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� -DSDQ 1XFOHDU &\FOH 'HYHORSPHQW ,QVWLWXWH� 7RNDL:RUNV� 7RNDL�PXUD� 1DND�JXQ� ��������

�9LVLWLQJ VWDII DW *LIX &ROOHJH RI0HGLFDO 7HFKQRORJ\� ,FKLKLUDJD� 6HNL� ��������

†3UHVHQW DGGUHVV� &ROOHJH RI 6FLHQFH DQG 7HFKQRORJ\� 1LKRQ8QLYHUVLW\� 1DUDVKLQRGDL� )XQDEDVKL�VKL� &KLED
(�PDLO� UJP#WRNDL�MQF�JR�MS 

�

7KH WKHUPDO QHXWURQ FDSWXUH FURVV VHFWLRQ �σ�� DQG WKH UHVRQDQFH LQWHJUDO �,�� RI WKH
���
$J�Q�γ� UHDFWLRQ ZHUH

PHDVXUHG E\ WKH DFWLYDWLRQ DQG γ�UD\ VSHFWURVFRSLF PHWKRGV WR GHYHORS D QHXWURQ IOX[ PRQLWRU IRU WKH ORQJ
LUUDGLDWLRQ�

�� ,QWURGXFWLRQ

7R NQRZ QHXWURQ IOX[HV E\ PXOWL QHXWURQ IOX[ PRQLWRUV� WKH FURVV VHFWLRQ GDWD RI PRQLWRUV DUH QHHGHG WR EH SUHFLVHO\

PHDVXUHG� 7KH QXFOLGHV�
���
$X DQG

��
&R� DUH SRSXODUO\ XVHG DV PRQLWRUV EHFDXVH WKHLU FURVV VHFWLRQV DUH ZHOO NQRZQ�

+RZHYHU� WKH GDXJKWHU QXFOLGH
���
$X DIWHU QHXWURQ LUUDGLDWLRQV KDYH VKRUW KDOI�OLYH DV ���� GD\V� WKHUHIRUH LW LV QRW

DGHTXDWH WR XVH
���
$X DV WKH IOX[ PRQLWRU LQ WKH ORQJ QHXWURQ LUUDGLDWLRQ� ,I WKHUH DUH VRPH QXFOLGHV ZKLFK KDYH ORQJHU

KDOI�OLYHV WKDQ WKDW RI
���
$X DQG KDYH WKH VDPH VHQVLWLYLWLHV WR HSL�WKHUPDO QHXWURQV DV WKDW RI

���
$X� WKH\ FDQ EH XVHG DV

IOX[ PRQLWRUV� 7KHQ�
���
$J ZDV RQH RI FDQGLGDWHV IRU IOX[ PRQLWRUV LQVWHDG RI

���
$X� ,WV GDXJKWHU QXFOHXV

���P
$J

KDV UHODWLYHO\ ORQJ KDOI�OLIH DV ����� GD\� DQG DOVR WKH LQWHQVLWLHV RI γ�UD\V HPLWWHG IURP ���P
$J DUH SUHFLVHO\ REWDLQHG�

7KH UHSRUWHG GDWD RI
���
$J FURVV VHFWLRQ DUH σ� ���±��� �E� DQG ,� ����±��� �E�� RI ZKLFK HUURUV DUH ODUJH� 7R

GHYHORS WKH QHXWURQ IOX[PRQLWRUV IRU WKH ORQJ LUUDGLDWLRQ� WKH σ�DQG ,� RI
���
$JZHUH PHDVXUHG SUHFLVHO\�

�� %ULHI 2XWOLQH RI $QDO\VLV

6LQFH WKH GHWDLOV RI:HVWFRWW¶V FRQYHQWLRQ >�@ WKDW ZH XVHG WR GHWHUPLQH WKH FURVV VHFWLRQV DQG QHXWURQ IOX[HV

ZHUH GHVFULEHG HOVHZKHUH >�@� KHUH ZH SUHVHQW RQO\ D EULHI RXWOLQH RI WKH DQDO\VLV� (TXDWLRQV EDVHG RQ

:HVWFRWW¶V FRQYHQWLRQ FDQ EH UHZULWWHQ E\ XVLQJ VLPSOLILHG IOX[ QRWDWLRQ >�@ DV IROORZV�

5� σ�  φ�*WK�φ2V0*HSL� ���

IRU LUUDGLDWLRQ ZLWKRXW D &G VKLHOG FDSVXOH�

5¶�σ�  φ�¶ *WK �φ�¶V�*HSL � ���

IRU LUUDGLDWLRQ ZLWK D &G VKLHOG FDSVXOH� +HUH� WKH 5 �RU 5¶� LV WKH UHDFWLRQ UDWH DQG σ� WKH WKHUPDO QHXWURQ

������P�V QHXWURQ� FDSWXUH FURVV VHFWLRQ� φ� DQG φ�¶ DUH QHXWURQ IOX[ FRPSRQHQWV LQ WKH WKHUPDO HQHUJ\ UHJLRQ�

DQG φ� DQG φ�¶ DUH WKRVH LQ WKH HSLWKHUPDO HQHUJ\ UHJLRQ� 7KH QHXWURQ IOX[ FRPSRQHQWV ZHUH REWDLQHG ZLWK

IOX[ PRQLWRUV� 7KH *WK DQG *HSL DUH VHOI�VKLHOGLQJ IDFWRUV WR WKHUPDO DQG HSL�WKHUPDO QHXWURQV� UHVSHFWLYHO\�

7KH *WK DQG *HSL ZHUH HVWLPDWHG DV ������ DQG ������� UHVSHFWLYHO\� ,Q WKLV DQDO\VLV� WKH SDUDPHWHUV IRU �.

ZHUH XVHG WR FDOFXODWH WKH IDFWRUV *WK DQG *HSL � 7KH V� LV WKH SDUDPHWHU GHILQHG E\
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ZKHUH ,�¶ LV WKH UHGXFHG UHVRQDQFH LQWHJUDO� L�H� WKH UHVRQDQFH LQWHJUDO DIWHU VXEWUDFWLQJ WKH ��υ FRPSRQHQWV�

7KH UHVRQDQFH LQWHJUDO ,� LV FDOFXODWHG DV IROORZV�

 ,� ,�¶ � ����σ� � ���

ZKHUH ����σ� LV WKH ��υ FRQWULEXWLRQ JLYHQ E\ DVVXPLQJ WKH &G FXW�RII HQHUJ\ WR EH ���H9�
(TV���� DQG ��� JLYH WKH UHODWLRQ�
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VR WKDW WKH YDOXH RI V� LV REWDLQHG IURP 5�5¶ YDOXH RI HDFK LUUDGLDWHG WDUJHW� 7KH σ� LV GHULYHG E\ VXEVWLWXWLQJ

WKH V� LQWR (T����� DQG WKHQ WKH YDOXHV RI ,�¶ DQG ,� DUH FDOFXODWHG IURP (TV���� DQG ����

�� ([SHULPHQW

7KH FURVV VHFWLRQ PHDVXUHPHQWV ZHUH SHUIRUPHG E\ WKH DFWLYDWLRQ DQG γ�UD\ VSHFWURVFRSLF PHWKRGV�
7DUJHWV ZHUH KLJK SXULW\�������� $J IRLOV ZKLFK ZHUH �����PP LQ WKLFNQHVV WR UHGXFH HIIHFWV RI LPSXULWLHV

DQG VHOI�VKLHOGLQJ� 7KH WDUJHW DPRXQW ZDV �PJ� 7KH QHXWURQ LUUDGLDWLRQ ZDV SHUIRUPHG DW URWDU\ VSHFLPHQ

UDFN�565� LQ 5LNN\R 8QLYHVLW\ 5HDFWRU� 7KH LUUDGLDWLRQ RI WKH $J IRLO ZDV SHUIRUPHG IRU � KRXU� DQG IRU

�KRXUV ZLWKLQ D &G FDSVXOH� 7KH &G FDSVXOH ZDV ��PP LQ GLDPHWHU� ��PP LQ OHQJWK DQG �PP LQ WKLFNQHVV�

7KH ZLUHV RI �����ZW� $X�$O DOOR\ ������PP LQ GLDPHWHU� DQG ����ZW� &R�$O DOOR\ ������PP LQ GLDPHWHU�

ZHUH LUUDGLDWHG WRJHWKHU ZLWK WKH $J WDUJHWV WR PRQLWRU WKH QHXWURQ IOX[ DW WKH WDUJHW SRVLWLRQ� 7KH PHWKRG RI

PHDVXULQJ WKH QHXWURQ IOX[ ZDV WKH VDPH DV WKDW IRU WKH FURVV VHFWLRQ PHDVXUHPHQWV� 8VLQJ WKH ZHOO�NQRZQ

GDWD RI ERWK WKH FURVV VHFWLRQVσ� DQG WKH SDUDPHWHU V� IRU FREDOW DQG JROG� WKH YDOXHV RI WKH IOX[ WHUPV� L�H�φ��� DQG

φ¶���� ZHUH GHWHUPLQHG E\ VROYLQJ WKH VLPXOWDQHRXV HTXDWLRQV IRU FREDOW DQG JROG IURP (TV� ��� DQG ��� LQ 6HF���

)RU H[DPSOH� 7DEOH � VXPPDUL]HV WKH H[SHULPHQWDO UHVXOWV RI WKH QHXWURQ IOX[HV LQ WKH FDVH RI 5LNN\R 5HDFWRU

WRJHWKHU ZLWK WKH 5 DQG 5¶ YDOXHV RI WKH IOX[ PRQLWRUV�

        7DEOH � 1HXWURQ IOX[HV DW 565 LQ 5LNN\R 8QLYHUVLW\ UHDFWRU

φ� RIφ�¶ φ� RIφ�¶
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��
Q�FP

�
VHF�

:LWKRXW &G ����±���� �����±�����

:LWKLQ &G �����±����� �����±�����

7KH \LHOGV RI γ�UD\V HPLWWHG IURP WKH LUUDGLDWHG WDUJHWV ZHUH PHDVXUHG E\ D KLJK SXULW\ *H GHWHFWRU ZLWK D

��� UHODWLYH HIILFLHQF\ WR D ���FP×���FPφ�1D,� GHWHFWRU DQG DQ HQHUJ\ UHVROXWLRQ RI ���NH9 ):+0 DW

����0H9 RI
��
&R� 7KH GHWDLOV RI WKH GDWD WDNLQJ V\VWHP ZHUH GHVFULEHG HOVHZKHUH >�@� $Q H[DPSOH RI WKH

JDPPD�UD\ VSHFWUXP LV VKRZQ LQ )LJXUH ��
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    )LJ� � *DPPD�UD\ VSHFWUXP RI $J WDUJHW LUUDGLDWHG ZLWKRXW WKH &G FDSVXOH

$V FDQ EH VHHQ LQ )LJ��� WKH � γ�UD\V RULJLQDWHG IURP ���P
$J� ���� ���� ���� ���� ���� ��� DQG ���� NH9 γ�UD\V�

ZHUH FOHDUO\ PHDVXUHG 7KHVH J�UD\ \LHOGV ZHUH XVHG WR FDOFXODWHG WKH UHDFWLRQ UDWHV RI WKH
���
$J�Q�γ����P$J

UHDFWLRQ�

�� 5HVXOWV DQG'LVFXVVLRQ

7KH FURVV VHFWLRQV RI
���
$JZHUH GHULYHG IURP WKH PHDVXUHG γ�UD\ \LHOGV EDVHG WKH:HVWFRWW¶V FRQYHQWLRQ�

7KH UHVXOWV REWDLQHG LQ WKLV ZRUN DUH VXPPDUL]HG LQ 7DEOH � WRJHWKHU ZLWK WKH SUHYLRXVO\ UHSRUWHG GDWD>���@�

7KH σ� ZDV ��� VPDOOHU WKDQ HYDOXDWHG RQH� EXW WKH ,� ZDV LQ DJUHHPHQW ZLWK WKH HYDOXDWHG RQH ZLWKLQ WKH

OLPLWV RI HUURU� 7KH GDWD RI σ� ZHUH UHSRUWHG DV �a� �E� IRU WKH SHULRG RI ���� � ��� 7KH SUHVHQW DGDSWHG

RQH����±����E�� PLJKW EH HYDOXDWHG IURP WKHVH GDWD� )� '� &RUWH HW DO�>�@ UH�PHDVXUHG WKH FURVV VHFWLRQV RI

���
$J� DQG REWDLQHG ���� �E� IRU σ�� 7KHLU UHVXOW ZDV LQ DJUHHPHQW ZLWK RXU UHVXOW ZLWKLQ WKH OLPLW RI HUURU�

7DEOH � 5HVXOWV RI σ� DQG ,� DQG WKH SUHYLRXVO\ UHSRUWHG GDWD

$XWKRUV σ� �E� V� ,� �E� 4 ,�� σ� 5HI�
3UHVHQW UHVXOW ����±���� ����±��� ����±��� ����±���

+2/'(1�¶��� ��� ±��� ����±��� >�@

&257(�¶��� ����±���� �� ���� >�@

5$2�¶��� ��� ±��� >�@

5<9(6�¶��� ����±���� >�@

6,06�¶��� ����±���� >�@

.(,6+�¶��� ����±���� >�@

/<21�¶��� ����±���� >�@



�� &RQFOXVLRQV

7R GHYHORS WKH IOX[ PRQLWRU IRU WKH ORQJ LUUDGLDWLRQ� WKH FURVV VHFWLRQ RI
���
$J ZHUH PHDVXUHG ZLWK WKH

DFWLYDWLRQ PHWKRG� 7KH σ� DQG ,� IRU WKH
���
$J�Q�γ����P$J UHDFWLRQ ZHUH REWDLQHG DV ����±�����E� DQG ����±

����E�� UHVSHFWLYHO\� 7KH VHQVLWLYLWLHV WR WKH HSL�WKHUPDO QHXWURQV ZDV HVWLPDWHG WR EH V� ����� ZKLFK ZDV FORVHG

WR ����� RI
���
$X� ,W FRQFOXGH WKDW WKH

���
$J LV DSSOLFDEOH WR WKH IOX[ PRQLWRU IRU WKH ORQJ LUUDGLDWLRQ LQVWHDG RI

���
$X PRQLWRU� +RZHYHU� LW VKRXOG EH QRWH WKDW WKH SUREOHPV UHPDLQHG LV WR HYDOXDWH WKH VHOI�VKLHOGLQJ IDFWRUV

PRUH SUHFLVHO\�

$FNQRZOHGJPHQWV

7KH DXWKRUV ZLVK WR DFNQRZOHGJH WKHLU LQGHEWHGQHVV WR WKH FUHZ RI ERWK WKH 5LNN\R 5HVHDUFK 5HDFWRU IRU

WKHLU FRRSHUDWLRQ�

7KLV ZRUN ZDV VXSSRUWHG E\ -1& DQG ,QWHU�8QLYHUVLW\ 3URJUDP IRU WKH -RLQW 8VH RI 5LNN\R 8QLYHUVLW\

5HDFWRU� DQG E\ WKH *UDQW�LQ�$LG IRU 6FLHQWLILF 5HVHDUFK RI WKH0LQLVWU\ RI (GXFDWLRQ� 6FLHQFH DQG &XOWXUH�

5HIHUHQFHV

>�@ :HVWFRWW &�+��:DONHU:�+�� $OH[DQGHU 7�.�� 3UF� �QG ,QW� &RQI� 3HDVXIXO 8VHV RI $WRPLF (QHUJ\� *HQHYD�

9RO���� �� �������

>�@ +DUDGD +�� 1DNDPXUD 6�� .DWRK 7� DQG 2JDWD <�� -RXUQDO RI 1XFOHDU 6FLHQFH DQG 7HFKQRORJ\� 9RO���� ���

�������

>�@ 0XJKDEJKDE 6�)�� 'LYDGHHQDP0�� +ROGHQ� 1�(�� ´1HXWURQ &URVV 6HFWLRQV´� 9RO��� ������� $FDGHPLF 3UHVV�

1HZ<RUN�

>�@ &RUWH )�'( DQG 6LPRQLWV $�� -RXUQDO RI 5DGLRDQDO\WLFDO DQG 1XFOHDU &KHPLVWU\� $UWLFOHV� 9RO����� �� �������

>�@ 5DR'�9�� *RYHOLW] *��0DOODPV -�� ,QWHUQDWLRQDO -RXUQDO RI $SSOLHG 5DGLDWLRQ DQG ,VRWRSHV�9RO� ��� ��� �������

>�@ 5\YHV 7�%�� -RXUQDO RI 1XFOHDU (QHUJ\� 9RO���� ��� �������

>�@ 6LPV *�+ DQG -XKQNH '�*�� -� LQRUJ� &KHP�� 9RO���� ��� �������

>�@ .HLVK %�� 3K\VLFDO 5HYLHZ� 9RO ���� ��� �������

>�@ /\RQ:�6�� 1XFOHDU 6FLHQFH DQG (QJLQHHULQJ� 9RO��� ��� �������


