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5HFHLYHG -XO\ ��� ����

$EVWUDFW � ,Q RUGHU WR HQGRZ ZLWK QHZ ELRDFWLYH IXQFWLRQDOLW\ IURP GHPLQHUDOL]HG ERQH SDUWLFOH �'%3� DV

QDWXUDO VRXUFH WR SRO\�/�ODFWLGH� �3/$� V\QWKHWLF ELRGHJUDGDEOH SRO\PHU� SRURXV '%3�3/$ DV QDWXUDO�V\Q�

WKHWLF FRPSRVLWH VFDIIROGV ZHUH SUHSDUHG DQG FRPSDUHG E\ PHDQV RI WKH HPXOVLRQ IUHH]H GU\LQJ DQG VROYHQW

FDVWLQJ�VDOW OHDFKLQJ PHWKRGV IRU WKH SRVVLELOLW\ RI WKH DSSOLFDWLRQ RI WLVVXH HQJLQHHUHG ERQH DQG FDUWLODJH�

)RU WKH HPXOVLRQ IUHH]H GU\LQJ PHWKRG� LW ZDV REVHUYHG WKDW WKH SRUH VL]H GHFUHDVHG LQ WKH RUGHU RI �� µP
�3/$ FRQWURO� ! �� µP ���� RI '%3� ! �� µP ���� RI '%3� ! �� µP ���� RI '%3�� 3RURVLWLHV DV ZHOO

DV VSHFLILF SRUH DUHDV GHFUHDVHG ZLWK LQFUHDVLQJ WKH DPRXQW RI '%3� ,W FDQ EH H[SODLQHG WKDW '%3 DFWV OLNH

HPXOVLILHU UHVXOWLQJ LQ VWDELOL]LQJ ZDWHU GURSOHW LQ HPXOVLRQ� )RU WKH VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG� D

XQLIRUP GLVWULEXWLRQ RI ZHOO LQWHUFRQQHFWHG SRUHV IURP WKH VXUIDFH WR FRUH UHJLRQ ZHUH REVHUYHG WKH SRUH

VL]H RI ��a�� µP LQGHSHQGHQW ZLWK '%3 DPRXQW� 3RURVLWLHV DV ZHOO DV VSHFLILF SRUH DUHDV DOVR ZHUH

DOPRVW VDPH� )RU SRUH VL]H GLVWULEXWLRQ E\ WKH PHUFXU\ LQWUXVLRQ SRURVLPHWHU DQDO\VLV EHWZHHQ WKH WZR

PHWKRGV� WKH SRUH VL]H GLVWULEXWLRQ RI WKH HPXOVLRQ IUHH]H GU\LQJ PHWKRG ZDV EURDGHU WKDQ WKDW RI WKH VRO�

YHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG GXH WR WKH PHFKDQLVP RI HPXOVLRQ IRUPDWLRQ� 6FDIIROGV RI 3/$ DORQH�

'%3�3/$ RI �� DQG ���� DQG '%3 SRZGHU ZHUH LPSODQWHG RQ WKH EDFN RI DWK\PLF QXGH PRXVH WR

REVHUYH WKH HIIHFW RI '%3 RQ WKH LQGXFWLRQ RI FHOOV SUROLIHUDWLRQ E\ KHPDWR[\OLQ DQG HRVLQ VWDLQLQJ IRU �

ZHHNV� ,W ZDV REVHUYHG WKDW WKH HIIHFW RI '%3�3/$ VFDIIROGV RQ ERQH LQGXFWLRQ DUH VWURQJHU WKDQ 3/$

VFDIIROGV� HYHQ WKRXJK WKH ERQH LQGXFWLRQ HIIHFW RI '%3�3/$ VFDIIROG PLJKW EH ORZHUHG WKDQ RQO\ '%3

SRZGHU� WKDW LV WR VD\� LQ WKH RUGHU RI '%3 RQO\ ! '%3�3/$ VFDIIROGV RI �� DQG ��� '%3 ! 3/$ VFDI�

IROGV RQO\ IRU RVWHRLQGXFWLRQ DFWLYLW\� ,Q FRQFOXVLRQ� LW VHHPV WKDW '%3 SOD\V DQ LPSRUWDQW UROH IRU ERQH

LQGXFWLRQ LQ '%3�3/$ VFDIIROGV IRU WKH DSSOLFDWLRQ RI WLVVXH HQJLQHHULQJ DUHD�

,QWURGXFWLRQ

,W KDV EHHQ UHFRJQL]HG WKDW WLVVXH HQJLQHHULQJ

RIIHUV DQ DOWHUQDWLYH WHFKQLTXHV WR ZKROH RUJDQ

DQG WLVVXH WUDQVSODQWDWLRQ IRU GLVHDVHG� IDLOHG RU

PDOIXQFWLRQHG RUJDQV� 7R UHFRQVWUXFW QHZ WLVVXHV�

FHOOV ZKLFK DUH KDUYHVWHG DQG GLVVRFLDWHG IURP WKH

GRQRU WLVVXH LQFOXGLQJ QHUYH� OLYHU� SDQFUHDV� FDUWL�

ODJH� DQG ERQH� DQG VFDIIROG VXEVWUDWHV ZKLFK FHOOV

DUH DWWDFKHG DQG FXOWXUHG UHVXOWLQJ LQ WKH LPSODQ�

WDWLRQ DW WKH GHVLUHG VLWH RI WKH IXQFWLRQLQJ WLVVXH

PXVW EH QHHGHG� 5HFHQWO\� WKH IDPLO\ RI SRO\�α�
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K\GUR[\ DFLG�V VXFK DV SRO\JO\FROLGH �3*$�� SRO\�

ODFWLGH �3/$� DQG LWV FRSRO\PHU OLNH SRO\�ODFWLGH�

FR�JO\FROLGH� �3/*$� ZKLFK DUH DPRQJ WKH IHZ

V\QWKHWLF SRO\PHUV DSSURYHG IRU KXPDQ FOLQLFDO

XVH E\ )'$ DUH H[WHQVLYHO\ XVHG RU WHVWHG IRU WKH

VFDIIROGV PDWHULDOV DV D ELRHURGLEOH PDWHULDO GXH

WR JRRG ELRFRPSDWLELOLW\� FRQWUROODEOH ELRGHJUDG�

DELOLWL\� DQG UHODWLYHO\ JRRG SURFHVVDELOLW\�
�
7KHVH

SRO\PHUV GHJUDGH E\ QRQVSHFLILF K\GURO\WLF VFLV�

VLRQ RI WKHLU HVWHU ERQGV�
�
7KH K\GURO\VLV RI 3/$

\LHOGV ODFWLF DFLG ZKLFK LV D QRUPDO E\SURGXFW RI

DQDHURELF PHWDEROLVP LQ KXPDQ ERG\ DQG LV FRU�

SRUDWHG LQ WKH WULFDUER[\OLF DFLG �7&$� F\FOH WR EH

ILQDOO\ H[FUHWHG E\ WKH ERG\ DV FDUERQ GLR[LGH

DQG ZDWHU� 3*$ ELRGHJUDGHV E\ D FRPELQDWLRQ RI

K\GURO\WLF VFLVVLRQ DQG HQ]\PDWLF �HVWHUDVH�

DFWLRQ SURGXFLQJ JO\FROLF DFLG
�
ZKLFK FDQ HLWKHU

HQWHU WKH 7&$ F\FOH RU EH H[FUHWHG LQ XULQH DQG

EH HOLPLQDWHG DV FDUERQ GLR[LGH DQG ZDWHU�
�
7KH

GHJUDGDWLRQ WLPH RI 3/*$ FDQ EH FRQWUROOHG IURP

ZHHNV WR RYHU D \HDU E\ YDU\LQJ WKH UDWLR RI

PRQRPHUV DQG WKH SURFHVVLQJ FRQGLWLRQV�
�
,W

PLJKW EH D VXLWDEOH ELRPDWHULDO IRU XVH LQ WLVVXH

HQJLQHHUHG UHSDLU V\VWHPV
����

LQ ZKLFK FHOOV DUH

LPSODQWHG ZLWKLQ 3/*$ ILOPV RU VFDIIROGV DQG LQ

GUXJ GHOLYHU\ V\VWHPV
�����

LQ ZKLFK GUXJV DUH

ORDGHG ZLWKLQ 3/*$ PLFURVSKHUHV�

+RZHYHU� LW LV PRUH GHVLUDEOH WR HQGRZ ZLWK

QHZ IXQFWLRQDOLW\ IRU WKH 3/$� 3*$ DQG 3/*$

VFDIIROG IRU WKH DSSOLFDWLRQV RI FHOO DQG WLVVXH HQ�

JLQHHULQJ�
�����

)RU H[DPSOH� K\GURSKRELF VXUIDFHV

RI 3/$� 3*$� DQG 3/*$ SRVVHVV KLJK LQWHUIDFLDO

IUHH HQHUJ\ LQ DTXHRXV VROXWLRQV� ZKLFK WHQG WR

XQIDYRUDEO\ LQIOXHQFH WKHLU FHOO�� WLVVXH� DQG

EORRG�FRPSDWLELOLW\ LQ LQLWLDO VWDJH RI FRQWDFW� VR�

LW PLJKW EH PRUH IDYRUDEOH WR PDNH VXUIDFH

K\GURSKLOLF� UHVXOWLQJ LQ PRUH XQLIRUP FHOO VHHGLQJ

DQG GLVWULEXWLRQ� $QRWKHU H[DPSOH� WKH ELRDFWLYH

PDWHULDOV LPSUHJQDWHG VFDIIROGV PLJKW EH EHWWHU

IRU WKH FHOO SUROLIHUDWLRQ� GLIIHUHQWLDWLRQ� DQG PLJ�

UDWLRQ GXH WR WKH VWLPXODWLRQ RI FHOO JURZLQJ IURP

WKH VXVWDLQHG UHOHDVH RI F\WRNLQH PROHFXOHV VXFK

DV QHUYH JURZWK IDFWRU DQG YDVFXODU HQGRWKHOLDO

FHOO JURZWK IDFWRU�
��

2QH RI WKH VLJQLILFDQW QDWXUDO ELRDFWLYH PDWHULDOV

LV GHPLQHUDOL]HG ERQH SDUWLFOH �'%3� ZKRVH KDV D

SRZHUIXO LQGXFHU RI QHZ ERQH JURZWK� 8ULVW
�����

GHVFULEHG ILUVWO\ WKH VHTXHQFH RI ERQH LQGXFWLRQ

XVLQJ GHPLQHUDOL]HG FRUWLFDO ERQH PDWUL[ DQG

UHSRUWHG WKDW ERQH PRUSKRJHQHWLF SURWHLQ DFWV DV

ORFDO PLWRJHQ WR VWLPXODWH SUROLIHUDWLRQ RI PHVHQ�

FK\PDO VWHP FHOOV�
�����

0DFURSRURXV ELRGHJUDGDEOH

SRO\PHULF VFDIIROGV LPSUHJQDWHG ZLWK ELRDFWLYH

PDWHULDOV KDYH EHHQ SUHSDUHG E\ VHYHUDO WHFK�

QLTXHV LQFOXGLQJ VROYHQW FDVWLQJ�VDOW OHDFKLQJ�
��

SKDVH VHSDUDWLRQ�
��

VROYHQW HYDSRUDWLRQ�
��

DQG

HPXOVLRQ IUHH]H GU\LQJ PHWKRG
��������

LQ RUGHU WR

PD[LPL]H FHOO VHHGLQJ� DWWDFKPHQW� JURZWK� H[WUD�

FHOOXODU PDWUL[ SURGXFWLRQ� YDVFXODUL]DWLRQ DQG WLV�

VXH LQJURZWK�

,Q WKLV VWXG\� ZH GHYHORSHG WKH QRYHO QDWXUDO�

V\QWKHWLF FRPSRVLWH VFDIIROG OLNH '%3 LPSUHJ�

QDWHG 3/$ �'%3�3/$� VFDIIROGV IRU WKH SRVVLELOLW\

RI WKH DSSOLFDWLRQ RI WKH WLVVXH HQJLQHHUHG ERQH

DQG FDUWLODJH� '%3�3/$ VFDIIROGV ZHUH SUHSDUHG

DQG FRPSDUHG E\ VROYHQW FDVWLQJ�VDOW OHDFKLQJ

PHWKRG DQG HPXOVLRQ IUHH]H GU\LQJ PHWKRG�

6FDIIROGV ZHUH FKDUDFWHUL]HG E\ VFDQQLQJ HOHFWURQ

PLFURVFRS\ �6(0� DQG PHUFXU\ LQWUXVLRQ SRUR�

VLPHWHU� $OVR WKH HIIHFW RI '%3 RQ ERQH IRUPDWLRQ

IURP WKH '%3�3/$ VFDIIROGV ZDV REVHUYHG E\ WKH

LPSODQWDWLRQ RQWR WKH DWK\PLF QXGH PRXVH�

([SHULPHQWDO

0DWHULDOV� 3/$ �PROHFXODU ZHLJKW � ������ J�

PROH� ZDV SXUFKDVHG IURP %RHKULQJHU ,QJHOKHLP

�,QJHOKHLP� *HUPDQ\�� +XPDQ '%3 ZDV REWDLQHG

IURP 2VWHRWHFK� ,QF� �6KUHZVEXU\� 86$�� '%3

ZLWK ��a�� µP VL]H IURP ��� µP ZDV PLOOHG WR

SXOYHUL]H XVLQJ IUHH]HU PLOO �63(; ����� 86$��

$PPRQLXP ELFDUERQDWH �2ULHQWDO &KHP� &R��

.RUHD� DQG PHWK\OHQH FKORULGH �0&� 7HGLD &R�

,QF�� 86$� ZHUH XVHG DV UHFHLYHG� $OO RWKHU FKHP�

LFDOV ZHUH D UHDJHQW JUDGH�

3UHSDUDWLRQ RI '%3�3/$ 6FDIIROGV E\

(PXOVLRQ )UHH]H 'U\LQJ 0HWKRG� $ VFKHPDWLF

GLDJUDP RI WKH IDEULFDWLRQ SURFHVV E\ HPXOVLRQ

IUHH]H GU\LQJ PHWKRG LV VKRZQ LQ )LJXUH �� 3/$

��� J ZDV ILUVWO\ GLVVROYHG LQ �� P/ RI 0&� 7KHQ

��� ��� DQG �� ZW� RI '%3 ZDV GLVSHUVHG LQ �

P/ RI GLVWLOOHG ZDWHU� 7KHVH '%3 FRQWDLQHG GLV�

WLOOHG ZDWHU SXW LQWR 3/$ VROXWLRQ DV D �� Y�Y�

FRQFHQWUDWLRQ RI 3/$ VROXWLRQ WR ZDWHU� WKHQ ZDV

WKRURXJKO\ GLVSHUVHG E\ D VRQLFDWLRQ IRU �� VHF�

RQG ZLWK �� : SRZHU E\ PHDQV RI VRQLFDWRU� 3UR�
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FHVVLQJ YDULDEOHV IRU WKH IDEULFDWLRQ RI '%3�3/$

VFDIIROGV ZHUH OLVWHG LQ 7DEOH ,� 7KHVH HPXOVLRQV

FRQWDLQLQJ ZLWK '%3 SRXUHG LQ WR 7HIORQ PRXOG

��� PPÝ �� PPÝ � PP GHSWK� DQG VHH )LJXUH

�� DQG TXHQFKHG TXLFNO\ LQWR OLTXLG QLWURJHQ DW

����
R
&� 7KH UHVXOWLQJ '%3�3/$ VFDIIROGV ZHUH

GULHG WR HYDSRUDWHG 0& DW ���
R
& IRU �� KUV XVLQJ

IUHH]H GU\HU �0RGHO )'8����� (<(/$� -DSDQ��

6DPSOHV ZHUH SODFHG LQ D YDFXXP GHVVLFDWRU DW

URRP WHPSHUDWXUH IRU DW OHDVW � GD\V WR UHPRYH

UHVLGXDO VROYHQWV�

3UHSDUDWLRQ RI '%3�3/$ 6FDIIROGV E\ 6RO�

YHQW &DVWLQJ�6DOW /HDFKLQJ 0HWKRG� 6FDI�

IROGV ZHUH DOVR SUHSDUHG E\ VROYHQW FDVWLQJ�VDOW

OHDFKLQJ PHWKRGV IURP PL[WXUHV FRPSRVHG RI

3/$ DV ELRGHJUDGDEOH PDWUL[� DPPRQLXP ELFDU�

ERQDWH DV SRURJHQ� DQG '%3 DV QDWXUDO PDWUL[

FRQWDLQLQJ ELRDFWLYH PROHFXOH DV VKRZQ WKH VFKH�

PDWLF GLDJUDP LQ )LJXUH �� )LUVW� �� Z�Z� RI

DPPRQLXP ELFDUERQDWH SDUWLFOHV VLHYHG WR D VL]H

UDQJH RI ��� WR ��� µP WR 3/$ ZHUH DGGHG WR D
VROXWLRQ RI �� Z�Y� FRQFHQWUDWLRQ RI 3/$ LQ 0&�

'%3 ZDV WKRURXJKO\ GLVSHUVHG LQWR WKLV 3/$ VROX�

WLRQ ZLWK ��� �� DQG ��� DQG WKHQ GLVSHUVLRQV

ZHUH FDVW LQ D VLOLFRQ PROG �GLDPHWHU � � PP DQG

WKLFNQHVV � � PP�� 3URFHVVLQJ YDULDEOHV IRU WKH

IDEULFDWLRQ RI '%3�3/$ VFDIIROGV ZHUH OLVWHG LQ

7DEOH ,,� 7KH VDPSOHV ZHUH DLU�GULHG IRU �� KUV DQG

7DEOH ,� 3URFHVVLQJ 9DULDEOHV DQG 3URSHUWLHV RI '%3�3/$ 6FDIIROGV E\ PHDQV RI (PXOVLRQ )UHH]H 'U\LQJ

0HWKRG

3/$ &RQF�

�Z�Y��

'%3 &RQWHQW

���

9ROXPH RI 3/$

6ROXWLRQ WR :DWHU �Y�Y��

3RURVLW\

���

0HGLDQ 3RUH 6L]H

��P�

6SHFLILF 3RUH $UHD

�P
�

�J�

�� � �� ����� �� �����

�� �� �� ����� �� �����

�� �� �� ����� �� �����

�� �� �� ����� �� �����

)LJXUH �� 6FKHPDWLF GLDJUDP RI WKH HPXOVLRQ IUHH]H

GU\LQJ PHWKRG WR IDEULFDWH '%3�3/$ VFDIIROGV�

)LJXUH �� 7HIORQ PROG IRU WKH HPXOVLRQ IUHH]H GU\LQJ

PHWKRG WR IDEULFDWH '%3�3/$ VFDIIROGV�

)LJXUH �� 6FKHPDWLF GLDJUDP RI WKH VROYHQW FDVWLQJ�VDOW

OHDFKLQJ PHWKRG WR IDEULFDWH '%3�3/$ VFDIIROGV�
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VXEVHTXHQWO\ YDFXXP�GULHG IRU �� KUV WR UHPRYH

DQ\ UHPDLQLQJ VROYHQW� 7KH UHVXOWLQJ '%3 LPSUHJ�

QDWHG 3/$ VFDIIROGV ZHUH LPPHUVHG LQ GHLRQL]HG

ZDWHU IRU �� KUV ZLWK FKDQJHG HYHU\ � KUV WR OHDFK

RXW DPPRQLXP ELFDUERQDWH� WKHQ ILQDOO\ YDFXXP�

GULHG� 7KHVH WRWDOO\ GULHG VFDIIROGV ZHUH VWRUHG LQ

D GHVVLFDWRU XQGHU YDFXXP XQWLO XVH�

6(0 2EVHUYDWLRQV� 6XUIDFH DQG FURVV VHF�

WLRQDO PRUSKRORJ\ '%3�3/$ VFDIIROGV ZHUH

REVHUYHG E\ 6(0 �0RGHO 6�����1� +LWDFKL &R�

/WG�� -DSDQ� WR LQYHVWLJDWH WKH SRUH VWUXFWXUH DQG

SRUH VL]H SUHSDUHG E\ ERWK HPXOVLRQ IUHH]H GU\LQJ

DQG VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG� 6DP�

SOHV VOLFHG E\ VKDUS UD]RU IRU 6(0 ZHUH PRXQWHG

RQ PHWDO VWXE ZLWK GRXEOH�VLGHG WDSH DQG FRDWHG

ZLWK SODWLQXP IRU �� VHFRQG XQGHU DUJRQ DWPRV�

SKHUH XVLQJ SODVPD VSXWWHU �6& ��� .� (PVFRSH�

8.�� 7KH VL]H DQG VL]H GLVWULEXWLRQ RI SRUH ZHUH

GHWHUPLQHG DFFRUGLQJ WR D UHIHUHQFH VFDOH�

0HUFXU\ ,QWUXVLRQ 3RURVLPHWHU $QDO\VLV�

'%3�3/$ VFDIIROGV ZHUH DQDO\]HG E\ PHUFXU\

LQWUXVLRQ SRURVLPHWHU XVLQJ DQ $XWR3RUH ,, ����

�0LFURPHULWLFV &R� /WG�� 86$� WR GHWHUPLQH SRUH

VL]H GLVWULEXWLRQV� VSHFLILF SRUH DUHD� PHGLDQ SRUH

GLDPHWHU DQG SRURVLW\� $ VROLG SHQRPHWHU YROXPH

ZDV UDQJHG ZLWK ���a��� P/ DQG ��� J RI VDP�

SOH ZDV DQDO\]HG� 0HUFXU\ ZDV ILOOHG IURP D ILOOLQJ

SUHVVXUH RI ��� N3D DQG LQWUXGHG WR D PD[LPXP

SUHVVXUH RI ��� 03D� 7KH UHODWLRQVKLS EHWZHHQ

WKH ILOOLQJ SUHVVXUH DQG SRUH UDGLXV LV JLYHQ E\ WKH

:DVKEXUQ HTXDWLRQ
��
�

5  ��γFRVθ�3 ���

ZKHUH γ LV WKH VXUIDFH WHQVLRQ RI PHUFXU\ �a
��� G\QH�FP� DQG θ LV WKH FRQWDFW DQJOH EHWZHHQ
PHUFXU\ DQG SRO\PHU VXUIDFH� )RU 3/$� WKH YDOXH

RI ZDV PHDVXUHG DW ��
R
& DV ���

R
XVLQJ FRQWDFW

DQJOH JRQLRPHWHU �0RGHO ������ 5DPH�+DUW ,QF��

86$�� 7KH SRURVLW\� ε� ZDV FDOFXODWHG IURP WKH

WRWDO LQWUXVLRQ YROXPH �SHU XQLW PDVV�� 9L� DQG WKH

VNHOHWDO GHQVLW\� ρ� DV���

ε  9L ��9L � �� ρ� ���

,PSODQWDWLRQ RI '%3�3/$ 6FDIIROGV� )RXU

JURXSV OLNH '%3�3/$ VFDIIROGV ZLWK �� DQG ���

FRQFHQWUDWLRQ RI '%3� '%3� DQG 3/$ VFDIIROG

ZHUH LPSODQWHG LQWR WKH EDFN RI DWK\PLF QXGH

PRXVH WR REVHUYH WKH HIIHFW RI '%3 RQ WKH LQGXF�

WLRQ RI RVWHRJHQHVLV FRPSDUHG ZLWK FRQWURO 3/$

VFDIIROGV� 7KH LPSODQWV VWHULOL]HG ZLWK HWK\OHQH

R[LGH JDV ZHUH UHPRYHG DIWHU � ZHHNV DQG IL[HG

LQ ��� EXIIHUHG IRUPDOLQ� 7KLQ VHFWLRQV ZHUH FXW

IURP SDUDIILQ HPEHGGHG WLVVXH DQG KLVWRORJLFDO

VHFWLRQV ZHUH VWDLQHG KHPDWR[\OLQ DQG HRVLQ �+

	 (�� 3KRWRPLFURJUDSKV ZHUH WDNHQ XVLQJ D 1LNRQ

LQYHUWHG PLFURVFRSH ZLWK ��� PDJQLILFDWLRQV�

5HVXOWV DQG 'LVFXVVLRQ

,Q RUGHU WR HQGRZ ZLWK QHZ ELRDFWLYH IXQFWLRQ�

DOLW\ IURP '%3 DV QDWXUDO VRXUFH WR 3/$ V\QWKHWLF

ELRGHJUDGDEOH SRO\PHU� SRURXV '%3�3/$ DV QDW�

XUDO�V\QWKHWLF FRPSRVLWH VFDIIROGV ZHUH SUHSDUHG

DQG FRPSDUHG E\ PHDQV RI WKH HPXOVLRQ IUHH]H

GU\LQJ DQG VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRGV

IRU WKH SRVVLELOLW\ RI WKH DSSOLFDWLRQ RI WLVVXH HQJL�

QHHUHG ERQH DQG FDUWLODJH� ,W KDV EHHQ UHFRJQL]HG

WKDW '%3 FRQWDLQV PDQ\ NLQGV RI RVWHRJHQLF DQG

FKRQGURJHQLF F\WRNLQHV DV ERQH PRUSKRJHQHWLF

SURWHLQ DQG ZLGHO\ XVHV D ILOOLQJ DJHQW IRU ERQ\

GHIHFWV LQ FOLQLF GXH WR LPSURYHG DYDLODELOLW\

WKURXJK WKH JURZLQJ WLVVXH EDQN LQGXVWU\� )LJXUH �

VKRZV WKH SXOYHUL]HG '%3 XVLQJ IUHH]HU PLOO WKDW

WKH VL]H GHFUHDVHG IURP ���a��� µP WR ��a

�� µP IRU WKH LPSURYHPHQW RI GLVSHUVLYLW\ LQWR

3/$ PDWUL[�

7DEOH ,,� 3URFHVVLQJ 9DULDEOHV DQG 3URSHUWLHV RI '%3�3/$ 6FDIIROGV E\ PHDQV RI 6ROYHQW &DVWLQJ�6DOW

/HDFKLQJ

3/$ &RQF�

�Z�Y��

'%3 &RQWHQW

���

9ROXPH RI 3/$

WR $%
D

�Z�Z��

3RURVLW\

���

0HGLDQ 3RUH6L]H

��P�

6SHFLILF 3RUH $UHD

�P
�

�J�

�� � �� ����� �� �����

�� �� �� ����� �� �����

�� �� �� ����� �� �����

�� �� �� ����� �� �����
D

$% � $PPRQLXP ELFDUERQDWH�



'%3�3/$ 6FDIIROGV

.RUHD 3RO\P� -�� 9RO� �� 1R� �� ���� ���

6(0 $QDO\VLV RI 3RUH 6WUXFWXUH� 6(0

PLFURSKRWRJUDSKV RI '%3�3/$ VFDIIROGV ZLWK FRQ�

WURO� ��� �� DQG ��� '%3 E\ PHDQV RI HPXOVLRQ

IUHH]H GU\LQJ PHWKRG DUH VKRZQ LQ )LJXUH �� $OO

VDPSOHV ZHUH KLJKO\ SRURXV ZLWK JRRG LQWHUFRQ�

QHFWLRQV EHWZHHQ SRUHV LQ ZKLFK FDQ VXSSRUW WKH

VXUIDFH RI FHOO JURZWK� SUROLIHUDWLRQ DQG GLIIHUHQWL�

DWLRQ� 7R FUHDWH DQ HPXOVLRQ IURP WZR LPPLVFLEOH

SKDVHV FRPSRVHG RI 3/$�0& SKDVH DQG ZDWHU�

'%3 SKDVH� WKH FRQWURO RI YDULRXV SURFHVVLQJ IDF�

WRUV VXFK DV YROXPH IUDFWLRQ RI WKH GLVSHUVHG

SKDVH� SRO\PHU FRQFHQWUDWLRQ� DQG VR RQ DUH YHU\

LPSRUWDQW�
��
$OVR� WKH HIIHFW RI HPXOVLRQ VWDELOLW\

RQ VFDIIROGV SRUH VWUXFWXUH PXVW EH FRXQWHG RQ

EHFDXVH HPXOVLRQV DOZD\V WHQG WR XQVWDEOH V\V�

WHP� WKDW LV WR VD\� WHQG WR VHSDUDWH LPPLVFLEOH

SKDVHV UHVXOWLQJ LQ SRRU GLVSHUVHG SRUH SURSHUW\�

7RR VWDELOL]HG HPXOVLRQ� KRZHYHU� IRU H[DPSOH�

ILQH SDUWLFOHV DV � µP RU VXEPLFURQ VL]HG HPXOVLRQ
PLJKW EH QRW JRRG IRU SRUH VL]H IRU WKH DSSOLFDWLRQ

)LJXUH �� 6(0 PLFURSKRWRJUDSKV EHIRUH DQG DIWHU SXOYHUL]HG '%3 �RULJLQDO PDJQLILFDWLRQ � ×�����

)LJXUH �� 6(0 PLFURSKRWRJUDSKV RI '%3�3/$ VFDIIROGV E\ PHDQV RI WKH HPXOVLRQ IUHH]H GU\LQJ PHWKRG �RULJLQDO

PDJQLILFDWLRQ� ×����� �D� 3/$� �E� ��� '%3� �F� ��� '%3� DQG �G� ��� '%3�
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��� .RUHD 3RO\P� -�� 9RO� �� 1R� �� ����

RI WLVVXH HQJLQHHULQJ VLQFH FHOOV FDQ QRW EH FUDZO�

LQJ LQWR WRR VPDOO VL]H SRUH� 3K\VLFDO SURSHUWLHV

DQG IRUFHV LQYROYHG LQ HPXOVLRQ VWDELOLW\ LQFOXGH

WKH LQWHUIDFLDO HQHUJ\�
��
WKH UHODWLYH YLVFRVLW\ LQFUH�

PHQW�
��
JUDYLW\�

��
WKH GLIIXVLRQ FRHIILFLHQW RI WKH

GLVSHUVHG SDUWLFOHV� WKH KHLJKW RI WKH IUHH HQHUJ\

EDUULHU SUHYHQWLQJ FRDJXODWLRQ� DQG WKH HOHFWULFDO

UHSXOVLYH IRUFH EHWZHHQ SDUWLFOHV�
��
,W FDQ EH RE�

VHUYHG WKDW WKH SRUH VL]H GHFUHDVHG LQ WKH RUGHU RI

�� µP �3/$ FRQWURO� ! �� µP ���� RI '%3� !

�� µP ���� RI '%3� ! �� µP ���� RI '%3� DV
OLVWHG LQ 7DEOH ,� 3RURVLWLHV DV ZHOO DV VSHFLILF SRUH

DUHDV GHFUHDVHG IURP ��� �3/$ FRQWURO� WR ���

���� RI '%3� DQG �� P
�
�J �3/$ FRQWURO� WR ��

P
�
�J ���� RI '%3�� UHVSHFWLYHO\� ZLWK LQFUHDVLQJ

WKH DPRXQW RI '%3� ,W FDQ EH H[SODLQHG WKDW '%3

DFW OLNH HPXOVLILHU UHVXOWLQJ LQ VWDELOL]LQJ ZDWHU

GURSOHW LQ HPXOVLRQ�
��
7KHVH VWDELOL]LQJ ZDWHU

GURSOHWV ZHUH WHQGHG WR GHFUHDVLQJ SRUH VL]H LQ

RUJDQLF SKDVH� 2I FRXUVH� WKH SRUH VL]H FDQ EH

FRQWUROOHG DQRWKHU IDFWRUV DV SRO\PHU FRQFHQWUD�

WLRQ DQG VR RQ WR JHW ODJHU SRUH VL]H� $QRWKHU SRV�

VLEOH H[SODQDWLRQ PLJKW EH WKDW LQFUHDVHG '%3

SRZGHU KLQGHU WKH UHDVVHPEOH RI ZDWHU GURSOHW LQ

RUJDQLF SKDVH UHVXOWLQJ LQ WKH VPDOOHU SRUH GLDPH�

WHU�

6(0 PLFURSKRWRJUDSKV RI '%3�3/$ VFDIIROGV

ZLWK FRQWURO� ��� �� DQG ��� '%3 E\ PHDQV RI

VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG DUH VKRZQ LQ

)LJXUH � DQG �� �� Z�Y� RI 3/$ FRQFHQWUDWLRQ

)LJXUH �� 6(0 PLFURSKRWRJUDSKV RI '%3�3/$ VFDIIROGV ��� RI '%3 E\ PHDQV RI WKH VROYHQW FDVWLQJ�VDOW OHDFKLQJ

PHWKRG� �D� VXUIDFH ×��� �E� VXUIDFH ×���� �F� FURVV × ��� �G� FURVV ×���� �H� VLGH ×��� DQG �I� VLGH ×����



'%3�3/$ 6FDIIROGV

.RUHD 3RO\P� -�� 9RO� �� 1R� �� ���� ���

DQG �� Z�Z� RI 3/$ WR DPPRQLXP ELFDUERQDWH

ZHUH IL[HG DQG WKHQ '%3 FRQWHQW ZHUH YDULHG ���

�� DQG �� Z�Z� WR 3/$� $OO RI VXUIDFH� FURVV VHF�

WLRQ� DQG VLGH RI '%3�3/$ VFDIIROGV ZHUH KLJKO\

SRURXV ZLWK JRRG LQWHUFRQQHFWLRQV EHWZHHQ SRUHV

LQ ZKLFK FDQ VXSSRUW WKH VXUIDFH RI FHOO JURZWK�

SUROLIHUDWLRQ DQG GLIIHUHQWLDWLRQ VLPLODU ZLWK

REVHUYHG LQ )LJXUH �� 3DUWLFXODUO\� D XQLIRUP GLV�

WULEXWLRQ RI ZHOO LQWHUFRQQHFWHG SRUHV IURP WKH

VXUIDFH WR FRUH UHJLRQ� ,W FDQ EH REVHUYHG WKDW WKH

SRUH VL]H ZDV DOPRVW VDPH� KRZHYHU� LQ WKH RUGHU

RI �� µP �3/$ FRQWURO� �� µP ���� RI '%3�

�� µP ���� RI '%3� ! �� µP ���� RI '%3�

DV OLVWHG LQ 7DEOH ,,� 3RURVLWLHV DV ZHOO DV VSHFLILF

SRUH DUHDV DOVR ZHUH DOPRVW VDPH IURP ���� � RI

3/$ FRQWURO WR ���� � RI ��� '%3 DQG ���� P
�
�J

RI 3/$ FRQWURO WR ����� P
�
�J RI ��� '%3� UHVSHF�

WLYHO\� HYHQ WKRXJK WKH DPRXQW RI '%3 LQFUHDVHG�

)RU SRUH VL]H GLVWULEXWLRQ� )LJXUH � DQG � VKRZ

WKH UHVXOWV RI PHUFXU\ LQWUXVLRQ SRURVLPHWHU DQDO�

\VLV IRU WKH HPXOVLRQ IUHH]H GU\LQJ PHWKRG DQG

WKH VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG� UHVSHF�

WLYHO\� 7KH SRUH VL]H GLVWULEXWLRQ RI WKH HPXOVLRQ

IUHH]H GU\LQJ PHWKRG ZDV EURDGHU WKDQ WKDW RI WKH

VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG LQGHSHQGHQW

ZLWK '%3 FRQWHQW� ,W FDQ EH H[SODLQHG WKDW WKH

VL]H GLVWULEXWLRQ RI ZDWHU GURSOHW ZDV YHU\ EURDG

LQ RUJDQLF SKDVH JHQHUDWHG E\ XOWUDVRQLFDWLRQ DV

H[SODLQHG HDUOLHU� +RZHYHU� WKH VL]H GLVWULEXWLRQ RI

WKH VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG ZDV FRQ�

≥
≥

)LJXUH �� 6(0 PLFURSKRWRJUDSKV RI '%3�3/$ VFDIIROGV E\ PHDQV RI WKH VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG �RULJLQDO

PDJQLILFDWLRQ� ×���� �D� 3/$� �E� ��� '%3� �F� ��� '%3� DQG �G� ��� '%3�

)LJXUH �� 3RUH VL]H GLVWULEXWLRQ RI '%3�3/$ VFDIIROGV E\

PHDQV RI WKH HPXOVLRQ IUHH]H GU\LQJ PHWKRG�
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��� .RUHD 3RO\P� -�� 9RO� �� 1R� �� ����

VWDQWO\ XQLIRUP VLQFH WKH VL]H GLVWULEXWLRQ RI D

SRURJHQ DV DPPRQLXP ELFDUERQDWH ZDV DOVR

VDPH�

7KH SK\VLFDO DQG FKHPLFDO UHTXLUHPHQWV RI

VFDIIROGV IRU FHOO�WLVVXH LQJURZWK DUH
��
�L� ELRFRP�

SDWLELOLW\� �LL� SURPRWLRQ RI FHOO DGKHVLRQ� �LLL�

HQKDQFHPHQW RI FHOO JURZWK� �LY� UHWHQWLRQ RI GLI�

IHUHQWLDWHG FHOO IXQFWLRQ� �Y� ODUJH VXUIDFH DUHD SHU

YROXPH� �YL� KLJKO\ SRURVLW\ WR SURYLGH DGHTXDWH

VSDFH IRU FHOO VHHGLQJ� JURZWK DQG H[WUDFHOOXODU

PDWUL[ SURGXFWLRQ� DQG �YLL� D XQLIRUPO\ GLVWULEXWHG

DQG LQWHUFRQQHFWHG SRUH VWUXFWXUH �WKLV IDFWRU LV

YHU\ LPSRUWDQW VR WKDW FHOOV DUH HDVLO\ GLVWULEXWHG

WKURXJK WKH VFDIIROGV DQG DQ RUJDQL]HG QHWZRUN

RI WLVVXH FRQVWLWXHQWV FDQ EH IRUPHG�� 7KH SUHSD�

UDWLRQ WHFKQLTXHV IRU '%3�3/$ VFDIIROGV EHWZHHQ

WKH HPXOVLRQ IUHH]H GU\LQJ DQG WKH VROYHQW FDVWLQJ�

VDOW OHDFKLQJ PHWKRGV KDYH EHHQ FRPSDUHG LQ

WHUPV RI WKH VFDIIROGV PDFURVWUXFWXUH DQG DERYH

SK\VLFDO DQG FKHPLFDO UHTXLUHPHQWV� )RU PDFUR�

VWUXFWXUH RI '%3�3/$ VFDIIROGV� WKH VROYHQW FDVWLQJ�

VDOW OHDFKLQJ PHWKRGV PLJKW EH PRUH UHFRPPHQG�

HG GXH WR UHODWLYHO\ ODUJH VXUIDFH DUHD SHU YROXPH�

KLJKHU SRURVLW\� DOPRVW VDPH LQWHUFRQQHFWLYH

VWUXFWXUH EHWZHHQ SRUH� PRUH XQLIRUP WKH SRUH

VL]H DQG SRUH VL]H GLVWULEXWLRQ� QR FKDQJH SRUH

VL]H DQG GLVWULEXWLRQ YDULHG ZLWK '%3 FRQWHQWV�

DQG OHVV SURFHVVLQJ YDULDEOHV FRPSDUHG ZLWK WKH

HPXOVLRQ IUHH]H GU\LQJ� )URP WKH EDVH RI WKHVH

UHVXOWV� ZH GHFLGHG WKDW WKH DQLPDO H[SHULPHQWV

DUH FDUU\LQJ RXW XVLQJ WKH VHULHV RI '%3�3/$ VFDI�

IROG SUHSDUHG E\ WKH VROYHQW FDVWLQJ�VDOW OHDFKLQJ

PHWKRGV�

7KHVH WZR WHFKQLTXHV� HYHQ WKRXJK WKH SRUH

SURSHUWLHV RI WKH HPXOVLRQ IUHH]H GU\LQJ PHWKRG

ZDV OLWWOH ORZHU WKDQ WKDW RI WKH VROYHQW FDVWLQJ�VDOW

OHDFKLQJ PHWKRGV� ZHUH GHPRQVWUDWHG WR EH FDSD�

EOH RI SUHSDULQJ VFDIIROGV RI QRYHO '%3�3/$ DV

QDWXUDO�V\QWKHWLF FRPSRVLWHV ZLWK ZLGH UDQJHV RI

SRURVLW\� PHGLDQ SRUH VL]H� SRUH VL]H GLVWULEXWLRQ�

VSHFLILF SRUH DUHD� DQG JRRG LQWHUFRQQHFWLRQ EHW�

ZHHQ SRUHV�
��
7KHVH VFDIIROGV SRVVHVV UHODWLYHO\

JRRG SK\VLFDO SURSHUWLHV DQG FDQ EH HDVLO\ KDQ�

GOHG� 7KH DGYDQWDJH RI WKH HPXOVLRQ IUHH]H GU\�

LQJ PHWKRG LV WKH SRVVLELOLW\ RI WKH FRQWUROOHG

ELRDFWLYH PROHFXOH GHOLYHU\ V\VWHP GXH WR QR

OHDFKLQJ SURFHVV UHVXOWLQJ LQ ORRVLQJ RI ZDWHU VROX�

EOH ELRDFWLYH PROHFXOH LQWR ZDWHU�
��
$OVR� WKH WKLFN

VFDIIROG DERYH � FP WKLFNQHVV FDQ EH SUHSDUHG

IURP WKH HPXOVLRQ IUHH]H GU\LQJ PHWKRG FRP�

SDUHG ZLWK RWKHU PHWKRGV�
��
7KHUHIRUH� ZH PXVW

FKRRVH WKDW WKH DSSURSULDWH VFDIIROGV SUHSDUHG

YDULRXV PHWKRGV ILWWHG WKH SK\VLFDO DQG FKHPLFDO

SURSHUWLHV ZLOO EH DSSOLHG WLVVXH DQG RUJDQ� ,Q

VXPPDU\� WKHVH VFDIIROGV SUHSDUHG IURP WKHVH

PHWKRGV VKRXOG EH YHU\ XVHIXO LQ WKH DSSOLFDWLRQ

IRU WLVVXH UHJHQHUDWLRQ DQG UHFRQVWUXFWLRQ�

,PSODQWDWLRQ RI '%3�3/$ 6FDIIROGV� 7KH

VFDIIROGV IDEULFDWHG E\ WKH VROYHQW FDVWLQJ�VDOW

OHDFKLQJ PHWKRGV ZLOO EH XWLOL]HG WR WUDQVSODQW DQG

DSSOLHG DV D WHPSODWH JXLGLQJ WKH IRUPDWLRQ RI D

ERQH DQG FDUWLODJH VWUXFWXUHV IURP WKH LQGXFWLRQ

RI RVWHRJHQHVLV DQG FKRQGURJHQHVLV� 6FDIIROGV RI

3/$ DORQH� '%3�3/$ RI �� DQG ���� DQG '%3

SRZGHU ZHUH LPSODQWHG RQ WKH EDFN RI DWK\PLF

QXGH PRXVH WR REVHUYH WKH HIIHFW RI '%3 RQ WKH

LQGXFWLRQ RI FHOOV SUROLIHUDWLRQ IRU � ZHHNV� ,Q 3/$

VFDIIROG �)LJXUH ���$��� ILEUREODVW�OLNH FHOOV �I� DQG

YDVFXODU FDSLOODU\ �Y� ZHUH REVHUYHG EHWZHHQ SRUH

LQWHUFRQQHFWLRQ RI WKH XQGHJUDGDGHG 3/$ �O��

KRZHYHU� WKHUH ZDV QR HYLGHQFH RI QHZ ERQH IRU�

PDWLRQ� ,Q '%3 SRZGHU LPSODQWV �)LJXUH ���%���

ZH FDQ REVHUYH WKH HYLGHQFH RI FDOFLILFDWLRQ �F�

DURXQG '%3 �ES� IURP WKH XQGLIIHUHQWLDWHG VWHP

FHOOV LQ WKH VXEFXWDQHRXV VLWHV DQG RWKHU VRIW FRQ�

QHFWLYH WLVVXH VLWHV KDYLQJ D SUHSRQGHUDQFH RI

VWHP FHOOV�
�����

,W PLJKW EH VXJJHVWHG WKDW ERQH

PRUSKRJHQHWLF SURWHLQ LQ WKH '%3 VWLPXODWH RV�

WHRJHQHVLV� 8ULVW
�����

H[SODLQHG E\ WKH H[SHULPHQW

RI VXEFXWDQHRXV LPSODQW LQ DOORJHQLF UHFLSLHQWV

)LJXUH �� 3RUH VL]H GLVWULEXWLRQ RI '%3�3/$ VFDIIROGV E\

PHDQV RI WKH VROYHQW FDVWLQJ�VDOW OHDFKLQJ PHWKRG�



'%3�3/$ 6FDIIROGV

.RUHD 3RO\P� -�� 9RO� �� 1R� �� ���� ���

WKDW E\ GD\ �� PHVHQFK\PDO VWHP FHOOV GLIIHUHQWL�

DWH� DQG E\ GD\ � FKRQGUREODVW GHYHORSHG ZLWK

RVWHREODVWV DSSHDULQJ DW GD\ �� $QJLRJHQHVLV

HQVXHV DURXQG GD\ ��� DQG WKLV FRUUHODWHV ZLWK

FKRQGURO\VLV� 1HZ ERQH IRUPDWLRQ RFFXUV EHWZHHQ

�� DQG �� GD\V SRVWLPSODQWDWLRQ� )LQDOO\� RVVLFOH

GHYHORSPHQW UHSOHWH ZLWK KHPDWRSRLHWLF PDUURZ

OLQHDJH RFFXUV E\ GD\ ���

,Q '%3�3/$ VFDIIROGV RI �� DQG ��� '%3 �)LJ�

XUH ���&� DQG ���'�� UHVSHFWLYHO\�� WKH HYLGHQFH

RI FDOFLILHG UHJLRQ �F� DURXQG '%3 �ES� DV ZHOO DV

ILEUREODVW�OLNH FHOOV �I� DQG YDVFXODU FDSLOODU\ �Y�

EHWZHHQ SRUH LQWHUFRQQHFWLRQ RI WKH XQGH�

JUDGDGHG 3/$ �O� ZHUH REVHUYHG� :H FRQFOXGH

WKDW WKH HIIHFW RI '%3�3/$ VFDIIROGV RQ ERQH

LQGXFWLRQ DUH VWURQJHU WKDQ 3/$ VFDIIROGV� HYHQ

WKRXJK WKH ERQH LQGXFWLRQ HIIHFW RI '%3�3/$

VFDIIROG PLJKW EH ORZHUHG WKDQ RQO\ '%3 SRZGHU�

WKDW LV WR VD\� LQ WKH RUGHU RI '%3 RQO\ ! '%3�

3/$ VFDIIROGV RI �� DQG ��� '%3 ! 3/$ VFDIIROGV

RQO\ IRU RVWHRLQGXFWLRQ DQG FKRQGURLQGXFWLRQ

DFWLYLW\� ,Q VXPPDU\� LW VHHPV WKDW '%3 SOD\V DQ

LPSRUWDQW UROH IRU ERQH DQG FDUWLODJH LQGXFWLRQ LQ

'%3�3/$ VFDIIROGV�

6WXGLHV RQ WKH PRUH GHWDLOHG PHFKDQLVP RI

RVWHRLQGXFWLRQ RI '%3�3/$ VFDIIROGV� WKH TXDQWL�

ILFDWLRQ RI RVWHRLQGXFWLRQ VXFK DV FDOFLXP FRQWHQWV

DQG DONDOLQH SKRVSKDWDVH DFWLYLW\� WKH ELRGHJUD�

GDWLRQ WHVW� WKH LPSODQWDWLRQ RI '%3�3/$ VFDI�

IROGV ZLWK PHVHQFK\PDO VWHP FHOO� WKH WKHUPDO

DQG PHFKDQLFDO SURSHUWLHV RI '%3�3/$ VFDIIROGV�

WKH RSWLPDO SRUH VL]H DQG VL]H GLVWULEXWLRQ RI '%3�

3/$ VFDIIROGV IRU WKH DSSOLFDWLRQ RI WLVVXH HQJL�

QHHUHG ERQH DQG FDUWLODJH� DQG LWV UHODWLYH DQLPDO

H[SHULPHQW DUH LQ SURJUHVV�

$FNQRZOHGJPHQWV� 7KLV ZRUN ZDV VXSSRUWHG

E\ JUDQW IURP .5) �����)������

5HIHUHQFHV

��� &� 0� $JUDZDO� *� *� 1LHGHUDXHU� '� 0� 0LFDOOHI�

DQG .� $� $WKDQDVLRX� LQ (QF\FORSHGLF +DQGERRN RI
%LRPDWHULDOV DQG %LRHQJLQHHULQJ� 1HZ <RUN� 0DUFHO

'HNNHU� ����� 3DUW $� 9RO� �� SS �����

��� -� 2� +ROOLQJHU DQG -� 3� 6FKPLW]� -� 2UDO 0D[LOORIDF�
6XUJ�� ��� ��� �������

)LJXUH ��� 3KRWRPLFURJUDSKV IURP + 	 ( KLVWRORJLFDO VHFWLRQV RI LPSODQWHG �$� 3/$ VFDIIROG� �%� '%3 SRZGHU� �&�

'%3�3/$ VFDIIROGV ZLWK ��� RI '%3� DQG �'� '%3�3/$ VFDIIROGV ZLWK ��� RI '%3�



*� .KDQJ HW DO�

��� .RUHD 3RO\P� -�� 9RO� �� 1R� �� ����

��� '� )� :LOOLDPV DQG (� 0RUW� -� %LRHQJ�� �� ���

�������

��� 2� %RVWPDQ� -� %RQH -RLQW 6XUJ�� ���$���� ���

�������

��� &� 0� $JUDZDO� 3� (� *DEULHOH� *� 1LHGHUDXHU� DQG

.� $� $WKDQDVLRX� 7LVVXH (QJLQHHULQJ� �� ���

�������

��� /� *� &LPD� '� (� ,QJEHU� -� 3� 9DFDQWL� DQG 5�

/DQJHU� %LRWHFK� %LRHQJ�� ��� ��� �������

��� $� *� 0LNRV� *� 6DUDNLQRV� 6� 0� /HLWH� -� 3�

9DFDQWL� DQG 5� /DQJHU� %LRPDWHULDOV� ��� ���

�������

��� +� /� :DOG� *� 6DUDNLQRV� 0� '� /\PDQ� $� *�

0LNRV� -� 3� 9DFDQWL� DQG 5� /DQJHU� %LRPDWHULDOV�
��� ��� �������

��� $� *� 0LNRV� <� %DR� /� *� &LPD� '� (� ,QJEHU� -� 3�

9DFDQWL� DQG 5� /DQJHU� -� %LRPHG� 0DWHU� 5HV�� ���
��� �������

���� *� *� *LRGDQR� 5� &� 7KRPVRQ� 6� /� ,VKDXJ� $� *�

0LNRV� 6� &XPEHU� &� $� *DUFLD� DQG '� /DKLUL�

0XQLU� -� %LRPHG� 0DWHU� 5HV�� ��� �� �������

���� '� $� *UDQGH� &� +DOEHUVWDGW� *� 1DXJKWRQ� 5�

6FKZDUW]� DQG 5� 0DQML� -� %LRPHG� 0DWHU� 5HV�� ���
��� �������

���� +� 7� :DQJ� +� 3DOPHU� 5� -� /LQKDUGW� '� 5� )ODQD�

JDQ� DQG (� 6FKPLWW� %LRPDWHULDOV� ��� ��� �������

���� $� &DUULR� *� 6FKZDFK� -� &RXGDQH� DQG 0� 9HUW� -�
&RQWURO� 5HOHDVH� ��� ���� �������

���� &� 6FKPLGW� 5� :HQ]� %� 1LHV� DQG )� 0ROO� -� &RQ�
WURO� 5HOHDVH� ��� �� �������

���� -� &� &KR� *� .KDQJ� -� 0� 5KHH� <� 6� .LP� -� 6�

/HH� DQG +� %� /HH� .RUHD 3RO\PHU -�� �� �� �������

���� *� .KDQJ� -� &� &KR� -� :� /HH� -� 0� 5KHH� DQG +�
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