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%DFNJURXQG 	 REMHFWLYH� 3DWLHQWV DGPLWWHG WR D QHRQDWDO LQWHQVLYH FDUH XQLW �1,&8� DUH �FRQ�
WLQXRXVO\� PRQLWRUHG RQ KHDUW UDWH� EORRG SUHVVXUH� DUWHULDO R[\JHQ VDWXUDWLRQ� DQG ELRFKHPLFDO
SDUDPHWHUV� 7R DVVHVV WKH KDHPRG\QDPLF VWDWH PRUH DFFXUDWHO\� FDUGLDF RXWSXW �&2� VKRXOG
DOVR EH WDNHQ LQWR FRQVLGHUDWLRQ� DV WKLV FDQ DVVLVW LQ WLPHO\ UHFRJQLWLRQ RI K\SRSHUIXVLRQ DQG
HDUO\ VWDJHV RI VKRFN� 0HDVXULQJ &2 LQ QHRQDWHV LV FRPSOH[� DV PRVW RI WKH PHWKRGV XVHG
LQ DGXOWV FDQQRW EH DSSOLHG LQ QHRQDWHV� (OHFWULFDO FDUGLRPHWU\ �(&� LV D PHWKRG EDVHG RQ
ELRLPSHGDQFH WKDW FRQWLQXRXVO\ PHDVXUHV &2� 5HVHDUFK YDOLGDWLQJ (& LQ �SUHWHUP� QHRQDWHV
LV VFDUFH� 7KHUHIRUH� WKH DLP RI WKLV VWXG\ LV WR GHWHUPLQH WKH DFFXUDF\ RI (& WR PHDVXUH &2
LQ FULWLFDOO\ LOO QHRQDWHV� XVLQJ WUDQVWKRUDFLF HFKRFDUGLRJUDSK\ �77(� DV D UHIHUHQFH PHWKRG�

0HWKRGV� 3DWLHQWV DGPLWWHG WR WKH 1,&8 RI WKH 5DGERXG80& 1LMPHJHQ� WKH 1HWKHUODQGV� ZLWK
D JHVWDWLRQDO DJH EHWZHHQ �� DQG �� ZHHNV ZHUH LQFOXGHG� &2 ZDV FRQWLQXRXVO\ PHDVXUHG
ZLWK (& �&2(&� DQG 77( ZDV SHUIRUPHG DW OHDVW RQFH SHU GD\ WR REWDLQ OHIW DQG ULJKW YHQWULFOH
RXWSXW �/9277(� 59277(�� %ODQG�$OWPDQ DQDO\VLV ZDV SHUIRUPHG WR GHWHUPLQH WKH DJUHHPHQW
EHWZHHQ WKH WZR PHWKRGV DQG WUHQGLQJ DELOLW\ ZDV DVVHVVHG XVLQJ FRQFRUGDQFH DQG SRODU SORW
DQDO\VLV�

5HVXOWV� �� HFKRFDUGLRJUDSK\¶V ZHUH SHUIRUPHG LQ �� QHRQDWHV ZLWK D PHGLDQ �,45� JHVWD�
WLRQDO DJH RI ���� ����� ± ����� ZHHNV DQG D ZHLJKW RI ���� ������ ± ����� J� 0HDQ � 6' RI
&2(&� /9277(� DQG 59277( ZDV ��� � ��� ��� � ��� DQG ��� � ��� P/�PLQ�NJ� UHVSHFWLYHO\�
%ODQG�$OWPDQ DQDO\VLV RI &2(& DQG /9277( >59277(@ UHVXOWHG LQ D PHDQ ELDV DQG SUHFLVLRQ
�����î6'� RI ����� >������@ DQG ��� >�����@ PO�PLQ�NJ� UHVSHFWLYHO\� ZLWK D SHUFHQW ELDV RI �
�� >������@ DQG D SHUFHQW HUURU RI ����� >�����@� )RU WUHQGLQJ DELOLW\� WKH FRQFRUGDQFH UDWH
ZDV ����� >���@ DQG WKH DQJXODU ELDV � UDGLDO OLPLWV RI DJUHHPHQW ZDV ������ � ��� >����� � ���@�

&RQFOXVLRQ� 7KHUH ZDV QR LQWHUFKDQJHDELOLW\ EHWZHHQ (& DQG 77(� 6LQFH HFKRFDUGLRJUDSK\
KDV LWV OLPLWDWLRQV DQG D SHUFHQW HUURU RI ���� LW LV XQFOHDU WR ZKDW H[WHQW WKH GLVDJUHHPHQW
EHWZHHQ WKH WZR PHWKRGV LV FDXVHG E\ HUURQHRXV &2 PHDVXUHPHQWV RI HLWKHU (& RU 77(� 7KLV
HPSKDVL]HV WKH QHHG IRU DQRWKHU� PRUH DFFXUDWH UHIHUHQFH PHWKRG�
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�' ��GLPHQVLRQDO
$9 $UWHULRYHQRXV
&2 &DUGLDF RXWSXW
&29 &RHIILFLHQW RI YDULDWLRQ
&6$ &URVV VHFWLRQDO DUHD
'$ 'XFWXV DUWHULRVXV
(& (OHFWULFDO FDUGLRPHWU\
)2 )RUDPHQ RYDOH
+5 +HDUW UDWH
,45 ,QWHUTXDUWLOH UDQJH
/2$ /LPLWV RI DJUHHPHQW
/92 /HIW YHQWULFXODU RXWSXW
/927 /HIW YHQWULFXODU RXWIORZ WUDFW
/969 /HIW YHQWULFXODU VWURNH YROXPH
Q&3$3 1DVDO FRQWLQXRXV SRVLWLYH DLUZD\ SUHVVXUH
1,&8 1HRQDWDO LQWHQVLYH FDUH XQLW
3$ 3XOPRQDU\ DUWHU\
3'$ 3DWHQW GXFWXV DUWHULRVXV
3)2 3DWHQW IRUDPHQ RYDOH
592 5LJKW YHQWULFXODU RXWSXW
5927 5LJKW YHQWULFXODU RXWIORZ WUDFW
5969 5LJKW YHQWULFXODU VWURNH YROXPH
6' 6WDQGDUG GHYLDWLRQ
6S2� 2[\JHQ VDWXUDWLRQ
64, 6LJQDO TXDOLW\ LQGH[
69 6WURNH YROXPH
738' 7UDQVSXOPRQDU\ XOWUDVRXQG GLOXWLRQ
77( 7UDQVWKRUDFLF HFKRFDUGLRJUDSK\
97, 9HORFLW\ WLPH LQWHJUDO
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$EVWUDFW L

/LVW RI DEEUHYLDWLRQV DQG DFURQ\PV LLL

/LVW RI ILJXUHV YLLL

/LVW RI WDEOHV L[

� ,QWURGXFWLRQ �

� 7KHRUHWLFDO IUDPHZRUN �
��� 7UDQVLWLRQDO KDHPRG\QDPLFV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� &OLQLFDO UHOHYDQFH RI KDHPRG\QDPLF PRQLWRULQJ � � � � � � � � � � � � � � � � � � � �
��� 7HFKQRORJLFDO DVSHFWV RI FDUGLDF RXWSXW PRQLWRULQJ � � � � � � � � � � � � � � � � � �

����� 7UDQVWKRUDFLF HFKRFDUGLRJUDSK\ � � � � � � � � � � � � � � � � � � � � � � � �
����� (OHFWULFDO FDUGLRPHWU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� $LP ��

� 0HWKRGV ��
��� 3RSXODWLRQ DQG VWXG\ GHVLJQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'DWD DFTXLVLWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'DWD DQDO\VLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 9DOLGDWLRQ RI HOHFWULFDO FDUGLRPHWU\ � � � � � � � � � � � � � � � � � � � � � � ��
����� 7UHQGLQJ DELOLW\ RI HOHFWULFDO FDUGLRPHWU\ � � � � � � � � � � � � � � � � � � � ��
����� +HDUW UDWH FRPSDULVRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ,QIOXHQFH RI SDWLHQW ZHLJKW DQG KHLJKW � � � � � � � � � � � � � � � � � � � � ��
����� ,QIOXHQFH RI WUDQVWKRUDFLF HFKRFDUGLRJUDSK\ � � � � � � � � � � � � � � � � � ��
����� 8VDELOLW\� GXUDELOLW\ RI HOHFWURGHV � � � � � � � � � � � � � � � � � � � � � � � ��

� 5HVXOWV ��
��� 3RSXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 9DOLGDWLRQ RI HOHFWULFDO FDUGLRPHWU\ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7UHQGLQJ DELOLW\ RI HOHFWULFDO FDUGLRPHWU\ � � � � � � � � � � � � � � � � � � � � � � � ��
��� +HDUW UDWH FRPSDULVRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ,QIOXHQFH RI SDWLHQW ZHLJKW DQG KHLJKW � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ,QIOXHQFH RI WUDQVWKRUDFLF HFKRFDUGLRJUDSK\ � � � � � � � � � � � � � � � � � � � � � ��
��� 8VDELOLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 'LVFXVVLRQ ��
��� 9DOLGDWLRQ DQG WUHQGLQJ DELOLW\ RI HOHFWULFDO FDUGLRPHWU\ � � � � � � � � � � � � � � � ��
��� 5HOLDELOLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 8VDELOLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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��� /LPLWDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &RQFOXVLRQ ��

� 5HFRPPHQGDWLRQV DQG IXWXUH ZRUN ��

5HIHUHQFHV ��

$SSHQGL[ $� )LJXUHV ��

$SSHQGL[ %� 7DEOHV ��
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��� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH IHWDO FLUFXODWLRQ �OHIW� ZLWK WKH IRUDPHQ RYDOH DQG
WKH GXFWXV DUWHULRVXV ZKLFK WXUQ LQWR WKH IRVVD RYDOLV DQG WKH OLJDPHQWXP DUWH�
ULRVXP LQ WKH QHRQDWDO FLUFXODWLRQ �ULJKW�� $GDSWHG IURP >�@ � � � � � � � � � � � � � �

��� 6FKHPDWLF UHSUHVHQWDWLRQ RI SXOVHG�ZDYH 'RSSOHU� :LWK ∆f � 'RSSOHU VKLIW� ft�
IUHTXHQF\ RI WUDQVPLWWHG VLJQDO� fr� IUHTXHQF\ RI UHFHLYHG VLJQDO� θ� DQJOH RI
LQVRQDWLRQ� v� YHORFLW\ DQG 5%&V� UHG EORRG FHOOV� $GDSWHG IURP >�@ � � � � � � � � �

��� ([DPSOH RI /92 PHDVXUHPHQW ZLWK 77(� 5HSULQWHG ZLWK SHUPLVVLRQ IURP >�@ � � �
��� ([DPSOH RI 592 PHDVXUHPHQW ZLWK 77(� 5HSULQWHG ZLWK SHUPLVVLRQ IURP >�@ � � �
��� ([SODQDWRU\ ILJXUH RI WKH (& WKHRU\� $W WKH WRS� WKH (&* VLJQDO LV VKRZQ� 7KH

LQYHUWHG FKDQJH RI LPSHGDQFH �PLGGOH� −dZ(t)� LQFUHDVHV XSRQ RSHQLQJ RI WKH
DRUWLF YDOYH DQG GHFUHDVHV GXULQJ GLDVWROH� 7KH SHDN LQ WKH FDOFXODWHG WLPH�
GHULYDWLYH RI−dZ(t) �ERWWRP�−dZ(t)

dt � FRUUHVSRQGV WR WKH SHDN DRUWLF DFFHOHUDWLRQ�
/9(7� OHIW YHQWULFXODU HMHFWLRQ WLPH� 755� 5�5 LQWHUYDO� $GDSWHG IURP >�@ � � � � � �

��� 5HSUHVHQWDWLRQ RI WKH HOHFWURGH SRVLWLRQV RQ D �SUHPDWXUH� EDE\ PDQQHTXLQ� $�
ULJKW WHPSRUDO DUHD� %� ULJKW VLGH RI WKH QHFN� &� OHIW PLGD[LOODU\ OLQH DW [LSKRLG
OHYHO� '� OHIW LQQHU WKLJK� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7LPHOLQH RI WKH LQWHUYDOV XVHG WR GHWHUPLQH WKH LQIOXHQFH RI 77( RQ WKH KDHPR�
G\QDPLF SDUDPHWHUV DQG 64,� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� %ODQG�$OWPDQ DQDO\VLV RI &2(& DQG /9277( �1  ���� � � � � � � � � � � � � � � � ��
��� %ODQG�$OWPDQ DQDO\VLV RI &2(& DQG 59277( �1  ���� � � � � � � � � � � � � � � � ��
��� 6FDWWHU SORW RI &2(& DQG /9277( ZLWK PDUNHG UHJLRQV IRU FDWHJRULVDWLRQ �1  ����

%OXH� ORZ &2 ����� P/�PLQ�NJ�� JUHHQ� QRUPDO &2 �������� P/�PLQ�NJ�� UHG�
KLJK &2 �!��� P/�PLQ�NJ�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6FDWWHU SORW RI &2(& DQG 59277( ZLWK PDUNHG UHJLRQV IRU FDWHJRULVDWLRQ �1  
���� %OXH� ORZ &2 ����� P/�PLQ�NJ�� JUHHQ� QRUPDO &2 �������� P/�PLQ�NJ��
UHG� KLJK &2 �!��� P/�PLQ�NJ�� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQFRUGDQFH SORW RI &2(& DQG /9277( ZLWK DQ H[FOXVLRQ ]RQH �LQ JUH\� RI ��
P/�PLQ�NJ �1  ���� 7KH GDVKHG OLQH UHSUHVHQWV WKH DQJOH RI LGHQWLW\� � � � � � � ��

��� &RQFRUGDQFH SORW RI &2(& DQG 59277( ZLWK DQ H[FOXVLRQ ]RQH �LQ JUH\� RI ��
P/�PLQ�NJ �1  ���� 7KH GDVKHG OLQH UHSUHVHQWV WKH DQJOH RI LGHQWLW\� � � � � � � ��

��� 3RODU SORW RI &2(& DQG /9277( ZLWK DQ H[FOXVLRQ ]RQH RI �� P/�PLQ�NJ �1  
���� 7KH GRWWHG OLQH UHSUHVHQWV WKH DQJXODU ELDV �������� DQG WKH GDVKHG OLQHV
UHSUHVHQW WKH UDGLDO OLPLWV RI DJUHHPHQW ������ 	 �������� � � � � � � � � � � � � � � ��

��� 3RODU SORW RI &2(& DQG 59277( ZLWK DQ H[FOXVLRQ ]RQH RI �� P/�PLQ�NJ �1  
���� 7KH GRWWHG OLQH UHSUHVHQWV WKH DQJXODU ELDV �������� DQG WKH GDVKHG OLQHV
UHSUHVHQW WKH UDGLDO OLPLWV RI DJUHHPHQW ������ 	 �������� � � � � � � � � � � � � � � ��

��� 7KH FURVV�FRYDULDQFH EHWZHHQ +5(& DQG UHIHUHQFH PHWKRG +5(&*� � � � � � � � ��
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���� +5 GDWD RI D VLQJOH SDWLHQW RYHU WLPH DORQJ ZLWK WKH 64,� $W WKH WRS� WKH RULJLQDO
+5(& DQG +5(&* LV VKRZQ� $W WKH ERWWRP� WKH +5(&* GDWD LV VKLIWHG IRUZDUG IRU
WKH REWDLQHG ODJ RI � PLQXWH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 'LIIHUHQFH EHWZHHQ +5(& DQG +5(&* RI D VLQJOH SDWLHQW RYHU WLPH� $W WKH WRS�
WKH RULJLQDO +5(& DQG +5(&* LV VKRZQ� $W WKH ERWWRP� WKH +5(&* GDWD LV VKLIWHG
IRUZDUG IRU WKH REWDLQHG ODJ RI � PLQXWH� � � � � � � � � � � � � � � � � � � � � � � � ��

���� &RUUHODWLRQV DQG OLQHV RI UHJUHVVLRQ EHWZHHQ SDWLHQW ZHLJKW RU KHLJKW DQG &2� $�
ZHLJKW YV &2(& �1  ���� %� KHLJKW YV &2(& �1  ���� &� ZHLJKW YV /9277( �1
 ���� '� KHLJKW YV /9277( �1  ���� (� ZHLJKW YV 59277( �1  ���� )� KHLJKW YV
59277( �1  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 0HDVXUHG SDUDPHWHUV RI D VLQJOH SDWLHQW IRU WKH WKUHH LQWHUYDOV� EHIRUH� GXULQJ�
DQG DIWHU 77(� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 7KH SURSRUWLRQ RI VDPSOHV ZLWK D JRRG 64, �� ���� RYHU WLPH VKRZQ IRU WKUHH
LQGLYLGXDO VXEMHFWV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� %ODQG�$OWPDQ DQDO\VLV RI 69(& DQG /96977( �1  ���� � � � � � � � � � � � � � � � ��
� %ODQG�$OWPDQ DQDO\VLV RI 69(& DQG 596977( �1  ���� � � � � � � � � � � � � � � ��
� 0HDVXUHG GLDPHWHU RI WKH /927 DW WKH KLQJH SRLQWV RI WKH DRUWLF YDOYH LQ SDWLHQWV

ZKHUH PXOWLSOH 77(¶V ZHUH SHUIRUPHG �1  ���� � � � � � � � � � � � � � � � � � � � ��
� 0HDVXUHG GLDPHWHU RI WKH 5927 DW WKH SXOPRQDU\ YDOYH LQVHUWLRQ LQ SDWLHQWV

ZKHUH PXOWLSOH 77(¶V ZHUH SHUIRUPHG �1  ���� � � � � � � � � � � � � � � � � � � � ��
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��� 9DOLGDWLRQ VWXGLHV RI (&� 1$� QRW DYDLODEOH� � � � � � � � � � � � � � � � � � � � � � ��

��� 3DWLHQW GHPRJUDSKLFV �1 ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5HVXOWV RI WKH )ULHGPDQ¶V $129$ WHVWV ZLWK WKH HIIHFW VL]H H[SUHVVHG E\ .HQGDOO¶V

W �1  ���� ∗ 64, � ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 5HVXOWV RI WKH %ODQG�$OWPDQ DQDO\VHV RI +5(& DQG +5(&* �1  ���� � � � � � � � ��
� 5HVXOWV RI WKH %ODQG�$OWPDQ DQDO\VHV RI +5(& DQG +5(&*� ZLWK +5(&* VKLIWHG

IRU WKH WLPH ODJ �1  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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(DFK \HDU DSSUR[LPDWHO\ ����� QHRQDWHV DUH DGPLWWHG WR RQH RI WKH QLQH QHRQDWDO LQWHQVLYH FDUH
XQLWV �1,&8V� LQ WKH 1HWKHUODQGV�>�@ 7KLV QXPEHU LQFOXGHV ERWK WHUP DQG SUHWHUP �ERUQ EHIRUH
�� ZHHNV RI JHVWDWLRQ� QHRQDWHV ZLWK YDULRXV FRQGLWLRQV� VXFK DV FDUGLRYDVFXODU SUREOHPV�
UHVSLUDWRU\ SUREOHPV� RU FRQJHQLWDO GLVRUGHUV� 3DWLHQWV DGPLWWHG WR WKH 1,&8 DUH PRQLWRUHG RQ
VHYHUDO FOLQLFDO DQG ELRFKHPLFDO SDUDPHWHUV� ZKLFK FDQ EH XVHG E\ WKH SK\VLFLDQV WR HVWLPDWH
FDUGLDF RXWSXW �&2�� +RZHYHU� WKH FOLQLFDO HVWLPDWLRQ RI &2 LV XQUHOLDEOH DV UHVHDUFK LQ D SDH�
GLDWULF LQWHQVLYH FDUH VHWWLQJ KDV VKRZQ WKDW RQO\ ��� RI WKH SDWLHQWV LQ D WUXH ORZ &2 VWDWH
DUH FRUUHFWO\ FDWHJRUL]HG DV VXFK�>�@ ,I WKH ORZ &2 VWDWH LV QRW UHFRJQLVHG LQ WLPH� WKH V\VWHPLF
K\SRSHUIXVLRQ DQG HDUO\ VWDJHV RI VKRFN FDQ SURJUHVV WR XQFRPSHQVDWHG VKRFN� OHDGLQJ WR
LQFUHDVHG PRUELGLW\ DQG PRUWDOLW\� +HQFH� PRQLWRULQJ RI WKH &2 VKRXOG DOVR EH WDNHQ LQWR FRQ�
VLGHUDWLRQ WR GHWHUPLQH WKH KHPRG\QDPLF VWDWH RI WKH LQIDQW PRUH DFFXUDWHO\� 8QIRUWXQDWHO\�
PHDVXULQJ WKH &2 LQ QHRQDWHV LV FRPSOH[� DV PRVW RI WKH PHWKRGV XVHG LQ DGXOWV FDQQRW EH
DSSOLHG LQ QHRQDWHV GXH WR WHFKQLFDO OLPLWDWLRQV� 6HYHUDO V\VWHPV WR PRQLWRU WKH &2 KDYH EHHQ
EURXJKW WR PDUNHW RYHU WKH ODVW IHZ \HDUV� EXW HYLGHQFH VXSSRUWLQJ WKHLU XVH DQG UHOLDELOLW\ LQ
�SUHWHUP� QHRQDWHV LV ODFNLQJ�>�� �� �@ 7KLV VWXG\ WKHUHIRUH VHHNV WR H[DPLQH WKH XVHIXOQHVV RI
RQH RI PDQ\ QRQLQYDVLYH HOHFWULFDO ELRVHQVLQJ WHFKQRORJLHV WR PHDVXUH WKH &2 LQ FULWLFDOO\ LOO
�SUHWHUP� QHRQDWHV�
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��� 7UDQVLWLRQDO KDHPRG\QDPLFV

$W ELUWK� D PDMRU WUDQVLWLRQ LQ KDHPRG\QDPLFV WDNHV SODFH ZKHQ WKH IRHWDO FLUFXODWLRQ FKDQJHV
LQWR WKH QHRQDWDO FLUFXODWLRQ �VHH )LJXUH ����� ,Q XWHUR� JDV H[FKDQJH RFFXUV LQ WKH SODFHQWD
IURP ZKLFK WKH R[\JHQ�ULFK EORRG IORZV WKURXJK WKH XPELOLFDO YHLQ LQWR WKH LQIHULRU YHQD FDYD YLD
WKH GXFWXV YHQRVXV� 8SRQ HQWHULQJ WKH ULJKW DWULXP� PRVW RI WKH EORRG LV VKXQWHG WKURXJK WKH
IRUDPHQ RYDOH �)2� WR WKH OHIW DWULXP� IURP ZKHUH LW IORZV LQWR WKH OHIW YHQWULFOH DQG DRUWD� 7KH
GXFWXV DUWHULRVXV �'$� DOORZV WKH EORRG WKDW HQWHUHG WKH ULJKW YHQWULFOH DQG SXOPRQDU\ DUWHU\
�3$� WR VKXQW GLUHFWO\ LQWR WKH DRUWD� VR LW FDQ E\SDVV WKH KLJK�UHVLVWDQFH SXOPRQDU\ V\VWHP�
%HFDXVH RI WKH ULJKW�WR�OHIW VKXQWV� WKH ULJKW YHQWULFOH LV DFFRXQWDEOH IRU ��� RI WKH FRPELQHG
YHQWULFXODU &2�>�@

$V VRRQ DV WKH LQIDQW WDNHV LWV ILUVW EUHDWK� SXOPRQDU\ YDVFXODU UHVLVWDQFH GHFUHDVHV� ZKLOH
V\VWHPLF YDVFXODU UHVLVWDQFH LQFUHDVHV GXH WR FRUG FODPSLQJ� 7KH GHFUHDVHG SXOPRQDU\ YDV�
FXODU UHVLVWDQFH DOORZV DQ LQFUHDVH RI WKH SXOPRQDU\ EORRG IORZ� DQG PRUH EORRG HQWHUV WKH OHIW
DWULXP� OHDGLQJ WR DQ LQFUHDVH RI OHIW DWULDO SUHVVXUH� ZKLFK FDXVHV IXQFWLRQDO FORVXUH RI WKH )2�
$IWHU D IHZ ZHHNV� WKH )2 LV SHUPDQHQWO\ FORVHG DQG IRUPV WKH IRVVD RYDOLV� '$ FORVXUH LV LQL�
WLDWHG E\ ZLWKGUDZDO RI SURVWDJODQGLQ SURGXFWLRQ� DQG LW FRQWUDFWV GXH WR DQ LQFUHDVH RI DUWHULDO
R[\JHQ FRQWHQW� 7KH '$ SK\VLRORJLFDOO\ FORVHV ZLWKLQ �� KRXUV DIWHU ELUWK LQ WHUP QHRQDWHV DQG
FRPSOHWH FORVXUH RFFXUV ZLWKLQ D PRQWK� DIWHU ZKLFK LW WXUQV LQWR WKH OLJDPHQWXP DUWHULRVXP�>�@
,Q SUHWHUP QHRQDWHV ERUQ DW RU DIWHU �� ZHHNV RI JHVWDWLRQ� D SDWHQW GXFWXV DUWHULRVXV �3'$�
LV VHHQ LQ ��� DQG �� RI WKH FDVHV E\ UHVSHFWLYH � DQG � GD\V DIWHU ELUWK�>��@ ��� DQG ���
RI WKH H[WUHPHO\ SUHWHUP LQIDQWV ERUQ EHWZHHQ �� DQG �� ZHHNV RI JHVWDWLRQ KDYH D 3'$ E\
UHVSHFWLYHO\ � DQG � GD\V DIWHU ELUWK�>��@ 7KH PDMRULW\ RI WKH LQIDQWV ZLWK D 3'$ VKRZ OHIW�WR�ULJKW
VKXQWLQJ�>�@ :KHQ GXFWDO DQG LQWHUDWULDO VKXQWV DUH DEVHQW� OHIW YHQWULFXODU RXWSXW �/92� DQG ULJKW
YHQWULFXODU RXWSXW �592� UHIOHFW V\VWHPLF EORRG IORZ DQG V\VWHPLF YHQRXV UHWXUQ� UHVSHFWLYHO\�
,Q WKH SUHVHQFH RI OHIW�WR�ULJKW VKXQWLQJ WKURXJK D 3'$� /92 RYHUHVWLPDWHV V\VWHPLF FLUFXODWLRQ�
DQG V\VWHPLF YHQRXV UHWXUQ LV RYHUHVWLPDWHG E\ 592 ZKHQ OHIW�WR�ULJKW VKXQWLQJ RFFXUV WKURXJK
D SDWHQW IRUDPHQ RYDOH �3)2��>�@

��� &OLQLFDO UHOHYDQFH RI KDHPRG\QDPLF PRQLWRULQJ

1RZDGD\V� QHRQDWHV DUH KDHPRG\QDPLFDOO\ PRQLWRUHG E\ �FRQWLQXRXV� PHDVXUHPHQWV RI WKH
KHDUW UDWH �+5�� DUWHULDO R[\JHQ VDWXUDWLRQ �6S2��� EORRG SUHVVXUH� FDSLOODU\ UHILOO WLPH� XULQH
RXWSXW� VHUXP ODFWDWH FRQFHQWUDWLRQ� EORRG JDV DQDO\VLV� DQG FHQWUDO�SHULSKHUDO WHPSHUDWXUH
GLIIHUHQFH� +RZHYHU� WKHVH SDUDPHWHUV VKRZ SRRU FRUUHODWLRQ ZLWK V\VWHPLF EORRG IORZ� $ PRUH
UHOLDEOH GHWHUPLQDQW RI V\VWHPLF EORRG IORZ� DQG WKHUHIRUH DOVR RI R[\JHQ GHOLYHU\� LV WKH &2�
7KLV LV WKH DPRXQW RI EORRG SXPSHG E\ WKH KHDUW SHU PLQXWH DQG LV JLYHQ E\ WKH SURGXFW RI
WKH +5 DQG WKH VWURNH YROXPH �69�� ZKLFK LQ WXUQ LV GHWHUPLQHG E\ SUHORDG� FRQWUDFWLOLW\� DQG
DIWHUORDG�>�� �@
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)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH IHWDO FLUFXODWLRQ �OHIW� ZLWK WKH IRUDPHQ RYDOH DQG WKH GXFWXV
DUWHULRVXV ZKLFK WXUQ LQWR WKH IRVVD RYDOLV DQG WKH OLJDPHQWXP DUWHULRVXP LQ WKH QHRQDWDO FLUFXODWLRQ
�ULJKW�� $GDSWHG IURP >�@

&RQWLQXRXV DVVHVVPHQW RI WKH &2 GXULQJ WKH WUDQVLWLRQDO SKDVH� ZKHUH FRQVLGHUDEOH FKDQJHV
RFFXU LQ SUHORDG� FRQWUDFWLOLW\� SXOPRQDU\ YDVFXODU UHVLVWDQFH� V\VWHPLF YDVFXODU UHVLVWDQFH� DQG
EORRG IORZ� FDQ EH XVHIXO VLQFH DGDSWDWLRQ WR WKHVH FKDQJHV FDQ EH GLIILFXOW� 3UHWHUP LQIDQWV�
HVSHFLDOO\ WKH H[WUHPHO\ SUHWHUP� DUH LOO�SUHSDUHG IRU WKH KDHPRG\QDPLF WUDQVLWLRQ WKDW RFFXUV DW
ELUWK� EHFDXVH RI WKH VWUXFWXUDOO\ DQG IXQFWLRQDOO\ LPPDWXUH FDUGLRYDVFXODU V\VWHP� 7KHLU KHDUWV
KDYH OLPLWHG FDSDFLW\ WR LQFUHDVH FRQWUDFWLOLW\ DQG KDYH OHVV IRUFH GXULQJ FRQWUDFWLRQ� LQFUHDVLQJ
WKH ULVN IRU ORZ YHQWULFXODU RXWSXW DQG ORZ V\VWHPLF DUWHULDO SUHVVXUH�>�� �� �@

6HYHUDO RWKHU IDFWRUV DIIHFWLQJ FDUGLRYDVFXODU IXQFWLRQ GXULQJ WKH WUDQVLWLRQDO SHULRG H[LVW� IRU
H[DPSOH SHULQDWDO DVSK\[LD� 7KH K\SR[LF LQVXOW LQ SHULQDWDO DVSK\[LD OHDGV WR D GHFUHDVH LQ
69 DQG &2 VHFRQGDU\ WR P\RFDUGLDO LPSDLUPHQW DQG� LQ VHYHUH FDVHV� FDQ OHDG WR FDUGLRJHQLF
VKRFN� $QRWKHU H[DPSOH LV QHRQDWDO VHSVLV� ZKLFK GHFUHDVHV WKH YDVRPRWRU WRQH DQG� LI QRW
FRPSHQVDWHG E\ DQ LQFUHDVH LQ &2� FDXVHV K\SRSHUIXVLRQ DQG VKRFN� ,QIDQWV ZLWK LQWUDXWHU�
LQH JURZWK UHVWULFWLRQ VKRZ QR FKDQJH LQ OHIW YHQWULFOH 69 DIWHU ELUWK DQG LQFUHDVH WKHLU +5 WR
PDLQWDLQ &2� ZKHUHDV KHDOWK\ QHRQDWHV VKRZ DQ LQFUHDVH LQ OHIW YHQWULFOH 69 DQG &2� DQG D
GHFUHDVH LQ +5�>��@ 0RUHRYHU� SRVLWLYH SUHVVXUH YHQWLODWLRQ FDQ KDYH D GLPLQLVKLQJ HIIHFW RQ
WKH &2� $ KLJK PHDQ DLUZD\ SUHVVXUH FDQ FDXVH RYHUH[SDQVLRQ RI WKH OXQJ� ZKLFK JHQHUDWHV
DQ LQFUHDVH LQ SXOPRQDU\ YDVFXODU UHVLVWDQFH DQG D GHFUHDVH LQ SXOPRQDU\ EORRG IORZ� UHVXOWLQJ
LQ D GHFUHDVH LQ /92� $GGLWLRQDOO\� KLJK PHDQ DLUZD\ SUHVVXUH LQFUHDVHV LQWUDWKRUDFLF SUHVVXUH
ZKLFK UHGXFHV YHQRXV UHWXUQ� 7KHUHIRUH� FRQWLQXRXV DVVHVVPHQW RI WKH &2� WRJHWKHU ZLWK +5�
DUWHULDO R[\JHQ VDWXUDWLRQ� DQG EORRG SUHVVXUH� FDQ KHOS ZLWK >�� ��@�

� 7LPHO\ UHFRJQLWLRQ DQG WUHDWPHQW RI K\SRSHUIXVLRQ� ORZ IORZ� DQG HDUO\ VWDJHV RI VKRFN�
KHQFH SUHYHQWLRQ RI SURJUHVVLQJ WR XQFRPSHQVDWHG VKRFN OHDGLQJ WR LQFUHDVHG PRUELGLW\
DQG PRUWDOLW\�

� $VVHVVLQJ WKH UHVSRQVH WR WUHDWPHQW�

� (VWDEOLVKLQJ PRUH NQRZOHGJH DERXW GHYHORSPHQWDO FDUGLRYDVFXODU SK\VLRORJ\ WR LPSURYH
WUHDWPHQW VWUDWHJLHV�
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��� 7HFKQRORJLFDO DVSHFWV RI FDUGLDF RXWSXW PRQLWRULQJ

,Q DGXOWV� WKH JROG VWDQGDUG IRU PHDVXULQJ WKH &2 LV WKH 3$ FDWKHWHU XVLQJ WKHUPRGLOXWLRQ�
'XH WR VL]H UHVWUDLQWV� SRWHQWLDO LQGLFDWRU WR[LFLW\� DQG WKH �YLWDO� SUHVHQFH RI H[WUD� DQG LQ�
WUDFDUGLDF VKXQWV LQ HDUO\ OLIH� WKLV 3$ FDWKHWHU� DV ZHOO DV RWKHU &2 PHDVXUHPHQW PHWKRGV�
FDQQRW EH XVHG LQ QHRQDWHV� 2WKHU PHWKRGV XVHG WR PHDVXUH WKH &2 LQ QHZERUQ LQIDQWV
LQFOXGH WUDQVFXWDQHRXV 'RSSOHU� 05,� WUDQVWKRUDFLF HFKRFDUGLRJUDSK\ �77(�� DQG HOHFWULFDO
ELRVHQVLQJWHFKQRORJLHV�>��@

7KH WUDQVFXWDQHRXV 'RSSOHU WHFKQLTXH XVHV FRQWLQXRXV ZDYH 'RSSOHU WR HVWLPDWH DQG GLVSOD\
EORRG IORZ DFURVV WKH DRUWLF RU SXOPRQDU\ YDOYH� ,W LV IDVW DQG QRQLQYDVLYH� EXW WKH DUHD RI LQWHU�
HVW LV QRW YLVXDOLVHG� 0RUHRYHU� WKH FURVV�VHFWLRQDO DUHD RI WKH RXWIORZ WUDFW LV HVWLPDWHG EDVHG
RQ SDWLHQW KHLJKW� ZHLJKW� DQG DJH� ZKLFK FDQ FDXVH HUURQHRXV &2�YDOXHV� :KHQ FRPSDUHG
ZLWK WUDQVFXWDQHRXV 'RSSOHU� 05, KDV D EHWWHU DFFXUDF\ DQG UHSHDWDELOLW\� EXW EHFDXVH LW LV
WLPH�FRQVXPLQJ� QRQ�FRQWLQXRXV� H[SHQVLYH� DQG QRW EHGVLGH DYDLODEOH� LW LV XQVXLWDEOH� 77(�
KRZHYHU� LV EHGVLGH DYDLODEOH� QRQLQYDVLYH� DQG SURYLGHV UHDO�WLPH LQIRUPDWLRQ� 7KHUHIRUH� 77(
LV XVHG PRVW RIWHQ WR PHDVXUH WKH &2 LQ �SUHWHUP� QHRQDWHV�>�� �� ��@

$QRWKHU QRQLQYDVLYH� EHGVLGH DYDLODEOH PHWKRG WR PRQLWRU WKH FDUGLDF RXWSXW LV E\ XVLQJ HOHFWUL�
FDO ELRVHQVLQJ WHFKQRORJLHV� VXFK DV WUDQVWKRUDFLF ELRUHDFWDQFH �1,&20��� HOHFWULFDO FDUGLRP�
HWU\ �,&21��� DQG ZKROH�ERG\ ELRLPSHGDQFH �1,&D6��� 7KHVH WHFKQRORJLHV PDNH LW SRVVLEOH
WR FRQWLQXRXVO\ PHDVXUH WKH FDUGLDF RXWSXW� EXW RQO\ IHZ VWXGLHV KDYH LQYHVWLJDWHG WKHLU DSSOL�
FDWLRQ LQ �SUHWHUP� QHRQDWHV�>�� �� ��@

����� 7UDQVWKRUDFLF HFKRFDUGLRJUDSK\

77( LV D QRQLQYDVLYH PHWKRG WKDW LV EHGVLGH DYDLODEOH DQG SURYLGHV UHDO�WLPH YLVXDOLVDWLRQ RI
WKH DQDWRPLFDO VWUXFWXUHV RI LQWHUHVW EDVHG RQ WKH UHIOHFWLRQ RI DQ XOWUDVRXQG EHDP� 0HGLFDO
XOWUDVRXQG V\VWHPV XVH DQ DFRXVWLF VLJQDO ZLWK D IUHTXHQF\ RI ���� 0+] ZKLFK LV VHQG LQWR WKH
SDWLHQW ZLWK D WUDQVGXFHU� 7KH WUDQVGXFHU FRQVLVWV RI SLH]RHOHFWULF FU\VWDOV� $Q HOHFWULFDO FXU�
UHQW FDXVHV WKHVH FU\VWDOV WR YLEUDWH� JHQHUDWLQJ DQ DFRXVWLF VLJQDO� :KHQ WKH VLJQDO KLWV WLVVXH�
SDUW RI WKH ZDYH LV UHIOHFWHG DQG VFDWWHUHG� ZKLOH WKH RWKHU SDUW SDVVHV WKURXJK WR XQGHUO\LQJ
VWUXFWXUHV� 7KH UHIOHFWHG VLJQDO� VR FDOOHG HFKR� PDNHV LWV ZD\ EDFN WR WKH WUDQVGXFHU ZKHUH
WKH VRXQG ZDYHV LQGXFH WKH SLH]RHOHFWULF FU\VWDO WR YLEUDWH� FRQYHUWLQJ WKH DFRXVWLF VLJQDO EDFN
LQWR DQ HOHFWULFDO VLJQDO� 7KH UHWXUQHG VLJQDO LV SURFHVVHG WR GLVSOD\ DQ LPDJH RI WKH DQDWRPLFDO
VWUXFWXUH LQ JUH\ VFDOH� ZKHUH WKH EULJKWQHVV FRUUHVSRQGV WR WKH VWUHQJWK RI WKH HFKR�>��@

7R VKRZ WKH YHORFLW\ RI D PRYLQJ REMHFW� IRU H[DPSOH UHG EORRG FHOOV LQ D YHVVHO� 'RSSOHU LPDJ�
LQJ LV XVHG� 7KHUH DUH WZR W\SHV RI 'RSSOHU LPDJLQJ� FRQWLQXRXV ZDYH 'RSSOHU DQG SXOVHG
ZDYH 'RSSOHU� ,Q FRQWLQXRXV ZDYH 'RSSOHU� WKH VLJQDO DQG LWV HFKRHV DUH FRQWLQXRXVO\ WUDQV�
PLWWHG� UHFHLYHG� DQG DQDO\VHG� ZKHUHDV LQ SXOVHG ZDYH 'RSSOHU WKH VRXQG ZDYHV DUH VHQW LQ
VKRUW SXOVHV ZLWK WKH HFKRHV DQDO\VHG LQ EHWZHHQ� 7KH PDMRU DGYDQWDJH RI SXOVHG ZDYH RYHU
FRQWLQXRXV ZDYH 'RSSOHU LV WKDW ZLWK SXOVHG ZDYH 'RSSOHU WKH ORFDWLRQ RI ZKHUH WR PHDVXUH
WKH YHORFLW\ FDQ EH VSHFLILHG� %\ XVLQJ WKH 'RSSOHU SULQFLSOH� WKH GLUHFWLRQ RI WKH IORZ FDQ EH
SUHVHQWHG ZLWK D FRORXU �FRORXU 'RSSOHU��>��@

,Q SXOVHG ZDYH 'RSSOHU �)LJXUH ����� WKH XOWUDVRXQG VLJQDO LV WUDQVPLWWHG E\ RQH RI WKH FU\VWDOV
�VRXUFH FU\VWDO� DQG WKH HFKR WKDW SURSDJDWHV EDFN LV UHFRUGHG E\ DQRWKHU FU\VWDO �UHFRUGLQJ
FU\VWDO�� 7KH VRXQG ZDYH UHWXUQLQJ WR WKH WUDQVGXFHU KDV EHHQ UHFHLYHG DQG UHWUDQVPLWWHG E\
WKH PRYLQJ REMHFW �UHG EORRG FHOO�� 7KH FKDQJH RI IUHTXHQF\ EHWZHHQ WKH WUDQVPLWWHG VLJQDO �ft�
DQG WKH UHFHLYHG VLJQDO �fr� LV FDOOHG WKH 'RSSOHU VKLIW RU 'RSSOHU IUHTXHQF\ �∆f �� :KHQ WKH
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'RSSOHU VKLIW LV SRVLWLYH� WKH REMHFW LV PRYLQJ WRZDUGV WKH WUDQVGXFHU� ZKLFK LV VKRZQ LQ UHG XV�
LQJ FRORXU 'RSSOHU� $Q REMHFW PRYLQJ DZD\ IURP WKH WUDQVGXFHU JHQHUDWHV D QHJDWLYH 'RSSOHU
VKLIW� VKRZQ LQ EOXH� 7KH DQJOH EHWZHHQ WKH VRXQG EHDP DQG WKH GLUHFWLRQ RI WKH PRYLQJ REMHFW�
DQJOH RI LQVRQDWLRQ �θ�� VKRXOG EH DV VPDOO DV SRVVLEOH� ,Q RWKHU ZRUGV� WKH XOWUDVRXQG VLJQDO
VKRXOG EH SDUDOOHO WR WKH GLUHFWLRQ RI WKH PRYLQJ REMHFW�>��@

)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI SXOVHG�ZDYH 'RSSOHU� :LWK ∆f � 'RSSOHU VKLIW� ft� IUHTXHQF\ RI
WUDQVPLWWHG VLJQDO� fr� IUHTXHQF\ RI UHFHLYHG VLJQDO� θ� DQJOH RI LQVRQDWLRQ� v� YHORFLW\ DQG 5%&V� UHG
EORRG FHOOV� $GDSWHG IURP >�@

7R GHWHUPLQH WKH &2ZLWK 77(� ERWK WKH GLDPHWHU RI WKH RXWIORZ WUDFW DQG WKH YHORFLW\ RI WKH EORRG
QHHG WR EH GHWHUPLQHG� 7KH GLDPHWHU RI WKH OHIW YHQWULFXODU RXWIORZ WUDFW �/927� LV PHDVXUHG LQ
WKH SDUDVWHUQDO ORQJ�D[LV YLHZ �)LJXUH ���D� DW WKH KLQJH SRLQWV RI WKH DRUWLF YDOYH �)LJXUH ���E��
)RU WKH ULJKW YHQWULFXODU RXWIORZ WUDFW �5927�� WKH GLDPHWHU LV PHDVXUHG LQ WKH WLOWHG SDUDVWHUQDO
ORQJ�D[LV YLHZ �)LJXUH ���D� DW WKH SXOPRQDU\ YDOYH LQVHUWLRQ �)LJXUH ���E�� %RWK WKH GLDPHWHU
RI WKH /927 DQG WKH 5927 VKRXOG EH PHDVXUHG DW HQG�V\VWROH� 7KH PHDVXUHG GLDPHWHUV DUH
WKHQ XVHG WR FDOFXODWH WKH FURVV VHFWLRQDO DUHD �&6$� π × (d/2)2� RI WKH RXWIORZ WUDFWV�>�@

7KH YHORFLW\ RI WKH EORRG IORZ LV UHFRUGHG DW WKH VDPH VLWH DV ZKHUH WKH GLDPHWHU LV PHDVXUHG�
8VLQJ SXOVHG ZDYH 'RSSOHU� WKH IORZ SURILOH RI WKH /927 LV PHDVXUHG LQ WKH DSLFDO ILYH�FKDPEHU
YLHZ RU DSLFDO ORQJ�D[LV YLHZ �)LJXUH ���F�� )RU WKH 5927� WKH SDUDVWHUQDO ORQJ RU VKRUW�D[LV YLHZ
LV XVHG �)LJXUH ���F�� 7KH 'RSSOHU IUHTXHQF\ LV XVHG WR SORW WKH YHORFLW\ RYHU WLPH �)LJXUH ���G
DQG ���G�� IURP ZKLFK WKH WUDYHOOHG GLVWDQFH RI D FROXPQ RI EORRG GXULQJ RQH KHDUW F\FOH FDQ EH
GHWHUPLQHG E\ FDOFXODWLQJ WKH DUHD XQGHU WKH FXUYH �YHORFLW\ WLPH LQWHJUDO ± 97,�� %HFDXVH RI WKH
FDUGLRSXOPRQDU\ LQWHUDFWLRQ� FDXVLQJ /92 WR EH KLJKHVW DW WKH HQG RI H[SLUDWLRQ� 97, FDOFXODWLRQV
VKRXOG EH DYHUDJHG RYHU WKUHH WR ILYH KHDUW F\FOHV WR PLQLPL]H WKH LQIOXHQFH RI UHVSLUDWLRQ� 2QFH
WKH GLDPHWHU DQG WKH 97, DUH REWDLQHG� WKH &2 FDQ EH FDOFXODWHG ZLWK WKH IROORZLQJ HTXDWLRQ�

&2 [P/�PLQ] = &6$ [FP2]× 97, [FP]× +5 [EHDWV�PLQ]. �����

,Q QHRQDWHV WKLV &2 LV QRUPDOL]HG IRU ERG\ZHLJKW �P/�PLQ�NJ��>�@
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)LJXUH ���� ([DPSOH RI /92 PHDVXUHPHQW ZLWK 77(� 5HSULQWHG ZLWK SHUPLVVLRQ IURP >�@

'H :DDO HW DO�>��@ LQYHVWLJDWHG WKH GLDPHWHU RI WKH /927 DQG 5927 LQ QHRQDWHV RI GLIIHUHQW
ZHLJKWV� 7KH PHGLDQ GLDPHWHU RI WKH /927 ZDV IRXQG WR EH ��� PP LQ QHRQDWHV ZHLJKLQJ OHVV
WKDQ ��� J DQG ��� PP LQ QHRQDWHV ZLWK D ZHLJKW EHWZHHQ ��������� J� )RU WKH 5927� WKHVH
YDOXHV ZHUH ��� PP DQG ��� PP� UHVSHFWLYHO\�>��@ 1RUPDO &2 YDOXHV ZHUH UHSRUWHG WR UDQJH
IURP ��� WR ��� P/�PLQ�NJ LQ �SUHWHUP� QHRQDWHV ZLWKRXW LQWUDFDUGLDF �3)2� DQG H[WUDFDUGLDF
VKXQWV �3'$��>�@

$ OLWHUDWXUH UHYLHZ E\ &KHZ 	 3RHODHUW>��@ RI HFKRFDUGLRJUDSK\ &2 PHDVXUHPHQWV LQ SDHGL�
DWULF SDWLHQWV VKRZHG WKDW LQ DOO WKH VWXGLHV UHYLHZHG WKH HUURU SHUFHQWDJH IRU HFKRFDUGLRJUDSK\
ZDV DURXQG ��� ZKHQ FRPSDUHG WR WKHUPRGLOXWLRQ� G\H GLOXWLRQ RU WKH )LFN PHWKRG� 7KLV LQDF�
FXUDF\ RI HFKRFDUGLRJUDSK\ FDQ EH H[SODLQHG E\ ORRNLQJ DW WKH GLVDGYDQWDJHV DQG OLPLWDWLRQV
RI HFKRFDUGLRJUDSK\� )LUVW� LI WKH GLDPHWHU LV LQFRUUHFWO\ PHDVXUHG� WKLV FDQ FDXVH D VLJQLILFDQW
LQDFFXUDF\ LQ &2� DV WKH HUURU LQ GLDPHWHU LV VTXDUHG IRU WKH FDOFXODWLRQ RI WKH &6$� 6HFRQG�
YDU\LQJ RU LQFRUUHFW SUREH SRVLWLRQ OHDGV WR D KLJK LQWUD� DQG LQWHUREVHUYHU YDULDELOLW\� )RU H[DP�
SOH� DQ LQFUHDVH LQ WKH DQJOH RI LQVRQDWLRQ� ZKLFK VKRXOG EH VPDOOHU WKDQ ���� ZLOO XQGHUHVWLPDWH
WKH YHORFLW\ RI WKH EORRG IORZ� 7KLUG� WKH FDOFXODWLRQ RI WKH &2 DVVXPHV D SHUIHFW FLUFOH DQG ODPL�
QDU EORRG IORZ LQ WKH YHVVHO� 7KH YHORFLW\ LV PHDVXUHG DW WKH FHQWUH RI WKH YHVVHO� ZKHUH WKH IORZ
LV WKH KLJKHVW� ZKHUHDV WKH IORZ WRZDUGV WKH YHVVHO ZDOO LV VORZHU� 7KLV FDXVHV RYHUHVWLPDWLRQ
RI WKH &2� 2WKHU GLVDGYDQWDJHV RI 77( DUH WKH UHTXLUHPHQW RI VSHFLILF WUDLQLQJ WR SHUIRUP &2
PHDVXUHPHQWV DQG WKDW FRQWLQXRXV PHDVXUHPHQWV DUH QRW SRVVLEOH�>�� ��@

����� (OHFWULFDO FDUGLRPHWU\

2V\SND 0HGLFDO¶V 1RQLQYDVLYH &DUGLRPHWHU �,&21�� XVHV D PHWKRG FDOOHG HOHFWULFDO FDUGLRP�
HWU\ �(&� WR GHULYH WKH &2� )RXU HOHFWURGHV RI ��� E\ ��� FP DUH SODFHG RQ WKH SDWLHQW¶V XSSHU
OHJ� WKRUD[� QHFN� DQG KHDG� 7KH HOHFWURGHV RQ WKH XSSHU OHJ DQG KHDG VHQG D FXUUHQW RI � P$
ZLWK D IUHTXHQF\ RI �� N+] LQWR WKH WKRUD[ DQG HVSHFLDOO\ LQWR WKH DRUWD VLQFH EORRG LV WKH PRVW
FRQGXFWLQJ WLVVXH�>��@ 7KH UHVXOWLQJ YROWDJH� IURP ZKLFK WKH FRQGXFWLYLW\ LV REWDLQHG� DQG DQ
(&* DUH PHDVXUHG E\ WKH HOHFWURGHV RQ WKH WKRUD[ DQG QHFN�>��� ��� �@

�



8QLYHUVLW\ RI 7ZHQWH 5DGERXGXPF 1LMPHJHQ

)LJXUH ���� ([DPSOH RI 592 PHDVXUHPHQW ZLWK 77(� 5HSULQWHG ZLWK SHUPLVVLRQ IURP >�@

'XULQJ GLDVWROH� WKH HOHFWULFDO FXUUHQW PHHWV PRUH UHVLVWDQFH �ORZ FRQGXFWLYLW\� GXH WR WKH UDQ�
GRP RULHQWDWLRQ RI HU\WKURF\WHV LQ WKH DRUWD� 7KH SXOVDWLOH IORZ RI V\VWROH IRUFHV WKH HU\WKURF\WHV
WR DOLJQ SDUDOOHO WR WKH EORRG IORZ DQG WKH HOHFWULFDO FXUUHQW� JHQHUDWLQJ OHVV UHVLVWDQFH �KLJK
FRQGXFWLYLW\� RI WKH HOHFWULFDO FXUUHQW� ,Q )LJXUH ��� WKH HIIHFW RI WKH RSHQLQJ RI WKH DRUWLF YDOYHV
RQ WKH LPSHGDQFH VLJQDO LV VKRZQ� 7KH VKLIW IURP UDQGRP RULHQWDWLRQ GXULQJ GLDVWROH WR WKH
DOLJQPHQW RI WKH HU\WKURF\WHV DW WKH RQVHW RI OHIW YHQWULFXODU HMHFWLRQ FDXVHV D VKDUS GHFUHDVH
RI LPSHGDQFH� RU LQ RWKHU ZRUGV D VKDUS LQFUHDVH RI FRQGXFWLYLW\� 7KLV DEUXSW GHFUHDVH RI
LPSHGDQFH FDQ EH VHHQ LQ )LJXUH ��� DV DQ LQFUHDVH LQ WKH LQYHUWHG LPSHGDQFH VLJQDO �−dZ(t)��
%HORZ WKH LQYHUWHG LPSHGDQFH VLJQDO WKH FDOFXODWHG WLPH�GHULYDWLYH RI −dZ(t)� −dZ(t)

dt � LV VKRZQ�
ZKHUH LWV SHDN FRUUHVSRQGV WR WKH LQFUHDVH RI FRQGXFWLYLW\� 7KH KHLJKW RI WKH SHDN LQ −dZ(t)

dt
FRUUHVSRQGV WR WKH SDFH ZLWK ZKLFK WKH HU\WKURF\WHV DOLJQ� 7KHUHIRUH� WKH KLJKHU WKH SHDN LQ
−dZ(t)

dt � WKH KLJKHU WKH FRQWUDFWLOLW\ RI WKH KHDUW DQG WKH DRUWLF DFFHOHUDWLRQ�>��� ��� �� ��@

7KH SHDN DRUWLF DFFHOHUDWLRQ� WKDW LV (dZ(t)
dt )MIN � LV XVHG WR DSSUR[LPDWH WKH PHDQ EORRG YHORFLW\

LQGH[ vFT DFFRUGLQJ WR WKH IROORZLQJ HTXDWLRQ�

vFT =

√
|(dZ(t)

dt )MIN |
Z0

, �����

ZKHUH Z0 LV WKH EDVH LPSHGDQFH� )ORZ WLPH FRUUHFWLRQ �FTC� LV DSSOLHG WR DGMXVW WKH OHIW YHQ�
WULFXODU HMHFWLRQ WLPH �/9(7� IRU WKH KHDUW UDWH� RU 5�5 LQWHUYDO �TRR�� RI WKH SDWLHQW�

FTC =
LV ET√

TRR
. �����

(TXDWLRQ ��� LV WKHQ XVHG WR FDOFXODWH WKH 69 DQG&2 �E\PXOWLSOLFDWLRQ ZLWK WKH +5�� ZKHUH VEPT

LV WKH YROXPH RI HOHFWULFDOO\ SDUWLFLSDWLQJ WKRUDFLF WLVVXH GHULYHG IURP WKH ZHLJKW DQG KHLJKW RI
WKH SDWLHQW�>��� �� ��@

SV = VEPT × vLV ET × FTC . �����

�



&KDSWHU �� 7KHRUHWLFDO IUDPHZRUN ���� 7HFKQRORJLFDO DVSHFWV RI FDUGLDF RXWSXW PRQLWRULQJ

)LJXUH ���� ([SODQDWRU\ ILJXUH RI WKH (& WKHRU\� $W WKH WRS� WKH (&* VLJQDO LV VKRZQ� 7KH LQYHUWHG
FKDQJH RI LPSHGDQFH �PLGGOH� −dZ(t)� LQFUHDVHV XSRQ RSHQLQJ RI WKH DRUWLF YDOYH DQG GHFUHDVHV GXULQJ
GLDVWROH� 7KH SHDN LQ WKH FDOFXODWHG WLPH�GHULYDWLYH RI −dZ(t) �ERWWRP� −dZ(t)

dt � FRUUHVSRQGV WR WKH SHDN
DRUWLF DFFHOHUDWLRQ� /9(7� OHIW YHQWULFXODU HMHFWLRQ WLPH� 755� 5�5 LQWHUYDO� $GDSWHG IURP >�@

1DUXOD HW DO�>��@ YDOLGDWHG (& DJDLQVW WKH )LFN SULQFLSOH LQ SDHGLDWULF SDWLHQWV ZLWK FRQJHQLWDO
VWUXFWXUDO KHDUW GLVHDVH DQG IRXQG D SHUFHQW ELDV DQG HUURU RI ���� DQG ������ UHVSHFWLYHO\�
2WKHU YDOLGDWLRQ VWXGLHV LQ �SUHWHUP� QHRQDWHV DQG FKLOGUHQ XVHG 77( DV UHIHUHQFH PHWKRG DQG
UHSRUWHG WKH SHUFHQW ELDV WR UDQJH EHWZHHQ ��� DQG ���� DQG SHUFHQW HUURU UDQJLQJ IURP ����
WR ����� �7DEOH �����>��� ��� ��� ��� ��@ 0RUHRYHU� (& ZDV IRXQG WR GHWHFW WKH KDHPRG\QDPLF
UHVSRQVH WR EUDG\FDUGLD DQG�RU GHVDWXUDWLRQ >��@� EXW KDV OLPLWDWLRQV LQ GHWHFWLQJ &2 GXULQJ
KLJK�IUHTXHQF\ YHQWLODWLRQ�>��@

%HVLGHV PHDVXULQJ +5� 69� DQG &2� WKH FDUGLRPHWHU DOVR JLYHV DQ LQGLFDWLRQ IRU WKH VLJQDO TXDO�
LW\ �VLJQDO TXDOLW\ LQGH[ ± 64,� DQG HVWLPDWHV SDUDPHWHUV RI WKH YDVFXODU V\VWHP� FRQWUDFWLOLW\�
IOXLG VWDWXV� DQG R[\JHQ VWDWXV� )RU H[DPSOH� LW FDQ HVWLPDWH WKH �YDULDWLRQ RI� LQGH[ RI FRQWUDF�
WLOLW\� WKRUDFLF IOXLG FRQWHQW� VWURNH YROXPH YDULDWLRQ� DQG WKH V\VWHPLF YDVFXODU UHVLVWDQFH EDVHG
RQ WKH LQSXW RI PHDQ DUWHULDO SUHVVXUH DQG FHQWUDO YHQRXV SUHVVXUH� 7KH 64, JLYHQ E\ (& LV D
PHDVXUH RI WKH YDOLGLW\ RI WKH SULRU WHQ GDWD SRLQWV �KHDUW F\FOHV� H[SUHVVHG DV D SHUFHQWDJH� $
FODVVLILHG DOJRULWKP LV XVHG WR GHWHUPLQH WKH YDOLGLW\ RI D GDWD SRLQW EDVHG RQ ERWK WKH (&* DQG
LPSHGDQFH VLJQDO� ,I RQH RI WKH ODVW WHQ GDWD SRLQWV LV LQYDOLG� WKH 64, GURSV E\ ����>��@
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� $,0

7KH PDLQ JRDO RI WKLV VWXG\ LV WR GHWHUPLQH WKH DFFXUDF\� UHOLDELOLW\� DQG DSSOLFDELOLW\ RI (& WR
PHDVXUH &2 LQ FULWLFDOO\ LOO QHZERUQV� $V D QHZ &2PRQLWRULQJ GHYLFH� (& LGHDOO\ PHHWV VHYHUDO
UHTXLUHPHQWV IRU LWV DSSOLFDWLRQ LQ QHRQDWHV� )LUVW DQG IRUHPRVW� LW PXVW EH YDOLGDWHG DJDLQVW D
JROG VWDQGDUG UHIHUHQFH WHFKQRORJ\� 6LQFH WKH JROG VWDQGDUG IRU &2 PHDVXUHPHQWV FDQQRW EH
XVHG LQ QHRQDWHV� DV H[SODLQHG LQ VHFWLRQ ���� 77( LV RIWHQ XVHG DV D UHIHUHQFH PHWKRG LQ H[�
LVWLQJ OLWHUDWXUH� 6HFRQG� WKH GHYLFH VKRXOG EH DFFXUDWH DORQJ WKH UDQJH RI JHVWDWLRQDO DJH DQG
ELUWK ZHLJKW� DQG LQ QHRQDWHV ZLWK D 3'$ DQG�RU 3)2� 7KLUG� LW LV UHTXLUHG WR SURYLGH FRQWLQXRXV
PHDVXUHPHQWV DQG WKH &2 YDOXHV PXVW EH UHFRUGDEOH DORQJ ZLWK WKH RWKHU KDHPRG\QDPLF SD�
UDPHWHUV� )LQDOO\� WKH GHYLFH VKRXOG EH UHOLDEOH� SUDFWLFDO� QRQLQYDVLYH� DQG HDV\ WR DSSO\ DQG
LQWHUSUHW�>��@

%DVHG RQ WKH V\VWHP UHTXLUHPHQWV� WKH IROORZLQJ FRPSRQHQWV ZLOO EH LQYHVWLJDWHG�

� 9DOLGDWLRQ RI (& 69 DQG &2 YDOXHV ZLWK UHIHUHQFH PHWKRG 77(�

� $ELOLW\ RI (& WR PRQLWRU WKH WUHQG RI WKH &2�

� &RPSDULVRQ EHWZHHQ WKH +5 PHDVXUHG E\ (& DQG WKH +5 PHDVXUHG ZLWK WKH (&* HOHF�
WURGHV �UHIHUHQFH��

� ,QIOXHQFH RI SDWLHQW ZHLJKW DQG KHLJKW RQ (& &2�

� ,QIOXHQFH RI 77( RQ (& 64,� 69 DQG &2� DQG SDWLHQW SDUDPHWHUV +5 DQG 6S2��

� 8VDELOLW\�

��
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� 0(7+2'6

��� 3RSXODWLRQ DQG VWXG\ GHVLJQ

7R GHWHUPLQH WKH DFFXUDF\� UHOLDELOLW\� DQG DSSOLFDELOLW\ RI (&� DQ REVHUYDWLRQDO FRKRUW VWXG\ ZDV
SHUIRUPHG� 3DWLHQWV DGPLWWHG WR WKH 1,&8 RI WKH 5DGERXGXPF 1LMPHJHQ� WKH 1HWKHUODQGV� ZLWK
D JHVWDWLRQDO DJH EHWZHHQ �� DQG ��ZHHNV ZHUH HOLJLEOH IRU LQFOXVLRQ� 3ULPDU\ H[FOXVLRQ FULWHULD
IRU WKLV VWXG\ ZHUH FOLQLFDO LQVWDELOLW\� FRQJHQLWDO KHDUW GHIHFWV� VNLQ FRQGLWLRQV� KLJK IUHTXHQF\
YHQWLODWLRQ� DQG VHYHUH RHGHPD� $GGLWLRQDOO\� SDWLHQWV ZHUH H[FOXGHG IURP WKH VWXG\ LQ WKH FDVH
RI D ODQJXDJH EDUULHU LQ FRPPXQLFDWLRQ ZLWK WKH SDUHQWV�

��� 'DWD DFTXLVLWLRQ

$IWHU LQFOXVLRQ� WKH SDWLHQWV ZHUH FRQQHFWHG WR WKH FDUGLRPHWHU DFFRUGLQJ WR WKH LQVWUXFWLRQV
IURP WKH PDQXIDFWXUHU� )LUVW� WKH HOHFWURGHV ZHUH SODFHG LQVLGH WKH LQFXEDWRU IRU DW OHDVW ILYH
PLQXWHV WR ZDUP WKH FRQGXFWLYH JHO WR LPSURYH VLJQDO TXDOLW\� 3DWLHQWV¶ ZHLJKW DQG KHLJKW ZHUH
PHDVXUHG DQG HQWHUHG LQ WKH FDUGLRPHWHU WRJHWKHU ZLWK WKH SRVWQDWDO DJH� 7KH HOHFWURGHV ZHUH
SODFHG DFFRUGLQJ WR WKH SRVLWLRQV GHSLFWHG LQ )LJXUH ���� 7KH ILUVW HOHFWURGH �$� ZDV SRVLWLRQHG
RQ WKH ULJKW WHPSRUDO DUHD� ,I WKLV DUHD ZDV XQDYDLODEOH� IRU H[DPSOH EHFDXVH RI WKH SDWLHQW¶V
KDLU� WKH HOHFWURGH ZDV UHORFDWHG WR WKH IRUHKHDG� 7KH RWKHU HOHFWURGHV ZHUH SODFHG RQ WKH ULJKW
VLGH RI WKH QHFN DERYH WKH FODYLFXOD DQG QHDU WKH FDURWLG DUWHU\ �%�� RQ WKH OHIW PLGD[LOODU\ OLQH
RI WKH WKRUD[ DW WKH YHUWLFDO OHYHO RI WKH [LSKRLG �&�� DQG RQ WKH OHIW LQQHU WKLJK �'��

)LJXUH ���� 5HSUHVHQWDWLRQ RI WKH HOHFWURGH SRVLWLRQV RQ D �SUHPDWXUH� EDE\ PDQQHTXLQ� $� ULJKW WHP�
SRUDO DUHD� %� ULJKW VLGH RI WKH QHFN� &� OHIW PLGD[LOODU\ OLQH DW [LSKRLG OHYHO� '� OHIW LQQHU WKLJK�

��



8QLYHUVLW\ RI 7ZHQWH 5DGERXGXPF 1LMPHJHQ

7KH +5� 69� DQG &2 ZHUH FRQWLQXRXVO\ PHDVXUHG ZLWK (& �+5(&� 69(&� &2(&� IRU DV ORQJ DV
WKH HOHFWURGHV UHPDLQHG DGKHUHG DQG LQ SRVLWLRQ� RU XQWLO WKH 64, EHFDPH ORZ �EHORZ ���� RU
WKH SDWLHQW ZDV GLVFKDUJHG IURP WKH 1,&8� +5(&� 69(&� DQG &2(& ZHUH FROOHFWHG EHDW�WR�EHDW
DQG GLVSOD\HG RQ WKH 3KLOLSV ,QWHOOL9XH PRQLWRU XVLQJ WKH ,QWHOOL%ULGJH (&��� 'XH WR WKH OLPLWHG
GDWD VWRUDJH FDSDFLW\ RI WKH FDUGLRPHWHU� WKH UHFRUGLQJ SHULRG ZDV VHW WR RQH PLQXWH� 7KDW LV�
WKH ODVW NQRZQ EHDW�WR�EHDW YDOXH RI WKH (& SDUDPHWHUV DW WKH WLPH RI UHFRUGLQJ ZDV VDYHG RQ
WKH GHYLFH� 7KH (& GDWD �H[FHSW IRU +5(&� ZDV DOVR VWRUHG LQ WKH 3KLOLSV 'DWD :DUHKRXVH�
DORQJ ZLWK WKH UHFRUGHG SK\VLRORJLFDO SDUDPHWHUV RI WKH SDWLHQW� VXFK DV WKH DUWHULDO R[\JHQ
VDWXUDWLRQ DQG WKH UHVSLUDWRU\ UDWH� 'XULQJ WKH PHDVXUHPHQW� SDWLHQW HYHQWV VXFK DV WKH EHJLQ�
QLQJ DQG HQG RI QXUVLQJ DQG 77( ZHUH UHJLVWHUHG DV DQ HYHQW RQ WKH 3KLOLSV ,QWHOOL9XH PRQLWRU
DQG VWRUHG LQ WKH 3KLOLSV 'DWD :DUHKRXVH�

)RU WKH YDOLGDWLRQ RI (&� 77( ZDV SHUIRUPHG E\ D VNLOOHG QHRQDWRORJLVW ZKHQ WKH SDWLHQW ZDV
FRQQHFWHG WR WKH FDUGLRPHWHU� 7R OLPLW DGGLWLRQDO GLVWXUEDQFH RI WKH SDWLHQW E\ 77(� QR VSHFLILF
WLPH ZLQGRZV ZHUH XVHG� 7KH DLP ZDV WR SHUIRUP 77( DW OHDVW RQFH SHU GD\� 7R FDOFXODWH WKH
&6$� WKH GLDPHWHU RI WKH RXWIORZ WUDFW ZDV PHDVXUHG RQFH SHU 77( PHDVXUHPHQW DW WKH KLQJH
SRLQWV RI WKH DRUWLF YDOYH �/927� DQG DW WKH SXOPRQDU\ YDOYH LQVHUWLRQ �5927� DW HQG�V\VWROH�
7KH GLDPHWHUV RI HDFK 77(PHDVXUHPHQW LQ D VLQJOH SDWLHQW ZHUH DYHUDJHG WRPLQLPLVH WKH LQIOX�
HQFH RI HUURQHRXV GLDPHWHU PHDVXUHPHQWV RQ WKH &2� DVVXPLQJ WKH GLDPHWHU GLG QRW FKDQJH
ZLWKLQ WKH VKRUW WLPH EHWZHHQ 77(V� )RU WKH YHORFLW\ RI WKH EORRG IORZ� WKUHH EORRG IORZ SUR�
ILOH UHFRUGLQJV ZHUH REWDLQHG ZLWKLQ WKH /927 DQG 5927� 3HU UHFRUGLQJ WKH 97, FDOFXODWLRQV
ZHUH DYHUDJHG RYHU WKUHH WR ILYH GLIIHUHQW KHDUW F\FOHV� 7KH OHIW DQG ULJKW YHQWULFXODU VWURNH
YROXPH �/969� 5969� ZHUH GHWHUPLQHG E\ PXOWLSOLFDWLRQ RI WKH &6$ DQG 97, RI WKH /927 DQG
5927 �/96977(� 596977(�� 7KH /92 DQG 592 ZHUH FDOFXODWHG XVLQJ HTXDWLRQ ��� �/9277(�
59277(��

7R EH DEOH WR MXGJH WKH XVDELOLW\ RI (&� DWWHQWLRQ ZDV SDLG WR VHYHUDO DVSHFWV GXULQJ WKH PHD�
VXUHPHQWV� )RU H[DPSOH� GXUDELOLW\ RI WKH HOHFWURGHV� FDOLEUDWLRQ WLPH� XVHU LQWHUIDFH� DQG DELOLW\
WR UHFRUG WKH GDWD DORQJ ZLWK RWKHU KDHPRG\QDPLF SDUDPHWHUV�

��� 'DWD DQDO\VLV

7KH DFTXLUHG GDWD RI WKH +5� 6S2�� (& �&2� 69� 64,�� DQG SDWLHQW HYHQWV ZHUH UHWULHYHG IURP
WKH 3KLOLSV 'DWD :DUHKRXVH DQG DQDO\VHG XVLQJ 0DWK:RUNV¶ 0$7/$%� YHUVLRQ ����E�

����� 9DOLGDWLRQ RI HOHFWULFDO FDUGLRPHWU\

)RU WKH YDOLGDWLRQ RI (& ZLWK UHIHUHQFH PHWKRG 77(� HSRFKV ZLWKLQ WKH &2(& DQG 69(& GDWD
ZHUH LGHQWLILHG IRU WKH WLPH GXULQJ ZKLFK 77( ZDV SHUIRUPHG VLPXOWDQHRXVO\� 7R FUHDWH WKHVH
HSRFKV� WKH WLPHVWDPSV RI WKH UHJLVWHUHG SDWLHQW HYHQWV ZHUH XVHG� 7KH REWDLQHG HSRFKV ZHUH
WKHQ ILOWHUHG LQ WZR VWHSV� )LUVW� GDWD SRLQWV ZLWK D 64, EHORZ ��� ZHUH UHPRYHG IURP WKH
HSRFKV� DV WKH PDQXIDFWXUHU DGYLVHV WR UHO\ RQO\ RQ GDWD ZLWK D 64, RI ��� RU KLJKHU� 6HF�
RQG� WKH GDWD SRLQWV ZLWK D YDOXH DERYH RU EHORZ WKH HSRFK¶V PHDQ SOXV�PLQXV WZR WLPHV WKH
VWDQGDUG GHYLDWLRQ �6'� ZHUH FRQVLGHUHG RXWOLHUV DQG GLVFDUGHG� 7KH DYHUDJH DQG 6' RI WKH
UHVXOWLQJ (& GDWD ZDV FDOFXODWHG DQG XVHG IRU YDOLGDWLRQ DQG WUHQG DQDO\VLV�

9DOLGDWLRQ EHWZHHQ (& DQG 77( ZDV DVVHVVHG E\ DQDO\VLV RI WKH DJUHHPHQW DQG FRUUHVSRQ�
GHQFH LQ FDWHJRULVDWLRQ EHWZHHQ WKH WZR PHWKRGV� 7KH DJUHHPHQW EHWZHHQ &2(& DQG /9277(
RU 59277( ZDV GHWHUPLQHG E\ %ODQG�$OWPDQ DQDO\VLV� :LWK WKLV DQDO\VLV� WKH PHDQ GLIIHUHQFH
�ELDV� DQG 6' RI WKH ELDV ZHUH REWDLQHG� /LPLWV RI DJUHHPHQW �/2$�� ELDV SHUFHQWDJH �ELDV��

��



&KDSWHU �� 0HWKRGV ���� 'DWD DQDO\VLV

DQG HUURU SHUFHQWDJH �HUURU�� ZHUH FDOFXODWHG DFFRUGLQJ WR HTXDWLRQ ���� ���� DQG ���� UHVSHF�
WLYHO\� 7KH /2$ DQG HUURU� ZHUH EDVHG RQ D ���&,� KHQFH WKH ����6'�

/2$ = PHDQ ELDV � ����× 6' �����

ELDV� =
PHDQ ELDV
&277(

× �����

HUURU�(&�77( =
����× 6'ELDV
PHDQ &277(

× ���� �����

$FFRUGLQJ WR &ULWFKOH\ 	 &ULWFKOH\>��@ WKH HUURU� VKRXOG EH OHVV WKDQ ��� IRU JRRG DJUHHPHQW
DQG WR DFFHSW WKH QHZ PHWKRG� DVVXPLQJ D UHIHUHQFH PHWKRG ZLWK DQ HUURU� RI ��� 6LQFH
77( LV NQRZQ WR KDYH DQ HUURU� RI ��� WKH SUHFLVLRQ RI (& FDQ EH XQGHUHVWLPDWHG� 7KHUHIRUH�
WKH DFFHSWDEOH HUURU� QHHGV WR EH DGMXVWHG IRU WKH ��� HUURU RI 77(� UHVXOWLQJ LQ D FRPELQHG
HUURU�(&�77( RI ������>��@ $QRWKHU RSWLRQ LV WR FRUUHFW IRU WKH HUURU� RI 77( ZKHQ FDOFXODWLQJ
WKH VSHFLILF HUURU� RI (&�

HUURU�(& =
√
HUURU�2

(&�77( − HUURU�2
77( �����

6LPLODU FDOFXODWLRQV ZHUH SHUIRUPHG WR GHWHUPLQH WKH DJUHHPHQW EHWZHHQ 69(& DQG /96977(�596977(�

%HFDXVH WKH PDLQ LQWHUHVW RI WKH FOLQLFLDQ LV WR NQRZ ZKHWKHU WKH SDWLHQW LV LQ D ORZ� QRUPDO� RU
KLJK &2 VWDWH� DQG LW LV RI OHVV LQWHUHVW WR NQRZ WKH DEVROXWH YDOXH� &2(&� /9277(� DQG 59277(
YDOXHV ZHUH FDWHJRULVHG SHU VWDWH� ,Q WKLV VWXG\� D &2 EHORZ ��� P/�PLQ�NJ ZDV FRQVLGHUHG DV
ORZ� ������� P/�PLQ�NJ DV QRUPDO� DQG DERYH ��� P/�PLQ�NJ DV KLJK� 7R GHPRQVWUDWH LI WKH
&2 YDOXHV RI WKH WZR PHWKRGV ZHUH FDWHJRULVHG VLPLODUO\� D VFDWWHU SORW ZDV FUHDWHG LQ ZKLFK
WKH DUHDV RI ORZ� QRUPDO� DQG KLJK &2 ZHUH PDUNHG� )XUWKHUPRUH� WKH SHUFHQWDJH RI VLPLODUO\
FDWHJRULVHG GDWD ZDV FDOFXODWHG� DV ZHOO DV WKH SHUFHQWDJH RI WKH GDWD ZKHUH &2(& ZDV LQ D
ORZHU RU KLJKHU FDWHJRU\ WKDQ /9277( RU 59277(�

����� 7UHQGLQJ DELOLW\ RI HOHFWULFDO FDUGLRPHWU\

7R DVVHVV WKH DELOLW\ RI (& WR WUDFN FKDQJHV LQ &2� FRQFRUGDQFH DQG SRODU SORW DQDO\VLV ZHUH
SHUIRUPHG� $ ��TXDGUDQW FRQFRUGDQFH SORW ZDV FUHDWHG� ZKLFK ZDV XVHG WR DQDO\VH WKH GLUHF�
WLRQ RI FKDQJH LQ &2� 7KH GLIIHUHQFH LQ &2 EHWZHHQ WZR FRQVHFXWLYH HSRFKV LQ D SDWLHQW ZDV
FDOFXODWHG DQG ∆&2(& ZDV SORWWHG DJDLQVW ∆/9277( RU ∆59277(� &RQFRUGDQFH UDWH ZDV GH�
WHUPLQHG E\ WKH QXPEHU RI GDWD SRLQWV LQ TXDGUDQW RQH �XSSHU ULJKW� DQG WKUHH �ORZHU OHIW� RI WKH
FRQFRUGDQFH SORW GLYLGHG E\ WKH WRWDO DPRXQW RI GDWD SRLQWV� $Q H[FOXVLRQ ]RQH RI ��� RI PHDQ
&2� DV SURSRVHG E\ &ULWFKOH\ HW DO�>��@� ZDV DSSOLHG WR HOLPLQDWH VPDOO FKDQJHV LQ &2 DV WKHVH
ZHUH FRQVLGHUHG DV FOLQLFDOO\ LUUHOHYDQW DQG WKXV UDQGRP QRLVH� $ FRQFRUGDQFH UDWH !��� LV
FRQVLGHUHG DV JRRG WUHQGLQJ� !��� DFFHSWDEOH� DQG ���� SRRU�

&RQFRUGDQFH DQDO\VLV KDV D IHZ OLPLWDWLRQV� 6LQFH WKH OHQJWK RI WKH ;�< YHFWRU LQ WKH FRQFRU�
GDQFH SORW LV WKH K\SRWHQXVH RI WKH FKDQJH LQ &277( DQG &2(& �

√
∆&22

77( +∆&22
(&�� ELDV

FDQ EH FUHDWHG LI HLWKHU ∆&277( RU ∆&2(& LV VLJQLILFDQWO\ ELJJHU WKDQ WKH RWKHU� EHFDXVH WKH
ODUJHU YDOXH GHWHUPLQHV WKH RYHUDOO OHQJWK RI WKH YHFWRU� 0RUHRYHU� WKHUH LV FRQVLGHUHG WR EH
FRQFRUGDQFH LI WKH SRLQW OLHV ZLWKLQ ��� IURP WKH OLQH RI LGHQWLW\ �<  ;�� EXW WKLV LJQRUHV WKH GH�
JUHH RI DJUHHPHQW EHWZHHQ WKH WZR PHWKRGV� %HFDXVH RI WKHVH OLPLWDWLRQV� SRODU SORW DQDO\VLV
ZDV SHUIRUPHG DV ZHOO�

)RU WKH JHQHUDWLRQ RI WKH SRODU SORW WKH &DUWHVLDQ GDWD RI WKH FRQFRUGDQFH SORW ZDV FRQYHUWHG
WR SRODU FRRUGLQDWHV DFFRUGLQJ WR WKH PHWKRG SURSRVHG E\ &ULWFKOH\ HW DO�>��@ )URP WKH SRODU

��
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SORW WKH DQJXODU ELDV ZLWK UDGLDO /2$ ���� FRQILGHQFH LQWHUYDO� ZHUH GHWHUPLQHG� ,QVWHDG RI WKH
K\SRWHQXVH� WKH SRODU SORW XVHV WKH PHDQ YDOXH RI ∆&277( DQG ∆&2(& �UDGLXV�� $JUHHPHQW
EHWZHHQ WKH WZR PHWKRGV LV VKRZQ E\ WKH DQJOH WKH YHFWRU PDNHV ZLWK WKH KRUL]RQWDO ���� D[LV�
7KH H[FOXVLRQ ]RQH ZDV VFDOHG GRZQ WR ���� FRUUHVSRQGLQJ WR D ��� VFDOLQJ IDFWRU EDVHG RQ WKH
WUDQVIRUPDWLRQ IURP WKH &DUWHVLDQ K\SRWHQXVH WR WKH SRODU UDGLXV� *RRG WUHQGLQJ LV DVVXPHG
ZKHQ WKH DQJXODU ELDV LV VPDOOHU WKDQ ��� DQG WKH UDGLDO OLPLWV RI DJUHHPHQW DUH ������>��@

����� +HDUW UDWH FRPSDULVRQ

7R YHULI\ ZKHWKHU WKH +5(& FRPSDUHV WR WKH +5 IURP WKH (&* �+5(&*�� WKH FRYDULDQFH DQG
DJUHHPHQW EHWZHHQ WKH WZR PHWKRGV ZHUH GHWHUPLQHG� %HFDXVH +5(& ZDV UHFRUGHG RQFH SHU
PLQXWH RQ WKH FDUGLRPHWHU� WKH VDPSOHV FORVHVW WR WKH WLPHVWDPSV IURP +5(& ZHUH UHWULHYHG
IURP WKH EHDW�WR�EHDW +5(&* GDWD� 3HU SDWLHQW D WLPH LQWHUYDO RI IRXU KRXUV ZDV VHOHFWHG IURP WKH
ILUVW �� KRXUV RI WKH PHDVXUHPHQW� ,QWHUYDO VHOHFWLRQ ZDV EDVHG RQ WKH KLJKHVW UDWLR RI GDWD ZLWK
D 64, RI ����� ZKLFK ZDV FDOFXODWHG XVLQJ D PRYLQJ WLPH ZLQGRZ� 7KH FURVV�FRYDULDQFH EH�
WZHHQ WKH +5(& DQG +5(&* GDWD IURP WKH UHVXOWLQJ LQWHUYDO SHU SDWLHQW ZDV FRPSXWHG� JLYLQJ WKH
FRUUHODWLRQ DQG WLPH ODJ EHWZHHQ WKH WZR GDWD VHWV� )XUWKHUPRUH� WKH PHDQ� 6'� DQG FRHIILFLHQW
RI YDULDWLRQ �&29� RI +5(& DQG +5(&* GXULQJ WKH LQWHUYDO ZHUH FDOFXODWHG� DQG %ODQG�$OWPDQ
DQDO\VLV ZDV SHUIRUPHG WR GHWHUPLQH WKH DJUHHPHQW�

����� ,QIOXHQFH RI SDWLHQW ZHLJKW DQG KHLJKW

7KH LQIOXHQFH RI SDWLHQW ZHLJKW DQG KHLJKW RQ &2(& ZDV DVVHVVHG E\ FDOFXODWLQJ WKH FRUUHODWLRQ
FRHIILFLHQW EHWZHHQ &2(&� /9277( RU 59277( DQG ZHLJKW RU KHLJKW� )RU &2(&� WKH DYHUDJH
&2(& YDOXH RI WKH SHULRG GXULQJ ZKLFK 77( ZDV SHUIRUPHG� DV H[SODLQHG LQ VHFWLRQ ������ ZDV
XVHG� 3DWLHQW ZHLJKW DQG KHLJKW PHDVXUHG DW WKH VWDUW RI (& PHDVXUHPHQW ZHUH XVHG IRU WKH
FDOFXODWLRQ RI WKH FRUUHODWLRQ ZLWK DOO &2 PHDVXUHPHQWV LQ D VLQJOH SDWLHQW� )RU H[DPSOH� LI D
WRWDO RI IRXU 77(¶V ZHUH SHUIRUPHG LQ RQH SDWLHQW� WKH SDWLHQW¶V ZHLJKW DQG KHLJKW IURP WKH ILUVW
GD\ RI (& PHDVXUHPHQW ZDV XVHG IRU DOO IRXU PHDVXUHPHQWV� 6LQFH WKH ZHLJKW FDQ EH HQWHUHG
LQ WKH HOHFWULFDO FDUGLRPHWHU ZLWK DQ DFFXUDF\ RI �� J DQG WKH KHLJKW ZLWK DQ DFFXUDF\ RI ���
FP� WKH ZHLJKW DQG KHLJKW XVHG IRU WKH FDOFXODWLRQ RI FRUUHODWLRQ ZLWK &2(& ZHUH URXQGHG WR WKH
QHDUHVW YDOXH�

����� ,QIOXHQFH RI WUDQVWKRUDFLF HFKRFDUGLRJUDSK\

7R GHWHUPLQH WKH LQIOXHQFH RI 77( RQ (& 64,� 69 DQG &2� DQG SDWLHQW SDUDPHWHUV +5 DQG
6S2�� WKH GDWD ZDV VSOLW LQWR WKUHH VHSDUDWH LQWHUYDOV� RQH KRXU EHIRUH WKH EHJLQQLQJ RI 77(
���� WKH GXUDWLRQ RI 77( ���� DQG RQH KRXU DIWHU WKH HQG RI 77( ���� VHH )LJXUH ���� 69 DQG
&2 GDWD SRLQWV ZLWK D 64, EHORZ ��� ZHUH UHPRYHG IURP WKH LQWHUYDOV DQG WKH SHUFHQWDJH
RI GDWD ZLWK D 64, EHORZ ��� ZDV FDOFXODWHG� )RU HDFK KDHPRG\QDPLF SDUDPHWHU ± 69� &2�
+5� DQG 6S2� ± WKH PHDQ DQG 6' RI WKH WKUHH LQWHUYDOV FRPELQHG ZHUH GHWHUPLQHG WR FUHDWH
D ILOWHU WR UHPRYH RXWOLHUV �PHDQ � �6'�� 7KH SDUDPHWHUV¶ PD[LPDO DQG PLQLPDO YDOXHV ZHUH
GHWHUPLQHG IRU HYHU\ LQWHUYDO� DIWHU ZKLFK WKH RXWOLHU ILOWHU ZDV DSSOLHG DQG WKH PHDQ� &29� DQG
SHUFHQWDJH RI RXWOLHUV ZHUH FDOFXODWHG SHU LQWHUYDO� ,%0 6366 6WDWLVWLFV� YHUVLRQ ��� ZDV XVHG
WR GHWHUPLQH ZKHWKHU WKHUH ZDV D VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH WKUHH LQWHUYDOV� 7KLV ZDV
GRQH IRU HDFK SDUDPHWHU DQG LWV VWDWLVWLFV� L�H� WKH PHDQ� &29� PD[LPDO DQG PLQLPDO YDOXH�
DQG WKH SHUFHQWDJH RI RXWOLHUV� 6LQFH QRW DOO GDWD ZDV QRUPDOO\ GLVWULEXWHG� )ULHGPDQ¶V $129$
ZDV DSSOLHG WR WKH SDLUHG GDWD� .HQGDOO¶V : ZDV FRPSXWHG WR GHPRQVWUDWH WKH HIIHFW VL]H�
ZKHUH D YDOXH RI ��� LV LQWHUSUHWHG DV D VPDOO HIIHFW� ��� DV D PRGHUDWH HIIHFW� DQG ��� DV D
ODUJH HIIHFW�>��@ :KHQ WKHUH ZDV D VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH �S � ������ SRVW KRF WHVWV
ZHUH SHUIRUPHG XVLQJ WKH :LOFR[RQ VLJQHG�UDQN WHVW ZLWK %RQIHUURQL FRUUHFWLRQ �S � ������ WR
HVWDEOLVK EHWZHHQ ZKLFK VSHFLILF LQWHUYDOV WKH GLIIHUHQFHV ZHUH SUHVHQW�

��



&KDSWHU �� 0HWKRGV ���� 'DWD DQDO\VLV

)LJXUH ���� 7LPHOLQH RI WKH LQWHUYDOV XVHG WR GHWHUPLQH WKH LQIOXHQFH RI 77( RQ WKH KDHPRG\QDPLF
SDUDPHWHUV DQG 64,�

����� 8VDELOLW\� GXUDELOLW\ RI HOHFWURGHV

)RU WKH DVVHVVPHQW RI WKH GXUDELOLW\ RI WKH HOHFWURGHV� WKH SURSRUWLRQ RI VDPSOHV ZLWK D JRRG
64, �� ���� ZDV FDOFXODWHG SHU KRXU IRU WKH HQWLUH (& PHDVXUHPHQW SHULRG� 2YHUDOO PHDQ
DQG WUHQG RI WKH 64, ZHUH FDOFXODWHG DV ZHOO� 7KH UHVXOWLQJ GDWD ZDV SORWWHG IRU HDFK VXEMHFW
LQGLYLGXDOO\�

��
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��



� 5(68/76

��� 3RSXODWLRQ

'XULQJ D SHULRG RI ILYH PRQWKV� �� SDWLHQWV ZHUH LQFOXGHG RI ZKRP �� ZHUH PDOH �7DEOH �����
�� SDLUHG (& DQG 77( PHDVXUHPHQWV ZHUH SHUIRUPHG� PRVWO\ ZLWKLQ WKH ILUVW �� KRXUV DIWHU WKH
VWDUW RI WKH (& PHDVXUHPHQW� ZLWK DQ DYHUDJH RI WZR SDLUHG PHDVXUHPHQWV SHU SDWLHQW �UDQJH
� ± ��� ,Q WZR FDVHV LW ZDV LPSRVVLEOH WR GHWHUPLQH WKH 592 GXH WR WXUEXOHQFH LQ WKH 3$ FDXVHG
E\ D 3'$ ZLWK OHIW�WR�ULJKW VKXQW� 7KH PHDVXUHPHQWV ZLWK (& KDG D PHGLDQ GXUDWLRQ RI ��
KRXUV �,45 ���� ± ����� ZLWK D PLQLPXP RI � KRXUV DQG D PD[LPXP ��� KRXUV� 2I WKH LQFOXGHG
SDWLHQWV� �� SDWLHQWV ZHUH VXSSRUWHG E\ QDVDO FRQWLQXRXV SRVLWLYH DLUZD\ SUHVVXUH �Q&3$3�� �
E\ ORZ IORZ R[\JHQ� DQG � SDWLHQWV GLG QRW UHFHLYH DQ\ YHQWLODWRU\ VXSSRUW�

��� 9DOLGDWLRQ RI HOHFWULFDO FDUGLRPHWU\

7KH RYHUDOO PHDQV � 6' RI &2(&� /9277(� DQG 59277( GXULQJ WKH 77( HSRFKV ZHUH ��� � ���
��� � ��� DQG ��� � ��� P/�PLQ�NJ� UHVSHFWLYHO\� %ODQG�$OWPDQ DQDO\VLV RI &2(& DQG /9277(�
DV VKRZQ LQ )LJXUH ���� JDYH D PHDQ ELDV RI ����� P/�PLQ�NJ ZLWK /2$ RI ����� DQG ������
P/�PLQ�NJ� 7KH ELDV� ZDV IRXQG WR EH ��� DQG WKH XQFRUUHFWHG HUURU� �HUURU�(&�77(� ZDV
������ :KHQ FRUUHFWHG IRU WKH HUURU� RI 77(� WKH HUURU� RI (& ZDV HVWDEOLVKHG DW ������
$V VKRZQ LQ )LJXUH ���� WKH PHDQ ELDV EHWZHHQ &2(& DQG 59277( ZDV ������ P/�PLQ�NJ ZLWK
DQ XSSHU DQG ORZHU /2$ RI ����� DQG ������ P/�PLQ�NJ� UHVSHFWLYHO\� 7KH ELDV� ZDV ������
DQG WKH FRUUHFWHG HUURU� ZDV ����� �XQFRUUHFWHG ������� ,W LV DSSDUHQW IURP ERWK )LJXUH ���
DQG )LJXUH ��� WKDW WKHUH LV D VLJQLILFDQW �S � ������� QHJDWLYH FRUUHODWLRQ EHWZHHQ WKH GLIIHU�
HQFH DQG WKH PHDQ RI &2(& DQG /9277( RU 59277(� 7KLV LQGLFDWHV WKDW IRU WKH 59277(� ELDV
EHWZHHQ &2(& DQG 59277( HQODUJHV ZLWK LQFUHDVLQJ &2� ZKHUHDV ELDV EHWZHHQ &2(& DQG
/9277( HQODUJHV ZLWK GHFUHDVLQJ &2 EHIRUH WKH UHJUHVVLRQ OLQH LQWHUVHFWV ]HUR ELDV DQG DIWHU
WKLV SRLQW ELDV HQODUJHV ZLWK LQFUHDVLQJ &2� ,Q RWKHU ZRUGV� &2(& RYHUHVWLPDWHV /9277( EHIRUH
WKH LQWHUVHFWLRQ DQG XQGHUHVWLPDWHV LW DIWHU WKH LQWHUVHFWLRQ�

7DEOH ���� 3DWLHQW GHPRJUDSKLFV �1 ����

0HGLDQ ,45 5DQJH

3RVWPHQVWUXDO DJH DW VWDUW (&
PHDVXUHPHQW �ZHHNV � GD\V�

���� ���� ± ���� ���� ± ����

3RVWQDWDO DJH �GD\V� � � ± �� � ± ��
:HLJKW �J� ���� ����� ± ���� ��� ± ����
+HLJKW �FP� ���� �� ± �� �� ± ����
*HVWDWLRQDO DJH DW ELUWK �ZHHNV �
GD\V�

���� ���� ± ���� ���� ± ����

%LUWKZHLJKW �J� ���� ��� ± ������ ��� ± ����

��
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)LJXUH ���� %ODQG�$OWPDQ DQDO\VLV RI &2(& DQG /9277( �1  ����

)LJXUH ���� %ODQG�$OWPDQ DQDO\VLV RI &2(& DQG 59277( �1  ����

)RU WKH 69� WKH RYHUDOO PHDQV � 6' RI 69(&� /96977(� DQG 596977( GXULQJ WKH 77( HSRFKV
ZHUH ��� � ���� ��� � ���� DQG ��� � ��� P/�NJ� UHVSHFWLYHO\� 7KHUH ZDV D PHDQ ELDV RI ����
P/�NJ ����� ELDV�� EHWZHHQ 69(& DQG /96977( ZLWK /2$ RI ��� DQG ���� P/�NJ� UHVXOWLQJ LQ
DQ HUURU� RI ����� )RU WKH 596977(� WKH PHDQ ELDV ZDV ���� P/�PLQ ������ ELDV�� ZLWK /2$
RI ��� DQG ���� P/�PLQ ������ HUURU��� 9LVXDO UHSUHVHQWDWLRQ RI WKHVH %ODQG�$OWPDQ DQDO\VHV
FDQ EH IRXQG LQ WKH $SSHQGL[ � )LJXUH � �/969� DQG � �5969��

��



&KDSWHU �� 5HVXOWV ���� 9DOLGDWLRQ RI HOHFWULFDO FDUGLRPHWU\

7KH VFDWWHU SORWV VKRZQ LQ )LJXUH ��� DQG ��� GHSLFW WKH UHODWLRQ EHWZHHQ &2(& DQG /9277(�
DQG &2(& DQG 59277(� UHVSHFWLYHO\� ,Q WKHVH ILJXUHV� UHJLRQV RI ORZ� QRUPDO� DQG KLJK &2 DUH
GLVSOD\HG LQ UHVSHFWLYH EOXH� JUHHQ� DQG UHG� 7KH YDOXHV RI &2(& DQG /9277( ZHUH VLPLODUO\
FDWHJRULVHG LQ ����� RI WKH SDLUHG PHDVXUHPHQWV� 2I WKH UHPDLQLQJ GDWD� &2(& YDOXHV ZHUH
FODVVLILHG LQ D ORZHU FDWHJRU\ WKDQ /9277( LQ ����� DQG LQ D KLJKHU FDWHJRU\ LQ ����� RI WKH
FDVHV� )RU WKH FRPSDULVRQ ZLWK 59277(� WKH FDWHJRULVDWLRQ ZDV VLPLODU LQ ����� DQG LQ WKH
UHPDLQLQJ ����� &2(& ZDV FODVVLILHG LQ D ORZHU FDWHJRU\�

)LJXUH ���� 6FDWWHU SORW RI &2(& DQG /9277( ZLWK PDUNHG UHJLRQV IRU FDWHJRULVDWLRQ �1  ���� %OXH� ORZ
&2 ����� P/�PLQ�NJ�� JUHHQ� QRUPDO &2 �������� P/�PLQ�NJ�� UHG� KLJK &2 �!��� P/�PLQ�NJ��

)LJXUH ���� 6FDWWHU SORW RI &2(& DQG 59277( ZLWK PDUNHG UHJLRQV IRU FDWHJRULVDWLRQ �1  ���� %OXH� ORZ
&2 ����� P/�PLQ�NJ�� JUHHQ� QRUPDO &2 �������� P/�PLQ�NJ�� UHG� KLJK &2 �!��� P/�PLQ�NJ��

��



8QLYHUVLW\ RI 7ZHQWH 5DGERXGXPF 1LMPHJHQ

��� 7UHQGLQJ DELOLW\ RI HOHFWULFDO FDUGLRPHWU\

)RU WKH FRQFRUGDQFH DQG SRODU SORW DQDO\VLV� �� /92 DQG �� 592 GDWD SRLQWV JLYLQJ WKH GLIIHU�
HQFH EHWZHHQ WZR FRQVHFXWLYH PHDVXUHPHQWV ZHUH DYDLODEOH� ,Q )LJXUH ��� WKH FRQFRUGDQFH
SORW RI ∆&2(& DQG ∆/9277( LV VKRZQ ZLWK D FRQFRUGDQFH UDWH RI ������ 7KH H[FOXVLRQ ]RQH
ZDV VHW DW �� P/�PLQ�NJ ZKLFK ZDV DSSUR[LPDWHO\ ��� RI WKH PHDQ &2� )LJXUH ��� VKRZV
WKH FRQFRUGDQFH RI ∆&2(& DQG ∆59277( ZLWK D FRQFRUGDQFH UDWH RI ���� %RWK FRQFRUGDQFH
UDWHV VXJJHVW SRRU WUHQGLQJ DV WKHVH DUH EHORZ WKH ��� ORZHU OLPLW IRU DFFHSWDEOH WUHQGLQJ� )XU�
WKHUPRUH� FORVHU LQVSHFWLRQ RI WKH UHVXOWV GHSLFWHG LQ )LJXUH ��� DQG ��� VKRZV WKDW WKH UDQJH
∆/9277( DQG ∆59277( LV UDWKHU ODUJH ����� W� �� P/�PLQ�NJ�� ZKHUHDV ∆&2(& KDV D VPDOOHU
UDQJH RI ��� WR �� P/�PLQ�NJ�

7KH SRODU SORWV RI &2(& DQG /9277(� DQG &2(& DQG 59277( DUH SUHVHQWHG LQ )LJXUH ��� DQG
���� UHVSHFWLYHO\� 7KH H[FOXVLRQ ]RQH ZDV VHW DW �� P/�PLQ�NJ� DSSUR[LPDWLQJ WKH ��� PHDQ
&2 DQG ��� WLPHV VPDOOHU WKDQ WKH H[FOXVLRQ ]RQH XVHG IRU WKH FRQFRUGDQFH DQDO\VLV� )RU WKH
SRODU SORW DQDO\VLV RI /92 WKH DQJXODU ELDV ZDV IRXQG WR EH ������ �������� ZLWK UDGLDO /2$ RI �
���� $QDO\VLV RI 592 JDYH DQ DQJXODU ELDV RI ������ �������� ZLWK UDGLDO /2$ RI � ���� $QDO\VLV
RI (& IRU ERWK /92 DQG 592 LQGLFDWH SRRU WUHQGLQJ DELOLW\ DV WKH DQJXODU ELDV DQG UDGLDO /2$
DUH ODUJHU WKDQ WKH UHVSHFWLYH ��� DQG ���� OLPLWV IRU JRRG WUHQGLQJ�

)LJXUH ���� &RQFRUGDQFH SORW RI &2(& DQG /9277( ZLWK DQ H[FOXVLRQ ]RQH �LQ JUH\� RI �� P/�PLQ�NJ �1
 ���� 7KH GDVKHG OLQH UHSUHVHQWV WKH DQJOH RI LGHQWLW\�

��



&KDSWHU �� 5HVXOWV ���� 7UHQGLQJ DELOLW\ RI HOHFWULFDO FDUGLRPHWU\

)LJXUH ���� &RQFRUGDQFH SORW RI &2(& DQG 59277( ZLWK DQ H[FOXVLRQ ]RQH �LQ JUH\� RI �� P/�PLQ�NJ �1
 ���� 7KH GDVKHG OLQH UHSUHVHQWV WKH DQJOH RI LGHQWLW\�

)LJXUH ���� 3RODU SORW RI &2(& DQG /9277( ZLWK DQ H[FOXVLRQ ]RQH RI �� P/�PLQ�NJ �1  ���� 7KH GRWWHG
OLQH UHSUHVHQWV WKH DQJXODU ELDV �������� DQG WKH GDVKHG OLQHV UHSUHVHQW WKH UDGLDO OLPLWV RI DJUHHPHQW
������ 	 ��������

��



8QLYHUVLW\ RI 7ZHQWH 5DGERXGXPF 1LMPHJHQ

)LJXUH ���� 3RODU SORW RI &2(& DQG 59277( ZLWK DQ H[FOXVLRQ ]RQH RI �� P/�PLQ�NJ �1  ���� 7KH GRWWHG
OLQH UHSUHVHQWV WKH DQJXODU ELDV �������� DQG WKH GDVKHG OLQHV UHSUHVHQW WKH UDGLDO OLPLWV RI DJUHHPHQW
������ 	 ��������

��� +HDUW UDWH FRPSDULVRQ

7KH RYHUDOO PHDQV �6' �&29� RI +5(& DQG +5(&* GXULQJ WKH IRXU�KRXU LQWHUYDO ZHUH �����
� ���� ������ DQG ����� � ���� ������ EHDWV�PLQ� UHVSHFWLYHO\� 7KH VXPPDULVHG UHVXOWV RE�
WDLQHG IURP WKH FURVV�FRYDULDQFH EHWZHHQ +5(& DQG +5(&* RI DOO VXEMHFWV JDYH D PHDQ � 6'
FRYDULDQFH RI ���� � ���� ZLWK D UDQJH RI ���� WR ����� 7KHUH ZDV DQ DYHUDJH WLPH ODJ EHWZHHQ
+5(& DQG +5(&* RI � PLQXWH �UDQJH � � ��� ZKHUH +5(& ZDV DKHDG RI +5(&*� ,Q )LJXUH ���
WKH FURVV�FRYDULDQFH RI D VLQJOH SDWLHQW LV VKRZQ DV DQ H[DPSOH� ZKHUH WKH SHDN VKRZV WKDW D
FRYDULDQFH RI ����� ZDV IRXQG DW D WLPH ODJ RI � PLQXWH� +5(& DQG +5(&* RI WKLV SDWLHQW LQ WKH
IRXU�KRXU LQWHUYDO DUH SUHVHQWHG LQ )LJXUH ����� DORQJ ZLWK WKH 64,� 7KH WRS SDUW RI WKH ILJXUH
VKRZV WKH RULJLQDO GDWD� ,Q WKH ERWWRP JUDSK� +5(&* GDWD LV VKLIWHG IRU WKH RQH�PLQXWH WLPH
ODJ� ,W FDQ EH VHHQ WKDW +5(& KDV D VLPLODU WUDFH DV +5(&*� $OVR� ZKHQ WKHUH ZDV D VXGGHQ
GURS LQ +5 WKHUH ZDV DOVR D GURS LQ 64,� )LJXUH ���� VKRZV WKH GLIIHUHQFH EHWZHHQ +5(& DQG
+5(&* RYHU WLPH� DJDLQ ZLWK WKH RULJLQDO GDWD DW WKH WRS DQG WKH VKLIWHG GDWD DW WKH ERWWRP� 7KLV
ILJXUH LOOXVWUDWHV WKDW ZKHQ WKH +5(&* LV VKLIWHG IRU WKH WLPH ODJ� WKH GLIIHUHQFH EHWZHHQ WKH WZR
PHWKRGV LV QHJOLJLEOH�

7KH VXPPDULVHG UHVXOWV RI WKH %ODQG�$OWPDQ DQDO\VLV JDYH D PHDQ ELDV RI ����� EHDWV�PLQ ZLWK
D 6' RI WKH ELDV RI ��� EHDWV�PLQ� 7KH ELDV� ZDV IRXQG WR EH ������ DQG WKH HUURU� ZDV �����
)RU WKH VKLIWHG +5(&* GDWD� WKLV UHVXOWHG LQ D PHDQ ELDV RI ������ EHDWV�PLQ� D 6' RI WKH ELDV
RI ��� EHDWV�PLQ� DQG ELDV� DQG HUURU� RI ������� DQG ����� UHVSHFWLYHO\� ,Q 7DEOH � DQG � RI
$SSHQGL[ � WKH PHDQ� 6'� DQG WKH UDQJH RI WKH UHVXOWV IURP WKH %ODQG�$OWPDQ DQDO\VLV RI WKH
RULJLQDO DQG VKLIWHG +5 GDWD RI DOO SDWLHQWV DUH VKRZQ� 7KHVH UHVXOWV LQGLFDWH D JRRG DJUHHPHQW
EHWZHHQ +5(& DQG +5(&*�

��



&KDSWHU �� 5HVXOWV ���� +HDUW UDWH FRPSDULVRQ

)LJXUH ���� 7KH FURVV�FRYDULDQFH EHWZHHQ +5(& DQG UHIHUHQFH PHWKRG +5(&*�

)LJXUH ����� +5 GDWD RI D VLQJOH SDWLHQW RYHU WLPH DORQJ ZLWK WKH 64,� $W WKH WRS� WKH RULJLQDO +5(& DQG
+5(&* LV VKRZQ� $W WKH ERWWRP� WKH +5(&* GDWD LV VKLIWHG IRUZDUG IRU WKH REWDLQHG ODJ RI � PLQXWH�

��
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)LJXUH ����� 'LIIHUHQFH EHWZHHQ +5(& DQG +5(&* RI D VLQJOH SDWLHQW RYHU WLPH� $W WKH WRS� WKH RULJLQDO
+5(& DQG +5(&* LV VKRZQ� $W WKH ERWWRP� WKH +5(&* GDWD LV VKLIWHG IRUZDUG IRU WKH REWDLQHG ODJ RI �
PLQXWH�

��� ,QIOXHQFH RI SDWLHQW ZHLJKW DQG KHLJKW

$ VLJQLILFDQW VWURQJ SRVLWLYH OLQHDU FRUUHODWLRQ ZDV IRXQG EHWZHHQ &2(& DQG SDWLHQW ZHLJKW�
U����  ����� S � ������ 6LPLODU UHVXOWV ZHUH IRXQG IRU WKH FRUUHODWLRQ EHWZHHQ &2(& DQG SDWLHQW
KHLJKW �U����  ����� S � ������� 7KHVH FRUUHODWLRQV DQG WKH OLQHV RI UHJUHVVLRQ DUH GLVSOD\HG LQ
UHVSHFWLYH )LJXUH ���� $ DQG %� 1R FRUUHODWLRQ ZLWK WKH ZHLJKW RU KHLJKW ZDV IRXQG IRU /9277(
�)LJXUH ���� & DQG '�� 59277( VKRZHG D ZHDN LQVLJQLILFDQW FRUUHODWLRQ ZLWK ERWK ZHLJKW �U  
����� S ! ����� )LJXUH ���� (� DQG KHLJKW �U  ����� S ! ����� )LJXUH ���� )�� 7KLV LQGLFDWHV WKDW
WKH FRUUHODWLRQV RI ZHLJKW DQG KHLJKW ZLWK 59277( SUREDEO\ DURVH E\ FKDQFH�

��� ,QIOXHQFH RI WUDQVWKRUDFLF HFKRFDUGLRJUDSK\

,Q 7DEOH ��� WKH UHVXOWV IURP WKH )ULHGPDQ¶V $129$ WHVW DUH VKRZQ� 'DWD RI �� PHDVXUHPHQWV
LQ �� SDWLHQWV ZDV DVVHVVHG� 7ZR PHDVXUHPHQWV ZHUH UHPRYHG IURP WKH GDWDVHW EHFDXVH (&
PHDVXUHPHQWV ZHUH FRQFOXGHG ZLWKLQ RQH KRXU DIWHU WKH HQG RI 77(� 7KHUH ZDV D VWDWLVWLFDOO\
VLJQLILFDQW �S  ������ GLIIHUHQFH RI WKH PHDQ 64, EHIRUH �PHGLDQ �,45�  ����� ����� ± �������
GXULQJ ������ ����� ± ����� DQG DIWHU 77( ������ ����� ± ������� ZLWK UHVSHFWLYH S�YDOXHV RI
����� DQG ����� EHWZHHQ LQWHUYDO � DQG �� DQG LQWHUYDO � DQG �� 7KLV LV DOVR GHPRQVWUDWHG E\
WKH SHUFHQWDJH RI GDWD ZLWK D 64, EHORZ ��� �S  ������ DQG LV YLVXDOO\ SUHVHQWHG LQ )LJXUH
����� 1R FOLQLFDOO\ UHOHYDQW RU VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH WKUHH LQWHUYDOV ZDV
IRXQG IRU WKH PHDQ 69 �S  ������ DQG PHDQ &2 �S  ������� 7KLV LQGLFDWHV WKDW HYHQ WKRXJK
WKH TXDOLW\ RI WKH VLJQDO ZDV DIIHFWHG E\ 77(� LW GLG QRW DOWHU WKH PHDVXUHG 69 DQG &2 E\ (&
ZKHQ WKH GDWD ZDV ILUVW ILOWHUHG WR UHPRYH GDWD SRLQWV ZLWK D 64, EHORZ ���� 5HVXOWV RI WKH SRVW
KRF WHVWV IRU WKH &29 RI 69 DQG &2 VKRZHG D VLJQLILFDQWO\ ORZHU SHUFHQWDJH GXULQJ LQWHUYDO �
ZKHQ FRPSDUHG WR LQWHUYDO � �S  ������ DQG � �S � ������� LQGLFDWLQJ D PRUH VWDEOH VLJQDO DIWHU
SHUIRUPLQJ 77( WKDQ EHIRUH RU GXULQJ 77(�

��



&KDSWHU �� 5HVXOWV ���� ,QIOXHQFH RI WUDQVWKRUDFLF HFKRFDUGLRJUDSK\

)LJXUH ����� &RUUHODWLRQV DQG OLQHV RI UHJUHVVLRQ EHWZHHQ SDWLHQW ZHLJKW RU KHLJKW DQG &2� $� ZHLJKW
YV &2(& �1  ���� %� KHLJKW YV &2(& �1  ���� &� ZHLJKW YV /9277( �1  ���� '� KHLJKW YV /9277( �1  
���� (� ZHLJKW YV 59277( �1  ���� )� KHLJKW YV 59277( �1  ����

$ VLJQLILFDQW GLIIHUHQFH �S � ������ EHWZHHQ WKH LQWHUYDOV ZDV IRXQG IRU WKH PHDQ +5 ZLWK D
PRGHUDWH HIIHFW VL]H RI ������ )RU LQWHUYDO �� �� DQG � WKH PHGLDQ �,45� RI WKH PHDQ +5 ZDV
��� ���� ± ����� ��� ���� ± ����� DQG ��� ���� ± ����� UHVSHFWLYHO\� $GGLWLRQDOO\� WKH UDQJH
EHWZHHQ PD[LPXP DQG PLQLPXP +5 DOVR GLIIHUHG EHWZHHQ WKH LQWHUYDOV� 'XULQJ LQWHUYDO � WKH
+5 UDQJHG IURP ��� WR ��� EHDWV�PLQ� GXULQJ LQWHUYDO � IURP ��� WR ��� EHDWV�PLQ� DQG GXULQJ
LQWHUYDO � IURP �� WR ��� EHDWV�PLQ� 7KLV PDLQO\ VKRZV D UHODWLYHO\ VLPLODU PD[LPXP DFURVV
DOO WKUHH LQWHUYDOV� EXW D VLJQLILFDQWO\ GLIIHUHQW �S  ������ PLQLPXP +5 EHWZHHQ WKH LQWHUYDOV�
2YHUDOO� WKHUH ZDV D ORZHU PHDQ DQG PLQLPXP+5 DIWHU 77( ZKHQ FRPSDUHG WR GXULQJ RU EHIRUH
77(� ZKLFK FDQ DOVR EH VHHQ LQ )LJXUH ����� ,W LV QRWHZRUWK\� KRZHYHU� WKDW HYHQ WKRXJK WKHUH
ZDV D VLJQLILFDQWO\ ORZHU PHDQ +5 DIWHU 77(� WKH PHDQ &2 GLG QRW GLIIHU EHWZHHQ WKH WKUHH
LQWHUYDOV� 7KLV PLJKW EH H[SODLQHG E\ WKH VOLJKW LQFUHDVH LQ PHDQ 69 GXULQJ LQWHUYDO WKUHH� 1R
FOLQLFDOO\ UHOHYDQW RU VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH ZDV IRXQG EHWZHHQ WKH LQWHUYDOV IRU DQ\
RI WKH VWDWLVWLFV RI WKH 6S2��

��
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8QLYHUVLW\ RI 7ZHQWH 5DGERXGXPF 1LMPHJHQ

��� 8VDELOLW\

7KH UHVXOWV RI WKH DVVHVVPHQW RI HOHFWURGH GXUDELOLW\ DUH GHSLFWHG LQ )LJXUH ����� ,Q WKLV ILJXUH�
WKH SURSRUWLRQ RI VDPSOHV ZLWK D JRRG 64, LV VKRZQ RYHU WLPH IRU WKUHH VXEMHFWV� ZKRVH UHVXOWV
DUH UHSUHVHQWDWLYH IRU DOO LQFOXGHG SDWLHQWV� $W WKH WRS RI )LJXUH ����� WKH UHVXOWV RI D VXEMHFW
ZKR ZDV FRQQHFWHG WR WKH HOHFWULFDO FDUGLRPHWHU IRU ��� KRXUV DUH VKRZQ� $IWHU DSSUR[LPDWHO\
�� KRXUV RI PHDVXUHPHQW WKH SURSRUWLRQ RI VDPSOHV ZLWK D JRRG 64, VWDUWV GHFUHDVLQJ DQG DIWHU
�� KRXUV WKH 64, EHFRPHV VLJQLILFDQWO\ ZRUVH� +RZHYHU� LQ DQRWKHU VXEMHFW WKH SHUFHQWDJH RI
GDWD ZLWK D JRRG 64, UHPDLQHG KLJK XQWLO WKH HQG RI WKH PHDVXUHPHQW DIWHU DSSUR[LPDWHO\ ���
KRXUV �)LJXUH ����� PLGGOH�� 6LPLODU UHVXOWV ZHUH IRXQG IRU D VXEMHFW ZKR ZDV FRQQHFWHG WR WKH
FDUGLRPHWHU IRU ��� KRXUV �)LJXUH ����� ERWWRP� ZKHUH WKH 64, UHPDLQHG KLJK XQWLO ��� KRXUV
DIWHU ZKLFK LW JUDGXDOO\ VWDUWHG GHFUHDVLQJ EXW VWLOO ZLWKLQ DFFHSWDEOH OLPLWV� 7KHVH GDWD VXJJHVW
WKDW WKH GXUDELOLW\ RI WKH HOHFWURGHV YDULHV FRQVLGHUDEO\ DPRQJ SDWLHQWV� PDNLQJ LW LPSRVVLEOH WR
GHILQH DQ H[DFW GXUDELOLW\ RI WKH HOHFWURGHV�

%HVLGHV HYDOXDWLRQ RI WKH 64, RYHU WLPH� HOHFWURGH GXUDELOLW\ ZDV DOVR DVVHVVHG E\ KRZ ORQJ
WKH HOHFWURGHV UHPDLQHG DGKHUHG WR WKH VNLQ� $IWHU H[FOXVLRQ RI WKH VXEMHFWV IRU ZKRP WKH PHD�
VXUHPHQW ZDV GLVFRQWLQXHG GXH WR GLVFKDUJH IURP WKH 1,&8� VL[ VXEMHFWV UHPDLQHG� ,Q WKHVH
VXEMHFWV� WKH HOHFWURGHV UHPDLQHG DGKHUHG IRU D PHGLDQ �,45� WLPH RI ���� ��� ± ���� KRXUV
ZLWK D PLQLPXP RI �� DQG PD[LPXP RI ��� KRXUV� 7KLV ODUJH UDQJH EHWZHHQ VXEMHFWV PD\ EH
FDXVHG E\ VHYHUDO IDFWRUV� VXFK DV WKH KXPLGLW\ RI WKH LQFXEDWRU� WKH SDWLHQW¶V VNLQ� DQG SDWLHQW
PRYHPHQW�

2WKHU DVSHFWV IRU MXGJLQJ WKH XVDELOLW\ RI (& ZHUH WKH GXUDWLRQ RI FDOLEUDWLRQ� DSSOLFDWLRQ DQG
LQWHUSUHWDWLRQ RI WKH XVHU LQWHUIDFH� DQG WKH DELOLW\ WR UHFRUG WKH GDWD DORQJ ZLWK WKH RWKHU KDHPR�
G\QDPLF SDUDPHWHUV� $W WKH VWDUW RI D PHDVXUHPHQW� WKH HOHFWULFDO FDUGLRPHWHU DXWR�FDOLEUDWHV
LWVHOI ZLWKLQ OHVV WKDQ D PLQXWH� 7KH XVHU LQWHUIDFH LV HDV\ WR DSSO\� DQG LW LV SRVVLEOH WR FKRRVH
DQ DYHUDJLQJ PRGH IRU WKH PHDVXUDQGV� 7KLV PDNHV LQWHUSUHWDWLRQ RI WKH &2 HDVLHU IRU WKH
SK\VLFLDQ� DV RIIOLQH ILOWHULQJ RI WKH GDWD LV QRW QHFHVVDU\� 7KH 64, LV VKRZQ DW WKH WRS RI WKH
VFUHHQ WR VKRZ WKH XVHU ZKHWKHU WKH UHSRUWHG YDOXHV DUH UHOLDEOH� 0XOWLSOH VFUHHQV DUH DYDLODEOH
ZKLFK VKRZ WKH YDOXH RI WKH PHDVXUDQGV DV ZHOO DV WKH &2 DQG +5 RYHU WLPH� 5HFRUGLQJ RI WKH
GDWD DORQJ ZLWK WKH RWKHU KHDPRG\QDPLF SDUDPHWHUV LV SRVVLEOH WKURXJK FRQQHFWLRQ ZLWK WKH
3KLOLSV ,QWHOOL9XH PRQLWRU� $ GLVDGYDQWDJH LV WKDW WKH &2 LV H[SUHVVHG LQ /�PLQ DQG LW LV LQGH[HG
IRU ERG\ VXUIDFH DUHD� ZKHUHDV LQ QHRQDWHV P/�PLQ DQG LQGH[LQJ IRU ERG\ ZHLJKW LV SUHIHUUHG�
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)LJXUH ����� 7KH SURSRUWLRQ RI VDPSOHV ZLWK D JRRG 64, �� ���� RYHU WLPH VKRZQ IRU WKUHH LQGLYLGXDO
VXEMHFWV�
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,Q WKLV VWXG\ WKH DFFXUDF\� UHOLDELOLW\� DQG DSSOLFDELOLW\ RI (& IRU PRQLWRULQJ WKH &2 LQ 1,&8
SDWLHQWV ZDV LQYHVWLJDWHG� :KHQ FRPSDULQJ &2(& ZLWK /9277( DQG 59277(� &2(& DSSHDUV
WR DJUHH PRUH ZLWK 59277( WKDQ /9277(� 7KH ELDV�� FRUUHFWHG HUURU�� VLPLODU FDWHJRULVDWLRQ
SHUFHQWDJH� DQJXODU ELDV� DQG UDGLDO /2$ RI &2(& FRPSDUHG ZLWK 59277( ZHUH IRXQG WR EH
������� ������ ������ ������� DQG ����� UHVSHFWLYHO\� )RU WKH FRPSDULVRQ ZLWK /9277(� WKLV
ZDV UHVSHFWLYH ���� ������ ������ ������� DQG ����� +RZHYHU� WKH ELDV EHWZHHQ &2(& DQG
59277( ZDV UHODWLYHO\ ODUJH� LQGLFDWLQJ WKDW (& XQGHUHVWLPDWHV 592� 3HUIRUPDQFH RI 77( GLG
QRW LQIOXHQFH WKH UHOLDELOLW\ RI &2(&� 'XULQJ 77(� WKHUH ZDV D ORZHU PHDQ 64, ������� WKDQ
EHIRUH ������� RU DIWHU ������� 77(� EXW WKLV GLG QRW DIIHFW WKH &2(& XVHG IRU WKH DVVHVVPHQW
RI DJUHHPHQW DQG WUHQGLQJ EHWZHHQ (& DQG 77(� 1HYHUWKHOHVV� WKH KLJK HUURU�� ORZ FRQFRU�
GDQFH UDWH ������ IRU /92 DQG ��� IRU 592� DQG KLJK DQJXODU ELDV ZLWK ZLGH DQJXODU /2$
GHPRQVWUDWH WKDW WKH (& LV QRW LQWHUFKDQJHDEOH ZLWK 77(�

��� 9DOLGDWLRQ DQG WUHQGLQJ DELOLW\ RI HOHFWULFDO FDUGLRPHWU\

)RU (& WR EH LQWHUFKDQJHDEOH ZLWK 77(� WKH HUURU� VKRXOG KDYH EHHQ EHORZ ���� DFFRUGLQJ WR
WKH FULWLFDO OLPLW IRU DFFHSWDQFH DV SURSRVHG E\ &ULWFKOH\ 	 &ULWFKOH\>��@� +RZHYHU� WKLV OLPLW LV
GLVSXWDEOH DV LW LV EDVHG RQ D UHIHUHQFH PHWKRG ZLWK D ��� HUURU� $GMXVWLQJ WKH HUURU� IRU WKH
��� HUURU RI 77( UHVXOWV LQ D FULWLFDO OLPLW IRU DFFHSWDQFH RI DJUHHPHQW RI ����� �HUURU�(&�77(��
L�H� (& FRXOG KDYH EHHQ DFFHSWHG DV D JRRG PHWKRG IRU PHDVXULQJ FDUGLDF RXWSXW LI LWV HUURU�
ZDV OHVV RU VLPLODU WR WKH ��� HUURU RI 77(�>��@ 3H\WRQ DQG &KRQJ>��@ VXJJHVW LQFUHDVLQJ WKH
OLPLW RI HUURU� IURP �� WR ��� EHFDXVH WKHLU PHWD�DQDO\VLV VKRZHG WKDW WKH HUURU� RI VHYHUDO
&2 PRQLWRULQJ PHWKRGV ZDV EHWZHHQ �� DQG ��� ZKHQ FRPSDUHG ZLWK WKHUPRGLOXWLRQ �HUURU�
�������� %XW� ZLWK LQFUHDVLQJ WKH OLPLW RI DFFHSWDEOH HUURU�� WKHUH LV D ULVN RI ZURQJIXOO\ GHFODU�
LQJ D QHZ PHWKRG DV LQWHUFKDQJHDEOH ZLWK WKH UHIHUHQFH PHWKRG� 7KH KLJK HUURU� IRXQG LQ WKLV
VWXG\� WKHUHIRUH� PDNHV LW LPSRVVLEOH WR DFFHSW (& DV D JRRG PHWKRG IRU &2 PHDVXUHPHQW�
,Q RWKHU VWXGLHV LQYHVWLJDWLQJ WKH DJUHHPHQW EHWZHHQ &2(& DQG /9277(� KLJK HUURU� ZHUH UH�
SRUWHG DV ZHOO ZLWK WKH HUURU� UDQJLQJ IURP �� WR ������>��� ��� ��� ��@ ,GHDOO\� WKH HUURU� RI
D QHZ PHWKRG LV DV ORZ DV SRVVLEOH ZKHUH WKH ELDV� LV RI OHVV LPSRUWDQFH DV D PHWKRG FDQ EH
FDOLEUDWHG IRU D ORZ DFFXUDF\ �V\VWHPDWLF HUURU� EXW QRW IRU D ORZ SUHFLVLRQ�

$ ODUJH GLIIHUHQFH EHWZHHQ /9277( DQG 59277(� ��� YV ��� P/�PLQ�NJ� ZDV IRXQG LQ WKLV VWXG\�
1R OLWHUDWXUH ZDV IRXQG UHSRUWLQJ VLPLODU GLIIHUHQFHV DV PRVW VWXGLHV RQO\ DGGUHVV WKH /92� 2QH
VWXG\ UHSRUWHG D PHDQ /92 DQG 592 RI ��� DQG ��� P/�PLQ�NJ� UHVSHFWLYHO\� LQ �� SUHWHUP
QHRQDWHV�>��@ $ SRVVLEOH H[SODQDWLRQ IRU WKH GLIIHUHQFH EHWZHHQ /9277( DQG 59277( LQ RXU
VWXG\ LV WKDW WKH /92 LV WHFKQLFDOO\ PRUH GLIILFXOW WR PHDVXUH WKDQ WKH 592� 7KLV PD\ KDYH
FDXVHG D ODUJHU GHYLDWLRQ IURP WKH LGHDO DQJOH RI LQVRQDWLRQ UHVXOWLQJ LQ DQ XQGHUHVWLPDWLRQ RI
WKH /92�

��
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,Q ����� RI WKH FRPSDUDWLYH GDWD (& RYHUHVWLPDWHG /92� ZKLFK PLJKW VXJJHVW WKDW (& LV LQ�
FDSDEOH WR GHWHFW ORZ &2� 7KLV ZDV DOVR UHSRUWHG E\ 6RQJ HW DO�>��@� ZKHUH QR FRUUHODWLRQ ZDV
IRXQG EHWZHHQ &2(& DQG /92 RU 592 LQ LQIDQWV ZLWK D &2 EHORZ ��� P/�PLQ�NJ� 7KHRUHWLFDOO\�
GHFUHDVHG EORRG IORZ LQ WKH WKRUD[ ZKLOH LQ D ORZ &2 VWDWH PD\ KDYH KDG D GLPLQLVKLQJ HIIHFW RQ
WKH VLJQDO�WR�QRLVH UDWLR RI (&� ,Q RWKHU ZRUGV� WKH (& VLJQDO PLJKW EH PRUH VHYHUHO\ GLVUXSWHG
E\ QRLVH LQ D ORZ &2 VWDWH WKDQ LQ D QRUPDO RU KLJK &2 VWDWH� PDNLQJ LV LPSRVVLEOH WR JLYH D
FRUUHFW UHDGLQJ RI WKH &2� $QRWKHU SRVVLELOLW\ LV WKDW WKH OLPLWDWLRQV RI 77( UHVXOWHG LQ HUURQHRXV
&2 PHDVXUHPHQWV� FDXVLQJ D ZURQJ FDWHJRUL]DWLRQ RI WKH /92 DQG 592� %RWK XQGHUHVWLPD�
WLRQ DQG RYHUHVWLPDWLRQ RI WKH &2 FRXOG EH KDUPIXO WR WKH SDWLHQW� ,I WKH &2 LV RYHUHVWLPDWHG�
K\SRSHUIXVLRQ DQG VKRFN PD\ QRW EH UHFRJQL]HG LQ WLPH ZKLFK FDQ LQFUHDVH WKH ULVN RI SDWLHQW
PRUELGLW\ DQG PRUWDOLW\� ZKHUHDV XQGHUHVWLPDWLRQ RI WKH &2 PD\ OHDG WR XQQHFHVVDU\ WKHUD�
SHXWLF LQWHUYHQWLRQV�

,Q UHVSHFWLYH ����� DQG ����� RI WKH FDVHV (& XQGHUHVWLPDWHG /92 DQG 592� 7KLV PLJKW
KDYH EHHQ FDXVHG E\ LQWUD� DQG H[WUDFDUGLDF VKXQWV� ZKHUH V\VWHPLF EORRG IORZ LV RYHUHVWL�
PDWHG E\ 59277( LQ WKH FDVH RI OHIW�WR�ULJKW VKXQWLQJ WKURXJK D 3)2 DQG E\ /9277( LQ WKH FDVH
RI OHIW�WR�ULJKW VKXQWLQJ WKURXJK D 3'$� ,W LV XQFHUWDLQ LI (& PHDVXUHV WKH EORRG IORZ SUHGXFWDOO\�
SRVWGXFWDOO\� RU ERWK� 7KHRUHWLFDOO\� (& UHIOHFWV FKDQJHV LQ EORRG IORZ LQ DQ\ YHVVHO SDUDOOHO
WR WKH GLVWDQFH EHWZHHQ WKH HOHFWURGHV RQ WKH QHFN DQG WKRUD[� ZKLFK LPSOLHV WKDW LW FDQQRW
GLVWLQJXLVK SUH� DQG SRVWGXFWDO EORRG IORZ� 6LQFH WKH VL]H RI WKLV VWXG\ SRSXODWLRQ ZDV VPDOO�
QR GLVWLQFWLRQ ZDV PDGH IRU WKH SUHVHQFH RI D 3'$ RU 3)2� 5HVXOWV IURP VWXGLHV LQYHVWLJDWLQJ
WKH LQIOXHQFH RI D KDHPRG\QDPLFDOO\ VLJQLILFDQW 3'$ ZLWK D OHIW�WR�ULJKW VKXQW DUH LQFRQFOXVLYH�
6RQJ HW DO�>��@ GHVFULEH D FRUUHODWLRQ EHWZHHQ (& DQG 77( WKDW LV LQGHSHQGHQW RI WKH SUHVHQFH
RI D 3'$� ,Q DGGLWLRQ� 1RRUL HW DO�>��@ UHSRUWHG QR GLIIHUHQFH LQ ELDV DQG HUURU� EHWZHHQ SD�
WLHQWV ZLWK RU ZLWKRXW D 3'$� 2Q WKH RWKHU KDQG� 7RULJRH HW DO�>��@ VWDWH WKDW WKHUH ZDV D ODUJHU
QHJDWLYH ELDV LQ SDWLHQWV ZLWK D 3'$� ZKHUHDV %ORKP HW DO�>��@ GHVFULEH D VLJQLILFDQW SRVLWLYH
LQFUHDVH LQ ELDV� 7KHUHIRUH� QR FOHDU FRQFOXVLRQ FDQ EH GUDZQ DV WR ZKHWKHU (& LV DFFXUDWH LQ
QHRQDWHV ZLWK D 3'$ DQG�RU 3)2�

7KH FRQFRUGDQFH DQDO\VLV VKRZHG WKDW WKH UDQJH RI∆/9277( DQG∆59277( ZDV WZLFH DV ODUJH
DV WKH UDQJH RI∆&2(&� 7KLV FRXOG LQGLFDWH WKDW HLWKHU 77( LV VKRZLQJ IDOVH GLIIHUHQFHV EHWZHHQ
PHDVXUHPHQWV GXH WR LWV KLJK LQWUD� DQG LQWHUREVHUYHU YDULDELOLW\ RU WKDW WKH &2 RI WKH SDWLHQWV
GLG FKDQJH EXW WKDW LW ZDV QRW UHJLVWHUHG E\ (&� 7KHUHIRUH� WKH GLVDJUHHPHQW EHWZHHQ (& DQG
77( DQG WKH SRRU WUHQGLQJ FRXOG EH LQGXFHG E\ LQFRUUHFW PHDVXUHPHQWV RI HLWKHU PHWKRG� 2QH
FRXOG DUJXH WKDW &2 PHDVXUHG ZLWK 77( LV FRUUHFW VLQFH WKH UHIHUHQFH PHWKRG VKRXOG EH YDOLG�
+RZHYHU� WKH OLPLWDWLRQV RI HFKRFDUGLRJUDSK\ PDNH WKLV D VXEMHFW RI GLVFXVVLRQ� )RU H[DPSOH�
ZKHQ DQDO\VLQJ WKH GDWD� LW ZDV IRXQG WKDW WKH GLDPHWHU RI WKH /927 DQG 5927 VKRZHG DQ
XQUHDOLVWLF YDULDWLRQ EHWZHHQ PHDVXUHPHQWV� ,Q )LJXUH � DQG � RI $SSHQGL[ � WKH GLDPHWHUV RI
WKH DRUWD DQG WKH 3$ DUH VKRZQ� UHVSHFWLYHO\� 'XH WR WKH XQUHDOLVWLF YDULDWLRQ� WKH PHDVXUHG
GLDPHWHUV ZLWKLQ D VLQJOH SDWLHQW ZHUH DYHUDJHG IRU WKH FDOFXODWLRQ RI &2�

��� 5HOLDELOLW\

,QVSHFWLRQ RI WKH HTXDWLRQV XVHG E\ (& WR FDOFXODWH 69 DQG &2 UDLVHG VRPH TXHVWLRQV� )LUVW RI
DOO� WKH PRGHO ZDV FUHDWHG EDVHG RQ DGXOWV ZKLFK PD\ YHU\ ZHOO QRW EH VXIILFLHQW IRU QHRQDWHV�
6HFRQG� ZKHQ JRLQJ IURP DFFHOHUDWLRQ WR YHORFLW\ �VHFWLRQ ����� HTXDWLRQ ����� D VTXDUH URRW LV
XVHG WR GHULYH WKH YHORFLW\ IURP WKH SHDN DFFHOHUDWLRQ LQVWHDG RI LQWHJUDWLQJ WKH DFFHOHUDWLRQ�
$FFRUGLQJ WR WKH PDQXIDFWXUHU� WKLV FDQ EH MXVWLILHG EHFDXVH WKH\ IRXQG WKDW XVLQJ WKH VTXDUH
URRW WR FDOFXODWH WKH YHORFLW\ LV VXIILFLHQW WR DSSUR[LPDWH WKH FDUGLDF RXWSXW� 7KLUG� WKHUH ZDV D
VWURQJ VLJQLILFDQW FRUUHODWLRQ EHWZHHQ &2(& DQG SDWLHQW ZHLJKW �U  ����� S � ������ DQG KHLJKW
�U  ����� S � ������� ZKHUHDV D QRQH�WR�ZHDN FRUUHODWLRQ ZDV IRXQG IRU /9277( DQG 59277(�
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$ FHUWDLQ FRUUHODWLRQ EHWZHHQ &2 DQG ZHLJKW ZDV H[SHFWHG� EHFDXVH LQ QHRQDWHV &2 SK\VLR�
ORJLFDOO\ LQFUHDVHV ZLWK ZHLJKW ZKLFK LV ZK\ &2 LV JHQHUDOO\ QRUPDOL]HG IRU ERG\ZHLJKW LQ WKLV
SRSXODWLRQ� +RZHYHU� VLQFH /9277( DQG 59277( VKRZHG QRQH�WR�ZHDN FRUUHODWLRQ ZKLOH &2(&
VKRZHG VWURQJ FRUUHODWLRQ ZLWK SDWLHQW ZHLJKW� LW LV DUJXDEOH WKDW (& SHUKDSV UHOLHV WRR KHDYLO\
RQ WKH HQWHUHG ZHLJKW DQG KHLJKW IRU WKH FDOFXODWLRQ RI 69 DQG &2 �VHFWLRQ ����� HTXDWLRQ �����

)XUWKHUPRUH� FRPSDULVRQ RI +5(& ZLWK +5(&* VKRZHG WKDW WKH PHWKRGV DUH LQWHUFKDQJHDEOH
DQG WKH WLPH ODJ WKDW H[LVWHG EHWZHHQ WKH WZR PHWKRGV LV FOLQLFDOO\ LUUHOHYDQW� 7KH ELDV� DQG
HUURU� RI 69(& DQG &2(& LQ WKLV VWXG\ ZHUH IRXQG WR EH FRPSDUDEOH� 6LPLODU ILQGLQJV ZHUH
UHSRUWHG LQ D UHFHQW VWXG\ E\ 6FKZDU] HW DO��� LQ QHRQDWHV ZLWK D PHGLDQ �,45� JHVWDWLRQDO DJH
RI ���� ����� ± ����� ZHHNV � GD\V DQG D ELUWK ZHLJKW RI ��� ���� ± ����� J� 7KLV LQGLFDWHV
WKDW LI (& PLVFDOFXODWHV WKH &2� WKLV PLVWDNH FDQ EH WUDFHG EDFN WR WKH FDOFXODWLRQ RI 69 LQVWHDG
RI WKH PHDVXUHG +5�

��� 8VDELOLW\

7KH XVDELOLW\ RI (& ZDV IRXQG WR EH JRRG� FRQVLGHULQJ LW SURYLGHV FRQWLQXRXV DVVHVVPHQW RI
WKH &2 DQG &2 LV UHFRUGDEOH DORQJ ZLWK WKH RWKHU KDHPRG\QDPLF SDUDPHWHUV� 0RUHRYHU� (&
ZDV H[SHULHQFHG DV SUDFWLFDO� DQG HDV\ WR DSSO\ DQG LQWHUSUHW� 5HVXOWV RI WKH DQDO\VLV RI (&
HOHFWURGH GXUDELOLW\ VKRZHG WKDW LW LV QRW QHFHVVDULO\ UHTXLUHG WR UHSODFH WKH HOHFWURGHV DIWHU ��
KRXUV RI (&� DV LV DGYLVHG E\ WKH PDQXIDFWXUHU� 7KH SURSRUWLRQ RI VDPSOHV ZLWK D JRRG 64,
�64, � ���� RYHU WLPH GLIIHUHG DPRQJ SDWLHQWV� 6RPH SDWLHQWV VKRZHG D ORZ SHUFHQWDJH RI
GDWD ZLWK JRRG 64, HYHQ ZLWKLQ WKH ILUVW �� KRXUV RI (&� ZKHUHDV LQ RWKHUV WKH 64, ZDV VWLOO KLJK
DIWHU ��� KRXUV RI PHDVXULQJ� ,W LV WKHUHIRUH VXJJHVWHG WR RQO\ UHSODFH WKH HOHFWURGHV ZKHQ WKH
64, UHPDLQV EHORZ ��� IRU PRUH WKDQ ILIWHHQ PLQXWHV RU ZKHQ WKH HOHFWURGHV GHWDFKHG IURP WKH
VNLQ� %HVLGHV� WKH HOHFWURGHV PRVWO\ DGKHUHG ILUPO\ WR WKH SDWLHQWV¶ VNLQ� PDNLQJ LW XQSOHDVDQW
IRU WKH SDWLHQWV WR UHPRYH WKHP HDUOLHU WKDQ QHFHVVDU\�

��� /LPLWDWLRQV

7KLV VWXG\ KDV VHYHUDO OLPLWDWLRQV� )LUVW� RQO\ KDHPRG\QDPLFDOO\ VWDEOH SDWLHQWV ZHUH LQFOXGHG
LQ ZKLFK D QRUPDO &2 ZDV H[SHFWHG� 7KH UHVXOWV RI WKLV VWXG\ DUH� WKHUHIRUH� LQWHUQDOO\ YDOLG
IRU WKLV SRSXODWLRQ� EXW QRW H[WHUQDOO\ YDOLG IRU IRU H[DPSOH WHUP QHRQDWHV RU KDHPRG\QDPLFDOO\
LQVWDEOH SDWLHQWV� 7R DFKLHYH H[WHUQDO YDOLGDWLRQ� WKH SDWLHQW SRSXODWLRQ VKRXOG EH H[WHQGHG WR
DOVR LQFOXGH OHVV FOLQLFDOO\ VWDEOH LQIDQWV ZLWK D ORZ RU KLJK &2� 6HFRQGO\� 77( ZDV XVHG DV D
UHIHUHQFH PHWKRG HYHQ WKRXJK LW KDV VLJQLILFDQW OLPLWDWLRQV DV PHQWLRQHG EHIRUH� 6LQFH WKHU�
PRGLOXWLRQ� ZKLFK LV FRQVLGHUHG WKH JROG VWDQGDUG LQ DGXOWV� FDQQRW EH XVHG LQ QHRQDWHV GXH
WR WHFKQLFDO OLPLWDWLRQV� 77( LV RIWHQ UHSRUWHG LQ OLWHUDWXUH DV UHIHUHQFH PHWKRG IRU YDOLGDWLRQ RI
HOHFWULFDO ELRVHQVLQJ WHFKQRORJLHV� 7KLUG� WKH DLP ZDV WR FRQGXFW 77( RQFH SHU GD\ WR DVVHVV
WUHQGLQJ DELOLW\ EXW GXH WR RWKHU SURFHHGLQJV LW VLPSO\ ZDV LPSRVVLEOH WR SHUIRUP 77( HYHU\ GD\
LQ HYHU\ SDWLHQW�

,W LV LPSRUWDQW WR PHQWLRQ WKDW HYHQ LI D QRQLQYDVLYH &2 PRQLWRU LV WR EH XVHG LQ WKH IXWXUH� 77(
ZLOO DOZD\V QHHG WR EH SHUIRUPHG DW OHDVW RQFH WR DVVHVV WKH DQDWRP\ DQG SDWKRSK\VLRORJ\ RI
WKH SDWLHQW¶V KHDUW DQG FDUGLRYDVFXODU VWDWXV� $GGLWLRQDOO\� WR DVVHVV WKH KDHPRG\QDPLF VWDWH
RI D SDWLHQW� WKH &2 RQ LWV RZQ LV QRW UHOLDEOH� 7KH RWKHU KDHPRG\QDPLF SDUDPHWHUV DOZD\V
QHHG WR EH WDNHQ LQWR FRQVLGHUDWLRQ EHIRUH LQWHUIHULQJ� %HVLGHV� &2 RQO\ SURYLGHV LQIRUPDWLRQ
RQ V\VWHPLF EORRG IORZ� EXW QRW RQ ORFDO SHUIXVLRQ DQG R[\JHQDWLRQ� ,I LQIRUPDWLRQ RQ ORFDO
R[\JHQDWLRQ LV UHTXLUHG� QHDU�LQIUDUHG VSHFWURVFRS\ PD\ EH XVHG�
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7KH PDLQ JRDO RI WKLV VWXG\ ZDV WR GHWHUPLQH WKH DFFXUDF\� UHOLDELOLW\� DQG DSSOLFDELOLW\ RI (&�
$JUHHPHQW DQG WUHQGLQJ EHWZHHQ (& DQG 77( ZDV SRRU� KHQFH (& DQG 77( DUH QRW LQWHU�
FKDQJHDEOH� 7KH ELDV� �DFFXUDF\� RI &2(&� ZKHQ FRPSDUHG ZLWK /9277(� ZDV IRXQG WR EH
��� ZLWK DQ HUURU � RI ������ :KHQ FRPSDUHG ZLWK 59277(� WKH ELDV� ZDV ������ DQG WKH
HUURU� ������ $VVHVVPHQW RI WKH WUHQGLQJ DELOLW\ RI (& VKRZHG FRQFRUGDQFH UDWHV RI �����
�/9277(� DQG ��� �59277(�� DQG DQJXODU ELDVHV RI ������ �/9277(� DQG ������ �59277(�� +RZ�
HYHU� GXH WR WKH OLPLWDWLRQV RI 77(� LW LV XQFOHDU WR ZKDW H[WHQW WKH GLVDJUHHPHQW EHWZHHQ WKH WZR
PHWKRGV LV FDXVHG E\ HUURQHRXV &2 PHDVXUHPHQWV E\ HLWKHU (& RU 77(� ZKLFK HPSKDVL]HV
WKH QHHG IRU DQRWKHU� PRUH DFFXUDWH DQG UHOLDEOH UHIHUHQFH PHWKRG�

3HUIRUPDQFH RI 77( GLG QRW LQIOXHQFH WKH UHOLDELOLW\ RI &2(&� EXW WKH VWURQJ VLJQLILFDQW FRUUH�
ODWLRQ IRXQG EHWZHHQ &2(& DQG SDWLHQW ZHLJKW �U  ����� S � ������ DQG KHLJKW �U  ����� S �
������ UDLVHG VRPH TXHVWLRQV RQ WKH FDOFXODWLRQ RI &2(& DQG WKH H[WHQW WR ZKLFK LW UHOLHV RQ WKH
SDWLHQW ZHLJKW DQG KHLJKW�

7R FRQFOXGH� HYHQ WKRXJK (& VKRZHG JRRG XVDELOLW\� WKH DFFXUDF\ DQG UHOLDELOLW\ RI (& IRU
PHDVXULQJ &2 LV SRRU� GHHPLQJ (& QRW DSSOLFDEOH \HW WR PRQLWRU &2 LQ FULWLFDOO\ LOO QHZERUQV�
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%DVHG RQ WKH UHVXOWV RI WKH YDOLGLW\ DQG WUHQG DQDO\VLV� (& FDQQRW EH UHFRPPHQGHG IRU &2
PRQLWRULQJ RQ WKH 1,&8 IRU QRZ� 0RUH UHVHDUFK ZLWK DQ DFFXUDWH UHIHQFH PHWKRG LV QHFHVVDU\�
DV ZHOO DV H[WHQGLQJ WKH SRSXODWLRQ WR DOVR LQFOXGH KDHPRG\QDPLFDOO\ XQVWDEOH SDWLHQWV�

)RU IXUWKHU UHVHDUFK LQWR &2 PRQLWRULQJ RQ WKH 1,&8� LW LV UHFRPPHQGHG WR ILUVW LQYHVWLJDWH
WKH LQIOXHQFH RI WKH ZHLJKW DQG KHLJKW RQ &2(& PRUH H[WHQVLYHO\� )RU H[DPSOH� D WHVW FRXOG
EH UXQ WR VHH ZKHWKHU &2(& LQ D KDHPRG\QDPLFDOO\ VWDEOH SDWLHQW FKDQJHV ZKHQ WKH ZHLJKW
RU WKH KHLJKW LV DGMXVWHG RQ WKH FDUGLRPHWHU� ,I WKH FDOFXODWLRQ RI &2(& LV KLJKO\ GHSHQGDEOH
RQ WKH ZHLJKW DQG KHLJKW� WKLV ZRXOG LQGXFH DQ LQFUHDVH LQ &2 XSRQ LQFUHDVLQJ WKH HQWHUHG
ZHLJKW RU KHLJKW� $GGLWLRQDOO\� LW FRXOG EH FRQVLGHUHG WR YDOLGDWH (& EDVHG RQ RXU NQRZOHGJH
RI �SDWKR�SK\VLRORJ\� 1HRQDWHV LQ ZKLFK D ORZ &2 LV H[SHFWHG FDQ EH LQFOXGHG� IRU H[DPSOH
SDWLHQWV UHFHLYLQJ WKHUDSHXWLF K\SRWKHUPLD IRU SHULQDWDO DVSK\[LD� DV ZHOO DV SDWLHQWV ZLWK DQ
H[SHFWHG KLJK &2 �H�J� YDVRSOHJLD�� 0RUHRYHU� WUHQGLQJ DELOLW\ RI (& FRXOG EH DVVHVVHG GXULQJ
UHZDUPLQJ DIWHU WKHUDSHXWLF K\SRWKHUPLD ZKLFK ZLOO FDXVH DQ LQFUHDVH LQ &2�

$ PRUH DFFXUDWH WHFKQLTXH WR PHDVXUH &2 DQG ZKLFK FRXOG WKHUHIRUH EH XVHG DV D UHIHUHQFH
PHWKRG LQ IXWXUH VWXGLHV� LV WUDQVSXOPRQDU\ XOWUDVRXQG GLOXWLRQ �738'�� :LWK 738'� DQ DUWH�
ULRYHQRXV �$9� ORRS LV SODFHG EHWZHHQ WKH DUWHULDO DQG FHQWUDO YHQRXV FDWKHWHU DQG ��� WR ���
P/�NJ LVRWRQLF VDOLQH DW ERG\ WHPSHUDWXUH LV LQMHFWHG DW WKH YHQRXV VLGH RI WKH $9 ORRS� 6LQFH
VRXQG ZDYHV SURSDJDWH VORZHU WKURXJK VDOLQH ����� P�V� WKDQ EORRG ����� ± ���� P�V�� D GH�
FUHDVHG XOWUDVRXQG YHORFLW\ LV PHDVXUHG GRZQVWUHDP DW WKH DUWHULDO VLGH RI WKH $9 ORRS� $V
WKH DOWHULQJ FRQFHQWUDWLRQ RI LVRWRQLF VDOLQH RYHU WLPH LV UHODWHG WR &2� WKH UHVXOWLQJ XOWUDVRXQG
GLOXWLRQ FXUYH FDQ EH XVHG WR FDOFXODWH &2 ZLWK WKH 6WHZDUW�+DPLOWRQ HTXDWLRQ� $Q LPSRUWDQW
OLPLWDWLRQ RI 738' LV WKH UHTXLUHPHQW RI LVRWRQLF VDOLQH LQMHFWLRQV� 5HSHDWHG PHDVXUHV ZLWK
738' ZLOO LQFUHDVH WKH ULVN RI IOXLG RYHUORDG� HVSHFLDOO\ LQ QHRQDWHV� ZKLFK LV DVVRFLDWHG ZLWK
DQ LQFUHDVHG ULVN RI 3'$ DQG QHFURWL]LQJ HQWHURFROLWLV� 738' LV SRVVLEOH LQ LQIDQWV ZHLJKLQJ
RYHU ��� J�>��� ��� ��� ��@

$QRWKHU UHIHUHQFH PHWKRG PLJKW EH ��GLPHQVLRQDO ��'� HFKRFDUGLRJUDSK\� ,Q WKLV PHWKRG D
GHGLFDWHG �' SUREH LV XVHG WR PDNH D UHFRUGLQJ RI WKH IRXU�FKDPEHU YLHZ� (QG�GLDVWROLF DQG
HQG�V\VWROLF YROXPH FDQ EH GHWHUPLQHG RIIOLQH XVLQJ D VRIWZDUH SURJUDP ZLWK VHPL�DXWRPDWHG
HQGRFDUGLDO ERUGHU GHWHFWLRQ� &2 FDQ EH FDOFXODWHG E\ PXOWLSO\LQJ WKH GLIIHUHQFH EHWZHHQ HQG�
GLDVWROLF DQG HQG�V\VWROLF YROXPH ZLWK WKH +5�>��@

$ GLIIHUHQW QRQLQYDVLYH HOHFWULFDO ELRVHQVLQJ WHFKQRORJ\ WRPHDVXUH &2 FRXOG EH LQYHVWLJDWHG DV
ZHOO� VXFK DV WKH 6WDUOLQJ 69 RU WKH 1,&D6� 7KH 6WDUOLQJ 69 XVHV D PHWKRG FDOOHG WUDQVWKRUDFLF
ELRUHDFWDQFH WR FDOFXODWH WKH &2� 7UDQVWKRUDFLF ELRUHDFWDQFH KDV EHHQ YDOLGDWHG DJDLQVW WKHU�
PRGLOXWLRQ LQ DGXOWV� JLYLQJ D ELDV� RI ���� DQG DQ HUURU� RI ������ DORQJ ZLWK D ��� VHQVLWLYLW\
DQG VSHFLILFLW\ WR GHWHFW KHPRG\QDPLF FKDQJHV�>��@ ,Q FKLOGUHQ DQG QHRQDWHV YDOLGDWLRQ VWXGLHV
KDYH EHHQ SHUIRUPHG XVLQJ 77(� ZLWK UHSRUWHG ELDV� DQG HUURU� UDQJLQJ IURP ��� WR ��� DQG
���� WR ���� UHVSHFWLYHO\�>��� ��� ��� ��� ��@ 7KH 1,&D6 XVHV ZKROH�ERG\ ELRLPSHGDQFH WR FDO�
FXODWH WKH &2� 9DOLGDWLRQ VWXGLHV RI ZKROH�ERG\ ELRLPSHGDQFH KDYH EHHQ SHUIRUPHG LQ DGXOWV

��
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ZLWK WKHUPRGLOXWLRQ� )LFN SULQFLSOH� DQG 77( DV UHIHUHQFH PHWKRGV� %LDV� DQG HUURU� ZHUH
VWDWHG WR UDQJH IURP ��� WR ����� DQG ���� WR ������ UHVSHFWLYHO\�>��� ��� ��� ��� ��@ 2QO\ RQH
VWXG\ UHSRUWHG WKH YDOLGDWLRQ RI ZKROH�ERG\ ELRLPSHGDQFH LQ FKLOGUHQ� VKRZLQJ D ELDV� RI ����
DQG DQ HUURU� RI ������ ZLWK WUDQVRHVRSKDJHDO GRSSOHU DV UHIHUHQFH PHWKRG�>��@ 1R YDOLGDWLRQ
VWXGLHV RI ZKROH�ERG\ ELRLPSHGDQFH LQ QHRQDWHV KDYH EHHQ SXEOLVKHG \HW�

��



5()(5(1&(6

>�@ .DWKU\Q 1� ,YH\ DQG 'HHSDN 6ULYDVWDYD� 7KH SDUDGR[LFDO SDWHQW GXFWXV DUWHULRVXV� �����

>�@ 1DQGDQ 6� $QDYHNDU DQG -DH .� 2K� 'RSSOHU HFKRFDUGLRJUDSK\� $ FRQWHPSRUDU\ UHYLHZ�
-RXUQDO RI &DUGLRORJ\� ���������±���� �����

>�@ :LOOHP 3� GH %RRGH� 5RELQ YDQ GHU /HH� %HDWH +RUVEHUJ (ULNVHQ� (LULN 1HVWDDV� (X�
JHQH 'HPSVH\� <RJHQ 6LQJK� 7RSXQ $XVWLQ� DQG $ILI (O�.KXIIDVK� 7KH UROH RI 1HRQDWROR�
JLVW�3HUIRUPHG (FKRFDUGLRJUDSK\ LQ WKH DVVHVVPHQW DQG PDQDJHPHQW RI QHRQDWDO VKRFN�
�����

>�@ 0DUNXV 2V\SND� $Q ,QWURGXFWLRQ WR (OHFWULFDO &DUGLRPHWU\ �� (OHFWULFDO &DUGLRPHWU\ ��
�������±��� �����

>�@ =RUJ URQG GH JHERRUWH _ &LMIHUV 	 &RQWH[W _ *HEUXLN _ 9RONVJH]RQGKHLGHQ]RUJ�LQIR�

>�@ 6KDQH 0� 7LEE\� 0DUN +DWKHULOO� 0LFKDHO -� 0DUVK� DQG ,DQ $� 0XUGRFK� &OLQLFLDQV¶ DELO�
LWLHV WR HVWLPDWH FDUGLDF LQGH[ LQ YHQWLODWHG FKLOGUHQ DQG LQIDQWV� $UFKLYHV RI 'LVHDVH LQ
&KLOGKRRG� ���������±���� �����

>�@ -RQDWKDQ *� %HQVOH\� 5REHUW 'H 0DWWHR� 5LFKDUG +DUGLQJ� DQG 0DU\ -� %ODFN� 7KH HIIHFWV
RI SUHWHUP ELUWK DQG LWV DQWHFHGHQWV RQ WKH FDUGLRYDVFXODU V\VWHP� $FWD 2EVWHWULFLD HW
*\QHFRORJLFD 6FDQGLQDYLFD� ���������±���� �����

>�@ 0DWWKHZ0F*RYHUQ DQG -DQ0LOHWLQ� &DUGLDF RXWSXW PRQLWRULQJ LQ SUHWHUP LQIDQWV� )URQWLHUV
LQ 3HGLDWULFV� ��$SULO���±��� �����

>�@ 6DELQH /� 9UDQFNHQ� $UQR )� YDQ +HLMVW� DQG :LOOHP 3� GH %RRGH� 1HRQDWDO +HPRG\QDP�
LFV� )URP GHYHORSPHQWDO SK\VLRORJ\ WR FRPSUHKHQVLYH PRQLWRULQJ� )URQWLHUV LQ 3HGLDWULFV�
��$SULO���±��� �����

>��@ 5RQDOG ,� &O\PDQ� -DPHV &RXWR� DQG *DLO 0� 0XUSK\� 3DWHQW 'XFWXV $UWHULRVXV� $UH
&XUUHQW 1HRQDWDO 7UHDWPHQW 2SWLRQV %HWWHU RU :RUVH 7KDQ 1R 7UHDWPHQW DW $OO"� � �����

>��@ 7DL :HL :X� 7LPXU $]KLEHNRY� DQG ,VWYDQ 6HUL� 7UDQVLWLRQDO KHPRG\QDPLFV LQ SUHWHUP
QHRQDWHV� &OLQLFDO UHOHYDQFH� 3HGLDWULFV DQG 1HRQDWRORJ\� �������±��� �����

>��@ :LOOHP 3LHWHU GH %RRGH� $GYDQFHG +HPRG\QDPLF 0RQLWRULQJ LQ WKH 1HRQDWDO ,QWHQVLYH
&DUH 8QLW� �����

>��@ 3ULQFH 	 /LQNV� 0HGLFDO ,PDJLQJ 6LJQDOV DQG 6\VWHPV� �QG (GLWLRQ _ 3HDUVRQ�

>��@ .RHUW 'H :DDO� 0DUWLQ .OXFNRZ� DQG 1LFN (YDQV� :HLJKW FRUUHFWHG SHUFHQWLOHV IRU EORRG
YHVVHO GLDPHWHUV XVHG LQ IORZ PHDVXUHPHQWV LQ SUHWHUP LQIDQWV� (DUO\ +XPDQ 'HYHORS�
PHQW� ����������±���� �����

>��@ 0� 6� &KHZ DQG -� 3RHODHUW� $FFXUDF\ DQG UHSHDWDELOLW\ RI SHGLDWULF FDUGLDF RXWSXW
PHDVXUHPHQW XVLQJ 'RSSOHU� ���<HDU UHYLHZ RI WKH OLWHUDWXUH� ,QWHQVLYH &DUH 0HGLFLQH�
�����������±����� �����

��
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>��@ &� 6FKPLGW� *� 7KHLOPHLHU� +� 9DQ $NHQ� 3� .RUVPHLHU� 6� 3� :LUW]� (� %HUHQGHV�
$� +RIIPHLHU� DQG $� 0HLVVQHU� &RPSDULVRQ RI HOHFWULFDO YHORFLPHWU\ DQG WUDQVRHVRSKDJHDO
'RSSOHU HFKRFDUGLRJUDSK\ IRU PHDVXULQJ VWURNH YROXPH DQG FDUGLDF RXWSXW� %ULWLVK -RXUQDO
RI $QDHVWKHVLD� ���������±���� �����

>��@ ,&21 � 121,19$6,9( +(02'<1$0,&6 (OHFWULFDO &DUGLRPHWU\�� 7HFKQLFDO UHSRUW�
2V\SND 0HGLFDO *PE+� �����

>��@ (OHFWULFDO &DUGLRPHWU\ 7HFKQRORJ\ �(&� _ 2V\SND 0HGLFDO _ &DUGLRWURQLF�

>��@ 2V\SND 0-� %HUQVWHLQ '3� $SSDUDWXV DQG PHWKRG IRU GHWHUPLQLQJ DQ DSSUR[LPDWLRQ RI WKH
VWURNH YROXPH DQG WKH FDUGLDF RXWSXW RI WKH KHDUW� 86 3DWHQW ��������� %�� -DQXDU\ ���
����� ������ �����

>��@ -LWLQ 1DUXOD� 6DQGHHS &KDXKDQ� 6LYDVXEUDPDQLDQ 5DPDNULVKQDQ� DQG 6DXUDEK .XPDU
*XSWD� (OHFWULFDO &DUGLRPHWU\� $ 5HOLDEOH 6ROXWLRQ WR &DUGLDF 2XWSXW (VWLPDWLRQ LQ &KLOGUHQ
:LWK 6WUXFWXUDO +HDUW 'LVHDVH� -RXUQDO RI &DUGLRWKRUDFLF DQG 9DVFXODU $QHVWKHVLD� �����

>��@ 6KDKDE 1RRUL� %HQD]LU 'UDEX� 6DGDI 6ROH\PDQL� DQG ,VWYDQ 6HUL� &RQWLQXRXV QRQ�LQYDVLYH
FDUGLDF RXWSXW PHDVXUHPHQWV LQ WKH QHRQDWH E\ HOHFWULFDO YHORFLPHWU\� $ FRPSDULVRQ ZLWK
HFKRFDUGLRJUDSK\� $UFKLYHV RI 'LVHDVH LQ &KLOGKRRG� )HWDO DQG 1HRQDWDO (GLWLRQ� �����

>��@ 5DOI 5DXFK� (YD :HOLVFK� 1DWKDQ /DQVGHOO� (OL]DEHWK %XUULOO� -XG\ -RQHV� 7UDF\ 5RELQVRQ�
'LUN %RFN� &KHULO &ODUVRQ� *XLGR )LOOHU� DQG .DPEL] 1RUR]L� 1RQ�LQYDVLYH PHDVXUHPHQW
RI FDUGLDF RXWSXW LQ REHVH FKLOGUHQ DQG DGROHVFHQWV� &RPSDULVRQ RI HOHFWULFDO FDUGLRPHWU\
DQG WUDQVWKRUDFLF 'RSSOHU HFKRFDUGLRJUDSK\� -RXUQDO RI &OLQLFDO 0RQLWRULQJ DQG &RPSXW�
LQJ� ���������±���� � �����

>��@ 2VZLQ *UROOPXVV DQG 3DWULFLD *RQ]DOH]� 1RQ�LQYDVLYH FDUGLDF RXWSXW PHDVXUHPHQW LQ ORZ
DQG YHU\ ORZ ELUWK ZHLJKW LQIDQWV� $ PHWKRG FRPSDULVRQ� )URQWLHUV LQ 3HGLDWULFV� �����

>��@ 5� 6RQJ� :� 5LFK� -� +� .LP� 1� 1� )LQHU� DQG $� &� .DWKHULD� 7KH XVH RI HOHFWULFDO FDU�
GLRPHWU\ IRU FRQWLQXRXV FDUGLDF RXWSXW PRQLWRULQJ LQ SUHWHUP QHRQDWHV� D YDOLGDWLRQ VWXG\�
$PHULFDQ MRXUQDO RI SHULQDWRORJ\� �����������±����� �� �����

>��@ $� %RHW� *� -RXUGDLQ� 6� 'HPRQWRX[� DQG '� 'H /XFD� 6WURNH YROXPH DQG FDUGLDF RXWSXW
HYDOXDWLRQ E\ HOHFWULFDO FDUGLRPHWU\� $FFXUDF\ DQG UHIHUHQFH QRPRJUDPV LQ KHPRG\QDP�
LFDOO\ VWDEOH SUHWHUP QHRQDWHV� -RXUQDO RI 3HULQDWRORJ\� ���������±���� � �����

>��@ 6LOYLD 0DUWLQL� *LXOLD )UDEERQL� 3DROD 5XFFL� 0DUHN &]RVQ\ND� 3HWHU 6PLHOHZVNL� 6LOYLD
*DOOHWWL� $QQD *LXOLD &LPDWWL� *LDFRPR )DOGHOOD� /XLJL &RUYDJOLD� DQG 7RSXQ $XVWLQ� &DU�
GLRYDVFXODU DQG FHUHEURYDVFXODU UHVSRQVHV WR FDUGLR�UHVSLUDWRU\ HYHQWV LQ SUHWHUP LQIDQWV
GXULQJ WKH WUDQVLWLRQDO SHULRG� -RXUQDO RI 3K\VLRORJ\� �����

>��@ 6� 6ROH\PDQL� ,� 6HUL� DQG ,� 6HUL� +HPRG\QDPLF PRQLWRULQJ LQ QHRQDWHV� $GYDQFHV DQG
FKDOOHQJHV� -RXUQDO RI 3HULQDWRORJ\� ���6���6��±6��� �����

>��@ /HVWHU $�+� &ULWFKOH\ DQG -XOLDQ $�-�+� &ULWFKOH\� $ PHWD�DQDO\VLV RI VWXGLHV XVLQJ ELDV
DQG SUHFLVLRQ VWDWLVWLFV WR FRPSDUH FDUGLDF RXWSXW PHDVXUHPHQW WHFKQLTXHV� -RXUQDO RI
&OLQLFDO 0RQLWRULQJ DQG &RPSXWLQJ� �����

>��@ :LOOHP 3LHWHU GH %RRGH� 0DUNXV 2V\SND� 6� 6ROH\PDQL� DQG 6KDKDE 1RRUL� $VVHVVPHQW RI
FDUGLDF RXWSXW LQ QHRQDWHV� WHFKQLTXHV XVLQJ WKH )LFN SULQFLSOH� LQGLFDWRU GLOXWLRQ WHFKQRO�
RJ\� 'RSSOHU XOWUDVRXQG� WKRUDFLF HOHFWULFDO LPSHGDQFH� DQG DUWHULDO SXOVH FRQWRXU DQDO\VLV�
,Q 5LFKDUG $� 3ROLQ� HGLWRU� +HPRG\QDPLFV DQG &DUGLRORJ\� FKDSWHU ��� SDJHV ���±����
(OVHYLHU� ,QF�� �UG HGLWLRQ� �����

��



5HIHUHQFHV 5HIHUHQFHV

>��@ /HVWHU $� &ULWFKOH\� ;LDR ;� <DQJ� DQG $QQD /HH� $VVHVVPHQW RI WUHQGLQJ DELOLW\ RI FDU�
GLDF RXWSXW PRQLWRUV E\ SRODU SORW PHWKRGRORJ\� -RXUQDO RI &DUGLRWKRUDFLF DQG 9DVFXODU
$QHVWKHVLD� ���������±���� �����

>��@ /HVWHU $� &ULWFKOH\� $QQD /HH� DQG $QWKRQ\ 0�+� +R� $ FULWLFDO UHYLHZ RI WKH DELOLW\ RI
FRQWLQXRXV FDUGLDF RXWSXW PRQLWRUV WR PHDVXUH WUHQGV LQ FDUGLDF RXWSXW� $QHVWKHVLD DQG
$QDOJHVLD� �����������±����� �����

>��@ (OOHQ 0DUVKDOO DQG %DVLOH 0DUTXLHU� )ULHGPDQ WHVW LQ 6366�

>��@ 3� -� 3H\WRQ DQG 6� :� &KRQJ� 0LQLPDOO\ LQYDVLYH PHDVXUHPHQW RI FDUGLDF RXWSXW GXU�
LQJ VXUJHU\ DQG FULWLFDO FDUH� $ PHWD�DQDO\VLV RI DFFXUDF\ DQG SUHFLVLRQ �$QHVWKHVLRORJ\
������ ���� ������������� $QHVWKHVLRORJ\� ����������� �����

>��@ 0DUWLQ (UQVW %ORKP� -DQD +DUWZLFK� 'HQLVH 2EUHFKW� -DQ )HOL[ .HUVWHQ� DQG 'RPLQLTXH
6LQJHU� (IIHFW RI SDWHQW GXFWXV DUWHULRVXV DQG SDWHQW IRUDPHQ RYDOH RQ OHIW YHQWULFX�
ODU VWURNH YROXPH PHDVXUHPHQW E\ HOHFWULFDO YHORFLPHWU\ LQ FRPSDULVRQ WR WUDQVWKRUDFLF
HFKRFDUGLRJUDSK\ LQ QHRQDWHV� -RXUQDO RI &OLQLFDO 0RQLWRULQJ DQG &RPSXWLQJ� ���������±
���� �����

>��@ 7� 7RULJRH� 6� 6DWR� <� 1DJD\DPD� 7� 6DWR� DQG +� <DPD]DNL� ,QIOXHQFH RI SDWHQW GXFWXV
DUWHULRVXV DQG YHQWLODWRUV RQ HOHFWULFDO YHORFLPHWU\ IRU PHDVXULQJ FDUGLDF RXWSXW LQ YHU\�
ORZ�ORZ ELUWK ZHLJKW LQIDQWV� -RXUQDO RI 3HULQDWRORJ\� ���������±���� �����

>��@ 6� /� 9UDQFNHQ� :� 3� 'H %RRGH� -� &� +RSPDQ� 6� .� 6LQJK� .� '� /LHP� DQG $� )� 9DQ +HL�
MVW� &DUGLDF RXWSXW PHDVXUHPHQW ZLWK WUDQVSXOPRQDU\ XOWUDVRXQG GLOXWLRQ LV IHDVLEOH LQ WKH
SUHVHQFH RI D OHIW�WR�ULJKW VKXQW� $ YDOLGDWLRQ VWXG\ LQ ODPEV� %ULWLVK -RXUQDO RI $QDHVWKHVLD�
�����

>��@ :LOOHP 3� 'H %RRGH� $UQR )�-� 9DQ +HLMVW� -HURHQ &�:� +RSPDQ� 5RQDOG %� 7DQNH� +DQV *�
9DQ 'HU +RHYHQ� DQG .LDQ '� /LHP� &DUGLDF RXWSXW PHDVXUHPHQW XVLQJ DQ XOWUDVRXQG
GLOXWLRQ PHWKRG� $ YDOLGDWLRQ VWXG\ LQ YHQWLODWHG SLJOHWV� 3HGLDWULF &ULWLFDO &DUH 0HGLFLQH�
�����

>��@ 6WHSKHQ 3+RROH� -DPHV %R\G� 9ODVLV 1LQLRV� -D\DQ 3DUDPHVKZDU� DQG 5RVHPDU\ $5XVN�
0HDVXUHPHQW RI FDUGLDF RXWSXW E\ UHDO�WLPH �' HFKRFDUGLRJUDSK\ LQ SDWLHQWV XQGHUJRLQJ
DVVHVVPHQW IRU FDUGLDF WUDQVSODQWDWLRQ�

>��@ 1LUDY <� 5DYDO� 3LHUUH 6TXDUD� 0LFKDHO &OHPDQ� .LVKRUH <DODPDQFKLOL� 0LFKDHO :LQNOPDLHU�
DQG 'DQLHO %XUNKRII� 0XOWLFHQWHU HYDOXDWLRQ RI QRQLQYDVLYH FDUGLDF RXWSXW PHDVXUHPHQW
E\ ELRUHDFWDQFH WHFKQLTXH� -RXUQDO RI &OLQLFDO 0RQLWRULQJ DQG &RPSXWLQJ� �����

>��@ 'DQ\ (� :HLV]� $PLVK -DLQ� 3DWULFN -� 0F1DPDUD� DQG $ILI (/�.KXIIDVK� 1RQ�,QYDVLYH
&DUGLDF 2XWSXW 0RQLWRULQJ LQ 1HRQDWHV 8VLQJ %LRUHDFWDQFH� $ &RPSDULVRQ ZLWK (FKRFDU�
GLRJUDSK\� 1HRQDWRORJ\� ���������±��� � �����

>��@ 'DQ\ (� :HLV]� $PLVK -DLQ� -RVHSK 7LQJ� 3DWULFN -� 0F1DPDUD� DQG $ILI (O�.KXIIDVK� 1RQ�
LQYDVLYH FDUGLDF RXWSXW PRQLWRULQJ LQ SUHWHUP LQIDQWV XQGHUJRLQJ SDWHQW GXFWXV DUWHULRVXV
OLJDWLRQ� $ FRPSDULVRQ ZLWK HFKRFDUGLRJUDSK\� 1HRQDWRORJ\� ����������±���� �� �����

>��@ (VWHOOH 9HUJQDXG� &KDUOHV 9LGDO� -XOLHWWH 0RQWPD\HXU 9HUFKHUH� +DQQD 7DULJKW� 3KLOLSSH *�
0H\HU� 3LHUUH $� &DUOL� DQG *LOOHV $� 2UOLDJXHW� 1RQLQYDVLYH FDUGLDF RXWSXW PHDVXUHPHQW
XVLQJ ELRUHDFWDQFH LQ SRVWRSHUDWLYH SHGLDWULF SDWLHQWV� 3DHGLDWULF $QDHVWKHVLD� ���������±
���� � �����

��
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>��@ <LQJ 6XQ� &KL :X� -XQ�=KHQJ :X� 6KDQ�6KDQ :DQJ� -LH %DL� 0LQJ =KX� <X�4L =KDQJ�
DQG 0D�=KRQJ =KDQJ� 1RQLQYDVLYH FDUGLDF RXWSXW PRQLWRULQJ XVLQJ ELRUHDFWDQFH�EDVHG
WHFKQLTXH LQ SHGLDWULF SDWLHQWV ZLWK RU ZLWKRXW YHQWULFXODU VHSWDO GHIHFW GXULQJ DQHVWKHVLD�
LQ FRPSDULVRQ ZLWK HFKRFDUGLRJUDSK\� 3HGLDWULF $QHVWKHVLD� ���������±���� � �����

>��@ (YD )RUPDQ� &ROP 5� %UHDWQDFK� 6WHSKDQLH 5\DQ� -DQD 6HPEHURYD� -DQ 0LOHWLQ� $GULHQQH
)RUDQ� DQG $ILI (O�.KXIIDVK� 1RQLQYDVLYH FRQWLQXRXV FDUGLDF RXWSXW DQG FHUHEUDO SHUIXVLRQ
PRQLWRULQJ LQ WHUP LQIDQWV ZLWK QHRQDWDO HQFHSKDORSDWK\� $VVHVVPHQW RI IHDVLELOLW\ DQG
UHOLDELOLW\� 3HGLDWULF 5HVHDUFK� �����

>��@ $PUDP -� &RKHQ� 'LPLWUL $UQDXGRY� 'HHE =DEHHGD� /H[ 6FKXOWKHLV� -RKQ /DVKLQJHU� DQG
$ULH 6FKDFKQHU� 1RQ�LQYDVLYH PHDVXUHPHQW RI FDUGLDF RXWSXW GXULQJ FRURQDU\ DUWHU\ E\�
SDVV JUDIWLQJ� (XURSHDQ -RXUQDO RI &DUGLR�WKRUDFLF 6XUJHU\� �����

>��@ *DG &RWWHU� <DURQ 0RVKNRYLW]� (GR .DOXVNL� $PUDP -� &RKHQ� +LOWRQ 0LOOHU� 'DQLHO *RRU�
DQG =YL 9HUHG� $FFXUDWH� QRQLQYDVLYH FRQWLQXRXV PRQLWRULQJ RI FDUGLDF RXWSXW E\ ZKROH�
ERG\ HOHFWULFDO ELRLPSHGDQFH� &KHVW� �����

>��@ 2VFDU /XLV 3DUHGHV� -XQ\D 6KLWH� 7RVKLUR 6KLQNH� 6DWRVKL :DWDQDEH� +LURPDVD 2WDNH�
'DLVXNH 0DWVXPRWR� <XVXNH ,PXUR� 'DLVXNH 2JDVDZDUD� 7DNDKLUR 6DZDGD� DQG 0LWVXKLUR
<RNR\DPD� ,PSHGDQFH FDUGLRJUDSK\ IRU FDUGLDF RXWSXW HVWLPDWLRQ � 5HOLDELOLW\ RI ZULVW�WR�
DQNOH HOHFWURGH FRQILJXUDWLRQ� &LUFXODWLRQ -RXUQDO� ����������±����� �����

>��@ <X 7DQLJXFKL� 1RULDNL (PRWR� .D]X\D 0L\DJDZD� .D]XKLNR 1DND\DPD� +LURWR .LQXWDQL�
+LGHND]X 7DQDND� 7RVKLUR 6KLQNH� DQG .HQ ,FKL +LUDWD� 1RQLQYDVLYH DQG VLPSOH DVVHVV�
PHQW RI FDUGLDF RXWSXW DQG SXOPRQDU\ YDVFXODU UHVLVWDQFH ZLWK ZKROH�ERG\ LPSHGDQFH
FDUGLRJUDSK\ LV XVHIXO IRU PRQLWRULQJ SDWLHQWV ZLWK SXOPRQDU\ K\SHUWHQVLRQ� &LUFXODWLRQ
-RXUQDO� �����

>��@ 0LFKDHO -� *HUPDLQ� -\RYDQL -RXEHUW� 'DQLHO 2¶*UDG\� %ULDQ +� 1DWKDQVRQ� <RVVL &KDLW�
DQG 1DWKDQ :� /HYLQ� &RPSDULVRQ RI VWURNH YROXPH PHDVXUHPHQWV GXULQJ KHPRGLDO\�
VLV XVLQJ ELRLPSHGDQFH FDUGLRJUDSK\ DQG HFKRFDUGLRJUDSK\� +HPRGLDO\VLV ,QWHUQDWLRQDO�
���������±���� �����

>��@ 5� %HFN� /� 0LOHOOD� DQG &� /DEHOODUWH� &RQWLQXRXV QRQ�LQYDVLYH PHDVXUHPHQW RI VWURNH
YROXPH DQG FDUGLDF LQGH[ LQ LQIDQWV DQG FKLOGUHQ� FRPSDULVRQ RI ,PSHGDQFH &DUGLRJUDSK\
1,&D6� YV &DUGLR4� PHWKRG� /D &OLQLFD WHUDSHXWLFD� �����
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)LJXUH �� %ODQG�$OWPDQ DQDO\VLV RI 69(& DQG /96977( �1  ����

)LJXUH �� %ODQG�$OWPDQ DQDO\VLV RI 69(& DQG 596977( �1  ����
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8QLYHUVLW\ RI 7ZHQWH 5DGERXGXPF 1LMPHJHQ

)LJXUH �� 0HDVXUHG GLDPHWHU RI WKH /927 DW WKH KLQJH SRLQWV RI WKH DRUWLF YDOYH LQ SDWLHQWV ZKHUHPXOWLSOH
77(¶V ZHUH SHUIRUPHG �1  ����

)LJXUH �� 0HDVXUHG GLDPHWHU RI WKH 5927 DW WKH SXOPRQDU\ YDOYH LQVHUWLRQ LQ SDWLHQWV ZKHUH PXOWLSOH
77(¶V ZHUH SHUIRUPHG �1  ����
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7DEOH �� 5HVXOWV RI WKH %ODQG�$OWPDQ DQDO\VHV RI +5(& DQG +5(&* �1  ����

0HDQ ELDV �EHDWV�PLQ� 6' RI ELDV �EHDWV�PLQ� %LDV� ��� (UURU� ���

0HDQ ����� ��� ������ ���
6' ���� ��� ���� ���
0LQLPDO ���� ��� ����� ���
0D[LPDO ���� �� ���� ���

7DEOH �� 5HVXOWV RI WKH %ODQG�$OWPDQ DQDO\VHV RI +5(& DQG +5(&*� ZLWK +5(&* VKLIWHG IRU WKH WLPH ODJ
�1  ����

0HDQ ELDV �EHDWV�PLQ� 6' RI ELDV �EHDWV�PLQ� %LDV� ��� (UURU� ���

0HDQ ������ ��� ������� ���
6' ���� ��� ���� ���
0LQLPDO ���� ��� ����� ���
0D[LPDO ���� �� ���� ����
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