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SCIENTIFIC AND TECHNICAL

*RORYNR 9�9� 0RGHOOLQJ RI FRPSRVLWLRQ RI QRQ�PHWDOOLF
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*RORGQRY $�,� $OORZLQJ IRU UHVLGXDO VWUHVVHV LQ WKH
FURVV�VHFWLRQV RI FRPSUHVVHG ,�VKDSHG FROXPQV GXULQJ

WKHLU GHVLJQ ���������������������������������������������������������������������������������� �

.ULYFKLNRY 6�<X� DQG =KXGUD $�3� (IIHFW RI

FDUERQ�FRQWDLQLQJ PDWHULDOV RI IOX[�FRUHG ZLUH RQ WUDQVIHU

RI FDUERQ LQWR WKH PROWHQ SRRO GXULQJ VXUIDFLQJ ���������������������������� ��

%RULVRY <X�6�� %RULVRYD $�/�� 3DQNR 0�7�� $GHHYD /�,��
.RORP\WVHY 0�9�� 6KDNKUDM $�$� DQG 6ODGNRYD 9�1�

3HFXOLDULWLHV RI VWUXFWXUH RI TXDVLFU\VWDOOLQH $Ow&Xw)H
V\VWHP FRDWLQJV SURGXFHG E\ WKHUPDO VSUD\LQJ PHWKRGV �������������� ��
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.DOHQVN\ 9�.�� 'YRUHWVN\ 9�,�� %XJD 9�0� DQG
6HPHQLNKLQ $�9� 'HYHORSPHQW RI PDWHULDOV DQG
WHFKQRORJ\ RI PDQXIDFWXUH RI VLQJOH�UROOHU VXSSRUWLQJ

PHPEHUV RI EULGJHV XVLQJ VXUIDFLQJ ��������������������������������������������� ��

/HEHGHY 9�$�� 3LFKDN 9�*� DQG 6PRO\DUNR 9�%� 3XOVHG
ZLUH IHHG PHFKDQLVPV ZLWK SXOVH SDUDPHWHU FRQWURO ��������������������� ��

1HVWHUHQNR 1�3� DQG 6HQFKHQNRY ,�.� &ODVVLILFDWLRQ RI

ZDYHJXLGHV VKDSHG DV ERGLHV RI UHYROXWLRQ IRU XOWUDVRQLF

ZHOGLQJ RI SRO\PHUV DQG FRPSRVLWHV RQ WKHLU EDVH ����������������������� ��

,YDQRYD 2�1� �� \HDUV RI WKH ,QWHUQDWLRQDO $VVRFLDWLRQ
�:HOGLQJ� ������������������������������������������������������������������������������������ ��
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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�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

([SHULPHQWV RQ YDOLGDWLRQ RI DGHTXDF\ RI WKH GHYHORSHG FRPSXWHU VRIWZDUH IRU SUHGLFWLRQ RI WKH DPRXQW DQG FRPSRVLWLRQ

RI QRQ�PHWDOOLF LQFOXVLRQV �10,� LQ WKH ORZ�DOOR\HG VWHHO ZHOG PHWDO DUH GHVFULEHG� ,Q DGGLWLRQ WR PRGHOOLQJ RI WKH

ILQDO DPRXQW DQG FRPSRVLWLRQ RI 10,� WKLV VRIWZDUH DOORZV DOVR WKH FDOFXODWLRQ RI FKDUDFWHULVWLFV RI WKH LQFOXVLRQV ZKLFK

DUH FRQWDLQHG LQ WKH ZHOG SRRO PHWDO LQ D SUH�VROLGLILFDWLRQ SHULRG RI LWV H[LVWHQFH�

.H\ ZRU G V � ZHOGLQJ� ORZ�DOOR\HG VWHHO� ZHOG PHWDO� QRQ�

PHWDOOLF LQFOXVLRQV� FRPSXWHU PRGHOOLQJ� SUHGLFWLRQ RI FRPSRVL�

WLRQ� DGHTXDF\ YDOLGDWLRQ

7KH TXDOLW\ RI ZHOGHG MRLQWV IURP FDUERQ DQG ORZ�DO�
OR\HG VWHHOV LV GHWHUPLQHG PRVWO\ E\ WKH OHYHO RI SK\VL�
FDO DQG SK\VLFDO�FKHPLFDO FKDUDFWHULVWLFV RI WKH ZHOG

PHWDO ZKLFK DUH DIIHFWHG VLJQLILFDQWO\ E\ WKH PRU�

SKRORJ\� FRPSRVLWLRQ DQG GLVWULEXWLRQ RI WKH 10,�

(DUOLHU� WKH PDLQ DWWHQWLRQ ZDV SDLG WR WKH SUREOHP

RI IRUPDWLRQ RI LQFOXVLRQV LQ WKH SURFHVV RI ZHOG VR�

OLGLILFDWLRQ� DQG WKH IRUPDWLRQ RI R[LGHV GXULQJ PHWDO
VROLGLILFDWLRQ ZDV QRW PXFK VWXGLHG� 7KH VWHHO FRROLQJ

ERWK LQ PROWHQ DQG VROLG VWDWH LV DFFRPSDQLHG E\ GH�
FUHDVH LQ VROXELOLW\ RI R[\JHQ DQG LWV HYROXWLRQ HLWKHU

LQWR D JDV SKDVH RU LQ WKH FRPSRVLWLRQ RI 10,� 7KH

IRUPDWLRQ RI GLIIHUHQW W\SHV RI LQFOXVLRQV LQ WKH PHWDO
VWUXFWXUH LV FDXVHG� ILUVW RI DOO� E\ D VHOHFWLYH FKHPLFDO

DIILQLW\ RI R[\JHQ WR WKH HOHPHQWV�GHR[LGL]HUV� $W GLI�

IHUHQW VWDJHV RI IRUPDWLRQ RI PHWDO RI ZHOGHG MRLQWV
WKLV DIILQLW\ LV GLIIHUHQW� ,W LV VKRZQ LQ >�@� WKDW GXULQJ

WKH VWHHO VROLGLILFDWLRQ WKH YROXPHWULF VKDUH RI VHFRQ�

GDU\ �IRUPLQJ LQ WKH SURFHVV RI FRROLQJ RI GHR[LGL]HG
PHWDO WR WKH OLTXLGXV WHPSHUDWXUH�� WHUWLDU\ �IRUPLQJ

LQ WKH SURFHVV RI FRROLQJ EHWZHHQ WKH OLTXLGXV DQG

VROLGXV OLQHV� DQG TXDWHUQDU\ �IRUPLQJ DW WHPSHUD�

WXUHV EHORZ WKH VROLGXV WHPSHUDWXUH� 10, FDQ UHDFK

�� w �� �� 7KHVH LQYHVWLJDWLRQV ZHUH QRW SHUIRUPHG

IRU ZHOG PHWDO� +RZHYHU� LW LV NQRZQ WKDW WKH 10,

WKHPVHOYHV LQ ZHOG PHWDO UHSUHVHQW WKH PXOWLOD\HU

IRUPDWLRQV ZLWK PRVW UHIUDFWRU\ FRPSRXQGV LQ WKH
FHQWHU DQG WKH FRPSRXQG ZLWK WKH ORZHVW PHOWLQJ

WHPSHUDWXUH� ZKLFK LV ORZHU WKDQ WKDW RI VWHHO VROLGL�

ILFDWLRQ LQ WKH SHULSKHU\ >� w �@� &RPLQJ IURP WKLV LW
FDQ EH DVVXPHG QDWXUDOO\ WKDW WKH IRUPDWLRQ RI 10,

LV QRW FRPSOHWHG DW WKH VROLGXV WHPSHUDWXUH RI VWHHO�

EXW LW LV FRQWLQXLQJ IRU VRPH WLPH LQ D WZR�SKDVH ]RQH�
ZKLFK LV IRUPHG DURXQG WKH LQFOXVLRQ QXFOHL DQG PDLQ�

WDLQHG E\ OLTXDWLRQ SURFHVVHV� ,W LV VKRZQ LQ >�@ WKDW

WKH WLPH RI H[LVWHQFH RI WKLV ]RQH LQ ZHOG PHWDO GXULQJ

LWV VROLGLILFDWLRQ H[FHHGV WKH WLPH RI H[LVWHQFH RI PRO�

WHQ PHWDO LQ D SUH�VROLGLILFDWLRQ SHULRG�

,W ZDV VWDWHG IURP WKH QXPHURXV LQYHVWLJDWLRQV WKDW

WKH 10, LQIOXHQFH WKH FRQGLWLRQV RI IRUPDWLRQ RI VWUXF�

WXUDO FRQVWLWXHQWV RI ZHOG PHWDO� DQG WKLV� LQ WXUQ� LQ�

IOXHQFHV WKH VHUYLFH SURSHUWLHV RI WKH ZHOGHG MRLQWV� 7KLV
LQIOXHQFH FDQ EH GHWHUPLQHG ERWK E\ WKH WRWDO DPRXQW

RI LQFOXVLRQV LQ PHWDO >�� �@ DQG DOVR E\ WKH SHFXOLDULWLHV

RI WKHLU FKHPLFDO FRPSRVLWLRQ >� w �@�

$W WKH FRQGLWLRQ RI D PXOWLOD\HU PRUSKRORJ\ RI
WKH LQFOXVLRQV D VXUIDFH OD\HU� L�H� WKH OD\HU IRUPHG DW

WKH ILQDO VWDJH RI WKH LQFOXVLRQ IRUPDWLRQ� SOD\V WKH

PRVW LPSRUWDQW UROH LQ WKHVH SURFHVVHV� 7KH FRQGLWLRQV

RI FRQWDFW RI WKH VXUIDFH OD\HU ZLWK D PHWDOOLF PDWUL[

GHILQH WKH IHDVLELOLW\ RI IRUPDWLRQ RI GLVFRQWLQXLWLHV
DURXQG WKH LQFOXVLRQ ZKLFK DUH WUDSV GXULQJ K\GURJHQ

GLIIXVLRQ LQ ZHOG PHWDO >��� ��@� RU WKH IHDVLELOLW\ RI
RFFXUUHQFH RI D VWUHVVHG VWDWH LQ VXUURXQGLQJ YROXPHV

RI PHWDO >��� ��@�

,W LV FOHDU� WKDW WKH GLUHFW H[SHULPHQWDO LQYHVWLJD�

WLRQV LQ WKH G\QDPLFV RI WKH SURFHVV RI IRUPDWLRQ RI

10, LQ ZHOG PHWDO DUH DOPRVW LPSRVVLEOH� &RPLQJ

IURP WKLV� WKH SUREOHPV RI LQYHVWLJDWLRQ RI FRPSRVL�
WLRQ� VL]HV DQG FRQWHQW RI 10, LQ ZHOGV PDGH IURP

KLJK�VWUHQJWK ORZ�DOOR\HG VWHHOV XVLQJ WKH PHWKRGV RI
D PDWKHPDWLFDO PRGHOOLQJ DQG QXPHULFDO H[SHULPHQW

DUH DFWXDO�

0HWKRGRORJ\ RI ZRUN� 7R GHVFULEH WKH SURFHVVHV

RI IRUPDWLRQ DQG JURZWK RI 10, D GHWHUPLQLVWLF G\�

QDPLF PRGHO ZLWK GLVWULEXWHG SDUDPHWHUV ZDV VH�

OHFWHG� 7KHVH PRGHOV DUH YHUVDWLOH DQG GR QRW EHFRPH

DOPRVW RXWGDWHG �DW WKH SUHVHQW OHYHO RI SURFHVV NQRZO�

HGJH� DQG HDVLO\ DGDSWHG WR WKH GHILQLWH WHFKQRORJLHV

>��@� 7KH DGDSWDWLRQ RI WKHVH PRGHOV WR WKH FRQGLWLRQV
ZKLFK PHHW WKH GHILQLWH SURFHVVHV RI ZHOGLQJ� LV PDGH

E\ VSHFLI\LQJ WKH PRGHO SDUDPHWHUV RQ WKH EDVLV RI
H[SHULPHQWDO GDWD� FKDUDFWHULVWLF RI WKH FHUWDLQ WHFK�

QRORJLFDO FRQGLWLRQV RI ZHOGLQJ� ([SHULPHQWDO SDUW

RI WKH ZRUN ZDV DFFRPSOLVKHG XVLQJ WKH 6$:�

,Q H[SHULPHQWV� WKH DJJORPHUDWHG IOX[HV LQ FRP�

ELQDWLRQ ZLWK � PP GLDPHWHU 6Y���*$ �& x ≤ ����

0Qx ��� w ��� ZW��� )Hx EDODQFH� ZLUH ZHUH XVHG�

7KH ZHOGLQJ ZDV SHUIRUPHG DW '&53 XVLQJ WKH IRO�

ORZLQJ FRQGLWLRQ SDUDPHWHUV� ,
Z
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Z
 �� w �� P�K� 'XULQJ H[SHULPHQWV

WKH �� PP WKLFN ORZ�DOOR\HG VWHHO RI ��.K61' �&x
≤ ����� 0Q x ��� w ���� 6L x ��� w ���� &X x ��� w
����� &U x ��� w ���� 1L x ��� w ��� ZW��� )H x
EDODQFH� JUDGH ZHOGHG MRLQWV ZHUH PDGH ZLWK ��� DQ�
JOH RI JURRYHV DQG �� PP JDS LQ WKH ZHOG URRW� 7KH
WHPSOHWV IRU PDQXIDFWXUH RI VDPSOHV IRU PHWDO�
ORJUDSKLF H[DPLQDWLRQ ZHUH FXW IURP WKH PHWDO RI D
ODVW SDVV ORFDWHG LQ WKH PLGGOH RI WKH XSSHU OD\HU�

7KH PHWDOORJUDSKLF H[DPLQDWLRQV ZHUH PDGH RQ
WUDQVYHUVH VHFWLRQV FXW IURP ZHOGHG MRLQWV� 7KH TXDQ�
WLWDWLYH DQDO\VLV RQ10,ZDV SHUIRUPHG LQ LQVWUXPHQWV
�2PQLPHW� DQG �4XDQWLPHW������ 7KH WRWDO FRQ�
WDPLQDWLRQ RI ZHOG ZLWK LQFOXVLRQV ZDV GHWHUPLQHG
LQ �4XDQWLPHW������ HTXLSSHG ZLWK D VFDQQLQJ 79
FDPHUD� ZKLFK FDQ UHYHDO DQG SURFHVV WKH REMHFWV RI
VL]HV RI XS WR ��� µP� 7KH GLVWULEXWLRQ RI LQFOXVLRQV
E\ VL]HV DQG SORWWLQJ RI FRUUHVSRQGLQJ JUDSKV ZHUH
PDGH E\ �2PQLPHW� GLUHFWO\ IURP WKH VHFWLRQV� $F�
FRUGLQJ WR WKH SUHVHW SURJUDP WKH LQVWUXPHQW FDQ
FRXQW WKH QXPEHU RI LQFOXVLRQV LQ HDFK VDPSOH E\
GLPHQVLRQDO JURXSV� IURPPLQLPXP WRPD[LPXP VL]HV�
7KH DQDO\VLV RI WKH SKDVH FRPSRVLWLRQ RI 10, ZDV
PDGH LQ HOHFWURQ PLFURVFRSH -60��� ZLWK WKH KHOS RI
DQ HQHUJ\�GLVSHUVHG VSHFWURPHWHU �/LQN����� LQ
�SRLQW�E\�SRLQW� ZD\ WR DYRLG WKH EDFNJURXQG UDGLD�
WLRQ�

3K\VLFDO�FKHPLFDO PRGHOOLQJ� ,Q JHQHUDO� WKH
SURFHVV RI IRUPDWLRQ RI LQFOXVLRQV FRQVLVWV DFWXDOO\ RI
WZR SURFHVVHV EHLQJ GLIIHUHQW LQ WKHLU SK\VLFDO�FKHPL�
FDO SULQFLSOH� SURFHVV RI IRUPDWLRQ RI LQFOXVLRQ LQ PRO�
WHQ VWHHO DQG DOVR WKH VXEVHTXHQW SUHFLSLWDWLRQ RI D
FRQGHQVHG SKDVH DW WKH LQWHUIDFH LQ WZR�SKDVH ]RQH
GXULQJ WKH SRVW�VROLGLILFDWLRQ SHULRG� ,Q WKLV FRQQHF�
WLRQ� WKH PRGHOOLQJ ZDV PDGH VHSDUDWHO\ IRU HDFK RI
WKH PHQWLRQHG SURFHVVHV�

:KHQ FUHDWLQJ WKH SK\VLFDO�FKHPLFDO PRGHO RI WKH
SURFHVV RI IRUPDWLRQ RI LQFOXVLRQV LQ WKH PROWHQ VWHHO�
WKH DVVXPSWLRQ ZDV XVHG WKDW WKH KLJK LQWHQVLW\ RI
PHWDO DQG VODJ VWLUULQJ LQ WKH ZHOG SRRO� KHDWLQJ RI
PROWHQ HOHFWURGH PHWDO DW WKH VWDJH RI D GURS WR WKH
���� �& WHPSHUDWXUH DQG KLJKHU SURYLGH WKH V\VWHP
DSSURDFKLQJ WR WKH HTXLOLEULXP FRQGLWLRQV DW WKH IL[HG
PRPHQW RI WLPH ZKLFK LV VXIILFLHQW IRU PDNLQJ WUXH
SUHGLFWLRQV� 7KH WKHUPRG\QDPLF FDOFXODWLRQV RI HTXL�
OLEULXP IRU PHWDOwVODJwJDV UHDFWLRQV DOORZ HVWDE�
OLVKPHQW RI WKH PRVW IDYRXUDEOH FRQGLWLRQV IRU WKH
IRUPDWLRQ RI LQFOXVLRQV RI D GHILQLWH FRPSRVLWLRQ� &DO�
FXODWLRQV PDGH E\ 9DJQHUsV IRUPXOD >��@ VKRZHG WKDW
HYHQ � V DIWHU WKH IRUPDWLRQ RI WKH ZHOG SRRO WKH
PHGLXP VL]H RI LQFOXVLRQV LQ WKH PROWHQ PHWDO LV
��� µP DQG FRQWLQXHV WR JURZ LQ WLPH� &RQVHTXHQWO\�
ZKHQ DQDO\]LQJ WKH DPRXQW� FRPSRVLWLRQ DQG GLVWUL�
EXWLRQ RI 10, LW LV VXIILFLHQW WR EH OLPLWHG E\ H[DPL�
QDWLRQ RI LQFOXVLRQV RI VL]HV RI QRW OHVV WKDQ ��� µP�

,Q PRGHOOLQJ WKH SURFHVVHV RI FRQGHQVDWLRQ RI LQ�
FOXVLRQV LQ WKH UDQJH RI WHPSHUDWXUHV EHORZ WKH FU\V�
WDOOL]DWLRQ WHPSHUDWXUH WKH VWDWHPHQWV RI WKH TXDVL�
HTXLOLEULXP WKHRU\ RI D WZR�SKDVH ]RQH ZHUH XVHG
>��@� ,Q WKLV FDVH WKH LQWHQVLW\ RI JURZWK RI WKH R[LGH

SKDVH DW WKH LQWHUIDFH LV GHWHUPLQHG E\ D VKDUH RI WKH
OLTXLG FRQVWLWXHQW LQ WKH WZR�SKDVH UHJLRQ 6�

'XULQJ WKH DUF SURFHVVHV RI ZHOGLQJ WKH VODJ� DV D
UXOH� LV DQ R[LGL]LQJ PHGLXP ZLWK UHVSHFW WR WKH PRO�
WHQ PHWDO� 7KHUHIRUH� WKH UHDFWLRQ RI LQWHUDFWLRQ EH�
WZHHQ WKH HOHPHQWV�GHR[LGL]HUV GLVVROYHG LQ WKH ZHOG
SRRO� DQG D VODJ FDQ EH ZULWWHQ LQ D JHQHUDO IRUP DV

QL>5L@ + PL>2@ = 5QL2PL� ���

UHVXOWLQJ LQ IRUPDWLRQ RI 0L� ZKLFK LV WKH QXPEHU RI
SURGXFWV RI L�WK UHDFWLRQ� +RZHYHU� LQ WKLV FDVH WKH
FRQFHQWUDWLRQ RI R[\JHQ &2 ZLOO FKDQJH DV D UHVXOW RI
SURFHHGLQJ RI WKHVH UHDFWLRQV DQG DOVR OLTXDWLRQ SURF�
HVVHV� DQG WKH R[\JHQ EDODQFH LQ PROHV FDQ EH ZULWWHQ
DV IROORZV >��@�

G(6&2)�GW = N�&2G6�GW w ∑
1

L = �

PLG0L �GW�
���

7KH IHDVLELOLW\ RI WKHVH UHDFWLRQV DQG \LHOG RI WKHLU
SURGXFWV GHSHQG RQ WKH FRQFHQWUDWLRQ RI WKH L�WK HOH�
PHQW�GHR[LGL]HU &L� 7KH HTXDWLRQ RI EDODQFH �LQ
PROHV� IRU HDFK L�WK HOHPHQW�GHR[LGL]HU KDV D IRUP

G(6&L)�GW = NL&LG6�GW w QLG0L �GW� � ��

$W D ORFDO WKHUPRG\QDPLF HTXLOLEULXP IRU FRQFHQ�
WUDWLRQ RI R[\JHQ &2 DQG L�WK HOHPHQW�GHR[LGL]HU�
UHDFWLQJ ZLWK LW� &L� ZH VKDOO KDYH

&L

Q
&�
P = �

.L IL
Q
I�
P
� ���

ZKHUH .L LV WKH FRQVWDQW RI HTXLOLEULXP RI UHDFWLRQ RI
R[LGDWLRQ RI WKH L�WK HOHPHQW�GHR[LGL]HU�

7KH V\VWHP RI HTXDWLRQV ��� w ��� LV FRPSRVHG RI
�1 � � FORVHG HTXDWLRQV DQG PDNHV LW SRVVLEOH WR GH�
WHUPLQH WKH FRQFHQWUDWLRQ RI R[\JHQ DQG 1 HOHPHQWV�
GHR[LGL]HUV� UHDFWLQJ ZLWK LW� DQG DOVR WKH FRQWHQW RI
R[LGHV 0L� IRUPLQJ DW DOO WKH VWDJHV RI WKH VROLGLILFD�
WLRQ�

7KH DPRXQW RI SUH�VROLGLILFDWLRQ LQFOXVLRQV FDQ EH
GHWHUPLQHG IURP WKH V\VWHP1 RI WKH HTXDWLRQV RI WKH
W\SH
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ZKHUH &2
� � &L

� DUH WKH LQLWLDO FRQFHQWUDWLRQV RI R[\JHQ

DQG HOHPHQW�GHR[LGL]HU LQ PHOW EHIRUH WKH VROLGLILFD�
WLRQ� UHVSHFWLYHO\� $L LV WKH DWRPLF ZHLJKW RI WKH L�WK
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)LJXUH �� &RPSDULVRQ RI FDOFXODWHG >10,@
FDO
DQG H[SHULPHQWDO >10,@

H[S
YROXPHV GHSHQGLQJ RQ WKH UDWLR RI DOXPLQLXP� VLOLFRQ� WLWDQLXP

LQ ZHOG PHWDO� PDGH XQGHU IOX[HV RI GLIIHUHQW EDVLFLW\

)LJXUH �� &RPSDULVRQ RI FDOFXODWHG �SUH�VROLGLILFDWLRQ� DQG H[SHULPHQWDO YROXPHV GHSHQGLQJ RQ UDWLRV RI DOXPLQLXP� VLOLFRQ� WLWDQLXP
LQ ZHOG PHWDO� PDGH XQGHU IOX[HV RI EDVLFLW\ %�  ��� w ���
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)LJXUH �� ([SHULPHQWDO �D� DQG FDOFXODWHG �E� GDWD DERXW FRPSRVLWLRQ RI 10, GHSHQGLQJ RQ UDWLR RI DOXPLQLXP� VLOLFRQ DQG WLWDQLXP
LQ ZHOG PHWDO� PDGH XQGHU IOX[ RI EDVLFLW\ %�  ��� w ��� �D� DQG ZLWK DOORZDQFH IRU DFWLRQ RI HOHPHQWV�GHR[LGL]HUV �E�
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DQG WKDW RI R[\JHQ
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7KH REWDLQHG FRPSOH[ V\VWHP RI DOJHEUDLF DQG RU�
GLQDU\ HTXDWLRQV ��� w ��� DQG ���� DV ZHOO DV DOJR�
ULWKPV RI WKHLU VROXWLRQ VKRXOG EH VSHFLILHG LQ HDFK
GHILQLWH FDVH�

8VLQJ WKH DOJRULWKP� GHVFULEHG LQ )2575$1� WKH
SURJUDP ZDV FRPSLOHG DQG WHVWHG �LQ FROODERUDWLRQ
ZLWK 'U� /�$� 7DUDERUNLQ� IRU WKH FDOFXODWLRQ RI SURF�
HVVHV RI IRUPDWLRQ RI 10, LQ DFFRUGDQFH ZLWK WKH
GHYHORSHG PDWKHPDWLFDO PRGHO�

7R FKHFN WKH DGHTXDF\ RI WKH GHYHORSHG PRGHO�
ILYH DJJORPHUDWHG IOX[HV RI GLIIHUHQW W\SHV DQG
EDVLFLW\ ZHUH VHOHFWHG� )OX[HV RI D IOXRULGH�EDVLF W\SH
KDG DQ LQGH[ RI EDVLFLW\ %�  ��� DQG %�  ����� )OX[
RI DOXPLQDWH�EDVLF W\SH KDG %�  ����� DQG WKH PDQ�
JDQHVHwVLOLFDWH IOX[ KDG WKH EDVLFLW\ LQGH[ %�  ����

7R LQWHQVLI\ WKH SURFHVVHV RI IRUPDWLRQ RI 10,� VXFK
HOHPHQWV�GHR[LGL]HUV DV VLOLFRQ� WLWDQLXP DQG DOXPLQLXP
LQ WKHDPRXQWRI ��ZHUH LQWURGXFHGWR WKH H[SHULPHQWDO
IOX[HV� 6DPSOHV IRU PHWDOORJUDSKLF H[DPLQDWLRQ ZHUH
PDQXIDFWXUHG IURP WKH PHWDO RI WKH ODVW SDVV RI EXWW
MRLQWV� PDGH E\ ZHOGLQJ XVLQJ WKH H[SHULPHQWDO IOX[HV
DQG WKH DERYH�GHVFULEHG SURFHGXUH�

)LJXUHV � DQG � FRPSDUH WKH UHVXOWV RI FDOFXODWLRQ
RI DPRXQW DQG FRPSRVLWLRQ RI 10,� ZKLFK ZDV PDGH
XVLQJ WKH SURJUDP ZLWK GDWD RI H[SHULPHQWV� ZKLFK
ZHUH REWDLQHG GXULQJ WKH PHWDOORJUDSKLF DQDO\VLV RI
ZHOG PHWDO VDPSOHV� 'DWD LQ )LJXUH � VKRZ D JRRG
FRUUHODWLRQ RI FDOFXODWHG DQG H[SHULPHQWDO UHVXOWV� ,W
FDQ EH FRQVLGHUHG IURP WKLV� WKDW WKH UHVXOWV RI FDO�
FXODWLRQ RI DPRXQW RI SUH�VROLGLILFDWLRQ LQFOXVLRQV
�)LJXUH �� DOVR FRUUHVSRQG WR WKH UHDO VLWXDWLRQ LQ WKH
ZHOG SRRO� 7KXV� WKH JLYHQ SURJUDP FDQ DQDO\]H WKH
FRQWHQW RI LQFOXVLRQV LQ WKH ZHOG SRRO EHIRUH WKH EH�
JLQQLQJ RI WKH SURFHVVHV RI LWV VROLGLILFDWLRQ WKDW LV
GLIILFXOW WR PDNH QRZ H[SHULPHQWDOO\�

$V LV VHHQ IURP WKH GDWD JLYHQ LQ )LJXUH �� WKH
GHYHORSHG PRGHO FDQ GHVFULEH WKH FRQGLWLRQV RI IRU�
PDWLRQ RI 10, LQ WKH ZLGH UDQJH RI FRPSRVLWLRQV RI
IOX[HV DW WKHLU GLIIHUHQW EDVLFLW\ DQG ZLWK DOORZDQFH
IRU DFWLRQ RI WKH HOHPHQWV�GHR[LGL]HUV� LQWURGXFHG LQWR
WKH IOX[ FRPSRVLWLRQ� WKDW LV FRQILUPHG E\ WKH DGH�
TXDF\ RI WKH FDOFXODWHG DQG H[SHULPHQWDO GDWD�

7KXV� WKH GHYHORSHG FRPSXWHU PRGHO PDNHV LW SRV�
VLEOH WR GHVFULEH WKH SURFHVVHV RI IRUPDWLRQ RI WKH 10,
LQ WKH ZHOG PHWDO DW WKH GLIIHUHQW VWDJHV RI WKHLU IRU�
PDWLRQ� ,QYHVWLJDWLRQV� PDGH ZLWK WKH XVH RI WKLV SUR�
JUDP� FRQILUPHG QRW RQO\ D JRRG FRUUHODWLRQ RI FDO�
FXODWHG GDWD ZLWK WKH UHVXOWV RI H[SHULPHQWV� EXW WKH\
DOVR VKRZHG WKH IHDVLELOLW\ RI SUHGLFWLRQ RI FRQWHQW

DQG FRPSRVLWLRQ RI 10, LQ WKH PROWHQ PHWDO RI WKH
ZHOG SRRO WKDW LV GLIILFXOW WR REWDLQ H[SHULPHQWDOO\�

7KH DSSOLFDWLRQ RI WKH GHYHORSHG SURJUDP IRU WKH
DQDO\VLV RI WKH FRQGLWLRQV RI IRUPDWLRQ RI VWUXFWXUH
RI WKH KLJK�VWUHQJWK ORZ�DOOR\HG VWHHO ZHOG PHWDO ZLOO
SURYLGH RSSRUWXQLW\ WR XVH WKH PHWKRGV RI D FRPSXWHU
PRGHOOLQJ IRU WKH VROXWLRQ RI WKH SUREOHP RI LPSURYLQJ
WKH VHUYLFHDELOLW\ RI ZHOGHG MRLQWV� GHYHORSPHQW RI
ZHOGLQJ FRQVXPDEOHV RI WKH QHZ JHQHUDWLRQ ZLWK SUH�
GLFWHG SURSHUWLHV�

5()(5(1&(6

�� <DYRLVN\� 9�,�� 7\RQJ� 9�0�� *RURNKRY� /�6� ������ 'H�
R[LGDWLRQ RI FDUERQ DQG ORZ�DOOR\HG RSHQ�KHDUWK VWHHOV� ,Q�
1RQ�PHWDOOLF LQFOXVLRQV LQ VWHHO�

�� .OXNHQ� $�2�� *URQJ� 2� ������ 0HFKDQLVPV RI LQFOXVLRQ
IRUPDWLRQ LQ $Ow7Lw6Lw0Q GHR[LGL]HG VWHHO ZHOG PHWDOV�
0HWDOOXUJLFDO 7UDQVDFW� $� �� ���� w �����

�� 'HYLOOHUV� /�� .DSODQ� '�� 5LEHV� $� HW DO� ������ 0HWDOXU�
JLH HW SURSULHWHV PHFDQLTXHV GX PHWDO IRQGX HQ VRXGDJH
PXOWLSDVVH VRXV IOX[ GsDFLHU DX &w0Q PLFUR�DOOLH� 0HPRULHV

HW (WXGHV 6FLHQWLILTXHV 5HYXH GH 0HWDOOXUJLH� �� �� w ���
�� 'RZOLQJ� -�0�� &RUEHWW� -�0�� .HUU� +�:� ������ ,QFOX�

VLRQ SKDVHV DQG WKH QXFOHDWLRQ RI DFLFXODU IHUULWH LQ VXE�
PHUJHG�DUF ZHOGV LQ KLJK�VWUHQJWK ORZ�DOOR\ VWHHOV� 0HWDO�

OXUJLFDO 7UDQVDFW� $� ��� ���� w �����
�� %RQLV]HZVNL� 7� ������ )LQH R[LGH SDUWLFOHV LQ PLOG VWHHO

&2
�
ZHOG PHWDO� :HOGLQJ -�� �� �� w ���

�� ,UYLQH� .�-�� 3LFNHULQJ� )�%� ������ 5HODWLRQVKLS EHWZHHQ
PLFURVWUXFWXUH DQG PHFKDQLFDO SURSHUWLHV RI PLOG VWHHO ZHOG
GHSRVLWV� %ULWLVK :HOGLQJ -�� �� ��� w ����

�� 4XLQWDQD� 0�� 0F/DQH� -�(�� %DEX� 6�6� HW DO� ������ ,Q�
FOXVLRQ IRUPDWLRQ LQ VHOI�VKLHOGHG IOX[�FRUHG DUF ZHOGV� ,Q�
$EVWUDFWV RI SDSHUV $:6 0HHWLQJ�

�� 7HUDVKLPD� +�� +DUW� 3�+�0� ������ (IIHFW RI IOX[ 7L2
�

DQG 7L FRQWHQW RQ WROHUDQFH WR KLJK $O FRQWHQW RI VXE�
PHUJHG�DUF ZHOGV PDGH ZLWK EDVLF IOX[HV� ,Q� 3URF� RI ,QW�
&RQI� RQ (IIHFWV RI 5HVLGXDO� ,PSXULW\ DQG 0LFURDOOR\LQJ

(OHPHQWV RQ :HOGDELOLW\ DQG :HOG 3URSHUWLHV� /RQGRQ�
1RY� �� w ��� $ELQJWRQ� &DPEULGJH�

�� +RULL� <�� ,FKLNDZD� .�� 2KNLWD� 6� HW DO� ������ &KHPLFDO
FRPSRVLWLRQ DQG FU\VWDO VWUXFWXUH RI R[LGH LQFOXVLRQV SUR�
PRWLQJ DFLFXODU IHUULWH WUDQVIRUPDWLRQ LQ ORZ�DOOR\ VXE�
PHUJHG�DUF ZHOG PHWDO� 4� -� RI -:6� �� ��� w ����

��� 2OVRQ� '�/�� /LX� 6�� :DQJ� :� HW DO� ������ 0DUWHQVLWH
VWDUW WHPSHUDWXUH DV D ZHOGDELOLW\ LQGH[� ,Q� 3URF� RI WKH

�WK ,QW� &RQI� RQ 7UHQGV LQ :HOGLQJ 5HVHDUFK� -XQH � w ��
*DWLLQEXUJ� 86$

��� .Q\D]HY� $�$�� 9RONRY� 9�$�� &KHUQXNKD� /�*� ������
$ERXW WKH PHFKDQLVP RI HIIHFW RI 10, RQ WKH K\GURJHQ GLI�
IXVLRQ LQ VWHHO� 0HWDOO\� �� �� w ���

��� 6KXOJD� $�9�� 1LNLVKDQRY� 9�9� ������ $QDO\VLV RI VWUHVVHV
VWDWH LQ SUHFLSLWDWLRQ RI SDUWLFOHV RI LQWHUVWLWLDO SKDVHV�
,ELG�� �� ��� w ����

��� 7VLYLUNR� (�,�� *RQWDUHQNR� 9�,�� %\DOLN� *�$� ������ %HKD�
YLRXU RI 10, LQ WKH FRQGLWLRQV RI WKHUPRGHIRUPDWLRQDO SUR�
FHVVLQJ RI VWHHO� ,]Y� 9X]RY�� &K\RUQD\D 0HWDOOXUJLD� �� ��
w ���

��� .DEDQRYD� 2�9�� 0DNVLPRY� <X�$�� 5X]LQRY� /�3� ������
6WDWLVWLF PHWKRGV RI FRQVWUXFWLRQ RI SK\VLFDO�FKHPLFDO PR�

GHOV RI PHWDOOXUJLFDO SURFHVVHV� 0RVFRZ� 0HWDOOXUJLD�
��� %DEX� 6�6�� 'DYLG� 6�$�� 9LWHN� -�0� HW DO� ������ 'HYH�

ORSPHQW RI PDFUR� DQG PLFURVWUXFWXUHV RI FDUERQwPDQJDQHVH
ORZ�DOOR\ VWHHO ZHOGV� LQFOXVLRQ IRUPDWLRQ� 0DWHULDOV 6FLHQ�

FH DQG 7HFKQRORJ\� �� ��� w ����
��� *ULJRULDQ� 9�$�� 6WRPDNKLQ� $�<D�� 3RQRPDUHQNR� $�*� HW

DO� ������ 3K\VLFDO�FKHPLFDO FDOFXODWLRQV RI HOHFWULF VWHHO

PHOWLQJ SURFHVVHV� 0RVFRZ� 0HWDOOXUJLD�
��� %RULVRY� 9�7� ������ 7KHRU\ RI IRUPDWLRQ RI 10, LQ WZR�

SKDVH ]RQH RI VROLGLI\LQJ LQJRW� ,Q� 1RQ�PHWDOOLF LQFOXVLRQV

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

$%675$&7

$ SURFHGXUH KDV EHHQ GHYHORSHG IRU HYDOXDWLRQ RI WKH VWUHVV�VWUDLQ VWDWH RI ,�VKDSHG VWHHO FROXPQV DW DOO WKH VWDJHV RI

ORDGLQJ� LQFOXGLQJ WKH K\SHUFULWLFDO UHJLRQ� 'HVLJQ KDV EHHQ SHUIRUPHG DOORZLQJ IRU WKH ILHOGV RI UHVLGXDO VWUHVVHV� DULVLQJ
LQ WKH FURVV�VHFWLRQV RI WKHVH FROXPQV�

.H\ ZRU G V � ORDG�FDUU\LQJ FDSDFLW\� ,�VKDSHG FROXPQ� UH�
VLGXDO VWUHVVHV� GHVLJQ

)DEULFDWLRQ RI PHWDO VWUXFWXUHV DQG LWHPV� LUUHVSHFWLYH

RI WKH WHFKQRORJLFDO SURFHVVHV� LQYDULDEO\ OHDGV WR GH�

YHORSPHQW RI UHVLGXDO VWUHVVHV WKDW ODWHU RQ DIIHFW WKH

HOHPHQW SHUIRUPDQFH XQGHU ORDG� )RU WKLV UHDVRQ� WKH

SUREOHP RI UHVLGXDO VWUHVVHV GLVWULEXWLRQ LQ WKH FURVV�

VHFWLRQV RI ,�VKDSHG FROXPQV DQG WKHLU LQIOXHQFH RQ

WKH VWUXFWXUH SHUIRUPDQFH XQGHU ORDG� LV WKH VXEMHFW

RI QXPHURXV LQYHVWLJDWLRQV� ERWK LQ )68 DQG DEURDG�

6WXG\ >�@ JLYHV WKH UHVXOWV RI H[SHULPHQWDO LQYHV�
WLJDWLRQV RI WKH LQIOXHQFH RI WKH UHVLGXDO VWUHVV ILHOGV

RQ WKH ORDG�FDUU\LQJ FDSDFLW\ RI FROXPQV ORDGHG E\

FRPSUHVVLRQ� WKDW KDYH DQ ,�VKDSH LQ WKH FURVV�VHFWLRQ�

/RQJLWXGLQDO GHIRUPDWLRQV �VWUHVVHV� DUH GHWHUPLQHG

LQ WKH PHGLDQ VHFWLRQ RI WZR NLQGV RI VDPSOHV� QDPHO\

ZHOGHG ,�VKDSHG HOHPHQWV DQG VLPLODU VDPSOHV� VXE�

MHFWHG WR KLJK�WHPSHUDWXUH DQQHDOLQJ� 'HIRUPDWLRQV

ZHUH PHDVXUHG ZLWK VWUDLQ JDXJHV ORFDWHG RSSRVLWH

HDFK RWKHU �PHDQ DULWKPHWLF YDOXH ZDV XVHG�� 7KH

GHULYHG GDWD ZHUH WKH EDVLV IRU SORWWLQJ WKH FKDUDF�
WHULVWLF JUDSKV RI VWUHVV YDULDWLRQ DQG OHG WR WKH FRQ�

FOXVLRQ RQ WKH LQIOXHQFH RI LQKHUHQW VWUHVVHV RQ WKH

ORDG�FDUU\LQJ FDSDFLW\ RI ZHOGHG HOHPHQWV ZLWK PH�
GLXP YDOXHV RI VOHQGHUQHVV UDWLR� 7KH UHVXOWV RI FRP�

SUHVVLYH WHVWLQJ RI WKH FROXPQV VKRZHG WKDW WKH ORDG�

FDUU\LQJ FDSDFLW\ RI ZHOGHG FROXPQV LV ORZHU WKDQ D

VLPLODU YDOXH IRU WKH FROXPQV VXEMHFWHG WR KLJK�WHP�

SHUDWXUH DQQHDOLQJ DIWHU IDEULFDWLRQ� 7KLV LV FDXVHG

E\ D KLJK OHYHO RI UHVLGXDO FRPSUHVVLYH VWUHVVHV LQ WKH
ZHOGHG FROXPQ IODQJHV�

7KH DXWKRUV RI >�@ KDYH FRQGXFWHG D VHULHV RI WHVWV

RI ZHOGHG FROXPQ VDPSOHV RI ORZ�DOOR\HG VWHHO� 7KUHH

W\SHV RI VDPSOHV ZHUH WDNHQ� QDPHO\ WKRVH VXEMHFWHG

WR SRVW�ZHOG DQQHDOLQJ �$�� UHJXODU ZHOGHG FROXPQV
�:�� VDPSOHV ZLWK LQLWLDO WHQVLOH VWUHVVHV DW WKH HGJHV
�5�� 'XULQJ WHVWLQJ� LW ZDV IRXQG WKDW WKHLU ORDG�FDU�
U\LQJ FDSDFLW\ GHSHQGV RQ WKH YDOXH DQG QDWXUH RI

GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV� DV ZHOO DV WKH VKDSH
RI WKH VDPSOHV FURVV�VHFWLRQ� $V ZDV DQWLFLSDWHG� :

W\SH VDPSOHV KDG ORZHU ORDG�FDUU\LQJ FDSDFLW\� EH�

FDXVH RI WKH SUHVHQFH RI UHVLGXDO FRPSUHVVLYH VWUHVVHV

LQ WKH IODQJHV� FRPSDUHG WR VDPSOHV RI W\SH $ DQG 5�

ZKLFK KDG QR UHVLGXDO FRPSUHVVLYH VWUHVVHV LQ WKH

IODQJHV�
6WXG\ >�@ GHVFULEHV WKH UHVXOWV RI LQYHVWLJDWLRQV�

FRQGXFWHG WR GHWHUPLQH WKH H[WHQW RI UHVLGXDO VWUHVVHV

LQIOXHQFH RQ WKH YDOXH RI FULWLFDO ORDG� 7HVWHG ZHUH

WKH UROOHG DQG ZHOGHG SURILOHV� ZKHUH WKH FKRUGV GH�

YHORSHG UHVLGXDO FRPSUHVVLYH VWUHVVHV� DV ZHOO DV FRO�

XPQV ZLWK GHSRVLWV RQ WKH HGJHV� 6XUIDFLQJ RI WKH

HGJHV LQGXFHG DGGLWLRQDO WHQVLOH UHVLGXDO VWUHVVHV WKDW

DFWHG VLPXOWDQHRXVO\ ZLWK WKH LQLWLDO FRPSUHVVLYH

VWUHVVHV� 'XULQJ LQYHVWLJDWLRQV LW ZDV IRXQG WKDW DW

IOH[LELOLW\ λ  ��� WKH ORDG FDUU\LQJ FDSDFLW\ RI WKH

UROOHG VDPSOHV ZDV ��� WRQV� DQG LQ ZHOGHG VDPSOHV

ZLWK WKH VDPH FURVV�VHFWLRQDO DUHD� LW ZDV �� WRQV� ,Q

VDPSOHV ZLWK GHSRVLWHG ZHOGV� WKH ORDG�FDUU\LQJ FD�

SDFLW\ ZDV ��� WRQV�

6WXG\ >�@ JLYHV WKH UHVXOWV RI WHVWLQJ WKH FROXPQV
PDGH WR GHWHUPLQH WKH UHVLGXDO VWUHVV LQIOXHQFH RQ

WKHLU ORDG�FDUU\LQJ FDSDFLW\� 5LYHWHG DQG ZHOGHG FRO�

XPQV ZLWK WKH VDPH FURVV�VHFWLRQDO DUHD ZHUH WHVWHG�

,W ZDV IRXQG WKDW WKH ORDG�FDUU\LQJ FDSDFLW\ RI ZHOGHG
FROXPQV LV ORZHU WKDQ WKDW RI WKH ULYHWHG FROXPQV�

7KLV LV DWWULEXWDEOH WR WKH SUHVHQFH RI KLJK�OHYHO UH�

VLGXDO FRPSUHVVLYH VWUHVVHV RQ WKH IODQJH HGJHV� $V

ZDV DQWLFLSDWHG� WKH YDOXHV RI WHQVLOH VWUHVVHV LQ WKH

UHJLRQ LPPHGLDWHO\ DGMDFHQW WR WKH ZHOG� DUH FORVH WR

WKH VWHHO \LHOG SRLQW� ZKLOH WKH VWUHVVHV DW WKH IODQJH

HQGV UHDFK WKH OHYHO RI ���� 03D�

7KH DERYH UHVHDUFK UHVXOWV DOORZHG GHWHUPLQDWLRQ

RI WKH UHVLGXDO VWUHVV LQIOXHQFH RQ WKH ORDG�FDUU\LQJ

FDSDFLW\ RI FROXPQV ORDGHG E\ FRPSUHVVLRQ� WKDW DUH

GHIRUPHG LQ WKH SODQH RI ORZHU ULJLGLW\� 6WXG\ >�@
JLYHV H[SHULPHQWDO GDWD RQ WKH LQIOXHQFH RI UHVLGXDO

VWUHVVHV RQ WKH VWDELOLW\ RI FROXPQV RI WKH ,�EHDP DQG

ER[ SURILOH DW RII�FHQWHU FRPSUHVVLRQ� ,W ZDV IRXQG
WKDW WKH FROXPQV ZLWK D ZHOG RI D VPDOOHU FURVV�VHF�

WLRQ� DUH OHVV VXVFHSWLEOH WR GHIRUPDWLRQ� /RZHULQJ RI

WKH GHIRUPDWLRQ VXVFHSWLELOLW\ FDQ EH DFKLHYHG E\ GH�

SRVLWLQJ EHDGV RQ WKH FROXPQ HGJHV� %HDG GHSRVLWLRQ

FDQ EH UHSODFHG E\ KHDWLQJ WKH HGJHV WR WKH WHPSHUD�

WXUH KLJKHU WKDQ $F�
�� $�,� *2/2'129� ����
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7KH GHULYHG H[SHULPHQWDO GDWD �WKLV SDSHU GRHV

QRW JLYH WKH UHVXOWV RI RWKHU VWXGLHV� ZHUH WKH EDVLV

IRU GHYHORSLQJ LQ WKH 'RQEDVV 0LQLQJ�0HWDOOXUJLFDO

,QVWLWXWH D SURFHGXUH IRU GHWHUPLQDWLRQ RI WKH VWUHVV�

VWUDLQ VWDWH LQ WKH VHFWLRQV RI FRPSRVLWH DQG UROOHG

,�VKDSHG FROXPQV� KDYLQJ UHVLGXDO VWUHVV ILHOGV� DV ZHOO

DV D SURFHGXUH RI HYDOXDWLRQ RI WKH ORDG�FDUU\LQJ FD�

SDFLW\ DQG GHIRUPDWLRQ VXVFHSWLELOLW\ RI FROXPQV FRP�

SUHVVHG ZLWK GLIIHUHQW HFFHQWULFLW\� DOORZLQJ IRU WKH

ILHOGV RI UHVLGXDO VWUHVVHV LQ WKHLU FURVV�VHFWLRQV� 7KHVH

SURFHGXUHV DUH EDVHG RQ WKH FRPPRQ SULQFLSOHV DQG

DVVXPSWLRQV RI WKH PHFKDQLFV RI GHIRUPDEOH ERGLHV�

DQG DOORZ GHWHUPLQDWLRQ RI WKH SDUDPHWHUV RI WKH GH�

IRUPHG FROXPQ �UHIHUHQFH SRLQWV RI WKH ORDGwGHIOHF�

WLRQ GLDJUDP� DW DOO WKH VWDJHV RI WKH ORDG DSSOLFDWLRQ�

DOVR LQ WKH K\SHUFULWLFDO �DIWHU DFKLHYHPHQW RI WKH

PD[LPXP RQ WKH VWDWH FXUYH� UHJLRQ�

6ROXWLRQ RI WKH SUREOHP RI GHWHUPLQDWLRQ RI WKH

VWUHVV�VWUDLQ VWDWH RI WKH FROXPQ LQ WKH H[SOLFLW IRUP

LV LPSRVVLEOH� EHFDXVH RI WKH SUHVHQFH RI D JUHDWHU

QXPEHU RI WKH XQNQRZQV� WKDQ LQ WKH HTXLOLEULXP

HTXDWLRQ� ,W LV VROYHG E\ WKH LWHUDWLRQ PHWKRG XVLQJ

D VSHFLDOO\ GHYHORSHG DOJRULWKP >�@�

7KH SURFHGXUH RI HYDOXDWLRQ RI WKH ORDG�FDUU\LQJ

FDSDFLW\ RI FRPSUHVVHG ,�VKDSHG FROXPQV DOORZLQJ IRU

WKH SUHVHQFH RI UHVLGXDO VWUHVVHV RI GLIIHUHQW NLQG ZDV

XVHG LQ GHVLJQ RI H[SHULPHQWDO VDPSOHV >� w �@�

([SHULPHQWDO GDWD �DEVROXWH RU UHODWLYH YDOXHV RI

FULWLFDO IRUFHV� ZHUH FRPSDUHG ZLWK VLPLODU GDWD� GH�

ULYHG WKURXJK FRPSXWDWLRQ� 7KH UDWLRV RI WKHRUHWLFDO

YDOXHV RI WKH ORDG�FDUU\LQJ FDSDFLW\ WR H[SHULPHQWDO

GDWD� H[SUHVVHG E\ FRHIILFLHQW .S� ZHUH VXEMHFWHG WR

VWDWLVWLFDO SURFHVVLQJ� $ VDWLVIDFWRU\ ILW RI WKH PDJQL�

WXGHV RI WKH FRPSDUHG YDOXHV ZDV DFKLHYHG� 6R� PDWKH�

PDWLFDO H[SHFWDWLRQ RI FRHIILFLHQW .S LQ SURFHVVLQJ ��

UHVXOWV� WXUQHG RXW WR EH HTXDO WR ������ ZKLOH WKH

PHDQ URRW VTXDUH GHYLDWLRQ ZDV σ  ����� 7KH JLYHQ

UHVXOWV DUH LQGLFDWLYH RI D VXIILFLHQW UHOLDELOLW\ RI WKH

GHVLJQ SURFHGXUH�

7KH DERYH SURFHGXUH ZDV XVHG WR FRQGXFW D PDWKH�

PDWLFDO H[SHULPHQW� WKDW DOORZHG VROYLQJ WKH IROORZ�

LQJ SUREOHPV�

�� 'HWHUPLQH WKH DUHD RI D UDWLRQDO DSSOLFDWLRQ RI

WKH GHYHORSHG DQDO\WLFDO HTXDWLRQV�

�� 'HWHUPLQH WKH H[WHQW RI LQIOXHQFH RI GLIIHUHQW

IDFWRUV �VWUHQJWK SURSHUWLHV RI WKH PDWHULDO 5V� IOH[L�

ELOLW\ λ� NLQG DQG ZLGWK G RI WKH ]RQHV RI WKH UHVLGXDO
WHQVLOH VWUHVVHV�� GHYHORSLQJ LQ WKH FURVV�VHFWLRQV RI

,�VKDSHG FROXPQV LQ ZHOGLQJ RU ORFDO KHDW WUHDWPHQW�

RQ WKH YDOXHV RI WKH FULWLFDO IRUFHV DW HFFHQWULFLWLHV H

RI ORDG DSSOLFDWLRQ FORVH WR WKH UDQGRP YDOXHV�

�� 'HULYH GHSHQGHQFLHV RI WKH FKDQJH RI WKH FRHI�

ILFLHQW RI ORQJLWXGLQDO EHQGLQJ ϕ  I �λ� H� G� 5V� DQG

XVLQJ WKH SURFHGXUHV UHFRPPHQGHG E\ WKH VWDQGDUGV�

SUHSDUH WKH SURSRVDOV RQ GHVLJQ RI FROXPQV ORDGHG E\

FRPSUHVVLRQ DQG KDYLQJ WKH UHVLGXDO VWUHVV ILHOGV�

:KHQ WKH ILUVW WZR SUREOHPV ZHUH VROYHG� PRUH

WKDQ ��� PRGHOV RI WKH FROXPQV ZHUH FRPSXWHG WR

ILQG WKDW�

�� LQIOXHQFH RI WKH VWUHVV ILHOGV RQ EHKDYLRXU RI
FROXPQV XQGHU ORDG IRU WKH HQWLUH UDQJH RI YDULDWLRQ
RI WKH PDWHULDO VWUHQJWK SURSHUWLHV� LV FKDUDFWHUL]HG
E\ VLPLODU GHSHQGHQFLHV� QDPHO\ WKH ]RQHV RI UHVLGXDO
WHQVLOH VWUHVVHV� ORFDWHG DW WKH FKRUG HGJHV� LQFUHDVH�
DQG WKRVH ORFDWHG LQ WKH DUHD RI FKRUG ZHOGV GHFUHDVH
WKH YDOXHV RI WKH FULWLFDO IRUFHV�

�� VLJQLILFDQW GLVFUHSDQFLHV LQ WKH YDOXHV RI FULWLFDO
IRUFHV IRU WKH FROXPQV ORDGHG E\ FRPSUHVVLRQ ZLWK
FKRUG ZHOGV DUH REVHUYHG LQ WKH IOH[LELOLW\ UDQJH IURP
�� WR ��� �DW FROXPQV IOH[LELOLW\ EHORZ �� DQG DERYH
���� WKHVH GLVFUHSDQFLHV DUH PLQRU�� ,Q WKH FROXPQV
ZLWK WKH ]RQHV RI WHQVLOH VWUHVVHV RQ FKRUG HGJHV� WKH
GLVFUHSDQFLHV LQ WKH YDOXHV RI FULWLFDO IRUFHV EHJLQ DW
WKH IOH[LELOLW\ KLJKHU WKDQ ���

�� LQ WKH FROXPQV� LQ ZKLFK WKH ZLGWK RI WKH ]RQH
RI KHDWLQJ WKH FKRUG HGJHV XS WR WKH WHPSHUDWXUH�
H[FHHGLQJ $F�

� LV PRUH WKDQ ��� FP� WKH GLVFUHSDQFLHV

LQ WKH YDOXHV RI FULWLFDO IRUFHV� DUH QHJOLJLEOH�
�� IRU WKH GHWHUPLQHG IOH[LELOLW\ UDQJH ��� � λ �

� ���� WKH GHSHQGHQFLHV RI YDULDWLRQ RI WKH ORQJLWX�
GLQDO EHQGLQJ FRHIILFLHQW ϕ �λ � H� G� 5V� DUH QRQOLQHDU�

7KH VFRSH RI PDWKHPDWLFDO H[SHULPHQW IRU VROYLQJ
WKH WKLUG SUREOHP ZDV GHWHUPLQHG SURFHHGLQJ IURP
WKH UHVXOWV RI WKH SHUIRUPHG FRPSXWDWLRQV� DV ZHOO DV
DOORZLQJ IRU WKH IRUPDW RI SUHVHQWDWLRQ RI WKH ORQJL�
WXGLQDO EHQGLQJ FRHIILFLHQW YDULDWLRQ LQ 61L3 ,,���w
��� $OWRJHWKHU ��� FROXPQ PRGHOV ZHUH FRPSXWHG�
IRU ZKLFK WKH UHODWLYH YDOXHV RI FULWLFDO IRUFHV ZHUH
GHWHUPLQHG� 7KH GHULYHG GDWD ZHUH VXEMHFWHG WR VXF�
FHVVLYH DSSUR[LPDWLRQ E\ WKH OHDVW VTXDUHV PHWKRG�
)LUVW DQ DSSUR[LPDWLRQ IXQFWLRQ ZDV GHULYHG� DOORZ�
LQJ IRU WKH FKDQJH RI WKH ORQJLWXGLQDO EHQGLQJ FRHI�
ILFLHQW ϕ�� SURYLGHG WKH UHVLGXDO VWUHVV ]RQHV ZHUH
DEVHQW� )RU WKH VOHQGHUQHVV UDWLRV �� � λ � ��� DQG
GHVLJQ YDOXHV RI UHVLVWDQFH RI VWHHO ��� � 5V �
� ��� 03D� WKLV IXQFWLRQ KDV WKH IRUP RI

ϕ� = (�����5
__

w �����) λV

� + (����� w �����5

__
) λV +

+ (����5
__

+ �����)� ���

ZKHUH 5

__
 5V���� LV WKH UHODWLYH UHVLVWDQFH RI VWHHO

�5V LV WKH GHVLJQ UHVLVWDQFH RI VWHHO LQ PHJDSDVFDOV��
λV LV WKH UHODWLYH VOHQGHUQHVV UDWLR RI WKH FROXPQ� HTXDO
WR λ����

7KLV ZDV IROORZHG E\ VXFFHVVLYH DSSUR[LPDWLRQ RI
DGGLWLRQDO VXPPDQGV LQ WKH HTXDWLRQ RI WKH ORQJLWX�
GLQDO EHQGLQJ FRHIILFLHQW� GHULYHG DV WKH GLIIHUHQFH
EHWZHHQ WKH UHODWLYH YDOXHV RI ORDG�FDUU\LQJ FDSDFLW\
DW GN�GS� ≠ � DQG GN�GS�  � �GN DQG GS DUH LQWHUSUHWHG
LQ H[SOLFDWLRQV WR WKH HTXDWLRQV JLYHQ EHORZ�� $GGL�
WLRQDO IXQFWLRQV ZHUH GHULYHG WKDW KDYH WKH IROORZLQJ
IRUP�

IRU ]RQHV RI WHQVLOH VWUHVVHV DW FKRUG HGJHV

ϕG� � = >(�����5
__

w �����)λV

� + (���� w �����5

__
)λV +

+ (�����5
__

w ����)@GN

� +

+ >(����� + ������5

__
)λV

�
w (����� + �����5

__
)λV +

+ (����� w �����5

__
)@GN�

���
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ZKHUH GN  �GW�EI �KHUH GW LV WKH ZLGWK RI WKH +$=�
GHWHUPLQHG E\ D VSHFLDOO\ GHYHORSHG DOJRULWKP >�@�
EI LV WKH IODQJH ZLGWK��

IRU FKRUG ZHOGV

ϕG� � = >(������5
__

w ������)λV w (������5
__

+ ������)@GS

� +

+ >(����� w �����5

__
)λV

�
w

w (������5
__

+ ������)λV w (����� + �������5

__
)@GS �

���

ZKHUH GS  �NI � δ��WZ �NI LV WKH ZHOG OHJ� δ LV WKH
EDVH PHWDO SHQHWUDWLRQ GHSWK� WZ LV WKH WKLFNQHVV RI
WKH ,�EHDP ZDOO��

7KHQ� WKH UHODWLYH ORDG�FDUU\LQJ FDSDFLW\ �ORQJL�
WXGLQDO EHQGLQJ FRHIILFLHQW� LV

ϕI = ϕ� + ϕG� ���

ZKHUH ϕG LV GHWHUPLQHG E\ VXEVWLWXWLQJ WKH YDOXHV RI
ϕG� � RU ϕG� �� IRXQG IURP HTXDWLRQ ��� RU ���� UHVSHF�
WLYHO\� GHSHQGLQJ RQ WKH NLQG RI WKH UHVLGXDO VWUHVV
ILHOG�

7KH GHULYHG DSSUR[LPDWLRQ IXQFWLRQV ZHUH VXE�
MHFWHG WR VXEVHTXHQW VWDWLVWLFDO SURFHVVLQJ WR GHWHU�
PLQH WKH PDWKHPDWLFDO H[SHFWDWLRQ RI FRHIILFLHQW .  
 ϕI�ϕP �ϕI� ϕP DUH WKH UHODWLYH YDOXHV RI ORDG�FDU�
U\LQJ FDSDFLW\ RI WKH FROXPQV� GHULYHG IURP HTXDWLRQ
���� UHVSHFWLYHO\� DQG GXULQJ WKH PDWKHPDWLFDO H[�
SHULPHQW� DQG LWV PHDQ URRW VTXDUH GHYLDWLRQ� $V
VKRZQ E\ WKH SHUIRUPHG FRPSXWDWLRQV �D VDPSOLQJ RI
��� YDOXHV RI ϕI DQG ϕP ZDV SURFHVVHG�� PDWKHPDWLFDO
H[SHFWDWLRQ RI WKH FRHIILFLHQW ZDV.  ��������� ZKLOH
LWV PHDQ URRW VTXDUH GHYLDWLRQ σ  ������� &RQVLGHU�
LQJ� WKDW DW SUREDELOLW\ 3  ����� WKH YDOXHV RI PHDQ
URRW VTXDUH GHYLDWLRQ σ DUH LQ WKH UDQJH RI
± ���⋅������  ± ������� WKH UHFRPPHQGDWLRQ ZDV WR
DVVLJQ WKH YDOXHV RI WKH ORQJLWXGLQDO EHQGLQJ FRHIIL�

FLHQWV ϕ� DOORZLQJ IRU FRUUHFWLRQ IDFWRU γG  �������� �
 ������ ≅ ����� L�H�

ϕ = ϕI�γG = �����ϕI� ���

7KXV� WKH LQIOXHQFH RI WKH UHVLGXDO VWUHVV ILHOGV RQ
WKH ORDG�FDUU\LQJ FDSDFLW\ RI FRPSUHVVHG ,�VKDSHG FRO�
XPQV� GHIRUPHG LQ WKH ORZHU ULJLGLW\ SODQH� FDQ EH
WDNHQ LQWR DFFRXQW E\ PXOWLSO\LQJ WKH YDOXHV RI GHVLJQ
UHVLVWDQFH RI VWHHO 5V E\ WKH ORQJLWXGLQDO EHQGLQJ FR�
HIILFLHQW� FDOFXODWHG E\ ��� w ���� )RU VRPH YDOXHV RI
YDULDEOHV 5

__
� λV� GN� GS� WKH YDOXHV RI FRHIILFLHQWV KDYH

EHHQ FRPSXWHG DQG WDEXODWHG >�@� &RPSXWDWLRQV E\
WKH SURSRVHG HTXDWLRQV FDQ EH SHUIRUPHG LQ WZR YDUL�
DQWV� QDPHO\ WKH VSHFLILHG JHRPHWULFDO SDUDPHWHUV�
VWUHQJWK SURSHUWLHV RI PDWHULDOV DQG SDWWHUQV RI WKH
UHVLGXDO VWUHVV ]RQHV DUH XVHG WR GHWHUPLQH WKH ORDG�
FDUU\LQJ FDSDFLW\ RI WKH FROXPQ �7FHQWU�� DOJRULWKP��
DVVLJQHG YDOXHV RI ORQJLWXGLQDO IRUFH� VWUHQJWK SURS�
HUWLHV RI WKH PDWHULDO DQG SDWWHUQV RI UHVLGXDO VWUHVV
]RQHV DUH XVHG WR VHOHFW WKH FURVV�VHFWLRQDO GLPHQVLRQV
RI D ZHOGHG ,�VKDSHG HOHPHQW �7]HQWU�� DOJRULWKP��

5()(5(1&(6

�� 6KHOHVWHQNR� /�3� ������ ,QIOXHQFH RI LQKHUHQW UHVLGXDO
VWUHVVHV RQ WKH RYHUDOO VWDELOLW\ RI FRPSUHVVHG ZHOGHG +�
VKDSHG HOHPHQWV� =KHOH]QRGRUR]KQR\H 6WURLWHOVWYR� �� �� w
���

�� .LKDUD� +�� )XMLWD� <X� ������ 7KH LQIOXHQFH RI UHVLGXDO
VWUHVVHV RQ WKH LQVWDELOLW\ SUREOHPV� ,Q� 3URF� RI ;,,, &RQ�
JUHVV RI WKH ,,:� /LHJH� -XQH �� w ��� 0RVFRZ� 0DVKJL]�

�� /XL� .K�� 0DVVRQH� &K� ������ ,QIOXHQFH RI UHVLGXDO VWUHVVHV
RQ WKH SKHQRPHQD RI PHWDO VWUXFWXUH LQVWDELOLW\� ,ELG�

�� 7ROO� /�� +XEHUW� $�� %LGOH� /� ������ 5HVLGXDO VWUHVVHV DQG
LQVWDELOLW\ RI FROXPQV DW D[LDO ORDGV RI FROXPQV� ,ELG�

�� ,JQDWLHYD� 9�6� ������ 0HWKRG RI �ILFWLWLRXV� WHPSHUDWXUHV
DV WKH EDVLV IRU LQYHVWLJDWLRQV LQWR WKH VWUHVV�VWUDLQ VWDWH RI
ZHOGHG MRLQWV� ,Q� 7UDQVDFW� RI 0,6,� 0RVFRZ�

�� *RORGQRY� $�,�� .KYRUWRYD� 0�<X� ������ $QDO\VLV DQG GH�
VLJQ RI HOHPHQWV RI PHWDO VWUXFWXUHV EDVHG RQ ,�VKDSHG
EHDPV ZLWK VSHFLILHG ILHOGV RI LQLWLDO VWUHVVHV� 0DQXDO� $O�
FKHYVN� '*0,�
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6�<X� .5,9&+,.29 DQG $�3� =+8'5$

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

$%675$&7

5HVXOWV RI LQYHVWLJDWLRQV RI WUDQVIHU RI FDUERQ LQWR WKH PROWHQ SRRO GXULQJ VXUIDFLQJ XVLQJ VHOI�VKLHOGHG IOX[�FRUHG ZLUH

DUH JLYHQ� 7KH HIIHFW RI WKH W\SH RI D &�FRQWDLQLQJ PDWHULDO RI WKH FRUH RI D IOX[�FRUHG ZLUH RQ SHFXOLDULWLHV RI LWV PHOWLQJ�

YDOXHV RI WKH FRHIILFLHQW RI WUDQVIHU RI FDUERQ LQWR WKH GHSRVLWHG PHWDO DQG LWV FRQFHQWUDWLRQ LQ WKH ODWWHU KDV EHHQ

HVWDEOLVKHG�

.H\ ZRU G V � VXUIDFLQJ� VHOI�VKLHOGHG IOX[�FRUHG ZLUH� FDUE�

RQ�FRQWDLQLQJ PDWHULDO� GHSRVLWHG PHWDO� WUDQVIHU RI FDUERQ

&DUERQ LV RQH RI WKH PDLQ DOOR\LQJ HOHPHQWV ZKLFK GH�
WHUPLQH W\SH� VWUXFWXUH DQG RWKHU SURSHUWLHV RI WKH GH�

SRVLWHG PHWDO� ,Q WKLV FRQQHFWLRQ� RI SUDFWLFDO LQWHUHVW

DUH WKH GDWD RQ WKH NLQHWLFV RI LWV WUDQVIHU IURP D IOX[�

FRUHG ZLUH LQWR WKH PROWHQ SRRO GXULQJ VXUIDFLQJ�

7KLV DUWLFOH JLYHV UHVXOWV RI LQYHVWLJDWLRQV RI WKH

HIIHFW RI WKH W\SH DQG DPRXQW RI &�FRQWDLQLQJ PDWH�

ULDOV RI WKH FRUH RI D VHOI�VKLHOGHG IOX[�FRUHG ZLUH RQ

WKH FDUERQ FRQWHQW RI WKH GHSRVLWHG PHWDO�

6XUIDFLQJ ZDV SHUIRUPHG XVLQJ H[SHULPHQWDO IOX[�

FRUHG ZLUHV �7DEOH� LQ ZKLFK WKH FDUERQ FRQWHQW ZDV

YDULHG E\ DGGLQJ WR WKH ZLUH FRUH WKH IROORZLQJ &�

FRQWDLQLQJ PDWHULDOV� JUDSKLWH �*U� RI WKH HOHFWURGH

����� � &� RU VLOYHU ��� � &� W\SH� VLOLFRQ FDUELGH
6L& ����� � &� DQG FDUERQ IHUURFKURPLXP ).K���

���� � &��

)OX[�FRUHG ZLUHV RI WKH ILUVW VHULHV FRQWDLQHG GLI�

IHUHQW DPRXQWV RI HOHFWURGH JUDSKLWH DQG VLOLFRQ FDU�
ELGH� 7KHLU UDWLR ZDV YDULHG VR WKDW D FDUERQ FRQWHQW

RI DOO ZLUHV RI WKLV VHULHV UHPDLQHG HTXDO WR � ZW���

,Q IOX[�FRUHG ZLUHV RI WKH VHFRQG VHULHV HOHFWURGH

JUDSKLWH FRQWDLQHG LQ PL[WXUHV ZDV UHSODFHG E\ VLOYHU

RQH� )OX[�FRUHG ZLUHV RI WKH WKLUG VHULHV FRQWDLQHG D

PL[WXUH RI HOHFWURGH JUDSKLWH DQG ).K���� DQG WKHLU

UDWLR SURYLGHG D FDUERQ FRQWHQW RI � ��

:LGH�OD\HU VXUIDFLQJ >�@ ZDV SHUIRUPHG DW D
'&53 XQGHU WKH IROORZLQJ FRQGLWLRQV� ,Z  ��� w

��� $� 8
D
 �� w �� 9� DPSOLWXGH RI RVFLOODWLRQV RI

WKH IOX[�FRUHG ZLUH WLS ZDV �� PP�
)LJXUH � VKRZV WKDW WKH GHJUHH RI R[LGDWLRQ �UHDF�

WLYLW\� RI VLOYHU JUDSKLWH LV KLJKHU WKDQ WKDW RI HOHFWURGH
JUDSKLWH� 7KLV LV DWWULEXWDEOH WR WKH IDFW WKDW� RQ WKH

RQH KDQG� VLOYHU JUDSKLWH FRQWDLQV D KLJKHU DPRXQW RI

DVK LPSXULWLHV >�@� DQG RQ WKH RWKHU KDQG� SDUWLFOHV RI

HOHFWURGH JUDSKLWH DUH D ELW HORQJDWHG EXON\ JUDLQV�

ZKHUHDV SDUWLFOHV RI VLOYHU JUDSKLWH DUH SODWH�OLNH DQG

IODN\� $ PRUH GHYHORSHG VXUIDFH RI WKH VLOYHU JUDSKLWH
SDUWLFOHV IDYRXUV DQ LQFUHDVH LQ WKH DPRXQW RI WKH HOH�

PHQWDU\ HYHQWV RI FKHPLFDO LQWHUDFWLRQ WDNLQJ SODFH EH�

WZHHQ FDUERQ DQG DLU R[\JHQ DW WKH SDUWLFOHwJDV LQWHU�
IDFH� ZKLFK OHDGV WR D PRUH FRPSOHWH RFFXUUHQFH RI WKH
UHDFWLRQ RI R[LGDWLRQ RI VLOYHU JUDSKLWH FDUERQ DQG GH�

FUHDVH LQ LWV FRQWHQW RI WKH GHSRVLWHG PHWDO�

5HSODFHPHQW RI JUDSKLWH E\ FDUERQ LQ D IL[HG FRQ�

GLWLRQ LV DFFRPSDQLHG E\ DQ LQFUHDVH LQ D ZHLJKW IUDF�
WLRQ RI FDUERQ LQ WKH GHSRVLWHG PHWDO� >&@G� DQG YDOXHV

RI WKH FRHIILFLHQW RI LWV WUDQVIHU LQWR WKH GHSRVLWHG

PHWDO� η&G � 7KHVH YDOXHV UHDFK PD[LPXP LQ WKH FDVH

RI XVH RI D PL[WXUH FRQWDLQLQJ ��� � 6L&�

� 6�<X� .5,9&+,.29 DQG $�3� =+8'5$� ����

&RPSRVLWLRQ RI H[SHULPHQWDO VHOI�VKLHOGHG IOX[�FRUHG ZLUH IRU GHWHUPLQDWLRQ RI UHDFWLYLW\ RI FDUERQ LQ &�FRQWDLQLQJ PDWHULDOV RI WKH
IOX[�FRUHG ZLUH FRUH GXULQJ VXUIDFLQJ

&RUH FRPSRQHQW
(VWLPDWHG FRPSRVLWLRQ RI IOX[�FRUHG ZLUH� ZW��

6HULHV � 6HULHV � 6HULHV �

(OHFWURGH JUDSKLWH � ��� ��� ��� ��� w w w w w � ���� ��� ���� ���

6LOYHU JUDSKLWH w w w w w � ��� ��� ��� ��� w w w w w

6LOLFRQ FDUELGH ��� ��� ��� ��� � ��� ��� ��� ��� � w w w w w

)HUURFKURPLXP ).K��� w w w w w w w w w w ���� ��� ���� ��� �

,URQ SRZGHU ���� ���� ���� ���� ���� ��� ��� ���� ���� ���� ���� ���� ���� ���� ����

1R W H V � �� )OX[�FRUHG ZLUH GLDPHWHU x ��� PP� LWV ILOOLQJ FRHIILFLHQW .
D
 �� �� �� &RQWHQW RI WKH UHVW RI WKH FRPSRQHQWV� ZW��� IHUUR�

PDQJDQHVH x ���� IHUURVLOLFLXP x �� �� IHUURWLWDQLXP x ���� DOXPLQLXP SRZGHU x ���� PDUEOH x ���� VLOLFRQ�IOXRULGH VRGLXP x ���� ORZ�

FDUERQ VWULS ��� × �� PP x �����
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0L[WXUHV FRQVLVWLQJ RI HOHFWURGH JUDSKLWH DQG FDUE�
RQ IHUURFKURPLXP DUH FKDUDFWHUL]HG E\ WKH IDFW WKDW
DW D VHOHFWHG OHYHO RI WKH WRWDO FDUERQ FRQWHQW RI D
IOX[�FRUHG ZLUH WKH *U�& �).K���� UDWLR KDV QR

HIIHFW RQ D ZHLJKW IUDFWLRQ RI >&@G� 7KH η&
G YDOXHV RI

).K��� DQG 6L& DUH DOPRVW HTXDO WR HDFK RWKHU DQG
GR QRW GHSHQGV XSRQ WKH ZHLJKW IUDFWLRQ RI IL[HG
FDUERQ LQ PL[WXUHV RI WKH IOX[�FRUHG ZLUH FRUH PDWH�
ULDOV� $Q LQFUHDVH LQ WKH HOHFWURGH JUDSKLWH FRQWHQW RI
WKH FRUH IURP � WR � � LV DFFRPSDQLHG E\ D GHFUHDVH

LQ WKH η&
G YDOXHV� 7KLV LV DWWULEXWDEOH WR WKH HIIHFW RI

JUDSKLWH RQ WKH XQLIRUPLW\ RI PHOWLQJ RI WKH IOX[�FRUHG
ZLUH FRUH DQG VKHDWK�

7KH UDWHV RI PHOWLQJ RI WKH FRUH DQG VKHDWK RI D
IOX[�FRUHG ZLUH FRQWDLQLQJ � � RI JUDSKLWH DUH DOPRVW
LGHQWLFDO� 7KH HQWLUH DPRXQW RI JUDSKLWH LV GLVVROYHG
DW WKH VWDJH RI D GURSOHW� DQG ORVVHV RI FDUERQ DUH
FDXVHG SULPDULO\ E\ LWV LQWHUDFWLRQ ZLWK R[\JHQ LQ WKH
VXUIDFH OD\HU RI WKH PROWHQ SRRO� DQG� DFFRUGLQJ WR
WKH GDWD REWDLQHG� WKH\ DUH QRW KLJKHU WKDQ � w � ��

0HOWLQJ RI D IOX[�FRUHG ZLUH FRQWDLQLQJ � � RI
JUDSKLWH LV DFFRPSDQLHG E\ IRUPDWLRQ RI D SURWUXVLRQ
DW WKH FRUH� SDUW RI JUDSKLWH LV WUDQVIHUUHG LQWR WKH
SRRO RPLWWLQJ WKH GURSOHW VWDJH� ,I ZH WDNH LQWR DF�
FRXQW WKDW DV D UHVXOW RI WKH R[LGDWLRQ UHDFWLRQ WKH
FDUERQ ORVVHV DPRXQW WR � w � �� WKH WRWDO YDOXH RI
WKHVH ORVVHV FDXVHG E\ RFFXUUHQFH RI WKH R[LGDWLRQ
UHDFWLRQ DQG E\ SDUWLFOHV RI QRQ�DFFRPPRGDWHG JUDSK�
LWH �)LJXUH �� LV �� w �� � LQ WKH FDVH RI XVLQJ HOHF�
WURGH JUDSKLWH DQG �� w �� � LQ WKH FDVH RI XVLQJ
VLOYHU JUDSKLWH�

7KH FDUERQ FRQWHQW RI GURSOHWV� >&@GU� DQG PROWHQ
SRRO� >&@G� GHSHQGV XSRQ KRZ FRPSOHWH WKH HOHFWURGH

GURSOHW DQG &�FRQWDLQLQJ FRUH LQWHUDFWLRQ LV� 7R SURYH
WKLV DVVXPSWLRQ� D K\GUDWH�FHOOXORVH FDUERQ ILEUH RI
WKH 81�� JUDGH ��� � &� ZDV DGGHG LQVWHDG RI JUDSK�
LWH WR WKH IOX[�FRUHG ZLUH FRUH� &RPSDUHG ZLWK HOHF�
WURGH JUDSKLWH� LW KDV D ORZHU ZHWWDELOLW\ ZKHQ ZHWWHG
ZLWK D OLTXLG PHWDO DQG D FORVH WHPSHUDWXUH RI GH�
VWUXFWLRQ RI WKH FU\VWDOOLQH ODWWLFH ����� DQG DERXW
���� �& IRU 81�� DQG JUDSKLWH� UHVSHFWLYHO\�� ,W FDQ
EH VHHQ IURP WKH SLFWXUHV SURGXFHG E\ KLJK�VSHHG ILOP�
LQJ �)LJXUH �� WKDW WKH 81�� ILEUH EHFRPHV DQ LQGH�
SHQGHQW FRPSRQHQW RI WKH IOX[�FRUHG ZLUH FRUH� ZKLFK
KDUGO\ SDUWLFLSDWHV LQ WKH PHOWLQJ SURFHVV� DQG LWV
LQWHUDFWLRQ ZLWK OLTXLG GURSOHWV LV RI DQ H[SORVLRQ�OLNH
FKDUDFWHU� 7KHUHIRUH� XVLQJ D &�FRQWDLQLQJ PDWHULDO
LQ WKH FRUH� ZKLFK LV SRRUO\ ZHWWHG E\ PROWHQ PHWDO�

UHVXOWV LQ ORZ YDOXHV RI >&@G� >&@GU DQG η&
G � $Q LP�

SURYHG ZHWWDELOLW\ LQ WKH FDVH RI XVLQJ HOHFWURGH
JUDSKLWH IDYRXUV D PRUH FRPSOHWH DFFRPPRGDWLRQ RI
FDUERQ ERWK DW WKH SRRO DQG GURSOHW VWDJHV� $ GHFUHDVH
LQ WKH YDOXHV RI WKH FRHIILFLHQWV RI WUDQVIHU RI FDUERQ

LQWR D GURSOHW� η&
GU� DQG GHSRVLWHG PHWDO� η&

G � ZLWK DQ

LQFUHDVH LQ PDVV IUDFWLRQ RI JUDSKLWH LQ D IOX[�FRUHG
ZLUH LV DWWULEXWDEOH WR DQ LQFUHDVH LQ WKH QRQ�XQLIRUP�
LW\ RI PHOWLQJ RI D SRZGHUHG FRUH DQG PHWDO VKHDWK�
ZKLFK LV DFFRPSDQLHG E\ DQ LQFUHDVH LQ WKH OHQJWK RI
DQ XQPHOWHG SDUW RI WKH FRUH DQG IUHTXHQF\ RI LWV
GHVWUXFWLRQ�

5()(5(1&(6

�� .ULYFKLNRY� 6�<X�� =KXGUD� $�3�� 3HWURY� 9�9� ������
0RGHUQ WHFKQRORJLHV IRU DUF VXUIDFLQJ RI FUDQNVKDIWV�
6YDURFKQR\H 3URL]YRGVWYR� �� � w ��

�� 2VWURYVN\� 9�6�� 9LUJLOLHY� <X�6�� .RVWLNRY� 9�,� HW DO�
������ 6\QWKHWLF JUDSKLWH� 0RVFRZ� 0HWDOOXUJLD�

)LJXUH �� (IIHFW RI &�FRQWDLQLQJ PDWHULDOV LQ WKH FRUH RI IOX[�FRUHG
ZLUH RQ WKH FDUERQ FRQWHQW RI WKH GHSRVLWHG PHWDO� >&@G� �D� DQG
RQ WKH FDUERQ WUDQVIHU FRHIILFLHQW� η&

G

� �E�� O� Q x HOHFWURGH
JUDSKLWH� P x VLOYHU JUDSKLWH

)LJXUH �� 3LFWXUHV REWDLQHG E\ KLJK�VSHHG ILOPLQJ RI PHOWLQJ RI
IOX[�FRUHG ZLUHV ZLWK D FDUERQ ILEUH 81�� FRQWHQW RI WKH ZLUH FRUH
HTXDO WR � �D� DQG � �E� ZW�� �IUHTXHQF\ RI ILOPLQJ ZDV
���� IUDPH�V�
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<X�6� %25,629� $�/� %25,629$� 0�7� 3$1.2� /�,� $'((9$� 0�9� .2/20<76(9�

$�$� 6+$.+5$- DQG 9�1� 6/$'.29$

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

$%675$&7

7KH HIIHFW RI PHWKRGV DQG FRQGLWLRQV RI WKHUPDO VSUD\LQJ RQ VWUXFWXUH DQG SKDVH FRPSRVLWLRQ RI FRDWLQJV RI WKH $Ow&Xw)H

V\VWHP DOOR\ SRZGHUV KDV EHHQ LQYHVWLJDWHG� ,W LV VKRZQ WKDW WKH PD[LPXP ψ�SKDVH FRQWHQW RI WKH FRDWLQJV FDQ EH

SURGXFHG E\ WKH PHWKRG RI DLU�JDV SODVPD VSUD\LQJ� ,Q WKLV FDVH WKH WKHUPDO VSUD\ FRDWLQJV LQKHULW WKH PXOWL�SKDVH

QDWXUH RI LQLWLDO SRZGHUV� 3UHKHDWLQJ RI WKH VXEVWUDWH SULRU WR VSUD\LQJ DOORZV WKH ψ�SKDVH FRQWHQW RI WKH FRDWLQJV WR

EH LQFUHDVHG�

.H\ ZRU G V � WKHUPDO VSUD\LQJ� SRZGHUV� FRDWLQJV� VWUXF�
WXUH� TXDVLFU\VWDOOLQH SKDVH� $O�&X�)H DOOR\

$V SURYHG E\ QXPHURXV VWXGLHV� DOOR\V RI WKH $Ow&Xw
)H V\VWHP ZLWK D TXDVLFU\VWDOOLQH VWUXFWXUH DUH FKDU�
DFWHUL]HG E\ D FRPELQDWLRQ RI XQLTXH SURSHUWLHV� VXFK

DV KLJK KDUGQHVV �� w �� *3D�� FDSDELOLW\ RI EHLQJ

HODVWLFDOO\ UHVWRUHG �+�( ! ����� >�@� GHFUHDVHG WKHU�

PDO GLIIXVLYLW\ ���� PP
��V� >�@� KLJK OHYHO RI VSHFLILF

HOHFWULFDO UHVLVWDQFH ���� w ���� µ2KP⋅FP� >�@� ORZ

VSHFLILF PDVV �� w � J�FP
��� LQFUHDVHG FRUURVLRQ UH�

VLVWDQFH� ORZ IULFWLRQ FRHIILFLHQW DQG KLJK ZHDU UHVLV�

WDQFH >�� �@� +RZHYHU� DOOR\V RI WKLV V\VWHP IDLOHG WR

ILQG SURSHU DSSOLFDWLRQ LQ WKH IRUPRI SURGXFWV EHFDXVH
RI KLJK EULWWOHQHVV DQG WHFKQRORJLFDO GLIILFXOWLHV HQ�

FRXQWHUHG LQ WKHLU IDEULFDWLRQ� ZKLFK LQ PDQ\ FDVHV

UHTXLUHG KLJK FRROLQJ UDWHV ���
�
w ��

�
.�V� LQ PHOW

VROLGLILFDWLRQ� 7KHUHIRUH� D GLUHFWLRQZKLFK KROGVPRUH

SURPLVH LQ WHUPV RI VROYLQJ WKLV SUREOHP LV WR FRDW

SURGXFWV ZLWK PDWHULDOV ZLWK D TXDVLFU\VWDOOLQH VWUXF�

WXUH� SULPDULO\ E\ WKH WKHUPDO VSUD\LQJ �76�PHWKRGV�

DV WKH ODWWHU DUH FKDUDFWHUL]HG E\ VXSHU KLJK FRROLQJ

UDWHV ���
�
w ��

�
.�V��

,W ZDV VKRZQ LQ >�@ WKDW WKH TXDVLFU\VWDOOLQH ψ�

SKDVH FRQWHQW RI DQ LQLWLDO SRZGHU FRXOG YDU\ IURP

�� WR ��� �� GHSHQGLQJ XSRQ WKH WHFKQRORJ\ RI IDE�

ULFDWLRQ RI WKH $Ow&Xw)H SRZGHUV IRU 76 �DWRPL]DWLRQ

RI WKH PHOW ZLWK KLJK�SUHVVXUH ZDWHU RU FRPSUHVVHG

DLU� FUXVKLQJ RI JUDQXOHV� DQG VXEVHTXHQW KRPRJHQL]�

LQJ DQQHDOLQJ� &KHPLFDO FRPSRVLWLRQ RI WKH VSUD\LQJ

PDWHULDO FDQ FKDQJH GXULQJ 76� ZKLFK LV FDXVHG SUL�

PDULO\ E\ HYDSRUDWLRQ RI DOXPLQLXP� +RZHYHU� WKH

VSUD\ FRDWLQJV FDQ LQKHULW WR D FHUWDLQ GHJUHH �GH�

SHQGLQJ XSRQ WKH PHWKRG DQG WHFKQRORJLFDO SDUDPH�

WHUV RI WKH SURFHVV� WKH VWUXFWXUH RI DQ LQLWLDO SRZGHU�

3XUSRVH RI WKLV VWXG\ ZDV WR LQYHVWLJDWH WKH HIIHFW
RI PHWKRGV DQG FRQGLWLRQV RI 76 RQ VWUXFWXUH DQG

SKDVH FRPSRVLWLRQ RI FRDWLQJV RI WKH $Ow&Xw)H V\VWHP

DOOR\ SRZGHUV ZLWK D GLIIHUHQW FRQWHQW RI WKH TXDVL�

FU\VWDOOLQH ψ�SKDVH LQ WKH LQLWLDO FRQGLWLRQ�

0HWKRGV XVHG IRU WKH IDEULFDWLRQ RI LQLWLDO SRZ�

GHUV� WKHLU SURSHUWLHV DQG LQYHVWLJDWLRQ UHVXOWV DUH GH�
VFULEHG LQ GHWDLO LQ >�@� 7KHUHIRUH� RQO\ WKHLU SKDVH

FRPSRVLWLRQ LV JLYHQ LQ WKLV DUWLFOH �7DEOH��

7KHUPDO VSUD\ FRDWLQJV ZHUH GHSRVLWHG E\ WKH
PHWKRGV RI DLU�JDV SODVPD VSUD\LQJ �$*36� XVLQJ WKH

�.\LY��� XQLW� VXSHUVRQLF DLU�JDV SODVPD VSUD\LQJ

�6$*36� XVLQJ WKH �.\LY�6� XQLW� IODPH VSUD\LQJ
�)6� XVLQJ WKH 8*31�� XQLW DQG GHWRQDWLRQ VSUD\LQJ
�'6� XVLQJ WKH �3HUXQ�6� XQLW� &RDWLQJV ZHUH
VSUD\HG RQ WKH VXEVWUDWH RI 6W�� �& x ���� w �����

0Q x ��� w ��� ZW��� )H x EDODQFH�� 7R DFWLYDWH

WKH VXUIDFH SULRU WR GHSRVLWLRQ RI FRDWLQJV� WKH VDPSOHV

ZHUH VXEMHFWHG WR DEUDVLYH�MHW EODVWLQJ XVLQJ QRUPDO

V\QWKHWLF FRUXQGXP RI WKH ��$ JUDGH� LQ DFFRUGDQFH

ZLWK 267 �07 ���w��� ZLWK D JUDLQ VL]H RI �� 1�

7KH 76 FRQGLWLRQV DUH JLYHQ LQ WKH 7DEOH�

3RZGHUV ZLWK D SDUWLFOH VL]H RI �� w ��� �IRU

$*36� DQG �� w �� µP �IRU '6 DQG 6$*36� ZHUH

XVHG IRU 76 RI WKH FRDWLQJV� 7R LQYHVWLJDWH WKH SDUWLFOH

VL]H HIIHFW RQ WKH FRDWLQJ TXDOLW\� SRZGHUV RI IRXU

IUDFWLRQV ZLWK SDUWLFOH VL]H IURP �� WR ��� µP �VHH

7DEOH� 1R�� w �� ZHUH XVHG IRU )6�

3KDVH FRPSRVLWLRQ DQG VWUXFWXUH RI WKH FRDWLQJV

ZHUH LQYHVWLJDWHG E\ PHWDOORJUDSK\� PLFURGXURPHWU\

DQG ;�UD\ SKDVH DQDO\VLV �;3$��

0HWDOORJUDSK\ ZDV GRQH XVLQJ WKH �1HRSKRW����

RSWLFDO PLFURVFRSH RQ SROLVKHG VDPSOHV DQG VDPSOHV

DIWHU HOHFWURO\WLF HWFKLQJ LQ D UHDFWLYH RI WKH IROORZLQJ

FRPSRVLWLRQ� ���� PO RI �� � DTXHRXV VROXWLRQ RI

FKURPLF DFLG� �� PO RI K\GURIOXRULF DFLG DQG �� PO

RI VXOSKXULF DFLG�

0LFURKDUGQHVV RI WKHUPDO VSUD\ FRDWLQJV ZDV GH�

WHUPLQHG XQGHU D ORDG RI ���� 1 XVLQJ WKH /(&2

LQVWUXPHQW 0�����

3KDVH FRPSRVLWLRQ RI WKH FRDWLQJVZDV LQYHVWLJDWHG

XVLQJ WKH '521�80� GLIIUDFWRPHWHU LQ D PRQRFKUR�

PDWL]HG UDGLDWLRQ RI &X.α� 7R GHWHUPLQH WKH DPRXQW

RI WKH ψ�SKDVH� WKH ;�UD\ SDWWHUQV ZHUH UHFRUGHG LQ

� <X�6� %25,629� $�/� %25,629$� 0�7� 3$1.2� /�,� $'((9$� 0�9� .2/20<76(9� $�$� 6+$.+5$- DQG 9�1� 6/$'.29$� ����
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DQ DQJOH UDQJH RI ORFDWLRQ RI WKH VWURQJHVW GLIIUDFWLRQ
PD[LPD RI WKH EDVLF SKDVHV� ��� � �θ � ��� >�@�

$FFRUGLQJ WR WKH FRQVWLWXWLRQDO GLDJUDP RI WKH
$Ow&Xw)H V\VWHP� WKH TXDVLFU\VWDOOLQH LFRVDKHGUDO ψ�
SKDVH �$O��&X��)H��� FDQ EH LQ HTXLOLEULXP ZLWK WKH
FU\VWDOOLQH SKDVHV� $W D WHPSHUDWXUH EHORZ ��� �&�
WKH ψ�SKDVH� ZKRVH IRUPDWLRQ WHPSHUDWXUH LV ��� �&�
LV LQ HTXLOLEULXP ZLWK WKH PRQRFOLQLF λ�SKDVH
�$O��&X�)H��� DQG WKH PHOW� $W D WHPSHUDWXUH RI
��� �& WKH ψ�� λ� DQG β�SKDVHV DQG WKH OLTXLG DUH LQ
HTXLOLEULXP� 7KH FXELF β�SKDVH �$O�)H� &X�� KDV D
ZLGH UDQJH RI KRPRJHQHLW\� $W D WHPSHUDWXUH RI
��� �& WKUHH FU\VWDOOLQH SKDVHV VXUURXQG WKH LFRVDKH�
GUDO UHJLRQ >�� �@� λ�� β�SKDVHV DQG RUGHUHG WULJRQDO
ω�SKDVH ZLWK D IRUPDWLRQ WHPSHUDWXUH RI ��� w
��� �&� WKH ODWWHU FRUUHVSRQGV WR WKH $O�&X�)H FRP�
SRVLWLRQ� 6ROLGLILFDWLRQ RI WKH PHOW HQGV ZLWK WKH IRU�
PDWLRQ RI D WHWUDJRQDO θ�SKDVH $O�&X�

7KH VDLG FU\VWDOOLQH SKDVHV FDQ EH IRUPHG ERWK LQ
LQLWLDO SRZGHUV DQG LQ VWUXFWXUH RI WKH WKHUPDO VSUD\
FRDWLQJV LQ WKH FDVH ZKHQ WKHLU FKHPLFDO FRPSRVLWLRQ
GHYLDWHV IURP WKH SUHVHW UDQJH�

7KH HIIHFW RI WKH 76 PHWKRGV RQ WKH VWUXFWXUH
IRUPDWLRQ ZDV LQYHVWLJDWHG E\ DSSO\LQJ FRDWLQJV WR

DQ XQFRROHG VXEVWUDWH ZLWK DQ LQLWLDO WHPSHUDWXUH RI
�� �& �VHH 7DEOH� 1R�� w ���

7HFKQRORJLFDO FRQGLWLRQV RI SODVPD VSUD\LQJ �VHH
7DEOH� 1R��� �� ZHUH VHOHFWHG RQ WKH EDVLV RI�

• DQDO\VLV RI UHVXOWV RI FRPSXWHU PRGHOOLQJ RI WKH
SURFHVVHV RI PRWLRQ DQG KHDWLQJ RI WKH GLVSHUVHG
$O��&X��)H�� DOOR\ SDUWLFOHV LQ SODVPD MHWV XVLQJ WKH
&$6363 VRIWZDUH >��@�

• VXEVHTXHQW H[SHULPHQWDO RSWLPL]DWLRQ RI WKH
SURFHVV SDUDPHWHUV� DW ZKLFK WKH VSUD\LQJ PDWHULDO
XWLOL]DWLRQ IDFWRU WHQGLQJ WR PD[LPXP� ZKLFK FKDU�
DFWHUL]HV WKH KLJKHVW GHJUHH RI PHOWLQJ� ZDV FKRVHQ
DV WKH FULWHULRQ RI WKH SURFHVV HIILFLHQF\�

7KH SURGXFHG SODVPD FRDWLQJV KDYH D ODPHOODU
VWUXFWXUH� DQG WKH OLJKW ODPHODH DUH VHSDUDWHG E\ R[LGH
LQWHUOD\HUV ZKLFK DUH ZHOO VHHQ RQ WKH XQHWFKHG VHF�
WLRQV �)LJXUH �� D� E�� ,Q 6$*36 WKH R[LGH LQWHUOD\HUV
DUH YHU\ WKLQ� 7KHUHIRUH� WKH ;3$ PHWKRG IDLOV WR
GHWHFW R[LGH SKDVHV LQ WKHVH FRDWLQJV� ,Q $*36 R[L�
GDWLRQ RFFXUV PRUH LQWHQVLYHO\ WR IRUP FRPSOH[ R[LGH
&X$O�2�� WKH WUDFHV RI ZKLFK ZHUH GHWHFWHG E\ WKH
;3$ PHWKRG� ,W VKRXOG EH QRWHG WKDW FRQGLWLRQV RI
SODVPD VSUD\LQJ� RSWLPDO IURP WKH VWDQGSRLQW RI D
PD[LPXP PDWHULDO XWLOL]DWLRQ IDFWRU� SURYLGH IRUPD�

&RQGLWLRQV RI WKHUPDO VSUD\LQJ DQG FKDUDFWHULVWLFV RI WKHUPDO VSUD\ FRDWLQJV RI $Ow&Xw)H DOOR\ SRZGHU

1R�
6SUD\LQJ

PHWKRG

6SUD\LQJ FRQGLWLRQV
&KDUDFWHULVWLFV RI

SRZGHU 6XEVW�

UDWH

WHPSHUD

WXUH�

�&

&KDUDFWHULVWLFV RI FRDWLQJV

8�

9

,�

$

3
DLU

�

03D

/

PP

3DUWLFOH

VL]H�

µP

&RQWHQW

RI ψ�
SKDVH�

�=ψ��

ZW��

&RDWLQJ

WKLFN�

QHVV�

µP

+9�

*3D
3KDVH FRPSRVLWLRQ

=ψ �

ZW��

� $*36 ��� ��� ���� ��� �� w ��� �� �� ��� ��� w ��� ψ� β� WUDFHV &X$O�2� ��

� 6$*36 ��� ��� ���� ��� �� w �� �� �� ��� ��� w ��� β� ψ ��

� )6
3R[\JHQ  ���� 03D

3SURSDQH�EXWDQH  ���� 03D

7UDQVSRUWLQJ JDV x DLU

��� w ��� �� �� ��� w β� ψ� WUDFHV λ ��

� )6 �� w ��� �� �� ��� ��� w ��� ψ� β� WUDFHV λ ��

� )6 �� w �� �� �� ���� ��� w ��� ψ� β� WUDFHV λ ��

� )6 �� w �� �� �� ���� w ψ� β� WUDFHV λ ��

� '6 *DV IORZ UDWH� P
�
�K�

SURSDQH�EXWDQH x ���

R[\JHQ x ���

DLU x ���

'LVWDQFH x ��� PP

�� w �� �� �� ��� ��� w ��� ψ� β� WUDFHV λ� &X$O�2� ��

� $*36 ��� ��� ���� ��� �� w ��� �� �� ��� ��� w ��� ψ� β� WUDFHV &X$O�2� ��

� $*36 ��� ��� ���� ��� �� w ��� �� �� ��� ��� w ��� β� ψ� λ� WUDFHV &X$O�2� ��

�� $*36 ��� ��� ���� ��� �� w ��� �� �� ��� ��� w ��� β� ψ� λ� WUDFHV &X$O�2� ��

�� $*36 ��� ��� ���� ��� �� w �� �� �� ��� ��� w ��� β� ψ� WUDFHV &X$O�2� ��

�� $*36 ��� ��� ���� ��� �� w �� �� �� ��� ��� w ��� β� ψ� WUDFHV &X$O�2� ��

�� $*36 ��� ��� ���� ��� �� w ��� �� �� ��� ��� w ��� β� ψ� WUDFHV θ� &X$O�2� ��

�� 6$*36 ��� ��� ���� ��� �� w �� �� �� ��� ��� w ��� β� ψ ��

�� 6$*36 ��� ��� ���� ��� �� w �� �� �� ��� ��� w ��� β� ψ� WUDFHV θ ��

�� 6$*36 ��� ��� ���� ��� �� w ��� �� �� ��� ��� w ��� β� ψ� WUDFHV θ ��

�� $*36 ��� ��� ���� ��� �� w ��� �� �� ��� ��� w ��� β� ψ� WUDFHV &X$O�2� ��

�� $*36 ��� ��� ���� ��� �� w ��� �� ��� ��� ��� w ��� ψ� β� WUDFHV &X$O�2� ��



,QLWLDO SRZGHUV ZLWK WKH ψ�SKDVH FRQWHQW RI PRUH WKDQ �� ZW�� x WZR�SKDVH �ψ � β�� �� w �� ZW�� x WKUHH�SKDVH �β � ψ � λ�� OHVV WKDQ
�� ZW�� x IRXU�SKDVH �β � ψ � λ � θ�
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WLRQ RI D GHQVHU VWUXFWXUH RI WKH FRDWLQJV ZLWK D KLJKHU
GHJUHH RI GHIRUPDWLRQ RI WKH VSUD\HG OD\HUV� ORZHU
IUDFWLRQ RI VSKHULFDO SDUWLFOHV� VROLGLILHG LQ WKH MHW RU
XQPHOWHG� DQG DQ LQVLJQLILFDQW DPRXQW RI R[LGH LQ�
WHUOD\HUV�

3ODVPD FRDWLQJV� OLNH LQLWLDO SRZGHUV� FRQWDLQ WKH
FU\VWDOOLQH β� DQG TXDVLFU\VWDOOLQH ψ�SKDVHV� 7KH ODWWHU
LV UHYHDOHG LQ WKH FU\VWDOOLQH PDWUL[ LQ WKH IRUP RI KDUG
DQG EULWWOH LQFOXVLRQV E\ HWFKLQJ �)LJXUH �� F� G��

'HVSLWH WKH IDFW WKDW WKH ψ�SKDVH FRQWHQW RI WKH
LQLWLDO SRZGHUV GLIIHUHG EXW LQVLJQLILFDQWO\ ��� DQG
�� ZW���� LQ WKH $*36 FRDWLQJV LW GHFUHDVHG RQO\ E\
� �� ZKHUHDV LQ WKH 6$*36 FRDWLQJV WKLV GHFUHDVH
ZDV �� �� 7KLV GLIIHUHQFH LV SUREDEO\ DVVRFLDWHG QRW
VR PXFK ZLWK D GLIIHUHQFH LQ WKH VSUD\LQJ FRQGLWLRQV�
DV ZLWK ODUJHU ORVVHV RI DOXPLQLXP� EHFDXVH SRZGHUV
XVHG LQ WKH FDVH RI 6$*36 KDYH VPDOOHU SDUWLFOHV ZLWK
D ODUJHU DPRXQW RI WKH DFWLYH VXUIDFH LQ FRQWDFW ZLWK
WKH R[LGL]LQJ JDV DWPRVSKHUH�

&RDWLQJV SURGXFHG E\ WKH )6 PHWKRG �VHH 7DEOH�
1R�� w �� ZHUH QRW VRXQG� LQGHSHQGHQWO\ RI WKH VL]H
RI WKH SRZGHU SDUWLFOHV� 7KH FRDWLQJV ZHUH FKDUDF�
WHUL]HG E\ D ORZ FRKHVLRQ VWUHQJWK� ZKLFK OHG WR VSDOO�
LQJ RI LQGLYLGXDO SDUWLFOHV LQ PDNLQJ D VHFWLRQ �)L�
JXUH �� H�� ,Q DGGLWLRQ WR WKH ψ� DQG β�SKDVHV� WKH
;3$ PHWKRG UHYHDOHG LQ WKH FRDWLQJV WKH SUHVHQFH RI
WUDFHV RI WKH λ�SKDVH� ZKLFK ZDV DEVHQW LQ WKH LQLWLDO
SRZGHU� 7KH PD[LPXP ψ�SKDVH FRQWHQW ��� ZW���
ZDV REWDLQHG LQ XVLQJ SRZGHUV ZLWK SDUWLFOHV �� w
�� µP LQ VL]H� ZKLFK FRUUHVSRQGHG WR D GHFUHDVH RI
DERXW �� � LQ LWV FRQWHQW� DV FRPSDUHG ZLWK WKH LQLWLDO
RQH� ,Q VRPH FDVHV LW ZDV �� WR �� ��

,Q '6 �VHH 7DEOH� 1R��� WKH VWUXFWXUH IRUPHG LV
ILQH�JUDLQHG ZLWK D KLJK FRQWHQW RI R[LGHV� VLPLODU LQ
VWUXFWXUH WR WKH 6$*36 FRDWLQJV EXW GLIIHULQJ LQ D
ODUJHU WKLFNQHVV RI R[LGH LQWHUOD\HUV DORQJ WKH ERXQGD�
ULHV RI WKH ODPHODH �)LJXUH �� I�� 7KH R[LGH SKDVH
&X$O�2� LV FOHDUO\ UHYHDOHG E\ WKH ;3$ PHWKRG� XQ�
OLNH WKH 6$*36 FRDWLQJV ZKHUH RQO\ LWV WUDFHV ZHUH

GHWHFWHG� 7KH DPRXQW RI WKH TXDVLFU\VWDOOLQH ψ�SKDVH
LQ WKH FRDWLQJV LV QRW KLJK �a�� ���

7KHUHIRUH� LQYHVWLJDWLRQV RI WKH HIIHFW RI WKH 76
PHWKRGV RQ SKDVH FRPSRVLWLRQ RI WKH $Ow&Xw)H DOOR\
FRDWLQJV SURYHG WKDW WKH PD[LPXP FRQWHQW RI WKH
TXDVLFU\VWDOOLQH ψ�SKDVH FRXOG EH REWDLQHG E\ XVLQJ
WKH $*36 PHWKRG�

7KH HIIHFW RI SKDVH FRPSRVLWLRQ RI DQ LQLWLDO SRZ�
GHU RQ VWUXFWXUH DQG SKDVH FRPSRVLWLRQ RI WKH VSUD\HG
FRDWLQJV ZDV LQYHVWLJDWHG E\ DQ H[DPSOH RI WKH $*36
PHWKRG� 7KH FRDWLQJV ZHUH VSUD\HG XQGHU WKH VDPH
FRQGLWLRQV �VHH 7DEOH� 1R��� � w ���� EXW SRZGHUV
XVHG KDG GLIIHUHQW FRQWHQW RI WKH TXDVLFU\VWDOOLQH ψ�
SKDVH� ,W ZDV IRXQG WKDW FRDWLQJV LQKHULWHG WKH PXOWL�
SKDVH QDWXUH RI WKH LQLWLDO SRZGHUV� ψ � β �VHH 7DEOH�
1R��� �� RU β � ψ � λ �VHH 7DEOH� 1R��� ���� ,Q WKH
ILUVW FDVH WKH ψ�SKDVH FRQWHQW RI WKH FRDWLQJV ZDV
GHFUHDVHG E\ � w �� �� DQG LQ WKH VHFRQG FDVH LW GH�
FUHDVHG E\ �� w �� �� ,Q DOO WKH FDVHV WKH ;3$PHWKRG
UHYHDOHG WUDFHV RI &X$O�2� R[LGHV LQ WKH FRDWLQJV�

$ VHULHV RI H[SHULPHQWV RQ VSUD\LQJ SRZGHUV RQ D
FRROHG VXEVWUDWH E\ SHULRGLFDOO\ IHHGLQJ ZDWHU RQWR
LWV VXUIDFH DQG E\ SUHKHDWLQJ WKH VXEVWUDWH ZDV FRQ�
GXFWHG WR LQYHVWLJDWH WKH HIIHFW RI WHPSHUDWXUH RQ WKH
FRDWLQJ IRUPDWLRQ� 7KH FRDWLQJV ZHUH GHSRVLWHG RQ
WKH FRROHG VXEVWUDWH E\ WKH $*36 �VHH 7DEOH� 1R��� w
��� DQG 6$*36 �VHH 7DEOH� 1R��� w ��� PHWKRGV XV�
LQJ SRZGHUV ZLWK D GLIIHUHQW FRQWHQW RI WKH ψ�SKDVH
���� �� DQG �� ���

,W ZDV IRXQG WKDW DQ LQWHQVLYH FRROLQJ RI WKH VXE�
VWUDWH OHG QRW WR DQ LQFUHDVH� EXW RQ WKH FRQWUDU\� WR
D GHFUHDVH LQ WKH TXDVLFU\VWDOOLQH ψ�SKDVH FRQWHQW RI
WKH FRDWLQJV� 7KXV� LQ $*36� LQ WKH FDVH RI FRROLQJ
WKH VXEVWUDWH WKH DPRXQW RI WKH ψ�SKDVH LQ D FRDWLQJ
LV DSSUR[LPDWHO\ ��� ORZHU WKDQ LQ WKH LQLWLDO SRZGHU
�VHH 7DEOH� 1R����� ZKHUHDV ZLWKRXW FRROLQJ LW LV RQO\
� � ORZHU �VHH 7DEOH� 1R���� 7KH PD[LPXP GHFUHDVH
LQ WKH ψ�SKDVH FRQWHQW �DOPRVW E\ �� �� ZDV QRWHG
LQ 6$*36 E\ GHSRVLWLQJ SRZGHUV ZLWK SDUWLFOHV �� w

)LJXUH �� 0LFURVWUXFWXUH RI FRDWLQJV GHSRVLWHG E\ WKH $*36 �D� F�� 6$*36 �E� G�� )6 �H� DQG '6 �I� PHWKRGV RQ WKH VXEVWUDWH RI
6W�� DW D VXEVWUDWH WHPSHUDWXUH RI �� �&� D� E� H� I x XQHWFKHG� F� G x HWFKHG �×���� �UHGXFHG E\ ����
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�� µP LQ VL]H RQ WKH FRROHG VXEVWUDWH �VHH 7DEOH�
1R����� 7KH XVH RI SRZGHUV ZLWK ODUJHU SDUWLFOHV ��� w
��� µP� LQ 6$*36 DOORZV DQ LQFUHDVH LQ ERWK WKLFN�
QHVV RI WKH FRDWLQJ x WR ��� µP �VHH 7DEOH� 1R�����
DQG ψ�SKDVH FRQWHQW RI WKH FRDWLQJ x IURP �� WR
�� �� ,W LV FKDUDFWHULVWLF WKDW LQ WKLV FDVH QR FUDFNV
ZHUH GHWHFWHG LQ WKH FRDWLQJV �)LJXUH �� D��

$ GLIIHUHQW SLFWXUH ZDV REVHUYHG LQ VXEVRQLF

SODVPD VSUD\LQJ� $W D FRDWLQJ WKLFNQHVV RI ≥ ��� µP
DQG EULWWOH ψ�SKDVH FRQWHQW RI �� ZW�� �VHH 7DEOH�

1R���� WKH FRDWLQJ KDG FUDFNV �)LJXUH �� E�� DOWKRXJK

DW D ORZHU �≈ ����ψ�SKDVH FRQWHQW �VHH 7DEOH� 1R����
DQG WKH VDPH WKLFNQHVV WKH FRDWLQJ KDG QR FUDFNV

�)LJXUH �� F��

3UHKHDWLQJ RI WKH VXEVWUDWH DOORZV WKH ψ�SKDVH
FRQWHQW RI WKH FRDWLQJ WR EH LQFUHDVHG� ,Q $*36 ZLWK�

RXW SUHKHDWLQJ RI WKH VXEVWUDWH �VHH 7DEOH� 1R���� WKH

ψ�SKDVH FRQWHQW RI WKH FRDWLQJ GHFUHDVHG IURP �� WR

�� �� DV FRPSDUHG ZLWK WKH SRZGHU� ZKHUHDV ZLWK

SUHKHDWLQJ WR ��� �& LW LQFUHDVHG IURP �� WR �� � �VHH

7DEOH� 1R����� ,Q DGGLWLRQ� SUHKHDWLQJ RI WKH VXEVWUDWH

SURPRWHV IRUPDWLRQ RI D KLJKHU�TXDOLW\ KRPRJHQHRXV

VWUXFWXUH� KDYLQJ QR SRUHV DQG QR FUDFNV �)LJXUH ���

,W LV KLJKO\ SUREDEOH WKDW SUHKHDWLQJ RI WKH VXEVWUDWH

IDYRXUV WUDQVIRUPDWLRQ RI D PHWDVWDEOH β�SKDVH WR D

VWDEOHψ�SKDVH� 7KH VLPLODU SKHQRPHQRQ ZDV REVHUYHG
E\ WKH DXWKRUV RI >�@ LQ GHSRVLWLRQ RI WKH $Ow&Xw)H

DOOR\ FRDWLQJV DW D VPDOO VSUD\LQJ GLVWDQFH ��� PP��

SURYLGLQJ WKDW WKH FRDWLQJ ORRVHG QRW PRUH WKDQ � DW��

$O DV D UHVXOW RI VSUD\LQJ�

&RPSDULQJ SKDVH FRPSRVLWLRQ RI WKH LQLWLDO SRZ�

GHUV DQG WKHUPDO VSUD\ FRDWLQJV VKRZHG WKH IROORZLQJ�

,Q VSUD\LQJ WZR� �ψ � β� RU WKUHH�SKDVH �ψ � β � λ�
SRZGHUV WKH UHVXOWLQJ FRDWLQJV LQKHULW LQ WKH PDLQ

WKHLU TXDOLWDWLYH FRPSRVLWLRQ� 7KH TXDQWLWDWLYH UDWLR

RI LQGLYLGXDO SKDVHV GHSHQGV PDLQO\ XSRQ WKH WHP�

SHUDWXUH FRQGLWLRQV RI IRUPDWLRQ RI WKH VWUXFWXUH� DQG

LQ D QXPEHU RI FDVHV �H�J� LQ GHWRQDWLRQ VSUD\LQJ� x

IRUPDWLRQ RI R[LGH SKDVHV� ,Q VSUD\LQJ D IRXU�SKDVH

SRZGHU �VHH 7DEOH� 1R����� QR ORZ�WHPSHUDWXUH θ�
SKDVH �$O�&X� ZDV GHWHFWHG LQ WKH FRDWLQJ� ,W LV YHU\

OLNHO\ WKDW LW ZDV IXOO\ R[LGL]HG WR IRUP &X$O�2�� $W

WKH VDPH WLPH� WKH θ�SKDVH� ZKLFK ZDV DEVHQW LQ WKH

LQLWLDO WZR�SKDVH �ψ � β� SRZGHU� LV IRUPHG LQ D

6$*36 FRDWLQJ GHSRVLWHG RQ DZDWHU�FRROHG VXEVWUDWH�

)LJXUH �� 0LFURVWUXFWXUH RI FRDWLQJV GHSRVLWHG E\ WKH
6$*36 �D� DQG $*36 PHWKRGV XVLQJ SRZGHUV ZLWK D
SDUWLFOH VL]H RI �� w �� �E� DQG �� w �� �F� µP RQ WKH
ZDWHU�FRROHG VXEVWUDWH� HWFKHG �×���� �UHGXFHG E\ ����

)LJXUH ��0LFURVWUXFWXUH RI FRDWLQJV GHSRVLWHG E\ WKH $*36 PHWK�
RGV RQ WKH VXEVWUDWH RI 6W�� DW D VXEVWUDWH WHPSHUDWXUH RI �� �D�
DQG ��� �E� �&� HWFKHG �×���� �UHGXFHG E\ ����
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+DUGQHVV RI WKH VSUD\HG FRDWLQJV LV GHWHUPLQHG
E\ WKHLU VWUXFWXUH DQG SKDVH FRPSRVLWLRQ� 7KH PD[L�
PXP KDUGQHVV ZDV GHWHFWHG LQ SODVPD FRDWLQJV ZLWK
D KLJK FRQWHQW RI WKH ψ�SKDVH �VHH 7DEOH� 1R��� RU
λ�SKDVH �VHH 7DEOH� 1R��� ���� SURGXFHG E\ WKH
$*36 PHWKRG�

'HWRQDWLRQ FRDWLQJV �VHH 7DEOH� 1R��� H[KLELWHG
D ZLGH VSUHDG RI WKH PLFURKDUGQHVV YDOXHV� WKH PD[L�
PXP YDOXHV EHLQJ UDWKHU KLJK� GHVSLWH D ORZ FRQWHQW
��� �� RI WKH ψ�SKDVH� 7KLV SUREDEO\ LV DWWULEXWDEOH
WR D GHQVH ILQHO\ GLVSHUVHG VWUXFWXUH DQG D KLJK R[LGH
SKDVH FRQWHQW RI WKH FRDWLQJ�

&21&/86,216

�� 7KHUPDO VSUD\ FRDWLQJV RI $Ow&Xw)H DOOR\ LQKHULW
WR D FRQVLGHUDEOH GHJUHH WKH LQLWLDO SRZGHU SKDVH FRP�
SRVLWLRQ� 7R SURGXFH FRDWLQJV ZLWK D KLJK FRQWHQW RI
WKH TXDVLFU\VWDOOLQH ψ�SKDVH� LW LV QHFHVVDU\ WR XVH
SRZGHUV ZLWK D GRPLQDQW SKDVH RI WKLV W\SH�

�� 7KH VXEVRQLF DLU�JDV SODVPD VSUD\LQJ PHWKRG�
ZKLFK DOORZV IRUPDWLRQ RI FRDWLQJV RI SRZGHUV ZLWK
UDWKHU ODUJH SDUWLFOHV ��� w ��� µP�� SURYLGHV PLQL�
PXP ORVVHV RI WKH ψ�SKDVH LQ VSUD\LQJ� +RZHYHU�
LQ WKLV FDVH WUDFHV RI R[LGHV HPHUJH LQ WKH FRDWLQJV�
7KH SRZGHUV XVHG LQ 6$*36 KDYH VPDOOHU SDUWLFOHV
��� w �� µP�� 7KHUHIRUH� ORVVHV RI ORZ�PHOWLQJ
SRLQW DOXPLQLXP DQG GHFUHDVH LQ WKH ψ�SKDVH FRQ�
WHQW RI WKH FRDWLQJ DUH PRUH VXEVWDQWLDO� 2Q WKH
RWKHU KDQG� R[LGDWLRQ RI WKH FRDWLQJ ZLWK WKLV
PHWKRG KDUGO\ RFFXUV�

�� &RQGLWLRQV RI )6 DQG '6 XVHG LQ WKLV VWXG\ GLG
QRW DOORZ FRDWLQJV RI D VXIILFLHQWO\ KLJK TXDOLW\ WR EH
SURGXFHG IURP WKH $Ow&Xw)H DOOR\� ,Q WKH ILUVW FDVH
D KLJK SRURVLW\ DQG ORZ FRKHVLRQ VWUHQJWK DUH RE�

VHUYHG� DQG LQ WKH VHFRQG FDVH WKH FRDWLQJV KDYH D
KLJK FRQWHQW RI R[LGHV�

�� 3UHKHDWLQJ RI WKH VXEVWUDWH WR ��� �& DOORZV DQ
LQFUHDVH RI �� � LQ WKH ψ�SKDVH FRQWHQW RI WKH $*36
FRDWLQJV� DV FRPSDUHG ZLWK WKDW RI WKH LQLWLDO SRZGHU�

5()(5(1&(6

�� .RHDVWHU� 8�� /LX� :�� /LHEHUW]� +� HW DO� ������ 0HFKDQL�
FDO SURSHUWLHV RI TXDVLFU\VWDOOLQH DQG FU\VWDOOLQH SKDVH LQ
$Ow&Xw)H DOOR\V� -� RI 1RQ�&U\VWDOOLQH 6ROLGV� ���� ����
��� w ����

�� 'RQJ� &�� 3HUURW� $�� 'XERLV� -�0� HW DO� ������ +XPH�
URWKHU\ SKDVH ZLWK FRQVWDQW H�D YDOXH DQG WKHLU UHODWHG
HOHFWURQLF SURSHUWLHV LQ $Ow&Xw)H �w&U� TXDVLFU\VWDOOLQH
V\VWHPV� 0DWHU� 6FL� )RUXP� 9RO� �������� ��� w ����

�� .OHLQ� 7�� %HUJHU� &�� 0D\RX� '� HW DO� ������ 3UR[LPLW\ RI
D PHWDO�LQVXODWRU WUDQVLWLRQ LQ LFRVDKHGUDO SKDVHV RI KLJK
VWUXFWXUDO TXDOLW\� 3K\V� 5HY� /HW�� ��� ���� w �����

�� 'XERLV� -�0�� .DQJ� 6�6�� 0DVVXQL� <� ������ $SSOLFDWLRQ
RI TXDVLFU\VWDOOLQH DOOR\V WR VXUIDFH FRDWLQJ RI VRIW PHWDOV�
-� RI 1RQ�&U\VWDOOLQH 6ROLGV� ���� ���� ��� w ����

�� 3DOR� 6�� 8VPDQL� 6�� 6DPSDWK� 6� HW DO� ������ )ULFWLRQ DQG
ZHDU EHKDYLRXU RI WKHUPDO VSUD\HG $Ow&Xw)H TXDVLFU\VWDO
FRDWLQJV� ,Q� 3URF� RI 8QLWHG )RUXP IRU 6FLHQWLILF DQG 7HFK�
QRORJLFDO $GYDQFHV RQ 7KHUPDO 6SUD\� 2KLR� 0DWHULDOV 3DUN�

�� %RULVRY� <X�6�� 3DQNR� 0�7�� $GHHYD� /�,� HW DO� ������
3URGXFWLRQ RI SRZGHUV RI WKH $Ow&Xw)H V\VWHP IRU WKHUPDO
VSUD\LQJ RI FRDWLQJV ZLWK TXDVLFU\VWDOOLQH VWUXFWXUH DQG LQ�
YHVWLJDWLRQ RI WKHLU SURSHUWLHV� $YWRPDWLFKHVND\D 6YDUND� ��
�� w ���

�� 6RUGHOHW� '�-�� %HVVHU� 0�)�� $QGHUVRQ� ,�(� ������ 3DUWL�
FOH VL]H HIIHFW RQ FKHPLVWU\ DQG VWUXFWXUH RI $Ow&Xw)H TXD�
VLFU\VWDOOLQH FRDWLQJV� -� RI 7KHUPDO 6SUD\ 7HFKQRORJ\� ��
��� w ����

�� 6RUGHOHW� '�-�� .URW]� 3�'�� 'DQLHO� 5�/� HW DO� ������ 0L�
FURVWUXFWXUH DQG ZHDU EHKDYLRXU RI TXDVLFU\VWDOOLQH WKHUPDO
VSUD\ FRDWLQJV� ,Q� 3URF� RI WKH �WK 1DWLRQDO 7KHUPDO 6SUD\
&RQI�� 6HSW� �� w ��� +RXVWRQ� 7H[DV�

�� *UDWLDV� '�� &DOYD\UDF� <�� 'HYDXG�5]HSVNL� -� HW DO�
������ 7KH SKDVH GLDJUDP DQG VWUXFWXUHV RI WKH WHUQDU\ $Ow
&Xw)H V\VWHP LQ WKH YLFLQLW\ RI WKH LFRVDKHGUDO UHJLRQ� -� RI
1RQ�&U\VWDOOLQH 6ROLGV� ���� ���� ��� w ����

��� %RULVRY� <X�6�� .ULYWVXQ� ,�9�� 0X]KLFKHQNR� $�)� ������
6RIWZDUH &$6363 �9HUVLRQ ���� IRU VLPXODWLRQ RI WKH
SODVPD VSUD\LQJ SURFHVV� $YWRPDWLFKHVND\D 6YDUND� ��� ���
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9�0� 9$6,/<8.
�
� 5�9� ./,021&+8.

�
� 0�9� 67(76.,9

�
DQG )�6� 9/$6<8.

�

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

�
6WDWH -RLQW 6WRFN &RPSDQ\ �0DLQ 2LO 3LSHOLQHV �'UX]KED�� /YLY� 8NUDLQH

�
6WDWH -RLQW 6WRFN &RPSDQ\ �3ULGQHSURYVNL\H 0DLQ 2LO 3LSHOLQHV�� .UHPHQFKXJ� 8NUDLQH

$%675$&7

5HVXOWV RI FRPSUHKHQVLYH LQYHVWLJDWLRQV RI VDPSOHV RI SLSHV FXW RXW IURP RLO SLSHOLQHV� LQFOXGLQJ K\GUDXOLF WHVWV RI D

SLSH VHFWLRQ WR IUDFWXUH� DUH JLYHQ� )DFWRUV RI ORQJ�WLPH IRUFH ORDGLQJ ZHUH IRXQG WR KDYH D ORZ HIIHFW RQ PHFKDQLFDO

SURSHUWLHV DQG VDIHW\ IDFWRU IRU GXFWLOLW\ RI PDWHULDOV� DV ZHOO DV RQ SUHVHUYDWLRQ RI D KLJK VWUXFWXUDO VWUHQJWK RI SLSHOLQHV

DIWHU D ORQJ�WLPH RSHUDWLRQ�

.H\ ZRU G V � SLSHOLQH� RSHUDWLRQ� PDWHULDO� VWDWH� DJHLQJ�

LQYHVWLJDWLRQ� K\GUDXOLF WHVWV� PHFKDQLFDO SURSHUWLHV

$FFXPXODWLRQ RI WKH LQIRUPDWLRQ RQ DQ DFWXDO VWDWH

RI PHWDO RI ORQJ�VHUYLFHG PDLQ RLO SLSHOLQHV LV YHU\

LPSRUWDQW IRU FRUUHFW HVWLPDWLRQ RI D ULVN DVVRFLDWHG

ZLWK WKH DJHLQJ SKHQRPHQD� ,Q WKLV FRQQHFWLRQ� LQ�

YHVWLJDWLRQV ZHUH FRQGXFWHG RQ VDPSOHV RI EDVH PHWDO

DQGZHOGHG MRLQWV WDNHQ IURP RLO SLSHOLQHV LQ RSHUDWLRQ

LQ WKH WHUULWRU\ RI 8NUDLQH� $QDO\VLV RI UHVXOWV RI WKH

LQYHVWLJDWLRQV LV JLYHQ LQ >�@� $V RWKHU VLPLODU VWXGLHV

>� w �@ JLYH GLIIHUHQW HVWLPDWHV RI WKH FRQVHTXHQFHV
RI DJHLQJ RI WKH SLSHOLQH PDWHULDOV� ZH WKLQN LW ZRXOG

EH DSSURSULDWH WR FRQVLGHU LQ PRUH GHWDLO LQGLYLGXDO
DVSHFWV RI WKH SUREOHP LQYHVWLJDWHG�

7KLV DUWLFOH JLYHV LQIRUPDWLRQ PRVWO\ RQ PH�
FKDQLFDO SURSHUWLHV RI WKH LQYHVWLJDWHG PDWHULDO VDP�

SOHV� 7KH LQYHVWLJDWLRQ UHVXOWV FRQFHUQLQJ RWKHU

SURSHUWLHV RI WKH PDWHULDOV ZLOO EH SUHVHQWHG LQ RWKHU

VWXGLHV�

%DVH PHWDO RI KRW�UROOHG VHDPOHVV DQG VWUDLJKW�

ZHOGHG SLSHV ZLWK D GLDPHWHU RI ��� w ��� PP� PDQX�

IDFWXUHG E\ HQWHUSULVHV RI WKH IRUPHU 8665� &]HFKR�
VORYDNLD DQG )UDQFH� DV ZHOO DV IDFWRU\ DQG ILHOG

ZHOGHG MRLQWV LQ WKHVH SLSHV ZHUH LQYHVWLJDWHG� 6HDP�

OHVV SLSHV ZHUH UHSUHVHQWHG E\ VDPSOHV RI VWHHO ��
�& x ��� ZW��� )H x EDODQFH� �SURGXFHG E\
&K73=� DQG ��* W\SH �SURGXFHG E\ D SLSH SODQW LQ
&]HFKRVORYDNLD�� $OVR LQYHVWLJDWHG ZHUH VDPSOHV FXW

RXW IURP KRW�VWUDLJKWHQHG DQG H[SDQGHG ZHOGHG SLSHV

PDGH E\ &KHO\DELQVN DQG .KDUW]\]VN IDFWRULHV� DV

ZHOO DV E\ D )UHQFK SLSH SODQW� RI VWHHOV RI ��* �&x

����� 0Q x ��� ZW���� ��*6 �& x ����� 0Q x

���� 6L x ��� ZW���� ��*1 �& x ����� 0Q x ����

1L x ��� ZW���� ��.K*6 �& x ����� &U x ����

0Q x ���� 6L x ��� ZW��� JUDGHV DQG ��*�% �& x

����� 0Q x ���� 1E x ��� ZW��� W\SH� $OO WKH RLO
SLSHOLQHV IURP ZKLFK WKH VDPSOHV ZHUH WDNHQ KDG EHHQ

LQ RSHUDWLRQ IRU D ORQJ WLPH� L�H� IURP �� WR PRUH WKDQ

�� \HDUV�
&RPSOLDQFH RI PHFKDQLFDO SURSHUWLHV RI PHWDO RI

DQ RLO SLSHOLQH DIWHU D ORQJ SHULRG RI RSHUDWLRQ �DQG

HPHUJHQF\ VWRFN SLSHV� ZLWK WKH VSHFLILFDWLRQ UHTXLUH�

PHQWV LPSRVHG RQ SLSHV LQ WKH LQLWLDO FRQGLWLRQ DQG�

DFFRUGLQJO\� YDULDWLRQV LQ GLIIHUHQW SURSHUWLHV RIPHWDO

XQGHU WKH HIIHFW RI ORQJ�WLPH VHUYLFH ORDGV ZHUH HYDOX�

DWHG�

&KDUDFWHULVWLFV RI SLSHV LQ WKH LQLWLDO FRQGLWLRQ�

GHSHQGLQJ XSRQ WKH DYDLODELOLW\ RI WKH GDWD� ZHUH
GHWHUPLQHG IURP DQDO\VLV RI UHTXLUHPHQWV RI WKH UHJX�

ODWRU\�WHFKQLFDO GRFXPHQWV �57'�� VWDWLVWLFDO SURF�
HVVLQJ RI FHUWLILFDWHV� OLWHUDWXUH GDWD DQG DUFKLYH PD�

WHULDOV�

7KH LQYHVWLJDWLRQV FRQGXFWHG VKRZHG WKDW WKH FRQ�

WUROOHG SDUDPHWHUV �FKHPLFDO FRPSRVLWLRQ RI VWHHO� PH�

FKDQLFDO SURSHUWLHV DQG PLFURVWUXFWXUH RI EDVH PHWDO

DQG PHWDO RI ORQJLWXGLQDO DQG FLUFXPIHUHQWLDO ILHOG

ZHOGHG MRLQWV� FRPSOLHG ZLWK WKH VSHFLILFDWLRQ UH�

TXLUHPHQWV DQG GLIIHUHG EXW VOLJKWO\ IURP RU ZHUH

SUHGHWHUPLQHG E\ WKH LQLWLDO FRQGLWLRQ RI PHWDO�

7KH WHVWV UHVXOWV VKRZHG �)LJXUH �� WKDW PHFKDQL�

FDO SURSHUWLHV RI VDPSOHV RI WKH EDVH PHWDO RI WKH

LQYHVWLJDWHG SLSHV PDGH IURP GLIIHUHQW VWHHO JUDGHV

DIWHU D ORQJ�WLPH RSHUDWLRQ ZHUH ZLWKLQ WKH UDQJH RI

VFDWWHU RI VLPLODU SURSHUWLHV RI WKH SLSH PHWDO LQ WKH

LQLWLDO FRQGLWLRQ �PRVWO\ ZLWKLQ WKH VWDQGDUG GHYLD�

WLRQ RI ± σ RI D JLYHQ SURSHUW\ PHDQ YDOXH�� $V D UXOH�

DOO WKH FRQWUROOHG SDUDPHWHUV RI WKH SLSH PHWDO DIWHU

D ORQJ�WLPH RSHUDWLRQ PHW WKH VSHFLILFDWLRQ UHTXLUH�

PHQWV� $ VLPLODU FRQFOXVLRQ FDQ EH PDGH DOVR IRU WKH

HPHUJHQF\ VWRFN SLSH PHWDO VXEMHFWHG WR QDWXUDO DJH�

LQJ GXULQJ D ORQJ VKHOI OLIH� 7KH H[FHSWLRQ ZHUH WKH

��� PP VHDPOHVV SLSHV RI VWHHO RI WKH ��* W\SH SUR�
GXVHG LQ &]HFKRVORYDNLD� ZKRVH PHWDO KDG GHFUHDVHG

YDOXHV RI \LHOG DQG WHQVLOH VWUHQJWK� DV FRPSDUHG ZLWK

� 6�(� 6(0(129� $�$� 5<%$.29� 9�,� .,5,$1� 7�1� ),/,3&+8.� /�9� *21&+$5(1.2� 9�0� 9$6,/<8.� 5�9� ./,021&+8.� 0�9� 67(76.,9
DQG )�6� 9/$6<8.� ����
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WKH 57' DQG FHUWLILFDWH GDWD� DV ZHOO DV RQH RI WKH

WHVWHG ZHOGHG SLSHV ��� PP LQ GLDPHWHU� SURGXFHG

E\ &K73= IURP VWHHO ��*6 ZLWK D EDVH PHWDO HORQ�

JDWLRQ RI OHVV WKDQ �� �� +RZHYHU� WKHVH GHYLDWLRQV

FDQ EH H[SODLQHG E\ YLRODWLRQV LQ WKH WHFKQRORJ\ RI

PDQXIDFWXUH RI VWHHO� ZKLFK OHG WR IRUPDWLRQ RI DQ

DEQRUPDO VWUXFWXUH RI VWHHO ��*6� RU E\ LQVXIILFLHQW

EDVLF DOOR\LQJ RI VWHHO RI WKH ��* W\SH� %HVLGHV� PHWDO

RI SLSHV RI VWHHO RI WKH ��*�% W\SH KDG DQ LQFUHDVHG

UDWLR RI σ\�σW� DV FRPSDUHG ZLWK WKH FHUWLILFDWH GDWD�

,W VKRXOG EH ERUQH LQ PLQG WKDW WKLV VWHHO ZDV PDGH

GXULQJ D SHULRG RI PDVWHULQJ RI WKH FRPPHUFLDO WHFK�

QRORJ\ RI FRQWUROOHG UROOLQJ� 7KHUHIRUH� LW LV LPSRVVL�

EOH WR UXOH RXW WKH SUREDELOLW\ RI H[FHVVLYH KDUGHQLQJ

RI PHWDO RI LQGLYLGXDO EDWFKHV GXULQJ UROOLQJ ZLWK DQ

LQWHQVLYH UHGXFWLRQ LQ WKH γwα WHPSHUDWXUH UHJLRQ� $W

WKH VDPH WLPH� LVVXHV DVVRFLDWHG ZLWK WKH SUREDELOLW\

RI YDULDWLRQV LQ PHFKDQLFDO SURSHUWLHV RI WKH SLSH VWHHO

KDUGHQHG E\ WKHUPRPHFKDQLFDO WUHDWPHQW XQGHU WKH

HIIHFW RI IDFWRUV SURPRWLQJ DJHLQJ RI WKH PHWDO DUH

ZRUWK\ RI D GHHSHU LQVLJKW�

7HPSHUDWXUH GHSHQGHQFLHV RI LPSDFW WRXJKQHVV RI

PHWDO RI WKH LQYHVWLJDWHG SLSH VDPSOHV �)LJXUH �� DUH

FKDUDFWHUL]HG E\ D JUDGXDO GHFUHDVH LQ LWV YDOXH ZLWK

D GHFUHDVH LQ WHPSHUDWXUH� ZKLFK LV UDWKHU W\SLFDO DOVR

IRU SLSHV RI VLPLODU VWHHOV LQ WKH LQLWLDO FRQGLWLRQ�

(OHFWURQ IUDFWRJUDSK\ RI IUDFWXUH VXUIDFHV UHYHDOHG

QR VLJQV RI LQWHUJUDQXODU IUDFWXUH� ZKLFK FRXOG KDYH

EHHQ LQGLFDWLYH RI GHYHORSPHQW RI WKH YHU\ GDQJHURXV

SKHQRPHQD RI PHWDO DJHLQJ� 0HWDO RI DOO RI WKH LQ�

YHVWLJDWHG ZHOGHG MRLQWV� ERWK ORQJLWXGLQDO DQG FLU�

FXPIHUHQWLDO� LV FKDUDFWHUL]HG E\ UDWKHU KLJK VWUHQJWK�

GXFWLOH DQG WRXJK SURSHUWLHV �7DEOH �� )LJXUH ���

ZKLFK DUH W\SLFDO LQ JHQHUDO IRU WKH ZHOGLQJ WHFKQROR�

JLHV XVHG IRU WKH PDQXIDFWXUH RI SLSHV DQG FRQVWUXF�

WLRQ RI SLSHOLQHV�

7KHUHIRUH� WKH GDWD REWDLQHG DUH LQGLFDWLYH RI D

FRPSDUDWLYHO\ ORZ HIIHFW RI IDFWRUV RI D ORQJ�WLPH

IRUFH ORDGLQJ RU QDWXUDO DJHLQJ RQ WKH RLO SLSHOLQH

PHWDO�

1'7 DQG DQDO\VLV RI PDFURVHFWLRQV RI FLUFXPIHU�

HQWLDO ZHOGHG MRLQWV VKRZHG� LQ SDUWLFXODU� WKDW WKH

ZHOG PHWDO FRQWDLQHG D FRQVLGHUDEOH DPRXQW RI WHFK�

QRORJLFDO GHIHFWV LQ WKH IRUP RI HGJH GLVSODFHPHQW�

ODFN RI SHQHWUDWLRQ� FOXVWHUV RI VODJ LQFOXVLRQV DQG

SRUHV� +RZHYHU� DV SURYHG E\ PHWDOORJUDSK\� QR IXU�

WKHU GHYHORSPHQW RI GHIHFWV XQGHU VHUYLFH ORDGLQJ WRRN

SODFH� 1RU ZDV IL[HG DQ\ KDUGHQLQJ RI PHWDO QHDU WKH

ZHOG GHIHFWV� ZKLFK ZRXOG KDYH EHHQ LQGLFDWLYH RI DQ

DFFXPXODWLRQ RI ORFDO SODVWLF VWUDLQV�

)LJXUH �� 0HFKDQLFDO SURSHUWLHV RI EDVH PHWDO RI SLSHV LQYHVWLJDWHG �D w I�� 2 x SLSHV DIWHU RSHUDWLRQ� 6 x HPHUJHQF\ VWRFN SLSHV�
OLJKW ]RQH x UDQJH RI VFDWWHU RI YDOXHV
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7KHUHIRUH� GXULQJ D ORQJ�WLPH RSHUDWLRQ QRQH RI

WKH LQYHVWLJDWHG PHFKDQLFDO SURSHUWLHV �σ\� σW� δ�� ψ�
.&8

w��� .&9�� RI WKH RLO SLSHOLQH PDWHULDOV XQGHU�

ZHQW DQ\ VXEVWDQWLDO FKDQJHV XQGHU WKH HIIHFW RI RS�

HUDWLRQDO ORDGV RU ORQJ�WLPH VKHOI OLIH ZLWKRXW IRUFH

ORDGLQJ� $OO WKH SURSHUWLHV PHW WKH57' UHTXLUHPHQWV�

ZKHUHDV WKH GHYLDWLRQV REVHUYHG LQ σ\� σW DQG δ� RI
WKH EDVH PHWDO RI VRPH SLSHV ZHUH FDXVHG E\ WKH FRU�

UHVSRQGLQJ SHFXOLDULWLHV RI VWUXFWXUDO FKDUDFWHULVWLFV

RI LQLWLDO VWHHOV DQG LPSHUIHFWLRQ RI WKH WHFKQRORJLHV

DW WKH VWDJH RI WKHLU PDQXIDFWXUH�

2I LQWHUHVW DUH WKH UHVXOWV RI WKH K\GUDXOLF WHVWV

RI VDPSOHV RI WKH SLSHV RI VWHHOV ��* DQG ��*1 FXW

RXW IURP DFWLYH SLSHOLQHV DIWHU D ORQJ�WLPH RSHUDWLRQ�

'XULQJ WKH WHVWV WKH VHFWLRQ FRPSRVHG RI EUDQFK

SLSHV ZLWK GHQWV RI GLIIHUHQW VL]HV DQG FRQILJXUDWLRQV

IUDFWXUHG LQ WKH ERG\ RI D EUDQFK SLSH RI VWHHO ��*1

RXWVLGH WKH GHQW DQG ZHOG ]RQHV XQGHU D SUHVVXUH RI

����� 03D� ZKLFK ZDV PXFK LQ H[FHVV RI D GHVLJQ

ZRUNLQJ SUHVVXUH LQ WKH SLSHOLQH� 8QGHU WKLV SUHVVXUH

WKH YDOXH RI VWUHVV LQ WKH EUDQFK SLSH ZDV ����� 03D�

ZKLFK FRUUHVSRQGHG WR D UDWHG WHQVLOH VWUHQJWK RI VWHHO�

,W PHDQV WKDW� H[FHSW IRU WKH IUDFWXUH ]RQH SURSHU�

WKH VWDWH RI SUH�IUDFWXUH ZDV DFKLHYHG RQO\ LQ WKH

IUDFWXUHG EUDQFK SLSH RI WKH WHVW VHFWLRQ� $ FULWLFDO

VWUDLQ RI WKH SLSH ERG\ E\ WKH PRPHQW RI ORVV RI SODVWLF

VWDELOLW\ �IRUPDWLRQ RI WKH IUDFWXUH ]RQH�� DV HVWLPDWHG

E\ DQ LQFUHDVH LQ WKH SHULPHWHU RXWVLGH WKH IUDFWXUH

]RQH� ZDV ≈ � �� ZKLFK LQ JHQHUDO ZDV FORVH WR D

VLPLODU SURSHUW\ RI SLSHV SURGXFHG GXULQJ D SHULRG

XQGHU FRQVLGHUDWLRQ�

'XULQJ WKH K\GUDXOLF WHVWV WKH PHWDO RI RWKHU

EUDQFK SLSHV RI WKH VHFWLRQ ZDV DOVR VXEMHFWHG WR D

UDWKHU KLJK FROG SODVWLF GHIRUPDWLRQ� ,QYHVWLJDWLRQ RI

SURSHUWLHV RI PHWDO RI WKH ORDGHG WHVW VHFWLRQ SURYLGHV

DQ LGHD RI WKH VDIHW\ IDFWRU IRU VHUYLFHDELOLW\ RI PHWDO

RI WKH ORQJ�VHUYLFH SLSHOLQHV� $V VKRZQ E\ ODWHU WHVWV

�7DEOH ��� DQ DGGLWLRQDO FROG SODVWLF GHIRUPDWLRQ� WKH

YDOXH RI ZKLFK �HVWLPDWHG E\ DQ LQFUHDVH LQ WKH SLSH

SHULPHWHU� ZDV ���� w ������ OHG WR D QDWXUDO LQFUHDVH

LQ WKH YDOXHV RI σ\ DQG σ\�σW DQG VRPH GHFUHDVH LQ

WKH YDOXHV RI δ� DQG ψ RI WKH EDVH PHWDO� 7KXV� LI WKH

SLSHV DIWHU D ORQJ�WLPH RSHUDWLRQ KDG WKH σ\�σW UDWLR�

DV HVWLPDWHG E\ WKH PHDQ YDOXHV IRU GLIIHUHQW VWHHO

JUDGHV� H[FHSW IRU VWHHO RI WKH ��*�% W\SH� HTXDO WR

���� w ����� DIWHU GHIRUPDWLRQ GXULQJ WKH K\GUDXOLF

WHVWV WKLV UDWLR LQFUHDVHG WR ���� w ����� &RPSDUDWLYH

YDOXHV RI HORQJDWLRQ ZHUH ���� w ���� DQG ���� w

)LJXUH �� ,PSDFW WRXJKQHVV RI PHWDO RI WKH LQYHVWLJDWHG SLSH VDPSOHV �D w F� �D x EDVH PHWDO� E x ZHOG PHWDO� F x +$= PHWDO� DQG
ZHOG PHWDO RI FLUFXPIHUHQWLDO ILHOG MRLQWV �G�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOG PHWDO RI LQYHVWLJDWHG SLSHV

0DWHULDO WHVWHG
3LSH VL]H� PP� DQG

VWHHO JUDGH
σ\ � 03D σW � 03D σ\�σW δ� �� ψ� � .&8

w��
�

-�FP
�

:HOG PHWDO RI ORQJLWXGLQDO IDFWRU\

ZHOGHG MRLQWV

��� × �� ��*6 ����� ����� ���� ���� ���� ����

��� × �� ��*�% W\SH ����� ����� ���� ���� ���� ����

��� × �� ��* ����� ����� ���� ���� ���� ����

:HOG PHWDO RI FLUFXPIHUHQWLDO ILHOG

ZHOGHG MRLQWV

��� × �� ��*6 ����� ����� ���� ���� ���� �����

��� × �� 6W��� w w w w w �����

��� × �� ��*�% W\SH ����� ����� ���� ���� ���� ����

��� × �� ��* W\SH ����� ����� ���� ���� ���� �����

��� × �� ��* ����� ����� ���� ���� ���� ����
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���� � DQG WKRVH RI UHGXFWLRQ LQ DUHD ZHUH ���� w

���� DQG ���� w ���� �� UHVSHFWLYHO\�

7KH YDOXHV RI LPSDFW WRXJKQHVV RI PHWDO RI WKH

WHVWHG VHFWLRQ ZHUH LQ H[FHVV RI WKH VSHFLILFDWLRQ UH�

TXLUHPHQWV� +RZHYHU� WKHUH ZDV D GHFUHDVH LQ WKH

OHYHO RI LPSDFW WRXJKQHVV DW �DQ XSSHU VKHOI� RI LWV

WHPSHUDWXUH GHSHQGHQFH� $OVR� DV WKH WHPSHUDWXUH GH�

FUHDVHG� WKH PDWHULDO H[KLELWHG D PRUH GUDVWLF WRXJK�

EULWWOH WUDQVLWLRQ�

7KHUH LV D FRPPRQ RSLQLRQ WKDW WKH FDVW PHWDO�

ZKLFK LV FKDUDFWHUL]HG E\ DQ LQFUHDVHG KHWHURJHQHLW\

DQG QRQ�HTXLOLEULXP RI WKH VWUXFWXUDO VWDWH� LV PRUH

VXVFHSWLEOH WR DJHLQJ WKDQ WKH PHWDO VXEMHFWHG WR VXE�

VHTXHQW KRW GHIRUPDWLRQ RU LPSURYLQJ KHDW WUHDWPHQW�

$V QRWHG DERYH� PHFKDQLFDO SURSHUWLHV RI WKH ZHOG

PHWDO RI WKH LQYHVWLJDWHG SLSHOLQH XQGHUZHQW QR VXE�

VWDQWLDO FKDQJHV XQGHU LPSDFWV RI D ORQJ�WLPH RSHUD�

WLRQ� ,Q DGGLWLRQ� H[WUD ORDGLQJ ZLWK D UHVLGXDO VWUDLQ

RI EUDQFK SLSHV KDG QR VXEVWDQWLDO HIIHFW HLWKHU RQ

PHFKDQLFDO SURSHUWLHV RI WKH ZHOG PHWDO RI WKH ORQJL�

WXGLQDO ZHOGHG MRLQWV LQ SLSHV �7DEOH ��� %HVLGHV�

WKHUH LV D WUHQG WR KDUGHQLQJ DQG LQFUHDVH LQ VXFK

SURSHUWLHV RI WKH ZHOG PHWDO DV HORQJDWLRQ DQG UHGXF�

WLRQ LQ DUHD� 1HYHUWKHOHVV� WKH HORQJDWLRQ YDOXHV UH�

PDLQ DOPRVW DW D OHYHO RI UHTXLUHPHQWV LPSRVHG RQ

WKH EDVH PHWDO� $ UHODWLYHO\ ORZ UHDFWLRQ RI WKH ZHOG

PHWDO WR H[SDQVLRQ RI SLSHV LQ WKH HODVWR�SODVWLF UHJLRQ

RI ORDGLQJ E\ DQ LQWHUQDO SUHVVXUH LV OLNHO\ WR EH DV�

VRFLDWHG ZLWK DQ LQFUHDVHG ORFDO ULJLGLW\ DQG� WKHUH�

IRUH� LV FDXVHG E\ D ORZHU GHIRUPDWLRQ RI WKH ZHOG

PHWDO� DV FRPSDUHG ZLWK WKH SLSH ERG\ PHWDO�

$W WKH VDPH WLPH� QRWHG ZDV D PRUH DSSUHFLDEOH

HIIHFW RI WKH YDOXH RI GHIRUPDWLRQ RI D EUDQFK SLSH RQ

D GHFUHDVH LQ LPSDFW WRXJKQHVV RI WKH +$= PHWDO RI

WKH ORQJLWXGLQDO ZHOGHG MRLQWV� 7KXV� DQ LQFUHDVH LQ

UHVLGXDO VWUDLQ DORQJ WKH SHULPHWHU RI WKH ��*1 SLSH

IURP ���� WR ���� � ZDV DFFRPSDQLHG E\ D GHFUHDVH

RI ��� w ��� WLPHV LQ LPSDFW WRXJKQHVV RI WKH +$=

PHWDO� (YHQ LQ WKH VWDWH RI SUH�IUDFWXUH RI WKH EDVH

PHWDO� LPSDFW WRXJKQHVV RI WKH +$= PHWDO DW D WHP�

SHUDWXUH RI � �& DQG KLJKHU KDG D YDOXH RI PRUH WKDQ

���� -�FP��

7KH LQYHVWLJDWLRQV FRQGXFWHG DOORZ D FRQFOXVLRQ

WKDW PDWHULDO RI WKH H[DPLQHG SLSHV DQG ZHOGHG MRLQWV

DIWHU D ORQJ�WLPH RSHUDWLRQ SUHVHUYHG WKH YDOXHV RI

WKH VDIHW\ IDFWRUV IRU GXFWLOLW\ DQG WRXJKQHVV FORVH WR

WKH LQLWLDO RQHV� 7KLV LV UDWKHU FRQYLQFLQJO\ SURYHG

E\ WKH UHVXOWV RI WKH K\GUDXOLF WHVWV DQG HVWLPDWLRQ

RQ WKHLU EDVLV RI PHFKDQLFDO SURSHUWLHV RI WKH PHWDO

LQ WKH XOWLPDWH VWDWH� 7R DFKLHYH WKH SUH�IUDFWXUH VWDWH�

LW ZDV QHFHVVDU\ WR VXEMHFW WKH PDWHULDO RI WKH ORQJ�

VHUYLFHG SLSHV WR VXEVWDQWLDO FROG SODVWLF GHIRUPDWLRQ�

ZKLFK ZDV DFFRPSDQLHG E\ D QDWXUDO KDUGHQLQJ RI WKH

PHWDO� 6XSSRVHGO\� WKH IDFWRU RI WKH LQWHQVLW\ RI WKH

HIIHFWV� GHIRUPDWLRQDO LQ SDUWLFXODU� LI ZH PHDQ WKH

HIIHFW RI VWUDLQ DJHLQJ� KDV WKH PRVW FULWLFDO LPSRU�

WDQFH IRU GHYHORSPHQW RI WKH SKHQRPHQD RI GHJUDGD�

WLRQ RI SHUIRUPDQFH RI WKH SLSH PHWDO�

7KHUHIRUH� HQVXULQJ D ORQJ�WLPH UHOLDEOH RSHUDWLRQ

RI PDLQ RLO SLSHOLQHV� LPSO\LQJ UHWHQWLRQ RI SHUIRUP�

DQFH RI WKH EDVLF ORDG�FDUU\LQJ VWUXFWXUDO HOHPHQWV RI

WKHLU OLQHDU SDUW� L�H� PHWDO RI WKH SLSHV DQG ZHOGHG

MRLQWV� LV IHDVLEOH� +RZHYHU� WKLV UHTXLUHV NHHSLQJ

VWULFWO\ WR WKH VSHFLILHG ORDGLQJ FRQGLWLRQV RI SLSH�

OLQHV� HOLPLQDWLRQ RI HPHUJHQF\ VLWXDWLRQV WKDW OHDG

WR RYHUORDGLQJ� LQWHQVLYH F\FOLF DQG RWKHU HIIHFWV�

ZKLFK HYHQWXDOO\ FDQ EH DFFRPSDQLHG E\ IRUPDWLRQ

RI WKH VWUDLQHG ]RQHV DQG IUDFWXUH FHQWUHV�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI EDVH PHWDO RI VRPH EUDQFK SLSHV LQ D VHFWLRQ VXEMHFWHG WR K\GUDXOLF WHVWV

3LSH VL]H� PP� DQG

VWHHO JUDGH

'HJUHH RI

EUDQFK SLSH

H[SDQVLRQ� �

σ\ � 03D σW � 03D σ\�σW δ� �� ψ� � .&8
w��
�

-�FP
�

.&9
��
�

-�FP
�

��� × �� ��* ���� ����� ����� ���� ����� ���� ���� ����

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

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

��� × �� ��*1 ���� ����� ����� ���� ���� ���� ���� ����

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

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOG PHWDO RI ZHOGHG MRLQWV LQ SLSHV VXEMHFWHG WR K\GUDXOLF WHVWV

0DWHULDO WHVWHG
3LSH VL]H� PP�

DQG VWHHO JUDGH

'HJUHH RI

EUDQFK

SLSH

H[SDQVLRQ�

�

σ\ � 03D σW � 03D σ\�σW δ� �� ψ� � .&8
w��
�

-�FP
�

:HOG PHWDO RI ORQJLWXGLQDO

ZHOGHG MRLQWV

��� × �� ��* ���� ����� ����� ���� ���� ���� ����

���� ����� ����� ���� ���� ���� ����

���� ����� ����� ���� ���� ���� ����

���� ����� ����� ���� ���� ���� ����

:HOG PHWDO RI ILHOG FLUFXPIH�

UHQWLDO ZHOGHG MRLQWV

��� × �� ��* ���� ����� ����� ���� ���� ���� ����

20 5/2001



$OVR� LW LV LPSRUWDQW WR EHDU LQ PLQG WKDW WKH

SUREDEOH SUH�VHUYLFH LQWHQVLYH WHFKQRORJLFDO FRQGL�

WLRQV PD\ KDYH D GDQJHURXV HIIHFW RQ DPDWHULDO� ZKLFK

LV FKDUDFWHULVWLF PRVWO\ RI WKH ORFDO ]RQHV RI VKDSH

GLVWRUWLRQV� VXUIDFH GHQWV� H[SDQVLRQ� GHYLDWLRQV IURP

WKH VSHFLILHG ZHOGLQJ FRQGLWLRQV� HWF� $V ZDV QRWHG

LQ >�@� RI VSHFLDO LPSRUWDQFH IRU HQVXULQJ WKH UHOLDEOH

RSHUDWLRQ RI SLSHOLQHV LV SUHYHQWLRQ RI IRUPDWLRQ�

WLPHO\ GHWHFWLRQ DQG UHSDLU RI YDULRXV GDQJHURXV GH�

IHFWV DQG GDPDJHV� ZLWKLQ WKH ]RQHV RI ZKLFK WKH

FRQVLGHUDEOH FKDQJHV LQ D PDWHULDO� OHDGLQJ WR IUDF�

WXUH� PLJKW RFFXU XQGHU WKH DIIHFW RI DSSOLHG ORDGV

DQG DJJUHVVLYH HQYLURQPHQWV�

7KH UHVXOWV REWDLQHG DUH RI D FHUWDLQ LQWHUHVW DOVR

IURP WKH VWDQGSRLQW RI WKH PHWKRGRORJ\ XVHG IRU

HYDOXDWLRQ RI WKH VWDWH RI DPDWHULDO RI DFWLYH SLSHOLQHV�

7KH DSSURSULDWH HYDOXDWLRQ FULWHULD DUH UHTXLUHG WR

WUDFH D GHFUHDVH LQ SHUIRUPDQFH RU RFFXUUHQFH RI WKH

SUH�DFFLGHQW VLWXDWLRQV� &KDUDFWHULVWLFV RI IUDFWXUH UH�

VLVWDQFH� LQFOXGLQJ LQGLFDWRUV RI FUDFN UHVLVWDQFH� DUH

FRQVLGHUHG WKH PRVW UHOLDEOH RI WKH DERYH FULWHULD� 7KH

XVHIXO LQIRUPDWLRQ FDQ DOVR EH GHULYHG LQ WKH FRXUVH

RI LQYHVWLJDWLRQ RI GHIRUPDWLRQDO �JHRPHWULFDO� DQG

VWUXFWXUDO FKDUDFWHULVWLFV� EHKDYLRXU RI GHIHFWV� HWF�

7KH UHVXOWV RI WHVWV RI VWDQGDUG PHFKDQLFDO SURSHUWLHV�

HVWLPDWHG LQ WHUPV RI WKHLU FRUUHVSRQGHQFH WR VSHFLIL�

FDWLRQ UHTXLUHPHQWV� VKRXOG EH WUHDWHG ZLWK D FHUWDLQ

FDUH�

,QYHVWLJDWLRQV RI WKH SLSH PHWDO DIWHU WKH K\GUDXOLF

WHVWV LQGLFDWH WKDW WKH ORZ WKUHVKROG GHVLJQ OHYHOV RI

LPSDFW WRXJKQHVV �WKLV LV HVSHFLDOO\ W\SLFDO IRU SLSHV

ZLWK D QRPLQDO GLDPHWHU RI XS WR ���� PP� GR QRW

DOORZ D VDWLVIDFWRU\ VWDWH RI WKH SLSH PHWDO DIWHU D

ORQJ�WLPH RSHUDWLRQ WR EH UHOLDEO\ JXDUDQWHHG� $GGL�

WLRQDO LQYHVWLJDWLRQV DUH UHTXLUHG IRU GHWHFWLRQ RI WKH

DFWXDO PHWDO VWDWH�

5()(5(1&(6

�� 3DWRQ� %�(�� 6HPHQRY� 6�(�� 5\EDNRY� $�$� HW DO� ������
$JHLQJ DQG PHWKRGRORJ\ RI HYDOXDWLRQ RI WKH VWDWH RI PHWDO
RI DFWLYH PDLQ SLSHOLQHV� $YWRPDWLFKHVND\D 6YDUND� �� � w
���

�� 3DVKNRY� <X�,�� $QLVLPRY� <X�,�� /DQFKDNRY� *�$� HW DO�
������ 3UHGLFWLRQ RI WKH UHVLGXDO VWUHQJWK RI PDLQ JDV DQG
RLO SLSHOLQHV� DOORZLQJ IRU WKH WLPH RI WKHLU RSHUDWLRQ� 6WURL�
WHOVWYR 7UXERSURYRGRY� �� � w ��

�� /DQFKDNRY� *�$�� 6WHSDQHQNR� $�,�� 3DVKNRY� <X�,� ������
(IIHFW RI WLPH RI RSHUDWLRQ RQ UHVLGXDO VWUHQJWK RI SLSHOLQHV�
*D]� 3URP\VKOHQQRVW� �� �� w ���

�� *XPHURY� $�*�� =DMQXOLQ� 5�6�� <DPDOHHY� .�1� HW DO�
������ $JHLQJ RI SLSHV LQ RLO SLSHOLQHV� 0RVFRZ� 1HGUD�
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9�.� .$/(16.<� 9�,� '925(76.<� 9�0� %8*$ DQG $�9� 6(0(1,.+,1

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

$%675$&7

7KH IOX[�FRUHG ZLUHV KDYH EHHQ GHYHORSHG IRU VXEPHUJHG DUF VXUIDFLQJ RI ZRUNLQJ VXUIDFHV RI UROOHUV DQG SODWHV RI VLQJOH�

UROOHU VXSSRUWLQJ PHPEHUV �6560� RI EULGJHV ZLWK D OD\HU RI KLJK�VWUHQJWK VWHHO RI WKH ��.K��01 JUDGH� ZKLFK LV

UHVLVWDQW WR WKH DWPRVSKHULF FRUURVLRQ� 7KH WHFKQRORJ\ RI PDQXIDFWXUH RI 6560 XVLQJ VXUIDFLQJ DOORZV WKHLU OLIH WR EH

H[WHQGHG � WLPHV WR PDNH LW HTXDO WR WKH OLIH RI WKH EULGJH� 3ODQWV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DUH

PDQXIDFWXULQJ 6560 RQ WKH FRPPHUFLDO VFDOH�

.H\ ZRU G V � VXUIDFLQJ� PDWHULDOV� EULGJHV� VLQJOH�UROOHU

VXSSRUWLQJ PHPEHUV� FRUURVLRQ�UHVLVWDQW KLJK�VWUHQJWK FRQWDFW

VXUIDFHV� WHFKQRORJ\� PDQXIDFWXULQJ

,Q DFFRUGDQFH ZLWK WKH GDWD RI GRPHVWLF DQG IRUHLJQ

VWDWLVWLFV� WKH DYHUDJH VHUYLFH OLIH RI WKH EULGJHV LV

DERXW ��� \HDUV� ZKLOH WKDW RI WKHLU VXSSRUWLQJ PHP�

EHUV �60� GRHV QRW H[FHHG �� \HDUV� 7KH ODWWHU KDG
WR EH UHSODFHG QRW OHVV WKDQ � WLPHV WKDW LV H[SHQVLYH

DQG YHU\ ODERXU�FRQVXPLQJ RSHUDWLRQ WDNLQJ LQWR DF�

FRXQW WKH ODUJH PDVV RI WKH EULGJH VSDQV�

8QWLO QRZ� LQ FRQVWUXFWLRQ RI ODUJH�VSDQ EULGJHV

WKH PXOWL�UROOHU 60 ZHUH XVHG PDLQO\� IRU ZKLFK D

FRHIILFLHQW RI UROOLQJ IULFWLRQ� WHFKQRORJLFDO VWUHQJWK�

KDUGQHVV DQG FRUURVLRQ UHVLVWDQFH RI FRQWDFW VXUIDFHV

ZHUH QRW JXDUDQWHHG� 'XULQJ ORQJ�WLPH VHUYLFH WKH

PRGH RI VSDQ VXSSRUWLQJ RQ WKH 60 FKDQJHG� WKH

PRYDEOH 60 MDPPHG� WKH GHVLJQ FRQILJXUDWLRQ RI WKH

FRQVWUXFWLRQ FKDQJHG DQG GHIHFWV DSSHDUHG RQ WKH VXS�

SRUWLQJ PHPEHUV DQG LQ VSDQV�

7KH VLQJOH�UROOHU VXSSRUWLQJ PHPEHUV �6560�

FRQVLVWLQJ RI WZR VXSSRUWLQJ SODWHV DQG D UROOHU EH�

WZHHQ WKHP DUH VLPSOHVW LQ GHVLJQ DQG PRVW DGYDQFHG

E\ IXQFWLRQDOLW\ �)LJXUH ��� +RZHYHU� WKH DSSOLFDWLRQ
RI 6560 LQ &,6 ZDV OLPLWHG GXH WR D ORZ ORDG�EHDULQJ

FDSDFLW\ RI FDUERQ DQG ORZ�DOOR\HG VWHHOV UHFRP�

PHQGHG E\ 61L3 �������w�� IRU WKHLU PDQXIDFWXUH�

7KH SUHVHQW GHYHORSPHQW LV EDVHG RQ WKH LGHD RI

SURGXFLQJ ZRUNLQJ FRQWDFW VXUIDFHV RI 6560 XVLQJ

VXUIDFLQJ ZLWK D KLJK�VWUHQJWK VWHHO ZKLFK SURYLGHV

KLJK YDOXHV RI KDUGQHVV DQG SRVVHVVHV D VXIILFLHQW UH�

VLVWDQFH WR WKH DWPRVSKHULF FRUURVLRQ� 8VH RI WKHVH

6560� FKDUDFWHUL]HG E\ D KLJK UHOLDELOLW\� ORZ FRHI�
ILFLHQW RI IULFWLRQ� ORZ PHWDO FRQVXPSWLRQ DQG PLQL�
PXP�SRVVLEOH RYHUDOO KHLJKW� ZLOO PDNH LW SRVVLEOH WR

LQFUHDVH WKHLU VHUYLFH OLIH DOPRVW E\ � WLPHV DQG WR

OHYHO LW ZLWK WKH WHUP RI WKH EULGJH VHUYLFH�
7KLV LGHD ZDV ILUVW UHDOL]HG LQ *HUPDQ\ ZKHUH WKH

SUHIDEULFDWLRQV RI 6560 UROOHUV DQG SODWHV PDGH IURP

WKH ORZ�FDUERQ VWHHOZHUH VXEMHFWHG WR VXUIDFLQJ LQ DUJRQ

ZLWK HOHFWURGH ZLUHV FRQWDLQLQJ �� w �� � &U >�@�

:KHQ GHYHORSLQJ WKH GRPHVWLF YDULDQW RI WKH WHFK�

QRORJ\� LW ZDV GHFLGHG WR PDQXIDFWXUH WKH 6560 SUH�

IDEULFDWLRQV IURP VWHHO ��*�6 �& x ���� w ����

0Q x ���� 6L x ��� ZW���� DQG WR SHUIRUP VXE�

PHUJHG DUF VXUIDFLQJ ZLWK FKURPLXP VWHHO IOX[�FRUHG

ZLUHV LQ � OD\HUV� GXFWLOH �LQWHUPHGLDWH� DQG KLJK�

VWUHQJWK �ZRUNLQJ��

7R UHGXFH WR PLQLPXP WKH EXUQLQJ RXW RI WKH DO�

OR\LQJ HOHPHQWV GXULQJ VXUIDFLQJ� D ORZ�DFWLYH ORZ�
VLOLFRQ IOX[ $1��� �6L2� x �� w ��� &D2 x �� w

��� $O�2� x �� w ��� &D)� x �� w �� ZW��� ZDV

XVHG >�@� SURYLGLQJ D JRRG IRUPDWLRQ RI GHSRVLWHG

EHDGV DQG H[FHOOHQW UHPRYDO RI WKH VODJ FUXVW� ([SHUL�
PHQWV RQ VXUIDFLQJ ZHUH SHUIRUPHG LQ WKH $����1

W\SH PDFKLQH ZLWK DQ LQGHSHQGHQW IHHGLQJ RI ZLUH DW

'&53� 7KH SRZHU VRXUFH ZLWK D ULJLG H[WHUQDO FKDU�

DFWHULVWLF ZDV XVHG� 7KH VXUIDFLQJ FRQGLWLRQV ZHUH DV

IROORZV� ,  ��� w ��� $�8 �� w ��9� Y
V
 �� P�K�

7KH LQWHUPHGLDWH OD\HU ZDV GHSRVLWHG LQ � SDVVHV
ZLWK DQ H[SHULPHQWDO IOX[�FRUHG ZLUH ��.K�� �& x

���� &U x ���� ZW��� )H x EDODQFH� RQ WKH QDUURZ

IDFHV RI WKH SODWHV RI �� × ��� × ��� PP VL]H� KHDWHG

WR ��� �&� +DUGQHVV RI WKH GHSRVLWHG PHWDO ZDV +5&

��� DQG WKH LPSDFW VWUHQJWK x �� -�FP�
�

� 9�.� .$/(16.<� 9�,� '925(76.<� 9�0� %8*$ DQG $�9� 6(0(1,.+,1� ����

)LJXUH �� 6NHWFK RI 6560� � x UROOHU� � x VXSSRUWLQJ SODWHV�
� x UHVW GHYLFHV� � x ZRUNLQJ UROOLQJ VXUIDFHV
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7KH WDVN ZDV WR GHYHORS WKH IOX[�FRUHG ZLUH IRU
VXUIDFLQJ RI WKH FRUURVLRQ�UHVLVWDQW OD\HU KDYLQJ D KLJK
KDUGQHVV �+5& �� w ��� DQG VWUHQJWK �σ\  ���� w
���� 03D�� 7KHVH FKDUDFWHULVWLFV DUH SURYLGHG E\
PDUWHQVLWLF FKURPLXP VWHHOV� VXEMHFWHG WR WKH DLU KDUG�
HQLQJ >�� �@� 7R VSHFLI\ WKH QDWXUH RI FKURPLXP DQG
FDUERQ HIIHFW RQ WKH KDUGQHVV RI WKH GHSRVLWHG PHWDO
D VHULHV RI H[SHULPHQWDO IOX[�FRUHG ZLUHV ZLWK �� w
�� � &U DQG ��� w ��� � & ZDV PDQXIDFWXUHG DQG
XVHG IRU VXUIDFLQJ� )URP WKH UHVXOWV RI KDUGQHVV PHDV�
XUHPHQWV �)LJXUHV � DQG �� WKH GHSRVLWHG PHWDO RI
WKH ��.K�� �& x ���� &U x ���� ZW��� )H x EDO�
DQFH� W\SH ZDV WDNHQ DV D EDVH IRU WKH ZRUNLQJ OD\HU
FRPSRVLWLRQ�

6WHHOV RI WKLV W\SH DUH VXVFHSWLEOH WR FUDFN IRUPD�
WLRQ GXULQJ KDUGHQLQJ� ZHOGLQJ DQG VXUIDFLQJ >�� �@�
7KHUHIRUH� WKH FKHPLFDO FRPSRVLWLRQ RI WKH ZRUNLQJ
OD\HU ZDV RSWLPL]HG XVLQJ WKH PHWKRG RI D PDWKHPDWL�
FDO SODQQLQJ RI H[SHULPHQW� GXULQJ ZKLFK WZR LWV FUL�
WHULD ZHUH HYDOXDWHG� KDUGQHVV DQG FUDFN UHVLVWDQFH�
7KH IOX[�FRUHG ZLUHV ZHUH PDQXIDFWXUHG SURYLGLQJ
WKH GHSRVLWHGPHWDO ZLWKLQ WKH UDQJHV RI FRPSRVLWLRQV�
ZKLFK ZHUH SUHVHW LQ WKH SODQ� �� & x ���� w �����
&U x �� w ��� 1L x ��� w ���� 7L x � w ��� DW
0Q x ����� 6L x ���� 0R x ����

7R GHWHUPLQH KDUGQHVV DQG FUDFN UHVLVWDQFH� WKH
EHDGV ZHUH GHSRVLWHG E\ � SDVVHV LQ ZLGWK DQG � SDVVHV
LQ KHLJKW RQ WKH ��.K�� VWHHO LQWHUPHGLDWH OD\HU RQ
WKH QDUURZ IDFHV RI WKH DERYH�PHQWLRQHG SODWHV� 7KH
FUDFN UHVLVWDQFH ZDV HYDOXDWHG E\ ���SRLQW VFDOH V\V�
WHP YLVXDOO\ �GHSHQGLQJ RQ WKH TXDQWLW\ DQG OHQJWK
RI FUDFNV�� $V D UHVXOW RI VHDUFKLQJ RI WKH RSWLPXP
FRPSRVLWLRQ D JOREDO H[WUHPXP RI FRPSRVLWLRQ RI WKH
GHSRVLWHG PHWDO ZDV REWDLQHG LQ WKH FRPSXWHU� FRQ�
WDLQLQJ� �� & x ����� &U x ����� 1L x ����� 7L x

����� DW 0Q x ����� 6L x ���� 0R x ��� DQG SUR�
YLGLQJ KDUGQHVV RI DSSUR[LPDWHO\ +5& �� DW D FRP�
SOHWH DEVHQFH RI WKH FUDFNV� 7KH REWDLQHG GDWD KHOSHG
WR GHYHORS WKH IOX[�FRUHG ZLUH RI 33�$1 ��� �33�
1S���.K��01� JUDGH� SURYLGLQJ GHSRVLWHG PHWDO
ZKRVH FRPSRVLWLRQ LV FORVH WR RSWLPXP� 7KH ZLUH IRU
VXUIDFLQJ RI WKH LQWHUPHGLDWH �EXIIHULQJ� OD\HU ZDV
GHVLJQDWHG 33�$1 ��� �33�1S���.K���� 7KH PHQ�
WLRQHG ZLUHV ZHUH PDQXIDFWXUHG DQG XVHG IRU WKH QH[W
H[SHULPHQWV�

7KH VXUIDFLQJ ZDV PDGH DW WKH PHQWLRQHG FRQGL�
WLRQV E\ � SDVVHV �ZLWK WKUHH ZLUHV RI 33�1S���.K��
JUDGH DQG 33�1S���.K��01 JUDGH� XVLQJ WKH IOX[
$1���� 6DPSOHV IRU H[DPLQDWLRQV ZHUH FXW IURP WKH
ZRUNLQJ OD\HU� 7KH FKHPLFDO FRPSRVLWLRQ RI WKH ZRUN�
LQJ OD\HU ZDV WKH IROORZLQJ� �� &x ����� 6L x �����
0Q x ����� &U x ������ 1L x ����� 0R x �����
7L x ������ 6 x ������ 3 x ������

7KH SDUW RI VDPSOHV ZDV VXEMHFWHG WR WHPSHULQJ
ZLWKLQ WKH UDQJH RI ��� w ��� �& WHPSHUDWXUHV� 7KH
WHPSHULQJ GXUDWLRQ ZDV � K� IXUQDFH FRROLQJ� 5HVXOWV
RI KDUGQHVV PHDVXUHPHQW RI WHPSHUHG VDPSOHV DUH
JLYHQ LQ )LJXUH �� ZKLFK VKRZV WKDW WKH GHSRVLWHG
PHWDO LV FKDUDFWHUL]HG E\ DQ LQFUHDVHG VWDELOLW\ WR WKH
KDUGQHVV GHFUHDVH� $W ��� �& D OLWWOH VHFRQGDU\ LQ�
FUHDVH LQ KDUGQHVV ZDV REVHUYHG GXH WR SUHFLSLWDWLRQ
RI VSHFLDO FDUELGHV� )RU FRPSDULVRQ WKH KDUGQHVV RI D

)LJXUH �� (IIHFW RI FKURPLXP RQ KDUGQHVV RI VWHHOV� �x GHSRVLWHG
PHWDO ���� � &�� � x KDUGHQHG UROOHG PHWDO ���� � &�

)LJXUH �� (IIHFW RI FDUERQ RQ KDUGQHVV RI FKURPLXP VWHHOV� � x
GHSRVLWHG PHWDO� � x KDUGHQHG UROOHG PHWDO

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ��.K��01 GHSRVLWHG PHWDO
GHSHQGLQJ RQ WKH WHPSHULQJ WHPSHUDWXUH

7HPSHU�

LQJ WHP�

SHUD�

WXUH� �&

,PSDFW

VWUHQJWK�

-�FP
�

<LHOG

VWUHQJWK�

03D

8OWLPDWH

VWUHQJWK�

03D

(ORQJD�

WLRQ� �

5HGXFWLRQ

LQ DUHD�

�

+DUGQHVV

+5& RI

XSSHU

OD\HU

��� �� ���� ���� ��� ��� ��

��� �� ���� ���� ��� ���� ��

��� �� ���� ���� ��� ���� ��

��� �� ���� ���� ��� ��� ��
)LJXUH ��(IIHFW RI WHPSHULQJ WHPSHUDWXUH RQ KDUGQHVV RI FKURPLXP
VWHHOV� �x GHSRVLWHG PHWDO ��.K��01� �x UROOHG PHWDO RI VWHHO
��.K��
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UROOHG VWHHO FORVH E\ WKH FRPSRVLWLRQ LV VKRZQ LQ WKH
GLDJUDP�

7KH UHVXOWV RI PHFKDQLFDO WHVWV RI WKH ZRUNLQJ
OD\HU PHWDO DUH JLYHQ LQ 7DEOH �� ,W IROORZV IURP WKH
7DEOH WKDW WKH EHVW FKDUDFWHULVWLFV RI KDUGQHVV� LPSDFW
VWUHQJWK� VWUHQJWK DQG GXFWLOLW\ DUH DWWDLQHG LQ WKH
GHSRVLWHG PHWDO DIWHU WHPSHULQJ DW ��� �&�

)LJXUH � VKRZV D PDFURVHFWLRQ RI WKH GHSRVLWHG
VDPSOH� 6WUXFWXUH RI PHWDO� HVSHFLDOO\ WKUHH XSSHU
SDVVHV� KDV D FOHDUO\ H[SUHVVHG WUDQVFU\VWDOOLQH QD�
WXUH� 1R GHIHFWV ZHUH UHYHDOHG LQ WKH PHWDO RI WKH
GHSRVLWHG OD\HU DQG +$=� 'LVWULEXWLRQ RI KDUGQHVV
DFURVV WKH WKLFNQHVV RI WKH GHSRVLWHG OD\HU LV VKRZQ
LQ 7DEOH ��

0LFURVWUXFWXUH RI WKH GHSRVLWHG PHWDO LV JLYHQ LQ
)LJXUH �� 7KH IXVLRQ ]RQH RI WKH GHSRVLWHG PHWDO
��.K�� ZLWK SDUHQW PHWDO �)LJXUH �� D� LV FKDUDF�
WHUL]HG E\ WKH LQFUHDVHG HWFKLQJ GXH WR FOXVWHULQJ RI
ILQH�GLVSHUVHG FDUELGHV LQ LW� IRUPLQJ D FDUELGH URZ
DORQJ WKH IXVLRQ ERXQGDU\� )URP WKH VLGH RI WKH SDUHQW
PHWDO D GHFDUEXUL]HG EDQG RI IHUULWH LV DGMDFHQW WR WKH
ERXQGDU\� DQG EHORZ� D ILQH�JUDLQHG IHUULWLF�SHDUOLWLF
VWUXFWXUH LV VHHQ� 7KH VWUXFWXUH RI WKH GHSRVLWHG PHWDO
��.K�� DW WKH IXVLRQ ERXQGDU\ LV IHUULWLF ZLWK ILQH�
GLVSHUVHG SUHFLSLWDWLRQV RI WKH FKURPLXP FDUELGH�

)LJXUH �� E VKRZV WKH IXVLRQ ERXQGDU\ RI GHSRVLWHG
PHWDOV ��.K�� DQG ��.K��01� 6WUXFWXUH ��.K��
�DW WKH ERWWRP� FRQVLVWV RI D IHUULWLF PDWUL[ ZLWK GLV�
SHUVHG FKURPLXP FDUELGHV DQG IHDWKHUHG SUHFLSLWD�
WLRQV RI VRUELWH� ZKLOH VWUXFWXUH ��.K��01 �WRS�
FRQVLVWV RI D WHPSHUHG PDUWHQVLWH� δ�IHUULWH DQG GLV�
SHUVHG SUHFLSLWDWLRQV RI FDUELGHV�

,Q WKH VHFRQG DQG WKLUG SDVVHV RI WKH GHSRVLWHG
PHWDO ��.K��01 �)LJXUH �� F� WKH QXPEHU RI δ�IHUULWH
UHJLRQV LV GHFUHDVHG� DQG WKH FRQWHQW RI PDUWHQVLWH LV
LQFUHDVHG� 7KH PD[LPXP PLFURKDUGQHVV �+9 ��� w
����03D� LV W\SLFDO RI WKH XSSHU OD\HU RI WKH GHSRVLW�

7KH UHVLVWDQFH RI WKH GHSRVLWHG PHWDO ��.K��01
WR WKH JHQHUDO FRUURVLRQ LQ DWPRVSKHULF FRQGLWLRQV ZDV
HYDOXDWHG LQ FRPSDULVRQ ZLWK WKH UHVLVWDQFH RI UROOHG
PHWDO RI VWHHOV ��.K�� �& x ���� &U x ���� ZW���
)H x EDODQFH�� ��.K�� �& x ���� &U x ���� ZW���
)H x EDODQFH� DQG VWHHO �� �& x ���� ZW��� )H x
EDODQFH�� )RU H[DPLQDWLRQ� WKH VDPSOHV RI � × �� ×
× �� PP VL]H ZHUH VXVSHQGHG LQ FKDPEHUV RI D VDOW
IRJ �DHURVRO RI � � VROXWLRQ RI 1D&O LQ ZDWHU�� LQ�

)LJXUH �� 0DFURVWUXFWXUH RI GHSRVLWHG VDPSOH

)LJXUH �� 0LFURVWUXFWXUH RI GHSRVLWHG VDPSOH� D x IXVLRQ ERXQGDU\ ZLWK SDUHQW PHWDO �×����� E x IXVLRQ ERXQGDU\ RI ��.K�� DQG
��.K��01 �×����� F x GHSRVLWHG PHWDO ��.K��01 �×���� �UHGXFHG E\ ����

7DEOH �� +DUGQHVV +5& RI GHSRVLWHG PHWDO

'HSRVLWHG

PHWDO

'LVWDQFH

IURP VXUIDFH�

PP

$V�GHSRVLWHG

VWDWH

$IWHU

WHPSHULQJ DW

��� �&

��.K��01 � �� ��

� �� ��

� �� ��

� �� ��

� �� ��

� �� ��

� �� ��

)XVLRQ ]RQH � �� ��

� �� ��

�� �� ��

��.K�� �� �� ��

�� �� ��



:RUN RQ VWXG\ RI WKH FRUURVLRQ UHVLVWDQFH RI WKH GHSRVLWHG PHWDO ZDV SHUIRUPHG E\ *�(� %RHYD� (�3� /RV� 9�$� *RUEDQ�

24 5/2001



FUHDVHG KXPLGLW\ DQG ZLWK D VXOSKXU GLR[LGH� 7HVWV
ZHUH SHUIRUPHG GDLO\ GXULQJ ���� K DW WHPSHUDWXUH
�� w �� �& ZLWK D FKDQJH RI PHGLXP HDFK �� GD\V� ,W
IROORZV IURP 7DEOH � WKDW WKH GHSRVLWHG PHWDO
��.K��01 LQ DOO WKUHH FKDPEHUV ZDV VXEMHFWHG WR
FRUURVLRQPXFK VORZHU WKDQ RWKHUV� ,Q DFFRUGDQFHZLWK
WKH ���SRLQW VFDOH RI WKH FRUURVLRQ UHVLVWDQFH �*267
�����w��� WKH GHSRVLWHG PHWDO FDQ UHIHU WR WKH �YHU\
UHVLVWDQW��

7R HYDOXDWH WKH SUREDELOLW\ RI SURFHHGLQJ WKH HOHF�
WURFKHPLFDO FRUURVLRQ LQ WKH IXVLRQ ]RQH RI WKH GHSRV�
LWHG PHWDO ZLWK WKH SDUHQW PHWDO� WKH SRWHQWLDOV RI
WKHVH PHWDOV ZHUH PHDVXUHG XVLQJ WKH PHWKRG RI DQ
DFFHOHUDWHG GHWHUPLQDWLRQ RI WKH HOHFWURFKHPLFDO KHW�
HURJHQHLW\ RI PHWDO XQGHU WKH GURS RI HOHWURO\WH IURP
WKH � � VROXWLRQ RI 1D&O >�@� 7KH SRWHQWLDOV ZHUH
PHDVXUHG RQ WKH � × �� × �� PP VDPSOHV� FXW QRUPDO
WR WKH VXUIDFH GHSRVLWHG� 7KH UHVXOWV RI PHDVXUHPHQWV
DUH SUHVHQWHG LQ 7DEOH �� )RU FRPSDULVRQ LW KDV DOVR
WKH FRUURVLRQ SRWHQWLDO RI VWHHO ��.K��1��7�

,W LV VHHQ IURP WKH 7DEOH WKDW WKH GLIIHUHQFH LQ SR�
WHQWLDOV RI PHWDOV ��*�6 DQG ��.K�� LV w��� P9� DQG
��*�6 DQG ��.K��01 LV w���P9� ,Q FDVH RI IRUPDWLRQ
RI GHIHFWV LQ WKH ]RQH RI IXVLRQ WKLV GLIIHUHQFH FDQ EHFRPH
D FDXVH RI D SURJUHVVLQJ FRUURVLRQ� 7KHUHIRUH� WKH ]RQHV
RI IXVLRQ RI WKH SDUHQW DQG GHSRVLWHG PHWDOV VKRXOG EH
FRYHUHG ZLWK GXUDEOH LQKLELWRUV�

7KH GHWHUPLQDWLRQ RI GHSRVLWHG PHWDO ��.K��01
VXVFHSWLELOLW\ WR FRUURVLRQ FUDFNLQJ ZDV SHUIRUPHG LQ
D ZKHHO RI DOWHUQDWLQJ ZHWWLQJ LQ � � VROXWLRQ RI 1D&O
DFFRUGLQJ WR *267 �����w��� 6DPSOHV RI � × �� ×
× ��� PP VL]H� FXW IURP WKH XSSHU OD\HU� GHSRVLWHG
DW RSWLPXP FRQGLWLRQ DQG WHPSHUHG DW ���� ���� ���
DQG ��� �&� ZHUH WHVWHG� 7KH\ ZHUH IL[HG LQ FUDPSV
DQG ORDGHG LQ IRXU SRLQWV ZLWK D IRUFH RI ��� DQG
��� N1� 7KH WHVW UHVXOWV DUH JLYHQ LQ 7DEOH �� ,W IROORZV
IURP WKH 7DEOH WKDW WKH JRRG FKDUDFWHULVWLFV DUH SUR�
YLGHG DW WKH ��� �& WHPSHULQJ WHPSHUDWXUH�

7KXV� WKH LQYHVWLJDWLRQV FDUULHG RXW FRQILUPHG WKH
FRUUHFW VHOHFWLRQ RI VXUIDFLQJ PDWHULDOV� VXUIDFLQJ FRQ�
GLWLRQV DQG KHDW WUHDWPHQW�

7HFKQRORJLFDO GLDJUDP RI PDQXIDFWXUH RI 6560
UROOHUV DQG SODWHV LV DV IROORZV�

7KH SUHOLPLQDU\ PDFKLQHG SUHIDEULFDWLRQV RI UROO�
HUV DQG SODWHV� ZKRVH VL]HV GHSHQG RQ WKH ORDGLQJ RQ
6560 DUH KHDWHG WR ��� w ��� �&� 7KH LQWHUPHGLDWH
OD\HU LV GHSRVLWHG ZLWK ZLUH 33�1S���.K�� XVLQJ IOX[
$1��� LQ � RU � SDVVHV DORQJ WKH KHLJKW ZLWK ORQJL�
WXGLQDO EHDGV DW D VKXWWOH GLVSODFHPHQW RI WKH ZHOGLQJ
KHDG� 7R GHSRVLW WKH ZRUNLQJ OD\HU WKH SUHIDEULFDWLRQV
DUH KHDWHG WR ��� w ��� �&� 7KH VXUIDFLQJ LV PDGH� DV
D UXOH� LQ � SDVVHV DORQJ WKH KHLJKW ZLWK ZLUH 33�1S�
��.K��01� 7KH VXUIDFLQJ FRQGLWLRQV ZHUH DERYH�
PHQWLRQHG�

7KHQ� WKH SUHIDEULFDWLRQV DUH VXEMHFWHG WR WHPSHU�
LQJ DW ��� w ��� �& IRU � K ZLWK D IXUQDFH FRROLQJ�
$IWHU FRROLQJ WR ��� �&� WKH\ FDQ EH VXEMHFWHG WR WKH
DLU FRROLQJ�

$V�GHSRVLWHG DQG WHPSHUHG SUHIDEULFDWLRQV IRU
PDQXIDFWXUH RI 6560 DW YHUWLFDO ORDGLQJ �� N1 DUH
VKRZQ LQ )LJXUH ��

7KHQ� WKH PDFKLQLQJ LV SHUIRUPHG DFFRUGLQJ WR WKH
GUDZLQJ� 7KH WKLFNQHVV RI WKH GHSRVLWHG OD\HU DIWHU
PDFKLQLQJ VKRXOG EH QRW OHVV WKDQ ���5 w ��� PP
�5 x UROOHU UDGLXV��

7KH TXDOLW\ FRQWURO LV PDGH DIWHU SROLVKLQJ WKH GH�
SRVLWHG VXUIDFHV RI WKH UROOHUV DQG SODWHV XVLQJ WKH PHWK�
RGV RI XOWUDVRQLF DQG PDJQHWLF SDUWLFOH IODZ GHWHFWLRQ�
&UDFNV DUH QRW DGPLWWHG� 7KH SUHVHQFH RI SRUHV DQG VODJ
LQFOXVLRQV VKRXOG QRW H[FHHG WKH VWDQGDUGV�

)LJXUH �� 3UHIDEULFDWLRQ RI 6560 DIWHU VXUIDFLQJ� D x UROOHU RI
��� PP GLDPHWHU� E x SODWH

7DEOH �� 5DWH RI JHQHUDO FRUURVLRQ RI VDPSOHV� PP�\HDU

0HWDO

H[DPLQHG

,Q FKDPEHU RI

VDOW IRJ

,Q FKDPEHU RI

KXPLGLW\

,Q FKDPEHU

RI 62�

��.K��01 ����� ������ ������

��.K�� ����� ������ ������

��.K�� ����� ������ ������

6W��� ����� ������ ������

7DEOH �� 9DOXHV RI FRUURVLRQ SRWHQWLDOV RI GHSRVLWHG DQG SDUHQW
PHWDOV

0HWDO H[DPLQHG 9DOXH RI SRWHQWLDO (F� P9

��*�6 w���

��.K�� w���

��.K��01 w���

��.K��1��7 w���

7DEOH �� 5HVLVWDQFH RI WKH GHSRVLWHG PHWDO WR FRUURVLRQ FUDFNLQJ
DIWHU WHPSHULQJ

7HPSHUDWXUH RI WHP�

SHULQJ� �&
/RDGLQJ� N1 7LPH EHIRUH IUDFWXUH� K

��� ��� �����

��� ����

��� ��� !������

��� !������

��� ��� !������

��� !������

��� ��� !������

��� �����
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7KH UHDG\ VXUIDFHG UROOHUV DQG SODWHV DUH FRQVLG�
HUHG TXDOLW\ LI WKH KDUGQHVV RI FRQWDFW VXUIDFHV LV+5&
�� w ��� DQG DW WKH GHSWK RI ����5 IURP WKH FRQWDFW
VXUIDFHV LW LV QRW OHVV WKDQ +5& ���

7R WHVW WKH GHYHORSHG PDWHULDOV� WHFKQRORJ\ DQG
VWUXFWXUHV WKH H[SHULPHQWDO 6560 ZLWK �� PP GL�
DPHWHU UROOHU ZHUH PDQXIDFWXUHG� 7KH\ ZHUH PRXQWHG
LQWR D VSDQ RI WKH H[SHULPHQWDO JURXQGV RI 5HVHDUFK
,QVWLWXWH RI 5DLOZD\ 7UDQVSRUW IRU WHVWLQJ� $ V\VWHP�
DWLF LQVSHFWLRQ GLG QRW VKRZ DQ\ GHIHFWV WKDW FRQ�
ILUPHG WKH ULJKW WHFKQLFDO VROXWLRQ RI WKH SUREOHP DQG
PDGH LW SRVVLEOH WR VWDUW WKH 6560 PDQXIDFWXUH ZLWK
UROOHU GLDPHWHUV RI ��� w ��� PP�

7KH VLQJOH�UROOHU VXSSRUWLQJ PHPEHUV ZLWK GHSRV�
LWHG ZRUNLQJ VXUIDFHV ZHUH PDQXIDFWXUHG DQG
PRXQWHG WR WKH VSDQV RI WKH IROORZLQJ REMHFWV�

• 6RXWK %ULGJH WUDQVLWLRQ DFURVV WKH 'QLHSHU ULYHU
LQ .\LY�

• URDG EULGJH DFURVV WKH &KXVRYD\D ULYHU LQ 3HUP�
• ILUVW WZR EULGJHV DFURVV WKH0DOD\D DQG %ROVKD\D

.D\XNRYND ULYHU RI WKH EULGJH WUDQVLWLRQ DFURVV WKH
%ROVKD\D 9ROJD LQ 6DUDWRY�

• URDG EULGJH DFURVV WKH 8UDO ULYHU LQ 8UDOVN �)L�
JXUH ���

$W SUHVHQW WKH PDQXIDFWXUH RI 6560 LV RUJDQL]HG
DW WKH HQWHUSULVHV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ
,QVWLWXWH RI 1$6 RI 8NUDLQH�

)LJXUH �� 2QH RI UHDG\ 6560 PRXQWHG LQ VSDQV RI WKH EULGJH
DFURVV WKH 8UDO ULYHU

5()(5(1&(6

�� 3DFNHLVHU� :� ������ $XIWUDJVFKZHLVVHQ YRQ %UX
..
DFNHQOD�

JHUQ PLW &KURPVWDKO� ,QGXVWULH�$Q]HLJHU� ��� ��� w ����
�� %XJD� 9�0� ������ /RZ�VLOLFRQ IOX[ IRU DUF DQG HOHFWURVODJ

VXUIDFLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���
�� *XGUHPRQ� (� ������ 6SHFLDO VWHHOV� 0RVFRZ� 0HWDOOXUJ�

L]GDW�
�� *XO\DHY� $�$� ������ 0HWDOV VFLHQFH� 0RVFRZ� 2ERURQJL]�
�� .DNKRYVN\� 1�,� ������ :HOGLQJ RI KLJK�DOOR\HG VWHHOV�

.\LY� 7HNKQLND�
�� )UXPLQ� ,�,� ������ $XWRPDWLF HOHFWULF DUF VXUIDFLQJ� .KDU�

NRY� 0HWDOOXUJL]GDW�
�� (YDQV� <X�5� ������ &RUURVLRQ DQG R[LGDWLRQ RI PHWDOV�

0RVFRZ� 0DVKJL]�
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7KH (�2�3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

7KH SDSHU DQDO\VHV WKH IHDWXUHV RI GHVLJQ RI SXOVHG ZLUH IHHG PHFKDQLVPV EDVHG RQ TXDVL�ZDYH FRQYHUWHUV� ,W LV VKRZQ

WKDW WKH PD[LPDO DFFHOHUDWLRQ YROWDJH DFKLHYHG LQ WKH SXOVH FDQ EH HVVHQWLDOO\ LQFUHDVHG E\ FDVFDGH FRQQHFWLRQ RI VHYHUDO

PRGXODWRUV RU E\ FKDQJLQJ WKH PRGXODWLQJ SXOVH IUHTXHQF\� &RQGLWLRQV DUH GHWHUPLQHG XQGHU ZKLFK WKH PHFKDQLVP

GHVLJQV ZLOO EH RSWLPDO LQ WHUPV RI ERWK WKHLU PDQXIDFWXUH DQG DGMXVWPHQW RI WKH RXWSXW SDUDPHWHUV� 7KH PDLQ SULQFLSOHV

RI GHVLJQLQJ QHZ W\SHV RI SXOVHG IHHG PHFKDQLVPV DUH GHILQHG WKDW DOORZ IRU WKH IHDWXUHV RI WKHLU PRXQWLQJ LQ WKH

PHFKDQLVHG DUF ZHOGLQJ HTXLSPHQW�

.H\ ZRU G V � PHFKDQLVHG DUF ZHOGLQJ� VXUIDFLQJ� PHWDO

WUDQVIHU� SXOVHG FRQWURO� VSDWWHU� ZHOG IRUPDWLRQ� IHHG PHFKD�
QLVP� PRWLRQ SXOVH� SXOVH SDUDPHWHUV� PRWLRQ FRQYHUVLRQ� GHVLJQ

0HFKDQLVHG SURFHVVHV RI FRQVXPDEOH HOHFWURGH DUF

ZHOGLQJ DQG VXUIDFLQJ� FRQGXFWHG LQ VKLHOGLQJ JDVHV

XVLQJ VHOI�VKLHOGLQJ IOX[�FRUHG HOHFWURGH ZLUHV� VWLOO

UHPDLQ WR EH WKH PDLQ SURFHVVHV LQ ZHOGLQJ SURGXF�

WLRQ� DV ZHOO DV LQ UHFRQGLWLRQLQJ DQG VWUHQJWKHQLQJ

RI FRPSRQHQWV DQG SDUWV� ,Q WKLV FRQQHFWLRQ� WKHLU

LPSURYHPHQW LV DQ XUJHQW SUREOHP� 7KH DSSURDFKHV

XVHG WR VROYH WKH SUREOHP FDQ EH GLIIHUHQW DQG FDQ EH

EDVHG RQ DSSOLFDWLRQ RI QHZ PDWHULDOV� VKLHOGLQJ DW�
PRVSKHUHV� DV ZHOO DV QHZ PHWKRGV RI FRQWUROOLQJ WKH

HOHFWURGH PHWDO WUDQVIHU�

&RQWURO RI HOHFWURGH PHWDO WUDQVIHU LV RQH RI WKH

PRVW HIIHFWLYH PHWKRGV IRU LPSURYHPHQW RI PHFKD�

QLVHG DUF ZHOGLQJ SURFHVVHV� WKDW FDQ EH LPSOHPHQWHG

ZLWK WKH XVH RI D SXOVHG LPSDFW RI WKH DUF SRZHU VRXUFH

DQG SXOVHG IHHG RI WKH HOHFWURGH ZLUH� ,W VKRXOG EH

QRWHG WKDW DSSOLFDWLRQ RI FRQWUROOHG SXOVHG IHHG RI

WKH HOHFWURGH ZLUH� FDUULHG RXW ZLWK VSHFLDO PHFKD�

QLVPV� LV VLPSOHU LQ WHFKQLFDO WHUPV� WKDQ ZKHQ D

SXOVHG DUF VRXUFH LV XVHG� 7KLV DOORZV D FRQVLGHUDEOH

ORZHULQJ RI WKH OHYHOV RI HOHFWURGH PHWDO VSDWWHU� ZLG�

HQLQJ WKH UDQJH RI WKLFNQHVVHV RI WKH ZHOGHG RU VXU�

IDFHG PHWDO� DV ZHOO DV FRQWUROOLQJ ZHOG IRUPDWLRQ�
ZHOG DQG +$= PHWDO TXDOLW\� 7KH PDLQ SUREOHP WR

EH VROYHG� LV VHOHFWLRQ RI D PHFKDQLVP RI UDWLRQDO

GHVLJQ� KDYLQJ FHUWDLQ WHFKQLFDO DQG WHFKQRORJLFDO FD�
SDELOLWLHV� 2QH RI WKH PRVW SHUIHFW PHFKDQLVPV RI WKLV

W\SH� LV WKH PHFKDQLVP ZLWK FRQYHUVLRQ RI WKH URWDU\

PRWLRQ RI WKH GULYLQJ HOHFWULF PRWRU VKDIW LQWR SXOVHG

URWDWLRQ RI WKH IHHG UROOHUV� QDPHO\ PHFKDQLVP ZLWK

D TXDVL�ZDYH FRQYHUWHU �4:&�� 7KLV PHFKDQLVP� XQ�

OLNH WKH HDUOLHU GHVFULEHG RQHV >�@� LQFOXGLQJ WKRVH
ZLWK RQH�VLGHG JULSV� KDV D VXIILFLHQW RSHUDWLQJ OLIH�

DV ZHOO DV VSHFLILF IHDWXUHV LQ IRUPDWLRQ RI SXOVHV ZLWK

FHUWDLQ SDUDPHWHUV WKDW SURYLGH DQ DFFHOHUDWHG PRWLRQ

RI WKH HOHFWURGH ZLUH LQ WKH SXOVH IRU D IRUFHG WUDQVIHU

RI WKH HOHFWURGH PHWDO GURSV LQWR WKH SRRO�

+RZHYHU� WKH HDUOLHU FRQVLGHUHG GHVLJQV RI SXOVHG

ZLUH IHHG PHFKDQLVPV RI WKLV W\SH� KDYH FHUWDLQ OLPL�

WDWLRQV DV UHJDUGV IRUPDWLRQ RI SXOVHV ZLWK VSHFLILHG

SDUDPHWHUV� UHODWHG WR WKH HQJLQHHULQJ VROXWLRQV XVHG

LQ WKHVH PHFKDQLVPV� $ QXPEHU RI PRGLILFDWLRQV RI

WKH SXOVHG IHHG PHFKDQLVPV ZLWK 4:& KDYH EHHQ

GHYHORSHG� PDQXIDFWXUHG DQG WHVWHG UHFHQWO\� WKDW
DOORZ DQ HVVHQWLDO H[SDQVLRQ RI WKHLU WHFKQLFDO DQG

WHFKQRORJLFDO FDSDELOLWLHV IRU XVH LQ WKH PHFKDQLVHG

DUF ZHOGLQJ HTXLSPHQW�

7KH DLP RI WKLV SDSHU LV WR FRQVLGHU QHZ PRGLIL�

FDWLRQV RI SXOVHG IHHG PHFKDQLVPV EDVHG RQ 4:&

ZLWK SXOVH SDUDPHWHU FRQWURO IRU IXUWKHU LPSURYHPHQW

RI WKH PHFKDQLVHG DUF ZHOGLQJ DQG VXUIDFLQJ SURFHVVHV

E\ SURYLGLQJ D IRUFHG WUDQVIHU RI WKH HOHFWURGH PHWDO
ZLWKRXW DQ\ IXUWKHU WHFKQRORJLFDO FRVW�

6WXG\ >�@ GHVFULEHV WKH GHVLJQ RI D PHFKDQLVP IRU
SXOVHG IHHG RI WKH HOHFWURGH ZLUH ZLWK 4:& DSSOL�

FDWLRQ� ZKHUH WKH VSHHG RI SXOVHG URWDWLRQ RI IHHG

UROOHU ωU
LV GHWHUPLQHG LQ WKH IRUP RI

ω
U
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ZKHUH H LV WKH HFFHQWULFLW\� 5 LV WKH UDGLXV RI WKH

FHQWUDO JHDU� E LV WKH VXSSRUW OHYHU OHQJWK� α LV WKH

DQJOH RI LQFOLQDWLRQ RI WKH VXSSRUW SODQH� ϕ� LV WKH

FXUUHQW YDOXH RI WKH DQJOH RI URWDWLRQ RI WKH HFFHQWULF�

ω� LV WKH IUHTXHQF\ RI URWDWLRQ RI WKH GULYLQJ PRWRU

VKDIW�

,QWHJUDWLQJ H[SUHVVLRQ ���� ZLWK WKH NQRZQ YDOXH

RI WKH IHHG UROOHU GLDPHWHU '
U
� LW LV SRVVLEOH WR REWDLQ

WKH YDOXH RI DFFHOHUDWLRQ RI WKH HOHFWURGH ZLUH PRYH�

PHQW LQ WKH IHHG SXOVH D
H
LQ WKH IROORZLQJ IRUP�
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$QDO\VLV RI H[SUHVVLRQV ��� DQG ��� VKRZV WKDW WKH
IHHG SXOVH VKDSH FDQ EH DGMXVWHG E\ YDU\LQJ WKH YDOXHV
E DQG α ZLWK SUHGHVLJQHG H� 5 SDUDPHWHUV RI WKH

PHFKDQLVP� 7KH IUHTXHQF\ RI IHHG SXOVHV LQ WKH FRQ�

VLGHUHG PHFKDQLVP LV GHSHQGHQW RQ ω� SDUDPHWHU DQG

LWV PD[LPDO OHYHO LV GHWHUPLQHG E\ WKH FHUWLILFDWH� 9�$� /(%('(9� 9�*� 3,&+$. DQG 9�%� 602/<$5.2� ����
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QRPLQDO YDOXH RI WKH URWDWLRQ IUHTXHQF\ RI WKH GULYLQJ
PRWRU VKDIW�

7KH H[SHULHQFH RI SUDFWLFDO GHVLJQ DQG XVH RI WKH
SXOVHG ZLUH IHHG PHFKDQLVPV EDVHG RQ 4:&� VKRZV
WKDW WKHUH H[LVW FHUWDLQ ERXQGDU\ FRQGLWLRQV IRU VH�
OHFWLRQ RI WKH SDUDPHWHUV RI WKH VWUXFWXUDO HOHPHQWV�
DV ZHOO DV WKH FRQGLWLRQV XQGHU ZKLFK WKLV PHFKDQLVP
FDQ VWLOO EH UHJDUGHG DV VLPSOH HQRXJK IRU IDEULFDWLRQ
DQG UHJXODWLRQ RI WKH SDUDPHWHUV RI WKH IHHG UROOHU
SXOVHG URWDWLRQ�

/HW XV FRQVLGHU WKHVH FRQGLWLRQV� )LUVW RI DOO� QRWH
WKDW HFFHQWULFLW\ H DQG UDGLXV 5 RI WKH FHQWUDO JHDU
SUDFWLFDOO\ FDQQRW EH PDGH DGMXVWDEOH� 7KH\ DUH DV�
VLJQHG SURFHHGLQJ IURP FRQVLGHUDWLRQV RI SURYLGLQJ
WKH UHTXLUHG YDOXHV RI LQWHJUDO UDWH RI HOHFWURGH ZLUH
IHHG� DV H�5 UDWLR GHWHUPLQHV WKH JHDU UDWLR RI WKH
PHFKDQLVP DV D ZKROH� ,Q DGGLWLRQ� WKH GHVLJQHUV WU\
WR PDNH WKH HFFHQWULFLW\ PLQLPDO� WKDW LV GHWHUPLQHG
E\ WKH FRQGLWLRQV RI SURYLGLQJ PLQLPDO YLEUDWLRQV RI
WKH PHFKDQLVP� GHSHQGHQW ERWK RQ H YDOXH DQG
ZHLJKW�VL]H FKDUDFWHULVWLFV RI WKH VDWHOOLWH JHDU�

/HQJWK E RI WKH OHYHU FDQ EH GHVLJQHG WR EH DG�
MXVWDEOH� DV WKLV DGMXVWPHQW LV QRW UHTXLUHG WR EH SHU�
IRUPHG GXULQJ RSHUDWLRQ� )LQH DGMXVWPHQW RI OHQJWK
E FDQ EH SHUIRUPHG DIWHU WKH ILUVW DWWHPSWV DW ZHOGLQJ
LQ WKH UHTXLUHG PRGHV ZLWK D FHUWDLQ KRVH KROGHU�

'HVLJQ RI WKH UHJXODWRU RI DQJOH RI LQFOLQDWLRQ α
RI WKH VXSSRUW SODQH LV DQ HQJLQHHULQJ FKDOOHQJH� $IWHU
D QXPEHU RI DWWHPSWV DW GHYHORSLQJ VXFK D UHJXODWRU
ZLWK DQ DFFHSWDEOH DGMXVWPHQW UDQJH� ZH FDPH WR WKH
FRQFOXVLRQ WKDW WKHPRVW UDWLRQDO VROXWLRQ IRU WKH UHJX�
ODWRU GHVLJQ� LV VHOHFWLRQ RI D FHUWDLQ IL[HG YDOXH RI
WKH DQJOH RI LQFOLQDWLRQ α� WKDW FDQQRW EH JUHDWHU WKDQ
��� E\ WKH FRQGLWLRQV RI IXQFWLRQLQJ RI WKH FRQVLGHUHG
PHFKDQLVP� 7KH DERYH DGMXVWPHQWV SUHVHQW WKH HQWLUH

FDSDELOLWLHV RI WKH DERYH PHFKDQLVPV EDVHG RQ 4:&�
,Q D QXPEHU RI FDVHV� IRU LQVWDQFH� &2� ZHOGLQJ ZLWK
D ORQJ DUF� RYHUKHDG ZHOGLQJ� XVH RI ORQJ IOH[LEOH
JXLGHV �� w � P�� WKHVH DGMXVWPHQWV FDQ EH LQVXIIL�
FLHQW WR SURYLGH WKH DFFHOHUDWLRQ RI WKH HOHFWURGHPHWDO
GURS RI D VSHFLILHG ZHLJKW �VL]H� WR HQVXUH LWV IRUFHG
WUDQVIHU LQWR WKH SRRO�

7KHUHIRUH� D VHDUFK IRU DQG GHYHORSPHQW RI VHYHUDO
QHZ YDULDQWV RI SXOVHG ZLUH IHHG PHFKDQLVPV� EDVHG
RQ 4:&� KDYH EHHQ SHUIRUPHG�

7KH PHFKDQLFDO GLDJUDP RI D QHZ PRGLILFDWLRQ RI
SXOVHG ZLUH IHHG PHFKDQLVP ZLWK 4:& DQG H[SDQGHG
FDSDELOLWLHV IRU DGMXVWPHQW RI WKH SDUDPHWHUV RI WKH
DERYH SXOVHV� LV JLYHQ LQ )LJXUH �� D� /HW XV FRQVLGHU D
YDULDQW RI WKH PHFKDQLVP GHVLJQ� )LUVW ZDVKHU � ZLWK
VORW � LV PRXQWHG RQ ILUVW HFFHQWULF �� ,Q URWDWLRQ RI WKH
VKDIW RI PRWRU �� VORW � RI ZDVKHU � LQWHUDFWV ZLWK SLQ
�� WKDW LV ULJLGO\ FRQQHFWHG WR WKH PHFKDQLVP FDVH�
:DVKHU � IXUWKHU FRQWDLQV SLQ �� LQWHUDFWLQJ ZLWK VORW
�� PDGH LQ DGGLWLRQDO ZDVKHU �� PRXQWHG RQ WKH VKDIW
RI PRWRU � ZLWK WKH FDSDELOLW\ RI URWDWLRQ DERXW WKLV
D[LV� $GGLWLRQDOZDVKHU�KDV RQHPRUH SLQ �� LQWHUDFWLQJ
ZLWK VORW ��� PDGH LQ WKH FHQWUDO �LQQHU� JHDU ��� WKDW
LV PRXQWHG RQ HFFHQWULF �� DQG WUDQVIHUV WKH WRUTXH WR
RXWHU JHDU ��� 7KH ODWWHU LV ULJLGO\ FRQQHFWHG WR IHHG
UROOHU ��� (OHFWURGH ZLUH LV GHVLJQDWHG E\ QXPEHU ���
DQG SUHVV�GRZQ UROOHU x E\ QXPEHU ���

7KLV PHFKDQLVP RSHUDWHV DV IROORZV� :KHQ WKH

VKDIW RI PRWRU � URWDWHV� ILUVW HFFHQWULF � DOVR VWDUWV

WXUQLQJ� DQG ILUVW ZDVKHU �� PRXQWHG RQ WKH EHDULQJ

RI WKH DERYH HFFHQWULF DQG FRQQHFWHG WR WKHPHFKDQLVP

FDVH E\ SLQ � DQG VORW �� LV LPSDUWHG D FHUWDLQ DQJXODU

GLVSODFHPHQW� WKH H[WHQW RI ZKLFK LV GHSHQGHQW RQ

HFFHQWULFLW\ RI HFFHQWULF � DQG UDGLDO GLVWDQFH RI SLQ

� UHODWLYH WR WKH SDWK� GHVFULEHG E\ HFFHQWULF � LQ LWV

URWDWLRQ� 7KLV DQJXODU GLVSODFHPHQW WKURXJK SLQ ��

PRXQWHG RQ ZDVKHU �� LV WUDQVIHUUHG WR DGGLWLRQDO

ZDVKHU � E\ LQWHUDFWLRQ RI WKH DERYH SLQ ZLWK VORW ��

:DVKHU � URWDWHV RQ WKH SDUW RI WKH PRWRU D[OH WKDW

KDV QR HFFHQWULF� 3LQ � RI DGGLWLRQDO ZDVKHU � HQWHUV

WKH VORW RI LQQHU JHDU �� DQG DOVR PDNHV WKLV LQQHU

JHDU WXUQ WKURXJK D FHUWDLQ DQJOH� &RQVLGHULQJ WKDW

WKH LQQHU JHDU LV LQVWDOOHG RQ D EHDULQJ� PRXQWHG RQ

WKH HFFHQWULF RI WKH GULYLQJ PRWRU VKDIW� WKH UHVXOWDQW

DQJOH RI URWDWLRQ RI WKH LQQHU JHDU� GHSHQGV ERWK RQ

WKH SDUDPHWHUV RI WKH ILUVW ZDVKHU HFFHQWULF DQG WKH

OHYHU �UDGLDO GLVWDQFH RI SLQ � UHODWLYH WR WKH HFFHQWULF

SDWK�� DQG RQ WKH LQQHU JHDU HFFHQWULF DQG LWV OHYHU

�UDGLDO GLVWDQFH RI SLQ � UHODWLYH WR WKH HFFHQWULF SDWK��

7KH WRWDO DQJOH RI URWDWLRQ RI WKH LQQHU JHDU WUDQVIHUV�

WKURXJK WKH JHDULQJ� WKH WRUTXH WR WKH RXWHU JHDU�

WKDW LV GLUHFWO\ FRQQHFWHG WR IHHG UROOHU ��� (OHFWURGH

ZLUH LV LPSDUWHG SHULRGLFDO SXOVHG PRWLRQ ZLWK WKH

IUHTXHQF\� GHSHQGHQW RQ WKH IUHTXHQF\ RI URWDWLRQ RI

WKH GULYLQJ PRWRU VKDIW� DQG ZLWK WKH VWHS� GHWHUPLQHG

E\ WKH JHDU UDWLR RI WKH LQQHU JHDUwRXWHU JHDU SDLU DW

WKH GHVFULEHG RVFLOODWRU\ PRWLRQ RI WKH LQQHU JHDU DQG

IHHG UROOHU GLDPHWHU�
%DVHG RQ WKH SURFHGXUH VXJJHVWHG LQ >�@� DQG WDN�

LQJ LQWR DFFRXQW WKH IDFW WKDW WKH YDOXHV RI HFFHQWULFLW\

)LJXUH �� 3XOVHG ZLUH IHHG PHFKDQLVP EDVHG RQ 4:& ZLWK WZR
PRGXODWRUV� KDYLQJ WKH VDPH �D� DQG GLIIHUHQW �E� URWDWLRQ IUH�
TXHQFLHV
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RI HFFHQWULFV � DQG �� DUH WKH VDPH DQG HTXDO WR H�
OHW XV FRQVLGHU WKH ILUVW YDULDQW RI WKH GHVLJQ GLDJUDP�
VKRZQ LQ )LJXUH �� D� 7KH H[SUHVVLRQV IRU WKH UROOHU
URWDWLRQ IUHTXHQF\ DQG DFFHOHUDWLRQV RI HOHFWURGH ZLUH
PRWLRQ IRU WKLV �ILUVW� PRGLILFDWLRQ RI WKH PHFKDQLVP�
FDQ EH ZULWWHQ DV
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ZKHUH F LV WKH GLVWDQFH IURP WKH HFFHQWULF PRWLRQ SDWK
WR SLQ � �OHQJWK RI OHYHU� WXUQLQJ LQQHU JHDU ����

/HW XV FRQVLGHU RQH PRUH 4:& YDULDQW� LQ ZKLFK

ERWK SLQV DUH PRELOH �)LJXUH �� E�� ,Q NHHSLQJ ZLWK

WKH DERYH SURFHGXUH DQG SURFHHGLQJ IURP WKH JHRPHW�

ULFDO FRQVWUXFWLRQV� LW FDQ EH VWDWHG WKDW IRU WKLV YDUL�

DQW� WKH H[SUHVVLRQV IRU WKH DQJXODU IUHTXHQF\ RI UROOHU

URWDWLRQ DQG DFFHOHUDWLRQV RI HOHFWURGH ZLUH PRWLRQ

SUDFWLFDOO\ GR QRW GLIIHU IURP H[SUHVVLRQV ��� DQG ����

7KHUHIRUH� LQ WHUPV RI WKH HIIHFW DFKLHYHG� WKH YDULDQWV

RI WKH GHVLJQ ZLWK PRELOH VORWV DQG SLQV DUH SUDFWLFDOO\

LGHQWLFDO� WKXV SURYLGLQJ DGGLWLRQDO SRVVLELOLWLHV IRU

VHDUFKLQJ IRU RSWLPDO GHVLJQV� DV UHJDUGV WKH FRQVLG�

HUHG PRGLILFDWLRQV RI WKH SXOVHG ZLUH IHHG PHFKDQLVPV

ZLWK 4:&�
/HW XV IXUWKHU DOVR XVH WKH DERYH SURFHGXUHV WR

FRQVLGHU D JHQHUDO FDVH RI D SRVVLEOHPHFKDQLVPGHVLJQ�
/HW XV DVVXPH WKH IROORZLQJ FRQGLWLRQV�

• WKH GHYLFH� VLPLODU WR SUHYLRXV PRGLILFDWLRQV�
LQFRUSRUDWHV WZR PRGXODWRUV RI SXOVHG PRWLRQ RI WKH
RXWHU JHDU �IHHG UROOHU�� QDPHO\ WKH ILUVW PRGXODWRU�
LQFOXGLQJ SLQ �� ZDVKHU � ZLWK VORW � DQG SLQ �� DG�
GLWLRQDO ZDVKHU � ZLWK VORW �� DV ZHOO DV WKH VHFRQG
PRGXODWRU WKDW FRQVLVWV RI DGGLWLRQDO ZDVKHU � ZLWK
SLQ � DQG LQQHU JHDU �� ZLWK VORW ���

• VORWV DQG SLQV RI WKH VHFRQG PRGXODWRU DUH VKLIWHG
UHODWLYH WR WKH VORWV DQG SLQV RI WKH ILUVW PRGXODWRU
E\ D FHUWDLQ DQJOH β�

• HFFHQWULFLW\ RI ERWK HFFHQWULFV LV PDGH WR EH
GLIIHUHQW ZLWK LQGHSHQGHQW YDOXHV H DQG H�� ZKLOH WKH

HFFHQWULFV DUH VKLIWHG UHODWLYH WR HDFK RWKHU LQ WKH
GLUHFWLRQ RI URWDWLRQ E\ DQJOH γ� 7KH GHVLJQ VFKHPDWLF
RI WKH DERYH PRGLILFDWLRQ RI WKH SXOVHG ZLUH IHHG
PHFKDQLVP LV VKRZQ LQ )LJXUH ��

)RU WKH VHFRQG FDVH� EDVHG RQ WKH DERYH SURFH�
GXUHV� ZH FDQ ZULWH
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,Q DOO RI WKH DERYH PRGLILFDWLRQV RI ZLUH IHHG PHFKD�
QLVPV� LW ZDV DVVXPHG� WKDW DOO WKH VORWV ZHUH PDGH LQ
WKH UDGLDO GLUHFWLRQ� ,Q RUGHU WR GHULYH WKH HTXDWLRQ RI
UROOHU PRWLRQ LQ WKH PRVW JHQHUDO FDVH� OHW XV FRQVLGHU
WKH WKLUG YDULDQW E\ DQDORJ\ ZLWK H[SUHVVLRQ ���� ZKHQ
ERWK VORWV DUH PDGH DW FHUWDLQ DQJOHV α DQG α� WR WKH
UDGLDO GLUHFWLRQ� ,Q WKLV FDVH� WKH HTXDWLRQV GHVFULELQJ
WKH IUHTXHQF\ RI WKH IHHG UROOHU URWDWLRQ DQG HOHFWURGH
ZLUH DFFHOHUDWLRQ LQ WKH JHQHUDO IRUP� DUH VLPLODU WR
HTXDWLRQV ��� DQG ���� DOORZ IRU HOHPHQWV RI HTXDWLRQ
��� DQG KDYH WKH IRUP RI
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$W SXOVHG IHHG RI HOHFWURGH ZLUH� LWV PD[LPDO DF�
FHOHUDWLRQ LV RI WKH JUHDWHVW LQWHUHVW� WKDW HQVXUHV D
IRUFHG VHSDUDWLRQ RI WKH GURS DW WKH PRPHQW RI WKH
SXOVH UXQQLQJ >�@�

/HW XV DQDO\VH HTXDWLRQV ���� ���� ���� LQ RUGHU WR
GHWHUPLQH WKH SRVVLEOH PD[LPDO DFFHOHUDWLRQV� /HW XV
DOVR WDNH LQWR DFFRXQW WKH VLPSOHVW YDULDQW RI WKH
SXOVHG IHHG PHFKDQLVP ZLWK RQH PRGXODWRU� WKDW ZDV
WKH EDVLV IRU DOO VXEVHTXHQW GHYHORSPHQW�

)RU GHPRQVWUDWLRQ SXUSRVHV OHW XV SUHVHQW HTXD�
WLRQV ���� ���� ���� ��� LQ UHODWLYH XQLWV� DVVXPLQJ
WKDW WKH JHDU UDWLR RI WKH PHFKDQLVP H�5  �� DQG
GLYLGLQJ DOO WKH DGGHQGV E\ WKH DERYH JHDU UDWLR� :H
ZLOO GHULYH WKH IROORZLQJ HTXDWLRQV� GHVFULELQJ WKH

)LJXUH �� 'HVLJQ PHFKDQLFDO GLDJUDP RI D WZR�PRGXODWRU PHFKDQLVP RI SXOVHG IHHG ZLWK PRELOH SLQV �D� DQG ZLWK PRELOH VORWV �E�
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FKDQJHV RI DQJXODU YHORFLWLHV IRU WKH FRQVLGHUHG PRGL�
ILFDWLRQV RI WKH PHFKDQLVPV�
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,W VKRXOG EH QRWHG WKDW� GHVSLWH WKH IDFW WKDW HOHF�
WURGH ZLUH PRWLRQV LQ WKH SXOVHG IHHG PHFKDQLVPV�
GLIIHULQJ LQ WKHLU FRPSOH[LW\ DQG FDSDELOLW\ RI DUUDQJ�
LQJ WKHP� ZHUH FRQVLGHUHG� WKH ODZ RI WKH FKDQJH RI
WKH IHHG UROOHU SXOVHG URWDWLRQ VSHHG FDQ EH GHVFULEHG
E\ RQH HTXDWLRQ ����� 7KH RWKHU HTXDWLRQV PRVWO\ DUH
SDUWLFXODU FDVHV� +RZHYHU� LW VKRXOG EH ERUQH LQ PLQG�
WKDW WKH PHFKDQLVPV GHVFULEHG E\ HTXDWLRQV ���� DQG
����� FDQ RQO\ \LHOG WKH XWPRVW HIIHFW� LI WKHLU VORWV
DQG HFFHQWULFV KDYH UHODWLYH GLVSODFHPHQWV LQ WKH GL�
UHFWLRQ RI URWDWLRQ� 2WKHUZLVH� WKH PHFKDQLVP GRHV
QRW UHDOLVH LWV SRWHQWLDO LQ WHUPV RI DGGLWLRQDO FRQWURO
RI WKH IHHG SXOVH DFFHOHUDWLRQ�

)LJXUH �� D JLYHV D QXPEHU RI GHSHQGHQFLHV RI WKH
DQJXODU IUHTXHQF\ RI URWDWLRQ RI WKH IHHG UROOHU RQ WKH
SDUDPHWHUV RI WKH SXOVHG IHHG PHFKDQLVPV ZLWK RQH
RU WZR PRGXODWRUV� WKDW FDQ EH UHJDUGHG DV GLUHFW
ODZV RI YDULDWLRQ RI WKH HOHFWURGH ZLUH IHHG UDWH�

(TXDWLRQV ��� w ���� DQG VHOHFWHG JUDSKV VKRZ
WKDW WKH PHFKDQLVPV ZLWK WZR PRGXODWRUV KDYH PXFK
EURDGHU FDSDELOLWLHV IRU IHHG SXOVH IRUPDWLRQ� DV ZHOO
DV UHJXODWLRQ RI WKH DPSOLWXGH YDOXH RI VSHHG DQG
DFFHOHUDWLRQ� ,Q WKLV FDVH WKHUH DUH QR GHVLJQ OLPLWD�
WLRQV RQ SXOVH IRUPDWLRQ� LQKHUHQW WR WKH RQH�PRGX�
ODWRU GHVLJQ PHFKDQLVPV LQ WHUPV RI YDULDWLRQ RI WKH
DQJOH RI LQFOLQDWLRQ RI WKH VORW DQG WKH HFFHQWULFLW\�
,W VKRXOG EH VSHFLDOO\ QRWHG WKDW WKH VKDSH RI WKH
SXOVH� DV UHJDUGV DFKLHYHPHQW RI D SDUWLFXODU YDOXH RI
DFFHOHUDWLRQ RI WKH HOHFWURGH ZLUH IHHG� FDQ EH DGMXVWHG
E\ UHODWLYH GLVSODFHPHQW RI WKH VORWV DQG HFFHQWULFV�
DV ZHOO DV WKH OHQJWK RI WKH OHYHUV DQG HFFHQWULFLW\�
,W LV REYLRXV WKDW IRU GHVLJQ UHDVRQV� WKH VHFRQG PRGX�
ODWRU LQ WKH WZR�PRGXODWRU GHVLJQ RI WKH SXOVHG IHHG
PHFKDQLVP KDV JUHDW FDSDELOLWLHV IRU WKH DERYH PRGX�
ODWLRQ� $GMXVWPHQW RI WKH SXOVH VKDSH FDQ EH ERWK
VWHSZLVH DQG VPRRWK ZLWK WKH UDQJH IURP VPRRWK �QR�
SXOVH� PRWLRQ XS WR LQFUHDVH �E\ VHYHUDO WLPHV� RI WKH
SXOVH DPSOLWXGH FRPSDUHG WR XQLIRUP IHHG ZLWK WKH
DSSURSULDWH DFFHOHUDWLRQ YDOXHV�

/HW XV DOVR QRWH DQRWKHU HIIHFW IURP WKH XVH RI QHZ
PRGLILFDWLRQV RI WKH SXOVHG IHHG PHFKDQLVPV� ,I LQ WKH
V\VWHPV WKDW KDYH QR UHODWLYH GLVSODFHPHQWV RI WKH
VORWV DQG HFFHQWULFV� WKH VKDSHV RI IHHG SXOVHV DUH
V\PPHWULFDO UHODWLYH WR WKHLU H[WUHPXPV� ZKHQ WKH
DERYH GLVSODFHPHQW LV PDGH� WKH V\PPHWU\ LV GLV�
WXUEHG ZLWK DQ DSSURSULDWH FKDQJH RI WKH SXOVH FXU�
YDWXUH� DQG� KHQFH� ZLWK WKH LQFUHDVH RU GHFUHDVH RI
DFFHOHUDWLRQ� 7KLV IDFW FDQ EH DOVR XVHG WR FRQWURO WKH
DFFHOHUDWLRQ RI HOHFWURGH ZLUH IHHG DQG HOHFWURGHPHWDO
GURS WUDQVIHU�

7KH JUDSKV LQ )LJXUH � GHPRQVWUDWH WKDW WKH
JUHDWHU UHYHUVH PRWLRQ RI WKH UROOHU LQ WKH SXOVH LV DOVR
UHFRUGHG ZLWK WKH LQFUHDVH RI WKH DPSOLWXGH YDOXH RI
WKH SXOVHG URWDWLRQ VSHHG� 7KLV HIIHFW SURYLGHV WKH
PD[LPDO DFFHOHUDWLRQV DW IHHGLQJ� +RZHYHU� ZLWK D
VXIILFLHQW OHQJWK RI WKH IOH[LEOH JXLGHV� WKH DERYH SKH�
QRPHQRQ FDQ DOVR OHDG WR XQGHVLUDEOH FRQVHTXHQFHV�
WKDW FRQVLVW LQ D SDUWLDO HOLPLQDWLRQ RI WKH HOHFWURGH
ZLUH VXUSOXV LQ WKH JXLGH >�@� $W VXEVHTXHQW IHHG
SXOVH� D FHUWDLQ OHQJWK RI WKH IHHG VWHS ZLOO EH VSHQW
IRU FUHDWLQJ D VXUSOXV RI WKH ZLUH� L�H� WKH DQWLFLSDWHG
�E\ WKH PHFKDQLVP SDUDPHWHUV� DFFHOHUDWLRQ RI WKH
HOHFWURGH ZLUH PRWLRQ ZLOO QRW EH DFKLHYHG� DQG LW
ZLOO HYHQ EH VRPHZKDW GHFUHDVHG� )RU WKLV FDVH� LW LV
H[SHGLHQW WR FRQVLGHU WKH FRQGLWLRQV IRU D SXOVHG UR�
WDWLRQ RI WKH IHHG UROOHU ZLWKRXW LWV UHYHUVDO� /HW XV
GHILQH WKH FRQGLWLRQ RI WKH DERYH QR�UHYHUVH PRWLRQ
IRU WKHPRGLILFDWLRQ RI WKHPHFKDQLVP WKDW LV GHVFULEHG
E\ JHQHUDO HTXDWLRQ ���� LQ WKH IROORZLQJ IRUP�

γ w β ≥ DUF VLQ >(FH) ⁄ (5H�)@� ����

/HW XV FRQVLGHU VRPH RWKHU TXLWH LQWHUHVWLQJ DQG
XVHIXO FDSDELOLWLHV IRU FRQWUROOLQJ WKH HOHFWURGH PHWDO

)LJXUH �� 'HVLJQ PHFKDQLFDO GLDJUDP RI SXOVHG IHHG PHFKDQLVP
ZLWK WZR PRGXODWRUV� KDYLQJ EURDGHU FDSDELOLWLHV RI SXOVH SDUDPH�
WHU DGMXVWPHQW
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WUDQVIHU DQG DGMXVWPHQW RI WKH KHDW LQSXW� DFKLHYHG
WKURXJK IXUWKHU ZRUN RQ SXUSRVHIXO PRGLILFDWLRQ RI
WKH GHVLJQV RI WKH SXOVHG ZLUH IHHG PHFKDQLVPV EDVHG
RQ 4:&�

6RPHWLPHV� HVSHFLDOO\ DW VPDOO IHHG VWHSV� WKLV IHHG

IUHTXHQF\ FDQ EH LQVXIILFLHQW WR SURGXFH WKH UHTXLUHG

LQWHJUDO IHHG UDWH� DQG� WKHUHIRUH� WR SURYLGH WKH UHTXLUHG

DUF SURFHVV FXUUHQW� 7KLV LV DOVR WUXH LQ WKH FDVH ZKHQ

PRWRUV ZLWK VPDOO QRPLQDO YDOXHV RI WKHLU VKDIW URWDWLRQ

IUHTXHQF\ DUH XVHG LQ WKH IHHG V\VWHP� 6R� IRU LQVWDQFH�

'38����� W\SH PRWRU XVHG LQ WKH VHULHV RI VHPL�DXWR�

PDWLF PDFKLQHV RI PRGXODU GHVLJQ ZLWK EDVLF PRGHO

36K���9 >�@� KDV WKH QRPLQDO URWDWLRQ IUHTXHQF\ RI

���� Vw� DW WKH QRPLQDO VXSSO\ YROWDJH RI �� 9� DQG

���� Vw� DW WKH DGPLVVLEOH VXSSO\ YROWDJH RI �� 9� WKDW

FDQ EH VXIILFLHQW IRU VXUIDFLQJ ZLWK VHOI� VKLHOGLQJ HOHF�

WURGH ZLUHV RI ODUJHU GLDPHWHUV ZLWK D SXOVHG IHHG� EXW

LV WRR ORZ IRU VRPH FDVHV RI JDV�VKLHOGHG ZHOGLQJ ZLWK

D SXOVHG IHHG RI WKLQ VROLG HOHFWURGH ZLUHV� )RU WKH DERYH

FDVHV� ZH KDYH IRXQG DQG LPSOHPHQWHG VHYHUDO HQJLQHHU�

LQJ VROXWLRQV� JLYHQ EHORZ�

• WR LQFUHDVH WKH IUHTXHQF\ RI SXOVHG IHHG RI HOHF�
WURGH ZLUH D PXOWLSOLHU ZDV PRXQWHG RQ WKH GULYLQJ
PRWRU VKDIW� ZLWK WKH FDSDELOLW\ RI WKH PXOWLSOLHU FRQ�
QHFWLRQ LQWR WKH V\VWHP DQG GLUHFW DFWLRQ RI WKH VKDIW
RQ WKH SXOVHG IHHG PHFKDQLVP�

• WR YDU\ WKH VKDSH RI WKH SXOVHV DQG SRVVLEO\
LQFUHDVH WKHLU IUHTXHQF\� WKH UHODWLYH IUHTXHQF\ RI UR�
WDWLRQ RI WKH VKDIW RI RQH RI WKH PRGXODWRUV ZDV
FKDQJHG� KDYLQJ ILUVW GLVHQJDJHG WKH SUHOLPLQDU\ NL�
QHPDWLF FRQQHFWLRQ EHWZHHQ WKH ILUVW DQG VHFRQG
PRGXODWRUV�

• WR FKDQJH WKH VKDSH RI WKH SXOVHV DQG SRVVLEO\
LQFUHDVH WKHLU IUHTXHQF\� RQH PRGXODWRU ZDV XVHG� EXW
LW ZDV PRGXODWHG DGGLWLRQDOO\� IRU LQVWDQFH� E\ DQ
RXWHU HFFHQWULF RU FDP PHFKDQLVP ZLWK WKH IUHTXHQF\�
GLIIHULQJ IURP WKH IUHTXHQF\ RI URWDWLRQ RI WKH GULYLQJ
PRWRU VKDIW� 7KH ODWWHU YDULDQW� JLYHQ LQ )LJXUH �� E�
LQFOXGHV� LQ DGGLWLRQ WR WKH HDUOLHU NQRZQ HOHPHQWV
RI WKH RQH�PRGXODWRU GHVLJQ� DGGLWLRQDO HFFHQWULF ���
PRXQWHG RQ VKDIW �� DQG GULYHQ E\ WKH VDPH GULYLQJ
PRWRU WKURXJK PXOWLSOLHU ��� 0RGXODWRU ZDVKHU LV
FRQQHFWHG WR WKH HFFHQWULF YLD URFNLQJ OHYHU ���

)LJXUH �� 3ORWV RI GHSHQGHQFLHV RI YDULDWLRQ RI DQJXODU IUHTXHQF\ RI WKH IHHG UROOHU URWDWLRQ RQ WKH DQJOH RI URWDWLRQ RI GULYLQJ PRWRU
VKDIW IRU SXOVHG ZLUH IHHG PHFKDQLVP EDVHG RQ 4:& ZLWK WZR PRGXODWRUV� KDYLQJ WKH VDPH �D� DQG GLIIHUHQW �E� URWDWLRQ IUHTXHQFLHV�
� x 5�E  �� 5�F  �� � x 5�E  ����� 5�F  ����� � x 5�E  �� 5�F  �� �� �′ x 5�E  �� 5�F  �� H�H�  �� β  π� γ  
= π��� �� �′ x 5�E  �� 5�F  �� H�H�  �� β  π� γ  π��� �� �′ x 5�E  �� 5�F  �� H�H�  �� β  �π��� γ  π��
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7KH ODZ RI YDULDWLRQ RI WKH DQJXODU IUHTXHQF\ RI
URWDWLRQ RI WKH IHHG UROOHU DQG IHHG DFFHOHUDWLRQ LQ
WKLV �IRXUWK�PHFKDQLVP FDQ EH GHVFULEHG E\ HTXDWLRQV
���� DQG ����� DVVXPLQJ WKDW WKH IUHTXHQF\ RI URWDWLRQ
RI HFFHQWULF � GLIIHUV IURP WKH IUHTXHQF\ RI URWDWLRQ
RI WKH PRWRU VKDIW� :H ZLOO KDYH
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ZKHUH ω��� ω�� DUH WKH IUHTXHQFLHV RI URWDWLRQ RI WKH
VKDIWV RI WKH PDLQ DQG DGGLWLRQDO PRGXODWRUV� UHVSHF�
WLYHO\�

7R DYRLG DGGLWLRQ RI QHZ SDUDPHWHUV� OHW XV DVVXPH
LQ HTXDWLRQV ����� ����� WKDW YDOXHV H� DQG F FRUUH�
VSRQG WR WKH FKDUDFWHULVWLFV RI WKH DGGHG HFFHQWULF
PHFKDQLVP ZLWK DQJOH RI URWDWLRQ ϕ�� GLIIHULQJ IURP
ϕ�� ,W ZDV WDNHQ LQWR DFFRXQW WKDW ϕ��ϕ�  ω��ωDG�
ZKHUH ωDG LV WKH IUHTXHQF\ RI URWDWLRQ RI DQ DGGLWLRQDO
HFFHQWULF�

7KH JUDSKV RI GHSHQGHQFLHV ωU�  I�ϕ�� IRU D QXP�
EHU RI UDWLRV 5�E� H�5�HF� β� γ� DV ZHOO DV WKH GRXEOH
IUHTXHQF\ RI WKH QHZ HFFHQWULF PRGXODWRU �ϕ�  �ϕ��
DUH JLYHQ LQ )LJXUH �� E�

:KHQ WKLV PRGLILFDWLRQ RI WKH PHFKDQLVP LV XVHG�
LW LV SRVVLEOH WR SURGXFH FRPSOH[�VKDSHG SXOVHV� 6R�
LQ RQH URWDWLRQ RI WKH GULYLQJ PRWRU VKDIW� LW LV SRVVLEOH
WR JHQHUDWH D SXOVH ZLWK WZR OHYHOV RI DPSOLWXGHV�
QDPHO\ D ODUJH RQH DQG WKHQ D VPDOO RQH� RU� YLFH
YHUVD� D VPDOOHU RQH DQG WKHQ D ODUJHU RQH� WKLV WR D
FHUWDLQ H[WHQW FRPSO\LQJ ZLWK WKH UHFRPPHQGDWLRQV�
JLYHQ LQ >�@� IRU WKH DUF SRZHU VRXUFHV GHVLJQHG IRU
WKH JDV�VKLHOGHG SXOVHG�DUF ZHOGLQJ SURFHVV� ,Q WKLV
FDVH WKH ILUVW SXOVH RI D VPDOO DPSOLWXGH PHOWV WKH
HOHFWURGH ZLUH� DQG WKH VXEVHTXHQW RQH RI D ODUJHU
DPSOLWXGH� PDNHV WKH GURS VHSDUDWH IURP WKH HOHFWURGH
PHWDO DQG WUDQVIHUV LW WR WKHPHWDO SRRO� 7KH DGYDQWDJH
RI SURGXFLQJ WKH DERYH FRPELQDWLRQV RI SXOVHV FDQ
FRQVLVW LQ WKDW� IRU LQVWDQFH� WKH ILUVW SXOVH UXQV
WKURXJK WKH JXLGH FKDQQHO �HOLPLQDWLQJ WKH JDSV� RI
D FRQVLGHUDEOH OHQJWK DQG WKH VHFRQG RQH PDNHV D IXOO
LPSDFW RQ WKH HOHFWURGH PHWDO GURS� ,W LV LPSRUWDQW�
WKDW WKH PHFKDQLVP SDUDPHWHUV FDQ EH VHOHFWHG VR DV
WR SURGXFH LQ RQH URWDWLRQ RI WKH GULYLQJ PRWRU VKDIW�
PRUH WKDQ RQH ZLUH IHHG SXOVH ZLWK FORVH HQRXJK DP�
SOLWXGHV� WKDW DUH VXIILFLHQW IRU FRQWUROOLQJ WKH HOHF�
WURGH PHWDO WUDQVIHU� 6XFK D FDSDELOLW\ VRPHZKDW
FKDQJHV WKH RYHUDOO ORJLF RI SXOVHG IHHG PHFKDQLVP
RSHUDWLRQ� LI LQ RQH F\FOH �URWDWLRQ RI WKH GULYLQJ
PRWRU VKDIW� WKH HOHFWURGH ZLUH LV IHG ZLWK RQH� SUH�
VHOHFWHG GLVSODFHPHQW VWHS� WKDW LV GLUHFWO\ SURSRU�
WLRQDO WR WKH IHHG UROOHU GLDPHWHU� 7KH ZLVK WR SURYLGH
VPDOO GLVSODFHPHQW VWHSV� RQ WKH RQH KDQG� OHDGV WR
UHGXFWLRQ RI WKH IHHG UROOHU GLDPHWHU� WKXV LPSDLULQJ
WKH IHHGLQJ FRQGLWLRQV� DQG RQ WKH RWKHUx WR LQFUHDVH
RI WKH IUHTXHQF\ RI URWDWLRQ RI WKH GULYLQJ PRWRU VKDIW�
WKLV EHLQJ QRW DOZD\V SRVVLEOH� EHFDXVH RI WKH W\SHV
DQG GHVLJQV RI WKH PRWRUV SURSHU� WKDW DUH XVHG LQ
PHFKDQLVHG DUF ZHOGLQJ HTXLSPHQW� 7KH HQJLQHHULQJ

VROXWLRQ SURSRVHG DQG VXEVWDQWLDWHG E\ XV� HOLPLQDWHV
WKH DERYH SUREOHP� E\ LQFUHDVLQJ WKH IHHG VWHS SHU
RQH URWDWLRQ RI WKH PRWRU VKDIW� ZLWK VXSHUSRVLWLRQ
RI VHYHUDO SXOVHV RQ WKLV VWHS�

,Q RUGHU WR PDNH IXUWKHU TXDQWLWDWLYH DVVHVVPHQW
RI WKH SRVVLELOLWLHV IRU PRGLILFDWLRQ RI WKH PHFKDQLVPV
RI WKH SXOVHG ZLUH IHHG ZLWK 4:&� OHW XV SHUIRUP
WKHLU FRPSDUDWLYH DQDO\VLV� WDNLQJ WKH SRVVLEOH PD[L�
PDO DFFHOHUDWLRQV RI WKH URWDU\ PRWLRQ RI WKH IHHG
UROOHU �HOHFWURGH ZLUH� LQ WKH SXOVH� DV WKH FULWHULRQ�
/HW XV PDNH WKH FRPSDULVRQ UHODWLYH WR WKRVH YDOXHV
RI DFFHOHUDWLRQ� WKDW DUH DFKLHYHG ZLWK WKH XVH RI
SXOVHG IHHG PHFKDQLVPV ZLWK RQH�VLGHG JULSV DQG HF�
FHQWULF FRQYHUWHUV RI PRWLRQ >�@� DV VRPH RI WKH VLP�
SOHVW WHFKQLFDO PHDQV� SURYLGLQJ D SXOVHG QDWXUH RI
HOHFWURGH ZLUH PRWLRQ�

,W LV REYLRXV WKDW WKH DFFHOHUDWLRQ DH� RI PRWLRQ
RI D RQH�VLGHG JULS DV HOHFWURGH ZLUH SURSHOOHU� FDQ
EH GHVFULEHG E\ WKH IROORZLQJ HTXDWLRQ�

DH� = Hω�
�
VLQ (ϕ�W)� ����

ZKLOH WKH PD[LPDO YDOXH RI DFFHOHUDWLRQ� LV ZULWWHQ
DV IROORZV�

DH�PD[ = Hω�
�
� ����

,W VKRXOG QRWHG WKDW WKH PD[LPDO YDOXHV RI DFFHO�
HUDWLRQ LQ HTXDWLRQV ���� ���� ���� ���� DUH JLYHQ E\
WKH IROORZLQJ H[SUHVVLRQV�

DH�PD[ =
H'U
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$VVXPLQJ WKH PD[LPDO SRVVLEOH DFFHOHUDWLRQ RI
HOHFWURGH ZLUH IHHG IRU WKH PHFKDQLVPV ZLWK RQH�VLGHG
JULSV WR EH D XQLW YDOXH� LW LV SRVVLEOH WR FDOFXODWH
WKHLU UHODWLYH HIIHFWLYHQHVV IURP PD[LPDO DFFHOHUD�
WLRQV DW WKH VDPH YDOXHV RI WKH IHHG VWHS DQG IUHTXHQF\�
6XFK FDOFXODWLRQV PDGH IRU D QXPEHU RI GHVLJQV� DUH
JLYHQ LQ WKH 7DEOH�

3UHOLPLQDU\ FDOFXODWLRQV GHPRQVWUDWH WKDW PHFKD�
QLVP GHVLJQV ZLWK WZR PRGXODWRUV DUH H[DFWO\ WKH
GHVLJQV ZKHUH DFKLHYHPHQW RI PD[LPDO DFFHOHUDWLRQV
�DSSUR[LPDWHO\ ��� P�V� DQG PRUH� LV SUREDEOH� WKDW
PD\ EH LQ H[FHVV RI WKRVH DFFHOHUDWLRQV UHTXLUHG IRU
HOHFWURGH PHWDO WUDQVIHU LQ JDV�VKLHOGHG ZHOGLQJ� WKDW
DUH GHILQHG LQ >�@�

'HYHORSPHQW DQG LQYHVWLJDWLRQ RI WKH SXOVHG ZLUH
IHHG PHFKDQLVPV EDVHG RQ 4:&� FRQVLGHUHG LQ WKH
SDSHU� DOVR LQFOXGHG NLQHPDWLF PRGHOV RI DOO WKHLU
PRGLILFDWLRQV� ,W VKRXOG EH QRWHG� WKDW VWXG\ RI WKH

32 5/2001



SHUIRUPDQFH RI WKH PRGHOV DQG VDPSOHV� FRPSOHWHO\
FRQILUPV WKHLU WKHRUHWLFDO GHVFULSWLRQ� ,Q DGGLWLRQ�
WKH PRFN�XS VDPSOH RI WKH PHFKDQLVP ZLWK D GRXEOH
PRGXODWRU �)LJXUH ��� ZDV WHVWHG GXULQJ &2�ZHOGLQJ
ZLWK ��� PP HOHFWURGH ZLUH DW WKH ZHOGLQJ FXUUHQW RI
��� w ���$� 7KH IUHTXHQF\ RI IHHGLQJ WKH SXOVHV DORQJ
WKH KRVH KROGHU RI ��� P OHQJWK ZDV �� w �� +]� 7KH
SURFHVV RI ZHOGLQJ LQ DOO SRVLWLRQV� ZDV VWDEOH� DQG
WKH IUHTXHQF\ RI WKH HOHFWURGH PHWDO WUDQVIHU SUHFLVHO\
FRUUHVSRQGHG WR WKH IHHG SXOVH IUHTXHQF\�

&21&/86,216

�� ,QWHJUDWHG GHYHORSPHQW RI SXOVHG ZLUH IHHG PHFKD�
QLVPV EDVHG RQ 4:&� DOORZV VHOHFWLRQ RI WKRVH RI
WKHP WKDW ZLOO SURYLGH WKH HOHFWURGH ZLUH PRWLRQ IURP
WKH VPRRWK WR WKH SXOVHG PRWLRQ� DOVR ZLWK D SDUWLDO
UHYHUVDO RI WKH IHHG UROOHU� 7KLV HQWLUH UDQJH RI PRWLRQV
FDQ EH XVHG WR VROYH YDULRXV WDVNV IURP VLPSOH SDVVDJH
WKURXJK WKH JXLGH FKDQQHO WR ORZHULQJ WKH IHHG UHVLV�
WDQFH DW VPDOO SXOVH DPSOLWXGHV DQG FRQWUROODEOH
WUDQVIHU RI WKH HOHFWURGH PHWDO�

�� ,Q RUGHU WR H[SDQG WKH FDSDELOLWLHV RI WKH PHFKD�
QLVP DV UHJDUGV PD[LPDO DFFHOHUDWLRQ RI WKH HOHFWURGH
ZLUH� LW LV QHFHVVDU\ WR KDYH WKH VHFRQG PRGXODWRU� LQ
ZKLFK WKH HFFHQWULFLW\ LV RQO\ OLPLWHG E\ WKH FRQGL�
WLRQV RI WKH PHFKDQLVP YLEUDWLRQ DQG FDQ EH UHDOO\
LQFUHDVHG E\ � WR � WLPHV LQ UHODWLRQ WR HFFHQWULFLW\
RI WKH LQQHU JHDU�

�� 'HVLJQV SURYLGLQJ URWDWLRQ RI WKH VKDIWV RI ERWK
PRGXODWRUV ZLWK GLIIHUHQW IUHTXHQFLHV� ZLOO DOORZ D
VLJQLILFDQW H[SDQVLRQ RI WKH FDSDELOLWLHV RI WKH SXOVHG
ZLUH IHHG PHFKDQLVPV� GHYHORSHG RQ WKH EDVLV RI
4:&�

�� 7KH PRVW UDWLRQDO GHVLJQ RI WKH SXOVHG ZLUH IHHG
PHFKDQLVP VKRXOG EH UHJDUGHG WR EH VXFK D GHVLJQ�
ZKLFK LQFRUSRUDWHV WZRPRGXODWRUVZLWKHFFHQWULFV�KDY�
LQJ TXLWH FORVH YDOXHV RI HFFHQWULFLWLHV DQG ORFDWHG RS�
SRVLWH HDFK RWKHU� WKXV DOORZLQJ WKH PD[LPDO EDODQFLQJ
RXW RI WKH PHFKDQLVP DQG PLQLPLVLQJ LWV YLEUDWLRQV�

5()(5(1&(6

�� /HEHGHY� 9�$�� 1LNLWHQNR� 9�3� ������ 3URPLVLQJ WUHQGV LQ
GHVLJQ RI WKH ZLUH IHHG PHFKDQLVPV� $YWRPDWLFKHVND\D

6YDUND� �� �� w ���
�� /HEHGHY� 9�$�� 0RVKNLQ� 9�)�� 3LFKDN� 9�*� ������ 1HZ

HOHFWURGH ZLUH IHHG PHFKDQLVPV� ,ELG�� �� �� w ���
�� 9RURSDM� 1�0� ������ 3DUDPHWHUV RI WKH PRGHV DQG SURFHVV

FDSDELOLWLHV RI DUF ZHOGLQJ ZLWK SXOVHG IHHG RI HOHFWURGH DQG
ILOOHU ZLUH� ,ELG�� ��� � w ��

�� /HEHGHY� 9�$�� 6YHWQLNRY� %�*� ������ ,QIOXHQFH RI LQLWLDO
FXUYDWXUH RI HOHFWURGH ZLUH RQ LWV UHVLVWDQFH LQ WKH JXLGH�
,ELG�� �� �� w ���

�� /HEHGHY� 9�$�� 0RVKNLQ� 9�)�� 3LFKDN� 9�*� ������ 6HPL�
DXWRPDWLF PDFKLQHV RI WKH VDPH PRGXODU GHVLJQ IRU ZHO�
GLQJ� VXUIDFLQJ DQG FXWWLQJ� 6YDURFKQR\H 3URL]YRGVWYR� ��
�� w ���

�� 6KHMNR� 3�3�� 3DYVKXN� 9�0� ������ 3RZHU VRXUFH IRU FRQ�
VXPDEOH HOHFWURGH SXOVHG�DUF ZHOGLQJ ZLWK VPRRWK DGMXVW�
PHQW RI SDUDPHWHUV� ,Q� 1HZ ZHOGLQJ SRZHU VRXUFHV� .\LY�

�� /HEHGHY� 9�$�� 1LNLWHQNR� 9�3� ������ *ULSV IRU SXOVHG IHHG
RI HOHFWURGH ZLUH� $YWRPDWLFKHVND\D 6YDUND� ��� �� w ���

0HFKDQLVP

5DWLR RI

PD[LPDO

DFFHOHUDWLRQV

$GYDQWDJHV 'LVDGYDQWDJHV

:LWK RQH�VLGHG JULSV � 6LPSOH GHVLJQ /RZ UHOLDELOLW\� LQWHUPLWWHQW

RSHUDWLRQ� ORZ DFFHOHUDWLRQV

2QH�PRGXODWRU 4:& ��� w ��� 5HODWLYH VLPSOLFLW\� UHOLDELOLW\ 1RW QRWHG

6DPH ZLWK LQWURGXFWLRQ RI

DQJOH RI LQFOLQDWLRQ α
8S WR � 6DPH &RPSOH[ UHJXODWLRQ RI DQJOH RI

LQFOLQDWLRQ α

7ZR�PRGXODWRU 4:& ���� 8S WR ��� 3RVVLELOLW\ RI SXOVH VKDSH DGMXVWPHQW 5HODWLYHO\ FRPSOH[ GHVLJQ

6DPH ���� 8S WR ��� $ELOLW\ WR FRQWURO WKH SXOVH VKDSH LQ D EURDG

UDQJH

0XFK PRUH FRPSOH[ GHVLJQ

6DPH ���� � w � 6DPH 5HODWLYH FRPSOH[LW\ RI GHVLJQ

6DPH ���� 8S WR � 6DPH� JUHDWHU QXPEHU RI SXOVHV SHU F\FOH 5HODWLYHO\ FRPSOH[ GHVLJQ DQG ODUJH

RYHUDOO GLPHQVLRQV
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1�3� 1(67(5(1.2
�
DQG ,�.� 6(1&+(1.29

�

�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH
�
6�3� 7LPRVKHQNR ,QVWLWXWH RI 0HFKDQLFV� 1$68� .\LY� 8NUDLQH

$%675$&7

7KH SDSHU SUHVHQWV D FODVVLILFDWLRQ DQG V\VWHPLF PHWKRG RI VHOHFWLRQ RI WKH FRQILJXUDWLRQ RI ZDYHJXLGHV VKDSHG DV WKH

ERGLHV RI UHYROXWLRQ� WKDW DUH XVHG DV WRROV IRU XOWUDVRQLF ZHOGLQJ RI SRO\PHUV DQG FRPSRVLWHV RQ WKHLU EDVH� .QRZQ

DQG QHZ EDVLF FRQILJXUDWLRQV RI VRQRWURGHV ZKLFK FDQ EH XVHG IRU SURGXFLQJ ODUJH�GLDPHWHU FLUFXPIHUHQWLDO ZHOG� DUH

FRQVLGHUHG�

.H\ ZRU G V � XOWUDVRQLF ZHOGLQJ� SRO\PHUV DQG FRPSRVLWHV

RQ WKHLU EDVH� ZDYHJXLGHV�WRROV �VRQRWURGH�� VKDSH RI RVFLOOD�

WLRQV� FODVVLILFDWLRQ

3DSHU >�@ SUHVHQWV WKH FODVVLILFDWLRQ DQG WKH PDLQ

SULQFLSOHV RI GHVLJQ RI SODWH ZDYHJXLGHV XVHG DV WRROV

�VRQRWURGHV� IRU XOWUDVRQLF ZHOGLQJ �86:� RI SRO\�
PHUV� $QRWKHU LPSRUWDQW FODVV RI VRGRWURGHV XVHG ERWK

IRU VSRW DQG IRU FRQWRXUZHOGLQJ DUH VRQRWURGHV VKDSHG
DV WKH ERGLHV RI UHYROXWLRQ >� w ��@� 7KH WDVN RI GH�

VLJQLQJ WKH ODWWHU FRQVLVWV LQ GHWHUPLQDWLRQ RI WKH

JHRPHWULFDO VKDSH RI WKH VRQRWURGH E\ WKH VSHFLILHG

VKDSH RI WKH ZHOG� 6ROXWLRQ LV JUHDWO\ VLPSOLILHG E\

WKH SUHVHQFH RI D V\VWHPDWLVHG GDWD EDVH RI UHIHUHQFH

FRQILJXUDWLRQV� GLIIHULQJ LQ WKH UHTXLUHG UHVRQDQFH IUH�

TXHQFLHV DQG IRUP RI RVFLOODWLRQV�

$QDO\VLV RI SXEOLFDWLRQV VKRZV WKDW WKH GLYHUVH
D[LDOO\ V\PPHWULF VRQRWURGHV FDQ EH JURXSHG LQWR VHY�

HUDO FODVVHV E\ W\SHV RI RVFLOODWLRQV� FKDUDFWHULVWLF RI

FHUWDLQ VHFWLRQV RI EUDQFKHV LQ WKH UHVRQDQFH VSHFWUXP

RI D FRQWLQXRXV FLUFXODU F\OLQGHU >��@� 6LPLODU WR WKH

FDVH RI SODWH VRQRWURGHV� FODVVLILFDWLRQ RI D[LDOO\ V\P�

PHWULF HOHPHQWV RI 86: DFRXVWLF V\VWHPV� DOORZV VH�

OHFWLRQ RI WKHLU FRQILJXUDWLRQ� RXWOLQLQJ WKH PHWKRGV

IRU FRQWUROOLQJ WKH VKDSH DQG IUHTXHQF\ RI RVFLOODWLRQV�
DV ZHOO DV GHYHORSPHQW RI QHZ W\SHV RI VRQRWURGHV�

7KLV SDSHU LV GHYRWHG WR VWXG\LQJ WKH IRUPDWLRQ
RI D V\VWHP RI EDVLF VRQRWURGH FRQILJXUDWLRQV� KDYLQJ

WKH VKDSH RI WKH ERGLHV RI UHYROXWLRQ� DV ZHOO DV WKHLU

FODVVLILFDWLRQ�

/HW XV FKDUDFWHULVH WKHVH HOHPHQWV E\ WKH UHVRQDQFH

PRWLRQ W\SH� +LVWRULFDOO\� WKH VRQRWURGHV LQ WKH IRUP

RI URGV RI D YDULDEOH FURVV�VHFWLRQ� QDPHO\ VWHSSHG�

FRQLFDO� H[SRQHQWLDO� HWF�� ZHUH WKH ILUVW WR EH XVHG

LQ XOWUDVRQLF DFRXVWLF V\VWHPV� 7KH\ DUH VWLOO XVHG

H[WHQVLYHO\� IRU LQVWDQFH� IRU VSRW 86:� 7KH WDVN LV

PDGH PRUH FRPSOLFDWHG� ZKHQ LW LV QHFHVVDU\ WR ZHOG

DURXQG D FLUFXODU DUHD RU D FLUFXODU FRQWRXU RI GLDPHWHU

G
P

≥ λ��� ,Q WKLV FDVH �URG�OLNH� VRQRWURGHV WXUQ RXW

WR EH LQHIIHFWLYH EHFDXVH RI VHFWLRQ ZDUSLQJ� LQ WHUPV

RI H[FLWDWLRQ DQG HQKDQFHPHQW RI RVFLOODWLRQV� DV ZHOO

DV XQLIRUPLW\ RI GLVSODFHPHQWV DW WKH ZRUNLQJ HGJH�

$V LQ WKH FDVH RI SODWH HOHPHQWV� VORW VWUXFWXUHV DUH

ZLGHO\ XVHG WR JHQHUDWH UHFLSURFDWLQJ PRWLRQV� 5DGLDO

GLVSODFHPHQWV RI WKH RXWHU DQG LQQHU F\OLQGULFDO VXUIDFHV
RI WKH GLVFV� DUH DSSOLHG� LQ SDUWLFXODU� LQ VHDP 86:

ZLWK D URWDWLQJ VRQRWURGH DQG IRU DFWLYDWLRQ RI WKH ZLUH

GUDZLQJ E\ VXSHUSRVLWLRQ RI XOWUDVRXQG >�� �@�
6RQRWURGHV EDVHG RQ D[LDOO\ V\PPHWULF IOH[XUDO PRGH

RI RVFLOODWLRQV� FDQ KDYH WKH ZRUNLQJ VXUIDFHV ERWK RQ

WKH HGJHV� DQG RQ WKH F\OLQGULFDO VXUIDFH� 7KH ILUVW VFKH�

PDWLF LV XVHG LQ FRQWRXU ZHOGLQJ DQG WKH VHFRQG x LQ

VHDP ZHOGLQJ >�@� 0RYLQJ DZD\ IURP WKH WUDGLWLRQDO

PHWKRGVRI IRUPDWLRQRI DXQLIRUPGLVWULEXWLRQ RIQRUPDO

GLVSODFHPHQWV X
]
LQ D FLUFXODU DUHD RI D ODUJH GLDPHWHU

LV RXWOLQHG LQ >�@� GHYRWHG WR DQDO\VLV RI WKH DELOLW\ WR

XVH WKH HGJH PRGH RI RVFLOODWLRQV�

0RGDO FKDUDFWHULVWLFV RI RVFLOODWLRQV LQ WKH FRQVLG�

HUHG UHVRQDWRUV KDYH FRPPRQ IHDWXUHV ZLWK WKHPRGHV�

FRUUHVSRQGLQJ WR FHUWDLQ VHFWLRQV RI WKH EUDQFKHV RI

WKH IUHTXHQF\ VSHFWUXP RI D[LDOO\ V\PPHWULF RVFLOOD�

WLRQV RI D ILQLWH F\OLQGHU� LQ ZKLFK KHLJKW+ DQG UDGLXV

5′ VDWLVI\ WKH FRQGLWLRQV _]_ ≤ +� � � U � 5′� 3DUW RI
VXFK D VSHFWUXP IRU ν  ����� FRUUHVSRQGLQJ WR RVFLO�

ODWLRQV� V\PPHWULF UHODWLYH WR SODQH ]  �� LV VKRZQ� 1�3� 1(67(5(1.2 DQG ,�.� 6(1&+(1.29� ����

)LJXUH �� 7\SHV RI D[LDOO\ V\PPHWULF PRWLRQV LQ VRQRWURGHV� KDYLQJ
WKH VKDSH RI WKH ERG\ RI UHYROXWLRQ� D x FKDUDFWHULVWLF VHFWLRQV RI
WKH EUDQFKHV RI WKH IUHTXHQF\ VSHFWUXP RI D FRQWLQXRXV F\OLQGHU�
E x NLQHPDWLFV RI WKH ILUVW WZR ORQJLWXGLQDO� HGJH� UDGLDO DQG
IOH[XUDO D[LDOO\ V\PPHWULF PRGHV

34 5/2001



LQ )LJXUH �� D� ,Q WKLV FDVH Ω  �ω+�π&�� &  5′�+�
/HWWHUV /� ( DQG 5 GHQRWH WKH W\SH RI PRGH� QDPHO\

ORQJLWXGLQDO� HGJH RU UDGLDO� ORZHU LQGH[ LV WKH QXPEHU

RI WKH EUDQFK RU SODWHDX� 7KH Uα%N GHVLJQDWLRQ LV

DVVXPHG IRU HOHPHQWV EDVHG RQ D[LDOO\ V\PPHWULF

IOH[XUDO PRGHV� 7KH VPDOO OHWWHUV XVHG LQ IURQW� LQGL�

FDWH PRUH SUHFLVHO\ WKDW WKH ERG\ RI UHYROXWLRQ U LV

VXEMHFWHG WR EHQGLQJ E\ D[LDOO\ V\PPHWULF α PRGH�

)LJXUH �� E LOOXVWUDWHV WKH NLQHPDWLFV RI WKH ILUVW WZR

PRGHV RI HDFK RI WKH FRQVLGHUHG W\SHV� 6RPH VRQRWURGH

GLPHQVLRQV DUH JLYHQ LQ IUDFWLRQV RI WKH OHQJWK RI

ORQJLWXGLQDO ZDYH λ� λ  I
w��ε�ρ����� ZKHUH ε LV WKH

<RXQJsV PRGXOXV� ρ LV WKH PDWHULDO GHQVLW\� I LV WKH

RVFLOODWLRQV IUHTXHQF\� 7KH DUURZ LQGLFDWHV WKH H[FL�

WDWLRQ UHJLRQ� DQG WKH GRW x WKH UHJLRQ RI FRQWDFW

ZLWK WKH ORDG� 6XFK LQIRUPDWLRQ LV H[WUHPHO\ XVHIXO

IRU GHWHUPLQDWLRQ RI WKH RVFLOODWLRQ FUHVWV WKDW DUH WKH

]RQHV RI WKH PRVW HIIHFWLYH H[FLWDWLRQ RI WKH VSHFLILF

PRGHV�

/HW XV XVH 7DEOH � IRU IXUWKHU DQDO\VLV� 7KH SUR�

WUXVLRQV LQ WKH ORZHU SDUW RI (N DQG Uα%N VRQRWURGHV

RXWOLQH WKHLU ZRUNLQJ VXUIDFHV DQG LQGLFDWH WKDW WKH\

DUH XVHG IRU FRQWRXU ZHOGLQJ RI D FLUFXPIHUHQWLDO

ZHOG� )RUPDOO\� WKLV OLVW FDQ LQFOXGH D[LDOO\ V\PPHW�

ULF UHVRQDWRUV RI �U�7 W\SH EDVHG RQ D TXDVLWKLFNQHVV

PRGH RI RVFLOODWLRQV >�@� +RZHYHU� SUDFWLFDO LPSOH�

PHQWDWLRQ RI VXFK HOHPHQWV LV PDGH PRUH FRPSOLFDWHG

E\ D QXPEHU RI IDFWRUV� 6WXG\ >��@ VKRZV WKDW WKH

UHFLSURFDWLQJ PRWLRQ RI WKH GLVF HGJH LV GLVWRUWHG E\

LQWHUDFWLRQ RI �SXUH� 7�PRGH ZLWK 5� DQG $�PRGHV�

,W LV HQKDQFHG ZLWK WKH LQFUHDVH RI 3RLVVRQsV UDWLR DQG

IRU ���� ≤ ν ≤ ���� YDOXHV� W\SLFDO IRU WKH VRQRWURGH

PDWHULDOV� UHVXOWV LQ DQ DEUXSW GHWHULRUDWLRQ RI WKH

SRVLWLYH TXDOLWLHV RI 7�PRGH� &RPSDUHG WR SODQDU 7�

PRGH� WKH VLWXDWLRQ LV DJJUDYDWHG E\ WKH FORVHQHVV RI

WKH IUHTXHQFLHV RI WKLFNQHVV DQG WKLFNQHVV�VKHDU UHVR�

QDQFH Ω7 DQG Ω6 DW ν  ���� 7KLV PDNHV WKH VSHFWUXP
PRUH GHQVH DQG WXQLQJ RXW RI SDUDVLWLF PRGHV PRUH

FRPSOLFDWHG�

+LJK�IUHTXHQF\ SDUWV RI WKH VSHFWUD RI V\PPHWULF

PRGHV RI WKH UHFWDQJOH DQG WKH F\OLQGHU� DUH VSHFLILHG

E\ DVVLJQLQJ WKH HGJH UHVRQDQFH IUHTXHQF\ ν  ���

DV WKH ORZHU OLPLW >��@� ,Q NHHSLQJ ZLWK WKDW� HOHPHQWV

RI WKH W\SH RI (� 7 DQG 6 FDQ EH UHJDUGHG DV KLJK�

IUHTXHQF\ HOHPHQWV� DQG HOHPHQWV RI /� 5 DQG %

W\SH x DV ORZ�IUHTXHQF\ RQHV�

6LQJOH�PRGH UHVRQDWRUV GR QRW DOZD\V FRPSO\ZLWK

WKH IXQFWLRQDO UHTXLUHPHQWV� 7KLV LV XVXDOO\ UHODWHG

WR WKH LVVXH RI HIIHFWLYH H[FLWDWLRQ RI VRPH RVFLOODWLRQ

PRGHV� ,Q VXFK FDVHV FRQYHUWHU�VRQRWURGHV DUH XVHG�

LQ ZKLFK HDVLO\�H[FLWHG �IRU LQVWDQFH /�� PRGH LV FRQ�

YHUWHG LQWR D ZHDNO\�H[FLWHG W\SH RI PRWLRQ� QDPHO\

UDGLDO� HGJH� HWF� >�� ��� ��@� &ODVVLILFDWLRQ DQG PDUN�

LQJ RI VRPH W\SHV RI FRQYHUWHUV DUH JLYHQ LQ 7DEOH ��

,Q WKH DFFHSWHG PDUNLQJ� WKH ILUVW HOHPHQW LQGL�

FDWHG LV WKH RQH� WKDW LV H[FLWHG E\ WKH FRQYHUWHU DQG

7DEOH �� 7\SHV RI FRQYHUWHU VRQRWURGHV

&RQYHUWHU
W\SH

&RQYHUWHU
FRQILJXUDWLRQ

/N&5Q

/N&Uα%Q

/N&(Q

/N&S%Q

7DEOH �� 7\SHV RI VRQRWURGHV� KDYLQJ WKH VKDSH RI WKH ERGLHV RI
UHYROXWLRQ

2VFLOODWLRQ
W\SH

:DYHJXLGH W\SH 6RQRWURGH FRQILJXUDWLRQ

/ /N

UP/N
(α)

5 5N

( (N

% Uα%N
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WKH HQHUJ\ RI ZKLFK LV FRQYHUWHG �OHWWHU &� LQWR RV�

FLOODWLRQV RI DQRWKHU W\SH RI UHVRQDWRU� FRQQHFWHG WR

LW� 7KH VWURQJHVW LQWHUDFWLRQ DQG FRQYHUVLRQ RI WKH

PRGHV DUH LQ SODFH ZKHQ WKH SDUWLDO V\VWHP IUHTXHQFLHV

DUH FORVH DQG HTXDO WR WKH H[FLWDWLRQ IUHTXHQF\�

7KH JLYHQ FODVVLILFDWLRQ DOORZV VHOHFWLRQ RI WKH

VRQRWURGH W\SH IROORZLQJ WKH VSHFLILHG VKDSH RI

ZHOGHG MRLQW� 3UHFLVH GLPHQVLRQV RI WKH HOHPHQW IRU

WKH VSHFLILHG ZRUNLQJ IUHTXHQF\ RI RVFLOODWLRQV DUH

GHWHUPLQHG LQ WKH VHFRQG VWDJH� ,W LV QHFHVVDU\ WR

WXQH RXW WKH SDUDVLWLF IUHTXHQFLHV LQ LW� WKXV HQVXU�

LQJ WKH UHTXLUHG YDOXHV RI RVFLOODWLRQ DPSOLWXGH DQG

XQLIRUPLW\ RI LWV GLVWULEXWLRQ RYHU WKH ZRUNLQJ VXU�

IDFH RI WKH VRQRWURGH� 7KH WKLUG VWDJH LQFOXGHV

HYDOXDWLRQ RI IDWLJXH VWUHQJWK DQG WHPSHUDWXUH RI

WKH HOHPHQW KHDWLQJ E\ YLEUDWLRQ� ,PSOHPHQWDWLRQ

RI WKH ODWWHU WZR VWDJHV HQYLVDJHV WKH XVH RI PDWKH�

PDWLFDO VLPXODWLRQ PHWKRGV�

3UREOHP GHILQLWLRQ LQ WKH F\OLQGULFDO V\VWHP RI

FR�RUGLQDWHV U�] LQFOXGHV >��@ NLQHPDWLF HTXDWLRQV�

HTXDWLRQV RI D[LDOO\ V\PPHWULF RVFLOODWLRQV� IXQGD�

PHQWDO HTXDWLRQV� KHDW FRQGXFWLRQ HTXDWLRQV DQG H[�

SUHVVLRQV IRU WKH GLVVLSDWLYH IXQFWLRQ�
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ERXQGDU\ DQG LQLWLDO �IRU WHPSHUDWXUH� FRQGLWLRQV >�@�

,Q WKLV FDVH *
a
DQG νa DUH WKH FRPSOH[ VKHDU PRGXOXV

DQG 3RLVVRQsV UDWLR� *
a
 *′ � L*′′ � νa  ν′ w Lν′′ � εaLM

DQG σaLM DUH WKH FRPSOH[ DPSOLWXGHV RI WKH FRPSRQHQWV

RI WKH YHFWRU RI GLVSODFHPHQWV� VWUDLQ DQG VWUHVV WHQ�

VRUV� F DQG N DUH WKH FRHIILFLHQWV RI EXON KHDW FRQWHQW

DQG KHDW FRQGXFWLYLW\� θ LV WKH WHPSHUDWXUH� ω LV WKH

FLUFXODU IUHTXHQF\� ω  �πI�
$W KLJK RVFLOODWLRQ IUHTXHQFLHV� LW LV QHFHVVDU\ WR

WDNH LQWR DFFRXQW WKH GHSHQGHQFH RI WKH VKHDU PRGXOXV

RQ WKH VWUHVV DPSOLWXGH LQWHQVLW\

*
a

= *
a

(ω� θ� σL)�

σL = �

√ �
(_σaUU w σaθθ_

� + _σa]] w σaUU_
� + _σaθθ w σaUU_

� + �_σaU]_
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_σaU]_
� = σU]

′� + σU]
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� …

,Q RUGHU WR HQVXUH WKH IDWLJXH VWUHQJWK RI WKH

VRQRWURGH� WKH YDOXH RI VWUHVV LQWHQVLW\ PD[LPDO LQ

YROXPH 9� VKRXOG PHHW WKH FRQGLWLRQ PD[
9

σL ≤ χσ��

ZKHUH σ� LV WKH F\FOLF IDWLJXH OLPLW RI WKH PDWHULDO DW

D V\PPHWULF ORDGLQJ F\FOH� χ LV WKH FRHIILFLHQW RI WKH

VWUHQJWK PDUJLQ�

&RQVLGHULQJ WKH FRPSOH[LW\ RI WKH VRQRWURGH JH�

RPHWU\ DQG QRQ�OLQHDULW\ RI WKH SUREOHP ��� w ��� LQ

WKH JHQHUDO FDVH� LW LV UDWLRQDO WR DSSO\ QXPHULFDO

PHWKRGV IRU VROYLQJ LW� 7KH ILQLWH HOHPHQW PHWKRG

>��@ LV WKH PRVW FRQYHQLHQW RI WKHP IRU WKLV FODVV RI

SUREOHPV�

7KH PDLQ VWDJHV RI GHVLJQLQJ D[LDOO\ V\PPHWULF

VRQRWURGHV DUH WKH VDPH DV IRU SODWH HOHPHQWV >�@� 7KH

GHYHORSHG DSSURDFK ZDV XVHG WR GHVLJQ DQG PDNH D

QXPEHU RI VRQRWURGHV IRU 86: RI SODVWLF LWHPV� 7KH\

DUH VKRZQ LQ )LJXUH ��

&21&/86,216

�� 'LYHUVLW\ RI VRQRWURGHV� KDYLQJ WKH VKDSH RI WKH

ERG\ RI UHYROXWLRQ DQG XVHG IRU 86: RI SRO\PHUV

DQG FRPSRVLWHV RQ WKHLU EDVH� DOORZV FODVVLI\LQJ WKHP

E\ WKH W\SH RI UHVRQDQFH IRUP RI RVFLOODWLRQV� 7KH

)LJXUH �� :DYHJXLGHV IRU 86: RI KHPLVRUSWLRQ FROXPQV �D��
SRO\PHU ILOWHUV �E� DQG ZDWHU SXPS ZKHHOV �F�
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W\SHV RI PRWLRQV� LPSOHPHQWHG LQ WKHP� QDPHO\ ORQ�

JLWXGLQDO� UDGLDO� EHQGLQJ� HWF�� FDQ EH FRUUHODWHG ZLWK

WKH FKDUDFWHULVWLF VHFWLRQV RI WKH EUDQFKHV RI WKH IUH�

TXHQF\ VSHFWUXP RI D FRQWLQXRXV FLUFXODU F\OLQGHU�

�� 0DUNLQJ RI D[LDOO\ V\PPHWULF VRQRWURGHV LV SUR�

SRVHG DQG WKH PDLQ VWDJHV RI WKHLU GHVLJQ DUH RXWOLQHG�

�� 7KH GHYHORSHG FODVVLILFDWLRQ HQDEOHV DSSO\LQJ

D ZHOO�JURXQGHG DSSURDFK WR VHOHFWLRQ RI WKH EDVLF

FRQILJXUDWLRQ RI WKH VRQRWURGH� SURFHHGLQJ IURP WKH

ZHOG VKDSH� 7KH VRQRWURGH VKDSH LV IXUWKHU GHWHUPLQHG

PRUH SUHFLVHO\ E\ QXPHULFDO VLPXODWLRQ�

�� 7ZR�GLPHQVLRQDO REMHFWV DUH UHOLDEO\ GHVLJQHG

QRZ� ZKHUHDV RVFLOODWLRQV LQ VRQRWURGHV RI UP/N
(α) W\SH

DUH WKUHH�GLPHQVLRQDO� 'HYHORSPHQW RI VRIWZDUH IRU

WKUHH�GLPHQVLRQDO DQDO\VLV GHWHUPLQHV WKH GLUHFWLRQ

IRU ZRUN SHUIRUPDQFH LQ WKLV ILHOG LQ WKH QHDU IXWXUH�

,WV LPSOHPHQWDWLRQ ZLOO DOORZ D PDUNHG ZLGHQLQJ RI

WKH FDSDELOLWLHV RI WKH PRVW HIILFLHQW FRQWRXU 86:�

5()(5(1&(6

�� 1HVWHUHQNR� 1�3�� 6HQFKHQNRY� ,�.� ������ &ODVVLILFDWLRQ
DQG GHVLJQ RI SODWH ZDYHJLGHV�WRROV IRU XOWUDVRQLF ZHOGLQJ
RI SRO\PHUV DQG FRPSRVLWHV RQ WKHLU EDVH� $YWRPDWLFKHVND\D
6YDUND� �� �� w ���

�� 6LOLQ� /�/�� %DODQGLQ� *�)�� .RJDQ� 0�*� ������ 8OWUD�

VRQLF ZHOGLQJ� 0RVFRZ� 0DVKLQRVWUR\HQL\H�
�� 0DFKHWQHU� %�.K� ������ &RQFHQWUDWRUV x WRROV IRU XOWUD�

VRQLF WUHDWPHQW DQG PHWKRGV RI WKHLU IDVWHQLQJ� ,Q� 1,,�

0$6K 5HYLHZ� 0RVFRZ�

�� 9DVLOLHY� 3�(�� 6DYLWVND\D� 7�$� ������ &DOFXODWLRQ RI FLU�
FXODU FRQFHQWUDWRUV RI UDGLDO RVFLOODWLRQV� $NXVWLFK� =KXUQDO�
�� ��� w ����

�� 9DVLOLHY� 3�(� ������ &RPSRVLWH SLH]RHOHFWULF FRQYHUWHU RI
UDGLDO RVFLOODWLRQV� ,ELG�� �� ��� w ����

�� 9RONRY� 6�6� ������ 8OWUDVRQLF FRQWRXU ZHOGLQJ RI F\OLQGUL�
FDO LWHPV RI SRO\PHU PDWHULDOV� 6YDURFKQR\H 3URL]YRGVWYR�
�� �� w ���

�� 6HQFKHQNRY� ,�.�� 9DVLOHQNR� 2�1�� .R]ORY� 9�,� ������
$[LDOO\ V\PPHWULF VRQRWURGHV EDVHG RQ WKH HGJH RVFLOODWLRQ
PRGH� 'RSRYLGL 1$1 8NUDLQ\� �� �� w ���

�� 6HQFKHQNRY� ,�.�� 1HVWHUHQNR� 1�3� ������ 'HVLJQ RI D WRRO
ZLWK D[LDOO\ V\PPHWULF ORQJLWXGLQDOO\�IOH[XUDO PRGH RI RV�
FLOODWLRQV IRU FRQWRXU XOWUDVRQLF ZHOGLQJ RI SODVWLFV� $YWR�
PDWLFKHVND\D 6YDUND� �� �� w ���

�� 6HQFKHQNRY� ,�.�� 1HVWHUHQNR� 1�3�� 7DUDVHQNR� 2�9� HW DO�
������ )LQLWH HOHPHQW DQDO\VLV RI FRQWRXU ZDYHJXLGHV IRU XO�
WUDVRQLF ZHOGLQJ RI SODVWLFV� ,Q� 1HZ GHYHORSPHQWV RQ ZHOG�

LQJ DQG DGKHVLRQ ERQGLQJ RI SODVWLFV� .\LY� 3:,�
��� 6HFKHQNRY� ,�.�� .R]ORY� 9�,�� &KHUYLQNR� 2�3� HW DO�

������ 2Q GHVLJQ RI UHVRQDQFH FKDUDFWHULVWLFV RI D[LDOO\
V\PPHWULF ZDYHJXLGHV E\ WKH ILQLWH HOHPHQW PHWKRG� 3ULN�
ODGQD\D 0HNKDQLND� ��� �� w ���

��� 9RONRY� 6�6�� &KHUQ\DN� %�<D� ������ :HOGLQJ RI SODVWLFV

E\ XOWUDVRXQG� 0RVFRZ� .KLPL\D�
��� *ULQFKHQNR� 9�7�� 0HOHVKNR� 9�9� ������ +DUPRQLF RV�

FLOODWLRQV DQG ZDYHV LQ HODVWLF ERGLHV� .\LY� 1DXNRYD
'XPND�

��� ,WRQ� .�� 0RUL� (� ������ 6WXGLHV RQ UHVRQDWRU ZLWK GLUHF�
WLRQDO FRQYHUWHU �5w/�W\SH FRQYHUWHU GLVF RI YDULRXV WKLFN�
QHVV�� -� $FRXVW� 6RF� -DS�� ��� ��� w ����

��� .DUQDXNKRY� 9�*�� 6HQFKHQNRY� ,�.�� *XPHQ\XN� %�3�
������ 7KHUPRPHFKDQLFDO EHKDYLRXU RI YLVFRHODVWLF ERGLHV

DW KDUPRQLF ORDGLQJ� .\LY� 1DXNRYD 'XPND�
��� 0RWRYLORYHWV� ,�$�� .R]ORY� 9�,� ������ 0HFKDQLFV RI

FRXSOHG ERGLHV LQ VWUXFWXUDO HOHPHQWV� .\LY� 1DXNRYD
'XPND�
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2�1� ,9$129$� 'LUHFWRU RI ,$:

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

7KH ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ� �,$:� ZDV

IRXQGHG LQ 0D\� ���� DW WKH IDFLOLW\ RI WKH (�2�3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH RI 1$6 RI 8NUDLQH DQG

EHFDPH D VXFFHVVRU RI WKH &RRUGLQDWLRQ &HQWHU RQ WKH

SUREOHP �:HOGLQJ� DW WKH IRUPHU &0($� 7KH DFWLY�

LW\ RI WKH DVVRFLDWLRQ LV EDVHG RQ WKH QHZ SULQFLSOHV

RI PDUNHW PXWXDO UHODWLRQV� 7KH DLP RI LWV DFWLYLW\ LV

WR FUHDWH IDYRXUDEOH FRQGLWLRQV IRU LWV PHPEHUV LQ

VWXG\ RI WKHLU VFLHQWLILF�WHFKQLFDO SRWHQWLDO� WR UHQGHU

SUDFWLFDO DVVLVWDQFH LQ SURPRWLQJ WKH FRPSHWLWLYH GH�

YHORSPHQWV DW WKH PDUNHWV�

7KH DVVRFLDWLRQ LQFRUSRUDWHV GLIIHUHQW UHVHDUFK LQ�

VWLWXWLRQV� LQGXVWULDO HQWHUSULVHV� HQWLWLHV RI EXVLQHVV

DQG ILQDQFLDO DFWLYLW\ RI D QXPEHU RI FRXQWULHV� $V D

OHJDO ERG\ LW LV IXQFWLRQLQJ E\ WKH $JUHHPHQW RI WKH
LQWHUHVWHG SDUWLHV� RQ WKH EDVLV RI 6WDWXV� DQG UHJLV�

WHUHG LQ 8NUDLQH LQ DFFRUGDQFH ZLWK H[LVWLQJ ODZV�

7KH VFLHQWLILF�WHFKQLFDO FRRSHUDWLRQ LQ WKH ILHOG RI

ZHOGLQJ� RQH RI WKH PRVW ZLGHO\ VSUHDG SURFHVVHV RI

PHWDO WUHDWPHQW� LV D SRZHUIXO NH\ IDFWRU LQ WKH GH�

YHORSPHQW DQG LQWHQVLILFDWLRQ RI SURGXFWLRQ� 7KH GL�

UHFW VFLHQWLILF� LQGXVWULDO DQG WUDGH UHODWLRQV EHWZHHQ

RUJDQL]DWLRQV DQG FRPSDQLHV� LQFOXGHG WR ,$:� FUHDWH

IDYRXUDEOH FRQGLWLRQV IRU WKH HIIHFWLYH VFLHQWLILF�WHFK�

QLFDO DQG HFRQRPLFDO GHYHORSPHQW RI HDFK PHPEHU RI

WKH DVVRFLDWLRQ� 7KLV LV GXH� LQ SDUWLFXODU� WR SURYLGLQJ

WKH H[SUHVV LQIRUPDWLRQ DERXW DOO WKH DFKLHYHPHQWV LQ

WKH ILHOG RI ZHOGLQJ VFLHQFH DQG WHFKQRORJ\� LQIRUPD�

WLRQ DERXW GHPDQGV DQG RIIHUV DW WKH ZHOGLQJ PDUNHW�

7KHPDLQ WUHQGV LQ WKH ,$:DFWLYLW\ DUH DV IROORZV�
VFLHQWLILF�WHFKQLFDO� SURGXFWLRQ�EXVLQHVV� ILQDQFLDO�

HFRQRPLFDO� LQIRUPDWLRQ�DGYHUWL]LQJ� IRUHLJQ HFR�

QRPLFDO� HWF� 7KLV YHU\ZLGH UDQJH RI WUHQGV RI DFWLYLW\

PDNHV LW SRVVLEOH� GHSHQGLQJ RQ WKH VLWXDWLRQ� WR VHOHFW

WKH PRVW HIIHFWLYH WUHQG DQG WR FRQFHQWUDWH HIIRUWV RQ

LW IRU REWDLQLQJ WKH GHVLUHG UHVXOW� 7KH DQDO\VLV RI WKH

HFRQRPLFDO VLWXDWLRQ DQG IHDVLELOLW\ RI VHOHFWLQJ WKH

PRVW UDWLRQDO WUHQG DOORZV UHDOL]DWLRQ RI WKH PDLQ DLP

RI FRRSHUDWLRQ DQG TXLFN VROXWLRQ RI WKH DULVLQJ SURE�

OHPV�

� 2�1� ,9$129$� ����

3URFHHGLQJV RI ,QWHUQDWLRQDO FRQIHUHQFHV
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'XULQJ UHFHQW WKUHH�IRXU \HDUV WKH ,$: LV DFWLYH
LQ WKUHH PDLQ WUHQGV� VXFK DV LQIRUPDWLRQ�DGYHUWL]LQJ�
VFLHQWLILF�WHFKQLFDO DQG ILQDQFLDO�HFRQRPLFDO�

7KH LQIRUPDWLRQ�DGYHUWL]LQJ DFWLYLW\ LV DVVRFLDWHG�
ILUVW RI DOO� ZLWK WKH RUJDQL]LQJ DQG FRQGXFWDQFH RI
LQWHUQDWLRQDO FRQIHUHQFHV DQG VHPLQDUV� 2YHU WKH UH�
FHQW \HDUV DERXW �� LQWHUQDWLRQDO FRQIHUHQFHV DQG
VHPLQDUV LQ GLIIHUHQW FRXQWULHV� QDPHO\ LQ %XOJDULD�
*HUPDQ\� 3RODQG� *HRUJLD� 0DFHGRQLD� 5XVVLD�
8NUDLQH� ZHUH KHOG E\ WKH ,$:� 7KH VXEMHFWV RI WKH
FRQIHUHQFHV ZHUH UDWKHU GLYHUVH� 7KHVH DUH WKH SURE�
OHPV RI TXDOLW\ DQG FHUWLILFDWLRQ RI SURGXFWV� K\JLHQLF
FRQGLWLRQV RI DSSOLFDWLRQ RI ZHOGLQJ SURFHVVHV� QHZ
WHFKQRORJLHV RI ZHOGLQJ� SUREOHPV RI ZHOGLQJ DSSOL�
FDWLRQ LQ VKLSEXLOGLQJ� FRQVWUXFWLRQ RI WDQNV� UDLOZD\V
DQG UROOLQJ VWRFNV� PHWDOOXUJ\ DQG UHODWHG WHFKQROR�
JLHV� 6FLHQWLVWV IURP %HODUXV� 5XVVLD� +XQJDU\� 3R�
ODQG� 6ORYDNLD� &]HFK 5HSXEOLF� %XOJDULD� 8]EHNLV�
WDQ� *HUPDQ\� )UDQFH� 5RPDQLD� -DSDQ� 86$� .RUHD�
&KLQD� 8NUDLQH SDUWLFLSDWHG LQ WKH FRQIHUHQFHV�
$PRQJ WKH FRQGXFWHG FRQIHUHQFHV VXFK ODUJH FRQIHU�
HQFHV FDQ EH RXWOLQHG DV �:HOGLQJ DQG 5HODWHG 7HFK�
QRORJLHV WR WKH ;;, &HQWXU\� �1RYHPEHU ����� .\LY�
DQG �:HOGHG 6WUXFWXUHV� �2FWREHU ����� .\LY��

7KH LQIRUPDWLRQ DFWLYLW\ LV QRW OLPLWHG E\ RUJDQ�
L]LQJ WKH FRQIHUHQFHV DQG VHPLQDUV� 7KH ,$: LVVXHV
WKH H[SUHVV�LQIRUPDWLRQV� HDFK GHYRWLQJ WR D GHILQLWH
SUREOHP� IRU H[DPSOH� FRPSXWHU V\VWHPV LQ ZHOGLQJ
SURGXFWLRQ� SUREOHPV RI TXDOLW\ DQG HFRQRPLFDO
PDQXIDFWXULQJ RI ZHOGHG VWUXFWXUHV DQG VR RQ� (DFK
LVVXH FRQVLVWV RI IRXU FKDSWHUV LQFOXGLQJ WKH DEVWUDFWV
RI VXEMHFW SDSHUV SUHVHQWHG DW WKH FRQIHUHQFHV� GH�
VFULSWLRQ RI QHZ GHYHORSPHQWV RIIHUHG E\ RUJDQL]D�
WLRQV�,$: PHPEHUV� DQG DOVR WKHLU GHPDQGV LQ QHZ
GHYHORSPHQWV� LQIRUPDWLRQ DERXW WKH VFKHGXOHG LQWHU�
QDWLRQDO FRQIHUHQFHV� OLVW RI RUJDQL]DWLRQV�,$: PHP�
EHUV� ([SUHVV LQIRUPDWLRQV DUH GLVWULEXWHG DPRQJ WKH
,$: PHPEHUV IUHH RI FKDUJH�

,Q ���� WKH ,$: WRJHWKHU ZLWK WKH 1DWLRQDO $FDG�
HP\ RI 6FLHQFHV RI 8NUDLQH DQG WKH (�2� 3DWRQ (OHF�
WULF:HOGLQJ ,QVWLWXWH EHFDPH FR�IRXQGHUV RI WKH MRXU�
QDOV �$YWRPDWLFKHVND\D 6YDUND�� �3UREOHP\ 6SH�
WVLDOQR\ (OHNWURPHWDOOXUJLL�� �7HNKQLFKHVND\D 'LDJ�
QRVWLND L 1HUD]UXVKD\XVKFKL\ .RQWURO�� �7KH 3DWRQ
:HOGLQJ -RXUQDO��

,Q WKH VFRSH RI WKH VFLHQWLILF�WHFKQLFDO WUHQG� WKH

,$:� XVLQJ LWV VWDWXV SRVVLELOLWLHV DV DQ REMHFW RI D

IRUHLJQ DFWLYLW\ DQG UHVXOWV RI LQIRUPDWLRQ�DGYHUWL]LQJ

ZRUN� LV DFWLYH LQ VHDUFKLQJ IRU LQYHVWRUV WR UHDOL]H

WKH 5	' SURMHFWV E\ VLJQLQJ WKH FRQWUDFWV IRU WKH

IXOILOPHQW RI UHVHDUFK DQG H[SHULPHQWDO�GHVLJQLQJ

ZRUNV� 2YHU WKLV SHULRG D QXPEHU RI ZRUNV ZDV IXO�

ILOOHG LQ FRRSHUDWLRQ ZLWK VXFK RUJDQL]DWLRQV DQG FRP�

SDQLHV DV ,QVW\WXW 6SDZDOQLFWZD �*OLZLFH� 3RODQG��

�/LQJH�.&$�'UH]GHQ�� �%LQ]HO ,QGXVWULHV *PE+�

�*HUPDQ\�� �$LUEXV ,QGXVWULH� �)UDQFH�� �&RQVRU�

WLXP 6HUYLFH 0DQDJHPHQW *URXS� ,QF�� �3HUIRUP�

DQFH $OOR\V 0DWHULDOV� ,QF�� �86$�� �)DUULN YDQ

3ODDWZHUNHQ YDQ 'DP� �WKH 1HWKHUODQGV�� .RUHD ,Q�

VWLWXWH RI 0DFKLQHV DQG 0DWHULDOV� WKH (�2� 3DWRQ

(OHFWULF :HOGLQJ ,QVWLWXWH �8NUDLQH�� *DV ,QVWLWXWH

RI 1$6 RI 8NUDLQH� ,QVWLWXWH RI 6XUJHU\ DQG 7UDQV�

SODQWRORJ\ RI $06 RI 8NUDLQH� 132 �0RUH��

.KDUNRY $YLDWLRQ ,QVWLWXWH�

2ZLQJ WR LQWHUQDWLRQDO PXWXDO UHODWLRQV� D YHU\

ZLGH VFRSH RI GHYHORSPHQWV ZDV IXOILOOHG� DPRQJ

ZKLFK DUH WKH (%: RI ODUJH�VL]HG WKLQ�ZDOOHG DOX�

PLQLXP DOOR\ VWUXFWXUHV� H[SORVLRQ VWUHVV UHOLHYLQJ LQ

ZHOGHG VDPSOHV RI KLJK�SUHVVXUH YHVVHOV� LQQHU FODG�

GLQJ RI VWHHO F\OLQGULFDO ELOOHWV XVLQJ H[SORVLRQ ZHOG�

LQJ� ZHOGLQJ RI VRIW YLWDO WLVVXHV DQG RWKHU SURMHFWV�

2QO\ VRPH RI WKH GHYHORSPHQWV PDGH E\ WKH 3:, LQ

FROODERUDWLRQ ZLWK ,$:� DUH LOOXVWUDWHG�

(DFK \HDU WKH ,$: DFFXPXODWHV WKH H[SHULHQFH LQ

DWWUDFWLRQ RI ILQDQFLDO UHVRXUFHV DQG VHDUFKHV IRU SDUW�

QHUV WR UHDOL]H WKH SURMHFWV XVLQJ ERWK WKH QHZ FKDO�

OHQJLQJ GHYHORSPHQWV DQG LPSOHPHQWDWLRQ RI UHDG\

GHYHORSPHQWV� $W D GHILQLWH LQWHUHVW RI RUJDQL]DWLRQV

WKHUH DUH DOO QHFHVVDU\ FRQGLWLRQV IRU FRRSHUDWLRQ

ZLWKLQ WKH VFRSH RI WKH MRLQW SURMHFWV�

7R PDNH WKH ILQDQFLDO�HFRQRPLFDO DFWLYLW\ PRUH

DFWLYH WKH ,$: HVWDEOLVKHG D ORFDO FKDULW\ IXQGV �&R�

RSHUDWLRQ RI :HOGHUV� LQWHQGHG IRU UHQGHULQJ DVVLV�

WDQFH LQ UHDOL]DWLRQ RI VFLHQWLILF�HGXFDWLRQDO SURJUDPV

DQG ILQDQFLQJ WKH GHILQLWH SXUSRVHIXO SURJUDPV� 7KLV

PDGH LW SRVVLEOH WR DWWUDFW DWWHQWLRQ RI OHJDO DQG SK\VL�

:HOGHG VWULQJHU VKHOO LQ WKH SURFHVV RI PDQXIDFWXUH �VKHOO GLDPHWHU
���� PP� OHQJWK ���� PP� VKHDWK WKLFNQHVV � PP� �� VWLIIHQHUV
DUH ZHOGHG WR WKH VKHDWK XVLQJ WKH HOHFWURQ EHDP ZHOGLQJ�

6WHHO KROORZ F\OLQGHUV ZLWK �� DQG ��� PP LQQHU GLDPHWHU DIWHU
LQQHU H[SORVLRQ FODGGLQJ ZLWK VSHFLDO PDWHULDO
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FDO SHUVRQV RI 8NUDLQH WR FRRSHUDWLRQ IRU PRELOL]DWLRQ

RI ILQDQFLDO� PDWHULDO�WHFKQLFDO DQG RWKHU UHVRXUFHV�

WR ZLGHQ WKH VRXUFHV RI LQFRPLQJV� 'XH WR IXQGV RI

VSRQVRUV WZR ,QWHUQDWLRQDO FRQIHUHQFHV ZHUH KHOG�
,W LV VHHQ WKDW WKH WUHQGV RI ,$: DFWLYLW\ DUH LQ�

WHUFRQQHFWHG LQ VXFK D ZD\ WKDW LQIRUPDWLRQ DQG DG�
YHUWL]LQJ FRQWULEXWH WR WKH FUHDWLRQ RI SURMHFWV� DQG
WKH IXQGV� REWDLQHG IURP WKHLU UHDOL]DWLRQ� FDQ SUR�
PRWH WR D FHUWDLQ H[WHQG WKH GHYHORSPHQW RI LQIRUPD�
WLRQ�DGYHUWLVLQJ DFWLYLW\�

6XPPDUL]LQJ WKH WHQ�\HDU DFWLYLW\ RI ,$:� LW FDQ
EH FRQFOXGHG WKDW WKH DFWLYLW\ RI WKH DVVRFLDWLRQ ZDV
VXFFHVVIXO DQG XVHIXO LQ VSLWH RI QDWXUDO GLIILFXOWLHV
DFFRPSDQ\LQJ WKLV WUDQVLWLRQ SHULRG� ,W PDGH LW SRV�
VLEOH WR SUHVHUYH WKH PDQ\�\HDU HDUOLHU HVWDEOLVKHG
FUHDWLYH UHODWLRQV RI VFLHQWLVWV DQG VSHFLDOLVWV ZRUNLQJ
LQ WKH ILHOG RI ZHOGLQJ VFLHQFH DQG WHFKQRORJ\�

7KH DFWLYH ZRUN RI FR�IRXQGHUV ZLWKLQ WKH VFRSHV
RI ,$:� L�H� ,QVWLWXWH RI :HOGLQJ �*OLZLFH� 3RODQG��
,QGXVWULDO *URXS 26& �5RWH[�.� �0RVFRZ�� *HRU�
JLDQ :HOGLQJ $VVRFLDWLRQ �7ELOLVL�� .=8 +ROGLQJ�
/WG� �6RILD�� ,QVWLWXWH RI :HOGLQJ DQG 3URWHFWLYH
&RDWLQJV �0LQVN�� 2WWR�YRQ�*XHULFNH 8QLYHUVLWDW
�0DJGHEXUJ� *HUPDQ\�� �&RQVRUWLXP 6HUYLFH 0DQ�
DJHPHQW *URXS� ,QF�� �&RUSXV &KULVWL� 86$� VKRXOG
EH RXWOLQHG� 7KH DFWLYLW\ RI ,$: JLYHV RSSRUWXQLW\
WR ILQG QHZ SDUWQHUV� WR HVWDEOLVK WKH PXOWLODWHUDO DQG
ELODWHUDO EXVLQHVV FRQWDFWV� WR UHDOL]H WKH IDVW H[FKDQJH
RI LQIRUPDWLRQ DERXW WKH QHZHVW DFKLHYHPHQWV LQ VFL�
HQFH DQG WHFKQRORJ\� DQG DOVR LQ WKH VROXWLRQ RI DULVLQJ
SUREOHPV� WR SDUWLFLSDWH MRLQWO\ LQ WKH GHYHORSPHQWV
RI VFLHQWLILF DQG WHFKQLFDO SURMHFWV� ILQDQFHG E\ VSHFLDO
IXQGV� WR VHDUFK IRU RUGHUV DQG WKHLU IXOILOPHQW E\ WKH
MRLQW HIIRUWV� WR DFFXPXODWH DQG IXUWKHU GHYHORS WKH
XQLTXH H[SHULHQFH RI PXOWLODWHUDO FRRSHUDWLRQ RI SDUW�
QHUV RQ WKH PXWXDOO\ EHQHILFLDO FRQGLWLRQV�

:HOGLQJ FRPSOH[ IRU MRLQLQJ VRIW YLWDO WLVVXHV
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

0HWKRG RI V\QWKHVLV RI HOHFWURPDJQHWLF ILHOG DQG GHVLJQ RI LQGXFWRU� UHDOL]HG LQ XVH RI LPSHGDQFH ERXQGDU\ FRQGLWLRQV

DQG SUHVHW GLVWULEXWLRQ RI VSHFLILF SRZHU DW WKH ZRUNSLHFH VXUIDFH EHLQJ KHDWHG DUH GHVFULEHG�

.H\ ZRU G V � ZHOGLQJ� EUD]LQJ� V\QWKHVLV� HOHFWURPDJQHWLF

ILHOGV� LQGXFWRUV� FRLOV �ZLQGLQJV�� SLSHV� WXEHV� IODQJHV

7R SURGXFH WKH TXDOLW\ ZHOG IRU MRLQLQJ WKH ZRUN�

SLHFHV GXULQJ ZHOGLQJ DQG EUD]LQJ� LW LV LPSRUWDQW WR

DWWDLQ WKH SUHVHW �IURP WHFKQRORJLFDO UHTXLUHPHQWV�

GLVWULEXWLRQV RI WHPSHUDWXUH DQG VSHFLILF SRZHU LQ WKH

ZHOG ]RQH�

:KHQ WKH LQGXFWLRQ KHDWLQJ LV XVHG IRU WKH PHQ�

WLRQHG SXUSRVH LW LV LPSRUWDQW WR GHILQH WKH GHVLJQ

DQG GLPHQVLRQV RI WKH LQGXFWRU� D JDS EHWZHHQ WKH

LQGXFWRU DQG ZRUNSLHFHV EHLQJ KHDWHG� DQG DOVR WKH

LQGXFWRU HOHFWULFDO SDUDPHWHUV SURYLGLQJ WKH SUHVHW

KHDWLQJ FRQGLWLRQV�
7KH DERYH�PHQWLRQHG SUREOHP LV VROYHG WUDGLWLRQ�

DOO\ E\ WKH PHWKRGV RI VXFFHVVLYH DSSUR[LPDWLRQV�

XVXDOO\ LQ VWDWHPHQW RI D ERXQGDU\ SUREOHP RI WKH

HOHFWURPDJQHWLF ILHOG� H[LWHG E\ DQ LQGXFWRU FXUUHQW

�FXUUHQW� VKDSH DQG GLPHQVLRQV RI WKH LQGXFWRU DUH
SUHVHW FRPLQJ IURP WKH GHVLJQHU H[SHULHQFH� L�H� D ]HUR

DSSUR[LPDWLRQ�� LQ WKH ZRUNSLHFHV KHDWHG DQG DOVR LQ

WKH VXUURXQGLQJ VSDFH� 'LPHQVLRQV DQG RWKHU SDUDPH�

WHUV RI WKH LQGXFWRU DUH GHWHUPLQHG GXULQJ FDOFXODWLRQ

RI D VSHFLILF SRZHU LQ WKH ZHOG ]RQH� WKXV UHSHDWLQJ

WKH SURFHVV RI FDOFXODWLRQ XQWLO UHDFKLQJ WKH UHTXLUHG

UHVXOW�

,W LV HYLGHQW WKDW WKLV DSSURDFK LV ODERXU�LQWHQVLYH

DQG QRW RSWLPXP �IURP WKH SRLQW RI YLHZ RI GHYHORSHUV

RI WKH WHFKQRORJLFDO SURFHVVHV DQG HTXLSPHQW IRU WKHLU

UHDOL]DWLRQ��

)RU WKHVH SXUSRVHV LW LV UDWLRQDO WR XVH VXFK PHWK�

RGV RI V\QWKHVLV DW ZKLFK WKH QHFHVVDU\ SDUDPHWHUV RI

WKH HOHFWURPDJQHWLF ILHOG DQG GHVLJQ RI WKH LQGXFWRU

DUH GHWHUPLQHG GLUHFWO\ IURP WKH SUHVHW GLVWULEXWLRQ

RI YHFWRUV RI WKH ILHOG DORQJ WKH VXUIDFH RI WKH ZRUN�

SLHFHV EHLQJ KHDWHG�

7KHUH LV D OLPLWHG QXPEHU RI DQDO\WLFDO RU QXPHUL�

FDO VROXWLRQV RI VLPLODU SUREOHPV >� w �@� )RU H[DPSOH�

LQ FDVH RI SODQH HOHFWURPDJQHWLF ILHOGV LW LV QHFHVVDU\

WR VROYH WKH &DXFK\sV SUREOHP IRU WKH /DSODFHsV HTXD�

WLRQ RQ WKH KDOI�SODQH� 7KLV FRUUHVSRQGV PRVWO\ WR WKH

FDVHV LQ ZKLFK WKH WLPH LV DQ LQGHSHQGHQW YDULDEOH

XQOLNH WKH SUREOHPV ZKHQ D VSDFH FRRUGLQDWH VHUYHV

DQ LQGHSHQGHQW DUJXPHQW� DV LQ WKH SUREOHP EHLQJ

FRQVLGHUHG�

$Q DGGLWLRQDO OLPLWDWLRQ LQ WKH VROXWLRQ RI WKH

V\QWKHVLV SUREOHPV� LV� ILUVWO\� WKH IHDVLELOLW\ RI SUH�

VHWWLQJ HLWKHU D OLPLWLQJ YDOXH RI WKH SRWHQWLDO RU LWV

QRUPDO GHULYDWLYH DW WKH ERXQGDU\� 7KH LQGHSHQGHQW

SUHVHWWLQJ RI RQH DQG DQRWKHU EULQJV D PDWKHPDWLFDO

FRQWUDGLFWLRQ� UHVXOWLQJ LQ WKH IDFW WKDW WKH SUREOHP

EHFRPHV LQVROXEOH DW D VWULFW VWDWHPHQW� 6HFRQGO\� WKH
VROXWLRQV RI WKH &DXFK\sV SUREOHP IRU WKH /DSODFHsV

HTXDWLRQ DUH QRW VWDEOH ZLWK UHVSHFW WR VPDOO FKDQJHV

LQ ERXQGDU\ FRQGLWLRQV WKDW OHDGV WR D QHFHVVDU\ VLJ�

QLILFDQW OLPLWDWLRQ RI WKH ILHOG DUHD LQ ZKLFK DQ DS�

SUR[LPDWH VROXWLRQ FDQ EH REWDLQHG >�� �@�

+RZHYHU� WKHUH LV D IHDVLELOLW\ WR UHJXODWH WKH SURE�

OHPV RI V\QWKHVLV� WR SURYLGH WKH VWDELOLW\ DQG DELOLW\
RI WKHLU VROXWLRQ E\ XVLQJ WKH LPSHGDQFH ERXQGDU\

FRQGLWLRQV �,%&� LQ WKH SUREOHP VWDWHPHQW� 7KHVH

FRQGLWLRQV ELQG XQDPELJXRXVO\ WKH YDOXHV RI SRWHQWLDO

DQG LWV QRUPDO GHULYDWLYH �LQWHQVLWLHV RI HOHFWULFDO� (�

DQG PDJQHWLF� +� ILHOGV�� 7KH XVH RI ERXQGDU\ FRQ�

GLWLRQV RI WKH QHZ W\SH LV DOVR UDWLRQDO� L�H� SRZHU
FRQGLWLRQV FRQQHFWLQJ WKH YDOXH RI WKH SRWHQWLDO DW

WKH ERXQGDU\ RI ERGLHV ZLWK D VSHFLILF SRZHU �VXUIDFH�

3
H
� RU YROXPH� 3

HY
� >� w �@�

/HW XV FRQVLGHU WKH SURFHGXUH RI VROXWLRQ RI WKH

PHQWLRQHG SUREOHPV LQ WHUPV RI D YHFWRU SRWHQWLDO RI

WKH PDJQHWLF ILHOG $
→

�U� θ� ]� LQ D F\OLQGULFDO V\VWHP
RI FRRUGLQDWHV�

7KH SUREOHP RI GHWHUPLQDWLRQ RI GHVLJQ� GLPHQ�

VLRQV DQG HOHFWURPDJQHWLF SDUDPHWHUV RI WKH LQGXFWRU�

ZKLFK LV DUUDQJHG RXWVLGH WKH VXUIDFH RI WKH ERG\

EHLQJ KHDWHG� SURYLGLQJ WKH SUHVHW GLVWULEXWLRQV RI WKH
HOHFWURPDJQHWLF ILHOG DQG VSHFLILF SRZHU LQ WKH ZHOG

]RQH� DQG VR WKH SUHVHW FRQGLWLRQ RI LWV KHDWLQJ� LV

VWDWHG�

7KH YHFWRU SRWHQWLDO LQ WKH DUHD� ZKLFK LV RXWVLGH

ZLWK UHVSHFW WR WKH ERG\ KHDWHG� VKRXOG VDWLVI\ WKH

/DSODFHsV HTXDWLRQ

� $�6� 3,60(11<� ����
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∆$
→
 � ���

DQG FRQGLWLRQ RI UDGLDWLRQ DW LQILQLW\ >�@

OLP

U� ] → ∞
$
→

= �� ���

$W WKH VXUIDFH RI WKH ERG\ KHDWHG WKH ,%& LV IXO�

ILOOHG� WKDW LV MXVWO\ LQ D JHQHUDO FDVH IRU WKH FDOFXODWLRQ

RI WZR� DQG WKUHH�GLPHQVLRQDO ILHOGV LQFOXGLQJ WKDW

IRU ERGLHV ZLWK FXUYLOLQHDU ERXQGDULHV�

>Q
→× (

→
H@ = =H>Q

→× >Q
→× +

→
H@@� ���

ZKHUH Q
→

LV WKH XQLW YHFWRU RI QRUPDO WR WKH VXUIDFH

RI WKH ERG\ KHDWHG� =H LV WKH ZDYH UHVLVWDQFH RI WKH

ERG\ VXUIDFH �QRUPDO VXUIDFH LPSHGDQFH� LQ WKH VDPH

SRLQW� (
→

H  w Mω$
→

H IRU FRPSOH[ DPSOLWXGHV RI YHFWRUV

RI WKH HOHFWURPDJQHWLF ILHOG DQG WKH FDVH RI SUREOHPV

ZLWK DQ D[LDO V\PPHWU\ RI ERGLHV KHDWHG DQG FXUUHQW�

FDUU\LQJ FLUFXLWV� FRQVLGHUHG KHUH�+
→

H  ���µ��URWQ$
→

H�

,Q WKH SUHVHQW SUREOHP $
→

H
LV WKH NQRZQ IXQFWLRQ

RI FRRUGLQDWHV DQG VSHFLILF SRZHU >� w �@�

$
→
H = M=H(�3H5H >=H@)

���
�ω ���

DW D SUHVHW GLVWULEXWLRQ RI 3H DQG

$
→
H = (ρ3HY)

����ω ���

DW D SUHVHW GLVWULEXWLRQ 3HY�

7KH PHWKRG RI DQDO\WLFDO FRQWLQXDWLRQ RQ WKH EDVLV

RI WKH XQLIRUP DSSUR[LPDWLRQ RI XQNQRZQ IXQFWLRQ

E\ WKH 7D\ORUsV VHULHV LV PRVW VLPSOH DQG FRQYHQLHQW

IRU WKH VROXWLRQ RI WKH ERXQGDU\ SUREOHP ��� w ���

RU ��� w ���� ��� >�@� ,Q DGGLWLRQ� WKH FRQGLWLRQ DW

LQILQLW\ FDQQRW EH DOZD\V VDWLVILHG ���� +RZHYHU� LW

KDV QR RIWHQ D SUDFWLFDO LPSRUWDQFH DV LW LV QHFHVVDU\

WR SURYLGH WKH SUHVHW DFFXUDF\ LQ GHWHUPLQDWLRQ RI DQ

HOHFWURPDJQHWLF ILHOG LQ WKH FORVH YLFLQLW\ RI WKH ZRUN�

SLHFHV KHDWHG �ZLWKLQ WKH DLU JDS EHWZHHQ ZRUNSLHFHV

DQG LQGXFWRU��

$IWHU WKH ILHOG GHWHUPLQDWLRQ LW LV QHFHVVDU\ WR

IXOILO WKH VWDJH RI D SK\VLFDO UHDOL]DWLRQ RI ERXQGDU\

FRQGLWLRQV EH\RQG WKH SUHVHW YLFLQLW\ RI WKH ZRUN�

SLHFHV� EXW ZLWKLQ WKH DUHD LQ ZKLFK WKH ILHOG ZDV

GHWHUPLQHG E\ DUUDQJHPHQW RI WKH ILHOG VRXUFHV DORQJ

WKH VHOHFWHG ERXQGDU\� OLQHDU GHQVLW\ RI FXUUHQW �QX�

PHULFDOO\ HTXDO WR D WDQJHQW FRPSRQHQW RI WKH ILHOG

LQWHQVLW\� DQG IHUURPDJQHWLF PDWHULDOV �PDJQHWLF FRQ�

GXLWV� x DORQJ WKH HTXLSRWHQWLDO UHJLRQV RI WKH

ERXQGDU\� +HUH� WKH VROXWLRQ RI WKH V\QWKHVLV SUREOHP

LV FRPSOHWHG >�@�

7DNLQJ LQWR DFFRXQW WKH FRQGLWLRQV RI WHFKQLFDO

DELOLW\ RI UHDOL]DWLRQ RI WKH SHUIHFW GHVLJQ RI WKH LQ�

GXFWRU LW LV QRW DOPRVW SRVVLEOH WR UHDOL]H WKH UHDO

GLVWULEXWLRQ RI WKH FXUUHQW GHQVLW\� 7KH SUREOHP FRQ�

VLVWV LQ WKH IDFW WKDW WKH FXUUHQW FLUFXLWV DQG V\VWHPV

RI FLUFXLWV �ZLQGLQJ WXUQV� DUH WKH UHDO VRXUFHV RI WKH

LQGXFWRU HOHFWURPDJQHWLF ILHOG� 7KH\ KDYH ILQLWH GL�

PHQVLRQV DQG WKH GLVWULEXWLRQ RI FXUUHQW GHQVLW\ DORQJ

WKH LQGXFWRU WXUQV VXUIDFH� IDFHG WKH ZRUNSLHFHV�

ZKLFK LV ORZ�GHSHQGHQW RQ FXUUHQW LQ WKH ZRUNSLHFHV

KHDWHG�

7KHUHIRUH� LQ WKH VROXWLRQ RI WKH SUREOHP LW LV UD�

WLRQDO DW RQFH WR WDNH LQWR DFFRXQW WKH NQRZQ LQIRU�

PDWLRQ DERXW WKH ILHOG VRXUFHV DQG WR LQWURGXFH LW LQ

DQ DSSURSULDWH IRUP IRU FRQVLGHUDWLRQ� EHFDXVH E\ YLU�

WXH RI F\OLQGULFDO DV\PPHWU\ WKHLU VWUXFWXUH LV NQRZQ�

$QG LW SRVVLEOH WR PDNH WKH SURFHGXUH RI V\QWKHVLV

PXFK VLPSOHU�

7R WDNH LQWR DFFRXQW WKH NQRZQ VWUXFWXUH RI WKH

ILHOG VRXUFHV LQ WKH QHZ VWDWHPHQW LW LV QHFHVVDU\ WR

LQWURGXFH WKH FRQGLWLRQ RI DQ DOORZDEOH HUURU RI UH�

DOL]DWLRQ RI D YHFWRU SRWHQWLDO $
→

H
� EHLQJ SUHVHW DW WKH

VXUIDFH RI WKH ZRUNSLHFHV KHDWHG�

_$
→
H w $

→
HL
_ � ε� ���

ZKHUH $
→

HL LV WKH YHFWRU SRWHQWLDO RI WKH PDJQHWLF ILHOG�

JHQHUDWHG DW WKH VXUIDFH RI ZRUNSLHFHV KHDWHG ZLWK

DQ LQGXFWRU FXUUHQW� ε  ≥ � LV D UDQGRP VPDOO YDOXH

GHWHUPLQLQJ DQ DOORZDEOH HUURU LQ UHDOL]DWLRQ RI WKH

ILHOG DW WKH VXUIDFH RI WKH ZRUNSLHFHV�

+HUH� LW LV UDWLRQDO WR FKDQJH WKH VWDWHPHQW RI WKH

V\QWKHVLV SUREOHP DQG WR IRUPXODWH LW DV WKH SUREOHP

RI IXQFWLRQDO PLQLPL]LQJ

) = ∫∫>
6

$
→
H(UHN� ]HN) w $

→
HL (,L� UL� ]L)@

�
GUG]� ���

ZKHUH ,L LV WKH LQGXFWRU FXUUHQW� LQGH[ L LV UHIHUUHG WR

WKH FRRUGLQDWHV RI WKH HOHFWURPDJQHWLF ILHOG VRXUFHV

�LQGXFWRU�� DQG LQGH[ N x WR WKH FRRUGLQDWHV RI WKH

]RQH RI VXUIDFH RI WKH ZRUNSLHFHV KHDWHG� LQ ZKLFK

WKH GLVWULEXWLRQ ��� RU ��� LV SUHVHW�

'XH WR WKLV� WKH IXQFWLRQDO ��� LV WR EH VROYHG IRU

VXUIDFH RI WKH ZRUNSLHFHV� ,W LV VLPSOLILHG VLJQLILFDQWO\

DQG WDNHV WKH IRUP

) = ∫>
/

$
→
H(UHN� ]HN) w $

→
HL (,L� UL� ]L)@

�
G[� ���

,Q FDVH ZKHQ WKH IXQFWLRQV ��� RU ��� DUH SUHVHW

LQ D OLPLWHG QXPEHU RI SRLQWV RI WKH VXUIDFH RI WKH

ZRUNSLHFHV KHDWHG �SRLQWV RI FROORFDWLRQ�� WKHQ LW LV

SRVVLEOH WR XVH WKH IXQFWLRQDO ��� LQ WKH IRUP

) = ∑
1

N = �

>$
→
H(UHN� ]HN) w $

→
HL (,L� UL� ]L)@

� = ��
���

ZKHUH N LV WKH QXPEHU RI SRLQW RI FROORFDWLRQ� 1 LV

WKH QXPEHU RI SRLQWV RI FROORFDWLRQ�

7KH REWDLQHG VROXWLRQ RI WKH SUREOHP RI V\QWKHVLV�

DV ZDV GHILQHG� VDWLVILHV WKH HTXDWLRQV RI WKH HOHFWUR�

PDJQHWLF ILHOG DQG ERXQGDU\ FRQGLWLRQV� 7KHUHIRUH�

LW LV WKH GHVLUHG VROXWLRQ E\ YLUWXH RI WKH WKHRUHP RI

XQLTXHQHVV RI VROXWLRQ IRU WKH V\VWHP RI 0D[ZHOOsV

HTXDWLRQV >�@�

8VLQJ WKH DERYH�PHQWLRQHG SURFHGXUH WKH V\QWKH�

VLV RI GHILQLWH LQGXFWLRQ V\VWHPV IRU KHDWLQJ SLSHV IRU
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ZHOGLQJ DQG EUD]LQJ >�@ DQG IODQJH MRLQWV >�@ RI SLSHV

ZDV PDGH�

7KH H[SHULPHQWDO FKHFNLQJ VKRZHG WKDW WKH HUURU

LQ FDOFXODWLRQV XVLQJ WKH PHWKRG GHYHORSHG OLHV ZLWKLQ

WKH XQLWV RI SHUFHQWV� 7KLV PDNHV LW SRVVLEOH WR UHF�

RPPHQG WKLV PHWKRG IRU XVH LQ WKH GHYHORSPHQW DQG

GHVLJQLQJ RI HTXLSPHQW IRU WKH WHFKQRORJLFDO SURF�

HVVHV�

5()(5(1&(6

�� .ROHVQLNRY� (�9� ������ 6\QWKHVLV RI WZR�GLPHQVLRQDO PDJ�
QHWLF ILHOG LQ IHUURPDJQHWLF SODQH� ,]Y� 9X]RY� (OHNWURPH�
NKDQLFD� �� ��� w ����

�� .ROHVQLNRY� (�9� ������ 6\QWKHVLV RI PDJQHWLF ILHOG XVLQJ
PDJQHWLF PDWHULDOV RI D ILQLWH SHUPHDELOLW\� ,ELG�� �� ��� w
����

�� 9RO\QVN\� %�$�� %XNKPDQ� 9�(� ������ 0RGHOV IRU VROXWLRQ
RI ERXQGDU\ SUREOHPV� 0RVFRZ� )L]PDWJL]�

�� 3LVPHQQ\� $�6� ������ 6\QWKHVLV RI LQGXFWLRQ V\VWHPV IRU
ZHOGLQJ DQG EUD]LQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� 3LVPHQQ\� $�6� ������ &DOFXODWLRQ RI LQGXFWLRQ V\VWHPV RI
HOHFWURWKHUPDO EHQGLQJ RI ZHOGHG SLSHOLQHV� ,ELG�� ��� �� w
���

�� 3LVPHQQ\� $�6�� 3URNRILHY� $�6�� 6KLQORY� 0�(� ������
6\QWKHVLV RI LQGXFWLRQ V\VWHPV IRU EUD]LQJ RI SLSH IODQJH
MRLQWV XVLQJ WKH SUHVHW GLVWULEXWLRQ RI SRZHU LQ WKH ZHOG
]RQH� ,ELG�� �� �� w ���

�� 3LVPHQQ\� $�6� ������ ,PSHGDQFH ERXQGDU\ FRQGLWLRQV DW
WKH VXUIDFH RI HOHFWURFRQGXFWLYH ERGLHV LQ WKH SUREOHPV RI
HOHFWURWKHUPLFV� 'RSRYLGL 1$1 8NUDLQ\� �� �� w ���

�� .RVKO\DNRY� 1�6�� *OLQHU� (�%�� 6PLUQRY� 0�0� ������
(TXDLWLRQV LQ SDUWLDO GHULYDWLYHV RI PDWKHPDWLFDO SK\VLFV�
0RVFRZ� 9\VVKD\D 6KNROD�
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6�$� 9$6,/,6+,1

.32 �3ULJPD�3UHVV�� .KPHOQLWVN\� 8NUDLQH

$%675$&7

7\SHV DQG SHFXOLDULWLHV RI WHFKQRORJLFDO SURFHVVHV RI VWUDLJKWHQLQJ RI PHWDOOLF PDWHULDOV IURP EXQGOHV DUH GHVFULEHG�

'HVLJQV RI VWUDLJKWHQLQJ FDVHV DQG GLIIHUHQFHV LQ WKHLU RSHUDWLRQV DUH FRQVLGHUHG� 7KH PRGLILHG GHVLJQ RI WKH VWUDLJKWHQLQJ

FDVH LV VXJJHVWHG� ZKLFK PDNHV LW SRVVLEOH WR VHW GLIIHUHQW VFKHPHV RI LWV DGMXVWPHQW GHSHQGLQJ XSRQ WKH GLDPHWHU DQG

W\SH RI D PDWHULDO EHLQJ VWUDLJKWHQHG�

.H\ ZRU G V � VWUDLJKWHQLQJ RI ZLUH� UROOHU VWUDLJKWHQLQJ�

DOO�VLGHG VWUDLJKWHQLQJ� VWUDLJKWHQLQJ FDVH� GHVLJQV� DGMXVWPHQW

VFKHPHV

'HVSLWH D ZLGH YDULHW\ RI DYDLODEOH WHFKQRORJLFDO SURF�
HVVHV DQG GHVLJQV� WKH HTXLSPHQW XVHG IRU PDNLQJ

SDUWV IURP ZLUH �HOHFWURGHV LQ SDUWLFXODU� VKDUHV VRPH

RSHUDWLRQV� 7KH PRVW LPSRUWDQW RI WKHP LV VWUDLJKW�

HQLQJ RI ZLUH IURP D EXQGOH�

'HSHQGLQJ XSRQ UHTXLUHPHQWV WR WKH TXDOLW\ RI
VWUDLJKWHQLQJ DQG SURILOH RI WKH FURVV VHFWLRQ RI D

VRXUFH PDWHULDO� WKHUH DUH WZR EDVLF FDUGLQDOO\ GLIIHU�

HQW SURFHVVHV XVHG IRU VWUDLJKWHQLQJ RI WKH PDWHULDO

LQ WKH EXQGOH�

• UROOHU VWUDLJKWHQLQJ LQ WZR PXWXDOO\ SHUSHQGLFX�

ODU SODQHV E\ PXOWLSOH SODVWLF WUDQVYHUVH EHQGLQJ �XV�
LQJ UROOHU�W\SH VWUDLJKWHQLQJ PDFKLQHV��

• DOO�VLGHG VWUDLJKWHQLQJ E\ PXOWLSOH SODVWLF WUDQV�

YHUVH EHQGLQJ LQ EORFNV �GUDZLQJ GLHV� RI D URWDWLQJ

VWUDLJKWHQLQJ FDVH�

6WUDLJKWHQLQJ RI PHWDO XVLQJ UROOHUV LV XVXDOO\ HP�

SOR\HG IRU EDUV DQG VKDSHG UROOHG VWRFN� 7R FDXVH WKLV

SURFHVV WR RFFXU LQ WZR SODQHV� SDUW RI WKH UROOHUV LV

LQVWDOOHG LQ D KRUL]RQWDO SODQH DQG SDUWx LQ D YHUWLFDO

SODQH� 6WUDLJKWHQLQJ LQ WKHVH PDFKLQHV LV GRQH EH�

WZHHQ WZR URZV RI UROOHUV� WKH UROOHUV RI RQH URZ EHLQJ

SODFHG LQ D VWDJJHUHG DUUDQJHPHQW ZLWK UHVSHFW WR WKH

UROOHUV RI WKH RWKHU URZ� :KLOH SDVVLQJ EHWZHHQ WKH

UROOHUV� WKH PDWHULDO WUHDWHG LV VXEMHFWHG WR PXOWLSOH

WUDQVYHUVH EHQGV �UHYHUVH EHQGV�� DOWHUQDWLQJ LQ RS�

SRVLWH GLUHFWLRQV� ZLWK VWUHVVHV ZKLFK H[FHHG WKH \LHOG

VWUHQJWK RI WKH PDWHULDO� ,W LV WKLV IDFW WKDW SURYLGHV

VWUDLJKWHQLQJ�

� 6�$� 9$6,/,6+,1� ����

)LJXUH �� 6WUDLJKWHQLQJ FDVH ZLWK VWUDLJKWHQLQJ VOHHYHV� 6HH GHVLJQDWLRQV RI � w � LQ WKH WH[W
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7KH UROOHU�W\SH VWUDLJKWHQLQJ GHYLFHV DUH XVHG WR
DGYDQWDJH LQ VSULQJ� ZDVKHU�FRLOLQJ� ZLUH�QDLO DQG
QHW�NQLWWLQJ PDFKLQHV� )RU VWUDLJKWHQLQJ VKDSHG
UROOHG VWRFN� WKH\ DUH XVHG DOVR LQ VWUDLJKWHQLQJ�FXW�
WLQJ DXWRPDWLF GHYLFHV�

$OO�VLGHG VWUDLJKWHQLQJ RI ZLUH FDQ EH XVHG RQO\ IRU
VWUDLJKWHQLQJ RI PHWDO RI D URXQG FURVV VHFWLRQ� ,W LV
SHUIRUPHG XVLQJ D UDSLGO\ URWDWLQJ VWUDLJKWHQLQJ FDVH
ZLWK VSHFLDO EORFNV� 7KH PDWHULDO GUDZQ LQ URWDWLRQ RI
WKH FDVH WKURXJK WKH EORFNV VKLIWHG ZLWK UHJDUG WR WKH
FDVH D[LV LV VWUDLJKWHQHG E\ PXOWLSOH SODVWLF WUDQVYHUVH
EHQGV DOWHUQDWLQJ LQ RSSRVLWH GLUHFWLRQV� 7KH PDLQ DG�
YDQWDJH RI WKH SURFHVV RI VWUDLJKWHQLQJXVLQJ WKH URWDWLQJ
VWUDLJKWHQLQJ FDVH� DV FRPSDUHG ZLWK WKH SURFHVV RI
VWUDLJKWHQLQJ XVLQJ UROOHUV� LV D PXFK KLJKHU TXDOLW\ RI
WKHPDWHULDO WUHDWHG� $ GUDZEDFN RI WKLV SURFHVV FRQVLVWV
LQ WKH IDFW WKDW LW LV LPSRVVLEOH WR SHUIRUP VWUDLJKWHQLQJ
RI D VKDSHG PDWHULDO�

6WUDLJKWHQLQJ FDVHV RI VWUDLJKWHQLQJ�FXWWLQJ DXWR�
PDWLF GHYLFHV DUH HPSOR\HG IRU VWUDLJKWHQLQJ RI RQO\
URXQG EDUV� 7KHUH DUH GLIIHUHQW W\SHV RI WKH VWUDLJKW�
HQLQJ FDVHV ZKLFK DUH XVHG LQ SUDFWLFH� 2QH RI WKH
PRVW ZLGHVSUHDG W\SH RI WKH FDVHV LV WKDW ZKLFK LQ�
YROYHV VWUDLJKWHQLQJ VOHHYHV �)LJXUH ��� 7KH\ DUH HP�
SOR\HG ZLWK VWUDLJKWHQLQJ�FXWWLQJ DXWRPDWLF GHYLFHV
RI WKH ,���� DQG ,���� PRGHOV DQG PDQXIDFWXUHG E\
WKH .KPHOQLWVN\ 3ODQW .32 �3ULJPD�3UHVV��

$V WR LWV GHVLJQ� WKH VWUDLJKWHQLQJ FDVH LV F\OLQ�
GULFDO VKDIW � LQVWDOOHG RQ WZR EHDULQJ VXSSRUWV� 7KH
VKDIW KDV D WKURXJK FKDQQHO IRUPHG E\ WKH KROHV PDGH
LQ WZRPXWXDOO\ SHUSHQGLFXODU SODQHV DQG VKLIWHG ZLWK
UHVSHFW WR HDFK RWKHU E\ D SLWFK RI ORFDWLRQ RI WKH
VWUDLJKWHQLQJ VOHHYHV� %ORFNV � ZLWK VWUDLJKWHQLQJ
VOHHYHV �� ZKLFK DUH IL[HG LQ D UDGLDO GLUHFWLRQ RQ WKH
WZR VLGHV E\ VFUHZV �� DUH SODFHG LQ WKH KROH� 7KH
UHYHUVH EHQG RI WKH ZLUH LQ WKH VWUDLJKWHQLQJ FDVH LV
VHW E\ VKLIWLQJ WKH D[LV RI WKH VOHHYHV XVLQJ WKHVH
VFUHZV� $Q DGYDQWDJH RI VXFK D VWUDLJKWHQLQJ FDVH LV
VLPSOLFLW\ RI PDQXIDFWXUH RI WKH VWUDLJKWHQLQJ VOHHYHV�
DQG GUDZEDFNV LQFOXGH IDVW ZHDU RI WKH VWUDLJKWHQLQJ
VOHHYHV RQ WKH LQVLGH GLDPHWHU� GHVSLWH WKH IDFW WKDW
WKH\ DUH PDGH IURP KLJK�TXDOLW\ WRRO VWHHOV� DQG QH�
FHVVLW\ WR LQVWDOO WKH VOHHYHV RQ WKH D[LV LQ ORDGLQJ
WKH ZLUH LQWR WKH VWUDLJKWHQLQJ FDVH� 7R HOLPLQDWH WKH
ODWWHU� VRPH FRPSDQLHV WKDW XVH VXFK DXWRPDWLF GH�
YLFHV HPSOR\ VWUDLJKWHQLQJ VOHHYHV PDGH IURP KDUG
DOOR\V� 7KHQ WKHLU VWUHQJWK LQFUHDVHV GR]HQV RI WLPHV�
,I LW LV QHFHVVDU\ WR PLQLPL]H GHIRUPDWLRQ RI WKH H[�
WHUQDO VXUIDFH RI WKH ZLUH EHLQJ VWUDLJKWHQHG �IRU QRQ�

IHUURXV PHWDOV DQG DOOR\V�� LW LV UHFRPPHQGHG WKDW
WKH VWUDLJKWHQLQJ VOHHYHV EH PDGH IURP VRIW PDWHULDOV�

$ PRGLILFDWLRQ RI WKH VWUDLJKWHQLQJ FDVH ZLWK
VWUDLJKWHQLQJ VOHHYHV LV WKH FDVH ZLWK VSOLW VWUDLJKW�
HQLQJ EORFNV RI D WHWUDKHGUDO VKDSH �)LJXUH ���

-RLQLQJ RI WZR VWUDLJKWHQLQJ EORFNV IRUPV D KROH
WKURXJK ZKLFK D ZLUH LV GUDZQ LQ WKH VWUDLJKWHQLQJ
FDVH� $Q DGYDQWDJH RI VXFK EORFNV FRQVLVWV LQ WKH IDFW
WKDW LQ ZHDU RI RQH RI WKH FKDQQHOV WKH EORFNV DUH
WXUQHG WR ��� WR SXW LQWR RSHUDWLRQ D QHZ FKDQQHO�

7KH VWUDLJKWHQLQJ FDVH PDQXIDFWXUHG E\ WKH
�3ULJPD�3UHVV�� ZKLFK LV PRXQWHG RQ D VWUDLJKWHQ�
LQJ�FXWWLQJ DXWRPDWLF GHYLFH RI WKH ,$����PRGHO XVHG
IRU HOHFWURGH ELOOHWV� KDV VXFK D GHVLJQ�

6RPH IRUHLJQ FRPSDQLHV LQVWDOO FRPELQHG VWUDLJKW�

HQLQJ FDVHV ZLWK URWDWLQJ UROOHUV DQG VWUDLJKWHQLQJ

EORFNV RQ WKHLU VWUDLJKWHQLQJ�FXWWLQJ DXWRPDWLF GH�

YLFHV� 6FKHPDWLF RI WKH VWUDLJKWHQLQJ FDVH PDGH E\

WKH ,VUDHOL &RPSDQ\ �9LGH[�� FRPSULVLQJ IRXU SDLUV

RI URWDWLQJ JORERLGDO UROOHUV DQG WKUHH EORFNV LQ WKH

IRUP RI VWUDLJKWHQLQJ VOHHYHV� LV VKRZQ LQ )LJXUH ��
7KLV GHVLJQ RI WKH VWUDLJKWHQLQJ FDVH DOORZV WKH

ZLUH WR EH IHG XVLQJ QR VSHFLDO PHFKDQLVP� GXH WR DQ
D[LDO FRPSRQHQW IRUPHG LQ URWDWLRQ RI WKH FURVVHG
UROOHUV WRJHWKHU ZLWK WKH VWUDLJKWHQLQJ FDVH� 'UDZ�
EDFNV RI WKLV GHVLJQ DUH WKH LQFRQVLVWHQW IHHG VSHHG
DQG FRPSOLFDWHG GHVLJQ RI WKH FDVH� 7KH *UHHN &RP�
SDQ\ �3UDWWR� XVHV LQ LWV VWUDLJKWHQLQJ�FXWWLQJ DXWR�
PDWLF GHYLFHV WKH VWUDLJKWHQLQJ FDVHV ZLWK URWDWLQJ
VWUDLJKWHQLQJ VOHHYHV PRXQWHG RQ EHDULQJV LQ WKH FDV�
LQJV� 7KH FDVLQJV DUH PRYHG DORQJ WKH LQFOLQHG VORWV
PDGH LQ WKH FDVH� ZKLFK DOORZV WKH VOHHYHV WR EH PRYHG
DERXW WKH D[LV RI IHHGLQJ WKH ZLUH� ,Q URWDWLRQ RI WKH
VWUDLJKWHQLQJ FDVH� WKH EHDULQJV DUH URWDWHG DURXQG
WKH VOHHYHV� ZKLOH WKH VOHHYHV LQ WXUQ DUH URWDWHG GXH
WR WKH D[LDO PRYHPHQW RI WKH ZLUH WKURXJK WKH
VWUDLJKWHQLQJ FDVH� $V D UHVXOW� WKH VOLGLQJ IULFWLRQ LQ
WKH VOHHYHV LV PLQLPL]HG�

)LJXUH �� 7HWUDKHGUDO VWUDLJKWHQLQJ EORFN

)LJXUH �� 6FKHPDWLF RI WKH VWUDLJKWHQLQJ FDVH ZLWK URWDWLQJ UROOHUV DQG VWUDLJKWHQLQJ EORFNV
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$ QHZ GHVLJQ RI WKH VWUDLJKWHQLQJ FDVH �)LJXUH ��
ZDV GHYHORSHG RQ WKH EDVLV RI WKH DERYH FDVHV IRU WKH
,���� DXWRPDWLF GHYLFH� ,W LV D FDVW KROORZ VKDIW ZLWK
WKH HQFDVHG JXLGHV DQG SUHVVHG�LQ VWUDLJKWHQLQJ
VOHHYHV IL[HG LQVLGH LW� 7KH VORWV� WKURXJK ZKLFK WKH
FDVLQJV FDQ EH PRYHG DORQJ DQG DFURVV WKH VWUDLJKW�
HQLQJ FDVH� DUH PDGH RQ ERWK VLGHV RI WKH VWUDLJKWHQLQJ
FDVH DORQJ LWV D[LV� 6XFK D GHVLJQ DOORZV GLIIHUHQW

GLDJUDPV RI DGMXVWPHQW RI WKH VWUDLJKWHQLQJ FDVH WR
EH XVHG IRU GLIIHUHQW GLDPHWHUV DQG PDWHULDOV� ,Q DG�
GLWLRQ� WKLV PDNHV LW SRVVLEOH WR YDU\ WKH GLVWDQFH
EHWZHHQ WKH VWUDLJKWHQLQJ VOHHYHV DQG VKLIW DERXW WKH
IHHG D[LV E\ FKRRVLQJ WKH RSWLPDO WUHDWPHQW FRQGL�
WLRQV� 7KH JXLGHV KDYH DQ LQFUHDVHG LQOHW FRQH� ZKLFK
PDNHV LW SRVVLEOH WR ORDG WKH ZLUH ZLWKRXW GLVSODFH�
PHQW RI WKH VWUDLJKWHQLQJ VOHHYHV WR WKH IHHG D[LV�

)LJXUH �� 6WUDLJKWHQLQJ FDVH ZLWK VKLIWHG EORFNV LQ WZR SODQHV
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.(< :25'6

WHFKQRORJ\ IRU UHILQLQJ RI 5(0V� LQGXFWLRQ UHPHOWLQJ� VHFWLRQDO PRXOG� LQJRW

%5,() '(6&5,37,21

0HWDO�WKHUPLF UHGXFWLRQ LV WKH PRVW FRPPRQ FRPPHUFLDO PHWKRG IRU SURGXFWLRQ RI WKH PDMRULW\ RI UDUH�HDUWK

PHWDOV� 5DZ 5(0V SURGXFHG E\ WKLV WHFKQRORJ\ FRQWDLQ IURP ��� WR ��� � FDOFLXP� 7KHUHIRUH� WKH\ DUH

VXEMHFWHG WR DGGLWLRQDO UHILQLQJ LQ DUF VNXOO IXUQDFHV� 7KLV SURFHVV LV FKDUDFWHUL]HG E\ DQ LQFUHDVHG SRZHU DQG

ODERXU FRQVXPSWLRQ�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH GHYHORSHG WKH WHFKQRORJ\ DQG PDQXIDFWXUHG D SLORW�FRPPHUFLDO

LQVWDOODWLRQ IRU UHILQLQJ RI UDZ 5(0V� 7KH WHFKQRORJ\ LV EDVHG RQ LQGXFWLRQ UHPHOWLQJ ZLWK WKH IRUPDWLRQ

RI DQ LQJRW LQ WKH VHFWLRQDO ZDWHU�FRROHG PRXOG �,560�� ,QWHQVLYH VWLUULQJ RI WKH PHWDO PHOW LQ WKH KLJK�IUH�

TXHQF\ HOHFWURPDJQHWLF ILHOG FDXVHV D VHYHUDO WLPHV LQFUHDVH LQ WKH UDWH RI HYDSRUDWLRQ IURP WKH PHWDO PHOW�

DV FRPSDUHG ZLWK WUDGLWLRQDO DUF PHOWLQJ� 7KH UHILQLQJ SURFHVV LV UHDOL]HG LQ WKH LQHUW JDV DWPRVSKHUH� 3UHVVXUH

LQVLGH WKH PHOWLQJ FKDPEHU FDQ EH YDULHG RYHU ZLGH UDQJHV� 7KH SLORW�FRPPHUFLDO LQVWDOODWLRQ PDNHV LW SRVVLEOH

WR PHOW LQJRWV RI UHILQHG UDZ 5(0V ZLWK D GLDPHWHU IURP ��� WR ��� PP DQG PDVV RI XS WR �� NJ� 7KH DQQXDO

RXWSXW RI WKH LQVWDOODWLRQ LV XS WR �� W�

385326( $1' ),(/'6 2) $33/,&$7,21

7KH WHFKQRORJ\ LV LQWHQGHG IRU UHILQLQJ RI UDZ 5(0V ZLWK D PHOWLQJ SRLQW RI QRW OHVV WKDQ ���� �&� 7KH

WHFKQRORJ\ DQG HTXLSPHQW ZHUH DSSOLHG DW WKH .LUNJLVLD 0LQLQJ�0HWDOOXUJLFDO 3ODQW IRU SURGXFLQJ SXUH

\WWULXP RI WKH ,WP� JUDGH� FRQWDLQLQJ XS WR ���� � FDOFLXP�

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

([SHULPHQWDO�FRPPHUFLDO YDOLGDWLRQ DW WKH .LUNJLVLD 0LQLQJ�0HWDOOXUJLFDO 3ODQW�

352326$/6 )25 &223(5$7,21

2SHQ SRVVLELOLWLHV IRU FRRSHUDWLRQ�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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.(< :25'6

LQGXFWLRQ PHOWLQJ� VHFWLRQDO PRXOG� YDQDGLXP�FRQWDLQLQJ PDVWHU DOOR\� LQJRW

%5,() '(6&5,37,21

$OXPLQRWKHUPLF UHGXFWLRQ IURP R[LGHV LV D WUDGLWLRQDO FRPPHUFLDO WHFKQRORJ\ XVHG IRU SURGXFWLRQ RI PDQ\

W\SHV RI FRPSOH[�FRPSRVLWLRQ PDVWHU DOOR\V� 6SRQWDQHRXV RFFXUUHQFH RI R[LGDWLRQ�UHGXFWLRQ UHDFWLRQV OHDGLQJ

WR UHGXFWLRQ RI PHWDOV LV FDXVHG E\ D KLJKHU FKHPLFDO DIILQLW\ RI DOXPLQLXP IRU R[\JHQ�

,QJRWV RI PDVWHU DOOR\V SURGXFHG E\ WKLV PHWKRG KDYH D QXPEHU RI GUDZEDFNV� VXFK DV VHJUHJDWLRQ RI PDLQ

HOHPHQWV� FRQWDPLQDWLRQ RI PHWDO ZLWK QRQ�PHWDOOLF LQFOXVLRQV DQG LQFUHDVHG R[\JHQ FRQWHQW� )RU WKHVH

UHDVRQV� XS WR �� � RI PDVWHU DOOR\V DUH UHMHFWHG�

%DVHG RQ WKH PHWKRG RI LQGXFWLRQ PHOWLQJ LQ D VHFWLRQDO PRXOG �,060�� WKH (�2� 3DWRQ (OHFWULF :HOGLQJ

,QVWLWXWH GHYHORSHG WKH WHFKQRORJ\ IRU UHILQLQJ YDQDGLXP�FRQWDLQLQJ PDVWHU DOOR\V �XS WR �� � YDQDGLXP��

ZKLFK DOORZV PDVWHU DOOR\ ZDVWHV WR EH UHWXUQHG WR SURGXFWLRQ�

7KH LQVWDOODWLRQ ZDV GHYHORSHG IRU UHILQLQJ WKH YDQDGLXP�FRQWDLQLQJ PDVWHU DOOR\ ZDVWHV� 7KLV LQVWDOODWLRQ

PDNHV LW SRVVLEOH WR SURGXFH KLJK�TXDOLW\ LQJRWV ZLWK D GLDPHWHU RI XS WR ��� PP DQG PDVV RI XS WR ��� NJ�

7KH DQQXDO RXWSXW RI WKLV LQVWDOODWLRQ LV XS WR �� W�

7KH WHFKQRORJ\ GHYHORSHG SURYLGHV UHPHOWLQJ OXPS\ ZDVWHV LQ D VHFWLRQDO PRXOG LQ WKH LQHUW JDV DWPRVSKHUH�

)OX[ RQ WKH &D)� EDVH FDQ EH XWLOL]HG WR HQVXUH GHHSHU UHILQLQJ�

385326( $1' ),(/'6 2) $33/,&$7,21

7KH WHFKQRORJ\ DQG HTXLSPHQW GHYHORSHG DUH LQWHQGHG IRU UHILQLQJ PDVWHU DOOR\V ZLWK D PHOWLQJ SRLQW RI

���� w ���� �&� 7KH WHFKQRORJ\ DQG HTXLSPHQW SDVVHG WKH H[SHULPHQWDO�FRPPHUFLDO WHVWV LQ UHILQLQJ YDQD�

GLXP�FRQWDLQLQJ PDVWHU DOOR\V DW WKH /HQLQDEDG 3ODQW IRU 5DUH 0HWDOV �7DMLNLVWDQ��

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

([SHULPHQWDO�FRPPHUFLDO YDOLGDWLRQ�

352326$/6 )25 &223(5$7,21

2SHQ SRVVLELOLWLHV IRU FRRSHUDWLRQ

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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.(< :25'6

KLJK�IUHTXHQF\ ZHOGLQJ RI SLSHV� HTXLSPHQW IRU KLJK�IUHTXHQF\ ZHOGLQJ� VSLUDOO\�ZHOGHG SLSHV

%5,() '(6&5,37,21

7KH WHFKQRORJ\ LV EDVHG RQ WKH XVH RI WKH PHWKRG RI ZHOGLQJ RI KHOLFDO�EXWW MRLQWV ZLWK HGJHV IODVKLQJ E\

KLJK�IUHTXHQF\ FXUUHQWV ZLWK VLPXOWDQHRXV UROOLQJ RI WKH ZHOGLQJ ]RQH� 7KH PDWHULDOV EHLQJ ZHOGHG DUH

6W����ULPPHG�� 6W�� �FROG� RU KRW� UROOHG� FRLOHG� ZLWKRXW VFDOH�� 7KH PLOO IRU +): RI SLSHV LV VHUYLFHG E\

RQH RSHUDWRU�

7KH VSHFLILFDWLRQ RI WKH HTXLSPHQW LV DV IROORZV�

:HOGLQJ VSHHG� P�PLQ �������������������������������������������������������������������������������������� �� w ��

6SHHG RI SLSH \LHOG� P�PLQ �������������������������������������������������������������������������������� � w ��

(IILFLHQF\� NP RI SLSHV SHU VKLIW �������������������������������������������������������������������������� ��� w ���

+)& JHQHUDWRU SRZHU ���� N+] IUHTXHQF\�� N: ���������������������������������������������������� ��� w ���

0RWRU GULYH SRZHU� N: �������������������������������������������������������������������������������������� �

3LSH OHQJWK� P �������������������������������������������������������������������������������������������������� � w � DQG PRUH

:RUNLQJ DUHD� P
�
���������������������������������������������������������������������������������������������� ���

7KH GLDPHWHUV RI WKH SLSHV EHLQJ ZHOGHG GHSHQGLQJ RQ WKH WKLFNQHVV DQG ZLGWK RI WKH XVHG VWULS� DUH JLYHQ

LQ WKH 7DEOH�

3LSH GLDPHWHU� PP 6WULS WKLFNQHVV �SLSHV�� PP 6WULS ZLGWK� PP

�� w ��� ��� w ��� ���

��� w ��� ��� w ��� ���

��� w ��� ��� w ��� ���

��� w ��� ��� w ��� ���� ���� ���

385326( $1' ),(/'6 2) $33/,&$7,21

7KLQ�ZDOOHG VSLUDOO\�ZHOGHG SLSHV DUH XVHG IRU DLU GXFWV� ZDWHU FRQGXLWV �ZLWK FODGGLQJ RI WKH SLSH ZDOOV��

SLSHOLQHV IRU EXON\ SURGXFWV �IORXU� VDZ GXVW� HWF��� FDVHV RI DSSDUDWXVHV DQG HTXLSPHQW� PHWDO VWUXFWXUHV�

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

3URGXFWLRQ WHFKQRORJ\ DQG GHVLJQ GRFXPHQWDWLRQ IRU HTXLSPHQW IRU ZHOGLQJ SLSHV RI �� WR ��� PP GLDPHWHU

RQ WKH VKRS IORRU KDYH EHHQ GHYHORSHG� 7KH ZHOGHG SLSHV DUH SURGXFHG WR WKH FXUUHQW VWDQGDUGV�

352326$/6 )25 &223(5$7,21

$Q\ IRUP RI FRRSHUDWLRQ IRU VXSSO\ RI HTXLSPHQW DQG SURGXFWLRQ RI SLSHV LV SRVVLEOH�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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.(< :25'6

FXUYLOLQHDU VHFWLRQV RI SLSHOLQHV� HOHFWURWKHUPDO EHQGLQJ� SLSHOLQH FRQVWUXFWLRQ

%5,() '(6&5,37,21

7KH SURFHVV RI FRQVWUXFWLRQ RI WKH FXUYLOLQHDU VHFWLRQ RI D SLSHOLQH E\ WKH LQFUHPHQW PHWKRG� FRQVLVWV LQ WKDW

WKH UHTXLUHG QXPEHU RI VWUDLJKW SLSHV DUH ZHOGHG WR WKH HQG RI WKH UHFWLOLQHDU VHFWLRQ RI WKH SLSHOLQH� ZKRVH

WRWDO OHQJWK LV HTXDO WR WKH OHQJWK RI WKH FXUYLOLQHDU VHFWLRQ� 7KHQ HOHFWURWKHUPDO EHQGLQJ �(7%� RI WKH

SLSHOLQH VHFWLRQ LV SHUIRUPHG WR DFKLHYH WKH GHVLJQ DQJOH� 7KH (7% SURFHVV FRQVLVWV RI ORFDO LQGXFWLRQ KHDWLQJ

RI WKH SLSH ZDOO XS WR WKH PD[LPDO WHPSHUDWXUH RQ WKH LQWHUQDO VLGH RI WKH IXWXUH EHQG� ,Q RUGHU WR VWDELOL]H

WKH EHQGLQJ SDUDPHWHUV� PHFKDQLFDO VWUHVVHV DUH LQGXFHG LQ WKH SODFH RI WKH IXWXUH EHQG RQ WKH OHYHO RI VWUHVVHV

DULVLQJ LQ WKH SLSH GXULQJ LWV IDEULFDWLRQ� 7KH SLSH EHQGLQJ UHVXOWV LQ PHWDO XSVHWWLQJ LQ WKH D[LDO GLUHFWLRQ

DQG IRUPDWLRQ RI DQ RXWHU FRUUXJDWLRQ RQ WKH EHQG LQQHU VLGH ZLWK WKH VSHFLILHG OLPLWV� 7KH FRQVLGHUHG SURFHVV

RI SLSH EHQGLQJ GRHV QRW FUHDWH DQ\ FRQGLWLRQV ZKLFK FRXOG OHDG WR VWUHWFKLQJ RU UHGXFWLRQ RI WKH WKLFNQHVV

RI WKH ZDOOV RI WKH EHQG RXWHU SDUW� FKDUDFWHULVWLF RI WKH WUDGLWLRQDO WHFKQRORJ\ RI IDEULFDWLRQ RI WKH FXUYLOLQHDU

SLSHV LQ WKH FROG DQG KRW EHQGLQJ PDFKLQHV�

,QYHVWLJDWLRQV� ILHOG DQG URXWH WULDOV VKRZHG WKDW WKH PRGHV RI (7% RI SLSHV RI ���� DQG ���� PP GLDPHWHU

ZLWK WKH ZDOO WKLFNQHVV RI �� WR �� PP� SURYLGH EHQG DQJOHV RI XS WR ��� WR ��� GHJ� SHU RQH KHDWLQJ F\FOH�

7KH UHTXLUHG GHVLJQ DQJOH RI SLSHOLQH EHQGLQJ LV DFKLHYHG E\ VXFFHVVLYH UHSHWLWLRQ RI (7% F\FOHV� $FFRUGLQJ

WR WKH LQWHUGHSDUWDPHQWDO VWDWHPHQW �91,,67 DQG (�2�3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� PDGH IURP WKH

UHVXOWV RI LQYHVWLJDWLRQ RI (7% LQIOXHQFH RQ WKH SURSHUWLHV RI ���� PP GLDPHWHU SLSHV IURP VWHHOV RI ;�� w

;�� JUDGHV� WKH SHUIRUPDQFH RI WKH FXUYLOLQHDU VHFWLRQV SURGXFHG E\ (7% WHFKQRORJ\� LV QRW LQIHULRU WR WKDW

RI WKH SLSHV LQ WKH LQLWLDO FRQGLWLRQ� 7KLV DOORZHG WKH GHYHORSHG WHFKQRORJ\ WR EH UHFRPPHQGHG IRU XVH LQ

FRQVWUXFWLRQ RI WKH FXUYLOLQHDU VHFWLRQV RI WKH OLQH SLSHOLQHV IURP VWHHOV RI GLIIHUHQW JUDGHV� SURGXFHG WKH

FRQWUROODEOH UROOLQJ�

385326( $1' ),(/'6 2) $33/,&$7,21

7HFKQRORJ\ RI HOHFWURWKHUPDO EHQGLQJ �(7%� RI SLSHOLQHV LQ WKH ILHOG FRQGLWLRQV LV XVHG PDLQO\ IRU SURGXFWLRQ

RI WKH FXUYLOLQHDU VHFWLRQV ZLWK WKH DQJOH RI SLSHOLQH WXUQLQJ RI XS WR � GHJUHH SHU � PHWHU RI WKH SLSHOLQH

OHQJWK IRU ODUJH�GLDPHWHU SLSHV�

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

'HVLJQ GRFXPHQWDWLRQ KDV EHHQ GHYHORSHG IRU IDEULFDWLRQ RI HTXLSPHQW IRU (7% RI SLSHV RI ���� ���� ����

DQG ���� PP GLDPHWHU LQ WKH ILHOG FRQGLWLRQV� 3LORW VDPSOHV RI HTXLSPHQW IRU (7% RI SLSHV RI ���� PP

GLDPHWHU KDYH EHHQ PDQXIDFWXUHG� 7KH HTXLSPHQW DQG WHFKQRORJ\ KDYH SDVVHG SLORW�SURGXFWLRQ WULDOV LQ

PRXQWLQJ RI D SLORW VHFWLRQ RI D OLQH SLSHOLQH� 3URYLVLRQDO LQVWUXFWLRQV RQ WKH WHFKQRORJ\ RI FRQVWUXFWLRQ RI

FXUYLOLQHDU SLSHOLQHV E\ WKH LQFUHPHQW PHWKRG KDYH EHHQ HODERUDWHG DQG DSSURYHG�

352326$/6 )25 &223(5$7,21

$Q\ IRUP RI FRRSHUDWLRQ�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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.(< :25'6

WKHUPRDFWLYH GLIIXVLRQ VDWXUDWLRQ� FRDWLQJV� YDQDGLXP FDUELGHV� VWUHQJWKHQLQJ WHFKQRORJ\� VDOW PHOW� WRRO

%5,() '(6&5,37,21

7KH WHFKQRORJ\ RI VWUHQJWKHQLQJ RI GLIIHUHQW SXUSRVH WRRO E\ WKHUPRDFWLYH GLIIXVLRQ VDWXUDWLRQ LQ VDOW PHOWV

ZDV GHYHORSHG� 7KH WUHDWPHQW LV FDUULHG RXW LQ VKDIW HOHFWUR�KHDW�WUHDWLQJ IXUQDFHV LQ VDOW PHOW ZLWK DGGLWLRQV�

FRQWDLQLQJ FDUELGH�IRUPLQJ HOHPHQWV� 2SHUDWLQJ WHPSHUDWXUH LV ��� w ���� �&� 7KH SURFHVV LV SHUIRUPHG DW

DWPRVSKHUH SUHVVXUH LQ ERUD[�EDVHG PHOW DW WHPSHUDWXUH RI ��� w ���� �&� KROGLQJ WLPH LV ��� w ��� K� 7KH

SURGXFW WR EH VWUHQJWKHQHG PXVW FRQWDLQ QRW OHVV WKDQ ���� & DQG QRW PRUH WKDQ �� 1L LQ VXUIDFH OD\HU� 7KH

WHFKQRORJ\ PDNHV LW SRVVLEOH WR FRPSDUH DQ R[\JHQ�IUHH KHDWLQJ IRU TXHQFKLQJ ZLWK WKH SURFHVV RI FDUELGH�

IRUPDWLRQ LQ VXUIDFH OD\HU RI WKH SDUW�

,QLWLDO PDWHULDOV DUH UHXVDEOH� 7KH WHFKQRORJ\ LV HQYLURQPHQWDOO\ FOHDQ ZLWKRXW GDQJHURXV JDV HPLVVLRQV DQG

GUDLQLQJ ZDVWHV� 7KH WKLFNQHVV RI FRDWLQJV� IRU H[DPSOH� RI YDQDGLXP FDUELGH� SURGXFHG E\ GHYHORSHG WHFK�

QRORJ\� LV � w �� µP� PLFURKDUGQHVV LV ����� w ����� 03D �IRU FRPSDULVRQ� WKH PLFURKDUGQHVV RI VWHHO�

TXHQFKHG XS WR+5& ��� LV ���� 03D�� VXUIDFH URXJKQHVV LV QRW LQFUHDVHG� 6HUYLFH WHPSHUDWXUH RI WKH FRDWLQJV

FDQ EH XS WR ��� �&�

385326( $1' ),(/'6 2) $33/,&$7,21

7KH SURFHVV ZDV GHYHORSHG IRU VWUHQJWKHQLQJ RI PDFKLQH SDUWV� RSHUDWLQJ XQGHU IULFWLRQ DQG ZHDU FRQGLWLRQV�

LQFOXGLQJ LPSDFW ORDGV� DV ZHOO DV FXWWLQJ� EHQGLQJ� GUDZLQJ� SUHVV�VWDPSLQJ DQG EODGH WRROV� 7KH FRDWLQJ

KDV LQFUHDVHG IDFWRU RI IULFWLRQ DQG� LQ VRPH FDVHV� LW FDQ HIILFLHQWO\ RSHUDWH ZLWKRXW OXEULFDWLRQ�

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

,QGXVWULDO DSSOLFDWLRQ�

352326$/6 )25 &223(5$7,21

6LJQLQJ RI FRQWUDFWV� HVWDEOLVKPHQW RI D MRLQW YHQWXUH�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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.(< :25'6

PHWKRGV RI UHSDLU� HYDOXDWLRQ RI WKH WHFKQLFDO FRQGLWLRQV� ORDGV DQG LPSDFWV� YHULI\LQJ FDOFXODWLRQ� UHLQIRUFH�

PHQW RI WKH SUHVHUYHG HOHPHQWV� WHFKQRORJ\ RI UHSDLU DQG UHLQIRUFHPHQW E\ HOHFWULF DUF ZHOGLQJ

%5,() '(6&5,37,21

0HWKRGV DQG WHFKQRORJ\ RI UHSDLU DQG UHVWRUDWLRQ RI FULWLFDO EXLOGLQJ PHWDO VWUXFWXUHV DIWHU ORQJ�WHUP VHUYLFH

KDYH EHHQ GHYHORSHG� 7KH WHFKQRORJ\ RI UHLQIRUFHPHQW DQG UHSDLU LV HODERUDWHG WDNLQJ LQWR DFFRXQW WKH

VWDWHPHQW RQ WKH WHFKQLFDO FRQGLWLRQ RI WKH VWUXFWXUHV LQ VHUYLFH� PDGH E\ WKH UHVXOWV RI WKHLU H[DPLQDWLRQ�

DQG YHULI\LQJ FDOFXODWLRQV� ,Q WKLV FDVH WKH FDXVHV OHDGLQJ WR DSSHDUDQFH RI GHIHFWV DQG GDPDJH DUH FRQVLGHUHG�

DQG PHWKRGV DUH VRXJKW WR SUHYHQW WKHLU IRUPDWLRQ GXULQJ IXUWKHU VHUYLFH� 7KH GHYHORSHG WHFKQRORJ\ RI UHSDLU�

UHVWRUDWLRQ DQG UHLQIRUFHPHQW DOORZV IRU DQG VSHFLILHV WKH XVH RI WKH EDVH DQG DX[LOLDU\ PDWHULDOV� ZHOGLQJ

SURFHVV� SUHKHDWLQJ� VWUXFWXUH XQORDGLQJ SULRU WR UHSDLU� DSSOLFDWLRQ RI WKHUPDO MDFNHWV� VHTXHQFH RI GHSRVLWLRQ

RI WKH ZHOGLQJ EHDGV� XVH RI WKH UHTXLUHG LQVSHFWLRQ DQG GLDJQRVWLF V\VWHPV DQG RWKHU HOHPHQWV RI WHFKQRORJ\�

385326( $1' ),(/'6 2) $33/,&$7,21

7KH GHYHORSPHQW LV DLPHG DW H[WHQVLRQ RI WKH OLIH RI FULWLFDO EXLOGLQJ PHWDO VWUXFWXUHV� QDPHO\ EULGJHV� FUDQHV

DQG FUDQH JLUGHUV� WUXVV WRZHUV� SLSHV� HWF�

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

7KH H[DPLQDWLRQ SURFHGXUH� DQG WKH GHYHORSHG WHFKQRORJ\ RI UHLQIRUFHPHQW DQG UHSDLU RI PHWDO VWUXFWXUHV

KDYH EHHQ WULHG RXW ZLWK VXFFHVV LQ UHSDLU RI D ODUJH PRWRU URDG EULGJH LQ .\LY�

352326$/6 )25 &223(5$7,21

7HFKQRORJ\ WUDQVIHU XQGHU FRQWUDFW�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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.(< :25'6

SHUPDQHQW MRLQW �SRO\HWK\OHQH�VWHHO�� SRO\HWK\OHQH EUDQFK SLSH� VWHHO EUDQFK SLSH

%5,() '(6&5,37,21

3LSH SHUPDQHQW MRLQW FRQVLVWV RI D VWHHO DQG SRO\HWK\OHQH EUDQFK SLSHV DQG KDV VSHFLDO JURRYHV DW WKH VXUIDFH

RI D VWHHO EUDQFK SLSH DQG D VWHHO VTXHH]LQJ ULQJ RYHU WKH SRO\HWK\OHQH EUDQFK SLSH LQ WKH DUHD RI WKHLU MRLQLQJ�

7KH K\GURLQVXODWLQJ WKHUPRVKULQNDEOH FRDWLQJ LV GHSRVLWHG RQ WKH DUHD RI MRLQLQJ� :KHQ DVVHPEOLQJ WKH MRLQW�

WKH SRO\HWK\OHQH EUDQFK SLSH LV ILUVW ZHOGHG WR WKH SRO\HWKHOHQH SLSHOLQH DQG WKHQ D VWHHO EUDQFK SLSH LV

ZHOGHG WR WKH PHWDOOLF SLSHOLQH�

7KH UHVXOWV RI LQYHVWLJDWLRQV VKRZHG WKDW WKH SHUPDQHQW MRLQW� ZKLFK ZDV GHVLJQHG� LV HTXDO E\ VWUHQJWK WR

WKH SRO\HK\OHQH SLSH� L�H� WKH SUHGLFWHG VHUYLFH OLIH RI MRLQWV IURP WKH SRO\HWKHOHQH SLSHV ZLOO EH QRW OHVV WKDQ

�� \HDUV� DFFRUGLQJ WR 76 ��������w�� DW VDIHW\ IDFWRU ���� �RSHUDWLQJ SUHVVXUH RI QDWXUDO JDV LV ��� 03D DW

WHPSHUDWXUH ��� �&�� DQG DW ��� 03D SUHVVXUH WKH VDIHW\ IDFWRU ZLOO HTXDO WR �����

385326( $1' ),(/'6 2) $33/,&$7,21

7KH SLSH SHUPDQHQW MRLQW LV XVHG LQ FRQVWUXFWLRQ RI JDV�� ZDWHU SLSHOLQHV� HWF� LQ ILHOG FRQGLWLRQV DQG DW WKH

WHUULWRU\ RI VHWWOHPHQWV ZLWK WKHLU OD\LQJ XQGHU WKH JURXQG�

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

([SHULPHQWDO�LQGXVWULDO WHVWLQJ�

352326$/6 )25 &223(5$7,21

0DNLQJ FRQWUDFWV�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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.(< :25'6

ZHOGLQJ RI SRO\HWK\OHQH� SRO\HWK\OHQH SLSHV� ZHOGHG MRLQLQJ SDUWV� HTXLSPHQW IRU ZHOGLQJ SRO\HWK\OHQH SLSHV

%5,() '(6&5,37,21

7HFKQRORJLFDO UHFRPPHQGDWLRQV DQG GHVLJQLQJ GRFXPHQWDWLRQ DUH GHYHORSHG IRU SLORW PRGHOV RI PDFKLQHV IRU

PDQXIDFWXUH RI ZHOGHG MRLQLQJ SDUWV IURP VHFWLRQV RI SRO\HWK\OHQH SLSHV IRU SRO\HWK\OHQH SLSHOLQHV RI WZR

W\SHV DQG VL]HV� GLDPHWHU �� w ��� PP DQG ��� w ��� PP� %XWW ZHOGLQJ LV SHUIRUPHG ZLWK D KHDWHG WRRO�

7KH MRLQLQJ SDUWV PDQXIDFWXUHG E\ WKH GHYHORSHG WHFKQRORJ\ KDYH KLJKHU �E\ �� w �� �� VWUHQJWK RI ZHOGHG

MRLQWV� WKXV SHUPLWWLQJ WR LQFUHDVH� UHVSHFWLYHO\� WKH VHUYLFH UHOLDELOLW\ ERWK RI SDUWV SURSHU DQG WKH SLSHOLQH

V\VWHP DV D ZKROH�

,PSOHPHQWDWLRQ RI WHFKQRORJ\ DQG HTXLSPHQW ZLOO UHGXFH DOVR WKH ODERXU FRQVXPSWLRQ DQG LQFUHDVH WKH ZHOGLQJ

HIILFLHQF\ E\ ������ DQG VDYH FXUUHQF\ GXH WR UHIXVH RI SXUFKDVLQJ WKH LPSRUWHG ZHOGLQJ HTXLSPHQW�

385326( $1' ),(/'6 2) $33/,&$7,21

7HFKQRORJ\ DQG HTXLSPHQW GHYHORSHG DUH GHVLJQHG IRU PDQXIDFWXUH RI ZHOGHG MRLQLQJ SDUWV� XVHG LQ FRQVWUXF�

WLRQ RI SRO\HWK\OHQH SLSHOLQHV RI GLIIHUHQW GLDPHWHUV�

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

([SHULPHQWDO�LQGXVWULDO WHVWLQJ�

352326$/6 )25 &223(5$7,21

'LIIHUHQW IRUPV RI FRRSHUDWLRQ�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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.(< :25'6

LPSXOVH�DUF ZHOGLQJ� HTXLSPHQW IRU LPSXOVH�DUF ZHOGLQJ� VKLHOGLQJ JDVHV� PRGXODWLRQ RI JDV IHHG� PHWDO

HOHFWURGH

%5,() '(6&5,37,21

0HWDO�HOHFWURGH LPSXOVH�DUF ZHOGLQJ ZLWK PRGXODWHG IHHG RI VKLHOGLQJ JDVHV LQWR WKH DUF ]RQH DOORZV VROYLQJ

WKH SUREOHPV RI FRQWUROOLQJ WKH SURFHVVHV SURFHHGLQJ DW WKH HOHFWURGH WLS� LQ WKH DUF DQG LQ WKH ZHOG SRRO�

(TXLSPHQW KDV EHHQ GHYHORSHG IRU DXWRPDWLF DQG VHPL�DXWRPDWLF ZHOGLQJ�

7KH HTXLSPHQW IRU ZHOGLQJ FRQVLVWV RI D VSHFLDOL]HG SRZHU VRXUFH� EORFN RI PRGXODWLRQ RI WKH VKLHOGLQJ JDV

FRPSRVLWLRQ DQG D GHYLFH IRU V\QFKURQL]LQJ WKH NLQG RI ZHOGLQJ FXUUHQW SDVVLQJ WKURXJK WKH DUF ZLWK WKH

VKLHOGLQJ JDV FRPSRVLWLRQ� 6XFK D V\VWHP DOORZV ZHOGLQJ MRLQWV RQ GLIIHUHQW W\SHV RI VWHHOV RI VPDOO� PHGLXP

DQG ODUJH WKLFNQHVVHV LQ WKH UDQJH RI FXUUHQWV RI �� WR ��� $�

(TXLSPHQW VSHFLILFDWLRQ�

.LQG RI ZHOGLQJ FXUUHQW �������������������������������������������������������������������������������������� FRQVWDQW� LPSXOVH

5DQJH RI ZHOGLQJ FXUUHQW DGMXVWPHQW� $ ��������������������������������������������������������������� �� w ���

)UHTXHQF\ RI FXUUHQW SXOVHV� +] ��������������������������������������������������������������������������� �� w ���

$PSOLWXGH RI FXUUHQW SXOVHV� $ ���������������������������������������������������������������������������� ��� w ����

'XUDWLRQ RI VKLHOGLQJ JDVHV IHHG� V ����������������������������������������������������������������������� �� w ����⋅��w�

7KH QHZ WHFKQRORJ\ DOORZV LPSURYHPHQW RI WKH HQHUJ\ DQG SURFHVV SDUDPHWHUV RI WKH HOHFWULF DUF� ZLGHQLQJ

WKH FDSDELOLWLHV RI PHFKDQL]HG ZHOGLQJ SURFHVVHV� VDYLQJ RI ZHOGLQJ FRQVXPDEOHV DQG SRZHU�

7KH PDLQ DGYDQWDJHV RI WKH QHZ WHFKQRORJ\ RYHU WKH WUDGLWLRQDO SURFHVVHV �ZHOGLQJ LQ &2�� $U�EDVHG PL[WXUHV�

LPSXOVH�DUF ZHOGLQJ LQ $U � &2� PL[WXUH� DUH DV IROORZV�

• LPSURYHPHQW RI WKH PHFKDQLFDO SURSHUWLHV� LQ SDUWLFXODU� RI LPSDFW WRXJKQHVV DW EHORZ ]HUR
WHPSHUDWXUHV� E\ �� ��

• UHGXFWLRQ E\ ��� WR ��� WLPHV RI VKLHOGLQJ JDV FRQVXPSWLRQ�

• LPSURYHPHQW RI ZHOG DSSHDUDQFH�

• DELOLW\ WR FRQWURO WKH SHQHWUDWLRQ GHSWK DQG VKDSH�

• UHGXFWLRQ RI VSDWWHU E\ �� ��

• DELOLW\ WR SHUIRUP VRXQG ZHOGLQJ RI VKHHW PHWDO LQ WKH JUDYLW\ SRVLWLRQ�

385326( $1' ),(/'6 2) $33/,&$7,21

$XWRPDWLF DQG VHPL�DXWRPDWLF PHWDO�DUF ZHOGLQJ DQG VXUIDFLQJ RI ORZ�FDUERQ VWUXFWXUDO VWHHOV� DOXPLQLXP�EDVH

DOOR\V LQ VKLS�EXLOGLQJ� FKHPLFDO� SHWUROHXP DQG IRRG PDFKLQHU\ HQJLQHHULQJ

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

5HVXOWV RI WHFKQRORJ\ VWXGLHV DQG GHVLJQ GRFXPHQWDWLRQ DUH DYDLODEOH� SLORW� SURGXFWLRQ WULDOV KDYH EHHQ

FRQGXFWHG DQG SLORW VDPSOHV KDYH EHHQ PDQXIDFWXUHG�

352326$/6 )25 &223(5$7,21

0DNLQJ D FRQWUDFW�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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LPSXOVH�DUF ZHOGLQJ� WUDQVLVWRUL]HG VRXUFH� FRQVXPDEOH HOHFWURGH

%5,() '(6&5,37,21

7KH WUDQVLVWRUL]HG VRXUFH IRU FRQVXPDEOH�HOHFWURGH LPSXOVH�DUF ZHOGLQJ DOORZV PRUH IOH[LELOLW\ LQ VROYLQJ WKH

DULVLQJ WHFKQRORJLFDO SUREOHPV� $W DSSUR[LPDWHO\ HTXDO FRVW ZLWK LWV SURWRW\SH� QDPHO\ ,���� VRXUFH� WKH

ZHLJKW� RYHUDOO GLPHQVLRQV DQG ODERXU FRQVXPSWLRQ IRU LWV IDEULFDWLRQ KDYH EHHQ UHGXFHG� ,W KDV QR DQDORJV

LQ 8NUDLQH RU &,6� DOORZV DQ\ VKDSH RI ZHOGLQJ FXUUHQW WR EH IRUPHG�

(TXLSPHQW VSHFLILFDWLRQ�

7KUHH�SKDVH PDLQV YROWDJH� 9 ������������������������������������������������������������������������������ ���

0D[LPDO DYHUDJH ZHOGLQJ FXUUHQW� $ �������������������������������������������������������������������� ���

$YHUDJH DUF YROWDJH� 9 ��������������������������������������������������������������������������������������� �� w ��

,PSXOVH FXUUHQW DPSOLWXGH� VPRRWKO\ DGMXVWDEOH� $ ������������������������������������������������ ��� w ���

3XOVH GXUDWLRQ� VPRRWKO\ DGMXVWDEOH� V ������������������������������������������������������������������ ���� w ����⋅��w�

3XOVH IUHTXHQF\� VPRRWKO\ DGMXVWDEOH� +] ������������������������������������������������������������� �� w ���

385326( $1' ),(/'6 2) $33/,&$7,21

$XWRPDWLF DQG VHPL�DXWRPDWLF FRQVXPDEOH�HOHFWURGH DUF ZHOGLQJ DQG VXUIDFLQJ RI ORZ� DQG KLJK�DOOR\HG

VWHHOV� DOXPLQLXP�� FRSSHU�� WLWDQLXP�EDVH DOOR\V LQ VKLS�EXLOGLQJ� DXWRPRWLYH LQGXVWU\� FKHPLFDO DQG IRRG

SURFHVVLQJ HQJLQHHULQJ�

67$7(�2)�7+(�$57 $1' /(9(/ 2) '(9(/230(17

3LORW VDPSOH KDV EHHQ PDQXIDFWXUHG�

352326$/6 )25 &223(5$7,21

2SHQ SRVVLELOLWLHV IRU FRRSHUDWLRQ�

7HO�� ���� ��� ��� �� ��

)D[� ���� ��� ��� �� ��

(�PDLO� RIILFH#SDWRQ�NLHY�XD
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