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*LYHQ DUH WKH UHVXOWV RI FDOFXODWLRQ RI VWUHVVHG VWDWH RI WKH ZDOO RI D FRLOHG WDQN ZLWK D FDSDFLW\ RI ������ P
�
LQ ZHOGLQJ�LQ

RI LQVHUW SODWHV� 7KHRUHWLFDO HVWLPDWLRQ RI WKH SRVVLELOLW\ RI ORVV RI VWDELOLW\ RI WKH ZDOO GXH WR WKH HIIHFW RI UHVLGXDO

ZHOGLQJ VWUHVVHV LV SUHVHQWHG� ,W LV VKRZQ WKDW WKH ZHOGLQJ WHFKQRORJ\ UHFRPPHQGHG E\ VWDQGDUGV IDLOV WR SURYLGH

UHWHQWLRQ RI WKH GHVLJQHG JHRPHWULFDO VKDSH RI WKH ZDOO LQ WKH FDVH RI UHSODFHPHQW RI LWV YHUWLFDO DVVHPEO\ ZHOGHG MRLQWV

DUUDQJHG LQ OLQH E\ MRLQWV ZLWK WKH ZHOGV VHSDUDWHG LQ FKRUGV�

.H\ ZRU G V � RYHUKDXO� YHUWLFDO F\OLQGULFDO VWHHO WDQNV�

FRLOHG ELOOHWV� YHUWLFDO DVVHPEO\ MRLQWV LQ ZDOO� ZHOGLQJ VWUHVVHV�

VWDELOLW\

5HFRYHU\ RI SHUIRUPDQFH RI YHUWLFDO DVVHPEO\ ZHOGHG
MRLQWV� DUUDQJHG LQ OLQH� LQ D ZDOO RI FRLOHG F\OLQGULFDO
WDQNV RI D KLJK FDSDFLW\ ������� P�

DQG PRUH�� LQ�

WHQGHG IRU RLO DQG RLO SURGXFWV VWRUDJH� GXULQJ WKHLU
RYHUKDXO LV D WRSLFDO SUREOHP >�@�

$V QRWHG LQ >�@� IRU D FDVH RI H[LVWLQJ YHUWLFDO
DVVHPEO\ MRLQWV DUUDQJHG LQ OLQH� WKH RSWLPDO VROXWLRQ

RI WKLV SUREOHP LV WR UHSODFH WKHP E\ WKH MRLQWV ZLWK

VHSDUDWHG ZHOGV� DFFRUGLQJ WR WKH UHTXLUHPHQWV RI WKH

VWDQGDUG RI 8NUDLQH >�@� 6HSDUDWHG DVVHPEO\ MRLQWV

DUH PDGH E\ ZHOGLQJ VSHFLDO LQVHUW SODWHV LQWR WKH

WDQN ZDOO RYHU LWV HQWLUH KHLJKW >�� �@�
7KH H[SHULHQFH DYDLODEOH LQ WKLV DUHD VKRZHG WKDW

RQH RI WKH PDLQ REVWDFOHV WR VXFFHVVIXO UHDOLVDWLRQ RI

WKH PHWKRG VXJJHVWHG IRU UHFRYHU\ RI SHUIRUPDQFH RI

WKH ZDOO LV IRUPDWLRQ LQ WKH UHSDLU ORFDWLRQV RI ORFDO
GHYLDWLRQV IURP WKH GHVLJQHG VKDSH� PXFK LQ H[FHVV
RI WKRVH VSHFLILHG E\ VWDQGDUGV >�� �@�

7R UHYHDO FDXVHV RI IRUPDWLRQ RI LQDGPLVVLEOH ORFDO

GHYLDWLRQV RI WKH JHRPHWULFDO VKDSH� WKH (�2� 3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH FRPSOHWHG FDOFXODWLRQV RI
WKH VWUHVVHG VWDWH RI LQVHUWV DQG DGMRLQLQJ UHJLRQV LQ
ZHOGLQJ RI WKH LQVHUW SODWHV LQWR WKH KLJK�VWUHQJWK

��*�$) VWHHO ZDOO RI D FRLOHG WDQN ZLWK D IORDWLQJ
FRYHU �)LJXUH �� D� DQG D UDWHG FDSDFLW\ RI ������ P�

�GLDPHWHU x �� P DQG ZDOO KHLJKW x �� P��
7KH SUREDELOLW\ RI D ORFDO ORVV RI VWDELOLW\ RI WKH

ZDOO XQGHU WKH HIIHFW RI ZHOGLQJ VWUHVVHV ZDV DOVR

HVWLPDWHG�

7KH FDOFXODWLRQV ZHUH PDGH ZLWK DOORZDQFH IRU

WKH ZHOGLQJ WHFKQRORJ\ VSHFLILHG E\ VWDQGDUGV >�@�
6HTXHQFH RI GHSRVLWLQJ WKH ZHOGV LQ WKLV FDVH LV VKRZQ
LQ )LJXUH �� E� 7KH ILUVW WR ZHOG ZHUH WKH YHUWLFDO

� 9�,� 0$.+1(1.2� $�<X� %$59,1.2� <X�3� %$59,1.2 DQG 3� 76,$5.296.<� ����

)LJXUH �� 6WUXFWXUDO VFKHPH RI ZHOGLQJ RI DQ LQVHUW SODWH LQWR WKH
ZDOO RI WKH ������ P

�

FRLOHG WDQN ZLWK D IORDWLQJ FRYHU� Dx JHQHUDO
YLHZ� Ex VHTXHQFH RI PDNLQJ WKH ZHOGV LQ DFFRUGDQFH ZLWK GRFX�
PHQW >�@� F� G x SUHSDUDWLRQ RI HGJHV IRU PDNLQJ YHUWLFDO DQG
KRUL]RQWDO ZHOGV� UHVSHFWLYHO\
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ZRUNLQJ ZHOGV LQ WZR QHLJKERXULQJ LQVHUW SODWHV� WKHQ
IROORZHG WKH KRUL]RQWDO ZHOG EHWZHHQ WKHP� ,QVHUWV
ZHUH ZHOGHG LQ VXFFHVVLRQ LQ WKH XSZDUG GLUHFWLRQ�
:HOGLQJ ZDV FDUULHG RXW XVLQJ FRYHUHG HOHFWURGHV
� PP LQ GLDPHWHU� (GJH SUHSDUDWLRQ� ZHOGLQJ SDUDPH�
WHUV DQG TXDQWLW\ RI SDVVHV IRU ILOOLQJ WKH JURRYH DUH
JLYHQ LQ )LJXUH �� F� G DQG LQ 7DEOHV � DQG �� 7KH
LQVHUW SODWHV ZHUH PDGH IURP WKH ��*�)% VWHHO SODWH�
6WUHQJWK SURSHUWLHV RI WKH ZHOG PHWDO� VWHHOV ��*�$)
DQG ��*�)% DUH JLYHQ LQ 7DEOHV � DQG ��

:HOGLQJ RI LQVHUW SODWHV LQWR WKH WDQNZDOO LV VWLSX�
ODWHG E\ WKH QHFHVVLW\ RI SHUIRUPLQJ ZHOGLQJ LQ D ULJLG
FRQWRXU� ZKLFK LV D SHFXOLDU IHDWXUH RI WKH VDLG SURFHVV�
$V VHHQ IURP )LJXUH �� E� WKH HIIHFW RI ULJLG IL[DWLRQ
LQ PDNLQJ YHUWLFDO ZHOGV VKRZV XS PRVWO\ LQ WUDQV�
YHUVH VKULQNDJH�+RUL]RQWDO ZHOGV DUHPDGHZKHQ IL[D�
WLRQ LV ULJLG ERWK IRU WUDQVYHUVH DQG ORQJLWXGLQDO
VKULQNDJHV� ,QYHVWLJDWLRQ RI WKH VWUHVVHG VWDWH RI WKH
WDQN ZDOO LQ WKLV FDVH LV RI D SUDFWLFDO LQWHUHVW LQ WHUPV
RI SUHGLFWLRQ RI YDULDWLRQV LQ LWV JHRPHWULFDO VKDSH
GXULQJ WKH ZHOGLQJ SURFHVV DQG GHYHORSPHQW RI PHDV�
XUHV IRU WKHLU HOLPLQDWLRQ� $V ZHOGLQJ LQ D ULJLG FRQ�
WRXU KDV D UHVWULFWHG DSSOLFDWLRQ� WKH OLWHUDWXUH DQDO\�
VHV RQO\ IHZ FDVHV� H�J� ZHOGLQJ XS RI D FUDFN LQ D
WKLQ SODWH >�@ DQG KROHV LQ WKLFN�SODWH �W  �� PP�
VWUXFWXUHV >�@�

0HWKRG IRU FDOFXODWLRQ RI UHVLGXDO VWUHVVHV LQ
WKH WDQN ZDOO� &\OLQGULFDO VKHOO RI WKH WDQN ZDOO�
WDNLQJ LQWR DFFRXQW LWV VPDOO FXUYDWXUH 5  �� P DQG
WKLFNQHVV W �5�W  ����w������ ZDV DVVXPHG WR EH D
IOH[LEOH SODWH IRU WKH FDOFXODWLRQ RI VWUHVVHV DQG HVWL�
PDWLRQ RI WKH ULVN RI ORVV RI VWDELOLW\� 7KH FDOFXODWLRQ
PHWKRG IRU LQYHVWLJDWLRQ RI WKH NLQHWLFV RI ZHOGLQJ
VWUHVVHV DQG VWUDLQV ZDV HPSOR\HG WR GHWHUPLQH WKH

VWUHVVHG VWDWH >�@� $VVXPSWLRQV RI WKH VLPXOWDQHLW\ RI
PDNLQJ ILOOLQJ ZHOG EHDGV DORQJ WKH HQWLUH OHQJWK RI
WKH SODWH DQG WKH SODQH VWUHVVHG VWDWH �VWUHVVHV σ]]  
= σ][  σ]\ ≡ �� ZHUH PDGH WR UHGXFH WKH �' SUREOHP
WR WKH SODQH RQH� 7KH OLQHDULVHG SUREOHP ZDV VROYHG
E\ WKH ILQLWH HOHPHQW PHWKRG� 7KLV PHWKRG LQYROYHG
UHFWDQJOHV ZLWK PLQLPXP VL]HV LQ WKH ZHOG ]RQH�
JUDGXDOO\ LQFUHDVLQJ ZLWK GLVWDQFH IURP WKH ZHOGV�

+HDW LQSXW SHU SDVV� T� ZDV GHWHUPLQHG IURP WKH
IROORZLQJ IRUPXOD�
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ZKHUH ηK LV WKH QHW HIILFLHQF\ RI KHDWLQJ HTXDO WR ����
8D LV WKH DUF YROWDJH� YZ LV WKH PHDQ ZHOGLQJ VSHHG
IRU HDFK SDVV� GHWHUPLQHG WKURXJK WKH FURVV VHFWLRQ
DUHD RI D JLYHQ SDVV� )S �GHSHQGLQJ XSRQ WKH QXPEHU
RI OD\HUV GHSRVLWHG�� αG DQG ,Z DUH WKH GHSRVLWLRQ
HIILFLHQF\ DQG ZHOGLQJ FXUUHQW� UHVSHFWLYHO\� DQG γ LV
WKH GHQVLW\ RI WKH PHWDO EHLQJ GHSRVLWHG� HTXDO WR
��� J�FP� �VHH 7DEOH ���

7KHUPDO�SK\VLFDO SURSHUWLHV RI VWHHOV �WKHUPDO
FRQGXFWLYLW\ λ� KHDW FDSDFLW\ SHU XQLW YROXPH Fγ��
HODVWLFLW\ PRGXOXV (� 3RLVVRQsV UDWLR ν DQG WHPSHUD�
WXUH H[SDQVLRQ α ZHUH WDNHQ IURP >�@� DQG WHPSHUD�
WXUH GHSHQGHQFH RI WKH \LHOG VWUHQJWK RI VWHHO DQG
ZHOG PHWDO ZDV WDNHQ IURP >�@�

0HWKRG IRU HVWLPDWLRQ RI WKH ULVN RI ORVV RI VWD�
ELOLW\ RI WKH WDQN ZDOO� $W WKH LQLWLDO VWDJH RI WKH
LQYHVWLJDWLRQV� ZKHUH QR H[SHULPHQWDO GDWD ZHUH
DYDLODEOH� WKH VKDSH RI GHQWV LQ WKH WDQN ZDOO ZDV
GHVFULEHG DV UHFWDQJOHV D×E LQ VL]H �UHJLRQV $� $′� %�
%′� &� '� '′� ( DQG ) LQ )LJXUH ��� 7KLV DSSURDFK

7DEOH �� 4XDQWLW\ RI OD\HUV LQ WKH ZHOGV LQ WKH FDVH RI ZHOGLQJ�
LQ RI LQVHUW SODWHV

:HOG W\SH
7KLFNQHVV RI SODWHV MRLQHG

W�wW� �)LJXUH ��� PP

4XDQWLW\

RI OD\HUV� SFV

9HUWLFDO ����w���� �

����w���� �
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7DEOH �� &RQGLWLRQV RI ZHOGLQJ YHUWLFDO DQG KRUL]RQWDO LQVHUW
SODWHV �w�� PP WKLFN

(OHFWURGH

GLDPHWHU�

PP

'HSRVLWLRQ

HIILFLHQF\

αG� J���⋅K�

:HOG

OD\HU

:HOGLQJ

FXUUHQW

,Z� $

$UF

YROWDJH

8D� $

��� ���w���� 5RRW ���w���

���w���
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��� ���� )LOOLQJ ���w���
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��w��

��w��

1R W H V � �� :HOGLQJ ZDV SHUIRUPHG DW WKH GLUHFW FXUUHQW �UHYHUVH

SRODULW\�� �� 'DWD IRU YHUWLFDO ZHOGV DUH JLYHQ LQ WKH QXPHUDWRU DQG

WKRVH IRU KRUL]RQWDO ZHOGV DUH JLYHQ LQ WKH GHQRPLQDWRU�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ��*�$) DQG ��*�)% VWHHO SODWHV �DFURVV WKH UROOLQJ GLUHFWLRQ�

6WHHO 3ODWH WKLFNQHVV� PP /RFDWLRQ RI FXWWLQJ RI VSHFLPHQV
<LHOG VWUHQJWK σ\�

03D

7HQVLOH VWUHQJWK

σW� 03D
(ORQJDWLRQ δ� �

��*�$)

�& x �����

0Q x ����

9 x ����

1E x ���� ZW���

���w���� *267 �����w�� ≥ ��� ≥ 590 ≥ 20.0
���� )URP WKH WDQN ZDOO ��� ��� ����
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��� ��� ����

��*�)%

�& x ����

0Q x ����

9 x ����

1E x ��� ZW���

����w���� 78 ���������w�� ≥ ��� ���w��� ≥ ����

���� )URP LQVHUW SODWHV ��� ��� ����

��� ��� ����
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DOORZV LQYHVWLJDWLRQ RI WKH ORVV RI VWDELOLW\ RI D WKLQ
SODWH ZLWK VLGHV D×E LQ VL]H� 7KH SODWH� EHLQJ SDUW RI
WKH ZDOO SDQHO� ZDV FRQVLGHUHG WR EH SLYRWHG RQ WKH
HQGV� 1DUURZ ]RQHV RI KLJK WHQVLOH VWUHVVHV LQ D UHJLRQ
RI WKH H[LVWLQJ ZHOGV ZHUH FKRVHQ WR VHUYH DV VXSSRUWV�
7KH VKDSH RI WKH ORVV RI VWDELOLW\ EHWZHHQ WKH FRQGL�
WLRQDO VXSSRUWV� DFFRUGLQJ WR WKH H[SHULPHQWDO UHVXOWV�
ZDV WDNHQ IURP D KDOI�ZDYH GHVFULEHG E\ D VLQXVRLG�

7KH SUHVHQFH RI UHVLGXDO VWUHVVHV GXH WR WKH H[LVWLQJ
IDFWRU\ ZHOGV LQ WKH ZDOO ZDV QHJOHFWHG� $OWKRXJK
WKH\ FDQ KDYH D FHUWDLQ HIIHFW RQ WKH ORVV RI VWDELOLW\�
LW LV GLIILFXOW WR HVWLPDWH WKHLU OHYHO� 7KLV LV DWWULEXW�
DEOH WR WKH IDFW WKDW WKH WDQN ZDOO DIWHU ZHOGLQJ ZDV
VXEMHFWHG WR FRLOLQJ DQG WKHQ ORDGLQJ GXULQJ RSHUD�
WLRQ� ZKLFK OHG WR D FHUWDLQ UHOD[DWLRQ DQG UHGLVWUL�
EXWLRQ RI WKH VDLG VWUHVVHV�

7KH DSSUR[LPDWHG HQHUJ\ PHWKRG ZDV HPSOR\HG
WR VROYH WKH DERYH SUREOHP RQ HVWLPDWLRQ RI WKH ULVN
RI WKH ORVV RI VWDELOLW\ RI D IOH[LEOH SODWH� $FFRUGLQJ
WR WKLV PHWKRG� WKH ULVN RI WKH ORVV RI VWDELOLW\ LQ
UDQJHV RI � � [

__
� D DQG � � \

__
� E LV KLJK� SURYLGHG

WKDW WKH SRWHQWLDO EHQGLQJ HQHUJ\ 8 IRU WKH JLYHQ
UDQJH DQG HQHUJ\: RI WKH PHPEUDQH ZHOGLQJ VWUHVVHV
σ[[� σ\\ DQG σ[\� DVVRFLDWHG ZLWK GLVSODFHPHQW IURP
EXFNOLQJ DQG LQLWLDO GLVWRUWLRQ RI WKH PHGLDQ VXUIDFH�
PHHW WKH IROORZLQJ FRQGLWLRQ >�@�
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([SUHVVLRQ .L  �� � J��I��
� ≥ � LV D FRUUHFWLRQ IRU

WKH LQLWLDO FXUYDWXUH� ,I WKH VKDUH RI WKH LQLWLDO GHIOHFWLRQ
LQ GLVSODFHPHQWV RI WKH VWDELOLW\ ORVV LV LQVLJQLILFDQW�
L�H� J��I� �� ��.L ≈ �� )XUWKHU FDOFXODWLRQV ZHUH PDGH
PRVWO\ DW D FRQGLWLRQ WKDW.L ≈ �� +RZHYHU� WKH DXWKRUV
XQGHUVWDQG WKDW WKLV LV D VXIILFLHQWO\ KLJK LGHDOLVDWLRQ�
L�H� LW LV KLJKO\ SUREDEOH WKDW LQ VRPH FDVHV WKH YDOXH RI
.L PD\ EH KLJKHU WKDQ RQH�

7KHUHIRUH� LW LV QHFHVVDU\ WR GR WKH IROORZLQJ WR VROYH
WKH SUREOHP XQGHU FRQVLGHUDWLRQ IRU HVWLPDWLRQ RI WKH
SUREDELOLW\ RI WKH ORVV RI VWDELOLW\ RI WKH WDQN ZDOO�

• GHWHUPLQH ZHOGLQJ VWUHVVHV σ[[� σ\\ DQG σ[\ LQ�
GXFHG E\ ZHOGLQJ�LQ RI WKH LQVHUW SODWHV�

• VHOHFW WKH VKDSH RI WKH VXUIDFH RI WKH VWDELOLW\
ORVV LQ UHJLRQV ZLWK D SRWHQWLDO ULVN RI IRUPDWLRQ RI
GHQWV DQG FDOFXODWH WKH 8 DQG : YDOXHV IRU WKHVH
UHJLRQV�

• HVWLPDWH WKH ULVN RI WKH VWDELOLW\ ORVV LQ DFFRUG�
DQFH ZLWK LQHTXDOLW\ ����

5HVXOWV RI FDOFXODWLRQ RI ZHOGLQJ VWUHVVHV� )LHOGV
RI UHVLGXDO ZHOGLQJ VWUHVVHV LQ WKH ZDOO RI D FRLOHG
WDQN ZLWK D UDWHG FDSDFLW\ RI ������ P� DIWHU PDNLQJ
DOO WKH ZHOGV DUH VKRZQ LQ )LJXUH � �VHH WKH LQVHW��
,W FDQ EH VHHQ IURP WKH GDWD JLYHQ WKDW ZHOGLQJ RI
WKH LQVHUW SODWHV XQGHU WKH ULJLG FRQWRXU FRQGLWLRQV
LV FKDUDFWHULVHG E\ WKH SUHVHQFH RI H[WHQGHG ]RQHV

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI PHWDO RI WKH ZHOG PDGH XVLQJ
WKH (��$ �σW  ��� 03D� W\SH HOHFWURGHV �FHUWLILFDWH GDWD�

<LHOG VWUHQJWK

σ\� 03D

7HQVLOH VWUHQJWK

σW� 03D

(ORQJDWLRQ

δ� �

���
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DIIHFWHG E\ UDWKHU KLJK FRPSUHVVLYH �σLL ≥ �� 03D�
DQG WDQJHQWLDO �σLM ≥ �� 03D� UHVLGXDO ZHOGLQJ
VWUHVVHV� WKLV FRLQFLGLQJ LQ JHQHUDO ZLWK WKH GDWD RI
>�� �@� +RZHYHU� H[WHQVLRQ RI WKH ]RQH DIIHFWHG E\
UHVLGXDO VWUHVVHV LV PXFK LQ H[FHVV RI WKDW GHVFULEHG
LQ >�@� ZKLFK LV DWWULEXWDEOH WR D ODUJH OHQJWK RI WKH
ZHOGV� ,Q SDUWLFXODU� WKLV DSSOLHV WR WDQJHQWLDO VWUHVVHV
σ[\� WKH OHQJWK RI WKH ]RQH RI WKH HIIHFW RI ZKLFK LQ
UHJLRQ $ �)LJXUH �� VHH WKH LQVHW�� ZKHUH WKH SODWHV
DUH DERXW � PP WKLFN� LV DSSUR[LPDWHO\ �� FP� DV ZHOO
DV WR ORQJLWXGLQDO VWUHVVHV IRU WKH FRUUHVSRQGLQJ
ZHOGV� 7KXV� ORQJLWXGLQDO VWUHVVHV σ[[ IRU KRUL]RQWDO
ZHOGV DQG VWUHVVHV σ\\ IRU YHUWLFDO ZHOGV KDYH WKH
DIIHFWHG ]RQH LQ UHJLRQ $ HTXDO WR DERXW �� DQG �� FP�
UHVSHFWLYHO\� IURP WKH HQG RI WKH ZHOG� ,Q UHJLRQV '�
( DQG )� DW ORZHU WKLFNHU FKRUGV RI WKH ZDOO� WKH
OHQJWK RI WKH ]RQHV RI WKH DERYH VWUHVVHV LV FORVH WR
WKDW LQ UHJLRQV $� % DQG &� ZKLFK LV FDXVHG E\ DS�
SUR[LPDWHO\ LGHQWLFDO VSHFLILF KHDW LQSXWV SHU XQLW
WKLFNQHVV RI HOHPHQWV EHLQJ ZHOGHG LQ ERWK FDVHV�

7KH VWUHVVHG VWDWH RI WKH LQVHUW SODWHV LV FKDUDF�
WHULVHG E\ FRPSUHVVLYH� σ[[� DQG WHQVLOH� σ\\� VWUHVVHV
SUHVHQW LQ WKHLU PDMRU SDUW� 7KHVH VWUHVVHV DUH HTXDO
LQ DEVROXWH YDOXH WR �w�� 03D� ,Q UHJLRQV RI WKH
LQVHUWV DGMRLQLQJ WKH KRUL]RQWDO ZHOGV� FRPSUHVVLYH
VWUHVVHVσ[[ LQFUHDVH WR ��w��03D� 6WUHVVHVσ\\ UHPDLQ
FRQVWDQW� ,Q WKH DGMRLQLQJ UHJLRQV RI WKH WDQN ZDOO
RQO\ FRPSUHVVLYH VWUHVVHV σ[[ DQG σ\\ DUH HIIHFWLYH�

$QDO\VLV RI WKH VWUHVVHG VWDWH RI WKH WDQN ZDOO DW
WKH OHYHO RI KRUL]RQWDO ZHOGV VKRZV WKDW IRUPDWLRQ RI
GHQWV LQ WKHVH ORFDWLRQV RFFXUV GXH WR UHVLGXDO ORQJL�
WXGLQDO WHQVLOH VWUHVVHV� KLJK LQ OHYHO DQG ODUJH LQ
OHQJWK� ZKLFK DUH SUHVHQW LQ UHJLRQV DGMRLQLQJ WKH
ZHOG HQGV�

5HVXOWV RI HVWLPDWLRQ RI WKH ULVN RI WKH ORVV RI
VWDELOLW\ RI WKH ZDOO� 7DEOH � JLYHV UHVXOWV RI FDOFX�
ODWLRQV RI WKH YDOXHV RI 8� : DQG (  8 � : XVLQJ
H[SUHVVLRQV ��� DQG ��� IRU UHJLRQV XQGHU FRQVLGHUD�

WLRQ� DW .L  �� ,W FDQ EH VHHQ IURP WKH GDWD REWDLQHG
WKDW ZLWK WKH DVVXPHG LGHDOLVDWLRQ� ZKHUH LQLWLDO GH�
YLDWLRQV J�[

__
� \

__
� DQG UHVLGXDO VWUHVVHV GXH WR WKH H[�

LVWLQJ IDFWRU\ ZHOGV DUH LJQRUHG� WKH ULVN RI WKH ORVV
RI VWDELOLW\ LV WKH KLJKHVW IRU UHJLRQ $� ZKHUH WKH VKHOO
KDV PLQLPXP WKLFNQHVV� L�H� ��� PP� +RZHYHU� KHUH
WKH YDOXHV RI 8 DQG: DUH VXFK WKDW WKHRUHWLFDOO\ WKH
ORVV RI VWDELOLW\ RFFXUV RQO\ DW .L  �� � J��I��

� ≥
≥ ����� ZKLFK FRUUHVSRQGV WR J��I�  ����� L�H� WKH
LQLWLDO FDPEHU VKRXOG EH DERXW �� � RI WKH H[SHFWHG
RQH LQ WKH FDVH RI WKH VWDELOLW\ ORVV� 7KH IDFWRU IRU
UHJLRQ $′ LV DOVR FORVH WR WKLV YDOXH �.L  ������ ,W LV

PXFK KLJKHU IRU RWKHU UHJLRQV� 7KXV� IRU UHJLRQ %�
DIWHU PDNLQJ YHUWLFDO ZHOGV�.L  ���� ZKLOH DIWHU ILQDO
ZHOGLQJ WKH WHQVLRQ LQ WKLV UHJLRQ GRPLQDWHV WKH FRP�
SUHVVLRQ� ZKLFK PDNHV WKH SUREDELOLW\ RI WKH VWDELOLW\
ORVV YHU\ ORZ�

6LPLODU FRQFOXVLRQ FDQ EH PDGH DOVR IRU UHJLRQV
'� '′� ( DQG ) IRU WKH ZDOO RI D ODUJHU WKLFNQHVV�

+HUH WKH KLJKHU YDOXHV RI .L RU J��I� DUH UHTXLUHG IRU
WKH ORVV RI VWDELOLW\ WR RFFXU� )RU UHJLRQ '� LW LV QHF�
HVVDU\ WKDW .L ! ����� IRU '′ x .L ! ���� IRU ( x

.L ! ��� DQG IRU )x .L ! ���� �DIWHU PDNLQJ YHUWLFDO
ZHOGV��

$QRWKHU DGGLWLRQDO IDFWRU� ZKLFK ZDV QRW DOORZHG
IRU LQ WKH DERYH HVWLPDWLRQV� EXW ZKLFK LV FDSDEOH RI
DIIHFWLQJ WKH ULVN RI WKH VWDELOLW\ ORVV� LV SUHKHDWLQJ
RI HGJHV SULRU WR ZHOGLQJ WR ≈ ��� �&� 7KH DEVHQFH RI
FRPSUHKHQVLYH GDWD DERXW SDUDPHWHUV RI WKLV SUHKHDW�
LQJ SUHYHQWHG LWV GLUHFW DOORZDQFH LQ WKH FDOFXODWLRQV
RI UHVLGXDO VWUHVVHV� 7KHUHIRUH� WKLV HIIHFW ZDV FRQVHU�
YDWLYHO\ HVWLPDWHG E\ LQFUHDVLQJ WKH ZHOGLQJ KHDW LQ�
SXW E\ �� � �VHH 7DEOH ���

$V VHHQ IURP WKH GDWD REWDLQHG� LQ WKH FDVH RI
SUHKHDWLQJ WKH ULVN RI WKH VWDELOLW\ ORVV LQ UHJLRQV $
DQG $′ LV DSSUR[LPDWHO\ WKH VDPH DV ZLWKRXW SUHKHDW�
LQJ� 7KH HIIHFW RI SUHKHDWLQJ LV ORZ�

7DEOH �� &DOFXODWLRQ RI WKH ZDOO HQHUJ\ IRU GLIIHUHQW UHJLRQV LQ ZHOGLQJ RI LQVHUW SODWHV LQWR WKH ZDOO RI WKH FRLOHG WDQN ZLWK D FDSDF�
LW\ RI ������ P

�
� 03D

:DOO

UHJLRQ

$IWHU PDNLQJ YHUWLFDO ZHOGV $IWHU PDNLQJ DOO ZHOGV

8

I�
�

:

I�
�

8 + :

I�
�

8

I�
�

:

I�
�

8 + :

I�
�

:LWKRXW SUHKHDWLQJ

� ����� w����� ����� ����� w����� �����

�′ ������ w������ ������ ������ w������ ������

  ������ w����� ������ ������ w����� ������

¯ ������ w������ ������ ������ ���� ������

' ������ w����� ������ ������ w����� ������

'′ ������ w������ ������ ������ w������ ������

( ������ w����� ������ ������ w������ ������

) ������ w������ ������ ������ ���� ������

­� ���� w����� w���� ���� w����� w����

­� 1�' ���� w����� w�����

$W KHDW LQSXW LQFUHDVHG E\ �� �

� ����� w����� ����� ����� w����� �����

�′ ������ w������ ������ ������ w������ ������

  ������ w����� ������ ������ w������ ������

¯ ������ w������ ������ ������ w����� ������

­� ���� w����� w���� ���� w����� w����
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7KHUHIRUH� LQ ZHOGLQJ RI LQVHUWV LQWR WKH ZDOO RI
WKH WDQN ZLWK D FDSDFLW\ RI ������ P�� WKH SUREDELOLW\
RI LWV ORVV RI VWDELOLW\ LQ UHJLRQV $� $′� %� '� '′� (
DQG )� FRQILQHG E\ WKH IDFWRU\ EXWW MRLQWV� LV ORZ�

+RZHYHU� DV SURYHG E\ VWXGLHV RI WKH EHKDYLRXU
RI WKH ZDOO LQ ZHOGLQJ�LQ RI WKH LQVHUW SODWHV� LQ SUDF�
WLFH WKH VWDELOLW\ ORVV WDNHV SODFH HYHQ LQ WKH DEVHQFH
RI DQ LQLWLDO FDPEHU� HVSHFLDOO\ ZLWK VPDOO WKLFNQHVV
RI WKH FKRUGV �W ≤ �� PP�� ,Q WKLV FDVH WKH IRUPDWLRQ
RI GHQWV LQ WKH WDQN ZDOO RFFXUV LQ UHJLRQV ­� DQG ­�

�)LJXUH ��� ,Q RXU FDVH WKH ­� UHJLRQ ZDV FRQILQHG
E\ D ULJLG GLVN RI WKH XSSHU VWLIIHQLQJ ULQJ DQG WKH
FLUFXPIHUHQWLDO ZHOG EHWZHHQ WKH XSSHU DQG ORZHU
LQVHUWV� ZKLFK LV WKH ]RQH RI ORFDWLRQ RI KLJK WHQVLOH
VWUHVVHV� %RXQGDULHV RI WKH ­� UHJLRQ DUH WKH VDLG FLU�
FXPIHUHQWLDO ZHOG DQG WKLFNHU ORZHU FKRUG RI WKHZDOO�

7KH DERYH PHWKRG �H[SUHVVLRQV ���� ��� DQG LQ�
HTXDOLW\ ���� ZDV HPSOR\HG WR PDNH DGGLWLRQDO FDO�
FXODWLRQV IRU UHJLRQV ­� DQG ­�� 5HVXOWV RI WKH FDOFX�
ODWLRQV �VHH 7DEOH �� VKRZHG WKDW LQHTXDOLW\ ��� LV
PHW DW .L  �� DQG LQ WKH UHJLRQV XQGHU FRQVLGHUDWLRQ
RQH PD\ H[SHFW WKH ORVV RI VWDELOLW\ RI WKH ZDOO LQ
ZHOGLQJ ERWK ZLWKRXW DQG ZLWK SUHKHDWLQJ� 7KH FDO�
FXODWLRQ GDWD SURYHG RFFXUUHQFH RI D ORFDO ORVV RI
VWDELOLW\ RI WKH ZDOO LQ ZHOGLQJ RI LQVHUW SODWHV LQ
VRPH FKRUGV RU RYHU LWV HQWLUH KHLJKW E\ WKH WHFKQRORJ\
UHFRPPHQGHG E\ VWDQGDUGV >�@�

7KHRUHWLFDO VL]HV RI WKH DIIHFWHG ]RQHV DQG YDOXHV
RI UHVLGXDO ZHOGLQJ VWUHVVHV IRUPHG LQ ZHOGLQJ RI KRUL�
]RQWDO DQG YHUWLFDO LQVHUWV �)LJXUH �� VHUYHG DV WKH
VFLHQWLILF EDVH IRU GHYHORSPHQW RI WKH VSHFLDO WHFKQRO�
RJ\ IRU ZHOGLQJ�LQ RI WKH LQVHUW SODWHV ZLWKRXW DQ\
ORVV RI VWDELOLW\ RI WKH ZDOO�

&21&/86,216

�� 7KH VWUHVVHG VWDWH RI WKH WDQN ZDOO LQ WKH FDVH RI
ZHOGLQJ�LQ RI LQVHUW SODWHV XQGHU WKH ULJLG FRQWRXU

FRQGLWLRQV LV IRXQG WR EH FKDUDFWHULVHG E\ D VXEVWDQWLDO
OHQJWK DQG KLJK YDOXHV RI UHVLGXDO ZHOGLQJ VWUHVVHV�
7KH SUHVHQFH RI VXFK VWUHVVHV LV WKH FDXVH RI WKH ORVV
RI VWDELOLW\ RI WKH ZDOO�

�� 7KH WHFKQRORJ\ IRU ZHOGLQJ�LQ RI LQVHUW SODWHV�
UHFRPPHQGHG E\ VWDQGDUGV >�@� IDLOV WR SURYLGH WKH
UHTXLUHG JHRPHWULFDO VKDSH LQ UHSDLU RI DVVHPEO\ MRLQWV
LQ WKH FRLOHG WDQN ZDOO�

�� 5HVXOWV RI RXU LQYHVWLJDWLRQV RI WKH VWUHVVHG
VWDWH RI WKH WDQN ZDOO FDQ EH XVHG IRU GHYHORSPHQW RI
D VSHFLDO WHFKQRORJ\ IRU ZHOGLQJ�LQ RI LQVHUW SODWHV�
HQVXULQJ JHRPHWULFDO VKDSH RI WKH ZDOO ZLWKLQ WKH
WROHUDQFHV VSHFLILHG E\ VWDQGDUGV >�� �@�

�� %DUYLQNR� <X�3�� *ROLQNR� 9�0�� %DUYLQNR� $�<X� HW DO�
������ ,PSURYHPHQW RI SHUIRUPDQFH RI YHUWLFDO HUHFWLRQ
ZHOGHG MRLQWV LQ WKH ZDOO RI F\OLQGULFDO WDQN PDGH RI FRLOHG
EODQFV� 7KH 3DWRQ :HOGLQJ -�� �� ��w���

�� 9%1 9���������w��� 9HUWLFDO VWHHO WDQNV IRU RLO DQG RLO
SURGXFWV VWRUDJH XQGHU SUHVVXUH RI VDWXUDWHG YDSRXUV QRW
KLJKHU WKDQ ���� N3D� .\LY� 'HU]KNRPQDIWRJD]�

�� ������ 6DIHW\ UHJXODWLRQV IRU WDQNV DQG LQVWUXFWLRQV IRU
WKHLU UHSDLU� 0RVFRZ� 1HGUD�

�� ������ ,QVWUXFWLRQ RQ HQJLQHHULQJ VXSHUYLVLRQ� PHWKRGV IRU LQ�
VSHFWLRQ DQG UHMHFWLRQ RI SLSH IXUQDFHV� WDQNV� YHVVHOV DQG XQLWV
IRU RLO UHILQLQJ DQG SHWURFKHPLFDO LQGXVWULHV� 9ROJRJUDG�

�� 0DNKQHQNR� 9�,� ������ &RPSXWDWLRQ PHWKRGV IRU LQYHVWL�
JDWLRQ RI WKH NLQHWLFV RI ZHOGLQJ VWUHVVHV DQG VWUDLQV� .\LY�
1DXNRYD 'XPND�

�� .DU]RY� *�3�� 0DUJROLQ� %�=�� 6KYHWVRYD� 9�$� ������
3K\VLFR�PHFKDQLFDO PRGHOOLQJ RI IUDFWXUH SURFHVVHV� 6W��3H�
WHUVEXUJ� 3ROLWHNKQLND�

�� ������ 3K\VLFDO SURSHUWLHV RI VWHHOV DQG DOOR\V XVHG LQ
SRZHU HQJLQHHULQJ� 5HIHU� %RRN� (G� E\ %�(� 1HMPDUN�
0RVFRZ� (QHUJL\D�

�� 9ROPLU� $�6� ������ 6WDELOLW\ RI GHIRUPDEOH V\VWHPV� 0RV�
FRZ� 1DXND�

)LJXUH �� /RFDWLRQ DQG VL]HV RI H[SHULPHQWDOO\ IRXQG GHQWV LQ WKH
ZDOO RI D WDQN ZLWK D FDSDFLW\ RI ������ P

�

)LJXUH ��*HQHUDO YLHZ RI WKH DVVHPEO\ EXWW MRLQW DIWHU UHSDLU PDGH
E\ ZHOGLQJ RI VSHFLDO LQVHUWV LQWR WDQN RI WKH RLO�SXPSLQJ VWDWLRQ
�/LVLFKDQVN�� 7KH WDQN KDV D FDSDFLW\ RI ������ P

�
DQG LV HTXLSSHG

ZLWK D IORDWLQJ FRYHU ��3ULGQHSURYVNLH 0DJLVWUDOQ\H 1HIWHSUR�
YRG\��� 3HUIRUPHU x �%LNRU� &RPSDQ\
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9�,� 6+9$&+.2 DQG 6�1� 67(3$1<8.

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

3HFXOLDULWLHV RI FROG FUDFNLQJ RI KLJK�VWUHQJWK ORZ�DOOR\ VWHHOV DUH FRQVLGHUHG XVLQJ D SK\VLFDO PRGHO� ,W LV VKRZQ WKDW

WKHLU VWUXFWXUH EHFRPHV KLJKO\ VHQVLWLYH WR WKH HPEULWWOLQJ HIIHFW RI K\GURJHQ XQGHU WKH LQIOXHQFH RI KLJK WHPSHUDWXUH�

ORVLQJ WKH SRVLWLYH HIIHFW RI WKHUPRPHFKDQLFDO WUHDWPHQW� DQG WKXV� EHFRPHV PRUH VXVFHSWLEOH WR FROG FUDFNLQJ�

.H\ ZRU G V � KLJK�VWUHQJWK ORZ�DOOR\ VWHHOV� WKHU�
PRPHFKDQLFDO WUHDWPHQW� FROG FUDFNV� UHYHUVLEOH K\GURJHQ EULW�

WOHQHVV� PLFURFOHDYDJH VWUHVV� WRXJKQHVV FRHIILFLHQW� KLJK�WHP�

SHUDWXUH KHDWLQJ� +$= RI D ZHOGHG MRLQW

+LJK�VWUHQJWK ORZ�DOOR\ �+6/$� VWHHOV DUH WKH DG�
YDQFHG KLJK�TXDOLW\ PDWHULDOV XVHG IRU WKH IDEULFDWLRQ

RI FULWLFDO VWUXFWXUHV� 7KH\ DUH FKDUDFWHULVHG E\ LQ�

FUHDVHG VWUHQJWK DQG UHWDLQ KLJK GXFWLOLW\ >�@� +RZ�

HYHU� ZHOGLQJ WKHVH VWHHOV UHVXOWV LQ FROG FUDFNV �&&�

ZKLFK DUH IRUPHG LQ WKHLU ZHOGHG MRLQWV� 7KH H[LVWLQJ

PHWKRGV IRU HOLPLQDWLRQ RI && SURYLGH IRU WKH XVH RI

SUHKHDWLQJ RI DZHOGHG MRLQW RU HPSOR\PHQW RI DXVWHQL�

WLF ZHOGLQJ FRQVXPDEOHV� WKLV OHDGLQJ WR D VXEVWDQWLDO

LQFUHDVH LQ FRVWV DQG ODERXU FRQVXPSWLRQ RI ZHOGHG

IDEULFDWLRQ >�@�

'HYHORSPHQW RI PRUH VXLWDEOH PHWKRGV IRU HOLPL�

QDWLRQ RI FUDFNLQJ UHTXLUHV LQ�GHSWK VWXGLHV RI WKH

PHFKDQLVP RI FROG FUDFNLQJ� 6XFK VWXGLHV VKRXOG DO�

ORZ IRU WKH VSHFLILF SHFXOLDULWLHV UHVXOWLQJ IURP WKH
WHFKQRORJ\ RI PDQXIDFWXUH RI +6/$ VWHHOV� 6WHHOV RI

WKLV JUDGH ZHUH GHYHORSHG RQ WKH EDVH RI LPSURYHG

ORZ�FDUERQ VWHHOV� LQ ZKLFK WKH OHYHO RI VWUHQJWK LV
DFKLHYHG E\ VSHFLDO DOOR\LQJ� FRPELQHG ZLWK WKH XVH

RI VWUHQJWKHQLQJ PHFKDQLVPV GXULQJ WKH γwα WUDQVIRU�

PDWLRQ SURFHVV DQG WHPSHULQJ >�@�

7KH PDLQ IDFWRUV DIIHFWLQJ FROG FUDFNLQJ� ZKLFK

KDYH EHHQ HVWDEOLVKHG VR IDU >�� �@� LQFOXGH PHWDO

VWUXFWXUH� VROXWH K\GURJHQ� WRWDO VWUHVVHV� VWUDLQ UDWH

DQG PHWDO WHPSHUDWXUH� &ROG FUDFNLQJ PD\ WDNH SODFH

RQO\ XQGHU WKH VLPXOWDQHRXV HIIHFW RI DOO WKHVH IDFWRUV�

([FOXVLRQ RI DW OHDVW RQH �DQ\� RI WKHP ZLOO SUHYHQW
WKLV W\SH RI GHJUDGDWLRQ�

,QYHVWLJDWLRQ RI WKH PHFKDQLVP RI FROG FUDFNLQJ

XQGHU FRQGLWLRQV RI WKH DFWXDO ZHOGLQJ SURFHVV LV KDP�

SHUHG E\ FRQWLQXRXV YDULDWLRQV LQ WHPSHUDWXUH� VWUXF�

WXUH� VWUHVVHV� K\GURJHQ PDVV WUDQVIHU DQG D QXPEHU

RI RWKHU SDUDPHWHUV� ZKLFK DUH LQWHUUHODWHG WR DGG WR�

,Q WKLV FRQQHFWLRQ� WKH VWXG\ GHVFULEHG LQ WKLV DUWLFOH
ZDV FDUULHG RXW XVLQJ SK\VLFDO PRGHOOLQJ >�@�

&ROG FUDFNLQJ RI ZHOGHG MRLQWV LV D PDQLIHVWDWLRQ
RI WKH JHQHUDO SK\VLFDO HIIHFW� L�H� HPEULWWOHPHQW RI

LURQ DQG LWV DOOR\V XQGHU WKH LPSDFW RI K\GURJHQ GLV�

VROYHG LQ PHWDO� XQGHU VSHFLILF FRQGLWLRQV RI WKH ZHOG�

LQJ WKHUPDO F\FOH >�@� $FFRUGLQJ WR WKH FODVVLILFDWLRQ

RI K\GURJHQ HPEULWWOHPHQW >�@� FROG FUDFNLQJ EHORQJV

WR W\SH VL[ RI WKH VHFRQG NLQG� L�H� UHYHUVLEOH K\GURJHQ

EULWWOHQHVV �5+%�� LQGXFHG E\ GLIIXVLEOH K\GURJHQ
>�� �@� 7KHUHIRUH� WKH DSSURSULDWH SK\VLFDO PRGHO GH�
YHORSHG E\ WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH

IURP WKH FRQFHSW RI PLFURFOHDYDJH IRU VWHHOV ZLWK WKH
EFF ODWWLFH ZDV XVHG DV WKH EDVLV RI WKH PHFKDQLVP RI

&& IRUPDWLRQ >�� �� �@�

6XEPLFURFUDFNV DUH IRUPHG LQ WKH EXON RI PHWDO XQ�

GHU SODVWLF GHIRUPDWLRQ E\ WKH GLVORFDWLRQ PHFKDQLVP
RU DV D UHVXOW RI PLFURFOHDYDJH RI SDUWLFOHV RI WKH VHFRQG

SKDVH� FDUELGH SUHFLSLWDWHV RU QRQ�PHWDOOLF LQFOXVLRQV�

0DFURIUDFWXUH LV FDXVHG E\ WKDW RI WKH VXEPLFURFUDFNV
ZKLFK ORVHV VWDELOLW\ DW WKH PRPHQW RI LWV IRUPDWLRQ LQ

WKH WRWDO ILHOG JHQHUDWHG E\ D GLVORFDWLRQ FOXVWHU RU H[�

WHUQDO VWUHVVHV� ,Q WKLV FDVH� WKH PRYLQJ GLVORFDWLRQV

FDUU\ ZLWK WKHP SDUW RI K\GURJHQ GLVVROYHG LQ PHWDO�

7KXV� GXULQJ WKH VXEPLFURFUDFN LQLWLDWLRQ SURFHVV� K\�
GURJHQ LV FDUULHG E\ GLVORFDWLRQV GLUHFWO\ LQWR WKH EXON
RI WKH IRUPHG FDYLW\� ZKHUH LW LV FKHPRVRUEHG RQ WKH

MXYHQLOH VXUIDFHV LQ WKH IRUP RI QHJDWLYH LRQV >�@� 7KLV

OHDGV WR GHFUHDVH LQ WKH VXUIDFH HQHUJ\ RI WKH VXEPL�
FURFUDFN� 7KXV� K\GURJHQ GHFUHDVHV D FULWLFDO IUDFWXUH

VWUHVV� XSRQ DFKLHYLQJ RIZKLFK WKH FUDFN�E\RYHUFRPLQJ

WKH SRWHQWLDO EDUULHU� SURSDJDWHV LQ WKH IRUFH ILHOG E\

WKH VHOI�FDWDO\VHG UHDFWLRQ�

,W IROORZV IURP DQDO\VLV RI WKH DFFHSWHG PRGHO RI

FROG FUDFNLQJ WKDW VHQVLWLYLW\ RI VWHHO WR WKH HPEULWWOLQJ

HIIHFW E\ K\GURJHQ� ZKLFK GHWHUPLQHV WKH GHJUHH RI WKH

ULVN RI && IRUPDWLRQ� GHSHQGV SULPDULO\ XSRQ WKH W\SH

RI WKH PHWDO ODWWLFH� 7KLV LV DVVRFLDWHG ZLWK WKH IDFW WKDW

WKH IUDFWXUH PHFKDQLVPV UHDOLVHG LQ WKH IFF ODWWLFH GLIIHU

IURP WKRVH UHDOLVHG LQ WKH EFF ODWWLFH� DQG WKH\ KDYH
K\GURJHQ GLIIXVLYLW\ ZKLFK GLIIHUV E\ VHYHUDO RUGHUV RI
PDJQLWXGH� WKLV DIIHFWLQJ WKH K\GURJHQ WUDQVSRUWDWLRQ

PHFKDQLVP� 7KH IDFW WKDW +6/$ VWHHOV KDYH WKH EFF

ODWWLFH FDXVHV WKHLU VXVFHSWLELOLW\ WR 5+%� 7KH LPSDFW
RQ WKH VHQVLWLYLW\ WR K\GURJHQ FUDFNLQJ E\ VWUXFWXUDO

FKDUDFWHULVWLFV RI WKLV JUDGH RI VWHHOV ZDV VWXGLHG E\

PHFKDQLFDO XQLD[LDO�WHQVLRQ WHVWV RI VSHFLPHQV VXEMHFWHG

WR KLJK�WHPSHUDWXUH KHDWLQJ�

� 9�,� 6+9$&+.2 DQG 6�1� 67(3$1<8.� ����
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7KH LQGLFDWRU RI WKH DELOLW\ RI D PDWHULDO WR UHVLVW
PLFURFOHDYDJH� L�H� WRXJKQHVV FRHIILFLHQW.W� ZDV XVHG
DV D FULWHULRQ IRU TXDQWLWDWLYH HVWLPDWLRQ RI WKH HP�
EULWWOLQJ HIIHFW RI K\GURJHQ >�@�

¨W  5PFÃ
�σ\� ���

ZKHUH σ\ LV WKH \LHOG VWUHQJWK RI PHWDO DQG 5PFH
LV WKH

IUDFWXUH VWUHVV RI PHWDO GHIRUPHG WR GHJUHH H� 1XPHUL�

FDO YDOXHV RI 5
PFH

DUH GHWHUPLQHG IURP WKH IROORZLQJ

IRUPXOD >��@�

5
PFH

≈ 6
N
�� � E���E�� � ��η��� ���

ZKHUH 6
N
LV WKH PHDQ IUDFWXUH VWUHVV LQ WKH QHFN� E  

 OQ�� � η���� η  �����H w ����� H  OQ����� w ψ���
DQG ψ LV WKH UHGXFWLRQ LQ DUHD� 7KH 6

N
DQG ψ YDOXHV

DUH GHWHUPLQHG E\ XQLD[LDO WHQVLRQ WHVWV RI VWDQGDUG

VPRRWK F\OLQGULFDO VSHFLPHQV�
+6/$ VWHHO RI WKH $%��6K JUDGH ZDV XVHG IRU WKH

LQYHVWLJDWLRQV� DQG PDUDJLQJ �0$� VWHHO ZDV XVHG IRU
FRPSDULVRQ �7DEOH ��� 7R GHWHUPLQH WKH HIIHFW RI WKH
OHYHO RI KHDWLQJ RQ WKH VHQVLWLYLW\ RI WKHVH VWHHOV WR
WKH HPEULWWOLQJ LPSDFW RI K\GURJHQ� WKH ELOOHWV ZHUH
SUHOLPLQDULO\ KHDWHG IRU WKH VDPH SHULRG RI WLPH LQ D
IXUQDFH SUHKHDWHG WR D FHUWDLQ WHPSHUDWXUH DQG WKHQ
FRROHG LQ DLU� 7KH PHWDO VWUXFWXUH ZDV FKHFNHG DIWHU
HDFK KHDW WUHDWPHQW� 7KH VSHFLPHQV ZHUH VLPXOWDQH�
RXV E\ K\GURJHQDWHG HOHFWURO\WLFDOO\ LQ WKH � � VROX�
WLRQ RI VXOSKXULF DFLG ZLWK DQ DGGLWLRQ RI ���� �
VRGLXP WKLRVXOIDWH� 7KH FXUUHQW GHQVLW\ EHLQJ QRW LQ
H[FHVV RI �� P$�FP�� ZKLFK SUHYHQWHG WKH SURE�
DELOLW\ RI IRUPDWLRQ RI LUUHYHUVLEOH GHIHFWV� 7KH VWDQG�

DUG VPRRWK F\OLQGULFDO VSHFLPHQV ZHUH WHVWHG DW URRP
WHPSHUDWXUH DW D VWUDLQ UDWH RI � PP�PLQ�

7KH PHFKDQLFDO WHVW UHVXOWV DUH VKRZQ LQ )LJXUH �
LQ WKH IRUP RI GHSHQGHQFH RI WRXJKQHVV FRHIILFLHQW .W

XSRQ WKH KHDW WUHDWPHQW WHPSHUDWXUH� $V VHHQ IURP
WKH SORWV SUHVHQWHG� ERWK VWHHOV LQ WKH K\GURJHQDWHG
VWDWH KDYH D KLJK OHYHO RI WRXJKQHVV �.W ≥ ���+RZHYHU�
WKH VSHFLPHQV RI 0$ VWHHO H[KLELW FDWDVWURSKLF HP�
EULWWOHPHQW LQ WKH SUHVHQFH RI K\GURJHQ� L�H� .W EH�
FRPHV FORVH WR RQH �)LJXUH �� E�� ZKLFK LV LQGLFDWLYH
RI D GHFUHDVH LQ EULWWOH VWUHQJWK RI PHWDO WR WKH \LHOG
VWUHQJWK OHYHO� ,W VKRXOG EH HPSKDVLVHG WKDW LW LV WKH
SUHVHQFH RI K\GURJHQ WKDW FDXVHV WKH XOWLPDWHO\ EULWWOH
VWDWH RI WKH PDUWHQVLWLF VWUXFWXUH� ZKLFK LQLWLDOO\ KDV
D VXIILFLHQW WRXJKQHVV�

,Q FRQWUDVW WR 0$ VWHHO� VWHHO $%��6K LQ WKH LQLWLDO
�XQWUHDWHG� VWDWH H[KLELWV LQVLJQLILFDQW HPEULWWOHPHQW
LQ WKH SUHVHQFH RI K\GURJHQ �)LJXUH �� D�� +RZHYHU�
DIWHU KHDW WUHDWPHQW� WRXJKQHVV RI WKLV VWHHO VXEVWDQ�
WLDOO\ GHFUHDVHV XQGHU WKH HIIHFW RI K\GURJHQ� ,W DOVR
VWDUWV EHLQJ FDWDVWURSKLFDOO\ HPEULWWOHG� OLNH 0$
VWHHO� $V VKRZQ E\ PHWDOORJUDSK\� WKLV GHFUHDVH LQ .W

RI VWHHO $%��6K LV QRW FDXVHG E\ IRUPDWLRQ RI WKH
PDUWHQVLWLF VWUXFWXUH FKDUDFWHULVWLF RI 0$ VWHHO� :LWK
DOO WKH W\SHV RI WKH KHDW WUHDWPHQW XVHG� VWHHO $%��6K
UHWDLQV WKH EDLQLWLF W\SH RI WKH VWUXFWXUH� 7KH RQO\
GLIIHUHQFH LV WKDW WKH GHJUHH RI GLVSHUVLRQ RI WKH SUH�
FLSLWDWHV GHFUHDVHV� DQG WKHLU GLVWULEXWLRQ LQ PDWUL[
EHFRPHV PRUH XQLIRUP� DV ZHOO DV VRPH FKDQJHV LQ
WKH JUDLQ VL]H DQG PLFURKDUGQHVV WDNH SODFH �7DEOH ���

,W IROORZV IURP WKH DERYH GDWD WKDW WKH VHQVLWLYLW\
RI VWHHO WR 5+% GHSHQGV XSRQ WKH SKDVH FRPSRVLWLRQ
RI PHWDO DQG LWV FU\VWDOOLQH VWUXFWXUH� 7KLV LV RI D
SDUWLFXODU LPSRUWDQFH IRU +6/$ VWHHOV� 7KH\ DUH
VWUHQJWKHQHG GXULQJ PDQXIDFWXUH GXH WR VSHFLDO WKHU�
PRPHFKDQLFDO WUHDWPHQW ZKLFK SURYLGHV D KLJK GLV�
ORFDWLRQ GHQVLW\ LQ WKH LQLWLDO VWUXFWXUH� $IWHU WKDW�
IRUPDWLRQ RI WKH SUH�SUHFLSLWDWLRQ ]RQHV LQ WKH GLVOR�

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI VWHHOV XQGHU LQYHVWLJDWLRQ� �

6WHHO & 0Q 6L 1L &U 0R $O &R 7L

$%��6K ����� ���� ���� ���� ���� ���� ����� ����� �����

0$ ����� ���� ���� ����� ���� ���� ����� ����� �����

)LJXUH �� 'HSHQGHQFH RI WRXJKQHVV FRHIILFLHQW .W
XSRQ WKH KHDW

WUHDWPHQW WHPSHUDWXUH IRU VWHHO $%��6K �D� DQG 0$ �E�� � x
QRQ�K\GURJHQDWHG� � x K\GURJHQDWHG

7DEOH �� 0HWDOORJUDSK\ GDWD

6WHHO
+HDW WUHDWPHQW

WHPSHUDWXUH� �&

*UDLQ DUHD
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FDWLRQ JULG QRGHV LV DFKLHYHG E\ WKH VHFRQGDU\ KDUG�
HQLQJ PHWKRG� ZKLFK LV IROORZHG E\ IRUPDWLRQ RI FR�
KHUHQW SUHFLSLWDWHV RI VSHFLDO FDUELGHV >��@� 7KHUHIRUH�
WKH VSHFLDO VWDWH RI WKH PLFURVWUXFWXUH OHDGV WR
VWUHQJWKHQLQJ RI VWHHOV DQG SURYLGHV WKHLU YHU\ KLJK
UHVLVWDQFH WR 5+%� +RZHYHU� KHDWLQJ WR D KLJK WHP�
SHUDWXUH GHFUHDVHV WKH HIIHFW RI WKLV WUHDWPHQW� ZKLFK
ZDV IRXQG �VHH )LJXUH �� D� WR EH YHU\ IDYRXUDEOH IRU
K\GURJHQ HPEULWWOHPHQW� 7KHUHIRUH� GXULQJ WKH IXVLRQ
ZHOGLQJ SURFHVV� WKH VWUXFWXUH RI +6/$ VWHHO LQ WKH
+$= PHWDO RI WKH ZHOGHG MRLQW ZLOO EHFRPH PRUH VXV�
FHSWLEOH WR FROG FUDFNLQJ �HYHQ ZLWKRXW IRUPDWLRQ RI
TXHQFKLQJ VWUXFWXUHV�� ,Q DGGLWLRQ� WKLV VXVFHSWLELOLW\
ZLOO EH GLIIHUHQW LQ GLIIHUHQW UHJLRQV RI WKH +$=� DV LW
GHSHQGV XSRQ WKH OHYHO RI WKH DFKLHYHG WHPSHUDWXUH�

,W LV H[WUHPHO\ GLIILFXOW WR DYRLG WKLV GHJUDGDWLRQ RI
VWUXFWXUH RI +6/$ VWHHOV LQ WKH +$= PHWDO LQ IXVLRQ
ZHOGLQJ� ZKLFK LV DWWULEXWDEOH WR LQHYLWDELOLW\ RI KLJK�
WHPSHUDWXUH KHDWLQJ� 7KHUHIRUH� WR UHGXFH WKH ULVN RI
IRUPDWLRQ RI && LQ ZHOGLQJ +6/$ VWHHOV� LW LV QHFHVVDU\
WR SUHYHQW LQJUHVV RI K\GURJHQ LQWR WKH +$= PHWDO RI
WKH ZHOGHG MRLQW� )RU WKLV� LW LV LQGLFDWHG WR XVH WKH
HIIHFW RI IL[DWLRQ RI K\GURJHQ LQ WKH ZHOG PHWDO XVLQJ
HQHUJ\ WUDSV ZLWK D KLJK ELQGLQJ HQHUJ\ >��@�

�� *RU\QLQ� ,�9�� 5\ELQ� 9�9�� 0DO\VKHYVN\� 9�$� HW DO� ������
0DLQ DVSHFWV RI GHYHORSPHQW DQG DSSOLFDWLRQ RI KLJK�VWUHQJWK
VWUXFWXUDO VWHHO� 9RSURV\ 0DWHULDORYHGHQL\D� �� �w���

�� ,UYLQJ� %� ������ 3UHKHDW� WKH PDLQ GHIHQVH DJDLQVW K\GUR�
JHQ FUDFNLQJ� :HOGLQJ -�� �� ��w���

�� 3RNKRGQ\D� ,�.�� 6KYDFKNR� 9�,� ������ 3K\VLFDO QDWXUH RI
K\GURJHQ�LQGXFHG FROG FUDFNV LQ ZHOGHG MRLQWV RI VWUXFWXUDO
VWHHOV� $YWRPDWLFK� 6YDUND� �� �w���

�� 3RNKRGQ\D� ,�.�� 6WHSDQ\XN� 6�1�� 6KYDFKNR� 9�,� ������
5ROH RI WHPSHUDWXUH LQ K\GURJHQ�LQGXFHG FUDFNLQJ RI VWUXFWX�
UDO VWHHOV DQG ZHOGHG MRLQWV� 7KH 3DWRQ :HOGLQJ -�� �� �w��

�� 6KYDFKNR� 9�,� ������ 5HYHUVLEOH K\GURJHQ HPEULWWOHPHQW
RI VWHHOV DV D SK\VLFDO SKHQRPHQRQ� )L]LNR�.KLPLFK� 0H�
NKDQLND 0DWHULDORY� �� �w���

�� .RODFKHY� %�$� ������ +\GURJHQ HPEULWWOHPHQW RI PHWDOV�
0RVFRZ� 0HWDOOXUJL\D�

�� 6KYDFKNR� 9�,� ������ &ROG FUDFNLQJ RI VWUXFWXUDO VWHHO ZHO�
GPHQWV DV WKH UHYHUVLEOH K\GURJHQ HPEULWWOHPHQW HIIHFW� ,QW�
-� +\GURJHQ (QHUJ\� 9RO� ��� ���w����

�� 3RNKRGQ\D� ,�.�� 6KYDFKNR� 9�,� ������ &ROG FUDFNV LQ
ZHOGHG MRLQWV RI VWUXFWXUDO VWHHOV� )L]LNR�.KLPLFK� 0HNKD�
QLND 0DWHULDORY� �� ��w���

�� 0HVKNRY� <X�<D�� 3DNKDUHQNR� *�$� ������ 6WUXFWXUH RI
PHWDO DQG HPEULWWOHPHQW RI VWHHO MRLQWV� .\LY� 1DXNRYD
'XPND�

��� 3RNKRGQ\D� ,�.�� 6KYDFKNR� 9�,�� .RWUHFKNR� 6�$� HW DO�
������ 1HZ PHWKRG IRU TXDQWLWDWLYH HVWLPDWLRQ RI VXVFHSWL�
ELOLW\ RI VWHHOV WR K\GURJHQ HPEULWWOHPHQW� )L]LNR�.KLPLFK�
0HNKDQLND 0DWHULDORY� �� ��w���

��� 3RNKRGQ\D� ,�.�� 6KYDFKNR� 9�,�� 6WHSDQ\XN� 6�1� ������
+\GURJHQ WUDSV LQ ZHOGHG MRLQWV� ,Q� 7UDQVDFW� RI ,QW� &RQI�
RQ +\GURJHQ 7UHDWPHQW RI 0DWHULDOV� 'RQHWVN�
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�����������

/�,� 0$5.$6+29$� 9�9� $56(1<8. DQG *�0� *5,*25(1.2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

&RQVLGHUHG DUH UHJXODULWLHV RFFXUULQJ LQ SK\VLFDO�FKHPLFDO SURFHVVHV RI SODVWLF GHIRUPDWLRQ� PDVV WUDQVIHU DQG SKDVH

IRUPDWLRQ� ZKLFK DFFRPSDQ\ IRUPDWLRQ RI MRLQWV LQ GLVVLPLODU PDWHULDOV �FRSSHU� WLWDQLXP� DOXPLQLXP DQG WKHLU DOOR\V�

DQG GLIIHUHQW JUDGHV RI VWHHOV� FKDUDFWHULVHG E\ D OLPLWHG PXWXDO VROXELOLW\ XQGHU FRQGLWLRQV RI SUHVVXUH MRLQLQJ IRU D

ZLGH UDQJH RI H[WHUQDO ORDGLQJ UDWHV� L�H� IURP �⋅��w� WR �⋅���w�⋅��� Vw��

.H\ ZRUGV� SODVWLF GHIRUPDWLRQ� SUHVVXUH MRLQLQJ� GLVVLPLODU
PDWHULDOV� ORDGLQJ UDWH� ORFDOLVDWLRQ RI GHIRUPDWLRQ� VOLGLQJ V\V�
WHP� VKHDU EDQG� GLVORFDWLRQ� WZLQQLQJ� URWDWLRQ

3ODVWLF GHIRUPDWLRQ LV NQRZQ WR EH RQH RI WKH PDLQ
SDUDPHWHUV RI SUHVVXUH MRLQLQJ RI PHWDOV DQG PHWDOV
WR QRQ�PHWDOV >�w�@� ,W LV WKH SODVWLF GHIRUPDWLRQ WKDW
LV XVXDOO\ UHODWHG WR IRUPDWLRQ RI D SK\VLFDO FRQWDFW
>�� �@� FOHDQLQJ RI VXUIDFHV IURP R[LGH ILOPV �HVSH�
FLDOO\ XQGHU FROG GHIRUPDWLRQ FRQGLWLRQV� >�� �@� DF�
WLYDWLRQ RI WKH PDWLQJ VXUIDFHV ZKLFK VKRZV XS DV
IRUPDWLRQ RI DFWLYH FHQWUHV >�� �@� DQG� ILQDOO\� GH�
YHORSPHQW RI YROXPHWULF LQWHUDFWLRQ DVVRFLDWHG ZLWK
DFWLYDWLRQ RI GLIIXVLRQ� UHFU\VWDOOLVDWLRQ� HWF� ,Q WKLV
FDVH WKH FRQWDFW ]RQH DFTXLUHV D PRUH RU OHVV KRPR�
JHQHRXV VWUXFWXUH� ZKLOH PHFKDQLFDO� VHUYLFH DQG
RWKHU SURSHUWLHV RI WKH MRLQWV EHFRPH FORVH WR WKRVH
RI WKH EDVH PHWDO >�� �� �w��@�

,W VKRXOG EH QRWHG WKDW WKH SODVWLF GHIRUPDWLRQ
SURFHVV LV RQH RI WKH W\SHV RI UHOD[DWLRQ �UHOLHI� RI

LQWHUQDO VWUHVVHV ZKLFK JURZ GXULQJ H[WHUQDO ORDGLQJ
RI MRLQLQJ� RU� WR EH PRUH H[DFW� WKH W\SH RI SODVWLF
UHOD[DWLRQ ZKLFK RFFXUV E\ GLIIHUHQW PHFKDQLVPV�
VXFK DV VOLGLQJ RI LQGLYLGXDO GLVORFDWLRQV� FRQWULEXWLRQ
RI FROOHFWLYH PRYHPHQW RI WKH FU\VWDOOLQH ODWWLFH GH�
IHFWV� WXUQV RI PLFURYROXPHV� LQFOXGLQJ WZLQQLQJ� HWF�
,Q D FDVH ZKHUH WKH SODVWLF GHIRUPDWLRQ LV ORFNHG IRU
VRPH UHDVRQV� UHOD[DWLRQ RI LQWHUQDO VWUHVVHV LQ WKH
GHIRUPHG ]RQH RFFXUV E\ WKH FUDFNLQJ PHFKDQLVP�

7KHUHIRUH� FRQVLGHULQJ D PDQ\�DVSHFW FKDUDFWHU RI
WKH HIIHFW RI GHIRUPDWLRQ RQ IRUPDWLRQ RI WKH MRLQW
DQG LWV SURSHUWLHV� LW LV YHU\ LPSRUWDQW WR KDYH WKH
PRVW FRPSUHKHQVLYH LGHD RI WKLV VLJQLILFDQW SURFHVV�
,Q WKLV UHVSHFW LW LV RI LQWHUHVW WR KDYH LQIRUPDWLRQ RQ
WKH FKDUDFWHU RI GLVWULEXWLRQ RI WKH GHIRUPDWLRQZLWKLQ
WKH MRLQLQJ ]RQH� ORFDOLVDWLRQ RI WKH GHIRUPDWLRQ LQ
GHSWK RI D PDWHULDO MRLQHG DQG LWV GHJUHH� DQG PHFKD�
QLVPV RI WKLV SURFHVV WDNLQJ SODFH XQGHU GLIIHUHQW FRQ�
GLWLRQV RI SUHVVXUH MRLQLQJ�

� /�,� 0$5.$6+29$� 9�9� $56(1<8. DQG *�0� *5,*25(1.2� ����
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7KLV DUWLFOH JLYHV VRPH RI WKH UHVXOWV RI WKH LQYHV�

WLJDWLRQV FRQFHUQLQJ WKH DERYH LVVXHV�

([SHULPHQWDO SURFHGXUH DQG PDWHULDOV� ,QYHVWL�

JDWLRQV ZHUH FRQGXFWHG RQ VDPSOHV PDGH IURP PRGHO

PDWHULDOV� VXFK DV QLFNHO 13�� DQG DOOR\V RQ LWV EDVH

RI WKH .K1��7<X �& x � ����� &U x ����� 1L x

����� 7L x ���� $O x ��� ZW��� W\SH� MRLQWV LQ GLV�
VLPLODU PHWDOV DQG WKHLU DOOR\V� VXFK DV FRPPHUFLDOO\

SXUH DOXPLQLXP $'�� DQG VWUHQJWKHQHG DOXPLQLXP

RI WKH ���� �$Ow&X� W\SH� FRPPHUFLDO WLWDQLXP 97����

FRSSHU 0�� DQG 0��� VWHHO 6W�� �& x ����w�����

0Q x ���w��� ZW��� DQG VWDLQOHVV VWHHO� 7KH MRLQWV
ZHUH PDGH DW GLIIHUHQW UDWHV RI WKH MRLQLQJ GHIRUPD�

WLRQ� ε
.
�IURP �⋅��w� WR �⋅���w�⋅��� Vw��� ZKLFK DUH XVHG

ZLWK VXFK MRLQLQJ SURFHVVHV DV GLIIXVLRQ ERQGLQJ

�'%�� SHUFXVVLRQ ZHOGLQJ �3:�� PDJQHWLF�SXOVH
ZHOGLQJ �03:�� H[SORVLRQ ZHOGLQJ �(:� DQG RWK�

HUV� 7KH JHQHUDO FKDUDFWHU RI GLVWULEXWLRQ RI WKH SODVWLF

GHIRUPDWLRQ DQG WKH GHJUHH RI LWV ORFDOLVDWLRQ ZLWKLQ
WKH FRQWDFW ]RQH RI D MRLQW ZHUH VWXGLHG E\ RSWLFDO

PHWKRGV XVLQJ FRRUGLQDWH JULGV ZLWK D EDVH RI ��w

�� µP� 7KLV HQDEOHG HVWLPDWLRQ RI QRW RQO\ WKH VWUDLQ

ZKLFK LV ORFDOLVHG LQ WKH FRQWDFW ]RQH� EXW DOVR LWV

GLVWULEXWLRQ LQ ORQJLWXGLQDO DQG WUDQVYHUVH GLUHFWLRQV
�FRPSUHVVLYH DQG WHQVLOH VWUDLQV�� ,Q DGGLWLRQ� WKH
GHJUHH RI WKH GHIRUPDWLRQ DQG LWV SURSDJDWLRQ GHSWK
ZHUH HYDOXDWHG RQ WKH EDVLV RI YDULDWLRQV LQ FRQILJX�

UDWLRQ RI SUHOLPLQDULO\ YDULHG VWUXFWXUDO HOHPHQWV XVHG

DV UHIHUHQFHV� 7KH SODVWLF GHIRUPDWLRQ PHFKDQLVPV�

ZKLFK DUH XVXDOO\ UHODWHG WR WKH W\SH RI VWUXFWXUHV

IRUPHG ZLWKLQ WKH GHIRUPDWLRQ ]RQH� ZHUH GHWHUPLQHG

E\ WKH UHVXOWV RI HOHFWURQ PLFURVFRS\ RI WKH ILQH VWUXF�
WXUH RI PHWDOV MRLQHG� $ VHULHV RI VXFK VWXGLHV ZDV

FDUULHG RXW XVLQJ WKH -(2/ WUDQVPLVVLRQ HOHFWURQ PL�

FURVFRSH -(0� ���&; DW DQ DFFHOHUDWLQJ YROWDJH RI

��� N9� )RLOV IRU WUDQVPLVVLRQ VWXGLHV RI WKH FRQWDFW

]RQH LQ GLVVLPLODU MRLQWV ZHUH SUHSDUHG E\ D VSHFLDOO\

GHYHORSHG LQWHJUDWHG SURFHGXUH RI LRQ WKLQQLQJ LQ WKH
LRQLVLQJ DUJRQ EHDP� 7KLV SURFHGXUH SURYLGHG GDWD

RQ WKH FKDUDFWHU RI SODVWLF GHIRUPDWLRQ� GHJUHH DQG

GHSWK RI LWV ORFDOLVDWLRQ DQG PLFURPHFKDQLVPV RI WKLV

SURFHVV�

([SHULPHQWDO UHVXOWV� $V VKRZQ E\ WKH UHVXOWV RI
LQYHVWLJDWLRQ LQWR SHFXOLDULWLHV RI SODVWLF GHIRUPDWLRQ

RI PHWDOV MRLQHG DW GLIIHUHQW ORDGLQJ UDWHV ZLWKLQ D

UDQJH RI ε
.

≅ �⋅��w�w�⋅��� V
w�

� FRYHULQJ WKH '% DQG

(: UDQJHV� WKH SODVWLF GHIRUPDWLRQ KDG D FOHDUO\ GH�
ILQHG KHWHURJHQHRXV FKDUDFWHU XQGHU DOO WKHUPDO�GH�
IRUPDWLRQ FRQGLWLRQV� ZKLFK ZDV SURYHG E\ WKH OD\HU�
E\�OD\HU PHDVXUHPHQW RI LWV YDOXHV ZLWKLQ WKH MRLQLQJ
]RQH LQ ORQJLWXGLQDO DQG WUDQVYHUVH GLUHFWLRQV ZLWK

UHVSHFW WR WKH MRLQLQJ GHIRUPDWLRQ GLUHFWLRQ� 7KLV

UHJXODULW\ LV FKDUDFWHULVWLF RI DOO WKH W\SHV RI PDWHULDOV

MRLQHG� L�H� PRGHO PDWHULDOV� VXFK DV QLFNHO� DQG RWKHUV

FKDUDFWHULVHG E\ GLIIHUHQW GHJUHHV RI GHIRUPDELOLW\

DQG SKDVH FRPSRVLWLRQV�

$Q H[DPSOH RI GLVWULEXWLRQ RI VWUDLQ LQ QLFNHO MRLQWV

PDGH E\ WKH MRLQLQJ SURFHVV ZLWK ORZ GHIRUPDWLRQ

UDWHV LV VKRZQ LQ )LJXUH �� $V LW FDQ EH VHHQ IURP

)LJXUH �� D� WKH YDOXHV RI VWUDLQ DUH VXEVWDQWLDOO\

GLIIHUHQW DW GLIIHUHQW GHSWKV RI WKH PHWDO GHIRUPHG�
$ GHWDLOHG GLVWULEXWLRQ RI FRPSUHVVLYH DQG WHQVLOH

VWUDLQV FDQ EH VHHQ LQ HVWLPDWLRQ RI YDULDWLRQV LQ FR�

RUGLQDWH JULGV LQ ORQJLWXGLQDO DQG WUDQVYHUVH GLUHF�

WLRQV RI WKH VDPSOHV� 7KH GLVWULEXWLRQ RI VWUDLQ LQ

GHSWK RI WKH ERQGLQJ ]RQH DW D ERQGLQJ WHPSHUDWXUH
RI 7E  ���� �& IRU � PLQ LV VKRZQ LQ )LJXUH �� $V

VHHQ IURP WKH )LJXUH� XQGHU WKH '% FRQGLWLRQV� LQ

MRLQLQJ QLFNHO WR QLFNHO DW D GHIRUPDWLRQ UDWH RI ε
.

≅
≅ �⋅��w�w�⋅��w� V

w�

WKH VWUDLQ LV ORFDOLVHG ZLWKLQ WKH

ZHOGLQJ ]RQH DW D GHSWK RI δ  ��w�� µP� $V WKH
SURFHVV WLPH LQFUHDVHV� LW DPRXQWV WR ��w�� �� ZKLFK

LV DSSUR[LPDWHO\ E\ DQ RUGHU RI PDJQLWXGH KLJKHU

WKDQ WKH WRWDO VWUDLQ RI WKH VDPSOHV MRLQHG� HTXDO WR

�w� �� -XGJLQJ IURP WKH UDWLR RI WKH ORFDOLVHG FRP�

)LJXUH �� 'LVWULEXWLRQ RI VWUDLQ ε LQ QLFNHO MRLQWV SURGXFHG E\ '%�
D x UDWLR RI WRWDO YROXPHWULF PDFURVWUDLQ WR ORFDOLVHG VWUDLQ DW
GLIIHUHQW GHSWK δ ZLWKLQ WKH ERQGLQJ ]RQH� E x VFKHPDWLF RI WKH
ERQGLQJ ORDGLQJ SURFHVV DW δ �� ���� ��� ���� ��� ���� ��� ��� µP
DQG WRWDO PDFURVWUDLQ ��� �εO x ORFDOLVHG VWUDLQ� 3 x ERQGLQJ
SUHVVXUH� τ x ERQGLQJ WLPH�

)LJXUH �� 'LVWULEXWLRQ RI VWUHVVHV σ DQG ORFDOLVHG VWUDLQV� L�H� FRPSUHVVLYH εO�F �D� DQG WHQVLOH εO�W �E�� UHVSHFWLYHO\� DW GLIIHUHQW GHSWKV
δ IURP WKH LQWHUIDFH EHWZHHQ WKH PHWDOV MRLQHG �δO x ORFDOLVDWLRQ GHSWK�
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SUHVVLYH VWUDLQ εO�F WR WHQVLOH VWUDLQ εO�W �εO�F ≅ �w�� εO�W��
WKH FRPSUHVVLYH VWUDLQ LV GRPLQDQW� &RUUHVSRQGLQJ
GLDJUDPV ZHUH SORWWHG IRU WKH QLFNHO � 1Lw&U DOOR\
MRLQWV PDGH E\ WKH '% PHWKRG DW 7E  ���� ��� DQG
���� �& DQG τ  �w�� PLQ IRU HDFK WHPSHUDWXUH�

,W VKRXOG EH QRWHG WKDW WKH UDQJH RI ORFDOLVDWLRQ
RI VWUDLQ VKRZV XS YHU\ FOHDUO\ XQGHU DOO WKH FRQGLWLRQV
LQYHVWLJDWHG� +RZHYHU� LW LQFUHDVHG LQ ZLGWK WR VRPH
H[WHQW ZLWK DQ LQFUHDVH LQ WKH SURFHVV WHPSHUDWXUH
DQG WLPH� 6LPLODU SDWWHUQV RI GLVWULEXWLRQ RI WKH VWUDLQ
XQGHU WKH '% FRQGLWLRQV ZHUH REWDLQHG DOVR IRU WKH
VDPSOHV RI RWKHU PHWDO SDLUV VWXGLHG�

,QFUHDVH LQ WKH H[WHUQDO ORDGLQJ UDWH LQ WUDQVLWLRQ
WR KLJK�VSHHG MRLQLQJ SURFHVVHV �3: DQG (:� OHDGV
WR LQFUHDVH LQ WKH GHJUHH RI ORFDOLVDWLRQ RI VWUDLQZLWKLQ
WKH FRQWDFW ]RQH� DV ZHOO DV LWV SURSDJDWLRQ GHSWK�

7KH 7DEOH JLYHV WKH PDLQ SDUDPHWHUV RI SODVWLF
VWUDLQ LQ WKH MRLQLQJ ]RQH� L�H� YDOXHV RI WKH ORFDOLVHG
VWUDLQ εO DQG ORFDOLVDWLRQ GHSWK δO� ZKLFK ZHUH H[SHUL�
PHQWDOO\ IRXQG IRU GLIIHUHQW PHWDOV �QLFNHO� DOX�
PLQLXP DQG WKHLU DOOR\V� DW WKH LQYHVWLJDWHG MRLQLQJ
GHIRUPDWLRQ UDWHV εO� $V VHHQ IURP WKH 7DEOH� WKH OR�
FDOLVHG VWUDLQ DPRXQWV WR ��w�� � XQGHU FRQGLWLRQV
RI WKH KLJK�UDWH SXOVHG ORDGLQJ� H�J� LQ WKH FDVH RI
3:� ZKHUH WKH OHYHO RI WKH WRWDO VWUDLQ HTXDO WR �w� �
LV LGHQWLFDO WR WKDW LQ '%� ,Q WKH FDVH RI (:� WKH
GHJUHH RI ORFDOLVDWLRQ RI SODVWLF VWUDLQ ZLWKLQ WKH FRQ�
WDFW ]RQH LV HTXDO WR DERXW ���� �� ZKLFK LV FKDUDF�
WHULVHG E\ RFFXUUHQFH RI D VXEVWDQWLDO LQFUHDVH LQ VKHDU
VWUDLQV �εO�W ≅ ��w�� εO�F�� 7KH GHSWK RI WKH ORFDOLVHG
VWUDLQ ]RQH DOVR FKDQJHV ZLWK LQFUHDVH LQ WKH MRLQLQJ
GHIRUPDWLRQ UDWH� DQG DPRXQWV WR ��w��� ≤�� DQG
���w��� µP DW '%� 3: DQG (:� UHVSHFWLYHO\�

7KH QH[W WDVN ZDV WR UHYHDO WKH PHFKDQLVPV RI
UHDOLVDWLRQ RI SODVWLF GHIRUPDWLRQ ORFDOLVHG DORQJ WKH
OHQJWK RI WKH MRLQLQJ ]RQH� *LYHQ WKDW WKH W\SHV RI
WKH UHVXOWLQJ VWUXFWXUHV DUH LQGLFDWLYH RI D SODVWLF GH�
IRUPDWLRQ PHFKDQLVP� WUDQVPLVVLRQ HOHFWURQ PLFURV�
FRS\ RI WKH ILQH VWUXFWXUH DQG G\QDPLFV RI YDULDWLRQV
LQ WKH W\SHV RI VWUXFWXUHV IRUPHG GLUHFWO\ DORQJ WKH
FRQWDFW VXUIDFH LQ GHSWK RI WKH MRLQLQJ ]RQHZDV FDUULHG
RXW WR GHWHUPLQH WKH FKDUDFWHU RI RFFXUUHQFH RI SODVWLF
GHIRUPDWLRQ LQ WKH MRLQLQJ ]RQH� 3HFXOLDULWLHV RI VWUXF�
WXUH IRUPDWLRQ ZLWKLQ WKH FRQWDFW ]RQH DW GLIIHUHQW
UDWHV RI WKH MRLQLQJ GHIRUPDWLRQ DUH VKRZQ LQ )LJXUH ��
7KH )LJXUH DOVR VKRZV WKH JHQHUDO FKDUDFWHU RI VWUXF�
WXUHV RI WKH FRQWDFW ]RQH LQ MRLQWV PDGH XQGHU WKH
'%� 03: DQG (: FRQGLWLRQV� )LJXUH � VKRZV WKH
PRVW FKDUDFWHULVWLF W\SHV RI VWUXFWXUDO HOHPHQWV
IRUPHG LQ WKH ]RQH RI ORFDOLVDWLRQ RI VWUDLQ XQGHU FRQ�

GLWLRQV RI WKH DERYH MRLQLQJ SURFHVVHV DQG WKH FRUUH�
VSRQGLQJ GLDJUDPV�

7KXV� )LJXUH �� D DQG )LJXUH �� D LOOXVWUDWH IRU�
PDWLRQ RI WKH FKDUDFWHULVWLF VWUXFWXUDO HOHPHQWV �FKD�
RWLF GLVWULEXWLRQ RI GLVORFDWLRQV� EDOO�VKDSHGwFHOOXODU
DQG VXE�JUDQXODU VWUXFWXUHV QHDU WKH FRQWDFW VXUIDFH�
W\SLFDO IRU WKH VWUXFWXUH RI WKH QLFNHO DOOR\ MRLQWV
PDGH XQGHU WKH ORZ�UDWH '% FRQGLWLRQV� ,Q WKH FDVH
RI LQFUHDVH LQ WKH GHIRUPDWLRQ UDWH� H�J� LQ 03:
�)LJXUH �� E� DQG (: �)LJXUHV �� F DQG �� E� F�� WKH
WXUEXOHQW FKDUDFWHU RI PHWDO IORZ LV GRPLQDQW LQ WKH
FRQWDFW ]RQH� WXUQV RI VWUXFWXUDO HOHPHQWV �LQ WKH IRUP
RI IUDJPHQWDWLRQ DQG WZLQQLQJ RI JUDLQV�� DV ZHOO DV
WKH FOHDUO\ GHILQHG RULHQWDWLRQ RI VWUXFWXUHV DUH VHHQ�
7KLV LV SURYHG E\ HORQJDWLRQ RI FHOOV LQ D GLUHFWLRQ RI
HIIHFWLYH VWUHVVHV DQG IRUPDWLRQ RI EDQGHG VWUXFWXUHV�
,Q DGGLWLRQ� WXUQV RI PLFURYROXPHV FRYHULQJ UHJLRQV
RI WKH VXE�JUDLQ DQG HYHQ JUDLQ VL]HV DOVR WDNH SODFH�
6WUXFWXUH RI VRPH ]RQHVZLWK QRQ�GHVWUR\HG LQGLYLGXDO
GLVORFDWLRQV DFTXLUHV FKDUDFWHULVWLF VSHFNOHG FRQWUDVW�
WKH IRUPDWLRQ RIZKLFK LV XVXDOO\ UHODWHG WR DOWHUQDWLRQ
RI FU\VWDOOLQH DQG QRQ�FU\VWDOOLQH �DPRUSKRXV� SKDVHV
>��@� ZKLFK LV SURYHG� DV D UXOH� E\ WKH DSSHDUDQFH
RI KDOR RQ WKH PLFURGLIIUDFWLRQ UHIOHFWLRQV�

6WDWLVWLFDO DQDO\VLV RI WKH W\SHV RI VWUXFWXUHV SHU�
IRUPHG RQ WKH EDVLV RI WKH LQYHVWLJDWLRQ UHVXOWV VKRZHG
WKDW WKH SURFHVV RI WKH KLJK�WHPSHUDWXUH GHIRUPDWLRQ

'LVWULEXWLRQ RI ORFDOLVHG VWUDLQ LQ GHSWK RI WKH MRLQLQJ ]RQH DW
ε
.
 �⋅��w�w�⋅��� Vw�

-RLQLQJ PHWKRG εO� � δO� µP εO�F�εO�W

'% ��w�� ≤��w�� �w��

�

3: ��w�� ≤�� 1�'

(: ���� ���w��� �

��w��

)LJXUH �� 6WUXFWXUDO FKDQJHV LQ WKH FRQWDFW ]RQH� WDNLQJ SODFH LQ
GLIIHUHQW MRLQWV GHSHQGLQJ XSRQ WKHUPDO�GHIRUPDWLRQ FRQGLWLRQV RI
WKH MRLQLQJ SURFHVV� D x QLFNHO DOOR\ RI WKH .K1��7<X W\SH LQ
'%� E x DOXPLQLXP � FRSSHU LQ 03:� Fx $'�� � ���� LQ (:
�×������
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OHDGV� LQ DGGLWLRQ WR LQFUHDVH LQ WKH ORDGLQJ UDWH �L�H�
LQ WUDQVLWLRQ IURP '% WR (:�� DOVR WR IRUPDWLRQ RI
WKH IROORZLQJ VHTXHQFH RI VWUXFWXUHV LQ WKH MRLQLQJ
]RQH� IODW GLVORFDWLRQ FOXVWHUV DQG FKDRWLF GLVWULEXWLRQ
RI GLVORFDWLRQV� EDOO�VKDSHG� EORFN�OLNH� FHOOXODU DQG
VXE�JUDQXODU VWUXFWXUHV� IUDJPHQWV� WZLQV� GLIIHUHQW
W\SHV RI EDQGHG VWUXFWXUHV �VKHDU DQG UHRULHQWDWLRQ
EDQGV�� &KDQJHV RI WKH W\SHV RI VWUXFWXUHV LQ GLIIHUHQW
PHWDOV ZLWKLQ WKH MRLQLQJ ]RQH� GHSHQGLQJ XSRQ WKH
MRLQLQJ GHIRUPDWLRQ UDWHV� DUH VKRZQ LQ )LJXUH ��

$V VHHQ IURP WKLV )LJXUH �OHIW SDUW�� WKH VLPLODU
W\SHV RI VWUXFWXUHV DQG VXE�VWUXFWXUHV �EORFNV� FHOOV
DQG VXE�JUDLQV ZLWK FOHDUO\ GHILQHG ERXQGDULHV� DUH
IRUPHG ZLWKLQ WKH MRLQLQJ ]RQH DW WKH ORZ MRLQLQJ
GHIRUPDWLRQ UDWHV� 7KH FKDUDFWHU RI WKHVH VWUXFWXUHV
GRHV QRW GHSHQG XSRQ WKH W\SH RI PDWHULDOV MRLQHG
�WKHLU FU\VWDOOLQH ODWWLFH� SKDVH VDWXUDWLRQ DQG VWDFN�
LQJ IDXOW HQHUJ\�� +RZHYHU� LQ WUDQVLWLRQ WR WKH KLJKHU
MRLQLQJ GHIRUPDWLRQ UDWHV �LQ WKH FDVH RI 3:� 03:
DQG (:� WKH FKDUDFWHU RI VWUXFWXUHV IRUPHG LQ WKH
MRLQLQJ ]RQH GUDPDWLFDOO\ FKDQJHV �VHH FXUYHV LQ WKH
ULJKW SDUW RI )LJXUH ��� 7KLV LV DVVRFLDWHG ZLWK JURZWK
RI WKH VKDUH RI WKH FROOHFWLYH IRUPV RI PRYHPHQW RI
WKH FU\VWDOOLQH ODWWLFH GHIHFWV� ZKLFK VKRZ XS DV WKH
LQWHQVLYH VKHDU DQG UHRULHQWDWLRQ EDQGV� DV ZHOO DV
VWUXFWXUHV WKH IRUPDWLRQ RI ZKLFK LV FDXVHG E\ WXUQV
RI VWUXFWXUDO HOHPHQWV� ,Q WKLV FDVH� LQ PHWDOV FKDUDF�
WHULVHG E\ ORZHU YDOXHV RI WKH VWDFNLQJ IDXOW HQHUJ\
�6)(�� VXFK DV FRSSHU� 1Lw&U DOOR\ DQG VWDLQOHVV
VWHHOV� DJDLQVW WKH WRWDO DPRXQW RI DOO WKH W\SHV RI WKH
IRUPHG VWUXFWXUHV WKHUH RFFXUV DQ LQFUHDVH LQ WKH VKHDU
RI VWUXFWXUHV ZKRVH IRUPDWLRQ LV UHODWHG WR WKH WXUQV
RI PLFURYROXPHV LQ WKH GHIRUPHG UHJLRQV� L�H� WZLQV�
IUDJPHQWV ZLWK WKH FOHDUO\ GHILQHG NQLIH�OLNH ERXQGD�
ULHV� HWF� �)LJXUH �� E�� ,Q WKH FDVH RI MRLQLQJ PDWHULDOV
ZLWK D FRPSOH[ SKDVH FRPSRVLWLRQ� H�J� VWUHQJWKHQHG
DOXPLQLXP RI WKH ���� W\SH� SKDVH SUHFLSLWDWHV RI WKH
LQWHUPHWDOOLF W\SH ZLWK D GLIIHUHQW FKDUDFWHU RI EDQG
IRUPDWLRQ DUH VHHQ� GRPLQDQW LQ WKH VWUXFWXUHV DUH WKH
UHRULHQWDWLRQ EDQGV� ZKLFK DUH PRUH GLVFUHWH WKDQ WKH
VKHDU EDQGV ZKRVH RULHQWDWLRQ GUDVWLFDOO\ FKDQJHV LQ
WKH UHJLRQ RI GHFHOHUDWLRQ RI WKH EDQGV E\ WKH SKDVH
SUHFLSLWDWHV �)LJXUH �� E��

6WDWLVWLFDO DQDO\VLV RI WKH UHVXOWV RI GLUHFW VWXGLHV
RI WKH ILQH VWUXFWXUH DQG W\SHV RI VWUXFWXUHV IRUPHG
LQ WKH MRLQLQJ ]RQH LQ GLVVLPLODU PHWDOV DOORZV WKH
IROORZLQJ FRQFOXVLRQ� 'HSHQGLQJ XSRQ WKH FRQGLWLRQV
DQG UDWH RI ORDGLQJ LQ WKH MRLQLQJ SURFHVV� WKH SODVWLF
GHIRUPDWLRQ �ZLWKLQ LWV ORFDOLVDWLRQ ]RQH� LV UHDOLVHG
LQYROYLQJ GLIIHUHQW PLFURPHFKDQLVPV� $W PLQLPXP
GHIRUPDWLRQ UDWHV� L�H� ε

.
≅ �⋅��w�w�⋅��� Vw�� LQGH�

SHQGHQWO\ RI WKH W\SH RI PHWDOV MRLQHG� WKH SODVWLF
GHIRUPDWLRQ ORFDOLVHG DORQJ WKH VXUIDFH RI FRQWDFW RI

)LJXUH �� 7\SHV RI VWUXFWXUHV LQ WKH ORFDOLVHG VWUDLQ ]RQH DW GLIIHUHQW
H[WHUQDO ORDGLQJ UDWHV DQG WKHLU GLDJUDPV� Dx FHOOXODUwVXE�JUDQX�
ODU VWUXFWXUH RI WKH .K1��7<X W\SH DOOR\ LQ '%� Ex VKHDU EDQGV
LQ QLFNHO LQ (:� F x UHRULHQWDWLRQ WXUQV DQG OLQHV LQ QLFNHO �VHH
DOVR )LJXUH �� E� �×������

)LJXUH �� 'HSHQGHQFH RI WKH GHIRUPDWLRQ PHFKDQLVP XSRQ WKH GHIRUPDWLRQ UDWH LQ SUHVVXUH MRLQLQJ RI PHWDOV� ZKLFK DUH VLPLODU LQ
FRPSRVLWLRQ DQG KDYH KLJK 6)( YDOXHV �DOXPLQLXP $'��� QLFNHO DQG 1L�EDVH DOOR\V� �D�� PHWDOV ZLWK SKDVH SUHFLSLWDWHV DQG PHWDOV
FKDUDFWHULVHG E\ ORZHU 6)( YDOXHV �VWUHQJWKHQHG DOXPLQLXP ����� FRSSHU DQG VWDLQOHVV VWHHO� �E�� �x FKDRWLF GLVWULEXWLRQ RI GLVORFDWLRQV�
� x EDOO�VKDSHGwFHOOXODU VWUXFWXUHV� � x VXE�JUDQXODU VWUXFWXUHV� � x IUDJPHQWHG VWUXFWXUHV� � x VKHDU EDQGV� � x FROOHFWLYH IRUPV
RI PRYHPHQW RI WKH FU\VWDOOLQH ODWWLFH GHIHFWV� � x WZLQQLQJ� � x UHRULHQWDWLRQ EDQGV� � x WXUQV RI JUDLQV DQG VHYHUDO JUDLQV �9 x
YROXPH IUDFWLRQ RI WKH W\SHV RI VWUXFWXUHV�
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WKH PHWDOV RFFXUV PRVWO\ E\ WKH GLVORFDWLRQ PHFKD�
QLVP� ZKLFK LV UHDOLVHG WKURXJK GLVORFDWLRQ VOLGLQJ
DORQJ WKH FU\VWDOORJUDSKLF V\VWHPV� 7KLV LV DFFRPSD�
QLHG E\ VXFFHVVLYH FU\VWDOORJUDSKLF WXUQV RI WKH GH�
IRUPHG YROXPHV� +RZHYHU� LQFUHDVH LQ WKH GHIRUPD�
WLRQ UDWH� L�H� ε

.
≅ �⋅���w�⋅��� Vw�� OHDGV WR D FKDQJH LQ

WKH PHFKDQLVP RI WKH SODVWLF GHIRUPDWLRQ� ZKLFK QRZ
LV UHDOLVHG E\ WKH PHFKDQLVPV UHODWHG WR WKH LQWHQVLYH
FROOHFWLYH IRUPV RI PRYHPHQW RI WKH FU\VWDOOLQH ODWWLFH
GHIHFWV �WUDQVODWLRQ LQ WKH IRUP RI VKHDU DQG UHRULHQ�
WDWLRQ EDQGV�� DV ZHOO DV WR LQYROYHPHQW RI WKH PRUH
UDGLFDO �URWDWLRQ� SODVWLF GHIRUPDWLRQ PLFURPHFKDQ�
LVPV� 7KH KLJK�HQHUJ\ KLJK�UDWH MRLQLQJ SURFHVVHV DUH
DOVR FKDUDFWHULVHG E\ IRUPDWLRQ RI WKH VSHFLDO PHFKD�
QLVP RI SODVWLF IORZ RI PHWDO LQ WKH ORFDO FRQWDFW
UHJLRQ� VLPLODU WR WKH K\GURG\QDPLF IORZ� 8QGHU VXFK
FRQGLWLRQV WKH VWUXFWXUH RI PHWDO LV RI WKH FKDUDF�
WHULVWLF DPRUSKRXV�FU\VWDOOLQH W\SH� ZKLFK LV LQWHU�
SUHWHG DV WKH DWRP�YDFDQW DQG KHDYLO\ QRQ�HTXLOLE�
ULXP RQH >��@�

5HVXOWV RI LQYHVWLJDWLRQV RI WKH G\QDPLFV RI VWUXF�
WXUDO� LQFOXGLQJ RULHQWDWLRQDO� FKDQJHV LQ WKH UHJLRQ
RI ORFDOLVDWLRQ RI GHIRUPDWLRQ LQ WKH FDVH RI MRLQLQJ
GLVVLPLODU PHWDOV DW GLIIHUHQW MRLQLQJ GHIRUPDWLRQ
UDWHV DUH FRQVLGHUHG LQ PRUH GHWDLOV LQ D QXPEHU RI
SDSHUV GHGLFDWHG WR VWXGLHV RI ZHOGDELOLW\ RI WLWDQLXP
WR FRSSHU >��@� KHDW�UHVLVWDQW EULWWOH DOOR\V RI WKH LQ�
WHUPHWDOOLF W\SH >��@� KLJK�VWUHQJWK DOXPLQLXP DOOR\V
RI WKH ���� W\SH >��� ��@ DQG RWKHU KDUG�WR�ZHOG PD�
WHULDOV >��w��@�

7KH GDWD JHQHUDWHG RQ SHFXOLDULWLHV RI SODVWLF GH�
IRUPDWLRQ� GHSWK RI LWV ORFDOLVDWLRQ DQG PHFKDQLVPV
RI LWV RFFXUUHQFH PDNH LW SRVVLEOH WR UHYHDO IDFWRUV
ZKLFK SUHYHQW WKH UHTXLUHG IORZ RI PHWDO LQ GHSWK RI
WKH MRLQLQJ ]RQH� ZKHUH WKH MRLQLQJ VWUDLQ LV ORFDOLVHG�
L�H� DW D GHSWK RI DERXW ��w��� µP� GHSHQGLQJ XSRQ
WKH MRLQLQJ SURFHVV� 7KLV VHUYHV DV WKH EDVLV IRU VHOHF�
WLRQ RI GLIIHUHQW WHFKQRORJLFDO DSSURDFKHV� ZKLFK ID�
YRXU SODVWLILFDWLRQ RI PHWDO SDUWLFXODUO\ LQ WKLV MRLQLQJ
]RQH� 6RPH RI VXFK DSSURDFKHV ZHUH XVHG IRU WKH GH�
YHORSPHQW RI D QXPEHU RI MRLQLQJ WHFKQRORJLHV�

)RU H[DPSOH� WR PDNH MRLQWV EHWZHHQ DOXPLQLXP
$'�� DQG KLJK�VWUHQJWK DOXPLQLXP RI WKH ���� W\SH�
WKH VDIHW\ IDFWRU IRU GXFWLOLW\ RI WKH GHIRUPHG OD\HUV
RI DOXPLQLXP ���� ZDV LQFUHDVHG GXH WR VSHFLDO SUHSD�
UDWLRQ RI WKH PDWLQJ VXUIDFHV� ZKLFK DOORZHG WKH ODWWHU
WR EH FOHDQHG IURP KDUGHQLQJ LQWHUPHWDOOLF SKDVHV DW
D GHSWK RI DERXW ��� µP� 7KLV UHVXOWHG LQPLQLPLVDWLRQ
RI WKH FROOLVLRQ SDUDPHWHUV LQ UHFRQGLWLRQLQJ UHSDLU RI
WKLQ�ZDOOHG VKHOO PHWDO VWUXFWXUHV RI WKH DLUFUDIW E\
H[SORVLRQ ZHOGLQJ >��@� 7KH SKDVH LQVWDELOLW\ HIIHFWV
DSSHDULQJ LQ D WHPSHUDWXUH UDQJH RI αwβ�SKDVH WUDQ�
VLWLRQV UHVXOWHG LQ WKH DFWLYDWLRQ RI WKH GHIRUPDWLRQ
LQ '% RI WKH 7L�$O�EDVHG KHDW�UHVLVWDQW DOOR\ >��@�
6LPLODU UHVXOWV ZHUH REWDLQHG LQ XVLQJ VSHFLDO IRUPLQJ
PDQGUHOV IRU MRLQLQJ WLWDQLXP WR FRSSHU LQ '% >��@�
&Xw$O WUDQVLWLRQ SLHFHV PDGH E\03: >��@ DQG RWKHU
PDWHULDOV�
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�� ,QWHJUDWHG LQYHVWLJDWLRQV ZHUH FRQGXFWHG WR VWXG\
SHFXOLDULWLHV RI SODVWLF GHIRUPDWLRQ ZLWKLQ WKH FRQWDFW
]RQH LQ SUHVVXUH MRLQLQJ RI GLVVLPLODU PHWDOV LQ WKH

FDVH RI YDULDWLRQ LQ WKH MRLQLQJ GHIRUPDWLRQ UDWH IURP
�⋅��w� WR �⋅���w�⋅��� Vw��

�� 3ODVWLF GHIRUPDWLRQ KDV D KHWHURJHQHRXV FKDU�
DFWHU ZLWK D FOHDUO\ GHILQHG ORFDOLVDWLRQ UHJLRQ RYHU
WKH HQWLUH UDQJH RI H[WHUQDO ORDGLQJ UDWHV� -RLQWV LQ
GLVVLPLODU PHWDOV GLIIHU LQ WKH VWUDLQ YDOXHV �εO ≅ ��w
���� �� DQG GHSWK RI WKHLU ORFDOLVDWLRQ ]RQH �δO ≅
≅ ��w��� µP��

�� $W ε
.

≅ �⋅��w� Vw� WKH SODVWLF GHIRUPDWLRQ LV UH�

DOLVHG PRVWO\ E\ WKH GLVORFDWLRQ PHFKDQLVP� ZLWK DQ
LQFUHDVH WR �⋅���w�⋅��� Vw� LW RFFXUV PDLQO\ GXH WR WKH
FROOHFWLYH IRUPV RI PRYHPHQW RI WKH FU\VWDOOLQH ODWWLFH
GHIHFWV DQG WKH URWDWLRQ PHFKDQLVPV�

�� *OLQH� &�=� ������ $Q DQDO\WLFDO DQG H[SHULPHQW VWXG\ RI
GLIIXVLRQ ERQGLQJ� :HOGLQJ -�� ��� ���w����

�� 3XW]� *�� 6WDUNH� =� ������ 8QWHUVXFKXQJHQ ]XU :HLWHU�
HQWZLFNOXQJ GHV .DOWSUHβVFKZHLβHQV� 6FKZHLβWHFKQLN� ��
���w����

�� .D]DNRY� 1�)� ������ 'LIIXVLRQ ERQGLQJ RI PDWHULDOV� 0RV�
FRZ� 0DVKLQRVWURHQLH�

�� *HOPDQ� $�6� ������ )XQGDPHQWDOV RI SUHVVXUH ZHOGLQJ�
0RVFRZ� 0DVKLQRVWURHQLH�

�� 6KURQ� 5�=�� =HP]LQ� 9�1� ������ +HDW WUHDWPHQW DQG

SURSHUWLHV RI ZHOGHG MRLQWV� /HQLQJUDG� 0DVKLQRVWURHQLH�
�� %DNVKL� 2�$� ������ 7KHRU\ DQG SUDFWLFH RI ZHOGLQJ PDQX�

IDFWXULQJ� 6YHUGORYVN� 83,�
�� (LQELQGHU� 6�%�� *OXGH� 5�.�� /RJLQRYD� $�<D� HW DO�

������ )XQGDPHQWDOV RI SUHVVXUH ZHOGLQJ WKHRU\� $YWR�

PDWLFK� 6YDUND� �� ��w���
�� .UDVXOLQ� <X�3� ������ ,QWHUDFWLRQ EHWZHHQ PHWDO DQG

VHPLFRQGXFWRU LQ VROLG SKDVH� 0RVFRZ� 1DXND�
�� &XQQLQJKDP� &�:�� 6SHWQDN� ,�:� ������ *UDLQ JURZWK

DQG VXE�JUDLQ VWUXFWXUH LQ SUHVVXUH�ERQGHG FRSSHU� 7UDQV�

DFW� 0HWDOOXUJ� 6RF� $,0(� �� ���w����
��� :LQVORZ� 3�0�� +RULW]� '�� ,QW\UH� '�9� ������ $GKHVLRQ

DQG FRKHVLRQ RI PHWDOV LQ WKH VSDFH HQYLURQPHQW� 3DS�

$PHU� 6RF� 0HFK� (QJ�� ��� �w���
��� :RGDUD� -� ������ .DOWSUHβVFKZHLβHQ� 6FKZHLβWHFKQLN� ��

���w����
��� <RVKL\DVX� ,�� 7DNDKLNR� 6�� 0DVDKLUR� 6� HW DO� ������

&KDUDFWHULVWLFV RI EHKDYLRXU RI GLIIXVLRQ LQ WKH WUDQVLWLRQ
]RQH RI D FRSSHU�DOXPLQLXP MRLQW GXULQJ IULFWLRQ ZHOGLQJ�
7UDQVDFW� -DS� 6RF� 0HFK� (QJ� $,0(� ���� ���w����

��� .D]X\XNL� +�� 7DNHVKL� ,�� 7DNHQREX� $� HW DO� ������ 3D�
UDPHWHUV RI H[SORVLRQ ZHOGLQJ DQG VWUHQJWK RI MRLQW LQ FODG�
GLQJ VWDLQOHVV VWHHO ZLWK GLIIHUHQW DOXPLQLXP DOOR\V XVLQJ DQ
LQWHUPHGLDWH VWDLQOHVV� -� -DS� :HOGLQJ 6RF�� �� ��w���

��� 3DQLQ� 9�(�� /LNKDFKHY� 9�$�� *ULQ\DHY� <X�9� ������
6WUXFWXUDO GHIRUPDWLRQ OHYHOV RI VROLGV� 1RYRVLELUVN� 1DXND�

��� 0DUNDVKRYD� /�,�� .LUHHY� /�6�� =DPNRY� 9�1� HW DO� ������ 3H�
FXOLDULWLHV RI IRUPDWLRQ RI DQ LQWHUIDFLDO ]RQH LQ SUHVVXUH ZHOGLQJ
RI GLVVLPLODU PHWDOV� ,Q�:HOGHG VWUXFWXUHV� +DUZRRG $�3�

��� =DPNRY� 9�1�� 0DUNDVKRYD� /�,�� .LUHHY� /�6� HW DO� ������ 3H�
FXOLDULWLHV RI VWUXFWXUDO FKDQJHV RI UHIUDFWRU\ 7L�$O�EDVH DOOR\ LQ
YDFXXP SUHVVXUH ZHOGLQJ� $YWRPDWLFK� 6YDUND� �� ��w���

��� 3HWXVKNRY� 9�*�� 0DUNDVKRYD� /�,�� =RWRY� 0�,� HW DO�
������ 0LFURPHFKDQLVPV DQG FRQGLWLRQV RI VWUDLQ ORFDOLVD�
WLRQ LQ KLJK HQHUJ\ ORDGLQJ� ,Q� 3URF� RI ; ,QW� &RQI� RQ

+LJK (QHUJ\ $FWLRQ RQ 0HWDOV� /\XEOHQD� 6HSW�� �����
��� 3HWXVKNRY� 9�*�� 0DUNDVKRYD� /�,�� =RWRY� 0�,� HW DO�

������ 3HFXOLDULWLHV RI SODVWLF GHIRUPDWLRQ RI DOXPLQLXP LQ
H[SORVLRQ ZHOGLQJ� ,Q� &ROO� SDS� RI &RQI� RQ 6SHFLDO 0HWK�

RGV RI :HOGLQJ� =DJUHE� 0DUFK ��� �����
��� 0DUNDVKRYD� /�,�� 6HUJHHYD� <X�$�� 6WDWVHQNR� 9�9� HW DO�

������ 3HFXOLDULWLHV RI VWUXFWXUH IRUPDWLRQ DQG PHFKDQLVPV
RI SODVWLF GHIRUPDWLRQ LQ FRQGLWLRQV RI PDJQHWLF�SXOVH ZHOG�
LQJ� ,Q� :HOGLQJ RI GLVVLPLODU� FRPSRVLWH DQG PXOWLOD\HU

PDWHULDOV� .\LY� 3:,�
��� 0DUNDVKRYD� /�,�� *ULJRUHQNR� *�0�� $UVHQ\XN� 9�9� HW DO�

������ 2Q UHODWLRQVKLS EHWZHHQ VWUXFWXUH DQG SURSHUWLHV RI
VWHHO�DOXPLQLXP MRLQWV PDGH E\ IULFWLRQ ZHOGLQJ� $YWR�

PDWLFK� 6YDUND� �� �w���
��� =DVLPFKXN� (�(�� 0DUNDVKRYD� /�,� ������ 0LFUREDQGV LQ

UROOLQJ�GHIRUPHG QLFNHO VLQJOH FU\VWDOV� 0DWHULDOV 6FL� DQG

(QJ� $�� ���� ��w���
��� 5\DERY� 9�5�� 0DUNDVKRYD� /�,�� 3DYOHQNR� <X�9� ������

6WXG\ RI ZHOGDELOLW\ RI WKH FRUGRQ�DOXPLQLXP FRPSRVLWH�
,Q� 3URF� RI , ,QW� 6$03( 6\PS� DQG ([KLELWLRQ� $QD�
KHLP� 0DUFK ��w��� �����
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7KH GHWDLOHG DQDO\VLV RI WUDQVLHQW DQG VWHDG\ SURFHVVHV LQ ZHOGLQJ FLUFXLW� DV D UHVXOW RI ZKLFK WKH UHJLRQ RI VWDWLRQDU\

FRQGLWLRQV DQG OLPLWV RI WKHLU DV\PSWRWLF VWDELOLW\ ZHUH GHILQHG LV SUHVHQWHG�

.H\ ZRU G V � DUF ZHOGLQJ� VWDWLRQDU\ FRQGLWLRQV� VWDELOLW\�

WUDQVLHQW DQG VWHDG\ SURFHVVHV

'XULQJ GHYHORSLQJ QHZ *0$: WHFKQRORJLHV DQG

HTXLSPHQW� WKHUH LV DOZD\V D QHFHVVLW\ RI H[SUHVV�

DQDO\VLV LQ ZHOGLQJ SURFHVV FRQGLWLRQV VWDELOLW\� 7KH

FULWHULRQ DFFRUGLQJ WR ZKLFK WKH SURFHVV RI DUFZHOGLQJ

LV DV\PSWRWLFDOO\ VWDEOH� LI VWHHSQHVV RI WKH YROW�DP�

SHUH FKDUDFWHULVWLFV �9$&� RI WKHZHOGLQJ DUF LV KLJKHU

WKDQ VWHHSQHVV RI WKH 9$& RI WKH SRZHU VRXUFH IHHGLQJ

WKH DUF LV UDWKHU VLPSOH DQG HIILFLHQW PHDVXUH RI VWD�

ELOLW\�

0HDQZKLOH LW LV ZHOO NQRZQ WKDW LQ FHUWDLQ FRQ�

GLWLRQV DUF H[WLQFWLRQV RU VKRUW FLUFXLWV RI WKH ZHOGLQJ
JDS WKDW OHDG WR YLRODWLRQ RI WKH ZHOGLQJ FRQGLWLRQV

RU WR WKH IXOO FHVVDWLRQ PD\ RFFXU� ,W LV WKLV FLUFXP�

VWDQFH WKDW VHHPV WR JLYH UHDVRQ WR FRQVLGHU DUF H[�

WLQFWLRQV DQG VKRUW FLUFXLW DV D UHVXOW RI LQVWDELOLW\ RI

WKH ZHOGLQJ SURFHVV >�@� 7KRXJK VXFK LQWHUSUHWDWLRQ

RI YLRODWLRQ RI WKH DUF ZHOGLQJ FRQGLWLRQV FDXVHV RE�

MHFWLRQV RI WKH FRQFHSWXDO FKDUDFWHU� 7KH SRLQW LV WKDW

YLRODWLRQV RI WKH FRQGLWLRQV PD\ RFFXU DV ZHOO ZKLOH

IROORZLQJ WKH VWDELOLW\ FRQGLWLRQV�
,Q WKLV FRQQHFWLRQ WKLV DUWLFOH JLYHV WKH GHWDLOHG

DQDO\VLV RI WKH WUDQVLHQW DQG VWHDG\ SURFHVVHV RI WKH

ZHOGLQJ FLUFXLW UHVXOWLQJ LQ SULQFLSDO GLIIHUHQWLDWLRQ

EHWZHHQ WKH QRWLRQV �YLRODWLRQ RI DUF ZHOGLQJ FRQGL�
WLRQV� DQG �ORVV LQ VWDELOLW\� RI WKHVH FRQGLWLRQV�

0DWKHPDWLFDO PRGHO� &RQVLGHU WKH HTXDWLRQV
ZKLFK ZLWKLQ WKH IUDPHZRUNV RI WKLV WDVN UHIOHFW WKH

G\QDPLF SURFHVVHV RI LQWHUHVW RFFXUULQJ LQ WKH ZHOGLQJ
FLUFXLW GXULQJ *0$:�
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SDUDPHWHUV� ZKLFK FKDUDFWHULVH PRVWO\ WKH HOHFWURGH

PHWDO WUDQVIHU WKURXJK WKH DUF JDS� PRYHPHQW RI WKH

IUHH VXUIDFH RI WKH ZHOG SRRO WRZDUGV WKH D[LV RI WKH
HOHFWURGH VWLFNRXW DQG KHDW LQHUWLD RI WKH DUF LWVHOI�
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KDV QR VHQVH� L�H� LW GHVFULEHV SURFHVVHV RFFXUULQJ LQ
ZHOGLQJ FLUFXLW RQO\ GXULQJ WKH DUFLQJ WLPH�

6WDWLRQDU\ FRQGLWLRQV� &RQVLGHU ILUVW WKH VWDEOH
DUF OHQJWK FRPSRQHQW� O∞ = OLP

W → ∞
O(W) ZKLFK DFFRUGLQJ

WR WKH HTXDWLRQV ���� ���� DW G�O�GW�  �� GO�GW  �
LV GHWHUPLQHG E\ WKH IROORZLQJ UHODWLRQVKLSV�
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FDVH XVHG LQ SUDFWLFH�

7KH OLPLWDWLRQV RI WKH QRWHG UDQJH RI WKH VWHDG\
FRQGLWLRQV DUH WKH UHODWLRQVKLSV�
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ZKLFK DUH GHULYHG RQ WKH EDVLV RI ����
7KH UDQJH RI WKH VWHDG\ DUF ZHOGLQJ FRQGLWLRQV

GHWHUPLQHG IURP IRUPXODH ��� LV VKRZQ LQ )LJXUH ��
&RQGLWLRQV LQFOXGHG LQ WKLV UDQJH DFFRUGLQJ WR >�@
FDQ EH FDOOHG VWDWLRQDU\� DV WKH\ GR QRW YDU\ LQ WLPH
DW J  FRQVW� WKDW LV WKH\ DUH RSWLPL]HGZLWKRXW QDWXUDO
LQWHUUXSWLRQV GXULQJ DUFLQJ FDXVHG E\ WKH DUF H[WLQF�
WLRQV RU VKRUW FLUFXLWV RI WKH DUF JDS� 7KH KLJKHU UDQJH
FRUUHVSRQGV WR QRQ�VWDWLRQDU\ FRQGLWLRQV ZKLFK DUH
FKDUDFWHUL]HG E\ WKH SHULRGLF DUF H[WLQFWLRQV� $FFRUG�
LQJ WR >�@ WKH\ FDQQRW EH UHFRPPHQGHG IRU SUDFWLFDO
XVDJH� &RQGLWLRQV RI WKH UDQJH ORFDWHG EHORZ UDQJH
� DUH SK\VLFDOO\ QRQ�UHDOL]DEOH� DV KHUH O � ��

%XW ZH VKRXOG QRW PLVV WKH IDFW WKDW ZLWKLQ WKH
OLPLWV RI PRGHO ��� DQG ��� LW LV FRUUHFW WR FRQVLGHU
RQO\ VWDWLRQDU\ FRQGLWLRQV� L�H� WKRVH ZKLFK DUH LQ�
FOXGHG LQ WKH VDLG UDQJH� DV RXWVLGH WKLV UDQJH HTXDWLRQ
���� ILUVWO\� KDV QR VHQVH� 6HFRQGO\� LW LV FOHDU WKDW
VWHDG\ FRQGLWLRQV DUH SRVVLEOH RQO\ LQ FDVH ZKHUH WUDQ�
VLHQW FRQGLWLRQV LQ WKH ZHOGLQJ FLUFXLW DWWHQXDWH DV�
\PSWRWLFDOO\ ZKLFK PHDQV WKDW WKH DV\PSWRWLF VWDELO�
LW\ RI WKH ZHOGLQJ SURFHVV LV JXDUDQWHHG� &RQVLGHU
WKLV LVVXH LQ PRUH GHWDLO�

6WDELOLW\ OLPLWV� 5HWXUQLQJ WR UHODWLRQVKLS ��� LW
FDQ EH HDVLO\ VHHQ WKDW5∗  5∗ �O�� WKDW LV ZK\ HTXDWLRQ

��� LV OLQHDU� $W WKH VDPH WLPH DV FRHIILFLHQW U ZKLFK
EHORQJV WR ��� LV ORZ WKH UHODWLRQVKLS
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$FFRUGLQJ WR 6WRGRODsV DOJHEUDLF FULWHULRQ WKH WUDQ�
VLHQW SURFHVV λ�W� ZLOO FHUWDLQO\ DWWHQXDWH
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SRVLWLYH� L� H� LI 7
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! �� $V /� ( DQG 0

DUH SRVLWLYH� WKH DERYH LQHTXDOLWLHV ZLOO EH PHW DF�
FRUGLQJ WR WKH H[SUHVVLRQ ���� RQO\ LI 5∗ � �� 7KHQ

WKH VXIILFLHQW DQG QHFHVVDU\ DOJHEUDLF FRQGLWLRQ RI
DV\PSWRWLF VWDELOLW\ RI WKH SURFHVVHV LQ WKH ZHOGLQJ
FLUFXLW ZLOO HQVXH IURP WKH UHODWLRQVKLS ��� ZKLFK FDQ
EH ZULWWHQ GRZQ LQ D XVXDO IRUP
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WHUPLQHG E\ WKH FULWHULRQ 6
D
w 6
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! � >�w�@� DQG WKH

KLJKHU WKH 5 YDOXH� WKH ZLGHU WKH UDQJH �)LJXUH ���
,W LV VRPHWLPH XVHIXO FRQVLGHULQJ WKLV IDFW�

0LQG WKDW KHUH ZH FRQVLGHU WKH OLQHDUL]HG PRGHO
RI HTXDWLRQV ��� DQG ��� RI WKH SURFHVV XQGHU LQYHV�
WLJDWLRQ� 7KHUHIRUH WKH SRLQW LV MXVW VWDELOLW\ �LQ WKH
VPDOO� >�w�@� L� H� ZLWK VXFK GHYLDWLRQV RI WKH DUF
OHQJWK O IURP LWV VWDEOH YDOXH O∞ ZKHUH DV D UHVXOW RI

SRVVLEOH GHYLDWLRQV RI SDUDPHWHUV 6
D
� 6

V
DQG 5 QR

YLRODWLRQ RI WKH FRQGLWLRQ ���� RFFXUV� &RQVLGHU RQH
PRUH SRLQW� ,Q D UHDO ZHOGLQJ FLUFXLW 7

V
!! �7

H
� DQG

WKLV PHDQV WKDW DWWHQXDWLRQ RI WKH WUDQVLHQW SURFHVV
λ�W� LV RI DQ DSHULRGLF FKDUDFWHU� 7KHUHIRUH� ZLWK DQ\
YDULDWLRQV LQ WKH FRQWURO HIIHFW RI J LQ >�� O

FU
@ LQWHUYDO�

IRU H[DPSOH GXULQJ WXQLQJ WKH FRQGLWLRQV� WKH DUF
OHQJWK O LV DOZD\V VPDOOHU WKDQ O

FU
�

6R LQ UHDOLVDWLRQ RI LQHTXDOLW\ ���� VWDWLRQDU\ FRQ�
GLWLRQV� L�H� FRQGLWLRQV OLPLWHG E\ WKH UHODWLRQVKLSV
���� DUH DV\PSWRWLFDOO\ VWDEOH� +RZHYHU WKH OLPLWV RI
WKH VWDWLRQDU\ FRQGLWLRQV ��� FDQQRW EH FRQVLGHUHG DV
WKH VWDELOLW\ OLPLWV� L�H� ZLWKRXW PHHWLQJ LQHTXDOLW\
���� FRQGLWLRQV ZLWKLQ WKHVH OLPLWV EHFRPH WUDQVLHQW�
7KLV LV DQ HVVHQWLDO SRLQW ZKLFK VKRXOG QRW EH QH�
JOHFWHG LQ LQYHVWLJDWLRQ RI VWDELOLW\ RI WKH *0$:
SURFHVVHV�

&21&/86,216

�� 7KH OLPLWV RI WKH UDQJH RI VWDWLRQDU\ FRQGLWLRQV DUH
QRW WKH OLPLWV RI VWDELOLW\ RI WKH DUF ZHOGLQJ SURFHVV�
7KH\ MXVW VLQJOH RXW WKRVH FRQGLWLRQV LQ ZKLFK WKH
DUFLQJ JRHV ZLWKRXW DUF H[WLQFWLRQV DQG VKRUW FLUFXLWV
LQ WKH DUF JDS� ,I WKH RSHUDWLRQ FRQGLWLRQV JR RXWVLGH
WKLV UDQJH� WKLV OHDGV WR YLRODWLRQ RI VWDELOLW\ RI WKH
ZHOGLQJ SURFHVV�

�� 7KH ORVV RI VWDELOLW\ LQ WKH DUF ZHOGLQJ SURFHVV
RFFXUV RQO\ DW YLRODWLRQ RI FRQGLWLRQ �����

�� 1LNLWLQ� 9�3� ������ (OHFWULF PDFKLQHV DQG WUDQVIRUPHUV IRU
DUF ZHOGLQJ� 0RVFRZ�/HQLQJUDG� (QHUJRL]GDW�

�� 3DWRQ� %�(�� /HEHGHY� 9�.� ������ (OHFWULF HTXLSPHQW IRU
DUF DQG HOHFWURVODJ ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� /HVNRY� *�,� ������ :HOGLQJ DUF� 0RVFRZ� 0DVKLQRV�
WURHQLH�

�� /HQLYNLQ� 9�$�� '\XUJHURY� 1�*�� 6DJLURY� .K�1� ������
7HFKQRORJLFDO SURSHUWLHV RI VKLHOGHG ZHOGLQJ DUF� 0RVFRZ�
0DVKLQRVWURHQLH�

�� 6XGQLN� 9�$�� (URIHHY� 9�$�� /RJYLQRY� 5�9� ������ 6WXG\
RI VWDELOLW\ RI VKLHOGHG DUF ZHOGLQJ SURFHVV� ,Q� 7UDQVDFW� RI
7XOD 8QLYHU� RQ &RPSXWHU 7HFKQRORJLHV LQ -RLQLQJ RI 0D�
WHULDOV� 7XOD�

�� %XNL� $�$� ������ 0RGHOOLQJ RI SK\VLFDO�FKHPLFDO SURFHVVHV
RI DUF ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� %DUEDVKLQ� (�$� ������ ,QWURGXFWLRQ WR VWDELOLW\ WKHRU\�
0RVFRZ� 1DXND�

�� 9RURQRY� $�$� ������ 6WDELOLW\� FRQWUROODELOLW\� REVHUYDELO�
LW\� 0RVFRZ� 1DXND�

�� 7V\EXONLQ� *�$� ������ 2Q RQH DOJHEUDLF FRQGLWLRQ RI VWD�
ELOLW\ RI OLQHDU G\QDPLF V\VWHPV� ,Q� &\EHUQHWLFV DQG FRP�
SXWHU HQJLQHHULQJ� ,VVXH ���

�
��������	
��	
��������
	������	
�

����	�	������
���
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

6SHFLILF IHDWXUHV RI WHFKQRORJ\ RI XOWUDVRQLF ZHOGLQJ RI ULJLG SRO\PHUV RQ WKH H[DPSOH RI SURGXFWV PDGH IURP SR�

O\PHWK\OPHWKDFU\ODWH DUH GHVFULEHG� 0DWKHPDWLFDO PRGHO RI WKHUPRPHFKDQLFDO SURFHVVHV UHDOL]HG LQ WKH ]RQH RI ZHOGLQJ

ZDV VXJJHVWHG DQG WKH PDLQ VWDJHV RI SRO\PHU YLEURKHDWLQJ ZHUH DQDO\]HG� &ULWHULRQ RI DXWRPDWLF GRVLQJ RI DSSOLHG

HQHUJ\� EDVHG RQ WKH GHSHQGHQFH RI GHIRUPDWLRQ DQG WHPSHUDWXUH RI ZHOG ]RQH RQ WKH DPSOLWXGH RI ZDYH JXLGH RVFLOODWLRQV

KDV EHHQ GHYHORSHG�

.H\ ZRU G V � SRO\PHUV� XOWUDVRQLF ZHOGLQJ� ZHOGLQJ FRQGL�
WLRQ SDUDPHWHUV� WKHUPRPHFKDQLFDO SURFHVVHV� GRVLQJ RI HQHUJ\�
ZHOGLQJ F\FOH

2ZLQJ WR WKHLU XQLTXH SK\VLFDO�PHFKDQLFDO SURSHUWLHV
DQG FRPSDUDWLYHO\ ORZ FRVW WKH SODVWLFV ILQG PRUH DQG
PRUH ZLGH DSSOLFDWLRQ LQ PDQ\ EUDQFKHV RI LQGXVWU\�
PHGLFLQH� DJULFXOWXUH� HWF� ,Q WKLV FRQQHFWLRQ WKH SURE�
OHP RI WKHLU MRLQLQJ LV DFWXDO� $W SUHVHQW WKH SRO\PHULF
SDUWV DQG VWUXFWXUHV DUH MRLQHG XVLQJ EROWV� ULYHWV RU
RWKHU PHFKDQLFDO PHDQV� DQG DOVR E\ WKHLU DGKHVLRQ
DQG ZHOGLQJ >�@� 7KH ODWWHU KDV D QXPEHU RI DGYDQ�
WDJHV DV FRPSDUHG WR RWKHU PHWKRGV� DV WKH MRLQWV
SURGXFHG DUH FORVH E\ WKHLU PHFKDQLFDO� GLHOHFWULF DQG
RWKHU SURSHUWLHV WR WKH LQLWLDO PDWHULDO�

$PRQJ WKH H[LVWLQJ W\SHV RI ZHOGLQJ LW LV LPSRV�
VLEOH WR GLVWLQJXLVK RQH W\SH ZKLFK FRXOG VDWLVI\ HFR�
QRPLF� WHFKQRORJLFDO DQG VHUYLFH UHTXLUHPHQWV� (DFK
PHWKRG KDV DGYDQWDJHV DQG GUDZEDFNV DQG� GHSHQG�
LQJ RQ SK\VLFDO�PHFKDQLFDO SURSHUWLHV RI SRO\PHU�
SXUSRVH RI SURGXFW� SURGXFWLRQ TXDQWLW\� WKH GHILQLWH
W\SH RI ZHOGLQJ FDQ EH SUHIHUUHG� ,W LV VKRZQ LQ ZRUNV
>�w�@ WKDW WR MRLQ WKH SURGXFWV RI ULJLG SRO\PHUV �SRO\�
VW\UHQH� SRO\PHWK\OPHWKDFU\ODWH� HWF�� LW LV PRVW UD�
WLRQDO WR XVH WKH XOWUDVRQLF ZHOGLQJ �86:�� +RZ�
HYHU� WKH LPSOHPHQWDWLRQ RI 86: LQ WKH SURGXFWLRQ
HQFRXQWHUV D QXPEHU RI WHFKQRORJLFDO� PDWHULDOV VFL�
HQFH DQG GHVLJQ SUREOHPV�

,Q WKH SUHVHQW DUWLFOH WKH UHJXODULWLHV RI WKH SURFHVV
RI IRUPDWLRQ RI ZHOGHG MRLQWV LQ 86: RQ WKH H[DPSOH
RI SRO\PHWK\OPHWKDFU\ODWH �300$� DUH VKRZQ� JH�

� =�3� /8*292- DQG 1�3� 1(67(5(1.2� ����
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QHUDO DSSURDFKHV WR WKH VHOHFWLRQ RI RSWLPXP FRQGL�

WLRQ SDUDPHWHUV RI ZHOGLQJ ULJLG SRO\PHUV DUH IRUPX�

ODWHG DQG FULWHULD RI DXWRPDWLF GRVLQJ RI PHFKDQLFDO
HQHUJ\� DSSOLHG WR WKH ZHOGLQJ ]RQH DUH VXJJHVWHG�

7KH PDLQ GLIILFXOW\ RI ZHOGLQJ RI 300$ FRQVLVWV
LQ WKH IDFW WKDW WHPSHUDWXUH RI PHOWLQJ WKH MRLQW ]RQH

FDQ H[FHHG ��� . GXULQJ WKH SURFHVV RI DSSO\LQJ XO�

WUDVRQLF RVFLOODWLRQV� ZKLFK LV KLJKHU WKDQ WKH WHP�

SHUDWXUH RI PDWHULDO GHFRPSRVLWLRQ >�� �@� 'XH WR WKLV

WKH GHIHFWV LQ WKH IRUP RI YRLGV RU SURGXFWV RI SRO\PHU

WKHUPDO GHVWUXFWLRQ DUH REVHUYHG LQ WKH ZHOGHG MRLQW

ZKHQ WKH LQWHQVLYH FRQGLWLRQV DUH XVHG �)LJXUH ���

9DU\LQJ WKH PDLQ ZHOGLQJ FRQGLWLRQ SDUDPHWHUV LW LV
SRVVLEOH WR UHGXFH WKH DPRXQW RI SRUHV� EXW LQ WKLV

FDVH WKH VLJQLILFDQW WKLQQLQJ RI SDUWV EHLQJ ZHOGHG LV

RFFXUUHG� 7R LQFUHDVH WKH TXDOLW\ RI ZHOGHG MRLQW LV

SRVVLEOH E\ DUWLILFLDO HGJH JURRYLQJ >�� �@� )RU WKLV

SXUSRVH WKH UHODWLRQ EHWZHHQ WKH VKDSH RI VWUHVV UDLVHU

DQG ZLWK SRZHU DQG GHIRUPDWLRQDO SURFHVVHV LQ WKH

MRLQW ]RQH DW GLIIHUHQW 86: FRQGLWLRQV ZDV VWXGLHG�

3URMHFWLRQV RI WKUHH W\SHVZHUHPDGH RQ WKHZHOGHG
VDPSOHV ���×��×� PP� IURP SRO\YLQ\OFKORULGH
�39&�� 300$ DQG SRO\VW\UHQH �36�� IODW� VHPLFLU�
FXODU DQG 9�VKDSHG� 3URMHFWLRQV KDG HTXDO KHLJKW DQG

VLPLODU YROXPH �9  ��� PP
��� :HOGLQJ ZDV SHU�

IRUPHG LQ LQVWDOODWLRQ RI %UDQVRQ ���� W\SH XVLQJ D
VWHS ZDYH JXLGH� 7R GHILQH WKH ERXQGDULHV RI YDU\LQJ

PDLQ SDUDPHWHUV RI 86: FRQGLWLRQV DQG WR UHGXFH

WKH H[SHQVHV IRU H[SHULPHQW D PDWKHPDWLFDO PRGHO RI

WKHUPRPHFKDQLFDO SURFHVVHV� UHDOL]HG LQ WKH MRLQW

]RQH� ZDV GHYHORSHG�

0DWKHPDWLFDO GHVFULSWLRQ RI WKHUPRPHFKDQLFDO

SURFHVVHV LQ 86: LQ WKH V\VWHP RI FRRUGLQDWH �[��

[�� LV JLYHQ LQ WKH VFRSH RI D ELQGLQJ SUREOHP RI
WKHUPRYLVFRHODVWLFLW\� ZKRVH VWDWHPHQW LQFOXGHV

HTXDWLRQV RI RVFLOODWLRQV

σaLM� M + ρω�
X
a

L = ��

RI HQHUJ\

Fν7
⋅

= (N7
� L)� L + '

__
′
� L� M� N ↔ [�� [�

SK\VLFDO HTXDWLRQV IRU VWUHVVHV DQG UDWH RI GLVVLSDWLRQ

RI PHFKDQLFDO HQHUJ\

σaLM = �*
a (εaLM +

νa
� w �νa εaNN δLM)�

'
′w =

ω
�

(σLM
′′ εLM

′ + σLM
′ εLM

′′ )�

DQG DOVR FRUUHVSRQGLQJ ERXQGDU\ DQG LQLWLDO �IRU WHP�

SHUDWXUH� FRQGLWLRQV�

+HUH� σaLM� εaLM DQG X
a
L DUH WKH DPSOLWXGHV RI FRPSR�

QHQWV RI VWUHVV WHQVRUV σaLM  σLM′ � σLM′′ � GHIRUPDWLRQV

DQG YHFWRU RI GLVSODFHPHQWV� ρ LV WKH GHQVLW\� ω LV WKH

FLUFXODU IUHTXHQF\� Fν LV WKH KHDW FDSDFLW\� N LV WKH

KHDW FRQGXFWLYLW\ FRHIILFLHQW� 7 LV WKH WHPSHUDWXUH LQ

WKH ZHOG ]RQH� *
a

� νa DUH WKH LQWHJUDWHG VKHDU PRGXOXV

DQG 3RLVVRQsV FRHIILFLHQW �*
a

 *′ � L*′′� νa  ν′ w Lν′′��
δLM LV WKH .URQHFNHUsV V\PERO�

7KH DERYH�PHQWLRQHG PRGHO LV EDVHG RQ WKH IRO�

ORZLQJ DVVXPSWLRQV� ERG\ PDWHULDO LV LVRWURSLF YLV�
FRHODVWLF� DOO WKH PHFKDQLFDO YDULDEOHV �WKH FRPSR�

QHQWV RI YHFWRU RI GLVSODFHPHQW� WHQVRU RI VWUDLQV DQG

VWUHVVHV� DUH FKDQJHG E\ D KDUPRQLF ODZ DW D FLUFXODU

IUHTXHQF\ ω �ω  �πI�� HTXDO WR IUHTXHQF\ I RI RVFLO�

ODWLRQV RI WKH WRRO ZRUNLQJ HGJH� RVFLOODWLQJ FRQVWLWX�

HQWV RI FKDQJLQJ WHPSHUDWXUH GXULQJ WKH SHULRG RI

RVFLOODWLRQ DUH VPDOO DV FRPSDUHGZLWK D W\SLFDO FKDQJH

RI WHPSHUDWXUH GXULQJ WKH ZHOGLQJ F\FOH� LQQHU ORVVHV

DUH WKH PDLQ PHFKDQLVP RI GLVVLSDWLRQ RI PHFKDQLFDO

HQHUJ\ >�@�

3UREOHP LQ D WZR�GLPHQVLRQDO VWDWHPHQW ZDV

VROYHG E\ XVLQJ WKH QXPHULFDO PHWKRG RI ILQLWH HOH�

)LJXUH �� 0DFURVWUXFWXUH RI 300$ ZHOGLQJ ]RQH �×��� )LJXUH �� 'HSHQGHQFH RI KHDW DPRXQW ∆+ RQ WKH W\SH RI SRO\PHU
DQG VKDSH RI JURRYLQJ

)LJXUH �� 'HSHQGHQFH RI WHPSHUDWXUH 7� XSVHWWLQJ δ DQG MRLQW
VWUHQJWK 4 RQ WLPH RI ZHOGLQJ W

Z
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PHQWV >�@� 7R LQFUHDVH WKH HIIHFWLYHQHVV RI FDOFXODWLRQV
LQ WKH KLJK�IUHTXHQF\ ]RQH RI RVFLOODWLRQV DQG WR RE�
WDLQ WKH PRUH GHWDLOHG GHVFULSWLRQ RI FXUYLOLQHDU
ERXQGDULHV RI VWUHVV UDLVHU� DQ HLJKW�QRGDO LVRSDUDPHW�
ULF ILQLWH HOHPHQW ZDV XVHG� :LWKLQ HDFK RI HOHPHQWV
WKH GLVSODFHPHQWV DQG WHPSHUDWXUH ZHUH DSSUR[L�
PDWHG E\ TXDGUDWLF IXQFWLRQV RI FRRUGLQDWHV� 7DNLQJ
LQWR DFFRXQW WKH VKRUW�WLPH RI ZHOGLQJ F\FOHV ����w
� V�� WKH UHDO VFKHPH ZLWK WLPH ZDV XVHG IRU LQWHJUDW�
LQJ WKH HQHUJ\ HTXDWLRQ� ,Q DGGLWLRQ� SK\VLFDO�PH�
FKDQLFDO FKDUDFWHULVWLFV RI PDWHULDO ZHUH FODULILHG DQG
HTXDWLRQV RI PRYHPHQW ZHUH VROYHG DIWHU D FHUWDLQ
QXPEHU RI SLWFKHV� 7KLV SURFHVV ZDV LQWHUUXSWHG ZKHQ
WKH WHPSHUDWXUH RI SRO\PHU WUDQVLWLRQ LQWR D YLVFR�
\LHOGLQJ VWDWH ZDV UHDFKHG�

7KH FDOFXODWLRQV DOORZHG XV WR GHWHUPLQH WKH UDQJH
RI YDU\LQJ WKH DPSOLWXGH RI ZDYH JXLGH RVFLOODWLRQV
$  ��w�� µP DQG VWDWLF FRPSUHVVLRQ IRUFH )  ���w
���� 1�

7KH HIIHFW RI SDUDPHWHUV RI 86: FRQGLWLRQV DQG
SK\VLFDO�PHFKDQLFDO SURSHUWLHV RI SRO\PHU GXULQJ
ZHOGLQJ WLPH WZ LV GHVFULEHG E\ UHODWLRQ

W
Z

= �

ω ∫
7
�

7
Z

Fν (7)
βε�(′′(7)

G7�

+HUH� WZ LV WKH WLPH RI YLEURKHDWLQJ RI SRO\PHU
IURP LQLWLDO WHPSHUDWXUH 7� WR WHPSHUDWXUH 7Z� WKDW
FRUUHVSRQGV WR LWV WUDQVLWLRQ LQWR YLVFR\LHOGLQJ VWDWH�
ε  $�K �K LV WKH WRWDO WKLFNQHVV RI SDUWV ZHOGHG��
(′′ LV WKH PRGXOXV RI <RXQJsV ORVVHV� &RHIILFLHQW β
FKDUDFWHUL]HV WKH VKDSH RI VXUIDFHV ZHOGHG DQG FRQWDFW
FRQGLWLRQV DW WKHLU LQWHUIDFH�

7KH LQYHVWLJDWLRQV PDGH LW SRVVLEOH WR HVWDEOLVK
WKH GHSHQGHQFH RI KHDW DPRXQW ∆+� UHTXLUHG IRU SRO\�
PHU WUDQVLWLRQ LQWR WKH YLVFR\LHOGLQJ VWDWH� RQ WKH W\SH
RI SRO\PHU DQG VKDSH RI JURRYHV RI HGJHV EHLQJ ZHOGHG
�)LJXUH ��� ,W LV VHHQ IURP WKH )LJXUH WKDW HQHUJ\ ∆+
GHSHQGV QRW RQO\ RQ WKH W\SH RI SRO\PHU EXW DOVR RQ
WKH VKDSH RI JURRYLQJ� 7KXV� 9�VKDSHG SURMHFWLRQ� LQ
SDUWLFXODU� LV WKH ORZHVW HQHUJ\ FRQVXPLQJ� 0HDQ YDO�
XHV RI HQHUJ\ DFWLYDWLRQ IRU GLIIHUHQW VKDSHV RI SUR�
MHFWLRQ DUH UHODWHG DSSUR[LPDWHO\ DV ������ 7KLV UDWLR
FDQ EH XVHG DV DQ DSSUR[LPDWH HYDOXDWLRQ IRU GHWHU�
PLQDWLRQ RI UHTXLUHG SRZHU RI WKH XOWUDVRQLF HTXLS�
PHQW�

7R GHYHORS WKH FULWHULD RI PHFKDQLFDO HQHUJ\ GRV�
LQJ WKH WKHUPRPHFKDQLFDO F\FOHV RI 300$ 86:
ZHUH LQYHVWLJDWHG PRUH LQ GHWDLO� $FFRUGLQJ WR >�� �@�
WKH DUWLILFLDO 9�VKDSHG VWUHVV UDLVHUV ZLWK DQ RSHQLQJ
DQJOH ��� �� DQG ���� ZHUH PDGH RQ WKH SODWH VXUIDFHV
ZHOGHG� 'XULQJ ZHOGLQJ DOO WKH PDLQ SDUDPHWHUV RI
WHFKQRORJLFDO FRQGLWLRQ� DQG DOVR XSVHWWLQJ δ DQG
ZHOGLQJ ]RQH WHPSHUDWXUH ZHUH UHFRUGHG� 6WUHQJWK
WHVWV RI ZHOGHG MRLQWV ZHUH PDGH RQ XSGDWHG UXSWXUH
PDFKLQH RI )3��� W\SH� 5HVXOWV RI LQYHVWLJDWLRQV DUH
JLYHQ LQ )LJXUH �� $V LV VHHQ IURP WKH )LJXUH� WKH
GHSHQGHQFH RI XSVHWWLQJ YDOXH δRQ WKH WLPH RIZHOGLQJ
WZ KDV IRXU W\SLFDO UHJLRQV�

,Q UHJLRQ , WKH KHDWLQJ RI ]RQH RI FRQWDFW RI 9�
VKDSHG SURMHFWLRQ ZLWK D ORZHU SDUW LV RFFXUUHG �)L�
JXUH �� D�� 'HIRUPDWLRQ RI ZHOGLQJ ]RQH LQ WKLV UHJLRQ
LV QHJOLJLEOH� :LWK LQFUHDVH LQ WLPH RI HIIHFW RI XOWUD�
VRQLF RVFLOODWLRQV WKH FRQWDFW ]RQH LV KHDWHG WR WKH
WHPSHUDWXUH RI D YLVFR\LHOGLQJ VWDWH RI WKH SRO\PHU�
7KH KHDWHG SRO\PHU EHJLQV WR H[WUXGH LQWHQVLYHO\ IURP
WKLV ]RQH �UHJLRQ ,,� WKDW LV FRQILUPHG E\ YLVXDO RE�
VHUYDWLRQV RI ZHOGV FXWV XQGHU WKH PLFURVFRSH� $W WKH
HQG RI UHJLRQ ,, RI GHIRUPDWLRQ FXUYH �)LJXUH �� E�
DOO WKH 9�VKDSHG SURMHFWLRQ LV WUDQVIRUPHG LQWR PHOW�
7KH UDWH RI GHIRUPDWLRQ RI WKH ZHOGLQJ ]RQH� ZKLFK
ZDV PD[LPXP EHIRUH� LV GHFUHDVHG� ,Q WKLV FDVH WKH
PHOW WHPSHUDWXUH LV FORVH WR WKH WHPSHUDWXUH RI WKHU�
PDO GHVWUXFWLRQ RI SRO\PHU� DQG WKH ZHOGHG MRLQW
VWUHQJWK 4 LV PD[LPXP�

7KH IXUWKHU LQFUHDVH LQ WLPH RI HIIHFW RI XOWUDVRQLF
RVFLOODWLRQV OHDGV WR WKH IXVLRQ RI SDUWV XQGHU WKH ZDYH
JXLGH� WKLQQLQJ RI WRWDO WKLFNQHVV RI SDUWV ZHOGHG
�UHJLRQ ,,,� )LJXUH �� F�� ,Q UHJLRQ ,9 RI ZHOG ]RQH
WKH YRLGV DQG ]RQHV ZLWK SURGXFWV RI WKHUPDO GHFD\
RI SRO\PHU DUH IRUPHG DQG WKH VWUHQJWK RI ZHOGHG
MRLQWV LV DEUXSWO\ GHFUHDVHG �)LJXUH �� G��

7KH FDUULHG RXW DGGLWLRQDO LQYHVWLJDWLRQV RQ RSWL�
PL]LQJ WKH 86: FRQGLWLRQV DQG VHDUFK IRU QHZ WHFK�
QRORJLFDO F\FOHV HQDEOHG XV WR HVWDEOLVK WKDW WHPSHUD�
WXUH LQ WKH ]RQH RI ZHOGLQJ FDQ EH VWDELOL]HG E\ GH�

)LJXUH �� 0DFURVWUXFWXUH RI ZHOGHG MRLQWV RI VDPSOH IURP 300$� DwG x UHJLRQV ,w,9 LQ )LJXUH �� UHVSHFWLYHO\ �×���

)LJXUH �� 'HSHQGHQFH RI HOHFWULF SRZHU 3
HO
� DPSOLWXGH RI ZDYH

JXLGH RVFLOODWLRQV $� WHPSHUDWXUH 7 LQ WKH ZHOG ]RQH DQG LWV XS�
VHWWLQJ δ RQ WLPH RI ZHOGLQJ W

Z
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FUHDVH LQ DPSOLWXGH RI RVFLOODWLRQV RI WKH ZDYH JXLGH
E\ ��w�� � DW WKH PRPHQW RI WLPH ZKLFK FRUUHVSRQGV
WR WKH EHJLQQLQJ RI UHJLRQ ,,, RI GHIRUPDWLRQ FXUYH
�SRLQW . LQ )LJXUH ��� 7KH LQGLFDWHG IDFW KDV D JRRG
FRUUHODWLRQ ZLWK WKH UHVXOWV RI >�� �@ LQ ZKLFK� KRZ�
HYHU� WKH SULQFLSOHV RI DXWRPDWLF FRQWURO RI ZHOGLQJ
SURFHVV DUH QRW FRQVLGHUHG�

)LJXUH � VKRZV WKH GHYHORSHG F\FOH RI 86: RI
300$ ZKLFK PDNHV LW SRVVLEOH WR GRVH WKH PHFKDQL�
FDO HQHUJ\ DSSOLHG WR WKH ZHOGLQJ ]RQH LQ WKH DXWR�
PDWLF FRQGLWLRQV� 7KH SULQFLSOH RI FULWHULRQ RI GRVLQJ
RI DSSOLHG HQHUJ\ FRQVLVWV LQ WKH IDFW WKDW WKH GHFUHDVH
LQ DPSOLWXGH RI ZDYH JXLGH RVFLOODWLRQ LV UHDOL]HG DW
WKH PRPHQW RI FRPSOHWLRQ RI WKH VWDJH ZLWK D PD[L�
PXP UDWH RI WKH ZHOGLQJ ]RQH GHIRUPDWLRQ �VHH )L�
JXUH ��� 7HFKQLFDO UHDOL]DWLRQ RI WKH PHQWLRQHG
PHWKRG LV DWWDLQHG XVLQJ WUDQVGXFHUV RI OLQHDU GLV�
SODFHPHQWV� KLJK�YROWDJH ZDWHUJDWH� DSSURSULDWH
EORFN RI VLJQDOV EHLQJ WDNHQ DQG PLFURSURFHVVRU�
ZKLFK DUH EXLOW�LQ LQWR WKH LQVWDOODWLRQ� 7KH DX[LOLDU\
FRQWURO RI WKH 86: SURFHVV SURFHHGLQJ LV UHDOL]HG E\

LQGLFDWLRQV RI WKH ZDWWPHWHU >�@� 7KH GHYHORSHG
PHWKRG RI FRQWURO RI 86: RI ULJLG SRO\PHUV PDNHV
LW SRVVLEOH WR DXWRPDWH WKH WHFKQRORJLFDO SURFHVV� WR
GHFUHDVH WKH VFDWWHULQJ RI YDOXHV RI VWUHQJWK RI MRLQWV
E\ �� �� DQG DOVR WR LQFUHDVH WKH ZHOG TXDOLW\ GXH WR
DEVHQFH RI SURGXFWV RI WKHUPDO GHVWUXFWLRQ RI WKH SRO\�
PHU LQ LW�

�� 9RONRY� 6�6�� &KHUQ\DN� %�<D� ������ 8OWUDVRQLF ZHOGLQJ
RI SODVWLFV� 0RVFRZ� .KLPL\D�

�� 0R]JRYRM� ,�9� ������ )XQGDPHQWDOV RI XOWUDVRQLF ZHOGLQJ
WHFKQRORJ\ RI SRO\PHUV� .UDVQR\DUVN� .*8�

�� 9RONRY� 6�6� ������ 2SWLPLVDWLRQ RI JHRPHWU\ RI XOWUDVRQLF
ZHOGHG SDUWV IURP ULJLG SODVWLFV� 6YDURFKQ� 3URL]YRGVWYR� ��
��w���

�� 6HQFKHQNRY� ,�.�� &KHUYLQNR� 2�3�� 1HVWHUHQNR� 1�3�
������ 0DWKHPDWLFDO PRGHOOLQJ RI WKHUPDO YLEUDWLRQ SURF�
HVVHV LQ WHFKQRORJLFDO V\VWHPV IRU XOWUDVRQLF ZHOGLQJ RI SODV�
WLFV� ,Q� $EVWU� RI SDS� RI �UG $OO�8QLRQ &RQI� RQ 0HFKDQ�
LFV RI +HWHURJHQHRXV 6WUXFWXUHV� /YRY�

�� .R]ORY� 9�,�� .DUQDXNKRY� 9�*� ������ )LQLWH HOHPHQW
PHWKRG RI VWXG\ RI WKHUPRPHFKDQLFDO EHKDYLRU RI YLVFRHODV�
WLF ERGLHV RI UHYROXWLRQ LQ F\FOLF ORDGLQJ� 3ULNODGQD\D
0HNKDQLND� ��� ��w���

�� 1HVWHUHQNR� 1�3�� .RUDE� *�1�� 6KNDUOXSD� 3�,� ������ 0D�
FKLQH IRU XOWUDVRQLF ZHOGLQJ RI SODVWLFV� 6YDUVKFKLN� �� ��w���

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

����
�
�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7KH PRVW ZLGHO\ XVHG PHWKRGV IRU GHVLJQ RI ZHOGLQJ LQGXFWRUV DUH FRQVLGHUHG� $GYDQWDJHV DQG GUDZEDFNV RI WKH GHVFULEHG

PHWKRGV DQG DOVR WKH IHDVLELOLW\ RI WKHLU XVH LQ SUDFWLFH DUH RXWOLQHG� 0DLQ UHODWLRQVKLSV RI SDUDPHWHUV RI H[SHULPHQWDO

DQG FODFXODWHG GDWD RI D OLQHDU LQGXFWRU IRU KHDWLQJ IODW VXUIDFHV DQG IRU VHDP LQGXFWLRQ ZHOGLQJ DUH JLYHQ�

.H\ ZRU G V � KLJK�IUHTXHQF\ ZHOGLQJ� ZHOGLQJ HTXLSPHQW�
GHVLJQV RI LQGXFWRUV� PHWKRGV RI GHVLJQ� HTXLYDOHQW FLUFXLWV

7KH PHWKRG RI D KLJK�IUHTXHQF\ �+)� ZHOGLQJ >�w�@�
SURYLGLQJ D KLJK UDWH RI SURFHVVHV DQG D JRRG TXDOLW\
RI ZHOG� KDV IRXQG D ZLGH DSSOLFDWLRQ LQ WKH PDQX�
IDFWXUH RI HOHFWULFDOO\�ZHOGHG SLSHV� WKXV UHSODFLQJ
RWKHU ZHOGLQJ SURFHVVHV� ,Q WKLV FRQQHFWLRQ� D SUREOHP
DULVHV LQ D YDOLGLGLW\ RI UHVXOWV RI GHVLJQLQJ LQGXFWLRQ
KHDWLQJ XQLWV DQG LQ UHGXFWLRQ RI FRVWV DQG WHUPV RI
WKHLU H[SHULPHQWDO WHVWV� EHFDXVH WKH H[LVWLQJ KHDWHUV
DUH FRPSOLFDWHG DQG H[SHQVLYH XQLWV�

,QGXFWRU LV D EDVLF HOHPHQW RI WKH +) ZHOGLQJ
HTXLSPHQW� 7KHUHIRUH� LWV HOHFWURPDJQHWLF DQG WHFK�
QRORJLFDO FKDUDFWHULVWLFV GHILQH PDLQO\ WKH ZHOGLQJ
TXDOLW\ DQG SURFHVV HFRQRPLFDO DVSHFWV� 7KHUH DUH
PDQ\ GHVLJQV RI WKH LQGXFWRUV� 0RUHRYHU� LQGXFWRUV
RI GLIIHUHQW W\SHV FDQ EH XVHG HYHQ IRU KHDWLQJ RQH
SURGXFW� 7KH IROORZLQJ W\SHV RI LQGXFWRUV FDQ EH FRQ�
GLWLRQDOO\ GLVWLQJLVKHG� IRU H[WHUQDO F\OLQGULFDO VXU�
IDFHV� IRU IODW VXUIDFHV� IRU LQWHUQDO F\OLQGULFDO VXU�
IDFHV� LQGXFWRUV IRU LQWULFDWH ERGLHV�

$Q\ LQGXFWRU FRQWDLQV DQ LQGXFWLYH ZLUH� JHQHUDW�

LQJ DPDJQHWLF ILHOG� FXUUHQW�FDUU\LQJ EXVEDUV� FRQWDFW

VKRHV IRU FRQQHFWLRQ WR D +) WUDQVIRUPHU� GHYLFHV IRU

ZDWHU IHHGLQJ IRU FRROLQJ LQGXFWRU DQG KHDWHG VXUIDFH

�LI QHFHVVDU\�� ,QGXFWRUV IRU KHDWLQJ IODW DQG LQWHUQDO

F\OLQGULFDO VXUIDFHV DUH RIWHQ IXUQLVKHG ZLWK PDJQHWLF

FLUFXLWV ZKLFK LQFUHDVH WKH HIILFLHQF\ IDFWRU DQG WKH

GHYLFH SRZHU IDFWRU� 7KH PDJQHWLF FLUFXLWV DUH DOVR

XVHG IRU WKH IRUPDWLRQ RI D PDJQHWLF ILHOG SURYLGLQJ

WKH UHTXLUHG FRQILJXUDWLRQ RI WKH PHWDO OD\HU EHLQJ

KHDWHG� ,Q VRPH FDVHV WKH LQGXFWRUV DUH HTXLSSHG ZLWK

GHYLFHV IRU DUUDQJHPHQW RI ZRUNSLHFHV WR EH KHDWHG�
7KH PDLQ WDVN RI GHVLJQ RI HOHFWURPDJQHWLF V\VWHP

IRU LQGXFWLRQ KHDWLQJ >�� �@ LV WKH GHWHUPLQDWLRQ RI
LQSXW SDUDPHWHUV RI D ORDGHG LQGXFWRU� UHVLVWDQFH DQG
UHDFWDQFH� HIILFLHQF\ IDFWRU� SRZHU IDFWRU� FXUUHQW�
YROWDJH DQG QXPEHU RI WXUQV E\ SUHVHW JHRPHWULF SD�
UDPHWHUV� FXUUHQW IUHTXHQF\� SRZHU DQG HOHFWULFDO
SURSHUWLHV RI LQGXFWRU DQG ZRUNSLHFH PDWHULDO� $V WKH
LQGXFWRU DQG ZRUNSLHFH IRUP D V\VWHP ZLWK GLVWULE�
XWHG SDUDPHWHUV� WKH FRQFHSWLRQV RI UHVLVWDQFHV DUH
QRW DGHTXDWHO\ GHILQHG� EXW UHIHU REOLJDWRU\ WR DQ
HTXLYDOHQW FLUFXLW UHSUHVHQWLQJ DQ HOHFWULFDO FLUFXLW�� 5�9� <8.+,0(1.2� ����
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ZKLFK LV XVHG IRU DPDWKHPDWLFDO PRGHOOLQJ RI D ORDGHG

LQGXFWRU�

,Q VSLWH RI WKH ZLGH XVH RI QXPHULFDO DQG DQDO\WLF
PHWKRGV RI FDOFXODWLRQ WKH DSSUR[LPDWHG PHWKRGV DUH

PDLQO\ XVHG LQ SUDFWLFH RI GHVLJQLQJ RI LQGXFWLRQ KHDW�

HUV� PDNLQJ LW SRVVLEOH WR ILQG WKH LQWHJUDO SDUDPHWHUV

RI V\VWHPV �UHVLVWDQFH� SRZHU IDFWRU� HIILFLHQF\ IDFWRU�

ZLWK D VDWLVIDFWRU\ DFFXUDF\� $PRQJ WKHP D PHWKRG

RI D PDJQHWLFDOO\�FRXSOHG FLUFXLWV >�@ DQG D PHWKRG

EDVHG RQ FRPSLOLQJ PDJQHWLF HTXLYDOHQW FLUFXLWV RI
LQGXFWRUV DUH ZLGHO\ XVHG >�w�@�

0HWKRG RI PDJQHWLFDOO\�FRXSOHG FLUFXLWV�
ZKLFK XVHV WKH UHSODFHPHQW RI ZLQGLQJ RI LQGXFWRU

DQG ZRUNSLHFH E\ WZR LQGXFWLYHO\�FRXSOHG FRLOV� JLYHV

JRRG UHVXOWV IRU VLPSOH F\OLQGULFDO RU RYDO LQGXFWRUV

LQ KHDWLQJ QRQ�PDJQHWLF ERGLHV ZLWK D FOHDUO\ H[�

SUHVVHG VXUIDFH HIIHFW� )RU FRPSOH[ LQGXFWLRQ V\VWHPV�

LQFOXGLQJ VHYHUDO ZLQGLQJV DQG ERGLHV KHDWHG� WKH

FDOFXODWLRQ LV DEUXSWO\ FRPSOLFDWHG� WKHUHIRUH� LW LV

SRVVLEOH RQO\ LQ XVH RI WKH FRPSXWHU >��@� 7KH FDOFX�

ODWLRQ LV HVSHFLDOO\ GLIILFXOW XVLQJ WKLV PHWKRG IRU
V\VWHPV FRQWDLQLQJ IHUURPDJQHWLF ERGLHV DQGPDJQHWLF

FRUH KHDWHG�

0HWKRG EDVHG RQ FRPSLOLQJ PDJQHWLF� DQG WKHQ

GXDO HOHFWULFDO HTXLYDOHQW FLUFXLWV ZDV ILUVW VXJJHVWHG
IRU FUXFLEOH IXUQDFHV DQG F\OLQGULFDO KHDWLQJ LQGXFWRUV
ZLWK D ORDGLQJ EHLQJ HTXDO LQ OHQJWK WR WKH LQGXFWRU

ZLQGLQJ� 7KH FRPSUHKHQVLYH WHVWLQJ DQG GHYHORSPHQW

RI WKH PHWKRG IRU FDVHV RI QRQ�HTXDO OHQJWKV RI LQ�

GXFWRU DQG ZRUNSLHFH >��@ SURPRWHG LWV ZLGH XVH IRU
GHVLJQ RI LQGXFWRUV RI GLIIHUHQW W\SHV XQGHU WKH QDPH
RI PHWKRG RI D JHQHUDO IORZ >�@� &DOFXODWLRQV XVLQJ
WKLV PHWKRG DUH DSSOLFDEOH ERWK IRU QRQ�PDJQHWLF DQG

WKH IHUURPDJQHWLF ERGLHV�

'HVLJQ RI LQGXFWLRQ GHYLFHV RQ WKH EDVLV RI PDJ�

QHWLF HTXLYDOHQW FLUFXLWV IRXQG D ZLGH DSSOLFDWLRQ
>�w�@ DQG DW SUHVHQW LW LV RQH RI PDLQ HQJLQHHULQJ
PHWKRGV LQ WKH GHVLJQ RI LQGXFWRUV� 7KH SULQFLSOH RI

WKLV PHWKRG FRQVLVWV LQ WKH IDFW WKDW DOO WKH VSDFH LQ

ZKLFK D PDJQHWLF IOX[ LV SDVVLQJ LV GLYLGHG LQWR VHF�

WLRQV� WKHQ WKHLU PDJQHWLF UHVLVWDQFHV DUH IRXQG XVLQJ

DQDO\WLF RU RWKHU PHWKRGV�

:H DVVXPH WKDW WKH PDJQHWLF ILHOG LV KRPRJHQHRXV

LQ WKH HQWLUH OHQJWK RI ERG\ RU LWV FDOFXODWHG UHJLRQ

EHLQJ KHDWHG O�′� ORFDWLQJ LQVLGH WKH LQGXFWRU �)L�

JXUH �� WKDW PDNHV LW SRVVLEOH WR ILQG PDJQHWLF =
P�

DQG FRUUHVSRQGLQJ HOHFWULFDO UHVLVWDQFH RI ORDGLQJ DV

D OHQJWK RI D ILQLWHO\ ORQJ V\VWHP� $W NQRZQ =
P� WKH

PDJQHWLF HTXLYDOHQW FLUFXLW FDQ EH FRQVLGHUHG DV D

IRXU�WHUPLQDO QHWZRUN� WUDQVIRUPLQJ =
P� LQWR LQSXW

PDJQHWLF UHVLVWDQFH RI WKH LQGXFWRU�

7KH WRWDO IORZ RI LQGXFURU ΦL

⋅
�)LJXUH ��� FUHDWHG

E\ ZLQGLQJ� LV GLYLGHG LQWR IORZ Φ
V�

⋅
� QRW GHSHQGLQJ

RQ ORDGLQJ� DQG IORZ ΦO

⋅
 Φ

V�

⋅
� Φ�P

⋅
SDVVLQJ DORQJ

WKH ERG\ KHDWHGΦ�P

⋅
DQG DORQJ WKH SDUW RI JDS DGMDFHQW

WR LW Φ
V�

⋅
DQG WKHQ FORVLQJ WKURXJK UHJLRQ 9

H
�VHH

)LJXUH �� ZLWK PDJQHWLF UHVLVWDQFH 5
PH

�

0DJQHWLF FLUFXLWV 5
PV� DQG 5PV� UHIHU WR WKH JDS

UHJLRQV WKURXJK ZKLFK IORZV Φ
V�

⋅
DQG Φ

V�

⋅
DUH SDVVLQJ�

(OHFWULFDO FLUFXLW �)LJXUH �� FRUUHVSRQGV WR PDJ�

QHWLF HTXLYDOHQW FLUFXLW� 5HVLVWDQFH RI ORDGLQJ =  

 U� � M[�P� JDSV [V
DQG SDWK RI UHWXUQ FORVLQJ [

H
DUH

UHGXFHG WR WKH QXPEHU RI LQGXFWRU WXUQV Z� DQG DUH

FRXSOHG ZLWK PDJQHWLF UHVLVWDQFHV E\ UHODWLRQ

=L = MωZ�

�
�=

PL
�

���

$GGLWLRQDO UHVLVWDQFH =
DG
� QRW DVVRFLDWHG ZLWK DQ

HTXLYDOHQW FLUFXLW� WDNHV LQWR DFFRXQW D UHVLVWDQFH RI

ZLQGLQJ U� DQG UHVLVWDQFH RI HOHPHQWV �EXVEDUV� VHULHV

FDSDFLWRUV� ZKLFK FDQ EH FRQQHFWHG LQWR FLUFXLW DW WKH

UHJLRQ WR SRZHU VRXUFH ZLWK NQRZQ 8L

⋅
� 7R FDOFXODWH

WKH LQWHUQDO UHDFWDQFH RI ZLQGLQJ [�P LV VLPSOHU DQG

PRUH DFFXUDUH QRW VHSDUDWHO\ EXW DV D SDUW RI D JDS

UHVLVWDQFH�

'LUHFW XVH RI WKH FLUFXLW �)LJXUH �� IRU GHVLJQ RI

LQGXFWRUV LV GLIILFXOW GXH WR LPSRVVLEOH SUDFWLFDO GH�

WHUPLQDWLRQ RI D SRLQW RI EUDQFKLQJ PDJQHWLF IOX[HV

DQG� UHVSHFWLYHO\� HOHFWULF FXUUHQWV XVLQJ WKLV PHWKRG�

WKHUHIRUH� ZH WDNH DXXPSWLRQ WKDW DOO WKH IORZ LQ WKH

JDS WRJHWKHU ZLWK Φ�P

⋅
LV FORVHG LQ WKH IRUP RI D FRP�

)LJXUH �� 3DWWHUQ RI PDJQHWLF ILHOG RI LQGXFWRU ZLWK D QRQ�PDJQHWLF
ORDG �D� DQG VHSDUDWLRQ RI IOX[HV LQ V\VWHP �E�

)LJXUH �� 0DJQHWLF HTXLYDOHQW FLUFXLW RI LQGXFWRU )LJXUH �� (OHFWULFDO HTXLYDOHQW FLUFXLW RI LQGXFWRU
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PRQ IORZ WKURXJK WKH VSDFH9
H
� &LUFXLW �VHH )LJXUH ��

DW [V�  [V DQG [V�  � FRUUHVSRQGV WR WKLV PHWKRG RI
FDOFXODWLRQ� QDPHG FDOFXODWLRQ E\ D FRPPRQ IORZ�

5HVLVWDQFH RI LQGXFWRU ZLOO EH HTXDO WR

=L = =DG + U� + M[L = =
DG

+ U�F + MF





[L +

[L
� + U�

�

[
H






 �

���

ZKHUH [H  [�P � [V LV WKH UHDFWDQFH RI JDS DQG ORDGLQJ�
[H LV WKH UHVLVWDQFH RI UHWXUQ FORVLQJ � F LV WKH FRHIILFLHQW
RI UHGXFLQJ ORDGLQJ SDUDPHWHUV WR LQGXFURU� HTXDO WR

F =
[
H

�

U�
� + ([

H
+ [O)

�
� ���

8VLQJ WKLV PHWKRG RI FDOFODWLRQ LW LV PRVW GLIILFXOW
WR GHWHUPLQH WKH UHVLVWDQFH [H ZKLFK JLYHV D PLQLPXP
HUURU LQ FDOFXODWLRQ DQG GHSHQGV RQ WKH QDWXUH RI
GLVWULEXWLRQ RI HOHFWULFDO FXUUHQW LQ ORDGLQJ� +HUH� DQ
DUWLILFLDO SURFHGXUH LV XVHG >�@� /HW XV DVVXPH WKDW DOO
WKH FXUUHQW LQ ORDGLQJ LV FRQFHQWUDWHG LQ WKH EDQG RI
ZLGWK D� HTXDO WR D VORW ZLGWK DVO �)LJXUH ��� ,Q DG�
GLWLRQ� ZH FRQVLGHU WKDW UHVLVWDQFH [H LV OLWWOH FKDQJHG�
LI WR PDNH DOORZDQFH IRU WKH HIIHFW RI UHDO ORDGLQJ RQ
LW XVLQJ DQ DGGLWLRQDO JDS ∆K EH\RQG ZKLFK WKH PDJ�
QHWLF ILHOG LV QRW VSUHDG� $ QXPEHU RI FDOFXODWLRQV
VKRZHG WKDW ∆K VKRXOG EH VR WKDW DGGLWLRQDO LQGXFWLYH
UHVLVWDQFH ∆[K ZDV HTXDO WR ORDGLQJ UHVLVWDQFH [�P�

∆K =
[�PDVO
ωµ� =

[�
ωµ�� ���

ZKHUH µ� LV WKH PDJQHWLF SHUPHDELOLW\ RI YDFXXP� ω
LV WKH DQJXODU IUHTXHQF\ RI FXUUHQW�

7KH WDNHQ DVVXPSWLRQ PDNHV LW SRVVLEOH WR GHWHU�
PLQH [H� 0RUHRYHU� ZKHQ [H LV FDOFXODWHG WKH ORDGLQJ
LV FKDQJHG E\ D VXSHUFRQGXFWLQJ SODQH EHLQJ DW GLV�
WDQFH KHT  K � ∆K� 7KLV V\VWHP FDQ EH FRQVLGHUHG DV
D KDOI RI WKH EXVEDU ZLWK D GLVWDQFH +  �KHT EHWZHHQ
EXVEDUV KDYLQJ DQ H[WHUQDO PDJQHWLF FLUFXLW� 7KH VHF�
RQG KDOI RI WKH EXVEDU LV REWDLQHG DV DPLUURU UHIOHFWLRQ
RI LQGXFWRU ZLWK UHVSHFW WR VXSHUFRQGXFWLQJ SODQH�

$SSO\LQJ WKH FDOFXODWLRQ E\ WKH PHWKRG RI D FRP�
PRQ IORZ WR WKH EXVEDU ZH VKDOO REWDLQ
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H

=
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.
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���

ZKHUH ./ LV WKH FRUUHFWLRQ IDFWRU RI LQGXFWDQFH RI
EXVEDU�

7KLV PHWKRG LV ZLGHO\ XVHG EHFDXVH LW JLYHV WKH
FRUUHFW OLPLWLQJ WUDQVLWLRQV DW FKDQJH LQ OHQJWK� GL�
DPHWHU� SURSHUWLHV RI ORDGLQJ� DQG DOVR IUHTXHQF\�
7KXV� DW KLJK LQFUHDVH LQ IUHTXHQF\ �I → ∞� WKH FR�
HIILFLHQW RI UHGXFWLRQ F LV WHQGHG WR D ILQLWH YDOXH

FOLPLW  [H
���[V � [H�

� GHILQHG RQO\ E\ WKH V\VWHP JH�

RPHWU\�
7KH GUDZEDFN RI WKLV PHWKRG LV D ORZ DFFXUDF\

IRU QXPEHU RI SXUSRVHV� IRU H[DPSOH� IRU SDUDPHWULF
RSWLPL]LQJ RI WKH LQGXFWRU GHVLJQ� 0HWKRG GRHV QRW
DOVR WDNH LQWR DFFRXQW WKH HIIHFW RI HGJH HIIHFWV RI
ORDGLQJ DQG LQGXFWRU RQ WKH GLVWULEXWLRQ RI SRZHU LQ

ORDGLQJ� 7KH SRVLWLRQ RI ORDGLQJ ZLWK UHVSHFW WR D
FHQWUDO SODQH RI WKH LQGXFWRU LV QRW DOVR WDNHQ LQWR
DFFRXQW �LI O� � O���

,Q VSLWH RI WKHVH GUDZEDFNV WKH PHWKRG RI D FRP�
PRQ IORZ FDQ EH FRQVLGHUHG DV RQH RI PDLQ PHWKRGV
RI DSSUR[LPDWHG FDOFXODWLRQ RI LQGXFWRUV ZKLFK PDNHV
LW SRVVLEOH WR VHOHFW WKH KHDWHU GHVLJQ DW WKH LQLWLDO
VWDJH RI GHVLJQLQJ DQG WR HYDOXDWH LWV SDUDPHWHUV�
*RRG UHVXOWV DUH REWDLQHG E\ WKH PHWKRG RI D FRPPRQ
ORZ LQ FDOFXODWLRQ RI FRPSOH[� LQFOXGLQJ WKUHH�GLPHQ�
VLRQDO� LQGXFWLRQ V\VWHPV�

,I WKH LQGXFWLYH ZLUH LV IXUQLVKHG ZLWK D ­�VKDSHG
PDJQHWLF FLUFXLW� WKHQ LW LV SRVVLEOH WR XVH D PHWKRG
RI D ZRUNLQJ IORZ >�� ��@ EDVHG RQ UHIHUULQJ DOO WKH
LQGXFWLYH LPSHGDQFH [H WR WKH UHVLVWDQFH [V� LQ D QRQ�
EUDQFKHG SDUW RI VFKHPH �VHH )LJXUH �� DQG RQ GHWHU�
PLQDWLRQ RI UHVLVWDQFH [H IURP WKH FRQGLWLRQ RI XQIRU�

PLW\ RI IORZ Φ�P

⋅
XQGHU WKH PDJQHWLF FRUH SROH� 7KLV

PHWKRG JLYHV JRRG UHVXOWV DW D IHUURPDJQHWLF ORDGLQJ�
KRZHYHU� DW ODUJH JDSV LWV SUHFLVLRQ LV TXLFNO\ GH�
FUHDVHG� /LPLWLQJ WUDQVLWLRQV DUH DOVR QRW NHSW ZLWK
LQFUHDVH LQ IUHTXHQF\ �I → ∞� RU ZLGWK RI PDJQHWLF
FRUH SROH �F� → ∞�� DV WKH FDOFXODWHG FRHIILFLHQW RI
UHGXFWLRQ F LV WHQGHG LQ WKHVH FDVHV WR XQLW\ WKDW GRHV
QRW UHIOHFW WKH UHDOLW\�

7R PDNH DOORZDQFH IRU WKH QRQ�XQLIRUPLW\ RI PDJ�
QHWLF ILHOG LQ DQ DLU JDS RI WKH LQGXFWRU WKH FDOFXODWLRQ
FDQ EH PDGH XVLQJ D PHWKRG RI FRQIRUPDO UHSUH�
VHQWDWLRQV >��@ DW IROORZLQJ DVVXPSWLRQV� GHSWK RI FXU�
UHQW SHQHWUDWLRQ LQWR DPHWDO KHDWHG LV VPDOO DV FRPSDUHG
ZLWK D JDS EHWZHHQ WKH LQGXFWLYH ZLUH DQG SLSH� DQG
WKH YDOXH RI DLU JDS LV VLJQLILFDQWO\ VPDOOHU WKDQ D UDGLXV
RI D SLSH FXUYDWXUH� HOHFWULF FKDUDFWHULVWLFV RI PDWHULDO
KHDWHG DUH FRQVWDQW �µ  FRQVW� ρ  FRQVW�� PDJQHWLF
SHUPHDELOLW\ RI LQGXFWRU LURQ LV KLJK� OHQJWK RI LQGXFWRU
LV PXFK ODUJHU WKDQ LWV FURVV�VHFWLRQ� LQGXFWRU FXUUHQW
LV FKDQJHG E\ D KDUPRQLF ODZ�

5HVXOWV RI FDOFXODWLRQ RI PDJQHWLF ILHOG LQWHQVLW\
DW WKH VXUIDFH RI SLSH KHDWHG LQ OLQH �[ �VHH )LJXUH ��
DUH SUHVHQWHG LQ )LJXUH � >��@�

$QDO\VLV VKRZHG WKDW DW β → ∞ DQG D !! � WKH
FDOFXODWHG H[SUHVVLRQ FDQ EH SUHVHQWHG LQ D VLPSOLILHG
IRUP DV

)LJXUH �� 'HVLJQ RI D IODW LQGXFWRU ZLWK D PDJQHWLF FRUH
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ZKHUH +DY  Z,���D�
&RQVHTXHQWO\� PDJQHWLF ILHOG LQ LQGXFWRU DLU JDS

LV DSSUR[LPDWHG ZLWK DQ DFFXUDF\ XS WR � � RQO\ DW
D� ! ���

7KH LQGXFWLYH LPSHGDQFH RI WKH OLQHUDU LQGXFWRUw
SLSH V\VWHP LV GHWHUPLQHG IURP H[SUHVVLRQ

[
V

=
ωµ

�
Z

�
OL

�D�
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ZKHUH4�D�� E�� F�� LV WKH IXQFWLRQ WDNLQJ LQWR DFFRXQW
WKH GHVLJQ VL]HV� OL LV WKH LQGXFWRU OHQJWK�

5HVLVWDQFH RI SLSH KHDWHG� UHGXFHG WR WKH LQGXFWRU
FXUUHQW� LV GHWHUPLQHG IURP HTXDWLRQ
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ZKHUH ρ� LV WKH VSHFLILF HOHFWULF UHVLVWDQFH RI PDWHULDO
RI SLSH KHDWHG� ∆� LV WKH GHSWK RI FXUUHQW SHQHWUDWLRQ
LQWR D SLSH PHWDO� JD�D�� E�� F�� LV WKH IXQFWLRQ WDNLQJ
LQWR DFFRXQW WKH QRQ�XQLIRUPLW\ RI ILHOG DW UHDO VL]HV
RI LQGXFWRU�

7KH FRPSDUDWLYH FDOFXODWLRQV VKRZHG WKDW D VDWLV�
IDFWRU\ FRLQFLGHQFH RI UHVXOWV RI FDOFXODWLRQV LV RE�
VHUYHG DW D� ! �� DQG ZLWK LQFUHDVH LQ D UHODWLYH YDOXH

RI DLU JDS WKH QRQ�XQLIRUPLW\ RI LQGXFWRU PDJQHWLF
ILHOG LV LQFUHDVHG DQG WKH HUURU LQ FDOFXODWLRQ LV
DEUXSWO\ LQFUHDVHG�

7R VSHFLI\ WKH VWUXFWXUH RI DQ LQGXFWRUwORDGLQJ
HTXLYDOHQW FLUFXLW D PHWKRG RI D ILFWLWLRXV ZLQG�

LQJ KDV EHHQ GHYHORSHG �)LJXUH �� >�� ��@� :KHQ LW
LV XVHG� WKH HOHFWURPDJQHWLF ILHOG RI Q�FLUFXLW RI DQ
LQGXFWLRQ GHYLFH LV FRQVLGHUHG DV D ILHOG RI VFDWWHULQJ
RI �Q � ���FLUFXLW V\VWHP� QHXWUDO LQ HOHFWULF DVSHFW�
ZKRVH DOO WKH SDUDPHWHUV DUH GHWHUPLQHG WKURXJK �Q �
� ���� RI VKRUW�FLUFXLW LPSHGDQFH RI SDLUV RI FLUFXLWV
LQFOXGLQJ D ILFWLWLRXV ZLQGLQJ� 0RUHRYHU� DQ HTXLYD�
OHQW FLUFXLW RI D SUHVHW UHJLRQ RI WKH HOHFWURPDJQHWLF
ILHOG LV VXFK D FLUFXLW IRU ZKLFK YROWDJHV� FXUUHQWV DQG
HOHFWULF SRZHU DUH PDWKHPDWLFDOO\ HTXLYDOHQW WR LQ�
WHQVLWLHV RI HOHFWULF� PDJQHWLF ILHOGV DQG IORZV RI HOHF�
WURPDJQHWLF SRZHU �3R\QWLQJsV YHFWRUV��

$PRQJ WKH PDJQHWLFDOO\�FRXSOHG FLUFXLWV RI WKH
V\VWHP WZR RI WKHP DUH GLVWLQJXLVKHG KDYLQJ D PLQL�
PXP QDWXUDO UHVLVWDQFH �FLUFXLWV RI WKH V\VWHP DUH
UHGXFHG SUHOLPLQDU\ WR D EDVLF QXPEHU RI WXUQV� DQG
HTXLYDOHQW FLUFXLW LV GHVLJQHG IRU WKHP ZKHUH SDUDPH�
WHUV RI WKH FLUFXLW DUH GHWHUPLQHG WKURXJK QDWXUDO
UHVLVWDQFHV RI FLUFXLWV =SS DQG VKRUW�FLUFXLW UHVLVWDQFHV
RI SDLUV RI FLUFXLWV =NTS �)LJXUH ���

=�  ����=�� w =�� � =
N����

=�  ����w=�� � =�� � =
N����

=�  ����=�� � =�� w =N����

���

6HOHFWLRQ RI FLUFXLWV ZLWK D PLQLPXP UHVLVWDQFH
GHILQHV DW RQFH WKH SRVLWLRQ RI DQ H[FLWLQJ EUDQFK =�

LQ WKH HTXLYDOHQW FLUFXLW DQG FDQ ILQG D UHVXOWLQJ PDJ�
QHWLF IOX[� HPI RI GHYLFH DQG H[FLWLQJ FXUUHQW LQ D
VLPSOHU ZD\� $OO WKH UHVW FLUFXLWV DQG ILHOG DUHDV DW
VXFK VHOHFWLRQ RI FLUFXLWV DUH DUUDQJHG DORQJ WKH
3R\QWLQJsV YHFWRU �LQ WKH GLUHFWLRQ RI HQHUJ\ VSUHDG�
LQJ IURP VRXUFHV RI WKH ILHOG WR XVHUV� DQG DUH� WR D
FHUWDLQ GHJUHH� H[WHUQDO DV UHJDUGV WR VHOHFWHG FLUFXLWV�

)LJXUH �� 6FKHPH RI KHDWLQJ SLSH EXWWV ZLWK D OLQHDU LQGXFWRU LQ
+) ZHOGLQJ� �x SDUW KHDWHG� �x LQGXFWLRQ ZLUH� �x PDJQHWLF
FRUH� � x UHWXUQ ZLUH

)LJXUH ��'LVWULEXWLRQ RI PDJQHWLF ILHOG DW WKH VXUIDFH RI SDUW EHLQJ
KHDWHG DORQJ WKH D[LV �[ �[

D
 [�D� DW E�  E�U→∞� F�  F�U→∞

DQG GLIIHUHQW YDOXHV D�  D�U

)LJXUH �� ,QGXFWLRQ V\VWHP� �x ORDG ZLWK FXUUHQWV� �x LQGXFWRU�
� x ILFWLWLRXV ZLQGLQJ

)LJXUH �� (TXLYDOHQ FLUFXLWV RI WZR�FLUFXLW GHYLFH� D x JHQHUDO
IRUP� E x LQGXFWRUwORDG V\VWHP
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WKDW PDNHV LW SRVVLEOH WR FRQVLGHU WKH YROXPH RI DQ
LQGXFWLRQ GHYLFH LQ WKH IRUP RI D ODPLQDU VWUXFWXUH�
,Q DGGLWLRQ� WKH FRQGLWLRQV RI PDWLQJ YHFWRUV RI WKH
HOHFWURPDJQHWLF ILHOG DUH SUHVHUYHG DW WKH ERXQGDULHV
RI OD\HUV WKDW JLYHV D IHDVLELOLW\ RI D FDVFDGH FRQQHFWLRQ
RI HTXLYDOHQW FLUFXLWV RI OD\HUV� L�H� FKDLQV RI FLUFXLWV
DQG HTXLYDOHQW FLUFXLWV RI ILHOGV UHJLRQV LQ WKH SUHVHW
GLUHFWLRQ�

,Q DFFRUGDQFH ZLWK WKH DERYH�PHQWLRQHG� WKHUH LV
DQ RSSRUWXQLW\ WR FRQQHFW DQ HTXLYDOHQW FLUFXLW RI
H[WHUQDO FLUFXLWV DQG UHJLRQV RI ILHOG� LQ D JHQHUDO FDVH
PXOWLSRODU� WR WKH H[FLWLQJ EUDQFK =� RI WKH REWDLQHG
FLUFXLW �)LJXUH �� D�� ,WV LQWHUQDO VWUXFWXUH LV GHILQHG
E\ D FDVFDGH RI HTXLYDOHQW FLUFXLWV RI OD\HUV ZKLFK
FDQ KDYH GLIIHUHQW VWUXFWXUHV GHSHQGLQJ RQ QDWXUH RI
SURFHVVHV SURFHHGLQJ LQ WKHP� )RU H[DPSOH� LW PD\ EH
LQGXFWDQFH RI FLUFXLWV VFDWWHULQJ� ZDYH UHVLVWDQFH RI
VFUHHQ RU LPSHGDQFH RI PDVVLYH ERG\ LQ D UHDO IRUP
RU LQ WKH IRUP RI DQ HTXLYDOHQW FLUFXLW� 6LPLODU HTXLYD�
OHQW FLUFXLWV �)LJXUH �� E� DUH XVHG HIIHFWLYHO\ LQ LQ�
YHVWLJDWLRQ DQG FDOFXODWLRQ RI SURFHVVHV LQ VFUHHQHG
LQGXFWLRQ GHYLFHV� WUDQVIRUPHUV ZLWKPDJQHWLF VKXQWV�
WDQNV DQG RWKHUV�

/HW XV FRQVLGHU QRZ DQ HTXLYDOHQW FLUFXLW� KDYLQJ
D SUDFWLFDO LPSRUWDQFH� RI D PXOWL�FLUFXLW LQGXFWLRQ
GHYLFH >�� ��@ ZLWK ODUJH DLU JDSV EHWZHHQ FXUUHQW�
FDUU\LQJ FLUFXLWV DQG LQ WKH PDJQHWLF V\VWHP� $V QRQ�
DGHTXDF\ RI VROXWLRQ LV W\SLFDO RI SUREOHPV RI V\QWKH�
VLV WKHQ LW LV QHFHVVDU\ WR XVH FRQGLWLRQV RI FRQIRUPLW\

RI FLUFXLW WR PRGHOOLQJ GHYLFH RU LWV HOHPHQW ZKHQ
GHVLJQLQJ HTXLYDOHQW FLUFXLWV >��@�

$Q HTXLYDOHQW FLUFXLW� DGHTXDWH WR WKH LQGXFWLRQ
GHYLFH� VKRXOG KDYH D QXPEHU RI LQGHSHQGHQW EUDQFKHV
�QRW EHLQJ UHGXFHG E\ LGHQWLFDO WUDQVIRUPDWLRQV WR
WKH OHDVW QXPEHU RI EUDQFKHV� HTXDO WR QXPEHU RI
LQGHSHQGHQW PDJQHWLF OLQNV EHWZHHQ WKH FXUUHQW�FDU�
U\LQJ FLUFXLWV RI WKH GHYLFH� 1XPEHU RI WKHVH OLQNV LQ
Q�FLUFXLW GHYLFH LV HTXDO WR WKH QXPEHU RI FRPELQDWLRQV
E\ � IURP �Q � ��� WKDW LV QRW OHVV WKDQ

1 =
Q(Q + �)

�

� ����

6HFRQGO\� WKH SDUDPHWHUV RI VKRUW�FLUFXLWLQJ RI
SDLUV RI FLUFXLWV VKRXOG EH HTXDO WR WKH UHVLVWDQFH EH�
WZHHQ FRUUHVSRQGLQJ SRLQWV RI LWV HTXLYDOHQW FLUFXLW
�DW RWKHU RSHQ ZLQGLQJV�� 6RPH FLUFXLWV RI GLIIHUHQW
FRQILJXUDWLRQ VDWLVI\ WKLV FRQGLWLRQ� :KHQ VHOHFWLQJ
FLUFXLW LW LV QHFHVVDU\ WR SURYLGH D PLQLPXP QXPEHU
RI FORVHG FLUFXLWV DQG WR KDYH D VLPSOHVW VWUXFWXUH� IRU
H[DPSOH� D ODGGHU VWUXFWXUH�

7DNLQJ LQWR DFFRXQW WKH DERYH�PHQWLRQHG� WKH
VWUXFWXUH RI H[WHUQDO FLUFXLWV FDQ EH SUHVHQWHG LQ WKH
IRUP RI D FKDLQ RI IRXU�WHUPLQDO QHWZRUNV RI ¡�VKDSHG
OLQNV IRUPHG IURP ORQJLWXGLQDO =�S w ��S DQG WUDQVYHUVH
=S SDUDPHWHUV� FDVFDGH FRQQHFWHG LQ WKH VHTXHQFH RI
LQFUHPHQW RI QDWXUDO UHVLVWDQFHV RI WKH FLUFXLWV �)L�
JXUH ��� D��

)LJXUH ��� E SUHVHQWV DQ HTXLYDOHQW FLUFXLW IRU GH�
VLJQ RI PXOWL�FLUFXLW LQGXFWLRQ GHYLFHV ZLWK D FR�D[LDO
V\VWHP RI ZLQGLQJV� 7KHVH FLUFXLWV ZHUH XVHG VXFFHVV�
IXOO\ LQ FDOFXODWLRQ DQG GHVLJQLQJ V\VWHPV RI GRXEOH�
VLGHG LQGXFWLRQ FXUUHQW FRQGXFWRU IRU +) ZHOGLQJ RI
SLSHV >��@�

)LJXUH �� *HQHUDOL]HG HTXLYDOHQW FLUFXLWV RI LQGXFWLRQ GHYLFH ZLWK
GLVWLQJXLVKHG WDSV RI FLUFXLWV �D� DQG ZLWK HTXLYDOHQW WZR�WHUPLQDO
HOHPHQWV RI H[WHUQDO FLUFXLWV �E�

)LJXUH ��� (TXLYDOHQW FLUFXLW RI PXOWL�FLUFXLW GHYLFH ZLWK D KLJK
VFDWWHULQJ RI PDJQHWLF ILHOG �D� DQG FRD[LDO V\VWHP RI FLUFXLWV �E�

)LJXUH ��� 'HSHQGHQFH RI UHVLVWDQFH RI OD\HU KHDWHG RQ JDS� � x
H[SHULPHQWDO GDWD� �� � x FDOFXODWHG GDWD XVLQJ PHWKRG RI D FRP�
PRQ DQG ZRUNLQJ IORZ� UHVSHFWLYHO\

)LJXUH ��� 'HSHQGHQFH RI LPSHGDQFH RI LQGXFWRU RQ JDS� �w� x
WKH VDPH DV LQ )LJXUH ��
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'HVLJQ RI WKH GHYLFH XVLQJ D IXOO HTXLYDOHQW FLUFXLW
LQ WKH FRQGLWLRQ RI RSHUDWLRQ RI DOO WKH FLUFXLWV LV PDGH
E\ VLPSOH HIILFLHQW DOJRULWKPV� WDNLQJ LQWR DFFRXQW
WKH IHDWXUHV RI WRSRORJLFDO VWUXFWXUH RI WKH ODGGHU
FLUFXLWV >��@�

+HUH� VRXUFHV RI YROWDJH RU FXUUHQW DQG HOHPHQWV
RI WKH H[WHUQDO FLUFXLW FDQ EH FRQQHFWHG LQ WKH HTXLYD�
OHQW FLUFXLW WR WHUPLQDOV RI QHWZRUN RU WKH WHUPLQDO
FDQ EH FRQQHFWHG WR D FRPPRQ EXVEDU RI WKH FLUFXLW
LQ FDVH RI DEVHQFH RI RWKHU VRXUFHV RU FRQVXPHUV RI
HQHUJ\� 7KXV� WKH XVH RI UDWLRQDO PHWKRGV RI V\QWKHVLV
RI HTXLYDOHQW FLUFXLWV PDNHV LW SRVVLEOH WR GHYHORS
HIIHFWLYH HIILFLHQW DOJRULWKPV IRU GHVLJQ RI LQGXFWLRQ
GHYLFHV�

7KH PHWKRG RI D ILFWLWLRXV ZLQGLQJ DOORZV PDNLQJ
HTXLYDOHQW FLUFXLWV IRU DQ\ LQGXFWLYHO\�FRXSOHG FLU�
FXLWV� 0RUHRYHU� LW LV SRVVLEOH WR LQGLFDWH SUHFLVHO\
WKH SRLQW RI FRQQHFWLRQ RI D EUDQFK RI PDJQHWL]LQJ
DQG WR GHILQH WKH UHDFWDQFH RI SULPDU\ DQG VHFRQGDU\
FLUFXLWV� 'HVLJQ RI LQGXFWLRQ GHYLFHV XVLQJ HTXLDOHQW
FLUFXLW FRPSLOHG E\ WKH PHWKRG RI D ILFWLWLRXV ZLQGLQJ
SURYLGHV D TXLWH VXIILFLHQW SUHFLVLRQ IRU SUDFWLFDO XVH�

$W WKH VDPH WLPH LW LV NQRZQ WKDW WKLV PHWKRG ZDV
QRW XVHG IRU GHVLJQ RI OLQHDU ZHOGLQJ LQGXFWRUV�

7R FRQILUP WKH DERYH�GHVFULEHG LQIRUPDWLRQ DQ H[�
SHULPHQW RQ D OLQHDU LQGXFWRU ZLWK D OHQJWK OL  
 ���� FP� ZLGWK RI D PDJQHWLF FRUH VORW DVO  ��� FP
ZDV SHUIRUPHG� 9DOXH RI JDS EHWZHHQ LQGXFWRU DQG
SDUW KHDWHG ZDV DV IROORZV� K  ���� ��� DQG ��� FP�
,QGXFWRU ZDV VXSSOLHG ZLWK D FXUUHQW RI ���� +] IUH�
TXHQF\�

)LJXUHV ��w�� JLYH UHODWLRQVKLSV RI PDLQ SDUDPH�
WHUV RI D OLQHDU LQGXFWRU REWDLQHG H[SHULPHQWDOO\ DQG
E\ FDOFXODWLRQV� 7KH H[SHULPHQWDO GDWD DQG FDOFXOD�
WLRQV VKRZ WKDW WKH PHWKRGV RI GHVLJQ RI WKH OLQHDU
LQGXFWRUV KDYH DQ DSSUR[LPDWHG QDWXUH�

7KXV� WKH PHWKRG RI D ZRUNLQJ IORZ KDV D VDWLV�

IDFWRU\ SUHFLVLRQ ZLWKLQ WKH OLPLWHG UDQJH RI SDUDPH�

WHUV RI WKH LQGXFWRUwZRUNSLHFH V\VWHP� 7KH DFFXUDF\

RI FDOFXODWLRQ LV GHFUHDVHG ZLWK D JDS LQFUHDVH� ,Q

DGGLWLRQ� WKLV PHWKRG JLYHV VRPH KLJKHU YDOXHV U�′ DV
LW GRHV QRW HQVXUH WKH FRUUHFW OLPLWLQJ WUDQVLWLRQV ZLWK

LQFUHDVH LQ IUHTXHQF\ �I → ∞� RU UHODWLRQ �F�K → ∞��
7KH PHWKRG RI D FRPPRQ IORZ JLYHV YDOLG OLPLWLQJ

WUDQVLWLRQV SURYLGLQJ WKH ZLGHU UHJLRQ RI VDWLVIDFWRU\

DFFXUDF\ RI FDOFXODWLRQV� 7KXV� WKH HUURU LQ FDOFXOD�

WLRQV XVLQJ WKH PHWKRG RI D FRPPRP IORZ LV ��w�� �

DV FRPSUHG ZLWK H[SHULPHQWDO GDWD� DQG ��w�� � DV

FRPSDUHG ZLWK PHWKRG RI D ZRUNLQJ IORZ�

7KXV� LW FDQ EH FRQFOXGHG WKDW WKH H[LVWLQJ PHWK�
RGV RI GHVLJQ RI ZHOGLQJ LQGXFWRUV FDQQRW SURYLGH
VXIILFLHQW DFFXUDF\ IRU SUDFWLFDO DSSOLFDWLRQ� DV WKH\
GR QRW IXOO\ UHIOHFW WKH UHDO SLFWXUH RI SURFHHGLQJ
SURFHVVHV� ,Q SDUWLFXODU� LW FRQFHUQV WKH GLVWULEXWLRQ
RI FXUUHQW LQGXFWLQJ LQ ORDGLQJ ZKLFK LV WDNHQ LQWR
DFFRXQW LQ FDOFXODWLRQV XVLQJ FRUUHFWLRQ FRHIILFLHQWV�
+RZHYHU� WKH XVH RI VRPH DVVXPSWLRQV UHVXOWV LQ HUURUV
GXULQJ GHWHUPLQDWLRQ RI SDUDPHWHUV RI LQGXFWRUV WKDW
LQIOXHQFHV WR D FHUWDLQ H[WHQW ERWK WHFKQLFDO DQG HFR�
QRPLFDO FKDUDFWHULVWLFV RI WKH +) ZHOGLQJ HTXLSPHQW�

,Q FRQFOXVLRQ WKH DFWXDOLW\ RI WKH IXUWKHU LPSURYH�
PHQW RI GHVLJQ RI ZHOGLQJ LQGXFWRUV� HVSHFLDOO\ OLQHDU
LQGXFWRUV� XVHG IRU KHDWLQJ IODW VXUIDFHV DQG IRU VHDP
LQGXFWLRQ ZHOGLQJ RI SURGXFWV� SLSHV LQ SDUWLFXODU�
VKRXOG EH QRWHG�

�� 6KDPRY� $�1�� %RGD]KNRY� 9�$� ������ 'HVLJQ DQG VHUYLFH
RI KLJK�IUHTXHQF\ XQLWV� 0RVFRZ�/HQLQJUDG� 0DVKJL]�

�� *OXNKDQRY� 1�3�� %RJGDQRY� 9�1� ������ :HOGLQJ RI PHW�
DOV LQ KLJK�IUHTXHQF\ KHDWLQJ� 0RVFRZ�/HQLQJUDG� 0DVKJL]�

�� ,YDQRY� 9�1�� /XQLQ� ,�9�� .XO]KLQVN\� 9�/� ������ +LJK�
IUHTXHQF\ ZHOGLQJ RI PHWDOV� /HQLQJUDG� 0DVKLQRVWURHQLH�

�� 1HPNRY� 9�6�� 'HPLGRYLFK� %�9� ������ 7KHRU\ DQG GHVLJQ
RI LQGXFWLRQ KHDWLQJ GHYLFH� /HQLQJUDG� (QHUJRDWRPL]GDW�

�� 3LVPHQQ\� $�6� ������ (OHFWURPDJQHWLF ILHOG DQG QDWXUDO UH�
VLVWDQFH RI LQGXFWRUV IRU KHDWLQJ IODW VXUIDFHV RI LWHPV� $YWR�
PDWLFK� 6YDUND� ��� ��w���

�� ������ 7KHUPDO�HOHFWULF HTXLSPHQW� 5HIHU� %RRN� 0RVFRZ�
(QHUJL\D�

�� 6OXNKRWVN\� $�(�� 5\VNLQ� 6�(� ������ ,QGXFWRUV IRU LQGXF�
WLRQ KHDWLQJ� /HQLQJUDG� (QHUJL\D�

�� 1HPNRY� 6�6� ������ 'HVLJQ RI SODQH LQGXFWRUV ZLWK PDJ�
QHWLF FRUHV RQ WKH EDVH RI PDJQHWLF HTXLYDOHQW FLUFXLWV� ,Q�
7KHUPDO�HOHFWULF SURFHVVHV DQG XQLWV� &KHERNVDU\�
,�1� 8OLDQRY &K*8�

�� 3LVPHQQ\� $�6� ������ (TXLYDOHQW FLUFXLWV DQG PHWKRGV RI
GHVLJQ RI LQGXFWLRQ ZHOGLQJ DQG WKHUPDO�HOHFWULF XQLWV�
$YWRPDWLFK� 6YDUND� �� ��w���

��� 'HPLGRYLFK� 9�%�� 1HPNRY� 9�6� ������ &RPSXWHU�DLGHG
GHVLJQ RI F\OLQGULFDO LQGXFWRU ZLWK QRQ�PDJQHWLF ORDGLQJ�
,Q� 7UDQVDFW� RI 91,,79&K� ,VVXH ���

��� 1HPNRY� 9�6�� 6OXNKRWVN\� $�(� ������ &DOFXODWLRQ RI SD�
UDPHWHUV RI VKRUW�VSDFLQJ LQGXFWRUV XVLQJ HTXLYDOHQW FLU�
FXLWV� ,ELG�� ,VVXH ���

��� 6OXNKRWVN\� $�(�� 1HPNRY� 9�6�� 3DYORY� 1�$� HW DO� ������
,QGXFWLRQ KHDWLQJ XQLWV� /HQLQJUDG� (QHUJRL]GDW�

��� 3HMVDNKRYLFK� 9�$�� 3DUDGQ\D� 3�$� ������ 0HWKRG RI GH�
VLJQ RI OLQHDU LQGXFWRU� (OHNWURWHUPL\D� �� ��w���

��� /HEHGHY� 9�.�� 3LVPHQQ\� $�6�� <DYRUVN\� <X�'� ������
'HVLJQ RI LQGXFWRU IRU KLJK�IUHTXHQF\ ZHOGLQJ� $YWRPDWLFK�
6YDUND� �� ��w���

��� &KHUU\� (�&� ������ 7KH GXDOLW\ EHWZHHQ LQWHUOLQNHG HOHF�
WULF DQG PDJQHWLF FLUFXLWV DQG WKH IRUPDWLRQ RI WUDQVIRUPHU
HTXLYDOHQW FLUFXLWV� 3URF� RI 3K\V� 6RF� %� ���� ���w����

��� 3LVPHQQ\� $�6� ������ (OHFWULF GHVLJQ RI GHYLFHV RI GRXEOH�
VLGHG LQGXFWLYH FRUH IRU ZHOGLQJ RI WXEHV� $YWRPDWLFK�
6YDUND� �� ��w���

��� $OHNVDQGURYD� 0�*�� %HO\DQLQ� $�1�� %U\XNQHU� 9� HW DO�
������ &RPSXWHU�DLGHG GHVLJQ RI HOHFWULF FLUFXLWV DQG HOHF�
WURPDJQHWLF ILHOGV� 0RVFRZ� 5DGLR L 6Y\D]�

)LJXUH ��� 'HSHQGHQFH RI HIIHFLHQF\ IDFWRU RI OLQHDU LQGXFWRU RQ
JDS� �w� x WKH VDPH DV LQ )LJXUH ��

)LJXUH ��� 'HSHQGHQFH RI SRZHU IDFWRU RI LQGXFWRU RQ JDS� �w� x
WKH VDPH DV LQ )LJXUH ��
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�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
&RPSDQ\ �6(/0$�� 6LPIHURSRO� 8NUDLQH

,Q YLHZ RI WKH LQFUHDVLQJ QXPEHU DQG GLYHUVLW\ RI WKH W\SHV RI ZHOGLQJ HTXLSPHQW DQG KLJKHU UHTXLUHPHQWV WR LWV TXDOLW\�

SUDFWLFDO LPSOHPHQWDWLRQ RI WKH UHTXLUHPHQWV RI *267 �����w�� LQ SURGXFWLRQ WHVWLQJ LQYROYHV D FRQVLGHUDEOH PDWHULDO

FRQVXPSWLRQ DQG WLPH� $ YDULDQW RI IRUHFDVWLQJ WKH WHFKQRORJLFDO SURSHUWLHV RI ZHOGLQJ HTXLSPHQW LV SURSRVHG� ZKLFK

LV EDVHG RQ WKH UHVXOWV RI HOHFWULF WHVWLQJ� XVLQJ D YDULDEOH UHVLVWLYH ORDG� 9DULRXV YDULDQWV RI DSSO\LQJ WKH KDUGZDUH�

SURJUDP DQG DOJRULWKPLF HOHPHQWV RI WKH V\VWHPV RI LQ�SURFHVV FRQWURO RI ZHOGLQJ HTXLSPHQW SDUDPHWHUV DUH FRQVLGHUHG�

.H\ ZRU G V � ZHOGLQJ� ZHOGLQJ HTXLSPHQW� V\VWHP WHVWLQJ�

IX]]\ ORJLF� VLPXODWLRQ PRGH� OLQJXLVWLF YDULDEOHV

,W LV NQRZQ >�@ WKDW WKH PHWKRGV RI WHVWLQJ WKH DUF

ZHOGLQJ HTXLSPHQW� DV ZHOO DV WKH FULWHULD RI WKHLU

TXDOLW\ DVVHVVPHQW DUH VSHFLILHG LQ *267 �����w���

3UDFWLFDO LPSOHPHQWDWLRQ RI WKLV VWDQGDUG UHTXLUHV

WZR KLJKO\ TXDOLILHG ZHOGHUV �RI QRW ORZHU WKDQ �WK

FDWHJRU\�� DYDLODELOLW\ RI D ODUJH YROXPH RI PHWDO IRU

PDNLQJ WKH VDPSOHV� DV ZHOO DV D FRQVLGHUDEOH FRQ�

VXPSWLRQ RI ZHOGLQJ FRQVXPDEOHV� $QRWKHU LPSRUWDQW

IDFWRU ORZHULQJ WKH FRVW FKDUDFWHULVWLFV RI WKLV W\SH
RI FRQWURO LV WKH FRQVLGHUDEOH WLPH UHTXLUHG� ZKLFK LV

UHODWHG WR SURFHVVLQJ WKH WHVW UHVXOWV� $V WKH IXOO F\FOH

RI WHVWLQJ RI RQH XQLW RI ZHOGLQJ HTXLSPHQW WXUQV RXW

WR EH TXLWH ORQJ� LW LV DOVR QHFHVVDU\ WR WDNH WKH SRZHU

FRQVXPSWLRQ LQWR DFFRXQW�

,Q YLHZ RI WKH WHQGHQF\ WR LQFUHDVLQJ WKH YROXPH

RI SURGXFWLRQ DQG UDQJH RI ZHOGLQJ HTXLSPHQW� ZKLFK

EHFDPH REYLRXV DW WKH HQG RI ����V LQ WKH OHDGLQJ
HQWHUSULVHV RI 8NUDLQH� DV ZHOO DV HYHU JURZLQJ UH�

TXLUHPHQWV WR LWV TXDOLW\� WKH WDVNV RI RUJDQL]LQJ LQ�

SURFHVV FRQWURO DQG FHUWLILFDWLRQ RI ILQLVKHG SURGXFWV

DFTXLUH IRUHPRVW LPSRUWDQFH�

,W PD\ EH VWDWHG ZLWK FRQILGHQFH WKDW LI WKH DERYH

VWDQGDUG LV WDNHQ DV WKH EDVLV IRU WHVWLQJ� WKH WDVN RI

DXWRPDWLRQ RI FRQWURO RI ZHOGLQJ HTXLSPHQW SDUDPH�

WHUV EHFRPHV XQVROYDEOH� DV LW LV LPSRVVLEOH WR SHUIRUP

WKH VFRSH RI IXOO�VFDOH WHVWLQJ� HQYLVDJHG E\ WKLV GRFX�

PHQW� ,Q WKLV FRQQHFWLRQ� LW LV QHFHVVDU\ WR ORRN IRU

VXFK FRQFHSWXDO DSSURDFKHV� ZKLFK ZRXOG DOORZ UH�

SODFLQJ WKH ORDG DSSOLHG GXULQJ ZHOGLQJ E\ LWV VLPX�

ODWRU GXULQJ WHVWLQJ� ,Q WKLV FDVH WKH ZHOGLQJ�WHFKQR�

ORJLFDO SURSHUWLHV RI WKH FRQWUROOHG HTXLSPHQW DUH SUH�
GLFWHG E\ PRGHOV GHYHORSHG RQ WKH EDVLV RI WKH UHVXOWV
RI WHVWLQJ HOHFWULF SDUDPHWHUV XVLQJ� IRU LQVWDQFH� D

EDOODVW UHVLVWRU �%5�� 'HYLFHV RI DQ HOHFWURQLF VLPX�

ODWRU RI D ZHOGLQJ DUF ZRXOG EH SUHIHUDEOH >�� �@� EXW

WKH\ DUH TXLWH FRPSOH[ DQG H[SHQVLYH�

$XWKRUV RI >�@ VXJJHVW XVLQJ WKH DFWXDO ZHOGLQJ

DUF DV WKH ORDG� $V LV QRWHG LQ WKLV DUWLFOH� LQ WKLV FDVH

LW LV SUDFWLFDOO\ LPSRVVLEOH WR KDYH DQ DFFXUDWH HVWL�

PDWH RI WKH FRQGLWLRQ RI ZHOGLQJ HTXLSPHQW� DV LW ZLOO

GHSHQG RQ WKH TXDOLW\ RI WKH XVHG ZHOGLQJ FRQVX�

PDEOHV� VKLHOGLQJ JDVHV� HWF�

)URP >�@ LW LV NQRZQ WKDW WKH SUREOHP RI WHVWLQJ

FRPSOLFDWHG WHFKQLFDO V\VWHPV� WR ZKLFK ZHOGLQJ

HTXLSPHQW EHORQJV� LV GLIILFXOW WR GHVFULEH� XVLQJ WUD�

GLWLRQDO DQDO\WLFDO DSSURDFKHV� 8S�WR�GDWH DS�
SURDFKHV RI VLPXODWLRQ RI VXFK V\VWHPV DUH EDVHG RQ

VHW�WKHRUHWLFDO PHWKRG ZLWK D GHYHORSHG V\VWHP RI

LQIHUHQFH� $OJRULWKPV IRU VROYLQJ WKLV FODVV RI SURE�

OHPV DUH� DV D UXOH� EDVHG RQ WKH XVH RI QHXUDO QHWZRUNV

>�@ DQG WKHRU\ RI IX]]\ VHWV >�@� 7KLV SDSHU GHDOV ZLWK

WKH LVVXHV RI FRQVWUXFWLRQ RI DQ DXWRPDWHG ZRUN SODFH

RI D FRQWUROOHU �$:3&�� ZKLFK VKRXOG SULPDULO\ EH

PRXQWHG LQ WKH IDFWRULHV�PDQXIDFWXUHUV RI ZHOGLQJ

HTXLSPHQW�

6WUXFWXUH DQG PDLQ FRPSRQHQWV RI WKH $:3&

HQJLQHHULQJ FRPSOH[� 7KH FRPSOH[ LQFOXGHV �)L�

JXUH �� WKH IROORZLQJ FRPSRQHQWV� VXEV\VWHP RI DF�

TXLVLWLRQ DQG SUHOLPLQDU\ SURFHVVLQJ RI LQIRUPDWLRQ

RQ WKH SDUDPHWHUV RI WKH VWXGLHG SURFHVV� EORFN RI

WHFKQRORJLFDO LQWHUIDFH �%7,� LQFOXGLQJ D VHW RI VHQ�

VRUV DQG DQ LQWHUIDFH XQLW �,8� GHVLJQHG IRU SURJUDP

FRQWURO RI WKH WHVWHG VRXUFH RI ZHOGLQJ FXUUHQW DQG

FRQWUROOHG EDOODVW UHVLVWRU �&%5�� VZLWFKLQJ XQLW

�68� DOORZLQJ IDVW FRQQHFWLRQ RI LQSXW DQG RXWSXW
FKDQQHOV RI ZHOGLQJ HTXLSPHQW WR WKH WHVWLQJ V\VWHP�

V\VWHP LQWHUIDFH� ZKLFK LV D 0DF/DE 'HYLFH RI $'

,QVWUXPHQWV &RPSDQ\� VHW RI FRPSXWLQJ PHDQV x

0DFKLQWRVK 3% ���F SHUVRQDO FRPSXWHU� SULQWHU DQG

PRGHP RI WKH FRPSXWLQJ ORFDO QHWZRUN �/1�� 7KH

� %�(� 3$721� $�(� .2527<16.<� 0�,� 6.23<8.� 9�,� <80$729$� (�$� .23,/(1.2� *�9� 3$9/(1.2� *�/� 3$9/(1.2 DQG 1�9� &+0<.+29� ����
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ODWWHU LV GHVLJQHG IRU RUJDQL]LQJ D FRPPRQ IDFWRU\
QHWZRUN RI FRQWURO DQG PDQDJHPHQW RI WKH TXDOLW\ RI
ZHOGLQJ HTXLSPHQW PDQXIDFWXUH�


/HW XV GZHOO LQ PRUH GHWDLO RQ WKH DGMXVWDEOH
HTXLYDOHQW RI WKH ORDG� ZKLFK LV D SURJUDPwFRQWUROOHG
%5� WKH VFKHPDWLF RI ZKLFK LV JLYHQ LQ )LJXUH �� 7KH
GHYLFH LV EDVHG RQ HLJKW UHVLVWRUV 5�w5�� WKH ZHLJKW
RI ZKLFK LV VHOHFWHG LQ NHHSLQJ ZLWK FRHIILFLHQWV RI
ELQDU\�GHFLPDO FRGH �� �� �� �� 6XFK D WHWUDG�GHFDGH
PHWKRG RI &%5 FRQVWUXFWLRQ DOORZV VHWWLQJ DQ\ YDOXH
RI WHVWLQJ FXUUHQW LQ WKH UDQJH RI �w��� $ ZLWK WKH
VWHS RI �� $�

%RWK .�w.� FRQWDFWRUV DQG FRQWDFWOHVV VZLWFKLQJ
HOHPHQWV PD\ EH XVHG LQ WKH GHYLFH� 7KH VHFRQG YDULDQW

PDNHV LWV GHVLJQPRUH FRPSOLFDWHG �WKLV LV SDUWLFXODUO\
WUXH IRU WXUQLQJ RQ WKH VZLWFKLQJ PRGH LQ $& ZHOGLQJ
VRXUFHV�� ,W� KRZHYHU� RIIHUV UHOLDELOLW\ DQG JRRG G\�
QDPLF SURSHUWLHV� ZKLFK LV KLJKO\ LPSRUWDQW LQ WHVWLQJ
DQ LQYHUWHU SRZHU VRXUFH�

6RIWZDUH RI $:3& V\VWHP LQFOXGHV DQ LQWHJUDWHG
/DE9LHZ �RU /DE:LQGRZV�&9,� HQYLURQPHQW WR GH�
YHORS V\VWHPV RI LQSXW� DQDO\VLV DQG SUHVHQWDWLRQ RI
WKH GDWD ZLWK DQ DSSOLHG SURJUDP JHQHUDWRU� LQWH�
JUDWHG 7,/6KHOO HQYLURQPHQW IRU GHYHORSPHQW RI H[�
SHUW V\VWHPV EDVHG RQ IX]]\ ORJLF DQG QHXUDO QHWZRUNV�
DSSOLHG VRIWZDUH WR DVVHVV WKH TXDOLW\ RI ZHOGLQJ
HTXLSPHQW� RULHQWHG WRZDUGV WKH VROXWLRQ RI WKH SURE�
OHPV RI ZHOGLQJ HTXLSPHQW TXDOLW\ FRQWURO�

(YDOXDWLRQ RI ZHOGLQJ HTXLSPHQW SDUDPHWHUV�
&ULWHULD RI HYDOXDWLRQ RI WKH SDUDPHWHUV RI ZHOGLQJ�
WHFKQRORJLFDO SURSHUWLHV RI ZHOGLQJ HTXLSPHQW DUH
FRPSOHWHO\ WDNHQ IURP *267 �����w�� �7DEOH��
7KHUH DUH� KRZHYHU� GLIIHUHQFHV LQ WKH WHVWLQJ PHWK�
RGV� $V ZDV PHQWLRQHG DERYH� IXOO�VFDOH H[SHULPHQW
LV QRW XVHG ZKHQ FRQWURO PRGHOV DUH GHYHORSHG� 6WDWLF
DQG G\QDPLF FKDUDFWHULVWLFV RI WKH WHVWHG VRXUFHV DUH
REWDLQHG LQ WKH VLPXODWLRQ PRGH� :KHQ WKH\ DUH FRQ�
VWUXFWHG LQ WKH GLDORJXH PRGH DQG DSSURSULDWH GHFL�
VLRQV DUH WDNHQ� ODQJXDJHV DUH XVHG ZKLFK DUH FDSDEOH
RI GHVFULELQJ IX]]\ FDWHJRULHV� FORVH WR KXPDQ QRWLRQV
DQG FRQFHSWV� ,Q WKLV FDVH OLQJXLVWLF YDULDEOHV DQG
YHUEDO FDWHJRULHV RI WKH W\SH RI �VPDOO�� �PHGLXP��
�ODUJH�� �VWURQJ�� �EDG�� �VDWLVIDFWRU\�� �JRRG� DUH
XVHG� 7HFKQLFDO FRQGLWLRQ RI WKH ZHOGLQJ XQLW LV GH�
WHUPLQHG E\ FRPSDULQJ WKH SDUDPHWHUV FKDUDFWHUL]LQJ
LW LQ WKH QRUPDO DQG IDXOW\ FRQGLWLRQV� ,I DQDORJV RI
DQ\ IDXOWV RI WKH ZHOGLQJ XQLW DUH DYDLODEOH� WKHQ
NQRZOHGJH RI LWV WHFKQLFDO FRQGLWLRQ LQ WHUPV RI IX]]\
DSSURDFKHV WDNHV WKH IROORZLQJ IRUP�

LI D� �E�� F�� G�� RU D� �E�� F�� G�� RU ��� RU DQ �EQ�

FQ� GQ� DUH VDWLVILHG� WKHQ WKH FRQGLWLRQ RI WKHZHOGLQJ

XQLW LV DQ DQDORJ�

)LJXUH �� 6FKHPDWLF RI DQ DXWRPDWHG ZRUN SODFH RI D FRQWUROOHU� :&6 x ZHOGLQJ FXUUHQW VRXUFH �IRU RWKHU H[SODQDWLRQV VHH WKH WH[W�

&RQWUROOHG SDUDPHWHUV RI WKH ZHOGLQJ SURFHVV

3DUDPHWHU 'HVLJQDWLRQV
3DUDPHWHU

HYDOXDWLRQ

,QLWLDO DUF LJQLWLRQ

�DUF SURFHVV VWDUW�

D� 3RRU

D� 6DWLVIDFWRU\

D� *RRG

$UF HODVWLFLW\ E� 3RRU

E� 6DWLVIDFWRU\

E� *RRG

6WDELOLW\ RI WKH VWHDG\ VWDWH

PRGH RI WKH ZHOGLQJ SURFHVV

F� 3RRU

F� 6DWLVIDFWRU\

F� *RRG

0HWDO VSDWWHU

�GHWHUPLQHG E\ WKH FRHIILFLHQW

RI VSDWWHU�

G� 6WURQJ

G� 0HGLXP

G� 6PDOO




7KH DERYH $:3& FRPSOH[ LV 0DFKLQWRVK EDVHG� ,WV FRQYHUVLRQ
WR ,%0 EDVH GRHV QRW SUHVHQW DQ\ SDUWLFXODU GLIILFXOWLHV LQ WHUPV
RI HQJLQHHULQJ VXSSRUW DQG VRIWZDUH�
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LI QRW D� �E�� F�� G�� RU D� �E�� F�� G�� RU ��� RU DQ
�EQ� FQ� GQ� DUH VDWLVILHG� WKHQ WKH FRQGLWLRQ RI WKH

ZHOGLQJ XQLW LV QRW DQ DQDORJ�
+HUH Q LV D VHW RI UHIHUHQFH VLWXDWLRQV� ZKLFK DUH

GHWHUPLQHG DQG HVWDEOLVKHG E\ WKH UHVXOWV RI IXOO�VFDOH
WHVWV�

7R HYDOXDWH WKH G\QDPLF SDUDPHWHUV UHTXLUHG IRU
IRUHFDVWLQJ WKH ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI
WKH WHVWHG HTXLSPHQW� LW LV QHFHVVDU\ WR PHDVXUH WKH
DGGLWLRQDO GHULYDWLYHV E\ FXUUHQW G,�GW DQG YROWDJH
G8�GW�

:RUN DQG IXQFWLRQDO FDSDELOLWLHV RI $:3& V\V�
WHP� 7KH WHVWLQJ SURJUDP LV VWDUWHG DIWHU FRQQHFWLRQ
RI WKH XQLW EHLQJ WHVWHG WR WKH 68� 7KH XQLW LV VXF�
FHVVLYHO\ ORDGHG XVLQJ &%5 LQ WKH VSHFLILHG FXUUHQW
UDQJH� 7KH ORDG VWHS LV VHW E\ WKH RSHUDWRU IURP WKH
V\VWHP SDQHO DQG LV H[HFXWHG E\ WKH �/RDG FRQWURO�
FRPPDQG� $QDORJ VLJQDOV JHQHUDWHG E\ WKH FXUUHQW
DQG YROWDJH VHQVRUV DUH PHDVXUHG LQ HDFK F\FOH RI QHZ
ORDG� 7KH VHQVRUV DUH EDVHG RQ +DOO WUDQVGXFHUV WR
LQFUHDVH WKH QRLVH VWDELOLW\� 7KH PHDVXUHPHQW IUH�
TXHQF\ LV GHWHUPLQHG DQG VHW E\ WKH RSHUDWRU� LQ NHHS�
LQJ ZLWK WKH LQVWUXFWLRQV GHYHORSHG IRU HDFK NLQG RI
WKH WHVWHG SURGXFWV� 0HDVXUHPHQW UHVXOWV DUH HQWHUHG
LQWR WKH FRPSXWHU H[WHUQDO PHPRU\�

$IWHU FRPSOHWLRQ RI WKH F\FOH RI DFTXLVLWLRQ RI WKH
REWDLQHG GDWD WKH SURJUDPV RI LWV LQLWLDO SURFHVVLQJ
DQG HYDOXDWLRQ RI WKH TXDOLW\ RI WKH WHVWHG HTXLSPHQW
DUH UXQ� 7KH ODWWHU SURJUDP LV PDGH XVLQJ D EDVH RI
IX]]\ UXOHV LQFRUSRUDWHG LQWR LWV H[SHUW V\VWHP� ,W LV
FUHDWHG E\ IRUPDOL]LQJ WKH TXDOLWDWLYH GDWD REWDLQHG
E\ WKH UHVXOWV RI SROOLQJ WKH VSHFLDOLVWV �KLJKO\ TXDOL�
ILHG ZHOGLQJ WHFKQRORJLVWV� DQG DQDO\VLV RI H[SHUL�
PHQWDO GDWD GHULYHG LQ IXOO�VFDOH WHVWLQJ�

,W VKRXOG EH QRWHG WKDW WKH DERYH V\VWHP RI LQ�
SURFHVV FRQWURO RI ZHOGLQJ HTXLSPHQW SDUDPHWHUV PD\
EH XVHG E\ HQWHUSULVHV� ZKLFK DSSO\ ZHOGLQJ WHFKQROR�
JLHV RQ D ODUJH VFDOH IRU SHULRGLFDO FKHFNLQJ DQG FHU�

WLILFDWLRQ RI WKHLU ZHOGLQJ HTXLSPHQW VWRFN �IRU LQ�
VWDQFH� LQ VKLS�EXLOGLQJ� SRZHU HQJLQHHULQJ� HWF��� ,Q
WKLV FDVH MXVW LWV PHWURORJLFDO FHUWLILFDWLRQ LV UHTXLUHG�
:LWK VRPH XSJUDGLQJ DQG DSSURSULDWH VRIWZDUH
$:3& V\VWHP PD\ IXQFWLRQ LQ WKH PRGH RI D ZHOGLQJ
WUDLQLQJ IDFLOLW\�

�� *267 �����w��� $UF ZHOGLQJ SRZHU VRXUFHV� 3URFHGXUH RI
ZHOGLQJ SURSHUWLHV WHVWLQJ� ,QWURG� ���������

�� 3HQWHJRY� ,�9�� 6LGRUHWV� 9�1�� *HQLV� ,�$� ������ :HOGLQJ
DUF PRGHOOLQJ DV DQ HOHPHQW RI HOHFWULF FLUFXLW DQG FRQVWUXF�
WLRQ RI HTXLYDOHQW FLUFXLWV� $YWRPDWLFK� 6YDUND� ��� ��w���

�� 6LGRUHWV� 9�1�� 3HQWHJRY� ,�9� ������ 6LPXODWRU RI ZHOGLQJ
DUF WR HYDOXDWH FXUUHQW VRXUFHV DSSOLHG LQ DUF ZHOGLQJ�
,ELG�� �� ��w���

�� 0HOWRQ� *� ������ 9DOLGDWLRQ RI DUF ZHOGLQJ HTXLSPHQW x
UHYLVLRQ RI %6 ����� :HOGLQJ	0HWDO )DEULF�� �� ��w���

�� %RJDW\UHY� /�/� ������ 0HWKRGV RI GLDJQRVWLFV RI WHFKQLFDO
V\VWHPV XQGHU WKH FRQGLWLRQV RI IX]]\ LQLWLDO LQIRUPDWLRQ�
,]Y� 9X]RY� (OHNWURPHNKDQLND� �� ���w����

�� *ODGNRY� (�$� ������ 3UREOHPV RI SUHGLFWLRQ RI TXDOLW\ DQG
FRQWURO RI ZHOG IRUPDWLRQ GXULQJ ZHOGLQJ ZLWK DSSOLFDWLRQ RI
QHXUDO QHWZRUN PRGHOV� 6YDURFKQ� 3URL]YRGVWYR� ��� ��w���

�� 2UORYVN\� 6�$� ������ 3UREOHP�VROYLQJ ZLWK IX]]\ LQLWLDO

LQIRUPDWLRQ� 0RVFRZ� 1DXND�

)LJXUH �� 3URJUDP�FRQWUROOHG EDOODVW UHVLVWRU� %5&8 x EDOODVW
UHVLVWRU FRQWURO XQLW
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9�6� 6,'258. DQG 9�,� *$/,1,&+

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$ FODVVLILFDWLRQ RI ZHOGLQJ IOX[HV E\ YDULRXV IHDWXUHV LV SURSRVHG� ,W LV VXJJHVWHG WKDW WKH QXPEHU RI FODVVLILFDWLRQ SDUDPHWHUV

LV LQFUHDVHG� FRPSDUHG WR WKH H[LVWLQJ RQHV� QDPHO\ IURP � WR �� E\ WKH DSSOLFDWLRQ PHWKRG� IURP � WR � E\ WKH PDQXIDFWXULQJ

PHWKRG� IURP �� WR �� E\ FRPSRVLWLRQ� DQG XS WR �� WDNLQJ LQWR DFFRXQW WKH IRUHFDVW VODJ FRPSRVLWLRQV� HWF�

.H\ ZRU G V � FODVVLILFDWLRQ RI IOX[HV� GHVLJQDWLRQ� VXE�

PHUJHG�DUF ZHOGLQJ� RSHQ�DUF ZHOGLQJ� ZHOGLQJ ZLWK EDFNLQJ

IOX[� IXVHG� DJJORPHUDWHG� FHUDPLF� V\QWKHWLF� UHJHQHUDWHG
IOX[HV� PHFKDQLFDO PL[WXUH� VODJ PL[WXUH

7KH WHQGHQF\ WR JOREDOLVDWLRQ RI ZRUOG HFRQRP\
HPHUJLQJ RYHU WKH UHFHQW \HDUV FUHDWHG WKH QHHG WR

GHYHORS FRPPRQ WHFKQRORJLFDO DSSURDFKHV� LQ SDUWLFX�

ODU� LQ WKH ILHOG RI ZHOGLQJ >�@� &R�RUGLQDWLRQ RI �XQL�
ILHG� UXOHV RI LQWHUQDWLRQDO VWDQGDUGV DQG FRGHV EHJDQ
VLPXOWDQHRXVO\ >�@� 'LYHUVLW\ RI QDWLRQDO VWDQGDUGV

�86� (XURSHDQ� 8665� -DSDQHVH� HWF�� IRU ZHOGLQJ
FRQVXPDEOHV OHG WR WKH QHFHVVLW\ RI LQWURGXFLQJ D

FURVV�UHIHUHQFH DQG WKHQ WR HVWDEOLVKLQJ FRPPRQ LQ�

WHUQDWLRQDO VWDQGDUGV WKURXJK WKH ,QWHUQDWLRQDO ,QVWL�

WXWH RI :HOGLQJ �,,:�� DQG ODWHU RQ WKURXJK WKH

,QWHUQDWLRQDO 6WDQGDUGV 2UJDQL]DWLRQ �,62� >�@�

6R LQ >�@ LW LV PHQWLRQHG WKDW LQ ���� ,,: SURSRVHG

D GUDIW RI DQ ,QWHUQDWLRQDO &ODVVLILFDWLRQ DQG &RGLQJ RI

IOX[HV IRU DXWRPDWLF 6$: RI ORZ�FDUERQ DQG ORZ�DO�

OR\HG VWHHOV� 7KHQ ,,: SXEOLVKHG GRFXPHQWV FODVVLI\LQJ
HOHFWURGH ZLUHV� IOX[HV DQG VKLHOGLQJ JDVHV IRU VXE�

PHUJHG�DUF DQG JDV�VKLHOGHG ZHOGLQJ RI ORZ�FDUERQ DQG

ORZ�DOOR\HG VWHHOV >�� �@� ,Q ���� ,62 SURGXFHG GUDIWV
RI ,QWHUQDWLRQDO 6WDQGDUGV ,62�',6 ����� �FODVVLILFD�

WLRQ RI ILOOHU PDWHULDO DQG FRPELQDWLRQV RI ZLUH x IOX[

IRU 6$: RI XQDOOR\HG VWHHOV LGHQWLFDO WR WKH FRPPRQ
(XURSHDQ VWDQGDUG (1 ���� DQG ,62�',6 ����� �FODV�

VLILFDWLRQ RI IOX[HV IRU 6$:� >�@�

:LWKRXW JLYLQJ D GHWDLOHG GHVFULSWLRQ RI WKH FRQ�

WHQWV RI WKH DERYH GRFXPHQWV� ZH ZLOO WU\ WR FRQVLGHU

WKHPSURFHHGLQJ IURP WKH ORFDO H[SHULHQFH DQG UHVXOWV�

DV ZHOO DV FRPSOHWHQHVV DQG HIIHFWLYHQHVV RI FODVVLIL�

FDWLRQ DQG FRGLQJ RI ZHOGLQJ IOX[HV�

&ODVVLILFDWLRQ E\ WKH PHWKRG RI DSSOLFDWLRQ �SXU�
SRVH�� %\ WKH PHWKRG RI DSSOLFDWLRQ RI IOX[HV ERWK
WKH FODVVLILFDWLRQ V\VWHPV RI ,,: DQG ,62 FRYHU RQO\

6$: IRU XQDOOR\HG� ORZ� DQG KLJK�DOOR\HG VWHHOV�
:LWKRXW GLVSXWLQJ WKH QHHG IRU VXFK D FRPSDUDWLYHO\
�QDUURZ� VWDQGDUG� ZH EHOLHYH LW LV UDWLRQDO WR ZLGHQ

WKH FODVVLILFDWLRQ RI ZHOGLQJ IOX[HV� VR WKDW LW FRYHUV

DOO WKH DVSHFWV RI WKHLU DSSOLFDWLRQ� DV ZHOO DV DOO WKH

PHWDOV DQG DOOR\V ZHOGHG E\ WKH VXEPHUJHG�DUF SURF�

HVV� )RU LQVWDQFH� LQ ZKDW FDWHJRU\ VKRXOG WKH IOX[

EH FODVVLILHG� ZKLFK LV XVHG IRU PHFKDQL]HG ZHOGLQJ
RI DOXPLQLXP E\ D VHPL�VXEPHUJHG DUF SURFHVV >�@"

2U ZKDW IOX[ PD\ EH XVHG DV EDFNLQJ PDWHULDO LQ
6$:"

:KHQ IOX[HV DUH FODVVLILHG E\ WKHLU SXUSRVH� ZH
SURFHHG IURP WKH GHILQLWLRQ RI WKH FRQFHSW RI �ZHOGLQJ

IOX[� JLYHQ LQ >�@� �)OX[ �IRU ZHOGLQJ DQG EUD]LQJ�
LV D PDWHULDO DGGHG WR WKH ZHOGLQJ RU EUD]LQJ ]RQH WR

HQVXUH VKLHOGLQJ� R[LGH UHGXFWLRQ� OLTXHI\LQJ WKH VODJ

DQG ORZHULQJ WKH VODJ WHPSHUDWXUH� DV ZHOO DV WR IXOILOO

D QXPEHU RI RWKHU PHWDOOXUJLFDO IXQFWLRQV��� ,Q DGGL�

WLRQ WR IXOILOOLQJ WKH EDVLF IXQFWLRQV� WKH IOX[ LQ ZHOG�

LQJ XVXDOO\ SURPRWHV D VWDEOH DUFLQJ DQG LPSURYHG

ZHOG IRUPDWLRQ��

7KHUH H[LVW QRW RQO\ DUF ZHOGLQJ SURFHVVHV� ZKHQ
WKH DUF LV NHSW XQGHU D OD\HU RI IOX[� EXW DOVR RSHQ

DUF ZHOGLQJ SURFHVVHV� /HW XV QDPH VRPH RI WKHP�

• VHPL�6$: ZLWK DGGLWLRQDO JDV VKLHOGLQJ >�@�

• FRPELQHG XVH RI VKLHOGLQJ JDV DQG IOX[ IHG LQWR

WKH ZHOGLQJ ]RQH LQ WKH IRUP RI D ILQH SRZGHU PL[WXUH

>��@�

• XVLQJ IOX[HV�SDVWHV IRU ZHOGLQJ DOXPLQLXP >��@�

• XVLQJ DFWLYDWLQJ IOX[HV IRU ZHOGLQJ YDULRXV PHW�

DOV DQG DOOR\V >��@� LQFOXGLQJ WKRVH LQ WKH IRUP RI

DHURVROV >��@�

• ILQDOO\ VXFK D FRPELQDWLRQ RI VKLHOGLQJ JDV DQG
IOX[ LV SRVVLEOH� ZKHQ WKH IOX[ LV XVHG LQ WKH IRUP RI
D ILEURXV PDWHULDO �IOX[ IHOW� IOX[ FDUGERDUG� IOX[

SDSHU�� SODFHG DORQJ WKH ZHOG >��@�

$FWXDOO\ 6$:SURSHU FDQQRW EH UHJDUGHG DV ILQDOO\
GHYHORSHG�

/HW XV QDPH VRPH RI WKH DUHDV RI VHDUFK�

• 6$: ZLWK FRQWLQXRXV FRYHULQJ RI WKH HOHFWURGH

ZLUH E\ PHWDO SRZGHU IHG IURP WKH KRSSHU >��@�

• 6$: ZLWK DGGLWLRQDO SURWHFWLRQ� IRU LQVWDQFH�

E\ DUJRQ >��@�
• PXOWL�HOHFWURGH ZHOGLQJ LQWR VHSDUDWH SRROV ZLWK

FRPELQHG SURWHFWLRQ RI WKH IURQW DUF E\ FDUERQ GLR[LGH

JDV� DQG RI WKH QH[W DUFV E\ IOX[ >��@�

• 6$: ZLWK IHHGLQJ PHWDO SRZGHU LQWR WKH DUF

]RQH ZLWK WKH IOX[�FRUHG ZLUH >��@�� 9�6� 6,'258. DQG 9�,� *$/,1,&+� ����
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• 6$: ZLWK DGGLWLRQDO IHHG RI DOWHUQDWLYH IOX[
FRPSRQHQWV �IOXRULGHV� PHFKDQLFDO PL[WXUHV RI FRP�
SRQHQWV� VLPLODU WR WKH IOX[�FRUHG ZLUH FKDUJH� HWF��
WR WKH DUF ]RQH >��w��@�

• SURFHVV RI 6$: ZLWK PLQLPDO� GRZQ WR ]HUR�
SHQHWUDWLRQ RI WKH EDVH PHWDO� IRU ZKLFK VSHFLDO DFWL�
YDWLQJ IOX[HV DUH XVHG >��@�

7KH ODWWHU SURFHVV GHYHORSHG DW WKH 3:, PD\ EH
SDUWLFXODUO\ HIIHFWLYH LQ VXUIDFLQJ GLVVLPLODU PHWDOV�
QDUURZ�JDS ZHOGLQJ DQG LUUHSODFHDEOH LQ ZHOGLQJ
VWHHOV DQG DOOR\V� ZKHUH VXUIDFH PHOWLQJ LV LQDGPLVVL�
EOH� EHFDXVH RI WKH ORVV RI SURSHUWLHV� IRU LQVWDQFH� LQ
FKURPLXP�QLWURJHQ VWHHOV� FRQWDLQLQJ XS WR � � QL�
WURJHQ >��@�

• XVH RI IOX[HV FRQWDLQLQJ LURQ SRZGHU� IRU LQ�
VWDQFH� FHUDPLF >��@�

• XVH RI H[RWKHUPDO IOX[HV >��@�
,Q YLHZ RI WKH DERYH� WKH OLVW DQG GHVLJQDWLRQV RI

IOX[HV� FODVVLILHG E\ WKH PHWKRG RI DSSOLFDWLRQ �SXU�
SRVH� PD\ EH DV IROORZV�

)RU 6$: �FRYHUHG RU EXULHG DUF��
�� 6 x FRQYHQWLRQDO 6$:�
�� 6* x JDV�VKLHOGHG 6$:�
�� 6 � * x FRQVXPDEOH PXOWLHOHFWURGH ZHOGLQJ

ZLWK FRPELQHG VKLHOGLQJ RI WKH DUFV� RI WKH IURQW DUF
�RQH RU VHYHUDO� E\ JDV� RI WKH QH[W DUFV E\ IOX[�

�� 603 x 6$: ZLWK DGGLWLRQDO IHHGLQJ RI PHWDO
SRZGHU LQWR WKH DUF ]RQH� LQ D PL[WXUH ZLWK IOX[ RU
IURP D VHSDUDWH KRSSHU FR�D[LDOO\ ZLWK WKH HOHFWURGH
RU ZLWK SUHOLPLQDU\ SRXULQJ RI JULW LQWR WKH JDS EH�
WZHHQ WKH HGJHV� HWF��

�� (6 x H[RWKHUPLF 6$:�
�� 6&: x 6$: ZLWK IOX[�FRUHG ZLUH FRQWDLQLQJ

PHWDOOLF SRZGHU� H[RWKHUPDO PL[WXUH RU VXEVWDQFHV
UHSODFLQJ WKH IOX[ FRPSRQHQWV� IRU LQVWDQFH� IOXRULGHV�
QLWULGHV� ERURQ�FRQWDLQLQJ VXEVWDQFHV� HWF��

�� 6$) x 6$: ZLWK DFWLYDWLQJ IOX[�
)RU RSHQ�DUF ZHOGLQJ�
�� 9)$ �YLVLEOH IOX[�DLU DUF ZHOGLQJ� x FRQVXP�

DEOH HOHFWURGH VHPL�6$: LQ DLU
�� 6*) � JDV�VKLHOGHG VHPL�6$:�
��� 6*&:x ZHOGLQJ ZLWK IOX[�FRUHG ZLUH� FRQ�

WDLQLQJ IOX[ FRPSRQHQWV ZLWK JDV VKLHOGLQJ RI WKH DUF�
��� $�7,* x QRQFRQVXPDEOH�HOHFWURGH DUJRQ�DUF

ZHOGLQJ ZLWK DSSOLFDWLRQ RI DFWLYDWLQJ IOX[�
%DFNLQJ IOX[HV�
��� %) x EDFNLQJ IOX[�
&ODVVLILFDWLRQ E\ WKH PHWKRG RI PDQXIDFWXUH� %\

WKH PHWKRG RI PDQXIDFWXUH WKH FODVVLILFDWLRQ RI IOX[HV
DFFRUGLQJ WR WKH GUDIW RI ,62�',6 VWDQGDUG HQYLVDJHV
RQO\ WKUHH W\SHV RI IOX[HV� ) x IXVHG� $ x DJJORP�
HUDWHG DQG 0 x PL[WXUHV SUHSDUHG E\ WKH PDQXIDF�
WXUHU RI WZR RU PRUH IOX[HV �VWDQGDUG� H[LVWLQJ�� ,W
LV D VWHS EDFN FRPSDUHG WR ,,: FODVVLILFDWLRQ� DV
ERQGHG� RU DFFRUGLQJ WR WKH ORFDO WHUPLQRORJ\� FHUDPLF
IOX[HV DQG PHFKDQLFDO PL[WXUHV RI YDULRXV LQLWLDO FRP�
SRQHQWV� IRU LQVWDQFH� UHF\FOHG� DV LQ >��@� DUH QRW
WDNHQ LQWR DFFRXQW� :H EHOLHYH WKDW WKLV OLVW RI IOX[
PDQXIDFWXULQJ PHWKRGV FDQQRW EH UHJDUGHG DV FRP�
SOHWH� HLWKHU� ,Q RXU RSLQLRQ� LW LV QHFHVVDU\ WR DGG WR

LW WKH PHWKRG RI PDNLQJ V\QWKHWLF IOX[HV GHYHORSHG
DW WKH 3:, >��@�

0DQXIDFWXUH RI VXFK IOX[HV LQYROYHV VLQJOH�SKDVH
V\QWKHVLV RI FRPSOH[ FRPSRXQGV RI WKH W\SH RI QDWXUDO
PLQHUDOV� ZROODVWRQLWH� QHSKHOLQH� GLRVLGH� HQVWDWLWH�
HWF� &RPSRQHQW VHOHFWLRQ DQG V\QWKHWLF IOX[ PDQX�
IDFWXULQJ WHFKQRORJ\ DUH WKH VDPH DV IRU WKH DJJORP�
HUDWHG IOX[HV� ZLWK WKH GLIIHUHQFH� KRZHYHU� WKDW ILUVW
RI DOO� FRPSRQHQWV DUH JURXQG VLPXOWDQHRXVO\� DQG�
VHFRQGO\� VLQWHULQJ WHPSHUDWXUH LV VLJQLILFDQWO\ KLJKHU
DW DERXW ���� �&� ,Q DGGLWLRQ WR WKH EDVLF FRPSRQHQWV�
DQ LQWHQVLILHU RI WKH SURFHVV RI PLQHUDO IRUPDWLRQ LV
DGGHG LQ WKH IRUP RI 6L�FRQWDLQLQJ FRPSRQHQWV� IRU
LQVWDQFH� EURNHQ JODVV� PLQHUDOLVHU �IOXRULWH RU IOXRU�
VSDU� DQG ZDWHU� %\ WKHLU WHFKQRORJLFDO SURSHUWLHV
V\QWKHWLF IOX[HV DUH FORVH WR WKH FHUDPLF IOX[HV� EHLQJ
VXSHULRU WR WKHP LQ VRPH UHVSHFWV� 7KH\ KDYH KLJKHU
PHFKDQLFDO VWUHQJWK RI JUDLQV� EHLQJ FORVHU WR IXVHG
IOX[HV E\ WKLV SURSHUW\� 7KHLU RWKHU DGYDQWDJH LV WKH
ORZ K\JURVFRSLFLW\� WKH\ HQVXUH DQ H[WUHPHO\ ORZ FRQ�
WHQW RI GLIIXVLEOH K\GURJHQ LQ WKH ZHOG PHWDO RI XS
WR � PO���� J DW WKH IOX[ EDVLFLW\ RI XS WR ��� >��@�

,Q YLHZ RI WKH DERYH� WKH IROORZLQJ OLVW RI IOX[HV
E\ WKH PDQXIDFWXULQJ PHWKRG DQG DSSURSULDWH GHVLJ�
QDWLRQV DUH SURSRVHG�

�� ) x IXVHG�
�� $6 x DJJORPHUDWHG RU VLQWHUHG�
�� $% RU �DOWHUQDWLYHO\� % x DJJORPHUDWHG ZLWK

D ELQGHU RU ERQGHG�
�� &0 x PHFKDQLFDO PL[WXUH RI LQLWLDO FRPSR�

QHQWV�
�� )0 x PHFKDQLFDO PL[WXUHV RI UHDG\ IOX[HV�

IRU LQVWDQFH� IXVHG�
�� 6 x V\QWKHWLF�
�� 5 x UHF\FOHG�
&ODVVLILFDWLRQ E\ FRPSRVLWLRQ� ,Q ,,: GRFXPHQW

RI ���� >�@ WKH ZHOGLQJ IOX[HV GHVLJQHG VROHO\ IRU
6$: �XQGHU D OD\HU RI IOX[�� ZHUH GLYLGHG LQWR VL[
JURXSV� GHSHQGLQJ RQ WKH FRQGLWLRQ RI VODJ�IRUPLQJ
FRPSRQHQWV�

�� &6 x FDOFLXP�VLOLFDWH�
�� 06 x PDQJDQHVH�VLOLFDWH�
�� $5 x DOXPLQD�UXWLOH�
�� $% x DOXPLQD�EDVLF�
�� )% x IOXRULGH�EDVLF�
�� 67 x DOOR\LQJ IOX[HV� ZLWKRXW LQGLFDWLQJ WKH

VODJ EDVH�
6LQFH WKH FODVVLILFDWLRQ RI ,62 IOX[HV >�@ LV WKH

PRVW FRPSOHWH QRZ� LW LV ZRUWK\ RI D PRUH GHWDLOHG
FRQVLGHUDWLRQ� &RPSDUHG WR ,,: FODVVLILFDWLRQ� WKH
QXPEHU RI IOX[ W\SHV FODVVLILHG E\ FRPSRVLWLRQ LV LQ�
FUHDVHG XS WR ��� )OX[HV RI WKH V\VWHPV RI =6 �]LUFR�
QLXP�VLOLFDWH�� 56 �UXWLOH�VLOLFDWH�� $6 �DOXPLQD�VLOL�
FDWH� DQG $) �DOXPLQD�IOXRULGH� DUH DGGHG� )OX[HV
RI 67 V\VWHP ZHUH UHPRYHG IURP WKH &ODVVLILFDWLRQ
7DEOH� ZKLOH IOX[HV RI = V\VWHP �RI DQ\ RWKHU FRP�
SRVLWLRQ� ZHUH LQWURGXFHG�

/HW XV QRWH ULJKW DZD\ WKDW WKH ODVW OLQH LQ WKH
&ODVVLILFDWLRQ 7DEOH >�@ PD\ EH FRQVLGHUHG DV DQ LQ�
GLFDWLRQ RI WKH IDFW WKDW WKH 7DEOH LV QRW \HW FRPSOHWH�
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DQG WKH ZRUN RQ GHYHORSPHQW RI QHZ IOX[ FRPSRVL�
WLRQV VWLOO JRHV RQ�:H� KRZHYHU� EHOLHYH LW LV LQFRUUHFW
WR GHVLJQDWH E\ = V\PERO DQ LQGHILQLWH QXPEHU RI
IOX[HV ZLWK DQ XQVSHFLILHG FRPSRVLWLRQ� ,QVWHDG RI =
V\PERO LW LV UDWLRQDO WR XVH D GDVK RU GRWV� )RU RXU
SDUW ZH VXJJHVW DGGLQJ WR WKH DERYH 7DEOH WKH IOX[HV
QRW \HW VKRZQ LQ LW� 7KH\ LQFOXGH SULPDULO\ KDOLGH
IOX[HV� ZKLFK ZH VXJJHVW GHQRWLQJ E\ V\PERO +� DQG
UXWLOH�EDVLF IOX[HV x 5%� $1)�� GHYHORSHG DW WKH
3:, FDQ EH QDPHG DV DQ H[DPSOH RI + V\VWHP IOX[
>��@� 5% VODJ V\VWHP FRUUHVSRQGV WR WKH (XURSHDQ
VWDQGDUG (1 ���������

$ FRPPRQ GUDZEDFN RI WKH DERYH ,,: DQG ,62
FODVVLILFDWLRQ V\VWHPV LV WKH IDFW WKDW WKH IOX[HV DUH
FODVVLILHG RQO\ E\ WZR PDLQ FRPSRQHQWV� WKHLU WRWDO
FRQWHQW LQ VRPH FDVHV EHLQJ MXVW �� �� DV WKH ORZHU
OLPLW �IRU LQVWDQFH� IOX[HV RI $% V\VWHP�� 7RGD\ DO�
UHDG\ WKHUH H[LVW IOX[HV� ZKHUH WKH VODJ V\VWHP LV
EDVHG RQ WKUHH PDLQ FRPSRQHQWV� $PRQJ WKHP DUH�
IRU LQVWDQFH� WKH IROORZLQJ IOX[HV�

• RQ DOXPLQD�IOXRULGH EDVH� ZKLFK PD\ EH GHVLJ�
QDWHG $)% �VHH $+)��� IOX[� >��@�

• RQ UXWLOH�DOXPLQD�VLOLFDWH EDVH 5$6 �VHH (1 ����
������

• RQ IOXRULGH�FDOFLXP�ERULGH EDVH� ZKLFK ZH VXJ�
JHVW GHVLJQDWLQJ )&%R �$1)���� >��@�

• RQ IOXRULGH�DOXPLQD�FDOFLXPEDVH )$& �$1)����
>��@�

$FWXDOO\� ,,: DQG ,62�',6&ODVVLILFDWLRQ 7DEOHV
DOUHDG\ FRQWDLQ LQIRUPDWLRQ VXIILFLHQW WR FDOO VRPH
�WZR�FRPSRQHQW� IOX[HV WKH WKUHH RU HYHQ IRXU�FRP�
SRQHQW IOX[HV� )RU LQVWDQFH� 06 IOX[ FRQWDLQV XS WR
�� � &D2 DQG� LQ DGGLWLRQ� LW PD\ FRQWDLQ 0J2�
7KHUHIRUH� LW LV EHWWHU WR GHVLJQDWH LW DV 60% �LQ WKH
7DEOH WKLV GHVLJQDWLRQ LV JLYHQ LQ WKH EUDFNHWV�� ,W LV
EHWWHU WR GHVLJQDWH IOX[ $% DV 6)$%� )% x )%0�
=6 x =60� $) x $)%� $6 V\VWHP IOX[ LV JLYHQ LQ
>�@ DV D PXOWLFRPSRQHQW IOX[ $6)%= DV LQ DGGLWLRQ
WR $O�2�� 6L2�� DOVR WKH FRQWHQW RI &D)�� 0J2 DQG
=U2� LV VSHFLILHG LQ LW�

$QDO\]LQJ WKH FRPSRVLWLRQV RI FHUWDLQ IOX[HV� ZH
FDQ VHH WKDW WKH VSHFLILF FRQWHQW RI D SDUWLFXODU IOX[
GRHV QRW DOZD\V FRLQFLGH ZLWK WKH VHTXHQFH RI V\PEROV
LQ WKHLU GHVLJQDWLRQ� )RU LQVWDQFH� LQ 80�� IOX[ >��@
6L2� FRQWHQW LV ��w�� �� DQG WKDW RI &D2x ��w����
7KHUHIRUH� D PRUH LQIRUPDWLYH GHVLJQDWLRQ IRU WKH
DERYH IOX[ ZRXOG EH 6&� $1����$ IOX[ KDV WKH JUHDW�
HVW DPRXQW RI 6L2� ���w�� ��� WKHQ x 0Q2 ���w
�� ��� WKHQ &D2 ���� �� DQG 0J2 ����w��� ��� $
PRUH DFFXUDWH GHVLJQDWLRQ RI WKLV IOX[ ZRXOG EH 60%�
$1���6 IOX[ FRQWDLQV ��w�� � 6L2�� XS WR �� � &D)��
��w�� � $O�2�� ��w�� �0J2 DQG �w� � &D2� WKHUH�
IRUH LW LV EHWWHU WR GHVLJQDWH LW DV 6)$%� DQG QRW $%�
HWF�

,Q YLHZ RI WKH DERYH�VDLG� ZH VXJJHVW IRU GLVFXVVLRQ
DQ H[SDQGHG FODVVLILFDWLRQ WDEOH RI ZHOGLQJ IOX[HV E\
FRPSRVLWLRQ� ZKLFK UHIOHFWV WKH IOX[ V\VWHPV WR ,62
DQG ,,: FODVVLILFDWLRQV� DQG IOX[HV GHYHORSHG DW WKH
3:, DQG QRW PHQWLRQHG LQ WKH DERYH VWDQGDUGV� DV
ZHOO DV WKH IRUHFDVW VODJ FRPSRVLWLRQV�

&ODVVLILFDWLRQ RI IOX[HV E\ WKH W\SH RI PHWDOV
DQG DOOR\V� ZKLFK DUH ZHOGHG DQG VXUIDFHG XVLQJ
WKHVH IOX[HV� ,Q >�@ LW LV SURSRVHG WR FODVVLI\ WKH IOX[HV
IRU ZHOGLQJ DQG VXUIDFLQJ VRPH VWHHOV DQG ZHDU�UHVLV�
WDQW DOOR\ FODGGLQJ� $OO WKH IOX[HV DUH VXEGLYLGHG LQWR
WKUHH FODVVHV�

FODVV � x IRU ZHOGLQJ DQG VXUIDFLQJ ORZ�FDUERQ
DQG ORZ�DOOR\HG VWHHOV�

FODVV � x IRU ZHOGLQJ DQG VXUIDFLQJ VWDLQOHVV DQG
KLJK�WHPSHUDWXUH UHVLVWDQW VWHHOV DOOR\HG ZLWK FKUR�
PLXP DQG &Uw1L VWHHOV DQG�RU QLFNHO DQG LWV DOOR\V�

FODVV � x PRVWO\ IRU VXUIDFLQJ ZHDU�UHVLVWDQW DO�
OR\V� 7KHVH DUH DOOR\LQJ IOX[HV ZLWK WUDQVIHU RI FDUERQ�
FKURPLXP RU PRO\EGHQXP IURP WKH IOX[ LQWR WKH ZHOG
PHWDO�

7KH DERYH VWDQGDUG GRHV QRW LQFOXGH D FODVV RI
PHGLXP�DOOR\HG VWHHOV� ZKLFK E\ WKH QDWLRQDO FODVVL�
ILFDWLRQ �*267 ����w��� FRQWDLQ DOOR\LQJ HOHPHQWV
RI PDQJDQHVH� VLOLFRQ� FKURPLXP� QLFNHO� PRO\EGH�
QXP LQ WKH WRWDO DPRXQW RI ��� WR �� �� ,Q DGGLWLRQ�
LW LV NQRZQ WKDW VRPH IOX[HV GHVLJQHG IRU VWHHO ZHOG�
LQJ� DUH VXLWDEOH IRU ZHOGLQJ RWKHU PHWDOV DQG DOOR\V�
)RU LQVWDQFH� $1����$� 267V���� $1���� $1���
IOX[HV DUH XVHG IRU ZHOGLQJ QRW RQO\ VWHHOV� EXW DOVR
FRSSHU >��@� $1)��� $1)��� $1)��� ���2)��� $1����
$1���� IOX[HV DUH XVHG IRU ZHOGLQJ ERWK DOOR\HG VWHHOV
�7DEOHV ���� DQG ���� LQ >��@� DQG QLFNHO DQG LWV
DOOR\V �7DEOH ���� LQ >��@�� 7KHUHIRUH� WKH FODVVLILFD�
WLRQ VKRXOG LQFOXGH LQIRUPDWLRQ RQ DSSOLFDWLRQ RI
IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ YDULRXV PHWDO DQG
DOOR\V� DQG QRW RQO\ VWHHOV DQG ZHDU�UHVLVWDQW DOOR\V�

,Q RXU RSLQLRQ� VXFK D FODVVLILFDWLRQ PD\ KDYH WKH
IROORZLQJ IRUP DQG UHVSHFWLYH FRGHV�

�� )�6W �X� O� x IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ
ORZ�FDUERQ DQG ORZ�DOOR\HG VWHHOV�

�� )�6W �P� x IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ
PHGLXP�DOOR\HG VWHHOV�

�� )�6W �K� x IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ
KLJK�DOOR\HG VWHHOV�

�� )�&Xx IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ FRSSHU
DQG LWV DOOR\V�

�� )�1L x IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ QLFNHO
DQG LWV DOOR\V�

�� )�$O x IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ DOX�
PLQLXP DQG LWV DOOR\V�

�� )�7L x IOX[HV IRU ZHOGLQJ DQG VXUIDFLQJ WLWD�
QLXP DQG LWV DOOR\V�

�� )�6 x �:5� x IOX[HV IRU ZHOGLQJ ZHDU�UH�
VLVWDQW DOOR\V� HWF�

,Q WKLV FDVH OHWWHUV X� O� P DQG K LQ LWHPV �w��
UHVSHFWLYHO\� GHQRWH� ORZ�FDUERQ �XQDOOR\HG�� ORZ��
PHGLXP� DQG KLJK�DOOR\HG VWHHOV� :5 LQ LWHP � x
ZHDU�UHVLVWDQW DOOR\V�

,I WKH IOX[ LV DSSOLHG LQ ZHOGLQJ VHYHUDO W\SHV RI
PHWDOV DQG DOOR\V� LW VKRXOG EH GHVLJQDWHG E\ D V\PERO
RI WZR� WKUHH RU PRUH FKDUDFWHUV� )RU LQVWDQFH� $1�
���$ IOX[ VKRXOG EH FODVVLILHG DV )�6W �P� O��&X�
$1)�� IOX[ DV )�6W �K��1L� HWF� $V UHJDUGV DOOR\LQJ
RI WKH GHSRVLWHG PHWDO WKURXJK WKH IOX[� LW LV D VHSDUDWH
FODVVLILFDWLRQ IHDWXUH DQG D VHSDUDWH VHFWLRQ RI WKH
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&RPPRQ FODVVLILFDWLRQ RI ZHOGLQJ IOX[HV E\ FRPSRVLWLRQ

$FFHSWHG GHVLJ�

QDWLRQ RI WKH

IOX[ DQG GHVLJ�

QDWLRQ UHFRP�

PHQGHG E\ XV

�LQ EUDFNHWV�

/RFDO

RUGLQDO

1R�

�LQ WKH

FODVVLIL�

FDWLRQ

V\VWHP�

%DVLF FRPSRQHQWV� ZW�� 6ODJ EDVH RI WKH IOX[
)OX[ JUDGH�

UHIHUHQFH

,,: FODVVLILFDWLRQ >�@

&6 �6&� � ¯¾2 � 0J2 � 6L2� ! ��� &D2 � 0J2 ! �� &DOFLXP�6LOLFDWH 80��� /LQGH��

�%ODX� >��@

06 �60%� � 0Q¬ � 6L2� ! ��� &D2 � �� 0DUJDQHVH�6LOLFDWH $1���� >��@

$5 � $O�2� � 7L2� ! �� $OXPLQDWH�5XWLOH �1���� �WKH

3:, FDWDORJXH�

$% �6)$%� � $O�2� � &D2 � 0J2 ! ��� 6L2� ! ��� &D)� � �� $OXPLQDWH�%DVLF $1���6 >��@

)% �)%0� � &D2 � 0J2 � &D)� � 0J2 ! ��� 6L2� � ���

&D)� ! ��

)OXRULGH�%DVLF $1��� >��@

67 � &RPSRVLWLRQ QRW LQGLFDWHG $OOR\LQJ

,62�',6 FODVVLILFDWLRQ �DGGLWLRQ WR ,,: FODVVLILFDWLRQ� >�@

=6 �=60� � =U2� � 6L2� � 0Q2 ! ��� =U2� � �� =LUFRQLXP�6LOLFDWH >�@

56 � 7L2� � 6L2� ! ��� 7L2� � �� 5XWLOH�6LOLFDWH >�@

$6 �$6)%=� � $O�2� � 6L2� � =U2� ! ��� &D)� � 0J2 ! ���

=U2�! �

$OXPLQDWH�6LOLFDWH >�@

$) �$)%� � $O�2� � &D)� ! �� $OXPLQDWH�)OXRULGH $1)��� >��@

= � $Q\ FRPSRVLWLRQ

([LVWLQJ IOX[HV DUH QRW WDNHQ LQWR DFFRXQW LQ ,,: DQG ,62 FODVVLILFDWLRQV

+ � &D)�� 1D)� %D&O�� %D)�� 1D�$O)�� HWF� +DORJHQLGH $1)�� >��@

5% � 7L2� � &D2 � 0J2 ! �� 5XWLOH�%DVLF (1 ���w����

$%)1 � $O�2� � &D2 � 0J2 � &D)� � 1D)� ! ���

&D)�! ��

$OXPLQDWH�%DVLF�)OXRULGH $1)��� >��@

5$6 � 7L2� � $O�2� � 6L2� ! �� 5XWLOH�$OXPLQDWH�6LOLFDWH (1 ���w����

$6) � $O�2� � 6L2� � &D)� ! ��� &D)� ! �� $OXPLQDWH�6LOLFDWH�)OXRULGH $1)��� >��@

)&%R � &D)� � &D2 � %�2� ! �� )OXRULGH�&DOFLXP�%RULGH $1)��� >��@

)$& � &D)� � $O�2� � &D2 ! �� )OXRULGH�$OXPLQDWH�&DOFLXP $1)��� >��@

)RUHFDVW

&5 � &D2 � 7L2� ! �� %DVLF�5XWLOH

&0 � &D2 � 0J2 ! �� %DVLF�0DQJDQHVH

$& � $O�2� � &D2 ! �� $OXPLQDWH�&DOFLXP

&) � &D2 � &D)� ! �� &DOFLXP�)OXRULGH

+%R � &D)�� 1D)� &D&O�� HWF� �  �¬� +DORJHQLGH�%RULGH

0$ � 0Q2 � $O�2� ! �� 0DQJDQHVH�$OXPLQDWH

05 � 0Q2 � 7L2� ! �� 0DQJDQHVH�5XWLOH

0) � 0Q2 � &D)� ! �� 0DQJDQHVH�)OXRULGH
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FODVVLILFDWLRQ� UHODWHG WR PHWDOOXUJLFDO EHKDYLRXU RI
IOX[�

&21&/86,216

�� ,W LV UDWLRQDO WR ZLGHQ WKH FODVVLILFDWLRQ RI IOX[HV
E\ WKHPHWKRG RI DSSOLFDWLRQ �SXUSRVH� E\ LQWURGXFLQJ
�IRU RSHQ�DUF ZHOGLQJ� DQG �EDFNLQJ� VHFWLRQV LQ
DGGLWLRQ WR WKH �VXPEHUJHG�DUF� VHFWLRQ�

�� ,Q WKH FODVVLILFDWLRQ RI IOX[HV E\ WKH PHWKRG RI
PDQXIDFWXUH LW LV UDWLRQDO WR�

• SUHVHQW DJJORPHUDWHG IOX[HV DV WZR YDULDQWV $6
�DJJORPHUDWHG E\ VLQWHULQJ� DQG $% RU DOWHUQDWLYHO\
% �DJJORPHUDWHG ZLWK D ELQGHU RU ERQGHG��

• SUHVHQW PHFKDQLFDO PL[WXUHV 0 DV WZR YDULHWLHV�
0& �PL[HG FRPSRQHQWV� x PHFKDQLFDO PL[WXUHV RI
LQLWLDO FRPSRQHQWV� DQG 0) �PL[HG IOX[HV� x PH�
FKDQLFDO PL[WXUHV RI UHDG\ IOX[HV�

• V\QWKHWLF 6 DQG UHF\FODEOH 5 IOX[HV VKRXOG IXU�
WKHU EH DGGHG�

�� )URP WKH FODVVLILFDWLRQ RI IOX[HV E\ FRPSRVLWLRQ�
SUHVHQWHG LQ WKH GUDIW RI VWDQGDUG ,62�',6 ������
LW LV UDWLRQDO WR UHPRYH WKH IOX[ FRPSRVLWLRQ GHVLJ�
QDWHG DV =� DV QRW KDYLQJ DQ\ VSHFLILF PHDQLQJ� DQG
FRPSOHPHQW LW ZLWK IOX[HV RI +� 5%� $%)1� 5$6�
$6)� )&%R� DQG )$& V\VWHPV� ,W VKRXOG IXUWKHU EH
QRWHG WKDW LW LV QRW UDWLRQDO WR FODVVLI\ WKH IOX[HV E\
MXVW WKH WZR PDLQ FRPSRQHQWV� HVSHFLDOO\ LI WKHLU WRWDO
FRQWHQW LV QRW KLJKHU WKDQ �� �� 6RPH IOX[HV PD\ EH
FODVVLILHG E\ WKUHH� RU HYHQ ILYH EDVLF FRPSRQHQWV�
DQG WKHQ WKHLU GHVLJQDWLRQ EHFRPHV ��� �� DQG ��V\P�
ERO� UHVSHFWLYHO\� 7KH VHTXHQFH RI V\PEROV RI HDFK
IOX[ FRPSRQHQW LQ WKH V\PEROLF QRWDWLRQ VKRXOG IRO�
ORZ WKH SULQFLSOH RI �SRQGHUDELOLW\�� V\PERO RI WKH
FRPSRQHQW� WKH FRQWHQW RI ZKLFK LV WKH JUHDWHVW LV LQ
WKH ILUVW SODFH� DQG WKDW RI WKH VPDOOHVW LV LQ WKH ODVW
SODFH�

�� $GG IOX[HV FODVVLILFDWLRQ E\ WKH W\SH RI PHWDOV
DQG DOOR\V� ZKLFK DUH ZHOGHG XVLQJ WKHP�

�� :H VKRXOG QRWH WKH FRQWULEXWLRQ RI WKH 3:,
WR GHYHORSPHQW RI ZHOGLQJ IOX[HV RI FKHPLFDO FRPSR�
VLWLRQV RI 06� $5� )%� $)� +� $%)1� $6)� )&%R�
)$&� RI WKH PHWKRGV RI WKHLU PDQXIDFWXUH� )� $%� 6�
5� RI WKH PHWKRGV RI WKHLU DSSOLFDWLRQ� 6� 603� 6&:�
9)$� 6&)� 6*&:� $�7,*� 6$) DQG %) ZHUH DOVR
SURSRVHG�

�� 'HYHORSPHQW RI ZHOGLQJ SURFHVVHV DQG RI IOX[HV
DQG PHWKRGV RI WKHLU IDEULFDWLRQ LV FDUULHG RQ� 2WKHU
HIIHFWLYH VROXWLRQV LQ WKH DERYH ILHOGV PD\ EH DOVR
VXJJHVWHG LQ WKH IXWXUH�

�� 7KRPDV� 6� ������ 0DMRU SOD\HUV SURPRWH DFFHSWDQFH RI JOREDO
WHFKQRORJ\�:HOGLQJ 'HVLJQ 	 )DEULFDWLRQ� $XJXVW� ��

�� 'DYLG� 5�� 7KRPDV� -U� ������ 6\VWHP IRU GHVLJQDWLRQ RI
ZHOGLQJ ILOOHU PHWDOV� :HOGLQJ -�� �� ��w���

�� 3RGJDHWVN\� 9�9�� /\XERUHWV� ,�,� ������ :HOGLQJ IOX[HV�
.\LY� 7HNKQLND�

�� ,,: 'RF� ;,,�'��w��� &ODVVLILFDWLRQ RI ZLUH HOHFWURGHV�
IOX[HV DQG VKLHOGLQJ JDVHV IRU VXEPHUJHG�DUF DQG JDV�
VKLHOGHG PHWDO DUF ZHOGLQJ RI PLOG� DQG ORZ DOOR\ VWHHOV�

�� ,,: 'RF� ;,,����w��� &RPPHQW RQ 'RFXPHQW ,,:�;,,�'�
�w���

�� ������ 'UDIW LQWHUQDWLRQDO VWDQGDUG ,62�',6 ������
,62�7&�� 6F��

�� *XUHYLFK� 6�0� ������ 5HIHUHQFH %RRN RQ ZHOGLQJ RI QRQ�
IHUURXV PHWDOV� .\LY� 1DXNRYD 'XPND�

�� ������ *ORVVDU\ RQ ZHOGLQJ� (G� E\ .�.� .KUHQRY� .\LY�
1DXNRYD 'XPND�

�� (LFKKRUQ� )�� 'LOWKH\� 8�� :LHUW]QLRQ� +� HW DO� ������
(OHNWURJDVVFKZHLβHQ YRQ &U�1L� PLW DXVWHQLWLVFKHQ
=XVDW]ZHUNVWRIIHQ� 6FKZHLβHQ XQG 6FKQHLGHQ� �� ���w����

��� 1D]DUFKXN� $�7�� .RV\DNRY� 9�3� 3URFHVV RI DUF ZHOGLQJ�
8665 DXWKRUsV FHUW� �������� ,QW� &O� % �� . ����� 3XEO�
���������

��� /XNLQ� 9�,�� .DULPRYD� 6�$�� $U]DPDVRY� 9�9� HW DO� ������
$SSOLFDWLRQ RI IOX[HV IRU DUJRQ�DUF ZHOGLQJ RI DOXPLQLXP DO�
OR\V� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

��� /XFDV� :�� +RZVH� '�� 6DYLWVN\� 0�0� HW DO� $�7,* IOX[
IRU LQFUHDVLQJ WKH SHUIRUPDQFH DQG SURGXFWLYLW\ RI ZHOGLQJ
SURFHVV� ,,: 'RF� ;,,������w���

��� <XVKFKHQNR� .�$�� .RYDOHQNR� '�9�� .RYDOHQNR� ,�9�
������ $HURVRO DFWLYDWRU 3$7,* 6�$ IRU $�7,* ZHOGLQJ RI
VWHHOV� 6YDUVKFKLN� �� ��w���

��� ������ 'HYHORSLQJ DQG DSSOLFDWLRQ RI IOX[�ILEUH ZHOGLQJ
FRQVXPDEOHV� ,Q� 6FL��WHFKQ� UHSRUW RQ SURMHFW �����������w
��� .\LY� 3:,�

��� %ODVLJ� .�� (LFKKRUQ� )�� .HUNPDQQ� 0� ������ 1HXH (LQ�
VDW]JHELHWH GHV 8QWHUSXOYHUVFKZHLβHQV GXUFK VHOEVWWD

..
WLJHQV

NRQWLQXLHUOLFKHV 8PPDQWHOQ GHU 'UDKWHOHNWURGH PLW 0H�
WDOOSXOYHU XQG PLW +LOIH YRQ EDQGIR

..
UPLJHQ 6FKZHLβ]XVDW]�

'96�%HU�� ��� �w���
��� 6KLPL]X� .�� ,ZDPRWR� 1�� 0DNLQR� <� HW DO� ������ 6XE�

PHUJHG�DUF ZHOGLQJ LQ WKH DUJRQ JDV DWPRVSKHUH� 4XDUW� -�
RI -:6� �� ��w���

��� 5\EDNRY� $�$�� .UDYFKHQNR� $�%�� %XJDWVN\� *�3� HW DO�
0XOWL�DUF ZHOGLQJ SURFHVV� 8665 DXWKRUsV FHUW� ��������
,QW� &O� % �� . ����� 3XEO� ���������

��� 'LOWKH\� 8�� 'DKO� :�� GH /HGH� )� HW DO� ������ $QZHQ�
GXQJ PRGHUQHU +RFKOHLVWXQJVVFKZHLβYHUIDKUHQ EHL GHU 9H�
UDUEHLWXQJ KRFKIHVWHU )HLQNRUQEDXVWD

..
KOH� '96�%HU�� ����

��w���
��� .XULPRWR� 7�� <DPDXWL� 1�� ,QDED� ,� HW DO� 0XOWL�HOHFWURGH

VXEPHUJHG�DUF ZHOGLQJ� 3DW� �������� -DSDQ� ,QW� &O� % ��
. ����� 3XEO� ���������

��� 3DWRQ� %�(�� 9RURSDM� 1�0�� 6OLYLQVN\� $�0� HW DO� ������
6HW RI HQYLURQPHQWDOO\ FOHDQ ZHOGLQJ FRQVXPDEOHV� IXVHG
IOX[wHOHFWURGH ZLUH� $YWRPDWLFK� 6YDUND� �� ��w���

��� .XEHQND� 0�� 3ULKDO� $�� 6YHGOHU� =� HW DO� ������ 6XEPHU�
JHG�DUF IOX[�FRUHG ZLUH ZHOGLQJ LQ SURGXFWLRQ RI &63/ D�V�
/RGHQLFH .UHVLFH� =YDUDQLH� �� �w��

��� /XNNDUL� <�� 6WXGKROPH� 6� ������ 8QWHUSXOYHUVFKZHLβHQ
PLW )X

..
OOGUD

..
KWHQ� 6ZHLβ	3UX

..
IWHFKQLN� �� ��w���

��� 6LGRUXN� 9�6� ������ 2Q VRPH WHQGHQFLHV RI LQGXVWULDO DS�
SOLFDWLRQ RI IOX[� ,Q� $EVWU� RI SDS� RI ,QW� 6FL��7HFKQ�
6HP�� =DSRUR]KLH� 6HSW� �w�� �����

��� (PHOLDQHQNR� <X�*�� 5\DEWVHY� ,�$� ������ 6HFRQG VHVVLRQ
RI 6FLHQWLILF &RXQFLO RQ QHZ PDWHULDOV RI ,QWHUQDWLRQDO $VVR�
FLDWLRQ RI $FDGHPLHV RI 6FL� $YWRPDWLFK� 6YDUND� ��� ��w���

��� 6DNDJXFKL� 6�� <DPDJXFKL� 7�� 6KLGD� &� 2QH SDVV VXEPHU�
JHG�DUF ZHOGLQJ ZLWK IOX[ FRQWDLQLQJ LURQ SRZGHU IRU WKLFN
VWHHO SODWHV� ,,: 'RF� ;,,�����w���

��� *OXVKFKHQNR� $�6�� /HVKFKLQVN\� /�.� ������ ,QFUHDVH RI
PHWDO IXVLRQ UDWH LQ WKHUPLW VXEPHUJHG�DUF ZHOGLQJ� $YWR�
PDWLFK� 6YDUND� ��� ���

��� /HVNRY� *�,�� 3LVPHQQ\� $�6�� 5H]QLFKHQNR� 1�<D� ������
$XWRPDWLF RSHQ DUF ZHOGLQJ LQ D MHW RI JUDQXODU PDWHULDOV�
$YWRPDWLFK� 6YDUND� ��� ��w���

��� .DVDWNLQ� %�6�� 7VDU\XN� $�.�� 9DNKQLQ� <X�1� HW DO�
������ 6\QWKHWLF ZHOGLQJ IOX[HV� PDQXIDFWXULQJ DQG DSSOL�
FDWLRQ� ,ELG�� �� ��w���

��� ������ 7HFKQRORJ\ RI IXVLRQ HOHFWULF ZHOGLQJ RI PHWDOV DQG
DOOR\V� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQRVWURHQLH�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

1HZ GHVLJQV RI WKUHH�SKDVH ZHOGLQJ WUDQVIRUPHUV ZLWK WDSH PXOWLFRUH PDJQHWLF FLUFXLWV DUH FRQVLGHUHG� $V FRPSDUHG

ZLWK WUDGLWLRQDO WUDQVIRUPHUV� WKH\ KDYH LPSURYHG WHFKQLFDO�HFRQRPLFDO FKDUDFWHULVWLFV DQG FDQ EH FRPSHWLWLYH DW WKH

PDUNHW RI ZHOGLQJ HTXLSPHQW�

.H\ ZRU G V � SRZHU VRXUFH� WUDQVIRUPHU� DUF ZHOGLQJ�

ZHOGLQJ HTXLSPHQW� &2�� LPSURYHG FKDUDFWHULVWLFV� FRPSHWLWLYH�

QHVV

7KH EDVLF HOHPHQW RI WKH SRZHU VRXUFH �36� LV D WUDQV�

IRUPHU ZKLFK GHILQHV PDLQO\ LWV WHFKQRORJLFDO DQG
WHFKQLFDO�HFRQRPLFDO FKDUDFWHULVWLFV� 7KHUHIRUH RQH RI

WKH SULRULW\ WDVNV LQ PDQXIDFWXUH RI 36 LV WKH GHYHO�

RSPHQW RI QHZ GHVLJQV RI ZHOGLQJ WUDQVIRUPHUV ZKLFK

VKRXOG KDYH WKH XSGDWHG FKDUDFWHULVWLFV WKDW LV HVSH�

FLDOO\ LPSRUWDQW LQ WKH FRQGLWLRQV RI FRPSHWLWLRQ�

,Q PDQXIDFWXUH RI SRUWDEOH 36 IRU &2� ZHOGLQJ

XVHG LQ DXWRVHUYLFH ZRUNVKRSV LQ UHSDLU ZRUNV� WKH

WKUHH�SKDVH WUDQVIRUPHUV RI WUDGLWLRQDO GHVLJQV ZLWK

D ODPLQDWHG PDJQHWLF FRUH DUH PDLQO\ XVHG RYHU ORQJ

WLPH >�@� 0DJQHWLF LQGXFWLRQ LQ WKH PDJQHWLF FLUFXLW

RI WKHVH WUDQVIRUPHUV GRHV QRW H[FHHG ���� 7 WKDW LV

GXH WR VDWXUDWLRQ RI VWHHO RI D PDJQHWLF FRUH LQ WKH
UHJLRQ RI ODPLQDWHG EXWWV� 7KH PHQWLRQHG WUDQVIRUP�

HUV DUH GLIILFXOW LQ PDQXIDFWXUH� DVVHPEO\ DQG UHSDLU�

KDYH ODUJH GLPHQVLRQV DQG PDVV WKDW FRPSOLFDWHV WKH
36 WUDQVSRUWDWLRQ�

7KH XVH RI WDSH FRUH�W\SH PDJQHWLF FLUFXLWV >�� �@
PDNHV LW SRVVLEOH WR LQFUHDVH WKH OHYHO RI PDJQHWLF

LQGXFWLRQ LQ WKHP XS WR ���� 7 WKDW FDQ GHFUHDVH WKH

PDVV RI DFWLYH HOHPHQWV RI WKH WUDQVIRUPHU� LWV GLPHQ�

VLRQV DQG FRVW� 7UDQVIRUPHUV ZLWK WDSH PDJQHWLF FRUHV

DUH FKDUDFWHUL]HG E\ D KLJK DGDSWDELOLW\ WR PDQXIDF�

WXUH� DVVHPEO\ DQG UHSDLU�

7KHUH DUH WKUHH�SKDVH WUDQVIRUPHUV ZLWK WDSH

ZRXQG PXOWLFRUH PDJQHWLF FLUFXLWV RI IODW DQG WKUHH�

GLPHQVLRQDO GHVLJQV >�@� 7KUHH�SKDVH WUDQVIRUPHUV
ZLWK IODW PDJQHWLF FRUHV KDYH VPDOO GLIIHUHQFLHV LQ

SDUDPHWHUV RI SKDVHV WKDW LV GXH WR WKH DV\PPHWU\ RI

GHVLJQV� 0RVW WKUHH�GLPHQVLRQDO PDJQHWLF FRUHV DUH
FRPSOHWHO\ V\PPHWULFDO DQG� FRQVHTXHQWO\� KDYH VLPL�

ODU SDUDPHWHUV IRU DOO WKH SKDVHV� +RZHYHU� GXH WR
GLIILFXOWLHV LQ PDQXIDFWXUH DQG DVVHPEO\� DQG DOVR
KLJK FRVW WKH\ DUH XVHG RQO\ LQ D VSHFLDO HTXLSPHQW�
7KHUHIRUH� WKH LPSURYHPHQW RI IODW GHVLJQV RI PDJ�

QHWLF�WDSH FRUHV RI WKUHH�SKDVH WUDQVIRUPHUV LV DFWXDO�

)LJXUH � VKRZV WKH PRVW ZLGHO\�VSUHDG GHVLJQ RI
WKUHH�SKDVH WUDQVIRUPHU ZLWK D WDSH PDJQHWLF FRUH�

7KHUH DUH VPDOO WHFKQRORJLFDO JDSV EHWZHHQ WKH WDSH

FRUH�W\SH PDJQHWLF FLUFXLWV � DQG � IURP ZKLFK WKH

PXOWLFRUH PDJQHWLF�WDSH FLUFXLW LV FRPSRVHG� 7KHVH

JDSV KLQGHU WKH WUDQVLWLRQ RI PDJQHWLF IOX[HV RI SKDVHV

IURP RQH SDUWV RI WKH PDJQHWLF FLUFXLW LQWR RWKHU SDUWV�
$V D UHVXOW� WKH PDJQHWLF IOX[ LQ FRUH�W\SHV PDJQHWLF
FLUFXLWV � DQG � LV ���� � RI WKH WRWDO PDJQHWLF IOX[

SDVVLQJ LQ WKH SKDVH >�@� 7KHUHIRUH� WKH QHHG DSSHDUV

LQ LQFUHDVH RI WKH FURVV�VHFWLRQ RI PDJQHWLF FRUH E\

��√ � WLPHV WKDW OHDGV WR WKH LQFUHDVH LQ PDVV DQG

FRVW RI WKH WUDQVIRUPHU RI WKH DERYH�PHQWLRQHG GHVLJQ�

DQG DOVR OLPLWV LWV DSSOLFDWLRQ LQ ZHOGLQJ 36�

7KH QHZ GHVLJQV RI WKUHH�SKDVH WUDQVIRUPHUV ZLWK

PDJQHWLF�WDSH FRUHV �)LJXUHV � DQG ��� GHYHORSHG DW

WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� KDYH QR

DERYH�PHQWLRQHG GUDZEDFNV >�w�@� 7KH\ GR QRW UH�

TXLUH LQFUHDVH LQ FURVV�VHFWLRQ RI FRUHV RI PDJQHWLF

FLUFXLWV E\ ��√ � WLPHV� EHFDXVH WKH PDJQHWLF IOX[HV

FDQ WUDQVIHU IUHHO\ DORQJ WKH WDSH SODQH IURP RQH SDUWV

RI WKH PDJQHWLF FRUH WR RWKHU SDUWV� ,Q GHVLJQV SUH�

VHQWHG LQ )LJXUH �� WKLV LV FRQWULEXWHG E\ \RNH FRYHU

SODWHV � ZKLFK DUH PDGH IURP HOHFWULFDO VWHHO DQG SOD\

D UROH RI PL[HUV RI PDJQHWLF IOX[HV� ,Q GHVLJQ� VKRZQ

LQ )LJXUH �� WKH PDJQHWLF IOX[HV DUH SDVVLQJ IURP RQH

SDUWV RI PDJQHWLF FRUH WR WKH RWKHU SDUWV WKURXJK WKH

&�VKDSHG FRUH�W\SH PDJQHWLF FLUFXLWV ��

� ,�9� 3(17(*29� 6�9� 5<0$5� $�9� /$95(1<8. DQG 2�,� 3(75,(1.2� ����

)LJXUH �� 7UDGLWLRQDO GHVLJQ RI WKUHH�SKDVH WUDQVIRUPHU ZLWK D WDSH
PXOWLFRUHPDJQHWLF FLUFXLW� �� �x WDSH FRUH�W\SHPDJQHWLF FLUFXLWV�
� x FRLO ZLWK ZLQGLQJV
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,W VKRXOG EH QRWHG WKDW WKH XVH RI GHVLJQV VKRZQ
LQ )LJXUHV �� ,, DQG � LQ WKH WKUHH�SKDVH WUDQVIRUPHUV
FDQ SURYLGH EHWWHU FRQGLWLRQV RI FRROLQJ WKH WUDQV�
IRUPHU� EHFDXVH WKH ZLQGLQJ RQ D FHQWUDO FRUH LV WXUQHG
E\ ��� ZLWK UHVSHFW WR ZLQGLQJV DW H[WUHPH FRUHV� 7KLV
LQFUHDVHV WKH VXUIDFH RI WKHLU FRROLQJ DQG JLYHV IHDVL�
ELOLW\ WR LQFUHDVH WKH FXUUHQW GHQVLW\ LQ FRQGXFWRUV

WKDW DOVR OHDGV WR WKH GHFUHDVH LQ PDVV RI WKH WUDQV�
IRUPHUV�

)LJXUH � VKRZV WKH YDULDQWV RI WDSH PXOWLFRUH PDJ�
QHWLF FLUFXLWV RI QRQ�V\PPHWULFDO �)LJXUH �� D� DQG
V\PPHWULFDO �)LJXUH �� E� GHVLJQ� :KHQ WKH ODWWHU
DUH XVHG WKH PDVV RI \RNH FRYHU SODWHV � LV GHFUHDVHG
GXH WR LQFUHDVH LQ DUHD RI VXUIDFH RI WUDQVLWLRQ RI D

)LJXUH �� 1HZ QRQ�V\PPHWULFDO �D� DQG V\PPHWULFDO �E� GHVLJQ �,� ,, x YDULDQWV� RI WKUHH�SKDVH WUDQVIRUPHU ZLWK WDSH PXOWLFRUH
PDJQHWLF FLUFXLW DQG \RNH FRYHU SODWHV� �� � x WDSH FRUH�W\SH PDJQHWLF FLUFXLWV� � x FRLOV ZLWK ZLQGLQJV� � x \RNH FRYHU SODWHV
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PDJQHWLF IOX[ IURP SDUWV RI PDJQHWLF FRUH WR WKH \RNH
FRYHU SODWHV�

$W WKH 3:, WKH RSWLPL]HG PDWKHPDWLFDO PRGHOV
RI WKH DERYH�PHQWLRQHG GHVLJQV RI WUDQVIRUPHUV ZHUH
GHYHORSHG DQG RSWLPL]HG FDOFXODWLRQV RI WKHLU PDLQ
SDUDPHWHUV ZHUH PDGH �7DEOH�� &DOFXODWLRQV ZHUH
PDGH IRU WUDQVIRUPHUV RI VLPLODU FDSDFLW\ �� N9⋅$�
ZLWK FRSSHU FRQGXFWRUV RI ZLQGLQJV DQG FORVH YDOXHV
RI FDOFXODWHG WHPSHUDWXUHV RI ZLQGLQJV� 9DOXHV RI SD�
UDPHWHUV RI WKUHH�SKDVH WUDQVIRUPHU ZLWK D ODPLQDWHG
FRUH ZHUH VWDQGDUGL]HG IRU XQLW\� 3DUDPHWHUV RI RWKHU
W\SHV RI GHVLJQV RI WUDQVIRUPHUV DUH JLYHQ LQ UHODWLYH
XQLWV DQG VKRZ WKH UHODWLRQ EHWZHHQ WKH YDOXHV RI
SDUDPHWHUV RI WKH WUDQVIRUPHU FRQVLGHUHG DQG FRUUH�
VSRQGLQJ YDOXHV RI SDUDPHWHUV RI WKUHH�SKDVH WUDQV�
IRUPHU RI D WUDGLWLRQDO GHVLJQ ZLWK D ODPLQDWHG FRUH�

$QDO\]LQJ WKH GDWD RI WKH 7DEOH LW FDQ EH FRQFOXGHG
WKDW WKH WUDQVIRUPHU VKRZQ LQ )LJXUH �� ,,� E LV EHVW�
IROORZLQJ E\ WUDQVIRUPHU LQ )LJXUHV � DQG �� ,� E�
WKHQ WKH WUDQVIRUPHU RI D WUDGLWLRQDO GHVLJQ ZLWK D
ODPLQDWHG FRUH DQG� ILQDOO\� WKH WUDQVIRUPHU VKRZQ
LQ )LJXUH ��

7KXV� WKH XVH RI QHZ GHVLJQV RI WKUHH�SKDVH WUDQV�

IRUPHUV ZLWK PDJQHWLF�WDSH FRUHV LQ 36 IRU &2� ZHOG�

LQJ PDNHV LW SRVVLEOH WR GHFUHDVH PDVV� GLPHQVLRQV

DQG FRVW RI 36 SURYLGLQJ KLJK ZHOGLQJ DQG WHFKQR�

ORJLFDO SDUDPHWHUV RI WKH SRZHU VRXUFHV� 7KLV ZLOO

JLYH RSSRUWXQLW\ WR GHYHORS WKH FRPSHWLWLYH SRUWDEOH

36 IRU WKH &2� ZHOGLQJ�

�� 7LNKRPLURY� 3�0� ������ 'HVLJQ RI WUDQVIRUPHUV� 0RVFRZ�
(QHUJRDWRPL]GDW�

�� )ODQDJDQ� :�0� ������ +DQGERRN RI WUDQVIRUPHU GHVLJQ
DQG DSSOLFDWLRQV� %RVWRQ� 0F*UDZ +LOO�

�� (ULQ� 9�/� ������ 7KUHH�SKDVH WUDQVIRUPHUV ZLWK VSDFH
PDJQHWLF FRUHV IURP &�URGV ZLWK UHGXFHG PDVV DQG QR�ORDG
FXUUHQW DQG WKHLU FRPSXWHU�DLGHG GHVLJQ� 7KHVLV IRU &DQG�
7HFK� 6FL� 'HJUHH� .LVKLQHY�

�� 3HQWHJRY� ,�9�� 5\PDU� 6�9�� 3HWULHQNR� 2�,� HW DO� 7DSH
PXOWLFRUH PDJQHWLF FLUFXLW RI WKUHH�SKDVH WUDQVIRUPHUV DQG
UHDFWRUV� 3RVLWLYH GHFLVLRQ RQ DSSO� ����������� 8NUDLQH�
,QW� &O� 0 �� ) ������ )LOHG ���������

�� 3HQWHJRY� ,�9�� 5\PDU� 6�9�� 3HWULHQNR� 2�,� HW DO� 7DSH
PXOWLFRUH PDJQHWLF FLUFXLW RI WKUHH�SKDVH WUDQVIRUPHUV DQG
UHDFWRUV� 3RVLWLYH GHFLVLRQ RQ DSSO� ����������� 8NUDLQH�
,QW� &O� 0 �� ) ������ )LOHG ���������

�� 3HQWHJRY� ,�9�� 5\PDU� 6�9�� 3HWULHQNR� 2�,� HW DO� 7DSH
PXOWLFRUH PDJQHWLF FLUFXLW RI WKUHH�SKDVH WUDQVIRUPHUV DQG
UHDFWRUV� 3RVLWLYH GHFLVLRQ RQ DSSO� ������������ 8NUDLQH�
,QW� &O� 0 �� ) ������ )LOHG ���������

)LJXUH �� 1HZ GHVLJQ RI WKUHH�SKDVH WUDQVIRUPHU ZLWK WDSH PXOWL�
FRUH PDJQHWLF FLUFXLW �GHVLJQDWLRQV VHH LQ )LJXUH ��

3DUDPHWHU RI

WUDQVIRUPHU
,Q )LJXUH �

,Q )LJXUH �
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9DULDQW ,�
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����� ����� ����� �����
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����� ����� ����� �����

0
ZLQG

����� ����� ����� �����

0
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����� ����� ����� �����
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V

����� ����� ����� �����

&
ZLQG

����� ����� ����� �����

&
WU

����� ����� ����� �����

1R W H � %
P
x PDJQHWLF LQGXFWLRQ LQ WUDQVIRUPHU PDJQHWLF FLUFXLW�

-
O��W

x ORQJ�WHUP FXUUHQW GHQVLW\ LQ FRQGXFWRUV RI WUDQVIRUPHU

ZLQGLQJV� D� E x WKLFNQHVV DQG ZLGWK RI PDJQHWLF FRUH� UHVSHF�

WLYHO\� O
ZLQGRZ

� K
ZLQGRZ

x ZLGWK DQG KHLJKW RI PDJQHWLF FRUH ZLQ�

GRZ� UHVSHFWLYHO\� Z
�
x QXPEHU RI WXUQV LQ SULPDU\ ZLQGLQJV RI

WUDQVIRUPHU� 0
V
� 0

ZLQG
DQG 0

WU
x PDVVHV RI VWHHO RI PDJQHWLF

FRUH� FRQGXFWRU RI ZLQGLQJV DQG DFWLYH PDWHULDOV RI WUDQVIRUPHU� UH�

VSHFWLYHO\� &
V
� &

ZLQG
DQG &

WU
x FRVW RI VWHHO RI PDJQHWLF FRUH� FRQ�

GXFWRU RI ZLQGLQJV DQG DFWLYH PDWHULDOV RI WUDQVIRUPHU� UHVSHF�

WLYHO\�
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9�,� 9$6,/.29
�
� $�$� .,6/,76.<

�
� 1�9� 218&+,1

�
� 9�9� 52=+.29

�
� $�9� 6758.29

�
� 9�%� &+,=+29

�

DQG 3�,� /$95(1<8.
�

�
&RPSDQ\ �1RYRVLELUVN &KHPLFDO &RQFHQWUDWH :RUNV�� 1RYRVLELUVN� 5XVVLD

�
*17V 91,,10� 0RVFRZ� 5XVVLD

�
&RPSDQ\ �79(/�� 0RVFRZ� 5XVVLD

7KH SDSHU GHDOV ZLWK WKH SRVVLEOH FDXVHV IRU LQLWLDWLRQ RI RXWHU DQG LQQHU GHIHFWV LQ (%: RI IXHO HOHPHQWV WR IXHO

FODGGLQJ RI (��� DOOR\� ,W LV VKRZQ WKDW WKH VRXUFHV RI SRUHV LQ ZHOGV DUH JDVHRXV SURGXFWV RI VXEOLPDWLRQ RI RUJDQLF

DQG LQRUJDQLF PDWHULDOV LQ PLFURYROXPHV EHWZHHQ WKH VXUIDFHV EHLQJ ZHOGHG� 5HFRPPHQGDWLRQV DUH JLYHQ RQ SUHYHQWLRQ

RI SRUHV DQG XQGHUFXWV LQ ZHOGV�

.H\ ZRU G V � HOHFWURQ EHDP ZHOGLQJ� IXHO HOHPHQW� PLFUR�

FRQWDPLQDWLRQ� SRUH� XQGHUFXW� EXWW� EHDP FRQWURO

'LIILFXOWLHV RI ZHOGLQJ UHIUDFWRU\ PHWDOV� LQ SDUWLFX�

ODU� ]LUFRQLXP DOOR\V� DUH DVVRFLDWHG ZLWK IRUPDWLRQ
RI SRUHV LQ ZHOGV >�w�@� 6WXG\ >�@ LQGLFDWHV WKDW WKHLU

PDLQ FDXVH LQ ZHOGV RI D ]LUFRQLXP DOOR\ ZLWK XS WR

��� ZW�� QLRELXP LV K\GURJHQ IRUPHG DW GLVVRFLDWLRQ
RI DGVRUEHGPRLVWXUH� ZKLFK UHPDLQV RQ WKH HGJH IDFHV�

$XWKRUV RI >�� �@ DUH RI D VLPLODU RSLQLRQ� ,Q >�@

SRURVLW\ LV DWWULEXWHG WR GHYHORSPHQW RI D UHDFWLRQ

EHWZHHQ &�FRQWDLQLQJ FRQWDPLQDWLRQ RQ WKH HGJHV RI
WKH SDUW EHLQJ ZHOGHG�

7ZR�FRPSRQHQW DOOR\ (��� �EDVHG RQ ]LUFRQLXP
ZLWK XS WR � ZW�� QLRELXP� LV FXUUHQWO\ ILQGLQJ ZLGH

DSSOLFDWLRQ LQ LQGXVWU\� ,W LV PDLQO\ XVHG LQ QXFOHDU

SRZHU HQJLQHHULQJ� LQ SDUWLFXODU LQ PDQXIDFWXUH RI

HOHPHQWV RI QXFOHDU UHDFWRU DFWLYH ]RQHV� LQFOXGLQJ

PDQXIDFWXUH RI IXHO HOHPHQWV DQG DVVHPEOLHV IRU QX�

FOHDU SRZHU SODQWV� )XHO HOHPHQWV GHVLJQHG IRU

::(5 W\SH UHDFWRUV� DUH VKHOO VWUXFWXUHV ILOOHG ZLWK
QXFOHDU IXHO DQG VHDOHG E\ ZHOGV� +LJKHU UHDFWLYLW\

RI WKH DERYH DOOR\ DW KLJK WHPSHUDWXUHV ZLWK UHVSHFW

WR R[\JHQ� K\GURJHQ DQG QLWURJHQ UHTXLUHV JRRG SUR�

WHFWLRQ RI ZHOGHG MRLQWV LQ IXVLRQ ZHOGLQJ� 7KHUHIRUH�

(%: EHFDPH ZLGHO\ DFFHSWHG IRU ZHOGLQJ ]LUFRQLXP
DQG LWV DOOR\V�

7KH GHVLJQ RI WKH IXHO HOHPHQW ZHOGPHQW LV VKRZQ

LQ )LJXUH �� &RQVLGHUDEOH VFRSH RI SURGXFWLRQ DQG

KLJK UHTXLUHPHQWV WR WKH TXDOLW\ RI ZHOGHG MRLQWV LQ
HOHPHQWV RI QXFOHDU UHDFWRU DFWLYH ]RQHV QHFHVVLWDWH

FRQGXFWLQJ WKH ZHOGLQJ SURFHVV LQ WKH DXWRPDWLF PRGH

ZLWK SURYLVLRQ RI VWDEOH SURFHVV SDUDPHWHUV� HOLPLQDW�

LQJ WKH VXEMHFWLYH IDFWRU RI LQYROYHPHQW RI WKH RSHUD�

WRU RI DQ HOHFWURQ EHDP XQLW�

'HVSLWH WKDW� WKH PDLQ SUREOHP LQ PDVWHULQJ (%:

RI IXHO HOHPHQWV ZLWK FODGGLQJ RI DOOR\ (��� ZDV

SRURVLW\ RI ZHOGV UHYHDOHG E\ ;�UD\ LQVSHFWLRQ� 'XU�

LQJ PDVWHULQJ DQG RSWLPLVDWLRQ RI WKH WHFKQRORJ\ DS�

SHDUDQFH RI SRUHV ZDV IRXQG V\VWHPDWLFDOO\� EXW SH�

ULRGV RI WLPHZLWK WKHLU PD[LPDO DQGPLQLPDO TXDQWLW\

ZHUH VSRQWDQHRXVO\ REVHUYHG� ZLWKRXW DQ\ REYLRXV

FRQQHFWLRQ WR D VSHFLILF WHFKQRORJ\ RU HTXLSPHQW� 6L�

PXOWDQHRXVO\ ZLWK WKH LQFUHDVH RI WKH QXPEHU RI ZHOGV

ZLWK SRUHV� DQ LQFUHDVHG QXPEHU RI ZHOGV ZLWK H[WHU�

QDO GHIHFWV RI WKH W\SH RI XQGHUFXWV ZHUH UHFRUGHG�

ZKLFK� DV D UXOH� ZHUH WKH FRQVHTXHQFH RI WKH QRWHG

LQWHQVLYH VSODVKLQJ IURP WKH ZHOG SRRO� 0HWDO�

ORJUDSKLF LQYHVWLJDWLRQV RI ZHOGHG MRLQW VHFWLRQV� UH�
MHFWHG DIWHU ;�UD\ LQVSHFWLRQ �SUHVHQFH RI SRUHV��

VKRZHG WKDW GHIHFWV RI WKLV W\SH� DV D UXOH� DUH LQ WKDW

SDUW RI WKH ZHOG� ZKLFK FRUUHVSRQGV WR WKH ORFDWLRQ

RI ZHOGHG HGJHV RI WKH SOXJ DQG WKH FODGGLQJ� 7KH

IROORZLQJ ZDV FRQVLGHUHG DV WKH SRVVLEOH FDXVHV IRU
ZHOG SRURVLW\� EDVH PHWDO TXDOLW\� WLJKWQHVV RI ILW LQ

DVVHPEO\ RI WKH FODGGLQJ ZLWK WKH SOXJ� SRVVLELOLW\ RI

PLFURFRQWDPLQDWLRQ RI RUJDQLF DQG LQRUJDQLF RULJLQ

SHQHWUDWLQJ LQWR WKH ZHOGLQJ ]RQH�

7XEHV DQG SOXJV WR PDNH IXHO HOHPHQWV DUH GHOLY�

HUHG DV VHSDUDWH PHOWV WR WKH PDQXIDFWXULQJ SODQW�

ZKHUH WKH\ DUH GLYLGHG LQWR WHFKQRORJLFDO EDWFKHV�

6HYHUDO WHFKQRORJLFDO EDWFKHV RI IXHO HOHPHQWV FDQ EH

PDGH RI RQH EDWFK RI FRPSRQHQWV� 7R HYDOXDWH WKH

LQIOXHQFH RI WKH TXDOLW\ RI EDVH PDWHULDO RQ SRUH IRU�

PDWLRQ VWDWLVWLFDO GDWD RQ WKH PHOWV RI WKH VXSSOLHG

� 9�,� 9$6,/.29� $�$� .,6/,76.<� 1�9� 218&+,1� 9�9� 52=+.29� $�9� 6758.29� 9�%� &+,=+29 DQG 3�,� /$95(1<8.� ����

)LJXUH �� 6FKHPDWLF RI D ZHOGHG MRLQW RI D IXHO HOHPHQW GHVLJQHG
IRU ::(5 W\SH UHDFWRUV DW (%:� � x FODGGLQJ� � x SOXJ� � x
ZHOG
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WXEHV DQG SOXJV ZDV DFFXPXODWHG DQG DQDO\VHG ZLWK

LWV FRUUHODWLRQ ZLWK WKH WHFKQRORJLFDO EDWFKHV RI IXHO

HOHPHQWV DQG GDWD RI ;�UD\ LQVSHFWLRQ RI ZHOGV RI

WKHVH EDWFKHV� $OWRJHWKHU WKH UHVXOWV RI ;�UD\ LQVSHF�

WLRQ RI ZHOGV LQ IXHO HOHPHQWV RI ��� WHFKQRORJLFDO

EDWFKHV ZHUH DQDO\VHG� ZKLFK KDG EHHQ PDQXIDFWXUHG

XVLQJ WXEHV DQG SOXJV RI �� DQG ��PHOWV� UHVSHFWLYHO\�

$QDO\VLV UHVXOWV GHPRQVWUDWHG WKDW WKH SUHVHQFH RI

SRUHV LQ WKH ZHOGV LV UHODWHG QRW WR WKH VSHFLILF PHOWV

RI WKH FRPSRQHQWV� EXW WR WHFKQRORJLFDO EDWFKHV RI

IXHO HOHPHQWV� L�H� GLUHFWO\ WR WKH WHFKQRORJLFDO SURFHVV

RI WKHLU IDEULFDWLRQ� DQG WKH XVHG PDWHULDO LV QRW WKH

FDXVH IRU SRURVLW\ LQ IXHO HOHPHQW ZHOGV�

)RU D JXDUDQWHHG IL[LQJ RI WKH SOXJV LQ WKH FODGGLQJ

WKH\ DUH DVVHPEOHG ZLWK DQ LQWHUIHUHQFH� ,Q WKLV FDVH

WKH HGJH RI WKH FODGGLQJ HQWHUV WKH SOXJ DV IDU DV LW

ZLOO JR �VHH )LJXUH ��� L�H� WKH JDS LQ WKH EXWW EHWZHHQ

WKH VXUIDFHV EHLQJ ZHOGHG LV SUDFWLFDOO\ DEVHQW� ,Q

RUGHU WR GHWHUPLQH WKH LQIOXHQFH RI WKH QDWXUH RI WKH

SOXJ ILW LQWR WKH FODGGLQJ RQ WKH SRVVLELOLW\ RI SRURV�

LW\� D VHULHV RI VDPSOHV ZHUH PDGH ��� SLHFHV IRU HDFK

H[SHULPHQW�� 7KH SOXJ ZDV PRXQWHG LQ WKH FODGGLQJ

ERWK ZLWK LQWHUIHUHQFH ILW DQG ZLWK D JDS� WKH VL]H RI

ZKLFK ZDV YDULHG IURP � XS WR ���� PP� %HIRUH ZHOG�

LQJ WKH SDUWV ZHUH VXEMHFWHG WR GHJUHDVLQJ E\ WKH

WHFKQRORJ\ DFFHSWHG LQ IXHO HOHPHQWV PDQXIDFWXUH�

6DPSOHV ZHUH ZHOGHG GXULQJ WKH SHULRG� ZKHQ D ORZ

OHYHO RI UHMHFWV EHFDXVH RI SRURVLW\ ZDV REVHUYHG LQ

ZHOGLQJ EDWFK�SURGXFHG LWHPV E\ WKH PRGH DFFHSWHG

IRU ZHOGLQJ WKH IXHO HOHPHQWV� 6XEVHTXHQW ;�UD\ LQ�

VSHFWLRQ RI WKH ZHOGV RI VDPSOHV GHPRQVWUDWHG D FRP�

SOHWH DEVHQFH RI SRUHV LQ WKHP� LUUHVSHFWLYH RI WKH

QDWXUH RI SOXJ ILW LQWR WKH WXEH� 'XULQJ WKH SHULRG�

ZKHQ DQ LQFUHDVHG QXPEHU RI SRUHV ZDV REVHUYHG LQ

ZHOGLQJ EDWFK�SURGXFHG LWHPV� LQYHVWLJDWLRQV ZHUH

IXUWKHU FRQGXFWHG WR GHWHUPLQH WKH VL]H RI LQWHUIHUHQFH

EHWZHHQ WKH SOXJ DQG WKH VKHOO� 0HDVXUHPHQW RI LQ�

WHUQDO GLDPHWHU RI WKH FODGGLQJ DQG WKH VHDWV RI WKH

SOXJV RQ EDWFK�SURGXFHG LWHPV VKRZHG WKDW WKHLU DV�

VHPEO\ ZDV DFKLHYHG E\ SURYLGLQJ LQWHUIHUHQFH ZLWKLQ

WKH DERYH OLPLWV� 5HVXOWV RI DQDO\VLQJ WKH VL]H RI LQ�

WHUIHUHQFH EHWZHHQ WKH FODGGLQJ DQG WKH SOXJ LQ EDWFK�

SURGXFHG LWHPV� ZKHQ WKH VHOHFWHG ZHOGLQJ PRGHV

ZHUH XVHG� RQFH PRUH FRQILUPHG WKDW WKH W\SH RI ILW

EHWZHHQ WKH FODGGLQJ DQG WKH SOXJ GRHV QRW KDYH DQ\

QRWLFHDEOH LQIOXHQFH RQ SRUH IRUPDWLRQ LQ WKH ZHOGV�

,Q NHHSLQJZLWK WKH UHTXLUHPHQWV RI WKH WHFKQRORJ\

RI PDQXIDFWXUH RI IXHO HOHPHQWV� EHIRUH ZHOGLQJ WKH

FODGGLQJ DQG WKH SOXJV DUH VXEMHFWHG WR ZDVKLQJ LQ D

VROXWLRQ RI VSHFLDO GHWHUJHQWV� UHPRYLQJ SRVVLEOH FRQ�

WDPLQDWLRQ IURP WKH VXUIDFH� 2Q WKH RWKHU KDQG� ZKHQ

WKH FRPSRQHQWV DUH PRYLQJ DORQJ WKH WHFKQRORJLFDO

URXWH GXULQJ WKH RSHUDWLRQV RI WKH IXHO HOHPHQW DV�

VHPEO\ DQG FKDUJLQJ� SHQHWUDWLRQ RI PLFURSDUWLFOHV RI

RUJDQLF DQG LQRUJDQLF RULJLQ LQWR WKH ZHOGLQJ ]RQH LV

TXLWH SRVVLEOH� ZKLFK XQGHU WKH LPSDFW RI WHPSHUDWXUH

XQGHU WKH FRQGLWLRQV RI D KLJK YDFXXP LQ ZHOGLQJ

PD\ IRUP WKH JDV SKDVH DQG SURPRWH WKH IRUPDWLRQ

RI SRUHV LQ ZHOGV� 3UHVHQFH RI D WLJKW EXWW LPSDLUV WKH

FRQGLWLRQV IRU LWV GHJDVVLQJ� 7KH VRXUFHV RI VXFK PL�

,QIOXHQFH RI WKH VWXGLHG PDWHULDOV RQ SRUH IRUPDWLRQ LQ VDPSOHV RI ZHOGHG MRLQWV

1R� 6WXGLHG PDWHULDO

1XPEHU RI

VDPSOHV ZLWK

SRUHV� �

1RWH

� :DWHU � 3DUWV EHLQJ ZHOGHG ZHUH ZHWWHG ZLWK ZDWHU

� 'HSRVLW RI D GHWHUJHQW VROXWLRQ � 3DUWV EHLQJ ZHOGHG DIWHU WKH RSHUDWLRQ RI GHJUHDVLQJ ZLWK

D GHWHUJHQW VROXWLRQ ZHUH QRW ULQVHG ZLWK SXUH ZDWHU

� &RQWDPLQDWLRQ IURP WKH SURFHVV SHUVRQQHO JORYHV � 3OXJ VHDWV ZHUH UXEEHG ZLWK WKH JORYHV XVHG GXULQJ WKH

VKLIW

� 8UDQLXP GLR[LGH � 8UDQLXP GLR[LGH GXVW ZDV SODFHG RQ ��� RI EXWW

SHULPHWHU

� &RWWRQ WKUHDG � �w� PP ORQJ WKUHDG ZDV SXW LQWR WKH EXWW

� 3RO\HWK\OHQH ILOP �� $ VWULS RI ���×���×��� PP VL]H ZDV SXW LQWR WKH EXWW

� 9LQ\O HWKHUHDO �� 9LQ\O HWKHUHDO FKLSV �w� PP ORQJ VFUDSHG RII D YLQ\O

HWKHUHDO SODWH E\ WKH SLSH HQG ZHUH SODFHG LQWR WKH EXWW

� 5XEEHU OLQROHXP ��� 5XEEHU OLQROHXP FKLSV �w� PP ORQJ ZHUH SODFHG LQWR WKH

EXWW� ZKLFK ZHUH VFUDSHG RII WKH UXEEHU OLQROHXP VKHHW

E\ WKH SLSH HQG

� *UHDVH OXEULFDQW 6���� � :HOGLQJ ]RQH DQG KDOI RI WKH EXWW SHULPHWHU ZHUH UXEEHG

ZLWK DQ RLOHG FRWWRQ QDSNLQ

�� 90�� YDFXXP RLO � 6DPH

�� /LWKRO �� �

�� 'XVW IURP SOHQXP YHQWLODWLRQ �� 'XVW ZDV SODFHG DURXQG ��� RI WKH EXWW SHULPHWHU
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FURFRQWDPLQDWLRQ PD\ EH WKH VXUIDFHV RI WDEOHV DQG

WUDQVSRUWDWLRQ GHYLFHV ZLWK FRDWLQJV RI RUJDQLF PDWH�

ULDOV �UXEEHU OLQROHXP� YLQ\O SODVWLFV� SRO\HWK\OHQH��

DV ZHOO DV UDQGRP FRQWDFWV RI WKH VXUIDFHV EHLQJ

ZHOGHG ZLWK YDULRXV PLFURSDUWLFOHV RI GLIIHUHQW PD�

WHULDOV�

,Q RUGHU WR YHULI\ WKLV DVVXPSWLRQ� DQ H[SHULPHQW

ZDV FRQGXFWHG� ZKLFK FRQVLVWHG LQ D SXUSRVHIXO LQ�

WURGXFWLRQ RI YDULRXV PDWHULDOV RI RUJDQLF DQG LQRU�

JDQLF RULJLQ LQWR WKH EXWWV RI ZHOGHG MRLQWV DQG WKH

DGMDFHQW SOXJ VHDW ]RQH� $OO WKH VDPSOHV ��� IRU HDFK

H[SHULPHQW� KDG EHHQ ILUVW SUHSDUHG E\ WKH WHFKQRORJ\

XVHG IRU EDWFK�SURGXFHG LWHPV� 3UHVHQFH RI WKH VWXGLHG

PDWHULDO LQ WKH ZHOGHG EXWW ZDV FRQWUROOHG YLVXDOO\�

6DPSOHV ZHUH ZHOGHG E\ PRGHV DSSURYHG IRU EDWFK

SURGXFWLRQ� $OO WRJHWKHU WKH LQIOXHQFH RI �� PDWHULDOV

RQ SRUH IRUPDWLRQZDV YHULILHG WKLV ZD\� $IWHUZHOGLQJ

PRVW RI WKH VDPSOHV KDG GLSV LQ WKH ZHOGV DQG XQGHU�

FXWV IRUPHG EHFDXVH RI VSODVKLQJ RI WKH PHWDO IURP

WKH ZHOG SRRO� $OO WKH VDPSOHV RI ZHOGHG MRLQWV ZHUH

VXEMHFWHG WR ;�UD\ LQVSHFWLRQ� WKH UHVXOWV RI ZKLFK

DUH JLYHQ LQ WKH 7DEOH�

,W VKRZV WKDW WKHUH H[LVW D QXPEHU RI PDWHULDOV�

WKH SUHVHQFH RI ZKLFK LQ WKH ZHOGLQJ ]RQH GRHV QRW

OHDG WR SRURVLW\� DOWKRXJK PHWDO VSODVKHV IURP WKH

ZHOG SRRO GXULQJ ZHOGLQJ DUH REVHUYHG� ZKLFK LPSDLU

WKH DSSHDUDQFH RI ZHOGV� 2Q WKH RWKHU KDQG� WKHUH

H[LVW D VXIILFLHQW QXPEHU RI RWKHU PDWHULDOV� PDLQO\

RI RUJDQLF RULJLQ� ZKLFK FDXVH SRURVLW\�
7KH REWDLQHG GDWD ZHUH WKH EDVLV WR PDNH D QXPEHU

RI RUJDQLVDWLRQDO FRQFOXVLRQV� DLPHG DW DFKLHYLQJ WKH
UHTXLUHG TXDOLW\ RI SURGXFWLRQ� ZKLFK LQ WKLV FDVH PD\
EH UHJDUGHG DV LQWHOOLJHQW SHUIRUPDQFH �EDVHG RQ WKH
DFKLHYHG OHYHO RI NQRZOHGJH� E\ WKH WHFKQLFDO DQG
PDLQWHQDQFH SHUVRQQHO LQ WKLV SURGXFWLRQ RI WKH WR�
WDOLW\ RI WKH UHTXLUHPHQWV� QRUPV� UXOHV RI SHUIRUP�
DQFH DQG RUJDQLVDWLRQ RI ZRUN� SURYLGLQJ D VWDEOH
KLJK TXDOLW\ RI SURGXFWV� ,W ZDV DOVR UHFRPPHQGHG�
ZKHQ FXWWLQJ WKH FODGGLQJ WR VL]H� WR EHYHO WKH HGJH
DW DQ DQJOH RI ��� WKURXJK WKH HQWLUH WKLFNQHVV RI WKH
VKHOO� LQVWHDG RI WKH HDUOLHU XVHG ���� 7KH ZHOGLQJ
F\FOH LQFOXGHG SUHKHDWLQJ RI WKH ZHOGHG MRLQW E\ D
ORZHU SRZHU EHDP�

7KHZHOGLQJPRGHZDV VHOHFWHG VR WKDW RQO\ VXUIDFH

PHOWLQJ RI WKH EXWW HGJHV RFFXUUHG GXULQJ SUHKHDWLQJ

ZLWKRXW WKH ZHOG SRRO IRUPDWLRQ� %XWW RSHQLQJ WR WKH

HQWLUH GHSWK ZLWK IRUPDWLRQ RI D JXDUDQWHHG JDS EH�

WZHHQ WKH FODGGLQJ HGJH DQG WKH SOXJ ZDV REVHUYHG�

)RFXVLQJ FXUUHQW UHPDLQHG XQFKDQJHG GXULQJ ZHOGLQJ

DQG HTXDO WR ��w�� � RI WKH FXUUHQW� SURYLGLQJ D

PD[LPDO IRFXVLQJ RI WKH EHDP RQ WKH LWHP VXUIDFH�

'HILFLW RI PDWHULDO UHPRYHG� ZKHQ PDNLQJ WKH JURRYH

DW WKH VKHOO HQG IDFH� ZDV FRPSHQVDWHG E\ DGGLWLRQDO

VHOI�SUHVVLQJ SDVVHV�
7KH SRVVLELOLW\ RI DSSO\LQJ GXULQJ ZHOGLQJ VSHFLDO

HOHFWURQ EHDP VFDQV DV D PHDVXUH WR DYRLG GHIHFWV RI
XQGHUFXW W\SH ZDV YHULILHG� :HOGHG MRLQWV ZLWK XQ�
GHUFXWV ZHUH IXUWKHU WUHDWHG E\ WKH HOHFWURQ EHDP
ZLWK GLIIHUHQW VFDQQLQJ IUHTXHQF\ DQG VKDSH RI WKH
HOHFWURQ EHDP VFDQ� XVLQJ 68���� W\SH GHYLFH� ZKLFK
ZDV VZLWFKHG RQ DW GHFUHDVH RI WKH EHDP FXUUHQW� 7KH
EHVW UHVXOWV ZHUH REWDLQHG DW EHDP VFDQQLQJ IUHTXHQF\
RI �� +]� :HOGV SURFHVVHG ZLWK D FLUFXODU EHDP VFDQ
DW VXFK D IUHTXHQF\� KDG D VPRRWK HYHQ VXUIDFH DQG
GLG QRW GLIIHU IURP WKRVH PDGH E\ WKH DSSURYHG WHFK�
QRORJ\� 7KH ZLGWK RI WKH ZHOG RQ WKH RXWHU VXUIDFH
ZDV LQFUHDVHG E\ ��� PP �)LJXUH ��� ZKLOH WKH SHQH�
WUDWLRQ GHSWK LQ D VHFWLRQ ZLWK D ZLGHU ZHOG ZDV
VPDOOHU WKDQ WKH WKLFNQHVV RI WKH FODGGLQJ ZDOO� ,Q�
FUHDVH RI VFDQQLQJ IUHTXHQF\ OHG WR D JUHDWHU UHLQ�
IRUFHPHQW DORQJ WKH ZHOG HGJHV DQG LPSDLUHG LWV DS�
SHDUDQFH� $Q DGGLWLRQDO SRVLWLYH PRPHQW RI XVLQJ D
QHZ JHRPHWU\ RI WKH EXWW ZDV LQFUHDVHG VWDELOLW\ RI
RSHUDWLRQ RI WKH DXWRPDWLF V\VWHP RI JXLGLQJ WKH HOHF�
WURQ EHDP WR WKH EXWW RI WKH ZHOGHG MRLQW� 7KLV DOVR
SURPRWHG PDNLQJ ZHOGV ZLWK DQ RSWLPDO UHLQIRUFH�
PHQW� DQG IXUWKHU RQ DOORZHG HOLPLQDWLQJ WKH RSHUD�
WLRQ RI WKHLU FOHDQLQJ�

7KH UHVXOWV RI WKLV ZRUN ZHUH LQWURGXFHG LQWR SUR�

GXFWLRQ� WKXV DOORZLQJ D VLJQLILFDQW GHFUHDVH RI WKH

QXPEHU RI ZHOGV ZLWK SRUHV DQG VWDELOLVLQJ WKH ZHOG�

LQJ WHFKQRORJ\� 2YHU D ORQJ SHULRG RI VHUYLFH RI IXHO

HOHPHQWV IRU ::(5 W\SH UHDFWRUV QRW D VLQJOH FODLP

ZDV SODFHG WR WKH TXDOLW\ RI HOHFWURQ EHDP ZHOGV�

&21&/86,216

�� 7KH PDLQ FDXVH IRU SRURVLW\ LQ ZHOGV RI IXHO HOH�

PHQWV ZLWK FODGGLQJ RI DOOR\ (��� PDGH E\ (%: LV

PLFURFRQWDPLQDWLRQ RI WKH VXUIDFHV EHLQJ ZHOGHG E\

RUJDQLF DQG LQRUJDQLF PDWHULDOV�

�� 7KH PDLQ PHWKRG RI HOLPLQDWLRQ RI SRURVLW\ LQ

VXFKZHOGV LV WDNLQJ LQWHJUDWHGPHDVXUHV RQPDLQWHQDQFH

RI D KLJK TXDOLW\ RI SURGXFWLRQ DQG PD[LPDO GHJDVVLQJ

RI WKH ZHOG GXULQJ ZHOGLQJ E\ RSWLPLVLQJ LWV WHFKQR�

ORJLFDO PRGHV DQG WKH GHVLJQ RI WKH SDUWV EHLQJ ZHOGHG

LQ WKH MRLQW ]RQH� $Q HIIHFWLYH PHDQV WR UHPRYH WKH

GHIHFWV RI WKH W\SH RI XQGHUFXWV LV DSSOLFDWLRQ RIZHOGLQJ

PRGHV ZLWK D FLUFXODU VFDQ RI WKH EHDP LQ WKH FXUUHQW

GHFUHDVH VWDJH DW D IUHTXHQF\ RI �� +]�

�� /HEHGHY� 1�9�� .RV\NK� 0�$�� 6KFKDYHOHY� /�1� ������ 2Q
FDXVHV RI SRUH IRUPDWLRQ LQ HOHFWURQ EHDP ZHOGLQJ RI ]LUFR�
QLXP DOOR\ ZLWK ��� � QLRELXP� 6YDURFKQ� 3URL]YRGVWYR� ��

�� ,YDQQLNRYD� $�'�� (URNKLQ� $�/� ������ ,QIOXHQFH RI VXU�
IDFH FRQWDPLQDWLRQ RI WLWDQLXP RQ SRUH IRUPDWLRQ LQ ZHOG�
LQJ� ,ELG�� ��

�� 1LNLIRURY� *�'�� 5HGFKLWV� 9�9� ������ 2Q WKH PHFKDQLVP
RI SRUH IRUPDWLRQ LQ ZHOGLQJ RI WLWDQLXP DOOR\V� ,ELG�� ��

�� 1LNLIRURY� *�'�� 0DNKRUWRYD� $�*� ������ 6RXUFHV RI K\�
GURJHQ GLVVROYLQJ LQ ZHOG PHWDO GXULQJ ZHOGLQJ� ,ELG�� ��

)LJXUH �� $ ZHOG RI D IXHO HOHPHQW VDPSOH PDGH ZLWK D FLUFXODU
VFDQ RI WKH EHDP DW WKH VWDJH RI FXUUHQW GHFUHDVH �IRU GHVLJQDWLRQV
VHH )LJXUH ��
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&RPSDQ\ �$OFKHYVN 0HWDOOXUJLFDO 3ODQW�� $OFKHYVN� 5XVVLD

,QYHVWLJDWLRQV ZHUH FRQGXFWHG ZLWK HOHFWURK\GURSXOVH SUHVVLQJ RI WXEHV LQWR WXEH VKHHWV ZLWK GLIIHUHQW FRQILJXUDWLRQV

RI FKDQQHOV� 'HSHQGHQFLHV RI WKH GHJUHH RI ILOOLQJ RI GLH FDYLWLHV XSRQ WKH VKDSH RI FURVV VHFWLRQV RI H[SORGLQJ HOHPHQWV

ZHUH HVWDEOLVKHG� 'HYLFH IRU SUHVVLQJ WXEHV LQWR WXEH VKHHWV ZDV GHYHORSHG�

.H\ ZRU G V � HOHFWURK\GURSXOVH SUHVVLQJ�LQ� H[SORGLQJ HOH�

PHQWV� UHGXFWLRQ RI SRZHU FRQVXPSWLRQ� H[SORGLQJ HOHPHQW SUR�

ILOH IDFWRU

7KH SURFHVV RI IL[LQJ RI WXEHV LQ WXEH VKHHWV RI KHDW

H[FKDQJHUV� XVLQJ HQHUJ\ RI WKH HOHFWULF H[SORVLRQ RI

FRQGXFWRUV� KDV IRXQG ODWHO\ DQ LQFUHDVLQJ FRPPHUFLDO

DSSOLFDWLRQ� 7KH SURFHVV LQYROYHV GLIIHUHQW GHVLJQV RI

FDUWULGJHV >�@ ZKLFK DUH H[SORGHG XVLQJ HOHFWURK\�

GUDXOLF XQLWV DQG FXUUHQW�FRQGXFWLQJ GHYLFHV� VXSSO\�
LQJ HOHFWULF SRZHU WR HOHFWULFDOO\ H[SORGHG FDUWULGJHV�

&LUFXODU FKDQQHOV �)LJXUH �� DUH FXW RQ WKH VXUIDFH

RI HDFK KROH LQ D WXEH VKHHW PRUH WKDQ �� PP WKLFN

WR LQFUHDVH VWUHQJWK DQG WLJKWQHVV RI WKH SUHVVHG MRLQW�

$YDLODEOH HOHFWURK\GURSXOVH �(+3� FDUWULGJHV
KDYH D GUDZEDFN ZKLFK FRQVLVWV LQ D QRQ�UDWLRQDO XWLO�

LVDWLRQ RI WKH H[SORVLRQ HQHUJ\� ,Q WKLV FDVH LW LV XWLO�

LVHG QRW IRU ORFDO GHIRUPDWLRQ RI WKH WXEH DJDLQVW WKH

WXEH VKHHW FKDQQHOV� EXW IRU RYHUDOO GHIRUPDWLRQ DORQJ

WKH HQWLUH OHQJWK RI WKH WXEH� ZKLFK LV HTXDO WR WKLFN�

QHVV RI WKH WXEH VKHHW� ,W VKRXOG EH QRWHG WKDW D GLH�IUHH

IRUPLQJ LV XVHG DV DQ HVWLPDWLRQ RSHUDWLRQ SULRU WR
DFWXDO SUHVVLQJ�LQ� DV LW DOORZV WKH GHJUHH RI ILOOLQJ

RI WKH WXEH VKHHW FKDQQHOV ZLWK D GHIRUPHG ELOOHW WR

EH DSSUR[LPDWHO\ HVWLPDWHG E\ D ZRUNSLHFH FRQILJX�

UDWLRQ >�� �@�

&RPPHUFLDO FDUWULGJHV XVH H[SORGLQJ HOHPHQWV

�((� RI D URXQG FURVV VHFWLRQ� $V SURYHG E\ SUDFWLFH�
WKH XVH RI VXFK FDUWULGJHV UHVXOWV LQ VHPLFLUFXODU SUR�

WUXVLRQV IRUPHG RQ WKH ZRUNSLHFH VXUIDFH� 7KLV LV LQ�

GLFDWLYH RI IRUPDWLRQ RI D QXPEHU RI VKRFN ZDYHV� WKH

FRQILJXUDWLRQ RI WKH IURQWV RI ZKLFK FRSLHV FRQILJX�

UDWLRQ RI WKH (( FURVV VHFWLRQ� ,Q WKH FDVH RI SUHVVLQJ

WXEHV LQWR WXEH VKHHWV ZLWK VHPLFLUFXODU FKDQQHOV� WKLV

IDFLOLWDWHV WKHLU ILOOLQJ XS� ,W FDQ EH DVVXPHG WKDW LQ
WKH FDVH RI SUHVVLQJ LQWR VKHHWV ZLWK FKDQQHOV ZKRVH

JHRPHWULFDO VKDSH FRUUHVSRQGV WR WKH (( SURILOH� ILOO�

LQJ RI WKH WXEH VKHHWV ZLOO EH IDFLOLWDWHG �FRPSDUHG

ZLWK (( ZKRVH VKDSH LV LQDGHTXDWH WR WKH FKDQQHO

SURILOHV�� ,Q DGGLWLRQ� LQ WKH FRPPHUFLDO FDUWULGJHV�

LQVWHDG RI IL[LQJ WKH (( SLWFK� WKH IROORZLQJ UHVWULF�

WLRQ VKRXOG EH PHW� D PLQLPXP SLWFK VKRXOG EH PRUH

WKDQ � PP WR DYRLG EUHDN�GRZQ EHWZHHQ WKH QHLJK�

ERXULQJ WXUQV >�@� $V D UHVXOW RI PLVDOLJQPHQW RI WKH
(( SLWFKHV DQG FKDQQHOV WKH SUHVVXUH GLDJUDP SHDNV

GR QRW FRUUHVSRQG WR FDYLWLHV LQ WKH VKHHWV�
7KH WDVN ZDV WR LQYHVWLJDWH (+3 SUHVVLQJ RI WXEHV

LQWR WXEH VKHHWV ZLWK FKDQQHOV RI GLIIHUHQW FRQILJXUD�

WLRQV� XVLQJ (( RI GLIIHUHQW SURILOHV� LQ RUGHU WR GH�

FUHDVH SRZHU FRQVXPSWLRQ RI WKH RSHUDWLRQ� ([SHUL�

PHQWV ZHUH FRQGXFWHG WR GHWHUPLQH WKH HIIHFW RI FRQ�

ILJXUDWLRQ RI D FURVV VHFWLRQ RI (( RQ WKH GHJUHH RI
ILOOLQJ RI WKH IRUPLQJ FDYLWLHV LQ WKH VSOLW GLHV RI GLI�
IHUHQW FRQILJXUDWLRQV� L�H� VHPLFLUFXODU� WULDQJXODU�
VTXDUH DQG WUDSH]RLGDO� $ QLFKURPH ZLUH � PP LQ

GLDPHWHU ZDV XVHG LQ GHYLFHV ZLWK D URXQG FURVV VHF�

WLRQ RI ((� 7R PDNH WULDQJXODU� WHWUDKHGUDO DQG WUDSH�

]RLGDO (( IURP WKH � PP GLD� QLFKURPH ZLUH E\ UROO�

LQJ� FKDQQHOV RI WKH FRUUHVSRQGLQJ SURILOH ZHUH PLOOHG

LQ UROOV RI WKH ODERUDWRU\ UROOLQJ PLOO� $OO WKH (( KDG

WKH VDPH FURVV VHFWLRQ DUHD HTXDO WR ����PP
�
� )RUPLQJ

FKDQQHOV RI GLIIHULQJ SURILOHV� KDYLQJ WKH VDPH KHLJKW

RI +G  � PP DQG FDYLW\ FURVV VHFWLRQ DUHD RI )G  

� $�,� %252=1<$.� ����

)LJXUH �� 3RVVLEOH YDULDQWV RI SHUPDQHQW MRLQWV LQ KROORZ SLHFHV XQGHU D[LDO ORDGLQJ �D�� ORDGHG E\ WRUTXH �E� DQG XQGHU WKH FRPELQHG
D[LDO DQG WRUTXH ORDGLQJ FRQGLWLRQV �F�
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 ���� PP
�
� ZHUH PLOOHG RQ WKH LQWHUQDO VXUIDFHV RI

WKH VSOLW GLHV�

7KH VWHHO WXEHV ZLWK DQ LQVLGH GLDPHWHU RI �� PP

DQG ZDOO WKLFNQHVV RI ���� ���� DQG ��� PP ZHUH

VXEMHFWHG WR H[SDQGLQJ� ([SHULPHQWDO VWXGLHV ZHUH

FDUULHG RXW XVLQJ D ODERUDWRU\ XQLW ZLWK D PD[LPXP

FKDUJLQJ YROWDJH RI �� N9 DQG FDSDFLWDQFH RI WKH

FDSDFLWRU EDQN HTXDO WR �� µ)� $ WXEXODU ELOOHW ZDV

SODFHG LQ WKH GLH ZLWK D FHUWDLQ FRQILJXUDWLRQ RI WKH

FDYLW\� 7KH GHYLFH ZLWK (( ZKLFK KDV RQH RI WKH DERYH

FURVV VHFWLRQ FRQILJXUDWLRQV ZDV ORFDWHG LQVLGH WKH

WXEXODU ELOOHW� 7KH (+3 XQLW HOHFWURGH ZDV IHG WR WKH

QRQ�H[SORGLQJ FXUUHQW�FRQGXFWRU RI WKH GHYLFH� DQG

WKH GLVFKDUJH ZDV H[FLWHG� 7KH LQWHJUDWRU HQHUJ\ ZDV

YDULHG E\ LQFUHDVLQJ WKH FKDUJLQJ YROWDJH DW D FRQVWDQW

FDSDFLWDQFH RI �� µ)� 7KUHH VDPSOHV ZHUH H[SDQGHG
XQGHU HDFK RI WKH FRQGLWLRQV� +HLJKW RI WKH IRUPHG

ULIWV ZDV PHDVXUHG DIWHU UHPRYLQJ WKH ZRUNSLHFH IURP

WKH VSOLW GLH� 7KH SURILOH IDFWRU RI ((� .SU� UHVXOWV

IURP GHWHUPLQLQJ WKH UDWLR RI WKH HQHUJ\ UHTXLUHG IRU

ILQDO ILOOLQJ RI WKH IRUPLQJ FDYLW\ RI WKH GLH LQ XVLQJ

WKH M�WK (( WR WKH HQHUJ\ UHTXLUHG IRU ILQDO ILOOLQJ RI

WKH L�WK FDYLW\ RI WKH GLH LQ WKH FDVH RI FRLQFLGHQFH

RI WKH (( SURILOH DQG GLH FKDQQHO FRQILJXUDWLRQV �L  

 M�� $QDO\VLV RI LWV YDOXHV VKRZHG WKDW DW WKH HTXDO

HQHUJ\ UHOHDVHG LQ WKH GLVFKDUJH FKDQQHO WKH ILOOLQJ

RI WKH GLH FKDQQHOV LV RI D KLJKHU TXDOLW\ LQ WKH FDVH

RI FRLQFLGHQFH RI WKH (( SURILOHV DQG GLH FKDQQHOV�

7KHUHIRUH� LQ SUHVVLQJ WXEHV LQWR WXEH VKHHWV ZLWK

GLIIHUHQW FRQILJXUDWLRQV RI WKH FKDQQHOV� WKH XVH RI

(( ZLWK DQ DGHTXDWH SURILOH FRQILJXUDWLRQ ZLOO SUR�

YLGH TXDOLW\ MRLQWV DW WKH UHGXFHG SRZHU FRQVXPSWLRQ�

,QYHVWLJDWLRQV FRQGXFWHG UHVXOWHG LQ WKH GHYHORS�

PHQW RI WKH GHYLFH IRU H[SDQGLQJ RI WXEXODU ELOOHWV

�)LJXUH ��� ,W FRPSULVHV GLH � ZLWK IRUPLQJ FDYLWLHV�

(+3 H[SDQGLQJ FDUWULGJH FRQVLVWLQJ RI GLHOHFWULF

VOHHYH � ILOOHG ZLWK WUDQVPLWWLQJ PHGLXP �� HQG SOXJ

�� FXUUHQW�FRQGXFWRU �ZLWK LQVXODWLRQ� DQG (( �ZLWK

D FRUUHVSRQGLQJ SLWFK DQG UHODWLYH DQJXODU ORFDWLRQ

RQ WKH VXUIDFH RI GLHOHFWULF EXVKLQJ �� DV ZHOO DV GH�

IRUPHG WXEXODU ELOOHW ��

7KH GHYLFH IXQFWLRQV DV IROORZV� 7KH WKHUPDO H[�

SORVLRQ RI (( LV LJQLWHG XQGHU WKH HIIHFW RI D KLJK�

YROWDJH GLVFKDUJH FUHDWHG DW (( �� WKURXJK FXUUHQW�

FRQGXFWRU � IURP WKH SRZHU XQLW �QRW VKRZQ LQ )L�

JXUH ��� 7KH SUHVVXUH SXOVH WKXV IRUPHG SURSDJDWHV

LQ D GLUHFWLRQ WR WKH ZDOO RI WKH WXEXODU ELOOHW� 7KH

VKRFN ZDYH� WKH FRQILJXUDWLRQ RI WKH IURQW RI ZKLFK

UHSHDWV FRQILJXUDWLRQ RI WKH FURVV VHFWLRQ RI ((� IRUPV

VSLUDO SURWUXGLQJ ULIWV RQ WKH WXEXODU ELOOHW� WKXV ID�

YRXULQJ WKH TXDOLW\ ILOOLQJ RI WKH FKDQQHOV LQ WKH WXEH

VKHHW� 7KLV PDNHV LW SRVVLEOH WR DFKLHYH KLJK SUHVVXUHV

ZLWKLQ WKH ]RQH RI IRUPDWLRQ RI WKH ULIWV�

&21&/86,216

�� ,QYHVWLJDWLRQV ZHUH FRQGXFWHG WR VWXG\ (+3 SUHVV�

LQJ RI WXEHV LQWR WXEH VKHHWV ZLWK FKDQQHOV RI GLIIHUHQW

FRQILJXUDWLRQV� XVLQJ (( RI GLIIHUHQW SURILOHV� LQ RUGHU

WR GHFUHDVH SRZHU FRQVXPSWLRQ RI WKH RSHUDWLRQ�

�� ,W ZDV HVWDEOLVKHG WKDW WKH HTXDO HQHUJ\ UHOHDVHG

LQ WKH GLVFKDUJH FKDQQHO UHVXOWHG LQ WKH KLJKHU�TXDOLW\

ILOOLQJ RI WKH GLH FKDQQHOV� SURYLGLQJ WKDW WKHLU SURILOHV

FRLQFLGH ZLWK WKH (( SURILOHV�

�� 'HYLFH IRU SUHVVLQJ WXEHV LQWR WXEH VKHHWV� HQ�

VXULQJ SRZHU VDYLQJ LQ (+3 MRLQLQJ RI KROORZ SLHFHV�

ZDV GHYHORSHG�

)LJXUH �� 'HYLFH IRU H[SDQGLQJ RI WXEXODU ELOOHWV �VHH GHVLJQDWLRQV
LQ WKH WH[W�

�� 0D]XURYVN\� %�<D� ������ (OHFWURK\GURSXOVH SUHVVLQJ RI

WXEHV LQWR WXEH VKHHWV RI KHDW H[FKDQJLQJ GHYLFHV� .\LY�
1DXNRYD 'XPND�

�� :HFNHUOH� +�,� ������ 'HU (LQIOXβ GHU JHRPHWULVFKHQ *H�
VWDOW GHV :HUNVWX

..
FNHV DXI (QHUJLX

..
EHWUDJXQJ EHLP HOHNWURK\�

GUDXOLVFKHQ 8PIRUPHQ� %OHFK�5RKUH�3URILOH� �� ���w����
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0�9� .$5$6(9� (�$� .23,/(1.2� *�9� 3$9/(1.2� '�1� 5$%27,16.<� 9�/� 6252.$� 9�9� 62/<$1,.

DQG (�9� .$5$6(9

63$ �6(/0$�,76�� 6W��3HWHUVEXUJ� 5XVVLDw6LPIHURSRO� 8NUDLQH

&RPSDULVRQ RI WHFKQLFDO�HFRQRPLF FKDUDFWHULVWLFV RI HTXLSPHQW DSSOLHG LQ 5XVVLD DQG &,6 LV PDGH� WDNLQJ LQWR DFFRXQW

WKH ZRUOG PDUNHW RI ZHOGLQJ HTXLSPHQW� &KDUDFWHULVWLF GLUHFWLRQV RI ZHOGLQJ HTXLSPHQW LPSURYHPHQW DUH RXWOLQHG�

5HFRPPHQGDWLRQV DUH JLYHQ RQ LWV VHOHFWLRQ GXULQJ SHUIRUPDQFH RI VSHFLILF ZRUN�

.H\ ZRU G V � ZHOGLQJ HTXLSPHQW� GHYHORSPHQW WHQGHQFLHV�

SURGXFWLRQ VWUXFWXUH� WHFKQLFDO�HFRQRPLF FKDUDFWHULVWLFV� SURGXF�

WLRQ UHIXUELVKPHQW

,Q ����w���� SURGXFWLRQ VWDUWHG LQFUHDVLQJ LQ WKH
PDMRULW\ RI WKH 5XVVLDQ LQGXVWULDO HQWHUSULVHV� ZKLFK

ZDV GXH WR JUHDWHU QXPEHU RI RUGHUV� UHVXOWLQJ WR DQ

LQFUHDVH LQ WKH LQGXVWULDO SURGXFWLRQ RI &,6 FRXQWULHV�

1RZ WKHVH LQGXVWULDO HQWHUSULVHV IDFH WKH WDVN RI D
SURPSW LPSURYHPHQW RI WKH ODERXU HIILFLHQF\ DW D

VOLJKW LQFUHDVH RI WKH QXPEHU RI ZRUNSODFHV DQG QXP�

EHU RI ZRUNHUV� 7KLV SUREOHP LV EHLQJ VROYHG XQGHU
VSHFLILF SRVW�FULVLV FRQGLWLRQV� FKDUDFWHULVHG E\�

• FRPSOLFDWHG HFRQRPLF DQG ILQDQFLDO VLWXDWLRQ RI

WKH HQWHUSULVHV EHFDXVH RI KLJK WD[HV� FXVWRPV GXHV�

GHEWV WR WKH IHGHUDO DQG ORFDO EXGJHW�
• KLJK SHUFHQWDJH RI ZHDU �XS WR ��w��� �� RI

WKH FXUUHQWO\ XVHG PDFKLQHV� PHFKDQLVPV� HTXLSPHQW

DQG PHWDO VWUXFWXUHV�

• DYDLODELOLW\ RI ILQDQFLDO PHDQV IRU WHFKQLFDO UH�

IXUELVKPHQW RI WKH IOHHW RI PHFKDQLVPV DQG HTXLS�

PHQW� DQG LQWURGXFWLRQ RI DGYDQFHG WHFKQRORJLHV�

• ODFN RI GLUHFWHG RUJDQLVDWLRQDO DQG HQJLQHHULQJ
ZRUN LQ WKH H[LVWLQJ UHVHDUFK LQVWLWXWHV� FDSDEOH RI

SURYLGLQJ WKH PRGHUQ WHFKQLFDO GRFXPHQWDWLRQ IRU WKH

IXQFWLRQLQJ LQGXVWULDO HQWHUSULVHV�
• ODFN RI TXDOLILHG H[SHUWV� FDSDEOH RI GHYHORSLQJ

DQG RSHUDWLQJ DGYDQFHG HTXLSPHQW DQG WHFKQRORJ\

�IRU LQVWDQFH� LQ /HQLQJUDG UHJLRQ WKHUH DUH DSSUR[L�
PDWHO\ ������ YDFDQFLHV LQ LQGXVWULDO HQWHUSULVHV DQG

DERXW ����� SHRSOH OLVWHG LQ WKH ODERXU H[FKDQJH� EXW

QRW UHTXLUHG� ZKLOH WKH QXPEHU RI VWXGHQWV�PHWDOOXU�

JLVWV JUDGXDWLQJ IURP 6W��3HWHUVEXUJ 7HFKQLFDO 8QL�

YHUVLW\ LV UHGXFHG E\ DSSUR[LPDWHO\ �� WLPHV� FRP�

SDUHG WR ������

• LQFUHDVH RI WKH QXPEHU RI RUGHUV LQ WKH IXQFWLRQ�

LQJ HQWHUSULVHV DQG RI SURGXFWLRQ YROXPHV� UHVSHF�

WLYHO\�

• QHHG WR FRQGXFW VWDJH�E\�VWDJH XSJUDGLQJ RI SUR�

GXFWLRQ LQ WKH IXQFWLRQLQJ HQWHUSULVHV WR SURYLGH WKH
DELOLW\ RI IXOILOOLQJ WKHVH RUGHUV ZLWK WKH DSSURSULDWH

TXDOLW\ DQG SULFH�

• GHVLUH RI WKH PDMRULW\ RI RSHUDWLQJ HQWHUSULVHV
WR TXLFNO\ FRPH EDFN WR WKH SURGXFWLRQ OHYHO EHIRUH

WKH FULVLV SHULRG�

• DYDLODELOLW\ RI D ODUJH QXPEHU RI SURSRVDOV IRU D

FRPSOHWH �SDUWLDO� XSJUDGLQJ RU UHSODFHPHQW RI WKH

IOHHW RI FXUUHQWO\ XVHG PDFKLQHV DQG HTXLSPHQW FRP�

LQJ IURP IRUHLJQ FRPSDQLHV DQG PXFK PRUH VHOGRP

IURP ORFDO HQWHUSULVHV�
• QHHG IRU D V\VWHPLF �VWUDWHJLF� DSSURDFK WR WKH

SUREOHP RI WHFKQLFDO UHIXUELVKPHQW RI HQWHUSULVHV� LQ

RUGHU WR LQFUHDVH WKH HIIHFWLYHQHVV RI WKHLU RSHUDWLRQ�

7KLV VWXG\ LV DLPHG DW LQWURGXFLQJ D V\VWHPLF DS�

SURDFK DQG GHWHUPLQDWLRQ RI WKH WHQGHQFLHV LQ WKH

ILHOG RI WHFKQLFDO UHIXUELVKPHQW RI LQGXVWULDO HQWHU�

SULVHV� EDVHG RQ WKH PRVW UHFHQW DFKLHYHPHQWV RI ZHOG�

LQJ VFLHQFH� H[SHULHQFH RI PDQXIDFWXUH DQG VDOH RI

ZHOGLQJ HTXLSPHQW RYHU WKH ODVW WHQ \HDUV�

$QDO\VLV LV EDVHG RQ RSHUDWLRQ RI D JURXS RI HQ�

WHUSULVHV RI 63$ �6(/0$�,76�� ZKLFK RYHU WKH UH�

FHQW \HDUV KDV EHFRPH D PDMRU PDQXIDFWXUHU DQG VXS�

SOLHU RI ZHOGLQJ HTXLSPHQW LQ 5XVVLD DQG &,6 FRXQ�

WULHV� ,WV SURGXFWLRQ IDFLOLWLHV DUH ORFDWHG LQ 6LPIHUR�

SRO DQG 6W��3HWHUVEXUJ�

6WUXFWXUH RI (XURSHDQ DQG 86 PDUNHWV RI ZHOG�
LQJ HTXLSPHQW� DSSOLHG LQ PHWDO VWUXFWXUH IDEULFD�
WLRQ� $FFRUGLQJ WR WKH GDWD RI >�@� WKH ZRUOG PDUNHW

RI ZHOGLQJ HTXLSPHQW DQG VHUYLFHV ZDV QRW OHVV WKDQ

���w�� EOQ DW WKH HQG RI WKH ;; FHQWXU\� RI ZKLFK
���ZHUH ZHOGLQJ FRQVXPDEOHV DQG �� �ZDV ZHOGLQJ

HTXLSPHQW� 1RW OHVV WKDQ KDOI RI WKH ODWWHU ZDV WKH

FRVW RI HTXLSPHQW IRU PDQXDO DUF DQG VHPL�DXWRPDWLF

ZHOGLQJ� ,WV VKDUH VKRZV D VWDEOH WHQGHQF\ RI LQFUHDV�

LQJ GXH WR HTXLSPHQW IRU VHPL�DXWRPDWLF DUF ZHOGLQJ�

ZLWK UHGXFWLRQ RI WKH VKDUH RI HTXLSPHQW IRU FRDWHG�

HOHFWURGH PDQXDO DUF ZHOGLQJ�

0DFKLQHV IRU IODVK�EXWW ZHOGLQJ DUH QRW DV ZLGHO\
DSSOLHG� EHFDXVH RI WKHLU VSHFLILF IHDWXUHV� +RZHYHU�

WKHLU VKDUH LQ WKH ZHOGLQJ HTXLSPHQW PDUNHW LV XS WR

�� �� 7KH VKDUH RI HTXLSPHQW IRU JDV ZHOGLQJ LV UH�
GXFLQJ VWHDGLO\ DQG FXUUHQWO\ LV QRW PRUH WKDQ �� ��

� 0�9� .$5$6(9� (�$� .23,/(1.2� *�9� 3$9/(1.2� '�1� 5$%27,16.<� 9�/� 6252.$� 9�9� 62/<$1,. DQG (�9� .$5$6(9� ����
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7KH (XURSHDQ PDUNHW RI ZHOGLQJ HTXLSPHQW DPRXQWV
WR DERXW �� � RI WKH ZRUOG PDUNHW�

$V IROORZV IURP >�@� LQ DGYDQFHG (XURSHDQ FRP�
SDQLHV� FRPSDUHG WR WKRVH LQ WKH 86$� WKH YROXPH RI
DSSOLFDWLRQ RI HTXLSPHQW IRU JDV�VKLHOGHG ZHOGLQJ LV
KLJKHU DQG WKDW RI HTXLSPHQW IRU FRDWHG�HOHFWURGH
ZHOGLQJ LV ORZHU� :HOGLQJ IDEULFDWLRQ LV EDVHG RQ
IXVLRQ ZHOGLQJ� WKH HTXLSPHQW DQG WHFKQRORJ\ RI
ZKLFK ZLOO GHYHORS WKURXJK UHGXFWLRQ RI WKH VKDUH RI
FRDWHG�HOHFWURGH PDQXDO DUF ZHOGLQJ DQG H[SDQVLRQ
RI WKH PHFKDQLVHG SURFHVVHV RI ZHOGLQJ� HVSHFLDOO\
ZLWK IOX[�FRUHG ZLUHV�

7KHUH LV HYHU\ JURXQG WR EHOLHYH WKDW LQ WKH QHDU
IXWXUH WKH VKDUH RI PDQXDO DUF ZHOGLQJ LQ WKH ZRUOG
HFRQRP\ ZLOO VWDELOLVH RQ WKH OHYHO RI �� WR �� �� WKDW
RI VHPL�DXWRPDWLF VROLG ZLUH ZHOGLQJ RQ WKH OHYHO RI
��w�� �� WKDW RI VHPL�DXWRPDWLF IOX[�FRUHG ZLUH
ZHOGLQJ DQG 6$: RQ WKH OHYHO RI ��w�� DQG �w� ��
UHVSHFWLYHO\� 7KH PRVW SURPLVLQJ LV PDQXIDFWXUH RI
VSHFLDOLVHG ZHOGLQJ HTXLSPHQW IRU VHPLDXWRPDWLF
IOX[�FRUHG ZLUH ZHOGLQJ� SURYLGLQJ D VLPXOWDQHRXV
LPSURYHPHQW RI ODERXU HIILFLHQF\ DQG ZHOGHG MRLQW
TXDOLW\�

&RPSDULVRQ RI WHFKQLFR�HFRQRPLF FKDUDF�
WHULVWLFV RI DSSOLFDWLRQ RI YDULRXV NLQGV RI ZHOGLQJ
HTXLSPHQW LQ PHWDO VWUXFWXUH IDEULFDWLRQ LQ 5XVVLD
DQG &,6 FRXQWULHV� ,Q ���� 5XVVLD PDQXIDFWXUHG
DERXW ������ SRZHU VRXUFHV IRU IXVLRQ ZHOGLQJ� ZKLOH
WKHLU PD[LPDO RXWSXW LQ )68 LQ ���� ZDV ������� SFV�
,Q WKH ILUVW FDVH WKH VKDUH RI ZHOGLQJ WUDQVIRUPHUV ZDV
��� WKDW RI ZHOGLQJ UHFWLILHUV �IRU PDQXDO DUF� VHPL�
DXWRPDWLF DQG DXWRPDWLF ZHOGLQJ� x ��� WKDW RI JHQ�
HUDWRUV� FRQYHUWHUV DQG SODQWV x ��� DQG WKDW RI VSH�
FLDOLVHG SRZHU VRXUFHV x � �� 6XFK D SURGXFWLRQ
VWUXFWXUH FDQQRW EH UHJDUGHG DV VDWLVIDFWRU\� )RU LQ�
VWDQFH� LQ -DSDQ ZLWK WKH RYHUDOO RXWSXW RI
������� SFV LQ ����� WKH VKDUH RI WUDQVIRUPHUV� UHFWL�
ILHUV DQG URWDU\ PDFKLQHV ZDV ��� �� DQG �� �� UH�
VSHFWLYHO\ >�@� 'HYHORSPHQW RI FLUFXLW GHVLJQV IRU
ZHOGLQJ HTXLSPHQW LQ 5XVVLD SURFHHGV PDLQO\ DORQJ
WKH WUDGLWLRQDO SDWK ODLG GRZQ LQ ����w���� E\ 91,�
,(62 �5XVVLDQ :HOGLQJ ,QVWLWXWH�� WKH 3:, DQG
RWKHU LQVWLWXWHV� 7KHVHV GLUHFWLRQV RI ZRUN SHUIRUP�
DQFH ZHUH GXH WR WKH DYDLODELOLW\ RI WKH UHVSHFWLYH
FRPSRQHQWV PDQXIDFWXUHG LQ WKH 8665 DW WKDW WLPH�
7KH PDLQ GLIIHUHQFH LQ WKH FLUFXLW GHVLJQ RI SRZHU
VRXUFHV GHYHORSHG LQ 5XVVLD IURP WKHLU IRUHLJQ DQDORJV
FRQVLVWV LQ WKDW D QHZ FODVV RI VRXUFHV ZDV GHYHORSHG

DEURDG RQ WKH EDVLV RI UHFHQW DFKLHYHPHQWV LQ VHPL�
FRQGXFWRU ILHOG� QDPHO\ UHFWLILHUV ZLWK DQ LQWHUPHGL�
DWH KLJK�IUHTXHQF\ XQLW �LQYHUWHU�� ,W DOORZV D VLJQLIL�
FDQW UHGXFWLRQ RI WKH ZHLJKW DQG RYHUDOO GLPHQVLRQV�
LPSURYHPHQW RI G\QDPLF SURSHUWLHV RI ZHOGLQJ HTXLS�
PHQW� GHYHORSPHQW RI QHZ FRQWURO FLUFXLWV DQG JRLQJ
RYHU WR D QHZ FODVV RI VRXUFHV ZLWK V\QHUJHWLF FRQWURO�
7KLV SURYLGHV DQ HIIHFWLYH VROXWLRQ RI WKH SUREOHP RI
PDVV WUDQVIHU FRQWURO DQG LPSURYHPHQW RI ZHOGHG
MRLQW TXDOLW\� $V GHPRQVWUDWHG E\ WKH )DLU LQ (VVHQ
�*HUPDQ\� LQ 6HSWHPEHU ����� WKH SHULRG RI LQWHQVLYH
GHYHORSPHQW RI WKH LQYHUWHU�W\SH ZHOGLQJ HTXLSPHQW
DEURDG LV RYHU� DQG WKH SURFHVV RI LWV LPSURYHPHQW
DQG XSJUDGLQJ LV JRLQJ RQ QRZ� 0DQXIDFWXUH RI VLPL�
ODU FRPSRQHQWV LV QRW SODQQHG LQ 5XVVLD LQ WKH QH[W
IHZ \HDUV� $WWHPSWV DW GHYHORSPHQW RI LQYHUWHU�W\SH
ZHOGLQJ XQLWV XVLQJ WKH ORFDO FRPSRQHQWV VKRZHG
WKHLU ORZ UHOLDELOLW\� ZKLOH GHYHORSPHQW RI VLPLODU
ORFDO ZHOGLQJ PDFKLQHV LQFRUSRUDWLQJ LPSRUWHG FRP�
SRQHQWV GHPRQVWUDWHG WKHLU ORZ FRPSHWLWLYHQHVV�

7KHUHIRUH� LQ �6(/0$�,76� $VVRFLDWLRQ GHYHORS�
PHQWV LQ WKH ILHOG RI WK\ULVWRUL]HG ZHOGLQJ XQLWV ZHUH
PRVWO\ EDVHG RQ WKH XVH RI WKH ORFDO FRPSRQHQWV� DQG
ZHUH DLPHG FKLHIO\ DW LPSURYHPHQW RI WKH FRQWURO
FLUFXLWV� 7KH SRZHU SDUW RI WKH VRXUFHV� DV D UXOH� GLG
QRW XQGHUJR DQ\ EDVLF FKDQJHV�

,Q WKLV FRQQHFWLRQ� ZH VKRXOG QRWH GHYHORSPHQW
DQG PDQXIDFWXUH RI D QHZ VHULHV RI ORFDO UHFWLILHUV
ZLWK '. LQGH[ �9'����'.� 9'����'.� GHVLJQHG
IRU 00$� 0,* DQG 7,* ZHOGLQJ� $ QHZ W\SH RI
FRQWURO FLUFXLWV KDV EHHQ GHYHORSHG DQG YHULILHG LQ
WKHVH UHFWLILHUV >�@� 5HFWLILHUV LQ WKH 0,* DQG 00$
PRGHV DUH GHVLJQHG IRU VKRUW�DUF ZHOGLQJ ZLWK SHUL�
RGLF VKRUW�FLUFXLWLQJ� EXW DUH DOVR VXFFHVVIXOO\ XVHG
IRU ZHOGLQJ ZLWK D ORQJ DUF� ,Q WKHP WKH FRPELQHG
H[WHUQDO YROW�DPSHUH FKDUDFWHULVWLFV �9$&� ZHUH LP�
SOHPHQWHG RQ D SURGXFWLRQ VFDOH IRU WKH ILUVW WLPH�
QDPHO\ 0,* DQG 00$ PRGHV� ZKHUH HDFK 9$& VHF�
WLRQ FKDUDFWHULVHV D FHUWDLQ VWDJH RI PHOWLQJ DQG WUDQV�
IHU RI HOHFWURGH PHWDO GURS DQG DOORZV LPSOHPHQWLQJ
QHZ DSSURDFKHV WR FRQWUROOLQJ WKH ZHOGLQJ SURFHVV
DQG PDVV WUDQVIHU� ,Q WKLV FDVH 9$& LV GLYLGHG LQWR
FRPSRXQG VHFWLRQV� HDFK RI ZKLFK LV IRUPHG E\ LWV
RZQ VHOI�VXIILFLHQW VRXUFH �ILUVW 9$& VHFWLRQ x KLJK�
YROWDJH IHHG x SURYLGHV DQ HDV\ LQLWLDO LJQLWLRQ RI
WKH DUF� SRZHU SDUW LV IRUPHG E\ D VHPL�FRQWUROOHG
UHFWLILHU� WKLUG VHFWLRQ RI 9$&x ORZ�YROWDJH IHHGx
URYLGHV D FRQWUROOHG PHWDO WUDQVIHU LQWR WKH ZHOG

)LJXUH �� +LVWRJUDPV RI GLVWULEXWLRQ RI VKRUW�FLUFXLW GXUDWLRQ LQ 9'����'. �D� DQG 9'8���� �E� XQLWV LQ VHPL�DXWRPDWLF ZHOGLQJ
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SRRO�� 7KH ZRUNLQJ SRLQW LQ DUFLQJ DOZD\V LV LQ WKH
IDOOLQJ VHFWLRQ RI 9$&� 5HFWLILHUV KDYH WKH FDSDELOLW\
RI DGMXVWPHQW RI 9$& VORSH� VKRUW�FLUFXLW FXUUHQW�
KRW VWDUW �FXVWRP IHDWXUHV�� ,W VKRXOG EH QRWHG WKDW
WKH UDQJH RI RSHUDWLQJ WHPSHUDWXUHV LV IURP w�� WR
��� �&� ZKLFK LV QRW SURYLGHG E\ DQ\ LQYHUWHU�W\SH
SRZHU VRXUFH� %\ $OO�8QLRQ 5HVHDUFK ,QVWLWXWH RI
3LSHOLQH &RQVWUXFWLRQ �91,,67� HVWLPDWH WKH ZHOGLQJ
FKDUDFWHULVWLFV RI UHFWLILHUV DUH QRW LQIHULRU WR WKH EHVW
PRGHOV RI WKH LQYHUWHU VRXUFHV� DW OHDVW LQ PDQXDO DUF
ZHOGLQJ� )LJXUH � JLYHV WKH KLVWRJUDPV RI GLVWULEXWLRQ
RI VKRUW�FLUFXLWLQJ WLPHV LQ ZHOGLQJ LQ 9'����'.
DQG 9'8���� XQLWV LQ WKH 0,* PRGH�

$V IROORZV IURP )LJXUH � WKH YDOXH RI VKRUW�FLUFXLW
GXUDWLRQ LQ WKH VRXUFHV ZLWK D FRPELQHG FKDUDFWHULVWLF
LV VXIILFLHQWO\ VWDEOH� XQOLNH WKH WUDGLWLRQDO 9'8�����
7KLV HQVXUHV KLJK SURFHVV SURSHUWLHV RI WKH ZHOGHG
MRLQWV� E\ SURYLGLQJ D FRQVWDQW DQG VWDEOH VL]H RI WKH
GURSV RI WKH WUDQVIHUUHG PHWDO �GURS VL]H LV DERXW �� �
RI ZHOGLQJ ZLUH GLDPHWHU DW DUF FXUUHQWV UHFRPPHQGHG
IRU WKH JLYHQ ZLUH GLDPHWHU�� $ FRPSOHWH F\FOH RI
LQYHVWLJDWLRQV KDV EHHQ FRQGXFWHG WR FRPSDUH WKH PH�
FKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV� ,W LV IRXQG WKDW
WKH PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV� DW OHDVW
IRU 00$ PRGH� DUH RQ WKH OHYHO RI WKRVH SURYLGHG
E\ WKH LQYHUWHU�W\SH VRXUFHV� ,QYHVWLJDWLRQ UHVXOWV
KDYH EHHQ FRQILUPHG E\ WKH UHVXOWV RI WHVWLQJ DW
91,,67� $ SRVVLELOLW\ ZDV GHPRQVWUDWHG RI SURGXFLQJ
VWDEOH SHULRGLFDO VKRUW�FLUFXLWLQJ RI WKH DUF JDS DW D
FRQVWDQW IUHTXHQF\ ZLWK DSSOLFDWLRQ RI FRPELQHG
9$&� ,QFUHDVH RI DUF FXUUHQW OHDGV WR D VWDEOH VKRUW�
HQLQJ RI WKH VKRUW�FLUFXLW GXUDWLRQ DQG VKLIWLQJ RI WKH
FXUYH LQ )LJXUH �� D WR WKH ULJKW� 6L]H RI WKH GURSV RI
WKH WUDQVIHUUHG PHWDO LV UHGXFHG� DFFRUGLQJO\� 7KHUH�
IRUH� ZH KDYH HYHU\ ULJKW WR FDOO LW D FRQWUROODEOH
WUDQVIHU� DFKLHYHG ZLWKRXW DSSO\LQJ DQ\ VSHFLDO
SXOVHV� DV LQ WKH FDVH RI LQYHUWHU VRXUFHV LQ WKH �SXOVH�
PRGH� )LJXUH � JLYHV WKH W\SLFDO RVFLOORJUDPV RI ZHOG�
LQJ FXUUHQW DQG YROWDJH LQ '.�W\SH SRZHU VRXUFHV LQ
VHPL�DXWRPDWLF ZHOGLQJ� $QDO\VLV RI WKLV )LJXUH VKRZV
WKH KLJK VWDELOLW\ RI WKH ZHOGLQJ PRGH� XQDFKLHYDEOH
EHIRUH ZLWK WKH WK\ULVWRUL]HG VRXUFHV� 2VFLOORJUDPV
ZHUH UHFRUGHG XVLQJ D VSHFLDO 3&�EDVHG PHDVXULQJ
V\VWHP DQG DQDORJ�GLJLWDO FRQYHUWHU�

$QRWKHU QHZ WK\ULVWRUL]HG SRZHU VRXUFH LV EHLQJ
LQWURGXFHG LQ SDUDOOHO� ZKLFK KDV D FRPELQHG 9$&
EDVHG RQ 9'8���� IRU 0,* DQG 00$ PRGHV� DQG
ZKLFK ZDV FDOOHG 9'8����� 7KH QHHG IRU LWV GHYHO�
RSPHQW DQG PDQXIDFWXUH DULVHV IURP WKH LQGXVWULDO
HQWHUSULVHUV UHTXLULQJ D QHZ SRZHU VRXUFH IRU VHPL�
DXWRPDWLF ZHOGLQJ IRU XS WR ��� $ FXUUHQWV ZLWK D
IXOO\�FRQWUROOHG UHFWLILHU� ,WV GHYHORSPHQW LQFRUSR�
UDWHV DOO WKH SRVLWLYH H[SHULHQFH JDLQHG LQ GHYHORSPHQW
DQG LQWURGXFLQJ LQWR SURGXFWLRQ WKH'.� W\SH VRXUFHV�
,WV GLIIHUHQFH FRQVLVWV LQ WKDW WKH FRPELQHG 9$& LV
IRUPHG E\ WKH FRQWURO ERDUG ZLWK SUHVHUYDWLRQ RI DQ
XQFKDQJHG SRZHU FRPSRQHQWV RI WKH VWDQGDUG 9'8�
���� 6KRUW�FLUFXLWLQJ VHQVRU ZDV DSSOLHG IRU WKH ILUVW
WLPH� ZKLFK DOORZV ORZHULQJ WKH SRZHU RI WKH SRZHU
FLUFXLW DW VKRUW�FLUFXLWLQJ� UHGXFLQJ WKH VSDWWHU� 7KH
ZRUNLQJ SRLQW LQ DUFLQJ PD\ EH VZLWFKHG IURP WKH
9$& ULJLG VHFWLRQ �DSSOLHG LQ ZHOGLQJ LQ WKH YHUWLFDO
DQG RYHUKHDG SRVLWLRQV DW XS WR ��� $ FXUUHQWV ZLWK

XS WR ��� PP ZLUH� DV ZHOO DV WR IRUP WKH ZHOG ZLWK
D FRQFDYH VXUIDFH LQ PDNLQJ ILOOHW MRLQWV� WR WKH 9$&
IDOOLQJ VHFWLRQ �DSSOLHG LQ ZHOGLQJ LQ WKH GRZQKDQG
SRVLWLRQ DQG VXUIDFLQJ�� 3URGXFWLRQ WHVWLQJ RI 9'8�
��� UHFWLILHU LV EHLQJ FRPSOHWHG QRZ LQ &RPSDQ\
�8UDOPDVK� �(NDWHULQEXUJ� 5XVVLD�� )URP SUHOLPL�
QDU\ GDWD HOHFWURGH PHWDO VSDWWHU GHFUHDVHG � WR
� WLPHV� SURFHVV HIILFLHQF\ LQFUHDVHG �� �� )XOO�VFDOH
SURGXFWLRQ RI WKH SRZHU VRXUFH LV VFKHGXOHG IRU WKH
VHFRQG TXDUWHU RI �����

7KH QH[W GLUHFWLRQ RI ZHOGLQJ HTXLSPHQW GHYHORS�
PHQW LQ �6(/0$�,76� LV GHVLJQLQJ FKRSSHUV� $OO WKH
ZRUOG OHDGHUV LQ WKH ILHOG RI DUF ZHOGLQJ DUH DFWLYHO\
ZRUNLQJ RQ WKHP� /LQFROQ (OHFWULF &RPSDQ\ HYHQ VHW
XS D GLYLVLRQ RQ FKRSSHU WHFKQRORJ\� ,Q WKH JHQHUDO
IRUP D FKRSSHU LV D ZHOGLQJ LQYHUWHU IRU 00$�
0,*�0$* DQG 7,* ZHOGLQJ� PRUH H[DFWO\ D ZHOG�
LQJ FRQYHUWHU� DOVR ZLWK VXSHUSRVLWLRQ RI SXOVHV RQ
ZHOGLQJ YROWDJH� ZKLFK KDV D PXFK ORZHU SULFH DQG
PXFK KLJKHU UHOLDELOLW\ WKDQ WKH FRQYHQWLRQDO LQYHUWHU
ZHOGLQJ XQLWV� $Q\ ZRUNLQJ IUHTXHQF\ PD\ EH XVHG�
GHSHQGLQJ RQ WKH DSSOLHG FRPSRQHQWV� 3RZHU VRXUFHV
IRU FKRSSHUV DUH PXWOLRSHUDWRU SRZHU VRXUFHV RI
9'0������ 9'0����� W\SHV� 7KH QXPEHU RI FKRS�
SHUV� ZKLFK PD\ EH SRZHUHG IURP RQH PXOWLRSHUDWRU
UHFWLILHU� LV GHWHUPLQHG E\ SRZHU FKDUDFWHULVWLFV� EXW
FRQVLGHULQJ WKDW WKH FKRSSHU HIILFLHQF\ LV QRW OHVV WKDQ
�� �� D 90'����� UHFWLILHU VXSSRUWV QRW OHVV WKDQ �
FKRSSHUV ZLWK WKH ZRUNLQJ FXUUHQW RI ��� $ RU �
FKRSSHUV ZLWK WKH ZRUNLQJ FXUUHQW RI ��� $� 7KH ILUVW
ORFDOO\ PDQXIDFWXUHG FKRSSHU ZLOO EH GLVSOD\HG LQ
�6(/0$�,76� ERRWK LQ �6YDUND������ ([KLELWLRQ
LQ 6W��3HWHUVEXUJ�

,Q DGGLWLRQ� DQRWKHU DUHD RI ZHOGLQJ ZDV SXUVXHG
LQ RXU FRXQWU\� QDPHO\ GHYHORSPHQW RI H[WUHPHO\ VLP�
SOH� LQH[SHQVLYH DQG UHOLDEOH ZHOGLQJ XQLWV� XVLQJ OR�
FDO FRPSRQHQWV� 7KH\ LQFOXGH ZHOGLQJ UHFWLILHUV 9'�
���� 9'����� 9'��[���� 7KH\ GR QRW KDYH VXFK FD�
SDELOLWLHV RI ZHOGLQJ� DV WKRVH PHQWLRQHG DERYH� EXW
DUH LQ GHPDQG FRQVWDQWO\�

&DOFXODWLRQV PDGH IRU WKH EDVLF WHFKQLFDO�HFR�
QRPLF SDUDPHWHUV RI IXVLRQ ZHOGLQJ HTXLSPHQW DUH
KLJKO\ VLJQLILFDQW� 7KHVH GDWD DUH LQWHUHVWLQJ IRU DOO
WKH HQWHUSULVHV� ZKLFK KDYH SRZHU VDYLQJ SURJUDPV�

)LJXUH �� 2VFLOORJUDPV RI ZHOGLQJ FXUUHQW ��� DQG YROWDJH ��� LQ
VHPL�DXWRPDWLF ZHOGLQJ LQ SRZHU VRXUFHV RI 9'����'. W\SH ZLWK
D FRPELQHG 9$& �VKLHOGLQJ JDV LV DUJRQ� ZLUH LV $O��0J W\SH�
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&DOFXODWHG YDOXHV �)LJXUH �� DUH FRPSDUHG ZLWK WKH
RSHUDWLQJ YDOXHV LQ &RPSDQ\ �8UDOPDVK�� $ JRRG
FRUUHODWLRQ RI WKH UHVXOWV LV IRXQG ZLWKLQ � � RI WKH
YDOXHV� $V IROORZV IURP )LJXUHV �w�� WKH PRVW FKDU�
DFWHULVWLF LV WKH FRPSDULVRQ RI PDQXDO DUF DQG VHPL�
DXWRPDWLF ZHOGLQJ� ,W VKRXOG EH QRWHG WKDW FDOFXODWLRQ
ZDV EDVHG RQ WKH GDWD RQ D PRGHUQ SRZHU VRXUFH
9'����'. IRU PDQXDO DUF� DUJRQ�DUF DQG VHPL�DXWR�
PDWLF DUF ZHOGLQJ� ,I WKH SDUDPHWHUV RI D FRQYHQWLRQDO
UHFWLILHU VRXUFH 9'���� �9'����( DQDORJ� DUH XVHG�
WKH GDWD EHFRPH DSSDOOLQJ� 3RZHU FRQVXPSWLRQ ZLOO
EH ���� N:⋅K�NJ ZLWK WKH WLPH IRU PDNLQJ � P RI
ZHOG HTXDO WR ����� K� ,I SDUDPHWHUV RI DPXOWLRSHUDWRU
ZHOGLQJ UHFWLILHU 9'0����� ZLWK EDOODVW UHVLVWRUV DUH
XVHG� WKH VLWXDWLRQ EHFRPHV FULWLFDO� SRZHU FRQVXPS�
WLRQ ZLOO EH ���� N:⋅K�NJ ZLWK WKH VDPH SHUIRUPDQFH
WLPH�

7KXV� LI ZH SURFHHG IURP DYHUDJH GDWD� VKRZLQJ
ZHOGHUsV DFWLYLW\� QDPHO\ DQQXDO FRQVXPSWLRQ RI
ZHOGLQJ HOHFWURGHV RI � WRQV RU RI ZHOGLQJ ZLUH RI
��� WRQV� WKH DQQXDO SRZHU FRQVXPSWLRQ UHFDOFXODWHG
IRU RQH ZHOGHU IRU GLIIHUHQW SRZHU VRXUFHV ZLOO EH�
N:⋅K�

• PRGHUQ ZHOGLQJ UHFWLILHU 9'����'. x �����
• WUDGLWLRQDO ZHOGLQJ UHFWLILHU 9'����' �9'�

���(� x ������
• PXOWLRSHUDWRU ZHOGLQJ UHFWLILHU 9'����� ZLWK

EDOODVW UHVLVWRUV x ������
• PRGHUQ LQYHUWHU�W\SH SRZHU VRXUFH RU FKRSSHU

IRU VHPL�DXWRPDWLF ZHOGLQJ ZLWK VROLG ZLUH x �����

• PRGHUQ SRZHU VRXUFH IRU VHPL�DXWRPDWLF ZHOGLQJ
�9'����'.� 9'8����6� XVLQJ IOX[�FRUHG ZLUH x
�����

• PRGHUQ SRZHU VRXUFH IRU VHPL�DXWRPDWLF ZHOGLQJ
�9'����'.� 9'8����6� ZKHQ XVLQJ VROLG ZLUH DQG
JDV PL[WXUHV x �����

• PRGHUQ SRZHU VRXUFH IRU VHPL�DXWRPDWLF ZHOGLQJ
9'����'.� 9'8����6 ZKHQ XVLQJ VROLG ZLUH DQG
&2� x �����

)LJXUH � VKRZV SRZHU VDYLQJ� ZKHQ JRLQJ RYHU WR
PRGHUQ ZHOGLQJ HTXLSPHQW� GHSHQGLQJ RQ WKH QXPEHU
RI ZHOGHUV�

2Q WKH RWKHU KDQG� LW VKRXOG EH QRWHG WKDW DSSOL�
FDWLRQ RI PRGHUQ ZHOGLQJ SURFHVVHV SURYLGHV QRW RQO\
D VDYLQJ RI FRPSDQ\ IXQGV� EXW DOVR DQ LPSURYHG
TXDOLW\ RI WKH ZHOGHG MRLQW� )LJXUH � VKRZV WKH VWUXF�
WXUH RI WKH ZHOG SURGXFHG E\ VHPL�DXWRPDWLF ZHOGLQJ
ZLWK VROLG DQG IOX[�FRUHG ZLUH ��)LODUN�� 6ZHGHQ��

$ QXPEHU RI IDFWRUV VKRXOG EH WDNHQ LQWR DFFRXQW�
ZKHQ VHOHFWLQJ WKH ZHOGLQJ HTXLSPHQW�

• SHUIRUPDQFH RI D ODUJH VFRSH RI PDQXDO DUF ZHOG�
LQJ RSHUDWLRQV UHTXLUHV PRGHUQ ZHOGLQJ XQLWV �9'�
���'.� 9'����'.�� DV WKH\ DOORZ UHGXFLQJ VSDWWHU
RI HOHFWURGH PHWDO DQG SRZHU FRQVXPSWLRQ DQG SUR�
YLGH D KLJK TXDOLW\ RI WKH ZHOGHG MRLQW� :KHQ SHU�
IRUPLQJ ZHOGLQJ RSHUDWLRQV ZLWKPXOWLRSHUDWRU SRZHU
VRXUFHV� LW LV UDWLRQDO WR JR RYHU� DV IDU DV SRVVLEOH�
WR WKH XVH RI DFURVV�WKH�OLQH XQLWV �9'��×����� ZKLFK
SURYLGH DQ DOPRVW WZR�WLPHV SRZHU VDYLQJ�

• ZKHQ JRLQJ RYHU WR VHPL�DXWRPDWLF ZHOGLQJ ZLWK
VROLG ZLUH LQ VKLHOGLQJ JDVHV� FRPSDUHG WR &2� ZHOG�
LQJ� HOHFWURGH PHWDO VSDWWHU GHFUHDVHV DOPRVW ���w�

)LJXUH �� 'HSHQGHQFH RI WKH PHDQ YDOXH RI GHSRVLWLRQ IDFWRU αG

RQ ZHOGLQJ SURFHVVHV� � x PDQXDO DUF ZHOGLQJ ZLWK FRDWHG HOHF�
WURGHV LQ D PRGHUQ 9'����'. SRZHU VRXUFH� � x VHPL�DXWRPDWLF
ZHOGLQJ ZLWK VROLG ZLUH LQ &2� LQ PRGHUQ WK\ULVWRULVHG SRZHU
VRXUFHV 9'����'.� 9'8����6� �x VHPL�DXWRPDWLF ZHOGLQJ ZLWK
VROLG ZLUH LQ JDV PL[WXUHV LQ PRGHUQ WK\ULVWRULVHG SRZHU VRXUFHV
9'����'.� 9'8����6� � x VHPL�DXWRPDWLF ZHOGLQJ ZLWK IOX[�
FRUHG ZLUH LQ PRGHUQ WK\ULVWRULVHG SRZHU VRXUFHV 9'����'.�
9'8����6� �x VHPL�DXWRPDWLF VROLG ZLUH ZHOGLQJ LQ JDV PL[WXUHV
LQ LQYHUWHU�W\SH V\QHUJHWLF SRZHU VRXUFHV

)LJXUH �� 'HSHQGHQFH RI DYHUDJH YDOXH RI SRZHU FRQVXPSWLRQ SHU
� NJ RI WKH GHSRVLWHG PHWDO RQ GLIIHUHQW ZHOGLQJ SURFHVVHV ��w� x
VDPH DV LQ )LJXUH ��

)LJXUH �� 'HSHQGHQFH RI PHDQ YDOXH RI WLPH RI PDNLQJ D ZHOG RQ
WKH ZHOGLQJ SURFHVV� � x ZLWKRXW WDNLQJ LQWR DFFRXQW WKH WLPH
UHTXLUHG WR FKDQJH WKH HOHFWURGH� �w� x VDPH DV LQ )LJXUH �

)LJXUH �� 3RZHU VDYLQJ ZKHQ JRLQJ RYHU WR PRGHUQ ZHOGLQJ HTXLS�
PHQW� GHSHQGLQJ RQ WKH QXPEHU RI ZHOGHUV� � x IURP 9'����
����(� W\SH VRXUFH WR 9'����'. LQ PDQXDO DUF ZHOGLQJ� � x
IURP D VRXUFH RI 9'0����� W\SH WR 9'����'. LQ PDQXDO DUF
ZHOGLQJ� � x IURP D VRXUFH RI 9'���� ����(� W\SH �PDQXDO DUF
ZHOGLQJ� WR 9'����'. �VHPL�DXWRPDWLF IOX[�FRUHG ZLUH ZHOGLQJ�
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WLPHV� DQG HOHFWURGH PHWDO GURS GHSRVLWLRQ RQ WKH
ZHOG DQG +$= PHWDO x DOPRVW �w�� WLPHV� WKLV GH�
WHUPLQLQJ VXEVHTXHQW ODERXU FRQVXPSWLRQ IRU VSDWWHU
UHPRYDO IURP WKH VXUIDFH RI SDUWV EHLQJ ZHOGHG�

• ZHOGLQJ VRXUFHV RI WKH W\SH RI 9'����'.�9'8�
���6� 9'8����� 9'*����� 96����%$� 9'*����
PD\ EH XVHG� +RZHYHU� WKH RSWLPDO VROXWLRQ LV XVLQJ
LQYHUWHU�W\SH V\QHUJHWLF VRXUFHV OLNH 6,1(50,*����
RU FKRSSHUV� 7KLV DOORZV IXUWKHU LQFUHDVLQJ WKH ZHOG�
LQJ SURFHVV HIILFLHQF\ DW OHDVW E\ �� ��

• ZKHQ JRLQJ RYHU WR VHPL�DXWRPDWLF IOX[�FRUHG
ZLUH ZHOGLQJ LQ &2� RU JDV PL[WXUHV� HOHFWURGH ZLUH
VSDWWHU LV SUDFWLFDOO\ DEVHQW� WKLV DFWXDOO\ HOLPLQDWLQJ
VXEVHTXHQW ODERXU FRQVXPSWLRQ WR UHPRYH VSDWWHU
IURP WKH VXUIDFH RI LWHPV EHLQJZHOGHG� 7KH SRVVLELOLW\
RI HPSOR\LQJ ZHOGHUV ZLWK ORZHU TXDOLILFDWLRQV LV QR�
WDEOH� ,Q WKLV FDVH XVH RI ZHOGLQJ VRXUFHV RI WKH W\SH
RI 9'����'.� 9'8����6� 9'*����� 96����%$�
9'*���� LV RSWLPDO� $SSOLFDWLRQ RI LQYHUWHU SRZHU
VRXUFHV LV QRW PDQGDWRU\�

• LQ WHUPV RI PHFKDQLFDO SURSHUWLHV WKH GLIIHUHQFHV
EHWZHHQ WKH YDULDQWV RI VHPL�DXWRPDWLF ZHOGLQJ FRQ�
VLVW LQ WKH FKDQJH RI UHODWLYH HORQJDWLRQ RI WKH SUR�
GXFHGZHOGHG MRLQW� ZKLFK ULVHV E\ ≈ �� � DQG LQFUHDVH
RI LPSDFW WRXJKQHVV LQ WKH QHJDWLYH WHPSHUDWXUH UH�
JLRQ� )OX[�FRUHG ZLUH ZHOGLQJ SURYLGHV WKH KLJKHVW
LPSDFW WRXJKQHVV �&KDUS\ YDOXH GRZQ WR w�� DW 7  
 w�� �&�� 6ROLG ZLUH ZHOGLQJ LQ VKLHOGLQJ JDVHV JLYHV
D VRPHZKDW ORZHU LPSDFW WRXJKQHVV RI WKH ZHOGHG
MRLQW .&8  ����w���� -�FP� DW 7  w�� �&�

6ROLG ZLUH &2� ZHOGLQJ SURYLGHV DQ HYHQ ORZHU
LPSDFW WRXJKQHVV .&8  ��� -�FP� DW 7  w�� �&�
0DQXDO DUF ZHOGLQJ JLYHV D VWLOO ORZHU LPSDFW WRXJK�
QHVV .&8  �w� -�FP� DW 7  w�� �&�

7KXV� SURFHHGLQJ IURP WKH DERYH�VDLG� LW LV SRVVLEOH
WR DFFXUDWHO\ HQRXJK RXWOLQH WKH PDLQ GLUHFWLRQV RI
GHYHORSPHQW� PDQXIDFWXUH DQG DSSOLFDWLRQ RI ZHOGLQJ
HTXLSPHQW LQ 5XVVLD DV IROORZV�

�� 'HYHORSPHQW DQG LQWURGXFWLRQ LQWR SURGXFWLRQ
RI PRGHUQ WK\ULVWRUL]HG SRZHU VRXUFHV IRU DOO NLQGV
RI DUF ZHOGLQJ ZLOO EH PDLQO\ SXUVXHG WR LPSURYH WKH
FRQWURO FLUFXLWV� 7KLV LV GXH WR WKH IDFW WKDW &,6 FRXQ�
WULHV GR QRW PDQXIDFWXUH SRZHUIXO WUDQVLVWRUV� UH�
TXLUHG IRU D IXQGDPHQWDO XSJUDGLQJ RI WKH SRZHU FLU�
FXLW RI WKH VRXUFHV� ZKHUHDV IRUHLJQ�PDGH SURGXFWV
DUH UDWKHU H[SHQVLYH� WKLV OHDGLQJ WR QRQ�FRPSHWLWLYH
SULFHV LQ WKH FDVH RI PDQXIDFWXULQJ DQ LQYHUWHU�W\SH
SRZHU VRXUFH� :RUN RQ LPSURYHPHQW RI WKH WK\ULVWRU
UHFWLILHU FRQWURO FLUFXLWV OHG WR GHVLJQLQJ FRPSDUD�
WLYHO\ VLPSOH� EXW RULJLQDO FRQWURO FLUFXLWV� ZKLFK DO�
ORZHG GHYHORSLQJ LQH[SHQVLYH KLJK�TXDOLW\ SRZHU
VRXUFHV IRU DOO ZHOGLQJ SURFHVVHV �00$� 0,*� 7,*�
LQFRUSRUDWLQJ ORFDO FRPSRQHQWV� $V WR WKHLU ZHOGLQJ
SURSHUWLHV� WKHVH VRXUFHV DUH QRW LQIHULRU WR WKH EHVW
VDPSOHV RI VLPLODU ZHOGLQJ HTXLSPHQW RI IRUHLJQ FRP�
SDQLHV DQG DUH VXSHULRU WR WKHP DV WR RSHUDWLQJ FRQ�
GLWLRQV� &KDUDFWHULVWLF H[DPSOHV DUH ZHOGLQJ UHFWLILHUV
RI WKH W\SH RI 9'����'.� 9'����'.� 9'8����
ZLWK D FRPELQHG 9$&�

7KH UDWLR RI WKH TXDOLW\ DQG WKH SULFH LV VHOHFWHG
IURP DQ RSWLPDO UDQJH� 7KH LQGXVWU\ KDV D GHPDQG IRU
WKHVH UHFWLILHUV� DV LW EHFRPHV SRVVLEOH WR PDNH XS WKH
ZHOGLQJ HTXLSPHQW IOHHW EDVHG RQ RQH VRXUFH� WKLV PDUN�

HGO\ IDFLOLWDWLQJ WKHLU VHUYLFH DQG DOORZLQJ FRQVLGHU�
DEOH IXQGV WR EH VDYHG� ZKHQ SXUFKDVLQJ WKH VRXUFHV�

�� 'XULQJ UHIXUELVKPHQW RI ZHOGLQJ SURGXFWLRQ LQ
ZHOGLQJ HQWHUSULVHV VSHFLDO DWWHQWLRQ VKRXOG EH JLYHQ
WR WKH SUREOHP RI UHSODFHPHQW RI PDQXDO DUF ZHOGLQJ
E\ VHPL�DXWRPDWLF ZHOGLQJ RU PRGHUQ PDQXDO DUF
ZHOGLQJ VRXUFHV VKRXOG EH SXUFKDVHG� 7KLV DOORZV WKH
HIILFLHQF\ RI ZHOGLQJ RSHUDWLRQV WR EH LQFUHDVHG VHY�
HUDO WLPHV ZLWK LPSURYHG TXDOLW\ DQG D FRQVLGHUDEOH
DPRXQW RI SRZHU WR EH VDYHG �VHH )LJXUHV � DQG ���

7KHUH H[LVW WZR DSSUR[LPDWHO\ HTXLYDOHQW PHWKRGV
IRU GHYHORSPHQW RI JDV�VKLHOGHG VHPL�DXWRPDWLF ZHOGLQJ�

• WKH ILUVW PHWKRG LV UHODWHG WR LPSURYHPHQW RI
H[SHQVLYH LQYHUWHU�W\SH VRXUFHV RU FKRSSHUV� DSSOLFD�
WLRQ RI VROLG ZLUH DQG XVH RI JDV PL[WXUHV LQ ZHOGLQJ�

• WKH VHFRQG PHWKRG FRQVLVWV LQ IXUWKHU LPSURYH�
PHQW RI UHODWLYHO\ LQH[SHQVLYH SRZHU VRXUFHV RI WKH
W\SH RI 9'����'.� 9'8����6� 9'*����� 96�
���%$� 9'*����� DSSOLFDWLRQ RI IOX[�FRUHG ZLUH DQG
XVH RI ERWK JDV PL[WXUHV DQG &2� LQ ZHOGLQJ�

�� ,Q WKH QHDU IXWXUH WKH PDLQ GLUHFWLRQ RI GHYHO�
RSPHQW RI WK\ULVWRUL]HG ZHOGLQJ VRXUFHV PDQXIDFWXUH
LQ 5XVVLD DQG &,6 FRXQWULHV ZLOO EH GHVLJQLQJ UHOD�
WLYHO\ LQH[SHQVLYH DQG FRPSHWLWLYH DOO�SXUSRVH UHFWL�
ILHUV RI ORFDO FRPSRQHQWV� 7KHLU FRPSHWLWLYHQHVV ZLOO
GHSHQG RQ WKH QRYHOW\ RI HQJLQHHULQJ VROXWLRQV DQG
PDQXIDFWXULQJ TXDOLW\� 'HYHORSPHQW RI ORFDO FRPSR�
QHQWV PDQXIDFWXUH ZLOO GHWHUPLQH IXUWKHU GLUHFWLRQV
RI SRZHU VRXUFH LPSURYHPHQW�

�� 0DQXIDFWXUH RI VSHFLDOLVHG LQYHUWHU�W\SH ZHOG�
LQJ SRZHU VRXUFHV �V\QHUJHWLF� RUELWDO� HWF�� LQFRUSR�
UDWLQJ IRUHLJQ FRPSRQHQWV� ZLOO EH WKH SUHURJDWLYH RI
IRUHLJQ FRPSDQLHV� XQWLO WKH ORFDO FRPSRQHQW PDQX�
IDFWXULQJ LV LQ SODFH�

�� 7KH RQO\ SRVVLEOH GLUHFWLRQ RI GHYHORSPHQW RI
WKH ORFDO LQYHUWHU�W\SH ZHOGLQJ V\VWHPV� ZKLFK PD\
EH FRPSHWLWLYH DJDLQVW IRUHLJQ GHYHORSPHQWV LQ WKH
ILHOG DQG HQVXUH FRPPHUFLDO VXFFHVV� LV DV IDVW DV SRV�
VLEOH PDVWHULQJ RI ORFDO PDQXIDFWXUH RI FKRSSHUV�
ZKLFK PD\ EH UHDOLVHG XVLQJ ORFDO FRPSRQHQWV DQG D
PLQLP QXPEHU RI IRUHLJQ FRPSRQHQWV� 7KLV ZLOO EH
VHHQ IURP GHYHORSPHQW RI WKH VLWXDWLRQ LQ ���� w�����

�� %HUQDGVN\� 9�1�� 0D]XU� $�$� ������ :RUOG DQG UHJLRQDO
PDUNHW RI ZHOGLQJ HTXLSPHQW� ,Q� 8S�WR�GDWH SUREOHPV DQG
SURJUHVV LQ WKH ILHOG RI ZHOGLQJ� DOOLHG WHFKQRORJLHV DQG
HTXLSPHQW DW WKH WUDQVLWLRQ WR ;;, FHQWXU\� 6W��3HWHUVEXUJ�

�� 0LO\XWLQ� 9�6�� .RURWNRY� 9�$� ������ :HOGLQJ SRZHU
VRXUFHV� 0DQXDO� &KHO\DELQVN� 0HWDOOXUJL\D 8UDOD�

�� .RSLOHQNR� (�$�� 3DYOHQNR� *�9�� .DUDVHY� 0�9� HW DO�
0HWKRG RI DUF ZHOGLQJ ZLWK VKRUW�FLUFXLWLQJ RI WKH DUF JDS�
'HFODUHG SDW� �����$ 8NUDLQH� 3XEO� ���������

)LJXUH �� $SSHDUDQFH RI D ODFN RI SHQHWUDWLRQ LQ VROLG ZLUH ZHOGLQJ
�ULJKW�� FRPSDUHG WR IOX[�FRUHG ZLUH �OHIW� DW RVFLOODWLRQ RI WKH
ZHOGHUsV KDQG
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$�3� 6+$75$9$

3K\VLFR�7HFKQRORJLFDO ,QVWLWXWH RI 0HWDOV DQG $OOR\V� 1$68� .\LY� 8NUDLQH

3K\VLFDO�PHFKDQLFDO FKDUDFWHULVWLFV RI FRPSRVLWH FRDWLQJV SURGXFHG XVLQJ D ODVHU VXUIDFLQJ ZHUH VWXGLHG� 'HSHQGHQFLHV

RI VHUYLFH FKDUDFWHULVWLFV RI ZRUNLQJ VXUIDFHV RQ VWUXFWXUDO�SKDVH FRPSRVLWLRQ RI GHSRVLWHG OD\HUV ZHUH HVWDEOLVKHG�

0HFKDQLVP RI LPSURYLQJ ZHDU�UHVLVWDQFH RI D IULFWLRQ SDLU ZDV GHYHORSHG�

.H\ ZRU G V � FRPSRVLWH FRDWLQJV� ODVHU VXUIDFLQJ� DQWLIULF�

WLRQ SURSHUWLHV� SK\VLFDO�PHFKDQLFDO FKDUDFWHULVWLFV

'HYHORSPHQW RI QHZPDWHULDOV DQG WHFKQRORJLHV RI WKHLU

SURGXFWLRQ WR SURYLGH DQWLIULFWLRQ RI IULFWLRQ SDLUV LV RQH

RI WKH PRVW LPSRUWDQW WDVNV RI D JHQHUDO SUREOHP RI

IULFWLRQ� OXEULFDWLRQ DQG ZHDU LQ PDFKLQHV� $QWLIULFWLRQ

FRQGLWLRQ LV FKDUDFWHUL]HG E\ D ORZ DQG VWDEOH FRHIILFLHQW

RI IULFWLRQ DW KLJK ZHDU�UHVLVWDQFH DQG D JRRG UXQ�LQ

>�@� 7KH VROXWLRQ RI WKLV SUREOHP LV PRVW DFWXDO IRU
PDFKLQH SDUWV RSHUDWLQJ XQGHU WKH FRQGLWLRQV RI OLPLWD�

WLRQ RU IXOO DEVHQFH RI OXEULFDQW LQ IULFWLRQ� 8QGHU WKHVH

FRQGLWLRQV LWV UROH FDQ EH SOD\HG E\ D VRIW PHWDO� *ROG�

VLOYHU� FRSSHU� OHDG� LQGLXP DQG EDULXP DUH XVHG DV

PHWDOOLF OXEULFDQWV >�@�

2YHU WKH UHFHQW \HDUV FRPSRVLWH PDWHULDOV DUH XVHG
HIIHFWLYHO\ LQ WKH PDQXIDFWXUH RI PDFKLQH SDUWV LQ�

FOXGLQJ VROLG OXEULFDQWV�

$V DQ REMHFW RI LQYHVWLJDWLRQV WKH FRPSRVLWLRQV RI

)Hw&X V\VWHP ZLWK GLIIHUHQW YROXPH FRQWHQW RI FRP�

SRQHQWV LQ WKH ILOOHU PDWHULDO FRPSRVLWLRQ ZHUH VH�

OHFWHG� &RDWLQJV IURP DERYH FRPSRVLWH PDWHULDOV ZHUH
SURGXFHG IURP SRZGHUV XVLQJ D ODVHU UDGLDWLRQ >�@�

/DVHU VXUIDFLQJ ZDV SHUIRUPHG LQ LQHUW JDV �$U� ZKLFK

ZDV XVHG DV WUDQVSRUWLQJ JDV �JDV FRQVXPSWLRQ *J  

 ��w�� O�K� DW IHHGLQJ RI SRZGHU RI ��w��� µP
GLVSHUVLW\ DQG YROXPH SHUFHQW UDWLR ��w�� RI RQH RI
FRPSRQHQWV�

7KH ILOOHU SRZGHU �FRQVXPSWLRQ ZDV FKDQJHG

ZLWKLQ *39  �w� FP
�
�PLQ RU *30  ���w

���� J�PLQ� ZDV IHG XQGHU ��� DQJOH WR D[LV RI ODVHU

UDGLDWLRQ IROORZLQJ WKH ODVHU EHDP PRYHPHQW� +HDW

VRXUFH ZLWK D SRZHU GHQVLW\ :G  �w�⋅��� :�P�

ZDV PRYHG DW D UDWH Y  �w�� PP�V SURYLGLQJ GH�

SRVLWHG EHDGV RI ���w��� PP ZLGWK DQG �w��� PP

KHLJKW� 6XUIDFLQJ IRU ZHDU WHVWV ZDVPDGH RQ VXEVWUDWH
RI 6W�� �& x ����w����� 0Q x ���w��� ZW��� )H x

EDODQFH� LQ WKH IRUP RI ULQJV RI � FP�
DUHD�

$V D UHVXOW RI ODVHU JDV�SRZGHU VXUIDFLQJ RI FRP�

SRVLWH PDWHULDO �VWHHOwEURQ]H� RQ VXUIDFH RI D VWHHO

VDPSOH GLIIHUHQW GHSRVLWHG FRDWLQJV ZHUH IRUPHG

ZKLFK FDQ EH GLYLGHG LQWR WKUHH JURXSV� , x VWHHO �

��w�� � EURQ]H� ,, x VWHHO � ��w�� � EURQ]H� ,,, x

VWHHO � ��w�� � EURQ]H �)LJXUH ���

$ VWDWLVWLF DQDO\VLV RI VWUXFWXUDO SKDVH FRQVWLWXHQWV
RI HOHFWURQ LPDJHV RI PLFURVWUXFWXUHV REWDLQHG LQ HOHF�

WURQ PLFURVFRSH DW ;�UD\ PLFURDQDO\VLV ZDV PDGH IRU

DOO WKH DERYH�PHQWLRQHG FRPSRVLWLRQV� $QDO\VLV ZDV

PDGH XVLQJ D XQLTXH SURFHGXUH DQG VRIWZDUH GHYHO�

RSHG LQ 3K\VLFR�7HFKQRORJLFDO ,QVWLWXWH RI0HWDOV DQG

$OOR\V RI WKH 1$6 RI8NUDLQH >�@� 7KH IROORZLQJ VWUXF�
WXUH SDUDPHWHUV ZHUH VWXGLHG� SHUFHQWDJH� PHDQ VL]H

DQG DYHUDJH DUHD RI LQFOXVLRQV� PHDQ GLVWDQFH EHWZHHQ

WKHP� WKHLU TXDQWLW\� YDOXHV RI WKHLU PD[LPXP DQG

PLQLPXP GLDPHWHUV� SHULPHWHUV DQG FRHIILFLHQWV RI

VKDSH�

)RU FRDWLQJV RI FRPSRVLWLRQV RI , JURXS WKH SHU�

FHQWDJH RI EURQ]H LQFOXVLRQV ZDV VLJQLILFDQWO\ ORZHU

WKDQ LWV FRQWHQW LQ WKH GHSRVLWLQJ SRZGHU ��w� ���

7KLV LV H[SODLQHG E\ WKH IDFW WKDW QRW DOO WKH EURQ]H
HQWHUV WKH FRDWLQJ ERG\� LW FDQ EH HYDSRUDWHG SDUWLDOO\

RU HVFDSH WR WKH VXUIDFH� 'LDPHWHU RI EURQ]H LQFOXVLRQV

IRU WKHVH FRPSRVLWLRQV LV �w�� µP� WKH PHDQ GLVWDQFH

EHWZHHQ WKHP LV �w�� µP�

)RU FRDWLQJV RI FRPSRVLWLRQV RI ,,, JURXS WKH FRQ�

WHQW RI VWHHO LQFOXVLRQV GR QRW DOPRVW GLIIHU IURP WKH

LQLWLDO FRPSRVLWLRQ RI SRZGHU� L�H� �w�� �� +HUH� WKH

PHDQ GLDPHWHU RI VWHHO LQFOXVLRQ LV ��w�� µP� WKH

PHDQ GLVWDQFH EHWZHHQ WKHP LV �w�� µP�
7KH ORZHVW VFDWWHULQJ LQ VL]HV RI VWHHO DQG EURQ]H

LQFOXVLRQV LQ GHSWK DQG PRVW XQLIRUP GLVWULEXWLRQ RI

LQFOXVLRQV LQ KHLJKW DQG ZLGWK RI WKH GHSRVLWHG OD\HU

LV REVHUYHG IRU FRDWLQJV ZLWK VWHHOwEURQ]H UDWLR �����

DQG ������

,Q VWUXFWXUH RI FRDWLQJV RI RWKHU FRPSRVLWLRQV

��� � 6W���� � %U� DQG �� � 6W���� � %U�� WKH VWHHO

LQFOXVLRQV DUH FRQFHQWUDWHG QHDU D EDVH� ZKLOH WKH

EURQ]H LQFOXVLRQV DUH FRQFHQWUDWHG QHDU WKH VXUIDFH RI

D GHSRVLWHG OD\HU� 6L]HV RI LQFOXVLRQV LV RI LPSRUWDQFH

LQ SODFHV RI WKHLU ODUJH FRQFHQWUDWLRQ DV WKH\ FDQ FRD�

OHVFH EHWZHHQ WKHPVHOYHV�

7KH SUHVHQFH RI ODUJH FRDOHVFHQW LQFOXVLRQV RU HQ�

WLUH OD\HUV LV W\SLFDO WR VRPH GHJUHH RI FRDWLQJV RI

FRPSRVLWLRQV ���w��� � 6W�����w��� � %U� 7KLV SURYH

WKH IDFW WKDW HYHQ IRU D VPDOO WLPH RI KHDWLQJ DQG

FRROLQJ WKHVH PDWHULDOV FDQ ODPLQDWH LQ FRDWLQJV ZLWK

DSSUR[LPDWHO\ HTXDO UDWLR�

� $�3� 6+$75$9$� ����
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7KHVH UHVXOWV VKRZ WKDW ��w�� � FRPSRVLWLRQ LV
OLPLWLQJ IRU WKH IRUPDWLRQ RI GLVSHUVHO\�GLVWULEXWHG
FRPSRVLWHV IRU WKHVH PDWHULDOV ERWK DW JLYHQ WHPSHUD�
WXUH DQG WHPSRUDU\ FRQGLWLRQV�

,Q WKLV ZRUN WKH HIIHFW RI FRPSRVLWLRQ DQG PDFUR�
VWUXFWXUH RI FRPSRVLWH FRDWLQJV RQ WKHLU SK\VLFDO�PH�
FKDQLFDO SURSHUWLHV KDV EHHQ VWXGLHG� ,W FDQ EH FRQ�
FOXGHG IURP WKH GDWD RI ;�UD\ PLFURDQDO\VLV WKDW D
FRQVLGHUDEOH UHGLVWULEXWLRQ RI HOHPHQWV DW WKH IULFWLRQ
VXUIDFH LV REVHUYHG XQGHU WKH DFWLRQ RI ORDGLQJ LQ
IULFWLRQ� L�H� D VRIW SKDVH LV HVFDSHG WR WKH VXUIDFH
EHLQJ D VROLG OXEULFDQW LQ IULFWLRQ DQG D VROLG SKDVH
XQGHUWDNHV ORDG DQG LV UHVLVWDQW WR GHIRUPDWLRQV�

&RPSDULQJ UHVXOWV RI WHVWV IRU ZHDU RI FRPSRVLWH
FRDWLQJV DW GLIIHUHQW ORDGV LW FDQ EH FRQFOXGHG WKDW
DW ORZ ORDGV WKH FRDWLQJV ZLWK ��w�� � EURQ]H DUH

)LJXUH �� 0LFURVWUXFWXUH RI ODVHU FRPSRVLWH �VWHHOwEURQ]H� FRDWLQJV ZLWK UDWLR RI VWHHO WR EURQ]H LQ WKHP RI ����� �D�� ����� �E�� �����
�F�� ����� �G� �×����� ����� �H�� ����� �I�� ����� �J�� ����� �K� DQG ����� �L� � �,w,,, x JURXSV RI FRDWLQJV�

)LJXUH �� :HDU RI IULFWLRQ SDLU �FRPSRVLWH FRDWLQJV DQG PDWLQJ
ERG\� DW GLIIHUHQW ORDGV� � x 3  ���� � x 3  ����� � x 3  
 ���� 03D
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FKDUDFWHUL]HG E\ WKH EHVW LQGLFHV� ZKLOH DW KLJK
ORDGV x WKH FRDWLQJV ZLWK ��w�� � EURQ]H �)L�
JXUH ���

:LWK ORDG LQFUHDVH WKH LQWHQVLYH HVFDSH RI VRIW
PDWHULDO WR WKH IULFWLRQ VXUIDFH RFFXUV� DQG XQLIRUPO\
GLVWULEXWHG LQFOXVLRQV RI VWHHO �IRU FRPSRVLWLRQV RI ,,,
JURXS� SOD\ D UROH RI D IUDPH ZKLFK� IURP WKH RQH
VLGH� GRHV QRW KLQGHU WKH VRIW PDWHULDO SHQHWUDWLRQ WR
WKH VXUIDFH� DQG� IURP WKH RWKHU VLGH� GRHV QRW DOORZ
FRDWLQJ WR EH GHIRUPHG�

7KH XVH RI WKH DERYH FRPSRVLWLRQVPDNHV LW SRVVLEOH
WR LPSURYH VLJQLILFDQWO\ WKH FRQGLWLRQV RI IULFWLRQ LQ
SDLU GXH WR WUDQVIHU RI D VROLG OXEULFDQW WR D PDWLQJ

ERG\� 6LJQLILFDQW GHFUHDVH LQ ZHDU �WR �� �� LV PRVW
W\SLFDO RI IULFWLRQ SDLU DV D ZKROH� L�H� IRU WKH WRWDO
GHFUHDVH LQ ZHDU ERWK RI LQYHVWLJDWHG DQG PDWLQJ
ERG\�

�� .RVWHWVN\� %�,� ������ )ULFWLRQ� OXEULFDWLRQ DQG ZHDU RI

PDFKLQHV� .\LY� 7HNKQLND�
�� .RVWHWVN\� %�,�� .ROHVQLFKHQNR� 1�)� ������ 4XDOLW\ RI VXU�

IDFH DQG IULFWLRQ RI PDFKLQHV� .\LY� 7HNKQLND�
�� .RYDOHQNR� 9�6�� *RORYNR� /�)� ������ 6WUHQJWKHQLQJ DQG

DOOR\LQJ RI PDFKLQH SDUWV E\ ODVHU EHDP� .\LY� 7HNKQLND�
�� 6WDV� 2�,�� *DYULO\XN� 9�3� ������ &RPSXWHU PHWKRGV RI

LQYHVWLJDWLRQ LQ PHWDOORJUDSKLF DQDO\VLV� 0HWDOORYHGHQL\H L

2EUDE� 0DWHULDORY� ���� ��w���
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