
����������	
��

������
���	���
����	��
����
��������
������	
��	������


���
�	���	����
��	������
�������
��
���
���	����
 �

7DNDVKL 1LVKLR� 7HWVXR .RQGR� +LUR\XNL 7DNDJL� .RNRRR
��
� ,VDR 0XUDWD�

$NLWR 7DNDKDVKL� )XMLR 0DHNDZD
��
� <XMLUR ,NHGD

��
DQG +LURVKL 7DNHXFKL

��

��
'HSDUWPHQW RI 3K\VLFV� 8QLYHUVLW\ RI 0DZODP\LQH

��
-DSDQ $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH�

'HSDUWPHQW RI 1XFOHDU (QJLQHHULQJ� 2VDND 8QLYHUVLW\

<DPDGDRND� ���� 6XLWD� ��������� -DSDQ

H�PDLO� QLVKLR#QHZMDSDQ�QXFO�HQJ�RVDND�X�DF�MS

'�7 QHXWURQ EHQFKPDUN H[SHULPHQWV IRU /L$O2�� /L�7L2�� /L�=U2�� &X DQG : KDYH EHHQ

FRQGXFWHG DW )16 RI -$(5, WR YDOLGDWH ILYH QXFOHDU GDWD ILOHV� 7KH IRUPHU WKUHH DUH SURPLVLQJ

DGYDQFHG EUHHGHU PDWHULDOV DQG WKH ODWWHU WZR DUH LPSRUWDQW VWUXFWXUDO PDWHULDOV LQ D IXVLRQ

UHDFWRU� )URP WKH UHVXOWV� DOO WKH QXFOHDU GDWD ILOHV ZHUH FRQILUPHG WR EH IDLUO\ UHOLDEOH ZLWK

UHVSHFW WR WKH SUHGLFWLRQ RI QHXWURQ VSHFWUXP LQ WKH XVH RI /L�7L2� DQG &X� )RU /L$O2� DQG :�

VRPH ODUJH GLVFUHSDQFLHV EHWZHHQ WKH H[SHULPHQWDO DQG FDOFXODWHG GDWD ZHUH REVHUYHG� )RU

/L�=U2�� WKH &�( YDOXHV EHFDPH YHU\ ODUJH IRU DOO WKH QXFOHDU GDWD ILOHV�

�� ,QWURGXFWLRQ

,Q D IXVLRQ UHDFWRU� EODQNHW DQG VWUXFWXUDO PDWHULDOV DUH SODFHG DGMDFHQW WR WKH UHDFWRU FRUH�

2I FRXUVH WKH\ PXVW EH NHSW WKHLU LQWDFWQHVV GXULQJ RSHUDWLRQ� ,Q D IXVLRQ UHDFWRU GHVLJQ WR

SUHGLFW WKHLU LQWDFWQHVV DFFXUDWHO\� LW LV YHU\ LPSRUWDQW WR FDUU\ RXW WKH EHQFKPDUN H[SHULPHQWV

DQG WR DQDO\]H WKHLU UHVXOWV IRU FDQGLGDWH EODQNHW DQG VWUXFWXUDO PDWHULDOV� ,Q WKH SUHVHQW VWXG\�

ZH IRFXV RQ FHUDPLF PDWHULDOV LQFOXGLQJ OLWKLXP VXFK DV /L$O2�� /L�7L2� DQG /L�=U2� DQG &X DQG

: DV DQ LPSRUWDQW VWUXFWXUDO PDWHULDO� (VSHFLDOO\� /L$O2�� /L�7L2� DQG /L�=U2� DUH UHJDUGHG DV

DGYDQFHG VROLG EUHHGHU PDWHULDOV EHFDXVH RI WKHLU LQKHUHQW DGYDQWDJHV VXFK DV FKHPLFDO VWDELOLW\

DW KLJK WHPSHUDWXUH� JRRG WULWLXP UHFRYHU\ FKDUDFWHULVWLF DQG VR RQ� +RZHYHU QR LQWHJUDO

H[SHULPHQWV H[LVW XVLQJ WKHVH EODQNHW PDWHULDOV XQWLO QRZ�

,Q -DSDQ $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH �-$(5,�� D SURMHFW VWDUWHG VHYHUDO \HDUV DJR DQG

LV QRZ SURJUHVVLQJ LQFOXGLQJ YDULRXV IXVLRQ LQWHJUDO EHQFKPDUN H[SHULPHQWV >�@a>�@� 7KH SUHVHQW

EHQFKPDUN VWXG\ LV D SDUW RI WKH SURMHFW DQG KDV EHHQ XQGHUWDNHQ XQGHU WKH FROODERUDWLRQ RI

-$(5, DQG 2VDND 8QLYHUVLW\�

,Q WKH SUHVHQW VWXG\� OHDNDJH

QHXWURQ VSHFWUD IURP /L$O2��

/L�7L2�� /L�=U2�� &X� DQG :

DVVHPEOLHV KDYH EHHQ PHDVXUHG DQG

WKH DQDO\VLV RI WKH PHDVXUHG VSHFWUD

KDV EHHQ FDUULHG RXW WR YDOLGDWH

DFFXUDF\ RI HYDOXDWHG QXFOHDU GDWD

ILOHV�

�� ([SHULPHQW

7KH H[SHULPHQWV ZHUH FDUULHG

RXW DW )XVLRQ 1HXWURQLFV 6RXUFH

�)16� RI -$(5,� 7DEOH � VKRZV WKH

VKDSH DQG WKLFNQHVV RI XVHG VDPSOH

DVVHPEOLHV� /HDNDJH QHXWURQ

VSHFWUD IURP WKH VDPSOH DVVHPEOLHV



ZHUH PHDVXUHG XVLQJ DQ 1(����

��µ�GLDP E\ �µ�ORQJ� VFLQWLOODWLRQ

GHWHFWRU E\ WKH WLPH RI IOLJKW

�72)� PHWKRG IRU WZR HPLVVLRQ

DQJOHV RI � DQG ���� GHJV� )LJ��

VKRZV WKH H[SHULPHQWDO

DUUDQJHPHQW� $ KLJK

HQHUJ\�UHVROXWLRQ PHDVXUHPHQW

UDQJLQJ IURP ���� WR �� 0H9 ZDV

VXFFHVVIXOO\ DFKLHYHG E\ DGRSWLRQ

RI D ORQJ IOLJKW SDWK DV ZHOO DV WKH

SXOVH�VKDSH�GLVFULPLQDWLRQ

WHFKQLTXH ZLWK WKUHH GHOD\�OLQH

DPSOLILHUV� ZKLFK ZHUH VHW WR

GLIIHUHQW JDLQV� 7KH EORFN GLDJUDP

RI PHDVXULQJ V\VWHP LV VKRZQ LQ

)LJ���

7KH GHWHFWRU HIILFLHQF\ ZDV GHWHUPLQHG WKURXJK WKUHH PHDVXUHPHQWV WR FRYHU D ZLGH HQHUJ\

G\QDPLF UDQJH RI WKH GHWHFWRU� ��� OHDNDJH QHXWURQ VSHFWUXP IURP D EHU\OOLXP VODE IRU ORZHU

HQHUJ\� ��� (QHUJ\ DQG DQJOH GLIIHUHQWLDO HODVWLF VFDWWHULQJ FURVV VHFWLRQ RI K\GURJHQ XVLQJ D

SRO\HWK\OHQH VDPSOH IRU VHYHUDO WR �� 0H9 DQG ��� QHXWURQ VRXUFH VSHFWUXP IRU �� 0H9� 7KH ILWWHG

FXUYH ZLWK WKHVH H[SHULPHQWDO UHVXOWV ZDV XVHG IRU GDWD UHGXFWLRQ RI WKH PHDVXUHPHQWV� )LJ��

VKRZV WKH HIILFLHQF\ FXUYH�

�� 'DWD DQDO\VLV

$QDO\VHV RI WKH H[SHULPHQWV ZHUH FDUULHG RXW ZLWK WKH WKUHH�GLPHQVLRQDO 0RQWH &DUOR FRGH

0&13��%� )RU YDOLGDWLRQ RI FURVV VHFWLRQ GDWD� ILYH HYDOXDWHG QXFOHDU GDWD ILOHV� L�H�� -(1'/�����

-(1'/�))� (1')�%�9,� )(1'/�(����� DQG )(1'/�(���� ZHUH VHOHFWHG DV WKH FURVV VHFWLRQ

OLEUDULHV OLVWHG LQ 7DEOH �� 7KH DVVHPEOLHV DV ZHOO DV WKH GHWHFWRU FROOLPDWRU ZHUH PRGHOHG

SUHFLVHO\ IRU WKH 0&13 FDOFXODWLRQ� 7KH PHDVXUHG VRXUFH QHXWURQ VSHFWUXP ZDV XVHG DV WKH

QHXWURQ VRXUFH LQ WKH FDOFXODWLRQ�

�� 5HVXOWV

L� /L$O2�

)LJXUHV � DQG � VKRZ WKH PHDVXUHG OHDNDJH QHXWURQ VSHFWUD IRU /L$O2� RI ���� FP LQ

WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJ�� DQG WKH &�( YDOXHV� UHVSHFWLYHO\� 7KH FDOFXODWHG

VSHFWUD DUH LQ IDLUO\ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO GDWD� +RZHYHU� DQ RSSRVLWH WUHQG LV

VHHQ DW WKH HODVWLF SHDN� WKDW LV RYHUHVWLPDWLRQ IRU � GHJ� DQG XQGHUHVWLPDWLRQ IRU ���� GHJ�

1(���� GHWHFWRU

/HDG

,URQ 3RO\HWK\OHQH

/L�&2��3DUDIILQ

)LJ�� &URVV�VHFWLRQDO YLHZ RI WKH�H[SHULPHQWDO�DUUDQJHPHQW

���� PP

���� PP

���� GHJ�

DVVHPEO\

7L�7 WDU
'HWHFWRU VKLHOG

&ROOLPDWRU

��� PP

��PP

6KDGRZ EDU

5RWDWLQJ GHFN

6DPSOH

VWDUW

VWRSVWRS

VWDUW

VWRS

)LJ�� %ORFN GLDJUDP RI WKH PHDVXULQJ V\VWHP

� 72) VSHFWUXP �

VWDUW

VWRS
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+9� +LJK 9ROWDJH 3RZHU 6XSSO\

3$� 3UH�$PSOLILHU

7)$� 7LPLQJ )LOWHU $PSOLILHU

'/$� 'HOD\ /LQH $PSOLILHU

&)'� &RQVWDQW )UDFWLRQ 'LVFULPLQDWRU

&)76&$� &RQVWDQW )UDFWLRQ 7LPLQJ

6LQJOH &KDQQHO $QDO\VHU

7$&�6&$� 7LPH WR $PSOLWXGH

&RQYHUWHU

6LQJOH &KDQQHO $QDO\VHU

*'*� *DWH DQG 'HOD\ *HQHUDWRU

7$&� 7LPH WR $PSOLWXGH &RQYHUWHU

/*� /LQHDU *DWH

0&$� 0XOWL &KDQQHO $QDO\VHU



,Q WKH VSHFWUXP RI ���� GHJ�� WKHUH H[LVWV D

YDOOH\ LQ WKH FDOFXODWLRQ� QRW LQ WKH

PHDVXUHG VSHFWUXP� DURXQG �� 0H9�

&RPSDUHG WR WKH QHXWURQ HPLVVLRQ ''; RI

DOXPLQXP DV LV VKRZQ LQ )LJ���

XQGHUHVWLPDWLRQ RI HYDOXDWHG QXFOHDU GDWD

LV VHHQ DURXQG �� 0H9� 6RPH QXFOHDU

UHDFWLRQV DURXQG �� 0H9 SUREDEO\ SOD\ DQ

LPSRUWDQW UROH IRU OHDGLQJ WR WKH

SKHQRPHQRQ�

LL� /L�7L2�

)LJXUHV � DQG � VKRZ WKH PHDVXUHG

OHDNDJH QHXWURQ VSHFWUD IRU /L�7L2� RI ����

FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI

���� GHJ�� DQG WKH &�( YDOXHV� UHVSHFWLYHO\�

$ JRRG DJUHHPHQW LV VHHQ EHWZHHQ WKH

H[SHULPHQW DQG FDOFXODWLRQ IRU WKH ZKROH HQHUJ\ UDQJH DQG IRU DOO QXFOHDU GDWD ILOHV� +RZHYHU� WKH

VSHFWUXP FDOFXODWHG ZLWK (1')�%�9, LV VPDOOHU WKDQ RWKHU FDOFXODWLRQV� 7KLV LV XQGHUVWRRG IURP

WKH QHXWURQ HPLVVLRQ ''; FRPSDULVRQ LQ )LJ���

$ YDOOH\ DURXQG �� 0H9 LV REVHUYHG VLPLODU WR /L$O2� LQ WKH FDOFXODWHG VSHFWUXP IRU RQO\

���� GHJ� 7KH YDOOH\ PLJKW EH FDXVHG E\ WKH GLVFUHSDQF\ DURXQG DERXW ��0H9 RI WKH QHXWURQ

HPLVVLRQ ''; IRU 7L DV LV VKRZQ LQ )LJ��� +RZHYHU /L RU 2 PLJKW FDXVH LW� EHFDXVH WKLV LV

DOVR REVHUYHG LQ /L$O2��

LLL� /L�=U2�

)LJXUHV �� DQG �� VKRZ WKH PHDVXUHG OHDNDJH QHXWURQ VSHFWUD IRU /L�=U2� RI ���� FP LQ

WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJ�� DQG WKH &�( YDOXHV� UHVSHFWLYHO\� 7KH GLVFUHSDQF\

EHWZHHQ WKH H[SHULPHQWDO DQG FDOFXODWHG VSHFWUD LV YHU\ ODUJH� WKDW LV RYHUHVWLPDWLRQ RI WKH

FDOFXODWLRQ� 7KLV GLVFUHSDQF\ LV REVHUYHG LQ DOO WKH RWKHU UHVXOWV� L�H�� WKH PRUH WKH WKLFNQHVV RI

DVVHPEO\ LQFUHDVHV� WKH ODJHU WKH GLVFUHSDQF\ EHFRPHV� )URP WKH QHXWURQ HPLVVLRQ '';

FRPSDULVRQ DV LV VKRZQ LQ )LJ����� RQH FDQ XQGHUVWDQG WKH GLIIHUHQFH DPRQJ WKH FDOFXODWHG

VSHFWUD EHORZ �0H9� DOVR LQ WKH &�( VSHFWUD� 6LPLODUO\ LW LV XQGHUVWRRG WKDW WKH VWUXFWXUHV RI

VSHFWUD FDOFXODWHG ZLWK (1')�%�9, ZHUH GLIIHUHQW IURP WKRVH RI RWKHU QXFOHDU GDWD ILOHV�

LY� &X

)LJXUHV �� DQG �� VKRZ WKH PHDVXUHG OHDNDJH QHXWURQ VSHFWUD IRU &X RI ����� FP LQ

WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJ�� DQG WKH &�( YDOXHV� UHVSHFWLYHO\� 7KH FDOFXODWHG

VSHFWUD DUH LQ IDLUO\ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO GDWD� +RZHYHU� WKH HODVWLF VFDWWHULQJ

SHDNV IRU � GHJ� GR QRW DJUHH ZLWK WKH FDOFXODWLRQV�

(1')�%�9, DQG )(1'/�(���� DUH LQ H[FHOOHQW DJUHHPHQW ZLWK WKH H[SHULPHQWDO GDWD

DPRQJ ILYH QXFOHDU GDWD ILOHV

DV RQH FDQ VHH LW IURP WKH

FRPSDULVRQ RI WKH QHXWURQ

HPLVVLRQ ''; DV LV VKRZQ LQ

)LJ���� 7KH RWKHUV VKRZ

XQGHUHVWLPDWLRQ DURXQG �

0H9�

Y� :

)LJXUHV �� DQG �� VKRZ

WKH PHDVXUHG OHDNDJH QHXWURQ

VSHFWUD IRU : RI ����� FP LQ

WKLFNQHVV DQG VFDWWHULQJ DQJOH

RI � GHJ�� DQG WKH &�( YDOXHV�

UHVSHFWLYHO\� 6RPH VLJQLILFDQW

GLVFUHSDQFLHV EHWZHHQ WKH

H[SHULPHQWDO DQG FDOFXODWHG

VSHFWUD DUH REVHUYHG� )URP WKH

��
��

��
�

��
�

��
�

��
�
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)LJ�� 0HDVXUHG HIILFLHQF\ RI WKH 1(���� GHWHFWRU

([SHULPHQWDO GDWD �%H�
��0H9 QHXWURQ VRXUFH
3RO\HWK\OHQH
)LWWLQJ FXUYH



FRPSDULVRQ RI WKH QHXWURQ HPLVVLRQ ''; DV LV

VKRZQ LQ )LJ���� RQH FDQ XQGHUVWDQG WKH

RYHUHVWLPDWLRQ DURXQG � 0H9 IRU -(1'/�)) DQG

)(1'/�(���� DQG WKH XQGHUHVWLPDWLRQ DURXQG ��

0H9 IRU (1')�%�9, DQG )(1'/�(�����

$V D ZKROH� (1')�%�9, DQG )(1'/�(����

DUH PRVWO\ UHOLDEOH IURP WKH SUHVHQW

PHDVXUHPHQW� WKRXJK WKH\ VKRZ D OLWWOH

XQGHUHVWLPDWLRQ DURXQG �� 0H9 IURP WKH '';

FRPSDULVRQ�

�� &RQFOXVLRQ

'�7 QHXWURQ EHQFKPDUN H[SHULPHQWV IRU

DGYDQFHG EUHHGHU PDWHULDOV DQG VWUXFWXUDO

PDWHULDOV KDYH EHHQ FRQGXFWHG WR YDOLGDWH ILYH

QXFOHDU GDWD ILOHV� )URP WKH UHVXOW� DOO WKH QXFOHDU

GDWD ILOHV ZHUH FRQILUPHG WR EH IDLUO\ UHOLDEOH ZLWK

UHVSHFW WR WKH SUHGLFWLRQ RI QHXWURQ VSHFWUXP LQ

WKH XVH RI /L�7L2� DQG &X� )RU /L$O2� DQG :�

VRPH ODUJH GLVFUHSDQFLHV EHWZHHQ WKH

H[SHULPHQWDO DQG FDOFXODWHG GDWD ZHUH REVHUYHG�

)RU /L�=U2�� WKH &�( YDOXHV EHFDPH YHU\ ODUJH IRU

DOO WKH QXFOHDU GDWD ILOHV�

5HIHUHQFH�

>�@ .RNRRR� HW DO�� )XVLRQ 7HFKQRO�� ��� ��� �������

>�@ 0DHNDZD )�� HW DO�� )XVLRQ 7HFKQRO�� ��� ����

�������

>�@ 0DHNDZD )�� HW DO�� -� 1XFO� 6FL� 7HFKQRO�� �������

>�@ 0XUDWD ,�� HW DO��“%HQFKPDUN ([SHULPHQW RQ

/L$O2�� /L�7L2� DQG /L�=U2� $VVHPEOLHV ZLWK '�7

1HXWURQV � /HDNDJH 1HXWURQ 6SHFWUXP

0HDVXUHPHQW �”3URF� �WK ,QW� 6\PS� RQ )XVLRQ

1XFO� 7HFKQRO�� 5RPD� 6HSW� ��a�� ������ WR EH

SXEOLVKHG�

>�@ 7DNDKDVKL $�� HW DO�� 2.7$9,$1 5HSRUW� $������
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(Q ���� 0H9

)LJ�� (YDOXDWHG QHXWURQ HPLVVLRQ ''; RI
QDW
$O DW �� GHJ�

FRPSDUHG ZLWK WKH H[SHULPHQWDO GDWD�
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=U DW �� GHJ�
FRPSDUHG ZLWK WKH H[SHULPHQWDO GDWD�

(Q ���� 0H9



��
��

��
�

��
�

��
���

��
���

��
��

��
��

1HXWURQ HQHUJ\ �0H9�

)LJ��� 1HXWURQ IOX[ IRU &X RI ����� FP
W
DW ���� GHJ�

)
OX
[
�Q
�F
P
�
�V
R
X
UF
H
�O
H
WK
D
UJ
\
�

(;3
-(1'/����
-(1'/�IXVLRQ ILOH
(1')�%�9,� )(1'/�(����� )(1'/�(����

&X

7KLFNQHVV  ����� FP

θV ���� GHJ�

��
��

��
�

��
�

�

�

�

&
�(

1HXWURQ HQHUJ\ �0H9�

)LJ��� &�( IRU &X RI ����� FP
W
DW ���� GHJ�

-(1'/����
-(1'/�IXVLRQ ILOH
(1')�%�9,� )(1'/�(����� )(1'/�(����

��
��

��
�

��
�

��
���

��
���

��
��

��
��

1HXWURQ HQHUJ\ �0H9�

)LJ��� 1HXWURQ IOX[ IRU : RI ����� FP
W
DW � GHJ�

)
OX
[
�Q
�F
P
�
�V
R
X
UF
H
�O
H
WK
D
UJ
\
�

(;3
-(1'/����
-(1'/�IXVLRQ ILOH� )(1'/�(����
(1')�%�9,� )(1'/�(����

:

7KLFNQHVV  ����� FP

θV � GHJ�

��
��

��
�

��
�

�

�

�

&
�(

1HXWURQ HQHUJ\ �0H9�

)LJ��� &�( IRU : RI ����� FP
W
DW � GHJ�

-(1'/����
-(1'/�IXVLRQ ILOH� )(1'/�(����
(1')�%�9,� )(1'/�(����

� �� ��

��
��

��
��

��
��

��
��

��
��

��
�

��
�

$�7DNDKDVKL HW DO�
>�@

-(1'/����
-(1'/�IXVLRQ ILOH� )(1'/�(����
(1')�%�9,� )(1'/�(����

QDW

&X

θV �� GHJ�

1HXWURQ HQHUJ\ �0H9�

'
'
;

�E
D
UQ
�V
U�
0
H
9
�

)LJ��� (YDOXDWHG QHXWURQ HPLVVLRQ ''; RI
QDW

&X DW �� GHJ�
FRPSDUHG ZLWK WKH H[SHULPHQWDO GDWD�

(Q ���� 0H9

� �� ��

��
��

��
��

��
��

��
��

��
��

��
�

��
�

$�7 DNDKDVKL HW DO�
>�@

-(1'/����
-(1'/�IXVLRQ ILOH� )(1'/�(����
(1')�%�9,� )(1'/�(����

QDW

:

θV �� GHJ�

1HXWURQ HQHUJ\ �0H9�

'
'
;

�E
D
UQ
�V
U�
0
H
9
�

)LJ��� (YDOXDWHG QHXWURQ HPLVVLRQ ''; RI
QDW

: DW �� GHJ�
FRPSDUHG ZLWK WKH H[SHULPHQWDO GDWD�

(Q ���� 0H9


