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PRQROD\HU VWDWH� 7KLV ZDV FRPSDUHG ZLWK WKH YDOXHV HVWLPDWHG IURP D FORVH�SDFNHG PRQROD\HU

PRGHO DQG DQ LQWHUDFWLRQ PRGHO� ,W ZDV FRQILUPHG WKDW WKH KLJK DFWLYLWLHV DQG VHOHFWLYLWLHV RI WKH

FDWDO\VWV IRU EHQ]RLF DFLG K\GURJHQDWLRQ WR EHQ]DOGHK\GH DUH GXH WR WKH PRQROD\HU GLVSHUVLRQ RI
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FDWDO\VW� 7*

,QWURGXFWLRQ

7KH IDFW WKDW KLJK DFWLYLW\ DQG VHOHFWLYLW\ IRU D VXSSRUWHG FDWDO\VW FDQ RIWHQ EH RE�

WDLQHG IURP D PRQROD\HU GLVSHUVLRQ RI DQ DFWLYH FRPSRQHQW RQ WKH VXUIDFH RI WKH

VXSSRUW KDV EHHQ FRQILUPHG LQ QXPHURXV H[SHULPHQWV� 'HWHUPLQDWLRQ DQG HVWLPDWLRQ

RI WKH PD[LPXP PRQROD\HU GLVSHUVLRQ FDSDFLW\ RI WKH DFWLYH FRPSRQHQW� RU WKH

WKUHVKROG YDOXH� DUH WKHUHIRUH LPSRUWDQW IRU GLUHFWLQJ WKH SUHSDUDWLRQ RI WKH FDWDO\VW�

,Q UHFHQW \HDUV� WKH DSSOLFDWLRQ RI 0Q�2��γ�$O�2� FDWDO\VWV KDV JUDGXDOO\ EHHQ LQ�

FUHDVLQJ� EXW IHZ UHSRUWV DUH WR EH IRXQG RQ WKH GHWHUPLQDWLRQ RI WKH GLVSHUVLRQ

WKUHVKROG YDOXH RI 0Q�2��γ�$O�2��

,Q WKH SUHVHQW ZRUN� WKH GHFRPSRVLWLRQ EHKDYLRXU RI VXSSRUWHG 0Q�12��� LQ DLU

ZDV IROORZHG E\ 7* DQG WKH GLVSHUVLRQ WKUHVKROG YDOXH RI 0Q�2� RQ WKH VXUIDFH RI

γ�$O�2� ZDV GHWHUPLQHG IURP WKH GHFRPSRVLWLRQ PDVV ORVV RI VXSSRUWHG 0Q�12���
LQ WKH PRQROD\HU GLVSHUVLRQ VWDWH� $W WKH VDPH WLPH� D FORVH�SDFNHG PRQROD\HU PRGHO

DQG DQ LQWHUDFWLRQ PRGHO ZHUH HPSOR\HG WR HVWLPDWH WKH GLVSHUVLRQ WKUHVKROG YDOXH� ,W

ZDV IRXQG WKDW WKH DFWXDO GLVSHUVLRQ WKUHVKROG YDOXH LV FORVH WR WKH RSWLPDO 0Q ORDGLQJ�

ZKLFK \LHOGV KLJK DFWLYLW\ DQG VHOHFWLYLW\ IRU WKH 0Q�2��γ�$O�2� FDWDO\VWV >�@�
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([SHULPHQWDO

&DWDO\VWV

$OO WKH 0Q FDWDO\VWV ZHUH SUHSDUHG E\ LPSUHJQDWLQJ γ�$O�2� �VXUIDFH DUHD�
��� P� J−�� ZLWK DQ DTXHRXV VROXWLRQ RI 0Q�12���� 7KH ORDGLQJV RI 0Q�2� ZHUH
IURP �� WR ����

([SHULPHQWDO HTXLSPHQW DQG FRQGLWLRQV

'HFRPSRVLWLRQ H[SHULPHQWV ZHUH SHUIRUPHG RQ WKH 7* XQLW RI D 6KLPDG]X '7�
�� WKHUPDO DQDO\]HU ZLWK D VDPSOH LQ UDQJH RI � PJ� DW D KHDWLQJ UDWH RI ��R& PLQ−�

DQG D FKDUW VSHHG RI ���� PP PLQ−�� LQ DLU DWPRVSKHUH�

5HVXOWV�DQG�GLVFXVVLRQ

'HFRPSRVLWLRQ EHKDYLRXU RI VXSSRUWHG 0Q�12��� LQ DLU

,I WKH ORDGLQJ RI VDOWV RU R[LGHV LV OHVV WKDQ WKH GLVSHUVLRQ WKUHVKROG YDOXH� WKH\
XVXDOO\ H[LVW LQ D PRQROD\HU GLVSHUVLRQ VWDWH� LI WKH ORDGLQJ LV KLJKHU WKDQ WKLV YDOXH�
WKH FU\VWDOOLQH VWDWH ZLOO DSSHDU� ,Q FRQVHTXHQFH RI WKH GLIIHUHQFHV LQ GHFRPSRVLWLRQ
WHPSHUDWXUH� WKH DPRXQW RI VXSSRUWHG VDOWV RU R[LGHV LQ ERWK VWDWHV FDQ EH GHWHU�
PLQHG IURP WKHLU PDVV ORVV LQ WKH GHFRPSRVLWLRQ SURFHVV�

7* ZDV ILUVW XVHG WR IROORZ WKH GHFRPSRVLWLRQ RI VXSSRUWHG 0Q�12���� )LJXUH �
VKRZV WKH 7* FXUYHV RI GHFRPSRVLWLRQ RI VXSSRUWHG 0Q�12��� LQ DLU� DQG WKH GDWD
IURP WKHVH FXUYHV DUH VXPPDUL]HG LQ 7DEOH ��

,W FDQ EH VHHQ IURP )LJ� � WKDW D VHW RI VLPLODU 7* FXUYHV ZHUH REWDLQHG LQ DLU IRU
WKH 0Q�2��γ�$O�2� FDWDO\VWV ZLWK YDULRXV ORDGLQJV� 7KHLU UHDFWLRQ WHPSHUDWXUHV
ZHUH DOO LQ WKH UDQJH ���−��� .� 7KH PDVV ORVV LQ WKLV UDQJH FRUUHVSRQGV WR WKH
GHVRUSWLRQ RI IUHH ZDWHU DQG K\GUR[\ UDGLFDO IURP WKH γ�$O�2� DQG WR GHFRPSRVLWLRQ
RI WKH VXSSRUWHG 0Q�12���� ,I WKH GHFRPSRVLWLRQ RI WKH VXSSRUWHG 0Q�12��� FDQ EH
UHSUHVHQWHG DV IROORZV�
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0Q�12����γ�$O�2� → 0Q2[�γ�$O�2� � 12� � 2�
���

WKHQ WKH PDVV ORVV FDXVHG E\ WKH GHFRPSRVLWLRQ RI WKH VXSSRUWHG 0Q�12��� VKRXOG
LQFUHDVH ZLWK WKH 0Q�12��� ORDGLQJ�

+RZHYHU� WR RXU VXUSULVH� WKH GHFRPSRVLWLRQ PDVV ORVV � REWDLQHG ZDV QHDUO\
FRQVWDQW� $FFRUGLQJO\ LW LV UHDVRQDEOH WR DWWULEXWH LW WR WKH GHFRPSRVLWLRQ RI VXS�
SRUWHG 0Q�12��� LQ D PRQROD\HU GLVSHUVLRQ VWDWH� EHFDXVH WKH WKUHVKROG YDOXH LV
XVXDOO\ D FRQVWDQW DQG GRHV QRW FKDQJH ZLWK WKH ORDGLQJ ZKHQ WKH ORDGLQJ LV KLJKHU
WKDQ WKH GLVSHUVLRQ WKUHVKROG YDOXH� 7KH FRORXU RI 0Q�12����γ�$O�2� FKDQJHV WR
GXOO ZKHQ LW LV GULHG LQ DLU� VXJJHVWLQJ WKDW WKH VXSSRUWHG 0Q�12��� LQ WKH FU\VWDOOLQH
VWDWH DOUHDG\ GHFRPSRVHV LQ FRQVHTXHQFH RI LWV LQVWDELOLW\� 0Q�2� LV OHIW DV SURGXFW�

&DOFXODWLRQ RI WKH WRWDO 0Q�2� RQ γ�$O�2�

$V GLVFXVVHG DERYH� LI RQO\ VXSSRUWHG 0Q�12��� LQ D PRQROD\HU GLVSHUVLRQ VWDWH
LV ORDGHG RQWR WKH VXUIDFH RI γ�$O�2�� WKHQ DFFRUGLQJ WR (T� ��� WKH GLVSHUVLRQ WKUHVK�
ROG YDOXH RI 0Q2[ RQ γ�$O�2� FDQ EH FDOFXODWHG IURP WKH PDVV ORVV LQ WKH GHFRPSR�
VLWLRQ SURFHVV� )RU WKLV SXUSRVH� LW LV ILUVW QHFHVVDU\ WR NQRZ WKH FRPSRVLWLRQ RI
0Q�12��� EHFDXVH WKH PDVV ORVV LQ WKH GHFRPSRVLWLRQ SURFHVV LV UHODWHG WR [�
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,W KDV EHHQ UHSRUWHG WKDW� ZKHQ VXSSRUWHG 0Q�12��� LV FDOFLQHG DW ��� .� LWV GH�
FRPSRVLWLRQ SURGXFW LV 0Q�2� >�@� VR (T� ��� FDQ EH UH�ZULWWHQ DV IROORZV�

�0Q�12����γ�$O�2� → 0Q�2��γ�$O�2� � �12� � ���2�
���

7KH WRWDO 0Q�2� FDOFXODWHG YLD (T� ��� IURP WKH ORDGLQJ RI 0Q�12��� LV OLVWHG LQ
7DEOH ��

7KHVH UHVXOWV VKRZ WKDW WKH 0Q�2� ORDGLQJ RQ WKH FDWDO\VWV DSSUR[LPDWHO\ UDQJHV
IURP �� WR ����

'HWHUPLQDWLRQ RI WKH GLVSHUVLRQ WKUHVKROG YDOXH IURP 7* GDWD

,Q YLHZ RI WKH DQDO\VLV PHQWLRQHG DERYH� WKH GLVSHUVLRQ WKUHVKROG YDOXH RI 0Q�2�

RQ γ�$O�2� FDQ EH GHWHUPLQHG IURP WKH PDVV ORVV VXSSRUWHG 0Q�12��� LQ D PRQR�
OD\HU GLVSHUVLRQ VWDWH LQ WKH GHFRPSRVLWLRQ SURFHVV� 7KH GHFRPSRVLWLRQ PDVV ORVV
FDQ EH REWDLQHG E\ GHGXFWLQJ WKH PDVV ORVV RI GHK\GUDWLRQ� LQFOXGLQJ WKH IUHH ZDWHU
DQG K\GUR[\ UDGLFDO RQ γ�$O�2�� IURP WKH PDVV ORVV LQ WKH LQWHUYDO ���−��� .� 7KH
FDOFXODWHG GLVSHUVLRQ WKUHVKROG YDOXHV DUH OLVWHG LQ 7DEOH �� ,Q DGGLWLRQ� LW FDQ EH RE�
WDLQHG E\ WKH JUDSKLFDO PHWKRG� )LJXUH � GHSLFWV D SORW RI WKH FU\VWDOOLQH 0Q�2�� YV�
WKH WRWDO 0Q�2���
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)URP 7DEOH � LW FDQ EH VHHQ WKDW WKH GLVSHUVLRQ WKUHVKROG YDOXHV FDOFXODWHG IURP
WKH PDVV ORVV RI GHFRPSRVLWLRQ RI VXSSRUWHG 0Q�12��� LQ D PRQROD\HU GLVSHUVLRQ
VWDWH DUH ����−������ ZLWK DQ DYHUDJH YDOXH RI ������� 7KH HUURU PD\ EH PDLQO\
GXH WR WKH IDFW WKDW WKH DPRXQW RI FDWDO\VW SUHSDUHG ZDV YHU\ VPDOO �VXSSRUW $O�2�

RQO\ ��� J��
)URP )LJ� �� LW FDQ DOVR EH VHHQ WKDW WKH SORW RI FU\VWDOOLQH 0Q�2�� YV� WKH WRWDO

0Q�2�� LV D VWUDLJKW OLQH DQG WKDW WKH YDOXH FRUUHVSRQGLQJ WR WKH LQWHUVHFWLRQ SRLQW
RI WKH VWUDLJKW OLQH ZLWK WKH DEVFLVVD LV ���� L�H� WKH GLVSHUVLRQ WKUHVKROG YDOXH� 7KH
YDOXH LV YHU\ FORVH WR WKH DYHUDJH YDOXH�

(VWLPDWLRQ RI WKH GLVSHUVLRQ WKUHVKROG YDOXH IURP WKH FORVH�SDFNHG PRQROD\HU
PRGHO >�−�@

7KH FORVH�SDFNHG PRQROD\HU PRGHO LV LOOXVWUDWHG LQ )LJ� ��

7KH DUHD RI WKH UKRPEXV VKRZQ LQ )LJ� � LV D PLQLPXP ��GLPHQVLRQDO XQLW IRU WKH
PRGHO� $FFRUGLQJ WR WKLV PRGHO� WKH DUHD RFFXSLHG E\ RQH VDOW RU R[LGH PROHFXOH LV
DSSUR[LPDWHO\ HTXDO WR WKDW RFFXSLHG E\ WKUHH 2�− LRQV LQ FORVH�SDFNHG PRQROD\HU�
7KH DUHD RFFXSLHG E\ RQH 2�− LRQ LV MXVW HTXDO WR WKH UKRPEXV DUHD ZKLFK FDQ EH FDO�
FXODWHG IURP WKH UDGLXV RI WKH 2�− LRQ �����⋅��−�� P�� WR EH ����⋅��−�� P��

7KXV� WKH GLVSHUVLRQ WKUHVKROG YDOXH RI 0Q�2� RQ γ�$O�2�� 7Y PD\ EH FDOFXODWHG
YLD WKH IROORZLQJ HTXDWLRQ�

7Y = 60

DE1
J�J VXSSRUW

���

ZKHUH 6 ± WKH VSHFLILF VXUIDFH DUHD RI γ�$O�2� �P
� J−��� D ± WKH DUHD RFFXSLHG E\ RQH

2
�− LRQ LQ FORVH�SDFNHG PRQROD\HU �����⋅��−�� P��� E ± WKH QXPEHU RI 2�− LRQV RF�

FXSLHG 0Q�2� RQ γ�$O�2� ���� 0 ± WKH PROHFXODU PDVV RI 0Q�2� ��������� 1 ± WKH
$YRJDGUR FRQVWDQW �����⋅������

7KH GLVSHUVLRQ WKUHVKROG YDOXH RI 0Q�2� RQ γ�$O�2� LV HVWLPDWHG IURP (T� ��� WR
EH ����� J�J $O�2� RU ����� J���� P±��

$FFRUGLQJ WR WKH LQWHUDFWLRQ PRGHO� WKH DUHD RFFXSLHG E\ RQH VDOW RU R[LGH PROH�
FXOH UHODWHV QRW RQO\ WR WKH QXPEHU RI YDFDQW VLWHV RQ WKH VXSSRUW� EXW DOVR WR WKH FR�

)LJ� � &ORVH�SDFNHG PRQROD\HU PRGHO
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RUGLQDWLRQ HQYLURQPHQW RI WKH PHWDO LRQ� 7KH QXPEHU RI YDFDQW VLWHV YDULHV ZLWK WKH
VXSSRUW� )RU H[DPSOH� WKH QXPEHU RI YDFDQW VLWHV RQ γ�$O�2� LV ���� QP−�� EXW WKDW
RQ &H2� LV ��� QP−� >�@� 0RUHRYHU� WKH XVDJH UDWLR RI WKH YDFDQW VLWHV LV DOVR UHODWHG
WR WKH UDGLXV RI WKH FDWLRQ 0� LQWHUDFWLQJ� ,Q WKLV FDVH� WKH GLVSHUVLRQ WKUHVKROG YDOXH
RI 0Q�2� RQ γ�$O�2� FDQ EH FDOFXODWHG YLD WKH IROORZLQJ HTXDWLRQ� ZLWK Q �0�QP−��
HVWLPDWHG YLD WKH PRGHO�

7 = Q
0

1
��

�� J P−� ���

ZKHUH Q ± WKH QXPEHU RI FDWLRQV 0� RFFXSLHG SHU QP�� 0 ± WKH PROHFXODU PDVV RI
0Q�2� ��������� 1 ± WKH $YRJDGUR FRQVWDQW �����⋅������ Q IRU 02 W\SH R[LGHV LV HV�
WLPDWHG WR EH ��� QP−� � ZKLOH IRU WKRVH RI 02� W\SH LW LV ��� QP−�� +RZHYHU� RQO\ Q
IRU /D�2� KDV EHHQ HVWLPDWHG WR EH ��� QP−� IRU WKRVH RI 0�2� W\SH� ,I Q IRU 0Q�2�

LV FORVH WR WKDW IRU /D�2�� WKHQ WKH GLVSHUVLRQ WKUHVKROG YDOXH RI 0Q�2� RQ γ�$O�2��
HVWLPDWHG YLD (T� ���� LV ����� J���� P�� 7KH HVWLPDWHG WKUHVKROG YDOXHV DUH FRP�
SDUHG ZLWK WKH H[SHULPHQWDO YDOXHV LQ 7DEOH ��

,W FDQ EH VHHQ IURP 7DEOH � WKDW WKH H[SHULPHQWDO YDOXH LV FORVH WR WKH YDOXH RI
����� ��� P−� GHWHUPLQHG E\ ;LH <XFKDQJ >�@ IRU )H�2� RQ γ�$O�2�� EXW REYLRXVO\
OHVV WKDQ WKH HVWLPDWHG YDOXH� 7KLV LV YHU\ SUREDEO\ GXH WR WKH VFUHHQLQJ HIIHFW RI
0Q�2� RQ QHDUE\ YDFDQW VLWHV� 2EYLRXVO\� LI WKH VDOW RU R[LGH FRQIRUPV WR D FORVH�
SDFNHG PRQROD\HU� WKHQ WKH HVWLPDWHG WKUHVKROG YDOXH ZLOO EH LQ DJUHHPHQW ZLWK WKH
H[SHULPHQWDO YDOXH� DQG LI WKH QXPEHU RI FDWLRQV RFFXSLHG SHU QP� LV DFFXUDWHO\
JLYHQ� WKH FRUUHFW WKUHVKROG YDOXH FDQ EH REWDLQHG� ,I QRW� WKH WKUHVKROG YDOXH KDV WR
EH H[SHULPHQWDOO\ GHWHUPLQHG�

&RQFOXVLRQV

5HFHQW UHVXOWV VKRZHG WKDW ZKHQ WKH 0Q ORDGLQJ RQ WKH FDWDO\VW LV DERXW ���� WKH
FRQYHUVLRQ RI EHQ]RLF DFLG LV PRUH WKDQ ��� DQG WKH VHOHFWLYLW\ IRU EHQ]DOGHK\GH LV
���� 7KH PD[LPXP PRQROD\HU GLVSHUVLRQ FDSDFLW\� L�H� WKH WKUHVKROG YDOXH RI
0Q�2� RQ γ�$O�2� ZDV GHWHUPLQHG E\ WKH 7* PHWKRG WR EH ���� �0Q�2��� RU ��
�0Q��� 7KLV LPSOLHV WKDW WKH KLJK DFWLYLW\ DQG VHOHFWLYLW\ RI WKH 0Q�2��γ�$O�2�

FDWDO\VW LV GXH WR D PRQROD\HU GLVSHUVLRQ RI 0Q�2� RQ γ�$O�2�� 7KH WKUHVKROG YDOXH
HVWLPDWHG YLD WKH FORVH�SDFNHG PRGHO DQG WKH LQWHUDFWLRQ PRGHO DUH ERWK KLJKHU WKDQ
WKH H[SHULPHQWDO YDOXH� 7KLV VXJJHVWV WKDW ERWK PRGHOV KDYH OLPLWDWLRQV IRU HVWLPDW�
LQJ WKH WKUHVKROG YDOXH RI 0�2� W\SH R[LGHV RQ γ�$O�2��

7DEOH � &RPSDULVRQ RI HVWLPDWHG WKUHVKROG YDOXH ZLWK H[SHULPHQWDO YDOXH

&ORVHG�SDFNHG PRQROD\HU PRGHO ,QWHUDFWLRQ PRGHO ([SHULPHQWDO
J���� P
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5HIHUHQFHV

� ;X +XDORQJ� 6KHQ :HL� 3DQ ;LQZHL� ;LDQJ <LIL DQG /LX -LQ[LDQJ� &XLKXD ;XHEDR� ��
������ ��

� 0D -XQ DQG ;LH <RXFKDQJ� $GYDQFHV LQ &DWDO\VLV 5HVHDUFK� 3URF� RI �WK &KLQHVH 1DWLRQDO
&RQI� RQ &DWDO\VLV� ����� ���� ;LDPHQ�

� ;LH <RXFKDQJ� <DQJ 1DLIDQJ� /LX <LQJMXQ DQG 7DQJ <RXTL� =KRQJ *XR .H[XH� %� ������
����

� ;LH <RXFKDQJ DQG <DQJ <RXTL� $GYDQFHV LQ &DWDO\VLV� �� ������ ��
� &KHQ <� DQG =KDQJ /LIHQJ� &DWDO\VLV /HWWHUV� �� ������ ���
� &KHQ <�� 'RQJ /LQ DQG ;X %LQ� 3URF� RI �WK &KLQHVH 1DWLRQDO &RQI� RQ &DWDO\VLV� S� ����

'DOLDQ� &KLQD� �����
� ;LH <RXFKDQJ� ;X ;LDQJSLQJ� =KDR %L\LQJ DQG 7DQJ <RXJL� 3URF� RI �WK &KLQHVH 1DWLRQDO

&RQI� RQ &DWDO\VLV� ��(���� 7LDQ -LQ� �����
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