKLQJ RXW VRPH RI WKH IHDWXUHV RI WKH FODVV GLVWULEXWLRQV� N LV RIWHQ
GHWHUPLQHG WR EH WKH YDOXH WKDW UHVXOWV LQ WKH OHDVW DPRXQW RI FODVVLILFDWLRQ HUURU EDVHG RQ VRPH
LQGHSHQGHQW YDOLGDWLRQ GDWD RU E\ IROORZLQJ WHFKQLTXHV WKDW LQYROYH FURVV�YDOLGDWLRQ� 6LPLODU WR
WKH N�PHDQV DOJRULWKP� WKH N11 DOJRULWKP MXVW JHQHUDWHV D FODVVLILFDWLRQ IRU HDFK LWHP ZLWKRXW
DQ\ UHODWHG YLVXDOLVDWLRQ RU H[SODQDWLRQ� DV D UHVXOW� LWV XVDJH DV D VWDQGDORQH WRRO LV UDWKHU
XQFRPPRQ� 7KH IDFW WKDW LW SHUIRUPHG VR ZHOO LQ FRPSHWLWLYH FODVVLILFDWLRQ� RQ WKH RWKHU KDQG�

��This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use



KDV SURPRWHG LWV XVDJH DV D EHQFKPDUN DJDLQVW ZKLFK RWKHU PHWKRGV PLJKW EH HYDOXDWHG� 7KHVH
DVSHFWV DUH H[HPSOLILHG E\ WKH YDVW PDMRULW\ RI PHWDEROLF SURILOH VWXGLHV WKDW PDNH XVH RI WKH
PHWKRG >��@�

����� $SSOLFDWLRQV IRU 5DPDQ 6SHFWURVFRS\
,Q WKH GLVFLSOLQH RI 5DPDQ VSHFWURVFRS\� WUDGLWLRQDO DSSURDFKHV RI PDFKLQH OHDUQLQJ KDYH

EHHQ XWLOL]HG WR D VLJQLILFDQW GHJUHH� ,Q WKH YDVW PDMRULW\ RI FLUFXPVWDQFHV� \RX ZLOO EH UHTXLUHG
WR FDUU\ RXW SURFHVVHV OLNH DV GDWD SUH�SURFHVVLQJ� IHDWXUH H[WUDFWLRQ �RU IHDWXUH VHOHFWLRQ�� DQG
GDWD PRGHOLQJ� 'HHS OHDUQLQJ� RQ WKH RWKHU KDQG� DOORZV IRU WKH SRVVLELOLW\ WKDW WKH ZRUN RI VXFK
FRPSOLFDWHG SKDVHV PD\ EH SHUIRUPHG HQWLUHO\ E\ D VLQJOH QHXUDO QHWZRUN� DVVXPLQJ WKDW WKHUH LV
DGHTXDWH WUDLQLQJ GDWD� 7KLV� RI FRXUVH� LV VRPHWKLQJ WKDW FDQ RQO\ EH VDLG LI WKHUH DUH VXIILFLHQW
IDFWV WR EHJLQ ZLWK� 7KH IRXU HVVHQWLDO DVSHFWV RI GHHS OHDUQLQJ DSSOLFDWLRQV IRU 5DPDQ
VSHFWURVFRS\ DUH SUH�SURFHVVLQJ� FODVVLILFDWLRQ� UHJUHVVLRQ� DQG KLJKOLJKWLQJ� DQG WKH\ DUH
GHSLFWHG LQ )LJXUH ���� 2Q WKH EDVLV RI WKH PDQ\ NLQGV RI RXWSXWV WKDW WKH SURJUDP FUHDWHV� WKHVH
FRPSRQHQWV FDQ EH VXEGLYLGHG LQWR PRUH FRPSRQHQWV ODWHU RQ� $IWHU WUDLQLQJ WKH PRGHO XVLQJ D
5DPDQ VSHFWUXP DV DQ LQSXW� D SUH�SURFHVVLQJ PRGHO ZLOO VSOLW WKH LQSXW LQWR VHYHUDO SRUWLRQV DQG
ZLOO JHQHUDOO\ RXWSXW D VSHFLILHG DUHD RI LQWHUHVW �52,� RI WKH �' VSHFWUDO GDWD� 7KLV RFFXUV DIWHU
WKH PRGHO KDV EHHQ WUDLQHG ZLWK WKH VSHFWUXP� $ ODEHO LV ZKDW FRPHV RXW RI D FDWHJRUL]DWLRQ
PRGHO� 7KH RXWSXW RI D UHJUHVVLRQ PRGHO LV HLWKHU D QXPEHU RU D SUREDELOLVWLF YDOXH� $
KLJKOLJKWLQJ PRGHO ZLOO VHJPHQW WKH LQSXW LQWR VHYHUDO VHJPHQWV DQG ZLOO W\SLFDOO\ SURGXFH D
SDUWLFXODU UHJLRQ RI LQWHUHVW �52,� RI WKH �' VSHFWUDO GDWD� /XR HW DO�>��@�

)LJXUH ��� )RXU 5DPDQ DSSOLFDWLRQV WKDW OHYHUDJH PDFKLQH OHDUQLQJ� 0RGHOV IRU SUHSURFHVVLQJ�
FODVVLILFDWLRQ� UHJUHVVLRQ� DQG KLJKOLJKWLQJ EDVHG RQ RXWSXW� 7KH RXWSXW RI D SUH�SURFHVVLQJ

PRGHO LV DQRWKHU 5DPDQ VSHFWUXP� WKH RXWSXW RI D FODVVLILFDWLRQ PRGHO LV D ODEHO� WKH RXWSXW RI D
UHJUHVVLRQ PRGHO LV D QXPEHU RU SUREDELOLW\ YDOXH� DQG WKH RXWSXW RI D KLJKOLJKWLQJ PRGHO LV WKH
VSHFWUDO 52, RI WKH LQSXW VSHFWUXP� 6RXUFH� 5� /XR� -� 3RSS� 	 7� %RFNOLW] 'HHS /HDUQLQJ IRU

5DPDQ 6SHFWURVFRS\� $ 5HYLHZ ����� $QDO\WLFD� ����� ���±���
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��� 6XPPDU\
2SWLFDO GHWHFWLRQ LV WKH PRGDOLW\ RI FKRLFH IRU WKH FUHDWLRQ RI D WRWDOO\ QRQ�LQYDVLYH

WHFKQRORJ\ IRU EORRG DQDO\VLV� ZKLFK RIIHUV WKH KLJKHVW SRWHQWLDO IRU VXFFHVV LQ WHUPV RI KRZ ZHOO
LW PLJKW EH LPSOHPHQWHG� 'XH RI LWV XQULYDOHG PROHFXODU VHOHFWLYLW\� WKH 5DPDQ VSHFWURVFRS\
WHFKQLTXH VWDQGV RXW DV RQH RI WKH PRVW SURPLVLQJ RSWLFDO DSSURDFKHV� 7KH UHYLHZ WKDW LV
FRQWDLQHG LQVLGH WKLV FKDSWHU JRHV WKURXJK WKH WKHUDSHXWLFDOO\ LPSRUWDQW EORRG DQDO\WHV WKDW DUH
SUHVHQWHG LQ WKLV WKHVLV� 6LQFH WKHLU FRQFHQWUDWLRQV DUH XQGHU WKH PLOOLPRODU �P0� UDQJH� WKH\ DUH
VXLWDEOH IRU XVH LQ RSWLFDO WHFKQRORJLHV WKDW GR QRW QHHG WKH LQYDVLYH SHQHWUDWLRQ RI WKH KXPDQ
ERG\� ,Q RUGHU WR SURYLGH WKH UHDGHU ZLWK WKH LQIRUPDWLRQ QHFHVVDU\ WR DVVHVV WKH FDOLEUDWLRQ
ILQGLQJV LQ WKH SDUW WKDW ZLOO IROORZ� D FRPSUHKHQVLYH RYHUYLHZ RI PXOWLYDULDWH FDOLEUDWLRQ LV
SUHVHQWHG� 7KLV LV GRQH IRU WKH DLP RI JLYLQJ WKH UHDGHU ZLWK WKH NQRZOHGJH UHTXLUHG� 0HWKRGV
VXFK DV 1,5 DQG 0,5 DEVRUSWLRQ VSHFWURVFRS\� 1,5 5DPDQ VSHFWURVFRS\� SRODULPHWU\� GLIIXVH
UHIOHFWDQFH VSHFWURVFRS\� RSWLFDO FRKHUHQFH WRPRJUDSK\� WKHUPDO HPLVVLRQ VSHFWURVFRS\� DQG
SKRWRDFRXVWLF VSHFWURVFRS\ ZHUH GLVFXVVHG LQ WKLV SRUWLRQ RI WKH DUWLFOH� 7KH LQIRUPDWLRQ WKDW WKH
UHDGHU QHHGV WR DQDO\]H HIIHFWLYHO\ ZLOO EH SURYLGHG WR WKHP� $ UHYLHZ RI WKH SUHYLRXV ZRUN
FDUULHG RXW DW WKH 6SHFWURVFRS\ /DERUDWRU\ DW 0,7 ZDV FDUULHG RXW� 7KLV UHYLHZ LQFOXGHG
PHDVXUHPHQWV RI QXPHURXV EORRG DQDO\WHV LQ GLVFDUGHG KXPDQ VHUXP� ZKROH EORRG� DQG KXPDQ
LQGLYLGXDOV XWLOL]LQJ 3/6 ZLWK OHDYH�RQH�RXW FURVV YDOLGDWLRQ� 7KLV VWXG\ ZDV RQH RI WKH
DFFRPSOLVKPHQWV WKDW KDG EHHQ DFFRPSOLVKHG LQ WKH ILHOG RI 1,5 5DPDQ VSHFWURVFRS\
SUHYLRXVO\� ,Q FRPSDULVRQ WR PHWKRGV WKDW UHO\ RQ VXEMHFWLYLW\ IRU WKH SUH�SURFHVVLQJ SKDVH� GHHS
OHDUQLQJ PDNHV LW IHDVLEOH WR VLPSOLI\ WKH SUH�SURFHVVLQJ VWDJH DQG HYHQ PDNHV LW SRVVLEOH WR
EXLOG DQ DXWRPDWLF SUH�SURFHVVLQJ VROXWLRQ� 7KLV LV WKH FDVH VLQFH GHHS OHDUQLQJ FDQ OHDUQ IURP
H[DPSOHV� 7KH DSSOLFDWLRQ RI D VROXWLRQ LV QRZ IHDVLEOH DV D UHVXOW RI WKH IDFW WKDW GHHS OHDUQLQJ
PDNHV WKLV FDSDELOLW\ FRQFHLYDEOH� 6RPH GHHS OHDUQLQJ PRGHOV LQFRUSRUDWH DOO RI WKH
SUH�SURFHVVLQJ SURFHVVHV LQWR D VLQJOH QHWZRUN� DORQJ ZLWK WKH HYHQWXDO JRDO� ZKLFK PD\ EH
FODVVLILFDWLRQ RU UHJUHVVLRQ� %HFDXVH RI WKLV� WKH PRGHO LV DEOH WR OHDUQ PRUH HIILFLHQWO\� 7KLV FDQ
EH DFFRPSOLVKHG LQ D URXQGDERXW IDVKLRQ�
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��� 5DPDQ VSHFWURVFRS\
$Q LQHODVWLF VFDWWHULQJ SKHQRPHQRQ NQRZQ DV 5DPDQ VFDWWHULQJ LV XWLOL]HG LQ WKH SURFHVV

RI 5DPDQ VSHFWURVFRS\� ZKLFK PHDVXUHV WKH IXQGDPHQWDO YLEUDWLRQDO VWDWHV RI PROHFXOHV� 7KH
SKHQRPHQRQ RI 5DPDQ VFDWWHULQJ� ZKLFK ZDV IRXQG E\ 5DPDQ DQG .ULVKQD >��@� UHVXOWV IURP
LQWHUDFWLRQV EHWZHHQ SKRWRQV DQG PROHFXOHV� $FFRUGLQJ WR WKH SULQFLSOHV RI FODVVLFDO SK\VLFV� WKH
FRQWDFW FDQ EH VHHQ DV D GLVUXSWLRQ RI WKH HOHFWURQLF FORXG WKDW LV DOUHDG\ H[LVWLQJ LQ WKH PROHFXOH�
5D\OHLJK VFDWWHULQJ LV QDPHG DIWHU /RUG 5D\OHLJK� ZKR GLVFRYHUHG WKDW WKH JUHDW PDMRULW\ RI
SKRWRQV WKDW DUH GLVSHUVHG DV D UHVXOW RI OLJKW EHLQJ VFDWWHUHG IURP D PROHFXOH DUH HODVWLFDOO\
VFDWWHUHG� :KLOH HODVWLF VFDWWHULQJ LV WDNLQJ SODFH� WKHUH LV QR IUHTXHQF\ VKLIW WKDW WDNHV SODFH
VLQFH WKH VFDWWHUHG SKRWRQ KDV WKH VDPH DPRXQW RI HQHUJ\ DV WKH SKRWRQ WKDW ZDV IHG LQWR WKH
V\VWHP� 3KRWRQV� RQ WKH RWKHU KDQG� KDYH WKH SRZHU WR HLWKHU WUDQVIHU HQHUJ\ WR PROHFXODU
YLEUDWLRQV RU DEVRUE HQHUJ\ IURP WKHP WKURXJK D SURFHVV NQRZQ DV 5DPDQ VFDWWHULQJ� 7KLV
RFFXUV ZKHQ WZR SKRWRQV FROOLGH ZLWK RQH DQRWKHU� $Q LQFLGHQW SKRWRQ ZLWK WKH HQHUJ\ KY/�
ZKHUH K LV 3ODQFN
V FRQVWDQW DQG Y/ LV WKH IUHTXHQF\ RI WKH H[FLWDWLRQ ODVHU� FDQ FDXVH WKH
H[FLWHPHQW RI D PROHFXOH LQWR D YLUWXDO VWDWH WKDW KDV D ORZHU HQHUJ\ QHHG WKDQ DQ HOHFWURQLF
WUDQVLWLRQ� 7KLV FDQ EH FDXVHG E\ WKH PROHFXOH EHLQJ H[SRVHG WR DQ H[FLWDWLRQ ODVHU ZLWK D
IUHTXHQF\ RI Y/�7KLV SURFHVV� ZKLFK LV NQRZQ DV 6WRNHV�5DPDQ VFDWWHULQJ >��@� LQYROYHV WKH
FUHDWLRQ RI D QHZ SKRWRQ WKDW LV WKHQ VFDWWHUHG IURP WKH �YLUWXDO VWDWH�� /LJKW WKDW KDV EHHQ
VFDWWHUHG E\ D 6WRNHV�5DPDQ VFDWWHULQJ SURFHVV ZLOO KDYH DQ HQHUJ\ HTXDO WR K�Y/� Y5�� DQG LWV
IUHTXHQF\ ZLOO EH Y5� Y/� )LJXUH ��� LV D VFKHPDWLF UHSUHVHQWDWLRQ RI WKH 5D\OHLJK SURFHVV� DV
ZHOO DV WKH 6WRNHV 5DPDQ SURFHVV DQG WKH DQWL�6WRNHV 5DPDQ SURFHVV� $V GHPRQVWUDWHG LQ )LJXUH
��� IRU DFHWDPLQRSKHQ SRZGHU LQ D TXDUW] FXYHWWH� D 5DPDQ VSHFWUXP LV PDGH XS RI D VFDWWHULQJ
LQWHQVLW\ YV� HQHUJ\ SORW� (DFK SHDN LV DVVRFLDWHG ZLWK D VSHFLILF 5DPDQ VKLIW GHULYHG IURP WKH
KY/ YDOXH RI WKH LQFLGHQW OLJKW HQHUJ\� 7KH 5DPDQ VKLIW LQ ZDYHQXPEHUV �FP���� DOVR NQRZQ DV
WKH HQHUJ\ GLIIHUHQFH EHWZHHQ WKH LQLWLDO DQG ILQDO YLEUDWLRQDO VWDWHV� Y� FDQ EH FRPSXWHG XVLQJ
WKH IRUPXOD Y �Y/ � Y5��F� ZKHUH F UHIHUV WR WKH VSHHG RI OLJKW� 5DPDQ VKLIWV DUH FRQVLVWHQW DQG
XQDIIHFWHG E\ WKH IUHTXHQF\ RI WKH H[FLWDWLRQ ODVHU XVHG LQ WKH H[SHULPHQW� 7KLV DIIRUGV WKH
IOH[LELOLW\ WR VHOHFW D ODVHU ZDYHOHQJWK WKDW LV DSSURSULDWH IRU WKH SDUWLFXODU SXUSRVH DW KDQG�
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)LJXUH ��� $ GLDJUDP GHSLFWLQJ WKH HQHUJLHV LQYROYHG LQ 5D\OHLJK� 6WRNHV 5DPDQ� DQG
DQWL�6WRNHV 5DPDQ VFDWWHULQJ E\ 6KLK� :��&� ³4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\´ LQ
4XDQWLWDWLYH %LRORJLFDO 5DPDQ VSHFWURVFRS\ IRU QRQ�LQYDVLYH EORRG DQDO\VLV� HVVD\� YRO����
�����

,QGLYLGXDO PROHFXOH YLEUDWLRQV DOVR DIIHFW WKH DEVRUSWLRQ RI LQIUDUHG UDGLDWLRQ� 'HVSLWH WKH
IDFW WKDW 5DPDQ VSHFWURVFRS\ LQYHVWLJDWHV YLEUDWLRQDO WUDQVLWLRQV LQGLUHFWO\ YLD VFDWWHULQJ� WKH
HQHUJ\ UDQJH RI WKH 5DPDQ VKLIW LV LGHQWLFDO WR WKDW RI ,5 DEVRUSWLRQ� DQG LQ PDQ\ LQVWDQFHV� WKH
VDPH HQHUJLHV DUH REVHUYHG� 5DPDQ DQG LQIUDUHG DEVRUSWLRQ HDFK KDYH WKHLU RZQ VHW RI FULWHULD
IRU VHOHFWLQJ PROHFXOHV� EXW WKH LQIRUPDWLRQ WKH\ SURYLGH LV LGHQWLFDO� ,5 DEVRUSWLRQ FDQ EH XVHG
WR PHDVXUH WKH YLEUDWLRQDO IUHTXHQFLHV UHVSRQVLEOH IRU D FKDQJH LQ D PROHFXOH
V SHUPDQHQW GLSROH�
7KH 5DPDQ VFDWWHULQJ WHFKQLTXH HQWDLOV WKH PHDVXUHPHQW RI YLEUDWLRQDO IUHTXHQFLHV WKDW LQGXFH D
SRODUL]DELOLW\ VKLIW�

)LJXUH ��� $ 5DPDQ VSHFWUXP LV FUHDWHG E\ SORWWLQJ WKH VFDWWHUHG LQWHQVLW\ YV WKH HQHUJ\�
$V DQ H[DPSOH� WKLV ILJXUH WDNHV WKH UHDGLQJV IURP D TXDUW] FXYHWWH FRQWDLQLQJ DFHWDPLQRSKHQ
SRZGHU E\ 6KLK� :��&� ³4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\´ LQ 4XDQWLWDWLYH
%LRORJLFDO 5DPDQ VSHFWURVFRS\ IRU QRQ�LQYDVLYH EORRG DQDO\VLV� HVVD\� YRO���� �����
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1HDU�LQIUDUHG �1,5� DEVRUSWLRQ VSHFWURVFRS\ LV D VLJQLILFDQW PHWKRG LQ WKH FRQWH[W RI WKH
GHYHORSPHQW RI TXDQWLWDWLYH 5DPDQ VSHFWURVFRS\� 1,5 LV IRXQGHG RQ RYHUWRQH DQG FRPELQDWLRQ
EDQGV RI PLG�LQIUDUHG WUDQVLWLRQV� 7KHVH WUDQVLWLRQV DUH FRQVLGHUDEO\ ZHDNHU WKDQ IXQGDPHQWDO
WUDQVLWLRQV� DQG TXDQWXP PHFKDQLFV GHHPV WKHP �SURKLELWHG�� 1HDU�LQIUDUHG �1,5� DEVRUSWLRQ
VSHFWURVFRS\ LV D VLJQLILFDQW PHWKRG LQ WKH FRQWH[W RI WKH GHYHORSPHQW RI TXDQWLWDWLYH 5DPDQ
VSHFWURVFRS\� 1,5 LV IRXQGHG RQ RYHUWRQH DQG FRPELQDWLRQ EDQGV RI PLG�LQIUDUHG WUDQVLWLRQV�
7KHVH WUDQVLWLRQV DUH FRQVLGHUDEO\ ZHDNHU WKDQ IXQGDPHQWDO WUDQVLWLRQV� DQG TXDQWXP PHFKDQLFV
GHHPV WKHP �SURKLELWHG��

��� %LRORJLFDO IDFWRUV
����� 8VLQJ QHDU�LQIUDUHG UDGLDWLRQ
$V 5DPDQ VKLIWV DUH LQGHSHQGHQW RI H[FLWDWLRQ ZDYHOHQJWK ZKHQ XVLQJ QHDU�LQIUDUHG

UDGLDWLRQ� WKLV WHFKQLTXH DOORZV WKH H[FLWDWLRQ ZDYHOHQJWK WR EH WDLORUHG WR WKH QHHGV RI D YDULHW\
RI DSSOLFDWLRQV� 'XH WR LWV ORZ�HQHUJ\ RSWLFDO UDGLDWLRQ� SURIRXQG SHQHWUDWLRQ GHSWK� DQG UHGXFHG
EDFNJURXQG IOXRUHVFHQFH� 1,5 H[FLWDWLRQ LV DGYDQWDJHRXV IRU WKH LQYHVWLJDWLRQ RI ELRORJLFDO
VDPSOHV� 7KHVH WKUHH EHQHILWV MXVWLI\ XVLQJ 1,5 H[FLWDWLRQ DV WKH PHWKRG RI LQYHVWLJDWLRQ�
8WLOL]LQJ DQ H[FLWDWLRQ ZDYHOHQJWK IURP WKH 1,5 VSHFWUXP SUHYHQWV WKH SRWHQWLDOO\ KD]DUGRXV
LRQL]DWLRQ RI VDPSOH FRPSRQHQWV� ,W LV IHDVLEOH WR FRQGXFW RSWLFDO VDPSOLQJ DW JUHDWHU GLVWDQFHV�
RQ WKH RUGHU RI RQH PLOOLPHWHU� EHFDXVH WKH 1,5 UHJLRQ LV GHYRLG RI VLJQLILFDQW DEVRUEHUV� 7KH
FRPSDUDWLYHO\ ORZ IOXRUHVFHQFH EDFNJURXQG DVVRFLDWHG ZLWK 1,5 H[FLWDWLRQ HQDEOHV WKH UHFRYHU\
RI D 5DPDQ VLJQDO WKDW LV RQH RUGHU RI PDJQLWXGH ZHDNHU� $V D UHVXOW� ZH KDYH FKRVHQ DQ
H[FLWDWLRQ ZDYHOHQJWK RI ��� QP LQ RUGHU WR IXOO\ H[SORLW WKH �GLDJQRVWLF ZLQGRZ� GHSLFWHG LQ
)LJXUH ��� ZKLOH PDLQWDLQLQJ DQ DFFHSWDEOH TXDQWXP HIILFLHQF\ LQ WKH VLOLFRQ�HQFDVHG FKDUJH
FRXSOHG GHYLFH �&&'� GHWHFWRU�

)LJXUH ��� $ QXPEHU RI GLIIHUHQW VXEVWDQFHV
 DEVRUSWLRQ VSHFWUD� LQFOXGLQJ WKRVH RI ZDWHU� VNLQ
PHODQLQ� KHPRJORELQ� DQG IDW� 7KH VFDWWHULQJ VSHFWUXP RI ��� ,QWUDOLSLG� ZKLFK LV D OLSLG
HPXOVLRQ� LV DOVR VKRZQ� 7KLV OLSLG HPXOVLRQ LV H[KLELWHG EHFDXVH LW LV ZLGHO\ XVHG WR UHSOLFDWH
WKH VFDWWHULQJ WKDW KDSSHQV LQ WLVVXH� 6RXUFH� KWWS���RPOF�RJL�HGX�VSHFWUD�LQGH[�KWPO�
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7KH ILJXUH ��� VKRZV WKH VSHFWUD RI PDQ\ HQGRJHQRXV WLVVXH DEVRUEHUV� :DWHU� PHODQLQ�
KHPRJORELQ� DQG IDW DUH HQGRJHQRXV WLVVXH DEVRUEHUV� ��� VFDWWHULQJ ,QWUDOLSLG LV D OLSLG
HPXOVLRQ XVHG WR PLPLF WLVVXH GLVSHUVLRQ� 7KH GLDJQRVWLF ZLQGRZ FRQWDLQV 1,5 PLQLPD� )LJXUH
V
GDVKHG UHFWDQJOH VKRZV WKLV DUHD�

����� $ 6LJQDO 2EVHUYHG LQ WKH &RQWH[W RI %LRORJLFDO 5DPDQ 6SHFWUD
,Q WKH FDVH RI ELRORJLFDO VDPSOHV� WKH 5DPDQ VSHFWUD DUH W\SLFDOO\ DFFRPSDQLHG E\ D

VXEVWDQWLDO EDFNJURXQG� )OXRUHVFHQFH LV DSSOLHG TXLWH IUHTXHQWO\ WR GHWHUPLQH WKH VRXUFH RI WKH
EDFNJURXQG VLJQDO� SDUWLFXODUO\ LQ FLUFXPVWDQFHV WKDW LQYROYH WKH XWLOL]DWLRQ RI 89�YLVLEOH ODVHU
VWLPXODWLRQ� 6HYHUDO FRPSRQHQWV SUHVHQW LQ ELRORJLFDO WLVVXH DUH IOXRUHVFHQW� 7KH IOXRUHVFHQFH
EDFNGURS LV DIIHFWHG E\ PDFURPROHFXOHV VXFK DV SURWHLQV DQG OLSLGV� DQG WKHVH PROHFXOHV KDYH D
FRQWULEXWLRQ WR PDNH 4X HW DO�>��@ � :KHQ WULJJHUHG E\ 89�YLVLEOH OLJKW� WKH VNLQ
V
DXWRIOXRUHVFHQFH FDQ EH XWLOL]HG WR GLDJQRVH GLVHDVH VWDWHV LQFOXGLQJ SVRULDVLV >��@ DQG GLDEHWHV�
7KLV WHFKQLTXH KDV EHHQ HPSOR\HG IRU GHFDGHV� ,Q WKH DEVHQFH RI DQ HQ]\PH� JO\FDWLRQ LV WKH
ERQGLQJ RI D VLQJOH VXJDU PROHFXOH� DOVR LQFOXGLQJ JOXFRVH� WR D SURWHLQ RU OLSLG PROHFXOH�8QGHU
WKHVH FRQGLWLRQV� FKDQJHV LQ WKH DXWRIOXRUHVFHQFH RI FROODJHQ GXH WR JO\FDWLRQ ZHUH GHWHFWHG�
*O\FDWLRQ FDXVHV FKDQJHV LQ WKH DXWRIOXRUHVFHQFH RI FROODJHQ >��@� ,Q DGGLWLRQ� LQ RUGHU WR
GLDJQRVH G\VSODVLD� WKH DXWRIOXRUHVFHQFH WKDW LV SURGXFHG E\ WKH FRPSRQHQWV RI HSLWKHOLDO WLVVXH
LV XWLOL]HG LQ RXU ODERUDWRU\ DV D GLDJQRVWLF WRRO >��@� 7KH SUHVHQFH RI WKH EDFNGURS� LQ DGGLWLRQ WR
WKH VKRW QRLVH WKDW LV SURGXFHG E\ WKH EDFNGURS� LV D IDFWRU WKDW ZRUNV DJDLQVW WKH RYHUDOO
FDSDELOLW\ RI GHWHFWLRQ� ,Q DGGLWLRQ� EDFNJURXQG YDULDWLRQ PDNHV LW LPSRVVLEOH WR FRQWLQXH ZLWK
WKH PXOWLYDULDWH DQDO\VLV� )OXRUHVFHQFH SKRWREOHDFKLQJ LV WKH ZRUG WKDW LV EHLQJ XVHG WR
FKDUDFWHUL]H WKH EDFNJURXQG GHWHULRUDWLRQ WKDW ZDV VHHQ LQ WKH KXPDQ VWXG\� 7KLV GHWHULRUDWLRQ
ZDV VHHQ DV D UHVXOW RI WKH KXPDQ LQTXLU\ =HQJ HW DO�>��� ��@� PRGHOHG WKH VLJQDO GHJUDGDWLRQ IURP
VNLQ XQGHU 89�YLVLEOH OLJKW H[FLWDWLRQ XVLQJ D GRXEOH�H[SRQHQWLDO IXQFWLRQ� ZLWK WKH WLPH
FRQVWDQWV EHLQJ DWWULEXWHG WR YDU\LQJ SKRWREOHDFKLQJ UDWHV RI GLVWLQFW IOXRURSKRUHV LQ WKH VWUDWXP
FRUQHXP DQG GHUPLV� 7KLV IXQFWLRQ ZDV XVHG WR PLPLF WKH VLJQDO GHJUDGDWLRQ IURP HSLGHUPLV
ZKHQ VWLPXODWHG E\ 89�YLVLEOH OLJKW� -RQJHQ DQG 6WHUHQERUJ >��@ FRQWHQG WKDW WKH WXUELGLW\ RI
WLVVXH PRGLILHV WKH GHFD\ SURSHUWLHV RI D VLQJOH IOXRURSKRUH VXFK WKDW LW QR ORQJHU IROORZV D VLQJOH
H[SRQHQWLDO GHFD\ FXUYH� 7KLV PHDQV WKDW D VLQJXODU H[SRQHQWLDO FDQQRW EH XVHG WR FKDUDFWHUL]H
WKH GHFD\ FXUYH�7KH FRQFOXVLRQV RI WKLV VWXG\ UXQ FRXQWHU WR WKH ILQGLQJV RI WKH HDUOLHU VWXG\� $V
D UHVXOW RI WKLV� WKH GHFD\ SURILOH GRHV QRW QHHG WR EH JLYHQ E\ H[WUD H[SRQHQWLDOV ZLWK D YDULHW\ RI
GLIIHUHQW WLPH FRQVWDQWV� 7KH SK\VLFDO MXVWLILFDWLRQ IRU WKLV DUJXPHQW LV WKDW WKH IOXRUHVFHQFH
VLJQDO WKDW LV PHDVXUHG IRU D WXUELG PHGLXP WKDW LV FRPSRVHG RI PXOWLSOH OD\HUV LV WKH VXP RI WKH
FRQWULEXWLRQV WKDW DUH PDGH E\ HDFK OD\HU� 7KLV LV WKH IOXRUHVFHQFH VLJQDO WKDW LV PHDVXUHG IRU D
WXUELG PHGLXP WKDW LV FRPSRVHG RI PXOWLSOH OD\HUV� )OXRUHVFHQFH HPDQDWLQJ IURP D OD\HU WKDW LV
GHHSHU ZLOO KDYH D OHVV LQWHQVH DSSHDUDQFH DQG ZLOO SKRWREOHDFK DW D PRUH OHLVXUHO\ SDFH DV D
UHVXOW RI WKH GHFUHDVHG ODVHU LQWHQVLW\� 7KLV LV EHFDXVH WKH IOXRUHVFHQFH LV RULJLQDWLQJ IURP D OD\HU
WKDW LV GHHSHU� $V D GLUHFW FRQVHTXHQFH RI WKLV� WKH SURSRUWLRQDO FRQWULEXWLRQ RI IOXRUHVFHQFH
FRPLQJ IURP GHHSHU OD\HUV ZLOO VKRZ XS DV ORZHU OHYHOV RI VLJQDO� WKDW ORVH WKHLU VWUHQJWK PRUH
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VORZO\� ZKLOH WKH VXUIDFH OD\HUV KDYH VWURQJHU VLJQDOV WKDW ORVH WKHLU VWUHQJWK PRUH TXLFNO\� 7KLV
GHPRQVWUDWHV WKH VLJQLILFDQW LPSDFW WKDW WKH RSWLFDO TXDOLWLHV RI WKH VDPSOH FDQ KDYH RQ WKH
EHKDYLRU RI OLJKW DV LW LV VHHQ� (YHQ WKRXJK LPSOLFLW PXOWLYDULDWH FDOLEUDWLRQ DSSURDFKHV KDYH WKH
SRWHQWLDO WR PLWLJDWH WKH QHJDWLYH LPSDFWV RI WKH EDFNJURXQG WR D FHUWDLQ DPRXQW� WKHLU
HIIHFWLYHQHVV ZLOO QHYHU EH IXOO\ UHVWRUHG� 7KHUHIRUH� LW LV SUHIHUDEOH WR HLWKHU OHVVHQ WKH EDFNGURS
GXULQJ WKH GDWD FROOHFWLQJ SKDVH RU HOLPLQDWH LW LQ D ZD\ WKDW GRHV QRW UHVXOW LQ WKH LQWURGXFWLRQ RI
DUWLIDFWV� 3RO\QRPLDO ILW LV WKH IRXQGDWLRQ RI WKH YDVW PDMRULW\ RI WKH EDFNJURXQG UHPRYDO
DOJRULWKPV GHVFULEHG LQ WKH UHVHDUFK OLWHUDWXUH� 'XH WR WKH IDFW WKDW WKH EDFNGURS KDV YHU\ OLWWOH
VWUXFWXUH� LW LV SRVVLEOH WR VXIILFH ZLWK D VORZO\ YDU\LQJ ORZ�RUGHU SRO\QRPLDO WR DSSUR[LPDWH WKH
EDFNJURXQG >�����@ $FFRUGLQJ WR WKH ILQGLQJV RI WKHVH DXWKRUV� D SRO\QRPLDO RI WKH ILIWK RUGHU LV WKH
PRVW VXFFHVVIXO VWUDWHJ\ IRU ILWWLQJ WKH EDFNJURXQG�

����� +HWHURJHQHLWLHV LQ KXPDQ VNLQ
,I WKH VDPSOH LV FRQWLQXRXVO\ VWLUUHG� LW LV XVXDOO\ VDIH WR DVVXPH WKDW WKH DQDO\WH

FRQFHQWUDWLRQ LV XQLIRUP WKURXJKRXW WKH VDPSOH� 7KLV LV HVSHFLDOO\ WUXH IRU OLTXLG VDPSOHV OLNH
EORRG VHUXP RU HYHQ ZKROH EORRG� +HWHURJHQHLW\ LV DQ LPSRUWDQW FRQVLGHUDWLRQ ZLWK UHJDUG WR
ELRORJLFDO WLVVXH� SDUWLFXODUO\ KXPDQ VNLQ� 8VLQJ FRQIRFDO 5DPDQ VSHFWURVFRS\� UHVHDUFKHUV ZHUH
DEOH WR LQYHVWLJDWH WKH LQ�GHSWK PRUSKRORJLFDO VWUXFWXUHV DV ZHOO DV WKH PROHFXODU FRPSRQHQWV RI
VNLQ>��@� 7KH HSLGHUPLV DQG WKH GHUPLV DUH WKH WZR SULPDU\ OD\HUV WKDW PDNH XS WKH VNLQ
V OD\HUHG
VWUXFWXUH� 7KH HSLGHUPLV LV WKH WRSPRVW OD\HU RI VNLQ� DQG LW LV PDGH XS RI VHYHUDO OD\HUV ZLWKLQ
LWVHOI� LQFOXGLQJ WKH VWUDWXP FRUQHXP� VWUDWXP OXFLGXP� DQG VWUDWXP JUDQXORVXP� .HUDWLQ� ZKLFK
PDNHV XS DURXQG ��� RI WKH VWUDWXP FRUQHXP� LV WKH KXPDQ HSLGHUPLV
 PRVW DEXQGDQW SURWHLQ
DQG LV FRQVLGHUHG WR EH LWV SULPDU\ LQJUHGLHQW� ,Q DGGLWLRQ WR EHLQJ D OD\HUHG WLVVXH� WKH GHUPLV LV
SUHGRPLQDWHO\ PDGH XS RI FROODJHQ DQG HODVWLQ� 7KH GHUPLV FRQWDLQV EORRG FDSLOODULHV� KHQFH�
WKLV OD\HU LV VHOHFWHG IRU YLVXDO H[DPLQDWLRQ EHFDXVH RI LWV ORFDWLRQ� ,QWHUVWLWLDO IOXLG LV W\SLFDOO\
ORFDWHG DW WKH LQWHUIDFH EHWZHHQ WKH HSLGHUPLV DQG WKH GHUPLV� (YHQ VR� LW KDV EHHQ SURSRVHG WKDW
WKH YDVW PDMRULW\ RI JOXFRVH PROHFXOHV VDPSOHG XVLQJ D QRQ�LQYDVLYH RSWLFDO PHWKRGRORJ\ DUH
IRXQG LQ WKH H[WUDFHOOXODU IOXLG�

��� 0HWKRGV RI FDOLEUDWLRQ XVLQJ VHYHUDO YDULDEOHV
7KH H[SOLFLW DQG WKH LPSOLFLW PHWKRGV RI FDOLEUDWLQJ DUH WKH WZR FDWHJRULHV WKDW DUH

DYDLODEOH� 7KH H[SOLFLW DSSURDFKHV PDNH XVH RI WKH VSHFWUD RI WKH FRQVWLWXHQW FRPSRQHQWV� ZKLFK
FDQ HLWKHU EH PHDVXUHG RU HVWLPDWHG� 7KH RUGLQDU\ OHDVW VTXDUHV �2/6� PHWKRG DQG WKH FODVVLFDO
OHDVW VTXDUHV PHWKRG �&/6� DUH WZR H[DPSOHV� 0HWKRGV WKDW DUH H[SOLFLW SURGXFH PRUH
WUDQVSDUHQW PRGHOV DQG ILQGLQJV WKDW DUH VLPSOHU WR LQWHUSUHW� ,Q ELRORJLFDO DSSOLFDWLRQV� LW PD\ EH
GLIILFXOW WR JHQHUDWH SUHFLVHO\ FRQWUROOHG H[SHULPHQWDO FRQGLWLRQV� VSHFWUD RI KLJK TXDOLW\� DQG
SUHFLVH FRQFHQWUDWLRQ PHDVXUHPHQWV RI HDFK FRPSRQHQW� :KHQ QRW DOO RI WKH VSHFWUD RI WKH
YDULRXV FRPSRQHQWV FDQ EH GHWHUPLQHG� LPSOLFLW FDOLEUDWLRQ PHWKRGV DUH IUHTXHQWO\ HPSOR\HG�
%HFDXVH WKH\ FDQ RSHUDWH XQGHU FRQGLWLRQV LQ ZKLFK WKH TXDQWLW\ RI VSHFWUD XVHG IRU FDOLEUDWLQJ LV
VPDOOHU WKDQ WKH QXPEHU RI ZDYHOHQJWKV VDPSOHG� IDFWRU DQDO\VLV WHFKQLTXHV VXFK DV SULQFLSDO
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FRPSRQHQW UHJUHVVLRQ �3&5� >��@ DQG SDUWLDO OHDVW VTXDUHV �3/6� >��@ DUH FRPPRQO\ HPSOR\HG� 7KH
PRVW SUHYDOHQW RI WKHVH DUH 3&5 DQG 3/6� )RU H[DPSOH� D FDOLEUDWLRQ VHW FRXOG LQFOXGH ��
VSHFWUD� ZLWK HDFK VSHFWUXP FRQWDLQLQJ ��� GDWD SRLQWV �ZDYHOHQJWKV�� ,Q FRQWUDVW WR H[SOLFLW
DSSURDFKHV� WKH HIILFDF\ RI LPSOLFLW PHWKRGV FDQQRW EH UHDGLO\ DVVHVVHG XVLQJ VWDQGDUG VWDWLVWLFDO
FULWHULD VXFK DV �ILWQHVV�� $FFRUGLQJ WR WKH UHVHDUFK� VHYHQ VSXULRXV HIIHFWV� LQFOXGLQJ V\VWHP
GULIW DQG FR�YDULDWLRQV EHWZHHQ FRQVWLWXHQWV� FDQ EH PLVLQWHUSUHWHG DV RULJLQDWLQJ IURP WKH WDUJHW
DQDO\WH� $V D UHVXOW RI WKLV FLUFXPVWDQFH� K\EULG PHWKRGV WKDW FRPELQH DVSHFWV RI H[SOLFLW DQG
LPSOLFLW VWUDWHJLHV WR DFFRPSOLVK VXSHULRU SHUIRUPDQFH KDYH HPHUJHG DV D YLDEOH DOWHUQDWLYH�

��� 6(5V
$V )OHLVFKPDQQ DQG KLV FROOHDJXHV ZHUH UHVHDUFKLQJ S\ULGLQH WKDW KDG EHHQ DGVRUEHG

RQWR DQ HOHFWURFKHPLFDOO\ URXJKHQHG VLOYHU VXUIDFH LQ ����� WKH\ FDPH XSRQ WKH 6(5V HIIHFW DQG
PDGH WKH ILQGLQJ WKDW OHG WR LWV LGHQWLILFDWLRQ� 7KH\ ZHUH VXFFHVVIXO LQ VHHLQJ WKH 6(5V HIIHFW
GHVSLWH WKH IDFW WKDW WKH\ ZHUH XQDEOH WR SUHFLVHO\ GHILQH ZKDW LW ZDV WKDW ZDV WDNLQJ SODFH WR
FUHDWH WKH HQKDQFHG 5DPDQ VLJQDO� 7KLV OHG WR WKH UHDOL]DWLRQ WKDW EULQJLQJ PROHFXOHV LQWR
SUR[LPLW\ �WKURXJK SURFHVVHV VXFK DV DGVRUSWLRQ� ZLWK DUUDQJHPHQWV RI QDQRSDUWLFOHV �13V�� RU
PHWDO VXUIDFHV WKDW KDYH QDQRVFDOH URXJKQHVV� FDXVHG DQ HQKDQFHPHQW RI WKHLU 5DPDQ VFDWWHULQJ
LQWHQVLW\ WKDW ZDV GLVSURSRUWLRQDO WR WKH FRQFHQWUDWLRQ RI PROHFXOHV WKDW ZHUH SUHVHQW� 7KLV ZDV
UHDOL]HG DV D UHVXOW RI WKH IDFW WKDW EULQJLQJ PROHFXOHV LQWR SUR[LPLW\ �WKURXJK SURFHVVHV VXFK DV
DGVRUSWLRQ�� ,W LV NQRZQ WKDW WZR SURFHVVHV� QDPHO\ HOHFWURPDJQHWLF HQKDQFHPHQW DQG FKHPLFDO
HQKDQFHPHQW� FRQWULEXWH WR WKH HQKDQFHPHQW� $OWKRXJK WKH SUHFLVH PHFKDQLVP WKDW XQGHUOLHV WKH
6(5V HIIHFW LV VWLOO WKH VXEMHFW RI PXFK GLVFXVVLRQ WR WKLV GD\� LW LV NQRZQ WKDW WKHVH SURFHVVHV
FRQWULEXWH WR WKH HQKDQFHPHQW� 'XULQJ HOHFWURPDJQHWLF HQKDQFHPHQW� SODVPRQ RVFLOODWLRQV WKDW
DUH SHUSHQGLFXODU WR WKH PHWDO VXUIDFH LQGXFH HQKDQFHPHQW WZLFH� ILUVW� RI WKH OLJKW WKDW ZDV
LQFLGHQW �H[FLWDWLRQ�� DQG VHFRQG� RI WKH OLJKW WKDW ZDV 5DPDQ VFDWWHUHG� 7KLV UHVXOWV LQ DQ
LQFUHDVH LQ WKH LQWHQVLW\ RI WKH HOHFWURPDJQHWLF ILHOG� 7KH VXEVWUDWHV XVHG IRU 6(5V FDQ EH
PRGLILHG WR PD[LPL]H WKH ORFDOL]HG VXUIDFH SODVPRQV� DQG WKH �KRWVSRWV� WKDW UHVXOW IURP WKH
WHQGHQF\ RI WKHVH SODVPRQV WR FRQFHQWUDWH DUH UHIHUUHG WR DV �KRWVSRWV� LQ WKH LQGXVWU\� )LJXUH ���
SUHVHQWV DQ LQVWDQFH RI WKH 6(5V HIIHFW� LQ ZKLFK WKH �KRWVSRWV� DUH GHSLFWHG DV EHLQJ ORFDWHG DW
WKH YHU\ HGJHV RI WKH VXUIDFH>��@�
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)LJXUH ��� 5DPDQ VFDWWHULQJ HQKDQFHPHQW IURP D 6(56 VXEVWUDWH� 6RXUFH� *UDQLWH� 6�
2SWLPLVDWLRQ RI 6(56 IRU *OXFRVH 6HQVLQJ� 5DPDQ VSHFWURVFRS\ LQ (GLQEXUJK ,QVWUXPHQWV�

%HFDXVH LQWHU� DQG LQWUD� PROHFXODU FKDUJH WUDQVIHUV DUH ZKDW JHQHUDWH FKHPLFDO HQKDQFHPHQW�
WKH HQKDQFHPHQW LV KLJKHVW IRU PROHFXOHV WKDW DUH DGVRUEHG RQ WKH PHWDO VXUIDFH� 7KH
HQKDQFHPHQW IDFWRU IRU WKH HOHFWURPDJQHWLF FRQWULEXWLRQ LV RQ WKH RUGHU RI ���� ZKLOH WKH
HQKDQFHPHQW IDFWRU IRU WKH FKHPLFDO FRQWULEXWLRQ LV ���� :KHQ WKHVH WZR IDFWRUV DUH FRPELQHG�
WKH UHVXOW LV D ����IROG ERRVW LQ LQWHQVLW\ RI 6(5V LQ FRPSDULVRQ WR VWDQGDUG 5DPDQ VFDWWHULQJ�
'XH WR WKH IDFW WKDW WKH SODVPRQ IUHTXHQFLHV RI JROG DQG VLOYHU OLH ZLWKLQ WKH UDQJH RI WKH PRVW
IUHTXHQW H[FLWDWLRQ ZDYHOHQJWKV XVHG IRU 5DPDQ VSHFWURVFRS\ �YLVLEOH DQG 1,5�� WKHVH WZR
PHWDOV DUH W\SLFDOO\ XWLOL]HG DV VXEVWUDWHV IRU 6(5V H[SHULPHQWV�

5HVHDUFKHUV KDYH GHYHORSHG PDQ\ GLIIHUHQW W\SHV RI 6(5V VXEVWUDWHV VLQFH WKH GLVFRYHU\
RI 6(5V� QHYHUWKHOHVV� WKH PDMRULW\ RI WKHVH VXEVWUDWHV PD\ EH GLYLGHG LQWR WZR FDWHJRULHV�
FROORLGDO QDQRSDUWLFOHV DQG QDQR�SDWWHUQHG VXUIDFHV�

,Q WKH FDVH RI FROORLGV� WKH HQKDQFHPHQW IDFWRU FDQ EH DIIHFWHG E\ D QXPEHU RI WKH
SURSHUWLHV RI WKH FROORLGV� ,Q WKLV DSSOLFDWLRQ QRWH� WKH DJJUHJDWLRQ RI WKH 13V DV ZHOO DV WKHLU VL]H
DUH LQYHVWLJDWHG ZLWK WKH JRDO RI LPSURYLQJ WKH VHQVLWLYLW\ RI 6(5V WR GHWHFW JOXFRVH� 7KH VHQVLQJ
RI JOXFRVH LV HVVHQWLDO IRU WKH UHVHDUFK RI GLDEHWHV DV ZHOO DV WKH LQYHVWLJDWLRQ RI WKH LQIOXHQFH RI
PHDOV RQ EORRG JOXFRVH OHYHOV LQ SHUVRQV ZKR DUH KHDOWK\ DV ZHOO DV WKRVH ZKR KDYH GLDEHWHV� ,Q
RUGHU WR LPSURYH DQG HYDOXDWH WKH JOXFRVH VHQVLQJ FDSDELOLWLHV RI RXU ',< 5DPDQ PLFURVFRSH� D
��� QP ODVHU ZDV XWLOL]HG� 7KH DXJPHQWDWLRQ ZDV DFFRPSOLVKHG ZLWK WKH XWLOL]DWLRQ RI JROG
QDQRSDUWLFOHV WKDW ZHUH REWDLQHG IURP 2163(& /,7( �6(5V 6XEVWUDWH��

��� ,QVWUXPHQWDWLRQ
,Q RUGHU WR DFTXLUH WKH 5DPDQ 6SHFWUXP DQG D 5DPDQ SHDN RI WKH GHVLUHG TXDOLW\� ,Q WKLV

H[SHULPHQW� WKH GR�LW�\RXUVHOI 5DPDQ VSHFWURVFRS\ ZLOO EH FRQVWUXFWHG DQG XWLOL]HG� %HFDXVH ZH
DUH XVLQJ D ODVHU RQ WKH KXPDQ ERG\ DV D ILQJHUWLS� ZH DUH XWLOL]LQJ D KLJK SRZHU ODVHU GLRGH WKDW
KDV D ZDYHOHQJWK RI ��� QP �/���3����� 7KLV LV EHFDXVH LW UHTXLUHG WKH ULJKW UDQJH RI
ZDYHOHQJWK DQG SRZHU LQ RUGHU WR UHDFK WKH DUHD RI WKH EORRGVWUHDP DQG LQWHUVWLWLDO IOXLG ZKHUH
JOXFRVH LV SUHVHQW� $ GLFKURLF PLUURU LV WUDYHUVHG E\ WKH ODVHU DV LW WUDYHOV �))����'L���� $IWHU
EHLQJ UHIOHFWHG EDFN IURP WKH 6DPSOH GLFKURLF PLUURU� WKH ODVHU ZLOO WUDYHO WKURXJK LW DQG WKHQ EH
URXWHG YLD D ILOWHU �%/3������5� LQ RUGHU WR LVRODWH OLJKW QRLVH IURP LQFLGHQW OLJKW� $IWHU WKDW� WKH
OLJKW ZLOO WUDYHO WKURXJK YDULRXV FRPSRQHQWV RI WKH LQVWUXPHQW NQRZQ DV D VSHFWURPHWHU� ZKLFK
EHJLQV ZLWK WKH HQWUDQFH VOLW� $ FROOLPDWLRQ OHQV ZLOO DVVLVW LQ PDNLQJ WKH OLJKW EHDP XQLIRUP
ZKLOH VLPXOWDQHRXVO\ LQFUHDVLQJ WKH DPRXQW RI OLJKW WKDW ZLOO EH JDWKHUHG LQ WKH GHWHFWRU� $QG D
GLIIUDFWLRQ JUDWLQJ WKDW KDV D UDWH RI ���� O�PLQ� ZKLFK DFWV DV WKH GLIIUDFWLRQ RI OLJKW E\
UHIOHFWLQJ D EHDP RI OLJKW LQWR D GHWHFWRU WKDW ZH ZLOO EH HPSOR\LQJ� ZKLFK ZLOO EH D
&RPSOHPHQWDU\ 0HWDO 2[LGH 6HPLFRQGXFWRU VHQVRU RU &026 FDPHUD �%)/<�3*(���6�0�&�&
������ %ODFNIO\� 3R( *LJ( 0RQRFKURPH�� :KLFK KDV D TXDQWXP HIILFLHQF\ �4(� WKDW LV
DSSURSULDWH WR UHFHLYH RXU JRDO ZDYHOHQJWK IRU 5DPDQ VFDWWHULQJ� ZKLFK LV DERYH ��� QDQRPHWHUV
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DQG LV DSSUR[LPDWHO\ ��� 4(� $IWHU ZH KDYH EHHQ VXFFHVVIXO LQ REWDLQLQJ WKH ILQGLQJV LQ WKH
IRUP RI LQWHQVLW\ DQG ZDYHOHQJWK SHDN EDQGV� ZH WKHQ SURGXFH WKHP XVLQJ WKH VRIWZDUH WKDW
FRPHV ZLWK WKH FDPHUD DQG LV NQRZQ DV 6SLQQDNHU� 3URFHVVLQJ WKH OLJKW LQWHQVLW\ LQWR D JUDSK
PD\ EH DFFRPSOLVKHG ZLWK 0$7/$%� )ROORZLQJ WKDW� ZH LQFOXGH LW LQWR RXU GHHS OHDUQLQJ &11
PRGHO DV WKH GDWDVHW�

)LJXUH ���� 7KH �' GLDJUDP RI 5DPDQ RSWLFDO VSHFWURVFRS\

)LJXUH ���� 7KH �' 'HVLJQ RI 5DPDQ VSHFWURVFRS\
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��� &ROOHFWLRQ RI GDWD
%HFDXVH WKH 5DPDQ 6SHFWUXP SURGXFHG E\ 5DPDQ VFDWWHULQJ LV D YHU\ ORZ DQG ZHDN VLJQDO� D

VLJQLILFDQW DPRXQW RI LQWHJUDWLRQ WLPH LV UHTXLUHG GXULQJ WKH SURFHVV RI SLFWXUH FROOHFWLQJ LQ RUGHU WR EH
DEOH WR UHDG DQ\ UHOHYDQW DQG GLVFHUQLEOH OLJKW EDQGV SURGXFHG E\ WKH 5DPDQ VFDWWHULQJ UHJLRQ� %HFDXVH RI
WLPH DQG UHVRXUFH FRQVWUDLQWV� WKH RQO\ DYDLODEOH LQIRUPDWLRQ WKDW FDQ EH JDWKHUHG IRU WKLV SURMHFW LV D
SLFWXUH RI WKH GHWHFWRU� 7KLV LV WKH RQO\ SLHFH RI GDWD WKDW FDQ EH REWDLQHG� 7KHUHIRUH� ZH ZLOO FDUU\ RXW WKH
H[SHULPHQW LQ RUGHU WR FROOHFW VRPH NLQG RI OLJKW SDWWHUQ WKDW ZLOO VLPXODWH WKH DFWXDO 5DPDQ VSHFWUXP
SLFWXUH�

�D�

�E�

)LJXUH ���� ([DPSOH RI WKH 5DPDQ VSHFWUXP WKDW LV IRXQG LQ UHIHUHQFH SDSHU PDWHULDO
UHSUHVHQWLQJ WKH ILQDO GHVWLQDWLRQ RI ',< 5DPDQ UHVXOW� �D� 'LJLWDO SLFWXUH RI WKH 5DPDQ

VSHFWUXP RI SXUH EHQ]HQH� �E� 7KH SORW RI WKH 5DPDQ VSHFWUXP RI SXUH EHQ]HQH IURP ILJXUH�D��
6RXUFH� FRQWULEXWRUV� 3� /� �Q�G��� $ KRPHPDGH FRVW HIIHFWLYH 5DPDQ VSHFWURPHWHU ZLWK KLJK
SHUIRUPDQFH LQ 3XEOLF /DE $YDLODEOH� KWWSV���SXEOLFODE�RUJ�QRWHV�HPRQWR\D��������������

D�KRPHPDGH�FRVW�HIIHFWLYH�UDPDQ�VSHFWURPHWHU�ZLWK�KLJK�SHUIRUPDQFH >$FFHVVHG
@2FW���������

7KH SURJUDP NQRZQ DV VSLQQDNHU LV DOUHDG\ SUH�LQVWDOOHG RQ WKH FDPHUD WKDW ZH DUH XVLQJ�
7KLV ZH PD\ XWLOL]H WR FKDQJH DQ\ DQG DOO SDUDPHWHUV DV ZHOO DV UHFRUG DQ LPDJH RU YLGHR RI WKH
OLJKW EHLQJ FDXJKW�
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)LJXUH ��� ,QWHUIDFH RI 6SLQQDNHU

��� 'HHS /HDUQLQJ GHYHORSPHQW
����� &RQYROXWLRQDO 1HXUDO 1HWZRUN �&11��

$V RXU SRLQW RI UHIHUHQFH� ZH ZLOO EH XVLQJ WKH DUWLFOH WLWOHG �$SSOLFDWLRQ RI FRQYROXWLRQDO
QHXUDO QHWZRUNV IRU FDWHJRUL]DWLRQ RI DGXOW PRVTXLWRHV LQ WKH ILHOG� >��@� 7KH\ PDNH DQ HIIRUW WR
VHJUHJDWH D ODUJH QXPEHU RI PRVTXLWRHV� EXW WKH RQHV WKDW ZH FKRRVH WR VWXG\ DUH UHIHUUHG WR DV
$HGHV PRVTXLWRHV DQG &XOH[ PRVTXLWRHV� 7KH\ WUDLQ WKH SURJUDP XVLQJ ��� SKRWRJUDSKV� DQG LW
IXQFWLRQV HIIHFWLYHO\� DV GHPRQVWUDWHG E\ WKH IDFW WKDW LW DFKLHYHV DFFXUDFLHV RI ���� DQG ����
UHVSHFWLYHO\� IRU WKH FDWHJRUL]DWLRQ RI $HGHV DQG &XOH[ PRVTXLWRHV� $V D UHVXOW� WKLV PRGHO PD\
EH GHDOW ZLWK E\ VHSDUDWLQJ WKH FXUYHV WKDW UHSUHVHQW WKH SHDN LQWHQVLWLHV�

)LJXUH ��� 7KH &11 PRGHO WKDW ZH JRW� FDQ GHWHFW WKH $HGHV PRVTXLWR DQG &XOH[ 0RVTXLWR
VHSDUDWHO\� '� 0RWWD� $� È� %� 6DQWRV� ,� :LQNOHU� %� $� 6� 0DFKDGR� '� $� '� ,� 3HUHLUD� $� 0�
&DYDOFDQWL� (� 2� /� )RQVHFD� )� .LUFKQHU� DQG 5� %DGDUy� ³$SSOLFDWLRQ RI FRQYROXWLRQDO QHXUDO

QHWZRUNV IRU FODVVLILFDWLRQ RI $GXOW 0RVTXLWRHV LQ WKH ILHOG�´ 3/26 21(� ���-XQ������
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����� .�QHDUHVW QHLJKERUV DOJRULWKP�.11��

:H PDNH XVH RI WKH UHIHUHQFH HQWLWOHG �.�1HDUHVW 1HLJKERU �.11� /HDUQLQJ EDVHG
'LDEHWHV 0HOOLWXV 3UHGLFWLRQ DQG $QDO\VLV IRU H+HDOWK 6HUYLFHV� >��@� ,W IRFXVHV SDUWLFXODUO\ RQ
SUHGLFWLQJ DQG DQDO\]LQJ GLDEHWHV PHOOLWXV� D FRQGLWLRQ WKDW UHIHUV WR D VHW RI PHWDEROLF GLVRUGHUV
WKDW DUH FKDUDFWHUL]HG E\ D KLJK EORRG VXJDU OHYHO IRU DQ H[WHQGHG SHULRG RI WLPH� 'LDEHWHV
PHOOLWXV UHIHUV WR D FKURQLF FRQGLWLRQ WKDW UHIHUV WR D VHW RI PHWDEROLF GLVRUGHUV� .11 LV D VLPSOH
PDFKLQH OHDUQLQJ PHWKRG WKDW PD\ EH XWLOL]HG IRU WKH SXUSRVH RI GHYHORSLQJ GLVHDVH ULVN
SUHGLFWLRQ PRGHOV RQ WKH EDVLV RI UHOHYDQW KHDOWK GDWD� ,Q RUGHU WR DFFRPSOLVK WKLV REMHFWLYH� WKH\
SURYLGH D OHDUQLQJ�EDVHG SUHGLFWLRQ PRGHO FDOOHG DQ 2SWLPXP .�1HDUHVW 1HLJKERU �2SW�.11�
PRGHO WKDW LV EDVHG RQ D SDWLHQW
V URXWLQH FKDUDFWHULVWLFV DFURVV D QXPEHU RI YDULDEOHV� 7KLV
WHFKQLTXH GHWHUPLQHV WKH RSWLPDO QXPEHU RI QHLJKERUV WR XVH LQ RUGHU WR JHW WKH ORZHVW SRVVLEOH
HUURU UDWH DQG SURYLGH LPSURYHG SUHGLFWLRQ UHVXOWV LQ WKH ILQDO PRGHO� 7KH PRUH DFFXUDWH IRUHFDVW
LQGLFDWHV WKDW ZH ZLOO XWLOL]H WKH .11 WR FROODERUDWH RQ WKH GHYHORSPHQW RI D WHOHPHGLFLQH
DSSOLFDWLRQ LQ RUGHU WR JHW WKH GDWD DQG PDNH WKH SURFHVV PRUH HIILFLHQW�

)LJXUH ����� ([DPSOH RI WKH GDWDVHW IRU WKH .11 PRGHO� 6RXUFH� ,� 6DUNHU� 0� )DUXTXH� +�
$OTDKWDQL� DQG $� .DOLP� ³.�QHDUHVW QHLJKERU OHDUQLQJ EDVHG GLDEHWHV PHOOLWXV SUHGLFWLRQ DQG
DQDO\VLV IRU H+HDOWK 6HUYLFHV�´ ,&67 7UDQVDFWLRQV RQ 6FDODEOH ,QIRUPDWLRQ 6\VWHPV� S� �������

�����

��� 6XPPDU\
,Q WKLV FKDSWHU� WKH KLJK�OHYHO UHTXLUHPHQWV DQG GHVLJQ RI D V\VWHP WKDW XWLOL]HV D 5DPDQ

VSHFWURPHWHU IRU QRQ�LQYDVLYH EORRG JOXFRVH PRQLWRULQJ ZHUH GLVFXVVHG� 7KH ILUVW SDUW RI WKH
FKDSWHU IRFXVHG RQ SURYLGLQJ D PRUH LQ�GHSWK GHVFULSWLRQ RI 5DPDQ VSHFWURVFRS\
V FRPSRQHQWV
DQG DOLJQPHQWV� DV ZHOO DV RXU GLIILFXOW\ IDFWRUV DQG FDOLEUDWLRQ PHWKRGRORJLHV� $IWHU WKDW� WKH
SURSRVHG VROXWLRQ ZDV GLVVHFWHG LQ GHWDLO LQ WKH IROORZLQJ VHFWLRQV� RXU VXEVWUDWH� LQVWUXPHQWDWLRQ
DQG GHVLJQ� GDWD FROOHFWLQJ� DQG GHHS OHDUQLQJ GHYHORSPHQW� ,Q &KDSWHU �� ZKLFK GHWDLOV WKH
LPSOHPHQWDWLRQ RI WKH EORRG JOXFRVH OHYHO DQDO\VLV E\ GHHS OHDUQLQJ� ZKLFK OHG WR WKH DQDO\VLV RI
QRQ�LQYDVLYH GLDEHWHV GHWHFWLRQ XWLOL]LQJ 6(5V VXEVWUDWH� WKH RXWFRPHV RI WKH ORZ�FRVW ',<
5DPDQ VSHFWURPHWHU DUH GLVFXVVHG LQ DGGLWLRQDO GHWDLO�
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&+$37(5 �

(;3(5,0(17$/ 5(68/7 $1' ',6&866,21

��� ,QWURGXFWLRQ
,Q WKLV FKDSWHU� ZH SUHVHQW WKH FRPSUHKHQVLYH UHVXOWV RI WKH RSWLPL]DWLRQ SURFHVV� ZKLFK

LQFOXGH UHSUHVHQWDWLYH 5DPDQ VSHFWUD RI YDULRXV SDUDPHWHUV� DV ZHOO DV WKH VLJQDO�WR�QRLVH UDWLR
DQG GHWHFWLRQ OLPLW RI WKH PHWKRG� :H DOVR GHVFULEH WKH RSWLPL]DWLRQ RI SDUDPHWHUV WR DFKLHYH WKH
EHVW SHUIRUPDQFH RI RXU ',< 5DPDQ VSHFWURPHWHU� 'HVSLWH RXU EHVW HIIRUWV� WKH UHVXOWV RI RXU
V\VWHP ZHUH QRW VDWLVIDFWRU\ IRU GHWHFWLQJ 5DPDQ VFDWWHULQJ VLJQDOV� 7KHUHIRUH� ZH ZLOO SURYLGH D
GHWDLOHG GLVFXVVLRQ RI HDFK SDUDPHWHU DQG FRPSRQHQW� KLJKOLJKWLQJ WKHLU FRQWULEXWLRQV WR WKH
V\VWHP
V OLPLWDWLRQV DQG FKDOOHQJHV� 7KHVH UHVXOWV SURYLGH LPSRUWDQW LQVLJKWV LQWR WKH
SHUIRUPDQFH RI WKH GHWHFWLRQ V\VWHP DQG WKH SRWHQWLDO GLIILFXOWLHV RI XVLQJ 5DPDQ VSHFWURVFRS\
IRU JOXFRVH GHWHFWLRQ�

��� 7KH ',< 5DPDQ VSHFWURVFRS\ FRUH V\VWHP GHVLJQ
7KH V\VWHP XVHG LQ WKLV VWXG\ FRQVLVWV RI WZR PDLQ SDUWV� WKH 5DPDQ SDUW DQG WKH

VSHFWURPHWHU SDUW� DV VKRZQ LQ )LJXUH ���� 2ULJLQDOO\� ZH SODQQHG WR XVH D ILEHU ODVHU EXW ODWHU
GHFLGHG WR XVH D ODVHU GLRGH LQVWHDG� 7KH 5DPDQ RSWLFDO SDUW FRQVLVWV RI ILYH FRPSRQHQWV� 7KH
ODVHU GLRGH ZH XVHG UHTXLUHG FROOLPDWLRQ� ZKLFK ZH DFKLHYHG XVLQJ DQ DVSKHULFDO OHQV
�$���70�%�� +RZHYHU� GXH WR OLPLWDWLRQV LQ WKH H[SHULPHQW� ZH QHHGHG WR H[WHQG WKH EHDP VL]H�
VR ZH DGGHG D EHDP H[SDQGHU� 2XU GLFKURLF PLUURU ZDV DQ ��� QP HGJH %ULJKW/LQH VLQJOH�HGJH
VWDQGDUG HSL�IOXRUHVFHQFH GLFKURLF EHDPVSOLWWHU �))����'L���� ZKLFK UHIOHFWV ZDYHOHQJWKV
EHWZHHQ ��� QP DQG ��� QP DQG WUDQVPLWV ZDYHOHQJWKV EHWZHHQ ��� QP DQG ���� QP� :H ODWHU
UHSODFHG WKLV PLUURU ZLWK DQ XOWUDIDVW�HQKDQFHG VLOYHU PLUURU �80���$*� ZLWK D FRDWLQJ UDQJH RI
��� QP WR ���� QP� 7KH REMHFWLYH OHQV ZH XVHG ZDV D ��; 2O\PSXV 3ODQ $FKURPDW 2EMHFWLYH
�506��;�� ZKLFK ZH ODWHU FKDQJHG WR D ��; 2O\PSXV 3ODQ $FKURPDW 2EMHFWLYH �506��;� WR
LQFUHDVH WKH ODVHU SRZHU DW WKH VDPSOH� 'HVSLWH WKHVH PRGLILFDWLRQV� ZH HQFRXQWHUHG VRPH
OLPLWDWLRQV LQ WKH H[SHULPHQW� SDUWLFXODUO\ FRQFHUQLQJ WKH EHDP VL]H DQG GHWHFWRU VHQVLWLYLW\�
ZKLFK DIIHFWHG WKH TXDOLW\ RI RXU UHVXOWV� 7KH VSHFWURPHWHU SDUW RI RXU V\VWHP LQFOXGHV D VOLW� D
GLIIUDFWLRQ JUDWLQJ� D FROOLPDWLQJ OHQV� D IRFXVLQJ OHQV� DQG D GHWHFWRU� :H DGGHG WKH ORQJ SDVV
ILOWHU %/3������5���� ZKLFK KDV DQ DYHUDJH SDVVEDQG WUDQVPLVVLRQ UDQJH RI ��� DW �����±����
QP� %HIRUH WKH EHDP FRPHV WKURXJK WKH VOLW� ZH XVH DQ DFKURPDWLF GRXEOHW �$&��������%� IRU
IRFXVLQJ WKH OHQV� 7KH VOLW LV 6��. � ��� PRXQWHG VOLW� �� � � �P ZLGH� DQG WKH EHDP FROOLGHV
ZLWK $&��������% EHIRUH SDVVLQJ WKURXJK WKH JUDWLQJ� 7KH GHWHFWRU �%)/<�3*(���6�0�&�&�
WKHQ SLFNV XS WKH 5DPDQ VFDWWHULQJ DIWHU LW GLIIUDFWV RQ WKH UHIOHFWLYH GLIIUDFWLRQ JUDWLQJ
�*5��������� +RZHYHU� ZH KDYH HQFRXQWHUHG PDQ\ XQH[SHFWHG YDULDEOHV IURP WKH DOLJQPHQW
DQG FDOLEUDWLRQ SURFHVV� 7KHUHIRUH� ZH KDYH IRXU FKDQJLQJ FRQFHSW RU WKH FRPSRQHQW RI WKH
V\VWHPV GHVLJQ LQ WRWDO�
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��� 7KH V\VWHP GHVLJQ� DOLJQPHQW DQG� FDOLEUDWLRQ�

$V WKH 5DPDQ VSHFWURVFRS\ FRQVLVWV RI WZR PDLQ SDUWV� 7KH 5DPDQ V\VWHP SDUWV FDQ EH
IXUWKHU VXEGLYLGHG LQWR � SDUWV DV ZLOO EH GHVFULEHG EHORZ�

����� /DVHU 6RXUFH RU ([FLWDWLRQ VRXUFH RI 5DPDQ VFDWWHULQJ�

:H DUH XVLQJ D ODVHU GLRGH DV WKH QDWXUH RI OLJKW WR GLYHUJH RYHU D FHUWDLQ GLVWDQFH� 7KH
GLYHUJHQW ODVHU OLJKW FDQ GHFUHDVH WKH ZRUNLQJ GLVWDQFH DQG GHFUHDVH WKH RXWSXW RI ODVHU SRZHU
ZKLFK FDQ IXUWKHU GHFUHDVH WKH 5DPDQ VFDWWHULQJ FKDQFH WR RFFXU� :LWK WKLV WKH ODVHU EHDP LV
QHHGHG WR EH FROOLPDWHG WR LPSURYH EHDP VL]H DQG SRZHU� 7KLV VHWXS FDQ KHOS HQVXUH WKDW WKH
EHDP LV FROOLPDWHG WR KDYH D ORQJHU ZRUNLQJ GLVWDQFH RYHU WKH RSWLFDO V\VWHP WR GHFUHDVH WKH
VLJQDO ORVV DV UHVXOW IRU XQGHVLUDEOH IRFXVLQJ OHQJWK�

)LJXUH ���� $� /DVHU VRXUFH ZLWKRXW FROOLPDWLRQ FDOLEUDWLRQ� %� /DVHU VRXUFH ZLWK FROOLPDWLRQ
FDOLEUDWLRQ�

EHDP GLYHUJHQFH IRUPXOD

Ĭ  ԲՕ
Վ

Ĭ  'LYHUJHQFH $QJOH RI D ODVHU GLRGH�
I  )RFDO /HQJWK RI D FROOLPDWLQJ OHQV�
�  %HDP 'LDPHWHU� 'P  &ROOLPDWHG %HDP 5DGLXV  ���

%HDP FROOLPDWLRQ RXWSXW LV XVLQJ D OHQV ZLWK IRFDO OHQJWK I� WKHQ WKH UHVXOW ZLOO EH D EHDP
ZLWK D UDGLXV 'P  Ĭ�� [ I�

%HDP H[SDQGHU PDJQLILFDWLRQ IRUPXOD
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0  Վə
Վɘ

0  EHDP H[SDQVLRQ UDWLR RU PDJQLILFDWLRQ RI LQSXW EHDP�
I�  )RFDO /HQJWK RI DQ LQSXW OHQV�
I�  )RFDO /HQJWK RI DQ RXWSXW OHQV�

)RUPXOD IRU FDOFXODWLQJ WKH EHDP H[SDQVLRQ UDWLR RU PDJQLILFDWLRQ LV WKH VDPH IRU ERWK
.HSOHULDQ DQG *DOLOHDQ GHVLJQV� 7KH EHDP H[SDQVLRQ UDWLR HTXDOV WKH IRFDO OHQJWK RI WKH RXWSXW
OHQV GLYLGHG E\ WKH IRFDO OHQJWK RI WKH LQSXW OHQV� /HQV � WKH LQSXW OHQV RI LQFLGHQW OLJKW� ZKRVH
IRFDO OHQJWK LV I�� 7KH VHFRQG OHQV �/HQV �� ZLWK D IRFDO OHQJWK RI I� DQG WKH EHDP H[SDQVLRQ
UDWLR �0��

������� 7KH ILUVW V\VWHP GHVLJQ

)LJXUH ���� �' 'LDJUDP� 'HVLJQ��
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)LJXUH ���� 6\VWHP� 'HVLJQ��

&DOFXODWH WKH EHDP VL]H RI V\VWHP GHVLJQ���
�� /$�����% OHQV� IRFDO OHQJWK RI �� PP
�� /���3��� /DVHU GLRGH� GLYHUJHQFH DQJOH RI �� GHJUHH �KDOYHV  ��� GHJUHH�

)LJXUH ���� %HDP VL]H FDOFXODWLRQ GLDJUDP IRU V\VWHP��

՜ՉՖഈɟş ɜʔഉ� ࡦ ԲՕ
ɞɜ�ՕՕ � ࡦ ԲՕ� ࡦ ɘɘş ə�ՕՕ���

ԲՕ ࡦ ]
ə � ࡦ ]� ࡦ �ɘɘş əՠə� ࡦ əəş ɛ�ՕՕ�
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)URP WKLV FDOFXODWLRQ RI D FROOLPDWHG ODVHU ZLWK D GLDPHWHU RI ���� PP� :H KDYH GRQH
VRPH PHDVXUHPHQWV ZLWK D ODVHU WR DSSUR[LPDWH WKH UHDO GLDPHWHU RI WKLV FROOLPDWHG EHDP EHLQJ
DURXQG � PP LQ GLDPHWHU� 7KH UHVXOWV XVLQJ WKH /$�����% OHQV KDYH QRW EHHQ YHU\ XVHIXO DV WKH
OHQV LWVHOI KDV WRR IDU IRFDO OHQJWK DQG WRR ODUJH EHDP VL]H UHVXOWLQJ LQ SRZHU GURS DQG LW LV DOPRVW
LPSRVVLEOH WR FROOLPDWH D ODVHU OLJKW ZLWK WKLV /$�����% OHQV VR ZH WDNH WKLV SUREOHP LQWR
FRQVLGHUDWLRQ WR IXUWKHU GHYHORS RXU 5DPDQ V\VWHP�

)LJXUH ���� 7KH VHWXS RI GHVLJQ�� 5DPDQ V\VWHP $� 2YHUDOO V\VWHP ZLWK WKH EHDP WKDW VFDWWHULQJ
DURXQG WKH V\VWHP� %� 5HVXOW IURP PHDVXULQJ ODVHU SRZHU DW REMHFWLYH OHQV ZLWK ���� P: IURP

�� P: RXWSXW�
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������� 7KH VHFRQG V\VWHP GHVLJQ

)LJXUH ���� �' 'LDJUDP� 'HVLJQ��

)LJXUH ���� 6\VWHP� 'HVLJQ��
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&DOFXODWH WKH EHDP VL]H RI V\VWHP GHVLJQ���
�� $���70�% OHQV� IRFDO OHQJWK RI ���� PP�
�� /���3��� /DVHU GLRGH� GLYHUJHQFH DQJOH RI �� GHJUHH �KDOYHV  ��� GHJUHH��
�� %HDP H[SDQGHU ILUVW OHQV /&�����%� IRFDO OHQJWK RI ��� PP�
�� %HDP H[SDQGHU VHFRQG OHQV /$�����%� IRFDO OHQJWK RI ��PP�

)LJXUH ���� %HDP VL]H FDOFXODWLRQ GLDJUDP IRU V\VWHP��

՜ՉՖഈɟş ɜʔഉ� ࡦ ԲՕ
ɛşɜɘ�ՕՕ � ࡦ ԲՕ� ࡦ ɗş ɝɛɞ�ՕՕ���

ԲՕ ࡦ ]
ə � ࡦ ]� ࡦ �ɗş ɝɛɞ�ՠ�ə� ࡦ �ɘş ɚɛɟ�ՕՕ�

:LWK EHDP H[SDQGHU RI /&�����% DQG /$�����%

0   WLPHV RI PDJLILFDWLRQ  ����� PP [ �  ���� PPՎə
Վɘ

ɞɜ�ՕՕ
əɜ�ՕՕ � ࡦ �ɚ�

)LJXUH ���� /DVHU FROOLPDWLRQ IRU V\VWHP GHVLJQ�� XVLQJ D *DOLOHDQ EHDP H[SDQGHU�

)URP *DOLOHDQ EHDP H[SDQGHU VHWXS FDOFXODWLRQV RI D FROOLPDWHG ODVHU ZLWK D GLDPHWHU RI
���� PP :H KDYH GRQH VRPH PHDVXUHPHQWV ZLWK D ODVHU WR DSSUR[LPDWH WKH UHDO GLDPHWHU RI WKLV
FROOLPDWHG EHDP EHLQJ DURXQG � PP LQ GLDPHWHU� 7KH UHVXOWV XVLQJ WKH EHDP H[SDQGHU OHQV KDYH
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EHHQ EHWWHU DV WKH OHQV LWVHOI FDQ FROOHFW PRUH OLJKW UHVXOWLQJ LQ PRUH SRZHU LQFUHDVLQJ DW WKH
REMHFWLYH OHQV� WKH ZRUNLQJ GLVWDQFH GRHV JR XS DV WKH EHDP LV PXFK PRUH FROOLPDWHG XVLQJ D
EHWWHU FROOLPDWLQJ OHQV�

)LJXUH ����� $� /DVHU FROOLPDWLRQ LQSXW SRZHU RI ��� P: � %� /DVHU RXWSXW SRZHU RI ���� P:
DW WKH REMHFWLYH OHQV�

������� 7KH WKLUG V\VWHP GHVLJQ

)LJXUH ����� �' 'LDJUDP� 'HVLJQ��
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)LJXUH ����� 6\VWHP� 'HVLJQ��

&DOFXODWH WKH EHDP VL]H RI V\VWHP GHVLJQ���
�� $���70�% OHQV� IRFDO OHQJWK RI ���� PP
�� /���3��� /DVHU GLRGH� GLYHUJHQFH DQJOH RI �� GHJUHH �KDOYHV  ��� GHJUHH�
�� %HDP H[SDQGHU ILUVW OHQV /$�����%� IRFDO OHQJWK RI �� PP
�� %HDP H[SDQGHU VHFRQG OHQV $&��������%� IRFDO OHQJWK RI ��� PP

)LJXUH ����� %HDP VL]H FDOFXODWLRQ GLDJUDP IRU V\VWHP��

՜ՉՖഈɟş ɜʔഉ� ࡦ ԲՕ
əɗ�ՕՕ � ࡦ ԲՕ� ࡦ ɗş ɝɞɛ�ՕՕ���

ԲՕ ࡦ ]
ə � ࡦ ]� ࡦ �ɗş ɝɞɛ�ՠ�ə� ࡦ �ɘş ɚɛɟ�ՕՕ�

:LWK EHDP H[SDQGHU RI /&�����% DQG /$�����%

0   WLPHV RI PDJLILFDWLRQ  ����� PP [ ����  ����� PPՎə
Վɘ

ɘɗɗ�ՕՕ
ɞɜ�ՕՕ � ࡦ �ɚ�
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)LJXUH ����� /DVHU FROOLPDWLRQ IRU V\VWHP GHVLJQ�� XVLQJ D .HSOHULDQ EHDP H[SDQGHU�

)URP .HSOHULDQ EHDP H[SDQGHU VHWXS FDOFXODWLRQ IRU D FROOLPDWHG ODVHU ZLWK D GLDPHWHU RI
������ :H KDYH GRQH VRPH PHDVXUHPHQWV ZLWK D ODVHU WR DSSUR[LPDWH WKH UHDO GLDPHWHU RI WKLV
FROOLPDWHG EHDP EHLQJ DURXQG � PP LQ GLDPHWHU� 7KH UHVXOWV XVLQJ WKH EHDP H[SDQGHU OHQV KDYH
D EHWWHU UHVXOW FRPSDUHG WR JDOLOHDQ DV WKH EHDP VL]H UHVXOWLQJ LQ SRZHU LQFUHDVLQJ DW WKH
REMHFWLYH OHQV� WKH ZRUNLQJ GLVWDQFH GRHV JR XS DV WKH EHDP LV PXFK PRUH FROOLPDWHG XVLQJ D
EHWWHU FROOLPDWLQJ OHQV� VR ZH WDNH WKLV SUREOHP LQWR FRQVLGHUDWLRQ WR IXUWKHU GHYHORS RXU 5DPDQ
V\VWHP� 7R IXUWKHU WKH SURSHU FROOLPDWLRQ V\VWHP ZH RUGHUHG WKH QHZ OHQV WKDW LV PRUH VXLWDEOH
IRU RXU V\VWHP RI $&��������% ZLWK WKH QHZ ODVHU RI /���+��

)LJXUH ����� $� /DVHU FROOLPDWLRQ LQSXW SRZHU RI ��� P: � %� /DVHU RXWSXW SRZHU RI ���� P:
DW WKH REMHFWLYH OHQV�
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������� 7KH IRXUWK V\VWHP GHVLJQ

)LJXUH ����� �' 'LDJUDP� 'HVLJQ��

)LJXUH ����� 6\VWHP� 'HVLJQ�
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&DOFXODWH WKH EHDP VL]H RI V\VWHP GHVLJQ���
�� $&��������% OHQV� IRFDO OHQJWK RI �� PP
�� /���+� /DVHU GLRGH� GLYHUJHQFH DQJOH RI �� GHJUHH �KDOYHV  � GHJUHH�

)LJXUH ����� %HDP VL]H FDOFXODWLRQ IRU V\VWHP��

՜ՉՖഈɟʔഉ� ࡦ ԲՕ
əɗ�ՕՕ � ࡦ ԲՕ� ࡦ əş ɟɘ�ՕՕ���

ԲՕ ࡦ ]
ə � ࡦ ]� ࡦ �əş ɟɘՠə� ࡦ �ɜş ɝə�ՕՕ�

)URP WKLV FDOFXODWLRQ RI D FROOLPDWHG ODVHU ZLWK D GLDPHWHU RI ���� PP� :H KDYH GRQH VRPH
PHDVXUHPHQWV ZLWK D ODVHU WR DSSUR[LPDWH WKH UHDO GLDPHWHU RI WKLV FROOLPDWHG EHDP EHLQJ DURXQG
� PP LQ GLDPHWHU ZLWK D YHU\ XQLIRUP OLJKW EHDP�

)LJXUH ����� $� /DVHU FROOLPDWLRQ IRU V\VWHP GHVLJQ�� � %� 8VLQJ D WHVW WDUJHW WR PHDVXUH D EHDP
VL]H ZLWK WKH DSSUR[LPDWLRQ WR EH DURXQG � PP�
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)LJXUH ����� $� /DVHU FROOLPDWLRQ LQSXW SRZHU RI ��� P: � %� /DVHU RXWSXW SRZHU RI ���� P:
DW WKH REMHFWLYH OHQV�

������� 5DPDQ 6DPSOLQJ IRU WKH 5DPDQ 6\VWHP�

:H KDYH XVHG D FRQILJXUDWLRQ RI ��� GHJUHH IRU 5DPDQ FROOHFWLRQ DV D UHIOHFWLRQ IURP WKH
VOLGH KROGHU FRQWUROOHG E\ ;<= VWDJH WR ILQG WKH PRVW RSWLPL]HG KHLJKW HQVXULQJ WKH ODVHU LV
IRFXVHG DW WKH VDPSOH�

2SWLPDO GLVWDQFH IRU D IRFXVLQJ GLVWDQFH�
:H KDYH LQVWDOOHG D ;<= VWDJH WR FRQWURO ORFDWLRQ DQG SRVLWLRQ RI WKH DOXPLQXP VWDJH WR

ILQG WKH PRVW RSWLPDO KHLJKW RI WKH REMHFWLYH OHQV WDUJHW VWDJH ZKLFK ZLOO VWDUW IURP � PP �KRPH�
WR � PP FORVHU WR DQ REMHFWLYH OHQV� 8VLQJ ERWK LPDJHV TXDOLW\ RI D ODVHU OLJKW ZLWK WKH JUDSK
SORWWLQJ WR VHH WKH PD[LPXP SHDN YDOXH IURP DOO RI WKH UHVXOWV WR ILQG WKH PRVW RSWLPDO GLVWDQFH�

)LJXUH ����� 7KH VHWXS XVHG WR ILQG WKH IRFXVLQJ GLVWDQFH $� LQVWDOODWLRQ RI ;<= VWDJH ZLWK D
UDPDQ V\VWHP� %� /DVHU WHVWLQJ LQ JHQHUDO ZLWK ;<= VWDJH�
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7KH UHVXOW LV WKDW DV WKH VWDJH PRYHV FORVHU WKH LPDJH DQG PD[LPXP SHDN YDOXH LV
LQFUHDVLQJ WR D SRLQW ZKHUH WKH ODVHU LV IRFXVHG EXW DIWHU WKDW WKH YDOXH ZLOO GHFUHDVH D ELW DV LW
ZLOO VWDUW WR EH RII IRFXVLQJ�

7KH UHVXOW IRU RULJLQDO SRVLWLRQ LQ ]�D[LV �� PP��

)LJXUH ����� 7KH VHWXS XVHG WR ILQG WKH IRFXVLQJ GLVWDQFH $� ,PDJH FDSWXULQJ IURP FDPHUD� %�
*UDSK SORWWLQJ XVLQJ 0DWODE ILQGLQJ PD[LPXP SHDN YDOXH�

)LJXUH ����� ,PDJH IRU GLVWDQFH � PP DQG � PP XVLQJ RQO\ DOXPLQXP SODWH VWDJH�
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)LJXUH ����� ,PDJH IRU GLVWDQFH � PP DQG � PP XVLQJ RQO\ DOXPLQXP SODWH VWDJH�

)LJXUH ����� ,PDJH IRU GLVWDQFHV � PP DQG � PP XVLQJ RQO\ DOXPLQXP SODWH VWDJH�

%DVHG RQ DOO RI WKH FDSWXUHG LPDJHV LW LV D KDUG GHFLVLRQ WR ILQG WKH PRVW VXLWDEOH GLVWDQFH XVLQJ
RQO\ LPDJH REVHUYDWLRQ� VR ZH ZLOO XVH D JUDSK SORWWLQJ IURP 0DWODE WR VHH WKH PD[LPXP YDOXH�
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)LJXUH ����� 'LDJUDP IRU FRPSDULQJ D � GLIIHUHQFH V\VWHP VLJQDO�

7KH UHVXOWV VKRZ WKDW WKH � PP VKRZV D EHWWHU UHVROXWLRQ WKDQ WKH RWKHU UHVXOW DQG DOVR
KDV D GHFHQW LQWHQVLW\ YDOXH DV WKH KLJKHVW YDOXH� � PP LV WKH VWDQGDUG KHLJKW ZKHQ ZH DUH
GHDOLQJ ZLWK WKH FXUUHQW 5DPDQ V\VWHP DV LW LV WKH PRVW RSWLPDO KHLJKW IRU QRZ�

����� 6SHFWURPHWHU

6SHFWURPHWHUV DUH WKH RWKHU SDUWV RI 5DPDQ VSHFWURVFRS\ DV WKH 5DPDQ VFDWWHULQJ OLJKW
EHLQJ FROOHFWHG DOVR QHHGV WR EH GLIIUDFWHG DW D FHUWDLQ DQJOH� 8VLQJ 5HIOHFWLYH JUDWLQJ ZH KDYH WR
FDOFXODWH IRU WKH DQJOH RI LQFLGHQW OLJKW WKDW FDQ GLIIUDFWHG D ��� QP ZDYHOHQJWK XSZDUG UDQJH DV
ZLWK WRR OHVV RU WRR ODUJH DQJOH WKH GLIIUDFWLRQ OLJKW ZLOO EH DW RII DQJOH DQG ��� QP ZDYHOHQJWK
ZLOO QRW EH GHWHFWHG E\ FDPHUD�
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)LJXUH ����� 7KH SDUWV RI WKH V\VWHP FDOOHG D VSHFWURPHWHU SDUWV �� ��� QP /RQJ SDVV ILOWHU
�)(/+����� �� IRFXVLQJ OHQV �$&��������%� �� VOLW RI �� �P :LGH� � PP /RQJ �� &ROOLPDWLQJ
OHQV �$&��������%� �� $SHUWXUH �60�'��&� �� *UDWLQJ RI ���� OLQHV�PP �*5�������� ��

&026 'HWHFWRU �&DPHUD %)/<�3*(���6�0�&�

6HWXS IRU JUDWLQJ H[SHULPHQW�

�� /DVHU GLRGH VRXUFH� ��� QP �/���3�����
�� &ROOLPDWLRQ OHQV� $FKURPDWLFV GRXEOHW �$&��������%��
�� /LJKW JUDWLQJV �*5�������� ���� /LQHV�PP��
�� 5HIOHFWLRQ VXUIDFH
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)LJXUH ����� 6HWXS IRU JUDWLQJ H[SHULPHQW� $�6HW XS IURP WKH WRS � %�6HW XS IURP WKH VLGH� ��
/DVHU GLRGH VRXUFH� ��� QP �/���3����� �� &ROOLPDWLRQ OHQV� $FKURPDWLFV GRXEOHW

�$&��������%�� �� /LJKW JUDWLQJV �*5�������� ���� /LQHV�PP�� �� 5HIOHFWLRQ VXUIDFH�

)RU WKLV H[SHULPHQW ZH ZLOO WU\ WR FDOFXODWH WKH ZDYHOHQJWK RI RXU ODVHU XVLQJ JUDWLQJ XVLQJ D
GLIIUDFWLRQ HTXDWLRQ�

'LIIUDFWLRQ HTXDWLRQ
� GVLQ�ᶚ�  Qṋ

G  OLQH VSDFLQJ �GLVWDQFH EHWZHHQ VOLWV�
ᶚ  GLIIUDFWLRQ DQJOH
ṋ  ZDYHOHQJWK RI LQFLGHQW OLJKW
Q  GLIIUDFWLRQ RUGHU

� WDQ�ᶚ�  ՌՑ՛՜ՉՖՋՍ�Վ՚՗Օ�բՍ՚՗�՗՚ՌՍ՚�՜՗�ՎՑ՚՛՜�՗՚ՌՍ՚�ՌՑՎՎ՚ՉՋ՜Ց՗Ֆ
ՌՑ՛՜ՉՖՋՍ�Վ՚՗Օ�Տ՚Չ՜ՑՖՏ�՜՗�՚ՍՎՔՍՋ՜ՍՌ�՛՝՚ՎՉՋՍ�
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)LJXUH ����� 'LDJUDP IURP WKH VHW XS ZLWK DQJOH DQG GLVWDQFH UHTXLUHG IRU FDOFXODWLRQ�

)URP WKH OLJKW GLIIUDFWLRQ H[SHULPHQW
G VLQ�ᶚ�  Qṋ
G  ���� OLQHV�PP  ���������  �����[���  ����[����P

ᶚ  ՜ՉՖࡠɘഈ ՌՑ՛՜ՉՖՋՍ�Վ՚՗Օ�բՍ՚՗�՗՚ՌՍ՚�՜՗�ՎՑ՚՛՜�՗՚ՌՍ՚�ՌՑՎՎ՚ՉՋ՜Ց՗Ֆ
ՌՑ՛՜ՉՖՋՍ�Վ՚՗Օ�Տ՚Չ՜ՑՖՏ�՜՗�՚ՍՎՔՍՋ՜ՍՌ�՛՝՚ՎՉՋՍ� ഉ� ࡦ ՜ՉՖࡠɘ əɟşɟ�ՕՕ�

ɘɗşɚ�ՕՕ � ࡦ ɞɗş ɚə��

G VLQ�ᶚ�  Qṋ
Q  � DV ILUVW RUGHU RI OLJKW GLIIUDFWLRQ�

ṋ   ������ QP >HUURU �  ������ @�՛ՑՖഈɞɗşɚəഉ�ՠ�ɟşɚɚՠɘɗࡠɞ

ɘ
ɞɟɜࡠɞɟɛşɚə�

ɞɟɜ �

)URP WKH QHZ VHWXS WKH ZDYHOHQJWK WKDW LV EHLQJ FDOFXODWHG LV PXFK FORVHU WR WKH UHDO ODVHU
ZDYHOHQJWK ZLWK RQO\ DQ HUURU RI ������� :LWK WKLV ZH FDQ XVH WKLV HTXDWLRQ WR GHWHUPLQH WKH
DQJOH WKDW ZDYHOHQJWK ZLOO EH VKRZQ� 7KHQ ZH FDQ XVH D GHWHFWRU WR UHFHLYH D 5DPDQ VLJQDO WKDW
FKRRVHV WKH ULJKW UDQJH RI ZDYHOHQJWKV WKDW ZLOO EH VLJQLILFDQW IRU RXU VLJQDO GHFWHFWLRQ�

*UDWLQJ HTXDWLRQ
QȜ  G�VLQșU � VLQșL�

G  OLQH VSDFLQJ �GLVWDQFH EHWZHHQ VOLWV��
ᶚU  ILUVW RUGHU GLIIUDFWLRQ DQJOH�
ᶚL  ,QFLGHQW DQJOH�
ṋ  ZDYHOHQJWK RI WKH ILUVW RUGHU GLIIUDFWLRQ�
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)LJXUH ����� *UDWLQJ GLIIUDFWLRQ RUGHU GLDJUDP�

Q  GLIIUDFWLRQ RUGHU�

QȜ  G�VLQșU � VLQșL�  ՖƦ
Ռ ࡠ ՛ՑՖƣՑ�

șU  DUFVLQ� �ՖƦ
Ռ ࡠ ՛ՑՖƣՑ�

G  OLQH VSDFLQJ �GLVWDQFH EHWZHHQ VOLWV�� ���� OLQHV�PP   ������ QPɘՠɘɗɚ

ɘəɗɗ

QȜ  G�VLQșU � VLQșL�  ՖƦ
Ռ ࡠ ՛ՑՖƣՑ�

șU  DUFVLQ� �ՖƦ
Ռ ࡠ ՛ՑՖƣՑ�

$W �� GHJUHH șU  DUFVLQ� �  ����� GHJUHHV�ɘՠɞɟɜ�ՖՕ
ɟɚɚşɚɚ�ՖՕ ࡠ ՛ՑՖഈɚɗഉ�

$W �� GHJUHH șU  DUFVLQ� �  ����� GHJUHHV�ɘՠɞɟɜ�ՖՕ
ɟɚɚşɚɚ�ՖՕ ࡠ ՛ՑՖഈɚɜഉ�

$W �� GHJUHH șU  DUFVLQ� �  ����� GHJUHHV�ɘՠɞɟɜ�ՖՕ
ɟɚɚşɚɚ�ՖՕ ࡠ ՛ՑՖഈɛɗഉ�

$W �� GHJUHH șU  DUFVLQ� �  ����� GHJUHHV�ɘՠɞɟɜ�ՖՕ
ɟɚɚşɚɚ�ՖՕ ࡠ ՛ՑՖഈɛɜഉ�

)RU WKLV FDOFXODWLRQ ZH ZLOO WU\ WR FDOFXODWH WKH DQJOH WKDW LV EHVW IRU ��� QP ZDYHOHQJWK
XSZDUG WR VHW XS RXU JUDWLQJ DQG GHWHFWRU DQJOH WR HQVXUH WKDW WKH GLIIUDFWLRQ OLJKW ZLOO EH
FROOHFWHG DW PD[LPXP YDOXH� :H ZLOO XVH D VHWXS RI LQGLFDWHG DQJOH WR EH DURXQG ����� GHJUHH DV
WKH FDOFXODWLRQ ZLOO VKRZ WKDW WKH ��� QP GLIIUDFWLRQ ZLOO EH QHDU WKH VXUIDFH QRUPDO RI WKH
JUDWLQJ WKDW FDQ KHOS XV WR VHW XS WKH GHWHFWRU DQG JUDWLQJ HDVLHU�
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��� 5HVXOWV
����� 5HVXOWV IURP WKH ILUVW V\VWHP GHVLJQ

'XULQJ WKH ILUVW GHVLJQ WKH V\VWHP RQ ERWK VLGHV RI 5DPDQ SDUWV DQG VSHFWURPHWHU SDUWV
ZHUH VWLOO QRW SURSHUO\ LQVWDOOHG DQG $OLJQHG� 5HVXOWLQJ LQ LPDJHV DQG VLJQDOV WKDW DUH QRW VKRZQ
RU FDQQRW FODVVLI\ DV D 5DPDQ VSHFWUXP�

)LJXUH ����� $� *OXFRVH 3RZGHU UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV
ZLWK QR ORQJ SDVV ILOWHU RI ��� QP �%/3������5����� %� *OXFRVH 3RZGHU UHIOHFWLRQ LV FDSWXUHG
ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK D ORQJ SDVV ILOWHU RI ��� QP �%/3������5�����

)LJXUH ����� $� 3RZHU PHWHU PHDVXUHPHQW DW REMHFWLYH JLYHQ RXW SRZHU RI ���� P:� %�� 'LVSOD\
RI ODVHU GLRGH FRQWUROOHU WKDW JLYHQ WKH FXUUHQW RI ������ P$ HTXLYDOHQW WR DURXQG �� P:�

6LQFH WKH DOLJQPHQW RI WKH V\VWHP LV QRW SURSHUO\ GRQH WKH ZKROH V\VWHP LV VWLOO QRW DW WKH
DEVROXWH EHVW DV LW ZLOO EH UHIOHFWHG IURP WKH UHVXOW RI LPDJH DQG ODVHU SRZHU UHGXFWLRQ� ,W FDQ EH
VHHQ WKDW WKH UDZ LPDJH RI WKH VLJQDO IURP WKH REMHFWLYH LV QRW KDYLQJ HQRXJK FODULW\ DV VKRZQ LQ
)LJXUH ����� $V LQ WHUPV RI SRZHU WKHUH LV D SRZHU UHGXFWLRQ IURP �� P: WR ���� P: DW WKH
REMHFWLYH OHQV WKDW FRXOG UHVXOW LQ ORZHULQJ WKH 5DPDQ VLJQDO WR RFFXU�
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����� 5HVXOWV IURP WKH VHFRQG V\VWHP GHVLJQ

'XULQJ WKH VHFRQG GHVLJQ WKH V\VWHP EHIRUH XVLQJ WKH EHDP H[SDQGHU ZH KDYH IXUWKHU
GRQH WKH V\VWHP DOLJQPHQW LQ 5DPDQ SDUWV WKDW UHVXOW LQ EHWWHU TXDOLW\ RI UDZ LPDJH EXW VWLOO WKH
V\VWHP GRHV QRW VKRZ D VLJQDO RI 5DPDQ VSHFWUXP DV ZH DUH LQVWDOOLQJ WKH ORQJ SDVV ILOWHU RI ���
QP �%/3������5���� LQ )LJXUH ���� E�� :LWK WKLV LPDJH ZH KDG DVVXPHG WKDW WKH 5DPDQ VLJQDO
LV YHU\ ZHDN VR ZH KDG LPSURYHG WKH V\VWHP WR EH LQ VHFRQG GHVLJQ ZLWK WKH DGGLWLRQ RI D EHDP
H[SDQGHU�

)LJXUH ����� ,PSURYHG V\VWHP RI ILUVW GHVLJQ $� *OXFRVH 3RZGHU LV FDSWXUHG ZKLOH SDVVLQJ WR WKH
VSHFWURPHWHU SDUWV ZLWK QR ORQJ SDVV ILOWHU RI ��� QP �%/3������5����� %� *OXFRVH 3RZGHU
UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK D ORQJ SDVV ILOWHU RI ���

�%/3������5�����

,Q WKLV VHFRQG GHVLJQ ZH WU\ WR XVH .HSOHULDQ EHDP H[SDQGHU WR LPSURYH WKH 5DPDQ VLJQDO DQG
H[SHFW WKDW D VLJQDO ZLOO DSSHDU� %XW VWLOO ZLWK WKH DGGLWLRQ RI .HSOHULDQ EHDP H[SDQGHU WKH VLJQDO
RI 5DPDQ VSHFWUXP LV QRW \HW WR EH GHWHFWHG DV ZH DUH LQVWDOOLQJ WKH ORQJ SDVV ILOWHU RI ��� QP
�%/3������5���� LQ )LJXUH ���� E�� %XW ZLWK WKH EHDP VKDSH DQG WKH LPSURYHPHQW LQ WKH EHDP
&ODULILFDWLRQ LQ )LJXUH ���� D�� :LWK VRPH LPSURYHPHQW ZH IXUWKHU PDGH D *DLOLHDQ EHDP
H[SDQGHU W\SH V\VWHP WR FRPSDUH EHWZHHQ WKH � EHDP H[SDQGHU W\SHV DQG H[SHFW D EHWWHU UHVXOW
LQ RXU WKLUG GHVLJQ�
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)LJXUH ����� 6\VWHP RI VHFRQG GHVLJQ ZLWK .HSOHULDQ EHDP H[SDQGHU $� *OXFRVH 3RZGHU
UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK QR ORQJ SDVV ILOWHU RI ��� QP
�%/3������5����� %� *OXFRVH 3RZGHU UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU

SDUWV ZLWK D ORQJ SDVV ILOWHU RI ��� �%/3������5�����

����� 5HVXOWV IURP WKH WKLUG V\VWHP GHVLJQ

)URP WKH VHFRQG GHVLJQ WKDW ZH KDG XVHG D .HOSKHUDLQ EHDP H[SDQGHU WR LPSURYH WKH
ODVHU EHDP DQG SRZHU LQ WKLV WKLUG GHVLJQ ZH KDYH PDGH D FKDQJH LQ EHDP H[SDQGHU W\SH WR EH
*DLOLHDQ EHDP H[SDQGHU WR FRPSDUH WKH EHDP SURILOH DQG SRZHU DW WKH REMHFWLYH OHQV�

)LJXUH ����� *DOLOHDQ EHDP H[SDQGHU V\VWHP RI WKLUG GHVLJQ $� *OXFRVH 3RZGHU LV FDSWXUHG
ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK QR ORQJ SDVV ILOWHU RI ��� QP �%/3������5���� � %�
*OXFRVH 3RZGHU UHIOHFWLRQ LV FDSWXUHG ZKLOH SDVVLQJ WR WKH VSHFWURPHWHU SDUWV ZLWK D ORQJ SDVV

ILOWHU RI ��� �%/3������5�����
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)LJXUH ����� 3RZHU PHWHU PHDVXUHPHQW $� 3RZHU DW DQ REMHFWLYH OHQV RI *DOLOHDQ EHDP
H[SDQGHU RI ���� P:� %� 3RZHU DW DQ REMHFWLYH OHQV RI .HSOHULDQ EHDP H[SDQGHU RI ���� P:�

,Q WKLV WKLUG GHVLJQ WKHUH LV D FKDQJH LQ EHDP SURILOH ZLWK WKLV FKDQJH ZH KDYH XVLQJ WKLV VHFRQG
V\VWHP IRU D GHFHQW WLPH� :LWK WKH H[SHFWDWLRQ WKDW WKH LPDJH RI WKLV WKLUG V\VWHP PLJKW VKRZ D
VLJQ RI 5DPDQ VSHFWUXP� DOVR ZLWK WKH LPSURYHPHQW RI ODVHU SRZHU DW DQ REMHFWLYH OHQV IURP
���� P: LQ .HSOHULDQ GHVLJQ WR ���� P: LQ *DOLOHDQ GHVLJQ�

)LJXUH ����� )XUWKHU LPSURYHPHQW LQ DOLJQPHQW DQG FKDQJH RI ODVHU GLRGH �/���+�� D�� 7KH WKLUG
GHVLJQ V\VWHP RI 5DPDQ SDUWV� E�� 3RZHU DIWHU DQ REMHFWLYH OHQV RI ��� P: IURP D ��� P:

SRZHU LQSXW F�� 3RZHU DIWHU WKH GLFKURLF PLUURU WKDW WUDQVPLWV IURP WKH VOLGH KROGHU�
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)LJXUH ����� )XUWKHU LPSURYHPHQW LQ DOLJQPHQW DQG FKDQJH RI ODVHU GLRGH �/���+�� ZLWK D UHVXOW
RI ODVHU ZLWK QR ORQJ SDVV ILOWHU RI ��� QP �%/3������5���� D�� 5HVXOW RI XVLQJ $OXPLQXP SODWH
DV VDPSOH� E�� 5HVXOW RI XVLQJ JOXFRVH SRZGHU DV VDPSOH� F� 5HVXOW RI XVLQJ 6L2� DV D VDPSOH� G�
5HVXOW RI XVLQJ ,&* DV VDPSOH� H� 5HVXOW RI XVLQJ JOXFRVH SRZGHU DV D VDPSOH ZLWK D UHGXFWLRQ

RI H[SRVXUH WLPH� I� 5HVXOW RI XVLQJ 6L2� DV D VDPSOH ZLWK D UHGXFWLRQ RI H[SRVXUH WLPH�

)LJXUH ����� 0$7/$% FRGLQJ IRU FRPSDULQJ WKH VLJQDO EHWZHHQ HDFK VDPSOH RI ,&*� *OXFRVH�
$OXPLQLXP DQG 6L2��
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)URP WKH FRPSDULVRQ XVLQJ JUDSK SORWWLQJ LQ 0$7/$% FRGH� :H IRXQG WKDW WKHUH LV D VKLIW LQ
VLJQDO LQWHQVLW\ DQG ORFDWLRQ EHWZHHQ HDFK VDPSOH EXW LQ WHUPV RI 5DPDQ VSHFWUXP RU VLJQDO LW LV
QRW VLJQLILFDQW HQRXJK WR GHWHFW D VDPSOH ILQJHUSULQW RI HDFK VDPSOH�

����� 5HVXOWV IURP WKH IRXUWK V\VWHP GHVLJQ

,Q WKLV IRXUWK V\VWHP GHVLJQ LW LV WKH ODWHVW YHUVLRQ RI WKH 5DPDQ V\VWHP DV ZH ZLOO EH
XVLQJ WKH UHVXOW RI WKLV GHVLJQ WR IXUWKHU FRQFOXGH WKH ILQDO UHVXOW�
:LWK WKLV IRXUWK V\VWHP GHVLJQ ZH KDYH FKDQJHG WKH FROOLPDWLQJ VHWXS WR XVH RQO\ RQH
DFKURPDWLF GRXEOHW �$&��������%� ZLWK WKH IRFDO OHQJWK RI �� PP DQG FKDQJLQJ RI ORQJ SDVV
ILOWHU WR ��� QP �)(/+����� IURP ��� QP �%/3������5����� :LWK WKLV GHVLJQ DQG EHWWHU V\VWHP
DOLJQPHQW XVLQJ DQ ,5 FDUG DQG ,5 WDUJHW�

)LJXUH ����� 7KH IRXUWK V\VWHP LV GHVLJQHG XVLQJ D FROOLPDWLRQ OHQV �$&��������%�� D� /DVHU
EHDP DIWHU ODVHU� E� 3RZHU RI ��� P: IURP ��� P: DIWHU WKH OHQV FROOLPDWRU F� /DVHU EHDP DIWHU

GLFKURLF PLUURU� G� 3RZHU RI ���� DW WKH REMHFWLYH OHQV� H� /DVHU EHDP SURILOH WKDW HQWHUV WKH
REMHFWLYH OHQV� I�/DVHU EHDP DW WKH REMHFWLYH OHQV RQ VDPSOH KROGHU�
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)LJXUH ����� )RXUWK V\VWHP GHVLJQ LPDJH FROOHFWLRQ ZLWK D ORQJ SDVV ILOWHU RI ��� QP
�)(/+����� WR UHGXFH WKH UDQJH RI ZDYHOHQJWK EORFNDJH � D�� 5HVXOW RI XVLQJ $OXPLQXP SODWH
DV VDPSOH� E�� 5HVXOW RI XVLQJ 6(5V (WKDQRO DV D VDPSOH� F� 5HVXOW RI XVLQJ 6L2� DV D VDPSOH� G�
5HVXOW RI XVLQJ 6(5V JOXFRVH DV VDPSOH� H� 5HVXOW RI XVLQJ JOXFRVH SRZGHU DV D VDPSOH ZLWK D

UHGXFWLRQ RI H[SRVXUH WLPH� I� 5HVXOW RI XVLQJ 6(5V DV D VDPSOH�
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)LJXUH ����� 0$7/$% FRGLQJ IRU FRPSDULQJ WKH VLJQDO EHWZHHQ HDFK VDPSOH RI $OXPLQXP SODWH
� *OXFRVH� 6L2�� 6(5V JOXFRVH� 6(5V (WKDQRO DQG 6(5V EDFNJURXQG�

:LWK WKH FRPSDULVRQ RI GLIIHUHQW W\SHV RI VDPSOHV WKHUH LV VRPH SHDN VKLIW EHWZHHQ HDFK VDPSOH
DQG WKHUH LV D VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH 6(5V VDPSOH DQG QRQ 6(5V VDPSOH DV H[SHFWHG
WKDW 6(5V VROXWLRQ LV LPSURYLQJ WKH VLJQDO LQFUHDVLQJ WKH LQWHQVLW\ DV VKRZQ LQ )LJXUH ����� :LWK
WKLV UHVXOW ZH IXUWKHU GLG VRPH LPDJH SURFHVVLQJ DQG GDWD DQDO\VLV DV D EDVHOLQH VXEWUDFWLRQ�

����� ([SHULPHQWDO RQ EDVHOLQH VXEWUDFWLRQ

7KH EDVHOLQH VXEWUDFWLRQ LV RQH RI WKH PHWKRGV RI LPSURYLQJ WKH VLJQDO TXDOLW\ RI WKH
5DPDQ VFDWWHULQJ VLJQDO� )RU WKH H[SHULPHQW ZLWK SRZGHU VXEVWUDWH ZH XVH DOXPLQXP DV WKH
VDPSOH VOLGH� )URP WKH ILJXUH ��[[ WKH JOXFRVH DQG 6L2� KDYH VRPH GLIIHUHQFH SHDN WUHQG
ZLWKRXW WKH ORQJ SDVV ILOWHU� 7KH EDVHOLQH VXEWUDFWLRQ ZLWK WKH V\VWHP WKDW LQFOXGH ��� QP ORQJ
SDVV ILOWHU�)(/+����� KDYH D VKDUSHU SHDN DW WKH VOLJKWLQJ GLIIHUHQW SRLQW RI WKH GLVWDQFH RI SL[HO
IURP RULJLQ� +RZHYHU� ZH FDQ QRW GHWHFW WKH WKUHH VLJQLILFDQW SHDNV RI WKH JOXFRVH VXEVWUDWH DW
DQ\ H[SHULPHQW�

)LJXUH ����� 7KH EDVHOLQH VXEWUDFWLRQ ZLWKRXW ORQJ SDVV ILOWHU $� $OXPLQXP VXEVWUDWH�%DVHOLQH��
%� *OXFRVH VXEVWUDWH� &� 6L2� VXEVWUDWH�

)LJXUH ����� 7KH EDVHOLQH VXEWUDFWLRQ ZLWK ��� QP ORQJ SDVV ILOWHU �)(/+����� $� $OXPLQXP
VXEVWUDWH�%DVHOLQH�� %� 'LVWLO ZDWHU� &� *OXFRVH VXEVWUDWH�
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)LJXUH ����� 7KH EDVHOLQH VXEWUDFWLRQ ZLWK ��� QP ORQJ SDVV ILOWHU�)(/+����� $� 6(5V
VXEVWUDWH�%DVHOLQH�� %� (WKDQRO RQ 6(5V VXEVWUDWH� &� *OXFRVH RQ 6(5V VXEVWUDWH�

��� 'LVFXVVLRQ
7KH LQWHQWLRQ RI WKLV SURMHFW ZDV WR EXLOG D ORZ�FRVW 5DPDQ VSHFWURPHWHU WKDW FDQ

PHDVXUH JOXFRVH QRQ�LQYDVLYHO\ XVLQJ 6XUIDFH�(QKDQFHG 5DPDQ 6SHFWURVFRS\ �6(56� VXEVWUDWH�
+RZHYHU� ZH IDFHG OLPLWDWLRQV LQ DFKLHYLQJ WKLV JRDO GXH WR WKH QHHG IRU KLJK VHQVLWLYLW\
FRPSRQHQWV LQ WKH LQ YLYR RU WKH ��� QP 5DPDQ V\VWHP� ZKLFK FRVW D ORW� $V D UHVXOW� ZH VKLIWHG
RXU IRFXV WR XVLQJ 6(5V VXEVWUDWH VDPSOHV� EXW HYHQ WKHQ� ZH HQFRXQWHUHG OLPLWDWLRQV�

0DMRU LVVXH ZH IDFHG ZDV WKH ZDYHOHQJWK RI WKH ��� QP ODVHU� ZKLFK UHTXLUHG D KLJK
TXDQWXP HIILFLHQF\ RQ WKH ������� QP FDPHUD GHWHFWRU� 7KLV OLPLWDWLRQ PDGH LW FKDOOHQJLQJ WR
REWDLQ DFFXUDWH DQG UHOLDEOH UHVXOWV� )XUWKHUPRUH� ZH FKDQJHG WKH ILEHU ODVHU WR D GLRGH ODVHU WR
ORZHU WKH FRVW� EXW WKLV FDXVHG D GHFUHDVH LQ WKH H[FLWDWLRQ RI HOHFWURQV� UHVXOWLQJ LQ OHVV SRZHU
IRU WKH ODVHU EHDP� $QRWKHU FUXFLDO IDFWRU LQ LPSURYLQJ WKH V\VWHP LV EHWWHU FRQWURO RI WKH
HQYLURQPHQW� :H REVHUYHG WKDW WKH UHVXOWV YDULHG EDVHG RQ WKH VXUURXQGLQJ HQYLURQPHQW� DQG D
PRUH FRQWUROOHG HQYLURQPHQW ZRXOG HQVXUH PRUH DFFXUDWH DQG FRQVLVWHQW UHVXOWV�

7KH DOLJQPHQW RI WKH 5DPDQ V\VWHP DOVR SRVHG D FKDOOHQJH� DQG ZH FRQFOXGHG WKDW LW
FRXOG EH LPSURYHG E\ UHPRYLQJ XQQHFHVVDU\ FRPSRQHQWV DQG UHGHVLJQLQJ LW WR XVH D ���QP ODVHU
ZDYHOHQJWK EDVH WR EH FRPSDWLEOH ZLWK 6(5V VXEVWUDWH DQG RWKHU SDUWLFOHV QRW XVHG LQ YLYR� 7KH
FRVW RI WKH V\VWHP FDQ DOVR EH UHGXFHG E\ XVLQJ D FKHDSHU ZDYHOHQJWK�

��� 6XPPDU\
,Q FRQFOXVLRQ� EXLOGLQJ D ORZ�FRVW 5DPDQ VSHFWURPHWHU IRU QRQ�LQYDVLYH JOXFRVH

PHDVXUHPHQW XVLQJ 6(5V VXEVWUDWH VDPSOHV LV D SURPLVLQJ FRQFHSW� +RZHYHU� ZH IDFHG
OLPLWDWLRQV LQ DFKLHYLQJ DFFXUDWH DQG UHOLDEOH UHVXOWV GXH WR WKH QHHG IRU KLJK VHQVLWLYLW\
FRPSRQHQWV DQG FKDOOHQJHV ZLWK DOLJQPHQW� 7R LPSURYH WKH V\VWHP� ZH UHFRPPHQG XVLQJ D
���QP ODVHU ZDYHOHQJWK EDVH� UHPRYLQJ XQQHFHVVDU\ FRPSRQHQWV� DQG FRQWUROOLQJ WKH
HQYLURQPHQW WR HQVXUH PRUH DFFXUDWH DQG FRQVLVWHQW UHVXOWV�
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&+$37(5 �

&21&/86,21

��� ,QWURGXFWLRQ

,Q WKLV FKDSWHU� ZH ILUVW VXPPDUL]H WKH ZRUN GHVFULEHG LQ WKLV UHSRUW �6HFWLRQ ����� 7KHQ

ZH GUDZ D QXPEHU RI FRQFOXVLRQV DERXW NH\ SDUWV RI WKH ZRUN XQGHUWDNHQ LQ 6HFWLRQ ���� DQG

ILQDOO\� LQ ��� ZH GLVFXVV IXWXUH ZRUN DQG KRZ WR LPSURYH WKH UHVHDUFK PHWKRG DQG H[SHULPHQWV�

��� 6XPPDU\

7KLV LV D VXPPDU\ RI HDFK FKDSWHU LQWUR DQG VXPPDU\

&KDSWHU � LQWURGXFHG WKH SUREOHP RI WKH PHWKRG RI LQYDVLYH GLDEHWHV GHWHFWLRQ DQG

SRWHQWLDO WR XVH 5DPDQ VSHFWURVFRS\ WR EH WKH QRQ�LQYDVLYH PHWKRG RI GHWHFWLRQ�

&KDSWHU � UHYLHZHG WKH VWDWH�RI�WKH�DUW LQ EORRG SDUWLFOH DQDO\VLV� PHWKRG RI QRQ�LQYDVLYH

GHWHFWLRQ� SUHYLRXV VWXGLHV RQ WKLV VXEMHFW� 6(5V VXEVWUDWH HQKDQFHPHQW EDVHG RQ XULQH ZDV

LQWURGXFHG DQG WKH ZDYHOHQJWK RI ,5 ODVHU GHVFULEHG� 7KH SRWHQWLDO IRU DUWLILFLDO LQWHOOLJHQFH IRU

DQDO\VLV�

&KDSWHU � GHVFULEHV WKH GHVLJQ RI WKH 5DPDQ VSHFWURPHWHU� 7KH PHWKRG RI FDOLEUDWLRQ DQG

LQVWUXPHQWDWLRQ KDYH EHHQ GHVFULEHG� 7KH PHWKRG RI VDPSOH FROOHFWLRQ KDV EHHQ LQFOXGHG� 8VLQJ

WKH SLFWXUH VXPPDWLRQ PHWKRG�

&KDSWHU � GHVFULEHG WKH UHVXOWV RI HDFK GHVLJQHG V\VWHP DQG OLPLWDWLRQV ZH KDYH

HQFRXQWHUHG�

&KDSWHU � GHVFULEHG WKH FRQVLGHUDWLRQV IRU GHPRQVWUDWLQJ DQG LPSURYLQJ WKLV UHVHDUFK�

��� &RQFOXVLRQV

,Q FRQFOXVLRQ� RXU VHQLRU SURMHFW DLPHG WR EXLOG D 5DPDQ VSHFWURPHWHU DQG PHDVXUH
JOXFRVH RQ 6(5V VXEVWUDWH ZKLOH FDOLEUDWLQJ WKH UHVXOWV XVLQJ D EHQFKPDUN H[SHULPHQW� 'HVSLWH
RXU EHVW HIIRUWV� ZH ZHUH XQDEOH WR REWDLQ VLJQLILFDQW UHVXOWV GXH WR DOLJQPHQW LVVXHV DQG
OLPLWDWLRQV RI RXU HTXLSPHQW� +RZHYHU� ZH OHDUQHG YDOXDEOH OHVVRQV WKURXJKRXW WKH SURFHVV�
LQFOXGLQJ WKH LPSRUWDQFH RI FDUHIXO SODQQLQJ� DWWHQWLRQ WR GHWDLO� DQG SHUVHYHUDQFH LQ WKH IDFH RI
VHWEDFNV�
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:H DOVR JDLQHG D GHHSHU XQGHUVWDQGLQJ RI 5DPDQ VSHFWURVFRS\� LWV SRWHQWLDO DSSOLFDWLRQV
LQ PHGLFDO GLDJQRVWLFV� DQG WKH FKDOOHQJHV RI FRQVWUXFWLQJ D IXQFWLRQDO LQVWUXPHQW RQ D OLPLWHG
EXGJHW� 2XU H[SHULHQFH XQGHUVFRUHV WKH QHHG IRU FRQWLQXHG LQQRYDWLRQ DQG UHVHDUFK LQ WKLV ILHOG
WR LPSURYH WKH DFFXUDF\ DQG UHOLDELOLW\ RI QRQ�LQYDVLYH JOXFRVH PRQLWRULQJ PHWKRGV�

$OWKRXJK ZH GLG QRW DFKLHYH RXU RULJLQDO JRDO� ZH EHOLHYH WKDW RXU SURMHFW KDV ODLG D VROLG
IRXQGDWLRQ IRU IXWXUH VWXGHQWV WR EXLOG XSRQ DQG IXUWKHU UHILQH� :H KRSH WKDW RXU HIIRUWV ZLOO
LQVSLUH RWKHUV WR SXUVXH VLPLODU SURMHFWV DQG FRQWULEXWH WR WKH DGYDQFHPHQW RI 5DPDQ
VSHFWURVFRS\ DQG PHGLFDO GLDJQRVWLFV DV D ZKROH�

��� 6XJJHVWLRQ
�� &RQVLGHU XVLQJ D GLIIHUHQW ZDYHOHQJWK ODVHU� VXFK DV ���QP� IRU EHWWHU FRPSDWLELOLW\ ZLWK

6(5V VXEVWUDWH DQG RWKHU SDUWLFOHV QRW LQ YLYR�

�� ([SORUH RSWLRQV IRU PRUH VHQVLWLYH FDPHUD GHWHFWRUV� LGHDOO\ ZLWK D TXDQWXP HIILFLHQF\

UDQJH RI ������� QP IRU XVH ZLWK WKH ��� QP ODVHU�

�� 5HYLHZ WKH GHVLJQ RI WKH V\VWHP WR UHPRYH DQ\ XQQHFHVVDU\ FRPSRQHQWV DQG PLQLPL]H

GLVWDQFH EHWZHHQ FRPSRQHQWV WR LPSURYH DOLJQPHQW�

�� &RQVLGHU LPSOHPHQWLQJ EHWWHU HQYLURQPHQWDO FRQWURO PHDVXUHV WR UHGXFH SRWHQWLDO VRXUFHV

RI HUURU�
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>�@ 2JXUWVRYD .�� 5RFKD )HUQDQGHV� -�'�� +XDQJ� <�� /LQQHQNDPS� 8�� *XDULJXDWD� /�� &KR�
1�+�� &DYDQ� '�� 6KDZ� -�(�� 0DNDURII� /�(� ,') 'LDEHWHV $WODV� *OREDO HVWLPDWHV IRU WKH
SUHYDOHQFH RI GLDEHWHV IRU ���� DQG ����� 'LDEHWHV 5HVHDUFK DQG &OLQLFDO 3UDFWLFH� �����

>�@ :DWVRQ� 6WHSKDQLH� 'LDEHWHV� 6\PSWRPV� &DXVHV� 7UHDWPHQW� 3UHYHQWLRQ� DQG 0RUH�
+HDOWKOLQH� )HEUXDU\ ��� �����

>�@ $JJLGLV� $� *� $�� 1HZPDQ� -� '�� DQG $JJLGLV� *� $� ,QYHVWLJDWLQJ SLSHOLQH DQG VWDWH RI WKH
DUW EORRG JOXFRVH ELRVHQVRUV WR IRUPXODWH QH[W VWHSV� %LRVHQVRUV DQG %LRHOHFWURQLFV� YRO� ��� SS�
���±���� �����

>�@ /LVD -� -DFRE� +DQV�3HWHU 'HLJQHU� 1DQRSDUWLFOHV DQG 1DQRVL]HG 6WUXFWXUHV LQ 'LDJQRVWLFV
DQG 7KHUDS\� 3UHFLVLRQ 0HGLFLQH� 3DJHV ��������

>�@ (PPDQXHO� 1�� 1DLU� 5� %�� $EUDKDP� %�� DQG <RRVDI� .� )DEULFDWLQJ D ORZ�FRVW 5DPDQ
VSHFWURPHWHU WR LQWURGXFH VWXGHQWV WR VSHFWURVFRS\ EDVLFV DQG DSSOLHG LQVWUXPHQW GHVLJQ� -RXUQDO
RI &KHPLFDO (GXFDWLRQ� YRO� ��� QR� �� SS� ����±����� �����

>�@ (GXDUGR� +�� 0RQWR\D� 5�� $XUHOLR $UELOGR� /�� 2VFDU� 5�� DQG %DOWXDQR� (�� $ +RPHPDGH
&RVW (IIHFWLYH 5DPDQ 6SHFWURPHWHU ZLWK +LJK 3HUIRUPDQFH� LQ -RXUQDO RI /DERUDWRU\ &KHPLFDO
(GXFDWLRQ� ����� ����� ������

>�@ .DQJ� -� :�� 3DUN� <� 6�� &KDQJ� +�� /HH� :�� 6LQJK� 6� 3�� &KRL� :�� *DOLQGR� /� +�� 'DVDUL�
5� 5�� 1DP� 6� +�� 3DUN� -�� DQG 6R� 3� 7� 'LUHFW REVHUYDWLRQ RI JOXFRVH ILQJHUSULQW XVLQJ LQ YLYR
5DPDQ VSHFWURVFRS\� 6FLHQFH $GYDQFHV� YRO� �� QR� �� �����

>�@ 6WU\HU� /� %LRFKHPLVWU\� �WK HG�� :�+� )UHHPDQ� 1HZ <RUN� �����

>�@ .DKQ� &� 5�� -RVOLQ� (� 3� -RVOLQ
V GLDEHWHV PHOOLWXV� ��WK HG�� /LSSLQFRWW :LOOLDPV 	 :LOONLQV�
3KLODGHOSKLD� �����

>��@ +HQU\� -� %� &OLQLFDO GLDJQRVLV DQG PDQDJHPHQW E\ ODERUDWRU\ PHWKRGV� ��WK HG�� 6DXQGHUV�
3KLODGHOSKLD� �����

>��@ 6KHUZDQL� 6� ,�� .KDQ� +� $�� (NK]DLP\� $�� 0DVRRG� $�� DQG 6DNKDUNDU� 0� .�
6LJQLILFDQFH RI KED�F WHVW LQ GLDJQRVLV DQG SURJQRVLV RI GLDEHWLF SDWLHQWV� %LRPDUNHU ,QVLJKWV�
YRO� ��� �����
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>��@ $QDV� 0� 1�� 1XUXQ� 1� .�� DQG 1RUDOL DQG 0� 1RUPDKLUD� $� 1� 1RQ�LQYDVLYH EORRG
JOXFRVH PHDVXUHPHQW� ���� ,(((�(0%6 &RQIHUHQFH RQ %LRPHGLFDO (QJLQHHULQJ DQG 6FLHQFHV�
SS� �������� �����

>��@ 'HOOD 0DQ� &�� &DXPR� $�� DQG &REHOOL� &� 7KH RUDO JOXFRVH PLQLPDO PRGHO� (VWLPDWLRQ RI
LQVXOLQ VHQVLWLYLW\ IURP D PHDO WHVW� LQ ,((( 7UDQVDFWLRQV RQ %LRPHGLFDO (QJLQHHULQJ� 0D\� YRO�
��� QR� �� SS� �������� �����

>��@ 6RNRO� <�� 6KFKDSRY� 3�� 7RPDVKHYVN\L� 5�� 9HOLJRUVN\L� 2�� 3LFNLQJ� 5�� DQG &KDNLURY� 5�
'DWD DQDO\VLV RI UDQGRP EORRG PHDVXUHPHQWV IRU DEQRUPDO FRQGLWLRQ GHWHFWLRQ� ,QWHUQHW
7HFKQRORJLHV DQG $SSOLFDWLRQV �,7$�� SS� �������� �����

>��@ 6KLK :��&� ³4XDQWLWDWLYH %LRORJLFDO 5DPDQ 6SHFWURVFRS\´ LQ 4XDQWLWDWLYH %LRORJLFDO
5DPDQ VSHFWURVFRS\ IRU QRQ�LQYDVLYH EORRG DQDO\VLV� HVVD\� YRO���� �����

>��@ .KDOLO� 2� 6� &OLQLFDO &KHPLVWU\� ��� �������� �����

>��@ .KDOLO� 2� 6� 'LDEHWHV 7HFKQRORJ\ 	 7KHUDSHXWLFV� �� �������� �����

>��@ 'HIURQ]R� 5� $�� 7RELQ� -� '�� $QGUHV� 5�� $PHULFDQ -RXUQDO RI 3K\VLRORJ\� ����
(����(���� �����

>��@ $UQROG� 0� $�� %XUPHLVWHU� -� -�� 6PDOO� *� :�� $QDO\WLFDO &KHPLVWU\� ��� ���������� �����

>��@ 2OHVEHUJ� -� 7� � $UQROG� 0� $�� 0HUPHOVWHLQ� &�� 6FKPLW]� -�� :DJQHU -� $SSOLHG
6SHFWURVFRS\� ��� ���������� �����

>��@ 0DUEDFK� 5�� .RVFKLQVN\� 7�� *ULHV� )� $�� +HLVH� +� 0� $SSOLHG 6SHFWURVFRS\� ��� ��������
�����

>��@ 5RELQVRQ� 0� 5�� (DWRQ� 5� 3�� +DDODQG� '� 0�� .RHSS� *� :�� 7KRPDV� (� 9�� 6WDOODUG� %�
5�� 5RELQVRQ 3� /� &OLQLFDO &KHPLVWU\� ��� ���������� �����

>��@ +DDODQG� '� 0�� 5RELQVRQ� 0� 5�� .RHSS� *� :�� 7KRPDV� (� 9�� (DWRQ 5� 3� $SSOLHG
6SHFWURVFRS\� ��� ���������� �����

>��@ 6PDOO� *� :�� $UQROG� 0� $�� 0DUTXDUGW� /� $� $QDO\WLFDO &KHPLVWU\� ��� ����� ����� �����

>��@ 6DPDQQ� $�� )LVFKEDFKHU� &�� -DJHPDQQ� .� 8�� 'DQ]HU� .�� 6FKXOHU� -�� 3DSHQNRUGW� /��
0XOOHU� 8� $� ([SHULPHQWDO DQG &OLQLFDO (QGRFULQRORJ\ 	 'LDEHWHV ����� ���� ��������

>��@ 0DUXR� .�� 2RWD� 7�� 7VXUXJL� 0�� 1DNDJDZD� 7�� $ULPRWR� +�� +D\DNDZD� 0�� 7DPXUD� 0��
2]DNL� <�� <DPDGD� <� $SSOLHG 6SHFWURVFRS\� ��� ���������� �����

>��@ 2OHVEHUJ� -� 7�� /LX� /� =�� 9DQ =HH� 9�� $UQROG� 0� $� $QDO\WLFDO &KHPLVWU\� ��� ��������
�����
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>��@ %XUPHLVWHU� -� -�� $UQROG� 0� $�� 6PDOO� *� :� 'LDEHWHV 7HFKQRORJ\ 	 7KHUDSHXWLFV� �� �����
�����

>��@ 0DUXR� .�� 7VXUXJL� 0�� 7DPXUD� 0�� 2]DNL� <� $SSOLHG 6SHFWURVFRS\� ��� ����� �����
�����

>��@ 'LHVVHO� (�� :LOOPDQQ� 6�� .DPSKDXV� 3�� .XUWH� 5�� 'DPP� 8�� +HLVH +� 0� $SSOLHG
6SHFWURVFRS\� ��� �������� �����

>��@ .LP� <� -�� +DKQ� 6�� <RRQ *� $SSOLHG 2SWLFV� ��� �������� �����

>��@ +HLVH� +� 0�� 0DUEDFK� 5� &HOOXODU DQG 0ROHFXODU %LRORJ\� ��� �������� �����

>��@ (QHMGHU� $� 0� .�� .RR� 7� :�� 2K� -�� +XQWHU� 0�� 6DVLF� 6�� )HOG� 0� 6�� +RURZLW] *� /�
2SWLFV /HWWHUV� ��� �����

>��@ 4X� -� 1� <�� :LOVRQ� %� &�� 6XULD '� $SSOLHG 2SWLFV� ��� ���������� �����

>��@ 5RKOHGHU� '�� .LHIHU� :�� 3HWULFK� :� $QDO\VW� ���� �������� �����

>��@ /DPEHUW� -� /�� 0RURRNLDQ� -� 0�� 6LUN� 6� -�� %RUFKHUW� 0� 6� -RXUQDO RI 5DPDQ
6SHFWURVFRS\� ��� �������� �����

>��@ $� 0� .� (QHMGHU� 7� *� 6FHFLQD� -� 2K� 0� +XQWHU� :� &� 6KLK� 6� 6DVLF� *� /� +RURZLW]� 0�
6� )HOG -RXUQDO RI %LRPHGLFDO 2SWLFV ����� ��� �������

>��@ -� &KDLNHQ� :� )LQQH\� 3� (� .QXGVRQ� 5� 6� :HLQVWRFN� 0� .KDQ� 5� -� %XVVMDJHU� '�
+DJUPDQ � 3� +DJUPDQ� <� :� =KDR� &� 0� 3HWHUVRQ� .� 3HWHUVRQ -RXUQDO RI %LRPHGLFDO 2SWLFV
����� ��

>��@ $� -� %HUJHU� 7� :� .RR� ,� ,W]NDQ� *� +RURZLW]� 0� 6� )HOG $SSOLHG 2SWLFV ����� ���
����������

>��@ &� &� 3HOOHWLHU� -� /� /DPEHUW� 0� %RUFKHUW $SSOLHG 6SHFWURVFRS\ ����� ��� ����������

>��@ 5� /XR� -� 3RSS� 	 7� %RFNOLW] 'HHS /HDUQLQJ IRU 5DPDQ 6SHFWURVFRS\� $ 5HYLHZ �����
$QDO\WLFD� ����� ���±����

>��@ ,� *RRGIHOORZ� <� %HQJLR� $� &RXUYLOOH� 'HHS /HDUQLQJ� 0,7 3UHVV� &DPEULGJH� 0$� 86$�
����� SS� �±����

>��@ .� +H� ;� =KDQJ� 6� 5HQ� -� 6XQ� 'HHS UHVLGXDO OHDUQLQJ IRU LPDJH UHFRJQLWLRQ� ,Q
3URFHHGLQJV RI WKH ���� ,((( &RQIHUHQFH RQ &RPSXWHU 9LVLRQ DQG 3DWWHUQ 5HFRJQLWLRQ �&935
������ /DV 9HJDV� 19� 86$� �� -XQH±� -XO\ ����� SS� �±���
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>��@ 2� 5RQQHEHUJHU� 3� )LVFKHU� 7� %UR[� 8�1HW� &RQYROXWLRQDO QHWZRUNV IRU ELRPHGLFDO LPDJH
VHJPHQWDWLRQ� DU;LY ����� DU;LY������������

>��@ ,� *RRGIHOORZ� <� %HQJLR� $� &RXUYLOOH� 'HHS /HDUQLQJ� 0,7 3UHVV� &DPEULGJH� 0$� 86$�
����� SS� �±����

>��@ ,� *RRGIHOORZ� -� 3RXJHW�$EDGLH� 0� 0LU]D� %� ;X� '� :DUGH�)DUOH\� 6� 2]DLU� $� &RXUYLOOH�
%HQJLR� <� *HQHUDWLYH DGYHUVDULDO QHWV� DU;LY ����� DU;LY�����������

>��@ %LVKRS� &� 0� ������ 1HXUDO 1HWZRUNV IRU 3DWWHUQ 5HFRJQLWLRQ� &ODUHQGRQ 3UHVV� 2[IRUG�
8.�

>��@ 7LPRWK\� 0�'� 1RQ�OLQHDU PHWKRGV IRU WKH DQDO\VLV RI PHWDEROLF SURILOHV�Q�G� LQ (OVHYLHU
%�9� ����� �� ��������

>��@ 5DPDQ� &�9�� .ULVKQDQ� .� 6� 1DWXUH ����� ���� ��������

>��@ 0F&UHHU\� 5� /� 5DPDQ VSHFWURVFRS\ IRU FKHPLFDO DQDO\VLV� -RKQ :LOH\ 	 6RQV� 1HZ <RUN�
�����

>��@ *LOOLHV� 5�� =RQLRV� *�� $QGHUVRQ� 5� 5�� .ROOLDV� 1� -RXUQDO RI ,QYHVWLJDWLYH 'HUPDWRORJ\
����� ���� ��������

>��@ +XOO� (� /�� (GLJHU� 0� 1�� 8QLRQH� $� +� 7�� 'HHPHU� (� .�� 6WURPDQ� 0� /�� %D\QHV� -�:�
2SWLFV([SUHVV ����� ��� ����������

>��@ 0XOOHU� 0� *�� *HRUJDNRXGL� ,�� =KDQJ� 4� *�� :X� -�� )HOG� 0� 6� $SSOLHG 2SWLFV �����
�������������

>��@ =HQJ� +�� 0DF$XOD\� &�� 3DOFLF� %�� 0F/HDQ� '� ,� 63,( ����� ����� ��������

>��@ =HQJ� +�� 0DF$XOD\� &�� 0F/HDQ� '� ,�� 3DOFLF� %�� /XL� +� 3KRWRFKHPLVWU\ DQG
3KRWRELRORJ\ ����� ��� ��������

>��@ -RQJHQ� $� -� /�� 6WHUHQERUJ� +� -� &� 0� 3K\VLFV LQ 0HGLFLQH DQG %LRORJ\ ����� ���
����������

>��@ *RUQXVKNLQ� ,� %�� (DJDQ� 3� (�� 1RYLNRY� $� %�� 6PLWK� %� :�� :LQHIRUGQHU� -� '�
$SSOLHG 6SHFWURVFRS\ ����� ��� ��������

>��@ /LHEHU� &� $�� 0DKDGHYDQ�-DQVHQ� $� $SSOLHG 6SHFWURVFRS\ ����� ��� ����������
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>��@ 9LFNHUV� 7� -�� :DPEOHV� 5� (�� 0DQQ� &� .� $SSOLHG 6SHFWURVFRS\ ����� ��� ��������

>��@ &DVSHUV� 3� -�� /XFDVVHQ� *� :�� 3XSSHOV� *� -� %LRSK\VLFDO-RXUQDO ����� ��� ��������

>��@ *XQVW� 5� )�� 0DVRQ� 5� /� 5HJUHVVLRQ DQDO\VLV DQG LWV DSSOLFDWLRQ � D GDWD�RULHQWHG
DSSURDFK�0� 'HNNHU� 1HZ <RUN� �����

>��@ :ROG� 6�� 0DUWLQ� +�� :ROG� +� /HFWXUH 1RWHV LQ 0DWKHPDWLFV� 6SULQJHU�9HUODJ� +HLGHOEHUJ�
�����

>��@ *UDQLWH� 6� 2SWLPLVDWLRQ RI 6(56 IRU *OXFRVH 6HQVLQJ� 5DPDQ VSHFWURVFRS\ LQ (GLQEXUJK
,QVWUXPHQWV $YDLODEOH� KWWSV���ZZZ�HGLQVW�FRP�RSWLPLVDWLRQ�RI�VHUV�IRU�JOXFRVH�VHQVLQJ�
>$FFHVVHG @2FW���������

>��@ FRQWULEXWRUV� 3� /� �Q�G��� $ KRPHPDGH FRVW HIIHFWLYH 5DPDQ VSHFWURPHWHU ZLWK KLJK
SHUIRUPDQFH LQ 3XEOLF /DE $YDLODEOH�
KWWSV���SXEOLFODE�RUJ�QRWHV�HPRQWR\D��������������D�KRPHPDGH�FRVW�HIIHFWLYH�UDPDQ�VSHFWURP
HWHU�ZLWK�KLJK�SHUIRUPDQFH >$FFHVVHG @2FW���������

>��@ '� 0RWWD� $� È� %� 6DQWRV� ,� :LQNOHU� %� $� 6� 0DFKDGR� '� $� '� ,� 3HUHLUD� $� 0�
&DYDOFDQWL� (� 2� /� )RQVHFD� )� .LUFKQHU� DQG 5� %DGDUy� ³$SSOLFDWLRQ RI FRQYROXWLRQDO QHXUDO
QHWZRUNV IRU FODVVLILFDWLRQ RI $GXOW 0RVTXLWRHV LQ WKH ILHOG�´ 3/26 21(� ���-XQ������ >2QOLQH@�
$YDLODEOH� KWWSV���MRXUQDOV�SORV�RUJ�SORVRQH�DUWLFOH"LG ���������)MRXUQDO�SRQH���������
>$FFHVVHG $SULO �� ����@�

>��@ ,� 6DUNHU� 0� )DUXTXH� +� $OTDKWDQL� DQG $� .DOLP� ³.�QHDUHVW QHLJKERU OHDUQLQJ EDVHG
GLDEHWHV PHOOLWXV SUHGLFWLRQ DQG DQDO\VLV IRU H+HDOWK 6HUYLFHV�´ ,&67 7UDQVDFWLRQV RQ 6FDODEOH
,QIRUPDWLRQ 6\VWHPV� S� ������� �����
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