
As

Arsenic migration and water uptake 
in multilayer painting systems	

Ana Sacristán Civera	



'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\

0$67(5 7+(6,6

$UVHQLF PLJUDWLRQ DQG ZDWHU XSWDNH LQ
PXOWLOD\HU SDLQWLQJ V\VWHPV

$QD 6DFULVW¢Q &LYHUD

$ WKHVLV VXEPLWWHG LQ IXOƥOOPHQW RI WKH UHTXLUHPHQWV
IRU WKH GHJUHH RI

06F 0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ

6XSHUYLVRUV�
'U� <DL]D *RQ]DOH]�*DUFLD
'U� .DWULHQ .HXQH
3URI�GU� -RULV 'LN
/DXUD�/\QQ )RFNDHUW

)URP�
78 'HOIW
5LMNVPXVHXP
78 'HOIW
78 'HOIW

1RYHPEHU ��� ����

http://www.university.com




LLL

ţ7KHUH LV D WKHRU\ ZKLFK VWDWHV WKDW LI HYHU DQ\RQH GLVFRYHUV H[DFWO\ ZKDW WKH 8QLYHUVH LV
IRU DQG ZK\ LW LV KHUH� LW ZLOO LQVWDQWO\ GLVDSSHDU DQG EH UHSODFHG E\ VRPHWKLQJ HYHQ PRUH
EL]DUUH DQG LQH[SOLFDEOH�

7KHUH LV DQRWKHU WKHRU\ ZKLFK VWDWHV WKDW WKLV KDV DOUHDG\ KDSSHQHG�Ť

'RXJODV $GDPV
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$EVWUDFW

2USLPHQW DQG UHDOJDU DUH \HOORZ DQG UHG DUVHQLF VXOSKLGH SLJPHQWV WKDW KDYH EHHQ XVHG
VLQFH DQWLTXLW\ LQ ZRUNV RI DUW XQWLO WKH ��WK FHQWXU\� ZKHQ WKHLU XVH ZDV UHVWULFWHG GXH
WR WKHLU WR[LFLW\� :LWK WLPH� WKHVH SLJPHQWV GHJUDGH WR IRUP FRORXUOHVV DUVHQLF R[LGH�
'LƨHUHQW R[LGDWLRQ VWDWHV RI DUVHQLF ��� DQG ��� LQ WKH GHJUDGDWLRQ SURGXFWV KDYH EHHQ
UHFHQWO\ IRXQG� 0RUHRYHU� WKH\ KDYH EHHQ LGHQWLƩHG WKURXJKRXW WKH ZKROH SDLQWLQJ OD\�
RXW IURP WKH SDQHO XQWLO WKH YDUQLVK� VXJJHVWLQJ WKH PLJUDWLRQ RI GHJUDGDWLRQ SURGXFWV
WKURXJK WKH SDLQW OD\HUV� %HVLGHV FKDQJLQJ WKH DVSHFW� WKH\ PLJKW FKDQJH WKH VWDELOLW\
RI WKH SDLQWLQJ RU SDLQWHG REMHFW� )XUWKHUPRUH� WKH\ PLJKW UHSUHVHQW D SRWHQWLDO KD]DUG
IRU FRQVHUYDWRUV ZKHQ GHDOLQJ ZLWK WKH ZRUN RI DUW� 6LQFH D SDLQWLQJ LV LQ HTXLOLEULXP
ZLWK LWV HQYLURQPHQW� WKHUH LV DOZD\V ZDWHU LQ PRWLRQ LQVLGH WKH SDLQWLQJ� ,W LV WKHUHIRUH
EHOLHYHG WKDW WKH GHJUDGDWLRQ SURGXFWV DUHPLJUDWLQJ YLD ZDWHU� +RZHYHU� WKHPLJUDWLRQ
PHFKDQLVP LV VWLOO QRW ZHOO XQGHUVWRRG� 7KLV WKHVLV DLPV WR SURYLGH D EHWWHU LQVLJKW LQWR
WKH GLƨXVLRQ SURFHVV RI DUVHQLWHV �$V��� DQG DUVHQDWHV �$V��� LQ PDWHULDOV FRPPRQO\
IRXQG LQ SDLQWLQJV� )RU WKLV� WZR GLƨHUHQW DSSURDFKHV ZHUH IROORZHG�

,Q RQH KDQG� OLJKW DJHG SDLQWLQJ UHFRQVWUXFWLRQV ZHUH DQDO\VHG ZLWK )7,5 PLFURVFRS\
DQG 6(0�('6 WR DVVHV WKH HƨHFW RI GLƨHUHQW JURXQGV DQG UHODWLYH KXPLGLW\ RQ WKH PL�
JUDWLRQ RI DUVHQLF� ,Q DOO WKH VDPSOHV� GHJUDGDWLRQ SURGXFWV ZHUH IRXQG LQ WKH RUSLPHQW
OD\HU EDVHG RQ WKH $V�2 YLEUDWLRQ� GHWHFWHG ZLWK )7,5 PLFURVFRS\� ,W ZDV SRVVLEOH WR
LGHQWLI\ DUVHQLF LQ WKH JURXQG OD\HU FORVH WR WKH RUSLPHQW�JURXQG LQWHUIDFH IRU DOO VDP�
SOHV ZLWK ERWK WHFKQLTXHV� +RZHYHU� GXH WR WKH ORZ LQWHQVLW\ DQG WKH SUR[LPLW\ WR WKH
LQWHUIDFH RI WKH DUVHQLF IRXQG LQ WKH JURXQGV� QR FRQFOXVLRQV FRXOG EH GUDZQ DERXW LWV
PLJUDWLRQ�

2Q WKH RWKHU KDQG� LQ�VLWX $75�)7,5 VSHFWURVFRS\ DQG (,6 PHDVXUHPHQWV ZHUH SHU�
IRUPHG RQ D VHW RI VDPSOHV WR DQDO\VH WKH ZDWHU� DUVHQDWHV DQG DUVHQLWHV GLƨXVLRQ
WKURXJK RLO DQG WZR YDUQLVKHV �GDPPDU DQGPDVWLF�� 7KH GLƨXVLRQ FRHƫFLHQWV RI ZDWHU
LQ RLO� GDPPDU DQGPDVWLF ZHUH GHWHUPLQHGZLWK ERWK WHFKQLTXHV� ,W ZDV IRXQG WKDW WKH
ZDWHU GLƨXVHV IDVWHU LQ RLO WKDQ LQ WKH WZR YDUQLVKHV� 'HVSLWH EHLQJ VLPLODU� PDVWLF ZDV
IRXQG WR EH OHVV VWDEOH WKDQ GDPPDU VLQFH D GHFUHDVH LQ LWV EDUULHU SURSHUWLHV ZLWK WLPH
ZDV IRXQG� 7KH GLƨXVLRQ RI DUVHQDWHV DQG DUVHQLWHV LQ GDPPDU DQGPDVWLF ZDV VWXGLHG
E\ (,6 DQG WKH GLƨXVLRQ FRHƫFLHQWV ZHUH FDOFXODWHG IRU WKH ƩUVW WLPH� ,W ZDV IRXQG WKDW
WKH GLƨXVLRQ RI DUVHQLWHV LQ WKH FRDWLQJV LV IDVWHU WKDQ DUVHQDWHV� ZKLFK LV LQ DFFRUGDQFH
WR WKH GLƨXVLRQ RI WKHVH VSHFLHV LQ ZDWHU� (,6 UHVXOWHG LQ D SURPLVLQJ WHFKQLTXH LQ WKH
VWXG\ RI GLƨXVLRQ RI LRQV LQ FRDWLQJV� $OWKRXJK IXUWKHU UHVHDUFK LV QHHGHG WR IXOO\ XQ�
GHUVWDQG WKH PLJUDWLRQ PHFKDQLVP RI DUVHQLF LQ SDLQWLQJ V\VWHPV� WKLV WKHVLV SURYLGHV
D XVHIXO LQVLJKW DQG D PHWKRGRORJ\ ZLWK ZKLFK WKH ZDWHU DQG LRQ WUDQVSRUW LQ FRDWLQJV
FDQ EH VWXGLHG�





YLL

$FNQRZOHGJHPHQWV

, ZRXOG OLNH WR WKDQN DOO RI WKH PHPEHUV RI P\ WKHVLV FRPPLWWHH� )LUVWO\ WR <DL]D
*RQ]¢OH]� IRU \RXU DPD]LQJ JXLGDQFH DQG KHOS� 7KDQN \RX IRU DOZD\V KDYLQJ WLPH IRU
PH� HQFRXUDJLQJ DQG NHHSLQJPH JRLQJ XQWLO WKH HQG� 7R .DWULHQ .HXQH IRU JLYLQJPH WKH
LQFUHGLEOH RSSRUWXQLW\ WRZRUN LQ WKLV ƩHOG� DOO \RX KHOS DQG YDOXDEOH LQVLJKWV� 7R -RULV 'LN
IRU EHLQJ SDUW RI WKLV FRPPLWWHH� IRU \RXU IHHGEDFN LQ WKLV WKHVLV DQG \RXU LQVSLULQJ OHF�
WXUHV� $QG ODVW EXW QRW OHDVW� WR /DXUD�/\QQ )RFNDHUW IRU \RXU KHOS LQ WKH H[SHULPHQWDO
SDUW RI WKLV WKHVLV� IRU DOZD\V VXSSRUWLQJ P\ LGHDV DQG KHOSLQJ PH WR UHDOL]H WKHP�

,ZRXOG OLNH WR DFNQRZOHGJH&21$&\7 IRU WKH VSRQVRUVKLS RI WKLVPDVWHU� ZLWKRXWZKLFK
LW ZRXOGQšW KDYH EHHQ SRVVLEOH�

, ZRXOG OLNH WR H[SUHVV P\ JUDWLWXGH WR 7RQ 5LHPVODJ� 6DQGHU YDQ $VSHUHQ� /DPEHUW %DLM
DQG DOO WKH SHRSOH RI WKH &RUURVLRQ 7HFKQRORJ\ DQG (OHFWURFKHPLVWU\ JURXS� IRU \RXU
YDOXDEOH KHOS LQ WKLV WKHVLV� $OVR WR (OLVH GH %RHU IRU PDNLQJ WKLV EHDXWLIXO FRYHU�

$ VSHFLDO WKDQNV WR $JQLHV]ND .RRLMPDQ� 1RW RQO\ IRU KHOSLQJ PH VXUYLYH WKH DUVHQLF
DQG VXSSRUWLQJ PH LQ WKH ODE EXW DOVR �DV LI LW ZDV QRW HQRXJK� IRU \RXU IULHQGVKLS� <RX
PDGH P\ GD\V LQ WKH ODE KDSS\ DQG FKHHUIXO�

7R DOO P\ IULHQGV IURP WKH PDVWHU DQG QRW IURP WKH PDVWHU IRU PDNLQJ WKLV DQ H[WUDRU�
GLQDU\ H[SHULHQFH� , ZLVK \RX DOO WKH EHVW DQG , KRSH ZH ZLOO PHHW DJDLQ� , ZLOO PLVV
\RX�

, ZRXOG OLNH WR WKDQN P\ ZRQGHUIXO ER\IULHQG -RUJH� IRU VKDULQJ WKLV DPD]LQJ H[SHULHQFH
ZLWK PH� 7KDQN \RX IRU DOO \RXU ORYH� SDWLHQFH DQG VXSSRUW DQG PDNLQJ PH VPLOH HYHU\
GD\�

)LQDOO\� , ZRXOG OLNH WR WKDQN DOO P\ IDPLO\ IRU VWD\LQJ FORVH GHVSLWH RI WKH GLVWDQFH� 7R
P\ PRWKHU� IDWKHU DQG VLVWHU IRU DOO \RXU ORYH DQG VXSSRUW� \RX DUH DOZD\V LQ P\ KHDUW�
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� 3DLQWLQJ V\VWHPV �
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����� (DUWK SLJPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 2USLPHQW DQG UHDOJDU � � � � � � � � � � � � � � � � � � � � � � � �
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/LVW RI )LJXUHV

��� 7\SLFDO VWUXFWXUH RI D SDLQWLQJ� $� FDQYDV� %� JURXQG� &� SDLQW� '� YDUQLVK
>�@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� (OHFWURPDJQHWLF VSHFWUXP VKRZLQJ WKH YLVLEOH OLJKW UHJLRQ DQG
VFKHPDWLF RI VHOHFWLYH ZDYHOHQJWK DEVRUSWLRQ >�� �@� � � � � � � � � � � � �

��� 2USLPHQW DQG UHDOJDU SLJPHQWV >��� ��@� � � � � � � � � � � � � � � � � � � �

��� 2USLPHQW DQG UHDOJDU VWUXFWXUHV� $UVHQLF LV UHSUHVHQWHG E\ RUDQJH DQG
VXOSKXU E\ EOXH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� �D� *O\FLQH� DODQLQH DQG K\UR[\SUROLQH DQG D W\SLFDO DPLQR DFLG VH�
TXHQFH IRXQG LQ FROODJHQ� �E� &ROODJHQ QHWZRUN VKRZLQJ WKH WULSOH KHOL[
PROHFXOHV >��@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� �D� 7ULJO\FHULGH FRPSRVHG RI EODFN� JO\FHURO� UHG� OLQROHQLF� EOXH� ROHLF�
JUHHQ�OLQROHLF DFLGV� �E� )DWW\ DFLGV IRXQG LQ OLQVHHG RLO >��@� � � � � � � � ��

��� 3RO\PHULF IUDFWLRQV IRXQG LQ �D� PDVWLF DQG �E� GDPPDU >��@� � � � � � � ��

��� 6WUXFWXUHV RI WKH UHDOJDU SRO\PRUSKV� $UVHQLF LV UHSUHVHQWHG E\ RUDQJH
DQG VXOSKXU E\ EOXH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6WUXFWXUHV RI DUVHQLWH DQG DUVHQDWH� $UVHQLF LV UHSUHVHQWHG E\ RUDQJH
DQG VXOSKXU E\ EOXH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (�S+ GLDJUDP RI WKH $V�2�+ V\VWHP DW �� ◦& DQG � EDU >��@� � � � � � � � ��

��� )7,5 VSHFWUD RI KH[DQRLF DFLG >��@� � � � � � � � � � � � � � � � � � � � � ��

��� 0DLQ YLEUDWLRQDO PRGHV >��@� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6FKHPDWLF UHSUHVHQWDWLRQ RI HOHFWURQ LQWHUDFWLRQV LQ 6(0 >��@� � � � � � ��

��� 5HSUHVHQWDWLRQ RI WKH HYDQHVFHQW ZDYH LQ WKH $75�)7,5 FRQƩJXUDWLRQ� � ��

��� $75�)7,5 FHOO FRQƩJXUDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � ��
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��� 9ROWDJH YV FXUUHQW FXUYH VKRZLQJ D UDQJH ZHUH WKH UHODWLRQ FDQ EH FRQ�
VLGHUHG OLQHDU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 9ROWDJH DQG FXUUHQW DV D IXQFWLRQ RI WLPH VKRZLQJ WKH SKDVH VKLIW EH�
WZHHQ WKHP >��@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7\SLFDO 1\TXLVW DQG %RGH SORWV RI LPSHGDQFH GDWD >��@� � � � � � � � � � ��

��� 5HODWLRQ EHWZHHQ DOWHUQDWLQJ YROWDJH DQG FXUUHQW DFURVV D �D� SXUH UH�
VLVWDQFH DQG �E� SXUH FDSDFLWDQFH >��@� � � � � � � � � � � � � � � � � � � ��

���� 5DQGOHV HTXLYDOHQW FLUFXLW PRGHO� 1\TXLVW DQG %RGH SORWV� � � � � � � � � ��

���� 5HSUHVHQWDWLRQ RI WKH GRXEOH OD\HU IRUPDWLRQ LQ WKH HOHFWURGH�
HOHFWURO\WH LQWHUIDFH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 1\TXLVW DQG %RGH SORWV RI PDVV WUDQVIHU DQG WRWDO LPSHGDQFH IRU D�
VHPL�LQƩQLWH� E� WUDQVPLVVLYH� DQG F� UHƪHFWLYH ERXQGDU\ >��@� � � � � � � ��

���� 1\TXLVW DQG %RGH SORWV RI D VLPSOLƩHG 5DQGOHV FLUFXLW VKRZLQJ WKH EH�
KDYLRXU RI D &3( >��@� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� (OHFWULFDO FHOO FRQƩJXUDWLRQ IRU (,6 H[SHULPHQWV� � � � � � � � � � � � � � ��

��� 6(0 LPDJHV RI WKH FKDON DQG RUSLPHQW FURVV�VHFWLRQ NHSW DW ��� UHOD�
WLYH KXPLGLW\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� /LQH SURƩOH DW WKH LQWHUIDFH RI RUSLPHQW DQG FKDON� � � � � � � � � � � � � ��

��� �D�� )7,5 VSHFWUD DQG �E�F�� )7,5 PLFURVFRS\ LPDJHV �UHG LV UHSUHVHQWD�
WLYH RI KLJKHU LQWHQVLW\� RI WKH FKDON DQG RUSLPHQW FURVV�VHFWLRQ NHSW DW
��� UHODWLYH KXPLGLW\ IRU �� PRQWKV� � � � � � � � � � � � � � � � � � � � ��

��� /LQH SURƩOH ORFDWLRQ DQG UHVXOW RI WKH FKDON DQG RUSLPHQW FURVV�VHFWLRQ
NHSW DW ��� UHODWLYH KXPLGLW\ IRU �� PRQWKV� � � � � � � � � � � � � � � � ��

��� 6(0 LPDJH RI WKH HDUWK JURXQG DQG RUSLPHQW FURVV�VHFWLRQ � � � � � � � ��

��� 6(0 LPDJHV RI WKH HDUWK DQG RUSLPHQW FURVV�VHFWLRQ NHSW DW ��� UHOD�
WLYH KXPLGLW\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� /LQH SURƩOHV RI DUVHQLF �EOXH�� VLOLFRQ �SLQN� DQG VXOSKXU �JUHHQ� DW WKH
LQWHUIDFH RI RUSLPHQW DQG WKH HDUWK JURXQG� � � � � � � � � � � � � � � � ��

��� �D�� )7,5 VSHFWUD DQG �E�F�� )7,5 PLFURVFRS\ LPDJHV �UHG LV UHSUHVHQWD�
WLYH RI KLJKHU LQWHQVLW\� RI WKH HDUWK DQG RUSLPHQW FURVV�VHFWLRQ NHSW DW
��� UHODWLYH KXPLGLW\ IRU �� PRQWKV� � � � � � � � � � � � � � � � � � � � ��

��� /LQH SURƩOH ORFDWLRQ DQG UHVXOW RI WKH HDUWK DQG RUSLPHQW FURVV�VHFWLRQ
NHSW DW ��� UHODWLYH KXPLGLW\ IRU �� PRQWKV� � � � � � � � � � � � � � � � ��
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���� 6(0 LPDJHV RI WKH OHDG ZKLWH DQG RUSLPHQW FURVV�VHFWLRQ NHSW DW ���
UHODWLYH KXPLGLW\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� $UVHQLF OLQH SURƩOH DW WKH LQWHUIDFH RI RUSLPHQW DQG OHDG ZKLWH� � � � � � ��

���� �D�� )7,5 VSHFWUD� �E�F�� )7,5PLFURVFRS\ LPDJHV �UHG LV UHSUHVHQWDWLYH RI
KLJKHU LQWHQVLW\�� DQG �G�� OLQH SURƩOH� RI WKH OHDG ZKLWH DQG RUSLPHQW
FURVV�VHFWLRQ NHSW DW ��� UHODWLYH KXPLGLW\� � � � � � � � � � � � � � � � ��

���� /LQH SURƩOH ORFDWLRQ DQG UHVXOW RI WKH OHDG ZKLWH DQG RUSLPHQW FURVV�
VHFWLRQ NHSW DW ��� UHODWLYH KXPLGLW\ IRU �� PRQWKV� � � � � � � � � � � � ��

��� $75�)7,5 VSHFWUD RI GDPPDU� PDVWLF� OLQVHHG RLO� JOXH DQG '�2� � � � � � ��

��� 7LPH�UHVROYHG $75�)7,5 VSHFWUD RI GDPPDU� PDVWLF DQG RLO LQ '�2� 7KH
WLPH VWHS IRU WDNLQJ WKH VSHFWUD LV �� PLQXWHV� � � � � � � � � � � � � � � ��

��� %DVHOLQH FRUUHFWHG VSHFWUD RI GDPPDU� PDVWLF DQG RLO VKRZLQJ WKH &+��
&+� DQG '�2 SHDNV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� �D� $75�)7,5 WLPH UHVROYHG VSHFWUD RI GDPPDU LQ WKH ��������� FP−�

UHJLRQ DQG �E� QRUPDOL]HG LQWHJUDWHG DEVRUEDQFH RI WKH '�2 SHDN DV D
IXQFWLRQ RI WLPH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQFHQWUDWLRQ SURƩOHV RI WKH & 2 DQG '�2 SHDNV LQ GDPPDU� � � � � � � ��

��� �D� $75�)7,5 WLPH UHVROYHG VSHFWUD RIPDVWLF LQ WKH ��������� FP−� UH�
JLRQ DQG �E� QRUPDOL]HG LQWHJUDWHG DEVRUEDQFH RI WKH '�2 SHDN DV D
IXQFWLRQ RI WLPH DQG ƩWWHG FXUYHV RI )LFNLDQ GLƨXVLRQ �GRWWHG� DQG FRQ�
VLGHULQJ D 6& �VROLG�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQFHQWUDWLRQ SURƩOHV RI WKH &2 DQG '�2 SHDNV LQ PDVWLF� � � � � � � � ��

��� �D� $75�)7,5 WLPH UHVROYHG VSHFWUD RI 2LO LQ WKH ��������� FP−� UHJLRQ
DQG �E� QRUPDOL]HG LQWHJUDWHG DEVRUEDQFH RI WKH '�2 SHDN DV D IXQFWLRQ
RI WLPH DQG ƩWWHG FXUYHV RI )LFNLDQ GLƨXVLRQ �GRWWHG� DQG FRQVLGHULQJ D
6& �VROLG�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &2 SHDN DQG FRQFHQWUDWLRQ SURƩOHV RI WKH &2 DQG '�2 SHDNV LQ RLO� � � � ��

���� 1RUPDOL]HG '�2 FRQFHQWUDWLRQ SURƩOHV RI GDPPDU� PDVWLF DQG RLO� � � � ��

���� (,6 SORWV RI GDPPDU DW �� �� �� �� DQG �� K LQ D 1D�62� VROXWLRQ� � � � � � ��

���� (TXLYDOHQW FLUFXLWV SURSRVHG WR ƩW WKH (,6 GDWD RI GDPPDU� � � � � � � � ��

���� )LWWLQJ FXUYH ZLWK PRGHOV $ DQG % WR WKH (,6 GDWD RI GDPPDU WDNHQ DW �K� ��

���� +LJK IUHTXHQF\ UHJLRQ RI WKH (,6 SORWV RI GDPPDU DW �� �� �� �� DQG �� K
LQ 1D�62�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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���� 3ORWV RI WKH UHVXOWV IURP ƩWWLQJ WKH (,6 GDWD RI GDPPDU DV D IXQFWLRQ RI
WLPH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� (ƨHFWLYH FRDWLQJ FDSDFLWDQFH RI GDPPDU DV D IXQFWLRQ RI WLPH� � � � � � ��

���� :DWHU XSWDNH DQG ƩWWLQJ FXUYH IRU WKH GLƨXVLRQ FRHƫFLHQW FDOFXODWLRQ
RI ZDWHU LQ 'DPPDU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� (,6 SORWV RI PDVWLF DW �� �� �� �� DQG �� K LQ D 1D�62� VROXWLRQ� � � � � � � ��

���� /RZ IUHTXHQF\ UHJLRQ RI WKH %RGH SORWV RI PDVWLF DW �� �� �� �� DQG �� K� � ��

���� (TXLYDOHQW FLUFXLW SURSRVHG WR ƩW WKH (,6 GDWD RI PDVWLF� � � � � � � � � � ��

���� )LWWHG FXUYHV RI WKH (,6 GDWD RIPDVWLF WDNHQ DW � DQG �� KRXUVZLWKPRG�
HOV % DQG &� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 3ORWV RI WKH UHVXOWV IURP ƩWWLQJ WKH (,6 GDWD RI PDVWLF DV D IXQFWLRQ RI
WLPH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� (ƨHFWLYH FRDWLQJ FDSDFLWDQFH DQG ZDWHU XSWDNH RI PDVWLF� � � � � � � � � ��

���� (,6 SORWV RI RLO DW �� �� �� �� DQG �� K LQ D 1D�62� VROXWLRQ� � � � � � � � � ��

���� (TXLYDOHQW FLUFXLWV SURSRVHG WR ƩW WKH GDWD RI PDVWLF� � � � � � � � � � � ��

���� )LWWHG FXUYHV RI WKH (,6 GDWD RI RLO WDNHQ DW � DQG �� KRXUV ZLWK PRGHO $� ��

���� 3ORWV RI WKH UHVXOWV IURP ƩWWLQJ WKH (,6 GDWD RI RLO DV D IXQFWLRQ RI WLPH� ��

���� :DWHU XSWDNH DQG ƩWWLQJ FXUYH IRU WKH GLƨXVLRQ FRHƫFLHQW FDOFXODWLRQ
RI ZDWHU LQ 2LO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� $75�)7,5 VSHFWUD DQG FRQFHQWUDWLRQ SURƩOH RI DOXPLQLXP LQ '�2� � � � � ��

���� $75�)7,5 VSHFWUD RI DOXPLQLXP LQ 1D�+$V2� DQG FRQFHQWUDWLRQ SURƩOH
RI DUVHQDWHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� $75�)7,5 VSHFWUD RI GDPPDU LQ 1D�+$V2�� � � � � � � � � � � � � � � � � ��

���� (,6 SORWV RI GDPPDU DW �� �� �� �� DQG �� K LQ D 1D$V2� VROXWLRQ� � � � � � ��

���� (TXLYDOHQW FLUFXLW & SURSRVHG WR ƩW WKH (,6 GDWD RI GDPPDU LQ 1D$V2�� � ��

���� (TXLYDOHQW FLUFXLW ' SURSRVHG WR ƩW WKH (,6 GDWD RI GDPPDU LQ 1D$V2�� � ��

���� (,6 GDWD RI GDPPDU LQ 1D$V2� WDNHQ DW � KRXUV DQG ƩWWHG FXUYH ZLWK
PRGHOV & DQG '� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 1\TXLVW DQG %RGH SORW RI GDPPDU LQ 1D$V2� DW ��� KRXUV� � � � � � � � � ��

���� (,6 SORWV RI GDPPDU DW �� �� �� �� DQG �� K LQ D 1D�+$V2� VROXWLRQ� � � � ��
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���� (,6 GDWD RI GDPPDU LQ 1D�+$V2� WDNHQ DW � KRXUV DQG ƩWWHG FXUYH ZLWK
PRGHO &� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 1\TXLVW DQG %RGH SORW RI GDPPDU LQ 1D�+$V2� DW � KRXUV� � � � � � � � ���

���� (,6 SORWV RI PDVWLF DW �� �� �� �� DQG �� K LQ D 1D$V2� VROXWLRQ� � � � � � � ���

���� (,6 GDWD RI PDVWLF LQ 1D$V2� WDNHQ DW � K DQG ƩWWHG FXUYH ZLWK PRGHO
' VLPSOLƩHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG CPEc DQGRc RI PDVWLF LQ 1D$V2�� � � � � � � � � � � � � � � ���

���� (,6 SORWV RI PDVWLF DW �� �� �� �� DQG �� K LQ D 1D�+$V2� VROXWLRQ� � � � � ���

���� (,6 GDWD RI PDVWLF LQ 1D�+$V2� WDNHQ DW � KRXUV DQG ƩWWHG FXUYH ZLWK
PRGHO &� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� (,6 SORWV RI PDVWLF DW � KRXUV LQ D 1D�+$V2� VROXWLRQ� � � � � � � � � � � ���

$�� �D� $75�)7,5 WLPH UHVROYHG VSHFWUD RI 'DPPDU VKRZLQJ WKH '�2 SHDN
LQ WKH ���� FP−� DQG �E� QRUPDOL]HG LQWHJUDWHG DEVRUEDQFH RI WKH '�2
SHDN DV D IXQFWLRQ RI WLPH� � � � � � � � � � � � � � � � � � � � � � � � � � ���

$�� �D� $75�)7,5 WLPH UHVROYHG VSHFWUD RI 2LO VKRZLQJ WKH '�2 SHDN LQ WKH
���� FP−� DQG �E� QRUPDOL]HG LQWHJUDWHG DEVRUEDQFH RI WKH '�2 SHDN
DV D IXQFWLRQ RI WLPH DQG ƩWWHG FXUYHV RI )LFNLDQ GLƨXVLRQ �GRWWHG� DQG
FRQVLGHULQJ D 6& �VROLG�� � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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/LVW RI 7DEOHV

��� 'HJUDGDWLRQ DQGPLJUDWLRQ RI RUSLPHQW� UHDOJDU DQG HPHUDOG JUHHQ FDVH
VWXGLHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� &RPSRXQGV LGHQWLƩHG LQ PDVWLF >��@� � � � � � � � � � � � � � � � � � � � ��

��� &RPSRXQGV LGHQWLƩHG LQ GDPPDU >��@� � � � � � � � � � � � � � � � � � � ��

��� 'LƨXVLRQ FRHƫFLHQWV DQG PRODU YROXPHV RI DUVHQLWH DQG DUVHQDWH
VSHFLHV LQ ZDWHU >��� ��@� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &LUFXLW HOHPHQWV FRPPRQO\ XVHG LQ WKH PRGHOV � � � � � � � � � � � � � ��

��� $75�)7,5 DEVRUSWLRQ SHDNV RI GDPPDU� PDVWLF� JOXH DQG OLQVHHG RLO� )UHTXHQFLHV DUH
JLYHQ LQZDYHQXPEHU >FP��@�ν� 6WUHWFKLQJ� δ� EHQGLQJ�ω� ZDJJLQJ� τ �WZLVWLQJ� γ� URFN�
LQJ� D�DV\PPHWULF� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'LƨXVLRQ FRHƫFLHQWV RI '�2 FDOFXODWHG IRU GDPPDU� PDVWLF DQG RLO� � � ��

��� 6HOHFWHG (,6 GDWD RI GDPPDU FDOFXODWHG ZLWK 0RGHO %� � � � � � � � � � � ��

��� 6HOHFWHG (,6 GDWD RI PDVWLF FDOFXODWHG ZLWK 0RGHO &� � � � � � � � � � � � ��

��� 6HOHFWHG (,6 GDWD RI RLO FDOFXODWHG ZLWK 0RGHO $� � � � � � � � � � � � � � ��

��� 6HOHFWHG (,6 GDWD RI RLO FDOFXODWHG ZLWK 0RGHO $� � � � � � � � � � � � � � ��

��� )LWWHG SDUDPHWHUV RI WKH (,6 GDWD RI GDPPDU LQ 1D$V2� WDNHQ DW ���
KRXUV FDOFXODWHG ZLWK 0RGHO '� � � � � � � � � � � � � � � � � � � � � � � ��

��� &DOFXODWHG :DUEXUJ FRHƫFLHQWV DQG GLƨXVLRQ FRHƫFLHQWV RI DUVHQLWHV
LQ GDPPDU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )LWWHG SDUDPHWHUV RI WKH (,6 GDWD RI GDPPDU LQ 1D�+$V2� WDNHQ DW �
KRXUV FDOFXODWHG ZLWK 0RGHO &� � � � � � � � � � � � � � � � � � � � � � � ���



[[

���� &DOFXODWHG :DUEXUJ FRHƫFLHQWV DQG GLƨXVLRQ FRHƫFLHQWV RI DUVHQDWHV
LQ GDPPDU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� )LWWHG SDUDPHWHUV RI WKH (,6 GDWD RI PDVWLF LQ 1D$V2� WDNHQ DW � KRXUV
FDOFXODWHG ZLWK 0RGHO '� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� )LWWHG SDUDPHWHUV RI WKH (,6 GDWD RI PDVWLF LQ 1D�+$V2� WDNHQ DW �
KRXUV FDOFXODWHG ZLWK 0RGHO &� � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG :DUEXUJ FRHƫFLHQWV DQG GLƨXVLRQ FRHƫFLHQWV RI DUVHQDWHV
LQ GDPPDU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� &DOFXODWHG ZDWHU GLƨXVLRQ FRHƫFLHQWV IRU GDPPDU� PDVWLF DQG RLO� � � � ���

���� &DOFXODWHG DUVHQLWH DQG DUVHQDWH GLƨXVLRQ FRHƫFLHQWV IRU GDPPDU DQG
PDVWLF LQ FP� V−�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

%�� (,6 GDWD RI ZDWHU GLƨXVLRQ LQ 'DPPDU� � � � � � � � � � � � � � � � � � � ���

%�� (,6 GDWD RI ZDWHU GLƨXVLRQ LQ 0DVWLF� � � � � � � � � � � � � � � � � � � � ���

%�� (,6 GDWD RI ZDWHU GLƨXVLRQ LQ 2LO� � � � � � � � � � � � � � � � � � � � � � ���



�

&KDSWHU �

,QWURGXFWLRQ

2USLPHQW DQG UHDOJDU DUH \HOORZ DQG UHG DUVHQLF VXOSKLGH SLJPHQWV WKDW KDYH EHHQ XVHG
VLQFH DQWLTXLW\ LQ ZRUNV RI DUW VXFK DV SDLQWLQJV DQG IXUQLWXUH XQWLO WKH ��WK FHQWXU\�
ZKHQ WKHLU XVH ZDV UHVWULFWHG GXH WR WKHLU WR[LFLW\� $V DQ\ RWKHU SLJPHQW� RUSLPHQW DQG
UHDOJDU GHJUDGH ZLWK WLPH� 6HYHUDO FDVH VWXGLHV KDYH EHHQ DQDO\VHG LQ ZKLFK GHJUDGD�
WLRQ SURGXFWV KDYH EHHQ LGHQWLƩHG� 7KH GHJUDGDWLRQ LQYROYHV DQ R[LGDWLRQ UHDFWLRQ RI
WKH DUVHQLF VXOSKLGHV WR IRUP FRORXUOHVV DUVHQLF R[LGH� 0RUHRYHU� DUVHQLF VSHFLHV ZLWK
R[LGDWLRQ VWDWHV RI �� �DUVHQDWHV� DQG �� �DUVHQLWHV� KDYH EHHQ IRXQG QRW RQO\ LQ WKH
RUSLPHQW DQG UHDOJDU SDLQW OD\HUV� EXW DOVR LQ RWKHU SDLQW OD\HUV� IURP WKH SDQHO XS XQWLO
WKH YDUQLVK�

$ SDLQWLQJ LV DOZD\V LQ HTXLOLEULXP ZLWK WKH VXUURXQGLQJ HQYLURQPHQW� ZKLFK PHDQV
WKDW WKHUH LV DOZD\V ZDWHU� R[\JHQ DQG RWKHU FRPSRXQGV LQ PRWLRQ LQVLGH D SDLQWLQJ�
7KHUHIRUH� LW LV EHOLHYHG WKDW WKH WKH DUVHQLF LV PLJUDWLQJ YLD ZDWHU WKURXJKRXW WKH SDLQW
OD\HUV >�� �@� +RZHYHU� WKH PHFKDQLVP EHKLQG WKH DUVHQLF R[LGDWLRQ DQG WUDQVSRUW LQVLGH
WKH SDLQWLQJV LV QRW ZHOO XQGHUVWRRG�

7KH GHJUDGDWLRQ DQG PLJUDWLRQ RI WKHVH SLJPHQWV LV LPSRUWDQW VLQFH LW KDV D GLUHFW HI�
IHFW RQ WKH DVSHFW RI WKH SDLQWLQJ RU WKH SDLQWHG REMHFW PDNLQJ LW ORRN GLUW\ DQG ZKLWLVK�
0RUHRYHU� WKH GHJUDGDWLRQ SURGXFWV FDQ FKDQJH WKH VWDELOLW\ RI WKH SDLQWLQJ DV QHZ UH�
DFWDQWV DUH EHLQJ SURGXFHG� 7KLV FRXOG OHDG WR FKDQJHV RI RWKHU FRPSRQHQWV RI WKH
SDLQWLQJ RU SDLQWHG REMHFW DQG ZRUVHQ LWV VWDWH� 7KHUHIRUH� LW LV RI JUHDW LPSRUWDQFH WR
XQGHUVWDQG WKH GHJUDGDWLRQ DQG PLJUDWLRQ SURFHVV WR EH DEOH WR GHVLJQ D VROXWLRQ DQG
WR WU\ WR VWRS DQG UHYHUVH LW�

)XUWKHUPRUH� DUVHQLF PLJUDWLRQ LV D SRWHQWLDO KD]DUG IRU WKH FRQVHUYDWRUV� 7KH UHPRYDO
RI ROG YDUQLVKHV LV D FRPPRQ SUDFWLFH LQ WKH FRQVHUYDWLRQ RI SDLQWLQJV DQG� VLQFH DUVHQLF
KDV EHHQ LGHQWLƩHG HYHQ LQ WKH YDUQLVK OD\HU� LW FDQ UHSUHVHQW D SRWHQWLDO ULVN WR WKH FRQ�
VHUYDWRUšV KHDOWK� ,W LV IRU WKHVH UHDVRQV WKDW WKH GHJUDGDWLRQ DQGPLJUDWLRQ RI RUSLPHQW
DQG UHDOJDU DUH WKH VXEMHFWV RI WKLV WKHVLV�



� &KDSWHU �� ,QWURGXFWLRQ

��� &DVH VWXGLHV

$ VXPPDU\ RI WKH REMHFWV SUHYLRXVO\ VWXGLHG LV SUHVHQWHG LQ 7DEOH ���� 7KH FDVH VWXGLHV LQ�
FOXGH SDLQWLQJV DQG IXUQLWXUH� 7KH SLJPHQWV VWXGLHG DUH RUSLPHQW� UHDOJDU DQG HPHUDOG
JUHHQ� ZKLFK LV DOVR DQ DUVHQLF FRQWDLQLQJ SLJPHQW FRPSRVHG RI FRSSHU DFHWRDUVHQLWH�
6LPLODU WR RUSLPHQW DQG UHDOJDU� LW ZDV XVHG XQWLO ��WK FHQWXU\ DQG GLVFRQWLQXHG GXH WR
LWV WR[LFLW\� 7KH GHJUDGDWLRQ SURGXFWV RI WKLV SLJPHQW DUH DOVR DUVHQLWH DQG DUVHQDWH�

7DEOH ���� 'HJUDGDWLRQ DQG PLJUDWLRQ RI RUSLPHQW� UHDOJDU DQG HPHUDOG
JUHHQ FDVH VWXGLHV�

6DPSOH $UWLVW <HDU 3LJPHQW 5HI�

7KH GHQWLVW 8QNQRZQ ��WK FHQWXU\ 2USLPHQW� UHDOJDU >�@
&XSERDUG +O� 7KHUHVD ���� (PHUDOG JUHHQ >�@
,QWHULRU RI D UHVWDXUDQW 9LQFHQW 9DQ *RJK ���� (PHUDOG JUHHQ >�@
)HVWRRQ RI IUXLWV DQG ƪRZHUV -DQ 'DYLGV]� GH +HHP ����Ş���� 2USLPHQW >�@
'HVFHQW RI WKH FDWWOH 7KªRGRUH 5RXVVHDX ���� (PHUDOG JUHHQ >�@
6D\EURRN FKHVW &KDUOHV :LOODP ��������� 2USLPHQW >�@
6WLOO OLIH ZLWK ƩYH DSULFRWV $GULDHQ &RRUWH ���� 2USLPHQW� UHDOJDU >�@

$V PHQWLRQHG DERYH DUVHQLWHV DQG DUVHQDWHV KDYH EHHQ IRXQG DOO DFURVV WKH SDLQWLQJ
EXLOG�XS� 0RUHRYHU� LW KDV EHHQ IRXQG WKDW LW LV RQO\ DUVHQLF FRPSRXQGV DQG QRW VXOSKXU
WKDW DUH IRXQG WKURXJKRXW WKH OD\HUV� 7KLV VXJJHVWV WKDW WKH GHJUDGDWLRQ SURGXFWV DUH
WKH RQHV PLJUDWLQJ� DQG QRW WKH RULJLQDO SLJPHQW�

$Q LQWHUHVWLQJ REVHUYDWLRQ PDGH LQ WKH VDPSOH )HVWRRQ RI IUXLWV DQG ƦRZHUV LV WKDW DU�
VHQLF ZDV FRQFHQWUDWHG LQ OHDG ULFK DUHDV� (YHQ WKH SUHVHQFH RI $V�3E QHHGOHV ZDV RE�
VHUYHG� 7KLV LV DQ LQGLFDWLRQ RI WKH DƫQLW\ RI DUVHQLF WRZDUGV OHDG DQG WKHUHIRUH� SLJ�
PHQWV VXFK DV OHDG ZKLWH ZLOO KDYH D LPSRUWDQW HƨHFW RQ WKH PLJUDWLRQ RI DUVHQLF FRP�
SRXQGV� 7KLV VDPH WUHQG ZDV REVHUYHG LQ WKH 6D\EURRN FKHVW�

$QRWKHU LPSRUWDQW ƩQGLQJ LV WKDW PRUH R[LGL]HG SURGXFWV �DUVHQDWHV� ZHUH IRXQG IXU�
WKHU DZD\ IURP WKH LQWDFW SDUWLFOH WKDQ OHVV R[LGL]HG SURGXFWV� VXFK DV DUVHQLWHV� +RZ�
HYHU� WKH R[LGDWLRQ RI WKH RULJLQDO SLJPHQWV DQG WKH PLJUDWLRQ RI LWV GHJUDGDWLRQ SURG�
XFWV LQVLGH WKH SDLQWLQJ LV QRW ZHOO XQGHUVWRRG� 7KH DLP RI WKLV WKHVLV LV WKHUHIRUH WR
JDLQPRUH LQVLJKW LQWR WKHPHFKDQLVPV RI WKLV SKHQRPHQD� 7KH SURSRVHGPDLQ UHVHDUFK
TXHVWLRQ DQG SDUWLFXODU REMHFWLYHV DUH SUHVHQWHG LQ WKH QH[W VHFWLRQ�

��� 5HVHDUFK TXHVWLRQ DQG REMHFWLYHV

7KH PDLQ UHVHDUFK TXHVWLRQ LV� +RZ GR WKH RUSLPHQW DQG UHDOJDU GHJUDGDWLRQ SURGXFWV�
QDPHO\ DUVHQLWHV DQG DUVHQDWHV� PLJUDWH WKURXJKRXW WKH SDLQWLQJ OD\HUV"

,Q RUGHU WR DQVZHU WKH UHVHDUFK TXHVWLRQ� WKH IROORZLQJ SDUWLFXODU REMHFWLYHV ZHUH SUR�
SRVHG�



���� 7KHVLV RXWOLQH �

Ũ $QDO\VH WKH HƨHFW RI GLƨHUHQW JURXQGV LQ WKH R[LGDWLRQ RI RUSLPHQW DQG LQ WKH
PRELOLW\ RI WKH GHJUDGDWLRQ VSHFLHV ZLWK GLƨHUHQW LPDJLQJ WHFKQLTXHV�

Ũ 6WXG\ WKH GLƨXVLRQ RI ZDWHU WKURXJK ELQGHUV DQG YDUQLVKHV FRPPRQO\ XVHG LQ
SDLQWLQJV�

Ũ 'HWHUPLQH WKH GLƨXVLRQ FRHƫFLHQWV RI DUVHQLWHV DQG DUVHQDWHV LQ WKH ELQGHUV DQG
YDUQLVKHV DQG FRPSDUH WKHP�

Ũ 6WXG\ WKH DSSOLFDWLRQ RI $75�)7,5 VSHFWURVFRS\ DQG (,6 WR WKH DQDO\VLV RI WKH SUH�
YLRXVO\ PHQWLRQHG SKHQRPHQRQV�

��� 7KHVLV RXWOLQH

7KLV WKHVLV FRQWDLQV � FKDSWHUV� $Q RYHUYLHZ RI WKH FRQWHQW RI HDFK FKDSWHU LV JLYHQ
EHORZ�

&KDSWHU � GHVFULEHV KRZ D SDLQWLQJ ORRNV OLNH LQ WHUPV RI LWV PDWHULDOV� )LUVWO\� D W\SLFDO
EXLOG�XS RI D SDLQWLQJ LV JLYHQ LQ RUGHU WR SURYLGH D JHQHUDO XQGHUVWDQGLQJ RI WKH V\VWHP
XQGHU VWXG\� $QG VHFRQGO\� WKHPDWHULDOV XVHG LQ WKLV WKHVLV� QDPHO\ SLJPHQWV� JURXQGV�
YDUQLVKHV DQG ELQGHUV DUH LQWURGXFHG�

&KDSWHU � SURYLGHV DQ RYHUYLHZ RI WKH DUVHQLF FKHPLVWU\� ZKLFK LQFOXGHV WKH GHJUDGDWLRQ
UHDFWLRQV RI RUSLPHQW DQG UHDOJDU� WKH DEVRUSWLRQ UHDFWLRQV RI DUVHQLWH DQG DUVHQDWH LQ
DPRUSKRXV R[LGHV DQG WKH PRELOLW\ RI WKLV VSHFLHV LQ ZDWHU�

&KDSWHU � H[SODLQV WKH SURSRVHG PHWKRGRORJ\� ,W LV FRQIRUPHG E\ WZR SDUWV� H[�VLWX
PHDVXUHPHQWV� LQ ZKLFK FURVV�VHFWLRQV RI SDLQWLQJ UHFRQVWUXFWLRQV DUH VWXGLHG E\ 6(0�
('6� )7,5 PLFURVFRS\ DQG LQ�VLWX PHDVXUHPHQWV� ZKHUH WKH GLƨXVLRQ RI ZDWHU DQG DU�
VHQLF LV VWXGLHG E\$75�)7,5 VSHFWURVFRS\ DQG HOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\�
7KH SULQFLSOHV RI WKH WHFKQLTXHV LV JLYHQ� DV ZHOO DV WKH H[SHULPHQWDO VHW XS DQG WKH
PHWKRGV XVHG WR FDOFXODWH WKH GHVLUHG SDUDPHWHUV�

&KDSWHU � FRQWDLQV WKH UHVXOWV IURP WKH H[�VLWXPHDVXUHPHQWV� ,W FRQVLVWV LQ WKUHH SDUWV
WKDW EHORQJ WR WKH WKUHH DQDO\VHG JURXQGV� FKDON� HDUWK SLJPHQW DQG OHDG ZKLWH� /DVWO\�
D GLVFXVVLRQ RI WKH ƩQGLQJV LV SUHVHQWHG�

&KDSWHU � SUHVHQWV WKH UHVXOWV RI WKH LQ�VLWXPHDVXUHPHQWV LQ � GLƨHUHQW VHFWLRQV� )LUVW�
WKH FKDUDFWHUL]DWLRQ RI WKH GDPPDU� PDVWLF� JOXH DQG RLO FRDWLQJV E\ $75�)7,5 VSHF�
WURVFRS\ LV JLYHQ� 7KH VHFRQG DQG WKLUG SDUWV FRQWDLQ WKH ZDWHU GLƨXVLRQ UHVXOWV VWXGLHG
E\ $75�)7,5 VSHFWURVFRS\ DQG (,6� UHVSHFWLYHO\� ,Q WKH IRXUWK DQG ƩIWK SDUWV� WKH UHVXOWV
RI WKH DUVHQLF GLƨXVLRQ ZLWK WKH DERYHPHQWLRQHG WHFKQLTXHV DUH SUHVHQWHG� $QG ODVWO\�
D GLVFXVVLRQ RI WKH UHVXOWV FDQ EH UHDG LQ WKH VL[WK VHFWLRQ�

&KDSWHU ƩQDOO\ VWDWHV WKH ƩQDO FRQFOXVLRQV GUDZQ IURP WKH H[SHULPHQWV PDGH LQ WKLV
WKHVLV DORQJ ZLWK UHFRPPHQGDWLRQV IRU IXWXUH ZRUN�





�

&KDSWHU �

3DLQWLQJ V\VWHPV

,Q WKLV FKDSWHU� D EULHI LQWURGXFWLRQ RI WKH PDWHULDOV WKDW FRQVWLWXWH D SDLQWLQJ LV JLYHQ�
)LUVW� D W\SLFDO VWUXFWXUH RI D SDLQWLQJ LV GHVFULEHG� 7KH JHQHUDO FKDUDFWHULVWLFV RI WKH
SDLQWLQJ FRPSRQHQWV �JURXQG� SLJPHQW� ELQGHU DQG YDUQLVK� DUH LQGLYLGXDOO\ JLYHQ DQG D
GHVFULSWLRQ RI WKH PDWHULDOV XVHG LQ WKLV WKHVLV LV SURYLGHG�

��� 3DLQWLQJ EXLOG�XS

$ SDLQWLQJ LV D YHU\ FRPSOH[ V\VWHP WKDW LV FRQIRUPHG E\ PXOWLSOH OD\HUV DQG HDFK OD\HU
KDV D ZLGH YDULHW\ RI PDWHULDOV� 7KH W\SLFDO VWUXFWXUH RI D SDLQWLQJ LV SUHVHQWHG LQ )LJ�
���� 7KH VXUIDFH ZHUH WKH SDLQW LV DSSOLHG LV FDOOHG VXSSRUW� ,W FDQ EH PDGH RI D ULJLG
PDWHULDO OLNH ZRRG� PHWDO� JODVV RU SODVWLF� RU E\ D ƪH[LEOH PDWHULDO OLNH D FRWWRQ RU OLQHQ
FDQYDV VWUHWFKHG RYHU D ZRRGHQ IUDPH� 7KH FDQYDV LV FRYHUHG E\ D GLOXWHG JOXH� FDOOHG
D VL]H� WR SUHYHQW WKH VXEVHTXHQW OD\HUV WR EH DEVRUEHG RQ WKH VXSSRUW DQG DYRLG WKH
SHQHWUDWLRQ RI ELQGHUV DQG YHKLFOHV WKDW FRXOG DƨHFW WKH VXSSRUW PDWHULDO� ,Q RUGHU WR
HQKDQFH WKLV SURWHFWLRQ DQG FUHDWH D UHƪHFWLYH VXUIDFH EHQHDWK WKH SDLQW ƩOP� D JURXQG�
WKDW FRQVLVW QRUPDOO\ LQ D JOXH� FKDON DQG ZKLWH SLJPHQW� LV DSSOLHG RQ WRS� $ERYH WKH
JURXQG� VHYHUDO OD\HUV RI SDLQW DUH DSSOLHG� 7KH SDLQW FRQVLVWV RI D SRZGHUHG PDWHULDO�
SLJPHQW� ZKLFK SURYLGHV WKH FRORXU GLVSHUVHG LQ D OLTXLG FDOOHG ELQGHU WKDW KHOSV WKH
SDLQW WR EH VSUHDG RXW DQG NHHSV WKH LQGLYLGXDO SLJPHQW JUDLQV WRJHWKHU DQG DWWDFKHG
WR WKH VXUIDFH SURGXFLQJ D VWDEOH SDLQW ƩOP XSRQ GU\LQJ� 7KH ELQGHU FDQ EH RLO� HJJ�
JXP RU D V\QWKHWLF SRO\PHU� 6RPHWLPHV� D YHKLFOH LV DGGHG WR WKH SDLQW WR IDFLOLWDWH WKH
DSSOLFDWLRQ� PDNH LW PRUH WUDQVSDUHQW DQG DLG WKH GU\LQJ RI WKH ƩOP� 7KH YHKLFOH FDQ EH
ZDWHU� JXPV� DFU\OLF SRO\PHUV� WXUSHQWLQH RU SHWUROHXP GHULYDWLYHV DQG WKH\ HYDSRUDWH
DV WKH SDLQW GULHV� )LQDOO\� D OD\HU RI YDUQLVK FDQ EH SODFHG RQ WRS WR SURWHFW WKH SDLQWLQJ
IURP SROOXWDQWV� GLUW� DQG PRLVWXUH DQG WR FKDQJH WKH ƩQDO DSSHDUDQFH RI WKH SDLQLQJ
E\ PDNLQJ LW PRUH UHƪHFWLYH >�@�



� &KDSWHU �� 3DLQWLQJ V\VWHPV

A 

B 

C 

D 

)LJ� ���� 7\SLFDO VWUXFWXUH RI D SDLQWLQJ� $� FDQYDV� %� JURXQG� &� SDLQW� '�
YDUQLVK >�@�

��� *URXQG

7KH JURXQG LV D WKLFN FRDWLQJ WKDW LV DSSOLHG WR WKH WKH VL]HG VXSSRUW� ,W SUHYHQWV WKH
SHQHWUDWLRQ RI ELQGHUV DQG YHKLFOHV WR WKH VXSSRUW DQG DFWV DV D UHƪHFWLYH VXUIDFH DV
OLJKW SHQHWUDWHV WKURXJK WKH SDLQW DV IDU DV WKH JURXQG� 7UDGLWLRQDOO\ IRU ZRRGHQ SDQHOV
DQG FDQYDV� D PL[WXUH RI DQLPDO JOXH DQG J\SVXP FDOOHG JHVVR ZDV XVHG� )URP WKH
UHQDLVVDQFH� D KDUG JHVVR FRQWDLQLQJ DPL[WXUH EHWZHHQ DQLPDO JOXH� FKDON �&D&2�� DQG
VRPHWLPHV D ZKLWH SLJPHQW �QRUPDOO\ OHDG ZKLWH� KDV EHHQ XVHG XVHG� DOWKRXJK VRPH
DUWLVWV DGG FRORXU WR FUHDWH D EDVH IRU VXEVHTXHQW FRORXUV� 1RZDGD\V WKH DQLPDO JOXH
RI WUDGLWLRQDO JHVVR LV EHLQJ UHSODFHG E\ DQ DFU\OLF SRO\PHU� 7KH PRVW XVHG SLJPHQW
IRU EXLOGLQJ WKH JURXQG LV OHDG ZKLWH� ZKLFK EULQJV OXPLQRVLW\ WR WKH IROORZLQJ SDLQW
OD\HUV� DOWKRXJK RWKHU FRORXUV DUH RIWHQ XVHG >�@� %HVLGHV SURWHFWLRQ� WKH JURXQG LV XVHG
WR SUHSDUH WKH VXUIDFH RI WKH VXSSRUW DQG FUHDWH D VPRRWK� XQLIRUP DQG QRQ SRURXV
VXUIDFH WR SDLQW�

,Q WKLV WKHVLV� FKDON� OHDG ZKLWH DQG DQ HDUWK SLJPHQW ZHUH VWXGLHG DV WKH JURXQGV LQ
WKH SDLQWLQJ UHFRQVWUXFWLRQV IRU WKH H[�VLWX H[SHULPHQWV� 7KHVH DUH SUHVHQWHG LQ WKH
IROORZLQJ VHFWLRQ DV WKH\ DUH SLJPHQWV�

��� 3LJPHQW

$ SLJPHQW LV D ƩQH SRZGHU WKDW EULQJV WKH FRORXU WR WKH SDLQW DQG LV GLVSHUVHG LQ D OLTXLG
�ELQGHU�� 7KH FRORXU RI D SLJPHQW LV SURGXFHG E\ WKH VHOHFWLYH DEVRUSWLRQ RIZDYHOHQJWKV
RI YLVLEOH OLJKW� 9LVLEOH OLJKW FRPSULVHV D UDQJH RI WKH HOHFWURPDJQHWLF VSHFWUXP WKDW WKH
H\H UHVSRQGV WR E\ VHQVLQJ GLƨHUHQWZDYHOHQJWK DV GLƨHUHQW FRORXUV �)LJ� ���D�� $ FRORXU
RI D PDWHULDO ZLOO EH JLYHQ E\ WKH ZDYHOHQJWKV WKDW DUH QRW DEVRUEHG� EXW UHƪHFWHG� )RU
H[DPSOH� D JUHHQ REMHFWZLOO DEVRUE DOOZDYHOHQJWKV H[FHSW WKRVH FRUUHVSRQGLQJ WR JUHHQ
OLJKW )LJ� ���E� 7KHUHIRUH� D SLJPHQW LV D VXEVWDQFH WKDW DEVRUEV D FHUWDLQ SDUW RI WKH
HOHFWURPDJQHWLF VSHFWUXP SURYLGLQJ FRORXU >�@�



���� 3LJPHQW �

�D� (OHFWURPDJQHWLF VSHFWUXP

�E� $EVRUSWLRQ

)LJ� ���� (OHFWURPDJQHWLF VSHFWUXP VKRZLQJ WKH YLVLEOH OLJKW UHJLRQ DQG
VFKHPDWLF RI VHOHFWLYH ZDYHOHQJWK DEVRUSWLRQ >�� �@�

$ SLJPHQW FDQ EH QDWXUDO� IURP GLƨHUHQW VRXUFHV RI DQLPDOV� SODQWV RU PLQHUDOV� RU V\Q�
WKHWLF� ,W LV JURXQGHG DV D ƩQH SRZGHU DQG GLVSHUVHG LQ D OLTXLG WR DOORZ LWV DSSOLFDWLRQ
LQ WKH SDLQWLQJ� 7KURXJKRXW KLVWRU\� WKH XVDJH RI GLƨHUHQW SLJPHQWV KDV FKDQJHG IRU
VHYHUDO UHDVRQV VXFK DV DYDLODELOLW\� WR[LFLW\� RU WKH ƩQGLQJ RU GHYHORSPHQW RI RWKHU SLJ�
PHQWV� 2QO\ WKH SLJPHQWV VWXGLHG LQ WKLV WKHVLV� QDPHO\ FKDON� OHDG ZKLWH� HDUWK� RUSL�
PHQW DQG UHDOJDU� DUH GHVFULEHG LQ WKH IROORZLQJ VHFWLRQV�

����� &KDON

&KDON LV D ZKLWH SRURXVPDWHULDO FRPSRVHG RI FDOFLWH� ZKLFK LV WKHPRVW FU\VWDOOLQH IRUP
RI FDOFLXP FDUERQDWH &D&2�� &KDON RFFXUV QDWXUDOO\ LQ WKLFN EHGV LQ PDQ\ SDUWV RI WKH
ZRUOG DQG LV IRUPHG IURP PDULQH VHGLPHQWV WKDW FRQVLVW RI VNHOHWDO UHPDLQV RI SUHKLV�
WRULF LQYHUWHEUDWH DQLPDOV� ,W KDV EHHQ XVHG DV D ZKLWH SLJPHQW VLQFH DQWLTXLW\ DQG LV
VWLOO LQ XVH� +RZHYHU� LW KDV D SRRU FRYHULQJ TXDOLW\ ZKHQ PL[HG ZLWK RLO� 2WKHU XVHV
LQFOXGH WKH SURGXFWLRQ RI OLPH DQG SRUWODQG FHPHQW DQG DV D SLJPHQW LQ FHUDPLFV� FRV�
PHWLFV� SDSHU DQG SDLQWV� 7KH PL[WXUH RI FKDON DQG JOXH LV WKH PRVW FRPPRQ JURXQG LQ
1RUWKHUQ (XURSHDQ SDLQWLQJV IURPPHGLHYDO WLPHV WR WKH ��WK FHQWXU\ >�@�

����� /HDG ZKLWH

7KH WHUP OHDGZKLWH FRQVWLWXWHV DQ\ OHDG�EDVHG SLJPHQW� +RZHYHU� LW JHQHUDOO\ UHIHUV WR
EDVLF OHDG FDUERQDWH >�@� ,W LV RQH RI WKHPRVW LPSRUWDQW DQG XVHG SLJPHQWV RI DOO WLPHV



� &KDSWHU �� 3DLQWLQJ V\VWHPV

DQG LW KDV EHHQ XVHG VLQFH DQWLTXLW\ XQWLO WKH ��WKFHQWXU\� ZKHQ LWV SURGXFWLRQ ZDV UH�
VWULFWHG GXH WR LWV WR[LFLW\� ,W ZDV SUHIHUUHG DPRQJ DUWLVWV EHFDXVH LW FDQ EH DSSOLHG LQ D
YHU\ WKLQ OD\HU GXH WR LWV KLJK GHQVLW\ DQG KLJK GHJUHH RI RSDFLW\� $QRWKHU SLJPHQW� ]LQF
ZKLWH� ZDV XVHG DV DQ DWWHPSW WR UHSODFH LW� EXW LW FRXOG QRW PDWFK WKH JUHDW FRYHULQJ
DELOLW\ RI OHDG ZKLWH� ,W ZDV QRW XQWLO ���� ZKHQ WLWDQLXPZKLWH� ZKLFK KDV D VLPLODU FRY�
HULQJ DELOLW\� EHJDQ WR EH SURGXFHG WKDW OHDG ZKLWH XVDJH ZDV VXEVWDQWLDOO\ GLPLQLVKHG�
&KHPLFDOO\� LW LV D EDVLF OHDG FDUERQDWH ZLWK IRUPXOD �3E&2�·3E�2+��� ,W KDV EHHQ XVHG
LQ FRPELQDWLRQ ZLWK D ZLGH YDULHW\ RI ELQGHUV OLNH ZDWHU� OLQVHHG RLO� DQLPDO JOXH� DQG
WHPSHUD >�� ��@�

����� (DUWK SLJPHQWV

7KH HDUWK SLJPHQWV DUH D JURXS RI VLOLFRQ DQG DOXPLQLXP EDVHG PLQHUDOV WKDW FRQWDLQ
R[LGHV� SULQFLSDOO\ RI LURQ DQG PDJQHVLXP� DQG DUH IRXQG WKURXJKRXW WKH ZRUOG� 7KH\
FDQ EH FODVVLƩHG DV�

Ũ 2FKUHV� WKH PDMRU FRPSRQHQWV DUH LURQ R[LGH DQG FOD\� 7KHLU FRORXU JRHV IURP
\HOORZ� SURGXFHG E\ K\GUDWHG LURQ R[LGH� WR UHG� JLYHQ E\ DQK\GURXV LURQ R[LGH�
7KH\ DUH YHU\ GXUDEOH DQG LQHUW�

Ũ 6LHQQDV� WKLV SLJPHQWV� QDPHG DIWHU WKH ,WDOLDQ FLW\ RI 6LHQQD� GLƨHU IURP WKH RWK�
HUV EHFDXVH WKH\ FRQWDLQ PLQRU DPRXQWV �DSSUR[LPDWHO\ ��� RI PDQJDQHVH R[�
LGH� 7KHLU FRORXU LV \HOORZ�EURZQ DQG LW IRUPV D WUDQVSDUHQW SDLQW WKDW LV XVHG DV
D JOD]H�

Ũ 8PEHUV� WKLV EURZQ SLJPHQWV FRQWDLQ LURQ K\GUR[LGH DQG EHWZHHQ � DQG ���
PDQJDQHVH R[LGH� 7KH QDPH FRPHV IURP WKH GHSRVLWV IRXQG QHDU WKH ,WDOLDQ FLW\
RI 8PEULD� DOWKRXJK LW LV DOVR IRXQG LQ 7XUNH\ DQG &\SUXV� 7KH\ KDYH D JRRG KLG�
LQJ SRZHU DQG DUH XVHG LQ RLO DQG ZDWHUFRORXU SDLQWV DQG LQ OLWKRJUDSKLF LQNV DQG
ZDOOSDSHU�

Ũ *UHHQ HDUWKV� WKH\ DUH DOVR FDOOHG WHUUH YHUWH� 7KLV SLJPHQWV GXH WKHLU JUHHQ FRORXU
WR WKH FOD\ PLQHUDOV FHODGRQLWH DQG JODXFRQLWH� 7KH\ DUH VWDEOH DQG FRPSDWLEOH
ZLWK DOO PHGLD� :LWK RLO WKH\ IRUP D WUDQVOXFHQW SDLQW ZLWK D ORZ KLGLQJ SRZHU�

7KHVH PLQHUDOV KDYH EHHQ XVHG DV SLJPHQWV VLQFH DQFLHQW WLPHV WKURXJKRXW WKH ZRUOG�
7KH\ DUH XVHG DV VXFK RU PRGLƩHG E\ URDVWLQJ WKH SLJPHQWV WR KLJKOLJKW WKH UHG FRORXU�
7KHVH URDVWHG SLJPHQWV DUH FDOOHG EXUQW XPEHU� EXUQW VLHQQD� HWF� >�� �@�

����� 2USLPHQW DQG UHDOJDU

2USLPHQW DQG UHDOJDU DUH WZR QDWXUDO RFFXUULQJ DUVHQLF VXOSKLGH PLQHUDOV WKDW DORQJ
ZLWK DUVHQRS\ULWH� IRUP WKH ZRUOGšV DUVHQLF VRXUFH� 7KH\ KDYH EHHQ XVHG DV SLJPHQWV
VLQFH DQFLHQW (J\SW XQWLO WKH ��WK FHQWXU\� 7KH\ KDYH EHHQ LGHQWLƩHG LQ HJ\SWLDQ REMHFWV



���� 3LJPHQW �

IURP WKH ��VW FHQWXU\ %&� LQGLDQ SDLQWLQJV� DVLDQ ZDOO SDLQWLQJV� QRUZHJLDQ IRON DUW RE�
MHFWV DQG ��WK FHQWXU\ $PHULFDQ RLO SDLQWLQJV� DPRQJ RWKHUV� 2USLPHQW ZDV QRW YHU\
FRPPRQ LQ (XURSHDQ ZRUNV RI DUW EXW LW ZDV XVHG IURP 7KH %RRN RI .HOOV ��WK FHQWXU\�
XQWLO WKH ODWH ��WK FHQWXU\ LPSUHVVLRQLVW SDLQWLQJV� ,W DOVR DSSHDUV LQ ZRUNV IURP -DQ
9DQ (\FN ���WK FHQWXU\� DQG 7LQWRUHWWR ���WK FHQWXU\� >��@� +RZHYHU� WKHVH SLJPHQWV DUH
KLJKO\ WR[LF� ,Q JHQHUDO� DUVHQLF VDOWV FDQ FDXVH EODGGHU� VNLQ� OXQJV DQG NLGQH\ FDQFHU
ZKHQ LQJHVWHG RU LQKDOHG >��@� )RU WKLV UHDVRQ� RUSLPHQW DQG UHDOJDU ZHUH UHSODFHG E\
RWKHU SLJPHQWV VXFK DV FDGPLXP DQG FKURPH \HOORZ LQ WKH ��WK FHQWXU\ >�@� 7KH SLJ�
PHQWV DUH SUHVHQWHG LQ )LJ� ���

�D� 2USLPHQW �E� 5HDOJDU

)LJ� ���� 2USLPHQW DQG UHDOJDU SLJPHQWV >��� ��@�

2USLPHQW LV D \HOORZDUVHQLF VXOSKLGH �$V263� DQG UHDOJDU LV D UHG DUVHQLF VXOSKLGH �$V464�
DQG WKH\ FDQ EH IRXQG LQ QDWXUDO RU DUWLƩFLDO IRUP� %RWK RUSLPHQW DQG UHDOJDU KDYH D
PRQRFOLQLF VWUXFWXUH� +RZHYHU� WKH\ KDYH GLƨHUHQW DUUDQJHPHQWV� ,Q RQH KDQG� RUSL�
PHQW FRQVLVWV RI FRYDOHQWO\ ERQGHG >$V�6�@ FKDLQ XQLWV FRQQHFWHG E\ VXOSKXU DWRPV
DQG KHOG WRJHWKHU E\ YDQ GHU :DDOV IRUFHV� ,Q WKH RWKHU KDQG� UHDOJDU �RU α�UHDOJDU�
ZKLFK LV WKH VWDEOH SRO\PRUSK DW URRP WHPSHUDWXUH� KDV FDJH�OLNH XQLWV RI >$V�6�@� DOVR
FRQQHFWHG E\ YDQ GHU :DDOV IRUFHV� ,Q WKLV VWUXFWXUH� DUVHQLF DWRPV IRUP D WHWUDKHGURQ
DQG WKH VXOSKXU DWRPV IRUP D VTXDUH ELVHFWLQJ RQH RI WKH WHWUDKHGURQ D[HV >��@� 7KHLU
FRUUHVSRQGHQW VWUXFWXUHV DUH VKRZQ LQ )LJ� ����

�D� 2USLPHQW �E� 5HDOJDU

)LJ� ���� 2USLPHQW DQG UHDOJDU VWUXFWXUHV� $UVHQLF LV UHSUHVHQWHG E\ RU�
DQJH DQG VXOSKXU E\ EOXH�
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$V PDQ\ RWKHU SLJPHQWV� RUSLPHQW DQG UHDOJDU GHJUDGH ZLWK WLPH� 7KHUH DUH WZR PDLQ
R[LGDWLRQ UHDFWLRQV� 7KH ƩUVW RQH LV D SKRWR�R[LGDWLRQ RQO\ VXƨHUHG E\ UHDOJDU WKDW UH�
VXOWV LQ D WUDQVIRUPDWLRQ RI LWV VWUXFWXUH WR IRUP SDUD�UHDOJDU� SURGXFLQJ D \HOORZ SURG�
XFW WKDW FDQ EH IXUWKHU R[LGL]HG WR FRORXUOHVV DUVHQROLWH �$V�2��� 7KH VHFRQG RQH� ZKLFK
LV WKH WKH SURFHVV VWXGLHG LQ WKLV WKHVLV� LV DQ R[LGDWLRQ WKDW LQYROYHV D FKDQJH LQ WKH R[�
LGDWLRQ VWDWH �IURP $V3+ WR $V5+� DQG RFFXUV LQ ERWK SLJPHQWV >�@� 7KH PHFKDQLVPV RI
ERWK SURFHVVHV DUH GHVFULEHG LQ &KDSWHU ��

��� %LQGHU

$ ELQGHU LV D VXEVWDQFH WKDW WRJHWKHU ZLWK WKH SLJPHQW� FRQIRUPV WKH SDLQW� ,W LV QHFHV�
VDU\ WR NHHS WKH SLJPHQW SDUWLFOHV WRJHWKHU DQG DGKHUHG WR WKH VXEVWUDWH� 7KH ELQGHUV
FDQ EH HLWKHU QDWXUDO RU V\QWKHWLF DQG FDQ EH FODVVLƩHG DV VROXEOH RU LQVROXEOH LQ ZD�
WHU� $QRWKHU FODVVLƩFDWLRQ EDVHG RQ E\ WKHLU FRPSRVLWLRQ LV DV FDUERK\GUDWH�FRQWDLQLQJ
ELQGHUV� VXFK DV KRQH\ DQG SODQW JXPV� SURWHLQ�FRQWDLQLQJ ELQGHUV OLNH DQLPDO JOXHV DQG
HJJ ZKLWH� DQG RWKHUV WKDW GR QRW IDOO LQ WKHVH WZR FDWHJRULHV VXFK DV RLOV� EHHVZD[ DQG
QDWXUDO UHVLQV�

����� $QLPDO JOXH

$QLPDO JOXH LV DQ DGKHVLYH PDWHULDO PDGH RI SURWHLQ� ,W UHVXOWV IURP EUHDNLQJ GRZQ
DQG GLVVROYLQJ FROODJHQ E\ ERLOLQJ FRQQHFWLYH WLVVXHV RU ERQH IURP DQLPDOV VXFK DV ƩVK�
JRDWV� VKHHS� JRDWV� KRUVHV� HWF� ,W KDV WKH SDUWLFXODULW\ WKDW LV VROXEOH LQ KRW ZDWHU DQG
WHQGV WR IRUP D JHO XSRQ FRROLQJ� 7KH JHO JRHV EDFN LQWR VROXWLRQZKHQ LW LV UHKHDWHG� $V
ZDWHU HYDSRUDWHV RXW RI WKH JHO� WKH JOXH EHFRPHV D VWLƨ DQG JODVV\ VROLG >�@� ,W LV KLJKO\
K\JURVFRSLF� LW FRQWDLQV EHWZHHQ ������ ZDWHU DW ��� UHODWLYH KXPLGLW\ �5+� DQG ���
ZDWHU DW ��� 5+ DW URRP WHPSHUDWXUH DQG EHFRPHV PRUH ƪH[LEOH DV LW DEVRUEV PRUH
ZDWHU >��@� ,W KDV EHHQ XVHG VLQFH DQFLHQW (J\SW DQG LV WKH PRVW ZLGHO\ ELQGLQJ PHGLD LQ
WKH ZRUOG� ,W LV XVHG DV D VL]H LQ SDSHU� LQ SDLQW� WH[WLOHV� PDQXVFULSWV� IXUQLWXUH� HWF�

&ROODJHQ LV FRQIRUPHG E\ DPLQR DFLGV SRO\PHUL]HG LQ D WULSOH KHOL[ DUUDQJHPHQW �)LJ�
���E�� 7KH KHOL[�VKDSHG PROHFXOHV DUH IRUPHG E\ RYHU ���� PRQRPHUV DQG DUH SDFNHG
WRJHWKHU WKURXJK K\GURJHQ ERQGV >��@� 7KH GHQVLW\ RI JOXH LV �.�� J FP−� DQG LWV UHIUDF�
WLYH LQGH[ EHWZHHQ ����� DQG ����� >�@�



���� %LQGHU ��

�D� $PLQR DFLGV DQG VHTXHQFH �E� 1HWZRUN

)LJ� ���� �D� *O\FLQH� DODQLQH DQG K\UR[\SUROLQH DQG D W\SLFDO DPLQR DFLG
VHTXHQFH IRXQG LQ FROODJHQ� �E� &ROODJHQQHWZRUN VKRZLQJ WKH WULSOH KHOL[

PROHFXOHV >��@�

����� /LQVHHG RLO

/LQVHHG RLO LV RQH RI WKHPRVW FRPPRQ RLOV XVHG LQ SDLQWLQJV DV D ELQGHU DQG LQ YDUQLVKHV
VLQFH WKH ��WK FHQWXU\ XQWLO WRGD\� ,W LV REWDLQHG IURP WKH VHHGV RI WKH ƪD[ SODQW DQG LW
IRUPV D KDUG� LQVROXEOH ƩOP ZKHQ LW GULHV� 7KH LPSRUWDQFH RI OLQVHHG RLO LQ SDLQWLQJ OLHV
LQ LWV FDSDFLW\ WR IRUP D WKLQ ƩOP ZKHQ LW GULHV WKDW KDV JRRG RSWLFDO DQG PHFKDQLFDO
SURSHUWLHV DQG LW GULHV UHODWLYHO\ IDVW�

7KH RLOV DUH IRUP E\ WULJO\FHULGHV� ZKLFK DUH HVWHUV PDGH IURP RQH PROHFXOH RI JO\FHURO
DQG WKUHH IDWW\ DFLGV �)LJ� ���D�� 7KH IDWW\ DFLGV IRXQG LQ OLQVHHG RLO DUH OLQROHQLF DFLG
��������� ROHLF DFLG ��������� OLQROHLF DFLG ��������� SDOPLWLF DFLG ������� DQG VWHDULF
DFLG ������� 7KHLU VWUXFWXUHV DUH SUHVHQWHG LQ )LJ� ���E� ,W LV D GU\LQJ RLO� ZKLFK PHDQV
WKDW LW GULHV E\ D FKHPLFDO UHDFWLRQ FDOOHG DXWR[LGDWLRQ DQG QRW E\ WKH HYDSRUDWLRQ RI D
VROYHQW OLNH WKH QRQ�GU\LQJ RLOV� 7KH GU\LQJ� RU FXULQJ PHFKDQLVP LQYROYHV DQ H[RWKHU�
PLF UHDFWLRQ EHWZHHQ DQ R[\JHQ DQG RQH RI WKH FDUERQV DGMDFHQW WR D GRXEOH ERQG RI
D IDWW\ DFLG WR IRUP D K\GURSHUR[LGH� 7KLV K\GURSHUR[LGHV WKHQ UHDFW ZLWK DQRWKHU RLO
PROHFXOH WR IRUP DQ LQWUD�PROHFXODU OLQNDJH� 7KLV LV FDOOHG FURVV�OLQNLQJ DQG LW OHDGV WR
WKH IRUPDWLRQ RI D QHWZRUN WKDW UHVXOWV LQ D VROLG ƩOP >��� ��@�
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�D� 7ULJO\FHULGH �E� )DWW\ DFLGV

)LJ� ���� �D� 7ULJO\FHULGH FRPSRVHG RI EODFN� JO\FHURO� UHG� OLQROHQLF� EOXH�
ROHLF� JUHHQ�OLQROHLF DFLGV� �E� )DWW\ DFLGV IRXQG LQ OLQVHHG RLO >��@�

,Q FHUWDLQ RFFDVLRQV� WKH FURVV�OLQNLQJ UHDFWLRQ GRHV QRW WDNH SODFH FRPSOHWHO\ DQG OHDGV
WR WKH IRUPDWLRQ RI ORZPROHFXODU ZHLJKW GHJUDGDWLRQ SURGXFWV OLNH DOGHK\GHV WKDW FDQ
EH IXUWKHU R[LGL]HG WR IRUP D FDUER[\LOLF DFLGV� 7KLV R[LGDWLRQ UHDFWLRQV FDQ DOVR WDNH
SODFH DIWHU KDUGHQLQJ� DOWKRXJK WKH SURFHVV LV VORZ DQG WDNH ORQJ DJHLQJ WLPHV >��@�

��� 9DUQLVK

$ YDUQLVK LV D PDWHULDO FRPSRVHG RI D UHVLQ GLVVROYHG LQ D OLTXLG WKDW IRUPV D KDUG JODVV\
ƩOP XSRQ GU\LQJ� ,W LV XVHG DV D FRDWLQJ DSSOLHG RYHU WKH SDLQW OD\HUV� %HVLGHV SURWHFWLQJ
WKH SDLQWLQJ IURP OLJKW� SROOXWDQWV DQG GXVW LW JLYHV D XQLIRUPVXUIDFH WR WKH SDLQWLQJ DQG
HQKDQFH WKH RSWLFDO SURSHUWLHV� VXFK DV JORVV� FRQWUDVW DQG FRORU VDWXUDWLRQ� 7KH UHVLQ
FDQ EH HLWKHU GLVVROYHG LQ RLO� FDOOHG DQ RLO YDUQLVK� RU LQ WXUSHQWLQH RU HWKDQRO� FDOOHG D
VSLULW YDUQLVK� 7KH UHVLQV FDQ EH HLWKHU QDWXUDO� VXFK DV GDPPDU� PDVWLF� VKHOODF DQG VDQ�
GDUDF� RU V\QWKHWLF OLNH DFU\OLF RU DON\G UHVLQV >�@� ,Q WKLV WKHVLV� WKH WZRPRVW FRPPRQO\
XVHG YDUQLVKHV LQ SDLQWLQJ� PDVWLF DQG GDPPDU� ZHUH VWXGLHG DQG ZLOO EH LQWURGXFHG LQ
WKH QH[W VHFWLRQV�

����� 0DVWLF DQG GDPPDU

0DVWLF DQG GDPPDU DUH WKH WZR PRVW FRPPRQO\ XVHG YDUQLVKHV LQ WKH ��WK DQG ��WK

FHQWXULHV LQ SDLQWLQJ� 7KH\ DUH FODVVLƩHG DV ORZ PROHFXODU ZHLJKW YDUQLVKHV DQG DUH
FRPSRVHG RI D FRPSOH[ PL[WXUH RI FRPSRXQGV� PRVWO\ WULWHUSHQRLGV� $ WULWHUSHQH LV
D FRPSRXQG WKDW LV IRUPHG E\ &��PROHFXOHV FRQWDLQLQJ ULQJ V\VWHPV DQG D QXPEHU RI
IXQFWLRQDO JURXSV� 7KHLU DGYDQWDJH DJDLQVW RWKHU YDUQLVKHV LV WKDW WKH\ DUH OHVV \HOORZ�
LQJ ZKHQ DSSOLHG DQG PRUH VROXEOH� KHQFH D WKLQ ƩOP LV HDVLHU WR DSSO\ DQG WKH GHFRO�
RUDWLRQ LV QRW YHU\ VHULRXV� 7KHLU GLVDGYDQWDJHV LV WKDW DSDUW IURP \HOORZLQJ� GDPPDU
DQG PDVWLF EHFRPH EULWWOH ZKHQ GULHG DQG FDQ FUD]H DQG EHFRPH PDWW >��@�



���� 9DUQLVK ��

0DVWLF LV REWDLQHG IURP WKH 3LVWDFLD WUHH RI WKH $QDFDUGLDFHDH IDPLO\� ZKLFK JURZV LQ
WKH FRDVWV RI WKH 0HGLWHUUDQHDQ PDLQO\ LQ WKH JUHHN LVODQG RI &KLRV� ,W KDV EHHQ XVHG
VLQFH DQWLTXLW\ DV DQ RLO YDUQLVK DQG VLQFH WKH ��WK FHQWXU\ DV D VSLULW YDUQLVK GLOXWHG ZLWK
WXUSHQWLQH� XQWLO GDPPDU ZDV LQWURGXFHG LQ WKH ��WK FHQWXU\� ,W LV DOVR XVHG DV FKHZLQJ
JXP DQG D ƪDYRXULQJ DJHQW LQ D OLTXRU FDOOHG PDVWLFD�

'DPPDU LV REWDLQHG IURP WKH WUHHV RI WKH IDPLO\'LSWHURFDUSDFHDH IURP VRXWKHDVW $VLD�
,WZDV LQWURGXFHGDV DSLFWXUH YDUQLVK LQ ����DQGEHHQXVHG H[WHQVLYHO\� 'XH WR LWV RSWLFDO
TXDOLWLHV DQG UHVLVWDQFH WR \HOORZLQJ� LW KDV UHSODFHGPDVWLF >��@� 1RZDGD\V� LWV SULQFLSDO
XVH LV DV D VSLULW YDUQLVK IRU SDLQWLQJV� +RZHYHU� LWV XVH KDV GHFOLQHG EHFDXVH RI WKH
SURGXFWLRQ RI V\QWKHWLF PDWHULDOV� ,W LV DOVR XVHG LQ SDLQWLQJ LQNV DQG DV FRDWLQJV IRU
SDSHUV DQG WH[WLOHV >�@� 7KH UROH RI GDPPDU DV D YDUQLVK IRU FRQVHUYDWLRQ WUHDWPHQW RI
RLO SDLQWLQJV KDV EHHQ LPSRUWDQW� ,W LV VWLOO FRQVLGHUHG D JRRG RSWLRQ DQG IDLUO\ XVHG E\
PLGGOH (XURSHDQ FRQVHUYDWRUV >��@�

0DVWLF DQG GDPPDU KDYH VLPLODU SURSHUWLHV� 7KHLU GHQVLW\ LV �.��� J FP−� IRU PDVWLF
DQG ���� WR �.�� J FP−� IRU GDPPDU� 7KHLU UHIUDFWLYH LQGH[ LV ����������� IRU PDVWLF DQG
����������� IRU GDPPDU� 7KH\ DUH ERWK LQVROXEOH LQ ZDWHU DQG VROXEOH LQ WXUSHQWLQH� RLO
DQG FKORURIRUP� :KLOH PDVWLF LV VROXEOH LQ DOFRKRO� GDPPDU KDV DQ LQVROXEOH SRO\PHULF
IUDFWLRQ ZKLFKPDNHV LW RQO\ VOLJKWO\ VROXEOH >�@� $QRWKHU GLƨHUHQFH LV WKH ORZHU SRODULW\
RI GDPPDU FRPSDUHG WR PDVWLF >��@�

,Q FKHPLFDO FRPSRVLWLRQ� ERWK YDUQLVKHV VKDUH VRPH FRPSRXQGV� 7KH FKHPLFDO FRP�
SRXQGV LQ GDPPDU KDYH EHHQ IRXQG TXLWH FRQVWDQW QR PDWWHU WKH VRXUFH� RQO\ WKH SUR�
SRUWLRQV LV ZKDW FKDQJHV� FRQWUDU\ WR PDVWLF ZKHUH LWV FRPSRQHQWV DUH PRUH YDULHG�

$V PHQWLRQHG DERYH� WKHVH YDUQLVKHV DUH IRUPHG E\ D FRPSOH[ PL[WXUH WKDW FRQVLVW
PDLQO\ LQ WULWHUSHQRLG FRPSRXQGV� 7KHVH WULWHUSHQRLGV WHQG WR IRUP D ƪDW VKHHW�OLNH
VWUXFWXUH FRQQHFWHG E\ YDQ GHU:DDOV LQWHUDFWLRQV FUHDWLQJ ZHDN FURVV�OLQNV� 7KH WULWHU�
SHQRLGV IRXQG LQ PDVWLF DUH SUHVHQWHG LQ 7DEOH ���� ZKLOH WKRVH HQFRXQWHUHG LQ GDPPDU
DUH SUHVHQWHG LQ 7DEOH ��� >��@� %HVLGHV WKH WULWHUSHQRLG FRPSRXQGV� ERWK PDWHULDOV
KDYH D SRO\PHULF IUDFWLRQ� ,Q PDVWLF� LW KDV EHHQ LGHQWLƩHG DV FLV�����SRO\�β�P\UFHQH
�)LJ� ���D� DQG LQ GDPPDU DV SROLFDG\HQH �)LJ� ���E�� 7KH SROLPHULF IUDFWLRQ LQ IUHVK
GDPPDU KDV EHHQ IRXQG WR EH FRPSRVH EHWZHHQ �� DQG ��� RI WKH WRWDO PDVV >��@�
$GGLWLRQDOO\� GDPPDU FRQWDLQV D IUDFWLRQ RI VHVTXLWHUSHQRLG �&��� FRPSRXQGV DQG LQ
PDVWLF� DSSUR[LPDWHO\ �� RI HVVHQWLDO RLO KDV EHHQ IRXQG DV ZHOO DV ELF\FOLF DQG WULF\FOLF
WULWHUSHQRLGV� (YHQ LQ IUHVK GDPPDU DQG PDVWLF� WKH FRPSRXQGV DUH R[LGL]HG WR VRPH
GHJUHH� 8S WR � R[\JHQV KDYH EHHQ IRXQG WR EH LQFRUSRUDWHG WR WKH LQLWLDO FRPSRQHQWV
>��@�
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�D� FLV�����SRO\�β�P\UFHQH �E� SROLFDG\HQH

)LJ� ���� 3RO\PHULF IUDFWLRQV IRXQG LQ �D� PDVWLF DQG �E� GDPPDU >��@�

7KH GHJUDGDWLRQ RI WKHVH YDUQLVKHV LQYROYHV D SKRWR�R[LGDWLRQ RI WKH WULWHUSHQRLG IUDF�
WLRQ� 7KLV LQFUHDVHV WKH DEXQGDQFH RI SRODU JURXSV� ZKLFK PDNHV WKH YDUQLVK PRUH K\�
GURSKLOLF EHFDXVH RI WKH SUHVHQFH RI K\GUR[\O JURXSV ��2+� DQG LQFUHDVHV WKH DFLGLW\
VLQFH FDUER[\OLF JURXSV ��&22+� DUH IRUPHG� $W WKH VDPH WLPH� WKLV LQFUHDVHV WKH GLSR�
ODU DQG K\GURJHQ ERQGLQJ LQWHUDFWLRQV PDNLQJ WKH YDUQLVK VWLƨHU DQG PRUH EULWWOH ZLWK
D KLJKHU GHJUHH RI FURVV�OLQNLQJ�
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�� &KDSWHU �� 3DLQWLQJ V\VWHPV

7DEOH ���� &RPSRXQGV LGHQWLƩHG LQ GDPPDU >��@�

1DPH 51 6WUXFWXUH
'DPPDUDGLHQRO 2+� +
'DPPDUDGLHQRQH 2

'DPPDUHQROLF DFLG �

+\GUR[\GDPPDUHQRQH 2
'DPPDUHQHGLRO 2+� +

6KRUHLF DFLG DQG HLFKOHULDQLF DFLG �

+\GR[\KRSDQRQH 2
��DFHWR[\����K\GUR[\�KRSDQRQH &+3&22

+\GUR[\ROHDQRQLF ODFWRQH �

���K\GUR[\�����VHFRXUV����HQH ���������WULRLF DFLG ��→����ODFWRQH

$VLDWLF DFLG �



��

&KDSWHU �

$UVHQLF FRPSRXQGV

,Q WKLV FKDSWHU� DQ LQWURGXFWLRQ WR WKH SURSHUWLHV DQG FKHPLVWU\ RI DUVHQLF DQG DUVHQLF
FRPSRXQGV LV SUHVHQWHG� )LUVW� JHQHUDO SURSHUWLHV RI DUVHQLF DUH GHVFULEHG� 6HFRQGO\�
WKH R[LGDWLRQ UHDFWLRQV RI WKH VXOSKLGH PLQHUDOV DUH VKRZQ� ZKLFK DUH WKRVH VXƨHUHG E\
WKH RUSLPHQW DQG UHDOJDU SLJPHQWV� 7KH ODVW VHFWLRQ UHIHUV WR DUVHQLWHV DQG DUVHQDWHV
LQ VROXWLRQ� ,Q WKLV VHFWLRQ� WKHLU DGVRUSWLRQ UHDFWLRQ LQ DOXPLQLXP R[LGH LV LQWURGXFHG�
ZKLFK LV WKH EDVLV RI WKH LQ�VLWX H[SHULPHQWV SHUIRUPHG WRPHDVXUH WKH GLƨXVLRQ RI WKHVH
VSHFLHV LQ WKH YDUQLVKHV DQG ELQGHUV� DQG ODVWO\ WKHLU PRELOLW\ LQ ZDWHU LV GHVFULEHG�

��� 3URSHUWLHV RI DUVHQLF

$UVHQLF �$V� LV D FKHPLFDO HOHPHQW WKDW EHORQJV WR WKH PHWDOORLG JURXS� ,W LV PRVWO\
IRXQG LQ QDWXUH LQ PLQHUDOV LQ FRPELQDWLRQ ZLWK VXOSKXU DQG PHWDOV� DOWKRXJK LW LV DOVR
SUHVHQW DV SXUH FU\VWDOV� ,W KDV EHHQ XVHG VLQFH DQFLHQW WLPHV LQ VHYHUDO DSSOLFDWLRQV� ,W
KDV EHHQ XVHG LQ PHWDOOXUJ\ IRU GHFRUDWLRQ DQG SLJPHQWDWLRQ� LQ ƩUHZRUNV DQG ZDUIDUH�
2QH RI WKH PRVW IDPRXV XVHV RI DUVHQLF R[LGH �$V�2�� LV DV D SRLVRQ� ŤWKH SRLVRQ RI
NLQJVŤ� VLQFH LW LV RGRXUOHVV� WDVWHOHVV DQG OHWKDO LQ VPDOO GRVHV DQG ZDV PRVWO\ XVHG E\
WKH UXOLQJ FODVV� ,Q WKH RWKHU KDQG� LW ZDV XVHG IRU FXUDWLYH SXUSRVHV WR WUHDW V\SKLOLV
DQG FDQFHU DQG LV VWLOO XVHG WR WUHDW OHXNDHPLD� ,W KDV DOVR EHHQ XVHG LQ DJULFXOWXUH DV D
LQVHFWLFLGH DQG LQ ZRRG DV D SUHVHUYDWLYH VLQFH LW LV WR[LF WR LQVHFWV� EDFWHULD DQG IXQJL
>��� ��@�

7KH WR[LFLW\ RI DUVHQLF LV GXH WR LWV DƫQLW\ WR GLWKLRO JURXSV �6+�� ZKLFK LQWHUIHUHV ZLWK
HQ]\PDWLF DFWLYLW\� /RQJ H[SRVXUHV PD\ FDXVH GRPH IRUPV RI FDQFHU VXFK DV VNLQ� EODG�
GHU� OXQJ DQG NLGQH\� 7KH JUHDWHVW DUVHQLF H[SRVXUH WKUHDW IRU KXPDQV LV LQ GULQNLQJ
ZDWHU� 7KHUHIRUH� PXFK HƨRUW KDV EHHQ PDGH WR XQGHUVWDQG WKH FKHPLVWU\ RI DUVHQLF
ZLWK WKH ƩQDOLW\ RI UHPRYLQJ LW IURP VRLOV DQG ZDWHU >��@�

$UVHQLF LV IRXQG LQ WKH SHULRGLF WDEOH LQ JURXS 9 LQ WKH WKLUG URZ DQG LWV DWRPLF QXPEHU
LV ��� ,W HOHFWURQLF FRQƩJXUDWLRQ LV >$U@�V� �G�� �S�� ZKLFK SURYLGHV � YDOHQFH HOHFWURQV WR
IRUPDERQG DQG HPSW\ S RUELWDOV IRU HOHFWURQ RFFXSDWLRQ� $V D FRQVHTXHQFH� LW FDQ IRUP



�� &KDSWHU �� $UVHQLF FRPSRXQGV

FRPSRXQGVZLWK R[LGDWLRQ VWDWHV IURP�� WR ��� EXW LV SUHGRPLQDQWO\ IRXQG DV $V�� DQG
$V�� DQG LW LV PDLQO\ IRXQG LQ QDWXUH ERXQGHG WR R[\JHQ DQG VXOSKXU� 7KH FRPSRXQGV
IRUPHG LQ VROXWLRQ DUH DUVHQLWHV� ZLWK DQ R[LGDWLRQ VWDWH RI ��� DQG DUVHQDWHV ZLWK DQ
R[LGDWLRQ VWDWH RI ���

��� $UVHQLF VXOSKLGHV

$UVHQRS\ULWH �)H$V6�� RUSLPHQW �$V�6�� DQG UHDOJDU �$V�6�� DUH WKH PRVW FRPPRQ DU�
VHQLF VXOSKLGH PLQHUDOV� $UVHQLF ERQGV WR VXOSKXU LQ D FRYDOHQW ZD\ DQG LW IRUPV DU�
UDQJHPHQWV WRJHWKHU ZLWK $V�$V ERQGV� $ GHVFULSWLRQ RI RUSLPHQW DQG UHDOJDU FDQ EH
IRXQG LQ 6HFWLRQ ������ 7KH PRVW FRPPRQ UHDFWLRQV VXƨHUHG E\ WKHVH PLQHUDOV DUH WKH
SKRWR�R[LGDWLRQ RI UHDOJDU DQG WKH R[LGDWLRQ RI RUSLPHQW DQG UHDOJDU� 7KHVH UHDFWLRQV
DUH SUHVHQWHG LQ WKH IROORZLQJ VHFWLRQ�

����� 3KRWR�R[LGDWLRQ RI UHDOJDU

:KHQ H[SRVHG WR OLJKW� α�UHDOJDU GHJUDGHV LQWR D IULDEOH� \HOORZ ƩOP� ,Q WKH SDVW� WKLV
\HOORZ SURGXFW ZDVPLVWDNHQO\ LGHQWLƩHG DV RUSLPHQW� VLQFH WKH WZR SLJPHQWV DUH RIWHQ
IRXQG WRJHWKHU� +RZHYHU� UHFHQW VWXGLHV KDYH GHPRQVWUDWHG WKDW LW LV WKH SRO\PRUSK
SDUD�UHDOJDU >��@� 7KH WUDQVIRUPDWLRQ WR SDUD�UHDOJDU RFFXUV ZKHQ WKH SLJPHQW LV H[�
SRVHG WR OLJKW DW ZDYHOHQJWKV RI �������QP� $ PROHFXOH RI $V�6� LQFRUSRUDWHV D VXO�
SKXU DWRP LQWR LWV VWUXFWXUH IRUPLQJ $V�6�� FDOOHG WKH χ�SKDVH� 6XEVHTXHQWO\� WKH χ�
SKDVH LV WUDQVIRUPHG LQWR D ODUJHU $V�6� SDUD�UHDOJDU PROHFXOH E\ UHOHDVLQJ D VXOSKXU
DWRP� ZKLFK LV UH�DWWDFKHG WR DQRWKHU UHDOJDU PROHFXOH� 7KH UHVXOWLQJ SDUD�UHDOJDU
PROHFXOH KDV WKH VDPH FKHPLFDO IRUPXOD DV UHDOJDU EXW ZLWK D GLƨHUHQW VWUXFWXUH �)LJ�
�����

�D� α�5HDOJDU �E� SDUD�5HDOJDU

)LJ� ���� 6WUXFWXUHV RI WKH UHDOJDU SRO\PRUSKV� $UVHQLF LV UHSUHVHQWHG E\
RUDQJH DQG VXOSKXU E\ EOXH�



���� $UVHQLF VXOSKLGHV ��

:LWKLQ WKH α�UHDOJDU PROHFXOH� WKH IRXU DUVHQLF DWRPV DUH LQ HTXLYDOHQW HQYLURQPHQWV�
WKH\ DUH FRYDOHQWO\ ERQGHG WR WZR VXOSKXU DWRPV DQG DQRWKHU DUVHQLF DWRP� 7KH SKRWR�
R[LGDWLRQ SURGXFHV D QHZ DUUDQJHPHQW RI WKH DWRPV LQ SDUD�UHDOJDU� 1RZ WKHUH DUH
WKUHH GLƨHUHQW HQYLURQPHQWV IRU WKH IRXU DUVHQLF DWRPV� WKH ƩUVW $V DWRP LV ERQGHG
WR WKUHH 6 DWRPV� WKH VHFRQG KDV RQH $V�6 ERQG DQG WZR $V�$V ERQGV DQG WKH WKLUG
DQG IRXUWK �WZR HTXLYDOHQW DUVHQLF DWRPV� KDYH WZR $V�6 ERQGV DQG RQH $V�$V ERQG�
0RUHRYHU� WKHUH LV DQ DQLVRWURSLF XQLW FHOO H[SDQVLRQ �IURP ��� WR ����� UHVXOWLQJ LQ D
ORVV LQ FU\VWDOOLQLW\ >��@� 7KH SDUD�UHDOJDU PROHFXOH FDQ EH IXUWKHU R[LGL]HG WR SURGXFH
DUVHQLF R[LGH �$V�2��� ZKLFK LV ZKLWH� 7KHUHIRUH� WKH WUDQVIRUPDWLRQ RI UHDOJDU WR SDUD�
UHDOJDU DQG IXUWKHU WR DUVHQLF R[LGH LPSO\ D FRORXU FKDQJH� ZKLFK FKDQJHV WKH DVSHFW
RI WKH SDLQWLQJ RU SDLQWHG REMHFW DQG PD\ KDYH GHWULPHQWDO HƨHFWV LQ WKH SDLQWLQJ VLQFH
LW LV DFFRPSDQLHG ZLWK D YROXPH H[SDQVLRQ DQG E\ WKH UHOHDVH RI VHFRQGDU\ UHDFWLRQ
SURGXFWV�

����� 2[LGDWLRQ RI RUSLPHQW DQG UHDOJDU

&RQWUDULO\ WR WKH SKRWR�R[LGDWLRQ� ZKLFK RQO\ DSSOLHV WR UHDOJDU� WKLV RWKHU NLQG RI GHJUD�
GDWLRQ RFFXUV LQ ERWK UHDOJDU DQG RUSLPHQW� ,W FRQVLVWV RI DQ R[LGDWLRQ UHDFWLRQ RI WKH
DUVHQLF VXOSKLGHV ZLWK ZDWHU DQG R[\JHQ WR IRUP DTXHRXV DUVHQLWHV DQG DUVHQDWHV�

7KH R[LGDWLRQ RI QDWXUDO RUSLPHQW ZDV VWXGLHG E\ /HQJNH HW DO LQ WKH S+ UDQJH IURP ���
WR ��� >��@� 7KH\ IRXQG WKDW WKH R[LGDWLRQ UDWH RI RUSLPHQW LQFUHDVHV ZLWK S+ DQG R[\�
JHQ FRQWHQW DQG WKDW DQ H[RWKHUPLF UHDFWLRQ LV SURGXFHG� 7KH SURGXFWV RI WKH UHDFWLRQ
DUH WKH R[\DQLRQV DUVHQLWH DQG DUVHQDWH� ZKRVH SURSHUWLHV DUH LQWURGXFHG LQ WKH QH[W
VHFWLRQ� 7KH\ SURSRVHG WKH IROORZLQJ UHDFWLRQV�

As2S3 + 10O2 + 6H2O → 2HAsO2−
4 + 3SO2−

4 + 10H+

RUAs2S3 + 10O2 + 6H2O → 2H2AsO
−
4 + 3SO2−

4 + 8H+

7KHSURGXFWV RI WKH UHDFWLRQ DUH DUVHQDWHV� WKDW GHSHQGLQJRQ WKHS+ZLOO EHPRQR�RU GL�
SURWRQDWHG� DQG VXOSKDWHV� $OVR� WKH UHDFWLRQSURGXFHVH+� WKXV DFLGLI\LQJ WKHPHGLXP�
)XUWKHUPRUH� WKH\ IRXQG WKDW WKH R[LGDWLRQ UHDFWLRQGRHV QRW SURFHHG WR FRPSOHWLRQEXW
WKHUH LV D FRPSHWLWLYH GLVVROXWLRQ UHDFWLRQ ZKHUH DUVHQLWHV DQG VXOSKDWHV DUH IRUPHG�

As2S3 + 6O2 + 6H2O → 2H3AsO3 + 3SO2−
4 + 6H+

7KHUHIRUH� WKH SURGXFW RI WKH UHDFWLRQ LV D PL[WXUH EHWZHHQ DUVHQLWHV �H3AsO3� DQG
DUVHQDWHV �HAsO2−

4 RUH2AsO
−
4 GHSHQGLQJ LQ WKHS+�ZKRVH UDWLR RI$V�,,,��$V�9� YDULHV

EHWZHHQ ��� WR ��� GHSHQGLQJ RQ WKH S+ DQG R[\JHQ FRQWHQW FRQGLWLRQV� 6XOSKDWHV DQG



�� &KDSWHU �� $UVHQLF FRPSRXQGV

H+ DUH SURGXFHG LQ ERWK UHDFWLRQV� ZKLFK LQGLFDWHV WKDW WKHUH LV DQ DFLGLƩFDWLRQ WKH
PHGLXP�

,Q D UHYLHZPDGH E\ 6DGLT HW DO� D FRPSHQGLXP RI HTXLOLEULXP FRQVWDQWV RI DUVHQLF FRP�
SRXQGV UHDFWLRQV LV SUHVHQWHG >��@� 7KRVH RI LQWHUHVW IRU WKLV WKHVLV DUH�

5HDFWLRQ ORJ.
As2S3 + 16H2O → 2HAsO2−

4 + 2SO2−
4 + 22e− + 23H+ �������

As4S4 + 8H2O → HAsO2−
4 + SO2−

4 + 11e− + 15H+ ������

:LWK WKH DERYH LQIRUPDWLRQ� LW LV FOHDU WKDW WKH RUSLPHQW R[LGDWLRQ JLYHV ULVH WR WKH IRU�
PDWLRQ RI ERWK DUVHQLWHV DQG DUVHQDWHV� 7KH SURSRUWLRQ EHWZHHQ WKHP ZLOO EH VSHFLƩF
RI WKH FRQGLWLRQV RI WKH VXUURXQGLQJV� $OVR� VXOSKDWHV DUH SURGXFHG DV D E\�SURGXFW RI
WKH UHDFWLRQ� $V VHHQ IURP WKH HTXLOLEULXP FRQVWDQWV� WKH R[LGDWLRQ RI RUSLPHQW LV OHVV
IDYRXUHG WKDQ WKDW RI UHDOJDU �WKH HTXLOLEULXP FRQVWDQW LV KLJKHU�� ZKLFK LQGLFDWHV WKDW
RUSLPHQW LV WKHUPRG\QDPLFDOO\ PRUH VWDEOH WKDQ UHDOJDU�

��� $UVHQLWH DQG DUVHQDWH

,Q VROXWLRQ� DUVHQLF H[LVW DV R[\DQLRQLF DFLGV� PDLQO\ DV DUVHQLWHV� ZLWK D R[LGDWLRQ VWDWH
RI �� DQG DV DUVHQDWHV ZLWK D R[LGDWLRQ VWDWH RI ��� 7KH VWUXFWXUHV RI DUVHQLWH DQG DU�
VHQDWH DUH SUHVHQWHG LQ )LJ� ����

�D� $UVHQLWH �+�$V2�� �E� $UVHQDWH �+�$V2��

)LJ� ���� 6WUXFWXUHV RI DUVHQLWH DQG DUVHQDWH� $UVHQLF LV UHSUHVHQWHG E\
RUDQJH DQG VXOSKXU E\ EOXH�

7KH VSHFLDWLRQ RI WKH R[\DQLRQLF DFLGV RI DUVHQLF LQ VROXWLRQ FDQ EH VHHQ LQ WKH 3RXUEDL[
GLDJUDP RI WKH $V�2�+ V\VWHP� SUHVHQWHG LQ )LJ� ���� 7KH S.DV RI DUVHQLWHV DUH ����
IRU +�$V2�� ����� IRU +�$V2�

� DQG ����� IRU +$V2�
��� DQG WKRVH IRU DUVHQDWHV DUH ��� IRU

+�$V2�� ��� IRU +�$V2�
� DQG ���� IRU +$V2�

�� >��@�



���� $UVHQLWH DQG DUVHQDWH ��

)LJ� ���� (�S+ GLDJUDP RI WKH $V�2�+ V\VWHP DW �� ◦& DQG � EDU >��@�

����� $GVRUSWLRQ UHDFWLRQV

,W LV ZHOO NQRZQ WKDW DUVHQLWHV DQG DUVHQDWHV KDYH D KLJK DƫQLW\ WR LURQ DQG DOXPLQLXP
R[LGHV� 7KLV KDV EHHQ VWXGLHG ZLWK WKH REMHFWLYH RI UHPRYLQJ RI DUVHQLF VSHFLHV LQ FRQ�
WDPLQDWHG JURXQG ZDWHU E\ XVLQJ R[LGHV� *ROGEHUJ HW DO VWXGLHG WKH PHFKDQLVPV RI
DGVRUSWLRQ RI DUVHQLWH DQG DUVHQDWHV LQ DPRUSKRXV LURQ DQG DOXPLQLXP R[LGHV >��@�
7KH FRPSOH[HV WKDW WKH DUVHQLF VSHFLHV IRUP ZLWK WKH R[LGHV FDQ EH LQQHU�VSKHUH RU
RXWHU�VSKHUH� ,Q DQ LQQHU�VSKHUH FRPSOH[� WKHUH DUH QR ZDWHU PROHFXOHV EHWZHHQ WKH
DEVRUELQJ VSHFLH DQG WKH VXEVWUDWH� ZKLOH LQ DQ RXWHU�VSKHUH FRPSOH[� RQH RU PRUH ZD�
WHUPROHFXOHV DUH SUHVHQW� 7KH\ IRXQG WKDW DUVHQDWHV IRUP LQQHU�VSKHUH FRPSOH[HVZLWK
DPRUSKRXV DOXPLQLXP DQG LURQ R[LGHV IRUPLQJ $O�2�$V RU )H�2�$V ERQGV DQG WKDW WKH
DGVRUSWLRQ GHFUHDVHV ZLWK LQFUHDVLQJ S+� &RQWUDULO\� DUVHQLWHV IRUP RXWHU�VSKHUH FRP�
SOH[HV ZLWK DPRUSKRXV DOXPLQLXP R[LGH DQG LW FDQ IRUP ERWK W\SH RI FRPSOH[HV ZLWK
DPRUSKRXV LURQ R[LGH�

����� 0RELOLW\

7KHPRELOLW\ RI DUVHQLWH DQG DUVHQDWH LQ ZDWHU LV RI JUHDW LQWHUHVW VLQFH WKHPDLQ KXPDQ
H[SRVXUH WR DUVHQLF LV WKURXJK GULQNLQJ ZDWHU� 7KH GLƨXVLRQ RI LRQV LQ ZDWHU KLJKO\ GH�
SHQGV LQ WKH FKDUJH RI WKH LRQ DQG WKH VL]H RI WKH DWRP UDGLXV� 7KH UDWLR EHWZHHQ WKH
FKDUJH ] DQG WKH DWRPLF UDGLXV U LV FDOOHG WKH LRQLF SRWHQWLDO �]�U�� 7KH KLJKHU WKH LRQLF
SRWHQWLDO� WKH VORZHU GLƨXVLRQ FRHƫFLHQW� $ KLJKHU FKDUJH FUHDWHV D KLJKHU HOHFWURVWDWLF
LQWHUDFWLRQ EHWZHHQ WKH LRQV DQG WKH ZDWHU PROHFXOHV WKXV SURGXFLQJ D WKLFNHU K\GUD�
WLRQ OD\HU� ZKLFK KLQGHUV WKH PRELOLW\ RI WKH LRQ� 7KH VL]H RI WKH LRQ KDV WKH VDPH HƨHFW�
D KLJKHU LRQ ZLOO KDYH PRUH GLƫFXOW\ WR GLƨXVH WKURXJK ZDWHU PROHFXOHV�



�� &KDSWHU �� $UVHQLF FRPSRXQGV

7DQDND HW DO >��@ DQG 7DND\DVKL HW DO >��@ SHUIRUPHG H[SHULPHQWDO DQG VLPXODWLRQ PHD�
VXUHPHQWV RI WKH GLƨXVLRQ FRHƫFLHQW RI DUVHQLWH DQG DUVHQDWH LQ ZDWHU DW GLƨHUHQW S+
YDOXHV� 7KH\ IRXQG WKDW DUVHQDWHV KDYH D ORZHU PRELOLW\ WKDQ DUVHQLWHV LQ WKH ZKROH S+
VFDOH� 7KHLU UHVXOWV DUH SUHVHQWHG LQ 7DEOH ���� 7KH ORZHU GLƨXVLRQ FRHƫFLHQW RI DUVHQ�
DWHV LV GXH WR WKH ODUJHU VL]H RI WKH PROHFXOH� 0RUHRYHU� WKH\ IRXQG WKDW DQ LQFUHDVH LQ
WKH S+ OHDGV WR D GHFUHDVH LQ WKH GLƨXVLRQ FRHƫFLHQW� 7KLV LV H[SODLQHG DV E\ LQFUHDVLQJ
WKH S+� WKH GHJUHH RI GLVVRFLDWLRQ ULVHV� WKH FKDUJH RI WKH LRQ LQFUHDVHV DQG WKXV WKHUH LV
PRUH HOHFWURVWDWLF LQWHUDFWLRQ PDNLQJ D WKLFNHU K\GUDWLRQ OD\HU� ORZHULQJ WKH GLƨXVLRQ
FRHƫFLHQW� 7KLV LV UHƪHFWHG LQ WKH PRODU YROXPH RI WKH GLƨXVLRQ VSHFLHV 9P�+� LQ ZKLFK
WKH PRODU YROXPH RI WKH ZDWHU PROHFXOHV RI WKH K\GUDWLRQ OD\HU DUH FRQVLGHUHG� 7KH
PRODU YROXPHV DUH DOVR SUHVHQWHG LQ 7DEOH ���� $V VHHQ LQ WKH WDEOH� WKH KLJKHU WKH S+�
WKH KLJKHU WKH PRODU YROXPH DQG WKH ORZHU WKH GLƨXVLRQ FRHƫFLHQW� )XUWKHUPRUH� WKH
DUVHQDWHV KDYH D KLJKHU PRODU YROXPH WKDQ DUVHQLWHV� ZKLFK LQGLFDWHV D ORZHU GLƨXVLRQ
FRHƫFLHQW�

7DEOH ���� 'LƨXVLRQ FRHƫFLHQWV DQG PRODU YROXPHV RI DUVHQLWH DQG DUVH�
QDWH VSHFLHV LQ ZDWHU >��� ��@�

'LƨXVLQJ VSHFLH S+ ' 9P�+
���−� FP� V−�� �FP� PRO−��

$UVHQLWHV
+�$V2� ��� ���� ����
+�$V2�

� ���� ���� �����

$UVHQDWHV
+�$V2� ��� ���� �����
+�$V2�

� ���� ���� �����
+$V2�

�� ��� ���� �����
$V2�

�� ���� ���� �����
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&KDSWHU �

0HWKRGRORJ\

,Q WKLV FKDSWHU� WKHPHWKRGRORJ\ IROORZHG LQ WKLV WKHVLV LV SUHVHQWHG DORQJ ZLWK WKH IXQ�
GDPHQWDOV RI WKH WHFKQLTXHV DQG WKH H[SHULPHQWDO FRQGLWLRQV XVHG� $V PHQWLRQHG EH�
IRUH� SDLQWLQJV DUH FRPSOH[ V\VWHPV FRPSRVHG E\ VHYHUDO OD\HUV WKDW DUH DW WKH VDPH
WLPH PDGH E\ D ZLGH YDULHW\ RI PDWHULDOV� 7KHUHIRUH� PXOWLSOH LQWHUDFWLRQV H[LVW DQG�
LQ FRPELQDWLRQ ZLWK ZDWHU� OLJKW� WHPSHUDWXUH DQG WLPH� GLƨHUHQW UHDFWLRQV PD\ RFFXU�
,Q RUGHU WR VWXG\ WKHVH V\VWHPV� LW LV QHFHVVDU\ WR VLPSOLI\ WKHP DQG VWDUW ZLWK D EDVLF
PRGHO V\VWHP WKDW DOORZV WKH LQYHVWLJDWLRQ RI D SDUWLFXODU LQWHUDFWLRQ� 7KLV VLPSOH V\V�
WHP FDQ EH IXUWKHU FRPSOHPHQWHG E\ DGGLQJ HDFK WLPH RWKHU FRPSRQHQWV RU SURFHVVHV
WR JHW FORVHU DQG FORVHU WR UHVHPEOLQJ D UHDO SDLQWLQJ�

,Q WKLV WKHVLV� WZR DSSURDFKHV ZHUH FKRVHQ WR JHW DQ LQVLJKW LQWR WKH GLƨXVLRQ RI DUVHQLF
VSHFLHV WKURXJK WKH SDLQW OD\HUV�

7KH ƩUVW DSSURDFK� FDOOHG H[�VLWX H[SHULPHQWV� FRQVLVWV LQ WKH DQDO\VLV RI D VHW RI SDLQWLQJ
UHFRQVWUXFWLRQV� 7KH UHFRQVWUXFWLRQV DUH FRPSRVHG RI D JURXQG OD\HU DQG DQ RUSLPHQW
SLJPHQW OD\HU DQGZHUH OLJKW DJHG DQG NHSW XQGHU GLƨHUHQW OHYHOV RI UHODWLYH KXPLGLW\ IRU
D SHULRG RI �� PRQWKV� 7KH DLP RI WKLV VHFWLRQ LV WR LGHQWLI\ DQ\ R[LGDWLRQ RU PLJUDWLRQ
RI WKH DUVHQLF FRPSRXQGV DQG WR VWXG\ WKH HƨHFW RI WKH W\SH RI JURXQG DQG KXPLGLW\ LQ
WKHVH SURFHVVHV� 7KHVH DQDO\VLV ZDV SHUIRUPHG ZLWK )RXULHU 7UDQVIRUP ,QIUDUHG �)7,5�
0LFURVFRS\ DQG 6FDQQLQJ (OHFWURQ 0LFURVFRS\ �6(0�('6��

,Q WKH VHFRQG DSSURDFK� FDOOHG LQ�VLWX H[SHULPHQWV� WKH GLƨXVLRQ RI DUVHQLF VSHFLHV LQ
WZR YDUQLVKHV DQG WZR ELQGHUV FRPPRQO\ XVHG LQ SDLQWLQJV ZDV VWXGLHG� 6LQFH WKH K\�
SRWKHVLV RI WKLV ZRUN LV WKDW WKH DUVHQLF FRPSRXQGV DUH WUDQVSRUWHG WKURXJK WKH SDLQW
OD\HUV YLD ZDWHU� WKH GLƨXVLRQ RI ZDWHU LQ WKH VWXG\ FDVH PDWHULDOV QHHGV WR EH ƩUVWO\
DGGUHVVHG� %HVLGH VHWWLQJ D VWDUWLQJ SRLQW IRU WKH PHWKRGRORJ\� LW SURYLGHV D FKDUDFWHU�
L]DWLRQ RI WKH PDWHULDOV DQG JLYHV DQ LQGLFDWLRQ RQ KRZ WKH DUVHQLF PD\ GLƨXVH� )LQDOO\�
WKH GLƨXVLRQ RI DUVHQDWH DQG DUVHQLWH WKURXJK WKH PDWHULDOV ZDV VWXGLHG� 7KH WHFK�
QLTXHV XVHG ZHUH 7RWDO 5HƪHFWDQFH )RXULHU 7UDQVIRUP ,QIUDUHG VSHFWURVFRS\ �$75�)7,5�
DQG (OHFWURFKHPLFDO ,PSHGDQFH 6SHFWURVFRS\ �(,6��
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��� ([�6LWX H[SHULPHQWV

$V PHQWLRQHG DERYH� WKH H[�VLWX H[SHULPHQWV FRQVLVW LQ WKH DQDO\VLV RI SDLQWLQJ UHFRQ�
VWUXFWLRQV� 7KHVH ZHUH SUHSDUHG E\ $ULH :DOOHUW DQG .DWULHQ .HXQH RQ $SULO ��WK� �����
7KH UHFRQVWUXFWLRQV FRQVLVW RI DQ RUSLPHQW OD\HU RQ WRS RI GLƨHUHQW JURXQGV� 7KH RUSL�
PHQW SDLQW ZDV FRPSRVHG RI D SLJPHQW PL[WXUH RI 1DWXUDO 3LJPHQWV 5XEYHO DQG RQH
WKDW:DOOHUW V\QWKHVL]HG KLPVHOI XVLQJ WKH GU\ VXEOLPDWLRQ SURFHVV� 7KH ELQGHU XVHGZDV
UDZ OLQVHHG RLO IURP .UHPHU LQ D UDWLR WKDW \LHOGHG D ZRUNDEOH SDLQW� $GGLWLRQDOO\� D IHZ
JODVV EHDGV SURYLGHG E\ (� +HUPHQV DQG D VPDOO DPRXQW RI DON\G RLO IURP 7DOHQV ZHUH
DGGHG WR IDFLOLWDWH GU\LQJ� 7KUHH GLƨHUHQW JURXQGVZHUH WHVWHG� FKDON� FOD\ HDUWK DQG OHDG
ZKLWH� DQG WKH\ ZHUH SURYLGHG E\ 0DDUWMH 6WROV:LWOR[ DQG (PLOLH )URPHQW IURP &	5�
8Y$� 7KH FRPSRVLWLRQ RI WKH FOD\ HDUWK JURXQG LV ��� VLOLFRQ GLR[LGH� ��� DOXPLQLXP
R[LGH� ���Ş���� LURQ R[LGH� ���� WLWDQLXP R[LGH� ���� FDOFLXP R[LGH� �����PDJQHVLXP
R[LGH� �� SRWDVVLXP R[LGH� DQG ���� VRGLXP R[LGH� &DQYDV ZDV FKRVHQ DV D VXEVWUDWH
WR DOORZ IRU KXPLGLW\ WR SDVV HQWLUHO\ WKURXJK WKH SDLQW ƩOPV� DV RSSRVHG WR D JODVV VOLGH
WKDW ZRXOG EORFN DLUƪRZ� )RU �� GD\V �$SULO ��WK � 0D\ ��WK� ������ WKUHH TXDUWHUV RI WKH
SDLQW RXWV RQ HDFK JURXQG W\SH ZHUH OLJKW DJHG LQ D ;(126 OLJKW DJHLQJ FKDPEHU� 7KH
FKDPEHU XVHV YLVLEOH DQG XOWUDYLROHW OLJKW WR UHSUHVHQW QRUPDO GD\ FRQGLWLRQV WKURXJK
QRUPDO JODVV� 7KH ;HQRQ ODPS VWUHQJWK ZDV ��� O[ DQG KDV D ��� QP FXWRƨ ƩOWHU� 7KH
FKDPEHU ZDV KHOG FRQVWDQW DW ��� 5+ DQG DW �� ◦& GXH WR WKH KHDW JHQHUDWHG E\ WKH
ODPS�

7KH VDPSOHV ZHUH NHSW DW UHODWLYH KXPLGLWLHV RI ���� ��� DQG ��� IRU D SHULRG RI ��
PRQWKV� )RU WKLV WKHVLV� FURVV�VHFWLRQVZHUH WDNHQZLWK DQ VFDOSHO IURP WKH � VDPSOHV ��
JURXQGV LQ � GLƨHUHQW 5+� DQG HPEHGGHG LQ 7HFKQRYLW /& ���� �+HUDHXV .XO]HU *PE+��
7KH HPEHGGLQJ UHVLQ ZDV ZHW�SROLVKHG XQWLO WKH VDPSOH ZDV DOPRVW H[SRVHG DQG WKHQ
GU\�SROLVKHG ZLWK 0LFUR0HVK VDQGLQJ SDSHUV RI JUDGHV ����� ����� ���� DQG ������
7KH FURVV�VHFWLRQV ZHUH WKHQ DQDO\VHG ZLWK 6(0�('6 DQG )7,5 PLFURVFRS\ WR LGHQWLI\
WKH SUHVHQFH RI R[LGDWLRQ DQG PLJUDWLRQ SURGXFWV�

����� )7,5 PLFURVFRS\

7KH )RXULHU 7UDQVIRUP ,QIUDUHG VSHFWURVFRS\ �)7,5� LV D WHFKQLTXH WKDW SURYLGHV LQIRU�
PDWLRQ DERXW WKH IXQFWLRQDO JURXSV WKDW FRPSRVH WKH PROHFXOHV RI D VDPSOH� :KHQ
H[SRVHG WR LQIUDUHG UDGLDWLRQ� WKH PROHFXOHV JR IURP WKHLU JURXQG VWDWH WR DQ H[FLWHG
YLEUDWLRQDO VWDWH� 7KH HQHUJ\ UHTXLUHG IRU WKH WUDQVLWLRQ LV TXDQWL]HG� ZKLFK PHDQV WKDW
LW RQO\ KDSSHQV LI WKH PROHFXOH LV H[SRVHG WR DQ HQHUJ\ HTXDO WR 1/2hν� ZKHUH h LV WKH
3ODQFNšV FRQVWDQW DQG ν LV WKH IUHTXHQF\ RI WKH YLEUDWLRQ� (DFK PROHFXOH KDV GLƨHUHQW
YLEUDWLRQDO PRGHV GHSHQGLQJ RQ WKH QXPEHU RI DWRPV� DQG HDFK YLEUDWLRQ FRUUHVSRQGV
WR D FHUWDLQ HQHUJ\� %\ WKLV SULQFLSOH� LW LV SRVVLEOH WR LGHQWLI\ ZKDWPROHFXOHV DUH SUHVHQW
LQ WKH VDPSOH E\ GHWHFWLQJ WKLV HQHUJ\ DQG FRUUHODWLQJ LW WR WKH SDUWLFXODU YLEUDWLRQ FKDU�
DFWHULVWLF RI D IXQFWLRQDO JURXS� $Q H[DPSOH RI DQ )7,5 VSHFWUD LV SUHVHQWHG LQ )LJ� ����
,Q WKLV LPDJH� WKH VSHFWUD RI KH[DQRLF DFLG LV VKRZQ� 7KH LQWHQVLW\ RI WKH WUDQVPLWWHG UD�
GLDWLRQ �WUDQVPLWWDQFH� LV SORWWHG DV D IXQFWLRQ RI WKH ZDYHQXPEHU RI WKH ,5 UDGLDWLRQ�
7KH ZDYHQXPEHU LV WKH UHFLSURFDO RI WKH ZDYHOHQJWK DQG LQVWHDG RI WKH WUDQVPLWWDQFH�



���� ([�6LWX H[SHULPHQWV ��

WKH DEVRUEDQFH RI WKH ,5 UDGLDWLRQ LV VRPHWLPHV XVHG� 7KLV ZD\� WKH VLJQDOV SUHVHQW DW
FHUWDLQ ZDYHQXPEHUV DUH FRUUHODWHG WR WKH YLEUDWLRQ RI IXQFWLRQDO JURXSV�

)LJ� ���� )7,5 VSHFWUD RI KH[DQRLF DFLG >��@�

)XUWKHUPRUH� WKHUH PXVW EH D FKDQJH LQ WKH QHW GLSROH PRPHQW RI WKH PROHFXOH IRU
D WUDQVLWLRQ WR RFFXU� 7KHUHIRUH� D GLSROH PRPHQW PXVW H[LVW LQ WKH PROHFXOH� PHDQ�
LQJ WKDW KRPRQXFOHDU GLDWRPLF PROHFXOHV DUH QRW DƨHFWHG E\ WKH UDGLDWLRQ DQG WKXV�
QRW GHWHFWHG� 7KH YLEUDWLRQV RI WKH PROHFXOH UHIHU WR WKH VWUHWFKLQJ DQG EHQGLQJ RI WKH
ERQGV EHWZHHQ LWV DWRPV DQG GHSHQG RQ WKH ERQG VWUHQJWK DQG WKH PDVV RI WKH DWRPV
>��@� 7KHUH DUH PDLQO\ � YLEUDWLRQDO PRGHV� WKDW DUH VKRZQ LQ )LJ� ����

)LJ� ���� 0DLQ YLEUDWLRQDO PRGHV >��@�

$ PRGHUQ DSSOLFDWLRQ RI )7,5 VSHFWURVFRS\ LV )7,5 PLFURVFRS\� DQ LPDJLQJ WHFKQLTXH
LQ ZKLFK )7,5 VSHFWUD DUH FROOHFWHG RYHU WKH ZKROH VXUIDFH RI D VDPSOH� ,QWHQVLW\ PDSV
FDQ EH SURGXFHG IRU HDFK YLEUDWLRQ� VR WKDW WKH GLVWULEXWLRQ RI D FHUWDLQ IXQFWLRQDO JURXS
RYHU WKH VDPSOH LV NQRZQ� ,Q WKLV WKHVLV� )7,5PLFURVFRS\ ZDV XVHG WR DQDO\VH WKH FURVV�
VHFWLRQV RI WKH SDLQWLQJ UHFRQVWUXFWLRQV WR LGHQWLI\ WKH R[LGDWLRQ DQG PLJUDWLRQ RI WKH
DUVHQRXV SLJPHQW WKURXJK WKH $V�2 YLEUDWLRQ�
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7KH FURVV�VHFWLRQV ZHUH DQDO\VHG ZLWK D 3HUNLQ (OPHU 6SRWOLJKW ��� )7,5 LPDJLQJ V\V�
WHP ZLWK D PHUFXU\ FDGPLXP WHOOXULGH �0&7� GHWHFWRU� 7KH VSHFWUDO PDSV ZHUH WDNHQ
ZLWK D VSDWLDO UHVROXWLRQ RI � FP−� DQG D SL[HO UHVROXWLRQ RI �.�� vP�

����� 6(0�('6

6FDQQLQJ HOHFWURQ PLFURVFRS\ �6(0� LV D ORFDOL]HG LPDJLQJ WHFKQLTXH WKDW HQDEOHV WR
SURGXFH LPDJHV RI WKH VXUIDFH RI D VDPSOHZLWKPDJQLƩFDWLRQV XS WR ������[� $ VDPSOH
LV SODFHG XQGHU DQ HOHFWURQ EHDP WKDW LV GLUHFWHG E\ D VHULHV RI OHQVHV� 7KH HOHFWURQV RI
WKH EHDPKDYH GLƨHUHQW LQWHUDFWLRQVZLWK WKH VDPSOH� ZKLFK \LHOG GLƨHUHQW LQIRUPDWLRQ�
7KHVH DUH VKRZQ VFKHPDWLFDOO\ LQ )LJ� ����

)LJ� ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI HOHFWURQ LQWHUDFWLRQV LQ 6(0 >��@�

2QH NLQG RI LQWHUDFWLRQ LV LQHODVWLF VFDWWHULQJ� LQ ZKLFK WKH VDPSOH LV LRQL]HG E\ WKH LQ�
FLGHQW HOHFWURQV DQG WKRVH HPLWWHG HOHFWURQV DUH GHWHFWHG �VHFRQGDU\ HOHFWURQV RU 6(��
7KH DPRXQW RI VHFRQGDU\ HOHFWURQV SURGXFHG GHSHQGV RQ KRZ WKH EHDP WRXFKHV WKH
VXUIDFH RI WKH VDPSOH� ,W LV EDVHG LQ WKH VR FDOOHG HGJH HƤHFW� LQ ZKLFK PRUH HOHFWURQV
FDQ OHDYH WKH VDPSOH DW HGJHV FRPSDUHG WR D ƪDW VXUIDFH DQG SURGXFH D EULJKWHU LPDJH�
7KLV SURYLGHV LQIRUPDWLRQ DERXW WKH PRUSKRORJ\ DQG VXUIDFH WRSRORJ\ RI WKH VDPSOH�
ZKLFK LV WKH PRVW FRPPRQ DSSOLFDWLRQ RI 6(0�

7KH VHFRQG NLQG RI LQWHUDFWLRQ LV HODVWLF VFDWWHULQJ� LQ ZKLFK HOHFWURQV IURP WKH LQFLGHQW
EHDP DUH GLƨUDFWHG EDFN DQG GHWHFWHG �FDOOHG EDFNVFDWWHUHG HOHFWURQV RU %6(�� 6LQFH
KHDY\ HOHPHQWV VFDWWHU WKH HOHFWURQV PRUH VWURQJO\ WKDQ OLJKW HOHPHQWV� WKH\ DSSHDU
PRUH EULJKWO\ LQ WKH LPDJH DQG LW LV WKHUHIRUH SRVVLEOH WR VHH GLƨHUHQFHV LQ FRPSRVLWLRQ�
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7KH WKLUG NLQG LV ƪXRUHVFHQFH� LQ ZKLFK HOHFWURQV IURP RXWHU VKHOOV ƩOO WKH KROHV OHIW E\
LRQL]DWLRQ DQG SURGXFH FKDUDFWHULVWLF ;�UD\V WKDW FDQ EH GHWHFWHG WR LGHQWLI\ WKH HOH�
PHQWV SUHVHQW LQ WKH VDPSOH� D WHFKQLTXH FDOOHG (QHUJ\ 'LVSHUVLYH 6SHFWURVFRS\ �('6�
>��@�

7KH FURVV�VHFWLRQV ZHUH LPDJHG DQG DQDO\VHG ZLWK 6(0�('6 WR LGHQWLI\ DQ\ SRVVLEOH
DUVHQLF PLJUDWLRQ� 7KH DQDO\VLV ZDV PDGH LQ D -(2/ -60�,7��� ZLWK DQ LQWHJUDWHG ('6�

��� ,Q�VLWX H[SHULPHQWV

,Q WKLV VHFWLRQ� WKH SURSRVHG PHWKRGRORJ\ IRU WKH LQ�VLWX H[SHULPHQWV WR VWXG\ WKH GLI�
IXVLRQ RI ZDWHU DQG DUVHQLF WKURXJK WKH PDWHULDOV LV GHVFULEHG� 7ZR YDUQLVKHV DQG
WZR ELQGHUV WKDW DUH FRPPRQO\ HQFRXQWHUHG LQ SDLQWLQJV ZHUH FKRVHQ DV WKH VWXG\
FDVH PDWHULDOV� 7KH DQDO\VLV ZDV SHUIRUPHG ZLWK WZR WHFKQLTXHV� $WWHQXDWHG 7RWDO
5HƪHFWDQFH )RXULHU 7UDQVIRUP ,QIUDUHG VSHFWURVFRS\ �$75�)7,5� DQG (OHFWURFKHPLFDO
,PSHGDQFH 6SHFWURVFRS\ �(,6�� 7KHVH WZR WHFKQLTXHV DUH SURSRVHG VLQFH WKH\ ERWK DO�
ORZ WKH HVWLPDWLRQ RI WKH GLƨXVLRQ FRHƫFLHQW� DQG WKHUHIRUH WKH UHVXOWV FDQ EH FRP�
SDUHG WR HDFK RWKHU� $GGLWLRQDOO\� $75�)7,5 VSHFWURVFRS\ SURYLGHV LQIRUPDWLRQ DERXW
PROHFXODU FKDQJHV LQ WKH FRDWLQJ� ZKLFK JLYHV DQ LGHD RI WKH VWDELOLW\ RI WKH PDWHULDOV�
2Q WKH RWKHU KDQG� ZLWK (,6 LW LV SRVVLEOH WR DQDO\VH LQGLYLGXDO SURFHVVHV KDSSHQLQJ LQ
WKH ZKROH VDPSOH� 7KLV ZLOO EHFRPH FOHDUHU LQ 6HFWLRQ ������

����� 0DWHULDOV

7KH PDWHULDOV VWXGLHG LQ WKLV WKHVLV SURMHFW DUH GDPPDU� PDVWLF� DQLPDO VNLQ JOXH DQG
OLQVHHG RLO� 7KH GDPPDU DQG PDVWLF YDUQLVKHV ZHUH XVHG IURP VWRFN VROXWLRQV IURP
WKH &RQVHUYDWLRQ 'HSDUWPHQW RI WKH 5LMNVPXVHXP DQG FRQVLVW LQ D PL[WXUH EHWZHHQ
GDPPDU UHVLQ� WXUSHQWLQH DQG 6KHOOVRO�$ DQG PDVWLF DQG WXUSHQWLQH� UHVSHFWLYHO\� )RU
WKH DQLPDO VNLQ JOXH� D PL[WXUH RI JOXH DQG FROG ZDWHU ���� ZDV SUHSDUHG DQG OHIW
RYHUQLJKW IRU WKH JOXH WR DEVRUE WKH ZDWHU DQG VZHOO� 7KLV PL[WXUH ZDV KHDWHG WR ��q&
DQG VWLUUHG XQWLO WKH JOXH ZDV GLVVROYHG DQG D KRPRJHQHRXV ƪXLG ZDV SURGXFHG� 7KH
OLQVHHG RLO ZDV PL[HG LQ HTXDO SURSRUWLRQV ZLWK WXUSHQWLQH WR ORZHU WKH GHQVLW\ RI WKH
RLO DQG DFKLHYH D WKLQQHU ƩOP�

����� $75�)7,5 VSHFWURVFRS\

7KH IXQGDPHQWDOV RI )7,5 VSHFWURVFRS\ DUH SUHVHQWHG LQ VHFWLRQ ����� �SDJH ���� ,Q WKLV
VHFWLRQ� WKH $75�)7,5 WHFKQLTXH DQG LWV DSSOLFDWLRQ WR GLƨXVLRQDO VWXGLHV LV SUHVHQWHG�

$ YDULDWLRQ RI WKH )7,5 VSHFWURVFRS\ LV WKH $WWHQXDWHG 7RWDO 5HƪHFWDQFH )7,5 VSHF�
WURVFRS\ �$75�)7,5�� ZKLFK LV WKH PRVW ZLGHO\ XVHG )7,5 WHFKQLTXH QRZDGD\V� 2QH RI
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WKH GLVDGYDQWDJHV RI WKH FRQYHQWLRQDO WUDQVPLVVLRQ )7,5 VSHFWURVFRS\ LV WKDW WKH VDP�
SOH PXVW EH GLOXWHG WR DYRLG WRWDO DEVRUSWLRQ RI WKH LQIUDUHG UDGLDWLRQ� 7KLV LV RYHUFRPH
E\ GLPLQLVKLQJ WKH GHSWK RI SHQHWUDWLRQ RI WKH LQIUDUHG EHDP dp� ZKLFK LV H[DFWO\ WKH
SULQFLSOH EHKLQG $75�)7,5� %\ SODFLQJ D FU\VWDO ZLWK D KLJKHU UHƪHFWLYH LQGH[ EHWZHHQ
WKH LQIUDUHG EHDP DQG WKH VDPSOH� WKH EHDP UHƪHFWV LQ WKH LQWHUQDO VXUIDFH RI WKH FU\V�
WDO ZLWK DQ DQJOH θ DQG FUHDWHV DQ HYDQHVFHQW ZDYH WKDW SHQHWUDWHV LQWR WKH VDPSOH LQ
D OHVVHU DPRXQW WKDQ WKH LQIUDUHG EHDP DORQH� 3DUW RI WKH HYDQHVFHQW ZDYH DEVRUEV LQ
WKH VDPSOH DQG WKH UHVW LV UHƪHFWHG DQG FROOHFWHG E\ WKH GHWHFWRU �)LJ� �����

)LJ� ���� 5HSUHVHQWDWLRQ RI WKH HYDQHVFHQW ZDYH LQ WKH $75�)7,5 FRQƩJX�
UDWLRQ�

:LWK WKLV YDULDWLRQ� LW LV SRVVLEOH WR GR LQ�VLWX PHDVXUHPHQWV DQG IROORZ WKH FKDQJH LQ
FRPSRVLWLRQ RI D VDPSOH RYHU WLPH� 2QH VSHFLƩF DSSOLFDWLRQ RI $75�)7,5� SURSRVHG E\
)LHOGVRQ DQG %DUEDUL� LV WKH GLƨXVLRQ RI PROHFXOHV WKURXJK D FRDWLQJ >��@� 7KH HTXDWLRQ
WKH\ GHYHORSHG UHVXOWV IURP FRPELQLQJ WKH %HHU�/DPEHUW ODZ� WKDW VWDWHV WKDW WKHPHD�
VXUHG DEVRUEDQFH LV SURSRUWLRQDO WR WKH FRQFHQWUDWLRQ DQG WKLFNQHVV RI WKH VDPSOH� DQG
WKH VROXWLRQ RI WKH )LFNšV VHFRQG ODZ IRU D ƩOP LQ ZKLFK WKH VROYHQW HQWHUV IURP RQO\ RQH
VLGH RI WKH ƩOP� 7KH HTXDWLRQ LV�
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ZKHUHAt LV WKH PHDVXUHG DEVRUEDQFH DW WLPH t�A∞ UHSUHVHQWV WKH DEVRUEDQFH DW HTXL�
OLEULXP� γ LV WKH UHFLSURFDO RI WKH SHQHWUDWLRQ GHSWK dp�D LV WKH GLƨXVLRQ FRHƫFLHQW DQG
L LV WKH WKLFNQHVV RI WKH ƩOP�

0HWKRGRORJ\� 'L݉XVLRQ VWXGLHG E\ $75�)7,5

7KH H[SHULPHQWV ZHUH SHUIRUPHG LQ D 7KHUPR 6FLHQWLƩF 1LFROHW ���� )7�,5 VSHFWURPH�
WHU HTXLSSHG ZLWK D 9HH0$; ,,, 3,.( PRGXOH DQG D 0HUFXU\ &DGPLXP 7HOOXULGH �0&7�
GHWHFWRU� 7KH VSHFWUD ZDV FROOHFWHG E\ FR�DGGLQJ �� VFDQV ZLWK D VSDFLDO UHVROXWLRQ RI
� FP−� FRUUHVSRQGLQJ WR D VFDQQLQJ WLPH RI ��V� $ =Q6H $75�FU\VWDO ZLWK D IDFH DQJOH
RI ��q ZDV XVHG DQG WKH LQFLGHQW DQJOH RI WKH EHDP ZDV DGMXVWHG WR ��q�
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:DWHU GL݉XVLRQ VWXGLHG E\ $75�)7,5

)RU WKH ZDWHU GLƨXVLRQ PHDVXUHPHQWV� WKH PDWHULDOV ZHUH DSSOLHG GURS�ZLVH WR WKH
$75�FU\VWDO DQG KHDWHG LQ DQ RYHQ DW ��q& XQWLO GU\� 7KH TXDQWLW\ RI PDWHULDO DSSOLHG
WR WKH FU\VWDO ZDV VXFK WR SURGXFH D WKLFNQHVV EHWZHHQ �� DQG ��vP RI GULHG ƩOP� 7KH
WKLFNQHVV ZDV PHDVXUHG ZLWK D 0LWXWR\R GLJLWDO PLFURPHWHU DV WKH GLƨHUHQFH LQ WKLFN�
QHVV RI WKH $75�FU\VWDO ZLWK DQG ZLWKRXW FRDWLQJ� 7KH FRDWHG FU\VWDO ZDV DOORZHG WR
FRRO GRZQ WR URRP WHPSHUDWXUH DQG ZDV PRXQWHG LQ WKH $75 FHOO DV VKRZQ LQ )LJ ����
7KH FHOO FRQVLVWV LQ D FKDPEHU ZKHUH WKH $75�FU\VWDO LV PRXQWHG IDFLQJ XSZDUGV ZLWK D
OLTXLG FHOO SODFHG RQ WRS� 7KH ,5 UDGLDWLRQ SHQHWUDWHV IURP RQH RI WKH IDFHV RI WKH FU\VWDO
D GLVWDQFH WKDW GHSHQGV RQ WKH DQJOH RI LQFLGHQFH DQG WKH UHIUDFWLYH LQGH[ RI WKH FU\VWDO
DQG WKH FRDWLQJ RQ WRS� 7KH FKDPEHU ZDV SXUJHG ZLWK QLWURJHQ WR DYRLG &2� DQG +�2
IURP WKH HQYLURQPHQW� $ VSHFWUD RI WKH FRDWHG FU\VWDO ZDV WDNHQ SULRU WR WKH H[SHUL�
PHQWV DQG XVHG DV D EDFNJURXQG� $GGLWLRQDOO\� VSHFWUD RI WKH GULHG FRDWLQJV ZDV WDNHQ
WR FKDUDFWHUL]H WKH FRDWLQJV DQG XVHG DV UHIHUHQFH IRU WKH VXEVHTXHQW H[SHULPHQWV�

,Q WKH DUVHQLF GLƨXVLRQ H[SHULPHQWV� '�2 ZDV XVHG LQVWHDG RI +�2 VLQFH WKH 2�+ YLEUD�
WLRQ RI +�2 RYHUODSV ZLWK WKH $V�2 YLEUDWLRQ� 0RUHRYHU� K\GUR[\O JURXSV DUH SUHVHQW LQ
WKH PROHFXOHV RI WKH FRDWLQJV DQG ZRXOG LQWHUIHUH LQ WKH TXDQWLƩFDWLRQ LI ZDWHU LV XVHG�
:KHQ XVLQJ '�2� WKHUH LV D VKLIW RI WKH SHDNV WR KLJKHU ZDYHQXPEHUV WKDW DOORZV WKH
YLVXDOL]DWLRQ RI WKH DUVHQDWH SHDNV� )RU FRQVLVWHQF\� '�2 ZDV XVHG LQ WKH ZDWHU GLƨX�
VLRQ H[SHULPHQWV� 7KHUHIRUH� � PO RI '�2 ����� DWRP� '� 6LJPD $OGULFK� ZHUH DGGHG
WR WKH FHOO DQG VSHFWUD ZDV FROOHFWHG HYHU\ �� PLQXWHV IRU D SHULRG RI �� KRXUV� 7KH
VSHFWUD ZDV SURFHVVHG ZLWK 0DWODE DQG WKH ZDWHU GLƨXVLRQ FRHƫFLHQW ZDV FDOFXODWHG
ZLWK HTXDWLRQ ����

IR 

�e 

D2O 

Coating 

ATR Crystal 

)LJ� ���� $75�)7,5 FHOO FRQƩJXUDWLRQ�

$UVHQDWHV GL݉XVLRQ VWXGLHG E\ $75�)7,5

'XH WR WLPH FRQVWUDLQWV RQO\ WKH DUVHQDWH GLƨXVLRQ� DQG QRW WKH DUVHQLWH� ZDV DQDO\VHG
ZLWK $75�)7,5� 7KH VDPH SURFHGXUH WKDQ WKDW IRU ZDWHU ZDV IROORZHG� KRZHYHU VRPH
PRGLƩFDWLRQV ZHUH PDGH� $ ����0 DUVHQLF VROXWLRQ ZDV SUHSDUHG E\ GLVVROYLQJ VRGLXP
DUVHQDWH 1D�+$V2�·+�2 �≥������ 6LJPD $OGULFK� LQ '�2� )RU WKH DUVHQDWH LRQV WR EH
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GHWHFWHG� WKH\ QHHG WR EH DEVRUEHG LQ D VXEVWUDWH� 6LQFH WKH DUVHQDWH IRUPV D FRP�
SOH[ ZLWK DOXPLQLXP R[LGH >��@� D OD\HU RI DOXPLQLXP ZDV GHSRVLWHG RQ WRS RI WKH $75�
FU\VWDO EHIRUH DSSO\LQJ WKH FRDWLQJ� 7KLV ZD\� WKH DUVHQLF VSHFLHV WUDYHO WKURXJK WKH
HQWLUH WKLFNQHVV RI WKH ƩOP� UHDFW ZLWK WKH DOXPLQLXP R[LGH OD\HU DQG DUH GHWHFWHG ZLWK
WKH $75�)7,5� 7KH DOXPLQLXP OD\HU ZDV GHSRVLWHG LQ D 1RUPYDF HYDSRUDWRU WR D WKLFN�
QHVV RI DSSUR[LPDWHO\ �� QP� 7KH FRDWLQJ ZDV DSSOLHG DQG GULHG DV GHVFULEHG DERYH DQG
VSHFWUD ZDV PHDVXUHG OLNHZLVH� 7KH IROORZLQJ H[SHULPHQWV ZHUH SHUIRUPHG�

Ũ $OXPLQLXP OD\HU ZLWK '�2� WR YHULI\ WKH VWDELOLW\ RI WKH DOXPLQLXP R[LGH WR '�2�

Ũ $OXPLQLXP OD\HU ZLWK DUVHQDWH VROXWLRQ� WR VHH KRZ IDVW WKH DEVRUSWLRQ UHDFWLRQ
LV DQG WR ZKDW ZDYHQXPEHU WKH $V�2 YLEUDWLRQ FRUUHVSRQGV �DV LW VKLIWV ZLWK WKH
S+ RI WKH VROXWLRQ��

Ũ $OXPLQLXP OD\HU FRDWHG ZLWK GDPPDU ZLWK DUVHQDWH VROXWLRQ� WR VWXG\ WKH GLƨX�
VLRQ RI DUVHQDWHV LQ GDPPDU�

)RU WKH DUVHQDWH GLƨXVLRQ DQDO\VLV� WKH EDFNJURXQGZDV WDNHQ DV WKH VSHFWUD RI WKH $75�
FU\VWDO ZLWK WKH DOXPLQLXP OD\HU DQG WKH GU\ FRDWLQJ�

����� (OHFWURFKHPLFDO ,PSHGDQFH 6SHFWURVFRS\

(OHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ �(,6� LV D WHFKQLTXH EDVHG RQ WKH UHVSRQVH RI
DQ HOHFWURGH WR DQ DSSOLHG DOWHUQDWLQJ YROWDJH DW GLƨHUHQW IUHTXHQFLHV� ,W LV D SRZHUIXO
WHFKQLTXH WKDW SURYLGHV TXDOLWDWLYH DQG TXDQWLWDWLYH� DV ZHOO DV WLPH�GHSHQGHQW LQIRU�
PDWLRQ RI SURFHVVHV WDNLQJ SODFH DW WKH LQWHUIDFH EHWZHHQ D PHWDO DQG DQ HOHFWURO\WH�

7KHPRVW FRPPRQ DQG VWDQGDUG SURFHGXUH� LV WR DSSO\ D VPDOO DOWHUQDWLQJ SRWHQWLDO VLJ�
QDO �LQ WKH RUGHU RI P9 DQG D IUHTXHQF\ UDQJH IURP ��−� WR ��� +]� WR DQ HOHFWURGH� WKH
UHVXOWLQJ FXUUHQW LV PHDVXUHG DQG WKH LPSHGDQFH DW HDFK IUHTXHQF\ LV FRPSXWHG� $O�
WKRXJK WKH YROWDJH�FXUUHQW UHODWLRQ LQ DQ HOHFWURFKHPLFDO FHOO LV FRKHUHQWO\ QRQ�OLQHDU�
LW LV SRVVLEOH WR ZRUN ZLWKLQ D UDQJH LQ ZKLFK WKLV GHSHQGHQFH LV DSSUR[LPDWHG DV OLQHDU
�)LJ ����� 7KLV LV WKH FDVH IRU D SRWHQWLDO ZLWK DQ DPSOLWXGH LQ WKH UDQJH RI ����P9�

)LJ� ���� 9ROWDJH YV FXUUHQW FXUYH VKRZLQJ D UDQJH ZHUH WKH UHODWLRQ FDQ
EH FRQVLGHUHG OLQHDU�
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)XQGDPHQWDOV RI (,6

$ GHWDLOHG H[SODQDWLRQ RI WKH IXQGDPHQWDOV RI (,6 FDQ EH IRXQG LQ >��� ��� ��� ��@� 2QO\
D VXPPDU\ LV SUHVHQWHG LQ WKLV VHFWLRQ� 7KH LPSHGDQFH� =� LV GHƩQHG DV WKH WHQGHQF\
RI D FLUFXLW WR UHVLVW �RU LPSHGH� WKH ƪRZ RI DQ DOWHUQDWLQJ HOHFWULF FXUUHQW� 7KH DSSOLHG
VLQXVRLGDO YROWDJHE(t) LV H[SUHVVHG DV

E(t) = E0 VLQ(ωt) �����

ZKHUH E0 LV WKH PD[LPXP DPSOLWXGH RI WKH YROWDJH� ω LV WKH DQJXODU IUHTXHQF\ DQG
t LV WKH WLPH� 7KH UHVXOWLQJ FXUUHQW I(t) LV DOVR D VLQXVRLGDO VLJQDO RI WKH VDPH DQJXODU
IUHTXHQF\ EXW LW LV VKLIWHG LQ WLPH GXH WR WKH VORZ UHVSRQVH RI WKH V\VWHP �)LJ� ���� DQG
LV GHVFULEHG E\

I(t) = I0 VLQ(ωt− φ) �����

ZKHUH I0 LV WKH PD[LPXP DPSOLWXGH RI WKH FXUUHQW DQG φ LV WKH SKDVH VKLIW�

)LJ� ���� 9ROWDJH DQG FXUUHQW DV D IXQFWLRQ RI WLPH VKRZLQJ WKH SKDVH VKLIW
EHWZHHQ WKHP >��@�

7KH LPSHGDQFH LV GHVFULEHG E\ DQ HTXDWLRQ DQDORJRXV WR 2KPšV ODZ �R = E/I� EXW
ZLWK D IUHTXHQF\ GHSHQGHQF\�

Z(ω) =
E(t)

I(t)
�����

6XEVWLWXWLQJ ZLWK HTXDWLRQV ��� DQG ����

Z(ω) =
|E0|VLQ(ωt)

|I0|VLQ(ωt− φ)
= Z0

VLQ(ωt)
VLQ(ωt− φ)

�����
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7KH UHODWLRQVKLS EHWZHHQ YROWDJH DQG FXUUHQW FDQ EH VWXGLHG LQ WHUPV RI YHFWRUV WKDW
VKDUH D FRPPRQ RULJLQ DQG DUH VHSDUDWHG E\ WKH SKDVH DQJOH φ DQG DUH EHVW GHVFULEHG
E\ FRPSOH[ QXPEHUV� 8VLQJ (XOHU UHODWLRQVKLS� H[S(jx) = FRV(x) + j VLQ(x)� ZKHUH j LV
WKH FRPSOH[ QXPEHU j =

√
−1� WKH HTXDWLRQV IRU WKH YROWDJH DQG FXUUHQW ���� DQG ����

UHVSHFWLYHO\� DUH WUDQVIRUPHG WR�

E(t) = |E0|H[S(jωt) �����
I(t) = |I0|H[S(jωt− jφ) �����

7KHUHIRUH� WKH LPSHGDQFH FDQ EH UHZULWWHQ DV�

Z(ω) =
|E0|H[S(jωt)

|I0|H[S(jωt− jφ)
= |Z0|H[S(jφ) = |Z0|FRV(φ) + j|Z0|VLQ(φ) �����

ZKHUH [|Z0|FRV(φ)] LV WKH UHDO FRPSRQHQW Z ′ DQG [j|Z0|VLQ(φ)] LV WKH LPDJLQDU\ FRPSR�
QHQW Z ′′ RI WKH LPSHGDQFH� OHDGLQJ WR WKH JHQHUDO H[SUHVVLRQ IRU WKH LPSHGDQFH

Z(ω) = Z ′ − jZ ′′ �����

7KH PDJQLWXGH RI WKH LPSHGDQFH LV WKHQ |Z|2= (Z ′)2 + (Z ′′)2 DQG WKH SKDVH DQJOH

WDQφ =
Z ′′

Z ′ ������

7KHUH DUH WZR FRPPRQO\ XVHG JUDSKLF UHSUHVHQWDWLRQV RI WKH LPSHGDQFH GDWD� 7KH ƩUVW
RQH LV FDOOHG D 1\TXLVW SORW� LQ ZKLFK� IRU GLƨHUHQW YDOXHV RI ω� WKH UHDO FRPSRQHQW Z ′ LV
SORWWHG LQ WKH [ D[LV DQG WKH LPDJLQDU\ FRPSRQHQW Z ′′� LQ WKH \ D[LV� $Q H[DPSOH LV SUH�
VHQWHG LQ )LJ� ���D� ,Q WKLV NLQG RI SORWV� WKH IUHTXHQF\ LV QRW GLVSOD\ H[SOLFLWO\� +RZHYHU�
WKH YDOXHV FORVHU WR WKH RULJLQ FRUUHVSRQG WR KLJKHU IUHTXHQFLHV� 0RYLQJ IXUWKHU DZD\
IURP WKH RULJLQ WKH IUHTXHQF\ WHQGV WR VPDOOHU YDOXHV�

7KH VHFRQG UHSUHVHQWDWLRQ LV WKH %RGH SORW� WKDW FRQVLVW LQ WZR JUDSKV� VKRZQ LQ )LJ�
���E� ,Q WKH ƩUVW RQH� WKH PDJQLWXGH RI WKH LPSHGDQFH |Z|2 LV SORWWHG DV D IXQFWLRQ RI
WKH IUHTXHQF\ ω DQG LQ WKH VHFRQG RQH� WKH SKDVH DQJOH φ LV SORWWHG DOVR DV D IXQFWLRQ
RI ω�
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�D� 1\TXLVW SORW

�E� %RGH SORWV

)LJ� ���� 7\SLFDO 1\TXLVW DQG %RGH SORWV RI LPSHGDQFH GDWD >��@�

7KH H[SHULPHQWDO LPSHGDQFH GDWD LV FRPPRQO\ DQDO\VHG E\ ƩWWLQJ LW WR DQ HTXLYDOHQW
HOHFWULFDO FLUFXLW WR REWDLQ TXDQWLWDWLYH LQIRUPDWLRQ DERXW WKH V\VWHP� 7KH HTXLYDOHQW
FLUFXLW FRQWDLQV HOHFWULFDO FRPSRQHQWV� VXFK DV UHVLVWRUV DQG FDSDFLWRUV� WKDW UHVHPEOH
WKH SURFHVVHV WDNLQJ SODFH LQ WKH UHDO V\VWHP� ,W LV WKHUHIRUH LPSRUWDQW WR NQRZ WKH
LPSHGDQFH HTXDWLRQV RI WKHVH FLUFXLWV�

)RU H[DPSOH� LQ D FLUFXLW FRPSRVHG RI D SXUH UHVLVWDQFH� WKH UHVSRQVH WR D VLQXVRLGDO
YROWDJH FDQ EH GHVFULEHG E\ 2KPšV ODZ �R = E/I�� ZKLFK FRUUHVSRQGV WR D VLWXDWLRQ
ZKHUH WKH SKDVH VKLIW φ � DQG WKH YHFWRU GLDJUDP LV WKDW RI ƩJXUH ���D�

2Q WKH RWKHU KDQG� IRU D FLUFXLW ZLWK D SXUH FDSDFLWDQFH� WKH FXUUHQW LV GHVFULEHG E\

I = C
GE
Gt

������

6ROYLQJZLWK WKH HTXDWLRQ RI WKH VLQXVRLGDO YROWDJH �HTXDWLRQ ����� It = ωCE0I FRV(ωt)�
6LQFH FRV(ωt) = VLQ(ωt+ π/2) DQG GHƩQLQJ WKH FDSDFLWLYH UHDFWDQFH DV χc = 1/ωC �

It =
E0

χc
VLQ
(
ωt+

π

2

)
������

+HUH WKH SKDVH VKLIW φ = π/2 DQG WKH YHFWRU GLDJUDP LV DV WKH RQH VKRZQ LQ )LJ� ���E�
,Q WKLV VLWXDWLRQ� LW LV VDLG WKDW WKH FXUUHQW OHDGV WKH YROWDJH DQG WKH YHFWRU GLDJUDP
LV H[SDQGHG LQWR D SODQH� DV VKRZQ LQ )LJ� ���E� 7KLV LV WKH UHDVRQ ZK\ WKH QRWDWLRQ LQ
FRPSOH[QXPEHUV LV LQWURGXFHGDV LW VLPSOLƩHV WKHPDWKHPDWLFDO WUHDWPHQW� ,Q WKLV FDVH�
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WKH FRPSRQHQWV RI WKH LPDJLQDU\ D[LV DUHPXOWLSOLHG E\ WKH FRPSOH[ QXPEHU j =
√
−1�

KHQFHE = −Ijχc�

�D� 3XUH UHVLVWDQFH �E� 3XUH FDSDFLWDQFH

)LJ� ���� 5HODWLRQ EHWZHHQ DOWHUQDWLQJ YROWDJH DQG FXUUHQW DFURVV D �D�
SXUH UHVLVWDQFH DQG �E� SXUH FDSDFLWDQFH >��@�

6XPPDUL]LQJ� IRU DQ LQGLYLGXDO UHVLVWDQFH DQG DQ LQGLYLGXDO FDSDFLWDQFH�

3XUH UHVLVWDQFH E = IR φ = 0 ������
3XUH FDSDFLWDQFH E = −Ijχc φ = π/2 ������

7KHVH HOHPHQWV FDQ EH FRPELQHG LQ D FLUFXLW LQ GLƨHUHQW ZD\V� D VLPSOH H[DPSOH LV D
UHVLVWDQFH LQ VHULHV ZLWK D FDSDFLWDQFH� ,Q WKLV FLUFXLW� WKH VXP RI WKH YROWDJH GURS DFURVV
WKH LQGLYLGXDO HOHPHQWV PXVW EH HTXDO WR WKH DSSOLHG YROWDJH� 7KHUHIRUH�E = ER +EC

DQG VXEVWLWXWLQJ ZLWK HTXDWLRQV ���� DQG �����E = IR+ (−jIχc)� RUE = I(R− jχc)�
7KHUHIRUH� WKH YROWDJH DQG WKH FXUUHQW DUH UHODWHG WR HDFK RWKHU WKURXJK WKH YHFWRUR−
jχc� ZKLFK LV LQ IDFW� WKH LPSHGDQFH RI WKH FLUFXLW� E = IZ �

,Q WKLV ZD\� GLƨHUHQW FLUFXLWV FDQ EH FRQVWUXFWHG LQ ZKLFK WKH HOHPHQWV RU FRPELQD�
WLRQ RI HOHPHQWV� UHSUHVHQW WKH SURFHVVHV KDSSHQLQJ LQ WKH UHDO V\VWHP� VXFK DV WKH FRU�
URVLRQ RI D PHWDO� DQ R[LGH ƩOP IRUPDWLRQ RU WKH GLƨXVLRQ RI VSHFLHV LQ WKH VROXWLRQ�
7KH PRVW FRPPRQO\ XVHG HOHFWULFDO HOHPHQWV DUH SUHVHQWHG LQ WDEOH ���� 7R FRPSXWH
WKH WRWDO LPSHGDQFH� WKH LQGLYLGXDO LPSHGDQFH YHFWRUV RI WKH HOHPHQWV DUH DGGHG� 7KH
LPSHGDQFH RI WKH HOHPHQWV LQ VHULHV LV FDOFXODWHG DV WKH VXP RI WKH LQGLYLGXDO YDOXHV�
ZKLOH IRU HOHPHQWV LQ SDUDOOHO� WKH LQYHUVH RI WKH RYHUDOO LPSHGDQFH LV HTXDO WR WKH VXP
RI WKH UHFLSURFDOV RI WKH LQGLYLGXDO LPSHGDQFH YHFWRUV�
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7DEOH ���� &LUFXLW HOHPHQWV FRPPRQO\ XVHG LQ WKH PRGHOV

(OHPHQW ,PSHGDQFH 6\PERO
5HVLVWRU R
&DSDFLWRU 1

jωC

,QGXFWRU jωL
&3( 1

Q(jω)α

:DUEXUJ σω−1/2 − jσω−1/2

$ FRPPRQO\ XVHG FLUFXLW WR PRGHO WKH HOHFWULFDO EHKDYLRXU RI WKH LQWHUDFWLRQ EHWZHHQ
WKHPHWDO DQG WKH HOHFWURO\WH LV WKH FRPSOHWH 5DQGOHV FLUFXLW� SUHVHQWHG LQ )LJ� ���� DORQJ
ZLWK WKH FRUUHVSRQGHQW 1\TXLVW DQG %RGH SORWV� 7KLV FLUFXLW UHSUHVHQWV D PL[HG NLQHWLF
DQG GLƨXVLRQ FRQWUROOHG SURFHVV WDNLQJ SODFH LQ WKH HOHFWURGH�HOHFWURO\WH LQWHUIDFH� ,Q
PRVW FDVHV� D VLPSOLƩHG YHUVLRQ RI WKH FLUFXLW LV XVHG� FDOOHG WKH VLPSOLƥHG 5DQGOHV FLUFXLW�
ZKLFK FRQVLVWV RI RQO\ WKHRs�Rct DQG Cdl�

7KH W\SLFDO 1\TXLVW SORW RI WKH FRPSOHWH 5DQGOHV FLUFXLW VKRZV D VHPLFLUFOH UHSUHVHQWLQJ
WKH NLQHWLF FRQWUROOHG SURFHVV DW WKH KLJK IUHTXHQF\ UHJLRQ �FORVHU WR WKH RULJLQ�� ZKLOH
DW ORZ IUHTXHQFLHV �DZD\ IURP WKH RULJLQ� WKH PDVV WUDQVSRUW LV WKH OLPLWLQJ SURFHVV�

)LJ� ����� 5DQGOHV HTXLYDOHQW FLUFXLW PRGHO� 1\TXLVW DQG %RGH SORWV�

7KH ƩUVW HOHPHQW LV Rs� ZKLFK UHSUHVHQWV WKH UHVLVWDQFH LPSRVHG E\ WKH VROXWLRQ WR WKH
FXUUHQW� 6RPHWLPHV LW LV WUHDWHG DV D JHQHUDO UHVLVWDQFH RΩ WR DFFRXQW IRU XQFRPSHQ�
VDWHG UHVLVWDQFHV� ,W FDQ EH FDOFXODWHG DV WKH KLJK�IUHTXHQF\ LQWHUFHSW ZLWK WKH UHDO D[LV
LQ WKH 1\TXLVW SORW� 7KH VHFRQG HOHPHQW LV Cdl� WKH GRXEOH OD\HU FDSDFLWDQFH� :KHQ D
FKDUJHG HOHFWURGH LV LQ FRQWDFW ZLWK DQ HOHFWURO\WH� LRQV IURP WKH VROXWLRQ DEVRUE LQ WKH
VXUIDFH RI WKH HOHFWURGH WR FRPSHQVDWH IRU WKH VXUIDFH FKDUJH DQG DQ HOHFWULF GRXEOH
OD\HU LV IRUPHG� DV VKRZQ LQ )LJ� ����� 7KLV GRXEOH OD\HU FDQ EHPRGHOOHG DV D FDSDFLWDQFH
Cdl� 7KH FKDUJH WUDQVIHU UHVLVWDQFH Rct� ZKLFK LV FRQQHFWHG LQ SDUDOOHO� LV D UHVLVWDQFH
IRUPHG GXH WR WKH HOHFWURQ RU FKDUJH WUDQVIHU DW WKH LQWHUIDFH DQG LW GHSHQGV RQ WKH
NLQHWLFV RI WKH UHDFWLRQ� WHPSHUDWXUH� FRQFHQWUDWLRQ RI WKH UHDFWLRQ SURGXFWV DQG WKH
SRWHQWLDO� ,W FDQ EH FDOFXODWHG IURP WKH 1\TXLVW SORW� DV WKH GLDPHWHU RI WKH VHPLFLUFOH�
L�H� WKH ULJKW LQWHUFHSW ZLWK WKH UHDO D[LV PLQXV WKH VROXWLRQ UHVLVWDQFH� RU IURP WKH %RGH
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SORW DV WKH YDOXH RI |Z| LQ ZKLFK WKH SKDVH VKLIW LV ]HUR� 6LQFH D SXUH UHVLVWDQFH KDV QR
GHSHQGHQF\ RQ WKH IUHTXHQF\� LW VKRZV DV D SODWHDX LQ WKH %RGH SORW�

)LJ� ����� 5HSUHVHQWDWLRQ RI WKH GRXEOH OD\HU IRUPDWLRQ LQ WKH HOHFWURGH�
HOHFWURO\WH LQWHUIDFH�

:DUEXUJ LPSHGDQFH

,Q FHUWDLQ RFFDVLRQV� IRU H[DPSOH ZKHQ WKHPHWDO LV FRYHUHG ZLWK DEVRUEHG FRPSRQHQWV
IURP WKH VROXWLRQ RU LV FRDWHG� WKH UHDFWLRQ PD\ EH OLPLWHG E\ WKH GLƨXVLRQ RI UHDFWDQWV
WR WKH LQWHUIDFH� ,Q WKLV FDVHV� DQ HOHPHQW FDOOHG:DUEXUJ ,PSHGDQFH Zw LV DGGHG WR WKH
FLUFXLW LQ VHULHV ZLWK WKH Rct� ,W DSSHDUV DW ORZ IUHTXHQFLHV VLQFH WKH GLƨXVLRQ LV D VORZ
SURFHVV DQG DW KLJK IUHTXHQFLHV� WKH PROHFXOHV GR QRW KDYH HQRXJK WLPH WR PRYH� 7KH
:DUEXUJ LPSHGDQFH FDQ EH UHJDUGHG DV D IUHTXHQF\ GHSHQGHQW UHVLVWDQFH FRQQHFWHG LQ
VHULHV ZLWK D FDSDFLWDQFH� ,W LV GHGXFHG FRQVLGHULQJ WKH HOHFWURFKHPLFDO UHDFWLRQ O +
ne ⇀↽ R DQG D OLQHDU GLƨXVLRQ RI WKH VSHFLHV WKURXJK D VHPL�LQƩQLWH OD\HU� ZKLFK UHVXOWV
LQ WKH HTXDWLRQ

Zw = σω−1/2 − j(σω−1/2) ������

σ =
RT

F 2n2A
√
2

(
1

D1/2
o Co

+
1

D1/2
R CR

)
������

ZKHUHσ LV WKH:DUEXUJ FRHƫFLHQW�R LV WKH JDV FRQVWDQW� T LV WKH DEVROXWH WHPSHUDWXUH�
F LV WKH )DUDGD\ FRQVWDQW� n LV WKH QXPEHU RI HOHFWURQV A LV WKH DUHD RI WKH HOHFWURGH
VXUIDFH� Do DQG DR DUH WKH GLƨXVLRQ FRHƫFLHQWV RI WKH R[LGL]HG DQG UHGXFHG VSHFLHV�
DQG Co DQG CR DUH WKH FRQFHQWUDWLRQ RI WKH R[LGL]HG DQG UHGXFHG VSHFLHV UHVSHFWLYHO\�
7KH SKDVH DQJOH LV ��q� DV FDOFXODWHG ZLWK HTXDWLRQ ���� DQG LW VKRZV LQ WKH 1\TXLVW SORW
DV D VWUDLJKW OLQH ZLWK D VORSH RI �� DW ORZ IUHTXHQFLHV DQG LQ WKH %RGH SORW DV DQ DQJOH
RI ��q �)LJ� ������

2QFH HYHU\ HOHPHQW LV GHƩQHG� WKH WRWDO LPSHGDQFH RI WKH FHOO FDQ EH FRPSXWHG� $V
VWDWHG DERYH� WKH :DUEXUJ LPSHGDQFH LV VPDOO FRPSDUHG WR Rct LQ WKH KLJK IUHTXHQF\
UDQJH� 7KHUHIRUH� WKH UHDO DQG LPDJLQDU\ FRPSRQHQWV RI WKH LPSHGDQFH WDNH WKH OLPLWLQJ
IRUP�
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Z ′ = Rs +
Rct

1 + ω2C2
dlR

2
ct

������

Z ′′ =
ωCdlR2

ct

1 + ω2C2
dlR

2
ct

������

2Q WKH RWKHU KDQG� WKH ORZ IUHTXHQF\ UHJLRQ ZLOO KDYH WKH IRUP�

Z ′ = Rs +Rct + σω−1/2 ������
Z ′′ = σω−1/2 + 2σ2Cdl ������

&RPELQLQJ HTXDWLRQV ���� DQG ���� DQG HOLPLQDWLQJ ω�

Z ′′ = Z ′ −Rs −Rct + 2σ2Cdl ������

7KLV ODVW HTXDWLRQ LPSOLHV WKDW WKH:DUEXUJ FRHƫFLHQW FDQ EH FDOFXODWHG IURP WKH LQWHU�
VHFWLRQ RI WKH VWUDLJKW OLQH ZLWK WKH UHDO D[LV LQ WKH 1\TXLVW SORW VLQFH Z ′ = Rs + Rct −
2σ2Cdl ZKHQ Z ′′ = 0� +RZHYHU LQ SUDFWLFH� WKH GLƨXVLRQ LV QRW WKURXJK D VHPL�LQƩQLWH
OD\HU� 0RVW RI WKH WLPHV WKHUH LV D FRDWLQJ RU PHPEUDQH ZLWK D GHƩQHG WKLFNQHVV KLQ�
GHULQJ WKH GLƨXVLRQ� 7KHUHIRUH� WKH :DUEXUJ LPSHGDQFH KDV WR EH PRGLƩHG WR PRGHO D
ƩQLWH OHQJWK GLƨXVLRQ� 7KHUH DUH WZR FDVHV LQ ZKLFK WKLV FDQ EH WUHDWHG�

Ũ 5H݋HFWLYH ERXQGDU\� 7KH GLƨXVLRQ RI PRELOH VSHFLHV LV GLVWULEXWHG LQ DQ LPSHU�
PHDEOH OD\HU ZKHUH QR FKDUJH WUDQVIHU LV SRVVLEOH� $VVXPLQJ WKH GLƨXVLRQ RI RQO\
RQH VSHFLHV� WKH:DUEXUJ LPSHGDQFH� DOVR FDOOHG RSHQ FLUFXLW:DUEXUJ LPSHGDQFH�
LV JLYHQ E\

Zo
w =

σ√
jω

FRWK

[√
jω

D
le

]
������

ZKHUH le LV WKH GLƨXVLRQ OD\HU� ZKLFK LV WKH UHJLRQ LQ WKH YLFLQLW\ RI WKH HOHFWURGH
ZKHUH D FRQFHQWUDWLRQ JUDGLHQW RI WKH GLƨXVLQJ VSHFLH LV EXLOW�

$W KLJK IUHTXHQFLHV� WKH SHQHWUDWLRQ OHQJWK RI WKH DF VLJQDO LV VPDOOHU WKDQ WKH
OD\HU WKLFNQHVV� 'XH WR WKH IDFW WKDW WKH OD\HU LV LPSHUPHDEOH� DW ORZHU IUHTXHQFLHV
WKH FKDUJHV DFFXPXODWH LQ WKH LQWHUIDFH EHWZHHQ WKH OD\HU DQG WKH HOHFWURO\WH DQG
D FDSDFLWRU�OLNH EHKDYLRXU LV SURGXFHG �)LJ� ������ 7KH LPDJLQDU\ FRPSRQHQW RI WKH
LPSHGDQFH WHQGV WR LQƩQLW\ VLQFH QR FXUUHQW FDQ ƪRZ LQ WKH V\VWHP�

Ũ 7UDQVPLVVLYH ERXQGDU\� 7KH VSHFLHV GLƨXVH WKURXJK D VHPL�SHUPHDEOH OD\HU EH�
IRUH UHDFKLQJ WKH HOHFWURGH LQWHUIDFH� 7KH :DUEXUJ LPSHGDQFH� DOVR FDOOHG VKRUW
FLUFXLW:DUEXUJ LPSHGDQFH LV�



�� &KDSWHU �� 0HWKRGRORJ\

Zs
w =

σ√
jω

WDQK

[√
jω

D
le

]
������

$W KLJK IUHTXHQFLHV� ZKHUH WKH WLPH DYDLODEOH IRU WKH VSHFLHV WR PRYH LV VKRUW� WKH
RVFLOODWLRQ LQ WKH FRQFHQWUDWLRQ ZLOO EH JLYHQ E\ RQO\ WKRVH ORFDWHG LQ WKH YLFLQLW\
RI WKH HOHFWURGH� ZKLFK FDQ EH UHJDUGHG DV D GLƨXVLRQ LQ D VHPL�LQƩQLWH OD\HU� $W
ORZHU IUHTXHQFLHV� WKH V\VWHP UHVHPEOHV D GF V\VWHP DV WKH VSHFLHV DUH DEOH WR
PRYH DFURVV WKH HQWLUH WKLFNQHVV RI WKH OD\HU DQG D FXUUHQW FDQ ƪRZ� $ UHVLVWDQFH
LV EXLOW� ZKLFK FDQ EH VHHQ DV D VHPLFLUFOH LQ WKH 1\TXLVW SORW �)LJ ������

7KH OLPLWLQJ YDOXH RI WKH :DUEXUJ LPSHGDQFH ZKHQ ω → 0 LV

Zs
w =

WR√
jωWT

WDQK
√
jωWT ������

ZKHUHWR =

√
2σle√
D

������

DQGWT =
l2e
D

������

�D� 1\TXLVW IRU PDVV WUDQVIHU �E� 1\TXLVW IRU WRWDO LPSHGDQFH

�F� %RGH IRU WRWDO LPSHGDQFH �G� %RGH IRU WRWDO LPSHGDQFH

)LJ� ����� 1\TXLVW DQG %RGH SORWV RI PDVV WUDQVIHU DQG WRWDO LPSHGDQFH
IRU D� VHPL�LQƩQLWH� E� WUDQVPLVVLYH� DQG F� UHƪHFWLYH ERXQGDU\ >��@�
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7KH :DUEXUJ LPSHGDQFH LV UHOHYDQW WR WKLV WKHVLV VLQFH LW LV WKH PHWKRG E\ ZKLFK WKH
GLƨXVLRQ FRHƫFLHQW RI DUVHQDWHV DQG DUVHQLWHV LV HVWLPDWHG� 7KH DQDO\VHG VDPSOH LV
IRUPHG E\ D FRDWHG PHWDO LPPHUVHG LQ DQ DUVHQLWH RU DUVHQDWH VROXWLRQ� 7KLV ZD\� WKH
GLƨXVLRQ RI WKH DUVHQLF VSHFLHV ZLOO EH KLQGHUHG E\ WKH FRDWLQJ SURGXFLQJ D :DUEXUJ
LPSHGDQFH EHKDYLRXU VHHQ LQ WKH1\TXLVW DQG%RGHSORWV� ,Q WKLV FDVH� WKH UHDFWLRQ WKDW LV
OLPLWHG E\ WKH GLƨXVLRQ SURFHVV LV WKH DEVRUSWLRQ RI DUVHQDWHV RU DUVHQLWHV LQ DOXPLQLXP
R[LGH� 7KHUHIRUH� LQ RUGHU WR FDOFXODWH WKH GLƨXVLRQ HTXDWLRQ� DQ DSSUR[LPDWLRQ LV PDGH
ZHUH RQO\ WKH FRQFHQWUDWLRQ RI WKH DUVHQLWHV RU DUVHQDWHV VSHFLHV LV FRQVLGHUHG�

σ =
RT

F 2A
√
2D1/2C

������

:DWHU GL݉XVLRQ WKURXJK D FRDWLQJ

$Q LGHDO FRDWLQJ FDQ EH PRGHOOHG DV D FDSDFLWRU ZKRVH FDSDFLWDQFH Cc LV JLYHQ E\

Cc =
εAε0
d

������

ZKHUH ε LV LWV GLHOHFWULF FRQVWDQW� ε0 LV WKH SHUPLWWLYLW\ RI YDFXXP� A LV WKH VXUIDFH DUHD
DQG d LV WKH WKLFNQHVV RI WKH FRDWLQJ�

7KHUH DUH WZR DSSURDFKHV WR FDOFXODWH WKH FDSDFLWDQFH RI WKH FRDWLQJ� WKH ƩUVW RQH LV
E\ XVLQJ WKH LPDJLQDU\ FRPSRQHQW RI WKH LPSHGDQFH DW KLJK IUHTXHQF\ �EHWZHHQ � DQG
�� N+]�� ZKHUH WKH FRDWLQJ FDSDFLWDQFH LV WKH PDLQO\ (,6 UHVSRQVH >��@� 7KH FDSDFLWDQFH
LV FDOFXODWHG DV�

CHF = − 1

2πfZ ′′ ������

ZKHUH f LV WKH IUHTXHQF\ DQG Z ′′ LV WKH LPDJLQDU\ SDUW RI WKH LPSHGDQFH EHWZHHQ � DQG
�� N+]�

+RZHYHU� JHQHUDOO\ WKH FRDWLQJ GRHV QRW EHKDYH DV DQ LGHDO FDSDFLWRU� 7KLV LV FDXVHG
E\ FRQWDPLQDWLRQ RU URXJKQHVV DFURVV WKH WKLFNQHVV RI WKH FRDWLQJ RU WR D QRQ�XQLIRUP
FXUUHQW GLVWULEXWLRQ� 2IWHQ� D FRQVWDQW SKDVH HOHPHQW� RU &3(� LV XVHG WR WDNH LQWR DF�
FRXQW VXFK LQKRPRJHQHLWLHV� 7KHUHIRUH� WKH LPSHGDQFH RI WKH FDSDFLWRU LV UHSODFHG E\
WKH LPSHGDQFH RI WKH &3(�
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ZCPE =
1

Q(jω)α
������

ZKHUH Q LV WKH SDUDPHWHU UHODWHG WR WKH FDSDFLWDQFH DQG α LV WKH FRQVWDQW SKDVH H[�
SRQHQW ��> α >��� :KHQ α =�� WKH LPSHGDQFH FRUUHVSRQGV WR WKDW RI DQ LGHDO FDSDF�
LWRU� 7KH QRQ�LGHDO EHKDYLRXU RI WKH FDSDFLWDQFH FDQ EH VHHQ LQ WKH 1\TXLVW SORW DV D
GHSUHVVHG VHPL�FLUFOH DQG LQ WKH %RGH SORW DV D GHYLDWLRQ WR ORZHU DQJOHV �)LJ� ������

)LJ� ����� 1\TXLVW DQG %RGH SORWV RI D VLPSOLƩHG 5DQGOHV FLUFXLW VKRZLQJ
WKH EHKDYLRXU RI D &3( >��@�

7KHUH KDYH EHHQ VWXGLHV XVLQJ WKH &3( DV WKH FDSDFLWDQFH RI WKH FRDWLQJ WR FDOFXODWH
WKH ZDWHU XSWDNH� KRZHYHU LW KDV EHHQ IRXQG WKDW WKH UHVXOWV DUH IDU IURP WKH UHDO RQHV
DQG DQ HƨHFWLYH FDSDFLWDQFH KDV WR EH REWDLQHG IURP WKH &3( SDUDPHWHUV >��@� 7KHUH DUH
WZRZD\V WR FDOFXODWH WKH HƨHFWLYH FDSDFLWDQFH� 7KH (T� ���� ZDV SURSRVHG E\ %UXJ� ZKR
DWWULEXWHG WKH QRQ LGHDO EHKDYLRXU WR KHWHURJHQHLWLHV DORQJ WKH VXUIDFH RI WKH FRDWLQJ�
$QG (T� ����� SURSRVHG E\ +VX WR WDNH LQWR DFFRXQW D YDULDWLRQ QRUPDO WR WKH VXUIDFH
>��@� %RWK HTXDWLRQV KDYH EHHQ XVHG WR FDOFXODWH FDSDFLWDQFHV IRU VLPLODU V\VWHPV IRU D
ZLGH YDULHW\ RI DSSOLFDWLRQV� 1HYHUWKHOHVV� LW UHPDLQV XQFOHDU ZKLFK DSSURDFK \LHOGV WKH
EHVW UHVXOWV�

CB
eff =

[
Q ·R(1−α)

s

]1/α
������

CH
eff =

[
Q ·R(1−α)

c

]1/α
������

'XULQJ LPPHUVLRQ� WKHUH LV D FKDQJH LQ WKH FDSDFLWDQFH RI WKH FRDWLQJ� $V ZDWHU VWDUWV
WR SHQHWUDWH� LW FKDQJHV WKH GLHOHFWULF FRQVWDQW RI WKH FRDWLQJ �QRUPDOO\ ���� WR WKDW RI
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ZDWHU �DSSUR[LPDWHO\ εw = 80� DQG WKXV� WKHUH LV DQ LQFUHDVH LQ WKH FDSDFLWDQFH� %UDVKHU
DQG .LQJVEXU\ SURSRVHG HTXDWLRQ ���� WR GHWHUPLQH WKH YROXPH IUDFWLRQ RIZDWHU� φ(�)�
LQVLGH WKH FRDWLQJ� ZKLFK KDV EHHQ FRPPRQO\ XVHG E\ VHYHUDO DXWKRUV >��� ��� ��� ��� ��@�

φ(�) =
log(Ct/C0)

logεw
������

ZKHUHCt LV WKH FDSDFLWDQFHPHDVXUHG DW WLPH t DQGC0 LV WKH LQLWLDO FRDWLQJ FDSDFLWDQFH�
7KH %UDVKHU DQG .LQJVEXU\ HTXDWLRQ KDYH VHYHUDO DVVXPSWLRQV�

Ũ 7KH FKDQJH LQ WKH PHDVXUHG FDSDFLWDQFH LV RQO\ GXH WR WKH SHQHWUDWLRQ RI ZDWHU�

Ũ 7KH GLVWULEXWLRQ RI ZDWHU LV UDQGRP DQG XQLIRUP

Ũ 7KHUH LV QR FKHPLFDO LQWHUDFWLRQ EHWZHHQ WKH ZDWHU DQG WKH FRDWLQJ DQG WKXV� WKH
SHUPLWWLYLW\ RI ZDWHU LV ���

Ũ 6ZHOOLQJ FDQ EH LJQRUHG�

Ũ 7KHUH LV QR SRODU VROYHQW LQ WKH ƩOP�

:LWK (,6� WKH FRDWLQJ FDSDFLWDQFH FDQ EH PHDVXUHG RYHU WLPH� ,I LW IROORZV D )LFNšV GLƨX�
VLRQ SURƩOH� WKH GLƨXVLRQ FRHƫFLHQW RI ZDWHU WKURXJK WKH FRDWLQJ�D� FDQ EH HVWLPDWHG
ZLWK WKH IROORZLQJ HTXDWLRQ

φt = φs

[
1−

∞∑

n=0

1

(2n+ 1)2
H[S

(
−(2n+ 1)2Dπ2

4L2

)
t

]
������

ZKHUH φt LV WKH YROXPH IUDFWLRQ RI ZDWHU DEVRUEHG DW WLPH t� φs LV WKH YROXPH IUDFWLRQ
RI ZDWHU DEVRUEHG DW VDWXUDWLRQ DQG L LV WKH WKLFNQHVV RI WKH FRDWLQJ�

0HWKRGRORJ\� :DWHU GL݉XVLRQ VWXGLHG E\ (,6

7KH GLƨXVLRQ RI ZDWHU WKURXJK WKH IRXU PDWHULDOV ZDV VWXGLHG ZLWK (,6� $ FRQYHQWLRQDO
WKUHH HOHFWURGH VHW�XS ZDV XVHG �)LJ� ������ LQ ZKLFK D $J�$J&O HOHFWURGH DFWHG DV WKH
UHIHUHQFH HOHFWURGH� D VWDLQOHVV VWHHO PHVK DV WKH FRXQWHU HOHFWURGH DQG DQ DOXPLQLXP
���� SODWH DV WKH ZRUNLQJ HOHFWURGH� $ ���� 0 1D�62� VROXWLRQ ZDV XVHG DV WKH HOHF�
WURO\WH� 7KH $O SODWHV ZHUH PHFKDQLFDOO\ SROLVKHG WR SURGXFH DQ HYHQ VXUIDFH IUHH RI
VFUDWFKHV DQG WKH WHVWHG DUHD ZDV �.� FP�� (DFK RI WKH PDWHULDOV ZDV DSSOLHG WR DQ $O
SODWH ZLWK D ��vP GUDZGRZQ EDU DQG GULHG LQ DQ RYHQ DW ��q&� 7KH FRDWLQJ WKLFNQHVV
ZDV PHDVXUHG ZLWK D 0LWXWR\R GLJLWDO PLFURPHWHU DV WKH GLƨHUHQFH LQ WKLFNQHVV RI WKH
$O SODWHZLWK DQGZLWKRXW FRDWLQJ� (,6PHDVXUHPHQWVZHUH SHUIRUPHG HYHU\ ��PLQXWHV
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IRU �� KRXUV ZLWK D 0HWURKP $XWRODE SRWHQWLRVWDW FRPELQHG ZLWK D )5$�0RGXOH� 7KH
DSSOLHG IUHTXHQF\ UDQJH ZDV ��� WR ��−� +] ZLWK D VLJQDO DPSOLWXGH RI ��P9� 7KH GDWD
ZDV DIWHUZDUGV SURFHVVHG ZLWK WKH VRIWZDUH =9LHZ DQG 0DWODE�

Electrolyte 

Working 
electrode 

Coating 

Counter  
electrode 

Reference 
 electrode 

)LJ� ����� (OHFWULFDO FHOO FRQƩJXUDWLRQ IRU (,6 H[SHULPHQWV�

$V PHQWLRQHG SUHYLRXVO\� ERWK DUVHQDWH DQG DUVHQLWH IRUP FRPSOH[HV ZLWK DOXPLQLXP
R[LGH� 7KHUHIRUH� WR WHVW WKH DUVHQLF FRPSRXQGV GLƨXVLRQ WKURXJK WKH FRDWLQJV� WKH
DOXPLQLXP SODWH ZDV WUHDWHG IRU �� PLQXWHV ZLWK D 1D2+ VROXWLRQ ���0 WR SURGXFH
DQ DOXPLQLXP R[LGH OD\HU EHIRUH WKH DSSOLFDWLRQ RI WKH FRDWLQJV� $ VROXWLRQ RI ����0
VRGLXP DUVHQDWH 1D�+$V2�·+�2 �≥������ 6LJPD $OGULFK� RU VRGLXP �PHWD�DUVHQLWH
1D$V2� �≥���� 6LJPD $OGULFK� LQ +�2 ZDV XVHG DV WKH HOHFWURO\WH� 7KH H[SHULPHQWDO
FRQGLWLRQV DUH WKH VDPH DV UHSRUWHG DERYH�



��
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5HVXOWV H[�VLWX

,Q WKLV FKDSWHU� WKH UHVXOWV RI WKH DQDO\VLV RI WKH SDLQWLQJ UHFRQVWUXFWLRQV PDGH E\ )7,5
PLFURVFRS\ DQG 6(0�('6 LV SUHVHQWHG� 7KH UHFRQVWUXFWLRQV FRQVLVW RI D JURXQG OD\HU
DQG DQ RUSLPHQW OD\HU RQ WRS� 7KH JURXQGV VWXGLHG ZHUH FKDON� HDUWK SLJPHQW DQG OHDG
ZKLWH� $QG HDFK RQH RI WKHP ZHUH NHSW XQGHU WKUHH GLƨHUHQW UHODWLYH KXPLGLW\ OHYHOV�
���� ��� DQG ��� IRU D SHULRG RI �� PRQWKV� )RU FRPSDULVRQ� WKH VDPSOHV NHSW DW D
UHODWLYH KXPLGLW\ RI ��� DUH FRPSDUHG�

7KH K\SRWKHVLV EHKLQG WKHVH H[SHULPHQWV LV WKDW WKH RUSLPHQW ZLOO R[LGLVH DQG PLJUDWH
LQWR WKH JURXQG OD\HU� 7KH UHODWLYH KXPLGLW\ ZDV YDULHG VLQFH LQ D PRUH KXPLG HQYLURQ�
PHQW� ƩUVWO\ PRUH R[LGDWLRQ LV H[SHFWHG� DQG VHFRQGO\ WKH DUVHQLF WUDQVSRUW LV H[SHFWHG
WR EH IDVWHU� 7KH SDLQW OD\HUV WKDW DUH LQ FRQWDFW ZLWK WKH RUSLPHQW FDQ DOVR KDYH DQ
HƨHFW LQ WKH PLJUDWLRQ RI DUVHQLF VSHFLHV� DQG WKXV� WKUHH GLƨHUHQW PDWHULDOV ZHUH XVHG
DV WKH JURXQGV�

7KH FURVV�VHFWLRQV WDNHQ IURP WKH UHFRQVWUXFWLRQV ZHUH DQDO\VHG E\ WZR WHFKQLTXHV
VLQFH WKH\ ERWK SURYLGH GLƨHUHQW LQIRUPDWLRQ� :LWK 6(0�('6� WKH HOHPHQWDO GLVWULEX�
WLRQ LQ WKH VDPSOH LV REWDLQHG� %\ LGHQWLI\LQJ WKH HOHPHQWV SUHVHQW LQ WKH JURXQG� LW LV
SRVVLEOH WR NQRZ LI WKH DUVHQLF SLJPHQW PLJUDWHG DQG LQ FDVH LW GLG� LW FDQ JLYH DQ LQ�
GLFDWLRQ RQ WKH IRUP RI WKH VSHFLHV �R[LGLVHG RU LQWDFW GHSHQGLQJ RQ WKH FRQFHQWUDWLRQ
SURƩOHV RI DUVHQLF DQG VXOSKXU�� +RZHYHU� QRW DOO HOHPHQWV DUH HDVLO\ GLVWLQJXLVKDEOH�
)RU H[DPSOH� WKH SHDNV RI VXOSKXU DQG OHDG RYHUODS� ZKLFK LV D SUREOHP VLQFH RQH RI WKH
UHFRQVWUXFWLRQV LV PDGH RI RUSLPHQW �DUVHQLF VXOSKLGH� DQG OHDG ZKLWH� ,Q WKLV FDVH� LW LV
QRW SRVVLEOH WR GHWHFW LI WKHUH LV VXOSKXU SUHVHQW LQ WKH OHDG ZKLWH OD\HU� %\ DQDO\VLQJ WKH
VDPSOH ZLWK )7,5 PLFURVFRS\� WKLV LVVXH LV RYHUFRPH VLQFH WKH VLJQDO RI OHDG ZKLWH GRHV
QRW RYHUODS ZLWK WKH DUVHQLF RQH� )XUWKHUPRUH� WKH DUVHQLF LV GHWHFWHG LQ WKLV WHFKQLTXH
RQO\ ZKHQ LW LV IRUPLQJ D ERQG ZLWK R[\JHQ� �WKH YLEUDWLRQ WKDW LV GHWHFWHG LV $V�2��
7KHUHIRUH� WKLV DOORZV WR VHH LI WKH DUVHQLF KDV DOUHDG\ R[LGLVH�
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��� $QDO\VLV RI WKH FURVV�VHFWLRQ RI RUSLPHQW DQG FKDON

7KH 6(0 LPDJH REWDLQHG ZLWK VHFRQGDU\ HOHFWURQV RI WKH RUSLPHQW DQG FKDON FURVV�
VHFWLRQ LV SUHVHQWHG LQ )LJ� ���D� ,W FRQVLVWV RI D VDPSOH FRQWDLQLQJ WZR OD\HUV� 7KH WRS
OD\HU ZDV LGHQWLƩHG ZLWK ('6 DV WKH RUSLPHQW� VLQFH WKH DUVHQLF DQG VXOSKXU FRQFHQWUD�
WLRQV LQ WKLV SDUW DUH KLJK� DQG WKH ERWWRP OD\HU DV WKH FKDON� EDVHG RQ WKH SUHVHQFH RI
FDOFLXP� $ SRLQW DQDO\VLV ZDV PDGH LQ WKH VXUURXQGLQJ UHVLQ WR PDNH VXUH WKDW WKHUH LV
QR DUVHQLF RU RWKHU FRPSRQHQWV RI WKH SDLQW FURVV�VHFWLRQ WKDW PD\ UHVXOW IURP VPHDU�
LQJ ZKHQ SROLVKLQJ WKH VDPSOH�

7KH HOHPHQWV RI LQWHUHVW� QDPHO\ DUVHQLF� VXOSKXU DQG FDOFLXP� ZHUH PDSSHG ZLWK ('6
WR VHH WKHLU GLVWULEXWLRQ LQ WKH VDPSOH� 7KH GLVWULEXWLRQ PDSV DUH SUHVHQWHG LQ )LJXUHV
���E� ���F DQG ���G� ,Q )LJ� ���H WKH 6( LPDJH DQG WKH PDSV RI DUVHQLF DQG FDOFLXP ZHUH
VXSHULPSRVHG WR FUHDWH RQH VLQJOH LPDJH DQG FRPSDUH WKH HOHPHQWV GLVWULEXWLRQ ZLWK
WKH LPDJH�

7KH DUVHQLF PDS VKRZV WKH VDPH SDWWHUQV DV WKDW RI VXOSKXU� ZKLFK LV H[SHFWHG VLQFH
WKH\ DUH ERWK ORFDWHG DW WKH RUSLPHQW OD\HU� ,Q WKH WKUHH GLVWULEXWLRQ PDSV D FOHDU OLPLW
LV VKRZQ LQ WKH LQWHUIDFH EHWZHHQ WKH OD\HUV� WKHUH LV QR RYHUODS EHWZHHQ WKH DUVHQLF
DQG FDOFLXP PDSV� 7KLV LV EHWWHU DSSUHFLDWHG LQ WKH VXSHULPSRVHG LPDJH ZKHUH WKH
OLPLW RI WKH OD\HUV LV FOHDU� ,W LV LPSRUWDQW WR QRWH WKDW WKH KLJK FRQFHQWUDWLRQ RI DUVHQLF
LQ WKH RUSLPHQW OD\HU VHWV WKH LQWHQVLW\ VFDOH YHU\ KLJK PDNLQJ GLƫFXOW WR LGHQWLI\ ORZHU
FRQFHQWUDWLRQV LQ RWKHU SDUW RI WKH VDPSOHV� $PRUH ORFDOL]HG DQDO\VLV LV WKHUHIRUHPRUH
XVHIXO� VXFK DV D OLQH SURƩOH� 7KLV LV D SURFHGXUH LQ ZKLFK VHYHUDO SRLQWV DORQJ D FKRVHQ
OLQH DUHPHDVXUHGZLWK ('6 DQG WKHPDVV SHUFHQW LV SORWWHG DV D IXQFWLRQ RI WKH GLVWDQFH�
7KHUHIRUH� WKH FRQFHQWUDWLRQ DW LQGLYLGXDO SRLQWV LV NQRZQ DQG WKH SORW PDNHV LW HDVLHU
WR YLVXDOL]H�



���� $QDO\VLV RI WKH FURVV�VHFWLRQ RI RUSLPHQW DQG FKDON ��

�D� 6( LPDJH �E� &DOFLXPPDS

�F� $UVHQLF PDS �G� 6XOSKXU PDS

�H� 6( LPDJH� &D DQG $V PDS

)LJ� ���� 6(0 LPDJHV RI WKH FKDON DQG RUSLPHQW FURVV�VHFWLRQ NHSW DW ���
UHODWLYH KXPLGLW\�

$ OLQH SURƩOH ZDV PHDVXUHG LQ D ORFDWLRQ FORVH WR WKH LQWHUIDFH RI WKH WZR OD\HUV� 7KH
ORFDWLRQ DQG UHVXOW RI WKH OLQH SURƩOH LV SUHVHQWHG LQ )LJ� ����,Q WKLV LPDJH LV SRVVLEOH WR
VHH WKH LQWHUIDFH FORVHU� 7KH WZR EOXH OLQHV LQ WKH ƩJXUH LQGLFDWH WKH WZR SRLQWV PHD�
VXUHG FORVHU WR WKH LQWHUIDFH� 7KH OLQH DW WKH OHIW LV ORFDWHG LQ D SRLQW PHDVXUHG GLUHFWO\
DW WKH LQWHUIDFH� ,Q WKLV SRLQW� WKH FRQFHQWUDWLRQ RI FDOFLXP LV ]HUR ZKLOH DUVHQLF LV VWLOO
SUHVHQW� ,Q WKH SRLQW ORFDWHG DW DSSUR[LPDWHO\ � vP DW WKH ULJKW RI WKH LQWHUIDFH� WKH FDO�
FLXP FRQFHQWUDWLRQ DEUXSWO\ LQFUHDVHV VLQFH WKLV SRLQW LV ORFDWHG LQVLGH WKH FKDON OD\HU�
+HUH WKH DUVHQLF LV VWLOO GHWHFWHG DOWKRXJK LW LV D YHU\ ORZ FRQFHQWUDWLRQ� 7KLV PD\ EH
DQ LQGLFDWLRQ RI WKH PLJUDWLRQ RI DUVHQLF EXW WKH FRQFHQWUDWLRQ LV WRR ORZ WR GUDZ DQ\
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FRQFOXVLRQV� ,W LV LPSRUWDQW WR QRWH WKDW WKH OLQH SURƩOH ZDV PHDVXUHG ZLWK VWHSV RI
DSSUR[LPDWHO\ � vP� +HQFH� DUVHQLF PD\ EH SUHVHQW LQ�EHWZHHQ WKHVH WZR SRLQWV� )XU�
WKHUPRUH� WKH ;�UD\V GHWHFWHG ZLWK ('6 DUH QRW SURGXFHV VROHO\ IURP WKH VXUIDFH RI WKH
VDPSOH EXW IURP D YROXPH EHORZ WKH VXUIDFH� DV VKRZQ LQ )LJ� ��� IURP 6HFWLRQ ������
6LQFH WKH PHDVXUHPHQWV DUH GRQH FORVH WR WKH LQWHUIDFH� WKH LQWHUDFWLRQ YROXPH RI WKH
GHWHFWHG ;�UD\V PD\ EH SDUWO\ ORFDOL]HG LQ WKH RUSLPHQW OD\HU� WKXV GHWHFWLQJ DUVHQLF�
7KH WKLUG SRLQW� ORFDWHG DW DSSUR[LPDWHO\ �� vP IURP WKH LQWHUIDFH GRHV QRW VKRZ DQ\
DUVHQLF VLJQDOV�

7KH SURƩOH RI VXOSKXU� DOWKRXJK QRW SUHVHQWHG KHUH� PDWFKHV WKH SURƩOH RI DUVHQLF VXJ�
JHVWLQJ WKDW WKH SLJPHQW LV LQWDFW�

)LJ� ���� /LQH SURƩOH DW WKH LQWHUIDFH RI RUSLPHQW DQG FKDON�

7KLV VDPSOH ZDV DOVR DQDO\VHG ZLWK )7,5 PLFURVFRS\� 6SHFWUD ZDV WDNHQ LQ SRLQWV OR�
FDWHG DW WKH WRS DQG ERWWRP OD\HUV DQG LV SUHVHQWHG LQ )LJ� ���D� ,Q WKH ERWWRP OD\HU�
WKH VSHFWUD VKRZV D SHDN ORFDWHG LQ ��� FP−� WKDW FRUUHVSRQGV WR WKH $V�2 ERQG� UHS�
UHVHQWLQJ DUVHQDWHV >�@� 7KH SUHVHQFH RI WKLV YLEUDWLRQ LQGLFDWHV WKDW WKHUH DUH R[LGDWLRQ
SURGXFWV� ,Q WKH WRS OD\HU VSHFWUD� WKH &�2 FKDUDFWHULVWLF SHDNV RI FKDON DUH REVHUYHG�
���� FP−�� ��� FP−� DQG ��� FP−�� 7KH YLEUDWLRQV LQ ��� FP−� DQG ���� FP−� UHSUHVHQ�
WDWLYH RI DUVHQDWHV DQG FKDON� ZHUH FKRVHQ WR PHDVXUH GLVWULEXWLRQ PDSV� SUHVHQWHG LQ
)LJXUHV ���E DQG ���F� ,Q WKH ���� FP−� PDS� WKH OLPLW RI WKH OD\HU LV FOHDUO\ REVHUYHG
LQGLFDWLQJ WKDW WKH FKDON LV FRQƩQHG DQG GLVWULEXWHG LQ WKH ERWWRP OD\HU� 7KH ��� FP−�

PDS VKRZV DKLJK FRQFHQWUDWLRQ RI DUVHQDWHV LQ WKH RXWHU SDUW RI WKH OD\HU� 7KLV LV FDXVHG
E\ D FRPELQDWLRQ RI IDFWRUV� )LUVW� WKLV VDPSOHV ZHUH OLJKW DJHG� 7KH LQQHU SDUW RI WKH
VDPSOH LV VKLHOGHG IURP OLJKW DQG WKHUHIRUH� OHVV R[LGDWLRQ RFFXUV� 7KH RWKHU IDFWRUV LV
WKDW WKH RXWHU SDUW LV LQ PRUH FRQWDFW ZLWK WKH HQYLURQPHQW DQG WKXV� KDV PRUH DFFHVV
WR R[\JHQ DQG ZDWHU� $ ORZHU FRQFHQWUDWLRQ RI DUVHQDWHV LV REVHUYHG WKURXJKRXW WKH
ZKROH WRS OD\HU� 7KHUH DUH FHUWDLQ ORFDWLRQV LQ WKH ERWWRP OD\HU ZKHUH WKH FRQFHQWUD�
WLRQ RI DUVHQLF LV QRW ]HUR �VHHQ LQ JUHHQ�� +RZHYHU� WKLV PXVW EH FRQVLGHUHG ZLWK FDUH
VLQFH WKH LQWHQVLW\ VKRZQ LQ WKH PDS LV WKH UHVXOW RI WKH LQWHJUDWLRQ RI WKH FKRVHQ SHDN
DQG LV KLJKO\ GHSHQGHQW RQ WKH EDVH OLQH� WKDW PD\ YDU\ IURP RQH VSHFWUD WR DQRWKHU�
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)LJ� ���� �D�� )7,5 VSHFWUD DQG �E�F�� )7,5 PLFURVFRS\ LPDJHV �UHG LV UHS�
UHVHQWDWLYH RI KLJKHU LQWHQVLW\� RI WKH FKDON DQG RUSLPHQW FURVV�VHFWLRQ

NHSW DW ��� UHODWLYH KXPLGLW\ IRU �� PRQWKV�

6LPLODUO\ WR WKH 6(0�('6 OLQH SURƩOH� D PRUH ORFDOLVHG DQDO\VLV ZDV PDGH� $ OLQH SURƩOH
FORVH WR WKH LQWHUIDFH ZDV PHDVXUHG DQG LV VKRZQ LQ )LJ� ���� $ VOLJKW RYHUODS EHWZHHQ
WKH SURƩOHV LV REVHUYHG DW DSSUR[LPDWHO\ �� vP GHHS LQWR WKH FKDON OD\HU� (YHQ WKRXJK
WKH LQWHQVLW\ RI WKH DUVHQDWHV LQ WKLV UHJLRQ LV YHU\ ORZ� LW PD\ EH DQ LQGLFDWLRQ RI PLJUD�
WLRQ�

)LJ� ���� /LQH SURƩOH ORFDWLRQ DQG UHVXOW RI WKH FKDON DQG RUSLPHQW FURVV�
VHFWLRQ NHSW DW ��� UHODWLYH KXPLGLW\ IRU �� PRQWKV�
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��� $QDO\VLV RI WKH FURVV�VHFWLRQ RI RUSLPHQW DQG HDUWK
JURXQG

7KH 6(0 LPDJH RI WKH RUSLPHQW DQG HDUWK JURXQG FURVV�VHFWLRQ LV SUHVHQWHG LQ )LJ� ����
7ZR OD\HUV DUH GLVWLQJXLVKHG� 7KH RQH RQ WRS� LGHQWLƩHG ZLWK ('6� LV WKH RUSLPHQW OD\HU
DQG WKH ERWWRPRQH LV WKH HDUWK JURXQG� EDVHG RQ WKH SUHVHQFH RI VLOLFRQ DQG DOXPLQLXP�
6LPLODU WR WKH SUHYLRXV VDPSOH� DQ ('6 SRLQW DQDO\VLV ZDVPDGH WR WKH UHVLQ WR FKHFN IRU
LPSXULWLHV� 7KH ('6 GLVWULEXWLRQ PDSV ZHUH SHUIRUPHG LQ D VPDOOHU DUHD HQFORVLQJ WKH
LQWHUIDFH EHWZHHQ WKHVH WZR OD\HUV� 7KH PDSV DUH SUHVHQWHG LQ )LJ� ����

)LJ� ���� 6(0 LPDJH RI WKH HDUWK JURXQG DQG RUSLPHQW FURVV�VHFWLRQ

6LQFH WKH HDUWK FRQVLVWV RI DQ DOXPLQRVLOLFDWH FRPSRXQG� LQ DGGLWLRQ WR WKH HOHPHQWDO
PDSV RI DUVHQLF DQG VXOSKXU� WKH PDSV RI DOXPLQLXP DQG VLOLFRQ ZHUH PHDVXUHG� ZKLFK
DV VKRZQ LQ )LJXUHV ���E DQG ���F� 7KH\ KDYH WKH VDPH GLVWULEXWLRQ DQG DUH PDUNLQJ WKH
LQWHUIDFH EHWZHHQ WKH HDUWK JURXQG DQG WKH RUSLPHQW OD\HU� 7KH DUVHQLF DQG VXOSKXU
PDS �)LJXUHV ���G DQG ���H� UHVSHFWLYHO\� PDWFK DQG LWV OLPLWV DUH ZHOO GHƩQHG� ,Q )LJ�
���I� WKH 6( LPDJH DQG WKH PDSV RI DUVHQLF DQG DOXPLQLXP ZHUH VXSHULPSRVHG DQG QR
RYHUODS EHWZHHQ WKHP LV REVHUYHG�



���� $QDO\VLV RI WKH FURVV�VHFWLRQ RI RUSLPHQW DQG HDUWK JURXQG ��

�D� 6( LPDJH �E� $OXPLQLXPPDS

�F� 6LOLFRQ PDS �G� $UVHQLF PDS

�H� 6XOSKXU PDS �I� 6( LPDJH� $O DQG $V PDS

)LJ� ���� 6(0 LPDJHV RI WKH HDUWK DQG RUSLPHQW FURVV�VHFWLRQ NHSW DW ���
UHODWLYH KXPLGLW\�

$ OLQH SURƩOH ZDVPDGH FORVH WR WKH LQWHUIDFH DQG LV SUHVHQWHG LQ )LJ� ���� ,Q WKLV DQDO\VLV�
D FRQWLQXRXV OLQH ZDV PHDVXUHG DQG WKH UHODWLYH FRQFHQWUDWLRQ SURƩOHV ZHUH VXSHULP�
SRVHG LQ WKH 6( LPDJH� 7KH YHUWLFDO EOXH OLQHPDUNV ZKHUH WKH OLQH SURƩOH ZDVPHDVXUHG�
7KH SURƩOH RI WKH DUVHQLF LV VKRZQ LQ GDUN EOXH LQ ERWK LPDJHV� 7KH VLOLFRQ SURƩOH LV
VKRZQ LQ SLQN LQ WKH OHIW LPDJH DQG WKH VXOSKXU SURƩOH LQ JUHHQ LQ WKH ULJKW LPDJH� 7KH
ULJKW PDUJLQ RI WKH LPDJH UHSUHVHQWV �� PDVV DQG WKH OHIW SDUW ����� $V VHHQ LQ WKH
OHIW LPDJH� WKH SURƩOH RI WKH DUVHQLF GURSV DW WKH LQWHUIDFH� ZKLFK LV ZKHUH WKH VLOLFRQ
SURƩOH ULVHV� +RZHYHU� WKHUH LV VWLOO DUVHQLF GHWHFWHG LQ WKH HDUWK JURXQG� 6LPLODU WR WKH
SUHYLRXV FDVH� LW LV LPSRUWDQW WR FRQVLGHU WKH LQWHUDFWLRQ YROXPH RI WKH ;�UD\V GHWHFWHG
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ZLWK ('6� WKDW PLJKW EH SDUWO\ LQVLGH WKH RUSLPHQW OD\HU� 7KH VXOSKXU DQG DUVHQLF SUR�
ƩOHV� REVHUYHG LQ WKH ULJKW LPDJH� KDYH WKH VDPH VKDSH LQ WKH RUSLPHQW OD\HU� EXW LQ
WKH HDUWK JURXQG WKHUH DUH GLƨHUHQFHV EHWZHHQ WKHP� 7KHUH DUH FHUWDLQ SRLQWV LQ ZKLFK
WKH SURƩOHV GR QRW PDWFK� ZKLFK PD\ LQGLFDWH WKDW WKH DUVHQLF DQG VXOSKXU PLJUDWH LQ
VHSDUDWH ZD\V� KHQFH VKRZLQJ D GLƨHUHQW GLVWULEXWLRQ�

)LJ� ���� /LQH SURƩOHV RI DUVHQLF �EOXH�� VLOLFRQ �SLQN� DQG VXOSKXU �JUHHQ�
DW WKH LQWHUIDFH RI RUSLPHQW DQG WKH HDUWK JURXQG�

7KH )7,5 PLFURVFRS\ LPDJHV RI WKLV VDPSOH DUH SUHVHQWHG LQ )LJ� ���� ,Q LPDJH ���D� WKH
VSHFWUD PHDVXUHG LQ WKH WRS OD\HU VKRZV D SHDN LQ ��� FP−� FKDUDFWHULVWLF RI WKH $V�
2 ERQG� 7KH ERWWRP OD\HU VSHFWUD KDV D SHDN LQ ��� FP−� FKDUDFWHULVWLF RI WKH HDUWK
JURXQG� 7KLV GLVWULEXWLRQ RI WKHVH SHDNV DUH VKRZQ LQ )LJXUHV ���E DQG ���F� 7KH $V�
2 ERQG DUH LV LGHQWLƩHG LQ D KLJKHU DPRXQW LQ WKH RXWHU SDUW RI WKH RUSLPHQW DQG LQ D
ORZHU FRQFHQWUDWLRQ WKURXJKRXW WKH RUSLPHQW OD\HU� 6LPLODUO\ WR WKH SUHYLRXV VDPSOH�
WKH RXWHU SDUW RI WKH OD\HU UHFHLYHG PRUH OLJKW GXULQJ WKH DUWLƩFLDO DJHLQJ WKDQ WKH LQQHU
SDUW RI WKH VDPSOH DQG LW KDV PRUH DFFHVV WR R[\JHQ DQG ZDWHU� DQG WKXV LW VKRZV D
KLJKHU GHJUHH RI R[LGDWLRQ�
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)LJ� ���� �D�� )7,5 VSHFWUD DQG �E�F�� )7,5 PLFURVFRS\ LPDJHV �UHG LV UHS�
UHVHQWDWLYH RI KLJKHU LQWHQVLW\� RI WKH HDUWK DQG RUSLPHQW FURVV�VHFWLRQ

NHSW DW ��� UHODWLYH KXPLGLW\ IRU �� PRQWKV�

$ OLQH SURƩOH ZDV SHUIRUPHG WR YHULI\ WKH SUHVHQFH RI DUVHQDWHV LQ WKH HDUWK JURXQG )LJ�
����� ,W LV REVHUYHG WKDW LQ WKH HDUWK OD\HU� ZKHUH WKH LQWHQVLW\ RI WKH ��� FP−� SHDN
LV KLJK� WKHUH LV D VOLJKW FRQFHQWUDWLRQ RI DUVHQDWHV� +RZHYHU� WKH WZR OD\HUV DUH ZHOO
VHSDUDWHG E\ DQ LQWDFW RUSLPHQW OD\HU �EDVHG RQ WKH DEVHQFH RI D $V�2 VLJQDO� DQG WKXV�
QR FRQFOXVLRQ FDQ EH PDGH�

)LJ� ���� /LQH SURƩOH ORFDWLRQ DQG UHVXOW RI WKH HDUWK DQG RUSLPHQW FURVV�
VHFWLRQ NHSW DW ��� UHODWLYH KXPLGLW\ IRU �� PRQWKV�
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��� $QDO\VLV RI WKH FURVV�VHFWLRQ RI RUSLPHQW DQG OHDG
ZKLWH

7KH 6(0 LPDJH RI WKH FURVV�VHFWLRQ RI RUSLPHQW DQG OHDG ZKLWH DQG WKH GLVWULEXWLRQ
PDSV RI OHDG� VXOSKXU DQG DUVHQLF DUH SUHVHQWHG LQ )LJ� ����� ,Q WKH 6( LPDJH� )LJ� ����D�
WKH WZR OD\HUV DUH FOHDUO\ VHHQ� WKH WRS OD\HU EHLQJ WKH RUSLPHQW DQG WKH ERWWRP OD\HU WKH
OHDGZKLWH DV LGHQWLƩHGZLWK D ('6 SRLQW DQDO\VLV� $VPHQWLRQHG DERYH� WKH HQHUJ\ RI WKH
FKDUDFWHULVWLF ;�UD\V RI OHDG RYHUODSV ZLWK WKDW RI VXOSKXU� 6LQFH WKH WRS OD\HU FRQWDLQV
VXOSKXU IURP WKH RUSLPHQW DQG WKH ERWWRP OD\HU FRQWDLQV OHDG IURP WKH OHDG ZKLWH� WKH
GLVWULEXWLRQ RI VXOSKXU DQG OHDG PDSV RI OHDG DQG VXOSKXU DUH WKH VDPH �)LJXUHV ����E
DQG ����F�� 7KH DUVHQLF LV GLVWULEXWHG LQ WKH WRS OD\HU� LWV SUHVHQFH LV QRW REVHUYHG LQ WKH
OHDG ZKLWH OD\HU� ,Q WKLV FDVH� RQO\ WKH 6( DQG WKH DUVHQLF PDS ZHUH VXSHULPSRVHG DQG LW
LV VHHQ WKDW WKH DUVHQLF LV OLPLWHG WR WKH WRS OD\HU� +RZHYHU� WKHUH DUH VRPH SDUWV LQVLGH
WKH OHDG ZKLWH JURXQG WKDW VKRZ DUVHQLF DJJORPHUDWLRQV� 7KHVH VHHP WR EH JDSV LQ WKH
JURXQG ZKHUH DUVHQLF PD\ JRWWHQ FDXJKW GXULQJ WKH VDPSOH SUHSDUDWLRQ�



���� $QDO\VLV RI WKH FURVV�VHFWLRQ RI RUSLPHQW DQG OHDG ZKLWH ��

�D� 6( LPDJH �E� /HDG PDS

�F� 6XOSKXU PDS �G� $UVHQLF PDS

�H� 6( LPDJH DQG $V PDS

)LJ� ����� 6(0 LPDJHV RI WKH OHDG ZKLWH DQG RUSLPHQW FURVV�VHFWLRQ NHSW
DW ��� UHODWLYH KXPLGLW\�

7KH OLQH SURƩOH RI WKH DUVHQLF LV SUHVHQWHG LQ )LJ� ����� ,W LV REVHUYHG WKDW WKH SURƩOH
GHFUHDVHV ZKHQ FURVVLQJ WKH LQWHUIDFH WRZDUGV WKH OHDG ZKLWH JURXQG� ,QVLGH WKLV OD\HU�
WKH DUVHQLF FRQFHQWUDWLRQ LV VRPHZKDW KLJKHU WKDQ WKH FRQFHQWUDWLRQ LQ WKH UHVLQ �RQ
WKH WRS RI WKH VDPSOH�� ZKLFK PD\ VXJJHVW LWV SUHVHQFH LQ WKH JURXQG� +RZHYHU� WKHUH
LV QRW D FRQFHQWUDWLRQ JUDGLHQW WR LQGLFDWH WKH PLJUDWLRQ�
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)LJ� ����� $UVHQLF OLQH SURƩOH DW WKH LQWHUIDFH RI RUSLPHQW DQG OHDG ZKLWH�

7KH )7,5 PLFURVFRS\ LPDJHV DUH IRXQG LQ )LJ� ����� 7KH VSHFWUD RI WKH WRS OD\HU FRQ�
WDLQV WKH DUVHQDWH SHDN LQ ��� FP−�� ZKLOH WKH VSHFWUD RI WKH ERWWRP OD\HU KDV D SHDN
LQ ���� FP−�� FKDUDFWHULVWLF RI WKH &�2 YLEUDWLRQ RI OHDG ZKLWH� 7KH GLVWULEXWLRQ PDSV RI
WKHVH YLEUDWLRQV VKRZ WKDW WKH DUVHQDWHV DUH FRQƩQHG WR WKH WRS OD\HU� 6LQFH WKLV OD\HU LV
WKLQQHU WKDQ WKH RUSLPHQW OD\HUV LQ WKH FKDON DQG HDUWK FURVV�VHFWLRQV� WKH HQWLUH OD\HU
VKRZV R[LGDWLRQ SURGXFWV DQG QRW DQ R[LGDWLRQ IURQW� )XUWKHUPRUH� QR DUVHQDWHV ZHUH
GHWHFWHG LQ WKH JURXQG�
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)LJ� ����� �D�� )7,5 VSHFWUD� �E�F�� )7,5 PLFURVFRS\ LPDJHV �UHG LV UHSUH�
VHQWDWLYH RI KLJKHU LQWHQVLW\�� DQG �G�� OLQH SURƩOH� RI WKH OHDG ZKLWH DQG

RUSLPHQW FURVV�VHFWLRQ NHSW DW ��� UHODWLYH KXPLGLW\�

7KH OLQH SURƩOHPHDVXUHGZLWK )7,5PLFURVFRS\ LV SUHVHQWHG LQ )LJ� ����� 7KH DUVHQLF SUR�
ƩOH GRHV QRW GHFUHDVH DEUXSWO\ WR ]HUR DV WKH OHDG FXUYH LQFUHDVHV� ,QVWHDG� WKH LQWHQVLW\
RI DUVHQLF LQ WKH LQWHUIDFH LV VOLJKWO\ DERYH WKDQ WKH LQWHQVLW\ PHDVXUHG RXWVLGH RI WKH
VDPSOH� ZKHUH QR DUVHQLF LV SUHVHQW WKXV VHWWLQJ WKH EDVH OLQH� 7KLV VXJJHVWV WKDW VRPH
DUVHQLF PLJKW KDYH PLJUDWHG LQWR WKH OHDG ZKLWH OD\HU�

)LJ� ����� /LQH SURƩOH ORFDWLRQ DQG UHVXOW RI WKH OHDG ZKLWH DQG RUSLPHQW
FURVV�VHFWLRQ NHSW DW ��� UHODWLYH KXPLGLW\ IRU �� PRQWKV�



�� &KDSWHU �� 5HVXOWV H[�VLWX

��� 'LVFXVVLRQ

7KH DQDO\VLV RI WKH JURXQGV DQG RUSLPHQW FURVV�VHFWLRQV SHUIRUPHG ZLWK 6(0 DQG )7,5
PLFURVFRS\ SURYLGHG FRPSOHPHQWDU\ LQIRUPDWLRQ� %HVLGHV EHLQJ DQ LPDJLQJ WHFKQLTXH�
6(0�('6 DOORZHG WR PDS WKH GLVWULEXWLRQ RI WKH HOHPHQWV DQG� WKURXJK WKH OLQH SURƩOH
PHDVXUHPHQW� WR EXLOG D FRQFHQWUDWLRQ SURƩOH IURP RQH OD\HU WR DQRWKHU� 7KH )7,5 PL�
FURVFRS\ SURYLGHG LQIRUPDWLRQ DERXW WKH R[LGDWLRQ RI RUSLPHQW DQG FRPSOHPHQWHG WKH
OLQH SURƩOH DQDO\VLV PDGH ZLWK 6(0�('6�

,Q DOO RI WKH VDPSOHV� DUVHQLF ZDV GHWHFWHG ZLWK ERWK WHFKQLTXHV LQVLGH WKH JURXQG OD\HU
FORVH WR WKH LQWHUIDFH� +RZHYHU� LW LV QRW SRVVLEOH WR FRQFOXGH LI WKLV LV VROHO\ D UHVXOW RI
WKH PLJUDWLRQ RI WKH DUVHQLF LQWR WKH JURXQG� 7KH LQWHUIDFH EHWZHHQ WZR GLƨHUHQW PD�
WHULDOV LV QRW SHUIHFW� 3DUWLFXODUO\ LQ WKLV PDWHULDOV ZKHUH WKH VXUIDFH LV QRW FRPSOHWHO\
ƪDW� WKHUH LV D ]RQH FORVH WR WKH LQWHUIDFH ZKHUH WKH WZRPDWHULDOV DUH PL[HG� 7KHUHIRUH�
WKH SUHVHQFH RI DUVHQLF LQ D UHJLRQ LQVLGH WKH JURXQG FORVH WR WKH LQWHUIDFH LV H[SHFWHG�
0RUHRYHU� WKH ;�UD\V GHWHFWHG ZLWK ('6 DUH SURGXFHG IURP D YROXPH EHORZ WKH VXUIDFH�
QRW RQO\ IURP WKH VXUIDFH RI WKH VDPSOH� DV VKRZQ LQ )LJ� ��� IURP 6HFWLRQ ������ 7KLV LQ�
WHUDFWLRQ YROXPH PD\ EH SDUWO\ ORFDOL]HG LQ WKH RUSLPHQW OD\HU� 7KXV� LQ PHDVXUHPHQWV
ORFDWHG LQ WKH JURXQG FORVH WR WKH LQWHUIDFH� WKH FKDUDFWHULVWLF ;�UD\V RI DUVHQLF PD\ EH
IURP WKH RUSLPHQW OD\HU�

7KHUHIRUH� WKH ORZ FRQFHQWUDWLRQ RI DUVHQLF FORVH WR WKH LQWHUIDFH FDQQRW LQGLFDWH IRU D
IDFW WKDW PLJUDWLRQ RI WKH SLJPHQW RFFXUUHG GXULQJ WKH �� PRQWKV� ,W LV WKHUHIRUH UHF�
RPPHQGHG WR NHHS WKH VDPSOHV IRU D ORQJHU WLPH XQGHU WKH GLƨHUHQW OHYHOV RI UHODWLYH
KXPLGLW\ DQG DQDO\VH WKHP WR FKHFN LI DQ LQFUHDVH LQ WKH DUVHQLF FRQFHQWUDWLRQ LQ WKH
JURXQG ZDV SURGXFHG�

1HYHUWKHOHVV� WKHUH DUH YDOXDEOH IHDWXUHV WKDW DUH REWDLQHG IURP WKLV DQDO\VLV� )RU LQ�
VWDQFH� WKH GLƨHUHQFH LQ SURƩOHV RI WKH VXOSKXU DQG DUVHQLF LQ WKH FURVV�VHFWLRQ FRQWDLQ�
LQJ WKH HDUWK JURXQG DUH GLƨHUHQW DV WKH\ FURVV WKH LQWHUIDFH� ZKLFK PD\ EH GXH WR WKH
GHFRPSRVLWLRQ RI WKH SLJPHQW LQWR DUVHQDWHV DQG VXOSKDWHV�

)XUWKHUPRUH� LQ WKH FKDON DQG HDUWK FURVV�VHFWLRQV VWXGLHG E\ )7,5 PLFURVFRS\� DQ R[L�
GDWLRQ IURQW LV REVHUYHG LQ WKH RXWHU SDUW RI WKH VDPSOH� 'XULQJ WKH OLJKW DJHLQJ SURFHVV�
WKH RXWHU SDUW RI WKH VDPSOH UHFHLYHV PRUH OLJKW WKDQ WKH LQQHU SDUW� ZKLFK LV VKLHOGHG�
VKRZLQJ PRUH R[LGDWLRQ LQ WKH RXWHU SDUW RI WKH VDPSOH� $GGLWLRQDOO\� WKH R[LGDWLRQ RI
WKH SLJPHQW LQYROYHV R[\JHQ DQG ZDWHU DV UHDFWDQWV� 6LQFH WKH RXWHU SDUW RI WKH VDP�
SOH KDV PRUH DFFHVV WR WKHVH WZR FRPSRQHQWV� LW LV PRUH SURQH WR R[LGLVH� WKHUHIRUH�
FUHDWLQJ DQ R[LGDWLRQ IURQW� &RQWUDULO\� WKH OHDG ZKLWH VDPSOH LV FRPSRVHG RI D WKLQ�
QHU RUSLPHQW OD\HU WKDQ WKH FKDON DQG HDUWK VDPSOHV� +HUH OLJKW FDQ SHQHWUDWH DFURVV
WKH ZKROH OD\HU LQGXFLQJ WKH RUSLPHQW R[LGDWLRQ DQG WKHUHIRUH� DUVHQDWHV ZHUH IRXQG
GLVSHUVHG LQ DOO WKH RUSLPHQW OD\HU� ,Q RUGHU WR PDNH D PRUH FRPSDUDWLYH DQDO\VLV� WKH
WKLFNQHVV RI WKH OD\HUV VKRXOG EH DV VLPLODU DV SRVVLEOH DQG WKH OD\HUV VKRXOG EH DV WKLQ
DV SRVVLEOH� 7KLV ZLWK WKH SXUSRVH RI HQVXULQJ WKH SHQHWUDWLRQ RI OLJKW LQWR WKH ZKROH
OD\HU DQG RI NHHSLQJ FRQVWDQW WKH GLƨXVLRQ RI ZDWHU DQG R[\JHQ WKURXJK WKH OD\HUV WR
SURPRWH R[LGDWLRQ DFURVV WKH ZKROH OD\HU�
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,Q WKLV FKDSWHU� WKH UHVXOWV RI WKH LQ VLWX H[SHULPHQWV DUH SUHVHQWHG� )LUVW� WKH FKDUDF�
WHUL]DWLRQ RI WKH FRDWLQJV E\ $75�)7,5 VSHFWURVFRS\ LV LQWURGXFHG� 7KLV PHDVXUHPHQWV
ZHUH SHUIRUPHG LQ RUGHU WR KDYH WKH UHIHUHQFH VSHFWUD RI WKH FRDWLQJV DQG PRQLWRU LWV
SHDNV GXULQJ WKH H[SHULPHQWV� 6HFRQGO\� WKH UHVXOWV IURP WKH ZDWHU GLƨXVLRQ DQDO\VLV
E\ $75�)7,5 VSHFWURVFRS\ DUH SUHVHQWHG� ZKHUH WKH GLƨXVLRQ FRHƫFLHQW RI ZDWHU ZDV
FDOFXODWHG� DQG WKH PROHFXODU VWUXFWXUH RI WKH FRDWLQJV ZDV PRQLWRUHG RYHU WLPH� 7KH
UHVXOWV RI WKH DUVHQDWH GLƨXVLRQ LQ GDPPDU IROORZHG E\ WKLV ODWHU WHFKQLTXH DUH VXE�
VHTXHQWO\ DGGUHVVHG� )LQDOO\� WKH (,6 UHVXOWV RI ZDWHU DQG DUVHQLF GLƨXVLRQ DUH VKRZQ�
LQ ZKLFK WKH GLƨXVLRQ FRHƫFLHQW RI ZDWHU ZDV FDOFXODWHG DQG WKH WUDQVSRUW RI DUVHQLWH
DQG DUVHQDWH WKURXJK WKH GLƨHUHQW FRDWLQJV ZDV VWXGLHG�

��� &RDWLQJV FKDUDFWHUL]DWLRQ E\ $75�)7,5 VSHFWURVFRS\

)LUVW RI DOO� WKH VSHFWUD RI WKH GULHG FRDWLQJVZDV FROOHFWHG WR FKDUDFWHUL]H WKHPDQG KDYH
D UHIHUHQFH WR EH DEOH WR FRPSDUH LW ZLWK WKH VSHFWUD WDNHQ DW GLƨHUHQW LPPHUVLRQ WLPHV�
7KLV ZD\� DQ\ FKDQJH LQ WKH PROHFXODU FRPSRVLWLRQ RI WKH FRDWLQJV ZLOO EH QRWHG�

7KH $75�)7,5 VSHFWUD RI WKH GULHG FRDWLQJV DQG '�2 LV SUHVHQWHG LQ )LJ� ���� 7KH YL�
EUDWLRQV RI WKH PRVW UHSUHVHQWDWLYH IXQFWLRQDO JURXSV LV LQGLFDWHG LQ WKH ƩJXUH DQG WKH
DVVLJQPHQW RI WKH VSHFLƩF YLEUDWLRQV IRU HDFK PDWHULDO LV SUHVHQWHG LQ 7DEOH ���� 7KH
DVVLJQPHQW IRU HDFK YLEUDWLRQ ZDV EDVHG RQ >��� ��� ��� ��@�

7KH VSHFWUD RI GDPPDU� PDVWLF DQG OLQVHHG RLO LV TXLWH VLPLODU VLQFH WKH\ DUH VKDUH WKH
VDPH IXQFWLRQDO JURXSV �6HH 6HFWLRQ������� 7KH PRVW LQWHQVH SHDNV DUH LQ WKH UHJLRQV
��������� FP−�� ��������� FP−� DQG ��������� FP−� �LQ RUGHU RI LQWHQVLW\� DQG FRUUH�
VSRQG WR WKH K\GURFDUERQ DQG FDUERQ\O VWUHWFKLQJ YLEUDWLRQV� $ IHDWXUH WKDW DLGV WKH
GLƨHUHQWLDWLRQ EHWZHHQ RLO DQG WKH UHVLQV LV WKH VKDSH RI WKH FDUERQ\O SHDN� ,Q WKH RLO� LW
LV D VKDUS SHDN GXH WR WKH HVWHU YLEUDWLRQ RQO\ DQG LQ WKH UHVLQV� WKHUH LV D EURDGHU SHDN
UHVXOWLQJ IURP QXPHURXV FRQWULEXWLRQV RI &2 YLEUDWLRQV LQ GLƨHUHQW HQYLURQPHQWV�
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7KH VSHFWUD RI JOXH VKRZV WKH IRXU FKDUDFWHULVWLF YLEUDWLRQV RI WKH DPLGH JURXS� 1�+
LQ ���� FP−�� DPLGH , �& 2 YLEUDWLRQ RI WKH SHSWLGH ERQG� LQ ���� FP−�� DPLGH ,, �&�1
VWUHWFKLQJ DQG 1�+ EHQGLQJ YLEUDWLRQV� LQ ���� FP−� DQG DPLGH ,,,� WKDW GHSHQGV RQ WKH
VWUXFWXUH RI WKH DPLGH LQ ���� FP−� >��@�

$V PHQWLRQHG LQ WKH SUHYLRXV FKDSWHU� WKHUH LV D VKLIW LQ WKH SHDNV RI GHXWHULXP R[LGH
FRPSDUHG WR WKRVH RI ZDWHU� ,Q '�2� WKHUH LV D EDQG LQ ���� FP−� WKDW FRUUHVSRQG WR D
FRPELQDWLRQ EHWZHHQ WKUHH YLEUDWLRQDO PRGHV� V\PPHWULF DQG DV\PPHWULF VWUHWFKLQJ
DQG EHQGLQJ YLEUDWLRQV� DQG D OHVV LQWHQVH SHDN LQ ���� FP−� DWWULEXWHG WR WKH EHQGLQJ
YLEUDWLRQ >��@�

)LJ� ���� $75�)7,5 VSHFWUD RI GDPPDU� PDVWLF� OLQVHHG RLO� JOXH DQG '�2�
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Dammar Mastic Glue Oil Approx. assignment
- - 3290 - υ(O-H)
- - 3070 - υ(N-H)
- - - 3005 υa(CH2)
2954 2950 2930 2956 υa(CH2)
2870 2871 - 2925 υ(CH3)
1707 1705 - 1741 υ(C=O) Ester
1641 1645 - - υ(C=C)
- - 1630 - υ(C=O)  Amide I
- - - 1583 υ(C=C)
- - 1550 - υ(C-N), δ(N-H)  Amide II
1454 1460 1450 1464 δa(CH3), δ(CH2) 
- - 1410 1415 δ(CH2)
1381 1381 1330 1377 δs(CH3)
- 1244 - - υ(C-C), ω,τ(C-Η), υ(C-O-O)
- - - 1242 υa(C-O)
- - 1240 - Amide III
1180 1180 - - ω,τ(C-H), υ(C-O-O)
- - 1160 - υ(C-O), υ(C-O-C)
- - - 1146 υa(C-O)
1080 - 1110 1099 υ(C-O), υ(C-O-C)
1043 1032 1030 - υ(C-O), υ(C-C)
- 946 - - ω,τ(C-Η), δ(O-H)
892 - - - δ(C-H)
- - - 723 γ(CH2), ω(C-H)

7DEOH ���� $75�)7,5 DEVRUSWLRQ SHDNV RI GDPPDU� PDVWLF� JOXH DQG OLQVHHG RLO�
)UHTXHQFLHV DUH JLYHQ LQ ZDYHQXPEHU >FP��@�ν� 6WUHWFKLQJ� δ� EHQGLQJ� ω� ZDJ�

JLQJ� τ �WZLVWLQJ� γ� URFNLQJ� D�DV\PPHWULF�

��� :DWHU GL݉XVLRQ VWXGLHG E\ $75�)7,5 VSHFWURVFRS\

7KH ZDWHU GLƨXVLRQ WKURXJK WKH GLƨHUHQW PDWHULDOV ZDV TXDQWLƩHG E\ $75�)7,5 VSHF�
WURVFRS\� 7KH REMHFWLYH RI WKLV VWXG\ LV WR FKDUDFWHULVH WKH PDWHULDOV DQG JDLQ D EHWWHU
LQVLJKW LQWR WKH WUDQVSRUW SURSHUWLHV� ZKLFK ZLOO LQ SDUW GHWHUPLQH WKH GLƨXVLRQ RI DU�
VHQLF WKURXJK WKHP� $GGLWLRQDOO\� WKH VWDELOLW\ RI WKH PDWHULDOV WRZDUGV ZDWHU FDQ EH
VHHQ VLQFH WKH )7,5 VSHFWUD JLYHV LQIRUPDWLRQ DERXW WKHPROHFXOHV FRPSRVLQJ WKH FRDW�
LQJ DQG DQ\ FKDQJH ZLOO EH YLVLEOH�

2QH RI WKH UHTXLUHPHQWV RI WKLV WHFKQLTXH LV WKDW WKH FRDWLQJV PXVW KDYH D JRRG DG�
KHVLRQ WR WKH $75�FU\VWDO� 8QIRUWXQDWHO\� WKLV FRQGLWLRQ LV QRW PHW E\ WKH JOXH DV LW
GHWDFKHG IURP WKH FU\VWDO WKH PRPHQW WKH '�2 ZDV DGGHG WR WKH FHOO� 7KHUHIRUH� RQO\
WKH UHVXOWV RI GDPPDU� PDVWLF DQG RLO DUH SUHVHQWHG LQ WKLV FKDSWHU�

7KH $75�)7,5 VSHFWUD RI WKH FRDWLQJV PHDVXUHG RYHU WLPH LV SUHVHQWHG LQ )LJ� ���� 7KH
FRQGLWLRQV DW ZKLFK WKH EDFNJURXQG VSHFWUD LV WDNHQ� QDPHO\ WKH DPELHQW WHPSHUDWXUH�
KXPLGLW\� WHPSHUDWXUH RI WKH GHWHFWRU DQG SRVLWLRQ RI WKH FU\VWDO LQVLGH GH FHOO� KDYH D
JUHDW HƨHFW RQ WKH VDPSOH VSHFWUD� ,W LV UHFRPPHQGHG WR WDNH WKH EDFNJURXQG DV WKH
VSHFWUD RI WKH $75�FU\VWDO EHIRUH LW LV FRDWHG� 7KLV ZD\� LW LV SRVVLEOH WR QRUPDOL]H WKH
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SHDNV WDNHQ DW WKH GLƨHUHQW WLPHV ZLWK WKH GU\ FRDWLQJ DQG FRPSDUH WKH FKDQJHV EH�
WZHHQ GLƨHUHQW SHDNV� +RZHYHU WKLV LV QRW DOZD\V SRVVLEOH �DV LQ WKH FDVH RI WKH RLO��
,W LV SDUWLFXODUO\ GLƫFXOW WR PDLQWDLQ FRQVWDQW WKH SRVLWLRQ RI WKH $75�FU\VWDO LQVLGH WKH
FHOO VLQFH LW KDV WR EH GLVVHPEOHG WR FRDW WKH $75�FU\VWDO DQG OHIW LQ WKH RYHQ WR GU\ IRU ��
KRXUV� $V DQ DOWHUQDWLYH� WKH VSHFWUD PD\ EH FROOHFWHG DJDLQVW WKH DOUHDG\ FRDWHG $75�
FU\VWDO EHIRUH DGGLQJ WKH '�2� 7KLV ZLOO VXSSUHVV WKH SUREOHP RI WKH FU\VWDO DOLJQPHQW
DQG ZLOO DOVR UHGXFH WKH HƨHFW RI YDULDWLRQ RI WKH DPELHQW FRQGLWLRQV VLQFH WKH EDFN�
JURXQG VSHFWUD LV FROOHFWHGPLQXWHV EHIRUH DGGLQJ WKH '�2 DQG QRW �� KRXUV LQ DGYDQFH�
7KH GLVDGYDQWDJH LV WKDW WKH DEVRUEDQFH RI WKH RULJLQDO SHDN LV QRW NQRZQ DQG WKXV�
VXEVHTXHQW VSHFWUD FDQQRW EH QRUPDOL]HG ZLWK UHVSHFW WR WKDW SHDN�

7KH VSHFWUD RI GDPPDU DQG PDVWLF �)LJ� ���D DQG ���E� UHVSHFWLYHO\� ZDV WDNHQ DJDLQVW
D EDFNJURXQG FRQVLVWLQJ RI RQO\ WKH $75�FU\VWDO DQG WKXV� WKH SHDNV RI WKH FRDWLQJ DQG
ZDWHU VKRZ SRVLWLYH DEVRUEDQFH YDOXHV� :LWK WLPH� ZDWHU SHQHWUDWHV LQVLGH WKH FRDWLQJ
DQG RFFXSLHV WKH IUHH YROXPH RI WKH FRDWLQJ� $V D FRQVHTXHQFH� WKH SHDNV RI WKH FRDWLQJ
VKRZ ORZHU LQWHQVLWLHV DV WKH ZDWHU GLƨXVHV WKURXJK� &RQWUDULO\ WR GDPPDU DQGPDVWLF�
WKH EDVHOLQH RI WKH VSHFWUD RI WKH RLO DJDLQVW WKH EDFNJURXQG RI WKH $75�FU\VWDO WDNHQ ��
KRXUV EHIRUH VKRZHG ODUJH GHYLDWLRQV IURPD OLQHDU EHKDYLRXU� $VPHQWLRQHG EHIRUH� WKLV
PD\ EH FDXVHG E\ D WHPSHUDWXUH GLƨHUHQFHV RU D GLƨHUHQW DOLJQPHQW RI WKH $75�FU\VWDO
LQ WKH FHOO� 7KHUHIRUH� WKH DOWHUQDWLYH PHWKRG ZDV XVHG� LQ ZKLFK WKH VSHFWUD ZDV WDNHQ
DJDLQVW D EDFNJURXQG RI WKH $75�FU\VWDO DOUHDG\ FRDWHG� $V D FRQVHTXHQFH� WKH EDVHOLQH
KDV DPRUH OLQHDU EHKDYLRXU WKDQ WKH VSHFWUD FROOHFWHG DJDLQVW WKH EDFNJURXQG FRQWDLQ�
LQJ RQO\ WKH $75�FU\VWDO� )XUWKHUPRUH� LW FDQ EH VHHQ WKDW FRPSDUHG WR WKH VSHFWUD RI
GDPPDU DQGPDVWLF� WKH RLO VSHFWUD KDV OHVV YDULDWLRQV LQ WKH EDVHOLQH DQG LW LV PRUH OLQ�
HDU �)LJ� ����� $QRWKHU LPSRUWDQW GLƨHUHQFH LV WKDW WKH FKDQJH LQ WKH FRDWLQJ SHDNV DV
ZDWHU GLƨXVHV DSSHDU DV QHJDWLYH DEVRUEDQFH YDOXHV VLQFH WKH\ KDYH D ORZHU LQWHQVLW\
WKDQ WKH RULJLQDO VSHFWUD�

7KH VSHFWUD RI WKH FRDWLQJV WDNHQ WKURXJKRXW WKH H[SHULPHQWDO WLPH ZHUH FRPSDUHG WR
WKH UHIHUHQFH VSHFWUD SUHVHQWHG LQ 6HFWLRQ ���� $OO RI WKH SHDNV LGHQWLƩHG LQ WKH UHIHU�
HQFH ZHUH SUHVHQW LQ WKH FRDWLQJV� DQG QR DGGLWLRQDO SHDNV ZHUH IRXQG H[FHSW IRU WKH
'�2 SHDNV ORFDWHG LQ ���� FP−� DQG ���� FP−�� ZKLFK LQGLFDWHV WKDW WKHUH ZHUH QRPD�
MRU FKDQJHV LQ WKH PROHFXODU VWUXFWXUH RI WKH FRDWLQJV� +RZHYHU� D EURDGHQLQJ RI WKH
HVWHU SHDN ORFDWHG QHDU ���� FP−� LQ WKH VSHFWUD RI WKH RLO ZDV REVHUYHG� LQGLFDWLQJ WKH
SUHVHQFH RI FDUER[\OLF DFLGV� 7KLV LV GHVFULEHG LQ PRUH GHWDLO LQ 6HFWLRQ ������

(YHQ WKRXJK WKH EDVHOLQH RI WKH VSHFWUD YDULHV ZLWK WLPH� LW LV SRVVLEOH WR VHH DQ LQFUHDVH
LQ WKH '�2 SHDNV ZLWK WLPH �DW ���� FP−�� IRU WKH WKUHH FRDWLQJV� ,W LV KRZHYHU GLƫFXOW
WR YLVXDOL]H WKH FKDQJH LQ WKH SHDNV RI WKH FRDWLQJV VLQFH WKH EDVHOLQH LV QRW FRQVWDQW
IRU DOO WKH VSHFWUD� $ EDVHOLQH FRUUHFWLRQ� ZKLFK LV SUHVHQWHG EHORZ� PXVW EH GRQH WR EH
DEOH WR FRPSDUH WKHP�
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)LJ� ���� 7LPH�UHVROYHG $75�)7,5 VSHFWUD RI GDPPDU� PDVWLF DQG RLO LQ
'�2� 7KH WLPH VWHS IRU WDNLQJ WKH VSHFWUD LV �� PLQXWHV�

)RU WKH TXDQWLWDWLYH DQDO\VLV� WKH EDVH OLQH RI WKH VSHFWUD ZDV ƩUVWO\ FRUUHFWHG� 7KH DS�
SURDFK WDNHQ ZDV WR FRUUHFW RQO\ WKH SHDNV RI LQWHUHVW E\ VHWWLQJ WR ]HUR DEVRUEDQFH WKH
EDVH SRLQWV RI WKH SHDNV� )RU H[DPSOH� IRU WKH ���� FP−� '�2 SHDN� WKH EDVH SRLQWV
DUH ORFDWHG LQ ���� DQG ���� FP−�� $ VWUDLJKW OLQH SDVVLQJ WKURXJK WKHVH SRLQWV ZDV
VXEWUDFWHG WR WKH VSHFWUD FROOHFWHG DW DOO WLPHV� 7KH VDPH SURFHGXUH ZDV GRQH IRU WKH
VHFRQG '�2 SHDN ORFDWHG LQ ���� FP−� LQ RUGHU WR KDYH D VHFRQG HVWLPDWLRQ RI WKH ZD�
WHU GLƨXVLRQ� IRU WKH DONDQH SHDNV ORFDWHG EHWZHHQ ���� FP−� DQG ���� FP−� WR KDYH DQ
LQGLFDWLRQ RI WKH ZDWHU XSWDNH DQG IRU WKH &2 SHDN LQ ���� FP−� WR PRQLWRU WKH FKDQJH
LQ WKH FRDWLQJV�

7KH EDVHOLQH FRUUHFWHG VSHFWUD IRU DOO PDWHULDOV VKRZLQJ WKH UHJLRQ ZKHUH WKH &+�� &+�

DQG '�2 SHDNV DUH ORFDWHG� LV SUHVHQWHG LQ )LJ� ���� 7KH '�2 LV GHWHFWHG VLQFH WKH VHF�
RQG PHDVXUHPHQW� ZKLFK ZDV WDNHQ �� PLQXWHV DIWHU WKH '�2 ZDV DGGHG� LQGLFDWLQJ
WKDW WKHUH LV QR WLPH ODJ IRU ZDWHU GLƨXVLRQ DV LW SHQHWUDWHV WKH ZKROH WKLFNQHVV RI WKH
FRDWLQJ VLQFH WKH EHJLQQLQJ� :LWK WLPH� WKHUH LV DQ LQFUHDVH LQ WKH DEVRUEDQFH RI WKLV
SHDN DQG D GHFUHDVH LQ WKH DONDQH SHDNV� DV LQGLFDWHG ZLWK DUURZV LQ )LJ� ���� 7KH UHOD�
WLYH DEVRUEDQFH EHWZHHQ WKH '�2 DQG WKH DONDQH SHDNV JLYHV DQ LQGLFDWLRQ RI WKH ZDWHU
XSWDNH RI WKH FRDWLQJV� ,Q GDPPDU� LQ WKH ODVWPHDVXUHPHQWV ZKHUH WKH FRDWLQJ LV VDWX�
UDWHGZLWKZDWHU� WKH '�2 KDV D KLJKHU LQWHQVLW\ WKDQ WKH &+� DQG &+� SHDNV DV RSSRVHG
WR PDVWLF� ZKHUH WKH DONDQH SHDNV DUH KLJKHU� 7KLV LQGLFDWHV WKDW WKHUH LV D KLJKHU ZDWHU
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XSWDNH LQ GDPPDU WKDQ LQ PDVWLF� 7KLV REVHUYDWLRQ FDQQRW EH PDGH LQ WKH RLO VLQFH WKH
WRWDO DEVRUEDQFH RI WKH DONDQH SHDNV LV QRW NQRZQ�
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)LJ� ���� %DVHOLQH FRUUHFWHG VSHFWUD RI GDPPDU� PDVWLF DQG RLO VKRZLQJ
WKH &+�� &+� DQG '�2 SHDNV�

7R FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW� WKH DEVRUEDQFH RI WKH '�2 SHDN ZDV LQWHJUDWHG
DQG SORWWHG DV D IXQFWLRQ RI WLPH WR FUHDWH D '�2 FRQFHQWUDWLRQ SURƩOH� 7KH LQWHJUDWHG
DEVRUEDQFH YDOXHV ZHUH QRUPDOL]HG E\ GLYLGLQJ WKHP E\ WKH DEVRUEDQFH DW HTXLOLEULXP
A∞� )LQDOO\� WKH QRUPDOL]HG YDOXHV ZHUH SORWWHG DV D IXQFWLRQ RI WLPH DQG D FXUYH ZDV
ƩWWHG E\ WKHPHWKRG RI QRQ OLQHDU OHDVW VTXDUHV ZLWK HTXDWLRQ ���� SURSRVHG E\ )LHOGVRQ
DQG %DUEDUL >��@ WR FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW �IRU DQ H[SODQDWLRQ RI WKH HTXDWLRQ
VHH 6HFWLRQ �������
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:KHUHAt LV WKH PHDVXUHG DEVRUEDQFH DW WLPH t�A∞ UHSUHVHQWV WKH DEVRUEDQFH DW HTXL�
OLEULXP� γ LV WKH UHFLSURFDO RI WKH SHQHWUDWLRQ GHSWK RI WKH LQIUDUHG UDGLDWLRQ dp�D LV WKH
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GLƨXVLRQ FRHƫFLHQW DQG L LV WKH WKLFNQHVV RI WKH ƩOP�

7KH QXPEHU RI XVHG WHUPV RI HTXDWLRQ ��� ZDV YDULHG WR DVVHVV WKH ƩWWLQJ� ,W ZDV IRXQG
WKDW WKHUH LV QR IXUWKHU LPSURYHPHQW DIWHU WKH ��WK WHUP� WKXV �� WHUPV ZHUH XVHG WR
ƩW WKH HTXDWLRQ� A∞ ZDV HVWLPDWHG E\ VHOHFWLQJ DQ LQLWLDO QRUPDOL]HG DEVRUEDQFH YDOXH
IURP WKH ORQJHU WLPH GDWD RI WKH FRQFHQWUDWLRQ SURƩOH DQG DGMXVWHG WR PLQLPL]H WKH
VXP RI VTXDUHG UHVLGXDOV� 7KH SHQHWUDWLRQ GHSWK RI WKH ,5 ZDV FDOFXODWHG DFFRUGLQJ WR
HTXDWLRQ ���� ZKHUH λ LV WKH ZDYHOHQJWK� �JHQHUDOO\ LQ )7,5 LQVWHDG RI WKH ZDYHOHQJWK�
LWV UHFLSURFDO FDOOHG WKH ZDYHQXPEHU LV XVHG� ZKLFK LV ���� FP−� IRU '�2�� n1 DQG n2

WKH UHIUDFWLYH LQGLFHV RI WKH $75�FU\VWDO ����� DQG WKH FRDWLQJV� UHVSHFWLYHO\ DQG θ LV WKH
HƨHFWLYH DQJOH RI LQFLGHQFH RI WKH EHDP�

dp =
λ

2π
(
n2
1 VLQ

2 θ − n2
2

)1/2 �����

7KH HƨHFWLYH DQJOH RI LQFLGHQFH ZDV FDOFXODWHG ZLWK HTXDWLRQ ���� ZKHUH θf LV WKH DQJOH
RI WKH IDFH RI WKH $75�FU\VWDO ���q� DQG θs LV WKH VHW DQJOH LQ WKH LQVWUXPHQW ���q�� 7KH
UHVXOWLQJ HƨHFWLYH DQJOH LV �����q�

θ = θf + VLQ−1

[
VLQ (θs − θf )

n1

]
�����

7KH UHIUDFWLYH LQGH[ RI WKH FRDWLQJV LV >�@�

Ũ 'DPPDU� �����������

Ũ 0DVWLF� �����������

Ũ /LQVHHG RLO� ���������

7KH SHQHWUDWLRQ GHSWK FDOFXODWHG ZLWK HTXDWLRQV ��� DQG ��� LV �.��� vP IRU GDPPDU�
PDVWLF DQG JOXH� DQG �.��� vP IRU RLO� 6LQFH WKHVH YDOXHV DUH VPDOO FRPSDUHG WR WKH
WKLFNQHVV RI WKH FRDWLQJV ������ vP�� LW LV DVVXPHG WKDW WKH PHDVXUHPHQW LV GRQH LQ
WKH LQWHUIDFH EHWZHHQ WKH FRDWLQJ DQG WKH $75�FU\VWDO� LQ RWKHU ZRUGV� WKH '�2 GLƨXVHV
WKURXJK WKH ZKROH WKLFNQHVV RI WKH FRDWLQJ� ZKHUH LW LV DQDO\VHG�

����� 'DPPDU

7KH $75�)7,5 VSHFWUD RI GDPPDU FROOHFWHG HYHU\ �� PLQXWHV LV SUHVHQWHG LQ )LJ� ���D
LQ WKH UHJLRQ ��������� FP−�� 7KH LQFUHDVH RI WKH '�2 LQWHQVLW\ ZLWK WLPH LV FOHDUO\
REVHUYHG LQGLFDWLQJ WKH GLƨXVLRQ RI '�2 WKURXJK WKH FRDWLQJ� 7KH QRUPDOL]HG '�2 FRQ�
FHQWUDWLRQ SURƩOH LV SUHVHQWHG LQ )LJ� ���E DORQJ ZLWK WKH ƩWWHG FXUYH� 7KH '�2 SURƩOH
VKRZV D W\SLFDO EHKDYLRXU RI D )LFNLDQ GLƨXVLRQ SURFHVV� ZKHUH D IDVW LQFUHPHQW LV RE�
VHUYHG LQ WKH ƩUVW � KRXUV� IROORZHG E\ D SHULRG RI VORZHU ZDWHU XSWDNH IURP � WR ��



�� &KDSWHU �� 5HVXOWV LQ�VLWX

KRXUV XQWLO VDWXUDWLRQ LV UHDFKHG� 7KH SDUDPHWHUV WR FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW
DUH� L  �� vP� dp  �.��� vP DQG A∞  ���� 7KH FDOFXODWHG GLƨXVLRQ FRHƫFLHQW RI
'�2 LQ GDPPDU LV �.��× ��−� FP� V−� ZLWK DR2 RI �������
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�E� '�2 FRQFHQWUDWLRQ SURƩOH

)LJ� ���� �D� $75�)7,5 WLPH UHVROYHG VSHFWUD RI GDPPDU LQ WKH �����
���� FP−� UHJLRQ DQG �E� QRUPDOL]HG LQWHJUDWHG DEVRUEDQFH RI WKH '�2

SHDN DV D IXQFWLRQ RI WLPH�

7KH GLƨXVLRQ FRHƫFLHQW ZDV DOVR FDOFXODWHG ZLWK WKH '�2 SHDN ORFDOL]HG LQ ���� FP−�

REWDLQLQJ D UHVXOW RI �.��× ��−� FP� V−�� ZKLFK LV FRQVLVWHQW ZLWK WKH UHVXOW IURP WKH
���� FP−� SHDN� 7KH '�2 SHDN DQG FRQFHQWUDWLRQ SURƩOH DUH SUHVHQWHG LQ $SSHQGL[ $
DQG D VXPPDU\ RI WKHVH UHVXOWV LV SUHVHQWHG DW WKH HQG RI WKLV VHFWLRQ LQ 7DEOH ����

$GGLWLRQDOO\� WKH FDUERQ\O SHDN ORFDWHG LQ ���� FP−� ZDV LQWHJUDWHG� 7KLV SHDNZDV DQDO�
\VHG EHFDXVH LW JLYHV LQIRUPDWLRQ DERXW WKH FRDWLQJ DQG LWV SRVVLEOH FKDQJHV GXULQJ WKH
H[SHULPHQW� 7KH FRQFHQWUDWLRQ SURƩOH RI WKLV SHDN LV SUHVHQWHG LQ )LJ� ���� ,Q WKH VDPH
ƩJXUH� WKH FRQFHQWUDWLRQ SURƩOH RI '�2 LV DOVR SUHVHQWHG WR IDFLOLWDWH WKH FRPSDULVRQ�
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)LJ� ���� &RQFHQWUDWLRQ SURƩOHV RI WKH & 2 DQG '�2 SHDNV LQ GDPPDU�

$V VHHQ LQ WKH ƩJXUH DERYH� WKHUH LV D GHFUHDVH LQ WKH DEVRUEDQFH RI WKLV SHDN DV WLPH
SDVVHV� 7KH GHFUHDVH UDWH RI WKH & 2 SHDN LV WKH VDPH DV WKH LQFUHDVH UDWH RI WKH '�2�
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,Q RWKHU ZRUGV� WKH SURƩOHV DUH WKH VDPH EXW LQYHUWHG� 7KLV PHDQV WKDW ZDWHU GLƨXVHV
WKURXJK WKH FRDWLQJ XQWLO WKH LQWHUIDFH ZKHUH LW LV GHWHFWHG� DQG WKXV WKH '�2 SHDN LQ�
FUHDVHV� *UDGXDOO\� LW ƩOOV WKH YROXPH WKDW XVHG WR EH RFFXSLHG E\ WKH FRDWLQJ DORQH XQWLO
LW LV VDWXUDWHG� 7KHUHIRUH� WKH DEVRUEDQFH RI WKH FDUERQ\O SHDN GHFUHDVHV ZLWK WLPH DW
WKH VDPH UDWH DV WKH ZDWHU GLƨXVHV WKURXJK DQG LW VWRSV GHFUHDVLQJ ZKHQ VDWXUDWLRQ LV
UHDFKHG�

����� 0DVWLF

6LPLODUO\� WKH GLƨXVLRQ FRHƫFLHQW RI '�2 LQ PDVWLF ZDV FDOFXODWHG� 7KH '�2 SHDN LV
SUHVHQWHG LQ )LJ� ��� DORQJ ZLWK WKH QRUPDOL]HG FRQFHQWUDWLRQ SURƩOH� 'XULQJ WKH ƩUVW
KRXUV RI LPPHUVLRQ WKHUH LV D IDVW ZDWHU XSWDNH� %HWZHHQ � DQG �� KRXUV WKH FXUYH
VPRRWKV DQG WHQGV WR D VDWXUDWLRQ YDOXH� MXVW DV LQ GDPPDU� +RZHYHU� WKLV YDOXH LV QHYHU
UHDFKHG �DW OHDVW ZLWKLQ WKH H[SHULPHQWDO WLPH�� ,QVWHDG� WKHUH LV VWLOO D FRQVWDQW ZDWHU
XSWDNH�
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�E� '�2 FRQFHQWUDWLRQ SURƩOH

)LJ� ���� �D� $75�)7,5 WLPH UHVROYHG VSHFWUD RI PDVWLF LQ WKH �����
���� FP−� UHJLRQ DQG �E� QRUPDOL]HG LQWHJUDWHG DEVRUEDQFH RI WKH '�2
SHDN DV D IXQFWLRQ RI WLPH DQG ƩWWHG FXUYHV RI )LFNLDQ GLƨXVLRQ �GRWWHG�

DQG FRQVLGHULQJ D 6& �VROLG��

7KLV W\SH RI SURƩOH LV FKDUDFWHULVWLF RI D ŤWZR�VWHSŤ VRUSWLRQ� 7KH ƩUVW VWHS LV D IDVW )LFN�
LDQ DEVRUSWLRQ� FRQWUROOHG E\ D FRQFHQWUDWLRQ JUDGLHQW� 7KH VHFRQG LV D QRQ�)LFNLDQ GLI�
IXVLRQ WKDW LQYROYHV WKH UHVSRQVH RI WKH SRO\PHU WR D VZHOOLQJ VWUHVV� 7KLV SKHQRPHQRQ
ZDV GHVFULEHG E\ %HUHQV DQG +RSIHQEHUJ E\ VWXG\LQJ WKH GLƨXVLRQ RI YDULRXV VROYHQWV
LQ SRO\�YLQ\O FKORULGH� DQG SRO\VW\UHQH E\ JUDYLPHWULF DQDO\VLV >��@� ,Q WKH EHJLQQLQJ�
WKH VROYHQW GLƨXVHV WKURXJK SUH�H[LVWLQJ VSDFHV EHWZHHQ WKH SRO\PHULF FKDLQV� $V D
UHVSRQVH� WKHUH LV D UHDUUDQJHPHQW RI WKH FKDLQV RI WKH SRO\PHU �VZHOOLQJ� DQG IUHH YRO�
XPH LV FUHDWHG� 7KLV DOORZV PRUH ZDWHU WR SHQHWUDWH DQG H[SODLQV WKH FRQVWDQW ZDWHU
XSWDNH VHHQ DIWHU ORQJHU H[SRVXUH WLPHV�

$QRWKHU FRQWULEXWLRQ WR GHVFULELQJ WKH SKHQRPHQRQ ZDV PDGH E\ YDQ :HVWLQJ� ZKR
VWXGLHG WKHZDWHU XSWDNH RI HSR[\ FRDWLQJV E\ HOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\�



�� &KDSWHU �� 5HVXOWV LQ�VLWX

+H SURSRVHG WR DGG D VZHOOLQJ FRHƫFLHQW �SC� WR WKH GLƨXVLRQ HTXDWLRQ �6HH 6HFWLRQ
������ WKDW OLQHDUO\ GHSHQGV RQ WLPH WR DFFRXQW IRU WKLV SKHQRPHQRQ >��@� 7KH HTXD�
WLRQ SURSRVHG E\ YDQ :HVWLQJ LV VKRZQ DV HTXDWLRQ ���� /DWHU� 1JX\HQJ 'DQJ� DOVR SHU�
IRUPLQJ (,6 PHDVXUHPHQWV� IRXQG WKDW PDNLQJ WKLV VZHOOLQJ FRHƫFLHQW OLQHDU ZLWK WKH
VTXDUH URRW RI WLPH DQG LQYHUVHO\ SURSRUWLRQDO WR WKH WKLFNQHVV �HTXDWLRQ ���� ZDV LQ
EHWWHU DJUHHPHQW ZLWK WKH H[SHULPHQWDO GDWD >��@�
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ZKHUH φt LV WKH YROXPH IUDFWLRQ RI ZDWHU DEVRUEHG DW WLPH t� φs LV WKH YROXPH IUDFWLRQ
RI ZDWHU DEVRUEHG DW VDWXUDWLRQ DQG L LV WKH WKLFNQHVV RI WKH FRDWLQJ�

,Q WKLV SURMHFW� WKH $75�)7,5 GLƨXVLRQ HTXDWLRQ ����� ZDV DGDSWHG E\ LQFRUSRUDWLQJ WKH
VZHOOLQJ FRHƫFLHQW IURP WKH (,6 HTXDWLRQ GHVFULEHG E\ 1JX\HQ� ZKLFK UHVXOWV LQ HTXD�
WLRQ ���� 7KLV LV SURSRVHG EDVHG RQ WKH LGHD WKDW WKH FKDQJH LQ DEVRUEDQFH LV DQDORJRXV
WR WKH FKDQJH LQ FDSDFLWDQFH LQ (,6 DQG WKDW WKH LQFRUSRUDWLRQ RI VXFK FRHƫFLHQW SUR�
YLGHV D EHWWHU GHVFULSWLRQ RI WKH H[SHULPHQWDO GDWD�
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,W LV LPSRUWDQW WR QRWH WKDW WKHUH DUH RWKHU WZR SRVVLEOH H[SODQDWLRQV RI WKH LQFUHDV�
LQJ '�2 FRQFHQWUDWLRQ DW ORQJHU H[SRVXUH WLPHV� 7KH ƩUVW RQH LV H[SODLQHG DV D SDUWLDO
GHWDFKPHQW RI WKH ƩOP IURP WKH $75�FU\VWDO� $OWKRXJK QR YLVXDO HYLGHQFH RI WKLV ZDV
HQFRXQWHUHG GXULQJ WKH H[SHULPHQW� LW LV SRVVLEOH WKDW WKH FRDWLQJ ORVW DGKHVLRQ GXH WR
WKH SHQHWUDWLRQ RI '�2 DQG WKXV� WKH '�2 SHDN NHHSV LQFUHDVLQJ ZLWK WLPH� 7KH VHFRQG
K\SRWKHVLV LV WKDW WKH VDWXUDWLRQ LV QHYHU UHDFKHG� ,Q WKH ƩUVW KRXUV� WKH ZDWHU SHQH�
WUDWHV LQWR WKH FRDWLQJ ƩOOLQJ WKH IUHH YROXPH EHWZHHQ WKH PROHFXOHV� 'HSHQGLQJ RQ
WKH DUUDQJHPHQW RI WKH PROHFXOHV� LW PD\ EH PRUH UHVWULFWHG VSDFHV IRU WKH ZDWHU WR
SHQHWUDWH� ZKLFK ZLOO VKRZ D VORZHU ZDWHU XSWDNH H[SODLQLQJ WKH VHFRQG VWHS RI WKH
FRQFHQWUDWLRQ SURƩOH� +RZHYHU� LW LV QRW SRVVLEOH WR GLVWLQJXLVK ZLWK )7,5�$75 ZKLFK
RQH� RU ZKDW FRPELQDWLRQ� RI WKHVH PHFKDQLVPV LV WKH FDXVH RI WKH WZR�VWHS VRUSWLRQ
SURƩOH�

1RQHWKHOHVV� WKH FRQFHQWUDWLRQ SURƩOH ZDV ƩWWHG ZLWK HTXDWLRQV ��� DQG ���� 7KH GHYL�
DWLRQ IURP WKH QRUPDO )LFNLDQ GLƨXVLRQ LV VKRZQ LQ )LJ����E� 7KH GRWWHG OLQH LV WKH ƩW



���� :DWHU GLƤXVLRQ VWXGLHG E\ $75�)7,5 VSHFWURVFRS\ ��

FRQVLGHULQJ D QRUPDO )LFNLDQ GLƨXVLRQ XVLQJ HTXDWLRQ ��� ZKLOH WKH VROLG OLQH UHSUHVHQWV
WKH ƩW GRQH ZLWK HTXDWLRQ ��� FRQVLGHULQJ WKH VZHOOLQJ RI WKH FRDWLQJ� 7KH Ainfty ZDV
HVWLPDWHG WKH VDPHZD\ DV WKDW IRU WKH )LFNLDQ GLƨXVLRQ FDOFXODWLRQ EXW WKH LQLWLDO YDOXH
ZDV FKRVHQ DV WKH YDOXH ZKHUH WKH FXUYH VWDUWV WR EHQG WRZDUGV VDWXUDWLRQ �DSSUR[L�
PDWHO\ DW � KRXUV� HYHQ WKRXJK LW LV QHYHU UHDFKHG�

,W LV HYLGHQW WKDW WKH ƩWWLQJ RI D )LFNLDQ GLƨXVLRQ LV SRRU� ,Q IDFW� DGGLQJ D VZHOOLQJ FRHI�
ƩFLHQW� LQFUHDVHV WKH R2 IURP ������ WR ������� 7KH GLƨXVLRQ FRHƫFLHQW FDOFXODWHG E\
FRQVLGHULQJ D VZHOOLQJ FRHƫFLHQW LV �.��× ��−� FP� V−�� 7KH SDUDPHWHUV XVHG WR FDOFX�
ODWH WKH FRHƫFLHQW DUH SUHVHQWHG DW WKH HQG RI WKLV VHFWLRQ LQ 7DEOH ����

7KH GHYLDWLRQ RI WKH GDWD EHWZHHQ �� DQG �� KRXUV LV DWWULEXWHG WR WKH LQFRUUHFW IXQF�
WLRQLQJ RI WKH GHWHFWRU GXH WR D GHƩFLHQF\ RQ WKH VXSSO\ RI OLTXLG QLWURJHQ QHHGHG IRU
FRROLQJ DV WKH QLWURJHQ IHHG RI WKH )7,5 LV QRW FRQWLQXRXV DQG PXVW EH GRQH PDQXDOO\�
7KXV� WKH DERYH PHQWLRQHG YDOXHV ZHUH QRW FRQVLGHUHG LQ WKH GLƨXVLRQ FRHƫFLHQW FDO�
FXODWLRQ� 7KH DQDO\VLV RI WKH '�2 SHDN ORFDWHG LQ ���� FP−� ZDV QRW SRVVLEOH VLQFH WKHUH
LV DQ RYHUODS EHWZHHQ WKLV SHDN DQG WKH SHDNV RI PDVWLF�

2QHZD\ WR FKHFN WKH EHKDYLRXU RI WKH FRDWLQJ LV WR DQDO\VH KRZ WKH SHDNV RI WKH FRDWLQJ
FKDQJHZLWK WLPH� )RU WKLV� WKH &2SHDNZDV LQWHJUDWHG DQG SORWWHG DV D IXQFWLRQ RI WLPH
)LJ� ���� ,JQRULQJ WKH LQFRUUHFW GDWD SRLQWV PHQWLRQHG DERYH� D FOHDU WHQGHQF\ LV VHHQ�
7KHUH LV D IDVW GHFUHDVH LQ WKH DEVRUEDQFH RI WKH &2 SHDN LQ WKH ƩUVW �� KRXUV IROORZHG
E\ D VORZHU EXW FRQVWDQW GHFUHDVH� 7KLV SURƩOH FRUUHVSRQGV WR WKH WZR�VWHS VRUSWLRQ
REVHUYHG IRU '�2� 8QOLNH WKH GDPPDU� LQ WKLV FDVH WKH FRDWLQJ SHDN NHHSV GHFUHDVLQJ
LQVWHDG RI UHDFKLQJ D VDWXUDWLRQ YDOXH� ZKLFK FRQƩUPV� EXW FDQQRW GLVWLQJXLVK EHWZHHQ
WKH VZHOOLQJ� SDUWLDO GHWDFKPHQW� RU FRQWLQXRXV ZDWHU XSWDNH RI WKH FRDWLQJ�
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)LJ� ���� &RQFHQWUDWLRQ SURƩOHV RI WKH &2 DQG '�2 SHDNV LQ PDVWLF�

����� 2LO

7KH '�2 SHDN DQG QRUPDOL]HG FRQFHQWUDWLRQ SURƩOH LV SUHVHQWHG LQ )LJ� ���� ,Q WKLV FDVH�
D ŤWZR�VWHSŤ SURƩOH LV DOVR REVHUYHG� ,Q WKH ƩUVW � KRXUV WKHUH LV D IDVW ZDWHU XSWDNH�
WKHQ WKH FXUYH WHQGV WR VWDELOL]H EXW WKHUH LV D FRQVWDQW '�2 ƪX[ DW ORQJHU WLPHV GHYL�
DWLQJ WKH FXUYH IURP D SXUHO\ )LFNLDQ GLƨXVLRQ WR D QRQ�)LFNLDQ GLƨXVLRQ WKDW GHVFULEHV
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WKH VZHOOLQJ RI WKH SRO\PHU� &RQWUDU\ WR PDVWLF� WKH RLO FRDWLQJ VKRZHG SDUWLDO GHWDFK�
PHQW IURP WKH $75�FU\VWDO DIWHU WKH H[SHULPHQW ZDV SHUIRUPHG� ZKLFK FRXOG DOVR H[�
SODLQ WKH LQFUHPHQW RI WKH '�2 LQWHQVLW\ DW ORQJHU WLPHV� 8QIRUWXQDWHO\� ZLWK WKLV WHFK�
QLTXH LV QRW SRVVLEOH WR GLVWLQJXLVK ZKHWKHU WKH LQFUHPHQW LV FDXVHG E\ VZHOOLQJ RU E\
WKH GHWDFKPHQW RI WKH FRDWLQJ� 1HYHUWKHOHVV� WKH GLƨXVLRQ FRHƫFLHQW ZDV FDOFXODWHG
ZLWK ERWK HTXDWLRQV �)LFNLDQ GLƨXVLRQ ��� DQG ZLWK D VZHOOLQJ FRHƫFLHQW ����� $OWKRXJK
WKH UHVXOWV DUH VLPLODU� �.��× ��−� FP� V−� IRU )LFNLDQ GLƨXVLRQ DQG �.��× ��−� FP� V−�

ZLWK WKH LQFRUSRUDWLRQ RI D VZHOOLQJ FRHƫFLHQW� WKH ODWWHU FXUYH VKRZV D EHWWHU ƩW �52 RI
������ YHUVXV ������ ZLWKRXW WKH 6&��

7KH GLƨXVLRQ FRHƫFLHQW ZDV DOVR FDOFXODWHG ZLWK HTXDWLRQ ��� EDVHG RQ WKH SHDN LQ
���� FP−� REWDLQLQJ D YDOXH RI �.��× ��−� FP� V−�� 7KH '�2 SHDN DQG FRQFHQWUDWLRQ
SURƩOH DUH SUHVHQWHG LQ $SSHQGL[ $�
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�E� '�2 FRQFHQWUDWLRQ SURƩOH

)LJ� ���� �D� $75�)7,5 WLPH UHVROYHG VSHFWUD RI 2LO LQ WKH ��������� FP−�

UHJLRQ DQG �E� QRUPDOL]HG LQWHJUDWHG DEVRUEDQFH RI WKH '�2 SHDN DV D
IXQFWLRQ RI WLPH DQG ƩWWHG FXUYHV RI )LFNLDQ GLƨXVLRQ �GRWWHG� DQG FRQ�

VLGHULQJ D 6& �VROLG��

)LQDOO\� WKH & 2 SHDN ZDV DQDO\VHG� ,Q WKH GU\ RLO� WKLV LV D VKDUS SHDN WKDW FRUUH�
VSRQGV WR WKH & 2 YLEUDWLRQ RI HVWHUV� +RZHYHU ZLWK WLPH� WKH VKDSH RI WKH SHDN
FKDQJHV� $ EURDGHQLQJ RI WKH SHDN LV REVHUYHG LQ )LJ� ���D� 7KLV LV FDXVHG E\ WKH SUHV�
HQFH RI FDUER[\OLF DFLGV� ZKRVH & 2 YLEUDWLRQ LV ORFDWHG DW VOLJKWO\ ORZHU ZDYHQXPEHUV
����� FP−��� 7KLV LQGLFDWHV WKDW WKHUH LV D K\GURO\VLV UHDFWLRQ RI WKH HVWHU JURXSV SUHVHQW
LQ WKH RLO ZLWK ZDWHU WR IRUP FDUER[\OLF DFLGV >��@�

7KH FRQFHQWUDWLRQ SURƩOH RI WKH &2 SHDN LV SUHVHQWHG LQ )LJ� ���E DORQJ ZLWK WKH SURƩOH
RI '�2� 7KH VDPH EHKDYLRXU DV PDVWLF LV REVHUYHG LQ RLO� 7KHUH LV D IDVW GHFUHDVH LQ WKH
DEVRUEDQFH RI WKH &2 SHDN� ZKLFK FRUUHVSRQGV WR WKH LQFUHDVH RI WKH '�2 DEVRUEDQFH
IROORZHG E\ D VORZHU DQG OHVV QRWLFHDEOH GHFUHDVH� 7KH WZR VWHSV FRUUHVSRQGLQJ WR D
)LFNLDQ GLƨXVLRQ DQG VZHOOLQJ RU GHWDFKPHQW RI WKH FRDWLQJ DUH FOHDUO\ YLVLEOH LQ WKLV
ƩJXUH FRQƩUPLQJ WKH K\SRWKHVLV PDGH LQ WKH GLƨXVLRQ FRHƫFLHQW DQDO\VLV�
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�E� &2 DQG '�2 SURƩOHV�

)LJ� ���� &2 SHDN DQG FRQFHQWUDWLRQ SURƩOHV RI WKH &2 DQG '�2 SHDNV LQ
RLO�

����� 'LVFXVVLRQ

7KH FRQFHQWUDWLRQ SURƩOH RI '�2 LQ DOO WKH FRDWLQJV LV SUHVHQWHG LQ )LJ� ����� ,Q PDVWLF
DQG RLO� WKH FXUYH VKRZV D IDVWHU LQFUHDVH WKDQ GDPPDU LQ WKH ƩUVW KRXUV RI LPPHUVLRQ�
LQGLFDWLQJ D IDVWHU ZDWHU XSWDNH RI WKH GU\ FRDWLQJV� ,W LV LPSRUWDQW WR NHHS LQ PLQG WKDW
WKH WKLFNQHVV RI WKH FRDWLQJV LV GLƨHUHQW� 7KH ƩOPV RI GDPPDU DQG PDVWLF DUH �� DQG
�� vP UHVSHFWLYHO\ DQG WKHUHIRUH FDQ EH FRPSDUHG WR RQH DQRWKHU DV VHHQ LQ WKH ƩJXUH�
+RZHYHU� WKH RLO ƩOP LV �� vP� ZKLFKPHDQV WKDW LI D ƩOP RI �� RU �� vPZDV WHVWHG� WKH
FXUYH ZRXOG LQFUHDVH PXFK IDVWHU WKDQ KRZ LV VKRZHG LQ WKH SORW� ZKLFK LV FRQVLVWHQW
ZLWK WKH FDOFXODWHG GLƨXVLRQ FRHƫFLHQW YDOXHV�

$W ORQJHU WLPHV� WKH FXUYHV RIPDVWLF DQG RLO NHHS LQFUHDVLQJ� FRQWUDU\ WR GDPPDUZKHUH
D VDWXUDWLRQ YDOXH LV UHDFKHG� 7KLV PD\ EH H[SODLQHG E\ WKH WKUHH SKHQRPHQRQV GH�
VFULEHG DERYH� WKH VZHOOLQJ RI WKH FRDWLQJ IROORZHG E\ PRUH '�2 SHQHWUDWLRQ� WKH GH�
WDFKPHQW RI WKH FRDWLQJ IURP WKH $75�FU\VWDO RU WKH KHWHURJHQHRXV ZDWHU GLƨXVLRQ
WKURXJK WKH FRDWLQJ� +RZHYHU� QR FRQFOXVLRQV FDQ EH GUDZQ RQ WKH WUXH FDXVH IRU WKH
FRQFHQWUDWLRQ LQFUHDVH DIWHU VDWXUDWLRQ�



�� &KDSWHU �� 5HVXOWV LQ�VLWX

0 5 10 15 20 25 30 35 40

Time (h)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

A
t/A

Dammar
Mastic
Oil

)LJ� ����� 1RUPDOL]HG '�2 FRQFHQWUDWLRQ SURƩOHV RI GDPPDU� PDVWLF DQG
RLO�

7KH VHFRQG DVSHFW LV WKH PDJQLWXGH RI WKH GLƨXVLRQ FRHƫFLHQWV� SUHVHQWHG LQ 7DEOH ���
DORQJ ZLWK WKH SDUDPHWHUV XVHG IRU VXFK FDOFXODWLRQ� 7KH YDOXHV IRU WKHVH SDUWLFXODU
PDWHULDOV LV QRW UHSRUWHG LQ WKH OLWHUDWXUH� +RZHYHU� WKH FDOFXODWHG GLƨXVLRQ FRHƫFLHQWV
OLH ZLWKLQ WKH UDQJH RI UHSRUWHG YDOXHV IRU RWKHU PDWHULDOV >��� ��� ��� ��@�

7DEOH ���� 'LƨXVLRQ FRHƫFLHQWV RI '�2 FDOFXODWHG IRU GDPPDU� PDVWLF
DQG RLO�

&RDWLQJ / 3HDN $∞ 6& [��8 ' [��9 52
�vP� �FP−1� �P V0.5� �FP� V−��

'DPPDU �� ���� ���� � ���� ������
���� ���� � ���� ������

0DVWLF �� ���� ���� � ���� ������
���� ����� ���� ������

2LO �� ���� ���� � ���� ������
���� ����� ���� ������

���� ���� � ���� ������
���� ����� ���� ������

$V VKRZQ LQ 7DEOH ���� WKH GLƨXVLRQ FRHƫFLHQW RI GDPPDU FDOFXODWHG IURP WKH WZR '�2
SHDNV LV VLPLODU ����� DQG �.��× ��−� FP� V−�� ZLWK DQ R2 RI WKH ƩWWLQJ WKH FXUYH DERYH



���� :DWHU GLƤXVLRQ VWXGLHG E\ (,6 ��

����� )RU WKLV PDWHULDO QR VZHOOLQJ RU GHWDFKPHQW ZDV REVHUYHG� 'DPPDU DQG PDV�
WLF DUH VLPLODU FRPSRXQGV PDGH RI WKH VDPH W\SH RI PROHFXOHV� ,Q IDFW� WKH GLƨXVLRQ
FRHƫFLHQW RI WKHVH WZR YDUQLVKHV LV VLPLODU� +RZHYHU� WKHUH LV DQ LPSRUWDQW GLƨHUHQFH
LQ WKHLU EHKDYLRXU ZKHQ LPPHUVHG LQ ZDWHU� ,Q PDVWLF� D VDWXUDWLRQ SODWHDX ZDV QRW
UHDFKHG ZLWKLQ WKH H[SHULPHQWDO WLPH� 7KH GLƨXVLRQ FRHƫFLHQW FDOFXODWHG E\ FRQVLG�
HULQJ D VZHOOLQJ FRHƫFLHQW SURGXFHV D EHWWHU ƩW �R2 RI ������� FRPSDUHG WR D )LFNLDQ
GLƨXVLRQ �R2 RI �������� 7KLV SKHQRPHQRQ ZDV IXUWKHU VWXGLHG ZLWK (,6 DQG WKH UH�
VXOWV DUH SUHVHQWHG LQ WKH QH[W VHFWLRQ� 7KH VDPH EHKDYLRXU LV REVHUYHG LQ WKH RLO LQ WKH
DQDO\VLV RI WKH WZR SHDNV RI WKH '�2� ,Q ERWK� WKH LQFRUSRUDWLRQ RI D VZHOOLQJ FRHƫFLHQW
LPSURYHV WKH ƩWWLQJ RI WKH GDWD� 7KH GLƨXVLRQ FRHƫFLHQW RI '�2 LQ RLO LV RQH RUGHU RI
PDJQLWXGH ODUJHU WKDQ WKRVH LQ WKH YDUQLVKHV� $ PRUH WKRURXJK GLVFXVVLRQ LV SUHVHQWHG
LQ 6HFWLRQ ����

��� :DWHU GL݉XVLRQ VWXGLHG E\ (,6

7KH ZDWHU GLƨXVLRQ WKURXJK WKH FRDWLQJV ZDV DOVR IROORZHG E\ (,6 PHDVXUHPHQWV� 7KH
SXUSRVH RI XVLQJ (,6 LV ƩUVWO\ EHFDXVH LW SURYLGHV D GLƨHUHQW ZD\ WR PHDVXUH WKH ZDWHU
GLƨXVLRQ FRHƫFLHQW DQG WKXV� WKH YDOXHV FDOFXODWHG ZLWK $75�)7,5 VSHFWURVFRS\ FDQ EH
FRPSDUHG� DQG VHFRQG EHFDXVH LW JLYHV DGGLWLRQDO LQIRUPDWLRQ DERXW WKH FRDWLQJ SURS�
HUWLHV� DV ZHOO DV WKH ZDWHU XSWDNH� $V (,6 JLYHV LQIRUPDWLRQ DERXW WKH LQWHUIDFHV DQG
WKH SURFHVVHV WDNLQJ SODFH LQ WKH LQWHUIDFH� SURSHUWLHV VXFK DV GHWDFKPHQW RI WKH FRDW�
LQJ IURP WKH VXEVWUDWH� ZDWHU XSWDNH RI D FRDWLQJ� GLƨXVLRQ WKURXJK WKH FRDWLQJ DQG
VZHOOLQJ FDQ EH VWXGLHG� ,Q WKLV VHFWLRQ� WKH UHVXOWV RI ZDWHU GLƨXVLRQ WKURXJK GDPPDU�
PDVWLF DQG OLQVHHG RLO DUH SUHVHQWHG�

����� 'DPPDU

7KH1\TXLVW DQG %RGH SORWV RI GDPPDU DW GLƨHUHQW WLPHV DUH SUHVHQWHG LQ )LJ� ����� $W DOO
WLPHV� WKH VKDSH RI WKH 1\TXLVW SORW �)LJ� ����D� VHHPV WR FRQWDLQ RQH VHPL�FLUFOH� 7KLV
VKDSH RI LV PDLQWDLQHG RYHU WLPH� LW LV RQO\ WKH YDOXH RI WKH LPSHGDQFH WKDW FKDQJH� ,WV
GLDPHWHU� ZKLFK LV DVVRFLDWHG ZLWK WKH WRWDO LPSHGDQFH RI WKH V\VWHP� GHFUHDVHV GXULQJ
WKH ƩUVW � KRXUV IURP DSSUR[LPDWHO\ �.�× ��� WR �.�× ��� Ŕ� DIWHU ZKLFK WKH GHFUHDVH
LV OHVV QRWLFHDEOH�

,Q WKH %RGH SORW� WKH LPSHGDQFH PDJQLWXGH |Z| VKRZV WZR SODWHDXV� ,Q JHQHUDO� D
SODWHDX LV UHSUHVHQWDWLYH RI D UHVLVWDQFH� VLQFH LW KDV QR GHSHQGHQF\ ZLWK WKH IUHTXHQF\
DQG WKH SKDVH DQJOH LV �q� ,Q WKLV V\VWHP� RQH SODWHDX LV ORFDWHG DW WKH KLJK IUHTXHQF\
OLPLW ���� +]�� WKDW FRUUHVSRQGV WR WKH UHVLVWDQFH RI WKH VROXWLRQ DQG WKH VHFRQG RQH DW
ORZ IUHTXHQFLHV ���−� +]�� ZKLFK UHSUHVHQWV WKH VXP RI DOO WKH UHVLVWDQFHV LQ WKH V\V�
WHP� $W LQWHUPHGLDWH IUHTXHQFLHV� D FDSDFLWLYH EHKDYLRXU LV REVHUYHG� FKDUDFWHUL]HG E\
LWV GHSHQGHQF\ ZLWK WKH IUHTXHQF\� 7KH VDPH GHFUHDVH RI WKH LPSHGDQFH ZLWK WLPH LV
VHHQ LQ WKLV %RGH SORW DW ORZ IUHTXHQFLHV� ZKHUH WKH WRWDO PDJQLWXGH |Z| GHFUHDVHV LQ
WKH UDQJH IURP ��� WR ��� Ŕ� 7KLV PD\ EH OLQNHG WR WKH SHQHWUDWLRQ RI ZDWHU WKURXJK WKH
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FRDWLQJ� $V ZDWHU GLƨXVHV WKURXJK� LW FUHDWHV FKDQQHOV LQ WKH FRDWLQJ WKDW IDFLOLWDWH WKH
LRQLF FXUUHQW ƪRZ EHWZHHQ WKH HOHFWURGHV� ORZHULQJ WKH LPSHGDQFH� ,W FDQ DOVR EH DVVR�
FLDWHG ZLWK D GHJUDGDWLRQ RI WKH FRDWLQJ� )RU IXUWKHU DQDO\VLV� WKH LQGLYLGXDO SDUDPHWHUV
ZHUH FDOFXODWHG DQG DUH SUHVHQWHG LQ WKH IROORZLQJ SDUDJUDSKV�

'HVSLWH RI WKH REVHUYDWLRQPDGH DERXW WKH1\TXLVW SORW FRQWDLQLQJ RQO\ RQH VHPL�FLUFOH�
LQ WKH %RGH SORW �)LJ� ����E� WKH HYLGHQFH RI D VHFRQG VHPL�FLUFOH LV REVHUYHG� FKDUDFWHU�
L]HG E\ WZR UHJLRQV ZLWK GLƨHUHQW SKDVH DQJOHV� D IHDWXUH WKDW EHFRPHVPRUH HYLGHQW DW
ORQJHU WLPHV� 7KHVH WZR VHPL�FLUFOHV DUH W\SLFDO IRU D FLUFXLW FRQWDLQLQJ WZR WLPH FRQ�
VWDQWV �D UHVLVWDQFH FRQQHFWHG LQ SDUDOOHO ZLWK D FDSDFLWDQFH� EHVLGHV WKH UHVLVWDQFH RI
WKH VROXWLRQ� 7KH FLUFXLWV FRQWDLQLQJ RQH DQG WZR FRQVWDQWV DUH SUHVHQWHG LQ )LJ� ����
DORQJ ZLWK D VFKHPDWLF GUDZLQJ RI LWV SK\VLFDO PHDQLQJ�

�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 SORWV RI GDPPDU DW �� �� �� �� DQG �� K LQ D 1D�62� VROXWLRQ�

7KH IHDWXUHV REVHUYHG LQ WKH 1\TXLVW DQG %RGH SORWV DUH DVVRFLDWHG WR WKH SK\VLFDO V\V�
WHP LQ WKH IROORZLQJ PDQQHU� WKH LPSHGDQFH DW KLJKHU IUHTXHQFLHV LV DVVRFLDWHG WR WKH
UHVLVWDQFH RI WKH VROXWLRQ� 7KLV UHVLVWDQFH LV FRQQHFWHG LQ VHULHV ZLWK WKH ƩUVW WLPH FRQ�
VWDQW� WKDW FRQVLVWV RI WKH FRDWLQJ FDSDFLWDQFH LQ SDUDOOHO ZLWK WKH FRDWLQJ UHVLVWDQFH� ,I
D VHFRQG WLPH FRQVWDQW LV FRQVLGHUHG� LW ZRXOG UHSUHVHQW WKH FKDUJH WUDQVIHU UHVLVWDQFH
DQG WKH GRXEOH OD\HU FDSDFLWDQFH�
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�D� 0RGHO $ �E� 6FKHPDWLF UHSUHVHQWDWLRQ

�F� 0RGHO % �G� 6FKHPDWLF UHSUHVHQWDWLRQ

)LJ� ����� (TXLYDOHQW FLUFXLWV SURSRVHG WR ƩW WKH (,6 GDWD RI GDPPDU�

7KH FRDWLQJ FDSDFLWDQFH ZDV H[WUDFWHG IURP WKH GDWD DQG IXUWKHU WUHDWHG WR FDOFXODWH
WKHZDWHU XSWDNH DQG GLƨXVLRQ FRHƫFLHQW� $V GLVFXVVHG SUHYLRXVO\ LQ 6HFWLRQ ������ WKHUH
DUH � GLƨHUHQW DSSURDFKHV WR FDOFXODWH WKH FDSDFLWDQFH� 7KH ƩUVW RQH LV WR FDOFXODWH WKH
FDSDFLWDQFH IURP WKH %RGH SORW DW D IUHTXHQF\ RI ����+] �&+)�� +RZHYHU� LQ WKLV FDVH
WKLV LV QRW SRVVLEOH VLQFH WKH SKDVH DQJOH LV QRW H[DFWO\ ��q DQG WKXV WKH EHKDYLRXU LV
QRW LGHDO DQG D SXUH FDSDFLWDQFH FDQQRW EH FDOFXODWHG� 7KH RWKHU DSSURDFK LV EDVHG RQ
ƩWWLQJ WKH GDWD WR DQ HTXLYDOHQW FLUFXLW DQG H[WUDFW WKH FDSDFLWDQFH� 6LQFH WKH VKDSH RI
WKH FXUYHV LV QRW FOHDU� WZR HTXLYDOHQW FLUFXLWV ZHUH H[SORUHG WR ƩW WKH GDWD� 0RGHO $ DQG
0RGHO %� ZLWK RQH DQG WZR WLPH FRQVWDQWV UHVSHFWLYHO\� 7KHVH PRGHOV DUH SUHVHQWHG LQ
)LJ� ����� 6LQFH WKH EHKDYLRXU RI WKH FRDWLQJ FDSDFLWDQFH� DV ZHOO DV WKH GRXEOH OD\HU FD�
SDFLWDQFH� DUH QRW LGHDO� D &3( HOHPHQW ZDV XVHG LQ WKHPRGHOV LQVWHDG RI D FDSDFLWDQFH�
,Q PRGHO $�Rs LV WKH VROXWLRQ UHVLVWDQFH�CPEc LV WKH FRDWLQJ FDSDFLWDQFH DQGRc LV WKH
UHVLVWDQFH RI WKH FRDWLQJ� ,Q PRGHO %� DSDUW IURPRs�Rc DQG CPEc� WKH FDSDFLWDQFH RI
WKH GRXEOH OD\HU CPEdl DQG WKH FKDUJH WUDQVIHU UHVLVWDQFHRct DUH LQFOXGHG�

)LJ� ���� VKRZV WKH UHVXOW IURP ƩWWLQJ ERWK PRGHOV WR WKH H[SHULPHQWDO GDWD WDNHQ DW
DQ LPPHUVLRQ WLPH RI � KRXUV� $V VHHQ LQ WKH 1\TXLVW DQG WKH SKDVH DQJOH %RGH SORW�
D EHWWHU ƩW LV REWDLQHG ZLWK PRGHO %� 7KLV LV WKH FDVH IRU WKH GDWD REWDLQHG DW DOO LP�
PHUVLRQ WLPHV� 7KHUHIRUH� D GRXEOH OD\HU FDSDFLWDQFH DQG D FKDUJH WUDQVIHU UHVLVWDQFH
DSSHDU VLQFH WKH ƩUVW PHDVXUHPHQWV� 7KLV VXJJHVWV WKDW ZDWHU GLƨXVHV WKURXJK WKH
ZKROH WKLFNQHVV RI WKH FRDWLQJ IURP WKH EHJLQQLQJ IRUPLQJ D GRXEOH OD\HU WKDW JURZV DV
PRUHZDWHU UHDFKHV WKH LQWHUIDFH� 7KLV LV LQ DFFRUGDQFHZLWK WKH H[SHULPHQWV SHUIRUPHG
ZLWK $75�)7,5� ZKHUH WKH ZDWHU ZDV GHWHFWHG IURP WKH ƩUVW LQVWDQFH�
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�D� 1\TXLVW �E� %RGH

)LJ� ����� )LWWLQJ FXUYH ZLWK PRGHOV $ DQG % WR WKH (,6 GDWD RI GDPPDU
WDNHQ DW �K�

,W LV LPSRUWDQW WR PHQWLRQ WKDW DW YHU\ KLJK IUHTXHQFLHV� WKHUH LV D GHYLDWLRQ RI WKH GDWD
IURP WKH PRGHO �)LJ� ������ 7KLV KDV EHHQ HQFRXQWHUHG E\ VHYHUDO DXWKRUV DQG LV DW�
WULEXWHG WR DQ LQVWUXPHQWDO DUWHIDFW >��@� 7KHUHIRUH� WKH ƩWWLQJZDVPDGH GLVFULPLQDWLQJ
WKH IUHTXHQF\ UDQJH IURP �×��� WR �×���+]�

�D� 1\TXLVW �E� %RGH

)LJ� ����� +LJK IUHTXHQF\ UHJLRQ RI WKH (,6 SORWV RI GDPPDU DW �� �� �� ��
DQG �� K LQ 1D�62��

7KH QXPHULFDO UHVXOWV IURP ƩWWLQJ PRGHO % WR WKH GDWD IRU VHOHFWHG KRXUV DUH LV VKRZQ
LQ 7DEOH ���� 7KH ƩWWHG GDWD DW DOO WLPHV ZDV SORWWHG DV D IXQFWLRQ RI WLPH DQG LV VKRZQ
LQ )LJ� ����� ZKLOH WKH QXPHULFDO YDOXHV DQG WKH HUURUV DVVRFLDWHG ZLWK HYHU\ YDOXH FDQ
EH IRXQG LQ $SSHQGL[ %� 2QH ZD\ WR WHVW WKH JRRGQHVV RI ƩW RI WKH PRGHO LV ZLWK WKH
FKL�VTXDUHG �χ2� YDOXH� $ ORZHU YDOXH RI χ2 LQGLFDWHV D EHWWHU ƩWWLQJ RI WKH PRGHO WR



���� :DWHU GLƤXVLRQ VWXGLHG E\ (,6 ��

WKH GDWD� $V VKRZQ LQ WKH 7DEOH ���� WKH χ2 LV DURXQG ������� &RPSDUHG WR WKH χ2

REWDLQHG E\ ƩWWLQJ ZLWK PRGHO $ �������� LW LV PXFK VPDOOHU FRQƩUPLQJ WKDW PRGHO %
GHVFULEHV WKH GDWD EHWWHU WKDQ PRGHO ([FHSW IURP WKH UHVLVWDQFH RI WKH VROXWLRQ� WKH
HUURUV RI WKH LQGLYLGXDO SDUDPHWHUV DUH EHORZ ����� ZKLFK DUH FRPPRQ HUURUV LQ WKLV
NLQG RIPHDVXUHPHQWV� 7KH HUURUV DVVRFLDWHG WR WKH UHVLVWDQFH RI WKH VROXWLRQ DUH DERXW
��� DQG ZLOO EH GLVFXVVHG EHORZ�

7DEOH ���� 6HOHFWHG (,6 GDWD RI GDPPDU FDOFXODWHG ZLWK 0RGHO %�

7LPH χ2 5V 5F &3(F αc 5FW &3(GO αdl

�K� �Ŕ� �ŔFP−�� �)FP−�Vα − �� �ŔFP−�� �)FP−�Vα − ��

��� ������ ���� �.��×��� �.��×��−� ���� �.��×��� �.��×��−� ����
� ������ ���� �.��×��� �.��×��−� ���� �.��×��� �.��×��−� ����
� ������ ���� �.��×��� �.��×��−� ���� �.��×��� �.��×��−� ����
� ������ ���� �.��×��� �.��×��−� ���� �.��×��� �.��×��−� ����
�� ������ ���� �.��×��� �.��×��−� ���� �.��×��� �.��×��−� ����
�� ������ ���� �.��×��� �.��×��−� ���� �.��×��� �.��×��−� ����
�� ������ ���� �.��×��� �.��×��−� ���� �.��×��� �.��×��−� ����
�� ������ ���� �.��×��� �.��×��−� ���� �.��×��� �.��×��−� ����
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)LJ� ����� 3ORWV RI WKH UHVXOWV IURP ƩWWLQJ WKH (,6 GDWD RI GDPPDU DV D
IXQFWLRQ RI WLPH�



�� &KDSWHU �� 5HVXOWV LQ�VLWX

7KH ƩUVW DVSHFW WR QRWLFH LQ WKH SORWV LV WKH VROXWLRQ UHVLVWDQFH �)LJ� ����D�� 'XULQJ WKH
ƩUVW �� KRXUV LW LV UHODWLYHO\ VWDEOH� +RZHYHU� DW ORQJHU WLPHV LW GHFUHDVHV� SRVVLEO\ GXH WR
HYDSRUDWLRQRI WKHZDWHU GXULQJ WKH H[SHULPHQW� 7KHPDJQLWXGH LV KLJKHU WKDQ H[SHFWHG�
7KH HOHFWURO\WH XVHGZDV D VROXWLRQ ����0 RI 1D�62� DQG LWV FRQGXFWLYLW\ ZDVPHDVXUHG
EHIRUH DQG DIWHU WKH H[SHULPHQW� REWDLQLQJ ���� DQG �.��P6 FP−�� UHVSHFWLYHO\� 7KH
UHVLVWDQFH RI D VROXWLRQ FDQ EH FDOFXODWHG ZLWK WKH IROORZLQJ HTXDWLRQ�

R =
d

κA
�����

ZKHUHR LV WKH VROXWLRQ UHVLVWDQFH� d LV WKH GLVWDQFH EHWZHHQ WKH ZRUNLQJ HOHFWURGH DQG
WKH UHIHUHQFH HOHFWURGH� κ LV WKH FRQGXFWLYLW\ RI WKH VROXWLRQ DQG A LV WKH DUHD WKURXJK
ZKLFK WKH FXUUHQW ƪRZV�

$Q HVWLPDWLRQ RI WKH UHVLVWDQFH RI WKH VROXWLRQ ZDV PDGH� 7KH GLVWDQFH EHWZHHQ WKH
HOHFWURGHV LV DSSUR[LPDWHO\ �.� FP DQG WKH DUHD ZDV FRQVLGHUHG WR EH WKH H[SRVHG DUHD
RI WKH ZRUNLQJ HOHFWURGH� �.�� FP�� :LWK WKHVH SDUDPHWHUV� WKH UHVLVWDQFH RI WKH VROX�
WLRQ EHIRUH DQG DIWHU WKH H[SHULPHQW LV ���Ŕ DQG ���Ŕ� UHVSHFWLYHO\� 7KH YDOXHV FDO�
FXODWHG E\ ƩWWLQJ WKH PRGHO GRHV QRW FRUUHVSRQG WR WKHVH YDOXHV� +RZHYHU� WKH\ GR
FRUUHVSRQG WR WKH KLJK IUHTXHQF\ YDOXHV LQ WKH %RGH SORW ZLWK D |Z| RI ��� Ŕ �)LJ� ����E��
7KLV YDOXH PD\ EH LQƪXHQFHG E\ WKH KLJK IUHTXHQF\ DUWHIDFW DQG WKHUHIRUH� GRHV QRW DO�
ORZ D SURSHU FDOFXODWLRQ RI WKH UHVLVWDQFH RI WKH VROXWLRQ� 7KLV LV UHƪHFWHG LQ WKH HUURUV
DVVRFLDWHG WR WKH UHVLVWDQFH RI WKH VROXWLRQ ZKLFK DUH DSSUR[LPDWHO\ ����

7KH &3( RI WKH FRDWLQJ OLHV ZLWKLQ WKH W\SLFDO FRDWLQJ FDSDFLWDQFH YDOXHV� ZKLFK LV LQ WKH
RUGHU RI Q) >��@� $V VKRZQ LQ )LJ� ����E� WKH &3( RI WKH FRDWLQJ LQFUHDVHVZLWK WLPH� (YHQ
WKRXJK WKHUH LV VRPH GLVSHUVLRQ LQ WKH GDWD� D WUHQG LV REVHUYHG� 'XULQJ WKH ƩUVW KRXUV�
WKH LQFUHDVH LV IDVW DQG DIWHUZDUGV WKHUH LV D WHQGHQF\ WR VDWXUDWH WR D FHUWDLQ YDOXH� 7KH
LQFUHDVH RI WKH FDSDFLWDQFH LV DQ LQGLFDWLRQ RI ZDWHU SHQHWUDWLRQ� $V H[SODLQHG SUHYL�
RXVO\� WKH FDSDFLWDQFH LV SURSRUWLRQDO WR WKH SHUPLWWLYLW\ RI WKH PHGLD� 7KH SHUPLWWLYLW\
RI ZDWHU LV ORZHU WKDQ WKDW RI WKH GU\ FRDWLQJ� 7KHUHIRUH� DV ZDWHU GLƨXVHV WKURXJK WKH
FRDWLQJ� LW LQFUHDVHV WKH FDSDFLWDQFH XQWLO D YDOXH LQ ZKLFK WKH FRDWLQJ LV VDWXUDWHG ZLWK
ZDWHU�

2Q WKH RWKHU KDQG� WKH UHVLVWDQFH RI WKH FRDWLQJ GHFUHDVHV UDSLGO\ LQ WKH ƩUVW KRXUV DQG
UHPDLQV FRQVWDQW DIWHU �� KRXUV RI LPPHUVLRQ� 7KH GHFUHDVH RI WKH UHVLVWDQFH PD\ LQGL�
FDWH FKDQJHV LQ WKH EDUULHU SURSHUWLHV RI WKH FRDWLQJ� $V ZDWHU GLƨXVHV WKURXJK� LW PD\
FKDQJH WKH GLƨXVLRQ SDWKZD\V DORQJ WKH FRDWLQJ IDFLOLWDWLQJ WKH FXUUHQW ƪRZ DQG WKXV�
GHFUHDVLQJ WKH UHVLVWDQFH RI WKH FRDWLQJ�

7KH FKDUJH WUDQVIHU UHVLVWDQFH GHFUHDVHV ZLWK WLPH DQG WKH GRXEOH OD\HU FDSDFLWDQFH
LQFUHDVHV ZLWK WLPH� 6LQFH WKH Rct LV SURSRUWLRQDO WR WKH HOHFWURGH DUHD DQG CPEdl LV
LQYHUVHO\ SURSRUWLRQDO� WKLV VXJJHVWV WKDW WKH GRXEOH OD\HU LV RFFXS\LQJ PRUH DUHD DV
WLPH SDVVHV DQG PRUH HOHFWURO\WH GLƨXVHV WR WKH HOHFWURGH�FRDWLQJ LQWHUIDFH� $IWHU ��
KRXUV� WKHCPEdl LV UHODWLYHO\ VWDEOH� ZKLFK LV WKH DSSUR[LPDWH WLPH RI VDWXUDWLRQ RI WKH
FRDWLQJ DQG QR PRUH HOHFWURO\WH LV SHQHWUDWLQJ�



���� :DWHU GLƤXVLRQ VWXGLHG E\ (,6 ��

$IWHU WKH GDWDZDV ƩWWHG WR WKH HTXLYDOHQW FLUFXLW� WKH FDSDFLWDQFHZDV IXUWKHU WUHDWHG WR
REWDLQ WKH ZDWHU XSWDNH DQG GLƨXVLRQ FRHƫFLHQW� $V PHQWLRQHG EHIRUH LQ 6HFWLRQ ������
WKH FDOFXODWLRQ ZLWK &3( YDOXHV GRHV QRW SURYLGH WUXH YDOXHV RI ZDWHU XSWDNH DQG KHQFH�
WUXH GLƨXVLRQ FRHƫFLHQWV� 7KXV� WKH HƨHFWLYH FDSDFLWDQFHCeff PXVW EH FDOFXODWHG� 7KH
HƨHFWLYH FDSDFLWDQFH FDOFXODWLRQ SURSRVHG E\ %UXJ UHOLHV LQ D FRQVWDQW VROXWLRQ UHVLV�
WDQFH� ZKLFK ZDV QRW WKH FDVH IRU WKLV H[SHULPHQW� 7KHUHIRUH� WKH HƨHFWLYH FDSDFLWDQFH
ZDV FDOFXODWHG E\ HTXDWLRQ ���� SURSRVHG E\ +VX�

CH
eff = Q1/α(1/Rc)

(α−1)/α �����

7KH FDOFXODWHG HƨHFWLYH FDSDFLWDQFH LV SUHVHQWHG LQ )LJ� ����� 7KHUH LV PRUH GLVSHUVLRQ LQ
WKH Ceff GDWD WKDQ WKH &3( E\ LWVHOI VLQFH WKH YDULDWLRQV RI Rc� CPEc DQG α FRQWULEXWH
WR WKH GLVSHUVLRQ RI WKH HƨHFWLYH FDSDFLWDQFH� 1HYHUWKHOHVV� WKH VDPH WUHQG REVHUYHG
IRU WKH &3( LV QRWLFHDEOH�
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)LJ� ����� (ƨHFWLYH FRDWLQJ FDSDFLWDQFH RI GDPPDU DV D IXQFWLRQ RI WLPH�

7KH ZDWHU XSWDNH� φ���� ZDV FDOFXODWHG ZLWK WKH %UDVKHU .LQJVEXU\ HTXDWLRQ�

φ(�) =
log(Ct/C0)

logεw
�����

ZKHUHCt LV WKH HƨHFWLYH FDSDFLWDQFH �CH
eff � PHDVXUHG DW WLPH t�C0 LV WKH LQLWLDO FRDWLQJ

FDSDFLWDQFH DQG εw LV WKH SHUPLWWLYLW\ RIZDWHU� DVVXPHG WR EH �� DW DOO LPPHUVLRQ WLPHV�
7KH UHVXOWV DUH SUHVHQWHG LQ )LJ� ����D� 7KH GLƨXVLRQ FRHƫFLHQWZDV WKHQ FDOFXODWHGZLWK
HTXDWLRQ ���� E\ SORWWLQJ (φt/φs) DV D IXQFWLRQ RI WLPH�
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φt = φs

[
1−

∞∑

n=0

1

(2n+ 1)2
H[S

(
−(2n+ 1)2Dπ2

4L2

)
t

]
������

+HUH� φt LV WKH ZDWHU XSWDNH DW WLPH t� φs LV WKH YROXPH IUDFWLRQ RI ZDWHU DEVRUEHG DW
VDWXUDWLRQ� D LV WKH GLƨXVLRQ FRHƫFLHQW DQG L LV WKH WKLFNQHVV RI WKH FRDWLQJ� ,Q WKLV
FDVH� WKH WKLFNQHVV RI GDPPDU ZDV �� vP�

7KH ƩUVW �� WHUPV RI WKH HTXDWLRQ ZHUH XVHG WR ƩW WKH FXUYH� VLQFH EH\RQG WKH ��th WHUP�
WKHR2 GLG QRW VKRZ D VLJQLƩFDQW LQFUHDVH� 7KH ƩWWHG FXUYH LV SUHVHQWHG LQ )LJ� ���E� 7KH
GDWD SRLQWV WKDW VLJQLƩFDQWO\ GHYLDWHG IURP WKH FXUYHZHUH H[FOXGHG IURP WKH ƩW DQG DUH
VKRZQ LQ WKH VDPH ƩJXUH� 7KH ƩWWLQJ LV QRW LGHDO� LQ IDFW WKHR2 LV ORZ ��������� ZKLFK LV
H[SHFWHG GXH WR WKH GLVSHUVLRQ RI WKH GDWD� 1HYHUWKHOHVV� LW ZDV SRVVLEOH WR FDOFXODWH WKH
GLƨXVLRQ FRHƫFLHQW� REWDLQLQJ �.���× ��−� FP� V−�� 7KLV YDOXH� DOWKRXJK QRW H[DFWO\
HTXDO� LV FORVH WR WKH GLƨXVLRQ RI ZDWHU FDOFXODWHG ZLWK $75�)7,5� �.���× ��−� FP� V−�
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�E� 'LƨXVLRQ FRHƫFLHQW

)LJ� ����� :DWHU XSWDNH DQG ƩWWLQJ FXUYH IRU WKH GLƨXVLRQ FRHƫFLHQW FDO�
FXODWLRQ RI ZDWHU LQ 'DPPDU�

����� 0DVWLF

7KH 1\TXLVW DQG %RGH SORWV RI WKH (,6 GDWD RI PDVWLF LPPHUVHG LQ D 1D�62� VROXWLRQ DW
GLƨHUHQW WLPHV DUH VKRZQ LQ )LJ� ����� ,Q WKH 1\TXLVW SORW �)LJ� ����D�� WZR VHPL�FLUFOHV
DUH REVHUYHG� 8QOLNH GDPPDU� WKH WZR VHPL�FLUFOHV KHUH DUH OHVV RYHUODSSHG DQG WKXV�
PRUH FOHDUO\ YLVLEOH� (YHQ WKRXJK WKLV LV QRW VR HYLGHQW LQ WKH LPSHGDQFH PDJQLWXGH |Z|
IURP WKH %RGH SORW� WKH SKDVH DQJOH VKRZV WZR KLJK DQJOH UHJLRQV� ZKLFK FRQƩUPV WKH
SUHVHQFH RI WKH WZR VHPL�FLUFOHV RI WKH 1\TXLVW SORW �)LJ� ����E��



���� :DWHU GLƤXVLRQ VWXGLHG E\ (,6 ��

�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 SORWV RI PDVWLF DW �� �� �� �� DQG �� K LQ D 1D�62� VROXWLRQ�

7KH GLDPHWHU RI WKH ORZHU IUHTXHQF\ VHPL�FLUFOH LQFUHDVHV IURP � WR �� KRXUV DQG WKHQ
LW GURSV DW �� KRXUV� 7KLV EHKDYLRXU LV DOVR REVHUYHG LQ WKH WRWDO LPSHGDQFH %RGH SORW�
$ FORVH XS WR ORZ IUHTXHQFLHV LV VKRZQ LQ )LJ� ���� WR LOOXVWUDWH WKLV EHKDYLRXU� ,W LV LP�
SRUWDQW WR QRWH WKDW LW LV WKH WRWDO LPSHGDQFH RI WKH V\VWHP WKH RQH WKDW LV LQFUHDVLQJ�
VR LW LV QHFHVVDU\ WR HVWLPDWH WKH LQGLYLGXDO FRQWULEXWLRQV RI WKH LQGLYLGXDO HOHFWULFDO HOH�
PHQWV WR XQGHUVWDQG WKH SURFHVVHV WDNLQJ SODFH LQ WKH V\VWHP� 7KLV LV GRQH E\ ƩWWLQJ DQ
HTXLYDOHQW FLUFXLW WR WKH (,6 GDWDZLWK HOHFWULFDO HOHPHQWV WKDW UHSUHVHQW WKHVH SURFHVVHV
LQ WKH SK\VLFDO V\VWHP�

)LJ� ����� /RZ IUHTXHQF\ UHJLRQ RI WKH %RGH SORWV RI PDVWLF DW �� �� �� ��
DQG �� K�

7KH WZR VHPL�FLUFOHV REVHUYHG LQ WKH 1\TXLVW SORW DUH FKDUDFWHULVWLF RI WZR WLPH FRQ�
VWDQWV� 7KHUHIRUH� PRGHO % ZDV SURSRVHG WR ƩW WKH GDWD �)LJ� ����F�� 7KH ƩWWHG FXUYHV RI
WKH GDWDPHDVXUHG DW � DQG �� KRXUV LV SUHVHQWHG LQ )LJ� ����� $V FDQ EH VHHQ LQ WKH ƩJXUH�
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WKH GDWD DW ORZ IUHTXHQFLHV GHYLDWHV IURP WKH PRGHO� )XUWKHUPRUH� WKH α FRHƫFLHQW RI
WKH CPEdl WKDW UHVXOWHG IURP ƩWWLQJ WKLV PRGHO LV DURXQG ���� ZKLFK LV FKDUDFWHULVWLF
RI WKH SUHVHQFH RI D :DUEXUJ� ,Q IDFW� WKH :DUEXUJ FDQ EH UHJDUGHG DV D &3( ZLWK WKH
LPDJLQDU\ FRPSRQHQW RI WKH LPSHGDQFH HTXDO WR WKH UHDO FRPSRQHQW DQG DQ α = ����
7KHUHIRUH� D :DUEXUJ HOHPHQW ZDV LQFRUSRUDWHG WR WKH PRGHO� 0RGHO &� DQG D EHWWHU ƩW
ZDV REWDLQHG�

�D� 0RGHO & �E� 6FKHPDWLF UHSUHVHQWDWLRQ

)LJ� ����� (TXLYDOHQW FLUFXLW SURSRVHG WR ƩW WKH (,6 GDWD RI PDVWLF�

�D� 1\TXLVW �E� %RGH

)LJ� ����� )LWWHG FXUYHV RI WKH (,6 GDWD RI PDVWLF WDNHQ DW � DQG �� KRXUV
ZLWK PRGHOV % DQG &�

7KH GDWD DW DOO WLPHV ZDV ƩWWHG ZLWK 0RGHO & DQG LV SUHVHQWHG LQ $SSHQGL[ %� 6HOHFWHG
GDWD LV VKRZQ LQ 7DEOH ��� DQG WKH SORWV RI DOO WKH SDUDPHWHUV DV D IXQFWLRQ RI WLPH
LV SUHVHQWHG LQ )LJ� ����� 7KH χ2 LV ORZ DW DOO WLPHV� ZKLFK LQGLFDWHV WKDW WKH PRGHO
SURGXFHV D JRRG ƩW IRU DOO WKH H[SHULPHQWDO WLPHV� 7KH HUURUV LQPRVW RI WKH SDUDPHWHUV�
DOVR VKRZQ LQ $SSHQGL[ %� DUH ORZ H[FHSW IURP WKH UHVLVWDQFH RI WKH FRDWLQJ� ZKLFK DIWHU
�� KRXUV WKH HUURUV RI VRPH SRLQWV DUH DERYH ���
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7DEOH ���� 6HOHFWHG (,6 GDWD RI PDVWLF FDOFXODWHG ZLWK 0RGHO &�

7LPH χ2 5V 5F &3(F αc 5FW &3(GO αdl

�K� �Ŕ� �ŔFP−�� �)FP−�Vα − �� �ŔFP−�� �)FP−�Vα − ��
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�G� αdl DQG αc

)LJ� ����� 3ORWV RI WKH UHVXOWV IURP ƩWWLQJ WKH (,6 GDWD RIPDVWLF DV D IXQF�
WLRQ RI WLPH�

$V VKRZQ LQ )LJ� ����D� WKH UHVLVWDQFH RI WKH VROXWLRQ LV UHODWLYHO\ FRQVWDQW DORQJ WKH
H[SHULPHQWDO WLPH DQG LWV PDJQLWXGH LV FORVHU WR WKH RQH HVWLPDWHG IURP WKH FRQGXF�
WLYLW\ RI WKH VROXWLRQ� ,Q )LJ� ����E� WKH FDSDFLWDQFH RI WKH FRDWLQJ� UHSUHVHQWHG E\ D
&3(� LQFUHDVHV LQ WKH ƩUVW � KRXUV DQG DIWHUZDUGV LW GHFUHDVHV ZLWK WLPH� 7KH ƩUVW LQ�
FUHDVH LQ WKH FDSDFLWDQFH LV GXH WR WKH SHQHWUDWLRQ RI ZDWHU� 6DPH DV LQ GDPPDU� WKH
SHUPLWWLYLW\ RI ZDWHU LV KLJKHU WKDQ WKDW RI WKH FRDWLQJ DQG� VLQFH WKH FDSDFLWDQFH LV
SURSRUWLRQDO WR WKH SHUPLWWLYLW\ RI WKH PHGLXP� WKHUH LV DQ LQFUHDVH LQ WKH FDSDFLWDQFH
DV ZDWHU GLƨXVHV WKURXJK WKH FRDWLQJ� +RZHYHU� LW GRHV QRW WHQG VDWXUDWLRQ YDOXH DV LQ



�� &KDSWHU �� 5HVXOWV LQ�VLWX

GDPPDU� ,QVWHDG� WKHUH LV D SURQRXQFHG GHFUHDVH IURP� WR �� KRXUV� $V WKH FDSDFLWDQFH
LV LQYHUVHO\ SURSRUWLRQDO WR WKH WKLFNQHVV RI WKH FRDWLQJ� D UHGXFWLRQ RI WKH FDSDFLWDQFH
FRXOG EH FDXVHG E\ DQ LQFUHDVH LQ WKH WKLFNQHVV RI WKH FRDWLQJ� LQ RWKHU ZRUGV� VZHOOLQJ�
+RZHYHU� WKH LQFUHDVH LQ WKLFNQHVV GXH WR VZHOOLQJ LV QRW DV ODUJH DV WR H[SODLQ WKH GURS
LQ WKH FDSDFLWDQFH� ,W KDV EHHQ VHHQ IURP VHYHUDO DXWKRUV WKDW WKH VZHOOLQJ RI WKH FRDW�
LQJ ZLOO SURGXFH DQ LQFUHDVH LQ WKH FDSDFLWDQFH VLQFHPRUH ZDWHU LV DOORZHG WR SHQHWUDWH
>��� ��� ��� ��� ��@� ,Q WKLV FDVHV� WKH ZDWHU XSWDNH� DQG WKXV WKH FDSDFLWDQFH� KDV D WZR
VWHS VRUSWLRQ SURƩOH LQ ZKLFK WKHUH LV D IDVW LQFUHDVH DQG LQVWHDG RI D VDWXUDWLRQ SODWHDX�
WKHUH LV D FRQWLQXRXV EXW VORZHU LQFUHDVH�

$QRWKHU SRVVLELOLW\ WR H[SODLQ WKH FDSDFLWDQFH GHFUHDVH LV WKH GHWDFKPHQW RU SDUWLDO GH�
WDFKPHQW RI WKH FRDWLQJ� 'HƪRULDQ HW DO UHSRUWHG D VLPLODU FDSDFLWDQFH SURƩOH� LQ ZKLFK
WKH GHFUHDVH ZDV DWWULEXWHG WR WKH GHWDFKPHQW RI WKH FRDWLQJ >��@� ,Q WKHLU VLWXDWLRQ�
WKLV H[SODQDWLRQ ZDV ORJLFDO VLQFH DW WKH HQG RI WKH H[SHULPHQW� WKH\ FRDWLQJ ZDV FRP�
SOHWHO\ GHWDFKHG IURP WKH HOHFWURGH� +RZHYHU� WKH PDVWLF FRDWLQJ GLG QRW VKRZ DQ\
VLJQV RI GHWDFKPHQW�

$QRWKHU SRVVLEOH H[SODQDWLRQ LV WKDW WKH FRDWLQJ PD\ EH ORRVLQJ LWV EDUULHU SURSHUWLHV�
$VZDWHU SHQHWUDWHV� LWPD\ FDXVH D GHJUDGDWLRQ RI WKH FRDWLQJPDNLQJ LW ORRVH LWV FDSDF�
LWLYH EHKDYLRXU� 7KLV LV VHHQ DV D GHFUHDVH LQ WKH FDSDFLWDQFH DV REVHUYHG LQ )LJ� ����E�
)XUWKHUPRUH� WKH UHVLVWDQFH RI WKH FRDWLQJ GHFUHDVHV� ZKLFK FDQ DOVR EH H[SODLQHG E\
WKLV UHDVRQLQJ DV LW LV HDVLHU IRU WKH HOHFWURO\WH WR SHQHWUDWH�

$V VKRZQ LQ )LJ� ����F� WKH GRXEOH OD\HU FDSDFLWDQFH GHFUHDVHVZLWK WLPH� 7KH IRUPDWLRQ
RI WKH GRXEOH OD\HU LV D SURFHVV WKDW WDNHV SODFH LQ WKH LQWHUIDFH EHWZHHQ WKH PHWDO DQG
WKH HOHFWURO\WH� $V WKLV LQWHUIDFH LV FKDQJLQJ ZLWK WLPH� WKH GRXEOH OD\HU FDSDFLWDQFH
WDNHV WLPH WR VWDELOL]H� DV ZHOO DV WKH FKDUJH WUDQVIHU UHVLVWDQFH� WKDW RQ WKH RWKHU KDQG
KDV D KLJK GHJUHH RI GLVSHUVLRQ�

7KH GLƨXVLRQ FRHƫFLHQW FDQQRW EH FDOFXODWHG VLQFH WKH VDPSOH GRHV QRW VKRZ D )LFN�
LDQ GLƨXVLRQ SURƩOH� 1HYHUWKHOHVV� WKH HƨHFWLYH FDSDFLWDQFH DQG WKH ZDWHU XSWDNH ZHUH
FDOFXODWHG WR VKRZ WKH FRPSOHWH VHW RI SDUDPHWHUV� 7KH HƨHFWLYH FDSDFLWDQFH ZDV FDO�
FXODWHG ZLWK HTXDWLRQ ��� DQG WKH UHVXOW LV SUHVHQWHG LQ )LJ� ����D� 7KH ZDWHU XSWDNH
ZDV FDOFXODWHG ZLWK HTXDWLRQ ��� DQG SUHVHQWHG LQ )LJ� ����E� 7KH HƨHFWLYH FDSDFLWDQFH�
MXVW DV WKH &3( LQFUHDVHV GXULQJ WKH ƩUVW � KRXUV DQG WKHQ GHFUHDVHV ZLWK WLPH� 7KH ZD�
WHU XSWDNH KDV WKH VDPH SURƩOH DV WKH FDSDFLWDQFH� 7KH RQO\ SRVVLEOH FRQFOXVLRQ GUDZQ
IURP WKLV JUDSK LV WKDW GXULQJ WKH ƩUVW � KRXUV� WKH ZDWHU XSWDNH RI PDVWLF LV ����� 7KH
GLƨXVLRQ FRHƫFLHQW FDQQRW EH FDOFXODWHG VLQFH WKH FRDWLQJ FDSDFLWDQFH LV QRW FKDQJLQJ
RQO\ GXH WR WKH ZDWHU XSWDNH EXW LW LV DOVR UHODWHG WR WKH SURSHUWLHV RI WKH FRDWLQJ� $V
PHQWLRQHG SUHYLRXVO\� D GHFUHDVH LQ WKH FDSDFLWDQFH RI WKH FRDWLQJ PD\ EH UHODWHG WR D
GHFUHDVH LQ LWV EDUULHU SURSHUWLHV LQGLFDWLQJ WKH GHJUDGDWLRQ RI WKH FRDWLQJ�
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)LJ� ����� (ƨHFWLYH FRDWLQJ FDSDFLWDQFH DQG ZDWHU XSWDNH RI PDVWLF�

����� 2LO

7KH UHVXOWV RI WKH (,6 H[SHULPHQW RI RLO LQ WKH 1D�62� VROXWLRQ DUH SUHVHQWHG LQ )LJ� �����
7KH 1\TXLVW DQG %RGH SORWV KDYH GLƨHUHQW VKDSHV WKDQ WKRVH HQFRXQWHUHG IRU GDPPDU
DQG PDVWLF� +HUH� RQO\ RQH VHPL�FLUFOH LV SUHVHQW LQ WKH 1\TXLVW SORW DQG LW KDV D WDLO DW
ORZ IUHTXHQFLHV �)LJ� ����D�� ,Q WKH %RGH SORW� WKH LPSHGDQFH PDJQLWXGH VKRZV RQO\
RQH SODWHDX DQG LQ WKH SKDVH DQJOH SORW� RQO\ RQH UHJLRQ LV SUHVHQW �)LJ� ����E�� 7KH\
ERWK UHODWH WR WKH VHPL�FLUFOH REVHUYHG LQ WKH 1\TXLVW SORW�

7KH GLDPHWHU RI WKH VHPL�FLUFOH GHFUHDVHV ZLWK WLPH� DQG VR DV WKH WRWDO LPSHGDQFH |Z|�
7KLVPD\ EH OLQNHG WR WKH DEVRUSWLRQ RIZDWHU RI WKH FRDWLQJ DQG WKH FKDQJH LQ SDWKZD\V
EXLOGLQJ XS LQVLGH WKH FRDWLQJ� 7KH WDLO REVHUYHG LQ WKH 1\TXLVW SORW PD\ EH FDXVHG E\
D QRQ�LGHDO :DUEXUJ HOHPHQW� ,Q WKH ƩUVW PHDVXUHPHQWV� WKH WDLO DSSHDUV WR EH D SXUH
UHVLVWDQFH VLQFH WKH SKDVH DQJOH LV FORVH WR ]HUR� %XW ZLWK WLPH� WKH DQJOH LQFUHDVHV
WRZDUG WKH FKDUDFWHULVWLF ��q� DOVR VHHQ DV D VWUDLJKW OLQH ZLWK D VORSH RI �� LQ WKH 1\TXLVW
SORW� 7KLV LV PRUH FOHDUO\ VHHQ LQ WKH �� KRXU PHDVXUHPHQW SUHVHQWHG LQ WKH 1\TXLVW
SORW �)LJ� ����D�� )RU WKH DQDO\VLV RI WKH ZDWHU XSWDNH DQG GLƨXVLRQ FRHƫFLHQW� WKH GDWD
ZDV ƩWWHGZLWKRXW FRQVLGHULQJ WKLV UHJLRQZLWK DQ HTXLYDOHQW FLUFXLW FRQWDLQLQJ RQH WLPH
FRQVWDQW�
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�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 SORWV RI RLO DW �� �� �� �� DQG �� K LQ D 1D�62� VROXWLRQ�

7R FDOFXODWH WKH ZDWHU GLƨXVLRQ� WKH (,6 GDWD ZDV ƩWWHG ZLWK PRGHO $ �)LJ� ""�� ZKLFK
FRQVLVWV RI WKH UHVLVWDQFH RI WKH VROXWLRQRs FRQQHFWHG LQ VHULHV ZLWK D SDUDOOHO FRQQHF�
WLRQ EHWZHHQ WKH UHVLVWDQFH RI WKH FRDWLQJRc DQG WKH FDSDFLWDQFH RI WKH FRDWLQJ� PRG�
HOOHG DV D &3( WR FRQVLGHU WKH QRQ�LGHDO EHKDYLRXU RI WKH FRDWLQJ CPEc� $ VFKHPDWLF
UHSUHVHQWDWLRQ RI WKH PRGHO LV SUHVHQWHG LQ )LJ� ����E� 7KH ƩWWHG FXUYHV IRU WKH GDWD
WDNHQ DW � DQG �� KRXUV DUH SUHVHQWHG LQ )LJ� �����

)LJ� ����� (TXLYDOHQW FLUFXLWV SURSRVHG WR ƩW WKH GDWD RI PDVWLF�
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�D� 1\TXLVW �E� %RGH

)LJ� ����� )LWWHG FXUYHV RI WKH (,6 GDWD RI RLO WDNHQ DW � DQG �� KRXUV ZLWK
PRGHO $�

6HOHFWHG YDOXHV IURP WKH ƩWWLQJ DUH SUHVHQWHG LQ 7DEOH ���� $ WDEOH ZLWK WKH FRPSOHWH
YDOXHV FDQ EH IRXQG LQ$SSHQGL[ %� $V REVHUYHG LQ )LJ� ����� WKHPRGHO GHVFULEHVZHOO WKH
GDWD� 7KLV FDQ DOVR EH VHHQ LQ WKH YDOXH RI χ2 WKDW LV DSSUR[LPDWHO\ ����� IRU DOO WLPHV�
7KH HUURU DVVRFLDWHG WR WKH LQGLYLGXDO FRPSRQHQWV LV ORZ� EHORZ ���� H[FHSW IURP WKH
UHVLVWDQFH RI WKH VROXWLRQ� ZKRVH PD[LPXP HUURU LV ��� 7KH SORWV RI WKH LQGLYLGXDO
FRPSRQHQWV DV D IXQFWLRQ RI WLPH DUH SUHVHQWHG LQ )LJ� �����

7DEOH ���� 6HOHFWHG (,6 GDWD RI RLO FDOFXODWHG ZLWK 0RGHO $�

7LPH χ2 Rs Rc CPEc α
�K� �Ŕ� �ŔFP−�� �)FP−�Vα − ��

��� ������ ��� �.��×��� �.��×��−�� ����
��� ������ ��� �.��×��� �.��×��−�� ����
��� ������ ��� �.��×��� �.��×��−�� ����
��� ������ ��� �.��×��� �.��×��−�� ����
���� ������ ��� �.��×��� �.��×��−�� ����
���� ������ ��� �.��×��� �.��×��−�� ����
���� ������ ��� �.��×��� �.��×��−�� ����
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�G� (ƨHFWLYH FDSDFLWDQFH

)LJ� ����� 3ORWV RI WKH UHVXOWV IURP ƩWWLQJ WKH (,6 GDWD RI RLO DV D IXQFWLRQ
RI WLPH�

7KH UHVLVWDQFH RI WKH VROXWLRQ �)LJ� ����D� GHFUHDVHV WKURXJKRXW WKH H[SHULPHQWDO WLPH�
ZKLFK PD\ EH FDXVHG E\ HYDSRUDWLRQ RI WKH VROXWLRQ� VDPH DV LQ GDPPDU� ,Q )LJ� ����E�
WKH FDSDFLWDQFH RI WKH FRDWLQJ� WUHDWHG DV D &3(� LV SUHVHQWHG� ,W LQFUHDVHV ZLWK WLPH
GXH WR WKH GLƨXVLRQ RI ZDWHU WKURXJK WKH FRDWLQJ� WKDW FKDQJHV WKH SHUPLWWLYLW\ RI WKH
PHGLXP DQG DV D FRQVHTXHQFH� WKH FDSDFLWDQFH� 7KH &3( DW ORQJHU WLPHV WHQGV WR D
VDWXUDWLRQ YDOXH� KRZHYHU LW GRHV QRW UHDFK LW DW OHDVW LQ WKH H[SHULPHQWDO WLPH� 7KLV
PD\ EH DQ LQGLFDWLRQ RI WKH VZHOOLQJ RI WKH FRDWLQJ�

7KH UHVLVWDQFH RI WKH FRDWLQJ LQFUHDVHV LQ WKH ƩUVW KRXUV DQG WKHQ GHFUHDVHV GXH WRZDWHU
SHQHWUDWLRQ DQG D FKDQJH LQ WKH GLƨXVLRQ SDWKZD\V PDNLQJ HDVLHU WKH SHQHWUDWLRQ RI
ZDWHU� 7KH &3( FRHƫFLHQW α LV FORVH WR �� PHDQLQJ WKDW WKH FRDWLQJ EHKDYHV DOPRVW
LGHDO DQG LW GHFUHDVHV ZLWK WLPH DV ZDWHU GLƨXVHV WKURXJK�

7KH HƨHFWLYH FDSDFLWDQFH RI WKH FRDWLQJZDV FDOFXODWHGZLWK HTXDWLRQ ��� DQG SUHVHQWHG
LQ )LJ� ����G� ,Q WKLV FDVH WKH FDSDFLWDQFH RI WKH FRDWLQJ LQFUHDVHV UDSLGO\ GXULQJ WKH ƩUVW
�� KRXUV DQG WKHQ LW WHQGV WR D SODWHDX LQGLFDWLQJ WKDW WKH FRDWLQJ LV VDWXUDWHG ZLWK
ZDWHU DQG QR PRUH ZDWHU FDQ SHQHWUDWH� %\ FDOFXODWLQJ WKH HƨHFWLYH FDSDFLWDQFH� WKH
LQFUHDVH DW ORQJHU WLPHV LV FRUUHFWHG DQG D SODWHDX LV REVHUYHG� 7KH ZDWHU XSWDNH ZDV
FDOFXODWHG ZLWK WKH %UDVKHU .LQJVEXU\ HTXDWLRQ �HTXDWLRQ ���� DQG LV SUHVHQWHG LQ )LJ�
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����D� ,W VKRZV D )LFNLDQ SURƩOH ZLWK D PD[LPXP ZDWHU XSWDNH RI ����� LQ WKH VDWX�
UDWLRQ UHJLRQ� 7KH GLƨXVLRQ FRHƫFLHQW ZDV FDOFXODWHG ZLWK HTXDWLRQ ���� REWDLQLQJ D
UHVXOW RI �.���× ��−� FP� V−�� 7KH ƩWWHG FXUYH LV SUHVHQWHG LQ )LJ� ����E DQG KDV DR2 RI
������� 7KH FDOFXODWHG GLƨXVLRQ FRHƫFLHQW LV VLPLODU WR WKH RQH FDOFXODWHG ZLWK $75�
)7,5� �.���× ��−� FP� V−� �SUHVHQWHG LQ 6HFWLRQ �������
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�E� 'LƨXVLRQ FRHƫFLHQW ƩWWLQJ

)LJ� ����� :DWHU XSWDNH DQG ƩWWLQJ FXUYH IRU WKH GLƨXVLRQ FRHƫFLHQW FDO�
FXODWLRQ RI ZDWHU LQ 2LO�

����� 'LVFXVVLRQ

$ VXPPDU\ RI WKH UHVXOWV RI ZDWHU GLƨXVLRQ VWXGLHG E\ (,6 LV SUHVHQWHG LQ 7DEOH ����
)RU DOO WKH H[SHULPHQWV� WKH HOHFWURO\WH XVHG ZDV D VROXWLRQ ����0 RI 1D�62�� 7KH ƩUVW
SDUDPHWHU WR QRWLFH LV WKH FDOFXODWHG HƨHFWLYH FDSDFLWDQFH RI WKH FRDWLQJ � 7KH CH

eff RI
GDPPDU LV DSSUR[LPDWHO\ RQH RUGHU RIPDJQLWXGH KLJKHU WKDQ WKH FDSDFLWDQFH RIPDVWLF
DQG RLO� 7KLV LV DQ LQGLFDWLRQ RI WKH VXSHULRU EDUULHU SURSHUWLHV RI GDPPDU RYHU WKHPDVWLF
DQG WKH RLO� 7KH UHVLVWDQFH RI WKH FRDWLQJ LV YHU\ VLPLODU IRU WKH WKUHH FRDWLQJV DOWKRXJK
VOLJKWO\ VPDOOHU IRU PDVWLF� ZKLFK VXJJHVWV WKDW WKH FRDWLQJ RSSRVHV OHVV UHVLVWDQFH WR
WKH GLƨXVLQJ ZDWHU�

,W LV REVHUYHG WKDW WKH ZDWHU XSWDNH RI GDPPDU LV KLJKHU WKDQ WKDW IRU PDVWLF DQG RLO�
ZKLFK LV DOVR VHHQ LQ WKH $75�)7,5 VSHFWURVFRS\ PHDVXUHPHQWV �6HFWLRQ ����� )XUWKHU�
PRUH� WKH SHQHWUDWLRQ RI ZDWHU WKURXJK GDPPDU DQGPDVWLF WRRN SODFH VLQFH WKH EHJLQ�
QLQJ RI WKH H[SHULPHQWV� ZKLFK LV UHƪHFWHG DV WKH SUHVHQFH RI WKH GRXEOH OD\HU FDSDFL�
WDQFH LQ WKH ƩUVW PHDVXUHPHQWV�

7KH GLƨXVLRQ FRHƫFLHQW RI ZDWHU LQ GDPPDU LV VPDOOHU WKDQ WKH FRHƫFLHQW LQ RLO
DQG WKH PDJQLWXGHV DUH FRQVLVWHQW ZLWK WKRVH FDOFXODWHG ZLWK $75�)7,5 VSHFWURVFRS\
��.��× ��−� FP� V−� IRU GDPPDU DQG �.��× ��−� FP� V−� IRU RLO��



�� &KDSWHU �� 5HVXOWV LQ�VLWX

7DEOH ���� 6HOHFWHG (,6 GDWD RI RLO FDOFXODWHG ZLWK 0RGHO $�

&RDWLQJ L CH
eff �W �� Rc �W �� φ∞ D·��� R2

�vP� �) FP−�� Ŕ FP� ��� �FP� V−��

'DPPDU �� �.��×��−� �.��×��� ���� ���� ������
0DVWLF �� �.��×��−�� �.��×��� ���� � �
2LO �� �.��×��−�� �.��×��� ���� ���� ������

��� $UVHQDWHV GL݉XVLRQ VWXGLHG E\ $75�)7,5 VSHF�
WURVFRS\

$V PHQWLRQHG LQ WKH PHWKRGRORJ\ �6HFWLRQ ������� WKUHH GLƨHUHQW W\SH RI H[SHULPHQWV
ZHUH SHUIRUPHG LQ RUGHU WR VWXG\ WKH GLƨXVLRQ RI DUVHQDWHV WKURXJK WKH FRDWLQJV�

Ũ $OXPLQLXP LQ '�2

Ũ $OXPLQLXP LQ '�2 � $UVHQDWHV

Ũ $OXPLQLXP FRDWHG ZLWK GDPPDU LQ '�2 � $UVHQDWHV

7KH K\SRWKHVLV EHKLQG WKLV H[SHULPHQWV LV WKDW WKH DUVHQDWHV ZLOO GLƨXVH WKURXJK WKH
FRDWLQJ WR UHDFK WKH DOXPLQLXP OD\HU DQG EH DEVRUEHG� $V WKH DUVHQDWHV UHDFK WKH
FRDWLQJ�DOXPLQLXP LQWHUIDFH� WKH ERQG EHWZHHQ WKH DUVHQDWH DQG WKH DOXPLQLXP ZLOO
EH GHWHFWHG DQG WKXV� D VLJQDO ZLOO EH REVHUYHG LQ WKH $75�)7,5 VSHFWUD� $V WKH FRQ�
FHQWUDWLRQ RI DUVHQDWHV LQFUHDVHV LQ VXFK LQWHUIDFH� VR ZLOO WKH LQWHQVLW\ LQ WKH VSHFWUD�
7KHUHIRUH� D FRQFHQWUDWLRQ SURƩOH FDQ EH FUHDWHG DQG WKH GLƨXVLRQ FRHƫFLHQW FDOFXODWHG
ZLWK WKH VDPH HTXDWLRQ XVHG WR FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW RI ZDWHU �HTXDWLRQ
�����

����� $OXPLQLXP LQ '�2

)LUVW RI DOO� WKH VWDELOLW\ RI WKH DOXPLQLXP OD\HU LQ '�2 ZDV VWXGLHG� 7KH $75�FU\VWDO
ZDV FRDWHG ZLWK DQ DOXPLQLXP OD\HU DQG '�2 ZDV DGGHG� 7KH $75�)7,5 LQVWUXPHQW
ZDV SURJUDPPHG WR FROOHFW VSHFWUD HYHU\ ��PLQXWHV IRU D SHULRG RI �� KRXUV� +RZHYHU�
DIWHU � KRXUV D VRIWZDUH HUURU RFFXUUHG DQG WKH IROORZLQJ VSHFWUD ZDV QRW FROOHFWHG�
7KHUHIRUH D VHW RI PHDVXUHPHQWV ZHUH GRQH DIWHU �� KRXUV XS XQWLO �� KRXUV�

7KH PHDVXUHG VSHFWUD VKRZLQJ WKH UHJLRQ EHWZHHQ ��� DQG ���� FP−�� ZKLFK LV WKH UH�
JLRQ RI LQWHUHVW VLQFH WKH DUVHQDWH SHDN LV ORFDWHG EHWZHHQ ��� DQG ��� FP−� DQG WKH
'�2 SHDN DW ���� FP−�� LV VKRZQ LQ )LJ� ����D� 7KH ƩUVW WKLQJ WR QRWLFH LV WKH YDULDWLRQ
RI WKH EDVHOLQH ZLWK WLPH� 6SHFLDOO\ DW ORZHU ZDYHQXPEHUV� WKH LQWHQVLW\ RI WKH VSHFWUD



���� $UVHQDWHV GLƤXVLRQ VWXGLHG E\ $75�)7,5 VSHFWURVFRS\ ��

LQFUHDVHV� 7KLV LV EHFDXVH WKLV ZDYHQXPEHUV DUH FORVH WR WKH GHWHFWLRQ OLPLW RI WKH LQ�
VWUXPHQW� ZKLFK LV ��� FP−�� DQG WKXV� WKHUH DUH KLJKHU GHYLDWLRQV LQ WKHPHDVXUHPHQW�
$OVR� LW ZDV REVHUYHG WKDW WHPSHUDWXUH FKDQJHV LQ WKH HQYLURQPHQW� DV ZHOO DV FKDQJHV
LQ WKH WHPSHUDWXUH RI WKH GHWHFWRU �VLQFH LW PXVW EH FRROHG ZLWK OLTXLG QLWURJHQ�� JUHDWO\
DƨHFW WKH EDVH OLQH RI WKH VSHFWUD�

1HYHUWKHOHVV� WZR SHDNV DUH FOHDUO\ REVHUYHG� 7KH ƩUVW RQH� LQ ���� FP−�� FRUUHVSRQG WR
WKH EHQGLQJ YLEUDWLRQ RI '�2� 7KH VHFRQG RQH LV D EURDGHU SHDN ORFDWHG EHWZHHQ ����
DQG ��� FP−� ZLWK D PD[LPXP LQWHQVLW\ LQ ��� FP−� WKDW FRUUHVSRQGV WR WKH EHQGLQJ
YLEUDWLRQ RI WKH $O�2�+ ERQG >��@� 7KH LQWHQVLW\ RI WKLV SHDN ZDV LQWHJUDWHG DQG SORWWHG
WR FUHDWH D FRQFHQWUDWLRQ SURƩOH DQG LV SUHVHQWHG LQ )LJ� ����E�
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�E� $O SURƩOH

)LJ� ����� $75�)7,5 VSHFWUD DQG FRQFHQWUDWLRQ SURƩOH RI DOXPLQLXP LQ
'�2�

$V FDQ EH VHHQ LQ WKH $O SURƩOH� WKHUH LV D IDVW LQFUHDVH LQ WKH LQWHQVLW\ RI WKLV SHDN ZKHQ
LW LV EURXJKW LQ FRQWDFW WR '�2� $IWHU D ORQJ SHULRG RI WLPH� LW WHQGV WR VWDELOL]H DQG WKH
LQWHQVLW\ RI WKH SHDN GRHV QRW FKDQJH DQ\ IXUWKHU� 7KHUHIRUH� WKLV H[SHULPHQW VKRZHG
WKDW DOXPLQLXP LV QRW LPPHGLDWHO\ VWDEOH ZKHQ '�2 LV DGGHG� 6LQFH WKH DOXPLQLXP DQG
DUVHQDWH SHDNV DUH ORFDWHG LQ WKH VDPH UHJLRQ� LW FRXOG FDXVH DQ RYHUODS RI WKH SHDNV�
LQWHUIHULQJ ZLWK WKH GHWHFWLRQ RI DUVHQDWHV� 7KHUHIRUH� DQ H[SHULPHQW WR WHVW ZKHWKHU
WKH DUVHQDWHV FRXOG EH GHWHFWHG ZDV GRQH DQG LV SUHVHQWHG LQ WKH QH[W VHFWLRQ�

����� $OXPLQLXP LQ '�2 � $UVHQDWHV

7KLV H[SHULPHQW ZDV SHUIRUPHG E\ FKDQJLQJ WKH '�2 ZLWK D ����0 VROXWLRQ RI
1D�+$V2� LQ '�2 WR WHVW LI DUVHQDWHV FRXOG EH GHWHFWHG� 6SHFWUD ZDV FROOHFWHG HYHU\ ��
PLQXWHV IRU D SHULRG RI �� KRXUV� 7KH UHVXOWV DUH VKRZQ LQ )LJ� ����� 7KH VSHFWUD VKRZ
WKH VDPH WZR SHDNV REVHUYHG LQ WKH SUHYLRXV FDVH� WKH '�2 SHDN ORFDWHG DW ���� FP−�

DQG WKH DOXPLQLXP SHDN DW ��� FP−�� +RZHYHU� WKLV ODVW SHDN LV GLƨHUHQW� $ VKRXOGHU
LV VWDUWLQJ WR QRWLFH DW ORZHU ZDYHQXPEHUV �IURP ��� WR ��� FP−�� DQG LV PRUH HYLGHQW
DV WLPH SDVVHV� 7KLV SHDN FRUUHVSRQGV WR WKH VWUHWFKLQJ YLEUDWLRQ RI WKH $V�2 ERQG RI



�� &KDSWHU �� 5HVXOWV LQ�VLWX

D $O�2�$V FRPSOH[ >��@� 7KH LQWHQVLW\ RI WKLV SDUW RI WKH SHDN ZDV LQWHJUDWHG DQG LWV
SURƩOH LV SUHVHQWHG LQ )LJ� ����E� 7KH LQWHQVLW\ RI WKH SHDN LQFUHDVHV ZLWK WLPH� ZKLFK LV
GXH WR WKH DEVRUSWLRQ UHDFWLRQ RI DUVHQDWHV LQ DOXPLQLXP R[LGH�
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�E� $UVHQDWHV SURƩOH

)LJ� ����� $75�)7,5 VSHFWUD RI DOXPLQLXP LQ 1D�+$V2� DQG FRQFHQWUD�
WLRQ SURƩOH RI DUVHQDWHV�

7ZR LPSRUWDQW FRQFOXVLRQV DUH GUDZQ IURP WKLV H[SHULPHQW� 7KH ƩUVW RQH LV WKDW HYHQ
WKRXJK WKH SHDNV RI DOXPLQLXP DQG DUVHQDWHV DUH LQ WKH VDPH UHJLRQ� LW LV SRVVLEOH WR
GLVWLQJXLVK IURP RQH DQRWKHU DQG LQGLYLGXDOO\ FDOFXODWH WKH LQWHQVLW\ RI WKH SHDN RYHU
WLPH� 7KH VHFRQG FRQFOXVLRQ LV WKDW WKH DUVHQDWHV DUH DEVRUEHG ZLWKLQ D UHDVRQDEOH
WLPH VFDOH� 7KXV� LQ WKH GLƨXVLRQ H[SHULPHQWV H[SODLQHG LQ WKH IROORZLQJ VHFWLRQ� WKH\
FDQ EH LPPHGLDWHO\ GHWHFWHG DV WKH\ UHDFK WKH FRDWLQJ�DOXPLQLXP LQWHUIDFH�

����� $OXPLQLXP FRDWHG ZLWK GDPPDU LQ '�2 � $UVHQDWHV

$ WKLUG FRPSRQHQW LV QRZ DGGHG WR WKH V\VWHP� WKH YDUQLVK� 'DPPDU ZDV FKRVHQ VLQFH
LW ZDV WKH FRDWLQJ WKDW VKRZHG WKH KLJKHVW VWDELOLW\ WR '�2 DV LW GLG QRW VKRZ DQ\ LQGLFD�
WLRQ RI VZHOOLQJ RU GHWDFKPHQW IURP WKH FU\VWDO� FRQWUDU\ WR PDVWLF DQG RLO� 7R SHUIRUP
WKH H[SHULPHQW� DQ DOXPLQLXP OD\HU ZDV GHSRVLWHG WR WKH $75�FU\VWDO DQG WKHQ FRDWHG
ZLWK WKH GDPPDU YDUQLVK� $ EDFNJURXQG VSHFWUD RI WKLV VDPSOH ZDV FROOHFWHG DQG WKH
DUVHQDWHV VROXWLRQ ZDV DGGHG� 6SHFWUD ZDV UHFRUGHG HYHU\ ��PLQXWHV IRU D SHULRG RI ��
KRXUV�

,Q )LJ� ����� VHOHFWHG VSHFWUD LV SUHVHQWHG� 7KH ƩUVW DVSHFW WR QRWH LV WKH YDULDWLRQ RI
WKH EDVHOLQH� ZKLFK LV PXFK PRUH SURQRXQFHG LQ WKLV VDPSOH WKDQ LQ WKH SUHYLRXV RQHV�
7KLV YDULDWLRQ GRHV QRW DOORZ D FOHDU FRPSDULVRQ EHWZHHQ WKH VSHFWUD DQG PDNHV LW LP�
SRVVLEOH WR GLVWLQJXLVK LQGLYLGXDO SHDNV WR SHUIRUP D EDVHOLQH FRUUHFWLRQ� 7KH FKDQJH LQ
WKH EDVHOLQH PD\ EH DVVRFLDWHG WR D QXPHURXV SKHQRPHQRQV� $V PHQWLRQHG LQ 6HFWLRQ
������ WKH WHPSHUDWXUH RI WKH HQYLURQPHQW DQG RI WKH GHWHFWRU DUH LPSRUWDQW IDFWRUV� DV
ZHOO DV WKH SUR[LPLW\ WR WKH LQVWUXPHQW GHWHFWLRQ OLPLWV� $GGLWLRQDOO\� DV WKH VROXWLRQ
GLƨXVHV WKURXJK WKH FRDWLQJ� WKHUH DUH FKDQJHV LQ WKH FRDWLQJ DQG LQ WKH DOXPLQLXP



���� $UVHQLF GLƤXVLRQ VWXGLHG E\ (,6 ��

OD\HU WKDW DUH QRW RQO\ SURGXFHG E\ '�2 EXW DOVR E\ WKH DUVHQDWHV WKDW PD\ DƨHFW WKH
EDVHOLQH�

7KH IROORZLQJ FKDQJHV LQ WKH VSHFWUDPD\ EH H[SHFWHG� $V WKH '�2 GLƨXVHV WKURXJK WKH
FRDWLQJ� LW LV GHWHFWHG WKXV SURGXFLQJ D SRVLWLYH SHDN� 7KH FRDWLQJ PD\ VKRZ QHJDWLYH
SHDNV DV OHVV PDWHULDO LV PHDVXUHG GXH WR WKH LQWHUIHUHQFH ZLWK '�2� 7KH SHDN RI DOX�
PLQLXP LQFUHDVHV DV '�2 LV UHDFKLQJ WKH LQWHUIDFH� DV VHHQ LQ WKH 6HFWLRQ ����� DQG WKH
DUVHQDWH SHDN LQFUHDVHV �VHHQ DV D VKRXOGHU LQ WKH $O SHDN� DV WKH DUVHQDWHV UHDFK WKH
DOXPLQLXP R[LGH DQG IRUP D FRPSOH[� DV VHHQ LQ 6HFWLRQ ������
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)LJ� ����� $75�)7,5 VSHFWUD RI GDPPDU LQ 1D�+$V2��

8QIRUWXQDWHO\� DOO RI WKLV IHDWXUHV FDQQRW EH LGHQWLƩHG LQ WKH VSHFWUD VLQFH WKH EDVHOLQH
LV QRW DW DOO FRQVWDQW DQG D EDVHOLQH FRUUHFWLRQ ZDV QRW SRVVLEOH� 2QH ZD\ WR UHVROYH
WKH SHDNV LV WR GR SHDN GHFRQYROXWLRQ� LQ ZKLFK WKH VSHFWUD LV ƩWWHG WR D FRPELQDWLRQ RI
JDXVVLDQ IXQFWLRQV DQG WKH LQGLYLGXDO LGHQWLƩFDWLRQ RI WKH SHDNV LV SRVVLEOH� +RZHYHU�
WKH LQWHQVLW\ RI WKH SHDNV LV WRR ORZ LQ WKLV UHJLRQ RI WKH VSHFWUXP DQG WKH YDULDWLRQ RI
WKH EDVHOLQH LV WRR ODUJH� ZKLFKPD\ OHDG WR ODUJH HUURUV LQ WKH ƩWWLQJ� 7KXV� WKLV DSSURDFK
ZDV QRW H[SORUHG�

7KHUHIRUH� LW ZDV QRW SRVVLEOH WR VWXG\ WKH GLƨXVLRQ RI DUVHQDWHV LQ GDPPDU ZLWK $75�
)7,5� 7KLV WHFKQLTXH LV WRR VHQVLWLYH WR WKH YDULDWLRQV RI WKH FRDWLQJ DQG WKH EDVHOLQH� 7KH
UHJLRQ RI LQWHUHVW LV FORVH WR WKH GHWHFWLRQ OLPLWV RI WKH LQVWUXPHQW� ZKLFK FRXOG DOVR EH
D FDXVH IRU VXFK YDULDWLRQ� 1HYHUWKHOHVV� WKH GLƨXVLRQ RI DUVHQLWHV DQG DUVHQDWHV ZDV
VWXGLHG ZLWK HOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ DQG LV SUHVHQWHG LQ WKH IROORZLQJ
VHFWLRQV�

��� $UVHQLF GL݉XVLRQ VWXGLHG E\ (,6

7KH GLƨXVLRQ RI WKH DUVHQLWH DQG DUVHQDWH LRQV LQ WKH GDPPDU DQGPDVWLF YDUQLVKHV ZDV
VWXGLHG E\ (,6� $VPHQWLRQHG LQ 6HFWLRQ ������ WKH DUVHQLWHV DQG DUVHQDWHV KDYH DQ DƫQLW\
WR R[LGHV �SDUWLFXODUO\ DOXPLQLXP�� ZKHUH WKH\ DUH DEVRUEHG� 7KH SULQFLSOH XVHG LQ WKLV
H[SHULPHQWV LV WKDW E\ XVLQJ DOXPLQLXP R[LGH FRDWHG ZLWK WKH YDUQLVKHV DV D VXEVWUDWH�
WKH DUVHQLF VSHFLHV ZLOO KDYH D WHQGHQF\ WR WUDYHO WRZDUGV LW� +RZHYHU� WKH VSHFLHV ZLOO
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KDYH WR GLƨXVH ƩUVW WKURXJK WKH FRDWLQJ LQ RUGHU WR UHDFK WKH R[LGH� ,W LV VXFK GLƨXVLRQ
WKDW LV FDOFXODWHG ZLWK (,6� 7KHUHIRUH� WKH H[SHULPHQWV ZHUH SHUIRUPHG E\ LPPHUVLQJ
D FRDWHG DOXPLQLXP SODWH ZLWK DQ R[LGH OD\HU RQ WRS LQ DUVHQLWH RU DUVHQDWH VROXWLRQV�
(,6 GDWD ZDV WDNHQ RYHU WLPH� DIWHU ZKLFK� WKH GDWD ZDV SURFHVVHG� ƩWWHG WR DQ HTXLYD�
OHQW FLUFXLW DQG WKH GLƨXVLRQ FRHƫFLHQW ZDV FDOFXODWHG E\ XVLQJ D :DUEXUJ LPSHGDQFH
HOHPHQW� 8QIRUWXQDWHO\� LW ZDV QRW SRVVLEOH WR PHDVXUH WKH GLƨXVLRQ LQ WKH JOXH DQG
RLO VLQFH WKHVH WZR FRDWLQJV GHWDFKHG IURP WKH DOXPLQLXP VXEVWUDWH LPPHGLDWHO\ DIWHU
LPPHUVLRQ�

����� $UVHQLWHV LQ GDPPDU

7KH GLƨXVLRQ RI DUVHQLWHV LQ GDPPDU ZDV DQDO\VHG E\ (,6� 7KH WKLFNQHVV RI WKH FRDWLQJ
ZDV �� vP DQG WKH HOHFWURO\WH XVHG ZDV D ����0 VRGLXP �PHWD�DUVHQLWH 1D$V2� VROX�
WLRQ� 7KH UHVXOWLQJ 1\TXLVW DQG %RGH SORWV DW �� �� �� �� DQG �� KRXUV DUH SUHVHQWHG LQ )LJ�
�����

�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 SORWV RI GDPPDU DW �� �� �� �� DQG �� K LQ D 1D$V2� VROXWLRQ�

,Q WKH 1\TXLVW SORW �)LJ� ����D� WZR VHPL�FLUFOHV DUH REVHUYHG DW KLJK IUHTXHQFLHV� ZKLFK
EHORQJ WR WZR WLPH FRQVWDQWV� 7KH ƩUVW RQH LV REVHUYHG EHWZHHQ ��� DQG ��� +] DQG WKH
VHFRQG RQH EHWZHHQ �� DQG ���+]� $W ORZ IUHTXHQFLHV� EHORZ �+]� WKHUH LV D VWUDLJKW
OLQH WKDW ODWHU EHQGV WRZDUGV WKH UHDO D[LV DW HYHQ ORZHU IUHTXHQFLHV� 7KLV ORZ IUHTXHQF\
IHDWXUH LV FKDUDFWHULVWLF RIPDVV GLƨXVLRQ LQ D ƩQLWH OD\HU� 7KH VWUDLJKW OLQH KDV D VORSH RI
DSSUR[LPDWHO\ ��� ZKLFK LV GLVWLQFWLYH RI D :DUEXUJ HOHPHQW DV GLVXVHG LQ 6HFWLRQ ������
7KH VHPL�FLUFOH OLNH VKDSH DW ORZHU IUHTXHQFLHV LV W\SLFDO RI D ƩQLWH OHQJWK GLƨXVLRQ LQ D
WUDQVPLVVLYH ERXQGDU\� L�H� D VKRUW FLUFXLW :DUEXUJ�

,Q WKLV FDVH� LQ WKH %RGH SORW �)LJ� ����E� VKRZLQJ WKH LPSHGDQFHPDJQLWXGH� LW LV GLƫFXOW
WR YLVXDOL]H DQG VHSDUDWH LQGLYLGXDO FRQWULEXWLRQV� +RZHYHU� WKUHH UHVLVWDQFHV PD\ EH
VOLJKWO\ GLƨHUHQWLDWHG E\ ORRNLQJ DW WKH FKDQJH LQ WKH VORSH RI WKH FXUYH� 7KHUH LV RQH
ORFDWHG DW D IUHTXHQF\ RI DSSUR[LPDWHO\ ��� +]� ZLWK DQ LPSHGDQFHPDJQLWXGH RI ��� Ŕ�
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WKH VHFRQG RQH EHWZHHQ ��� DQG ��+] ZLWK DQ LPSHGDQFH PDJQLWXGH RI ��� Ŕ DQG WKH
WKLUG RQH EHWZHHQ �× ��−� DQG ��−� +]�

2Q WKH RWKHU KDQG LQ WKH SKDVH DQJOH SORW� WKHUH DUH WZR KLJK DQJOH IUHTXHQFLHV WKDW
FRUUHVSRQG WR WKH WZR VHPL�FLUFOHV REVHUYHG LQ WKH 1\TXLVW SORW DQG DQ LQFUHDVH LQ WKH
DQJOH DW IUHTXHQFLHV EHORZ ��−� +] WKDW FRQƩUPV WKH SUHVHQFH RI WKH:DUEXUJ HOHPHQW�

7KH WRWDO LPSHGDQFH RI WKH V\VWHP� VHHQ LQ WKH %RGH SORW� GHFUHDVHV ZLWK WLPH IURP
DSSUR[LPDWHO\ �× ��� WR �× ��� Ŕ� 7KLV PD\ EH OLQNHG WR WKH ZDWHU XSWDNH RU WR WKH
GHJUDGDWLRQ RI WKH FRDWLQJ� +RZHYHU� DV VHHQ LQ WKH SUHYLRXV VHFWLRQ� GDPPDU SURYHG
WR EH VWDEOHPDLQWDLQLQJ LWV EDUULHU SURSHUWLHV LQ WKH SUHVHQFH RIZDWHU� WKXV LW LV SUREDEOH
WKDW WKH FKDQJH LQ LPSHGDQFH LV GXH WR WKH ZDWHU XSWDNH� 1HYHUWKHOHVV� LQ WKLV H[SHUL�
PHQW� WKH VXEVWUDWH LV VOLJKWO\ FKDQJHG VLQFH LW KDV DQ R[LGH OD\HU DQG WKH HOHFWURO\WH LV
GLƨHUHQW� ZKLFK FRXOG SURGXFH D GLƨHUHQW UHVSRQVH RI WKH FRDWLQJ�

7KH UHVLVWDQFH WKDW DSSHDUV LQ WKH %RGH SORW DW D IUHTXHQF\ RI DSSUR[LPDWHO\ ��� +]
GHFUHDVHV ZLWK WLPH� ,Q WKH 1\TXLVW SORW WKLV EHKDYLRXU LV FRQƩUPHG LQ WKH GHFUHDVH
RI WKH GLDPHWHU RI WKH ƩUVW VHPL�FLUFOH� ZKLFK LV DVVRFLDWHG ZLWK WKLV UHVLVWDQFH� 7KLV
UHGXFWLRQ PDNHV WKH VHPL�FLUFOH DW �� KRXUV PRUH HDVLO\ REVHUYDEOH� 7KH EHKDYLRXU RI
WKH VHFRQG UHVLVWDQFH �DW DSSUR[LPDWHO\ ��� +]� ZLWK WLPH LV QRW FOHDUO\ VHHQ LQ QHLWKHU
SORWV�

,Q RUGHU WR KDYH TXDQWLWDWLYH LQIRUPDWLRQ RI WKH WLPH FRQVWDQWV REVHUYHG LQ WKH VSHFWUD�
DQG WR EH DEOH WR FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW RI WKH DUVHQLWH VSHFLHV LQ GDPPDU�
WKH GDWD ZDV ƩWWHG WR DQ HTXLYDOHQW FLUFXLW� )LUVW� FLUFXLW & �)LJ� ����D�� ZKLFK FRQWDLQV
WZR WLPH FRQVWDQWV DQG D :DUEXUJ HOHPHQW� ZDV XVHG WR ƩW WKH GDWD DV WKLV HOHPHQWV
ZHUH REVHUYHG LQ WKH SORWV� $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH FLUFXLW LV SUHVHQWHG LQ )LJ�
����E� ,Q WKLV PRGHO� Rs UHSUHVHQWV WKH UHVLVWDQFH RI WKH VROXWLRQ� Rc LV WKH UHVLVWDQFH
RI WKH FRDWLQJ DQG CPEc LV WKH FDSDFLWDQFH RI WKH FRDWLQJ WUHDWHG DV D FRQVWDQW SKDVH
HOHPHQW WR WDNH LQWR DFFRXQW KHWHURJHQHLWLHV RI WKH FRDWLQJ� 7KH VHFRQG WLPH FRQVWDQW
LV DVVRFLDWHG WR WKH LQWHUIDFH EHWZHHQ WKH PHWDO DQG WKH FRDWLQJ� ZKHUH DQ R[LGH OD\HU
DQG WKH GRXEOH OD\HU DUH SUHVHQW� ,W LV GLƫFXOW WR GLVWLQJXLVK EHWZHHQ WKH VLJQDOV RI WKHVH
WZR OD\HUV VLQFH WKH\ DUH ERWK YHU\ WKLQ DQG WKHLU OLPLW LV QRW ZHOO GHƩQHG� 7KHUHIRUH�
WKH UHVLVWDQFH DQG FDSDFLWDQFH ZHUH QDPHG Rint DQG CPEint WR DFFRXQW IRU WKH WZR
SKHQRPHQRQV WDNLQJ SODFH DW WKH LQWHUIDFH�

$V H[SODLQHG LQ 6HFWLRQ ������ WKHUH LV D VWURQJ DƫQLW\ RI WKH DUVHQLWH VSHFLHV WR WKH DOX�
PLQLXPR[LGH� ,Q RUGHU IRU WKH VSHFLHV WR UHDFK WKH R[LGH OD\HU� WKH\PXVW GLƨXVH WKURXJK
WKH FRDWLQJ� 6XFK GLƨXVLRQ FRHƫFLHQW LV UHSUHVHQWHG LQ WKH HTXLYDOHQW FLUFXLW E\ WKH
:DUEXUJ LPSHGDQFH Zw�



�� &KDSWHU �� 5HVXOWV LQ�VLWX

�D� 0RGHO & �E� 6FKHPDWLF UHSUHVHQWDWLRQ

)LJ� ����� (TXLYDOHQW FLUFXLW & SURSRVHG WR ƩW WKH (,6 GDWD RI GDPPDU LQ
1D$V2��

7KH (,6 GDWD DW DOO WLPHV ZDV ƩWWHG WR PRGHO &� $Q H[DPSOH RI WKH ƩWWLQJ LV SUHVHQWHG LQ
)LJ� ����� ZKHUH WKH GDWD WDNHQ DW � KRXUV ZDV ƩWWHG ZLWK WKLV FLUFXLW� (YHQ WKRXJK WKH
χ2 YDOXH LV ORZ �DURXQG ������ IRU DOO GDWD�� WKH HUURUV DVVRFLDWHG ZLWK WKH LQGLYLGXDO
SDUDPHWHUV LV KLJK� DURXQG ���� )RU WKLV UHDVRQ� DQ HTXLYDOHQW FLUFXLW ZLWK DQ H[WUD
WLPH FRQVWDQW ZDV XVHG� 7KLV FLUFXLW LV VKRZQ LQ )LJ� ����� ,Q WKLV PRGHO� DSDUW IURP WKH
UHVLVWDQFH RI WKH VROXWLRQ �RS�� WKH FRDWLQJ UHVLVWDQFH DQG FDSDFLWDQFH �Rc DQG CPEc�
DQG WKH:DUEXUJ LPSHGDQFH �Zw�� WKH UHVLVWDQFH RI WKH R[LGHRo DQG WKH FKDUJH WUDQVIHU
UHVLVWDQFH Rct DUH LQFOXGHG DV VHSDUDWH SDUDPHWHUV DV ZHOO DV WKH FDSDFLWDQFH RI WKH
R[LGHCPEo DQG WKH GRXEOH OD\HU FDSDFLWDQFHCPEdl� 7KH VHSDUDWLRQ RI WKHVH WZR WLPH
FRQVWDQWV DOORZV D EHWWHU ƩWWLQJ RI WKH GDWD DW DOO WLPHV� DV VKRZQ LQ )LJ� ����� 7KH χ2

RI WKLV PRGHO �DSSUR[LPDWHO\ �������� DOWKRXJK QRW VLJQLƩFDQWO\� LV ORZHU WKDQ WKH RQH
REWDLQHG IURP ƩWWLQJ PRGHO &� )XUWKHUPRUH� PRGHO ' SURGXFHV ORZHU LQGLYLGXDO HUURUV
DQG WKXV� ZDV XVHG WR FDOFXODWH WKH SDUDPHWHUV DW DOO WLPHV� 7KH YDOXHV REWDLQHG IURP
WKH ƩWWLQJ DUH SUHVHQWHG LQ 7DEOH ����

�D� 0RGHO ' �E� 6FKHPDWLF UHSUHVHQWDWLRQ

)LJ� ����� (TXLYDOHQW FLUFXLW ' SURSRVHG WR ƩW WKH (,6 GDWD RI GDPPDU LQ
1D$V2��
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�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 GDWD RI GDPPDU LQ 1D$V2� WDNHQ DW � KRXUV DQG ƩWWHG FXUYH
ZLWK PRGHOV & DQG '�

7DEOH ���� )LWWHG SDUDPHWHUV RI WKH (,6 GDWD RI GDPPDU LQ 1D$V2� WDNHQ
DW ��� KRXUV FDOFXODWHG ZLWK 0RGHO '�

(OHPHQW 8QLWV 9DOXH (UURU ���

χ2 �������
Rs �Ŕ� ��� �����
Rc �Ŕ� �.��×��� ����
CPEc �)� �.��×��−� �����
αc ���� ����
Ro �Ŕ� �.��×��� �����
CPEo �)� �.��×��−� �����
αo ���� ����
Rct �Ŕ� �.��×��� ����
CPEdl �)� �.��×��−� ����
αdl ���� ����
Wr �Ŕ� �.��×��� ����
Wt �V� ����� ����

7KH ƩWWLQJ RI WKH SDUDPHWHUV FRQFHUQLQJ WKH:DUEXUJ LPSHGDQFH LV DV IROORZV� $VPHQ�
WLRQHG LQ &KDSWHU �� WKH :DUEXUJ LPSHGDQFH WKDW UHSUHVHQWV D ƩQLWH OHQJWK GLƨXVLRQ
ZLWK D WUDQVPLVVLYH ERXQGDU\ LV GHVFULEHG E\ HTXDWLRQ �����

Zs
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[√
jω

D
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������

$W ORZ IUHTXHQFLHV� WKLV HTXDWLRQ WDNHV WKH IRUP RI HTXDWLRQ ����� ,Q WKLV FDVH� WKUHH
ƩWWLQJ SDUDPHWHUV DUH QHHGHG� WKH :DUEXUJ UHVLVWDQFHWr� WKH :DUEXUJ WLPH FRQVWDQW
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Wt DQG WKH SDUDPHWHUP � Wr DQGWt DQG DUH GHƩQHG E\ HTXDWLRQV ���� DQG ����� UHVSHF�
WLYHO\� 7KH SDUDPHWHU P LV D FRHƫFLHQW WKDW JRHV IURP � WR � DQG LQ WKH FDVH RI D ƩQLWH
OHQJWK GLƨXVLRQWP ��� DQG WKXV� LW LV Ʃ[HG WR ��� ZKHQ ƩWWLQJ WKH GDWD�

Zs
w = Wr ·

1

(jωWt)P
WDQK[(jωWt)

P ] ������

ZKHUHWr =
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7KHUHIRUH� WKHUH DUH WZR SDUDPHWHUV IURP WKH:DUEXUJ LPSHGDQFH WKDW DUH ƩWWHG WR WKH
GDWD� Wr DQG Wt� 7KHVH SDUDPHWHUV DUH FRQQHFWHG WR WKH GLƨXVLRQ FRHƫFLHQW LQ WKH
IROORZLQJ ZD\�

7KH :DUEXUJ LPSHGDQFH WKDW UHVXOWV IURP FKDQJLQJ WKH SDUDPHWHU P WR ��� LV�
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6XEVWLWXWLQJ HTXDWLRQ �����
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&RPSDULQJ ZLWK HTXDWLRQ �����

σ =
Wr√
Wt

������

7KH SDUDPHWHU σ LV WKH :DUEXUJ FRHƫFLHQW� ZKLFK LV DOVR LQYHUVHO\ SURSRUWLRQDO WR WKH
GLƨXVLRQ FRHƫFLHQW� 7KXV� WKH GLƨXVLRQ FRHƫFLHQW LV REWDLQHG E\ FDOFXODWLQJ σ IURP WKH
ƩWWLQJ SDUDPHWHUVWr DQGWt DQG LQFOXGLQJ LW LQ WKH HTXDWLRQ
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ZKHUHD LV WKH GLƨXVLRQ FRHƫFLHQW RI WKH GLƨXVLQJ VSHFLH �P� V−���R LV WKH JDV FRQVWDQW
��.��� - .−� PRO−��� T LV WKH DEVROXWH WHPSHUDWXUH ���� .��A LV WKH DUHD RI WKH HOHFWURGH
VXUIDFH ��.��× ��−� P��� F LV WKH )DUDGD\ FRQVWDQW ��� ���&PRO−��� σ LV WKH :DUEXUJ
FRHƫFLHQW �ŔV−�/��� DQG C LV WKH FRQFHQWUDWLRQ RI WKH GLƨXVLQJ VSHFLH ���PROP−���

7KH:DUEXUJ LPSHGDQFH SDUDPHWHUV PXVW EH FDOFXODWHG IURP WKH VSHFWUD WKDW VKRZV D
SXUH :DUEXUJ� 'XULQJ WKH ƩUVW KRXUV RI WKH H[SHULPHQW� ZDWHU LV GLƨXVLQJ WKURXJK WKH
FRDWLQJ DQG WKXV� WKH V\VWHP LV FRQVWDQWO\ FKDQJLQJ� 7KH GLƨXVLRQ RI WKH VSHFLHV PXVW
EH FDOFXODWHG RQFH DQ HTXLOLEULXP LV HVWDEOLVKHG DQG WKH UHVSRQVH DW ORZ IUHTXHQFLHV LV
RQO\ JLYHQ E\ PDVV GLƨXVLRQ� 7KHUHIRUH� WKH :DUEXUJ SDUDPHWHUV PXVW EH FDOFXODWHG
IURP WKH VSHFWUD ZKHUH WKH VORSH RI WKH 1\TXLVW SORW LV FORVHU WR ��� ,Q WKLV FDVH� LW ZDV
WKH RQH WDNHQ DW ��� KRXUV �)LJ� ����D�� ZLWK D VORSH RI ����� ZLWK DR2 RI ��������

7KH :DUEXUJ SDUDPHWHU σ ZDV FDOFXODWHG ZLWK HTXDWLRQ ���� E\ XVLQJ WKH SDUDPH�
WHUV Wt DQG Wr HVWLPDWHG ZLWK WKH ƩWWLQJ �7DEOH ����� 7KH REWDLQHG YDOXH RI σ LV
�.��× ��� ŔV−�/�� 7KH GLƨXVLRQ FRHƫFLHQW ZDV FDOFXODWHG ZLWK HTXDWLRQ ���� JLYLQJ D
YDOXH RI �.��× ��−�� FP� V−��

$GGLWLRQDOO\� WKH :DUEXUJ FRHƫFLHQW ZDV FDOFXODWHG E\ D JUDSKLF PHWKRG� ,Q WKLV SUR�
FHGXUH� WKH UHDO DQG LPDJLQDU\ FRPSRQHQWV RI WKH :DUEXUJ LPSHGDQFH DUH SORWWHG DV
D IXQFWLRQ RI ω−1/2� 7KH UHVXOW RI WKLV SORW LV WZR SHUSHQGLFXODU OLQHV� DV VKRZQ LQ )LJ�
����E� $OVR LQ WKLV FDVH� WKH ƩWWLQJ PXVW EH GRQH WR WKH VSHFWUD WKDW VKRZV D SXUH :DU�
EXUJ EHKDYLRXU� ZKLFK LQ WKLV FDVH LV WKH GDWD WDNHQ DW ��� KRXUV� 7KH ORZHU IUHTXHQF\ UH�
JLRQV RI ERWK FXUYHV� ZKLFK UHVHPEOH D VHPL�LQƩQLWH GLƨXVLRQ� DUH ƩWWHG WR D OLQH ZKRVH
VORSH LV HTXDO WR WKH :DUEXUJ FRHƫFLHQW σ� 7KHRUHWLFDOO\� WKH VORSH RI WKH WZR FXUYHV
VKRXOG EH WKH VDPH� +RZHYHU� H[SHULPHQWDOO\ WKHUH DUH DVVRFLDWHG HUURUV DQG GHYLDWLRQV
RI WKH GDWD WKDW OHDG WR GLVSHUVLRQ LQ WKH FDOFXODWHG VORSHV� 7KHUHIRUH� WZR:DUEXUJ FR�
HƫFLHQWV ZHUH FDOFXODWHG� RQH IRU WKH UHDO FRPSRQHQW DQG RQH IRU WKH LPDJLQDU\ RQH�

7KH VORSH RI WKH OLQH RI WKH UHDO FRPSRQHQW �σreal� LV �.��× ��� ŔV−�/� ZLWK D R2 RI
�������� DQG RI WKH LPDJLQDU\ SDUW �σim� LV �.��× ��� ŔV−�/� ZLWK DR2 RI �������� 7KH
GLƨXVLRQ FRHƫFLHQWV FDOFXODWHG ZLWK WKHVH WZR:DUEXUJ FRHƫFLHQWV ZLWK HTXDWLRQ ����
DUH 'UHDO  �.��× ��−�� FP� V−� DQG 'LP  �.��× ��−�� FP� V−�� $ VXPPDU\ RI WKLV UH�
VXOWV LV SUHVHQWHG LQ 7DEOH ����



�� &KDSWHU �� 5HVXOWV LQ�VLWX

�D� 1\TXLVW �E� %RGH

)LJ� ����� 1\TXLVW DQG %RGH SORW RI GDPPDU LQ 1D$V2� DW ��� KRXUV�

$V VHHQ LQ 7DEOH ���� WKHUH LV YDULDWLRQ EHWZHHQ WKH GLƨXVLRQ FRHƫFLHQW YDOXHV FDOFX�
ODWHG E\ WKH GLƨHUHQW PHWKRGV� +RZHYHU WKH\ DUH VLPLODU WR HDFK RWKHU DQG OLH ZLWKLQ
WKH UDQJH �× ��−�� DQG �.�× ��−�� FP� V−�� 7KH R2 RI WKH OLQH ƩWWLQJ LV JRRG� KLJKHU
WKDQ ���� DQG WKH DVVRFLDWHG HUURU WR WKH:DUEXUJ SDUDPHWHUV LV ORZ� ����� IRUWr DQG
����� IRUWt� 7KHUHIRUH� WKH FDOFXODWLRQ RI WKH GLƨXVLRQ FRHƫFLHQW E\ ƩWWLQJ WKH GDWD
WR DQ HTXLYDOHQW FLUFXLW DQG E\ WKH JUDSKLF PHWKRG SURYHG WR JLYH VLPLODU UHVXOWV� $V IRU
WKH PDJQLWXGH RI WKH GLƨXVLRQ FRHƫFLHQW� LW LV VHYHUDO RUGHUV RI PDJQLWXGH ORZHU WKDQ
WKH GLƨXVLRQ FRHƫFLHQW RI ZDWHU LQ WKH VDPH FRDWLQJ ��.���× ��−� FP� V−� FDOFXODWHG
SUHYLRXVO\ ZLWK (,6�� 7KLV LQGLFDWHV WKDW WKH DUVHQLWH LRQV DUH QRW GLƨXVLQJ DW WKH VDPH
SDFH DV WKH ZDWHU� 7KHUH LV D GHOD\ HƨHFW RQ WKH WUDQVSRUW RI DUVHQLWHV FDXVHG E\ WKH
FRDWLQJ GXH WR WKH ODUJHU VL]H RI WKH PROHFXOH FRPSDUHG WR ZDWHU DQG WKH LQWHUDFWLRQ LW
PD\ KDYH ZLWK WKH FRDWLQJ�

7DEOH ���� &DOFXODWHG :DUEXUJ FRHƫFLHQWV DQG GLƨXVLRQ FRHƫFLHQWV RI
DUVHQLWHV LQ GDPPDU�

0HWKRG σ R2 DAs3+

�ŔV−�/�� �FP� V−��

)LWWLQJ �.��×��� � �.��×��−��

6ORSH =š �.��×��� ������� �.��×��−��

6ORSH =Ť �.��×��� ������� �.��×��−��

����� $UVHQDWHV LQ GDPPDU

,Q WKH VDPHPDQQHU� WKH GLƨXVLRQ RI DUVHQDWHV WKURXJK GDPPDUZDV VWXGLHG� 7KH WKLFN�
QHVV RI WKH GDPPDU FRDWLQJ ZDV ��vP DQG WKH HOHFWURO\WH� D ����0 VRGLXP DUVHQDWH
1D�+$V2�·+�2 VROXWLRQ� 7KH UHVXOWV DW �� �� �� �� DQG �� KRXUV DUH SUHVHQWHG LQ )LJ� �����



���� $UVHQLF GLƤXVLRQ VWXGLHG E\ (,6 ��

�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 SORWV RI GDPPDU DW �� �� �� �� DQG �� K LQ D 1D�+$V2� VROX�
WLRQ�

,Q WKH 1\TXLVW SORW� D VHPL�FLUFOH DERYH ���+] LV REVHUYHG� DQG DW ORZ IUHTXHQFLHV� WKH
FKDUDFWHULVWLF OLQH ZLWK D VORSH RI �� RI WKH :DUEXUJ HOHPHQW� &RQWUDU\ WR WKH DUVHQLWH
VROXWLRQ� LQ WKLV VDPSOH WKH OLQH GRHV QRW EHQG WRZDUG WKH UHDO D[LV� ,W FRQWLQXHV DV D
VWUDLJKW OLQH� ZKLFK LV GLVWLQFWLYH RI D GLƨXVLRQ LQ D VHPL�LQƩQLWH OD\HU �6HFWLRQ �������
7KLV LPSOLHV WKDW WKH GLƨXVLRQ RI DUVHQDWHVPD\ EH WDNLQJ SODFH LQ D UHJLRQ VR VPDOO WKDW
WKH WKLFNQHVV RI WKH FRDWLQJ LV UHJDUGHG DV LQƩQLWH� 7KLVPD\ EH SURGXFHG E\ WZR DVSHFWV�
7KH ƩUVW RQH LV WKDW WKH WKLFNQHVV RI WKH FRDWLQJ PD\ EH PXFK ODUJHU WKDQ WKH GLƨXVLRQ
OD\HU� ,Q IDFW� WKH FRDWLQJ LQ WKLV H[SHULPHQW LV WKLFNHU WKDQ LQ WKH DUVHQLWH GLƨXVLRQ RQH�
ZKLFK FRXOG H[SODLQ VXFK GLƨHUHQFH� 7KH RWKHU SRVVLEOH H[SODQDWLRQ LV WKDW WKH DUVHQDWH
VSHFLHV GLƨXVHPXFK VORZHU WKDQ WKH DUVHQLWH VSHFLHV� FUHDWLQJ D VPDOOHU GLƨXVLRQ OD\HU�
&HUWDLQO\ D FRPELQDWLRQRI WKH WZRH[SODQDWLRQV LV DQRWKHU SRVVLELOLW\� D VORZHU GLƨXVLRQ
LQ D WKLFNHU OD\HU�

,Q WKH %RGH SORW� D SODWHDX DVVRFLDWHG ZLWK D UHVLVWDQFH LV REVHUYHG DW IUHTXHQF\ YDOXHV
RI DSSUR[LPDWHO\ ��� +]� $W ORZHU IUHTXHQFLHV� EHORZ ��−� +]� WKH SKDVH DQJOH DSSUR[L�
PDWHV ��q� ZKLFK LV D FKDUDFWHULVWLF RI WKH :DUEXUJ LPSHGDQFH�

7KH (,6 GDWD ZDV ƩWWHG ZLWK WKH HTXLYDOHQW FLUFXLW SUHVHQWHG LQ )LJ� ���� �0RGHO &� DV
LW ZDV REVHUYHG WKDW WKLV PRGHO GHVFULEHG WKH GDWD EHWWHU WKDQ D FLUFXLW FRQWDLQLQJ RQO\
RQH WLPH FRQVWDQW� 7KLV FLUFXLW FRQVLVWV RI WKH UHVLVWDQFH RI WKH VROXWLRQRs� WKH FRDWLQJ
UHVLVWDQFHRc DQG FDSDFLWDQFHCPEc� WKH FKDUJH WUDQVIHU UHVLVWDQFHRc� WKH GRXEOH OD\HU
FDSDFLWDQFH CPEc DQG D VHPL�LQƩQLWH :DUEXUJ HOHPHQW Zw� WKDW LQ WKH FDVH RI VHPL�
LQƩQLWH GLƨXVLRQ� LV PRGHOOHG DV D &3( ZLWK D Ʃ[HG α FRHƫFLHQW RI ���� QDPHG CPEw�

7KH GDWD WDNHQ DW � KRXUV LV SUHVHQWHG LQ )LJ� ���� DV DQ H[DPSOH WR VKRZ WKH ƩWWLQJ
FXUYH REWDLQHG ZLWK PRGHO & DQG WKH YDOXHV DUH SUHVHQWHG LQ 7DEOH ���� 7KH χ2 LV ORZ� LQ
WKH RUGHU RI ��−� IRU DOO WLPHV� ZKLFK LQGLFDWHV WKDW WKH PRGHO LV D JRRG GHVFULSWLRQ RI
WKH GDWD� 7KH HUURUV DVVRFLDWHG ZLWK WKH SDUDPHWHUV DUH QRW LGHDO EXW VWLOO DFFHSWDEOH�
UHDFKLQJ QR PRUH WKDQ ����
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�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 GDWD RI GDPPDU LQ 1D�+$V2� WDNHQ DW � KRXUV DQG ƩWWHG
FXUYH ZLWK PRGHO &�

7DEOH ���� )LWWHG SDUDPHWHUV RI WKH (,6 GDWD RI GDPPDU LQ 1D�+$V2�
WDNHQ DW � KRXUV FDOFXODWHG ZLWK 0RGHO &�

(OHPHQW 8QLWV 9DOXH (UURU ���

χ2 �������
Rs �Ŕ� �� �����
Rc �Ŕ� �.��×��� ����
CPEc �)� �.��×��−� ����
αc ���� ����
Rct �Ŕ� �.��×��� �����
CPEdl �)� �.��×��−� ����
αdl ���� ����
CPEw �)� �.��×��−� ����

7KH &3( WKDW LV XVHG WR ƩW WKH :DUEXUJ LPSHGDQFH LV GHƩQHG E\�

CPEw =

√
Wt

Wr
������

)URP HTXDWLRQ ����� LW LV FOHDU WKDW

σ =
1

CPEw
������

7KHUHIRUH� WKH :DUEXUJ FRHƫFLHQW σ ZDV FDOFXODWHG IURP WKH ƩWWLQJ SDUDPHWHU CPEw

LQ RUGHU WR FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW� 7KH GDWD WDNHQ DW � KRXUV LV WKH RQH
WKDW VKRZV D SXUH :DUEXUJ LPSHGDQFH FKDUDFWHULVHG E\ WKH VORSH RI �� LQ WKH 1\TXLVW
SORW DQG WKHUHIRUH ZDV XVHG LQ VXFK FDOFXODWLRQ� 7KH ƩWWHG OLQH LV VKRZQ LQ )LJ� ����D�



���� $UVHQLF GLƤXVLRQ VWXGLHG E\ (,6 ���

7KH VORSH RI WKLV FXUYH LV ����� ZLWK D R2 RI �������� 7KH &3( FDOFXODWHG IURP WKH ƩW�
WLQJ LV �.��× ��−� ) DQG WKH σ FDOFXODWHG ZLWK HTXDWLRQ ���� LV σ =�.��× ��� ŔV−�/��
7KH GLƨXVLRQ FRHƫFLHQW ZDV WKHQ FDOFXODWHG ZLWK HTXDWLRQ ���� JLYLQJ D UHVXOW RI
�.��× ��−�� FP� V−��

)XUWKHUPRUH� WKH:DUEXUJ FRHƫFLHQW ZDV FDOFXODWHG E\ WZR GLƨHUHQW JUDSKLFPHWKRGV�
7KH ƩUVW RQH LV D PHWKRG WKDW DSSOLHV WR WKH VHPL�LQƩQLWH GLƨXVLRQ DQG ZDV GLVFXVVHG LQ
6HFWLRQ ������ ,W FRQVLVWV LQ WDNLQJ WKH LQWHUFHSW ZLWK WKH UHDO D[LV RI WKH ƩWWHG OLQH x DQG
FDOFXODWLQJ σ ZLWK WKH IROORZLQJ HTXDWLRQ�

σx =

[
Rs −Rct − x

2Cdl

]2
������

7KH VHFRQG RQH LV DV GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ ZKHQ FDOFXODWLQJ WKH GLƨXVLRQ
RI DUVHQLWHV� WKH VORSH RI WKH OLQHV LQ D =š DQG =Ť YV ω1/2 LV HTXDO WR σ� 7KH 1\TXLVW SORW
VKRZLQJ WKH LQWHUFHSW DQG WKH SORW RI =š DQG =Ť YV ω1/2 DUH SUHVHQWHG LQ )LJ� ����D DQG
)LJ� ����E� UHVSHFWLYHO\�

�D� 1\TXLVW �E� %RGH

)LJ� ����� 1\TXLVW DQG %RGH SORW RI GDPPDU LQ 1D�+$V2� DW � KRXUV�

7KH UHVXOWV RI WKH FDOFXODWLRQ RI σ E\ WKH WZR JUDSKLFPHWKRGV LV SUHVHQWHG LQ 7DEOH �����
7KH GLƨXVLRQ FRHƫFLHQW ZDV FDOFXODWHG IRU HDFK σ ZLWK HTXDWLRQ ���� DQG DUH LQFOXGHG
LQ WKH WDEOH DORQJ ZLWK WKH σ DQGD FDOFXODWHG E\ ƩWWLQJ WKH HTXLYDOHQW FLUFXLW�



��� &KDSWHU �� 5HVXOWV LQ�VLWX

7DEOH ����� &DOFXODWHG :DUEXUJ FRHƫFLHQWV DQG GLƨXVLRQ FRHƫFLHQWV RI
DUVHQDWHV LQ GDPPDU�

0HWKRG σ R2 DAs5+

�ŔV−�/�� �FP� V−��

)LWWLQJ �.��×��� � �.��×��−��

,QWHUFHSW �.��×��� ������� �.��×��−��

6ORSH =š �.��×��� ������� �.��×��−��

6ORSH =Ť �.��×��� ������� �.��×��−��

$V VHHQ LQ WKH WDEOH DERYH� WKH GLƨXVLRQ FRHƫFLHQW FDOFXODWHG E\ WKH VHYHUDO PHWKRGV
LV VLPLODU� 0RUHRYHU� LQ WKH JUDSKLF PHWKRG� ZKHUH σ ZDV FDOFXODWHG DV WKH VORSH RI WKH
UHDO DQG LPDJLQDU\ FRPSRQHQWV RI WKH LPSHGDQFH� WKH YDOXHV DUH H[DFWO\ WKH VDPH� ,W
LV RQFH PRUH FRQFOXGHG WKDW WKH GHWHUPLQDWLRQ RI WKH GLƨXVLRQ FRHƫFLHQW E\ WKH WKUHH
GLƨHUHQWPHWKRGV JLYHV VLPLODU UHVXOWV� ZKLFKZDV DOVR VHHQ IRU WKH DUVHQLWHV LQ GDPPDU
LQ WKH SUHYLRXV VHFWLRQ�

7KH PDJQLWXGH RI WKH GLƨXVLRQ FRHƫFLHQW RI DUVHQDWHV LQ GDPPDU LV PXFK ORZHU WKDQ
WKDW RI DUVHQLWHV �ZKLFK ZDV FDOFXODWHG LQ WKH SUHYLRXV VHFWLRQ REWDLQLQJ D UHVXOW LQ WKH
RUGHU RI ��−�� FP� V−��� 7KLV LV DOVR VHHQ LQ WKH GLƨHUHQFH EHWZHHQ WKH 1\TXLVW DQG %RGH
SORWV RI WKH WZR FDVHV� ,Q WKH DUVHQLWH GLƨXVLRQ H[SHULPHQW� D ƩQLWH�OHQJWK GLƨXVLRQ
ZLWK D WUDQVPLVVLYH ERXQGDU\ ZDV REVHUYHG� ZKLOH ZLWK DUVHQDWHV� WKH SORWV VKRZHG D
VHPL�LQƩQLWH GLƨXVLRQ� ,Q WKH ODWHU FDVH� WKH VSHFLHV GLƨXVH LQ VXFK D VORZ WLPH WKDW
WKH FRDWLQJ ORRNV OLNH DQ LQƩQLWH OD\HU DQG WKXV� D VHPL�LQƩQLWH :DUEXUJ DSSHDUV� ,Q
FRQFOXVLRQ� WKH GLƨXVLRQ FRHƫFLHQW RI DUVHQLWHV LQ GDPPDU ZDV IRXQG WR EH � RUGHUV RI
PDJQLWXGH KLJKHU WKDQ WKDW RI DUVHQDWHV� 7KLV VLPLODU EHKDYLRXU RFFXUV LQ WKH GLƨXVLRQ
FRHƫFLHQWV RI WKLV VSHFLHV LQ ZDWHU �6HFWLRQ ������� (YHQ WKRXJK WKH FRHƫFLHQWV KDYH
WKH VDPH RUGHU RI PDJQLWXGH EHWZHHQ HDFK RWKHU� WKH RQH RI DUVHQLWHV LV KLJKHU WKDQ
WKDW RI DUVHQDWHV�

����� $UVHQLWHV LQ PDVWLF

6LPLODUO\� WKH H[SHULPHQW ZDV SHUIRUPHG IRU PDVWLF� (,6 PHDVXUHPHQWV SHUIRUPHG WR
DQ DOXPLQLXP SODWH ZLWK DQ R[LGH OD\HU RQ WRS FRDWHG ZLWK PDVWLF� 7KH WKLFNQHVV RI WKH
FRDWLQJ ZDV ��vP DQG WKH HOHFWURO\WH� D ����0 VROXWLRQ RI 1D$V2��

7KH 1\TXLVW DQG %RGH SORWV IRU VHOHFWHG PHDVXUHPHQWV DUH SUHVHQWHG LQ )LJ� ����� ,Q
WKH 1\TXLVW SORW WKUHH VHPL�FLUFOHV DUH REVHUYHG DW DOO WLPHV� 7KH ƩUVW VHPL�FLUFOH RI WKH
1\TXLVW SORW �IURP OHIW WR ULJKW LQ WKH =š D[LV� LV QRW HDVLO\ YLVLEOH LQ WKH ƩJXUH GXH WR WKH
VFDOH RI WKH SORW� +RZHYHU� LWV LQWHUFHSWZLWK WKH UHDO D[LV �WKH UHVLVWDQFH� GHFUHDVHVZLWK
WLPH ZLWKLQ WKH UDQJH RI ��� DQG ��� Ŕ� 7KH VHFRQG VHPL�FLUFOH LV PRUH FOHDUO\ DSSUHFL�
DWHG DQG LW LV HYLGHQW WKDW LWV GLDPHWHU GHFUHDVHV ZLWK WLPH IURP �× ��� WR �× ��� Ŕ�
7KH WKLUG VHPL�FLUFOH LV LQFRPSOHWH DQG WKHUHIRUH� D ƩWWLQJ ZLOO VKRZ WKH EHKDYLRXU LQ D
FOHDUHU PDQQHU�



���� $UVHQLF GLƤXVLRQ VWXGLHG E\ (,6 ���

,Q WKH %RGH SORW� WZR SODWHDXV� WKDW DUH LQGLFDWLYH RI UHVLVWDQFHV� DUH YLVLEOH� 7KH ƩUVW
RQH LV DW ��� +] DQG KDV D |Z| RI DSSUR[LPDWHO\ ��� Ŕ� $QG WKH VHFRQG RQH LV REVHUYHG DW
� +]� 7KH WRWDO LPSHGDQFH� VKRZQ LQ WKH %RGH SORW DW D IUHTXHQF\ RI ��−� +] GHFUHDVHV
ZLWK WLPH DQG LV EHWZHHQ �× ��� DQG �× ��� Ŕ�

7KH VSHFWUD WKXV FRQVLVWV RI WKUHH WLPH FRQVWDQWV� FRUUHVSRQGLQJ WR WKH WKUHH VHPL�
FLUFOHV RI WKH 1\TXLVW SORW� HDFK RI WKHP KDYLQJ WKH WKUHH UHVLVWDQFHV REVHUYHG LQ WKH
%RGH SORWV�

7KH GLƨHUHQFH EHWZHHQ WKLV VDPSOH DQG WKRVH REWDLQHG IRU WKH DUVHQLWH DQG DUVHQDWH
GLƨXVLRQ LQ GDPPDU LV WKH DEVHQFH RI WKH :DUEXUJ LPSHGDQFH� 7KLV LQGLFDWHV WKDW WKH
GLƨXVLRQ RI DUVHQLWHV LQ PDVWLF LQ WKLV VDPSOH FDQQRW QRW EH VHHQ LQ WKH (,6 GDWD� 7R
REWDLQ PRUH TXDQWLWDWLYH LQIRUPDWLRQ� WKH (,6 GDWD ZDV ƩWWHG WR DQ HTXLYDOHQW FLUFXLW�
7KH PRGHO XVHG ZDV D VLPSOLƩHG YHUVLRQ RI 0RGHO ' �)LJ� ������ PRGLƩHG RQO\ E\ WDNLQJ
RXW WKH :DUEXUJ LPSHGDQFH�

�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 SORWV RI PDVWLF DW �� �� �� �� DQG �� K LQ D 1D$V2� VROXWLRQ�

7KH VLPSOLƩHG0RGHO ' HTXLYDOHQW FLUFXLW LV WKHUHIRUH FRPSRVHG E\ WKH UHVLVWDQFH RI WKH
VROXWLRQ Rs� WKH UHVLVWDQFH DQG FDSDFLWDQFH RI WKH FRDWLQJ Rc DQG CPEc� WKH GRXEOH
OD\HU FDSDFLWDQFH CPEdl� WKH FKDUJH WUDQVIHU UHVLVWDQFH Rct DQG WKH UHVLVWDQFH DQG FD�
SDFLWDQFH RI WKH R[LGHRo DQG CPEo

7KH ƩWWLQJ ZDV SHUIRUPHG WR DOO WKH GDWD� $Q H[DPSOH VKRZLQJ WKH PHDVXUHPHQW DW �
KRXUV LV SUHVHQWHG LQ )LJ� ����� 7KH χ2 YDOXH LV LQ WKH RUGHU RI ��−� RI DOO WKH GDWH� ZKLFK
LQGLFDWHV WKDW WKH VLPSOLƩHG YHUVLRQ RI PRGHO ' SURGXFHV D JRRG ƩW� 7KH YDOXH RI WKH
SDUDPHWHUV DW � KRXUV LV SUHVHQWHG LQ 7DEOH �����
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�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 GDWD RI PDVWLF LQ 1D$V2� WDNHQ DW � K DQG ƩWWHG FXUYH ZLWK
PRGHO ' VLPSOLƩHG�

7DEOH ����� )LWWHG SDUDPHWHUV RI WKH (,6 GDWD RI PDVWLF LQ 1D$V2� WDNHQ
DW � KRXUV FDOFXODWHG ZLWK 0RGHO '�

(OHPHQW 8QLWV 9DOXH (UURU ���

χ2 ������
Rs �Ŕ� ��� �����
Rc �Ŕ� �.��×��� ����
CPEc �)� �.��×��−� ����
αc � ���� ����
Ro �Ŕ� �.��×��� ����
CPEo �)� �.��×��−� ����
αo � ���� ����
Rct �Ŕ� �.��×��� ����
CPEdl �)� �.��×��−� ����
αdl � ���� ����

$ SORW RI WKH UHVLVWDQFH DQG FDSDFLWDQFH RI WKH FRDWLQJ LV SUHVHQWHG LQ )LJ� ����� &RQ�
FHUQLQJ WKH FDSDFLWDQFH RI WKH FRDWLQJ� ƩUVW WKHUH LV DQ LQFUHDVH LQ WKH FDSDFLWDQFHZKLFK
LV OLQNHG WR WKH ZDWHU XSWDNH� DQG DW ODWHU KRXUV WKHUH LV D GHFUHDVH� VXJJHVWLQJ WKDW WKH
FRDWLQJ PD\ EH ORRVLQJ LWV EDUULHU SURSHUWLHV� 0RUH LQWHUHVWLQJO\� WKH PDJQLWXGH RI WKH
UHVLVWDQFH RI WKH FRDWLQJ OLHV EHWZHHQ �.�× ��� DQG �× ��� Ŕ� FP−�� 7KLV YDOXHV DUH
FRQVLGHUDEO\ ORZHU WKDQ WKRVH SUHYLRXVO\ IRXQG IRU PDVWLF LQ WKH ZDWHU XSWDNH PHD�
VXUHPHQWV ���� Ŕ� FP−�� DQG IRU WKRVH PHDVXUHG LQ WKH DUVHQDWHV GLƨXVLRQ H[SHULPHQW
DOVR LQ PDVWLF ���� Ŕ� FP−��� ZKLFK DUH SUHVHQWHG LQ WKH QH[W VHFWLRQ� $ SRVVLEOH H[SOD�
QDWLRQ RI WKH ORZ UHVLVWDQFH DQG WKH ODFN RI D :DUEXUJ HOHPHQW LQ WKH VSHFWUD LV WKDW
WKH FRDWLQJ PD\ KDYH KDG D GHIHFW� $OWKRXJK QRW VHHQ ZKHQ WKH VDPSOH ZDV PRXQWHG�
WKH IDFW WKDW WKH YDOXH RI WKH UHVLVWDQFH RI WKH FRDWLQJ LV ORZ VLQFH WKH ƩUVW PHDVXUH�
PHQW PD\ EH WKH FRQVHTXHQFH RI DQ DOUHDG\ IRUPHG GHIHFW WKDW DOORZV WKH SHQHWUDWLRQ
RI HOHFWURO\WH VLQFH WKH EHJLQQLQJ� $V D UHVXOW� WKH GLƨXVLRQ RI DUVHQLWH VSHFLHV WRZDUGV



���� $UVHQLF GLƤXVLRQ VWXGLHG E\ (,6 ���

WKH DOXPLQLXP LV QRW KLQGHUHG DQG WKXV� D :DUEXUJ HOHPHQW LV QRW VHHQ LQ WKH VSHFWUD�
7KHUHIRUH� WKH GLƨXVLRQ FRHƫFLHQW RI DUVHQLWHV LQ PDVWLF FDQQRW EH FDOFXODWHG LQ WKLV
FDVH� ,W LV LPSRUWDQW WR QRWH WKDW WKLV LV RQO\ D K\SRWKHVLV DQG WKDW WKH SUHVHQFH RI D GH�
IHFW LQ WKLV VDPSOH FDQQRW EH SURYHG� +RZHYHU� LW LV WUXH WKDW WKLV YDUQLVK LV TXLWH EULWWOH
DQG GXULQJ WKH DVVHPEO\ RI WKH (,6 FHOO� WKHUH LV DQ2�ULQJ WKDW GHOLPLWV WKH H[SRVHG DUHD
RI WKH VDPSOH WR WKH HOHFWURO\WH WKDW SXWV SUHVVXUH RQ WKH FRDWLQJ DQG FRXOG OHDG WR WKH
IRUPDWLRQ RI FUDFNV�
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)LJ� ����� &DOFXODWHG CPEc DQGRc RI PDVWLF LQ 1D$V2��

����� $UVHQDWHV LQ PDVWLF

7KH 1\TXLVW DQG %RGH SORWV RI WKH (,6 H[SHULPHQW UHVXOWV RIPDVWLF LQ D 1D�+$V2� VROX�
WLRQ DUH SUHVHQWHG LQ )LJ� ����� 7KH WKLFNQHVV RI WKHPDVWLF FRDWLQJZDV ��vP� 7KH SORWV
DUH VLPLODU WR WKRVH REWDLQHG IRU WKH GDPPDU LQ WKH DUVHQDWHV VROXWLRQ LQ WKH VHQVH WKDW
D VHPL�LQƩQLWH :DUEXUJ LPSHGDQFH LV REVHUYHG DW ORZ IUHTXHQFLHV �EHORZ �× ��−� +]��
FKDUDFWHUL]HG E\ WKH VWUDLJKW OLQH ZLWK D VORSH FORVH WR �� LQ WKH 1\TXLVW SORW� $W KLJKHU
IUHTXHQFLHV� D VHPL�FLUFOH� ZKRVH GLDPHWHU GHFUHDVHV RYHU WLPH� LV VHHQ�

,Q WKH %RGH SORW� LW LV REVHUYHG WKDW WKH WRWDO LPSHGDQFH RI WKH V\VWHP GHFUHDVHV ZLWK
WLPH IURP DSSUR[LPDWHO\ �× ��� WR �× ��� Ŕ� 7KLV GHFUHDVHPD\ EH OLQNHG HLWKHU WR WKH
ZDWHU XSWDNH RI WKH FRDWLQJ� WR WKH ORVW LQ EDUULHU SURSHUWLHV RI WKH FRDWLQJ RUPRUH OLNHO\�
WR ERWK� DV VHHQ LQ WKH ZDWHU XSWDNH H[SHULPHQW�



��� &KDSWHU �� 5HVXOWV LQ�VLWX

�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 SORWV RIPDVWLF DW �� �� �� �� DQG �� K LQ D 1D�+$V2� VROXWLRQ�

7KH GDWD DW DOO WLPHV ZDV ƩWWHG ZLWK PRGHO & �)LJ� ����� REWDLQLQJ D ƩW ZLWK D ORZ
χ2� EHORZ �.�× ��−� IRU DOO WKH VSHFWUD� $V LQ WKH GLƨXVLRQ RI DUVHQDWHV H[SHULPHQW LQ
GDPPDU� WKH :DUEXUJ LPSHGDQFH ZDV PRGHOOHG DV D &3( ZLWK D FRHƫFLHQW RI ���� $Q
H[DPSOH RI KRZ WKHPRGHO ƩWV WKH GDWD LV VKRZQ LQ )LJ� ���� DQG WKH YDOXHV IRU WKH ƩWWHG
GDWD WDNHQ DW � KRXUV DUH SUHVHQWHG LQ 7DEOH �����

�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 GDWD RIPDVWLF LQ1D�+$V2� WDNHQ DW �KRXUV DQGƩWWHG FXUYH
ZLWK PRGHO &�



���� $UVHQLF GLƤXVLRQ VWXGLHG E\ (,6 ���

7DEOH ����� )LWWHG SDUDPHWHUV RI WKH (,6 GDWD RIPDVWLF LQ1D�+$V2� WDNHQ
DW � KRXUV FDOFXODWHG ZLWK 0RGHO &�

(OHPHQW 8QLWV 9DOXH (UURU ���

χ2 ������
Rs �Ŕ� ��� ����
Rc �Ŕ� �.��×��� ����
CPEc �)� �.��×��−� ����
αc ���� ����
Rct �Ŕ� �.��×��� ����
CPEdl �)� �.��×��−� ����
αdl ���� ����
Zw �)� �.��×��−� ����

7R FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW� WKH VSHFWUD ZKHUH WKH ORZ IUHTXHQF\ YDOXHV VKRZ
D SXUH FRQWUROOHG PDVV GLƨXVLRQ SURFHVV PXVW EH XVHG� ZKLFK DUH VHHQ LQ WKH 1\TXLVW
SORW DV D OLQH ZLWK D VORSH RI ��� ,Q WKLV FDVH� WKH VSHFWUD WDNHQ DW � KRXUV KDG WKH VORSH
ZLWK D YDOXH FORVHVW WR � DQG WKXV� ZDV XVHG WR FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW� )LJ�
����D VKRZV WKH ƩWWHG OLQH� 7KH VORSH LV ����� DQG WKHR2 RI �������� 7KLV LV QRW D SHUIHFW
ƩW DV VHHQ LQ WKH R2 YDOXH� ZKLFK PD\ EH FDXVHG E\ WKH LQWHUIHUHQFH RI RWKHU SURFHVVHV
WDNLQJ SODFH LQ WKH V\VWHP� 1HYHUWKHOHVV� WKH GLƨXVLRQ FRHƫFLHQW ZDV HVWLPDWHG IURP
WKLV VSHFWUD� 7KH :DUEXUJ FRHƫFLHQW σ ZDV FDOFXODWHG IURP WKH ƩWWHG SDUDPHWHUV RI
WKH GDWD WDNHQ DW � KRXUV E\ XVLQJ HTXDWLRQ ���� DQG DUH VKRZQ LQ 7DEOH ����� 7KLV \LHOGV
D YDOXH RI σ �.��× ��� ŔV−�/�� 7KH GLƨXVLRQ FRHƫFLHQW ZDV FDOFXODWHG ZLWK HTXDWLRQ
���� REWDLQLQJ D YDOXH RI �.��× ��−�� FP� V−��

7KH GLƨXVLRQ FRHƫFLHQW ZDV DGGLWLRQDOO\ FDOFXODWHG E\ WKH JUDSKLFPHWKRG H[SODLQHG LQ
6HFWLRQ ������ %ULHƪ\� WKH:DUEXUJ FRHƫFLHQW LV HTXDO WR WKH VORSH RI WKH OLQHV LQ D =š DQG
=Ť YV ω−1/2 SORW� DV VKRZQ LQ )LJ� ����E� 7KH UHVXOWV DUH SUHVHQWHG LQ 7DEOH �����

�D� 1\TXLVW �E� %RGH

)LJ� ����� (,6 SORWV RI PDVWLF DW � KRXUV LQ D 1D�+$V2� VROXWLRQ�



��� &KDSWHU �� 5HVXOWV LQ�VLWX

7DEOH ����� &DOFXODWHG :DUEXUJ FRHƫFLHQWV DQG GLƨXVLRQ FRHƫFLHQWV RI
DUVHQDWHV LQ GDPPDU�

0HWKRG σ R2 DAs5+

�ŔV−�/�� �FP� V−��

)LWWLQJ �.��×��� � �.��×��−��

6ORSH =š �.��×��� ������� �.��×��−��

6ORSH =Ť �.��×��� ������� �.��×��−��

8QIRUWXQDWHO\� WKH YDOXHV RI WKH GLƨXVLRQ FRHƫFLHQW RI DUVHQLWHV DQG DUVHQDWHV LQPDVWLF
FDQQRW EH FRPSDUHG� +RZHYHU� WKH GLƨXVLRQ RI DUVHQDWHV LQ PDVWLF FDQ EH FRPSDUHG WR
WKH GLƨXVLRQ LQ GDPPDU� 7KH YDOXHV IRXQG IRU WKH GLƨXVLRQ FRHƫFLHQW RI DUVHQDWHV LQ
GDPPDU DUH EHWZHHQ �.��× ��−�� DQG �.��× ��−�� FP� V−�� $V VHHQ LQ 7DEOH ����� WKH
GLƨXVLRQ FRHƫFLHQWV LQ PDVWLF DUH LQ WKH RUGHU RI ��−�� FP� V−�� ZKLFK PHDQV WKDW WKH
GLƨXVLRQ RI DUVHQDWHV LQ PDVWLF LV VORZHU WKDQ LQ GDPPDU�



���� 'LVFXVVLRQ ���

��� 'LVFXVVLRQ

:DWHU GL݉XVLRQ

$ FRPSDULVRQ EHWZHHQ WKH ZDWHU GLƨXVLRQ FRHƫFLHQWV LQ WKH WKUHH FRDWLQJV REWDLQHG
E\ $75�)7,5 VSHFWURVFRS\ DQG (,6 LV SUHVHQWHG LQ 7DEOH ����� 7ZR YDOXHV FDOFXODWHG ZLWK
$75�)7,5 VSHFWURVFRS\� WKDW FRUUHVSRQGV WR WKH FDOFXODWLRQ PDGH IURP WKH WZR ZDWHU
SHDNV ����� DQG ���� FP−��� DUH VKRZQ� 7KH OHWWHUV �6&� DUH LQGLFDWLYH WKDW D VZHOOLQJ
FRHƫFLHQW ZDV XVHG LQ WKH FDOFXODWLRQ� :KLOH LW ZDV SRVVLEOH WR FDOFXODWH WKH GLƨXVLRQ
FRHƫFLHQW RI ZDWHU LQ GDPPDU DQG RLO E\ WKH WZR DERYHPHQWLRQHG WHFKQLTXHV� WKH GLI�
IXVLRQ FRHƫFLHQW LQ PDVWLF FRXOG RQO\ EH FDOFXODWHG ZLWK $75�)7,5 VSHFWURVFRS\ DQG
RQO\ IURP WKH SHDN ORFDWHG DW ���� FP−� VLQFH RWKHU SHDNV RI WKH FRDWLQJ ZHUH RYHUODS�
SLQJ WKH ���� FP−� SHDN�

7DEOH ����� &DOFXODWHG ZDWHU GLƨXVLRQ FRHƫFLHQWV IRU GDPPDU� PDVWLF
DQG RLO�

0HWKRG ' ���−� FP� V−��
'DPPDU 0DVWLF 2LO

$75�)7,5 ����� FP−�� ���� ���� �6&� ���� �6&�
$75�)7,5 ����� FP−�� ���� � ���� �6&�
(,6 ���� � ����

7KH GLƨXVLRQ FRHƫFLHQW YDOXHV RI GDPPDU DQG PDVWLF DUH FRPSDUDEOH� 7KH PROHFXOHV
WKDW FRQVWLWXWH WKHVH WZR YDUQLVKHV DUH VLPLODU DQG WKHUHIRUH� LW LV QRW VXUSULVLQJ WKDW WKH
GLƨXVLRQ FRHƫFLHQWV DUH QRW WRR IDU DSDUW� +RZHYHU� WKHUH DUH LPSRUWDQW GLƨHUHQFHV LQ
WKH EHKDYLRXU RI WKHVH PDWHULDOV� ,Q WKH $75�)7,5 H[SHULPHQWV� D WZR�VWHS GLƨXVLRQ
SURƩOH ZDV REVHUYHG LQ PDVWLF DQG WKUHH SRVVLEOH H[SODQDWLRQV ZHUH JLYHQ� VZHOOLQJ RI
WKH FRDWLQJ� GHWDFKPHQW IURP WKH $75�FU\VWDO RU D KHWHURJHQHRXV ZDWHU XSWDNH� +RZ�
HYHU ZLWK WKLV WHFKQLTXH LW LV QRW SRVVLEOH WR GLVWLQJXLVK WKH UHDO FDXVH RI WKLV SKHQRP�
HQD� 1HYHUWKHOHVV� LW ZDV REVHUYHG WKDW WKH LQWURGXFWLRQ RI D VZHOOLQJ FRHƫFLHQW �6&�
WR WKH ƩWWLQJ HTXDWLRQ SURGXFHG D EHWWHU ƩW IRU WKH PDVWLF DQG RLO FRDWLQJV� ZKLFK VXJ�
JHVWV WKDW RQH RI WKH EHIRUHPHQWLRQHG SKHQRPHQRQV� RU WKH FRPELQDWLRQ RI WKHP� DUH
WDNLQJ SODFH�

7KH (,6 H[SHULPHQWV VKRZHG DQ DEQRUPDO EHKDYLRXU LQ WKH FDSDFLWDQFH RI PDVWLF RYHU
WLPH� 7KH H[SHFWHG EHKDYLRXU� ZKLFK ZDV VHHQ LQ GDPPDU� LV DQ LQFUHDVH RI WKH FDSDF�
LWDQFH GXH WR WKH SHQHWUDWLRQ RI ZDWHU� 7KH FDSDFLWDQFH RI WKH FRDWLQJ GHSHQGV RQ WKH
SHUPLWWLYLW\ RI WKH PHGLXP� 6LQFH WKH SHUPLWWLYLW\ RI ZDWHU LV KLJKHU WKDQ WKDW RI WKH
GULHG FRDWLQJ� WKHUH LV DQ LQFUHDVH LQ WKH FDSDFLWDQFH DV ZDWHU GLƨXVHV WKURXJK� +RZ�
HYHU LQPDVWLF� WKHUH LV DQ LQFUHDVH RI WKH FDSDFLWDQFH RIPDVWLF FDXVHG E\ DQ LQLWLDO ZDWHU
XSWDNH� IROORZHG E\ D GHFUHDVH LQ WKH FDSDFLWDQFH� ZKLFK ZDV DWWULEXWHG WR D GHFUHDVH LQ
WKH EDUULHU SURSHUWLHV RI WKH FRDWLQJ� LQ RWKHU ZRUGV� WKH SRO\PHU ZDV ORRVLQJ WKH DELO�
LW\ WR UHVWULFW WKH SDVVDJH RI ZDWHU� 7KLV PD\ EH SURGXFHG E\ D UHDUUDQJHPHQW LQ WKH



��� &KDSWHU �� 5HVXOWV LQ�VLWX

FRDWLQJ PROHFXOHV DV ZDWHU GLƨXVHV WKURXJK� FUHDWLQJ SDWKV IRU DQ HDVLHU GLƨXVLRQ RI
VXEVHTXHQW ZDWHU PROHFXOHV�

*HQW\�9LQFHQW HW DO VWXGLHG WKH EODQFKLQJ RI SDLQW DQG YDUQLVKHV LQ HDVHO SDLQWLQJV�
%ODQFKLQJ LV D WHUP WKDW UHIHUV WR D FKDQJH LQ WKH DSSHDUDQFH RI SDLQWV DQG YDUQLVKHV LQ
ZKLFK WKH\ WXUQZKLWH DQGRSDTXH� 7KH\ DQDO\VHG WKH EODQFKLQJ SKHQRPHQDE\ LPPHUV�
LQJPRFN�XS VDPSOHV RIPDVWLF DQG GDPPDU LQ ZDWHU� 7KH\ IRXQG WKDW WKH EODQFKLQJ RI
PDVWLF ZDV PRUH YLVLEOH WKDQ WKDW RI GDPPDU DQG WKDW LW ZDV SURGXFHG E\ WKH VFDWWHU�
LQJ RI OLJKW LQVLGH WKH SRUHV� 7KH\ REVHUYHG WKDW WKH VL]H RI WKH SRUHV LQPDVWLF LQFUHDVHG
ZLWK WLPH XS WR D SRLQW WKDW WKH LQWHUFRQQHFWLRQ RI WKH SRUHV ZDV SURGXFHG� 7KLV PDGH
WKH SHUFHQWDJH RI VROLG PDWWHU WRR ORZ WR HQVXUH WKH FRKHVLRQ RI WKH PDWHULDO� ,Q WKLV
WKHVLV� WKH REVHUYHG GHFUHDVH LQ FDSDFLWDQFH DQG UHVLVWDQFH RI PDVWLF PLJKW EH FDXVHG
E\ WKH VDPH SULQFLSOH VWXGLHG E\ *HQW\�9LQFHQW HW DO� 8SRQ LPPHUVLRQ� WKH SRURVLW\ RI
PDVWLF LQFUHDVHV IDFLOLWDWLQJ WKH SHQHWUDWLRQ RI ZDWHU� RU DV FDOOHG SUHYLRXVO\� GHFUHDV�
LQJ LWV EDUULHU SURSHUWLHV� 0RUHRYHU� WKHLU REVHUYDWLRQV FRLQFLGH ZLWK WKRVH IRXQG LQ WKLV
WKHVLV LQ WKH VHQVH WKDWPDVWLF VKRZHGPRUH EODQFKLQJ WKDQ GDPPDU� DQG LQ WKLV WKHVLV�
D GHFUHDVH LQ WKH EDUULHU SURSHUWLHV ZDV RQO\ IRXQG LQ WKH FDVH RI PDVWLF�

7KHUHIRUH� LW LV FRQFOXGHG WKDW GDPPDU LV D PRUH VWDEOH YDUQLVK WKDQ PDVWLF� 7KH VX�
SHULRU SURSHUWLHV RI GDPPDU DUH DOVR VHHQ LQ WKH ZRUNV RI DUW� 0DVWLF ZDV D YDUQLVKHG
XVHG VLQFH DQWLTXLW\ XQWLO GDPPDU ZDV LQWURGXFHG� ZKLFK VXEVWLWXWHG PDVWLF GXH WR LWV
KLJKHU TXDOLW\ >��@�

,W ZDV REVHUYHG WKDW WKH GLƨXVLRQ FRHƫFLHQW RI ZDWHU LQ RLO LV RQH RUGHU RI PDJQLWXGH
KLJKHU WKDQ WKDW RI PDVWLF DQG GDPPDU� 7KDW PHDQV WKDW WKH ZDWHU GLƨXVLRQ LQ RLO LV
IDVWHU WKDQ LQ WKH YDUQLVKHV� $GGLWLRQDOO\� WKH SUHVHQFH RI D VLJQDO FKDUDFWHULVWLF RI FDU�
ER[\OLF DFLGV ZDV IRXQG LQ WKH RLOšV $75�)7,5 VSHFWUD DW ORQJ LPPHUVLRQ WLPHV� ZKLFK LV
DQ LQGLFDWLRQ RI DQ R[LGDWLRQ UHDFWLRQ RI WKH HVWHU JURXSV SUHVHQW LQ WKH RLO PROHFXOHV�
7KH RLO DOVR VKRZHG D WZR�VWHS GLƨXVLRQ SURƩOH LQ WKH $75�)7,5 VSHFWURVFRS\ H[SHU�
LPHQWV� 7KH (,6 GDWD GLG QRW VKRZ DQ\ VLJQV RI VZHOOLQJ RU KHWHURJHQHRXV GLƨXVLRQ�
7KHUHIRUH� WKHPRVW SUREDEOH FDXVH IRU WKHZDWHU LQWHQVLW\ LQFUHDVH DIWHU VDWXUDWLRQ VHHQ
LQ WKH$75�)7,5 VSHFWURVFRS\ H[SHULPHQWV LV D �SDUWLDO� GHWDFKPHQW RI WKH RLO ƩOP�ZKLFK
ZDV REVHUYHG DIWHU WKH H[SHULPHQW ƩQLVKHG�

$UVHQLWHV DQG DUVHQDWHV GL݉XVLRQ

7KH GLƨXVLRQ FRHƫFLHQWV RI DUVHQLWHV DQG DUVHQDWHV LQ GDPPDU DQG PDVWLF FDOFXODWHG
ZLWK (,6 DUH SUHVHQWHG LQ 7DEOH ����� )LUVW RI DOO� WKH GLƨXVLRQ FRHƫFLHQWV HVWLPDWHG IURP
WKH GLƨHUHQW PHWKRGV DUH VLPLODU EHWZHHQ HDFK RWKHU� ZKLFK LQGLFDWHV WKDW QR PDWWHU
ZKDWPHWKRG LV XVHG� WKH\ \LHOG VLPLODU YDOXHV� ,W ZDV QRW SRVVLEOH WR FRPSDUH WKH FRHƫ�
FLHQWV WR RWKHU UHSRUWHG YDOXHV VLQFH� WR RXU NQRZOHGJH� RQO\ WKH GLƨXVLRQ FRHƫFLHQWV RI
DUVHQLWHV DQG DUVHQDWHV LQ ZDWHU� DQG QRW LQ RWKHU PHGLD� DUH UHSRUWHG� 7KH VDPH KROGV
IRU VLPLODU VSHFLHV� VXFK DV SKRVSKDWHV� 1HYHUWKHOHVV� WKH PDJQLWXGHV RI WKH GLƨXVLRQ
FRHƫFLHQWV LQ ZDWHU DUH QRW FRPSDUDEOH VLQFH WKH GLƨXVLRQ WKURXJK D VROLG PDWHULDO
LV FRPSOHWHO\ GLƨHUHQW� +RZHYHU� LW LV SRVVLEOH WR FRPSDUH WKH WUHQGV DQG WKH JHQHUDO
EHKDYLRXU RI WKH VSHFLHV�



���� 'LVFXVVLRQ ���

7DEOH ����� &DOFXODWHG DUVHQLWH DQG DUVHQDWH GLƨXVLRQ FRHƫFLHQWV IRU
GDPPDU DQG PDVWLF LQ FP� V−��

0HWKRG 'DPPDU 0DVWLF
$UVHQLWH $UVHQDWH $UVHQDWH

)LWWLQJ �.��×��−�� �.��×��−�� �.��×��−��

6ORSH =š �.��×��−�� �.��×��−�� �.��×��−��

6ORSH =Ť �.��×��−�� �.��×��−�� �.��×��−��

7KH GLƨXVLRQ FRHƫFLHQW RI DUVHQLWHV LQ GDPPDU LV KLJKHU WKDQ WKDW RI DUVHQDWHV� ZKLFK
LV DOVR WKH FDVH IRU WKH GLƨXVLRQ RI WKLV VSHFLHV LQ ZDWHU >��� ��@� 7KLV KDV WR GR ZLWK
WKH ODUJHU VL]H RI DUVHQDWHV FDXVHG E\ D ODUJHU K\GUDWLRQ OD\HU� 7KH GLƨXVLRQ RI DUVHQDWHV
LQ GDPPDU LV IDVWHU WKDQ LQ PDVWLF� DV VXJJHVWHG E\ WKH GLƨXVLRQ FRHƫFLHQWV VHSDUDWHG
E\ RQH RUGHU RI PDJQLWXGH� 7KLV GLƨHUHQFH PD\ EH FDXVHG E\ WKH GLƨHUHQW SRODULW\ DQG
VWUXFWXUH RI WKH WZR YDUQLVKHV� :KLOH QR OLWHUDWXUH ZDV IRXQG DERXW WKH GLƨHUHQFHV
LQ DUUDQJHPHQW RI WKH GDPPDU DQG PDVWLF VWUXFWXUHV RU WKHLU SRURVLW\� LWV FRPSRVLWLRQ
KDV EHHQZHOO VWXGLHG� ,W KDV EHHQ IRXQG WKDWPDVWLF LV VOLJKWO\PRUH SRODU WKDQ GDPPDU
>��@� 7KH SRODU JURXSV LQVLGH WKH FRDWLQJV KDYH LQWHUDFWLRQVZLWK WKH GLƨXVLQJPROHFXOHV�
ZKLFK UHGXFH WKH GLƨXVLRQ UDWH� 7KH PRUH SRODU JURXSV LQVLGH WKH FRDWLQJ� WKH PRUH
LQWHUDFWLRQV DQG WKXV� D VORZHU GLƨXVLRQ� 6LQFH PDVWLF LV PRUH SRODU WKDQ GDPPDU� WKH
GLƨXVLRQ RI DUVHQDWHV LQ WKLV YDUQLVK LV H[SHFWHG WR EH VORZHU �QRW WDNLQJ LQWR DFFRXQW
WKH HƨHFW RI WKH SRURVLW\�� MXVW DV LV VHHQ LQ WKH FDOFXODWHG GLƨXVLRQ FRHƫFLHQWV�

$OWKRXJK WKH PDJQLWXGH RI WKH GLƨXVLRQ FRHƫFLHQWV FDQQRW EH SURYHG RU FRPSDUHG WR
D UHIHUHQFH� WKH WHQGHQF\ LQ WKH GLƨXVLRQ FRHƫFLHQW YDOXHV LV LQ DFFRUGDQFH ZLWK ZKDW
LV NQRZQ DERXW ERWK WKH SURSHUWLHV RI DUVHQLWHV DQG DUVHQDWHV DQG WKH SURSHUWLHV RI WKH
YDUQLVKHV�

0HWKRGRORJ\

(,6 DQG $75�)7,5 VSHFWURVFRS\ SURYHG WR EH WZR FRPSOHPHQWDU\ WHFKQLTXHV IRU WKLV
UHVHDUFK LQ WKH VHQVH WKDW QRW RQO\ WKH\ SURYLGH GLƨHUHQW W\SHV RI LQIRUPDWLRQ DERXW D
V\VWHP EXW DOVR EHFDXVH WKH\ DOORZ WR FDOFXODWH WKH VDPH SDUDPHWHU E\ PHDVXULQJ GLI�
IHUHQW SURSHUWLHV RI WKH PDWHULDOV� )RU H[DPSOH� WKH GLƨXVLRQ FRHƫFLHQW� ,Q RQH KDQG�
LQ $75�)7,5 VSHFWURVFRS\ WKH YLEUDWLRQ EHWZHHQ WKH DWRPV RI ZDWHU PROHFXOHV DUH GH�
WHFWHG RQFH WKH\ KDYH FURVVHG WKH HQWLUH WKLFNQHVV RI WKH FRDWLQJ� 7KH FKDQJH LQ FRQ�
FHQWUDWLRQ LQ WKH FU\VWDO�FRDWLQJ LQWHUIDFH LV HVWLPDWHG DQG WKXV� D GLƨXVLRQ FRHƫFLHQW LV
FDOFXODWHG� 2Q WKH RWKHU KDQG� WKH FDOFXODWLRQ LQ (,6 LV EDVHG LQ KRZ WKH FDSDFLWDQFH RI
WKH FRDWLQJ DV D ZKROH FKDQJHV DV ZDWHU HQWHUV WKH FRDWLQJ� 7KH FKDQJH LQ FDSDFLWDQFH
LV OLQNHG WR WKHZDWHU XSWDNH RI WKH FRDWLQJ DQG WKHUHIRUH� WKH GLƨXVLRQ FRHƫFLHQW LV FDO�
FXODWHG� 7KH SRVVLELOLW\ WR FDOFXODWH WKH FRHƫFLHQW E\ WZR GLƨHUHQW WHFKQLTXHV EDVHG RQ
GLƨHUHQW SULQFLSOHV� PDNHV WKH UHVXOW PRUH UHOLDEOH�

+RZHYHU� LW LV QRW DOZD\V WKH FDVH WKDW D WHFKQLTXH FDQ SURYLGH UHVXOWV IRU DOO W\SHV RI V\V�
WHPV VLQFH WKH\ FRPH ZLWK H[SHULPHQWDO OLPLWDWLRQV� )RU H[DPSOH� WKH ZDWHU GLƨXVLRQ



��� &KDSWHU �� 5HVXOWV LQ�VLWX

FRHƫFLHQW RI PDVWLF FRXOG QRW EH PHDVXUHG ZLWK (,6 GXH WR WKH GHFUHDVH LQ LWV FDSDF�
LWDQFH EXW LW ZDV SRVVLEOH WR VWXG\ LW ZLWK $75�)7,5 VSHFWURVFRS\ VLQFH WKH PHDVXUHG
UHVSRQVH RI WKLV WHFKQLTXH LV GLƨHUHQW� 2Q WKH RWKHU KDQG� WKH GLƨXVLRQ RI DUVHQLWH DQG
DUVHQDWH FRXOG EH VWXGLHG ZLWK (,6 VLQFH WKLV WHFKQLTXH DOORZV WR GLVWLQJXLVK EHWZHHQ
WKH GLƨHUHQW SURFHVVHV DQG VWXG\ WKHP VHSDUDWHO\� ZKLOH WKH LQWHUIHUHQFH RI WKH VLJQDOV
LQ WKH $75�)7,5 VSHFWUD PDGH LW LPSRVVLEOH� 7KHUHIRUH� WKH SURSRVHG PHWKRGRORJ\ DO�
ORZV WKH DQDO\VLV RI WKLV W\SH RI V\VWHPV� 6RPHWLPHV RQH WHFKQLTXH LV PRUH VXLWDEOH WR
VWXG\ RQH V\VWHP WKDQ WKH RWKHU� %XW XQGRXEWHGO\� D FRPELQDWLRQ RI ERWK WHFKQLTXHV
DOORZV WR KDYH DPRUH FRPSOHWH SLFWXUH RI WKH V\VWHP DQG WKXV� D EHWWHU XQGHUVWDQGLQJ�

$75�)7,5 VSHFWURVFRS\

1DWXUDOO\� HDFK RI WKH WHFKQLTXHV KDV LQKHUHQW OLPLWDWLRQV DQG FRPSOLFDWLRQV� $V RE�
VHUYHG LQ WKH $75�)7,5 VSHFWURVFRS\ H[SHULPHQWV� WKH EDVHOLQH RI WKH VSHFWUD LV KLJKO\
VHQVLWLYH WR D QXPEHU RI IDFWRUV VXFK DV WKH HQYLURQPHQWDO WHPSHUDWXUH� WKH GHWHFWRUšV
WHPSHUDWXUH DQG WKH DOLJQPHQW RI WKH VDPSOH LQVLGH WKH FHOO�

6LQFH WKH WHPSHUDWXUH RI WKH ODE LV QRW FRQWUROOHG DQG WKH SHULRG RI WKH H[SHULPHQWV
ZDV �� KRXUV� WKHUH ZHUH FKDQJHV LQ WKH WHPSHUDWXUH RI WKH HQYLURQPHQW WKDW DƨHFWHG
WKH PHDVXUHPHQWV� 7KH YROXPHV XVHG LQ WKH FHOO RI WKH $75�)7,5 VSHFWURPHWHU DUH DS�
SUR[LPDWHO\ � PO� ZKLFK GXULQJ H[SHULPHQWV LQ KRW GD\V� FRPSOHWHO\ HYDSRUDWHG� 7KH
WHPSHUDWXUH RI WKH GHWHFWRU LV DQRWKHU LPSRUWDQW IDFWRU� ,W LV PDQXDOO\ ƩOOHG ZLWK OLT�
XLG QLWURJHQ WR NHHS WKH WHPSHUDWXUH ORZ GXULQJ WKH PHDVXUHPHQWV� 'XULQJ WKHVH ORQJ
H[SHULPHQWV LW LV QHFHVVDU\ WR UHƩOO WKH FKDPEHU D FRXSOH RI WLPHV� ,W ZDV REVHUYHG WKDW
WKHPHDVXUHPHQWV GRQH EHIRUH DQG DIWHU UHƩOOLQJ WKH FKDPEHU� YDU\ VLJQLƩFDQWO\� DV FDQ
EH VHHQ LQ WKHZDWHU GLƨXVLRQ LQPDVWLF H[SHULPHQW� 7KH DOLJQPHQW RI WKH FHOO LV DQRWKHU
IDFWRU WR WDNH FDUH RI� 7KH VDPSOHPXVW EH GLVDVVHPEOHG DIWHU WDNLQJ WKH EDFNJURXQG WR
FRDW WKH $75�FU\VWDO DQG UHDVVHPEOHG WR WDNH WKH PHDVXUHPHQWV� ,I WKH DOLJQPHQW RI
WKH FU\VWDO LQ WKH FHOO LV GLƨHUHQW WKDQ WKDW ZKHQ WKH EDFNJURXQG VSHFWUD ZDV WDNHQ� WKH
EDVHOLQH RI WKH QHZPHDVXUHG VSHFWUD ZLOO EH GLƨHUHQW� ,Q WKH FDVH RI WKH RLO� WKH FKDQJH
ZDV VXFK WKDW D QHZ EDFNJURXQG RI WKH DOUHDG\ FRDWHG VDPSOH KDG WR EH WDNHQ WR SHU�
IRUP WKH PHDVXUHPHQWV� ZKLFK LV QRW LGHDO VLQFH WKH RLO SHDNV FDQQRW EH QRUPDOL]HG
DJDLQVW WKH RULJLQDO SHDNV�

0RUHRYHU� WKH EDVHOLQH PXVW EH FRUUHFWHG LQ RUGHU WR KDYH D FRPPRQ EDVHOLQH IRU DOO
WKH VSHFWUD DQG EH DEOH WR LQWHJUDWH WKH SHDNV WR FUHDWH D FRQFHQWUDWLRQ SURƩOH� 7KH
VRIWZDUH XVHG WR FRQWURO WKH VSHFWURPHWHU KDV DQ RSWLRQ WR DXWRPDWLFDOO\ FRUUHFW WKH
EDVHOLQH� +RZHYHU� LW GRHV VR GLƨHUHQWO\ IRU HYHU\ VSHFWUD� 7KHUHIRUH� LW ZDV GHFLGHG WR
SUHIRUP D FRUUHFWLRQ ZLWK 0DWODE WR DOO RI WKH VSHFWUD LQ WKH VDPH PDQQHU� 7KLV ZD\�
D PRUH DFFXUDWH TXDQWLƩFDWLRQ RI WKH LQWHJUDWHG LQWHQVLWLHV LV GRQH DQG WKH GLƨHUHQW
VSHFWUD LV FRPSDUDEOH WR HDFK RWKHU�

,Q WKH DUVHQLF GLƨXVLRQ H[SHULPHQWV� WKH DUVHQDWHV SHDN LV ORFDWHG LQ D UHJLRQ RI ORZ
ZDYHQXPEHUV� ZKLFK LV DƨHFWHG VLQFH LW LV FORVH WR WKH GHWHFWLRQ OLPLW RI WKH LQVWUXPHQW�
$OVR� WKH LQWHUSUHWDWLRQ RI WKH VSHFWUD EHFRPHV FRPSOLFDWHG ZKHQ VLPXOWDQHRXV SUR�
FHVVHV DUH WDNLQJ SODFH DW WKH LQWHUIDFH RI WKH FU\VWDO DQG WKH VLJQDOV RI DOO WKH SURFHVVHV



���� 'LVFXVVLRQ ���

FKDQJH ZLWK WLPH DQG RYHUODS� ,Q WKLV FDVH� WKH SURFHVVHV WDNLQJ SODFH ZHUH WKH SHQH�
WUDWLRQ RI ZDWHU WR WKH FRDWLQJ� WKH UHDFWLRQ RI WKH ZDWHU ZLWK WKH DOXPLQLXP OD\HU� WKH
GLƨXVLRQ RI DUVHQDWHV WKURXJK WKH FRDWLQJ DQG WKH FRDWLQJ EHLQJ GHWHFWHG DV D QHJDWLYH
LQWHQVLW\ DJDLQVW WKH EDFNJURXQG� +HQFH� WKH GLƨXVLRQ RI DUVHQLF VSHFLHV WKURXJK WKH
FRDWLQJ ZDV QRW SRVVLEOH�

(,6

(,6 LV D WHFKQLTXH WKDW DOORZV WR VWXG\ VLPXOWDQHRXV SURFHVVHV DW GLƨHUHQW GHSWKV RI WKH
VDPSOH IURP WKH HOHFWURO\WH WR WKHPHWDO� LQYROYLQJ WKH FRDWLQJ� GRXEOH OD\HU� R[LGH OD\HU
RU DQ\ RWKHU LQWHUPHGLDWH OD\HUV� (DFK RI WKH SURFHVVHV DUH PRGHOOHG DV DQ HOHFWULFDO
HOHPHQW FRQQHFWHG WRJHWKHU WR IRUP DQ HTXLYDOHQW FLUFXLW� $V D FRQVHTXHQFH� FDUHPXVW
EH WDNHQ ZKHQ FKRRVLQJ WKH HTXLYDOHQW FLUFXLW WKDW GHVFULEHV WKH GDWD� $ FLUFXLW FDQ EH
EXLOW ZLWK DQ\ QXPEHU RI HOHFWULFDO HOHPHQWV� 7KH PRUH HOHFWULFDO HOHPHQWV� WKH EHWWHU
WKH ƩW RI WKH H[SHULPHQWDO GDWD� EXW WKLV GRHV QRW PHDQ WKDW WKH HTXLYDOHQW FLUFXLW LV
GHVFULELQJ WKH SK\VLFDO V\VWHP� (DFK RI WKH HOHPHQWV PXVW EH OLQNHG WR D SURFHVV WDNLQJ
SODFH LQ WKH VDPSOH� ZKLFK DUH QRW DOZD\V FOHDU DQG HDVLO\ LGHQWLƩDEOH EXW PXVW DOZD\V
EH FRUUHFWO\ GHVFULEHG E\ WKH HOHFWULFDO HOHPHQWV LQ WKH FLUFXLW� )XUWKHUPRUH� LQ WKH =9LHZ
VRIWZDUH WKH (,6 GDWD LV ƩWWHG WR D FKRVHQ HTXLYDOHQW FLUFXLW� 7KH LQLWLDO YDOXHV JLYHQ WR
WKH ƩWWLQJ SDUDPHWHUV �ZKLFK DUH WKH HOHFWULFDO HOHPHQWV� PXVW EH FDUHIXOO\ FKRVHQ WR
SURGXFH D JRRG ƩW� 6RPHWLPHV LW LV UHFRPPHQGDEOH WR SHUIRUP D VLPXODWLRQ ZLWK WKH
LQLWLDO YDOXHV DQG FKDQJH WKRVH WKDW GHYLDWH IURP WKH GDWD WR EH DEOH WR SURGXFH D ƩW�

7KH GLƨXVLRQ RI LRQV� IURP DQ H[SHULPHQWDO SRLQW RI YLHZ� LV D FRPSOLFDWHG DQG QRW FRP�
PRQO\ VWXGLHG VXEMHFW� +HQFH� WKH OLWHUDWXUH LV VFDUFH� VSHFLDOO\ WKH RQH FRQFHUQLQJ WKH
:DUEXUJ LPSHGDQFH� $OVR� WKH ƩWWLQJ RI WKH :DUEXUJ LPSHGDQFH LV SRRUO\ GHVFULEHG LQ
WKH VRIWZDUH GRFXPHQWDWLRQ� 7KH ƩWWLQJ RI WKH :DUEXUJ PXVW EH FKRVHQ DFFRUGLQJ WR
RQH RI WKH WKUHH :DUEXUJ LPSHGDQFH FDVHV� VHPL�LQƩQLWH GLƨXVLRQ� ƩQLWH�OHQJWK GLƨX�
VLRQ LQ D WUDQVPLVVLYH ERXQGDU\ RU ƩQLWH�OHQJWK GLƨXVLRQ LQ D FRQGXFWLYH ERXQGDU\� DV
WKH GLƨXVLRQ FRHƫFLHQW FDOFXODWLRQ KLJKO\ GHSHQGV RQ ZKLFK FDVH LV VHOHFWHG� 7KH VH�
OHFWLRQ LV PDGH DFFRUGLQJ WR WKH VKDSH RI WKH ORZ IUHTXHQF\ UHJLRQ RI WKH (,6 GDWD DQG
WR WKH H[SHFWHG EHKDYLRXU EDVHG RQ SUHYLRXV NQRZOHGJH�
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&RQFOXVLRQV DQG UHFRPPHQGDWLRQV

��� &RQFOXVLRQV

,Q WKLV WKHVLV� WKH PLJUDWLRQ RI WKH GHJUDGDWLRQ SURGXFWV RI WKH SLJPHQWV RUSLPHQW DQG
UHDOJDU ZDV VWXGLHG� 7KH WKHVLV FRPSULVHG WZR SDUWV ZLWK GLƨHUHQW DSSURDFKHV� )LUVW�
H[�VLWX PHDVXUHPHQWV ZHUH GRQH LQ D SDLQWLQJ UHFRQVWUXFWLRQ WU\LQJ WR LPLWDWH WKH UHDO
FRQGLWLRQV RI D SDLQWLQJ� 7KH DQDO\VLV ZDV SHUIRUPHG ZLWK LPDJLQJ WHFKQLTXHV DQG WKH
PDWHULDOV XVHG ZHUH WKH LQWDFW SLJPHQW DQG GLƨHUHQW JURXQGV DSSOLHG WR D FDQYDV� 7KH
VHFRQGDSSURDFKZDVEDVHGRQ LQ�VLWXPHDVXUHPHQWV WR WU\ WR XQGHUVWDQG WKHPLJUDWLRQ
RI DOUHDG\ GHJUDGHG SLJPHQWV WKURXJK SDLQWLQJ PDWHULDOV� 7KH SRVVLELOLW\ WR VWXG\ WKH
GLƨXVLRQ RI ZDWHU� DUVHQLWHV DQG DUVHQDWHV LQ YDUQLVKHV DQG RLO ZLWK (,6 DQG $75�)7,5
VSHFWURVFRS\ ZDV H[SORUHG�

7KH FURVV�VHFWLRQV RI SDLQWLQJ UHFRQVWUXFWLRQV WKDW FRQVLVW RI GLƨHUHQW JURXQGV �FKDON�
HDUWK SLJPHQW DQG OHDG ZKLWH� DQG D OD\HU RI RUSLPHQW RQ WRS ZHUH DQDO\VHG E\ 6(0
DQG )7,5 PLFURVFRS\� ,W ZDV REVHUYHG WKDW WKLQQHU VDPSOHV FRQWDLQHG R[LGDWLRQ SURG�
XFWV GLVSHUVHG WKURXJKRXW WKH RUSLPHQW OD\HU� ZKHUHDV WKLFNHU VDPSOHV SUHVHQWHG DQ
R[LGDWLRQ IURQW LQ WKH XSSHU SDUW RI WKH VDPSOH� 7KLV LV FDXVHG EHFDXVH WKH LQQHU SDUW
RI WKH VDPSOH LQ D WKLFN OD\HU KDV OHVV DFFHVV WR OLJKW� ZDWHU DQG R[\JHQ WKDQ WKH XSSHU
SDUW DQG DV D FRQVHTXHQFH� WKH R[LGDWLRQ SURFHVV LV OLPLWHG�

%\ WKH WZR LPDJLQJPHWKRGV� LW ZDV IRXQG WKDW DUVHQLF LV FRQƩQHG WR WKH RUSLPHQW OD\HU
LQ DOO WKH VDPSOHV� $ VPDOO DPRXQW RI DUVHQLF ZDV IRXQG LQ WKH JURXQG FORVH WR WKH LQ�
WHUIDFH EHWZHHQ WKH RUSLPHQW DQG JURXQG� +RZHYHU� LW LV QRW D ODUJH HQRXJK TXDQWLW\ WR
FRQFOXGH WKDW PLJUDWLRQ RI DUVHQLF IURP WKH RUSLPHQW OD\HU LQWR WKH JURXQG WRRN SODFH�
,W LV WKHUHIRUH UHFRPPHQGHG WR SURORQJ WKH OLJKW DJHLQJ SURFHVV WR WU\ WR DFFHOHUDWH WKH
PLJUDWLRQ RI DUVHQLF� VLQFH ZLWKLQ WKLV WLPH LW ZDV QRW REVHUYHG�

,Q WKH LQ�VLWX H[SHULPHQWV� WKH GLƨXVLRQ FRHƫFLHQW RI ZDWHU LQ GDPPDU� PDVWLF DQG RLO
ZDV GHWHUPLQHG E\ $75�)7,5 VSHFWURVFRS\� 7KH GLƨXVLRQ FRHƫFLHQWV RI GDPPDU DQG
RLO ZHUH FRQƩUPHG E\ (,6� 7KH ZDWHU GLƨXVLRQ LQ WKH YDUQLVKHV SURYHG WR EH IDVWHU WKDQ
LQ WKH RLO� )XUWKHUPRUH� WKH ZDWHU LQ PDVWLF DQG RLO VKRZHG D QRQ�)LFNLDQ GLƨXVLRQ�



��� &KDSWHU �� &RQFOXVLRQV DQG UHFRPPHQGDWLRQV

ZKLFK FRQVLVW LQ D WZR�VWHS SURƩOH� ZKHUH ƩUVW WKHUH LV D IDVW LQFUHDVH LQ WKHZDWHU XSWDNH
IROORZHG E\ D VORZHU GLƨXVLRQ� ,Q PDVWLF� WKLV LV EHOLHYHG WR EH FDXVHG E\ D GHFUHDVH LQ
WKH EDUULHU SURSHUWLHV� ZKLFK DOORZVPRUH ZDWHU WR SHQHWUDWH� ,Q RLO� LW ZDV DVVRFLDWHG WR
WKH �SDUWLDO� GHWDFKPHQW RI WKH ƩOP IURP WKH FU\VWDO� ZKLFK ZDV FRQƩUPHG ZLWK YLVXDO
H[DPLQDWLRQ�

7KH GLƨXVLRQ RI DUVHQDWHV DQG DUVHQLWHV LQ GDPPDU� DV ZHOO DV WKH DUVHQDWHV LQ PDV�
WLF� ZDV TXDQWLƩHG ZLWK (,6� 7KH YDOXHV FDOFXODWHG VKRXOG EH UHJDUGHG DV D ƩUVW HVWLPD�
WLRQ RI WKH GLƨXVLRQ FRHƫFLHQWV VLQFH QR UHSRUWHG YDOXHV ZHUH IRXQG LQ WKH OLWHUDWXUH�
1RQHWKHOHVV� WKH UHODWLRQ EHWZHHQ WKH GLƨXVLRQ FRHƫFLHQWV RI DUVHQLWHV DQG DUVHQDWHV
LQ GDPPDU LV WKH VDPH DV WKH GLƨXVLRQ RI WKLV LRQV LQ ZDWHU� 7KH FDOFXODWHG GLƨXVLRQ
FRHƫFLHQW RI DUVHQLWHV LQ GDPPDU LV KLJKHU WKDQ WKDW RI DUVHQDWHV� ZKLFK LQGLFDWHV D
KLJKHU PRELOLW\ RI DUVHQLWHV LQ WKH YDUQLVK� 7KLV LV SDUWO\ FDXVHG E\ WKH ORZHU VL]H RI WKH
K\GUDWLRQ OD\HU RI DUVHQLWHV FRPSDUHG WR DUVHQDWHV�

,Q FRQFOXVLRQ� D ƩUVW DSSURDFK WR WKH GLƨXVLRQ RI DUVHQLF LQ SDLQWLQJ V\VWHPV ZDVPDGH�
7KH WZR WHFKQLTXHV SURYHG WR SURYLGH YDOXDEOH LQIRUPDWLRQ DQG FRPSOHPHQWHG HDFK
RWKHU IRU D EHWWHU XQGHUVWDQGLQJ RI WKH V\VWHP� $V VHHQ LQ WKLV WKHVLV� WKHPDLQ UHVHDUFK
TXHVWLRQ LV IDU PRUH FRPSOLFDWHG WKDW RULJLQDOO\ WKRXJKW DQG ZRXOG WKHUHIRUH UHTXLUH
IXUWKHU UHVHDUFK WR EH DQVZHUHG� ,Q WKH QH[W VHFWLRQ� UHFRPPHQGDWLRQV IRU IXWXUH ZRUN
DUH SUHVHQWHG�

��� 5HFRPPHQGDWLRQV
Ũ 6LQFH QRPLJUDWLRQZDV REVHUYHG LQ WKH SDLQWLQJ UHFRQVWUXFWLRQ FURVV VHFWLRQV� LW LV
DGYLVHG WR DUWLƩFLDOO\ DJH WKH VDPSOHV IXUWKHU� ,Q VRPH RI WKH FURVV�VHFWLRQV WKDW
KDG D WKLFN RUSLPHQW OD\HU� PRVW RI WKH R[LGDWLRQ SURGXFWV ZHUH IRXQG LQ WKH XS�
SHU SDUW RI WKH VDPSOH� DZD\ IURP WKH JURXQG� %\ LQFUHDVLQJ WKH WLPH RI DUWLƩFLDO
DJHLQJ� WKH R[LGDWLRQ RI WKH RUSLPHQW LV HQVXUHG LQ DOO WKH OD\HU VR WKH PLJUDWLRQ
RI DUVHQLWH RU DUVHQDWH ZLOO EH HQKDQFHG� 0RUHRYHU� LW LV UHFRPPHQGHG WR SUR�
GXFH OD\HUV ZLWK WKH VDPH WKLFNQHVV IRU DOO WKH VDPSOHV WR EH DEOH WR FRPSDUH WKH
PLJUDWLRQ WLPHV DQG WKH HƨHFW RI WKH JURXQGV LQ WKH GLƨXVLRQ�

Ũ 7KH DQDO\VLV RI WKH FURVV�VHFWLRQV ZLWK D WHFKQLTXH ZLWK D KLJKHU UHVROXWLRQ� VXFK
DV V\QFKURWURQ EDVHG WHFKQLTXHV OLNH ;$1(6� FRXOG PRUH DFFXUDWHO\ LGHQWLI\ WKH
VPDOO DPRXQWV RI DUVHQLF WKDWPLJKW KDYHPLJUDWHG LQWR WKH OD\HU DQGGLƨHUHQWLDWH
WKH R[LGDWLRQ VWDWHV RI WKH FRPSRXQGV� 7KLV ZLOO DOORZ D EHWWHU XQGHUVWDQGLQJ RI
WKH R[LGDWLRQ DQG PLJUDWLRQ PHFKDQLVP LQ WKH SDLQWLQJ UHFRQVWUXFWLRQV�

Ũ 'XH WR WLPH FRQVWUDLQWV� WKH UHSURGXFLELOLW\ RI WKH H[SHULPHQWV ZDV QRW WHVWHG�
7KHUHIRUH� LW LV UHFRPPHQGHG WR UHSHDW WKH ZDWHU GLƨXVLRQ DQG DUVHQLF GLƨXVLRQ
H[SHULPHQWV E\ WKH WZR WHFKQLTXHV�

Ũ $ PHWKRG WR FDOFXODWH WKH GLƨXVLRQ FRHƫFLHQW RI DUVHQLWHV DQG DUVHQDWHV ZLWK
WKH :DUEXUJ HOHPHQW ZDV SURSRVHG� $V DOUHDG\ PHQWLRQHG� WKH YDOXHV VKRXOG EH
UHJDUGHG DV D ƩUVW DSSURDFK VLQFH WKHUH DUH QR YDOXHV UHSRUWHG LQ WKH OLWHUDWXUH WR



���� 5HFRPPHQGDWLRQV ���

FRPSDUH ZLWK� +RZHYHU� LW UHVXOWHG WR EH D SURPLVLQJ PHWKRG VLQFH LW LV LQ DFFRU�
GDQFH ZLWK WKH REVHUYHG WUHQGV RI DUVHQLWH DQG DUVHQDWH GLƨXVLRQ LQ ZDWHU� )RU
LWV DSSOLFDWLRQ WR RWKHU V\VWHPV� WKHPHWKRG VKRXOG EH YHULƩHG� 7KLV PD\ EH GRQH
E\ GHWHUPLQLQJ WKH GLƨXVLRQ FRHƫFLHQWV FDOFXODWHG ZLWK WKH:DUEXUJ HOHPHQW E\
RWKHU WHFKQLTXHV VXFK DV 5DPDQ VSHFWURVFRS\ DQG FRPSDUH WKHP�

Ũ 2QH SDUDPHWHU WKDW LQƪXHQFHV WKH GLƨXVLRQ RI ERWK ZDWHU DQG DUVHQLF VSHFLHV LV
WKH VWDWH RI WKH FRDWLQJ� ,Q WKLV WKHVLV� WKH YDUQLVKHV DQ RLO XVHG ZHUH IUHVK� +RZ�
HYHU� WKLV PDWHULDOV DOVR GHJUDGH ZLWK WLPH� 7KH\ XQGHUJR D SURFHVV FDOOHG DXWR�
R[LGDWLRQ LQ ZKLFK WKH\ UHDFW ZLWK R[\JHQ IURP WKH HQYLURQPHQW WR SURGXFH IUHH
UDGLFDOV� 7KHVH IUHH UDGLFDOV FDQ UHDFW ZLWK HDFK RWKHU WR IRUP VPDOOHU PROHFXOHV�
RU FDQ UHDFW ZLWK RWKHU WULWHUSHQRLG PROHFXOHV �LQ WKH YDUQLVKHV� RU RWKHU IDWW\
DFLGV �LQ RLO� WR IRUP FURVV�OLQNV� %HVLGHV FKDQJLQJ WKH VWUXFWXUH RI WKH YDUQLVK� WKH
QXPEHU RI PROHFXOHV ZLWK R[\JHQ FRQWDLQLQJ IXQFWLRQDO JURXSV LQFUHDVHV� ZKLFK
PD\ OHDG WR D KLJKHU ZDWHU XSWDNH >��� ��@�

Ũ $ UHFRPPHQGDWLRQ RI IXWXUH ZRUN LV WR VWXG\ WKH HƨHFW WKDW DGGLQJ SLJPHQWV WR
WKH RLO KDV RQ WKH DUVHQLF VSHFLHV GLƨXVLRQ� $V UHSRUWHG LQ WKH SDLQWLQJ FDVH VWXGLHV
SUHVHQWHG LQ WKH LQWURGXFWLRQ� DUVHQLF ZDV IRXQG IRUPLQJ FRPSRXQGV ZLWK OHDG
SDUWLFOHV IURP WKH OHDG ZKLWH SDLQW OD\HU >�� �@� 7KHUHIRUH� WKH WUDQVSRUW RI DUVHQLF
PD\ EH LQƪXHQFHG E\ WKH SUHVHQFH RI WKLV SDUWLFOHV� 7KH ƩUVW VWHS ZRXOG EH WR
VWXG\ KRZ WKH GLƨXVLRQ RI ZDWHU FKDQJHV ZKHQ DGGLQJ SLJPHQWV WR WKH RLO DQG
DIWHUZDUGV� DQDO\VH WKH GLƨXVLRQ RI DUVHQLWH DQG DUVHQDWH WKURXJK WKLV OD\HU� $V
VHHQ LQ WKLV WKHVLV� WKH GLƨXVLRQ RI ZDWHU PD\ EH VWXGLHG ZLWK $75�)7,5 VSHF�
WURVFRS\ DQG (,6 ZKLOH WKH GLƨXVLRQ RI DUVHQLF ZLWK (,6�
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