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7KH σ±7 DQG Gσ�G7±7 FXUYHV RI WKH )H&X1E6L% DPRUSKRXV DOOR\� ZKLFK DUH WKH UHODWLRQVKLS
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RU UHVLGXDO DPRUSKRXV SKDVH ZLWK 7

D
LV PHDVXUHG E\ 7*�0� WHFKQLTXH�

.H\ZRUGV� &XULH WHPSHUDWXUH� QDQRFU\VWDOOLQH� 7*� 7*�0� DQG '7*�0�

,QWURGXFWLRQ

7KH QDQRFU\VWDOOLQH )H&X1E6L% DOOR\ ZDV GHYHORSHG LQ ���� E\ <RVKL]DZD DQG
KLV FRZRUNHUV� >�@ LW H[KLELWV H[FHOOHQW VRIW PDJQHWLF SURSHUWLHV� 6LQFH LWV GHYHORS�
PHQW� VFLHQWLILF ZRUNHUV KDYH LQYHVWLJDWHG WKH PLFURVWUXFWXUH DQG FU\VWDOOL]DWLRQ RI
WKHVH DPRUSKRXV DOOR\V� 7KH GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ �'6&�� RU GLIIHUHQWLDO
WKHUPDO DQDO\]HU �'7$�� ;�UD\ GLIIUDFWLRQ �;5'�� WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\
�7(0�� SRVLWURQ DQQLKLODWLRQ WHFKQLTXH �3$7�� DQG 0RVVEDXHU HIIHFW� PDJQHWLF
PHDVXUHPHQW WHFKQLTXHV DQG VR RQ� ZHUH XVHG WR VWXG\ WKH PLFURVWUXFWXUH DQG FU\V�
WDOOL]DWLRQ EHKDYLRXU RI WKH DPRUSKRXV DOOR\V >�±��@� $V D UXOH� WKH RQVHW RI WKH IRU�
PDWLRQ RI WKH )H6L SKDVH �7[�� DQG )H ERULGH SKDVH �7[�� RI WKLV DOOR\V ZDV GHWHU�
PLQHG E\ '6& �RU '7$� PHDVXUHPHQWV� DQG WKH HQWKDOS\ FKDQJH RI FU\VWDOOL]DWLRQ
�RU SKDVH WUDQVLWLRQ� ∆+� ZDV GHWHUPLQHG E\ PHDQV RI '6&� +RZHYHU� PDJQHWLF
WKHUPRJUDYLPHWU\ DQDO\VLV �7*�0�� DQG '7*�0�� WHFKQLTXHV DUH VLPSOH DQG YHU\
XVHIXO H[SHULPHQWDO PHWKRGV IRU VWXG\LQJ WKH SKDVH WUDQVLWLRQ EHKDYLRXU RI PDJQHWLF
PDWHULDOV >�� �� �@� ,Q WKLV SDSHU� ZH VWXG\ WKH FKDQJHV RI QDQRFU\VWDOOLQH SKDVH DQG
UHVLGXDO DPRUSKRXV SKDVH GXULQJ FU\VWDOOL]DWLRQ SURFHVV RI )H&X1E6L% DPRUSKRXV
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DOOR\V� 7KH YDULDWLRQ RI σ �L�H� VDWXUDWLRQ PDJQHWL]DWLRQ SHU XQLW PDVV� ZLWK WHPSHUD�
WXUH �σ±7 FXUYH� DQG µUDWH RI σ YDULDWLRQ¶ ZLWK WHPSHUDWXUH �Gσ�G7±7 FXUYH� ZHUH LQ�
YHVWLJDWHG E\ PDJQHWLF WKHUPRJUDYLPHWU\ DQDO\VLV �7*�0�� DQG PDJQHWLF GHULYDWLYH
WKHUPRJUDYLPHWU\ �'7*�0�� WHFKQLTXHV �L�H� WKHUPRPDJQHWRPHWU\� >��� ��@�

([SHULPHQWDO

7KH LQLWLDO DOOR\ LQJRWV ZHUH SUHSDUHG LQ DQ DUF IXUQDFH E\ PHOWLQJ DSSURSULDWH
TXDQWLWLHV RI HOHPHQWV� )H� &X� 1E� 6L� DQG %� WKH SXULW\ RI HDFK HOHPHQW RI ZKLFK LV
KLJKHU WKDQ ������ DQG ULEERQV RI WKH )H&X1E6L% DOOR\ ZHUH SUHSDUHG E\ D FRQYHQ�
WLRQDO VLQJOH UROOHU PHOW�VSLQQLQJ PHWKRG� 7KH ULEERQ ZDV DERXW �� µP LQ WKLFNQHVV�
DERXW �� PP LQ ZLGWK� DQG ZDV LGHQWLILHG WR EH DPRUSKRXV E\ ;�UD\ GLIIUDFWLRQ
�;5'�� 7KH GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ �'6&� WHFKQLTXH ZDV XVHG WR H[DPLQH
WKH FU\VWDOOL]DWLRQ EHKDYLRXU RI WKH DPRUSKRXV ULEERQV� 6DPSOHV RI DPRUSKRXV ULE�
ERQV ZHUH DQQHDOHG DW ���� ���� ���� ���� ���� ���� ���R& IRU � K LQ $U DWPRVSKHUH
UHVSHFWLYHO\� )XUWKHUPRUH� ERWK WKH σ±7 DQG Gσ�G7±7 FXUYHV RI WKH DV�TXHQFKHG DQG
DQQHDOHG VDPSOHV ZHUH PHDVXUHG E\ 7*�0� DQG '7*�0� WHFKQLTXHV� 0DVV RI
PHDVXUHG VDPSOHV ZDV DERXW � PJ� 7KH SULQFLSOH DQG WHFKQLTXH RI 7*�0� PHDVXUH�
PHQW LV GHVFULEHG HOVHZKHUH >��@�

5HVXOWV�DQG�GLVFXVVLRQ

'6& FXUYH

7KH '6& FXUYH RI DV�TXHQFKHG VDPSOH RI )H&X1E6L% DPRUSKRXV DOOR\ DW D
KHDWLQJ UDWH RI ��R& PLQ±� LV VKRZQ LQ )LJ� �� ,W VKRZV WZR H[RWKHUPLF SHDNV WKDW
PHDQ WKDW WKH WZR�VWHS FU\VWDOOL]DWLRQ SURFHVVHV EHIRUH ILQDO VWDEOH SKDVH LV DWWDLQHG�
7KH ILUVW H[RWKHUPLF SHDN �µDEF¶ SHDN� LV IURP ��� WR ���R&� DQG WKH SHDN WHPSHUD�
WXUH LV ���R&� 7KH FU\VWDOOL]DWLRQ HQWKDOS\ DVVRFLDWHG WR LW LV ���� - J±�� ZKLFK FRUUH�
VSRQGV WR D WUDQVIRUPDWLRQ SURFHVV IURP DPRUSKRXV PDWUL[ VWDWH LQWR α�)H�6L�
QDQRFU\VWDOOLQH SKDVH� 7KH VHFRQG SHDN �µGHI ¶ SHDN� LV IURP ��� WR ���R&� DQG WKH
SHDN WHPSHUDWXUH LV �����R&� 7KH FU\VWDOOL]DWLRQ HQWKDOS\ DVVRFLDWHG WR LW LV ���� - J±��

)LJ� � '6& FXUYH RI WKH DV�TXHQFKHG VDPSOH RI )H&X1E6L% DPRUSKRXV DOOR\
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ZKLFK VKRZV WKDW α�)H�6L� QDQRFU\VWDOOLQH SKDVH LV WUDQVIRUPHG LQWR WKH ILQDO VWDEOH
FU\VWDOOLQH SKDVH� 7KHVH UHVXOWV ZHUH FRQILUPHG E\ ;�UD\ GLIIUDFWLRQ PHDVXUHPHQW >��@�

σ±7 DQG Gσ�G7±7 FXUYHV RI WKH DV�TXHQFKHG VDPSOH

%RWK WKH σ±7 DQG Gσ�G7±7 FXUYHV PHDVXUHG E\ 7*�0� DQG '7*�0� WHFKQLTXHV
IRU )H&X1E6L% DPRUSKRXV DOOR\ DW D KHDWLQJ UDWH RI ��R& PLQ±� DUH VKRZQ LQ )LJ� ��

7KLV WHFKQLTXH IRU WKH VWXG\ RI FU\VWDOOL]DWLRQ SURFHVV RI DPRUSKRXV DOOR\ LV PRUH
GLVWLQFW WKDQ '6& WHFKQLTXH� 7KH FXUYHV RI )LJ� � FDQ EH GLYLGHG LQWR ILYH VWDJHV�

�� 7KH ILUVW VWDJH �$%&� LV IURP URRP WHPSHUDWXUH WR ���R&� $URXQG URRP WHP�
SHUDWXUH� WKH DV�TXHQFKHG VDPSOH LV LQ IHUURPDJQHWLF DPRUSKRXV VWDWH� DQG σ GH�
FUHDVHV VOLJKWO\ ZLWK LQFUHDVLQJ WHPSHUDWXUH� 7KH Gσ�G7±7 FXUYHV VHHP WR EH D
KRUL]RQWDO OLQH� +RZHYHU� ZLWK LQFUHDVLQJ WHPSHUDWXUH� WKH TXDQWLW\ RI DQWL�SDUDOOHO
VSLQ HOHFWURQ LQFUHDVHV� DQG WKH GHFUHDVH RI σ EHFRPHV PRUH HYLGHQW� $ERYH ���R&�
WKHUH DUH WKUHH FKDUDFWHULVWLF WHPSHUDWXUH SRLQWV ZLWKLQ D WHPSHUDWXUH UDQJH RI ��R&�
7PLQ� 7&� DQG ΘS�

7HPSHUDWXUH 7PLQ ���
R&�ZKLFK LV D PLQLPXP �VKDUS YDOOH\� RI Gσ�G7±7 FXUYH� ,W

FRUUHVSRQGV WR 7P ZKLFK LV WKH WKHUPDO DFWLYDWHG WHPSHUDWXUH RI )HUPL HQHUJ\
�εP=N7P� IRU )HUPL�'LUDF VWDWLVWLFV RI IUHH HOHFWURQ JDV LQ PHWDO �L�H� WKH WKHRU\ RI WKH
3DXOL SDUDPDJQHWLVP� >��� ��@� 7KH WUDQVLWLRQ UDWH RI WKH VDPSOHV IURP IHUURPDJ�
QHWLF DPRUSKRXV SKDVH LQWR SDUDPDJQHWLF RQH LV WKH IDVWHVW DW WKH WHPSHUDWXUH >��@�

7HPSHUDWXUH 7& ���
R& LV WKH IHUURPDJQHWLF &XULH WHPSHUDWXUH� 7KH FKDUDF�

WHULVWLF SRLQW 7& LV GHILQHG DV WKH LQWHUVHFWLRQ RI WKH H[WUDSRODWHG OLQH RI FXUYH $%
DQG EDVHOLQH ('& LQ )LJ� �� ,W UHIOHFWV WKDW WKH VSRQWDQHRXV PDJQHWL]DWLRQ GLVDS�
SHDUV�

7HPSHUDWXUH ΘS ���
R&� UHSUHVHQWV WKH &XULH WHPSHUDWXUH RI SDUDPDJQHWLVP� LW

LV WKH H[WUDSRODWHG SRLQW RQ WKH FXUYH RI WKH LQYHUVH RI WKH SDUDPDJQHWLF PDJQHWLF

)LJ� � σ±7 DQG Gσ�G7±7 FXUYHV PHDVXUHG E\ 7*�0� DQG '7*�0� WHFKQLTXHV IRU
)H&X1E6L% DPRUSKRXV DOOR\ �7) LV WKH WHPSHUDWXUH FRUUHVSRQGLQJ WR WKDW RI WKH
Gσ�G7±7 FXUYH DW ZKLFK WKH HIJ UHJLRQ UHDFKHV LWV SHDN �SRLQW I�� 7) ���R&� IRU
)H&X1E6L% DOOR\�
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VXVFHSWLELOLW\ ZLWK 7� RU LW LV D µWDLO¶ DSSHDULQJ RQ WKH σ±7 FXUYH� �)LJ� �� SRLQW &�� ,W
UHIOHFWV WKDW WKHUH VKRXOG EH D FRXUVH IRU WKH PDJQHWLF PRPHQW WR GLVDSSHDU �WHP�
SHUDWXUH UDQJH IURP 7& WR ΘS�� :KHQ WKH WHPSHUDWXUH LV KLJKHU WKDQ ΘS� WKH PDJQHWLF
PRPHQW VKRZV WRWDOO\ UDQGRP VWDWLVWLFDO GLVWULEXWLRQ�

�� 7KH VHFRQG VWDJH �&'(� UDQJHV IURP ��� WR ���R&� LQ ZKLFK H[LVWV SDUDPDJ�
QHWLF DPRUSKRXV SKDVH >�@�

�� 7KH WKLUG VWDJH �()*� UDQJHV IURP ��� WR ���R&� 7KH EFF α�)H�6L� IHUURPDJ�
QHWLF QDQRFU\VWDOOLQH SKDVH LV IRUPHG IURP WKH SDUDPDJQHWLF DPRUSKRXV SKDVH� 7KLV
VWDJH FRUUHVSRQGV WR WKH LQLWLDO VWDJH RI ILUVW H[RWKHUPDO SHDN RI '6& FXUYH� :KHQ
WKH TXDQWLW\ RI α�)H�6L� IHUURPDJQHWLF QDQRFU\VWDOOLQH SKDVH LQFUHDVHV ZLWK WHP�
SHUDWXUH� WKH σ±7 FXUYH VKRZV DQ HYLGHQW SURFHVV RI µDSSDUHQW PDVV JDLQLQJ¶� :KHQ
WHPSHUDWXUH LV FORVH WR 7) ZKLFK LV GHILQHG DV WKH WHPSHUDWXUH FRUUHVSRQGLQJ WR WKDW
RI WKH Gσ�G7±7 FXUYH DW ZKLFK WKH HIJ UHJLRQ RI UHDFKHV LWV SHDN SRLQW I �7)  ���

R&�
IRU )H&X1E6L% DOOR\�� WKH WUDQVLWLRQ UDWH RI α�)H�6L� IHUURPDJQHWLF QDQRFU\VWDOOLQH
SKDVH LV WKH IDVWHVW� LWV SHDN WHPSHUDWXUH FRUUHVSRQGV WR WKH SHDN WHPSHUDWXUH �E� RI
DEF H[RWKHUPDO SHDN RI WKH '6& FXUYH LQ )LJ� ��

�� 7KH IRXUWK VWDJH �*+,� LV IURP ��� WR ���R&� ,W LQGLFDWHV WKDW WKH VDPSOHV DUH
WUDQVIRUPHG IURP IHUURPDJQHWLF α�)H�6L� SKDVH LQWR SDUDPDJQHWLF RQH� 7KH σ±7
FXUYH PHDQZKLOH VKRZV DQ HYLGHQW SURFHVV RI µDSSDUHQW PDVV ORVV¶� 2Q WKH Gσ�G7±7
FXUYH DOVR DSSHDUV D VKDUS PLQLPXP �YDOOH\� JKL�� DW ���R&� ZKLFK FRUUHVSRQGV WR IL�
QDO WHPSHUDWXUH �SRLQW F� RI DEF H[RWKHUPDO SHDN LQ '6& FXUYH�7KH &XULH WHPSHUD�
WXUH 7&

D RI α�)H�6L� SKDVH LV DERXW ���R&� DW ZKLFK WKH VDPSOHV WUDQVIRUP IURP IHU�
URPDJQHWLF α�)H�6L� SKDVH LQWR SDUDPDJQHWLF α�)H�6L�� DQG IRUPHG )H�% SKDVH
�)LJ� �� SRLQW ,� >�@�

�� 7KH ILIWK VWDJH �,-�� DERYH ���R&� ,W GHVFULEHV WKH SURFHVV LQ ZKLFK WKH VDPSOHV
DUH WUDQVIRUPHG IURP SDUDPDJQHWLF α�)H�6L� QDQRFU\VWDOOLQH SKDVH LQWR ILQDO VWDEOH
ODUJHU JUDLQ α�)H�6L� DQG )H�% SKDVHV� 6LQFH PDVV DQG VDWXUDWHG PDJQHWLF PRPHQW
RI DQQHDOHG VDPSOHV PDLQWDLQ XQFKDQJHG� ERWK σ DQG Gσ�G7 KDUGO\ FKDQJH ZLWK WHP�
SHUDWXUH� %XW '6& DQG ;5' FDQ DQDO\]H WKH FKDQJH RI VWUXFWXUH�

σ±7 FXUYHV RI LVRWKHUPDO DQQHDOHG VDPSOHV

7KH σ±7 FXUYHV RI VDPSOHV DQQHDOHG LQ WHPSHUDWXUH UDQJH RI ��� WR ���R& IRU
� K LV VKRZQ LQ )LJ� �� ,W VKRZV WKDW ZKHQ WKH DQQHDOHG WHPSHUDWXUH 7D LV ORZHU WKDQ
7) RI )LJ� �� WKH VKDSH RI σ±7 FXUYH LV VLPLODU WR WKDW RI WKH DV�TXHQFKHG VDPSOH
�)LJ� �D�� +RZHYHU� WKH &XULH WHPSHUDWXUH �7&� RI UHVLGXDO DPRUSKRXV SKDVH LQ�
FUHDVHV ZLWK 7D� DQG WKH OHQJWK �/W�� ZKLFK H[SUHVVHV WKH TXDQWLW\ RI WKH UHVLGXDO
DPRUSKRXV SKDVH� GHFUHDVHV ZLWK 7D� 7KH TXDQWLW\ RI /W LV GHILQHG DV WKH YHUWLFDO GLV�
WDQFH EHWZHHQ WKH WUDQVLWLRQ SRLQW 7F DQG WKH KRUL]RQWDO OLQH �σ ������ )LJXUH �E
VKRZV WKH σ±7 FXUYHV ZKHQ 7D LV KLJKHU WKDQ 7)� ,W LV GLIILFXOW WR LGHQWLI\ GLIIHUHQW
VWDJHV RI σ±7 FXUYHV GXH WR VPDOOHU /W� DQG WKH FKDQJH RI 7&GHYLDWHV IURP LWV OLQHDU�
LW\� 7KLV LQGLFDWHV WKDW DOO UHVLGXDO DPRUSKRXV SKDVHV KDYH WUDQVIRUPHG JUDGXDOO\
LQWR α�)H�6L� SKDVH� 7KXV 7& DW GLIIHUHQW DQQHDOHG WHPSHUDWXUHV LV DERXW WKH VDPH�
DQG LV FORVH WR SRLQW , RI σ±7 FXUYH LQ )LJ� �� EXW LV VOLJKWO\ KLJKHU WKDQ WKH WHPSHUD�
WXUH RI SRLQW µG¶ RI '6& FXUYH LQ )LJ� ��
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)LJXUH � VKRZV WKH YDULDWLRQ RI 7F LQ UHVLGXDO DPRUSKRXV SKDVH ZLWK 7D� ZKHUH 7&

LQFUHDVHV OLQHDUO\ ZLWK 7D� L�H� 7& ���� 7D�����
R&� ZLWK FRUUHODWLRQ FRHIILFLHQW

γ ����� LQ WKH WHPSHUDWXUH UDQJH RI ���±���R&� $FFRUGLQJ WR WKH UHVXOWV RI WKH σ±7
FXUYH �()* UHJLRQ� LQ )LJ� �� WKH KLJKHU WKH 7D LV� WKH PRUH WKH α�)H�6L� SKDVH LQ WKH
UHVLGXDO DPRUSKRXV SKDVH LV IRUPHG� 7KHUHIRUH� )H DWRPV LQ WKH UHVLGXDO DPRUSKRXV
SKDVH DUH GHFUHDVHG� ZKLOH 1E� % DWRPV LQFUHDVH� WKXV WKH )H�% LQ WKH UHVLGXDO DPRU�
SKRXV SKDVH GHFUHDVHV� 7KLV LV LQ DJUHHPHQW ZLWK WKH UHVXOWV UHSRUWHG E\ +DVHJDZD
>��@ DQG +HUQDQGR >��@� 7KH\ IRXQG WKDW D GHFUHDVH RI WKH )H�% UDWLR LQGXFHG DQ LQ�
FUHDVH RI &XULH WHPSHUDWXUH LQ )H���±[%[ DPRUSKRXV DOOR\ DQG )H��±[%[1E�&X
QDQRFU\VWDOOLQH DOOR\� ,Q DGGLWLRQ� WKH H[FKDQJH LQWHUDFWLRQ RQ WKH LQWHUIDFH EHWZHHQ
)H DWRPV RI DPRUSKRXV SKDVH DQG RUGHUHG )H DWRPV RI IHUURPDJQHWLF QDQRFU\V�
WDOOLQH SKDVH LV SURGXFHG� ,URQ H[FKDQJH�ILHOG FDQ SHQHWUDWH LQWR UHVLGXDO DPRUSKRXV
SKDVH� UHVXOWLQJ LQ WKH LQFUHDVH RI &XULH WHPSHUDWXUH LQ )H&X1E6L% QDQRFU\VWDOOLQH
DOOR\� +RZHYHU� ZKHQ 7D LV KLJKHU WKDQ ���R&� VLQFH WKH TXDQWLW\ RI WKH UHVLGXDO

)LJ� � 7KH σ±7 FXUYHV RI VDPSOHV DQQHDOHG LQ WHPSHUDWXUH UDQJH RI ���±���R& IRU � K� �7D LV
WKH DQQHDOHG WHPSHUDWXUH�� D� � ± DV�TXHQFKHG VWDWH� � ± ���
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DPRUSKRXV SKDVH GHFUHDVHV HYLGHQWO\� WKH H[FKDQJH LQWHUDFWLRQ EHFRPHV ZHDN� WKXV
WKH YDULDWLRQ RI 7& GHYLDWHV IURP OLQHDULW\�

Gσ�G7±7 FXUYHV RI LVRWKHUPDO DQQHDOHG VDPSOHV

7KH Gσ�G7±7 FXUYHV RI VDPSOHV DQQHDOHG DW GLIIHUHQW WHPSHUDWXUHV DUH VKRZQ LQ
)LJ� �� 7KH ILUVW PLQLPXP �%¶ YDOOH\� RI Gσ�G7±7 FXUYHV �ZKLFK H[SUHVVHV WKDW WKH
VDPSOHV WUDQVIRUPHG IURP IHUURPDJQHWLF DPRUSKRXV SKDVH LQWR SDUDPDJQHWLF RQH��
LV EURDGHQHG ZLWK 7D GXH WR WKH DFWLRQ RI PDJQHWLF H[FKDQJH�ILHOG RI )H DWRPV� 7KH
VHFRQG PLQLPXP �+¶ YDOOH\� LV DOVR EURDGHQHG DQG WKH GHSWK �KL� RI YDOOH\ +¶ LQ�
FUHDVHV ZLWK 7D� ,W VKRZV WKDW ZKHQ 7D LQFUHDVHV� WKH TXDQWLW\ RI α�)H�6L� SKDVH LQ�
FUHDVHV� FRQYHUVHO\� WKH TXDQWLW\ RI UHVLGXDO DPRUSKRXV SKDVH GHFUHDVHV� )RU WKH
VDPSOH DQQHDOHG DW ���R&� WKH WZR VLGHV RI YDOOH\ DSSHDUV QRQ�V\PPHWU\� :KHQ WKH
VDPSOHV ZHUH DQQHDOHG DW KLJKHU WHPSHUDWXUH� WKH %¶ YDOOH\ RI WKH Gσ�G7±7 FXUYH GLV�
DSSHDUV DQG RQO\ WKH +¶ YDOOH\ UHPDLQV�

)LJ� � 9DULDWLRQ RI 7
&
IRU UHVLGXDO DPRUSKRXV SKDVH ZLWK 7

D

)LJ� � 7KH Gσ�G7±7 FXUYHV RI )H&X1E6L% DPRUSKRXV DOOR\ DQQHDOHG DW GLIIHUHQW WHPSHUD�
WXUHV IRU � K
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5HODWLRQVKLS EHWZHHQ YROXPH IUDFWLRQ RI WUDQVIRUPDWLRQ DQG 7
D

:H FDQ IXUWKHU DQDO\]H WKH UHODWLRQVKLS EHWZHHQ YROXPH IUDFWLRQ RI WUDQVIRUPD�
WLRQ DQG 7D RI WKH σ±7 FXUYH� $FFRUGLQJ WR WKH IROORZLQJ IRUPXOD ��� >��@

σ = ∑9L

L=�

�

σL� σ = 9�σ� + 9�σ�
���

ZKHUH 9�� 9� DUH WKH YROXPH IUDFWLRQ RI UHVLGXDO DPRUSKRXV SKDVH DQG QDQRFU\V�
WDOOLQH SKDVH� UHVSHFWLYHO\� σ�� σ� DUH WKHLU FRUUHVSRQGLQJ VDWXUDWLRQ PDJQHWL]DWLRQ
SHU XQLW PDVV� ,Q DGGLWLRQ� WKH YROXPH IUDFWLRQ RI UHVLGXDO DPRUSKRXV SKDVH �9�� FDQ
EH FDOFXODWHG DFFRUGLQJ WR IRUPXOD ��� >��@

9� =
/R − /W

/R − /)

����

���

ZKHUH /R� /) DUH GHSWK RI LQLWLDO VWDWH DQG ILQDO VWDWH� �LQ )LJ� �� /R ������ /W LV WKH
YHUWLFDO GLVWDQFH EHWZHHQ WKH 7& SRLQW RI VDPSOH RI GLIIHUHQW DQQHDOHG WHPSHUDWXUH
DQG WKH KRUL]RQWDO OLQH �)LJ� ��� 9� �±9�� 7KXV� YDULDWLRQ RI YROXPH IUDFWLRQ RI
α�)H�6L� QDQRFU\VWDOOLQH SKDVH RU UHVLGXDO DPRUSKRXV SKDVH ZLWK 7D PHDVXUHG E\
7*�0� WHFKQLTXH LV VKRZQ LQ )LJ� �� ,W VKRZV WKDW� DW WKH SRLQW 7D ���

R&� WKH YROXPH
SHUFHQWDJH RI WKH α�)H�6L� SKDVH LV ���� WKLV UHVXOW FRUUHVSRQGV WR WKH UHVXOW UH�
SRUWHG E\ +RQR HW DO� >��@�

&RQFOXVLRQV

�� '6& PHDVXUHPHQW VKRZV WZR H[RWKHUPLF SHDNV PHDQ WKDW WKH WZR�VWHS FU\V�
WDOOL]DWLRQ SURFHVVHV EHIRUH ILQDO VWDEOH SKDVH LV DWWDLQHG�

)LJ� � 9DULDWLRQ RI YROXPH IUDFWLRQ RI α�)H�6L� QDQRFU\VWDOOLQH SKDVH RU UHVLGXDO DPRUSKRXV
SKDVH ZLWK 7D PHDVXUHG E\ '7*�0� WHFKQLTXH
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�� 7KH σ±7 DQG Gσ�G7±7 FXUYHV RI WKH )H&X1E6L% DPRUSKRXV DOOR\ DUH LQYHVWL�
JDWHG E\ 7*�0� WHFKQLTXH� ,W LV IRXQG WKDW WKH FU\VWDOOL]DWLRQ SURFHVV RI WKH VDPSOHV FDQ
EH GLYLGHG LQWR ILYH VWDJHV� D ± IHUURPDJQHWLF DPRUSKRXV SKDVH� E ± SDUDPDJQHWLF DPRU�
SKRXV SKDVH� F ± IHUURPDJQHWLF QDQRFU\VWDOOLQH α�)H�6L� SKDVH� G ± SDUDPDJQHWLF
QDQRFU\VWDOOLQH α�)H�6L� SKDVH� DQG I ± VWDEOH FU\VWDOOLQH SKDVH� 7KRVH SURFHVVHV DUH
PRUH GLVWLQFW WKDQ '6& WHFKQLTXH�

�� 7KH VWXGLHV RI VDPSOHV DQQHDOHG DW WHPSHUDWXUH UDQJH RI ���±���R& IRU � K
VKRZ WKDW ZKHQ WKH DQQHDOLQJ WHPSHUDWXUH �7D� LV OHVV WKDQ ���R&� WKH TXDQWLW\ RI
QDQRFU\VWDOOLQH α�)H�6L� SKDVH LQFUHDVHV HYLGHQWO\ ZLWK 7D� DQG WKH &XULH WHPSHUD�
WXUH �7&� RI UHVLGXDO DPRUSKRXV SKDVH DOVR LQFUHDVHV OLQHDUO\ ZLWK 7D� LQ WKH WHPSHUD�
WXUH UDQJH RI ��� WR ���R& L�H� 7& ����7D�����

R&� ZLWK FRUUHODWLRQ FRHIILFLHQW
γ �����

�� 7KH YDULDWLRQ RI YROXPH IUDFWLRQ RI α�)H�6L� QDQRFU\VWDOOLQH SKDVH ZLWK 7D LV
PHDVXUHG E\ 7*�0� WHFKQLTXH�


 
 


7KH ZRUN ZDV VXSSRUWHG E\ WKH 6FLHQFH DQG 7HFKQRORJ\ )RXQGDWLRQ RI *XDQJGRQJ 3URYLQFH

RI &KLQD�

5HIHUHQFHV
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� <� <RVKL]DZD� .� <DPXFKL DQG 7� <DPDGD� -� $SSO� 3K\V�� �� ������ �����
� ;� =� =KRX� $� +� 0RUULVK� '� *� 1DXJOH DQG 5� 3DQ� -� $SSO� 3K\V�� �� ������ �����
� *� +HU]HU� ,((( 7UDQVDFWLRQ� 0DJ�� 0$*��� ������ �����
� *� +HU]HU� ,((( 7UDQVDFWLRQ� 0DJ�� 0$*��� ������ �����
� 0� 0XOOHU� 1� 0DWWHUQ DQG /� ,OOJHQ� =� 0HWDOONGH�� �� ������ ����
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0DWHULDOV� �LQ &KLQHVH �� � ������ ����

� =� .DF]NRZVNL� 3� 5XXVDQHQ� /� /DQRWWH DQG 0� 0XOOHU� -� RI 1RQ�&U\VW� 6ROLGV� ���t���
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�� '� 0� /LQ� <� -� &KHQ� +� 6� :DQJ DQG 0� /� /LQ� $FWD 6FLHQWLDUXP 1DWXUDOLXP 8QLYHUVL�

WDWLV 6XQ\DWVHQL� �� ������ ���
�� +� 1RK� 0� %� /HH� +� -� .LP DQG ,� .� .DQJ� -� $SSO� 3K\V�� �� ������ �����
�� '� 6� 'DL DQG .� 0� 4LDQ� )HUURPDJQHWLVP� 6FLHQFH 3UHVV� %HLMLQJ ����� S� ���
�� 5� +DVHJDZD DQG 5� 5D\� -� $SSO� 3K\V�� �� ������ �����
�� $� +HUDQGR� ,� 1DYDUUR DQG 3� *RUULD� 3K\V� 5HY�� %� �� ������ �����
�� *� +HU]HU� ,((( 7UDQV� 0DJQ� 0DJ�� �� ������ �����
�� /LX =KHQKDL� 7KHUPDO $QDO\VLV� &KHPLFDO ,QGXVWU\� 3UHVV� %HLMLQJ &KLQD ����� S� ���
�� .� +RQR� .� +LUDJD� 4� :DQJ� $� ,QRXH DQG 7� 6DNXUDL� $FWD 0HWDOO� 0DWHU� �� ������
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