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� � � � � 1HZ HYDOXDWLRQ RI SURPSW QHXWURQ VSHFWUD IRU
���
8 DQG

���
3X ZDV PDGH RQ WKH EDVLV RI

0DGODQG�1L[ PRGHO FRPELQHG ZLWK PXOWLPRGDO UDQGRP�QHFN UXSWXUH PRGHO RI WKH ILVVLRQ SURFHVV�

7KH UHVXOWLQJ VSHFWUXP IRU
���
8�QWK� I� ZDV KDUGHU WKDQ WKH SUHYLRXV HYDOXDWLRQ LQ -(1'/���� EXW D

ELW VRIWHU WKDQ WKH (1')�%�9, HYDOXDWLRQ�
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2QH RI WKH FHQWUDO SUREOHPV LQ FDOFXODWLQJ WKH SURPSW QHXWURQ VSHFWUD LV KRZ WR GHDO ZLWK D

YDULHW\ RI ILVVLRQ IUDJPHQWV ZLWK D YDULHW\ RI H[FLWDWLRQ HQHUJLHV� ,Q RUGHU WR JLYH DQ DSSUR[LPDWH

VROXWLRQ WR WKLV SUREOHP� WKH SUHVHQW DXWKRU >�� �@ SURSRVHG WR LQWURGXFH WKH LGHD RI PXOWLPRGDO

UDQGRP�QHFN UXSWXUH ILVVLRQ PRGHO >�@ LQWR WKH 0DGODQG�1L[ PRGHO >�@ RI SURPSW QHXWURQ HPLVVLRQ�

7KH HQHUJ\ SDUWLWLRQ EHWZHHQ WKH IUDJPHQWV LV GLIIHUHQW IRU GLIIHUHQW ILVVLRQ PRGHV� DQG WKLV LV IDLUO\

ZHOO GHVFULEHG E\ WKH PXOWLPRGDO PRGHO� 7KXV ZH GLYLGHG WKH WKH HQWLUH ILVVLRQ IUDJPHQWV LQWR D

IHZ JURXSV� HDFK UHSUHVHQWHG E\ PRGDO DYHUDJH PDVVHV DQG WRWDO NLQHWLF HQHUJLHV �7.(V�� DQG

FDOFXODWHG WKH SURPSW QHXWURQ VSHFWUXP IRU HDFK PRGH LQGHSHQGHQWO\ XVLQJ DYDLODEOH HPSLULFDO GDWD�

7KH WRWDO VSHFWUXP ZDV REWDLQHG E\ V\QWKHVL]LQJ WKH PRGDO VSHFWUD� $SSOLFDWLRQ RI WKLV

PHWKRGRORJ\ WR SURPSW QHXWURQ VSHFWUD IRU
���
1S�Q�I� >�@ ZDV IRXQG WR JLYH LPSURYHG DFFRXQW RI WKH

WKH VSHFWUD�

7KLV UHSRUW GHVFULEHV UHVXOWV RI FDOFXODWLRQ RI WKH SURPSW QHXWURQ VSHFWUD IRU
���
8 DQG

���
3X

SHUIRUPHG RQ WKH EDVLV RI WKH PHWKRG RI PXOWLPRGDO DQDO\VLV IRU -(1'/�����
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7KH DYHUDJH PDVVHV RI SUH�QHXWURQ�HPLVVLRQ OLJKW DQG KHDY\ IUDJPHQWV �/)� +)� DQG 7.(V

IRU HDFK ILVVLRQ PRGH� VXFK DV 6WDQGDUG � �6��� 6WDQGDUG � �6��� 6XSHUORQJ �6/�� ZHUH WDNHQ IURP

PXOWLPRGDO DQDO\VHV RI H[SHULPHQWV� 7KH ILVVLRQ 4�YDOXHV IRU HDFK PRGH ZHUH FDOFXODWHG ZLWK

78<< PDVV IRUPXOD >�@� 7KH LQYHUVH FURVV VHFWLRQ IRU ILVVLRQ IUDJPHQWV ZHUH FDOFXODWHG XVLQJ

%HFFKHWWL�*UHHQOHHV RSWLFDO PRGHO SRWHQWLDO >�@�



6RPH PRGLILFDWLRQV ZHUH PDGH LQ WKH 0DGODQG�1L[ PRGHO� �D� WKH OHYHO GHQVLW\ SDUDPHWHUV

ZHUH FDOFXODWHG ZLWK WKH ,JQDW\XN PRGHO >�@ WDNLQJ LQWR DFFRXQW WKH VKHOO HIIHFWV� DQG �E� GLIIHUHQFH

LQ WKH QXPEHU RI QHXWURQV HPLWWHG IURP /) DQG +) DUH DOORZHG� 7KH DYHUDJH QXPEHU RI QHXWURQV

�L/�+� HPLWWHG IURP /) DQG +) IRU HDFK PRGH L ZHUH FDOFXODWHG IURP WKH SUHVFLVVLRQ VKDSHV IRU HDFK

PRGH�

7KH SURPSW�QHXWURQ VSHFWUD IRU HDFK PRGH �PRGDO VSHFWUD� $L ZHUH V\QWKHVL]HG ZLWK

UHVSHFWLYH ZHLJKWLQJ RI WKH PRGDO QX�YDOXHV �L/�+��

χL(�Q) = [νL/χL/ (�Q) + νL+ χL+(�Q)] / (νL/+ νL+ )                                  ���

7KH WRWDO QHXWURQ VSHFWUXP ZDV FDOFLXODWHG E\ DYHUDJLQJ WKH PRGDO VSHFWUD ZLWK UHVSHFWLYH

ZHLJKWLQJ ZL DQG ν,

                                  χWRW(�Q) = [ Σ#LνL χL (�Q) ] / (Σ#LνL )                                               ����
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ZKHUH ZL LV WKH PRGH EUDQFKLQJ UDWLR DQG ν, WKH DYHUDJH QXPEHU RI QHXWURQV HPLWWHG LQ D ILVVLRQ RI

W\SH L� 7KH VKDSH SDUDPHWHUV RI WKH SUHVFLVVLRQ QXFOHDU VKDSHV WDNHQ IURP )DQ HW DO� >�@ ZHUH XVHG

WR FDOFXODWH WKH QHXWURQ PXOWLSOLFLW\ ν,�$� DV D IXQFWLRQ RI IUDJPHQW PDVV $ IRU PRGH L�

���$�%	�
%�

��� 8����

7KUHH ILVVLRQ PRGHV� L�H�� 6WDQGDUG � �6��� 6WDQGDUG � �6��� 6XSHUORQJ �6/�� DV SRLQWHG

RXW E\ .QLWWHU HW DO� >�@ � WRJHWKHU ZLWK UHOHYDQW IUDJPHQW NLQHWLF HQHUJLHV� ZHUH DGRSWHG LQ WKH

FDOFXODWLRQ IRU �QWK�I� � 7KH PRGDO VSHFWUD IRU WKH WKUHH PRGHV DQG WKH V\QWKHVL]HG WRWDO VSHFWUXP DUH

VKRZQ LQ )LJ��� 7KH 6��VSHFWUXP LV WKH VRIWHVW� EHFDXVH WKH WRWDO H[FLWDWLRQ HQHUJ\ �7;(� LV WKH

ORZHVW IRU WKLV PRGH� ,Q FRQWUDVW� WKH 6/�VSHFWUXP LV WKH KDUGHVW� DV H[SHFWHG IURP WKH IDFW WKDW

WRWDO GHIRUPDWLRQ HQHUJ\� ZKLFK LQ WXUQ FRQYHUWV LQWR IUDJPHQW H[FLWDWLRQ HQHUJ\ DIWHU VFLVVLRQ� LV

ODUJHVW IRU WKLV PRGH� 7KH 6��VSHFWUXP FRPHV LQ EHWZHHQ� 7KH WRWDO VSHFWUXP OLHV FORVH WR WKH

6��VSHFWUXP� EHFDXVH WKH EUDQFKLQJ UDWLR WR WKH 6��PRGH DFFRXQWV IRU ��� RI WKH WRWDO SURFHVV�

)LJXUH � SORWV WKH UDWLR RI WKH SUHVHQW DQG WKH (1')�%�9, HYDOXDWLRQV UHODWLYH WR WKH -(1'/����

HYDOXDWLRQ� $V FDQ EH VHHQ� WKH SUHVHQW VSHFWUXP LV KDUGHU WKDQ WKH SUHYLRXV RQH VWRUHG LQ

-(1'/����� 7KH FDOFXODWLRQ ZDV WKHQ H[WHQGHG XS WR � 0H9 XVLQJ WKH LQFLGHQW�HQHUJ\ GHSHQGHQFH

RI WKH PRGH EUDQFKLQJ UDWLRV >��@�

��� 3X����

0XOWLPRGDO DQDO\VLV RI H[SHULPHQWV E\ 6FKLOOHEHHFN[ HW DO� >��@ ZDV DGRSWHG DV WKH

EDVLV RI FDOFXODWLRQ IRU
���
3X�QWK�I�� )RU WKLV QXFOLGH� DQRWKHU PRGH� FDOOHG 6WDQGDUG�� �6��� ZDV



FRQILUPHG LQ DGGLWLRQ WR 6� DQG 6� PRGHV� RQ WKH RWKHU KDQG� WKH 6/�PRGH FRPSRQHQW ZDV QRW

VHSDUDWHG GXH WR SRRU VWDWLVWLFV RI WKH PHDVXUHPHQW� 7KHVH GLIIHUHQFHV KRZHYHU GR QRW EULQJ DERXW

DQ\ LPSRUWDQW FRQVHTXHQFHV� EHFDXVH WKHLU FRQWULEXWLRQV DUH TXLWH VPDOO� )LJXUH � VKRZV WKH

PRGDO DQG WRWDO VSHFWUD� PDLQ IHDWXUHV RI WKH VSHFWUD DUH VLPLODU WR
���
8� 5HODWLYH UDWLRV RI WKH

SUHVHQW DQG (1')�%�9, HYDOXDWLRQV WR -(1'/���� HYDOXDWLRQV DUH VKRZQ LQ )LJ��� 7KH UHVXOW LV

WKDW WKH UDWLR WR -(1'/���� HYDOXDWLRQ LV JUHDWHU WKDQ XQLW\ H[FHSW WKH UHJLRQ ��� � � 0H9� 7KXV LW

LV GLIILFXOW WR VXPPDUL]H WKH IHDWXUHV RI WKH QHZ VSHFWUXP LQ D VLPSOH ZRUG� &RQVLGHULQJ WKDW WKH

SHDN RI WKH DEVROXWH VSHFWUXP OLHV DURXQG ��� 0H9 DQG WKH QHXWURQ VSHFWUXP ZLWKLQ WKH )%5 FRUH

OLHV DURXQG VHYHUDO KXQGUHG NH9� ZH PD\ VD\ WKDW WKH UHODWLYH LQFUHDVH RI �� LQ WKH UHJLRQ (Q��

0H9 LPSUHVVHV OLNH µVRIWHQLQJ¶ RI WKH VSHFWUXP� +RZHYHU� LQ WKH FDVH RI KLJK OHDNDJH V\VWHP OLNH

FULWLFDO VDIHW\ UHVHDUFK IDFLOLW\� WKH LQFUHDVH RI KLJK HQHUJ\ FRPSRQHQW �(Q!� 0H9� ZLOO HQKDQFH

OHDNDJH RI IDVW QHXWURQV IURP WKH FRUH��

)RU KLJKHU LQFLGHQW HQHUJLHV� FDOFXODWLRQV ZHUH PDGH XVLQJ WKH PRGH EUDQFKLQJ UDWLRV

IURP D VWXG\ RQ WKH V\VWHPDWLFV LQ WKH UDWLRV IRU PDQ\ QXFOLGHV >��@��
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>�@ 7� 2KVDZD� 7� +RULJXFKL DQG +� +D\DVKL� 1XFO� 3K\V� $���� �� �������

>�@ 7� 2KVDZD� 7� +RULJXFKL DQG 0� 0LWVXKDVKL� 1XFO� 3K\V� $���� � �������

>�@ 8� %URVD� 6� *URVVPDVQQ DQG $� 0�OOHU� 3K\V� 5HSRUWV ���� 1R��� ��� �������

>�@ '� *� 0DGODQG DQG -� 5�1L[� 1XFO� 6FL� (QJ� ��� ��� �������

>�@ 7� 7DFKLEDQD� 0� 8QR� 0� <DPDGD DQG 6� <DPDGD� $WRPLF 'DWD DQG 1XFOHDU 'DWD 7DEOHV� ���

��� �������

>�@ )� '� %HFFKHWWL� -U�� DQG *� :� *UHHQOHHV� 3K\V� 5HY� ���� ���� �������

>�@ $� 9� ,JQDW\XN� 6RY� -� 1XFO� 3K\V� ��� ��� �������

>�@ 7��6� )DQ� -��0� +X DQG 6��/� %DR� 1XFO� 3K\V� $���� ��� �������

>�@ +��+� .QLWWHU� )��-� +DPEVFK� &� %XW]�-¡UJHQVHQ� =� 1DWXUIRUVFK� ��D� ��� �������

>��@ 8� %URVD� +��+� .QLWWHU� 7��6� )DQ� -��0� +X DQG 6��/� %DR� 3K\V� 5HY� &��� ��� �������

>��@ 3� 6FKLOOHEHHFN[� &� :DJHPDQV� $� -� 'HUXWWHU DQG 5� %DUWKHOHP\� 1XFO� 3K\V� $���� ���

�������


