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�)LJ� �� ODQH ��� 6� �� N'Df 6� OLYLGDQV~

V·�ö �Ò~º jWB ^�� DFHW\O [\DQ HVWHUDVH~ ª¶ï

" ¢~�
���� �öB BF� :f ?� � 
þöB ���B

F*¶º 6� OLYLGDQV~ DFHW\O [\ODQ HVWHUDVH F*¶f �~ ¢~

�
� V¢B &VB �� N'D �� $[H$ �Wî¢ ©�
� ��

� Ö"& ¾æÆ > ®º ©f (� FROL~ VLJQDO SHSWLGDVH& �

WB *�Ú $[H$~ VLJQDO SHSWLGH¢ ��~� B�~V r^�

©b� �'~&
� 6LJQDO SHSWLGDVH& ODJ �ËVöº �Ö>æ

p~V r^ö � �Vöº �� N'D~ *�Ú $[H$ò� �Ö>

î�� �ê~ ORJ �ËVöº VLJQDO SHSWLGDVH& �Ö>V r^ö

�� N'D~ jWB $[H$� �ÖB ©b� �'B
� 6� VLJQDO

SHSWLGDVH �W� "ï B*B *�Ú $[H$¢ j*® ¾Ò~V

öº ¦�~�¾ �WB FÒ VLJQDO SHSWLGH~ »'ö ~~�

IHHGEDFN ·Ï� ÛB>Ú �� N'D� ÿ�ö �Ò~º ©b� º

G>�®
�

^�öB �Wîj OÂ~º O»öº �&æ V·�6HF�

GHSHQGHQW SDWKZD\� VLJQDO UHFRJQLWLRQ SDUWLFOH�GHSHQGHQW SDWKZD\�

WZLQ�DUJLQLQH�GHSHQGHQW SDWKZD\�� rJ^ ®b������ ªj�W

î
f ^�ïj Û~� �¦� ªjF �Wîªj �æ~º

VLJQDO VHTXHQFH _f VLJQDO SHSWLGH¢ &æ² B
��� ���� �

VLJQDO SHSWLGHº ªj�Wî� ^�ïj &Û~� ªjF r

VLJQDO SHSWLGDVHö ~� B�>���� ��� �©f ^�ïb�¦V

PDWXUH SURWHLQ�OÂ>º�jº~
�rJ^®
����

�7öB "B ã�º 6HF�GHSHQGHQW SDWKZD\�� �º W\SH ,

7DEOH �� $PSOLILFDWLRQ RI D[H$ XVLQJ GLIIHUHQW VHWV RI SULPHUV

3ULPHUV �� ��

S(5%OXH83 S(5%OXH'2:1 � �

D[H$83 S(5%OXH'2:1 � −
D[H$'2:1 S(5%OXH'2:1 − �

D[H$83 S(5%OXH83 − �

D[H$'2:1 S(5%OXH83 � −
D[H$83 D[H$'2:1 � −

)LJ� �� 3URGXFWLRQ RI $[H$ DW H[SRQHQWLDO JURZWK SKDVH LQ WKH WZR

GLIIHUHQW WUDQVIRUPDQWV� /DQH �� 6'6�3$*( VWDQGDUGV EURDG UDQJH

PDUNHUV� /DQH �� ����� DW � K� /DQH �� ����� DW � K� /DQH �� ����� DW � K�

/DQH �� ����� DW � K� /DQH �� ����� DW � K� /DQH �� ����� DW � K� /DQH ��

����� DW � K� /DQH �� ����� DW � K�

7KH WUDQVIRUPDQW ���� KDUERUV WKH S$;($�� LQ ZKLFK D[H$ LV

LQVHUWHG LQ WKH ULJKW GLUHFWLRQ WR EH FRQWUROOHG E\ WKH 7� SURPRWHU�

ZKLOH WKH WUDQVIRUPDQW ���� KDUERUV WKH S$;($�� LQ ZKLFK D[H$ LV

LQVHUWHG LQ WKH RSSRVLWH GLUHFWLRQ� $[H$ SURGXFWLRQ ZDV H[DPLQHG DW

GLIIHUHQW WLPHV ��−� K� DIWHU ,37* LQGXFWLRQ IRU HDFK WUDQVIRUPDQW

GXULQJ ORJDULWKPLF JURZWK SKDVH �2'
���
 �����
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� 7\SH , VLJQDO SHSWLGDVH
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WUDQVORFDVHf �þ *~�
� ��� W\SH , VLJQDO SHSWLGDVHº

VHULQH SURWHDVH�� ö�^�~ 3 �SURNDU\RWHV��W\SH" ê�^�

~ HQGRSODVPLF UHWLFXOXP �(5��W\SHb� ¾~Ú ê
����� 3�W\SH

~ VLJQDO SHSWLGDVH �Wöº VHULQH" O\VLQH ºV& j>'� >

� (5�W\SH~ VLJQDO SHSWLGDVH �Wöº VHULQH" KLVWLGLQH ºV

& j>'�¢�rJ^ ®b����� ���� �W¦*~ j��Ö B

�Ò�öBê FÒWj ¾æÚ� ®º ©b� rJ^ ®
�����

��æ� � 
þöB B*B $[H$ �Wî� '' �� N'D"

�� N'D~ vB~ SURWHLQb� {�B ©f :� � ��B W\SH

, VLJQDO SHSWLGDVH~·ÏjAf©�¢��>®
�

��� º;f *�Ú $[H$~ VLJQDO SHSWLGH B�öBê {�

� >& ®î
� �²rW^�~ VLJQDO SHSWLGH~ ï�'� ^�

º ����B������²·W^�~ãÖº ����B���>Ú®


����� ��� VLJQDO SHSWLGH
f "� 1�ö�" &�ö�ö Þ7>

Ú ®������ VLJQDO SHSWLGDVHö ~� ��>Ú ¾¢æº ¦ª~

j��Ö B�j Ûê�'b� ªC� Ö"� �$OD�;�$OD�¢� ~

º »�� �Ò�� {�>î
����� �º VLJQDO SHSWLGDVHö ~

� ¾Jæº ¦ª~ −�" −� ¦ªö *~~º j��Ö�

DODQLQH�¢º ©j ~��
� j� � 
þöB 6� FRHOLFRORU

$����~ $[H$j ;B~æº p~æò� ���B D[H$~ "VB

��¦V j��Ö B�j .G�� Ö" 1�ö�~ j��Ö B

�� 6� OLYLGDQV~ $[H$fÎvÿ¢�j{��>®î
�����

V¢B � 
þöB �ÖB 6� FRHOLFRORU $����~ $[H$ *�

Ú �� 1�ö� ¦ªö ��B~ j��Öb� ��Úê VLJQDO

SHSWLGH¢ &æ� ®b�� −�" −� j��Ö~ B�� DODQLQH�

©b� ��Ú (� FROLö �Ò~º W\SH , VLJQDO SHSWLGDVH& B

*B $[H$¢ .�� > ®b� � ¦*º DODQLQH ��" DODQLQH

�� ºV Ò�¢ ©b� º;� " >& ®î
�)LJ� ��� 6�

OLYLGDQV~ ãÖöº D[H$ öò jî¢ [\O$~ VLJQDO SHSWLGH �

� ��B~ j��Öb� ��Úrr� C&^ ®
����� �� B~

j��Ö ºV~ ª¶ïj êÖ~� ��� N'D� >æ� jWB

$[H$~ �Vº ���� N'D ��������� N'D�b� êÖ>Ú 6'6�

3$*(ö ¾æÂ �� N'D" �~ ¢~~&
� � jWB $[H$ �

Wîf ^�ºÂ�" V·�öB Îv ¦Â>î
���� �ç~ Ö

"
f 6� FRHOLFRORU $����~ DFHW\O [\ODQ HVWHUDVH F*¶& (�

FROLöB B*>z¢ê (� FROL~ VLJQDO SHSWLGDVHö ~� ��F

> ®� �ÖB $[H$f j� �Öïf 'îæò 6� FRHOLFRORU

$����öBfÿ¢�jrJ"�®
�

6Ò~ ö

� ��º �����jê ��&�v &���j~ æöb� �

�>îr

^�^ò

����ö¢� ����� 6WUHSWRP\FHV FRHOLFRORU $����~ DFHW\O [\ODQ

HVWHUDVH¢ B*~º (VFKHULFKLD FROL~ +
�
2

�
&�W� CÒ

�*¢^� ��&�v
��� &KDQJ� 6�&�� 0�+� 6X� DQG <�+� /HH� ����� 5ROHV RI WKH VLJQDO

SHSWLGH DQG PDWXUH GRPDLQV LQ WKH VHFUHWLRQ DQG PDWXUDWLRQ RI WKH

QHXWUDO PHWDOORSURWHDVH IURP 6WUHSWRP\FHV FDFDRL� %LRFKHPU -�

���� ������

��� 'DOEH\� 5� DQG YRQ +HLMQH� ����� 6LJQDO SHSWLGDVHV LQ SURNDU\RWHV

DQG HXNDU\RWHV� D QHZ SURWHDVH IDPLO\� 7UHQGV %LRFKHP� 6FL� ���

��������

��� 'DOEH\� 5� DQG :� :LFNQHU� ����� /HDGHU SHSWLGDVH FDWDO\VHV WKH

UHOHDVH RI H[SRUWHG SURWHLQV IURP WKH RXWHU VXUIDFH RI WKH (� FROL

RXWHU PHPEUDQH� -� %LRO� &KHP� ���� ������������

��� 'DOEH\� 5�� 0�2� /LYHO\� 6� %URQ� DQG -�0� YDQ 'LMO� ����� 7KH

FKHPLVWU\ DQG HQ]\PRORJ\ RI WKH W\SH , VLJQDO SHSWLGDVHV� 3URWHLQ

6FL� �� ����������

��� 'HJUDVVL� *�� 0� .RMLF� *� /MXELMDQNLF� DQG 9� 9HQWXUL� ����� 7KH

DFHW\O [\ODQ HVWHUDVH RI %DFLOOXV SXPLOXV EHORQJV WR D IDPLO\ RI

HVWHUDVHV ZLWK EURDG VXEVWUDWH VSHFLILFLW\� 0LFURELRO� ���� �����

�����

��� 'ULHVVHQ� $�-�0� ����� +RZ SURWHLQV FURVV WKH EDFWHULDO F\WRSODV�

PLF PHPEUDQH� -� 0HPEU� %LRO� ���� ��������

��� 'XSRQW� &�� 1� 'DLJQHDXOW� )� 6KDUHFN� 5� 0RUVROL� DQG '�

.OXHSIHO� ����� 3XULILFDWLRQ DQG FKDUDFWHUL]DWLRQ RI DQ DFHW\O

[\ODQ HVWHUDVH SURGXFHG E\ 6WUHSWRP\FHV OLYLGDQV� %LRFKHPU -�

���� ��������

��� +HLMQH� *� DQG /� $EUDKDPVHQ� ����� 6SHFLHV�VSHFLILF YDULDWLRQ LQ

VLJQDO SHSWLGH GHVLJQ� ,PSOLFDWLRQV IRU SURWHLQ VHFUHWLRQ LQ IRUHLJQ

KRVW� )(%6 /HWW� ���� �������

��� +RSZRRG� '�$�� 0�-� %LEE� .�)� &KDWHU� 7� .LHVHU� &�-� %UXWRQ� +�

)LJ� �� 'HGXFHG DPLQR DFLG VHTXHQFH RI WKH $[H$ SURWHLQ RI 6�

FRHOLFRORU $�����



�� ,Q 6XN /HH HW DO� .RU� -� 0LFURELRO

0� .LHVHU� '�-� /\GLDWH� &�3� 6PLWK� -�0� :DUG� DQG +� 6FKUHPSI�

����� *HQHWLF PDQLSXODWLRQ RI 6WUHSWRP\FHV� $ ODERUDWRU\ PDQ�

XDO� S� ��� 7KH -RKQ ,QQHV )RXQGDWLRQ� 1RUZLFK�

��� +RULNRVKL� .� DQG 7� $OLED� ����� $ QHZ PLFURELDO ZRUOGS S ����

���� -DSDQ 6FLHQWLILF 6RFLHWLHV 3UHVV�

��� .HELU� +�� &� 'XSRQW� DQG 5� 0RURVROL� ����� ,QFUHDVHG [\ODQDVH

SURGXFWLRQ LQ 6WUHSWRP\FHV OLYLGDQV DIWHU UHSODFHPHQW RI WKH VLJQDO

SHSWLGH� GHSHQGHQFH RQ ER[ DQG LQYHUWHG UHSHDW VHTXHQFH� %LR�

FKLP� %LRSK\V� $FWD� ����� ��������

��� .ZRQ� 2�6� DQG -�-� 6QLQVN\� ����� *HQHWLF YDULDWLRQ RI %,9 LVR�

ODWHV FKDUFWHUL]HG E\ 3&5 XVLQJ GHJHQHUDWH SULPHUV� -� 0LFURELRO�

��� ��������

��� /DHPPOL� 8�.� ����� &OHDYDJH RI VWUXFWXUDO SURWHLQV GXULQJ WKH

DVVHPEO\ RI WKH KHDG RI EDFWHULRSKDJH 7�� 1DWXUH ���� ��������

��� /DPPHUW\Q� (� DQG -� $QQH� ����� 0RGLILFDWLRQV RI 6WUHSWRP\FHV

VLJQDO SHSWLGHV DQG WKHLU HIIHFWV RQ SURWHLQ SURGXFWLRQ DQG VHFUH�

WLRQ� )(06 0LFURELRO� /HWW� ���� �����

��� 3DHW]HO� 0�� 5�(� 'DOEH\� DQG 1�&� 6WU\QDGND� ����� 7KH VWUXFWXUH

DQG PHFKDQLVP RI EDFWHULDO W\SH , VLJQDO SHSWLGDVHV� $ QRYHO DQWL�

ELRWLF WDUJHW� 3KDUPDFRO� 7KHU� ��� ������

��� 3DJH� 1�� '� .OXHSIHO� )� 6KDUHFN� DQG 5� 0RURVROL� ����� (IIHFW

RI VLJQDO SHSWLGH DOWHUDWLRQV DQG UHSODFHPHQW RQ H[SRUW RI [\ODQDVH

$ LQ 6WUHSWRP\FHV OLYLGDQV� $SSO� (QYLURQ� 0LFURELRO� ��� ��������

��� 3RXWDQHQ� .� DQG 0� 6XQGEHUJ� ����� $Q DFHW\O HVWHUDVH RI 7UL�

FKRUGHUPD UHHVHL DQG LWV UROH LQ WKH K\GURO\VLV RI DFHW\O [\ODQV�

$SSO� 0LFURELRO� %LRWHFKQRO� ��� ��������

��� 3XJVOH\� $� ����� 7KH FRPSOHWH JHQHUDO VHFUHWRU\ SDWKZD\ LQ

*UDP�QHJDWLYH EDFWHULD� 0LFURELRO� 5HY� ��� �������

��� 6DPEURRN� -�� (�)� )ULWVFK� DQG 7� 0DQLDWLV� ����� 0ROHFXODU FORQ�

LQJ� $ ODERUDWRU\ PDQXDO� �QG HG�S %RRN �� &ROG 6SULQJ +DUERU

/DERUDWRU\ 3UHVVS 1HZ <RUN�

��� 6FKDHUODHNHQV� .�� 0� 6FKLHURYD� (� /DPPHUW\Q� 1� *HXNHQV� -�

$QQé� DQG /� 9DQ� 0HOODHUW� ����� 7ZLQ�DUJLQLQH WUDQVORFDWLRQ

SDWKZD\ LQ 6WUHSWRP\FHV OLYLGDQV� -� %DFWHULRO� ���� ����������

��� 6KDR� :� DQG -� :LHJHO� ����� 3XULILFDWLRQ DQG FKDUDFWHUL]DWLRQ RI

WZR WKHUPRVWDEOH DFHW\O [\ODQ HVWHUDVH IRUP 7KHUPRDHUREDFWH�

ULXP VS� 6WUDLQ -:�6/�<6���� $SSO� (QYLURQ� 0LFURELRO� ��� ����

����

��� 6KDUHFN� )�� &� 5R\� 0� <DJXFKL� 5� 0RURVROL� DQG '� .OXHSIHO�

����� 6HTXHQFHV RI WKUHH JHQHV VSHFLI\LQJ [\ODQDVHV LQ 6WUHSWRP\�

FHV OLYLGDQV� *HQH ���� ������

��� 6KDUHFN� )�� 3� %LHO\� 5� 0RURVROL� DQG '� .OXHSIHO� ����� $QDO\VLV

RI '1$ IODQNLQJ WKH [OQ% ORFXV RI 6WUHSWRP\FHV OLYLGDQV UHYHDOV

JHQHV HQFRGLQJ DFHW\O [\ODQ HVWHUDVH DQG WKH 51$ FRPSRQHQW RI

ULERQXFOHDVH 3� *HQH ���� ��������

��� 7MDOVPD� +�� $� %ROKXLV� 0�/� YDQ 5RRVPDOHQ� 7� :LHJHUW� :�

6FKXPDQQ� &�3� %URHNKXL]HQ� :�-� 4XD[� *� 9HQHPD� 6� %URQ�

DQG -�0� YDQ 'LMO� ����� )XQFWLRQDO DQDO\VLV RI WKH VHFUHWRU\ SUH�

FXUVRU SURFHVVLQJ PDFKLQHU\ RI %DFLOOXV VXEWLOLV� LGHQWLILFDWLRQ RI D

HXEDFWHULDO KRPRORJXV RI DUFKDHDO DQG HXNDU\RWLF VLJQDO SHSWL�

GDVHV� *HQHV 'HY� ��S ����������

��� 7VFKDQW]� :�5�� 0� 6XQJ� 9�0� 'HOJDGR�3DUWRPS DQG 5� 'DOEH\�

����� $ VHULQH DQG D O\VLQH UHVLGXH LPSOLFDWHG LQ WKH FDWDO\WLF

PHFKDQLVP RI WKH (� FROL OHDGHU SHSWLGDVH� -� %LRO� &KHP� ����

������������

��� 7VXMLER� +�� 7� 2KWVXNL� 7� ,LR� ,� <DPD]DNL� .�0L\DPRWR� 0� 6XJ�

L\DPD� DQG <� ,QDPRUL� ����� &ORQLQJ DQG VHTXHQFH DQDO\VLV RI

JHQHV HQFRGLQJ [\ODQDVH DQG DFHW\O [\ODQ HVWHUDVH IURP 6WUHSWR�

P\FHV WKHPRYLRODFHXV 23&����� $SSO� (QYLURQ� 0LFURELRO� ���

��������

��� 8P� 7�+�� &�+� 2K� -�6� /HH� <�'� 3DUN� -�+� 5RH� DQG -�+� .LP�

����� 3OHLRWURSKLF HIIHFW RI D JHQH IUDJPHQW FRQIHUULQJ +
�
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�
�

UHVLVWDQFH LQ 6WUHSWRP\FHV FRHOLFRORU� -� 0LFURELRO� ��� ��������

��� YDQ 'LMO� -�0�� $� GH -RQJ� *� 9HQHPD� DQG 6� %URQ� ����� ,GHQWL�

ILFDWLRQ RI WKH SRWHQWLDO DFWLYH VLWH RI WKH VLJQDO SHSWLGDVH 6LS6 RI

%DFLOOXV VXEWLOLV� -� %LRO� &KHP� ���� ����������

��� :RQJ� .�.�<�� /�8�/� 7DQ� DQG -�1� 6DGGOHU� ����� 0XOWLSOLFLW\ RI

β�����[\ODQDVH LQ PLFURRUJDQLVPV� IXQFWLRQV DQG DSSOLFDWLRQV�

0LFURELRO� 5HY� ��� ��������

�5HFHLYHG )HEUXDU\ ��� �����$FFHSWHG 0D\ �� �����

$%675$&7 � ([SUHVVLRQ 3DWWHUQ RI $FHW\O ;\ODQ (VWHUDVH RI 6WUHSWRP\FHV FRHOLFRORU $���� LQ (VFKHU�

LFKLD FROL

,Q 6XN /HH� 6HRFN�ZRQ <RXQ� 6DQJ 2XQ -XQJ�� &KXQJ�+XQ 2K�� DQG -DH�KHRQ .LP


�'HSDUWPHQW RI 0LFURELRORJ\ DQG �0HGLFDO /DVHU 5HVHDUFK &HQWHU� 'DQNRRN 8QLYHUVLW\� &KHR�

QDQ �������� .RUHD�

:H FORQHG D JHQH HQFRGLQJ DFHW\O [\ODQ HVWHUDVH�D[H$� RI 6WUHSWRP\FHV FRHOLFRORU$���� DQG VWXGLHG LWV H[SUHV�

VLRQ SDWWHUQ LQ (VFKHULFKLD FROL� 7KH IXOO VHTXHQFH RI D[H$ ZDV DPSOLILHG E\ 3&5� 6HTXHQFH DQDO\VLV RI WKH

3&5 SURGXFW UHYHDOHG DQ RSHQ UHDGLQJ IUDPH RI ����� QXFOHRWLGHV HQFRGLQJ D SURWHLQ FRQVLVWHG RI ��� DPLQR

DFLG UHVLGXHV� ZLWK D FDOFXODWHG PROHFXODU PDVV RI DERXW �� N'D� 7KH EDVH VHTXHQFH VKRZHG ��� KRPRORJ\ WR

WKH VDPH JHQH RI 6WUHSWRP\FHV OLYLGDQV� 7ZR GLIIHUHQW NLQGV RI DFHW\O [\ODQ HVWHUDVHV ZHUH SURGXFHG LQ (VFKHU�

LFKLD FROL�S/DF,� E\ ,37* LQGXFWLRQ� WKHLU PROHFXODU ZHLJKWV ZHUH �� N'D DQG �� N'D� UHVSHFWLYHO\� 2I WKHVH�

�� N'D SURWHLQ VHHPHG WR EH D WRWDO SURWHLQ KROGLQJ 1�WHUPLQDO VLJQDO SHSWLGH UHJLRQ� ZKHUHDV �� N'D SURWHLQ

VHHPHG WR EH D PDWXUHG SURWHLQ ZLWKRXW VLJQDO SHSWLGH ZKLFK ZDV SURGXFHG E\ SHSWLGH ERQG FOHDYDJH EHWZHHQ

WZR DPLQR DFLG UHVLGXHV RI DODQLQH �� DQG DODQLQH ���


