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)RXQGHUV� 7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

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

3XEOLVKHU� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

(GLWRU�LQ�&KLHI %�(� 3DWRQ

(GLWRULDO ERDUG�
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9�.�6KHOHJ <X�$�6WHUHQERJHQ
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3URPRWLRQ JURXS�
9�1�/LSRGDHY� 9�,�/RNWHYD

$�7�=HOQLFKHQNR �H[HF� GLUHFWRU�
7UDQVODWRUV�

6�$�)RPLQD� ,�1�.XWLDQRYD�
7�.�9DVLOHQNR

(GLWRU
1�$�'PLWULHYD
(OHFWURQ JDOOH\�

,�9�3HWXVKNRY� 7�<X�6QHJLUHYD

(GLWRULDO DQG DGYHUWLVLQJ RIILFHV�
(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH�
,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ��

��� %R]KHQNR VWU�� ������ .\LY� 8NUDLQH
7HO�� ������� ��� �� ��
)D[� ������� ��� �� ��

(�PDLO� MRXUQDO#SDWRQ�NLHY�XD
KWWS���ZZZ�QDV�JRY�XD�SZM

6WDWH 5HJLVWUDWLRQ &HUWLILFDWH
.9 ���� RI ����������

6XEVFULSWLRQV�

����� �� LVVXHV SHU \HDU�

SRVWDJH DQG SDFNDJLQJ LQFOXGHG�

%DFN LVVXHV DYDLODEOH

$OO ULJKWV UHVHUYHG�

7KLV SXEOLFDWLRQ DQG HDFK RI WKH DUWLFOHV

FRQWDLQHG KHUHLQ DUH SURWHFWHG E\ FRS\ULJKW�

3HUPLVVLRQ WR UHSURGXFH PDWHULDO FRQWDLQHG LQ

WKLV MRXUQDO PXVW EH REWDLQHG LQ ZULWLQJ IURP

WKH 3XEOLVKHU�

&RSLHV RI LQGLYLGXDO DUWLFOHV PD\ EH REWDLQHG

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

�
'HVLJQ %XUHDX �<X]KQR\H�� 'QHSURSHWURYVN� 8NUDLQH

3URWRW\SH RI DQ LQWHJUDWHG SODVPDWURQ IRU PLFURSODVPD� ODVHU DQG ODVHU�PLFURSODVPD ZHOGLQJ RI GLIIHUHQW PHWDOV XS WR

� PP WKLFN LQ WKH DXWRPDWLF DQG PDQXDO PRGHV ZDV GHVLJQHG DQG PDQXIDFWXUHG� 7HFKQRORJLFDO FDEDELOLWLHV RI WKLV

SODVPDWURQ IRU ZHOGLQJ VWHHOV� WLWDQLXP DQG DOXPLQLXP DOOR\V LQ WKH PLFURSODVPD� ODVHU DQG K\EULG PRGHV ZHUH VWXGLHG�
7KH HIILFLHQF\ RI XWLOLVDWLRQ RI HQHUJ\ RI WKH ODVHU EHDP DQG PLFURSODVPD DUF FRPELQHG LQ D K\EULG SURFHVV ZDV SURYHG

WR VXEVWDQWLDOO\ LQFUHDVH� /DVHU�PLFURSODVPD ZHOGLQJ XVLQJ WKH PLFURSODVPD DUF ZLWK DOWHUQDWLQJ�SRODULW\ FXUUHQW SXOVHV

LV VKRZQ WR KDYH D KLJK SRWHQWLDO IRU MRLQLQJ DOXPLQLXP DOOR\V�

.H\ ZRU G V � HOHFWULF DUF� ODVHU EHDP� LQWHJUDWHG SODVPD�

WURQ� PLFURSODVPD� ODVHU� ODVHU�PLFURSODVPD ZHOGLQJ� PHWDO
SHQHWUDWLRQ� VSDFH� LQYHVWLJDWLRQV

&RPELQHG RU K\EULG SURFHVVHV LPSOHPHQWHG E\ D FRP�

ELQHG XVH RI WZR GLIIHUHQW KHDW VRXUFHV� H�J� ODVHU
EHDP DQG HOHFWULF DUF� DUH UHFHLYLQJ FXUUHQWO\ DQ LQ�

FUHDVLQJO\ ZLGH DFFHSWDQFH� ,QLWLDO LQYHVWLJDWLRQV LQWR

ODVHU�DUF ZHOGLQJ SURFHVVHV >�w�@ VKRZHG WKDW WKH\
SRVVHVV D QXPEHU RI SHFXOLDULWLHV ZKLFK FDQQRW EH

H[SODLQHG E\ VLPSOH VXSHUSRVLWLRQ RI SURSHUWLHV RI WKH

LQYROYHG KHDW VRXUFHV LI WDNHQ VHSDUDWHO\� ,Q SDUWLFX�

ODU� LW ZDV IRXQG WKDW WKH FRPELQHG HIIHFW H[HUWHG RQ

PHWDOV E\ ODVHU DQG DUF KHDW VRXUFHV ZDV DFFRPSDQLHG

E\ D IXQGDPHQWDO LQFUHDVH LQ WKH FRHIILFLHQW RI XWLOL�
VDWLRQ RI HQHUJ\ RI ERWK KHDW VRXUFHV DQG VWDELOLW\ RI

PRYHPHQW RI WKH DUF VSRW RYHU WKH ZRUNSLHFH VXUIDFH�

$OO WKLV DOORZV D PRUH WKDQ ��� WLPHV LQFUHDVH LQ D

PD[LPXP GHSWK RI SHQHWUDWLRQ� DV FRPSDUHG ZLWK WKH

FRUUHVSRQGLQJ ODVHU SURFHVV� ZKLFK LV HVSHFLDOO\ LP�

SRUWDQW IRU WKH FDVHV ZKHQ ORZ�SRZHU ODVHUV DUH HP�

SOR\HG� DQG PDNHV LW SRVVLEOH WR LPSURYH VWDELOLW\ DQG

DOPRVW GRXEOH WKH SURGXFWLYLW\ RI WKH FRUUHVSRQGLQJ

DUF SURFHVV�

5HVXOWV REWDLQHG IURP XWLOLVDWLRQ RI WKH FRQ�

VWULFWHG �SODVPD� DUF LQVWHDG RI WKH IUHHO\ EXUQLQJ

RQH LQ WKH K\EULG SURFHVV WXUQHG RXW WR EH PXFK PRUH

HQFRXUDJLQJ� 7ZR GLDJUDPV RI UHDOLVDWLRQ RI WKH OD�

VHU�SODVPD ZHOGLQJ DUH NQRZQ LQ WKH DUW x RQH ZLWK

ODVHU EHDP DQG SODVPD DUF ORFDWHG DW DQ DQJOH WR HDFK
RWKHU >�� �@� DQG WKH RWKHU ZLWK WKHLU FRD[LDO DUUDQJH�

PHQW >�w��@� 7KH ODWWHU VHHPV WR EH PRUH UDWLRQDO� DV

LW SURYLGHV WKH UHTXLUHG FRD[LDOLW\ RI WKHUPDO DQG

G\QDPLF HIIHFWV RI WKH KHDW VRXUFHV RQ WKH ZHOG SRRO
VXUIDFH�

8QIRUWXQDWHO\� HPSOR\PHQW RI WUDGLWLRQDO SODVPD�
WURQV IRU UHDOLVDWLRQ RI K\EULG ODVHU�SODVPD ZHOGLQJ

ZLWKLQ WKH IUDPHV RI WKH GLDJUDP XQGHU FRQVLGHUDWLRQ

LV KDUGO\ SRVVLEOH� &RD[LDO DUUDQJHPHQW RI WKH ODVHU

EHDP DQG SODVPD DUF UHTXLUHV WKH XVH RI VSHFLDOLVHG
GHYLFHV� L�H� LQWHJUDWHG ODVHU�DUF SODVPDWURQV >�w���
��@� WKH PDLQ SHFXOLDULW\ RI ZKLFK LV GHVLJQ RI WKH
FDWKRGH XQLW �UHIUDFWRU\ WXEXODU FDWKRGH RU V\VWHP RI

SLQ FDWKRGHV ORFDWHG RQ WKH FLUFXPIHUHQFH� WR DOORZ

IRFXVHG ODVHU UDGLDWLRQ WR EH LQWURGXFHG LQWR WKH ZHOG�

LQJ ]RQH DORQJ WKH D[LV RI WKH SODVPD�VKDSLQJ FKDQQHO�

7KLV DUWLFOH FRQVLGHUV UHVXOWV RI WHVWV RI D SURWRW\SH
RI WKH LQWHJUDWHG ODVHU�DUF SODVPDWURQ LQWHQGHG IRU

DXWRPDWLF DQG PDQXDO ZHOGLQJ RI GLIIHUHQW PHWDOV XS

WR � PP WKLFN� DV ZHOO DV UHVXOWV RI VWXGLHV RI WHFK�

QRORJLFDO FDSDELOLWLHV RI K\EULG ZHOGLQJ RI VWDLQOHVV

VWHHOV� WLWDQLXP DQG SDUWLFXODUO\ DOXPLQLXP DOOR\

IURP WKH VWDQGSRLQW RI LWV IXWXUH DSSOLFDWLRQ XQGHU
WKH VSDFH FRQGLWLRQV�

([SHULPHQWDO HTXLSPHQW� 7KH SURWRW\SH RI D YHU�
VDWLOH SODVPDWURQ IRU PLFURSODVPD� ODVHU DQG ODVHU�PL�

FURSODVPD ZHOGLQJ LQ WKH DXWRPDWLF DQG PDQXDO

PRGHV ZDV GHVLJQHG DQG PDQXIDFWXUHG IRU LPSOHPHQ�

WDWLRQ RI WKH SURFHVV RI K\EULG ZHOGLQJ RI WKLQ VHFWLRQV

RI PHWDOV �)LJXUH ��� 7KLV GHYLFH LV D WZR�HOHFWURGH

SODVPDWURQ ZLWK D WXQJVWHQ FDWKRGH ��� PP LQ GL�

� %�(� 3$721� 9�6� *92='(76.<� ,�9� .5,97681� $�$� =$*5(%(/1<� 9�)� 6+8/<0 DQG 9�/� '=+(33$� ����




7KLV VWXG\ ZDV SHUIRUPHG LQ FROODERUDWLRQ ZLWK WKH %UHPHQ ,QVWLWXWH IRU $SSOLHG %HDP 7HFKQRORJLHV �%,$6� %UHPHQ� *HUPDQ\�

)LJXUH �� ,QWHJUDWHG SODVPDWURQ IRU PLFURSODVPD� ODVHU DQG K\EULG
ZHOGLQJ LQ DXWRPDWLF DQG PDQXDO PRGHV
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DPHWHU �IRU RSHUDWLRQ DW VWUDLJKW SRODULW\ �63�� DQG
WXQJVWHQ HOHFWURGH ��� PP LQ GLDPHWHU �IRU RSHUDWLRQ
XQGHU FRQGLWLRQV RI DOWHUQDWLQJ�SRODULW\ SXOVHV RI WKH
HOHFWULF FXUUHQW�� LQVWDOOHG LQVLGH D ZDWHU�FRROHG FDV�
LQJ� (OHFWURGHV DUH ORFDWHG GLDPHWULFDOO\ DW DQ DQJOH
RI ��� WR WKH SODVPDWURQ D[LV ZLWK D SRVVLELOLW\ RI
PRYLQJ DORQJ WKHLU D[HV� 7KH SODVPDWURQ KDV D UH�
SODFHDEOH SODVPD�VKDSLQJ QR]]OH PDGH IURP FRSSHU RU
PRO\EGHQXP� ZLWK D GLDPHWHU RI WKH H[LW FKDQQHO
HTXDO WR �w� PP� DQG DQ H[WHUQDO QR]]OH IRU VKLHOGLQJ
JDV IHHGLQJ�

7KH VXJJHVWHG SODVPDWURQ GHVLJQ DOORZV WKH IR�
FXVHG ODVHU EHDP WR EH LQWURGXFHG LQWR WKH ZHOGLQJ
]RQH DORQJ WKH D[LV RI WKH SODVPD�VKDSLQJ QR]]OH� )RU
WKLV SXUSRVH WKH FDVLQJ LV ILWWHG LQ LWV XSSHU SDUW ZLWK
DQ LQWHUIDFLQJ XQLW �)LJXUH �� WR FRQQHFW WKH SODVPD�
WURQ WR WKH VWDQGDUG IRFXVLQJ V\VWHP56<�)0�'���=

+3��ZLWK DQ DGMXVWDEOH IRFDO GLVWDQFH RI ���±� PP�
ZKLFK LV FRQQHFWHG WR WKH OLJKW JXLGH YLD WKH 56<�
.0�%��� +3:�� FROOLPDWRU� 7KH SODVPDWURQ LV GH�
VLJQHG IRU RSHUDWLRQ ZLWK WKH XS WR � N: <$* ODVHU
�VL]H RI WKH IRFDO VSRW LV ���w��� PP� DW 63 FXUUHQWV
RI WKH PLFURSODVPD DUF HTXDO WR �� $ DQG XVLQJ DOWHU�
QDWLQJ�SRODULW\ SXOVHV RI WKH HOHFWULF FXUUHQW ZLWK DQ
DPSOLWXGH RI �� $�

3UHOLPLQDU\ WHVWV RI WKH SODVPDWURQ LQ WKH DUF
PRGH� FRQGXFWHG E\ WKH (�2� 3DWRQ (OHFWULF :HOGLQJ
,QVWLWXWH XVLQJ DQ H[SHULPHQWDO SRZHU VXSSO\� LQ�
FOXGHG�

• LGHQWLILFDWLRQ RI FRQGLWLRQV IRU H[FLWDWLRQ DQG
PDLQWHQDQFH RI WKH SLORW DQG PDLQ DUFV�

• FKHFNLQJ IXQFWLRQLQJ RI WKH SODVPDWURQ DW

VWUDLJKW DQG UHYHUVH SRODULWLHV�

• SUHOLPLQDU\ HYDOXDWLRQ RI WHFKQRORJLFDO FDSDELOL�
WLHV RI WKH SODVPDWURQ LQ WKH PLFURSODVPD ZHOGLQJ

PRGH�

:LWK WKH SODVPD�VKDSLQJ QR]]OH FKDQQHO GLDPHWHUV

RI �w� PP DQG SODVPD JDV �DUJRQ� IORZ UDWHV RI ���w

��� O�PLQ WKH SLORW DUF ZDV LJQLWHG LQ D VWDEOH PDQQHU

ERWK EHWZHHQ HDFK RI WKH HOHFWURGHV DQG WKH QR]]OH

DQG EHWZHHQ WKH WZR HOHFWURGHV �SLORW DUF FXUUHQW

�w� $� RSHQ�FLUFXLW YROWDJH �� 9�� 7KH EHVW VKDSH RI

WKH SLORW DUF ZLWK D SODVPD IODPH JRLQJ RXW RI WKH

QR]]OH H[LW VHFWLRQ ZDV REVHUYHG LQ LWV EXUQLQJ EH�

WZHHQ WKH SODVPDWURQ HOHFWURGHV�

$W D GLVWDQFH IURP WKH QR]]OH H[LW VHFWLRQ WR WKH

VDPSOH VXUIDFH HTXDO WR K  �w� PP� WKH 63 PDLQ DUF

KDG D VWDEOH H[FLWDWLRQ DQG EXUQLQJ DW DQ HOHFWULF

FXUUHQW RI ,  ��w�� $ DW DQ DUF YROWDJH RI 8  

 ��w�� 9 �8R��F  �� 9�� ,QFUHDVLQJ WKH RSHQ�FLUFXLW

YROWDJH WR ��� 9 SURYLGHG WKH VWDEOH H[FLWDWLRQ DQG

EXUQLQJ RI WKH PDLQ DUF DW D GLVWDQFH WR WKH VDPSOH

VXUIDFH LQFUHDVHG WR � PP�

6DPSOHV ���� ���� ��� DQG ��� PP WKLFN RI VWDLQOHVV

VWHHO ��.K��1�7 �&x ����� &U x ����w����� 1L x

���w���� ZW���� WLWDQLXP DOOR\ 27�� ����$Ow���0J�

DQG DOXPLQLXP DOOR\ $0J� �$Ow�0J� ZHUH XVHG WR

HYDOXDWH WHFKQRORJLFDO FDSDELOLWLHV RI WKH SODVPDWURQ

LQ WKH PLFURSODVPD ZHOGLQJ PRGH�

7KH VDPSOHVZHOGHGZHUHPRXQWHG RQ D IL[HGZHOG�
LQJ WDEOH �XVLQJ D FRSSHU EDFNLQJ�� DQG WKH SODVPD�
WURQ ZDV IL[HG RQ WKH EUDFNHW RI D ZHOGLQJ WUDFWRU
DQG PRYHG GXULQJ ZHOGLQJ RSHUDWLRQV �)LJXUH ��� 7KH
WHFKQRORJLFDO H[SHULPHQWV FRQGXFWHG LQFOXGHG SHQH�
WUDWLRQ RI WKH VDPSOHV DQG ZHOGLQJ RI EXWW MRLQWV� 7KH
SODVPD JDV� VKLHOGLQJ JDV IORZ UDWH DQG WKH FRROLQJ
ZDWHU FRQVXPSWLRQ ZHUH ���� ���� ��� O�PLQ� UHVSHF�
WLYHO\�

,W ZDV HVWDEOLVKHG WKDW ZHOGHG MRLQWV ZLWK IXOO
SHQHWUDWLRQ RI VDPSOHV RI VWDLQOHVV VWHHO DQG WLWDQLXP
DOOR\� ���w��� PP WKLFN� FRXOG EH SURGXFHG E\ PL�
FURSODVPD ZHOGLQJ ZLWK WKH 63 DUF XVLQJ WKH SODVPD�
WURQ GHYHORSHG� ,Q WKDW FDVH WKH ZHOGLQJ SDUDPHWHUV
ZHUH DV IROORZV� ,  ��w�� $� 8  ��w�� 9 DQG
ZHOGLQJ VSHHG YZ  ����w���� P�PLQ� :LGWK RI WKH
ZHOGV WKXV SURGXFHG ZDV QR PRUH WKDQ ��� PP� 1R
PDUNHG XQGHUFXWV RU VDJV RI WKH ZHOGV ZHUH VHHQ� DQG
WKH ZHOGV SURGXFHG DW D GLVWDQFH WR D VDPSOH HTXDO
WR � PP ORRNHG EHWWHU�

7KH H[SHULPHQWV FRQGXFWHG UHYHDOHG WKH LQVXIIL�
FLHQF\ RI VKLHOGLQJ RI WKH ZHOG SRRO VXUIDFH� ZKLFK
UHVXOWHG LQ D PDUNHG R[LGDWLRQ RI WKH ZHOGV� $V DQ
LQFUHDVH LQ WKH VKLHOGLQJ JDV IORZ UDWH IDLOHG WR SURYLGH
DQ LPSURYHPHQW RI WKH VKLHOGLQJ TXDOLW\� FHUWDLQ
PRGLILFDWLRQV ZHUH PDGH RQ WKH SODVPDWURQ� GLDPHWHU
RI WKH H[LW RULILFH RI WKH VKLHOGLQJ QR]]OH ZDV LQFUHDVHG
DQG D IOXRURSODVWLF JDV�GLVWULEXWLRQ ULQJ ZDV PDGH
DQG LQVWDOOHG LQWR WKLV QR]]OH� $OWKRXJK WKHVH PHDV�
XUHV SURYLGHG VRPH LPSURYHPHQW RI WKH TXDOLW\ RI
VKLHOGLQJ RI WKH ZHOGLQJ ]RQH� WKDW ZDV REYLRXVO\
LQVXIILFLHQW �IXUWKHU RSWLPLVDWLRQ RI WKH ZHOG VKLHOG�
LQJ V\VWHP LV UHTXLUHG��

8QIRUWXQDWHO\� WKH DWWHPSWVPDGH DW WKH ILUVW VWDJH
RI WKH WHVW WR GHWHUPLQH FDSDELOLWLHV RI WKH SODVPDWURQ
LQ RSHUDWLRQ XQGHU FRQGLWLRQV RI WKH DOWHUQDWLQJ�SR�
ODULW\ FXUUHQW SXOVHV IDLOHG EHFDXVH RI XQVWDEOH IXQF�
WLRQLQJ RI WKH DYDLODEOH SRZHU XQLW�

7HFKQRORJLFDO H[SHULPHQWV� 7HFKQRORJLFDO H[�
SHULPHQWV RQ XWLOLVDWLRQ RI WKH LQWHJUDWHG SODVPDWURQ
IRU ZHOGLQJ LQ WKH DUF� ODVHU DQG K\EULG PRGHV ZHUH
FRQGXFWHG DW %,$6 LQ *HUPDQ\� $ VWDQGDUG SRZHU
XQLW IRU DUF DQG SODVPD ZHOGLQJ RI WKH 0(66(5 7,*

)LJXUH �� 0LFURSODVPD ZHOGLQJ DW VWUDLJKW SRODULW\ XVLQJ WKH LQ�

WHJUDWHG SODVPDWURQ
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��� $&�'&�3 PRGHO ZLWK D VPRRWK UHJXODWLRQ RI
WKH HOHFWULF FXUUHQW IURP � WR ��� $� LQFOXGLQJ WKH
SODVPD DQG VKLHOGLQJ JDV IHHG DQG FRQWURO V\VWHP DQG
WKH FORVHG ORRS RI IOXLG FRROLQJ RI WKH SODVPDWURQ
ZLWK LWV VZLWFKLQJ�RQ LQWHUORFNLQJ� ZDV XVHG DV D
SRZHU VXSSO\� 7KH SRZHU VXSSO\ SURYLGHG D VWDEOH
LJQLWLRQ RI WKH SLORW DUF ERWK EHWZHHQ RQH RI WKH
HOHFWURGHV DQG WKH SODVPDWURQ QR]]OH DQG EHWZHHQ WKH
WZR HOHFWURGHV� ,Q DGGLWLRQ� WKLV SRZHU VXSSO\ ZDV
HTXLSSHG ZLWK DQ RVFLOODWRU WR LJQLWH WKH PDLQ DUF E\
EUHDNLQJ GRZQ WKH DUF JDS� ZKLFK DOORZHG WKH $&
DQG '& PDLQ DUF WR EH LJQLWHG IXUWKHU RQ ZLWKRXW WKH
XVH RI WKH SLORW DUF�

5RERW�PDQLSXODWRU RI WKH .8.$ &RPSDQ\ ZDV

XVHG WR PRYH WKH SODVPDWURQ GXULQJ ZHOGLQJ� 7KH

FRQWURO V\VWHP RI WKH URERW PDGH LW SRVVLEOH WR SUR�

JUDP DOO WKH SDUDPHWHUV RI WKH ZHOGLQJ SURFHVV� ZKLFK�

LQ DGGLWLRQ WR DGYDQWDJHV� DOVR KDG FHUWDLQ GUDZEDFNV�

DV LW GLG QRW DOORZ DGMXVWPHQW RI WKH SURFHVV SDUDPH�

WHUV GXULQJ ZHOGLQJ� ,Q DOO WKH H[SHULPHQWV WKH ZHOG�

LQJ VSHHG ZDV VHW DW D OHYHO RI ���� P�PLQ� ZKLFK�

ILUVWO\� LV D PHDQ YDOXH RI WKH VSHHG RI PDQXDO ZHOGLQJ

RSHUDWLRQV� DQG� VHFRQGO\� D OLPLWHG SRZHU RI WKH SODV�

PDWURQ GLG QRW DOORZ RSHUDWLRQ DW KLJKHU VSHHG YDOXHV�

7KH GLVWDQFH IURP WKH H[LW VHFWLRQ RI WKH FRSSHU

SODVPD�VKDSLQJ QR]]OH WR D VDPSOH ZDV VHW WR EH HTXDO

WR ���w��� PP� DQG GLDPHWHU RI WKH SODVPDWURQ QR]]OH

FKDQQHO ZDV VHOHFWHG WR EH HTXDO WR ��� PP� 6DPSOHV

RI WKH VDPH PDWHULDOV DQG WKLFNQHVVHV� DV WKRVH XVHG

IRU WKH WHVWV FRQGXFWHG DW WKH 3:,� ZHUH HPSOR\HG

IRU WKH DERYH WHFKQRORJLFDO H[SHULPHQWV�
0LFURSODVPD ZHOGLQJ� 63 PLFURSODVPD ZHOGLQJ

RI VDPSOHV RI WKH DERYH VWDLQOHVV VWHHO DQG WLWDQLXP
DOOR\ ZDV FDUULHG RXW WR GHWHUPLQH WHFKQRORJLFDO FD�
SDELOLWLHV RI WKH SODVPDWURQ LQ WKH DUF PRGH RSHUDWLRQ�
6L[ EXWW MRLQWV RI VDPSOHV ���w��� PP WKLFN ZHUH
ZHOGHG DW GLIIHUHQW FRPELQDWLRQV RI WKH DUF FXUUHQW
,  ��w�� $� DQG SHQHWUDWLRQ RI IRXU VDPSOHV �w� PP
WKLFN ZDV SHUIRUPHG IRU VXEVHTXHQW FRPSDULVRQ RI WKH
GHSWK DQG ZLGWK RI SHQHWUDWLRQ LQ PLFURSODVPD ZHOG�
LQJ ZLWK WKH FRUUHVSRQGLQJ SDUDPHWHUV RI WKH ZHOGV
SURGXFHG E\ ODVHU DQG K\EULG ZHOGLQJ�

6DPSOHV RI DOXPLQLXP DOOR\ ZHUH ZHOGHG E\ WKH
$& PLFURSODVPD DUF XVLQJ DOWHUQDWLQJ�SRODULW\ SXOVHV
ZLWK D IUHTXHQF\ RI ��� +]� 'XUDWLRQ RI WKH 63 DQG
53 SXOVHV ZDV �� DQG �� �� UHVSHFWLYHO\� :HOGLQJ
ZDV SHUIRUPHG DW DUF FXUUHQWV RI ��w�� $� ,W VKRXOG
EH QRWHG WKDW DW D PLFURSODVPD DUF FXUUHQW RI �� $
WKH VDPSOH � PP WKLFN ZDV MXVW FOHDQHG ZLWKRXW D
PDUNHG SHQHWUDWLRQ� :HOGLQJ RI EXWW MRLQWV DOVR SUR�
YLGHG D JRRG FOHDQLQJ RI WKH VXUIDFH� EXW QR TXDOLW\
ZHOGV ZLWK IXOO SHQHWUDWLRQ ZHUH SURGXFHG HYHQ DW
WKHLU WKLFNQHVV RI � PP DQG DQ DUF FXUUHQW RI �� $�

/DVHU ZHOGLQJ� 8SRQ FRPSOHWLRQ RI H[SHULPHQWV
LQ WKH DUF PRGH� WKH SODVPDWURQ ZDV FRQQHFWHG WR WKH
IRFXVLQJ V\VWHP 56<�)0�'���= +3�� �)LJXUH ��
DQG WKHQ� YLD D IOH[LEOH OLJKW JXLGH� WR WKH SXOVHG
SHULRGLF�ZDYH GLRGH�SXPSHG ODVHU 56 '� ��� �5RILQ�
6LQDU &RPSDQ\� ZLWK D PD[LPXP SRZHU RI ��� N:�
3RVLWLRQ RI IRFXV RI WKH ODVHU EHDPZDV DGMXVWHG �IRFDO
VSRW VL]H ���w��� PP� UHODWLYH WR WKH VDPSOH VXUIDFH
DW D GLVWDQFH IURP WKH SODVPDWURQ H[LW VHFWLRQ HTXDO
WR K  � PP�

7KH H[SHULPHQWV VWDUWHG ZLWK ZHOGLQJ DQG SHQH�

WUDWLRQ RI VDPSOHV RI VWDLQOHVV VWHHO DQG WLWDQLXP DOOR\�

3ULRU WR ZHOGLQJ RI DOXPLQLXP VDPSOHV� WR SUHYHQW

LQJUHVV RI D UHIOHFWHG UDGLDWLRQ LQWR WKH RSWLFDO V\VWHP

RI WKH ODVHU� WKH SODVPDWURQ ZLWK WKH IRFXVLQJ V\VWHP

LQVWDOOHG RQ LW ZDV WXUQHG WR D DQJOH RI �� WR D YHUWLFDO

OLQH �VHH )LJXUH ��� 7KLV SURYLGHG FRUUHFWLRQ RI SRVL�

WLRQ RI IRFXV RI WKH ODVHU EHDP ZLWK UHVSHFW WR WKH

VDPSOH VXUIDFH� 7HQ VDPSOHV RI WKH DERYH PDWHULDOV

���w��� PP WKLFN ZHUH WUHDWHG DW D ODVHU SRZHU RI

���w����:� $V D UHVXOW� IXOO SHQHWUDWLRQ RI WKH VWDLQ�

OHVV VWHHO VDPSOHV � PP WKLFN ZDV DFKLHYHG DW D ODVHU

SRZHU RI � N:� )RU WKH WLWDQLXP DQG DOXPLQLXP DOOR\

VDPSOHV � PP WKLFN WKH SHQHWUDWLRQ GHSWK ZDV ��� PP

DW D ODVHU SRZHU RI ��� N: �27��� DQG ��� PP DW D

ODVHU SRZHU RI ��� N: �$0J��� ,Q WKH FDVH RI ZHOGLQJ

EXWW MRLQWV RQ WKH DOXPLQLXP DOOR\ VDPSOHV ��� PP

WKLFN� WKH DWWHPSWV WR DFKLHYH IXOO SHQHWUDWLRQ E\

LQFUHDVLQJ WKH ODVHU SRZHU IURP ��� WR ��� N: IDLOHG�

+\EULGZHOGLQJ�3ULRU WR EHJLQQLQJ RI WKH ZHOGLQJ
H[SHULPHQWV LQ WKH FRPELQHG PRGH� WKH SODVPDWURQ

ZLWK WKH FRQQHFWHG IRFXVLQJ V\VWHP ZDV HOHFWULFDOO\

LQVXODWHG IURP WKH URERW� 7KH VZLWFKLQJ RQ WULDOV UH�

YHDOHG SUREOHPV ZLWK WKH FRROLQJ V\VWHP RI WKH

��� N: 56 '� ��� ODVHU� 7KHUHIRUH� WKH FRQWLQXRXV�

ZDYH ODVHU 56 &: ��� ZLWK D SRZHU RI � N:� WKH

EHDP RI ZKLFK ZDV IRFXVHG RQ D ZRUNSLHFH LQWR D VSRW

��� PP LQ VL]H� ZDV FRQQHFWHG WR WKH SODVPDWURQ�
3HQHWUDWLRQ LQ WKH K\EULG PRGH �ODVHU � $& PL�

FURSODVPD DUF� ZDV SHUIRUPHG RQ DOXPLQLXP DOOR\
VDPSOHV � PP WKLFN� $W DQ DUF FXUUHQW DPSOLWXGH RI
�� $ DQG ODVHU EHDP SRZHU RI ���w��� N: WKH VDPSOHV
ZHUH SHQHWUDWHG WR D GHSWK RI OHVV WKDQ �PP� UHVXOWLQJ
LQ D VWURQJ EODFNHQLQJ RI WKH ZHOGV� DOWKRXJK LQ WKH
FDVH RI XVLQJ RQO\ WKH $& PLFURSODVPD DUF WKLV HIIHFW
ZDV QRW VHHQ DQG D QRUPDO FOHDQLQJ RI WKH DOXPLQLXP
VXUIDFH RFFXUUHG� 7KH SODVPDWURQ ZDV GLVDVVHPEOHG
�SURWHFWLYH DQG SODVPD�VKDSLQJ QR]]OHV ZHUH UH�

)LJXUH �� ,QWHJUDWHG SODVPDWURQ ZLWK WKH ODVHU IRFXVLQJ V\VWHP

FRQQHFWHG WR LW
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PRYHG� DQG OHDNDJH RI FRROLQJ ZDWHU ZDV GHWHFWHG LQ
D VROGHUHG MRLQW LQ WKH ORZHU SDUW RI WKH SODVPDWURQ
FDVLQJ� ,W LV OLNHO\ WKDW WKLV OHDNDJH ZDV D FDXVH RI
GHWHULRUDWLRQ RI VKLHOGLQJ RI WKH ZHOGLQJ ]RQH� 'HVSLWH
WKLV IDFW� SHQHWUDWLRQ RI WZR DOXPLQLXP DOOR\ VDPSOHV
� PP WKLFN ZDV SHUIRUPHG LQ WKH K\EULG ZHOGLQJ
PRGH �WKH SODVPDWURQZDV GLVFRQQHFWHG IURP WKH FRRO�
LQJ V\VWHP GXULQJ WKRVH H[SHULPHQWV�� 7KH K\EULG
ZHOGLQJ FRQGLWLRQV ZHUH DV IROORZV� ODVHU SRZHU ZDV
��� N: DQG DPSOLWXGH RI WKH PLFURSODVPD DUF FXUUHQW
SXOVHV ZDV �� DQG �� $� UHVSHFWLYHO\�

([SHULPHQWDO UHVXOWV� 7KH GHYHORSHG LQWHJUDWHG

SODVPDWURQ IRU PLFURSODVPD� ODVHU DQG K\EULG ZHOGLQJ

DOORZV EXWW MRLQWV ZLWK IXOO SHQHWUDWLRQ RI WKH VWDLQOHVV

VWHHO DQG WLWDQLXP DOOR\ VDPSOHV XS WR ��� PP WKLFN

WR EH SURGXFHG LQ RSHUDWLRQ LQ WKH '&63 DUF PRGH

DW DQ DUF FXUUHQW RI ��w�� $ DQG ZHOGLQJ VSHHG RI

���� P�PLQ�

3RZHU RI WKH SODVPDWURQ LQ ZHOGLQJ DOXPLQLXP

DOOR\ XVLQJ DOWHUQDWLQJ�SRODULW\ SXOVHV �FXUUHQW DP�

SOLWXGH �� $� DOORZV QR PRUH WKDQ FOHDQLQJ RI WKH

VXUIDFHV RI VDPSOHV � PP WKLFN� ZLWKRXW YLVLEOH WUDFHV

RI PHOWLQJ �)LJXUH �� D�� 7KH DWWHPSWV WR SURGXFH

EXWW MRLQWV LQ DOXPLQLXP VDPSOHV � PP WKLFN VKRZHG

WKDW WKH DERYH SRZHU ZDV DOVR LQVXIILFLHQW IRU PDNLQJ

WKH ZHOGV ZLWK IXOO SHQHWUDWLRQ� 7KHUHIRUH� SRZHU RI

WKH SODVPDWURQ VKRXOG EH LQFUHDVHG �PD[LPXP YDOXH

RI WKH DUF FXUUHQW VKRXOG EH LQFUHDVHG DW OHDVW WR �� $�

IRU RSHUDWLRQ DW WKH DOWHUQDWLQJ�SRODULW\ SXOVHV�

7KH H[SHULPHQWV ZLWK ODVHU ZHOGLQJ VKRZHG WKDW

DW WKH VHOHFWHG ZHOGLQJ VSHHG YDOXHV WKH EXWW ZHOGHG

MRLQWV FRXOG EH SURGXFHG RQ WKH VWDLQOHVV VWHHO DQG

WLWDQLXP VDPSOHV ��� PP WKLFN DW D ODVHU SRZHU RI

���w��� :� $W WKLV SRLQW ZH KDYH WR QRWH VRPH LQ�

VWDELOLW\ RI WKH SURFHVV� ZKLFK UHVXOWV LQ IRUPDWLRQ RI

UHJLRQV RQ WKH ZHOG VXUIDFH GLIIHULQJ LQ DSSHDUDQFH�

DOWKRXJK WKH ZHOGLQJ SURFHVV SDUDPHWHUV ZHUH XQ�

FKDQJHG�

7KH DWWHPSWV WR SURYLGH IXOO SHQHWUDWLRQ LQ PDNLQJ

EXWW MRLQWV RQ DOXPLQLXP DOOR\ VDPSOHV ��� PP WKLFN

E\ LQFUHDVLQJ WKH ODVHU SRZHU WR ��� N: IDLOHG� 0RVW

SUREDEO\� WKH ODVHU SRZHU UHTXLUHG WR GR LW VKRXOG EH

QRW OHVV WKDQ ��� N:� ,Q DGGLWLRQ� LQ ODVHU ZHOGLQJ

RI DOXPLQLXP WKH R[LGH ILOP LV QRW FOHDQHG IURP WKH

VXUIDFH GXULQJ ZHOGLQJ� ZKLFK UHVXOWV LQ DQ LQVXIIL�

FLHQWO\ KLJK TXDOLW\ RI WKH ZHOGV�

3HQHWUDWLRQ RI VDPSOHV RI GLIIHUHQW PDWHULDOV� �w
� PP WKLFN� DW WKH VDPH VSHHG ����� P�PLQ� ZDV
SHUIRUPHG IRU FRPSDUDWLYH HYDOXDWLRQ RI GLIIHUHQW
ZHOGLQJ PHWKRGV �PLFURSODVPD� ODVHU DQG K\EULG
ZHOGLQJ�� ,Q SDUWLFXODU� LQ WKH PRGH RI 63 PLFUR�
SODVPD ZHOGLQJ DQG DQ DUF FXUUHQW RI �� $ WKH SHQH�
WUDWLRQ GHSWK ZDV ��� PP IRU VWDLQOHVV VWHHO DQG � PP
IRU WLWDQLXP DOOR\ �WKH ZHOG ZLGWK ZDV ��� DQG
��� PP� UHVSHFWLYHO\�� ,Q WKH ODVHU ZHOGLQJ PRGH DW
D ODVHU SRZHU RI � N: DQG DW WKH VDPH ZHOGLQJ VSHHG
D IXOO SHQHWUDWLRQ RI WKH VWDLQOHVV VWHHO VDPSOH � PP
WKLFN ZDV DFKLHYHG� ZKLOH DW D ODVHU SRZHU RI ��� N:
WKH SHQHWUDWLRQ GHSWK ZDV ��� PP IRU VWDLQOHVV VWHHO
DQG ��� PP IRU WLWDQLXP DOOR\ �DW WKH ZHOG ZLGWK RI
��� DQG ��� PP� UHVSHFWLYHO\��

1R YLVLEOH PHOWLQJ ZDV VHHQ LQ SHQHWUDWLRQ RI DOX�
PLQLXP DOOR\ � PP WKLFN E\ WKH $& PLFURSODVPD DUF
�DPSOLWXGH YDOXH RI WKH FXUUHQW ZDV �� $� �VHH )L�
JXUH �� D�� ZKHUHDV ZLWK DQ LQFUHDVH LQ DPSOLWXGH RI
WKH FXUUHQW SXOVHV WR �� $ WKH SHQHWUDWLRQ GHSWK ZDV
��� PP� ZHOG ZLGWK ZDV � PP DQG SHQHWUDWLRQ DUHD
ZDV � PP� �)LJXUH �� D�� ,Q ODVHU SHQHWUDWLRQ RI WKH
VDPH VDPSOH DW D VSHHG RI ���� P�PLQ WKH SHQHWUDWLRQ
GHSWK ZDV ��� PP DW D ODVHU SRZHU RI ��� N: �)L�
JXUHV �� F DQG �� E��

7KH FRPELQHG XVH RI WKH ��� N: ODVHU EHDP DQG
WKH $& PLFURSODVPD DUF �FXUUHQW DPSOLWXGH �� $� WKH
GHSWK RI SHQHWUDWLRQ RI D VDPSOH � PP WKLFN DW D
ZHOGLQJ VSHHG RI ���� P�PLQ LV ��� PP� ZHOG ZLGWK
LV � PP DQG SHQHWUDWLRQ GHSWK LV ��� PP� �VHH )L�
JXUH �� E�� ZKHUHDV LQ WKH FDVH RI ODVHU ZHOGLQJ �DW
WKH VDPH EHDP SRZHU DQG ZHOGLQJ VSHHG� WKH\ ZHUH
��� PP� ��� PP DQG ���� PP�� UHVSHFWLYHO\ �VHH )L�
JXUH �� F�� DQG LQ WKH FDVH RI PLFURSODVPD ZHOGLQJ

)LJXUH �� 0DFURVHFWLRQ RI D VDPSOH RI DOXPLQLXP DOOR\ $0J�

��� PP WKLFN ZLWK SHQHWUDWLRQ E\ PLFURSODVPD �D�� K\EULG �E�

DQG ODVHU �F� ZHOGLQJ �ZHOGLQJ VSHHG ���� P�PLQ� XVLQJ WKH DO�

WHUQDWLQJ�SRODULW\ DUF �FXUUHQW DPSOLWXGH �� $� IUHTXHQF\ ��� +]�

SODVPD JDV �$U� IORZ UDWH ��� O�PLQ� DQG <$* ODVHU �UDGLDWLRQ

SRZHU ��� N:� IRFDO VSRW VL]H ��� PP�

)LJXUH �� 0DFURVHFWLRQ RI D VDPSOH RI DOXPLQLXP DOOR\ $0J� ��� PP WKLFN ZLWK SHQHWUDWLRQ E\ PLFURSODVPD �D�� ODVHU �E� DQG K\EULG

�F� ZHOGLQJ XVLQJ WKH DOWHUQDWLQJ�SRODULW\ DUF �FXUUHQW �� $� DQG <$* ODVHU �UDGLDWLRQ SRZHU ��� N:�
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XVLQJ WKH �� $ DUF WKHUH ZDV QR SHQHWUDWLRQ DW DOO
�VHH )LJXUH �� D��

5HVXOWV RI XVLQJ WKH �� $ PLFURSODVPD DUF DQG
ODVHU EHDP RI WKH VDPH SRZHU ���� N:� LQ WKH K\EULG
SURFHVV WXUQHG RXW WR EH HYHQ PRUH LQWHUHVWLQJ� ,Q
SDUWLFXODU� IXOO SHQHWUDWLRQZDV DFKLHYHG RQ WKH $0J�
VDPSOH � PP WKLFN ZLWK D ZHOG ZLGWK RI ��� PP DQG
FURVV VHFWLRQ DUHD RI ���� PP� �VHH )LJXUH �� F�� :KLOH
FRPSDULQJ WKH GDWD REWDLQHG ZLWK WKH UHVXOWV RI SHQH�
WUDWLRQ RI D VDPSOH LQ ODVHU DQG PLFURSODVPD ZHOGLQJ
SHUIRUPHG VHSDUDWHO\ �FRPSDUH )LJXUH �� DwF�� LW FDQ
EH QRWLFHG WKDW WKH SHQHWUDWLRQ DUHD LQ K\EULG ZHOGLQJ
RI DOXPLQLXP DOOR\ LV PRUH WKDQ � WLPHV LQ H[FHVV RI
WKH VXP RI WKH FRUUHVSRQGLQJ DUHDV LQ ODVHU DQG PL�
FURSODVPD ZHOGLQJ SHUIRUPHG VHSDUDWHO\� 7KLV LV LQ�
GLFDWLYH RI D VXEVWDQWLDO LQFUHDVH LQ WKH HIILFLHQF\ RI
XWLOLVDWLRQ RI HQHUJ\ RI WKH KHDW VRXUFHV ZKHQ WKH\
DUH FRPELQHG LQ WKH K\EULG SURFHVV�

8QIRUWXQDWHO\� IRU WKH DERYH UHDVRQV RQO\ RQH
SHQHWUDWLRQ VDPSOH ZDV PDGH LQ WKLV PRGH� 7KHUHIRUH�
WKH UHVXOWV REWDLQHG UHTXLUH DGGLWLRQDO FRQILUPDWLRQ�
IRU ZKLFK LW LV QHFHVVDU\ WR PDNH D SODVPDWURQ ZKLFK
ZRXOG DOORZ ZHOGLQJ LQ WKH PRGH RI DOWHUQDWLQJ�SR�
ODULW\ SXOVHV DW D FXUUHQW RI �� $ DQG KLJKHU�

&21&/86,21

3UHOLPLQDU\ VWXGLHV RI WHFKQRORJLFDO FDSDELOLWLHV RI
WKH LQWHJUDWHG SODVPDWURQ IRU PLFURSODVPD� ODVHU DQG
ODVHU�PLFURSODVPD ZHOGLQJ DOORZ D FRQFOXVLRQ RI WKH
KLJK SRWHQWLDO RI K\EULG ZHOGLQJ RI DOXPLQLXP DOOR\V
XVLQJ WKH ODVHU EHDP DQG WKH PLFURSODVPD DUF EXUQLQJ
LQ D PRGH RI DOWHUQDWLQJ�SRODULW\ SXOVHV RI WKH HOHFWULF
FXUUHQW� 2Q WKH RQH KDQG� WKLV FRPELQDWLRQ HQDEOHV
FOHDQLQJ RI WKH DOXPLQLXP VXUIDFH GXULQJ ZHOGLQJ�
ZKLFK FDQQRW EH DFKLHYHG LQ SXUHO\ ODVHU ZHOGLQJ�
DQG� WKHUHIRUH� LPSURYHPHQW RI TXDOLW\ RI WKH SUR�
GXFHGZHOGHG MRLQWV� 2Q WKH RWKHU KDQG� WKH FRPELQHG
XVH RI WKH WZR KHDW VRXUFHV DOORZV D VXEVWDQWLDO LQ�

FUHDVH LQ WKH HIILFLHQF\ RI XWLOLVDWLRQ RI HQHUJ\ RI HDFK
RI WKHP� ZKLFK PDNHV K\EULG ZHOGLQJ YHU\ DWWUDFWLYH
IRU DSSOLFDWLRQ� H�J� UHSDLU XQGHU FRQGLWLRQV RI VSDFH
IO\LQJ YHKLFOHV�

:H EHOLHYH LW ZRXOG EH YHU\ DSSURSULDWH WR FRQ�
WLQXH WKH RULJLQDO LQYHVWLJDWLRQV IRU GHYHORSPHQW RI
D KLJKHU�SRZHU LQWHJUDWHG SODVPDWURQ� GHVLJQHG IRU
FXUUHQW RI XS WR ��� $ IRU RSHUDWLRQ LQ WKH PRGH RI
DOWHUQDWLQJ�SRODULW\ SXOVHV� DQG LQWHQGHG IRU WKH XVH
LQ FRPELQDWLRQ ZLWK WKH ���w��� N: GLRGH ODVHU� IRU
H[SHULPHQWDO DQG WKHRUHWLFDO LQYHVWLJDWLRQV RI WKH
SURFHVV RI K\EULG ZHOGLQJ RI WKLQ DQG PHGLXP VHFWLRQV
RI DOXPLQLXP DOOR\V� DV ZHOO DV LQ�GHSWK LQYHVWLJDWLRQ
RI WHFKQRORJLFDO FDSDELOLWLHV RI WKLV SURFHVV�

�� 6WHHQ� :�0�� (ERR� 0� ������ $UF DXJPHQWHG ODVHU ZHOG�

LQJ� 0HWDO &RQVWUXFWLRQ� �� ���w����
�� 6WHHQ� :�0� ������ $UF DXJPHQWHG ODVHU SURFHVVLQJ RI PD�

WHULDOV� -� $SSO� 3K\V�� ��� ����w�����
�� 'LHEROG� 7�3�� $OEULJKW� &�(� ������ �/DVHU�*7$� ZHOGLQJ

RI DOXPLQLXP DOOR\ ����� :HOGLQJ -�� �� ��w���
�� 0DWVXGD� -�� 8WVXPL� $�� .DWVXPXUD� 0� HW DO� ������ 7,*

RU 0,* DUF DXJPHQWHG ODVHU ZHOGLQJ RI WKLFN PLOG VWHHO

SODWH� -RLQLQJ DQG 0DWHULDOV� �� ��w���
�� *RUQ\� 6�*�� /RSRWD� 9�$�� 5HGR]XERY� 9�'� HW DO� ������

3HFXOLDULWLHV RI KHDWLQJ RI PHWDO LQ ODVHU�DUF ZHOGLQJ� $YWR�

PDWLFK� 6YDUND� �� ��w���
�� :DOGXFN� 5�3�� %LIILQ� -� ������ 3ODVPD DUF DXJPHQWHG

ODVHU ZHOGLQJ� :HOGLQJ 	 0HWDO )DEULFDWLRQ� �� ���w����
�� :DOGXFN� 5�3� (QKDQFHG ODVHU EHDP ZHOGLQJ� 3DW� �������

86$� ,QW� &O� % �� . ������ ������ 3XEO� ���������

�� 3DWRQ� %�(� ������ 8SJUDGLQJ ZHOGLQJ PHWKRGV x RQH RI

WKH ZD\V RI LPSURYLQJ TXDOLW\ DQG FRVW HIIHFWLYHQHVV RI ZHO�

GHG VWUXFWXUHV� $YWRPDWLFK� 6YDUND� ��� �w���
�� '\NKQR� ,�6�� .ULYWVXQ� ,�9�� ,JQDWFKHQNR� *�1� &RPELQHG

ODVHU DQG SODVPD DUF ZHOGLQJ WRUFK� 3DW� ������� 86$�

,QW� &O� % �� . ������ ������ 3XEO� ���������

��� 6RP� $�,�� .ULYWVXQ� ,�9� ������ /DVHU � SODVPD� VHDUFK IRU

QHZ SRVVLELOLWLHV LQ VXUIDFLQJ� 7KH 3DWRQ :HOGLQJ -�� ���
��w���

��� *YR]GHWVN\� 9�6�� .ULYWVXQ� ,�9�� &KL]KHQNR� 0�,� HW DO�

������ /DVHU�DUF GLVFKDUJH� 7KHRU\ DQG DSSOLFDWLRQ� :HO�

GLQJ DQG 6XUIDFLQJ 5HY��9RO� �� 3DUW ���� +DUZRRG $�3�

��� .ULYWVXQ� ,�9�� &KL]KHQNR� 0�,� ������ 3ULQFLSOHV RI GHVLJQ

RI ODVHU�DUF SODVPDWURQV� $YWRPDWLFK� 6YDUND� �� ��w���
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9�,� .,5,$1 DQG /�0� 0,.+2'8-

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

3HFXOLDU IHDWXUHV RI IRUPDWLRQ RI VWUXFWXUH DQG SURSHUWLHV RI ZHOGHG MRLQWV RI VSDUVHO\�DOOR\HG VWUXFWXUDO VWHHOV RI WKH

QHZ JHQHUDWLRQ DUH GHVFULEHG� 7KH LPSRUWDQFH RI D FDUHIXO DSSURDFK WR WKH VHOHFWLRQ RI PDWHULDOV DQG SURFHVVHV RI WKHLU

ZHOGLQJ WR SUHYHQW WKH VXVFHSWLELOLW\ RI ZHOG PHWDO DQG +$= WR EULWWOH IUDFWXUHV� 3ULQFLSDO SUREOHPV RI DQDO\VLQJ D

GHOD\HG IUDFWXUH RI ZHOGHG MRLQWV RI WKHVH VWHHOV DUH FRQVLGHUHG�

.H\ ZRU G V � VSDUVH DOOR\LQJ� VWUXFWXUDO VWHHOV� ZHOGLQJ

FRQVXPDEOHV� FROG UHVLVWDQFH RI PHWDO� ILWQHVV�IRU�SXUSRVH� FROG

UHVLVWDQFH RI +$=� GHOD\HG IUDFWXUH� ODPHOODU IUDFWXUH� UHVHDUFK

SURJUDP

5DWLRQDO XVH RI ORZ�DOOR\HG VWHHOV RI LQFUHDVHG DQG KLJK
VWUHQJWK LQ ZHOGHG VWUXFWXUHV FDQ GHFUHDVH HIIHFWLYHO\

WKH PHWDO FRQWHQW RI PDFKLQHV� PHFKDQLVPV DQG HQJL�
QHHULQJ ZRUNV� 7KH UDQJH RI VWUHQJWK FKDUDFWHULVWLFV RI

WKHVH PDWHULDOV LV ZLGH HQRXJK� 0LQLPXP WKHLU \LHOG
VWUHQJWK LV XVXDOO\ ���w��� 03D� 8SSHU OHYHOV RI

VWUHQJWK FKDUDFWHULVWLFV RI WKHVH VWHHOVGHSHQGRQSXUSRVH

DQG VSHFLDO IHDWXUHV RI VHUYLFH RI VWUXFWXUHV� 7KXV� IRU

H[DPSOH� LQ FRQVWUXFWLRQ RI EULGJHV LQ WKH 86$ DQG

-DSDQ >�� �@ VWHHOV ZLWK ���w��� 03D \LHOG VWUHQJWK
DUH XVHG� 0HWDO ZLWK KLJKHU VWUHQJWK FKDUDFWHULVWLFV

�σ���  ���w���� 03D� LV XVHG DW SUHVHQW LQ *HUPDQ\

DQG 6ZHGHQ IRU URDG PDFKLQHU\ >�w�@� ,W LV SODQQHG LQ

WKH QHDU IXWXUH WR XVH VWHHOV ZLWK ���� 03D \LHOG
VWUHQJWK LQ FRQVWUXFWLRQ ZRUNV >�@ DQG LQ PDQXIDFWXUH

RI FUDQH HTXLSPHQW �)LJXUH ���

,QPRVW FDVHV WKHVH DUH VWHHOV RI WKH QHZ JHQHUDWLRQ�
7KH\ FRQWDLQ XS WR ���� � FDUERQ� OLPLWHG DPRXQWV
RI PDQJDQHVH� PRO\EGHQXP� QLRELXP� WLWDQLXP� ER�

URQ� DQG FDQ EH DOOR\HG DGGLWLRQDOO\ZLWK QLFNHO� FKUR�

PLXP DQG RWKHU HOHPHQWV �XS WR �w� � DPRXQW LQ

WRWDO�� 7R DWWDLQ WKH UHTXLUHG FRPSOH[ RI SURSHUWLHV
ERWK WKHUPDO DQG WKHUPRPHFKDQLFDO WUHDWPHQW �FRQ�

WUROODEOH UROOLQJ� HWF�� LV XVHG�
7DEOH � JLYHV WKH FKHPLFDO FRPSRVLWLRQ DQG PH�

FKDQLFDO SURSHUWLHV RI VRPH JUDGHV RI VWHHOV RI WKH QHZ

JHQHUDWLRQ ZLWK ���w��� 03D \LHOG VWUHQJWK >�� �w

��@� GHVLJQHG IRU PDQXIDFWXUH RI ZHOGHG VWUXFWXUHV�

$PRQJ WKHP� VWHHOV ��*�6<XFK DQG ��.K*�6<XFK
�'1$23 ���������w��� 5' �����w��� 61L3 �������w
��� DUH XVHG LQ GRPHVWLF SURGXFWLRQ�

7KH XQGRXEWHG DGYDQWDJH RI VWUXFWXUDO VWHHOV RI
WKH QHZ JHQHUDWLRQ LV WKHLU KLJKHU FROG UHVLVWDQFH �)L�
JXUH �� DQG VSDUVH DOOR\LQJ DV FRPSDUHG ZLWK PDWH�

ULDOV NQRZQ HDUOLHU� $W WKH VDPH WLPH WKHVH VWHHOV� GXH

WR WKH ODWWHU� UHSUHVHQW D VSHFLILF JURXS RI PDWHULDOV�
ZKLFK FDQ SURYLGH SUHPLVHV GXULQJ WKHLU WHFKQRORJLFDO

SURFHVVLQJ IRU WKH UHGXFWLRQ RI UHVLVWDQFH RI ZHOGHG

VWUXFWXUHV WR D GHOD\HG DQG EULWWOH IUDFWXUH�

7KHUHIRUH� WKH DLP RI WKH SUHVHQW ZRUN ZDV WR
DQDO\VH WKH HIIHFW RI SHFXOLDULWLHV RI VHOHFWLRQ RI PHW�

KRGV DQG FRQGLWLRQV RI ZHOGLQJ RQ IRUPDWLRQ RI SURS�

HUWLHV GHWHUPLQLQJ WKH WHFKQRORJLFDO DQG VHUYLFH

VWUHQJWK RIZHOGHG MRLQWVPDGH IURP VWHHOV RI LQFUHDVHG

DQG KLJK VWUHQJWK RI WKH QHZ JHQHUDWLRQ�

&ROG UHVLVWDQFH RI VWHHOV DQG WKHLU ZHOGHG MRLQWV�
1HZ FRPSRVLWLRQV DQG WHFKQRORJLHV RI PDQXIDFWXUH
KDYH RSHQHG XS WKH ZLGH RSSRUWXQLWLHV IRU DFKLHYH�
PHQW RI KLJK FKDUDFWHULVWLFV QRW RQO\ RI VWUHQJWK� EXW

DOVR FROG UHVLVWDQFH RI VWUXFWXUDO VWHHOV� $V D UHVXOW�

WKH JUHDW GLIIHUHQFH LQ PLQLPXP JXDUDQWHHG OHYHO RI

UHTXLUHPHQWV WR WKH LPSDFW VWUHQJWK RI UROOHG PHWDO

ZDV REVHUYHG �.&9  ��w��� -�FP
�� �7DEOH ���

7KHVH YDOXHV RI WKH LPSDFW VWUHQJWK DUH IDU IURP RS�

WLPXP� IURP WKH RQH KDQG� FRPLQJ IURP WKH FRQGLWLRQV
RI SUHYHQWLRQ RI LQLWLDWLRQ RI D EULWWOH IUDFWXUH DQG

HFRQRPLF DVSHFWV RI JHQHUDO�SXUSRVH ZHOGHG PHWDO

VWUXFWXUHV� DQG� IURP WKH RWKHU KDQG� WKH\ PDNH WKH

SUREOHP RI SURYLGLQJ FROG UHVLVWDQFH RI PHWDO RI

ZHOGHG MRLQWV DW WKH OHYHO RI EDVH PHWDO �%0� DOPRVW

LPSRVVLEOH LQ PDQ\ FDVHV� ,Q WKLV FRQQHFWLRQ� WKH HV�
WDEOLVKPHQW RI PLQLPXP JXDUDQWHHG YDOXHV RI LPSDFW
VWUHQJWK .&9 GHSHQGLQJ RQ WKH WHPSHUDWXUH FRQGL�

� 9�,� .,5,$1 DQG /�0� 0,.+2'8-� ����

)LJXUH �� 6WUHQJWK FKDUDFWHULVWLFV RI ILQH�JUDLQHG VWUXFWXUDO VWHHOV
XVHG LQ ZHOGHG VWUXFWXUHV RI PRELOH FUDQHV >�@

)LJXUH �� ,PSDFW HQHUJ\ RI VWHHO 6���0/ RI �� PP WKLFNQHVV DW
GLIIHUHQW WHVW WHPSHUDWXUHV� 6SHFLPHQVZHUH FXW DORQJ ��� DQG WUDQV�
YHUVH ��� UROOLQJ GLUHFWLRQ >�@
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7DEOH �� &KHPLFDO FRPSRVLWLRQ DQG PHFKDQLFDO SURSHUWLHV RI VWHHOV RI LQFUHDVHG DQG KLJK VWUHQJWK RI WKH QHZ JHQHUDWLRQ >�� �w��@
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WLRQV RI WKHLU VHUYLFH LV UDWKHU LPSRUWDQW IRU WKH VWHHOV
RI WKH QHZ JHQHUDWLRQ RI GLIIHUHQW FODVVHV GHVLJQHG
IRU JHQHUDO�SXUSRVH ZHOGHG PHWDO VWUXFWXUHV� 6XFK DW�
WHPSW ZDV PDGH IRU VWHHOV RI ��w�� PP WKLFNQHVV

ZLWK D \LHOG VWUHQJWK σ���  ���w��� 03D �.&9  
 �� -�FP� DW PLQLPXP VHUYLFH WHPSHUDWXUH� >��@�

7R SURYLGH FROG UHVLVWDQFH RI ZHOGHG MRLQWV RI JHQ�
HUDO�SXUSRVH PHWDO VWUXFWXUHV� WKH PLQLPXP JXDUDQ�
WHHG OHYHO RI UHTXLUHPHQWV WR LPSDFW VWUHQJWK .&9
RI %0 LV EDVLF� ,Q FDVH RI FULWLFDO PHWDO VWUXFWXUHV WKH
UHTXLUHPHQWV WR WKH IUDFWXUH WRXJKQHVV RI ZHOGHG
MRLQWV LV GHWHUPLQHG LQ DFFRUGDQFH ZLWK D �ILWQHVV�IRU�
SXUSRVH� FRQFHSWLRQ� EDVHG RQ XVH RI DSSURDFKHV DQG
FULWHULD RI IUDFWXUH PHFKDQLFV�

(IIHFW RI WKHUPDO F\FOHV RI ZHOGLQJ RQ VWUHQJWK
DQG FROG UHVLVWDQFH RI +$= PHWDO� 8QGHU WKH DFWLRQ
RI WKHUPDO F\FOHV RI ZHOGLQJ �7&:� LQ +$= WKH
VLJQLILFDQW FKDQJHV LQ %0 SURSHUWLHV RFFXU� ZKLFK
FDQ LQIOXHQFH JUHDWO\ WKH VHUYLFHDELOLW\ RI ZHOGHG
MRLQWV� ,Q WKLV UHVSHFW� WKH UHGXFWLRQ LQ FKDUDFWHULVWLFV
RI VWUHQJWK DQG IUDFWXUH WRXJKQHVV LV PRVW KD]DUGRXV�

,Q DOO VWUXFWXUDO VWHHOV� ZKLFK DUH VXEMHFWHG WR

SRO\PRUSKRXV α → γ → α WUDQVIRUPDWLRQV LQ ZHOGLQJ�
WKH IROORZLQJ W\SLFDO UHJLRQV DUH XVXDOO\ REVHUYHG
>��� ��@� IXVLRQ �WUDQVLWLRQ IURP +$= PHWDO WR ZHOG
PHWDO�� RYHUKHDWLQJ �WHPSHUDWXUH LQWHUYDO DERYH
����w���� �&� ZKHQ WKH LQWHQVLYH JURZWK RI SULPDU\
JUDLQV RFFXUV GHSHQGLQJ RQ WKH FRPSRVLWLRQ RI VWHHOV��
KHDWLQJ WR WHPSHUDWXUHV DERYH SRLQW $� �SRO\PRU�
SKRXV WUDQVIRUPDWLRQV RFFXU FRPSOHWHO\ LQ PHWDO��
KHDWLQJ LQ LQWHUYDO RI WHPSHUDWXUHV $�w$� �]RQHV ZLWK
SDUWLDO SRO\PRUSKRXV WUDQVIRUPDWLRQ�� KHDWLQJ EHORZ
WHPSHUDWXUHV $�� :LGWK RI WKHVH DUHDV LV FKDQJHG �H[�
FHSW WKH IXVLRQ UHJLRQ� DQG GHSHQGV JUHDWO\ RQ PHWK�
RGV DQG SDUDPHWHUV RI ZHOGLQJ �7DEOH ��

$V D UXOH� WKH LQLWLDO VWUXFWXUH RI VWHHO LV VWDEOH

RQO\ XS WR WUDQVIRUPDWLRQ SRLQW $�� $W KLJKHU WHP�

SHUDWXUHV �LQ $�w$� LQWHUYDO� WKH JUDGXDO FKDQJHV LQ

HXWHFWRLG DUH RFFXUUHG� WKXV WUDQVIRUPLQJ LQWR

DXVWHQLWH� 7KH ILQDO UHVXOW RI WKHVH SURFHVVHV LV GHILQHG

WR D JUHDW H[WHQW E\ WKH FRPSRVLWLRQ DQG LQLWLDO VWUXF�

WXUH RI %0� ,Q FDVH LI LW LV IHUULWLF�SHDUOLWLF RU VRUELWLF�

WKHQ WKH QRQ�KRPRJHQHRXV VWUXFWXUH ZLWK LQVXIILFLHQW

GXFWLOLW\ DQG WRXJKQHVV PD\ RFFXU DV D UHVXOW RI D

VKRUW VWD\ RI PHWDO ZLWKLQ WKH LQWHUYDO RI $�w$� WHP�

SHUDWXUHV LQ +$=� ,Q ZHOGLQJ RI LPSURYHG VWHHOV WKLV

GLIIHUHQFH LQ VWUXFWXUH DQG SURSHUWLHV RI +$= PHWDO

FDQ EH GHFUHDVHG VLJQLILFDQWO\�
7KH VWUXFWXUH RI +$= UHJLRQV KHDWHG WR WHPSHUD�

WXUHV DERYH SRLQW $� LV DXVWHQLWLF� QRW GHSHQGLQJ RQ
WKH FRPSRVLWLRQ DQG PHWKRGV RI SURGXFWLRQ RI VWHHOV�
7KHUHIRUH� WKH IRUP RI WKHUPDO F\FOH RU FRROLQJ UDWH
KDYH D GHFLVLYH HIIHFW RQ WKHLU VHFRQGDU\ VWUXFWXUH
DQG SURSHUWLHV� $W D GHOD\HG FRROLQJ �W\SLFDO RI WKH
HOHFWURVODJ ZHOGLQJ� DQG LQ VRPH FDVHV DOVR RI DUF
ZHOGLQJ� WKH IHUULWLF�SHDUOLWLF VWUXFWXUHV ZLWK D :LG�
PDQQVWDHWWHQ VWUXFWXUHV FDQ RFFXU LQ WKLV ]RQH� ,Q
+$= UHJLRQ� EHLQJ XQGHU WKH DFWLRQ RI WHPSHUDWXUHV

DERYH ����w���� �&� α → γ WUDQVIRUPDWLRQ DW VLPLODU
FRQGLWLRQV FDQ EH DFFRPSDQLHG DOVR E\ DQ LQWHQVLYH
JURZWK RI JUDLQV� 7KH H[FHVVLYH FRROLQJ ZLOO SURPRWH
WKH DSSHDUDQFH RI XQGHVLUDEOH TXHQFKHG VWUXFWXUHV LQ
WKHVH ]RQHV�

0L[WXUH RI IHUULWH� EDLQLWH �LQFOXGLQJ ORZHU��
PDUWHQVLWH DQG UHVLGXDO DXVWHQLWH LV PRVW RIWHQ IRUPHG
LQ WKH QHDU�ZHOG PHWDO >��@�

7KXV� +$= VWUXFWXUHV RI VWUXFWXUDO VWHHOV RI WKH QHZ
JHQHUDWLRQ FDQ EH TXLWH GLIIHUHQW� +RZHYHU� WKH VWXG\
RI QHDU�ZHOG PHWDO� DQG DOVR UHJLRQV RI +$= PHWDO�
FKDUDFWHUL]HG E\ DQ LQFUHDVHG VXVFHSWLELOLW\ WR WKH
JURZWKRISULPDU\JUDLQV LV VHHPHG WREHPRVW LPSRUWDQW�
)RU WKLV SXUSRVH� D FRPSOH[ DQDO\VLV RI SHFXOLDULWLHV RI
SURFHHGLQJ RI VWUXFWXUDO WUDQVIRUPDWLRQV DQG IRUPDWLRQ
RI SURSHUWLHV RI PHWDO RI D ORFDO UHJLRQ RI ZHOGHG MRLQWV
LV UHTXLUHG� 0HWDOORJUDSKLF H[DPLQDWLRQV LQ WKLV FDVH
HQYLVDJH WKH XVH RI ZHOO�NQRZQ PHWKRGRORJLFDO SURFH�
GXUHV �FRQVWUXFWLRQ RI GLDJUDPV RI FRQWLQXRXV GHFD\ RI
DXVWHQLWH� IUDFWRJUDSK\� PHWKRGV RI RSWLFDO RU HOHFWURQ
PLFURVFRS\� HWF��� $V WKH OHQJWK RI WKLV UHJLRQ LV VPDOO

�≈ ���w��� PP�� WKH XVH RI RQO\ VWDQGDUG PHFKDQLFDO
WHVWV RI VDPSOHV� PDQXIDFWXUHG IURP UHDO ZHOGHG MRLQWV�
LV QRW H[DPSODU\�

$QDO\VLV RI D SRVVLEOH UHGXFWLRQ LQ FKDUDFWHULVWLFV RI
VWUHQJWK DQG HPEULWWOHPHQW RI +$= PHWDO VKRXOG EH
UHDOL]HG SUHIHUDEO\ XVLQJ VDPSOHV�VLPXODWRUV� SURGXFHG
LQ DFFRUDGQFH ZLWK ZHOGLQJ WKHUPDO F\FOHV LQ XQLWV RI
W\SH �7KHUPRUHVWRU�:�� �*OHHEOH� RU ,0(7� ZKLFK
HQDEOH VLPXODWLRQ RI WKH WKHUPRGHIRUPDWLRQDO SURFHVVHV
RI ZHOGLQJ >��@ DQG DOVR LQ WKH HTXLSPHQW GHYHORSHG
DW WKH 3:, >��� ��@� /DUJH HQRXJK ZRUNSLHFHV DUH VXE�
MHFWHG WR WKH HIIHFW RI WKHUPDO F\FOH RI ZHOGLQJ� WKDW
PDNHV LW SRVVLEOH WR PDQXIDFWXUH VSHFLPHQV IURP WKHP
IRU WHQVLOH WHVWV DQG LPSDFW EHQW WHVWV LQ DFFRUGDQFH
ZLWK *267 ����w�� DQG *267 ����w���

'HSHQGLQJ RQ WKH UHVXOWV RI LQYHVWLJDWLRQ RI HIIHFW
RI FRROLQJ UDWH WKH VWUXFWXUDO VWHHOV DUH XVXDOO\ FRQ�
VLGHUHG DV VHQVLWLYH DQG QRQ� RU ORZ�VHQVLWLYH WR WKH
FKDQJHV LQ VWUHQJWK RI WKH QHDU�ZHOG ]RQH PHWDO� 7R
SURYLGH WKH SHUIRUPDQFH RI WKH ZHOGHG MRLQW DV D VLQJOH
XQLW� WKH PD[LPXP VWUHQJWK �RU KDUGQHVV� RI +$=
PHWDO VKRXOG QRW H[FHHG WKH VLPLODU YDOXHV RI %0 E\
PRUH WKDQ ��w�� �� 7KH PRUH VWULFW UHTXLUHPHQW DUH
VSHFLILHG WR WKH GHFUHDVH LQ VWUHQJWK RI ZHOGHG MRLQWV�
,Q WKLV FDVH WKH FRQGLWLRQV RI ZHOGLQJ DUH VHOHFWHG VR
WKDW WR SURYLGH WKH GHVLJQ VWUHQJWK RI WKH ZHOGHG
MRLQW PHWDO ZLWK D UHPRYHG UHLQIRUFHPHQW DW WKH %0
OHYHO� 0RUHRYHU� WKH DGPLVVLEOH GHFUHDVH LQ VWUHQJWK
RI D ORFDO UHJLRQ RI +$= LV GHILQHG E\ D GHJUHH RI WKH
GHYHORSLQJ FRQWDFW VWUHQJWKHQLQJ GHSHQGLQJ RQ WKH
VL]H RI +$= UHJLRQ DQG PHFKDQLFDO SURSHUWLHV RI %0
>��@� )DFWRU RI +$= PHWDO ZHDNHQLQJ FDQ EH� SURE�
DEO\� PRVW GDQJHURXV IRU WKH VSDUVHO\�DOOR\HG VWHHOV
RI WKH QHZ JHQHUDWLRQ RI 0Qw6Lw9 DQG 0Qw6Lw1E
DOOR\LQJ V\VWHPV� 7KLV GDQJHU LV OLWWOH SUREDEOH IRU

WKH KLJK�VWUHQJWK VWHHOV ZLWK σ��� ≥ ���w��� 03D�
FRQWDLQLQJ HYHQ D OLPLWHG DPRXQW RI DOOR\LQJ HOHPHQWV
�QLFNHO� FKURPH� PRO\EGHQXP DQG VR RQ�� 7KH VHOHF�
WLRQ RI VXFK ZHOGLQJ FRQGLWLRQV IRU WKHP DW ZKLFK WKH

7DEOH �� (IIHFW RI ZHOGLQJ PHWKRGV RQ ZLGWK RI +$= UHJLRQV >��@

0HWKRG RI ZHOGLQJ

:LGWK RI +$= UHJLRQV� PP

$ERYH �� $ERYH ��

2YHUKHDWLQJ

]RQH

0DQXDO DUF �w� ���w��� ���w���

6KLHOGHG�JDV �w� ���w��� ���w���

6XEPHUJHG�DUF �w�� ���w��� ���w���
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H[FHVVLYH LQFUHDVH LQ VWUHQJWK �KDUGQHVV� RI PHWDO RI
WKLV UHJLRQ RI WKH ZHOGHG MRLQW GRHV QRW RFFXU FDQ EH
PRUH DFWXDO�

7KH LPSDFW VWUHQJWK RI +$= PHWDO RI VWUXFWXUDO
VWHHOV LV XVXDOO\ GHFUHDVHG >��� ��@� 7KLV UHJXODULW\ LV
DOVR SUHVHUYHG IRU VWHHOV RI WKH QHZ JHQHUDWLRQ� ,Q�
YHVWLJDWLRQV RI -� %UR]GD DQG 0� =HPDQ SURYH DERXW
WKH VLJQLILFDQW GHFUHDVH LQ WRXJKQHVV RI +$= PHWDO
RI VWHHO 6���0/ ZLWKLQ WKH WHPSHUDWXUH UDQJH ���w
w�� �& DV FRPSDUHG ZLWK WKDW RI %0 GHSHQGLQJ RQ
WKH ZHOGLQJ FRQGLWLRQV �)LJXUH ���

0DQ\ LQYHVWLJDWLRQV ZHUH GHYRWHG WR WKH VWXG\ RI
GHSHQGHQFLHV EHWZHHQ WKH FKHPLFDO FRPSRVLWLRQ RI
VWHHOV� WLPH RI+$=PHWDO FRROLQJ� WHFKQRORJ\ RIZHOG�
LQJ DQG OHYHO RI LPSDFW VWUHQJWK RI WKH QHDU�ZHOG ]RQH
PHWDO� +RZHYHU� WKH HTXDWLRQV� JLYHQ LQ >��@ GR QRW
WDNH LQWR FRQVLGHUDWLRQ WKH HIIHFW RI GLVSHUVLRQ RU GLV�
ORFDWLRQ VWUHQJWKHQLQJ� HVSHFLDOO\ GLVSHUVLRQ
VWUHQJWKHQLQJ ZLWK FDUELGHV RU FDUERQLWULGHV IRUPHG
DW LQWHUIDFH VXUIDFHV� ZKLFK LQIOXHQFH XQIDYRXUDEO\
WKH OHYHO RI LPSDFW VWUHQJWK� 7KHVH SUHFLSLWDWLRQV DUH
FDUELGHV RI QLRELXP DQG SDUWLDOO\ YDQDGLXP LQ PL�
FURDOOR\HG VWHHOV� ,I XQIDYRXUDEOH HIIHFW RI QLRELXP
FDQ EH PDQLIHVWHG HYHQ DW ����w���� � LQ VWHHOV� PL�
FURDOOR\HG ZLWK QLRELXP� WKHQ LQ VWHHOV� FRQWDLQLQJ
YDQDGLXP WKH VDPH HIIHFW RI YDQDGLXP FDUELGH SUH�
FLSLWDWLRQV LV REVHUYHG RQO\ DW WKH FRQWHQW RI YDQDGLXP
DERYH ���� �� /LPLWLQJ FRQWHQWV RI WKH PHQWLRQHG
HOHPHQWV� DW ZKLFK WKH\ LQIOXHQFH QHJDWLYHO\ RQ WKH
FROG UHVLVWDQFH RI +$= PHWDO FDQ FKDQJH GHSHQGLQJ
RQ WKH FRPSRVLWLRQ RI VWHHOV� 7KH H[SHULHQFH RI ZHOG�
LQJ PDLQ SLSHOLQHV IURP PLFURDOOR\HG VWHHOV RI FRQ�
WUROODEOH UROOLQJ SURYH WKH LPSRUWDQFH RI WKH DERYH�
PHQWLRQHG SUREOHP� $V UHJDUGV WR WKH PHQWLRQHG
VWHHOV WKH UHJLRQ RI ZHOGHG MRLQW ZLWK D GHFUHDVHG
WRXJKQHVV ZDV QDPHG DV D ORFDO EULWWOH ]RQH �/%=�
DQG VWXGLHG FRPSUHKHQVLYHO\ >��@� 7KLV ZDV VWLSX�
ODWHG E\ WKH IDFW WKDW LW LV QRW DOZD\V SRVVLEOH WR
SUHYHQW /%= ZKHQ WUDGLWLRQDO PHWKRGV RI ZHOGLQJ
DUH XVHG� 7KHUHIRUH� DW SUHVHQW WKH SUREOHP RI /%=
DGPLVVLELOLW\ LV FRQVLGHUHG ZLWK UHVSHFW WR GHILQLWH
W\SHV RI ZHOGHG MRLQWV �IRU H[DPSOH� EXWW GRXEOH�VLGHG
MRLQW ZLWK /%= ORFDWLRQ DW DQJOH WR WKH DFWLQJ WHQVLOH
VWUHVVHV� >��@� ,Q DGGLWLRQ� WKH PHWKRG RI HYDOXDWLRQ
RI �ILWQHVV�IRU�SXUSRVH� RI ZHOGHG MRLQWV ZLWK /%=
DQG VWDQGDUGV RI UHTXLUHPHQWV WR IUDFWXUH WRXJKQHVV
DUH VSHFLILHG�

7KXV� LW LV UDWLRQDO WKDW WKH VWXG\ RI HIIHFW RI 7&:
RQ FKDQJH RI +$= FROG UHVLVWDQFH RI QHZ PDWHULDOV
XVLQJ VLPXODWLRQ VSHFLPHQV ZDV DGGHG WR WHVWV RI UHDO
ZHOGHG MRLQWV ZLWK XVH RI DSSURDFKHV DQG FULWHULD RI
IUDFWXUH PHFKDQLFV� 1RWFKHV LQ VSHFLPHQV VKRXOG EH

PDGH VR WKDW WKH\ LQWHUVHFWHG FRPSOHWHO\ +$= DQG
UHYHDOHG LWV ZHDNHVW UHJLRQV�

,QGLUHFW HYDOXDWLRQ RI VWHHOV VXVFHSWLELOLW\ WR D
GHOD\HG IUDFWXUH� 7KH PDLQ PHWKRG RI LWV UHDOL]DWLRQ
LV WKH FDOFXODWHG GHWHUPLQDWLRQ RI FDUERQ HTXLYDOHQW
&HT� 0DQ\ YDULDQWV RI H[SUHVVLRQV &HT >��@ ZHUH VXJ�
JHVWHG� GLIIHULQJ E\ FRHIILFLHQWV RI DOOR\LQJ HOHPHQWV�
0RVW RI WKHP ZDV EDVHG RQ KHDW WUHDWPHQW SUDFWLFH
DV D SDUDPHWHU FKDUDFWHUL]LQJ WKH KDUGHQDELOLW\ RI
VWHHOV RU FULWLFDO UDWH RI FRROLQJ� $V DOO WKH UHVHDUFKHV
XVHG JURXSV RI VWHHOV� GLIIHULQJ LQ FRPSRVLWLRQ� WKHQ
WKH GLIIHUHQW FRHIILFLHQWV ZHUH REWDLQHG DW DOOR\LQJ
HOHPHQWV� UHIOHFWLQJ WKHLU HIIHFW RQ KDUGHQDELOLW\� 8Q�
IRUWXQDWHO\� DOO WKH H[SUHVVLRQV &HT� DV D UXOH� DUH
UHFRPPHQGHG ZLWKRXW LQGLFDWLRQ IRU ZKLFK VWHHO FRP�
SRVLWLRQV WKH\ ZHUH REWDLQHG� $W WKH VDPH WLPH� DW
FRPSOH[ DOOR\LQJ WKH HIIHFW RI HOHPHQWV FDQ EH PXWX�
DOO\ LQWHQVLILHG >��� ��@� 7KH YDULDQW RI FDUERQ HTXLYD�
OHQW� FDOFXODWHG LQ DFFRUGDQFH ZLWK DQ DSSURDFK UHF�
RPPHQGHG E\ ,,: LV XVHG RIWHQ IRU WKH SUHOLPLQDU\
HYDOXDWLRQ RI ZHOGDELOLW\ RI VWUXFWXUDO VWHHOV� ��

&HT = & + 0Q

�
+ &U + 0R + 9

�
+ 1L + &X

��
�

,W LV DVVXPHG WR FRQVLGHU WKDW VWHHOV ZLWK &HT !
! ���� � DUH XVXDOO\ VXVFHSWLEOH WR FUDFNLQJ� ,Q SDU�
DOOHO ZLWK &HT� WKH GLIIHUHQW SDUDPHWULF HTXDWLRQV ILQG
DSSOLFDWLRQ IRU WKH SUHOLPLQDU\ HYDOXDWLRQ RI ZHOG�
DELOLW\ RI VWHHOV� $PRQJ WKHP� WKH HTXDWLRQ RI ,WRw
%HVKLR >��@ LV PRVW ZLGHO\ VSUHDG� ��
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1XPHURXV LQYHVWLJDWLRQV VKRZHG WKDW WKH VWUXF�
WXUDO VWHHOV DUH VHQVLWLYH WR IRUPDWLRQ RI FUDFNV LQ
WKRVH FDVHV ZKHQ 3FP ! ����w���� �� 2QH RI WKH
FULWHULD LQGLFDWLQJ WKH SRVVLEOH HPEULWWOHPHQW GXH WR
VWUXFWXUDO WUDQVIRUPDWLRQV LV DOVR KDUGQHVV +9 RI
+$= PHWDO� $QG WKRXJK WKH UHODWLRQ RI WKHVH FKDU�
DFWHULVWLFV �3FP� &HT� +9� LV QRW DGHTXDWH� WKH OHYHO
RI KDUGQHVV WR +9 ��� LQ PRVW RI VWUXFWXUDO VWHHOV
SURYHV WKDW WKH\ DUH QRW VXVFHSWLEOH WR WKH FROG FUDFN
IRUPDWLRQ >��� ��� ��@�

7DNLQJ LQWR DFFRXQW WKH DERYH�PHQWLRQHG� WKH LQGL�
UHFW HYDOXDWLRQ RI VXVFHSWLELOLW\ RI VWUXFWXUDO VWHHOV RI
WKH QHZ JHQHUDWLRQ WR D GHOD\HG IUDFWXUH ZDV PDGH�
&KDUDFWHULVWLFV &HT DQG3FPZHUH FULWHULD� DV LW ZDV TXLWH
GLIILFXOW WR GHWHUPLQH WKH HIIHFW RI FRROLQJ UDWHV RQ KDUG�
QHVV RI +$= PHWDO IRU DOO WKH VWHHOV JLYHQ LQ 7DEOH ��

7KH UHVXOWV REWDLQHG SURYH DERXW WKH LQVXIILFLHQW
FRLQFLGHQFH RI DQ LQGLUHFW HYDOXDWLRQ RI ZHOGDELOLW\
RI VWHHOV ZLWK WKH UHVXOWV RI XVH RI WKHVH WZR FKDUDF�
WHULVWLFV �DERXW ��w�� ��� ,W VKRXOG EH QRWHG WKDW DOO
WKH NQRZQ SDUDPHWHUV ZHUH GHYHORSHG LQ SULQFLSOH DV
IDU EDFN DV WKH ����w����V RQ WKH EDVLV RI LQYHVWLJD�
WLRQV RI VWHHOV RI TXLWH DQRWKHU JHQHUDWLRQ� $V D UXOH�
WKH\ GLG QRW FRQWDLQ PLFURDOOR\LQJ HOHPHQWV DQG UDUH�
HDUWK PHWDOV �5(0�� DQG WKH FRQWHQW RI LQFOXVLRQV
RI KDUPIXO HOHPHQWV �VXOSKXU DQG SKRVSKRURXV� ZDV
WRR KLJK LQ PHWDO�

,W VHHPV YHU\ GLIILFXOW WR UHDOL]H WKH SUHOLPLQDU\
HYDOXDWLRQ RI ZHOGDELOLW\ RI QHZ VWHHOV XVLQJ WKH PHQ�
WLRQHG FKDUDFWHULVWLFV� ,W EHFRPHV PRUH GLIILFXOW E\

)LJXUH �� 'HSHQGHQFH RI LPSDFW HQHUJ\ DW ��� �& RI VLPXODWHG
VSHFLPHQV RI +$= RI VWHHO 6���0/ RQ WLPH RI FRROLQJ W��� LQ WKH
LQWHUYDO ���w��� �& >�@
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WKH FLUFXPVWDQFH WKDW WKHUH LV QR DGHTXDWH LQIRUPDWLRQ
XQWLO QRZ DERXW WKH HIIHFW RI VHSDUDWH HOHPHQWV RQ
UHVLVWDQFH RI ZHOGHG MRLQWV WR D GHOD\HG FRROLQJ� 7KXV�
IRU H[DPSOH� WKHUH LV DQ RSLQLRQ LQ >��w��@ DERXW WKH
LQFUHDVH LQ SUREDELOLW\ RI FUDFN LQLWLDWLRQ LQ +$= RI
DOOR\HG VWHHOV DW GHFUHDVH RI VXOSKXU FRQWHQW WR
����� �� $XWKRUV RI ZRUNV >��w��@ FDPH WR WKH RS�
SRVLWH RSLQLRQ� FKDQJH LQ VXOSKXU FRQWHQW LQ ORZ�DO�
OR\HG VWHHOV IURP ����� WR ���� � LQIOXHQFHV QHJOLJLEO\
WKHLU VXVFHSWLELOLW\ WR WKH FUDFN IRUPDWLRQ� ,Q ZRUN
>��@ WKH FDXVH RI GLVFUHSDQF\ LQ RSLQLRQV RI GLIIHUHQW
DXWKRUV FRQFHUQLQJ WKLV SUREOHP LV H[SODLQHG E\ WKH
HIIHFW RI FRPSRVLWLRQ RI VWHHOV DQG W\SH RI QRQ�PHWDOOLF
LQFOXVLRQV �10,� RQ WKH IRUPDWLRQ RI VWUXFWXUH DQG
SURSHUWLHV RI +$= RI VWHHOV RI DQ LQFUHDVHG SXULW\�
7KH HIIHFW RI RWKHU HOHPHQWV �5(0 DQG PLFURDOOR\�
LQJ�� H[LVWLQJ LQ VWHHOV RI WKH QHZ JHQHUDWLRQ RQ D
GHOD\HG FRROLQJ� LV OLWWOH VWXGLHG�

,W LV UDWLRQDO WR DGG WKH LQGLUHFW HYDOXDWLRQ RI
VXVFHSWLELOLW\ WR D GHOD\HG IUDFWXUH RI WKHVH PDWHULDOV
ZLWK LQYHVWLJDWLRQV XVLQJ ZHOO�NQRZQ WHFKQRORJLFDO
VDPSOHV �LPSODQW RU 7HNNHQ�� 6XFK DSSURDFKHV PDNH
LW SRVVLEOH WR REWDLQ HYDOXDWLRQ RI UHVLVWDQFH RI ZHOGHG
MRLQWV RI QHZ VWHHOV WR FROG FUDFN IRUPDWLRQ DV FRP�
SDUHG ZLWK WKDW RI ZHOO�VWXGLHG VWUXFWXUDO PDWHULDOV�

5HVLVWDQFH RI VWHHOV WR ODPHOODU IUDFWXUH� $QLVRW�
URS\ RI GXFWLOLW\ DQG WRXJKQHVV LV W\SLFDO RI VKHHW
UROOHG PHWDO RI VWUXFWXUDO VWHHOV� ,W LV H[SUHVVHG LQ D
UHPDUNDEOH GHFUHDVH LQ YDOXHV RI WKHVH SURSHUWLHV LQ
WUDQVLWLRQ IURP ORQJLWXGLQDO GLUHFWLRQ WR WUDQVYHUVH
DQG LQ DQ DEUXSW WKHLU GHFUHDVH LQ WKH GLUHFWLRQ RI
WKLFNQHVV �GLUHFWLRQ =� >��� ��� ��@� 7KH ODWWHU LV
DVVRFLDWHG XVXDOO\ ZLWK WKH SUHVHQFH RI 10, LQ VWHHO�
0RUHRYHU� WKHLU FRPSRVLWLRQ� VKDSH� VL]HV� QDWXUH RI
GLVWULEXWLRQ� VXVFHSWLELOLW\ WR GHIRUPLQJ� VWUHQJWK RI
DGKHVLRQ ZLWK PDWUL[� HWF� DUH RI LPSRUWDQFH� ,Q VWHHOV
RI D FRQWUROODEOH UROOLQJ� ZLWK D QHJOLJLEOH FRQWHQW RI
10,� WKH FU\VWDOORJUDSKLF WH[WXUH DQG ZHDNHQLQJ RI
VXEJUDLQ ERXQGDULHV DUH GHFLVLYH� 7KH ORZ GXFWLOLW\
DQG WRXJKQHVV LQ FRPELQDWLRQ ZLWK IRUFHV RFFXUULQJ
LQ WKH GLUHFWLRQ = LQ ]RQHV RI PHWDO VWUXFWXUHV ZLWK
7� DQG ILOOHW ZHOGHG MRLQWV VHUYH WKH PDLQ FDXVH RI
IRUPDWLRQ RI ODPHOODU FUDFNV�

7KH ODPHOODU IUDFWXUHV RIZHOGHG MRLQWV DUH DVVRFLDWHG

PRVW RIWHQ ZLWK WKH SUHVHQFH RI VXOSKLGH LQFOXVLRQV LQ

VWHHOV� ZKLFK DUH FDSDEOH WR EH GHIRUPHG DQG� WKHUHIRUH�

WKH\ DUH HORQJDWHG DQG IODWWHQHG GXULQJ UROOLQJ� 7KH

QHZ JHQHUDWLRQ RI VWHHOV LV VXEMHFWHG LQ PRVW FDVHV WR

GLIIHUHQW UHILQLQJ WUHDWPHQWV DQG FRQWDLQV D OLPLWHG FRQ�

WHQW RI VXOSKXU� 7KH UROH RI VXOSKLGH LQFOXVLRQV LQ OD�

PHOODU IUDFWXUH RI VXFK UROOHG VWRFN LV GHFUHDVHG�
:KHQ DQDO\VLQJ WKH ODPHOODU IUDFWXUH LW LV� SURE�

DEO\� UDWLRQDO WR FRQFHQWUDWH DOVR DWWHQWLRQ WR WKH UROH
RI QLWULGH LQFOXVLRQV KDYLQJ� DV D UXOH� DQ DFLFXODU
VKDSH� LQ WKLV SURFHVV� 7KH VWUXFWXUDO VWHHOV RI WKH QHZ
JHQHUDWLRQ FRQWDLQ LQ PRVW FDVHV QLWURJHQ DQG QLWULGH�
IRUPLQJ HOHPHQWV �DOXPLQLXP� ERURQ� YDQDGLXP� QLR�
ELXP� FKURPLXP� WLWDQLXP� ]LUFRQLXP� HWF��� 7KH
SURFHVV RI VWHHO SURGXFWLRQ FDQ SURPRWH LWVHOI WKH IRU�
PDWLRQ RI QLWULGH LQFOXVLRQV� DV WKH\ DUH IRUPHG LQ
FRROLQJ RU KHDW WUHDWPHQW RI PHWDO >��@�

,Q VRPH FDVHV WKH SURFHVV RI ZHOGLQJ FDQ HIIHFW
QHJDWLYHO\ RQ WKH PHWDO UHVLVWDQFH WR D ODPHOODU IUDF�

WXUH� 7KXV� LQ WKH ]RQHV RI D KLJK FRQFHQWUDWLRQ RI
WKHUPRSODVWLF ZHOGLQJ GHIRUPDWLRQV� WKH GHFUHDVH LQ
DGKHVLRQ RI 10, ZLWK PDWUL[ PHWDO� IRUPDWLRQ RI
ODUJH FOXVWHUV RI GHIRUPDWLRQV DQG GHIRUPDWLRQDO DJH�
LQJ RI PHWDO DUH SRVVLEOH� 7KH LQFUHDVHG FRQFHQWUDWLRQ
RI GLIIXVLYH K\GURJHQ� DQG DOVR FRPSRVLWLRQ RI %0
FDQ RFFXU WR EH DQ HVVHQWLDO IDFWRU LQ WKLV FDVH� &RQ�
VHTXHQWO\� WR SUHYHQW WKH IRUPDWLRQ RI ODPHOODU FUDFNV
LQ WKH ]RQH RI ZHOGHG MRLQWV LW LV QHFHVVDU\ WR XVH�
H[FHSW VHOHFWLRQ RI %0 ZLWK KLJK FKDUDFWHULVWLFV RI
SURSHUWLHV LQ GLUHFWLRQ =� WKH WHFKQRORJLFDO PHDVXUHV
�SUHOLPLQDU\ IDFLQJ RI HGJHV EHIRUH ZHOGLQJ� UDWLRQDO
VHOHFWLRQ RI VHTXHQFH RI ZHOGV OD\RXW DQG WHFKQRORJ\
RI ZHOGLQJ >��� ��@ DQG RWKHUV��

7R HYDOXDWH WKH VXVFHSWLELOLW\ RI VWHHOV WR WKH IRU�

PDWLRQ RI ODPHOODU FUDFNV WKH UHGXFWLRQ LQ DUHD ψ= RI
VPRRWK VSHFLPHQV ZLWK DQ D[LV LQ = GLUHFWLRQ DUH
ZLGHO\ XVHG� 7KH SURFHGXUH RI SUHSDUDWLRQ RI VWDQGDUG
VSHFLPHQV DQG WKHLU WHVWLQJ LV DYDLODEOH LQ *267

�����w��� $V WR WKH UHTXLUHPHQWV WR ψ=� WKHQ LQ DF�
FRUGDQFH ZLWK WHFKQLFDO VSHFLILFDWLRQV� IRU H[DPSOH�
WR WKLQ�VKHHW UROOHG PHWDO IURP D ORZ�DOOR\HG VWHHO IRU
EULGJH FRQVWUXFWLRQ� LWV YDOXHV VKRXOG EH SURYLGHG DW
WKH OHYHO RI ! �� � WKDW LV RSWLPXP IURP WKH SRLQW
RI YLHZ RI SUHYHQWLRQ RI IRUPDWLRQ RI ODPHOODU FUDFNV
LQ ZHOGLQJ RI PHWDO VWUXFWXUHV� $V UHJDUGV WR WKH VWHHOV
RI WKH QHZ JHQHUDWLRQ DQG WR SURYLGH WKH VDIH VHUYLFH
RI ZHOGHG MRLQWV LW LV QHFHVVDU\ WR HYDOXDWH WKH SURS�
HUWLHV RI PHWDO LQ WKH GLUHFWLRQ = WRJHWKHU ZLWK GH�

WHUPLQDWLRQ RI ψ= XVLQJ DSSURDFKHV DQG FULWHULD RI
IUDFWXUH PHFKDQLFV� ,Q WKLV FDVH� WKH UHTXLUHPHQWV WR
WKH IUDFWXUH WRXJKQHVV VKRXOG EH VSHFLILHG FRPLQJ
IURP WKH �ILWQHVV�IRU�SXUSRVH� FRQFHSWLRQ�

3HFXOLDULWLHV RI VHOHFWLRQ RI PDWHULDOV DQG SURF�
HVVHV RI ZHOGLQJ� 0HWDOOXUJLFDO DQG WHFKQRORJLFDO
SURFHVVHV RI ZHOGLQJ VWUXFWXUDO VWHHOV DUH XVXDOO\ VH�
OHFWHG VR WKDW WR SURYLGH WKH SURGXFLQJ RI ZHOG PHWDOV
RI RSWLPXP FKHPLFDO FRPSRVLWLRQ �IRU HDFK OHYHO RI
VWUHQJWK RI PDWHULDOV� ZLWK D OLPLWHG FRQWHQW RI VXO�
SKXU� SKRVSKRURXV DQG 10,� 7KLV LV GHILQHG LQ HDFK
FRQFUHWH FDVH E\ WKH VHOHFWLRQ RI ILOOHU PDWHULDOV� HGJH
SUHSDUDWLRQ RI ZHOGHG MRLQWV� PHWKRGV DQG FRQGLWLRQV
RI ZHOGLQJ� $V D UHVXOW� WKH WUDQVLWLRQ RI DOOR\LQJ DQG
LPSXULW\ HOHPHQWV IURP %0 LQWR WKH GHSRVLWHG PHWDO
SUHGHWHUPLQHV LWV VWUXFWXUH DQG SURSHUWLHV� 7KH VKDUH
RI %0 LQ ZHOGV FDQ FKDQJH ZLWKLQ WKH ZLGH HQRXJK

UDQJHV �≈ ��w�� �� IRU WKH PDLQ SURFHVVHV RI DUF
ZHOGLQJ�

,Q WKLV FRQQHFWLRQ WKH VWHHOV RI WKH QHZ JHQHUDWLRQ
FDQ SURYLGH DQRWKHU DFWLRQ RQ VWUXFWXUH DQG SURSHUWLHV
RI ZHOG PHWDOV WKDQ WKH ZHOO�VWXGLHG VWUXFWXUDO PD�
WHULDOV XVHG DW SUHVHQW� 7KLV LV� ILUVW RI DOO� FDQ EH

H[SUHVVHG LQ WKH IDFW WKDW LQ ZHOGLQJ VWHHOV ZLWK σ ≈
≈ ���w��� 03D WKH WUDQVLWLRQ RI DOOR\LQJ HOHPHQWV
�QLFNHO� FKURPLXP� PRO\EGHQXP� HWF�� LQWR ZHOGPHW�
DO ZLOO QRW WDNH SODFH� DQG LQ ZHOGLQJ RI VWHHOV RI D

KLJKHU VWUHQJWK �ZLWK σ��� ≥ ��� 03D� LW ZLOO EH PXFK
ORZHU� 7KHUHIRUH� WKH XVH RI WUDGLWLRQDO PDWHULDOV IRU
ZHOGLQJ VWHHOV RI DSSURSULDWH FDWHJRULHV RI VWUHQJWK�
FDQ OHDG WR WKH GHWHULRUDWLRQ RI VHUYLFH SURSHUWLHV RI
WKH GHSRVLWHG PHWDO� 7KLV SUREOHP FDQ EH� SUREDEO\�
RYHUFRPH DW WKH H[SHQVH RI GHYHORSPHQW RI VSDUVHO\�
DOOR\HG ZHOGLQJ PDWHULDOV RI WKH QHZ JHQHUDWLRQ >��@
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RU DQ DOORZDQFH IRU FRQGLWLRQV RI IRUPDWLRQ RI SURS�
HUWLHV RI ZHOG PHWDOV RI GLIIHUHQW W\SHV RI MRLQWV >��@�
7KH XVH RI PRUH DOOR\HG ZHOGLQJ PDWHULDOV IRU WKLV
SXUSRVH LV KDUGO\ SURPLVLQJ IURP WKH HFRQRPLF SRLQW
RI YLHZ� $FFRUGLQJ WR WKH RSLQLRQ RI VRPH UHVHDUFKHUV

>��� ��@ WKH ZHOG PHWDO RI DOOR\HG VWHHOV ZLWK σ��� ≥
≥ ��� 03D LV PRUH VXVFHSWLEOH WR WKH IRUPDWLRQ RI
FROG FUDFNV� WKDQ VWHHO�

+RZHYHU� LQ ZHOGLQJ RI PLFURDOOR\HG VWHHOV WKH

WUDQVLWLRQ RI QLRELXP� YDQDGLXP� DOXPLQLXP� DQG DOVR

WKHLU QLWULGHV� FDUERQLWULGHV DQG 5(0 LQWR WKH GHSRV�

LWHG PHWDO WDNHV SODFH� 7KLV FDQ FRQWULEXWH WR WKH

LQFUHDVH RI 10, LQ LW DQG LQIOXHQFH QHJDWLYHO\ ERWK

WKH LPSDFW VWUHQJWK DQG DOVR WHPSHUDWXUH RI ZHOG

PHWDO WUDQVLWLRQ LQWR D EULWWOH VWDWH >��� ��@� 7KH

FRPSRVLWLRQ RI WKHVH LQFOXVLRQV DQG WKHLU DPRXQW GH�

SHQG RQ PDQ\ IDFWRUV DQG DUH WKH VXEMHFW RI VSHFLDO

LQYHVWLJDWLRQV� 7KXV� DV UHJDUGV WR ZHOGLQJ WKH ODUJH�

GLDPHWHU SLSHV WKH GDWD RI >��@ SURYH WKDW LW LV QHF�

HVVDU\ WR OLPLW WKH WRWDO FRQWHQW RI FDUELGH� DQG QL�

WULGH�IRUPLQJ HOHPHQWV LQ VWHHOV� 7KHUHIRUH� LW LV QHF�

HVVDU\ WR HYDOXDWH WKH SRVVLELOLWLHV RI XVH RI EDVLF

SURFHVVHV RI DUF ZHOGLQJ IRU PDQXIDFWXUH RI ZHOGHG

VWUXFWXUHV IURP GRPHVWLF KLJK�VWUHQJWK PLFURDOOR\HG

VWHHOV� 7R FRQGXFW WKHVH LQYHVWLJDWLRQV� DOO RI WKHP

ZHUH GLYLGHG FRQGLWLRQDOO\ LQWR WKUHH JURXSV GHSHQG�

LQJ RQ WKH WRWDO FRQWHQW RI DOXPLQLXP� YDQDGLXP DQG

QLRELXP >��w��@�

• VWHHOV ZLWK Σ $O� 9� 1E � ���� � ���.K*05%

DQG ��*1�0)$<X'5 JUDGHV ZLWK Σ $O� 9� 1E ≈
≈ ����w���� ���

• VWHHOV ZLWK Σ $O� 9� 1E  ����w���� �

���*1�0)$<X DQG ��.K*�6$)' JUDGHV ZLWK Σ
$/� 9� 1E  ����w���� ���

• VWHHOV ZLWK Σ $O� 9� 1E ≥ ���� �

���.K*1�0'$)5 JUDGH ZLWK Σ $O� 9� 1E  
 ���� ���

%XWW MRLQWV ZLWK 9�VKDSHG HGJH SUHSDUDWLRQ� PDGH
E\ PDQXDO HOHFWULF DUF ZHOGLQJ �4Z  ��w�� N-�FP��
DQG DOVR E\ PHFKDQL]HG ZHOGLQJ LQ PL[WXUH $U � &2�

�4Z  ��w�� N-�FP� DQG DXWRPDWLF 6$: �4Z  
 ��w�� N-�FP� XVLQJ WKH WUDGLWLRQDO PDWHULDOV DQG
DSSURDFKHV ZHUH SUHSDUHG IURP VHSDUDWH UHSUH�
VHQWDWLYHV RI HDFK JURXS RI �� PP WKLFN VWHHOV� 'XULQJ
SUHVHQW LQYHVWLJDWLRQV WKH LPSDFW VWUHQJWK RI ZHOG
PHWDO DQG LWV WUDQVLWLRQ IURP WRXJK WR TXDVL�EULWWOH
VWDWH 7%7� ZHUH HYDOXDWHG� 5HVXOWV RI LQYHVWLJDWLRQV
DUH JLYHQ LQ 7DEOH ��

$V IROORZV IURP WKH 7DEOH� WKH KLJKHVW WRXJKQHVV

RI ZHOG PHWDO ZDV UHDFKHG DW Σ $O� 9� 1E � ���� �
LQ VWHHOV� :LWK LQFUHDVH LQ DPRXQW RI WKHVH HOHPHQWV
DQG GHFUHDVH LQ WHVW WHPSHUDWXUH WKH LPSDFW VWUHQJWK
RI PHWDO RI DOO WKH ZHOGV LV GHFUHDVHG� 7KLV LV FOHDUO\
H[SUHVVHG ZKHQ WKH ZHOGV PDGH E\ WKH DXWRPDWLF

6$: RQ VWHHOV ZLWK Σ $O� 9� 1E ! ���� � DUH WHVWHG�
,Q WKLV FDVH WKH WHPSHUDWXUH 7%7� LV VKLIWHG WR WKH
UHJLRQ RI WKH KLJKHU WHPSHUDWXUHV E\ ��w�� �& WKDW
LV GXH WR D KLJKHU VKDUH RI %0 LQ WKH IRUPDWLRQ RI

WKHVH ZHOGV �≈ ��w�� ���
7KH LQYHVWLJDWLRQV FDUULHG RXW SURYH WKDW WKH SURE�

OHPV RI LQFUHDVH RI FROG UHVLVWDQFH RI ZHOG PHWDO RI
PLFURDOOR\HG KLJK�VWUHQJWK VWHHOV FDQ EH VROYHG E\
LPSURYHPHQW RI ZHOGLQJ SURFHVVHV� ZKLFK LV GLUHFWHG
WR WKH UHGXFWLRQ RI %0 VKDUH LQ ZHOG PHWDOV� ,Q WKH
LQYHVWLJDWLRQV GHVFULEHG WKLV ZDV HDVLO\ DWWDLQHG LQ
PDQXDO HOHFWULF DUF DQG PHFKDQL]HG VKLHOGHG�JDV

ZHOGLQJ RI VWHHOV ZLWK Σ $O� 9� 1E  ����w���� ��

7KH DXWRPDWLF 6$: RI WKHVH VWHHOV LV UDWLRQDO DW Σ
$O� 9� 1E � ���� �� DV LQ WKH UHVW FDVHV WKLV LV FRQ�
QHFWHG ZLWK D VLJQLILFDQW FRPSOLFDWLRQ RI WHFKQRORJL�
FDO SURFHVVHV DQG GHFUHDVH LQ WKHLU SURGXFWLYLW\�

7KXV� VSHFLILF DSSURDFKHV WR WKH VHOHFWLRQ RI ILOOHU
PDWHULDOV DQG UHDOL]DWLRQ RI PDLQ SURFHVVHV RI DUF
ZHOGLQJ FDQ EH UHTXLUHG LQ VHSDUDWH FDVHV IRU WKH QHZ
JHQHUDWLRQ RI VWUXFWXUDO VWHHOV� 7R WDNH WKH GHFLVLRQV

7DEOH �� ,PSDFW VWUHQJWK RI ZHOGV LQ DUF ZHOGLQJ RI VWHHOV ZLWK GLIIHUHQW FRQWHQW RI Σ $O� 9� 1E

0HWKRG RI ZHOGLQJ

Σ $O� 9�

1E LQ

VWHHO� �

.&9� -�FP
�

� DW °�
Ì

¯

°
%7��

Ì

¯ 3HFXOLDULWLHV RI ZHOGLQJ MRLQWV
��� w�� w��

0DQXDO HOHFWULF DUF ���� ��w�� ��w�� ��w�� w�� -RLQWV ZHUH ZHOGHG XVLQJ WUDGLWLRQDO

WHFKQRORJLFDO SURFHVVHV

���� ��w�� ��w�� ��w�� w�� 7KH VDPH

���� ��w�� ��w�� ��w�� w�� �

��w�� ��w�� ��w�� w�� -RLQWV ZHUH ZHOGHG E\ FKDQJLQJ

FRQGLWLRQV DQG WHFKQRORJ\ RI ZHOGLQJ

6KLHOGHG�JDV PHFKDQL]HG ���� ��w��� ��w�� ��w�� w�� -RLQWV ZHUH ZHOGHG XVLQJ WUDGLWLRQDO

WHFKQRORJLFDO SURFHVVHV

���� ��w�� ��w�� ��w�� w�� 7KH VDPH

���� ��w�� ��w�� ��w�� w�� �

��w�� ��w�� ��w�� w�� -RLQWV ZHUH ZHOGHG E\ FKDQJLQJ

FRQGLWLRQV DQG WHFKQRORJ\ RI ZHOGLQJ

$XWRPDWLF VXEPHUJHG�DUF ���� ��w�� ��w�� ��w�� w�� -RLQWV ZHUH ZHOGHG XVLQJ WUDGLWLRQDO

WHFKQRORJLFDO SURFHVVHV

���� ��w�� ��w�� ��w�� w�� 7KH VDPH

���� ��w�� ��w�� ��w�� w�� �

��w�� ��w�� ��w�� w�� -RLQWV ZHUH ZHOGHG E\ FKDQJLQJ

FRQGLWLRQV DQG WHFKQRORJ\ RI ZHOGLQJ

1R W H � 5HVXOWV RI WHVWLQJ �w� VSHFLPHQV DUH JLYHQ�
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DERXW WKH QHFHVVLW\ RI FRQGXFWDQFH RI WKHVH ZRUNV�
WKH SUHOLPLQDU\ LQYHVWLJDWLRQV DUH� SUREDEO\� UDWLRQDO
E\ XVLQJ WKH NQRZQ HDUOLHU PDWHULDOV DQG WHFKQRORJL�
FDO VROXWLRQV�

&21&/86,21

,QYHVWLJDWLRQV DQG DQDO\VLV RI SHFXOLDULWLHV RI IRUPDWLRQ
RI VWUXFWXUH DQG SURSHUWLHV RI ZHOGHG MRLQWV RI VSDUVHO\�
DOOR\HG VWUXFWXUDO VWHHOV RI WKH QHZ JHQHUDWLRQ GHPRQ�
VWUDWHG WKH QHHG LQ D FDUHIXO DSSURDFK WR WKH VHOHFWLRQ
RI PDWHULDOV DQG SURFHVVHV RI WKHLU ZHOGLQJ GXH WR D
SRVVLEOH LQFUHDVH LQ VXVFHSWLELOLW\ RI PHWDO RI ZHOGV DQG
+$= WR EULWWOH IUDFWXUHV� �3URJUDP RI LQYHVWLJDWLRQV RI
ZHOGDELOLW\ RI QHZ ORZ�DOOR\HG VWHHOV RI LQFUHDVHG DQG
KLJK VWUHQJWK ZLWK PRUH WKDQ ��� 03D \LHOG VWUHQJWK�
GHVLJQHG IRU XVH LQ FULWLFDO ZHOGHG VWUXFWXUHV� KDV EHHQ
FUHDWHG� LQ ZKLFK WKH HYDOXDWLRQ RI VHUYLFH SURSHUWLHV
RI %0� HIIHFW RI WKHUPDO F\FOHV RI ZHOGLQJ RQ VHUYLFH
SURSHUWLHV RI +$= PHWDO� VXVFHSWLELOLW\ RI QHZ VWUXF�
WXUDO VWHHOV WR WKH FUDFN IRUPDWLRQ �KRW� FROG� ODPHOODU�
LQZHOGHG MRLQWV� SHFXOLDU IHDWXUHV RI IRUPDWLRQRI VHUYLFH
SURSHUWLHV RI ZHOG PHWDOV DUH HQYLVDJHG XVLQJ WKH DG�
YDQFHG PHWKRGV�

7KH LQIRUPDWLRQ REWDLQHG IRU DOO WKHVH WUHQGV RI
LQYHVWLJDWLRQV DQG DVVXUDQFH RI DQ DSSURSULDWH OHYHO
RI VHUYLFH SURSHUWLHV RI %0 DQG PHWDO RI ZHOGHG MRLQWV
ZLOO EH D JRRG EDVH IRU WKH FUHDWLRQ RI HIILFLHQW DQG
UHOLDEOH ZHOGHG VWUXFWXUHV RI VWHHOV RI WKH QHZ JHQ�
HUDWLRQ�

�� )LVFKHU� -�:�� 'H[WHU� 5�,� ������ +LJK�SHUIRUPDQFH VWHHO
IRU $PHULFDsV EULGJHV� :HOGLQJ -�� �� ��w���

�� 7DQL� 6�� .DQHNR� 9�� ,VKLJXUR� 0� HW DO� ������ 5HFHQWO\
GHYHORSHG VWUXFWXUH VWHHO IRU XVH LQ FLYLO HQJLQHHULQJ DQG
FRQVWUXFWLRQV� 1.. 7HFKQ� 5HY�� ��� ��w���

�� 'LHWHU� 8�� %HOPH\HU� +� ������ (UIDKUXQJHQ PLW GHP 9HU�
DUEHLWHQ GHV KRFKIHVWHQ ZDVVHUYHUJX

..
WHWHQ %DXVWDKOV 6W� (

���� 6FKZHLβHQ XQG 6FKQHLGHQ� �� ���w����
�� *HUVWHU� 3�� +DXVHU� -� ������ (UIDKUXQJHQ PLW GHU $QZHQ�

GXQJ KRFKIHVWHU ZDVVHUYHUJX
..
WHWHQ )HLQNRUQEDXVWD

..
KOH EHLP

%DX YRQ 7HOHVNRS�$XWRNUD
..
QHQ� '96�%HU�� ���� ��w���

�� )UHGLQ� (�+�� $KOWRQ� %�� +RJOXQG� 7� HW DO� ������ )DEUL�
FDWLRQ D PRELOH EULGJH IRU WKH 6ZHGLVK DUP\� :HOGLQJ 5HY�
,QW�� �� ���w����

�� +HUROG� (�+�� =LQNH� 0�� =ZLFNHUW� +� HW DO� ������ 1HXHV
LQ GHU 6FKZHLβWHFKQLN ����� 6FKZHLβHQ XQG 6FKQHLGHQ� ��
���w����

�� 'UHYHV� (��-�� $QJOH� %�� .UX]H� ,� ������ +LJK�VWUHQJWK
VWHHOV x WKH SUHVHQW DQG WKH IXWXUH� &K\RUQ� 0HWDOO\� ���
��w���

�� /XQGLQ� &�'�� *LOO� 7�3�6�� 4LQR� &�<�3� HW DO� ������
:HOGDELOLW\ RI ORZ�FDUERQ PLFUR�DOOR\HG VWHHOV IRU PDULQH
VWUXFWXUHV� :56 %XOO�� ���� �w����

�� %UR]GD� -�� =HPDQ� 0� ������ :HOGDELOLW\ HYDOXDWLRQ RI D
PRGHUQ 70&3 VWHHO E\ XVLQJ VLPXODWLRQ WHFKQLTXHV� $FWD
0HWDOOXUJLFD� �� ���w����

��� 6WRO\DURY� 9�,�� 1LNLWLQ� 9�1�� (IURQ� /�,� HW DO� ������
6WDWH�RI�WKH�DUW DQG SURVSHFWLYHV RI GHYHORSPHQW RI WHFKQRO�
RJ\ DQG FRPSRVLWLRQ RI KLJK�VWUHQJWK ZHOGDEOH VWHHOV ZLWK
\LHOG SRLQW RI ��� 1�PP�� 6WDO� �� ��w���

��� YRQ 5DXFK� 5�� (LJHOVEHUJHU� 0�� /LQGHU� :� HW DO� ������
+HUVWHOOXQJ XQG 9HUDUEHLWXQJVHLJHQVFKDIWHQ HLQHV WKHU�
PRPHFKDQLVFK JHZDO]WHQ :DUPEUHLWEDQGHV PLW ��� 1�PP�

0LQGHVWVWUHFNJUHQ]H� 6FKZHLβWHFKQLN� �� ��w���
��� &DPSEHOO� -�%� ������ :HOGLQJ RI KLJK�VWUHQJWK DQG ZHDU�

UHVLVWDQW TXHQFKHG DQG WHPSHUHG VWHHOV� $XVWUDOLDQ :HOG�
LQJ� �� ��w���

��� +RLVHU� $�� 1LV� ;�� 5XXVLOD� <X� HW DO� ������ )UDFWXUH EH�
KDYLRU RI ZHOGHG MRLQWV IURP KLJK�VWUHQJWK VWUXFWXUDO VWHHOV�
&K\RUQ� 0HWDOO\� �� ��w���

��� YRQ 0D\HUKRIHU� 0�� $LJPXOOHU� *�� *H\HU� '� HW DO� ������
+RFKIHVWH VFKZHLβEDUH %DXVWD

..
KOH� 6FKZHLβWHFKQLN� ��� �w���

��� .LULDQ� 9�� 0LNKRGXM� /�,� ������ )UDFWXUH WRXJKQHVV RI DO�
OR\HG EDLQLWLF�PDUWHQVLWLF VWHHOV DQG WKHLU ZHOGHG MRLQWV�
$YWRPDWLFK� 6YDUND� ��� �w��

��� +ULYQDN� ,� ������ :HOGDELOLW\ RI VWHHOV� 0RVFRZ� 0DVKL�
QRVWUR\HQL\H�

��� +ULYQDN� ,� ������ 7HRULD ]YDULWHOQRVWL NRYRY D ]OLDWLQ�
%UDWLVODYD� 96$9�

��� 6LGRUXN� 9�$�� 'XGNR� '�$�� *RUEHQNR� 1�9� HW DO� ������
6LPXODWLRQ RI ZHOGLQJ WKHUPDO F\FOH LQ KHDW�DIIHFWHG ]RQH
GXULQJ HOHFWURVODJ ZHOGLQJ ZLWK D PRGXODWHG FXUUHQW� $YWR�
PDWLFK� 6YDUND� �� ��w���

��� .DVDWNLQ� %�6�� 6WUL]KLXV� *�1�� 7VDU\XN� $�.� HW DO� ������
6LPXODWLRQ RI +$= VWUXFWXUH DQG FROG FUDFNV LQ ZHOGLQJ RI
PHGLXP�DOOR\HG VWHHO� ,ELG�� �� �w��

��� 6KURQ� 5�=�� %DNVKL� 2�$� ������ $ERXW SUREOHP RI HYDOX�
DWLRQ RI VWUHQJWK RI ZHOGHG MRLQWV ZLWK D VRIW OD\HU�
6YDURFKQ� 3URL]YRGVWYR� �� ��w���

��� +DQQHU� 1�(� 7KH LQIOXHQFH RI QLRELXP RQ WKH PLFURVWUXF�
WXUH DQG PHFKDQLFDO SURSHUWLHV RI VXEPHUJHG�DUF ZHOG PHW�
DOV IRU &0Q VWHHOV� ,,: 'RF� ,,����w���

��� +DQQHU� 1�(�� -RQVRQ�+ROWTXLVW� %�0� ������ ,QIOXHQFH RI
YDQDGLXP RI WKH +$= SURSHUWLHV RI PLOG VWHHO� 0HWDO 6FL��
�� ���w����

��� 7R\RGD� 0� )UDFWXUH WRXJKQHVV HYDOXDWLRQ RI VWHHO ZHOGV�
3DUW �� ,,: 'RF� ;�����w���

��� .LULDQ� 9�,�� 6HP\RQRY� 6�(� ������ (YDOXDWLRQ RI ILWQHVV�
IRU�SXUSRVH RI ZHOGHG MRLQWV RI PDLQ SLSHOLQHV IURP PLFURDO�
OR\HG VWHHOV� $YWRPDWLFK� 6YDUND� �� �w��

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

��� ,WR� <�� %HVKLR� .� :HOGDELOLW\ IRUPXOD RI KLJK VWUHQJWK
VWHHOV� ,,: 'RF� ,;����w���

��� +LUDL� <�� 0LQDNDPL� 6�� 7VXERL� -� (IIHFW RI VXOSKXU RQ K\�
GURJHQ�DVVLVWHG +$= FUDFNLQJ LQ $O�NLOOHG VWHHO SODWHV� ,,:
'RF� ,;�����w���

��� +DUW� 3�+�0� 7KH LQIOXHQFH RI VWHHO FOHDQOHVV +$= K\GUR�
JHQ FUDFNLQJ� 7KH SUHVHQW SRVLWLRQ� ,,: 'RF� ,;�����w���

��� 0LNKRGXM� /�,�� 0RYFKDQ� 0�%�� 3R]Q\DNRY� 9�'� HW DO�
������ 3URSHUWLHV RI H[WUDSXUH KLJK�VWUHQJWK VWHHO
��*1�0)$<X� 3UREOHP\ 6SHWV� (OHNWURPHWDOOXUJLL� �� ��w����

��� 6HULR� 1�� 6DLWR� 7�� 0L\DVDND� +� ������ (IIHFW RI VXOSKXU
DQG QLWURJHQ RQ FROG FUDFNLQJ� 0RQWKO\ 5HS� 16&� $SU��
�w���

��� <XULRND� 1�� 2KVKLWD� 6�� 6DLWR� 7� ������ (IIHFW RI VXOSKXU
RQ FROG FUDFNLQJ� ,ELG�� $XJ�� ��w���

��� &KU\VOHU� .�� 6KXEHUW� -�� 'DO� 9� HW DO� ������ &ROG FUDFN�
LQJ UHVLVWDQFH RI KLJK�VWUHQJWK VWUXFWXUDO VWHHOV ZLWK XOWUD
ORZ FRQWHQW RI VXOSKXU� &K\RUQ� 0HWDOO\� �� ��w���

��� 2NXPXUD� 0�� .DVX\D� 7�� <XULRND� 1� HW DO� ������ (IIHFW
RI FOHDQQHVV RQ LWV ZHOGDELOLW\� 4XDUW� -� -:6� �� ���w����

��� *ODGVKWHLQ� /�,�� /LWYLQHQNR� '�$�� 2QXFKLQ� /�*� ������
6WUXFWXUH RI DXVWHQLWH DQG SURSHUWLHV RI KRW UROOHG VWHHO�
0RVFRZ� 0HWDOOXUJL\D�

��� 1RYLNRY� 9�,�� *LUHQNR� 9�6�� %HUQDGVN\� $�9� ������ $Q�
LVRWURS\ RI SURSHUWLHV RI UROOHG PHWDO DQG SHUIRUPDQFH RI
ZHOGHG VWUXFWXUHV �5HYLHZ�� $YWRPDWLFK� 6YDUND� ��� ��w���

��� <DYRMVN\� 9�,�� 5XEHQFKLN� <X�,�� 2NHQNR� $�3� ������ 1RQ�
PHWDOOLFV DQG SURSHUWLHV RI VWHHO� 0RVFRZ� 0HWDOOXUJL\D�

��� *ODGVKWHLQ� /�,�� 5LYDQHQRN� 7�1� ������ (YDOXDWLRQ RI IUDF�
WXUH VXVFHSWLELOLW\ LQ VLPXODWHG WKHUPDO DQG GHIRUPDWLRQDO F\�
FOHV RI ZHOGLQJ� =DYRGVND\D /DERUDWRUL\D� �� ��w���

��� .DVDWNLQ� %�6�� 0XVL\DFKHQNR� 9�)�� 0LNKRGXM� /�,� ������
7HFKQRORJ\ RI ZHOGLQJ RI VWUXFWXUHV IURP ��.K�*05 VWHHO
LQ HUHFWLRQ RI KLJKZD\ EULGJH VSDQ� $YWRPDWLFK� 6YDUND� ��
��w���

��� 0LNKRGXM� /�,�� 9DVLOLHY� 9�*�� 3R]Q\DNRY� 9�'� HW DO�
������ .LQHWLFV RI DXVWHQLWH WUDQVIRUPDWLRQ RI VSDUVHO\�DO�
OR\HG ZHOG PHWDO ZLWK \LHOG SRLQW RI ���w��� 03D� ,ELG��
��� �w���

��� $VQLV� $�(�� ,YDVKFKHQNR� *�$� ������ ,QFUHDVH LQ VWUHQJWK
RI ZHOGHG VWUXFWXUHV� .\LY� 1DXNRYD 'XPND�

��� 8ZHU� '�� 'LEHOPH\HU� +� ������ (UIDKUXQJHQ PLW GHP
9HUDUEHLWHQ GHV KRFKIHVWHQ ZDVVHUYHUJX

..
WHWHQ %DXVWDKOV 6W� (

���� 6FKZHLβHQ XQG 6FKQHLGHQ� �� ���w����
��� +DUW� +�0� ������ 5HVLVWDQFH WR K\GURJHQ FUDFNLQJ LQ VWHHO

ZHOG PHWDO� :HOGLQJ -�� �� ��w���
��� 'ROE\� 5�(� 5HYLHZ RI ZRUN RQ WKH LQIOXHQFH RI 1E RQ WKH

PLFURVWUXFWXUH DQG WRXJKQHVV RI IHUULWLF ZHOG PHWDO� ,,:
'RF� ,;�����w���

��� 'ROE\� 5�(� 5HYLHZ RI ZRUN RQ WKH LQIOXHQFH RI YDQDGLXP
RQ PLFURVWUXFWXUH DQG WRXJKQHVV RI IHUULWLF ZHOG PHWDO� ,,:
'RF� ,;�����w���

��� 0DQGHOEHUJ� 6�/�� %RJDFKHN� <X�6�� .RYDOHYVN\� 9�$� HW
DO� ������ ,QFUHDVH LQ LPSDFW WRXJKQHVV RI ZHOG PHWDO RI
ODUJH�GLDPHWHU WXEHV IURP PLFURDOOR\HG VWHHOV� $YWRPDWLFK�
6YDUND� �� ��w���

��� *ODGVWHLQ� /�,�� /LWYLQHQNR� '�$� ������ +LJK�VWUHQJWK
EXLOGLQJ VWHHO� 0RVFRZ� 0HWDOOXUJL\D�

��� 1LNLWLQ� 9�1� ������ +LJK�VWUHQJWK ORZ�DOOR\HG VWHHOV IRU
PDQXIDFWXULQJ RI PRWRU�FDU� H[FDYDWRU DQG PLQLQJ HQJLQHHU�
LQJ� 6WDO� ��� ����w�����

��� 0HOQLNRY� 1�3�� *ODGVKWHLQ� /�,�� %RE\O\RYD� /�$� ������
��*1�0)$<X KLJK�VWUHQJWK VWHHO RI LQFUHDVHG FROG�UHVLV�
WDQFH LQ ZHOGHG VWUXFWXUHV� $YWRPDWLFK� 6YDUND� �� ��w���
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7ULEXWH WR WKH PHPRU\ RI 9LNWRU 1� =HP]LQ
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9�,� 0$.+1(1.2 DQG *�<X� 6$35<.,1$

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

&RQVLGHUHG DUH WKH PDLQ DVSHFWV RI SUREOHPV DVVRFLDWHG ZLWK IXVLRQ ZHOGLQJ RI VWHHOV RI WKH DXVWHQLWLF DQG IHUULWLF�SHDUOLWLF

JUDGHV� $QDO\VLV RI FDOFXODWLRQV DQG ZD\V RI VROYLQJ WKH SUREOHPV IRU HDFK RI WKH DERYH JUDGHV DUH EDVHG RQ VWXGLHV

SXEOLVKHG ODWHO\� 7KH UROH RI PDWKHPDWLFDO PRGHOOLQJ LQ VROYLQJ WKH DERYH SUREOHPV LV VKRZQ�

.H\ ZRU G V � IXVLRQ ZHOGLQJ �VXUIDFLQJ�� GLVVLPLODU VWHHOV�
SHQHWUDWLRQ �IXVLRQ� ]RQH� SKDVH FRPSRVLWLRQ� FKHPLFDO KHWHUR�

JHQHLW\� ZHOGLQJ VWUHVVHV DQG VWUDLQV� KRW DQG FROG FUDFNV

7KH NQRZQ ERRN E\ 3URI� 9�1� =HP]LQ >�@� LQ ZKLFK
WKH DXWKRU IRUPXODWHG PDLQ SUREOHPV RI ZHOGLQJ GLV�

VLPLODU VWHHOV� ZDV SXEOLVKHG �� \HDUV DJR� 0RVW SURE�

OHPV FRYHUHG E\ WKH ERRN DUH VWLOO WRSLFDO� ZKLFK LV
SURYHG E\ D QXPEHU RI UHFHQW SXEOLFDWLRQV >�w�� HWF�@�

,W IROORZV IURP WKHP WKDW GHVSLWH WKH VXEVWDQWLDOO\
LQFUHDVHG OHYHO RI NQRZOHGJH RQ WKH PDLQ SUREOHPV

RI ZHOGLQJ GLVVLPLODU VWHHOV DQG PHWKRGV IRU WKHLU

VROYLQJ� D JUHDW GHDO LV \HW EDVHG RQ SXUHO\ TXDOLWDWLYH

HVWLPDWHV DQG HPSLULFDO PHWKRGV WKDW UHTXLUH D ODUJH

VFRSH RI H[SHULPHQWDO ZRUN WR EH GRQH WR ILQG UDWLRQDO

GHVLJQ DQG WHFKQRORJ\ VROXWLRQV� 7KH ODWWHU LV DWWULE�

XWDEOH WR WKH FRPSOH[LW\ RI SK\VLFDO SURFHVVHV RFFXU�

ULQJ LQ ORFDO YROXPHV RI WKH IXVLRQ ]RQH EHWZHHQ GLV�

VLPLODU PHWDOV DQG WR D ODUJH QXPEHU RI LQIOXHQFLQJ

IDFWRUV� .LQHWLFV RI WKHVH SURFHVVHV LV GLIILFXOW WR TXDQ�

WLWDWLYHO\ HVWLPDWH E\ H[SHULPHQWDO PHWKRGV� ,Q DG�

GLWLRQ� D ODUJH QXPEHU RI LQIOXHQFLQJ IDFWRUV� DVVRFL�

DWHG ZLWK GLIIHUHQFHV LQ SK\VLFDO DQG FKHPLFDO SURS�

HUWLHV RI PDWHULDOV LQYROYHG LQ MRLQLQJ� KDPSHUV WKH

XVH RI WUDGLWLRQDO PHWKRGV IRU TXDQWLWDWLYH HVWLPDWLRQ

RI WKH H[WHQW RI WKHLU LQIOXHQFH RQ WKH UHTXLUHG TXDOLW\

RI D ZHOGHG MRLQW�

7KH DERYH�VDLG VWLSXODWHV DQ LQFUHDVHG LQWHUHVW LQ

WKH XVH RI PDWKHPDWLFDO PRGHOOLQJ PHWKRGV� EDVHG RQ

UDSLGO\ LQFUHDVLQJ FDSDELOLWLHV RI FRPSXWHU IDFLOLWLHV�

DORQJ ZLWK WKH XVH RI WUDGLWLRQDO H[SHULPHQWDO PHWK�

RGV RI LQYHVWLJDWLRQV� $V DQ H[DPSOH� ZH FDQ PHQWLRQ

D QXPEHU RI VWXGLHV >�w��� HWF�@ ZKHUH PDWKHPDWLFDO

PRGHOOLQJ \LHOGV SRVLWLYH UHVXOWV LQ VROYLQJ VSHFLILF

SUREOHPV� 7KH DXWKRUV RI WKLV UHYLHZ PDGH LW WKHLU

DLP QRW VR PXFK WR QRWH ZKDW KDV EHHQ DOUHDG\

DFKLHYHG LQ WKLV DUHD� DV WR VKRZ SRWHQWLDOLWLHV RI

PDWKHPDWLFDO PRGHOOLQJ IRU VROYLQJ FKDUDFWHULVWLF

SUREOHPV RI ZHOGLQJ GLVVLPLODU VWHHOV E\ DQ H[DPSOH

RI WKH PRVW FRPPRQ FRPELQDWLRQ RI IHUULWLF�SHDUOLWLF

SOXV DXVWHQLWLF VWHHO� 7KHQ� SURFHHGLQJ IURP >�@� WKH

DXWKRUV FRQVLGHU VHYHQ DUHDV FORVHO\ FRQQHFWHG ZLWK

VHOHFWLRQ RI UDWLRQDO GHVLJQ RU WHFKQRORJ\ VROXWLRQV

WR SURYLGH IXVLRQ ZHOGHG MRLQWV LQ WKH DERYH VWHHOV�

+HDWLQJ RI D ZRUNSLHFH� VL]HV RI WKH SHQHWUDWLRQ
]RQH DQG LWV PHDQ FKHPLFDO FRPSRVLWLRQ�7KHVH SURE�

OHPV DUH RI D NH\ LPSRUWDQFH QRW RQO\ IRU ZHOGLQJ
GLVVLPLODU PHWDOV� DOWKRXJK IRU WKH ODWWHU WKH\ KDYH
FHUWDLQ SHFXOLDULWLHV DVVRFLDWHG ZLWK GLIIHUHQW WKHU�

PDO�SK\VLFDO SURSHUWLHV �IRU H[DPSOH� WKHUPDO FRQ�

GXFWLYLW\ RI HDFK RI WKH VWHHOV ZHOGHG PD\ GLIIHU E\
D IDFWRU RI �� DQG PHOWLQJ SRLQW x DOPRVW E\ ��� �&��
7KLV H[HUWV D PDUNHG HIIHFW RQ GLVWULEXWLRQ RI KHDW

IURP WKH ZHOGLQJ VRXUFH DQG VL]HV RI WKH SHQHWUDWLRQ
]RQH� ZKLFK GHWHUPLQHV LWV PHDQ FKHPLFDO FRPSRVL�

WLRQ� DV ZHOO DV PLFURVWUXFWXUH DQG SURSHUWLHV� $OVR�

FKHPLFDO FRPSRVLWLRQ VWURQJO\ DIIHFWV VXVFHSWLELOLW\

RI PHWDO RI WKH SHQHWUDWLRQ ]RQH WR KRW DQG FROG FUDFN�

LQJ� )LJXUH � VKRZV WKH 6FKDHIIOHU GLDJUDP ZKLFK

UHSUHVHQWV WKH PLFURVWUXFWXUDO VWDWH RI DOOR\HG &Uw1L

VWHHO GHSHQGLQJ XSRQ WKH YDOXHV RI HTXLYDOHQWV RI

FKURPLXP� &U
HT
� DQG QLFNHO� 1L

HT
� UHVSHFWLYHO\� 7KH

GLDJUDP DOVR VKRZV UHJLRQV RI D VWUXFWXUDO VWDWH RI
� 9�,� 0$.+1(1.2 DQG *�<X� 6$35<.,1$� ����

)LJXUH �� 6FKDHIIOHU GLDJUDP� $ x DXVWHQLWH� 0 x PDUWHQVLWH�
) x IHUULWH
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WKH VWHHO LQ DFFRUGDQFH ZLWK WKH FRQWHQW RI DXVWHQLVLQJ

DQG IHUULWLVLQJ HOHPHQWV� GLIIHULQJ LQ VXVFHSWLELOLW\ WR

IRUPDWLRQ RI FROG �PDUWHQVLWLF� FUDFNV DW D WHPSHUD�

WXUH EHORZ ��� �&� KRW FUDFNV DW D WHPSHUDWXUH DERYH

���� �&� HPEULWWOHPHQW LQ KHDW WUHDWPHQW ZLWKLQ D

UDQJH RI ���w��� �& DQG KLJK�WHPSHUDWXUH EULWWOHQHVV

>��@� 6XFK GLDJUDPV DOORZ DQ LPSRUWDQW HVWLPDWLRQ

RI PHWDO RI WKH SHQHWUDWLRQ ]RQH� SURYLGHG WKDW FKHPL�

FDO FRPSRVLWLRQ RI WKH ]RQH LV NQRZQ� ZKLFK VHUYHV

DV D VXIILFLHQWO\ VWURQJ LPSHWXV WR GHYHORSPHQW RI

DSSURSULDWH PHWKRGV IRU SUHGLFWLRQ RI WKLV FRPSRVL�

WLRQ� GHSHQGLQJ XSRQ WKH FRQWHQW RI LQSXW PDWHULDOV�

DV ZHOO DV ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV� ,Q WKLV

FDVH WKH IROORZLQJ UHODWLRQVKLS LV XVHG�

; = ∑
L

;L'L� ���

ZKHUH ; LV WKH PHDQ FRQWHQW RI DQ HOHPHQW LQ WKH

SHQHWUDWLRQ ]RQH SURGXFHG E\ D JLYHQ SDVV� �� ;L LV

WKH FRQWHQW RI WKLV HOHPHQW LQ WKH L�WK UHJLRQ RI WKH

SHQHWUDWLRQ ]RQH �)LJXUH ��� DQG 'L LV WKH VKDUH RI

WKH L�WK UHJLRQ LQ WKH SHQHWUDWLRQ ]RQH� 9DOXHV RI 'L

DUH WUDGLWLRQDOO\ GHWHUPLQHG H[SHULPHQWDOO\� ZKLFK

LV YHU\ ODERXU�FRQVXPLQJ IRU JHQHUDWLQJ WKH FRUUH�

VSRQGLQJ EDVH RI YDOXHV GHSHQGLQJ XSRQ GLIIHUHQW

WHFKQRORJ\ DQG GHVLJQ IDFWRUV�

7KH ILUVW FDOFXODWLRQ DSSURDFKHV WR GHVFULSWLRQ RI

SHFXOLDULWLHV RI WKHUPDO SURFHVVHV RFFXUULQJ LQZHOGLQJ

GLVVLPLODU PDWHULDOV ZHUH GHYHORSHG DSSUR[LPDWHO\ ��

\HDUV DJR� 7KH\ UHODWH WR DQDO\WLFDO VROXWLRQV IRU VLQ�

JOH�SDVV ZHOGLQJ RI SDUWV RI GLVVLPLODU PDWHULDOV >���

��@� 6ROXWLRQV GHULYHG ZLWKLQ WKH IUDPHZRUN RI WKH

WKHRU\ DFFHSWHG DW WKDW WLPH >��@ DOORZ SUHGLFWLRQ RI

WHPSHUDWXUH ILHOGV DW D FHUWDLQ GLVWDQFH IURP WKH ZHOG

SRRO� +RZHYHU� LW LV YHU\ GLIILFXOW WR REWDLQ VXIIL�

FLHQWO\ UHOLDEOH YDOXHV RI 'L RQ WKHLU EDVLV�

3URJUHVV LQ FRPSXWHU IDFLOLWLHV DQG QXPHULFDO

PHWKRGV KDV VXEVWDQWLDOO\ ZLGHQHG FDSDELOLWLHV RI

PRGHOOLQJ RI SHQHWUDWLRQ RI D PDWHULDO ZHOGHG� GH�

SHQGLQJ XSRQ ZHOGLQJ FRQGLWLRQV DQG SDUDPHWHUV

>��@� ,Q WKLV FDVH GLIIHUHQFHV LQ SURSHUWLHV RI HOHPHQWV

EHLQJ ZHOGHG LQYROYH QR VXEVWDQWLDO GLIILFXOWLHV�

0DWKHPDWLFDO PRGHOV EDVHG RQ WKH WKHRU\ RI WKHU�

PDO FRQGXFWLYLW\� SURYLGHG WKDW WKHUPDO�SK\VLFDO

FKDUDFWHULVWLFV RI D PDWHULDO GHSHQG XSRQ WKH WHP�

SHUDWXUH DQG� LQ D QXPEHU RI FDVHV� DGGLWLRQDOO\ XSRQ

WKH PLFURVWUXFWXUDO VWDWH >��@� DUH XVHG WR REWDLQ DGH�

TXDWH FDOFXODWLRQ GDWD RQ VL]H RI WKH SHQHWUDWLRQ ]RQH�

,QFUHDVHG KHDW WUDQVIHU DQG ODWHQW KHDW RI PHOWLQJ

�VROLGLILFDWLRQ� LQ WKH OLTXLGXVwVROLGXV WHPSHUDWXUH

UDQJH LQ D OLTXLG SRUWLRQ RI WKH ZHOG SRRO DUH DOORZHG

IRU LQ WHUPV RI WKH HIIHFWLYH WKHUPDO FRQGXFWLYLW\ FR�

HIILFLHQW� $Q LPSRUWDQW SDUDPHWHU RI WKH PRGHO LV

GLVWULEXWLRQ RI WKHUPDO SRZHU RI WKH KHDW VRXUFH� )RU

WKH FDVH RI ZHOGLQJ ZLWK D ILOOHU PHWDO� WKH WKHUPDO

SRZHU LQWURGXFHG E\ WKH ILOOHU FDQ EH GHWHUPLQHG ZLWK

D FHUWDLQ H[WHQW RI DSSUR[LPDWLRQ DV IROORZV�

TI =
αG,Z

����
(7I F + TO)� ���

ZKHUH αG LV WKH GHSRVLWLRQ HIILFLHQF\� ,Z LV WKH ZHOGLQJ
FXUUHQW� 7I LV WKH WHPSHUDWXUH RI WKH ILOOHU PHWDO XVHG�

F LV LWV PDVV KHDW FDSDFLW\� DQG TO LV WKH ODWHQW PHOWLQJ
KHDW�

7KH UHVW RI WKH WKHUPDO SRZHU RI WKH ZHOGLQJ DUF

LV GLVWULEXWHG IROORZLQJ WKH QRUPDO ODZ ZLWK D FHQWUH

DW WKH SRLQW RI DQ LQVWDQWDQHRXV SRVLWLRQ RI WKH DUF

D[LV >�� HWF�@� $OJRULWKPV RI D QXPHULFDO VROXWLRQ RI

WKHVH SUREOHPV ZLWKLQ WKH IUDPHZRUN RI ERWK WKUHH�

DQG WZR�GLPHQVLRQDO PRGHOV KDYH EHHQ YHULILHG DW D

VXIILFLHQW FRQILGHQFH OHYHO� 7KHUHIRUH� WKHUH LV QR QHHG

WR GZHOO RQ WKLV IDFW QRZ�

3ULPDU\ VROLGLILFDWLRQ� SHFXOLDULWLHV RI ORFDO
FKHPLFDO KHWHURJHQHLW\ DQG PLFURVWUXFWXUH QHDU WKH
IXVLRQ ERXQGDULHV� ,Q WKH ODVW \HDUV WKH VSHFLDO FRQ�
VLGHUDWLRQ KDV EHHQ JLYHQ WR WKH PLFURVWUXFWXUDO VWDWH

DQG SURSHUWLHV RI D PDWHULDO QHDU WKH IXVLRQ ERXQGDU\

EHWZHHQ GLVVLPLODU PDWHULDOV >�w�� HWF�@� 6XSSRVHGO\�

WKHVH IDFWRUV LQ PDQ\ FDVHV KDYH D IXQGDPHQWDO HIIHFW

RQ VWUHQJWK FKDUDFWHULVWLFV RI D ZHOGHG MRLQW �EULWWOH

IUDFWXUH UHVLVWDQFH� EHKDYLRXU DW YDULDEOH WHPSHUD�

WXUHV� HWF���

$V NQRZQ IURP SUDFWLFH� D ORFDO ]RQH GLIIHULQJ LQ

FKHPLVWU\ DQG PLFURVWUXFWXUH IURP WKH EDVH DQG ZHOG

PHWDOV LV IRUPHG QHDU WKH IXVLRQ OLQH LQ ZHOGLQJ GLV�

VLPLODU PHWDOV� 3URFHVVHV ZKLFK GHWHUPLQH VWUXFWXUH

DQG SURSHUWLHV RI WKH SHQHWUDWLRQ ]RQH FDQ EH FRQGL�

WLRQDOO\ VXEGLYLGHG LQWR WZR JURXSV >�@� 7KH ILUVW

JURXS LQFOXGHV WKH SURFHVVHV RI VROLGLILFDWLRQ RI GLV�

VLPLODU PDWHULDOV� GHWHUPLQLQJ SULPDU\PLFURVWUXFWXUH

RI WKH IXVLRQ ]RQH DQG� LQ PDQ\ FDVHV� DOVR WKH ILQDO

PLFURVWUXFWXUH RI WKLV ]RQH� DQG WKH VHFRQG JURXS

LQFOXGHV SURFHVVHV UHODWHG WR GLIIXVLRQ SKHQRPHQD RF�

FXUULQJ LQ WKH VROLGLILHG PHWDO� IRUPDWLRQ RI FDUELGHV

GXULQJ FRROLQJ DQG VXEVHTXHQW KHDWLQJ RI ERWK WHFK�

QRORJ\ �PXOWLOD\HUZHOGLQJ� KHDW WUHDWPHQW� DQG VHUY�

LFH RULJLQ�

5HVXOWV RI QXPHURXV VWXGLHV >�@ VKRZ WKDW XQGHU

WKH IXVLRQ ZHOGLQJ FRQGLWLRQV WKH FHQWUHV RI VROLGLIL�

FDWLRQ RI WKH ZHOG SRRO DUH WKH IXVHG JUDLQV RI WKH

EDVH PHWDO� ZLWK WKH VROLGLI\LQJ SKDVH DWRPV DGMRLQLQJ

WKHVH JUDLQV �)LJXUH ��� 7KH UDWH RI WKLV VROLGLILFDWLRQ

GHSHQGV XSRQ WKH ZHOGLQJ SDUDPHWHUV� WKXV GHWHUPLQ�

LQJ WKH VL]H� VKDSH DQG UDWH RI GLVSODFHPHQW RI LVR�

WKHUP 7/ �OLTXLGXV WHPSHUDWXUH� IRU D PHDQ FRPSR�

VLWLRQ RI WKH ZHOG SRRO� ,Q WKLV FDVH� EHFDXVH RI GLI�

)LJXUH ��'LDJUDP IRU GHWHUPLQDWLRQ RI PHDQ FKHPLFDO FRPSRVLWLRQ
RI PHWDO RI WKH SHQHWUDWLRQ ]RQH LQ ZHOGLQJ GLVVLPLODU PDWHULDOV ,
DQG ,,� GHSHQGLQJ XSRQ SHQHWUDWLRQ YROXPH ',� ',,� ',,, DQG ',9

RI WKH VROLGLI\LQJ ZHOG SRRO
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IHUULQJ VROXELOLW\ RI DOOR\LQJ HOHPHQWV RI WKH SHQHWUD�

WLRQ ]RQH LQ OLTXLG DQG VROLG SKDVHV� FKHPLFDO FRP�

SRVLWLRQ DORQJ WKH D[HV RI JURZLQJ FU\VWDOV FKDQJHV

WR D VXEVWDQWLDO GHJUHH�

$Q DOOR\ ZLWK D ORZ FDUERQ FRQWHQW� L�H� KDYLQJ D

PLFURVWUXFWXUH RI D ORZ�DOOR\HG δ�IHUULWH� ILUVW VROLGL�
ILHV QHDU WKH IXVLRQ OLQH� GHVSLWH WKH PHDQ VXEVWDQ�

WLDOO\ DOOR\HG FRPSRVLWLRQ RI WKH SHQHWUDWLRQ ]RQH� $V

D FU\VWDO LQFUHDVHV LQ VL]H� WKH GHJUHH RI DOOR\LQJ DQG

FDUERQ FRQWHQW DSSURDFK WKH PHDQ FRPSRVLWLRQ RI

PHWDO RI WKH SHQHWUDWLRQ ]RQH� L�H� ORZ�DOOR\HG

DXVWHQLWH VWDUWV VROLGLI\LQJ DW D FHUWDLQ WLPH PRPHQW�

DQG WKHQ IROORZV DOOR\HG DXVWHQLWH� WKH FRPSRVLWLRQ

RI ZKLFK FRUUHVSRQGV WR WKH PHDQ FKHPLFDO FRPSRVL�

WLRQ RI WKH SHQHWUDWLRQ ]RQH PHWDO� 7KH ]RQH RI DOOR\HG

DXVWHQLWH PD\ UHWDLQ LWV PLFURVWUXFWXUH XS WR FRPSOHWH

FRROLQJ� ZKHUHDV WKH UHVW RI PLFURVWUXFWXUHV RI WKH

]RQH XQGHUJR FKDQJHV DVVRFLDWHG ZLWK DOORWURSLF LURQ

WUDQVIRUPDWLRQV �)LJXUH ���

,W LV WKH RSLQLRQ RI D QXPEHU RI VSHFLDOLVWV >�@ WKDW

WKLV FLUFXPVWDQFH LV D FDXVH RI IRUPDWLRQ RI WKH VR�

FDOOHG SDUDOOHO ERXQGDU\ �VHH )LJXUH ��� WKH SUHVHQFH

RI ZKLFK LV VHHQ LQ VRPH PDFURVHFWLRQV �)LJXUH ���

$V IROORZV IURP >�@� WKLV ERXQGDU\ IRUPHG GXULQJ

SULPDU\ VROLGLILFDWLRQ LV D ORFDWLRQ RI WKH VXEVWDQWLDO

FRQFHQWUDWLRQ RI YDULRXV LPSXULWLHV GLIIXVLQJ WR WKH

ERXQGDULHV RI WKH SHQHWUDWLRQ ]RQH UHJLRQV DW KLJK

WHPSHUDWXUHV DQG SUHFLSLWDWLQJ LQ QRQ�DXVWHQLWLF VWHHO

GXULQJ WKH DXVWHQLWLF WUDQVIRUPDWLRQ SURFHVV DW WKH

DERYH ERXQGDULHV� 7KLV LV WKH FDXVH RI IUHTXHQW LQWHU�

FU\VWDOOLQH EULWWOH IUDFWXUHV ZKLFK WDNH SODFH GLUHFWO\

DW WKH SDUDOOHO ERXQGDU\ �)LJXUH ���

,Q WKH QDWLRQDO OLWHUDWXUH >��@� LW LV QRWHG LQ GH�

VFULSWLRQ RI SHFXOLDULWLHV RI VWUXFWXUH RI WKH SHQHWUD�

WLRQ ]RQH WKDW LW KDV GLVWRUWLRQV LQ ERXQGDU\ JUDLQV

DQG WKH IXVLRQ ERXQGDU\ SURSHU� %HVLGHV� WKH ORZHU

WKH VDIHW\ IDFWRU IRU DXVWHQLVDWLRQ RI WKH ZHOG PHWDO�

WKH KLJKHU WKH GHJUHH RI GLIIHUHQFHV LQ VWUXFWXUHV RI

LQGLYLGXDO UHJLRQV RI WKH SHQHWUDWLRQ ]RQH�

1DWXUDOO\� GHIHFWV RI WKH W\SH RI WKH �SDUDOOHO

ERXQGDU\� DUH MXVW D W\SH RI D ODUJH JURXS RI GHIHFWV

IRUPHG GXULQJ VROLGLILFDWLRQ RI DZHOGHG MRLQW EHWZHHQ

GLVVLPLODU VWHHOV >�@� 7KHLU IRUPDWLRQ LV JUHDWO\ DI�

IHFWHG E\ FKHPLFDO FRPSRVLWLRQ RI WKH SHQHWUDWLRQ

]RQH PHWDO DQG EDVH PDWHULDOV� VROLGLILFDWLRQ UDWH� HWF�

)LQGLQJ WKH FRUUHVSRQGLQJ TXDQWLWDWLYH UHODWLRQVKLSV

EHWZHHQ LQLWLDO SDUDPHWHUV DQG NLQHWLFV RI WKH VROLGL�

ILFDWLRQ SURFHVVHV RFFXUULQJ QHDU WKH IXVLRQ ]RQH E\

XVLQJ H[SHULPHQWDO GDWD RQ ILQDO PLFURVWUXFWXUHV �VHH

)LJXUH �� RU FKHPLFDO KHWHURJHQHLW\ RI PHWDO �)L�

JXUH �� DV UHIHUHQFH SRLQWV LV D WRSLFDO SUREOHP RI

PDWKHPDWLFDO PRGHOOLQJ�

,W VKRXOG EH QRWHG WKDW D QXPEHU RI VWXGLHV WKDW

DSSHDUHG LQ WKH ODVW \HDUV FRQWDLQ PDWKHPDWLFDO GH�

VFULSWLRQ RI KHDW WUDQVIHU SURFHVVHV ZKLFK RFFXU LQ WKH

PROWHQ ZHOG SRRO >��� ��@� 5HIHUHQFHV WR HDUOLHU VWXG�

LHV FDQ EH IRXQG LQ WKH UHYLHZ DUWLFOH >��@� +RZHYHU�

DOPRVW QR VWXGLHV GHGLFDWHG WR PDWKHPDWLFDO GHVFULS�

WLRQ RI SHFXOLDULWLHV RI SULPDU\ VROLGLILFDWLRQ RI WKH

ZHOG SRRO DUH DYDLODEOH� 1R QHZ LQJHQLRXV UHVHDUFK

KDV EHHQ NQRZQ LQ WKLV DUHD VR IDU� H[FHSW IRU WKH

)LJXUH �� 'LDJUDP RI VROLGLILFDWLRQ RI WKH ZHOG SRRO QHDU WKH EDVH
PHWDO PHOWLQJ ERXQGDU\ >�@� �x EDVH PHWDO� �x PHOWLQJ ERXQG�
DU\� � x ZHOG SRRO� � x ERXQGDU\ RI VROLGLI\LQJ JUDLQV

)LJXUH �� .LQHWLFV RI PLFURVWUXFWXUDO FKDQJHV LQ GLVVLPLODU PHWDOV
RI WKH ZHOG LQ WKH ]RQH ORFDWHG QHDU WKH IXVLRQ ERXQGDU\ �EDVH
PHWDO x ORZ�DOOR\ FDUERQ VWHHO�

)LJXUH �� *URZWK RI GHQGULWHV LQ D GLUHFWLRQ WR WKH SDUDOOHO ERXQG�
DU\ >�@

)LJXUH �� 9HUWLFDO VHFWLRQ RI D FUDFN ORFDWHG LQ WKH GHSRVLWHG SDUW
DORQJ WKH SDUDOOHO ERXQGDU\ >�@
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VWXGLHV E\ %�$� 0RYFKDQ >��@� *�/� 3HWURY >�@�

<X�$� 6WHUHQERJHQ >��@ DQG 1�1� 3URNKRURY >��@�

0HDQZKLOH� LQ WKH ODVW \HDUV D VXEVWDQWLDO LQWHUHVW LV

H[SUHVVHG LQ PDWKHPDWLFDO PRGHOOLQJ RI WKH SURFHVVHV

RI SULPDU\ VROLGLILFDWLRQ DQG IRUPDWLRQ RI YDULRXV GH�

IHFWV UHODWHG WR FKHPLFDO KHWHURJHQHLW\ LQ WKH ILHOG RI

VXFK UHODWHG WHFKQRORJLHV DV HOHFWURVODJ DQG YDFXXP�

DUF UHPHOWLQJ >��@� 2I VSHFLDO QRWH DUH WKH DSSURDFKHV

EDVHG RQ WKH WKHRU\ RI FKDRV HPSOR\HG IRU GHVFULSWLRQ

RI WKH FKDUDFWHULVWLF VWDJHV RI WKHVH SURFHVVHV >��@�

ZKHUH WKH XVH RI D GHWHUPLQDWH DSSURDFK RI PDWKH�

PDWLFDO SK\VLFV LV RI ORZ HIILFLHQF\�

)RUPDWLRQ RI FDUELGHV� &DUERQ LV RQH RI WKH

HOHPHQWV ZKLFK KDYH D FRQVLGHUDEOH HIIHFW RQ IRU�

PDWLRQ RI FDUELGHV LQ VWHHO DOOR\V� ZKLFK PD\ EH

ERWK LQ WKH IRUP RI FKHPLFDO VROLG VROXWLRQV DQG LQ

WKH IRUP RI FKHPLFDO FRPSRXQGV� 6WHHOV DUH PRUH

FKDUDFWHULVHG E\ WKH SUHVHQFH RI LURQ FDUELGH )H�&�

L�H� FHPHQWLWH� +RZHYHU� LQ DGGLWLRQ WR LURQ� PRGHUQ

VWHHOV FRQWDLQ DOVR RWKHU PHWDOV RI WKH WUDQVLWLRQ

JURXS� ZKLFK DUH VLWXDWHG WR WKH OHIW IURP LURQ LQ

WKH SHULRGLF WDEOH >��@� 7KHUHIRUH� LQ DGGLWLRQ WR

)H�&� D QXPEHU RI RWKHU VLPLODU FDUELGHV ZLWK PHWDO

SURSHUWLHV PD\ EH IRUPHG LQ VWHHOV� )RU WKH FRPEL�

QDWLRQ RI VWHHOV XQGHU FRQVLGHUDWLRQ� WKHVH PD\ EH

FDUELGHV RI WLWDQLXP� YDQDGLXP� QLRELXP� FKUR�

PLXP� PRO\EGHQXP� WXQJVWHQ� HWF�

$FWLYLW\ RI FDUELGH IRUPDWLRQ DQG VWDELOLW\ RI FDU�

ELGHV LQ DOOR\HG VWHHOV JURZ LQ D UHYHUVH RUGHU ZLWK

UHVSHFW WR WKH DERYH OLVWHG HOHPHQWV >��@� +RZHYHU�

FDUELGHV RI WKH DERYH HOHPHQWV GR QRW H[LVW LQ WKH

SXUH IRUP LQ VWHHOV� &DUELGHV RI DOO DOOR\LQJ HOHPHQWV

FRQWDLQ LURQ LQ WKHLU VROXWLRQ� ,I D VWHHO FRQWDLQV D

QXPEHU RI FDUELGH�IRUPLQJ HOHPHQWV� WKH VROXWLRQ ZLOO

DOVR FRQWDLQ WKHVH HOHPHQWV�

$V WKH DERYH FDUELGH�IRUPLQJ HOHPHQWV DUH GLV�

VROYHG LQ α� DQG γ�LURQ� DQG WKH DPRXQW RI FDUERQ LQ
DOOR\HG VWHHOV LV OLPLWHG� D ODUJH DPRXQW RI WKH DOOR\LQJ

FDUELGH�IRUPLQJ HOHPHQWV� VXFK DV FKURPLXP� LV FRQ�

WDLQHG LQ LURQ VROXWLRQ� ZKLFK OHDGV WR FHUWDLQ SURS�

HUWLHV RI WKH DOOR\� L�H� FRUURVLRQ UHVLVWDQFH� $W D FKUR�

PLXP FRQWHQW RI OHVV WKDQ �� ZW��� WKH LURQ VROXWLRQ

ZLOO KDYH D PXFK ORZHU FRUURVLRQ UHVLVWDQFH� 7KHUH�

IRUH� ORFDO IRUPDWLRQ RI FKURPLXP FDUELGHV DORQJ WKH

DXVWHQLWH JUDLQ ERXQGDULHV PD\ OHDG WR LQWHUFU\V�

WDOOLQH FRUURVLRQ� 7R LOOXVWUDWH� )LJXUH � VKRZV

PDFURVHFWLRQ RI VXFK D GHIHFW� L�H� FUDFNV LQLWLDWHG LQ

WKH ZHOG URRW DW WKH IXVLRQ ERXQGDU\ LQ WKH QHDU�ZHOG

]RQH RI D FLUFXPIHUHQWLDO ZHOGHG MRLQW LQ WKH

��.K��1��7 �&x ���� &U x ����� 1Lx ����� 7Lx

��� ZW��� VWHHO SLSLQJ ZLWK QRPLQDO GLDPHWHU 'Q ���

�&KURQRE\O 1XFOHDU 3RZHU 6WDWLRQ��

'HYHORSPHQW RI WKLV GHIHFW QHDU WKH IXVLRQ ]RQH

RI 7L�VWDELOLVHG DXVWHQLWLF VWHHO LV IDYRXUHG E\ WKH

SURFHVV RI VHQVLWLVDWLRQ RI WKLV ]RQH XQGHU WKH HIIHFW

RI WKHUPDO F\FOH RI PXOWLOD\HU ZHOGLQJ >��@� &DUELGHV

IRUPHG LQ WKLV SURFHVV SOD\ D YHU\ LPSRUWDQW UROH�

7HUQDU\ FRQVWLWXWLRQDO GLDJUDP)Hw&w&U DW �� DQG

�� � &U �)LJXUH �� JLYHV DQ LGHD RI WKH WHPSHUDWXUHV

RI IRUPDWLRQ RI FKURPLXP FDUELGHV� ,W FDQ EH VHHQ

IURP WKH )LJXUH WKDW DW & � ���� � FKURPLXP FDUELGHV

DUH IRUPHG LQ VWHHOV DW WHPSHUDWXUHV EHORZ ��� �&�

ZKHQ FDUERQ LV LQ VROLG VROXWLRQ RI LURQ RU LQ WKH IRUP

RI )H�&� %HIRUH WKH EHJLQQLQJ RI WKH γ → α WUDQVIRU�
PDWLRQ� FKURPLXP FDUELGHV DUH IRUPHG GXH WR VXEVWL�

WXWLRQ IRU LURQ DWRPV LQ FHPHQWLWH� DQG WKHQ GXH WR

SUHFLSLWDWLQJ FDUERQ� $V D UHVXOW� HTXLOLEULXP FRROLQJ

FRQGLWLRQV OHDG WR IRUPDWLRQ RI D PLFURVWUXFWXUH RI

&U�DOOR\HG IHUULWH DQG FDUELGHV RI WKH W\SH RI �&U�

)H��& DW D VXEVWDQWLDO PDVV IUDFWLRQ ��� �� RI FKUR�

PLXP DQG �&U� )H��& � �&U� )H��&� DW �� � &U�

,Q WKH FDVH RI WKH WKLUG FDUELGH�IRUPLQJ HOHPHQW

�LQ DGGLWLRQ WR LURQ DQG FKURPLXP� WKH FKDUDFWHU RI

WKH SURFHVV FKDQJHV EXW VOLJKWO\� SURYLGLQJ WKDW LQ

WKH SHULRGLF WDEOH WKLV HOHPHQW LV VLWXDWHG WR WKH ULJKW

IURP FKURPLXP� H�J� PDQJDQHVH� 7KHQ WKH FKURPLXP

)LJXUH �� 'HSHQGHQFH RI WKH FRQWHQW RI QLFNHO ��� DQG FRSSHU ���
LQ WKH SHQHWUDWLRQ ]RQH RI WKH ����&Uw�0R VWHHO ZHOGHG MRLQW SUR�
GXFHG E\ XVLQJ DXVWHQLWLF ILOOHU PHWDO XSRQ WKH PDVV IUDFWLRQ RI
FDUERQ LQ EDVH PHWDO DW �� � 1L �D� DQG �� � & �E� >�@� K x
GLVWDQFH IURP WKH IXVLRQ ERXQGDU\�&x QLFNHO DQG FDUERQ FRQWHQWV

)LJXUH �� ,QWHUFU\VWDOOLQH FRUURVLRQ LQ VHFWLRQ RI WKH FLUFXPIHUHQWLDO
ZHOGHG MRLQW LQ WKH ��.K��1��7 VWHHO SLSLQJZLWK QRPLQDO GLDPHWHU
'Q ���
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FDUELGH VROXWLRQ ZLOO DOVR FRQWDLQ PDQJDQHVH� LQ DG�

GLWLRQ WR LURQ� L�H� FDUELGHV RI WKH W\SH RI �&U� 0Q�

)H��& DQG �&U� 0Q� )H��&�� HWF� ZLOO EH IRUPHG�

,I WKH FDUELGH�IRUPLQJ HOHPHQW LV WR WKH OHIW IURP

FKURPLXP LQ WKH SHULRGLF WDEOH� H�J� WLWDQLXP� WLWD�

QLXP FDUELGHV FRQWDLQLQJ FKURPLXP� LURQ� HWF� LQ WKH

VROXWLRQ ZLOO EH IRUPHG�

$ PDUNHG LPSDFW RQ WKH SURFHVV RI IRUPDWLRQ RI

FDUELGHV PLJKW EH H[HUWHG E\ DOOR\LQJ QRQ�FDUELGH�

IRUPLQJ HOHPHQWV� VXFK DV QLFNHO� ZKLFK KDYH D VXE�

VWDQWLDO HIIHFW RQ WKH γ → α WUDQVIRUPDWLRQV� $OO WKLV
KDPSHUV PDWKHPDWLFDO GHVFULSWLRQ RI WKH SURFHVV RI

IRUPDWLRQ RI FDUELGHV LQ WKH DOOR\HG PDWHULDO RI WKH

SHQHWUDWLRQ ]RQH RI VWHHOV FRQVLGHUHG�

2I WKH KLJKHVW LQWHUHVW LQ WKLV DUHD LV WKH XVH RI

WKH VSHFLILF DOOR\ WHPSHUDWXUH�WLPH GLDJUDPV �RI WKH

W\SH VKRZQ LQ )LJXUH ��� IRU VWHHO ��&Uw�1L >�@� ,W

FDQ EH VHHQ IURP WKLV GLDJUDP WKDW DW & � ���� �

DOPRVW QR FDUELGHV DUH IRUPHG� DV FDUERQ UHTXLUHG IRU

WKLV SXUSRVH FDQ EH REWDLQHG SULPDULO\ IURP WHUWLDU\

FHPHQWLWH� DQG WKLV LV QRW HQRXJK IRU WKH FDUELGH IRU�

PDWLRQ SURFHVV WR VWDUW�

7KH SRVVLELOLW\ RI IRUPDWLRQ RI FDUELGH ULGJHV LQ

WKH VROLGLI\LQJ PHWDO HQULFKHG ZLWK FDUERQ QHDU WKH

SHQHWUDWLRQ ERXQGDULHV GHSHQGV WR D FRQVLGHUDEOH GH�

JUHH XSRQ WKH PDVV IUDFWLRQ RI FDUERQ� $W D KLJKHU

FRQWHQW RI WKH ODWWHU WKH SURFHVV RI IRUPDWLRQ RI FKUR�

PLXP FDUELGHV EHFRPHV PRUH LQWHQVLYH�

7KHUHIRUH� DW OHDVW WZR DUHDV DUH ZRUWK\ RI QRWLFH

LQ FRQVLGHUDWLRQ RI WKH LVVXH RI IRUPDWLRQ RI FDUELGHV

GXULQJ WKH SURFHVV RI ZHOGLQJ GLVVLPLODU VWHHOV RI WKH

DERYH FRPELQDWLRQ� WKH ILUVW LV DVVRFLDWHG ZLWK GHSOH�

WLRQ RI JUDLQ ERXQGDULHV RI WKH EDVH PHWDO� L�H� DXVWHQL�

WLF VWHHO� QHDU WKH IXVLRQ ERXQGDULHV LQ FKURPLXP� DQG

WKH VHFRQG LV DVVRFLDWHG ZLWK IRUPDWLRQ RI FDUELGH

ULGJHV ZLWKLQ WKH SHQHWUDWLRQ ]RQH QHDU WKH IXVLRQ

ERXQGDULHV�

0LFURVWUXFWXUH DQG SURSHUWLHV� 0LFURVWUXFWXUH

DQG SURSHUWLHV RI PHWDO LQ WKH SHQHWUDWLRQ ]RQHV DQG

+$= LQ ZHOGLQJ RI GLVVLPLODU VWHHOV XQGHU FRQVLGHUD�

WLRQ DUH GHWHUPLQHG E\ FKHPLVWU\ RI WKHVH ]RQHV DQG

FRUUHVSRQGLQJ WKHUPDO F\FOHV� 0DWKHPDWLFDO GHVFULS�

WLRQ RI PLFURVWUXFWXUDO FKDQJHV RFFXUULQJ LQ ZHOGLQJ

ZDV WULHG LQ D QXPEHU RI VWXGLHV >��w��� HWF�@� 2QH

RI WKH VLPSOHVW DSSURDFKHV LV EDVHG RQ DQ DVVXPSWLRQ

WKDW DW WKH VWDJH RI KHDWLQJ D FKDQJH LQ WKH LQLWLDO

PLFURVWUXFWXUDO VWDWH WDNHV SODFH RQO\ DW KLJK �DERYH

$�� WHPSHUDWXUHV� H�J� DW 7∗  ���w��� �& IRU VWHHOV�

+RZHYHU� LQ WKLV FDVH QR DOORZDQFH LV PDGH IRU PL�

FURVWUXFWXUDO FKDQJHV RFFXUULQJ DW ORZHU KHDWLQJ WHP�

SHUDWXUHV� L�H� LQ WKH DEVHQFH RI WKH α → γ WUDQVIRU�
PDWLRQV�

$FFRUGLQJO\� WKH UDQJH RI 7PD[�[� \� ]� ≥ 7∗ GH�

WHUPLQHV WKH ]RQH ZKHUH SKDVH WUDQVIRUPDWLRQV DW WKH

VWDJHV RI KHDWLQJ DQG FRROLQJ PD\ OHDG WR FKDQJHV LQ

D UHODWLYH FRQWHQW RI WKH M�WK PLFURVWUXFWXUH LQ XQLW

PDVV 9M RI WKH PHWDO EHLQJ LQ D FHUWDLQ VWDWH �DW D

FHUWDLQ WLPH PRPHQW��

0DWKHPDWLFDOO\� IRU D VLPSOH F\FOH KHDWLQJwFRRO�

LQJ WKLV DVVXPSWLRQ FDQ EH IRUPXODWHG DV IROORZV�

LQ ]RQH ZKHUH 7PD[ � 7∗ � G9M ≡ ��

LQ ]RQH ZKHUH 7PD[ ! 7∗

DW 7 ! 7∗ � 9D  ���� 9M ≡ �� LI M ≠ D

���

�KHUH M FRUUHVSRQGV WR� D x DXVWHQLWH� P x PDUWHQ�

VLWH� I x IHUULWH� S x SHDUOLWH� HWF���

)LJXUH �� 7HUQDU\ FRQVWLWXWLRQDO GLDJUDP )Hw&w&U �&U  FRQVW�
DW �� � �D� DQG �� � �E� &U� / x OLTXLGXV ]RQH

)LJXUH ��� 7HPSHUDWXUH�WLPH GLDJUDP RI IRUPDWLRQ RI FDUELGHV
0��&� LQ VWHHO ��&Uw�1L ZLWK D GLIIHULQJ PDVV IUDFWLRQ RI FDUERQ�
�� 76 x VROLGXV WHPSHUDWXUH
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DW 7 ≤ 7∗ DQG
∂7
∂W

! �� G9M ≡ ��

DW 7 ≤ 7∗ DQG
∂7
∂W

� �� 9M  9M�7��

+HUH WKH NLQG RI IXQFWLRQ 9M�7� LV GHWHUPLQHG E\
D FRUUHVSRQGLQJ GLDJUDP RI WUDQVIRUPDWLRQ RI

DXVWHQLWH IRU VWHHO RI D JLYHQ FKHPLVWU\ XQGHU FRQGL�

WLRQV RI FRQWLQXRXV FRROLQJ� RU XVLQJ HTXLYDOHQW FDO�

FXODWLRQ GHSHQGHQFLHV �SDUDPHWULFDO HTXDWLRQV� >���

��� ��� ��� ��� HWF�@�

7KH VHFRQG ZD\� GHVSLWH LWV DSSUR[LPDWHG FKDUDF�

WHU� LV YHU\ FRQYHQLHQW IRU UHDOLVDWLRQ�

6WXGLHV >�� �@ VXJJHVW WKDW IRU HVWLPDWLRQ RI WKH

NLQHWLFV RI YDULDWLRQV LQ 9M LQ WKH ZHOG ]RQH WKLV NL�

QHWLFV VKRXOG EH H[SUHVVHG LQ WHUPV RI WKH IXQFWLRQ

RI FRROLQJ UDWH ∆W��� DQG WHPSHUDWXUH 7� L�H�

9M(7) = 9M
PD[(∆W� ⁄ �) IM(7)� ���

ZKHUH

IM�7�  � DW 7 ! 7VW
M
w 7 RU 7 � 7VW

M
�

IM(7) = � w H[S



DM

7VW
M
w 7

7VW
M
w 7H

M




DW 7VW

M > 7 > 7H
M
�

+HUH 7VW
M DQG 7H

M DUH WKH WHPSHUDWXUHV RI VWDUW DQG

HQG RI WUDQVIRUPDWLRQ RI DXVWHQLWH LQWR WKH M�WK PL�

FURVWUXFWXUH �M ≠ D�� UHVSHFWLYHO\� 9M
PD[(∆W���) LV WKH

ILQDO TXDQWLW\ RI WKH M�WK PLFURVWUXFWXUH XQGHU WKH

VDLG FRROLQJ FRQGLWLRQV IRU VWHHO RI D FRUUHVSRQGLQJ

FKHPLVWU\� DQG DM LV WKH FRHIILFLHQW HTXDO DSSUR[L�

PDWHO\ WR ��

9DOXHV RI 7VW
M DQG 7H

M DUH VHOHFWHG IURP WKH FRUUH�

VSRQGLQJ WLPH�WHPSHUDWXUH WUDQVIRUPDWLRQ �777�

GLDJUDPV IRU D JLYHQ VWHHO JUDGH� $V WKHVH YDOXHV DUH

KDUGO\ VHQVLWLYH WR VPDOO YDULDWLRQV LQ FKHPLVWU\ DQG

FRROLQJ UDWH DW D WHPSHUDWXUH EHORZ ��� �&� WKHLU

VHOHFWLRQ LQYROYHV QR VSHFLDO GLIILFXOWLHV >��@� 6RPH

DWWHPSWV ZHUH PDGH WR FRQVWUXFW SDUDPHWULF GHSHQG�

HQFLHV >��@ IRU WKHVH YDOXHV� KRZHYHU� VSHFLDO FDUH

VKRXOG EH WDNHQ IRU XVLQJ WKHP�

,W LV PRVW FRQYHQLHQW WR GHWHUPLQH WKH9M
PD[ YDOXHV

IRU WKH SHQHWUDWLRQ ]RQH RI GLVVLPLODU VWHHOV RQ WKH

EDVLV RI WKH 6FKDHIIOHU GLDJUDP �VHH )LJXUH �� RU LWV

PRUH SHUIHFW YHUVLRQV �'H/RQJ� :5&������ HWF��� ,Q

WKLV FDVH WKH PDLQ PLFURVWUXFWXUDO FRPSRQHQWV DUH

DXVWHQLWH� IHUULWH DQG PDUWHQVLWH� 7KH LQSXW GDWD IRU

WKHLU HVWLPDWLRQ DUH WKH YDOXHV RI &UHT DQG 1LHT� IRU

ZKLFK WKH DSSURSULDWH GHSHQGHQFLHV DUH VXJJHVWHG

�7DEOH ��� .LQHWLFV RI YDULDWLRQV LQ WKH 9M�7� YDOXH
FDQ EH FDOFXODWHG IURP ���� )RU WKLV ZH DVVXPH WKDW

7VW
I ≈ 7FU\VW� ZKHUH 7FU\VW LV WKH FU\VWDOOLVDWLRQ WHPSHUD�

WXUH RI WKH DOOR\ �)LJXUH ���� 7H
I ≈ 7VW

P� $FFRUGLQJ WR

>��@� WKH IROORZLQJ GHSHQGHQFH FDQ EH XVHG IRU 7VW
P DW

���� � & � ���� ��

7VW
P = ��� w ���& + ���

&
w $⋅1L w ����&UHT w ����0Q�

ZKHUH $  �� DW 1L ! � �� $  ���1L �
��

1L
DW ��� �

� 1L � � ��

7KH YDOXH RI 7H
P IRU VXFK VWHHOV LV DSSUR[LPDWHO\

HTXDO WR 7VW
P  ��� �& >��@�

9DULRXV SDUDPHWULF HTXDWLRQV >��� ��@ FDQ EH XVHG

WR REWDLQ GDWD RQ 9M
PD[ IRU WKH QHDU�ZHOG ]RQH RQ WKH

VLGH RI IHUULWLF VWHHO VHQVLWLYH WR ∆W���� 7KXV� VWXG\

>��@ VXJJHVWV WKH IROORZLQJ GHSHQGHQFH�

9M
PD[ = �

�




� + HUI

OQ(∆W� ⁄ � ⁄ ∆WM
��)

√ � OQVM




� ���

ZKHUH M  P� I� IS� 9E
PD[  � w 9P

PD[ w 9IS
PD[� 9S

PD[  

 9IS
PD[ w 9I

PD[�

+HUH E LV EDLQLWH� ∆W��� LV WKH WLPH RI FRROLQJ RI

D PDWHULDO LQ WKH WHPSHUDWXUH UDQJH RI ���w��� �&�

DQG ∆WP��� ∆WIS��� ∆WI��� VP� VI� VIS DUH WKH PRGHO SDUDPH�
WHUV� ∆WM�� FRUUHVSRQGV WR WLPH ∆W��� DW ZKLFK 9M

PD[  

 ���� 5HVSHFWLYHO\� LI ∆WM�� LV WLPH ∆W��� DW ZKLFK

7DEOH �� &DOFXODWHG GHSHQGHQFLHV IRU &U
HT
DQG 1L

HT

6RXUFH &U
HT
� � 1L

HT
� �

6KHDIIOHU &U � 0R � ���6L � ���1E 1L � ��& � ���0R

'H/RQJ &U � 0R � ���6L � ���1E 1L � ���& � 1� � ���0R

+DPPHU DQG 6YHQVRQ &U � ��� 0R � ���6L � �1E � �7L 1L � ��& � ����1 � ����0Q � &X

:5&����� &U � 0R � ���1E 1L � ��& � ��1 � ����&X

)LJXUH ��� &RQVWLWXWLRQDO GLDJUDP RI DOOR\ )Hw&Uw1L �VROLGLI\LQJ
VWUXFWXUHV�� $x DXVWHQLWH� $)xSULPDU\ DXVWHQLWH� )$x SULPDU\
IHUULWH� ) x IHUULWH
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9M
PD[  ����� WKHQ VM  ∆WM���∆WM��� 7KH ∆WM�� DQG ∆WM��

YDOXHV FDQ EH GHWHUPLQHG IURP WKH FRUUHVSRQGLQJ 777

GLDJUDPV�

6WXG\ >��@ VXJJHVWV� RQ WKH EDVLV RI VWDWLVWLFDO

LQYHVWLJDWLRQ RI GLIIHUHQW JURXSV RI VWHHOV� GHSHQG�

HQFLHV UHODWLQJ WKHVH SDUDPHWHUV WR FKHPLVWU\ RI VWHHO�

IRU H[DPSOH� IRU VWHHO ZLWK WKH IROORZLQJ FKHPLFDO

FRPSRVLWLRQ� �� & ≤ ���� 0Q ≤ ���� 6L ≤ ���� &U ≤
≤ ���� 0R ≤ ���� 1L ≤ ���� 9 ≤ ���� 7L ≤ ����� $O ≤
≤ ����� 1E ≤ ���� : ≤ ���� &X ≤ ����

OQ∆WP
��
 w��� � ����& � ����0Q � ����6L � ����&U �

� ����0R � ����1L � ���9 � ���$O � ���: � ���&X w

w ����1E w ����&
�
w ����6L

�
�

wOQVP  ���� w ����& � ���0Q � ����&U w ���0R �

� ���7L � ���&X w ���1E � ���&⋅0R�

OQ∆WIS��  ���� � ���& � ���0Q � ����6L � ����&U �

� ���0R � ����1L � ���9 � ���&X w

w ���&⋅9 w ���&
�
� ���6L

�
�

OQVIS  ���� w ���& � ����0Q � ����&U � ����0R �

� ����1L � ����9 � ���7L � ����:�

OQ∆WI��  ���� � ����& � ���0Q w ����6L � ���&U �

� ���0R � ���1L w ���: � ���&⋅0R w ���&
�
�

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

� ����1L � ����1E w ����: w ���&X�

���

7KH GDWD RQ FKHPLVWU\ DQG PLFURVWUXFWXUH RI DQ

DOOR\ DOORZ FHUWDLQ TXDOLWDWLYH DQG TXDQWLWDWLYH HVWL�

PDWLRQV RI VHUYLFH SURSHUWLHV RI WKH PDWHULDO�

$Q H[DPSOH RI WKH TXDOLWDWLYH HVWLPDWLRQ LV VKRZQ

LQ )LJXUH �� +RZHYHU� D QXPEHU RI TXDQWLWDWLYH FKDU�

DFWHULVWLFV RI SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV RI

WKH DOOR\ FDQ EH V\QWKHVLVHG WR D FHUWDLQ GHJUHH IURP

WKH9M YDOXHV� WKH FRUUHVSRQGLQJ SURSHUWLHV RI WKH M�WK
PLFURVWUXFWXUH EHLQJ NQRZQ� L�H�

; = ∑
M = D� P� I� S

;M9M� ���

ZKHUH ; LV WKH GHVLUHG FKDUDFWHULVWLF �WKHUPDO FRQ�

GXFWLYLW\� KHDW FDSDFLW\� WHPSHUDWXUH HORQJDWLRQ FR�

HIILFLHQW� \LHOG VWUHQJWK� HWF��� WR ZKLFK WKH DGGLWLYLW\

UXOH DSSOLHV�

7KHUH LV D QXPEHU RI VWXGLHV ZKHUH WKLV DSSURDFK

LV XVHG WR DGYDQWDJH >�� �� ��� HWF�@�

6WUHVVHV DQG VWUDLQV LQ ZHOGLQJ GLVVLPLODU VWHHOV�
+HWHURJHQHLW\ RI SURSHUWLHV RI WKH ZHOG DQG QHDU�ZHOG

]RQH PHWDO LQ ZHOGLQJ GLVVLPLODU VWHHOV KDV D FHUWDLQ

HIIHFW ERWK RQ WKH NLQHWLFV RI ZHOGLQJ VWUHVVHV �VWUDLQV�

DQG RQ WKH GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV� ZKLFK LV

QRWHG LQ VWXGLHV >�� �� �� HWF�@�

/RFDOLW\ RI YDULDWLRQV LQ SURSHUWLHV DQG� DFFRUG�

LQJO\� KLJK JUDGLHQWV RI YDULDWLRQV LQ VWUHVVHV �VWUDLQV�

LQYROYH H[WUD GLIILFXOWLHV LQ HPSOR\PHQW RI H[SHUL�

PHQWDO PHWKRGV IRU HYDOXDWLRQ RI WKH DFWXDO SLFWXUH

RI GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV�

6WUHVVHV �VWUDLQV� LQ ZHOGLQJ GHSHQG XSRQ VL]HV

DQG VKDSHV RI SDUWV MRLQHG DQG XSRQ ORFDO SKHQRPHQD

RFFXUULQJ LQ PLFURVWUXFWXUDO FKDQJHV LQ WKH ZHOG DQG

SHQHWUDWLRQ ]RQH� 7KLV FLUFXPVWDQFH OHDGV WR DQ DG�

GLWLRQDO LQFUHDVH LQ WKH QXPEHU RI WKH DIIHFWLQJ SD�

UDPHWHUV� ZKLFK FDXVHV D VSHFLDO LQWHUHVW LQ DSSOLFDWLRQ

RI WKH FDOFXODWLRQ PHWKRGV ERWK IRU HYDOXDWLRQ RI UH�

VLGXDO VWUHVVHV DQG IRU GHVFULSWLRQ RI WKH NLQHWLFV RI

YDULDWLRQV LQ VWUHVVHV �VWUDLQV� DW GLIIHUHQW VWDJHV RI

IRUPDWLRQ RI D ZHOGHG MRLQW� 7KH VWDWH�RI�WKH�DUW QX�

PHULFDO PHWKRGV IRU FDOFXODWLRQ RI VWUHVVHV DQG VWUDLQV

GXULQJ ZHOGLQJ >��� ��� HWF�@ HQDEOH WKLV SUREOHP WR

EH VXFFHVVIXOO\ VROYHG� SURYLGLQJ WKDW WKH DGHTXDWH

DOORZDQFH LV PDGH IRU WKH NLQHWLFV RI YDULDWLRQV LQ

YROXPHWULF IDFWRUV DQG PHFKDQLFDO SURSHUWLHV RI D PD�

WHULDO GXULQJ ZHOGLQJ KHDWLQJ DQG FRROLQJ� UHVXOWLQJ

IURP WKH DERYH PLFURVWUXFWXUDO YDULDWLRQV� ,W LV VKRZQ

LQ VWXGLHV >�� �@ WKDW WKH IUHH HORQJDWLRQ IXQFWLRQ

ϕ�7� LQ KHDWLQJwFRROLQJ� DOORZLQJ IRU PLFURVWUXFWXUDO
FKDQJHV� FDQ EH FDOFXODWHG IURP WKH IROORZLQJ GHSHQG�

HQFH�

ϕ(7) =
∑
M

9M(7)γM(7) w ∑
M

9M(7�)γM(7�)

�∑
M

9M(7�)γM(7�)
�

���

ZKHUH 7� LV WKH LQLWLDO WHPSHUDWXUH ZLWK UHVSHFW WR

ZKLFK WKH ϕ�7� IXQFWLRQ LV GHWHUPLQHG� γM�7� LV WKH
YROXPH RI RQH JUDP RI D PDWHULDO LQ WKH JLYHQ M�WK
PLFURVWUXFWXUDO VWDWH DW WHPSHUDWXUH 7�

$Q LGHD RI WKH YDOXHV RI γM�7� FDQ EH REWDLQHG

IURP WKH IROORZLQJ GDWD WDNHQ IURP >��@� FP��J�

γD�7�  ������� � ����⋅��w��7 � ���� � ����⋅��w�&�

γP�7�  ������� � �����⋅��w��7 � ���� � ����⋅��w�&�

γI�7� ≈ γE�7� ≈ γS�7�  ������� � �����⋅��w��7 � �����

<LHOG VWUHQJWK RI PDWHULDOV ZHOGHG LV DQ LPSRUWDQW

FKDUDFWHULVWLF IRU FDOFXODWLRQ RI VWUHVVHV �VWUDLQV� LQ

ZHOGLQJ� 9DULDWLRQV LQ WKH PLFURVWUXFWXUDO VWDWH KDYH

D VXEVWDQWLDO HIIHFW RQ WKLV YDOXH� 7KLV LV FRQILUPHG

E\ WKH GDWD VKRZQ LQ )LJXUH �� FRQFHUQLQJ YDULDWLRQV

LQ \LHOG VWUHQJWK RI GLIIHUHQW FKDUDFWHULVWLF PLFUR�

VWUXFWXUHV RI VWHHO $��� RI WKH IROORZLQJ FRPSRVLWLRQ�

�� &x ������ 0Qx ����� 6L x ������ &U x ������

1L x ���� 0R x ������ 1E x ������ $O x ������

7KH\ DUH LQGLFDWLYH RI WKH IDFW WKDW GLIIHUHQFHV LQ

GHIRUPDWLRQ UHVLVWDQFH RI VRPH VWUXFWXUDO FRPSRQHQWV

DUH VXEVWDQWLDO� 8VLQJ WKHVH GDWD� LW LV SRVVLEOH WR

V\QWKHVLVH ZLWK D VXIILFLHQW DFFXUDF\ WKH YDOXHV RI

σ\�7� ZLWK D GLIIHULQJ FRPELQDWLRQ RI 9M�7� IURP

σ\(7) = ∑
M

σ\
M (7) 9M (7)� ���

7R FRQILUP� )LJXUH �� VKRZV FXUYH � SORWWHG DF�

FRUGLQJ WR ��� XVLQJ H[SHULPHQWDO GDWD�

,W VKRXOG EH QRWHG WKDW WKH YDOXHV RI σ\
M�7� UHWDLQ

DQ DSSUR[LPDWHO\ FRQVWDQW GHSHQGHQFH XSRQ WKH WHP�

SHUDWXUH IRU WKH σ\
M�7��σ\

M��� �&� UDWLR ZLWKLQ D VXI�

ILFLHQWO\ ZLGH UDQJH RI FRPSRVLWLRQV RI VWHHOV� ZKLFK

VXEVWDQWLDOO\ IDFLOLWDWHV WKH VHDUFK IRU WKH UHTXLUHG

LQIRUPDWLRQ LQ WKH FDVH RI DEVHQFH RI WKH GDWD �RI WKH
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W\SH RI WKRVH JLYHQ LQ )LJXUH ��� IRU D VSHFLILF FKHP�

LVWU\ RI VWHHO�

$V IDU DV WKH σ\
M��� �&� YDOXHV DUH FRQFHUQHG� GLI�

IHUHQW DSSUR[LPDWHG UHJUHVVLRQ GHSHQGHQFLHV FDQ EH

XVHG LQ WKH FDVH RI DEVHQFH RI H[SHULPHQWDO GDWD� 7KXV�

DFFRUGLQJ WR WKH GDWD RI >��@� IRU LQFUHDVHG DQG KLJK

VWUHQJWK VWHHOV �& ≤ ���� 0Q ≤ ���� 6L ≤ ���� &U ≤ ����
0R ≤ ���� 1L ≤ ���� 9 ≤ ���� 7L ≤ ����� $O ≤ �����

1E ≤ ���� : ≤ ���� &X ≤ ���� WKH IROORZLQJ GHSHQG�

HQFLHV FDQ EH XVHG� 03D�

σ\
P
��� �¯� ≅ ��� � ����& � ���0R�

σ\
E
��� �¯� ≅ ��� � ���& w ���&

�
�

� ���9 � ���0R�

σ\
IS
��� �¯� ≅ ��� � ��&  ��0Q � ��9�

����

$V FKDUDFWHULVWLFV RI HODVWLFLW\ �<RXQJ PRGXOXV�

3RLVVRQsV UDWLR� KDUGO\ GHSHQG XSRQ WKH SKDVH FRP�

SRVLWLRQ RI VWUXFWXUDO VWHHOV� DOORZDQFH IRU PLFURVWUXF�

WXUDO YDULDWLRQV FDXVHV QR SUREOHPV ZLWK VHOHFWLRQ RI

WKHLU YDOXHV LQ WKH FDOFXODWLRQ RI ZHOGLQJ VWUHVVHV DQG

VWUDLQV GXH WR D YHU\ ZLGH YDULDWLRQ LQ FKHPLVWU\ DQG

PLFURVWUXFWXUH RI PHWDO RI WKH SHQHWUDWLRQ ]RQH LQ

ZHOGLQJ RI WKH GLVVLPLODU VWHHOV FRQVLGHUHG� ,W VKRXOG

EH QRWHG WKDW YDU\LQJ WKH FKHPLVWU\ DQG PLFURVWUXF�

WXUH RI WKH SHQHWUDWLRQ ]RQH PHWDO PD\ KDYH VRPH

HIIHFW RQ D WHPSHUDWXUH ILHOG WKURXJK WKH WKHUPDO

FRQGXFWLYLW\ FRHIILFLHQW� WKH YDOXHV RI ZKLFK PD\

FKDQJH GHSHQGLQJ XSRQ WKH VDLG SDUDPHWHUV�

7DEOH � JLYHV GDWD RQ λ�7� IRU DXVWHQLWH RI ORZ�
FDUERQ DXVWHQLWLF VWHHOV DQG IHUULWH �SHDUOLWH� RI ORZ�

FDUERQ ORZ�DOOR\HG DQG &U� �≈ �� �� DQG 1L� �≈ � ��
DOOR\HG VWHHOV� ,W FDQ EH VHHQ WKDW WKHUPDO FRQGXFWLYLW\

RI IHUULWH λI�7� FDQ VXEVWDQWLDOO\ FKDQJH GHSHQGLQJ

XSRQ WKH FKURPLXP FRQWHQW�

$V QRWHG DERYH� IRU WKH FDOFXODWLRQ RI ZHOGLQJ

VWUHVVHV �VWUDLQV�� LQ WKH FDVH RI ZHOGLQJ GLVVLPLODU

VWHHOV� WKH LPSRUWDQW IDFWRUV DUH JHRPHWU\ DQG VL]H RI

D SDUW ZHOGHG� +HUH LW LV QHFHVVDU\ WR GLVWLQJXLVK WKH

SURFHVVHV RI ZHOGLQJ SURSHU IRU MRLQLQJ SDUWV RI GLV�

VLPLODU VWHHOV IURP WKH SURFHVVHV RI GHSRVLWLQJ RQH

PDWHULDO RQWR WKH RWKHU� L�H� WKH SURFHVVHV RI GHSRVLWLRQ

RI D FRYHULQJ OD\HU WR LPSDUW FHUWDLQ IXQFWLRQDO SURS�

HUWLHV WR WKH SDUWV �)LJXUH ����

,Q DGGLWLRQ� LW LV LPSRUWDQW WR QRWH WKDW LQ WKH

FDVHV FRQVLGHUHG WKH XVH FDQ EH PDGH RI PXOWLSDVV

ZHOGLQJ >��@ DQG PXOWLOD\HU FODGGLQJ >��@�

5LVN RI IRUPDWLRQ RI KRW DQG FROG FUDFNV� 7KH
PRVW FKDUDFWHULVWLF GHIHFWV LQ ZHOGLQJ VWHHOV RI WKH

JUDGH XQGHU FRQVLGHUDWLRQ DUH WKRVH RI WKH W\SH RI KRW

FUDFNV IRUPHG SULPDULO\ LQ WKH SHQHWUDWLRQ ]RQH� DO�

WKRXJK WKHUH DUH FDVHV ZKHUH FROG FUDFNV PD\ EH

IRUPHG LQ WKH QHDU�ZHOG ]RQH RI IHUULWLF VWHHO� RU HYHQ

LQ WKH SHQHWUDWLRQ ]RQH �VHH )LJXUH ���

7KH PDLQ FDXVH RI IRUPDWLRQ RI KRW FUDFNV LV D

GHFUHDVH LQ WKH DELOLW\ RI D PDWHULDO WR GHIRUP DW KLJK

WHPSHUDWXUHV LQ WKH VR�FDOOHG EULWWOH WHPSHUDWXUH

)LJXUH ��� 'HSHQGHQFH RI \LHOG VWUHQJWK σ\ XSRQ WHPSHUDWXUH DQG
PLFURVWUXFWXUDO VWDWH� � x 9P  ���� � x 9E  ���� � x 9E  
 ���� 9I  ��� �H[SHULPHQW�� � x 9I  ���� � x 9D  ���

)LJXUH ��� 6FKHPDWLFV RI ZHOGHG MRLQWV LQ DXVWHQLWLF DQG IHUULWLF
VWHHOV LQ RQH�SDVV ZHOGLQJ �D� DQG VXUIDFLQJ �E� F�� ,x ZHOG ]RQH
RI D PHDQ FRPSRVLWLRQ� ,, DQG ,,, x GLIIXVLRQ ]RQH QHDU WKH
ERXQGDU\ ZLWK IHUULWLF DQG DXVWHQLWLF VWHHOV� UHVSHFWLYHO\� ,9 DQG
9 x +$= LQ IHUULWLF DQG DXVWHQLWLF VWHHOV� UHVSHFWLYHO\� �� � x
IHUULWLF DQG DXVWHQLWLF VWHHOV� UHVSHFWLYHO\

7DEOH �� 'HSHQGHQFH RI WKHUPDO FRQGXFWLYLW\ λ�7� RI GLIIHUHQW JUDGHV RI VWHHOV XSRQ WKH WHPSHUDWXUH� :��P⋅�¯�

0DWHULDO
7HPSHUDWXUH�

Ì
¯

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

$XVWHQLWH ������ ������ ������ ������ ������ ������ ������ ������ ������ ������ ������

$OOR\HG IHUULWH ������ ������ ������ ������ ������ ������ ������ w ������ w w

8QDOOR\HG IHUULWH ������ ������ ������ ������ ������ ������ ������ ������ w w w
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UDQJH �%75�� 7HQVLOH VWUDLQV PD\ IRUP GXULQJ ZHOG�

LQJ LQ WKH SHQHWUDWLRQ ]RQH DQG WKH DGMRLQLQJ UHJLRQV

RI WKH EDVH PHWDO� ,I D PDWHULDO FDQQRW UHVLVW WKHVH

VWUDLQV� WKLV OHDGV WR GLVFRQWLQXLWLHV� L�H� KRW FUDFNV�

7KH DELOLW\ RI WKH PDWHULDO WR UHVLVW GHIRUPDWLRQ LQ

%75 LV XVXDOO\ GHWHUPLQHG H[SHULPHQWDOO\� $PRQJ

PDQ\ PHWKRGV XVHG IRU WKLV SXUSRVH WKH PRVW SRSXODU

RQH LV WKH 9DUHVWUDLQW WHVW� )LJXUH �� VKRZV DQ H[DP�

SOH RI HYDOXDWLRQ RI UHVLVWDQFH RI WKH SHQHWUDWLRQ ]RQH

RI &Uw1L DOOR\V WR IRUPDWLRQ RI KRW FUDFNV XVLQJ WKLV

PHWKRG >��@� &KHPLVWU\ RI PHWDO RI WKH VWXGLHG SHQH�

WUDWLRQ ]RQHV SURGXFHG E\ WKH PHWKRG RI DUJRQ�DUF

ZHOGLQJ ZLWKRXW D ILOOHU LV JLYHQ LQ 7DEOH ��

%\ DVVLJQLQJ D SHUPLVVLEOH WRWDO OHQJWK RI KRW

FUDFNV �H�J� �PP�� EDVHG RQ )LJXUH ��� D� LW LV SRVVLEOH

WR REWDLQ WKH YDOXH RI FULWLFDO VWUDLQ ε[[F IRU WUDQVYHUVH

FUDFNV LQ WKH SHQHWUDWLRQ ]RQH ZLWKLQ WKH IROORZLQJ

UDQJHV� ���/1 x ε[[F  ���� '� x ε[[F  ��� DQG

���/ x ε[[F  ��� �� %\ DVVLJQLQJ WKH SHUPLVVLEOH

PD[LPXP OHQJWK RI D WUDQVYHUVH FUDFN �H�J� ��� PP��

ZH ZLOO REWDLQ� SURFHHGLQJ IURP )LJXUH ��� E� IRU

���/1 x ε[[F  ����� IRU '� x ε[[F  ��� DQG IRU

���/ x ε[[F ≅ ��� ��

,W VKRXOG EH QRWHG WKDW WKH ε[[F YDOXHV REWDLQHG LQ

WKLV ZD\ IDLO WR IXOO\ FKDUDFWHULVH WKH KLVWRU\ RI GH�

IRUPDWLRQ RI D VSHFLILF UHJLRQ LQ %75� DV WKH\ GR QRW

DOORZ IRU ZHOGLQJ VWUDLQV ZKLFK SUHFHGH EHQGLQJ ORDG�

LQJ LQ WKH 9DUHVWUDLQW WHVW >��@� %HFDXVH WKH YDOXHV

RI WUXH ε[[F DUH YHU\ VPDOO� WKH HUURU LQ WKLV FDVH FDQQRW

EH VXEVWDQWLDO�

,Q WKLV FRQQHFWLRQ� RI QRWH LV WKH PHWKRG RI DG�

MXVWPHQW RI WKH ε[[F YDOXHV IRU WUDQVYHUVH DQG ORQJLWX�

GLQDO FUDFNV REWDLQHG E\ WKH 9DUHVWUDLQW WHVW E\ DQ

DSSURSULDWH HVWLPDWLRQ RI SODVWLF VWUDLQV DFFXPXODWHG

LQ %75 SULRU WR DSSOLFDWLRQ RI H[WHUQDO ORDG�

,W FDQ EH VHHQ IURP )LJXUH �� WKDW FKHPLVWU\ RI

DXVWHQLWLF VWHHO KDV D FRQVLGHUDEOH HIIHFW RQ FULWLFDO

YDOXHV RI VWUDLQV LQ %75�

$V SURYHG E\ UHVXOWV RI QXPHURXV VWXGLHV >��� ��@�

UHVLVWDQFH RI DXVWHQLWLF DQG DXVWHQLWLF�IHUULWLF VWHHOV

WR IRUPDWLRQ RI VROLGLILFDWLRQ DQG VHJUHJDWLRQ FUDFNV

JUHDWO\ GHSHQGV XSRQ WKHLU PLFURVWUXFWXUDO VWDWH LQ

%75�

,W FDQ EH VHHQ IURP )LJXUH �� WKDW LQ SULPDU\

VROLGLILFDWLRQ WKH VWHHO VWUXFWXUH FRQWDLQV γ�DXVWHQLWH
DQG δ�IHUULWH� LQ DGGLWLRQ WR WKH OLTXLG SKDVH /�

7KHUH LV D QXPEHU RI WKHRULHV ZKLFK UHODWH WKH

SUREDELOLW\ RI IRUPDWLRQ RI VROLGLILFDWLRQ �DV ZHOO DV

VHJUHJDWLRQ� FUDFNV WR WKH LQGLFDWHG W\SHV RI VROLGLIL�

FDWLRQ PRGHV IRU &Uw1L VWDLQOHVV VWHHOV RI WKH DXVWHQL�

WLF JUDGHV�

0DLQ SULQFLSOHV RI WKHVH WKHRULHV DUH EDVHG RQ WKH

IROORZLQJ FRQVLGHUDWLRQV >��@� LPSXULWLHV RI WKH W\SH

RI VXOSKXU DQG SKRVSKRUXV KDYH D KLJKHU VROXELOLW\

LQ IHUULWH� FRPSDUHG ZLWK DXVWHQLWH� ZKLFK OHDGV WR

GHFUHDVH LQ WKHLU FRQFHQWUDWLRQ DW WKH JUDLQ ERXQGD�

ULHV� DV ZHOO DV WKH SUREDELOLW\ RI KRW FUDFNLQJ� PROWHQ

PHWDO FRQWDLQLQJ δ�IHUULWH KDV D QDUURZHU VROLGLILFD�
WLRQ UDQJH� IHUULWH KDV D ORZHU WHPSHUDWXUH HORQJDWLRQ

FRHIILFLHQW WKDQ DXVWHQLWH� ZKLFK OHDGV WR ORZHU

VKULQNDJH GHIRUPDWLRQV IRU IHUULWH� FRPSDUHG ZLWK

DXVWHQLWH� FRROLQJ FRQGLWLRQV EHLQJ LGHQWLFDO� δ�IHUULWH
KDV OHVV IDYRXUDEOH HQHUJ\ FRQGLWLRQV IRU IRUPDWLRQ

RI ORZ�PHOWLQJ SRLQW ILOPV ZLWK LPSXULWLHV RI WKH W\SH

RI VXOSKXU� SKRVSKRUXV DQG RWKHUV LQ WKH VROLGLILFDWLRQ

WHPSHUDWXUH UDQJH� FRPSDUHG ZLWK DXVWHQLWH� ZKLFK

OHDGV WR PXFK HDVLHU FRQGLWLRQV IRU IRUPDWLRQ RI VXFK

ILOPV DW WKH JUDLQ ERXQGDULHV LQ WKH IXOO\ DXVWHQLWLF

PHWDO RI WKH SHQHWUDWLRQ ]RQH� WZR�SKDVH PLFURVWUXF�

WXUDO VWDWH RI WKH SHQHWUDWLRQ ]RQH OHDGV WR IRUPDWLRQ

7DEOH �� &KHPLVWU\ RI PHWDO RI WKH SHQHWUDWLRQ ]RQHV LQYHVWLJDWHG E\ WKH 9DUHVWUDLQW WHVW PHWKRG� �

6WHHO JUDGH & 1L &U 0R 0Q 6L 3 6 1

���/ ����� ���� ���� ���� ��� ��� ����� ����� �����

���/1 ���� ����� ���� ���� ���� ���� ����� ����� �����

'�
 ����� ����� ����� ���� ��� ��� ����� ����� �����




6WHHO FRQWDLQV ���� � 7L� LQ DGGLWLRQ WR WKH HOHPHQWV LQGLFDWHG�

)LJXUH ��� (IIHFW RI VWUDLQ UDWH ε LQ 9DUHVWUDLQW WHVW RQ WRWDO OHQJWK
OV RI KRW FUDFNV �D� DQG PD[LPXP OHQJWK OPD[ RI RQH FUDFN �E� LQ
GLIIHUHQW DOOR\V >��@� � x ���/1� � x '�� � x ���/
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RI PXFK VWURQJHU REVWDFOHV IRU SURSDJDWLRQ RI FUDFNV�

FRPSDUHG ZLWK RQH�SKDVH DXVWHQLWH�

7KH DERYH FRQVLGHUDWLRQV DUH SURYHG E\ H[SHUL�

PHQWDO VWXGLHV� 7KXV� )LJXUH �� VKRZV GHSHQGHQFH

>��@ RI VXVFHSWLELOLW\ RI &Uw1L DOOR\V WR KRW FUDFNLQJ

XSRQ WKH VROLGLILFDWLRQ PRGHV� ,W IROORZV IURP WKH

)LJXUH WKDW WKH PRVW IDYRXUDEOH PRGH LV )$� ZKHUH

WKH κZ  &UHT�1LHT UDWLR EDVHG RQ WKH :5&�����

GLDJUDP �VHH 7DEOH �� LV ZLWKLQ WKH IROORZLQJ OLPLWV�

���� � κZ � ����� ����

,QHTXDOLW\ ���� FDQ EH UHJDUGHG DV D PHWDOOXUJLFDO

SUHUHTXLVLWH IRU D ORZ ULVN RI IRUPDWLRQ RI KRW FUDFNV

LQ WKH SHQHWUDWLRQ ]RQH ZLWK D FRPSRVLWLRQ VLPLODU WR

WKDW RI &Uw1L VWHHOV� 7KLV SUHUHTXLVLWH FRUUHVSRQGV WR

VRPH PHDQ GHIRUPDWLRQ FRQGLWLRQV ZKLFK DUH GHWHU�

PLQHG E\ WKH WHVW SURFHGXUH �9DUHVWUDLQW WHVW�� +RZ�

HYHU� DV IROORZV IURP )LJXUH ��� WKH ULVN RI KRW FUDFN�

LQJ PD\ GHSHQG WR D VXEVWDQWLDO GHJUHH XSRQ WKH VSH�

FLILF YDOXHV RI VWUDLQV LQ WKH %75 ]RQH� ZKLFK DUH

FKDUDFWHULVWLF RI D JLYHQ WHFKQRORJ\� 7KLV LVVXH KDV

EHHQ DOUHDG\ ZLGHO\ GLVFXVVHG LQ OLWHUDWXUH >�� ��� ���

HWF�@�

:LWKLQ WKH IUDPHZRUN RI WKH GHIRUPDWLRQ WKHRULHV

RI VWUHQJWK RI PDWHULDOV DQG RSHUDWLRQDO H[SHULHQFH

>�� ��@� WKH GHIRUPDWLRQ FULWHULRQ RI ULVN ¡LL RI IRUPD�

WLRQ RI FUDFNV ZLWK L QRUPDO WR LWV SODQH FDQ EH GH�

YHORSHG� SURYLGLQJ WKDW WKH DFWLYH SODVWLF VWUDLQ 'LL

LQ WKH %75 ]RQH� DFFXPXODWHG LQ FRROLQJ RI DPDWHULDO�

LV NQRZQ�

'LL = ∑
L

∆εLL
S
DW ∆εLLS > ��

∂7
∂W

< ��

σLL > �� 7� < 7 < 7��

����

ZKHUH 7� DQG 7� DUH WKH %75 OLPLWV�

,W IROORZV IURP H[SUHVVLRQ ���� WKDW LQ ILQGLQJ'LL

LQ %75 RQO\ WKH DFWLYH SODVWLF VWUDLQV GHWHUPLQHG E\

WKH σLL ! � DUH VXPPHG XS�

,I WKH FULWLFDO YDOXHV RI εLLF DUH NQRZQ� WKHQ UHOD�

WLRQVKLS

'
a

LL =
'LL

εLL
F

����

FDQ SURYLGH D TXDQWLWDWLYH FKDUDFWHULVDWLRQ RI WKH ULVN

RI IRUPDWLRQ RI FUDFNV� ¡LL� DW D JLYHQ SRLQW RI WKH

SHQHWUDWLRQ ]RQH� LI WKH PDWHULDO� DFFRUGLQJ WR �����

KDV D VXIILFLHQW VHQVLWLYLW\ WR VXFK GHIHFWV�

8QIRUWXQDWHO\� WKH LQIRUPDWLRQ DYDLODEOH VR IDU RQ

WKH εLLF YDOXHV RI DOOR\V RI GLIIHUHQW FKHPLVWULHV LV

VFDQW\� 7KHUHIRUH� OLNH LQ VWXG\ >�@� ZH VXJJHVW WKDW

FRQGLWLRQ ���� VKRXOG EH FRQVLGHUHG VXIILFLHQW IRU D

FDVH RI DEVHQFH RI KRW FUDFNV LQ WKH SHQHWUDWLRQ ]RQH

RI GLVVLPLODU VWHHOV VWXGLHG� DQG ZKHUH FRQGLWLRQ ����

LV QRW PHW� FRQGLWLRQ ���� VKRXOG EH XVHG WR FRPSDUH

GLIIHUHQW YDULDQWV LQ WHUPV RI WKH ULVN RI IRUPDWLRQ RI

VXFK GHIHFWV�

$V IROORZV IURP )LJXUH �� FROG FUDFNV FDQ EH

IRUPHG LQ WKH SHQHWUDWLRQ ]RQH RI GLVVLPLODU VWHHOV RI

WKH JUDGH XQGHU FRQVLGHUDWLRQ RQO\ LQ WKH FDVH LI WKLV

]RQH KDV D PDUWHQVLWLF VWUXFWXUH� ZKLFK LPSRVHV VXE�

VWDQWLDO OLPLWDWLRQV RQ YDULDQWV RI FRPSRVLWLRQV RI WKH

VWHHOV VXVFHSWLEOH WR IRUPDWLRQ RI VXFK GHIHFWV� 1HY�

HUWKHOHVV� ZHPXVW UHFNRQ WKH SUREDELOLW\ RI IRUPDWLRQ

RI FROG FUDFNV LQ WKH SHQHWUDWLRQ ]RQH�

)HUULWLF VWHHOV DUH FKDUDFWHULVHG E\ D KLJKHU ULVN

RI IRUPDWLRQ RI FROG FUDFNV LQ WKH QHDU�ZHOG ]RQH� 7KH

YDVW DUVHQDO RI PHWKRGV� LQFOXGLQJ WKH FDOFXODWLRQ

RQHV >�� ��� ��� ��@� LQWHQGHG IRU SUHYHQWLRQ RI FROG

FUDFNLQJ� FDQ EH DSSOLHG IRU WKLV ]RQH� 7KHUHIRUH� WKHUH

LV QR QHHG WR FRQVLGHU WKLV LVVXH LQ WKLV DUWLFOH�

7KH IROORZLQJ FRQGLWLRQ >�@ FDQ VHUYH DV D UHDO

FULWHULRQ RI HOLPLQDWLRQ RI FROG FUDFNLQJ RI WKH SHQH�

WUDWLRQ ]RQH�

9P  � RU σLL � �� ����

L�H� WKHUH LV QR PDUWHQVLWH LQ PLFURVWUXFWXUH DW DQ\

SRLQW RI WKLV ]RQH� RU LQ WKH SUHVHQFH RI PDUWHQVLWH

WKH SULQFLSDO VWUHVVHV DUH QRW WHQVLOH�

%HKDYLRXU XQGHU VHUYLFH FRQGLWLRQV� -RLQWV LQ GLV�
VLPLODU VWHHOV XQGHU FRQVLGHUDWLRQ KDYH FHUWDLQ SHFX�

OLDULWLHV RI EHKDYLRXU XQGHU VHUYLFH FRQGLWLRQV� HVSH�

FLDOO\ LI WKHVH FRQGLWLRQV LQYROYH LQFUHDVHG WHPSHUD�

WXUHV RU WKHUPDO F\FOLQJ� ZKLFK LV FKDUDFWHULVWLF RI

FHUWDLQ VWUXFWXUHV XVHG LQ SRZHU JHQHUDWLRQ� FKHPLFDO

HQJLQHHULQJ� HWF� >�@� +HUH WKH GHFLVLYH UROH LV RIWHQ

SOD\HG E\ WKHUPDO VWUHVVHV LQGXFHG E\ GLIIHUHQFHV LQ

SK\VLFDO SURSHUWLHV RI VWHHOV MRLQHG� VXFK DV WHPSHUD�

WXUH HORQJDWLRQ FKDUDFWHULVHG E\ WKH WHPSHUDWXUH HORQ�

)LJXUH ��� 9DULDWLRQ LQ WKH WHPSHUDWXUH HORQJDWLRQ FRHIILFLHQW
αW�7� ZLWK WHPSHUDWXUH IRU GLIIHUHQW DOOR\V >��@

)LJXUH ��� 'HSHQGHQFH RI VXVFHSWLELOLW\ WR KRW FUDFNLQJ �EDVHG RQ
WKH 9DUHVWUDLQW WHVW� XSRQ &U

HT

�1L
HT
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JDWLRQ FRHIILFLHQW αW� ,Q WKLV FRQQHFWLRQ� RI KLJK LP�

SRUWDQFH LV WKH LVVXH RI SURGXFLQJ D ZHOG �SHQHWUDWLRQ

]RQH� RI D UHTXLUHG FRPSRVLWLRQ� ZKLFK ZRXOG SURYLGH

D PRUH RU OHVV VPRRWK WUDQVLWLRQ EHWZHHQ WKH MRLQHG

GLVVLPLODU VWHHOV LQ WHUPV RI WKH αW YDOXHV�

$V DQ H[DPSOH� )LJXUH �� VKRZV GDWD IURP >��@

RQ WKH αW�7� YDOXHV RI DXVWHQLWLF VWHHOV RI WKH W\SHV
RI ��� �RU ���� DQG &Uw0R VWHHO ����&Uw�0R� WKLV

FRPELQDWLRQ EHLQJ FKDUDFWHULVWLF RI WKH SRZHU JHQHUD�

WLRQ REMHFWV�

,W LV VHHQ WKDW LQ D WHPSHUDWXUH UDQJH RI ���w��� �&

WKH GLIIHUHQFH EHWZHHQ WKH YDOXHV RI WHPSHUDWXUH HORQ�

JDWLRQ FRHIILFLHQWV RI DXVWHQLWH DQG IHUULWH ZLOO DPRXQW

DSSUR[LPDWHO\ WR �⋅��w� ��GHJ�

∆αW(7) = α
W

D(7) w αW
I(7) ≈ �⋅��w� ��GHJ�

+HQFH� HYHU\ ��� �& RI D XQLIRUP YDULDWLRQ LQ

WHPSHUDWXUH PD\ FDXVH YDULDWLRQ LQ VWUHVVHV LQ WKH

MRLQLQJ ]RQH DPRXQWLQJ WR ��w���03D� L�H� DW DZRUN�

LQJ WHPSHUDWXUH RI DERXW ���w��� �& GXH WR GLIIHU�

HQFHV LQ SURSHUWLHV RI PDWHULDOV ZHOGHG� SHDNV RI

VWUHVVHV PD\ EH RI VXEVWDQWLDO YDOXHV� 8QGHU VXFK FRQ�

GLWLRQV� LQHODVWLF VWUDLQV >�@ DUH IRUPHG ERWK GXH WR

LQVWDQWDQHRXV SODVWLFLW\ DQG GXH WR FUHHS� ,W LV FKDU�

DFWHULVWLF WKDW WHQVLOH VWUHVVHV DQG VWUDLQV LQ KHDWLQJ

DUH GRPLQDQW QHDU WKH IXVLRQ ERXQGDU\ LQ IHUULWLF VWHHO�

DQG FRPSUHVVLYH RQHV DUH GRPLQDQW LQ DXVWHQLWLF

VWHHOV� UHVSHFWLYHO\� 7R D FHUWDLQ H[WHQW� WKLV FLUFXP�

VWDQFH UHVXOWV LQ WKH IDFW WKDW DPRQJ YDULRXV NLQGV RI

VHUYLFH IUDFWXUHV RI WKH MRLQWV XQGHU FRQVLGHUDWLRQ�

RSHUDWLQJ DW LQFUHDVHG WHPSHUDWXUHV DQG HVSHFLDOO\ LQ

WKHUPDO F\FOLQJ� WKH FUDFNV DUH GRPLQDQW QHDU WKH

IXVLRQ ERXQGDU\ RI D IHUULWLF PDWHULDO >�� ��@ �)L�

JXUH ����

)LJXUH �� VKRZV YDOXHV RI αW�7� IRU GLIIHUHQW ILOOHU
PDWHULDOV XVHG IRU ZHOGLQJ RI WKH FRQVLGHUHG GLVVLPLODU

VWHHOV WR IRUP WKH DERYH WUDQVLWLRQ OD\HU� $V VKRZQ

E\ WKH UHVXOWV RI H[SHULPHQWDO VWXGLHV� WKLV FDQ SURYLGH

D VXEVWDQWLDO H[WHQVLRQ RI VHUYLFH OLIH RI D ZHOGHG

MRLQW� 7KH GDWD RQ D UHODWLYH VHUYLFH OLIH RI EXWW ZHOGHG

MRLQWV �)LJXUH ��� LQ DXVWHQLWLF VWHHO RI WKH W\SH RI

��� DQG &Uw0R VWHHO ����&Uw�0R DUH D FRQYLQFLQJ

SURRI RI WKH DERYH�VDLG� )RU H[DPSOH� WKH UHODWLYH

VHUYLFH OLIH RI D EXWW ZHOGHG MRLQW LQ VWHHOV ��� DQG

����&Uw�0R� GHSHQGLQJ XSRQ WKH ILOOHU PDWHULDO XVHG�

YDULHV DV IROORZV� LQ WKH FDVH RI XVH RI WKH (��� ILOOHU

PHWDO WKH UHODWLYH VHUYLFH OLIH LV ���� ZLWK WKH (1L�

&U)H�� ILOOHU PHWDO LW LV ���� DQG ZLWK WKH (1L&U)H��

DQG (1L&U)H�� ILOOHU PHWDOV WKH UHODWLYH VHUYLFH OLIH

LV ��� DQG ���w���� UHVSHFWLYHO\�

$ FKDQJH LQ WKH JURRYH VKDSH� L�H� WKH VR�FDOOHG

ZLGH FDS �)LJXUH ���� IRU HGJH SUHSDUDWLRQ RI IHUULWLF

VWHHO DOVR OHDGV WR DQ H[WHQVLRQ RI OLIH GXH WR D PRUH

IDYRXUDEOH VWUHVVHG VWDWH IRUPHG LQ WKHUPDO F\FOLQJ�

)RU WKH DERYH FRPELQDWLRQ RI PDWHULDOV ZHOGHG

WKH XVH RI WKH ZLGH FDS JURRYH DQG (1L&U)H�� ILOOHU

PHWDO� LQVWHDG RI (���� LQFUHDVHV OLIH E\ D IDFWRU RI

��� >��@� ZKLFK HQDEOHV WKH OLIH RI WKH FRQVLGHUHG

MRLQWV LQ WKHUPDO F\FOLQJ WR EH H[WHQGHG E\ YDU\LQJ

GHVLJQ DQG WHFKQRORJ\ SDUDPHWHUV�

0DWKHPDWLFDO PRGHOOLQJ RI WKH VWUHVV�VWUDLQ VWDWH

RI WKH MRLQWV XQGHU FRQVLGHUDWLRQ GXULQJ WKHUPDO F\�

FOLQJ� GHSHQGLQJ XSRQ WKH JURRYH VKDSH DQG FKHPLVWU\

RI D ILOOHU PHWDO� FDQ EH YHU\ KHOSIXO LQ VHDUFK IRU

UDWLRQDO VROXWLRQV�

&21&/86,216

8SRQ FRQVLGHULQJ VHYHQ DUHDV DVVRFLDWHG ZLWK WKH

SUREOHP RI VHOHFWLRQ RI RSWLPDO GHVLJQ�WHFKQRORJ\

FRQGLWLRQV IRU ZHOGLQJ �VXUIDFLQJ� RI MRLQWV LQ GLV�

VLPLODU VWHHOV� ZH FDQ GLVWLQJXLVK D QXPEHU RI SURE�

OHPV ZKLFK FDQ EH VROYHG LQ WKH PRVW UDWLRQDO ZD\

E\ XVLQJ WKH PHWKRGV RI PDWKHPDWLFDO PRGHOOLQJ ZLWK

D OLPLWHG VFRSH RI H[SHULPHQWV� 7R XVH WKLV ZD\ WR

VROYH WKH SRVHG SUREOHPV� LW LV QHFHVVDU\ WR GHYHORS

WKH DSSURSULDWH DOJRULWKPV DQG VRIWZDUH� ,W VKRXOG

EH QRWHG WKDW WKH SURFHVVHV RI SULPDU\ VROLGLILFDWLRQ

DQG FDUELGH IRUPDWLRQ GXULQJ ZHOGLQJ� DV ZHOO DV GHJ�

UDGDWLRQ RI SURSHUWLHV LQ VHUYLFH WKHUPDO F\FOLQJ� DUH

OHDVW VWXGLHG LQ WHUPV RI PDWKHPDWLFDO GHVFULSWLRQ�

7KHUHIRUH� WKH PDLQ SXUSRVH LQ KDQGOLQJ WKH WDVNV

SRVHG ZLOO EH GHYHORSPHQW RI D FRPSXWHU V\VWHP FD�

SDEOH RI VROYLQJ WKH IROORZLQJ SUREOHPV LQ DQ LQWH�

JUDWHG ZD\� KHDWLQJ DQG IRUPDWLRQ RI WKH SHQHWUDWLRQ

]RQH� GHWHUPLQDWLRQ RI FKHPLVWU\ RI WKH ZHOG SRRO�

HYDOXDWLRQ RI SULPDU\ VROLGLILFDWLRQ GHIHFWV� TXDQWL�

WDWLYH HVWLPDWLRQ RI WKH NLQHWLFV RI VWUXFWXUDO FKDQJHV

LQ WKH ZHOG DQG QHDU�ZHOG ]RQH� VWUHVVHV DQG VWUDLQV�

DV ZHOO DV ULVN RI IRUPDWLRQ RI KRW DQG FROG FUDFNV�

DQG SUHGLFWLRQ RI EHKDYLRXU RI D ZHOGHG MRLQW XQGHU

GLIIHUHQW VHUYLFH FRQGLWLRQV�

)LJXUH ��� :LGH FDS JURRYH RI D MRLQW EHWZHHQ GLVVLPLODU VWHHOV�
� x VWDLQOHVV VWHHO� � x &Uw0R VWHHO

)LJXUH ��� 7\SLFDO DSSHDUDQFH RI D FUDFN IRUPHG DORQJ WKH ZHOGHG
MRLQW EHWZHHQ DXVWHQLWLF VWDLQOHVV VWHHO �GHSRVLWHG PHWDO x WR WKH
OHIW� DQG IHUULWLF VWHHO �EDVH PHWDO x WR WKH ULJKW�
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�� =HP]LQ� 9�1� ������ :HOGHG MRLQWV LQ GLVVLPLODU VWHHOV�
0RVFRZ�/HQLQJUDG� 0DVKLQRVWUR\HQL\H�

�� 0XUXJDQ� 1�� 3DUPDU� 5�6� � ����� (IIHFW RI ZHOGLQJ FRQ�
GLWLRQV RQ PLFURVWUXFWXUH DQG SURSHUWLHV RI W\SH ��� VWDLQ�
OHVV VWHHO VXEPHUJHG�DUF FODGGLQJ� :HOGLQJ -�� �� ���w����

�� 1HOVRQ� 7�:�� /LSSROG� -�&�� 0LOOV� 0�-� ������ 1DWXUH DQG
HYROXWLRQ RI WKH IXVLRQ ERXQGDU\ LQ IHUULWLF�DXVWHQLWLF GLV�
VLPLODU ZHOG PHWDOV� 3DUW �� 1XFOHDWLRQ DQG JURZWK� ,ELG��
��� ���w����

�� 1HOVRQ� 7�:�� /LSSROG� -�&�� 0LOOV� 0�-� ������ 1DWXUH DQG
HYROXWLRQ RI WKH IXVLRQ ERXQGDU\ LQ IHUULWLF�DXVWHQLWLF GLV�
VLPLODU ZHOG PHWDOV� 3DUW �� 2Q�FRROLQJ WUDQVIRUPDWLRQV�
,ELG�� ��� ���w����

�� 1KR� 6��+�� $QQ� +��6�� 2QJ� &��:� ������ 'HULYDWLRQ RI
WKHRUHWLFDO UHVLGXDO VWUHVV DQG VWUHVV LQWHQVLW\ IDFWRUV LQ GLV�
VLPLODU ZHOG PHWDO RI QXFOHDU YHVVHO� ,Q� 3URF� RI ,QW� &RQI�
RQ 7UHQGV LQ :HOGLQJ 5HVHDUFK� *DWOLQEXUJ�

�� 7DOLDW� %�� =DFKDULD� 7�� :DQJ� ;��/� HW DO� ������ 1XPHUL�
FDO DQDO\VLV RI UHVLGXDO VWUHVV GLVWULEXWLRQ LQ WXEHV ZLWK VSL�
UDO ZHOG FODGGLQJ� :HOGLQJ -�� �� ���w����

�� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 5R]\QND� *�)� HW
DO� ������ &KRLFH RI UDWLRQDO VL]HV RI PRFN�XS RI ZHOGHG DV�
VHPEOLHV LQ GHYHORSPHQW RI ZHOGLQJ WHFKQRORJ\� $YWRPD�
WLFK� 6YDUND� �� �w����

�� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 5R]\QND� *�)� HW
DO� ������ &RPSXWHU PRGHOOLQJ RI ZHOGLQJ SURFHVVHV DV WKH
PHDQV IRU SUHGLFWLRQ RI GHIHFWV LQ ZHOGHG MRLQWV� ,ELG�� ���
��w���

�� 3HWURY� *�/� ������ +HWHURJHQHLW\ RI ZHOGHG MRLQW PHWDO�
/HQLQJUDG� 6XGSURPJL]�

��� 6WHUHQERJHQ� <X�$� ������ 6WXG\ RI WKH SURFHVV RI FKHPLFDO
KHWHURJHQHLW\ IRUPDWLRQ LQ ZHOGV DQG QHDU�ZHOG ]RQH� 6\Q�
RI 7KHVLV IRU 'U� RI 6FL� 'HJUHH� .\LY� 3:,�

��� ������ :HOGLQJ +DQGERRN� 3DUW �� 0DWHULDOV DQG DSSOLFDWL�
RQV� 0LDPL� $:6�

��� 0DNKQHQNR� 9�,� ������ &DOFXODWLRQ RI WKHUPDO SURFHVVHV LQ
ZHOGLQJ RI GLVVLPLODU SODWHV� )L]LND L .KLPL\D 2EUDE� 0D�
WHULDORY� �� �w��

��� 5\NDOLQ� 1�1�� 8JORY� $�$� ������ 7HPSHUDWXUH ILHOG LQ GLV�
VLPLODU PDWHULDOV LQ EXWW ZHOGLQJ ZLWK VXUIDFH KHDW VRXUFH�
,ELG�� �� �w���

��� 5\NDOLQ� 1�1� ������ &DOFXODWLRQ RI WKHUPDO SURFHVVHV LQ
ZHOGLQJ� 0RVFRZ� 0DVKJL]�

��� 0DNKQHQNR� 9�,� ������ &RPSXWHU PRGHOOLQJ RI ZHOGLQJ
SURFHVVHV� ,Q� 0RGHUQ 0DWHULDOV 6FLHQFH IRU WKH ��VW &HQWX�
U\� .\LY� 1DXNRYD 'XPND�

��� .LP� 6�'�� 1D� 6�,� ������ (IIHFW RI ZHOG SRRO GHIRUPDWLRQ
RQ ZHOG SHQHWUDWLRQ LQ VWDWLRQDU\ JDV WXQJVWHQ DUF ZHOGLQJ�
:HOGLQJ -�� �� ���w����

��� 2KULJ� 6�� /XJW� +�-� ������ 1XPHULFDO VLPXODWLRQ RI WLPH�
GHSHQGHQW ��' *0$ ZHOG SRRO GXH WR D PRYLQJ DUF� ,ELG��
��� ���w����

��� 0RYFKDQ� %�$� ������ 'LIIXVLRQ SURFHVVHV DQG FKHPLFDO
FRPSRVLWLRQV RI IXVLRQ ]RQH LQ ZHOGV� $YWRPDWLFK� 6YDUND�
�� �w��

��� 6WHUHQERJHQ� <X�$�� 'HPFKHQNR� 9�)�� $EGXODNK� 9�0�
������ 6WXG\ RI WKH SURFHVV RI FKHPLFDO KHWHURJHQHLW\ IRU�
PDWLRQ LQ ZHOG PHWDO VROLGLILFDWLRQ� ,ELG�� �� �w��

��� 3URNKRURY� 1�1� ������ 3K\VLFDO SURFHVVHV WDNLQJ SODFH LQ
ZHOGV GXULQJ ZHOGLQJ� 0RVFRZ� 0HWDOOXUJL\D�

��� %HUWUDP� /�$�� 6FKXQN� 3�5�� .HPSND� 6�1� HW DO� ������
7KH PDFURVFDOH VLPXODWLRQ RI UHPHOWLQJ SURFHVVHV� -� 0H�
WDOV� �� ��w���

��� 0DVWDF� /�� 6XQGDUUDM� 6� ������ 7KH VWRFKDVWLF PRGHOOLQJ
RI VROLGLILFDWLRQ VWUXFWXUHV LQ DOOR\ ��� UHPHOWHG LQJRWV�
,ELG�� �� ��w���

��� .U\]KDQRYVN\� 5�(�� 6KWHUQ� =�<X� ������� 7KHUPRSK\VLFDO
SURSHUWLHV RI QRQPHWDOOLF PDWHULDOV �FDUELGHV�� /HQLQJUDG�
(QHUJL\D�

��� *XO\DHY� $�3� ������ 3K\VLFDO PHWDOOXUJ\� 0RVFRZ� 0HWDO�
OXUJL\D�

��� .DU]RY� *�3�� 0DUJROLQ� %�=�� 0DUNRY� 9�*� HW DO� ������
1DWXUH RI GDPDJH RI .337V GRZQWDNH SLSHOLQHV RI 5%0.
UHDFWRUV DQG PHDQV IRU WKHLU HOLPLQDWLRQ� ,Q� 3URF� RI �WK
,QW� &RQI� RQ 0DWHULDOV 6FLHQFH 3UREOHPV LQ 'HVLJQ�
0DQXIDFWXUH DQG 6HUYLFH RI 1XFOHDU 3RZHU 3ODQW (TXLS�
PHQW� 6W��3HWHUVEXUJ�

��� .DVDWNLQ� 2�*� ������ 0DWKHPDWLFDO PRGHOOLQJ RI UHODWLRQ�
VKLSV FRPSRVLWLRQ�SURSHUWLHV RI ZHOGHG MRLQWV DQG GHYHORS�
PHQW RI WKH FDOFXODWLRQ�H[SHULPHQW V\VWHP IRU RSWLPLVDWLRQ
RI SULQFLSDO IDFWRUV RI ORZ�DOOR\ VWHHO ZHOGLQJ� 6\Q� RI 7KH�
VLV IRU 'U� RI 6FL� 'HJUHH� .\LY� 3:,�

��� 8HGD� -�� 0XUDNDZD� +�� /XR -X� ������ $ FRPSXWDWLRQDO
PRGHO RI SKDVH WUDQVIRUPDWLRQ IRU ZHOGLQJ SURFHVVHV� 7UDQV�
DFW� RI -:5,� �� ��w����

��� -RQ� ,�&�� 6DOPLQHQ� $�6�� 6XQ� =� ������ 3URFHVV GLDJUDPV
IRU ODVHU EHDP ZHOGLQJ RI FDUERQ PDQJDQHVH VWHHOV� :HOGLQJ
-�� �� ���w����

��� 6H\IIDUWK� 3� ������ *URβHU $WODV 6FKZHLβ�=78�6FKDX�
ELHGHU� 'XH

..
VVHOGRUI� '96�9HUODJ�

��� 6H\IIDUWK� 3�� .DVVDWNLQ� 2� ������ &DOFXODWLRQ RI VWUXF�
WXUDO WUDQVIRUPDWLRQ LQ ZHOGLQJ SURFHVV� ,,: 'RF� ,;�

��� %HUHV� /� ������ 3URFHVVHG PRGLILFDWLRQ WR 6FKDHIIOHUsV GLD�
JUDP IRU FKURPH HTXLYDOHQWV DQG FDUERQ IRU PRUH DFFXUDWH
SUHGLFWLRQ RI PDUWHQVLWH FRQWHQW� :HOGLQJ -�� �� ���w����

��� +ULYQ\DN� ,�� 0DNKQHQNR� 9�,� ������ $SSOLFDWLRQ RI FRP�
SXWDWLRQDO PHWKRGV IRU VWXG\ RI VWHHO ZHOGDELOLW\� ,Q� 3URF�
RI �QG &0($ 6\PS� RQ $SSOLFDWLRQ RI 0DWKHPDWLFDO
0HWKRGV IRU 6WXG\ RI :HOGDELOLW\� 6R]RSRO� 6HSW� �w��
6RILD� 9�,� /HQLQ 90(,�

��� %UX]GD� (�� =HPDQ� 0� ������ 6WDWLVWLFDO DQDO\VLV RI
DXVWHQLWH DQLVRWKHUPDO GHFRPSRVLWLRQ GLDJUDPV IRU D VH�
OHFWHG JURXS RI VWHHOV SHUIRUPHG DW WKH :HOGLQJ ,QVWLWXWH�
,ELG�

��� 0DNKQHQNR� 9�,� ������ &RPSXWDWLRQDO PHWKRGV RI VWXG\
RI ZHOGLQJ VWUHVVHV DQG VWUDLQV� .\LY� 1DXNRYD 'XPND�

��� 8HGD� -�� 0XUDNDZD� +�� 1DNDQR� .� HW DO� ������ (VWDE�
OLVKPHQW RI FRPSXWDWLRQ ZHOGLQJ PHFKDQLFV� 7UDQVDFW� RI
-:5,� �� ��w���

��� <XULHY� 6�)� ������ 6SHFLILF YROXPH RI SKDVH LQ PDUWHQVLWLF
WUDQVIRUPDWLRQ RI DXVWHQLWH� 0RVFRZ� 0HWDOOXUJL]GDW�

��� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 0DNKQHQNR� 2�9�
HW DO� ������ 6WXG\ RI LQIOXHQFH RI SKDVH WUDQVIRUPDWLRQV RQ
UHVLGXDO VWUHVVHV LQ ZHOGLQJ RI WXEH FLUFXODU MRLQWV� $YWR�
PDWLFK� 6YDUND� ��� ��w���

��� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� .UDYWVRY� 7�*� HW
DO� ������ 1XPHULFDO VWXGLHV RI WKHUPRPHFKDQLFDO SURFHVVHV
LQ VXUIDFLQJ RI VKDIWV RI VKLS PHFKDQLVPV� 7KH 3DWRQ :HOG�
LQJ -�� �� �w���

��� 6KDXNDU� 9�� *LOO� 1�3�6�� 0DUQDQ� 6�/� HW DO� ������ (YDOX�
DWLRQ RI KRW FUDFNLQJ LQ QLWURJHQ�EHDULQJ DQG IXOO\ DXVWHQLWLF
VWDLQOHVV VWHHO ZHOGPHQWV� :HOGLQJ -�� �� ���w����
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$�,� *2/2'129
�
DQG 0�<X� .+925729$

�

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

�
'RQEDVV 6WDWH $FDGHP\ RI &LYLO (QJLQHHULQJ DQG $UFKLWHFWXUH� /XJDQVN� 8NUDLQH

6WUHVV�VWUDLQ VWDWH RI ,�EHDPV ZDV GHWHUPLQHG XVLQJ H[SHULPHQWDO GDWD� 0HWKRG RI SUHOLPLQDU\ VWUHVV LQGXFLQJ WR ,�EHDPV

E\ D ORFDO WKHUPDO HIIHFW DOORZLQJ LQFUHDVH LQ ORDG�FDUU\LQJ FDSDFLW\ RI FRPSUHVVHG ,�EHDP FROXPQV DQG LPSURYHPHQW

LQ VWUXFWXUH RI VWHHO LQ WKH +$= ]RQHV IRUPLQJ LQ IDEULFDWLRQ RI ZHOGHG ,�EHDPV ZDV VXJJHVWHG�

.H\ ZRU G V � ,�EHDP� ORFDO WKHUPDO HIIHFWV� UHVLGXDO
VWUHVVHV

7HFKQRORJLFDO SURFHVVHV RI IDEULFDWLRQ RI ZHOGHG DQG

UROOHG ,�EHDPV ZLWK D XVH RI UROOLQJ� IODPH FXWWLQJ

DQG ZHOGLQJ DUH D FDXVH RI RFFXUUHQFH RI KLJK LQWHUQDO

UHVLGXDO VWUHVVHV� ZKLFK FDQ LQIOXHQFH JUHDWO\ WKH IXU�

WKHU VWUXFWXUH RSHUDWLRQ XQGHU WKH ORDG� 7KXV� WKH

LQWHUQDO VWUHVVHV LQ UROOHG ,�EHDPV FDXVHG E\ D QRQ�

KRPRJHQHRXV SODVWLF GHIRUPDWLRQ GXULQJ UROOLQJ LQ
VWDQG DQG QRQ�XQLIRUP WHPSHUDWXUH ILHOGV GXULQJ UROO�

LQJ DQG FRROLQJ FDQ UHDFK ���σ\ �σ\ x VWHHO \LHOG
VWUHQJWK�� 8VLQJ H[SHULPHQWDO LQYHVWLJDWLRQV >�@� LW

ZDV IRXQG WKDW WKH FRROLQJ FRQGLWLRQV� LQ SDUWLFXODU

WKH GLIIHUHQFH LQ WHPSHUDWXUH EHWZHHQ WKH FROGHVW DQG

KRWWHVW SRLQWV RI VHFWLRQ DIWHU WKH UROOLQJ LQ WKH VWDQG
LV WKH PRVW VLJQLILFDQW IDFWRU DPRQJ RWKHU IDFWRUV LQ�

IOXHQFLQJ WKH GLVWULEXWLRQ DQG OHYHO RI UHVLGXDO VWUHVVHV
LQ WKH ,�EHDP VHFWLRQ�

,Q ZHOGHG ,�EHDPV WKH UHVLGXDO VWUHVVHV FDQ UHDFK

WKH OHYHO RI WKH VWHHO \LHOG VWUHQJWK LQ WKH ]RQHV RI

JLUWK ZHOGV >�� �@� 0RUHRYHU� ERWK LQ DV�GHOLYHUHG

ZHOGHG DQG UROOHG ,�EHDPV WKH GLDJUDPV RI LQWHUQDO

VWUHVVHV KDYH D FRPPRQ RULJLQ� D FRPSUHVVHG ZHE�

DV ZHOO DV IODQJH� EHLQJ XQGHU WHQVLRQ LQ D FHQWUDO

SDUW DQG ZLWK FRPSUHVVHG IUHH HQGV� 6WUHVVHV LQ FRP�

SUHVVHG HGJHV RI IODQJHV� VXEMHFWHG WR WKH DFWLRQ RI

D FRPSUHVVLYH VHUYLFH ORDG� UHDFK WKH \LHOG VWUHQJWK

HDUOLHU WKDQ LQ RWKHU HOHPHQWV RI WKH VHFWLRQ� WKXV

GHFUHDVLQJ WKH PRPHQW RI LQHUWLD RI WKH VHFWLRQ GXH
WR IDU GLVWDQFH RI ]RQHV RI SODVWLF GHIRUPDWLRQ IURP

WKH V\PPHWU\ D[HV�

7R FUHDWH WKH IDYRXUDEOH GLVWULEXWLRQ RI UHVLGXDO

VWUHVVHV LQ WKH VHFWLRQV RI ,�EHDP FROXPQV RSHUDWLQJ

IRU FRPSUHVVLRQ XQGHU WKH VHUYLFH ORDG� D PHWKRG RI
KLJK�WHPSHUDWXUH SUHOLPLQDU\ VWUHVV LQGXFLQJ E\ KHDW�
LQJ HGJHV RI WKH JLUWK WR DERXW ��� �& ZDV VXJJHVWHG�

7KH DSSHDUDQFH RI ]RQHV RI UHVLGXDO WHQVLOH VWUHVVHV DW

WKH HGJHV RI JLUWKV SURPRWHV WKH ODWHU WUDQVLWLRQ RI

HGJHV LQWR D SODVWLF VWDWH DQG OHDGV WR LQFUHDVH LQ D

ORDG�FDUU\LQJ FDSDFLW\ RI WKH FROXPQ�
'XULQJ WHVWLQJ WKH WHFKQRORJLFDO SURFHGXUH� GLI�

IHUHQW VFKHPHV RI D SUHOLPLQDU\ VWUHVV JHQHUDWLRQ ZHUH

VXJJHVWHG >�@� +HUH� VXFK WHFKQRORJLFDO SDUDPHWHUV

ZHUH YDU\LQJ DV WHPSHUDWXUH DQG VHTXHQFH RI KHDWLQJ�

SRZHU VRXUFH FDSDFLW\� UDWH RI KHDWLQJ DQG FRROLQJ�

VL]HV RI +$=� 7KH SUHOLPLQDU\ VWUHVV ZDV UHDOL]HG ERWK

LQ WKH ODERUDWRU\ �DW WKH &KDLU RI (QJLQHHULQJ 6WUXF�

WXUHV RI 'RQEDVV 0LQLQJ�0HWDOOXUJLFDO ,QVWLWXWH� DQG

VKRS FRQGLWLRQV �DW WKH ,�9� %DEXVKNLQ '=0.� LQ�

YHVWLJDWLRQV ZHUH KHDGHG E\ ,�,� 1DERNRY�� ,Q WKH

ODWWHU FDVH WKH SUHOLPLQDU\ VWUHVV ZDV JHQHUDWHG LQ D
VSHFLDOO\�GHVLJQHG EHQFK E\ D VLPXOWDQHRXV KHDWLQJ

RI IODQJH HGJHV WR ���w��� �& ZLWK D GLVSODFHPHQW RI

WRUFKHV DORQJ WKH DOO OHQJWK RI WKH VSHFLPHQ DQG FRRO�

LQJ RI KHDWHG DUHDV ZLWK D FRPSUHVVHG DLU�

'XULQJ SUHSDUDWLRQ RI WKH SURJUDPRI H[SHULPHQWDO

LQYHVWLJDWLRQV WKH IROORZLQJ WDVNV ZHUH VHW�

• WR GHWHUPLQH WKH LQWHUQDO VWUHVVHG VWDWH RI DV�GH�

OLYHUHG UROOHG +�EHDPV RI .�W\SH�

• WR HVWDEOLVK QDWXUDO UHVLGXDO VWUHVVHV LQ ZHOGHG

,�EHDPV IDEULFDWHG DW WKH ,�9� %DEXVKNLQ '=0. XV�

LQJ DQ DFFHSWHG WHFKQRORJLFDO VFKHPH RI DVVHPEO\ DQG

ZHOGLQJ RI ,�EHDPV LQ WKH SURGXFWLRQ OLQH�

• WR GHWHUPLQH WKH LQWHUQDO VWUHVV�VWUDLQ VWDWH RI

ZHOGHG DQG UROOHG ,�EHDPV� EHLQJ SUHOLPLQDU\ VXE�

MHFWHG WR VWUHVV XVLQJ ORFDO WKHUPDO HIIHFWV �/7(�� E\

KHDWLQJ ,�EHDP IODQJH HGJHV XS WR WHPSHUDWXUH RI

DERXW ��� �&�

• WR GHYHORS WKH WHFKQRORJLFDO VFKHPH RI SUHVWUHVV�

LQJ E\ /7( GHSHQGLQJ RQ WKH VHFWLRQ VKDSH DQG VL]HV

RI WKH VSHFLPHQV�

:HOGHG VSHFLPHQV�EHDPV �IXUWKHU EHDPV� RI VHULHV

6/ DQG 67 DQG KRW�UROOHG ,�EHDPV ��.� ZLWK SDUDOOHO

VLGHV RI IODQJHV RI VHULHV 63 ZHUH XVHG� $OO WKH VSHFL�

PHQV ZHUH PDQXIDFWXUHG DW WKH ,�9� %DEXVNLQ '=0.

LQ ����� 7KH OHQJWK RI VSHFLPHQV ZDV ���� PP� 6SHFL�

PHQV RI VHULHV 67 ZHUH VXEMHFWHG SUHOLPLQDU\ WR

VWUHVVHV LQ VKRS FRQGLWLRQV E\ D ORFDO KHDWLQJ RI HGJHV

ZLWK D QH[W FRROLQJ ZLWK D FRPSUHVVHG DLU� ZKLOH WKH

VHULHV 6/ ZHUH GHVLJQHG DQG IDEULFDWHG DV DQDORJ RI

WKH SUHVWUHVVHG VSHFLPHQV� EXW ZLWKRXW VXEMHFWLQJ WR

WKH SUHOLPLQDU\ VWUHVV�

%HIRUH WKH WHVWV WKH VSHFLPHQV RI PHWDO ZHUH H[�

DPLQHG WR GHILQH WKHLU SK\VLFDO�PHFKDQLFDO SURSHUWLHV�
� $�,� *2/2'129 DQG 0�<X� .+925729$� ����
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$W WKH ILUVW VWDJH RI LQYHVWLJDWLRQV WKH LQWHUQDO
VWUHVV�VWUDLQ VWDWH RI DV�GHOLYHUHG H[SHULPHQWDO EHDPV
ZDV GHWHUPLQHG� 7KH UHVLGXDO VWUDLQV DQG VWUHVVHV ZHUH
GHWHUPLQHG XVLQJ D GHVWUXFWLYH PHWKRG�

7KH VSHFLPHQV RI VHULHV 6/ DQG 63 ZHUH SUHOLPL�
QDU\ VXEMHFWHG WR VWUHVVHV LQ WKH ODERUDWRU\ FRQGLWLRQV
E\ D ORFDO WKHUPDO KHDWLQJ RI HGJHV ZLWK D QH[W FRROLQJ
LQ DLU� 7DNLQJ LQWR DFFRXQW WKDW WKH VL]HV RI VSHFLPHQV
ZHUH FORVH WR IXOO�VFDOH VSHFLPHQV� WKHQ DQ LQGLYLGXDO
VFKHPH RI SUHOLPLQDU\ VWUHVVLQJ E\ /7( ZDV DFFHSWHG
IRU HDFK VSHFLPHQ�

7KH SUHOLPLQDU\ VWUHVV ZDV LQGXFHG LQ WKH IROORZ�
LQJ VHTXHQFH�

• JHRPHWULF SDUDPHWHUV RI WKH VSHFLPHQ ZHUH PHDV�
XUHG DQG DUHDV IRU QH[W SUHKHDWLQJ ZHUH PDUNHG� WKHQ
WKH KROGHUV ZHUH ZHOGHG WR GHWHUPLQH WKH DEVROXWH
GHIRUPDWLRQV LQ D PLGGOH VHFWLRQ RI WKH VSHFLPHQ�

• WKH VSHFLPHQ ZDV PRXQWHG RQ D EHQFK DQG LQ�
VWUXPHQWV ZHUH LQVWDOOHG� WKH LQLWLDO GDWD ZHUH PHDV�
XUHG�

• WKH SUHOLPLQDU\ VWUHVV ZDV LQGXFHG WR RQH RI WKH
HGJHV� DIWHU FRROLQJ WKH LQWHUPHGLDWH UHVXOWV ZHUH
WDNHQ�

• WKH SUHOLPLQDU\ VWUHVV ZDV LQGXFHG WR DQRWKHU
HGJH RI WKH IODQJH WR UHFRUG WKH ILQDO UHVXOWV DIWHU
FRROLQJ�

,Q WKH FRXUVH RI WHVWLQJ WKH GHIOHFWLRQV LQ VL[ SRLQWV
RI WKH VSHFLPHQ DQG DEVROXWH GLVSODFHPHQWV LQ WKH
PLGGOH VHFWLRQ ZHUH GHWHUPLQHG� )RU HDFK VSHFLPHQ
WKH LQGLYLGXDO VFKHPH RI SUHOLPLQDU\ VWUHVV LQGXFLQJ
E\ /7( ZDV WDNHQ� 5HVLGXDO VWUDLQV DQG VWUHVVHV LQ
EHDP IODQJHV ZHUH GHWHUPLQHG XVLQJ D GHVWUXFWLYH
PHWKRG�

,Q WKH SURFHVV RI WKH H[SHULPHQW WKH LQLWLDO VWUHVV�
VWUDLQ VWDWH RI WKH VHFWLRQV RI EHDPV ZDV GHWHUPLQHG�
6RPH UHVXOWV RI LQYHVWLJDWLRQV DUH JLYHQ LQ )LJXUH ��

$ FRQFOXVLRQ ZDV PDGH RQ WKH EDVLV RI DQDO\VLV RI
XVHG VFKHPHV RI SUHOLPLQDU\ VWUHVVHV �VHTXHQFH RI HGJH
KHDWLQJ� WKDW WKH SUHOLPLQDU\ VWUHVVLQJ E\ /7( VKRXOG
EH UHDOL]HG E\ D V\PPHWULFDO KHDWLQJ RI DUHDV RI JLUWKV
XVLQJ WKH KHDW VRXUFHV RI D VLPLODU FDSDFLW\ WR SUHYHQW
WKH QRQ�XQLIRUP GHIRUPLQJ� 7KH FRPSDUDWLYH DQDO\VLV
RI VFKHPHV RI WKH SUHOLPLQDU\ VWUHVV LQGXFLQJ ZDV
EDVHG RQ WKH HYDOXDWLRQ RI WKH IROORZLQJ SDUDPHWHUV�

• OHYHO RI UHVLGXDO VWUHVVHV LQ WKH VHFWLRQ RI ,�EHDPV�

• VKDSH RI GLDJUDP RI GLVWULEXWLRQ RI UHVLGXDO
VWUHVVHV LQ D WUDQVYHUVH VHFWLRQ�

• VWUXFWXUDO FKDQJHV LQ VWHHO DV D UHVXOW RI KHDWLQJ�
7KH OHYHO DQG VKDSH RI WKH GLDJUDP RI GLVWULEXWLRQ

RI UHVLGXDO VWUHVVHV LQ WKH VHFWLRQV RI ,�EHDPV ZHUH
GHWHUPLQHG XVLQJ D GHVWUXFWLYH PHWKRG >�@� &RQFOX�
VLRQ ZDV PDGH WKDW WKH SUHOLPLQDU\ VWUHVV E\ /7(
VKRXOG EH LQGXFHG XVLQJ V\PPHWULFDO KHDW VRXUFHV RI
D VLPLODU FDSDFLW\ �GXH WR D QRQ�XQLIRUP GLVWULEXWLRQ
RI UHVLGXDO VWUHVVHV DQG QRQ�XQLIRUP GHIRUPLQJ�� L�H�
WR SHUIRUP RQO\ LQ WKH VKRS FRQGLWLRQV DW D VWULFW
FRQWURO RI SDUDPHWHUV RI KHDWLQJ DQG FRROLQJ�

,W ZDV VWDWHG RQ WKH EDVLV RI WKH PHWDOORJUDSKLF
DQDO\VLV RI FKDQJLQJ WKH VWUXFWXUH RI VWHHO RI WKH VSHFL�

)LJXUH �� 0LFURVWUXFWXUH 6W�� LQ D QRUPDOL]HG VWDWH �D� DQG LQ IXVLRQ ]RQH GXULQJ WKHUPDO FXWWLQJ �E� �×���� �UHGXFHG E\ ����

)LJXUH �� 5HVXOWV RI GHWHUPLQDWLRQ RI UHVLGXDO LQWHUQDO VWUHVVHV LQ
VHFWLRQV RI ,�EHDPV LQ D KHDWHG IODQJH VWUHVVHV �D�� LQ IODQJH ZLWKRXW
SUHOLPLQDU\ VWUHVV LQGXFLQJ �E� DQG LQ ZHE �F�� � x VSHFLPHQ 63
����� � x VSHFLPHQ 63 ���� �E x IODQJH ZLGWK� K x ZHE
KHLJKW�
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PHQV H[DPLQHG WKDW DW SUHOLPLQDU\ VWUHVV LQGXFLQJ E\
/7( WKH KHDWLQJ WHPSHUDWXUH VKRXOG EH E\ ��w�� �&
KLJKHU WKDQ WKH WHPSHUDWXUH RI SRLQW $

F
�
ZLWK D QH[W

FRROLQJ LQ DLU� ,W LV WKH WHPSHUDWXUH RI KHDWLQJ DW
ZKLFK WKH QRUPDOL]LQJ RI K\SRHXWHFWRLG VWHHOV LV RF�
FXUUHG� WR ZKLFK WKH VWUXFWXUDO VWHHOV DOVR EHORQJ�

,Q QRUPDOL]LQJ WKH ORZ�FDUERQ VWHHOV WKH VDPH
SURFHVVHV DUH SURFHHGLQJ� WKDW LQ DQQHDOLQJ� L�H� UH�
ILQLQJ RI JUDLQV �)LJXUH �� D�� ,Q DGGLWLRQ� GXH WR D
PRUH UDSLG FRROLQJ WKDQ LQ DQQHDOLQJ� WKH SHDUOLWH
EHFRPHV PRUH GLVSHUVHG DV D UHVXOW RI D KLJK RYHUFRRO�
LQJ� DQG LWV DPRXQW EHFRPHV ODUJHU DV WKH SUHFLSLWDWLRQ
RI IHUULWH RU FHPHQWLWH ZLWK D IRUPDWLRQ RI D TXDVL�
HXWHFWRLG LV SDUWLDOO\ VXSSUHVVHG� 7KH FKDUDFWHULVWLFV
RI PHFKDQLFDO SURSHUWLHV DUH RFFXUUHG WR EH KLJKHU
WKDQ WKRVH LQ D GHOD\HG FRROLQJ �DQQHDOLQJ��

7KXV� DW /7( RQ WKH HGJHV RI EHDP IODQJHV ZLWK
D VPDOO RYHUKHDWLQJ DERYH WKH WHPSHUDWXUH RI SRO\�
PRUSKRXV WUDQVIRUPDWLRQ D VHFRQGDU\ GLIIXVLRQ�IUHH
FU\VWDOOL]DWLRQ �UHFU\VWDOOL]DWLRQ� LQ D VROLG VWDWH LV
RFFXUUHG LQ WKH PHWDO RI HGJHV RI WKH JLUWKV� 7KLV
FDXVHV WKH FKDQJHV LQ D FU\VWDO VWUXFWXUH RI WKH PHWDO
GXH WR DSSHDUDQFH DQG JURZWK RI QHZ JUDLQV�

,Q IDEULFDWLRQ RI ZHOGHG ,�EHDPV WKH GHILEULQJ RI
VKHHWV E\ D WKHUPDO FXWWLQJ LV RFFXUUHG WKDW OHDGV WR
WKH IRUPDWLRQ RI WKH PHWDO VWUXFWXUH ZLWK D FOHDUO\
H[SUHVVHG ]RQH RI RYHUKHDWLQJ DW WKH HGJHV RI IODQJHV
�)LJXUH �� E�� ZKLFK LV W\SLFDO RI WKH FRDUVH�JUDLQHG

VWUXFWXUH RI :LGPDQVWDHWWHQ W\SH� 0HWDO RI WKLV ]RQH
LV FKDUDFWHUL]HG E\ ORZ YDOXHV RI PHFKDQLFDO SURSHU�
WLHV� $W D SUHOLPLQDU\ VWUHVV LQGXFLQJ E\ /7( RI ]RQHV
RI WKLV VWUXFWXUHV D ILQH�JUDLQHG VWUXFWXUH LV IRUPHG
DQHZ DV D UHVXOW RI DQ DGGLWLRQDO KHDWLQJ �VHH )L�
JXUH �� D��

7KXV� WKH DSSOLFDWLRQ RI WKH SUHOLPLQDU\ VWUHVV LQ�

GXFLQJ E\ /7( IRU PHWDO VWUXFWXUHV PDNHV LW SRVVLEOH

QRW RQO\ WR FUHDWH WKH GLDJUDPV RI UHVLGXDO VWUHVVHV�

ZKLFK LQIOXHQFH SRVLWLYHO\ RQ WKH VWUXFWXUH RSHUDWLRQ

XQGHU WKH ORDG� EXW DOVR WR LPSURYH VLJQLILFDQWO\ WKH

VWHHO VWUXFWXUH E\ UHILQLQJ JUDLQV RI WKH SDUHQW PHWDO

DQG HOLPLQDWLRQ RI +$= ZKLFK DUH IRUPHG GXH WR

WHPSHUDWXUH HIIHFWV LQ IDEULFDWLRQ RI PHWDO VWUXFWXUHV�

�� 1\DVKLQ� <X�,� ������ ,QYHVWLJDWLRQ RI PHWKRGV RI UHGXFWLRQ
RI UHVLGXDO VWUHVVHV LQ KRW�UROOHG VKDSH VHFWLRQV� ,]Y� 9X]RY�
&K\RUQ� 0HWDOOXUJL\D� ��� ��w���

�� 6KHOHVWHQNR� /�3� ������ (IIHFW RI QDWXUDO UHVLGXDO VWUHVVHV
RQ D WRWDO VWDELOLW\ RI FRPSUHVVHG ZHOGHG +�VKDSHG HOH�
PHQWV� =KHOH]QRGRUR]KQ� 6WURLWHOVWYR� �� ��w���

�� /XL� .K�� 0DVVRQH� &K� ������ (IIHFW RI ZHOGLQJ UHVLGXDO
VWUHVVHV RQ FULWLFDO ORDG FDXVHG E\ ORQJLWXGLQDO EHQGLQJ RI ,�
EHDPV� ,Q� 3URF� RI ��WK ,,: &RQJUHVV� /LHJH� -XO\ ��w���
����� 0RVFRZ� 0DVKJL]�

�� =KGDQRYD� ,�9�� .KYRUWRYD� 0�<X�� *RORGQRY� $�,� ������
([SHULPHQWDO GHWHUPLQDWLRQ RI GHIOHFWLRQ RI PHWDOOLF EHDPV
ZLWK ILHOGV RI LQLWLDO VWUHVVHV� ,Q� 7UDQVDFW� RI $OFKHYVN

'*0,� ,VVXH �� $OFKHYVN� '*0,�
�� .KYRUWRYD� 0�<X� ������ 'HWHUPLQDWLRQ RI LQLWLDO VWUHVVHV

LQ VHFWLRQV RI ,�EHDPV DIWHU ORFDO WKHUPDO DFWLRQ� ,ELG�

�
�������������
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9�,� 32.+0856.<� 0�0� 678'(17� 9�0� '29*81<. DQG ,�,� 6,'25$.

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

7KH HOHFWULF DUF PHWDOOL]LQJ FDQ EH HIIHFWLYHO\ XVHG IRU UHVWRUDWLRQ RI ZRUQ�RXW VXUIDFHV RI PDFKLQH SDUWV DW UHODWLYHO\

VPDOO H[SHQVHV� 7KH XVH RI IOX[�FRUHG RU FRPSRVLWH ZLUHV ZLGHQV VLJQLILFDQWO\ WKH DSSOLFDWLRQ RI WKLV WHFKQRORJLFDO

SURFHVV� +RZHYHU� WKH QHHG DSSHDUV KHUH LQ RSWLPL]LQJ FRPSRVLWLRQ RI HOHFWURGH ZLUHV DQG LPSURYHPHQW RI V\VWHP RI

WKHLU VSUD\LQJ�

.H\ ZRU G V � HOHFWULF PHWDO VSUD\�JXQ� HOHFWULF DUF PHWDO�

OL]LQJ� IOX[�FRUHG ZLUH� WKHUPDO FRDWLQJ� ZHDU� ZHDU�UHVLVWDQFH�

SKDVH WUDQVIRUPDWLRQV

7R LQFUHDVH WKH TXDOLW\ RI FRDWLQJ IRUPDWLRQ LQ HOHFWULF
DUF PHWDOOL]LQJ� ZH KDYH GHYHORSHG WKH QHZ VSUD\
KHDGV IRU PHWDO VSUD\�JXQV �06*� >�� �@ DQG IOX[�
FRUHG ZLUHV �)&:� DQG DOVR SHUIRUPHG WKH FRPSDUD�
WLYH WULERORJLF H[DPLQDWLRQ RI WKH FRDWLQJV SURGXFHG�

0HWDO FRDWLQJV ZHUH IRUPHG IURP ��� PP GLDPHWHU
)&: RI DQ RSWLPL]HG FKHPLFDO FRPSRVLWLRQ RI WZR
V\VWHPV� )H&U%�$O DQG )H&U�$O�&� )HUURFKURPH�
ERURQ ).K%�� DQG $Ow0J SRZGHU 3$0��� DQG� UH�
VSHFWLYHO\� IHUURFKURPH ).K����� LURQ SRZGHU 36K2�
$Ow0J SRZGHU 3$0��� DQG FUXFLEOH JUDSKLWH *7��

ZHUH XVHG DV FKDUJH PDWHULDOV� 7KH H[WHUQDO VKHDWK
ZDV PDQXIDFWXUHG IURP ��� PP WKLFN ULPPHG VWHHO
�� �& x ���� 6L x ����� 0Q x ����w���� ZW���
)H x EDODQFH�� &RHIILFLHQW RI ZLUH ILOOLQJ ZDV DERXW
�� �� 7KH FRDWLQJV ZHUH IRUPHG E\ D EDVH 06* 0���
ZLWK D PRGLILHG V\VWHP RI HOHFWURGH PDWHULDO VSUD\LQJ
WKDW SURYLGHG WKH IRUPDWLRQ RI ILQH�JUDLQHG FRDWLQJV

RI D ORZ SRURVLW\ �≈ �� ���
0HWDOOL]LQJ FRQGLWLRQV ZHUH DV IROORZV� DUF FXUUHQW

��� $� DUF YROWDJH �� 9� FRPSUHVVHG DLU SUHVVXUH
��� 03D� GLVWDQFH IURP DUF WR VDPSOH ��� PP� 7KH
FRDWLQJV ZHUH GHSRVLWHG RQ VDPSOHV RI �GLVF� W\SH
PDGH IURP VWHHO �� �& x ���� ZW��� )H x EDODQFH�
�+5& ��w��� DQG VXEMHFWHG WR JULQGLQJ WR WKH � PP

� 9�,� 32.+0856.<� 0�0� 678'(17� 9�0� '29*81<. DQG ,�,� 6,'25$.� ����
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ZRUNLQJ WKLFNQHVV 5
D
 ����� 0DWLQJ VDPSOHV ZHUH

PDGH IURP EURQ]H %U6��� DQG KLJK�WLQ DOOR\ $02�

7ULERORJLF SURSHUWLHV RI WKH REWDLQHG FRDWLQJVZHUH

VWXGLHG LQ IULFWLRQ HTXLSPHQW 607V�� XVLQJ VFKHPH

�GLVFwEORFN� DW D ERXQGDU\ VOLSSLQJ IULFWLRQ� DQG DOVR

LQ PRWRU RLO �0��9�� ZLWK DQ DEUDVLYH DGGLWLRQ �D

TXDUW] VDQG RI GLVSHUVLW\ XS WR �� µP� DW FRQWDFW

SUHVVXUH � 03D� 3DWK RI IULFWLRQ ZDV �� NP�

7KH SKDVH FRPSRVLWLRQ RI FRDWLQJV LQ LQLWLDO VWDWH�

LWV FKDQJHV LQ QHDU�VXUIDFH OD\HUV DIWHU JULQGLQJ DQG

IULFWLRQ ZHUH H[DPLQHG LQ 'URQ�� GLIIUDFWRPHWHU

�&X.α� 8  �� N9� ,  �� P$� ZLWK D ����� VFDQQLQJ
SLWFK DW �� �� �� ��� DQJOHV RI LQFOLQDWLRQ RI VDPSOH

WR HPLVVLRQ DQG QH[W FRPSXWHU SURFHVVLQJ E\ SURJUDP

&6' >�@�

6\VWHPV RI VSUD\LQJ RI IOX[�FRUHG ZLUHV� 7KH\
DUH EDVHG RQ GLIIHUHQWLDO DQG FORVHG GLDJUDPV RI IRU�

PDWLRQ RI D PHWDO�DLU IORZ� ,Q UHDOL]DWLRQ RI WKH GLI�

IHUHQWLDO GLDJUDP RI VSUD\LQJ WKHUH DUH QR GLIIHUHQFHV
EHWZHHQ WKH FRQGLWLRQV RIPHOWLQJZLUHV� XVHG DV DQRGH
RU FDWKRGH� 7KH PHWDO�DLU IORZ KDV DQ HOOLSVRLG VWUXF�

WXUH LQ LWV VHFWLRQ DW UDWLR RI D[HV ���w� DW ��� PP

GLVWDQFH IURP WKH DUF �)LJXUH ���
7KH GLIIHUHQWLDO GLDJUDP RI IRUPDWLRQ RI WKH PHW�

DO�DLU IORZ ZDV XVHG LQ 06*� PDQXIDFWXUHG E\ *03

�*DVRWKHUPLF� DW *�9� .DUSHQNR 3K\VLFR�0HFKDQL�

FDO ,QVWLWXWH RI WKH 1$6 RI8NUDLQH� 7KH GHVLJQ IHDWXUH

RI WKH VSUD\ KHDG RI VXFK VSUD\�JXQ LV WKDW WKH HOHF�

WURGH ZLUH DQG DLU DUH IHG WKURXJK WKH VDPH FKDQQHOV�

,Q DGGLWLRQ� WKH FRQGLWLRQV RI HIIHFWLYH FRROLQJ RI FXU�

UHQW FRQGXFWRUV DQG VSUD\�JXQ KHDG DUH FUHDWHG� WKXV

SURYLGLQJ WKH IRUPDWLRQ RI FRQFHQWUDWHG JDV H[WHUQDO

�SODVPD� DQG LQWHUQDO �IRU QR]]OH FRROLQJ� IORZV� 7KH
XVH RI D ULQJ�VKDSHG SURILOHG QR]]OH LQFUHDVHV WKH UDWH

RI WKH DLU IORZ� FUHDWHV D KLJK G\QDPLF SUHVVXUH LQ

WKH ]RQH RI DUF EXUQLQJ WKDW SURYLGHV WKH LQWHQVLYH

GLVSHUVLRQ RI WKH PROWHQ PHWDO� 'XH WR WKLV� WKH DG�

KHVLRQ DQG FRKHVLRQ FKDUDFWHULVWLFV RI WKH FRDWLQJ DUH
LQFUHDVHG� $W VXFK GLDJUDP RI )&: VSUD\LQJ WKH ODUJ�

HVW VL]H RI WKH SDUWLFOHV RI PROWHQ PHWDO LV ��� µP�
06* ZLWK WKLV GLDJUDP RI VSUD\LQJ SURYLGHV WKH IRU�
PDWLRQ RI TXDOLW\ UHVWRUDWLRQ DQG ZHDU�UHVLVWDQW FRDW�

LQJV IURP )&: ZLWK D UHIUDFWRU\ FKDUJH�

7KH FORVHG GLDJUDP SURPRWHV WKH SURGXFLQJ ILQHU

IUDFWLRQV RI SDUWLFOHV �� �� µP� FKDUDFWHUL]LQJ WKH

KLJK UDWH RI IOLJKW� 7KLV GLDJUDP RI VSUD\LQJ LV XVHG
LQ IRUPDWLRQ RI WKH ILQH�GLVSHUVHG FRDWLQJ RI D VPDOO

WKLFNQHVV ���w��� µP� SURGXFHG E\ XVLQJ )&:

�FKDUJH ZLWK UHIUDFWRU\ FRPSRQHQWV��
)OX[�FRUHG ZLUHV RI )H&U%�$O V\VWHPV� $V LV

NQRZQ� WKH DPRUSKRXV ERURQ� ERURQ FDUELGH DQG IHU�
URFKURPHERURQ FDQ EH XVHG DV D %�FRQWDLQLQJ FRPSR�

QHQW LQ PDQXIDFWXUH RI )&:� +RZHYHU� ZH XVHG D

IHUURFKURPHERURQ RI ).K%�� JUDGH� DV WKH DPRUSKRXV
ERURQ LV H[SHQVLYH DQG D ERURQ FDUELGH SURYLGHV DQ
LQWHQVLYH ZHDU RI JURRYHV LQ ZLUH PDQXIDFWXUH�

$W WKH VDPH WLPH WKH FRDWLQJV SURGXFHG IURP)&:

ZLWK D FKDUJH RQO\ IURP IHUURFKURPHERURQ DUH FKDU�

DFWHUL]HG E\ D KLJK SRURVLW\ DV WKH SRZGHU KDV QR

WLPH WR EH FRPSOHWHO\ PHOWHG� 7KH FRPSOHWH PHOWLQJ

RI D FRPSDUDWLYHO\ UHIUDFWRU\ %�FRQWDLQLQJ FRUH FDQ

EH UHDOL]HG LQ DGGLQJ FRPSRQHQWV IRUPLQJ HXWHFWLFV
ZLWK LW RU WKH DOXPLQLXP SRZGHU LQ DPRXQWV SURYLGLQJ

WKH SURFHHGLQJ RI DOXPRWKHUPLF UHDFWLRQ� $GGLWLRQ RI

RWKHU HOHPHQWV WR WKH FKDUJH IRUPLQJ HXWHFWLFV ZLWK

D IHUURFKURPHERURQ RU UHDG\ HXWHFWLF PL[WXUHV� OHDGV

WR D VLJQLILFDQW GHFUHDVH LQ D FRKHVLRQ VWUHQJWK RI WKH

FRDWLQJ�

,W ZDV HVWDEOLVKHG E\ XV WKDW RQO\ WKH DOXPLQLXP
SRZGHU SURPRWHV WKH SURGXFLQJ FRDWLQJV ZLWK KLJK

PHFKDQLFDO FKDUDFWHULVWLFV� LQFUHDVHV� LQ SDUWLFXODU�

WKH UXSWXUH VWUHQJWK RI WKH FRDWLQJ IURP ��� WR

��� 03D� )URP WKH UHODWLRQVKLS� JLYHQ LQ )LJXUH ��

LW LV SRVVLEOH WR MXGJH DERXW WKH HIIHFW RI DOXPLQLXP

FRQWHQW LQ WKH )&: FKDUJH� ,QFUHDVH LQ DOXPLQLXP

FRQFHQWUDWLRQ LQ WKH FKDUJH XS WR �� � SURPRWHV WKH

LQFUHDVH LQ WKH FRDWLQJ KDUGQHVV� 7KLV LV VWLSXODWHG E\

GHFUHDVH LQ SRURVLW\ RI WKH FRDWLQJ ZLWK D VLPXOWDQHRXV
LQFUHDVH LQ LWV VWUXFWXUDO KRPRJHQHLW\� 7KH IXUWKHU

LQFUHDVH LQ WKH DOXPLQLXP FRQWHQW LQ WKH )&: FKDUJH

FRPSRVLWLRQ OHDGV WR WKH GHFUHDVH LQ KDUGQHVV� $ PR�

QRWRQRXV LQFUHDVH LQ FRKHVLRQ DQG DGKHVLRQ LV REVHUYHG

LQ WKH ZKROH UDQJH RI FKDQJLQJ WKH DOXPLQLXP FRQ�

FHQWUDWLRQ� 7KH SRVLWLYH HIIHFW RI DOXPLQLXP RQ WKH

VWUHQJWK SURSHUWLHV RI FRDWLQJV FDQ EH H[SODLQHG E\

WKH SUHVHQFH RI D UHIUDFWRU\ R[LGH ILOP $O�2� SURGXF�

)LJXUH �� 'HSHQGHQFH RI UHODWLYH DPRXQW RI PROWHQ PHWDO SDUWLFOHV DQG UDWH RI WKHLU ILJKW Y �X� RQ WKH VL]H RI SDUWLFOHV G �P x PDVV
VKDUH RI SDUWLFOHV RI D SURSHU IUDFWLRQ�0x PDVV VKDUH RI DOO WKH SDUWLFOHV DW FHQWUDO QR]]OH �D� DQG GLIIHUHQWLDO �E� GLDJUDP RI VSUD\LQJ�
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LQJ SODVWLF JUDLQV RI SXUH DOXPLQLXP LQ WKH FRDWLQJ�
7KLV FRQWULEXWHV WR WKH UHOD[DWLRQ RI WHQVLOH VWUHVVHV
LQ WKH SURFHVV RI WKH FRDWLQJ IRUPDWLRQ DQG VXEVHTXHQW
FRROLQJ DQG DOVR SUHYHQWV WKH FUDFN IRUPDWLRQ� 7KH
FRDWLQJV DUH UDWKHU KHWHURJHQHRXV� ZKLFK LV SURYHG
E\ D ODUJH VFDWWHULQJ RI YDOXHV RI PLFURKDUGQHVV� IURP
���� WR ����� 03D� 0D[LPXP SRURVLW\ LV QRW PRUH
WKDQ �� ��

,W ZDV HVWDEOLVKHG WKDW WKH ERURQ FRQWHQW LQ WKH
FRDWLQJ LV SURSRUWLRQDO WR WKDW LQ IHUURFKURPHERURQ
DQG FDQ EH LQFUHDVHG E\ LQFUHDVLQJ WKH )&:GLDPHWHU�
+HUH� WKH FRHIILFLHQW RI ZLUH ILOOLQJ ZLOO EH DOVR LQ�
FUHDVHG� +RZHYHU� LW FDQ EH QRWHG� WKDW LQ XVH RI
ODUJH�GLDPHWHU )&: WKH FRDWLQJ KDUGQHVV LV LQFUHDVHG
VLPXOWDQHRXVO\ ZLWK GHFUHDVH LQ LWV DGKHVLRQ WR WKH
VXEVWUDWH� 7KHUHIRUH� LQ UHVWRUDWLRQ RI KHDY\�GXW\
SDUWV LW LV QHFHVVDU\ WR XVH )&: RI GLDPHWHU WR � PP�

7KH OHYHO RI DLU SUHVVXUH DOVR JUHDWO\ LQIOXHQFHV
WKH GLVWULEXWLRQ RI VWUHVVHV LQ WKH FRDWLQJV� :LWK LWV
LQFUHDVH IURP ��� WR ��� 03D WKH VL]H RI SDUWLFOHV RI
)&: PHOW LV GHFUHDVHG WKDW SURYLGHV LQ WXUQ WKH GH�

FUHDVH LQ VL]H RI SRUHV LQ WKH FRDWLQJ IURP ��� WR �� µP
�)LJXUH ���

)OX[�FRUHG ZLUHV RI )H&U�$O�& V\VWHPV� 7KH
EDVH RI FKDUJH LQ PDQXIDFWXUH RI )&: RI V\VWHP
)H&U�$O�& LV KLJK�FDUERQ IHUURFKURPH RI ).K����
JUDGH� 7R DWWDLQ WKH FRPSOHWH PHOWLQJ RI WKH FKDUJH
GXH WR SURFHHGLQJ RI H[RWKHUPDO UHDFWLRQ� VLPLODU WR

SUHYLRXV )&:� WKH DOXPLQLXP SRZGHU ZDV DGGHG WR
WKH FKDUJH� $W LWV FRQWHQW WR �� � WKH FRDWLQJV SRVVHVV
PD[LPXPKDUGQHVV �+5& ��� DQG UHWDLQ WKH ORZ OHYHO
RI PD[LPXP FLUFXPIHUHQWLDO VWUHVVHV �WR �� 03D��
7KH LQFUHDVH LQ FRQFHQWUDWLRQ OHDGV WR WKH GHFUHDVH LQ
FRDWLQJ KDUGQHVV DQG LQFUHDVH LQ VWUHVVHV UHDFKLQJ WKHLU
PD[LPXP YDOXHV ��� 03D DW �� � $O�� )XUWKHU� WKHLU
GHFUHDVH WR �� 03D DW �� � $O LV REVHUYHG� $GKHVLRQ
RI FRDWLQJV LV LQFUHDVHG LQ WKH ZKROH UDQJH RI FKDQJLQJ
WKH DOXPLQLXP FRQFHQWUDWLRQV�

,W ZDV HVWDEOLVKHG WKDW DW ORZ FRQFHQWUDWLRQV RI

DOXPLQLXP LQ )&: FKDUJH WKH γ�)H→α�)H RFFXUV LQ
WKH SURFHVV RI FRDWLQJ FRROLQJ� $W DSSURSULDWH DPRXQW

RI FDUERQ LQ WKH FRDWLQJ �≈ � ��� WKH KLJK KDUGQHVV
DQG ORZ UHVLGXDO WHQVLOH VWUHVVHV DUH W\SLFDO RI WKH
FRDWLQJV EHFDXVH RI DXVWHQLWH WUDQVIRUPDWLRQ LQWR
PDUWHQVLWH� 7KH LQFUHDVH LQ DOXPLQLXP DPRXQW LQ WKH

FRDWLQJ VWDELOL]HV α�)H DQG QDUURZV WKH UHJLRQ γ�)H
WKDW SUHYHQWV WKH IHDVLELOLW\ RI SURFHHGLQJ WUDQVIRU�
PDWLRQ �)H&U�$O�&�� 7KLV OHDGV WR WKH LQFUHDVH LQ
WHQVLOH VWUHVVHV DQG GHFUHDVH LQ WKH FRDWLQJ KDUGQHVV�

7KXV� LQ IRUPDWLRQ RI FRDWLQJV XVLQJ )&: ZLWK D
FKDUJH RQ )H&U�$O�& EDVH WZR FRQFHQWUDWLRQ �E\
DOXPLQLXP FRQWHQW� UHJLRQV DUH PRVW LPSRUWDQW IURP
WKH SUDFWLFDO SRLQW RI YLHZ �)LJXUH �� >�@� $W DOX�
PLQLXP FRQWHQW WR �� � WKH FRDWLQJV DUH FKDUDFWHUL]HG
E\ D KLJK KDUGQHVV DQG ORZ OHYHO RI UHVLGXDO WHQVLOH
VWUHVVHV DQG FDQ EH XVHG DV ZHDU�UHVLVWDQW� $ERYH �� �
WKH FRDWLQJ KDUGQHVV GRHV QRW H[FHHG +5& ��� WKH

OHYHO RI WHQVLOH VWUHVVHV LV ≈ �� 03D� DQG WKH DGKHVLRQ

VWUHQJWK LV ≈ �� 03D� ,Q WKLV FRQQHFWLRQ� WKH\ DUH
UHFRPPHQGHG IRU XVH DV UHVWRUDWLRQ FRDWLQJV IRU DS�
SURSULDWH VXUIDFHV RI KHDY\�GXW\ PDFKLQH SDUWV�

7ULERORJLF SURSHUWLHV RI FRDWLQJV� ,W ZDV HVWDE�
OLVKHG E\ WKH FRPSDUDWLYH WHVWV RI FRDWLQJV IURP VROLG
DQG )&: LQ WKH FRQGLWLRQV RI ERXQGDU\ VOLSSLQJ IULF�
WLRQ WKDW WKH EHVW WULERORJLF SURSHUWLHV DUH W\SLFDO RI
FRDWLQJV SURGXFHG E\ XVLQJ )&: ZLWK D FKDUJH
�)H&U%�$O� DQG �)H&U�$O�&� >�� �@�

0HWDOORJUDSKLF H[DPLQDWLRQV RI WKH FRDWLQJV
VKRZHG WKDW WKH\ KDYH D ODPHOODU VWUXFWXUH W\SLFDO
IRU WKH JLYHQ FODVV RI FRDWLQJV �)LJXUH ���

7KH SKDVH FRPSRVLWLRQ RI FRDWLQJV IURP )&: RQ
)H&U%�$O EDVH LQ LQLWLDO VWDWH LV D PHFKDQLFDO PL[WXUH

FRQVLVWLQJ RI DQ RYHUVDWXUDWHG VROLG VROXWLRQ RQ α�)H
)LJXUH �� (IIHFW RI DLU SUHVVXUH 3 RQ GLDPHWHU RI SRUHV LQ FRDWLQJ
G ��� DQG YDOXH RI PD[LPXP FLUFXPIHUHQWLDO VWUHVVHV σ

FLUF
���

)LJXUH �� (IIHFW RI DOXPLQLXP FRQWHQW LQ FKDUJH RI )&:
�)H&U%�$O� RQ SK\VLFDO�PHFKDQLFDO FKDUDFWHULVWLFV RI � PP WKLFN
FRDWLQJV� � x PD[LPXP FLUFXPIHUHQWLDO VWUHVVHV LQ FRDWLQJ σ

FLUF
�

� x KDUGQHVV +5&� � x DGKHVLRQ VWUHQJWK RI FRDWLQJ ZLWK VXE�
VWUDWH σ

DGK
� � x UXSWXUH VWUHQJWK RI FRDWLQJ σ

W
� � x SRURVLW\ β

)LJXUH �� (IIHFW RI DOXPLQLXP FRQWHQW LQ FKDUJH )&:
�)H&U�$O�&� RQ SK\VLFDO�PHFKDQLFDO FKDUDFWHULVWLFV RI � PP WKLFN
FRDWLQJ� �x UXSWXUH VWUHQJWK RI FRDWLQJ σ

W
� �x DGKHVLRQ VWUHQJWK

RI FRDWLQJ ZLWK VXEVWUDWH σ
DGK
� � x PD[LPXP FLUFXPIHUHQWLDO

VWUHVVHV LQ FRDWLQJ σ
FLUF
� � x KDUGQHVV +5&
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EDVH� QHJOLJLEOH DPRXQW RI VROLG VROXWLRQ RQ γ�)H EDVH�
FKURPH ERULGHV &U%� LURQ )H�% DQG )H%� DQG DOVR
QLWULGH &U1 DQG R[LGHV RI LURQ )H�2� DQG FKURPH
&U�2� >�@�

7KH SKDVH FRPSRVLWLRQ RI FRDWLQJV IURP )&: RQ
)H&U�$O�& EDVH LQ LQLWLDO VWDWH LV D PHFKDQLFDO PL[�
WXUH FRQVLVWLQJ RI D UHVLGXDO DXVWHQLWH� PDUWHQVLWH�
R[LGHV RI LURQ )H�2� DQG FKURPH &U�2�� DQG DOVR D
QHJOLJLEOH DPRXQW RI QLWULGHV RI DOXPLQLXP DQG FKUR�
PLXP >�@�

$V D UHVXOW RI IULFWLRQ LQWHUDFWLRQ WKH FKDQJH LQ
SKDVH FRPSRVLWLRQ DQG VLPXOWDQHRXV VWUHQJWKHQLQJ RF�
FXU LQ WKH VXUIDFH OD\HUV� 8VLQJ DQ LQFOLQHG ;�UD\

ILOPLQJ LW ZDV VWDWHG WKDW D QHJOLJLEOH DPRXQW RI γ′�
SKDVH ��)H� $O��1 DQG )H��&���%����� ZDV UHYHDOHG
DGGLWLRQDOO\ LQ FRDWLQJV SURGXFHG IURP )&: RI
)H&U%�$O V\VWHP HYHQ DIWHU JULQGLQJ� ,Q WKLV FDVH
WKH PLFURKDUGQHVV RI FRDWLQJ LQFUHDVHV IURP ���� WR
���� 03D RZLQJ WR IRUPDWLRQ D VWUXFWXUH LQ WKH VXU�
IDFH OD\HUV FRQVLVWLQJ RI D QLWURJHQ PDUWHQVLWH� GLV�

SHUVHG γ′�SKDVH DQG FDUERERULGH� 7KH VXUIDFH OD\HUV
RI FRDWLQJV SURGXFHG IURP)&:RI)H&U�$O�& V\VWHP
FRQVLVW RI D PHFKDQLFDO PL[WXUH ZKLFK DOUHDG\ FRQ�
WDLQV �� � PDUWHQVLWH� DQG DOVR FKURPLXP FDUELGHV
&U��&� DQG &U�&� DQG QHJOLJLEOH DPRXQW RI FDUELGH
RI D FHPHQWLWH W\SH �)H� &U��&� 7KXV� HYHQ LQ JULQGLQJ
WKH UHVLGXDO DXVWHQLWH LV GHFRPSRVHG SDUWLDOO\ ZLWK D
IRUPDWLRQ RI VSHFLDO FDUELGHV� ,W EHFRPHV OHVV DOOR\HG
DQG LV VXEMHFWHG WR D PDUWHQVLWLF WUDQVIRUPDWLRQ LQ
FRROLQJ� 7KLV FRQWULEXWHV WR VWUHQJWKHQLQJ RI VXUIDFH
OD\HU RI FRDWLQJV HYHQ DIWHU JULQGLQJ� 7KH SKDVH FRP�
SRVLWLRQ RI FRDWLQJV LV QRW SUDFWLFDOO\ FKDQJHG LQ WKH
SURFHVV RI D ERXQGDU\ IULFWLRQ� 7KH DYHUDJHG WHPSHUD�
WXUH RI VDPSOHV GLG QRW H[FHHG ��w�� �&� 7KH FRDWLQJ
PDWHULDO ZHDU ZDV QRW REVHUYHG LQ D SUHVHW SDWK RI
IULFWLRQ RI �� NP�

$W WKH ERXQGDU\ IULFWLRQ ZLWK DEUDVLYH DGGLQJ WKH
DYHUDJHG WHPSHUDWXUH RI VDPSOHV UHDFKHG ��� �&
�)H&U%�$O V\VWHP� DQG �� �& �)H&U�$O�& V\VWHP��
7KH LQFUHDVH LQ WHPSHUDWXUH LQ WKH ]RQH RI D UHDO FRQ�
WDFW DQG SODVWLF GHIRUPDWLRQ OHDGV WR VRPH FKDQJH LQ
WKH SKDVH FRPSRVLWLRQ� 7KH DPRXQW RI FDUERERULGH

)H��&���%���� LQ WKH FRDWLQJ VXUIDFH OD\HU )H&U%�$O
LV LQFUHDVHG ZKLOH LQ WKH FRDWLQJ )H&U�$O�& WKH
DXVWHQLWH DPRXQW LV LQFUHDVHG� FDUELGHV &U��&� DQG
&U�&� ZHUH QRW REVHUYHG� 2QO\ FDUELGH RI D FHPHQWLWH
W\SH DQG R[LGHV RI LURQ DQG FKURPLXP ZHUH UHYHDOHG�

7KXV� FRPSRVLWLRQ RI FKDUJH RI )&:� SKDVH FRP�
SRVLWLRQ RI FRDWLQJV LQ LQLWLDO VWDWH� LWV FKDQJHV LQ
VXUIDFH OD\HU GXULQJ IULFWLRQ LQIOXHQFH JUHDWO\ WKHZHDU
UHVLVWDQFH�

7KH DERYH�PHQWLRQHG PDWHULDOV KDYH EHHQ GHYHO�

RSHG IRU WKH UHVWRUDWLRQ� DV D UXOH� RI H[WHUQDO VXUIDFHV

RI SDUWV RI �VKDIW� W\SH RSHUDWLQJ LQ SDLU ZLWK VOLSSLQJ

EHDULQJV PDGH RI D WUDGLWLRQDO PDWHULDOV� 7KH )&:

ZLWK D FKDUJH �)H&U%�$O� SURYLGHV WKH KLJKHVW FRP�

SOH[ RI PHFKDQLFDO FKDUDFWHULVWLFV� LW LV PDVV SURGXFHG

DQG ZLGHO\ XVHG LQ 8NUDLQH DQG EH\RQG LW IRU WKH

UHVWRUDWLRQ RI ZRUQ�RXW FUDQNVKDIW SLQV� WUDFWRUV� OR�

FRPRWLYH GLHVHOV� FRPSUHVVRUV� SXPSLQJ VWDWLRQV�

)&: ZLWK D FKDUJH �)H&U�$O�&� LV DOVR XVHG IRU

UHVWRUDWLRQ RI FUDQNVKDIW SLQV RI WUDFWRUV DQG RWKHU

HTXLSPHQW RSHUDWLQJ LQ OHVV VHYHUH FRQGLWLRQV�

�� 3RNKPXUVN\� 9�,�� 6WXGHQW� 0�0�� 3LNK� 9�6� HW DO� +HDG
IRU VSUD\ JXQ� 8665 DXWKRUsV FHUWLILFDWH �������� ,QW� &O�
% �� % ����� 3XEO� ���������

�� 9DELVKFKHYLFK� 9�*�� 3ULVKO\DN� $�0�� 2VWDVKHYVN\� 1�'�
HW DO� :LUH DUF VSUD\�JXQ� 8665 DXWKRUsV FHUWLILFDWH
�������� ,QW� &O� % �� % ����� 3XEO� ���������

�� 3RNKPXUVN\� 9�,�� 6WXGHQW� 0�0�� 'RYJXQ\N� 9�0� HW DO�
������ 8VH RI DUF VSUD\LQJ ZLWK IOX[�FRUHG ZLUH RI )Hw&Uw
$Ow& V\VWHP IRU UHVWRUDWLRQ RI PDFKLQH SDUWV� 0DVKLQR]QDY�

VWYR� �� ��w���
�� 6WXGHQW� 0�0�� 'RYJXQ\N� 9�0�� 6\GRUDN� ,�<� HW DO�

������ (IIHFW RI IULFWLRQ RQ VWUXFWXUDO�SKDVH WUDQVIRUPDWLRQV
LQ QHDU�VXUIDFH OD\HU RI )H&U�$O�& WKHUPDO VSUD\ FRDWLQJV�
,ELG�� �� ���w����

�� 3RNKPXUVN\� 9�,�� 6K\URNRY� 9�9�� 6WXGHQW� 0�0� HW DO�
������ :HDU�UHVLVWDQW WKHUPDO FRDWLQJV SURGXFHG IURP IOX[�
FRUHG ZLUHV RI )Hw&Uw$Ow& V\VWHP� 3UREOHP\ 7U\ERORJLL� ��
��w���

�� 6WXGHQW� 0�0� ������ %XUQLQJ RI FKDUJH FRPSRQHQWV RI
IOX[�FRUHG ZLUH GXULQJ DUF VSUD\LQJ RI FRDWLQJV� ,Q� 3URF� RI
�WK &RUURVLRQ��� ,QW� &RQI��([KLELWLRQ RQ 3UREOHPV RI &RU�

URVLRQ DQG $QWLFRUURVLYH 3URWHFWLRQ RI 0DWHULDOV� /YLY�
-XQH �w����

�� 6WXGHQW� 0�0�� 'RYJXQ\N� 9�0�� 6\GRUDN� ,�<� HW DO�
������ (IIHFW RI IULFWLRQ RI SKDVH FKDQJHV LQ QHDU�VXUIDFH
OD\HUV RI )H&U%�$O WKHUPDO VSUD\ FRDWLQJV� )L]��.KLP�

0HNKDQLND 0DWHULDOLY� �� ���w����

)LJXUH �� 0LFURVWUXFWXUH RI FRDWLQJV PDGH IURP )&: RI V\VWHPV )H&U%�$O �D� DQG )H&U�$O�& �E� �×����
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7KH SDSHU SUHVHQWHG EHORZ GHVFULEHV MXVW RQH H[DPSOH RI PXOWL�IDFHWHG
HQJLQHHULQJ DQG GHYHORSPHQW DFWLYLW\ RI 9�(� 3DWRQ� UHODWHG WR GHVLJQLQJ

HTXLSPHQW IRU PHFKDQL]HG DQG DXWRPDWLF ZHOGLQJ� 7RJHWKHU ZLWK D WHDP

RI RWKHU GHYHORSHUV� 9�(� 3DWRQ ZDV DZDUGHG WKH 6WDWH 3UL]H RI 8NU� 665

LQ WKH ILHOG RI VFLHQFH DQG WHFKQRORJ\ IRU GHYHORSPHQW DQG LQWURGXFWLRQ
LQWR SURGXFWLRQ RI PLFURSODVPD ZHOGLQJ SURFHVVHV� HTXLSPHQW DQG WHFKQRO�
RJ\ IRU XQLTXH DGYDQFHG HQJLQHHULQJ V\VWHPV�

7KH SDVW GHFDGHV KDYH FRQILUPHG WKH WLPHOLQHVV RI WKH LGHDV DQG WKH KLJK
HIIHFWLYHQHVV RI WKH RULJLQDO HQJLQHHULQJ VROXWLRQV� LQFRUSRUDWHG E\

9�(� 3DWRQ DQG WKH WHDP OHG E\ KLP� LQWR GHYHORSPHQW RI D V\VWHP RI
SUHFLVLRQ ZHOGLQJ HTXLSPHQW�

(GLWRULDO
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9�(� 3$721� 1�0� 92523$- DQG 9�6� *92='(76.<

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

7KH SDSHU GHDOV ZLWK WKH GHVLJQ SULQFLSOHV DQG IHDWXUHV RI DOO�SXUSRVH DQG VSHFLDOLVHG PLFURSODVPD ZHOGLQJ HTXLSPHQW�

([DPSOHV RI DSSOLFDWLRQ RI PHFKDQLVHG XQLWV LQ IDEULFDWLRQ RI XQLTXH RSHQ KRQH\FRPE PHWDO VWUXFWXUHV RI WKLQ DOXPLQLXP

DUH JLYHQ�

.H\ ZRU G V � PLFURSODVPD ZHOGLQJ� SODVPDWURQ� ZHOGLQJ

XQLWV� SRZHU VRXUFH� RSHQ KRQH\FRPE PHWDO VWUXFWXUHV� ZHOGLQJ

WHFKQRORJ\� ZHOG TXDOLW\

7KH LQGXVWU\sV QHHG IRU KLJK�TXDOLW\ MRLQWV RI YDULRXV
PHWDOV DQG DOOR\V RI WKH WKLFNQHVV RI VHYHUDO WHQV XS

WR �w� PP OHG WR GHYHORSPHQW RI PLFURSODVPD ZHOG�

LQJ� 7KLV LV� HVVHQWLDOO\� D QHZ PHWKRG RI SUHFLVLRQ

SURFHVVLQJ RI PHWDOOLF DQG QRQ�PHWDOOLF PDWHULDOV E\

D FRQVWULFWHG DUF� WKDW UXQV LQ D VWDEOH PDQQHU DW ORZ

FXUUHQWV� WKDW DUH SUDFWLFDOO\ XQDFKLHYDEOH LQ WKH FRQ�

YHQWLRQDO QRQ�FRQVXPDEOH DQG FRQVXPDEOH HOHFWURGH

DUF ZHOGLQJ�

$V IDU EDFN DV ���� WKH (�2� 3DWRQ (OHFWULF :HOG�

LQJ ,QVWLWXWH VXJJHVWHG RULJLQDO PHWKRGV RI $& PL�

FURSODVPD ZHOGLQJ DQG HTXLSPHQW IRU LWV LPSOHPHQ�

WDWLRQ >�� �@� 7KH\ DUH SDWHQWHG LQ (QJODQG� *HUPDQ\�

,WDO\� )UDQFH DQG -DSDQ�
7KH HVVHQFH RI WKH PLFURSODVPD SURFHVV �)LJXUH ��

FRQVLVWV LQ WKDW LQ RUGHU WR DFKLHYH WKH FDWKRGH EUHDN�

LQJ XS RI WKH R[LGH ILOPV RQ WKH PHWDO EHLQJ ZHOGHG�

YROWDJH SXOVHV SRVLWLYH UHODWLYH WR LWHP � DUH IHG WR

WKH QR]]OH RI SODVPDWURQ � IRU SRZHULQJ WKH UHYHUVH
SRODULW\ �53� DUF� DQG LQ WKH LQWHUYDOV EHWZHHQ WKHP

YROWDJH SXOVHV� QHJDWLYH UHODWLYH WR WKH LWHP� DUH IHG

WR WXQJVWHQ HOHFWURGH �� JHQHUDWLQJ D VWUDLJKW SRODULW\

�63� SODVPD DUF EHWZHHQ WKH HOHFWURGH DQG WKH LWHP�
$ '& ORZ�DPSHUDJH SLORW DUF� JHQHUDWLQJ WKH SODVPD

SOXPH� UXQV FRQWLQXRXVO\ EHWZHHQ WKH WXQJVWHQ HOHF�

WURGH DQG WKH QR]]OH LQ WKH SODVPD JDV IORZ� ,W UHVXOWV

LV D VWDEOH FRQGLWLRQ RI WKH PLFURSODVPD DUF RI GLIIHU�

HQW SRODULW\ FXUUHQW� 3ODVPD JDV �DUJRQ� FRPHV WR D

FLUFXODU JDS EHWZHHQ WKH WXQJVWHQ HOHFWURGH DQG WKH

QR]]OH� VKLHOGLQJ JDV �DV D UXOH� KHOLXP� x WR WKH

JDS EHWZHHQ WKH SODVPD JDV DQG WKH SURWHFWLYH QR]]OH�

7KLV PHWKRG WXUQHG RXW WR EH WKH PRVW HIIHFWLYH

LQ ZHOGLQJ DOXPLQLXP DQG DOXPLQLXP DOOR\V ���w

��� PP WKLFN� ,W LV H[DFWO\ WKH PHWKRG WKDW DOORZHG
FUHDWLRQ RI XQLTXH LWHPV RI WKLQ FRPPHUFLDO DOX�

PLQLXP� 7KH 3:, GHYHORSHG D UDQJH RI DOO�SXUSRVH

DQG VSHFLDOLVHG XQLWV� ILWWHG ZLWK WKH SODVPDWURQV DQG

SRZHU VRXUFHV IRU PHFKDQLVHG PLFURSODVPD ZHOGLQJ

RI WKLV W\SH RI PHWDO VWUXFWXUHV� 7KLV SDSHU LV GHYRWHG

WR GHVFULSWLRQ RI WKH SULQFLSOHV DQG IHDWXUHV RI WKHLU

GHVLJQ�

� 9�(� 3$721� 1�0� 92523$- DQG 9�6� *92='(76.<� ����

)LJXUH �� 6FKHPDWLF RI WKH SURFHVV RI PLFURSODVPD ZHOGLQJ DW
FXUUHQW RI GLIIHUHQW SRODULW\ �IRU GHVLJQDWLRQV VHH WKH WH[W�
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$Q RSHQ KRQH\FRPE VWUXFWXUH RI DUUD\ DQWHQQDV
LV DVVHPEOHG RI LQGLYLGXDO VHFWLRQV� FRQVLVWLQJ RI D
ODUJH QXPEHU RI DEXWWHG HOHPHQWV �KRUQV�� ZKHUH WKH
XSSHU HGJHV DUH ���w��� PP WKLFN �)LJXUH ��� 7RWDO
OHQJWK RI ZHOGV RQ RQH LWHP LV PRUH WKDQ ������ P�
7KH HGJHV RI WKH DOXPLQLXP KRUQV VKRXOG KDYH D UH�
OLDEOH HOHFWULFDO DQGPHFKDQLFDO FRQWDFW RYHU WKH HQWLUH
SHULPHWHU WR SURYLGH WKH UHTXLUHG SHUIRUPDQFH RI WKH
DQWHQQD� 7KH WROHUDQFHV VSHFLILHG IRU JHRPHWULFDO GL�
PHQVLRQV RI HGJH ZHOGV RI WKH DQWHQQD HOHPHQWV DUH
YHU\ FORVH� +RUQV DUH XVXDOO\ PDGH LQ WKH IRUP RI D
ZHOGHG WHWUDKHGUDO WUXQFDWHG S\UDPLG� ZLWK DQ XS WR
�� PP WKLFN DOXPLQLXP IODQJH EXWW ZHOGHG WR LWV
VPDOOHU EDVH� &RQVLGHULQJ WKH H[FHSWLRQDOO\ KLJK WHFK�
QLFDO UHTXLUHPHQWV WR WKH TXDOLW\ RI ZHOGHG KRQH\�
FRPE DQWHQQD HOHPHQWV DQG D UDWKHU ODUJH VFRSH RI
ZHOGLQJ RSHUDWLRQV� SHUIRUPHG ERWK XQGHU WKH VWD�
WLRQDU\ VKRS FRQGLWLRQV DQG LQ VLWH� WKH GHVLJQ RI WKH
PLFURSODVPD ZHOGLQJ XQLWV VKRXOG SURYLGH D QXPEHU
RI QHZ IXQFWLRQDO FDSDELOLWLHV� QDPHO\�

• SUHFLVH JXLGLQJ RI WKH HOHFWURGH DORQJ WKH ZHOG

D[LV �GHYLDWLRQ RI QRW PRUH WKDQ ±��� PP SHU WKH
OLQHDU OHQJWK RI � P RI WKH ZHOG��

• PLQLPDO D[LDO GHYLDWLRQV RI WKH DUF IURP WKH VHW

YDOXH �QRW PRUH WKDQ ±��� PP��

• UHOLDEOH RSHUDWLRQ RI WKH SODVPDWURQ HOHPHQWV
DQG RWKHU FRPSRQHQWV DW FRQWLQXRXV ZHOGLQJ IRU QRW
OHVV WKDQ � K�

• VWDEOH IHHG RI WKH VRIW DQG VWLII VPDOO�GLDPHWHU
ILOOHU ZLUH ����w��� PP��

• DEVHQFH RI H[FHVV IRUFHV RI LQHUWLD LQ WKH XQLW
FRPSRQHQWV� GLVWXUELQJ WKH XQLIRUPLW\ RI ZHOGLQJ
VSHHG�

• PLQLPDO ZHLJKW DQG RYHUDOO GLPHQVLRQV RI WKH
XQLW�

• DELOLW\ WR UHDGMXVW WKH HTXLSPHQW WR SHUIRUP
ZHOGLQJ RSHUDWLRQV LQ VLWH�

7KH EDVLF PRGHO IRU GHYHORSPHQW RI VSHFLDOLVHG
ZHOGLQJ HTXLSPHQW ZDV WKH SUHFLVLRQ DXWRPDWLF PD�
FKLQH $����� GHVLJQHG E\ WKH 3:, ([SHULPHQWDO 'H�
VLJQ�7HFKQRORJ\ %XUHDX� ZLWK 2%����� SODVPDWURQ

DQG $����� SRZHU VRXUFH� WKDW ZDV XVHG IRU GHYHORS�
PHQW RI $����� DQG $�����% XQLWV IRU ZHOGLQJ DQ�
WHQQD VHFWLRQV �)LJXUH �� DQG $����� DQG $�����
XQLWV IRU ZHOGLQJ WKH ORQJLWXGLQDO ZHOGV RI KRUQ ELO�
OHWV DQG ZHOGLQJ�RQ WKH IODQJHV� UHVSHFWLYHO\�

$����� DXWRPDWLF PDFKLQH �)LJXUH �� LV GHVLJQHG
IRU PHFKDQLVHG PLFURSODVPD ZHOGLQJ RI EXWW� ILOOHW�
HGJH DQG RYHUODS MRLQWV RI ���w��� PP WKLFN PHWDO�
,W FRQVLVWV RI FDUULDJH �� ILOOHU ZLUH IHHG PHFKDQLVP
�� SODVPDWURQ �� FRUUHFWLRQ V\VWHP �� FRQWURO SDQHO �
DQG JXLGH UDLO �� 7KH FDUULDJH LV ILWWHG ZLWK IRXU IUHHO\
URWDWLQJ UXQQHUV ZLWK D YHUWLFDO D[LV RI URWDWLRQ� 7ZR
UXQQHUV DUH PRXQWHG GLUHFWO\ RQ WKH FDUULDJH� DQG WZR
RWKHUV x RQ OHYHUV ZLWK VSULQJ ORDGLQJ� 7KH FDUULDJH
LV GULYHQ E\ DQ HOHFWULF PRWRU� ZLWK D JHDU ZKHHO
PRXQWHG RQ LWV RXWSXW VKDIW� 7KH JHDU ZKHHO LV FRQ�
QHFWHG WR WKH JXLGH UDLO UDFN� :HOGLQJ VSHHG LV
VPRRWKO\ DGMXVWDEOH LQ WKH UDQJH RI ��w��� P�K�
'HYLDWLRQV LQ WKH HOHFWURGH JXLGLQJ WR WKH EXWW LQ WKH
WUDQVYHUVH DQG YHUWLFDO GLUHFWLRQV GR QRW H[FHHG

±��� PP DORQJ WKH JXLGH UDLO OHQJWK RI ���� PP�
)LOOHU ZLUH LV IHG� XVLQJ D VSHFLDO GHYLFH WKDW SUR�

YLGHV D VWDEOH DQG DFFXUDWH JXLGLQJ RI WKH VRIW DOX�
PLQLXP ZLUH RI ���w��� PP GLDPHWHU� 7KH ZLUH IHHG
UDWH LV VPRRWKO\ DGMXVWDEOH LQ WKH UDQJH RI � WR
��� P�K� 7KH ZLUH IHHGHU LQFRUSRUDWHV D GULYH DQG D
FODPSLQJ HOHPHQW� PDGH RI DQ HODVWLF EHOW SXW RQ WZR

)LJXUH ��:HOGHG VHFWLRQV RI KRQH\FRPE PHWDO VWUXFWXUHV� �x $����� SRZHU VRXUFH� � x 2%���� SODVPDWURQ� �x $�����% DXWRPDWLF
PDFKLQH� � x $����� DXWRPDWLF PDFKLQH� � x LQQHU VHFWLRQ� � x SHULSKHUDO VHFWLRQ

)LJXUH �� $OO�SXUSRVH DXWRPDWLF PDFKLQH $����� IRU PLFURSODVPD
ZHOGLQJ �IRU GHVLJQDWLRQV VHH WKH WH[W�
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UROOHUV� ORRVHO\ PRXQWHG RQ D[OHV� 7R DYRLG GHIRUPD�
WLRQ RI WKH ZLUH ZKHQ D ULJLG IHHG UROOHU LV XVHG� WKH
EHOW LV PRXQWHG RQ WKH UROOHUV VR WKDW LW LV LQ HQJDJH�
PHQW ZLWK WKH IHHG UROOHU JURRYH DQG HQFORVHV LW DORQJ
DQ DUF RI QRW PRUH WKDQ ����

:LUH IHHGHU �)LJXUH �� FRQVLVWV RI EDVH �� OHYHUV
� ZLWK VSULQJ �� WZR ORRVH UROOHUV � RQ D[OHV �� HODVWLF
EHOW �� ULJLG VKDSHG IHHG UROOHU �� 7KH EDVH DFFRPPR�
GDWHV UHFHLYHU EXVKLQJV � IRU JXLGLQJ WKH ILOOHU ZLUH�
7KH GHYLFH RSHUDWHV DV IROORZV� )LOOHU ZLUH� XQFRLOHG
IURP WKH UHHO� LV ILUVW SDVVHG WKURXJK WKH UHFHLYHU JXLGH
EXVKLQJV� WKHQ LV SUHVVHG GRZQ E\ WKH EHOW XQGHU WKH
DFWLRQ RI WKH VSULQJ DQG WKH OHYHUV� $IWHU WKH UROOHU
LV VHW LQ URWDWLRQ� WKH ZLUH LV IHG WR WKH ZHOGLQJ ]RQH
XQGHU WKH LPSDFW RI WKH IRUFHV RI IULFWLRQ� 7KH EHOW
VWDUWV URWDWLQJ VLPXOWDQHRXVO\� DV LW LV SXW RQ WKH
UROOHUV� ORRVHO\ PRXQWHG RQ WKH D[OHV� 7KH GHVFULEHG
V\VWHP SURYLGHV UDWKHU KLJK IRUFHV RI SXOOLQJ WKH ILOOHU
ZLUH� LUUHVSHFWLYH RI LWV ULJLGLW\�

7KH EORFN RI FRUUHFWRUV� RQ ZKLFK WKH SODVPDWURQ
LV PRXQWHG� SURYLGHV LWV WUDQVYHUVH DQG YHUWLFDO GLV�
SODFHPHQW VLPXOWDQHRXVO\ ZLWK WKH ILOOHU ZLUH� ,QGH�
SHQGHQW FRUUHFWLRQ RI WKH ZLUH SRVLWLRQ LQ WKH KRUL�
]RQWDO DQG YHUWLFDO SODQHV LV DOVR HQYLVDJHG� 7KH ODW�
HUDO FRUUHFWRU LV PDGH LQ WKH IRUP RI D OHYHU� IDVWHQHG
RQ WZR EDOO�EHDULQJV ZLWK D ZRUP JHDU� 7KH YHUWLFDO
FRUUHFWRU LV D OHDG VFUHZ� GULYHQ E\ WKH QXW RI WKH
JHDU WKDW LV GULYHQ E\ D VFUHZ�JHDU� 7KH FDUULDJH ERG\
FDUULHV WKH FRQWURO SDQHO RI WKH ZHOGLQJ SURFHVV PRQL�
WRULQJ DQG FRQWURO� $W RSHUDWLRQ LQ WKH DXWRPDWLF

PRGH WKH DXWRPDWLF PDFKLQH GHVLJQ HQYLVDJHV LQLWLDO
VZLWFKLQJ RQ DQG VXEVHTXHQW VZLWFKLQJ RII RI WKH
SODVPD DQG VKLHOGLQJ JDV IHHG� DQG FKDQJLQJ RI WKH
PRGH SDUDPHWHUV E\ D SUHVHW SURJUDP�

2%����� SODVPDWURQ ZDV GHYHORSHG VSHFLILFDOO\
WR SURYLGH UHOLDEOH RSHUDWLRQ RI WKH HTXLSPHQW LQ WKH
PRGH RI ZHOGLQJ H[WHQGHG ZHOGV� ,W GLIIHUV IURP WKH
HDUOLHU DSSOLHG 2%����� DQG 2%����� SODVPDWURQV
E\ PRUH LQWHQVLYH ZDWHU FRROLQJ RI WKH ZRUNLQJ HOH�
PHQWV DQG DELOLW\ WR SHUIRUP ZHOGLQJ DW UHODWLYHO\
KLJK VSHHGV �XS WR �� P�K� DQG KLJK FXUUHQWV �XS
WR ��� $�� UHVSHFWLYHO\� ,Q 2%����� SODVPDWURQ WKH
FDWKRGH� PDGH RI ODQWKDQXP�DOOR\HG WXQJVWHQ RI ���w
��� PP GLDPHWHU� LV DOLJQHG ZLWK WKH ZDWHU�FRROHG
PRO\EGHQXP SODVPD�VKDSLQJ QR]]OH� $ FROOHW VSULQJ�
ORDGHG GHYLFH DOORZV DGMXVWPHQW RI WKH GHSWK RI HOHF�
WURGH LQVHUWLRQ LQVLGH WKH QR]]OH LQ WKH UDQJH RI �w
�� PP� *HRPHWULFDO VKDSH RI WKH QR]]OH LQQHU FKDQ�
QHOV SURYLGHV D ODPLQDU RXWIORZ RI WKH SODVPD DQG
VKLHOGLQJ JDVHV� 3ODVPDWURQ SRZHU LV � N:� LWV RXWHU
GLDPHWHU LV �� PP DQG KHLJKW LV ��� PP� KRVH OHQJWK
EHLQJ XS WR � P DW WKH ZHLJKW RI ��� J�

$����� PDFKLQH �)LJXUH �� LV XVHG IRU VXSSO\LQJ
$& SRZHU WR 2%����� SODVPDWURQ ZLWK DQ DGMXVWDEOH
DPSOLWXGH RI 63 DQG 53 SXOVHV� ,W FRQVLVWV RI D SRZHU
WUDQVIRUPHU 79� WK\ULVWRU EORFNV 96�� 96� DQG FRQ�
WURO SDQHO �� 3RVLWLYH KDOI�F\FOHV RI YROWDJH FRPH WR
QR]]OH � YLD 96�� DQG WKH QHJDWLYH KDOI�F\FOHV DUULYH
DW WXQJVWHQ HOHFWURGH � RI WKH SODVPDWURQ YLD 96��
7KH FXUUHQW RI WKH 63 DQG 53 DUF LV DGMXVWHG E\ FKRNH
/� FRQQHFWHG LQWR WKH WUDQVIRUPHU SULPDU\ FLUFXLW RU
E\ PRYLQJ WKH WUDQVIRUPHU VHFRQGDU\ FLUFXLW� $ SLORW
DUF SRZHUHG E\ '& VRXUFH � LV XVHG IRU D VWDEOH H[�
FLWDWLRQ RI WKH FKDUJH DW WKH VWDUW RI HDFK KDOI�SHULRG�

$����� DXWRPDWLF PDFKLQH �)LJXUH �� LV GHVLJQHG
IRU PLFURSODVPD ZHOGLQJ RI ORQJLWXGLQDO DQG WUDQV�
YHUVH HGJH ZHOGV RI KRQH\FRPE VWUXFWXUH VHFWLRQV� ,W
FRQVLVWV RI FDUULDJH �� SODVPDWURQ �� JXLGH UDLO � RI
�� P OHQJWK DQG D V\VWHP RI SQHXPDWLF NH\ FOLSV �
IRU KRUQV � EHLQJ ZHOGHG� 7KH FDUULDJH ERG\ GHVLJQ
LV WKH VDPH DV LQ $����� DXWRPDWLF PDFKLQH� :LUH
IHHGHU LV DEVHQW LQ WKLV FDVH� )RU FRQYHQLHQFH RI ZHOG�
LQJ RSHUDWLRQV SHUIRUPDQFH� WKH FRQWURO SDQHO LV

)LJXUH �� )LOOHU ZLUH IHHGHU �IRU GHVLJQDWLRQV VHH WKH WH[W�

)LJXUH �� %ORFN GLDJUDP RI $����� PDFKLQH �IRU GHVLJQDWLRQV VHH
WKH WH[W�

)LJXUH �� $����� DXWRPDWLF PDFKLQH IRU ZHOGLQJ ORQJLWXGLQDO DQG
WUDQVYHUVH ZHOGV �IRU GHVLJQDWLRQV VHH WKH WH[W�
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PRXQWHG RQ D FDUULDJH� $����� DXWRPDWLF PDFKLQH
LQFRUSRUDWHV 2%����� SODVPDWURQ DQG $����� SRZHU
VRXUFH�

$�����% DXWRPDWLF PDFKLQH �)LJXUH �� DOORZV
SHUIRUPDQFH RI ZHOGLQJ RI WKH KRQH\FRPE VWUXFWXUH
SHULSKHUDO VHFWLRQV DURXQG D UHFWDQJXODU SURILOH� ,W LV
PDGH LQ WKH IRUP RI WZR VHOI�SURSHOOHG FDUULDJHV �
DQG �� SURYLGLQJ GLVSODFHPHQW RI 2%����� W\SH SODV�
PDWURQ � LQ WZR GLUHFWLRQV QRUPDO WR HDFK RWKHU
DURXQG WKH FORVHG SHULPHWHU RI LQGLYLGXDO KRUQ �� 8VH
RI WKLV DXWRPDWLF PDFKLQH LV UDWLRQDO LQ VLWH IRU SUH�
DVVHPEO\ RI SHULSKHUDO VHFWLRQV RI D KRQH\FRPE DUUD\
DQG GXULQJ UHSHDWHG UHSDLU RSHUDWLRQV� &RQWURO FLUFXLW
GLDJUDP RI $����� SRZHU VRXUFH LV DGMXVWHG WR D SUHVHW
F\FORJUDP RI WKH ZHOGLQJ SURFHVV�

$����� PDFKLQH �)LJXUH �� LV GHVLJQHG IRU PHFK�
DQLVHG PLFURSODVPD ZHOGLQJ RI ORQJLWXGLQDO EXWW
ZHOGV RQ ER[�VKDSHG HOHPHQWV� *LYHQ WKH DSSURSULDWH
UH�DGMXVWPHQW WKH XQLW SURYLGHV ZHOGLQJ RI KRUQV RI
WKUHH W\SHV� IURP WZR UHFWLOLQHDU RU FXUYLOLQHDU EODQNV
RU IRXU WUDSH]RLGDO EODQNV RI ���w���� PP KHLJKW�

7KH VL]H RI WKH KRUQV RSHQLQJ LV ���×���w���×��� PP

DW WKH GLPHQVLRQV RI WKH IODQJH SDUW RI ��×��w
��×�� PP�

0DFKLQH VSHFLILFDWLRQ
7KLFNQHVV RI PHWDO EHLQJ ZHOGHG� PP ������ ���w���
:HOGLQJ VSHHG� P�K ���������������������������� ��w��
3ODVPDWURQ FRUUHFWLRQ� PP

WUDQVYHUVH .................................................... ±��
YHUWLFDO ����������������������������������������� w��

7XQJVWHQ HOHFWURGH GLDPHWHU� PP ������������ ���w���
)LOOHU ZLUH GLDPHWHU� PP ����������������������� ���w���

7KH PDFKLQH FRPSULVHV VHOI�SURSHOOHG FDUULDJH �

�$����� DXWRPDWLF PDFKLQH�� SODVPDWURQ �� EHG SODWH

�� IUDPH �� PDQGUHO �� SDQHO DFFRPPRGDWLQJ SQHX�

PDWLF HTXLSPHQW �� SQHXPDWLF F\OLQGHU �� FRQWURO

SDQHO �� VXSSRUW �� DQG SRZHU VRXUFH �� 7KH FDUULDJH

LV ILWWHG ZLWK IRXU UXQQHUV ZLWK WULDQJXODU JURRYHV�

7ZR UXQQHUV DUH ORFDWHG GLUHFWO\ RQ WKH FDUULDJH� DQG

WZR RWKHUV x RQ VSULQJ�ORDGHG OHYHUV� (OHFWULF GULYH

87���0 LV SURYLGHG WR PRYH WKH FDUULDJH DORQJ WKH

ZHOG D[LV� LWV GULYH VKDIW FDUU\LQJ D JHDU ZKHHO� WKDW

FRPHV LQWR HQJDJHPHQW ZLWK WKH JXLGH UDLO UDFN� $

KDQG�ZKHHO RI YHUWLFDO FRUUHFWRU LV ORFDWHG LQ WKH XSSHU

SDUW RI WKH FDUULDJH ERG\�

'XULQJ ZHOGLQJ WKH KRUQ UHPDLQV VWDWLRQDU\� DQG

WKH SODVPDWURQ PRYHV DORQJ WKH EXWW ZLWK WKH VSHHG

RI ZHOGLQJ� 9HUWLFDO GLVSODFHPHQW RI WKH SODVPDWURQ

LQ ZHOGLQJ RI KRUQV RI D FXUYLOLQHDU VKDSH LV SURYLGHG

E\ D FRS\LQJ V\VWHP� 7KH PDQGUHO LV XVHG IRU SURGXFW

DVVHPEO\ EHIRUH ZHOGLQJ� )DVWHQHG WR WKH PDQGUHO LV

D WHFKQRORJLFDO EDFNLQJ RI VWDLQOHVV VWHHO ZLWK DQ RYDO

JURRYH� )UDPH � FDUULHV WKH PHFKDQLVP RI SQHXPDWLF

NH\ FODPSV�
$����� V\VWHP LV GHVLJQHG IRU PHFKDQLVHG PLFUR�

SODVPD ZHOGLQJ RI EXWW ZHOGV RI LQGLYLGXDO HOHPHQWV
RI ER[�VKDSHG LWHPV ZLWK URXQGHG FRUQHUV RI D VTXDUH
RU UHFWDQJXODU FURVV�VHFWLRQ >�@� 7KLV LV WKH FDVH RI
PDQXIDFWXULQJ WKH HOHPHQWV RI KRQH\FRPE VWUXFWXUHV

RI FRPPHUFLDO SXUH DOXPLQLXP � PP WKLFN �IODQJHV
ZHOGLQJ WR WKH ER[��

7R HOLPLQDWH WKH IRUFHV RI LQHUWLD� DULVLQJ LQ URWD�
WLRQ RI WKLV NLQG RI LWHPV DQG WKH SURFHVV IL[WXUH� WKH
SDUWV EHLQJ ZHOGHG DQG WKH IL[WXUH DUH QRW LPSDUWHG
DQ\ URWDWLRQ LQ WKLV XQLW� EXW DUH RQO\ GLVSODFHG UHOD�
WLYH WR WKH SODVPDWURQ DORQJ UHFWDQJXODU FRRUGLQDWHV�
$W WKH PRPHQW� ZKHQ WKH LWHP GLVSODFHPHQW LV ILQ�
LVKHG� WKH SODVPDWURQ URWDWHV E\ DQ DQJOH� FRUUHVSRQG�
LQJ WR WKH DQJOH EHWZHHQ WKH DGMDFHQW ZHOGV� 7KLV
DQJOH LV HTXDO WR ��� IRU DQ LWHP RI D UHFWDQJXODU
FURVV�VHFWLRQ� 7R UHGXFH WKH RYHUDOO GLPHQVLRQV RI WKH
XQLW� WKHPLFURSODVPDZHOGLQJ LV SHUIRUPHG E\PDNLQJ
D KRUL]RQWDO ZHOG LQ WKH YHUWLFDO SODQH�

8QGHU WKH FRQGLWLRQV RI PDVV SURGXFWLRQ RI ER[�
VKDSHG ZHOGHG LWHPV� DSSOLFDWLRQ RI WKH DERYH XQLW

)LJXUH �� $�����% DXWRPDWLF PDFKLQH IRU PDNLQJ ZHOGV DURXQG D
UHFWDQJXODU SHULPHWHU �IRU GHVLJQDWLRQV VHH WKH WH[W�

)LJXUH �� $����� PDFKLQH IRU PDNLQJ ORQJLWXGLQDO EXWW ZHOGV RI
ER[�VKDSHG HOHPHQWV �IRU GHVLJQDWLRQV VHH WKH WH[W�
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DOORZHG WKH HIILFLHQF\ RI PLFURSODVPD ZHOGLQJ WR EH
LQFUHDVHG � WR � WLPHV� :HOG TXDOLW\ LV HVVHQWLDOO\
LPSURYHG GXH WR D SUHFLVH JXLGLQJ RI WKH DUF DORQJ
WKH D[LV RI D EXWW RI D FRPSOH[ SURILOH�

%DVHG RQ WKH DERYH GHVLJQ GHYHORSPHQWV� PHFKD�
QLVHG PLFURSODVPD ZHOGLQJ KDV EHHQ VXFFHVVIXOO\ PDV�
WHUHG LQ IDEULFDWLRQ RI YDULRXV SURGXFWV RI OLJKW PHWDOV
DQG DOOR\V LQ DLUFUDIW� UDGLR HQJLQHHULQJ� PHFKDQLFDO
HQJLQHHULQJ DQG RWKHU EUDQFKHV >�@� 7HFKQRORJ\ DQG
HTXLSPHQW IRU PLFURSODVPD ZHOGLQJ RI DOXPLQLXP
FDVHV RI KRXVHKROG HOHFWULF ZDWHU KHDWHUV RI %$6�
���0&K��� W\SH RI �� O FDSDFLW\ KDYH EHHQ GHYHORSHG
>�@� 7KH FDVLQJ RI WKLV SDUW LV PDGH RI WZR H[WUXGHG
ELOOHWV RI $Ow0Q DOOR\ ��� PP WKLFN� 7KH ELOOHWV DUH
MRLQHG E\ PLFURSODVPD ZHOGLQJ RI HGJH ZHOGV DURXQG
WKH HQWLUH SHULPHWHU RI WKH FDVLQJ LQ D XQLW� VLPLODU
WR $����� PDFKLQH� $Q H[DPSOH RI DSSOLFDWLRQ RI
PHFKDQLVHG PLFURSODVPD ZHOGLQJ IRU WKLQ DOXPLQLXP
EXWW MRLQWV DUH EODQNV IRU VHDOLQJ JDVNHWV RI FKHPLFDO
DSSDUDWXVHV >�� �@� 7KH WKLFNQHVV RI WKH PHWDO EHLQJ
ZHOGHG LQ WKLV FDVH LV ��� WR ���PP� 6SHFLDOLVHG 8����
XQLW KDV EHHQ GHYHORSHG IRU PLFURSODVPD ZHOGLQJ RI
WKLV W\SH RI JDVNHWV� 0DQ\ \HDUV RI H[SHULHQFH RI
ZHOGHG JDVNHW RSHUDWLRQ GHPRQVWUDWH WKHLU UHOLDELOLW\
XQGHU WKH H[WUHPH FRQGLWLRQV RI KLJK WHPSHUDWXUHV
DQG G\QDPLF ORDGV�

([SHULHQFH KDV DOVR EHHQ DFFXPXODWHG RI PLFUR�
SODVPD ZHOGLQJ RI DOXPLQLXP FDVHV RI FDSDFLWRUV� SUR�
WHFWLYH FDVLQJV DQG VKHOOV� DV ZHOO DV RWKHU FULWLFDO
LWHPV >�@� 7KH EDVLF GHVLJQ LGHDV� LQFRUSRUDWHG LQWR
WKH KLJK�SUHFLVLRQ HTXLSPHQW� KDYH EHFRPH DSSOLHG
IRU GHYHORSPHQW RI HTXLSPHQW IRU PHFKDQLVHG ZHOGLQJ
RI SRVLWLRQ EXWWV RI MRLQWV RQ DOXPLQLXP DQG VWHHO
SLSLQJ >�@�

7KHUH LV FRQVLGHUDEOH SRWHQWLDO IRU IXUWKHU ZLGHQ�
LQJ RI WKH DUHDV DQG LQFUHDVLQJ WKH YROXPHV RI DSSOL�
FDWLRQ RI PLFURSODVPD WHFKQRORJ\� 6SHFLDO DWWHQWLRQ
VKRXOG EH JLYHQ WR GHYHORSPHQW RI WKH WHFKQRORJ\ DQG
HTXLSPHQW IRU PLFURSODVPD ZHOGLQJ RI FRVW�HIIHFWLYH
VKHHW VWUXFWXUHV RI DOOR\HG VWHHOV� YDULRXV QRQ�IHUURXV�
UHIUDFWRU\ DQG OHVV�FRPPRQ PHWDOV DQG DOOR\V� WKDW
FDQ VWDQG KLJK WHPSHUDWXUHV� DOWHUQDWLQJ ORDGV DQG
WHPSHUDWXUH JUDGLHQWV� KDYLQJ WKH KLJK WHPSHUDWXUH
DQG FRUURVLRQ UHVLVWDQFH DQG D QXPEHU RI RWKHU SURS�
HUWLHV� 6XFK VWUXFWXUHV KDYH DQ LPSRUWDQW UROH IRU FRV�

PRQDXWLFV� DYLDWLRQ� QXFOHDU HQJLQHHULQJ� FKHPLFDO LQ�
GXVWU\ DQG RWKHU DUHDV�

,W LV RI LQWHUHVW WR VWXG\ WKH WHFKQRORJLFDO FDSD�
ELOLWLHV RI PLFURSODVPD� IHG E\ KLJK�IUHTXHQF\ VTXDUH�
ZDYH FXUUHQW SXOVHV� ZKHQ WKH UDWH RI FXUUHQW ULVH LV
PXFK KLJKHU� WKDQ WKH UDWH RI LRQLVDWLRQ IURQW GHYHO�
RSPHQW LQ WKH UDGLDO GLUHFWLRQ� ,W KDV EHFRPH QHFHVVDU\
WR XQLI\ WKH PDLQ FRPSRQHQWV RI PLFURSODVPD ZHOGLQJ
HTXLSPHQW� QDPHO\ SRZHU XQLW� LJQLWLRQ XQLW� FXUUHQW
LQWHUUXSWHU� PHFKDQLVPV RI GLVSODFHPHQW DQG ILOOHU
ZLUH IHHG� SODVPDWURQV DQG JDV HTXLSPHQW� 3URPLVLQJ
LV WKH GHYHORSPHQW RI PXOWL�VWDWLRQ SRZHU VRXUFHV�
DOORZLQJ HTXLSPHQW RSHUDWLRQ WR EH VLPSOLILHG LQ
EDWFK SURGXFWLRQ� &RPELQHG PXOWLKHDG V\VWHPV� FRQ�
VLVWLQJ RI WKUHH WR IRXU RU PRUH SODVPDWURQV FDQ EH
KLJKO\ HIILFLHQW� WKLV EHLQJ WKH NH\ WR DQ HYHQ PRUH
DEUXSW LQFUHDVH RI PLFURSODVPD ZHOGLQJ VSHHG� 6XFK
ZHOGLQJ VSHHGV VKRXOG EH XVHG LQ IDEULFDWLRQ RI WKLQ�
ZDOOHG SLSHV RI D VWULS� KRQH\FRPE SURILOHV RI YDULRXV
FURVV�VHFWLRQV� LQ ZHOGLQJ VWULSV IRU FRQWLQXRXV UROOHG
VWRFN� ,W LV QDWXUDO WKDW DQ DEUXSW LQFUHDVH RI ZHOGLQJ
VSHHG LV GLUHFWO\ UHODWHG WR VROYLQJ WKH SUREOHP RI
FRPSOHWH PHFKDQLVDWLRQ� DXWRPDWLRQ DQG URERWLVDWLRQ
RI WKH PLFURSODVPD ZHOGLQJ SURFHVV� 7KH SRVVLEOH
ILHOGV RI DSSOLFDWLRQ RI PLFURSODVPD ZHOGLQJ HTXLS�
PHQW DUH FHUWDLQO\ QRW OLPLWHG E\ WKH H[DPSOHV JLYHQ
LQ WKH SDSHU�

�� 3DWRQ� %�(�� 'XGNR� '�$�� *YR]GHWVN\� 9�6� HW DO� 3ODVPD
ZHOGLQJ SURFHVV� 8665 DXWKRUsV FHUWLILFDWH ������� ,QW� &O�
% �� .� 3XEO� ���������

�� 3DWRQ� %�(�� 'XGNR� '�$�� *YR]GHWVN\� 9�6� HW DO� 3RZHU
VRXUFH IRU $& ZHOGLQJ� 8665 DXWKRUsV FHUWLILFDWH �������
,QW� &O� % �� .� 3XEO� ���������

�� 3DWRQ� 9�(�� %HOIRU� 0�*�� 9RURSDM� 1�0� HW DO� 8QLW IRU
ZHOGLQJ ER[�VKDSHG LWHPV ZLWK URXQGHG FRUQHUV� 8665
DXWKRUsV FHUWLILFDWH ������� ,QW� &O� % �� .������� 3XEO�
���������

�� ������ 0LFURSODVPD ZHOGLQJ� (G� E\ %�(� 3DWRQ� .\LY�
1DXNRYD 'XPND�

�� 9RURSDM� 1�0�� 3DWVRYVN\� <X�9�� 3HWURY� 9�<X� HW DO�
������ 0LFURSODVPD ZHOGLQJ RI FDVLQJV RI HOHFWULF ZDWHU
KHDWHUV� $YWRPDWLFK� 6YDUND� �� ��w���

�� 9RURSDM� 1�0�� 6KFKHUEDN� 9�9�� *ULJRULHY� $�$� ������
3XOVHG PLFURSODVPD ZHOGLQJ RI WKLQ DOXPLQLXP JDVNHWV�
.KLPLFK� L 1HIW\DQ� 0DVKLQRVWUR\HQL\H� ��� ���

�� <DULQLFK� /�0�� *YR]GHWVN\� 9�6�� ,JQDWFKHQNR� *�1�
������ 0LFURSODVPD ZHOGLQJ RI VHDO ULQJV� $YWRPDWLFK�
6YDUND� �� ��w���

�� 3DWRQ� 9�(�� 9RURSDM� 1�0�� .XVKQLUXN� 9�3� HW DO� ������
$XWRPDWLF ZHOGLQJ RI SLSHOLQH SRVLWLRQ MRLQWV� ,ELG�� ���
��w���
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$ WHFKQRORJ\ RI VXUIDFH DOOR\LQJ� EDVHG RQ WKH XVH RI KLJK�VSHHG SXOVHG�SODVPD MHWV DQG HOHFWULF GLVFKDUJHV KDV EHHQ

VWXGLHG� ,Q WKLV FDVH� HOHFWULF FXUUHQW RI � WR � N$ LV SDVVHG WKURXJK WKH MHW� $OOR\LQJ PDWHULDO LQ WKH IRUP RI D URG RU

ZLUH LV IHG LQWR WKH SODVPD MHW� 7KH KLJK VSHHG RI WKH PHWDO�FRQWDLQLQJ SODVPD MHW DQG WKH LQWHUDFWLRQ RI LWV SXOVHV ZLWK

WKH HOHFWURPDJQHWLF ILHOG� SURYLGH PL[LQJ RI WKH DOOR\ ZLWK WKH SDUWLDOO\�PHOWHG VXUIDFH RI WKH LWHP� $V D UHVXOW� WKH

VWXGLHG FRDWLQJ KDV QR SRUHV RU DQ\ FOHDUO\�GHILQHG ERXQGDU\ ZLWK WKH EDVH�

.H\ ZRU G V � SXOVHG SODVPD� DOOR\LQJ� DOOR\HG VXUIDFH

VWUXFWXUH� DOOR\LQJ GHYLFH

0HFKDQLFDO HQJLQHHULQJ GHDOV ZLWK D QXPEHU RI SURG�

XFWV �VWDPSLQJ DQG FXWWLQJ WRROV� K\GUDXOLF URGV�

YDOYHV� FDPVKDIWV� HWF�� ZKHUH WKH VXUIDFHV VKRXOG EH

SURWHFWHG IURP WKH LPSDFW RI KLJK FRQWDFW DQG G\�

QDPLF ORDGV� 7KHUPDO SURFHVVHV XQGHU WKHVH FRQGLWLRQV

GR QRW SURYLGH WKH UHTXLUHG GHQVLW\ DQG VWUHQJWK RI
WKH FRDWLQJ DGKHVLRQ WR WKH VXEVWUDWH� DQG VXUIDFLQJ

GRHV QRW DOZD\V VDWLVI\ WKH VHUYLFH UHTXLUHPHQWV� EH�
FDXVH RI IRUPDWLRQ RI WKLFN OD\HUV DQG KHDWLQJ RI WKH

HQWLUH LWHP�

1HZ SURFHVVHV RI VXUIDFH DOOR\LQJ KDYH EHHQ GH�
YHORSHG� XVLQJ FRQFHQWUDWHG KHDW VRXUFHV �ODVHU� HOHF�

WURQ EHDP�� 7KHLU DSSOLFDWLRQ� KRZHYHU� LV OLPLWHG E\

WKH KLJK HTXLSPHQW FRVW� DQG PDWHULDO DQG SRZHU FRQ�

VXPSWLRQ�

7KH SDSHU GHDOV ZLWK D WHFKQRORJ\ WKDW FRPELQHV
WKH HVVHQWLDO GLVWLQFWLYH IHDWXUHV RI HOHFWULF GLVFKDUJH

DQG SXOVHG�SODVPD WHFKQRORJLHV� WKXV SURYLGLQJ IRU�

PDWLRQ RI DOOR\HG OD\HUV DW PLQLPDO PDWHULDO DQG

SRZHU FRQVXPSWLRQ >�w�@�

7KH DGYDQWDJH RI SXOVHG�SODVPD WHFKQRORJ\� GH�
YHORSHG DW WKH 3:,� LV IRUPDWLRQ RI DOOR\HG OD\HUV

���w��� µP� ZLWK OHVV VWULQJHQW UHTXLUHPHQWV WR VXU�

IDFH SUHSDUDWLRQ DQG R[LGDWLRQ SURWHFWLRQ� 7KH WHFK�

QRORJ\ DOORZV KHDWLQJ RYHU D VKRUW WLPH ��⋅��w� V� D

VXUIDFH OD\HU ���w�� µP� XS WR WKH PHOWLQJ WHPSHUD�

WXUH� WKXV OLPLWLQJ WKH +$= GLPHQVLRQV WR ��� µP�

DQG DOORZLQJ WKH KHDW�WUHDWHG SURGXFW VXUIDFH WR EH

DOOR\HG� 0HWDOV DUH DGGHG WR WKH SODVPD MHW E\ VSXW�

WHULQJ RI WKH HQG RI WKH URG �ZLUH�� WKXV DOORZLQJ

FRPSDFW PDWHULDOV DQG IOX[�FRUHG ZLUHV WR EH XVHG�

7KH KLJK VSHHG RI WKH PHWDO�FRQWDLQLQJ SODVPD MHW

DQG VLPXOWDQHRXV LPSDFW RI D SXOVHG HOHFWURPDJQHWLF

ILHOG SURYLGH PL[LQJ RI WKH DOOR\LQJ PHWDO ZLWK WKH
PROWHQ VXUIDFH RI WKH LWHP� *DV�G\QDPLF SUHVVXUH RI

WKH SODVPD SURPRWHV FRPSDFWLQJ WKH SDUWLDOO\�PHOWHG

VXUIDFH DQG FORVLQJ WKH SRUHV� 7UHDWPHQW RI SRURXV

PDWHULDOV� IRU LQVWDQFH� RI LURQ JUDSKLWH� LV DFFRPSD�

QLHG E\ WKH DOOR\LQJ PDWHULDO SHQHWUDWLRQ DORQJ WKH

SRUHV WR WKH GHSWK RI GRZQ WR �� µP�

)HDWXUHV RI HTXLSPHQW DQG WHFKQRORJ\� )LJXUH �

JLYHV WKH VFKHPDWLF RI WKH SXOVHG�SODVPD DOOR\LQJ GH�

YLFH WKDW FRQVLVWV RI D VPDOO�VL]HG GHWRQDWLRQ GHYLFH

�� UHDFWLRQ FKDPEHU �� LQQHU HOHFWURGH �� URG RI DO�

OR\LQJ PHWDOV �� V\VWHPV RI DOOR\LQJ PHWDO IHHG � DQG

SXOVHG HOHFWULF FXUUHQW VRXUFH �� $OOR\LQJ PDWHULDO LQ

WKH IRUP RI D URG �ZLUH� ZDV FRQQHFWHG LQWR WKH HOHF�

WULF FLUFXLW DV DQ DQRGH DQG ZDV IHG WKURXJK HOHFWURGH

� LQWR WKH JDS EHWZHHQ WKH ZDOOV RI WKH FKDPEHU �

�FDWKRGH� DQG SURGXFW VXUIDFH�
'HWRQDWLRQ GHYLFH � LV XVHG WR ILOO WKH JDS EHWZHHQ

WKH HOHFWURGHV ZLWK D FRPEXVWLEOH JDV PL[WXUH DQG LQ�

LWLDWH WKH GHWRQDWLRQ PRGH RI FRPEXVWLRQ� WKXV SURPRW�

LQJ IRUPDWLRQ RI DQ HOHFWULFDOO\ FRQGXFWLQJ OD\HU EH�

WZHHQ WKH HOHFWURGHV �XS WR ��2KP UHVLVWDQFH�� VZLWFK�

LQJ WKH FLUFXLW RI WKH HOHFWULF FXUUHQW FRQYHUWHU ���w

�� N9$ SRZHU� ��� N9 YROWDJH�� 7KLV UHVXOWV LQ WKH

HOHFWULF FXUUHQW �XS WR �� N$� UXQQLQJ EHKLQG WKH GHWR�

QDWLRQ ZDYH� LQGXFLQJ DGGLWLRQDO SRQGHURPRWLYH IRUFH

DQG SURYLGLQJ DGGLWLRQDO HQHUJ\ LQSXW LQWR WKH JDV�

7KH WKHRUHWLFDO EDVLV RI SXOVHG�SODVPD DOOR\LQJ LV
D SK\VLFR�PDWKHPDWLFDO PRGHO RI PDJQHWRJDVG\QDPLF
DFFHOHUDWLRQ RI WKH SURGXFWV RI GHWRQDWLRQ FRPEXVWLRQ
RI D FRPEXVWLEOH JDV PL[WXUH LQ WKH JDS EHWZHHQ WZR

FRD[LDO ERGLHV RI UHYROXWLRQ� QDPHO\ WKH HOHFWURGHV

>�� �@� 7KH SULQFLSOH RI WKH SODVPDWURQ RSHUDWLRQ FRQ�

VLVWV LQ WKDW DW HOHFWULF FLUFXLW VZLWFKLQJ� D NLQG RI D

� <X�1� 7<85,1� 0�/� =+$'.(9,&+� %�*� *8%(1.2 DQG 2�9� .2/,61,&+(1.2� ����

)LJXUH �� 6FKHPDWLF RI D GHYLFH IRU SXOVHG�SODVPD DOOR\LQJ �IRU
GHVLJQDWLRQV VHH WKH WH[W�� K x GLVWDQFH IURP SODVPDWURQ HGJH WR
WKH URG HQG� + x GLVWDQFH WR LWHP VXUIDFH

3/2002 37



SODVPD SLVWRQ IRUPV LQ WKH SRLQW RI WKH GHWRQDWLRQ

JXQ LQOHW �)LJXUH ��� WKH SLVWRQ EHLQJ DFFHOHUDWHG

EHWZHHQ HOHFWURGHV �� � DQG FORVLQJ WKH FLUFXLW EH�

WZHHQ WKH HQG RI URG � DQG VXUIDFH RI SURGXFW ��
7KH HOHFWULF SRZHU IURP WKH FDSDFLWRU EDQN LV GLV�

WULEXWHG IRU KHDWLQJ DQG DFFHOHUDWLRQ RI WKH SODVPD

SLVWRQ LQ WKH LQWHUHOHFWURGH JDS� PHOWLQJ� GLVSHUVLRQ

RI WKH URG HQG DQG DFFHOHUDWLRQ RI WKH YDSRXU�GURS

SKDVH RI WKH DOOR\LQJ PDWHULDO� PHOWLQJ RI WKH SURGXFW

VXUIDFH DQG IRUPDWLRQ RI WKH DOOR\LQJ OD\HU�

)LJXUH � JLYHV WKH HOHFWULF FLUFXLW IRU PHDVXULQJ

WKH DPSOLWXGH�WLPH FXUUHQW GHSHQGHQFLHV LQ WKH SXOVHG

SODVPDWURQ� ,W FRQVLVWV RI PHDVXULQJ JDXJHV � DQG �
�5RJRZVN\ EHOWV�� WZR�EHDP VWRUDJH�W\SH RVFLO�

ORJUDSK � �6������ DV ZHOO DV D VRXUFH RI SXOVHG HOHFWULF
FXUUHQW �� &XUUHQW IORZLQJ WR WKH WLS RI WKH PROWHQ

URG LV GHWHUPLQHG E\ WKH SDUDPHWHUV RI H[WHUQDO 5w

/w& HOHFWULF FLUFXLW RI WKH SRZHU VRXUFH DQG YDULHV

E\ WKH VLQXVRLGDO ODZ >�� �@� 7KH HQHUJ\ HYROYHG RQ

WKH FRQGXFWRU �URG WLS� FDQ EH XS WR ��� RI WKH WRWDO

SRZHU RI WKH HOHFWULF GLVFKDUJH LQ WKH FRQYHUWHU�

'HSHQGLQJ RQ WKH WUHDWPHQW PRGH� WKH SODVPD MHW

YHORFLW\ FDQ EH LQ WKH UDQJH RI �w� NP�V >�@� 7KH

PDVV DQG YHORFLW\ RI WKH SODVPD MHW GHWHUPLQH WKH JDV�

G\QDPLF FRPSRQHQW RI PHWDO GURSV DW FROOLVLRQ ZLWK

WKH LWHP VXUIDFH�

+LJK HQHUJ\ GHQVLW\ SURPRWHV RYHUKHDWLQJ RI WKH

URG WLS� GLVSHUVLRQ DQG LQWURGXFWLRQ RI PHWDO LQWR WKH

SODVPD MHW LQ WKH FRQGLWLRQ RI WKH YDSRXU DQG GURSV

>�@� 7KH KLJK�YHORFLW\ SODVPD MHW DFFHOHUDWHV WKH PR�

WLRQ RI WKH PHWDO GURSV DQG JXLGHV WKHP WR WKH LWHP

VXUIDFH �XS WR �� µP WKLFNQHVV RI WKH VXUIDFH�PHOWHG

OD\HU�� 7KH YROXPH RI WKH PROWHQ PHWDO GHSHQGV RQ

VXFK IDFWRUV� DV WLPH� KHDW WUDQVIHU FRHIILFLHQW�

WKHUPR�SK\VLFDO FKDUDFWHULVWLFV RI PHWDOV DQG KHDWLQJ

HQHUJ\ >�@�

(QHUJ\ FKDUDFWHULVWLFV RI SODVPD� 'LIIHUHQW HQ�
HUJ\ FKDUDFWHULVWLFV RI WKH SODVPD SXOVH ZHUH DFKLHYHG

E\ YDU\LQJ FDSDFLWDQFH & RI FDSDFLWRUV ����w

���� P)�� YROWDJH8FK RQ FDSDFLWRU EODQN SODWHV ����w

��� N9�� LQGXFWLRQ / LQ WKH GLVFKDUJH FLUFXLW ���w

�� P+�� GLVWDQFH WR LWHP VXUIDFH ���w��� PP�� DV

ZHOO DV WKH VL]H RI WKH VSRW RI SODVPD LQWHUDFWLRQ ZLWK

WKH VXUIDFH ��w�� PP��

0HDVXUHPHQW RI WLPH YDULDWLRQ RI HOHFWULF FXUUHQW

LQ WKH LQWHUHOHFWURGH JDS� EHWZHHQ WKH URG WLS DQG WKH

VROLG VXUIDFH ZDV SHUIRUPHG E\ 5RJRZVN\ SURFHGXUH

�)LJXUH �� >��� ��@�

$QDO\VLV RI WKH UHVXOWV JLYHQ LQ )LJXUH �� VKRZHG

WKDW SXOVH GXUDWLRQ LV DGMXVWDEOH E\ YDU\LQJ WKH YDOXHV

RI EDQN FDSDFLWDQFH DQG GLVFKDUJH FLUFXLW LQGXFWDQFH�

,Q WKH FRQVLGHUHG FDVH WS ≈ ���PV� DPSOLWXGH RI HOHFWULF
FXUUHQW EHWZHHQ WKH URG WLS DQG VXUIDFH FDQ EH XS WR

� N$ DW � PP GLDPHWHU RI WKH VSRW RI FXUUHQW FKDQQHO

FRXSOLQJ�

6WXG\LQJ WKH WLPH RI FXUUHQW GLVWULEXWLRQ VKRZHG

WKDW WKH EUHDNGRZQ RI WKH VKRFN�FRPSUHVVHG OD\HU

RFFXUV RQO\ DIWHU ��� PV� 7KLV WLPH LV VXIILFLHQW IRU

WKH FDSDFLWRUV WR EH UHFKDUJHG� DQG WKH FRQVXPDEOH

URG ZLOO ILUVW EHFRPH WKH DQRGH IRU ��� PV DQG WKHQ

DJDLQ WKH FDWKRGH IRU ��� PV� &XUUHQW DPSOLWXGH YDO�

XHV DUH GHFUHDVHG ZLWK WKH LQFUHDVH RI WKH GLVWDQFH WR

WKH LWHP VXUIDFH� 7KLV LV DWWULEXWDEOH WR ORZHULQJ RI

WKH SODVPD MHW FRQGXFWLYLW\�

7KH VHOHFWHG SDUDPHWHUV RI WKH FRQYHUWHU SURYLGH

IRUPDWLRQ RI DQ HOHFWULF FLUFXLW LQ WKH SODVPD MHW EH�

WZHHQ WKH WLS RI WKH PHOWHG RII URG DQG WKH LWHP

VXUIDFH� 'XULQJ WLPH ����w����⋅��w� V DW FXUUHQW GHQ�
VLW\ RI XS WR ��w��⋅��� $�P�

WKH HQG RI WKH URG LV

RYHUKHDWHG� WKXV SURYLGLQJ IRU PHWDO DGGLWLRQ LQ WKH

IRUP RI YDSRXU RU GURSV LQWR WKH SODVPD MHW�

6WUXFWXUH RI DOOR\HG OD\HUV� $OOR\LQJ RI VDPSOH

VXUIDFH ZDV SHUIRUPHG ZLWK D VLQJOH SXOVH RI WKH HQ�

HUJ\ RI ���� -� 'LDPHWHU RI VXUIDFH� DOOR\HG ZLWK RQH

SXOVH ZDV �� PP� SXOVH UHSHWLWLRQ UDWH EHLQJ ��� +]�

([SHULPHQWV ZHUH FRQGXFWHG RQ VWHHO VDPSOHV ZLWK

��� � FDUERQ� 7KH VXUIDFH ZDV QRW FOHDQHG WR UHPRYH

FRQWDPLQDWLRQ EHIRUH DOOR\LQJ� $OOR\LQJ ZDV SHU�

IRUPHG XVLQJ PHWDOV DQG DOOR\V LQ WKH IRUP RI URGV RI

�w� PP GLDPHWHU� KDYLQJ GLIIHUHQW GHQVLW\� PHOWLQJ

WHPSHUDWXUH� UHDFWLYLW\ IRU R[\JHQ DQG LURQ �EUDVV�

FRSSHU� WLWDQLXP� DOXPLQLXP� FKURPLXP� PRO\EGH�

QXP� WXQJVWHQ DQG QLFKURPH�� 'LVWDQFH IURP WKH SODV�

PDWURQ FKDPEHU HGJH WR WKH VDPSOH ZDV HTXDO WR

�� PP� WKDW IURP WKH SODVPDWURQ HGJH WR WKH WLS RI

WKH HOHFWURGH URG EHLQJ �� PP�

)LJXUH ��(OHFWULF FLUFXLW IRU FRQQHFWLRQ RI HOHFWURGHV DQGPHDVXULQJ
V\VWHP �IRU GHVLJQDWLRQV VHH WKH WH[W�

)LJXUH �� 7LPH GLDJUDP RI HOHFWULF FXUUHQW UXQQLQJ WKURXJK WKH
FXUUHQW�FRQGXFWLQJ ZLUH ��� DQG WKH SODVPD MHW EHWZHHQ WKH WLS RI
WKH PROWHQ URG DQG LWHP VXUIDFH ��� DW &  ���� P)� K  �� PP�
+  �� PP
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$OOR\LQJ ZLWK FRSSHU DQG DOXPLQLXP� ,QYHVWLJD�
WLRQV GHPRQVWUDWHG WKDW D OD\HU RI QRQ�XQLIRUPO\

PL[HG PDWHULDO RI WKH EDVH DQG FRSSHU IRUPV RQ WKH

VDPSOH VXUIDFH LQ VLQJOH�SXOVH DOOR\LQJ ZLWK FRSSHU�

7KH DOOR\HG OD\HU WKLFNQHVV LV XS WR ��w��� µP �)L�

JXUH �� D�� ,W FRQVLVWV RI WKH IROORZLQJ SKDVHV� &X�

α�)H� )H2� &X2� *UH\�FRORXUHG LQFOXVLRQV DUH SUH�

VHQW LQ WKH DOOR\HG OD\HU DORQJ &Xw)H ERXQGDU\� WKHLU

KDUGQHVV EHLQJ ����� 03D� $ EOXLVK�FRORXUHG PRQR�

OLWKLF SKDVH RI DERXW ��� 03D KDUGQHVV ZDV IRXQG LQ

WKH VXUIDFH OD\HU� 7KH KDUGQHVV RI WKH DOOR\HG OD\HU

PDWUL[ ZDV ���� WR ���� 03D� 1XPHURXV PRQROLWKLF

OLJKW�EOXH JUDLQV RI ���� 03D KDUGQHVV DUH SUHVHQW

LQ WKH OD\HU DGMDFHQW WR WKH EDVH� +DUGQHVV RI FRSSHU

LQFOXVLRQV LV ��� 03D� DQG WKDW RI WKH EDVH PHWDO

VDPSOHV LV ���� 03D� &RDUVHQLQJ RI WKH EDVH JUDLQV

GXH WR WKHUPDO LPSDFW RI WKH KHDW IORZV LV UHFRUGHG

DW WKH GHSWK RI DERXW ��� µP IURP WKH VDPSOH VXUIDFH�

:KHQ DOXPLQLXP LV XVHG DV WKH ILOOHU� D OD\HU�

FRQVLVWLQJ RI DOXPLQLXP �)LJXUH �� E� IRUPV RQ WKH

VDPSOH VXUIDFH� WKH OD\HU WKLFNQHVV YDU\LQJ IURP ��

XS WR ��� µP� )RUPHG GLUHFWO\ XQGHU WKLV OD\HU LV D

GLIIXVLRQ OD\HU RI LQWHUPHWDOOLFV RI PRQROLWKLF OLJKW�

JUH\ JUDLQV� WKDW LV WKH UHVXOW RI LQWHUDFWLRQ RI OLTXLG

DOXPLQLXP DQG LURQ� 8QGHUQHDWK LV WKH +$= PHWDO

DERXW �� µP WKLFN ZLWK D VWUXFWXUH� FRQVLVWLQJ RI

PDUWHQVLWH �ZLWKLQ WKH ERXQGDULHV RI IRUPHU SHDUOLWH�

DQG IHUULWH� ,Q HWFKLQJ VRPH SHDUOLWH JUDLQV FOHDUO\

VKRZ WKH +$= ERXQGDU\� GLYLGLQJ WKHP LQWR WKH UH�

JLRQV RI PDUWHQVLWH �OLJKW SDUW RI WKH JUDLQ� DQG SHDU�

OLWH �GDUN SDUW RI WKH JUDLQ�� 7KH EDVH PHWDO VWUXFWXUH

FRQVLVWV RI SHDUOLWH DQG IHUULWH�

7KH DOOR\HG OD\HU FRQVLVWV RI WKH IROORZLQJ SKDVHV�

$O� α�$O�2�� α�)H� )H$O� )H$O�� $OXPLQLXP KDUGQHVV

LQ WKLV OD\HU LV HTXDO WR ��� 03D� WKDW RI )Hw$O

LQWHUPHWDOOLFV LV ����w���� 03D� +DUGQHVV RI VWHHO

LQ WKH EDVH OD\HU LV ���� IRU IHUULWH DQG ���� 03D IRU

SHDUOLWH�

$OOR\LQJ ZLWK WLWDQLXP DQG WXQJVWHQ� $IWHU VLQ�
JOH�SXOVH DOOR\LQJ ZLWK WLWDQLXP WKH IROORZLQJ SKDVHV

IRUP RQ WKH VWHHO VDPSOH VXUIDFH� α�7L� α�)H DQG )H2�
$OOR\HG OD\HU KDUGQHVV LV ����w����� WKDW RI WKH WUDQ�

VLWLRQ OD\HU EHLQJ ����w���� 03D� ;�UD\ PLFURSUREH

DQDO\VLV UHYHDOHG RQ WKH ERXQGDU\ LQ WKH EDVH OD\HU

�)LJXUH �� D� WKH SUHVHQFH RI DQ LQWHUOD\HU ZLWK XS

WR �� � 7L DQG ��w�� � )H� DERYH ZKLFK LV D OD\HU

RI D WLWDQLXP DOOR\ ZLWK XS WR ��� � )H� $ QDUURZ

GLIIXVLRQ ]RQH LV ORFDWHG EHWZHHQ WKHVH OD\HUV� <HO�

ORZLVK LQFOXVLRQV RI D ODPLQDWHG VWUXFWXUH ZLWK EOXLVK

ERXQGDULHV �SRVVLEO\ )Hw7L LQWHUPHWDOOLFV� DV ZHOO DV

QLWULGHV� DUH DOVR YLVLEOH LQ WKH RXWHU OD\HU� DV ZHOO

DV LQWHUPHWDOOLFV RI LURQ R[LGHV �RI OLJKW�JUH\ FRORXU��

6LQJOH�SXOVH DOOR\LQJ ZLWK WXQJVWHQ SURGXFHV D

OD\HU XS WR �� µP WKLFN �)LJXUH �� E�� /LJKW�FRORXUHG
WXQJVWHQ LQFOXVLRQV DQG GDUN R[LGH LQFOXVLRQV ZHUH

IRXQG LQ LW� /RFDWHG XQGHUQHDWK LV WKH +$= PHWDO�

FRQVLVWLQJ RI PDUWHQVLWH ZLWKLQ WKH ERXQGDULHV RI IRU�

PHU SHDUOLWH DQG VWUXFWXUDOO\�IUHH IHUULWH� 7KH FRDWLQJ

FRQWDLQV α�)H� γ�)H DQG WXQJVWHQ SKDVHV� +DUGQHVV RI
WKH FRDWLQJ LV ����w����� WKDW RI OLJKW�FRORXUHG LQ�

FOXVLRQV LQ WKH FRDWLQJ LV ���� DQG WKDW RI +$= PHW�

DO x ����w���� 03D� 7XQJVWHQ SDUWLFOHV DUH SUHVHQW

RQ WKH DOOR\HG OD\HU VXUIDFH �)LJXUH �� E�� 7XQJVWHQ
ZHLJKW IUDFWLRQ LQ WKH SDUWLFOHV LV �� �� ,W LV SUREDEOH

WKDW WKHVH SDUWLFOHV �GURSV� SHQHWUDWHG LQWR WKHPROWHQ

VXUIDFH RI WKH VDPSOH LQ WKH OLTXLG FRQGLWLRQ SUDFWL�

FDOO\ ZLWKRXW GLIIXVLRQ RU PL[LQJ� $GMDFHQW WR WKHP

LV D OD\HU XS WR �� µP WKLFN� ZKHUH WKH FRQWHQW RI

WXQJVWHQ FKDQJHV VPRRWKO\ XS WR �w�� � DQG WKHQ

GURSV WR ��� �� 7KLV LV IROORZHG E\ DQ LQWHUOD\HU XS

WR � µP WKLFN� HQULFKHG ZLWK WXQJVWHQ �XS WR � ���

WKHQ WXQJVWHQ FRQFHQWUDWLRQ DJDLQ GURSV WRZDUGV WKH

EDVH VXUIDFH �WR ��� ��� $ ODUJH HORQJDWHG SDUWLFOH

�XS WR �� µP WKLFN� RI SXUH WXQJVWHQ ���� � :�

�)LJXUH �� E� LV IRXQG LQ WKH OD\HU RQ WKH ERXQGDU\

ZLWK WKH EDVH� WKDW KDV SDVVHG WKURXJK WKH PROWHQ

OD\HU ZLWKRXW PL[LQJ DQG EHFDPH VROLGLILHG RQ WKH

ERXQGDU\ ZLWK WKH VXEVWUDWH� ,W LV DVVXPHG WKDW QRQ�

XQLIRUP YDULDWLRQ RI WXQJVWHQ FRQWHQW LQ WKH FRDWLQJ

)LJXUH �� 6HFWLRQ RI WKH VXUIDFH OD\HU RI 6W�� VWHHO VDPSOHV DIWHU
DOOR\LQJ ZLWK FRSSHU �D� DQG DOXPLQLXP �E�

)LJXUH �� 6HFWLRQ RI WKH VXUIDFH OD\HU RI WKH VDPSOH RI 6W�� DIWHU
DOOR\LQJ ZLWK WLWDQLXP �D� DQG WXQJVWHQ �E�
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LV GXH WR LWV QRQ�XQLIRUP GLVWULEXWLRQ LQ WKH SODVPD

MHW�

,QFUHDVH RI WKH QXPEHU RI SXOVHV �XS WR ILYH� SUR�

PRWHV D JUHDWHU XQLIRUPLW\ RI WKH DOOR\LQJ HOHPHQW

GLVWULEXWLRQ LQ WKH VXUIDFH OD\HU DQG +$= LQFUHDVH XS

WR �� µP �)LJXUH ��� ZLWK WKH SRVVLELOLW\ RI WKH DO�

OR\LQJ HOHPHQW FRQWHQW EHLQJ UDWKHU KLJK� )RU LQ�

VWDQFH� DIWHU ILYH SXOVHV RI SODVPD� FRQWDLQLQJ D GURS

SKDVH RI WXQJVWHQ �)LJXUH �� D�� ILQHO\ GLVSHUVHG LQ�

FOXVLRQV ZLWK XS WR �� � : FRQWHQW FDQ EH IRXQG RQ

WKH ERXQGDU\ ZLWK WKH EDVH PHWDO� 3DUWLFOHV RI D EORFN

VWUXFWXUH WKDW LV )Hw: LQWHUPHWDOOLFV ZHUH PDLQO\

IRXQG RQ WKH ERXQGDU\ZLWK WKH EDVH� $ WKLQ LQWHUOD\HU

RI α�)H� HQULFKHG ZLWK WXQJVWHQ� LV DGMDFHQW WR WKH

ERXQGDU\� 7KLV LV IROORZHG E\ D OD\HU ZLWK D VPRRWK

LQFUHDVH RI WXQJVWHQ FRQWHQW IURP � WR �� �� DQG�

ILQDOO\� D OD\HU� FRQWDLQLQJ XS WR �� � :� $GMDFHQW

WR WKH VXUIDFH LV D OD\HU ZLWK XS WR �� � :� 7KLV

FRLQFLGHV ZLWK WKH UHVXOWV RI VSHFWUDO DQDO\VLV� DFFRUG�

LQJ WR ZKLFK WKH ZHLJKW IUDFWLRQ RI WXQJVWHQ LQ WKH

VXEVXUIDFH OD\HU LV ��w�� ��

0XOWLSOH WUHDWPHQW E\ SXOVHG SODVPD� FRQWDLQ�

LQJ WLWDQLXP� DOVR OHDGV WR GLVWULEXWLRQ RI DOOR\LQJ

HOHPHQWV �)LJXUH �� E�� $ OD\HU RI DQ )H�EDVHG DOOR\

��� � )H� � � 7L� LV IRXQG RQ WKH ERXQGDU\ ZLWK

WKH EDVH� /RFDWHG DERYH LV D ZLGH GLIIXVLRQ LQWHU�

OD\HU RI D FDVW GHQGULWLF VWUXFWXUH� 'HQGULWH D[HV

DUH HQULFKHG ZLWK WLWDQLXP ���w�� � 7L� ��w�� �

)H�� WKH LQWHUGHQGULWLF VSDFH FRQWDLQV OHVV WLWDQLXP

WKDQ WKH D[HV ���w�� � 7L� ��w�� � )H�� DQG ILQH

��� � µP� LQFOXVLRQV RI D OLJKW�JUH\ SKDVH ��� �

7L� �� � )H� DUH IRXQG� 7KH DOOR\HG OD\HU KDUGQHVV

LV ����w����� 03D >��@�

$OOR\LQJ RI LURQ�JUDSKLWH PDWHULDO� $OOR\LQJ RI

VDPSOHV RI DQ LURQ�JUDSKLWH PDWHULDO ZDV SHUIRUPHG

ZLWK RQH SXOVH� 5RGV RI FKURPLXP� QLFNHO�FKURPLXP

DOOR\� WLWDQLXP� PRO\EGHQXP� WXQJVWHQ� HWF� ZHUH

XVHG DV HOHFWURGHV�

$W VLQJOH�SXOVH DOOR\LQJ ZLWK WLWDQLXP� XS WR

�� µP OD\HU IRUPHG RQ WKH LURQ�JUDSKLWH VDPSOH� &RDW�

LQJ KDUGQHVV ZDV ���� 03D �)LJXUH �� D�� 7LWDQLXP
SHQHWUDWHG DORQJ WKH SRUHV LQWR WKH EDVH PDWHULDO WR

�� µPGHSWK� +$= WKLFNQHVV ZDV �� µP� EDVH KDUGQHVV
LQ WKLV ]RQH EHLQJ ���� 03D�

$OOR\LQJ E\ D VLQJOH�SXOVH RI D 0R�FRQWDLQLQJ

SODVPD �)LJXUH �� E� SURGXFHV D OD\HU �w�� µP WKLFN�

0RO\EGHQXP SHQHWUDWHV LQWR WKH DOOR\ DORQJ WKH SRUHV

WR D GHSWK RI GRZQ WR �� µP� DQG WKH +$= UHDFKHV

WR WKH GHSWK RI ��w�� µP� 7KH PHWDO RI WKLV ]RQH KDV
WKH KDUGQHVV RI ����w���� 03D�

6LPLODU DOOR\LQJ ZLWK WKH 1Lw&U DOOR\ SURYLGHV DQ

LQWHUPLWWHQW OD\HU IURP � WR �� µP WKLFN� 7KH DOOR\LQJ

PDWHULDO SHQHWUDWHV LQWR WKH EDVH WR WKH GHSWK RI GRZQ

WR �� µP� 7KH KDUGQHVV RI WKLV OD\HU LV ���� 03D� ,Q

DOOR\LQJ ZLWK EUDVV ��� � &X� �� � =Q� D WKLQ GHQVH

OD\HU RI EUDVV ZDV SURGXFHG ZLWK LWV SHQHWUDWLRQ LQWR

WKH VDPSOH PHWDO SRUHV WR WKH GHSWK RI GRZQ WR �� µP�
$OOR\LQJ E\ D VLQJOH SXOVH RI SODVPD� FRQWDLQLQJ

WXQJVWHQ DQG FKURPLXP� UHVXOWV LQ IRUPDWLRQ RI DQ XS

WR �� µP OD\HU RQ LWV VXUIDFH� 7KH GHSWK RI WXQJVWHQ

SHQHWUDWLRQ DORQJ WKH SRUHV LQ LURQ�JUDSKLWH LV GRZQ

WR �� µP �)LJXUH �� F� G��

)LJXUH �� 6HFWLRQ RI WKH VXUIDFH OD\HU RI 6W�� VDPSOH DIWHU ILYH
SODVPD SXOVHV� FRQWDLQLQJ WXQJVWHQ �D� DQG WLWDQLXP �E�

)LJXUH �� $OOR\LQJ RI LURQ�JUDSKLWH VDPSOH ZLWK WLWDQLXP �D�� PRO\EGHQXP �E�� WXQJVWHQ �F�� FKURPLXP �G� H�� DwG x VLQJOH�SXOVH
DOOR\LQJ� H x ILYH�SXOVH DOOR\LQJ
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0XOWLSOH SXOVHG�SODVPD DOOR\LQJ� IRU LQVWDQFH� E\

ILYH SXOVHV� DOORZV D XQLIRUP OD\HU WR EH SURGXFHG

�)LJXUH �� H�� 7KH WKLFNQHVV RI WKH DOOR\LQJ OD\HU LV

XS WR �� µP� DOVR D PL[LQJ ]RQH �� WR �� µP WKLFN�

FRQVLVWLQJ RI WKH DOOR\HG DQG EDVH PDWHULDOV� LV SUH�

VHQW�

7KH DOOR\HG OD\HU LV IRXQG WR KDYH R[LGH LQFOXVLRQV�

'HIHFWV LQ WKH IRUP RI SRUHV DUH SUHVHQW XQGHU WKLV

OD\HU� 7KH DOOR\LQJ PDWHULDO SHQHWUDWHV WR WKH LURQ�

JUDSKLWH VDPSOH EDVH DORQJ WKH RSHQ SRUHV DQG FUDFNV�

8VH RI ORZHU�PHOWLQJ PDWHULDOV �DOXPLQLXP� DV WKH

HOHFWURGH SURGXFHV WKLFNHU OD\HUV ���w��� µP� RI WKH
KDUGQHVV RI ��� 03D �DOXPLQXP� DQG ����w

���� 03D �)Hw$O LQWHUPHWDOOLFV��

'LVFXVVLRQ RI WKH UHVXOWV� ([SHULPHQWDO UHVXOWV
GHPRQVWUDWHG WKDW DW SXOVHG DOOR\LQJ WKH VROLG VXUIDFH

DW WKH ILUVW PRPHQW RI WLPH H[SHULHQFHV DQ HODVWLF�

GHIRUPDWLRQ LQWHUDFWLRQ ZLWK WKH VKRFN ZDYH DQG WKH

SXOVHG�SODVPD MHW� DQG WKHQ HOHFWULF FXUUHQW LV DSSOLHG

WR WKH VXUIDFH� 7KH DPSOLWXGH YDOXH RI FXUUHQW FDQ EH

XS WR � N$� 7KH VDPSOH VXUIDFH PHOWV DQG WKH SODVPD�

FRQWDLQLQJ GURSV RI OLTXLG PHWDO �DOOR\�� IORZV RYHU

LW DW D KLJK VSHHG� 3ODVPD LQWHUDFWLRQ ZLWK WKH VDPSOH

VXUIDFH SURFHHGV IRU ��w��⋅��w� V� WKXV UHVXOWLQJ LQ LWV
VKRUW�WLPH KHDWLQJ� ,QWHJUDWHG JDV�G\QDPLF DQG HOHF�

WURPDJQHWLF LPSDFW RQ WKHPROWHQ VXUIDFH HQVXUHVPL[�

LQJ RI WKH DOOR\LQJ PHWDO ZLWK WKH EDVH PHWDO DQG LWV

IDVWHU VROLGLILFDWLRQ >��� ��@�

7KH WHFKQRORJ\ SURYLGHV DOOR\LQJ RI WKH LWHP VXU�

IDFH ZLWK IRUPDWLRQ RI D OD\HU � WR ��� µP WKLFN WKDW

FRQVLVWV RI HOHPHQWV ZKLFK DUH WKH FRPSRQHQWV RI WKH

PHWDO HOHFWURGH� SODVPD DQG EDVH PHWDO� 6LQJOH�SXOVH

DOOR\LQJ OHDGV WR IRUPDWLRQ RI VHFWLRQV RI D OD\HU RI

QRQ�XQLIRUP KDUGQHVV DQG GLVWULEXWLRQ RI DOOR\LQJ HOH�

PHQWV �HOHFWURGH PHWDO�� 0XOWLSOH�SXOVH DOOR\LQJ SUR�

GXFHV D OD\HU RI D VXIILFLHQWO\ XQLIRUP FRPSRVLWLRQ�

+$= PHWDO WKLFNQHVV LV QRW PRUH WKDQ �� µP�
3UDFWLFDOO\ DQ\ PHWDOV RU DOOR\V SURGXFHG LQ WKH IRUP

RI ZLUH RU URG� FDQ EH LQWURGXFHG LQWR WKH SODVPD�

$IWHU PXOWLSOH PL[LQJ� WKH IRUPHG DOOR\HG OD\HU KDV

QR SRUHV RU ERXQGDULHV ZLWK WKH VDPSOH EDVH�

7KH SURSHUWLHV RI WKH PHWDO OD\HUV GHSHQG RQ WKH

HOHFWURGH PHWDO FRPSRVLWLRQ DQG QXPEHU RI SODVPD

SXOVHV� ,W LV SRVVLEOH WR DOOR\ WKH ZRUNLQJ VXUIDFHV RI

SDUWV� PDGH RI VWUXFWXUDO VWHHOV� DV ZHOO DV LWHPV SUR�

GXFHG E\ SRZGHU PHWDOOXUJ\ SURFHVVHV� &RQVLGHULQJ

WKDW DOOR\LQJ LV SHUIRUPHG ZLWK VHSDUDWH SXOVHV� LW FDQ

EH DSSOLHG WR SURGXFH D XQLIRUP OD\HU RQ WKH HQWLUH

ZRUNLQJ VXUIDFH RI WKH LWHP RU MXVW RQ LWV ORFDO VHF�

WLRQV�

�� *ULJRULDQWV� $�*� ������ )XQGDPHQWDOV RI ODVHU WUHDWPHQW
RI PDWHULDOV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� 0LUNLQ� /�,� ������ 3K\VLFDO IXQGDPHQWDOV RI ODVHU EHDP
WUHDWPHQW RI PDWHULDOV� 0RVFRZ� 0*8�

�� 9DO\DHY� $�1�� 3URJUHEQ\DN� $�'�� .LVKLPRWR� 1� HW DO�
������ 0RGLILFDWLRQ RI SURSHUWLHV RI PDWHULDOV DQG V\QWKH�
VLV RI WKLQ ILOPV LQ H[SRVXUH WR LOOXPLQDWLRQ E\ HOHFWURQ DQG
LRQ EHDPV� 8VW�.DPHQRJRUVN� 9RVWRFKQRND]DNKVWDQ� 7HFKQ�
8QLY�

�� <DNXVKLQ� 9�/�� .DOLQLQ� %�$�� 3ROVN\� 9�,� HW DO� ������
6XUIDFH DOOR\LQJ RI PHWDOV� XVLQJ KLJK�WHPSHUDWXUH SXOVH
SODVPD� 0HWDOO\� �� ��w���

�� 3DUVKLQ� $�0�� .LULOORY� 1�9� ������ 3K\VLFDO DQG VWUXF�
WXUDO DVSHFWV RI WUHDWPHQW RI DOOR\V E\ FRQFHQWUDWHG HQHUJ\
VRXUFHV� ,ELG�� �� ���w����

�� 5DL]HU� <X�3� ������ 3K\VLFV RI JDV GLVFKDUJH� 0RVFRZ�
1DXND�

�� 7\XULQ� <X�1� ������ ,PSURYHPHQW RI HTXLSPHQW DQG WHFK�
QRORJ\ RI GHWRQDWLRQ FRDWLQJ GHSRVLWLRQ� $YWRPDWLFK�
6YDUND� �� ��w���

�� 9RURELHY� 9�6� ������ '\QDPLFV RI FRQGXFWRU KHDWLQJ DQG
HYDSRUDWLRQ E\ KLJK GHQVLW\ SXOVH FXUUHQW� =KXUQDO
7HNKQLFK� )L]LNL� �� ��w���

�� 'UDSNLQ� %�0�� 5XGHQNR� 9�$� ������ 2Q GHWHUPLQDWLRQ RI
HQHUJ\ RI PHWDO VXEOLPDWLRQ� ,ELG�� �� ���w����

��� /HEHGHY� $�'�� 8U\XNRY� %�$� ������ 3XOVH DFFHOHUDWRUV RI
KLJK SUHVVXUH SODVPD� 1RYRVLELUVN�

��� 6XOWDQRY� 0�$� ������ 6KRFN�FRPSUHVVHG SODVPD LQ KLJK�
SRZHU GLVFKDUJHV� 'XVKDQEH� 'RQLVK�

��� 7\XULQ� <X�1�� $GHHYD� /�,� ������ 3XOVHG SODVPD VWUHQJWK�
HQLQJ RI WLWDQLXP�EDVH DOOR\V� $YWRPDWLFK� 6YDUND� �� ��w
���

��� $QDVWDVLDGL� *�3� ������ )RUPDWLRQ RI FKHPLFDO PLFURKHW�
HURJHQHLW\ LQ FDVW DOOR\V� 6W��3HWHUVEXUJ� 3ROLWHNKQLN�

��� *HUWVULNHQ� '�6�� .RVW\XFKHQNR� 9�*�� 7LVKNHYLFK� 9�0� HW
DO� ������ ,QIOXHQFH RI SODVWLF VWUDLQ LQ D SXOVHG PDJQHWLF
ILHOG RQ PLJUDWLRQ RI DWRPV LQ PHWDOV� 'RNODG\ 1$1 8N�
UDLQ\� �� ��w���

3/2002 41



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


�����������
	����������	�

9�1� %(51$'6.<

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

7KH SDSHU SUHVHQWV V\VWHPDWLVHG FRPPHQWV RI VSHFLDOLVWV RI WKH -DSDQ :HOGLQJ 6RFLHW\ RQ GHWHUPLQDWLRQ RI WKH QDWLRQDO

SULRULWLHV LQ WKH ILHOG RI ZHOGLQJ VFLHQFH DQG WHFKQRORJ\ DW WKH EHJLQQLQJ RI WKH ;;, FHQWXU\� &RQVLGHULQJ WKH �WHFK�

QRORJLFDO VDWXUDWLRQ� RI WKH PDMRULW\ RI WKH ZHOGLQJ SURFHVVHV� DSSOLHG RQ D PDVV VFDOH� WKH UHFRPPHQGDWLRQV DUH WR

SUHGRPLQDQWO\ GHYHORS WKRVH WHFKQRORJLHV� WKDW KDYH D VLJQLILFDQW SRWHQWLDO� LQ SDUWLFXODU� DQ DUF ZHOGLQJ SURFHVV x

$�7,*� IULFWLRQ VWLU ZHOGLQJ �)6:�� ODVHU DQG ODVHU�K\EULG WHFKQRORJLHV� 7KHPDLQ VFLHQWLILF SUREOHP� QDPHO\ ZHOGDELOLW\

DQG QDWXUH RI FUDFNLQJ� LV VWLOO XUJHQW� 7KH GHWHUPLQDQW UROH RI FRPSXWHU PRGHOOLQJ LQ UHVHDUFK� GHVLJQ DQG GHYHORSPHQW

RI ZHOGHG VWUXFWXUHV� WHFKQRORJLHV DQG ZHOGLQJ FRQVXPDEOHV� KDV EHHQ HVWDEOLVKHG XQDPELJXRXVO\�

.H\ ZRU G V � ZHOGLQJ� VFLHQFH� KLJK WHFKQRORJLHV� ZHOGLQJ

SURGXFWLRQ� UHVHDUFK� SULRULWLHV� -DSDQ� ;;, FHQWXU\

$W WKH SUHVHQW WKUHVKROG RI WKH FHQWXULHV VSHFLDOLVWV

IURP WKH OHDGLQJ FRXQWULHV RI WKH ZRUOG SD\ FRQVLG�

HUDEOH DWWHQWLRQ WR HYDOXDWLRQ RI WKH DFKLHYHPHQWV RI

ZHOGLQJ VFLHQFH DQG WHFKQRORJ\ LQ WKH SDVW FHQWXU\�

DV ZHOO DV VHOHFWLRQ RI SULRULW\ DQG SURPLVLQJ WUHQGV

RI GHYHORSPHQW RI ZHOGLQJ DQG DOOLHG WHFKQRORJLHV LQ

WKH LQWHUHVWV RI LQGXVWU\ DW WKH VWDUW RI WKH ;;, FHQ�

WXU\� 1DWLRQDO DQG LQWHUQDWLRQDO FRQIHUHQFHV� QXPHU�

RXV SXEOLFDWLRQV RI OHDGLQJ VFLHQWLVWV DQG VSHFLDOLVWV

LQ WKH ZRUOG SHULRGLFDOV RQZHOGLQJ KDYH EHHQ GHYRWHG

WR WKHVH LVVXHV RYHU WKH ODVW \HDUV� 7KH SUDFWLFH RI

FRQGXFWLQJ WKH ZRUNLQJ PHHWLQJV RI H[SHUWV WR RXWOLQH

WKH VWUDWHJ\ RI WKH DGYDQFH RI ZHOGLQJ VFLHQFH DQG

ZHOGLQJ IDEULFDWLRQ� DV ZHOO DV RI ZHOGLQJ HTXLSPHQW

PDUNHW RYHU WKH QH[W �� WR �� \HDUV� LV EHFRPLQJ HYHU

ZLGHU DFFHSWHG� $V D UXOH� WKH UDQJH RI LQWHUHVWV RI

WKH H[SHUWV� ERWK VFLHQWLVWV DQG SURGXFWLRQ VSHFLDOLVWV

FRYHUV WKH LVVXHV RI DVVHVVPHQW RI WKH HIIHFWLYHQHVV RI

KLJK WHFKQRORJLHV� PDQDJHPHQW RI ZHOGHG VWUXFWXUH
TXDOLW\� SURIHVVLRQDO WUDLQLQJ DQG FHUWLILFDWLRQ RI SHU�

VRQQHO� ZHOGLQJ SURGXFWLRQ HFRORJ\� HWF�

2XWOLQLQJ DQG VHOHFWLRQ RI SULRULW\ DUHDV IRU DG�

YDQFHG DQG EDVLF UHVHDUFK� DV ZHOO DV WUDQVIHU RI VFL�

HQFH�LQWHQVLYH ZHOGLQJ WHFKQRORJLHV LQWR LQGXVWU\ DQG

FRQVWUXFWLRQ DUH EDVHG RQ D QXPEHU RI IDFWRUV RI D

JHQHUDO QDWXUH� )LUVW RI DOO� WKLV LV WKH WHQGHQF\ RI

FRQWLQXRXV UHGXFWLRQ RI JRYHUQPHQW IXQGLQJ RI UH�

VHDUFK DQG RI WKH PHDQV� DOORFDWHG E\ LQGXVWU\ IRU

VSHFLILF UHVHDUFK� 6HFRQGO\� WKLV LV WKH QHHG WR UHGXFH

LQYHVWPHQWV LQWR UHVHDUFK DQG GHYHORSPHQW RI WKRVH

WHFKQRORJLHV RI ZHOGLQJ DQG SURFHVVLQJ RI PDWHULDOV�

WKDW KDYH DOUHDG\ UHDFKHG WKH FULWLFDO �VDWXUDWLRQ

SRLQW� DQG DUH ZLGHO\ UHSUHVHQWHG LQ WKH ZRUOG ZHOG�

LQJ PDUNHW� ,Q DGGLWLRQ� WKH JURZLQJ JOREDOLVDWLRQ RI

ZRUOG HFRQRP\� DFFRPSDQLHG E\ LQFUHDVHG WUDQVQD�

WLRQDO WUDQVIHU RI KLJK WHFKQRORJLHV DQG LQWHJUDWLRQ

RI ZHOGLQJ HTXLSPHQW PDQXIDFWXULQJ� SUHGHWHUPLQHV

WKH QHHG WR HOLPLQDWH DQ XQMXVWLILHG GXSOLFDWLRQ RI

QDWLRQDO UHVHDUFK DQG GHYHORSPHQW� 7KH ZRUOG PDUNHW

RI VFLHQFH DQG WHFKQRORJ\ SURGXFWV DOVR JURZV XQGHU

WKH JOREDOLVDWLRQ FRQGLWLRQV� WKLV LQIOXHQFLQJ VHOHFWLRQ

RI QDWLRQDO SULRULWLHV >�@�

:HOGLQJ VSHFLDOLVWV DUH DOUHDG\ IDPLOLDU IURP WKH
ORFDO DQG IRUHLJQ SXEOLFDWLRQV ZLWK WKH FKDQJH RI WKH
SDUDGLJP RI ZHOGLQJ VFLHQFH DQG QHZ SULRULWLHV IRU WKH

VWDUW RI WKH ;;, FHQWXU\ LQ WKH 86$� *HUPDQ\� *UHDW

%ULWDLQ DQG RWKHU :HVWHUQ FRXQWLHV� 0XFK OHVV DFFHVVL�

EOH LV WKH LQIRUPDWLRQ RQ WKH YHU\ DFWLYH DWWLWXGH RI WKH
-DSDQHVH ZHOGLQJ FRPPXQLW\ WR VHOHFWLRQ RI WKH SULRUL�
WLHV RI GHYHORSPHQW RI WKH ZHOGLQJ VFLHQFH� HTXLSPHQW

DQG WHFKQRORJ\� 7KLV KDV D FOHDU H[SODQDWLRQ� WKH -DSDQ

:HOGLQJ 6RFLHW\ �-:6� EHOLHYHV WKDW DQ H[WUHPHO\ OLP�

LWHG DFFHVV WR LQIRUPDWLRQ LQ -DSDQHVH� XQOLNH WKH SUDF�

WLFDOO\ XQUHVWUDLQHG DFFHVV WR� IRU LQVWDQFH� LQIRUPDWLRQ

LQ (QJOLVK� FDQQRW EH LJQRUHG >�@� 7KLV SDSHU LV DQ

DWWHPSW DW VRPHZKDW ILOOLQJ WKLV JDS IRU WKH EHQHILW RI

WKH 5XVVLDQ�ODQJXDJH UHDGHUV� E\ SUHVHQWLQJ D UHYLHZ

RI D -DSDQHVH SXEOLFDWLRQ LQ WKH �-RXUQDO RI WKH -DSDQ

:HOGLQJ 6RFLHW\� >�@�
6XFK D UHYLHZ LV WKH PRUH WLPHO\� DV PRGHUQ -DSDQ

LV WKH ZRUOGsV ODUJHVW FDSLWDO H[SRUWHU� WKH VHFRQG

LQGXVWULDO FRXQWU\ RI WKH ZRUOG� -DSDQsV JURVV GRPHV�

WLF SURGXFW �������� EOQ LQ ����� LV KDOI RI WKDW RI

WKH 86 DQG LV ODUJHU� WKDQ WKDW RI *HUPDQ\� )UDQFH�

DQG *UHDW %ULWDLQ WDNHQ WRJHWKHU� $W SUHVHQW -DSDQ�

WRJHWKHU ZLWK WKH 86$ DQG :HVWHUQ (XURSH� PDNH

XS WKH �OHDGLQJ� WKUHH PRVW LPSRUWDQW HFRQRPLF UH�

JLRQV RI WKH ZRUOG WKDW KDYH WKH GHWHUPLQDQW UROH LQ

JOREDOLVDWLRQ RI WKH ZRUOG HFRQRP\� 2I ��� PDMRU

WUDQVQDWLRQDO FRPSDQLHV ��� DUH -DSDQHVH�

-DSDQ KDV DOVR EHHQ VWHDGLO\ KROGLQJ RQH RI WKH
OHDGLQJ SRVLWLRQV LQ WKH ZRUOG ZHOGLQJ IDEULFDWLRQ >��
�@� 2XWSXW DQG FRQVXPSWLRQ RI ZHOGLQJ HTXLSPHQW
�PDFKLQHV DQG ZHOGLQJ FRQVXPDEOHV� FDQ EH UHJDUGHG
WR EH WKH EDVLF FULWHULD LQ HYDOXDWLRQ RI WKH -DSDQHVH

ZHOGLQJ IDEULFDWLRQ� $W WKH HQG RI WKLV FHQWXU\ WKH

DQQXDO RXWSXW RI D TXLWH PRGHUQ ZHOGLQJ HTXLSPHQW

�ZLWKRXW URERWV RU ODVHU V\VWHPV� ZDV PRUH� WKDQ
������� SFV IRU D VXP RI PRUH� WKDQ ���� POQ� DQG
WKH RXWSXW RI ZHOGLQJ FRQVXPDEOHV ZDV RQ WKH OHYHO

RI �������w������� W� 7KH VFRSH RI DSSOLFDWLRQ� LQ

SDUWLFXODU� RI HOHFWULF DUF ZHOGLQJ LQ -DSDQ FDQ EH
� 9�1� %(51$'6.<� ����
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DVVHVVHG DOVR E\ WKH YROXPH RI WKH GHSRVLWHG PHWDO

WKDW LQ ���� ZDV HTXDO WR ������� W� )RU FRPSDULVRQ�

WKLV LQGH[ LQ WKH VDPH \HDU ���� ZDV ������� W IRU

:HVWHUQ (XURSH DQG ������� W IRU WKH 86$ >�@� 7KH

PRVW FKDUDFWHULVWLF WHQGHQF\ LQ WKH -DSDQHVH SURGXF�

WLRQ RI ZHOGLQJ FRQVXPDEOHV LV D FRQWLQXRXV ORZHULQJ

RI WKH VKDUH RI PDQXDO ZHOGLQJ FRDWHG HOHFWURGHV DQG

D VWDEOH WHQGHQF\ IRU D FRQWLQXHG JURZWK RI WKH VKDUH

RI IOX[�FRUHG ZLUH PDQXIDFWXUH� 6WDUWLQJ IURP �����

IOX[�FRUHG ZLUH PDQXIDFWXULQJ LQ -DSDQ KDV EHHQ

DKHDG RI WKDW RI FRDWHG HOHFWURGHV LQ WHUPV RI YROXPH

DQG LQ ���� LW UHDFKHG ������ W >�w�@�

-DSDQHVH ZHOGLQJ IDEULFDWLRQ KDV RQH RI WKH ZRUOGsV

KLJKHVW OHYHOV RI ZHOGLQJ RSHUDWLRQV PHFKDQL]DWLRQ� 7KH

FRQWLQXRXVO\ JURZLQJ YROXPH RI LQGXVWULDO URERWV �,5�

DSSOLFDWLRQ KDV D VLJQLILFDQW UROH� ,Q ���� WKH WRWDO IOHHW

RI RSHUDWHG ,5 RI DOO W\SHV ZDV PRUH WKDQ ������� SFV�

WKLV EHLQJ HTXDO WR DOPRVW KDOI RI WKH ZRUOGsV ,5 IOHHW�

0RVW RI ,5 �������� SFV� DUH LQVWDOOHG DQG RSHUDWHG LQ

WKH-DSDQHVHZHOGLQJ IDEULFDWLRQ WRSHUIRUPVXFKSURFHVV

RSHUDWLRQV DV DVVHPEO\� FXWWLQJ�ZHOGLQJ� VSUD\LQJ� QRQ�

GHVWUXFWLYH WHVWLQJ� ELOOHW WUDQVSRUWDWLRQ LQ ZHOGLQJ

OLQHV� HWF� >�@�

7KH DUWLFOH �7HFKQRORJLHV RI ZHOGLQJ DQG MRLQLQJ

LQ WKH ;;, FHQWXU\� >�@ LQ LWV FRQWHQW LV D UHSRUW RQ

D �URXQG WDEOH� GLVFXVVLRQ RQ WKH VDPH VXEMHFW� FRQ�

GXFWHG E\ WKH -:6� /HDGLQJ H[SHUWV RI VXFK UHVHDUFK

FHQWHUV DV 2VDND 8QLYHUVLW\� ,QVWLWXWH RI 0DWHULDOV

6FLHQFH� &HQWHU IRU 'HYHORSPHQW RI 7HFKQRORJLFDO

DQG 3URGXFWLRQ 6\VWHPV DQG RI D QXPEHU RI OHDGLQJ

-DSDQHVH FRPSDQLHV� .REH 6WHHO� 6XPLWRPR +HDY\

,QGXVWULHV� 1LSSRQ .RNDQ DQG 1LSSRQ 6WHHO �ZHOGLQJ

HTXLSPHQW PDQXIDFWXULQJ� SDUWLFLSDWHG LQ WKLV PHHW�

LQJ� 7KLV UHYLHZ SUHVHQWV LQ WKH V\VWHPDWL]HG IRUP

VRPH HVWLPDWHV RI WKH DFKLHYHPHQWV RI PRGHUQZHOGLQJ

IDEULFDWLRQ RYHU WKH SDVW FHQWXU\ DQG VRPH FRPPHQWV

RQ WKH PRVW XUJHQW DQG SULRULW\ SUREOHPV RI -DSDQHVH

ZHOGLQJ VFLHQFH DQG WHFKQRORJ\ DW WKH VWDUW RI WKH

QHZ FHQWXU\� H[SUHVVHG DW WKH �URXQG WDEOH� PHHWLQJ�

$OVR D SURFHGXUH IURP RQH PRUH DUWLFOH >�@ IURP WKH

VDPH MRXUQDO LV XVHG LQ WKLV UHYLHZ�

$ XQLYHUVDOO\ NQRZQ IDFW LV WKDW ;; FHQWXU\ ZDV

WKH GHWHUPLQDQW SHULRG IRU HVWDEOLVKPHQW DQG GHYHO�

RSPHQW RI WKH ZHOGLQJ SURFHVV DV D KLJK WHFKQRORJ\

RI SHUPDQHQW MRLQLQJ RI PHWDOOLF DQG QRQ�PHWDOOLF

PDWHULDOV� $V QRWHG E\ WKH -DSDQHVH VSHFLDOLVWV� H[�

SHULHQFH RI WKH SUHYLRXV FHQWXU\ GHPRQVWUDWHG WKDW�

LUUHVSHFWLYH RI WKH IOXFWXDWLRQV RI WKH ZRUOG DQG QD�

WLRQDO HFRQRPLHV� LQYHVWPHQWV LQWR ZHOGLQJ DQG DOOLHG

WHFKQRORJLHV ZHUH� DV D UXOH� MXVWLILHG DQG \LHOGHG WKH

DQWLFLSDWHG WHFKQLFR�HFRQRPLF UHVXOWV� 'HYHORSPHQW

RI ZHOGLQJ HTXLSPHQW DQG WHFKQRORJ\ ZDV DFFRPSD�

QLHG E\ QDWXUDO VHOHFWLRQ RI LQGLYLGXDO WHFKQRORJLHV�

7KH IROORZLQJ WHFKQRORJLHV RI IXVLRQ ZHOGLQJ KDYH

VWDEOH SRVLWLRQV LQ ZHOGLQJ IDEULFDWLRQ� HOHFWULF DUF

ZHOGLQJ �0,*�0$*� 7,*�� 6$:� HOHFWURVODJ ZHOG�

LQJ �(6:�� HOHFWURQ EHDP ZHOGLQJ �(%:� DQG ODVHU

ZHOGLQJ �/:�� 7KH -DSDQHVH H[SHUWV FRQVLGHUHG LW

QHFHVVDU\ WR QRWH WKDW WKH\ DUH YHU\ JUDWHIXO WR WKH

IRUPHU 6RYLHW 8QLRQ IRU WKH NQRZ�KRZ WKDW WKH\ ZHUH

DEOH WR ERUURZ DW D FHUWDLQ WLPH IURP WKH &2�ZHOGLQJ

WHFKQRORJ\ DQG FRQVXPDEOH HOHFWURGH (6:� 7KH\ DOVR

EHOLHYH WKDW WKH WHFKQRORJLHV RI SXOVHG�DUF ZHOGLQJ

KDYH ODUJHO\ EHHQ WDNHQ RYHU IURP WKH %ULWLVK ZHOGLQJ

H[SHUWV�

3UDFWLFH VKRZHG WKDW QRW DOO RI WKH FXUUHQWO\ DS�

SOLHG VSHFLILF ZHOGLQJ WHFKQRORJLHV DUH SURPLVLQJ LQ

YLHZ RI WKH UHTXLUHPHQWV RI WKH ;;, FHQWXU\� ZKLOH

D QXPEHU RI WKHP KDYH UHDFKHG WKHLU WHFKQRORJLFDO

OLPLW� 6R� RXW RI YDULRXV WHFKQRORJLHV RI 6$:� WKH

PRVW H[WHQVLYH GHYHORSPHQW LV FRQGXFWHG LQ -DSDQ LQ

WKH ILHOG RI LPSURYHPHQW DQG DSSOLFDWLRQ RI ZHOGLQJ

IURP RQH VLGH ZLWK D KLJK KHDW LQSXW RQ D IOX[ SDG�

*URZLQJ VFRSH RI DSSOLFDWLRQ LV FKDUDFWHULVWLF RI IOX[�

FRUHG ZLUH JDV�VKLHOGHG ZHOGLQJ� XVLQJ LQYHUWHU SRZHU

VRXUFHV� 7KH VFDOH RI (%: DSSOLFDWLRQ LV LQFUHDVLQJ

GXH WR LWV XVH IRU MRLQLQJ SODWH PDWHULDOV� HVSHFLDOO\�

ZKHQ LW LV QHFHVVDU\ WR HQVXUH D KLJK LPSDFW WRXJKQHVV

RI ZHOGV� 2YHU WKH ODVW �� \HDUV /: GLG QRW \HW ILQG

D ZLGH HQRXJK DSSOLFDWLRQ LQ LQGXVWU\� GHVSLWH D ODUJH

YROXPH RI WKH SHUIRUPHG UHVHDUFK LQ WKLV ILHOG� $ ZLGH

HQRXJK XVH RI WKLV DGYDQFHG WHFKQRORJ\ LV VWLOO DQ�

WLFLSDWHG LQ WKH QH[W IHZ \HDUV DQG� SULPDULO\� LQ

DXWRPRWLYH� VKLS� DQG EULGJH�EXLOGLQJ VHFWRUV�

7ZR SURPLVLQJ ZHOGLQJ SURFHVVHV DUH RI JUHDW SUDF�

WLFDO LQWHUHVW IRU ZHOGLQJ IDEULFDWLRQ RI -DSDQ DW SUH�

VHQW DQG LQ WKH QHDU IXWXUH�

• $�7,*� HOHFWULF�DUF ZHOGLQJ ZLWK DSSOLFDWLRQ RI

DFWLYDWLQJ IOX[HV� GHYHORSHG DW WKH (�2�3DWRQ (OHF�

WULF :HOGLQJ ,QVWLWXWH�

• )6:RI H[WHQGHG MRLQWV� GHYHORSHG DW 7KH:HOG�

LQJ ,QVWLWXWH �7:,��

,W LV LQWHQGHG WR VWXG\ DQG GHYHORS WKH )6: SURF�

HVV� DFFRPSDQLHG E\ D ORZ KHDW LQSXW DQG UHVLGXDO

GHIRUPDWLRQ RI WKH ZHOGHG MRLQW� IRU EXWW ZHOGLQJ RI

VKHHWV RI KLJK�VWUHQJWK DOXPLQLXP DOOR\V�

:KHQ WKH VWDWXV DQG SURVSHFWV IRU LQGXVWULDO DSSOL�

FDWLRQ RI WKH FXUUHQWO\ DYDLODEOH DQG DGYDQFHG WHFK�

QRORJLHV RI ZHOGLQJ DQG MRLQLQJ ZHUH DQDO\VHG� QRQH RI

WKH SDUWLFLSDQWV RI WKH �URXQG WDEOH� GLVFXVVLRQ VXJ�

JHVWHG WKH SRVVLELOLW\ RI HPHUJHQFH RI D IXQGDPHQWDOO\

QHZ� EUHDNWKURXJK WHFKQRORJ\ LQ WKH QHDU IXWXUH�

2YHU WKH ODVW GHFDGH -DSDQHVH ZHOGLQJ VFLHQFH KDV

PDGH WKH PRVW VXEVWDQWLDO FRQWULEXWLRQ WR GHYHORS�

PHQW RI VXFK DUHDV DV ZHOGLQJ SURFHVVHV� PDWHULDOV

DQG SKHQRPHQD� ZHOGDELOLW\ DQG IDWLJXH RI ZHOGHG

VWUXFWXUHV� ZKLOH WKH LQGXVWU\ FUHDWHG RQH RI WKH

ZRUOGsV PRVW HIILFLHQW V\VWHPV RI TXDOLW\ DVVXUDQFH�

EDVHG RQ WKHVH LQYHVWLJDWLRQV� 1R PDWWHU KRZ SDUD�

GR[LFDO LW PD\ VHHP� EXW WKH -:6 EHOLHYHV WKDW VXFK

D OHYHO RI TXDOLW\ ZRXOG EH FRPSOHWHO\ LPSRVVLEOH

ZLWKRXW WKH 2VDND 8QLYHUVLW\ LQYHVWLJDWLRQV LQ WKH

ILHOG RI FUDFNLQJ� ,QYHVWLJDWLRQV RI YDULRXV ZHOGLQJ

SURFHVVHV� QDPHO\ 0,*� 0$*� 7,*� SODVPD� HOHFWULF

DUF� ODVHU DQG K\EULG SURFHVVHV KDYH EHHQ DQG DUH

FXUUHQWO\ FRQGXFWHG ZLWK WKH VDPH DLP� ,QGXVWU\ LV

DFWLYHO\ XWLOLVLQJ WKH QHZ VFLHQWLILF SURGXFWV IRU RS�

WLPLVDWLRQ� PHFKDQLVDWLRQ� DXWRPDWLRQ DQG URERWLVD�

WLRQ RI WHFKQRORJLFDO SURFHVVHV� 0RUH WKDQ RQH WKLUG

RI WKH WRWDO YROXPH RI LQYHVWLJDWLRQV IDOOV WR WKH VKDUH
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RI EUD]LQJ� GLIIXVLRQ ERQGLQJ DQG RWKHU SURFHVVHV RI

SUHVVXUH ZHOGLQJ� 7KH VFRSH RI LQYHVWLJDWLRQV LQ WKH

ILHOG RI WKHUPDO VSUD\LQJ RI FRDWLQJV DQG ODVHU VSUD\�

LQJ IRU VXUIDFH PRGLILFDWLRQ LV EHFRPLQJ ZLGHU HYHU\

\HDU� $QRWKHU� HTXDOO\ LPSRUWDQW DUHD� LV VWXG\LQJ

WKH SURFHVVHV� RFFXUULQJ RQ WKH LQWHUIDFH LQ MRLQLQJ

FHUDPLFV DQG FRPSRVLWH PDWHULDOV� WKH SURFHVVHV RQ

WKH LQWHUIDFH KDYH EHHQ VWXGLHG HVSHFLDOO\ LQWHQVLYHO\

EHJLQQLQJ IURP ����� ,Q RUGHU QRW WR GXSOLFDWH WKH

LQYHVWLJDWLRQV RI WKH $PHULFDQ :HOGLQJ 6RFLHW\ LQ

WKH ILHOG RI DUF ZHOGLQJ RI IHUURXV DQG QRQ�IHUURXV

PHWDOV� LQ -DSDQ VWXG\LQJ WKH QDWXUH RI MRLQLQJ QRQ�

IHUURXV PHWDOV WR FHUDPLFV KDV EHHQ GHWHUPLQHG WR EH

WKH SULRULW\ DUHD >�@�

6XFK DQ DUHD RI UHVHDUFK DV VWXG\LQJ WKH ZHOGDELO�

LW\ RI DGYDQFHG IXQFWLRQDO PDWHULDOV ZLWK WKH IRFXV

RQ GHYHORSPHQW RI SURGXFWLRQ WHFKQRORJLHV KDV EHHQ

DFFHSWHG DV WKH PRVW SURPLVLQJ IRU WKH QHDU�WHUP SH�

ULRG� 7KLV LV D EURDG VXEMHFW� FRYHULQJ GHYHORSPHQW

RI MRLQLQJ SURFHVVHV� DXWRPDWLRQ RI WKH WHFKQRORJLFDO

SURFHVV� GHYHORSPHQW RI KLJKO\PHFKDQLVHG HTXLSPHQW

ZLWK IHHGEDFNV� HWF� 7KLV DUHD LV IRFXVHG RQ VROYLQJ

WKH SUREOHP RI PDQXIDFWXULQJ ILQLVKHG ZHOGPHQWV

ZLWK D JXDUDQWHHG TXDOLW\� QRW UHTXLULQJ DQ\ VXE�

VHTXHQW WUHDWPHQW >�@�

7KH FDUGLQDO SUREOHPV� IDFHG E\KXPDQLW\ DQGZRUOG

HFRQRP\ DW WKH VWDUW RI WKH;;, FHQWXU\� FDQ EH JURXSHG

LQWR WKH IROORZLQJ DUHDV� SRZHU JHQHUDWLRQ� UDZ PDWH�

ULDOV DQG RWKHU UHVRXUFHV� KXPDQ IDFWRU� HFRORJ\�

$OO WKHVH SUREOHP DUHDV SHUWDLQ WR ZHOGLQJ VFLHQFH�

HTXLSPHQW DQG IDEULFDWLRQ WR YDU\LQJ GHJUHHV� DV ZHOG�

LQJ DQG DOOLHG WHFKQRORJLHV DUH WKH EDVLF WHFKQRORJLFDO

SURFHVV LQ PDWHULDO SURGXFWLRQ LQ WKH PRGHUQ VRFLHW\�

$ WHQGHQF\ WR FRVW�HIIHFWLYH DQG HIILFLHQW XVH RI

SRZHU DQG UDZ PDWHULDO UHVRXUFHV PHDQV QRW RQO\

WUDQVLWLRQ WR WKH UHVRXUFHV� DQG SRZHU�VDYLQJ WHFK�

QRORJLHV RI ZHOGLQJ DQG MRLQLQJ� EXW DOVR LPSURYHPHQW

RI WKH �UHVRXUFHV HIILFLHQF\� LQ PRGHUQ SURGXFWLRQ�

%DVLF GHYHORSPHQW KDV EHHQ VWDUWHG WR DSSO\ UH�

QHZDEOH HQHUJ\ VRXUFHV IRUZHOGLQJ SURFHVV LQZHOGLQJ

IDEULFDWLRQ�

7KH KXPDQ IDFWRU LQ ZHOGLQJ IDEULFDWLRQ PHDQV

LPSURYHPHQW RI WKH V\VWHP RI SURIHVVLRQDO WUDLQLQJ

DQG FHUWLILFDWLRQ RI HQJLQHHULQJ� WHFKQLFDO DQG SUR�

GXFWLRQ SHUVRQQHO� 4XDOLILFDWLRQ RI VSHFLDOLVWV DQG

ZHOGLQJ RSHUDWRUV LQ WHUPV RI DVVXUDQFH RI WKH TXDOLW\

RI ZHOGHG VWUXFWXUHV DQG SURGXFWV KDV DFTXLUHG D GH�

FLVLYH UROH DIWHU LQWURGXFWLRQ RI D V\VWHP RI TXDOLW\

PDQDJHPHQW �,62 ����� LQWR WKH ZRUOG LQGXVWU\� -D�

SDQ� ZLWK LWV FKURQLF GHILFLW RI TXDOLILHG ZHOGLQJ RS�

HUDWRUV� LQWHQGV WR JR RYHU WR WKH V\VWHP RI WUDLQLQJ

DQG FHUWLILFDWLRQ DFFRUGLQJ WR WKH LQWHUQDWLRQDO VWDQG�

DUGV DQG QRUPV RI ,,:� ,Q SDUWLFXODU� WKH IRFXV LV RQ

ZLGHO\ XVLQJ WKH WUDLQLQJ PDWHULDOV RQ &'�520� GH�

YHORSHG E\ 7:,�

:HOGLQJ IDEULFDWLRQ ZLWK JRRG UHDVRQ LV FRQVLG�

HUHG WR EH D TXLWH �KDUPIXO� SURGXFWLRQ LQ WHUPV RI

LWV LQIOXHQFH RQ SHUVRQQHO KHDOWK DQG HQYLURQPHQWDO

LPSDFW� 7RGD\ -DSDQHVH VFLHQWLVWV DQG GHYHORSHUV RI

ZHOGLQJ WHFKQRORJLHV DQG ILOOHU PDWHULDOV UHJDUG WKHLU

HFRORJLFDO VDIHW\ DQG PLQLPDO LPSDFW RQ WKH ZRUNLQJ

]RQH DQG SHUVRQQHO DV WKH KLJKHVW SULRULW\� ,QGLUHFW

HYLGHQFH RI WKH IRFXV RQ HFRORJ\ LQZHOGLQJ IDEULFDWLRQ

LV D VWDEOH WHQGHQF\ RI WKH -DSDQHVH PDQXIDFWXUHUV WR

UHGXFH WKH RXWSXW RI FRDWHG HOHFWURGHV IRU PDQXDO

ZHOGLQJ� 1RW OHVV XUJHQW IRU ZHOGLQJ IDEULFDWLRQ DUH

WKH SUREOHPV RI UHGXFWLRQ DQG PDQDJHPHQW RI ZDVWHV�

LQFUHDVLQJ WKH YROXPH RI UHF\FOLQJ RI ZHOGHG VWUXF�

WXUHV DQG SURGXFWV DIWHU WKHLU VHUYLFH OLIH LV RYHU� ,W

VKRXOG EH QRWHG WKDW DV UHJDUGV VROYLQJ WKLV SUREOHP�

-DSDQ WRRN D OHDGLQJ SRVLWLRQ DOUHDG\ DW WKH HQG RI

WKH ODVW FHQWXU\� 6R� LQ ���� DERXW ���� HQWHUSULVHV

LQ -DSDQ KDYH SDVVHG WKH DXGLW DQG UHFHLYHG ,62 �����

FHUWLILFDWLRQ� WKLV EHLQJ ≈ �� � RI DOO WKH HQWHUSULVHV

RI WKH ZRUOG� KDYLQJ LQWHUQDWLRQDO HFRORJLFDO FHUWLIL�

FDWLRQ E\ DQ DSSURSULDWH LQWHUQDWLRQDO VWDQGDUG�

6FLHQWLVWV RI WKH 2VDND 8QLYHUVLW\ EHOLHYH� WKDW

DW WKLV QHZ VWDJH RI GHYHORSPHQW RI IDEULFDWLRQ RI

KLJKO\ UHOLDEOH DQG FRVW�HIIHFWLYH ZHOGHG VWUXFWXUHV

LQ GLIIHUHQW VHFWRUV RI LQGXVWU\ DQG FRQVWUXFWLRQ� WKH

SUREOHP RI ZHOGDELOLW\ DQG� SULPDULO\� PRUH SUHFLVH

GHILQLWLRQ RI WKH FDXVHV IRU FUDFNLQJ LQ ZHOGLQJ� VWLOO

UHPDLQV WR EH WKH IXQGDPHQWDO DQG SULRULW\ LVVXH�

6XFK LQYHVWLJDWLRQV DUH UHTXLUHG� SULPDULO\ WR ILQG

WKH PHWKRGV IRU LPSURYHPHQW RI ZHOGDELOLW\ RI WKH

FXUUHQWO\ DYDLODEOH VWHHOV DQG GHYHORSPHQW RI QHZ

UHDGLO\ ZHOGDEOH VWHHOV� LQ SDUWLFXODU� KLJK�VWUHQJWK

VWHHOV� LQFOXGLQJ WZR�SKDVH VWHHOV� ,)� DQG 75,3�

VWHHOV� VWDLQOHVV DQG RWKHU VSHFLDO VWHHOV DQG DOOR\V RI

QRQ�IHUURXV PHWDOV� $QRWKHU SUREOHP LQ WKLV DUHD LV

GHYHORSPHQW RI VWUXFWXUDO PDWHULDOV� FDSDEOH RI SUH�

VHUYLQJ KLJK SURSHUWLHV LQ WKH +$= DW D KLJK DQG ORZ

KHDW LQSXW LQ ZHOGLQJ�

&RPSXWHU PRGHOOLQJ RI WKH SURFHVV RI ZHOGLQJ DQG

IRUPDWLRQ RI WKH ZHOGHG MRLQW LV FRQVLGHUHG WR EH D

SULRULW\ WUHQG LQ GHYHORSPHQW RI VSHFLILF ZHOGLQJ WHFK�

QRORJLHV� 6XFK D PRGHUQ SURFHGXUDO DSSURDFK ZLOO

DOORZ FUHDWLRQ RI D V\VWHP RI VHOHFWLRQ RI WKH RSWLPDO

ZHOGLQJ SDUDPHWHUV� RQ�OLQH FRQWURO DQG DFWLYH PRQL�

WRULQJ� 5HVLVWDQFH VSRW ZHOGLQJ DQG 7,*�SURFHVV SDU�

WLFXODUO\ QHHG WKDW� 1RW OHVV FRPSOLFDWHG LV WKH SURE�

OHP RI PRGHOOLQJ GURS WUDQVIHU RI PHWDO LQ WKH ZHOGLQJ

DUF� GHSHQGLQJ RQ WKH ZLUH DQG VKLHOGLQJ PHGLXP

FRPSRVLWLRQ DQG VKDSH RI ZHOGLQJ FXUUHQW FXUYH� $OVR

XUJHQW LV WKH SUREOHP RI HOHFWURQLF PRGHOOLQJ DQG

VLPXODWLRQ RI WKH SURFHVVHV LQ WKH OLTXLG PHWDO SRRO

DQG LWV VXEVHTXHQW VROLGLILFDWLRQ LQ HOHFWULF DUF ZHOG�

LQJ� (%: DQG /:�

6SHFLDOLVWV QRWHG WKH QHHG WR H[HUFLVH DQ LQWHJUDWHG

DSSURDFK WR VHOHFWLRQ DQG RSWLPL]DWLRQ RI WKH WHFK�

QRORJ\ RI IXVLRQ ZHOGLQJ� LQFOXGLQJ VHOHFWLRQ RI DQ

RSWLPDO FRPELQDWLRQ RI WKH EDVH DQG ILOOHU PDWHULDO�

FRPSRVLWLRQ RI WKH VKLHOGLQJ JDVHV RU WKHLU PL[WXUH�

FRVW�HIIHFWLYH SRZHU VRXUFH DQG DQ HIIHFWLYH V\VWHP

RI FRQWURO RI WKH MRLQLQJ SURFHVV� 7KLV LV WKH RQO\

DSSURDFK WKDW FXUUHQWO\ SURYLGHV D KLJK�TXDOLW\ MRLQW

ZLWK D �VXSHU� ZHOG� 1LSSRQ 6WHHO UHSUHVHQWDWLYH UHF�

RPPHQGHG WKH GHYHORSHUV WR DVN WKH TXHVWLRQ� �,V

-DSDQ IROORZLQJ WKH SDWK WKDW KDV DOUHDG\ EHHQ RU LV

EHLQJ FRYHUHG E\ RWKHU FRXQWULHV RI WKHZRUOG"�� ZKHQ
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GHYHORSLQJ D QHZ ZHOGLQJ WHFKQRORJ\� LQFOXGLQJ WKH

HTXLSPHQW DQG PDWHULDOV�

,Q WKH ILHOG RI DXWRPDWLRQ RI ZHOGLQJ IDEULFDWLRQ

-DSDQ VWLOO IRFXVHV RQ URERWLVDWLRQ RI ZHOGLQJ DQG

DOOLHG WHFKQRORJLHV ERWK LQ ODUJH�VFDOH SURGXFWLRQ

�FDU�PDNLQJ� VKLS�EXLOGLQJ� HWF��� DQG LQPHGLXP� DQG

VPDOO�VL]HG EXVLQHVVHV� 7KH GLYHUVLW\ RI URERW GHVLJQV

LV JURZLQJ DQG WKHLU WHFKQRORJLFDO IXQFWLRQDOLW\ LV

ZLGHQLQJ� 5RERWLF SURGXFWLRQ OLQHV� FRPSOH[HV DQG

ZHOGLQJ FHOOV DUH WR EH FUHDWHG� )LUVW JHQHUDWLRQ URERWV

EHJDQ WR EH UHSODFHG E\ PRUH DGYDQFHG V\VWHPV� RI

WKH W\SH RI 52%8'(;������ ILWWHG ZLWK DGYDQFHG

VRIWZDUH� VHQVRUV� D VHOI�WHDFKLQJ V\VWHP DQG KDYLQJ

D KLJK HIILFLHQF\� ,Q WKH QHDU IXWXUH WKH URERW IOHHW LV

WR EH FRPSOHPHQWHG E\ URERWV� FRQWUROOHG E\ WKH RS�

HUDWRUsV YRLFH� DQG FDSDEOH RI DQDO\WLFDO HYDOXDWLRQ

RI WKH SURJUHVV RI WKH WHFKQRORJLFDO SURFHVV�

7KH PDMRULW\ RI WKH SDUWLFLSDQWV RI WKH �URXQG

WDEOH� GLVFXVVLRQ LQ WKHLU SUHVHQWDWLRQV DQG GXULQJ

WKH GLVFXVVLRQ HPSKDVL]HG WKH GHWHUPLQDQW UROH RI

FRPSXWHUL]DWLRQ LQ UHVHDUFK DQG DW DOO WKH VWDJHV RI

ZHOGLQJ IDEULFDWLRQ� 7KHUH LV HYHU\ JURXQG WR EHOLHYH

WKDW LQ ;;, FHQWXU\ PRVW RI WKH VFLHQWLILF DQG SUR�

GXFWLRQ SUREOHPV FDQ EH UHVROYHG RQ WKH EDVLV RI WKH

DSSURSULDWH FRPSXWHU PRGHOV� 7KLV VKRXOG EH SUR�

PRWHG E\ FUHDWLRQ RI DQ DOO�SXUSRVH VRIWZDUH DQG WKH

DELOLW\ WR SXOO WKH UHTXLUHG '% DQG RWKHU LQIRUPDWLRQ

RXW RI WKH ,QWHUQHW� 7KH ILQDO DLP RI PRGHOOLQJ LV

UHGXFWLRQ RI ODERXU FRQVXPSWLRQ LQ UHVHDUFK DQG GH�

YHORSPHQW RI ZHOGLQJ WHFKQRORJLHV DQG PDWHULDOV� $V

WKH PRGHO OHYHOV EHFRPH KLJKHU� WKH VFRSH RI WKH UH�

TXLUHG WKHRUHWLFDO DQG H[SHULPHQWDO LQYHVWLJDWLRQV LV�

DV D UXOH� UHGXFHG� ,W LV VWDWHG WKDW ERWK PRGHOOLQJ RI

WKH WHFKQRORJLFDO SURFHVV� DQG GHVLJQ RI ZHOGLQJ FRQ�

VXPDEOHV DQG ZHOGHG VWUXFWXUHV� LUUHVSHFWLYH RI WKH

QDWXUH DQG SDUDPHWHUV RI WKH PRGHOHG REMHFW� ZLOO EH

EDVHG RQ DSSOLFDWLRQ RI QHXWUDO QHWZRUNV�

-DSDQHVH H[SHUWV LQFOXGHG WKH SUREOHP RI KDUPRQL]�

LQJ WKH QDWLRQDO VWDQGDUGV� QRUPV DQG UXOHV ZLWK WKH

LQWHUQDWLRQDO �,62�� (XURSHDQ �=(1� VWDQGDUGV� DV

ZHOO DV ,,: UHFRPPHQGDWLRQV LQWR WKH SULRULW\ DUHDV IRU

WKH QDWLRQDO ZHOGLQJ IDEULFDWLRQ LQ WKH ILUVW GHFDGH�

�� %HUQDGVN\� 9�1�� 0DNRYHWVND\D� 2�.� ������ &XUUHQW WHQ�
GHQFLHV RI RUJDQL]DWLRQ DQG ILQDQFLQJ RI UHVHDUFK DQG GHYH�
ORSPHQW DEURDG� 2E]RUQD\D ,QIRUPDWVL\D ,(6� .\LY� 3:,�

�� ������ 5ROH RI WKH -DSDQ :HOGLQJ 6RFLHW\ LQ GLIIHUHQW ILHOGV
RI ZHOGLQJ VFLHQFH DQG PDQXIDFWXULQJ� -� -:6� �� �w���

�� ������ 7HFKQRORJ\ RI ZHOGLQJ DQG MRLQLQJ LQ ;;, FHQWXU\�
,ELG�� �� �w���

�� %HUQDGVN\� 9�1�� 'PLWULHYD� 1�$� ������ 6WDWH�RI�WKH�DUW
DQG GHYHORSPHQW RI ZHOGLQJ PDQXIDFWXULQJ LQ -DSDQ� 6YD�
URFKQ� 3URL]YRGVWYR� �� ��w���

�� ������ 69(67$������ (FRQRPLF�VWDWLVWLFDO GDWD RQ ZHO�
GLQJ PDQXIDFWXULQJ� .\LY� 3:,�

�� 3HNNDUL� %� ������ )UDPWLGD VYHWVPHWRGH] M HQ XWKDOOLQ
0LOMR� 6YHWVHQ� �� ���
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7KH SDSHU DQDO\VHV WKH H[SHULHQFH RI GHYHORSPHQW DQG DSSOLFDWLRQ RI KLJKO\ HIILFLHQW HTXLSPHQW IRU VHDOLQJ IXHO HOHPHQWV

LQ ::(5 W\SH UHDFWRUV� XVLQJ UHVLVWDQFH ZHOGLQJ� $ WZR�SRVLWLRQ XQLW� WKDW VLPXOWDQHRXVO\ SURFHVVHV WZR IXHO HOHPHQWV

LQ WKH DXWRPDWLF PRGH� KDV EHHQ GHYHORSHG RQ WKH EDVLV RI $66. DXWRPDWLF ZHOGLQJ PDFKLQHV DQG LV EHLQJ XVHG

VXFFHVVIXOO\� 7KH RSHUDWLRQ RI WKH XQLW LV SURYLGHG E\ FRQWURO V\VWHP� SQHXPDWLF V\VWHP� V\VWHP RI SXPSLQJ GRZQ DQG

ILOOLQJ WKH IXHO HOHPHQWV ZLWK KHOLXP� DV ZHOO DV ZHOGLQJ SRZHU VRXUFH WKDW DUH FRPPRQ IRU ERWK WKH ZHOGLQJ KHDGV�

7KHVH XQLWV ZHUH WKH EDVLV WR GHYHORS KLJKO\ HIILFLHQW DXWRPDWHG OLQHV IRU ZHOGLQJ DQG VHDOLQJ WKH IXHO HOHPHQWV�

.H\ ZRU G V � UHVLVWDQFH ZHOGLQJ� IXHO HOHPHQW� VHDOLQJ�
DXWRPDWLF PDFKLQH� XQLW

)XHO HOHPHQWV LQ ::(5 W\SH UHDFWRUV DUH ORQJ

WKLQ�ZDOOHG WXEHV RI D ]LUFRQLXP DOOR\ RI DERXW � PP

GLDPHWHU� ILOOHG ZLWK FHUDPLF QXFOHDU IXHO LQ WKH IRUP

RI F\OLQGULFDO WDEOHWV DQG LQFUHDVHG�SUHVVXUH KHOLXP�

7R SURYLGH WKH UHTXLUHG SXULW\ RI WKH DWPRVSKHUH� WKH

LQQHU YROXPH RI WKH IXHO HOHPHQWV LV SXPSHG GRZQ

SULRU WR VHDOLQJ� 6HDOLQJ LV SHUIRUPHG E\ UHVLVWDQFH

ZHOGLQJ RI WXEH�SOXJV IURP WKH HOHPHQW HQG IDFHV�

IRUPLQJ WKH IXHO HOHPHQW VKHOO� 0RVW RI WKH IXHO HOH�

PHQWV DUH FXUUHQWO\ PDGH ZLWK DSSOLFDWLRQ RI UHVLV�

WDQFH ZHOGLQJ� )RU WKLV SXUSRVH WKH ORFDO LQGXVWU\ KDV

PDVWHUHG WKH PDQXIDFWXUH RI DXWRPDWLF ZHOGLQJ PD�

FKLQHV RI $66. W\SH� 'XULQJ WKHLU LQWURGXFWLRQ LQ

WKH 1RYRVLELUVN 3ODQW RI &KHPLFDO &RQFHQWUDWHV� GH�

YHORSPHQW ZRUN KDV EHHQ SHUIRUPHG WR LPSURYH WKH

VWDELOLW\ DQG UHOLDELOLW\ RI IXQFWLRQLQJ RI LQGLYLGXDO

FRPSRQHQWV DQG WKH DXWRPDWLF PDFKLQHV� DV D ZKROH�

ZKLFK ZHUH EDVHG RQ $66. ���� DXWRPDWLF ZHOGLQJ

PDFKLQHV� 2QH RI WKH SUREOHPV WKDW WKH SODQW H[SHUWV

IDFHG GXULQJ SXPSLQJ GRZQ� ZDV LQWHQVLYH UHPRYDO

RI ILQHO\�GLVSHUVHG DEUDVLYH SDUWLFOHV RI WKH IXHO IURP

XQGHU WKH IXHO HOHPHQW VKHOO� WKHVH SDUWLFOHV EHLQJ

� ,�1� 6,'2529� $�$� *5$'29,&+� $�$� .,6/,76.<� 9�9� 52=+.29� $�9� 6758.29� ,�*� &+$3$(9 DQG 3�,� /$95(1<8.� ����
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IRUPHG DV D UHVXOW RI PHFKDQLFDO IULFWLRQ RI IXHO WDEOHWV

DJDLQVW HDFK RWKHU LQ WUDQVSRUWDWLRQ DQG ORDGLQJ LQWR

WKH IXHO HOHPHQW�

7KH SXPSLQJ GRZQ SURFHVV LV WKH ORQJHVW RSHUDWLRQ

LQ VHDOLQJ RI WKH IXHO HOHPHQWV� VR DWWHPSWV ZHUH PDGH

WR VKRUWHQ LW DV PXFK DV SRVVLEOH GXULQJ GHYHORSPHQW

RI WKH DXWRPDWLF PDFKLQHV� )RU WKLV SXUSRVH VSHFLDO

YDFXXP SOHQXPV ZHUH PRXQWHG RQ WKH DXWRPDWLF PD�

FKLQHV� SURYLGLQJ D IDVW SXPSLQJ GRZQ RI WKH IXHO

HOHPHQWV DW WKH ILUVW PRPHQW DIWHU FRQQHFWLRQ RI WKH

DXWRPDWLF PDFKLQH FKDPEHU WR WKH YDFXXP V\VWHP� $

IDVW FRQQHFWLRQ RI WKH LQQHU YROXPH RI WKH IXHO HOHPHQW

RI VHYHUDO WHQV RI FXELF FHQWLPHWHUV WR D YDFXXP OLQH

RI D YROXPH WKDW LV PDQ\ WLPHV ODUJHU� WKDQ WKH IUHH

YROXPH XQGHU WKH VKHOO� OHG WR DQ LQVWDQW SUHVVXUH

GURS LQ WKH ZHOGLQJ FKDPEHU RI WKH DXWRPDWLF PDFKLQH

�IURP WKH DWPRVSKHULF WR ≈ ���� 3D� DQG UHPRYDO RI

GXVWOLNH SDUWLFOHV RI IXHO LQWR WKH FKDPEHU� :LWK WLPH
WKH IXHO SDUWLFOHV� UHPRYHG E\ DQ DLU IORZ IURP XQGHU

WKH IXHO HOHPHQW VKHOO DFFXPXODWHG LQ WKH VHDWV RI WKH

PRELOH SDUWV RI WKH DXWRPDWLF PDFKLQH� FDXVLQJ WKHLU

MDPPLQJ DQG IDLOXUH� DQG GHSRVLWHG RQ WKH FRQWDFW

VXUIDFHV RI WKH ZHOGLQJ IL[WXUH� WKXV ORZHULQJ LWV UH�

VLVWDQFH�

,Q RUGHU WR UHGXFH WKH FRQWDPLQDWLRQ RI WKH ZHOG�

LQJ FKDPEHU ZLWK WKH IXHO SDUWLFOHV� WKH SRVVLELOLW\ RI

XVLQJ WKURWWOLQJ RULILFHV� DXWRPDWLF YDOYHV ZLWK D YDUL�

DEOH RSHQ IORZ DUHD ZDV VWXGLHG� ,Q DOO WKH FDVHV�

KRZHYHU� HLWKHU WKH SXPSLQJ GRZQ WLPH ZDV LQFUHDVHG
VLJQLILFDQWO\� RU LW ZDV QRW SRVVLEOH WR UHGXFH WKH

UHPRYDO RI WKH IXHO SDUWLFOHV WR DFFHSWDEOH OLPLWV� 2S�

WLPDO UHVXOWV ZHUH GHULYHG DIWHU WKH YDFXXP SOHQXP

VZLWFKLQJ RII DQG FRQQHFWLRQ RI WKH YDFXXP V\VWHP

WR WKH DWPRVSKHUH IRU ���w��� V DW WKH PRPHQW RI WKH

VWDUW RI SXPSLQJ GRZQ� ,Q DGGLWLRQ� GLIIHUHQW WXELQJ

EHJDQ WR EH XVHG IRU SXPSLQJ GRZQ DQG ILOOLQJ WKH
IXHO HOHPHQW DQG WKH ZHOGLQJ FKDPEHU ZLWK KHOLXP�
WKXV SUHYHQWLQJ DGGLWLRQDO WUDQVIHU RI IXHO SDUWLFOHV

ZLWKLQ WKH ZHOGLQJ FKDPEHU� 7KXV� WKH UHOLDELOLW\ DQG

VWDELOLW\ RI WKH DXWRPDWLF PDFKLQH RSHUDWLRQ ZHUH

HQVXUHG DV D UHVXOW RI RSWLPLVLQJ WKH WHFKQRORJ\ RI

SXPSLQJ GRZQ WKH IXHO HOHPHQW ZLWK DQ DWPRVSKHUH

RI WKH VSHFLILHG FRPSRVLWLRQ DQG SUHVVXUH� DQG WKH

GHVLJQ DQG FLUFXLW YDULDQWV RI WKH DXWRPDWLF PDFKLQH�
7KH HIILFLHQF\ RI WKH DERYH SURFHVV� KRZHYHU� VWLOO
UHPDLQHG ORZ� $FFRUGLQJ WR WKH FHUWLILFDWH GDWD� WKH

HIILFLHQF\ RI WKH DXWRPDWLF PDFKLQH� WDNLQJ LQWR DF�

FRXQW WKH SHUIRUPDQFH RI RSHUDWLRQV� SURYLGLQJ WKH

VSHFLILHG DWPRVSKHUH XQGHU WKH VKHOO� LV �� LWHPV SHU

KRXU >�@� 7KH PDLQ WLPH RI WKH DXWRPDWLF PDFKLQH

SURFHVV F\FOH LV WDNHQ XS E\ SDUWV IHHGLQJ LQWR WKH

ZHOGLQJ ]RQH� SXPSLQJ GRZQ DQG ILOOLQJ RI WKH LQQHU

YROXPH ZLWK KHOLXP� DV ZHOO DV WDNLQJ WKH VHDOHG IXHO

HOHPHQW RXW RI WKH DXWRPDWLF PDFKLQH� 7KH ZHOGLQJ

SURFHVV SURSHU WDNHV IUDFWLRQV RI D VHFRQG� ,QVXIILFLHQW

HIILFLHQF\ UHVXOWV HLWKHU LQ PRUH FRPSOLFDWHG SURFHVV

VHTXHQFHV RU LQFUHDVH RI WKHLU QXPEHU�

,Q RUGHU WR IXOILO WKH SURGXFWLRQ WDVNV DW PLQLPDO

H[SHQVH� D WZR�SRVLWLRQ UHVLVWDQFH ZHOGLQJ XQLW� ZLWK

LWV VFKHPDWLFV VKRZQ LQ )LJXUH �� KDV EHHQ GHYHORSHG

RQ WKH EDVH RI $66. W\SH DXWRPDWLF PDFKLQHV� LQFRU�

SRUDWLQJ WKH UHWURILWV� DQG LV XVHG DW WKH 1RYRVLELUVN

3ODQW RI &KHPLFDO &RQFHQWUDWHV WR PDQXIDFWXUH WKH

IXHO HOHPHQWV LQ ::(5����� DQG ::(5���� W\SH
UHDFWRUV� 7KH XQLW FRQVLVWV RI FRQYH\HU � IRU ODWHUDO

GLVSODFHPHQW RI IXHO HOHPHQW �ZLWK VWHS W� WZR �PLQL�

PXP� ZHOGLQJ KHDGV � RI $66.����������� DXWRPDW�

LF PDFKLQHV ZLWK XSJUDGHG GHVLJQV DQG FLUFXLWV� 7KH

LQWHU�D[LDO VSDFLQJ RI ZHOGLQJ FKDPEHUV 6 ZDV GHWHU�

PLQHG IURP WKH IROORZLQJ UHODWLRQVKLS�

6 = W(PN + �)�

ZKHUH P LV DQ\ LQWHJHU QXPEHU� EHJLQQLQJ IURP D

XQLW\� N LV WKH QXPEHU RI ZHOGLQJ KHDGV LQ WKH XQLW�

HTXDO WR WKH QXPEHU RI WKH FRQYH\RU EHOW VWHSV DW HDFK

VLQJOH WUDYHO�

(ORQJDWLRQ RI WKH EXVEDUV LQ FRQQHFWLRQ ZLWK UH�

ORFDWLRQ RI WUDQVIRUPHU � RI WKH SRZHU VRXUFH� FRP�

SDUHG WR DXWRPDWLF PDFKLQHV $66.� LV SDUWLDOO\ FRP�

SHQVDWHG E\ WKH LQFUHDVH RI WKHLU FURVV�VHFWLRQ� 7KH

GLPHQVLRQV RI WKH EXVEDUV DQG WKHLU UHODWLYH ORFDWLRQ

ZHUH VHOHFWHG� WDNLQJ LQWR DFFRXQW WKH UHFRPPHQGD�

WLRQV RI >�@� 2QH RI WKH KHDGV LV ILWWHG ZLWK D GHYLFH

IRU EUHDNLQJ VHFRQGDU\ FLUFXLW � RI WKH WUDQVIRUPHU�

WKDW LV FRQQHFWHG WR HOHFWURGH � YLD WKH URG RI ZHOGLQJ

IRUFH GULYH �� 6HDOV � DUH XVHG IRU VHDOLQJ WKH ZHOGLQJ

FKDPEHUV� :HOGLQJ KHDGV KDYH D FRPPRQ FRQWURO V\V�

WHP� SQHXPDWLF V\VWHP� V\VWHP RI SXPSLQJ GRZQ DQG

ILOOLQJ WKH IXHO HOHPHQW ZLWK KHOLXP �� DV ZHOO DV WKH

ZHOGLQJ VRXUFH� )XHO HOHPHQWV DUH IHG WR WKH ZHOGLQJ

KHDGV E\ D FRQYH\RU ZLWK VLQJOH WUDYHO �W� 7KXV� SR�
VLWLRQLQJ RI QHZ IXHO HOHPHQW EODQNV� QRW VXEMHFWHG

WR ZHOGLQJ� RSSRVLWH HDFK ZHOGLQJ KHDG� LV SURYLGHG�

$OO WKH RSHUDWLRQV ZLWK WKH IXHO HOHPHQW EODQNV�

ORDGHG LQWR WKH ZHOGLQJ FKDPEHUV RI WKH XQLW� DUH

FDUULHG RXW LQ SDUDOOHO� H[FHSW IRU ZHOGLQJ SURSHU�

SHUIRUPHG LQ PLQLPDO WLPH VHTXHQWLDOO\� 7KH JHQHUDO

YLHZ RI WKH XQLW LV VKRZQ LQ )LJXUH ��

$66. DXWRPDWLF PDFKLQHV KDYH FDSDFLWRU�W\SH

SRZHU VRXUFHV WKDW DUH VXIILFLHQWO\ FULWLFDO WR WKHZHOG�

LQJ FLUFXLW LPSHGDQFH SDUDPHWHU� 'HVLJQ RI WKH EXV�

EDUV DQG VHOHFWLRQ RI WKH ORFDWLRQ RI WKH ZHOGLQJ WUDQV�

IRUPHU UHODWLYH WR WKH ZHOGLQJ KHDGV� SURYLGHG WKH
PRGHV RI ZHOGLQJ LQ WKH WZR�SRVLWLRQ XQLWV� FORVH WR

WKH PRGHV LQ $66. DXWRPDWLF PDFKLQHV �LQFUHDVH RI

)LJXUH �� 6FKHPDWLF RI D XQLW IRU UHVLVWDQFH ZHOGLQJ RI IXHO HOHPHQWV
RI SRZHU UHDFWRUV �IRU GHVLJQDWLRQV VHH WKH WH[W�
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WKH FDSDFLWRU EDQN FKDUJLQJ YROWDJH ZDV OHVV WKDQ

�� ��� )RU D PRUH IOH[LEOH DGMXVWPHQW RI WKH ZHOGLQJ

PRGHV� FKDQJHV ZHUH PDGH LQ WKH FRQWURO V\VWHP RI

WKH ZHOGLQJ EDQN FKDUJLQJ� WKDW SURYLGHG D VHSDUDWH

DGMXVWPHQW RI WKLV SDUDPHWHU IRU HDFK ZHOGLQJ KHDG�

$LU SUHVVXUH LQ WKH ZHOGLQJ IRUFH GULYHV DOVR KDV D

VHSDUDWH DGMXVWPHQW� :HOGLQJ SRVLWLRQV DUH ILWWHG

ZLWK VHQVRUV RI WKH SOXJ GLVSODFHPHQW�

/DWHU RQ WKUHH PRUH VLPLODU XQLWV ZHUH PDGH LQ

WKH SODQW� WKDW ZHUH WKH EDVLV IRU GHYHORSLQJ FRPSDFW

KLJKO\ HIILFLHQW DXWRPDWHG OLQHV IRU IXHO HOHPHQW ZHOG�

LQJ DQG VHDOLQJ �)LJXUH ��� QRW UHTXLULQJ PRUH VKRS

VSDFH� DQG DOVR DOORZLQJ UHGXFWLRQ RI WKH FDSLWDO FRVW

RI WKH SRZHU VRXUFHV DQG WKH FRQWURO V\VWHP�

&21&/86,216

�� 8SJUDGLQJ RI DXWRPDWLF PDFKLQHV RI $66. W\SH

KDV EHHQ FRQGXFWHG LQ RUGHU WR LQFUHDVH WKH UHOLDELOLW\

DQG VWDELOLW\ RI WKHLU RSHUDWLRQ�

�� $XWRPDWLF PDFKLQHV RI $66. W\SH ZHUH WKH

EDVLV WR GHYHORS DQG PDVWHU D WZR�SRVLWLRQ XQLW IRU

UHVLVWDQFH ZHOGLQJ RI IXHO HOHPHQWV�

�� 7KH DERYH XQLWV ZHUH WKH EDVLV IRU GHYHORSPHQW

RI FRPSDFW KLJKO\ HIILFLHQW OLQHV IRU PDQXIDFWXULQJ

IXHO HOHPHQWV IRU ::(5 W\SH UHDFWRUV�

�� 8VH RI WKH GHYHORSHG XQLWV LPSURYHV WKH RSHUD�

WLRQDO FDSDELOLWLHV RI SURGXFWLRQ RZLQJ WR WKHLU KLJK

HIILFLHQF\� UHGXFHV WKH UHTXLUHG VKRS VSDFH DQG ORZHUV

WKH HTXLSPHQW FRVW�

�� 5HVKHWQLNRY� )�*�� %LELODVKYLOL� <X�.�� *RORYQLQ� ,�6� HW
DO� ������ 'HYHORSPHQW� SURGXFWLRQ DQG RSHUDWLRQ RI IXHO
HOHPHQWV RI SRZHU UHDFWRUV� 0RVFRZ� (QHUJRDWRPL]GDW�

�� 5\VNRYD� =�$� ������ 7UDQVIRUPHUV IRU HOHFWULF UHVLVWDQFH
ZHOGLQJ� /HQLQJUDG� (QHUJL\D�

)LJXUH �� 8QLW IRU UHVLVWDQFH ZHOGLQJ RI IXHO HOHPHQWV

)LJXUH �� $XWRPDWHG OLQH IRU IXHO HOHPHQW VHDOLQJ� EDVHG RQ WKH
UHVLVWDQFH ZHOGLQJ XQLW
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9�<X� .+$6.,1 DQG 9�3� *$5$6+&+8.

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

3URFHVV RI ODVHU DOOR\LQJ RI VWHHOV ��.K�0�)75 DQG ��.K1�0)$ ZDV LQYHVWLJDWHG� 7HFKQRORJ\ IRU VWUHQJWKHQLQJ

VXUIDFHV RI ZRUNSLHFHV RSHUDWLQJ DW KLJK WHPSHUDWXUHV LQ DJJUHVVLYH HQYLURQPHQWV ZDV GHYHORSHG� SURYLGLQJ DQ H[WHQVLRQ

RI WKHLU VHUYLFH OLIH E\ PRUH WKDQ ���w� WLPHV� ,W ZDV HVWDEOLVKHG WKDW WKH ODVHU DOOR\LQJ ZLWK D PL[WXUH RI FKURPLXP

DQG UHOLWH SRZGHUV SURYLGHG DQ LQFUHDVH RI VHYHUDO WLPHV LQ ZHDU UHVLVWDQFH RI K\SRHXWHFWRLG FRPSOH[O\�DOOR\HG VWHHOV

DQG LQ WKHLU KHDW UHVLVWDQFH IURP ��� WR DERXW ���� �&�

.H\ ZRU G V � ODVHU UDGLDWLRQ� FODGGLQJ� FRPSOH[O\�DOOR\HG
VWHHOV� ZHDU UHVLVWDQFH� ILOOHU PDWHULDOV� PLFURFUDFNV� +)�SUH�

KHDWLQJ

2QH RI WKH UDUHO\ XVHG ODVHU WHFKQRORJLHV RI VWUHQJWK�

HQLQJ LV DOOR\LQJ� ,W LV XVHG RQO\ LQ PDQXIDFWXUH RI

QHZ SURGXFWV DQG QRW RIWHQ ZLWKVWDQGV WKH FRPSHWL�

WLRQ ZLWK WUDGLWLRQDO YROXPH WKHUPDO WHFKQRORJLHV�

+RZHYHU� WKH ODVHU VWUHQJWKHQLQJ LV EHVW LQ WKRVH FDVHV

ZKHQ WKH FRQYHQWLRQDO WHFKQRORJLHV DUH QRW DFFHSWDEOH

GXH WR WKH JHRPHWU\ RI WKH SDUW EHLQJ VWUHQJWKHQHG
DQG LQDGPLVVLELOLW\ RI GLVWRUWLRQ DW FHUWDLQ VWDJHV RI

PDQXIDFWXUH >�@�

7KH WHFKQRORJ\ RI VWUHQJWKHQLQJ VXUIDFHV RI URWD�
WLRQ ZRUNSLHFHV RSHUDWLQJ DW KLJK WHPSHUDWXUHV LQ

DJJUHVVLYH PHGLD ZDV GHYHORSHG WR LQFUHDVH WKHLU VHUY�

LFH OLIH E\ PRUH WKDQ ���w� WLPHV� ([DPSOH RI WKH

SDUW ZLWK VXFK VXUIDFH �∅ ��×��� PP� LV D URG RI D

VWDUWLQJ�FRQWURO YDOYH RI WKH VWHDP WXUELQH� ,W RSHUDWHV

DW WHPSHUDWXUH RI DERXW ��� �& LQ WKH DWPRVSKHUH RI

RYHUKHDWHG ZDWHU YDSRXU� 7KH SURFHVV RI ODVHU DOOR\LQJ

RI VWHHOV RI ��.K�0�)75 DQG ��.K1�0)$ W\SH ZDV

LQYHVWLJDWHG� ,W ZDV VXJJHVWHG WR GHSRVLW DQ DOOR\HG

OD\HU LQ WKH IRUP RI D SDWK RI � PP ZLGWK DQG ���w
��� PP GHSWK� FRPLQJ LQ D VSLUDO ZLWK D �w� PP SLWFK
EHWZHHQ WXUQV� 6LPLODU FRQGLWLRQV ZHUH HDUOLHU >�@

UHDOL]HG LQ WKH WHFKQRORJLFDO SURFHVV RI D ODVHU FODG�

GLQJ�

([SHULPHQWV ZHUH PDGH LQ WKH HTXLSPHQW GH�

VFULEHG LQ >�@� 'XH WR D ODUJH ZLGWK RI WKH SDWK DQG

UDGLDWLRQ FDSDFLW\ 3  � N:� WKH UDWH RI DOOR\LQJ ZDV

LQ WKH UDQJHV RI ��w�� P�K� :KHQ VHOHFWLQJ WKH ILOOHU

PDWHULDO� VDWLVI\LQJ WKH WHFKQLFDO UHTXLUHPHQWV� WKH

SRZGHUV RI VHOI�IOX[LQJ DOOR\V 3*���1���� 3*���1�

��� 3*�1�� 3*�$1�� 3*�$1�� 3*���1���� +DVWHOOR\

���w��� µP JUDQXOH VL]H�� PHFKDQLFDO PL[WXUHV RI

SRZGHUV 3*�$1� DQG 3*���1��� ZLWK WXQJVWHQ FDU�

ELGH 9.�� WLWDQLXP QLWULGH� FKURPLXP� UHOLWH DQG DOVR

WKHLU FRPELQDWLRQ ZHUH FRQVLGHUHG� &KHPLFDO FRPSR�

VLWLRQ RI WKH PDWHULDOV XVHG LV JLYHQ LQ WKH 7DEOH�

'XH WR FRPSDUDWLYHO\ ORZ VSHHGV RI WKH SURFHVV D
ODUJH +$= ����w��� � RI WKH DOOR\HG OD\HU GHSWK�
ZDV REVHUYHG LQ DOO WKH FDVHV RI WKH ODVHU DOOR\LQJ� ,W

UHSUHVHQWV D ILQH�DFLFXODU PDUWHQVLWH ZLWK PLFURKDUG�

QHVV +9� ���w��� IRU WKH VHOHFWHG FODVV RI VWHHOV�

7KHUH LV α� DQG γ�LURQ� L�H� PDUWHQVLWH DQG IHUULWLF

SKDVHV� LQ D ODUJH DPRXQW ���w�� �� LQ WKH DOOR\LQJ

SDWKV� 6WUXFWXUH RI WKH DOOR\LQJ OD\HU LQ WKH ORZHU

SDUW �QHDU WKH SDUHQW PHWDO� LV WKH UHODWLYHO\ ILQH�GLV�

SHUVHG FU\VWDOOLWHV ZKLFK DUH RULHQWHG QRUPDO WR WKH

WUDQVLWLRQ ]RQH� ,Q WKH XSSHU SDUW RI WKH DOOR\LQJ OD\HU

D FRPSDUDWLYHO\ HTXLOLEULXP ILQH�GLVSHUVHG VWUXFWXUH

LV REVHUYHG�

7KH W\SLFDO GHIHFW RI WKH DOOR\LQJ OD\HU LV PL�
FURFUDFNV� ,Q DOO FDVHV RI DOOR\LQJ ZLWK SRZGHUV RI

DOOR\V RI 1Lw&Uw%w6L V\VWHP WKH SUHVHQFH RI D EULWWOH

HXWHFWLFV IRUPLQJ DW WKH JUDLQ ERXQGDULHV FDQ EH FRQ�

VLGHUHG DV D FDXVH RI WKHLU LQLWLDWLRQ� ,W LV PRUH SURE�

DEOH WKDW WKHVH DUH ERULGHV RU VLOLFLGHV� 0RUHRYHU� WKH

� 9�<X� .+$6.,1 DQG 9�3� *$5$6+&+8.� ����

&KHPLFDO FRPSRVLWLRQ RI PDWHULDOV XVHG� ZW��

0DWHULDO & 0Q 6L &U 1L 0R 7L 9 : % )H

��.K�0�)75 ���� ��� ��� ��� ��� ���

��.K1�0)$ ��� ��� ��� ��� ���

6W�� ����w���� ���w��� %DODQFH

6W��� ���� 6DPH

3*�$1� ���w��� ���w��� ����w���� %DVH ���w��� 8S WR ���

3*�$1� ���w��� ���w��� ����w���� 6DPH ���w��� 8S WR ���

3*�1� ���w��� ���w��� ���� ���� ���w��� %DVH

3*���1��� ���w��� ���w��� %DVH ���w��� 8S WR ���

3*���1��� ���w��� ����w���� ���w���� 6DPH ����w��� ����w����

3*���1��� ���w��� ���w��� ����w���� � ���w��� ���w���
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FUDFNV FDQ LQLWLDWH GXH WR KLJK WHPSRUDU\ VWUHVVHV RF�
FXUULQJ EHFDXVH RI D YROXPH HIIHFW RI D IDVW IRUPDWLRQ
RI PDUWHQVLWH LQ FRROLQJ WKH PROWHQ UHJLRQ RI PHWDO
GRZQ WR WKH WHPSHUDWXUHV RI DERXW ��� �&�

7R SUHYHQW WKH FUDFN IRUPDWLRQ WKH DX[LOLDU\ KLJK�
IUHTXHQF\ �+)� SUHKHDWLQJ RI F\OLQGULFDO VDPSOHV XS
WR VXUIDFH WHPSHUDWXUHV RI DERXW ��� �& ZDV XVHG�
+HUH� WKH UDWHV RI DOOR\LQJ DUH VLJQLILFDQWO\ LQFUHDVHG
�IURP ��w�� WR ���w��� P�K�� ZKLOH WKH FDSDFLW\ RI
WKH ODVHU UDGLDWLRQ LV UHPDLQHG DW WKH VDPH OHYHO
�≈ � N:��

7KH ODVHU DOOR\LQJ ZLWK +)�SUHKHDWLQJ RI 6W�� ZDV
SHUIRUPHG XVLQJ WKH SRZGHU 3*�1� RI )H�EDVHG DOOR\�
7KH KDUGQHVV RI WKH SURGXFHG OD\HU ZDV +5& ��w���
ZKLOH WKH FHUWLILFDWH KDUGQHVV RI WKH XVHG DOOR\ZDV+5&
��w��� 7KH GHSWK RI WKH DOOR\HG OD\HU ZDV ��� PP�
7KHUH ZHUH QR PLFURFUDFNV W\SLFDO RI WKH FRQYHQWLRQDO
ODVHU DOOR\LQJ� 0LFURVWUXFWXUH RI WKH DOOR\HG OD\HU LV
FORVH WR WKH VWUXFWXUH RI OD\HUV RI D ODVHU FODGGLQJ ZLWK
D VXEVHTXHQW KLJK WHPSHULQJ� LW KDV D FOHDUO\ H[SUHVVHG
GHQGULWLF QDWXUH� WKH ODUJH GHQGULWHV DUH REVHUYHG� 7KH
WUDQVLWLRQ ]RQH ZDV �w� µP �)LJXUH ���

7KH VHOHFWLRQ RI FKHPLFDO FRPSRVLWLRQ RI WKH ILOOHU
PDWHULDO ZDV PDGH WDNLQJ LQWR DFFRXQW WKH VHUYLFH
UHTXLUHPHQWV WR WKH DOOR\HG OD\HUV� 7KH ZHDU UHVLV�
WDQFH RI WKH ODWWHU ZDV GHWHUPLQHG E\ D GU\ IULFWLRQ
XVLQJ WKH PHWKRG �SLQwF\OLQGHU� LQ WKH VSHFLDOO\�
PDQXIDFWXUHG IULFWLRQ PDFKLQH� ZKLOH WKH KLJK�WHP�
SHUDWXUH VWUHQJWK ZDV GHWHUPLQHG E\ PHDVXUHPHQWV
RI PLFURKDUGQHVV EHIRUH DQG DIWHU KHDWLQJ RI PLFURVHF�
WLRQV LQ WKH IXUQDFH� 0DWLQJ ERGLHV IRU WKH IULFWLRQ
PDFKLQH ZHUH PDQXIDFWXUHG IURP 6W��� ZLWK D VXE�
VHTXHQW KDUGHQLQJ WR WKH KDUGQHVV RI DERXW +5& ��
DQG DERXW +5& �� LQ D KDUG DOOR\ 7���� 7KH VSHFLILF
SUHVVXUH ZDV VHW ZLWKLQ WKH UDQJHV RI ��w�� 03D� WKH
UDWH RI WHVW VDPSOH URWDWLRQ LV FKDQJHG LQ WKH UDQJH
RI ��w���� PLQw�� OLQHDU UDWHV RI IULFWLRQ ZHUH ����w
����� P�K� 7KH ZHDU RI VDPSOHV ZDV PHDVXUHG E\
FKDQJLQJ WKH GLDPHWHU XVLQJ D PLFURPHWHU ZLWK D VFDOH
IDFWRU ���� PP DQG DOVR FKDQJLQJ WKH PDVV E\ ZHLJK�

LQJ LQ EHDP EDODQFHV 07= 1R���� ������ ZLWK ±� PJ
DFFXUDF\� 7R LQFUHDVH WKH DFFXUDF\ WKH WLPH RI IULFWLRQ
ZDV LQFUHDVHG�

7KH H[SHULPHQWV VKRZHG WKDW WKH DOOR\LQJ ZLWK
SRZGHUV RI VHOI�IOX[LQJ DOOR\V �IRU H[DPSOH� 3*�1��
3*�$1�� 3*�$1�� 3*���1���� 3*���1���� JLYHV D

QHJOLJLEOH �E\ �� �� LQFUHDVH LQ ZHDU�UHVLVWDQFH LQ
FRPELQDWLRQ ZLWK D KLJK�WHPSHUDWXUH VWUHQJWK �XS WR
���w��� �&�� 7KH KDUGQHVV RI DOOR\HG OD\HUV GHSHQGV
RQ WKH LQLWLDO KDUGQHVV RI WKH ILOOHU PDWHULDO DQG
DPRXQWV WR +5& ��w�� IRU PDWHULDOV RI +5& ��w��
KDUGQHVV� 7R LQFUHDVH WKH ZHDU�� WKHUPDO DQG FRUURVLRQ
UHVLVWDQFH WKH DOOR\LQJ ZLWK FKURPLXP ZDV LQYHVWL�
JDWHG� +HUH� WKH ZHDU�UHVLVWDQFH ZDV LQFUHDVHG E\ �
WLPHV DQG KDUGQHVV RI WKH SURGXFHG OD\HUV ZDV DERXW
+5& ��� 7KH KLJK WHFKQRORJLFDO SURSHUWLHV DUH SUR�
YLGHG E\ PL[WXUH RI SRZGHUV RI FKURPLXP DQG UHOLWH
RU FKURPLXP DQG WXQJVWHQ FDUELGH 9.� �)LJXUH ��
LQ DQ DSSURSULDWH UDWLR� 7KH EHVW UHVXOWV ZHUH REWDLQHG
E\ PL[WXUH RI FKURPLXP DQG UHOLWH� 7KH DOOR\LQJ RI
VWHHOV RI WKH DERYH�PHQWLRQHG FODVV XVLQJ WKLV PL[WXUH
PDNHV LW SRVVLEOH WR LQFUHDVH WKHLU UHVLVWDQFH E\ DQ
RUGHU� 7KH KDUGQHVV RI WKH SURGXFHG OD\HUV LV
+5& ��w��� WKHLU GHSWK x ���w��� PP DW WKH � PP
SDWK ZLGWK �SDWKV RI DOOR\LQJ ZHUH GHSRVLWHG LQ VSLUDO
DW ���w��� PP SLWFK�� +LJK�WHPSHUDWXUH VWUHQJWK RI
WKH OD\HUV ZDV DERXW ����w���� �&�

&21&/86,216

�� /DVHU DOOR\LQJ ZLWK D PL[WXUH RI SRZGHUV RI FKUR�
PLXP DQG UHOLWH SURYLGHV WKH VHYHUDO WLPHV LQFUHDVH
LQ WKH ZHDU�UHVLVWDQFH RI K\SRHXWHFWRLG FRPSOH[O\�DO�
OR\HG VWHHOV DQG LQ WKHLU KLJK�WHPSHUDWXUH UHVLVWDQFH
IURP ��� WR DERXW ���� �&�

�� 0LFURFUDFNV DUH W\SLFDO GHIHFW RI WKH SDWKV RI
DOOR\LQJ VWHHOV RI WKH FODVV EHLQJ FRQVLGHUHG� 7R SUH�
YHQW WKHP LW LV QHFHVVDU\ WR XVH SUHOLPLQDU\ RU DX[�
LOLDU\ KHDWLQJ RI WKH ZRUNSLHFH� 7KH EHVW UHVXOWV DUH
SURYLGHG E\ WKH DX[LOLDU\ +)�SUHKHDWLQJ WR WKH WHP�
SHUDWXUHV RI DERXW ��� �&�

�� ([FHSW WKH FUDFN IRUPDWLRQ SUHYHQWLRQ� WKH +)�
SUHKHDWLQJ PDNHV LW SRVVLEOH WR LQFUHDVH E\ �w� WLPHV
WKH OLQHDU UDWH RI WKH SURFHVV ZLWKRXW FKDQJLQJ WKH
ODVHU UDGLDWLRQ SRZHU� 7KH SHFXOLDU IHDWXUHV RI VWUXF�
WXUHV RI WKH DOOR\HG OD\HUV HQDEOH XV WR VWDWH WKDW WKLV
FRPELQHG SURFHVV FDQ SUHVHQW LQWHUHVW DV D VHSDUDWH
WHFKQRORJ\�

�� $ELOVLLWRY� *�$�� *ROXEHY� 9�6�� *RQWDU� 9�*� HW DO� ������
7HFKQRORJLFDO ODVHUV� +DQGERRN� (G� E\ *�$� $ELOVLLWRY�
0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� 9HOLFKNR� 2�$�� $YUDPFKHQNR� 3�)�� 0ROFKDQ� ,�9� HW DO�
������ /DVHU FODGGLQJ RI F\OLQGULFDO SDUWV ZLWK IOX[�FRUHG
PDWHULDOV� $YWRPDWLFK� 6YDUND� �� ��w���

�� *DUDVKFKXN� 9�3�� 6KHO\DJLQ� 9�'�� 1D]DUHQNR� 2�.� HW DO�
������ 7HFKQRORJLFDO &2��ODVHU /7 ��� RI �� N: FDSDFLW\�
,ELG�� �� ��w���

)LJXUH �� 0LFURVWUXFWXUH RI DUHD RI D ODVHU DOOR\LQJ SDWK DW DQ
DX[LOLDU\ +)�SUHKHDWLQJ RI VDPSOH PDGH IURP 6W�� XVLQJ PDWHULDOV
3*�1� �×����

)LJXUH �� 0LFURVWUXFWXUH RI DUHD RI D ODVHU DOOR\LQJ SDWK RI VDPSOH
PDGH IURP VWHHO ��.K1�0)$ XVLQJ D PL[WXUH RI SRZGHUV RI FKUR�
PLXP DQG 9.� �×����
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<X�6� %25,629 DQG $�1� .,6/,76$

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

$ PLFURSODVPD PHWKRG RI FRDWLQJ GHSRVLWLRQ XVLQJ ZLUHV KDV EHHQ GHYHORSHG� 6SHFLILFDWLRQV RI WKH 031���� XQLW ZLWK

DQ DWWDFKPHQW IRU PLFURSODVPD VSUD\LQJ XVLQJ ZLUHV DUH SUHVHQWHG� 3DUDPHWHUV RI WKH SURFHVV RI PLFURSODVPD VSUD\LQJ

GHSHQGLQJ RQ WKH ZLUH PDWHULDO DUH GHWHUPLQHG� 0LFURVWUXFWXUHV RI WXQJVWHQ DQG FRSSHU FRDWLQJV� REWDLQHG E\ WKLV

PHWKRG� DUH JLYHQ�

.H\ ZRU G V � PLFURSODVPD PHWKRG RI FRDWLQJ GHSRVLWLRQ�

SODVPDWURQ� VSUD\LQJ� SODVPD MHW� ZLUH PDWHULDOV� PHFKDQLVP RI

ZLUH IHHG� FRDWLQJ� PLFURVWUXFWXUH

2QH RI WKH W\SHV RI SODVPD�DUF VSUD\LQJ LV WKH PHWKRG
RI FRDWLQJ GHSRVLWLRQ XVLQJ ZLUHV DV LQLWLDO PDWHULDO >�@�

8QWLO QRZ WKLV FRDWLQJ ZDV SHUIRUPHG XVLQJ SRZ�

HUIXO SODVPDWURQV� )RU H[DPSOH� WKH SODVPDWURQ RI

�� N: FDSDFLW\ LQ WKH 838��0 XQLW SHUIRUPV VSUD\�
LQJ IURP ZLUH PDWHULDOV RI ���w��� PP GLDPHWHU� ,Q

WKLV FDVH WKH ULVN RI D ORFDO RYHUKHDWLQJ DQG GLVWRUWLRQ

RI WKH LWHP RI D ZDOO WKLFNQHVV ≤ � PP RFFXUV� 7KH

QHHG RI SODVPD VSUD\LQJ RQ QDUURZ ULEV RU SDWKV OHDGV

WR ODUJH ORVVHV LQ WKH PDWHULDO VSUD\HG �GLDPHWHU RI

VSUD\LQJ VSRW LV XVXDOO\ ��w�� PP��

$QDO\]LQJ WKH H[LVWLQJ XQLWV >�� �@ DQG WKHRUHWLFDO
HYDOXDWLRQ RI IHDVLELOLW\ RI VSUD\LQJ ZLUHV XVLQJ D PL�

FURSODVPD MHW� DQ DWWDFKPHQW WR WKH SODVPDWURQ IRU

PLFURSODVPD VSUD\LQJ� ZKLFK PDNHV LW SRVVLEOH WR SHU�

IRUP SURFHVV XVLQJ WKH ZLUH PDWHULDOV� KDV EHHQ GH�
YHORSHG DW WKH (�2� 3DWRQ (OHFWULF:HOGLQJ ,QVWLWXWH�

7KH DWWDFKPHQW ZDV XVHG LQ D VHW ZLWK WKH H[LVWLQJ

031���� XQLW GHVLJQHG IRU VSUD\LQJ FRDWLQJV IURP
IOX[�FRUHG ZLUHV >�@� ,W LQFOXGHV D SRZHU VRXUFH ZLWK
D FRQWURO SDQHO� SODVPDWURQ DQG VSHFLDO GHYLFH IRU

SRZGHU IHHGLQJ� 'HVLJQ DQG SDUDPHWHUV RI WKH SODV�

PDWURQ RSHUDWLRQ HQDEOH WKH IRUPDWLRQ RI D ODPLQDU

SODVPD MHW �5D\QROGV QXPEHU LV ����w������ WKDW

VSHFLILHV WKH SHFXOLDU IHDWXUHV RI WKH SURFHVV�

• IHDVLELOLW\ RI GHFUHDVH LQ VL]H RI VSUD\LQJ VSRW WR
�w� PP �DQJOH RI RSHQLQJ RI SODVPD MHW LV RQO\ �w��

LQVWHDG RI ��w��� IRU WXUEXOHQW SODVPD MHWV DQG QR]]OH

GLDPHWHU ≤ �w� PP��

• IHDVLELOLW\ RI FRDWLQJ GHSRVLWLRQ RQ VPDOO�VL]HG
LWHPV ZLWK WKLQ ZDOOV ZLWKRXW H[FHVVLYH ORFDO RYHU�

KHDWLQJ DQG GLVWRUWLRQ �ORZ KHDW FDSDFLW\ RI PLFUR�
SODVPD MHWV GHFUHDVHV WKH EDVH KHDWLQJ��

• ORZ OHYHO RI D ODPLQDU SODVPD MHW QRLVH �RQO\
��w�� G%��

&KDUDFWHULVWLF RI WKH PRGLILHG XQLW 031���� IRU

PLFURSODVPD VSUD\LQJ RI FRDWLQJV XVLQJ ZLUH PDWHULDOV

LV DV IROORZV�

2SHUDWLQJ JDV �������������������������������������� DUJRQ

6KLHOGLQJ JDV ��������������������������������������� DUJRQ

&DSDFLW\� N: �������������������������������������� XS WR ���

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

9ROWDJH� 9 ������������������������������������������ XS WR ��

&RQVXPSWLRQ RI SODVPD JDV� O�K ������������ ��w���

&RQVXPSWLRQ RI VKLHOGLQJ JDV� O�K ��������� ��w���

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

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

'LPHQVLRQV� PP ���������������������������������� ���×���×���
0DVV� NJ �������������������������������������������� ��

7KH SHFXOLDU IHDWXUH RI WKLV XQLW LV WKH SUHVHQFH RI

D FRPSDFW PHFKDQLVP RI ZLUH IHHG LQWR WKH LQWHUHOHF�

WURGH UHJLRQ RI WKH SODVPD MHW� 7KH ZLUH LV IHG E\ WKH

'& GULYH ZLWK WKH KHOS RI IULFWLRQ UROOHUV� 7KH IHHGLQJ

PHFKDQLVP KDV D VWHS �E\ FKDQJHDEOH UROOHUV� DQG

VPRRWK �E\ FKDQJLQJ QXPEHU RI URWDWLRQV RQ WKH HOHF�

WULF PRWRU VKDIW� DGMXVWPHQW RI ZLUH IHHG VSHHG� ,W

ZDV HVWDEOLVKHG DV D UHVXOW RI H[SHULPHQWV WKDW WKH

VWDEOH SURFHVV RI VSUD\LQJ QHXWUDO ZLUH E\ WKH PLFUR�

SODVPD MHW LV REVHUYHG DW KLJKHU �E\ �w� WLPHV� VSHHGV

RI ZLUH IHHGLQJ DV FRPSDUHG ZLWK WUDGLWLRQDO PHWKRGV

RI SODVPD VSUD\LQJ XVLQJ WKH ZLUH PDWHULDOV >�� �@�

([SHULPHQWV RQ PLFURSODVPD VSUD\LQJ RI FRDWLQJ

ZHUH PDGH XVLQJ ZLUHV RI GLIIHUHQW GLDPHWHUV DQG IURP

GLIIHUHQW PDWHULDOV� 'HSHQGHQFHV RI UHTXLUHG VSHHGV
RI ZLUH IHHG� LWV GLDPHWHU� FRQVXPSWLRQ RI SODVPD DQG

VKLHOGLQJ JDVHV� YROWDJH DQG FXUUHQW RQ WKH ZLUH PD�

WHULDO ZHUH HVWDEOLVKHG WR SURYLGH RSWLPXP FRQGLWLRQV

RI VSUD\LQJ DQG IRUPDWLRQ RI FRDWLQJV�

7KXV� IRU H[DPSOH� IRU VWHHO ZLUH RI ��� PP GL�

DPHWHU WKH RSWLPXP FRQGLWLRQV RI VSUD\LQJ DUH DW�

WDLQHG DW ORZHU YDOXHV RI ZLUH IHHG VSHHG� YROWDJH�

FXUUHQW DQG JDV FRQVXPSWLRQ DV FRPSDUHG ZLWK D FRS�

SHU DQG QLFKURPH ZLUHV RI WKH VDPH GLDPHWHU� )RU WKH

FRSSHU DQG QLFKURPH ZLUHV WKH SDUDPHWHUV RI WKH PL�
� <X�6� %25,629 DQG $�1� .,6/,76$� ����

3DUDPHWHUV RI PLFURSODVPD VSUD\LQJ XVLQJ ZLUH PDWHULDOV

3DUDPHWHU
:LUH PDWHULDO

6WHHO &RSSHU 1L&U :

:LUH GLDPHWHU� PP ��� ��� ��� ���

:LUH IHHG VSHHG�

P�PLQ

���w��� ���w��� ���w��� ���w���

9ROWDJH� 9 �� �� �� ��

&XUUHQW� $ �� �� �� ��

&RQVXPSWLRQ RI

SODVPD JDV� O�K

�� ��� ��� ���

&RQVXPSWLRQ RI

VKLHOGLQJ JDV� O�K

��� ��� ��� ���
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FURSODVPD VSUD\LQJ DUH DOPRVW VLPLODU� ,W ZDV HVWDE�

OLVKHG WKDW WR SURYLGH D VWDEOH SURFHVV RI D PLFUR�

SODVPD VSUD\LQJ RI ZLUH IURP WXQJVWHQ LW LV QHFHVVDU\

WR XVH ZLUH RI D VPDOOHU GLDPHWHU ���� PP� DQG KLJKHU

YDOXHV RI ZLUH IHHG VSHHG� YROWDJH� FXUUHQW DQG JDV

FRQVXPSWLRQ GXH WR KLJKHU WHPSHUDWXUH RI PHOWLQJ RI

WXQJVWHQ ����� �&� �7DEOH�
0LFURVWUXFWXUH RI SODVPD FRDWLQJV SURGXFHG LQ

VSUD\LQJ WXQJVWHQ DQG FRSSHU ZLUHV LV JLYHQ LQ )L�
JXUH ��

&RDWLQJ IURP WXQJVWHQ �)LJXUH �� D� RI ��� PP

WKLFNQHVV KDV D VXIILFLHQWO\ GHQVH VWUXFWXUH� ZLWKRXW

VSDOOLQJV DQG FUDFNV� D JRRG DGKHVLRQ WR WKH EDVH� 7KH

VWUXFWXUH LV ODPHOODU� 7KH LQQHU VWUXFWXUH RI ODPHOODV

LV ILQH�GLVSHUVHG� FROXPQDU LQ VRPH SODFHV� WKLFNQHVV

RI ODPHOOD LV �w�� µP� $FFRUGLQJ WR GDWD RI ;�UD\

GLIIUDFWLRQ DQDO\VLV WKH FRDWLQJ FRQWDLQV RQH SKDVH�

L�H� WXQJVWHQ� 0LFURKDUGQHVV RI WXQJVWHQ FRDWLQJ LV

+9 ����w���� 03D�
&RDWLQJV IURP FRSSHU �)LJXUH �� E� RI ��� PP

WKLFNQHVV KDV� WKH VDPH DV WXQJVWHQ FRDWLQJ� D GHQVH
VWUXFWXUH� ZLWKRXW VSDOOLQJV DQG FUDFNV� D JRRG DGKH�
VLRQ WR WKH EDVH� 6WUXFWXUH LV ODPHOODU� KHWHURJHQHRXV�

ODPHOOD WKLFNQHVV LV �w�� µP� $FFRUGLQJ WR ;�UD\
GLIIUDFWLRQ DQDO\VLV WKH EDVLF SKDVH LV FRSSHU� 7KHUH
DUH LQFOXVLRQV &X�2 DQG DUHDV RI HXWHFWLFV &X � &X�2�
0LFURKDUGQHVV RI FRSSHU FRDWLQJ� IRU &X x +9 ���w

��� 03D� IRU &X�2 x +9 ���w��� 03D� IRU HXWHF�
WLFV &X � &X�2 x +9 ����w���� 03D�

&21&/86,216

�� 'HVLJQ RI XQLW IRU PLFURSODVPD VSUD\LQJ RI FRDWLQJ

IURP ZLUH PDWHULDOV KDV EHHQ GHYHORSHG�

�� &RPSOH[ RI H[SHULPHQWV RQ PLFURSODVPD VSUD\�

LQJ RI FRDWLQJ IURP VWHHO� FRSSHU� WXQJVWHQ DQG

QLFKURPH ZLUHV ZDV PDGH�

�� 3HFXOLDU IHDWXUHV RI PLFURSODVPD VSUD\LQJ XVLQJ

ZLUH PDWHULDOV ZHUH HVWDEOLVKHG DV FRPSDUHG ZLWK WUD�

GLWLRQDO SODVPD VSUD\LQJ ZKHUH ZLUH LV XVHG DV VSUD\�

LQJ PDWHULDO� 7KH PDLQ SHFXOLDULW\ LV WKH XVH RI KLJK

ZLUH IHHG VSHHG LQ PLFURSODVPD VSUD\LQJ�
�� )HDVLELOLW\ RI SURGXFLQJ FRDWLQJV RI WKLFNQHVV

XS WR ���w��� PP ZLWK D GHQVH VWUXFWXUH DQG GHIHFW�
IUHH ERXQGDU\ DGMDFHQW WR WKH EDVH E\ WKH PHWKRG RI
PLFURSODVPD VSUD\LQJ XVLQJ ZLUHV ZDV VKRZQ�

�� .UDVQRY� $�1�� 6KDULYNHU� 6�<X�� =LOEHUEHUJ� 9�*� ������ /RZ�
WHPSHUDWXUH SODVPD LQ PHWDOOXUJ\� 0RVFRZ� 0HWDOOXUJL\D�

�� %REURY� *�9�� 3ULYH]HQWVHY� 9�,�� 8PQRYD� /�9� HW DO�
������ )RUPDWLRQ RI SDUWLFOHV LQ PHOWLQJ ZLUH LQ D SODVPD
IORZ� 3RURVKNRY� 0HWDOOXUJL\D� �� ���w����

�� 3HWUXQLFKHY� 9�$�� 7LWNRY� 9�9� ������ $ERXW PHFKDQLVP
RI SODVPD VSUD\LQJ RI ZLUH� )L]LND L .KLPL\D 2EUDE� 0DWH�
ULDORY� �� ��w���

�� %RULVRY� <X�6�� 9RMQDURYLFK� 6�*�� %REULN� 9�*� HW DO�
������ 0LFURSODVPD VSUD\LQJ RI ELRFHUDPLF FRDWLQJV� 7KH
3DWRQ :HOGLQJ -�� ��� ��w���

)LJXUH �� 0LFURVWUXFWXUH RI SODVPD FRDWLQJV SURGXFHG E\ WKH PHWKRG RI PLFURSODVPD VSUD\LQJ RI ZLUH PDWHULDOV� D x WXQJVWHQ RQ VWHHO
EDVH �HWFKHG PLFURVHFWLRQ� �×����� E x FRRSHU RQ VWHHO EDVH �QRQ�HWFKHG PLFURVHFWLRQ� �×����
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2Q WKH ��VW RI 'HFHPEHU ���� WKH ([WUDRUGLQDU\

DQG 3OHQLSRWHQWLDU\ $PEDVVDGRU RI WKH 5XVVLDQ )HG�

HUDWLRQ LQ 8NUDLQH 0U� 9�6� &KHUQRP\UGLQ YLVLWHG

WKH 6FLHQWLILF�DQG�7HFKQLFDO &HQWUH �7KH (�2� 3DWRQ

(OHFWULF :HOGLQJ ,QVWLWXWH� RI WKH 1$6 RI 8NUDLQH�

0U� &KHUQRP\UGLQ ZDV ZHOFRPHG E\ WKH 'LUHFWRU RI
WKH ,QVWLWXWH 3URI� %�(� 3DWRQ�

9�6� &KHUQRP\UGLQ YLVLWHG WKH 3:, EHIRUH� DQG
KH LV ZHOO DZDUH RI PDQ\ DFKLHYHPHQWV RI VFLHQWLVWV
RI WKH ,QVWLWXWH� 7KHUHIRUH� KLV SULPDU\ LQWHUHVW ZDV

LQ QHZ GHYHORSPHQWV ZKLFK ZHUH VKRZQ WR KLP DW WKH

GHPRQVWUDWLRQ KDOO RI WKH ,QVWLWXWH� 7KH GLVWLQJXLVKHG
JXHVW H[SUHVVHG D JUHDW LQWHUHVW LQ VDPSOHV RI HTXLS�

PHQW DQG QHZ WHFKQRORJLHV WR EH XVHG IRU FRQVWUXFWLRQ

DQG VHUYLFH RI PDLQ RLO DQG JDV SLSHOLQHV� LQ VSDFH�

DHURVSDFH HQJLQHHULQJ� SRZHU JHQHUDWLRQ� JHQHUDO PD�

FKLQH EXLOGLQJ� HWF�

0U� &KHUQRP\UGLQ YLVLWHG WKH 3LORW 3ODQW IRU 1HZ
7HFKQRORJLHV RI WKH 3:,� LQ RQH ZRUNVKRS RI ZKLFK

WKH -RLQW 9HQWXUH �3UDWW 	 :KLWQH\w3DWRQ� DVVRFL�

DWHV GHPRQVWUDWHG WR WKH JXHVWV WKH ODWHVW RI WKHLU

GHYHORSPHQWV LQ WKH ILHOG RI HOHFWURQ EHDP GHSRVLWLRQ
RI WKHUPDO EDUULHU FRDWLQJV� 8S WR GDWH WKH -9

�3UDWW 	 :KLWQH\w3DWRQ� KDV EHHQ WKH RQO\ HQWHU�

SULVH LQ WKH WHUULWRU\ RI 8NUDLQH� FHUWLILHG DFFRUGLQJ

WR WKH LQWHUQDWLRQDO VWDQGDUG ,62 ����� 7KH -9 LV

LQYROYHG LQ (% 39' RI FHUDPLF WKHUPDO EDUULHU DQG

PHWDO SURWHFWLYH FRDWLQJV RQ EODGHV RI JDV WXUELQHV

IRU SRZHU DQG JDV�SXPSLQJ VWDWLRQV� DLUFUDIW HQJLQHV�
HWF� ,Q DGGLWLRQ� WKH &RPSDQ\ SHUIRUPV UHSDLU RI

EODGHV RI YDULRXV�DSSOLFDWLRQ JDV WXUELQH HQJLQHV DQG
SURGXFHV FHUDPLF DQG PHWDOOLF PDWHULDOV IRU (% 39'�

2I KLJK LQWHUHVW IRU WKH JXHVWV ZHUH WKH ZRUNV

SHUIRUPHG E\ WKH 'HSDUWPHQW IRU (OHFWURQ %HDP DQG

/DVHU :HOGLQJ 7HFKQRORJ\ DQG (TXLSPHQW� ZKLFK�
LQ FROODERUDWLRQ ZLWK D QXPEHU RI LQGXVWULDO FRPSD�

QLHV� GHYHORSV� PDQXIDFWXUHV DQG VXSSOLHV WR GLIIHUHQW

FRXQWULHV DOO RYHU WKH ZRUOG WKH DGYDQFHG YHUVDWLOH

DQG VSHFLDOLVHG XQLWV IRU (%:� DQG GHYHORSV WHFK�

QRORJLHV IRU (%: RI QHZ PDWHULDOV DQG VWUXFWXUHV�

7KHQ 0U� &KHUQRP\UGLQ ZDV LQWURGXFHG WR WKH
DFWLYLWLHV RI WKH ,QVWLWXWH (QJLQHHULQJ &HQWUHV �3UHV�

VXUH :HOGLQJ� DQG �7LWDQ�� 7KH ILUVW RI WKHP LV

ZLGHO\ NQRZQ IRU LWV GHYHORSPHQWV LQ WKH ILHOG RI

IODVK EXWW ZHOGLQJ RI ODUJH�GLDPHWHU SLSHV� UDLOZD\
UDLOV� DHURVSDFH DSSOLFDWLRQ LWHPV� HWF�� DQG WKH VHFRQG

LV QRWHG IRU WKH PRGHUQ SURGXFWLRQ RI KLJK�TXDOLW\

URXQG LQJRWV DQG VODEV RI WLWDQLXP DQG LWV DOOR\V E\

WKH PHWKRG RI HOHFWURQ EHDP PHOWLQJ�

3DUWLFLSDWLQJ LQ WKH GHWDLOHG GLVFXVVLRQV WDNLQJ

SODFH DW WKH (& �7LWDQ� EHWZHHQ 3URI� %�(� 3DWRQ

DQG WKH ([WUDRUGLQDU\ DQG 3OHQLSRWHQWLDU\ $PEDVVD�

GRU LQ 8NUDLQH 0U� &KHUQRP\UGLQ ZHUH 'HSXW\ 'L�
UHFWRUV RI WKH 3:, 3URI� 6�,� .XFKXN�<DWVHQNR�

3URI� /�0� /REDQRY� 3URI� .�$� <XVKFKHQNR�

3URI� 0�/� =KDGNHYLFK� 'U� *�6� 0DULQVN\� DQG D
QXPEHU RI OHDGLQJ VFLHQWLVWV DQG H[SHUWV RI WKH ,QVWL�

WXWH DQG PDQDJHUV RI WKH 3LORW 3DQW IRU 1HZ 7HFK�

QRORJLHV�

$V SRLQWHG E\ 3URI� %�(� 3DWRQ� WKH ODVW GHFDGH

ZDV QRWHG E\ D PDUNHG UHGXFWLRQ RI WUDGLWLRQDO EXVL�

QHVV DQG FUHDWLYH FRQWDFWV RI WKH 3:, ZLWK 5XVVLDQ

HQWHUSULVHV� 6RPH PRYHPHQW LQ WKHVH FRQWDFWV KDV

VKRZQ XS LQ WKH ODVW WZR \HDUV� $VVRFLDWHV RI WKH

,QVWLWXWH KDYH UHVXPHG ZRUN RQ ZHOGHG SLSHV DW WKH

2SHQ -RLQW�6WRFN &RPSDQLHV �&KHO\DELQVN 3LSH

5ROOLQJ )DFWRU\� DQG �9\NVXQVN 0HWDOOXUJLFDO )DF�

WRU\�� %DVHG RQ UHTXLUHPHQWV RI 5XVVLDQ HQWHUSULVHV

RI RLO DQG JDV LQGXVWU\� VSHFLDOLVWV RI WKH ,QVWLWXWH

FDUU\ RXW ZRUNV DW WKH .KDUWV\]VN 3LSH 3ODQW RQ ZLG�

HQLQJ RI WKH UDQJH DQG LPSURYLQJ WKH TXDOLW\ RI

ZHOGHG ODUJH�GLDPHWHU SLSHV� $W WKH HQG RI ���� WKH

,QVWLWXWH ZDV YLVLWHG E\ D GHOHJDWLRQ IURP WKH 0DJ�

QLWRJRUVN 0HWDOOXUJLFDO :RUNV KHDGHG E\ FKLHI HQJL�

QHHU (�9� .DUSRY� 7KH VSHFLILF SODQ IRU MRLQW DFWLYLW\

LQ GLIIHUHQW DUHDV EHWZHHQ 3:, DQG 00: ZDV GH�

YHORSHG E\ WKH UHVXOWV RI WKDW YLVLW�

$OWKRXJK WKHUH DUH H[DPSOHV RI VXFFHVVIXO FRRS�

HUDWLRQ ZLWK RWKHU HQWHUSULVHV RI WKH 5XVVLDQ )HGHUD�

WLRQ� WKLV LV REYLRXVO\ QRW HQRXJK� 3URI� %�(� 3DWRQ
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H[SUHVVHG FRQILGHQFH WKDW WKH YLVLW E\ 0U� &KHU�

QRP\UGLQ WR WKH 3:, ZRXOG QRW RQO\ KHOS WR SURPRWH

GHYHORSPHQWV PDGH E\ VFLHQWLVWV RI WKH ,QVWLWXWH LQWR

WKH 5XVVLDQ PDUNHW� EXW DOVR ZRXOG IDYRXU LQFUHDVH

LQ GHPDQG RI 5XVVLDQ HQWHUSULVHV IRU WKH VFLHQWLILF

SRWHQWLDO RI WKH ,QVWLWXWH�

,Q WKH FRXUVH RI WKH GLVFXVVLRQV WKH 3DUWLHV WDFNOHG

WKH LVVXH RI SDUWLFLSDWLRQ E\ WKH ,QVWLWXWH VFLHQWLVWV

LQ HYHQWV RI WKH <HDU RI 8NUDLQH LQ 5XVVLD DQQRXQFHG

E\ 3UHVLGHQWV RI WKH WZR FRXQWLHV� ,W LV SODQQHG WKDW

VFLHQWLVWV RI WKH ,QVWLWXWH LQ FORVH FROODERUDWLRQ ZLWK

WKH 5XVVLDQ :HOGLQJ 6RFLHW\ DQG WKH ,QWHUQDWLRQDO

:HOGLQJ &RXQFLO ZLOO WDNH DQ DFWLYH SDUW LQ FRQIHU�

HQFHV DQG H[KLELWLRQV KHOG LQ GLIIHUHQW UHJLRQV RI WKH

5XVVLDQ )HGHUDWLRQ�

7KH ([WUDRUGLQDU\ DQG 3OHQLSRWHQWLDU\ $PEDVVD�

GRU RI WKH 5XVVLDQ )HGHUDWLRQ LQ 8NUDLQH

0U� 9�6� &KHUQRP\UGLQ QRWHG D KLJK OHYHO RI LQQR�

YDWLRQV RI 5	' RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ

,QVWLWXWH DQG H[SUHVVHG FRQYLFWLRQ WKDW WKH\ ZRXOG

ILQG DSSOLFDWLRQ LQ LQGXVWU\ RI WKH5XVVLDQ )HGHUDWLRQ�

$OVR KH H[SUHVVHG KLV VLQFHUH DSSUHFLDWLRQ WR

3URI� %�(� 3DWRQ IRU WKH UHFHSWLRQ� GLVFXVVLRQV DQG

WKH RSSRUWXQLW\ RI KDYLQJ VHHQ IRU KLPVHOI WKH ODWHVW

DFKLHYHPHQWV RI WKH 67& �7KH (�2� 3DWRQ (OHFWULF

:HOGLQJ ,QVWLWXWH��

'U� ,�$� 5\DEWVHY
�3:, 3UHVV *URXS�
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