
0HDVXUHPHQW�RI�'RXEOH�'LIIHUHQWLDO�&URVV�6HFWLRQV�RI�&KDUJHG�3DUWLFOH

(PLVVLRQ�5HDFWLRQV�IRU�QDW=U����$O�DQG�QDW7L�E\�,QFLGHQW�'7�1HXWURQV

+LUR\XNL 7DNDJL� .RNRRR� ,VDR0XUDWD� $NLWR 7DNDKDVKL

'HSDUWPHQW RI 1XFOHDU (QJLQHHULQJ� 2VDND8QLYHUVLW\
<DPDGDRND ���� 6XLWD� 2VDND� ��������� -DSDQ
(�PDLO� WDNDJL#QHZMDSDQ�QXFO�HQJ�RVDND�X�DF�MS

7KH GRXEOH GLIIHUHQWLDO FURVV VHFWLRQV RI QDW=U�Q�[S�� ��$O�Q�[S�� ��$O�Q�[α�� QDW7L�Q�[S� DQG QDW7L�Q�[α�

UHDFWLRQV KDYH EHHQ PHDVXUHG E\ (�72) WZR�GLPHQVLRQDO DQDO\VLV PHWKRG� 7KH PHDVXUHG GDWD ZHUH FRPSDUHG ZLWK

RWKHU H[SHULPHQWDO GDWD� HYDOXDWHG QXFOHDU GDWD RI -(1'/ IXVLRQ�ILOH DQG WKHRUHWLFDO FDOFXODWLRQ UHVXOWV E\

6,1&526�Ⅱ�

��,QWURGXFWLRQ

'RXEOH GLIIHUHQWLDO FURVV VHFWLRQV �'';V� RI FKDUJHG SDUWLFOH HPLVVLRQ UHDFWLRQV LQGXFHG E\ LQFLGHQW '7

QHXWURQV DUH LPSRUWDQW IRU WKH HYDOXDWLRQ RI QXFOHDU KHDWLQJ DQG PDWHULDO GDPDJHV LQ IXVLRQ UHDFWRU GHVLJQ� +RZHYHU�

XQWLO QRZ RQO\ D IHZ GDWD KDYH EHHQ PHDVXUHG EHFDXVH RI H[SHULPHQWDO GLIILFXOWLHV� VXFK DV YHU\ ODUJH EDFNJURXQG

DQG ORZ FRXQWLQJ UDWHV� /L�=U2�� /L$O2� DQG /L�7L2� FDQ EH FRQVLGHUHG WR XVH DV VROLG EUHHGHU PDWHULDO LQ IXVLRQ

SRZHU UHDFWRUV EHFDXVH RI WKHLU LQKHUHQW DGYDQWDJHV� H�J�� FKHPLFDO VWDELOLW\ DW KLJK WHPSHUDWXUH� FRPSDWLELOLW\ ZLWK

VWUXFWXUDO PDWHULDOV� JRRG WULWLXP UHFRYHU\ FKDUDFWHULVWLFV DQG VR RQ >�@� 7KXV� WKH IXVLRQ QHXWURQLFV EHQFKPDUN

H[SHULPHQWV KDYH EHHQ GRQH IRU YDULRXV PDWHULDOV LQFOXGLQJ WKHVH EUHHGHU PDWHULDOV� ORZ�DFWLYDWLRQ HOHPHQWV DQG VR

RQ DW )16 LQ -$(5, >�@� ,Q FRQQHFWLQJ ZLWK WKHVH H[SHULPHQWV� '';V RI QDW=U�Q�[S�� ��$O�Q�[S�� ��$O�Q�[α��

QDW7L�Q�[S� DQG QDW7L�Q�[α� UHDFWLRQV LQGXFHG E\ LQFLGHQW '7 QHXWURQV KDYH EHHQ PHDVXUHG DW 2.7$9,$1 LQ 2VDND

8QLYHUVLW\�

�� ([SHULPHQWDO SURFHGXUH

([SHULPHQWV ZHUH FDUULHG RXW E\ XVLQJ WKH FKDUJHG SDUWLFOH VSHFWURPHWHU EDVHG RQ WKH WZR GLPHQVLRQDO

DQDO\VLV RI HQHUJ\ DQG WLPH�RI�IOLJKW RI HPLWWHG FKDUJHG SDUWLFOH >�@� 7KH VFKHPDWLF DUUDQJHPHQW RI WKH VSHFWURPHWHU

LV VKRZQ LQ )LJ� �� 7KH VSHFWURPHWHU ZDV ORFDWHG LQ D YDFXXP FKDPEHU RI �Pφ×�P ORQJ� 7KH FKDPEHU ZDV

HYDFXDWHG WR NHHS D SUHVVXUH RI DERXW ��� 3D� 7KH VKLHOG DVVHPEO\ PDGH RI LURQ� SRO\HWK\OHQH DQG OHDG UHGXFHG WKH

EDFNJURXQGV� 7KH &V,�7O� VFLQWLOODWRU� �PP LQ WKLFNQHVV DQG ��PP LQ GLDPHWHU� ZDV XVHG DV D FKDUJHG SDUWLFOH

GHWHFWRU� 7KH WULWLXP WDUJHW RI SXOVHG QHXWURQ VRXUFH ZDV SRVLWLRQHG LQ D WKURXJK WXEH RI WKH FKDPEHU DQG RXW RI

YDFXXP� 7KH VSHFWURPHWHU FDQ EH XVHG WR PHDVXUH WKH ''; GDWD IRU HPLVVLRQ DQJOHV EHWZHHQ ��æDQG ���æ� 7KH

IOLJKW SDWK RI HPLWWHG SDUWLFOH YDULHV IURP ���� FP WR ���� FP DFFRUGLQJ WR FKDQJH RI WKH HPLVVLRQ DQJOH� 7KH VDPSOH



SRVLWLRQ IRU YDULRXV VFDWWHULQJ DQJOHV FDQ EH VHHQ LQ )LJ� ��

7KH EORFN GLDJUDP RI WKH PHDVXULQJ V\VWHP LV VKRZQ LQ )LJ� �� 7KH WZR GLPHQVLRQDO GDWD DFTXLVLWLRQ KDV

EHHQ GRQH E\ XVLQJ WKH SXOVH�KHLJKW RI G\QRGH VLJQDO FRUUHVSRQGLQJ WR HQHUJ\ DQG WKH WLPH�RI�IOLJKW VLJQDO PDGH

IURP WKH DQRGH VLJQDO DV VWDUW DQG WKH EHDP SLFN�XS ULQJ VLJQDO �ZLWK GHOD\� DV VWRS� 7KH ORJLF VLJQDO FUHDWHG E\

SXOVH�VKDSH GLVFULPLQDWLRQ �36'� FLUFXLW KDV EHHQ XVHG DV WKH JDWH VLJQDO IRU (�72) WZR�GLPHQVLRQDO DFTXLVLWLRQ�

7KH GHWDLOV DERXW WKH (�72) PHDVXUHPHQW DUH GHVFULEHG LQ 5HI� >�@� $Q 1(��� VFLQWLOODWRU LV XVHG DV D UHODWLYH

QHXWURQ IOX[ PRQLWRU� ,Q WKLV H[SHULPHQW� WKLQ IRLO VDPSOHV RI ]LUFRQLXP� DOXPLQXP DQG WLWDQLXP ZHUH HPSOR\HG� 7KH

GHWDLOV RI WKH VDPSOHV DUH VKRZQ LQ 7DEOH ��

7KH UHDVRQ ZK\ WKH &V,�7O� GHWHFWRU ZDV FKRVHQ LV LWV W\SLFDO SURSHUW\ RI SXOVH�VKDSH GLVFULPLQDWLRQ� )LJ� �

VKRZV DQ H[DPSOH RI WZR�GLPHQVLRQDO GLVWULEXWLRQ RI HQHUJ\ DQG ULVH�WLPH IRU α�SDUWLFOH� SURWRQ DQG γ�UD\� E\

)LJ�� 6FKHPDWLF DUUDQJHPHQW RI WKH FKDUJHG SDUWLFOH

VSHFWURPHWHU�

T
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XVLQJ &V,�7O� GHWHFWRU� 7KH SURWRQ UHIHUHQFH VRXUFH

ZDV REWDLQHG E\ ERPEDUGLQJ WKH SRO\HWK\OHQH

VDPSOH E\ '7 QHXWURQV� 7KH ���$P VWDQGDUG VRXUFH

ZDV XVHG DV α UHIHUHQFH� $V VKRZQ LQ WKH ILJXUH�

WKH FRQWRXUV RI HDFK SDUWLFOH VLJQDOV ZHUH VHSDUDWHG

HDFK RWKHU� 7KXV� ZH FDQ FKRRVH HLWKHU α�SDUWLFOH RU

SURWRQ VLJQDO E\ WKLV WHFKQLTXH� +RZHYHU� WKHUH VWLOO

H[LVW EDFNJURXQG FRXQWV E\ WKH FKDUJHG SDUWLFOHV

SURGXFHG LQ WKH VXUURXQGLQJ VWUXFWXUDO PDWHULDOV�

VXFK DV WKURXJK WXEH� YDFXXP FKDPEHU� VKLHOG

DVVHPEO\ DQG VR RQ� 6R� DQ DGGLWLRQDO WHFKQLTXH� QDPHO\ WKH WZR�GLPHQVLRQDO (�72) DQDO\VLV IRU FKDUJHG SDUWLFOHV�

ZDV DSSOLHG� ,W LV EDVHG RQ WKH IROORZLQJ HTXDWLRQ�

(

0
)7

S

�
= � ���

ZKHUH� 7 LV WKH WLPH�RI�IOLJKW� )S WKH IOLJKW SDWK OHQJWK� DQG ( DQG 0 WKH HQHUJ\ DQG PDVV RI WKH SDUWLFOH�

UHVSHFWLYHO\� $FFRUGLQJ WR WKLV HTXDWLRQ� PHDVXUHPHQW RI FKDUJHG SDUWLFOHV SURGXFHG LQ VDPSOHV ZDV DFKLHYHG

VXFFHVVIXOO\�

�� 'DWD DQDO\VLV

7KH QHW UDZ GDWD ZHUH REWDLQHG E\ VXEWUDFWLQJ WKH GDWD LQ EDFNJURXQG UXQ IURP WKDW RI IRUHJURXQG UXQ� 7KH

EDFNJURXQG UXQ ZDV XQGHUWDNHQZLWKRXW VDPSOH� ,Q )LJ� �� WKH QHW UDZ GDWD VSHFWUXP RI α�SDUWLFOH IURP ��$O�Q�[α�

UHDFWLRQ DW WKH HPLVVLRQ DQJOH RI ��æLV VKRZQ DV DQ H[DPSOH� 7KH LQWHJUDO FRXQWV RI UHVSHFWLYH FKDUJHG SDUWLFOH� L�H��

SURWRQ DQG α�SDUWLFOH� IRU HDFK SXOVH�KHLJKW FKDQQHO� QDPHO\ WKH QHW HQHUJ\ VSHFWUXP� KDYH EHHQ REWDLQHG E\

SURSHUO\ FKRRVLQJ WKH UHJLRQ RI LQWHUHVW ZLWKLQ WKH FRUUHVSRQGLQJ FRQWRXU RI (�72) VSHFWUXP�

7DEOH � 7KH GLPHQVLRQ RI WKH VDPSOHV�
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72) &KDQQHO> �����QVHF�FKDQQHO @

)LJ�� 0HDVXUHG (�72) VSHFWUXP IURP ���$O�Q�[M�

UHDFWLRQ DW WKH HPLVVLRQ DQJOH RI �� GHJUHH�

4GIKQP QH +PVGTGUV
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�� �� �� ���
5LVH�7LPH &KDQQHO > ����� QVHF�&KDQQHO @

α

SURWRQ

)LJ� � 7ZR�GLPHQVLRQDO GLVWULEXWLRQ RI ULVH WLPH

DQG SXOVH KHLJKW VSHFWUXP�

γ



,Q WKLV H[SHULPHQWV� WKH ORZHU�HQHUJ\ WKUHVKROGV RI SURWRQ DQG α�SDUWLFOH PHDVXUHPHQWV ZHUH ��� 0H9

DQG �0H9� UHVSHFWLYHO\�

7R REWDLQ DEVROXWH '';� σ�(�θ� EDUQ�VU�0H9� WKH QHW

HQHUJ\ VSHFWUXP ZDV QRUPDOL]HG E\ FRPSDULQJ WKH YDOXH RI DQJXODU

GLIIHUHQWLDO FURVV VHFWLRQ �$';� RI HYDOXDWHG QXFOHDU GDWD ILOHV IRU

UHFRLO SURWRQ IURP +�Q�S� UHDFWLRQ ZLWK WKH \LHOG RI UHFRLO SURWRQ

REWDLQHG E\ PHDVXUHPHQW RI WKLQ SRO\HWK\OHQH VDPSOH >�@�

7KH UDZ GDWD PXVW EH FRUUHFWHG EHFDXVH WKH EURDGHQLQJ

IXQFWLRQV RI DQJXODU UHVROXWLRQ DQG WKH HQHUJ\ ORVV RI WKH FKDUJHG

SDUWLFOH LQ WKH VDPSOH DUH QRW QHJOLJLEOH� 7KH0RQWH�&DUOR VLPXODWLRQ

FDOFXODWLRQV ZLWK WKH -(1'/�)) FURVV VHFWLRQ GDWD DQG %HWKH�%ORFK

IRUPXOD ZHUH XVHG WR REWDLQ WKH FRUUHFWLRQ IDFWRUV IRU HYHU\ DQJOH

SRLQW�

�� 5HVXOWV DQG GLVFXVVLRQV

7KH (';V DQG WRWDO FURVV VHFWLRQV ZHUH GHGXFHG E\ XVLQJ

WKH PHDVXUHG '';V� 7KH PHDVXUHG GDWD ZHUH FRPSDUHG ZLWK RWKHU

H[SHULPHQWDO UHVXOWV� -(1'/�)) DQG 6,1&526�ⅡFDOFXODWLRQ� ,Q

6,1&526� Ⅱ FDOFXODWLRQV� WKH QRUPDOL]DWLRQ IDFWRUV ZHUH

GHWHUPLQHG E\ FRPSDULQJ WKH FDOFXODWHG ('; GDWD IRU QHXWURQ

HPLVVLRQ UHDFWLRQ ZLWK WKH PHDVXUHG GDWD RI 7DNDKDVKL >���@ IRU WKH

VDPH QXFOLGHV� 7KH H[SHULPHQWDO UHVXOWV DQG GLVFXVVLRQ DUH GHVFULEHG

LQ WKH IROORZLQJ LQ GHWDLO� 7KH FRPSDULVRQV RI WKH WRWDO FURVV VHFWLRQV

DPRQJ WKH PHDVXUHG GDWD� -(1'/�)) DQG RWKHU H[SHULPHQWDO UHVXOWV

DUH VXPPDUL]HG LQ 7DEOH� ��

���� =LUFRQLXP

7KH PHDVXUHPHQWV RI SURWRQ HPLVVLRQ '';V KDYH EHHQ

GRQH IRU WKUHH HPLVVLRQ DQJOHV� L�H�� ��� ��� DQG �� GHJUHHV� 7KH

PHDVXUHG ''; DQG ('; GDWD DUH VKRZQ LQ )LJ� �� 7KH PHDVXUHG

('; GDWD DUH ODUJHU WKDQ WKH -(1'/�)) DQG 6,1&526�Ⅱ

FDOFXODWLRQV PDLQO\ LQ WKH HQHUJ\ UHJLRQ EHWZHHQ � WR � 0H9 DQG �

WR �� 0H9� ,Q WKH WRWDO FURVV VHFWLRQ� WKH -(1'/�)) LV ODUJHO\

XQGHUHVWLPDWHG�

���� $OXPLQXP

7KH ''; GDWD IRU SURWRQ HPLVVLRQ UHDFWLRQV ZHUH
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REWDLQHG DW WKH HPLVVLRQ DQJOHV RI ��� ��� ��� �� DQG ���æ� )LJ� �

VKRZV WKH PHDVXUHG ''; DQG ('; GDWD� 7KH SUHVHQW ('; GDWD

DJUHH ZHOO ZLWK RWKHU UHIHUHQFH GDWD LQ WKH HQHUJ\ UHJLRQ EHWZHHQ �

WR � 0H9� ZKLOH LW JLYHV ODUJHU GDWD IRU WKH HQHUJLHV JUHDWHU WKDQ �

0H9� ,Q WKH WRWDO FURVV VHFWLRQ� WKH PHDVXUHG YDOXH LV VPDOOHU WKDQ

*ULPHV© GDWD >�@ DQG -(1'/�))� GXH WR ORZ�HQHUJ\ FXWRII RI WKLV

H[SHULPHQWDO PHWKRG�

7KH PHDVXUHG ''; GDWD IRU α HPLVVLRQ UHDFWLRQV DW WKH

HPLVVLRQ DQJOHV RI ��� ��� ��� �� DQG ���æZHUH SURYLGHG� ,Q )LJ� ��

WKH PHDVXUHG ''; DQG ('; GDWD DUH VKRZQ� $ IDLUO\ JRRG

DJUHHPHQW EHWZHHQ WKH SUHVHQW ('; UHVXOW DQG -(1'/�)) ZDV

REWDLQHG LQ WKH HQHUJ\ UHJLRQ IURP ��� WR � 0H9� +RZHYHU�

RYHUHVWLPDWH RI WKH -(1'/�)) LV VKRZQ LQ HQHUJLHV ORZHU WKDQ ���

0H9� )RU WKH WRWDO FURVV VHFWLRQ� WKH PHDVXUHG YDOXH LV VOLJKWO\

VPDOOHU WKDQ RWKHU GDWD�

���� 7LWDQLXP

7KH ''; GDWD RI SURWRQ HPLVVLRQ UHDFWLRQV DW HPLVVLRQ

DQJOHV RI ��� ��� �� DQG ���æZHUH PHDVXUHG� 7KH PHDVXUHG '';

DQG ('; GDWD DUH VKRZQ LQ )LJ� �� 7KH -(1'/�)) DQG 6,1&526�

ⅡFDOFXODWLRQV ZHUH VPDOOHU WKDQ WKH PHDVXUHG ('; GDWD IRU

HQHUJLHV JUHDWHU WKDQ ��� 0H9� 7KH WRWDO FURVV VHFWLRQ RI -(1'/�))

LV VRPHWKLQJ VPDOOHU WKDQ WKH PHDVXUHG GDWD�

7KH REWDLQHG ''; GDWD RI αHPLVVLRQ UHDFWLRQV DW

HPLVVLRQ DQJOHV RI ��� ��� �� DQG ��æDQG ('; GDWD DUH VKRZQ LQ

)LJ� ��� 7KH PHDVXUHG ('; GDWD ZHUH QRW LQ DJUHHPHQW ZLWK

-(1'/�)) DQG 6,1&526�ⅡFDOFXODWLRQ� 7KH WRWDO FURVV VHFWLRQ RI

WKH PHDVXUHG GDWD DJUHHV ZHOO ZLWK WKH -(1'/�))�

�� &RQFOXVLRQV

7KH '';V RI QDW=U�Q�[S�� ��$O�Q�[S�� ��$O�Q�[ α ��

QDW7L�Q�[S� DQG QDW7L�Q�[α� UHDFWLRQV KDYH EHHQ PHDVXUHG DW WKH

HPLVVLRQ DQJOHV EHWZHHQ �� WR ���æ� 7KH PHDVXUHG GDWD ZHUH

FRPSDUHG ZLWK RWKHU H[SHULPHQWDO GDWD� HYDOXDWHG QXFOHDU GDWD RI

-(1'/�)) DQG WKHRUHWLFDO FDOFXODWLRQ UHVXOWV E\ 6,1&526�Ⅱ� 7KH

-(1'/�)) GDWD IRU QDW=U�Q�[S� UHDFWLRQ LV ODUJHO\ XQGHUHVWLPDWHG� ,Q

''; DQG ('; GDWD RI ��$O�Q�[α� UHDFWLRQ� WKH GLVDJUHHPHQW RI WKH
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PHDVXUHG GDWD DQG -(1'/�)) LV VKRZQ LQ ORZ HQHUJ\ UHJLRQ ���

0H9é� 7KH PHDVXUHG ''; DQG ('; VSHFWUXP IRU QDW7L�Q�[α�

UHDFWLRQ ZHUH QRW LQ DJUHHPHQW ZLWK -(1'/�)) DQG 6,1&526�Ⅱ

FDOFXODWLRQ RYHUDOO�

5HIHUHQFHV

>�@ -RKQVRQ� &� (�� HW DO�� ¦6ROLG %UHHGHU 0DWHULDOV§� -� 1XFO� 0DW��

���	���� ��� �������

>�@ .RNRRR HW DO�� ¦%HQFKPDUN ([SHULPHQW RQ 9DQDGLXP $VVHPEO\

ZLWK '�7 1HXWURQV �/HDNDJH 1HXWURQ VSHFWUXP0HDVXUHPHQW�§�

)XVLRQ 7HFKQRO�� ��� ��� �������

>�@ 7DNDKDVKL� $�� HW DO�� ¦$ 7LPH�RI�)OLJKW 6SHFWURPHWHU ZLWK

3XOVH�6KDSH 'LVFULPLQDWLRQ IRU WKH 0HDVXUHPHQW RI 'RXEOH�

'LIIHUHQWLDO &KDUJHG�3DUWLFOH (PLVVLRQ &URVV 6HFWLRQV§� 1XFO�

,QVWU� 0HWK�� $ ���� �� �������
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