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

5HVXOWV RI WKHUPRG\QDPLF LQYHVWLJDWLRQV RI LQWHUDFWLRQ RI PROWHQ PHWDO ZLWK D JDV� FRQWDLQLQJ K\GURJHQ� R[\JHQ DQG

FRPSRXQGV RI IOXRULQH� DQG DOVR ZLWK D VODJ SKDVH DUH JLYHQ� 7DNLQJ LQWR DFFRXQW WKH QRQ�VWDWLRQDU\ FRQGLWLRQV DQG

YDULDEOH UDWH RI FU\VWDOOL]DWLRQ WKH ODZV RI UHGLVWULEXWLRQ RI K\GURJHQ LQ D FU\VWDOOL]LQJ ZHOG SRRO DUH HVWDEOLVKHG� 7KH

IRUPXODWHG PDWKHPDWLFDO PRGHOV DUH EDVHG RQ D GLIIHUHQWLDO HTXDWLRQ RI PDVV WUDQVIHU� LQ SDUWLFXODU� WKH )LFNsV HTXDWLRQ

ZLWK ERXQGDU\ FRQGLWLRQV RI 6WHIDQ W\SH RQ WKH PRYLQJ SKDVH LQWHUIDFH� .LQHWLFV RI K\GURJHQ UHGLVWULEXWLRQ QHDU WKH

IXVLRQ OLQH� DQG DOVR LQ PROWHQ PHWDO DW D FHOOXODU FU\VWDOOL]DWLRQ ZDV VWXGLHG� 7KH SURFHVV RI JURZWK RI D JDV EXEEOH LQ

ZHOG SRRO LV GHVFULEHG�

.H\ ZRU G V � DUF ZHOGLQJ� DEVRUSWLRQ RI JDVHV� K\GURJHQ�

FU\VWDOOL]DWLRQ� ZHOG SRRO� SRURVLW\

7KH DUF ZHOGLQJ LV WKH KLJK�WHPSHUDWXUH PHWDOOXUJLFDO

SURFHVV� $W DOO LWV VWDJHV WKH PHWDO DQG VODJ LQWHUDFWLRQ

ZLWK K\GURJHQ� QLWURJHQ DQG R[\JHQ LV RFFXUUHG� 6SH�

FLDOLVWV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH

SD\ D JUHDW DWWHQWLRQ WR WKH VWXG\ RI WKHVH SURFHVVHV

ZKRVH UHVXOWV RI LQYHVWLJDWLRQ DUH GHVFULEHG LQ ZRUNV

>�w��@�

+LJK WHPSHUDWXUHV DQG UDWH RI UHDFWLRQV� H[LVWLQJ

LQ DUF ZHOGLQJ� VPDOO YROXPHV DQG ODUJH VSHFLILF VXU�

IDFHV RI UHDFWLQJ SKDVHV� DQG DOVR QRQ�HTXLOLEULXP FRQ�
GLWLRQV RI GLIIHUHQW VWDJHV RI WKH SURFHVV FRPSOLFDWH
VLJQLILFDQWO\ WKH FRQGXFWDQFH RI H[SHULPHQWV� 0HWK�

RGV RI SK\VLFDO DQG PDWKHPDWLFDO PRGHOOLQJ JLYH DQ

RSSRUWXQLW\ WR REWDLQ WKH DGGLWLRQDO LQIRUPDWLRQ XV�

LQJ DGYDQFHG FRPSXWHU HQJLQHHULQJ�

7KH SUHVHQW DUWLFOH GHVFULEHV WKH UHVXOWV RI ZRUNV�

REWDLQHG PDLQO\ DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ

,QVWLWXWH� RQ SK\VLFDO DQG PDWKHPDWLFDO PRGHOOLQJ RI
EHKDYLRXU RI JDVHV LQ DUF ZHOGLQJ RI VWHHOV�

0HWDO HYDSRUDWLRQ DQG DEVRUSWLRQ RI JDVHV� &DO�

FXODWLRQ RI K\GURJHQ VROXELOLW\ LQ D PROWHQ LURQ GH�

SHQGLQJ RQ WKH WHPSHUDWXUH ZDV PDGH E\ ,�,� )UXPLQ

>�@� DQG WKH H[SHULPHQWDO LQYHVWLJDWLRQV ZHUH SHU�

IRUPHG E\ 9�,� /DNRPVN\ >�@� 7KH UHVXOWV REWDLQHG
VKRZHG WKDW WKH PD[LPXP K\GURJHQ VROXELOLW\ LQ LURQ

LV REVHUYHG DW ���� . WHPSHUDWXUH DQG GHFUHDVHG WR

]HUR DW WKH PHWDO ERLOLQJ WHPSHUDWXUH�

$V LV IROORZHG IURP WKH UHVXOWV RI LQYHVWLJDWLRQV

>�@� WKH KHDW FRQWHQW RI HOHFWURGH PHWDO GURSV GHSHQGV

RQ FXUUHQW DQG LWV SRODULW\ �)LJXUH ��� ,Q PDQ\ FDVHV

WKH WHPSHUDWXUH RI GURSV H[FHHGV WKH WHPSHUDWXUH RI

D PD[LPXP VROXELOLW\ RI JDVHV LQ LURQ� 7KHUHIRUH� WKH

GLIIHUHQFH LQ WHPSHUDWXUH RI GURSV LQ WKH ���w��� .

UDQJH LQ FDVH RI D FRQVXPDEOH HOHFWURGH ZHOGLQJ DW

FXUUHQW RI VWUDLJKW DQG UHYHUVH SRODULW\ FDQ LQIOXHQFH

JUHDWO\ RQ WKH DEVRUSWLRQ RI JDVHV�

)LJXUH � SUHVHQWV WKH H[SHULPHQWDO GDWD �FLUFOHV�

DERXW WKH QLWURJHQ FRQWHQW LQ GURSV RI WKH &Uw�1L

HOHFWURGH PHWDO LQ ZHOGLQJ DW FXUUHQW RI VWUDLJKW SR�

ODULW\ LQ $U � �� � 1� >�@� 2�0� 3RUWQRY PDGH FDO�

FXODWLRQ RI QLWURJHQ DEVRUSWLRQ E\ HOHFWURGH PHWDO

GURSV DQG LWV UHVXOWV DUH VKRZQ LQ )LJXUH � E\ D VROLG
OLQH� $V LV VHHQ IURP WKH )LJXUH WKH VDWLVIDFWRU\ FRLQ�

FLGHQFH RI FDOFXODWHG DQG H[SHULPHQWDO GDWD LV RE�

VHUYHG�

7KHUPRG\QDPLFDO HYDOXDWLRQ RI PHWDO LQWHUDF�
WLRQ ZLWK D VODJ DQG JDV� 7KH WKHUPRG\QDPLF DS�
SURDFKHV ZHUH XVHG IRU DQDO\VLV RI WKH SURFHVV RI ELQG�

� ,�.� 32.+2'1<$� ����

)LJXUH �� (IIHFW RI ZHOGLQJ FXUUHQW ,Z DQG LWV SRODULW\ RQ KHDW FRQWHQW RI GURSV 6G RI HOHFWURGH PHWDO LQ ZHOGLQJ ORZ�FDUERQ VWHHO XVLQJ
� PP GLDPHWHU ZLUH 6Y���$ LQ PL[WXUH RI LQHUW JDVHV +H � 1� �D� DQG $U � 1� �E�� �� � x FXUUHQW RI VWUDLJKW DQG UHYHUVH SRODULW\�
UHVSHFWLYHO\ �UHJLRQV RI WHPSHUDWXUHV RI PD[LPXP VROXELOLW\ RI QLWURJHQ DQG FXUUHQW DW ZKLFK WKHVH WHPSHUDWXUHV DUH UHDFKHG DUH KDWFKHG�
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LQJ K\GURJHQ� ORFDWHG LQ WKH JDV SKDVH LQ WKH IRUP RI
ZDWHU YDSRXUV� LQWR K\GURJHQ IOXRULGH� LQVROXEOH LQ D
PROWHQ LURQ� DW WHPSHUDWXUH ����w����. DQG SUHVVXUH
�⋅��� 3D >�@� &DOFXODWLRQV ZHUH PDGH DV UHJDUGV WR
ZHOGLQJ ZLWK D IOX[�FRUHG ZLUH LQ &2�� 7KH LQLWLDO
FRQGLWLRQV ZHUH FKDUDFWHUL]HG E\ WKH IRUPDWLRQ RI
SKDVHV RI WKH IROORZLQJ FRPSRVLWLRQV� JDV x FDUERQ
PRQR[LGH ZLWK D VPDOO DPRXQW RI ZDWHU YDSRXUV� PH�
WDO x LURQ� DQG VODJ x &D)� DQG 6L2�� $O�2�� 7L2�

DQG &D2 LQ GLIIHUHQW SURSRUWLRQV� 7R FUHDWH WKH R[L�
GL]LQJ DWPRVSKHUH VRPH DPRXQW RI )H2 ZDV LQWUR�
GXFHG LQWR WKH FDOFXODWHG FRPSRVLWLRQ RI WKH VODJPHOW�

'LIIHUHQW VODJ V\VWHPV ZHUH DQDO\]HG� 6L2�w&D2w
&D)�� 7L2�w&D2w&D)�� $O�2�w&D2w&D)�� ,Q DGGL�
WLRQ� WKH SURFHVV RI K\GURJHQ ELQGLQJ ZDV LQYHVWLJDWHG
DW GLIIHUHQW WHPSHUDWXUHV DQG FRQWHQW RI ZDWHU YDSRXUV
LQ D JDV SKDVH� DV ZHOO DV DW DGGLWLRQDO DGGLQJ RI 6L)�

DQG R[\JHQ LQWR WKLV SKDVH�
)LJXUH �� D VKRZV WKH GHSHQGHQFH RI D PDVV VKDUH

RI K\GURJHQ LQ D PROWHQ PHWDO RQ WKH LQLWLDO FRQWHQW
RI &D)� LQ WKH VODJ V\VWHP 7L2�w&D2w&D)�� REWDLQHG
E\ D FDOFXODWHG PHWKRG� $W WKH DEVHQFH RI &D2 WKH
UHJLRQ� ZKHUH WKH PDVV VKDUH RI &D)� LV ��w���� LV
FRQVLGHUHG RSWLPXP� :LWK LQFUHDVH LQ WKH PDVV VKDUH
RI &D2 LQ WKH VODJ WKH UHJLRQ RI RSWLPXP FRPSRVLWLRQ
LV VKLIWHG WR WKH VLGH RI GHFUHDVH LQ &D)� FRQWHQW�
+RZHYHU� LQ WKLV FDVH D KLJK FRQWHQW RI K\GURJHQ LQ
PHWDO FRUUHVSRQGV WR WKH DERYH�PHQWLRQHG ]RQH� 6LPL�
ODU GDWD ZHUH REWDLQHG DOVR IRU WKH V\VWHP $O�2�w
&D2w&D)� �)LJXUH �� E�� ,Q V\VWHP 6L2�w&D2w&D)�

�)LJXUH �� F� WKH PDVV VKDUH RI &D2 GRHV QRW LQIOXHQFH
WKH K\GURJHQ FRQWHQW LQ WKH PROWHQ PHWDO� ZKLFK LV
GHFUHDVHG ZLWK WKH LQFUHDVH LQ WKH PDVV VKDUH RI &D)�

LQ WKH VODJ�
:LWK LQFUHDVH LQ R[LGL]LQJ SRWHQWLDO RI WKH JDV

SKDVH GXH WR DGGLQJ RI D PROHFXODU R[\JHQ WKH K\�
GURJHQ FRQWHQW LQ PHWDO LV GHFUHDVHG QHJOLJLEO\� :LWK
6L)� DGGLQJ WR WKH JDV SKDVH WKH PDVV VKDUH RI K\GUR�
JHQ LQ WKH PROWHQ PHWDO LV JUHDWO\ GHFUHDVHG GXH WR
GHYHORSLQJ RI WKH UHDFWLRQ RI K\GURJHQ LQWHUDFWLRQ
ZLWK IUHH DWRPV RI IOXRULQH IRUPLQJ LQ GLVVRFLDWLRQ RI
6L)� �)LJXUH ��� 7KLV PHWKRG RI GHFUHDVH LQ K\GURJHQ
FRQWHQW LQ WKH PROWHQ PHWDO LV PRUH HIIHFWLYH DV FRP�

SDUHG ZLWK DGGLQJ RI D ODUJH PDVV VKDUH RI 6L2� DQG
&D)� LQWR VODJ FRPSRVLWLRQ ZLWK DOORZDQFH IRU H[�
FKDQJH UHDFWLRQ SURFHHGLQJ

�&D)� � 6L2� → �&D¬ � 6L)�� ���

7R LQYHVWLJDWH WKH NLQHWLFV RI GHYHORSPHQW RI WKHU�
PRFKHPLFDO UHDFWLRQV LQ VROLG DQG OLTXLG VXEVWDQFHVZLWK
D JDV SKDVH SDUWLFLSDWLRQ� D G\QDPLF WKHUPRJUDYLPHWU\
LV XVHG DW ZKLFK WKH PDVV RI VDPSOH DQG UDWH RI LWV
FKDQJH LQ WKH FRQWUROODEOH DWPRVSKHUH GHSHQGLQJ RQ
WHPSHUDWXUH DQG WLPH LV FRQWLQXRXVO\ UHFRUGHG� 8VLQJ
WKH GDWD REWDLQHG LW LV SRVVLEOH WR VWXG\ WKH NLQHWLFV RI
WKH SURFHVVHV RI HYROXWLRQ RI JDVHV DW WKH KLJK UDWH RI
KHDWLQJ ZKLFK LV W\SLFDO RI WKH DUF ZHOGLQJ� )RU WKLV
SXUSRVH� D PHWKRG RI FDOFXODWLRQ LV XVHG� EDVHG RQ GH�
WHUPLQDWLRQ RI HQHUJ\ RI DFWLYDWLRQ RI UHDFWLRQ RI D WKHU�
PDO GHFRPSRVLWLRQ DQG RWKHU NLQHWLF SDUDPHWHUV IURP
WKH GDWD RI VHULHV RI WKHUPRJUDYLPHWULF DQDO\VHV DW GLI�
IHUHQW UDWHV RI KHDWLQJ >��� ��@�

5HVXOWV RI WKH WKHUPRJUDYLPHWULF DQDO\VLV RI PL[�
WXUH &D)� � 6L2�� DQG DOVR SRZGHUV 1D�6L)� DQG
%D6L)� DUH JLYHQ LQ )LJXUH �� $ QRWLFHDEOH LQWHUDFWLRQ
RI &D)� DQG 6L2� LV VWDUWHG DW WHPSHUDWXUHV DERYH
��� �&� DQG GLVVRFLDWLRQ RI 1D�6L)� DQG %D6L)� RFFXUV�
UHVSHFWLYHO\� DW ���w��� DQG ���w��� �&� +RZHYHU�
LQ FDVH RI KH[DIOXRURVLOLFDWHV WKH SURFHVV RI WKHUPDO
GHFRPSRVLWLRQ KDV D FRPSDUDWLYHO\ KLJK HQHUJ\ RI
DFWLYDWLRQ �≈ ���w��� N-�PRO�� ZKLOH WKH HQHUJ\ RI
DFWLYDWLRQ RI WKH UHDFWLRQ RI IRUPDWLRQ RI VLOLFRQ

)LJXUH �� (IIHFW RI GURSV WHPSHUDWXUH 7 RQ QLWURJHQ DEVRUSWLRQ
ZLWK HOHFWURGH PHWDO GURSV LQ ZHOGLQJ DW VWUDLJKW SRODULW\ FXUUHQW
LQ $U � �� � 1� PL[WXUH

)LJXUH �� &KDQJH LQ K\GURJHQ FRQWHQW LQ PROWHQ PHWDO GHSHQGLQJ RQ PDVV VKDUH RI &D)� LQ GLIIHUHQW VODJ V\VWHPV� Dx 7L2�w&D2w&D)��
E x $O�2�w&D2w&D)�� F x 6L2�w&D2w&D)�
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WHWUDIOXRULGH LV FKDUDFWHUL]HG E\ ORZHU YDOXHV �DERXW
��� N-�PRO� DV D UHVXOW RI H[FKDQJH UHDFWLRQ RI IOXR�
ULWH ZLWK VLOLFD� WKDW OHDGV WR WKH GHSHQGHQFH RI WHP�
SHUDWXUH LQWHUYDO RI LQWHQVLYH JDV HYROXWLRQ RQ WKH
KHDWLQJ UDWH�

7KH FDOFXODWLRQ UHVXOWV DUH FRQILUPHG H[SHULPHQWDOO\
LQ LQYHVWLJDWLRQ RI FRQFHQWUDWLRQ RI GLIIXVLYH K\GURJHQ
LQ ZHOG PHWDO PDGH E\ IOX[�FRUHG ZLUHV ZLWK GLIIHUHQW
IOXRULGHV LQ WKH FRUH PHWDO �)LJXUH �� >�@�

&DOFXODWLRQV RI D SDUWLDO SUHVVXUH 36L)
�
DW � DQG

�� � PDVV VKDUH RI 6L2� LQ HOHFWURGH FRDWLQJ� DQG DOVR
H[SHULPHQWDO GDWD RQ GLIIXVLYH K\GURJHQ FRQFHQWUD�
WLRQ LQ ZHOG PHWDO DUH JLYHQ LQ )LJXUH �� 7KH )LJXUH
VKRZV D QRWLFHDEOH UHGXFWLRQ LQ FRQFHQWUDWLRQ RI WKH
GLIIXVLYH K\GURJHQ ZLWK LQFUHDVH LQ D PDVV VKDUH RI
6L2� DQG &D)� LQ WKH FRDWLQJ >�@�

(YDOXDWLRQ RI K\GURJHQ EHKDYLRXU LQ DUF GLV�
FKDUJH� 7KH SK\VLFDO EDVHV IRU FRQVWUXFWLRQ RI D FDO�
FXODWHG PRGHO ZHUH FRQFHSWLRQV DERXW WKH SUHVHQFH
RI D ORFDO WKHUPRG\QDPLF HTXLOLEULXP LQ WKH DUF FR�
OXPQ� 7KH DUF FROXPQ LV FKDUDFWHUL]HG E\ D FRQYH[
VKDSH RI D UDGLDO GLVWULEXWLRQ RI WHPSHUDWXUH� +HUH�
WKH HIIHFW RI QHDU�HOHFWURGH ]RQHV ZDV QRW WDNHQ LQWR
DFFRXQW� 7KH SK\VLFDO PRGHO� WDNHQ LQ FDOFXODWLRQV�
DQG LWV PDWKHPDWLFDO GHVFULSWLRQ DUH JLYHQ LQ >�@�

+\GURJHQ DQG R[\JHQ LQ WKH DUF DUH GLVVRFLDWHG
FRPSOHWHO\ DW WHPSHUDWXUH ���� .� IOXRULQH x HYHQ
DW WHPSHUDWXUH ���� .� DV LW KDV D ORZ HQHUJ\ RI
GLVVRFLDWLRQ ����� H9�� ,Q D ODUJHU SDUW RI WKH DUF

FROXPQ VHFWLRQ +) DQG 2+ DUH DOVR GLVVRFLDWHG FRP�
SOHWHO\ �)LJXUH �� D��

7KH LPSURYHPHQW RI HIILFLHQF\ RI DUF SURWHFWLRQ
ZLWK GHFUHDVH LQ WHPSHUDWXUH LV VKRZQ LQ )LJXUH �� E�
� � +) DQG � � 2+ ZHUH LQWURGXFHG DGGLWLRQDOO\
LQWR WKH DUF �SDUWLDO SUHVVXUH 3+)  32+  ���� 3D��
,W LV VHHQ IURP FRPSDULVRQ RI GLVWULEXWLRQ RI +) DQG
2+ SDUWLFOHV LQ VXFK DUF �)LJXUH �� E� WKDW LQ FDVH RI
UHGXFWLRQ LQ DUF WHPSHUDWXUH WKH HIIHFWLYHQHVV RI K\�
GURJHQ ELQGLQJ LQWR +) DQG 2+ LV LQFUHDVHG� 7KH
ZLGWK RI ]RQH� ZKHUH GLVVRFLDWLRQ LV RFFXUUHG� LV ���
WLPHV ODUJHU IRU +) WKDQ IRU 2+� 7KH FRPSDULVRQ RI
FXUYHV LQ )LJXUH � VKRZHG WKDW DW HTXDO SDUWLDO SUHV�
VXUH +) DQG 2+ KDYH WKH VDPH GHJUHH RI GLVVRFLDWLRQ
DW WHPSHUDWXUHV� GLIIHUHG DSSUR[LPDWHO\ E\ ���� .�

7KH HIIHFWLYH K\GURJHQ ELQGLQJ E\ WKHVH FRP�
SRXQGV FDQ EH SURYLGHG RQO\ DW ORZ WHPSHUDWXUHV
ZKLFK H[LVW DW WKH SHULSKHU\ RI WKH DUF FROXPQ DQG
EH\RQG LW� ZKHUH WKH WHPSHUDWXUH IRU +) GRHV QRW
H[FHHG ����� DQG ���� . IRU 2+�

+\GURJHQ LQ ZHOG SRRO� 'LVWULEXWLRQ RI K\GURJHQ
LQ WKH SURFHVV RI ZHOG SRRO FU\VWDOOL]DWLRQ ZLOO EH

)LJXUH �� (IIHFW RI PDVV VKDUH RI R[\JHQ DQG 6L)� LQ JDV SKDVH RQ
K\GURJHQ FRQWHQW LQ D PROWHQ PHWDO �VODJ x �� � 6L2�� �� � &D)�

DQG �� � )H2� FDOFXODWHG GDWD�� � x 2�� � x 6L)�

)LJXUH �� 5HVXOWV RI WKHUPRJUDYLPHWULF DQDO\VLV RI GLVVRFLDWLRQ RI
IOXRULGHV DQG VLOLFRQ IOXRULGHV DW KHDWLQJ UDWH RI �� ��� DQG �� ���
�&�PLQ �∆P x FKDQJH LQ VDPSOH PDVV�

)LJXUH �� &KDQJH LQ FRQFHQWUDWLRQ RI GLIIXVLRQ K\GURJHQ LQ ZHOG
PHWDO PDGH E\ IOX[�FRUHG ZLUHV ZLWK GLIIHUHQW IOXRULGHV LQ FRUH
PHWDO >�@� � x &D)� � 6L2�� � x 1D�6L)� �/ x OHQJWK RI ZLUH
VWLFNRXW�

)LJXUH �� (IIHFW RI &D)� DQG 6L2� LQ WKH FRDWLQJ RQ FDOFXODWHG
YDOXHV RI SDUWLDO SUHVVXUH RI VLOLFRQ WHWUDIOXRULGH 36L)

�

LQ DUF DWPRV�
SKHUH DQG H[SHULPHQWDO YDOXHV RI K\GURJHQ FRQFHQWUDWLRQ LQ GH�
SRVLWHG PHWDO >�@� � x � ZW�� 6L2�� � x �� ZW�� 6L2�
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FRQVLGHUHG IRU WKH FDVH RI SODQH DQG FHOOXODU IURQWV RI
FU\VWDOOL]DWLRQ�

+\GURJHQ GLVWULEXWLRQ DW D SODQH IURQW RI FU\V�

WDOOL]DWLRQ� *DV WUDQVIHU LV UHDOL]HG E\ GLIIXVLRQ� WKH
FRHIILFLHQW RI GLIIXVLRQ GHSHQGV RQ WHPSHUDWXUH DQG
UDWH RI FU\VWDOOL]DWLRQ� $QDO\WLFDO VROXWLRQ RI WKH SURE�
OHP LV JLYHQ LQ >��@� )LJXUH � VKRZV D W\SLFDO SDWWHUQ
RI K\GURJHQ GLVWULEXWLRQ DW LQWHUPLWWHQW FU\VWDO�
OL]DWLRQ RI WKH ZHOG SRRO LQ FDVH RI ZHOGLQJ RI ORZ�
FDUERQ VWHHO� ,Q FDOFXODWLRQV WKH IROORZLQJ YDOXHV RI
SDUDPHWHUV DUH WDNHQ� '6  �⋅��w� FP��V� '/  
 �⋅��w� FP��V� N  ����� YFU\VW  ��� FP�V� WVW  ��� V�
&/���  � FP����� J� &6���  �� WG�L�  ���� � GL

�KHUH '6 DQG '/ DUH WKH FRHIILFLHQWV RI K\GURJHQ
GLIIXVLRQ LQ VROLG DQG OLTXLG SKDVH� UHVSHFWLYHO\� N LV
WKH FRHIILFLHQW RI K\GURJHQ GLVWULEXWLRQ� YFU\VW LV WKH
UDWH RI FU\VWDOOL]DWLRQ� WG� WVW LV WKH WLPH RI SURFHVV RI
FU\VWDOOL]DWLRQ DQG LWV LQWHUUXSWLRQ� &/��� DQG &6���
LV WKH LQLWLDO K\GURJHQ FRQFHQWUDWLRQ LQ OLTXLG DQG
VROLG SKDVH� UHVSHFWLYHO\� L  �� �� �� ���� Q LV WKH
QXPEHU RI D FU\VWDOOL]DWLRQ OD\HU� FRXQWHG IURP WKH
IXVLRQ OLQH��

$QDO\VLV RI FDOFXODWHG GDWD VKRZHG WKDW DW DQ LQ�

WHUPLWWHQW FU\VWDOOL]DWLRQ LQ WKH OLTXLG SKDVH WKH IRU�

PDWLRQ RI D GLIIXVLRQ ERXQGDU\ OD\HU� HQULFKHG ZLWK

K\GURJHQ� LV REVHUYHG LQ WKH IRUP RI D FRQFHQWUDWLRQ

SDFNLQJ ZKLFK LV WHQGHG WR D TXDVL�VWDWLRQDU\ FRQGL�

WLRQ DW YFU\VW  FRQVW� 'XULQJ LQWHUUXSWLRQ EHWZHHQ

WKH SHULRGV RI JURZWK RI FU\VWDOV WKH GHFD\ RI WKH

FRQFHQWUDWLRQ SDFNLQJ LV RFFXUUHG XQGHU WKH DFWLRQ RI

WKH IROORZLQJ IDFWRUV� GLIIXVLRQ LQ OLTXLG SKDVH� ZKLFK

UHGXFHV WKH K\GURJHQ FRQFHQWUDWLRQ GLUHFWO\ QHDU WKH

IURQW RI FU\VWDOOL]DWLRQ DQG HQULFKHV WKH PROWHQ PHWDO

OD\HU DW VRPH GLVWDQFH IURP WKH IURQW RI FU\VWDO�

OL]DWLRQ� GHFUHDVH LQ K\GURJHQ FRQFHQWUDWLRQ LQ OLTXLG

SKDVH DW WKH LQWHUIDFH SURFHHGLQJ SURSRUWLRQDOO\ WR

WKH GHFUHDVH LQ K\GURJHQ FRQWHQW LQ VROLG SKDVH�

:LWK LQWHUUXSWLRQ RI WKH FU\VWDOOL]DWLRQ SURFHVV

WKH IORZ RI GLIIXVLYH K\GURJHQ LV GLUHFWHG IURP WKH

VROLG SKDVH WR OLTXLG SKDVH� ,Q WKH OLTXLG SKDVH� HQ�

ULFKHG ZLWK K\GURJHQ� WKH FRQGLWLRQV IRU IRUPDWLRQ

RI JDV EXEEOHV DUH FUHDWHG DW LWV LQLWLDO FRQFHQWUDWLRQ

��w�� FP����� J� 7KH WRWDO JDV GLVWULEXWLRQ LQ ZHOG

PHWDO FDXVHG E\ D ODPHOODU FU\VWDOOL]DWLRQ LV FKDUDF�

WHUL]HG E\ WZR SHFXOLDU IHDWXUHV� H[LVWHQFH RI HQULFKHG

K\GURJHQ OD\HU� ORFDWLQJ LQ WKH VROLGLILHG PHWDO LQ WKH

SODFH RI OLTXLG SKDVH HQULFKHG GXULQJ LQWHUUXSWLRQ RI

OLTXLG SKDVH� DQG WKH SUHVHQFH RI D K\GURJHQ�GHSOHWHG

UHJLRQ DW WKH ERXQGDU\ RI WKH FU\VWDOOL]DWLRQ OD\HU

IURP WKH VROLG PHWDO VLGH�
,Q ZHOG PHWDO FRROLQJ WKLV QRQ�KRPRJHQHLW\ LV GH�

FUHDVHG GXH WR K\GURJHQ GLIIXVLRQ� 7KH K\GURJHQ GLV�
WULEXWLRQ EHWZHHQ WKH ZHOG SRRO DQG VROLGLILHG PHWDO
GHSHQGV RQ WKH UDWH RI FU\VWDOOL]DWLRQ� $V WKH FDOFX�
ODWLRQV VKRZHG WKH �� WLPHV GHFUHDVH LQ D SUHVHW YDOXH
RI WKH FRHIILFLHQW RI K\GURJHQ GLIIXVLRQ LQ VROLG SKDVH�
WKH VDPH DV WKH FKDQJH LQ GXUDWLRQ RI FU\VWDOOL]DWLRQ
SDXVHV LQ WKH VROLG SKDVH JURZWK� KDV QR JUHDW LQIOX�
HQFH RQ WKH K\GURJHQ GLVWULEXWLRQ QDWXUH�

+\GURJHQ GLVWULEXWLRQ DW D FHOOXODU IURQW RI FU\V�

WDOOL]DWLRQ� 7KH FKDQJH LQ JHRPHWULF VWUXFWXUH RI WKH
FU\VWDOOL]DWLRQ IURQW FDXVHV D UDGLFDOO\ QHZ GLVWULEX�
WLRQ RI K\GURJHQ� GLVVROYHG LQ ZHOG SRRO� )LJXUH ��
VKRZV WKH ILHOG RI K\GURJHQ FRQFHQWUDWLRQV LQ D JURZ�
LQJ FHOO DQG LQWHUFU\VWDOOLQH OLTXLG� 'XULQJ FDOFXOD�
WLRQV WKH IROORZLQJ YDOXHV RI SDUDPHWHUV ZHUH WDNHQ�
'6  �⋅��w� FP��V� '/  ���⋅��w� FP��V� YFU\VW  
 ��� FP�V� FHOO VL]H O  �� µP� UDWH RI FRROLQJ YFRRO  
 �� �&�V� ��� � PDVV VKDUH RI FDUERQ�

$QDO\VLV RI FDOFXODWHG GDWD VKRZHG WKH IROORZLQJ�

)LJXUH �� 'HSHQGHQFH RI GHJUHH RI GLVVRFLDWLRQ RI SDUWLFOHV +) DQG 2+� α� RQ UDGLXV RI DUF FROXPQ� U� DW LQFUHDVHG �D� DQG ORZHU �E�
WHPSHUDWXUH LQ WKH FROXPQ D[LV ]RQH

)LJXUH ��'LVWULEXWLRQ RI K\GURJHQ FRQFHQWUDWLRQ& LQ PROWHQPHWDO
GXULQJ PRYLQJ WKH SODQH IURQW RI FU\VWDOOL]DWLRQ DW YFU\VW  ���� ����
���� ���� ���� ��� DQG ���� ��� FP�V �[ x FRRUGLQDWH FRXQWHG
IURP WKH FU\VWDOOL]DWLRQ IURQW�

2/2003 5



• HQULFKPHQW RI PHWDO ZLWK GLVVROYHG K\GURJHQ LV
PDLQO\ ORFDOL]HG LQ DQ LQWHUFU\VWDOOLQH OLTXLG� DYHUDJH
JDV FRQFHQWUDWLRQ LV REVHUYHG LQ D ZHOG SRRO OLTXLG
SKDVH�

• GXH WR KLJK GLIIXVLRQ PRELOLW\ RI K\GURJHQ LQ
VROLG SKDVH WKH QRQ�KRPRJHQHLW\ RI K\GURJHQ GLVWUL�
EXWLRQ LQ VHFWLRQ RI D FRPSOHWHO\ VROLGLILHG FHOO LV
QHJOLJLEOH�

*URZWK RI D JDV EXEEOH� )DFWRU� OLPLWLQJ WKH EXE�
EOH JURZWK IURP WKH LQLWLDOO\�IRUPHG QXFOHL LV WKH
SURFHVV RI WUDQVSRUWDWLRQ RI D JDV GLVVROYHG LQ D OLTXLG
PHWDO WR WKH JDVwOLTXLG LQWHUIDFH� 7KH WUDQVIHU RI WKH
GLVVROYHG JDV WR PHWDO LV UHDOL]HG E\ WZR PHWKRGV�
GLIIXVLRQ DQG FRQYHFWLRQ� &DOFXODWLRQV ZHUH EDVHG RQ
WKH FRQFHSWLRQV DERXW WKH SUHVHQFH RI D ERXQGDU\ OD\HU
RI PROWHQ PHWDO QHDU WKH FU\VWDOOL]DWLRQ IURQW� ZKLFK
ZDV QRW SDUWLFLSDWLQJ LQ D FRQYHFWLYH VWLUULQJ RI WKH
PDLQ PDVV RI WKH ZHOG SRRO PHWDO� DQG DOVR RQ WKH
DVVXPSWLRQV WKDW WKH IRUPHG EXEEOH QXFOHXV LV JURZ�
LQJ LQ WKLV OD\HU GXULQJ VRPH SHULRG RI WLPH� ,W ZDV
DVVXPHG WKDW WKH QXFOHXV DQG GLVVROYHG EXEEOH KDYH
D VSKHULFDO VKDSH� ,W ZDV DVVXPHG LQ WKH LQLWLDO FDO�
FXODWLRQV WKDW WKH FRQWDFW VXUIDFH DUHD RI WKH EXEEOH
JURZLQJ DW WKH IURQW RI FU\VWDOOL]DWLRQ ZLWK D VROLG
SKDVH LV PXFK VPDOOHU WKDQ WKDW ZLWK D OLTXLG SKDVH�
,Q DGGLWLRQ� LW ZDV DOORZHG WKDW WKH QRQ�KRPRJHQHLW\
RI GLIIXVLRQ RYHUVDWXUDWLRQ DKHDG RI WKH FU\VWDOOL]DWLRQ

IURQW LV VPDOO� 'HQGULWLF�FHOOXODU QDWXUH RI FU\VWDO�
OL]DWLRQ FRUUHVSRQGV PRVWO\ WR WKHVH FRQGLWLRQV�

3K\VLFDO PRGHO DQG SURFHGXUH RI LWV QXPHULFDO UH�
DOL]DWLRQ LQ FRPSXWHU DUH GHVFULEHG LQ >��@� 'HSHQG�
HQFH RI EXEEOH FULWLFDO UDGLXV RQ UHODWLYH JDV FRQFHQ�
WUDWLRQ LQ PHOW LV SUHVHQWHG LQ )LJXUH ��� $V WKH FDO�
FXODWLRQV VKRZHG� WKH JDV GLIIXVLRQ LQWR EXEEOH UHVXOWV
LQ IRUPDWLRQ RI D OD\HU� GHSOHWHG ZLWK JDV� PRYLQJ
WRJHWKHU ZLWK WKH EXEEOH� LQ D PROWHQ PHWDO� 7KH UDWH
RI EXEEOH JURZWK GHSHQGV RQ WKH JDV FRQFHQWUDWLRQ
LQ ZHOG SRRO DKHDG RI WKH FU\VWDOOL]DWLRQ IURQW� 0D[L�
PXP UDWH LV REVHUYHG DW WKH LQLWLDO VWDJH RI WKH EXEEOH
JURZWK �)LJXUH ����

)LJXUH ��� 'HSHQGHQFH RI FULWLFDO UDGLXV DFU RI EXEEOH RQ UHODWLYH
FRQFHQWUDWLRQ & RI QLWURJHQ ��� DQG K\GURJHQ ��� LQ PHOW

)LJXUH ��� )LHOG RI K\GURJHQ FRQFHQWUDWLRQ LQ VROLG &6 DQG OLTXLG
&/ SKDVH DW D FHOOXODU IURQW RI FU\VWDOOL]DWLRQ

)LJXUH ��� &KDQJH LQ UDWH RI EXEEOH JURZWK ∆Y%* RI K\GURJHQ DW
WKHPRPHQW RI WLPH W� �x &/���  �� FP

�
���� J�σ �⋅��w� -�FP�

�
� x &/���  �� FP

�
���� J� σ  ���⋅��w� -�FP�

� � x &/���  
 �� FP

�
���� J� σ  ����⋅��w� -�FP�

)LJXUH ��� .LQHWLFV RI JURZWK RI D JDV EXEEOH �D� DQG UDWH RI LWV
JURZWK �E� GHSHQGLQJ RQ UDWLR β RI DUHD RI EXEEOH FRQWDFW ZLWK
PHOW WR D WRWDO VXUIDFH RI EXEEOH� � x β  �� � x ���� � x ����
� x ��� �D x UDGLXV RI JDV EXEEOH�
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7KH EXEEOH JURZWK UDWH GHSHQGV DOVR RQ WKH VXUIDFH
WHQVLRQ DW WKH PHWDOwJDV LQWHUIDFH� :LWK LQFUHDVH LQ
WKH VXUIDFH WHQVLRQ WKH PD[LPXP YDOXHV RI JURZWK
UDWH DUH GHFUHDVHG DQG VKLIWHG WR WKH VLGH RI ODUJH
SHULRGV RI WLPH� $IWHU UHDFKLQJ WKH PD[LPXP JURZWK
UDWH LWV LQVWDQWDQHRXV UHGXFWLRQ WR YDOXHV FRPSDUDEOH
ZLWK WKH UDWH RI ZHOG SRRO FU\VWDOOL]DWLRQ DUH REVHUYHG�
7KH HIIHFW RI VXUIDFH WHQVLRQ DW VXFK UDWH LV QHJOLJLEOH�

,W ZDV DVVXPHG LQ FRQVWUXFWLRQ RI WKH DERYH�GH�
VFULEHG PRGHO RI D JDV EXEEOH JURZWK WKDW WKH DUHD
RI VXUIDFH FRQWDFW RI WKH JURZLQJ EXEEOH ZLWK D VROLG
SKDVH LV QHJOLJLEOH� $W WKH VDPH WLPH� LW LV LQLWLDWHG
UHDOO\ DW WKH IURQW RI FU\VWDOOL]DWLRQ� &RQVHTXHQWO\�
LW FDQ EH H[SHFWHG WKDW WKH OHYHO RI K\GURJHQ GLIIXVLRQ
LQWR WKH JDV EXEEOH IURP WKH VROLG SKDVH ZLOO EH KLJK�

/�$� 7DUDERUNLQ VXJJHVWHG WR PDNH DOORZDQFH IRU
WKH DERYH�PHQWLRQHG HIIHFW DV IROORZV� /DZ RI PDVV
FRQVHUYDWLRQ LV GHVFULEHG LQ WKH IRUP RI D ERXQGDU\
FRQGLWLRQ DW WKH EXEEOH VXUIDFH

G0(W)
GW

= >36β(W) + 3/(� w β(W))@σ(W)� ���

ZKHUH0 LV WKH PDVV RI K\GURJHQ LQ D EXEEOH� 36� 3/

DUH WKH IORZV RI GLIIXVHG JDV IURP VROLG DQG OLTXLG
SKDVHV� UHVSHFWLYHO\� β�W� LV WKH IUDFWLRQ RI DUHD RI

WKH EXEEOH VXUIDFH DW WKH PRPHQW RI WLPH W� σ�W� LV
WKH DUHD RI EXEEOH VXUIDFH DW WKH PRPHQW RI WLPH W�

7KH JDV IORZ IURP WKH VROLG SKDVH LV GHWHUPLQHG
E\ WKH VROXWLRQ RI D QRQ�OLQHDU SUREOHP RI GLIIXVLRQ
ZLWK D ERXQGDU\ FRQGLWLRQ� KHUH WKH UHDFWLRQ RI K\�
GURJHQ VROYDWLRQ DW WKH UDWH SURSRUWLRQDO WR WKH VTXDUH
RI FRQFHQWUDWLRQ RI JDV DWRPV LQ WKH H[WHUQDO OD\HU LV
WDNHQ LQWR DFFRXQW�

36 = .&6
VXUI

� (W)� ���

ZKHUH. LV WKH FRHIILFLHQW RI SURSRUWLRQDOLW\ �FRQVWDQW

RI VROYDWLRQ UHDFWLRQ UDWH�� &6
VXUI

� LV WKH VXUIDFH FRQ�

FHQWUDWLRQ RI JDV DWRPV DW WKH EXEEOH ERXQGDU\� ,W
ZDV WDNHQ LQWR DFFRXQW LQ WKH ODVW FRQGLWLRQ WKDW WKH
FKHPLFDO SRWHQWLDO RI JDV LQ EXEEOHV LV PXFK KLJKHU
WKDQ LQ VROLG PHWDO� VR WKH GLIIXVLRQ IORZ IURP WKH
JDV SKDVH WR WKH VROLG SKDVH �WR PHWDO� FDQ EH FRQ�
VLGHUHG QHJOLJLEOH�

5HVXOWV RI FDOFXODWLRQ H[SHULPHQWV �)LJXUH ��� LO�
OXVWUDWH WKH NLQHWLFV RI JURZWK DQG UDWH RI JURZWK RI
WKH JDV EXEEOH �K\GURJHQ EXEEOH� LQ WKH VROLGLI\LQJ
PHOW ZLWK DOORZDQFH IRU WKH K\GURJHQ GLIIXVLRQ IURP
WKH VROLG SKDVH�

)RUPDWLRQ RI SRUHV LQ ZHOG� 5HVXOWV RI QXPHULFDO
H[SHULPHQWV RQ UHGLVWULEXWLRQ RI JDVHV LQ ZHOG SRRO

)LJXUH ��� 6FKHPH RI GHWHUPLQDWLRQ RI D VWRSSLQJ UDGLXV RI EXEEOH DVW �D� DQG GHSHQGHQFH RI LWV YDOXHV DW ZKLFK LWV JURZWK LV LQWHUUXSWHG
RQ K\GURJHQ FRQFHQWUDWLRQ & DQG UDWH RI FU\VWDOOL]DWLRQ �E�� � x YFU\VW  ����� � x ����� � x ����� � x ���� FP�V

)LJXUH ��� 'HSHQGHQFH RI UDWH RI K\GURJHQ �D GLDPHWHU EXEEOH JURZWK Y%* RQ K\GURJHQ FRQFHQWUDWLRQ & LQ PROWHQ PHWDO� D x ��� �
� & � ��� x KLJK RYHUVDWXUDWLRQV� E x ���� � & � ���� x VPDOO RYHUVDWXUDWLRQV� � x �D  ���� � x ���� � x ��� PP
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FU\VWDOOL]DWLRQ DQG JURZWK RI JDV EXEEOHV ZHUH XVHG WR
DQDO\]H WKH FDXVHV RI IRUPDWLRQ RI SRUHV LQ ZHOGV >��@�

7ZR FDVHV ZHUH FRQVLGHUHG�
�� &RQFHQWUDWLRQ RI GLVVROYHG JDV LV ZLWKLQ WKH

LQWHUYDO RI LWV VROXELOLW\ LQ VROLG 66 DQG OLTXLG 6/

PHWDO�

66 � ¯/��� ≤ 6/� ���

�� &RQFHQWUDWLRQ RI GLVVROYHG JDV H[FHHGV WKH OLPLW
RI LWV VROXELOLW\ LQ PROWHQ PHWDO DW WKH VDPH FRQGL�
WLRQV�

¯/��� ! 6/� ���

&DVH �� $W D SODQH IURQW RI FU\VWDOOL]DWLRQ WKH
GLVWULEXWLRQ RI GLVVROYHG JDV DKHDG RI WKH IURQW LV
GHVFULEHG E\ WKH IRUPXOD

&/([) = &/(�)




� + � w N

N
H[S





w

YFU\VW[

'/










 � ���

ZKHUH &/  &/�[� LV WKH FXUUHQW JDV FRQFHQWUDWLRQ LQ
ZHOG SRRO� N LV WKH FRHIILFLHQW RI K\GURJHQ GLVWULEXWLRQ
HTXDO WR UDWLR 66�6/�

,Q DFFRUGDQFH ZLWK WKH IRUPXOD ��� WKH JDV FRQ�

FHQWUDWLRQ LV FKDQJHG IURP &/����N �PD[LPXP GL�

UHFWO\ DW WKH FU\VWDOOL]DWLRQ IURQW� WR &/��� �DW VRPH

GLVWDQFH IURP LW�� ,Q WKH UHJLRQ RI D FRQFHQWUDWLRQ

SDFNLQJ ZKLFK LV DGMDFHQW WR WKH SKDVH LQWHUIDFH WKH

FRQFHQWUDWLRQ RI WKH GLVVROYHG JDV HF[HHGV LWV HTXL�

OLEULXP VROXELOLW\ 6/ LQ PROWHQ PHWDO� L�H�

66 � ¯/ � ¯/����N� ���

7KH PROWHQ PHWDO LQ WKH VHFRQG UHJLRQ LV GHSOHWHG
DV UHJDUGV WR 6/� ,Q WKH RYHUVDWXUDWHG UHJLRQ WKH IRU�
PDWLRQ RI JDV EXEEOHV DQG WKHLU JURZWK DUH SRVVLEOH
�)LJXUH ��� D�� 7KH ODWWHU FDQ RFFXU DOVR LQ FDVH ZKHQ

WKH SDUW RI LWV VXUIDFH FRYHUV WKH GHSOHWHG UHJLRQ� 7KH
EXEEOH JURZWK LV LQWHUUXSWHG LI WKH DUHD RI LWV VXUIDFH�
ZKLFK FRYHUV WKH GHSOHWHG UHJLRQ� EHFRPHV ODUJHU WKDQ
WKH DUHD RI WKH EXEEOH VXUIDFH LQ DQ HQULFKHG OD\HU�

$VVXPLQJ [  DVW� &/�[�  6/ LQ HTXDWLRQ ��� LW
LV SRVVLEOH WR GHWHUPLQH D UDGLXV RI EXEEOH DVW� DW
ZKLFK LWV JURZWK LV LQWHUUXSWHG� )LJXUH ��� E JLYHV
WKH UHVXOWV RI FDOFXODWLRQ DVW GHSHQGLQJ RQ WKH K\GUR�
JHQ FRQFHQWUDWLRQ DQG UDWH RI FU\VWDOOL]DWLRQ�

$W WKH PRPHQW RI EXEEOH JURZWK LQWHUUXSWLRQ WKH
IURQW RI FU\VWDOOL]DWLRQ �E\ SDVVHV� WKH EXEEOH DQG DV
LI IL[HV LW LQ WKH VROLGLILHG PHWDO� 5HVXOWV RI FDOFXODWLRQ
VKRZHG WKDW WKH LQFUHDVH LQ FU\VWDOOL]DWLRQ UDWH OHDGV
WR WKH GHFUHDVH LQ WKLFNQHVV RI WKH GLIIXVLRQ ERXQGDU\
OD\HU� ,Q DGGLWLRQ� WKH EXEEOH UDGLXV VKRXOG EH UHGXFHG
WR WKH YDOXH RI WKH VPDOOHVW FULWLFDO UDGLXV RI WKH QX�
FOHXV� ,Q WKLV FDVH WKH IRUPHG EXEEOH QXFOHXV LV GLV�
VROYHG�

7KXV� ZLWK LQFUHDVH LQ ZHOGLQJ VSHHG WKH SURE�
DELOLW\ RI SRUH IRUPDWLRQ LQ WKH ZHOG SRRO QHDU WKH
IXVLRQ OLQH LV GHFUHDVHG� LI WKH FRQFHQWUDWLRQ RI WKH
GLVVROYHG JDV LQ WKH ZHOG SRRO &/��� LV LQ WKH UDQJH
RI 66 � &/��� ≤ 6/�

,I WKH UDWH RI FU\VWDOOL]DWLRQ DQG EXEEOH JURZWK
KDYH FORVH YDOXHV� WKHQ WKH SRUHV RI DQ HORQJDWHG VKDSH
DUH IRUPHG� 7KH JDV HQWHU LQWR WKHVH SRUHV FDQ RFFXU
QRW RQO\ IURP WKH VLGH RI WKH PROWHQ PHWDO� EXW DOVR
IURP WKH VLGH RI WKH VROLGLILHG PHWDO� EHFDXVH ZLWK WKH
GHFUHDVH LQ WHPSHUDWXUH DQ RYHUVDWXUDWHG VROXWLRQ RI
JDV LV IRUPHG LQ WKH VROLG PHWDO DQG� LQ DFFRUGDQFH
ZLWK ODZV RI WKHUPRG\QDPLFV� WKH FRQGLWLRQV IRU JDV
WUDQVIHU IURP WKH VROXWLRQ WR WKH SRUHV DUH FUHDWHG�

,Q WUDQVLWLRQ RI WKH FU\VWDOOL]DWLRQ IURQW IURP SODQH
WR FHOOXODU�GHQGULWLF� WKH VWUXFWXUH RI WKH GLIIXVLRQ
ERXQGDU\ OD\HU LV FKDQJHG� $W WHPSHUDWXUH DERYH WKH
OLTXLGXV WHPSHUDWXUH WKH RYHUVDWXUDWLRQ RI WKH PROWHQ
PHWDO ZLWK K\GURJHQ LV QRW RFFXUUHG�

$W K\GURJHQ FRQFHQWUDWLRQ &/��� LQ WKH ZHOG SRRO
LQ WKH UDQJH RI 66 � &/��� ≤ 6/ WKH JDV EXEEOH QX�
FOHDWLRQ DKHDG RI WKH FU\VWDOOL]DWLRQ IURQW �PRUH H[�
DFWO\� DKHDG RI JURZLQJ FHOOV� LV LPSUREDEOH� $W FHO�
OXODU DQG GHQGULWLF IURQW RI FU\VWDOOL]DWLRQ WKH RULJLQ
RI JDV EXEEOH QXFOHL FDSDEOH WR WKH IXUWKHU JURZWK LV
SRVVLEOH RQO\ LQ RYHUVDWXUDWHG YROXPHV RI WKH LQWHU�
FU\VWDOOLQH OLTXLG�

&DOFXODWLRQV SURYHG WKDW DW FRROLQJ UDWHV W\SLFDO
RI DUF ZHOGLQJ� WKH FULWLFDO UDGLXV RI WKH QXFOHL EXEEOH
UDGLXV LV RFFXUUHG WR EH ODUJHU WKDQ WKH WUDQVYHUVH
VL]HV RI WKH OLTXLG SKDVH �7DEOH ��� 7KHUHIRUH� WKH
JURZWK RI JDV EXEEOHV LQ LQWHUFU\VWDOOLQH YROXPHV RI

7DEOH �� &KDQJH RI UHODWLYH GHJUHH RI RYHUVDWXUDWLRQ RI LQWHUFU\V�
WDOOLQH OLTXLG &′� FULWLFDO UDGLXV RI JDV EXEEOH DFU DQG WUDQVYHUVH
VL]HV RI OLTXLG SKDVH ξ LQ OHQJWK RI D WZR�SKDVH ]RQH

'LVWDQFH IURP

D[HV RI ILUVW

RUGHU� PP

¯′  &/�6/ DFU� PP ξ

��� ����� ����� �����

��� ����� ����� �����

��� ����� ����� �����

��� ����� ����� �����

��� ����� ����� �����

7DEOH �� &RQWHQW RI JDVHV LQ PHWDO LQ ZHOGLQJ ZLWK GLIIHUHQW W\SHV RI IOX[�FRUHG ZLUHV DQG SUHVHQFH RI SRUHV LQ ZHOG

7\SH RI ZLUH FRUH
:HOGLQJ VSHHG�

P�K

&RQFHQWUDWLRQ RI

>+@GLII� ÏP
�
���� J

0DVV VKDUH RI JDVHV LQ PHWDO� �
3UHVHQFH RI SRUHV

1 2

&DUERQDWH�IOXRULWH �� ���� ����� ����� <HV

�� ���� ����� ����� 1R

5XWLOH�RUJDQLF �� ���� ����� ����� 6DPH

�� ���� ����� ����� <HV
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OLTXLG LV LPSRVVLEOH� DQG DOO WKH JDV IURP WKH ZHOG
SRRO LV WUDQVIHUUHG LQWR WKH VROLGLILHG PHWDO ZLWK WKH
IRUPDWLRQ RI WKH RYHUVDWXUDWHG VROLG VROXWLRQ� 7KH
FDOFXODWLRQ H[SHULPHQW JLYHV DQ RSSRUWXQLW\ WR XQ�
GHUVWDQG WKH SK\VLFDO QDWXUH RI WKH SURFHVV RI ZHOG
PHWDO RYHUVDWXUDWLRQ ZLWK K\GURJHQ ZKLFK ZDV RE�
VHUYHG HDUOLHU LQ H[SHULPHQWV >��@�

&DVH �� &RQFHQWUDWLRQ RI WKH GLVVROYHG JDV H[FHHGV
WKH OLPLW RI LWV VROXELOLW\ LQ WKHPROWHQPHWDOx &/��� !
! 6/� 7KH UDWH RI JURZWK RI JDV EXEEOHV QHDU WKH IXVLRQ
OLQH DW WKH SODQH IURQW RI FU\VWDOOL]DWLRQ LV PXFK KLJKHU
WKDQ WKH UDWH RI WKH FU\VWDOOL]DWLRQ� 7KLV LV FRQWULEXWHG
E\ WKH KLJKHU GHJUHH RI RYHUVDWXUDWLRQ RI PROWHQ PHWDO
DKHDG RI FU\VWDOOL]DWLRQ IURQW DV FRPSDUHG ZLWK WKH UHVW
YROXPH RI PROWHQ PHWDO� )RU H[DPSOH� IRU EXEEOHV�
JURZLQJ GLUHFWO\ DW WKH IXVLRQ OLQH WKH UHODWLYH GHJUHH
RI K\GURJHQ RYHUVDWXUDWLRQ DW WKH FU\VWDOOL]DWLRQ IURQW
LV ��� FP�V�ZKLOH WKH UDWH RI WKH EXEEOH JURZWK H[FHHGV
�� FP�V �)LJXUH ��� D��

,Q WKLV FDVH WKH QXFOHDWLRQ DQG JURZWK RI JDV EXE�
EOHV LQ WKH ZHOG SRRO YROXPH LV DOVR SRVVLEOH�

$W VPDOO JDV RYHUVDWXUDWLRQ LQ WKH ZHOG SRRO WKH
FRQGLWLRQV IRU IRUPDWLRQ RI SRUHV DW FHOOXODU DQG GHQ�
GULWLF QDWXUH RI FU\VWDOOL]DWLRQ PD\ RFFXU� 7KLV LV SRV�
VLEOH LQ FDVH LI WKH UDWH RI FU\VWDOOL]DWLRQ LV KLJKHU
WKDQ WKDW RI JURZWK RI WKH JDV EXEEOHV �)LJXUH ���
E�� :LWK LQFUHDVH LQ ZHOGLQJ VSHHG WKH SUREDELOLW\ RI
SRUHV IRUPDWLRQ LQ ZHOG D[LV LV LQFUHDVHG� $QG YLFH
YHUVD� WKH LQFUHDVH LQ RYHUVDWXUDWLRQ GHJUHH OHDGV WR
WKH DFFHOHUDWLRQ RI JURZWK RI EXEEOHV� L�H� SURPRWHV
WKH GHFUHDVH LQ SUREDELOLW\ RI SRURVLW\ IRUPDWLRQ�

&RQFHSWLRQV DERXW PHFKDQLVP RI SRUH IRUPDWLRQ�
IRUPXODWHG RQ WKH EDVLV RI WKH SK\VLFDO PRGHO DQG
FDOFXODWLRQ H[SHULPHQWV� ZHUH WHVWHG H[SHULPHQWDOO\
LQ ZHOGLQJ ZLWK WZR W\SHV RI VHOI�VKLHOGLQJ IOX[�FRUHG
ZLUHV� 7KH H[SHULPHQWDO GDWD REWDLQHG KDYH D JRRG
FRUUHODWLRQ ZLWK FDOFXODWHG GDWD �7DEOH ��� $V LV VHHQ
IURP WKH 7DEOH WKH SRUH IRUPDWLRQ LV GHWHUPLQHG E\
WZR IDFWRUV� VXFK DV FRQWHQW RI JDVHV LQ WKH ZHOG SRRO
DQG UDWH RI LWV FU\VWDOOL]DWLRQ�

&21&/86,216

��0RGHOOLQJ RI FRPSOH[ SURFHVVHV SURFHHGLQJ LQZHOG�
LQJ PHWDOV VKRXOG EH EDVHG RQ IXQGDPHQWDO NQRZOHGJH
LQ WKH ILHOG RI WKHUPRG\QDPLFV� NLQHWLFV RI PHWDOOXU�
JLFDO SURFHVVHV� PHWDO SK\VLFV� HWF�

�� 0RGHOOLQJ LV UDWLRQDO� LQ SDUWLFXODU IRU VWXG\ RI
WKH SURFHVVHV� ZKRVH GLUHFW H[SHULPHQWDO LQYHVWLJDWLRQ
XVLQJ WKH SK\VLFDO�FKHPLFDO PHWKRGV LV GLIILFXOW DW
SUHVHQW� +RZHYHU� WKH EHVW UHVXOWV DUH SURYLGHG E\
PRGHOOLQJ LQ FRPELQDWLRQ ZLWK H[SHULPHQWDO LQYHVWL�
JDWLRQV�

�� 7KH XVH RI DGYDQFHG FRPSXWHU HQJLQHHULQJ PDNHV
LW SRVVLEOH WR FRQVWUXFW WKH G\QDPLF WKUHH�GLPHQVLRQDO
PRGHOV DQG WR SURYLGH PRUH SURIRXQG NQRZOHGJH ZLWK
WKHLU KHOS DERXW WKH ZHOGLQJ SURFHVVHV�

�� 3RNKRGQ\D� ,�.� ������ *DVHV LQ ZHOGV� 0RVFRZ� 0DVKL�
QRVWURHQLH�

�� 3RNKRGQ\D� ,�.� ������ +\GURJHQ EHKDYLRXU LQ ZHOGHG
MRLQWV� ,Q� 3URF� RI -RLQW 6HPLQDU RQ +\GURJHQ 0DQDJH�
PHQW LQ 6WHHO :HOGPHQWV� $XVWUDOLD� '672 DQG :7,$�

�� 0DNKQHQNR� 9�,� ������ &RPSXWHU PRGHOOLQJ RI ZHOGLQJ SURF�
HVVHV� ,Q� $GYDQFHG PDWHULDOV VFLHQFH� ��VW FHQWXU\� (G� E\ ,�.�
3RNKRGQ\D� &DPEULGJH� &DPEULGJH ,QW� 6FL� 3XEO�

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

�� /DNRPVN\� 9�,� ������ 6ROXELOLW\ RI K\GURJHQ LQ OLTXLG LURQ
XS WR ERLOLQJ WHPSHUDWXUH� 'RNODG\ $1 6665� �� ���w����

�� 3RNKRGQ\D� ,�.�� 7V\EXONR� ,�,�� 2UORY� /�1� ������ ,QIOX�
HQFH RI IOX[ FRPSRVLWLRQ RQ K\GURJHQ FRQWHQW LQ &2� ZHOG�
LQJ OLTXLG PHWDO� $YWRPDWLFK� 6YDUND� ��� �w��

�� 3RNKRGQ\D� ,�.�� 3DOWVHYLFK� $�3�� *RORYNR� 9�9� HW DO�
������ 7HFKQRORJ\ DQG PHWDOOXUJ\ PHWKRGV IRU GHFUHDVLQJ
GLIIXVLEOH K\GURJHQ� ,,: 'RF� ,,�����w���

�� *RUSHQ\XN� 9�1�� 7DUDERUNLQ� /�$�� 0DNDUHQNR� 9�'� HW
DO� ������ (VWLPDWLRQ RI WKHUPRG\QDPLF SUREDELOLW\ RI IRU�
PDWLRQ RI WLWDQLXP DQG VLOLFRQ WHWUDIOXRULGHV LQ EDVLF HOHF�
WURGH VODJV� ,Q� 3URF� RI $OO�8QLRQ &RQI� RQ :HOGLQJ &RQ�
VXPDEOHV� &KHUHSRYHWV� 2FW� ��w��� ����� .\LY� 3:,�

�� 3RNKRGQ\D� ,�.�� 6KYDFKNR� 9�,�� 8WNLQ� 6�9� ������ &DO�
FXODWHG HVWLPDWLRQ RI K\GURJHQ EHKDYLRXU LQ DUF FKDUJH� $Y�
WRPDWLFK� 6YDUND� �� �w���

��� 3RNKRGQ\D� ,�.�� 'HPFKHQNR� 9�)�� 'HPFKHQNR� /�,�
������ 0DWKHPDWLFDO PRGHOOLQJ RI JDVHV EHKDYLRXU LQ
ZHOGV� .\LY� 1DXNRYD 'XPND�

��� 3RNKRGQ\D� ,�.�� 3DOWVHYLFK� $�3�� <DYGRVKFKLQ� ,�5� HW DO�
������ ,QIOXHQFH RI ZHOGLQJ FRQGLWLRQ DQG EDNLQJ WHPSHUD�
WXUH RI UXWLOH HOHFWURGHV RQ ZHOG SRURVLW\� $YWRPDWLFK�
6YDUND� �� ��w���

��� 3RNKRGQ\D� ,�.�� 'HPFKHQNR� /�,�� 3DOWVHYLFK� $�3� HW DO�
������ .LQHWLFV RI K\GURJHQ GLIIXVLRQ UHGLVWULEXWLRQ EH�
WZHHQ ZHOG DQG EDVH PHWDO LQ DUF ZHOGLQJ� ,ELG�� �� �w��

��� 6KOHSDNRY� 9�1�� 6XSUXQ� 6�$�� .RWHOFKXN� $�6� ������ .L�
QHWLFV RI JDVVLQJ LQ IOX[�FRUHG ZLUH ZHOGLQJ� ,Q� ,QIRUP�
0DWHULDOV� &0($� &RRUG� &HQWHU RQ 3UREOHP �'HYHORS�
PHQW RI VFLHQW� IXQGDPHQWDOV DQG QHZ WHFKQRO� SURFHVVHV RI
ZHOGLQJ� VXUIDFLQJ DQG WKHUPDO FXWWLQJ RI GLIIHUHQW PDWHUL�
DOV DQG DOOR\V WR SURGXFH WKH ZHOGHG VWUXFWXUHV DQG WR FUH�
DWH WKH HIILFLHQW ZHOGLQJ FRQVXPDEOHV DQG HTXLSPHQW��
,VVXH �� .\LY� 1DXNRYD 'XPND�

��� .RWHOFKXN� $�6� ������ .LQHWLFV RI WKHUPDO GHVWUXFWLRQ RI
SRZGHU PDWHULDOV DQG WKHLU PL[WXUHV� ,Q� $UF ZHOGLQJ� 0D�
WHULDOV RQ WKH WKUHVKROG RI WKH ��VW FHQWXU\� 3URF� RI �QG
,QW� &RQI� RQ :HOGLQJ &RQVXPDEOHV RI &0($ &RXQWULHV�
2U\RO� -XQH �w�� �����
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9�.� /(%('(9 DQG $�$� 3,60(11<

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

7KH SDSHU JLYHV DQDO\VLV DQG FRPSDULVRQ RI YDULRXV SRZHU V\VWHPV RI IODVK�EXWW ZHOGLQJ PDFKLQHV E\ WKHLU SRZHU

FKDUDFWHULVWLFV� QDPHO\ VLQJOH�SKDVH V\VWHPV RI LQGXVWULDO IUHTXHQF\ DQG WKUHH�SKDVH V\VWHPVZLWK FRQYHUWHUV RI IUHTXHQF\

DQG SKDVH QXPEHU �ZLWK WK\ULVWRU LQYHUWHUV DQG ELSRODU WUDQVLVWRUV�� ,W LV VKRZQ WKDW D V\VWHP ZLWK DQ LQYHUWHU FRQYHUWHU�

XVLQJ SRZHU WUDQVLVWRUV� KDV DQ DGYDQWDJH RYHU WKH V\VWHP ZLWK D WK\ULVWRU FRQYHUWHU LQ WHUPV RI GLVWULEXWLRQ RI FXUUHQWV

LQ WKH PDLQV SKDVHV� DV SRZHU FRQVXPHU� +LJK SRZHU IDFWRU� FORVH ZHLJKW DQG GLPHQVLRQDO LQGLFHV RI WKH ORZHU�IUHTXHQF\

WUDQVIRUPHU WR WKRVH RI FRPPHUFLDO�IUHTXHQF\ WUDQVIRUPHU DQG DEVHQFH RI SRZHUIXO UHFWLILHU GLRGHV LQ WKH VHFRQGDU\

FLUFXLW DUH LQGLFDWLYH RI WKH JRRG SURVSHFWV IRU DSSOLFDWLRQ RI WKH WUDQVLVWRU LQYHUWHU ZLWK WKH VHW IUHTXHQF\ RI �� +]�

.H\ ZRU G V � IODVK�EXWW ZHOGLQJ� V\PPHWULFDO SRZHU V\V�
WHP� WUDQVLVWRU LQYHUWHU� SRZHU IDFWRU

$GYDQFH RI SRZHU FRQYHUWHUV HQDEOHG GHYHORSPHQW RI

QHZ W\SHV RI SRZHU V\VWHPV IRU KLJK�FDSDFLW\ IODVK�

EXWW ZHOGLQJ PDFKLQHV� 7KH FXUUHQWO\ XVHG PDFKLQHV
ZLWK WKH SRZHU V\VWHP� FRQVLVWLQJ RI D WKUHH�SKDVH

UHFWLILHU� KLJKHU�IUHTXHQF\ LQYHUWHU DQG WUDQVIRUPHU

ZLWK D UHFWLILHU LQ WKH VHFRQGDU\ FLUFXLW� KDYH D ORZ

HIILFLHQF\� 3RZHU ORVVHV LQ WKH YDOYHV DUH FORVH WR� DQG

LQ VRPH FDVHV DUH KLJKHU WKDQ WKH SRZHU� FRQVXPHG

LQ IRUPDWLRQ RI D ZHOGHG MRLQW� 7KH RQO\ PHWKRG WR

LQFUHDVH WKH HIILFLHQF\ LV HOLPLQDWLRQ RI UHFWLILHUV LQ

WKH PDFKLQH VHFRQGDU\ FLUFXLW� L�H� WUDQVLWLRQ WR DOWHU�

QDWLQJ FXUUHQW� 6XFK PDFKLQHV ZHUH SURGXFHG PDQ\

\HDUV DJR� DQG WKH\ RSHUDWHG DW D IUHTXHQF\ RI DERXW

� +]� 6XFK D ORZ IUHTXHQF\ ZDV VHOHFWHG WR GHFUHDVH
WKH PDFKLQH LPSHGDQFH� DQG� KHQFH� DOVR LWV SRZHU�

EXW LQ WKLV FDVH WKH WUDQVIRUPHU ZHLJKW LQFUHDVHGPDQ\
WLPHV >�@� 0DFKLQHV ZLWK VXFK WUDQVIRUPHUV KDYH

IRXQG D OLPLWHG DSSOLFDWLRQ DQG DUH QRW FXUUHQWO\ XVHG�
7KH IUHTXHQF\ FRXOG EH LQFUHDVHG� EXW LQ WKLV FDVH�
WKH ORDG RQ WKH PDLQV SKDVHV EHFRPHV WKH PRUH QRQ�

XQLIRUP� WKH FORVHU LV WKH FRQYHUWHG IUHTXHQF\ WR WKH

PDLQV IUHTXHQF\� )UHTXHQF\ LQFUHDVH UHTXLUHV LQFUHDV�

LQJ WKH SRZHU�

:RUN >�@ GHVFULEHV D QHZ SRZHU V\VWHP� FORVH WR
WKH RQH� PHQWLRQHG DERYH� EXW GLIIHULQJ LQ WKDW D

XQLIRUP ORDGLQJ RI WKH SKDVHV LV DFKLHYHG RQO\ GXULQJ

WKUHH KDOI�F\FOHV RI FRQYHUWHG �ORZ� IUHTXHQF\� 7KH

V\VWHP FDQQRW EH UHJDUGHG DV V\PPHWULFDO LQ WKH IXOO

VHQVH RI WKLV WHUP� 7KH LQVWDQW SRZHU GRHV QRW UHPDLQ

FRQVWDQW DW DQ\ PRPHQW �PDLQ IHDWXUH RI D V\PPHW�

ULFDO V\VWHP�� EXW WKH FXUUHQWV LQ WKH SKDVHV DUH HTXDOL�

]HG ZLWKLQ D VKRUW WLPH SHULRG� DQG LQ WKHVH WHUPV WKH

V\VWHP LV V\PPHWULFDO� $ V\VWHP� FRQVLGHUHG LQ >�@�

LV QRW LGHDO� EXW LW LV VXSHULRU LQ PDQ\ UHVSHFWV WR

WKRVH FXUUHQWO\ XVHG�

$ VLPLODU V\VWHP LV FRQVLGHUHG KHUH� EXW LW KDV D
WUDQVLVWRU LQYHUWHU �)LJXUH ��� 7UDQVLVWRUV RI WKH LQYHUWHU

NH\ SHUPLW VZLWFKLQJ WR EH SHUIRUPHG DW DQ\ PRPHQW
RI WLPH� ,Q WKLV FDVH VZLWFKLQJ LV SHUIRUPHG DIWHU D WLPH�

PXOWLSOH RI ��� RI WKH PDLQV KDOI�F\FOH� 'HSHQGLQJ RQ

WKH QXPEHU RI �VLQXVRLG FURZQV�� WKH SUHVHQWHG V\VWHP

FDQ EH VHW WR WKH IROORZLQJ IUHTXHQFLHV�

I = �

����Q
�

/HW XV FRQVLGHU D V\VWHP ZLWK WKH VHW IUHTXHQF\
RI �� +] �Q  ��� 9ROWDJH DQG FXUUHQW SORWV DUH VKRZQ

LQ )LJXUH �� /HW XV FRPSDUH WKH PDLQ LQGLFHV RI WKLV

SRZHU V\VWHP WR WKRVH RI ZLGHO\ XVHG VLQJOH� DQG

WKUHH�SKDVH V\VWHPV� ILWWHG ZLWK D WK\ULVWRU LQYHUWHU

>�@� /HW XV UHSUHVHQW WKH HTXLYDOHQW FLUFXLW RI WKH
PDFKLQH �LQFOXGLQJ WKH WUDQVIRUPHU� VHFRQGDU\ FLUFXLW

DQG ZHOGLQJ FRQWDFW� DV UHVLVWDQFH U DQG UHDFWDQFH

�LQGXFWDQFH� ;� FRQQHFWHG LQ VHULHV� ,Q WKLV FDVH

L = & H[S



w

W

τ


 + 8

U

�

ZKHUH L LV WKH FXUUHQW� 8  ����8� LV WKH DFWLYH YDOXH

DW FRQYHUWHU LQSXW� τ  ;�ωU  WJ ϕ�ω LV WKH WLPH
FRQVWDQW� ϕ LV WKH SKDVH VKLIW RI FXUUHQW FXUYH UHODWLYH

WR YROWDJH FXUYH� W LV WKH WLPH� 8� LV WKH DFWLYH YDOXH

RI OLQHDU YROWDJH� & = w�

8

U



� + H[S



w

WS

τ





 LV WKH

� 9�.� /(%('(9 DQG $�$� 3,60(11<� ����

)LJXUH �� 3RZHU V\VWHP RI D IODVK�EXWW ZHOGLQJ PDFKLQH ZLWK D
WUDQVLVWRU LQYHUWHU �IRU GHVFULSWLRQ RI VHFWLRQV ,w9 VHH WKH WH[W� )LJXUH �� *UDSKV RI YROWDJH DQG FXUUHQW DW FRQYHUWHU RXWSXW
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IUHH FRPSRQHQW RI FXUUHQW� ω  �πI  ��� Vw� LV WKH
DQJXODU IUHTXHQF\� WS  7�� LV KDOI RI WKH F\FOH RI
FRQYHUWHG IUHTXHQF\�

+LJK�FDSDFLW\ IODVK�EXWW ZHOGLQJ PDFKLQHV IRU
MRLQLQJ ODUJH�VL]HG SDUWV ZLWK JUHDW WKLFNQHVVHV KDYH
D VLJQLILFDQW LQGXFWDQFH ;� PXFK KLJKHU WKDQ RKPLF
UHVLVWDQFH U� 7KHUHIRUH� ZH ZLOO WDNH 8� ; DV EDVLF
YDOXHV� DQG ZH ZLOO IXUWKHU PRYH IURP DEVROXWH WLPH
WR WKH WLPH� FDOFXODWHG E\ WKH DQJOH RI PDLQV YROWDJH�
:H IXUWKHU DVVXPH WKDW LQ WKH FRQVLGHUHG KDOI�F\FOH
RI FRQYHUWHG IUHTXHQF\ ��� +]� WKH FXUUHQW IORZV DV
IROORZV �)LJXUH ��� LQ SKDVH D x VHFWLRQV ,� ,,� ,9
DQG 9� HDFK RI π�� GXUDWLRQ� LQ E x ,� ,,, DQG ,9�
LQ F x ,,� ,,, DQG 9� /HW XV GHQRWH WKH DFWLYH YDOXHV
RI FXUUHQWV� H[SUHVVHG LQ UHODWLYH XQLWV� ZKLFK DUH
UHGXFHG WR WKH SULPDU\ FLUFXLW� DV IROORZV� ZHOGLQJ x
LH DQG SKDVH x LD� LE� LF� /HW XV FRQGXFW LQWHJUDWLRQ
ZLWKLQ RQH KDOI�F\FOH RI ORZ IUHTXHQF\ ��w�π����
&DOFXODWLRQ UHVXOWV DUH SUHVHQWHG LQ WDEXODWHG IRUP
DQG )LJXUH ��

$V LV VHHQ IURP WKH 7DEOH� SKDVH FXUUHQWV KDYH
GLIIHUHQW YDOXHV� EXW GXULQJ ��� F\FOH WKHLU YDOXH LV
DYHUDJHG DQG EHFRPHV HTXDO WR

LM = √>(LD� + LE� + LF�)��@�

)LJXUH � VKRZV IRU FRPSDULVRQ WKH VDPH YDOXHV RI
SKDVH FXUUHQWV IRU RQH KDOI�F\FOH RI D ORZ IUHTXHQF\�
WDNHQ IURP >�@� $V IROORZV IURP WKH FRPSDUHG GLD�
JUDPV� WKH DGYDQWDJHV RI WKH WUDQVLVWRU FRQYHUWHU LQ
WHUPV RI GLVWULEXWLRQ RI FXUUHQWV E\ SKDVHV DUH LQGX�
ELWDEOH� /HW XV GHWHUPLQH WKH SRZHU IDFWRU RI D WKUHH�
SKDVH FRQYHUWHU DQG FRPSDUH LW ZLWK WKH SRZHU IDFWRU
RI D V\VWHP ZLWK VLQJOH�SKDVH SRZHU� 3RZHU IDFWRU

. = 3

6
= �����

LH

WJ ϕ� 3 =



8

;





�

LH�U� 6 = �8DY

8

;
LM�

ZKHUH 3� 6 DUH WKH DFWLYH DQG DSSDUHQW SRZHU�

8
DY

= 8

����⋅�����

'HSHQGHQFH RI SRZHU IDFWRU RI D FRQYHUWHU ZLWK
WKUHH�SKDVH SRZHU RQ SRZHU IDFWRU RI D V\VWHP ZLWK
VLQJOH�SKDVH SRZHU �)LJXUH �� FRQILUPV WKH DGYDQ�
WDJHV RI D V\VWHP ZLWK WKH LQYHUWHU� FRPSDUHG WR WKH
VLPSOHVW VLQJOH�SKDVH V\VWHP DW XQFKDQJHG ORDG IRU
ERWK WKH V\VWHPV� $ WUDQVLVWRU LQYHUWHU KDV D VRPHZKDW
KLJKHU SRZHU IDFWRU WKDQ GRHV WKH WK\ULVWRU LQYHUWHU�
7KH UDWLR RI SKDVH FXUUHQW RI WKUHH�SKDVH PDLQV� SR�
ZHULQJ D WUDQVLVWRU LQYHUWHU WKURXJK D UHFWLILHU� WR WKH
FRQYHUWHG FXUUHQW LV WKH VDPH� DVZKHQ D UHJXODU EULGJH

UHFWLILHU LV XVHG DQG LW LV HTXDO WR ������ LUUHVSHFWLYH
RI WKH SRZHU IDFWRU�

)UHTXHQF\ ORZHULQJ DW D VSHFLILHG YDOXH RI ZHOGLQJ
FXUUHQW LQFUHDVHV WKH QXPEHU RI IOX[ OLQNDJHV LQ WKH
WUDQVIRUPHU� $W WKH IUHTXHQF\ RI �� +]

8
P� VLQ ωW =

Gψ(�)

GW
�

ZKHQFH

ψ(�) =
√ � 8(�)

ω �

ZKHUH 8P� LV WKH DPSOLWXGH YDOXH RI YROWDJH� DSSOLHG
WR WKH WUDQVIRUPHU SULPDU\ ZLQGLQJ�8��� LV WKH DFWLYH
YDOXH RI SULPDU\ YROWDJH� ψ��� LV WKH IOX[ OLQNDJH LQ
D FRPPHUFLDO�IUHTXHQF\ WUDQVIRUPHU�

,Q D WKUHH�SKDVH V\VWHP ZLWK DQ LQYHUWHU

ψ = ∫8GW = 8W + &�

$W W  �

ψ = 8Ww ψ(�) = wψ(�)�

ZKHUH ψ��� LV WKH IOX[ OLQNDJH LQ WKH WUDQVIRUPHU�
GHVLJQHG IRU �� +] IUHTXHQF\�

,Q D ORZ�IUHTXHQF\ KDOI�F\FOH 7��

ψ(�) = 8
7

�
w ψ(�)�

ZKHQFH

ψ(�) = 8
7

�
= 8

�I
= 8

���
�

ZKHUH 8 = 8(�) �����√ ��
5DWLR RI IOX[ OLQNDJHV LV

ψ(�)
ψ(�)

=
���√ � 8(�)

���8
�

)URP WKH FRQGLWLRQ RI HTXDOLW\ RI ZHOGLQJ FXUUHQWV
ZH ILQG

5HODWLYH YDOXH RI ZHOGLQJ DQG SKDVH FXUUHQWV GHSHQGLQJ RQ WJ ϕ

WJ ϕ LD LE LF LH LM

��� ���� ����� ����� ����� �����

��� ���� ����� ����� ����� �����

��� ���� ����� ����� ����� �����

��� ���� ����� ����� ����� �����
)LJXUH �� 'HSHQGHQFH RI SRZHU IDFWRU RI D WKUHH�SKDVH V\VWHP RI
SRZHU FRQYHUVLRQ RQ WKH SRZHU IDFWRU RI D ZHOGLQJ FLUFXLW DW FRP�
PHUFLDO IUHTXHQF\

)LJXUH �� &RPSDULVRQ RI SKDVH FXUUHQWV RI WK\ULVWRU �,� DQG WUDQ�
VLVWRU �,,� V\VWHPV� � x WJ ϕ  ���� � x �� � x ���� � x �
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8(�)

=
= 8

;
LH�

ZKHUH = LV WKH ORDG FLUFXLW LPSHGDQFH�
8VLQJ WKH ODWWHU UHODWLRQVKLS� ZH REWDLQ WKH IRO�

ORZLQJ H[SUHVVLRQ IRU WKH UDWLR RI IOX[ OLQNDJHV�

ψ(�)
ψ(�)

= ����
VLQ ϕ
LH

�

$W D KLJK SRZHU IDFWRU WKH IOX[ OLQNDJH LQ WKH
WUDQVIRUPHU� GHVLJQHG IRU D ORZHU IUHTXHQF\� LV JUHDWHU

WKDQ LQ D FRPPHUFLDO�IUHTXHQF\ WUDQVIRUPHU �)L�
JXUH ��� $W D UHODWLYHO\ ORZ SRZHU IDFWRU� WKH GLIIH�
UHQFH RI IOX[ OLQNDJH QXPEHUV LV QRW VR JUHDW� 7KHUH�
IRUH� GLPHQVLRQV RI D ORZHU�IUHTXHQF\ WUDQVIRUPHU DUH
FORVH WR WKRVH RI D FRPPHUFLDO�IUHTXHQF\ WUDQVIRUPHU�
LI WKH\ DUH GHVLJQHG IRU WKH VDPH ZHOGLQJ FXUUHQW DQG
DUH FRQQHFWHG WR D ORDG ZLWK D UHODWLYHO\ ORZ SRZHU
IDFWRU�

7KH FRQVLGHUHG WUDQVLVWRU V\VWHP KDV DQ DGYDQWDJH
RYHU WKH �� +] ORZ�IUHTXHQF\ WK\ULVWRU V\VWHP GXH WR
D KLJKHU TXDOLW\ RI HQHUJ\ GLVWULEXWLRQ EHWZHHQ WKH
PDLQV SKDVHV�

7KH JLYHQ GDWD DUH LQGLFDWLYH RI WKH JRRG SURVSHFWV
IRU DSSOLFDWLRQ RI D V\VWHP RI SRZHU FRQYHUVLRQ ZLWK
D WUDQVLVWRU LQYHUWHU� VHW XS IRU �� +] IUHTXHQF\� LQ
PHGLXP DQG KLJK FDSDFLW\ IODVK�EXWW ZHOGLQJ PD�
FKLQHV�

)LJXUH �� 'HSHQGHQFH RI WKH UDWLR RI PD[LPXP QXPEHU RI IOX[
OLQNDJHV LQ D WUDQVIRUPHU DW �� +] IUHTXHQF\ WR WKH PD[LPXP
QXPEHU RI IOX[ OLQNDJHV RI D WUDQVIRUPHU DW �� +] RQ WKH SRZHU
IDFWRU RI ZHOGLQJ FLUFXLW DW �� +] IUHTXHQF\

�� 3DWRQ� %�(�� /HEHGHY� 9�.� ������ )ODVK�EXWW ZHOGLQJ
HOHFWULF HTXLSPHQW� (OHPHQWV RI WKHRU\� 0RVFRZ� 0DVKLQR�
VWURHQLH�

�� /HEHGHY� 9�.�� 3LVPHQQ\� $�$� ������ ,PSURYHPHQWV WR WKH
SRZHU VXSSO\ V\VWHPV RI IODVK�EXWW ZHOGLQJ PDFKLQHV� ,Q�
:HOGLQJ DQG UHODWHG WHFKQRORJLHV IRU WKH ��VW FHQWXU\�
+DUZRRG $�3�

��
��	������	�
����������	���

����������������

���������
����������

����	���	��
���	����

9�,� 0$.+1(1.2
�
� 7�9� .252/<29$

�
DQG ,�*� /$95,1(76

�

�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH
�
5HVHDUFK DQG 3URGXFWLRQ &RPSDQ\ �.25%$�� .\LY� 8NUDLQH

6WUXFWXUH RI WKH FRPSXWHU V\VWHP GHYHORSHG E\ WKH DXWKRUV IRU UDWLRQDO VHOHFWLRQ RI FRQVXPDEOHV IRU HOHFWULF DUF ZHOGLQJ

RI VWUXFWXUDO VWHHOV LV GHVFULEHG� 7KH V\VWHP LV EDVHG RQ PDWKHPDWLFDO PRGHOOLQJ RI SK\VLFDO�PHWDOOXUJLFDO SKHQRPHQD

RFFXUULQJ GXULQJ DUF ZHOGLQJ XVLQJ GDWD SURYLGHG E\ PDQXIDFWXUHUV RI ZHOGLQJ FRQVXPDEOHV RQ FKHPLFDO FRPSRVLWLRQ

RI GHSRVLWHG PHWDO� ZHOGLQJ SDUDPHWHUV DQG FRQGLWLRQV� DV ZHOO DV GHSRVLWLRQ HIILFLHQF\�

.H\ ZRU G V � DUF ZHOGLQJ� ZHOGHG MRLQW� KHDW�DIIHFWHG
]RQH� FKHPLFDO FRPSRVLWLRQ� PLFURVWUXFWXUH� PHFKDQLFDO SURSHU�
WLHV� ZHOGLQJ FRQVXPDEOHV� FRPSXWHU PRGHOOLQJ

,QWURGXFWLRQ� 7UDGLWLRQDOO\� VHOHFWLRQ RI D UDWLRQDO
YDULDQW RI FRQVXPDEOHV IRU DUF ZHOGLQJ RI PRGHUQ
VWUXFWXUDO VWHHOV LQYROYHV D ODUJH QXPEHU RI H[SHUL�
PHQWV WR JHQHUDWH FRPSDUDWLYH UHVXOWV RQ FHUWDLQ SD�
UDPHWHUV� VXFK DV FRQGLWLRQV RI IRUPDWLRQ DQG FKHPLFDO
FRPSRVLWLRQ RI ZHOG PHWDO RU SHQHWUDWLRQ ]RQH �3=��
PLFURVWUXFWXUH RI 3= DQG +$=� VXVFHSWLELOLW\ WR KRW
DQG FROG FUDFNLQJ� VWDQGDUG PHFKDQLFDO SURSHUWLHV
�KDUGQHVV� \LHOG VWUHVV� WHQVLOH VWUHQJWK� HORQJDWLRQ
RU UHGXFWLRQ LQ DUHD� LPSDFW WRXJKQHVV� LQ GLIIHUHQW
UHJLRQV RI D ZHOGHG MRLQW� DV ZHOO DV VSHFLDO IXQFWLRQDO
SURSHUWLHV �ORQJ�WLPH VWUHQJWK DW FRUUHVSRQGLQJ WHP�
SHUDWXUHV� FRUURVLRQ UHVLVWDQFH HWF��� $OO WKLV UHTXLUHV

WKDW FRUUHVSRQGLQJ WHVWV RI HDFK RI WKH DOWHUQDWLYH
YDULDQWV RI ZHOGLQJ FRQVXPDEOHV DQG FRQGLWLRQV EH
FRQGXFWHG IRU D VSHFLILF EDVH PHWDO� *LYHQ WKDW ZHOG�
LQJ HOHFWURGHV� VROLG DQG IOX[�FRUHG ZLUHV� IOX[HV DQG
VKLHOGLQJ JDVHV IRU DUF ZHOGLQJ RI VWUXFWXUDO VWHHOV DUH
DYDLODEOH LQ ODUJH QXPEHUV DQG ZLGH UDQJHV� WKH VXE�
VWDQWLDWHG VHOHFWLRQ RI D UDWLRQDO YDULDQW LQ D SXUHO\
H[SHULPHQWDO ZD\ UHTXLUHV HLWKHU ODUJH H[SHULHQFH RU
QXPHURXV H[SHULPHQWV�

$SSOLFDWLRQ RI WKH V\VWHP DQG LQIRUPDWLRQ RE�
WDLQHG� &RPSXWHU V\VWHP GHYHORSHG E\ WKH DXWKRUV LV
LQWHQGHG SULPDULO\ WR UHGXFH WKH QXPEHU RI H[SHUL�
PHQWV E\ XVLQJ PDWKHPDWLFDO PRGHOOLQJ WRROV DQG FRU�
UHVSRQGLQJ VRIWZDUH WR JHQHUDWH LQIRUPDWLRQ UHTXLUHG
IRU D VXEVWDQWLDWHG VHOHFWLRQ RI ZHOGLQJ FRQVXPDEOHV�
DV ZHOO DV DUF ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV� 7KH
VRXUFH GDWD XVHG LQ WKH V\VWHP LQFOXGH VSHFLILFDWLRQ
GDWD SURYLGHG E\ PDQXIDFWXULQJ FRPSDQLHV IRU ZHOG�� 9�,� 0$.+1(1.2� 7�9� .252/<29$ DQG ,�*� /$95,1(76� ����
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)LJXUH �� /LVW RI JURXSV RI VWUXFWXUDO VWHHOV RIIHUHG E\ WKH V\VWHP WR D XVHU

)LJXUH �� ([DPSOH RI VHWWLQJ RI GDWD IRU VHOHFWLRQ RI D VSHFLILF JURXS RI VWHHOV
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LQJ FRQVXPDEOHV UHFRPPHQGHG IRU DUF ZHOGLQJ RI D

JLYHQ W\SH RI VWUXFWXUDO VWHHOV� DUF ZHOGLQJ FRQGLWLRQV�

GHSRVLWLRQ HIILFLHQFLHV DQG FKHPLFDO FRPSRVLWLRQ RI

GHSRVLWHG PHWDO� 7KHVH GDWD� DV ZHOO DV DQ LQGLFDWLRQ

RI WKH W\SH RI D VWUXFWXUDO VWHHO WR EH ZHOGHG �EDVH

PHWDO� DQG LWV FKHPLFDO FRPSRVLWLRQ� DUH HQWHUHG LQWR

WKH V\VWHP E\ D XVHU� $V D UHVXOW� WKH V\VWHP JLYHV

WKH XVHU WKH IROORZLQJ LQIRUPDWLRQ IRU HDFK DOWHUQDWLYH

YDULDQW�

• VL]H DQG VKDSH RI 3= IRU WKH URRW ZHOG DQG VXE�

VHTXHQW SDVVHV �FRQGLWLRQV RI ZHOG IRUPDWLRQ� ULVN RI

D EXUQ�WKURXJK HWF���

• FKHPLFDO FRPSRVLWLRQ RI WKH 3= PHWDO�

• PLFURVWUXFWXUDO FRPSRVLWLRQ RI WKH 3= DQG +$=

PHWDOV�

• PHFKDQLFDO SURSHUWLHV �KDUGQHVV� WHQVLOH VWUHQJWK�
\LHOG VWUHVV� HORQJDWLRQ DQG UHGXFWLRQ LQ DUHD� LPSDFW

WRXJKQHVV �.&9� DW WHPSHUDWXUHV RI w�� w w�� �& LQ

3= DQG +$=��

• ULVN RI KRW DQG FROG FUDFNLQJ�
%ULHI GHVFULSWLRQ RI WKH V\VWHP�2SHUDWLRQ RI WKH

V\VWHP EHJLQV IURP VHWWLQJ RI WKH GDWD RQ D EDVH PHWDO

IRU WKH DUF ZHOGLQJ RI ZKLFK WKH FRQVXPDEOHV DUH

VHOHFWHG� 7KH V\VWHP RIIHUV D XVHU �� JURXSV RI VWUXF�

WXUDO VWHHOV� DQG WKH XVHU KDV WR FKRRVH RQH RI WKHP

ZKHUH KLV EDVH PHWDO EHORQJV WR �)LJXUH ��� 7KH XVHU�

LI KH ZDQWV� PD\ KDYH D PRUH GHWDLOHG LQIRUPDWLRQ RQ

FKDUDFWHULVWLFV RI VWHHO RI D VSHFLILF JURXS �)LJXUH ���

H[DPSOHV RI FKHPLFDO FRPSRVLWLRQ� WKHUPDO�SK\VLFDO

SURSHUWLHV DQG SHFXOLDULWLHV RI DUF ZHOGLQJ RI WKLV

VWHHO� ,I WKH XVHU ILQGV WKH JURXS FKRVHQ VXLWDEOH� KH

VKRXOG HQWHU WKH GDWD RQ FKHPLFDO FRPSRVLWLRQ RI WKH

VWHHO XVHG �)LJXUH ���

7KH QH[W VWHS RI RSHUDWLRQ RI WKH V\VWHP LV DVVR�

FLDWHG ZLWK VSHFLI\LQJ WKH GDWD RQ WKH W\SH RI D ZHOGHG

MRLQW� 7KH V\VWHP RIIHUV WKH XVHU VHYHUDO W\SHV RI

ZHOGHG MRLQWV ZLWK EXWW ZHOGV DQG D 7�MRLQW ZLWK D

ILOOHW ZHOG �)LJXUH ��� 7KH RSWLRQ LV WR XVH RQH� RU

PXOWL�SDVV �LQ OD\HUV RU ZLWK �VWULQJHU� ZHOGV� ZHOG�

LQJ� 7KH V\VWHP DXWRPDWLFDOO\ FKRRVHV WKH QXPEHU RI

SDVVHV DQG DUUDQJHPHQW RI EHDGV RI WKH �VWULQJHU�

ZHOGV� $OVR� LW LV SRVVLEOH WR PDNH RQO\ RQH URRW ZHOG�

)RU DOO WKH YHUVLRQV RI EXWW MRLQWV �)LJXUH �� WKH

SUREOHP RI WKH ULVN RI D EXUQ�WKURXJK LV VROYHG IRU

PDNLQJ WKH URRW ZHOG ZLWKRXW EDFNLQJ RQ WKH EDVLV

RI D EDODQFH RI IRUFHV DFWLQJ RQ WKH PROWHQ PHWDO

YROXPH �VXUIDFH WHQVLRQ� DUF SUHVVXUH� JUDYLW\��

7KH XVHU VKRXOG LQGLFDWH WKH DUF ZHOGLQJ PHWKRG

�)LJXUH �� DQG FKRRVH VSHFLILF YDULDQWV RI ZHOGLQJ

FRQVXPDEOHV E\ HQWHULQJ WKH FRUUHVSRQGLQJ GDWD �W\SH

LV VKRZQ LQ )LJXUH �� RQ FKHPLFDO FRPSRVLWLRQ RI MXVW

WKH PHWDO EHLQJ GHSRVLWHG� ZHOGLQJ SDUDPHWHUV DQG

GHSRVLWLRQ HIILFLHQF\ �DFFRUGLQJ WR WKHPDQXIDFWXUHUsV

VSHFLILFDWLRQV RU RQ WKH EDVLV RI DYDLODEOH H[SHULHQFH��

8VLQJ WKH GDWD HQWHUHG� WKH V\VWHP SHUIRUPV D VHW

RI RSHUDWLRQV DVVRFLDWHG ZLWK VHOHFWLRQ RI WKH ZHOGLQJ

VSHHG RQ WKH EDVLV RI OLPLWDWLRQV VHW ZLWK UHVSHFW WR

WKLFNQHVV RI LQGLYLGXDO OD\HUV �RU FURVV VHFWLRQV RI WKH

�VWULQJHU� ZHOGV�� WKHQ LW FRPSXWHV WHPSHUDWXUH

ILHOGV LQ D FURVV VHFWLRQ RI WKH ZHOG IRU HDFK SDVV

VWDUWLQJ IURP WKH URRW ZHOG� 7KH ILHOG RI PD[LPXP

WHPSHUDWXUHV LV GHWHUPLQHG� 7KHQ� RQ WKLV EDVLV� WKH

V\VWHP HVWLPDWHV YROXPHV EHORQJLQJ WR 3= DQG +$=�

)RU WKLV WKH V\VWHP XVHV VRXUFH GDWD IRU WKH EDVH PHWDO

ZLWK UHVSHFW WR PHOWLQJ WHPSHUDWXUHV 7PHOW DQG $F
�

�VHH )LJXUH ��� DV ZHOO DV FRUUHVSRQGLQJ WKHUPDO�

SK\VLFDO SURSHUWLHV�

0HDQ FKHPLFDO FRPSRVLWLRQ RI WKH 3= PHWDO LV

GHWHUPLQHG IRU HDFK SDVV RQ WKH EDVLV RI NQRZOHGJH

RI VL]H DQG FKHPLVWU\ RI UHJLRQV WR EH PHOWHG� DV ZHOO

DV DPRXQW DQG FRPSRVLWLRQ RI D ILOOHU PHWDO WR EH

GHSRVLWHG�

)LJXUH �� 7\SHV RI ZHOGHG MRLQWV RIIHUHG WR D XVHU

)LJXUH �� $UF ZHOGLQJ PHWKRGV RIIHUHG WR D XVHU
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%HORQJLQJ RI WKH 3= PHWDO WR D FRUUHVSRQGLQJ

JURXSLQJ RI VWUXFWXUDO VWHHOV LV GHWHUPLQHG IURP

FKHPLFDO FRPSRVLWLRQ RI WKLV ]RQH LQ WHUPV RI HVWLPD�

WLRQ RI PLFURVWUXFWXUDO VWDWH DIWHU FRROLQJ�

7KH V\VWHP FRQWDLQV WZR JURXSLQJV RI VWHHOV �VHH

)LJXUH ��� 7KH ILUVW LQFOXGHV VWUXFWXUDO FDUERQ DQG

ORZ�DOOR\ VWHHOV �JURXSV �w��� WKH PLFURVWUXFWXUH RI

ZKLFK LV GHWHUPLQHG RQ WKH EDVLV RI WKH FRUUHVSRQGLQJ

777 GLDJUDPV� 7KH VHFRQG JURXSLQJ RI VWUXFWXUDO

VWHHOV LQFOXGHV DOOR\HG VWHHOV �JURXSV �w���� WKH PL�

FURVWUXFWXUH RI ZKLFK LV GHWHUPLQHG E\ WKH 6FKDHIIOHU

GLDJUDP �RU LWV PRGLILFDWLRQV >�@�� )RU FRQYHQLHQFH�

WKH V\VWHP XVHV SDUDPHWULFDO HTXDWLRQV >�@� DOORZLQJ

FRPSXWDWLRQ RI DQ H[SHFWHG PLFURVWUXFWXUH WR EH SHU�

IRUPHG DW HDFK SRLQW RI 3= DQG +$= RQ WKH EDVLV RI

NQRZOHGJH RI FKHPLFDO FRPSRVLWLRQ DQG WKHUPDO F\FOH

SDUDPHWHUV� ,W LV DVVXPHG WKDW UH�KHDWLQJ DERYH $F
�

IDYRXUV IRUPDWLRQ RI D QHZPLFURVWUXFWXUH RQ WKH EDVLV

RI D QHZ FKHPLFDO FRPSRVLWLRQ DQG QHZ WKHUPDO F\FOH

SDUDPHWHUV� 5H�KHDWLQJ EHORZ $F
�
GRHV QRW FKDQJH

PLFURVWUXFWXUH� DOWKRXJK LW OHDGV WR D FKDQJH LQ PH�

FKDQLFDO SURSHUWLHV E\ WKH VKRUW�WLPH WHPSHULQJ

PHFKDQLVP�

$Q LPSRUWDQW VWHS RI RSHUDWLRQ RI WKH V\VWHP LV

FRPSXWDWLRQ RI PHFKDQLFDO SURSHUWLHV DW GLIIHUHQW

SRLQWV RI 3= DQG +$=� ,W LV PDGH RQ WKH EDVLV RI

NQRZOHGJH RI PLFURVWUXFWXUHV DQG FKHPLFDO FRPSRVL�

WLRQ� 7KH IROORZLQJ UHSUHVHQWDWLRQ LV XVHG IRU DOO PH�

FKDQLFDO SURSHUWLHV ;  ^+9� σW� σ���� δ� DQG ψ`�

; = ∑
L

[L9L (L = D� I� S� E� P)� ���

ZKHUH D LV DXVWHQLWH� I LV IHUULWH� S LV SHDUOLWH� E LV

EDLQLWH� P LV PDUWHQVLWH� DQG 9L LV WKH PDVV IUDFWLRQ

RI WKH L�WK PLFURVWUXFWXUH DW D JLYHQ SRLQW� 5HJUHVVLRQ
HTXDWLRQV DUH XVHG IRU [L� UHODWLQJ WKHVH YDOXHV WR

FKHPLFDO FRPSRVLWLRQ RI D JLYHQ JURXS RI VWHHOV >�@�

)RU &KDUS\ LPSDFW WRXJKQHVV �.&9� WKH DYHUDJHG
UHSUHVHQWDWLRQ ��� GRHV QRW UHIOHFW SHFXOLDULWLHV RI EH�

KDYLRXU RI D PDWHULDO LQ VXFK WHVWV� )RU WKHVH SXUSRVHV

WKH V\VWHP XVHV UHJUHVVLRQ HTXDWLRQV ZKLFK UHODWH

.&9 WR FKHPLFDO FRPSRVLWLRQ� ∆W��� DQG WHVW WHP�

SHUDWXUH 7WHVW� 1DWXUDOO\� WKH UHJUHVVLRQ FRHIILFLHQWV

RI VXFK D UHODWLRQVKLS PD\ JUHDWO\ GHSHQG XSRQ WKH

JURXS RI D VWUXFWXUDO VWHHO�

$QRWKHU LPSRUWDQW HOHPHQW RI RSHUDWLRQ RI WKH V\V�

WHP LV HVWLPDWLRQ RI WKH ULVN RI YLRODWLRQ RI LQWHJULW\

RI WKH 3= RU +$= PHWDO FDXVHG E\ KRW RU FROG FUDFNV�

)RU KLJK�DOOR\ VWHHOV RI WKH VHFRQG JURXSLQJ LW LV PRUH

UHDOLVWLF WR DFFRXQW IRU WKH ULVN RI KRW FUDFNLQJ� 6XV�

FHSWLELOLW\ RI WKH 3=PHWDO WR KRW FUDFNLQJ LV HVWLPDWHG

KHUH ZLWK UHVSHFW WR &UHT�1LHT� ZKHUH &UHT LV WKH

FKURPLXP HTXLYDOHQW DQG 1LHT LV WKH QLFNHO HTXLYDOHQW

LQ FKHPLFDO FRPSRVLWLRQ RI 3= >�@� 6XVFHSWLELOLW\ WR

FROG FUDFNLQJ DQG UHFRPPHQGHG SUHKHDWLQJ WHPSHUD�

WXUHV IRU VWHHOV RI JURXSV �w�� � DQG � DUH GHWHUPLQHG

E\ LQGH[

3ω  ��3
FP
� ORJ + ���

DQG WKH GHJUHH RI UHVWUDLQW RI D ZHOGPHQW� ZKHUH 3FP

LV WKH FDUERQ HTXLYDOHQW DFFRUGLQJ WR >�@ DQG + LV WKH

GLIIXVLEOH K\GURJHQ FRQWHQW RI WKH +$=� )RU VWHHOV

)LJXUH �� ([DPSOH RI HQWHULQJ GDWD RQ ZHOGLQJ FRQGLWLRQV DQG FKHPLFDO FRPSRVLWLRQ RI GHSRVLWHG PHWDO
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RI JURXSV � DQG � WKH PLQLPXP SUHKHDWLQJ WHPSHUD�

WXUH LV LQGLFDWHG LQGLYLGXDOO\�

$SSOLFDWLRQ H[DPSOHV� &RQVLGHU WZR YDULDQWV RI

ZHOGLQJ RI D RQH�VLGHG EXWW MRLQW LQ SODWHV RI VKLS�

EXLOGLQJ VWHHO '+�� �����&w���0Qw���6Lw���1Lw

����$O�� �� PP WKLFN� LQ IODW SRVLWLRQ RQ D FHUDPLF

EDFNLQJ �)LJXUH �� D�� 3FP  ������� 1R SUHKHDWLQJ

LV UHTXLUHG DW D GLIIXVLEOH K\GURJHQ FRQWHQW RI OHVV

WKDQ � FP����� J LQ WKH FDVH RI D ULJLG UHVWUDLQW DQG

�� FP����� J LQ WKH FDVH RI ZHOGLQJ LQ D IUHH SRVLWLRQ�

7KH ILUVW YDULDQW LV PHFKDQLVHG DUF &2� ZHOGLQJ

XVLQJ WKH (6$% ZLUH 2.�7XEURG ����� ZLWK D GLDPH�

WHU RI ��� PP� 7KH VHFRQG YDULDQW LV ZHOGLQJ XVLQJ

ZLUH -6��� �,WDO\� ZLWK D GLDPHWHU RI ��� PP LQ D

PL[WXUH RI �� � $U � �� � &2��

6SHFLILFDWLRQ GDWD RQ UHFRPPHQGHG ZHOGLQJ SD�

UDPHWHUV DQG FKHPLFDO FRPSRVLWLRQ RI WKH GHSRVLWHG

PHWDO �ZLWK QR SDUWLFLSDWLRQ RI WKH EDVH PHWDO� DUH

JLYHQ LQ 7DEOH ��

7DEOH � JLYHV UHVXOWV RI FRPSXWDWLRQ RI SDUDPHWHUV

RI WKH 3= IRUPDWLRQ �KHDW LQSXW TL� FURVV VHFWLRQ DUHD

)� FKHPLFDO FRPSRVLWLRQ�� ZKLOH )LJXUHV �w� �VHH WKH

LQVHW LQ SDJHV �� DQG ��� VKRZ WKH FRPSXWDWLRQ GDWD

RQ PLFURVWUXFWXUHV DQG PHFKDQLFDO SURSHUWLHV RI 3=

DQG +$=� &RPSDULVRQ RI WKH FRPSXWDWLRQ DQG H[�

SHULPHQWDO UHVXOWV LV JLYHQ LQ 7DEOH ��

7KH DXWKRUV KDG DW WKHLU GLVSRVDO WKH H[SHULPHQWDO

GDWD RQ KDUGQHVV +9 DQG IUDFWXUH WRXJKQHVV .&9w��

RI WKH 3= DQG +$= PHWDO REWDLQHG IURP XVLQJ D VWDQ�

GDUG ZHOGLQJ SURFHGXUH IRU VDPSOHV RI WKH JLYHQ VWHHO

XQGHU FRQGLWLRQV JLYHQ LQ 7DEOH ��

7DEOH � VKRZV D JRRG DJUHHPHQW EHWZHHQ WKH FRP�

SXWDWLRQ DQG H[SHULPHQWDO GDWD RQ KDUGQHVV DQG LP�

SDFW WRXJKQHVV IRU WKH ZHOG PHWDO� L�H� 3=� )RU WKH

+$= PHWDO DERXW � PP ZLGH� WKH H[SHULPHQWDO GDWD

RQ .&9 DUH UDWKHU VHQVLWLYH WR WKH QRWFK SRVLWLRQ�

:LWK D SUHFLVHO\ FRQGXFWHG H[SHULPHQW� WKH\ DUH XVX�

DOO\ ORZHU WKDQ IRU 3=� 7KH FRPSXWDWLRQ GDWD LQ 7D�

EOH � GR QRW FRQWUDGLFW WKLV VWDWHPHQW�

7KH IROORZLQJ FRQFOXVLRQV FDQ EH PDGH IURP FRP�

SDULQJ WKH FRPSXWDWLRQ UHVXOWV IRU WKH WZR YDULDQWV�

9DULDQW 1R�� PDNHV LW SRVVLEOH WR SURGXFH WKH 3=

PHWDO ZLWK D ORZHU FDUERQ FRQWHQW DQG� DFFRUGLQJO\�

ZLWK D ORZHU 3FP  �����w����� �IRU YDULDQW 1R�� LQ

3= 3FP  �����w������ ZKLFK LV VWLOO ORZHU WKDQ LQ

)LJXUH �� 6FKHPDWLF RI JURRYH SUHSDUDWLRQ �D� DQG ILOOLQJ WKH
OD\HUV �E�

7DEOH �� 6RXUFH GDWD IRU WZR YDULDQWV RI ZHOGLQJ RI D MRLQW VKRZQ LQ )LJXUH �� E

9D�

UL�

DQW

1R�

:LUH JUDGH DQG

FKHPLVWU\ RI GHSRVLWHG

PHWDO

:HOGLQJ SDUDPHWHUV

�VW SDVV �QG SDVV �UG SDVV �WK SDVV

,Z� � 8D� 9
YZ�

FP�V
,Z� � 8D� 9

YZ�

FP�V
,Z� � 8D� 9

YZ�

FP�V
,Z� � 8D� 9

YZ�

FP�V

� 2.�7XEURG �����

����&w���6Lw���0Q

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

� -6���

����&w���6Lw���0Q

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

1R W H � 'HSRVLWLRQ HIILFLHQF\ αG  �� J���⋅K��

7DEOH �� 5HVXOWV RI FRPSXWDWLRQ RI SDUDPHWHUV RI 3= IRUPDWLRQ IRU YDULDQWV 1R�� DQG 1R�� IURP 7DEOH �

9DULDQW 1R� 3DVV 1R� TL� -�FP )� PP &KHPLFDO FRPSRVLWLRQ� �

� � ���� �� ����&w���0Qw�����6Lw�����1Lw�����$O� ®
FP
 �����

� ����� �� �����&w���0Qw�����6Lw�����1Lw�����$O� ®
FP
 �����

� ����� �� ����&w���0Qw����6Lw���1Lw�����$O� ®
FP
 �����

� w w w

� � ���� �� �����&w�����0Qw����6Lw�����1Lw�����$O� ®
FP
 �����

� ����� �� �����&w�����0Qw�����6Lw����1Lw�����$O� ®
FP
 �����

� ����� �� �����&w����0Qw����6Lw�����1Lw�����$O� ®
FP
 �����

� ����� �� �����&w����0Qw����6Lw����1Lw�����$O� ®
FP
 �����
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WKH EDVH PHWDO�� WKLV OHDGLQJ WR D ORZHU FRQWHQW RI

TXHQFKLQJ PLFURVWUXFWXUHV LQ 3= �IRU YDULDQW 1R�� LQ

)LJXUH �� DwF� PLFURVWUXFWXUH LQ 3= LV DV IROORZV�

9E  ����w����� 9P � ����� DQG EDODQFH LV IHUULWLF�

SHDUOLWLF PL[WXUH� IRU YDULDQW 1R�� �)LJXUH �� GwI�
9E  ����w���� DQG 9P � ������ $ KLJKHU EDLQLWH

FRQWHQW OHDGV WR KLJKHU VWUHQJWK SURSHUWLHV� <LHOG

VWUHVV σ��� DQG WHQVLOH VWUHQJWK σW IRU YDULDQW 1R��

�)LJXUH �� F� E� DUH DOPRVW HTXDO LQ 3=� σ���  ���w

��� 03D DQG σW  ���w��� 03D� ZKLOH IRU YDULDQW

1R�� �)LJXUH �� J� I� σ���  ���w��� 03D DQG σW  

 ���w��� 03D�

$FFRUGLQJO\� YDULDQW 1R�� KDV KLJKHU GXFWLOH SUR�

SHUWLHV LQ 3=� HORQJDWLRQ δ  ��w�� � DQG UHGXFWLRQ

LQ DUHD ψ  ��w�� � �)LJXUH �� D� G�� )RU YDULDQW

1R�� WKHVH FKDUDFWHULVWLFV LQ 3= DUH DV IROORZV� δ  

 ��w�� � DQG ψ  ��w�� � �)LJXUH �� H� K�� ,Q WKH

YDULDQWV XQGHU FRQVLGHUDWLRQ� LPSDFW WRXJKQHVV.&9w��

LQ 3= �)LJXUH �� E� H� LV KLJKHU IRU YDULDQW 1R�� �VHH

7DEOH ���

7KHUHIRUH� WKH XVH RI WKH FRPSXWDWLRQ V\VWHP SUR�

YLGHG LQ D VXIILFLHQWO\ GHPRQVWUDWLYH LQIRUPDWLRQ� RQ

WKH EDVLV RI ZKLFK LW LV SRVVLEOH WR JLYH D VXEVWDQWLDWHG

SUHIHUHQFH WR YDULDQW 1R�� LQ WHUPV RI GXFWLOLW\ DQG

LPSDFW WRXJKQHVV UHTXLUHPHQWV� DQG WR YDULDQW 1R��

LQ WHUPV RI WKH σ��� DQG σW YDOXHV�

,W IROORZV IURP WKH DERYH�VDLG DQG WKH JLYHQ FRP�

SXWDWLRQ GDWD WKDW WKH VXEVWDQWLDWHG VHOHFWLRQ RI ZHOG�

LQJ FRQVXPDEOHV IRU DUF ZHOGLQJ RI VSHFLILF VWUXFWXUDO

VWHHOV FDQ EH GRQH XVLQJ WKH RIIHUHG FRPSXWHU V\VWHP�

OHDYLQJ JHQHUDWLRQ RI GDWD IRU D ILQDO GHFLVLRQ WR DQ

H[SHULPHQW�

�� ������ :HOGLQJ +DQGERRN� 9RO� �� 0DWHULDOV DQG DSSOLFD�
WLRQV� 3DUW �� �WK HG� $:6�

�� .DVDWNLQ� 2�*� ������ 0DWKHPDWLFDO PRGHOOLQJ RI �FRPSR�
VLWLRQwSURSHUWLHV� GHSHQGHQFH RI ZHOGHG MRLQWV DQG PDNLQJ
RI GHVLJQ�H[SHULPHQWDO V\VWHP IRU RSWLPLVDWLRQ RI PDLQ
WHFKQRORJLFDO IDFWRUV RI ORZ�DOOR\ VWUXFWXUDO VWHHO ZHOGLQJ�
6\Q� RI 7KHVLV IRU 'U� RI 6FL� 'HJUHH �(QJ��� .\LY�

7DEOH �� 5HVXOWV RI FRPSDULVRQ RI FRPSXWDWLRQ DQG H[SHULPHQWDO
GDWD

9DOXH� ]RQH RI D MRLQW 9DULDQW 1R�� 9DULDQW 1R��

+9� 3= ���w���

���w���

���w���

���w���

+9� +$= ���w���

���w���

���w���

���w���

.&9w��� 0-�P�� 3= ���w���

���w���

���w���

���w���

.&9w��� 0-�P�� +$= w

���w���

w

���w���

1R W H � ([SHULPHQWDO GDWD DUH JLYHQ LQ WKH QXPHUDWRU DQG FRPSX�

WDWLRQ GDWD DUH JLYHQ LQ WKH GHQRPLQDWRU�

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

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

9�<X� 6.8/6.<� $�.� 76$5<8.� 9�*� 9$6,/,(9 DQG *�1� 675,=+,86

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

7UDQVIRUPDWLRQ RI DXVWHQLWH LQ VWHHO ��.K1�)� �*267 ����w��� XQGHU FRQWLQXRXV FRROLQJ FRQGLWLRQV KDV EHHQ VWXGLHG�

+DUGHQLQJ RI VWHHO WR IRUP IXOO\ PDUWHQVLWLF VWUXFWXUH WDNHV SODFH DW FRROLQJ UDWHV RI PRUH WKDQ �� �&�V� ZKLOH SDUWLDOO\

EDLQLWLF GHFRPSRVLWLRQ RFFXUV DW ORZHU FRROLQJ UDWHV� 3UHKHDWLQJ WR D WHPSHUDWXUH RI ���w��� �& OHDGV WR D GUDPDWLF

LQFUHDVH LQ FROG FUDFN UHVLVWDQFH� ZKLFK VHHPV WR EH DVVRFLDWHG ZLWK VXIILFLHQW FRQGLWLRQV HQVXUHG IRU WKH γ�EDLQLWH
WUDQVIRUPDWLRQ WR WDNH SODFH� 7KH ODWWHU LV DFFRPSDQLHG E\ SDUWLDO VHOI�WHPSHULQJ DQG LQFUHDVH LQ GXFWLOLW\ RI WKH +$=

PHWDO RI D ZHOGHG MRLQW� ,VVXHV UHODWHG WR VHOHFWLRQ RI WKH SUHKHDWLQJ WHPSHUDWXUH DUH DOVR FRQVLGHUHG�

.H\ ZRU G V � DUF ZHOGLQJ� KDUGHQLQJ VWHHOV� VWUXFWXUDO

WUDQVIRUPDWLRQV� FROG FUDFNV� LPSODQW PHWKRG� SUHKHDWLQJ

��.K1�)$ VWHHO LV XVHG WR PDQXIDFWXUH FULWLFDO LWHPV�

RSHUDWLQJ XQGHU WKH FRQGLWLRQV RI KLJKHU ORDGLQJ� LQ

SDUWLFXODU DW KLJK ����w��� �&� WHPSHUDWXUHV >�� �@�

$OOR\LQJ V\VWHP DQG FRQWHQW RI DOOR\LQJ HOHPHQWV LQ�

IOXHQFH WKH VXVFHSWLELOLW\ RI VWHHO WR IRUPDWLRQ RI QRQ�

HTXLOLEULXP VWUHQJWKHQLQJ �KDUGHQLQJ� VWUXFWXUHV DW

FRROLQJ IURP WKH WHPSHUDWXUHV RI DXVWHQLWH UHJLRQ�

ZKLFK DOORZV DFKLHYLQJ KLJK LQGLFHV RI SK\VLFR�PH�

FKDQLFDO SURSHUWLHV DW DSSURSULDWH KHDW WUHDWPHQW

PRGHV� $IWHU KDUGHQLQJ DQG ORZ�WHPSHUDWXUH WHPSHU�

LQJ WKH VWHHO \LHOG SRLQW PD\ EH XS WR ���� 03D�

$FFRUGLQJ WR >�@� ��.K1�)$ VWHHO LV FXUUHQWO\

DSSOLHG RQO\ DV ILQLVKHG UROOHG� IRUJHG RU PDFKLQHG

SURGXFWV� DQG QRW DV ZHOGHG VWUXFWXUHV� 1RQHWKHOHVV�

LQ LQGLYLGXDO FDVHV� TXHVWLRQV DUH VRPHWLPHV UDLVHG

DERXW WKH SRVVLELOLW\ RI XVLQJ WKLV VWHHO� IRU LQVWDQFH�

IRU VHDOLQJ MRLQWV H[SDQGHG E\ KRW UROOLQJ LQ FDVLQJ

SDUWV� RSHUDWLQJ DW KLJK SUHVVXUHV� +RZHYHU� GDWD RQ

ZHOGDELOLW\ RI WKLV VWHHO LV SUDFWLFDOO\ DEVHQW LQ OL�

WHUDWXUH�

,Q ZHOGLQJ RI KLJK�VWUHQJWK KDUGHQLQJ VWHHOV WKH

PDLQ SUREOHP LV FROG FUDFNLQJ� &ROG FUDFNV LQLWLDWH

DQG SURSDJDWH LQ WKH VHFWLRQV RI RYHUKHDWLQJ RI WKH

+$= PHWDO� KDYLQJ WKH VWUXFWXUH RI FRDUVH�QHHGOHG

PDUWHQVLWH� IRUPHG GXULQJ DXVWHQLWH WUDQVIRUPDWLRQ�

� 9�<X� 6.8/6.<� $�.� 76$5<8.� 9�*� 9$6,/,(9 DQG *�1� 675,=+,86� ����
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,W LV EHOLHYHG� WKDW ZHOGHG MRLQWV RI VWHHO ZLWK PRUH

WKDQ ���� ZW�� & DQG PRUH WKDQ � ZW�� RI DOOR\LQJ

HOHPHQWV DUH SURQH WR LQLWLDWLRQ RI WKLV NLQG RI GHIHFWV

WR YDU\LQJ GHJUHHV >�@�

,QIOXHQFH RI VWHHO FRPSRVLWLRQ RQ FROG FUDFNLQJ

VXVFHSWLELOLW\ LV XVXDOO\ DVVHVVHG� XVLQJ WKH FDOFXODWLRQ

FULWHULRQ x FDUERQ HTXLYDOHQW &
HT
� 9DULRXV H[SUHV�

VLRQV DUH DSSOLHG IRU LWV GHWHUPLQDWLRQ� LQ SDUWLFXODU

WKRVH� DOORZLQJ IRU WKH GLPHQVLRQDO IDFWRU �VHH IRU

LQVWDQFH >�w�@� HWF��� &DUERQ HTXLYDOHQW ZDV FDOFX�

ODWHG� XVLQJ WKH GHSHQGHQFH� SURSRVHG E\ ,QWHUQD�
WLRQDO ,QVWLWXWH RI :HOGLQJ �,,:� >�@�

&
HT = & + 0Q

�
+
&U + 0R + 9

�
+
1L + &X

��
�ZW����

���

)RU ��.K1�)$ VWHHO LW LV HTXDO WR ����w���� ZLWK

WKH IROORZLQJ FRQWHQW RI DOOR\LQJ DQG LPSXULW\ HOH�

PHQWV LQ LW �WR *267 ����w���� ZW��� ����w���� &�

����w���� 0Q� ����w���� 6L� ���w��� &U� ����w

���� 1L� ����w���� 9� ≤ ����� 3� ≤ ����� 6� ≤ ��� &X�

$FFRUGLQJ WR >�@� VWHHO ZLWK &HT
YDOXH KLJKHU WKDQ

����w����� VKRXOG EH FODVVLILHG LQ WKH JURXS RI GLIIL�

FXOW�WR�ZHOG PDWHULDOV� SURQH WR IRUPDWLRQ RI FROG

FUDFNV�

,W LV NQRZQ� WKDW RQH RI WKH PDLQ WHFKQLTXHV� LP�

SURYLQJ WKH FUDFN UHVLVWDQFH RI KDUGHQLQJ VWHHO ZHOGHG

MRLQWV� LV SUHKHDWLQJ DQG FRQFXUUHQW KHDWLQJ� ZKLFK

DOORZV LQIOXHQFLQJ WKH IDFWRUV� SURPRWLQJ LQLWLDWLRQ

RI FROG FUDFNV� QDPHO\ VWUXFWXUDO FKDQJHV �ZKLFK SUH�

GHWHUPLQH WKH SURQHQHVV WR EULWWOH IUDFWXUH�� FRQWHQW
RI GLIIXVLEOH K\GURJHQ DQG OHYHO RI WLPH DQG UHVLGXDO

VWUHVVHV� ,Q WKLV FDVH� WKH GDWD RQ NLQHWLFV RI DXVWHQLWH

WUDQVIRUPDWLRQ DQG IHDWXUHV RI SKDVH IRUPDWLRQ XQGHU

WKH FRQGLWLRQV RI GLIIHUHQW FRROLQJ UDWHV DOORZ VHOHFW�

LQJ WKH WKHUPDO PRGH LQ ZHOGLQJ�

7KH SXUSRVH RI WKLV VWXG\ ZDV GHWHUPLQDWLRQ RI
RSWLPDO SUHKHDWLQJ WHPSHUDWXUH LQ ZHOGLQJ

��.K1�)$ VWHHO� SURYLGLQJ ZHOGHG MRLQW UHVLVWDQFH
WR FROG FUDFNV�

&RPPHUFLDO�JUDGH VWHHO ��.K1�)$ LQ WKH IRUP RI

D KRW�IRUPHG SLSH ZLWK � PP ZDOO WKLFNQHVV ZDV XVHG

DV WKH EDVH PDWHULDO IRU SUHSDULQJ VDPSOHV� 7HVW VDP�

SOHV ZHUH FXW DORQJ WKH SLSH ORQJLWXGLQDO D[LV� )HD�

WXUHV RI SKDVH WUDQVIRUPDWLRQ ZHUH UHYHDOHG� XVLQJ

G\ODWRPHWULF VWXGLHV >�@� ZKLFK DUH EDVHG RQ WKH SKH�
QRPHQRQ RI FKDQJH RI PDWHULDO YROXPH GXULQJ SRO\�

PRUSKRXV WUDQVIRUPDWLRQ� 'HWHUPLQDWLRQ RI FULWLFDO

SRLQWV $
F
�
DQG $

F
�
XQGHU WKH FRQGLWLRQV RI FRQWLQXRXV

FRROLQJ IURP ���� �&ZDV FRQGXFWHG LQ DQ DUJRQ�ILOOHG

FKDPEHU� 5DWH RI QDWXUDO FRROLQJ ZDV FRQWUROOHG E\

XVLQJ VDPSOHV ZLWK GLIIHUHQW FURVV�VHFWLRQ� 7R GHWHU�

PLQH WHPSHUDWXUHV� FRUUHVSRQGLQJ WR SRLQWV $
F
�
DQG

$
F
�
� 6KHYHQDU G\ODWRPHWHU ZDV XVHG ZLWK VLPXODWLRQ

RI IXUQDFH FRQGLWLRQV LQ VDPSOHV KHDWLQJ DW WKH UDWH

RI ��� �&�K� 0HWDOORJUDSKLF H[DPLQDWLRQ ZDV FRQ�

GXFWHG XVLQJ OLJKW PLFURVFRSH �1HRSKRW ���� 0LFUR�
VWUXFWXUH ZDV UHYHDOHG RQ SROLVKHG VHFWLRQV E\ FKHPL�

FDO HWFKLQJ LQ ��� � DOFRKRO VROXWLRQ RI QLWULF DFLG

ZLWK DGGLWLRQ RI SLFULF DFLG� &ROG FUDFNLQJ VXVFHSWL�

ELOLW\ ZDV HYDOXDWHG E\ WKH LPSODQW PHWKRG >�� �@
�FDOOHG WKHPHWKRG RI LQVHUWV LQ ORFDO OLWHUDWXUH�� XVLQJ
D VSHFLDO XQLW� GHYHORSHG DW WKH 3:, >�@�

7HVWLQJ E\ WKLV PHWKRG ZDV FRQGXFWHG DV IROORZV�

$ F\OLQGULFDO VDPSOH �LQVHUW� RI VWHHO ��.K1�)$ ZLWK

D VSLUDO 9�VKDSHG WKUHDG ZDV SODFHG LQWR D GULOOHG

KROH LQ D SODWH� UHVWLQJ RQ VXSSRUWV DQG KHDWHG XS WR
D FHUWDLQ WHPSHUDWXUH �)LJXUH ��� 7KHQ� WKH VDPSOH�

LQVHUW ZDV ZHOGHG WR D SODWH E\ PDQXDO FRDWHG�HOHF�

WURGH DUF ZHOGLQJ DQG ZDV ORDGHG XS WR VSHFLILHG

PDJQLWXGHV RI LQQHU VWUHVVHV LQ WKH VDPSOH E\ DSSO\LQJ

D WHQVLOH IRUFH WR LWV IUHH HQG� 7KH VDPSOH ZDV IDVWHQHG

WR D ORDGLQJ FRPSRQHQW WKURXJK D WKUHDGHG MRLQW� ,Q

RUGHU WR FKDQJH WKH FRROLQJ FRQGLWLRQV� SUHKHDWLQJ XS

WR ���� ���� ��� DQG ��� �& ZDV XVHG� /RDGLQJ RI

ZHOGHG MRLQWV ZDV SHUIRUPHG �w� PLQ DIWHU ZHOGLQJ�

+HUH WKH WHPSHUDWXUH LQ WKH ZHOGHG MRLQW DUHD GURSSHG

DSSUR[LPDWHO\ WR WKH OHYHO RI SUHKHDWLQJ WHPSHUDWXUH�

7HPSHUDWXUHZDV UHFRUGHGZLWK DZHOGHG WR WKH VDPSOH

FKURPHO�DOXPHO WKHUPRFRXSOH� FRQQHFWHG WR .63�� SR�

WHQWLRPHWHU� FDOLEUDWHG IRU RSHUDWLRQ ZLWK WKLV W\SH

RI WKHUPRFRXSOHV� 7KH VXSSRUWLQJ SODWH ZDV RI VWHHO

�� RI �� PP WKLFNQHVV� 7KH SODWH FDQ EH PDGH RI DQ\

VWHHO� ,W LV XVHG IRU KHDW UHPRYDO IURP WKH ZHOGLQJ

]RQH DQG VDPSOH KHDWLQJ LQ WHVWLQJ ZLWK SUHKHDWLQJ

>�@�

/RDGLQJ VWUHVVHV ZHUH HVWDEOLVKHG LQ D FHUWDLQ SUR�

SRUWLRQ WR WKH \LHOG SRLQW RI WKH VWXGLHG VWHHO

��.K1�)$� IRU ZKLFK SXUSRVH LWV VWUHQJWK SURSHUWLHV

ZHUH GHWHUPLQHG WR *267 ����w��� IRU VPRRWK VDP�

SOHV σW  ������ 03D� σ���  ��� 03D� IRU VDPSOHV

ZLWK D FLUFXODU QRWFK σW  ������ 03D �QRWFK SURILOH

DQG GLPHQVLRQV DUH WKH VDPH� DV IRU WHVWLQJ E\ LPSODQW

)LJXUH �� 6FKHPDWLF RI WHVWLQJ E\ WKH LPSODQW PHWKRG DQG DSSHDU�
DQFH RI WKH VDPSOH �D� DQG PDFURVHFWLRQ RI WKH MRLQW �E�� � x
VDPSOH� � x SODWH� � x ZHOG �3 x ORDG�
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PHWKRG�� 'HSHQGLQJ RQ WKH WHVWLQJ FRQGLWLRQV� WKH
VDPSOH HLWKHU IDLOHG� RU ZLWKVWRRG WKH ORDG ZLWKRXW
IUDFWXUH� 3URFHHGLQJ IURP WKH DXWKRUVs H[SHULPHQWDO
GDWD DQG H[SHULHQFH RI RWKHU UHVHDUFKHUV >�w��@ LW ZDV
HVWDEOLVKHG� WKDW ZLWK WKH DERYH PHWKRG RI WHVWLQJ
WKH WLPH WR IUDFWXUH PD\ EH IURP VHYHUDO PLQXWHV XS
WR VHYHUDO KRXUV �QRW PRUH WKDQ �� K�� 7KHUHIRUH�
XQIDLOLQJ VDPSOHV ZHUH NHSW XQGHU WKH ORDG IRU �� K�
7KLV UHVXOWHG LQ GHWHUPLQDWLRQ RI PD[LPDO �FULWLFDO�
VWUHVVHV� EHORZ ZKLFK QR IUDFWXUH RFFXUUHG ZLWKLQ WKH
DERYH WHVWLQJ SHULRG� 708���8 HOHFWURGHV RI � PP
GLDPHWHU ZHUH XVHG IRU ZHOGLQJ� ZKLFK ZDV SHUIRUPHG
LQ WKH IROORZLQJ PRGH� ZHOGLQJ FXUUHQW ���w��� $�
DUF YROWDJH �� 9� ZHOGLQJ VSHHG ���w��� P�K� 'LI�
IXVLEOH K\GURJHQ FRQFHQWUDWLRQ LQ WKH GHSRVLWHG PHWDO
�DOFRKRO WHVW� ZDV HTXDO WR ���� FP� SHU ��� J RI
PHWDO�

)LJXUH � VKRZV D WKHUPRNLQHWLF GLDJUDP RI
DXVWHQLWH GHFRPSRVLWLRQ� GHULYHG DV D UHVXOW RI WKH
FRQGXFWHG LQYHVWLJDWLRQV� ,W GRHV QRW KDYH WKH VHFWLRQ
RI HTXLOLEULXP GHFRPSRVLWLRQ LQ WKH HQWLUH UDQJH RI
FRROLQJ UDWHV� EXW KDV MXVW WKH PDUWHQVLWH RU PDUWHQ�
VLWH�EDLQLWH UHJLRQV� $W FRROLQJ UDWH Z��� ! �� �&�V
LQ WKH WHPSHUDWXUH UDQJH RI ���w��� �& ��.K1�)$
VWHHO IRUPV PDUWHQVLWH� $W ORZHU FRROLQJ UDWHV� SUR�
GXFWV RI LQWHUPHGLDWH WUDQVIRUPDWLRQ DSSHDU LQ WKH
VWHHO VWUXFWXUH LQ DGGLWLRQ WR PDUWHQVLWH� WKH DPRXQW
RI WKHVH SURGXFWV JURZLQJZLWK ORZHULQJ RI WKH FRROLQJ
UDWH �)LJXUH ���

5HVXOWV RI G\ODWRPHWULF LQYHVWLJDWLRQV GHPRQ�
VWUDWH WKDW XQGHU WKH FRQGLWLRQV RI GHOD\HG FRROLQJ
�Z��� � �� �&�V� LQ ZHOGLQJ RI ��.K1�)$ VWHHO LQ
WKH +$= VHFWLRQV FORVH WR WKH IXVLRQ OLQH� PDUWHQVLWH
IRUPDWLRQ ZLOO EH DFFRPSDQLHG E\ DXVWHQLWH WUDQVIRU�
PDWLRQV E\ WKH EDLQLWH PHFKDQLVP ZLWK SDUWLDO VHOI�
WHPSHULQJ RI WUDQVIRUPDWLRQ SURGXFWV >��@� FKDUDF�
WHULVWLF RI WKLV SURFHVV� DQG ORZHULQJ RI WKH OHYHO RI
PHWDO VWUHQJWKHQLQJ� ZKLFK VKRXOG EH IDYRXUDEOH IRU
WKH FROG FUDFNLQJ UHVLVWDQFH RI ZHOGHG MRLQWV�

7KH GDWD RQ WKH LQIOXHQFH RI SUHKHDWLQJ WHPSHUD�

WXUH 7S DQG OHYHO RI WHQVLOH VWUHVVHV RQ ZHOGHG MRLQW

FUDFNLQJ UHVLVWDQFH LQ WHVWLQJ E\ WKH LPSODQW PHWKRG

DUH JLYHQ LQ 7DEOH �� 2EWDLQHG UHVXOWV VKRZHG WKDW

DW 7S ! ��� �& WKH OHYHO RI WHQVLOH VWUHVVHV� DW ZKLFK

QR IUDFWXUH RI ZHOGHG MRLQWV RFFXUV� LV PDUNHGO\ LQ�

FUHDVHG� $V ZDV HVWDEOLVKHG GXULQJ SHUIRUPDQFH RI

H[SHULPHQWV� GXULQJ ORDGLQJ LQ WKH SUHKHDWLQJ WHP�

SHUDWXUH UDQJH RI ���w��� �& WKH PDWHULDO EHLQJ

ZHOGHG LV FDSDEOH RI JRLQJ WKURXJK SDUWLDO GXFWLOH

GHIRUPDWLRQ� ZKHUHDV IXUWKHU RQ WKH VXVFHSWLELOLW\ WR

FUDFN LQLWLDWLRQ DQG GHOD\HG EULWWOH IUDFWXUH LV QRW

REVHUYHG�

)LJXUH �� 7KHUPRNLQHWLF GLDJUDP RI DXVWHQLWH GHFRPSRVLWLRQ LQ
��.K1�)$ VWHHO� $ x DXVWHQLWH� % x EDLQLWH� 0 x PDUWHQVLWH�
0

V
DQG 0H

x WKH VWDUW DQG HQG RI PDUWHQVLWH WUDQVIRUPDWLRQ�
UHVSHFWLYHO\

)LJXUH �� 0DFURVWUXFWXUH RI ��.K1�)$ VWHHO LQ WKH LQLWLDO FRQGLWLRQ �D� DQG DIWHU FRROLQJ LQ WKH G\ODWRPHWHU ZLWK GLIIHUHQW UDWHV� E x
Z���

 ����� F x ���� G x ��� �&�V �×����
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)RU D TXDQWLWDWLYH HVWLPDWH RI SUHKHDWLQJ WHPSHUD�
WXUH LQIOXHQFH RQ FROG FUDFNLQJ VXVFHSWLELOLW\� LW LV
FRQYHQLHQW WR XVH WKH FDOFXODWLRQ FULWHULRQ , >�@�

, = 176 w /76

176
� ���

ZKHUH 176 LV WKH VWUHQJWK RI D QRWFKHG VDPSOH� /76
LV WKH FULWLFDO VWUHVV� GHWHUPLQHG GXULQJ WHVWLQJ�

'HFUHDVH RI WKH YDOXHV RI , FRHIILFLHQW FRUUHVSRQGV
WR DQ LQFUHDVH RI FROG FUDFNLQJ UHVLVWDQFH� 2Q WKH
RWKHU KDQG� LWV YDOXHV� FORVH WR D XQLW\� FKDUDFWHUL]H
D KLJK EULWWOHQHVV DQG ORZ FUDFNLQJ UHVLVWDQFH RI WKH
PDWHULDO� )RU FULWLFDO FRQGLWLRQV RI WHVWLQJ ZLWK SUH�
KHDWLQJ XS WR ���� ��� DQG ��� �&� WKH YDOXHV RI
HPEULWWOHPHQW FRHIILFLHQW ,  ����� ���� DQG �����
UHVSHFWLYHO\�

$V IROORZV IURP FDOFXODWLRQ UHVXOWV� DW WUDQVLWLRQ
IURP WKH WHPSHUDWXUH RI ��� WR ��� �&� , YDOXHV PDU�
NHGO\ GHFUHDVH� WKH FROG FUDFNLQJ UHVLVWDQFH ULVLQJ DO�
PRVW ��� WLPHV� $W SUHKHDWLQJ XS WR ��� �&� WKH FUDFN�
LQJ UHVLVWDQFH ULVHV PRUH WKDQ ��� WLPHV� FRPSDUHG WR
ZHOGLQJ ZLWK SUHKHDWLQJ WR ��� �&� 1RQHWKHOHVV� LW
FDQQRW EH XQDPELJXRXVO\ VWDWHG� WKDW SUHKHDWLQJ XS
WR WHPSHUDWXUHV RQ WKH OHYHO RI ��� �& ZLOO QRW EH
HIIHFWLYH� DV LQ WKH JHQHUDO FDVH� WKH WHPSHUDWXUH PRGH
RI D ZHOGHG MRLQW� LQ DGGLWLRQ WR SUHKHDWLQJ WHPSHUD�
WXUH� LV IXUWKHU DIIHFWHG E\ WKH DPRXQW RI KHDW� DSSOLHG
LQ ZHOGLQJ� ZKLFK LV GHWHUPLQHG E\ KHDW LQSXW T�Y
DQG FRQGLWLRQV RI KHDW UHPRYDO� $ FRQFOXVLRQ RQ WKH
GHSHQGHQFH RI FUDFNLQJ UHVLVWDQFH MXVW RQ SUHKHDWLQJ
WHPSHUDWXUH ZLOO QRW EH TXLWH H[DFW� DQG LV� SUREDEO\�
YDOLG RQO\ IRU WKH FDVH RI ZHOGLQJ VWHHO RI RQH WKLFNQHVV

DQG E\ RQH VSHFLILF PHWKRG� )RU D PRUH FRPSOHWH
HYDOXDWLRQ RI WKH WHPSHUDWXUH PRGH LQ WKH +$= WKH
FRROLQJ UDWH RI WKH PHWDO EHLQJ ZHOGHG VKRXOG EH XVHG�
L�H� D JHQHUDOL]HG FKDUDFWHULVWLF� DOORZLQJ IRU WKH FRP�
ELQHG DFWLRQ RI WKH DERYH IDFWRUV�

7DEOH � JLYHV WKH UHVXOWV RI GHWHUPLQDWLRQ RI WKH
FRROLQJ UDWH RI +$= PHWDO LQ EHDG GHSRVLWLRQ RQ
�� PP WKLFN SODWH E\ PDQXDO DUF ZHOGLQJ ZLWK WKH
KHDW LQSXW T�Y  ����� -�FP� &DOFXODWLRQ ZDV SHU�
IRUPHG IRU DYHUDJH YDOXHV RI ZHOGLQJ FXUUHQW ,Z  
 ��� $ DQG ZHOGLQJ VSHHG YZ  ��� P�K E\ WKH
NQRZQ HTXDWLRQ >��� ��@ ZLWK WKH KHDW VRXUFH HIIL�
FLHQF\ η  ���� 7KXV� LQ SUHKHDWLQJ XS WR WHPSHUDWXUHV
RI ��� DQG ��� �&� SURYLGLQJ WKH PD[LPXP FUDFNLQJ
UHVLVWDQFH� WKH PHWDO FRROLQJ UDWH LQ WKH VHFWLRQ RI WKH
PRVW SUREDEOH EULWWOH IUDFWXUH LV ��� DQG ��� �&�V�
UHVSHFWLYHO\� 8QGHU VXFK FRQGLWLRQV EDLQLWH FRQWHQW
GHSHQGV RQ WKH FRROLQJ UDWH �)LJXUH ��� DQG DSSUR[L�
PDWHO\ IURP ��� XS WR ��� � RI WKH EDLQLWH FRPSRQHQW
IRUPV LQ WKH PHWDO VWUXFWXUH�

7KXV� WKH PD[LPXP DGPLVVLEOH UDWH RI +$= PHWDO
FRROLQJ� HTXDO WR DSSUR[LPDWHO\ ��� �&�V� PD\ EH
UHJDUGHG DV D FULWHULRQ RI DQ RSWLPDO WKHUPDO PRGH
LQ ZHOGLQJ ��.K1�)$ VWHHO� &RROLQJ DW WKH UDWH EHORZ
WKH DERYH�PHQWLRQHG RQH� SURYLGHV D KLJK UHVLVWDQFH
RI ZHOGHG MRLQWV WR FROG FUDFNLQJ� 6XFK D UDWH PD\ EH
DFKLHYHG DW GLIIHUHQW FRPELQDWLRQV RI WKH WHPSHUDWXUHV
RI SUHKHDWLQJ �FRQFXUUHQW KHDWLQJ�� ZHOGLQJ KHDW LQ�
SXW� PHWDO WKLFNQHVV DQG LWHP FRQILJXUDWLRQ� 7KHUH�
IRUH� VHOHFWLRQ RI SUHKHDWLQJ WHPSHUDWXUH ZLOO GHSHQG
RQ WKH VSHFLILF FDVH RI ZHOGLQJ�

$V IROORZV IURP SXEOLVKHG GDWD� WDNHQ� IRU LQ�
VWDQFH� IURP >��w��@� LQ VHOHFWLRQ RI SUHKHDWLQJ WHP�
SHUDWXUH WKH PRVW SUHIHUDEOH LV ORZ�WHPSHUDWXUH SUH�
KHDWLQJ �LQ VRPH FDVHV WR ��� �&�� 7KLV LV VXEVWDQWLDWHG
E\ WKH SRVVLEOH RFFXUUHQFH RI SKHQRPHQD� FDXVLQJ PH�
WDO HPEULWWOHPHQW DW WHPSHUDWXUH ULVH XS WR ���w
��� �&� $Q RSLQLRQ ZDV DOVR H[SUHVVHG >��@� WKDW LQ�
FUHDVH RI SUHKHDWLQJ WHPSHUDWXUH SURPRWHV GHYHORS�
PHQW RI KLJKHU UHVLGXDO VWUHVVHV LQ WKH +$= PHWDO� ,Q
DGGLWLRQ� DV LQGLFDWHG E\ >��� ��@� LQ ZHOGLQJ RI VWHHOV�
KDYLQJ VWUXFWXUDO WUDQVIRUPDWLRQV LQ WKH LQWHUPHGLDWH
DUHD� SUHKHDWLQJ WR ORZHU WHPSHUDWXUHV SURPRWHV
IDVWHU FRROLQJ RI WKH PHWDO DQG GHFRPSRVLWLRQ RI
DXVWHQLWH ZLWK IRUPDWLRQ RI SUHGRPLQDQWO\ ORZHU
EDLQLWH� ZKLFK LV VWURQJHU DQG PRUH GXFWLOH DQG WRXJK
WKDQ XSSHU EDLQLWH�

,Q RUGHU WR DFKLHYH KLJK YDOXHV RI SK\VLFR�PHFKDQL�
FDO SURSHUWLHV RI ZHOGHG MRLQWV RQ KDUGHQLQJ VWHHOV�
LW LV UHFRPPHQGHG WR PDLQWDLQ WKH OHYHO RI WKH SUH�
KHDWLQJ WHPSHUDWXUH DV FORVH DV SRVVLEOH WR WKDW RI WKH

7DEOH �� 5HVXOWV RI WHVWLQJ IRU FUDFN UHVLVWDQFH E\ WKH LPSODQW PHWKRG

°S�
Ì

¯
7HQVLOH VWUHVVHV DW ORDGLQJ

����σ
��� ����σ

��� ����σ
��� ����σ

��� �����σ
��� ���σ

��� ����σ
��� ����σ

���

��� ¬ ³ ³ ³

��� ¬ ¬ ³

��� ¬ ¬ ¬ ¬ ³

��� ¬

1R W H � ; x VDPSOH IUDFWXUH� 2 x QR IUDFWXUH�

)LJXUH �� ,QIOXHQFH RI FRROLQJ UDWH Z���
RI VWHHO ��.K1�)$ RQ WKH

FRQWHQW RI EDLQLWH %� IRUPHG DW WKHUPRNLQHWLF WUDQVIRUPDWLRQ RI
DXVWHQLWH
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PRVW FRPSOHWH GHFRPSRVLWLRQ RI DXVWHQLWH >��@� ,Q WKH
FDVH RI VWHHO ��.K1�)$ WKH WHPSHUDWXUH RI WKH HQG
RI PDUWHQVLWH WUDQVIRUPDWLRQ LV HTXDO WR0H ≅ ��� �&�

7KH DERYH SULQFLSOH RI ORZ�WHPSHUDWXUH SUHKHDWLQJ
ZDV� SUREDEO\� XVHG DV WKH EDVLV RI WKH FDOFXODWLRQ
SURFHGXUH WR GHWHUPLQH WKH SUHKHDWLQJ WHPSHUDWXUH
7S� GHYHORSHG E\ ,,: >��@� DQG LPSURYHG E\ WKH
DXWKRUV RI >��@ IRU D ZLGHU UDQJH RI YDOXHV RI 3ω
SDUDPHWHU�

7S  ���^� w H[S >w��3ω w �����@`� ���

ZKHUH 3ω LV WKH JHQHUDOL]HG SDUDPHWHU RI FUDFNLQJ VXV�
FHSWLELOLW\� GHWHUPLQHG IURP WKH UDWLR RI 3ω  3

FP
�

� >+@GLII��� � 6����� ,W LV DSSOLFDEOH IRU FDOFXODWLRQV
E\ IRUPXOD ��� LQ WKH UDQJH RI YDOXHV ���� XS WR ����
�KHUH 3

FP
LV FDUERQ HTXLYDOHQW� HTXDO WR & � 6L��� �

�0Q � &X � &U���� � 1L��� � 0R��� � 9��� �
� �%� >+@GLII LV GLIIXVLEOH K\GURJHQ FRQFHQWUDWLRQ LQ WKH
ZHOG PHWDO� FP����� J� 6 LV WKH VWHHO WKLFNQHVV� PP��

,Q ZHOGLQJ RI ��.K1�)$ VWHHO �� PP WKLFN ZLWK
VFDWWHU RI FKHPLFDO HOHPHQW FRPSRVLWLRQ IURP WKH
ORZHU OHYHO �VHH DERYH� XS WR D OHYHO� FRUUHVSRQGLQJ
WR WKH YDOXH RI3ω LQGH[� HTXDO WR ���� �DW FRPSRVLWLRQ�
FRUUHVSRQGLQJ WR WKH XSSHU OLPLW RI FRQFHQWUDWLRQV�
3ω ������ ZHZLOO XVH WKH DERYH IRUPXOD WR GHWHUPLQH
WKH UDQJH RI SUHKHDWLQJ WHPSHUDWXUHV� ,W LV HTXDO WR
DSSUR[LPDWHO\ ���w��� �&�

7KXV� SUHKHDWLQJ �FRQFXUUHQW KHDWLQJ� XS WR WKH
WHPSHUDWXUH RI ���w��� �& PD\ EH UHFRPPHQGHG�
EDVHG RQ WKH UHVXOWV� REWDLQHG WKURXJK H[SHULPHQWV
DQG FDOFXODWLRQV� DV ZHOO DV DQDO\VLV RI DSSURDFKHV WR
VHOHFWLRQ RI SUHKHDWLQJ WHPSHUDWXUHV LQ GHYHORSPHQW
RI WKH WHFKQRORJ\ RI ZHOGLQJ ��.K1�)$ VWHHO� ,W LV
UDWLRQDO WR SHUIRUP ILQDO VHOHFWLRQ RI WKH SUHKHDWLQJ
WHPSHUDWXUH� EDVHG RQ ZHOGLQJ RI WHFKQRORJLFDO VDP�
SOHV ZLWK PRQLWRULQJ RI WKH UDWH RI PHWDO FRROLQJ LQ
WKH +$= DUHD� ,W VKRXOG EH WDNHQ LQWR DFFRXQW� WKDW
ZLWK DGMXVWPHQW RI WKH WKHUPDO PRGH XQGHU WKH FRQ�
GLWLRQV RI D GHOD\HG KHDW UHPRYDO� WKH KHDW DSSOLHG
WR WKH ZHOGHG MRLQW ]RQH LQ PXOWLSDVV ZHOGLQJ �VHOI�
KHDWLQJ� OHDGV WR UHGXFWLRQ RI WKH FRROLQJ UDWH �VHH
7DEOH �� WHVWV 1R�� DQG �� DQG WR D JUDGXDO LQFUHDVH
RI WKH WHPSHUDWXUH RI +$= PHWDO DERYH WKDW RI LQLWLDO
SUHKHDWLQJ >��@�

&21&/86,216

�� %DVHG RQ DQDO\VLV RI WKH SORWWHG WKHUPRNLQHWLF GLD�
JUDP RI DXVWHQLWH GHFRPSRVLWLRQ LQ ��.K1�)$ VWHHO
LW LV IRXQG� WKDW DW FRROLQJ UDWHV RI Z��� � �� �&�V�
VWUXFWXUDO WUDQVIRUPDWLRQ ZLWK EDLQLWH IRUPDWLRQ
WDNHV SODFH� DW Z��� ! �� �&�V DXVWHQLWH XQGHUJRHV
KDUGHQLQJ IRU PDUWHQVLWH� ,Q WKLV FDVH QR DUHD RI WUDQV�
IRUPDWLRQ ZLWK IRUPDWLRQ RI DQ HTXLOLEULXP IHUULWH�
SHDUOLWH PL[WXUH ZDV IRXQG�

�� ,W LV HVWDEOLVKHG WKDW D KLJK UHVLVWDQFH RI ZHOGHG
MRLQWV RI ��.K1�)$ VWHHO WR FROG FUDFNLQJ LV DFKLHYHG
DW WKHUPDO PRGHV RI ZHOGLQJ� SURYLGLQJ QRW PRUH WKDQ
��� �&�V UDWH RI +$= PHWDO FRROLQJ QHDU WKH ZHOG�
ZKLFK LV DVVRFLDWHG ZLWK HVWDEOLVKPHQW RI PRUH HIIHF�
WLYH FRQGLWLRQV IRU IRUPDWLRQ RI WKH EDLQLWH FRPSRQHQW
LQ WKH PHWDO VWUXFWXUH DQG SDUWLDO VHOI�WHPSHULQJ RI
KDUGHQLQJ SURGXFWV�

�� :KHQ GHYHORSLQJ WKH WHFKQRORJ\ RI ZHOGLQJ
��.K1�)$ VWHHO� LW LV UHFRPPHQGHG WR DSSO\ SUHKHDW�
LQJ LQ WKH WHPSHUDWXUH UDQJH RI ���w��� �&� 6HOHFWLRQ
RI D FRQFUHWH WHPSHUDWXUH RI SUHKHDWLQJ �FRQFXUUHQW
KHDWLQJ� VKRXOG EH SHUIRUPHG RQ WKH EDVLV RI WKH UH�
VXOWV RI VWXG\LQJ WKH WHPSHUDWXUH PRGHV� FKDQJH RI
WKH UDWH RI PHWDO FRROLQJ LQ WKH +$= DQG FRUUHFWLRQ
RI WKH SDUDPHWHUV RI WKH PRGHV RI ZHOGLQJ DQG KHDWLQJ
IRU D FRQFUHWH SURGXFW�

�� ������ +DQGERRN RI VWHHO DQG DOOR\ JUDGHV� (G� E\ 9�*�
6RURNLQ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� %HMOLQRYD� 7�$�� <DQNRYVN\� 9�0�� *RUGHHYD� /�,� ������
6WUXFWXUH DQG SURSHUWLHV RI ��.K1�)$ VWHHO DIWHU WHPSHULQJ�
0HWDOORYHGHQLH L 7HUP� 2EUDE� 0HWDOORY� ��� ��w���

�� +ULYQ\DN� ,� ������ :HOGDELOLW\ RI VWHHOV� 0RVFRZ� 0DVKL�
QRVWURHQLH�

�� <RULRND� 1� ������ :HOGLQJ RI 70&3 VWHHOV� -� -DS� :HOG�
6RF�� �� ��w���

�� =DNV� $�,� ������ (OHFWURGHV IRU DUF ZHOGLQJ RI VWHHOV DQG
QLFNHO DOOR\V� 5HIHU� %RRN� 6W��3HWHUVEXUJ� :HOFRPH�

�� *HOOHU� <X�$�� 5DNKVKWDGW� $�*� ������ 6FLHQFH RI PDWHUL�
DOV� 0RVFRZ� 0HWDOOXUJL\D�

�� *UDQMRQ� +� ������ 7KH �LPSODQW� PHWKRG IRU VWXG\LQJ WKH
ZHOGDELOLW\ RI KLJK VWUHQJWK VWHHOV� 0HWDO &RQVWU� DQG %UL�
WLVK :HOG� -�� ��� ���w����

�� 6DZKLOO� -�0�� 'L[� $�:�� 6DYDJH� :�%� ������ 0RGLILHG LP�
SODQW WHVW IRU VWXG\LQJ GHOD\HG FUDFNLQJ� ,ELG�� ��� ���w����

�� .DVDWNLQ� %�6�� %UHGQHY� 9�,�� 9RONRY� 9�9� ������
0HWKRG RI GHWHUPLQDWLRQ RI GHIRUPDWLRQV LQ GHOD\HG IUDF�
WXUH� $YWRPDWLFK� 6YDUND� ��� �w�� ���

��� <RVKLQRUL� ,�� 0DVDNLQLNR� ,�� 0XWVXR� 1� ������ 6WXG\ RQ
HVWLPDWLRQ RI ORZHU FULWLFDO VWUHVV IRU FROG FUDFNLQJ DW ZHOGV
E\ LPSODQW WHVW PHWKRG� -� -DS� :HOG� 6RF�� ��� ��w���

��� *XO\DHY� $�3� ������ +HDW WUHDWPHQW RI VWHHO� 0RVFRZ�
0DVKJL]�

��� 3HWURY� *�$�� 7XPDUHY� $�6� ������ 7KHRU\ RI ZHOGLQJ
SURFHVVHV� 0RVFRZ� 9\VVKD\D 6KNROD�

��� ������ :HOGHU KDQGERRN� (G� E\ 9�9� 6WHSDQRY� 0RVFRZ�
0DVKLQRVWURHQLH�

��� %XUDVKHQNR� ,�$�� =YH]GLQ� <X�,�� 7VXNDQRY� 9�9� ������
9DOLGDWLRQ RI SUHKHDWLQJ WHPSHUDWXUH LQ ZHOGLQJ RI FKURPH�
QLFNHO�PRO\EGHQXP�YDQDGLXP VWHHOV RI PDUWHQVLWH FODVV�
$YWRPDWLFK� 6YDUND� ��� ��w���

��� 1RYLNRY� ,�,� ������ 7KHRU\ RI KHDW WUHDWPHQW� 0RVFRZ�
0HWDOOXUJL\D�

��� /REDQRY� /�0�� 0LNKRGXM� /�,�� 3LYWRUDN� 9�$� HW DO�
������ ,QIOXHQFH RI SHFXOLDULWLHV RI VXEPHUJHG�DUF ZHOGLQJ
WHFKQRORJ\ RQ WKH VWUHVVHG VWDWH RI KLJK�VWUHQJWK VWHHO
ZHOGHG MRLQWV� $YWRPDWLFK� 6YDUND� �� ��w���

��� 1RYLNRYD� '�3�� %RJDFKHN� <X�/�� 6HPHQRY� 6�(� HW DO�
������ ,QIOXHQFH RI FRROLQJ DQG GHIRUPDWLRQ RQ LPSDFW
WRXJKQHVV RI ZHOG PHWDO LQ ORZ�DOOR\ VWHHO ZHOGLQJ� ,ELG��
��� ��w���

��� .R]ORY� 5�$� ������ :HOGLQJ RI KHDW�WHPSHUDWXUH VWHHOV�
/HQLQJUDG� 0DVKLQRVWURHQLH�

��� =HP]LQ� 9�1�� 6KURQ� 5�=� ������ +HDW WUHDWPHQW DQG
SURSHUWLHV RI ZHOGHG MRLQWV� /HQLQJUDG� 0DVKLQRVWURHQLH�

��� .DVDWNLQ� 2�*�� 0XVL\DFKHQNR� 9�)� ������ &DOFXODWLRQ RI
ZHOGLQJ FRQGLWLRQV RI KLJK�VWUHQJWK ORZ�DOOR\ VWHHO� $YWR�
PDWLFK� 6YDUND� ��� �w��

7DEOH �� ,QIOXHQFH RI WKH WKHUPDO PRGH RQ FRROLQJ UDWH RI +$=
PHWDO LQ PDQXDO DUF ZHOGLQJ

7HVW

1R�
°S�

Ì

¯
&RQGLWLRQV RI SHUIRUPDQFH

RI ZHOGLQJ DQG GHSRVLWLRQ

'LVWDQFH

IURP IXVLRQ

OLQH WR

WKHUPR�

FRXSOH� PP

Z
����

Ì

¯�V

� ��� 6LQJOH�SDVV ZHOGLQJ ��� ����

� ��� 6DPH ��� ���

� ��� � ��� ���

� ��� :HOGLQJ ZLWK GHSRVLWLRQ

RI WZR SDUDOOHO EHDGV

��� ���

� ��� 'HSRVLWLRQ RI D VHFWLRQ RI

DERXW ��×�� PP LQ

VHYHUDO SDVVHV

��� ���

� ��� 6LQJOH�SDVV ZHOGLQJ ��� ���
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1�*� (),0(1.2
�
DQG 6�9� 1(67(5(1.2

�

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

�
.NDUNLY 6WDWH $FDGHP\ RI 0XQLFLSDO 6HUYLFHV� .KDUNLY� 8NUDLQH

,QYHVWLJDWLRQV ZHUH SHUIRUPHG RI WKH LQIOXHQFH RI PLFURDOOR\LQJ FKURPLXP�QLFNHO GHSRVLWHG PHWDO RI ����� W\SH ZLWK

\WWULXP DQG FHULXP R[LGH RQ LWV LQWHUFU\VWDOOLQH FRUURVLRQ UHVLVWDQFH� $ SRVLWLYH UROH RI PRGLI\LQJ E\ FOHDQLQJ WKH FU\VWDO

ERXQGDULHV DQG PRUH IDYRUDEOH GLVWULEXWLRQ RI LQWHUPHWDOOLF LQFOXVLRQV LV GHPRQVWUDWHG�

.H\ ZRU G V � FKURPLXP�QLFNHO�PRO\EGHQXP DXVWHQLWLF GH�

SRVLWHG PHWDO� UDUH�HDUWK PHWDOV� PLFURDOOR\LQJ� FRUURVLRQ UHVLV�

WDQFH� FDUERQ GLIIXVLRQ� LQWHUFU\VWDOOLQH FRUURVLRQ� QRQ�PHWDOOLF
LQFOXVLRQV� JUDLQ ERXQGDULHV� FKHPLFDO PLFURLQKRPRJHQHLW\� KHDW
WUHDWPHQW� FKURPLXP FDUELGHV

&DUERQ GLIIXVLRQ WR WKH ERXQGDULHV DQG ERXQGDU\ UH�
JLRQV RI JUDLQV DQG FU\VWDOOLWHV GXULQJ KHDWLQJ LQ ZHOG�

LQJ LQ WKH WHPSHUDWXUH UDQJH RI LWV PD[LPXPPRELOLW\

LV WKH GHWHUPLQDQW IDFWRU RI LQWHUFU\VWDOOLQH FRUURVLRQ

�,&&� UHVLVWDQFH RI &Uw1Lw0R DXVWHQLWLF PHWDO� ,Q

WKLV FDVH� WKH WKHUPDO F\FOLQJ� UHODWHG WR WKH LQFUHDVH

RI WKH GXUDWLRQ RI PHWDO VWD\LQJ DW KLJK WHPSHUDWXUHV�

ZKHQ PDNLQJ PXOWLSDVV ZHOGV� DFFHOHUDWHV WKH SURFHVV

RI FDUELGH IRUPDWLRQ RQ WKH ERXQGDULHV DQG GHSOHWLRQ

RI ERXQGDU\ UHJLRQV LQ FKURPLXP�

:RUNV >�� �@ VKRZ WKDW 5(0 PLFURDOOR\LQJ RI
DXVWHQLWLF &Uw1Lw0R PHWDO LPSURYHV WKH FRUURVLRQ

UHVLVWDQFH� +RZHYHU� WKH PHFKDQLVP RI WKLV LQIOXHQFH

RQ ,&& SURFHVV LV QRW FRQVLGHUHG� ,W LV DOVR HVWDEOLVKHG

>�� �@ WKDW \WWULXP GHOD\V FDUERQ GLIIXVLRQ LQ WKH
PHWDO RI ZHOGV RQ ORZ�FDUERQ DQG DXVWHQLWLF &Uw1L

VWHHOV� ,W PD\ EH DVVXPHG� WKDW WKH FDXVH IRU LPSURYHG

LQWHUFU\VWDOOLQH FRUURVLRQ UHVLVWDQFH RI PLFURDOOR\HG

&Uw1Lw0R PHWDOV� LV GHOD\LQJ FDUERQ PRYHPHQW WR
JUDLQ DQG FU\VWDOOLWH ERXQGDULHV DQG GHSOHWLRQ RI QHDU�

ERXQGDU\ UHJLRQV LQ FKURPLXP�
7KH SXUSRVH RI WKLV ZRUN ZDV WR VWXG\ WKH LQIOXHQFH

RI 5(0PLFURDOOR\LQJ RQ ,&& UHVLVWDQFH RI ZHOG PHWDO�

0HWDO ZDV VWXGLHG� ZKLFK ZDV GHSRVLWHG E\ WKH
HOHFWULF DUF SURFHVV ZLWK HOHFWURGHV� FRQWDLQLQJ

��� � < � ��� � &H2�� DGGHG WKRXJK WKH FRDWLQJ >�@�

6DPSOHV IRU LQYHVWLJDWLRQV ZHUH SURGXFHG E\ PDNLQJ
PXOWLOD\HU GHSRVLWV RQ WKH HQG IDFH RI D SODWH RI

��.K��1��0� VWHHO �� PP WKLFN DQG ��� PP ORQJ�

LQ NHHSLQJ ZLWK *267 ����w��� 'HSRVLWLRQ ZDV SHU�

IRUPHG ZLWK HOHFWURGHV RI � PP GLDPHWHU DW FXUUHQWV

RI XS WR ���w��� $� &RPSRVLWLRQ RI WKH GHSRVLWHG

PHWDO� FRQWDLQLQJ 5(0� LV JLYHQ LQ 7DEOH ��

'HSRVLWHG PHWDO VDPSOHV ZHUH KHDWHG LQ DUJRQ DW

WKH WHPSHUDWXUH RI ��� �& ZLWK VRDNLQJ IRU ���� ��

DQG ��� K�

6XVFHSWLELOLW\ RI WKH GHSRVLWHG PHWDO WR ,&& ZDV
HYDOXDWHG HOHFWURFKHPLFDOO\� XVLQJ D FHOO ZLWK VHSD�

UDWH HOHFWURGH VSDFHV >�@� 6DPSOHV SRODUL]DWLRQ ZDV

SHUIRUPHG ZLWK 3�����0 SRWHQWLRVWDWH� 6WDQGDUG

FKORULQH�VLOYHU HOHFWURGH ZDV XVHG DV UHIHUHQFH HOHF�

WURGH� ([SHULPHQWDOO\ GHULYHG YDOXHV RI WKH SRWHQWLDOV

DUH JLYHQ LQ K\GURJHQ VFDOH�

,QYHVWLJDWLRQV RI FKHPLFDO PLFURLQKRPRJHQHLW\

DQG GLVWULEXWLRQ RI HOHPHQWV RQ JUDLQ ERXQGDULHV� DV

ZHOO DV FRPSRVLWLRQ RI QRQ�PHWDOOLF LQFOXVLRQV �10,�

ZHUH FRQGXFWHG� XVLQJ HOHFWURQ PLFURVFRSHV &RPHED[

DQG &RPVFDQ�� ZLWK /LQN 6\VWHP ��� DWWDFKPHQW IRU

;�UD\ PLFURDQDO\VLV� 6DPSOHV IRU VFDQQLQJ HOHFWURQ

PLFURVFRS\ ZHUH SUHSDUHG E\ JHQHUDOO\�DFFHSWHG SUR�

FHGXUH� XVLQJ NQRZQ HWFKDQWV�

'HSWK RI ,&&SHQHWUDWLRQZDVPHDVXUHG LQ NHHSLQJ

ZLWK *267 ����w�� �$0 PHWKRG�� XVLQJ PHWDO�

ORJUDSKLF PLFURVFRSH�

$QRGH SRWHQWLRPHWULF FXUYHV RI PHWDOV� VWXGLHG LQ

�0 +&O2� � ���P 1D&O VROXWLRQ� DUH JLYHQ LQ )L�

JXUH �� 7KH DERYH HOHFWURO\WH LV FKDUDFWHUL]HG E\ KLJK

VHOHFWLYH DFWLRQ RQ ERXQGDU\ UHJLRQV RI JUDLQV DQG

FU\VWDOOLWHV� GHSOHWHG LQ FKURPLXP� 6WUDLJKW�OLQH

VKDSH RI DQRGLF SRWHQWLRG\QDPLF FXUYHV ZDV REWDLQHG

DIWHU WDNLQJ WKH FDWKRGH FXUYH IURP L
F
 �� P$�FP

�
�

VWDUWLQJ ZLWK FRUURVLRQ SRWHQWLDO ϕ
F
�

� 1�*� (),0(1.2 DQG 6�9� 1(67(5(1.2� ����

7DEOH �� 'HSRVLWHG PHWDO FRPSRVLWLRQ� ZW��

6DPSOH & &U 1L 0Q 6L 0R 6 < &H

,QLWLDO �����w����� ����w���� ��� �� �� ����w���� ����w���� ���w��� ����� w w

([SHULPHQWDO �����w����� ����w���� ��� �� ����w���� ����w���� ���w��� ����� ����� �����

1R W H � &RPSRVLWLRQ RI WKH GHSRVLWHG PHWDO RI ERWK WKH YDULDQWV LQFOXGHV ����� ZW�� 3�
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$QDO\VLV RI SRODUL]DWLRQ PHDVXUHPHQWV IRU VDP�
SOHV RI GHSRVLWHG PHWDOV VKRZV WKDW DFWLYDWLRQ UH�
JLRQV GHYHORS DW KHDW WUHDWPHQW LQ WKH UDQJH RI
YDOXHV RI DQRGH SRWHQWLDOV RI ����w��� 9 �)LJXUH ��
FXUYHV �′� �� �′� �� �′� ��� 1R VXFK UHJLRQV DUH IRXQG
LQ WKH FXUYHV IRU VDPSOHV ZLWKRXW KHDW WUHDWPHQW
�)LJXUH �� FXUYHV �′� ���

'HJUHH RI GHSRVLWHG PHWDO VXVFHSWLELOLW\ WR ,&&�
DFFRUGLQJ WR >�@� LV GHWHUPLQHG E\ DFWLYDWLRQ FXUUHQW
L
D
DW ϕ

D
 ��� 9� ,W ZDV H[SHULPHQWDOO\ HVWDEOLVKHG

WKDW L
D
FXUUHQWV IRU PLFURDOOR\HG VDPSOHV �)LJXUH ��

FXUYHV �′w�′� DUH PXFK VPDOOHU WKDQ WKRVH IRU WKH

LQLWLDO PHWDO �)LJXUH �� FXUYHV �w��� ,Q DGGLWLRQ� L
D

YDOXH LQFUHDVHV ZLWK WKH LQFUHDVH RI WKH GXUDWLRQ RI
KHDW WUHDWPHQW� WKLV JURZWK EHLQJ OHVV SURQRXQFHG IRU
PLFURDOOR\HG PHWDO WKDQ IRU WKH PHWDO RI WKH LQLWLDO
YDULDQW� ,&& UHVLVWDQFH ZDV HYDOXDWHG E\ WKH GHSWK
RI LWV SHQHWUDWLRQ� *UDYLPHWULF FRUURVLRQ WHVWLQJ RI
VDPSOHV LQ �0 +

�
62

�
VROXWLRQ DW WKH WHPSHUDWXUH RI

�� �& ZDV FRQGXFWHG DW WKH VDPH WLPH� 7HVWLQJ UHVXOWV
DUH JLYHQ LQ 7DEOH ��

'DWD RI 7DEOH �� VLPLODU WR HOHFWURFKHPLFDO PHDV�
XUHPHQWV� DUH LQGLFDWLYH RI D KLJKHU UHVLVWDQFH WR ,&&
DQG UHWDUGDWLRQ RI WRWDO FRUURVLRQ RI PLFURDOOR\HG PH�
WDO LQ +

�
62

�
VROXWLRQV�

,W LV IRXQG WKDW LQ WKH PHWDO ZLWKRXW 5(0 VXE�
MHFWHG WR ��� K KHDW WUHDWPHQW�PXFKPRUH SURQRXQFHG
VHJUHJDWLRQ RI FKURPLXP RQ JUDLQ ERXQGDULHV ����w
��� ZW��� ZDV UHJLVWHUHG� FRPSDUHG WR LWV DYHUDJH
FRQWHQW� DV ZHOO DV UHGXFWLRQ RI QLFNHO FRQWHQW E\
����w���� ZW�� �7DEOH �� YDULDQW 1R����

1R VXFK FKDQJH ZDV REVHUYHG LQ 5(0�FRQWDLQLQJ
PHWDO� VXEMHFWHG WR WKH VDPH KHDW WUHDWPHQW �7DEOH ��
YDULDQW 1R���� 1R VLJQLILFDQW VHJUHJDWLRQ RI HOHPHQWV
ZDV IRXQG LQ VDPSOHV� VXEMHFWHG WR KHDW WUHDWPHQW IRU
QRW OHVV WKDQ �� K�

0LFURVWUXFWXUH RI 5(0�FRQWDLQLQJ PHWDO LV UH�
ILQHG� XQOLNH WKH PHWDO RI WKH LQLWLDO YDULDQW� ,W LV
IXUWKHU HVWDEOLVKHG WKDW DW KHDW WUHDWPHQW RI WKH PHWDO
RI WKH LQLWLDO YDULDQW WKH JUDLQ ERXQGDULHV EHFRPH
VLJQLILFDQWO\ WKLFNHU GXH WR FKURPLXP FDUELGH SUHFLSL�
WDWLRQ �)LJXUH ���

$Q LQWHQVLYH JURZWK RI WKH DFLFXODU SKDVH LV IRXQG
�)LJXUH �� D� 7DEOH �� YDULDQW 1R���� ZKLFK RULJLQDWHV
IURP WKH JUDLQ ERXQGDULHV� 7KH QXPEHU RI QHHGOHV RI
WKH &�FRQWDLQLQJ SKDVH GHSHQGV RQ KHDW WUHDWPHQW
GXUDWLRQ� $SSHDUDQFH RI DQ REVHUYDEOH DPRXQW RI WKLV
SKDVH ZDV QRW QRWHG IRU PLFURDOOR\HG VDPSOHV HYHQ
DW KHDW WUHDWPHQW IRU ��� K �)LJXUH �� E� 7DEOH ��
YDULDQW 1R���� ,Q DGGLWLRQ� QR FDUELGH SUHFLSLWDWLRQV
RU ERXQGDU\ WKLFNHQLQJ DW JUDLQ ERXQGDULHV ZDV IRXQG

)LJXUH �� $QRGH SRWHQWLRG\QDPLF FXUYHV RI GHSRVLWHG PHWDO ��w
� x ZLWKRXW 5(0� �′w�′ x ZLWK 5(0� LQ �0 +&O2� � ���P
1D&O VROXWLRQ DW ��� �& WHPSHUDWXUH ZLWK GLIIHUHQW GXUDWLRQ RI
KHDW WUHDWPHQWV� � x �� � x �� � x ��� � x ��� K

)LJXUH �� &KURPLXP FDUELGH SUHFLSLWDWLRQ RQ JUDLQ ERXQGDULHV RI
LQLWLDO GHSRVLWHG PHWDO DW KHDW WUHDWPHQW IRU ��� K �×�����

7DEOH �� &RUURVLRQ UHVLVWDQFH DQG GHSWK RI ,&& SHQHWUDWLRQ

2EMHFW RI VWXG\
9DULDQW

1R�

+HDW

WUHDWPHQW

GXUDWLRQ�

K

,&& GHSWK�

µP

5DWH RI

FRUURVLRQ

LQ

�0 +�62�

DW �� �&�

PP�\HDU

0HWDO ZLWKRXW

5(0

� � ��w�� ����

� � ���w��� w

� �� ���w��� w

� ��� ���w��� ����

5(0�FRQWDLQ�

LQJ PHWDO

� � ��w�� ����

� � ��w�� w

� �� ���w��� w

� ��� ���w��� ����

7DEOH �� &KHPLFDO PLFURLQKRPRJHQHLW\ RI GHSRVLWHG PHWDO �KHDW
WUHDWPHQW ��� K�

9DULDQW

1R�

&RQWHQW� ZW��

DYHUDJH RQ JUDLQ ERXQGDU\

LQ WKH LPPHGLDWH

YLFLQLW\ RI JUDLQ

ERXQGDU\ ��� µP�

1L &U 1L &U 1L &U

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

� ����� ������ ������ ������ ������ ������
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)LJXUH �� *UDLQ ERXQGDULHV RI GHSRVLWHG PHWDO �KHDW WUHDWPHQW ��� K� RI LQLWLDO YDULDQW �D� DQG ZLWK 5(0 �E�

)LJXUH �� 'LVWULEXWLRQ RI FKHPLFDO HOHPHQWV LQ 10,� ORFDWHG DW WKH JUDLQ ERXQGDU\ �5(0�FRQWDLQLQJ PHWDO� KHDW WUHDWPHQW ��� K�

7DEOH �� 7\SLFDO FRPSRVLWLRQ RI QRQ�PHWDOOLF LQFOXVLRQV

5(0 UHVLGXDO FRQWHQW

LQ WKH PHWDO� ZW��

%ULJKWQHVV LQ

UHIOHFWHG

HOHFWURQV

:HLJKW IUDFWLRQ RI HOHPHQWV� �

6L 0Q &U 0R 7L 6 &D < &H

1R /LJKW ���� ���� w w ����� ���� w w w

6DPH 6DPH ���� ���� w w ���� ���� w w w

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

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

� 'DUN ����� ����� w w ����� ���� ����� w w

� 6DPH ����� ����� w w ����� ����� ����� w w

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

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

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

������< � ������&H � ����� ����� w w ����� ���� ���� ���� ����

6DPH /LJKW ���� ���� ������ w ����� ���� ����� w ����

� 6DPH ���� ����� w w ���� ���� ���� w �����

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

� 'DUN ����� ����� w w ���� ���� ���� ���� ����

� 6DPH ����� ����� w w ���� ���� ���� w ����

� � ������ ����� w w ���� ���� ���� ����� �����
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IRU PLFURDOOR\HG VDPSOHV XQGHU VLPLODU FRQGLWLRQV
�)LJXUH �� E� 7DEOH �� YDULDQW 1R����

,QYHVWLJDWLRQ RI 10, GLVFORVHG WKDW LQ WKH LQLWLDO
PHWDO WKH\ DUH ORFDWHG SUHGRPLQDQWO\ RQ JUDLQ
ERXQGDULHV� ,Q 5(0�FRQWDLQLQJ PHWDO 10, DUH UH�
ILQHG ����w��� µP� DQG XQLIRUPO\ GLVWULEXWHG LQ WKH
PDWUL[� WKHLU VKDSH EHLQJ FORVH WR WKH VSKHULFDO RQH�
6RPHWLPHV� 10, RI �w� µP VL]H DUH IRXQG� SDUW RI
WKHP EHLQJ ORFDWHG DORQJ JUDLQ ERXQGDULHV�

,Q UHIOHFWHG HOHFWURQV 10, KDYH GLIIHUHQW FR�
ORXUV x OLJKW� GDUN� VRPHWLPHV OLJKW�JUH\� 7KHLU FR�
ORXU� DV HVWDEOLVKHG E\ DQDO\VLV� GHSHQGV RQ WKH FRQ�
WHQW RI D SDUWLFXODU FKHPLFDO HOHPHQW� 10, FRPSRVL�
WLRQ LV FRPSOH[� 0DQJDQHVH� VLOLFRQ DQG VXOSKXU SUH�
YDLO LQ GDUN�FRORXUHG 10, LQ 5(0�FRQWDLQLQJ PHWDO�
7KH\ DOVR FRQWDLQ D VLJQLILFDQW DPRXQW RI R[\JHQ DQG
FDUERQ �)LJXUH ��� /LJKW�FRORXUHG LQFOXVLRQV DUH LGHQ�
WLILHG DV 5(0 R[\VXOSKLGHV DQG R[\FDUERVXOSKLGHV�
10, LQ WKH LQLWLDO PHWDO DUH GDUN�FRORXUHG �VLOLFDWHV�
VLOLFRQ DQG PDQJDQHVH R[LGHV� PDQJDQHVH VXOSKLGHV�
DQG OLJKW�FRORXUHG �PRVWO\� PDQJDQHVH R[LGHV DQG
VXOSKXUHRXV FRPSRXQGV��

&RPSRVLWLRQ RI W\SLFDO 10, LV JLYHQ LQ 7DEOH ��

3RVLWLYH LQIOXHQFH RI 5(0 RQ ,&& UHVLVWDQFH RI

WKH PHWDO FDQ EH SUHVHQWHG� SURFHHGLQJ IURP WKH RE�

WDLQHG H[SHULPHQWDO GDWD DQG UHVXOWV RI VWXGLHV >�� ��

�� �@� +LJK DIILQLW\ RI 5(0 WR R[\JHQ DQG VXOSKXU

SURPRWHV IRUPDWLRQ RI KLJK�WHPSHUDWXUH 10, >�� �@

LQ WKH SUH�VROLGLILFDWLRQ SHULRG� 7KH PRGH RI GLVWUL�

EXWLRQ RI 10, LQ WKH VROLGLILHG PHWDO FKDQJHV� 7KH\

DUH IRXQG SUHGRPLQDQWO\ LQ WKH ERG\ RI JUDLQV DQG

FU\VWDOOLWHV >�@� ,QWHUGHQGULWLF DQG LQWHUJUDQXDOU

ERXQGDULHV EHFRPH FOHDQHU� DQG WKLQQHU� 6WUXFWXUDO

FRQVWLWXHQWV DUH PRGLILHG >�@� 7KH IRUPHG 10,� FRQ�

WDLQLQJ 5(0� KDYH D FRPSOH[ FRPSRVLWLRQ� FDUERQ LV

SUHVHQW LQ WKHP LQ DGGLWLRQ WR R[\JHQ DQG VXOSKXU�

L�H� FDUELGHV IRUP >�@� &DUERQ GLIIXVLRQ LV UHWDUGHG LQ

WKH WHPSHUDWXUH UDQJH RI LWV PD[LPXP GLIIXVLRQ PR�

ELOLW\ >�� �@� &KHPLFDO PLFURLQKRPRJHQHLW\ LQ WKH

ERXQGDU\ UHJLRQV EHFRPHV VPDOOHU >�� �@� 5HWDUGDWLRQ

RI FDUERQ GLIIXVLRQ ORZHUV WKH SUREDELOLW\ RI IRUPDWLRQ

RI FKURPLXP FDUELGHV RQ WKH ERXQGDULHV� &KDQJH RI

WKH QDWXUH RI VWUXFWXUH IRUPDWLRQ SURFHVVHV SURPRWHV

GHFUHDVH RI WKH LQWHQVLW\ RI FRUURVLRQ SURFHVVHV LQ WKH

ERXQGDU\ UHJLRQV�

&21&/86,216

�� +LJK�WHPSHUDWXUH WUHDWPHQW RI LQLWLDO PHWDO SUR�
PRWHV WKH DSSHDUDQFH RI FDUELGH SKDVH RQ JUDLQ
ERXQGDULHV DQG RI &�FRQWDLQLQJ DFLFXODU SKDVH� 1XP�
EHU RI WKHVH SKDVHV GHSHQGV RQ WKH GXUDWLRQ RI PHWDO
VRDNLQJ DW WKH WHPSHUDWXUH RI PD[LPXP PRELOLW\ RI
FDUERQ� 1R VXFK SKDVHV DUH IRXQG LQ 5(0�FRQWDLQLQJ
PHWDO� ZKLFK LV DWWULEXWDEOH WR ORZHULQJ RI GLIIXVLRQ
DFWLYLW\ RI FDUERQ� L�H� VWDELOL]DWLRQ RI WKH VWUXFWXUH�

�� 5(0 DGGLWLRQ WR WKH GHSRVLWHG PHWDO ORZHUV

WKH FKHPLFDO PLFURLQKRPRJHQHLW\� OHDGV WR PRGLILFD�

WLRQ RI VWUXFWXUDO FRPSRQHQWV� DQG FOHDQLQJ RI WKH

ERXQGDULHV RI JUDLQV DQG FU\VWDOOLWHV�

�� ,Q 5(0�FRQWDLQLQJ PHWDO WKH IRUPHG 10, KDYH

D FRPSOH[ FRPSRVLWLRQ� DUH GLVWULEXWHG PDLQO\ LQ WKH

ERG\ RI JUDLQV DQG FU\VWDOOLWHV� FRQWDLQ D FRQVLGHUDEOH

DPRXQW RI VXOSKXU DQG R[\JHQ� DV ZHOO DV FDUERQ�

�� (OHFWURFKHPLFDO LQYHVWLJDWLRQV DQG PHDVXUH�

PHQWV RI WKH GHSWK RI ,&& SHQHWUDWLRQ DUH LQGLFDWLYH

RI D KLJKHU ,&& UHVLVWDQFH RI 5(0�FRQWDLQLQJ PHWDO�

�� /D]HEQRY� 3�3�� $OHNVDQGURY� $�*� ������ ,QIOXHQFH RI
PRGLILFDWLRQ RQ VWUXFWXUH DQG SURSHUWLHV RI ��.K��1��7
VWHHO ZHOGHG MRLQWV PHWDO� 6YDURFKQ� 3URL]YRGVWYR� ��
��w���

�� 1HVWHUHQNR� 6�9�� (ILPHQNR� ,�*� ������ ,QFUHDVH RI FRUURVLRQ
UHVLVWDQFH LQ DFLG PHGLD RI DXVWHQLWLF GHSRVLWHG PHWDO E\ FRP�
SOH[ DOOR\LQJ ZLWK UDUH�HDUWK PHWDOV� ,ELG�� ��� ��w���

�� (ILPHQNR� 1�*�� %DODQ� /�1� ������ (IIHFW RI \WWULXP RQ
K\GURJHQ GLIIXVLRQ LQ ZHOGHG MRLQWV� ,ELG�� �� ��w���

�� (ILPHQNR� 1�*� ������ 2Q WKH PHFKDQLVP RI HIIHFW RI UDUH�
HDUWK PHWDOV RQ VROLGLILFDWLRQ SURFHVV DQG IRUPDWLRQ RI SUL�
PDU\ ZHOG VWUXFWXUH LQ ZHOGLQJ RI VWHHO� ,ELG�� �� ��w���

�� 0HGYHGHYD� 3�$�� .Q\D]KHYD� 9�0�� .RORW\UNLQ� <D�0� HW
DO� ������ (OHFWURFKHPLFDO PHWKRG RI TXDQWLWDWLYH HYDOXDWL�
RQ RI VWDLQOHVV VWHHOV VXVFHSWLELOLW\ WR LQWHUFU\VWDOOLQH FRUUR�
VLRQ� =DVKFKLWD 0HWDOORY� �� ���w����

�� 1XML� <�� 2KDVKL� 7�� +LURPRWR� 7� HW DO� ������ 6ROLGLILFD�
WLRQ PLFURVWUXFWXUH RI LQJRWV DQG FRQWLQXRXVO\ FDVW VODEV
WUHDWHG ZLWK UDUH�HDUWK PHWDO� 7HWVX�WR�+DJDQH� �� ���w����

�� (ILPHQNR� 1�*�� %DODQ� /�1�� %DNDNLQ� *�1� ������ ,QIOX�
HQFH RI \WWULXP RQ ZHOG PHWDO VWUXFWXUH LQ IXVLRQ ZHOGLQJ�
6YDURFKQ� 3URL]YRGVWYR� �� ��w���
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$�,� %$/,76.<� ,�)� .267<8. DQG 2�$� .52.+0$/1<

*�9� .DUSHQNR 3K\VLFDO�0HFKDQLFDO ,QVWLWXWH� 1$68� /YLY� 8NUDLQH

)RUPDWLRQ RI SK\VLFDO�PHFKDQLFDO KHWHURJHQHLW\ LQ PHWDO RI ZHOGHG MRLQWV GHSHQGLQJ RQZHOG PHWDO DOOR\LQJ LV FRQVLGHUHG�
7KH ZHOGV DOOR\LQJ ZLWK QLWURJHQ SURYLGHV WKH KLJKHU HOHFWURFKHPLFDO KRPRJHQHLW\ RI WKH MRLQWV�

.H\ ZRU G V � ZHOGHG MRLQW� KLJK�QLWURJHQ &U�0Q VWHHOV�

QRQ�KRPRJHQHLW\ RI SURSHUWLHV� LQWHUFU\VWDOOLQH FRUURVLRQ� KDUG�

QHVV� PHFKDQLFDO WHVWV

7KH KLJK�QLWURJHQ &Uw0Q VWHHOV RI ����� W\SH ILQG
WKH PRUH DQG PRUH ZLGH DSSOLFDWLRQ LQ SRZHU HQJL�

QHHULQJ >�w�@� LQFOXGLQJ WKH HOHFWULF SRZHU VWDWLRQV

RI 8NUDLQH� $W SUHVHQW� WKH DXVWHQLWLF &Uw0Q VWHHO

5��� ���.K��$*��6K� ZLWK D VXSHUHTXLOLEULXP FRQ�

FHQWUDWLRQ RI QLWURJHQ LV XVHG IRU WKH PDQXIDFWXUH RI

VKURXGV RI URWRUV RI WKHPRGHUQ WXUERJHQHUDWRUV UHDFK�

LQJ ����w���� 0: RI XQLW SRZHU� 7KH KLJK FRQWHQW

RI QLWURJHQ LV DWWDLQHG E\ WKH HOHFWURVODJ UHPHOWLQJ RI

FDVWLQJ LQ WKH PHGLXP RI D KLJK�QLWURJHQ FKDUJH� $

QXPEHU RI ZRUNV ZDV GHYRWHG WR WKLV WHFKQRORJ\ ERWK

DV UHJDUGV WR WKH QHZ EDQGLQJ &Uw0Q VWHHO RI �����

W\SH >�w��@ DQG DOVR WUDGLWLRQDO VWHHOV ��.K�*�1�9

DQG ��.K�*�� >�����@� 7KH QHZ VWHHO SRVVHVVHV KLJK

YDOXHV RI VWUHQJWK DQG IUDFWXUH WRXJKQHVV� UHVLVWDQFH

WR D ORFDO FRUURVLRQ DQG VWUHVV FRUURVLRQ FUDFNLQJ >�@�

,QIRUPDWLRQ DERXW WKH VWUHVV FRUURVLRQ UHVLVWDQFH RI

&Uw0Q VWHHOV RI WKH ����� W\SH LV UDWKHU OLPLWHG >��w
��@� 7KH IUDFWXUH RI VKURXGV PDQXIDFWXUHG IURP VWHHO

5��� ZDV QRW UHFRUGHG XQWLO QRZ� KRZHYHU� WKH FDVHV

RI WKHLU FRUURVLRQ�PHFKDQLFDO GDPDJHV DUH NQRZQ�

7KH WHFKQRORJ\ RI ZHOGLQJ &Uw0Q VWHHOV RI �����
W\SH LV VLPLODU WR WKH WHFKQRORJ\ RI ZHOGLQJ RI RWKHU

DXVWHQLWLF VWHHOV� +RZHYHU� WKH SUREOHPV FDQ RFFXU

ZLWK WKH IRUPDWLRQ RI SRUHV� UHGXFWLRQ LQ VWUHQJWK�

WRXJKQHVV DQG DOVR FRUURVLRQ UHVLVWDQFH LI QRW WR IROORZ

D SURSHU WHFKQRORJ\ �ORZ SRZHU RI ZHOGLQJ DUF� VPDOO

VL]HV RI PROWHQ SRRO�� 7KH FRQWHQW RI FDUERQ� VLOLFRQ

DQG QLFNHO LQ ILOOHU PHWDO VKRXOG EH PLQLPXP� DV WKHVH

HOHPHQWV UHGXFH WKH QLWURJHQ VROXELOLW\ LQ WKH ZHOG�

,Q DGGLWLRQ� KLJK QLFNHO FRQFHQWUDWLRQV SUHGHWHUPLQH

WKH FKHPLFDO DQG VWUXFWXUDO PLFURKHWHURJHQHLW\ DQG

ORZ FRUURVLRQ UHVLVWDQFH RI ZHOGHG MRLQWV �:-��
FDXVHG E\ LW� 8VLQJ ZLUH ZLWK ���w��� � 1 DQG VKLHOG�

LQJ JDV� FRQWDLQLQJ QLWURJHQ XS WR � �� LW LV SRVVLEOH

WR SURGXFH WKH GHIHFW�IUHH :-� 7KHUHIRUH� WKH ZRUNV

DUH LQWHQVLYHO\ FDUULHG RXW IRU WKH GHYHORSPHQW RI

QHZ�PRUH HIIHFWLYH ILOOHUV DQG WHFKQRORJLHV RI ZHOGLQJ

RI KLJK�QLWURJHQ DXVWHQLWLF VWHHOV >��� ��@�

7KH SK\VLFDO�FKHPLFDO DQG HOHFWURFKHPLFDO KHWHUR�
JHQHLW\ RI :- IURP WZR KLJK�QLWURJHQ DXVWHQLWLF

VWHHOV� FORVH LQ FRPSRVLWLRQ� DQG WKHLU FRUURVLRQ UHVLV�

WDQFH LQ VROXWLRQV RI VRGLXP FKORULGH� K\GURFKORULF

DFLG DQG FRSSHU VDOWV ZHUH H[DPLQHG� 3URSHUWLHV RI

WZR�VLGHG EXWW MRLQWV PDGH RI DV�GHOLYHUHG VWHHOV

��.K��$*��6K DQG ��.K��$*��6K ZHUH VWXGLHG�

7DEOH � JLYHV FKHPLFDO FRPSRVLWLRQ RI SDUHQW DQG ILOOHU

PDWHULDOV�

:HOGHG MRLQWV 1R�� RI ��.K��$*��6K VWHHO VDP�

SOHV ZHUH PDGH E\ WKH PDQXDO DUJRQ�DUF WXQJVWHQ

HOHFWURGH ZHOGLQJ XVLQJ D ILOOHU ZLUH 6Y���.K��1��

:HOGHG MRLQWV 1R�� RI ��.K��$*��6K VWHHO VDPSOHV

ZHUH PDGH E\ WKH DXWRPDWLF DUF ZHOGLQJ LQ D VSHFLDO

VKLHOGLQJ DWPRVSKHUH FRQWDLQLQJ � � 1�� $ VSHFLDO

ZLUH 1R�� �7DEOH ��� GHYHORSHG IRU ZHOGLQJ KLJK�QL�

WURJHQ DXVWHQLWLF VWHHOV� ZDV XVHG DV D ILOOHU PDWHULDO�

2ZLQJ WR D KLJK FRQWHQW RI FKURPLXP LQ LW WKH SRUH�

IUHH ZHOGV DUH SURGXFHG ZLWK D KLJK OHYHO RI PHFKDQL�
FDO FKDUDFWHULVWLFV�

'XH WR GHYHORSLQJ FKHPLFDO DQG VWUXFWXUDO KHWHUR�

JHQHLW\ LQ GLIIHUHQW ]RQHV RI KLJK�DOOR\ VWHHO :-� DQG�

� $�,� %$/,76.<� ,�)� .267<8. DQG 2�$� .52.+0$/1<� ����

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI SDUHQW PHWDO RI ZHOGHG MRLQWV DQG ILOOHU ZLUHV

0DWHULDO
(OHPHQWV� ZW��

& 6L 0Q &U 1L 0R 9 1

6WHHO ��.K��$*��6K ���� ���� ����� ����� ���� ���� ���� ����

6WHHO ��.K��$*��6K � ���� � ���� ����� ����� � ���� � ���� w ����

:LUH 1R�� ���� ���� ���� ����� ����� ���� w ����

:LUH 6Y���.K��1� ���� ���� ���� ����� ���� w w w

:LUH 6Y���.K��1�� ���� ���� ����w���� ����� ����� w w w
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ILUVW RI DOO� LQ ZHOG DQG +$= PHWDO� WKH :- FDQ EH
FRQVLGHUHG� DV D ZKROH� DV D FRPSOH[ VKRUW�FLUFXLW
PXOWLHOHFWURGH FRUURVLRQ V\VWHP� ,Q WKH HOHFWURO\WH
VROXWLRQ WKH :- VXUIDFH FDQ EH FRQVLGHUHG HTXLSRWHQ�
WLDO� DQG HDFK LWV UHJLRQ FDQ EH FRQVLGHUHG SRODUL]HG
ZLWK UHVSHFW WR D FRPSURPLVH SRWHQWLDO RI WKH FRUUR�
VLRQ V\VWHP� 7KH KLJK�QLWURJHQ VWHHOV KDYH D QDUURZ
UDQJH RI SDVVLYLW\ LQ KRW VROXWLRQV RI FKORULGHV� WKHUH�

IRUH� LW FDQ EH H[SHFWHG WKDW WKH ILOOHUV ZLWK D KLJKHU
SRWHQWLDO ZLOO SUHGHWHUPLQH WKHLU FRQWDFW FRUURVLRQ�
6DPSOHV ZHUH WHVWHG LQ VROXWLRQV� � � 1D&O� � � +&O�
�� � &X62� DQG �� � &X&O� GXULQJ ��� K� 7KH GHSWK
FKDUDFWHULVWLFV RI FRUURVLRQ RI :- SDUHQW PHWDO �30�
ZHUH GHWHUPLQHG IURP PDVV ORVVHV UHGXFHG WR WKH DUHD
RI FRUURVLRQ GDPDJH E\ ZHLJKLQJ VDPSOHV LQ VFDOHV
9/5����

'XULQJ H[DPLQDWLRQ RI PDVV ORVVHV RI VDPSOHV �7D�
EOH �� D KLJK FRUURVLRQ UHVLVWDQFH RI :- RI KLJK�QL�
WURJHQ DXVWHQLWLF VWHHOV LQ WKH IROORZLQJ VROXWLRQV ZDV
HVWDEOLVKHG� � � 1D&O DQG �� � &X62� �� DQG �
PDUNV� UHVSHFWLYHO\� E\ *267 �����w���� ,W FDQ EH
QRWHG WKDW VDPSOH RI :- 1R��� EHLQJ PRUH KRPRJH�
QHRXV LQ FKHPLFDO FRPSRVLWLRQ� KDV D KLJKHU FRUURVLRQ
UHVLVWDQFH LQ � � 1D&O VROXWLRQ �DOPRVW ��� WLPHV��
,Q �� � &X&O� WKH UDWHV RI FRUURVLRQ RI ERWK VDPSOHV
DUH DOPRVW VLPLODU DQG UDWKHU KLJK� 7KLV SURYHV� WKDW
:- LQ WKH PHGLXP RI FKORULGHV KDYH D ORZ FRUURVLRQ
UHVLVWDQFH �� PDUNV�� 0RUHRYHU� WKH PRUH QRQ�KRPR�
JHQHRXV PHWDO RI :- 1R�� KDV ���w��� WLPHV KLJKHU
UDWHV RI FRUURVLRQ WKDQ 30 WKDW LV DQ LQGLUHFW WHVWL�
PRQ\ RI LWV KLJK HOHFWURFKHPLFDO KHWHURJHQHLW\�

7KH H[DPLQDWLRQ RI PDFURVWUXFWXUH RI D QHDU�ZHOG
]RQH VKRZHG DQ DEVHQFH RI SRUHV RU RWKHU ODUJH GHIHFWV�
7KH YLVXDO LQVSHFWLRQ RI WKH VDPSOHV UHYHDOHG WKHLU

7DEOH �� 'HSWK LQGLFHV RI FRUURVLRQ �PP�\HDU� RI ZHOGHG MRLQWV
DQG SDUHQW PHWDO LQ DJJUHVVLYH PHGLD

0HGLXP :- 1R�� :- 1R�� 30 1R�� 30 1R��

� � 1D&O ���⋅��w� ���⋅��w� �⋅��w� �⋅��w�

� � +&O ���� ���� ���� ����

�� � &X62
�

���� ���� ���� ����

�� � &X&O
�

���� ���� ���� ����

7DEOH �� &RUURVLRQ SRWHQWLDOV �(
F
� P9� LQ GLIIHUHQW DUHDV RI

ZHOGHG MRLQW

:-

1R�

:-

DUHDV
� � 1D&O � � +&O �� �&X62

�
�� � &X&O�

1R�� 30 ��� w��� ��� w��

+$= ��� w��� ��� w��

:HOG ��� w�� ��� ���

:- ��� w��� ��� w��

1R�� 30 ��� w��� ��� w��

+$= ��� w��� ��� w��

:HOG ��� w��� ��� ���

:- ��� w��� ��� w��

)LJXUH �� 6DPSOHV RI :- 1R�� DIWHU ��� K VRDNLQJ LQ � � +&O �D�
DQG �� � &X&O

�
�E� VROXWLRQV

)LJXUH �� 3RODUL]DWLRQ FXUYHV RI UHJLRQV RI :- 1R�� �D� F� DQG 1R�� �E� G� LQ � � 1D&O ��w�� �w��� �� � &X62
�
��w�� ��w���� � �

+&O ���w��� ��w��� DQG �� � &X&O
�
���w��� ��w���� �� �� �� ��� ��� ��� ��� �� x 30� �� �� �� ��� ��� ��� ��� �� x +$= PHWDO� ��

�� �� ��� ��� ��� ��� �� x ZHOG
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QRQ�XQLIRUP FRUURVLRQ LQ 30w+$= PHWDO ]RQH LQ VR�
OXWLRQV RI �� +&O DQG �� � &X&O� �)LJXUH ��� :HOG
FRUURVLRQ ZDV QRW REVHUYHG LQ SULQFLSOH� 'XH WR IRU�
PDWLRQ RI D JDOYDQRSDLU RQ :- 1R�� LQ �� � VROXWLRQ
RI &X&O� WKH LQWHQVLYH FDWKRGLF SUHFLSLWDWLRQ RI FRSSHU
ZLWK D VLPXOWDQHRXV IRUPDWLRQ RI VKDOORZ SLWWLQJV LQ
WKH IXVLRQ ]RQH DQG +$= PHWDO ZDV REVHUYHG� ,Q WKH
IXVLRQ ]RQH WKH WHQGHQF\ WR D ORFDO FRUURVLRQ GDPDJH
LQ WKH IRUP RI DQ XQGHUFXW �VORW� LV REVHUYHG� 7KH
UDWH RI FRUURVLRQ RI :- 1R�� LV LQFUHDVHG QHJOLJLEO\
�����w���� WLPHV� DV FRPSDUHG ZLWK 30�

7KH FRQFOXVLRQ DERXW WKH KLJKHU HOHFWURFKHPLFDO
KRPRJHQHLW\ RI :- 1R�� LV FRQILUPHG E\ WKH UHVXOWV
RI PHDVXULQJ VWDWLRQDU\ SRWHQWLDOV RI FRUURVLRQ RI WKH
:- UHJLRQV �7DEOH ��� )RU ERWK :- WKH SRWHQWLDOV RI
WKH ZHOG ]RQH DUH KLJKHVW� )RU :- 1R�� LQ VROXWLRQV
RI ��1D&O� ���&X62� DQG ���&X&O� WKH FRUURVLRQ
GLVVROXWLRQ RI WKH PDWHULDO LV FRQFHQWUDWHG RQ WKH +$=
PHWDO� ZKLOH LQ � � +&O VROXWLRQ LW LV FRQFHQWUDWHG
RQ WKH 30� DV WKHVH DUHDV KDYH WKH ORZHVW SRWHQWLDOV
RI FRUURVLRQ�

)RU :- 1R�� LQ VROXWLRQV RI � � 1D&O DQG � �
+&O WKH SRWHQWLDO RI +$= PHWDO LV ORZHVW� ZKLOH LQ
VROXWLRQV RI FRSSHU VDOWV WKH 30 SRWHQWLDO LV ORZHVW�

'LIIHUHQFH EHWZHHQ WKH SRWHQWLDOV RI WKH DERYH�
GHILQHG UHJLRQV RI :- 1R�� LQ � � +&O DQG �� �
&X&O� VROXWLRQV LV ��� DQG ��� P9� UHVSHFWLYHO\�
ZKLOH LQ :- 1R�� LW LV �� DQG ��� P9� ,Q � � VROXWLRQ
RI 1D&O WKH DQRGLF SRODUL]DWLRQ RI 30DQG+$=PHWDO�
VWLSXODWHG E\ D FRQWDFW ZLWK D PRUH QREOH ZHOG PHWDO�
DFFHOHUDWHV QHJOLJLEO\ WKH FRUURVLRQ RI :- DV D UHVXOW
RI D ORZ HIIHFWLYHQHVV RI WKH FDWKRGLF SURFHVV �)L�
JXUH �� D� FXUYHV �w� DQG �� E� FXUYHV �w��� $W D
FRPSURPLVH SRWHQWLDO RI WKH JLYHQ FRUURVLRQ V\VWHP�
ZKLFK LV SRWHQWLDO RI :- �VHH 7DEOH ��� WKHVH UHJLRQV
DUH ORFDWHG LQ D VWHDG\ SDVVLYH VWDWH� DQG WKH UDWH RI
WKHLU DQRGLF GLVVROXWLRQ LV ORZ �WR ��� $�P��� ,Q �� �
VROXWLRQ RI &X62� WKH FRUURVLRQ RI :- LV DFFHOHUDWHG
E\ �w� RUGHUV GXH WR D VLJQLILFDQW LQFUHDVH LQ HIIHF�
WLYHQHVV RI WKH FDWKRGLF SURFHVV �)LJXUH �� D� FXUYHV

�w� DQG �� E� FXUYHV ��w���� +RZHYHU� GXH WR DEVHQFH
RI FKORULGH�LRQV LQ WKH VROXWLRQ WKLV GRHV QRW FDXVH
GHSDVVLYDWLRQ RI QRQH RI WKH:- UHJLRQV� 7KH FRUURVLRQ
SURFHVV LV SURFHHGLQJ XQGHU WKH FDWKRGLF FRQWURO�

7KH SUHVHQFH RI WKH FKORULQH�LRQV DQG ORZ YDOXHV
RI S+ SUHGHWHUPLQH WKH DFWLYDWLRQ RI 30 PDWHULDO
DQG +$= PHWDO RI :- LQ � � VROXWLRQ RI +&O� DQG
PDWHULDO RI ZHOG UHPDLQV SDVVLYH �)LJXUH �� F� G��
&RUURVLRQ SURFHVV LV SURFHHGLQJ XQGHU WKH PL[HG DQR�
GLF�FDWKRGLF FRQWURO DW D KLJK UDWH� &RPSURPLVH SR�
WHQWLDOV RI WKH:- FRUURVLRQ V\VWHPV� L�H� ��� VROXWLRQ
RI &X&O�� DUH VKLIWHG WR WKH UHJLRQ RI D SLWWLQJ FRUUR�
VLRQ RI UHJLRQV RI 30 DQG +$= PHWDO� ZKLOH WKH
PDWHULDO RI ZHOG LV ORFDWHG LQ D SDVVLYH VWDWH� 7KH KLJK
UDWH RI FRUURVLRQ RI :- LQ WKLV PHGLXP LV GHWHUPLQHG
E\ WKH HIIHFWLYHQHVV RI FDWKRGLF DQG ORZ SRODUL]DWLRQ
RI DQRGLF HOHFWURGH SURFHVVHV� 7KH RFFXUUHQFH RI DQ
DX[LOLDU\ HOHFWURGH DV D UHVXOW RI D FDWKRGLF SUHFLSL�
WDWLRQ RI FRSSHU FRPSOLFDWHV WKH DQDO\VLV RI WKLV PXO�
WLHOHFWURGH FRUURVLRQ V\VWHP� 7KH SRODUL]DWLRQ FXUYHV
ZLWK D UHYHUVH WUDFH FRXOG HVWDEOLVK WKH SRWHQWLDOV RI
SLWWLQJ UHSDVVLYDWLRQ�

:HOGHG MRLQWV 1R�� ZHUH DOVR LQYHVWLJDWHG IRU
WKHLU VXVFHSWLELOLW\ WR LQWHUFU\VWDOOLQH FRUURVLRQ� 7HVWV
ZHUH SHUIRUPHG LQ DFFRUGDQFH ZLWK *267 ����w��
XVLQJ PHWKRG $0� 6DPSOHV ZHUH LQYHVWLJDWHG LQ D
ZDWHU VROXWLRQ RI FRSSHU RI VXOSKXULF DFLG� DGGLQJ WKH
FRSSHU FKLSV� %HIRUH WKH WHVWV WKH VDPSOHV ZHUH GH�
JUHDVHG� $IWHU FRQWLQXRXV ERLOLQJ ��� K� WKH\ ZHUH
ULQVHG ZLWK ZDWHU DQG GULHG� 6DPSOHV ZHUH EHQW IRU
XS WR ��� LQ ZHOG PHWDO� )LJXUH � VKRZV VDPSOHV DIWHU
WKH WHVWV� &UDFNV ZHUH REVHUYHG DW WKH VXUIDFH RI ZHOG
PHWDO RI WKH EHQW VDPSOHV� ,W LV W\SLFDO WKDW WKH EHQG�
LQJ DQJOH ZDV ��� IRU VDPSOH 1R�� DQG ���x IRU 1R���
7KH H[SHULPHQWV ZHUH LQWHUUXSWHG DIWHU WKH DSSHDU�
DQFH RI FUDFNV�

6DPSOHV RI :- 1R�� IURP VWHHO ��.K��$*��6K
ZHUH ZHOGHG ZLWK ZLUH 6Y���.K��1�� ZKLFK GRHV
QRW FRQWDLQ QLWURJHQ �VHH 7DEOHV � DQG ��� +DUGQHVV
ZDVPHDVXUHG QRUPDO WR WKH ZHOG� 7KH KDUGQHVV YDOXHV
ZHUH ORZHU LQ ZHOG DQG IXVLRQ ]RQH� 7KLV LV H[SODLQHG
E\ WKH DEVHQFH RI QLWURJHQ DQG GLIIHUHQW FRPSRVLWLRQ
RI ZHOG DQG 30� ,W LV W\SLFDO WKDW PLFURKDUGQHVV RI
ZHOG PHWDO LV DOPRVW VLPLODU LQ DOO WKH VDPSOHV�

&21&/86,216

�� ,Q WKH ZHOG ]RQH D KHWHURJHQHLW\ RIPDLQPHFKDQLFDO
SURSHUWLHV LV REVHUYHG GXH WR GHFUHDVH LQ QLWURJHQ FRQ�
WHQW LQ WKH ZHOG PDWHULDO�

�� ,QYHVWLJDWLRQ RI VXVFHSWLELOLW\ RI &Uw0Q �����
W\SH VWHHO ZHOGHG MRLQWV LQ VDWXUDWHG VROXWLRQ &X&O�

)LJXUH �� $SSHDUDQFH RI VDPSOHV DIWHU WHVW IRU LQWHUFU\VWDOOLQH FRUURVLRQ� D x EHQGLQJ DQJOH ���� E x ���

)LJXUH �� 9DOXHV RI KDUGQHVV RI WKUHH VDPSOHV RI :- 1R��
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WR WKH FRUURVLRQ�PHFKDQLFDO GDPDJH PDNHV LW SRVVLEOH
WR UHYHDO WKH ZHDNHVW ]RQHV RI WKH ZHOG�

�� :HOGHG MRLQWV PDGH E\ WKH DUF ZHOGLQJ XVLQJ
WKH 1�FRQWDLQLQJ ILOOHUV DQG VKLHOGLQJ PHGLXP DUH
FKDUDFWHUL]HG E\ WKH KLJKHU HOHFWURFKHPLFDO KRPRJH�
QHLW\ WKDQ WKRVH SURGXFHG ZLWK HOHFWURGH 6Y�
��.K��1�� 7KHVH ZHOGHG MRLQWV DUH FKDUDFWHUL]HG E\
WKH KLJK FRUURVLRQ UHVLVWDQFH LQ � � 1D&O DQG �� �
&X62� VROXWLRQV� 7HVW UHVXOWV JLYH DOO JURXQGV WR UHF�
RPPHQG WKH 1�FRQWDLQLQJ ILOOHUV IRU ZHOGLQJ KLJK�QL�
WURJHQ &Uw0Q VWHHOV�

�� %DOLWVN\� $�,� ������ &XUUHQW PDWHULDOV IRU SRZHU WXUERJHQ�
HUDWRUV� /YLY� )0,�

�� 6SHLGHO� 0�2� ������ 1LFKWPDJQHWLVLHUEDUH 6WD
..
KOH IX

..
U *HQ�

HUDWRU�.DSSHQULQJH� LKU :LGHUVWDQG JHJHQ 6SDQQXQJVUHLE�
NRUURVLRQ XQG :DVVHUVWRIIYHUVSUR

..
GXQJ� 9*% .UDIWZHUNW�

WHFKQLN� �� ���w����
�� 6WHLQ� *� ������ .DSSHQULQJH x HLQ .UXSS�3URGXNW PLW

7UDGLWLRQ XQG =XNXQIW� 7HFKQ� 0LWW� .UXSS :HUNVEHULFKW�
�� ��w���

�� .XWNLQ� *�*�� 9DVLOLHY� /�0�� =XHY� ,�0� HW DO� ������
(65 WHFKQRORJ\ RI KLJK�QLWURJHQ ��.K��$*�� VWHHO LQWR LQ�
JRWV RI �� W PDVV� ,Q� $EVWU� RI SDS� RI �VW $OO�8QLRQ &RQI�
RQ +LJK�1LWURJHQ 6WHHOV� .\LY� $SULO ��w��� ����� .\LY�

�� 6WHLQ� *�� 0HQ]HO� -�� .LUVKQHU� :� ������ 0DQXIDFWXULQJ
DQG RSHUDWLRQ RI UHWDLQLQJ ULQJV PDGH RXW RI VWUHVV FRUURVLRQ
UHVLVWDQW VWHHOV� ,Q� 3URF� RI �VW 0D7HFKs�� ,QW� &RQI� RQ
'HYHORSPHQW� 7HVWLQJ DQG $SSOLFDWLRQ RI 0DWHULDOV� 2SD�
WLMD� 2FW� �w�� �����

�� 6WHLQ� *�� 0HQ]HO� -�� &KRQGKXU\� $� ������ ,QGXVWULDO
PDQXIDFWXULQJ RI PDVVLYHO\ QLWURJHQ�DOOR\HG VWHHOV LQ D SUHV�
VXUH (65 IXUQDFH� 6WHHO 7LPHV� �� ����

�� 6WHLQ� *�� 0HQ]HO� -�� 'RUU� +� ������ 0R
..
JOLFKNHLWHQ ]XU

+HUVWHOOXQJ YRQ 6PLHGHVWX
..
FNHQ PLW KRKHQ 6WLFNVWRIIJHKDO�

WHQ LQ GHU '(68�$QODJH� (UJHEQLVVH GHU :HUNVWRII�)RU�
VFKXQJ� %� �� 0RGHUQH 6WD

..
KOH� 7KXEDO�.DLQ�

�� 0HGRYDU� %�,�� 6DHQNR� 9�-D�� *ULJRUHQNR� *�0� HW DO�
������ $UF�VODJ UHPHOWLQJ RI VWHHO DQG DOOR\V� &DPEULGJH�
&DPEULGJH ,QW� 6FL� 3XEO�

�� 0HGRYDU� %�,�� 6DHQNR� 9�-D�� 0HGRYDU� /�%� HW DO� ������
1HZ PXOWLOD\HU VWHHO LQ ZHOGHG VWUXFWXUHV� 9RO� �� 3DUW ��
1HZ <RUN� +DUZRRG $�3�

��� %DOLWVN\� $�,�� 3RNKPXUVN\� 9�,�� 9RONRY� $�6� HW DO�
������ 3HFXOLDULWLHV RI HOHFWURVODJ UHPHOWLQJ DQG SURSHUWLHV
RI KLJK�VWUHQJWK WLUH VWHHO� ,Q� 3URF� RI �WK &RUURVLRQs��
,QW� &RQI��([KLELWLRQ RQ 3UREOHPV RI &RUURVLRQ DQG &RUUR�
VLRQ 3URWHFWLRQ RI 0DWHULDOV� /YLY� -XQH �w��� ����� /YLY�

��� ������ 5HWDLQLQJ ULQJV� 3URGXFW OLWHUDWXUH� .UXSS 0HWDO�
XQG 6FKPLHGHZHUNH� (VVHQ�

��� 0HGRYDU� %�,�� 6WXSDN� /�0�� %RMNR� *�$� HW DO� ������
(OHFWURVODJ PHWDO� (G� E\ %�(� 3DWRQ� %�,� 0HGRYDU� .\LY�
1DXNRYD 'XPND�

��� 0HGRYDU� %�,�� *ULJRUHQNR� *�0�� 3RPDULQ� <X�0� HW DO�
������ ,QIOXHQFH RI IOX[ FRPSRVLWLRQ DQG JDV DWPRVSKHUH RQ
QLWURJHQ DEVRUSWLRQ E\ VWHHOV DQG DOOR\V GXULQJ LQGXFWLRQ DQG
DUF PHOWLQJ� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� �w���

��� 3DNKXULG]H� 9�1�� &KHNRWLOR� /�9� ������ 0HWKRGV RI
PDQXIDFWXULQJ RI URWRU WXUERJHQHUDWRU WLUH ULQJV� ,Q� 6SHFLDO
(OHFWURPHWDOOXUJ\� ,VVXH ���

��� 3DNKXULG]H� 9�1�� &KHNRWLOR� /�9� ������ 1LWURJHQ DOOR\LQJ
RI DXVWHQLWLF VWHHOV ��.K�*�1�9 DQG ��.K*�� GXULQJ
(65� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w���

��� %DOLWVN\� $�,� ������ (VWLPDWLRQ RI VXVFHSWLELOLW\ WR FRUUR�
VLRQ FUDFNLQJ GXULQJ ZHOGLQJ DQG FXWWLQJ RI KLJK�QLWURJHQ
FKURPH�PDQJDQHVH (65 VWHHOV� ,Q� 3URF� RI ,QW� &RQI� RQ
:HOGLQJ DQG 5HODWHG 7HFKQRORJLHV IRU WKH ��VW &HQWXU\�
.\LY� 1RY� ��w��� ����� .\LY� 3:,�

��� %DOLWVN\� $�,�� .URNKPDOQ\� 2�$�� .RVW\XN� ,�)� ������
&RUURVLRQ PHFKDQLFDO VWUHQJWK RI ZHOGHG MRLQWV RI KLJK�QL�
WURJHQ VWHHOV� ,Q� $EVWU� RI SRVWHU SDS� RI ,QW� &RQI� RQ
:HOGHG 6WUXFWXUHV� .\LY� 2FW� ����� .\LY� 3:,�

��� +DU]HQPR]HU� 0�� 'LHQHU� 0� ������ 6XLWDEOH ILOOHU PDWH�
ULDO IRU ZHOGLQJ RI KLJK QLWURJHQ VWDLQOHVV VWHHOV� ,Q� 3URF�
RI ��WK ,QW� 6$03( (XURSH &RQI� RQ WKH 6RFLHW\ IRU WKH
$GYDQFHPHQW RI 0DWHULDO DQG 3URFHVV (QJLQHHULQJ� 3DULV�
/D 'HIHQVH� $SULO ��w��� ����� 3DULV�

��� &RHW]HH� 0�� 3LVWRULXV� 3�*�+� ������ (OHYDWHG WHPSHUD�
WXUH SKDVH WUDQVIRUPDWLRQV DQG ZHOGDELOLW\ RI H[SHULPHQWDO
&Uw0Qw1L VWDLQOHVV VWHHOV� 3DSHU ��� ,Q� 3URF� RI &RQI� RQ
'XSOH[ 6WDLQOHVV 6WHHOV� *ODVJRZ� 1RY� ��w��� �����

��� .RVW\XN� ,�)� ������ +HWHURJHQHLW\ RI SK\VLFRPHFKDQLFDO
SURSHUWLHV RI ZHOGHG MRLQWV IURP KLJK�QLWURJHQ FKURPH�PDQ�
JDQHVH VWHHOV DQG WKHLU FRUURVLRQ UHVLVWDQFH� ,Q� 0DWHULDOV
IRU SRZHU HQJLQHHULQJ� ,VVXH ��
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9�$� 7,729� %�9� '$1,/&+(1.2� $�1� 92/.29� $�*� %5<=*$/,1� 6�0� 32/,6+&+8.� 9�$� .25,76.<

DQG 9�9� $1'5((9

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

3HFXOLDULWLHV RI WKH 3:, 3LORW 3ODQW HYROXWLRQ LQ WKH FRQGLWLRQV RI WUDQVLWLRQ WR WKH PDUNHW HFRQRP\ LQ 8NUDLQH DUH
FRQVLGHUHG� 6\VWHP DQG QRPHQFODWXUH UDQJHV RI WKH ZHOGLQJ HTXLSPHQW PDQXIDFWXUHG FXUUHQWO\ DUH SUHVHQWHG�

.H\ ZRU G V � SLORW SODQW RI ZHOGLQJ HTXLSPHQW� SRZHU

VRXUFHV� VHULDO ZHOGLQJ HTXLSPHQW� WUDQVIRUPHUV� UHFWLILHUV� VHPL�

DXWRPDWLF PDFKLQHV� PRGLILFDWLRQ RI HTXLSPHQW

7KH SODQQHG HFRQRP\ KDV VSHFLDOL]HG PDQXIDFWXUHUV
RI ZHOGLQJ HTXLSPHQW LQ YHU\ QDUURZ UDQJHV� FODVVL�

I\LQJ WKHP E\ SXUSRVH� NLQGV� W\SHV� FDSDFLW\� ILHOGV
RI DSSOLFDWLRQ� PDVV DQG GLPHQVLRQV RI WKH SURGXFWV�

)RU H[DPSOHV� WKH PDQXIDFWXUHUV RI SRZHU VRXUFHV RI

ZHOGLQJ DUF ZHUH VSHFLDOL]HG E\ NLQGV RI HTXLSPHQW

�WUDQVIRUPHUV RU UHFWLILHUV�� SXUSRVH �ZHOGLQJ IHUURXV
RU QRQ�IHUURXV DQG OLJKW PHWDOV�� FDSDFLW\ �ORZ� PH�

GLXP DQG KLJK ZHOGLQJ FXUUHQWV�� 7KLV SULQFLSOH KDG
FHUWDLQ DGYDQWDJHV FRQQHFWHG ZLWK D IHDVLELOLW\ WR

PDQXIDFWXUH D ODUJH TXDQWLW\ RI VLQJOH�W\SH HTXLSPHQW

RI FRPSDUDWLYHO\ ORZ SULFHV DQG WR GHOLYHU LW IRU ODUJH

GLVWDQFHV WR GLIIHUHQW FRQVXPHUV� QRW WDNLQJ PXFK LQWR
DFFRXQW WKH WDULIIV IRU WUDQVSRUWDWLRQ �ZKLFK� FHU�

WDLQO\� ZHUH QRW WRR KLJK��

7KH V\VWHP ZDV IXQFWLRQLQJ VXFFHVVIXOO\ ZLWKLQ
RQH JUHDW VWDWH� QHYHU KDYLQJ SUDFWLFDOO\ WKH VDWXUDWHG

PDUNHW DQG� WKHUHIRUH� LW ZDV QRW LQWHQGHG DQG

DGDSWHG RULJLQDOO\ WR D IOH[LEOH UHDFWLRQ WR WKH FRQ�

WLQXRXVO\ FKDQJLQJ HFRQRPLF VLWXDWLRQ� GHPDQGV RI

FRQVXPHUV DQG� ILQDOO\� WR WKH WHFKQLFDO SURJUHVV DQG

GLIIHUHQW LQQRYDWLRQV� 2Q WKH JHQHUDO EDFNJURXQG RI
WKLUW\ SODQWV�PDQXIDFWXUHUV RI ZHOGLQJ HTXLSPHQW�

ORZ�VHQVLWLYH WR WKH LQQRYDWLRQV LQ PDQXIDFWXULQJ�
WKH IROORZLQJ SODQWV ZHUH GLVWLQJXLVKHG� 3ODQW �(OHN�

WULN� �/HQLQJUDG�� .DNKRYND 3ODQW RI (OHFWULF :HOG�

LQJ (TXLSPHQW� 9LOQLXV 3ODQW RI (OHFWULF :HOGLQJ

(TXLSPHQW DQG 3LORW 3ODQW RI (OHFWULF :HOGLQJ

(TXLSPHQW �.\LY�� EHLQJ LQ D FRQWLQXRXV FRQWDFWZLWK
RZQ GHVLJQ EXUHDXV RU ZHUH VXSSRUWHG E\ GHVLJQ EX�

UHDX RI UHVHDUFK LQVWLWXWHV� 7KH SURGXFWV RI WKHVH

SODQWV ZHUH VXSHULRU� DV D UXOH� WR WKH SURGXFWV RI

RWKHU HQWHUSULVHV LQ TXDOLW\ DQG YDULHW\�

5HVWUXFWXULQJ� IRUPDWLRQ RI &,6� WUDQVLWLRQ WR WKH

QHZ FRQGLWLRQV RI HFRQRP\ KDYH OHG WR WKH RFFXUUHQFH

RI FXVWRP EDUULHUV� EDUWHU DQG FXUUHQF\ VHWWOHPHQWV�

VLJQLILFDQW JURZWK RI WDULIIV IRU WUDQVSRUWDWLRQ� WKDW

FDXVHG WKH REMHFWLYH QHHG LQ DQ DEUXSW LQFUHDVH LQ

DVVRUWPHQW RI WKH SURGXFWV PDQXIDFWXUHG E\ HDFK RI

WKH SODQWV�PDQXIDFWXUHUV WR VDWXUDWH DV PXFK DV SRV�

VLEOH WKH RZQ PDUNHW DQG LWV UHDOL]DWLRQ WR SDUWQHUV

IURP RWKHU &,6 FRXQWULHV� 7KH QHHG LQ SD\PHQWV IRU
FRRSHUDWLRQ GHOLYHULHV RI WKH PDWHULDOV DQG FRPSOHWLQJ

SURGXFWV� DSSHDUDQFH RI FRPSHWLWLRQ� H[FHHGLQJ RI

SURSRVDOV RYHU WKH GHPDQGV� DQG� DW ODVW� WKH WRWDO

VLWXDWLRQ LQ &,6 FRXQWULHV FKDUDFWHUL]HG E\ D UHFHVVLRQ

LQ HFRQRPLF DFWLYLW\� PDGH WKHPDQXIDFWXUHUV RI ZHOG�

LQJ HTXLSPHQW QRW RQO\ WR ZLGHQ WKH QRPHQFODWXUH�

EXW DOVR WR LQFUHDVH WKH WHFKQLFDO OHYHO RI SURGXFWV�
FRPLQJ WR WKH QHZ SRVLWLRQV RI UHOLDELOLW\� TXDOLW\ DQG

GHVLJQ�
7KH QHZ FRQGLWLRQV WR UXQ D EXVLQHVV UHTXLUHG DS�

SURSULDWH RUJDQL]LQJ DQG ILQDQFH UHDFWLRQ WKDW ZDV

H[SUHVVHG DW VRPH SODQWV E\ VHDUFK DQG ILQGLQJ RI

LQYHVWPHQWV RI D ILQDQFH� VFLHQWLILF DQG WHFKQLFDO QD�

WXUH� DQG OHG LQ VRPH FDVHV WR WKH FKDQJH LQ RUJDQL�

]DWLRQ IRUPV� L�H� WR WKH FUHDWLRQ RI MRLQW VWRFN VRFLHWLHV

DQG MRLQW YHQWXUHV �3ODQW �)DNHO�� %URYDU\� 8NUDLQH�

9LOQLXV 3ODQW RI (OHFWULF :HOGLQJ (TXLSPHQW� 3RZHU

0DFKLQH�%XLOGLQJ 3ODQW� 6LPIHURSRO� 8NUDLQH� HWF���

,Q WKHVH FRQGLWLRQV WKH SRVLWLRQ RI 3LORW 3ODQW RI

:HOGLQJ (TXLSPHQW �33:(� RI WKH 3:, ZDV DP�

ELJXRXV� IURP WKH RQH KDQG� WKH SODQW UHPDLQHG XQGHU
PHWKRGRORJLFDO� VFLHQWLILF DQG RUJDQL]DWLRQDO VXSHU�

YLVLRQ E\ WKH 3:,� XVHG DQG UHDOL]HG WKH GHYHORSPHQWV

RI LWV ([SHULPHQWDO 'HVLJQ 7HFKQRORJLFDO %XUHDX�

IURP WKH RWKHU KDQG� LW EHFDPH DQ RUGLQDU\ HQWLW\ RI
HFRQRPLF DFWLYLW\� REOLJHG WR IXQFWLRQ IDU EH\RQG WKH

VSKHUH RI VFLHQWLILF VHUYLFH� 8QGHU WKHVH FRQGLWLRQV�

QR EXGJHW VXSSRUW LQ WKH IRUP RI IXOILOOPHQW RI RUGHUV

ZLWKLQ WKH VFRSH RI *RYHUQPHQW SURJUDPV� RUGHUV RI

PLQLVWULHV DQG QHJRWLDWHG ZRUNV RQ WKH UHVHDUFK VXE�

MHFWV RI WKH 3:, ZDV JLYHQ WR WKH 33:(� 7KH VLWX�

DWLRQ ZDV ZRUVHQHG DOVR E\ WKH IDFW WKDW WKH JRYHUQ�

PHQW IRUP RI SURSHUW\ RI WKH HQWHUSULVH ZDV UHJLVWHUHG

E\ WKH DSSURSULDWH 6WDWHPHQW RI 3UHVLGHQW RI 8NUDLQH�
WKDW FRXOG QRW EXW LQIOXHQFH WKH LQIORZ RI SULYDWH

FDSLWDO DQG LQYHVWPHQWV IURP RXWVLGH�

� 9�$� 7,729� %�9� '$1,/&+(1.2� $�1� 92/.29� $�*� %5<=*$/,1� 6�0� 32/,6+&+8.� 9�$� .25,76.< DQG 9�9� $1'5((9� ����
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1HZ VLWXDWLRQ LQVLVWHG RQ WKH GHYHORSPHQW RI D

FRQFHSWLRQ RI DGDSWDWLRQ WR WKH FKDQJHG FRQGLWLRQV

RI DQ HFRQRPLFDO HQYLURQPHQW� 7KH FRQFHSWLRQ ZDV

EDVHG RQ DQ H[SHGLHQF\ RI WUDQVLWLRQ WR WKH PDQXIDF�

WXUH RI VHULDO ZHOGLQJ HTXLSPHQW RI D KLJK GHPDQG

ZLWK D ODUJH GRPLQDWLQJ RI D YROXPH RI SURGXFWLRQ RI

WKLV HTXLSPHQW RYHU WKH YROXPHV RI PDQXIDFWXUH RI

SLORW PRGHOV RI HTXLSPHQW DQG YROXPHV RI VHUYLFHV RI

D VFLHQWLILF�WHFKQLFDO QDWXUH� 2QH RI WKH NH\ VWDWH�

PHQWV RI WKH FRQFHSWLRQ EHFDPH WKH QHHG LQ GHVLJQ

DQG PDQXIDFWXUH RI HTXLSPHQW RI WKH QHZ JHQHUDWLRQ

ZLWKLQ WKH ZKROH VSHFWUD RI QHHGV RI HFRQRP\ LQ NLQGV�

W\SHV� SXUSRVH DQG FDSDFLW\ RI ZHOGLQJ XQLWV� 5HTXLUH�

PHQW IRU WKH GHVLJQ RI HTXLSPHQW XVLQJ VLQJOH SULQ�

FLSOHV RI GHYHORSPHQW� GHVLJQLQJ DQG WHVWLQJ EHFDPH

WKH REOLJDWRU\ FRQGLWLRQ RI D VXFFHVVIXO IXOILOOPHQW RI

WKLV ZRUN WR SURYLGH KLJK UHOLDELOLW\ DQG TXDOLW\ RI

DOO WKH QRPHQFODWXUH UDQJH�
7KH SURGXFWLRQ RI WKH 3:, 33:( ZDV GLVWLQ�

JXLVKHG IURP WKH HTXLSPHQW RI RWKHU PDQXIDFWXUHUV
E\�

• UHOLDELOLW\�
• DVVXUDQFH RI RSWLPXP GXW\ F\FOH GHSHQGLQJ RQ

WKH SXUSRVH RI WKH HTXLSPHQW�
• HDV\ DUF H[FLWLQJ�
• SURYLVLRQ RI XQLWV ZLWK LQVWUXPHQWV�
• UHIXVDO IURP XVH RI H[WUDGHYLFHV �IRU H[DPSOH�

IURP VHQVRUV DQG RYHUKHDWLQJ UHOD\��

• RSWLPXP UHODWLRQ EHWZHHQ SULFH DQG TXDOLW\ RI
SURGXFWLRQ�

&RQFHSWLRQ ZDV EDVHG RQ WKH QHFHVVLW\ LQ DVVLV�
WDQFH WR SUHVHUYH DQG GHYHORS WKH VFKRRO RI UH�
VHDUFKHUV�GHYHORSHUV DQG GHVLJQHUV� KDYLQJ VLQJOH
RSLQLRQV DV WR WKH SULQFLSOHV RI GHVLJQ RI XQLILHG XQLWV�
IXUQLVKLQJ DQG WUDQVLWLRQ WR FRPSXWHU GHVLJQLQJ RI
WKH HTXLSPHQW� FORVH UHODWLRQ ZLWK LQGXVWU\� IOH[LEOH
OLQNV ZLWK SURGXFWLRQ SURFHVVHV DQG UHTXLUHPHQWV RI
PDUNHW� 7HQGHQF\ WR WKH FUHDWLRQ RI DOO WKH UDQJH RI
HTXLSPHQW LQ D VLQJOH GHVLJQ ZDV FRQVLGHUHG DV REOLJD�
WRU\� WKDW KDG WR OHDG ILQDOO\ WR WKH IRUPDWLRQ RI D
FHUWDLQ LPDJH RI HQWHUSULVH DQG WR FRQWULEXWH WR FRQ�
VROLGDWLRQ RI LWV SRVLWLYH UHSXWDWLRQZLWK WKH FXVWRPHU�
7KH LPSRUWDQW GHFLVLRQ ZDV WDNHQ WR QDPH WKH HTXLS�
PHQW XVLQJ WKH QDPH RI WKH IRXQGHU RI WKH 3DWRQ
,QVWLWXWH� WKDW SXW DGGLWLRQDO UHTXLUHPHQWV WR WKH
TXDOLW\� FDUHIXO PDQXIDFWXUH DQG UHOLDELOLW\ RI SUR�
GXFWV LQ SDUDOOHO ZLWK DQ DGYHUWLVLQJ DWWUDFWLRQ�

7KH UHDOL]DWLRQ RI WKH FRQFHSWLRQ PDGH WKH SDUD�
PHWULF UDQJH RI WKH HTXLSPHQW RI WKH 3:, GHYHORS�
PHQW� GHVLJQHG IRU PDLQ W\SHV RI DUF IXVLRQ ZHOGLQJ�
PRUH FOHDU �7DEOH ��� ,Q DGGLWLRQ� VRPH PRGHOV ZHUH
QRW PRGLILHG VLJQLILFDQWO\ �IRU H[DPSOH 90*�������
D SDUW RI SURGXFWV ZDV PRGLILHG �676K���� DQG 36�
����� VRPH XQLWV ZHUH GHVLJQHG DQG PDQXIDFWXUHG IRU
WKH ILUVW WLPH�

5HFWLILHU RI WKH 9'���� W\SH EHORQJV WR WKH PRVW
W\SLFDO UHSUHVHQWDWLYHV RI SRZHU VRXUFHV RI WKH QHZ

)LJXUH �� (TXLSPHQW RI WKH �3DWRQ� VHULHV
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7DEOH �� 6\VWHP UDQJH RI ZHOGLQJ HTXLSPHQW PDQXIDFWXUHG E\ WKH 3:, 33:(

7\SH
5DQJH RI ZHOGLQJ FXUUHQW� $

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

0$: 7'6����� 7'6���� 676K����� 676K�����

676K����� 396����

9'�����

9'����

676K���� 6*'

0$* 36���� %3���� 36������� 36�������

36����935�� 36����

1RW PDQXIDFWXUHG %3����

0,* 676K���� 1RW PDQXIDFWXUHG $����83 1RW PDQX�

IDFWXUHG

$: 1RW PDQXIDFWXUHG $'����

0DQXDO DUF ZHOGLQJ �0$:�

:HOGLQJ SXUSRVH +RXVHKROG

,QGXVWULDO

6LWH 6WDWLRQDU\ VWDWLRQV

6WDWLRQDU\ VWDWLRQV IRU

ZHOGLQJ ZLWK KLJK�

HIILFLHQW HOHFWURGHV DQG

FXWWLQJ ZLWK HOHFWURGHV

&XUUHQW UDQJH� $ �w��� ��w��� ��w��� ��w���

'HVFULSWLRQ RI HTXLSPHQW 7'6����� 7'6���� 676K����� 676K�����

676K����� 396����

9'����� 9'���� 676K���� 6*'

0D[LPXP WKLFNQHVV� ZHOGHG

SHU RQH SDVV ZLWKRXW HGJH

SUHSDUDWLRQ� PP

� � � ��

6HPL�DXWRPDWLF FRQVXPDEOH HOHFWURGH ZHOGLQJ LQ DFWLYH VKLHOGLQJ JDVHV �0$*�

:LUH GLDPHWHU� PP ���� ��� ���� ��� ��� ��� ���� ��� ���

0D[LPXP ZHOGLQJ FXUUHQW� $ ��� ��� ��� ��� ��� ���

'HVFULSWLRQ RI HTXLSPHQW 36���� %3���� 36������� 36�������

36����935�� 36����

1RW PDQXIDFWXUHG %3����

0D[LPXP WKLFNQHVV� ZHOGHG SHU

RQH SDVV ZLWKRXW HGJH SUHSDUD�

WLRQ� PP

� � � �� �� ��

:HOGLQJ ZLWK QRQ�FRQVXPDEOH HOHFWURGHV LQ LQHUW JDVHV �0,*�

(OHFWURGH GLDPHWHU� PP �w� �w� �w� � �

0D[LPXP ZHOGLQJ FXUUHQW� $ ��� ��� ��� ��� ���

'HVFULSWLRQ RI HTXLSPHQW 676K���� 1RW PDQXIDFWXUHG $����83 1RW PDQXIDFWXUHG

$XWRPDWLF ZHOGLQJ �$:�

:HOGLQJ SXUSRVH

:HOGLQJ RI VPDOO DQG PDGLXP

WKLFNQHVVHV� VSHFLDO�SXUSRVH

HTXLSPHQW

6LQJOH�DUF ZHOGLQJ RI PHGLXP DQG

ODUJH WKLFNQHVVHV

:HOGLQJ RI ODUJH WKLFNQHVVHV�

LQFOXGLQJ PXOWLDUF ZHOGLQJ

:HOGLQJ FXUUHQW� $ � ��� ���w���� ����w����

'HVFULSWLRQ RI HTXLSPHQW 1RW PDQXIDFWXUHG $'����
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JHQHUDWLRQ� ZKLFK� GXH WR WKH FRPELQDWLRQ RI WZR
VWHHS�IDOOLQJ FKDUDFWHULVWLFV �)LJXUH ��� SURYLGHV D UH�
OLDEOH DUF H[FLWLQJ� VWDEOH SURFHVV RI ZHOGLQJ DQG
VPRRWK ILOOLQJ RI ZHOG FUDWHU GXULQJ WKH SURFHVV FRP�
SOHWLRQ� 7KH 9'���� UHFWLILHU SDVVHG VXFFHVVIXOO\ DOO
WULDOV XQGHU WKH H[WUHPH FRQGLWLRQV RI WKH PHWDOOXU�
JLFDO SURGXFWLRQ� LQ SLSHOLQHV DVVHPEO\ LQ WKH ILHOG
FRQGLWLRQV� LQ FULWLFDO UHSDLU MREV� &KDUDFWHULVWLFV RI
WKH HTXLSPHQW� VHULDO�SURGXFHG E\ WKH 3:, 33:(�
DUH JLYHQ LQ 7DEOHV �w��

2YHU WKH UHFHQW \HDUV WKH 3ODQW KDV PDVWHUHG WKH
PDQXIDFWXUH RI OLQHV IRU FRQWLQXRXV SURGXFWLRQ RI VSL�
UDOO\�ZHOGHG SRO\PHULF SLSHV RI ���w���� PP GLDPH�
WHU� �w�� PP ZDOO WKLFNQHVV� HIILFLHQF\ RI OLQH LV XS
WR �� P�K� 7KH PDQXIDFWXUH RI WKUHH W\SHV RI HTXLS�
PHQW IRU ZHOGLQJ SRO\PHULF SLSHV LQ ILHOG DQG VKRS
FRQGLWLRQV KDV EHHQ DOVR PDVWHUHG� XQLWV 6$7���25
���w��� PP GLD� SLSHV ZHOGHG�� 6$7����* ���w
��� PP GLD�� DQG 6$7����* ���w��� PP GLD��� 7KH
GHWDFKDEOH KHDWLQJ HOHPHQWV IRU ZHOGLQJ WKLQ�ZDOOHG
SRO\HWK\OHQH VKHOOV DQG PDQXDO H[WUXVLRQ PDFKLQHV

RI GLIIHUHQW PRGLILFDWLRQV XVHG LQ PDQXIDFWXUH RI
VKDSHG HOHPHQWV RI SRO\PHULF SLSHV DQG RWKHU SURGXFWV
IURP SRO\PHULF PDWHULDOV DUH DOVR PDQXIDFWXUHG� 7D�
EOH � UHSUHVHQWV FRPSUHKHQVLYHO\ WKH ZRUN RI WKH 3:,
33:( RQ DGDSWDWLRQ WR QHZ FRQGLWLRQV RI PDUNHW
HFRQRP\�

$W SUHVHQW WKH 33:( PDQXIDFWXUHV DQG UHDOL]HV�

• WUDQVIRUPHUV DQG UHFWLILHUV IRU PDQXDO DQG DXWR�
PDWLF DUF ZHOGLQJ ����w���� $��

• VHPLDXWRPDWLF ZHOGLQJ PDFKLQHV ����w��� $�

IRU ZHOGLQJ ZLWK VROLG DQG IOX[�FRUHG ZLUHV�

• PDFKLQHV IRU DLU�SODVPD FXWWLQJ� VWUHQJWKHQLQJ�

VSUD\LQJ� VXUIDFLQJ ���w��� $��

• LQVWDOODWLRQV IRU DUJRQ DUF ZHOGLQJ ����w��� $��
XQLWV RI DXWRQRPRXV FRROLQJ�

• FRPSOH[ HOHFWURPHFKDQLFDO HTXLSPHQW� LQFOXGLQJ
HTXLSPHQW IRU PXOWLDUF ZHOGLQJ RI ODUJH�GLDPHWHU

SLSHV ZLWK WUDQVIRUPHUV IRU ���� $ ZLWK D VTXDUH

VKDSH RI ZHOGLQJ FXUUHQW �VHH LQ GHWDLO LQ :HEVLWH

ZZZ�SDWRQ�R]VR�NLHY�XD��

7DEOH �� 0DLQ FKDUDFWHULVWLFV RI WUDQVIRUPHUV IRU PDQXDO� VHPL�DXWRPDWLF DQG DXWRPDWLF DUF ZHOGLQJ RI WKH �3DWRQ� VHULHV

3DUDPHWHUV
7\SH

7'6���� 7'6���� 676K���� 676K���� 676K���� 676K���� 6*' 7')3�����

0DLQV YROWDJH� 9 ��� ��� ������� ������� ������� ��� ���

:HOGLQJ FXUUHQW� $ ��� ��� ��� ����

���

��w��� �w��� ��w��� ��w����

���w���

����

6TXDUH

����

6LQXVRLGDO

'XW\ F\FOH� � �� �� �� �� �� �� ���

2SHQ�FLUFXLW YROWDJH� 9 �� �� �� �� �� �� ���

&RQVXPHG SRZHU� N: ��� � ���� ���� ���� ���� ���

&RROLQJ )RUFHG )RUFHG )RUFHG )RUFHG )RUFHG 1DWXUDO )RUFHG

0DVV� NJ �� �� �� �� �� ��� ����

1RWHV %ORFN RI DUF

EXUQLQJ

VWDELOL]LQJ

%ORFN RI DUF

EXUQLQJ

VWDELOL]LQJ

%ORFN RI SKDVH FRQWURO

7DEOH �� 0DLQ FKDUDFWHULVWLFV RI UHFWLILHUV IRU PDQXDO DQG VHPL�DXWRPDWLF DUF ZHOGLQJ RI WKH �3DWRQ� VHULHV

3DUDPHWHUV
7\SH

36���� 396���� 36���� 36����935� 36���� 9'���� 9'���� %0*�����

0DLQV YROWDJH� 9 ��� �� ��� ��� ��� ��� ��� ���

:HOGLQJ FXUUHQW� $ ��w��� ��w��� ��w��� ��w��� ��w��� ��w����

���w���

��w����

���w���

��w����

'XW\ F\FO\� � �� �� �� �� �� �� �� ���

2SHQ�FLUFXLW YROWDJH� 9 �� ��� �� �� �� �� �� ��

&RQVXPHG SRZHU� N: ��� w ���� ��w� �� �� �� ���

&RROLQJ )RUFHG )RUFHG )RUFHG )RUFHG )RUFHG )RUFHG )RUFHG :DWHU

0DVV� NJ �� �� ��� ��� ��� ��� ��� ����

.LQG RI YROW�DPSHUH

FKDUDFWHULVWLF

)DOOLQJ 6WHHS )DOOLQJ )DOOLQJ )DOOLQJ 6WHHS 6WHHS 5LJLG

1RWHV $WWDFKPHQW

WR

WUDQVIRUPHU

$LU�SODVPD

FXWWLQJ

XS WR � PP

3URYLGHV

RSHUDWLRQ RI

XS WR ��

VWDWLRQV RI

0$:

2/2003 33



7DEOH �� 0DLQ FKDUDFWHULVWLFV RI VHPL�DXWRPDWLF PDFKLQHV �6$0� DQG IHHGLQJ XQLWV �)8� IRU DUF ZHOGLQJ RI WKH �3DWRQ� VHULHV

3DUDPHWHUV
7\SH

36���� %3���� 36���� 36������ 36���� %3����

0D[LPXP ZHOGLQJ FXUUHQW� $ ��� ��� ��� ��� ��� ���

1XPEHU RI UROOHUV� SFV � � � � � �

:LUH IHHG VSHHG� P�PLQ ���w��� �w�� �w�� �w�� �w�� �w��

'LDPHWHU RI ZHOGLQJ ZLUH� PP ��� ���w��� ���w��� ���w��� ���w��� ���w���

0DVV RI ZLUH RQ UHHO� NJ � � �� �� �� ��

)HDVLELOLW\ RI ZHOGLQJ ZLWK IOX[�FRUHG ZLUH w w � � � �

0DVV� NJ � �� ���� ��� ��� ����

1RWHV )8 )8 )8 6$0 6$0 )8

7DEOH �� 0DLQ FKDUDFWHULVWLFV RI LQVWDOODWLRQ IRU DUJRQ�DUF QRQ�FRQVXPDEOH HOHFWURGH ZHOGLQJ

3DUDPHWHUV
7\SH

676K���� $���� 83

0DLQV YROWDJH� 9 ��� DQG ��� ���

:HOGLQJ FXUUHQW� $ ��w��� ��w���

'XW\ F\FOH� � �� ��

2SHQ�FLUFXLW YROWDJH� 9 �� ��

&RQVXPHG SRZHU� N: ���� ��

0DVV� NJ �� �� �ZLWKRXW SRZHU VRXUFH�

:HOGLQJ RI DOXPLQLXP DQG LWV DOOR\ � �

1RWHV %ORFN RI DUF EXUQLQJ VWDELOL]LQJ 4XDOLW\ ZHOGLQJ RI DOXPLQLXP ZLWKRXW HWFKLQJ

7DEOH �� 0DLQ FKDUDFWHULVWLFV RI PDFKLQHV IRU DLU�SODVPD FXWWLQJ

3DUDPHWHUV
7\SH

�.LHY��� �3DWRQ 335����� �.LHY��� �.LHY���

0DLQV YROWDJH� 9 ��� ��� ��� ���

2SHUDWLQJ FXUUHQW� $ �� ��� ��� ���

'XW\ F\FOH� � �� �� ��� ���

2SHQ�FLUFXLW YROWDJH� 9 ��� ��� ��� ���

&RQVXPHG SRZHU� N: �� �� �� ��

3ODVPDWURQ FRROLQJ $LU :DWHU :DWHU :DWHU

0DVV� NJ �� ��� ��� ���

7KLFNQHVV RI PHWDO EHLQJ FXW� PP�

VWHHO � �� �� ��

FRSSHU � �� �� ��

DOXPLQLXP � �� �� ��

)LJXUH �� $SSHDUDQFH RI UHFWLILHU 9'���� �D�� YROW�DPSHUH FKDUDFWHULVWLF RI DX[LOLDU\ ��� DQG RSHUDWLQJ ��� UHFWLILHU �E�
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• ZHOGLQJ XQLWV ����w��� $�� LQFOXGLQJ WKRVH IRU
DXWRPRELOHV� WUDFWRUV� HWF��

• IXOO VHWV RI OLQHV IRU PDQXIDFWXUH RI ZHOGLQJ
HOHFWURGHV ��w� W SHU VKLIW��

• FRPSOH[ ZRUNV RQ PHFKDQLFDO WUHDWPHQW RI PDV�
VLYH FRPSRQHQWV �VHH LQ GHWDLO LQ :HEVLWH��

• ZHOGLQJ HOHFWURGHV� ZLUHV� FRQVXPDEOHV IRU VXU�
IDFLQJ �ZLUHV� VWULSV� WXQJVWHQ FDUELGH� HWF���

• HTXLSPHQW IRU ZHOGLQJ SRO\PHUV� H[WUXGHUV �XS
WR ��� NJ�K� PDVV RI XQLW x ��� NJ�� LQVWDOODWLRQV
IRU EXWW DQG ILOOHW ZHOGLQJ RI SLSHV ���� PP GLD���
LQVWDOODWLRQV IRU PDQXIDFWXUH RI SRO\PHULF ODUJH�GL�
DPHWHU VKHOOV �XS WR ����PP�� EXWWZHOGLQJ RI VKHHWV�
KHDWLQJ HOHPHQWV �GHWDFKDEOH� DQG RWKHUV�

• ZHOGLQJ DFFHVVRULHV� 7,*� 0,*�0$* ZHOGLQJ
WRUFKHV� WHUPLQDOV� HOHFWURGH KROGHUV� VSHFLDO FORWK�
HWF��

• ZHOGLQJ WUDFWRUV ����w���� $� ZLWK SRZHU

VRXUFHV�

• PDQXIDFWXUH RI ZHOGHG PHWDO VWUXFWXUHV RI DQ\

FDWHJRU\ RI FRPSOH[LW\ DQG GLPHQVLRQV�

• HTXLSPHQW IRU HOHFWURVODJ WHFKQRORJLHV �LQFOXG�

LQJ SRZHU VRXUFHV XS WR ����� $��

• LQYHUWRU ZHOGLQJ HQJLQHHULQJ �LQFOXGLQJ VLQHU�

JHWLFV DQG SXOVDWLQJ V\VWHPV��

,Q WKH QHDU IXWXUH WKH 3:,33:(ZLOO VWDUW PDQX�

IDFWXUH RI FKRSSHU DWWDFKPHQWV DQG LQYHUWRU SRZHU

VRXUFHV�

1RPHQFODWXUH RI WKH SURGXFWV� YROXPH RI WKHLU SUR�

GXFWLRQ DQG UHDOL]DWLRQ LQ ���� DQG ���� DOORZ XV WR

PDNH WKH FRQFOXVLRQ DERXW RYHUFRPLQJ RI WKH FULVLV

VLWXDWLRQ E\ WKH SODQW�

7DEOH �� 0DQXIDFWXUH RI QHZ HTXLSPHQW

'HVFULSWLRQ RI SURGXFW

4XDQWLW\ RI PRGHOV

%HIRUH ����

����w���� ����

LQ WRWDO

LQFOXGLQJ QHZ

PRGHOV DV

FRPSDUHG ZLWK

����

LQ WRWDO

LQFOXGLQJ QHZ

PRGHOV DV

FRPSDUHG ZLWK

����

7UDQVIRUPHUV � � � � �

5HFWLILHUV � � � � �

6HPL�DXWRPDWLF PDFKLQHV � � � � �

0DFKLQHV IRU DLU�SODVPD FXWWLQJ � � � � w

,QVWDOODWLRQV IRU DUJRQ�DUF ZHOGLQJ w � � � �

3ODVPD FXWWHUV � � � � w

*DV WRUFKHV � � w � �

8QLWV RI DXWRQRPRXV FRROLQJ w � � � �

0RGHOV LQ WRWDO �� �� �� �� ��

LQFOXGLQJ WKRVH RI PDLQ ZHOGLQJ HTXLSPHQW �� �� �� �� �
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(�$� $67$.+29

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

%DVLF XQLWV ZHUH GHYHORSHG DQG D SURWRW\SH RI WKH DXWRPDWLF GHWRQDWLRQ V\VWHP ZDV PDGH IRU GHSRVLWLRQ RI FRDWLQJV

ZLWK ZLGHQHG RSHUDWLRQDO FDSDELOLWLHV� DOORZLQJ LW WR EH VXFFHVVIXOO\ DSSOLHG IRU KDQGOLQJ ERWK UHVHDUFK DQG SURGXFWLRQ

SUREOHPV�

.H\ ZRU G V � GHWRQDWLRQ HTXLSPHQW� GHSRVLWLRQ WHFKQRORJ\�
FKDQQHOV� IHHGHUV� FRQWURO V\VWHPV� SRZGHUHG PDWHULDO� HQHUJ\

SDUDPHWHUV� SXOVHG IORZV� FRDWLQJ SURSHUWLHV

7KH JHQHUDO WUHQG QRZ LV WR UHFRYHU LQGXVWU\ RI 8NUDLQH
DQG RWKHU &,6 FRXQWULHV DQG WR JUDGXDO LQFUHDVH LQ WKHLU

SURGXFWLYH FDSDFLWLHV� 7KLV XQGRXEWHGO\ ZLOO LQYROYH

SUDFWLFDO DSSOLFDWLRQ RI YDULRXV FRDWLQJ PHWKRGV WR SUR�

WHFW VXUIDFHV RI SDUWV RSHUDWLQJ XQGHU VHYHUH FRQGLWLRQV

RI LQWHQVLYH ZHDU DQG FRUURVLRQ�

,Q WKLV UHJDUG� GHWRQDWLRQ GHSRVLWLRQ RI FRDWLQJV

LV VWLOO RQH RI WKH PRVW HIILFLHQW PHWKRGV RI WKHUPDO

VSUD\LQJ >�w�@� (QVXULQJ KLJK TXDOLW\ RI UHVXOWLQJ

FRDWLQJV UHTXLUHV WKH DSSURSULDWH KLJK�SURGXFWLYLW\

HTXLSPHQW�

7KLV DUWLFOH FRQVLGHUV GHVLJQV RI EDVLF XQLWV RI GHWR�

QDWLRQ HTXLSPHQW �3HUXQ�6� DQG WKH V\VWHP DV D

ZKROH LQ WHUPV RI SURYLGLQJ QRW RQO\ LPSURYHG SUR�

SHUWLHV RI VSUD\HG FRDWLQJV� EXW DOVR ZLGHQLQJ RI WHFK�

QRORJLFDO FDSDELOLWLHV RI WKH SURFHVV�

$XWRPDWLF GHWRQDWLRQ V\VWHP �3HUXQ�6� LV D MRLQW
GHYHORSPHQW RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,Q�

VWLWXWH DQG ,QVWLWXWH IRU 6XSHUKDUG 0DWHULDOV RI WKH

1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH� ,W LV EDVHG
RQ WKH VFLHQWLILF DQG SUDFWLFDO H[SHULHQFH DFFXPXODWHG

IURP EXLOGLQJ DQG DSSOLFDWLRQ RI GHWRQDWLRQ V\VWHPV
�$'.��� DQG �3URPHWHM�� $OVR� LW LQFRUSRUDWHV QHZ

VFLHQWLILF DQG WHFKQLFDO VROXWLRQV� 'HVLJQ GRFXPHQWV

ZHUH GHYHORSHG� RQ WKH EDVLV RI ZKLFK WKH SLORW�FRP�

PHUFLDO PDQXIDFWXUH RI WKH DERYH V\VWHPZDV DUUDQJHG

DW 5HVHDUFK DQG 3URGXFWLRQ &RPSDQ\ �2UJWHNKDYWR�

PDWL]DWVL\D� �6LPIHURSRO� 8NUDLQH�



�

6SHFLILFDWLRQV RI $'6 �3HUXQ�6�

6KRRWLQJ UDWH �IUHTXHQF\ RI ZRUN F\FOHV�� +] �������� ���� ���

/HQJWK RI WKH EDVLF FKDQQHO� PP ������������������������������� ���

/HQJWK RI DQ DGGLWLRQDO VHFWLRQ� PP �������������������������� ���

&RDWLQJ DUHD GHSRVLWHG SHU F\FOH� PP
�

����������������������� ���

&RDWLQJ WKLFNQHVV SURYLGHG SHU F\FOH� µP ����������������� �w��

3RZGHU XWLOLVDWLRQ IDFWRU� � ���������������������������������� ��w��

)ORZ UDWH RI ZRUNLQJ JDVHV� P
��K�

DFHW\OHQH ������������������������������������������������������ ���w���
SURSDQH�EXWDQH ���������������������������������������������� ���w���
K\GURJHQ ������������������������������������������������������ ���w���
R[\JHQ ��������������������������������������������������������� ���w���
QLWURJHQ ������������������������������������������������������� ���w���
FRPSUHVVHG DLU ����������������������������������������������� ���w���

/LPLWV RI GLVSODFHPHQW RI FRDWLQJ GHYLFH� P�
ULJKW�OHIW ���������������������������������������������������������� ����
IRUZDUG�EDFNZDUG ���������������������������������������������� ����
XS�GRZQ ����������������������������������������������������������� ����

3RZHU FRQVXPSWLRQ� N: ��������������������������������������������� �
6XSSO\ YROWDJH� 9 �������������������������������������������� ���� ���
)UHTXHQF\� +] ���������������������������������������������������������� ��

7KH JHQHUDO YLHZ RI WKH V\VWHP �3HUXQ�6� LV VKRZQ
LQ )LJXUH ��

7KH V\VWHP FRPSULVHV D GHYLFH IRU DEUDVLYH WUHDW�
PHQW DQG GHSRVLWLRQ RI FRDWLQJV �JXQ�� JDV GLVWULEX�

WLRQ SDQHO� JXQ GLVSODFHPHQW GHYLFH �PDQLSXODWRU��

JXQ DQG PDQLSXODWRU FRQWURO XQLWV� DQG GHYLFH IRU

PRQLWRULQJ RI WKH FRDWLQJ GHSRVLWLRQ SURFHVV� 7R EH

FRPPHUFLDOO\ DSSOLHG� WKH V\VWHP QHHGV D QRLVH�SURRI

ER[ �ZLWK DQ DUHD RI QRW OHVV WKDQ �� P
�� HTXLSSHG

ZLWK IRUFHG YHQWLODWLRQ PHDQV� DQG DQ RSHUDWRUsV URRP

�� P�� FRQQHFWHG WR WKH ER[ DQG KDYLQJ D YLHZSRUW
ORRNLQJ WR WKH ER[� 7KH SURFHVV LV FRQWUROOHG UHPRWHO\
IURP WKH RSHUDWRUsV URRP�

)XQFWLRQLQJ RI WKH FRDWLQJ GHSRVLWLRQ GHYLFH LV

EDVHG RQ D PHWKRG GLIIHULQJ IURP WKDW XVHG EHIRUH LQ
WKDW WKH ZRUNLQJ JDVHV� H�J� R[\JHQ DQG DFHW\OHQH DUH

FRQWLQXRXVO\ IHG WR WKH FRPEXVWLRQ FKDPEHU LQ WKH� (�$� $67$.+29� ����




7KH DXWKRU H[SUHVVHV JUDWLWXGH WR KLV FROOHDJXHV ZKR SDUWLFLSDWHG
LQ EXLOGLQJ WKH $'6 �3HUXQ�6�� 9�6� .OLPHQNR� 9�6� 6NDGLQ� $�,�
.LOG\� $�$� 3RORQVN\� 9�1� .ROHVQLFKHQNR� <X�1� ,OFKHQNR� $�$�
0R]]KXNKLQ� DV ZHOO DV WR PDQDJHUV RI WKH (�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� ,QVWLWXWH IRU 6XSHUKDUG0DWHULDOV DQG &RPSDQ\
�2UJWHNKDYWRPDWL]DWVL\D� IRU WKHLU DVVLVWDQFH LQ DUUDQJHPHQW RI

WKH ZRUN IRU SURGXFWLRQ RI SLORW�FRPPHUFLDO HTXLSPHQW DQG LQGXV�
WULDO LPSOHPHQWDWLRQ RI WKH SURFHVV�

)LJXUH �� *HQHUDO YLHZ RI WKH $'6 �3HUXQ�6�
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IRUP RI D PL[WXUH LQ WKH VWDWLRQDU\ IORZ PRGH� ZKLOH
SHULRGLFLW\ RI WKH SURFHVV LQ WKH DEVHQFH RI FRQWDFW RI
WKH IXHO JDV PL[WXUH ZLWK WKH GHWRQDWLRQ SURGXFWV LV
DFKLHYHG WKURXJK D SHULRGLF IHHG RI D QHXWUDO JDV �QL�
WURJHQ� DLU� LQ LQWHUYDOV EHWZHHQ IHHGLQJ RI D SRZ�
GHUHG PDWHULDO DQG LJQLWLRQ RI WKH JDV PL[WXUH� +HUH�
H[FHHGLQJ RI ���w� WLPHV LQ WKH SXUJLQJ SUHVVXUH RI
QLWURJHQ� FRPSDUHG ZLWK SUHVVXUH RI ZRUNLQJ JDVHV�
SURYLGHV FXW�RII RI WKH ODWWHU�

$OWKRXJK WKH F\FOLF FKDUDFWHU RI WKH SURFHVV GRHV
SHUVLVW LQ WKLV FDVH� D ILQLVKHG SRUWLRQ RI WKH IXHO
PL[WXUH ZLWK D SUHVHW FRQFHQWUDWLRQ RI FRPSRQHQWV LV
IHG SHU F\FOH� WKXV DOORZLQJ TXDOLW\ RI WKH FRDWLQJV
WR EH LPSURYHG RZLQJ WR D YROXPH KRPRJHQHLW\ RI
WKH JDV PL[WXUH >�@�

&KDQQHO� 2QH RI WKH PDLQ DQG PRVW LPSRUWDQW
FRPSRQHQWV RI GHWRQDWLRQ V\VWHPV LV D FKDQQHO �H[�
SORVLRQ FKDPEHU� >�� �@� ZKHUH WKH IXHO PL[WXUH LV
PL[HG ZLWK D VSUD\ PDWHULDO SRZGHU DQG ZKHUH D
KLJK�YHORFLW\ IORZ RI WKH GHWRQDWLRQ SURGXFWV ZLWK
WKH VXVSHQGHG VSUD\ PDWHULDO SDUWLFOHV LV IRUPHG�

7KH FKDQQHO VKRXOG SURYLGH WKH UHTXLUHG OHYHO RI
HQHUJ\ SDUDPHWHUV RI D SXOVHG IORZ RI WKH FRPEXVWLRQ
SURGXFWV� VXIILFLHQW IRU KHDWLQJ DQG DFFHOHUDWLRQ RI
WKH RSWLPDO SRUWLRQ RI SRZGHU ZLWK WKH PRVW HIILFLHQW
XWLOLVDWLRQ RI HQHUJ\ UHOHDVHG LQ FRPEXVWLRQ RI WKH
IXHO PL[WXUH�

&KDQQHOV RI WKH SULRU DUW KDG OHQJWK RI ����w
���� PP >�� �� �@� 2XU FDVH SUHVHQWV D SLRQHHULQJ XVH
RI D FKDQQHO ZLWK OHQJWK UHGXFHG WR ���PP LQ SUDFWLFH
RI GHWRQDWLRQ VSUD\LQJ� 7KLV DOORZHG FRQVXPSWLRQ RI
ZRUNLQJ FRPSRQHQWV WR EH GHFUHDVHG� DQG VKRRWLQJ
UDWH WR EH LQFUHDVHG ZLWK DQ XQFKDQJHG LQLWLDO SUHVVXUH
RI IHHGLQJ WKHP WR WKH FKDQQHO� WKXV UDLVLQJ SURGXF�
WLYLW\ RI WKH VSUD\LQJ SURFHVV�

7KH FKDQQHO LV RI D VHFWLRQDO W\SH� 7KLV PDNHV LW
SRVVLEOH WR FRQWURO WKH GHJUHH RI KHDWLQJ RI SDUWLFOHV�
(ORQJDWLRQ RI WKH PDLQ FKDQQHO WR ���� PP LV GRQH
WKURXJK DGGLQJ DQ H[WUD VHFWLRQ�

)HHGHU� 7KH V\VWHP XVHV D IHHGHU ZLWK D SXOVHG
D[LDO IHHG RI D VSUD\ PDWHULDO� )HHGHUV RI WKLV W\SH
KDYH DV D UXOH D OLPLWHG YROXPH RI WKH KRSSHU� DV WKH
SRZGHU SRUWLRQ LQMHFWHG LQWR WKH FKDQQHO LV LQ GLUHFW
GHSHQGHQFH XSRQ WKH OHYHO RI SRZGHU LQ WKH KRSSHU�
'HFUHDVLQJ LW LV DFFRPSDQLHG E\ GHFUHDVH LQ WKH SRZ�
GHU SRUWLRQ EHLQJ LQMHFWHG >�@� 7KLV UHTXLUHV D FRQVWDQW
ILOOLQJ XS RI WKH IHHGHU ZLWK SRZGHU� 7KH GHYHORSHG
H[WUD EORZLQJ V\VWHP �LQFUHDVH LQ WKH SUHVVXUH RI QL�
WURJHQ IRU WUDQVSRUWDWLRQ RI SRZGHU DV LW OHDYHV WKH
KRSSHU� PDGH LW SRVVLEOH WR VWDELOLVH WR VRPH H[WHQW
WKH SRUWLRQV DQG LQFUHDVH WKH WLPH RI RSHUDWLRQ RI WKH
HTXLSPHQW WR UHILOOLQJ WKH IHHGHU� EXW LQYROYHG VRPH
LQFUHDVH LQ D QLWURJHQ IORZ UDWH DQG� KHQFH� GHWHULR�
UDWLRQ LQ SURSHUWLHV RI FRDWLQJV�

7KLV GUDZEDFN ZDV HOLPLQDWHG LQ WKH GHVLJQ RI WKH
IHHGHU XVHG LQ $'6 �3HUXQ�6� �)LJXUH ���

7KH IHHGHU GHYHORSHG FRQVLVWV RI D F\OLQGULFDO FXS
� ZLWK FRYHU � FRQQHFWHG WR WKH LQWHUQDO FXS �� 7ZR
IDVWHQHG UXEEHU JDVNHWV � DQG � IRUP DPRYDEOH ERWWRP
RI WKH FDVLQJ� 2Q WKH ERWWRP WKH IHHGHU LV SUHVVHG E\

D SQHXPDWLF F\OLQGHU WR FRYHU � RI WKH IHHGHU LQVWDO�
ODWLRQ XQLW� 7KH FRYHU KDV WKUHH XQLRQV �w�� 7UDQV�
SRUWLQJ JDV ZKLFK FDUULHV WKH SRZGHU LV IHG WKURXJK
XQLRQ �� 7KH JDV�SRZGHU PL[WXUH LV IHG WKURXJK XQLRQ
� WR WKH FKDQQHO� 7KH ERWWRP RI WKH FDVLQJ LV UDLVHG
ZLWK XWLOLVDWLRQ RI SRZGHU GXULQJ WKH VSUD\LQJ SUR�
FHVV� 7KLV SURYLGHV PDLQWDLQLQJ RI D FRQVWDQW OHYHO RI
SRZGHU LQ WKH IHHGHU WR HQVXUH D VWDEOH GHQVLW\ RI WKH
JDV�SRZGHU PL[WXUH GXULQJ WKH VSUD\LQJ SURFHVV� 7KH
ERWWRP LV UDLVHG E\ PHDQV RI FRPSUHVVHG DLU IHG
WKURXJK XQLRQ � WR WKH VSDFH EHWZHHQ WKH H[WHUQDO
FXS DQG WKH ERWWRP� $LU SUHVVXUH LV UHJXODWHG XVLQJ
GLVWULEXWRUV RI WKH SQHXPDWLF XQLW FRQWUROOHG E\ WKH
V\VWHP IRU PRQLWRULQJ WKH SUHVHQFH RI SRZGHU LQ WKH
GHWRQDWLRQ SURGXFWV�

&DSDFLW\ RI RQH IHHGHU SURYLGHV D FRQVLVWHQW IHHG
RI SRZGHU� H�J� IRU � K RI FRQWLQXRXV RSHUDWLRQ RI WKH
HTXLSPHQW DW D VKRRWLQJ UDWH RI ��� +]�

6\VWHPV IRU RQ�OLQH GLDJQRVWLFV RI WKH SURFHVV�7KH
FXUUHQW SURFHGXUH IRU DVVHVVPHQW RI TXDOLW\ RI WKHUPDO
VSUD\ FRDWLQJV LV WKURXJKWHVWLQJZLWQHVV VSHFLPHQVPDGH
IURP VLPLODU FRDWLQJV� 5HOLDEOH PHDQV IRU QRQ�GHVWUXF�
WLYH WHVWLQJ RI FRDWLQJV DSSOLHG WR DFWXDO SDUWV DUH XQ�
DYDLODEOH VR IDU� 7KHUHIRUH� LQFUHDVHG UHTXLUHPHQWV DUH
LPSRVHG RQ GHWRQDWLRQ XQLWV IRU VWDELOLW\ RI WKHLU RSHUD�
WLRQ WR JXDUDQWHH FRQVLVWHQW SURSHUWLHV RI FRDWLQJV RQ
SDUWV� 6WDELOLW\ RI RSHUDWLRQ RI D XQLW LPSOLHV FRQVLVWHQF\
RI HQHUJ\ FKDUDFWHULVWLFV RI WKH VSUD\ PDWHULDO SDUWLFOHV
LQ IRUPDWLRQ RI FRDWLQJ OD\HUV�

([SHULHQFH RI RSHUDWLRQ RI GHWRQDWLRQ HTXLSPHQW
HYLGHQFHV WKDW WKHUH DUH FDVHV ZKHUH UHDGLQJV RI WKH
UHJLVWUDWLRQ LQVWUXPHQWV LQVWDOOHG LQ JDV OLQHV YDU\
ZLWKLQ SHUPLVVLEOH OLPLWV� ZKLOH WKH SURFHVV WHFKQR�

)LJXUH ��'HVLJQ RI WKH IHHGHU ZLWK FDVLQJ KDYLQJ DPRYDEOH ERWWRP
�VHH GHVLJQDWLRQV LQ WKH WH[W�
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ORJ\ DQG FRDWLQJ IRUPDWLRQ FRQGLWLRQV VXIIHU VHYHU
YLRODWLRQV� 0RVW RIWHQ WKH FDXVH RI VXFK YLRODWLRQV LV
D FKDQJH LQ D SRZGHU SRUWLRQ IHG WR WKH FKDQQHO SULRU
WR GHWRQDWLRQ RI WKH JDV PL[WXUH� 7KLV RFFXUV HLWKHU
EHFDXVH RI D GHFUHDVH LQ VHFWLRQ RI WKH JDV OLQH FKDQQHO
FRQQHFWLQJ WKH IHHGHU WR WKH FKDQQHO �EHFDXVH RI VWLFN�
LQJ RI EDNHG SRZGHU SDUWLFOHV WR WKH FKDQQHO ZDOOV��
EHFDXVH RI YLRODWLRQ RI DLU WLJKWQHVV LQ WKLV OLQH� RU
EHFDXVH RI GHFUHDVH LQ WKH DPRXQW RI SRZGHU LQ WKH
IHHGHU KRSSHU�

7KH VSHFLDO GHYLFH IRU PRQLWRULQJ SDUDPHWHUV RI
WKH SXOVHG PHWDOOLVLQJ SRZGHU ZDV PDGH WR TXLFNO\
DQG WLPHO\ UHYHDO YLRODWLRQV LQ WKH VSUD\LQJ WHFKQR�
ORJ\ >�@�

7KH PRQLWRULQJ GHYLFH LV LQWHQGHG WR YLVXDOO\ GH�
WHFW �RQ WKH EDVLV RI UHDGLQJV RI D PHDVXULQJ LQVWUX�
PHQW� WKH SUHVHQFH RU DEVHQFH RI WKH VSUD\ PDWHULDO
SRZGHU LQ WKH GHWRQDWLRQ SURGXFWV IORZLQJ RXW IURP
WKH V\VWHP FKDQQHO DIWHU LQLWLDWLRQ RI WKH GHWRQDWLRQ�
$OVR� LW HQDEOHV �DIWHU SUHOLPLQDU\ FDOLEUDWLRQ� GHWHU�
PLQDWLRQ RI WKH DPRXQW RI SRZGHU FRQWDLQHG LQ WKH
GHWRQDWLRQ SURGXFWV� )RU WKLV� WKH PHDVXULQJ GHYLFH
LV FDOLEUDWHG HLWKHU IRU WKH SRZGHU FRQWHQW LQ ZHLJKW
SHUFHQW RU IRU WKLFNQHVV RI D FRDWLQJ IRUPHG SHU F\FOH�

7KH SULQFLSOH RI RSHUDWLRQ RI WKH GHYLFH LV EDVHG
RQ LQFUHDVH LQ WKH LQWHQVLW\ RI OLJKW HPLWWHG IURP WKH
KLJK�WHPSHUDWXUH IORZ RI WKH GHWRQDWLRQ SURGXFWV LQ
WKH FDVH ZKHQ LW FRQWDLQV KHDWHG SDUWLFOHV RI WKH VSUD\
PDWHULDO SRZGHU� 7KH LQWHQVLW\ RI OLJKW ZDV IRXQG WR
LQFUHDVH ZLWK LQFUHDVH LQ WKH DPRXQW RI SRZGHU FRQ�
WDLQHG LQ WKH GHWRQDWLRQ SURGXFWV�

7KH GHYLFH IRU PRQLWRULQJ WKH SUHVHQFH RI SRZGHU
LQ WKH FRPEXVWLRQ SURGXFWV FDQ DIIHFW RSHUDWLRQ RI
WKH DFWXDWRUV RI WKH GHWRQDWLRQ HTXLSPHQW WKURXJK LWV
FRQWURO V\VWHP�

,Q WKH FDVH RI DEVHQFH RI SRZGHU SDUWLFOHV LQ WKH
GHWRQDWLRQ SURGXFWV� DV ZHOO DV LQ WKH FDVH RI PLVILUH�
L�H� PLVV RI D VKRW EHFDXVH RI QRQ�LJQLWLRQ RI WKH IXHO
PL[WXUH LQ WKH FKDPEHU� WKH VHQVRU LQ WKH IHHGEDFN
FLUFXLW ZLOO VHQG D VLJQDO WR WKH FRQWURO XQLW� DQG WKH
HTXLSPHQW ZLOO EH VZLWFKHG RII�

:LWK MXVW RQH PLVILUH WKH HTXLSPHQW PD\ QRW EH
VZLWFKHG RII� ,Q WKLV FDVH WKH QH[W VKRW GLUHFWO\ IRO�

ORZLQJ WKH PLVVLQJ RQH� FRQWDLQLQJ DQ LQFUHDVHG SRZ�
GHU SRUWLRQ� ZLOO JHW WR WKH VDIHW\ JDWH ZKLFK FORVHV
DW WKLV PRPHQW WKH VXUIDFH RI D ZRUNSLHFH� WKXV HQ�
VXULQJ WKH FRQVLVWHQW TXDOLW\ RI D VSUD\ FRDWLQJ�

+RZHYHU� WKH SRVVLELOLW\ RI PRQLWRULQJ WKH LQWHQ�
VLW\ RI OLJKW HPLWWHG IURP WKH PHWDOOLVLQJ IORZ GRHV
QRW DOZD\V JXDUDQWHH IRUPDWLRQ RI D TXDOLW\ FRDWLQJ�
)RU H[DPSOH� WKH VSUD\HG FRDWLQJ PD\ VHSDUDWH IURP
WKH VXEVWUDWH EHFDXVH RI SRRU FOHDQLQJ RU LQVXIILFLHQW
DEUDVLYH WUHDWPHQW RI WKH VXEVWUDWH VXUIDFH� 7KLV GH�
IHFW FDQ EH GHWHFWHG LPPHGLDWHO\ DIWHU GHSRVLWLRQ RI
D FRDWLQJ E\ YLVXDO H[DPLQDWLRQ XVLQJ D PDJQLI\LQJ
JODVV RU E\ JULQGLQJ�

7KH PHWKRG ZDV VXJJHVWHG DQG GHYLFH ZDV PDGH
GXULQJ WKH GHYHORSPHQW RI WKH �3HUXQ�6� V\VWHP IRU
GHWHFWLRQ RI ODWHQW GHIHFWV ZLWK DQ DUHD RI PRUH WKDQ
��� FP� GLUHFWO\ GXULQJ VSUD\LQJ RI WKH GHWRQDWLRQ
FRDWLQJV�

:KHQ WKH VSUD\ PDWHULDO SRZGHU SDUWLFOHV KHDWHG
WR D PHOWLQJ SRLQW KLW WKH VXEVWUDWH� WKHLU UDSLG GH�
IRUPDWLRQ �IRU ���w��� µV� DQG FRROLQJ RFFXU >�� �@�
7KLV LV DFFRPSDQLHG E\ VLPXOWDQHRXV SK\VLFDO�FKHPL�
FDO SURFHVVHV ZKLFK SURPRWH DGKHVLRQ RI LQGLYLGXDO
SDUWLFOHV WR HDFK RWKHU DQG WR WKH VXEVWUDWH� /DWHQW
PDFURGHIHFWV �RI WKH VHSDUDWLRQ W\SH� DUH IRUPHG LP�
PHGLDWHO\ DIWHU IRUPDWLRQ RI D FRDWLQJ DQG LWV FRROLQJ�
&KDQJHV LQ FRQGLWLRQV RI KHDW WUDQVIHU WR WKH VXEVWUDWH
ZLWKLQ WKH GHIHFW ]RQH� FDXVHG E\ KLJK�WHPSHUDWXUH
JDV RU PHWDOOLVLQJ IORZV DIIHFWLQJ WKH FRDWLQJ� FDQ
UHYHDO HIIHFWV WKH UHJLVWUDWLRQ RI ZKLFK DOORZV VHSD�
UDWLRQV DQG FRDUVH SRUHV WR EH GHWHFWHG LQ LW� 7KHR�
UHWLFDO GHVFULSWLRQ RI WKHVH HIIHFWV LV EDVHG RQ UHVXOWV
RI FDOFXODWLRQV RI VXUIDFH WHPSHUDWXUH 7V RI GHIRUPHG
SDUWLFOHV IL[HG WR WKH VXEVWUDWH GXULQJ VSUD\LQJ�

$QDO\VLV RI WKH UHVXOWV RI FDOFXODWLRQ RI 7V LQ VSUD\�
LQJ QLFNHO DQG DOXPLQLXP R[LGH DOORZHG WKH IROORZLQJ
FRQFOXVLRQV >��@�

• LQ WKH SUHVHQFH RI D PDFURGHIHFW EHWZHHQ WKH
XSSHU OD\HU RI D FRDWLQJ DQG D ZRUNSLHFH �ZLWK RU
ZLWKRXW D FRDWLQJ� WKH VXUIDFH WHPSHUDWXUH RI D QHZ
VSUD\HG OD\HU LPPHGLDWHO\ DIWHU LWV IRUPDWLRQ LV PXFK
KLJKHU WKDQ WKDW RI D GHIHFW�IUHH UHJLRQ RI WKH FRDWLQJ�

• ZLWK JURZWK RI WKLFNQHVV RI WKH FRDWLQJ RYHU WKH
PDFURGHIHFW LWV VXUIDFH WHPSHUDWXUH DIWHU VSUD\LQJ RI
QHZ OD\HUV ZLOO GHFUHDVH�

)XQFWLRQLQJ RI WKH GHYLFH SURYLGLQJ VXFKPRQLWRULQJ
LV VFKHPDWLFDOO\ VKRZQ LQ )LJXUH �� :RUNSLHFH � RQ WKH
VXUIDFH RI ZKLFK FRDWLQJ � LV WR EH GHSRVLWHG LV SODFHG
LQ IURQW RI WKH H[LW VHFWLRQ RI FKDQQHO �� 3KRWRVHQVRU �
FRQVLVWLQJ RI RSWLFDO V\VWHP �� SKRWRHOHPHQW � DQG SUH�
DPSOLILHU � HOHFWULFDOO\ FRQQHFWHG WR LW LV PRXQWHG RQ
FKDQQHO �� 3KRWRVHQVRU � LV SODFHG VR WKDW LWV RSWLFDO
D[LV LV GLUHFWHG WR WKH FHQWUH RI FRDWLQJ VSRW �� 3UHDP�
SOLILHU � LV FRQQHFWHG WR WKH FRQVWDQW YROWDJH VRXUFH ��
ZKLOH WKH RXWSXW RI SUHDPSOLILHU � LV FRQQHFWHG WR WKH
LQSXW RI RVFLOORJUDSK ��

7KH KLJK�WHPSHUDWXUH IORZ RI WKH GHWRQDWLRQ SUR�
GXFWV LV SHULRGLFDOO\ HMHFWHG IURP WKH FKDQQHO � GXULQJ
RSHUDWLRQ RI WKH GHWRQDWLRQ HTXLSPHQW� 7KH IORZ FRQ�
WDLQV KHDWHG �XS WR D SUH�PHOWLQJ SRLQW LQ WKH RSWLPDO

)LJXUH �� 6FKHPDWLF RI WKH GHYLFH XVHG WR UHYHDO ODWHQW GHIHFWV LQ
D FRDWLQJ OD\HU GXULQJ VSUD\LQJ �VHH GHVLJQDWLRQV LQ WKH WH[W�
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FDVH� SDUWLFOHV RI WKH VSUD\ PDWHULDO SRZGHU� /LJKW
HPLVVLRQ RU EULJKWQHVV RI WKH VSRW RI FRDWLQJ � EHLQJ
IRUPHG LV ILUVW YHU\ KLJK DW WKH PRPHQW RI IRUPDWLRQ
RI WKH GHWRQDWLRQ FRDWLQJ OD\HU GXH WR LPSDFW RQ WKH
VXUIDFH RI ZRUNSLHFH � E\ WKH KHDWHG SRZGHU SDUWLFOHV�
7KLV LV HYLGHQFHG E\ SHDNV �)LJXUH �� RI VLJQDOV IURP
SKRWRVHQVRU �� ZKLFK DUH XVHG WR HVWLPDWH WKH VXUIDFH
WHPSHUDWXUH RI FRDWLQJ VSRW � RQ WKH RVFLOORJUDSK
VFUHHQ�

'XULQJ D WLPH EHWZHHQ WZR UHJXODU VKRWV PDGH E\
WKH GHWRQDWLRQ HTXLSPHQW ����w��� PV� WKH VXUIDFH
WHPSHUDWXUH RI FRDWLQJ � GHFUHDVHV DOPRVW WR D WHP�
SHUDWXUH RI ZRUNSLHFH �� ZKLFK LV DOVR IL[HG RQ WKH
VFUHHQ RI RVFLOORJUDSK � RZLQJ WR WKH VLJQDOV VHQW E\
SKRWRVHQVRU �� WKH DPSOLWXGHV RI ZKLFK UHGXFH GXULQJ
WKLV WLPH DFWXDOO\ WR ]HUR� 5DSLG GHFUHDVH LQ WHPSHUD�
WXUH RI WKH VXUIDFH LV FDXVHG E\ DQ LQWHQVLYH KHDW
WUDQVIHU LQWR WKH EXON RI ZRUNSLHFH � GXH WR D JRRG
FRQWDFW ZLWK LW RYHU WKH HQWLUH SODQH RI WKH VSUD\HG
OD\HU RI FRDWLQJ ��

,Q WKH FDVH RI IRUPDWLRQ RI D PLFURGHIHFW �H�J�
FUDFN� XQGHU WKH VSUD\HG OD\HU WKH FRROLQJ UDWH DW WKH
VXUIDFH RI FRDWLQJ � GUDPDWLFDOO\ GHFUHDVHV� L�H� WKH
FRDWLQJ RYHU WKH GHIHFW UHPDLQV KHDWHG PXFK ORQJHU
GXH WR D SRRU KHDW WUDQVIHU WKURXJK WKH FUDFN� 7KH
IDFW RI IRUPDWLRQ RI D PLFURGHIHFW LV IL[HG E\ RVFLO�
ORJUDSK � IURP D UHODWLYH LQFUHDVH LQ WKH DPSOLWXGH
RI D VLJQDO UHFHLYHG IURP SKRWRVHQVRU � ��w�� PV DIWHU
WKH VKRW ZLWK ZKLFK D GHIHFWLYH FRDWLQJ ZDV GHSRVLWHG�
7KH OHYHO RI WKLV VLJQDO ZLOO QR ORQJHU GHFUHDVH WR
]HUR� OLNH LQ WKH FDVH RI IRUPDWLRQ RI GHIHFW�IUHH OD\HUV
GHSRVLWHG ZLWK SUHYLRXV VKRWV� ,Q WKLV FDVH LW ZLOO
GHFUHDVH PXFK PRUH VORZO\� 7KLV LV FDXVHG E\ WKH IDFW
WKDW FRDWLQJ ZLWK D FUDFN ORFDWHG XQGHU LW HPLWV OLJKW
IRU D PXFK ORQJHU WLPH�

6SUD\LQJ SURFHVV FRQWURO DQG UHJXODWLRQ V\VWHP�
7KH FRQWURO SDQHO RI $'6 �3HUXQ�6� FRQVLVWV RI WKUHH
LQGHSHQGHQW XQLWV ORFDWHG LQ RQH FDVLQJ�

• SRVLWLRQHU ZKLFK LQFOXGHV DOO WKH HOHPHQWV IRU
FRQWURO DQG PRQLWRULQJ RI GLVSODFHPHQWV PDGH E\ WKH
PDQLSXODWRU� DV ZHOO DV VHWWLQJ RI WKH GLVSODFHPHQW
PRGH DQG VSHHG�

• FRQWURO XQLW KRXVLQJ DOO HOHPHQWV IRU FRQWURO RI
RSHUDWLRQ RI WKH HTXLSPHQW� VHWWLQJ RI RSHUDWLRQ F\FOHV
IRU DFWXDWRUV DQG RSHUDWLRQ PRGHV IRU IHHGHUV� PDLQ�
WDLQLQJ WKH OHYHO RI SRZGHU LQ WKHP GXULQJ VSUD\LQJ�
DQG IL[LQJ WKH QXPEHU RI ZRUNLQJ F\FOHV LQ IHHGLQJ
WKH SRZGHU IURP WKH ILUVW DQG VHFRQG IHHGHUV�

• XQLW IRU PRQLWRULQJ WKH TXDOLW\ DQG FRPSRVLWLRQ
RI WKH PHWDOOLVLQJ IORZ� LWV ZHLJKW DQG FRPSRQHQW
GLVWULEXWLRQ� DV ZHOO DV FKDQQHO WHPSHUDWXUH�

7KH PRPHQW RI ORFNLQJ WKH FRUUHVSRQGLQJ VHDOHG�
FRQWDFW UHHG UHOD\ E\ D URWDWLQJ PDJQHW LV XVHG WR
VHQG VLJQDOV WR PDNH WKH DFWXDWRUV RSHUDWH� 7KLV GHVLJQ
DOORZHG GUDZEDFNV RI DQ HOHFWURPHFKDQLFDO FRPPDQG
DSSDUDWXV >�@ WR EH DYRLGHG DQG D IOH[LEOH V\VWHP IRU
YDULDWLRQ RI WLPH UDQJHV IRU WKHLU RSHUDWLRQ UHODWLYH
WR HDFK RWKHU WR EH SURYLGHG�

*DV GLVWULEXWLRQ SDQHO IRU IHHGLQJ ZRUNLQJ PHGLD�
$ GLVWLQFWLYH IHDWXUH RI D PXOWLFKDQQHO SDQHO LV WKDW

HDFK RI WKH ZRUNLQJ PHGLXP OLQHV KDV KLJK�IUHTXHQF\
SUHVVXUH�JUDGLHQW UHJXODWRUV� ZKLFK VWDELOLVH RXWSXW
SDUDPHWHUV RI JDV IORZV LQGHSHQGHQWO\ RI WKHLU YDUL�
DWLRQV DW WKH LQSXW DQG SUHVVXUH GURS LQ JDV ERWWOHV�

7KH XVH RI D IOXRULQH�SODVWLF IORDW LQ D URWDPHWHU
WR IHHG JDV WR WKH IHHGHU DQG GLUHFW WKURWWOLQJ RI LWV
IORZ SURYLGH D KLJK�DFFXUDF\ IHHG RI WKH VSUD\ PDWH�
ULDO SRZGHU �HYHQ WKDW RI D ORZ ORRVHQHVV�� 7KLV SUR�
YLGHV DQ LQFUHDVH LQ UHOLDELOLW\ RI RSHUDWLRQ RI WKH
HQWLUH V\VWHP�

(TXLSPHQW GLVSODFHPHQW PDQLSXODWRU� 7KH WKUHH�
D[LV PDQLSXODWRU IRU GLVSODFHPHQW RI WKH HTXLSPHQW
DOORZV VSUD\LQJ RQ IODW VXUIDFHV RI DQ\ VL]H� 7R VSUD\
SDUWV RI WKH W\SH RI ERGLHV RI UHYROXWLRQ� LW LV QHFHVVDU\
WR DGGLWLRQDOO\ HTXLS WKH PDQLSXODWRU ZLWK D URWDWRU�
7KH YHUVDWLOH ZHOGLQJ URWDWRU RI PRGHO ������� >��@�
IHDWXULQJ VPRRWK VWHS�IUHH UHJXODWLRQ RI WKH URWDWLRQ
IUHTXHQF\ ZLWKLQ D UDQJH RI ���w��� USP� ZDV SURYHG
JRRG IRU SUDFWLFDO DSSOLFDWLRQ� ,WV PD[LPXP ORDG�FDU�
U\LQJ FDSDFLW\ LV ��� NJ�

%DVLF WHFKQRORJLFDO FDSDELOLWLHV RI $'6 �3HUXQ�
6�� 7KH HTXLSPHQW GHYHORSHG FDQ RSHUDWH ZLWK GLI�
IHUHQW ZRUNLQJ JDVHV �SURSDQH�EXWDQH RU K\GURJHQ
FDQ EH XVHG DV D IXHO JDV LQ DGGLWLRQ WR DFHW\OHQH�
QLWURJHQ RU FRPSUHVVHG DLU FDQ EH XVHG IRU WUDQVSRU�
WDWLRQ RI SRZGHU� SXUJLQJ RI WKH FRLO DQG FKDQQHO DQG
GLOXWLRQ RI WKH IXHO PL[WXUH��

&ODVVLFDO YHUVLRQ RI RSHUDWLRQ RI WKH GHWRQDWLRQ V\V�
WHPV LV EDVHG RQ WKH XVH RI DFHW\OHQH DV D IXHO JDV� DV
LWV PL[WXUHV ZLWK R[\JHQ DUH FKDUDFWHULVHG E\ D KLJK
GHWRQDWLRQYHORFLW\� KLJKG\QDPLFKHDG DQG WHPSHUDWXUH
RI WKH JDV IORZ EHKLQG WKH GHWRQDWLRQ ZDYH IURQW� ,Q
DGGLWLRQ� WKH\ KDYH DOPRVW QR SUH�GHWRQDWLRQ PRGH�

7KH XVH RI DFHW\OHQH�R[\JHQ PL[WXUHV UHTXLUHV
FDUHIXO DGKHULQJ WR VDIHW\ UHJXODWLRQV LPSRVLQJ VHYHUH
UHTXLUHPHQWV ERWK RQ RSHUDWLRQ RI WKH HTXLSPHQW DQG
RQ D VSUD\LQJ SURGXFWLRQ VKRS DV D ZKROH� $OO WKLV
PDNHV GHVLJQV PXFK PRUH VRSKLVWLFDWHG� DV LW LV QH�
FHVVDU\ WR DGGLWLRQDOO\ ILW WKH HTXLSPHQW ZLWK EORZ�
EDFN VDIHW\ V\VWHPV DQG XQLWV�

$QDO\VLV RI OLWHUDWXUH GDWD >��@ DQG FDOFXODWLRQV
DUH LQGLFDWLYH RI WKH IDFW WKDW G\QDPLF FKDUDFWHULVWLFV
RI WKH JDV IORZ EHKLQG WKH GHWRQDWLRQ IURQW LQ
VWRLFKLRPHWULF DFHW\OHQH�R[\JHQ� SURSDQH�EXWDQH DQG
PHWKDQH�R[\JHQ PL[WXUHV DUH DOPRVW LGHQWLFDO� DQG
WKRVH RI SURSDQH�EXWDQH DQG R[\JHQ HYHQ KLJKHU E\
�w�� �� $FKLHYHPHQW RI SUDFWLFDO UHVXOWV DQG EXLOGLQJ
RI WKH FRUUHVSRQGLQJ HTXLSPHQW E\ WKH ,�1� )UDQ�
WVHYLFK ,QVWLWXWH IRU0DWHULDOV 6FLHQFH 3UREOHPV� (�2�

)LJXUH �� 3ORW RI YDULDWLRQV LQ WKH LQWHQVLW\ RI OLJKW , IURP WKH
FRDWLQJ VXUIDFH OD\HU LQ WKH FDVH RI SUHVHQFH RU DEVHQFH RI GHIHFWV
LQ LW �1 x QXPEHU RI F\FOHV�
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3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� ,QVWLWXWH IRU 6X�
SHUKDUG 0DWHULDOV RI WKH 1$6 RI 8NUDLQH� DQG 3RO\�
WHFKQLF ,QVWLWXWH �.DOLQLQ� 5XVVLDQ )HGHUDWLRQ� EH�
FDPH D UHDOLW\ RZLQJ WR WKHRUHWLFDO FDOFXODWLRQV PDGH
E\ DVVRFLDWHV RI WKH 0�$� /DYUHQWLHY ,QVWLWXWH RI +\�
GURG\QDPLFV RI WKH 6LEHULDQ 'LYLVLRQ RI WKH 5XVVLDQ
$FDGHP\ RI 6FLHQFHV �1RYRVLELUVN� XQGHU WKH OHDGHU�
VKLS RI 7�3� *DYULOHQNR >��@�

:KLOH VROYLQJ WKH SUREOHP RI XVLQJ K\GURJHQ DV
D IXHO JDV� WKH IRFXV RI WKH GHYHORSHUV ZDV RQ UHSODFH�
PHQW RI JDV ERWWOHV E\ HOHFWURO\WLF FHOOV IRU JDV VXSSO\�
7KH VPDOO�VL]H PDFKLQH �3HUXQ�0� FKDUDFWHULVHG E\
DQ LQFUHDVHG LQGHSHQGHQFH LV EDVHG RQ WKLV SULQFLSOH�
,WV FDVLQJ KRXVHV D GHYLFH IRU DEUDVLYH WUHDWPHQW DQG
GHSRVLWLRQ RI FRDWLQJV� QRLVH�SURRI FKDPEHU� ZRUN�
SLHFH PDQLSXODWRU� JDV JHQHUDWRU �HOHFWURO\WLF FHOO�
DQG FRQWURO DQG PRQLWRULQJ XQLW� 7KH IORRU DUHD LW
QHHGV LV DERXW � P�� DQG LW QHHGV MXVW HOHFWULF SRZHU
WR IXQFWLRQ� $UUDQJHPHQW RI FRPPHUFLDO PDQXIDFWXUH
RI LQFUHDVHG�SURGXFWLYLW\ HOHFWURO\WLF FHOOV FRPELQHG
ZLWK WKH XVH RI D FRPSUHVVRU� ZLOO PDNH LW SRVVLEOH
WR VROYH WKH SUREOHP RI JDV VXSSO\ XVLQJ K\GURJHQ
DQG R[\JHQ IRU WKH �3HUXQ�6� V\VWHP� DQG LWV QRUPDO
IXQFWLRQLQJ XQGHU LQGXVWULDO FRQGLWLRQV ZKHUH WKH JDV
VXSSO\ IURP ERWWOHV LV GLIILFXOW WR DSSO\�

7KH FRQWURO XQLW IRU RSHUDWLRQ RI WKH HTXLSPHQW
DOORZV VSUD\LQJ DW D VKRRWLQJ UDWH RI ��� DQG ��� +]�
DV ZHOO DV YDULDWLRQV RI ORFDWLRQ RI WKH VSUD\ PDWHULDO
SDUWLFOHV LQ WKH FKDQQHO UHODWLYH WR WKH PRPHQW RI
LQLWLDWLRQ RI D ZRUNLQJ PL[WXUH� 7KLV PDNHV LW SRVVLEOH
WR YDU\ ZLWKLQ ZLGH UDQJHV WKHLU YHORFLW\ DQG GHJUHH
RI KHDWLQJ DW WKH PRPHQW RI IRUPDWLRQ RI D FRDWLQJ
OD\HU� DIIHFW WKH H[WHQW RI WKHLU R[LGDWLRQ DQG YDU\
FKHPLFDO DQG SKDVH FRPSRVLWLRQ�

)LWWLQJ WKH HTXLSPHQW ZLWK WZR LQGHSHQGHQWO\
FRQWUROOHG SRZGHU IHHGHUV PDNHV LW SRVVLEOH WR FKDQJH
IURP WKH PRGH RI GHWRQDWLRQ�DEUDVLYH WUHDWPHQW WR
WKH FRDWLQJ PRGH ZLWKRXW VZLWFKLQJ RII RI WKH PD�
FKLQH� SHUIRUP DEUDVLYH WUHDWPHQW DQG FRDWLQJ LQ RQH
ZRUNLQJ F\FOH� VSUD\ WZR�FRPSRQHQW FRDWLQJVZLWKRXW
WKH QHHG WR SUHOLPLQDULO\ SUHSDUH WKH PL[WXUHV DQG
UHJXODWH WKHLU FKHPLVWU\� YDU\ FRPSRVLWLRQ RI WKH

ZRUNLQJ PL[WXUH DORQJ WKH OHQJWK RI WKH FKDQQHO �RQH
IHHGHU VXSSOLHV JDV ZLWKRXW D SRZGHU�� VSUD\ XQLIRUP
FRDWLQJV RU FRDWLQJV ZLWK D PLQLPXP DOORZDQFH IRU
PDFKLQLQJ RQ ODUJH VXUIDFHV� RZLQJ WR D VWDEOH RSHUD�
WLRQ RI WKH IHHGHU �YDULDWLRQV LQ SRUWLRQ RI DQ LQMHFWHG
SRZGHU GXULQJ RSHUDWLRQ DUH QRW PRUH WKDQ � ���

'HVLJQ RI WKH VHFWLRQDO FKDQQHO DOORZV WKH XVH RI
VSHFLDO QR]]OHV WR FKDQJH SURILOH RI WKH VSUD\LQJ VSRW�
UHGLVWULEXWH FRQFHQWUDWLRQ RI VSUD\ SDUWLFOHV LQ D IORZ
DFURVV WKH VHFWLRQ RI WKH FKDQQHO DQG GHSRVLW FRDWLQJV
RQ LQVLGH VXUIDFHV RI SLSHV�

7KH 7DEOH JLYHV D OLVW RI PDLQ UDQJHV RI SDUWV
WUHDWHG E\ GHWRQDWLRQ VSUD\LQJ� DV ZHOO DV FRPSDQLHV
WKDW DUUDQJHG VSHFLDO VKRSV IRU WKHVH SXUSRVHV XVLQJ
$'6 �3HUXQ�6��

7KH HTXLSPHQW GHYHORSHG LV XVHG IRU UHVHDUFK SXU�
SRVHV DW WKH 3:, �.\LY�� ,QVWLWXWH IRU 6XSHUKDUG
0DWHULDOV �.\LY�� ,QVWLWXWH RI 7KHUPRHOHFWULFLW\
�&KHUQRYWV\� 8NUDLQH� RI WKH 1$6 RI 8NUDLQH� 7HFK�
QLFDO 8QLYHUVLW\ �7DOOLQQ� (VWRQLD� DQG 8QLYHUVLW\ RI
7HFKQRORJ\ �7DPSHUH� )LQODQG��

6SHFLDOLVWV RI WKH 3:, DQG ,QVWLWXWH IRU 6XSHUKDUG
0DWHULDOV UHQGHUHG WHFKQLFDO DVVLVWDQFH LQ DUUDQJH�
PHQW RI VSUD\LQJ SURGXFWLRQ VKRSV� DVVHPEO\ DQG VHW�
WLQJ XS RI HTXLSPHQW� WUDLQLQJ RI SHUVRQQHO LQ RSHUD�
WLRQ RI WKH HTXLSPHQW� GHYHORSPHQW DQG PDVWHULQJ RI
WKH VSUD\LQJ WHFKQRORJ\�

6HUYLFH RI WKLV HTXLSPHQW IRU �� \HDUV SURYHG WKH
HIILFLHQF\ RI WKH LPSOHPHQWHG GHVLJQ DQG WHFKQRORJ\
VROXWLRQV �WKLV DSSOLHV SDUWLFXODUO\ WR FRQWURO V\VWHPV
DQG IHHGHUV��

2ZLQJ WR GHSRVLWLRQ RI ZHDU� DQG FRUURVLRQ�UHVLV�
WDQW FRDWLQJV WKH VHUYLFH OLIH RI SDUWV WUHDWHG LV H[�
WHQGHG E\ D IDFWRU RI ���w���

7KH OLVW RI EDVLF PDWHULDOV XVHG IRU GHWRQDWLRQ
VSUD\LQJ DQG SURSHUWLHV RI WKH UHVXOWLQJ FRDWLQJV DUH
GHVFULEHG LQ GHWDLO LQ VWXGLHV >�� �� �� ��@�

&21&/86,216

�� 7KH SRVVLELOLW\ RI XVLQJ SURSDQH�EXWDQH DV D IXHO
JDV IRU GHWRQDWLRQ VSUD\LQJ ZDV SURYHG� ZKLFK DO�
ORZHG GHVLJQ RI WKH HTXLSPHQW LQYROYHG WR EH VLPSOL�

'HVLJQDWLRQ RI SDUWV 6SUD\LQJ ORFDWLRQ

0DJQHWLF UHFRUGLQJ GHYLFHV &RPSDQ\ �0D\DN�� .\LY� 8NUDLQH

+\GUDXOLF F\OLQGHU URGV� EHDULQJ FRPSRQHQWV� SLVWRQ SLQV�

VXSSRUWLQJ QHFNV RI VKDIWV� FUDQNVKDIWV RI VKLS HQJLQHV

&RPSDQ\ �<XJU\EVXGRUHPRQW�� 6HYDVWRSRO� 8NUDLQH

&RPPHUFLDO VHZLQJ PDFKLQH NQLYHV� KLJK�YROWDJH WHUPLQDOV RI

SRZHU VXSSOLHV� HGJH VHDOV RI HOHFWULF YDOYHV

&RPSDQ\ �2UJWHNKDYWRPDWL]DWVL\D�� 6LPIHURSRO� 8NUDLQH

0DWLQJ VXUIDFHV RI SDUWV DQG DVVHPEOLHV IRU DLUFUDIW HQJLQHHULQJ

�VKURXGV RI FRPSUHVVRU LPSHOOHUV� VHJPHQWV RI JDV WXUELQH

HQJLQH IDQV� IXHO�LQMHFWLRQ QR]]OHV�

.D]DQ %UDQFK RI 5	' ,QVWLWXWH IRU *7(� .D]DQ� 5XVVLD

6DZ GLVNV IRU FXWWLQJ KRW UROOHG SURGXFWV� K\GUDXOLF URGV�

GLH FDVWLQJ PRXOGV

9LWNRYLFH 0HWDO :RUNV� 2VWUDYD� 6ORYDNLD

8QLWV RI RLO SXPSV �LPSHOOHU VOHHYHV� SODLQ EHDULQJV� ODE\ULQWK

SDFNV�

�'UX]KED� 2LO 3LSHOLQH $JHQF\� 5RYQR� 8NUDLQH

$JULFXOWXUDO PDFKLQHU\ SDUWV $JULFXOWXUDO $FDGHP\� .DXQDV� /LWKXDQLD

&DVLQJV DQG URWRUV RI K\GURJHQ SXPSV� VFUHHQLQJ PDFKLQH

SODWHV� SXPS VKDIWV

�6FDQFRDWLQJ� &RPSDQ\� 7DPPLVDDUL� )LQODQG
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ILHG DQG UHTXLUHPHQWV WR SURGXFWLRQ VKRSV LPSRVHG
E\ VDIHW\ UHJXODWLRQV WR EH GHFUHDVHG�

�� 7KH XVH RI WKH SURFHVVPRQLWRULQJ GHYLFH DOORZHG
VWDELOLW\ RI RSHUDWLRQ RI WKH SRZGHU IHHGHU WR EH RE�
MHFWLYHO\ HVWLPDWHG WKURXJK UHJLVWUDWLRQ RI WKH DPRXQW
RI SRZGHU LQ D KLJK�WHPSHUDWXUH SXOVHG IORZ� WKLFN�
QHVV RUZHLJKW RI WKH GHSRVLWHG FRDWLQJ WR EH SUHGLFWHG�
DQG TXDOLW\ RI WKH IRUPHG OD\HUV WR EH FRQWUROOHG E\
UHYHDOLQJ ODWHQW PDFURGHIHFWV�

�� 7KH SLRQHHULQJ PHWKRG ZDV VXJJHVWHG DQG GH�
YLFH ZDV GHYHORSHG IRU FRPELQLQJ DEUDVLYH WUHDWPHQW
RI WKH VXEVWUDWH DQG GHSRVLWLRQ RI FRDWLQJ RQ LW LQ RQH
F\FOH� ZKLFK DOORZHG WKH SURGXFWLYLW\ RI WKH SURFHVV
WR EH UDLVHG DQG LWV FRVW WR EH UHGXFHG�

�� 7KH XVH RI WKH HTXLSPHQW GLVSODFHPHQW PDQLSX�
ODWRU FRPELQHG ZLWK D URWDWRU HQDEOHG VSUD\LQJ RI
SDUWV RI DQ\ VL]HV ZLWK VLPSOH RU FRPSOH[ SURILOH�

�� /RQJ�WLPH RSHUDWLRQ RI WKH DXWRPDWLF GHWRQD�
WLRQ V\VWHP �3HUXQ�6� XQGHU YDULRXV SURGXFWLRQ FRQ�
GLWLRQV SURYHG WKDW LW LV D KLJK�SURGXFWLYLW\ VWDWLRQDU\
HTXLSPHQW� ,WV FRPPHUFLDO DSSOLFDWLRQ LV HVSHFLDOO\
HIILFLHQW IRU PDVV RU ODUJH�VFDOH SURGXFWLRQ RI D ZLGH
UDQJH RI FRDWHG SDUWV� 7HFKQRORJLFDO FDSDELOLWLHV RI
WKH V\VWHP RSHQHG XS ZLGH SURVSHFWV IRU FRQGXFWLQJ
UHVHDUFK LQ RUGHU WR IXUWKHU LPSURYH WKH GHWRQDWLRQ
HTXLSPHQW DQG WHFKQRORJ\� GHSRVLW YDULRXV FRPSRVL�
WLRQV� LQYHVWLJDWH PHWKRGV IRU WKHLU SUHSDUDWLRQ DQG
WKH HIIHFW RI D FKDUDFWHU RI GLVWULEXWLRQ RI FRPSRQHQWV
LQ WKHP RQ SURSHUWLHV RI FRPSRVLWH FRDWLQJV�

�� 7\XULQ� <X�1� ������ ,PSURYHPHQW RI GHWRQDWLRQ FRDWLQJ
HTXLSPHQW DQG WHFKQRORJLHV� $YWRPDWLFK� 6YDUND� �� ��w���

�� $VWDNKRY� (�$�� %RULVRY� <X�6�� .LOG\� $�,� ������ &RP�
PHUFLDO GHWRQDWLRQ FRDWLQJ WHFKQRORJ\ DQG HTXLSPHQW� ,Q�
3URF� RI ,QW� &RQI� RQ :HOGLQJ DQG 5HODWHG 7HFKQRORJLHV
IRU WKH ;;, &HQWXU\� .\LY� 3:,�

�� .KDUODPRY� <X�$� ������ %DUUHOV RI XQLWV IRU GHWRQDWLRQ
VSUD\LQJ RI FRDWLQJV� 7KH 3DWRQ :HOGLQJ -�� ��� ��w���

�� *DYULOHQNR� 7�3�� 1LNRODHY� <X�$�� 8OLDQLWVN\� 9�<X�
������ 1HZ PDWHULDOV DQG WHFKQRORJLHV� ,Q� 7KHRU\ DQG
SUDFWLFH RI PDWHULDO VWUHQJWKHQLQJ XQGHU H[WUHPH FRQGLWL�
RQV� 1RYRVLELUVN� 1DXND�

�� <XVKFKHQNR� .�$�� $VWDNKRY� (�$�� .OLPHQNR� 9�6� HW DO�
������ 'HWRQDWLRQ VSUD\LQJ RI VWUHQJWKHQLQJ FRDWLQJV DQG
ZD\V RI LWV GHYHORSPHQW� ,Q� 1HZ SURFHVVHV DQG HTXLSPHQW
IRU WKHUPDO VSUD\LQJ DQG YDFXXP GHSRVLWLRQ� .\LY� 3:,�

�� =YHUHY� $�,�� 6KDULYNHU� 6�<X�� $VWDNKRY� (�$� ������ 'H�
WRQDWLRQ FRDWLQJ� /HQLQJUDG� 6XGRVWURHQLH�

�� 6KRUVKRURY� 0�.K�� .KDUODPRY� <X�$� ������ 3K\VLFR�FKH�
PLFDO SULQFLSOHV RI GHWRQDWLRQ FRDWLQJ� 0RVFRZ� 1DXND�

�� $VWDNKRY� (�$�� =YHUHY� $�,�� 6KDULYNHU� 6�<X� HW DO�
������ 'HWRQDWLRQ FRDWLQJ IHHGHUV� 3RURVKN� 0HWDOOXUJL\D�
�� ��w���

�� .OLPHQNR� 9�6�� 6NDGLQ� 9�*�� $VWDNKRY� (�$� HW DO� ������
5HIOH[ GHWRQDWLRQ XQLWV� ,Q� 'HWRQDWLRQ FRDWLQJV� .DOLQLQ�

��� .OLPHQNR� 9�6�� %RULVRYD� $�/�� 6NDGLQ� 9�*� ������ 'HWR�
QDWLRQ FRDWLQJ WHFKQRORJ\� .\LY� ,30�

��� ������ &DWDORJXH RI PHFKDQLFDO ZHOGLQJ HTXLSPHQW� 0RV�
FRZ� 91,,7(03�

��� 'YXNUDHY� %�1� ������ *DV�WKHUPRG\QDPLF SDUDPHWHUV RI
GHWRQDWLRQ FRDWLQJ� 3RURVKN� 0HWDOOXUJL\D� �� ��w���

��� ������ 3UREOHPV RI DSSOLFDWLRQ RI GHWRQDWLRQ LQ WHFKQRORJL�
FDO SURFHVVHV� ,Q� 7UDQVDFW� RI ,QVWLWXWH RI +\GURG\QDPLFV
RI 8665 $6 6'� 1RYRVLELUVN�

��� $VWDNKRY� (�$�� )LOLSSRY� '�7� ������ 'HWRQDWLRQ VSUD\LQJ
IRU UHSDLU DQG VWUHQJWKHQLQJ RI VKLS\DUG LWHPV� .\LY� =QD�
QLH�

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

����������������������

9�<D� .2121(1.2

(QWHUSULVH �(NRWHNKQRORJL\D�� .\LY� 8NUDLQH

7KH SDSHU DQDO\]HV WKH VWDWH�RI�WKH�DUW RI XQGHUZDWHU ZHOGLQJ DQG FXWWLQJ LQ 8NUDLQH� ,W LV HVWDEOLVKHG WKDW FRDWHG�HOHF�

WURGH ZHW ZHOGLQJ QRZ LV WKH PDLQ SURFHVV RI XQGHUZDWHU ZHOGLQJ� ,Q 8NUDLQH SUDFWLFDOO\ DOO WKH PHWDO VWUXFWXUHV DUH

FXW XQGHUZDWHU E\ DSSO\LQJ WXEXODU�HOHFWURGH R[\�HOHFWULF FXWWLQJ� 2WKHU XQGHUZDWHU FXWWLQJ SURFHVVHV KDYH QRW EHHQ

XVHG ODWHO\�

.H\ ZRU G V � ZHW XQGHUZDWHU ZHOGLQJ� IOX[�FRUHG ZLUH FXW�
WLQJ� R[\�HOHFWULF FXWWLQJ� FRDWHG HOHFWURGHV� IOX[�FRUHG ZLUH�
H[RWKHUPDO HOHFWURGHV

8QGHUZDWHU ZHOGLQJ DQG FXWWLQJ LQ WKH IRUPHU 8665
EHJDQ WR EH DSSOLHG IURP WKH PLGGOH RI ����V >�@ LQ
UHSDLU RI XQGHUZDWHU SLSHOLQHV� DV ZHOO DV LQ VDOYDJLQJ
DQG UHFRQGLWLRQLQJ RI VKLSV ZLWK FRPEDW DQG QDYLJD�
WLRQ GDPDJH� 7KH PDLQ FXVWRPHU IRU GHYHORSPHQW RI
WKHVH WHFKQRORJLHV DQG HTXLSPHQW ZDV WKH 0LQLVWU\
RI 'HIHQVH RI WKH 6RYLHW 8QLRQ� 6HYHUDO RUJDQL]DWLRQV
FRQGXFWHG ZRUN LQ WKLV DUHD� ,Q ���� D WHDP ZDV VHW
XS DW WKH 3:,� ZKLFK ZDV ODWHU UH�RUJDQL]HG LQWR D
VSHFLDOL]HG ODERUDWRU\ RQ LQYHVWLJDWLRQ DQG GHYHORS�
PHQW RI HOHFWURGH PDWHULDOV� WHFKQRORJLHV DQG HTXLS�

PHQW IRU GLIIHUHQW SURFHVVHV RI ZHOGLQJ DQG FXWWLQJ
XQGHU WKH ZDWHU�

&RDWHG�HOHFWURGH XQGHUZDWHU ZHOGLQJ� ,Q
8NUDLQH XQGHUZDWHU ZHOGLQJ KDV EHHQ SHUIRUPHG IRU
D ORQJ WLPH ZLWK FRDWHG HOHFWURGHV RI JUDGHV /36���
/36��� (36��� (36���� (32���� (36���� (36�$�
HWF� >�w�@� GHYHORSHG LQ ����w����� 7KH PDLQ PDQX�
IDFWXUHU ZDV ���WK 0LOLWDU\ 3ODQW� LQ WKH FLW\ RI
/RPRQRVRY� 5XVVLD� 6HYHUDO HOHFWURGHV ZHUH PDQX�
IDFWXUHG GLUHFWO\ E\ WKH SHUIRUPHUV RI XQGHUZDWHU
WHFKQLFDO ZRUNV� 8QGHUZDWHU ZHOGLQJ ZLWK WKH DERYH
HOHFWURGHV ZDV FKDUDFWHUL]HG E\ XQVWDEOH DUFLQJ� +LJK
EHDGV ZLWK FRDUVH�ULSSOHG VXUIDFH IRUPHG� DQG VODJ
FUXVW GHWDFKPHQW ZDV GLIILFXOW� ,Q ZHOGLQJ RI D PXOWL�
SDVV ZHOGHG MRLQW GHWHULRUDWLRQ RI WKH VHFRQG DQG VXE�
VHTXHQW ZHOGV ZDV IRXQG�

� 9�<D� .2121(1.2� ����
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(OHFWURGHV RI (36��� JUDGH KDG WKH PRVW VDWLVIDF�

WRU\ ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV� 0HFKDQLFDO

SURSHUWLHV RI MRLQWV� SURGXFHG LQ XQGHUZDWHU ZHOGLQJ

ZLWK WKHVH HOHFWURGHV� FRUUHVSRQGHG WR WKRVH� PDGH LQ

DLU ZLWK HOHFWURGHV RI (�� W\SH� 3URGXFWLRQ RI (36���

HOHFWURGHV KDV QRZ EHHQ UHVXPHG LQ (QWHUSULVH ���WK

0LOLWDU\ 3ODQW�� (OHFWURGHV RI (36�$ JUDGH DUH GH�
VLJQHG IRU ZHOGLQJ XQGHU WKHZDWHU WKH KLJKHU VWUHQJWK

KXOO VWHHOV RI $. W\SH� 6DWLVIDFWRU\ ZHOGLQJ�WHFKQR�
ORJLFDO SURSHUWLHV RI WKH ZHOGV ZHUH SURYLGHG RQO\ LQ
SHUIRUPDQFH RI GRZQKDQG DQG YHUWLFDO ZHOGLQJ� 7KH

PHWDO� GHSRVLWHG ZLWK WKHVH HOHFWURGHV� KDG D GHHSO\�

DXVWHQLWLF VWUXFWXUH� +RZHYHU� (36�$ HOHFWURGHV KDYH

QRW EHHQ SURGXFHG IRU PRUH WKDQ �� \HDUV QRZ�

:HW XQGHUZDWHU ZHOGLQJ ZLWK FRDWHG�HOHFWURGHV

KDV LWV SRVLWLYH DQG QHJDWLYH IHDWXUHV� 7KH IROORZLQJ
PD\ EH VWDWHG DV WKH SRVLWLYH IHDWXUHV�

• KLJK IOH[LELOLW\ RI WKH SURFHVV�
• DELOLW\ WR XVH ZLGHO\ DFFHSWHG PRELOH ZHOGLQJ

XQLWV ZLWK D VHOI�VXIILFLHQW GULYH�

• VPDOO ZHLJKW DQG GLPHQVLRQV RI HTXLSPHQW IRU

XQGHUZDWHU DSSOLFDWLRQ�

• KLJKHU GHJUHH RI SURWHFWLRQ RI WKH PROWHQ PHWDO
GURS GXH WR D OLS� IRUPHG DW WKH HOHFWURGH WLS� WKDQ
LQ ZHOGLQJ ZLWK VHOI�VKLHOGHG IOX[�FRUHG ZLUHV�

• DELOLW\ WR SURGXFH URRW ZHOG ZLWK EDFN EHDG

IRUPDWLRQ�

7KH IROORZLQJ IHDWXUHV DUH QHJDWLYH�

• ORZ HIILFLHQF\ RI WKH SURFHVV�
• ODUJH DPRXQW RI JDV SKDVH DQG PHFKDQLFDO VXV�

SHQVLRQ LQ WKH UHDFWLRQ ]RQH� KLQGHULQJ YLVXDO LQVSHF�

WLRQ RI DUFLQJ DQG ZHOG IRUPDWLRQ�

• FRQVLGHUDEOH VFDWWHU RI VWUHQJWK DQG GXFWLOH SUR�

SHUWLHV RI WKH PHWDO RI ZHOGHG MRLQWV� GHSHQGLQJ RQ

WKH GHSWK RI ZRUN SHUIRUPDQFH DQG TXDOLILFDWLRQ RI

GLYHU�ZHOGHU�

8NUDLQLDQ PDUNHW RI ZHOGLQJ FRQVXPDEOHV LV FXU�

UHQWO\ RIIHULQJ WKH SRVVLELOLW\ RI VXSSO\LQJ HOHFWURGHV

RI (���/.,��3 W\SH IRU XQGHUZDWHU ZHOGLQJ RI FDUERQ

DQG VRPH ORZ�DOOR\HG VWHHOV� GHYHORSHG DW 6W��3HWHUV�

EXUJ0DULQH 7HFKQLFDO8QLYHUVLW\ WRJHWKHU ZLWK&RP�

SDQ\ �(OHFWURGQ\ =DYRG� >�@� 7KH\ DUH PDQXIDFWXUHG

WR RUGHU E\ �(OHNWURGQ\ =DYRG�� 7KHVH HOHFWURGHV

KDYH QRW \HW EHHQ XVHG IRU FRQGXFWLQJ ZHOGLQJ RS�

HUDWLRQV LQ 8NUDLQH�

%DVHG RQ QXPHURXV V\VWHPDWLF VWXGLHV WKH 3:,

KDV SURGXFHG D JDV�VODJ FRPSRVLWLRQ� ZKLFK DOORZHG

GHYHORSPHQW RI D QHZ FRDWHG HOHFWURGH IRU ZHW ZHOG�

LQJ XQGHU WKH ZDWHU LQ DOO SRVLWLRQV >�� �@� (OHFWURGHV

RI (36�$1� W\SH IHDWXUH JRRG ZHOGLQJ�WHFKQRORJLFDO

FKDUDFWHULVWLFV DQG DUH GHVLJQHG IRU XQGHUZDWHU ZHOG�

LQJ RI D QXPEHU RI FDUERQ DQG ORZ�DOOR\HG VWHHOV DW

GRZQ WR �� P GHSWK� 7KH\ SURYLGH PHFKDQLFDO SUR�
SHUWLHV RI ZHOG PHWDO RQ WKH OHYHO RI WKRVH RI HOHFWURGH

PHWDO (���� %\ WKHLU ZHOGLQJ�WHFKQRORJLFDO DQG PH�

FKDQLFDO SURSHUWLHV WKH\ DUH VXSHULRU WR HOHFWURGHV RI

(���/.,��3 W\SH�

(OHFWURGHV RI (36�$1� JUDGH ZHUH XVHG WR SHUIRUP

XQGHUZDWHU UHSDLU RI D SXOS�IHHG OLQH LQ .\LY� 7KH\

ZHUH DOVR DSSOLHG LQ PRXQWLQJ RI PHWDO VWUXFWXUHV RI

XQGHUJURXQG IDFLOLWLHV� KDYLQJ D ZDWHU OD\HU RQ WKH

VXUIDFH� 7KHVH HOHFWURGHV ZHUH XVHG LQ ���� IRU ZHOG�

LQJ JDOYDQLF�DFWLRQ SURWHFWRUV WR D EHUWKLQJ IRXQGD�

WLRQ IRU RLO XQORDGLQJ LQ WKH UHJLRQ RI WKH FLW\ RI

2GHVVD� 7KH\ DUH FXUUHQWO\ SURGXFHG LQ VPDOO EDWFKHV

WR RUGHU XQGHU ODERUDWRU\ FRQGLWLRQV�

,W VKRXOG EH QRWHG WKDW D QXPEHU RI FRPSDQLHV�

VHOOLQJ GLYLQJ JHDU LQ 8NUDLQH� RIIHU HOHFWURGHV IRU

XQGHUZDWHU ZHOGLQJ� PDQXIDFWXUHG E\ YDULRXV FRP�

SDQLHV� 7KHVH HOHFWURGHV DUH FHUWLILHG WR LQWHUQDWLRQDO

VWDQGDUGV� 7KHLU FRVW LV �w� WLPHV KLJKHU WKDQ WKDW RI

VLPLODU ORFDO HOHFWURGHV�

:HW PHFKDQL]HG XQGHUZDWHU ZHOGLQJ� $ XQLTXH

WHFKQRORJ\ RI ZHW PHFKDQL]HG ZHOGLQJ ZLWK VHOI�

VKLHOGHG IOX[�FRUHG ZLUHV ZDV GHYHORSHG DV SDUW RI

WKH ZRUN ZLWK 1DY\ >�w��@� 7KH PDLQ HOHPHQW RI WKH

WHFKQRORJ\ ZDV VHOI�VKLHOGHG IOX[�FRUHG ZLUH RI 336�

$1� W\SH� ,WV GHVLJQ DQG WHFKQRORJLFDO IHDWXUHV RI LWV

PDQXIDFWXULQJ DOORZHG SODFLQJ WKH ZLUH LQWR WKH

ZDWHU�ILOOHG FDYLW\ RI IHHG PHFKDQLVP RI D VHPL�DXWR�

PDWLF PDFKLQH� ,Q WKLV FDVH WKHUH ZDV QR QHHG WR IHHG

VKLHOGLQJ JDV LQWR WKH DUFLQJ ]RQH RU LQQHU FDYLW\ RI

WKH VHPL�DXWRPDWLF PDFKLQH� 5HGXFWLRQ RI WKH YROXPH

RI JDV SKDVH DQG VXVSHQVLRQV LQ WKH UHDFWLRQ ]RQH

HQKDQFHG WKH DELOLW\ WR YLVXDOO\ FRQWURO WKH DUFLQJ

SURFHVV DQG IRUPDWLRQ RI ZHOG PHWDO� 6XFK WHFKQR�

ORJLFDO IHDWXUHV HQDEOHG WKH 3:, 'HVLJQ %XUHDX GH�
YHORSLQJ D VXFFHVVIXO GHVLJQ RI D VSHFLDOL]HG VHPL�DXWR�

PDWLF PDFKLQH IRU RSHUDWLRQ DW FRQVLGHUDEOH GHSWK�

7ZR RI LWV PRGLILFDWLRQV $���� DQG 36K��� KDYH

SDVVHG JRYHUQPHQW WULDOV DQG ZHUH DFFHSWHG IRU ILWWLQJ

1DY\ UHVFXH XQLWV� 7KHLU EDWFK SURGXFWLRQ ZDV RUJDQ�

L]HG LQ WKH 3:, 3LORW 3ODQW RI :HOGLQJ (TXLSPHQW�

,Q DGGLWLRQ WR VHPL�DXWRPDWLF PDFKLQHV� DFFHSWHG IRU

VXSSO\LQJ WKH 1DY\� VHPL�DXWRPDWLF PDFKLQHV RI

JUDGHV $���� DQG 36K���ZHUH SURGXFHG IRU WKH QHHGV

RI QDWLRQDO HFRQRP\�

)OX[�FRUHGZLUHV RI JUDGHV 336�$1� DQG336�$1�

�ZLUH IRU ZHOGLQJ LQ VHD ZDWHU� IRU XQGHUZDWHU ZHOG�

LQJ ZHUH EDWFK�SURGXFHG E\ WKH 3:,3LORW 3URGXFWLRQ

DQG 3LORW 3ODQW RI :HOGLQJ &RQVXPDEOHV� :KHQ

ZHOGLQJ ZLWK IOX[�FRUHG ZLUH WKH VWUXFWXUHV RI VWHHOV

96W��VS� ��*�� ��*�6 DQG ��* LQ IUHVK DQG VHD ZDWHU

DW GRZQ WR �� P GHSWK� PHFKDQLFDO SURSHUWLHV RI

ZHOGHG MRLQWV ZHUH HTXLYDOHQW WR WKRVH RI MRLQWV� PDGH

LQ DLU ZLWK (��� HOHFWURGHV� ,Q ZHOGLQJ DW JUHDWHU

GHSWKV WKH ZHOGLQJ�WHFKQRORJLFDO FKDUDFWHULVWLFV DQG

PHFKDQLFDO SURSHUWLHV RI WKH PHWDO GHWHULRUDWHG�

%DWFK�SURGXFWLRQ RI WKHVH ZLUHV LQ WKH 3:, 3LORW

3ODQW RI :HOGLQJ &RQVXPDEOHV DQG 3LORW 3URGXFWLRQ

ZDV LQWHUUXSWHG LQ �����

6LQFH ���� WKH 3:, KDV EHHQ SURGXFLQJ 336�$1�

IOX[�FRUHG ZLUH �PRGLILFDWLRQ RI 336�$1� ZLUH� WR D

VSHFLILFDWLRQ LQ WKH ODERUDWRU\ FRQGLWLRQV� 7KLV ZLUH

SURYLGHV JRRG ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV LQ

ZHOGLQJ DW GRZQ WR �� P GHSWK� 7HVWLQJ RI 336�$1�

ZLUH� FRQGXFWHG LQ ���� LQ WKH 86$� GHPRQVWUDWHG

WKDW WKH ZDWHU� LQ ZKLFKZHOGLQJ LV SHUIRUPHG� LPSDLUV
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WKH GXFWLOH SURSHUWLHV RI WKH ZHOGHG MRLQW PHWDO� 0H�

FKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV� SURGXFHG� ZKHQ

XVLQJ WKLV ZLUH LQ IUHVK ZDWHU� DUH JLYHQ LQ WKH 7DEOH�

,Q ���� (QWHUSULVH �(NRWHNKQRORJL\D� GHYHORSHG

D VHOI�VKLHOGHG IOX[�FRUHG ZLUH RI 336�(.� JUDGH IRU

PHFKDQL]HG XQGHUZDWHU ZHOGLQJ RI VWUXFWXUHV RI FDU�

ERQ DQG ORZ�DOOR\HG VWHHOV RI 96W��VS� ��*� W\SH HWF�

DW WKH GHSWK RI GRZQ WR �� P� 7KH ZLUH LV EDWFK�SUR�

GXFHG WR 788 ������������w�� VSHFLILFDWLRQ� KDV

WKH FHUWLILFDWH RI 8NUDLQLDQ &HUWLILFDWLRQ &HQWHU 8NU�

6(352DQG LV VXSSOLHG IRU SHUIRUPDQFH RI XQGHUZDWHU

RSHUDWLRQV LQ UHSDLU RI SRUW IDFLOLWLHV DQG VKLSV DIORDW

LQ WKH %DOWLF 6HD DQG RLO�SURGXFLQJ RIIVKRUH SODWIRUPV

LQ WKH &DVSLDQ 6HD� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG

MRLQWV DUH JLYHQ LQ WKH 7DEOH� 336�(.� ZLUH FDQ EH

XVHG LQVWHDG RI 336�$1�� 336�$1� DQG 336�$1�

ZLUHV ZLWK VHPL�DXWRPDWLF PDFKLQHV RI W\SH $�����

$����� 36K��� RU 36K��� IRU XQGHUZDWHU ZHOGLQJ�

6LQFH ���� WKH 3:, KDV GHYHORSHG D QXPEHU RI

GHPRQVWUDWLRQ VDPSOHV RI IOX[�FRUHG ZLUHV IRU ZHW

XQGHUZDWHUZHOGLQJ RI+6/$ VWHHOV� 6WULSV RI VWDLQOHVV

VWHHO ZLWK GLIIHUHQW FRQWHQW RI QLFNHO DQG QLFNHO VWULSV

ZHUH XVHG DV WKH VKHDWK� 'HPRQVWUDWLRQ VDPSOHV RI

ZLUHV HQVXUHG ZHW ZHOGLQJ RI VWHHOV ZLWK PRUH WKDQ

��� FDUERQ HTXLYDOHQW LQ DOO SRVLWLRQV� )OX[�FRUHG

ZLUHV RI DXVWHQLWLF FODVV ZHUH GHYHORSHG IRU DXWRPDWLF

ZHOGLQJ LQ GHHS ZDWHUV� ([SHULPHQWV� SHUIRUPHG LQ

WKH VLPXODWLRQ WHVW FKDPEHU� GHPRQVWUDWHG WKH DELOLW\

WR ZHOG FDUERQ DQG ORZ�DOOR\HG VWHHOV� DV ZHOO DV KXOO

VWHHOV RI $. W\SH DW GRZQ WR ���� P GHSWK�

,Q ���� WR IXOILOO D 1DY\ RUGHU D GHPRQVWUDWLRQ

VDPSOH RI D XQLTXH XQLW $���� ZDV GHYHORSHG IRU

DXWRPDWLF ZHOGLQJ RI VKLS�OLIWLQJ OXJV WR GHHS�ZDWHU

REMHFWV� DQG LWV IXOO�VFDOH WHVWLQJ ZDV FRQGXFWHG� 7KH

XQLW DOORZHG SHUIRUPDQFH RI WZR�VLGHG PXOWLSDVV

ZHOGV E\ WZR DUFV LQ WKH GRZQKDQG SRVLWLRQ� 6ODJ

FUXVW ZDV UHPRYHG DIWHU HDFK SDVV ZLWK D PXOWL�SLQ

JDXJLQJ WRRO RI DQ LQJHQLRXV GHVLJQ� $ PRFN�XS RI D

GHHS�ZDWHU LPPHUVLEOH SRZHU VRXUFH 86,3 ZDV GH�

YHORSHG WR HQVXUH WKH XQLW RSHUDWLRQ� ,WV IXOO�VFDOH

WHVWLQJ ZDV FRQGXFWHG XVLQJ $���� XQLW� 7KH VRXUFH

KDG D IODW DQG IDOOLQJ H[WHUQDO YROW�DPSHUH FKDUDF�

WHULVWLFV� ZKLFK DOORZHG SHUIRUPDQFH RI DXWRPDWLF

ZHOGLQJ ZLWK IOX[�FRUHG ZLUHV DQG FRDWHG HOHFWURGHV�

(TXLSPHQW DQG HOHFWURGH PDWHULDOV �IOX[�FRUHG ZLUHV

RI DXVWHQLWH FODVV� ZHUH DFFHSWHG E\ D JRYHUQPHQW

FRPPLVVLRQ DQG DSSURYHG IRU VXEVHTXHQW LQWURGXF�

WLRQ� +RZHYHU� ODFN RI IXQGLQJ GLG QRW SHUPLW FRQ�

WLQXLQJ ZRUN LQ WKLV DUHD�

7HFKQRORJ\ RI ZHW PHFKDQL]HG ZHOGLQJ LV DQ H[�

WUHPHO\ VXFFHVVIXO WHFKQRORJLFDO VROXWLRQ LQ WHUPV RI

UHVWRUDWLRQ RI SUDFWLFDOO\ DOO WKH NLQGV RI PHWDO VWUXF�

WXUHV XQGHU ZDWHU� /RZ ZHLJKW RI WKH HTXLSPHQW� LWV

FRPSDFWQHVV DQG UHOLDELOLW\ DQG IDVW PDVWHULQJ DO�

ORZHG SHUIRUPLQJ D ODUJH DPRXQW RI ZRUN ERWK LQ WKH

WHUULWRU\ RI 8NUDLQH� DQG RXWVLGH LW >��w��@� ,Q

8NUDLQH XQGHUZDWHU ZHOGLQJ ZDV XVHG WR UHSDLU XQ�

GHUZDWHU SDVVDJHV DFURVV WKH 'QLHSHU DQG 6HYHUVN\

'RQHWV ULYHUV� 'RQX]ODY ODNH� ZDWHU GXFWV DQG SXOS�

IHHG OLQHV� ZDWHU ZRUNV DW XSJUDGLQJ ORZ�OHYHO ZDWHU

LQWDNH IDFLOLWLHV LQ .ULYRM 5RJ �6HY*2.� DQG WR OLIW

VXQN VKLSV� 8QLTXH UHSDLU RI DQ XQGHUZDWHU SDVVDJH

RI D JDV SLSHOLQH DFURVV WKH 'QLHSHU ULYHU ZDV SHU�

IRUPHG� 7KH SLSHOLQH ZDV PDGH RI VWHHO RI ;�� W\SH

ZLWK �� PP ZDOO WKLFNQHVV� LWV ZRUNLQJ SUHVVXUH ZDV

� 03D�:HOGLQJ ZDV FRQGXFWHG ZLWK IOX[�FRUHG ZLUH�

ZKLFK SURYLGHG D GHHS DXVWHQLWLF VWUXFWXUH RI ZHOG

PHWDO� $ ORW RI XQGHUZDWHU ZHOGLQJ ZDV XVHG LQ �����

ZKHQ VDOYDJLQJ �0R]GRN� PRWRUVKLS VXQN LQ WKH DUHD

RI 2GHVVD FLW\�

7KH PDUNHW RI VHUYLFHV� UHODWHG WR DSSOLFDWLRQ RI

PHFKDQL]HG XQGHUZDWHU ZHOGLQJ� KDV VKUXQN ULJKW

QRZ� )XQGLQJ RI WKH ZRUN E\ 5XVVLDQ 1DY\ ZDV FXW

LQ ����� 1XPEHU RI GLYHUV� ZKR ZHUH WUDLQHG LQ WKH

3:, IDFLOLWLHV� EHFDPH VPDOOHU� %DWFK SURGXFWLRQ RI

VHPL�DXWRPDWLF PDFKLQHV IRU XQGHUZDWHU ZHOGLQJ ZDV

VWRSSHG LQ ����� 1R FRPSRQHQWV DUH PDQXIDFWXUHG IRU

WKHP� HLWKHU� $ QHZ PRGLILFDWLRQ RI D VHPL�DXWRPDWLF

PDFKLQH IRU XQGHUZDWHU ZHOGLQJ ZLWK PHFKDQLFDO

VZLWFKLQJ RI IHHG UDWH LV EHLQJ WHVWHG QRZ� :LGH LQ�

WURGXFWLRQ RI WKLV VHPL�DXWRPDWLF PDFKLQH LV LPSURE�

DEOH� EHFDXVH RI LWV OLPLWHG WHFKQRORJLFDO FDSDELOLWLHV�

0HFKDQL]HG XQGHUZDWHU ZHOGLQJ ZLWK ORFDO GU\�
LQJ RI WKH ZRUNLQJ ]RQH� ,Q 8NUDLQH ZRUN LV EHLQJ

FRQGXFWHG E\ RQH EXVLQHVVPDQ RQ LPSURYHPHQW RI WKH

WHFKQRORJ\ DQG HTXLSPHQW RI PHFKDQL]HG XQGHUZDWHU

ZHOGLQJ ZLWK ORFDO GU\LQJ RI WKH ZRUNLQJ ]RQH� 7KH

PDLQ HOHPHQW RI WKH HTXLSPHQW V\VWHP LV D FORVHG

JDV�ILOOHG IHHG PHFKDQLVP ZLWK D VWRFN RI ZLUH IRU

ZHOGLQJ DQG D PLQL�FKDPEHU� ZKHUH WKH ZHOGLQJ SUR�

FHVV LV UXQ DQG WKH ZHOG IRUPV� 0LQL�FKDPEHU LV

SUHVVHG WR WKH VWUXFWXUH EHLQJ ZHOGHG E\ WKH ZHOGHU�

GLYHU� +H DOVR VZLWFKHV WKH ZLUH IHHG RQ DQG RII� 7KH

RWKHU SURFHVV SDUDPHWHUV DUH FRQWUROOHG E\ DQ RSHUD�

(OHFWURGH PDWHULDO JUDGH σW� 03D σ\� 03D δ�� � .&9w ��� -�FP
�

%HQG DQJOH� GHJ�

FODVV % $:6

$:6 '���0�����

(36��� ���w��� 1RW VSHFLILHG ≤ � 1�' 1�'

(36�$1� ���w��� ���w��� ≥ �� ≥ �� ���

(���/.,��3 ��� 1RW VSHFLILHG ≤ � 1�' 1�'

336�$1� ���w��� ���w��� ��w�� ≥ �� ���

336�$1� ���w��� ���w��� ��w�� ≥ �� ���

336�$1� ���w��� ���w��� ��w�� ≥ �� ���

336�(.� ���w��� ���w��� ��w�� ≥ �� ���
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WRU� ZKR LV RQ WKH VXUIDFH� :DWHU GULYLQJ DZD\ IURP

WKH UHDFWLRQ ]RQH LV DFKLHYHG ZLWK &2� JDV RU DUJRQ

LQ D PL[WXUH ZLWK R[\JHQ� :HOGLQJ LV SHUIRUPHG ZLWK

6Y���*�6 ZLUH� %DVHG RQ WKH DXWKRUsV LQIRUPDWLRQ�

WHVWLQJ� FRQGXFWHG LQ &KHUQRPRUVNRH WRZQVKLS� GH�

PRQVWUDWHG UDWKHU KLJK SHUIRUPDQFH RI WKLV HTXLSPHQW

V\VWHP� )XUWKHU WHVWLQJ ZDV FRQGXFWHG LQ WKH 86$�

,Q XQGHUZDWHU ZHOGLQJ DW GRZQ WR �� P GHSWK RI D

QXPEHU RI VDPSOHV RI ORZ�DOOR\HG VWHHOV� KLJK PH�

FKDQLFDO SURSHUWLHV RI WKH MRLQWV ZHUH SURGXFHG� FRU�

UHVSRQGLQJ WR FODVV $ $:6 '���0������

0HFKDQL]HG XQGHUZDWHU FXWWLQJ� 'XULQJ GHYH�

ORSPHQW RI IOX[�FRUHG ZLUHV IRU XQGHUZDWHU ZHOGLQJ�

LW ZDV IRXQG WKDW D QXPEHU RI FRPSRQHQWV� DGGHG WR

WKH ZLUH FRPSRVLWLRQ� SURYLGH D GHHSHU SHQHWUDWLRQ

RI WKH EDVH PHWDO� 2EWDLQHG LQYHVWLJDWLRQ UHVXOWV ZHUH

WKH EDVLV WR GHYHORS VSHFLDOL]HG IOX[�FRUHG ZLUHV IRU

XQGHUZDWHU VHYHULQJ >��w��@� 7KHVH ZLUHV SURYLGH HI�

IHFWLYH PHOWLQJ DQG R[LGDWLRQ RI WKH PHWDO EHLQJ FXW�

&XW FDYLW\ EORZLQJ DIWHU UHPRYDO RI WKH PROWHQ PHWDO

ZDV SHUIRUPHG E\ DGGLQJ JDV�IRUPLQJ FRPSRQHQWV WR

WKH FRUH FKDUJH FRPSRVLWLRQ� ,Q IOX[�FRUHG ZLUH VH�

YHULQJ VHPL�DXWRPDWLF PDFKLQHV IRU XQGHUZDWHU ZHOG�

LQJ RI $���� RU $���� W\SH ��1HSWXQ�� DQG DUF SRZHU

VRXUFHV� DSSOLFDEOH LQ WKLV FDVH� FDQ EH XVHG� &XWWLQJ

RI XS WR �� PP WKLFN PHWDO ZDV SHUIRUPHG DW FXUUHQWV

RI ���w��� $� ,I WKH FXW PHWDO WKLFNQHVV LV JUHDWHU�

ODUJHU GLDPHWHU ZLUH VKRXOG EH XVHG� DQG SRZHU

VRXUFH� SURYLGLQJ ZRUNLQJ FXUUHQW RI ���w���� $�

VKRXOG EH DSSOLHG� ([SHULPHQWV RQ FXWWLQJ� PDGH LQ

WKH VLPXODWLRQ FKDPEHU� VKRZHG WKDW WKH SURFHVV FDQ

EH FRQGXFWHG HYHQ DW PRUH WKDQ ��� P GHSWK� &XWWLQJ

SURFHVV HIILFLHQF\ EHFRPHV VRPHZKDW KLJKHU ZLWK WKH

LQFUHDVH RI GHSWK�

,Q ���� D VSHFLDOL]HG VHPL�DXWRPDWLF PDFKLQH DQG

GHFN SRZHU VRXUFH ZHUH GHYHORSHG IRU FXWWLQJ XS WR

�� PP WKLFN PHWDO XQGHU WKH ZDWHU WR IXOILOO D 1DY\

RUGHU� 'XULQJ LWV WHVWLQJ� KRZHYHU� LW ZDV IRXQG WKDW

WKH GLYHU LV WLUHG TXLFNO\� DV WKH KROGHU GHVLJQHG IRU

���� $ FXUUHQW� KDV D FRQVLGHUDEOH ZHLJKW� IOX[�FRUHG

ZLUH RI � PP GLDPHWHU LV ULJLG� DQG WKH ZHLJKW RI WKH

LPPHUVLEOH PHFKDQLVP ZLWK WKH ZLUH LV PRUH WKDQ

�� NJ� 7KLV HTXLSPHQW V\VWHP GLG QRW EHFRPH ZLGHO\

DSSOLHG� EXW LW ZDV XVHG WR SHUIRUP XQLTXH ZRUN RQ

FXWWLQJ RXW D KROH LQ WKH FDVLQJ RI D VXEPDULQH UHDFWRU

FRPSDUWPHQW >��@�

(TXLSPHQW XSJUDGLQJ ZDV FDUULHG RQ� LQ YLHZ RI

WKH KLJK HIIHFWLYHQHVV RI WKH SURFHVV RI XQGHUZDWHU

VHYHULQJ DQG HOLPLQDWLRQ RI R[\JHQ IURP WKH SURFHV�

VLQJ VHTXHQFH� $ VSHFLDOL]HG VPDOOHU�ZHLJKW VHPL�

DXWRPDWLF PDFKLQH 36K��� ZDV GHYHORSHG� ZKLFK ZDV

SXW LQWR SURGXFWLRQ DW WKH 3:,3LORW 3ODQW RI:HOGLQJ

(TXLSPHQW� )OX[�FRUHG ZLUHV IRU FXWWLQJ DUH EDWFK�

SURGXFHG E\ WKH 3:, 3LORW 3ODQW RI :HOGLQJ &RQ�

VXPDEOHV DQG 3LORW 3URGXFWLRQ� 0DQXIDFWXULQJ RI

ZLUHV IRU XQGHUZDWHU FXWWLQJ LV QRZ LQWHUUXSWHG EH�

FDXVH RI D ODFN RI RUGHUV� 7KLV WHFKQRORJ\ ZDV XVHG

WR SHUIRUP D QXPEHU RI RSHUDWLRQV RI XQGHUZDWHU VH�

YHULQJ RI VKLSV DQG RWKHU PHWDO VWUXFWXUHV >��� ��w��@�

)OX[�FRUHG ZLUHV IRU FXWWLQJ ZHUH XVHG LQ SUHSDUDWLRQ

RI XQGHUZDWHU PHWDO VWUXFWXUHV IRU ZHOGLQJ�

8QGHUZDWHU FXWWLQJ ZLWK FRDWHG HOHFWURGHV� $
QXPEHU RI RSHUDWLRQV RI HOHFWULF�DUF FXWWLQJ �($&�

XQGHU ZDWHU ZHUH SHUIRUPHG� XVLQJ FRDWHG ZHOGLQJ

HOHFWURGHV RI (36��� W\SH� 7KLV PHWKRG DOORZV FXWWLQJ

PHWDOV �w�� PP WKLFN >�� �@� +RZHYHU� GHVSLWH WKH

ORZ HIILFLHQF\� WKLV SURFHVV LV RIWHQ XVHG GXH WR LWV

VLPSOLFLW\� LQH[SHQVLYHQHVV� DQG QR QHHG WR DSSO\ R[\�

JHQ LQ WKH WHFKQRORJLFDO SURFHVV� ,Q RUGHU WR LPSURYH

WKH HIILFLHQF\ RI FXWWLQJ� WKH 3:, GHYHORSHG VSHFLDO�

L]HG FRDWHG HOHFWURGHV RI JUDGH $15��3 IRU XQGHUZD�

WHU FXWWLQJ >��@� $ OD\HU RI SRO\HWK\OHQH ZDV DSSOLHG

RQWR WKH FRDWLQJ VXUIDFH WR SURYLGH K\GUDXOLF LQVXOD�

WLRQ� 2QH HOHFWURGH RI � PP GLDPHWHU DOORZV PDNLQJ

D FXW ��� PP ORQJ RQ �� PP WKLFN VWHHO� 7KHVH FKD�

UDFWHULVWLFV DUH VLJQLILFDQWO\ KLJKHU WKDQ ZKHQ (36���

HOHFWURGHV DUH XVHG� (OHFWURGHV DUH PDQXIDFWXUHG WR

RUGHU DW WKH 3:, LQ VPDOO EDWFKHV XQGHU ODERUDWRU\

FRQGLWLRQV�

2[\�HOHFWULF FXWWLQJ XQGHU WKH ZDWHU� $ORQJVLGH
ZLWK FRDWHG�HOHFWURGH ($&� R[\�HOHFWULF FXWWLQJ

�2(&� XQGHU WKH ZDWHU ZLWK HOHFWURGHV RI JUDGH (35�

�� GHYHORSHG LQ ����V� EHFDPH ZLGHO\ DFFHSWHG >��

�@� %DWFK SURGXFWLRQ RI HOHFWURGHV KDV EHHQ PDVWHUHG

DW (QWHUSULVH ���WK 0LOLWDU\ 3ODQW�� 7KH HOHFWURGHV

ZHUH LQ FRQVWDQW GHPDQG� KRZHYHU� FRPSDUDWLYH WHVW�

LQJ RI (35�� HOHFWURGHV DQG RI WKHLU IRUHLJQ DQDORJV�

FRQGXFWHG DW WKH HQG RI ����V� VKRZHG WKDW WKH VSHHG

RI FXWWLQJ ZLWK WKH IRUPHU LV ORZHU� 7KH 3:, GHYH�

ORSHG D QHZ HOHFWURGH RI $15�7� JUDGH DQG KROGHU

IRU 2(&� +\GUDXOLF VHDOLQJ RI WKH FRDWLQJ LV SHU�

IRUPHG ZLWK D WKHUPRVHWWLQJ WXEH� /HQJWK RI D FXW�

PDGH ZLWK RQH HOHFWURGH RQ �� PP WKLFN VWHHO� LV XS

WR ��� PP� (OHFWURGHV DUH FXUUHQWO\ SURGXFHG DW WKH

3:, XQGHU WKH ODERUDWRU\ FRQGLWLRQV�

8QGHUZDWHU FXWWLQJ ZLWK H[RWKHUPDO HOHFWURGHV�

7KH 3:, GHYHORSHG VDPSOHV RI HOHFWURGHV IRU XQGHU�

ZDWHU H[RWKHUPDO FXWWLQJ� RUGHUHG E\ 1DY\� ,Q ����

IXOO�VFDOH WHVWLQJ RI WKH HOHFWURGHV ZDV FRQGXFWHG XQ�

GHU WKH FRQGLWLRQV RI WKH %DOWLF )OHHW� %DWFK�SURGXF�

WLRQ RI WKHVH HOHFWURGHV ZDV QRW RUJDQL]HG� DV ZRUN

E\ WKH RUGHUV RI )68 1DY\ ZDV VWRSSHG LQ ����� 7KHVH

HOHFWURGHV DUH QRW SURGXFHG LQ 8NUDLQH QRZ�

%DVHG RQ WKH UHVXOWV� REWDLQHG GXULQJ SHUIRUPDQFH

RI 5	' WRJHWKHU ZLWK )68 1DY\� VSHFLDOL]HG HTXLS�

PHQW ZDV GHYHORSHG DQG D VKRS VHFWLRQ ZDV VHW XS WR

PDQXIDFWXUH H[RWKHUPLF HOHFWURGHV LQ 6W��3HWHUVEXUJ�

7KHVH HOHFWURGHV DUH FXUUHQWO\ SURGXFHG WR RUGHU�

0DQXIDFWXULQJ RI VSHFLDOL]HG KROGHUV IRU WKHVH HOHF�

WURGHV ZDV VLPXOWDQHRXVO\ VHW XS DW (QWHUSULVH ���WK

0LOLWDU\ 3ODQW�� (OHFWURGHV DQG KROGHUV DUH ILQGLQJ

OLPLWHG DSSOLFDWLRQ� 7KH\ KDYH QRW EHHQ XVHG LQ

8NUDLQH VR IDU�

,Q FRQFOXVLRQ LW VKRXOG EH QRWHG WKDW XQGHUZDWHU

ZHOGLQJ ZLWK FRDWHG HOHFWURGHV FXUUHQWO\ SUHYDLOV LQ

8NUDLQH� EHFDXVH RI VWRSSLQJ SURGXFWLRQ RI VHPL�DXWR�

PDWLF PDFKLQHV IRU PHFKDQL]HG XQGHUZDWHU ZHOGLQJ

DQG FRPSRQHQWV IRU WKHP� ,Q YLHZ RI WKH DEVHQFH RI

LQYHVWPHQWV LQWR GHYHORSPHQW DQG SURGXFWLRQ RI D
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QHZ VHPL�DXWRPDWLF PDFKLQH� GHVLJQHG XVLQJ PRGHUQ

FRPSRQHQWV� WKH WHFKQRORJ\ RI ZHW PHFKDQL]HG XQ�

GHUZDWHU ZHOGLQJ PD\ EH FRPSOHWHO\ ORVW IRU WKH XVHU

LQ WKH QHDU IXWXUH�

2(& LV DJDLQ EHFRPLQJ WKH PDMRU SURFHVV RI XQ�

GHUZDWHU VHYHULQJ LQ 8NUDLQH� 7KLV SURFHVV LV IXOO\

SURYLGHG ZLWK HOHFWURGH PDWHULDOV DQG HTXLSPHQW�

PDGH ORFDOO\� ($& SURFHVV LV OLWWOH LQ GHPDQG EHFDXVH

RI LWV ORZ HIILFLHQF\� 7KH SURFHVV RI XQGHUZDWHU IOX[�

FRUH ZLUH DUF FXWWLQJ LV QRW DSSOLHG� LQ YLHZ RI WKH

DEVHQFH RI VSHFLDOL]HG HTXLSPHQW�

�� .KUHQRY� .�.� ������ 8QGHUZDWHU HOHFWULF ZHOGLQJ DQG FXW�
WLQJ� ,Q� &ROO� RI SDS�� GHGLFDWHG WR ��WK DQQLYHUVDU\ DQG
�� \HDUV RI VFLHQWLILF DFWLYLW\ RI (YJHQ\ 3DWRQ� .\LY�

�� 0DGDWRY� 1�0� ������ 8QGHUZDWHU UHSDLU RI VKLSV DQG YHV�
VHOV� 0RVFRZ� 02 6665�

�� 0DGDWRY� 1�0� ������ 8QGHUZDWHU ZHOGLQJ DQG FXWWLQJ RI
PHWDOV� /HQLQJUDG� 6XGRVWURHQLH�

�� $YLORY� 7�,� ������ 6RPH SUREOHPV RI PHWDOOXUJ\ LQ XQGHU�
ZDWHU ZHOGLQJ ZLWK KLJK�JUDGH HOHFWURGHV� 6\Q� RI 7KHVLV
IRU &DQG� RI 6FL� 'HJUHH� 0RVFRZ�

�� ������ &RPSDQ\ �(OHNWURGQ\ =DYRG�� ,Q� :HOGLQJ HOHF�
WURGHV� &DWDORJXH� 6W��3HWHUVEXUJ�

�� *UHWVN\� <X�<D�� 0DNVLPRY� 6�<X� ������ ,QIOXHQFH RI HOHF�
WURGH FRDWLQJ FRPSRQHQWV RQ ZHOG PHWDO IRUPDWLRQ LQ PDQXDO
XQGHUZDWHU ZHOGLQJ� $YWRPDWLFK� 6YDUND� ���� ��w���

�� *UHWVN\� <X�<D�� 0DNVLPRY� 6�<X� ������ 6WUXFWXUH DQG
SURSHUWLHV RI ORZ�DOOR\ VWHHO MRLQWV LQ XQGHUZDWHU ZHW ZHOG�
LQJ ZLWK FRDWHG HOHFWURGHV� ,ELG�� �� �w���

�� 6DYLFK� ,�0� ������ 8QGHUZDWHU IOX[�FRUHG ZLUH ZHOGLQJ�
,ELG�� �� ���

�� 6DYLFK� ,�0�� 6PRO\DUNR� 9�%�� .DP\VKHY� 0�$� ������
7HFKQRORJ\ DQG HTXLSPHQW IRU VHPL�DXWRPDWLF XQGHUZDWHU
ZHOGLQJ RI PHWDO VWUXFWXUHV� 1HIW� 6WURLWHOVWYR� �� ��w���

��� $VQLV� $�(�� 6DYLFK� ,�0�� *ULVKDQRY� $�$� HW DO� ������
3K\VLFDO�PHFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV SURGXFHG E\
XQGHUZDWHU IOX[�FRUHG ZLUH ZHOGLQJ� $YWRPDWLFK� 6YDUND�
�� ��w���

��� 3DWRQ� %�(�� 6DYLFK� ,�0� ������ ��� \HDUV RI XQGHUZDWHU
ZHOGLQJ� ,ELG�� ��� �w��

��� .RQRQHQNR� 9�<D�� *ULWVDM� 3�0� ������ :HW PHFKDQL]HG
ZHOGLQJ LQ UHSDLU RI VKLS KXOOV� 0RUVNRM )ORW� ������ ��w���

��� .RQRQHQNR� 9�<D�� 5\EFKHQNRY� $�*� ������ ([SHULHQFH RI
ZHW PHFKDQL]HG ZHOGLQJ ZLWK VHOI�VKLHOGHG IOX[�FRUHG ZLUHV
LQ XQGHUZDWHU UHSDLU RI JDV� DQG RLO SLSHOLQHV� $YWRPDWLFK�
6YDUND� ����� ��w���

��� .RQRQHQNR� 9�<D�� *ULWVDM� 3�0�� 6HPHQNLQ� 9�,� ������
$SSOLFDWLRQ RI ZHW PHFKDQL]HG ZHOGLQJ LQ UHSDLU RI VKLS
KXOOV� ,ELG�� ��� ��w���

��� 'DQFKHQNR� 0�(�� 6DYLFK� ,�0�� 1HIHGRY� <X�1� ������
8QGHUZDWHU DUF FXWWLQJ ZLWK IOX[�FRUHG ZLUH� ,ELG�� �� ��w
���

��� 'DQFKHQNR� 0�(�� 6DYLFK� ,�0�� 1HIHGRY� <X�1� ������ ,Q�
IOXHQFH RI K\GURVWDWLF SUHVVXUH RQ WHFKQRORJLFDO SDUDPHWHUV
RI XQGHUZDWHU DUF FXWWLQJ ZLWK IOX[�FRUHG ZLUH� ,ELG�� ��
��w���

��� 6DYLFK� ,�0�� 0DNVLPRY� 6�<X� ������ $SSOLFDWLRQ RI
PHFKDQL]HG FXWWLQJ LQ VDOYDJLQJ RI D VXEPDULQH� ,ELG�� ��
��w���

��� 'DQFKHQNR� 0�(�� 1HIHGRY� <X�1� ������ 6HOHFWLRQ RI RSWL�
PXP SDUDPHWHUV RI XQGHUZDWHU FXWWLQJ ZLWK IOX[�FRUHG
ZLUH� ,ELG�� ��� ��w���

��� 'DQFKHQNR� 0�(�� 1HIHGRY� <X�1� ������ )OX[�FRUHG ZLUH
XQGHUZDWHU FXWWLQJ XVLQJ D VHPL�DXWRPDWLF ZHOGLQJ PD�
FKLQH� ,ELG�� �� ��w���

��� 'DQFKHQNR� 0�(�� /DSSD� $�9� ������ 8QGHUZDWHU FXWWLQJ
ZLWK VWLFN HOHFWURGHV �5HYLHZ�� ,ELG�� �� ��w���
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$�1� .5,9(17629� 9�,� /<6$.� 9�,� .8=0,1 DQG 0�<D� <$.29/(9

9ROJRJUDG 6WDWH 7HFKQLFDO 8QLYHUVLW\� 9ROJRJUDG� 5XVVLD

7HFKQRORJ\ IRU UHSDLU RI ZRUQ RXW FRQQHFWLQJ VXUIDFHV RI FRXSOHU ORFNV E\ H[SORVLRQ ZHOGLQJ LV GHVFULEHG� 3DUDPHWHUV

RI WKH SURFHVV RI H[SORVLRQ ZHOGLQJ RI FODGGLQJ SODWHV WR WKH ORFNV DQG UHVXOWV RI PHFKDQLFDO DQG IXOO�VFDOH WHVWV RI

UHSDLUHG ORFNV DUH JLYHQ�

.H\ ZRU G V � FRQQHFWLQJ VXUIDFH RI WKH ORFN� FODGGLQJ

SODWH� H[SORVLRQ ZHOGLQJ� VRIW LQWHUOD\HU� FRQWDFW VWUHQJWKHQLQJ�

HGJH ODFNV�RI�SHQHWUDWLRQ

&RQQHFWLQJ VXUIDFHV RI ORFNV� ZKLFK DUH UHVSRQVLEOH IRU
WKH UHOLDELOLW\ RI DXWRPDWLF FRXSOHU FORVLQJ� ZHDU LQ WKH

PRVW UDSLG PDQQHU� $W WKH GHSWK RI ZHDU� UHDFKLQJ WKH

OLPLW DGPLVVLEOH YDOXH� WKH ORFNV DUH UHSDLUHG RU WDNHQ
RXW RI VHUYLFH� 7KH ,QVWUXFWLRQV� DSSURYHG E\ WKH +HDG

$GPLQLVWUDWLRQ RI &DUULDJH )OHHW RI WKH 0LQLVWU\ RI WKH
5DLOZD\V DQG+HDG$GPLQLVWUDWLRQ RQ5HSDLU RI 5ROOLQJ
6WRFN DQG )DEULFDWLRQ RI 6SDUH 3DUWV >�@ SHUPLW RQO\
RQH SURFHVV WR EH XVHG IRU UHVWRUDWLRQ RI VXFK VXUIDFHV�

QDPHO\ HOHFWULF DUF VXUIDFLQJ� 8QIRUWXQDWHO\� WKLV FDQ�

QRW DOZD\V EH IXOILOOHG� DV LW UHTXLUHV VSHFLDO HTXLSPHQW�

DSSURSULDWH VXUIDFLQJ PDWHULDOV DQG SUHFLVHO\ IROORZLQJ

WKH WHFKQRORJ\� GHYHORSHG E\ $OO�8QLRQ 5	' ,QVWLWXWH

RI 5DLOZD\ 7UDQVSRUWDWLRQ� 2Q WKH RWKHU KDQG� LW LV

NQRZQ WKDW H[SORVLRQ ZHOGLQJ FDQ VXFFHVVIXOO\ FRPSHWH
ZLWK VXUIDFLQJ LQ UHVWRUDWLRQ �VWUHQJWKHQLQJ� RI SDUWV

RI PHFKDQLVPV DQG PDFKLQHV �F\OLQGHU EXVKLQJV� SLV�

WRQV� VKDUHV� YDULRXV JXLGHV DQG RWKHU SDUWV�� GHVLJQHG

IRU RSHUDWLRQ QRW RQO\ XQGHU WKH FRQGLWLRQV RI KLJK
SUHVVXUHV DQG WHPSHUDWXUHV� EXW DOVR LQ WKH DEUDVLYH

PHGLD� ,W KDV EHHQ SURYHG WKDW UHVWRUDWLRQ E\ H[SORVLRQ

ZHOGLQJ RI ZRUNLQJ VXUIDFHV RI VWHHO F\OLQGULFDO DQG IODW

SDUWV IRU GLIIHUHQW SXUSRVHV VKRUWHQV WKH UHVWRUDWLRQ F\�

FOH� UHGXFHV PDWHULDO FRQVXPSWLRQ DQG VFRSH RI PDFKLQ�

LQJ DQG LPSURYHV WKH ZHDU� DQG FRUURVLRQ UHVLVWDQFH >�@�

,Q WKLV FRQQHFWLRQ� LQYHVWLJDWLRQV RQ GHYHORSPHQW RI WKH

WHFKQRORJ\ RI UHVWRUDWLRQ �FODGGLQJ� RIZRUQ FRQQHFWLQJ

VXUIDFHV RI ORFNV E\ DSSO\LQJ ZHDU�UHVLVWDQW VWHHOV E\

H[SORVLRQZHOGLQJZHUH FRQGXFWHG DW WKH&KDLU RI:HOG�

LQJ RI 9ROJRJUDG 6WDWH 7HFKQLFDO 8QLYHUVLW\ E\ WKH

RUGHU RI FDUULDJH GHSRW RI 9ROJRJUDG %UDQFK RI 1L]KQH�

9RO]KVND\D 5DLOZD\V� 7KH GHYHORSHG WHFKQRORJ\ ZDV
WR PHHW WKH IROORZLQJ UHTXLUHPHQWV�

�� JXDUDQWHH SUHVHUYDWLRQ RI WKH VKDSH DQG UHVWR�

UDWLRQ RI JHRPHWULFDO GLPHQVLRQV RI WKH UHSDLUHG ORFNV

RI DXWRPDWLF FRXSOHUV WR WKRVH� VSHFLILHG E\ GRFXPHQ�

WDWLRQ� DSSURYHG E\ +HDG $GPLQLVWUDWLRQ RI &DUULDJH

)OHHW RI WKH 0LQLVWU\ RI WKH 5DLOZD\V DQG +HDG $G�

PLQLVWUDWLRQ RQ 5HSDLU RI 5ROOLQJ 6WRFN DQG )DEULFD�

WLRQ RI 6SDUH 3DUWV�

�� HQDEOH DSSOLFDWLRQ RI WKH WUDGLWLRQDO DQG FRP�

SRVLWH ZHDU�UHVLVWDQW PDWHULDOV LQ UHSDLU RI ORFNV� FD�

SDEOH RI H[WHQGLQJ WKH WHUP RI WKH ORFN VDIH RSHUDWLRQ

� WR � WLPHV� FRPSDUHG WR VLPLODU ORFNV� UHVWRUHG E\
HOHFWULF DUF VXUIDFLQJ�

�� JXDUDQWHH SURGXFLQJ D UHOLDEOH ZHOGHG MRLQW RI
WKH FODGGLQJ OD\HU ZLWK WKH ORFN EHLQJ UHSDLUHG RYHU

WKH HQWLUH VXUIDFH EHLQJ UHVWRUHG�

�� FRPSOHWHO\ HOLPLQDWH WKH SRVVLELOLW\ RI ORFN IDL�
OXUH RU DSSHDUDQFH RI DQ\ KD]DUGRXV GHIHFWV �KLGGHQ
PLFURFUDFNV� FUDFNV� FRPLQJ WR WKH VXUIDFH� VSDOODWLRQ�

HWF�� LQ WKHP GXULQJ WKHLU UHVWRUDWLRQ E\ H[SORVLRQ

ZHOGLQJ�

6WULSV RI ��*6 VWHHO �ZLWK LQLWLDO %ULQHOO KDUGQHVV

+% ���� RI �� × ��� PP VL]H DQG �w� PP WKLFNQHVV

�GHSHQGLQJ RQ WKH GHJUHH RIZHDU�ZHUH XVHG WR UHVWRUH
WKH ZRUQ FRQQHFWLQJ VXUIDFHV RI ORFNV� ,W LV NQRZQ

WKDW WKH UDQJH RI H[SORVLRQ ZHOGLQJ SDUDPHWHUV� JXD�

UDQWHHLQJ SURGXFWLRQ RI D VWURQJ MRLQW RI ��*6 VWHHO

ZLWK RWKHU VWHHOV� LQFOXGLQJ WKRVH ZKLFK DUH XVHG WR

PDNH WKH ORFNV ���)/� ��*/� ��)*/� *267 ���w

���� LV TXLWH ZLGH� 7KHUHIRUH� WKLUG UHTXLUHPHQW

VHHPHG WR EH HDV\ WR IXOILOO� 7KH ORFN SURSHU ZDV

PRXQWHG RQ D EDVH RI PHWDO VKRW� ZKLFK LV NQRZQ >�@

WR EH FDSDEOH RI HDVLO\ DEVRUELQJ WKH HQHUJ\� DFFXPX�

ODWHG LQ WKH V\VWHP EHLQJ ZHOGHG� DQG� WKXV� PLQLPL]�
LQJ WKH GLVWRUWLRQ RI WKH ORFN VKDSH DQG SUREDELOLW\

RI IRUPDWLRQ RI FUDFNV DQG VSDOODWLRQV LQ LW� L�H� HQ�

VXULQJ IXOILOOPHQW RI ILUVW DQG IRXUWK UHTXLUHPHQWV�

7KH FODGGLQJ �IO\HU� SODWH ZDV PRXQWHG DERYH WKH

FRQQHFWLQJ VXUIDFH RI WKH ORFN ZLWK D FHUWDLQ JDS VR�

WKDW RQH RI LWV VLGH HGJHV ZHUH ORFDWHG DERYH WKH LQQHU

ERXQGDU\ RI WKH FRQWRXU RI WKH ORFN FRQQHFWLQJ VXU�
IDFH� DQG WKH RWKHU� VLPLODU WR LWV WZR HQG IDFHV� ZHUH

RXWVLGH WKH H[WHUQDO ERXQGDU\ RI WKH FRQWRXU RI WKLV

VXUIDFH RI WKH ORFN�

7KLV VKRXOG SURPRWH D FRQVLGHUDEOH UHGXFWLRQ �LI

QRW FRPSOHWH HOLPLQDWLRQ� RI WKH VR�FDOOHG HGJH ODFNV�

RI�SHQHWUDWLRQ� L�H� RQH RI WKH FKDUDFWHULVWLF GHIHFWV

RI H[SORVLRQ ZHOGLQJ >�@� 6XFK GHIHFWV ZHUH QRW RE�

VHUYHG RQ WKH H[WHUQDO ERXQGDU\ RI WKH FRQWRXU RI WKH

FRQQHFWLQJ VXUIDFH RI WKH ORFN LQ WKH ILUVW H[SHULPHQWV�

ZKLFK� DFWXDOO\� ZDV VRPHWKLQJ WR EH H[SHFWHG� +RZ�

HYHU� VKDOORZ HGJH ODFNV�RI�SHQHWUDWLRQ ZHUH IRXQG

HYHU\ WLPH RQ WKH LQQHU ERXQGDU\ RI WKH FRQWRXU RI

WKH ORFN FRQQHFWLQJ VXUIDFH IURP WHVW WR WHVW� ZKLFK

LV H[DFWO\ ZKDW UHTXLUHG PDNLQJ VRPH FKDQJHV LQ WKH

SUHSDUDWLRQ RI WKH FODGGLQJ SODWHV IRU ZHOGLQJ DQG� $�1� .5,9(17629� 9�,� /<6$.� 9�,� .8=0,1 DQG 0�<D� <$.29/(9� ����
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WKH VHTXHQFH RI ZHOGLQJ SURSHU� ZKLFK FRQVLVWHG LQ

WKH IROORZLQJ�

)LUVW RI DOO� RQH RI WKH VLGH HGJHV RI WKH FODGGLQJ

SODWH� ZKLFK GXULQJ WKH V\VWHP DVVHPEO\ IRU ZHOGLQJ

VKRXOG EH DERYH WKH LQQHU ERXQGDU\ RI WKH FRQWRXU RI

WKH ORFN FRQQHFWLQJ VXUIDFH� ZDV FKDPIHUHG� L�H� WKH

WKLFNQHVV RI WKH FODGGLQJ SODWH ZDV VPRRWKO\ UHGXFHG�

7KLV VKRXOG FRPSHQVDWH WKH LQHYLWDEOH ORZHULQJ RI WKH

SUHVVXUH SXOVH RQ LWV HGJH� GXH WR SHQHWUDWLRQ RI WKH

XQORDGLQJ ZDYH LQWR WKH ]RQH RI WKH IRUPHG GHWRQDWLRQ

SURGXFWV IURP WKH VLGH ERXQGDU\ RI WKH UHDFWLQJ H[�

SORVLYH FKDUJH� OHDGLQJ WR D GURS RI WKH DFFHOHUDWLRQ

YHORFLW\�

6HFRQGO\� GXULQJ WKH V\VWHP DVVHPEO\ IRU ZHOGLQJ

D WKLQ LQWHUOD\HU RI D WKLUG PHWDO� QDPHO\ FRSSHU� ZDV

SODFHG LQWR WKH JDS EHWZHHQ WKH ORFN DQG WKH FODGGLQJ

SODWH� ZKLFK DOORZHG ZHOGLQJ WR EH SHUIRUPHG LQ WKH

VR�FDOOHG VRIW PRGH� DV WKH UDQJH RI H[SORVLRQ ZHOGLQJ

SDUDPHWHUV� JXDUDQWHHLQJ SURGXFWLRQ RI D VWURQJ MRLQW

RI FRSSHU ZLWK DQ\ RI WKH VWHHOV� LV ZLGHU WKDQ WKDW

IRU �VWHHO � VWHHO� SDLU� DQG� PRUH RYHU� LW LV VKLIWHG

WRZDUGV ORZHU YF DQG YFRQW YDOXHV� ZKHUH YF LV WKH

YHORFLW\ RI FROOLVLRQ DQG YFRQW LV WKH YHORFLW\ RI WKH

SRLQW RI FRQWDFW� 7KXV� WKLV FKDQJH LQ WKH ZHOGLQJ

VHTXHQFH VKRXOG DOVR KDYH FRQWULEXWHG WR HOLPLQDWLRQ

RI WKH HGJH ODFN�RI�SHQHWUDWLRQ�

,W LV IXUWKHU LPSRUWDQW WR QRWH WKDW DGGLWLRQ RI WKH

FRSSHU LQVHUW� LQ ZKLFK 5&X
≅ 5VW �KHUH 5&X  ρ&XF&X�

5VW  ρVWFVW LV WKH DFRXVWLF VWLIIQHVV RI FRSSHU DQG VWHHO�

UHVSHFWLYHO\� ρ&X� ρVW LV WKH GHQVLW\ RI FRSSHU DQG VWHHO�

F&X� FVW LV WKH YHORFLW\ RI VRXQG LQ FRSSHU DQG VWHHO�

GLG QRW EULQJ DERXW D TXDOLWDWLYH FKDQJH RI WKH SDWWHUQ

RI VKRFN�ZDYH LQWHUDFWLRQ� DOZD\V IDYRXUDEOH �LQ

WHUPV RI SUHVHUYDWLRQ RI WKH IRUPLQJ MRLQW� LQ ZHOGLQJ

RI PDWHULDOV ZLWK VLPLODU RU FORVH DFRXVWLF VWLIIQHVVHV�

DQG GLG QRW ORZHU WKH ]RQDO VWUHQJWK RI WKH PHFKDQL�

FDOO\ LQKRPRJHQHRXV ZHOGHG MRLQW �VHH EHORZ�� DV WKH

DFFHSWHG WKLFNQHVV �≈ � µP� RI WKH �VRIW� LQWHUOD\HU

IDOOV LQ WKH UDQJH RI WKLFNQHVVHV� ZKHUH WKH IDFWRU RI

FRQWDFW VWUHQJWKHQLQJ EHFRPHV DFWLYH >�@� :HOGLQJ

E\ WKLV VHTXHQFH ZDV SHUIRUPHG� XVLQJ D EODVWLQJ H[�

SORVLYH RI ORZHU VWUHQJWK ZLWK GHWRQDWLRQ UDWH ∆  

 ���� P�V DQG EXON GHQVLW\ ρ�
≈ ��� J�FP��

$OO WKH UHSDLUHG ORFNV ZHUH VXEMHFWHG WR XOWUDVRQLF

DQG SDUDPHWULF FRQWURO� 1RQH RI WKHVH UHYHDOHG DQ\ GLV�

FRQWLQXLWLHV LQ WKH FODG ]RQH� RU VKDSH GLVWRUWLRQ RU DQ\

QRWLFHDEOH GHYLDWLRQV RI WKHLU JHRPHWULFDO GLPHQVLRQV

IURP WKRVH VSHFLILHG E\ WKH DERYH GRFXPHQWDWLRQ�

,Q DGGLWLRQ� RQH ORFN ZDV VHOHFWHG IURP HDFK UH�

SDLUHG EDWFK WR FRQGXFW PHFKDQLFDO WHVWV WR HYDOXDWH

WKH ]RQDO VWUHQJWK RI WKH FODGGLQJ OD\HU ���*6 VWHHO�

DQG ZHOGHG MRLQW >�@� ZKLFK ZDV SHUIRUPHG E\ GHWHU�

PLQDWLRQ RI WKH LQGHQWDWLRQ UHVLVWDQFH� ,W LV HVWDE�

OLVKHG WKDW WKH KDUGQHVV RI WKLV OD\HU� L�H� RI WKH FRQ�

QHFWLQJ VXUIDFH� LQFUHDVHG IURP��� XS WR+% ���w����

:HOGHG MRLQW UHVLVWDQFH WR OD\HU SXOOLQJ RXW ZDV DV�

VHVVHG E\ WKH UHVXOWV RI PHFKDQLFDO WHVWV RI VSHFLDO

VDPSOHV� ZKLFK ZHUH PDGH RI HOHPHQWV� FXW RXW RI WKH

FODG ]RQH RI WKH UHSDLUHG ORFN �)LJXUH�� ,W LV HVWDE�

OLVKHG WKDW WKH ZHOGHG MRLQW VWUHQJWK H[FHHGV WKH LQL�

WLDO VWUHQJWK SURSHUWLHV RI WKH PDWHULDOV RI WKH ORFN

DQG WKH FODGGLQJ OD\HU DQG LV HTXDO WR QRW OHVV WKDQ

��� 03D�

3RVLWLYH UHVXOWV RI ODERUDWRU\ WHVWV ZHUH WKH EDVLV

WR FRQGXFW IXOO�VFDOH WHVWLQJ RI UHVWRUHG ORFNV XQGHU

WKH DFWXDO FRQGLWLRQV RI WKHLU VHUYLFH LQ 9ROJRJUDGw

0RVFRZ UDLOZD\ VHFWLRQ� $QDO\VLV RI WKH UHVXOWV RI

WKHVH WHVWV DQG WKHLU FRPSDULVRQ WR EDVLF GDWD VXJJHVW

WKDW WKH GHYHORSHG WHFKQRORJ\ RI UHVWRUDWLRQ RI WKH

FRQQHFWLQJ VXUIDFHV RI ORFNV LQ DXWRPDWLF FRXSOHUV RI

UDLOZD\ UROOLQJ VWRFN ZLOO DOORZ H[WHQGLQJ WKH SHULRGV

RI VDIH VHUYLFH RI WKHVH FRPSRQHQWV DW OHDVW � WR �

WLPHV� DV ZHOO DV UHGXFLQJ WKH ODERXU DQG SRZHU FRVW

RI WKHLU UHVWRUDWLRQ�UHSDLU� ,Q DGGLWLRQ� WKH GHYHORSHG

WHFKQRORJ\ RI UHVWRUDWLRQ RI TXLFNO\ ZHDULQJ VXUIDFHV

DOORZV XVLQJ QRW RQO\ WKH WUDGLWLRQDO� EXW DOVR QHZ

FRPSRVLWH ZHDU�UHVLVWDQW PDWHULDOV� VXVFHSWLEOH WR

VWUHQJWKHQLQJ� ZKLFK ZLOO� SUREDEO\� \LHOG HYHQ

KLJKHU UHVXOWV�

�� ������ 570 �� 7V9 ���w��� 0DQXDO RQ ZHOGLQJ DQG VXU�
IDFLQJ LQ UHSDLU RI FDUV DQG FRQWDLQHUV� 0RVFRZ� 7UDQVSRUW�

�� ,YDQ\XWHQNR� $� ������ (IILFLHQF\ RI H[SORVLRQ VXUIDFLQJ
DQG ZHOGLQJ� 1RYRVLELUVN�

�� .RQRQ� <X�$�� 3HUYXNKLQ� /�%�� &KXGQRYVN\� $�'� ������
([SORVLRQ ZHOGLQJ� 0RVFRZ� 0DVKLQRVWURHQLH�

�� %DNVKL� 2�$�� 6KDNKPDWRY� 0�9�� (URIHHY� 9�9� ������
,QIOXHQFH RI LQWHUQDO GHIHFWV RQ VWDWLF VWUHQJWK RI PHFKDQL�
FDOO\ LQKRPRJHQHRXV ZHOGHG MRLQWV� $YWRPDWLFK� 6YDUND�
��� �w���

5HSDLUHG ORFN DQG VDPSOHV IRU PHFKDQLFDO WHVWV� PDGH RI FXW RXW
SDUWV RI LWV FODG ]RQH
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$SSURDFK LV VXJJHVWHG WR WKH FRQVWUXFWLRQ RI RSWLFDO VHQVRU V\VWHP IRU GHWHUPLQDWLRQ RI WKH WUDMHFWRU\ RI D EXWW PDGH

ZLWKRXW HGJH JURRYLQJ ZLWK D JDS FORVH WR ]HUR� 7KH VHQVRU DOORZV HOLPLQDWLQJ VHYHUDO GLVDGYDQWDJHV RI WKH OXPLQRXV

VHFWLRQ PHWKRG DQG FDQ VHUYH DV D EHQHILFLDO DGGLWLRQ WR LW�

.H\ ZRU G V � RSWLFDO VHQVRU� GLJLWDO ILOWHULQJ� VLJQDO�QRLVH

UDWLR� VXUIDFH URXJKQHVV� OXPLQRXV VHFWLRQ� LQIUDUHG LOOXPLQDWRU

7R VROYH WKH SUREOHPV RI EXWW IROORZLQJ LQ DXWRPDWLF

ZHOGLQJ D V\VWHP RI VHQVRUV �HOHFWULF DUF� LQGXFWLYH�

WDFWLOH� RSWLFDO� HWF�� KDV EHHQ GHYHORSHG� ZKRVH SULQ�

FLSOH RI RSHUDWLRQ LV EDVHG RQ XVLQJ SKHQRPHQD RI D

GLIIHUHQW SK\VLFDO QDWXUH�
5HTXLUHPHQWV� VSHFLILHG WR WKH VHQVRUV LQ WKH V\V�

WHPV RI DUF ZHOGLQJ FRQWURO� DUH YHU\ VWULFW DV UHJDUGV

WR UHVLVWDQFH DJDLQVW PHFKDQLFDO� WKHUPDO DQG HOHFWUR�

PDJQHWLF DFWLRQV� KRZHYHU� WKH SULFH IRU WKHVH VHQVRUV

VKRXOG EH DFFHSWDEOH >�@�

7KH JHQHUDO WHQGHQF\ LQ WKH GHYHORSPHQW RI ZRUNV
LQ WKH ILHOG RI FUHDWLRQ RI VHQVRU V\VWHPV IRU ZHOGLQJ
LQGXVWU\ LV FRQQHFWHG ZLWK D GHVLJQ RI RSWLFDO VHQVRUV

WKDW LV VWLSXODWHG E\ WKHLU DGYDQWDJHV DV FRPSDUHG

ZLWK RWKHU V\VWHPV IURP WKH SRLQW RI YLHZ RI LQIRU�

PDWLRQ FRPSOHWHQHVV >�� �@� 2SWLFDO VHQVRUV SURYLGH�

H[FHSW GDWD DERXW WKH EXWW SRVLWLRQ� WKH LQIRUPDWLRQ

DERXW LWV JHRPHWULF VL]HV �JDS� FKDQJH LQ JURRYH VKDSH�

HWF��� DQG FDQ PHDVXUH LQ D QXPEHU RI FDVHV WKH VL]HV

RI WKH ZHOG EHLQJ IRUPHG DQG�RU WKH ZHOG SRRO�

$PRQJ WKH RSWLFDO V\VWHPV XVHG LQ DXWRPDWLF DUF
ZHOGLQJ� WKH VHQVRUV RSHUDWLQJ RQ WKH EDVLV RI D OX�

PLQRXV VHFWLRQ PHWKRG IRXQG WKH ZLGH VSUHDGLQJ�

8QIRUWXQDWHO\� WKH XVH RI WKHPHWKRG RI D OXPLQRXV
VHFWLRQ LQ ZHOGLQJ ZHOO�ILWWHG SDUWV ZLWKRXW HGJH

SUHSDUDWLRQ LV YHU\ GLIILFXOW RU HYHQ LPSRVVLEOH� DV WKH

SUREDELOLW\ RI DQ HUURQHRXV GHWHUPLQDWLRQ RI EXWW LV

JUHDWO\ LQFUHDVHG� LQ SDUWLFXODU LI WKH VXUIDFHV EHLQJ

ZHOGHG DUH SUHSDUHG XQSURSHUO\ RU KDYH GHIHFWV�

:KHQ IROORZLQJ WKH EXWW ZLWK 9�VKDSHG JURRYLQJ LQ

WKH SURFHVV RI ZHOGLQJ SDUWV PDGH IURP WKH PDWHULDO

ZLWK KLJK FRHIILFLHQW RI UHIOHFWLRQ �VWDLQOHVV VWHHOV�

DOXPLQLXP DOOR\V�� WKH SDUDVLWLF UH�UHIOHFWLRQV DW WKH

JURRYH IDFHWV PD\ RFFXU WKDW LQIOXHQFHV WKH FRUUHFW

ILQGLQJ RI LWV SRVLWLRQ�
$W WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DQ

RSWLFDO VFKHPH RI EXWW IROORZLQJ LQ D WUDQVYHUVH GL�

UHFWLRQ KDV EHHQ GHYHORSHG IRU WKH FDVH ZKHQ WKH JDS

VL]H LV FORVH WR ]HUR� 7KH SULQFLSOH RI RSHUDWLRQ RI WKH

V\VWHP LV VKRZQ LQ )LJXUH ��

7KH PDLQ V\VWHP HOHPHQW LV D GLJLWDO YLGHR FDPHUD�
FRQWDLQLQJ D GHYLFH ZLWK D FKDUJH FRXSOLQJ �&&'�

FDPHUD�� ZKRVH GDWD DUH SURFHVVHG XVLQJ D SHUVRQDO

FRPSXWHU�

7R LQFUHDVH WKH VLJQDO�QRLVH UDWLR XQGHU WKH FRQ�

GLWLRQV RI LQWHQVLYH OLJKW UDGLDWLRQ RI WKH DUF DQ LQ�

WHUIHUHQFH LQIUDUHG ILOWHU LV XVHG� ZKLFK ZRUNLQJ

OHQJWK RI ZDYH LV VHOHFWHG IURP WKH IROORZLQJ FRQGL�
WLRQV�

• &&'�FDPHUD VKRXOG EH FKDUDFWHUL]HG E\ D VXIIL�
FLHQW VHQVLWLYLW\ LQ WKH UDQJH RI ZDYH OHQJWKV SDVVLQJ

WKURXJK WKH LQIUDUHG LQWHUIHUHQFH ILOWHU�

� )�1� .,6(/(96.<� *�$� %87$.29� 9�9� '2/,1(1.2 DQG (�9� 6+$329$/29� ����

)LJXUH �� 3ULQFLSOH RI RSHUDWLRQ RI V\VWHP RI IROORZLQJ WKH EXWW
ZLWK WKH JDS FORVH WR ]HUR� � x &&'�FDPHUD� � x LQWHUIHUHQFH
ILOWHU� �x LOOXPLQDWRU� �x VFDWWHUHG OLJKW� �x ZHOGLQJ GLUHFWLRQ�
� x ZHOGLQJ ]RQH� � x ZRUNSLHFH
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• OLJKW UDGLDWLRQ RI WKH DUF LQ ZHOGLQJ VKRXOG EH
DV PLQLPXP DV SRVVLEOH LQ WKH ZRUNLQJ UDQJH RI WKH
LQWHUIHUHQFH LQIUDUHG ILOWHU�

7R SURYLGH VWDEOH FRQGLWLRQV IRU &&'�FDPHUD RSH�
UDWLRQ DQ LOOXPLQDWRU� DVVHPEOHG RI VHYHUDO LQIUDUHG
OLJKW GLRGHV ��w� SFV� LV VXIILFLHQW� &DVLQJ RI WKH
LOOXPLQDWRU VHUYHV VLPXOWDQHRXVO\ DV D UDGLDWRU IRU
FRROLQJ� 7KH LOOXPLQDWLRQ VFDWWHULQJ LV DWWDLQHG DV D
UHVXOW RI PXWXDO LQWHUVHFWLRQ RI GLUHFWLYLW\ GLDJUDPV
RI UDGLDWLRQ RI OLJKW GLRGHV� ZKHQ WKH GLVWDQFH IURP
LOOXPLQDWRU WR WKH VXUIDFHV EHLQJZHOGHGPXFK H[FHHGV
WKH VL]HV RI OLJKW GLRGHV� 7KH LQIRUPDWLRQ LQSXW LV
UHDOL]HG LQ D UHDO WLPH� 7KH UDWH RI LPDJH SURFHVVLQJ
LV � IUDPHV SHU VHFRQG�

7KH LQLWLDO LPDJH� SUHVHQWHG E\ DQ DUUD\ RI QXP�
EHUV� LV SURFHVVHG XVLQJ D OLQHDU RU QRQ�OLQHDU ILOWHULQJ
WR LQWHQVLI\ WKH OXPLQRVLW\ GLIIHUHQFHV� $EUXSW
FKDQJHV �EUHDNV� LQ OXPLQRVLW\ DUH WKH VLPSOHVW V\PS�
WRPV LQ GHILQLQJ WKH FRQILJXUDWLRQV RI REMHFWV� 2SWLFDO
SURSHUWLHV RI WKH SDUWV VXUIDFH� L�H� URXJKQHVV� SUHVHQFH
RI VXUIDFH GHIHFWV �R[LGHV� VFUDWFKHV�� FRHIILFLHQW RI
UHIOHFWLYLW\ DQG RWKHUV� LQIOXHQFH WKH VHOHFWLRQ RI ILO�
WHULQJ DOJRULWKP�

2QH RI WKH VLPSOHVW PHWKRG RI OLQHDU ILOWHULQJ FRQ�
VLVWV LQ FDOFXODWLRQ RI GLVFUHWH GLIIHUHQFHV WKDW LV VLPL�
ODU WR D FRQWLQXRXV VSDFH GLIIHUHQWLDWLRQ� 8QGHUOLQLQJ
RI YHUWLFDO GLIIHUHQFHV LV UHDOL]HG E\ D KRUL]RQWDO �OLQH�
E\�OLQH� GLVFUHWH GLIIHUHQWLDWLRQ� $V D UHVXOW DQ DUUD\
RI HOHPHQWV LV IRUPHG�

*�M� N�  )�M� N� w )�M� N � ���

ZKHUH M� N DUH WKH FRRUGLQDWHV RI SRLQW RQ LPDJH� )�M�
N� LV WKH OXPLQRVLW\ RI WKLV SRLQW� 6LPLODUO\� WKH XQ�
GHUO\LQJ RI KRUL]RQWDO GLIIHUHQFHV LV SHUIRUPHG� $V D
UHVXOW� DQ DUUD\ RI HOHPHQWV LV REWDLQHG�

*�M� N�  )�M� N� w )�M � �� N��

'LDJRQDO XQGHUO\LQJ FDQ EH REWDLQHG E\ FDOFXOD�
WLRQ RI GLIIHUHQFHV RI OHYHOV RI GLDJRQDO SDLUV RI LPDJH
HOHPHQWV�

,Q QRQ�OLQHDU V\VWHPV RI GHWHFWLRQ RI GLIIHUHQFHV
WR FRQWUDVW WKH SUH�WKUHVKROG OLPLWDWLRQ WKH QRQ�OLQHDU
FRPELQDWLRQV RI OXPLQRVLW\ YDOXHV RI LPDJH HOHPHQWV
DUH XVHG� ,Q PRVW PHWKRGV WKH SURFHVVLQJ RI ZLQGRZV
RI � × � RU � × � SL[HOV LV RQO\ XVHG�

7R FRQWUDVW DQG GLVWLQJXLVK WKH GLIIHUHQFHV WKH
IROORZLQJ QRQ�OLQHDU RSHUDWLRQ RI WZR�GLPHQVLRQDO
GLVFUHWH GLIIHUHQWLDWLRQ� VXJJHVWHG LQ >�@ LV XVHG�

*5�M� N�  �>)�M� N� w )�M � �� N � ��@� �

� >)�M� N � �� w )�M � �� N�@������

7KH QRQ�OLQHDU PHWKRG RI GHWHFWLRQ RI GLIIHUHQFHV
EDVHG RQ KRPRPRUSKRXV SURFHVVLQJ RI LPDJHV LV DOVR
RIWHQ XVHG >�@� $FFRUGLQJ WR WKLV PHWKRG� WKH SRLQW
LV ORFDWHG RQ D GLIIHUHQFH LI WKH ORJDULWKP IURP OXPL�
QRVLW\ RI WKLV SRLQW H[FHHGV WKH PHDQ YDOXH RI ORJD�
ULWKPV RI OXPLQRVLW\ RI IRXU QHDU�DGMDFHQW HOHPHQWV
IRU VRPH IL[HG YDOXH� (OHPHQW RI FRQWUDVW LPDJH LV
GHWHUPLQHG DV

*(M� N) = ORJ _ )(M� N) _ w �

�
ORJ ($�) w

�

�
ORJ ($�) w

w
�

�
ORJ ($�) w

�

�
ORJ ($�)�

ZKHUH $�� $�� $�� $� DUH WKH OXPLQRVLWLHV RI IRXU DG�
MDFHQW SRLQWV ZLWK UHVSHFW WR SRLQW ZLWK FRRUGLQDWHV
�M� N� RU

*(M� N) = �

�
ORJ







>)(M� N)@�

$�$�$�$�






 �

&RPSDULVRQ RI *�M� N� ZLWK XSSHU DQG ORZHU
WKUHVKROG YDOXHV LV HTXLYDOHQW WR WKH FRPSDULVRQ RI
IUDFWLRQ LQ EUDFNHWV RI H[SUHVVLRQ ZLWK D PRGLILHG
WKUHVKROG� 7KHUHIRUH� LW LV QRW QHFHVVDU\ WR PDNH SUH�
FLVH FDOFXODWLRQ RI YDOXHV RI ORJDULWKPV� 7KH PDLQ
DGYDQWDJH RI D ORJDULWKPLF GHWHFWRU RI GLIIHUHQFHV�
FRQVLVWV LQ WKH IDFW WKDW� H[FHSW VLPSOLFLW\ RI FDOFX�
ODWLRQV� LW LV QRW VHQVLWLYH WR PXOWLSOH FKDQJHV LQ OX�
PLQRVLW\ OHYHO >�@�

7KH ORJDULWKPLF PHWKRG RI FRQWUDVWLQJ FDQ EH FRQ�
VLGHUHG DV D OLQHDU FRQWUDVWLQJ XVLQJ /DSODVsV RSHUDWRU�
ZKRVH HOHPHQW OHYHOV DUH HTXDO WR ORJDULWKPV RI OX�

)LJXUH �� ,PDJHV REWDLQHG XVLQJ SURJUDPV RI SURFHVVLQJ� D x
LQLWLDO� E x DIWHU ILOWHULQJ� F x VHDUFK DQG GLVWLQJXLVK RI EXWW
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PLQRVLW\� 2WKHU PHWKRGV RI FRQWUDVWLQJ FDQ EH DOVR
HDVLO\ SUHVHQWHG LQ WKH IRUP RI VHTXHQFH RI QRQ�OLQHDU
HOHPHQW�E\�HOHPHQW RSHUDWLRQV ZLWK D QH[W OLQHDU FRQ�
WUDVWLQJ RI GLIIHUHQFHV DQG WKUHVKROG OLPLWDWLRQ�

7KH LQLWLDO LPDJLQJ RI VXUIDFHV ZHOGHG LQ D VFDW�
WHUHG OLJKW REWDLQHG XVLQJ &&'�FDPHUD LQ WKH SURFHVV
RI D VHQVRU RSHUDWLRQ LV JLYHQ LQ )LJXUH �� D� ,PDJLQJ
DIWHU SUHOLPLQDU\ ILOWHULQJ LV VKRZQ LQ )LJXUH �� E�
7KH QH[W VWHS LQ DOJRULWKP RI SURFHVVLQJ FRQVLVWV LQ
VHDUFK DQG GLVWLQJXLVK RI WKH EXWW� )LJXUH �� F VKRZV
WKH UHVXOW RI RSHUDWLRQ RI VXESURJUDP RI VHDUFK DQG
ILQGLQJ RI WKH EXWW WUDMHFWRU\�

7KH RSWLFDO VHQVRU GHVFULEHG GRHV QRW DOORZ XV�
XQIRUWXQDWHO\� WR REWDLQ LQIRUPDWLRQ DERXW WKH GLV�
SODFHPHQW RI HGJHV RU FKDQJH LQ JURRYH GHSWK DQG WR
GHILQH H[DFWO\ WKH GLVWDQFH IURP WRUFK WR WKH EXWW� ,Q
WKLV FRQQHFWLRQ LW LV UDWLRQDO WR XVH WKLV PHWKRG DV DQ
DGGLWLRQ WR WKH VHQVRU RI D OXPLQRXV VHFWLRQ�

7KH GHVFULEHG PHWKRG RI EXWW IROORZLQJ LQ WKH
VFDWWHUHG OLJKW VHHPV YHU\ SURPLVLQJ� ,Q DGGLWLRQ WR
RWKHU RSWLFDO PHWKRGV LW JLYHV WKH EHVW UHVXOWV� LQ
SDUWLFXODU LQ IROORZLQJ WKH EXWW ZLWK WKH JDS FORVH WR
]HUR�

�� .RHOEO� 9� ������ 2SWLFDO V\VWHP RI ZHOG IROORZLQJ DQG
GLIIHUHQW FDVHV RI LWV DSSOLFDWLRQ� 9RUWUDJ '(5�

�� 8VKLR� 0�� 2VKLPD� .�� $VDL� 6� HW DO� ������ 7KH�VWDWH�RI�
WKH�DUW RI DUF ZHOGLQJ LQ YHVVHO DQG SLSH� ,,: 'RF� ;,,�
����w���

�� /HH� &�:�� 1D� 6�-� ������ $ VWXG\ RQ WKH LQIOXHQFH RI UH�
IOHFWHG $5& OLJKW RQ YLVLRQ VHQVRUV IRU ZHOGLQJ DXWRPDWLRQ�
:HOGLQJ -�� ��� ���w����

�� 'LDNRQRY� 9�� $EUDPHQNRYD� ,� ������ 6LJQDO DQG LPDJH
SURFHVVLQJ� 6SHFLDO 5HIHU� %RRN� 6W��3HWHUVEXUJ� 3LWHU�

�� 3UHWW� 8� ������ 'LJLWDO LPDJH SURFHVVLQJ� 9RO� �� 0RV�
FRZ� 0LU�

�� .LVHOHYVN\� )�1�� %XWDNRY� *�$�� 'ROLQHQNR� 9�9� HW DO�
������ ,QFUHDVH LQ ZHOG IROORZLQJ TXDOLW\ RQ WKH EDVH RI
WHFKQLFDO YLVLRQ� ,Q� 3URF� RI ,QW� 6FL��3UDFW� &RQI��([KLEL�
WLRQ RQ 3UREOHPV RI 4XDOLW\ $VVXUDQFH LQ :HOGLQJ 3URGXF�
WLRQ� .\LY� $SULO �w�� ����� .\LY�

�
���
�������
������������
����������	
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0�)� *1$7(1.2

&RPSDQ\ �9HOPD�� .\LY� 8NUDLQH

0HWKRGV IRU HYDOXDWLRQ RI YDULDWLRQV LQ WKLFNQHVV RI HOHFWURGH FRYHULQJV DUH FRQVLGHUHG� 6SHFLILFDWLRQV RI D QHZ GHYLFH

RI WKH 3.5�� PRGHO DUH JLYHQ�

.H\ ZRU G V � DUF ZHOGLQJ� FRYHUHG HOHFWURGHV� YDULDWLRQV LQ
WKLFNQHVV� HYDOXDWLRQ PHWKRGV� HOHFWURPDJQHWLF GHYLFHV

$QDO\VLV RI WKH HFRQRPLF GHYHORSPHQW RI WKH &,6
FRXQWULHV VKRZV WKDW PDQXDO DUF ZHOGLQJ XVLQJ FR�
YHUHG HOHFWURGHV ZLOO VWLOO EH GRPLQDQW LQ WKH ZHOGLQJ
LQGXVWU\ IRU VRPH PRUH GHFDGHV� 7KHUHIRUH� SURGXF�
WLRQ RI HOHFWURGHV VKRXOG EH IXUWKHU GHYHORSHG DQG
LPSURYHG� 4XDOLW\ RI HOHFWURGHV LV DQ LQGLVSHQVDEOH
SDUW RI VXFFHVVIXO SURGXFWLRQ DQG DSSOLFDWLRQ RI
ZHOGHG MRLQWV ZLWK UHTXLUHG VHUYLFH SURSHUWLHV� %DVLF
TXDOLW\ LQGLFDWRUV DUH UHJXODWHG E\ *267 ����w��
�0HWDO (OHFWURGHV IRU 0DQXDO $UF :HOGLQJ DQG 6XU�
IDFLQJ�� 2QH RI WKH PRVW LPSRUWDQW TXDOLW\ LQGLFDWRUV
LV YDULDWLRQ LQ WKLFNQHVV RI DQ HOHFWURGH FRYHULQJ� 7KLV
LQGLFDWRU GHWHUPLQHV HFFHQWULFLW\ RI ORFDWLRQ RI WKH
HOHFWURGH D[LV UHODWLYH WR WKH URG D[LV� 8QLIRUPLW\ RI
PHOWLQJ RI WKH HOHFWURGH FRYHULQJ �OLS�� DUF VWDELOLW\�
ZHOGLQJ�WHFKQRORJLFDO SURSHUWLHV RI HOHFWURGHV DQG� DV
D UHVXOW� TXDOLW\ RI ZHOGHG MRLQWV DQG WKHLU SHUIRU�

PDQFH GHSHQG WR D FRQVLGHUDEOH GHJUHH XSRQ WKH YDUL�
DWLRQV LQ WKLFNQHVV RI WKH HOHFWURGH FRYHULQJV�

5HTXLUHPHQWV WR SHUPLVVLEOH WKLFNQHVV YDULDWLRQV
DUH YHU\ VWULQJHQW� QRW PRUH WKDQ � � RI WKH HOHFWURGH
GLDPHWHU� ,Q SUDFWLFH WKH WUHQG LV WR PDNH WKLV WROH�
UDQFH DV ORZ DV � WLPHV� L�H� QRW PRUH WKDQ ��� �� 7KH
EHVW HOHFWURGH PDQXIDFWXUHUV PDNH HOHFWURGHV ZLWK
WKLFNQHVV YDULDWLRQV RI DERXW � � RI WKH HOHFWURGH
GLDPHWHU RU QRW PRUH WKDQ ���� PP� 7KH PHWKRG XVHG
WR PHDVXUH WKH HOHFWURGH FRYHULQJ WKLFNQHVV YDULDWLRQV
LV VSHFLILHG LQ *267 ����w��� +RZHYHU� LW LV ODERXU�
DQG WLPH�FRQVXPLQJ� DQG IHDWXUHV DQ LQVXIILFLHQW DF�
FXUDF\�

$FFRUGLQJ WR WKLV PHWKRG �YDULDWLRQV LQ WKLFNQHVV
RI WKH HOHFWURGH FRYHULQJ� H� VKRXOG EH GHWHUPLQHG DW
WKUHH SRLQWV ORFDWHG DW D GLVWDQFH RI ��w��� PP IURP
HDFK RWKHU DORQJ WKH OHQJWK DQG DW D GLVWDQFH RI ��� ±
± ��� RQ WKH FLUFXPIHUHQFH� 0HDVXUHPHQWV DW HDFK
SRLQW DUH SHUIRUPHG E\ XVLQJ D PLFURPHWHU LQ DFFRU�
GDQFH ZLWK D GLDJUDP VKRZQ LQ )LJXUH � DW DQ DFFXUDF\
RI XS WR ���� PP�

9DOXH H LQ PLOOLPHWUHV LV FDOFXODWHG XVLQJ WKH IRO�
ORZLQJ IRUPXOD�

H  6 w 6��

7KHUH DUH DOVR RWKHU PHWKRGV DQG VSHFLDO GHYLFHV
�PDJQHWLF� FDSDFLWDQFH HWF�� SHUPLWWHG WR FKHFN WKH� 0�)� *1$7(1.2� ����

)LJXUH �� 6FKHPDWLF RI PHDVXUHPHQW RI HOHFWURGH FRYHULQJ WKLFNQHVV
YDULDWLRQV� � x FRYHULQJ� � x URG
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FRYHULQJ WKLFNQHVV YDULDWLRQV� SURYLGLQJ WKH UHTXLUHG

PHDVXUHPHQW DFFXUDF\��

,W LV VXJJHVWHG WKDW WKH QHZ HGLWLRQ RI WKH *267�

ZKLFK LV WR EH DSSURYHG GXULQJ WKLV \HDU� VKRXOG UHDG�

�7KH SULPDU\ PHWKRG WR HYDOXDWH HOHFWURGH FRYHULQJ

WKLFNQHVV YDULDWLRQV H LV WKH PHWKRG EDVHG RQ URWDWLRQ

RI DQ HOHFWURGH RQ WZR DQJXODU NQLIH�VKDSHG VXSSRUWV

�IRU EDUH SRUWLRQV RI WKH URG� ZLWK D PHDVXULQJ KHDG
ORFDWHG EHWZHHQ WKH NQLYHV �XQGHU WKH HOHFWURGH FR�

YHULQJ� �)LJXUH ��� 3ULRU WR PHDVXUHPHQWV� WKH HOHF�

WURGH VKRXOG EH FOHDQHG IURP WKH FRYHULQJ LQ ORFDWLRQV

ZKHUH WKH NQLIH VXSSRUWV DUH WR EH LQVWDOOHG� WKH URG

VKRXOG EH WKRURXJKO\ FOHDQHG ZLWK QR GDPDJH WR LWV

VXUIDFH� SODFHG RQ WKH VXSSRUWV RI WKH GHYLFH DQG UR�

WDWHG WR QRW OHVV WKDQ RQH UHYROXWLRQ E\ SUHVVLQJ WKH

NQLIH VXSSRUWV WR DQJOHV DQG UHFRUGLQJ WKH H[WUHPH
UHDGLQJV RI WKH LQGLFDWRU ZLWK DQ DFFXUDF\ RI ���� PP

7KH GLIIHUHQFH EHWZHHQ WKHVH LQGLFDWLRQV ZLOO FRUUH�

VSRQG WR D YDOXH RI WKH HOHFWURGH FRYHULQJ WKLFNQHVV

YDULDWLRQ� 0HDVXUHPHQWV DW RQH HOHFWURGH VKRXOG EH

PDGH DW WKUHH SRLQWV� DW WKH EHJLQQLQJ� LQ WKH PLGGOH

DQG DW WKH HQG� WR ILQG WKH PD[LPXP YDOXH� 7HVWLQJ

WKH FRYHULQJ WKLFNQHVV YDULDWLRQ H FDQ DOVR EH GRQH

XVLQJ VSHFLDO GHYLFHV WR HQVXUH D KLJK UHVSRQVH RI

FRQWURO ZLWK QR GDPDJH WR WKH FRYHULQJ �PDJQHWLF�

FDSDFLWDQFH� ;�UD\ HWF����

(OHFWURPDJQHWLF GHYLFHV KDYH JDLQHG WKH ZLGHVW

DFFHSWDQFH� &RPSDQ\ �9HOPD� KDV GHYHORSHG� PDQX�

IDFWXUHV DQG VXSSOLHV VXFK D GHYLFH RI WKH 3.5��

PRGHO �)LJXUH ��� ,W LV LQWHQGHG IRU QRQ�GHVWUXFWLYH

WHVWLQJ RI DOO JUDGHV RI ZHOGLQJ HOHFWURGHV ZLWK IHUURXV

DQG QRQ�IHUURXV URGV WR YDULDWLRQV LQ WKLFNQHVV RI WKHLU

FRYHULQJV DFFRUGLQJ WR *267 ����w���

6SHFLILFDWLRQV RI 3.5�� GHYLFH

6L]HV RI HOHFWURGHV WHVWHG� PP�

URG GLDPHWHU ������������������������������������������������������ �w�
FRYHULQJ WKLFNQHVV ��������������������������������������� ����w����

5DQJH RI PHDVXUHPHQW RI FRYHULQJ WKLFNQHVV
YDULDWLRQV� PP ����������������������������������������������� ����w����

,QGLFDWLRQ GLVFUHWHQHVV� PP ������������������������������������� ����
0HDVXUHPHQW WLPH� V ������������������������������������������������ ≤ �
0DLQV YROWDJH� 9 ���������������������������������������������������� ���
3RZHU FRQVXPSWLRQ� 9⋅$ ��������������������������������������������� �

2YHUDOO GLPHQVLRQV� PP ������������������������������� ���×���×��
:HLJKW� NJ ������������������������������������������������������������� ���

&KDUDFWHULVWLF IHDWXUHV RI WKH GHYLFH DUH DV IROORZV�

• FRQWURO RI YDULDWLRQV LQ WKLFNQHVV RI HOHFWURGH

FRYHULQJV FDQ EH GRQH LQ WZR PRGHV ZLWK GLJLWDO LQ�

GLFDWLRQ�

* FXUUHQW YDOXH�

* IL[DWLRQ RI D PD[LPXP YDOXH�

• SRVVLELOLW\ H[LVWV RI GHWHUPLQLQJ WKH SODQH LQ

ZKLFK GLIIHUHQFH LQ WKLFNQHVV RI DQ HOHFWURGH FRYHULQJ

LV PD[LPXP� DQG RI HVWDEOLVKLQJ WKH GLUHFWLRQ RI UHJX�

ODWLRQ RI WKH IRUPLQJ VOHHYH�
• SUHVHQFH RI RQO\ RQH PHDVXULQJ VHQVRU ORFDWHG

HLWKHU RQ WKH WRS RU RQ WKH ERWWRP RI DQ HOHFWURGH

SODFHG RQ UROOHU VXSSRUWV�

• VLPSOLFLW\ RI FDOLEUDWLRQ RI WKH GHYLFH WR GLIIHUHQW

VWDQGDUG VL]HV RI HOHFWURGHV XVLQJ D UHIHUHQFH ILOP�

• UDSLG UHVSRQVH DQG KLJK DFFXUDF\ RI FRQWURO RI

WKLFNQHVV YDULDWLRQV�

• RSHUDWLRQDO UHOLDELOLW\�

7KH XVH RI WKH 3.5�� GHYLFH SURYLGHV WKH KLJKHVW

SRVVLEOH UHVSRQVH LQ SLHFH�E\�SLHFH FRQWURO RI YDUL�

DWLRQV LQ WKLFNQHVV RI HOHFWURGH FRYHULQJV DQG SUHYHQWV

UHMHFW RI HOHFWURGHV RQ WKH EDVLV RI WKLV LQGLFDWRU�

&RQVLGHULQJ VLPSOLFLW\� RSHUDWLRQDO UHOLDELOLW\ DQG
ORZ FRVW RI WKH GHYLFH� LWV HIILFLHQF\ LV YHU\ KLJK�

)LJXUH �� 6FKHPDWLF RI PHDVXUHPHQW RI HOHFWURGH FRYHULQJ WKLFNQHVV
YDULDWLRQV �QHZ *267 HGLWLRQ� )LJXUH �� 'HYLFH 3.5�� WR FRQWURO HOHFWURGH FRYHULQJ WKLFNQHVV

YDULDWLRQV
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7KH PHWKRG IRU SXOVHG�DUF 0,* ZHOGLQJ ZLWK DXWRPDWLF UHJXODWLRQ DQG VWDELOLVDWLRQ RI HQHUJ\

SDUDPHWHUV RI WKH SURFHVV� DV ZHOO DV HTXLSPHQW IRU UHDOLVDWLRQ RI WKLV PHWKRG KDYH EHHQ GHYHORSHG�

$GYDQWDJHV RI WKH PHWKRG DQG HTXLSPHQW DUH DV IROORZV�

• HIILFLHQW FRQWURO RI PHWDO WUDQVIHU� DOORZLQJ ZHOGLQJ WR EH SHUIRUPHG LQ DQ\ VSDWLDO SRVLWLRQ�

• GHFUHDVH LQ FULWLFDO YDOXH RI WKH ZHOGLQJ FXUUHQW� SURYLGLQJ D ZLGHU UDQJH RI ZRUNLQJ FXUUHQWV

DQG UHGXFHG PHWDO VSDWWHULQJ�

• SRVVLELOLW\ RI ZHOGLQJ YDULRXV VWHHOV �IURP ORZ�DOOR\ WR VWDLQOHVV RQHV� DQG PDQ\ QRQ�IHUURXV

PHWDOV� VXFK DV DOXPLQLXP� FRSSHU DQG WLWDQLXP DOOR\V�

&RPSDUHG ZLWK 7,* ZHOGLQJ� WKH QHZ PHWKRG DOORZV WKH OHYHO RI ZHOGLQJ VWUHVVHV DQG VWUDLQV

LQ ZRUNSLHFHV WR EH VXEVWDQWLDOO\ GHFUHDVHG� DFFXUDF\ RI JHRPHWULF VL]HV RI ZHOGHG VWUXFWXUHV WR

EH LQFUHDVHG� ZHOGLQJ VSHHG DQG SURGXFWLYLW\ RI WKH SURFHVV WR EH UDLVHG �w� WLPHV� DQG FRQ�

VXPSWLRQ RI VKLHOGLQJ JDVHV WR EH UHGXFHG �w� WLPHV�

,Q DGGLWLRQ� WKH XVH RI WKH V\VWHPV IRU DXWRPDWLF VWDELOLVDWLRQ DQG UHJXODWLRQ RI PHDQ YDOXHV

RI ZHOGLQJ FXUUHQW DQG DUF YROWDJH PDNHV LW SRVVLEOH WR GHFUHDVH WKH HIIHFW RI GLVWXUELQJ IDFWRUV

ZKLFK XVXDOO\ DFFRPSDQ\ WKH ZHOGLQJ SURFHVV �YDULDWLRQV LQ JDSV� HGJH GLVSODFHPHQWV� GHYLDWLRQV

LQ HOHFWURGH H[WHQVLRQ� ZLUH IHHG VSHHG� WRUFK WUDYHO VSHHG� PDLQV YROWDJH DQG DUF OHQJWK DFFRUGLQJ

WR GHYLDWLRQV LQ JHRPHWULF VL]HV RI WKH ZHOGV IURP WKH VHW YDOXHV�� UHGXFH WKH SUREDELOLW\ RI

GHIHFWV RI WKH W\SH RI R[LGH ILOPV� ODFN RI IXVLRQ DQG SRUHV� DYRLG VXEMHFWLYH IDFWRUV DIIHFWLQJ

WKH ZRUN RI D ZHOGLQJ RSHUDWRU� GHFUHDVH UHTXLUHPHQWV WR KLV VNLOO DQG WUDLQLQJ WLPH� PDNH ODERXU

FRQGLWLRQV RI ZHOGHUV PXFK EHWWHU� DQG SURJUDP RSHUDWLQJ SDUDPHWHUV LQ RUELWDO ZHOGLQJ�

'HYHORSHUV� 3�3� 6KHMNR� $�0� =KHUQRVHNRY� <X�2� 6KLPDQRYVN\

)RU DGGLWLRQDO LQIRUPDWLRQ SOHDVH FRQWDFW�

7HO� ��� ���� ���������� ���������
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7KH ,QWHUQDWLRQDO 6HPLQDU �0RGHUQ 7HFKQRORJLHV DQG

1HZ 6WUXFWXUDO 0DWHULDOV LQ &KHPLFDO (QJLQHHULQJ

DQG ,QGXVWU\� ZDV KHOG LQ .\LY DW WKH (�2� 3DWRQ

(OHFWULF :HOGLQJ ,QVWLWXWH IURP �� WLOO �� 1RYHPEHU�

����� 7KH 6HPLQDU ZDV RUJDQLVHG E\ WKH 1DWLRQDO
$FDGHP\ RI 6FLHQFHV RI 8NUDLQH� 0LQLVWU\ IRU WKH
,QGXVWULDO 3ROLF\ RI 8NUDLQH� (�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� 2SHQ -RLQW 6WRFN &RPSDQ\ �8NU�
1,,NKLPPDVK� DQG ,QWHUQDWLRQDO $VVRFLDWLRQ �,1�

7(50� RI WKH 3:,� &KDLUPDQ RI WKH 6HPLQDU 2U�

JDQLVLQJ &RPPLWWHH ZDV 3URI� .�$� <XVKFKHQNR�

'HSXW\'LUHFWRU RI WKH 3:, DQG&RUUHVSRQGLQJ0HP�

EHU RI WKH 1$6 RI 8NUDLQH� DQG 'HSXW\ &KDLUPDQ
ZDV 'U� <X�%� 'DQLORY� 'HSXW\ 'LUHFWRU RI WKH &RP�

SDQ\ �8NU1,,NKLPPDVK��

7KH 6HPLQDU ZDV DWWHQGHG E\ PRUH WKDQ ��� VFL�
HQWLVWV DQG HQJLQHHUV IURP UHVHDUFK DQG GHYHORSPHQW

LQVWLWXWHV DQG KLJKHU HGXFDWLRQ HVWDEOLVKPHQWV� UHS�

UHVHQWDWLYHV RI FKHPLFDO HQJLQHHULQJ DQG RLO�DQG�JDV

LQGXVWU\� FKHPLFDO DQG RLO�DQG�JDV IDFWRULHV� VSHFLD�
OLVWV LQ SURGXFWLRQ DQG UHDOLVDWLRQ RI VWHHOV� DOOR\V DQG
SDUWV IRU FKHPLFDO DQG SHWURFKHPLFDO HQJLQHHULQJ DQG
RLO�DQG�JDV LQGXVWU\ IURP 8NUDLQH� *HUPDQ\� $XVWULD

DQG 3RUWXJDO�

3URI� %�(� 3DWRQ� 3UHVLGHQW RI WKH 1$6 RI 8NUDLQH�

QRWHG LQ KLV ZHOFRPH DGGUHVV DQG RSHQLQJ UHPDUNV WR

WKH 6HPLQDU SDUWLFLSDQWV WKDW D SURORQJHG GHSUHVVLRQ LQ

HFRQRPLFV RI 8NUDLQH KDG D QHJDWLYH HIIHFW RQ WKH VWDWH

RI FKHPLFDO� SHWURFKHPLFDO DQG RLO�DQG�JDV LQGXVWULHV�

7KH PDMRU SDUW RI EDVLF HTXLSPHQW RI FKHPLFDO HQJL�

QHHULQJ IDFLOLWLHV H[KDXVWHG WKHLU GHVLJQHG OLIH ORQJ DJR

DQG QHHG UHSODFHPHQW DQG UHSDLU�

7KH VXVWDLQHG JURZWK RI HFRQRPLFV RI 8NUDLQH RE�

VHUYHG VLQFH ���� DOORZV WKH SUREOHPV DVVRFLDWHG ZLWK

UHQRYDWLRQ DQG IXUWKHU GHYHORSPHQW RI WKHVH LQGXV�

WULHV WR EH VROYHG DW D TXDOLWDWLYHO\ QHZ OHYHO�

7KH PRVW LPSRUWDQW WDVNV IRU WKH LPPHGLDWH IXWXUH

DUH DV IROORZV�

• EXLOGLQJ RI DGYDQFHG DSSDUDWXVHV DQG HTXLSPHQW
IRU FKHPLFDO� SHWURFKHPLFDO DQG RLO�DQG�JDV HQWHU�
SULVHV� PDNLQJ RI QHZ PDWHULDOV �VWHHOV� DOOR\V HWF���

DQG GHYHORSPHQW RI FRUURVLRQ SURWHFWLRQ PHWKRGV�

• GHYHORSPHQW RI UHOLDEOH PHWKRGV DQG LQVWUXPHQWV
IRU HYDOXDWLRQ RI VWDWH RI DFWLYH HTXLSPHQW ZLWKRXW
LQWHUUXSWLRQ RI LWV RSHUDWLRQ DQG HVWLPDWLRQ RI UHVLGXDO

OLIH RI WKH HTXLSPHQW� DV ZHOO DV QHZ DSSURDFKHV WR
LWV UHSDLU�

• FDWFKLQJ XS ZLWK WKH EDFNORJ LQ DSSOLFDWLRQ RI

QHZ FHUWLILHG WHFKQRORJLHV� PDWHULDOV DQG HTXLSPHQW

IRU SUHSDUDWLRQ DQG ZHOGLQJ SURGXFWLRQ�

• GHYHORSPHQW DQG UHDOLVDWLRQ RI QHZ TXDOLW\ DV�
VXUDQFH V\VWHPV IRU PDQXIDFWXUH DQG UHSDLU RI HTXLS�

PHQW DW D OHYHO RI LQWHUQDWLRQDO VWDQGDUGV�

• LQFUHDVH LQ QXPEHU RI GLIIHUHQW OHYHOV RI ZHOGLQJ

VSHFLDOLVWV FHUWLILHG LQ FRPSOLDQFH ZLWK LQWHUQDWLRQDO

VWDQGDUGV�

• UHGXFWLRQ RI PDQXDO ODERXU LQ PDQXIDFWXUH RI

HTXLSPHQW�

,W ZDV JUDWLI\LQJ WKDW WKH 6HPLQDU ZDV DWWHQGHG E\
VSHFLDOLVWV IURP DOO UHJLRQV RI 8NUDLQH� DV ZHOO DV IURP

VXFK NQRZQFRPSDQLHV DV �7K\VVHQ.UXSS9'0$XVWULD

*PE+�DQG�9RHVW$OSLQH��ZKLFK DUH WKHPDMRUPDQX�
IDFWXUHUV RI KLJK�TXDOLW\ VWUXFWXUDO PDWHULDOV�

3URI� %�(� 3DWRQ WKDQNHG DOO WKH DWWHQGHHV RQ

EHKDOI RI WKH 2UJDQLVLQJ &RPPLWWHH DQG ZLVKHG WKH
6HPLQDU WR EH D VXFFHVV�

0U� ,�'� 5XFKNR� +HDG RI 'HSDUWPHQW IRU &KHPL�
FDO (QJLQHHULQJ DQG $FFHVVRULHV DW WKH 0LQLVWU\ RI

,QGXVWULDO 3ROLF\ RI 8NUDLQH� 3URI� .�$� <XVKFKHQNR
DQG 'U� <X�%� 'DQLORY LQ WKHLU SUHVHQWDWLRQV HPSKD�

VLVHG DQ LPSRUWDQFH RI FKHPLFDO DQG RLO�DQG�JDV LQ�

GXVWULHV IRU IXUWKHU GHYHORSPHQW RI LQGXVWULDO SRWHQ�

WLDO RI 8NUDLQH� LWV DJULFXOWXUH� VRFLDO SROLF\ RI WKH
FRXQWU\ WR KDQGOH WKH QHHGV RI WKH SRSXODWLRQ DQG

H[SRUW RI SURGXFWV� %DVLF HTXLSPHQW RI WKH PDMRULW\

RI FKHPLFDO� SHWURFKHPLFDO DQG RLO�DQG�JDV HQWHUSULVHV

RI 8NUDLQH LV ZRUQ RXW WR D FRQVLGHUDEOH GHJUHH� 7KHUH�

IRUH� WKH VFLHQWLILF VXEVWDQWLDWLRQ IRU DSSOLFDWLRQ RI
QHZ PDWHULDOV� EXLOGLQJ RI QHZ DGYDQFHG HTXLSPHQW�

XSJUDGLQJ DQG UHSDLU RI H[LVWLQJ HTXLSPHQW LV DQ LP�

SRUWDQW DQG SUHVVLQJ SUREOHP�

*LYHQ EHORZ LV WKH OLVW RI SUHVHQWDWLRQV ZLWK WKHLU
VKRUW VXPPDULHV�

3URI� .�$� <XVKFKHQNR LV PDNLQJ SUHVHQWDWLRQ DW WKH 6HPLQDU
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'U� <X�%� 'DQLORY �2SHQ -RLQW 6WRFN &RP�
SDQ\ �8NU1,,NKLPPDVK�� .KDUNLY� �0DLQ WUHQGV
LQ GHYHORSPHQW RI QHZ VWUXFWXUHV IRU FKHPLFDO DQG
RLO�DQG�JDV LQGXVWU\ HQWHUSULVHV�� &KHPLFDO HQJLQHHU�
LQJ LV WKH LQGXVWU\ FKDUDFWHULVHG E\ D UDSLG FKDQJH RI
UDQJHV RI SURGXFWV DQG SURFHVVHV� 7KHUHIRUH� LWV PRVW
LPSRUWDQW WDVN LV WR PDNH D IXQGDPHQWDOO\ QHZ HTXLS�
PHQW� XSJUDGH DQG UHSDLU H[LVWLQJ IDFLOLWLHV� DXWRPDWH
SURFHVVHV DQG HTXLSPHQW� DQG GHYHORS PHWKRGV WR LQ�
FUHDVH FRUURVLRQ UHVLVWDQFH� 8NUDLQH KDV D VXIILFLHQW
VFLHQWLILF DQG LQGXVWULDO SRWHQWLDO WR FRSH ZLWK WKH
DERYH WDVNV�

(QJ� <X�<D� 1HNKDHQNR �6HYHURGRQHWVN
6WDWH 5	' ,QVWLWXWH IRU &KHPLFDO (QJLQHHULQJ� �5H�
VHDUFK DQG GHYHORSPHQW DFWLYLWLHV RI WKH 6HYHUR�
GRQHWVN 1,,NKLPPDVK LQ PDQXIDFWXUH RI DSSDUDWXVHV
IRU FKHPLFDO HQWHUSULVHV�� 7KH ,QVWLWXWH LV LQYROYHG
LQ UHVHDUFK DQG GHYHORSPHQW DLPHG DW HODERUDWLRQ RI
LQWHJUDWHG PHWKRGV IRU GLDJQRVWLFV DQG UHSDLU RI
HTXLSPHQW LQ RSHUDWLRQ DW FKHPLFDO DQG SHWURFKHPLFDO
HQWHUSULVHV� GHVLJQ DQG PDQXIDFWXUH RI YHVVHOV DQG
DSSDUDWXVHV ZLWK D ZRUNLQJ SUHVVXUH RI XS WR �� 03D�

'U� *�'� 6DPRMOHQNR �/LPLWHG�/LDELOLW\
&RPSDQ\ �7RSRO�� VXEVLGLDU\ RI WKH 1LNRSRO <X]K�
QRWUXEQ\ :RUNV� �5DQJHV RI WKH �7RSRO� &RPSDQ\
3URGXFWV�� 7KH&RPSDQ\ SURGXFHV KLJK�TXDOLW\ VHDP�
OHVV ZHOGHG DQG FHQWULIXJDOO\ FDVW SLSHV� DV ZHOO DV
ZLUH DQG EUDQFK SLSHV IURP FDUERQ DQG ORZ�DOOR\
VWHHOV� PHGLXP� DQG KLJK�DOOR\ VWHHOV DQG DOOR\V IRU
FKHPLFDO DQG SHWURFKHPLFDO LQGXVWULHV� 7KH &RPSDQ\
KDV D UHVHDUFK EDVH DQG VSHFLDOLVWV IRU GHYHORSPHQW
RI WHFKQRORJLHV IRU PDQXIDFWXUH RI WKH DERYH SURGXFWV�

'U� +� 3RUWLVFK �7K\VVHQ.UXSS 9'0 $XVWULD
*PE+� �1LFNHO LQ D QXWVKHOO x WKH UROH RI QLFNHO
LQ HQJLQHHULQJ� LWV SURGXFWLRQ� VXSSO\ DQG W\SLFDO
DSSOLFDWLRQV�� 7KH 1LFNHO 'HYHORSPHQW ,QVWLWXWH�
ZKHUH 'U� 3RUWLVFK LV D VWDII PHPEHU� LV DFWLYH LQ
SURPRWLRQ RI QLFNHO DQG QLFNHO�EDVH DOOR\V WR LQGXVWU\�
SXEOLVKHV �1LFNHO 0DJD]LQH�� FROOHFWV DQG GLVVHPL�
QDWHV LQIRUPDWLRQ RQ WKH ZRUOG SURGXFWLRQ RI QLFNHO
DQG QLFNHO�FRQWDLQLQJ DOOR\V� DV ZHOO DV SURGXFWV RI
WKHVH PDWHULDOV� 7KH ,QVWLWXWH FDQ SURYLGH IUHH SXEOL�
FDWLRQV RQ WKLV VXEMHFW PDWWHU�

0U� ,� 6DMHU� *�'� 6XUJXFKHY �7K\VVHQ.UXSS
9'0 $XVWULD *PE+� �7K\VVHQ.UXSS 9'0 $XVWULD
*PE+x 2UJDQLVDWLRQ DQG 3URGXFWV�� 7KH &RPSDQ\
LQFRUSRUDWHV ��� HQWHUSULVHV DQG PDNHV DERXW � PLOOLRQ
WRQV RI VWHHO� 7KH &RPSDQ\ KDV PHOWLQJ IXUQDFHV RI

GLIIHULQJ FDSDFLWLHV� LQFOXGLQJ D �� WRQ IXUQDFH ZLWK
$Uw2� SXUJLQJ DQG FRQWLQXRXVO\ RSHUDWLQJ (65 IXU�
QDFH� 7KH &RPSDQ\ SURGXFHV FDUERQ VWHHOV� VWDLQOHVV
VWHHOV ZLWK D QLFNHO FRQWHQW RI PRUH WKDQ �� �� QLFNHO�
EDVH DOOR\V� WLWDQLXP DQG YDULRXV SDUWV RI WKH DERYH
PDWHULDOV IRU FKHPLFDO HQJLQHHULQJ HWF�

'U� +� $OYHV �7K\VVHQ.UXSS 9'0� 3RUWXJDO�
�+LJK�TXDOLW\PDWHULDOV RI 7K\VVHQ.UXSS9'0$XV�
WULD *PE+ IRU FKHPLFDO HQJLQHHULQJ�� 7KLV GLYLVLRQ
RI WKH &RPSDQ\ SURGXFHV VWDLQOHVV VWHHOV RI WKH ���/
DQG ���/ JUDGHV� DOOR\V ���� ��� ��� &���� &�� &���
&��� %� DQG %� UHVLVWDQW WR ZHW FRUURVLRQ LQ FKHPLFDO
SURGXFWLRQ HQYLURQPHQWV� $OOR\ �� LV UHVLVWDQW WR FRU�
URVLRQ LQ VXOSKXULF DFLG DW FRQFHQWUDWLRQV RI ��w��
DQG ��w�� � DQG DW GLIIHUHQW WHPSHUDWXUHV�

0U� %� GH %R
..
U �7K\VVHQ.UXSS 9'0� *HU�

PDQ\� �+LJK�WHPSHUDWXUH PDWHULDOV RI 7K\VVHQ
.UXSS 9'0 $XVWULD *PE+ IRU JDV�DQG�RLO� DLUFUDIW
DQG SRZHU HQJLQHHULQJ�� 0HOWLQJ� SRXULQJ DQG FDVW�
LQJ RI DOOR\V IRU DSSOLFDWLRQ DW WHPSHUDWXUHV RI XS WR
���� �& DUH SHUIRUPHG LQ RSHQ DUF IXUQDFHV E\ WKH
9$5 DQG (65 PHWKRGV XVLQJ �� WRQ IXUQDFH� $OOR\
���&$ KDV EHHQ UHFRJQLVHG WKH EHVW RQH IRU RSHUDWLRQ
LQ FDUEXULVDWLRQ HQYLURQPHQWV DW ���w���� �&�

'U� -�/HWWQHU �9RHVW $OSLQH DQG 7K\VVHQ.UXSS
9'0 $XVWULD *PE+� �+RW�UROOHG ELPHWDO SODWHV IRU
FKHPLFDO� JDV�DQG�RLO DQG DLUFUDIW HQJLQHHULQJ�� %L�
PHWDO ELOOHWV DUH SURGXFHG E\ WKH &RPSDQ\ XVLQJ D

WUDGLWLRQDO VWDFN PHWKRG� 7KH ELOOHWV DUH UROOHG WR

SODWHV RI GLIIHUHQW WKLFNQHVV DW D FXVWRPHUsV UHTXHVW�

%LPHWDO LV WHVWHG WR EHQGLQJ DQG VKHDU� 7KH GHJUHH RI

GLIIXVLRQ RI HOHPHQWV LQ WKH ]RQH RI DGKHVLRQ RI WKH

OD\HUV LV DOVR FKHFNHG�
3URI� ,�.� 3RNKRGQ\D �(�2� 3DWRQ (OHFWULF

:HOGLQJ ,QVWLWXWH� �:HOGLQJ FRQVXPDEOHV� 6WDWH�RI�
WKH�DUW DQG GHYHORSPHQW WUHQGV�� $UF ZHOGLQJ ZLOO
EH GRPLQDQW DPRQJ QXPHURXV ZHOGLQJ SURFHVVHV GXU�
LQJ WKH QH[W GHFDGHV� 7KLV DUHD ZLOO UHTXLUH GHYHORS�
PHQW RI PHWKRGV WR FRQWURO VWUXFWXUH DQG SURSHUWLHV
RI ZHOGV DQG MRLQWV LQ RUGHU WR SURYLGH WKHLU KLJK
VWUHQJWK� GXFWLOLW\ DQG RSHUDWLRQDO UHOLDELOLW\� 7KHVH
SURSHUWLHV ZLOO EH DFKLHYHG WKURXJK RSWLPLVDWLRQ RI
V\VWHPV RI DOOR\LQJ RI WKH ZHOGV DQG WKHUPDO ZHOGLQJ
F\FOHV� WKURXJK ILQGLQJ QHZ PHWKRGV WR FRQWURO PHOW�
LQJ DQG HOHFWURGH PHWDO WUDQVIHU SURFHVVHV� DV ZHOO DV
SURFHVVHV RI SHQHWUDWLRQ RI WKH EDVH PHWDO� VROLGLILFD�
WLRQ RI WKH ZHOG SRRO DQG FRROLQJ RI WKH ZHOGV� 1HZ
W\SHV RI HIILFLHQW HTXLSPHQW ZLOO EH PDGH� UHOLDEOH
WHFKQRORJLHV IRU SURGXFWLRQ RI ZHOGLQJ FRQVXPDEOHV
ZLOO EH GHYHORSHG� V\VWHPV IRU FRPSXWHU�DLGHG DQD�
O\WLFDO FRQWURO RI SURGXFWLRQ RI ZHOGLQJ FRQVXPDEOHV
ZLOO EH EXLOW RQ WKH EDVLV RI WKH ODWHVW SK\VLFDO DQG
FKHPLFDO DQDO\VLV PHWKRGV DQG LQVWUXPHQWV� 7KH DG�
YDQFHG VWDQGDUGV� PHHWLQJ WKH (XURSHDQ UHTXLUH�
PHQWV� VKRXOG EH ZRUNHG RXW WR HVWDEOLVK TXDOLW\ DV�
VXUDQFH V\VWHPV IRU SURGXFWLRQ RI SDUWV� PDWHULDOV DQG
FRQVXPDEOHV� DV ZHOO DV IRU FHUWLILFDWLRQ RI SURGXFWV�

3URI� .�$� <XVKFKHQNR �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� �&XUUHQW WUHQGV LQ DSSOLFDWLRQ
RI QHZ WHFKQRORJLHV IRU ZHOGLQJ RI GLIIHUHQW JUDGHV
RI VWHHOV DQG ELPHWDOV�� ,Q DGGLWLRQ WR WUDGLWLRQDO
ZHOGLQJ SURFHVVHV� WKHUH DUH DOVR QHZ WHFKQRORJLHV
DQG HTXLSPHQW IRU DUF ZHOGLQJ RI KLJK�DOOR\ VWHHOV

'XULQJ WKH 6HPLQDU
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DQG DOOR\V WKDW IRXQG ZLGH DSSOLFDWLRQ� 7KH\ LQFOXGH
DUF ZHOGLQJ PHWKRGV XVLQJ PLFURSODVPD� K\EULG
SODVPD � ODVHUPHWKRGV� ZHOGLQJ XVLQJ DFWLYDWRUV �3$�
7,*� DQG VHOI�VKLHOGLQJ IOX[�FRUHG ZLUHV� VROLG�VWDWH
MRLQLQJ �IULFWLRQ VWLU ZHOGLQJ� PDQXIDFWXUH RI VWUXF�
WXUDO PHPEHUV E\ H[SORVLRQ ZHOGLQJ�� 5HSDLU WHFK�
QRORJLHV XVLQJ ZHOGLQJ� FODGGLQJ DQG VSUD\LQJ VKRZ
KLJK SURPLVH IRU PDLQWDLQLQJ SHUIRUPDQFH RI FKHPLFDO
DQG RLO�DQG�JDV LQGXVWU\ HTXLSPHQW� 7KH 3:, LV SUH�
SDUHG WR DVVLVW HQWHUSULVHV LQ PDVWHULQJ ERWK QHZ DQG
WUDGLWLRQDO WHFKQRORJLHV�

3URI� .�$� <XVKFKHQNR� 'U� <X�1� .D�
NKRYVN\� *�9� )DGHHYD� 9�,� 6DPRMOHQNR�
DQG'U�$�9� %XODW �(�2� 3DWRQ (OHFWULF:HOGLQJ
,QVWLWXWH� �1HZ HOHFWURGHV RI WKH $1% VHULHV IRU
ZHOGLQJ KLJK�DOOR\ VWHHOV DQG DOOR\V�� 7KH (�2� 3D�
WRQ (OHFWULF :HOGLQJ ,QVWLWXWH GHYHORSHG FRYHUHG
HOHFWURGHV RI WKH $1%���� $1%���� $1%��� DQG $1%�
��8� DQG $1%��� �(���.K��1�� (���.K��1�*�%�
(���.K��1��*�$0� DQG (���.K��1��*�0�'��
UHVSHFWLYHO\� JUDGHV IRU ZHOGLQJ PHWDO VWUXFWXUHV IRU
FKHPLFDO HQJLQHHULQJ� 7KHVH HOHFWURGHV DUH VXSHULRU LQ
D FRPELQDWLRQ RI WKHLU ZHOGLQJ�RSHUDWLRQDO SURSHUWLHV�
WHFKQRORJLFDO VWUHQJWK RI ZHOG PHWDO DQG FRUURVLRQ UH�
VLVWDQFH WR WKH NQRZQ HOHFWURGHV x DQDORJXHV RI WKH
2=/�� �(���.K��1��� 7V/��� �(���.K��1�*�%��
($�������8 �(���.K��1��0�*�)� DQG 2=/���8
�(���.K��1��0�'�*�%� JUDGHV�

'U� 9�)� 7RSROVN\ �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� �1HZ SURFHVVHV IRU ZHOGLQJ WL�
WDQLXP DQG LWV DOOR\V�� 7KH DOOR\ RQ WKH EDVH RI WL�
WDQLXP RI WKH 7���� JUDGH� KDYLQJ VWUHQJWK RI
���� 03D LQ WKH DQQHDOHG VWDWH� DV ZHOO DV WHFKQRORJ\
IRU ZHOGLQJ WKLV DOOR\ DQG D QXPEHU RI RWKHU DOOR\V
ZHUH GHYHORSHG� 3URSRVDOV IRU WKHPDQXIDFWXUH RI GULOO
SLSHV IURP WLWDQLXP�EDVH DOOR\V IRU GULOOLQJ RI ZHOOV
WR D GHSWK RI ���� P ZHUH VXEVWDQWLDWHG� 7KH 3:,
RIIHUV FRRSHUDWLRQ LQ PDVWHULQJ WKHVH DGYDQFHG GHYH�
ORSPHQWV�

'U� 9�$� $QRVKLQ DQG 'U� 9�0� ,O\X�
VKHQNR �(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�
�$GYDQFHG WHFKQRORJLHV IRU ZHOGLQJ FRSSHU DQG
VWHHO � PRQHO ELPHWDO�� 7KH 3:, GHYHORSHG DQG LV
DSSO\LQJ DGYDQFHG WHFKQRORJLHV IRU ZHOGLQJ RI FRSSHU
XVLQJ SDVWH�OLNH IOX[HV� LQ D QLWURJHQ DWPRVSKHUH� E\
SODVPD DQG (6: PHWKRGV� $YDLODEOH DUH WKH WHFKQRO�
RJ\ DQG ILOOHUPHWDOV �ZLUH� HOHFWURGHV RI WKH $17V��0
JUDGH� IRU ZHOGLQJ RI FRSSHU DQG VWHHO � PRQHO EL�
PHWDO� 6SHFLDOLVWV RI WKH 3:, DUH SUHSDUHG WR DVVLVW
LQGXVWU\ LQ PDVWHULQJ WKHVH WHFKQRORJLHV�

'U� ,�9�'RYELVKFKHQNR �(�2� 3DWRQ(OHFWULF
:HOGLQJ ,QVWLWXWH� �,PSURYHPHQW RI FRUURVLRQ UHVLV�
WDQFH RI ZHOGHG MRLQWV RQ DOXPLQLXP HTXLSPHQW XVHG
WR SURGXFH FRQFHQWUDWHG QLWULF DFLG�� 7KH 3:, GH�
YHORSHG WHFKQRORJLHV IRU LPSURYHPHQW RI FRUURVLRQ
UHVLVWDQFH RI ZHOGHG MRLQWV RQ UHDFWLRQ YHVVHOV �DXWR�
FODYHV� EOHDFKLQJ FROXPQV� UHIULJHUDWRUV� SLSHOLQHV
HWF�� DQG SDUWV PDGH IURP FRPPHUFLDO DOXPLQLXP
$'�� DQG $'��� RI DQ LQFUHDVHG SXULW\ E\ KHDW WUHDW�
PHQW� 7KH WHFKQRORJ\ UHFRPPHQGHGZLOO DOORZ VHUYLFH
OLIH RI WKH HTXLSPHQW WR EH H[WHQGHG�

'U�(�)�3HUHSO\RWFKLNRY �(�2�3DWRQ(OHFWULF
:HOGLQJ ,QVWLWXWH� �0RGHUQ WHFKQRORJLHV DQG HTXLS�

PHQW IRU VXUIDFLQJ DQG KDUGHQLQJ RI SLSHOLQH YDOYHV��
WKH 3:, GHYHORSHG WHFKQRORJLHV DQG VXEVWDQWLDWHG WKH
HIILFLHQF\ RI XVLQJ SODVPD�SRZGHU FODGGLQJ IRU SLSHOLQH
YDOYH FRPSRQHQWV� 3URYLGHG ZDV WKH LQIRUPDWLRQ RQ
QHZ SRZGHUV DQG HTXLSPHQW IRU SODVPD�SRZGHU FODG�
GLQJ RI YDOYHV� ([DPSOHV RI WKHLU HIILFLHQW DSSOLFDWLRQ
IRU SURGXFWLRQ DQG UHSDLU RI YDOYHV ZHUH JLYHQ�

3URI� $�<D� 1HGRVHND� 'U� 6�$� 1H�
GRVHND� 0�$� <DUHPHQNR �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH�� $�$� <RONLQ� <X�)� .XUED�
WRY� $�6� 9DVLOLHY �2GHVVD 3RUW )DFWRU\� �0RQL�
WRULQJ RI WHFKQLFDO VWDWH RI HTXLSPHQW LQ RSHUDWLRQ��
$YDLODEOH DUH WKH DGYDQFHG WHFKQRORJLHV IRU PRQLWRU�
LQJ RI TXDOLW\ RI ZHOGHG MRLQWV DQG HVWLPDWLRQ RI VSHFL�
ILHG VHUYLFH OLIH RI HTXLSPHQW� 7KH WHFKQRORJLHV DUH
EDVHG RQ DQDO\VLV RI WKH PDWHULDO FRQGLWLRQ YHFWRU
�0&9 WHFKQRORJ\�� 7KH V\VWHP IRU WHFKQLFDO GLDJ�
QRVWLFV RI HTXLSPHQW RI WKH (0$�� IDPLO\ ZDV PDGH
DQG LQWURGXFHG LQWR LQGXVWU\�

3URI� 6�*� 3RO\DNRY �(�2� 3DWRQ (OHFWULF
:HOGLQJ ,QVWLWXWH� �6FLHQWLILF SULQFLSOHV DQG KDUG�
ZDUH IRU XWLOLVDWLRQ RI HOHFWURFKHPLFDO PHWKRGV IRU
FRUURVLRQ PRQLWRULQJ DW SHWURFKHPLFDO HQWHUSULVHV��
7KHRU\ DQG SUDFWLFH RI PHDVXUHPHQW RI FRUURVLRQ UDWH
E\ WKH NLQHWLF DQG SRODULVDWLRQ UHVLVWDQFH PHWKRGV� DV
ZHOO DV HVWLPDWLRQ RI WKH HIIHFW RI GLVWULEXWLRQ RI ORFDO
FRUURVLRQ FHQWUHV RQ FRUURVLRQ IUDFWXUH VXVFHSWLELOLW\
RI D ZRUNSLHFH ZHUH ZRUNHG RXW� (OHPHQWV RI WKH
FRUURVLRQ�PHDVXUHPHQW KDUGZDUH �HOHFWURFKHPLFDO
FHOOV� VHQVRUV HWF�� ZHUH PDGH DQG LQWURGXFHG LQWR
SURGXFWLRQ� 7KH GHYHORSPHQWV DUH UHFRPPHQGHG IRU
ZLGH DSSOLFDWLRQ DW LQGXVWULDO HQWHUSULVHV�

'U� 9�$� .DFKDQRY �2SHQ -RLQW 6WRFN &RP�
SDQ\ �8NU1,,NKLPPDVK�� �,QYHVWLJDWLRQ RI FRUUR�
VLRQ EHKDYLRXU RI ZHOGHG MRLQWV LQ QHZ VWUXFWXUDO
PDWHULDOV LQ DJJUHVVLYH HQYLURQPHQWV�� ,QYHVWLJD�
WLRQV ZHUH FRQGXFWHG WR VWXG\ FRUURVLRQ UHVLVWDQFH RI
WKH 7K\VVHQ.UXSS 9'0 DOOR\V ��� ��� �� DQG %��
5XVVLDQ DOOR\V ��.K1��0'7 DQG .K1��0%8 DQG
]LUFRQLXP(���� LQ HQYLURQPHQWV FRQWDLQLQJ VXOSKXULF
DFLG� DOOR\V �� DQG ��.K1��0'7 LQ WLWDQLD SURGXF�
WLRQ SURFHVVHV� DV ZHOO DV DOOR\V ���� �� DQG
��.K1��''7 LQ FRQFHQWUDWHG FDXVWLF HQYLURQPHQWV�
5HFRPPHQGDWLRQV IRU WKHLU DSSOLFDWLRQV ZHUH JLYHQ�

'U�9�$�.DFKDQRY �2SHQ-RLQW6WRFN&RPSDQ\
�8NU1,,NKLPPDVK�� �,QFUHDVH LQ FRUURVLRQ FUDFNLQJ
UHVLVWDQFH RI PHWDOV LQ D VWUXFWXUH�� 5HFRPPHQGDWLRQV
IRU KHDW DQG K\GUDXOLF WUHDWPHQW RI ZHOGHG MRLQWV DQG
HTXLSPHQW RI VWHHOV ��*�6 DQG 6W��VS� ZHUH GHYHORSHG
DQG LQWURGXFHG LQWR SURGXFWLRQ LQ RUGHU WR LQFUHDVH UH�
VLVWDQFH WR FRUURVLRQ FUDFNLQJ�

(QJ� 6�9�1HVWHUHQNR DQG1�*�<HILPHQNR
�.KDUNLY 6WDWH 0XQLFLSDO $FDGHP\�� 'U� 9�$�
.DFKDQRY �2SHQ -RLQW 6WRFN &RPSDQ\ �8NU1,,�
NKLPPDVK�� �(IIHFW RI 5(0 DQG WKHLU PDVWHU DOOR\V
RQ FRUURVLRQ UHVLVWDQFH RI ZHOGV LQ DXVWHQLWLF VWHHOV��
0LFURDOOR\LQJ RI ZHOG PHWDO RI WKH ��.K��1��7�
��.K��1��0�� ��.K��1�� ��.K��1�*�7 W\SHV ZLWK
RI ������ DQG ������ � RI \WWULXP DQG FHULXP� UHVSHF�
WLYHO\� OHDGV WR LQKLELWLRQ RI FRUURVLRQ LQ DJJUHVVLYH HQ�
YLURQPHQWV FRQWDLQLQJ +�62�� +12� DQG 1D2+�

(QJ� *�(� 6KHSLO �2SHQ -RLQW 6WRFN &RPSDQ\
�8NU1,,NKLPPDVK�� �0HWDOORJUDSK\ RI FRUURVLRQ
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IUDFWXUHV RI KLJK DOOR\V�� 0HWDOORJUDSK\ RI WKH
7K\VVHQ.UXSS 9'0 DOOR\V ��� ��� ��� %� DQG ���
DQG ZHOGHG MRLQWV LQ HQYLURQPHQWV FKDUDFWHULVWLF RI
WLWDQLD DQG FDXVWLF VRGD SURGXFWLRQ UHYHDOHG ERWK DG�
YDQWDJHV DQG GLVDGYDQWDJHV RI HDFK RI WKH DERYH DO�
OR\V� &HUWDLQ KHDW WUHDWPHQW FRQGLWLRQV ZHUH UHFRP�
PHQGHG WR LPSURYH FRUURVLRQ SURSHUWLHV RI ZHOGHG
MRLQWV RI DOOR\V �� DQG ���

'U� %�$� *UX �6WDWH 5	' ,QVWLWXWH �.KLP�
WHNKQRORJL\D�� 6HYHURGRQHWVN� �&RUURVLRQ RI VWHHOV
DQG DOOR\V LQ VRPH FKHPLFDO HQJLQHHULQJ HQYLURQ�
PHQWV�� 7KH ,QVWLWXWH LV DFWLYH LQ UHVHDUFK RQ FRUURVLRQ
UHVLVWDQFH RI VWHHOV� DOOR\V DQG PHWDOV LQ VSHFLILF DJ�
JUHVVLYH HQYLURQPHQWV FKDUDFWHULVWLF RI FKHPLFDO HQ�
JLQHHULQJ� ,W ZDV HVWDEOLVKHG� LQ SDUWLFXODU� WKDW LQ
SURGXFWLRQ RI SRWDVVLXP VDOWSHWUH VWHHO ��.K1��0'7
H[KLELWHG DQ DFFHSWDEOH FRUURVLRQ UHVLVWDQFH LQ DQ LQ�
WHUPHGLDWH SURGXFW RI 12&O DW D WHPSHUDWXUH RI �� �&�
DOOR\V .K1��7 DQG .K1��09 H[KLELWHG DQ DEVROXWH
UHVLVWDQFH LQ D PL[WXUH RI 12&O �&O� � 1�2� DW �� �&�
DQG WKH 7K\VVHQ.UXSS 9'0 DOOR\ ��
���.K��1��0��� ZDV WKH EHVW LQ RUJDQLF FKORULQH DW
��� �&�

(QJ� $�,� .DEDVKQ\ �2SHQ -RLQW 6WRFN &RP�
SDQ\ �8NU1,,NKLPPDVK�� �3HFXOLDULWLHV RI WKH WHFK�
QRORJ\ IRU PDQXIDFWXUH RI KHDW H[FKDQJHUV IURP
SODWHV�� 7KH&RPSDQ\�8NU1,,NKLPPDVK� GHYHORSHG
GHVLJQV DQG WHFKQRORJLHV IRU PDQXIDFWXUH RI KHDW H[�
FKDQJLQJ HOHPHQWV RI WKH SODWH DQG SDQHO W\SHV IURP
SODWHV� 7KHUPDO HIILFLHQF\ RI VXFK HOHPHQWV LV ��� WLPHV
DV KLJK DV WKDW RI WXEXODU HOHPHQWV�

(QJ� 9�0� 'ROLQVN\� '�*� 5\DX]RY� 9�,�
&KHUHPVND\D �2SHQ -RLQW 6WRFN &RPSDQ\ �8NU�
1,,NKLPPDVK�� �2SHUDWLRQ DQG PRQLWRULQJ RI WHFK�
QLFDO HTXLSPHQW ZLWK GHIHFWV LQ ZHOGHG MRLQWV�� 7KH
&RPSDQ\ �8NU1,,NKLPPDVK� GHYHORSHG DQG VXFFHVV�
IXOO\ YHULILHG XQGHU LQGXVWULDO FRQGLWLRQV WKH PRGHO
WHVW PHWKRG DOORZLQJ HVWLPDWLRQ RI WKH UHVLGXDO VDIH
OLIH RI FKHPLFDO HQJLQHHULQJ VWUXFWXUHV� 7R DSSO\ WKLV
PHWKRG LQ LQGXVWU\� LW LV QHFHVVDU\ WR UHYLVH VWDQGDUGV
RQ DGPLVVLELOLW\ DQG LQDGPLVVLELOLW\ RI RSHUDWLRQ RI
HTXLSPHQW�

(QJ� ,�,� .RYDOHY �5XEH]KDQVN 6WDWH &KHPL�
FDO )DFWRU\� �([SHULHQFH LQ RSHUDWLRQ� PDQXIDFWXUH
DQG UHSDLU RI IHUURVLOLFLGH HTXLSPHQW��

(QJ� $�6� *HUDVKFKHQNR �-RLQW 6WRFN &RP�
SDQ\ �8NU7$7QDIWD�� .UHPHQFKXJ� �3UREOHPV RI
UHSDLU� RSHUDWLRQ� DVVXUDQFH RI TXDOLW\ DQG UHOLDELOLW\
RI SHWURFKHPLFDO HTXLSPHQW VXSSOLHG WR -RLQW 6WRFN
&RPSDQ\ �8NU7$7QDIWD�� 7KH .UHPHQFKXJ 2LO 5H�
ILQHU\� ZKLFK LV FDSDEOH RI UHILQLQJ �� PLOOLRQ WRQV
RI RLO SHU \HDU� KDV LQ RSHUDWLRQ ���� YHVVHOV DQG
DSSDUDWXVHV� ���� SXPSV� ��� FRPSUHVVRUV� ��� WDQNV�
���� SLSLQJV DQG ���� SLHFHV RI RWKHU VHUYLFH HTXLS�
PHQW� $ ZLVK ZDV H[SUHVVHG WKDW D FHQWUDOLVHG SUR�
GXFWLRQ RI VSHFLDO HOHFWURGHVZLWK D JXDUDQWHHG TXDOLW\

IRU FKHPLFDO DQG RLO�DQG�JDV HQWHUSULVHV EH DUUDQJHG
LQ 8NUDLQH�

'U� /�,� $VODPRYD� 'U� ,�0� .DGHQNR
�7� 6KHYFKHQNR .\LY 1DWLRQDO 8QLYHUVLW\� �7UDLQ�
LQJ RI SHUVRQQHO ZRUNLQJ ZLWK WKH HTXLSPHQW FRP�
SULVLQJ LRQLVDWLRQ UDGLDWLRQ VRXUFHV�� ,Q 8NUDLQH IRU
WKH ILUVW WLPH WKH �6WDWH 6DQLWDU\�+\JLHQLF 5XOHV DQG
5HJXODWLRQV IRU 5DGLDWLRQ 6DIHW\ ZKLOH:RUNLQJ ZLWK
0HWDO 6FUDS� ZHUH GHYHORSHG� 7KH\ KDYH EHHQ LQWUR�
GXFHG LQWR HIIHFW VLQFH 0DUFK ��� ����� 7KH .\LY
1DWLRQDO 8QLYHUVLW\ DUUDQJHG FRXUVHV RQ WKH DERYH
VXEMHFW PDWWHU IRU OHJDO DQG QDWXUDO HQWLWLHV�

'U� 3�3� 3URWVHQNR� 3URI�.�$�<XVKFKHQ�
NR �(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� �,QWHU�
QDWLRQDO V\VWHP IRU WUDLQLQJ DQG FHUWLILFDWLRQ RI VSH�
FLDOLVWV LQYROYHG LQ ZHOGLQJ DQG UHODWHG SURFHVVHV��
7KH ,QWHUQDWLRQDO 7UDLQLQJ DQG &HUWLILFDWLRQ &HQWUH
IRU WUDLQLQJ RI LQWHUQDWLRQDO�TXDOLILFDWLRQ VSHFLDOLVWV�
VXFK DV ZHOGLQJ HQJLQHHUV� ZHOGLQJ WHFKQRORJLVWV�
ZHOGLQJ VSHFLDOLVWV� ZHOGLQJ SUDFWLWLRQHUV DQG ZHOG�
LQJ LQVSHFWRUV LV IXQFWLRQLQJ RQ D UHJXODU EDVLV DW WKH
(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�

(QJ�9�9�3URJRODHY �2SHQ -RLQW 6WRFN &RP�
SDQ\ �8NU1,,NKLPPDVK���'U� *�*� 0RQNR DQG
'U�/�9�&KHNRWLOR �(�2� 3DWRQ(OHFWULF:HOGLQJ
,QVWLWXWH� �'HYHORSPHQW RI QHZ VWDQGDUGV DQG VSHFL�
ILFDWLRQV IRU FKHPLFDO DQG RLO HQJLQHHULQJ�� 7KH &RP�
SDQ\ �8NU1,,NKLPPDVK� GHYHORSHG DQG LQWURGXFHG
LQWR HIIHFW EDVLF EUDQFK VWDQGDUGV IRU FKHPLFDO� SHW�
URFKHPLFDO DQG RLO�DQG�JDV HQJLQHHULQJ� *678 �����
���w���� DQG *678 �����w���� �GHYHORSHG ZLWK SDU�
WLFLSDWLRQ RI 3:,�� QDWLRQDO VWDQGDUGV� '678 ����w
���� DQG '678 ����w����� DV ZHOO DV VWDQGDUGV KDU�
PRQLVHG ZLWK (1� '678 (1 �����w���� DQG '678
(1�����w����� 7KH VWDQGDUGV DUH DYDLODEOH DW WKH&RP�
SDQ\ �8NU1,,NKLPPDVK��

3DUWLFLSDWLQJ LQ WKH URXQG�WDEOH GLVFXVVLRQ ZHUH
UHSUHVHQWDWLYHV RI LQGXVWULDO HQWHUSULVHV� 5	' LQVWL�
WXWHV DQG RWKHU RUJDQLVDWLRQV� 3�3� (ODJLQ� %�3�
.LVO\� %�<X� =KXNRYVN\� /�(� 0DUFKHQNR� $� 6DO�
QLNRY� $�3� .RURS� 6�9� )LUVRY� $�(� 1RUDYVN\� ,�'�
*URLVPDQ� ,�9� <DYRUVN\� 9�$� %DV� 9�$� %DULO\XN�
7�9� 6XSUXQ� 9�*� )DUWXVKQ\ DQG RWKHUV� 7KH SDU�
WLFLSDQWV H[SUHVVHG DQ LQWHUHVW LQ KDYLQJ VXFK VHPLQDUV
KHOG RQ D UHJXODU EDVLV�

,Q WKH FORVLQJ VSHHFK .�$� <XVKFKHQNR DQG <X�'�
'DQLORY WKDQNHG UHSUHVHQWDWLYHV RI 8NUDLQLDQ RUJD�
QLVDWLRQV� UHVHDUFK DQG LQGXVWULDO HQWHUSULVHV� DV ZHOO
DV VSHFLDOLVWV DQG VFLHQWLVWV IURP $XVWULD� *HUPDQ\
DQG 3RUWXJDO� WKH �7K\VVHQ.UXSS 9'0 $XVWULD
*PE+�� �9RHVW $OSLQH� FRPSDQLHV DQG WKH 1LFNHO
'HYHORSPHQW ,QVWLWXWH IRU SDUWLFLSDWLRQ LQ WKH 6HPL�
QDU DQG VXSSRUW UHQGHUHG WR LWV KROGLQJ�

7KH 6HPLQDU GHPRQVWUDWHG D KLJK SRWHQWLDO RI VFL�
HQFH DQG LQGXVWU\ IRU IXUWKHU LPSURYHPHQW RI FKHPLFDO
DQG RLO�DQG�JDV LQGXVWULHV RI 8NUDLQH�
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