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$EVWUDFW

%DULXP EHQ]RDWH ZDV V\QWKHVL]HG LQ D K\GURWKHUPDO UHDFWLRQ� 7KH FRPSOH[ ZDV FKDUDFWHUL]HG

E\ HOHPHQWDO DQDO\VLV� ,5 VSHFWURVFRS\ DQG ;�UD\ SRZGHU GLIIUDFWLRQ� ,W ZDV PRQRFOLQLF DQG KDG

D OD\HUHG VWUXFWXUH� 7KH PHFKDQLVP RI WKHUPDO GHFRPSRVLWLRQ RI WKH EDULXP EHQ]RDWH ZDV VWXGLHG

E\ XVLQJ 7*� '7$� ,5 DQG JDV FKURPDWRJUDSK\�PDVV VSHFWURPHWU\� ,Q D QLWURJHQ DWPRVSKHUH� WKH

EDULXP EHQ]RDWH GHFRPSRVHG WR IRUP %D&2
�
DQG RUJDQLF FRPSRXQGV� PDLQO\ EHQ]RSKHQRQH�

WULSKHQ\OPHWKDQH� HWF�

.H\ZRUGV� EDULXP EHQ]RDWH� K\GURWKHUPDO UHDFWLRQ� WKHUPDO GHFRPSRVLWLRQ

,QWURGXFWLRQ

$ONDOLQH HDUWK PHWDO EHQ]RDWHV DUH VWDEOH FRPSRXQGV� $OWKRXJK WKH PHFKDQLVP
RI WKHUPDO GHFRPSRVLWLRQ RI DONDOLQH HDUWK PHWDO EHQ]RDWHV KDV EHHQ UHSRUWHG� YLUWX�
DOO\ RQO\ WKH VROLG�SKDVH SURGXFWV ZHUH VWXGLHG� ZLWK OLWWOH DWWHQWLRQ WR WKH JDV�SKDVH
SURGXFWV >�� �@� :H KDYH FDUULHG RXW V\VWHPDWLF UHVHDUFK RQ WKH WKHUPDO GHFRPSRVL�
WLRQV RI WKH EHQ]RDWHV� 7KH SURFHVV RI WKHUPDO GHFRPSRVLWLRQ RI DONDOLQH HDUWK PHWDO
EHQ]RDWHV ZDV VWXGLHG E\ XVLQJ WKHUPRJUDYLPHWU\ �7*� DQG GLIIHUHQWLDO WKHUPDO
DQDO\VLV �'7$�� 7KH SURGXFWV RI WKHUPDO GHFRPSRVLWLRQ RI WKH DONDOLQH HDUWK PHWDO
EHQ]RDWHV ZHUH FKDUDFWHUL]HG E\ ,5 VSHFWURVFRS\ DQG JDV FKURPDWRJUDSK\�PDVV
VSHFWURPHWU\� ,Q WKLV SDSHU� WKH PHFKDQLVP RI WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ�
]RDWH LV GLVFXVVHG�

([SHULPHQWDO

3UHSDUDWLRQ RI VDPSOHV

%DULXP FDUERQDWH� EHQ]RLF DFLG� DQK\GURXV HWKDQRO� GLHWK\O HWKHU DQG DFHWRQH
ZHUH REWDLQHG IURP WKH 6KDQJ +DL &KHPLFDO 5HDJHQWV 3ODQW� 7KHVH UHDJHQWV DQG
DQDO\WLFDO JUDGH VROYHQWV ZHUH XVHG ZLWKRXW IXUWKHU SXULILFDWLRQ�

%DULXP FDUERQDWH DQG EHQ]RLF DFLG ZHUH WKRURXJKO\ PL[HG DW D PRODU UDWLR RI ���
ZLWK D OLWWOH ZDWHU LQ D K\GURWKHUPDO UHDFWRU� DQG DOORZHG WR UHDFW WR IRUP

����±�������� � ����

 ���� $NDGpPLDL .LDGy� %XGDSHVW

$NDGpPLDL .LDGy� %XGDSHVW

.OXZHU $FDGHPLF 3XEOLVKHUV� 'RUGUHFKW

 $XWKRU IRU FRUUHVSRQGHQFH� H�PDLO� MWVXQ#ZKX�HGX�FQ



%D�&�+�&22�� DW ���R& IRU �� K� 6XEVHTXHQWO\� WKH VDPSOH IRUPHG ZDV ZDVKHG
WKUHH WLPHV ZLWK DQK\GURXV HWKDQRO RU GLHWK\O HWKHU DQG GULHG DW ���R& IRU � K� $Q�
K\GURXV EDULXP EHQ]RDWH ZDV REWDLQHG�

&KDUDFWHUL]DWLRQ RI VDPSOHV

7KH FDUERQ DQG K\GURJHQ FRQWHQWV ZHUH GHWHUPLQHG ZLWK D 3HUNLQ (OPHU ���%
HOHPHQW DQDO\]HU� 7KH FRQWHQW RI %D ZDV GHWHUPLQHG E\ WLWUDWLRQ ZLWK ('7$�

,QIUDUHG VSHFWUD ZHUH PHDVXUHG ZLWK D 1LFROHW ��6;% VSHFWURSKRWRPHWHU� 5HDG�
LQJV ZHUH WDNHQ RYHU WKH UDQJH ����±��� FP−�� 7KH PDWUL[ PDWHULDO ZDV .%U�

7KH SURFHVV RI WKHUPDO GHFRPSRVLWLRQ ZDV VWXGLHG E\ '7$ DQG 7*� XVLQJ D 6KL�
PDG]X PRGHO '7��� LQVWUXPHQW LQ QLWURJHQ DQG DLU PHGLD� DW D KHDWLQJ UDWH RI
��R& PLQ−�� 3ODWLQXP FXSV ZHUH XVHG DV VDPSOH DQG UHIHUHQFH KROGHUV� DQG DOXPLQD
DV D UHIHUHQFH PDWHULDO�

7KH ;�UD\ GLIIUDFWRJUDPV ZHUH WDNHQ RQ D 5LJDNX '�0$;�5$ ;�UD\ GLIIUDF�
WRPHWHU� XVLQJ D JUDSKLWH PRQRFKURPDWRU DQG &X.α� UDGLDWLRQ�

&ROOHFWLRQ DQG FKDUDFWHUL]DWLRQ RI GHFRPSRVLWLRQ SURGXFWV

$ VDPSOH RI �±�� J ZDV GHFRPSRVHG LQ D QLWURJHQ DWPRVSKHUH LQ D WXEXODU IXU�
QDFH DW ���R& DQG WKH JDV�SKDVH SURGXFWV ZHUH FROOHFWHG >�@� 7KH VROLG UHVLGXH ZDV
FROOHFWHG IURP WKH WKHUPDO EDODQFH XQGHU 1� DW ���

R&� 7KH SURGXFWV ZHUH FKDUDF�
WHUL]HG E\ ,5 VSHFWURSKRWRPHWU\ DQG 9* DQDO\WLFDO ���� (�+) JDV FKURPDWRJUDSK\�
PDVV VSHFWURPHWHU�

5HVXOWV�DQG�GLVFXVVLRQ

(OHPHQWDO DQDO\VHV

7KH EDULXP EHQ]RDWH JDYH WKH IROORZLQJ UHVXOWV� )RXQG� %D ������ & ������
+ ������ &DOF�� %D ������ & ������ + ������ 7KH VDPSOH FDQ EH UHSUHVHQWHG E\ WKH
JHQHUDO IRUPXOD %D�&�+�&22��� 7KH H[SHULPHQWDO GDWD DUH LQ DJUHHPHQW ZLWK WKH
FDOFXODWHG YDOXHV�

,5 VSHFWUXP

7KH ,5 VSHFWUXP RI EDULXP EHQ]RDWH VKRZHG WKDW WKH &±& VWUHWFKLQJ YLEUDWLRQ
EDQGV DUH VLWXDWHG DW ����� ���� DQG ���� FP−�� 7KH 2&2 EDQG OLHV DW ���� FP−� IRU
WKH DQWL�V\PPHWULF YLEUDWLRQ DQG DW ���� FP−� IRU WKH V\PPHWULF YLEUDWLRQ� 7KH GLI�
IHUHQFH EHWZHHQ WKH νDV�2&2� DQG νV�2&2� YLEUDWLRQV RI WKH FDUER[\O JURXS ZDV
�� FP−�� ZKLFK VKRZHG WKDW WKH FDUER[\O JURXS LV FRRUGLQDWHG WR WKH %D DWRP LQ D
EULGJLQJ ELGHQWDWH FRRUGLQDWLRQ PRGH >�� �@�

;5' GDWD

7KH %D�&�+�&22�� FHOO SDUDPHWHUV ZHUH FDOFXODWHG IURP WKH ;5' GDWD� ,W LV
PRQRFOLQLF� D ������ QP� E ������ QP� F ������ QP� β ������R� 9 ������ QP��
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= �� '[ ����� J FP
−�� $OO OLQHV RI WKH ;�UD\ SRZGHU GLIIUDFWLRQ SDWWHUQ ZHUH LQ�

GH[HG E\ XVLQJ WKHVH FU\VWDO SDUDPHWHUV� 7KH FDOFXODWHG YDOXHV DUH LQ DFFRUG ZLWK WKH
H[SHULPHQWDO GDWD� )URP WKH GLIIUDFWLRQ LQWHQVLW\ GDWD� WKH FU\VWDO VWUXFWXUH RI
%D�&�+�&22�� LV D OD\HUHG VWUXFWXUH�

7KHUPDO DQDO\VHV

7* FXUYHV RI EDULXP EHQ]RDWH LQ DLU DQG QLWURJHQ DWPRVSKHUHV DUH VKRZQ LQ
)LJ� �� ,W FDQ EH VHHQ WKDW WKH ILQDO VROLG SURGXFW RI WKHUPDO GHFRPSRVLWLRQ RI EDULXP
EHQ]RDWH LQ DLU DQG QLWURJHQ DWPRVSKHUHV LV %D&2�� 7KH ORVV LQ PDVV LV ����� DQG
������� UHVSHFWLYHO\� LQ JRRG DJUHHPHQW ZLWK WKH FDOFXODWHG YDOXH ��������� )URP
)LJ� ��D�� WKH WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ]RDWH LQ DLU DWPRVSKHUH LV VHHQ WR
SURFHHG LQ WZR VWDJHV� )LUVW� LW GHFRPSRVHV WR IRUP %D&2� DQG &� WKH UHVLGXH LV
EODFN� 7KH & LV WKHQ ORVW GXH WR R[LGDWLRQ ZKHQ WKH VDPSOH LV KHDWHG WR ���R&� DQG
ZKLWH %D&2� LV REWDLQHG� 7KH & REWDLQHG LQ WKH ILUVW VWHS LV GXH WR GHK\GURJHQDWLRQ
RI WKH SKHQ\O UDGLFDO� )URP )LJ� ��E�� WKH WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ]RDWH
LQ QLWURJHQ DWPRVSKHUH LV REVHUYHG WR EH EDVLFDOO\ FRPSOHWH DW ���R&�

'7$ FXUYHV RI EDULXP EHQ]RDWH LQ DLU DQG QLWURJHQ DWPRVSKHUHV DUH VKRZQ LQ
)LJ� �� 7KH FXUYHV H[KLELW WZR SHDNV� RQH IXVLRQ SHDN DQG RQH GHFRPSRVLWLRQ SHDN�
,Q QLWURJHQ DWPRVSKHUH� WKH IXVLRQ DQG GHFRPSRVLWLRQ SHDNV DUH ERWK HQGRWKHUPLF�
,Q DLU DWPRVSKHUH� WKH IXVLRQ SHDN LV HQGRWKHUPLF� DQG WKH GHFRPSRVLWLRQ SHDN LV D
YHU\ VKDUS H[RWKHUPLF SHDN� GXH WR WKH R[LGDWLRQ RI WKH RUJDQLF SURGXFWV RI WKH WKHU�
PDO GHFRPSRVLWLRQ�

)LJ� � 7* FXUYHV RI EDULXP EHQ]RDWH LQ DLU �D� DQG QLWURJHQ �E�
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&ROOHFWLRQ DQG FKDUDFWHUL]DWLRQ RI GHFRPSRVLWLRQ SURGXFWV

7KH VROLG SURGXFW RI WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ]RDWH DW ���R& LQ QL�
WURJHQ DWPRVSKHUH LV D JUH\ SRZGHU� ,WV ,5 VSHFWUXP LV GHSLFWHG LQ )LJ� �� 7KH DE�
VRUSWLRQ EDQGV DW ����� ��� DQG ��� FP−� DUH LQ DJUHHPHQW ZLWK WKH VWDQGDUG ,5
VSHFWUXP RI %D&2� �6DGWOHU 6WDQGDUG 6SHFWUD� <��6��

7KH REVHUYHG DQG FDOFXODWHG 7* GDWD DQG WKH DERYH ,5 GDWD LQGLFDWH WKDW WKH ILQDO
VROLG�SKDVH SURGXFW RI WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ]RDWH LQ QLWURJHQ DQG DLU
DWPRVSKHUHV LV %D&2��

7KH FRQGHQVDWH RI WKH JDV�SKDVH SURGXFWV RI WKH WKHUPDO GHFRPSRVLWLRQ RI EDU�
LXP EHQ]RDWH DW ���R& LQ QLWURJHQ DWPRVSKHUH LV DQ RUDQJH VWLFN\ PDWHULDO� ,WV ,5

)LJ� � ,5 VSHFWUXP RI VROLG SURGXFW RI WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ]RDWH DW ���
R

&
LQ QLWURJHQ DWPRVSKHUH

)LJ� � '7$ FXUYHV RI EDULXP EHQ]RDWH LQ DLU �D� DQG QLWURJHQ �E�
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VSHFWUXP LV SUHVHQWHG LQ )LJ� �� 7KH DEVRUSWLRQ SHDNV DW ����� ����� ����� �����
����� ����� ����� ����� ���� ���� ���� ���� ��� DQG ��� FP−� DUH LQ DFFRUGDQFH
ZLWK WKH VWDQGDUG ,5 VSHFWUXP RI WULSKHQ\OPHWKDQH �6DGWOHU 6WDQGDUG 6SHFWUD�
�����.�� 7KH DEVRUSWLRQ SHDNV DW ����� ����� ����� ����� ����� ���� ��� DQG
��� FP−� DUH LQ DJUHHPHQW ZLWK WKH VWDQGDUG ,5 VSHFWUXP RI EHQ]RSKHQRQH �6DGWOHU
6WDQGDUG 6SHFWUD� ���.�� 7KH FRPELQHG UHVXOWV RI JDV FKURPDWRJUDSK\ DQG PDVV
VSHFWURJUDSK\ DUH OLVWHG LQ 7DEOH �� EHVLGHV EHQ]RSKHQRQH DQG WULSKHQ\OPHWKDQH�
ELSKHQ\O� GLSKHQ\OPHWKDQH� IOXRUHQH� ��IOXRUHQRQH� HWF� ZHUH LGHQWLILHG �PDLQO\
EHQ]RSKHQRQH DQG WULSKHQ\OPHWKDQH��

0HFKDQLVP RI WKHUPDO GHFRPSRVLWLRQ

7KH PHFKDQLVP RI WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ]RDWH LV SUHVHQWHG EHORZ�
7KH IUHH UDGLFDOV REWDLQHG LQ WKH WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ]RDWH WDNH

SDUW LQ GHK\GURJHQDWLRQ UHDFWLRQV WR IRUP QHZ IUHH UDGLFDOV DQG FDUERQ�

)LJ� � ,5 VSHFWUXP RI FRQGHQVHG JDV�SKDVH SURGXFWV RI WKHUPDO GHFRPSRVLWLRQ RI EDULXP
EHQ]RDWH DW ���

R

& LQ QLWURJHQ DWPRVSKHUH

7DEOH � &RPELQHG UHVXOWV RI JDV FKURPDWRJUDSK\ DQG PDVV VSHFWURJUDSK\ RQ EDULXP EHQ]RDWH

1R� +ROG WLPH�PLQ &RQWHQW�� 0RO� PDVV 3URGXFW

� ������ ���� ��� ELSKHQ\O

� ����� ���� ��� GLSKHQ\OPHWKDQH

� ����� ����� ��� EHQ]RSKHQRQH

� ����� ����� ��� IOXRUHQH

� ����� ����� ��� WULSKHQ\OPHWKDQH

� ����� ���� ��� ��IOXRUHQRQH

���
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&�+�&2⋅ → ⋅&�+�&2⋅ + + ���

&�+�⋅ → ⋅&�+�⋅ + + ���

⋅&�+�⋅ → �& + �+ ���

7KH IUHH UDGLFDOV FRPELQH ZLWK HDFK RWKHU WR IRUP EHQ]RSKHQRQH�

&�+�⋅ + &�+�&2⋅ → &�+�&2&�+�
���

%HQ]RSKHQRQH FRPELQHV ZLWK + DQG &�+�⋅ WR IRUP WULSKHQ\OPHWKDQH�

&�+�&2&�+� + &�+�⋅ + �+ → (&�+�)�&+ + +�2 ���

,W FDQDOVRSDU WLFLSDWHLQ UHDFWLRQVWRIRUPELSKHQ\O�IOXRUHQH�GLSKHQ\OPHWKDQH�
��IOXRUHQRQH�HWF��

&�+�⋅ + &�+�⋅ → &�+�&�+�
���

⋅&�+�⋅ + ⋅&�+�&2⋅ → &�+�&2&�+�
���

(&�+�)�&2 + �+ → &�+�&+�&�+� + +�2 ���

(&�+�)�&2 + &�+�⋅ + �+ → (&�+�)�&+&�+� + +�2 ����

&RQFOXVLRQV

%DULXP EHQ]RDWH FDQ EH V\QWKHVL]HG LQ D K\GURWKHUPDO UHDFWLRQ� ,W LV PRQRFOLQLF
DQG KDV D OD\HUHG VWUXFWXUH�

7KH WKHUPDO GHFRPSRVLWLRQ RI EDULXP EHQ]RDWH LQ DLU DWPRVSKHUH SURFHHGV LQ
WZR VWDJHV� LW ILUVW GHFRPSRVHV WR IRUP %D&2�� & DQG &2� WKH & LV WKHQ ORVW GXH WR
R[LGDWLRQ� DQG ZKLWH %D&2� LV REWDLQHG�

%DULXP EHQ]RDWH GHFRPSRVHV LQ QLWURJHQ DWPRVSKHUH WR IRUP %D&2� DQG RU�
JDQLF FRPSRXQGV� PDLQO\ EHQ]RSKHQRQH� WULSKHQ\OPHWKDQH� HWF�

  

7KLV ZRUN ZDV VXSSRUWHG E\ 7KH 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD �1R�

����������

5HIHUHQFHV

� &� %DODUHZ� '� 6WRLORYD DQG 5� .UDVWHYD� 7KHUPRFKLP� $FWD� �� ������ ����
� )� 1� 0XVD\HY� 9� 5� &KHUNH]RYD� =� 6K� .DUD\HY DQG %� <X� 6XOWDQRY� 7KHUPRFKLP� $FWD�
�� ������ ���

� 9� 5� &KHUNH]RYD� )� 1� 0XVD\HY� =� 6K� .DUD\HY DQG %� <X� 6XOWDQRY� .RRUG� .KLP��
����� ������ ����

� 6� -XWDQJ� =� .HOL� =� -LPLQ� 4� =LELQ DQG )� <LOL� &KHP� -� &KLQ� 8QLY�� ������ ������ �����
� 6� )� 3DYNRYLF� -� ,QRUJ� 1XFO� &KHP�� �� ������ �����
� 0� '� 7D\ORU� &� 3� &DUWHU DQG &� ,� :\QWHU� -� ,QRUJ� 1XFO� &KHP�� �� ������ �����
� :� %U]\VND DQG 0� +DNLP� -� 7KHUPDO $QDO�� �� ������ ����
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