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SCIENTIFIC AND TECHNICAL

0DNKQHQNR 9�,�� %XW 9�6�� 9HOLNRLYDQHQNR (�$��
5R]\QND *�)� DQG 3LYWRUDN 1�,� 0DWKHPDWLFDO PRGHOOLQJ RI
SLWWLQJ GHIHFWV LQ DFWLYH RLO DQG JDV SLSHOLQHV DQG GHYHORSPHQW

RI D QXPHULFDO PHWKRG IRU HVWLPDWLRQ RI SHUPLVVLEOH

SDUDPHWHUV RI DUF ZHOGLQJ UHSDLU RI GHIHFWV ����������������������������������������� �

.DOHQVN\ 9�.�� &KHUQ\DN <D�3�� 9DVLOLHY 9�*� DQG
6RORPLMFKXN 7�*� +HDW LQSXW LQIOXHQFH RQ IRUPDWLRQ RI WHDUV
LQ KLJK�FDUERQ VWHHO EXLOGLQJ�XS ZLWK DXVWHQLWLF ZLUHV ���������������������������� �

5\DERY 9�5�� 0XUDYHMQLN $�1�� %XGQLN 9�3��
%RQGDUHY $QGU�$�� 0RQQLQ 0�0�� 3RONLQ ,�6��
.RQNHYLFK 9�<X� DQG 7UXENLQD (�0� ,QYHVWLJDWLRQ RI
ZHOGDELOLW\ RI GLVSHUVLRQ�VWUHQJWKHQHG $O�6L& FRPSRVLWH

PDWHULDO ���������������������������������������������������������������������������������������������� ��

=DPNRY 9�1�� 9HOLNRLYDQHQNR (�$�� 6DERNDU 9�.� DQG
9U]KL]KHYVN\ (�/� 6HOHFWLRQ RI WHPSHUDWXUH RI SUHKHDWLQJ RI
γ�WLWDQLXP DOXPLQLGH LQ HOHFWURQ EHDP ZHOGLQJ ������������������������������������� ��

6KOHSDNRY 9�1� DQG 1DXPHMNR 6�0� (IIHFW RI VXUIDFH
WHQVLRQ RI ZHOGLQJ VODJV RI VDOW�R[LGH V\VWHP RQ
FKDUDFWHULVWLFV RI ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI

VHOI�VKLHOGLQJ IOX[�FRUHG ZLUH ��������������������������������������������������������������� ��

.KDVNLQ 9�<X�� 6KHO\DJLQ 9�'�� *DUDVKFKXN 9�3��
6LGRUHWV 9�1�� 6DNKDUQRY $�9� DQG *RQFKDUHQNR (�,� /DVHU

EXWW ZHOGLQJ ZLWK KLJK�IUHTXHQF\ KHDWLQJ RI ZHOG HGJHV ���������������������� ��

INDUSTRIAL

/HEHGHY 9�.� DQG 3LVPHQQ\ $�$� 3RZHU V\VWHPV RI
UHVLVWDQFH ZHOGLQJ PDFKLQHV ��������������������������������������������������������������� ��

(ILPHQNR 1�*� DQG .DOLQ 1�$� &DOFXODWLRQ RI RSWLPXP
FRQWHQW RI FDUERQ DQG PDQJDQHVH LQ HOHFWURGH LOPHQLWH�W\SH

FRDWLQJV ��������������������������������������������������������������������������������������������� ��

.RURW\QVN\ $�(� )XQFWLRQDO DQG WHVW GLDJQRVWLFV RI ZHOGLQJ
HTXLSPHQW ������������������������������������������������������������������������������������������ ��

0DWYLHQNR 9�1�� 6WHSQRY .�.�� ,YDQRY 9�3��
=DYDULND 1�*�� 2OGDNRYVN\ $�,� DQG (UPRORY 9�3� 0DVWHULQJ
WKH WHFKQRORJ\ IRU PDQXIDFWXUH RI FROG�UROOHG DOOR\HG
KDUG�IDFLQJ VWULS DW WKH 2-6& �,O\LFK 0DULXSRO 0HWDOOXUJLFDO
:RUNV� ����������������������������������������������������������������������������������������������� ��

BRIEF INFORMATION

0LNKHHY 3�3� DQG 9RMWHQNR 2�9� 5ROH RI VWUHVV

FRQFHQWUDWLRQ UHGXFWLRQ DW KLJK�IUHTXHQF\ SHHQLQJ IRU IDWLJXH

UHVLVWDQFH LQFUHDVH LQ ZHOGHG MRLQWV ���������������������������������������������������� ��

7V\EXONLQ *�$� 5REXVW GLJLWDO VHQVRU IRU DUF ZHOGLQJ �������������������������� ��
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%DFN LVVXHV DYDLODEOH

�7KH 3DWRQ :HOGLQJ -RXUQDO� :HEVLWH�
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(QJOLVK WUDQVODWLRQ RI WKH PRQWKO\ �$YWRPDWLFKHVND\D 6YDUND� MRXUQDO SXEOLVKHG LQ 5XVVLDQ VLQFH ����
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7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�



5HVLGXDO VWUHVVHV FDQ EH IXQGDPHQWDOO\ GHFUHDVHG

E\ PHDQV RI LQLWLDO SUHKHDWLQJ WR D WHPSHUDWXUH RI
DERXW ��� �& >�@� ZKLFK LV LQH[SHGLHQW LQ DQ DFWLYH

SLSHOLQH�

&21&/86,216

�� ,QGLYLGXDO SLWWLQJ GHIHFWV LQ DFWLYH JDV DQG RLO

SLSHOLQHV FDQ EH UHSDLUHG E\PDQXDO DUF ZHOGLQJ XQGHU

VSDULQJ FRQGLWLRQV DW D VXIILFLHQW WKLFNQHVV RI URRW

IDFH�+� H[FOXGLQJ IRUPDWLRQ RI IUDFWXUH RI WKH MXPSHU

GXULQJ WKH ZHOGLQJ SURFHVV E\ D PHFKDQLVP RI SODVWLF
LQVWDELOLW\ XQGHU D SUHVVXUH�

�� :HOGLQJ XS RI D SLWWLQJ GHIHFW LQ SLSHOLQHV RI

KRPH�PDGH SLSH VWHHOV LQYROYHV D SUREOHP RI IRUPD�
WLRQ RI FROG �K\GURJHQ� FUDFNV� 7R DYRLG VXFK GHIHFWV�

LW LV QHFHVVDU\ WR XVH WHFKQRORJLFDO SUHFDXWLRQV LQ�

WHQGHG IRU D GHFUHDVH LQ WKH K\GURJHQ FRQWHQW RI WKH

ZHOGLQJ ]RQH� 7KH FRQWHQW RI XQIDYRXUDEOH VWUXFWXUHV

�PDUWHQVLWH� ORZ�WHPSHUDWXUH EDLQLWH�� XSRQ ZKLFK
FROG FUDFNLQJ GHSHQGV� FDQ EH GHFUHDVHG E\ SUHKHDWLQJ

WR ��� �&�

5()(5(1&(6

�� $3, 6WDQGDUG ���� ������ :HOGLQJ RI SLSHOLQHV DQG UH�
ODWHG IDFLOLWLHV� $SSHQGL[ ��� 6HUYLFH :HOGLQJ� $PHULFDQ
3HWUROHXP ,QVWLWXWH�

�� %XUDN� <D�,�� *DO\XN� 9�.K�� ']KDUG]KLPDQRY� $�6� HW DO�

������ 'HYHORSPHQW RI SDUDPHWHUV IRU ZHOGLQJ UHSDLU RI
FDYLWLHV LQ DFWLYH PDLQ RLO SLSHOLQHV� ,Q� 7UDQVSRUW DQG 6WRU�
DJH RI 2LO DQG 2LO 3URGXFWV� ,VVXH �� 0RVFRZ�

�� 7DOLDW� 9�� =DFKDULD� 7�� :DQJ� ;��/� HW DO� ������ 1XPHUL�

FDO DQDO\VLV RI UHVLGXDO VWUHVV GLVWULEXWLRQ LQ WXEHV ZLWK VSL�

UDO ZHOG FODGGLQJ� :HOGLQJ -�� �� ��� w ����

�� ,VDFKHQNR� 9�3�� 2VLSRY� 9�$�� 6XNKRPHO� $�6� ������
+HDW WUDQVIHU� 0RVFRZ� (QHUJLD�

�� (URNKLQ� $�$� ������ .LQHWLFV RI PHWDOOXUJLFDO SURFHVVHV RI
DUF ZHOGLQJ� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� ������ 6WUHQJWK� VWDELOLW\ DQG RVFLOODWLRQV� +DQGERRN� (G�
E\ ,�$� %LUJHU� <D�*� 3DQRYNR� 0RVFRZ� 0DVKLQR�
VWUR\HQL\H�

�� 0DNKQHQNR� 9�,� ������ &DOFXODWLRQ PRGHOV IRU LQYHVWLJD�
WLRQ RI NLQHWLFV RI ZHOGLQJ VWUHVVHV DQG VWUDLQV� .\LY� 1DX�
NRYD 'XPND�

�� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 3RFKLQRN� 9�(� HW

DO� ������ 1XPHULFDO PHWKRGV RI WKH SUHGLFWLRQV RI ZHOGLQJ

VWUHVVHV DQG GLVWRUWLRQV� :HOGLQJ DQG 6XUIDFLQJ 5HY��
9RO� ��� 3DUW �� +DUZRRG $�3�

�� 'DII\� )�� (LEHUJ� 5�� 0F6H\� :� ������ 2Q EHKDYLRXU RI
GHIHFWV LQ SUHVVXUH YHVVHOV� ,Q� 1HZ PHWKRGV IRU HVWLPDWLRQ
RI EULWWOH IUDFWXUH UHVLVWDQFH RI PDWHULDOV� 0RVFRZ� 0LU�

��� 6H\IIDUWK� 3�� 0H\HU� %�� 6FKDUII� $� ������ *URVVHU $OWDV
6FKZHVV�=78�6FKDXELOGHU� 'X

..
VVHOGRUI� 'W� 9HUO� IX

..
U

6FKZHLVVWHFKQLN� '96�9HUO�
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9�.� .$/(16.<� <D�3� &+(51<$.� 9�*� 9$6,/,(9 DQG 7�*� 62/20,-&+8.

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

$%675$&7

0XOWLOD\HU EXLOGLQJ�XS RI ZRUQ VXUIDFHV RI JLUGHU WUDP UDLOV ZLWK DXVWHQLWLF ZLUHV RI 33���.K��*��1�0) W\SH LV XVHG

WR GHPRQVWUDWH WKDW GHSRVLWLRQ RI WKH ILUVW EHDG E\ RQH DUF ZLWK �� w �� N-�FP KHDW LQSXW SUHYHQWV WHDUV IRUPDWLRQ LQ

WKH +$= PHWDO RI GLIILFXOW�WR�ZHOG KLJK�FDUERQ VWHHO 0����

.H\ ZRU G V � EXLOGLQJ�XS� ZHDU� UHFRQGLWLRQLQJ� +$= PH�
WDO� WHDUV� WZLQ� DQG VLQJOH�DUF SURFHVVHV� WKHUPDO F\FOHV� VWUXF�
WXUH� KDUGQHVV

7KLV VWXG\ KDV EHHQ SHUIRUPHG IRU WKH FDVH RI EXLOG�

LQJ�XS ZRUQ UDLOV�

7UDP UDLOV DQG ZKHHOV� ZRUNLQJ DV D SDLU� OHDG WR

ZHDU RI WKH RWKHU SDUW� 7KLV SURFHVV LV WKH PRVW LQ�

WHQVLYH LQ FXUYLOLQHDU SRUWLRQV RI WKH WUDFN� ZKHUH

JLUGHU UDLOV DUH LQVWDOOHG� ,QQHU VLGH VXUIDFHV RI WKH

UDLO KHDG DQG OLS DUH PRVWO\ ZRUQ�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH H[SHUWV

ZHUH UHTXHVWHG WR GHYHORS D WHFKQRORJ\ RI EXLOGLQJ�XS

VLGH VXUIDFHV RI ZRUQ UDLOV RQ D WUDP WUDFN LQ VHUYLFH�

ZLWKRXW DSSO\LQJ DQ\ SUHKHDWLQJ RU FRQFXUUHQW KHDWLQJ�

5DLOV DUH PDLQO\ PDGH RI GLIILFXOW�WR�ZHOG VWHHO
0��� �*267 �����w��� ZLWK FDUERQ ZHLJKW IUDFWLRQ

RI ���� w ���� ��

7KLV VWXG\ZDV SHUIRUPHG XVLQJ UDLOV RI VWHHO0����
FRQWDLQLQJ� ZW��� & x ����� 0Q x ���� 6L x �����

6 x ������ 3 x ������ ,Q EXLOGLQJ�XS UDLOV RI WKLV

� 9�.� .$/(16.<� <D�3� &+(51<$.� 9�*� 9$6,/,(9 DQG 7�*� 62/20,-&+8.� ����

)LJXUH �� 0DFURVHFWLRQ RI D EXLOW�XS UDLO OLS
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3LFWXUH REVHUYHG LQ JDV SLSHOLQHV LV DSSUR[LPDWHO\
WKH VDPH� +RZHYHU� LQ WKLV FDVH WKH SURFHVV LV FRP�
SOLFDWHG E\ WKH GHSHQGHQFH RI WKH LQWHQVLW\ RI KHDW
H[FKDQJH EHWZHHQ WKH ZDOO DQG WKH WUDQVSRUWHG PH�
GLXP XSRQ WKH SUHVVXUH LQ D SLSHOLQH �VHH 7DEOH ���

5HVXOWV RI WKH FDOFXODWLRQV IRU D YHORFLW\ RI :  
 � DQG �� P�V� VKRZQ LQ )LJXUH �� LQGLFDWH KRZ WKH
FULWLFDO SUHVVXUH YDULHV ZLWK YDULDWLRQV LQ YDOXHV +
XQGHU GLIIHUHQW ZHOGLQJ FRQGLWLRQV �K  � PP� DQG
DW GLIIHUHQW GLDPHWHUV RI WKH FDYLW\� 'HSHQGHQFH RI
WKH DERYH FRQGLWLRQV RI KHDW UHPRYDO XSRQ WKH SUHVVXUH
OHDGV WR D QRQ�PRQRWRQRXV YDULDWLRQ LQ 3FU� GHSHQGLQJ
XSRQ WKH + YDOXHV XQGHU ORZ SUHVVXUHV�

$ORQJ ZLWK WKH DERYH�VDLG� LW LV QHFHVVDU\ DOVR WR
WDNH LQWR DFFRXQW WKH SUREDELOLW\ RI IUDFWXUH RI PHWDO
FDXVHG E\ WKH VR�FDOOHG K\GURJHQ �FROG� FUDFNV RU
FUDFNV LQGXFHG E\ UDSLG FRROLQJ LQ ZHOGLQJ XQGHU WKH
DERYH FRQGLWLRQV�

5DSLG FRROLQJ RI PHWDO OHDGV WR IRUPDWLRQ RI
TXHQFKLQJ VWUXFWXUHV� ZKLFK� LQ FRPELQDWLRQ ZLWK D
FHUWDLQ GLIIXVLEOH K\GURJHQ FRQWHQW DQG WHQVLOH
VWUHVVHV� PD\ FUHDWH FRQGLWLRQV IRU IRUPDWLRQ RI K\�
GURJHQ FUDFNV� 'LIIHUHQW YDULDQWV RI ZHOGLQJ XS RI
WKH FDYLW\� DV ZHOO DV WKHLU HIIHFW RQ WKH OHYHO RI UH�
VLGXDO FLUFXPIHUHQWLDO VWUHVVHV DQG SUHVHQFH RI TXHQFK�
LQJ PLFURVWUXFWXUHV WKDW GHWHUPLQH WKH ULVN RI IRUPD�
WLRQ RI FROG FUDFNV� ZHUH VWXGLHG ZLWK DOORZDQFH IRU

D VXEVWDQWLDO UROH SOD\HG E\ ZHOGLQJ VWUHVVHV DQG D
VWUXFWXUDO VWDWH LQ IRUPDWLRQ RI K\GURJHQ FUDFNV�

(VWLPDWLRQ RI D PLFURVWUXFWXUDO VWDWH RI WKH ZHOG
PHWDO DQG +$= ZDV PDGH LQ DQ DVVXPSWLRQ WKDW
FKHPLFDO FRPSRVLWLRQ RI WKH ILOOHU DQG EDVH PHWDOV LV
LGHQWLFDO DQG FRUUHVSRQGV WR WKDW RI VWHHO ��*�6
�*267 �����w���� & x ���� w ���� 6L x ��� w ����
0Q x ���� w ���� &U x ���� 1L x ���� &X � ����
3 � ������ 6 � ����� 1 ! ������ $V x � ���� ZW���

7KH GLDJUDP RI DQLVRWKHUPDO GHFRPSRVLWLRQ RI
DXVWHQWLWH RI D VSHFLILF VWHHO >��@� KDYLQJ FKHPLFDO
FRPSRVLWLRQ ZLWKLQ WKH DERYH UDQJHV� ZDV XVHG� $
FKDUDFWHULVWLF SDUDPHWHU WKDW GHWHUPLQHV WKH WKHUPDO
F\FOH RI FRROLQJ DQG GHFRPSRVLWLRQ RI DXVWHQWLWH LV
WLPH ∆W���� ZKLFK FRUUHVSRQGV WR FRROLQJ RI D FHUWDLQ
SRLQW KHDWHG WR DERYH $F� ZLWKLQ D WHPSHUDWXUH UDQJH

RI ��� w ��� �&�

7KH GDWD RQ WKH WLPH RI GZHOOLQJ� ∆W���� RI WKH

ZHOG PHWDO DQG +$= ZLWKLQ D WHPSHUDWXUH UDQJH RI

��� w ��� �& �7DEOH � DQG )LJXUH ��� DQG RQ WKH

FRUUHVSRQGLQJ PLFURVWUXFWXUHV �7DEOH �� ZHUH RE�

WDLQHG E\ FDOFXODWLRQV IRU D YDULDQW RI WKH RLO SLSHOLQH

ZLWK �5 × δ �� × ���� PP LQ ZHOGLQJ XS RI D FDYLW\

�G  �� PP�+  � PP� ZLWKRXW DQG ZLWK SUHKHDWLQJ

WR 7�  ��� �& DW K  � PP DQG ,Z  �� $� 7KH LQLWLDO

PLFURVWUXFWXUH RI WKH EDVH PHWDO FRPSULVHG �� �

EDLQLWH DQG �� � IHUULWH�SHDUOLWH� ,W ZDV IRXQG WKDW

∆W��� ≈ � w � V IRU D PDMRU YROXPH RI PHWDO KHDWHG WR

DERYH ��� �& LQ ZHOGLQJ ZLWKRXW SUHKHDWLQJ�
7KHUH LV D ]RQH RI U ≈ ��� PP RQ WKH VXUIDFH RI D

SLSH� ZKHUH ∆W��� ≈ � V� +HUH WKH PLFURVWUXFWXUH FRQ�
VLVWV PRVWO\ RI �� � EDLQLWH DQG �� � PDUWHQVLWH�
+RZHYHU� WKH PDUWHQVLWH FRQWHQW RI WKH LQGLFDWHG LQ�
GLYLGXDO ]RQHV DPRXQWV WR �� � DQG HYHQ �� �� ZKLFK
DW VXEVWDQWLDO WHQVLOH UHVLGXDO VWUHVVHV σUU PD\ OHDG WR
IRUPDWLRQ RI FROG FUDFNV QHDU WKH ERXQGDU\ RI IXVLRQ
ZLWK WKH EDVH PHWDO �U ≈ ��� w ���� PP��

7KH XVH RI ORFDO SUHKHDWLQJ WR ��� �& LQFUHDVHV

∆W��� WR �� w �� V� 0LQLPXP YDOXHV RI ∆W��� ≈ � V

KROG DW U ≈ ��� PP� WKLV KDYLQJ D FRQVLGHUDEOH HIIHFW

RQ WKH PLFURVWUXFWXUH� 7KH PDUWHQVLWH FRQWHQW LV QR

PRUH WKDQ �� �� 7KH PDMRU YROXPH RI WKH ]RQH RI D

GHIHFW UHSDLUHG E\ ZHOGLQJ KDV D EDLQLWLF VWUXFWXUH

ZLWK D PDUWHQVLWH FRQWHQW RI DERXW �� w �� �� 7KLV

SURYLGHV D IXQGDPHQWDO GHFUHDVH LQ WKH SUREDELOLW\ RI

IRUPDWLRQ RI FROG FUDFNV DW WKH SUHVHQFH RI WHQVLOH

UHVLGXDO VWUHVVHV�
)LJXUHV � DQG � JLYH DQ LGHD RI YDULDWLRQV LQ UH�

VLGXDO FLUFXPIHUHQWLDO σββ DQG UDGLDO σUU VWUHVVHV LQ
WKH ZHOGHG XS FDYLW\� 6KRZQ DUH WKH YDOXHV RI σββ  
= σUU WKURXJK WKLFNQHVV δ DORQJ D[LV ] DW U  � DQG
�� PP� GHSHQGLQJ XSRQ GLIIHUHQW FRQGLWLRQV RI ZHOG�
LQJ XS RI D FDYLW\ LQ D SLSH RI WKH RLO SLSHOLQH �� ×
× ���� PP LQ VL]H� PDGH IURP VWHHO ��*�6� DW ,Z  
 �� $� G  �� PP DQG +  � PP�

,W IROORZV IURP WKH DERYH�VDLG WKDW WKH OHYHO RI
UHVLGXDO VWUHVVHV LQ ZHOGLQJ XS RI D FDYLW\ LV UDWKHU
LQVHQVLWLYH WR WHFKQRORJLFDO FRQGLWLRQV� ZKLFK LV FKDU�
DFWHULVWLF RI ZHOGLQJ RI VWHHOV XQGHU FRQVLGHUDWLRQ >�@�

)LJXUH �� 'LVWULEXWLRQ RI UHVLGXDO VWUHVVHV σUU GHSHQGLQJ XSRQ ] DW
U  �� PP LQ GLIIHUHQW YDULDQWV RI ZHOGLQJ XS RI D FDYLW\ DW �5  
 ���� PP� G  �� PP DQG δ  �� PP� � w � x VHH H[SODQDWLRQV
WR )LJXUH �� � x ILOOLQJ RI D FDYLW\ E\ WKH PDLQ YDULDQW DIWHU
GHSRVLWLRQ RI WKH DQQHDOLQJ EHDG� � x VDPH DIWHU UHPRYDO RI WKH
DQQHDOLQJ EHDG E\ PDFKLQLQJ

)LJXUH �� 'LVWULEXWLRQ RI UHVLGXDO VWUHVVHV σUU GHSHQGLQJ XSRQ ] DW
U  � LQ GLIIHUHQW YDULDQWV RI ZHOGLQJ XS RI D FDYLW\ DW �5  
 ���� PP� G  �� PP DQG δ  �� PP� � x ILOOLQJ RI D FDYLW\
ZLWK RQH OD\HU �K  � PP�� � x VDPH ZLWK WKUHH OD\HUV DW K  
 � PP RI HDFK OD\HU �PDLQ YDULDQW�� � x VDPH ZLWK WZR OD\HUV
DW K  � PP RI HDFK OD\HU� � x ILOOLQJ RI D FDYLW\ ZLWK SUHKHDWLQJ
DW 7�  ��� �&� � x ILOOLQJ RI D FDYLW\ E\ WKH PDLQ YDULDQW DW 3  
 �� � x ILOOLQJ RI D FDYLW\ E\ WKH PDLQ YDULDQW DIWHU GHSRVLWLRQ
RI WKH DQQHDOLQJ EHDG� � x VDPH DIWHU UHPRYDO RI WKH DQQHDOLQJ
EHDG E\ PDFKLQLQJ
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WKH + YDOXHV XS WR FHUWDLQ OLPLWV� DERYH ZKLFK WKH
IUDFWXUHPHFKDQLVP XQGHU FRQVLGHUDWLRQ LV QRW UHDOL]HG
DW WKH DERYH YDOXHV RI ,Z� G DQG : LQ SLSHV RI VWHHO
��*�6� DV WKH PHDQ WHPSHUDWXUH WKURXJK WKLFNQHVV
+ GUDPDWLFDOO\ GHFUHDVHV DQG \LHOG VWUHQJWK σ\ LQ�
FUHDVHV DW D WHPSHUDWXUH EHORZ ��� w ��� �&� $ GH�
FUHDVH LQ GLDPHWHU RI WKH FDYLW\ IURP �� WR �� PP
FDXVHV D GHFUHDVH RI DERXW � PP LQ WKH DERYH+ YDOXHV
IURP � w � �DW G  �� PP� WR � w � PP �DW G  
 �� PP��

7KH GDWD LQ )LJXUH � DUH VLPLODU WR WKRVH LQ )L�

JXUH �� D� EXW IRU D SLSH ZDOO WKLFNQHVV RI δ  �� PP�
,W FDQ EH VHHQ IURP WKH )LJXUH WKDW DQ LQFUHDVH LQ WKH

ZDOO WKLFNQHVV IURP �� WR �� PP� RWKHU SDUDPHWHUV

UHPDLQLQJ XQFKDQJHG� FDXVHV DOPRVW QR FKDQJHV LQ

FULWLFDO YDOXHV RI 3FU DQG + DW ,Z  �� $ DQG DQ

LQFUHDVH RI DERXW � PP LQ FULWLFDO YDOXHV RI + DW ,Z  

 ��� $� ZKLFK LV DVVRFLDWHG ZLWK WKH WKHUPDO VWDWH

RI D MXPSHU� L�H� LQ WKH FDVH RI ORZ YDOXHV RI WKH

ZHOGLQJ FXUUHQW WKH SLSH ZDOO WKLFNQHVV KDV QRPDUNHG

HIIHFW RQ WKH WHPSHUDWXUH ILHOG LQ WKH MXPSHU DW KLJK

WHPSHUDWXUHV�

,W IROORZV IURP WKH DERYH�VDLG WKDW LQ UHSDLU RI DQ
DFWLYH RLO SLSHOLQH� LQYROYLQJ ZHOGLQJ XS RI LQGLYLGXDO
SLWWLQJ GHIHFWV LQ WKH FDVH RI ZHOGLQJ LQ OD\HUV HDFK
ZLWK KHLJKW K� WKH IUDFWXUH RI WKH MXPSHU ZLWK WKLFN�
QHVV + DQG GLDPHWHU G E\ WKH PHFKDQLVP RI SODVWLF
LQVWDELOLW\ GHSHQGV XSRQ VSHFLILF YDOXHV RI WKH LQLWLDO
SDUDPHWHUV �VHH )LJXUHV � DQG ��� LQ SDUWLFXODU XSRQ
WKH YHORFLW\ RI WKH RLO IORZ DQG LWV SUHVVXUH�

)LJXUH �� 'HSHQGHQFH RI FULWLFDO SUHVVXUH 3FU XSRQ + LQ ZHOGLQJ
UHSDLU RI D FDYLW\ ZLWK G  �� �D� DQG �� �E� PP LQ D SLSH RI RLO
SLSHOLQH ZLWK D GLDPHWHU RI ���� PP DQG ZDOO WKLFNQHVV δ  �� PP�
�� � x ,Z  �� $� �� � x ,Z  ��� $� �� � x :  � P�V� ��
� x :  � P�V

)LJXUH �� 'HSHQGHQFH RI FULWLFDO SUHVVXUH 3FU XSRQ + LQ ZHOGLQJ
UHSDLU RI D FDYLW\ ZLWK G  �� PP LQ DQ RLO SLSHOLQH ZLWK D GLDPHWHU
RI ���� PP DQG ZDOO WKLFNQHVV δ  �� PP �VHH GHVLJQDWLRQV LQ
)LJXUH ��

)LJXUH �� 'HSHQGHQFH RI FULWLFDO SUHVVXUH 3FU XSRQ + LQ ZHOGLQJ
UHSDLU RI D FDYLW\ ZLWK G  �� �D� DQG �� �E� PP LQ D SLSH RI JDV
SLSHOLQH �� × ���� PP LQ VL]H� �� � x ,Z  �� $� �� � x ,Z  
 ��� $� �� � x :  �� P�V� �� � x :  � P�V
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SODWH δ WKLFN DQG �5 LQ GLDPHWHU ZLWK KLQJH�VXSSRUWHG
HGJHV DW U  % DQG WUDQVYHUVH ORDG 3� 5DGLXV % ZDV
VHOHFWHG RQ WKH EDVLV RI FRQGLWLRQV WKDW VWUHVVHV GXH
WR SUHVVXUH LQ WKH GHIHFW IRUPDWLRQ ]RQH DUH FORVH WR
WKRVH LQ D SLSHOLQH ZLWK ZDOO WKLFNQHVV δ� GLDPHWHU
�5 DQG LQWHUQDO SUHVVXUH 3� L�H� DFFRUGLQJ WR >�@

% = √5δ




�

�(� + ν)




���

≈ ��� √5δ�

ZKHUH ν LV WKH 3RLVVRQsV UDWLR�
6ROYLQJ WKH HTXDWLRQ DW HDFK VWHS RI WUDFLQJ UH�

VXOWHG LQ WKH GDWD RQ WHQVRUV RI VWUHVVHV σLM�U� ]� W�
DQG VWUDLQV εLM�U� ]� W�� DV ZHOO DV RQ GLVSODFHPHQW
YHFWRU 8L�U� ]� W� DW L  U� ]� β� 7KLV ZDV GRQH XVLQJ
D SURFHGXUH WDNHQ IURP >�� �@�

9DOXHV RI HODVWLF FKDUDFWHULVWLFV (� ν DQG \LHOG
VWUHQJWK σ\� QHFHVVDU\ IRU WKH FDOFXODWLRQV� DUH JLYHQ
LQ 7DEOH � DQG )LJXUH �� 7KXV� ZH FDQ WUDFH GHYHORS�

PHQW RI VWUHVVHV σLM DQG SODVWLF VWUDLQV εLMS DW GLIIHUHQW
YDOXHV RI SUHVVXUH 3 �)LJXUH ��� L�H� FRQVLGHU YDULDQWV
RI ZHOGLQJ UHSDLU RI D GHIHFW DW 3  ��� 03D� HWF� $W
D FHUWDLQ YDOXH RI 3  3FU DQG KHDWLQJ WLPH W  WFU�
WKHUH RFFXUV D FULWLFDO VWDWH RI SODVWLF LQVWDELOLW\ FKDU�

DFWHUL]HG E\ D KLJK OHYHO RI SODVWLF VWUDLQV εU]S LQ VHFWLRQ

U  U
� DV VKRZQ LQ )LJXUH �� 3RVLWLRQ RI VHFWLRQ U  
 U
 LV GHWHUPLQHG E\ GLVWULEXWLRQ RI WHPSHUDWXUHV DQG
VWUHVVHV� ,W LV QRW GLIILFXOW WR VHH WKDW WKH DFKLHYHG
OLPLWLQJ VWDWH LV LQ JRRG DJUHHPHQW ZLWK WKH NQRZQ
%DWWHOOH PRGHO >�@�

)LJXUH � VKRZV UHVXOWV RI FDOFXODWLRQV RI FULWLFDO
YDOXHV RI 3FU IRU D SLSH RI VWHHO ��*�6 ZLWK ZDOO
WKLFNQHVV δ  �� PP� GHSHQGLQJ XSRQ WKH + YDOXHV
DW GLIIHUHQW ZHOGLQJ FXUUHQWV DQG WUDQVSRUWDWLRQ YH�
ORFLWLHV�

,W FDQ EH VHHQ IURP WKH GDWD REWDLQHG WKDW FULWLFDO
SUHVVXUH 3FU PRQRWRQRXVO\ JURZV ZLWK DQ LQFUHDVH LQ

)LJXUH �� 'HSHQGHQFH RI D PD[LPXP WHPSHUDWXUH RQ WKH LQVLGH
VXUIDFH RI WKH SLSH �]  �� DORQJ D[LV U  � XSRQ + DQG ZHOGLQJ
SDUDPHWHUV� �� � x ,Z  �� $� �� � x ,Z  ��� $� �� � x :  
 � P�V� �� � x :  � P�V �'  ���� PP� δ  �� PP� G  
 �� PP�

7DEOH �� 0HFKDQLFDO DQG WKHUPDO�SK\VLFDO SURSHUWLHV RI VWHHO
��*�6

°�
Ì
¯

<RXQJ

PRGXOXV�

(⋅��w��
03D

<LHOG

VWUHQJWK�

σ\ � 03D

5HODWLYH

WKHUPDO

H[SDQVLRQ

FRHIILFLHQW�

α⋅���� ���&

7KHUPDO

FRQGXFWL�

YLW\� λ⋅����
:��FP⋅�&�

9ROXPHWULF

KHDW FDSD�

FLW\� Fγ�
-��FP

�⋅�&�

�� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� ��� ���� �� ����

��� ���� �� ���� �� �����

��� ���� �� ���� �� ����

��� ���� �� ���� �� ����

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

���� ���� � ���� �� ����

���� ���� � ���� �� ����

���� ���� � ���� �� ����

���� ���� � ���� �� ����

)LJXUH �� (IIHFW RI KHDWLQJ RQ VWUHQJWK FKDUDFWHULVWLFV RI VWHHOV
XQGHU LQYHVWLJDWLRQ� �� �′ x 6W���� �� �′ x ��.K*6� �� �′ x
��*�6� �� �′ x ;��� � w � x σ\� �′ w �′ x σW

)LJXUH �� 'LVWULEXWLRQ RI SODVWLF VWUDLQV εLM

S

DW WKH WLPH PRPHQW
SUHFHGLQJ DFKLHYHPHQW RI D OLPLWLQJ VWDWH IRU WKH QH[W YHUVLRQ �SLSH
�� × ���� PP LQ VL]H� G  �� PP� ,Z  ��� $�
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RLO UDQJH QRUPDOO\ IURP � WR �� DQG WKRVH IRU JDV x
IURP � WR �� P�V�

1HYHUWKHOHVV� WKH GDWD RI 7DEOH � JLYH D VXIILFLHQWO\

IXOO SLFWXUH RI WKH αN YDOXHV DW FKDUDFWHULVWLF YHORFLWLHV

RI RLO DQG JDV�

)RU WKH RXWVLGH VXUIDFH RI D SLSH WKH XVH ZDV PDGH

RI WUDGLWLRQDO GDWD RQ KHDW H[FKDQJH ZLWK DLU DW αN  

 ������� -��FP�⋅V⋅�&��
7KHUPDO SRZHU TV RI WKH ZHOGLQJ DUF ZDV LQWUR�

GXFHG WKURXJK D ILOOHU PHWDO LQ ILOOLQJ RI WKH FDYLW\

EHLQJ ZHOGHG XS� DV ZHOO DV XVLQJ D GLVWULEXWHG KHDW

IORZ GLUHFWO\ IURP WKH DUF� 7KH TV YDOXHV ZHUH GHWHU�

PLQHG IURP WKH ZHOGLQJ SDUDPHWHUV RI WKH DUF

TV = ����8D,ZηZRUN >-��ÏP
�⋅V⋅�¯�@� ���

ZKHUH 8D LV WKH DUF YROWDJH� ,Z LV WKH ZHOGLQJ FXUUHQW
DQG ηZRUN LV WKH HIILFLHQF\ RI KHDWLQJ RI D ZRUNSLHFH�
,Q WKH FDVH RI PDQXDO ZHOGLQJ XVLQJ FRYHUHG HOHFWURGH
RI WKH EDVLF W\SH�8D ZDV DVVXPHG WR EH HTXDO WR �� 9
DQG ηZRUN x WR ����

+HDW TH LQWURGXFHG E\ WKH ILOOHU PHWDO SHU VHFRQG
LV GHWHUPLQHG E\ WHPSHUDWXUH 7
 DQG YROXPHWULF YH�
ORFLW\ RI LWV LQSXW HTXDO WR

TH =
αG,Z

����γ�

ZKHUH αG LV WKH GHSRVLWLRQ FRHIILFLHQW DQG γ LV WKH
VSHFLILF PDVV RI D PDWHULDO�

$W 7
 ≈ ���� �&� αG  �� J��$⋅K� DQG ODWHQW
PHOWLQJ KHDW κ ≈ ���� -�FP�� ZH ZLOO KDYH WKDW

TH =
αG,Z

����γ (7∗
Fγ + κ) = �����,Z >:@� ���

ZKHUH Fγ LV WKH YROXPHWULF KHDW FDSDFLW\ �Fγ ≈
≈ ��� -��FP�,Z�&��

,W FDQ EH VHHQ WKDW TH LV D ELW PRUH WKDQ �� � DW
TV  ����,Z :� ZKLFK LV FKDUDFWHULVWLF RI IXVLRQ DUF
ZHOGLQJ >�@�

:HOGLQJ XS RI D FDYLW\ �VHH )LJXUH �� LV SHUIRUPHG
LQ D GLVFUHWH PDQQHU E\ GHSRVLWLQJ OD\HUV HDFK ZLWK
KHLJKW K RI QRW PRUH WKDQ � PP� $IWHU GHSRVLWLRQ RI
HDFK OD\HU LW LV QHFHVVDU\ WR PDNH DQ LQWHUUXSWLRQ WR OHW
WKHP IXOO\ FRRO GRZQ� 7KH ILUVW OD\HU LV PRVW FULWLFDO�

7DNLQJ LQWR DFFRXQW WKH ORFDO FKDUDFWHU RI KHDWLQJ
DQG DQ DFWXDO FXUYDWXUH RI WKH SLSH ZDOO� WKH WHP�
SHUDWXUH ILHOG ZDV GHWHUPLQHG E\ VROYLQJ D[LV\PPHW�
ULFDO SUREOHP RI WKHUPDO FRQGXFWLYLW\ IRU D VWHHO SODWH

δ WKLFN ZLWK D FDYLW\ G LQ GLDPHWHU DQG δ w + GHHS
�VHH )LJXUH �� IRU D FDVH RI ILOOLQJ WKH FDYLW\ ZLWK D
PROWHQ PHWDO OD\HU K KLJK DW WHPSHUDWXUH 7
 IRU D
SHULRG RI WLPH W� DQG XQGHU WKH HIIHFW RI WKH DUF KHDW
IORZ HTXDO WR TV w TH�

7LPH W� ZDV IRXQG IURP WKH SUHVHW YDOXHV RI K� '�
αG DQG ,Z�

W� =
πG

�
K γ

�αG,Z
���� >V@� ���

7KH QRQ�VWDWLRQDU\ SUREOHP RI WKHUPDO FRQGXFWLY�
LW\ XQGHU WKH DERYH FRQGLWLRQV ZDV VROYHG E\ D QX�
PHULFDO PHWKRG XVLQJ VRIWZDUH GHYHORSHG E\ WKH
(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� ,Q WKLV FDVH
WKH DFFRXQW ZDV PDGH RI WKH WHPSHUDWXUH GHSHQGHQFH
RI WKHUPDO�SK\VLFDO FRHIILFLHQWV RI WKHUPDO FRQGXFWLY�
LW\ λ DQG YROXPHWULF KHDW FDSDFLW\ Fγ �7DEOH ���

5HVXOWV RI QXPHULFDO VROXWLRQV IRU VSHFLILF VRXUFH
GDWD ZLWK UHVSHFW WR WHPSHUDWXUHV 7�U� ]� W� ZHUH XVHG
LQ WKH ILUVW WXUQ IRU HVWLPDWLRQ RI D ULVN RI IRUPDWLRQ
RI D EXUQ�WKURXJK DW 3  ��

7KH IROORZLQJ FRQGLWLRQ VHUYHV DV D FULWHULRQ RI
WKH DEVHQFH RI VXFK D GHIHFW�

7PD[�U� �� � 76�

ZKHUH 7PD[�U� �� LV WKH PD[LPXP WHPSHUDWXUH RQ WKH
LQVLGH VXUIDFH DW ]  � DQG76 LV WKH VROLGXV WHPSHUDWXUH
RI WKH LQGLFDWHG DOOR\�

)LJXUH � VKRZV FDOFXODWLRQV RI WKH DERYH WHPSHUD�
WXUHV 7PD[ �U� �� IRU SLSHV RI VWHHO RI WKH ��*�6 W\SH
�δ  �� PP� G  �� PP� K  � PP� DW ,Z  �� DQG
��� $� GHSHQGLQJ XSRQ WKH YDOXHV RI PLQLPXP WKLFN�
QHVV + LQ WKH FDYLW\ DQG YHORFLW\ RI WKH WUDQVSRUWHG
RLO� ,W ZDV GHWHUPLQHG WKDW WKH ZHOGLQJ SDUDPHWHUV
�K� ,Z� +�:� KDG D VXEVWDQWLDO HIIHFW RQ 7PD[�U� ���

,I D WHPSHUDWXUH RI ���� �& LV DVVXPHG WR EH 76�
DW ,Z  ��� $ DQG:  � P�V FULWLFDO YDOXHV DUH+FU  
 ��� PP� DQG DW ,Z  �� $ +FU  ��� PP�

(ODVWR�SODVWLF GHIRUPDWLRQ RI WKH ]RQH RI D GHIHFW
EHLQJ UHSDLUHG� DVVRFLDWHG ZLWK QRQ�VWDWLRQDU\ WHP�
SHUDWXUH ILHOG 7�U� ]� W� DQG SUHVVXUH 3� ZDV VWXGLHG
WR HVWLPDWH WKH FULWLFDO VWDWH DW WKH SUHVHQFH RI DQ
LQWHUQDO SUHVVXUH�

&DOFXODWLRQV ZHUH PDGH E\ LQGXFLQJ D VXFFHVVLYH
GHYHORSPHQW RI HODVWR�SODVWLF VWUDLQV� VWDUWLQJ IURP
WKH PRPHQW RI WKH EHJLQQLQJ RI KHDWLQJ WR FRPSOHWH
FRROLQJ GRZQ� /LNH LQ WKH FDVH RI FDOFXODWLRQ RI WHP�
SHUDWXUHV� WKLV ZDV GRQH XVLQJ D GLDJUDP RI D URXQG

7DEOH �� 5HVXOWV RI FDOFXODWLRQV RI KHDW WUDQVIHU FRHIILFLHQW αN

:�

P�V

αN � -��ÏP
�⋅V⋅Ì¯�

2LO SLSHOLQH *DV SLSHOLQH

� w �� ª3¾ ��� ª3¾ ��� ª3¾ ��� ª3¾ ��� ª3¾ ��� ª3¾ ���� ª3¾

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

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

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

�� w ������ ������ ������ ������ ������ ������
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9�,� 0$.+1(1.2� 9�6� %87� (�$� 9(/,.2,9$1(1.2� *�)� 52=<1.$ DQG 1�,� 3,9725$.

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

$%675$&7

7KH DUWLFOH FRQVLGHUV WKH SRVVLELOLW\ RI ZHOGLQJ UHSDLU RI SLWWLQJ FRUURVLRQ GHIHFWV �� w �� PP LQ GLDPHWHU RQ WKH RXWVLGH

VXUIDFH RI ZDOOV RI D PDLQ RLO SLSHOLQH RI VWHHO ��*�6 ZLWKRXW LQWHUUXSWLRQ RI LWV RSHUDWLRQ� 'HVFULEHG LV WKH JHQHUDO

SURFHGXUH IRU VHOHFWLRQ RI SDUDPHWHUV RI DUF ZHOGLQJ UHSDLU RI D GHIHFW� ZKLFK HOLPLQDWH EXUQ�WKURXJK DQG IUDFWXUH LQ

WKH ZHOGLQJ ]RQH FDXVHG E\ WKH PHFKDQLVP RI KLJK�WHPSHUDWXUH SODVWLF LQVWDELOLW\ DQG FROG �K\GURJHQ� FUDFNLQJ�

.H\ ZRU G V � PDWKHPDWLFDO PRGHOOLQJ� WKHUPDO�GHIRUPDWLRQ

SURFHVVHV� SLSHOLQH� SUHVVXUH� SLWWLQJ GHIHFWV� ZHOGLQJ UHSDLU RI

GHIHFWV� SODVWLF LQVWDELOLW\� PLFURVWUXFWXUDO VWDWH� FRROLQJ WLPH�

UHVLGXDO VWUHVVHV� FROG FUDFNV

7KH SUREOHP RI VDIH ZHOGLQJ UHSDLU RI LQGLYLGXDO FRUUR�
VLRQ GHIHFWV RQ WKH RXWVLGH VXUIDFH RI ZDOOV RI D SLSHOLQH
ZLWKRXW LQWHUUXSWLRQ RI LWV RSHUDWLRQ DWWUDFWV UDSW DW�
WHQWLRQ RI VSHFLDOLVWV WKURXJKRXW WKH JOREH� 6HYHUDO IXQ�
GDPHQWDO GHYHORSPHQWV FRYHUHG E\ WKH DSSURSULDWH
GRFXPHQWV KDYH EHHQ PDGH LQ WKLV DUHD �H�J� DW WKH
(GLVRQ :HOGLQJ ,QVWLWXWH� 86$� HWF�� >� DQG RWK�@ IRU
WKH ODVW �� \HDUV� +RZHYHU� UDWKHU ELJ SUREOHPV DULVLQJ
LQ UHSURGXFLQJ WKH DFWXDO VLWXDWLRQ LQ DQ DFWLYH SLSHOLQH
�JHRPHWULFDO IDFWRUV� FRQGLWLRQV RI IORZ RQ WKH LQVLGH
VXUIDFH E\ D WUDQVSRUWHG PHGLXP� HWF�� RQ D PRFNXS GR
QRW DOORZH[KDXVWLYH DQVZHUV WREHJLYHQ WR WKHTXHVWLRQV
RQ WKH SRVVLELOLW\ RI GHYHORSLQJ D VDIH WHFKQRORJ\ IRU
UHSDLU ZHOGLQJ RI GHIHFWV�

,Q WKLV FRQQHFWLRQ� WKH FDOFXODWLRQ PHWKRGV EDVHG
RQ PDWKHPDWLFDO PRGHOOLQJ RI WKHUPDO�GHIRUPDWLRQ

SURFHVVHV ZKLFK RFFXU GXULQJ ZHOGLQJ XS RI GHIHFWV
LQ SLSHOLQHV� DOORZLQJ IRU HIIHFWLYH SUHVVXUH DQG KHDW
H[FKDQJH ZLWK WKH RLO RU JDV IORZ� DVVXPH D VSHFLDO
VLJQLILFDQFH� ,W VKRXOG EH QRWHG WKDW DQ DVVXPSWLRQ
PDGH LQ >�@� WKDW WKH WHPSHUDWXUH RQ WKH LQVLGH VXUIDFH
RI WKH SLSH ZDOO LQ ZHOGLQJ XS RI D GHIHFW LV FRQVWDQW
DQG HTXDO WR WKH WHPSHUDWXUH RI D WUDQVSRUWHGPHGLXP�
LV RYHUVLPSOLILHG LQ WHUPV RI VDIHW\ RI UHSDLU�

$ PRUH VXEVWDQWLDWHG DSSURDFK LV WKDW LQ ZKLFK D
WKHUPDO VWDWH LV HVWLPDWHG ZLWK DOORZDQFH IRU FRQYHF�
WLYH KHDW WUDQVIHU RQ WKH LQVLGH VXUIDFH RI D SLSHOLQH
GHSHQGLQJ XSRQ WKH FRUUHVSRQGLQJ SDUDPHWHUV RI D
WUDQVSRUWHG PHGLXP� DV LW ZDV GRQH LQ >�@ LQ VXUIDFLQJ
RI WKLFN�ZDOOHG SLSHV�

7KLV ZRUN LQYROYHV D JHRPHWULFDO GLDJUDP RI ZHOG�

LQJ XS RI D FDYLW\� WDNHQ IURP >�@ DQG VKRZQ LQ )L�

JXUH �� IRU PRGHOOLQJ RI WHPSHUDWXUH ILHOGV LQ ZHOGLQJ

UHSDLU RI D SLWWLQJ GHIHFW LQ WKH ZDOO RI DQ DFWLYH PDLQ

SLSHOLQH� 7KLV GLDJUDP ZDV DFFHSWHG ZLWK DOORZDQFH

IRU FRQYHFWLYH KHDW WUDQVIHU RQ WKH LQVLGH VXUIDFH�

&RQYHFWLYH KHDW WUDQVIHU FRHIILFLHQW αN ZDV GHWHU�

PLQHG� DV LQ >�@� XVLQJ FULWHULDO UHODWLRQVKLSV >�@

WKURXJK WKH DSSURSULDWH QXPEHUV� 5H\QROGV �5H� DQG

3UDQGWO �3U�� ZKLFK JHQHUDOL]H H[SHULPHQWDO GDWD RQ

D IORZ RQ WKH SLSH ZDOO E\ IOXLG RU JDV LQ ORFDO KHDWLQJ

RI WKH ZDOO ZLWK D KHDWLQJ VSRW KDYLQJ GLDPHWHU '�

5HVXOWV RI WKH FDOFXODWLRQ RI KHDW WUDQVIHU FRHIIL�

FLHQW αN IRU WUDQVSRUWDWLRQ RI RLO DQG JDV� GHSHQGLQJ

XSRQ WKH YHORFLW\ RI WKHLU WUDQVSRUWDWLRQ� :� DQG

SUHVVXUH 3 LQ D SLSH DW' � �� PP� IRU WKH FDVHV XQGHU

FRQVLGHUDWLRQ DUH JLYHQ LQ 7DEOH �� )RU WKLV� WKH WHP�

SHUDWXUH RI D WUDQVSRUWHG PHGLXP ZDV DVVXPHG WR EH

HTXDO WR �� �&�
7KH UDQJH RI YHORFLWLHV JLYHQ LQ 7DEOH � LV QRW

HTXDOO\ DSSOLFDEOH WR RLO DQG JDV LQ PDLQ SLSHOLQHV
ZLWK D GLDPHWHU RI �5  ���� PP� 7KH: YDOXHV IRU

� 9�,� 0$.+1(1.2� 9�6� %87� (�$� 9(/,.2,9$1(1.2� *�)� 52=<1.$ DQG 1�,� 3,9725$.� ����

)LJXUH �� 'LDJUDP RI ZHOGLQJ UHSDLU RI D FDYLW\ LQ WKH SLSH ZDOO�
G x GLDPHWHU RI WKH FDYLW\� Kx WKLFNQHVV RI WKH GHSRVLWHG OD\HU�
+ x WKLFNQHVV RI D MXPSHU� δ x WKLFNQHVV RI WKH SLSH ZDOO� 3 x
SUHVVXUH LQ WKH SLSH� % x VHH LQ WKH WH[W
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WKH UDWH RI VWHHO FRROLQJ DIWHU EXLOGLQJ�XS� L�H� LQFUHDV�

LQJ WKH WLPH RI WKH +$= PHWDO FRROLQJ XS WR ��� w

��� V� ,W LV NQRZQ WKDW WZLQ�DUF VXUIDFLQJ LV DQ HIIHF�

WLYH PHWKRG RI ORZHULQJ WKH UDWH RI FRROLQJ RI WKH

+$= PHWDO >�� �@� &KDQJLQJ WKH VXUIDFLQJ PRGH SD�

UDPHWHUV LQ HDFK DUF� DV ZHOO DV WKHLU VSDFLQJ� LW LV

SRVVLEOH WR YDU\ WKH WKHUPDO F\FOH FKDUDFWHULVWLFV LQ

D EURDG UDQJH�

,Q RXU FDVH WKH ILUVW EHDG ZDV GHSRVLWHG� XVLQJ WZR
FRQVHFXWLYHO\ ORFDWHG VSOLW ZLUHV� WKDW ZHUH FRQQHFWHG

WR RQH SRZHU VRXUFH� )OX[�FRUHG ZLUH RI 33�

��.K��*��1�0) W\SH ZDV VHOHFWHG IRU H[SHULPHQW
SHUIRUPDQFH� 7KH IROORZLQJ FRQVLGHUDWLRQVZHUH WDNHQ

LQWR DFFRXQW�

• PHWDO� GHSRVLWHG ZLWK WKLV ZLUH KDV WKH KLJKHVW

&/( ���⋅��w� LQ WKH UDQJH RI � w ���� �&�� DQG� WKHUH�

IRUH� LV WKH PRVW SURQH WR WHDU IRUPDWLRQ�
• LW FRQWDLQV D PLQLPDO DPRXQW RI QLFNHO� ZKLFK

LV LQ VKRUW VXSSO\ LQ 8NUDLQH�
• LWV DV�GHSRVLWHG KDUGQHVV� HTXDO WR DERXW

+5& ��� ULVHV XS WR +5& �� DIWHU ZRUN KDUGHQLQJ
E\ WUDP UDLOV� WKXV VHYHUDO WLPHV LQFUHDVLQJ WKH ZHDU
UHVLVWDQFH RI WKH EXLOW�XS UDLOV�

)XVHG SXPLFH�OLNH IOX[ $1��� ZDV XVHG LQ H[SHUL�
PHQWV� %HIRUH EXLOGLQJ�XS ZDV SHUIRUPHG� WKH IOX[

DQG WKH ZLUH ZHUH WKRURXJKO\ EDNHG LQ WKH IXUQDFH�

%XLOGLQJ�XS EHJDQ DW WKH WHPSHUDWXUH RI �� �&� 7KH
DUF VSDFLQJ LQ GHSRVLWLRQ RI WKH ILUVW EHDG ZDV VHW

HTXDO WR �� PP� 7KH VHFRQG DQG VXEVHTXHQW EHDGV

ZHUH GHSRVLWHG ZLWK RQH HOHFWURGHZLUH� 2Q WKHZKROH�

� EHDGV ZHUH GHSRVLWHG RQ HDFK VSHFLPHQ� ZLWK �� PLQ
LQWHUYDOV DIWHU GHSRVLWLRQ RI HDFK EHDG� +HDW LQSXW

ZDV FDOFXODWHG E\ WKH IROORZLQJ HTXDWLRQ�

4 =
��,

Z
8

D

����YE
>N-�ÏP@�

ZKHUH YE LV WKH EXLOGLQJ�XS VSHHG� FP�PLQ�

7KHUPDO F\FOHV ZHUH UHFRUGHG ZLWK .63�� FKDUW
UHFRUGHU� XVLQJ FKURPHO�DOXPHO WKHUPRFRXSOHV�

FDXONHG�LQ LQWR WKH EDVH PHWDO RQ WKH OHYHO RI WKH

DQWLFLSDWHG IXVLRQ OLQH� 5HVXOWV RI WKH FRQGXFWHG H[�

SHULPHQWV DUH JLYHQ LQ 7DEOH ��

0HWDOORJUDSKLF LQYHVWLJDWLRQV GHPRQVWUDWHG WKDW
XQGHU WKH ILUVW GHSRVLWHG EHDG WKH +$= PHWDO VWUXF�

WXUH QHDU WKH IXVLRQ OLQH FRQVLVWV DOPRVW FRPSOHWHO\
RI WHPSHUHG PDUWHQVLWH LQ WKH VSHFLPHQ� SURGXFHG LQ

H[SHULPHQW 1R�� �)LJXUH �� D�� ,WV KDUGQHVV UHDFKHV
+9 ���� $ WHDU LV YLVLEOH RQ WKH IXVLRQ OLQH� :LWK WKH

LQFUHDVH RI WKH KHDW LQSXW� WKH SURSRUWLRQ RI WHPSHULQJ

PDUWHQVLWH LV UHGXFHG DQG EDLQLWH RU HYHQ SHDUOLWH IRUP

LQ WKH +$= PHWDO VWUXFWXUH �)LJXUH �� E��
)LJXUH � JLYHV WKH FXUYH RI WKH WKHUPDO F\FOH� RE�

WDLQHG LQ H[SHULPHQW 1R��� LQ WZLQ�DUF GHSRVLWLRQ RI
WKH ILUVW EHDG� SURYLGLQJ WKH DEVHQFH RI FUDFNV LQ WKH
EDVH PHWDO +$=�

7KXV� DSSOLFDWLRQ RI WZLQ�DUF VXUIDFLQJ DOORZV
VROYLQJ WKH SUREOHP RI EXLOGLQJ� XS WUDP UDLOV ZLWKRXW

SUHKHDWLQJ DQG ZLWKRXW WHDUV LQ WKH +$= PHWDO XQGHU

WKH ILUVW EHDG� +RZHYHU� WKLV EXLOGLQJ�XS PHWKRG
PDNHV WKH WHFKQRORJLFDO SURFHVV PXFK PRUH FRPSOL�

FDWHG� DV LW LV PRUH GLIILFXOW IRU WKH RSHUDWRU WR PRQLWRU

WZR ZLUHV� WKDQ RQH �LW VKRXOG EH ERUQH LQ PLQG� WKDW

UDLO EXLOGLQJ�XS KDV WR EH SHUIRUPHG LQ WKH VWUHHW DW

QLJKW� ZKHQ WKHUH LV QR WUDP WUDIILF��

,Q YLHZ RI WKH DERYH� ZH FKRVH GHSRVLWLRQ RI WKH
ILUVW EHDG ZLWK RQH ZLUH� 2WKHUZLVH� WKH SURFHGXUH
RI EXLOGLQJ�XS DQG UHFRUGLQJ WKH WKHUPDO F\FOHV UH�

PDLQHG XQFKDQJHG� 7KH UHVXOWV RI WKH VHFRQG WHVW VH�

ULHV DUH JLYHQ LQ 7DEOH ��

%XLOGLQJ�XS ZLWK D ORZ KHDW LQSXW �WHVW 1R���
VLPLODU WR WKH WZLQ�DUF SURFHVV� OHDGV WR GHYHORSPHQW

RI WHDUV� +$= PHWDO IRUPV PDUWHQVLWH ZKLFK LV WHP�

SHUHG GXULQJ GHSRVLWLRQ RI VXEVHTXHQW EHDGV �)L�

JXUH �� D�� ,WV KDUGQHVV LV +9 ���� ,QFUHDVH RI WKH

KHDW LQSXW XS WR ����� N-�FP LQ GHSRVLWLRQ RI WKH
ILUVW EHDG UHGXFHV WKH +$= PHWDO FRROLQJ UDWH LQ WKH
WHPSHUDWXUH UDQJH RI ��� w ��� �& WR ���� �&�V� DQG
WKH PD[LPDO KDUGQHVV x WR +9 ���� 7HDUV DUH QRW

HOLPLQDWHG� +$= PHWDO VWUXFWXUH FRQVLVWV RI EDLQLWH

DQG SHDUOLWH �)LJXUH �� E�� /RZHU KHDW LQSXW LQ VLQ�

JOH�DUF EXLOGLQJ�XS PDUNHGO\ UHILQHV WKH PHWDO VWUXF�

WXUH� FRPSDUHG WR WZLQ�DUF SURFHVV�
)LJXUH � VKRZV D FXUYH RI WKH WKHUPDO F\FOH� RE�

WDLQHG LQ VLQJOH�DUF GHSRVLWLRQ RI WKH ILUVW EHDG� SUR�
YLGLQJ DEVHQFH RI FUDFNV LQ WKH EDVH PHWDO +$=�

7KHUHIRUH� LQ RUGHU WR SUHYHQW WHDUV LQ WKH +$=
PHWDO RI UDLOV RI VWHHO 0��� LQ WKHLU EXLOGLQJ�XS ZLWK

ZLUHV RI DXVWHQLWLF FODVV� WKH ILUVW EHDG VKRXOG EH GH�

SRVLWHG ZLWK RQH DUF DW WKH KHDW LQSXW RI �� w

�� N-�FP�

)OX[�FRUHG ZLUH 33���.K��*��1�0) LV UHOD�

WLYHO\ H[SHQVLYH� KRZHYHU� LWV DSSOLFDWLRQ IRU EXLOG�

LQJ�XS LV FRVW�HIIHFWLYH� &DOFXODWLRQV WKDW GLG QRW WDNH

LQWR DFFRXQW WKH LQFUHDVH RI WKH UDLOV ZHDU UHVLVWDQFH�

LQGLFDWHG WKDW WKH FRVW RI EXLOGLQJ�XS UDLOV XVLQJ WKH

DERYH ZLUH� LV � w � WLPHV VPDOOHU� WKDQ WKH FRVW RI

UHSODFHPHQW RI WKH ZRUQ UDLOV E\ QHZ RQHV�

5()(5(1&(6

�� )UXPLQ� ,�,� ������ $XWRPDWLF HOHFWULF DUF VXUIDFLQJ�
.KDUNLY� 0HWDOOXUJL]GDW�

�� 0DNDURY� (�/� ������ &ROG FUDFNV LQ ZHOGLQJ RI DOOR\HG
VWHHOV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� ������ 7HFKQRORJ\ RI HOHFWULF DUF IXVLRQ ZHOGLQJ RI PHWDOV
DQG DOOR\V� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQR�

VWUR\HQL\H�

�� .R]ORY� 5�$� ������ :HOGLQJ RI KHDW�UHVLVWDQW VWHHOV� 0RV�

FRZ� 0DVKLQRVWUR\HQL\H�

�� 3RSRO� $�$�� 3RSRYD� /�(� ������ ,VRWKHUPDO DQG WKHUPRNL�

QHWLF GLDJUDPV RI RYHUFRROHG DXVWHQLWH GHFRPSRVLWLRQ� 0RV�

FRZ� 0HWDOOXUJLD�

�� 0HWHOHY� $�9�� *RUEDFKHY� <X�,� ������ 5HJXODWLRQ RI WKHU�
PDO F\FOH LQ WZLQ�DUF ZHOGLQJ RI KDUGHQDEOH VWHHOV�

6YDURFKQR\H 3URL]YRGVWYR� �� � w ��

�� %XUVN\� *�9�� 6DYLWVN\� 0�0�� 1RYLNRYD� '�3� ������ 5H�
VLVWDQFH RI ZHOGHG MRLQW +$= LQ KDUGHQDEOH KLJK�VWUHQJWK

VWHHOV WR GHOD\HG IUDFWXUH LQ WZLQ�DUF ZHOGLQJ� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

)LJXUH �� 7KHUPDO F\FOH FXUYH� REWDLQHG LQ VLQJOH�DUF GHSRVLWLRQ

RI WKH ILUVW EHDG ZLWK 4  ����� N-�FP
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SRVLWHG PHWDO DQG KLJK�FDUERQ SHDUOLWLF 0��� VWHHO�
ZKHUH QRQ�GXFWLOH VWUXFWXUHV GHYHORSHG LQ WKH +$=
PHWDO� 7KLV VWXG\ ZDV XQGHUWDNHQ WR SUHYHQW WHDUV�
,Q LWV ILUVW VWDJH� WKH LQIOXHQFH RI WKH FRROLQJ UDWH RQ
DXVWHQLWH GHFRPSRVLWLRQ WHPSHUDWXUH LQ 0��� VWHHO
ZDV GHWHUPLQHG� )RU WKLV SXUSRVH D TXLFN�DFWLRQ G\�
ODWRPHWHU RI 3:, GHVLJQ ZDV XVHG WR VLPXODWH WKH
WKHUPDO F\FOH RI ZHOGLQJ� LQ ZKLFK WKH FRROLQJ UDWH
LQ WKH WHPSHUDWXUH UDQJH RI ��� w ��� �& ZDV Z���  
 ����� ���� DQG ��� �&�V� $W Z���  �� DQG �� �&�V
WKH DXVWHQLWH LQ WKH VWHHO LV FRPSOHWHO\ WUDQVIRUPHG
LQWR PDUWHQVLWH� 7KH WHPSHUDWXUH RI WKH EHJLQQLQJ RI
PDUWHQVLWH WUDQVIRUPDWLRQ LV DERXW ��� �&� $W WKH
FRROLQJ UDWH RI ��� �&�V PDUWHQVLWH WUDQVIRUPDWLRQ
0E LV SUHFHGHG E\ D VOLJKW SDUWLDO LQWHUPHGLDWH WUDQV�
IRUPDWLRQ RI DXVWHQLWH LQWR SHDUOLWH�

,W VKRXOG EH QRWHG WKDW 0��� VWHHO LV YHU\ FORVH WR
8� VWHHO LQ LWV FRPSRVLWLRQ� DOVR FORVH DUH WKH WHP�
SHUDWXUH UDQJHV RI WUDQVIRUPDWLRQV LQ WKHVH VWHHOV� DQG
0E SRLQWV FRLQFLGH FRPSOHWHO\� 6LQFH ZH GLG QRW ILQG
D GHWDLOHG HQRXJK WKHUPRNLQHWLF GLDJUDP RI DXVWHQLWH

GHFRPSRVLWLRQ LQ VWHHO 0��� LQ OLWHUDWXUH� LQ WKLV ZRUN
ZH XVHG WKH NQRZQ >�@ GLDJUDP RI DXVWHQLWH WUDQVIRU�
PDWLRQ LQ VWHHO 8� �)LJXUH ��� )URP WKLV GLDJUDP LW
IROORZV� WKDW LQ RUGHU WR SURYLGH D UDWKHU IDYRXUDEOH
VWUXFWXUH RI DERXW +9 ��� KDUGQHVV �3  �� 1� W  
 �� w �� V� LQ WKH +$= PHWDO� LW LV QHFHVVDU\ WR �JR
RXW� RI WKH PDUWHQVLWH UHJLRQ� 7KLV UHTXLUHV ORZHULQJ

)LJXUH �� 7KHUPDO F\FOH FXUYH� REWDLQHG LQ WZLQ�DUF GHSRVLWLRQ RI
WKH ILUVW EHDG ZLWK 4  ����� N-�FP

)LJXUH �� 0LFURVWUXFWXUH RI +$= PHWDO� SURGXFHG LQ VLQJOH�DUF GHSRVLWLRQ RI ILUVW EHDG DW 4  ����� �D� DQG ����� �E� N-�FP �×����
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VWHHO E\ FRQVXPDEOH HOHFWURGH DUF VXUIDFLQJ� ZKHQ
PDNLQJ FRUQHU ZHOGV� FDUERQ ZHLJKW IUDFWLRQ LQ WKH
ILUVW GHSRVLWHG EHDG FDQ EH XS WR ���� � GXH WR PL[LQJ
ZLWK WKH EDVH PHWDO� 7R DYRLG IRUPDWLRQ RI FROG DQG
KRW FUDFNV DW VXFK D FRQWHQW RI FDUERQ� LQ SUDFWLFDO
DSSOLFDWLRQV EXLOGLQJ�XS LV SHUIRUPHG ZLWK ZLUHV RI
WKH IHUULWLF�SHDUOLWLF FODVV ZLWK PDQGDWRU\ SUHKHDWLQJ
DQG VORZHU FRROLQJ >�� �@� 6LQFH DSSOLFDWLRQ RI SUH�
KHDWLQJ ZDV QRW DOORZHG E\ WKH VWDWHPHQW RI ZRUN�
LQ WKLV VWXG\ EXLOGLQJ�XS ZDV FRQGXFWHG XVLQJ VWDQG�
DUG ZLUHV RI DXVWHQLWLF FODVV 6Y���.K��1�*�7 �& x
����� 6L x ����� 0Q x ����� &U x ����� 1L x ����
7L x ����� 0Rx ����� 6 x ������ 3 x ���� ZW����
6Y���.K��1��*� �&x ����� 6L x ����� 0Qx ����
&U x ����� 1L x ����� 7L x ����� 0R x ����� 6 x
������ 3 x ����� ZW��� DQG WHVW DXVWHQLWLF &Uw0Q
IOX[�FRUHG ZLUH RI 33���.K��*��1�0) W\SH� ,W LV
NQRZQ >�� �@� WKDW ZKHQ DXVWHQLWLF FODVV ZLUHV DUH
XVHG� WKDW KDYH D ORZHU PHOWLQJ WHPSHUDWXUH� WKH +$=
LV RYHUKHDWHG WR D VPDOOHU GHJUHH� DQG WKH DPRXQW RI
K\GURJHQ FRPLQJ WR LW IURP WKH GHSRVLWHG PHWDO LV
PDUNHGO\ UHGXFHG�

:RUQ LQQHU VXUIDFHV� FORVH WR WKH YHUWLFDO� ZHUH
EXLOW�XS E\ KRUL]RQWDO EHDGV� 7KH\ ZHUH GHSRVLWHG
RQH RQWR WKH RWKHU DQG IXUWKHU IRUPHG E\ $+��� IOX[
�6L2� x �� w ��� &D2 x �� w ��� $O�2� x �� w
��� &D)� x �� w �� ZW���� SRXUHG LQWR WKH UDLO
JURRYH� %XLOGLQJ�XS PRGH ZDV DV IROORZV� ZHOGLQJ
FXUUHQW ,Z  ��� w ��� $� DUF YROWDJH8D  �� w �� 9�
EXLOGLQJ�XS VSHHG YE  �� w �� P�K� '&53� IODW
H[WHUQDO FKDUDFWHULVWLF� 7UDQVYHUVH PDFURVHFWLRQ RI

WKH UDLO OLS� EXLOW XS E\ WKH DERYH SURFHVV� LV VKRZQ
LQ )LJXUH ��

:KHQ VWXG\LQJ WKH PDFUR� DQG PLFURVHFWLRQV� LW ZDV
IRXQG WKDW LQ DOO WKH FDVHV ZLWKRXW H[FHSWLRQ� IRUPDWLRQ
RI FROG FUDFNV RI WHDU W\SH ZDV REVHUYHG XQGHU WKH ILUVW
GHSRVLWHG EHDG RQ WKH IXVLRQ ERXQGDU\ RU LQ WKH +$=
PHWDO� QHDU WKLV ERXQGDU\� DORQJ WKH OHQJWK RI WKH GH�
SRVLWHG VHFWLRQ �)LJXUH ��� &UDFN GHSWK ZDV IURP � WR
� PP� DQG WKHLU RSHQLQJ GLVSODFHPHQW ZDV XS WR ���
PP� 7KHVH FUDFNV FRXOG QRW EH HOLPLQDWHG E\ YDU\LQJ
WKH EXLOGLQJ�XS PRGH LQ WKH DERYH UDQJHV� ,W VKRXOG EH
QRWHG� KRZHYHU� WKDW LQ WKH +$= PHWDO RI WKH QH[W
EHDGV WKH FUDFNV ZHUH DEVHQW� SUREDEO\� EHFDXVH WKH\
ZHUH GHSRVLWHG RQ WKH EDVH PHWDO DOUHDG\ SUHKHDWHG E\
WKH KHDW RI WKH ILUVW EHDG�

7KH PRVW SUREDEOH FDXVH IRU DSSHDUDQFH RI WHDUV
XQGHU WKH ILUVW EHDG LV WKH SUHVHQFH RI ZHOGLQJ DQG
VWUXFWXUDO VWUHVVHV� DULVLQJ RQ WKH IXVLRQ OLQH� EHFDXVH
RI DQ DOPRVW WZR�WLPHV GLIIHUHQFH EHWZHHQ WKH FRHI�
ILFLHQWV RI OLQHDU H[SDQVLRQ �&/(� RI DXVWHQLWLF GH�

)LJXUH �� 7HDU XQGHU WKH ILUVW GHSRVLWHG EHDG �×���

)LJXUH �� 7KHUPRNLQHWLF GLDJUDP RI DXVWHQLWH WUDQVIRUPDWLRQV LQ

8� VWHHO �& x ����� 6L x ���� 0Q x ���� ZW���

)LJXUH ��0LFURVWUXFWXUH RI +$= PHWDO� DFKLHYHG LQ WZLQ�DUF GHSRVLWLRQ RI WKH ILUVW EHDG DW 4  ����� �D� DQG ����� �E� N-�FP �×����
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W\SH� WKH UHLQIRUFLQJ SKDVH LV QRQ�XQLIRUPO\ GLVWULE�
XWHG LQ WKH ZHOG PHWDO� DQG LWV KDUGQHVV LV ORZHU�

WKDQ WKDW RI WKH FRPSRVLWH EDVH PHWDO� WKLV EHLQJ

UHODWHG WR WKH XVH RI QRQ�UHLQIRUFHG ILOOHU ZLUH DQG

GLOXWLRQ RI WKH EDVH PHWDO E\ WKH ILOOHU ZLUH� +DUGQHVV
SURILOH LQ WKH FRPSRVLWH ZHOGHG MRLQWV� PDGH E\ $$:�

XVLQJ 6Y�$.� DQG 6Y�$0J�� ILOOHU ZLUHV� LV JLYHQ LQ

)LJXUH ��
,Q ZHOGV� PDGH XVLQJ 6Y�$.� ILOOHU ZLUH� D SUR�

QRXQFHG QRQ�XQLIRUPLW\ RI WKH UHLQIRUFLQJ ILOOHU GLV�

WULEXWLRQ LV IRXQG� 7KHVH ZHOGV KDYH ODUJH UHJLRQV�

FRQWDLQLQJ QR 6L& SDUWLFOHV� WKDW DUH ORFDWHG ERWK LQ

WKH ZHOG FHQWHU� DQG GLUHFWO\ DW WKH IXVLRQ OLQH �)L�
JXUH �� E�� DQG DFFXPXODWLRQ RI UHLQIRUFLQJ SDUWLFOHV
LV IRXQG LQ WKH ZHOG URRW� ,W LV REYLRXV� WKDW D SUR�

QRXQFHG SRURVLW\ DQG QRQ�XQLIRUPLW\ RI WKH UHLQIRUF�

LQJ ILOOHU GLVWULEXWLRQ� KDYH D VWURQJ LQIOXHQFH RQ PH�

WDO KDUGQHVV LQ ZHOGV� PDGH XVLQJ 6Y�$.� ILOOHU ZLUH
�)LJXUH ��� DQG� WKHUHIRUH� DOVR RQ WKH VWUHQJWK SURS�

HUWLHV RI WKHVH ZHOGHG MRLQWV �VHH WKH 7DEOH��

$ PRUH XQLIRUP GLVWULEXWLRQ RI WKH UHLQIRUFLQJ

ILOOHU DQG JRRG VDWXUDWLRQ ZLWK LW� HVSHFLDOO\ DORQJ
WKH IXVLRQ OLQH� ZHUH IRXQG LQ WKH PHWDO RI ZHOGV�

PDGH ZLWK 6Y�$0J�� ILOOHU ZLUH �)LJXUH �� D�� WKLV
DOVR SURYLGLQJ WKHLU KLJKHU KDUGQHVV� ,Q WKH ZHOG FHQ�

WHU� KRZHYHU� PDWUL[ VDWXUDWLRQ ZLWK WKH UHLQIRUFLQJ

SDUWLFOHV LV ORZHU x DOWHUQDWLRQ RI UHJLRQV ZLWKRXW

6L& SDUWLFOHV DQG RI WKHLU DFFXPXODWLRQV LV REVHUYHG�
0HWDO KDUGQHVV LQ WKH ZHOG FHQWUDO SDUW LV VRPHZKDW

ORZHU� DFFRUGLQJO\ �)LJXUH ��� 1R DFWLYH LQWHUDFWLRQ
RQ WKH SDUWLFOHwPDWUL[ LQWHUIDFH ZLWK IRUPDWLRQ RI

$O�&� FU\VWDOV ZDV GHWHFWHG E\ RSWLFDO PHWDOORJUDSK\

PHWKRGV LQ WKH ZHOGV RI WKH FRPSRVLWH ZHOGHG MRLQWV�

0HFKDQLFDO WHQVLOH WHVWLQJ RI ZHOGHG MRLQWV RI

$0J���� YRO�� 6L& FRPSRVLWH ZDV FRQGXFWHG RQ

IODW VSHFLPHQV ZLWK UHLQIRUFHPHQW DQG EDFN�VLGH EHDG

IRUPDWLRQ� ,W LV IRXQG WKDW WKH VWUHQJWK RI WKH FRP�

SRVLWH ZHOGHG MRLQWV HVVHQWLDOO\ GHSHQGV RQ ILOOHU ZLUH

VHOHFWLRQ� WKH VWUHQJWK LV WKH ORZHVW LQ WKH ZHOGHG

MRLQWV PDGH ZLWK 6Y�$.� ILOOHU ZLUH� ZKHUH IUDFWXUH

UXQV PRVWO\ LQ WKH ZHOG� 7KLV LV DWWULEXWDEOH WR KLJKHU

SRURVLW\ RI VXFK ZHOGV DQG QRQ�XQLIRUP GLVWULEXWLRQ

RI WKH UHLQIRUFLQJ ILOOHU� 6WUHQJWK RI ZHOGHG MRLQWV�

PDGH XVLQJ 6Y�$0J�� ILOOHU ZLUH� LV �� WR ��� 03D

KLJKHU� WKDQ WKH VWUHQJWK RI VSHFLPHQV� SURGXFHG XV�
LQJ 6Y�$.� ILOOHU ZLUH �VHH WKH 7DEOH�� 8OWLPDWH WHQ�

VLOH VWUHQJWK RI ZHOGHG MRLQWV RI $0J���� YRO�� 6L&

FRPSRVLWH XVLQJ 6Y�$0J�� ILOOHU ZLUH LV �� � RI WKH

EDVH PHWDO VWUHQJWK�

&21&/86,216

�� &RQVLGHUHG LV WKH LQIOXHQFH RI QRQ�VWDWLRQDU\ KHDWLQJ
RQ VWUXFWXUDO FKDQJHV LQ WKH PDWUL[� EHKDYLRXU DQG GH�

FRPSRVLWLRQ RI VWUHQJWKHQLQJ SDUWLFOHV LQ ODVHU ZHOGLQJ�

(%: DQG $$: RI GLVSHUVLRQ�VWUHQJWKHQHG

$O�����YRO��6L&&0� ,W LV IRXQG WKDW LQ ODVHUZHOGLQJ

RI �PP WKLFN VSHFLPHQV� FRPSDUHG WR (%:� WKH GHJUHH

RI 6L&SDUWLFOHV GHFRPSRVLWLRQ EHFRPHV JUHDWHU� IRUPLQJ

D UDWKHU RYHUVDWXUDWHG VROLG VROXWLRQ� WKXV OHDGLQJ WR D

JUHDWHU KDUGQHVV RI WKH ZHOG PHWDO DQG ORZHULQJ RI WKH

VWUHQJWK SURSHUWLHV RI ZHOGHG MRLQWV�

�� ,W LV VKRZQ WKDW ORZHULQJ RI WHPSHUDWXUH DQG

UDWH RI ZHOG SRRO PHWDO VROLGLILFDWLRQ DOORZV WKH GH�

FRPSRVLWLRQ RI WKH VWUHQJWKHQLQJ SDUWLFOHV LQ &0 WR

EH JUHDWO\ UHGXFHG�
�� ,Q $$: RI $0J���� YRO�� 6L& FRPSRVLWH�

XVLQJ 6Y�$.� DQG 6Y�0J�� ILOOHU ZLUHV� WKH ZHOGV

PDGH ZLWK 6Y�$0J�� ILOOHU ZLUH KDYH D KLJKHU

VWUHQJWK ZLWK D PRUH XQLIRUP GLVWULEXWLRQ RI WKH UH�

LQIRUFLQJ ILOOHU�

5()(5(1&(6

�� .UHLGHU� .� ������ &RPSRVLWH PDWHULDOV ZLWK D PHWDO PD�
WUL[� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� 0XUDYHMQLN� $�1�� 5\DERY� 9�5�� %RJGDQRYD� 7�9� ������
)DEULFDWLRQ RI PHWDOORJUDSKLF VHFWLRQV RI FRPSRVLWH PDWHUL�
DOV� 'HS� LQ 9,1,7, RQ ��������� 1R������9��� .\LY�

�� 9LDOD� ,�&�� )RUWLHU� 3�� %RXL[� ,� ������ 6WDEOH DQG PHWD�
VWDEOH SKDVH HTXLOLEULD LQ WKH FKHPLFDO LQWHUDFWLRQ EHWZHHQ

DOXPLQLXP DQG VLOLFRQ FDUELGH� -� 0DWHU� 6FL�� ��� �����

�� &KHUQ\VKRYD� 7�$�� .REHOHYD� /�,�� 6KHER� 3� HW DO� ������

,QWHUDFWLRQ RI PHWDO PHOWV ZLWK UHLQIRUFLQJ ILOOHUV� 0RVFRZ�

1DXND�

�� $NVHQRY� $�$�� &KXUPXNRY� (�$�� 5RPDQRYD� 9�6� ������
6LOLFRQ LQIOXHQFH RQ WKH SURFHVVHV RI LQWHUDFWLRQ RQ WKH LQ�

WHUIDFH LQ $Ow6L& FRPSRVLWH PDWHULDOV� ,]Y� 9X]RY� 7VYHWQ�
0HWDOOXUJLD� �w�� ��� w ����

6WUHQJWK RI $0J���� YRO�� 6L& FRPSRVLWH DQG LWV ZHOGHG MRLQWV PDGH E\ $$:� XVLQJ GLIIHUHQW ILOOHU ZLUHV

2EMHFW RI VWXG\
6SHFLPHQ

QXPEHU

8OWLPDWH WHQVLOH

VWUHQJWK� σ
W � 03D

$YHUDJH YDOXH� σ
DY �

03D

)UDFWXUH UHJLRQ

$0J���� YRO�� 6L& �EDVH PHWDO� �

�

�

�����

�����

�����

����� w

:HOGHG MRLQW �$$:� 6Y�$0J�� ZLUH� �

�

�

�����

�����

�����

����� )XVLRQ ]RQH

6DPH �$$:� 6Y�$.� ZLUH� �

�

�

�����

�����

�����

����� :HOG

)LJXUH �� +DUGQHVV GLVWULEXWLRQ LQ WKH MRLQW RI $0J���� YRO��
6L& FRPSRVLWH� PDGH E\ $$: ZLWK 6Y�$0J�� �U� DQG 6Y�$.�
�X� ILOOHU ZLUH �O LV OHQJWK RI WKH VWXGLHG VHFWLRQ�
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�$O � �6L& → $O�¯� � �6L�

$W KLJK WHPSHUDWXUHV �!��� �&�� WKLV LQWHUDFWLRQ
FDQ SURFHHG XS WR FRPSOHWH GHJUDGDWLRQ RI 6L& SDU�
WLFOHV >�@� $SSDUHQWO\� LQWHQVLYH GLVVRFLDWLRQ RI 6L&
SDUWLFOHV WDNHV SODFH H[DFWO\ LQ WKH ZHOG FHQWUDO SDUW�
GLUHFWO\ XQGHU WKH ODVHU EHDP� ZKHUH WKH WHPSHUDWXUH
LV PD[LPDO GXULQJ SHQHWUDWLRQ�

7KH HOHFWURQ EHDP SURYLGHV D GHHSHU SHQHWUDWLRQ
RI WKH FRPSRVLWH� WKDQ WKH ODVHU EHDP� ,Q ERWK FDVHV�
WKH FDVW PHWDO RI WKH ZHOG VROLGLILHV ZLWK IRUPDWLRQ
RI D GLVSHUVH VWUXFWXUH� EXW LQ ODVHU ZHOGLQJ� WKH GLV�
SHUVLW\ RI WKH HXWHFWLF SUHFLSLWDWLRQV DQG GHQGULWHV RI
WKH DOXPLQLXP VROLG VROXWLRQ LV KLJKHU�

,Q (%: WKH UHLQIRUFLQJ 6L& SDUWLFOHV DUH DOPRVW
XQLIRUPO\ GLVWULEXWHG LQ WKH ZHOG PHWDO PDWUL[� $Q
H[FHSWLRQ LV D VPDOO VHFWLRQ LQ WKH FHQWUDO SDUW� FORVHU
WR WKH ZHOG VXUIDFH� ZKHUH VKRUW DQG ILQH DFLFXODU
LQFOXVLRQV RI $O�&� DUH IRXQG� ORFDWHG� DV D UXOH�
DURXQG 6L& SDUWLFOHV �)LJXUH �� D�� ,W LV REYLRXV� WKDW
LQ WKLV UHJLRQ DOXPLQLXP PHOW LQWHUDFWLRQ ZLWK WKHVH
SDUWLFOHV SURFHHGV E\ WKH DERYH UHDFWLRQ� ,W LV OHVV
LQWHQVLYH� WKDQ XQGHU WKH LPSDFW RI WKH ODVHU EHDP�
DV WKH UHJLRQ RI LQWHUDFWLRQ� ZKHUH IRUPDWLRQ RI WKH
QHZ SKDVH LQFOXVLRQV LV REVHUYHG� LV VPDOOHU� ,Q WKH
FRQVLGHUHG UHJLRQ� DFLFXODU LQFOXVLRQV DUH ILQHU DQG
VKRUWHU� DQG H[FHVV FU\VWDOV RI VLOLFRQ DUH DEVHQW� WKLV
EHLQJ FKDUDFWHULVWLF RI K\SRHXWHFWLF DOXPLQLXP DOOR\�
DQG LQGLFDWLYH RI WKH WUDQVLWLRQ RI D VPDOO DPRXQW RI
VLOLFRQ LQWR WKH PHOW� 0LFURKDUGQHVV LQ GLIIHUHQW ZHOG
VHFWLRQV FKDQJHV RQO\ VOLJKWO\ DQG LV HTXDO WR +9

���� w ���� 03D�
,Q $$: RI $O����� YRO�� 6L& FRPSRVLWH� WKH ZHOG

SRRO LV FKDUDFWHULVHG E\ D KLJKHU YLVFRVLW\� 7KH QDWXUH
RI HXWHFWLF SUHFLSLWDWHV LQ WKH ZHOG VWUXFWXUH FKDQJHV
GXULQJ UHFU\VWDOOLVDWLRQ� ,QVWHDG RI ILQHO\ GLIIHUHQWLDWHG
EXON HXWHFWLF FRORQLHV� DV LQ WKH EDVH PHWDO� D UDQJH RI
GLYHUVH HXWHFWLFV RI GLIIHUHQW IRUP RI FU\VWDOOLVDWLRQ DQG
WKHLU PRUH XQLIRUP GLVWULEXWLRQ DUH IRXQG LQ WKH ZHOG
PHWDO �)LJXUH �� E�� $ PRUH XQLIRUP DUUDQJHPHQW RI
UHLQIRUFLQJ 6L& SDUWLFOHV LQ WKH ZHOG PHWDO VKRXOG EH
DOVR QRWHG� :HOG PHWDO PLFURKDUGQHVV LQFUHDVHV RQO\
VOLJKWO\ XS WR +9 ���� w ���� 03D DW WKH EDVH PHWDO
PLFURKDUGQHVV RI +9 ���� w ���� 03D�

7KXV� WKH QDWXUH RI ZHOG VROLGLILFDWLRQ DQG WKH
UHVLVWDQFH RI WKH UHLQIRUFLQJ SDUWLFOHV LQ WKH DOXPLQLXP
PHOW LQ ZHOGLQJ� DUH PDLQO\ GHWHUPLQHG E\ WKH WHP�
SHUDWXUH�WLPH FRQGLWLRQV RI WKH SHQHWUDWLRQ SURFHVV�
UHODWHG WR LWV PDLQ SDUDPHWHUV �KHDW VRXUFH LQWHQVLW\�
ZHOGLQJ VSHHG� FRQGLWLRQV RI KHDW UHPRYDO IURP WKH

IXVLRQ ]RQH�� DV ZHOO DV WKHUPRSK\VLFDO SURSHUWLHV RI
WKH PHWDO EHLQJ ZHOGHG�

7KH GHULYHG UHVXOWV DOORZHG GHWHUPLQDWLRQ RI WKH
FRQGLWLRQV RI SHUIRUPDQFH DQGPRGHV RI $$:ZHOGLQJ
RI $0J���� YRO�� 6L& FRPSRVLWH� SURGXFHG E\ WKH
FDVWLQJ PHWKRG ZLWK VXEVHTXHQW H[WUXVLRQ DQG UROOLQJ
>�@� )XOO SHQHWUDWLRQ MRLQWV ZLWK QRUPDO ZHOG IRUPD�
WLRQ ZHUH PDGH RQ � PP WKLFN VSHFLPHQV RI WKLV WHVW
DOOR\ E\ $& $$: ZHOGLQJ� $ VSHFLDO ODERUDWRU\ XQLW
�YZ  �� w �� P�K� ,Z  ��� $� DQG ,698���� SRZHU
VRXUFH ZHUH XVHG IRU ZHOGLQJ�

:HOGLQJ RI EXWW MRLQWV RI WKH DERYH FRPSRVLWH ZDV
FRQGXFWHG LQ DUJRQ� XVLQJ 6Y�$0J�� �$Ow���0J� DQG
6Y�$.� �0J x ��� w ���� 6L x ��� w ���� &X x
��� w ��� ZW��� ILOOHU ZLUHV� 7KH ILUVW ZDV VHOHFWHG WR
LPSURYH WKH ZHOG VWUHQJWK� DQG WKH VHFRQG x WR LP�
SURYH WKH ZHOG SRRO IOXLGLW\� ,Q ERWK FDVHV IXOO SHQH�
WUDWLRQ ZHOGHG MRLQWV ZLWK QRUPDO IRUPDWLRQ RI WKH
EDFN�VLGH EHDG ZHUH SURGXFHG� 7KH VWUXFWXUH RI WKH
DOXPLQLXP DOOR\ �PDWUL[� LQ DOO WKH ZHOGV LV GHQGULWLF�
W\SLFDO IRU WKH FDVW FRQGLWLRQ� ZLWK D KLJK GLVSHUVLW\
RI H[FHVV SKDVH SUHFLSLWDWHV DORQJ WKH ERXQGDULHV�
(TXLD[HG FU\VWDOV DUH IRXQG LQ WKH ZHOG FHQWHU� ZKLFK
DUH VRPHZKDW HORQJDWHG LQ WKH VROLGLILFDWLRQ GLUHFWLRQ
DW WKH IXVLRQ OLQH �)LJXUH ��� 7KH TXDQWLW\ RI GLVSHUVHG
SUHFLSLWDWHV DORQJ WKH ERXQGDULHV LQ WKH ZHOG PHWDO�
LV JUHDWHU LQ ZHOGLQJ ZLWK 6Y�$.� ZLUH� WKDQ 6Y�
$0J�� ZLUH� WKLV EHLQJ� SUREDEO\� UHODWHG WR VLOLFRQ
DGGLWLRQ DQG LQFUHDVH RI WKH DPRXQW RI HXWHFWLF SUH�
FLSLWDWHV� 3RUHV DUH IRXQG LQ DOO WKH ZHOGV� LUUHVSHFWLYH
RI WKH ILOOHU ZLUH W\SH� EXW WKHLU QXPEHU LV PXFK
JUHDWHU LQ WKH ZHOGV� PDGH ZLWK 6Y�$.� ZLUH� WKDQ
LQ WKH FDVH RI 6Y�$0J�� ZLUH� 5HJDUGOHVV RI WKH ZLUH

)LJXUH �� :HOG PLFURVWUXFWXUH LQ $O����� YRO�� 6L& FRPSRVLWH SHQHWUDWLRQ LQ (%: �D� DQG $$: �E� �×����

)LJXUH �� :HOG VWUXFWXUH LQ D ZHOGHG MRLQW RI $0J���� YRO��
6L& FRPSRVLWH� SURGXFHG E\ $$:ZLWK 6Y�$0J�� �D� DQG 6Y�$.�
�E� ILOOHU ZLUH �×����
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1R SRUHV� GLVFRQWLQXLWLHV� SURGXFWV RI FKHPLFDO LQ�
WHUDFWLRQ RQ WKH SDUWLFOHwPDWUL[ LQWHUIDFH ZHUH IRXQG
LQ WKH FRPSRVLWH LQ WKH LQLWLDO FRQGLWLRQ� XVLQJ OLJKW
PHWDOORJUDSK\ PHWKRGV �VHH )LJXUH ���

)LJXUH � GHPRQVWUDWHV WKH GLVWULEXWLRQ RI HOHPHQW
UDGLDWLRQ LQWHQVLW\ LQ $O����� YRO�� 6L& FRPSRVLWH
GXULQJ VXFFHVVLYH VFDQQLQJ ZLWK WKH HOHFWURQ SUREH RI
WKH DOXPLQLXP VROLG VROXWLRQ� 6L& SDUWLFOHV DQG HXWHFWLF�
%DVHG RQ WKH GDWD RI ;�UD\ PLFURSUREH DQDO\VLV� JUH\
UHLQIRUFLQJ 6L& SDUWLFOHV KDYH WKH IROORZLQJ IUDFWLRQ E\
ZHLJKW� �� 6L x ����� $O x ���� 0J x ������ 0Q x
����� )H x ������ 1L x ����� &X x ������ & x ����
�EDODQFH�� 7KH FRPSRVLWH GHQVLW\ LV TXLWH JRRG ZLWK
MXVW LQGLYLGXDO PLFURSRUHV SUHVHQW� ,WV KDUGQHVV LQ WKH
LQLWLDO FRQGLWLRQ LV +5% ��� w ����

0HWDOORJUDSKLF PHWKRGV ZHUH XVHG WR H[DPLQH LQ
� PP VSHFLPHQV RI WKH VWXGLHG FRPSRVLWH WKH SHQH�
WUDWLRQ PDGH E\ WKH HOHFWULF DUF LQ DUJRQ �,Z  ��� $��
&2� ODVHU UDGLDWLRQ �3  ��� N:� YZ  �� P�K�� DV
ZHOO DV WKH HOHFWURQ EHDP �3  ��� N:� YZ  ��P�K��
,QYHVWLJDWLRQV VKRZHG� WKDW LQ ODVHU ZHOGLQJ DW KLJK
FRROLQJ UDWHV� D PXFK PRUH UHILQHG PDWUL[ VWUXFWXUH
LV IRXQG LQ WKH ZHOG PHWDO� WKDQ LQ WKH EDVH PHWDO�
7KLV VWUXFWXUH FRQWDLQV ILQH GHQGULWHV RI DOXPLQLXP
VROLG VROXWLRQ DQG ILQH HXWHFWLF ZLWK GLVSHUVHG LQFOX�
VLRQV �)LJXUH �� E� F�� ,W VKRXOG EH QRWHG WKDW WKH
LQGLYLGXDO VHFWLRQV RI WKH ZHOG PDUNHGO\ GLIIHU E\ WKH
QDWXUH RI WKH UHLQIRUFLQJ SKDVH GLVWULEXWLRQ �)LJXUH ��

D�� 6R� D QDUURZ VHFWLRQ RI WKH ZHOG DGMDFHQW WR WKH
IXVLRQ OLQH� LV DOPRVW IUHH RI 6L& SDUWLFOHV� ZKLFK PD\
EH UHODWHG WR WKH VWDUW RI ZHOG SRRO VROLGLILFDWLRQ DQG
GULYLQJ RI WKHVH SDUWLFOHV DZD\ E\ WKH JURZLQJ GHQ�
GULWHV RI α�VROLG VROXWLRQ� 7KLV LV IROORZHG E\ D QDUURZ
UHJLRQ RI WKH ZHOG� LQ ZKLFK GDUN�JUH\ 6L& SDUWLFOHV
DUH GLVWULEXWHG LQ D PRUH XQLIRUP PDQQHU� WKDQ LQ WKH
VWUXFWXUH RI WKH LQLWLDO FRPSRVLWH� 1RZ LQ WKH ZHOG
FHQWHU� WKH\ DUH SUHVHQW RQO\ LQ VRPH UHJLRQV RYHU
DOPRVW WKH HQWLUH GHSWK RI WKH SHQHWUDWLRQ� 1HZ SKDVH
IRUPDWLRQ LV IRXQG LQ WKLV SDUW� D FRQVLGHUDEOH DPRXQW
RI FKDRWLFDOO\ ORFDWHG DFLFXODU LQFOXVLRQV DQG ODUJH
JOREXOHV RI OLJKW�JUH\ SKDVH� 6LPXOWDQHRXV SUHFLSLWD�
WLRQ RI WKHVH WZR SKDVHV LV DOVR IRXQG �)LJXUH �� F��

$V LV VHHQ IURP )LJXUH �� LQ WKH FDVH RI ODVHU ZHOGLQJ
WKH ZHOG PHWDO PLFURKDUGQHVV LV KLJKHU� WKDQ WKDW RI
WKH EDVH PHWDO� +RZHYHU� LQ WKH ZHOG PHWDO SURSHU D
GLIIHUHQFH LV REVHUYHG EHWZHHQ LWV YDOXHV RQ WKH SHULSK�
HU\ DQG LQ WKH FHQWUDO SDUW� ,Q WKH ODWWHU� WKH PLFURKDUG�
QHVV RI WKH UHJLRQV� ZKHUH QHZ SKDVH IRUPDWLRQ LV IRXQG�
FDQ EH XS WR ����03D� DQG LQ WKH DUHDV RI WKH LQFOXVLRQ
DFFXPXODWLRQ� LW H[FHHGV ���� 03D�

$QDO\VLV RI WKH FXUYHV RI HOHPHQW GLVWULEXWLRQ LQ
WKH ZHOG PHWDO �)LJXUH �� VKRZHG WKDW LQ VFDQQLQJ
RI DFLFXODU LQFOXVLRQV ZLWK WKH HOHFWURQ SUREH� LQFUHDVH
RI ZHLJKW IUDFWLRQ RI FDUERQ DQG D VLPXOWDQHRXV UH�
GXFWLRQ RI VLOLFRQ DQG DOXPLQLXP ZHLJKW IUDFWLRQV�
FRPSDUHG WR WKRVH LQ WKH VROLG VROXWLRQ� DUH UHFRUGHG�
,W LV SUREDEOH� WKDW DFLFXODU LQFOXVLRQV DUH $O�&�SKDVH�
DQG OLJKW�FRORXUHG JOREXOHV DUH VLOLFRQ FU\VWDOV� VLQFH
FKHPLFDO LQWHUDFWLRQ EHWZHHQ VLOLFRQ FDUELGH DQG WKH
DOXPLQLXPPHOW VWDUWV DW WHPSHUDWXUHV DERYH ��� �& DQG
SURFHHGV DFFRUGLQJ WR WKH IROORZLQJ UHDFWLRQ >�� �@�

)LJXUH �� 1DWXUH RI HOHPHQW UDGLDWLRQ LQWHQVLW\ GLVWULEXWLRQ LQ
$O����� YRO�� 6L& FRPSRVLWH �LQLWLDO FRQGLWLRQ�

)LJXUH �� :HOG VWUXFWXUH LQ ODVHU ZHOGLQJ RI $O����� YRO�� 6L&
FRPSRVLWH �D� �×����� E x ZHOG SHULSKHU\ �UHJLRQ ��� F x ZHOG
FHQWHU �UHJLRQ �� �×����

)LJXUH �� :HOG PLFURKDUGQHVV LQ ODVHU ZHOGLQJ RI $O����� YRO��
6L& FRPSRVLWH� ,x EDVH PHWDO ]RQH� ,,x SHULSKHU\� ,,, x ZHOG
FHQWHU

)LJXUH �� 1DWXUH RI HOHPHQW GLVWULEXWLRQ LQ WKH ZHOG FHQWUDO UHJLRQ
LQ ODVHU ZHOGLQJ RI $O����� YRO�� 6L& FRPSRVLWH �DUURZ LQGLFDWHV
DQ DFLFXODU LQFOXVLRQ�
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7KH HIIHFW RI QRQ�VWDWLRQDU\ KHDW VRXUFHV LQ HOHFWURQ EHDP� ODVHU DQG DUJRQ�DUF ZHOGLQJ RQ VWUXFWXUDO FKDQJHV WKH PDWUL[�

EHKDYLRXU DQG GHFRPSRVLWLRQ RI VWUHQJWKHQLQJ SDUWLFOHV LQ FDVW DOXPRFRPSRVLWH ZLWK GLVSHUVHG 6L& FHUDPLF SDUWLFOHV

ZDV H[DPLQHG� 7KH WHFKQRORJ\ RI DUJRQ�DUF ZHOGLQJ RI $0J���� YRO�� 6L& FRPSRVLWH PDWHULDO LV VXJJHVWHG�

.H\ ZRU G V � GLVSHUVLRQ�VWUHQJWKHQHG FRPSRVLWH PDWHULDO�
PDWUL[� VWUHQJWKHQLQJ SDUWLFOHV� LQFOXVLRQV� VWUXFWXUH� HXWHFWLF�
KDUGQHVV� ZHOGLQJ� ILOOHU ZLUH� VWUHQJWK

&DVW $O�EDVHG FRPSRVLWHV� UHLQIRUFHG E\ FHUDPLF SDU�
WLFOHV RI 6L& DQG $O�2�� DUH SURPLVLQJ VWUXFWXUDO PD�
WHULDOV� GXH WR WKHLU KLJK YDOXHV RI VWUHQJWK� ULJLGLW\�
KLJK�WHPSHUDWXUH UHVLVWDQFH� GLPHQVLRQDO VWDELOLW\
DQG JRRG ZHDU UHVLVWDQFH� 2ZLQJ WR D UHODWLYHO\ ORZ
FRVW DQG VLPSOLFLW\ RI PDQXIDFWXULQJ PHWKRGV� WKH\
DUH FRPSHWLQJ VWURQJO\ ZLWK WKH WUDGLWLRQDO DOOR\V LQ
PHFKDQLFDO HQJLQHHULQJ� +RZHYHU� VXFFHVVIXO DSSOL�
FDWLRQ RI FRPSRVLWH PDWHULDOV �&0� LQ PRGHUQ VWUXF�
WXUHV LV ODUJHO\ GHSHQGHQW RQ WKHLU ZHOGDELOLW\ >�@�
,Q WKLV FRQQHFWLRQ� DSSOLFDWLRQ RI WUDGLWLRQDO SURFHVVHV
RI IXVLRQ ZHOGLQJ� XVLQJ ZLGHO\ DSSOLHG SURFHVV HTXLS�
PHQW� LV VWLOO LPSRUWDQW IRU $O�EDVHG &0�

,Q RUGHU WR VHOHFW WKH PRVW UDWLRQDO SURFHVV RI IX�
VLRQ ZHOGLQJ� WKH LQIOXHQFH RI KHDWLQJ LQ ODVHU� HOHF�
WURQ EHDP �(%:� DQG DUJRQ�DUF �$$:� ZHOGLQJ RI
GLVSHUVLRQ�VWUHQJWKHQHG $O����� YRO�� 6L& FRPSRV�
LWH RQ VWUXFWXUDO FKDQJHV LQ WKH PDWUL[ DQG WKH QDWXUH
RI UHLQIRUFLQJ SDUWLFOHV LQWHUDFWLRQ ZLWK WKH DOX�
PLQLXP PHOW ZHUH VWXGLHG WR GHWHUPLQH WKH IDFWRUV�
UHVSRQVLEOH IRU ZHOGHG MRLQW IRUPDWLRQ� &RPSRVLWH
PLFURVWUXFWXUH LQ WKH LQLWLDO FRQGLWLRQ DQG DIWHU ZHOG�
LQJ ZDV LQYHVWLJDWHG RQ PHWDOORJUDSKLF VHFWLRQV RI WKH
VSHFLPHQV EHIRUH DQG DIWHU FKHPLFDO HWFKLQJ LQ D VR�
OXWLRQ RI .HOOHU UHDJHQW� 7KHLU SUHOLPLQDU\ SUHSDUD�
WLRQ IRU LQYHVWLJDWLRQV ZDV FDUULHG RXW E\ JULQGLQJ RQ
HODVWLF GLDPRQG GLVFV RI GLIIHUHQW JUDQXODULW\ >�@�
6SHFLPHQ KDUGQHVV ZDV PHDVXUHG LQ 5RFNZHOO LQVWUX�
PHQW DW ORDG )  ��� 1� WKHLU PLFURKDUGQHVV x LQ
307�� LQVWUXPHQW DW )  ��� 1 DQG WKH HOHPHQWDO
FRPSRVLWLRQ RI WKH PDWUL[ DQG WKH UHLQIRUFLQJ SKDVHV
ZDV GHWHUPLQHG LQ &DPHED[ ;�UD\ PLFURDQDO\VHU�

7KH VWXGLHG FRPSRVLWH ZDV PDGH E\ WKH FDVWLQJ
PHWKRG� QDPHO\ PHFKDQLFDO PL[LQJ RI UHIUDFWRU\ SDU�
WLFOHV RI VLOLFRQ FDUELGH ZLWK WKH PDWUL[ PDWHULDO PHOW�
8VHG DV WKH FRPSRVLWH EDVH ZDV $O�� DOOR\ RI WKH

IROORZLQJ FRPSRVLWLRQ� ZW��� 6L x ���� w �����
&X x ��� w ���� 0J x ���� w ����� 0Q x ��� w
���� 1L x ��� w ���� 7L x ���� w ���� &U x �����
)H x ����� =Q x ����� 6F x ����� 6Q x �����
$O x EDODQFH� ,W EHORQJV WR SLVWRQ VLOXPLQV DQG LV D
KLJK�DOOR\HG FDVW DOOR\� 9ROXPH IUDFWLRQ RI UHLQIRUF�
LQJ 6L& SDUWLFOHV LQ WKH FRPSRVLWH ZDV �� ��

,Q WKH LQLWLDO FRQGLWLRQ� WKH PDLQ VWUXFWXUDO FRP�
SRQHQWV RI WKH FRPSRVLWH �)LJXUH �� DUH VWUHQJWKHQLQJ
6L& SDUWLFOHV� GHQGULWHV RI α�VROLG VROXWLRQ RI DOX�
PLQLXP DQG GLVSHUVHG �$O � 6L� HXWHFWLF� :LWK D ILQH
LQQHU VWUXFWXUH� WKH PDLQ HXWHFWLF FRORQLHV KDYH
JUHDWHU GLPHQVLRQV� )RXQG LQVLGH WKHP DUH LQFOXVLRQV
RI PXOWLFRPSRQHQW HXWHFWLFV RI )H1L$O� � $Oα�
&X1L$O � $Oα� &X6L�0J�$O� � $Oα� HWF� 5HLQIRUFLQJ
SDUWLFOHV RI VLOLFRQ FDUELGH DUH RI JUH\ FRORXU� DQJXODU
VKDSH DQG � w �� µP VL]H� 7KH\ DUH QRQ�XQLIRUPO\
GLVWULEXWHG WKURXJK WKH PDWUL[ EXON �GLVWDQFH EH�
WZHHQ LQGLYLGXDO SDUWLFOHV YDULHV EHWZHHQ � DQG
�� µP�� DQG DUH SUHGRPLQDQWO\ ORFDWHG LQ WKH HXWHF�
WLFV� $SSDUHQWO\� ZKHQ WKH FRPSRVLWH VROLGLILHV� WKHVH
SDUWLFOHV GR QRW EHFRPH FU\VWDOOLVDWLRQ FHQWHUV IRU WKH
GHQGULWHV� EXW DUH GULYHQ WR LQWHUGHQGULWLF VSDFHV E\
WKH JURZLQJ KDUG SKDVH�

� 9�5� 5<$%29� $�1� 085$9(-1,.� 9�3� %8'1,.� $QGU�$� %21'$5(9� 0�0� 0211,1� ,�6� 32/.,1� 9�<X� .21.(9,&+ DQG (�0� 758%.,1$� ����
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7KH GDWD REWDLQHG DOORZ D FRQFOXVLRQ WKDW WR SUHYHQW

IRUPDWLRQ RI WUDQVYHUVH FUDFNV LQ ZHOGV RI DOOR\ ��;'�
PDGH E\ VLQJOH�SDVV (%: RQ PHWDO XS WR �� PP WKLFN�

LW LV QHFHVVDU\ WR VXEMHFW VDPSOHV WR SUHKHDWLQJ WR ��� w

��� �& DQG ZHOGHG MRLQWV x WR DQQHDOLQJ ZLWKLQ D

WHPSHUDWXUH UDQJH RI ��� w ��� �& IRU �� w �� PLQ�

+HDWLQJ RI WKH VDPSOHV SULRU WR ZHOGLQJ DQG DQQHDOLQJ

RI WKH ZHOGHG MRLQWV VKRXOG EH SHUIRUPHG LQ D ZHOGLQJ

FKDPEHU XVLQJ WKH VFDQQLQJ HOHFWURQ EHDP DV D KHDW

VRXUFH� 7HQVLOH VWUHQJWK RI WKH ZHOGHG MRLQWV PDGH E\

WKLV WHFKQRORJ\ LV ��� w ��� 03D�

,Q DGGLWLRQ� LW ZDV RI LQWHUHVW WR GHWHUPLQH WKH

SRVVLELOLW\ DQG FRQGLWLRQV RI SUHYHQWLRQ RI FUDFNV LQ

UHSDLU ZHOGLQJ RI SDUWV RI DOOR\ ��;' WR HOLPLQDWH�

H�J� VXUIDFH GHIHFWV� 7KLV ZDV GRQH E\ PDNLQJ DSSUR�

SULDWH FDOFXODWLRQV EDVHG RQ DQ DVVXPSWLRQ WKDW D KHDW

VRXUFH LQ WKDW FDVH ZDV RI D IL[HG VKRUW�WLPH FLUFXODU

W\SH �VHH )LJXUH �� VDPSOH 1R���� 1DWXUDOO\� WKLV KHDW�

LQJ PHWKRG ZLOO UHVXOW LQ D PRUH ULJLG VWUHVVHG VWDWH

IRUPHG LQ D VDPSOH WKDQ LQ ZHOGLQJ RI SODWHV XVLQJ D
OLQHDU IDVW�PRYLQJ KHDW VRXUFH� ,Q WKLV FDVH WKH SURE�

DELOLW\ H[LVWV RI IRUPDWLRQ RI UDGLDO FUDFNV XQGHU WKH

HIIHFW RI VWUHVVHV σββ �VHH )LJXUH ���
.LQHWLFV RI JURZWK RI WHPSRUDU\ VWUHVVHV σββ LQ WKH

IXVLRQ ]RQH �]  �� U  �� PP� DW WKH FRROLQJ VWDJH

DQG UDWH RI YDULDWLRQ RI FLUFXPIHUHQWLDO SODVWLF VWUDLQV

YHUVXV WHPSHUDWXUH DUH VKRZQ LQ )LJXUH �� $V LW FDQ

EH VHHQ IURP WKH GHSHQGHQFLHV GHULYHG� LQ WKLV FDVH

SUHKHDWLQJ WHPSHUDWXUH 7S VKRXOG EH QRW OHVV WKDQ

��� �&� ZKLOH DQQHDOLQJ DIWHU ZHOGLQJ LV LPSHUDWLYH�

DV HYHQ DW 7S  ��� �& D KLJK OHYHO RI UHVLGXDO VWUHVVHV

SHUVLVWV LQ D VDPSOH� 7KH DERYH FRQFOXVLRQV ZHUH H[�

SHULPHQWDOO\ YHULILHG E\ ZHOG UHSDLU RI GHIHFWV RQ WKH

VXUIDFH RI VDPSOHV 1R�� RI WKH DOOR\ LQYHVWLJDWHG� LQ�

YROYLQJ SUHKHDWLQJ WR 7S  ��� �& DQG DQQHDOLQJ DIWHU

ZHOGLQJ DW 7
D
 ��� �& GLUHFWO\ LQ WKH ZHOGLQJ FKDP�

EHU� 9LVXDO H[DPLQDWLRQ DQG ;�UD\ LQVSHFWLRQ RI ZHOG
VSRWV SURYHG WKDW WKH\ FRQWDLQHG QR GHIHFWV�

&21&/86,216

�� )RUPDWLRQ RI FROG FUDFNV LQ ZHOGHG MRLQWV RI γ�DOOR\V
EDVHG RQ WLWDQLXP DOXPLQLGH LV FDXVHG E\ ORZ GXFWLOLW\
RI WKHVH DOOR\V DW WHPSHUDWXUHV EHORZ ��� �& DQG�
KHQFH� D KLJK OHYHO RI ORQJLWXGLQDO WHPSRUDU\ VWUHVVHV
σ\\ IRUPHG LQ FRROLQJ RI WKHLU ZHOGHG MRLQWV�

�� 7R SUHYHQW IRUPDWLRQ RI WUDQVYHUVH FUDFNV LQ

(% ZHOGHG MRLQWV RI γ�DOOR\ ��;'� LW LV UHFRPPHQGHG

WR XVH SUHKHDWLQJ RI VDPSOHV WR EH ZHOGHG WR D WHP�

SHUDWXUH RI ��� w ��� �&� )RU PDNLQJ ORFDO ZHOGV RU

EXLOGLQJ XS IRU UHSDLU SXUSRVHV RQ SDUWV RI DOOR\
��;'� WKH WHPSHUDWXUH RI SUHKHDWLQJ VKRXOG EH QRW

OHVV WKDQ ��� �&�

�� 7KH OHYHO RI UHVLGXDO VWUHVVHV FDQ EH GHFUHDVHG

E\ VXEMHFWLQJ ZHOGHG MRLQWV LPPHGLDWHO\ DIWHU ZHOG�

LQJ WR DQQHDOLQJ ZLWKLQ D WHPSHUDWXUH UDQJH RI ��� w

��� �&� ,Q WKLV FDVH� WR DYRLG IRUPDWLRQ RI H[WUD

VWUHVVHV� LW LV QHFHVVDU\ WR SURYLGH XQLIRUP KHDWLQJ

DQG FRROLQJ RI WKH ZHOGHG MRLQWV�

7KH ZRUN ZDV SHUIRUPHG ZLWK D ILQDQFLDO VXSSRUW

E\ WKH /DZUHQFH /LYHUPRUH 1DWLRQDO /DERUDWRU\
�86$��

5()(5(1&(6

�� 0DQWOH� $�/�� $VSLQZDOO� '�.�� :LVH� 0�/�+� ������ 6LQ�
JOH SRLQW WXUQLQJ RI JDPPD WLWDQLXP DOXPLQLGH LQWHUPHWDO�

OLF� ,Q� 3URF� RI WKH �WK :RUOG &RQI� RQ 7LWDQLXPs��� 6FL�
HQFH DQG 7HFKQRORJ\� %LUPLQJKDP� 8.� �� w �� 2FW� &DP�

EULGJH� 7KH 8QLYHUVLW\ 3UHVV�
�� ,YDQRY� 9�,�� <DVLQVN\� .�.� ������ (IILFLHQF\ RI XVLQJ

KHDW�UHVLVWDQW DOOR\V EDVHG RQ LQWHUPHWDOOLFV 7L�$O DQG 7L$O

IRU RSHUDWLRQ DW WHPSHUDWXUHV RI ��� w ��� �& LQ DLUFUDIW HQ�

JLQHHULQJ� 7HNKQRO� /\RJN� 6SODYRY� �� � w ��� ���

�� 3DWWHUVRQ� 5�$�� 0DUWLQ� 3�/�� 'DPNURJHU� %�.� HW DO�

������ 7LWDQLXP DOXPLQLGH� HOHFWURQ EHDP ZHOGDELOLW\�
:HOGLQJ -�� �� �� w ���

�� -HQVHQ� &�0�� =KDQJ� +�� %DHVODFN� :�$� HW DO� ������ 7KH
HIIHFW RI SRVWZHOG KHDW WUHDWPHQW RQ WKH VWUXFWXUH DQG SURS�

HUWLHV RI HOHFWURQ EHDP ZHOGHG 7Lw��$Ow�&Uw�1E� ,Q� $EVWU�

RI SDSHUV� SUHVHQWHG DW ��WK $:6 $QQXDO 0HHWLQJ� 0LDPL�

$:6�

�� 0DNKQHQNR� 9�,� ������ &DOFXODWLRQ PHWKRGV IRU LQYHVWLJD�
WLRQ RI NLQHWLFV RI ZHOGLQJ VWUDLQV DQG VWUHVVHV� .\LY� 1DX�
NRYD 'XPND�

�� +LQR� 1�� 1LVKL\DPD� <X� ������ $SSOLFDWLRQ RI WLWDQLXP
DOXPLQLGHV� 0HWDOV DQG 7HFKQRO�� �� �� w ���
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��� 03D� 7KHUHIRUH� SUHKHDWLQJ WR ��� w ��� �& LV
DQ HIILFLHQW PHWKRG IRU GHFUHDVLQJ WKH ULVN RI IRUPD�
WLRQ RI WUDQVYHUVH FUDFNV LQ (%: RI DOOR\ ��;'� $V
VKRZQ E\ WKH FDOFXODWLRQV� WKH OHYHO RI WUDQVYHUVH
VWUHVVHV σ[[ IRUPHG GXULQJ WKH ZHOGLQJ SURFHVV LV PXFK
ORZHU WKDQ WKDW RI ORQJLWXGLQDO VWUHVVHV� 7KHUHIRUH�
WKHLU UROH LQ IRUPDWLRQ RI FUDFNV FDQ EH LJQRUHG�

$Q LQFUHDVH LQ WKLFNQHVV RI WKH SODWHV ZHOGHG WR
�� PP �VHH )LJXUH �� VDPSOHV 1R��� DQG� WKHUHIRUH�
KHDW LQSXW LQ ZHOGLQJ GRHV QRW H[HUW D VXEVWDQWLDO
HIIHFW RQ WKH SURFHVVHV RI SODVWLF GHIRUPDWLRQ DQG IRU�
PDWLRQ RI WHPSRUDU\ DQG UHVLGXDO VWUHVVHV� ,W PLJKW
EH MXVW QRWHG WKDW LQ WKLV FDVH DQ LQWHQVLYH GHIRUPDWLRQ
RI WKH SODWHV ZHOGHG HQGV DW D ORZHU WHPSHUDWXUH WKDQ
LQ ZHOGLQJ RI VDPSOHV 1R��� )RU VDPSOHV 1R�� WKLV
WHPSHUDWXUH LV HTXDO WR ���� ��� DQG ��� �&� UHVSHF�
WLYHO\� DW D SUHKHDWLQJ WHPSHUDWXUH RI 7S  ���� ���
DQG ��� �&�

$OVR� WKH OHYHO RI UHVLGXDO VWUHVVHV �)LJXUH �� RI WKHVH
VDPSOHV LQ PXFK ORZHU WKDQ WKDW RI VDPSOHV 1R���

7KH FDOFXODWLRQ UHVXOWV ZHUH YHULILHG H[SHULPHQ�
WDOO\� 5HIHUHQFH VDPSOHV 1R�� ZHUH ZHOGHG XVLQJ SUH�
KHDWLQJ WR ��� DQG ��� �&�

9LVXDO H[DPLQDWLRQ DQG ;�UD\ LQVSHFWLRQ RI
ZHOGHG MRLQWV UHYHDOHG QR GHIHFWV� FUDFNV LQ SDUWLFXODU�
0HFKDQLFDO WHVWV VKRZHG WKDWZHOGHG MRLQWVPDGHZLWK
SUHKHDWLQJ WR ��� �& KDG XOWLPDWH VWUHQJWK RI ��� w
��� 03D� $W 7S  ��� �& WKH WHQVLOH VWUHQJWK RI D
ZHOGHG MRLQW LV HTXDO WR σW  ���03D� L�H� LWV VWUHQJWK
LV HTXDO WR WKDW RI WKH EDVH PHWDO� ,W LV OLNHO\ WKDW WKLV
GLIIHUHQFH LQ WKH σW YDOXHV LV FDXVHG E\ D KLJKHU OHYHO

RI UHVLGXDO VWUHVVHV DIWHU ZHOGLQJ ZLWK SUHKHDWLQJ WR
7S  ��� �&� 6WUHVVHV� ZKLFK DUH OHVV VLJQLILFDQW EXW
VWLOO UDWKHU KLJK� SHUVLVW LQ WKH VDPSOHV ZHOGHG ZLWK
SUHKHDWLQJ WR 7S  ��� �& �)LJXUH ��� 7KHUHIRUH� IXU�
WKHU LQYHVWLJDWLRQV ZHUH DLPHG DW LGHQWLI\LQJ SDUDPH�
WHUV IRU KHDW WUHDWPHQW RI ZHOGHG MRLQWV ZKLFK ZRXOG
IDYRXU D GHFUHDVH LQ WKH OHYHO RI UHVLGXDO VWUHVVHV� 7KH
FDOFXODWLRQ PHWKRGV ZHUH HPSOR\HG WR VWXG\ WZR YHU�
VLRQV RI FRQGLWLRQV RI FRROLQJ DIWHU DQQHDOLQJ DW 7D  
 ��� DQG ���� �&� 7KH ILUVW LQFOXGHG HOHFWURQ EHDP
KHDWLQJ RI ZHOGHG MRLQWV� KROGLQJ DW D SUHVHW WHPSHUD�
WXUH DQG VXEVHTXHQW FRROLQJ GLUHFWO\ LQ WKH ZHOGLQJ
FKDPEHU �α  ���� :��P�⋅.��� 7KH VHFRQG YHUVLRQ
LQFOXGHG WKH VDPH ZLWK FRROLQJ RXWVLGH WKH ZHOGLQJ
FKDPEHU DW WKH DEVHQFH RI DLU IORZV �α  
 ���� :��P�⋅.��� L�H� DQQHDOLQJ LQ D IXUQDFH� $V
SURYHG E\ WKH FDOFXODWLRQ UHVXOWV� WKH ILUVW YHUVLRQ LV
PRUH IDYRXUDEOH IRU DOOR\ ��;'� $FFRUGLQJ WR WKH
GDWD VKRZQ LQ )LJXUH �� HOHFWURQ EHDP KHDW WUHDWPHQW
RI ZHOGHG MRLQWV LQ D ZHOGLQJ FKDPEHU DOORZV UHVLGXDO
VWUHVVHV WR EH GHFUHDVHG � DQG � WLPHV� UHVSHFWLYHO\�
DIWHU DQQHDOLQJ DW D WHPSHUDWXUH RI ��� DQG ���� �&�

)LJXUH �� 'LVWULEXWLRQ RI ORQJLWXGLQDO VWUHVVHV �GDVKHG OLQHV� DQG
UDWH RI YDULDWLRQ RI SODVWLF VWUDLQV �VROLG OLQHV� DORQJ WKH ZHOG D[LV
LQ VDPSOHV 1R�� �D� DQG � �E� DIWHU (%: DW WKH FRROLQJ VWDJH DW
7
S
 ��� ��� ��� ��� ��� �� DQG ��� ��� �� �&

)LJXUH �� (IIHFW RI WHPSHUDWXUH RI DQQHDOLQJ DIWHU ZHOGLQJ RQ
GLVWULEXWLRQ RI ORQJLWXGLQDO UHVLGXDO VWUHVVHV LQ VDPSOHV 1R�� DW
7
S
 ��� �&� � x ���� � x ���� � x ���� �&

)LJXUH �� 9DULDWLRQ RI WHPSRUDU\ VWUHVVHV σββ �GDVKHG FXUYHV� DQG
UDWH RI YDULDWLRQ RI FLUFXPIHUHQWLDO SODVWLF VWUDLQV �VROLG FXUYHV� LQ
VDPSOHV 1R�� RI DOOR\ ��;' DW 7

S
 ��� ��� ��� ��� ��� �� DQG ���

��� �� �&
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RI PRYHPHQW RI D KHDW VRXUFH DORQJ D[LV \ ZHUH XVHG
LQ WKH FDOFXODWLRQV� 7KHVH WHPSHUDWXUH YDOXHV ZHUH
WKHQ XVHG IRU VROYLQJ WKH SUREOHP RI WKHUPDO GXFWLOLW\
ZLWKLQ WKH IUDPHV RI WKH IODW VWUHVVHG VWDWH PRGHO >�@�
7HPSHUDWXUH ILHOGV ZHUH GHWHUPLQHG E\ WKH QXPHULFDO
PHWKRG E\ VXFFHVVLYHO\ WUDFLQJ WKH WLPH GHYHORSPHQW
RI KHDWLQJ DQG FRROLQJ� VWDUWLQJ IURP WKH LQLWLDO VWDWH�
7KH VSDWLDO UDQJH RI VROXWLRQ RI WKH SUREOHP RI SURSD�

JDWLRQ RI KHDW ZDV UHSUHVHQWHG E\ ILQLWH HOHPHQWV RI
D UHFWDQJXODU VKDSH� KDYLQJ WKH IROORZLQJ VL]HV� ∆[  
 ��� DQG ∆\  ��� PP IRU VDPSOHV 1R��� ∆[  ����
∆\  ��� DQG ∆]  ��� PP IRU VDPSOHV 1R��� DQG ∆U  
 ��� DQG ∆]  ��� PP IRU VDPSOHV 1R���

&DOFXODWLRQV RI WHPSHUDWXUH ILHOGV ZHUH SHUIRUPHG
IRU ZHOGLQJ ZLWK 7S  ���� ��� DQG ��� �&� UHVSHF�
WLYHO\� 7KH UHVXOWV REWDLQHG ZHUH XVHG WR ILQG WKH
FKDUDFWHU RI YDULDWLRQ RI WHPSHUDWXUH DORQJ WKH ZHOG
D[LV DQG SHFXOLDULWLHV RI IRUPDWLRQ RI ORQJLWXGLQDO
WHPSRUDU\ DQG UHVLGXDO VWUHVVHV σ\\� 7R LOOXVWUDWH� )L�
JXUH � VKRZV WKH FRUUHVSRQGLQJ GDWD IRU VDPSOHV 1R���
5HODWLYHO\ ORZ WKHUPDO FRQGXFWLYLW\ RI WKH DOOR\ DF�
FRXQWV IRU SHUVLVWHQFH RI QRQ�XQLIRUPLW\ RI WKH WHP�
SHUDWXUH ILHOG LQ D SODWH IRU D ORQJ WLPH DIWHU WKH HQG
RI ZHOGLQJ� 7KHUHIRUH� JURZWK RI WHPSRUDU\ VWUHVVHV
LQ WKH ZHOG PHWDO RFFXUV DV D VDPSOH FRROV GRZQ WR
LQLWLDO WHPSHUDWXUH7S �)LJXUH ��� 7KH OHYHO RI UHVLGXDO
WHQVLOH VWUHVVHV DORQJ WKH ZHOG D[LV DW 7S  ��� �& LV
DERXW ��� 03D DQG LV QRW LQ H[FHVV RI WHQVLOH VWUHQJWK
RI WKH DOOR\ DW D QRUPDO WHPSHUDWXUH� 7KLV DFFRXQWV
IRU WKH DEVHQFH RI FUDFNV LQ VDPSOHV 1R�� ZHOGHG ZLWK
SUHKHDWLQJ WR 7S  ��� �&�

$QDO\VLV RI NLQHWLFV RI SODVWLF VWUDLQV DQG WHPSR�
UDU\ WHQVLOH VWUHVVHV RI VDPSOHV 1R�� LQ WKH FHQWUDO
VHFWLRQ RI D ZHOG DW WKH VWDJH RI FRROLQJ �)LJXUH ��
D� LQGLFDWHV WKDW DQ LQFUHDVH LQ WKH YDOXHV RI 7S IURP
��� WR ��� �& FDXVHV WKH SURFHVV RI LQWHQVLYH ORQJLWX�
GLQDO GHIRUPDWLRQ WR VKLIW WR D VXEVWDQWLDO GHJUHH WR
WKH UHJLRQ RI KLJKHU WHPSHUDWXUHV� 7KXV� LI DW 7S  
 ��� �& WKH GHIRUPDWLRQ DW D UDWH RI PRUH WKDQ
���⋅��w� O��& HQGV DW 7 � ��� �&� DW 7S  ��� DQG
��� �& WKLV RFFXUV DW 7  ��� DQG ��� �&� UHVSHFWLYHO\�
$ PDUNHG GHFUHDVH LQ WKH OHYHO RI WHPSRUDU\ DQG UH�
VLGXDO VWUHVVHV σ\\ WDNHV SODFH RQO\ DW 7S  ��� �&�
7DNLQJ LQWR DFFRXQW WKH DOPRVW DEVROXWH DEVHQFH RI
SODVWLF IORZ RI WKH DOOR\ DW D WHPSHUDWXUH EHORZ ��� w
��� �&� LW FDQ EH FRQVLGHUHG WKDW 7S  ��� �& LV WKDW
PLQLPXP SUHKHDWLQJ WHPSHUDWXUH DW ZKLFK JURZWK RI
SODVWLF WHQVLOH VWUDLQV HQGV DW 7 ! ��� �&� DQG WKH
PD[LPXP OHYHO RI VWUHVVHV σ\\ LV QRW KLJKHU WKDQ

)LJXUH �� 7HPSHUDWXUH GHSHQGHQFLHV RI WKHUPDO�SK\VLFDO FKDUDF�
WHULVWLFV RI WKH DOOR\V� GHULYHG RQ WKH EDVLV RI WKUHH H[SHULPHQWV
�VHH ∆� P� U�� RQ VSHFLILF KHDW FS �D� DQG WKHUPDO FRQGXFWLYLW\ λ
�E�� � x 97���� � DQG � w � x ��;'� UHVSHFWLYHO\

)LJXUH �� 'LVWULEXWLRQ RI WHPSHUDWXUH �VROLG FXUYHV� DQG ORQJLWX�
GLQDO VWUHVVHV σ\\ �GDVKHG FXUYHV� DORQJ WKH ZHOG D[LV LQ VDPSOHV
1R�� DIWHU (%:� �� � x DIWHU ��� V� �� � x DIWHU ���� V� � x
DIWHU FRROLQJ �7

S
 ��� �&�

)LJXUH �� 6L]HV RI VDPSOHV 1R�� w � �D w F� DQG FDOFXODWLRQ GLD�
JUDPV
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

'HYHORSPHQW HODVWR�SODVWLF VWUDLQV LQ ZHOGLQJ KHDWLQJ DQG FRROLQJ RI VDPSOHV RI γ�WLWDQLXP DOXPLQLGH DOOR\ KDV EHHQ

DQDO\VHG XVLQJ FDOFXODWLRQ PHWKRGV� 7KH OHYHO RI UHVLGXDO ORQJLWXGLQDO VWUHVVHV LQ WKH DOOR\ SODWHV � w �� PP WKLFN LQ

(%:� GHSHQGLQJ XSRQ WKH WHPSHUDWXUHV RI SUHKHDWLQJ DQG DQQHDOLQJ RI ZHOGHG MRLQWV DIWHU ZHOGLQJ� KDV EHHQ GHWHUPLQHG�

,W KDV EHHQ HVWDEOLVKHG WKDW SUHYHQWLRQ RI IRUPDWLRQ RI FROG FUDFNV LQ WKH ��;' DOOR\ ZHOG PDGH E\ VLQJOH�SDVV (%:

RQ PHWDO XS WR �� PP WKLFN LV SURYLGHG E\ SUHKHDWLQJ WKH VDPSOHV WR ��� w ��� �& DQG DQQHDOLQJ RI ZHOGHG MRLQWV

ZLWKLQ D WHPSHUDWXUH UDQJH RI ��� w ��� �& IRU �� w �� PLQ�

.H\ ZRU G V � WLWDQLXP DOXPLQLGH� FROG FUDFNV� WHPSHUDWXUH

ILHOGV� HODVWR�SODVWLF VWUDLQV� VWUHVVHV� SUHKHDWLQJ� DQQHDOLQJ

,QWHUHVW LQ γ�DOOR\V EDVHG RQ WLWDQLXP DOXPLQLGH 7L$O LV
GLFWDWHG E\ WKHLU XQLTXH SURSHUWLHV� 7KH\ SRVVHVV KLJK
KHDW UHVLVWDQFH DQG KLJK�WHPSHUDWXUH VWDELOLW\ DQG� DW
WKH VDPH WLPH� ORZ GHQVLW\ ���� w ��� J�FP�� >�� �@�
+RZHYHU� DW D QRUPDO WHPSHUDWXUH WKHVH DOOR\V KDYH
ORZ GXFWLOLW\ �δ  ≤ � ��� ZKLFK PDNHV WKHLU WHFKQRORJL�
FDO WUHDWPHQW UDWKHU GLIILFXOW DQG KDPSHUV WKHLU FRP�
PHUFLDO DSSOLFDWLRQ� 7KHUHIRUH� DQ H[WHQVLYH XVH RI γ�WL�
WDQLXP DOXPLQLGH LQ YDULRXV�SXUSRVH VWUXFWXUHV ZLOO GH�
SHQG WR D JUHDW GHJUHH XSRQ GHYHORSPHQW RI HIILFLHQW
SURFHVVHV IRU WKHLU WUHDWPHQW� LQFOXGLQJ ZHOGLQJ�

%HFDXVH RI ORZ GXFWLOLW\ �XS WR D WHPSHUDWXUH RI
��� �&�� γ�DOOR\V DUH YHU\ VHQVLWLYH WR VWUHVVHV IRUPHG
XQGHU FRQGLWLRQV RI QRQ�XQLIRUP KHDWLQJ GXULQJ ZHOG�
LQJ� DQG DUH VXVFHSWLEOH WR IRUPDWLRQ RI WUDQVYHUVH
FROG FUDFNV LQ ZHOGHG MRLQWV �)LJXUH ��� ,W LV VXJJHVWHG
>�� �@ WKDW SUHKHDWLQJ VKRXOG EH XVHG WR SUHYHQW FROG
FUDFNLQJ� DV WKLV PHWKRG GHFUHDVHV WKH UDWH RI JURZWK
RI WHPSRUDU\ VWUHVVHV GXULQJ ZHOGLQJ DQG ORZHUV WKH
OHYHO RI UHVLGXDO ZHOGLQJ VWUHVVHV� +RZHYHU� QR VLQ�
JOH�YDOXHG UHFRPPHQGDWLRQV RQ VHOHFWLRQ RI D WHP�
SHUDWXUH RI SUHKHDWLQJ DUH DYDLODEOH LQ OLWHUDWXUH DQG
VWXGLHV >�� �@ JLYH MXVW DQ LQWHUYDO RI LWV SRVVLEOH
YDOXHV �IURP ��� WR ��� �&� ZLWK QR H[SODQDWLRQV�

7KH SXUSRVH RI WKLV VWXG\ ZDV WR LGHQWLI\ D PLQL�
PXP YDOXH RI SUHKHDWLQJ WHPSHUDWXUH 7S DW ZKLFK QR
FUDFNV DUH IRUPHG LQ ZHOGHG MRLQWV RI γ�WLWDQLXP DOX�
PLQLGH� 1XPHULFDO FDOFXODWLRQ PHWKRGV ZHUH XVHG WR
VROYH WKHUPDO GXFWLOLW\ SUREOHPV DQG WUDFH GHYHORS�
PHQW RI HODVWR�SODVWLF VWUDLQV GXULQJ ZHOGLQJ KHDWLQJ
DQG FRROLQJ >�@�

,QYHVWLJDWLRQV ZHUH FRQGXFWHG RQ VDPSOHV RI γ�DO�
OR\ ��;' �7Lw��$Ow�1Ew�0Q� >�@ FXW RXW IURP DQ
LQJRW DQG VXEMHFWHG WR LVRVWDWLF WUHDWPHQW DW D WHP�
SHUDWXUH RI ���� �& DQG SUHVVXUH RI ��� 03D IRU � K�
DQG WKHQ WR VXEVHTXHQW VWDELOL]LQJ DQQHDOLQJ DW 7D  
 ���� �& ��� K�� :HOGLQJ DQG SUHKHDWLQJ RI WKH

SODWHV ZHUH SHUIRUPHG E\ HOHFWURQ EHDP XVLQJ WKH
8/���� PDFKLQH HTXLSSHG ZLWK WKH (/$������
SRZHU VXSSO\�

7KH IROORZLQJ FKDUDFWHULVWLFV RI WKH DOOR\ ZHUH
XVHG IRU WKH FDOFXODWLRQV� WHQVLOH VWUHQJWK σW  ��� w
��� 03D DW QRUPDO WHPSHUDWXUH� QRUPDO HODVWLFLW\
PRGXOXV (  ���⋅��� 03D� 3RLVVRQsV UDWLR ν  ���
�DFFRUGLQJ WR WKH GDWD RI >�@� DQG FRHIILFLHQW RI FRQ�
YHFWLYH KHDW WUDQVIHU LQ YDFXXP α  
 ���� :��P�⋅.�� 'HSHQGHQFLHV RI VSHFLILF KHDW DQG
WKHUPDO FRQGXFWLYLW\ RI DOOR\ ��;' XSRQ WKH WHP�
SHUDWXUH ZHUH GHWHUPLQHG H[SHULPHQWDOO\ �)LJXUH ���

%XLOGLQJ XS ZLWK WKURXJK SHQHWUDWLRQ ZDV SUH�
OLPLQDULO\ PDGH RQ VDPSOHV 1R�� � PP WKLFN �)L�
JXUH �� E\ PHDVXULQJ WKH WKHUPDO F\FOH� $V H[SHUL�
PHQWDOO\ IRXQG� D PLQLPXP YDOXH RI 7S DW ZKLFK QR
FUDFNV DUH IRUPHG LV ��� �&� 7HPSHUDWXUH ILHOGV ZHUH
FDOFXODWHG RQ WKLV EDVLV DQG XVLQJ GLDJUDPV VKRZQ LQ
)LJXUH �� 7ZR YHUVLRQV RI ZHOGLQJ ZHUH VWXGLHG LQ
WKLV FDVH� RQH XVLQJ D KLJK�SRZHU IDVW�PRYLQJ OLQHDU
VRXUFH �VDPSOHV 1R�� DQG ��� DQG WKH RWKHU XVLQJ D
IL[HG FLUFXODU VKRUW�WLPH VRXUFH �VDPSOHV 1R����

$VVXPLQJ WKDW HOHFWURQ EHDP KHDWLQJ SURYLGHV D
XQLIRUP KHDWLQJ RI IODW VDPSOHV WKURXJK WKLFNQHVV RI
WKH PHWDO� PHDQ YDOXHV RI WHPSHUDWXUH LQ WKH SURFHVV

� 9�1� =$0.29� (�$� 9(/,.2,9$1(1.2� 9�.� 6$%2.$5 DQG (�/� 95=+,=+(96.<� ����

)LJXUH �� &ROG FUDFNV LQ D ZHOGHG VDPSOH RI DOOR\ ��;' PDGH E\
(%: ZLWKRXW SUHKHDWLQJ
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SRVLWLRQV IRU UHGXFWLRQ RI WKH VXUIDFH WHQVLRQ RI WKH

PHWDOOLF PHOW�

�� 7R SUHYHQW WKH VODJ VSUHDGLQJ WR WKH ZHOG HGJHV

DQG RFFXUUHQFH RI XQGHUFXWV WKH ZHOGLQJ VODJV VKRXOG

KDYH VXUIDFH WHQVLRQ QRW ORZHU WKDQ ��� 0-�P�
� 7KH

EHVW ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV LQ ZHOGLQJ ZLWK
WKH VHOI�VKLHOGLQJ IOX[�FRUHG ZLUH LQ GLIIHUHQW VSDWLDO

SRVLWLRQV DUH DWWDLQHG DW ��� w ��� 0-�P
�
VXUIDFH

WHQVLRQ RI VODJ�

5()(5(1&(6

�� .X]PHQNR� 9�*�� *DOLQLFK� 9�,�� 7RNDUHY� 9�6� HW DO�

������ 6WXG\ RI SURSHUWLHV RI VODJ PHOWV DV UHJDUGV WR RSWL�
PL]LQJ WKH FRPSRVLWLRQV RI ZHOGLQJ IOX[HV� 6WUXFWXUH� $YWR�
PDWLFKHVND\D 6YDUND� ��� �� w ���

�� 3RGJDHWVN\� 9�9�� .X]PHQNR� 9�*� ������ :HOGLQJ VODJV�
.\LY� 1DXNRYD 'XPND�

�� 6RNRORY� 2�.� ������ &DOFXODWLRQ RI VXUIDFH WHQVLRQ RI PRO�
WHQ KDORJHQLGHV DW WKH ERXQGDU\ ZLWK LQHUW SKDVH DW IXVLRQ
WHPSHUDWXUH� ,]Y� 9X]RY� 7VYHWQ� 0HWDOOXUJLD� �� �� w ���

�� $SSHQ� $�$� ������ ([SHULHQFH LQ FODVVLILFDWLRQ RI FRPSR�
QHQWV E\ WKHLU HIIHFW RQ VXUIDFH WHQVLRQ RI VLOLFDWH PHOWV�

=KXUQ� )L]� .KLPLL� ��� ���� w �����

�� 3RSHO� 6�,� ������ 7KHRU\ RI PHWDOOXUJLFDO SURFHVVHV� 0RV�

FRZ� 9,1,7,�

�� 3RSHO� 6�,�� 3DYORY� 9�9� ������ 7KHUPRG\QDPLF FDOFXODWL�
RQ RI VXUIDFH WHQVLRQ RI VROXWLRQV� ,Q� 6XUIDFH SKHQRPHQD LQ
PHOWV DQG VROLG SKDVH RFFXUULQJ IURP WKHP� 1DOFKLN� .D�

EDUG��%DONDU� %�3�

�� 3RGJDHWVN\� 9�9� ������ (YDOXDWLRQ RI VXUIDFH WHQVLRQ RI
PHOWV RI ZHOGLQJ VOJV� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� 3DYORY� 9�9�� 3RSHO� 6�,� ������ &DOFXODWLRQ RI VXUIDFH FRQ�

FHQWUDWLRQV RI FRPSRQHQWV LQ R[LGH PHOWV� ,]Y� 9X]RY�
7VYHWQ� 0HWDOOXUJLD� �� �� w ���

�� )UHQNHO� <D�,� ������ .LQHWLF WKHRU\ RI OLTXLGV� 0RVFRZ�

$1 6665�

��� 0RMVRY� /�3�� %XU\O\RY� %�3� ������ &DOFXODWLRQ RI SURSHU�
WLHV RI PHWDOOLF DQG VODJ V\VWHPV LQ WKH GHYHORSPHQW RI ZHOG�
LQJ FRQVXPDEOHV� 6YDURFKQR\H 3URL]YRGVWYR� �� �� w ���
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$%675$&7

,QYHVWLJDWHG ZDV WKH FRPELQHG HIIHFW RQ VWHHO E\ ODVHU UDGLDWLRQ DQG KLJK�IUHTXHQF\ KHDWLQJ LQ EXWW ZHOGLQJ� &RQFXUUHQW

KLJK�IUHTXHQF\ KHDWLQJ WR D WHPSHUDWXUH RQ WKH VDPSOH VXUIDFH HTXDO WR ���� w ���� �& ZDV HVWDEOLVKHG WR FDXVH DQ

LQFUHDVH RI ��� WLPHV HLWKHU LQ WKH SHQHWUDWLRQ GHSWK RU LQ WKH ZHOGLQJ SURFHVV VSHHG� *HRPHWU\ RI WKH ZHOGV LV FORVH WR

WKDW W\SLFDO IRU ODVHU ZHOGLQJ� DOWKRXJK WKH ZHOGV DUH GLIIHUHQW LQ VWUXFWXUH �WKH ZHOG DQG +$= PHWDO FRQWDLQV QR

TXHQFKLQJ VWUXFWXUHV FKDUDFWHULVWLF RI ODVHU ZHOGLQJ� DQG YDOXHV RI KDUGQHVV GLIIHU WR D OHVVHU GHJUHH IURP WKRVH RI WKH

EDVH PHWDO��

.H\ ZRU G V � FRPELQHG ZHOGLQJ PHWKRGV� ODVHU DQG KLJK�

IUHTXHQF\ ZHOGLQJ� HTXLSPHQW� FRQGLWLRQV� VWUXFWXUH

0XFK FRQVLGHUDWLRQ KDV EHHQ JLYHQ WR LQYHVWLJDWLRQ RI

WKH FRPELQHG HIIHFW RQ PHWDO E\ UDGLDWLRQ RI ODVHU DQG

RWKHU KHDW VRXUFHV LQ ZHOGLQJ� IRU H[DPSOH� E\ DUF GLV�

FKDUJH >�� �@ RU KLJK�IUHTXHQF\ FXUUHQW >�@� LQ RUGHU WR

LQFUHDVH SHQHWUDWLRQ GHSWK RU SURFHVV SURGXFWLYLW\�

:HOGLQJ XVLQJ D KLJKO\ FRQFHQWUDWHG KHDW VRXUFH�

VXFK DV ODVHU� LV FKDUDFWHUL]HG E\ D ULJLG WKHUPDO F\FOH�

ZKLFK LQ D QXPEHU RI FDVHV LV D QHJDWLYH IDFWRU� OHDGLQJ

WR IRUPDWLRQ RI FUDFNV DQG XQGHVLUDEOH EULWWOH TXHQFK�

LQJ VWUXFWXUHV >�@�:H LQYHVWLJDWHG ODVHU EXWWZHOGLQJ�

LQYROYLQJ FRQFXUUHQW KLJK�IUHTXHQF\ KHDWLQJ ZLWK D

SXUSRVH WR DYRLG WKLV GUDZEDFN DQG LQFUHDVH WKH SHQH�

WUDWLRQ GHSWK �RU ZHOGLQJ VSHHG�� )RU WKLV ZH ZHOGHG

WKH SUHSDUHG EXWW MRLQWV� RWKHU WKDQ D MRLQW GHVFULEHG

LQ >�@� ZKLFK ZDV IRUPHG GXULQJ ORQJLWXGLQDO ZHOGLQJ

RI D SLSH� ZKHUH KLJK�IUHTXHQF\ FXUUHQWV ZHUH FRQ�

FHQWUDWHG DW D EXWW MRLQW SRLQW WR IRUP D KLJK�LQWHQVLW\

KHDW VRXUFH�

)RU H[SHULPHQWV ZH XVHG WKH WHFKQRORJLFDO ODVHU

/7 ��� ZLWK D UDGLDWLRQ SRZHU RI XS WR �� N: >�@

DQG KLJK�IUHTXHQF\ ZHOGLQJ XQLW ,9������������

ZLWK D SRZHU RI ��� N: DQG D ZRUNLQJ IUHTXHQF\ RI

���� 0+]� $ UHHTXLSSHG WXUQLQJ DQG VFUHZ�FXWWLQJ
PDFKLQH ZDV XVHG DV D ZHOGLQJ SRVW� ZKHUH D FROXPQ

ZLWK ODVHU UDGLDWLRQ IRFXVLQJ RSWLFV ZDV LQVWDOOHG LQ�

VWHDG RI D FXWWHU KROGHU� DQG D PRELOH KLJK�IUHTXHQF\

ZHOGLQJ KHDG ULJLGO\ FRQQHFWHG WR D VXSSRUW ZDV XVHG

LQVWHDG RI D WDLOVWRFN >�@� $ VLQJOH�ZLQGLQJ ZRUN FRLO

WKDW KHDWHG D MRLQW ZHOGHG ZDV DWWDFKHG WR WKH KHDG�

7KH FRLO ZDV PDGH IURP D FRSSHU WXEH � DQG � PP LQ

GLDPHWHU� 7KH JDS EHWZHHQ WKH FRLO DQG VDPSOHV
ZHOGHG ZDV � PP� 7KH WHPSHUDWXUH RI KLJK�IUHTXHQF\

KHDWLQJ RQ WKH H[WHUQDO DQG LQWHUQDO VXUIDFHV RI WKH
WXEXODU VDPSOHV ZHOGHGZDVPHDVXUHGZLWK WKH RSWLFDO

S\URPHWHU �6SHNWURSLU 3������ ������ 5HVHDUFK DQG

3URGXFWLRQ $VVRFLDWLRQ �/HQWHSORSULERU��� KDYLQJ D

WHPSHUDWXUH PHDVXUHPHQW UDQJH RI ��� w ���� �& DQG

D PDLQ LQVWUXPHQWDO UHGXFHG HUURU RI ±� ��

%XWW ZHOGLQJ RI WXEXODU VDPSOHV ZLWK D ZDOO WKLFN�

QHVV RI δ  �� PP ZDV SHUIRUPHG LQ &2�� ,W ZDV IHG

VR WKDW WKH SODVPD IODPH RYHU WKH ZHOG SRRO� FDXVHG

E\ D EUHDN�GRZQ RFFXUULQJ LQ WKH SODVPD DQG IRUPD�
WLRQ RI WKH DUF GLVFKDUJH EHWZHHQ WKH FRLO DQG D VDPSOH�

� 9�<X� .+$6.,1� 9�'� 6+(/<$*,1� 9�3� *$5$6+&+8.� 9�1� 6,'25(76� $�9� 6$.+$5129 DQG (�,� *21&+$5(1.2� ����
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ZKHUH [L LV WKH FRQWHQW RI WKH L�WK FRPSRQHQW� PROH ��
7KH HTXDWLRQ ��� GRHV QRW WDNH LQWR DFFRXQW WKH

HIIHFW RI WKH GLVVROYHG VXOSKXU� QLWURJHQ DQG R[\JHQ�
EXW PDNHV LW SRVVLEOH WR HYDOXDWH WKH FKDQJH LQ WKH
VXUIDFH WHQVLRQ RI WKH PROWHQ PHWDO DW VPDOO YDULDWLRQV
LQ WKH FRQWHQW RI WKH DERYH�PHQWLRQHG LPSXULWLHV�

7KH FDOFXODWLRQV VKRZHG WKDW DOXPLQLXP DQG PDQ�
JDQHVH KDYH WKH KLJKHVW LQIOXHQFH RQ WKH VXUIDFH WHQ�
VLRQ �)LJXUHV �� ���

,Q ZHOGLQJ ZLWK H[SHULPHQWDO ZLUHV LQ YHUWLFDO SODQH
WKLV LQIOXHQFH EHFDPH HYLGHQW� DV DW ��� � $O FRQWHQW
WKH PHWDO LV IORZLQJ GRZQ� +HUH� WKH PHWDO KDV D ORZ
VXUIDFH WHQVLRQ �≈ ���� 0-�P��� $W DERXW ��� w
��� � $O DQG ��� w ��� � 0Q FRQWHQW LQ PHWDO �VXUIDFH
WHQVLRQ LV ���� w ���� 0-�P�� D JRRG ZHOG IRUPDWLRQ
LV REVHUYHG LQ FDVH RI WKH YHUWLFDO ZHOGLQJ� 7R HYDOXDWH
WKH HIIHFW RI WKH VXUIDFH WHQVLRQ RI WKH PROWHQ PHWDO RQ
WKH ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI WKH IOX[�FRUHG
ZLUH WKH DOOR\LQJ ZLWK PDQJDQHVH DQG DOXPLQLXP LV
DGPLWWHG ZLWKLQ WKH HVWDEOLVKHG OLPLWV�

&XUYHV RI FKDQJLQJ WKH VXUIDFH WHQVLRQ RI VODJ RI
WKH VDOW�R[LGH %D)�w/L)w0J2 V\VWHP DW ���� DQG
���� . WHPSHUDWXUH� FDOFXODWHG E\ IRUPXOD ���� DUH
VKRZQ LQ )LJXUH �� )RU VODJV RI DOO WKH V\VWHPV WKH
VXUIDFH WHQVLRQ LV UHGXFHG ZLWK WKH WHPSHUDWXUH LQ�
FUHDVH WKDW SURYHV DERXW WKH GHFUHDVH LQ LQWHUSDUWLFOH
LQWHUDFWLRQ DQG LW LV LQFUHDVHG PRQRWRQLFDOO\ ZLWK WKH
LQFUHDVH RI 0J2 FRQFHQWUDWLRQ LQ PHOW� 7KH DEVHQFH
RI PD[LPXPV DQG PLQLPXPV RQ WKH LVROLQHV RI WKH
VXUIDFH WHQVLRQ LQGLFDWHV WKH DEVHQFH RI WKH FRPSOH[
LRQV� 7KHUHIRUH� WKH VODJ V\VWHP %D)�w/L)w0J2 UHS�
UHVHQWV D VROLG VROXWLRQ ZLWKLQ WKH HQWLUH ILHOG RI VR�
OLGLILFDWLRQ �VHH )LJXUH ��� 7KH IDFW� WKDW WKH VXUIDFH
WHQVLRQ GRHV QRW GHSHQG RQ WKH WHPSHUDWXUH� SURYHV
WKH DEVHQFH RI WKH VWUXFWXUDO FKDQJHV LQ WKH PHQWLRQHG
VODJ V\VWHP GXULQJ VROLGLILFDWLRQ�

7KH FRPSRVLWLRQV RI VODJV IRUPLQJ LQ IXVLRQ RI
H[SHULPHQWDO IOX[�FRUHG ZLUHV DQG WKHLU VXUIDFH WHQ�
VLRQ DW WHPSHUDWXUH ���� . DUH JLYHQ LQ WKH 7DEOH�

7KH VXUIDFH WHQVLRQ RI ZHOGLQJ VODJV LQIOXHQFH
JUHDWO\ WKHLU FRYHULQJ SRZHU� 7KH TXDOLW\ ZHOG IRU�
PDWLRQ� DV ZHOO DV LWV IRUPDWLRQ LQ YHUWLFDO DQG RYHU�
KHDG ZHOGLQJ GHSHQG RQ LW WR D JUHDW H[WHQW� ,Q WKLV
FDVH LW LV GHVLUDEOH WKDW WKH VODJ KDG D KLJK VXUIDFH
WHQVLRQ WR PDLQWDLQ WKH ZHOG SRRO� KRZHYHU� WKH FRY�
HULQJ SRZHU RI WKH VODJ LV KHUH GHWHULRUDWLQJ� 7R LQ�
FUHDVH WKH ODWWHU LW LV QHFHVVDU\ WR SURYLGH ORZ YDOXHV
RI WKH VODJ VXUIDFH WHQVLRQ� +RZHYHU� LW VKRXOG EH
WDNHQ LQWR DFFRXQW WKDW DW YHU\ ORZ VXUIDFH WHQVLRQ
WKH VODJ LV IORZLQJ GRZQ WR WKH ZHOG HGJHV� 7KH H[�
SHULPHQWDO FKHFN�RXW RI HIIHFW RI VXUIDFH WHQVLRQ RI
VODJV RQ WKH ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV ZDV SHU�
IRUPHG XVLQJ H[SHULPHQWDO ZLUHV� ZKRVH PDLQ VODJ
FRPSRVLWLRQ LV JLYHQ LQ WKH 7DEOH�

:LWK ZLUHV 1R�� w � WKH VODJV KDYH WKH ORZ VXUIDFH
WHQVLRQ� ,Q ZHOGLQJ ZLWK WKHVH ZLUHV D VODJ VSUHDGLQJ
DORQJ WKH ZHOG VXUIDFH LV REVHUYHG� $W YHU\ ORZ �DERXW
���0-�P�� VXUIDFH WHQVLRQ WKH IXVLRQ RI WKH ZHOGLQJ
HGJH LV RFFXUUHG ZLWK WKH IRUPDWLRQ RI XQGHUFXWV�
7KXV� LQ ZHOGLQJ ZLWK H[SHULPHQWDO ZLUHV 1R�� DQG

�� ZKRVH VODJV KDYH WKH VXUIDFH WHQVLRQ RI ��� DQG
��� 0-�P�� UHVSHFWLYHO\� WKH DSSHDUDQFH RI XQGHU�
FXWV LV REVHUYHG� :KHQ WKH ZLUHV 1R�� DQG � DUH XVHG�
ZKRVH VODJV KDYH VXUIDFH WHQVLRQ LQ WKH UDQJHV RI ��� w
��� 0-�P�� WKH UHJLRQV RI XQGHUFXWV DUH QHJOLJLEOH�
,Q ZHOGLQJ ZLWK ZLUHV 1R�� DQG � �VODJV VXUIDFH WHQ�
VLRQ LV ��� w ��� 0-�P�� WKH ZHOG LV DOPRVW FRP�
SOHWHO\ FRYHUHG ZLWK WKH VODJ DQG XQGHUFXWV DUH QRW
IRUPHG� :KHQ ZLUH 1R�� LV XVHG �VXUIDFH WHQVLRQ RI
WKH VODJ LV ��� 0-�P�� WKH XQGHUFXWV DUH QRW RE�
VHUYHG� EXW WKH VODJ FRYHULQJ SRZHU LV LQVXIILFLHQW�

7KXV� LQ ZHOGLQJ ZLWK ZLUHV ZKRVH VODJV KDYH D
ORZ VXUIDFH WHQVLRQ� WKH VODJV DUH VSUHDGLQJ DW WKH
ZHOG HGJHV� ZKLOH LQ XVLQJ ZLUHV ZKRVH VODJV KDYH
KLJK VXUIDFH WHQVLRQ� WKH VODJV GR QRW FRYHU ZHOG VXU�
IDFH FRPSOHWHO\ WKDW GHWHULRUDWHV LWV DSSHDUDQFH DQG
IRUPDWLRQ� ,W ZDV HVWDEOLVKHG DV D UHVXOW RI WKH FDUULHG
RXW LQYHVWLJDWLRQV WKDW WKH EHVW ZHOGLQJ�WHFKQRORJLFDO
SURSHUWLHV DUH DWWDLQHG LQ ZHOGLQJ ZLWK IOX[�FRUHG
ZLUHV ZKRVH VODJV RI WKH JLYHQ VDOW�R[LGH V\VWHP KDYH
WKH VXUIDFH WHQVLRQ LQ WKH UDQJH RI ��� w ��� 0-�P��

7KXV� NQRZLQJ VXUIDFH WHQVLRQ RI VODJ DQG PROWHQ
PHWDO� LW LV SRVVLEOH WR SUHGLFW WKH ZHOGLQJ�WHFKQR�
ORJLFDO SURSHUWLHV RI WKH VHOI�VKLHOGLQJ IOX[�FRUHG
ZLUHV E\ VXFK FKDUDFWHULVWLFV DV WKH FRYHULQJ SRZHU
RI WKH VODJ DQG ZHOG IRUPDWLRQ LQ WKH YHUWLFDO SODQH�

&21&/86,216

�� 7KH GHSHQGHQFH RI WKH VXUIDFH WHQVLRQ RI VODJ RI
WKH VDOW�R[LGH %D)�w/L)w0J2 V\VWHP RQ WKH FRPSR�
VLWLRQ DQG PHOW WHPSHUDWXUH ZDV LQYHVWLJDWHG� 7KH
DEVHQFH RI PD[LPXPV DQG PLQLPXPV RQ WKH LVROLQHV
RI WKH VXUIDFH WHQVLRQ LQGLFDWH WKH DEVHQFH RI FRPSOH[
LRQV� 7KHUHIRUH� WKH %D)�w/L)w0J2 V\VWHP UHSUH�
VHQWV D VROLG VROXWLRQ LQ WKH HQWLUH ILHOG RI VROLGLILFD�
WLRQ� $V WKH VXUIDFH WHQVLRQ GRHV QRW GHSHQG RQ WKH
WHPSHUDWXUH LW LV SRVVLEOH WR VWDWH DERXW WKH DEVHQFH
RI VWUXFWXUDO FKDQJHV LQ WKH VODJ V\VWHP DERYH WKH OLQH
RI OLTXLGXV� 7KH VXUIDFH WHQVLRQ RI WKH VODJ PHOW LV
LQFUHDVLQJ PRQRWRQLFDOO\ ZLWK WKH LQFUHDVH LQ FRQFHQ�
WUDWLRQ RI WKH PDQJDQHVH R[LGH�

�� ,W LV GHVLUDEOH WR OLPLW WKH FRQWHQW RI DOXPLQLXP
WR ��� � DQG PDQJDQHVH WR ��� � LQ WKH VHOI�VKLHOGLQJ
IOX[�FRUHG ZLUHV XVHG IRU ZHOGLQJ DW GLIIHUHQW VSDWLDO

6XUIDFH WHQVLRQ RI VODJV DW ���� . WHPSHUDWXUH

1R�

RI

ZLUH

&RQWHQW RI FRPSRQHQWV LQ VODJ� ZW�� σ�
0-�P

�

%D)� /L) 0J2 =U2� .) $O�2�

� �� �� �� ��� ��� w ���

� �� �� �� ��� ��� w ���

� �� �� �� ��� ��� w ���

� �� �� �� ��� ��� w ���

� �� �� �� ��� ��� w ���

� �� �� �� ��� ��� w ���

� �� � �� ��� w � ���

� �� � �� ��� w � ���
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σ = σL w
57

ω OQ ∑
L = �

N

)L 1L� ���

ZKHUH σL LV WKH VXUIDFH WHQVLRQ RI SXUH L�WK FRPSRQHQW�
5 LV WKH JDV FRQVWDQW� ω LV WKH PRODU VXUIDFH �DUHD
RFFXSLHG E\ RQH PROH RI VROXWLRQ�� )L LV WKH VXUIDFH
DFWLYLW\ RI WKH L�WK FRPSRQHQW LQ WKH VROXWLRQ GHSWK�
1L LV WKH PRODU IUDFWLRQ RI WKH L�WK FRPSRQHQW�

$V WKH PRODU VXUIDFH RI VDOW�R[LGH V\VWHP LV
FKDQJHG QHJOLJLEO\� WKHQ WKH PRODU VXUIDFH FDQ EH
WDNHQ DSSUR[LPDWHO\ FRQVWDQW IRU WKH ZLGH UDQJH RI
FRQFHQWUDWLRQV RI FRPSRQHQWV RI WKH VDOW�R[LGH PHOWV�
7KH YDOXH ω ���⋅��� FP� KDV D JRRG FRUUHODWLRQ ZLWK
H[SHULPHQWDO GDWD REWDLQHG DIWHU PHDVXULQJ WKH VXU�
IDFH WHQVLRQ RI WKH VODJ >�@� 7KH VODJ EDVH RI WKH
VHOI�VKLHOGLQJ IOX[�FRUHG ZLUHV RI D WXEXODU GHVLJQ UHS�
UHVHQWV VDOW�R[LGH V\VWHPV RQ WKH EDVH RI IOXRULGHV RI
EDULXP� OLWKLXP� SRWDVVLXP DQG R[LGHV RI PDJQHVLXP�
DOXPLQLXP DQG ]LUFRQLXP�

:KHQ WKH VXUIDFH WHQVLRQ >�� �@ RI PHOWV RI VODJV RI
WKH VDOW�R[LGH V\VWHPV LVGHWHUPLQHG WKH IROORZLQJYDOXHV
RI FRQVWDQWV )L DUH GHULYHG� )0J2  ���� )/L)  ����
)%D)

�
 ���� )=U2

�
 ���� ).)  ���� )$O

�
2

�
 ����

7KH HTXDWLRQ ��� ZDV GHULYHG IRU R[LGHV DQG IOXR�
ULGHV RI 0H2 DQG 0H) W\SH� UHVSHFWLYHO\� 7R XVH LW

IRU R[LGHV DQG IOXRULGHV RI 0H[2\ DQG 0H[)\� LW LV
QHFHVVDU\ WR UHSODFH PRODU IUDFWLRQV 1L E\ FRQFHQWUD�
WLRQ 1L

′ FKDUDFWHUL]LQJ WKH HTXDO DPRXQWV RI JUDP�LRQ
IUDFWLRQV RI R[\JHQ LQ GLIIHUHQW R[LGHV >��@� DFFRUGLQJ
WR WKH HTXDWLRQ

1L
′ =

γL 1L

∑
L

N

γL 1L

� ���

ZKHUH γL LV WKH DPRXQW RI R[\JHQ DWRPV LQ WKH R[LGH
PROHFXOH�

7KH SURSHUWLHV RI VODJ DQG PHWDOOLF SKDVH LQIOXHQFH
PRVW VLJQLILFDQWO\ RQ WKH ZHOG JHRPHWU\ DW WHPSHUD�
WXUH ���� w ���� �&� 7KH XVH RI GHR[LGL]LQJ DQG DO�
OR\LQJ ZLWK DOXPLQLXP� PDQJDQHVH� QLFNHO DW D VPDOO
FRQWHQW RI VLOLFRQ LV W\SLFDO RI WKH VHOI�VKLHOGLQJ IOX[�
FRUHG ZLUHV ZLWK VODJ RI WKH VDOW�R[LGH V\VWHP� ,Q FDVH
RI WKH PXOWLFRPSRQHQW VODJ V\VWHP )Hw1Lw0Qw6Lw$O
DW ���� . WKH VXUIDFH WHQVLRQ FDQ EH GHVFULEHG E\ WKH
HTXDWLRQ >��@

σ  ����[)H � ����[1L � ����[0Q �

� ���[6L w ����[)H � [0Q�[6L � ���[$O w ���[)H[$O�
���

)LJXUH ��'HSHQGHQFH RI VXUIDFH WHQVLRQ RI PHWDO �&x ����� 6L x
���� 0Q x ���� 1L x ���� 6 x ������ 3 x ����� 1 x ����� 2x
���� ZW��� RQ WKH FRQWHQW RI DOXPLQLXP DW WHPSHUDWXUH ���� .

)LJXUH �� 'HSHQGHQFH RI VXUIDFH WHQVLRQ RI PHWDO �& x ���� 6L x
���� 6 x ����� 3 x ����� 1 x ����� 2 x ���� ZW��� RQ FRQWHQW
RI DOXPLQLXP DQG PDQJDQHVH DW WHPSHUDWXUH ���� .� � x ��� 0Q�
� x ��� 0Q� � x ��� 0Q

)LJXUH �� 'HSHQGHQFH RI VXUIDFH WHQVLRQ RI VODJ RI WKH %D)�w/L)w0J2 VDOW�R[LGH V\VWHP RQ WKHLU FRPSRVLWLRQ DW WHPSHUDWXUH ���� �D�
DQG ���� �E� .
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

'HSHQGHQFH RI VXUIDFH WHQVLRQ RI VODJ RI WKH VDOW�R[LGH %D)
�
w/L)w0J2 V\VWHP RQ LWV FRPSRVLWLRQ DQG WHPSHUDWXUH ZDV

LQYHVWLJDWHG� 7KH HIIHFW RI VXUIDFH WHQVLRQ RQ WKH ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI WKH IOX[�FRUHG ZLUHV LQ ZHOGLQJ

LQ YDULRXV VSDWLDO SRVLWLRQV LV FRQVLGHUHG�

.H\ ZRU G V � DUF ZHOGLQJ� IOX[�FRUHG ZLUH� ZHOGLQJ IOX[HV�
VDOW�R[LGH V\VWHPV� VXUIDFH WHQVLRQ� ZHOGLQJ�WHFKQRORJLFDO SUR�
SHUWLHV� FRYHULQJ SRZHU� XQGHUFXWV

7KH GHYHORSPHQW RI WKH QHZ ZHOGLQJ FRQVXPDEOHV
ZLWK WKH UHTXLUHG WHFKQRORJLFDO SURSHUWLHV IRU DUF
ZHOGLQJ LV DQ DFWXDO VFLHQWLILF SUREOHP RI WKH ZHOGLQJ
PDQXIDFWXULQJ� &RQFHSWLRQV DERXW WKH LQWHUUHODWLRQ
RI WKH FRQGLWLRQV RI SURGXFLQJ TXDOLW\ ZHOGHG MRLQWV
ZLWK PDLQ SK\VLFDO�FKHPLFDO SURSHUWLHV RI VODJV DUH
VKRZQ LQ VRPH SXEOLFDWLRQV >�� �@� 7KH\ RXWOLQH WKH
HIIHFW RI WKH VXUIDFH WHQVLRQ RI VODJ DQGPHWDOOLF SKDVHV
RQ WKH ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI ZHOGLQJ
FRQVXPDEOHV LQ FDVH RI DUF IXVLRQ ZHOGLQJ� LQ SDUWLFX�
ODU WKH FRYHULQJ DELOLW\ RI WKH VODJ� $W D ORZ FRYHULQJ
SRZHU WKH VODJ GRHV QRW FRYHU WKH ZHOG FRPSOHWHO\�
WKXV GHWHULRUDWLQJ LWV DSSHDUDQFH� IRUPDWLRQ RI ZHOG
DQG VODJ UHPRYDO� 7KH VXUIDFH WHQVLRQ RI WKH PROWHQ
PHWDO� FRQGLWLRQV DQG WHFKQRORJ\ RI ZHOGLQJ DOVR DI�
IHFW WKH VPRRWK WUDQVLWLRQ WR WKH SDUHQW PHWDO DQG
IDYRXUDEOH VKDSH RI WKH ZHOG� 7KH ZHOG IRUPDWLRQ LQ
YHUWLFDO DQG RYHUKHDG SRVLWLRQV GHSHQGV JUHDWO\ RQ
WKH VXUIDFH WHQVLRQ RI WKH VODJ DQG PHWDOOLF SKDVHV�

7KH LQWHUIDFLDO WHQVLRQ GHILQHV WKH SHFXOLDULW\ RI
SURFHHGLQJ PHWDOOXUJLFDO UHDFWLRQV� VWDELOLW\ DQG UDWH
RI UHPRYDO RI QRQ�PHWDOOLF LQFOXVLRQV IURP WKH PROWHQ
PHWDO� DGKHVLRQ RI VODJ DQG PHWDO� 7KH LQWHUIDFLDO
WHQVLRQ FKDUDFWHUL]HV WKH HQHUJ\ RI WKH LQWHUDFWLRQ RI
LURQ DWRPV ZLWK VODJ LRQV ZKLFK KDV D FHUWDLQ HIIHFW
RQ WKH VWUHQJWK RI VODJ DGKHVLRQ ZLWK PHWDO� DQG�
FRQVHTXHQWO\� WKH VODJ FUXVW UHPRYDO� 7KH FKHPLFDO
DGKHVLRQ RI VODJ DQG PHWDO DUH JUHDWO\ DIIHFWHG E\ WKH
VXUIDFH DQG LQWHUIDFLDO WHQVLRQ DW WKH PHWDOwVODJ LQ�
WHUIDFH RQ ZKLFK WKH PHWDO ZHWWLQJ ZLWK PROWHQ VODJ
GHSHQGV� :LWK LQFUHDVH LQ YDOXH RI WKH LQWHUIDFLDO
WHQVLRQ WKHPHWDOZHWWLQJZLWK WKH VODJ LV GHWHULRUDWHG�
WKH DGKHVLRQ VWUHQJWK LV GHFUHDVHG� 7KH FORVHU WKH PHOW
DQG PHWDO VXUIDFH LQ WKHLU PROHFXODU QDWXUH� WKH ORZHU
WKH LQWHUIDFLDO WHQVLRQ DW WKH PHOWwPHWDO LQWHUIDFH DQG
KLJKHU DGKHVLRQ�

7KH LQWHUIDFLDO WHQVLRQ LV FKDUDFWHUL]HG E\ WKH
HTXDWLRQ

σªÃ−V = σªÃ + σV FRV θ� ���

ZKHUH σ0H�V LV WKH LQWHUIDFLDO WHQVLRQ RI PROWHQ VODJ DW
WKH ERXQGDU\ ZLWK ZHOG PHWDO� σ0H� σV LV WKH VXUIDFH
WHQVLRQ� UHVSHFWLYHO\� RI PROWHQ PHWDO DQG PROWHQ
VODJ� θ LV WKH DQJOH RI ZHWWLQJ�

2Q WKH EDVLV RI WKH VHFRQG ODZ RI WKHUPRG\QDPLFV
WKH VSRQWDQHRXV SURFHHGLQJ RI SURFHVV RI ZHWWLQJ RI
KDUG VXUIDFH RI PHWDO ZLWK VODJ LV SRVVLEOH LQ WKDW FDVH
ZKHQ WKH IROORZLQJ FRQGLWLRQ LV NHSW

σªÃ ≥ σªÃ�V � σV� ���

L�H� WKH VSUHDGLQJ LV DFFRPSDQLHG E\ WKH GHFUHDVH LQ
D IUHH HQHUJ\ RI WKH V\VWHP� ,W IROORZV IURP WKLV H[�
SUHVVLRQ WKDW WKH ZHOG PHWDO VXUIDFH LV ZHWWHG EHWWHU
ZLWK WKH VODJ ZKHQ WKH VXUIDFH WHQVLRQ RI WKH VODJ DQG
LQWHUIDFLDO VXUIDFH WHQVLRQ RI PHWDOwVODJ DUH ORZHU DQG
WKH VXUIDFH WHQVLRQ RI WKH PHWDO LV KLJKHU� 7KXV� FRP�
LQJ IURP WKH VXUIDFH WHQVLRQ RI WKH VODJ DQG ZHOG
PHWDO LW LV SRVVLEOH WR HYDOXDWH ZHWWDELOLW\� DQG� WKXV�
WKH FRYHULQJ SRZHU RI WKH VODJ�

7KH VXUIDFH WHQVLRQ RI PHWDOOXUJLFDO DQG ZHOGLQJ

VODJV ZDV LQYHVWLJDWHG E\ PDQ\ VFLHQWLVWV >� w �@� 7KH

H[SHULPHQWDO GDWD DERXW WKH VXUIDFH WHQVLRQ RI WKH

PROWHQ VODJ DUH OLPLWHG E\ WKH GHILQLWH V\VWHPV� WKHUH�

IRUH� LQ SUDFWLFH WKH FKDQJH LQ VRPH SURSHUWLHV RI ZHOG�

LQJ FRQVXPDEOHV DUH QRW WDNHQ LQWR DFFRXQW ZKHQ WKH

VODJV DUH VHOHFWHG� 7KH FDOFXODWLRQ PHWKRGV RI HYDOX�

DWLRQ RI WKH VXUIDFH WHQVLRQ RI VODJV >� w �@ JLYH DQ

RSSRUWXQLW\ WR REWDLQ WKH LQIRUPDWLRQ RQ WKH EDVLV RI

D OLPLWHG H[SHULPHQWDO PDWHULDO�
7RHYDOXDWH WKH VXUIDFH WHQVLRQ RI WKHPROWHQZHOGLQJ

VODJ DPHWKRG RI DSSUR[LPDWHG FDOFXODWLRQ RI WKH VXUIDFH
WHQVLRQ RI PXOWLFRPSRQHQW VROXWLRQV� GHYHORSHG LQ >��
�@� ZDV XVHG� $FFRUGLQJ WR PRGHO�WKHUPRG\QDPLF HTXD�
WLRQ WKH VXUIDFH WHQVLRQ� σ� LV HTXDO WR

� 9�1� 6+/(3$.29 DQG 6�0� 1$80(-.2� ����
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SULPDU\ DXVWHQLWH JUDLQV DQG LQ WKH EXON RI WKH JUDLQV�

7KH JUDLQ LQGH[ LV ≈��
6WUXFWXUH RI WKH ZHOGPHWDO LQ WKH FDVH RI FRPELQHG

ZHOGLQJ DW D VSHHG RI �� P�K LV FKDUDFWHUL]HG E\

FRDUVHU FRPSRQHQWV DQG D UHGXFHG DPRXQW RI SHDUOLWH�

DV FRPSDUHG ZLWK WKH VLPLODU FDVH DW D VSHHG RI

��� P�K� 0LFURKDUGQHVV RI IHUULWH LV JLYHQ LQ WKH

7DEOH� 0LFURKDUGQHVV RI SHDUOLWH ZDV QRW PHDVXUHG�

DV WKH SHDUOLWLF UHJLRQV ZHUH WRR VPDOO� 6WUXFWXUH RI

WKH RYHUKHDWHG UHJLRQ LV IHUULWLF�SHDUOLWLF� 7KH DPRXQW

RI IHUULWH LQFUHDVHG DQG EHFDPH GRPLQDQW� )HUULWH LV

SUHFLSLWDWHG DORQJ WKH ERXQGDULHV RI SULPDU\ DXVWHQLWH

JUDLQV DQG LQ WKH EXON RI WKH JUDLQV� $Q LQVLJQLILFDQW

DPRXQW RI IHUULWH KDV D :LGPDQVWDHWWHQ RULHQWDWLRQ

>�@� *UDLQ KDV LQGH[ �� 6WUXFWXUH RI WKH FRPSOHWH
UHFU\VWDOOL]DWLRQ UHJLRQ LV ILQH�JUDLQHG �LQGH[ � w ����

IHUULWLF�SHDUOLWLF� ZLWK GRPLQDWLQJ IHUULWH� DQG WKDW RI
LQFRPSOHWH UHFU\VWDOOL]DWLRQ LV DOVR IHUULWLF�SHDUOLWLF�

,Q D VDPSOH ZHOGHG E\ WKH FRPELQHG PHWKRG DW D
VSHHG RI ��� P�K� WKH ZHOG PHWDO VWUXFWXUH LV D PL[�

WXUH RI IHUULWH DQG SHDUOLWH� +HUH WKH IHUULWH DPRXQW

LV GRPLQDQW� 7KH VWUXFWXUH LV ILQHO\ GLVSHUVHG DQG

RULHQWHG DORQJ WKH ERXQGDULHV RI FU\VWDOOLQH JUDLQV�

7KH RYHUKHDWHG UHJLRQ FRQVLVWV RI SHDUOLWH JUDLQV VXU�

URXQGHG E\ IHUULWLF SUHFLSLWDWHV DORQJ WKH ERXQGDULHV�

7KH DPRXQW RI WKH SHDUOLWLF FRPSRQHQW GHFUHDVHV DQG

VWUXFWXUH LV UHILQHG ZLWK D GLVWDQFH IURP WKH IXVLRQ

OLQH� *UDLQ LQ WKLV UHJLRQ KDV LQGH[ � w �� 7KH UHJLRQ
RI FRPSOHWH UHFU\VWDOOL]DWLRQ KDV D ILQH�JUDLQHG �LQGH[

� w ��� IHUULWLF�SHDUOLWLF VWUXFWXUH ZLWK D GRPLQDWLQJ

IHUULWLF FRPSRQHQW� 7KH LQFRPSOHWH UHFU\VWDOOL]DWLRQ
UHJLRQ KDV D VLPLODU VWUXFWXUH ZLWK WKH JUDLQ LQGH[

VLPLODU WR WKH FRPSOHWH UHFU\VWDOOL]DWLRQ UHJLRQ�

7KH IROORZLQJ WUHQGV RI YDULDWLRQ RI VWUXFWXUH RI

WKH ZHOG PHWDO ZHUH IL[HG� /LNH LQ WKH FDVH RI ODVHU

ZHOGLQJ� DQ LQFUHDVH LQ WKH ZHOGLQJ VSHHG LV DFFRP�

SDQLHG E\ DQ LQFUHDVH LQ WKH GHJUHH RI GLVSHUVLRQ RI

WKH VWUXFWXUH� ZKLFK VWLOO UHPDLQV FRDUVHU� DQG D GH�

FUHDVH LQ VL]H RI WKH FDVW ]RQH DQG WKH +$= PHWDO� ,Q

WKH FDVH RI D PD[LPXP VSHHG DQ LQVLJQLILFDQW LQFUHDVH

LQ PLFURKDUGQHVV RI WKH ZHOG PHWDO LV IL[HG� 7KLV LV

DWWULEXWDEOH WR WKH IDFW WKDW WKH VKDUH RI WKH IHUULWLF

FRPSRQHQW RI WKH ZHOG DQG +$= PHWDO LQFUHDVHV ZLWK

DQ LQFUHDVH LQ WKH ZHOGLQJ VSHHG� +RZHYHU� LQ DOO WKH

FDVHV WKH VWUXFWXUH LV IHUULWLF�SHDUOLWLF� UDWKHU VRIW DQG

GXFWLOH� 8QOLNH ODVHU ZHOGLQJ� WKH FRPELQHG ZHOGLQJ
SURFHVV UHVXOWV LQ WKH +$= ZKLFK SUHVHUYHG DOO WKH

]RQHV� LQGHSHQGHQWO\ RI WKH ZHOGLQJ VSHHG�

,W FDQ EH FRQFOXGHG IURP WKH UHVXOWV RI LQYHVWLJD�

WLRQV RI PLFURVWUXFWXUHV WKDW KLJK�IUHTXHQF\ KHDWLQJ

RI WKH VDPSOHV ZHOGHG SURYLGHV VWUXFWXUHV RI WKH ZHOG

DQG +$= PHWDO ZKLFK DUH FORVH WR WKRVH RI WKH EDVH

PHWDO� ,Q DGGLWLRQ� WKLV KHDWLQJ DOORZV DYRLGDQFH RI

KDUG DQG EULWWOH PDUWHQVLWLF VWUXFWXUHV� ZKLFK LQ ODVHU

ZHOGLQJ PD\ OHDG WR FUDFNLQJ DQG GHFUHDVH LQ LPSDFW

WRXJKQHVV DQG GXFWLOLW\ >�@� %HVLGHV� DV SURYHG E\

H[SHULPHQWV� FRQFXUUHQW KLJK�IUHTXHQF\ KHDWLQJ SUR�

YLGHV D VXEVWDQWLDO GHFUHDVH LQ WKH SUREDELOLW\ RI IRU�

PDWLRQ RI SRUHV DQG LPSURYHPHQW RI IRUPDWLRQ RI WKH

WRS EHDG�

'HVSLWH GLIIHUHQFHV LQ GHVLJQ EHWZHHQ RXU H[SHUL�

PHQWV DQG WKRVH GHVFULEHG LQ >�@� LW LV DSSURSULDWH WR

QRWH VRPH SRLQWV WKH\ VKDUH� :LWKLQ D KLJK�IUHTXHQF\

KHDWLQJ WHPSHUDWXUH UDQJH RI �� WR ���� �& DQ LQFUHDVH
LQ WKH ZHOGLQJ VSHHG >�@ DQG SHQHWUDWLRQ GHSWK LQ RXU

FDVH �VHH )LJXUH �� KDV D VLPLODU WUHQG� /LNH LQ VWXG\

>�@� WKH ZHOG DQG +$= PHWDO KDG D VWUXFWXUH FORVH

WR WKDW RI WKH EDVH PHWDO� 7KH LVVXHV RI WKH VKLHOGLQJ

JDV IHHG DQG HOLPLQDWLRQ RI WKH SODVPD IODPH DOVR

WXUQHG RXW WR EH LPSRUWDQW� $V QRWHG LQ >�@� WKH ZHOG�

LQJ SURFHVV LV FRQVLGHUDEO\ DIIHFWHG E\ WKH DFFXUDF\

RI DOLJQPHQW RI WKH ZHOG HGJHV�

&21&/86,216

�� &RQFXUUHQW KLJK�IUHTXHQF\ KHDWLQJ WR ���� w

���� �& RQ WKH VDPSOH VXUIDFH DOORZV DQ LQFUHDVH RI

DERXW ��� WLPHV LQ HLWKHU WKH SHQHWUDWLRQ GHSWK RU WKH

ZHOGLQJ VSHHG�

�� :HOGV PDGH E\ XVLQJ KLJK�IUHTXHQF\ KHDWLQJ

DUH FORVH LQ VKDSH WR W\SLFDO ODVHU ZHOGV� EXW GLIIHU LQ

VWUXFWXUH�

�� 7KH ZHOG DQG +$=PHWDO FRQWDLQV QR TXHQFKLQJ

VWUXFWXUHV FKDUDFWHULVWLF RI ODVHU ZHOGLQJ� PLFURKDUG�

QHVV RI WKH PHWDO EHFRPHV PXFK PRUH XQLIRUP DQG

FORVH WR WKDW RI WKH EDVH PHWDO� ZKLFK LV D SRVLWLYH

IDFWRU� SURPRWLQJ DQ LQFUHDVH LQ GXFWLOLW\ RI WKH ZHOGV�
�� 'UDZEDFNV RI WKH ZHOG DQG +$= VWUXFWXUH LQ

WKH FDVH RI FRPELQHG ZHOGLQJ LQFOXGH FRDUVHQLQJ RI

JUDLQV�

5()(5(1&(6

�� 'LOWKH\� 8�� /XHGHU� )�� :LHVFKHPDQQ� $� ������ 7HFKQLFDO
DQG HFRQRPLFDO DGYDQWDJHV E\ V\QHUJLHV LQ ODVHU DUF K\EULG

ZHOGLQJ� :HOGLQJ LQ WKH :RUOG� 9RO� ��� ��� w ����

�� 1DJDWD� 6�� .DWVXPXUD� 0�� 0DWVXGD� -� HW DO� ������ /DVHU

ZHOGLQJ FRPELQHG ZLWK 7,* RU 0,*� ,,: 'RF� ,9����w���

�� +D\DVL� 7� ������ 8VH RI ZHOGLQJ ZLWK SUHOLPLQDU\ KLJK�IUH�
TXHQF\ KHDWLQJ IRU SURGXFWLRQ RI WKLFN�ZDOOHG PHGLXP�GLD�

PHWHU SLSHV� 7UDQVDFW� RI /DVHU 7UHDWPHQW 6RFLHW\� �� ��� w

����

�� *UDELQ� 9�)� ������ 0HWDOV VFLHQFH RI IXVLRQ ZHOGLQJ�
.\LY� 1DXNRYD 'XPND�

�� *DUDVKFKXN� 9�3�� 6KHO\DJLQ� 9�'�� 1D]DUHQNR� 2�.� HW DO�

������ 7HFKQRORJLFDO &2��ODVHU /7 ��� ZLWK SRZHU RI

�� N:� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� .KDVNLQ� 9�<X�� 3DYORYVN\� 6�<X�� *DUDVKFKXN� 9�3� HW DO�

������ /DVHU KHDW KDUGHQLQJ RI FRPSOH[�DOOR\HG VWHHOV ZLWK
D ORZ DQG PHGLXP FDUERQ FRQWHQW� 'RSRYLGL 1$1 8N�
UDLQ\� �� �� w ���

�� .RYDOHQNR� 9�6�� *RORYNR� /�)�� 0HUNXORY� *�9� HW DO�

������ +DUGHQLQJ RI SDUWV E\ D ODVHU EHDP� .\LY�
7HNKQLND�
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ODVHU ZHOGLQJ DW D VSHHG RI �� P�K� 6WUXFWXUH RI WKH
ZHOG PHWDO FRQVLVWHG RI EDLQLWH ZLWK UDUH UHJLRQV RI
PDUWHQVLWH� )HUULWLF UHJLRQV DQG D VPDOO DPRXQW RI SHDU�
OLWH ZHUH GHWHFWHG DORQJ WKH ERXQGDULHV RI FU\VWDOOLQH
JUDLQV� 7KH +$= ZDV ��� PP ZLGH� LQFOXGLQJ WKH RYHU�
KHDWHG UHJLRQ ��� PP� ILQH�JUDLQHG UHJLRQ ��� PP DQG
LQFRPSOHWH UHFU\VWDOOL]DWLRQ UHJLRQ ���� PP ZLGH�
6WUXFWXUH RI WKH RYHUKHDWHG UHJLRQ PHWDO LV D ILQH�DFLFX�
ODU PL[WXUH RI PDUWHQVLWH DQG EDLQLWH UHJLRQV� DV ZHOO
DV ORFDO SUHFLSLWDWHV RI SHDUOLWH DQG IHUULWH� ,Q WKH RYHU�
KHDWHG UHJLRQ WKH JUDLQV KDG LQGH[ �� DQG VRPH UDUH
JUDLQV KDG LQGH[ �� ,Q WKH ILQH�JUDLQHG UHJLRQ WKH VWUXF�
WXUH ZDV UHILQHG WR LQGH[ ���

6WUXFWXUH RI WKH ZHOG DQG +$= PHWDO LQ D VDPSOH
ZHOGHG E\ XVLQJ ODVHU UDGLDWLRQ DW D VSHHG RI �� P�K
LV VLPLODU WR WKH DERYH RQH� DOWKRXJK LW LV PRUH ILQHO\
GLVSHUVHG� 0HWDO RI WKH +$= ���� PP ZLGH FRQVLVWV
RI UHJLRQV RI RYHUKHDWLQJ ����� PP�� ILQH JUDLQV
����� PP� DQG LQFRPSOHWH UHFU\VWDOOL]DWLRQ
���� PP�� ,Q WKH RYHUKHDWHG UHJLRQ LW FRUUHVSRQGV WR
LQGH[ �� PRUH UDUHO\x WR LQGH[ �� 7KH JUDLQ LV UHILQHG
WR LQGH[ � w � ZLWK GLVWDQFH IURP WKH IXVLRQ OLQH�

,Q ODVHU ZHOGLQJ DW D VSHHG RI ��� P�K WKH ZHOG
PHWDO LV FKDUDFWHUL]HG E\ WKH PRVW ILQHO\ GLVSHUVHG
VWUXFWXUH FRQVLVWLQJ RI PDUWHQVLWH� EDLQLWH DQG ILQH
SUHFLSLWDWHV RI SHDUOLWH DORQJ WKH FU\VWDOOLQH JUDLQ
ERXQGDULHV� 0DUWHQVLWH KDV GLIIHUHQW HWFKDELOLW\�
ZKLFK LV DVVRFLDWHG ZLWK LWV FDUERQ FRQWHQW �OLJKWHU
UHJLRQV DUH OLNHO\ WR EH PRUH ILQHO\ GLVSHUVHG DQG
ORZ�FDUERQ PDUWHQVLWH >�@�� 7KH +$= LV ���� w
��� PP ZLGH DQG FRQVLVWV RI WKH RYHUKHDWHG UHJLRQ�
6WUXFWXUH RI WKH UHJLRQ LV D ILQH�DFLFXODU PDUWHQVLWH
DQG ORFDO SHDUOLWH SUHFLSLWDWHV �VHH WKH 7DEOH��

7KH IROORZLQJ WUHQGV RI YDULDWLRQ RI WKH ZHOGPHWDO
VWUXFWXUH FDQ EH VHHQ� $Q LQFUHDVH LQ WKH ZHOGLQJ
VSHHG LV DFFRPSDQLHG E\ DQ LQFUHDVH LQ WKH GHJUHH RI
GLVSHUVLRQ RI WKH VWUXFWXUH� GHFUHDVH LQ VL]H RI WKH FDVW
]RQH DQG+$=� DQG DQ LQFUHDVH LQ WKHLU PLFURKDUGQHVV�
7KH ODWWHU LV DWWULEXWDEOH WR DQ LQFUHDVH LQ WKH VKDUH
RI D PDUWHQVLWH FRPSRQHQW DQG D GHFUHDVH LQ WKH
DPRXQW RI SHDUOLWH DQG IHUULWH XS WR WKHLU FRPSOHWH
GLVDSSHDUDQFH� 7KH ]RQH RI ILQH DQG FRDUVH JUDLQV
PHUJH LQ WKH +$=PHWDO� ZKLOH DW D PD[LPXPZHOGLQJ
VSHHG WKH +$= LV DQ RYHUKHDWHG UHJLRQ�

6WUXFWXUH RI WKH ZHOG PHWDO UHVXOWLQJ IURP WKH
FRPELQHG PHWKRG ODVHU � KLJK�IUHTXHQF\ KHDWLQJ DW
D ZHOGLQJ VSHHG RI �� P�K LV IHUULWLF�SHDUOLWLF ZLWK
D VPDOO DPRXQW RI IHUULWH FKDUDFWHULVWLF RI WKH :LG�
PDQVWDHWWHQ VWUXFWXUH >�@� 6WUXFWXUH RI WKH RYHUKHDWHG

]RQH LV PRUH FRDUVHO\ GLVSHUVHG WKDQ LQ DOO RWKHU VDP�
SOHV ZHOGHG XVLQJ ODVHU UDGLDWLRQ DQG KLJK�IUHTXHQF\
KHDWLQJ� 3ULPDU\ JUDLQ RI DXVWHQLWH EHFRPHV FRDUVHU
�LQGH[ � w ��� )HUULWH LV SUHFLSLWDWHG DORQJ WKH JUDLQ
ERXQGDULHV DQG LQ WKH EXON RI WKH JUDLQV �VHH WKH
7DEOH�� 7KH DPRXQW RI SHDUOLWH LQFUHDVHV� DV FRPSDUHG
ZLWK WKH EHDG�RQ�SODWH ZHOGV PDGH DW D VSHHG RI ���
�� DQG ��� P�K�

0LFURVWUXFWXUH RI WKH ZHOG PHWDO LQ WKH FDVH RI WKH
FRPELQHGPHWKRG DW DZHOGLQJ VSHHG RI ��P�K FRQVLVWV
RI FRDUVHU ODPLQDH WKDQ DW D ZHOGLQJ VSHHG RI �� P�K�
EXW LV PRUH ILQHO\ GLVSHUVHG WKDQ DW D ZHOGLQJ VSHHG RI
�� P�K� 7KH DPRXQW RI SHDUOLWH GHFUHDVHV� DQG LWV SUH�
FLSLWDWHV DUH YHU\ ILQH� +DUGQHVV RI SHDUOLWH LQ WKH ZHOG
PHWDO ZDV QRW GHWHUPLQHG� ZKLOH WKDW RI IHUULWH LV JLYHQ
LQ WKH 7DEOH� 6WUXFWXUH RI WKH RYHUKHDWHG ]RQH LV DOVR
IHUULWLF�SHDUOLWLF� +HUH WKH DPRXQW RI SHDUOLWH LV LQVLJ�
QLILFDQW� )HUULWH LV SUHFLSLWDWHG DORQJ WKH ERXQGDULHV RI

)LJXUH �� 'HSHQGHQFH RI YDULDWLRQ RI ODVHU SHQHWUDWLRQ GHSWK K�
DQG SHQHWUDWLRQ GHSWK K� ZLWK FRQFXUUHQW KLJK�IUHTXHQF\ KHDWLQJ
WR ���� w ���� �& XSRQ WKH ZHOGLQJ VSHHG

)LJXUH ��'LVWULEXWLRQ RI PLFURKDUGQHVV+9 LQ GLUHFWLRQ \� QRUPDO
WR WKH SODQH RI WKH MRLQW ZHOGHG� DW GHSWK K�� IRU ODVHU ZHOGLQJ
�VROLG FXUYH� DQG FRPELQHG ZHOGLQJ �GRWWHG FXUYH� ZLWK KLJK�IUH�
TXHQF\ KHDWLQJ WR ���� w ���� �& DW D VSHHG RI ��� �D�� �� �E�
DQG �� �F� P�K� � x EDVH PHWDO� � x ZHOG� � x +$=� � w � x
UHJLRQV RI FRDUVH DQG ILQH JUDLQV DQG LQFRPSOHWH UHFU\VWDOOL]DWLRQ�
UHVSHFWLYHO\
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ZDV HOLPLQDWHG� 0DWHULDO RI WKH VDPSOHV ZDV VHPL�
NLOOHG VWHHO 6W��� )RU FRPSDULVRQ� IRXU EHDG�RQ�SODWH
VDPSOHV ZHUH ZHOGHG� XVLQJ QR ILOOHU� E\ ODVHU UDGLD�
WLRQ �VLPXODWLRQ RI ODVHU ZHOGLQJ� ZLWKRXW DQG ZLWK
KLJK�IUHTXHQF\ KHDWLQJ DW D VSHHG RI ��� ��� �� DQG
��� P�K� ,Q DOO WKH FDVHV WKH ODVHU UDGLDWLRQ SRZHU
ZDV � N:� IRFXV LPPHUVLRQ GHSWK ZDV � PP� IRFDO
GLVWDQFH RI WKH OHQV ZDV ��� PP� DQG WHPSHUDWXUH RI
FRQFXUUHQW KLJK�IUHTXHQF\ KHDWLQJ ZDV YDULHG IURP
��� WR ���� �&�

$FFRUGLQJ WR WKH DFFHSWHG H[SHULPHQWDO GHVLJQ�
KLJK�IUHTXHQF\ KHDWLQJ RI FLUFXPIHUHQWLDO EXWW MRLQWV
ZDV GRQH RQ WKH VLGH RI WKH H[WHUQDO VXUIDFH RI D
VDPSOH� :DOOV RI WKH WXEXODU VDPSOHV ZHUH �� PP
WKLFN� 7HPSHUDWXUH JUDGLHQW WKURXJK WKLV WKLFNQHVV
ZDV ��� w ��� �&� ZKLFK H[HUWHG D VXEVWDQWLDO HIIHFW
RQ WKH SHQHWUDWLRQ GHSWK�

7KH PRVW FKDUDFWHULVWLF PDFURVHFWLRQV RI WKH ZHOGV
DUH VKRZQ LQ )LJXUH �� 'HSHQGHQFLHV RI JHRPHWU\ RI
WKH ZHOGV XSRQ VRPH SDUDPHWHUV RI WKH FRPELQHG
ZHOGLQJ SURFHVV DUH VKRZQ LQ )LJXUHV � DQG �� 7KH

H[SHULPHQWV VKRZHG WKDW KLJK�IUHTXHQF\ KHDWLQJ RI
WKH VWHHO VDPSOH VXUIDFH WR ���� w ���� �& DOORZHG
WKH SHQHWUDWLRQ GHSWK WR EH LQFUHDVHG DSSUR[LPDWHO\
��� WLPHV� DV FRPSDUHG ZLWK FRQYHQWLRQDO ODVHU ZHOG�
LQJ� ,Q DGGLWLRQ� WKH NQLIH SHQHWUDWLRQ ZDV SUHVHUYHG
LQ WKLV FDVH�

0LFURVWUXFWXUHV RI WKH ZHOGV ZHUH LQYHVWLJDWHG
IURP PLFURVHFWLRQV HWFKHG LQ � � DOFRKRO VROXWLRQ RI
QLWULF DFLG IRU � V� ([DPLQDWLRQV ZHUH FDUULHG RXW
XVLQJ WKH RSWLFDO PLFURVFRSH �1HRSKRW���� DW ×�� w
���� WKH JUDLQ VL]H ZDV PHDVXUHG DFFRUGLQJ WR *267
����w��� DQG PLFURKDUGQHVV ZDV GHWHUPLQHG XVLQJ
WKH /(&2 KDUGQHVV PHWHU XQGHU ORDGV RI ���� �����
��� DQG ���� 1�

7KH EDVH PHWDO KDG D IHUULWLF�SHDUOLWLF VWUXFWXUH�
)HUULWLF JUDLQV KDG LQGH[ � w �� PLFURKDUGQHVV ZDV
+9 ���� w ���� 03D DW �� 1� $IWHU ODVHU ZHOGLQJ�
DV LW PLJKW EH H[SHFWHG DQG ZKLFK LV LQ DJUHHPHQW
ZLWK WKH UHVXOWV RI VWXG\ >�@� VWUXFWXUHV RI EDLQLWH DQG
PDUWHQVLWH� LQ DGGLWLRQ WR IHUULWH DQG SHDUOLWH� ZHUH
GHWHFWHG LQ WKH ZHOG DQG +$= PHWDO� $IWHU FRPELQHG
ODVHU ZHOGLQJ ZLWK KLJK�IUHTXHQF\ KHDWLQJ� RQO\ IHU�
ULWLF�SHDUOLWLF VWUXFWXUHV ZHUH IL[HG LQ WKH ZHOG DQG
+$= PHWDO� ZKLFK DUH LQGLFDWLYH RI WKH DEVHQFH RI D
ULJLG WKHUPDO F\FOH >�@� L�H� RI D FRQVLGHUDEOH GHFUHDVH
LQ WKH FRROLQJ UDWHV� 5HVXOWV RI PHDVXULQJ PLFURKDUG�
QHVV RI VWUXFWXUDO FRPSRQHQWV RI WKH ZHOG DQG +$=
PHWDO IRU ERWK FDVHV DUH JLYHQ LQ WKH 7DEOH�

'LVWULEXWLRQ RI PLFURKDUGQHVV �ORDG +9 �� 1� LQ
WKH ZHOG DQG QHDU�ZHOG ]RQH PHWDO DW D ZHOGLQJ VSHHG
RI ��� �� DQG ��� P�K LV VKRZQ LQ )LJXUH ��

7KH PRVW FRDUVHO\ GLVSHUVHG VWUXFWXUH RI PHWDO RI
WKH ODVHU EHDG�RQ�SODWH ZHOGV ZDV IL[HG LQ WKH FDVH RI

)LJXUH �� 0DFURVHFWLRQV RI ODVHU EHDG�RQ�SODWH ZHOGV PDGH XVLQJ
QR ILOOHU �D� DQG EXWW ZHOGHG MRLQWV PDGH E\ WKH FRPELQHG PHWKRG
�E� RQ D ZDOO RI δ  �� PP RI 6W�� WXEXODU VDPSOHV DW D VSHHG RI
�� ���� �� ���� �� ��� DQG ��� ��� P�K

)LJXUH �� 'HSHQGHQFH RI YDULDWLRQ RI SHQHWUDWLRQ GHSWK K XSRQ
WHPSHUDWXUH 7 RI FRQFXUUHQW KLJK�IUHTXHQF\ KHDWLQJ DW D ZHOGLQJ
VSHHG RI �� P�K

0LFURKDUGQHVV RI VWUXFWXUDO FRPSRQHQWV RI WKH ZHOG DQG +$= PHWDO LQ ODVHU DQG FRPELQHG ZHOGLQJ� 03D

:HOGLQJ

VSHHG� P�K

/DVHU ZHOGLQJ� +9 ��� &RPELQHG ZHOGLQJ� +9 ����

)HUULWH 3HDUOLWH %DLQLWH 0DUWHQVLWH )HUULWH 3HDUOLWH
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TXHQF\� DQG D WUDQVIRUPHU ZLWK WZR YDOYHV� 7KLV FRQ�

YHUWHU GLIIHUV IURP WKDW FRQVLGHUHG LQ )LJXUH �� RQO\

E\ YDOYHV LQ WKH VHFRQGDU\ FLUFXLW� ZKLFK DOORZV LW WR
RSHUDWH DW KLJKHU IUHTXHQFLHV� 7KH ZLGWK�SXOVH FRQWURO

RI WKH SRODULW\ VZLWFK WUDQVLVWRUV SURYLGHV WKH PRVW

FRPSOH[ F\FOHV RI ZHOGLQJ FXUUHQW YDULDWLRQ� DOVR HQ�

VXULQJ D VWDEOH TXDOLW\ RI ZHOGHG MRLQWV�

7KLV W\SH RI FRQYHUWHUV DUH HVSHFLDOO\ SURPLVLQJ
IRU PLFURZHOGLQJ� ZKHQ DGGLWLRQDO SRZHU ORVVHV LQ
WKH YDOYHV DUH QRW LPSRUWDQW� 7KH\ DUH LQGLVSHQVDEOH

IRU VXVSHQGHG PDFKLQHV� RSHUDWLQJ LQ URERWLF OLQHV
DQG SHUIRUPLQJ ZHOGLQJ RI PHWDO SDUWV ZLWK SURWHFWLYH

PHWDO FRDWLQJV� ,Q WKLV FDVH� WKH FRQYHUWHU DOORZV UH�

GXFLQJ WKH ZHLJKW DQG FKDQJLQJ WKH PDFKLQH RYHUDOO
GLPHQVLRQV� DV ZHOO DV LQFUHDVLQJ HOHFWURGH UHVLVWDQFH�

:KHQ VHOHFWLQJ D SDUWLFXODU PDFKLQH W\SH� LW VKRXOG
EH ERUQH LQ PLQG� WKDW DQ\ PDFKLQH ZLWK WKH FRQYHUWHU
RI IUHTXHQF\ DQG SKDVH QXPEHU� LVPXFKPRUH H[SHQVLYH�

WKDQ D VLPSOH VLQJOH�SKDVH PDFKLQH ZLWK D WK\ULVWRU

FRQWDFWRU� :KLOH D VLQJOH�SKDVH PDFKLQH FDQ EH DFFHSW�

DEOH LQ WHUPV RI WHFKQRORJ\� LWV FRQQHFWLRQ WR WKH GLV�

WULEXWLRQ QHWZRUN UXQV LQWR SUREOHPV� 7KXV� WKH UDWLRQ�

DOLW\ RI LQYHVWLQJ DGGLWLRQDO PHDQV LQWR SXUFKDVH RI D

PDFKLQH ZLWK D FRQYHUWHU� VKRXOG EH DQDO\VHG� ,QFUHDV�

LQJ WKH VHW SRZHU RI WKH GLVWULEXWLRQ QHWZRUN VHFWLRQ

PD\ LQYROYH OHVV H[SHQVH�

&21&/86,216

�� $FKLHYHPHQWV LQ SRZHU VHPLFRQGXFWRU HQJLQHHULQJ

RSHQ XS JUHDW SURVSHFWV IRU DSSOLFDWLRQ RI FRQYHUWHUV

RI IUHTXHQF\ DQG SKDVH QXPEHU IRU UHVLVWDQFH ZHOGLQJ�

�� (YDOXDWLRQ RI WKH DGYDQWDJHV RI DSSO\LQJ D PD�
FKLQH� ILWWHG ZLWK D FRQYHUWHU� VKRXOG WDNH LQWR DF�

FRXQW QRW RQO\ WKH SRVVLEOH SRZHU HIIHFW� EXW DOVR WKH

SURFHVV DGYDQWDJHV� WKDW FDQ EH SURYLGHG E\ HQHUJ\

FRQYHUVLRQ�

�� 6LQJOH�SKDVH PDFKLQHV ZLWK WK\ULVWRU FRQWDFWRUV
ZLOO VWLOO UHPDLQ WR EH WKH PRVW ZLGHO\ DFFHSWHG� EXW

WKH ILHOGV RI WKHLU DSSOLFDWLRQ ZLOO EH OLPLWHG WR VLPSOH

SURFHVVLQJ SUREOHPV DQG UHODWLYHO\ ORZ SRZHU� WKH

OLPLWLQJ YDOXH RI ZKLFK FDQ EH GHWHUPLQHG LQ HDFK
VSHFLILF FDVH� EDVHG RQ SRZHU VXSSO\ FRQGLWLRQV�

�� 0DFKLQHV� LQFRUSRUDWLQJ �� +] FRQYHUWHUV ZLWK�

RXW YDOYHV LQ WKH ZHOGLQJ PDFKLQH VHFRQGDU\ FLUFXLW�

ZLOO EHFRPH DSSOLHG IRU UHVLVWDQFH DQG IODVK�EXWW

ZHOGLQJ� 7KHVH PDFKLQHV KDYH ERWK SURFHVV DQG SRZHU

DGYDQWDJHV� FRPSDUHG WR WKH VLPSOHVW VLQJOH�SKDVH

PDFKLQHV� DQG DUH VXSHULRU WR '& PDFKLQHV LQ HIIL�

FLHQF\ DQG VRPH RWKHU FKDUDFWHULVWLFV�

�� &RQYHUWHUV ZLWK DQ LQWHUPHGLDWH KLJKHU�IUH�
TXHQF\ XQLW VKRXOG EH DSSOLHG LQ PDFKLQHV IRU VSRW

DQG VHDP PLFURZHOGLQJ� DQG EXWW ZHOGLQJ RI WKLQ

VWULS� &RQYHUWHUV RI VXFK D W\SH ZLWK YDOYHV LQ WKH

ZHOGLQJ WUDQVIRUPHU VHFRQGDU\ FLUFXLW DUH SURPLVLQJ

IRU PDFKLQHV� RSHUDWLQJ DV SDUW RI URERWLF OLQHV IRU
SURGXFLQJ LWHPV RI FRDWHG VWHHO DQG DOXPLQLXP DOOR\V�

DV ZHOO DV PDFKLQHV GHVLJQHG IRU ZHOGLQJ YDULRXV H[WUD

WKLQ�ZDOOHG SDUWV� LQFOXGLQJ WKRVH ZLWK FRQGXFWLQJ

FRDWLQJV�

)LJXUH ��� &RQYHUWHU ZLWK D UHFWLILHU LQ WKH ZHOGLQJ WUDQVIRUPHU
VHFRQGDU\ FLUFXLW� &

VZ
x VZLWFKLQJ FDSDFLWRU

5()(5(1&(6

�� 3DWRQ� %�(�� /HEHGHY� 9�.� ������ (OHFWULF HTXLSPHQW IRU
UHVLVWDQFH ZHOGLQJ� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� .XFKXN�<DWVHQNR� 6�,� ������ )ODVK�EXWW ZHOGLQJ� .\LY�
1DXNRYD 'XPND�

�� ������ )ODVK�EXWW ZHOGLQJ RI SLSHOLQHV� (G� E\ 6�,�
.XFKXN�<DWVHQNR� .\LY� 1DXNRYD 'XPND�

�� 3RGROD� 1�9�� .XFKXN�<DWVHQNR� 6�,� ������ )ODVK�EXWW
ZHOGLQJ E\ KLJK�IUHTXHQF\ FXUUHQWV� $YWRPDWLFKHVND\D
6YDUND� �� �� w ���

�� /HEHGHY� 9�.�� 3LVPHQQ\� $�$� ������ ,PSURYHPHQW RI
SRZHU V\VWHPV IRU UHVLVWDQFH ZHOGLQJ PDFKLQHV� ,Q� 3URF� RI
,QW� &RQI� RQ :HOGLQJ DQG $OOLHG 7HFKQRORJLHV LQWR WKH
;;, &HQWXU\� .\LY� 3:,�

�� /HEHGHY� 9�.�� 'XENR� $�*� ������ ,PSURYHPHQW RI WKH
SURFHVV RI IODVK�EXWW ZHOGLQJ RI WKLQ VWULS� $YWR�
PDWLFKHVND\D 6YDUND� ��� �� w ���

�� /HEHGHY� 9�.� ������ (IIHFWLYHQHVV RI DSSOLFDWLRQ RI '&
PDFKLQHV IRU UHVLVWDQFH ZHOGLQJ� ,ELG�� ������ � w ��

�� %RNVKWHLQ� 2�1�� .DQLQ� $�0� ������ (TXLSPHQW IRU '&
UHVLVWDQFH ZHOGLQJ� /HQLQJUDG� (QHUJLD�

�� 7KDPRGKDUDQ� 0�� %HFN� +�3�� :ROI� $� ������ 6WHDG\ DQG
SXOVHG GLUHFW FXUUHQW ZHOGLQJ ZLWK D VLQJOH FRQYHUWHU�
:HOGLQJ -�� �� �� w ���
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FXUUHQW IUHTXHQF\ RI �� +] >�@� $ TXDVLV\PPHWULFDO

RSHUDWLQJ PRGH LV XQGHUVWRRG WR EH VXFK D PRGH� LQ

ZKLFK WKH V\PPHWULFDO ORDG RI WKH WKUHH�SKDVH PDLQV

LV UHFRUGHG� RQ DYHUDJH� RYHU WKUHH KDOI�ZDYHV RI ORZ�

IUHTXHQF\ FXUUHQW� 'HYLDWLRQV IURP V\PPHWU\ ZHUH

IRXQG ZLWKLQ WKH VDPH KDOI�ZDYH�

,Q WHUPV RI WHFKQRORJ\� PDFKLQHV ZLWK VXFK D FRQ�

YHUWHU� KDYH LQGXELWDEOH DGYDQWDJHV� FRPSDUHG WR D

VLQJOH�SKDVH PDFKLQH� DV ZHOO DV PDFKLQHV� ILWWHG ZLWK

D WKUHH�SKDVH KDOI�ZDYH FRQYHUWHU� :KHQ RSHUDWLQJ

DW �� +] IUHTXHQF\� RQH FDQ XVH SUDFWLFDOO\ WKH VDPH

WUDQVIRUPHUV� DV LQ FRPPHUFLDO IUHTXHQF\ $& PD�

FKLQHV� EHFDXVH LQ WKH IUHTXHQF\ UDQJH RI �� WR �� +]�

WKH PDFKLQH VKRUW�FLUFXLWLQJ LPSHGDQFH GURSV DOPRVW

LQ SURSRUWLRQ WR IUHTXHQF\� DQG WKH YROWDJH� UHTXLUHG

IRU ZHOGLQJ� GHFUHDVHV�

$ VLPLODU ZHOGLQJ FRQYHUWHU ZLWK D SRODULW\ VZLWFK�

XVLQJ ELSRODU WUDQVLVWRUV ZLWK DQ LQVXODWHG JDWH� VKRXOG

EH UHJDUGHG DV PRUH SHUIHFW �)LJXUH ��� 7UDQVLVWRUV�

VXLWDEOH IRU WKLV SXUSRVH� DOUHDG\ DUH DYDLODEOH� +RZ�

HYHU� WKH IHDWXUHV RI WKHLU RSHUDWLRQ LQ SRZHU FLUFXLWV RI

ZHOGLQJ FRQYHUWHUV RI D UDWKHU KLJK SRZHU� KDYH QRW

EHHQ VXIILFLHQWO\ ZHOO VWXGLHG� HVSHFLDOO\ DW ZHOGLQJ

FXUUHQW IUHTXHQF\ EHORZ WKH PDLQV IUHTXHQF\� 6XFK D

VWXG\ FRXOG EH DLPHG DW IUHTXHQF\ RSWLPLVDWLRQ�

6XFK FRQYHUWHUV� XVLQJ WUDQVLVWRUV WKDW RSHUDWH DW

D KLJKHU IUHTXHQF\� DUH HVSHFLDOO\ SURPLVLQJ IRU ORZ�

SRZHU PDFKLQHV� *LYHQ DQ DSSURSULDWH FRQWURO HTXLS�

PHQW� WKH\ SURYLGH ZHOGLQJ FXUUHQW YDULDWLRQ F\FOHV

WKDW DUH WKH PRVW IDYRXUDEOH IRU SURGXFLQJ WKH MRLQW�

%\ WKHLU SURFHVV SURSHUWLHV� PDFKLQHV ZLWK WKH DERYH

FRQYHUWHUV� DUH VXSHULRU WR ZLGHO\ DFFHSWHG FDSDFLWRU�

W\SH PDFKLQHV� 0DFKLQHV� ILWWHG ZLWK FRQYHUWHUV� WKDW

DUH VKRZQ LQ )LJXUHV � DQG �� ZLOO ILQG DQ DSSOLFDWLRQ

DOVR IRU EXWW ZHOGLQJ� LQFOXGLQJ WKLQ VWULS >�@�

2YHU WKH ODVW GHFDGH� VRPH FRPSDQLHV GHYHORSHG

UHVLVWDQFH DQG IODVK�EXWW ZHOGLQJ PDFKLQHV� ZLWK D

WKUHH�SKDVH JURXS RI WUDQVIRUPHUV �)LJXUH ��� 6HFRQ�

GDU\ ZLQGLQJV RI WKHVH WUDQVIRUPHUV DUH FRQQHFWHG WR

YDOYHV� WKDW IRUP D VL[�SKDVH UHFWLILFDWLRQ V\VWHP� 7KH

SDUWV WR EH ZHOGHG DUH KHDWHG E\ GLUHFW FXUUHQW� 7KHVH

PDFKLQHV DUH FKDUDFWHULVHG E\ JRRG SURFHVV SURSHUWLHV

LQ UHVLVWDQFH ZHOGLQJ� ZKLFK LV GHVFULEHG LQ LQIRUPD�

WLRQ OHDIOHWV� :H EHOLHYH� WKDW WKH SURFHVVLQJ HIIHFW

LV DFKLHYHG FKLHIO\ GXH WR PLQLPDO ULSSOH RI ZHOGLQJ

FXUUHQW� $SSOLFDWLRQ RI GLUHFW FXUUHQW LQ IODVK�EXWW

ZHOGLQJ ZDV VWXGLHG LQ >� w �@� +RZHYHU� FRQYLQFLQJ

HYLGHQFH RQ SURFHVV DGYDQWDJHV RI GLUHFW FXUUHQW DS�

SOLFDWLRQ IRU WKLV ZHOGLQJ SURFHVV LV QRW DYDLODEOH�

'& PDFKLQHV SURYLGH D V\PPHWULFDO ORDG IRU WKH

$& PDLQV SKDVHV� KDYH D UHODWLYHO\ KLJK SRZHU IDFWRU

DQG LQ WKLV UHVSHFW� DUH VXSHULRU WR RWKHU PDFKLQH W\SHV

ZLWK FRQYHUWHUV RI IUHTXHQF\ DQG SKDVH QXPEHU� 7KH\�

KRZHYHU� KDYH D YHU\ VLJQLILFDQW GUDZEDFN RI D ORZ

HIILFLHQF\� 6R� LQ UHVLVWDQFH ZHOGLQJ RI VWHHO SDUWV�

WKH YROWDJH GURS RQ WKHP LV VHOGRP PRUH� WKDQ ��� 9�

7KH YROWDJH GURS DFURVV VLOLFRQ YDOYHV LQ WKH PDFKLQH

VHFRQGDU\ FLUFXLW GXULQJ ZHOGLQJ LV DSSUR[LPDWHO\ WKH

VDPH� RU HYHQ KLJKHU� 0RUH SRZHU LV UHPRYHG ZLWK

WKH FRROLQJ ZDWHU� WKDQ LV XVHG IRU ZHOGLQJ� 5HODWLYH

SRZHU ORVVHV DUH HYHQ KLJKHU LQ ZHOGLQJ DOXPLQLXP

DOOR\ SDUWV�

,Q FRQWLQXRXV IODVK�EXWW ZHOGLQJ ZLWKRXW UHVLV�

WDQFH SUHKHDWLQJ� WKH ORVVHV LQ WKH YDOYHV DUH UHODWLYHO\

ORZHU� EHFDXVH RI D KLJKHU UHVLVWDQFH RI WKH ZHOGLQJ

FRQWDFW� 9DOYHV� KRZHYHU� FUHDWH DGGLWLRQDO RKPLF UH�

VLVWDQFH� WKDW DIIHFWV IODVKLQJ VWDELOLW\� 7KHUHIRUH�

IODVKLQJ LV WR EH FRQGXFWHG DW D KLJKHU YROWDJH� WKXV

OHDGLQJ WR ORZHU WKHUPDO HIILFLHQF\� HTXLSPHQW HIIL�

FLHQF\ DQG DGGLWLRQDO PHWDO ORVV� ,Q WKLV FRQQHFWLRQ�

WKH UDWLRQDOLW\ RI DSSO\LQJ '&PDFKLQHV IRU IODVK�EXWW

ZHOGLQJ LV RSHQ WR TXHVWLRQ�

$ FRQYHUWHU� VKRZQ LQ )LJXUH ��� LQFOXGHV D UHF�

WLILHU� VPRRWKLQJ FDSDFLWRU� LQYHUWHU� FRQYHUWLQJ GL�

UHFW FXUUHQW LQWR DOWHUQDWLQJ FXUUHQW RI D KLJKHU IUH�

)LJXUH �� 3RZHU V\VWHP IRU '& ZHOGLQJ

)LJXUH �� &RQYHUWHU ZLWK D KLJKHU IUHTXHQF\ LQWHUPHGLDWH XQLW DQG
SRODULW\ VZLWFK� XVLQJ ELSRODU WUDQVLVWRUV�&x FDSDFLWRU�8& PD[

x
PD[LPDO YROWDJH RI WKH FDSDFLWRU
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7KH HIIRUWV RI GHYHORSHUV RI WKLV NLQG RI HOHFWULFDO

HQJLQHHULQJ HTXLSPHQW DUH FXUUHQWO\ IRFXVHG RQ GH�

YHORSPHQW RI YDULRXV FRQYHUWHUV� WKDW LV� ZLWKRXW

GRXEW� SURPRWHG E\ WKH SURJUHVV LQ WKH ILHOG RI SRZHU

VHPLFRQGXFWRU GHYLFHV� 7KH GHYLFHV FRQVLGHUHG EHORZ

GR QRW LQFRUSRUDWH FRQYHUWHUV ZLWK HQHUJ\ VWRUDJH�

WKH PRVW ZLGHO\ DFFHSWHG RI ZKLFK DUH FDSDFLWRU�W\SH

VWRUDJHV� 0DFKLQHV ZLWK VXFK FRQYHUWHUV KDYH JRRG

SRZHU FKDUDFWHULVWLFV� EXW DUH LQIHULRU WR WKH PDFKLQHV

ZLWK PRGHUQ FRQYHUWHUV RI IUHTXHQF\ DQG SKDVH QXP�

EHU� DV WR WKHLU SURFHVVLQJ FDSDELOLWLHV�

$SSOLFDWLRQ RI URWDU\ FRQYHUWHUV LV VRPHWLPHV QHF�

HVVDU\ IRU HQHUJ\ VWRUDJH DQG LWV VXEVHTXHQW SXOVHG

DSSOLFDWLRQ GXULQJ ZHOGLQJ� 6WXG\ >�@ UHSRUWV WKH XVH

RI XQLSRODU '& JHQHUDWRUV IRU VXSSO\LQJ SRZHU WR

PDFKLQHV� GHVLJQHG IRU WKRXVDQGV RI DPSHUHV� 6HOI�

VXIILFLHQW ZHOGLQJ PDFKLQHV RI WKH W\SH RI UDLO� DQG

SLSH�ZHOGLQJ PDFKLQHV� RSHUDWHG LQ WKH ILHOG FRQGL�

WLRQV� DUH ILWWHG ZLWK PRELOH HOHFWULF SRZHU SODQWV

ZLWK FRPPHUFLDO IUHTXHQF\ WKUHH�SKDVH JHQHUDWRUV�

2QO\ VHPLFRQGXFWRU FRQYHUWHUV RI IUHTXHQF\ DQG

SKDVH QXPEHU DUH FRQVLGHUHG EHORZ� DQG PDFKLQHV

ILWWHG ZLWK VXFK FRQYHUWHUV DUH FRPSDUHG ZLWK WKH

VLPSOHVW DQG PRVW ZLGHO\ XVHG VLQJOH�SKDVH PDFKLQHV

�VHH )LJXUH ��� ,Q WKH JHQHUDO IRUP� WKH\ FDQ EH FRP�

SDUHG E\ TXDOLW\ FKDUDFWHULVWLFV� 4XDQWLWDWLYH FKDU�

DFWHULVWLFV DUH GHWHUPLQHG QRW RQO\ E\ VHOHFWLRQ RI D

SDUWLFXODU FRQYHUWHU� EXW DOVR E\ WKH DFWXDO PRGLILFD�

WLRQ RI WKH PDFKLQH�

2QH RI WKH ILUVW FRQYHUWHUV RI IUHTXHQF\ DQG SKDVH

QXPEHU ZDV GHYHORSHG E\ 6FLDN\ &RPSDQ\ PRUH WKDQ

KDOI D FHQWXU\ DJR �)LJXUH ��� ,W DOVR LQFOXGHV VL[

WK\ULVWRUV �LJQLWURQV�� DV ZHOO DV D VSHFLDO WUDQVIRUPHU

ZLWK WKUHH SULPDU\ ZLQGLQJV� GHVLJQHG IRU VHFRQGDU\

FXUUHQW IUHTXHQF\ RI � +]� 7KUHH WK\ULVWRUV RSHUDWH

LQ HDFK ORZ IUHTXHQF\ KDOI�SHULRG� WKDW NLQG RI VLPX�

ODWH WKUHH�SKDVH KDOI�ZDYH UHFWLILFDWLRQ RI FRPPHUFLDO

IUHTXHQF\ FXUUHQW LQ UHODWLRQ WR WKH VHFRQGDU\ FLUFXLW�

3URFHVV DGYDQWDJHV RI D PDFKLQH ZLWK VXFK D WUDQV�

IRUPHU LQFOXGH�

• D PXFK PRUH VORSLQJ H[WHUQDO FKDUDFWHULVWLF GXH
WR D ORZ IUHTXHQF\ DQG ORZ UHDFWLYH YROWDJH GURS LQ

WKH FXUUHQW�FDUU\LQJ VHFRQGDU\ FLUFXLW�

• EOXQWHG VHFRQGDU\ FXUUHQW VKDSH� FRPSDUHG WR

WKH VLQXVRLGDO RQH�

3RZHU�UHODWHG DGYDQWDJHV DUH DV IROORZV�

• VXIILFLHQWO\ KLJK SRZHU IDFWRU�

• SUDFWLFDOO\ XQLIRUP ORDG LQ WKH WKUHH�SKDVH GLV�

WULEXWLRQ QHWZRUN�

• VPDOOHU SRZHU ORVVHV LQ PDVVLYH VHFRQGDU\ FLUFXLW
HOHPHQWV� DV D UHVXOW RI D PRUH XQLIRUP FXUUHQW GLV�

WULEXWLRQ LQ WKHP�

$ GUDZEDFN RI WKH PDFKLQHV LV D FXPEHUVRPH DQG

KHDY\ WUDQVIRUPHU >�@� EHFDXVH RI D YHU\ ORZ IUH�

TXHQF\� ZKLFK LW ZRXOG EH UDWLRQDO WR LQFUHDVH WR D

FHUWDLQ H[WHQW� +RZHYHU� RWKHU FKDUDFWHULVWLFV ZLOO

EHFRPH ORZHU� 0DFKLQHV ZLWK VXFK FRQYHUWHUV� GH�

VLJQHG IRU ZHOGLQJ VWHHO VWUXFWXUHV RI VKHHWV DQG SUR�

ILOHV ZLWK XS WR �� w �� PP ZDOO WKLFNQHVVHV� IRXQG

RQO\ OLPLWHG DSSOLFDWLRQ� 8VH RI DUF ZHOGLQJ LV PRUH

DGYDQWDJHRXV IRU WKH DERYH VWUXFWXUHV�

$ IXQGDPHQWDO GLIIHUHQFH RI WKH FRQYHUWHU� SUH�

VHQWHG LQ )LJXUH �� FRQVLVWV LQ WKDW LWV PDLQ HOHPHQWV

DUH D WKUHH�SKDVH IXOO�ZDYH UHFWLILHU DQG D VWDQGDUG

WZR�ZLQGLQJ WUDQVIRUPHU� ,WV GLVDGYDQWDJH FRQVLVWV

LQ WKDW WHQ WK\ULVWRUV DUH UHTXLUHG LQVWHDG RI VL[� )RXU

FRPSOHPHQWDU\ WK\ULVWRUV IRUP WKH FXUUHQW SRODULW\

VZLWFK� $ YDULDQW ZLWK D WKUHH�ZLQGLQJ WUDQVIRUPHU

DQG WZR �LQVWHDG RI IRXU� FRPSOHPHQWDU\ WK\ULVWRUV

LV SRVVLEOH �)LJXUH ��� )XOO�ZDYH UHFWLILFDWLRQ SUR�

YLGHV DGGLWLRQDO FDSDELOLW\ DV UHJDUGV IUHTXHQF\ VH�

OHFWLRQ� 6XFK D FRQYHUWHU RSHUDWHV ZLWK JRRG SRZHU

FKDUDFWHULVWLFV LQ D TXDVLV\PPHWULFDO PRGH DW ZHOGLQJ

)LJXUH �� &RQYHUWHU RI IUHTXHQF\ DQG SKDVH QXPEHU� $� %� & x
PDLQV SKDVHV�Z

�
�Z

�
x SULPDU\ DQG VHFRQGDU\ ZLQGLQJV RI ZHOGLQJ

WUDQVIRUPHU� L
�
x VHFRQGDU\ FXUUHQW

)LJXUH �� &RQYHUWHU RI IUHTXHQF\ DQG SKDVH QXPEHU ZLWK FXUUHQW
SRODULW\ VZLWFK� X

�
x VHFRQGDU\ YROWDJH� L5� / x RKPLF�LQGXFWLYH

FXUUHQW YDOXH� ϕ5� / x SKDVH VKLIW LQ WKH FDVH RI RKPLF�LQGXFWLYH
ORDG

)LJXUH �� 9DULDQW RI WKH FRQYHUWHU �VHH )LJXUH �� ZLWK D UHGXFHG
QXPEHU RI WK\ULVWRUV
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DQWHH WKH PLQLPDO UHTXLUHG QXJJHW KHLJKW ZLWK D ZRUQ

HOHFWURGH� 7KH VDPH LV DOVR WUXH IRU VKXQWLQJ� WKH

H[WHUQDO FKDUDFWHULVWLF VKDSH VWLOO LQIOXHQFHV ZHOGHG

MRLQW IRUPDWLRQ HYHQ ZLWK WKLV GLVWXUEDQFH�

7KHUH LV QR GRXEW� WKDW HOHFWURGH ZHDU GHSHQGV RQ

WKH HOHFWURGHwSDUW FRQWDFW WHPSHUDWXUH DW WKH VWDUW RI

WKH ZHOGLQJ SURFHVV� ZKHQ WKLV FRQWDFW KDV QRW \HW

IRUPHG� DQG WKH PLFURFRQWDFWV KDYH QRW GHIRUPHG� 0D�

FKLQH VKRUW�FLUFXLWLQJ LPSHGDQFH DOVR KDV LWV UROH� WKH

ORZHU LW LV� WKH ORZHU WKH SUREDELOLW\ RI RYHUKHDWLQJ RI

WKH PLFURFRQWDFWV ZLWK DOO LWV QHJDWLYH FRQVHTXHQFHV�

)LJXUH � VKRZV WKH DSSUR[LPDWH GLVWULEXWLRQ RI

WHPSHUDWXUH LQ WKH FRQWDFW RI D FRSSHU HOHFWURGH ZLWK

D VWHHO SDUW� ZKHUH WKH VXUIDFH OD\HU LV FKDUDFWHULVHG

E\ D KLJKHU UHVLVWDQFH� DV D UHVXOW RI WKH SUHVHQFH RI

ILOPV DQG VXUIDFH URXJKQHVV� 7HPSHUDWXUH GLVWULEXWLRQ

FRUUHVSRQGV WR WKH PRPHQW IROORZLQJ WKH SDVVDJH RI

FXUUHQW SXOVHV RI GLIIHUHQW GXUDWLRQ� EXW WKH VDPH

HQHUJ\� WKURXJK WKH ZHOGLQJ FRQWDFW� 7KH �VRIWHU�

WKH SXOVH� WKH ORZHU WKH WHPSHUDWXUH RQ WKH PDWHULDO

LQWHUIDFH� ,Q WKLV FRQQHFWLRQ� RYHUKHDWLQJ RI WKLV LQ�

WHUIDFH VKRXOG EH LQIOXHQFHG E\ ZHOGLQJ FXUUHQW ULS�

SOH� 'HHS ULSSOH FDQ OHDG WR PHOWLQJ RI PLFURYROXPHV

ZLWK IRUPDWLRQ RI DOOR\V� GLIIHULQJ E\ LQFUHDVHG HOHF�

WULFDO UHVLVWDQFH DQG LQFUHDVLQJ VWLFNLQJ RI VXFK DQ

DOOR\ WR WKH HOHFWURGH VXUIDFH� 6XFK D SKHQRPHQRQ LV

UHFRUGHG LQ ZHOGLQJ VWHHOV ZLWK DQWL�FRUURVLRQ FRDW�

LQJV� LQ SDUWLFXODU ]LQF FRDWLQJ� ,I WKH HOHFWURGH PHOW�

LQJ WHPSHUDWXUH LV KLJKHU� WKDQ WKH PHOWLQJ WHPSHUD�

WXUH RI WKH SDUW PHWDO� HOHFWURGH PHWDO WUDQVIHU RQWR

WKH ZHOGHG MRLQW VXUIDFH LV SRVVLEOH� )RU WKH FDVH�

ZKHQ WKH HOHFWURGHwSDUW FRQWDFW FDQ EH RYHUKHDWHG�

DOWHUQDWLQJ FXUUHQW RI FRPPHUFLDO IUHTXHQF\ LV XQID�

YRXUDEOH� ,W LV REYLRXV� WKDW WKH VPDOOHU WKH GLIIHUHQFH

EHWZHHQ WKH FXUUHQW DPSOLWXGH DQG LWV URRW�PHDQ�

VTXDUH YDOXH� WKH EHWWHU�

7KH LQIOXHQFH RI RWKHU GLVWXUEDQFHV FDQ EH FRP�

SHQVDWHG� LQ SDUW� E\ WKH DXWRPDWLF DGMXVWPHQW V\V�

WHP� LI LW LV VXIILFLHQWO\ ZHOO�GHYHORSHG�

,Q IODVK�EXWW ZHOGLQJ� WKH VKRUW�FLUFXLWLQJ LPSHG�

DQFH� WKDW GHWHUPLQHV WKH VKDSH RI WKH H[WHUQDO FKDU�

DFWHULVWLF� KDV D JUHDW LQIOXHQFH RQ WKH VWDELOLW\ RI WKH

SURFHVV DQG LWV WKHUPDO HIILFLHQF\ 7KLV LVVXH LV GH�

VFULEHG LQ GHWDLO LQ >�� �@ DQG LV QRW FRQVLGHUHG KHUH�

$Q\ UHVLVWDQFH ZHOGLQJ PDFKLQH ZLWK RQH SDLU RI

HOHFWURGHV� LV D VLQJOH�SKDVH PDFKLQH �)LJXUH ��� LI LW LV

QRW ILWWHG ZLWK D VSHFLDO FRQYHUWHU� (OHFWURGHV DUH FRQ�

QHFWHG WR D WUDQVIRUPHU� WKDW LV FRQQHFWHG WR WKH PDLQV

E\ D WK\ULVWRU FRQWDFWRU� $ GUDZEDFN RI WKLV W\SH RI

PDFKLQHV FRQVLVWV LQ WKDW WKH\ SURYLGH D QRQ�XQLIRUP

ORDG IRU WKH WKUHH�SKDVH GLVWULEXWLRQ QHWZRUN� 7KH FXU�

UHQW LQ WKH ORDGHG SKDVHV LV √ � WLPHV KLJKHU� WKDW DW

V\PPHWULFDO ORDG RI WKH VDPH SRZHU� )RU WKLV UHDVRQ�

WKH DV\PPHWULFDO ORDG OHDGV WR D JUHDWHU YROWDJH GURS

LQ WKH GLVWULEXWLRQ QHWZRUN� WKLV EHLQJ GHWULPHQWDO IRU

WKH UDGLDWLRQ RI WKH OLJKWLQJ IL[WXUHV� 7KLV LPSDFW LV

HVSHFLDOO\ QRWLFHDEOH LQ FRQQHFWLRQZLWK WKH LQWHUPLWWHQW

F\FOH RI ZHOGLQJ HTXLSPHQW RSHUDWLRQ�

$V\PPHWULFDO ORDG OHDGV WR GLVWRUWLRQ RI WKH WKUHH�

SKDVH YROWDJH VWDU� )LQDOO\� LQ WKH HOHFWULF PDLQV� WKLV

JLYHV ULVH WR D WKUHH�SKDVH YROWDJH V\VWHP ZLWK WKH

UHYHUVHG SKDVH VHTXHQFH� FDXVLQJ DGGLWLRQDO SRZHU

ORVVHV LQ DV\QFKURQRXV PRWRUV� ,I WKH SRZHU RI WKH

VLQJOH�SKDVH ZHOGLQJ PDFKLQH LV QRW PRUH WKDQ ���

RI WKH SRZHU RI WKH GLVWULEXWLRQ WUDQVIRUPHU� WKHQ� DV

VKRZQ E\ WKHRUHWLFDO HYDOXDWLRQ� WKHVH DGGLWLRQDO

ORVVHV DUH QRW JUHDW� DQG KDUGO\ VKRXOG EH WDNHQ LQWR

DFFRXQW� 6LQJOH�SKDVH PDFKLQHV KDYH D UHODWLYHO\ ORZ

SRZHU IDFWRU� EHFDXVH RI D FRQVLGHUDEOH UHDFWDQFH LQ

WKH PDFKLQH VHFRQGDU\ FLUFXLW� 3RZHU IDFWRU DOVR ORZ�

HUV SKDVH FRQWURO RI WKH WK\ULVWRUV� $QG RQH PRUH

GUDZEDFN RI DOO WKH UHVLVWDQFH ZHOGLQJ PDFKLQHV� UH�

ODWHG WR LQWHUPLWWHQW RSHUDWLRQ F\FOH� QHFHVVLWDWHV GH�

YHORSPHQW RI GLVWULEXWLRQ QHWZRUNV �ZLWK D PDUJLQ��

)LJXUH �� 'HSHQGHQFH RI KHLJKW +
�
RI VSRW QXJJHW ZLWK D QHZ

HOHFWURGH DQG +
�
ZLWK D ZRUQ HOHFWURGH RQ VKRUW�FLUFXLWLQJ LPSH�

GDQFH 5
VK��F

� � x +
�
� � x +

�
� � x 8

)LJXUH �� 7HPSHUDWXUH GLVWULEXWLRQ LQ HOHFWURGHwSDUW FRQWDFW� GH�
SHQGLQJ RQ FXUUHQW SXOVH GXUDWLRQ DW XQFKDQJHG HQHUJ\� � x ����
� x ���� � x ���� PV �[ LV FRQWDFW OHQJWK�

)LJXUH �� 3RZHU FLUFXLW RI $& PDFKLQH� :7 x ZHOGLQJ WUDQVIRUPHU� &RQW x WK\ULVWRU FRQWDFWRU� W x WLPH
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

3RZHU V\VWHPV RI UHVLVWDQFH ZHOGLQJ PDFKLQHV DUH DQDO\VHG� LQFOXGLQJ VLQJOH�SKDVH PDFKLQHV RI FRPPHUFLDO IUHTXHQF\

DQG WKUHH�SKDVH PDFKLQHV ZLWK FRQYHUWHUV RI IUHTXHQF\ DQG SKDVH QXPEHU� 4XDOLWDWLYH FRPSDULVRQ RI VHYHQ SRZHU

V\VWHPV LV SHUIRUPHG LQ WHUPV RI WKHLU WHFKQRORJLFDO SURSHUWLHV� LQIOXHQFH RI GLVWXUEDQFHV RQ WKH MRLQW TXDOLW\� HOHFWURGH

ZHDU� DV ZHOO DV SRZHU FKDUDFWHULVWLFV�

.H\ ZRU G V � UHVLVWDQFH ZHOGLQJ� SRZHU V\VWHPV� FRQYHUWHUV
RI IUHTXHQF\ DQG SKDVH QXPEHU� '& PDFKLQHV� SRZHU FKDUDF�
WHULVWLFV

5HVLVWDQFH ZHOGLQJ LV RQH RI WKH PRVW ZLGHO\ VSUHDG

PHWKRGV RI MRLQLQJ PHWDOV� DSSOLHG LQ DXWRPRWLYH LQ�

GXVWU\ DQG LQVWUXPHQW PDNLQJ� SURGXFWLRQ RI GLYHUVH

DSSOLDQFHV� FRQWURO� PHDVXUHPHQW DQG FRPPXQLFDWLRQ

V\VWHPV� PHWDO PHVK DQG IUDPHV� FRQVWUXFWLRQ DQG

UHSDLU RI UDLOZD\ WUDFNV� DV ZHOO DV PDQ\ RWKHU DUHDV�

5HVLVWDQFH ZHOGLQJ LV XVHG WR PDNH SURGXFWV RI VWHHOV

DQG QRQ�IHUURXV PHWDO EDVHG DOOR\V� 7KLFNQHVV RI SDUWV

WKDW FDQ EH MRLQHG E\ VSRW ZHOGLQJ� YDULHV IURP VHYHUDO

PLFURQV XS WR VHYHUDO PLOOLPHWHUV� DQG LQ EXWW ZHOGLQJ

WKH MRLQW FURVV�VHFWLRQDO DUHD YDULHV IURP VHYHUDO IUDF�

WLRQV WR KXQGUHG WKRXVDQG VTXDUH PLOOLPHWUHV� 7KHUH�

IRUH� UHVLVWDQFH ZHOGLQJ HTXLSPHQW LV KLJKO\ GLYHUVH�

ERWK DV WR LWV GHVLJQ� DQG DV WR LWV SRZHU DQG RYHUDOO

GLPHQVLRQV�

&RQVLGHUHG EHORZ DUH WKH IHDWXUHV RI SRZHU V\V�

WHPV LQ UHVLVWDQFH ZHOGLQJ PDFKLQHV� WKDW GHWHUPLQH

WKHLU SRZHU FKDUDFWHULVWLFV DQG WR D JUHDW H[WHQW DOVR

WKHLU SURFHVV SURSHUWLHV�

:KHQ VHOHFWLQJ D SRZHU V\VWHP� LW LV QHFHVVDU\ WR

GHWHUPLQH� ZKHWKHU DQ RSWLPDO ZHOGLQJ PRGH FDQ EH

UHSURGXFHG� XVLQJ D SDUWLFXODU V\VWHP� DQG ZKLFK RI

WKHP HQDEOHV GRLQJ LW LQ WKH VLPSOHVW DQG WKH PRVW

UHOLDEOH PDQQHU� $V UHJDUGV VXFK SXOVHG SURFHVVHV� DV

UHVLVWDQFH VSRW� SURMHFWLRQ RU VHDP ZHOGLQJ� WKH JRDO

KHUH VKRXOG EH WKH PLQLPDO UHTXLUHG SURFHVV WLPH DQG

SRVVLELOLW\ RI UHSURGXFLQJ WKH PRVW VXLWDEOH FXUUHQW

F\FOH� %XW HYHQ WKDW LV LQVXIILFLHQW x LW LV DOVR QHF�

HVVDU\ WR DQDO\VH WKH SRVVLEOH LQIOXHQFH RI GLVWXU�

EDQFHV� DULVLQJ GXULQJ ZHOGLQJ� RQ WKH MRLQW TXDOLW\�

,Q UHVLVWDQFH ZHOGLQJ RI SDUWV IURP PHWDO VKHHWV�

WKH PDLQ GLVWXUEDQFHV DUH DV IROORZV�

• HOHFWURGH ZHDU� OHDGLQJ WR JUHDWHU RI WKH HOHF�

WURGHwSDUW FRQWDFW VXUIDFH�

• EULGJLQJ RI ZHOGLQJ FRQWDFW E\ WKH HDUOLHU ZHOGHG
VSRWV RU UDQGRP FRQWDFWV�

• PHFKDQLFDO VKXQWLQJ E\ WKH HDUOLHU ZHOGHG VSRWV�
KLQGHULQJ IRUPDWLRQ RI WKH ZHOGHG FRQWDFW� D VLPLODU

HIIHFW FDQ EH DOVR SURGXFHG E\ LQDFFXUDWH ILW�XS�

• PDLQV YROWDJH IOXFWXDWLRQ�

• LWHP VXUIDFH FRQWDPLQDWLRQ RU WKHLU SRRU SUHSD�

UDWLRQ IRU ZHOGLQJ�

• HOHFWURGH VXUIDFH FRQWDPLQDWLRQ�

7KH LQIOXHQFH RI D QXPEHU RI GLVWXUEDQFHV RQ WKH

MRLQW TXDOLW\ LV ODUJHO\ UHODWHG WR WKH H[WHUQDO FKDU�

DFWHULVWLF �)LJXUH ��� WKH VKDSH RI ZKLFK GHSHQGV QRW

RQO\ RQ WKH PDFKLQH VKRUW�FLUFXLWLQJ LPSHGDQFH� EXW

DOVR RQ WKH SRZHU V\VWHP� SULPDULO\� RQ ZHOGLQJ FXU�

UHQW IUHTXHQF\� 7KH IHDWXUHV RI WKH SRZHU V\VWHP WR

D FHUWDLQ H[WHQW GHWHUPLQH DOVR WKH FRQGLWLRQV DW WKH

HOHFWURGHwSDUW LQWHUIDFH� WKDW DUH UHVSRQVLEOH IRU WKH

RSHUDWLRQDO VWDELOLW\ RI WKH HOHFWURGHV�

7KH PRVW SUREDEOH GLVWXUEDQFH LV HOHFWURGH ZHDU�

OHDGLQJ WR ORZHULQJ RI WKH ZHOGLQJ FRQWDFW UHVLVWDQFH�

DV ZHOO DV FXUUHQW ULVH� ZKLFK LV WKH KLJKHU� WKH PRUH

VORSLQJ LV LWV H[WHUQDO FKDUDFWHULVWLF� $V D UHVXOW� WKH

SUREDELOLW\ RI LQFRPSOHWH SHQHWUDWLRQ EHFRPHV

VPDOOHU� ZKHQ PDFKLQHV ZLWK PRUH IODW H[WHUQDO FKDU�

DFWHULVWLFV DUH XVHG� ,Q SUDFWLFH� ZHOGLQJ PRGHV ZLWK

D JUHDWHU PDUJLQ DUH RIWHQ VHOHFWHG WR DYRLG WKLV NLQG

RI GHIHFWV� 7KLV� KRZHYHU� UHVXOWV LQ H[WUD SRZHU FRQ�

VXPSWLRQ�

)LJXUH � VKRZV GHSHQGHQFLHV RI WKH ZHOG VSRW QXJ�

JHW KHLJKW + RQ WKH PDFKLQH VKRUW�FLUFXLWLQJ LPSHG�

DQFH�5VK��F� 9ROWDJH LV VHOHFWHG WR EH VXFK DV LQZHOGLQJ

ZLWK DQ XQZRUQ HOHFWURGH DQG WKHQ UHPDLQV FRQVWDQW�

+HLJKW +� UHIHUV WR WKH QHZ HOHFWURGH� DQG +� x WR

WKH HOHFWURGH� LQ ZKLFK WKH FRQWDFW VXUIDFH GLDPHWHU

LV LQFUHDVHG E\ ��� WKURXJKZHDU� $V LV VHHQ� ORZHULQJ

RI WKH VKRUW�FLUFXLWLQJ LPSHGDQFH LV IDYRXUDEOH IRU

GLPHQVLRQDO VWDELOLW\ RI WKH ZHOGHG VSRW FDVW QXJJHW�

7KHUH LV QR QHHG WR DSSO\ DGGLWLRQDO HQHUJ\ WR JXDU�
� 9�.� /(%('(9 DQG $�$� 3,60(11<� ����

)LJXUH �� ([WHUQDO FKDUDFWHULVWLF RI UHVLVWDQFH ZHOGLQJ PDFKLQHV
DQG YROWDJH GURS DFURVV WKH ZHOGLQJ FRQWDFW �5

�
� 5

�
�� �� � x

IODW DQG VORSLQJ FKDUDFWHULVWLFV
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7DNLQJ LQWR DFFRXQW DOO SDUDPHWHUV IRU H[SHULPHQ�

WDO HOHFWURGHV

>�&,3@
PD[

=
���� w

���>0Q@

>� LOP@

�����
�

����

5HVXOWV RI FDOFXODWLRQ ��&,3�
PD[

XVLQJ IRUPXOD

���� DUH JLYHQ LQ )LJXUH �� E�
7R FKHFN WKH FDOFXODWLRQ PHWKRG RI GHWHUPLQDWLRQ

RI HTXLOLEULXP FRQWHQW >&@ DQG >0Q@ DQG PD[LPXP

SRVVLEOH DGGLQJ RI FDVW LURQ �DW GLIIHUHQWPDVV IUDFWLRQV

RI LOPHQLWH LQ FRDWLQJ� WKH UHDO FRQWHQW RI FDUERQ DQG

PDQJDQHVH LQ WKH GHSRVLWHG PHWDO RI H[SHULPHQWDO

HOHFWURGHV� FRQWDLQLQJ �� �� DQG �� � RI &,3� �� w

�� � LOPHQLWH DQG �� � )H0Q LQ WKH FRDWLQJ� ZDV

HVWDEOLVKHG� 7KH UHVXOWV RI FKHPLFDO DQDO\VLV RI H[�

SHULPHQWDO GHSRVLWV DUH JLYHQ LQ )LJXUH ��

7KH GDWD REWDLQHG VKRZ WKDW DW VLPLODU PDVV IUDF�

WLRQV RI )H0Q DQG FDVW LURQ SRZGHU LQ WKH FRDWLQJ

WKH FRQWHQW RI >&@ DQG >0Q@ DUH FKDQJHG GHSHQGLQJ

RQ WKH R[LGL]LQJ DELOLW\ RI WKH FRDWLQJ� GHWHUPLQHG E\

WKH DPRXQW RI LOPHQLWH� WKXV FRQILUPLQJ WKH YDOLGLW\

RI WKH JLYHQ FDOFXODWLRQ PHWKRG�

7KXV�ZLWKXVH RI WKH FDOFXODWLRQPHWKRG LW LV SRVVLEOH

WR HVWDEOLVK WKH RSWLPXP FRQWHQW RI FDVW LURQ SRZGHU

LQ WKH FRDWLQJ GHSHQGLQJ RQ LWV R[LGL]LQJ DELOLW\� GHWHU�

PLQHG E\ WKH FRQWHQW RI LOPHQLWH DW GLIIHUHQW DGGLQJ RI

)H0Q RU SUHVHW FRQWHQW RI >0Q@� 7KH IHDVLELOLW\ RI FDO�
FXODWLRQ RI HTXLOLEULXP FRQWHQW RI >&@ GHSHQGLQJ RQ WKH

FRQWHQW RI LOPHQLWH DQG )H0Q LQ WKH FRDWLQJ� DQG DOVR

>0Q@ LQ WKH GHSRVLWHG PHWDO ZDV DOVR REWDLQHG�

&21&/86,216

�� 7KH IHDVLELOLW\ RI XVH RI FDUERQ LQ WKH IL[HG VWDWH
�LQ WKH IRUP RI D IHUUR�FDUERQ DOOR\� ZDV HVWDEOLVKHG
DV D GHR[LGL]HU DQG WKH YDOLGLW\ RI FDOFXODWLRQ PHWKRG

IRU GHWHUPLQDWLRQ RI LWV PD[LPXP FRQWHQW LQ WKH FRDW�

LQJ RI WKH LOPHQLWH�W\SH HOHFWURGHV ZDV FRQILUPHG�

�� 0HWKRG RI FDOFXODWLRQ RI HTXLOLEULXP FRQWHQW RI
>&@ DQG >0Q@ KDV EHHQ GHYHORSHG� ZKLFK PDNHV LW SRV�
VLEOH WR GHWHUPLQH WKH DOORZDEOH DPRXQW RI FDUERQ LQ

WKH IRUP RI FDVW LURQ SRZGHU LQ HOHFWURGH FRDWLQJV DW

GLIIHUHQW PDVV IUDFWLRQV RI LOPHQLWH� )H0Q DQG >0Q@�

5()(5(1&(6

�� (ILPHQNR� 1�*�� .DOLQ� 1�$� ������ 2[LGL]LQJ DELOLW\ RI
UDUH�HDUWK PHWDOV LQ FRPSDULVRQ ZLWK NQRZQ GHR[LGL]HUV�

6YDURFKQR\H 3URL]YRGVWYR� ��� � w ��

�� $ORY� $�$� ������ (OHFWURGHV IRU DUF ZHOGLQJ DQG VXUID�
FLQJ� 0RVFRZ� 0DVKJL]�

�� 3HQNRY� 9�%�� 3RWDSRY� 1�1�� .DNRYNLQ� 2�6� ������ (VWL�
PDWLRQ RI PHWDOOXUJLFDO UROH RI )H2 LQ WKH GHYHORSPHQW RI

HOHFWURGHV IRU PDQXDO DUF ZHOGLQJ� 6YDURFKQR\H 3URL]YRGVW�
YR� ��� �� w ���

�� /\XEDYVN\� .�9� ������ 0HWDOOXUJ\ RI IXVLRQ ZHOGLQJ�
0RVFRZ� =QDQLH�

�� .D]DFKNRY� (�$� ������ &DOFXODWLRQV RQ WKH WKHRU\ RI PH�
WDOOXUJLFDO SURFHVVHV� 0RVFRZ� 0HWDOOXUJLD�

�� 0HG]KLER]KVN\� 0�<D� ������ )XQGDPHQWDOV RI WKHUPRG\�
QDPLFV DQG NLQHWLFV RI VWHHO PHOWLQJ SURFHVVHV� .\LY�

'RQHWVN� 9\VKFKD 6KNROD�
�� ������ 7HFKQRORJ\ RI HOHFWULF IXVLRQ ZHOGLQJ RI PHWDOV DQG

DOOR\V� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� 3HWURY� *�/� ������ :HOGLQJ FRQVXPDEOHV� /HQLQJUDG�

0DVKLQRVWUR\HQL\H�

�� (URNKLQ� $�$� ������ )XQGDPHQWDOV RI IXVLRQ ZHOGLQJ�

0RVFRZ� 0DVKLQRVWUR\HQL\H�

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

$�(� .2527<16.<

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

$%675$&7

7KH SDSHU GHDOV ZLWK WKH SUREOHPV RI RUJLQL]LQJ D GLDJQRVWLF VXSSRUW RI ZHOGLQJ HTXLSPHQW� 3URFHGXUHV RI IXQFWLRQDO

GLDJQRVWLFV RI LQYHUWHU DQG UHVRQDQFH DUF ZHOGLQJ VRXUFHV DUH GHVFULEHG� ,W LV VKRZQ WKDW WKH UHVRQDQFH DUF ZHOGLQJ

VRXUFHV UHTXLUH WHVW WHPSHUDWXUH GLDJQRVWLFV RI WKH FDSDFLWDQFH UHDFWRU FRQGLWLRQ� 3URFHGXUHV ZLWK D SDUWLDO DQG FRPSOHWH

GLDJQRVWLFV RI WKH ODWWHU DUH SUHVHQWHG� $OVR FRQVLGHUHG LV D VFKHPH RI WKH UHVRQDQFH VRXUFH ZLWK D IXQFWLRQDO�WHVW

GLDJQRVWLFV�

.H\ ZRU G V � DUF ZHOGLQJ� IXQFWLRQDO DQG WHVW GLDJQRVWLFV�

VFKHPH RI EXLOW�LQ FRQWURO

7HFKQLFDO GLDJQRVWLFV RI FRQWURO LV RQH RI WKH PRVW

LPSRUWDQW WUHQGV LQ LPSURYHPHQW RI HIIHFWLYHQHVV DQG

TXDOLW\ RI VHUYLFH RI WKH ZHOGLQJ HTXLSPHQW� ,WV DS�

SOLFDWLRQ LQFUHDVHV VLJQLILFDQWO\ WKH UHSDLU LQWHUYDOV�

SUHYHQWV WLPHO\ WKH IDLOXUHV DQG� WKXV� UHGXFHV FRQ�

VLGHUDEO\ WKH ODERXU FRQVXPSWLRQ DQG H[SHQVHV IRU

WKH WHFKQLFDO PDLQWHQDQFH DQG UHSDLU�

7KH DVVXUDQFH RI KLJK FKDUDFWHULVWLFV RI TXDOLW\
DQG UHOLDELOLW\ RI WKH ZHOGLQJ HTXLSPHQW UHTXLUHV WKH

XVH RI PDQ\ PHDVXUHV� FRQQHFWHG ZLWK WKH VHOHFWLRQ

DQG WUDLQLQJ RI HOHFWURQLF FRPSRQHQWV� VHSDUDWH XQLWV

DQG FRPSOHWHG IXQFWLRQDO EORFNV� DV ZHOO DV VHOHFWLRQ

RI PLOG FRQGLWLRQV RI WKHLU RSHUDWLRQ� +RZHYHU� HYHQ

WKH DERYH�PHQWLRQHG PHDVXUHV PDNH QRW LW SRVVLEOH

WR UHDFK WKH KLJK VDIHW\ OHYHO�
� $�(� .2527<16.<� ����
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>�¯@ = ����>0Q@

.WU
0Q
.F�P >0Q@)H0Q >� LOP @

�
����

%DVHG RQ QXPHURXV H[SHULPHQWV LW ZDV HVWDEOLVKHG

WKDW .WU
0Q LQ WKH LOPHQLWH�W\SH HOHFWURGHV LV RQ DYHUDJH

����� ,Q DFFRUGDQFH ZLWK HTXDWLRQ ���� DQG XVLQJ

GHILQLWH YDOXHV RI .WU
0Q� .F�P� >0Q@)H0Q� ZH VKDOO RE�

WDLQ WKH FDOFXODWLRQ IRUPXOD IRU GHWHUPLQDWLRQ RI
>�&@HT LQ HOHFWURGHV RI WKH H[SHULPHQWDO EDWFK�

>�&@HT = ���>0Q@

>� LOP@
�

����

5HVXOWV RI FDOFXODWLRQ E\ IRUPXOD ���� DUH JLYHQ
LQ )LJXUH �� D� 7KH FRQWHQW RI >0Q@ LV DVVXPHG WR EH
ZLWKLQ ��� w ��� � ZKLFK LV W\SLFDO RI WKH LOPHQLWH�
W\SH HOHFWURGHV�

&DOFXODWLRQ RI DGGLQJ WKH PD[LPXP SRVVLEOH IUDF�
WLRQV RI FDVW LURQ SRZGHU LQWR WKH FRPSRVLWLRQ RI WKH
HOHFWURGH FRDWLQJ DW D SUHVHW FRQWHQW RI >0Q@ DQG
NHHSLQJ FRQGLWLRQV >�&@ ≤ ���� �� LV SHUIRUPHG E\
H[SUHVVLRQ ���� XVLQJ IRUPXOD �����

>�&,3@PD[ =

=
���� w

����>0Q@

.WU
0Q
.F�P >0Q@)H0Q (� LOP)

.WU
¯
.F�P

>&@&,3

���

�

����

)LJXUH �� 'HSHQGHQFH RI HTXLOLEULXP FRQWHQW RI FDUERQ LQ WKH
GHSRVLWHG PHWDO �D� DQG PD[LPXP FRQWHQW RI FDVW LURQ SRZGHU LQ
FRDWLQJ �E� RQ PDVV IUDFWLRQ RI LOPHQLWH LQ FRDWLQJ DW GLIIHUHQW
FRQFHQWUDWLRQV RI PDQJDQHVH LQ WKH GHSRVLWHG PHWDO� �x ���� � x
���� � x ��� �

)LJXUH �� 'HSHQGHQFH RI FRQWHQW RI FDUERQ DQG PDQJDQHVH LQ WKH
GHSRVLWHG PHWDO RQ WKH LOPHQLWH DPRXQW LQ FRDWLQJ DW GLIIHUHQW PDVV
IUDFWLRQV RI &,3 DQG �� � )H0Q� �� �� � x >0Q@� �� �� � x >&@
DW ��� �� DQG � � RI &,3� UHVSHFWLYHO\
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>�&@HT =
>�0Q@I2

0Q

.& .0Q
′ � ���

&KDQJLQJ >�0Q@ LQ HTXDWLRQ ��� E\ H[SUHVVLRQ
��� ZH VKDOO REWDLQ

>�&@HT =
(�0Q2)I2

0Q

(�)H2).0Q .& .0Q
′ � ���

&DOFXODWLRQ RI SDUDPHWHUV I2
0Q� .0Q� .&� .0Q

′ DW

WKH PRPHQW RI VROLGLILFDWLRQ DW WHPSHUDWXUH ���� .

JLYHV I2
0Q  ����� .0Q  ������ .0Q

′  �������� .&  

 ����
6XEVWLWXWLQJ YDOXHV RI WKH PHQWLRQHG SDUDPHWHUV

WR IRUPXOD ���� WKH HTXDWLRQ IRU WKH FDOFXODWLRQ RI
GHSHQGHQFH RI WKH HTXLOLEULXP FDUERQ FRQWHQW LQ WKH

GHSRVLWHG PHWDO RQ WKH UDWLR RI PDQJDQHVH DQG LURQ
UDWLR LQ VODJ ZLOO WDNH D IRUP

>�&@HT = �����⋅� >�0Q2@

>�)H2@
�

���

,Q SUDFWLFDO FDOFXODWLRQV RI FRPSRVLWLRQV RI HOHF�

WURGH FRDWLQJV LW LV PRUH FRQYHQLHQW WR XVH FRPSR�

QHQWV� XVHG LQ WKH HOHFWURGH PDQXIDFWXUH� $V D UHVXOW

RI UHFDOFXODWLRQ RI R[LGHV RI PDQJDQHVH DQG LURQ LQ

)H0Q ��� � 0Q� DQG LOPHQLWH ��� � )H2� ZH VKDOO

REWDLQ IRUPXOD IRU FDOFXODWLRQ >�&@HT GHSHQGLQJ RQ

WKH FRQWHQW RI )H0Q DQG LOPHQLWH LQ WKH FRDWLQJ RI

HOHFWURGHV� WDNLQJ LQWR DFFRXQW WKH FRDWLQJ PDVV IDFWRU

.F�P�

>�&@HT = �����
>�)H0Q @

.F�P>� LOP@
�

���

&DOFXODWLRQ >�&@HT E\ IRUPXOD ��� IRU YDULDQWV RI

H[SHULPHQWDO HOHFWURGHV WDNHQ IRU WKH H[SHULPHQW LV

JLYHQ LQ )LJXUH �� D� +HUH� )H0Q LV WDNHQ LQ PDVV

IUDFWLRQV ��� �� DQG �� � ZKLFK DUH PRVW RIWHQ XVHG

LQ HOHFWURGHV RI WKH LOPHQLWH W\SH�

7DNLQJ LQWR DFFRXQW WKDW WKH FDUERQ FRQWHQW LQ GH�

SRVLWHG PHWDO RI WKH LOPHQLWH�W\SH HOHFWURGHV VKRXOG QRW

H[FHHG ���� � >�@� ZH VKDOO REWDLQ WKH HTXDWLRQ IRU

FDOFXODWLRQ RI PD[LPXP DPRXQW RI FDVW LURQ SRZGHU LQ

WKH FRPSRVLWLRQ RI FRDWLQJ LQ DFFRUGDQFH ZLWK >�@

>�&,3@PD[ =
����� w �����

>�)H0Q@

>� LOP@

.WU
&
.F�P

>&@&,3

���

� ����

ZKHUH .WU
& LV WKH FRHIILFLHQW RI FDUERQ WUDQVIHU� WDNHQ

HTXDO WR ���� >�@ IRU LOPHQLWH�W\SH HOHFWURGHV� >&@&,3
LV WKH FDUERQ FRQWHQW LQ &,3� ��

6XEVWLWXWLQJ GHILQLWH YDOXHV RI.WU
&�.F�P DQG >&@&,3

IRU WKH YDULDQWV RI HOHFWURGHV LQYHVWLJDWHG WR IRUPXOD

���� ZH VKDOO ILQG HVWLPDWHG UHODWLRQ

>�&,3@PD[ =
����� w �����

>�)H0Q@

>� LOP@

�����
� ����

5HVXOWV RI FDOFXODWLRQ XVLQJ IRUPXOD ���� DUH JLYHQ

LQ )LJXUH �� E�

6LPLODU FDOFXODWLRQV GHSHQGLQJ RQ WKH FRQWHQW RI

PDQJDQHVH LQ WKH GHSRVLWHG PHWDO DW D SUHVHW LWV FRQ�

FHQWUDWLRQ SUHVHQW D SUDFWLFDO LQWHUHVW�

7KH FRQWHQW RI )H0Q LQ WKH FRDWLQJ RI HOHFWURGHV

LV DV IROORZV�

>�)H0Q@ = >0Q@

.WU
0Q
.F�P >0Q@)H0Q

⋅���� ����

ZKHUH .WU
0Q LV WKH FRHIILFLHQW RI PDQJDQHVH WUDQVIHU�

>0Q@)H0Q LV WKH PDVV IUDFWLRQ RI PDQJDQHVH LQ )H0Q�
7KH FRQWHQW RI >�&@HT ZLOO EH FDOFXODWHG XVLQJ

H[SUHVVLRQV ��� DQG �����

)LJXUH �� 'HSHQGHQFH RI HTXLOLEULXP FRQWHQW RI FDUERQ LQ WKH
GHSRVLWHG PHWDO �D� DQG PD[LPXP FRQWHQW RI FDVW LURQ SRZGHU LQ
FRDWLQJ �E� RQ PDVV IUDFWLRQ RI LOPHQLWH LQ FRDWLQJ DW GLIIHUHQW
DPRXQW RI )H0Q� � x ��� � x ��� � x �� �
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1�*� (),0(1.2 DQG 1�$� .$/,1

8NUDLQLDQ (QJLQHHULQJ�3HGDJRJLFDO $FDGHP\� .KDUNRY� 8NUDLQH

$%675$&7

8VH RI FDUERQ LQ WKH FRPSRVLWLRQ RI WKH IHUUR�DOOR\� LQ SDUWLFXODU FDVW LURQ� DV D GHR[LGL]HU LQ ZHOGLQJ LOPHQLWH�W\SH

HOHFWURGHV LV VXJJHVWHG� 7KH PHWKRG RI FDOFXODWLRQ RI HTXLOLEULXP FRQWHQW RI FDUERQ DQG PDQJDQHVH LQ WKH GHSRVLWHG

PHWDO KDV EHHQ GHYHORSHG WKDW PDNHV LW SRVVLEOH WR GHWHUPLQH WKH PD[LPXP DGPLVVLEOH DPRXQW RI FDUERQ� DGGHG ZLWK

D FDVW LURQ SRZGHU LQWR WKH HOHFWURGH FRDWLQJV DW GLIIHUHQW VKDUHV RI LOPHQLWH� )H0Q DQG >0Q@�

.H\ ZRU G V � HOHFWURGH FRDWLQJ� VODJ� FDUERQ� FDVW LURQ

SRZGHU� GHR[LGL]LQJ DELOLW\� HTXLOLEULXP FRQWHQW� PDQJDQHVH�

R[\JHQ

7KH XVH RI FDUERQ DV D GHR[LGL]HU LQ ZHOGLQJ HOHFWURGHV
SUHVHQWV D SUDFWLFDO LQWHUHVW� EHFDXVH LW LV UHDGLO\ DYDLO�
DEOH� $W WKH ZHOGLQJ DUF WHPSHUDWXUH RI PRUH WKDQ
���� . WKH FDUERQ LV WKH PRVW DFWLYH GHR[LGL]HU� FD�
SDEOH WR UHFRYHU R[LGHV RI DOO NQRZQ HOHPHQWV >�@�

+RZHYHU� WKH XVH RI FDUERQ LQ D IUHH VWDWH >�� �@
UHTXLUHV LQFUHDVH LQ DQ R[LGL]LQJ SRWHQWLDO RI WKH FRDW�
LQJ IRU LWV FRPSOHWH R[LGL]LQJ WKDW GHWHULRUDWHV WKH
ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI WKH HOHFWURGHV�

7KH DLP RI WKH SUHVHQW ZRUN LV WR VWXG\ WKH IHDVL�
ELOLW\ RI XVLQJ WKH IL[HG FDUERQ �LQ WKH IRUP RI D
IHUUR�FDUERQ DOOR\� DV D GHR[LGL]HU IRU WKH HOHFWURGH
FRDWLQJV RI WKH LOPHQLWH W\SH�

)RU LQYHVWLJDWLRQV WKH � PP GLDPHWHU HOHFWURGHV
RQ ZLUH 6Y���$ �& x ���� 6L x ����� 0Q x ���� w
���� ZW��� )H x EDODQFH� ZHUH PDQXIDFWXUHG XVLQJ
WKH H[WUXVLRQ PHWKRG� $ FDVW LURQ SRZGHU �&,3�� FRQ�
WDLQLQJ ��� � &� ZDV XVHG DV D IHUUR�FDUERQ DOOR\�
7KH FRDWLQJ PDVV IDFWRU .F�P RI HOHFWURGHV ZDV �����
7KH )H0Q FRQWHQW YDULHG ZLWKLQ WKH UDQJH RI �� w
�� �� ZKLOH WKDW RI LOPHQLWH FRQFHQWUDWH ZDV �� w
�� � DW �� �� DQG �� � PDVV IUDFWLRQ RI WKH &,3� 7R
GHILQH WKH DPRXQW RI FDUERQ DQG PDQJDQHVH LQ WKH
GHSRVLWHGPHWDO WKH VXUIDFLQJ ZDV SHUIRUPHG DW '&53
���� w ��� $� LQ DFFRUGDQFH ZLWK *267 ����w���

7R FRPSDUH WKH GHR[LGL]LQJ DELOLW\ RI FDUERQ DQG
PDQJDQHVH LQ HDFK FRQFUHWH FDVH LW LV QHFHVVDU\ WR FDO�
FXODWH WKHLU HTXLOLEULXP FRQWHQW LQ WKH GHSRVLWHG PHWDO�
ZKLFK LV GHWHUPLQHG E\ D VLPLODU UHVLGXDO PDVV IUDFWLRQ
RI R[\JHQ LQ WKH PROWHQ LURQ� EHLQJ GHR[LGL]HG E\ WKHVH
HOHPHQWV DW WKH PRPHQW RI VROLGLILFDWLRQ�

>�2@HT
& = >�2@HT

0Q
� ���

7KH UHVLGXDO FRQWHQW RI PDQJDQHVH LQ PHWDO LV FDO�
FXODWHG XVLQJ HTXDWLRQ JLYHQ LQ >�@�

>�0Q@ = >�0Q2@

.0Q >�)H2@
� ���

ZKHUH >�0Q2@� >�)H2@ DUH WKH PDVV IUDFWLRQV RI
R[LGHV RI PDQJDQHVH DQG LURQ LQ VODJ� �� .0Q LV WKH
FRQVWDQW RI HTXLOLEULXP RI UHDFWLRQZKLFK LV FDOFXODWHG
E\ HTXDWLRQ OJ.0Q  ������7� w �����

(TXLOLEULXP FRQFHQWUDWLRQ RI R[\JHQ LQ PHWDO� GH�
R[LGL]HG E\ PDQJDQHVH� LV GHWHUPLQHG E\ IRUPXOD
JLYHQ LQ >�@�

>�2@HT
0Q =

.0Q
′

>�0Q @I¬
0Q
� ���

ZKHUH.0Q
′ LV WKH FRQVWDQW RI HTXLOLEULXP RI GHR[LGDWLRQ

UHDFWLRQ� FDOFXODWHG E\ IRUPXOD OJ.0Q
′  �w������7� �

� ����� I¬
0Q LV WKH FRHIILFLHQW RI R[\JHQ DFWLYLW\ GH�

WHUPLQHG E\ IRUPXOD OJI¬
0Q  H

0Q>�0Q@�

&DUERQ FRQWDLQLQJ LQ GURSV RI WKH HOHFWURGH PHWDO
DQG WUDQVIHUULQJ WR WKHP IURP WKH FDVW LURQ SRZGHU�
LV R[LGL]HG E\ R[\JHQ� EHLQJ GLVVROYHG LQ PROWHQ LURQ
RU DYDLODEOH LQ LW LQ WKH IRUP RI R[LGHV� DQG DOVR DW
PHWDO LQWHUDFWLRQ ZLWK VODJ DQG R[\JHQ�FRQWDLQLQJ
JDVHV RI WKH DUF DWPRVSKHUH DW WKH PHWDOwVODJ DQG
PHWDOwJDV LQWHUIDFH�

7R FDOFXODWH WKH HTXLOLEULXP FRQWHQW RI R[\JHQ LQ
PHWDO GHR[LGL]HG E\ FDUERQ �&  ���� w ���� ��� DQG
D SDUWLDO SUHVVXUH &2 LQ WKH JDV SKDVH� HTXDO WR WKH
DWPRVSKHULF SUHVVXUH� WKH H[SUHVVLRQ JLYHQ LQ >�@ LV XVHG�

>�2@HT
¯ = �

.¯ >�&@
� ���

ZKHUH .& LV WKH FRQVWDQW RI HTXLOLEULXP RI FDUERQ
R[LGDWLRQ� GHWHUPLQHG E\ IRUPXOD OJ.&  
 ������7� � �����

6XEVWLWXWLQJ HTXDWLRQV ��� DQG ��� WR ��� ZH VKDOO
REWDLQ

�

.& >�&@
=

.0Q
′

>�0Q@I2
0Q
� ���

KHQFH� WKH HTXLOLEULXP FDUERQ FRQWHQW LV HTXDO WR

� 1�*� (),0(1.2 DQG 1�$� .$/,1� ����
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7KH GUDZEDFN RI VFKHPHV ZLWK DQ LQGLUHFW WHP�

SHUDWXUH GLDJQRVWLFV LV WKH IDFW WKDW� KHUH� WKH RSHU�

DWLQJ OLIH RI WKH PDLQ UHDFWRU LV SUHGLFWHG E\ WKH UHVXOWV

RI FRQWURO RI WKH DGGLWLRQDO UHDFWRU RSHUDWLRQ� ,W LV

PRUH GHVLUDEOH WR XVH WKH ZHOGLQJ XQLWV ZLWK D IXOO

WHPSHUDWXUH GLDJQRVWLFV RI WKH PDLQ UHDFWRU� ZKRVH
LGHD RI RSHUDWLRQ LV DV IROORZV�

/HW XV FRQVLGHU WKH VFKHPH RI WKH UHVRQDQFH ZHOG�

LQJ VRXUFH �)LJXUH ��� ZKRVH VHFRQGDU\ FLUFXLW LV PDGH
DFFRUGLQJ WR D WZR�FLUFXLW GLDJUDP� 7KH PDLQ FLUFXLW

LQFOXGHV D ZLQGLQJ Z�� 3&& DQG UHDFWRU &
U
� 7KH DG�

GLWLRQDO FLUFXLW LV PDGH RQ ZLQGLQJ Z� ZKLFK ZLWK

WKH KHOS RI NH\ .�� EHLQJ FRQWUROOHG E\ D )RUPHU� LV

FRQQHFWHG WR WKH DGGLWLRQDO UHDFWRU &
DG
� ,Q WKLV FLUFXLW

D EDVH FXUUHQW �� w �� $ LV IRUPHG GXULQJ RQH SHULRG

ZKHQ WKH PDLQ FLUFXLW LV VZLWFKHG RII� 7KH DOJRULWKP

RI 6%& RSHUDWLRQ LV SUHVHW E\ D FRQWURO EORFN RI WKH

WHPSHUDWXUH GLDJQRVWLFV &%7'� 3URFHGXUHV� UHDOL]HG

E\ WKLV XQLW� DUH DV IROORZV�
• ILUVW WKH EORFN 3&& LV ORFNHG DQG WKH PDLQ ZHOG�

LQJ FXUUHQW SDVVLQJ LQ WKH FLUFXLW RI WKH PDLQ UHDFWRU

LV LQWHUUXSWHG�

• UHDFWRU &
U
LV FKDUJHG XQWLO YROWDJH 8�  FRQVW�

• WKHQ� &
U
LV GLVFKDUJHG WKURXJK D UHIHUHQFH UHVLV�

WDQFH5� �FRQVWDQW RI WLPH RI GLVFKDUJH FLUFXLW LV HTXDO
WR WG  &U5���

• D GHILQLWH WKUHVKROG 8GLV  λ8�� LV VHW LQ D GLV�

FULPLQDWRU RI WKH PHDVXULQJ GHYLFH0' VLPLODU WR WKH

GHVFULEHG GHYLFH� :KHQ WKLV WKUHVKROG LV DWWDLQHG D

VLQJOH�YLEUDWRU LV RSHUDWHG IRUPLQJ D SXOVH ZKRVH GX�

UDWLRQ LV DVVRFLWHG IXQFWLRQDOO\ ZLWK D YDOXH RI WKH

FRQWUROODEOH FDSDFLWDQFH RI WKH UHDFWRU�

7KHUHIRUH� WKH DOJRULWKP RI WKH WHPSHUDWXUH GLDJ�
QRVWLFV RI WKH PDLQ UHDFWRU &

U
FDQ EH REWDLQHG IURP

IRUPXOD ��� WDNLQJ LQWR DFFRXQW WKDW NK  �� L�H�

WG  5� >¯U�� � α7DGP�@� ���

,Q DFFRUGDQFH ZLWK ��� D VLJQDO LV JHQHUDWHG DW
H[FHHGLQJ WKH DGPLVVLEOH WHPSHUDWXUH LQ 0' ZKLFK

FORVHV NH\.� DQG WKHZHOGLQJPDFKLQH LV GLVFRQQHFWHG

IURP WKH PDLQV�

7KH UHVRQDQFH ZHOGLQJ VRXUFHV ZLWK D IXQFWLRQDO�
WHVW GLDJQRVWLFV FDQ EH PDQXIDFWXUHG� IRU H[DPSOH�
RQ WKH EDVH RI FRPELQDWLRQ RI VFKHPH VROXWLRQV� SUH�

VHQWHG LQ )LJXUHV �� E DQG �� D� ,Q RQH RI WKH IHDVLEOH

YDULDQWV RI VXFK XQLW� JLYHQ LQ )LJXUH �� WKH IXQFWLRQDO

GLDJQRVWLFV LV SHUIRUPHG XVLQJ 6%&� DQG WKH WHPSHUD�

WXUH WHVWLQJ LV UHDOL]HG E\ %0& LQ WKH FRQGLWLRQ RI

WKH LQGLUHFW FRQWURO� $V D UHVXOW� WKH VLJQDOV 6I DQG 6W

DUH IRUPHG E\ WKHVH EORFNV� 7KH GLVMXQFWLRQ RI VLJQDOV

GHILQHV WKH IXQFWLRQ RI GLDJQRVWLFV�

)G  6IY6W� ���

ZKHUH 6I  [�Y[�Y[��

6LPLODUO\� WKH VFKHPH RI D UHVRQDQFH ZHOGLQJ PD�
FKLQH ZLWK D IXQFWLRQDO�WHVW GLDJQRVWLFV FDQ EH PDGH�

LQ ZKLFK WKH WHPSHUDWXUH WHVW LV UHDOL]HG LQ WKH FRQ�

GLWLRQV RI D FRPSOHWH GLDJQRVWLFV� +RZHYHU� WKH
VFKHPH�WHFKQLFDO VROXWLRQ RI WKH SRZHU EORFN VKRXOG

EH VHOHFWHG VR WKDW WR SURYLGH SDXVHV LQ LWV RSHUDWLRQ
GXULQJ ZKLFK WKH WHVWLQJ FRXOG EH SHUIRUPHG� $V RXU
H[SHULHQFH VKRZHG� WKH UHVRQDQFH ZHOGLQJ VRXUFHV

ZLWK D GLVFUHWH�WLPH DGMXVWPHQW RI WKHZHOGLQJ FXUUHQW

DUH VXLWDEOH IRU WKLV SXUSRVH >�@� ,Q WKLV FDVH� WKH

SDXVH GXUDWLRQ RI QRW OHVV WKDQ RQH SHULRG RI PDLQV

IUHTXHQF\ �W
PHDV

≥ �� PV� LV TXLWH VXIILFLHQW IRU FRQ�

GXFWDQFH RI DOO WKH SURFHGXUHV RI WKH FRPSOHWH WHP�

SHUDWXUH WHVWLQJ�

,W VKRXOG EH QRWHG LQ FRQFOXVLRQ WKDW WKH SUREOHPV
RI WKH GLDJQRVWLF VXSSRUW RI WKHPRGHUQZHOGLQJ HTXLS�

PHQW VKRXOG EH VROYHG LQ SDUDOOHO ZLWK WKH GHYHORS�

PHQW RI WKH SRZHU XQLWV DQG EORFNV RI FRQWURO RI WKH

SRZHU VRXUFHV� 7KLV ZLOO PDNH LW IHDVLEOH WR LQFUHDVH

WKHLU VDIHW\ DQG VHUYLFH OLIH�

5()(5(1&(6

�� 3DUNKRPHQNR� 3�3�� 6RJRPRQ\DQ� (�6� ������ )XQGDPHQ�

WDOV RI WHFKQLFDO GLDJQRVWLFV� 0RVFRZ� (QHUJLD�

�� 6RJRPRQ\DQ� (�6� ������ 3ULQFLSOHV RI FRQVWUXFWLRQ RI V\V�
WHPV RI IXQFWLRQDO GLDJQRVLV RI WHFKQLFDO FRQGLWLRQ RI FRP�

SOH[ REMHFWV� 9RSURV\ 6XGRVWUR\HQL\D� 6HULHV �� ,VVXH ��

�� .ROFKLQ� $�9� ������ 7UDQVGXFHUV RI V\VWHPV IRU GLDJQRV�
WLFV RI PDFKLQHV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� 6RJRPRQ\DQ� (�6� ������ $ERXW RQH DSSURDFK WR WKH SURE�

OHP RI FRQVWUXFWLRQ RI WHVWV� $YWRPDWLND L 7HOHPHNKDQLND�

��� ��� w ����

�� .RURW\QVN\� $�(� ������ $XWRPDWHG EHQFK IRU WHVWLQJ ZHOG�

LQJ HTXLSPHQW� $YWRPDWLFKHVND\D 6YDUND� ��� �� w ���

�� 6DYFKHQNR� <X�*�� 6YLVWHOQLN� $�$� ������ 0HWKRGRORJLFDO
EDVHV RI FUHDWLRQ RI GLDJQRVWLF VXSSRUW RI $&6� .\LY�

=QDQL\H�

�� 6NREHOHY� 2�3� ������ 0HWKRGV RI WUDQVIRUPDWLRQ RI LQIRU�
PDWLRQ RQ WKH EDVLV RI WHVW WUDQVLWLRQ SURFHVVHV� ,]PHUHQL\H�
.RQWURO� $YWRPDWL]DWVL\D� ���� �� w ���

�� .RURW\QVN\� $�(� ������ 'LVFUHWH�WLPH FRQWURO RI ZHOGLQJ
FXUUHQW LQ SRZHU VRXUFHV RI /& W\SH� 7KH 3DWRQ :HOGLQJ
-RXUQDO� �� �� w ���

)LJXUH �� 6FKHPH RI FRPSOHWH WHVW GLDJQRVWLFV RI FDSDFLWDQFH UHDFWRU

RI WKH UHVRQDQFH ZHOGLQJ VRXUFH

)LJXUH �� 6FKHPH RI IXQFWLRQDO�WHVW GLDJQRVWLFV RI WKH UHVRQDQFH

ZHOGLQJ VRXUFH
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)G  [�Y[�Y[�Y[�Y[��

ZKHUH [�� [�� [�� [�� [� DUH WKH RXWSXW VLJQDOV RI DSSUR�

SULDWH WUDQVGXFHUV� ZKLFK DUH HTXDO WR � ZLWKLQ WKH RS�

HUDWLQJ FRQGLWLRQV DQG � x EH\RQG WKH DOORZDQFHV�

7KHUHIRUH� LW LV HQRXJK IRU RQH RI WKH WUDQVGXFHUV

WR FRPH RXW RI RUGHU� WKDW )G ZLOO EHFRPH HTXDO WR ��

,Q WKLV FDVH D VLJQDO LV IRUPHG DW WKH 6%& RXWSXW�

ZKLFK VZLWFKHV RII +)& YLD &8 DQG� FRQVHTXHQWO\�

WKH ZHOGLQJ PDFKLQH DV D ZKROH�

6RPHZKDW DQRWKHU VFKHPH LV XVHG IRU WKH IXQF�

WLRQDO GLDJQRVWLFV RI UHVRQDQFH ZHOGLQJ VRXUFHV ZLWK

D VPRRWK DGMXVWPHQW RI WKH ZHOGLQJ FXUUHQW �)LJXUH ��

E�� +HUH� RQO\ WKUHH WKHUPRHOHFWULF WUDQVGXFHUV DUH

XVHG IRU WKH WKHUPDO GLDJQRVWLFV� ZKLFK DUH PRXQWHG

GLUHFWO\ RQ WKH VHFRQGDU\ ZLQGLQJ RI WKH ZHOGLQJ

WUDQVIRUPHU :7� RQ WKH UDGLDWRUV RI WULDFV� LQFOXGHG

LQWR WKH FRPSRVLWLRQ RI WKH SKDVH FRQWUROOHU RI ZHOGLQJ

FXUUHQW 3&&� DQG RQ WKH FDSDFLWDQFH UHDFWRU &U� 7KH

IXQFWLRQ RI GLDJQRVWLFV IRU WKH JLYHQ GHYLFH LV ZULWWHQ

LQ WKH IRUP RI )G  [�Y[�Y[�� :KHQ � LV DSSHDUHG DW

WKH 6%& RXWSXW WKH NH\ . LV FORVHG DQG WKH ZHOGLQJ

GHYLFH LV GLVFRQQHFWHG IURP WKH PDLQV�

+RZHYHU� WKH GHVFULEHG GLDJUDP RI GLDJQRVWLFV RI

WKH UHVRQDQFH ZHOGLQJ PDFKLQHV LV FKDUDFWHUL]HG E\

RQH HVVHQWLDO GUDZEDFN ZKLFK FRQVLVWV LQ FRPSOH[LW\

DQG DPELJXLW\ RI KHDW FRQWURO RI FDSDFLWDQFH UHDFWRUV�

7KLV LV GXH WR WKH IDFW WKDW WKH UHDFWRU FRQVLVWV RI D

ODUJH QXPEHU RI VHSDUDWH FDSDFLWRUV ZKRVH FKDUDF�

WHULVWLFV FDQ EH HVVHQWLDOO\ GLIIHUHQW� 'HSHQGLQJ RQ

WKH FDSDFLW\ RI WKH SRZHU VRXUFH WKH QXPEHU RI WKHVH

FDSDFLWRUV FDQ EH IURP �� WR ��� ,W LV QDWXUDOO\� WKDW

WKH IXQFWLRQDO GLDJQRVWLFV RI WKHLU FRQGLWLRQ UHTXLUHV

WKH VLPLODU TXDQWLW\ RI WUDQVGXFHUV� DQG WKLV FRPSOL�

FDWHV 6%& VLJQLILFDQWO\� ,Q DGGLWLRQ� XVLQJ WKLV DS�

SURDFK LW LV SRVVLEOH WR FRQWURO RQO\ WKH VXUIDFH WHP�

SHUDWXUH RI WKH FDSDFLWRUV WKDW GRHV QRW DOZD\V FRU�

UHVSRQG WR WKH UHDOLW\� ,W LV SRVVLEOH WR DSSO\ DQRWKHU

DSSURDFK� L�H� WR GLVWLQJXLVK D JURXS RI FDSDFLWRUV

�DGGLWLRQDO UHDFWRU &DG�� ZLWK WKH KHOS RI ZKLFK WR

SHUIRUP WKH PRGXODWLRQ RI WKH ZHOGLQJ FXUUHQW� DV LV

VKRZQ LQ )LJXUH �� D� 7KLV QRW RQO\ LPSURYHV WKH

ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI WKH VRXUFH� EXW

ZLOO DOVR PDNH LW SRVVLEOH WR FRQWURO WKH FKDQJH LQ

FDSDFLWDQFH &DG LQ WKH SDXVHV RI WKH PRGXODWHG DFWLRQ

WSDXVH XVLQJ WKH PHWKRG RI D UDWHG GLVFKDUJH >�@� $QG

LW LV LPSRUWDQW WKDW LQ WKLV FDVH WKH LQQHU WHPSHUDWXUH

RI WKH UHDFWRU &DG ZLOO EH HVWLPDWHG�

7KH DOJRULWKP RI GLDJQRVWLFV LV UHDOL]HG DV IROORZV�

:LWK WKH KHOS RI WKH NH\.� WKH UHDFWRU&DG LV FRQQHFWHG

SHULRGLFDOO\ LQ SDUDOOHO WR WKH PDLQ UHDFWRU &U IRU WKH

SHULRG RI D PRGXODWLQJ DFWLRQ WP� GXULQJ ZKLFK LWV KHDW�

LQJ RFFXUV� 7KHQ� GXULQJ SDXVH �)LJXUH �� E� &DG LV

FKDUJHG WR WKH YROWDJH8FK FRQVW� 7KHQ� LW LV GLVFKDUJHG

WKURXJK WKH UHVLVWDQFH 5� XQWLO VRPH SUHVHW OHYHO x

λ8FK� ,I WR VHOHFW λ  ������ WKHQ LW LV SRVVLEOH WR ZULWH

WPHDV  5�¯DG �°�  5� >¯DG� �� � α°�@� ���

ZKHUH WPHDV LV WKH WLPH RI PHDVXUHPHQW� &DG �7� LV WKH

FDSDFLWDQFH GHSHQGHG IXQFWLRQDOO\ RQ WHPSHUDWXUH�

&DG� LV WKH LQLWLDO YDOXH RI FDSDFLWDQFH DW URRP WHP�

SHUDWXUH� α LV WKH WHPSHUDWXUH FRHIILFLHQW RI FDSDFL�

WDQFH� ,I WR FRPH WR WKH WLPH UHSUHVHQWDWLRQ� WKHQ WKH

H[SUHVVLRQ ��� FDQ EH SUHVHQWHG LQ WKH IRUP RI

WPHDV  W� � ∆W �7��

7KHQ WKH DGPLVVLEOH WLPH RI &DG UHDFWRU FDQ EH

IRXQG IURP LQHTXDOLW\

WDGP ≤ W� � ∆W�7DGP��

$V WKH UHDFWRU &DG RSHUDWHV LQ D PLOG WHPSHUDWXUH

FRQGLWLRQ� DV FRPSDUHG ZLWK &U� WKHQ LWV FRHIILFLHQW

RI KHDW ORDG NK FDQ EH SUHVHW E\ WKH H[SUHVVLRQ

NK  WP��WP � WSDXVH��

&RQVHTXHQWO\� WKH SUHGLFWHG WLPH RI RSHUDWLRQ RI

WKH PDLQ UHDFWRU� ZKHQ WKH FRQGLWLRQ RI D VDIH RSHUD�

WLRQ LV HQVXUHG� VKRXOG EH UHGXFHG E\ NK WLPHV� L�H�

WG  WPHDVNK  5� >¯DG� �� � α7DGP�@NK� ���

7KH H[SUHVVLRQ ��� LV WKH DOJRULWKP RI DQ LQGLUHFW

WHPSHUDWXUH GLDJQRVWLFV RI WKH UHVRQDQFH ZHOGLQJ

VRXUFH� ,W LV UHDOL]HG E\ D EORFN RI PHDVXUHPHQW DQG

FRQWURO �%0&�� LQ ZKLFK D UHIHUHQFH SXOVH RI GXUDWLRQ

W� LV IRUPHG LQ HDFK F\FOH RI PHDVXUHPHQW� $W WG ≥ W�

%0& D VLJQDO LV JHQHUDWHG ZKLFK ORFNV WKH NH\.� DQG�

WKXV� GLVFRQQHFWV WKH SRZHU VRXUFH IURP WKH PDLQV�

)LJXUH �� 6FKHPH RI WHVW GLDJQRVWLFV RI UHVRQDQFH ZHOGLQJ VRXUFH �D� DQG WLPH GLDJUDP RI LWV RSHUDWLRQ �E��8P
x YROWDJH RI PRGXODWLRQ�

8
F
x YROWDJH DW DGGLWLRQDO FLUFXLW� 8�&DG

� x YROWDJH DW FDSDFLWDQFH GLVFKDUJH� 8S
x YROWDJH RI PHDVXULQJ SXOVH
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7KLV SUREOHP FDQ EH VROYHG UDGLFDOO\ RQO\ E\ WKH

GHYHORSPHQW RI EXLOW�LQ V\VWHPV RI GLDJQRVWLFV RI WHFK�

QLFDO FRQGLWLRQ RI HLWKHU RI DOO RU WKH FULWLFDO XQLWV LQ

WKH ZHOGLQJ HTXLSPHQW ZKLFK DUH VXEMHFWHG WR WKH

PRVW ORDGHG VWDWH� 7KHUH LV D FRPSOHWH RU SDUWLDO GL�

DJQRVWLFV >�@� 7KH FRPSOHWH GLDJQRVWLFV LV XVXDOO\ XVHG

IRU FRPSOLFDWHG WHFKQLFDO FRPSOH[HV� ZKRVH IDLOXUH

FDQ OHDG WR WKH VHULRXV FRQVHTXHQFHV� 7KH SDUWLDO GL�

DJQRVWLFV LV XVHG IRU VHSDUDWHPRVW FULWLFDO XQLWV� WKHUH�

IRUH� LW LV PRUH SUHIHUDEOH LQ ZHOGLQJ PDQXIDFWXULQJ�

,Q FRPSOH[ WHFKQLFDO V\VWHPV WKH PHWKRGV RI IXQF�

WLRQDO RU WHVW GLDJQRVWLFV DUH UHDOL]HG GHSHQGLQJ RQ

WKHLU SXUSRVH >�@� ,Q WKH ZHOGLQJ HTXLSPHQW� DV ZLOO

EH VKRZQ EHORZ� LW LV UDWLRQDO� VRPHWLPHV� WR XVH D

FRPELQHG DSSURDFK� L�H� FUHDWLRQ RI V\VWHPV RI IXQF�

WLRQDO�WHVW GLDJQRVWLFV� ,Q WKH V\VWHPV RI D IXQFWLRQDO

GLDJQRVWLFV �6)'� QR VSHFLDO VLJQDOV DUH IHG WR WKH

ZHOGLQJ PDFKLQH EORFNV DQG XQLWV� ,Q WKLV FDVH WKH

ZHOGLQJ HTXLSPHQW LV IXQFWLRQLQJ LQ WKH FRQGLWLRQV

ZKLFK DUH SUHVHW E\ LWV ZRUNLQJ DOJRULWKP� DQG WKH

6)' LV XVHG RQO\ IRU FRQWURO RI WKH FRUUHFWQHVV RI

RSHUDWLRQ RI LWV VHSDUDWH XQLWV� ILQGLQJ RI WKHLU SD�

UDPHWHUV LQ WKH ]RQH RI WKH VHW DOORZDQFHV� DQG DOVR

UHYHDOLQJ WKH HOHPHQWV DQG XQLWV ZKLFK DUH EH\RQG

WKH DGPLVVLEOH GHYLDWLRQV�

7KH KDUGZDUH RI 6)' LV� DV D UXOH� LQFUHPHQWDO

WUDQVGXFHUV >�@� PRXQWHG LQ WKH FRQWUROODEOH SRLQWV

RI VHSDUDWH EORFNV DQG XQLWV� ZKRVH RXWSXWV DUH FRQ�

QHFWHG WR WKH EORFN RI D ORJLF RXWSXW� 7KH FRPELQDWLRQ

RI WKH PHQWLRQHG KDUGZDUH LV DFFHSWHG WR FDOO VFKHPHV

RI D EXLOW�LQ FRQWURO �6%&�� 'XULQJ UHFHQWO\ D ODUJH

DWWHQWLRQ LV SDLG WR WKH SUREOHPV RI GHYHORSPHQW DQG

FUHDWLRQ RI VHOI�FKHFNLQJ 6%&� L�H� VFKHPHV ZKLFK GH�

WHFW QRW RQO\ WKH IDXOWV RI WKH REMHFWV EHLQJ FRQWUROOHG�

EXW DOVR WKH RZQ HUURUV� +RZHYHU� WKHLU SUDFWLFDO UH�

DOL]DWLRQ UHTXLUHV WKH REOLJDWRU\ DGGLQJ RI FRPSXWD�

WLRQDO XQLWV� HTXLSSHG ZLWK DSSURSULDWH VHQVRUV� LQWR

WKH ZHOGLQJ HTXLSPHQW�

:KHQ GHYHORSLQJ WKH WHVW GLDJQRVWLFV V\VWHPV

�7'6� >�@� WKH PDWKHPDWLFDO PRGHOV RI WURXEOHV RI

VHOHFWHG XQLWV DUH XVHG� ,Q 6%& WKH WUDQVGXFHUV DUH

XVHG QRW RI D UHOD\ W\SH� EXW WKRVH ZKLFK RSHUDWH

ZLWKLQ WKH ZLGH UDQJH RI FKDQJLQJ WKH FRQWUROODEOH

VLJQDOV� $V WKH WHVW GLDJQRVWLFV LV XVXDOO\ PDGH DW D

GLVFRQQHFWHG EORFN� WKHQ LW LV UDWLRQDOO\ WR XVH LW LQ

ZHOGLQJ HTXLSPHQW ZLWK D UHGXQGDQF\� ,Q GHYLFHV

ZLWK D PRGXODWLRQ �3/0�FRQWUROOHUV� DQG SHULRGLF

DFWLRQ WKH WHVW GLDJQRVWLFV FDQ EH UHDOL]HG DW WKH PR�

PHQWV RI SDXVHV� KRZHYHU� WKLV UHTXLUHV WKH XVH RI

TXLFN�UHVSRQVH PHDVXULQJ XQLWV� ,Q VRPH FDVHV WKH FRQ�

WLQXRXV WHVW GLDJQRVWLFV FDQ EH PDGH DW KLJKHU IUH�

TXHQFLHV� $V DQ H[DPSOH� D WHPSHUDWXUH WHVW RI WKH

ZHOGLQJ WUDQVIRUPHU E\ FKDQJLQJ WKH LQQHU UHVLVWDQFH

RI WKH ZLQGLQJ FDQ EH LOOXVWUDWHG ZKHQ LWV YDOXH LV

GHWHUPLQHG DW VXIILFLHQWO\ KLJK IUHTXHQFLHV� H[FHHGLQJ

�� +] E\ PDQ\ WLPHV >�@�

/HW XV FRQVLGHU WKH VWDWHPHQW RI WKH SUREOHP RI D

IXQFWLRQDO GLDJQRVWLFV RI WKH ZHOGLQJ HTXLSPHQW� 7KH

PDQDJHPHQW RI V\VWHP RI WKH ZHOGLQJ HTXLSPHQW GL�

DJQRVWLFV LV VWDUWHG ZLWK D GLVWLQJXLVKLQJ RI VHSDUDWH

FRPSRQHQWV LQ LWV VWUXFWXUH� IRU ZKLFK WKH ILHOGV RI

DGPLVVLEOH SDUDPHWHUV DUH HVWDEOLVKHG� ,Q OLWHUDWXUH

WKH\ DUH FDOOHG FKDQJHDEOH EORFNV >�@� )URP WKH WHFK�

QLFDO SRLQW RI YLHZ WKH ZHOGLQJ PDFKLQH FDQ EH SUH�

VHQWHG E\ D VHW (� ZKRVH HOHPHQWV DUH VRPH FROOHFWLRQ

RI VRXQG H� DQG XQVRXQG H� FRQGLWLRQV� 8VXDOO\� VXFK

SDUDPHWHU LV SUHVHW DV D GHSWK RI GLDJQRVWLFV� J� ZKLFK

GHWHUPLQHV WKH VXEGLYLVLRQ RI VHW ( LQWR VHYHUDO QRQ�

LQWHUVHFWLQJ VXEVHWV (M �M  �� �� ���� J�� 7KHVH VXEVHWV

GHVFULEH QDWXUDOO\ WKH WHFKQLFDO FRQGLWLRQ RI FKDQJH�

DEOH EORFNV RI WKH ZHOGLQJ PDFKLQH�

,I WR DVVXPH WKDW WKH WUDQVGXFHUV ZLWK D UHOD\

FKDUDFWHULVWLFV DUH XVHG IRU GLDJQRVWLFV� ZKHQ � FRU�

UHVSRQGV WR WKH VRXQG FRQGLWLRQ RI WKH EORFN DQG � x

WR WKH XQVRXQG EORFN� WKHQ WKHLU GLVMXQFWLRQ FDQ EH

GHWHUPLQHG E\ WKH H[SUHVVLRQ�

)G  [�Y[�Y���YÓJ� ���

)G  � DW [�  [�  …  [J  ��

)G  � DW [M  ��

,Q H[SUHVVLRQ ��� WKH IXQFWLRQ RI GLDJQRVWLFV )G

LV GHWHUPLQHG� ZKLFK LV HTXDO WR �� LI DOO WKH VLJQDOV

DUH HTXDO WR �� DQG EHFRPHV HTXDO WR �� LI DW OHDVW RQH

RI WKH VLJQDOV LV HTXDO WR ��

/HW XV FRQVLGHU WKH UHDOL]DWLRQ RI WKH IXQFWLRQ RI

GLDJQRVWLFV LQ D GLVMXQFWLYH IRUP IRU D ZHOGLQJ LQYHWHU

DQG D UHVRQDQFH VRXUFH �)LJXUH ���

7KH PRGXODU GHVLJQ RI D FODVVLF LQYHUWHU� GHVLJQHG

IRU ZHOGLQJ ZLWK URG HOHFWURGHV� FRQVLVWV RI D KLJK�

YROWDJH UHFWLILHU +95� D ILOWHU )� D KLJK�IUHTXHQF\

FRQYHUWHU+)&� D ZHOGLQJ UHFWLILHU 5HFW ZLWK D FKRNH

&K DW WKH RXWSXW DQG D FRQWURO XQLW &8� 8VXDOO\ LQ

WKLV FODVV RI GHYLFHV D KHDW VWDWH RI WKH GLVWLQJXLVKHG

EORFNV LV FRQWUROOHG� 7KLV FRQWURO LV PRVW RIWHQ SHU�

IRUPHG XVLQJ ELPHWDO WKHUPRHOHFWULF WUDQVGXFHU 77M

ZLWK D UHOD\ RXWSXW FKDUDFWHULVWLF� 7KH ODWWHU DUH

PRXQWHG LQ SRLQWV RI D PD[LPXP KHDW JHQHUDWLRQ �UD�

GLDWRUV RI UHFWLI\LQJ GLRGHV DQG WUDQVLVWRU VZLWFKHV x

76� DV ZHOO DV RQ IHUULWLF PDJQHWLF FRUHV RI WKH WUDQV�

IRUPHUV 7Ux +)&�� DQG WKHLU RXWSXWV DUH FRQQHFWHG

WR D GLDJUDP RI WKH EXLOW�LQ FRQWURO� 6%& KDUGZDUH

UHDOL]HV WKH IXQFWLRQ RI GLDJQRVWLFV LQ WKH IRUP RI D

GLVMXQFWLRQ RI LQSXW VLJQDOV 77� w 77�

)LJXUH �� 6FKHPHV RI IXQFWLRQDO GLDJQRVWLFV RI ZHOGLQJ LQYHWHU �D�

DQG UHVRQDQFH ZHOGLQJ VRXUFH �E�
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UHVLVWDQW KDUG�IDFLQJ RI UROOLQJPLOO UROOV DQG UROO�WDEOH

UROOHUV� 6DPSOHV RI WKH PHWDO ZHUH WHVWHG WR KHDW DQG

ZHDU UHVLVWDQFH DW LQFUHDVHG WHPSHUDWXUHV� DQG WR UH�

VLVWDQFH WR VROLGLILFDWLRQ FUDFNLQJ GXULQJ KDUG�IDFLQJ�

,WV KDUGQHVV DW QRUPDO DQG LQFUHDVHG WHPSHUDWXUHV

DQG PHFKDQLFDO SURSHUWLHV� LQFOXGLQJ DIWHU WHPSHULQJ�

ZHUH HYDOXDWHG DQG PHWDOORJUDSKLF VWXGLHV ZHUH FRQ�

GXFWHG� 7KH VDPSOHV ZHUH PDGH E\ GHSRVLWLQJ ILYH
OD\HUV RQ VWHHO �� �& x ��� ZW��� )H x EDODQFH�
SODWHV �� PP WKLFN� ZKLFK ZHUH SUHKHDWHG SULRU WR

GHSRVLWLRQ WR D WHPSHUDWXUH RI ��� w ��� �&� )RU FRP�

SDULVRQ� LQYHVWLJDWLRQV ZHUH FRQGXFWHG RQ WKH GHSRV�

LWHG PHWDO SURGXFHG E\ WKH VXEPHUJHG�DUF KDUG�IDFLQJ

PHWKRG XVLQJ ZLUHV RI WKH 6Y���$ �& x ���� 6L x

����� 0Q x ���� w ���� ZW��� )H x EDODQFH� DQG

6Y���*1 �&x ���� 0Qx ���� 1x ��� ZW��� )Hx

EDODQFH� JUDGHV DQG FHUDPLF IOX[ =K61��� 5HVXOWV RI
WKHVH FRPSDUDWLYH WHVWV DUH JLYHQ LQ WKH 7DEOH�

$V VKRZQ E\ ODERUDWRU\ LQYHVWLJDWLRQV� WKH GHSR�
VLWLRQ SURFHVV SHUIRUPHG E\ WKH VXEPHUJHG�DUF KDUG�

IDFLQJ PHWKRG XVLQJ VWHHO ��.K�*0)$ VWULS DQG
IXVHG IOX[ $1��� LV FKDUDFWHUL]HG E\ KLJK ZHOGLQJ�
WHFKQRORJLFDO SURSHUWLHV� VXFK DV VWDEOH DUF EXUQLQJ�

JRRG IRUPDWLRQ RI WKH GHSRVLWHG PHWDO� DEVHQFH RI

SRUHV DQG XQGHUFXWV� DQG JRRG GHWDFKDELOLW\ RI WKH

VODJ FUXVW� $V LW FDQ EH VHHQ IURP WKH GDWD JLYHQ LQ

WKH 7DEOH� WKH PHWDO GHSRVLWHG E\ WKH VXEPHUJHG�DUF

KDUG�IDFLQJ PHWKRG XVLQJ VWULS ��.K�*0)$ DQG IOX[
$1��� H[KLELWV YHU\ KLJK VHUYLFH SURSHUWLHV �ILUVW RI
DOO� LQFUHDVHG GXFWLOLW\ DQG FUDFN UHVLVWDQFH�� ZKLFK

LV HVSHFLDOO\ LPSRUWDQW IRU PHWDO RSHUDWLQJ XQGHU FRQ�

GLWLRQV RI F\FOLF YDULDWLRQV LQ ORDGV DQG WHPSHUDWXUHV�
5HVXOWV RI WKH LQYHVWLJDWLRQV SHUIRUPHG DUH LQGLFD�

WLYH RI WHFKQLFDO IHDVLELOLW\ DQG SURPLVLQJ IXWXUH RI

XVLQJ WKH FROG�UROOHG DOOR\HG VWULS PDQXIDFWXUHG E\

WKH 3ODQW IRU KDUG�IDFLQJ RI UROOLQJ PLOO UROOV DQG

UROO�WDEOH UROOHUV� +DUG�IDFLQJ ZDV GRQH RQ D SLORW�

FRPPHUFLDO EDWFK RI UROOV RI WKH VODELQJ����� PLOO

�KRUL]RQWDO DQG YHUWLFDO UROOV�� 16K6����� KRW UROOLQJ

PLOO �URXJKLQJ VWDQG EDFNLQJ�XS DQG ZRUNLQJ UROOV�

DQG 7/6����� UROO�WDEOH UROOHUV� 7KH SURFHVV RI KDUG�

IDFLQJ XVLQJ WKH DOOR\HG VWULS LV FKDUDFWHUL]HG E\ D
KLJK VWDELOLW\ DQG FRQVLVWHQF\� JRRG GHWDFKDELOLW\ RI
WKH VODJ FUXVW DQG KLJK TXDOLW\ RI IRUPDWLRQ RI WKH

WUHDWHG VXUIDFH�

2SHUDWLRQ RI WKH KDUG�IDFHG UROOV RI WKH VODELQJ�

���� PLOO VKRZHG WKDW WKH ZRUNLQJ OD\HU PHW DOO UH�
TXLUHPHQWV RI WKH WHFKQRORJ\ RI UROOLQJ WKH VODEV� L�H�

DEVHQFH RI VOLSSLQJ DQG IULFWLRQDO VOLGLQJ RI PHWDO DQG

LPSURYHPHQW RI ELWH RI VODEV� 7KH UDWH RI ZHDU RI WKH

ZRUNLQJ VXUIDFH LV QRW LQ H[FHVV RI WKH VSHFLILHG RQH

DQG DPRXQWV WR �PPSHU ������� w ������� W RI UROOHG

SURGXFWV �DW PLQLPXP ILUH FUDFNLQJ�� 2SHUDWLRQ RI

WKH KDUG�IDFHG 16K6����� PLOO UROOV DQG 7/6�����

UROO�WDEOH UROOHUV SURYHG KLJK SURSHUWLHV RI WKH ZRUN�

LQJ OD\HU GHSRVLWHG ZLWK WKH DOOR\HG VWULS� $QDO\VLV

RI VWUHQJWK RI WKH UROOLQJ PLOO UROOV VKRZHG WKDW WKHLU

VHUYLFH UHOLDELOLW\ ZDV KLJKHU WKDQ WKDW RI VWDQGDUG

VWHHOV� ,Q DGGLWLRQ� ZHDU UHVLVWDQFH RI WKH ZRUNLQJ

OD\HU GHSRVLWHG E\ WKH VXEPHUJHG�DUF KDUG�IDFLQJ
PHWKRG XVLQJ IOX[ $1��� LV QRW KLJKHU WKDQ WKDW XVLQJ

IOX[ =K61��� ZKLFK LV DWWULEXWDEOH WR D ORZHU GHJUHH
RI DOOR\LQJ RI WKH VWULS� +RZHYHU� LQ DGGLWLRQ WR DQ

LQFUHDVH LQ SURGXFWLYLW\ RI WKH KDUG�IDFLQJ SURFHVV�

WKH HFRQRPLFDO H[SHGLHQF\ RI XVLQJ WKH DOOR\HG VWULS

PDGH E\ WKH 3ODQW DOORZV LWV ZLGH DSSOLFDWLRQ WR EH

UHFRPPHQGHG IRU UHSDLU DQG KDUGHQLQJ RI UROOLQJ PLOO

UROOV DQG UROO�WDEOH UROOHUV�

7KH 3ODQW LV FXUUHQWO\ LQYROYHG LQ IXUWKHU FROODER�
UDWLYH 5	' HIIRUWV LQWHQGHG IRU SURGXFWLRQ RI KDUG�

IDFLQJ VWULS ZLWK D GLIIHUHQW GHJUHH RI DOOR\LQJ� 7KLV
ZLOO HQDEOH VROXWLRQ RI WKH SUREOHP RI SURYLGLQJ WKH

UHTXLUHG DQG UHODWLYHO\ LQH[SHQVLYH KDUG�IDFLQJ FRQ�

VXPDEOHV IRU KLJK�SURGXFWLYLW\ SURFHVVHV RI UHSDLU DQG

KDUGHQLQJ RI ZHDULQJ SDUWV E\ WKH HOHFWULF VXEPHUJHG�
DUF KDUG�IDFLQJ PHWKRG XVLQJ WKH HOHFWURGH VWULS DQG
FHUDPLF IOX[ XQGHU WKH GRPHVWLF SURGXFWLRQ FRQGL�

WLRQV�

5HVXOWV RI WHVWV RI WKH PHWDO GHSRVLWHG E\ WKH VXEPHUJHG�DUF KDUG�IDFLQJ PHWKRG XVLQJ ZLUHV 6Y���$ DQG 6Y���*1 DQG IOX[ =K61���

DV ZHOO DV VWULS ��.K�*0)$ DQG IOX[ $1���

3URSHUW\ RI GHSRVLWHG PHWDO

7\SH RI GHSRVLWHG PHWDO �KDUG�IDFLQJ FRQVXPDEOH�

��.K0)6

�6Y���$�

IOX[ =K61���

��.K�0)1

�6Y���*1�

IOX[ =K61���

��.K�*0)

���.K�*0)$�

IOX[ $1����

:HDU� PJ ���� w ���� ���� w ���� ���� w ����

+HDW UHVLVWDQFH �QXPEHU RI KHDWLQJ�FRROLQJ F\FOHV WR IRUPDWLRQ

RI D YLVLEOH FUDFN�

���� w ���� ��� w ���� ���� w ����

+DUGQHVV DW �� �&� +5& �� w �� �� w �� �� w ��

+DUGQHVV DW ��� w ��� �&� +5& �� w �� �� w �� �� w ��

,QGH[ RI WHFKQRORJLFDO VWUHQJWK� PP�PLQ ���� w ���� ��� w ���� ���� w ����
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3ULD]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 0DULXSRO� 8NUDLQH

$%675$&7

'HVFULEHG DUH SHFXOLDULWLHV RI GHYHORSPHQW RI FRPSRVLWLRQ DQG PDQXIDFWXUH RI FROG�UROOHG DOOR\HG VWULS DW WKH 2SHQ

-RLQW�6WRFN &RPSDQ\ �,O\LFK 00:�� LQWHQGHG IRU GHSRVLWLRQ RI D ZHDU�UHVLVWDQW PHWDO OD\HU E\ WKH HOHFWULF�DUF KDUG�

IDFLQJ PHWKRG WR UHSDLU DQG KDUGHQ SDUWV RI UROOLQJ DQG PHWDOOXUJLFDO IDFLOLWLHV�

.H\ ZRU G V � HOHFWULF VXEPHUJHG�DUF KDUG�IDFLQJ� FROG�

UROOHG DOOR\HG VWULS� GHSRVLWHG PHWDO� SDUWV RI UROOLQJ DQG PHWDO�

OXUJLFDO IDFLOLWLHV

7KH ,O\LFK 0DULXSRO 0HWDOOXUJLFDO :RUNV LV DQ HQ�
WHUSULVH ZKLFK LV FDSDEOH RI XVLQJ D FRPSOHWH PHWDO�
OXUJLFDO F\FOH� DQG ZKLFK PDQXIDFWXUHV D ZLGH UDQJH
RI SURGXFWV� 2QH RI WKH PDLQ DUHDV RI LWV DFWLYLW\ LV
PDQXIDFWXUH RI KLJK�TXDOLW\ SODWHV RI D GLIIHUHQW
WKLFNQHVV� 7KH HQWHUSULVH H[WHQVLYHO\ HPSOR\V WKH
SURFHVV RI HOHFWULF�DUF KDUG�IDFLQJ RI SDUWV RI PHWDO�
OXUJLFDO DQG UROOLQJ HTXLSPHQW� +DUG�IDFLQJ FRQVX�
PDEOHV DUH LQ KLJK GHPDQG� $W SUHVHQW WKHUH LV D
VKRUWDJH RI HOHFWURGH PDWHULDOV IRU PHFKDQL]HG ZHDU�
UHVLVWDQW KDUG�IDFLQJ� 7R VROYH WKH SUREOHP RI SURYLG�
LQJ UHSDLU ZRUNVKRSV ZLWK HOHFWURGH PDWHULDOV� WKH
3ODQW GHFLGHG WR GHYHORS DQG PDVWHU WKH WHFKQRORJ\
IRU PDQXIDFWXUH RI FROG�UROOHG DOOR\HG VWULS� 8VH RI
WKH HOHFWURGH VWULS DV D KDUG�IDFLQJ FRQVXPDEOH SUR�
YLGHV KLJK SURGXFWLYLW\ RI WKH SURFHVV� VPDOO GHSWK RI
SHQHWUDWLRQ RI WKH EDVH PHWDO� UHOLDELOLW\ RI SHQHWUD�
WLRQ RI D UROO EHLQJ WUHDWHG DQG VWDELOLW\ RI WKH SURFHVV
DW D ORZHU FXUUHQW GHQVLW\� DV FRPSDUHG ZLWK WKH FDVH
RI XVLQJ KDUG�IDFLQJ ZLUHV� $ORQJ ZLWK D KLJK SUR�
GXFWLYLW\� WKH SURFHVV SURYLGHV WKH GHSRVLWHG PHWDO
FKDUDFWHUL]HG E\ KRPRJHQHRXV FRPSRVLWLRQ DQG SURS�
HUWLHV� ZKLFK LV GHWHUPLQHG E\ VHOI�UHJXODWLRQ RI WKH
HIILFLHQF\ RI PHOWLQJ RI IOX[ DQG VWULS� DV ZHOO DV E\
LQWHQVLYH PL[LQJ RI WKH PHWDO SRRO XQGHU WKH HIIHFW
RI WKH DUF PRYLQJ DORQJ WKH WLS�

%DVHG RQ WKH UHVXOWV RI LQYHVWLJDWLRQV RI SURSHUWLHV
RI KDUG�IDFLQJ PHGLXP�FKURPH VWHHOV FRQGXFWHG E\
WKH %UDQFK 5HVHDUFK +DUG�)DFLQJ /DERUDWRU\ RI 3ULD�
]RYVN\ 6WDWH 7HFKQLFDO 8QLYHUVLW\ LQ RUGHU WR LGHQWLI\
RSWLPDO FRPSRVLWLRQ DQG HQVXUH WKH EHVW FRPELQDWLRQ
RI VWUHQJWK DQG GXFWLOH SURSHUWLHV RI D PDWHULDO WR EH
XVHG DV D KDUG�IDFLQJ VWULS� LW ZDV UHFRPPHQGHG WKDW
VSDUVHO\�DOOR\HG VWHHOV VKRXOG EH XVHG IRU WKLV SXUSRVH�
7KH\ PDNH LW SRVVLEOH WR PHHW VWULQJHQW UHTXLUHPHQWV
IRU SURGXFWLRQ RI WKLQ FROG�UROOHG VWULS DQG SURGXFH

GHSRVLWHG PHWDO ZLWK KLJK WHFKQRORJLFDO DQG VHUYLFH
SURSHUWLHV�

,Q GHYHORSPHQW RI WKH WHFKQRORJ\ IRU PDQXIDFWXUH
DQG XWLOL]DWLRQ RI WKH KDUG�IDFLQJ DOOR\HG VWULS� RQH
RIWHQ IDFHV PXWXDOO\ H[FOXVLYH UHTXLUHPHQWV� 7R HQ�
VXUH WKH UHTXLUHG SURSHUWLHV �KLJK VWUHQJWK DQG KDUG�
QHVV�� VWHHO XVHG IRU PDQXIDFWXUH RI WKH VWULS VKRXOG
EH SUDFWLFDOO\ ZRUNDEOH �GXFWLOH DQG RI ORZ KDUGQHVV�
DW DOO VWDJHV RI WKH PHWDOOXUJLFDO DQG UROOLQJ F\FOHV�
$W WKH VDPH WLPH� WKH GHYHORSHG FRPSRVLWLRQV RI WKH
VXUIDFLQJ VWULS GLG QRW FRUUHVSRQG WR WKH JUDGHV RI
VWHHOV PDVWHUHG E\ WKH 3ODQW IRU PDQXIDFWXUH RI WKLQ
SODWHV�

'HWDLOHG DQDO\VLV RI WHFKQLFDO FDSDELOLWLHV RI WKH
3ODQW VKRSV LQYROYHG LQ SURGXFWLRQ RI UROOHG SURGXFWV
RI WKH UHTXLUHG FKHPLFDO FRPSRVLWLRQ DQG SURSHUWLHV
UHVXOWHG LQ WKH GHYHORSPHQW� LQ FROODERUDWLRQ ZLWK
WKH 3ODQW DVVRFLDWHV� RI WKH WHFKQRORJ\ IRU PDQXIDF�
WXUH RI WKH FROG�UROOHG VWULS� 7KH WHFKQRORJ\ SURYLGHG
IRU PHOWLQJ RI VWHHO RI D SUHVHW FKHPLFDO FRPSRVLWLRQ
DW D VWHHO VKDSH FDVWLQJ VKRS� UROOLQJ RI LQJRWV LQWR
VODEV XVLQJ WKH VODELQJ����� PLOO DW D URXJKLQJ VKRS�
DQG UROOLQJ RI VODEV LQWR VWULS � PP WKLFN XVLQJ WKH
16K6����� PLOO DW D KRW UROOLQJ VKRS� &ROG UROOLQJ RI
WKH VWULS ZDV GRQH WR DFKLHYLQJ D ILQDO WKLFNQHVV RI
�w��� PP� WKHQ WKH VWULS ZDV FXW LQWR VWULSV �� PP
ZLGH� 7KH ZRUNV FRPSOHWHG UHVXOWHG LQ PDVWHULQJ WKH
WHFKQRORJ\ IRU PDQXIDFWXUH RI WKH FROG�UROOHG DOOR\HG
KDUG�IDFLQJ VWULS RI WKH ��.K�*0)$ �& x �����
&U x ���� 0Q x ���� 0R x ���� 9 x ��� ZW����
��.K�*0)% �&x ���� &Ux ����0Qx ����0Rx
���� 9 x ���� 1E x ��� ZW��� DQG ��.K�%0%
�& x ����� &U x ���� 0R x ���� : x ���� 1E x
��� ZW��� JUDGHV�

7HVWV ZHUH FRQGXFWHG RQ PHWDO GHSRVLWHG E\ WKH
VXEPHUJHG�DUF KDUG�IDFLQJ PHWKRG XVLQJ VWULS RI VWHHO
��.K�*0)$ DQG IOX[ $1��� �6L2

�
x ���� w �����

0Q2 x ���� w ����� &D2 x ��� w ����� 0J2 x
��� w ���� &D)

�
x ��� w ��� ZW��� WR LGHQWLI\ WKH

SRVVLELOLW\ RI DSSOLFDWLRQ RI WKH DOOR\HG VWULS IRU ZHDU�

� 9�1� 0$79,(1.2� .�.� 67(3129� 9�3� ,9$129� 1�*� =$9$5,.$� $�,� 2/'$.296.< DQG 9�3� (502/29� ����
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WLRQV� WR LQFUHDVH LQ IDWLJXH OLPLW RI WKH MRLQWV LQ FDVH

RI D V\PPHWULF F\FOH RI ORDGLQJ E\ �� w �� �� $W WKH

VDPH WLPH WKH LQFUHDVH LQ WKH IDWLJXH OLPLW� VHW GXULQJ

WHVWLQJ RI VDPSOHV RQ WKH EDVH RI �⋅��� F\FOHV XQGHU

WKH LQIOXHQFH RI WKH KLJK�IUHTXHQF\ SHHQLQJ UHDFKHV

��� � IURP WKH GDWD RI >�@ �)LJXUH ���

&RQVHTXHQWO\� WKH UHGXFWLRQ LQ FRQFHQWUDWLRQ RI HI�
IHFWLYH VWUHVVHV DW WKH KLJK�IUHTXHQF\ SHHQLQJ LV QRW�
SUREDEO\� D SUHYDLOLQJ IDFWRU LQ WKH LQFUHDVH RI WKH ID�

WLJXH VWUHQJWK RI WKH MRLQWV� 7KH VHW LQFUHDVH LQ WKH

IDWLJXH OLPLW RI ZHOGHG MRLQWV DW WKH H[SHQVH RI WKH
KLJK�IUHTXHQF\ SHHQLQJ� FDQ� SUREDEO\� EH H[SODLQHG E\
WKH GHFUHDVH LQ WHQVLOH DQG WKH FUHDWLRQ RI WKH IDYRXUDEOH

UHVLGXDO FRPSUHVVLYH VWUHVVHV RQ WKH VXUIDFH OD\HU RI WKH

QHDU�ZHOG ]RQH PHWDO� DV ZHOO DV E\ WKH SUHVHQFH RI WKH

FROG ZRUNLQJ HIIHFW �GHIRUPDWLRQ KDUGHQLQJ��

5()(5(1&(6

�� 7UXI\DNRY� 9�,� ������ ,QFUHDVH LQ IDWLJXH VWUHQJWK RI
ZHOGHG MRLQWV DQG VWUXFWXUHV� $YWRPDWLFKHVND\D 6YDUND� ���
�� w ���

�� 6WDWQLNRY� (�6�� 0XNWHSDYHO� 9�2�� 7UXI\DNRY� 9�,� HW DO�

&RPSDULVRQ RI XOWUDVRQLF SHHQLQJ WUHDWPHQW �837� DQG
RWKHU IDWLJXH OLIH LPSURYHPHQW PHWKRGV� ,,: 'RF� ;,,,�

����w���

�� 0LNKHHY� 3�3�� 1HGRVHND� $�<D�� 3DUNKRPHQNR� ,�9� HW DO�

������ (IIHFWLYHQHVV RI DSSOLFDWLRQ RI XOWUDVRQLF WUHDWPHQW
IRU LQFUHDVH LQ IDWLJXH UHVLVWDQFH RI ZHOGHG MRLQWV� $YWRPD�
WLFKHVND\D 6YDUND� �� � w ��

�� 6WDWQLNRY� (�6�� 7UXI\DNRY� 9�,�� 0LNKHHY� 3�3�� HW DO� 6SH�

FLILFDWLRQV IRU ZHOG WRH LPSURYHPHQW E\ XOWUDVRQLF SHHQLQJ

WUHDWPHQW� ,,: 'RF� ;,,,�����w���

�� 0LNKHHY� 3�3� ������ ,PSURYHPHQW LQ IDWLJXH UHVLVWDQFH RI
ZHOGHG MRLQWV DQG VWUXFWXUHV XVLQJ XOWUDVRQLF SHHQLQJ WUHDW�

PHQW� ,Q� 3UREOHPV RI ZHOGLQJ DQG VSHFLDO HOHFWURPHWDOOXU�
J\� (G� E\ 9�.� /HEHGHY� .\LY� 1DXNRYD 'XPND�

�� 7UXILDNRY� 9�,�� 0LNKHHY� 3�3�� .XGU\DYWVHY� <X�)� ������
)DWLJXH VWUHQJWK RI ZHOGHG VWUXFWXUHV� 5HVLGXDO VWUHVVHV DQG
VWUHQJWKHQLQJ WUHDWPHQWV� :HOGLQJ DQG 6XUIDFLQJ 5HY��
9RO� �� 3DUW �� +DUZRRG $�3�

�� $VQLV� $�(�� ,YDVKFKHQNR� *�$� ������ ,PSURYHPHQW RI
VWUHQJWK RI ZHOGHG VWUXFWXUHV� .\LY� 1DXNRYD 'XPND�

�� 0DNKQHQNR� 9�,�� 0RVHQNLV� 5�<X� ������ &DOFXODWLRQ RI

VWUHVV FRQFHQWUDWLRQ IDFWRUV LQ ZHOGHG MRLQWV ZLWK EXWW DQG

ILOOHW ZHOGV� $YWRPDWLFKHVND\D 6YDUND� �� � w ���

�� ������ 6WUHQJWK RI ZHOGHG MRLQWV DW DOWHUQDWLQJ ORDGV� (G�

E\ 9�,� 7UXI\DNRY� .\LY� 1DXNRYD 'XPND�

��������	
	�����
��������������
��	�


*�$� 76<%8/.,1

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

$%675$&7

0RGLILFDWLRQ RI D GLJLWDO DUF VHQVRU GHVLJQHG IRU D FXUUHQW HVWLPDWLRQ RI WKH HOHFWURGH GHYLDWLRQ IURP WKH D[LDO OLQH RI

WKH MRLQW EHLQJ ZHOGHG LV VXJJHVWHG� 7KH VHQVLWLYLW\ RI WKH VHQVRU WR VRPH SDUDPHWULF GLVWXUEDQFHV RI WKH ZHOGLQJ SURFHVV

LV UHGXFHG VLJQLILFDQWO\ GXH WR WKH PRXQWLQJ RI DQ DGGLWLRQDO GLJLWDO XQLW�

.H\ ZRU G V � DUF ZHOGLQJ� ODWHUDO GHYLDWLRQ RI WRUFK� GLJL�

WDO DUF VHQVRU� SDUDPHWULF LQGHWHUPLQDF\� VHUYLFHDELOLW\

:KHQ HVWLPDWLQJ WKH ODWHUDO GHYLDWLRQ RI WKH HOHFWURGH

IURP WKH D[LDO OLQH RI WKH MRLQW ZHOGHG RQ WKH EDVHV
RI PHDVXULQJ WKH ZHOGLQJ FXUUHQW� XVLQJ WKH VR�FDOOHG

DUF VHQVRU >�@� LW LV VXSSRVHG XVXDOO\ WKDW WKH SDUDPH�

WHUV RI WKH ZHOGLQJ SURFHVV DUH NQRZQZLWK D VXIILFLHQW

DFFXUDF\ DQG GR QRW FKDQJH SUDFWLFDOO\ GXULQJ WKH DUF

ZHOGLQJ� %XW DFWXDOO\� VRPH SDUDPHWHUV DUH QRW NQRZQ

DFFXUDWHO\� DQG� EHVLGHV� WKHLU YDOXHV LQ WKH SURFHVV

RI ZHOGLQJ DUH FKDQJHG XQSUHGLFWDEO\� 7KHUHIRUH� WKH

HVWLPDWLRQ RI WKH ODWHUDO GHYLDWLRQ� REWDLQHG XQGHU

WKH FRQGLWLRQV RI WKH SDUDPHWULF LQGHWHUPLQDF\ GRHV

QRW JXDUDQWHH WKH UHTXLUHG DFFXUDF\� WKDW KLQGHUV

JUHDWO\ WKH VROXWLRQ RI WKH QH[W SUREOHP� QDPHO\ WKH

FRUUHFWLRQ RI PRYHPHQW RI WKH ZHOGLQJ WRUFK RQ WKH

EDVLV RI WKLV HVWLPDWH�

,Q >�@ DQ HIIHFWLYH PHWKRG RI HVWLPDWLRQ RI GHYLD�

WLRQ RI WKH HOHFWURGH KDV EHHQ VXJJHVWHG WKDW SRVVHVVHV

D ORZ VHQVLWLYLW\ WR WKH FKDQJHV LQ XQFRQWUROODEOH

SDUDPHWHUV� ,Q SDUWLFXODU� WKH HVWLPDWH RI WKH ODWHUDO

GHYLDWLRQ ε
Q
� ZKLFK LV REWDLQHG IURP WKH UHVXOWV RI

PHDVXUHPHQW RI GHYLDWLRQV δ5 DQG δ/ RI ZHOGLQJ FXU�

UHQW IURP LWV QRPLQDO YDOXH� UHVSHFWLYHO\� LQ WKH ULJKW

DQG OHIW H[WUHPH SRLQWV RI WKH ZHOGLQJ WRUFK RVFLOOD�

WLRQV� LV VXJJHVWHG WR EH IRXQG QRW XVLQJ WKH NQRZQ

IRUPXOD >�@

εA
Q

= (δ
5
w δ

/
) 0

�DY
Q

� ���

EXW XVLQJ WKH UHODWLRQ

εA
Q

=
δ
5
w δ

/

δ
5

+ δ
/

($ w Y
Q
7
F
)� ���

,Q H[SUHVVLRQV ��� DQG ��� Y
Q
LV WKH UDWH RI WKH

WUDQVYHUVH PRYHPHQW RI WKH WRUFK�0 LV WKH VWHHSQHVV

RI FKDUDFWHULVWLF RI HOHFWURGH PHOWLQJ� $ LV WKH DPSOL�

WXGH RI WUDQVYHUVH RVFLOODWLRQV RI WKH WRUFK� 7
F
LV WKH

FRQVWDQW RI WLPH GHWHUPLQHG E\ IRUPXOD

7
F
 5�(0�

ZKHUH ( LV WKH LQWHQVLW\ RI WKH HOHFWULF ILHOG LQ WKH

DUF FROXPQ� 5 LV WKH JHQHUDO DFWLYH UHVLVWDQFH RI WKH

ZHOGLQJ FLUFXLW� D LV WKH SDUDPHWHU GHWHUPLQLQJ WKH

VKDSH RI FXUYH )�Q�  D�Q w S�� � T�T ! �� IRUPLQJ
DW LQWHUVHFWLQJ WKH IUHH VXUIDFH RI WKH ZHOG SRRO ZLWK

WKH SODQH� SDVVLQJ WKURXJK WKH ORQJLWXGLQDO D[LV RI� *�$� 76<%8/.,1� ����
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7KLV SURYLGHV WKH PRVW YDOLG YDOXHV RI 6&) WDNLQJ
LQWR DFFRXQW WKH VHW UHODWLYH UDGLL RI PDWLQJ 5�V�
WUDQVLWLRQ DQJOHV θ DQG UHODWLYH OHJV K�V RI WKH ILOOHW
ZHOG �VHH )LJXUH ���

)RU FRPSDULVRQ� WKH 6&) ZDV DOVR GHWHUPLQHG H[�
SHULPHQWDOO\ XVLQJ WKH SKRWRHODVWLFLW\ PHWKRG RQ
PRGHOV ZKLFK UHSURGXFH WKH VKDSH RI WKH ZHOGHG MRLQW�
7KH PRGHOV RI WKH ZHOGHG MRLQWV ZHUH PDQXIDFWXUHG
IURP WKH HSR[\ UHVLQ ('��0� 7KH DGHTXDF\ RI PRGHOV
DQG ZHOGHG MRLQWV LQYHVWLJDWHG ZDV FKHFNHG E\ WKH
FRPSDULVRQ RI WKHLU FRQILJXUDWLRQV DW D ���IROG LQ�
FUHDVH XVLQJ D VSHFWUDO SURMHFWRU 36���� :KHQ VLPX�
ODWLQJ ZHOGHG MRLQWV� WKH FRQGLWLRQV RI D JHRPHWULF
VLPLODULW\ DQG SHUIRUPDQFH RI WKH MRLQW PDWHULDO XQGHU
WKH VWUHVV DFWLRQ ZHUH IXOILOOHG� 7KH VWUHVVHG VWDWH RI
WKH PRGHOV ZDV LQYHVWLJDWHG LQ WKH SRODUL]DWLRQ LQ�
VWDOODWLRQV �0HRUWD� DQG .63��� 7KH 6&) ZHUH GH�
WHUPLQHG LQ WKH SRLQWV RI ZHOG WUDQVLWLRQ WR WKH SDUHQW
PHWDO E\ PHDVXULQJ WKH RSWLFDO SDWK�OHQJWK GLIIHUHQFH
XVLQJ WKH FRRUGLQDWH�V\QFKURQRXV SRODULPHWHU .63���
7KH SDWWHUQV RI LVRFKURPDWLF OLQHV DQG GLVWULEXWLRQ RI

VWUHVVHV LQ WKH QHDU�ZHOG ]RQH RI WKH ZHOGHG MRLQW RI
PRGHOV ZLWK ILOOHW ZHOGV DUH VKRZQ LQ )LJXUH ��

7KH DYHUDJHG 6&) YDOXHV� GHWHUPLQHG E\ XVLQJ HV�
WLPDWHG DQG H[SHULPHQWDO PHWKRGV IRU WKH ZHOGHG MRLQW
ZLWK WUDQVYHUVH ILOOHW ZHOGV DUH JLYHQ LQ WKH 7DEOH�

7KH FRPSDULVRQ RI HVWLPDWHG DQG H[SHULPHQWDO
GDWD RI 6&) VKRZHG WKDW WKH GLVFUHSDQF\ EHWZHHQ
WKHP LV QHJOLJLEOH� 8QGHU WKH LQIOXHQFH RI WKH KLJK�
IUHTXHQF\ SHHQLQJ� WKH 6&) LQ ZHOGHG MRLQW ZLWK
WUDQVYHUVH ILOOHW ZHOGV LV GHFUHDVHG IURP ��� w ��� WR
��� w ����

7KH UHVXOWV RI LQYHVWLJDWLRQV >�@ SURYH WKDW WKLV
UHGXFWLRQ LQ 6&) YDOXHV OHDGV� DW RWKHU HTXDO FRQGL�

)LJXUH �� 3DWWHUQV RI LVRFKURPDWLF OLQHV �D� DQG GLDJUDPV RG VWUHVV GLVWULEXWLRQ LQ QHDU�ZHOG ]RQH RI 7�MRLQW� REWDLQHG LQ PRGHOV IURP
RSWLFDOO\�DFWLYH PDWHULDOV� LQ LQLWLDO VWDWH �E� DQG DIWHU KLJK�IUHTXHQF\ SHHQLQJ �F� DW .W

 ��� ���� ��� ��� �� DQG ��� ���

6DPSOH VWDWH
6&)

HVWLPDWHG H[SHULPHQWDO



,QLWLDO ��� ��� w ���

���

$IWHU KLJK�IUHTXHQF\ SHHQLQJ ��� ��� w ���

���




,Q QXPHUDWRU x UDQJH RI YDOXHV� LQ GHQRPLQDWRU x PHDQ YDOXH�

)LJXUH �� 5HVXOWV RI IDWLJXH WHVWV DW WKUHH�SRLQW EHQGLQJ RI 7�MRLQWV
RI KLJK�VWUHQJWK VWHHO DW FRHIILFLHQW RI DV\PPHWU\ RI ORDGLQJ F\FOH
5σ  w� LQ LQLWLDO VWDWH �P� DQG DIWHU KLJK�IUHTXHQF\ SHHQLQJ �∆�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

([SHULPHQWDO YDOXHV RI VWUHVV FRQFHQWUDWLRQ IDFWRU �6&)�� GHWHUPLQHG XVLQJ SRODUL]DWLRQ�RSWLFDO �SKRWRHODVWLFLW\�

PHWKRG� DUH FRPSDUHG ZLWK HVWLPDWHG YDOXHV� GHWHUPLQHG E\ PHDVXUHPHQW RI SDUDPHWHUV RI ILOOHW ZHOGV RI 7�MRLQWV LQ

LQLWLDO VWDWH DQG DIWHU KLJK�IUHTXHQF\ SHHQLQJ� 7KH UHODWLRQ EHWZHHQ WKH 6&) UHGXFWLRQ XQGHU WKH DFWLRQ RI WKH KLJK�

IUHTXHQF\ SHHQLQJ DQG LQFUHDVH LQ WKH IDWLJXH UHVLVWDQFH RI WKH ZHOGHG MRLQWV LV VKRZQ�

.H\ ZRU G V � ZHOGHG MRLQW� ILOOHW ZHOG� JHRPHWULF SDUDPH�

WHUV RI ZHOG� VWUHVV FRQFHQWUDWLRQ IDFWRU� FDOFXODWLRQ PHWKRGV�

SKRWRHODVWLFLW\ PHWKRG� KLJK�IUHTXHQF\ SHHQLQJ� LQFUHDVH RI ID�

WLJXH UHVLVWDQFH

$PRQJ WKH NQRZQ PHWKRGV RI LPSURYLQJ WKH IDWLJXH
UHVLVWDQFH RI ZHOGHG MRLQWV XVLQJ WKH VXUIDFH�SODVWLF
GHIRUPLQJ RI WKH QHDU�ZHOG ]RQH� D PHWKRG RI WKH
KLJK�IUHTXHQF\ SHHQLQJ LV PRVW HIIHFWLYH >�� �@� 7KLV
PHWKRG KDV EHHQ GHYHORSHG E\ �.YDQW� �6HYHURG�
YLQVN� 5XVVLD� DQG WKH (�2� 3DWRQ (OHFWULF :HOGLQJ
,QVWLWXWH >�@� ,Q FDVH RIZHOGHG MRLQWVZLWKRXW UHPRYHG
UHLQIRUFHPHQW DQG KDYLQJ LQWULFDWH FRQQHFWLRQV D FRP�
SDFW KDQG XOWUDVRQLF WRRO ZLWK D PXOWLHOHPHQW H[HFX�
WLYH RUJDQ LV XVHG IRU WKH KLJK�IUHTXHQF\ SHHQLQJ >�@�
7KH XOWUDVRQLF WK\ULVWRU JHQHUDWRU GHYLFH ZLWK XS WR
��� N: RXWSXW FDSDFLW\ LV XVHG DV D WRRO SRZHU VRXUFH
ZLWK D PDQJQHWRVWULFWLRQ WUDQVGXFHU >�@�

7KH SRVLWLYH HIIHFW RI WKH KLJK�IUHTXHQF\ SHHQLQJ
RQ WKH IDWLJXH UHVLVWDQFH RI WKH ZHOGHG MRLQWV LV DW�
WDLQHG DW WKH H[SHQVH RI GHFUHDVH LQ VWUHVV FRQFHQWUD�
WLRQ� VHWWLQJ RI FRPSUHVVLYH UHVLGXDO VWUHVVHV LQ WKH
]RQH RI D VWUHVV UDLVHU DQG GHIRUPDWLRQ KDUGHQLQJ RI
WKH QHDU�ZHOG PHWDO >�� �@�

7KH DLP RI WKH SUHVHQW ZRUN LV WR LQYHVWLJDWH WKH
FKDQJH LQ VWUHVV FRQFHQWUDWLRQ LQ WKH ZHOGHG MRLQW
XQGHU WKH DFWLRQ RI WKH KLJK�IUHTXHQF\ SHHQLQJ DQG
WR HVWLPDWH WKH UROH RI WKLV IDFWRU IRU LQFUHDVLQJ WKH
IDWLJXH UHVLVWDQFH RI WKH MRLQW�

7KH JHRPHWULF SDUDPHWHUV RI WKH MRLQW �)LJXUH ���
UHTXLUHG IRU GHWHUPLQDWLRQ RI WKH 6&)� ZHUH VHW E\
XVLQJ D FDOFXODWLRQ PHWKRG� +HUH� WKH VDPSOHV ZLWK
WUDQVYHUVH ILOOHW ZHOGV� PDGH IURP KLJK�VWUHQJWK VWHHO�
ZHUH XVHG IRU WKH IDWLJXH WHVWV �)LJXUH ��� 7KH KLJK�
IUHTXHQF\ SHHQLQJ RI WKH WUDQVLWLRQ ]RQH IURP ZHOG
WR WKH SDUHQW PHWDO ZDV SHUIRUPHG XVLQJ RQH RI WKH
WHFKQRORJLFDO YDULDQWV SURYLGLQJ WKH VLJQLILFDQW LQ�
FUHDVH LQ WKH IDWLJXH UHVLVWDQFH RI WKH ZHOGHG MRLQW�
:KHQ GHWHUPLQLQJ WKH UDGLXV 5 RI WKH ZHOG PHWDO
WUDQVLWLRQ WR WKH SDUHQW PHWDO DQG DQJOH θ� WKH PHWKRG
RI SURILORPHWU\ ZDV XVHG >�@� )RU HDFK VDPSOH WKUHH
SURILOH OLQHV RI D ORFDO JHRPHWU\ RI WKH ILOOHW ZHOG
ZHUH SORWWHG�

7KH HVWLPDWHG GHWHUPLQDWLRQ RI 6&) LQ LQLWLDO
MRLQWV DQG WKRVH DIWHU KLJK�IUHTXHQF\ SHHQLQJ ZDV
PDGH XVLQJ UHODWLRQ ��� IURP >�@�
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� 3�3� 0,.+((9 DQG 2�9� 92-7(1.2� ����

)LJXUH �� *HRPHWULF SDUDPHWHUV RI ILOOHW ZHOG RI ZHOGHG 7�MRLQW�
0 x PRPHQW RI DSSOLHG ORDG� V� V� x WKLFNQHVV RI SODWHV EHLQJ
ZHOGHG DQG ZHOGHG�RQ� UHVSHFWLYHO\� E� K x OHJV RI ILOOHW ZHOG )LJXUH �� :HOGHG KLJK�VWUHQJWK VWHHO VDPSOH IRU IDWLJXH WHVWV
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D UDWKHU VLPSOH VFKHPH RQ ELQDU\ PXOWLSOLHUV� GH�

VFULEHG IRUPHUO\ E\ /XQGK >�@� :H DGGHG DQ DGGL�

WLRQDO EORFN RI HVWLPDWLRQ %(� FRQVWUXFWHG RQ ELQDU\

PXOWLSOLHUV �)LJXUH ��� LQWR WKH GLDJUDP RI WKH GLJLWDO

VHQVRU GHYLFH �)LJXUH ��� ,Q %( GLDJUDP WKUHH ELQDU\
PXOWLSOLHUV%0��%0��%0� DQG D UHYHUVLEOH FRXQWHU

5& ZHUH XVHG�

6HTXHQFHV RI SXOVHV RI VLPLODU IUHTXHQF\ ) DQG )∗ �

EXW EHLQJ RXW�RI�SKDVH� DUH VXSSOLHG WR WKH ELQDU\ PXO�
WLSOLHUV WR SUHYHQW WKH FRLQFLGHQFH RI SXOVHV ZLWK WLPH

DW RXWSXWV5&� 3XOVHV ZLWK IUHTXHQF\)∗ DQG VRPH QXP�

EHU [ DUH VXSSOLHG WR %0�� $W WKH RXWSXW %0� WKH

SXOVHV RI IUHTXHQF\ )∗[ DUH IRUPHG ZKLFK DUH VXSSOLHG

WR WKH LQSXW RI WKH VHFRQGDU\ RI ELQDU\ PXOWLSOLHU %0��

1XPEHU σ  �∆1E� REWDLQHG E\ VKHDU IRU RQH FKDUJH WR

WKH OHIW RI QXPEHU ∆1E IRUPLQJ DW WKH RXWSXW %&'� LV

HQWHUHG WR WKH FRQWUROODEOH LQSXWV %0� �VHH )LJXUH ���
$W WKH RXWSXW %0� WKH SXOVHV RI IUHTXHQF\ )∗[σ DUH

RFFXUUHG� 1XPEHU ∆  δ1
Q
� REWDLQHG DOVR DW WKH %&'

RXWSXW� LV HQWHUHG WR WKH WKLUG ELQDU\ PXOWLSOLHU %0�

WKURXJK WKH FRQWUROODEOH LQSXWV� 3XOVHV RI IUHTXHQF\ )∆
DUH IRUPHG DW WKH RXWSXW %0��

,I DW WKH LQLWLDO SHULRG RI WLPH WKH QXPEHU [  ��

WKHQ )∗[σ  � DQG [ EHJLQ WR LQFUHDVH ZLWK HQWUDQFH

RI SXOVHV RI IUHTXHQF\ )∆ WR WKH DGGLWLRQ LQSXW RI

5&� ,QFUHDVH LQ [ OHDGV WR D JUDGXDO LQFUHDVH LQ IUH�
TXHQF\ )∗[σ� $V VRRQ DV YDOXHV RI IUHTXHQF\ )∆ DQG

)∗[σ EHFRPH HTXDO DW ERWK LQSXWV 5&� L�H� ZKHQ WKH

WUDQVLWLRQ SHULRG LV FRPSOHWHG� WKH IROORZLQJ UHODWLRQ

ZLOO EH VHW LQ WKH GLDJUDP�

)∆  )∗[σ�

IURP ZKLFK LW IROORZV WKDW

[ =
)∆
)∗ σ

=
∆
σ =

∆1
Q

�∆1
E

�
���

7KH WLPH RI HVWDEOLVKPHQW RI WKH WUDQVLWLRQ SURFHVV

DW WZHOYH GLJLW ELQDU\ PXOWLSOLHUV DQG IUHTXHQF\ RI

SXOVHV) )∗  �0+] LV ��� w ���PV� DV WKH FDOFXODWLRQV

VKRZ� WKDW LV TXLWH DFFHSWDEOH IRU SUDFWLFDO XVH�

7KXV� WKH QXPEHU[ DW WKH RXWSXW5& LQ HDFKPRPHQW

RI WLPH W  N7 DW SUHVHW $� Y
Q
DQG 7

F
FKDUDFWHUL]H WKH

ODWHUDO GHYLDWLRQ ε
Q
� DFFRUGLQJ WR ��� DQG ����

6R� WKH PRGLILHG DUF VHQVRU DFTXLUHV D UREXVW SURS�

HUW\ ZLWK UHVSHFW WR WKH XQFRQWUROODEOH PRYHPHQW RI

WKH IUHH VXUIDFH RI WKH ZHOG SRRO DW WKH H[SHQVH RI

LQWURGXFLQJ DQ DGGLWLRQDO EORFN FRQVWUXFWHG RQ VLPSOH

FRXQWHU�W\SH VWUXFWXUHV�

)LJXUH �� 6FKHPDWLF GLDJUDP RI EORFN RI HVWLPDWLRQ

5()(5(1&(6

�� ,QRXH� .�� =KDQJ� -�� .DQJ� 0� ������ $QDO\VLV RI GHWHF�
WLRQ VHQVLWLYLW\ RI DUF VHQVRU LQ ZHOGLQJ SURFHVV� 7UDQVDFW�
RI -:5,� �� �� w ���

�� 7V\EXONLQ� *�$� ������ $ERXW HYDOXDWLRQ RI FXUUHQW GHYLD�
WLRQ RI HOHFWURGH IURP WKH OLQH RI MRLQW EHLQJ ZHOGHG� $YWR�
PDWLFKHVND\D 6YDUND� ��� �� w ���

�� &RRN� *�(� ������ 5RERWLF DUF ZHOGLQJ� UHVHDUFK LQ VHQVRU\
IHHGEDFN FRQWURO� 7UDQVDFW� RI ,((( RQ ,QG� (OHFWU�� ���
��� w ����

�� 7V\EXONLQ� *�$� 'LJLWDO GHYLFH IRU GLUHFWLRQ RI WKH ZHOGLQJ
URERW DORQJ WKH ZHOG� 8665 DXWKRUsV FHUWLILFDWH ��������
,QW� &O� % �� / ����� 3XEO� ���������

�� /XQGK� <� ������ 'LJLWDO WHFKQLTXH IRU VPDOO FRPSXWDWLRQV�
-� %ULW� ,5(� �� �� w ���
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WKH HOHFWURGH DQG SHUSHQGLFXODU WR WKH D[LDO OLQH RI
WKH ILOOHW MRLQW ZHOGHG �)LJXUH ��� 3DUDPHWHU S� GH�
WHUPLQLQJ WKH VKDSH DQG SRVLWLRQ RI FXUYH )�Q�� DQG
YDOXH εQ DUH DVVRFLDWHG E\ WKH UDWLR S  $ w εQ�

&RQVLGHULQJ H[SUHVVLRQV ��� DQG ��� LW LV QRW GLI�
ILFXOW WR QRWH WKDW HVWLPDWH ��� XQOLNH ��� GRHV QRW
GHSHQG DEVROXWHO\ RQ WKH SDUDPHWHU D ZKLFK LV� GXH
WR QRQ�VWDWLRQDU\ PRYHPHQW RI D IUHH VXUIDFH RI WKH
PROWHQ SRRO LQ WKH SURFHVV RI ZHOGLQJ� VXEMHFWHG WR
XQFRQWUROODEOH FKDQJHV DQG LV QRW DOPRVW VXEMHFWHG
WR WKH FXUUHQW LGHQWLILFDWLRQ� ([SUHVVLRQ ��� LQFOXGHV
RQO\ PHDVXUDEOH YDOXHV δ5� δ/� DQG DOVR SUHVHW DQG
NQRZQ YDOXHV $� YQ DQG 7F�

$VZDV H[SHFWHG� WKH HVWLPDWH RI WKH ODWHUDO GHYLDWLRQ
SRVVHVVHV WKH VLPLODU SURSHUW\ RI UREXVWQHVV �ORZ�VHQVL�
WLYLW\� DV UHJDUGV WR FKDQJLQJ WKH SDUDPHWHU D

εA
Q

=
δ5
w

w δ/
w

δ5
w

+ δ
/

w

($ w Y
Q
7F)� ���

FRQVWUXFWHG E\ IRUPXOD ���� EXW LQ ZKLFK WKH PHDQ
YDOXHV RI GHYLDWLRQV RI ZHOGLQJ FXUUHQW IURP QRPLQDO
LWV YDOXH

δ5
w

 δ/
w

�∆Q� DQG δ/
w

 δ/
w

�∆Q��

REWDLQHG QRW DW WKH H[WUHPH SRLQWV� EXW DW VRPH LQ�
WHUYDOV RI PHDVXUHPHQW ∆Q ≤ $ RQ WKH ULJKW DQG OHIW

IURP WKH PLGGOH SRVLWLRQ RI WKH WRUFK DUH ILJXUHG LQ�
VWHDG RI δ5 DQG δ/�

7KHVH DUH PHDQ YDOXHV RI WKH YDOXHV PHDVXUHG
ZKLFK DUH FDOFXODWHG LQ PDQ\ DUF VHQVRUV� LQ SDUWLFXODU
LQ WKH GLJLWDO VHQVRU� VXJJHVWHG LQ >�@ IRU WKH HVWLPD�
WLRQ RI WKH GHYLDWLRQ RI WKH HOHFWURGH HQG IURP WKH
OLQH RI WKH MRLQW ZHOGHG� 7KH GLJLWDO DUF VHQVRU KDV
WKH DGYDQWDJH RYHU WKH DUF VHQVRU LQ DQ DQDORJ YHUVLRQ�
GXH WR VLPSOLI\LQJ RI LWV PDWLQJ ZLWK V\VWHPV RI FRQ�
WURO RI ZHOGLQJ URERWV DQG DXWRPDWLF PDFKLQHV� ZKLFK
DUH PDGH� DV D UXOH� RQ WKH EDVH RI WKH GLJLWDO HQJL�
QHHULQJ� %XW LQ GHVLJQ RI WKH VHQVRU� VXJJHVWHG LQ >�@�
QRW D UREXVW DOJRULWKP ��� LV XVHG� EXW DQ DOJRULWKP
��� ZKLFK KDV D GUDZEDFN FDXVHG E\ VHQVLWLYLW\ RI
HVWLPDWH εAQ WR WKH FKDQJHV RI SDUDPHWHU D�

7KH SUHVHQW DUWLFOH ZLOO GHVFULEH WKH PRGLILFDWLRQ
RI WKLV VHQVRU SURYLGLQJ WKH UREXVW HVWLPDWLRQ RI WKH
ODWHUDO GHYLDWLRQ LQ WKH GLJLWDO IRUP� )LJXUH � VKRZV
LWV VLPSOLILHG VFKHPDWLF GLDJUDP� 7KH VHQVRU LQFOXGHV
WUDQVGXFHUV RI ZHOGLQJ FXUUHQW 7& DQG YROWDJH 79
DQG DOVR WKH EORFNV RI WUDQVIRUPDWLRQ RI VLJQDO %76
DQG FDOFXODWLRQ RI GHYLDWLRQV %&'� 7KH VFKHPH KDV
WKH IROORZLQJ GHVLJQDWLRQV� X  X�W� LV WKH YROWDJH DW
RXWSXW 7&� SURSRUWLRQDO WR ZHOGLQJ FXUUHQW L  L�W��
1 LV WKH PHDQ YDOXH RI UHVXOWV P RI YROWDJH PHDVXUH�
PHQWV X�W� SUHVHQWHG LQ XQLW�FRXQWLQJ FRGH DQG FDO�
FXODWHG E\ IRUPXOD

1  
�

P
∑
P

M=�

1M�

ZKHUH 1M LV WKH QXPEHU RI SXOVHV HQWHUHG WKH RXWSXW
%76 DV D UHVXOW RI WKH M�WK PHDVXUHPHQW� 1� LV WKH
SUHVHW ELQDU\ QXPEHUV FRUUHVSRQGLQJ WR WKH UDWHG
ZHOGLQJ FXUUHQW� V LV WKH VLJQDO V\QFKURQL]LQJ WKH GH�
YLFH RSHUDWLRQ� ∆1Q = ∆1Q>N7@ DQG ∆1E  ∆1E>N7@
DUH WKH ELQDU\ QXPEHUV IRUPLQJ DW WKH RXWSXW %&'
DQG FKDUDFWHUL]LQJ W  N7 LQ HDFK PRPHQW RI WLPH RI
WRUFK GHYLDWLRQ� UHVSHFWLYHO\� LQ D ODWHUDO GLUHFWLRQ εQ
DQG DORQJ WKH HOHFWURGH D[LV εE� 7 LV WKH SHULRG RI
WUDQVYHUVH RVFLOODWLRQV RI WKH ZHOGLQJ WRUFK� N  ��
�� ���� .� ,Q DGGLWLRQ� DFFRUGLQJ WR >�@

∆1Q = 1� w 1�� ∆1E =
1� + 1�

�
w 1��

,Q WKHVH H[SUHVVLRQV 1�  1�>N7�@ DQG 1�  
 1�>N7�@ DUH WKH QXPEHUV SURSRUWLRQDO WR D PHDQ
YDOXH RI WKH ZHOGLQJ FXUUHQW LQ WKH SHULRGV RI WLPH RI
PHDVXUHPHQW 7� DQG 7� ZKHQ WKH ZHOGLQJ WRUFK LV
ORFDWHG RQ WKH ULJKW DQG OHIW IURP WKH PHDQ LWV SRVL�
WLRQ� UHVSHFWLYHO\� 7�  7�  $�YQ�

,W LV HYLGHQW� LI QRZ LQVWHDG RI HVWLPDWH εAQ  

 .�∆1Q� ZKHUH .�  .��0� D� YQ�� WR FDOFXODWH E\
DQ\ ZD\ WKH HVWLPDWH εaQ IRUPLQJ LQ DFFRUGDQFH ZLWK

UHODWLRQ

εaQ =
δ1� w δ1�

δ1� + δ1�

($ w YQ7F) =
∆1Q

�∆1E

($ w YQ7F)�
���

VLPLODU WR ���� WKHQ WKLV YDOXH� WKH VDPH DV HVWLPDWH
���� ZLOO EH UREXVW UHODWLYH WR FKDQJHV LQ SDUDPHWHU
D� �,Q H[SUHVVLRQ ��� δ1V  1V w 1�� V  �����

)RU WHFKQLFDO UHDOL]DWLRQ RI UDWLR ∆1Q��∆1E LQ�
FOXGHG LQWR IRUPXOD ��� LW SRVVLEOH WR XVH� IRU H[DPSOH�

)LJXUH �� 6FKHPH RI WRUFK PRYHPHQW DFURVV WKH OLQH RI MRLQW EHLQJ
ZHOGHG

)LJXUH �� 6FKHPDWLF GLDJUDP RI GLJLWDO VHQVRU
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