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&RSLHV RI LQGLYLGXDO DUWLFOHV PD\ EH REWDLQHG

IURP WKH 3XEOLVKHU�
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6HUYLFH SURSHUWLHV RI VSHFLPHQV RI SLSHV� FXW IURP RSHUDWLQJ JDV SLSHOLQH DQG DOVR IURP SLSHV RI HPHUJHQF\ VWRFN� DUH

LQYHVWLJDWHG� 7KH IHDVLELOLW\ RI SUHVHUYLQJ VHUYLFHDELOLW\ RI SLSH PHWDO DIWHU WKH ORQJ�WHUP VHUYLFH LV VKRZQ� ,W ZDV

HVWDEOLVKHG WKDW WKH GHFUHDVHG FKDUDFWHULVWLFV RI PHWDO VWUHQJWK RI VHSDUDWH SLSHV DV FRPSDUHG ZLWK UDWHG YDOXHV DUH QRW

GXH WR WKH HIIHFW RI VHUYLFH ORDGV� 7R SURYLGH WKH VDIH VHUYLFH RI WKH ROG JDV SLSHOLQHV LW LV QHFHVVDU\ WR UHYHDO DQG UHPRYH

WKH PHWDO GHIHFWV DQG DOVR WR SHUIRUP WKH GLDJQRVWLF H[DPLQDWLRQV ZLWK LGHQWLILFDWLRQ RI ODLG�RXW SLSHV� HYDOXDWLRQ RI

OHYHO RI WHFKQLFDO FKDUDFWHULVWLFV DQG VWDELOLW\ RI TXDOLW\�

.H\ ZRU G V � JDV SLSHOLQH� PDWHULDO� VHUYLFH� LQYHVWLJDWLRQ�

VHUYLFH SURSHUWLHV� FRQGLWLRQ� DJHLQJ

6RPH ZRUNV� GHYRWHG WR WKH HYDOXDWLRQ RI FRQGLWLRQ

RI RSHUDWLQJ JDV DQG RLO SLSHOLQHV� VKRZ WKH RSLQLRQ

DERXW WKH QHJDWLYH HIIHFW RI ORQJ�WLPH VHUYLFH RQ WKH

SHUIRUPDQFH RI PDWHULDO RI PDLQ SLSHOLQHV�

$V D UHVXOW RI RXU HDUOLHU LQYHVWLJDWLRQV RI PDWHULDO

RI RLO SLSHOLQHV EHLQJ IRU D ORQJ WLPH LQ VHUYLFH �XS

WR �� \HDUV� >�� �@� QR VLJQLILFDQW FKDQJHV ZHUH UH�

YHDOHG LQ PDMRU VHUYLFH SURSHUWLHV RI SLSH PHWDO� WKDW

DOORZHG XV WR PDNH FRQFOXVLRQ DERXW WKH SRVVLELOLW\

WR SUHVHUYH WKH SHUIRUPDQFH RI PHWDO RI SLSHOLQHV LQ

WKH SURFHVV RI WKHLU ORQJ�WLPH IRUFH ORDGLQJ� +RZHYHU�

WKH SRVVLELOLW\ RI DSSHDUDQFH RI ORFDO FKDQJHV LQ FUDFN

UHVLVWDQFH RI PHWDO RI SLSHOLQHV� GXH WR GHIRUPDWLRQ

DJHLQJ� LV QRW H[FOXGHG >�� �@�

8QOLNH WKH RLO SLSHOLQHV WKH DYDODQFKH IUDFWXUHV

DUH SRVVLEOH LQ JDV SLSHOLQHV� &RQVHTXHQFHV RI WKH

SURFHVVHV RI PDWHULDO DJHLQJ FDQ EH YHU\ KD]DUGRXV

IRU WKH RSHUDWLRQ RI JDV SLSHOLQHV� 7KHUHIRUH� LW LV

LPSRUWDQW WR SUHVHUYH VWUHQJWK DQG� LQ SDUWLFXODU�

WRXJKQHVV LQ PHWDO RI ORQJ�RSHUDWHG JDV SLSHOLQHV�

$FFXPXODWLRQ RI GDWD DERXW WKH SURSHUWLHV RI PHWDO

RI ORQJ�RSHUDWHG JDV SLSHOLQHV ZLOO PDNH LW SRVVLEOH

WR MXGJH ZLWK D KLJK YDOLGLW\ RI WKH HIIHFW RI D IDFWRU

RI ORQJ�WLPH ORDGLQJ RQ WKH SLSHOLQH PDWHULDO�

,Q WKLV FRQQHFWLRQ� WKH FRQGLWLRQ RI PHWDO RI SLSH

VSHFLPHQV� FXW IURP RSHUDWLQJ JDV SLSHOLQHV� DQG DOVR

IURP FRUUHVSRQGLQJ SLSHV RI HPHUJHQF\ VWRFN� ZDV
LQYHVWLJDWHG�

8QWLO WKH ����V WKH SLSHV IURP QRUPDOL]HG DQG

KRW�UROOHG SLSHV ZHUH XVHG LQ FRQVWUXFWLRQ RI JDV SLSH�
OLQHV� 3LSHV IURP DGYDQFHG VWHHOV RI D FRQWUROODEOH
UROOLQJ EHJDQ WR EH XVHG ODWHU� 7HUPV RI VHUYLFH RI

WKHVH JDV SLSHOLQHV GR QRW H[FHHG� DV D UXOH� �� \HDUV�

,Q WKH SUHVHQWZRUN WKH SLSH VSHFLPHQV FRUUHVSRQG�

LQJ WR D ODUJH UDQJH RI PDWHULDOV RI JDV SLSHOLQHV ZLWK

D ORQJ HQRXJK SHULRG RI VHUYLFH �PRUH WKDQ �� \HDUV�

ZHUH LQYHVWLJDWHG� 7KH VWXG\ RI EHKDYLRXU RI SLSHV RI

D FRQWUROODEOH UROOLQJ VWHHO LQ D ORQJ�WLPH VHUYLFH ZLWK

DOORZDQFH IRU VSHFLILF IHDWXUHV RI VWUXFWXUH DQG FKHPL�

FDO FRPSRVLWLRQ UHSUHVHQWV D VSHFLDO LQWHUHVW�

6HDPOHVV KRW�GHIRUPHG SLSHV RI ��� PP GLDPHWHU

�VWHHO RI ��* W\SH� ZHUH GHOLYHUHG LQ WKH ����w����V
IURP WKH IRUPHU &]HFKRVORYDNLD� 8QOLNH WKH ZHOGHG

SLSHV WKH\ KDYH DQ LQFUHDVHG GLIIHUHQFH LQ ZDOOV�

+RW�VWUDLJKWHQHG SLSHV RI ��� PP GLDPHWHU RI SUR�

GXFWLRQ RI ,OMLFK =KGDQRY 0HWDOOXUJLFDO :RUNV ZHUH
ILUVW PDQXIDFWXUHG IRU WKH V\VWHP RI PDLQ RLO DQG JDV
SLSHOLQHV LQ WKH IRUPHU 8665 IURP VKHHW VLOLFRQ�PDQ�

JDQHVH VWHHO ��*�6' �ODWHU ��*�6�� ZLWK D GHFUHDVHG

�WR ������ FRQWHQW RI FDUERQ� 7KH XVH RI D VLQJOH�VLGHG
ZHOGLQJ RI ORQJLWXGLQDO ZHOG ZDV DQ HVVHQWLDO GUDZ�

EDFN RI WKH WHFKQRORJLFDO SURFHVV RI WKHLU PDQXIDF�
WXUH� WKRXJK WKH PHFKDQLFDO FKDUDFWHULVWLFV RI WKH SD�

UHQW PHWDO DQG ZHOGHG MRLQW ZHUH VLJQLILFDQWO\ LP�

SURYHG GXH WR D KRW VWUDLJKWHQLQJ RI SLSHV LQ KHDWLQJ

XS WR WKH WHPSHUDWXUH RI VWHHO QRUPDOL]LQJ�

7KH ORQJLWXGLQDOO\�ZHOGHG SLSHV RI ��� �VWHHO
��*6� DQG ���� PP ���*�6� GLDPHWHUV RI PDQXIDF�

WXUH E\ &KHO\DELQVN 3LSH�5ROOLQJ 3ODQW� DQG DOVR WKH

SLSHV RI ���� PP GLDPHWHU �VWHHO ��*�6� RI PDQX�

IDFWXUH E\ 1RYRPRVNRYVN 3LSH 3ODQW �133� ZHUH WKH
PRVW ZLGHO\ VSUHDG SURGXFWV VXSSOLHG IRU WKH FRQ�

VWUXFWLRQ RI RLO DQG JDV SLSHOLQHV� 8QOLNH WKH SLSHV RI

���w��� PP GLDPHWHU� PDQXIDFWXUHG IURP KRW�UROOHG

VWHHO� WKH SLSHV RI ���� DQG ���� PP GLDPHWHUV ZHUH

PDQXIDFWXUHG RQO\ IURP WKH QRUPDOL]HG VKHHWV�

3LSHV� PDQXIDFWXUHG LQ *HUPDQ\ IURP WKH QRUPD�
OL]HG VKHHW VWHHO RI ��*�6) W\SH� ZHUH XVHG IRU WKH
ILUVW WLPH LQ WKH FRQVWUXFWLRQ RI JDV SLSHOLQHV RI
���� PP GLDPHWHU�

%HIRUH ���� �XQWLO LQWURGXFLQJ 61L3 ,,���w��� WKH

SLSHV ZHUH PDQXIDFWXUHG ZLWKRXW WDNLQJ LQWR FRQVLGH�

UDWLRQ VHYHUDO FXUUHQW UHTXLUHPHQWV WR WKHLU TXDOLW\�

,Q SDUWLFXODU� WKH PHWDO RI SLSHV ZDV QRW FRQWUROOHG

E\ FULWHULD XVHG IRU HYDOXDWLQJ WKH UHVLVWDQFH WR DYD�
ODQFKH IUDFWXUHV� 7KH ��� � XOWUDVRQLF FRQWURO RI VKHHW

UROOHG PHWDO DQG ZHOGHG MRLQWV RI SLSHV� REOLJDWRU\

LQ PRGHUQ FRQGLWLRQV� ZDV QRW DOVR PDGH� $IWHU LQ�

WURGXFLQJ UHTXLUHPHQWV FRQFHUQLQJ WKH LPSDFW

� 6�(� 6(0<2129� $�$� 5<%$.29� /�9� *21&+$5(1.2� 7�1� ),/,3&+8.� 0�1� '52*20,5(76.< DQG %�,� 3('.2� ����
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VWUHQJWK RQ VSHFLPHQV ZLWK 9�VKDSHG QRWFK DQG D
VKDUH RI D WRXJK FRQVWLWXHQW LQ IUDFWXUH RI VSHFLPHQV
RI ':77 W\SH� WKH PHQWLRQHG SLSHV ZHUH FRPSOHWHO\
UHPRYHG IURP WKH PDQXIDFWXUH�

7KH PHWKRGRORJLFDO DSSURDFKHV WR WKH GHWHUPLQD�
WLRQ RI FRQGLWLRQ RI PDWHULDO RI RSHUDWLQJ PDLQ JDV
SLSHOLQHV DUH JLYHQ LQ >�@�

0DWHULDO RI SLSHV DIWHU WKH ORQJ�WHUP VHUYLFH DQG
SLSHV RI HPHUJHQF\ VWRFN ZDV LQYHVWLJDWHG DFFRUGLQJ
WR WKH UHTXLUHPHQWV RI WHFKQLFDO VSHFLILFDWLRQV E\
ZKLFK WKH\ZHUHPDQXIDFWXUHG� DQG DOVR WR WKH SUHVHQW
UHTXLUHPHQWV �61L3 �������w��� WDNLQJ LQWR DFFRXQW
WKH FULWHULD RI HYDOXDWLRQ RI UHVLVWDQFH WR LQLWLDWLRQ
DQG SURSDJDWLRQ RI WRXJK DQG EULWWOH IUDFWXUHV�

7KH VWDQGDUG PDLQ VWUHQJWK DQG GXFWLOH SURSHUWLHV�
FKDUDFWHULVWLFV RI WRXJKQHVV� FROG UHVLVWDQFH� UHVLV�
WDQFH WR DYDODQFKH �RQ IXOO�WKLFNQHVV VSHFLPHQV RI
':77 W\SH�� DQG DOVR VWUXFWXUDO SHFXOLDULWLHV RI PH�
WDO FRQGLWLRQ KDYH EHHQ GHILQHG�

5HVLVWDQFH WR LQLWLDWLRQ DQG VWDEOH SURSDJDWLRQ RI
D WRXJK FUDFN ZDV GHWHUPLQHG XVLQJ WKH GHIRUPDWLRQ

FULWHULD� RSHQLQJ RI GHIHFW WLS DW WKH PRPHQW RI LQLWL�
DWLQJ D WRXJK FUDFNδL DQG DQJOH RI WRXJK FUDFN RSHQLQJ
WJ α DW LWV VWDEOH SURSDJDWLRQ >�@�

7KH SRVVLEOH FKDQJH LQ GLIIHUHQW FKDUDFWHULVWLFV RI
SLSHPHWDO DV UHJDUGV WR LWV LQLWLDO FRQGLWLRQ ZDV HYDOX�
DWHG� 7KH SURSHUWLHV RI SLSH PHWDO LQ WKLV FRQGLWLRQ
ZHUH GHWHUPLQHG RQ WKH EDVLV RI DQDO\VLV RI UHTXLUH�
PHQWV RI VWDQGDUGL]HG GRFXPHQWDWLRQ� SURFHVVLQJ RI
GDWD RI FHUWLILFDWHV� 7KH WHVW UHVXOWV RI HPHUJHQF\ VWRFN
SLSHV ZHUH DOVR WDNHQ LQWR DFFRXQW LQ GHWHUPLQDWLRQ
RI HIIHFW RI VHUYLFH ORDGV�

&KHPLFDO FRPSRVLWLRQ RI PHWDO RI SLSHV PDGH IURP
DOO WKH VWHHOV LQYHVWLJDWHG FRUUHVSRQGHG WR UDWHG UH�
TXLUHPHQWV IURP WKH UHVXOWV RI FRQWURO DQDO\VLV� ZKLOH
WKH VWUXFWXUDO SDUDPHWHUV RI SDUHQW PHWDO DQG ZHOG
PHWDOV ZHUH PDLQO\ W\SLFDO RI XVHG JUDGHV RI VWHHOV
DQG W\SHV RI ZHOGHG MRLQWV�

5HVXOWV RI PHFKDQLFDO WHVWV RI SDUHQW PHWDO VSHFL�
PHQV DUH JLYHQ LQ )LJXUHV �w��

([SHULPHQWV VKRZHG WKDW DOO WKH VHUYLFH FKDUDF�
WHULVWLFV RI WKH SDUHQW PHWDO RI SLSHV �H[FHSW VHDPOHVV�
VDWLVILHG� DIWHU D ORQJ�WHUP VHUYLFH� WKH UHTXLUHPHQWV
RI WKH VWDQGDUGL]HG GRFXPHQWDWLRQ LQ DFFRUGDQFH ZLWK
ZKLFK WKH\ ZHUH PDQXIDFWXUHG� DQG ORFDWHG LQ WKH
ILHOG RI VFDWWHULQJ RU DW WKH OHYHO RI VLPLODU FKDUDF�
WHULVWLFV RI PHWDO RI DV�LQLWLDO SLSHV� 7KLV DOVR UHIHUV
WR WKH HPHUJHQF\ VWRFN SLSHV�

0HWDO RI VHDPOHVV ��� PP GLDPHWHU SLSH RI
&]HFKRVORYDNLDQ PDQXIDFWXUH KDV GHFUHDVHG YDOXHV RI
\LHOG DQG XOWLPDWH VWUHQJWK� 7KHPHQWLRQHG GHYLDWLRQV
DUH VSHFLILHG E\ LQVXIILFLHQW DOOR\LQJ RI VWHHO RI WKH
VHDPOHVV SLSH� WKH VWDQGDUGL]HG UHTXLUHPHQWV WR ZKLFK
ZHUH OLPLWHG RQO\ LQ WKH XSSHU YDOXHV �& ≤ ���� ��
0Q ≤ ��� ��� 7KH GHFUHDVHG LQLWLDO VWUHQJWK ZDV DOVR
SURPRWHG E\ D FRDUVH�JUDLQHG VWUXFWXUH RI PHWDO RI
WKH JLYHQ SLSH� ,W VKRXOG EH QRWHG WKDW WKH VWUHQJWK

)LJXUH �� 0HFKDQLFDO SURSHUWLHV RI SDUHQW PHWDO RI SLSHV LQYHVWL�
JDWHG� 6 x DV�VHUYLFHG SLSHV� ; x HPHUJHQF\ VWRFN SLSHV� & x
FHUWLILFDWH GDWD �KDWFKHG ]RQH x UHJLRQ RI YDOXHV VFDWWHULQJ�

)LJXUH �� ,PSDFW VWUHQJWK RI SDUHQW PHWDO RI SLSHV LQYHVWLJDWHG
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FKDUDFWHULVWLFV RI PHWDO RI VHSDUDWH ZHOGHG SLSHV� LQ
SDUWLFXODU σ\ RI PHWDO RI ���� PP GLDPHWHU SLSH PDGH
IURP VWHHO ��*�6 DQG σW RI PHWDO RI ��� PP GLDPHWHU
SLSH PDGH IURP VWHHO ��*6� DUH ORFDWHG DW WKH ORZHU
ERXQGDU\ OHYHO RI FRUUHVSRQGLQJ UHTXLUHPHQWV �VHH
)LJXUH �� WKDW SURYHV LQ JHQHUDO WKH LQVXIILFLHQW JXD�
UDQWHHV RI VWUHQJWK RI PHWDO RI SLSHV RI D FRUUHVSRQGLQJ
SHULRG RI WKHLU PDQXIDFWXUH�

0HWDO RI VSHFLPHQV ZLWK D VKDUS QRWFK ZLWKLQ WKH
��� w w�� �& WHPSHUDWXUH UDQJH SRVVHVVHV D VXIILFLHQW
LPSDFW VWUHQJWK XS WR WHPSHUDWXUH w�� �& IRU DOO WKH
SLSHV H[DPLQHG� H[FHSW WKH HPHUJHQFH VWRFN SLSHPDGH
IURP VWHHO ��*�6' �VHH )LJXUH ��� 7KH YDOXH RI LPSDFW
VWUHQJWK LQ PHWDO RI WKH DERYH�PHQWLRQHG SLSH FRUUH�
VSRQGV WR WKH ORZHU OHYHO UHTXLUHG E\ WKH SUHVHQW
VWDQGDUGV� 7HPSHUDWXUH RI WUDQVLWLRQ WR WKH EULWWOH
VWDWH RI PHWDO RI WKH DV�H[DPLQHG SLSHV ZDV � �& DQG
ORZHU� H[FHSW WKH VHDPOHVV SLSH ZLWK �� �& WHPSHUD�
WXUH RI WUDQVLWLRQ WR WKH EULWWOH VWDWH RI PHWDO�

$V D ZKROH� WKH LPSDFW VWUHQJWK RI PHWDO RI SLSHV
DIWHU WKH ORQJ�WHUP VHUYLFH DQG SLSHV RI WKH HPHUJHQF\
VWRFN LV OLWWOH GLIIHUHG IURP LWV FHUWLILFDWH YDOXHV IRU
WKH FRUUHVSRQGLQJ PDWHULDOV�

,W VKRXOG EH QRWHG WKDW WKH SURSHUWLHV RI PHWDO RI
SLSHV ZKLFK ZHUH XQGHU WKH VHUYLFH GR QRW GLIIHU VLJ�
QLILFDQWO\ IURP WKRVH RI PHWDO RI HPHUJHQF\ VWRFN
SLSHV �DIWHU D ORQJ�WLPH VWRUDJH��

5HVLVWDQFH WR DYDODQFKH IUDFWXUH� HYDOXDWHG E\ WKH
VKDUH RI D WRXJK FRQVWLWXHQW LQ WKH IUDFWXUH RI ':77
VSHFLPHQV� FRUUHVSRQGV WR UDWHV RI 61L3 �������w��
QRW LQ DOO DV�H[DPLQHG SLSHV �)LJXUH ��� ,Q SDUWLFXODU�
WKH GHFUHDVHG IUDFWXUH UHVLVWDQFH DW WHPSHUDWXUH � �&

ZDV UHYHDOHG LQ PHWDO RI ���� PP GLDPHWHU SLSH RI
*HUPDQ PDQXIDFWXUH�

&KDUDFWHULVWLFV RI UHVLVWDQFH WR WRXJK IUDFWXUHV RI
PHWDO RI SLSHV DUH JLYHQ LQ 7DEOH �� ,W LV HYLGHQW WKDW
WKH GHIRUPDWLRQ FKDUDFWHULVWLFV RI PHWDO FUDFN UHVLV�
WDQFH RI SLSHV LQYHVWLJDWHG δL LV ORFDWHG ZLWKLQ WKH
UDQJHV W\SLFDO RI WKH ORZ�DOOR\ VWHHOV >�@� 6RPHZKDW
GHFUHDVHG YDOXHV RI WKH PHQWLRQHG FKDUDFWHULVWLFV DUH
UHYHDOHG LQ PHWDO RI SLSHV RI *HUPDQ PDQXIDFWXUH�

)UDFWXUH PRGXOXV RU FULWLFDO DQJOH RI RSHQLQJ RI
WKH WRXJK FUDFN OLSV WJ α FRUUHVSRQGV DOVR WR WKH UDQJHV
W\SLFDO RI LQYHVWLJDWHG W\SHV RI VWHHO�

&RQVHTXHQWO\� D QRWLFHDEOH GHWHULRUDWLRQ RI FUDFN
UHVLVWDQFH RI PHWDO RI SLSHV DIWHU WKH ORQJ�WHUP VHUYLFH
ZDV QRW REVHUYHG� &RPSDUDWLYHO\ ORZ YDOXHV σ\�σW

DQG FRUUHVSRQGLQJ LQFUHDVHG FKDUDFWHULVWLFV RI D GH�
IRUPDWLRQDO VWUHQJWKHQLQJ Q� DQG DOVR WKH YDOXHV RI D
XQLIRUP FULWLFDO GHIRUPDWLRQ SURYH WKH IHDVLELOLW\ RI
SURYLGLQJ D VXIILFLHQW GHIRUPDELOLW\ RI PHWDO LQ WKH
FRQGLWLRQV RI SLSHV ORDGLQJ�

0HWDO RI ZHOGHG MRLQWV RI DOO WKH SLSHV LQYHVWLJDWHG
�H[FHSW RQH� VDWLVILHV ZLWK D VXIILFLHQW UHVHUYH WKH
HVWDEOLVKHG UHTXLUHPHQWV WR VWUHQJWK DQG WRXJKQHVV
SURSHUWLHV �7DEOH �� )LJXUH ��� /RZ VWUHQJWK RI
ZHOGHG MRLQW� IUDFWXUHG LQ SDUHQW PHWDO� RI ���� PP
GLDPHWHU SLSH PDGH IURP VWHHO ��*�6 �133 PDQXIDF�
WXUH� ZDV FDXVHG E\ D GHFUHDVHG OHYHO RI VWUHQJWK
SURSHUWLHV RI WKH SDUHQW PHWDO�

7KXV� WKH UHVXOWV RI FDUULHG RXW LQYHVWLJDWLRQV FRQ�
ILUP WKH IHDVLELOLW\ RI SUHVHUYLQJ VHUYLFH SURSHUWLHV RI
PHWDO RI SLSHOLQHV XQGHU WKH FRQGLWLRQV RI ORQJ�WLPH
IRUFH ORDGLQJ �GXULQJ WKH VFKHGXOHG DQG HYHQ H[�
WUDVFKHGXOHG WHUPV RI VHUYLFH��

$W WKH ORQJ�WHUP VHUYLFH WKH SHUIRUPDQFH RI WKH
JDV SLSHOLQHV ZLOO EH GHILQHG QRW RQO\ E\ D JHQHUDO
GHWHULRUDWLRQ RI SURSHUWLHV RI SLSH PDWHULDO GXH WR
DJHLQJ� EXW PRVWO\ E\ RWKHU IDFWRUV SURPRWLQJ D ORFDO
GDPDJH RI WKH PDWHULDO�

$V KDV EHHQ DOUHDG\ PHQWLRQHG� WKH SLSHV ZHUH
PDQXIDFWXUHG HDUOLHU ZLWKRXW WDNLQJ LQWR DFFRXQW WKH
SUHVHQW UHTXLUHPHQWV� 1HYHUWKHOHVV� KRW�UROOHG DQG
QRUPDOL]HG SLSH VWHHOV RI WKH ILUVW JHQHUDWLRQV� ZKRVH
VSHFLPHQV ZHUH LQYHVWLJDWHG LQ ZRUN >�@ DQG LQ WKH
SUHVHQW ZRUN� FRUUHVSRQG LQ PRVW FDVHV WR WKH FRQGL�
WLRQV RI VHUYLFH RI JDV SLSHOLQHV LQ WKH UHJLRQV ZLWK
PRGHUDWH FOLPDWH �LQFOXGLQJ 8NUDLQH�� )URP WKH
SRLQW RI YLHZ RI DVVXUDQFH RI VHUYLFH SURSHUWLHV RI
PHWDO WKH PRVW GDQJHU FDQ EH FDXVHG E\ ���� PP
GLDPHWHU JDV SLSHOLQHV� FRQVWUXFWHG XVLQJ SLSHV PDGH
IURP QRUPDOL]HG VWHHOV� 5HDOO\� DV LW IROORZV IURP WKH
JLYHQ GDWD� WKH PHWDO RI WKHVH SLSHV �*HUPDQ PDQX�
IDFWXUH� LV QRW TXLWH UHOLDEOH DV WR WKH UHVLVWDQFH WR
DYDODQFKH IUDFWXUH�

5HYHDOLQJ DQG UHPRYDO RI GHIHFWV� UHGXFLQJ WKH
VWUHQJWK RI SLSHOLQHV� DFTXLUH D VSHFLDO LPSRUWDQFH IRU
SLSHV RI IRUPHU PDQXIDFWXUH ZLWK LQVXIILFLHQW WHFK�
QRORJLFDO JXDUDQWHHV RI UHTXLUHG TXDOLW\� 'HIHFWV LQ
WKH ]RQHV RI FROG GHIRUPLQJ FDQ EH RI D JUHDW KD]DUG
EHFDXVH WKH UHVLVWDQFH WR IUDFWXUH RI SLSH PHWDO LV
GHWHULRUDWHG QRWLFHDEO\ LQ WKLV FDVH�

)LJXUH �� 6KDUH RI D WRXJK FRQVWLWXHQW % LQ IUDFWXUH RI VSHFLPHQV
':77 DW WHVW WHPSHUDWXUH � �&

7DEOH �� &KDUDFWHULVWLFV RI PHWDO RI SLSHV LQYHVWLJDWHG

6WHHO JUDGH

&RQGL�

WLRQ RI

SLSH

PHWDO

εW�
�

σ\�σW

δL�

PP
Q WJ α
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:KHQ GLVFXVVLQJ UHVXOWV RI LQYHVWLJDWLRQV FDUULHG
RXW LW LV UDWLRQDO� LQ RXU RSLQLRQ� WR GZHOO RQ VRPH
SUREOHPV RI D JHQHUDO QDWXUH� ZKLFK UHIHU� ILUVW RI DOO�
WR WKH PHWKRGRORJ\ RI GHWHUPLQDWLRQ RI PDWHULDO FRQ�
GLWLRQ RI WKH RSHUDWLQJ PDLQ SLSHOLQHV� 'LIIHUHQW
HYDOXDWLRQV RI SKHQRPHQD RI PHWDO DJHLQJ RI SLSHOLQHV
SURYH� ILUVW RI DOO� WKH FRPSOH[LW\ RI WKLV SUREOHP DQG
JUHDW GLIILFXOWLHV LQ SUHGLFWLRQ RI FRQVHTXHQFHV RI WKH
ORQJ�WHUP VHUYLFH� 7KLV FRQILUPV WKH RSLQLRQ� H[�
SUHVVHG LQ >�@� DERXW WKH H[SHGLHQF\ LQ GLIIHUHQWLDO
DSSURDFK WR WKH HYDOXDWLRQ RI FXUUHQW FRQGLWLRQ RI
PHWDO RI RSHUDWLQJ SLSHOLQHV GHSHQGLQJ RQ GHILQLWH
VHUYLFH FRQGLWLRQV� H[WHUQDO DFWLRQV� LQLWLDO FKDUDF�
WHULVWLFV RI WKH PDWHULDO DQG RWKHUV�

,Q PRVW LQYHVWLJDWLRQV D QHJOLJLEOH LQIOXHQFH RI

VHUYLFH FRQGLWLRQV RQ VWDQGDUG PHFKDQLFDO SURSHUWLHV

RI SLSH PHWDO LV QRWHG� 7KLV DOPRVW OHYHOV WKH YDOXH

RI PHWDO DJHLQJ IDFWRU LQ FDOFXODWLRQV RI VWUHQJWK RI

PDLQ SLSHOLQHV XVLQJ WUDGLWLRQDOO\ DFFHSWHG DS�

SURDFKHV� 7KLV HYDOXDWLRQ LV DFFHSWDEOH RQO\ IRU WKH

PDWHULDO ZLWKRXW GHIHFWV� FDSDEOH WR SODVWLF �WRXJK�

IUDFWXUH DW SUHVHW WHPSHUDWXUH�IRUFH ORDGV�

$V WR WKH ROG SLSHOLQHV� PRUHRYHU� ZLWK GHFUHDVHG

YDOXHV RI FKDUDFWHULVWLFV RI UHVLVWDQFH WR PHWDO IUDF�

WXUH� WKHQ WKLV DSSURDFK WR WKH HYDOXDWLRQ RI VWUHQJWK

LV LQVXIILFLHQW� 8VLQJ UHDO UHVLGXDO SURSHUWLHV RI PHWDO

RI SLSHV� LW LV QHFHVVDU\ WR SHUIRUP WKH FDOFXODWHG

HYDOXDWLRQ RI VWUHQJWK RI WKH SLSHOLQH ZLWK VXFK GH�

IHFWV RI PHWDO� ZKRVH SDUDPHWHUV DUH FRQVLGHUHG DF�

FHSWDEOH DFFRUGLQJ WR WKH H[LVWLQJ VWDQGDUGL]HG GRFX�

PHQWDWLRQ�

6ROXWLRQ RI WKLV DQG RWKHU VLPLODU SUREOHPV UH�
TXLUHV DQ LQWHJUDWHG VWDQGDUGL]HG DQG WHFKQRORJLFDO
VXSSRUW� LQFOXGLQJ SURFHGXUHV RI FDOFXODWHG HYDOX�
DWLRQ RI VWUHQJWK� GHWHUPLQDWLRQ RI SDUDPHWHUV RI GH�
IHFWQHVV DQG SURSHUWLHV RI WKH PDWHULDO� UXOHV RI H[D�
PLQDWLRQ� UHVWRUDWLRQ RI GDPDJHG DUHDV DQG RWKHUV�

,I WR FRQVLGHU WKH HIIHFW RI WLPH IDFWRU� WKHQ DOPRVW
LQ DOO FDVHV WKHUH DUH QR VSHFLPHQV�ZLWQHVVHV� RQ WKH
EDVLV RI ZKLFK LW ZRXOG EH SRVVLEOH WR PDNH WKH PRUH

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI PHWDO RI ORQJLWXGLQDO ZHOGHG MRLQWV RI SLSHV LQYHVWLJDWHG

6WHHO JUDGH
3LSH

FRQGLWLRQ
σW� ª3¾

.&8w��� -�FP�

:HOG PHWDO +$= PHWDO
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YDOLG HYDOXDWLRQ RI FKDQJHV LQ SDUDPHWHUV RI WKH PD�
WHULDO FRQGLWLRQ� ,W LV DOVR HYLGHQW� WKDW WKHUH LV QR
LQIRUPDWLRQ DERXW WKH LQLWLDO FKDUDFWHULVWLFV RI WKH
PDWHULDO ZKLFK DUH GHWHUPLQHG E\ WKH QHZ WHVW PH�
WKRGV� ,W VKRXOG EH QRWHG WKDW WKH QRQ�FRUUHFW HYDOX�
DWLRQ RI WKH OHYHO RI LQLWLDO SURSHUWLHV FDQ OHDG WR WKH
HUURQHRXV FRQFOXVLRQV FRQFHUQLQJ WKH FRQVHTXHQFHV RI
DJHLQJ SURFHVVHV�

$V ZDV RXWOLQHG LQ >�@� VRPH VSHFLILFV RI SLSH PHWDO
FDQQRW EH LJQRUHG� IRU H[DPSOH� UDWKHU ODUJH VFDWWHULQJ
RI LQLWLDO YDOXHV RI PHFKDQLFDO SURSHUWLHV RU FKDQJH
LQ TXDOLW\ FKDUDFWHULVWLFV LQ GLIIHUHQW SHULRGV RI WLPH
WKDW LV FRQQHFWHG ZLWK D ODUJH VFDOH RI SURGXFWLRQ RI
SLSH VWHHO DQG SLSHV� HVSHFLDOO\ LQ WKH SDVW \HDUV� DQG
DOVR ZLWK XSJUDGLQJ RI WKH SURGXFWLRQ WHFKQRORJLHV�

7KXV� WKH HYDOXDWLRQ RI D FXUUHQW FRQGLWLRQ RI PH�
WDO IURP WKH SRLQW RI YLHZ RI LWV VXLWDELOLW\ WR VHUYLFH
DW SUHVHW FRQGLWLRQV VKRXOG EH PDGH WDNLQJ LQWR DF�
FRXQW WKH OHYHO RI TXDOLW\ RI SLSHV RI WKH SUHYLRXV
SURGXFWLRQ�

$ SDUWLFXODU LQWHUHVW LV VKRZQ WR WKH VWXG\ RI PHWDO
FRQGLWLRQ RI VHSDUDWH UHJLRQV RI SLSHOLQHV� RQ ZKLFK
WKH FRQGLWLRQV DUH RFFXUUHG GXH WR XQVFKHGXOHG VLWX�
DWLRQV DQG VSHFLDO FLUFXPVWDQFHV� SURPRWLQJ WKH PHWDO
GDPDJH FDXVHG E\ K\GURJHQDWLRQ� FROG SODVWLF GHIRU�
PDWLRQ� SRO\IUHTXHQF\ ORDGLQJ� GLIIHUHQW FKHPLFDO�
PHFKDQLFDO DFWLRQV�

7KH YDULHW\ RI SRVVLEOH SKHQRPHQD UHTXLUHV FRQ�
GXFWDQFH RI WKH PRUH FRPSUHKHQVLYH LQYHVWLJDWLRQV WR
UHYHDO WKH VSHFLILF IHDWXUHV ZKLFK DFFRPSDQ\ GLIIHUHQW
SURFHVVHV RI DJHLQJ� &RPSOH[ RI WKHVH LQYHVWLJDWLRQV
FRPHV RXW EH\RQG WKH VFRSH RI FRQWURO DQG WHVW SUR�
FHGXUH LQ PDQXIDFWXUH RI SLSH SURGXFWV�

&ODVVLILFDWLRQ RI FRQGLWLRQV RI WKH PDWHULDO FDQ EH
RI VLJQLILFDQW KHOS LQ WKH VROXWLRQ RI WKHVH SUREOHPV�
IRU H[DPSOH RQ WKH EDVLV RI WKH DSSURDFK JLYHQ LQ >�@�
,Q RXU RSLQLRQ� LW LV UDWLRQDO WR GHYHORS IXUWKHU WKH
VFDOH RI OLPLWLQJ SDUDPHWHUV FKDUDFWHUL]LQJ WKH VHU�

YLFHDEOH� SDUWLDOO\ VHUYLFHDEOH DQG SUH�HPHUJHQF\ FRQ�
GLWLRQ RI WKH PDWHULDO IRU W\SLFDO JURXSV RI SLSH VWHHOV�

&21&/86,216

�� 7KH LQYHVWLJDWLRQV FDUULHG RXW RQ VSHFLPHQV RI SD�
UHQW PHWDO DQG ZHOGHG MRLQWV FXW IURP �ROG� PDLQ JDV
SLSHOLQHV� ODLG DW WKH WHUULWRU\ RI 8NUDLQH� FRQILUPHG
DIWHU XS WR �� \HDUV VHUYLFH WKH IHDVLELOLW\ RI SUHVHUYLQJ
DFFHSWDEOH VHUYLFH SURSHUWLHV RI SLSH PHWDO LQ VFKH�
GXOHG DQG HYHQ H[WUVFKHGXOHG WHUPV RI VHUYLFH� 7KXV�
WR HQVXUH WKH ORQJ�WLPH VHUYLFH UHOLDELOLW\ RI �ROG�
JDV SLSHOLQHV LW LV YHU\ LPSRUWDQW WR UHYHDO DQG UHPRYH
WKH KD]DUGRXV GHIHFWV LQ PHWDO RI SLSHV DQG ZHOGHG
MRLQWV�

�� 'XH WR LPSHUIHFWLRQ RI FRPSOH[ RI LQLWLDO WHFK�
QLFDO UHTXLUHPHQWV WR SLSHV� WKH HYDOXDWLRQ RI FRQGL�
WLRQ RI RSHUDWLQJ JDV SLSHOLQHV �RU UHJLRQV RI JDV SLSH�
OLQHV�� LQ FRQVWUXFWLRQ RI ZKLFK LQ WKH ����w����V
WKH SLSHV ZHUH XVHG ZLWK DQ LQVXIILFLHQW WHFKQRORJLFDO
JXDUDQWHHV RI TXDOLW\� GHVHUYHV D VSHFLDO DWWHQWLRQ�
,GHQWLILFDWLRQ RI ODLG SLSHV� HYDOXDWLRQ RI WKH OHYHO RI
WHFKQLFDO FKDUDFWHULVWLFV DQG VWDELOLW\ RI TXDOLW\ RI
XVHG PDWHULDOV KDV D JUHDW LPSRUWDQFH LQ GLDJQRVWLF
H[DPLQDWLRQ DQG UHKDELOLWDWLRQ RI WKHVH JDV SLSHOLQH�

�� 3DWRQ� %�(�� 6HP\RQRY� 6�(�� 5\EDNRY� $�$� HW DO�
������ $JHLQJ DQG SURFHGXUH RI HYDOXDWLRQ RI WKH VWDWH RI
PHWDO RI WKH PDLQ SLSHOLQHV LQ VHUYLFH� 7KH 3DWRQ :HOG�
LQJ -�� �� �w���

�� 6HP\RQRY� 6�(�� 5\EDNRY� $�$�� .LULDQ� 9�,� HW DO� ������
([SHULPHQWDO HYDOXDWLRQ RI WKH VWDWH RI PHWDO RI ORQJ�VHU�
YLFHG ZHOGHG RLO SLSHOLQHV� ,ELG�� �� ��w���

�� /HMNLQ� ,�0�� /LWYLQHQNR� '�$�� 5XGFKHQNR� $�9� ������
3URGXFWLRQ DQG SURSHUWLHV RI ORZ�DOOR\ VWHHOV� 0RVFRZ�
0HWDOOXUJL\D�

�� *LUHQNR� 9�6�� 6HP\RQRY� 6�(�� *RQFKDUHQNR� /�9� ������
6WUDLQ DJHLQJ RI SLSH VWHHOV� 7HNKQ� 'LDJQRVWLND L 1HUD]U�
.RQWURO� �� ������

�� 3DWRQ� %�(�� 7UXI\DNRY� 9�,�� .LULDQ� 9�,� ������ 5HTXLUH�
PHQWV WR YLVFRVLW\ RI VWHHO IRU PDLQ JDV SLSHOLQHV LQ XVH RI
DYDODQFKH IUDFWXUH DUUHVWHUV LQ WKHP� $YWRPDWLFK� 6YDUND�
��� �w��
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

)HDWXUHV RI QDWXUDO RVFLOODWLRQV RI OLTXLG PHWDO RQ WKH YDSRXU�JDV FKDQQHO ZDOOV KDYH EHHQ VWXGLHG� ,W LV VKRZQ WKDW LQ

ZHOGLQJ ZLWK D XQLIRUPO\�PRYLQJ HOHFWURQ EHDP FDSLOODU\ ZDYHV IRUP RQ WKH PHOW VXUIDFH XQGHU WKH LPSDFW RI UHDFWLRQ

IRUFH RI UHFRLO SUHVVXUH� DULVLQJ DV D UHVXOW RI HOHFWURQ EHDP LQWHUDFWLRQ ZLWK WKH FKDQQHO IURQW ZDOO� 7KHVH FDSLOODU\
IRUFHV KDYH D GLVFUHWH VSHFWUXP RI QDWXUDO IUHTXHQFLHV� WKH GHQVLW\ RI ZKLFK LQFUHDVHV ZLWK WKH SHQHWUDWLRQ GHSWK� $

YDULDQFH UHODWLRQ KDV EHHQ GHULYHG IRU WKH FDSLOODU\ ZDYHV RQ WKH LQQHU VXUIDFH RI D F\OLQGULFDO FKDQQHO� 6XFK ORZ�IUHTXHQF\

RVFLOODWLRQV RI WKH PHOW PD\ UHVXOW LQ LQVWDELOLW\ RI WKH ZHOGLQJ SURFHVV�

.H\ ZRU G V � HOHFWURQ EHDP ZHOGLQJ� YDSRXU�JDV FKDQQHO�

FDSLOODU\ ZDYHV� K\GURG\QDPLF VWDELOLW\� ODPLQDU IORZ� VSHF�

WUXP RI QDWXUDO RVFLOODWLRQV� YDULDQFH UHODWLRQ� GDPSLQJ FRHIIL�
FLHQW

$V LQGLFDWHG E\ QXPHURXV H[SHULPHQWDO GDWD >�@� K\�
GURG\QDPLF VWDELOLW\ RI PROWHQ PHWDO LQ WKH YDSRXU�
JDV FKDQQHO LV LPSRUWDQW IRU QRUPDO UXQQLQJ RI WKH

ZHOGLQJ SURFHVV DQG SURGXFLQJ VRXQG ZHOGV� &RQWUD�

ULO\� RVFLOODWLRQV RI WKH VXUIDFH RI WKH PHOW� DULVLQJ

DJDLQVW WKH EDFNJURXQG RI WRWDO PRWLRQ RI OLTXLG PHWDO

LQ WKHZHOG SRRO� PD\ OHDG WR LQKRPRJHQHLW\ RIZHOGHG

MRLQWV� DQG IRUPDWLRQ RI YDULRXV GHIHFWV RI WKH W\SH

RI URRW GHIHFWV� IDOVH FKDQQHO� RU EORZKROHV� 7KH UROH

RI VXFK RVFLOODWLRQV RI PHOW VXUIDFH LQ ZHOG IRUPDWLRQ

LQFUHDVHV ZLWK WKH LQFUHDVH RI WKH WKLFNQHVV RI PHWDOV

EHLQJ ZHOGHG DERYH �� PP >�@� $V LQ (%: RI PHWDOV
RI DYHUDJH RU HYHQ VPDOO WKLFNQHVV GLIILFXOWLHV DUH DOVR

HQFRXQWHUHG LQ SURGXFLQJ VRXQG MRLQWV >�@� WKLV SDSHU

SURYLGHV DQDO\VLV RI WKH IHDWXUHV RI QDWXUDO RVFLOODWLRQV

RI OLTXLG PHWDO RQ WKH ZDOOV RI WKH YDSRXU�JDV FKDQQHO

DQG VLQJOHV RXW WKRVH RI WKHP� ZKLFK GHWHUPLQH WKH

SDUDPHWHUV RI WKH WHFKQRORJ\ RI (%: RI WKLFN PHWDOV

DQG DOOR\V�

,Q YLHZ RI WKH IDFW WKDW YDULRXV WXUEXOHQFHV� DULVLQJ

LQ WKH PHOW IORZLQJ DORQJ WKH ZDOOV RI YDSRXU�JDV

FKDQQHO� LPSDLU LWV K\GURG\QDPLF VWDELOLW\ �DQG� DV

D UHVXOW� WKH TXDOLW\ RI WKH ZHOGHG MRLQW DV D ZKROH��

LQ RUGHU WR SURYLGH WKH PD[LPXP VWDELOLW\ RI WKH ZHOG�

LQJ SURFHVV LW LV QHFHVVDU\ IRU WKH PHOW PRWLRQ LQVLGH

WKH FKDQQHO WR EH ODPLQDU� ,W LV NQRZQ IURP SUDFWLFH�

WKDW WKH GLDPHWHU RI WKH YDSRXU�JDV FKDQQHO G� DV D

UXOH� LV PXFK VPDOOHU WKDQ LWV GHSWK + �G �� +��

7KHUHIRUH� WKH NQRZQ IURP K\GURG\QDPLFV DQDORJ\ RI
OLTXLG IORZLQJ DURXQG D VLPSOH RU HOOLSWLFDO ORQJ F\OLQGHU
FDQ EH XVHG WR DQDO\]H WKH PHOW PRWLRQ LQ WKH FKDQQHO

>�@� 7KH JUHDWHU WKH FKDQQHO GHSWK� WKH PRUH YDOLG ZLOO
VXFK D GHVFULSWLRQ EH� SDUWLFXODUO\� DW FRPSOHWH SHQH�

WUDWLRQ� ,Q WKLV FDVH� LQ YLHZ RI WKH VPDOOQHVV RI WKH

FRHIILFLHQW RI NLQHPDWLF YLVFRVLW\ RI PROWHQ PHWDO DW

KLJK WHPSHUDWXUHV �ν ≈ ��w�w��w� FP�

�V�� WKH PRWLRQ

RI OLTXLGPHWDO DORQJ WKH VXUIDFH RI YDSRXU�JDV FKDQQHO

PD\ EH UHJDUGHG DV GLVVLSDWLRQ�IUHH� FRQVLGHULQJ WKH

YLVFRVLW\ WR EH GLIIHUHQW IURP ]HUR RQO\ LQ WKH OD\HU

DGMDFHQW WR WKH VROLG ZDOO RI WKH FKDQQHO� ,Q WKLV FDVH�

WKH PHOW PRWLRQ DORQJ WKH ZDOOV RI WKH YDSRXU�JDV

FKDQQHO PD\ EH UHJDUGHG DV D SRWHQWLDO RQH� L�H� D

IORZ GHVFULEHG E\ RQH IXQFWLRQ x SRWHQWLDO RI YHORFL�
WLHV Φ�� UHODWHG LQ HDFK SRLQW RI WKH PHOW WR WKH FRP�

SRQHQWV RI WKH YHORFLW\ YHFWRU YL E\ WKH IROORZLQJ
UHODWLRQVKLS >�@�

YL  ∂Φ��G[L� ���

ZKHUH [L DUH WKH VSDFH FRRUGLQDWHV �L  �� �� ���

7KXV� WKH PHOW YHORFLW\ LV GHWHUPLQHG DV D JUDGLHQW
RI IXQFWLRQ Φ�� )URP WKH FRQGLWLRQ RI FRQWLQXLW\ RI

LQFRPSUHVVLEOH OLTXLG LW IROORZV WKDW WKH SRWHQWLDO RI

YHORFLWLHV Φ� VKRXOG VDWLVI\ /DSODFH HTXDWLRQ LQ WKH

HQWLUH PHOW YROXPH

∆Φ�  �� ���

ZKHUH ∆ LV WKH /DSODFH RSHUDWRU�

,Q WHUPV RI LQWHUDFWLRQ RI WKH HOHFWURQ EHDP ZLWK

WKH ZDOOV RI WKH YDSRXU�JDV FKDQQHO� WKH GLVWXUEDQFHV

DULVLQJ RQ WKH FKDQQHO ZDOO �SDUWLFXODUO\ RQ WKH IURQW

ZDOO� DUH LPSRUWDQW� $ QXPEHU RI SXEOLFDWLRQV >�� �@

GHDO ZLWK ZDYHV RQ WKH HGJH RI D FRQWLQXRXV F\OLQGHU
RI OLTXLG PHWDO� EXW WKH LVVXH RI FDSLOODU\ ZDYHV RQ

WKH LQWHUQDO VXUIDFH RI WKH YDSRXU�JDV FKDQQHO UH�

PDLQHG XQWUHDWHG� $QDO\VLV RI WKH LQIOXHQFH RI VXFK

ZDYHV RQ WKH FKDQQHO VWDELOLW\ DQG ZHOG IRUPDWLRQ LQ

(%: LV RI JUHDW SUDFWLFDO LQWHUHVW�

&RQVLGHULQJ WKH PHOW WR EH DQ LQFRPSUHVVLEOH OL�

TXLG DQG QHJOHFWLQJ WKH NLQHWLF HQHUJ\ �Y
���� DV WKH

WHUP RI WKH VHFRQG RUGHU RI VPDOOQHVV� OHW XV ZULWH

DFFRUGLQJ WR >�@ WKH HTXDWLRQ IRU D GLVWXUEHG LQFUH�

PHQW RI YHORFLW\ SRWHQWLDO Φ LQ WKH YDSRXU�JDV FKDQ�

QHO�

S = w ρJ] w ρ
∂Φ
∂W � ���

ZKHUH S LV WKH PHOW SUHVVXUH LQ WKH FKDQQHO QHDU LWV

VXUIDFH DW GHSWK ]� ρ LV WKH GHQVLW\ RI WKH PROWHQ� 9�0� 1(67(5(1.29� ����
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PHWDO� J LV WKH JUDYLW\ DFFHOHUDWLRQ�Φ LV WKH GLIIHUHQFH

EHWZHHQ WKH GLVWXUEHG DQG XQGLVWXUEHG YHORFLW\ SR�

WHQWLDOV� ] LV WKH FRRUGLQDWH LQ WKH YHUWLFDO GLUHFWLRQ�

FRXQWHG IURP WKH FKDQQHO XSSHU HGJH�

3UHVVXUH S LQ WKH PHOW QHDU WKH JDVwOLTXLG LQWHU�

SKDVH LV GHILQHG DV WKH GLIIHUHQFH EHWZHHQ WKH SUHVVXUH

RQ WKH PHOW VXUIDFH LQVLGH WKH YDSRXU�JDV FKDQQHO SF

DQG /DSODFH SUHVVXUH

S = SF w
σ
5
� ���

ZKHUH σ LV WKH VXUIDFH WHQVLRQ FRHIILFLHQW RI OLTXLG

PHWDO� 5 LV WKH LQQHU UDGLXV RI YDSRXU�JDV FKDQQHO�

SF  SF�U� W� LV WKH SUHVVXUH LQ WKH FKDQQHO �LQ WKH

JHQHUDO FDVH WKH IXQFWLRQ RI FRRUGLQDWHV DQG WLPH��

,Q WXUQ� SUHVVXUH RQ WKHPHOW VXUIDFH LQVLGH WKH FKDQQHO

SF FRQVLVWV RI WKH SUHVVXUH RI JDV DQG YDSRXUV RI PHWDO

LQ WKH FKDQQHO SY DQG UHFRLO SUHVVXUH SU� UHVXOWLQJ IURP

PHWDO HYDSRUDWLRQ IURP WKH PHOW VXUIDFH XQGHU WKH

LPSDFW RI WKH HOHFWURQ EHDP�

$W VWDWLF OLPLW IRUPXOD ��� WXUQV LQWR WKH NQRZQ

FRQGLWLRQ RI HTXLOLEULXP IRU WKH YHUWLFDO YDSRXU�JDV

FKDQQHO >�@

SF =
σ
5
w ρJ]� ���

$V VPDOO GLVWXUEDQFHV ζ IRUPHG RQ WKH IUHH VXUIDFH
RI WKH PHOW LQVLGH WKH FKDQQHO� DUH GLUHFWHG DORQJ D

QRUPDO WR WKH VXUIDFH SURSHU� LQ WKH FDVH RI D YHUWLFDO

YDSRXU�JDV FKDQQHO� WKH\ GR QRW DIIHFW WKH JUDYLW\

FRPSRQHQW RI HTXDWLRQ ���� 'HGXFLQJ IURP ��� D VLPL�

ODU HTXDWLRQ IRU D GLVWXUEHG SRWHQWLDO DQG QHJOHFWLQJ

WKH WHUPV RI WKH VHFRQG RUGHU RI VPDOOQHVV� IRU D GLV�

WXUEHG LQFUHPHQW RI YHORFLW\ SRWHQWLDO Φ DW U  5� ZH

KDYH WKH IROORZLQJ HTXDWLRQ�

∂Φ
∂W

+
σ
ρ




�

5V

+
�

5





+
∆SF
ρ = �� ���

ZKHUH ∆SF LV WKH GLIIHUHQFH EHWZHHQ WKH GLVWXUEHG DQG
XQGLVWXUEHG SUHVVXUH RQ WKH PHOW VXUIDFH LQ WKH FKDQ�

QHO�5V DQG5 LV WKH UDGLXV RI FXUYDWXUH RI WKH GLVWXUEHG

DQG XQGLVWXUEHG VXUIDFH RI WKH PHOW� UHVSHFWLYHO\�

$IWHU GLIIHUHQWLDWLQJ HTXDWLRQ ��� ZLWK UHVSHFW WR

WLPH� ZH FRPH WR WKH QH[W HTXDWLRQ IRU Φ RQ WKH PHOW

VXUIDFH LQVLGH WKH FKDQQHO�







∂�Φ
∂W�

+
σ
ρ

∂
∂W




�

5V





+
∂
∂W




∆SF
ρ











U = 5

= �� ���

,Q ZHOGLQJ ZLWK D XQLIRUPO\PRYLQJ HOHFWURQ EHDP

SUHVVXUH SF� DSSOLHG WR WKH ZDOOV RI YDSRXU�JDV FKDQ�

QHO� FKDQJHV RQO\ VOLJKWO\ LQ D TXDVL�VWDWLRQDU\ ZHOG�

LQJ SURFHVV� 7KHUHIRUH� LQ WKH ILUVW DSSUR[LPDWLRQ WKH

ODVW WHUP LQ HTXDWLRQ ��� PD\ EH QHJOHFWHG� 7KHQ�

VROXWLRQ RI WKLV HTXDWLRQ LV UHGXFHG WR D SUREOHP RI

WKH QDWXUDO RVFLOODWLRQV RI WKH PHOW LQ WKH YDSRXU�JDV

FKDQQHO� )RU WKLV SXUSRVH� LW LV QHFHVVDU\ WR GHWHUPLQH

FXUYDWXUH UDGLXV 5V RI WKH PHOW LQQHU VXUIDFH� ZKLFK

LV QRW JUHDWO\ GLIIHUHQW IURP D F\OLQGULFDO VXUIDFH LQ

WKH ILUVW DSSUR[LPDWLRQ� ,Q WKLV FDVH� WKH VKDSH RI

OLTXLG PHWDO RQ WKH FKDQQHO ZDOOV PD\ EH SUHVHQWHG

DV D KROORZ F\OLQGHU ZLWK WKH LQQHU DQG RXWHU UDGLL 5

DQG 5�� UHVSHFWLYHO\ �)LJXUH ��� 'LVWXUEDQFH RI WKH

PHOW VXUIDFH LQVLGH WKH FKDQQHO ζ ZLOO FKDQJH DORQJ

WKH FKDQQHO GHSWK DORQJ D[LV ]� ZKLFK PD\ UHVXOW LQ

FDSLOODU\ ZDYHV SURSDJDWLQJ RYHU WKH FKDQQHO VXUIDFH�

5V PD\ EH GHWHUPLQHG E\ PLQLPL]LQJ WKH DUHD RI LQQHU

VXUIDFH RI D F\OLQGHU� 6XUIDFH DUHD 6� GHVFULEHG E\

IXQFWLRQ U  U�ϕ� ]�� LQ WKH F\OLQGULFDO FRRUGLQDWHV

PD\ EH UHSUHVHQWHG LQ WKH IROORZLQJ IRUP >�@�

6 = ∫
�

�π

∫
�

+

√� +



�

U

∂U
∂ϕ





�

+



∂U
∂]





�

UGϕG]� ���

ZKHUH ϕ LV WKH KRUL]RQWDO DQJOH�

&\OLQGULFDO VXUIDFH LV DVVLJQHG E\ HTXDWLRQ U  5  

 FRQVW� DQG D VXUIDFH FORVH WR LW� VOLJKWO\ GLIIHUHQW

IURP D F\OLQGULFDO RQH� LV GHVFULEHG E\ HTXDWLRQ U  

 5 w ζ ZLWK D VPDOO ζ� 6XEVWLWXWLQJ WKLV YDOXH LQ

IRUPXOD ���� ZH ZLOO DSSUR[LPDWHO\ KDYH

6 = ∫
�

�π

∫
�

+ 




 (5 w ζ) +

�

�(5 w ζ)



∂ζ
∂ϕ





�

+
(5 w ζ)

�





∂ζ
∂]





� 




 GϕG]�

���

6ROYLQJ WKH SUREOHP RI 6 PLQLPL]DWLRQ E\ YDUL�

DWLRQ RI IXQFWLRQDO >�@ ZLWK DQ DFFXUDF\ WR WKH WHUPV

RI WKH ILUVW RUGHU RI VPDOOQHVV E\ ζ� ZH REWDLQ

�

5V

= w
�

5






� +

ζ
5

+ �

5

∂�ζ

∂�ϕ
+ 5

∂�ζ

∂�]







� ����

6XEVWLWXWLQJ IRUPXOD ���� LQWR HTXDWLRQ ���� DIWHU

WLPH GLIIHUHQWLDWLRQ ZH JHW

∂�Φ
∂W�

=
σ

ρ5
∂
∂W







� +

ζ
5

+
�

5

∂�ζ

∂�ϕ
+ 5

∂�ζ
∂�]






 �

����

8VLQJ D NLQHPDWLF ERXQGDU\ FRQGLWLRQ RQ WKH LQQHU

VXUIDFH RI D F\OLQGHU

)LJXUH �� &DSLOODU\ ZDYHV RQ WKH PHOW VXUIDFH ξ LQVLGH WKH YDSRXU�
JDV FKDQQHO LQ WKH IRUP RI D KROORZ F\OLQGHU RI UDGLL 5 DQG 5�
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Y
U

=
∂Φ
∂U _

U = 5
= w

∂ζ
∂W � ����

ZH REWDLQ WKH IROORZLQJ FRQGLWLRQ IRU YHORFLW\ SRWHQ�

WLDO Φ DW U  5�

∂�Φ
∂W�

= w
σ

ρ5�

∂
∂U






Φ +

∂�Φ
∂�ϕ

+ 5
� ∂�Φ

∂�]







U = 5

� ����

$ FRPSOH[ VROXWLRQ RI HTXDWLRQ ���� LQ WKH IRUP

RI D VWDQGLQJ ZDYH

Φ = H[S (w LωW) I (U� ϕ� ])� ����

ZKHUH ω LV WKH IUHTXHQF\ RI QDWXUDO RVFLOODWLRQV� W LV

WKH WLPH� IXQFWLRQ I�U� ϕ� ]�� H[SUHVVHG LQ F\OLQGULFDO
FRRUGLQDWHV� VDWLVILHV /DSODFH HTXDWLRQ ��� LQ WKH HQ�

WLUH YROXPH RI D OLTXLG F\OLQGHU�

$V LV NQRZQ >�@� VROXWLRQ RI /DSODFH HTXDWLRQ IRU

D F\OLQGHU FDQ EH UHSUHVHQWHG LQ WKH IROORZLQJ IRUP�

I  H[S>±L�N] � Pϕ�@0
P
�NU�� ����

ZKHUH N LV WKH ZDYH YHFWRU� P LV WKH LQWHJHU QXPEHU�

0P LV WKH OLQHDU FRPELQDWLRQ RI PRGLILHG %HVVHO IXQF�

WLRQV RI WKH ILUVW DQG VHFRQG NLQG ,P�NU� DQG .P�NU��

0
P
�NU�  >$

P
,
P
�NU� � %

P
.

P
�NU�@� ����

$P�%P DUH WKH FRHIILFLHQWV� GHWHUPLQHG IURP ERXQGDU\

FRQGLWLRQV�

6ROXWLRQ RI NLQG ���� DGPLWV SURSDJDWLRQ RI

VLQXVRLGDO ZDYHV DORQJ WKH LQQHU VXUIDFH RI D KROORZ

F\OLQGHU� 8VLQJ DQ DGGLWLRQDO NLQHPDWLF ERXQGDU\

FRQGLWLRQ IRU YHORFLW\ SRWHQWLDO Φ RQ WKH RXWHU VXUIDFH

RI D F\OLQGHU �U  5��

Y
U

=
∂Φ
∂U _U = 5

�

= �� ����

FRHIILFLHQW %P PD\ EH HOLPLQDWHG IURP IRUPXOD �����

7KLV ERXQGDU\ FRQGLWLRQ PHDQV WKDW WKH UDGLDO FRP�

SRQHQW RI PHOW YHORFLW\ WXUQV WR ]HUR RQ WKH VROLG ZDOO

RI YDSRXU�JDV FKDQQHO� 7KHQ IRUPXOD ���� EHFRPHV

0P(NU) = $P






 ,P(NU) w .P(NU)

,P
′ (N5�)

.P

′ (N5�)






 � ����

ZKHUH ,P
′ (.5�) DQG .P

′ (N5�) DUH WKH GHULYDWLYHV RI

PRGLILHG %HVVHO IXQFWLRQV RI WKH ILUVW DQG VHFRQG NLQG�

UHVSHFWLYHO\�

6XEVWLWXWLQJ Φ LQ WKH IRUP RI ���� LQWR HTXDWLRQ

����� ZH REWDLQ WKH IROORZLQJ ERXQGDU\ FRQGLWLRQ DW

U  5�

∂�Φ

∂W�
=

σ

ρ5�
>(P� + N

�
5
�) w �@





∂Φ
∂U




U = 5

� ����

6RPH VLPSOLILFDWLRQ LQ HTXDWLRQ ����� XVLQJ IRU�

PXODV ���� DQG ���� \LHOGV D YDULDQFH UHODWLRQ IRU D

KROORZ F\OLQGHU�

ωP

� =
σ
ρ

N

5
�
>� w (N�5� + P

�)@
∂0P(NU)

∂(NU) _U = 5

�

0P(N5)
�����

ZKHUH ωP LV WKH IUHTXHQF\ RI P
WK
PRGH RI QDWXUDO

RVFLOODWLRQV�

+DYLQJ GLIIHUHQWLDWHG PXOWLSOLHU0P�NU� ZLWK UH�

VSHFW WR UDGLXV U DQG VXEVWLWXWHG WKH GHULYHG H[SUHV�

VLRQ LQWR HTXDWLRQ ����� ZH REWDLQ WKH IROORZLQJ YDUL�

DQFH UHODWLRQ�

ω
P

� =
σ
ρ

N

5
�
>(N�5� + P

�) w �@ &
P
� ����

ZKHUH &P  &P�N� 5� 5�� LV WKH PXOWLSOLHU� GHSHQGHQW

RQ ZDYH YHFWRU N DQG SDUDPHWHUV RI YDSRXU�JDV FKDQ�

QHO 5 DQG 5�� ZKLFK KDV WKH IROORZLQJ IRUP�

&P(N� 5� 5�) =
>.P

′ (N5),P
′ (N5�) w ,P

′ (N5).P

′ (N5�)@
>,P(N5).P

′ (N5�) w .P(N5),P
′ (N5�)@

� ����

,W VKRXOG QRWHG WKDW UHODWLRQ ���� LV IXQGDPHQWDOO\

GLIIHUHQW IURP D VLPLODU RQH IRU ZDYHV RI D IODW VXUIDFH

RI D F\OLQGHU� ILUVW RI DOO� E\ WKH SUHVHQFH RI PXOWLSOLHU

&P DQG� VHFRQGO\� E\ WKH SUHVHQFH RI DQ LQVWDELOLW\

]RQH IRU ]HUR �P  �� QDWXUDO RVFLOODWLRQV� DV DW N5 �

� � YDOXH ω� EHFRPHV SXUHO\ LPDJLQDU\ �ω�
�
� ���

7DNLQJ LQWR DFFRXQW WKH YDULDQFH UHODWLRQ �����

ERXQGDU\ FRQGLWLRQ ���� FDQ EH ZULWWHQ LQ WKH IRO�

ORZLQJ IRUP�







∂�Φ
∂W�

+ ω
P

�Φ






U = 5

= �� ����

5HODWLRQVKLS ���� LV DQ HTXDWLRQ RI QDWXUDO RVFLO�

ODWLRQV RI PHOW VXUIDFH LQ WKH YDSRXU�JDV FKDQQHO� 7KH

VLWXDWLRQ� ZKHQ PHOW RVFLOODWLRQV DUH GHILQHG E\ HTXD�

WLRQ ���� LV LQ SODFH� IRU LQVWDQFH� LQ ZHOGLQJ ZLWK D

XQLIRUPO\ PRYLQJ HOHFWURQ EHDP� :LWKRXW HOHFWURQ

EHDP VFDQQLQJ WKH SUHVVXUH� DSSOLHG WR WKH FKDQQHO

IURQW ZDOO� FKDQJHV RQO\ VOLJKWO\ GXULQJ WKH TXDVLV�

WDWLRQDU\ ZHOGLQJ SURFHVV� DQG PHOW RVFLOODWLRQV SUR�

FHHG DW QDWXUDO IUHTXHQFLHV�

$V LQ WKH DFWXDO ZHOGLQJ SURFHVV WKH HOHFWURQ EHDP

�RU ZRUNSLHFH� DUH PRYLQJ LQ D FHUWDLQ GLUHFWLRQ� LQ

ZHOGLQJ ZLWK D XQLIRUPO\ PRYLQJ EHDP ILUVW RI DOO

WKH ILUVW PRGH RI PHOW RVFLOODWLRQV LV H[FLWHG LQ WKH

YDSRXU�JDV FKDQQHO �P  ��� ZKLFK FRUUHVSRQGV WR

ORQJLWXGLQDO RVFLOODWLRQV RI WKH PHOW RI WKH W\SH RI

GLVSODFHPHQWV LQ WKH ZHOGLQJ GLUHFWLRQ� )RU WKH ILUVW

RVFLOODWLRQ PRGH YDULDQFH UHODWLRQ ���� EHFRPHV

ω�
� = &�

σN�
ρ � ����

ZKHUH &�  &��N� 5� 5�� LV WKH FRHIILFLHQW� IRXQG

IURP IRUPXOD ���� DW P  �� 7KLV PHDQV WKDW DW KLJK

YDOXHV RI N WKH VSHFWUXP RI PHOW RVFLOODWLRQV LQ WKH

YDSRXU�JDV FKDQQHO LV GHVFULEHG E\ WKH H[SRQHQWLDO

ODZ� ω a N
���

� &RHIILFLHQW RI VXUIDFH WHQVLRQ σ DQG

PHOW GHQVLW\ ρ� LQFRUSRUDWHG LQWR IRUPXODV ���� DQG

����� DUH WHPSHUDWXUH IXQFWLRQV� 7KHVH YDOXHV GHFUHDVH

ZLWK WHPSHUDWXUH LQFUHDVH� VR WKDW WKH IUHTXHQF\ RI

QDWXUDO RVFLOODWLRQV ω� SURSRUWLRQDO WR MXVW WKHLU UH�
ODWLRQVKLS �ω ∼ √σ/ρ�� FKDQJHV RQO\ VOLJKWO\ LQ WKH

WHPSHUDWXUH LQWHUYDO RI 7P � 7 � 7E� ZKHUH 7P DQG
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7E DUH WKH WHPSHUDWXUHV RI PHWDO PHOWLQJ DQG ERLOLQJ�

UHVSHFWLYHO\� 7KHUHIRUH� LQ ω� GHWHUPLQDWLRQ WKH WHP�

SHUDWXUH GHSHQGHQFLHV RI WKHVH YDOXHV FDQ EH LJQRUHG

LQ WKH ILUVW DSSUR[LPDWLRQ� /HW XV DQDO\]H PXOWLSOLHU

&� LQ IRUPXOD ����� )LJXUH � JLYHV GHSHQGHQFLHV &�  

 I�N5� IRU P  � LQ WKH YDSRXU�JDV FKDQQHO ZLWK

RXWHU UDGLXV 5�  ���� PP DW GLIIHUHQW YDOXHV RI SD�

UDPHWHU5��5  ����� ����� ����� ����� ,W LV VHHQ IURP

WKH )LJXUH WKDW� ILUVW� ZLWK LQFUHDVH RI ZDYH YHFWRU N

YDOXH &� ILUVW GURSV TXLFNO\� UHDFKLQJ D PLQLPXP DW

N5 ≈ �� DQG WKHQ JURZV� WHQGLQJ WR ]HUR �&� → �� DW

N → ∞� 6HFRQGO\� ZLWK GHFUHDVH RI FKDQQHO LQQHU UD�
GLXV 5 �DQG� KHQFH� LQFUHDVH RI WKH WKLFNQHVV RI WKH

PHOW OD\HU RQ WKH ZDOOV RI YDSRXU�JDV FKDQQHO G  

 5� w 5� YDOXH &� LQ WKH ORQJ�ZDYH SDUW RI WKH

VSHFWUXP DOVR ULVHV�

(DFK PRGH RI PHOW RVFLOODWLRQV LQ WKH YDSRXU�JDV

FKDQQHO RI D ILQLWH GHSWK FRUUHVSRQGV WR D ZKROH VHW

RI QDWXUDO RVFLOODWLRQ IUHTXHQFLHV� 6XFK D GLVFUHWHQHVV

RI WKH VSHFWUXP RI QDWXUDO RVFLOODWLRQV RI WKH PHOW

IROORZV IURP WKH IDFW WKDW WKH SRWHQWLDO RI YHORFLWLHV

Φ� LQ DGGLWLRQ WR /DSODFH HTXDWLRQV� VKRXOG DOVR VD�

WLVI\ WKH ERXQGDU\ FRQGLWLRQV DW WKH ERWWRP DQG RQ

WRS RI YDSRXU�JDV FKDQQHO

∂Φ
∂] _

] = w+ = ��
∂Φ
∂] _] = � = Y

]
� ����

ZKHUH Y] LV WKH PHOW YHORFLW\ RQ D IUHH KRUL]RQWDO

VXUIDFH RI WKH PHOW�

7KHVH ERXQGDU\ FRQGLWLRQV DUH VLPLODU WR WKH

NQRZQ FRQGLWLRQV IRU YLEUDWLRQ RI D VWULQJ RU PHP�

EUDQH ZLWK RQH HQG IL[HG DQG RQH IUHH� DQG PHDQ WKDW

D FHUWDLQ QXPEHU RI RVFLOODWLRQV VKRXOG ILW DORQJ WKH

HQWLUH OHQJWK RI FKDQQHO +� 7KHUHIRUH� IRU D ZDYH

YHFWRU N RI WKH Q
WK
KDUPRQLF WKH IROORZLQJ UHODWLRQ

VKRXOG KROG�

N
Q
+ =
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ZKHUH Q LV WKH QXPEHU RI RVFLOODWLRQ KDUPRQLFV� Q  

 �� �� �� ��� � )RU LQVWDQFH� IRU Q  � ZH REWDLQ D

YDOXH RI ZDYH YHFWRU N�  π��+� ZKLFK FRUUHVSRQGV
WR RVFLOODWLRQ TXDUWHU�ZDYH�

)URP IRUPXODV ���� DQG ���� LW IROORZV� LQ SDU�

WLFXODU� WKDW ZLWK LQFUHDVH RI SHQHWUDWLRQ GHSWK + WKH

YDOXHV RI ZDYH YHFWRUV NQ IRU DOO WKH PHOW RVFLOODWLRQ

KDUPRQLFV VKLIW WRZDUGV VPDOOHU YDOXHV �ZKLFK FRUUH�

VSRQGV WR VKLIWLQJ RI WKH HQWLUH RVFLOODWLRQV VSHFWUXP

WR WKH ORZ�IUHTXHQF\ UDQJH�� DQG WKH LQWHUYDO EHWZHHQ

WKH DGMDFHQW YDOXHV RI QDWXUDO IUHTXHQFLHV �∆ωQ  

= ωQ � � w ωQ� EHFRPHV VPDOOHU� 7KH 7DEOH JLYHV WKH

YDOXHV RI ZDYH YHFWRUV DQG FRUUHVSRQGLQJ YDOXHV RI

WKH VPDOOHVW QDWXUDO IUHTXHQF\ IRU WKH ILUVW RVFLOODWLRQ

PRGH �P  �� RI WKH LURQ PHOW �σ  ��� 1�P DQG ρ  

 ���� J�FP
�
�� FDOFXODWHG E\ IRUPXOD ���� DW GLIIHU�

HQW SHQHWUDWLRQ GHSWKV� ,W LV VHHQ IURP WKH 7DEOH WKDW

ZLWK + LQFUHDVH WKH YDOXHV RI QDWXUDO IUHTHQFLHV GH�

FUHDVH DQG UHDFK D VXE�+HUW]LDQ UDQJH �I� ≈ ��� +]��

,Q DGGLWLRQ� WKH LQWHUYDO EHWZHHQ WKH DOORZHG ZDYH

YHFWRUV RI PHOW RVFLOODWLRQV LQ WKH FKDQQHO ∆N  N� w

N� LV DOVR UHGXFHG ZLWK LQFUHDVH RI +� ZKLFK FRUUH�

VSRQGV WR WUDQVLWLRQ RI WKH GLVFUHWH VSHFWUXP RI RVFLO�

ODWLRQV WR D FRQWLQXRXV RQH DW + → ∞�
0HOW RVFLOODWLRQV LQ WKH YDSRXU�JDV FKDQQHO PD\

GLIIHU QRW RQO\ LQ IUHTXHQF\� EXW DOVR LQ VKDSH� 7KHUH�

IRUH� WKH RVFLOODWLRQ VSHFWUXP ZLOO FRQVLVW RI D ZKROH

VHW RI QDWXUDO IUHTXHQFLHV ωPQ� ZKHUH P  �� �� �� ���

LV WKH RVFLOODWLRQ PRGH� *UHDWHU YDOXHV RI Q FRUUHVSRQG

WR KLJKHU RVFLOODWLRQ IUHTXHQFLHV� 0RGH P  � FRUUH�

VSRQGV WR D[LV\PPHWULF RVFLOODWLRQV RQ WKH LQQHU VXU�

IDFH RI WKH YDSRXU�JDV FKDQQHO RI WKH W\SH RI FRQVWULF�

WLRQ DQG H[SDQVLRQ �)LJXUH �� D�� DQG PRGH P  �

FRUUHVSRQGV WR RVFLOODWLRQV RI WKH W\SH RI GLVSODFH�

PHQWV DQG EHQGV DORQJ D FHUWDLQ FKRVHQ GLUHFWLRQ� IRU

LQVWDQFH� GLUHFWLRQ RI ZHOGLQJ PRWLRQ �)LJXUH �� E��

7KXV� LQ ZHOGLQJ ZLWK D XQLIRUPO\ PRYLQJ HOHF�

WURQ EHDP PHOW RVFLOODWLRQV LQ WKH YDSRXU�JDV FKDQ�

QHO RFFXU PRVWO\ DW QDWXUDO IUHTXHQFLHV ωPQ� DQG

WKH HQWLUH VSHFWUXP FDQ EH H[FLWHG� 2Q WKH RWKHU

KDQG� D[LV\PPHWULF RVFLOODWLRQV �P  �� OHDG WR

LQVWDELOLW\ RI WKH YDSRXU�JDV FKDQQHO� VWDUWLQJ ZLWK

SHQHWUDWLRQ GHSWKV+ MXVW VHYHUDO WLPHV JUHDWHU WKDQ

WKH FKDQQHO LQQHU UDGLXV 5�+ ≥ πQ5 >�@� 7KLV HV�

WLPDWH GRHV QRW WDNH LQWR DFFRXQW WKH SUHVHQFH RI D

IUHH VXUIDFH RQ WRS RI WKH YDSRXU�JDV FKDQQHO� WKHUH�

IRUH� PRUH FRUUHFW LV WKH FRQGLWLRQ RI FKDQQHO LQVWD�

ELOLW\� ZKLFK IROORZV IURP �����

)LJXUH �� 'HSHQGHQFH RI FRHIILFLHQW &�  I�N5� IRU WKH ILUVW PRGH

RI QDWXUDO RVFLOODWLRQV RI WKHPHOW �P  �� LQ D F\OLQGULFDO YDSRXU�JDV

FKDQQHO DW GLIIHUHQW SDUDPHWHUV RI WKH FKDQQHO� 5��5  ���� ����

���� ���� ���� ��� DQG ���� ���

9DOXHV RI ZDYH YHFWRUV DQG QDWXUDO IUHTXHQFLHV IRU WKH ILUVW

PRGH �P  �� RI RVFLOODWLRQ RI WKH PHOW VXUIDFH LQ WKH YDSRXU�JDV

FKDQQHO DW GLIIHUHQW SHQHWUDWLRQ GHSWKV

«� PP N�� FP
w� ∆N� FPw� ω�� UDG�V I�� +]

�� ����� ����� ���� ����

�� ����� ����� ���� ����

��� ����� ����� ���� ����

��� ����� ����� ���� ����

��� ����� ����� ���� ����
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,W IROORZV IURP WKH DERYH�VDLG WKDW LQ GHYHORSPHQW

RI (%: WHFKQRORJ\ LW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW

WKH OLPLW RI WKH ORZHVW ZHOGLQJ VSHHG� ORZHULQJ RI

ZKLFK ZLOO OHDG WR H[FLWDWLRQ RI DQ D[LV\PPHWULF PRGH

�P  �� RI PHOW RVFLOODWLRQV� DQG� DV D UHVXOW RI LW� WR

LQVWDELOLW\ RI WKH YDSRXU�JDV FKDQQHO DV D ZKROH�

&KDQQHO VWDELOLW\ FDQ EH LQFUHDVHG E\ H[FLWLQJ RWKHU

RVFLOODWRU\PRGHV� LQ SDUWLFXODUP  �� 7KLV LV DFKLHYHG

E\ LQFUHDVLQJ WKH ZHOGLQJ VSHHG� DQG� FRQVHTXHQWO\�

E\ VXSSUHVVLRQ RI D[LV\PPHWULF RVFLOODWLRQV RI WKH

PHOW� ,Q WKLV FDVH WKH KDUPRQLFV RI WKH RVFLOODWLRQ

PRGH P  � DUH WKH ILUVW WR EHFRPH H[FLWHG� FRUUH�

VSRQGLQJ WR VZLQJLQJ RI OLTXLG PHWDO DORQJ WKH GLUHF�

WLRQ RI ZHOGLQJ [� 6XFK RVFLOODWLRQV� XQOLNH WKH ]HUR

PRGH RVFLOODWLRQV� DUH VWDEOH DQG FDQ RFFXU LQ D ZLGH

IUHTXHQF\ UDQJH�

/HW XV FRQGXFW QXPHULFDO HVWLPDWHV RI IUHTXHQF\

ω�� DQG FRUUHVSRQGLQJ DWWHQXDWLRQ IDFWRU γ�ω��� IRU

RVFLOODWLRQV ZLWK P  � DQG Q  �� :H ZLOO XVH IRU

WKLV SXUSRVH WKH H[SUHVVLRQ IRU WKH FRHIILFLHQW RI FD�

SLOODU\ ZDYH DWWHQXDWLRQ >�@� ZKLFK LQ YLHZ RI ����

EHFRPHV

γ = �νN� = �ν



ρ
σ





� ⁄ � ω�
� ⁄ �

&�
� ⁄ �� ����

&RQVLGHULQJ� WKDW LQFUHDVH RI SHQHWUDWLRQ GHSWK

UHVXOWV LQ D VKLIW RI WKH VSHFWUXP RI PHOW RVFLOODWLRQV

WRZDUGV WKH ORZ�IUHTXHQF\ RVFLOODWLRQV� WKH DWWHQX�

DWLRQ FRHIILFLHQW γ�ω�Q� RI HDFK RI WKH KDUPRQLFV WDNHQ

VHSDUDWHO\ DOVR GHFUHDVHV� 7KXV� DW SHQHWUDWLRQ GHSWK

+  �� PP WKH ZDYH YHFWRU RI WKH ILUVW KDUPRQLFV LV

HTXDO WR N�  ����� FP
w�
� 7KHUHIRUH� LI ZH WDNH WKH

G\QDPLF YLVFRVLW\ RI WKH LURQ PHOW RI WKH RUGHU RI

ν)H ≈ ��
w�
FP

�
�V� WKHQ WKH DWWHQXDWLRQ IDFWRU ZLOO EH

HTXDO WR γ�ω���  �⋅��w��������� ≈ �⋅��w� Vw�� ZKLFK
FRUUHVSRQGV WR DQ H[WUHPHO\ VPDOO ZHDNHQLQJ RI WKH

ILUVW KDUPRQLFV RI PHOW RVFLOODWLRQV� :LWK VXFK DQ DW�

WHQXDWLRQ GHFUHDVH RI RVFLOODWLRQ DPSOLWXGH E\ H WLPHV

SURFHHGV RYHU D VXIILFLHQWO\ ORQJ WLPH W ≈ �⋅��w� V� 'XH
WR YDULDWLRQ RI DWWHQXDWLRQ FRHIILFLHQW γ  γ�ω�� WKH
KLJK�IUHTXHQF\ KDUPRQLFV �Q !! �� GDPS RXW IDVWHU

WKDQ WKH ORZ�IUHTXHQF\ RQHV� (YHQWXDOO\� DW PHOW RV�

FLOODWLRQV DW QDWXUDO IUHTXHQFLHV WKH ORZHVW KDUPRQLFV

�Q  �� ZLOO SUHGRPLQDWH� ZKLFK KDV WKH PD[LPXP

DPSOLWXGH� IRU ZKLFK WKH DWWHQXDWLRQ FRHIILFLHQW γKDV
D PLQLPXP YDOXH� 6XFK ORZ�IUHTXHQF\ RVFLOODWLRQV DUH

DOZD\V PDQLIHVWHG DV UHPRYDO RI PROWHQ PHWDO IURP

WKH YDSRXU�JDV FKDQQHO WR WKH ZHOG SRRO VXUIDFH LQ

(%: RI WKLFN PHWDO�

)LJXUH � JLYHV WKH SKRWRJUDSK RI ORZ�IUHTXHQF\

GLVWXUEDQFHV LQ WKH IRUP RI ODUJH UROOV RI PHWDO RQ WKH

VXUIDFH RI D ZHOG RQ DOXPLQLXP DOOR\ ����� DULVLQJ LQ

ZHOGLQJ LQ WKH GRZQKDQG SRVLWLRQ ZLWK D XQLIRUPO\

PRYLQJ HOHFWURQ EHDP� 3HQHWUDWLRQ GHSWK DW ZHOGLQJ

VSHHG YZ  � PP�V ZDV HTXDO WR +  ��� PP� 7KH

SKRWR FOHDUO\ GHPRQVWUDWHV WKH SHULRGLFDO QDWXUH RI

OLTXLG PHWDO UHPRYDO IURP WKH YDSRXU�JDV FKDQQHO

GXULQJ WKH ZHOGLQJ SURFHVV� /HW XV HYDOXDWH WKH IUH�

TXHQF\ RI ORZ�IUHTXHQF\ RVFLOODWLRQV VKRZQ LQ )L�

JXUH �� D� 8VLQJ WKH VFDOH RI WKH )LJXUH DQG YDOXH RI

ZHOGLQJ VSHHG �� PP�V�� ZH ZLOO ILQG WKDW WKH DYH�

UDJH IUHTXHQF\ RI RVFLOODWLRQV� KDYLQJ WKH KLJKHVW DP�

SOLWXGH� I ≈ ���� +]� /HW XV FRPSDUH WKH REWDLQHG

YDOXH ZLWK WKH WKHRUHWLFDO RQH� IRU ZKLFK SXUSRVH ZH

ZLOO VXEVWLWXWH WKH NQRZQ YDOXHV RI SHQHWUDWLRQ GHSWK

RI WKH VDPSOH �+  ��� PP�� GHQVLW\ �ρ  ��� J�FP�
�

DQG VXUIDFH WHQVLRQ FRHIILFLHQW �σ  ��� 1�P� IRU

OLTXLG DOXPLQLXP LQWR IRUPXODV ���� DQG ����� ,Q

RUGHU WR FDOFXODWH FRHIILFLHQW &� LQFRUSRUDWHG LQWR

����� LW LV QHFHVVDU\ WR NQRZ WKH GLPHQVLRQV RI WKH

YDSRXU�JDV FKDQQHO 5 DQG 5�� 9DOXH RI WKH UDGLXV RI

WKH FKDQQHO RXWHU ZDOO 5� FDQ EH GHWHUPLQHG UDWKHU

)LJXUH �� 0RGHV RI QDWXUDO RVFLOODWLRQV RI WKH PHOW LQQHU VXUIDFH

ξ LQ WKH YDSRXU�JDV FKDQQHO� Dx D[LV\PPHWULFO FRQVWULFWLRQV �P  

 ��� E x WUDQVYHUVH GLVSODFHPHQWV �P  ��

)LJXUH ��'LVWXUEDQFHV �WRS YLHZ�� DULVLQJ RQ WKH VXUIDFH RI D ZHOG
RQ DOXPLQLXP DOOR\ LQ (%: LQ WKH GRZQKDQG SRVLWLRQ DW WKH VSHHG

RI � PP�V� Dx E\ VWDWLF HOHFWURQ EHDP� Ex ZLWK HOHFWURQ EHDP

VFDQLQJ �I�  ��� +]�
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DFFXUDWHO\ E\ WKH PDFURVHFWLRQ RI WKH ZHOGHG VDPSOH

�IRU D ZHOG VKRZQ LQ )LJXUH �� 5�  ���� PP�� ,Q

FRQQHFWLRQ ZLWK WKH IDFW WKDW GLUHFW PHDVXUHPHQW RI

LQQHU UDGLXV RI WKH FKDQQHO LV GLIILFXOW WR SHUIRUP LQ

SUDFWLFH� YDOXH 5 ZLOO EH XVHG DV D YDULDEOH SDUDPHWHU

LQ FDOFXODWLRQV� 7KH EHVW DJUHHPHQW EHWZHHQ WKH WKHR�

UHWLFDO DQG H[SHULPHQWDO YDOXHV RI I LV DFKLHYHG DW

PHDQ UDGLXV RI PHOW VXUIDFH LQVLGH WKH FKDQQHO� HTXDO

WR 5  ���� PP� ,Q WKLV FDVH WKH DYHUDJH WKLFNQHVV RI

PHOW OD\HU RQ WKH FKDQQHO ZDOOV LV G  5� w 5 ≈
≈ ��� PP� 6XEVWLWXWLQJ DOO WKH REWDLQHG YDOXHV �N�  

 π��+ ≈ ����� FP
w�
� 5  ���� DQG 5�  ���� PP�

LQWR IRUPXOD ���� DW P  �� ZH KDYH &�  �������

7KHUHIRUH� IRU WKH ORZHVW IUHTXHQF\ RI PHOW RVFLOOD�

WLRQV I� IURP IRUPXOD ���� ZH REWDLQ

I� = �

�π √&�

σ
ρ





π
�+



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�

≈ ����� �+]�� ����

7KHRUHWLFDO �I� ≈ ����� +]� DQG H[SHULPHQWDO �I� ≈
≈ ���� +]� YDOXHV IRU WKH ORZHVW IUHTXHQF\ RI PHOW

RVFLOODWLRQV LQ WKH ZHOG SRRO DW YDSRXU�JDV FKDQQHO

LQWHUQDO UDGLXV 5  ���� PP SUDFWLFDOO\ FRLQFLGH�

ZKLFK LV LQGLFDWLYH RI D JRRG DJUHHPHQW RI WKHRU\

ZLWK H[SHULPHQW�

)LJXUH �� E VKRZV WKH DSSHDUDQFH RI WKH ZHOG�

PDGH ZLWK WKH VDPH SDUDPHWHUV DV WKH ZHOG LQ )L�

JXUH �� D� EXW XVLQJ ORQJLWXGLQDO RVFLOODWLRQV RI WKH

EHDP DW ��� +] IUHTXHQF\� $V LV VHHQ IURP WKH )LJXUH�

QR SHULRGLFDO FRDUVH PHWDO UROOV DUH REVHUYHG LQ WKLV

FDVH RQ WKH ZHOG VXUIDFH� ZKLFK DUH LQGLFDWLYH RI DQ

RVFLOODWRU\ QDWXUH RI PHOW PRWLRQ LQVLGH WKH YDSRXU�

JDV FKDQQHO� $ SUDFWLFDOO\ HYHQ XSSHU EHDG LQ )L�

JXUH �� E� SRLQWV WR D ODPLQDU QDWXUH RI WKH OLTXLG

PHDO IORZ RYHU WKH FKDQQHO ZDOOV� ZKHQ XVLQJ HOHFWURQ

EHDP VFDQQLQJ�

7KXV� DSSOLFDWLRQ RI HOHFWURQ EHDP VFDQQLQJ SHU�

PLWV� RQ WKH RQH KDQG� VHOHFWLYH H[FLWDWLRQ RI FHUWDLQ

RVFLOODWRU\ PRGHV VHSDUDWHO\ IURP RWKHU PRGHV �WKXV

DYRLGLQJ WKH XQVWDEOH ]HUR RVFLOODWLRQ PRGH�� DQG RQ

WKH RWKHU KDQG� E\ VHOHFWLQJ DQ DSSURSULDWH IUHTXHQF\

RI HOHFWURQ EHDP RVFLOODWLRQV� LW DOORZV UHGXFLQJ WKH

DPSOLWXGH RI QDWXUDO RVFLOODWLRQV RI WKH PHOW LQ WKH

YDSRXU�JDV FKDQQHO� ,Q SDUWLFXODU� DSSO\LQJ D ORQJL�

WXGLQDO VFDQ� DOORZV H[FLWDWLRQ RI D VWDEOH ILUVW RVFLO�

ODWLRQ PRGH �P  ��� ZKLOH VXSSUHVVLQJ WKH XQVWDEOH

]HUR PRGH �P  ��� 7KLV SHUPLWV LPSURYHPHQW RI WKH

K\GURG\QDPLF VWDELOLW\ RI WKH YDSRXU�JDV FKDQQHO�

ZKLFK LVPDQLIHVWHG LQ DPRUH XQLIRUPZHOG IRUPDWLRQ�

0HOW RVFLOODWLRQV XQGHU WKH DFWLRQ RI WKH UHDFWLRQ

IRUFH RI UHFRLO SUHVVXUH� DULVLQJ LQ PHWDO HYDSRUDWLRQ

IURP WKH FKDQQHO IURQW ZDOO XQGHU WKH LPSDFW RI WKH

HOHFWURQ EHDP� ZHUH FRQVLGHUHG LQ WHUPV RI WKH SUR�

SRVHG PRGHO RI WKH YDSRXU�JDV FKDQQHO� ,W LV VKRZQ

WKDW LQ ZHOGLQJ ZLWK D XQLIRUPO\ PRYLQJ HOHFWURQ

EHDP GLVWXUEDQFHV �FDSLOODU\ ZDYHV� DULVH RQ WKH PHOW

LQQHU VXUIDFH LQ WKH YDSRXU�JDV FKDQQHO� 7KHVH GLVWXU�

EDQFHV KDYH D GLVFUHWH RVFLOODWLRQ VSHFWUXP� ZKHUH WKH

GHQVLW\ ULVHV ZLWK WKH LQFUHDVH RI WKH SHQHWUDWLRQ

GHSWK� $PSOLWXGH RI PHOW RVFLOODWLRQV LQ WKH FKDQQHO

GHSHQGV RQ WKH IUHTXHQF\ RI QDWXUDO RVFLOODWLRQV� DQG

UHDFKHV WKH PD[LPXP YDOXH DW WKH ORZHVW DOORZHG

IUHTXHQF\�

$ YDULDQFH UHODWLRQ ω  ω�N� KDV EHHQ GHULYHG IRU
FDSLOODU\ ZDYHV RQ WKH LQQHU VXUIDFH RI WKH YDSRXU�JDV

FKDQQHO� ZKLFK GLIIHUV IURP WKH NQRZQ UHODWLRQ IRU

ZDYHV RQ WKH HGJH RI D F\OLQGHU� ,W LV VKRZQ WKDW GXH

WR YDULDQFH RI WKH DWWHQXDWLRQ FRHIILFLHQW RI WKH FD�

SLOODU\ ZDYHV γ  I�ω�� WKH ILUVW KDUPRQLFV RI QDWXUDO
RVFLOODWLRQV RI WKH PHOW �Q  �� WXUQV RXW WR EH WKH

PRVW ORQJ�OLYHG� 7KLV KDUPRQLFV KDV WKH ORZHVW IUH�

TXHQF\ DQG WKH KLJKHVW DPSOLWXGH� DQG LWV H[LVWHQFH

LV FRQILUPHG H[SHULPHQWDOO\� 6XFK ORZ�IUHTXHQF\ RV�

FLOODWLRQV RI WKH PHOW LQ WKH YDSRXU�JDV FKDQQHO PD\

OHDG WR LQVWDELOLW\ RI WKH ZHOGLQJ SURFHVV� ZKLFK LV

UHODWHG WR WKH PROWHQ PHWDO SHQHWUDWLRQ GLUHFWO\ XQGHU

WKH HOHFWURQ EHDP� DQG� KHQFH� WR IRUPDWLRQ RI GLIIH�

UHQW GHIHFWV LQ ZHOGV�

7R VWDELOL]H WKH PHOW PRWLRQ LQ YDSRXU�JDV FKDQ�

QHOV RI D JUHDW GHSWK �≥ �� PP� LV UHFRPPHQGHG WR

DSSO\ HOHFWURQ EHDP VFDQQLQJ DW D PD[LPXP SRVVLEOH

IUHTXHQF\� WKH YDOXH RI ZKLFK LV OLPLWHG IURP DERYH

E\ WKH DWWHQXDWLRQ LQ WKH YLVFRXV OD\HU RI OLTXLG PHWDO�

DGMDFHQW WR WKH VROLG ZDOO RI WKH ZHOG SRRO�

�� 1D]DUHQNR� 2�.�� .DMGDORY� $�$�� .RYEDVHQNR� 6�1� HW DO�

������ (OHFWURQ EHDP ZHOGLQJ� (G� E\ %�(� 3DWRQ� .\LY�

1DXNRYD 'XPND�

�� 3DWRQ� %�(�� /HVNRY� *�,�� 1HVWHUHQNRY� 9�0� ������ '\�

QDPLF PRGHOV RI SHQHWUDWLRQ FKDQQHOV LQ HOHFWURQ EHDP ZHO�

GLQJ� $YWRPDWLFK� 6YDUND� �� �w��
�� 5\]KNRY� )�1�� 3RVWQLNRY� 9�6� ������ (OHFWURQ EHDP

ZHOGLQJ ZLWK ORQJLWXGLQDO RVFLOODWLRQV RI WKH HOHFWURQ EHDP�

,ELG�� ��� ��w���
�� <DEORQVN\� 9�6� ������ 6KRUW FRXUVH RI WHFKQLFDO K\�

GURPHFKDQLFV� 0RVFRZ� )L]PDWJL]�

�� /DQGDX� /�'�� /LIVKLWV� (�0� ������ 0HFKDQLFV RI FRQ�

WLQXD� 0RVFRZ� *RVWHNKL]GDW�

�� $NRS\DQWV� .�6�� 1HVWHUHQNRY� 9�0�� 1D]DUHQNR� 2�.�

������ (OHFWURQ EHDP ZHOGLQJ RI �� PP WKLFN VWHHOV XVLQJ

ORQJLWXGLQDO RVFLOODWLRQV RI EHDP� 7KH 3DWRQ :HOGLQJ -�� ��
�w��

�� 0DUXR� +�� +LUDWD� <� ������ 1DWXUDO IUHTXHQF\ DQG RVFLO�

ODWLRQ PRGH RI ZHOG SRRO� 4XDUWHUO\ -� -:6� �� ��w���
�� 6XGQLN� 9�$�� 5DGDL� '�� (URIHHY� 9�$� ������ &RPSXWHU

PRGHOOLQJ RI ODVHU ZHOGLQJ� PRGHO DQG YHULILFDWLRQ� 6YD�

URFKQ� 3URL]YRGVWYR� �� ��w���
�� .RUQ� *�� .RUQ� 7� ������ 5HIHU� ERRN RQ PDWKHPDWLFV�

0RVFRZ� 1DXND�
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/�0� /2%$129� /�,� 0,.+2'8- � 9�'� 32=1<$.29� 2�/� 0,.+2'8-� 9�*� 9$6,/,(9 DQG 3�$� 675,=+$.

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

7HFKQRORJLFDO VDPSOH DQG SURFHGXUH RI LQYHVWLJDWLRQV KDYH EHHQ GHYHORSHG WKDW PDNHV LW SRVVLEOH WR HYDOXDWH WKH HIIHFW

RI UHVLGXDO VWUHVVHV RQ UHVLVWDQFH RI ZHOGHG MRLQWV ZLWK PXOWLOD\HU ZHOGV WR WKH LQLWLDWLRQ RI ORQJLWXGLQDO FROG FUDFNV�

7KH UHVLVWDQFH WR WKH LQLWLDWLRQ RI ORQJLWXGLQDO FROG FUDFNV LQ ��.K*1�0'$)% VWHHO ZHOGHG MRLQWV� PDGH E\ ZLUH

6Y���.K*1�60)7<X LQ PL[WXUH RI JDVHV $U � �� � &2
�
� ZDV HYDOXDWHG ZLWK DOORZDQFH IRU WKH OHYHO RI UHVLGXDO

VWUHVVHV�

.H\ ZRU G V � UHVLGXDO ZHOGLQJ VWUHVVHV� ORZ�FDUERQ DOOR\

VWHHO� VWUXFWXUDO WUDQVIRUPDWLRQV� GHOD\HG IUDFWXUH� \LHOG

VWUHQJWK� GXFWLOLW\

,Q GRPHVWLF DQG IRUHLJQ SUDFWLFH WKH ORZ�FDUERQ

�≤ ��� � &� KLJK�VWUHQJWK VWHHOV ZLWK ���w���� 03D

\LHOG VWUHQJWK ILQG WKH ZLGH DSSOLFDWLRQ LQ PDQXIDF�

WXUH RI FULWLFDO ZHOGHG VWUXFWXUHV� $V WKH H[SHULHQFH

VKRZHG� WKHLU UDWLRQDO DSSOLFDWLRQ FDQ JUHDWO\ LPSURYH

WKH WHFKQLFDO�HFRQRPLFDO FKDUDFWHULVWLFV RI WKH PD�

FKLQHV� PHFKDQLVPV DQG HQJLQHHULQJ FRQVWUXFWLRQV�

7KH PDMRU SUREOHPV LQ ZHOGLQJ RI WKHVH VWHHOV DUH

FRQQHFWHG ZLWK WKH SUHYHQWLRQ RI D GHOD\HG IUDFWXUH

LQ ZHOGHG MRLQWV� $V LV NQRZQ� WKH VWUXFWXUH RI ZHOG

DQG +$= PHWDO� FRQFHQWUDWLRQ RI GLIIXVLYH K\GURJHQ�

ZHOGLQJ VWUHVVHV LQ MRLQWV LQIOXHQFH VLJQLILFDQWO\ WKLV

SURFHVV�

$V UHJDUGV WR ORZ�FDUERQ KLJK�VWUHQJWK VWHHOV WKH

GRPHVWLF DQG IRUHLJQ UHVHDUFKHV LQYHVWLJDWHG FRPSUH�
KHQVLYHO\ WZR PDLQ FDXVHV RI D GHOD\HG IUDFWXUH� K\�
GURJHQ DQG VWUXFWXUDO IDFWRUV� :KHQ LW ZDV SRVVLEOH�
WKH\ DOVR WRRN LQWR DFFRXQW WKH DFWLRQ RI UHVLGXDO

VWUHVVHV� 7KH ZLGHU VWXG\ RI HIIHFW RI WKH ODWWHU RQ WKH

SURFHVV RI LQLWLDWLRQ DQG SURSDJDWLRQ RI FROG FUDFNV

LV KLQGHUHG E\ PHWKRGRORJLFDO GLIILFXOWLHV VWLSXODWHG

E\ KLJK VWUHQJWK SURSHUWLHV DQG YDOXHV RI KDUGQHVV RI
ZHOGHG MRLQWV� DQG DOVR E\ FRPSOH[ VWUXFWXUDO WUDQV�

IRUPDWLRQV SURFHHGLQJ LQ PHWDO RI ZHOG DQG +$= GXU�
LQJ FRROLQJ� $V D UXOH� WKH\ OHDG� IURP WKH RQH KDQG�

WR D VLJQLILFDQW LQFUHDVH LQ VWUHQJWK SURSHUWLHV� DQG�

IURP WKH RWKHU KDQG� WR WKH SURFHHGLQJ RI UDWKHU FRP�

SOH[ SKDVH�VWUXFWXUDO WUDQVIRUPDWLRQV� $OO WKHVH IDF�

WRUV FDQ JUHDWO\ LQIOXHQFH WKH OHYHO RI VWUHVVHV LQ

ZHOGHG MRLQWV PDGH IURP WKH DOOR\ VWHHOV�

7KH FDSDELOLWLHV RI DGYDQFHG PHWKRGV RI LQYHVWL�

JDWLRQV RI ZHOGDELOLW\ HQDEOH XV WR DQDO\]H WKHVH SUR�

FHVVHV WR D FHUWDLQ H[WHQW� 7KLV UHIHUV ILUVW RI DOO WR

WKH VLPXODWLRQ RI WKHUPDO ZHOGLQJ F\FOHV RQ VDPSOHV

RI ODUJH HQRXJK VL]HV� GLODWRPHWULF H[DPLQDWLRQV�

KLJK�WHPSHUDWXUH WHVWV DQG RWKHUV� /DWHU RQ WKHVH DS�

SURDFKHV FDQ EH VXSSOHPHQWHG DQG FODULILHG E\ WKH

DQDO\VLV RI UHVLGXDO VWUHVVHV RQ UHDO ZHOGHG MRLQWV XVLQJ

WKH PHWKRG RI KRORJUDSKLF LQWHUIHURPHWU\ RU RWKHU

PHWKRGV RI H[DPLQDWLRQV >�� �@�

+LJK�VWUHQJWK DOOR\ VWHHOV RI ��*1�0)$<X�
��.K*�6$)'� ��*1�0)$<X'5� ��.K*1�0'$)%�

��.K*1�0)%'$<X DQG ��.K*1�0)'5$ JUDGHV

ZLWK σ���  ���w��� 03D VHUYHG DV D EDVH IRU WKHVH

LQYHVWLJDWLRQV �7DEOH ��� $OPRVW DOO RI WKHP ZHUH

GHYHORSHG LQ WKH ����w����V LQ ,�3� %DUGLQ &HQWUDO
5HVHDUFK ,QVWLWXWH RI )HUURXV 0HWDOV DQG 1�3� 0HO�

QLNRY &HQWUDO 5HVHDUFK ,QVWLWXWH RI 'HVLJQLQJ

:HOGHG 6WUXFWXUHV >�w�@� 7KH PHQWLRQHG VWHHOV FRQ�

WDLQ XS WR ���� � &� FRPSOH[�DOOR\HG ZLWK 0Q� &U�

1L� 0R DQG RWKHU HOHPHQWV �DW D WRWDO FRQWHQW RI

�w� ��� ,Q WKH SURFHVV RI SURGXFWLRQ WKH\ DUH VXE�

MHFWHG WR KHDW WUHDWPHQW �TXHQFKLQJ DQG WHPSHULQJ��

� /�0� /2%$129� /�,� 0,.+2'8- � 9�'� 32=1<$.29� 2�/� 0,.+2'8-� 9�*� 9$6,/,(9 DQG 3�$� 675,=+$.� ����

7DEOH �� &KHPLFDO FRPSRVLWLRQ DQG PHFKDQLFDO SURSHUWLHV RI KLJK�VWUHQJWK DOOR\ VWHHOV

6WHHO JUDGH
(OHPHQWV� ZW��

& 6L 0Q &U 1L 0R &X $O 1� 9 %

��*1�0)$<X �96��� ���� ���� ���� ���� ���� ���� w ���� ����� ���� w

��.K*�6$)' ���� ���� ���� ���� ���� ���� ���� ���� w ���� w

��*1�0)$<X'5 ���� ���� ���� w ���� ���� ���� ���� ����� ���� �����

��.K*1�0'$)% ���� ���� ���� ���� ���� ���� ���� ���� ����� ���� w

��.K*1�0)%'$<X ���� ���� ���� ���� ���� ���� ���� ���� ����� ���� w

��.K*1�0)'5$ ���� ���� ���� ���� ���� ���� ���� w w ���� �����
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$GGLQJ RI QLWURJHQ �����w���� ��� QLWULGH�IRUPLQJ
DQG PLFURDOOR\LQJ HOHPHQWV LQWR WKH FRPSRVLWLRQ RI
WKHVH VWHHOV GHFUHDVHV WKH WHQGHQF\ WR WKH JURZWK RI
DQ DXVWHQLWLF JUDLQ LQ +$=PHWDO� 7DNLQJ LQWR DFFRXQW
WKDW WKH PHWDO VWUXFWXUH RI VHSDUDWH UHJLRQV RI WKLV
]RQH LV QRQ�KRPRJHQHRXV� DQG WKHLU VL]HV DUH UDWKHU
VPDOO� WKH VDPSOHV�VLPXODWRUV RI �� × �� × ��� PP�
KHDW�WUHDWHG LQ DFFRUGDQFH ZLWK GLIIHUHQW WKHUPDO F\�
FOHV RI ZHOGLQJ LQ LQVWDOODWLRQ 065���� ZHUH XVHG
>�@� 'XULQJ LQYHVWLJDWLRQV WKH VDPSOHV ZHUH KHDWHG
WR WKH WHPSHUDWXUH ���� �&� DQG WKH FRROLQJ UDWH ZDV
FKDQJHG ZLWKLQ WKH UDQJH RI Z���  ���w�� �&�V�
6SHFLPHQV IRU VWDWLF WHQVLOH VWUHQJWK �LQ WKH UDQJH RI
��w��� �&� ZHUH PDQXIDFWXUHG IURP SODWHV VXEMHFWHG
WR WKH HIIHFW RI VLPXODWHG WKHUPDO F\FOH RI ZHOGLQJ�

7KH FDUULHG RXW LQYHVWLJDWLRQV SURYH WKH HVVHQWLDO
LQFUHDVH LQ VWUHQJWK RI +$= PHWDO RI WKH VWHHOV LQYHV�
WLJDWHG �)LJXUH �� VWLSXODWHG E\ WKH HIIHFW RI WKHUPDO
SURFHVVHV SURFHHGLQJ LQ LW� 'HSHQGLQJ RQ WKH FRPSR�
VLWLRQ RI D GHILQLWH VWHHO +$= PHWDO \LHOG VWUHQJWK
FDQ EH ����w���� WLPHV KLJKHU WKDQ LQ SDUHQW PHWDO
DW GHOD\HG UDWHV RI FRROLQJ �Z���  ��� �&�V� DQG
���w���� WLPHV KLJKHU DW LQWHQVLYH UDWHV �Z��� ≈
≈ �� �&�V��

$V LV NQRZQ� WKH VFKHPDWLF GLDJUDPV RI GHSHQ�
GHQFH RI \LHOG VWUHQJWK RQ WHPSHUDWXUH DUH XVXDOO\
XVHG LQ DSSUR[LPDWH FDOFXODWLRQV RI ORZ�FDUERQ VWHHOV�
,Q DOOR\HG VWHHOV WKLV FKDUDFWHULVWLF LV GHILQHG DV D
FRQGLWLRQDO YDOXH E\ UHVLGXDO SODVWLF GHIRUPDWLRQ
��� �� 5HVXOWV RI KLJK�WHPSHUDWXUH LQYHVWLJDWLRQV RI
PHFKDQLFDO SURSHUWLHV �VWUHQJWK DQG GXFWLOLW\� RI

KLJK�VWUHQJWK VWHHOV DUH JLYHQ LQ )LJXUH �� $W WHP�
SHUDWXUH ��� �& WKH \LHOG VWUHQJWK RI VWHHOV
��*1�0)$<X DQG ��.K*1�0'$)% LV DERXW ��w
��� 03D� :LWK GHFUHDVH LQ WHPSHUDWXUH DSSUR[L�
PDWHO\ WR ��� �& LW LQFUHDVHV DQG UHDFKHV WKH OHYHO RI
��w�� � σ��� �GHWHUPLQHG DW WHPSHUDWXUH ��� �&��
7KLV UHJXODULW\ LV SUHVHUYHG DOVR LQ PHWDO RI VLPXODWHG
+$= RI KLJK�VWUHQJWK VWHHOV �)LJXUH ���

7KH JHQHUDOL]HG LQIRUPDWLRQ DERXW WKH HIIHFW RI
WHVW WHPSHUDWXUH RQ FKDQJH LQ VWUHQJWK RI WKH LQYHV�
WLJDWHG VWHHOV DQG +$= PHWDO LV JLYHQ LQ )LJXUH ��
8QOLNH WKH NQRZQ GLDJUDP σwε LW JLYHV QRW WKH \LHOG
VWUHQJWK RI SDUHQW PHWDO σ\ LQ D[LV RI RUGLQDWH� EXW
WKH UDWLR RI YDOXHV RI FRQGLWLRQDO \LHOG VWUHQJWK RI
PHWDO DW GHILQLWH LQFUHDVHG WHPSHUDWXUH σWHPS WR LWV
FRQGLWLRQDO \LHOG VWUHQJWK DW WHPSHUDWXUH ��� �& σ����
,Q WKH JLYHQ FDVH WKLV DSSURDFK ZDV VWLSXODWHG E\ WKH
DEVHQFH RI D FOHDUO\ H[SUHVVHG DUHD RI \LHOGLQJ LQ WKH
WHQVLOH GLDJUDP RI VWHHOV EHLQJ LQYHVWLJDWHG� 0RUH�

7DEOH � �FRQW��

6WHHO JUDGH 3
FP

∗
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ª3¾
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��.K*1�0'$)% ����� ��� w�� w ��
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)LJXUH �� (IIHFW RI FRROLQJ UDWH RQ \LHOG VWUHQJWK RI +$= PHWDO RI
VDPSOHV�VLPXODWRUV� X x ��*1�0)$<X� P x ��.K*�6$)'�
O x ��*1�0)$<X'5� ∆ x ��.K*1�0'$)%� V x
��.K*1�0)%'$<X� U x ��.K*1�0)'5$ VWHHO

)LJXUH �� 0HFKDQLFDO SURSHUWLHV RI VWHHO ��*1�0)$<X �D� DQG
��.K*1�0'$)% �E� DW FKDQJH LQ WHVW WHPSHUDWXUH

)LJXUH �� (IIHFW RI WHVW WHPSHUDWXUH RQ \LHOG VWUHQJWK RI SDUHQW
PHWDO �P� DQG +$= RI MRLQWV DW FRROLQJ UDWHV Z���  ��� �O� DQG
�� �&�V �V�� D x ��.K*1�0'$)%� E x ��*1�0)$<X'5
VWHHO
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RYHU� LW ZDV DVVXPHG WKDW DW 7 ≈ ���w��� �& σ���  �
LQ WKH LQYHVWLJDWHG DUHDV RI WKH ZHOGHG MRLQWV� %\ WKH
PRPHQW ZKHQ WKH PHWDO UHDFKHV ���w��� �& WHPSHUD�
WXUH WKH IRUPDWLRQ RI KLJK OHYHO RI WHPSRUDU\ WHQVLOH
VWUHVVHV LV SRVVLEOH LQ ZHOGHG MRLQWV� 7KH YDOXH RI WKHVH
VWUHVVHV GHSHQGV RQ FRPSRVLWLRQ RI VWHHOV DQG VSHFLILFV
RI WKHLU FRROLQJ� +RZHYHU� DW WKHVH WHPSHUDWXUHV WKH
VWUXFWXUDO WUDQVIRUPDWLRQV DUH EHJLQQLQJ WR RFFXU DF�
FRPSDQLHG E\ LQFUHDVH LQ LWV YROXPH� WKXV OHDGLQJ WR
WKH FRPSUHVVLRQ RI DGMDFHQW UHJLRQV RI WKH ZHOGHG
MRLQWV� 'HIRUPDWLRQV ZHUH GHWHUPLQHG IURP WKH UHVXOWV
RI SURFHVVLQJ RI DSSURSULDWH GLODWRPHWULF FXUYHV� 'L�
ODWRPHWULF H[DPLQDWLRQV SURYLGHG KHDWLQJ RI VDPSOHV
IURP WKH DERYH�PHQWLRQHG PDWHULDOV XS WR ���� �&
WHPSHUDWXUH DW WKH UDWH RI ��� �&�V� DQG WKHQ WKHLU
FRROLQJ DW WKH UDWHV FRUUHVSRQGLQJ WR GLIIHUHQW WKHUPDO
F\FOHV RI ZHOGLQJ �)LJXUH ��� 7KLV HQDEOHV XV WR UH�
SURGXFH WKH SURFHVVHV SURFHHGLQJ LQ DOOR\ VWHHOV GXULQJ
IRUPDWLRQ RI VWUXFWXUH RI WKH ZHOGHG MRLQWV�

&RROLQJ RI DOOR\ PHWDO LV DFFRPSDQLHG E\ GHFUHDVH

LQ LWV YROXPH� 3URFHVV RI GHIRUPLQJ LV FRPSOLFDWHG DW

γ→α WUDQVIRUPDWLRQV� DV WKH ODWWHU OHDG WR WKH LQFUHDVH
LQ YROXPH RI D FU\VWDOOLQH ODWWLFH LQ WKH UDQJH RI WHP�

SHUDWXUHV RI SKDVH WUDQVIRUPDWLRQV� 7KH ILQDO UHVXOW

RI WKH PHQWLRQHG SURFHVVHV LV GHILQHG E\ D GHILQLWH

PHWDO FRPSRVLWLRQ� DQG DOVR E\ SHFXOLDULWLHV RI SUR�

FHHGLQJ DQG UDQJH RI WHPSHUDWXUHV RI SKDVH WUDQVIRU�

PDWLRQV� ,Q WKH JLYHQ FDVH WKH GLODWRPHWHU VHQVRUV

UHFRUGHG WKH FKDQJH LQ OHQJWK ∆/ RI WKH VDPSOHV LQ�

YHVWLJDWHG DW D SUHVHW EDVH / RI LQYHVWLJDWLRQV� WKDW

DOORZHG XV WR FDOFXODWH WKH UHODWLYH GHIRUPDWLRQ IRU

HDFK GHILQLWH YDULDQW�

ε =
∆/
/

��� ��

8VLQJ WKH GLODWRPHWULF FXUYHV WKH UHODWLYH GHIRU�
PDWLRQ ZDV FDOFXODWHG RQ VWUDLJKW UHJLRQV HDFK �� �&�
ZKLOH RQ UHJLRQV ZKLFK DUH DFFRPSDQLHG E\ VWUXFWXUDO
WUDQVIRUPDWLRQV LW ZDV FDOFXODWHG HDFK �w�� �&� 3RLQW
RI EHJLQQLQJ RI VDPSOH KHDWLQJ ZDV DVVXPHG WR EH
HTXDO WR � LQ JUDSKV� 'LODWRJUDPV ZHUH SURFHVVHG LQ
DFFRUGDQFH ZLWK WKH SURFHGXUH JLYHQ LQ >�@�

,Q VWHHOV LQYHVWLJDWHG VWUXFWXUDO WUDQVIRUPDWLRQV
DUH ILQLVKHG� DV D UXOH� DW WHPSHUDWXUHV �7I� �&� EHORZ
��� �& DQG OHDG �)LJXUH �� WR UDWKHU ODUJH GHIRUPD�
WLRQV εF� 7KH JHQHUDOL]HG GDWD DERXW WKH SKDVH�VWUXF�
WXUDO FKDQJHV RI ORZ�DOOR\ VWHHOV DUH JLYHQ LQ 7DEOH ��
$OO WKH\ UHIHU WR WKH UDQJH RI FRROLQJ UDWHV Z��� ≈
≈ �w�� �&�V� ZKLFK DUH PRVW W\SLFDO RI DUF ZHOGLQJ
RI DOOR\ VWHHOV� ,W IROORZV IURP JLYHQ GDWD WKDW D JHQH�
UDO ODZ LV SUHVHUYHG IRU DOO WKH VWHHOV LQYHVWLJDWHG� WKH
LQFUHDVH LQ VWUXFWXUDO FRPSUHVVLRQ GHIRUPDWLRQV LQ
+$=PHWDO DW KLJK UDWHV RI FRROLQJ �OLPLWHG KHDW LQSXW
RI ZHOGLQJ�� 3UREDEO\� WKH ILQDO OHYHO RI UHVLGXDO
VWUHVVHV LQ +$= PHWDO RI WKHVH VWHHOV LV LQIOXHQFHG E\

)LJXUH �� (IIHFW RI WHVW WHPSHUDWXUH RQ FKDQJH LQ VWUHQJWK RI DOOR\
VWUXFWXUDO VWHHOV

)LJXUH �� 'LODWRPHWULF FXUYHV RI KHDWLQJ�FRROLQJ RI VDPSOHV RI VWHHO ��.K*�6$)' DW GLIIHUHQW UDWHV RI FRROLQJ� D x Z���  �� E x
���� F x ��� G x �� �&�V
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WKH SHFXOLDULWLHV RI SURFHHGLQJ WHPSHUDWXUH DQG VWUXF�
WXUDO GHIRUPDWLRQV RI WKH PHWDO EHLQJ ZHOGHG� 7KLV LV
SURYHG E\ WKH UHVXOWV RI FRPSDUDWLYH DQDO\VLV RI VWHHOV
RI ��*1�0)$<X'5 DQG ��.K*1�0'$)% JUDGHV
�)LJXUH ��� 7KH FKDQJH LQ VWUHQJWK RI +$= PHWDO
XQGHU WKH LQIOXHQFH RI ZHOGLQJ WKHUPDO F\FOH RFFXUV
LQ GLIIHUHQW ZD\V� ,Q ��*1�0)$<X'5 VWHHO LW LV
����w��� WLPHV LQFUHDVHG DV FRPSDUHG WR WKDW RI WKH
SDUHQW PHWDO� ZKLOH LQ ��.K*1�0'$)% LW LV ����w
���� WLPHV LQFUHDVHG�

$W WKH VDPH WLPH DW FRPSDUDEOH UDWHV RI FRROLQJ
WKH KLJKHU OHYHO RI FRPSUHVVLRQ GHIRUPDWLRQV FDXVHG
E\ VWUXFWXUDO WUDQVIRUPDWLRQV FDQ EH IRUPHG LQ +$=
PHWDO RI ��*1�0)$<X'5 VWHHO� 7KLV JLYHV JURXQGV
WR DVVXPH WKDW LQ ZHOGHG MRLQWV RI WKLV VWHHO WKH OHYHO
RI UHVLGXDO ZHOGLQJ VWUHVVHV ZLOO EH ORZHU� $V FRP�
SDUHG ZLWK VWHHO ��.K*1�0'$)% LW LV QRW DOOR\HG
ZLWK FKURPLXP DQG KDV WKH ORZHU FRQWHQW RI FDUERQ
DQG YDQDGLXP DW DOPRVW HTXDO DPRXQWV RI PDQJDQHVH
DQG PRO\EGHQXP� $OO WKHVH HOHPHQWV FRQWULEXWH WR D
JUHDW H[WHQW WR WKH LQFUHDVH LQ VWUHQJWK RI +$= PHWDO
RI VWUXFWXUDO VWHHOV DQG LPSURYHPHQW RI FKDUDFWHULVWLF
RI ZHOGDELOLW\ 3FP� WKDW FKDUDFWHUL]HV WKH UHGXFWLRQ
RI LWV UHVLVWDQFH WR D GHOD\HG IUDFWXUH�

6LPLODU REVHUYDWLRQV DUH FRQQHFWHG ZLWK RQH PRUH
SDLU RI VWHHOV ���*1�0)$<X DQG ��.K*�6$)'��
ZKLFK DOVR KDYH WKH HTXDO FKDUDFWHULVWLFV RI VWUHQJWK�
EXW WKH\ DUH GLIIHUHG E\ DOOR\LQJ� ,Q WKLV FDVH VWHHO
��*1�0)$<X LV PRUH SUHIHUDEOH IURP WKH SRLQW RI
YLHZ RI IRUPDWLRQ RI UHVLGXDO ZHOGLQJ VWUHVVHV�

7KXV� DV D UHVXOW RI LQWHUDFWLRQ RI WHPSHUDWXUH DQG
VWUXFWXUDO GHIRUPDWLRQV WKH UHVLGXDO WHQVLOH VWUHVVHV
ZLOO EH IRUPHG LQ +$=PHWDO RI DOOR\ VWUXFWXUDO VWHHOV�
5HVXOWV RI WKH LQYHVWLJDWLRQV FDUULHG RXW FDQ EH LQWHU�
SUHWHG DV UHJDUGV WR WKH FRQGLWLRQV RI IXOILOOPHQW RI
D VLQJOH�SDVV KDUGIDFLQJ RQ DPDVVLYH SODWH� )RUPDWLRQ
RI VWUHVVHV LQ EXWW MRLQWV RFFXUV WR EH PRUH FRPSOLFDWHG
DQG GHSHQGV� DV D UXOH� RQ PDQ\ IDFWRUV� VXFK DV GHVLJQ

RI MRLQWV DQG WKHLU ULJLGLW\� YDOXH RI OLQHDU HQHUJ\
LQSXW� VFKHPH RI ILOOLQJ RI HGJH JURRYH� QXPEHU RI
OD\HUV DQG EHDGV LQ ZHOG DQG RWKHUV >�@�

7KLV ZDV SURYHG E\ LQYHVWLJDWLRQV RI +$= PHWDO
SURGXFHG LQ IXOILOOPHQW RI D VLQJOH�SDVV KDUGIDFLQJ RQ
D PDVVLYH SODWH DQG ZHOGLQJ RI ULJLGO\ IL[HG EXWW MRLQWV
ZLWKPXOWLSDVV ZHOGV� 7R IXOILOO WKH VLQJOH�OD\HU GHSRVLWV
E\ WKH DXWRPDWLF VXEPHUJHG DUF DQG PDQXDO HOHFWULF DUF
ZHOGLQJ� WKH ��� × ��� × �� PP SODWHV RI VWHHOV
��*1�0)$<X� ��.K*�6$)'� ��*1�0)$<X'5
DQG ��.K*1�0'$)% ZHUH XVHG� 'XULQJ LQYHVWLJD�
WLRQV WKH ZHOGLQJ FRQGLWLRQV DQG SUHKHDWLQJ WHPSHUD�
WXUH ZHUH FRQWUROOHG WKDW PDGH LW SRVVLEOH WR FKDQJH
WKH UDWH RI FRROLQJ WKH +$= PHWDO ZLWKLQ WKH LQWHUYDO
Z���  �w�� �&�V� $IWHU WKLV� WKH ORQJLWXGLQDO UHVL�
GXDO VWUHVVHV LQ WKHVH VDPSOHV ZHUH GHWHUPLQHG XVLQJ
WKH PHWKRG RI KRORJUDSKLF LQWHUIHURPHWU\� GHYHORSHG
DW WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH >�@� $V
D UXOH� WKH\ DUH IRUPHG QRQ�XQLIRUPO\ LQ OHQJWK� WKHLU
PLQLPXP OHYHOV DUH ORFDWHG DW WKH EHJLQQLQJ DQG HQG
SDUWV� ZKLOH PD[LPXP OHYHOV DUH ORFDWHG LQ WKH PLGGOH
SDUW� $YHUDJHG YDOXHV RI UHVLGXDO VWUHVVHV LQ +$=
PHWDO RI VWHHOV LQYHVWLJDWHG GHSHQGLQJ RQ WKH UDWH RI
WKHLU FRROLQJ DUH JLYHQ LQ )LJXUH �� 7KH GDWD REWDLQHG
SURYH WKDW WKH DERYH�FRQVLGHUHG VWHHOV FDQ EH TXLWH FRQ�
GLWLRQDOO\ GLYLGHG LQWR WZR JURXSV� 7KH ILUVW JURXS ZLOO
LQFOXGH VWHHOV ��*1�0)$<X DQG ��*1�0)$<X'5�
LQ ZKLFK D UHODWLYHO\ ORZ OHYHO RI UHVLGXDO VWUHVVHV
�σ[� ���03D� LV IRUPHG HYHQ LQ ZHOGLQJ DW LQFUHDVHG
KHDW LQSXWV�

7KH VHFRQG JURXS LQFOXGHV WKH UHVW VWHHOV
���.K*�6$)'� ��.K*1�0'$)%�
��.K*1�0)%'$<X DQG ��.K*1�0)'5$�� LQ
ZKLFK D KLJK HQRXJK OHYHO RI ORQJLWXGLQDO UHVLGXDO
WHQVLOH VWUHVVHV �σ[ ≈ ���w��� 03D� FDQ EH IRUPHG
DW GHOD\HG UDWHV RI FRROLQJ �Z��� � � �&�V� DV D UHVXOW

7DEOH �� &KDUDFWHULVWLFV RI SKDVH�VWUXFWXUDO WUDQVIRUPDWLRQV RI KLJK�VWUHQJWK DOOR\ VWHHOV

6WHHO JUDGH °E�
Ì¯ °I�

Ì¯ ε¯� � &RPSRQHQWV RI PLFURVWUXFWXUH

��*1�0)$<X ���w��� ���w��� ����w���� %DLQLWH� PDUWHQVLWH

��.K*�6$)' ���w��� ���w��� ����w���� )HUULWH� EDLQLWH� PDUWHQVLWH

��*1�0)$<X'5 ���w��� ���w��� ����w���� %DLQLWH� PDUWHQVLWH

��.K*1�0'$)% ���w��� ���w��� ����w���� 6DPH

��.K*1�0)%'$<X ���w��� ���w��� ����w���� �

��.K*1�0)'5$ ���w��� ���w��� ����w���� �

)LJXUH �� (IIHFW RI FRROLQJ UDWH RQ YDOXH RI GHIRUPDWLRQ LQ PHWDO
RI +$= RI DOOR\HG VWHHOV VWLSXODWHG E\ WKH SURFHHGLQJ RI VWUXFWXUDO
WUDQVIRUPDWLRQV LQ WKHP �VHH GHVLJQDWLRQV LQ )LJXUH ��

)LJXUH �� (IIHFW RI FRROLQJ UDWH RQ FKDQJH LQ UHVLGXDO ZHOGLQJ VWUHVVHV
σ[ LQ +$= PHWDO RI VWHHOV ��*1�0)$<X'5 ���� ��*1�0)$<X
���� ��.K*�6$)' ��� DQG ��.K*1�0'$)% ���
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RI XVLQJ KLJK KHDW LQSXWV� :LWK LQFUHDVH LQ FRROLQJ
UDWH WKH WRWDO OHYHO RI UHVLGXDO VWUHVVHV LQ +$= PHWDO
RI WKHVH VWHHOV FDQ GHFUHDVH�

7R PDQXIDFWXUH WHFKQRORJLFDO VDPSOHV� VWHHOV RI
��*1�0)$<X'5 DQG ��.K*1�0'$)% JUDGHV
ZLWK D UDWKHU FORVH OHYHO RI VHUYLFH SURSHUWLHV ZHUH
XVHG� 7HFKQRORJLFDO VDPSOH� VHOHFWHG DV D EDVH RI LQ�
YHVWLJDWLRQV� UHSUHVHQWHG D SODWH RI ��� × ��� ×
× �� PP VL]H� RQ ZKLFK WKH SODWHV RI WKH VWHHO LQYHV�
WLJDWHG ZHUH PRXQWHG DQG ZHOGHG DURXQG WKH HQWLUH
SHULPHWHU �ZLWK D ILOOHW ZHOGV RI ��w��PP OHJ�� +HUH�
D EXWW MRLQW ZLWK 9�VKDSHG HGJH SUHSDUDWLRQ ���� ×
× ��� × ��PP VL]HV� ZDV IRUPHG�:HOGLQJ RI VDPSOHV
ZDV SHUIRUPHG ZLWK D ��� PP GLD� VROLG ZLUH RI 6Y�
��.K1�*60)7<X JUDGH LQ PL[WXUH RI JDVHV RQ DUJRQ
EDVH �$U � �� � &2�� DW WKH IROORZLQJ FRQGLWLRQV�
,Z  ���w��� $� 8D  ��w�� 9� YZ  ��w�� P�K�
)XOILOOPHQW RI HDFK QH[W OD\HU RI ZHOG DIWHU D URRW
EHDG ZDV VWDUWHG DIWHU FRROLQJ WKH ZHOGHG MRLQW WR
��w�� �& WHPSHUDWXUH� $W VXFK FRQGLWLRQV RI ZHOGLQJ
WKH UDWH RI +$= PHWDO FRROLQJ LQ WKH UDQJH RI ���w
��� �& ZDV ��w�� �&�V� &RQWHQW RI GLIIXVLYH K\GUR�
JHQ >+@GLII LQ DOO WKH FDVHV UHPDLQHG XQFKDQJHG DQG
ZDV HTXDO WR �w� PO SHU ��� J RI GHSRVLWHG PHWDO� ,WV
FRQFHQWUDWLRQ ZDV GHWHUPLQHG E\ FKURPRWRJUDSKLF
PHWKRG�

5HVLGXDO VWUHVVHV LQ WKH LQYHVWLJDWHG VDPSOHV ZHUH
DOVR GHWHUPLQHG E\ WKH PHWKRG RI KRORJUDSKLF LQWHU�
IHURPHWU\� 7KHLU OHYHOV LQ +$= PHWDO RI MRLQWV PDGH
IURP VWHHOV ��*1�0)$<X'5 DQG ��.K*1�0'$)%
DUH JLYHQ LQ )LJXUH �� 7KH GDWD REWDLQHG SURYH WKDW
WKH VHOHFWHG GHVLJQ DQG VL]HV RI VDPSOHV FRQWULEXWH WR
WKH IRUPDWLRQ RI D KLJK OHYHO DQG VSHFLILF GLVWULEXWLRQ
RI UHVLGXDO VWUHVVHV LQ ZHOGHG MRLQWV ERWK DORQJ DQG
DFURVV WKH ZHOG D[LV� 7KXV� LQ ZHOGHG MRLQWV RI VWHHO
��.K*1�0'$)% WKH YDOXH RI VWUHVVHV LV ���w
��� 03D� 7KH\ DUH HTXDO DSSUR[LPDWHO\ WR ����w����
σ��� RI WKH SDUHQW PHWDO� 7KH OHYHO RI UHVLGXDO VWUHVVHV
LV PXFK ORZHU DW VLPLODU FRQGLWLRQV RI ZHOGLQJ LQ
MRLQWV RI VWHHO ��*1�0)$<X'5� LW LV ���w��� 03D�
,Q WKH ZHOGHG MRLQW WKH\ DUH GLVWULEXWHG DOPRVW XQL�
IRUPO\� DQG WKHLU OHYHO GRHV QRW H[FHHG �� � RI WKH
VWHHO \LHOG VWUHQJWK� 7KLV FLUFXPVWDQFH SURYHV WKDW
WKH LQLWLDWLRQ DQG SURSDJDWLRQ RI FROG FUDFNV DUH
KDUGO\ SUREDEOH LQ WKHVH MRLQWV� 6LPLODU UHJXODULWLHV
LQ IRUPDWLRQ DQG GLVWULEXWLRQ RI ORQJLWXGLQDO DQG
WUDQVYHUVH VWUHVVHV ZHUH DOVR REWDLQHG LQ LQYHVWLJDWLRQ
RI MRLQWV RI VWHHOV RI ��*1�0)$<X DQG
��.K*�6$)' JUDGHV� ,Q WKH ILUVW JUDGH WKH\ DUH PXFK
ORZHU� ,W VKRXOG EH QRWHG WKDW WKH UHVXOWV RI WKH FDUULHG
RXW LQYHVWLJDWLRQV DUH FRQILUPHG E\ D ODUJH H[SHULHQFH
LQ XVH RI WKH DERYH�PHQWLRQHG VWHHOV >�� ��@� ,W ZDV
DOPRVW DOZD\V SRVVLEOH WR SUHYHQW WKH LQLWLRQ RI FROG

FUDFNV LQ WKH ZHOGHG MRLQWV LQ PDQXIDFWXUH RI XQLTXH
FULWLFDO VWUXFWXUHV IURP VWHHOV RI ��*1�0)$<X DQG
��*1�0)$<X'5 JUDGHV NHHSLQJ WKH GHILQLWH WHFK�
QRORJLFDO UHFRPPHQGDWLRQV� 7KLV LV GXH JUHDWO\ WR WKH
IRUPDWLRQ RI D UHODWLYHO\ ORZ OHYHO RI UHVLGXDO VWUHVVHV�

5HVXOWV RI LQYHVWLJDWLRQV VKRZ WKDW WKH UDWLRQDO
XVH RI WKH PHWKRGV RI LQYHVWLJDWLRQ RI ZHOGDELOLW\
PDNHV LW SRVVLEOH WR REWDLQ WKH DSSUR[LPDWH LQIRUPD�
WLRQ DERXW WKH OHYHO RI UHVLGXDO VWUHVVHV LQ MRLQWV RI
DOOR\ VWHHOV� WR FODVVLI\ WKHP E\ WKLV FKDUDFWHULVWLF DQG
WR VHOHFW WKH PRVW DFFHSWDEOH FRPSRVLWLRQV RI PHWDOV
IRU PDQXIDFWXUH RI FULWLFDO ZHOGHG VWUXFWXUHV�

�� /REDQRY� /�0�� 3LYWRUDN� 9�$� ������ 0HWKRGV RI LQYHVWL�
JDWLRQ DQG FRQWURO RI ZHOGLQJ VWUHVVHV DQG VWUDLQV� ,Q� ,P�
SURYHPHQW RI ZHOGHG PHWDO VWUXFWXUHV� .\LY� 1DXNRYD
'XPND�

�� 0DNKQHQNR� 9�,� ������ &RPSXWHU PRGHOOLQJ RI ZHOGLQJ
SURFHVVHV� ,Q� $GYDQFHG PDWHULDOV VFLHQFH RI WKH ��VW FHQ�

WXU\� .\LY� 1DXNRYD 'XPND�
�� *ODGVKWHMQ� /�,�� /LWYLQHQNR� '�$� ������ +LJK�VWUHQJWK

VWUXFWXUDO VWHHO� 0RVFRZ� 0HWDOOXUJL\D�
�� 1LNLWLQ� 9�1� ������ +LJK�VWUHQJWK ORZ�DOOR\ VWHHOV IRU

DXWRPRWLYH� H[FDYDWLQJ DQG PLQLQJ HQJLQHHULQJ� 6WDO� ���
����w�����

�� *ODGVKWHMQ� /�,�� %RE\OHYD� /�$�� 2QXFKLQ� /�*� HW DO�
������ ,QYHVWLJDWLRQV DQG GHYHORSPHQW RI QHZ KLJK�VWUHQJWK
VWHHO IRU ZHOGHG VWUXFWXUHV� ,ELG�� �� ���w����

�� 6DU]KHYVN\� 9�$�� 6D]RQRY� 9�<D� ������ 6\VWHP IRU VLPX�
ODWLRQ RI ZHOGLQJ WKHUPDO F\FOHV RQ WKH EDVH RI 065��� PD�
FKLQH� $YWRPDWLFK� 6YDUND� �� ��w���

�� /REDQRY� /�0�� 0LNKRGXM� /�,�� 9DVLOLHY� 9�*� HW DO�
������ 3HFXOLDULWLHV RI EHKDYLRXU RI WKHUPRGHIRUPDWLRQDO
SURFHVVHV LQ DUF ZHOGLQJ RI KLJK�VWUHQJWK VWHHOV� ,ELG�� �� �w
���

�� /REDQRY� /�0�� 3LYWRUDN� 9�$� ������ 'HYHORSPHQW RI
KRORJUDSKLF LQWHUIHURPHWU\ IRU LQYHVWLJDWLRQ RI WKH VWUHVV�
VWUDLQ VWDWH DQG TXDOLW\ FRQWURO RI ZHOGHG VWUXFWXUHV� ,,:
'RF� ;9�����w���

�� 0XVL\DFKHQNR� 9�)�� .DVDWNLQ� %�6�� 0LNKRGXM� /�,� HW DO�
������ :HOGLQJ RI KLJK�VWUHQJWK VWHHO ��*1�0)$<X� $YWR�
PDWLFK� 6YDUND� �� ��w���

��� 0LNKRGXM� /�,�� <XVKFKHQNR� $�.�� 3R]Q\DNRY� 9�'� HW DO�
������ :HOGDELOLW\ RI KLJK�VWUHQJWK VWHHO ��*1�0)$�
<X'566K� ,ELG�� ��� ��w���

)LJXUH ��5HVLGXDO ORQJLWXGLQDOσ[ �D� DQG WUDQVYHUVH σ\ �E� VWUHVVHV
LQ +$= PHWDO RI WHFKQRORJLFDO VDPSOHV RI VWHHOV ��*1�0)$<X'5
��� DQG ��.K*1�0'$)% ���
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6�<X� 0$.6,029
�
� ,�0� 6$9,&+

�
� 6�0� =$.+$529

�
� 1�9� =$-76(9$

�
DQG (�9� .2=/29

�

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

�
*�9� .XUG\XPRY ,QVWLWXWH RI 0HWDO 3K\VLFV� 1$68� .\LY� 8NUDLQH

7KH SDSHU DQO\VHV WKH LQIOXHQFH RI WKH HQYLURQPHQW RQ JDV FRQWHQW DQG GHQVLW\ RI D KLJK�QLFNHO ���w�� � 1L� ZHOG

PHWDO� VWUXFWXUH DQG SURSHUWLHV RI GLIIHUHQW ]RQHV RI WKH ZHOGHG MRLQW� ,Q RUGHU WR LPSURYH WKH LQGLFHV RI WKHLU PHFKDQLFDO

SURSHUWLHV� WKH DOOR\LQJ� PRGLI\LQJ DQG VXUIDFH�DFWLYH HOHPHQWV VKRXOG EH IXUWKHU DGGHG WR WKH FKDUJH RI WKH IOX[�FRUHG

ZLUH�

.H\ ZRU G V � XQGHUZDWHU ZHOGLQJ� IOX[�FRUHG ZLUH� GHSR�

VLWHG PHWDO� +$=� JDV FRQWHQW� VWUXFWXUH� PHFKDQLFDO SURSHUWLHV

:HOGLQJ KDV DQ LPSRUWDQW UROH LQ FRQVWUXFWLRQ DQG

UHSDLU RI XQGHUZDWHU SLSHOLQHV� :HW ZHOGLQJ KDV EHHQ

ZLGHO\ XVHG IRU WKHVH SXUSRVHV UHFHQWO\� ,W LV SHU�

IRUPHG GLUHFWO\ LQ WKH ZDWHU HQYLURQPHQW DQG HOLPL�
QDWHV DSSOLFDWLRQ RI H[SHQVLYH FDLVVRQV RU FKDPEHUV�

+RZHYHU� XVH RI HDUOLHU GHYHORSHG FRQVXPDEOHV LQ

ZHOGLQJ RI WKH PRGHUQ SLSH VWHHOV RI ;�� W\SH >�@

\LHOGV QHJDWLYH UHVXOWV� DV FROG FUDFNV DUH REVHUYHG LQ

WKH +$=� 7KLV SUREOHP PD\ EH VROYHG E\ DSSO\LQJ

HOHFWURGH PDWHULDOV� ZKLFK HQVXUH IRUPDWLRQ RI WKH

DXVWHQLWLF VWUXFWXUH RI ZHOG PHWDO >�@ DQG� WKXV� UH�

GXFH WKH FRQWHQW RI K\GURJHQ� GLIIXVLQJ LQWR WKH +$=
PHWDO� ,QYHVWLJDWLRQ RI VDPSOHV� ZHOGHG ZLWK HOHF�

WURGHV ZLWK D VWDLQOHVV VWHHO URG� UHYHDOHG D QXPEHU

RI GLVDGYDQWDJHV >�w�@� &UDFNV PD\ LQLWLDWH LQ WKH

IXVLRQ ]RQH DW VROLGLILFDWLRQ� EHFDXVH RI WKH GLIIHUHQFH

LQ WKH YDOXHV RI WKH FRHIILFLHQW RI WKHUPDO OLQHDU H[�

SDQVLRQ RI WKH ZHOG PHWDO DQG WKH EDVH PHWDO� 0RUH�

RYHU� PL[LQJ RI WKH PHWDO RI WKH ILUVW SDVV ZLWK WKH

EDVH PHWDO QHDU WKH IXVLRQ ERXQGDU\ UHVXOWV LQ WKH
DSSHDUDQFH RI D EULWWOH PDUWHQVLWH LQWHUOD\HU� SURQH

WR FROG FUDFNLQJ�

7KHUHIRUH� LQ WKLV FDVH� DSSOLFDWLRQ RI QLFNHO HOHF�

WURGHV LV PRUH SURPLVLQJ >�w�@� 7KH ZHOG PHWDO DQG

WKH EDVH PHWDO KDYH FORVH YDOXHV RI WKH FRHIILFLHQW RI

OLQHDU WKHUPDO H[SDQVLRQ� DQG SUHVHQFH RI D JUHDW
DXVWHQL]DWLRQ PDUJLQ DOORZV DYRLGLQJ IRUPDWLRQ RI

PDUWHQVLWH LQWHUOD\HUV� $QG DOWKRXJK WKHPHWDO RI VXFK

ZHOGV LV SURQH WR IRUPDWLRQ RI SRUHV DQG KRW FUDFNV�

SDUWLFXODUO\ LQ WKH URRW SDVV� WKH ZHOGHG MRLQWV PDGH

ZLWK QLFNHO HOHFWURGHV� KDG KLJK UHVLVWDQFH WR FROG

FUDFNLQJ�

$SSOLFDWLRQ DW 3:, RI IOX[�FRUHG ZLUHV ZLWK UX�

WLOH�EDVHG FKDUJH DQG VWHHO VWULS VKHDWK GLG QRW DOORZ

PDNLQJ ZHOGHG MRLQWV RI ;�� W\SH VWHHO ZLWKRXW FUDFNV

LQ WKH +$=� ,W ZDV QRW SRVVLEOH WR DFKLHYH D KLJK

FRQWHQW RI QLFNHO LQ WKH ZHOG PHWDO E\ DOOR\LQJ WKH

ZLUH FRUH�

$SSOLFDWLRQ RI QLFNHO VWULS LV PRUH UDWLRQDO� 6LQFH

VXFK ZLUHV ZHUH QRW XVHG HDUOLHU� WKH SXUSRVH RI WKLV

ZRUN ZDV REWDLQLQJ SUHOLPLQDU\ GDWD RQ WKH SRVVLELOL�

W\ RI IRUPDWLRQ RI D VRXQG GHSRVLWHG PHWDO� DQG DV�

VHVVPHQW RI LWV VWUXFWXUH DQG SURSHUWLHV� DOVR LQ WKH

+$=� LQ ZHOGLQJ ZLWK D IOX[�FRUHG ZLUH ZLWK D QLFNHO

VKHDWK� 7KH H[SHULPHQWDO IOX[�FRUHG ZLUH FKDUJH ZDV

EDVHG RQ IOXRULGHV RI DONDOL DQG DONDOL�HDUWK PHWDOV�

PDQJDQHVH PHWDO EHLQJ WKH GH�R[LGL]HU� 1LFNHO VWULS

RI ��� × ��� PP VL]H ZDV XVHG DV WKH VKHDWK� 'HSRVL�

WLRQ RQ D SODWH RI ;�� VWHHO ��PP WKLFNZDV SHUIRUPHG

LQ WKH IROORZLQJ PRGH� ,Z  ���w��� $�8D
 ��w�� 9�

Y
Z
 � P�K� UHYHUVH SRODULW\ FXUUHQW� ZLUH GLDPHWHU

��� PP� ILOOLQJ IDFWRU ��w�� �� 0HWKRGV RI

GXURPHWU\� RSWLFDO DQG VFDQQLQJ HOHFWURQ PLFURVFRS\�
JDV DQDO\VLV >�@� YROXPHWU\ >�@ DQG ;�UD\ IOXRUHVFHQFH

DQDO\VLV �;)$� ZHUH XVHG LQ LQYHVWLJDWLRQV� )RU FRQ�

YHQLHQFH RI VWXGLHV� WKUHH ]RQHV ZHUH VLQJOHG RXW LQ

LQYHVWLJDWLRQV� QDPHO\ GHSRVLWV� SDUWLDOO\�PHOWHG UH�

JLRQV DQG +$=� ZKLFK PDUNHGO\ GLIIHUHG IURP HDFK

RWKHU�

)LJXUH � VKRZV WKH PLFURVWUXFWXUHV RI WKH DERYH

]RQHV ZLWK UHIHUHQFH WR WKH PDFURVWUXFWXUH� $V LV VHHQ

IURP )LJXUH �� PDFURVWUXFWXUH RI WKH GHSRVLWHG ZHOG
PHWDO FRQWDLQV FOHDUO\ GHILQHG UHJLRQV RI FRPSDUD�

WLYHO\ VPDOO HTXLD[HG FU\VWDOOLWHV ORFDWHG DORQJ LWV

ERXQGDULHV� FROXPQDU FU\VWDOV HORQJDWHG DORQJ WKH GL�
UHFWLRQ RI KHDW UHPRYDO� DQG FRDUVH�JUDLQHG QXJJHW�

ZKLFK LV ZKHUH PHWDO VROLGLILFDWLRQ LV FRPSOHWHG�

&RPSRVLWLRQ RI PHWDO� GHSRVLWHG XQGHU WKH ZDWHU�

LV JLYHQ LQ 7DEOH �� ,WV FRPSDULVRQ ZLWK WKH FRPSR�

VLWLRQ RI WKH PHWDO� GHSRVLWHG E\ WKH VDPH ZLUH LQ DLU�

UHYHDOV DQ LQFUHDVHG FRQWHQW RI LURQ� $SSDUHQWO\� DUF

FRQVWULFWLRQ DQG SUHVHQFH RI WXUEXOHQW JDV IORZV LQ

WKH YDSRXU�JDV EXEEOH LQ XQGHUZDWHU ZHOGLQJ OHDG WR

D JUHDWHU GHJUHH RI PL[LQJ ZLWK WKH EDVH PHWDO DQG

KLJKHU DUF SHQHWUDELOLW\� 7KH ODWWHU LV FRQILUPHG E\
��w�� � LQFUHDVH LQ WKH SHQHWUDWLRQ GHSWK LQ XQGHU�

ZDWHU ZHOGLQJ� FRPSDUHG WR ZHOGLQJ LQ DLU� 7KLV UH�

VXOWV LQ DQ LQFUHDVH RI WKH SURSRUWLRQ RI WKH EDVH PHWDO

LQ WKH PROWHQ PHWDO� ,Q NHHSLQJ ZLWK WKH GLDJUDP RI

SKDVH HTXLOLEULXP >�@� D WZR�SKDVH FRQGLWLRQ VKRXOG

� 6�<X� 0$.6,029� ,�0� 6$9,&+� 6�0� =$.+$529� 1�9� =$-76(9$ DQG (�9� .2=/29� ����
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FRUUHVSRQG WR VXFK D FRPSRVLWLRQ� 7KLV VWUXFWXUH FRQ�

VLVWV SUHGRPLQDQWO\ RI VROLG VROXWLRQ RI LURQ LQ QLFNHO

DQG RUGHUHG )H1L� SKDVH� 7KH VHFRQG SKDVH� KRZHYHU�

ZDV QRW UHYHDOHG LQ WKH VWXGLHG VDPSOH� HLWKHU E\

PHWDOORJUDSKLF RU ;�UD\ PHWKRG� $SSDUHQWO\� WKH VR�

OLGLILFDWLRQ FRQGLWLRQV DUH VXFK WKDW LQVWHDG RI WKH

HTXLOLEULXP VWUXFWXUHV� D PHWDVWDEOH VWUXFWXUH LV

IRUPHG� ZKLFK LV DQ RYHUVDWXUDWHG VROLG VROXWLRQ RI

LURQ LQ QLFNHO� RU D GLVRUGHUHG LQWHUPHWDOOLF >��� ��@�

7KH ZLGWK RI WKH ]RQH RI D YDULDEOH FRPSRVLWLRQ

QHDU WKH IXVLRQ ERXQGDU\ �)LJXUH �� LV VPDOO HQRXJK

�DERXW �� µP�� DQG LW GRHV QRW KDYH DQ\ LQWHUOD\HUV

ZLWK WKH KDUGHQLQJ VWUXFWXUH�

0LFURVWUXFWXUH RI +$= VDPSOHV� PDGH LQ DLU DQG

XQGHU WKH ZDWHU� GLIIHUV RQO\ VOLJKWO\� +$= ERXQGDU\

LV GHWHUPLQHG E\ WKH SRVLWLRQ RI WKH LVRWKHUP� JLYLQJ

WKH GLUHFW �α→γ� DQG UHYHUVH �γ→α� SKDVH WUDQVIRU�
PDWLRQV� ,Q XQGHUZDWHU ZHOGLQJ WKH JHRPHWULFDO GL�

PHQVLRQV RI WKH +$= DUH UHGXFHG DOPRVW � WLPHV GXH

WR LQWHQVLYH FRROLQJ� +$= PHWDO XQGHUJRHV D FHUWDLQ

GHJUDGDWLRQ RI WKH LQLWLDO OLQHDJH VWUXFWXUH RI WKH

UROOHG VWHHO� $W KHDWLQJ LQ WKH UHJLRQ RI γ�WUDQVIRUPD�
WLRQV SDUWLDO GLVVROXWLRQ RI FHPHQWLWH RI WKH HXWHFWRLG

FRORQLHV LQ DXVWHQLWH RFFXUV� DQG DW VXEVHTXHQW FRROLQJ

HXWHFWRLG FRORQLHV IRUP DJDLQ� WKHLU PRUSKRORJ\ DQG

ORFDWLRQ GLIIHULQJ IURP WKH LQLWLDO RQHV� 'HJUDGDWLRQ

RI WKH LQLWLDO OLQHDJH VWUXFWXUH LQ WKH UROOHG VWHHO +$=

LV PRUH SURQRXQFHG LQ XQGHUZDWHU ZHOGLQJ� 7KLV LV

GXH WR D KLJK UDWH RI PHWDO FRROLQJ� Y� WKH YDOXHV RI

ZKLFK DUH KLJKHU WKDQ WKRVH UHTXLUHG IRU IRUPDWLRQ

RI D OD\HU VWUXFWXUH >��@�

Y ≤ '¯∆7�α�
� ���

ZKHUH '& LV WKH FRHIILFLHQW RI FDUERQ GLIIXVLRQ� ∆7 LV

WKH GLIIHUHQFH RI WHPSHUDWXUHV RI γ→α WUDQVIRUPDWLRQ

LQ ORFDO UHJLRQV RI WKH PDWHULDO� α LV WKH GLVWDQFH

EHWZHHQ WKH OD\HUV RI SHDUOLWH FRORQLHV�

:HOGLQJ FRQGLWLRQV KDYH WKH PRVW GUDPDWLF LQIOX�

HQFH RQ WKH PLFURVWUXFWXUH RI WKH IXVLRQ ]RQH� ,Q WKH

FDVH RI ZHOGLQJ LQ DLU LW LV SUDFWLFDOO\ QRW UHYHDOHG

VHSDUDWHO\ IURP WKH +$=� DQG LV D VHFWLRQ RI WKH PRVW

GLVSHUVHG IHUULWH�SHDUOLWH VWUXFWXUH� FKDUDFWHULVWLF IRU

WKH HQWLUH +$=� :DWHU FRROLQJ FKDQJHV WKH VLWXDWLRQ�

OHDGLQJ WR IRUPDWLRQ RI ILQHO\�GLVSHUVHG KDUGHQLQJ

VWUXFWXUHV �VHH )LJXUH ��� ,Q WKLV FDVH FUDFNV LQ WKH

GHSRVLWHG PHWDO DQG +$= DUH DEVHQW�

%XWW MRLQWV ZHUH PDGH RQ �� PP ;�� VWHHO WR

GHWHUPLQH WKH PHFKDQLFDO SURSHUWLHV RI WKH ZHOG PH�

)LJXUH �� 0LFURVWUXFWXUH RI GLIIHUHQW UHJLRQV RI WKH GHSRVLW �PDFURVHFWLRQ LQ WKH FHQWHU� RQ VWHHO ;��� PDGH XQGHU WKH ZDWHU ZLWK
IOX[�FRUHG ZLUH ZLWK D QLFNHO VKHDWK �×����

)LJXUH �� (OHPHQW GLVWULEXWLRQ QHDU WKH IXVLRQ ERXQGDU\ LQ XQGHU�
ZDWHU ZHOGLQJ E\ WKH GDWD RI ;�UD\ PLFURDQDO\VLV �& x HOHPHQW
FRQWHQW� O x GLVWDQFH�

7DEOH �� &RPSRVLWLRQ RI WKH GHSRVLWHG PHWDO SURGXFHG XQGHU GLI�
IHUHQW FRQGLWLRQV RI ZHOGLQJ �E\ ;)$ GDWD�

:HOGLQJ

FRQGLWLRQV

)UDFWLRQ RI HOHPHQWV� ZW��

)H 1L &U 0Q

,Q DLU ����� ����� ���� ����

8QGHU WKH

ZDWHU
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WDO� +RZHYHU� LW ZDV QRW SRVVLEOH WR REWDLQ D VRXQG

ZHOG PHWDO VXLWDEOH IRU WHVWLQJ� EHFDXVH RI VODJ LQFOX�

VLRQV EHWZHHQ WKH SDVVHV DQG QHDU WKH HGJHV EHLQJ

ZHOGHG� ZKLFK ZDV FDXVHG E\ WKH XVH RI IOXRULGH VODJ�

7KHUHIRUH� IRU LQYHVWLJDWLRQ SXUSRVHV� D WKUHH�OD\HU

GHSRVLW LQWR D JURRYH ZDV PDGH� ZKLFK ZDV IROORZHG

E\ SUHSDUDWLRQ RI VDPSOHV RI W\SH ,, �WR *267 ����w

���� 7HVWLQJ UHVXOWV VKRZHG WKDW WKH GHSRVLWHG PHWDO

LV FKDUDFWHUL]HG E\ D ORZ OHYHO RI PHFKDQLFDO SURSHU�

WLHV �σW ≤ ��� 03D� δ ≤ � ��� 7KLV LV FDXVHG E\ WKH

SUHVHQFH RI D FRDUVH�FU\VWDOOLQH VWUXFWXUH LQ WKH FRDUVH�

JUDLQHG QXJJHW LQ FRPELQDWLRQ ZLWK SUHFLSLWDWLRQ RI

QLFNHO R[LGH DQG K\GURJHQ DORQJ WKH JUDLQ ERXQGDULHV�

,QWHQVLYH KHDW UHPRYDO IURP WKH GHSRVLWHG PHWDO UH�

JLRQV� DGMDFHQW WR WKH VXUIDFH DQG WKH IXVLRQ ERXQGDU\�

OHDGV WR IRUPDWLRQ RI D FRPSDUDWLYHO\ ILQH�FU\VWDOOLQH

VWUXFWXUH� 7KHUHIRUH� IUDFWRJUDSKLF VWXGLHV RI WKH IUDF�

WXUH VXUIDFH RI VDPSOHV DIWHU WHQVLOH WHVWLQJ VKRZHG

WKDW WKLV SURFHVV LV RI D PL[HG PRGH �)LJXUH ��� EULWWOH

LQ WKH FHQWUDO UHJLRQ LQ WKH VLWH RI FUDFN LQLWLDWLRQ DQG

WRXJK�EULWWOH DW VXEVHTXHQW SURSDJDWLRQ RI WKH FUDFN

LQWR WKH SHULSKHUDO UHJLRQV RI WKH GHSRVLWHG PHWDO

>��@�

'XURPHWULF VWXGLHV SHUPLWWHG GHWHUPLQDWLRQ RI WKH

PHFKDQLFDO SURSHUWLHV RI ORFDO UHJLRQV RI WKH GHSRVLWHG

PHWDO �GHSRVLWHG PHWDO ZLWK D ILQH�JUDLQHG VWUXFWXUH�

DGMDFHQW WR WKH IXVLRQ ERXQGDU\�� IXVLRQ ]RQH DQG

+$=� 2EWDLQHG UHVXOWV �7DEOH �� GHPRQVWUDWH WKH

LQKRPRJHQHLW\ RI LWV VWUXFWXUH DQG LQIOXHQFH RI WKH

HQYLURQPHQW� 'HSRVLWHG PHWDO HQULFKPHQW LQ LURQ

IURP WKH EDVH PHWDO �VHH 7DEOH �� DQG DFFHOHUDWHG

FRROLQJ OHDG WR D KLJKHU KDUGQHVV DQG VWUHQJWK LQ

VDPSOHV ZHOGHG XQGHU WKH ZDWHU�

)RU PDWHULDOV ZLWK QRQ�XQLIRUP SURSHUWLHV LW LV

UDWKHU GLIILFXOW WR HYDOXDWH WKH GXFWLOH SURSHUWLHV LQ

WKH ORFDO UHJLRQV� 7KHUHIRUH� RI FRQVLGHUDEOH LQWHUHVW

DUH WKH HYDOXDWLRQV SURGXFHG E\ WKH PHWKRG RI

GXURPHWU\ >��� ��@� ,Q WKLV FDVH WKH IROORZLQJ UHOD�

WLRQVKLS LV XVHG DV WKH GXFWLOLW\ SDUDPHWHU δQ�

δQ = � w
ε
H

ε � ���

ZKHUH εH LV WKH HODVWLF GHIRUPDWLRQ� ε ≈ ����� LV WKH

WRWDO GHIRUPDWLRQ RQ WKH LQGHQWRUwVDPSOH FRQWDFW DUHD

LQ WKH GLUHFWLRQ RI WKH WHQVLOH IRUFH DSSOLFDWLRQ� (ODVWLF

GHIRUPDWLRQ εH LV GHILQHG IURP WKH IROORZLQJ IRUPXOD�

ε
H

= ���� (� w ν w �ν�) +9
(

� ���

ZKHUH ν LV WKH 3RLVVRQsV UDWLR� +9 LV WKH 9LFNHUsV

KDUGQHVV� ( LV WKH <RXQJsV PRGXOXV� 9DOXHV RI δQ
FDOFXODWHG IRU D ODUJH QXPEHU RI PDWHULDOV UHIOHFW WKH

FRQFHSWV RI WKHLU GXFWLOLW\ IRUPHG RQ WKH EDVLV RI

VWDQGDUG PHFKDQLFDO WHVWV� ,W LV IRXQG WKDW WKH FULWLFDO

YDOXH RI GXFWLOLW\ LV HTXDO WR δQ ≥ ���� $FKLHYHPHQW

RI WKLV YDOXH LV WKH PDQGDWRU\ FRQGLWLRQ IRU GXFWLOLW\

PDQLIHVWDWLRQ LQ WHQVLOH DQG EHQG WHVWLQJ RI PDWHULDOV�

0HDVXUHPHQWV VKRZHG WKDW LQ XQGHUZDWHU ZHOGLQJ

WKH GHSRVLWHG PHWDO ZLWK WKH ILQH�JUDLQHG VWUXFWXUH

LQ WKH IXVLRQ ]RQH� DV ZHOO DV LQ WKH ORFDO UHJLRQV LQ

WKH +$= KDV D VXIILFLHQWO\ KLJK GXFWLOLW\ PDUJLQ� DV

LQ DOO WKH VWXGLHG ]RQHV δQ ! ���� ZKLFK LV KLJKHU WKDQ

WKH FULWLFDO YDOXH >��@� 2Q WKH RWKHU KDQG� δQ YDOXHV
LQ WKH IXVLRQ ]RQH DQG WKH +$= DUH EHORZ VLPLODU

YDOXHV IRU WKH EDVH PHWDO� 'XFWLOLW\ RI WKH GHSRVLWHG

PHWDO� HYHQ WKRXJK LW LV ORZHU WKDQ LQ ZHOGLQJ LQ DLU�

LV VWLOO KLJKHU WKDQ WKDW RI WKH EDVH PHWDO�

7KH HQYLURQPHQW� LQ ZKLFK ZHOGLQJ LV SHUIRUPHG�

DOVR KDV D PDUNHG LQIOXHQFH RQ WKH GHQVLW\ RI WKH

GHSRVLWHG PHWDO DQG LWV JDV FRQWHQW �7DEOH ��� ,Q WKLV

FDVH WKH FRQWHQW RI JDVHV DQG WKH GHQVLW\ GR QRW FRU�

UHODWH�

,Q ZHOGLQJ XQGHU WKH ZDWHU GHSRVLWHG PHWDO RI D

KLJK GHQVLW\ LV SURGXFHG� ZKLFK ZDV QRW REYLRXV D

SULRUL� ,W VKRXOG EH QRWHG WKDW PHWDOORJUDSKLF H[DPL�

QDWLRQ GLG QRW UHYHDO DQ\ QRWLFHDEOH SRURVLW\ LQ WKH

GHSRVLWHG PHWDO� GHVSLWH WKH ORZHU GHQVLW\ FRPSDUHG

WR WKH EDVH PHWDO� ZKLFK ZDV GHWHUPLQHG E\ K\GUR�

VWDWLF ZHLJKLQJ� ,W LV NQRZQ >��@ WKDW EHLQJ DQ DFWLYH

)LJXUH �� )UDFWRJUDPV RI WKH VDPSOH IUDFWXUH VXUIDFH� Dx FHQWUDO
UHJLRQ RI WKH GHSRVLWHG PHWDO� E x LWV SHULSKHUDO UHJLRQ

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI WKH PHWDO GHSRVLWHG �LQ DLU DQG XQGHU WKH ZDWHU� RQ ;�� VWHHO

:HOGLQJ FRQGL�

WLRQV

+DUGQHVV +9���� *3D <LHOG SRLQW σ���� *3D 'XFWLOLW\ SDUDPHWHU δ
Q
� �

'0 )= +$= %0 '0 )= +$= %0 '0 )= +$= %0

,Q DLU ����� ���� ���� ���� ���� ���� ���� ���� ����� ����� ����� �����

8QGHU WKH

ZDWHU

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

1R W H � '0 x GHSRVLWHG PHWDO� )= x IXVLRQ ]RQH� %0 x EDVH PHWDO�
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HOHPHQW� R[\JHQ IRUPV WKH IROORZLQJ FKHPLFDO FRP�

SRXQG ZLWK QLFNHO�

2 � 1L ↔ 1L2�

+\GURJHQ� HYROYLQJ IURP QLFNHO VLPXOWDQHRXVO\

ZLWK R[\JHQ� UHGXFHV QLFNHO R[LGH LQ YLHZ RI ORZHULQJ

RI WKH VROXELOLW\�

1L¬ � �+ ↔ 1L � +�2�

:KHQ WKLV UHDFWLRQ SURFHHGV LQ WKH ZHOG SRRO�

HYROXWLRQ RI ZDWHU YDSRXUV UHVXOWV LQ DQ LQWHQVLYH

ERLOLQJ RI OLTXLG PHWDO� DQG DIWHU VROLGLILFDWLRQ LV RYHU

WKH ZHOG PHWDO XVXDOO\ FRQWDLQV SRUHV� ,Q WKH FDVH RI

XQGHUZDWHU ZHOGLQJ D VLJQLILFDQW FRQWHQW RI K\GURJHQ

LQ WKH YDSRXU�JDV FKDQQHO OHDGV WR ELQGLQJ RI D FHUWDLQ

DPRXQW RI R[\JHQ� DQG WKH SUREDELOLW\ RI QLFNHO R[LGH

IRUPDWLRQ LQ WKH PROWHQ PHWDO LV ORZHU� 7KHUHIRUH� DW

WKH PRPHQW RI WKH ZHOG SRRO VROLGLILFDWLRQ WKH SURFHVV

RI LQWHUDFWLRQ RI K\GURJHQ DQG QLFNHO R[LGH LV RI D

OLPLWHG QDWXUH� ZKLFK UHGXFHV WKH SUREDELOLW\ RI SRUH

IRUPDWLRQ�

7KXV� LQYHVWLJDWLRQ UHVXOWV VKRZHG WKDW DSSOLFD�

WLRQ RI IOX[�FRUHG ZLUH ZLWK D QLFNHO VWULS VKHDWK DO�

ORZHG SURGXFLQJ D VXIILFLHQWO\ GHQVH GHSRVLWHG PHWDO

ZLWKRXW FUDFNV� FRDUVH SRUHV RU QRQ�PHWDOOLF LQFOX�

VLRQV� 7KH EULWWOH PRGH RI VDPSOH IUDFWXUH LQ WHQVLOH

WHVWLQJ LV UHODWHG WR IRUPDWLRQ RI D FRDUVH�FU\VWDOOLQH

VWUXFWXUH LQ WKH FHQWUDO SDUW RI ZHOG� +RZHYHU� GXF�

WLOLW\ RI ORFDO UHJLRQV RI WKH GHSRVLWHG PHWDO ZLWK D

ILQH�JUDLQHG VWUXFWXUH KDV YDOXHV DERYH WKH FULWLFDO

RQHV� &RQVLGHULQJ WKDW WKH IOX[�FRUHG ZLUH ZLWK D

QLFNHO VKHDWK ZLWKRXW DQ\ DGGLWLRQDO DOOR\LQJ RI WKH

FKDUJH ZDV XVHG IRU LQYHVWLJDWLRQV VROHO\ DV PRGHO

PDWHULDO� WKH UHTXLUHG SURSHUWLHV DQG VWUXFWXUH RI WKH

ZHOG PHWDO FDQ EH SURGXFHG� XVLQJ SXUSRVH�RULHQWHG

DOOR\LQJ E\ DGGLQJ PRGLILHUV DQG DFWLYH GHR[LGL]HUV

WR WKH IOX[�FRUHG ZLUH FRUH� $IWHU WKLV SUREOHP KDV

EHHQ VROYHG� IXUWKHU HIIRUWV ZLOO EH DLPHG DW HYDOXDWLRQ

RI WKH ZHOGLQJ�SURFHVVLQJ SURSHUWLHV RI WKH IOX[�FRUHG

ZLUH DQG GHWHUPLQDWLRQ RI WKH SHUIRUPDQFH RI WKH

ZHOGHG MRLQW RQ ;�� W\SH VWHHO DV D ZKROH�

�� ,EDUUD� 6�� *UXEEV� &�(�� /LX� 6� ������ 6WDWH�RI�WKH�DUW
DQG SUDFWLFH RI XQGHUZDWHU ZHW ZHOGLQJ RI VWHHO� ,Q� 3URF�
RI ,QW� :RUNVKRS RQ 8QGHUZDWHU :HOGLQJ RI 0DULQH

6WUXFWXUHV� 'HFHPEHU �w�� ����� 1HZ 2UOHDQV� 0LDPL� 1HZ
<RUN� $%6�

�� .RLEXVKL� 0�� <RNRWD� 7� ������ 8QGHUZDWHU ZHW ZHOGLQJ
ZLWK 1L� )Hw1L DQG VWDLQOHVV VWHHO HOHFWURGHV� -� -:6� ��
���w����

�� /LX� 6�� 2OVRQ� '�� ,EDUUD� 6� ������ (OHFWURGH IRUPXODWLRQ
IRU XQGHUZDWHU ZHOGLQJ� ,Q� 3URF� RI ,QW� &RQI� RQ 8QGHU�

ZDWHU :HOGLQJ� 0DUFK ��w��� ����� 1HZ 2UOHDQV� 0LDPL�
1HZ 2UOHDQV� $:6�

�� 6]HODJRZVNL� +�� 6WXKII� +�� /RHEHO� 3� ������ 3URSHUWLHV
RI ZHW ZHOGHG MRLQWV� ,Q� 3URF� RI ��VW $QQ� 27&� 0D\ �w
�� ����� +RXVWRQ�

�� %DLOH\� 1� ������ :HOGLQJ XQGHU ZDWHU x D PHWDOOXUJLFDO
DSSUDLVDO� ,Q� 3URF� RI �VW ,QW� 2IIVKRUH DQG 3RODU (QJL�

QHHULQJ &RQI�� $XJXVW ��w��� ����� (GLQEXUJ�
�� *RRFK� 7�*� ������ 3URSHUWLHV RI XQGHUZDWHU ZHOGV� 3DUW ��

3URFHGXUDO WULDOV� 0HWDO &RQVWUXFWLRQ� �� ���w����
�� 3RNKRGQ\D� ,�.� ������ *DVHV LQ ZHOGV� 0RVFRZ� 0DVKL�

QRVWURHQLH�
�� *DYULO\XN� 9�*� ������ 9ROXPHWULF DQDO\VLV� ,Q� (QF\FORSH�

GLD RI LQRUJDQLF PDWHULDOV� 9RO� �� .\LY� 8NU� 6RY� (QWV�
�� +DQVHQ� 0�� $QGUHHQNR� .� ������ 6WUXFWXUHV RI ELQDU\ DO�

OR\V� 5HIHU� %RRN� 0RVFRZ� 0HWDOOXUJL]GDW�
��� *ROXEWVRYD� 5�%� ������ 3KDVH DQDO\VLV RI QLFNHO DOOR\V�

0RVFRZ� 1DXND�
��� 0DOWVHY� 0�9� ������ 0HWDOORJUDSK\ RI LQGXVWULDO QRQ�IHU�

URXV PHWDOV DQG DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�
��� 0DUWLQ� -�� 'RHUWL� 5� ������ 6WDELOLW\ RI PLFURVWUXFWXUH RI

PHWDOOLF V\VWHPV� 0RVFRZ� $WRPL]GDW�
��� (QJHO� /�� .OLQNHOH� *� ������ 6FDQQLQJ HOHFWURQ PLFURV�

FRS\� )UDFWXUH� 5HIHU� %RRN� 0RVFRZ� 0HWDOOXUJL\D�
��� 0DUNRYHWV� 0�3� ������ 'HWHUPLQDWLRQ RI PHFKDQLFDO SUR�

SHUWLHV RI PHWDOV E\ KDUGQHVV� 0RVFRZ� 0DVKLQRVWURHQLH�
��� 0LOPDQ� <X�9�� *DODQRY� %�$�� &KXJXQRYD� 6�,� ������

&KDUDFWHULVWLF RI GXFWLOLW\� REWDLQHG LQ KDUGQHVV PHDVXUH�

PHQW� .\LY� ,30�
��� %DJU\DQVN\� .�9�� .X]PLQ� *�6� ������ :HOGLQJ RI QLFNHO

DQG LWV DOOR\V� 0RVFRZ� 0DVKJL]�

7DEOH �� 'HQVLW\ RI WKH GHSRVLWHG PHWDO DQG LWV FRQWHQW RI JDVHV XQGHU GLIIHUHQW FRQGLWLRQV RI ZHOGLQJ

:HOGLQJ FRQGLWLRQV
'HQVLW\ RI GHSRVLWHG PHWDO� J�FP� &KDQJH RI GHQVLW\ *DV FRQWHQW 6⋅��w�� ZW��

PHDVXUHG ρ
P

FDOFXODWHG ρ
F

∆ρ  ρ
F
w ρ

P
� J�FP� ∆ρ�ρ

F
� � >2@ >+@

,Q DLU ������� ������ ������� ����� ���� ����
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<X�6� %25,629 DQG 2�9� .2/,61,&+(1.2

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

7HPSHUDWXUH ILHOGV RI VXUIDFH OD\HUV GXULQJ SODVPD�GHWRQDWLRQ WUHDWPHQW �3'7� RI SDUWV ZHUH GHWHUPLQHG WKURXJK

VROYLQJ WKH QRQ�VWDWLRQDU\ KHDW FRQGXFWLRQ HTXDWLRQ E\ WKH ILQLWH GLIIHUHQFH PHWKRG� 7KH UHODWLRQVKLSV GHULYHG ZHUH

XVHG IRU DQDO\VLV RI WKH NLQHWLFV RI SKDVH WUDQVIRUPDWLRQV LQ VWUXFWXUH RI VWHHO 8� GXULQJ 3'7� 7KH FDOFXODWLRQ�WKHRUHWLFDO

DQDO\VLV UHVXOWV ZHUH FRPSDUHG ZLWK WKH H[SHULPHQWDO GDWD�

.H\ ZRU G V � FDUERQ VWHHO� SODVPD�GHWRQDWLRQ WUHDWPHQW� IL�

QLWH GLIIHUHQFH PHWKRG� QRQ�VWDWLRQDU\ KHDW FRQGXFWLRQ HTXD�

WLRQ� WHPSHUDWXUH ILHOGV� KLJK�UDWH KHDWLQJ �FRROLQJ�� VWUXFWXUDO�
SKDVH WUDQVIRUPDWLRQV

7KH HIIHFW H[HUWHG E\ KLJK�LQWHQVLW\ KHDW IORZV IRUPHG
E\ SODVPD JHQHUDWRU� ODVHU RU HOHFWURQ EHDP OHDGV WR
KHDWLQJ RI WKH VXUIDFH� IROORZHG E\ FRROLQJ WKURXJK
WUDQVIHU RI KHDW LQWR D PDWHULDO DQG HQYLURQPHQW� WKXV

UHVXOWLQJ LQ VWUXFWXUDO�SKDVH WUDQVIRUPDWLRQV RFFXU�

ULQJ LQ WKH VXEVXUIDFH OD\HU� +LJK�UDWH KHDWLQJ DQG

FRROLQJ FDXVH FKDQJHV LQ WKH NLQHWLFV RI VWUXFWXUDO

WUDQVIRUPDWLRQV� WKXV UHVXOWLQJ LQ D VKLIW RI WKH FRU�

UHVSRQGLQJ FULWLFDO SKDVH WUDQVIRUPDWLRQ SRLQWV >��

�@� ,Q WKH FDVH RI KLJK�UDWH KHDWLQJ WKH KHDW LQSXW LV

KLJKHU WKDQ WKH HQHUJ\ UHTXLUHG IRU UHVWUXFWXULQJ RI
WKH FU\VWDOOLQH ODWWLFH� α → γ� ZKLFK RFFXUV DW D FHUWDLQ

UDWH� ,Q DGGLWLRQ� KRPRJHQLVDWLRQ RI DXVWHQLWH DQG WKH

SURFHVV RI UHFU\VWDOOLVDWLRQ RI GHIRUPHG DOOR\V VKLIW

WR D UDQJH RI HYHQ KLJKHU WHPSHUDWXUHV�

,W LV LPSRUWDQW WR NQRZ WKH WHPSHUDWXUH ILHOG DQG D

FKDQJH LQ WKH KHDWLQJ �FRROLQJ� UDWH ZLWKLQ WKH DIIHFWHG

]RQH WR GHWHUPLQH VKLIWV RI WHPSHUDWXUHV RI SKDVH WUDQV�

IRUPDWLRQV RFFXUULQJ LQ VWHHOV XQGHU WKH LQIOXHQFH RI WKH
FRQFHQWUDWHG HQHUJ\ VRXUFH ZLWK UHVSHFW WR WKH FULWLFDO

SRLQWV LQ WKH )Hw& HTXLOLEULXPGLDJUDP� $ ODUJH DPRXQW

RI VWXGLHV ZHUH GHGLFDWHG WR PDWKHPDWLFDO PRGHOOLQJ RI

WKH HIIHFW RI WKH FRQFHQWUDWHG KHDW IORZV RQ PDWHULDOV

>�w�@� 7KH\ FRQVLGHU ERWK DQDO\WLFDO PHWKRGV DQG PH�
WKRGVRIQXPHULFDO DQDO\VLV RI WKHUPDO VWDWH RI DPDWHULDO�

,Q VRPH VWXGLHV PRGHOOLQJ RI WKH HIIHFW RQ WKH VXUIDFH

QRW E\ WKH VWDWLRQDU\ KHDW IORZ� EXW E\ WKH SHULRGLF RQH

LV SHUIRUPHG�

7KH SXUSRVH RI WKLV ZRUN ZDV WR QXPHULFDOO\ FDO�
FXODWH WHPSHUDWXUH ILHOGV DQG UDWHV RI WKHLU YDULDWLRQV�

DV ZHOO DV DQDO\VH WKHLU HIIHFW RQ WKH NLQHWLFV RI SKDVH

WUDQVIRUPDWLRQV LQ PRGLILHG OD\HUV GXULQJ SODVPD�
GHWRQDWLRQ WUHDWPHQW �3'7� RI VXUIDFHV RI SDUWV� 7KH
3'7 WHFKQRORJ\ >�@ DOORZV IRUPDWLRQ RI WKH SXOVHG
SODVPD IORZV� XQGHU WKH HIIHFW RI ZKLFK WKH SDUW VXU�

IDFH XQGHUJRHV F\FOLF KHDW WUHDWPHQW� 7KH WHPSHUDWXUH
UDQJH RI KHDWLQJ RI WKH VXUIDFH LV ZLGH� L�H� IURP ��

WR ���� �& DQG KLJKHU� 7KHUHIRUH� LQ DGGLWLRQ WR YDUL�
DWLRQV LQ WKHUPDO�SK\VLFDO FKDUDFWHULVWLFV GHSHQGLQJ

XSRQ WKH WHPSHUDWXUH RI D PDWHULDO WUHDWHG� LW LV QH�

FHVVDU\ WR WDNH LQWR DFFRXQW DOVR WKH ODWHQW KHDW RI D

SKDVH WUDQVLWLRQ� $ GLVWLQFWLYH IHDWXUH RI 3'7 LV WKDW

D SDUW FDQ EH LQFOXGHG LQWR WKH GLVFKDUJH FLUFXLW� 6WXG\

RI DPSOLWXGH�WLPH FKDUDFWHULVWLFV RI WKH FXUUHQW LQ

3'7 VKRZHG WKDW WKH FXUUHQW GHQVLW\ LQ D UHJLRQ
WUHDWHG LV DERYH ��

� $�P� >�@� 7KXV� KHDWLQJ RI WKH
VXUIDFH OD\HU RI D PDWHULDO XQGHU WKH 3'7 FRQGLWLRQV

RFFXUV GXH WR DQ H[WHUQDO KHDW IORZ� WKH FRPSRQHQWV

RI ZKLFK DUH DV IROORZV� HQHUJ\ WUDQVIHUUHG E\ HOHF�

WURQV� LRQV DQG QHXWUDO DWRPV� UDGLDQW HQHUJ\� DQG
HQHUJ\ UHVXOWLQJ IURP WKH KHDW UHOHDVHG GXULQJ SDVVDJH

RI WKH SXOVHG FXUUHQW� &RQVLGHULQJ D ZLGH WHPSHUDWXUH

UDQJH RI KHDWLQJ RI WKH VXUIDFH� LW LV QHFHVVDU\ DOVR WR

DOORZ IRU YDULDWLRQV LQ WKH HOHFWURSK\VLFDO SURSHUWLHV

RI D PDWHULDO� 7KHUHIRUH� LW LV PRUH SUHIHUDEOH WR XVH

QXPHULFDO PRGHOOLQJ RI WKH SURFHVV WR FDOFXODWH WKH

G\QDPLFV RI WHPSHUDWXUH ILHOGV GXULQJ 3'7� 7KLV ZDV
GRQH E\ XVLQJ WKH ILQLWH GLIIHUHQFH PHWKRG� 7KH IXOO\
LPSOLFLW GLDJUDP ZDV HPSOR\HG WR VROYH WKH SUREOHP
E\ WKLV PHWKRG�

7KH QRQ�VWDWLRQDU\ KHDW FRQGXFWLRQ HTXDWLRQ ZLWK
YDULDEOH FRHIILFLHQWV DQG YROXPHWULF KHDW UHOHDVH ZDV

FRQVLGHUHG LQ DQ D[LV\PPHWULF DSSUR[LPDWLRQ�
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� ≤ U ≤ 5� � ≤ U ≤ +�

���

ZKHUH &� λ� σ DQG ρ DUH WKH VSHFLILF KHDW� WKHUPDO

FRQGXFWLYLW\ FRHIILFLHQW� VSHFLILF HOHFWULFDO FRQGXFWL�

YLW\ DQG PDWHULDO GHQVLW\� UHVSHFWLYHO\� M LV WKH FXUUHQW
GHQVLW\ GHWHUPLQHG H[SHULPHQWDOO\ XVLQJ WKH 5R�
JRYVN\ ]RQH PHWKRG >�@� DQG 5 DQG + DUH WKH UDGLXV

DQG WKLFNQHVV RI D VSHFLPHQ� UHVSHFWLYHO\�

5HODWLRQVKLS EHWZHHQ WKH VXUIDFH DQG YROXPHWULF
KHDW VRXUFHV KDV WKH IROORZLQJ IRUP >�@�

θ = λ7 ⁄ (χ M� δ�)�

ZKHUH λ  ��:��P⋅.��7  ����. LV WKH WHPSHUDWXUH

LQ D OD\HU� χ  �⋅��w� 2KP⋅P LV WKH VSHFLILF HOHFWULFDO

UHVLVWDQFH� M  �⋅��� $�P�
� DQG δ  ��

w�
P LV WKH

FKDUDFWHULVWLF GHSWK RI WKH OD\HU�
� <X�6� %25,629 DQG 2�9� .2/,61,&+(1.2� ����
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$V VKRZQ E\ WKH HVWLPDWLRQ SHUIRUPHG� YROXPHWULF
KHDW UHOHDVH LV �� � RI WKH WRWDO KHDW LQSXW� 7KH IRO�
ORZLQJ DVVXPSWLRQV ZHUH PDGH WR IRUPXODWH ERXQGDU\
FRQGLWLRQV IRU HTXDWLRQ ���� D SDUW LV KHDW LQVXODWHG�
VSHFLILF KHDW IORZ LQWR WKH SDUW KDV D *DXVVLDQ GLVWUL�
EXWLRQ T�U�  T�H[S>w�ξU��@ �T� LV WKH PD[LPXP YDOXH
RI WKH VSHFLILF KHDW IORZ DQG ξ LV WKH FRHIILFLHQW DO�
ORZLQJ IRU YDULDWLRQ RI WKH VSHFLILF KHDW IORZ DORQJ
WKH UDGLXV�� FRROLQJ RI WKH VXUIDFH LV GRQH GXH WR KHDW
WUDQVIHU GHHS LQWR PHWDO� DV ZHOO DV GXH WR D UDGLDQW
IORZ IURP WKH SDUW VXUIDFH TU  εσ6%7

� �ε LV WKH HPLV�
VLYLW\ IDFWRU RI WKH VXUIDFH DQG σ6% LV WKH 6WHIDQw
%ROW]PDQQ FRQVWDQW��

] = �� � ≤ U ≤ 5� λ
∂7
∂] = w T(U) + T

U
�

] = +� � ≤ U ≤ 5� λ
∂7
∂] = ��

U = �� � ≤ ] ≤ +�
∂7
∂U = ��

U = 5� � ≤ ] ≤ +� λ
∂7
∂U = ��

W = �� 7 = ��� .�

7R VLPSOLI\ WKH GLIIHUHQFH PHWKRG� HTXDWLRQ ���
ZDV UHGXFHG WR D TXDVL�OLQHDU IRUP E\ WKH IROORZLQJ
VXEVWLWXWLRQ�

6(7) = ∫
���

7

λ(7)G7�

7KHQ HTXDWLRQ ��� WDNHV WKH IROORZLQJ IRUP�
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7KH SXOVHG SODVPD HIIHFW UHVXOWV LQ D KLJK WHP�
SHUDWXUH JUDGLHQW IRUPHG LQ WKH VXUIDFH OD\HUV� 7KHUH�
IRUH� WKH QRQ�VWDWLRQDU\ KHDW FRQGXFWLRQ HTXDWLRQ
VKRXOG EH VROYHG XVLQJ D QRQ�XQLIRUP JULG� ZKLFK
PDNHV WKH SUREOHP D ELW PRUH GLIILFXOW� 7KH IROORZLQJ
WUDQVIRUP RI FRRUGLQDWH ] >�@ ZDV PDGH WR FKDQJH WR
WKH XQLIRUP JULG�

] = +
� w H

η]a

� w H
η � ���

ZKHUH η LV WKH FRHIILFLHQW DOORZLQJ IRU WKH GHJUHH RI
QRQ�XQLIRUPLW\ RI WKH JULG�

]
a =

OQ(� w ](� w H
η)�+)

η
LV WKH GLPHQVLRQOHVV FRRUGLQDWH RQ WKH XQLIRUP JULG�

$OORZLQJ IRU WUDQVIRUP ���� HTXDWLRQ ��� RQ WKH
XQLIRUP JULG LQ D QHZ FRRUGLQDWH V\VWHP ZLOO KDYH
WKH IROORZLQJ IRUP�

&(7)
λ(7) ρ

∂6
∂W =

∂�6
∂]a�

�

η�




H

η
w �

+H
η]a





�

w
∂6
∂]a

�
η




H

η
w �

+H
η]a





�

+

+ �

U

∂
∂U




∂6(7)

∂U




+
M(W)�

σ(7)�

���

8SRQ UHGXFWLRQ WR WKH GLPHQVLRQOHVV IRUP� WKH
GLIIHUHQFH DQDORJXH RI HTXDWLRQ ��� FDQ EH VROYHG
XVLQJ WKH 3LFKPDQw5DGIRUG GLDJUDP >�@ E\ WKH
PHWKRG RI XQLGLPHQVLRQDO UXQV DORQJ ] DQG U�

7KH QRQ�XQLIRUP WLPH JULG ZDV XVHG WR HQVXUH HIIL�
FLHQF\ RI WKH GLDJUDP DQG GHFUHDVH SLWFKHV GXULQJ FRRO�
LQJ RI WKH VXUIDFH� 7KH JULG EHFRPHV GHQVHU LQ WKH WLPH
SHULRG RI H[LVWHQFH RI KLJK WHPSHUDWXUH JUDGLHQWV� DQG
EHFRPHV ORRVHU DW ORZ JUDGLHQWV� 7KH SLWFK RI WKH JULG
FDQ EH GHWHUPLQHG IURP WKH IROORZLQJ H[SUHVVLRQ�

τ =
τ�(� w ωN)
� w ω � N = �� �� ���� OF�

ZKHUH OF LV WKH QXPEHU RI SLWFKHV LQ WKH FDOFXODWLRQ
WLPH JULG GXULQJ FRROLQJ� ω LV WKH JHRPHWULF SURJUHV�
VLRQ FRHIILFLHQW GHVFULELQJ QRQ�XQLIRUPLW\ RI WKH JULG
RQ D WLPH FRRUGLQDWH� DQG τ� LV WKH ILUVW SLWFK LQ WLPH
GXULQJ FRROLQJ�

$OORZDQFH IRU WKH SKDVH WUDQVLWLRQ KHDW LQ WKH FDO�
FXODWLRQ PRGHO ZDV PDGH E\ VXEVWLWXWLQJ WKH HIILFLHQW
KHDW FDSDFLW\ IRU WKH WUXH RQH &�7� LQ D WHPSHUDWXUH
UDQJH RI WUDQVLWLRQ IURP RQH DJJUHJDWH VWDWH WR WKH
RWKHU >��@�

1XPHULFDO FDOFXODWLRQ RI YDULDWLRQV RI WHPSHUDWXUH
ILHOGV LQ VXUIDFH OD\HUV RI WKH 8� VWHHO VSHFLPHQV ZDV
PDGH IRU WKH IROORZLQJ SDUDPHWHUV RI 3'7� VSHFLILF
KHDW IORZ LQWR WKH VXUIDFH T�  ���⋅��� :�P�� SXOVH
GXUDWLRQ τ  ��� PV� FXUUHQW DPSOLWXGH ,  ���⋅��� $�
VSHFLPHQ WKLFNQHVV +  ���⋅��w� P� VSHFLPHQ UDGLXV
5  ���⋅��w� P� QXPEHU RI SXOVHV Q  �� DQG SXOVH
IUHTXHQF\ ν  � +]�

'XULQJ KHDWLQJ WKH FULWLFDO SRLQW $
F
�
VKLIWV WR D

UDQJH RI KLJK WHPSHUDWXUHV E\ D YDOXH RI ∆7N >�@�
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���
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���
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���

ZKHUH ' LV WKH FRHIILFLHQW RI GLIIXVLRQ RI FDUERQ LQ
DXVWHQLWH� YK LV WKH KHDWLQJ UDWH LQ D FULWLFDO WHPSHUD�
WXUH UDQJH� N LV WKH SDUDPHWHU GHWHUPLQHG IURP WKH
)Hw)H�&GLDJUDP �N ��� IRU VWHHO�� [ LV WKH VWUXFWXUDO
IDFWRU �KDOI D GLVWDQFH EHWZHHQ WKH QHLJKERXULQJ FHQ�
WUHV RI VROLGLILFDWLRQ RI DXVWHQLWH��

)LJXUH � VKRZV YDULDWLRQV RI WHPSHUDWXUH ZLWK WLPH
DW SRLQWV ZLWK FRRUGLQDWH U  � PP DW D GLIIHULQJ
GLVWDQFH IURP VXUIDFH ]� 7KH XVH RI WKH )Hw& HTXLOLE�
ULXP GLDJUDP WR GHWHUPLQH WKLFNQHVV RI WKH PRGLILHG
OD\HU \LHOGV DQ RYHUYDOXH RI �� µP� 7R GHWHUPLQH
WKLFNQHVV RI WKH VXUIDFH OD\HU VXEMHFWHG WR SKDVH WUDQV�
IRUPDWLRQV XQGHU WKH 3'7 FRQGLWLRQV� LW LV QHFHVVDU\
WR NQRZ WKH KHDWLQJ UDWH� )LJXUH � VKRZV WKH FDOFX�
ODWLRQ FXUYHV IRU WKH KHDWLQJ UDWH DW D GLIIHULQJ GHSWK�
,W FDQ EH VHHQ WKDW DW W  ���⋅��w� V DQG D GHSWK RI
]  �� µP WKH KHDWLQJ UDWH LV YK ≈ �⋅��� .�V� DQG DW
D GLVWDQFH RI ] ≤ �� µP IURP WKH VXUIDFH YK ≈
≈ ���⋅��� .�V� )RU KDUGHQHG VWHHO 8� WKH VWUXFWXUDO
IDFWRU LV [  ��w� FP� DQG WKH FRHIILFLHQW RI GLIIXVLRQ
RI FDUERQ LQ DXVWHQLWH XQGHU WKH FRQGLWLRQV FRQVLGHUHG
LV ' ≈ ���w���⋅��w� FP��V >�@�

%DVHG RQ HTXDWLRQ ���� WKH FULWLFDO SRLQW $
F
�
VKLIWV

WR D UDQJH RI KLJK WHPSHUDWXUHV E\ D YDOXH RI ∆7FU  
 ���w��� �&� 7KXV� WKH QRQ�LVRWKHUPDO DXVWHQLWLF
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WUDQVIRUPDWLRQ HQGV DW D WHPSHUDWXUH RI DERXW ����.�
7KHUHIRUH� WKH PDUWHQVLWLF WUDQVIRUPDWLRQ �)LJXUHV �
DQG �� PD\ RFFXU LQ WKH VXUIDFH OD\HU DW D GHSWK RI
DERXW �� µP GXULQJ VXEVHTXHQW FRROLQJ� /\LQJ GHHSHU
LV D VWUXFWXUH IRUPHG DW D KLJK�WHPSHUDWXUH UDSLG WHP�
SHULQJ� 'HSHQGLQJ XSRQ WKH FRROLQJ UDWH� WKHPRGLILHG
OD\HU PD\ FRPSULVH SHDUOLWH� VRUELWH� WURRVWLWH� EDLQLWH
DQG PDUWHQVLWH�

7KH UHVXOWV REWDLQHG IURP HOHFWURWKHUPLF WUHDW�
PHQW RI PDWHULDOV >�@ VKRZ WKDW WKH KLJK�WHPSHUDWXUH
GHFRPSRVLWLRQ RI DXVWHQLWH FDQ EH IXOO\ VXSSUHVVHG DW
D FRROLQJ UDWH RI ����� .�V DQG KLJKHU� DQG RQO\ WKH
PDUWHQVLWLF WUDQVIRUPDWLRQ FDQ EH IL[HG DW DQ\ VWDJH
RI WKH SHDUOLWLF�DXVWHQLWLF WUDQVIRUPDWLRQ� )LJXUH �
VKRZV WKH GLVWULEXWLRQ RI WHPSHUDWXUH WKURXJK WKLFN�
QHVV RI WKH PRGLILHG OD\HU DW GLIIHUHQW PRPHQWV RI
FRROLQJ� $W W ���⋅��w� V WKH WHPSHUDWXUH RI WKH VXUIDFH
OD\HU LV ORZHU WKDQ WKH PDUWHQVLWLF WUDQVIRUPDWLRQ
WHPSHUDWXUH 0V  ��� . IRU VWHHO RI WKH 8� JUDGH�
$W WKH JLYHQ WLPH PRPHQW WKH FRROLQJ UDWH LV YF ≈
≈ ����� .�V �)LJXUH ��� 7KHUHIRUH� XQGHU WKH 3'7
FRQGLWLRQV FRQVLGHUHG �DFFRUGLQJ WR WKH FDOFXODWLRQ�
WKHRUHWLFDO DQDO\VLV UHVXOWV� WKH PRGLILHG OD\HU RQ WKH
JLYHQ VWHHO ZLOO FRQVLVW RI WKH PDUWHQVLWH DQG UHWDLQHG

DXVWHQLWH SKDVHV� 7KLV LV DOVR SURYHG E\PHWDOORJUDSK\
RI WKH PRGLILHG OD\HUV RI VSHFLPHQV VXEMHFWHG WR 3'7�

)LJXUH � VKRZV PLFURVWUXFWXUH RI WKH VXUIDFH OD\HU
RI D VSHFLPHQ IURP WKH JLYHQ VWHHO DIWHU 3'7� ;�UD\
SKDVH DQDO\VLV VKRZV WKDW WKH VOLJKWO\ HWFKHG ZKLWH
OD\HU DSSUR[LPDWHO\ �� µP WKLFN FRQVLVWV RI D ILQH�
FU\VWDOOLQH PDUWHQVLWH DQG UHWDLQHG DXVWHQLWH >��@� $
KLJK FRROLQJ UDWH OHDGV WR WKH IDFW WKDW WKH UHVXOWLQJ
VWUXFWXUH DIWHU FRROLQJ LV KLJKO\ KHWHURJHQHRXV� ZKLFK
LV DVVRFLDWHG ZLWK KHWHURJHQHLW\ RI DXVWHQLWH IRUPHG
GXULQJ KHDWLQJ� ,Q DGGLWLRQ� WKLV OHDGV DOVR WR DQ LQ�
FUHDVHG LPSHUIHFWLRQ RI VWUXFWXUH EHFDXVH RI HQKDQFH�

)LJXUH �� 7HPSHUDWXUH FXUYHV DW SRLQWV ZLWK FRRUGLQDWH U  � PP
DW GHSWK� � x ]  �� � x ��� � x ��� � x ��� � x ��� µP

)LJXUH �� +HDWLQJ UDWH DW D GLVWDQFH IURP WKH VXUIDFH� �x �� � x
��� � x ��� � x ��� � x ��� µP

)LJXUH �� 'LVWULEXWLRQ RI WHPSHUDWXUH WKURXJK WKLFNQHVV RI WKH
VXUIDFH OD\HU DW U  � PP DW WKH KHDWLQJ VWDJH� � x W  ���⋅��w��
� x ���⋅��w�� � x ���⋅��w�� � x ���⋅��w�� � x ���⋅��w�� � x
���⋅��w� V

)LJXUH �� 'LVWULEXWLRQ RI WHPSHUDWXUH WKURXJK WKLFNQHVV RI WKH
VXUIDFH OD\HU DW U  � PP DW WKH FRROLQJ VWDJH� � x W  ���⋅��w��
� x ���⋅��w�� � x ���⋅��w�� � x ���⋅��w�� � x ���⋅��w�� � x
���⋅��w� V
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PHQW RI SKDVH KDUGHQLQJ� VORZLQJ GRZQ RI WKH UHOD[D�
WLRQ DQG UHFU\VWDOOLVDWLRQ SURFHVVHV DQG D KLJKHU GH�
JUHH RI LQKHULWDQFH RI WKH γ�SKDVH GHIHFWV� 7KLV LV DF�
FRPSDQLHG E\ UHILQLQJ RI EORFNV� LQFUHDVH LQ WKH GLV�
ORFDWLRQ GHQVLW\ DQG JURZWK RI VWUHVVHV LQ WKH FU\V�
WDOOLQH ODWWLFH >��@� 0DUWHQVLWH IRUPHG LQ WKLV FDVH LV
PRUH GLVSHUVHG WKDQ WKDW IRUPHG LQ FRQYHQWLRQDO KDUG�
HQLQJ� ,Q VWHHO 8� DIWHU FRQYHQWLRQDO KDUGHQLQJ WKH
OHQJWK RI WKH PDUWHQVLWH QHHGOHV LV �w�� µP� ZKHUHDV
DIWHU KDUGHQLQJ XVLQJ FRQFHQWUDWHG KHDW VRXUFHV LW LV
QR PRUH WKDQ �w� µP >��@�

%DVHG RQ WKH FDOFXODWLRQ FXUYHV �VHH )LJXUH ���
WKH OD\HU LV SHQHWUDWHG WR ��� µP� $OVR� LW FDQ EH VHHQ
IURP )LJXUH � WKDW WKH FRROLQJ UDWH GXULQJ VROLGLILFD�
WLRQ RI WKH PHOW RQ WKH VXUIDFH LV KLJKHU WKDQ ���.�V�
,Q WKLV FDVH WKH GHQGULWLF JURZWK RI JUDLQ LV GHJHQH�
UDWHG WR IRUP WKH SODQH IURQW RI WKH JUDLQ >��@� 5H�
ILQLQJ RI JUDLQV KDV D IDYRXUDEOH HIIHFW RQ SURSHUWLHV
RI WKH DOOR\� $QG ZKDW LV PRVW LPSRUWDQW LV WKDW LW LV
SRVVLEOH WR DFKLHYH WKH RSWLPDO FRPELQDWLRQ RI
VWUHQJWK DQG GXFWLOLW\� 5HILQLQJ RI JUDLQV KDV WKH KLJK�
HVW HIIHFW RQ LQFUHDVH LQ FUHHS UHVLVWDQFH� DV WKH JUDLQ
ERXQGDULHV HIIHFWLYHO\ KLQGHU WKH SODVWLF IORZ RI PHWDO
DW LQFUHDVHG WHPSHUDWXUHV�

7KH DERYH FDOFXODWLRQ FXUYHV DSSO\ WR WKH HIIHFW
RI RQH SXOVH� 6WXG\ RI WKH HIIHFW H[HUWHG E\ WKH VHFRQG
DQG IXUWKHU SXOVHV VKRZV QR VXEVWDQWLDO GLIIHUHQFHV
LQ WKH FKDUDFWHU RI GLVWULEXWLRQ RI WHPSHUDWXUH ILHOGV�
$Q LQWHQVLYH WUDQVIHU RI KHDW LQWR PHWDO WDNHV SODFH
EHWZHHQ WKH SXOVHV� 7KH VXUIDFH OD\HU KDV WLPH WR FRRO
GRZQ WR D WHPSHUDWXUH ZKLFK GLIIHUV WR D QHJOLJLEOH
GHJUHH IURP WKH LQLWLDO RQH� 7KH WHPSHUDWXUH GLIIHU�
HQFH LV QR PRUH WKDQ �� �&� 7KHUHIRUH� 3'7 UHVXOWV
LQ UHDOLVDWLRQ RI WKH SURFHVV RI WKHUPDO�F\FOLF WUHDW�
PHQW RI WKH VXUIDFH� OHDGLQJ WR HQKDQFHPHQW RI SKDVH
KDUGHQLQJ GXH WR WKH UHYHUVLEOH α ↔ γ WUDQVIRUPDWLRQV�
LQFUHDVH LQ WKH GLVORFDWLRQ GHQVLW\ DQG GHFUHDVH LQ WKH
JUDLQ VL]H� ZKLFK LV IDYRXUDEOH IRU LPSURYHPHQW RI
SHUIRUPDQFH RI SDUWV� :LGHQLQJ RI OLQHV LQ ;�UD\ SDW�
WHUQV RI WKH VSHFLPHQV VXEMHFWHG WR 3'7 DOVR HYLGHQFHV
WKH SUHVHQFH RI VXEVWDQWLDO SKDVH KDUGHQLQJ� UHVXOWLQJ
IURP WKH UHYHUVLEOH α ↔ γ WUDQVIRUPDWLRQV GXULQJ WKHU�
PDO F\FOLQJ� &RQVLGHULQJ WKH VKLIW RI WKH FULWLFDO
SRLQWV� WKH OD\HU WKDW XQGHUJRHV KDUGHQLQJ DV D UHVXOW
RI WKHUPDO F\FOLQJ XQGHU WKH LQLWLDO FRQGLWLRQV VWXGLHG
LV DERXW �� µP GHHS�

&21&/86,216

�� +HDWLQJ RI WKH VXUIDFH RI VWHHO 8� XQGHU WKH 3'7
FRQGLWLRQV OHDGV WR D VKLIW RI FULWLFDO SRLQWV $F

�

WR D

UDQJH RI KLJK WHPSHUDWXUHV E\ D YDOXH RI ∆7FU  ���w
��� �&� 6XEVHTXHQW KLJK�UDWH FRROLQJ UHVXOWV LQ D FRP�
SOHWH VXSSUHVVLRQ RI WKH KLJK�WHPSHUDWXUH GHFRPSR�
VLWLRQ RI DXVWHQLWH� FDXVLQJ RQO\ WKH PDUWHQVLWLF WUDQV�
IRUPDWLRQ WR RFFXU� 8QGHU VXFK FRQGLWLRQV WKH PRGL�
ILHG OD\HU FRQVLVWV RI WKH PDUWHQVLWH DQG UHWDLQHG
DXVWHQLWH SKDVHV�

�� 7KH PXOWLSOH WKHUPDO HIIHFW GXULQJ 3'7 DOORZV
UHDOLVDWLRQ RI WKH SURFHVV RI WKHUPDO F\FOLQJ RI WKH
VXUIDFH� SURPRWLQJ HQKDQFHPHQW RI SKDVH KDUGHQLQJ
DV D UHVXOW RI WKH UHYHUVLEOH α ↔ γ WUDQVIRUPDWLRQV�
LQFUHDVH LQ WKH GLVORFDWLRQ GHQVLW\ DQG UHILQLQJ RI
VWUXFWXUH�

�� (VWLPDWHV RI WKLFNQHVV DQG SKDVH FRPSRVLWLRQ RI
WKH PRGLILHG OD\HUV DUH FRPSDUDEOH ZLWK WKH GDWD RI
H[SHULPHQWDO VWXGLHV RI WKH8� VWHHO VSHFLPHQV VXEMHFWHG
WR 3'7� 7KLV HQDEOHV WKH GHVFULEHG FDOFXODWLRQ PRGHO
WR EH XVHG WR SUHGLFW NLQHWLFV RI SKDVH WUDQVIRUPDWLRQV
DQG WKLFNQHVV RI WKH PRGLILHG OD\HUV XQGHU WKH 3'7
FRQGLWLRQV IRU GLIIHUHQW JUDGHV RI VWHHOV�

�� *ULGQHY� 9�1�� 0HVKNRY� <X�<D�� 2VKNDGHURY� 6�3� HW DO�
������ 3K\VLFDO SULQFLSOHV RI HOHFWURWKHUPDO VWUHQJWKHQLQJ
RI VWHHO� .\LY� 1DXNRYD 'XPND�

�� .LGLQ� ,�1� ������ 3K\VLFDO SULQFLSOHV RI HOHFWURWKHUPDO
WUHDWPHQW RI PHWDOV DQG DOOR\V� 0RVFRZ� 0HWDOOXUJL\D�

�� 3HUHORPD� 9�$�� 7DUDVHYLFK� 1�,�� /LNHU� 5�$� ������ ,QYHV�
WLJDWLRQ RI WKHUPDO SURFHVVHV LQ ODVHU WUHDWPHQW RI LURQ�FDU�
ERQ DOOR\V� 3URWVHVV\ /LWLD� �� ��w���

�� 8JORY� $�$�� 9RONRY� /�$�� 6DJGHGLQRY� 2�*� ������ 2Q
FRQVWUXFWLRQ RI DQDO\WLFDO VROXWLRQ IRU RQH�GLPHQVLRQDO SURE�
OHP RI PHWDO IXVLRQ E\ D FRQFHQWUDWHG HQHUJ\ IORZ� ,Q]K��
)L]LFK� =KXUQDO� �� ��w���

�� /\NRY� $�0�� 1DXPHQNR� 1�1� ������ )XVLRQ RI PDWHULDOV
E\ SHULRGLF KHDW IORZ� )L]LND L .KLPL\D 2EUDE� 0DWHULD�
ORY� �� ���w����

�� 7\XULQ� <X�1�� .ROLVQLFKHQNR� 2�9�� 7V\JDQNRY� 1�*�
������ 3XOVH�SODVPD KDUGHQLQJ RI WRROV� 7KH 3DWRQ :HOG�
LQJ -�� �� ��w���

�� %RULVRY� <X�6�� .ROLVQLFKHQNR� 2�9� ������ ,QYHVWLJDWLRQ
RI DPSOLWXGH�WLPH FKDUDFWHULVWLFV RI WKH FXUUHQW SXOVH LQ
SODVPD�GHWRQDWLRQ WUHDWPHQW RI LWHPV� ,ELG�� ��� ��w���

�� *RUGHHY� 9�)�� 3XVWRJDURY� $�9� ������ 7KHUPLRQLF DUF
FDWKRGHV� 0RVFRZ� (QHUJRDWRPL]GDW�

�� $QGHUVRQ� '�� 7DQQHKLOO� -�� 3OHWFKHU� 5� ������ &RPSXWDWLRQDO
K\GURPHFKDQLFV DQG KHDW H[FKDQJH� 9RO� �� 0RVFRZ� 0LU�

��� *ULJRULDQWV� $�*� ������ 3ULQFLSOHV RI PDWHULDOV ODVHU WUHDW�
PHQW� 0RVFRZ� 0DVKLQRVWURHQLH�

��� %RULVRY� <X�6�� .ROLVQLFKHQNR� 2�9� ������ (IIHFW RI SD�
UDPHWHUV RI KHDWLQJ WKH VXUIDFH RI D SDUW RQ VWUXFWXUH RI
KDUGHQHG OD\HUV RI VWHHO 8� LQ SODVPD�GHWRQDWLRQ WUHDWPHQW�
7KH 3DWRQ :HOGLQJ -�� �� ��w���

��� *ULJRULDQWV� $�*�� 6DIRQRY� $�1� ������ /DVHU WHFKQLTXH
DQG WHFKQRORJ\� %RRN �� 0HWKRGV RI VXUIDFH ODVHU WUHDW�
PHQW� 0RVFRZ� 0LU�

)LJXUH �� &RROLQJ UDWH DW GHSWK� �x ]  �� �x ��� �x ��� � x
��� � x ��� µP

)LJXUH �� 0LFURVWUXFWXUH RI WKH 8� VWHHO VSHFLPHQ DIWHU 3'7
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*�0� *5,*25(1.2� 9�)� *5$%,1� 9�9� *2/29.2� 9�$� .267,1� ,�,� $/(.6((1.2 DQG /�0� .$3,7$1&+8.

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

7KH SURFHGXUH HQYLVDJHV WR XVH WKH QXPHULFDO PHWKRGV RI REWDLQLQJ LPDJHV E\ VFDQQLQJ HOHFWURQ DQG OLJKW PLFURVFRSHV�

7KH DSSOLFDWLRQ RI RSWLFDO PHWKRG RI GHWHUPLQDWLRQ RI VL]HV RI LQFOXVLRQV XVLQJ D GLJLWDO FDPHUD JLYHV DQ RSSRUWXQLW\ WR

GHWHUPLQH LQFOXVLRQV ZKLFK VL]HV H[FHHG ���� µP�

.H\ ZRU G V � ORZ�DOOR\ VWHHO� ZHOG� QRQ�PHWDOOLF LQFOXVLRQV�
VWUXFWXUH� QXPHULFDO LPDJH� HOHFWURQ PLFURVFRS\

$ JUHDW LQWHUHVW LV REVHUYHG LQ VFLHQWLILF�WHFKQLFDO OL�

WHUDWXUH RI WKH UHFHQW \HDUV WR WKH SUREOHPV UHODWHG

WR WKH FRQGLWLRQV RI IRUPDWLRQ RI VWUXFWXUDO FRPSR�

QHQWV LQ WKH ZHOG PHWDO� ,QYHVWLJDWLRQV� FDUULHG RXW

LQ WKLV ILHOG� DUH GLUHFWHG WR WKH FRPSUHKHQVLYH VWXGLHV

RI FRQFHSWLRQV DERXW WKH PHFKDQLVPV RI RULJLQDWLRQ�

JURZWK DQG GHYHORSLQJ ERWK WKH VWUXFWXUH LWVHOI DQG

DOVR WKH QRQ�PHWDOOLF LQFOXVLRQV �10,�� IRUPLQJ LQ

WKH FDVW PHWDO FRPSRVLWLRQ� 7KHVH ZRUNV UHTXLUH QHZ

DSSURDFKHV WR WKH SUREOHPV RI SURFHGXUH RI FRQGXF�

WDQFH RI TXDQWLWDWLYH GHWHUPLQDWLRQV RI XOWUDGLVSHUVHG

FRPSRQHQWV RI VWUXFWXUHV �IRU H[DPSOH� 10, RI ����w

���� µP VL]HV� XVLQJ RSWLFDO DQG HOHFWURQ PLFURVFRSHV�

$W SUHVHQW D PHWDOORJUDSKLF PHWKRG RI GHWHUPLQD�

WLRQ RI 10, VL]HV XVLQJ D OLJKW PLFURVFRSH �/0� DQG

DXWRPDWHG XQLWV RI �4XDQWLPHW�� �2PQLPHW��

�(SLTXDQW� DQG RWKHU W\SHV LV ZLGHO\ XVHG� +RZHYHU�

WKHVH XQLWV SRVVHVV D UHODWLYHO\ ORZ UHVROXWLRQ� L�H� LW

LV SRVVLEOH WR GHWHUPLQH LQFOXVLRQV ZKLFK VL]H H[FHHGV

����µP�IURP WKH SK\VLFDO SRLQW RI YLHZ LW LV PLQLPXP

VL]H RI REMHFWV IRU H[DPLQDWLRQ LQ /0�� 7KLV LV GXH

WR WKH IDFW WKDW WKH REMHFWV� ZKLFK VL]H LV VPDOOHU WKDQ

WKH OHQJWK RI OLJKW ZDYH �λ  ��� QP�� DUH QRW UH�

FRUGHG� +HUH� WKH VPDOOHU SDUWLFOHV DUH QRW WDNHQ LQWR

DFFRXQW� EHFDXVH PDQ\ UHVHDUFKHUV DVVRFLDWH WKHLU VL]HV

ZLWK WKH IRUPDWLRQ RI VWUXFWXUH RI DFLFXODU IHUULWH�

SURYLGLQJ RSWLPXP FRPELQDWLRQ RI VWUHQJWK DQG GXF�

WLOH SURSHUWLHV RI ZHOGHG ORZ�DOOR\ ZHOGV�

7RGD\� WKH QXPHULFDO PHWKRGV RI SURGXFLQJ LPDJHV
�IRU H[DPSOH� XVLQJ GLJLWDO RU SKRWRJUDSKLF FDPHUDV�
ILQG WKH ZLGHU VSUHDGLQJ� 7KHQ� WKH QXPEHUHG LPDJH
LV VXEMHFWHG WR WKH DQDO\VLV XVLQJ DQ DSSURSULDWH VRIW�

ZDUH� $V D UHVXOW D GLJLWDO VHW RI GDWD FRQWDLQLQJ D

ODUJH YROXPH RI LQIRUPDWLRQ LV REWDLQHG� ZKLFK FDQ
SURYLGH DIWHU DQDO\]LQJ WKH GLPHQVLRQDO FKDUDF�

WHULVWLFV RI WKH REMHFW H[DPLQHG�

,Q WKLV FRQQHFWLRQ WKH XVH RI DGYDQFHG PHDQV IRU

UHYHDOLQJ QRQ�PHWDOOLF SDUWLFOHV RI VL]HV RI VPDOOHU

WKDQ ��� µP LV DFWXDO�

7R DQDO\]H WKH 10, VL]HV� D VFDQQLQJ HOHFWURQ PL�
FURVFRSH �6(0� -(2/ -60���� ZLWK D /,1. 6<6�

7(06 V\VWHP RI PLFURDQDO\]HUV ZDV XVHG� 7KH UHVR�
OXWLRQ RI PLFURVFRSH LV �� QP� DFFHOHUDWLQJ YROWDJH x
�w�� N9� EHDP FXUUHQWx ��

w�

w��
w��

$� ([DPLQDWLRQV

ZHUH FDUULHG RXW LQ WKH FRQGLWLRQ RI VHFRQGDU\ DQG

EDFN VFDWWHUHG HOHFWURQV� /0 �1HRSKRW ��� ZLWK D
GLJLWDO FDPHUD 2/<0386 &�����=220 ZDV DOVR
XVHG� 7KH FRPPRQ PDWUL[ RI LPDJH LQ LW ZDV

������� SL[HOV� 0D[LPXP UHVROXWLRQ RI FDPHUD LV
���� × ���� SL[HOV� 7R KDYH D TXLFN FRQWURO� D ����
FRORXU /&' GLVSOD\ LV XVHG� ,Q WKH =220 FRQGLWLRQ

WKH FDPHUD PDJQLILFDWLRQ LV FKDQJHG IURP � WR ���

WLPHV� )LJXUH � VKRZV D VFKHPDWLF GLDJUDP RI V\VWHP

IRU 10, DQDO\VLV�
$V DQ REMHFW RI H[DPLQDWLRQV� D VHFWLRQ �SROLVKHG�

XQHWFKHG� RI ZHOG PHWDO RQ ��.K*1'7V VWHHO� PDGH

E\ VXEPHUJHG DUF ZHOGLQJ� ZDV VHOHFWHG� 7KH VHFWLRQ
ZDV SUHOLPLQDU\ VXEMHFWHG WR LRQ FOHDQLQJ IRU UHPRY�

LQJ YDULRXV FRQWDPLQDWLRQV IURP LWV VXUIDFH� 7KH RE�

WDLQHG QXPHULFDO LPDJH ZDV WUDQVIRUPHG LQWR GRXEOH�

FRORXUHG LPDJH XVLQJ WKH SURJUDP ,PDJH 3UR� ZKHUH

WKH LPDJH RI RQH FRORXU FRUUHVSRQGHG WR PDWUL[� DQG

WKDW RI DQRWKHU FRORXU x WR 10, �ZLWKRXW GLVWLQ�

JXLVKLQJ RI WKHLU W\SH�� ,W VKRXOG EH QRWHG WKDW 10,

� *�0� *5,*25(1.2� 9�)� *5$%,1� 9�9� *2/29.2� 9�$� .267,1� ,�,� $/(.6((1.2 DQG /�0� .$3,7$1&+8.� ����

)LJXUH �� 6FKHPDWLF GLDJUDP RI V\VWHP RI 10, DQDO\VLV
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RI GLIIHUHQW W\SHV DUH REVHUYHG XVXDOO\ LQ WKH ZHOG

PHWDO� $V D FRQVHTXHQFH� WKH LQFOXVLRQV KDYH D GLIIHU�

HQW OHYHO RI JUH\ FRORXU LQ WKH QXPEHUHG IRUP� $W WKLV

VWDJH WKHUH ZHUH QR WDVN WR FODVVLI\ WKH LQFOXVLRQV E\

W\SHV� KRZHYHU� LW FDQ EH TXLWH UHDOL]DEOH� $OO WKH

LQFOXVLRQV DUH UHIHUUHG FRQGLWLRQDOO\ WR WKH VDPH FODVV�

WKH OHYHO RI XSSHU DQG ORZHU WKUHVKROG RI GHWHFWLRQ

ZDV VHW VR WKDW DOO WKH\ ZHUH DQDO\]HG� 'DWD DERXW

WKH VL]H DQG DUHD RI LQFOXVLRQV REWDLQHG XVLQJ SURJUDP

,PDJH 3UR� ZHUH WUDQVIHUUHG WR D ZULWWHQ SURJUDP WR

ILQG WKH GLVWULEXWLRQ RI LQFOXVLRQV E\ VL]HV� FRQVWUXF�

WLRQ RI KLVWRJUDPV DQG RXWSXW RI JUDSKV IRU SULQWLQJ�

7R LQFUHDVH WKH YDOLGLW\ RI REWDLQHG UHVXOWV WKH DQDO\�

VLV ZDV SHUIRUPHG LQ WHQ LQGHSHQGHQW DUHDV� .QRZLQJ

WKH WRWDO DUHD� ZKHUH WKH LQFOXVLRQV ZHUH FDOFXODWHG�

WKH YROXPHWULF VKDUH RI 10, ZDV DOVR GHWHUPLQHG XV�

LQJ 6(0 DQG /0� 7KH UHVXOWV REWDLQHG DUH SUHVHQWHG

LQ )LJXUH ��

&RPSDULQJ WKH UHVXOWV� REWDLQHG E\ 6(0 DQG /0�

LW ZDV HVWDEOLVKHG WKDW WKH YROXPHWULF VKDUH RI 10,

LV LQ D JRRG FRUUHODWLRQ ZLWK HDFK RWKHU� L�H� ��� DQG

��� �� UHVSHFWLYHO\� $W WKH VDPH WLPH� VRPH FKDUDF�

WHULVWLF IHDWXUHV DUH REVHUYHG� )LUVWO\� ERWK PHWKRGV

VKRZ D YHU\ KLJK FRQWHQW RI WKH VPDOOHVW LQFOXVLRQV

XS WR ��� µP� VHFRQGO\� WKH UHVXOWV REWDLQHG LQ 6(0

JLYH D ODUJH QXPEHU RI ILQH LQFOXVLRQV� ZKLOH WKH VKDUH

RI PHGLXP DQG ODUJH LQFOXVLRQV LV LQFUHDVHG LQ H[DPL�

QDWLRQ LQ /0� WKLUGO\� WKH QDWXUH RI FXUYH RI GLVWUL�

EXWLRQ RI 10, XVLQJ 6(0 DQG /0 UHPDLQV FRQVWDQW�

)URP DQDO\]LQJ WKH UHVXOWV REWDLQHG IRU 10, RI

VL]HV XS WR ��� µP DQ DVVXPSWLRQ ZDV H[SUHVVHG WKDW

WKH\ LQFOXGH DOVR WKH QRLVH RI HOHFWURQ PLFURVFRSH DQG

GLJLWDO FDPHUD� ZKLFK ZHUH SUH�GHWHFWHG DV LQFOXVLRQV

RI VL]HV XS WR ��� µP� 7R VHSDUDWH WKH QRLVH LQ GHWHFWLQJ
IURP XOWUDGLVSHUVHG LQFOXVLRQV� D IROORZLQJ PHWKRGR�

ORJLFDO DSSURDFK ZDV VXJJHVWHG� 6DPSOH RI SXUH VLOYHU

������ �� ZDV XVHG IRU DQDO\]LQJ� 'XH WR D KLJK SX�

ULW\� WKH DQDO\]HG VDPSOH KDG QRW WR KDYH 10,� ZKLOH

DQ\ LQFOXVLRQV ZKLFK ZRXOG EH GHWHFWHG ZHUH FRQ�

QHFWHG ZLWK HOHFWURQ QRLVH RI UHFRUGLQJ XQLWV� $V D

UHVXOW� D WKUHVKROG ����� µP� ZDV HVWDEOLVKHG H[SHUL�

PHQWDOO\� DW ZKLFK WKH QRLVH ZDV QRW GHWHFWHG� &RU�

UHFWHG UHVXOWV ZLWK DOORZDQFH IRU UHPRYHG QRLVHV DUH

SUHVHQWHG LQ WKH 7DEOH DQG LQ WKH IRUP RI KLVWRJUDP

�)LJXUH ���

7KXV� ZKHQ WKH 6(0 LV XVHG� D ODUJH DPRXQW RI

KLJKO\�GLVSHUVHG 10, ZLWKLQ WKH ���w��� µP VL]H DUH

REVHUYHG� ZKLOH WKH GDWD LQ WKH UDQJH RI PRUH WKDQ

��� µP� REWDLQHG LQ /0 DQG 6(0� DUH DOPRVW FRLQ�

FLGHG� 7KLV FLUFXPVWDQFH LV GXH WR WKH KLJKHU UHVROX�

WLRQ RI 6(0 WKDW OHDGV WR WKH IHDVLELOLW\ RI GHWHFWLQJ

ILQHU 10,� 'XH WR WKH IDFW WKDW LQ /0 H[DPLQDWLRQV

WKH FRPSDUDWLYHO\ VPDOO PDJQLILFDWLRQV DUH XVHG WKH

WRWDO H[DPLQHG DUHD LQ WKLV FDVH LV PXFK ODUJHU WKDQ

WKH DUHD H[DPLQHG LQ 6(0� L�H� WR REWDLQ UDWKHU UHOL�

DEOH UHVXOWV LQ GHWHUPLQDWLRQ RI UHODWLYHO\ ODUJH 10,�

LW LV QHFHVVDU\ WR LQFUHDVH WKH QXPEHU RI ILHOGV H[DP�

LQHG LQ 6(0�

7R VWXG\ WKH IHDVLELOLW\ RI GHWHUPLQDWLRQ RI VL]HV

RI LQFOXVLRQV� VPDOOHU WKDQ ���� µP� VLPLODU H[DPLQD�

WLRQV ZHUH PDGH XVLQJ 6(0 DW ���� WLPHV PDJQLILFD�

WLRQ� $QDO\]LQJ WKH UHVXOWV REWDLQHG DW KLJK PDJQLIL�

FDWLRQ ZH FDPH WR WKH FRQFOXVLRQ WKDW D VKDGRZ OD\HU

�ORFDWLQJ EHWZHHQ LQFOXVLRQ DQG PDWUL[�� ZKRVH IRU�

PDWLRQ LV FRQQHFWHG ZLWK WKH IDFW WKDW WKH VL]H RI

LPDJH SL[HO EHFRPHV FRPSDUDEOH ZLWK LQFOXVLRQ VL]H�

EHJLQV WR SOD\ DQ LPSRUWDQW UROH� 7KXV� LI DW ×���� LW
ZDV RI RUGHU RI �w� SL[HOV� WKHQ DW ×���� LW LV FRP�

SDUDEOH ZLWK D VL]H RI LQFOXVLRQV SURSHU� 0RUHRYHU�

WKH VPDOOHU WKH SDUWLFOH VL]H� WKH KLJKHU HUURU LQ GH�

WHUPLQDWLRQ RI VL]H� 7KHUHIRUH� WKH YROXPHWULF VKDUH

RI LQFOXVLRQV GHWHUPLQHG DW ×���� FDQ EH FKDQJHG

QRWLFHDEO\ ZLWKLQ WKH UDQJHV IURP ��� WR �w� �� WKDW

)LJXUH ��'LVWULEXWLRQ RI 10, E\ VL]HV ZLWK DOORZDQFH IRU UHPRYHG
QRLVHV� D x 6(0� E x /0

)LJXUH �� 'LVWULEXWLRQ RI 10, E\ VL]HV XVLQJ 6(0 �D� DQG /0 �E�
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LV GLUHFWO\ DVVRFLDWHG ZLWK GHFUHDVH LQ WKH DUHD H[D�

PLQHG� 7KH LQYHVWLJDWLRQV VKRZHG WKDW WR REWDLQ YDOLG

UHVXOWV LW LV QHFHVVDU\ WR DQDO\]H DW OHDVW ���w���

ILHOGV� ,W ZDV HVWDEOLVKHG LQ WKLV FDVH WKDW WKHPLQLPXP

VL]H RI SDUWLFOHV WR EH GHWHUPLQHG LV ����� µP�
,W VKRXOG EH QRWHG LQ FRQFOXVLRQ WKDW WKH FRPSDUL�

VRQ RI KLVWRJUDP RI 10, GLVWULEXWLRQ� REWDLQHG XVLQJ

/0� HTXLSSHG ZLWK D GLJLWDO FDPHUD� DQG GDWD� GH�

WHUPLQHG XVLQJ �2PQLPHW� DQDO\]HU RI LPDJHV�

VKRZHG WKHLU JRRG HQRXJK FRUUHODWLRQ LQ WKH UDQJH RI

LQFOXVLRQ VL]HV RI PRUH WKDQ ��� µP �)LJXUH �� �VDP�

SOHV DUH FXW IURP DQRWKHU ZHOG DUHD�� +RZHYHU� WKH

YROXPHWULF VKDUH RI 10,� REWDLQHG XVLQJ D GLJLWDO

FDPHUD� LV VRPHZKDW KLJKHU WKDQ WKH YROXPHWULF VKDUH

RI LQFOXVLRQV REWDLQHG E\ WKH DXWRPDWHG PHWKRG� L�H�

��� DQG ��� �� UHVSHFWLYHO\� 7KLV LV GXH WR WKH IDFW

WKDW LQ FDOFXODWLRQ RI LQFOXVLRQV E\ WKH LPDJH DQDO\]HU

WKH LQFOXVLRQV RI VL]H RI VPDOOHU WKDQ ��� µP DUH QRW

GHWHUPLQHG� 7KH DSSOLFDWLRQ RI WKH RSWLFDO PHWKRG RI

GHWHUPLQDWLRQ RI 10, VL]HV XVLQJ D GLJLWDO FDPHUD ZLOO

SURYLGH DQ RSSRUWXQLW\ WR GHWHUPLQH LQFOXVLRQV ZKRVH

VL]H H[FHHGV ���� µP WKDW LV LQDFFHVVLEOH DW WKLV VWDJH

IRU WKH PHWDOORJUDSKLF PHWKRG DQG DXWRPDWHG V\VWHPV

IRU WKH LPDJH DQDO\VLV�

,W LV SRVVLEOH WR VWDWH RQ WKH EDVLV RG LQYHVWLJDWLRQV

WKDW WKH YDOXH RI D YROXPHWULF VKDUH DQG QDWXUH RI

GLVWULEXWLRQ RI 10, ZKLFK VL]HV DUH VPDOOHU WKDQ

��� µP VKRXOG EH GHWHUPLQHG XVLQJ 6(0 DQG /0�

HTXLSSHG ZLWK D GLJLWDO FDPHUD� ,I D PHDQ VL]H RI

LQFOXVLRQV LQ WKH ZHOG PHWDO LV VPDOOHU WKDQ ��� µP�
WKHQ LW LV SRVVLEOH WR XVH WKH WUDGLWLRQDO PHWKRGV RI

10, FDOFXODWLRQ�

7KH SURFHGXUH GHYHORSHG FDQ EH XVHG QRW RQO\ IRU

10, FDOFXODWLRQ� EXW DOVR IRU GHWHUPLQDWLRQ RI VL]H

DQG QDWXUH RI GLVWULEXWLRQ RI DQ\ W\SHV RI VWUXFWXUDO

FRPSRQHQWV LQ WKH ZHOG PHWDO�

)LJXUH �� +LVWRJUDP RI 10, GLVWULEXWLRQ� REWDLQHG XVLQJ /0
���� HTXLSSHG ZLWK D GLJLWDO FDPHUD� DQG LPDJH DQDO\]HU �2P�
QLPHW� ���

'LVWULEXWLRQ RI 10, DPRXQW LQ VL]HV

6L]H RI LQFOX�

VLRQV� µP
6(0 /0

$PRXQW� SFV � $PRXQW� SFV �

���w��� �� �������� � �

���w��� ��� �������� �� ��������

���w��� �� �������� �� ��������

���w��� �� �������� �� ��������

���w��� �� �������� �� ��������

���w��� �� �������� �� ��������

���w��� �� �������� �� ��������

���w��� �� �������� �� ��������

���w��� �� �������� �� ��������

���w��� � �������� � ��������

���w��� � �������� � ��������

���w��� � �������� � ��������

���w��� � �������� � ��������

���w��� � � � �

1R W H � $YHUDJHG YROXPHWULF VKDUH RI 10, LQ WKH ILHOG H[DPLQHG LV

���� �6(0� DQG � � �/0��
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(�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

7KH FRQFHSW RI SUHFLVLRQ H[SORVLRQ ZHOGLQJ EDVHG RQ WKH XVH RI PHWKRGV DQG WHFKQLTXHV WKDW PLQLPLVH WKH SXOVH HIIHFW

RQ D VWUXFWXUH DQG LWV PHPEHUV LV FRQVLGHUHG� 1HZ WHFKQRORJLHV DQG SURGXFWV PDGH E\ WKHVH WHFKQRORJLHV DUH GHVFULEHG�

VKRZLQJ WKH FDSDELOLWLHV RI SUHFLVLRQ H[SORVLRQZHOGLQJ LQ WHUPV RI VROYLQJ YDULRXV SUREOHPV RIPRGHUQZHOGLQJ SURGXFWLRQ�

ZKLFK DUH GLIILFXOW RU LPSRVVLEOH WR VROYH E\ RWKHU ZHOGLQJ PHWKRGV�

.H\ ZRU G V � SUHFLVLRQ H[SORVLRQ ZHOGLQJ� VWUXFWXUHV� VWUXF�

WXUDO PHPEHUV� WXEXODU DGDSWHUV� WDUJHW FDWKRGHV� DOXPLQLXP
DQG FRSSHU EXVEDUV� ELPHWDO VXVSHQVLRQV� HOHFWURO\WLF FHOOV

7KH H[SORVLRQ ZHOGLQJ �(:� SURFHVV LV VWLOO ILQGLQJ

D ZLGH DQG� DW WKH VDPH WLPH� UDWLRQDO DSSOLFDWLRQ LQ

PRGHUQ ZHOGLQJ SURGXFWLRQ� 7KH SULPDU\ DSSOLFDWLRQ

RI (: LV WR SURGXFH IODW DQG WXEXODU ELPHWDO DQG�RU

PXOWLOD\HU ELOOHWV DQG VHPLILQLVKHG SURGXFWV IURP GLI�

IHUHQW FRPELQDWLRQV RI GLVVLPLODU PDWHULDOV� IROORZHG�

DV D UXOH� E\ SURFHVVLQJ WR PDNH VSHFLILF VPDOO�VL]H

SDUWV >�� �@� 7KHUH DUH FDVHV ZKHQ LW LV QHFHVVDU\ WR

VROYH SUREOHPV DVVRFLDWHG ZLWK VWUXFWXUDO (:� ZKHUH

ZHOGLQJ LV SHUIRUPHG RQ D ILQLVKHG VWUXFWXUH DQG D

UHVXOWLQJ MRLQW XVXDOO\ UHTXLUHV QR IXUWKHU SURFHVVLQJ

>�@� +RZHYHU� LQ WKH PDMRULW\ RI FDVHV VROXWLRQV RI
VXFK SUREOHPV DUH OLPLWHG EHFDXVH RI H[FHVVLYH UHVL�

GXDO GLVWRUWLRQV DFFRPSDQ\LQJ WKH (: SURFHVV �FKD�
UDFWHULVHG E\ KLJK SUHVVXUHV DQG SXOVHV� RU HYHQ IDLOXUH

RI D VWUXFWXUH LQ WKH ZHOGLQJ DQG�RU FODGGLQJ ]RQH�

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH LV GH�

YHORSLQJ WKH FRQFHSW RI SUHFLVLRQ H[SORVLRQ ZHOGLQJ

�3(:� RI VWUXFWXUHV DQG WKHLU PHPEHUV� SULPDULO\
RQ OLPLWHG DQG�RU ORQJ�OHQJWK VXUIDFHV� XVLQJ PHWK�

RGV DQG WHFKQLTXHV LQWHQGHG IRU PLQLPLVLQJ WKH SXOVH

HIIHFW RQ D VWUXFWXUH� 7KH\ DUH EDVHG RQ RSWLPLVDWLRQ

RI FRQGLWLRQV RI IRUPDWLRQ RI D ZHOGHG MRLQW QHDU WKH

ORZHU ERXQG RI WKH SURFHVV� LQFUHDVH LQ HQHUJ\ LQWHQ�

VLW\ RI WKH (: SDUDPHWHUV DQG IORZ GLDJUDPV� DQG

SUHYHQWLRQ RI LQDGPLVVLEOH UHVLGXDO GLVWRUWLRQV RI D

VWUXFWXUH LQ WKH ZHOGLQJ DQG�RU FODGGLQJ ]RQH� %HORZ

ZH GHVFULEH WKH QHZ WHFKQRORJLHV DQG WKH UHVXOWLQJ

SURGXFWV� VKRZLQJ WKH FDSDELOLWLHV RI 3(: LQ WHUPV

RI VROYLQJ YDULRXV SUREOHPV DULVLQJ LQ PRGHUQ ZHOGLQJ

SURGXFWLRQ�

&X � 7L WXEXODU DGDSWHUV IRU UHIULJHUDWRUV� &RP�
ELQLQJ ZHOGLQJ RSHUDWLRQV ZLWK VLPXOWDQHRXV IRUPLQJ
�(:)� IRU H[SORVLRQ WUHDWPHQW RI PHWDOV LV RQH RI
WKH HIILFLHQW ZD\V RI LPSURYLQJ WKH UDWLRQDO XWLOLVDWLRQ

RI HQHUJ\ RI DQ H[SORVLYH� 7KH SXEOLFDWLRQV DYDLODEOH

RQ WKLV PDWWHU >�@ SURYLGH EDVLF LQIRUPDWLRQ RQ SHFX�

OLDULWLHV RI UHDOLVDWLRQ RI WKH FRPELQHG (:) SURFHVV
DQG GHVFULEH WKH SURFHGXUH IRU FDOFXODWLRQ RI LWV PDLQ

SDUDPHWHUV� SULPDULO\ IRU ELPHWDO ELOOHWV LQ WKH IRUP

RI SDUW RI D F\OLQGHU RU OLNH WKDW� ,Q WKLV DUWLFOH ZH

FRQVLGHU UHVXOWV RI LQYHVWLJDWLRQ LQWR WKH SRVVLELOLW\

RI XVLQJ WKLV PHWKRG IRU SURGXFWLRQ RI &X � 7L WXEXODU

DGDSWHUV RI D YDULDEOH VHFWLRQ >�@� PHHWLQJ WKH IRO�

ORZLQJ VXIILFLHQWO\ VWULQJHQW WHFKQLFDO UHTXLUHPHQWV�
• D FRSSHU WXEH �� �GLD�� × � PP DQG �� PP ORQJ

VKRXOG EH ZHOGHG WR D WLWDQLXP WXEH �� �GLD�� ×
× � PP DQG �� PP ORQJ�

• WKH MRLQW EHWZHHQ WKH FRSSHU DQG WLWDQLXP WXEHV

VKRXOG EH RI DQ RYHUODS W\SH� WKH OHQJWK RI WKH RYHUODS

VKRXOG EH QR PRUH WKDQ �� PP�

• WKH MRLQW LQ WKH DGDSWHU VKRXOG EH UHVLVWDQW WR

KHDW GXULQJ VXEVHTXHQW DUF ZHOGLQJ� DQG VKRXOG ZLWK�

VWDQG WKH WHVW SUHVVXUH RI XS WR ��� 03D�

%DVHG RQ WKH DERYH WHFKQLFDO UHTXLUHPHQWV� WKH

WDVN SRVHG ZDV WR GHYHORS VXFK D SUHFLVLRQ (:) WHFK�

QRORJ\� ZLWK ZKLFK WKH HQHUJ\ RI D SUHFLVHO\ ZHLJKWHG

�PLQLDWXUH� H[SORVLRQ FKDUJH ZRXOG EH GLVWULEXWHG LQ
VXFFHVVLRQ DQG� DW WKH VDPH WLPH� FRQWLQXRXVO\ IRU

ZHOGLQJ WKH WLWDQLXP DQG FRSSHU WXEHV DQG IRUPLQJ

�H[SDQGLQJ� RI WKH ODWWHU LQ D GLH WR IRUP WKH UHTXLUHG
ILQDO FRQILJXUDWLRQ RI WKH DGDSWHU� $V VKRZQ E\ SUH�
OLPLQDU\ H[SHULPHQWV� WKHUH LV QR ZD\ RI H[SDQGLQJ
WKH FRSSHU WXEH ZLWK DQ DOPRVW ����IROG LQFUHDVH LQ

WKH RXWVLGH GLDPHWHU E\ DYRLGLQJ IUDFWXUH RI WKH WXEH

ZDOO� 7KH SRVLWLYH UHVXOWV ZHUH REWDLQHG WKURXJK SUH�

OLPLQDU\ PHFKDQLFDO IRUPLQJ RI WKH FRSSHU WXEH ZLWK
D FHUWDLQ H[SDQGLQJ FRQH DQG VXEVHTXHQW H[SORVLRQ

IRUPLQJ XVLQJ WKH LQVLGH URG�VKDSHG H[SORVLYH FKDUJH
DQG ZDWHU DV D WUDQVPLWWLQJ PHGLXP�

7KH DQJXODU GLDJUDP RI WKH (: SURFHVV ZDV HP�

SOR\HG IRU RYHUODS MRLQLQJ RI WKH WXEHV LQ D YHU\ VKRUW

UHJLRQ �QR PRUH WKDQ �� PP� VLPXOWDQHRXVO\ ZLWK

WKH H[SORVLRQ IRUPLQJ SURFHVV� )RU WKLV� D FRQH JURRYH

ZDV PDGH LQ WKH FRSSHU WXEH WR IRUP DQ DQJXODU JDS

EHWZHHQ WKH PDWLQJ VXUIDFHV RI WKH WXEHV� $OORZLQJ
IRU WKLV IDFW� DV ZHOO DV IRU WKLQQLQJ RI WKH FRSSHU

WXEH GXULQJ IRUPLQJ� WKLFNQHVV RI LWV ZDOO ZDV LQ�

FUHDVHG WR � PP� %DVLF JHRPHWULFDO SDUDPHWHUV RI WKH

RYHUODS ZLWK D FRQH JURRYH DQG YDOXH RI WKH DQJOH RI

WKH FRQH IRU SUHOLPLQDU\ H[SDQGLQJ RI WKH FRSSHU WXEH

ZHUH GHWHUPLQHG E\ WKH FDOFXODWLRQ�H[SHULPHQWDO

PHWKRG� $SSHDUDQFH RI WKH UHVXOWLQJ ZHOGHG�IRUPHG

DGDSWHU LV VKRZQ LQ )LJXUH ��

7KH MRLQLQJ ]RQH RI WKH FRSSHU DQG WLWDQLXP WXEHV

ZDV H[DPLQHG E\ PHWDOORJUDSK\ DQG XOWUDVRQLF LQ�

VSHFWLRQ� $W DQ LQLWLDO ZLGWK RI WKH DQJXODU JDS

�JURRYH� HTXDO WR DERXW �� PP WKH ZLGWK RI WKH MRLQ�

LQJ ]RQH ZDV IRXQG WR UDQJH IURP � WR � PP� LWV PHDQ

VXUIDFH DUHD EHLQJ 6Z ≈ � FP
�

� 7KH FDOFXODWHG ZHLJKW� /�'� '2%586+,1� ����
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RI WKH H[SORVLYH EHLQJ HTXDO WR P
H
 ��� J� LWV VSHFLILF

FRQVXPSWLRQ ZDV η
F
 ���� J�FP� �ZHLJKW RI WKH

H[SORVLYH FRQVXPHG IRU LQLWLDWLRQ RI WKH URG�VKDSHG
H[SORVLYH FKDUJH ZDV LJQRUHG LQ WKH FDOFXODWLRQ�� 7KLV
LV VHYHUDO WLPHV DV ORZ DV LQ FRQYHQWLRQDO (: DQG
HYLGHQFHV D VXIILFLHQWO\ KLJK HIILFLHQF\ RI WKH SUHFLVLRQ
(:) WHFKQRORJ\ GHYHORSHG� $V VHHQ IURP )LJXUH ��
WKH LQWHUIDFH RI WKH MRLQW KDV D UHJXODU ZDY\ SURILOH
DQG FRQWDLQV QR GHIHFWV� LQFOXGLQJ QR WKHUPRPHFKDQL�
FDOO\ DIIHFWHG UHJLRQV ZKLFK RIWHQ DFFRPSDQ\ WKH
SURFHVV RI WKH (: MRLQW IRUPDWLRQ�

7HPSHUDWXUH ILHOGV IRUPHG GXULQJ VXEVHTXHQW DU�
JRQ�DUF ZHOGLQJ RI WKH DGDSWHU WR WKH DERYH FRSSHU
DQG WLWDQLXP WXEHV ZHUH PHDVXUHG� ,W ZDV IRXQG WKDW
WKH PD[LPXP WHPSHUDWXUH RI WKH MRLQLQJ ]RQH GXULQJ
VXEVHTXHQW DUF ZHOGLQJ GLG QRW LQFUHDVH WR DERYH
��� �&� DQG WKH WLPH RI KHDWLQJ LW WR WKLV WHPSHUDWXUH
GLG QRW H[FHHG �w� PLQ� 0HWDOORJUDSK\ UHYHDOHG QR
QHJDWLYH HIIHFW RI SRVWZHOG KHDWLQJ RQ WKH TXDOLW\ RI
WKH UHVXOWLQJ &L � 7L MRLQW� 5HOLDELOLW\ RI WKH H[DPL�
QDWLRQ UHVXOWV ZDV SURYHG E\ VXFFHVVIXO WHVWV RI WKH
DGDSWHUV WR LQWHUQDO SUHVVXUH RI XS WR ��� 03D�

$Q H[SHULPHQWDO EDWFK RI WKH DGDSWHUV WKXV PDGH
ZDV WUDQVIHUUHG WR WKH &XVWRPHU IURP WKH 5HSXEOLF

RI .RUHD IRU IXUWKHU WHVWV XQGHU LQGXVWULDO FRQGLWLRQV
WR EH DSSOLHG DW UHIULJHUDWRUV�

&X � $J WDUJHW FDWKRGHV IRU VSUD\LQJ RI JODVV�
7KH PDLQ FDXVH RI XQVDWLVIDFWRU\ KHDW LQVXODWLRQ RI
ZLQGRZ JODVVHV FRQVLVWV LQ WKHLU DELOLW\ WR WUDQVPLW
QRW RQO\ YLVLEOH VRODU UDGLDWLRQ� EXW DOVR LQYLVLEOH
LQIUDUHG RQH� 7R LPSDUW WKH SURSHUWLHV RI D ILOWHU KLQ�
GHULQJ LQIUDUHG UDGLDWLRQ WR WKH ZLQGRZ JODVV� D WKLQ
OD\HU RI PHWDO� H�J� VLOYHU� ZKLFK UHIOHFWV WKLV UDGLDWLRQ
LV GHSRVLWHG RQ WKH JODVV VXUIDFH� 'HSRVLWLRQ RI PHWDOV
RU VHPLFRQGXFWRUV RQ JODVVHV LV GRQH E\ PDJQHWURQ
VSXWWHULQJ LQ D YDFXXP FKDPEHU� 7R UHDOLVH WKH VSXW�
WHULQJ SURFHVV� LW LV QHFHVVDU\ WR XVH VSHFLDO WDUJHW
FDWKRGHV EDVHG RQ WKH &X � $J ELPHWDO� LQ ZKLFK WKH
FRSSHU VXEVWUDWH VHUYHV DV D FRROHU DQG WKH FODGGLQJ
VLOYHU OD\HU VHUYHV IRU VSXWWHULQJ LQ WKH FKDPEHU�

7KH &X � $J ELPHWDO WDUJHW FDWKRGHV RI WKH PDJ�
QHWURQ KDYH WKH IRUP RI D VWULS DERXW � P ORQJ DQG
��� PP ZLGH� 7KLFNQHVV RI WKH FODGGLQJ VLOYHU OD\HU
UDQJHV IURP � WR �PP�ZKHUHDV WKLFNQHVV RI WKH FRSSHU
VXEVWUDWH LV QRW OHVV WKDQ �� PP� (: LV LQ IDFW WKH
RQO\ SURFHVV DYDLODEOH IRU WKH PDQXIDFWXUH RI WKLV W\SH
RI WKH ELPHWDO WDUJHW FDWKRGHV� 6WXGLHV ZHUH FRQ�
GXFWHG DQG WKH WHFKQRORJ\ ZDV GHYHORSHG IRU ORQJ
QDUURZ�VWULS H[SORVLRQ FODGGLQJ RI WKH FRSSHU VXE�
VWUDWH ZLWK WKH VLOYHU OD\HU �ERWK PDWHULDOV EHLQJ RI
D FRPPHUFLDO SXULW\�� 7KH WDVNV RI WKH VWXGLHV LQ�
FOXGHG ILQGLQJ D VROXWLRQ WR VXFK SUREOHPV DV HQVXULQJ
D KLJK UHOLDELOLW\ RI WKH SURFHVV RI GHWRQDWLRQ RI D
ORQJ H[SORVLYH FKDUJH� HOLPLQDWLRQ RI ODFN RI IXVLRQ
RQ WKH SHULPHWHU RI WKH FODGGLQJ OD\HU DQG SUHYHQWLRQ
RI UHVLGXDO GLVWRUWLRQV �GHIOHFWLRQV� RI D SDUW DIWHU
FODGGLQJ� )LJXUH � VKRZV WKH ELPHWDO WDUJHW FDWKRGH
DERXW � P ORQJ SURGXFHG E\ WKH GHYHORSHG 3(: WHFK�
QRORJ\� 7KH WDUJHW LV SKRWRJUDSKHG RQ D JODVV ZLWK D
VLOYHU FRDWLQJ �� QP WKLFN GHSRVLWHG E\ XVLQJ WKLV
WDUJHW�

7KH 3(: WHFKQRORJ\ FDQ EH HPSOR\HG WR PDQX�
IDFWXUH VLPLODU WDUJHW FDWKRGHV EDVHG RQ WKH &X � 6Q
DQG &X � 7L ELPHWDOV� DV ZHOO DV RWKHU FRPELQDWLRQV
RI PHWDOV DQG DOOR\V�

7KH VSUD\HG JODVVHV DUH PDQXIDFWXUHG E\&RPSDQ\
�7HNKQROXFK� DW 3:,�

&X � $O DQRGH EXVEDUV IRU HOHFWURO\WLF FHOOV�

7KHUH DUH VXFK GHVLJQV RI GLIIHUHQW�DSSOLFDWLRQ HOHF�

WURO\WLF FHOOV ZKLFK UHTXLUH MRLQLQJ RI IOH[LEOH PXOWL�

OD\HU DOXPLQLXP EXV GXFWV WR D PRQROLWKLF DQRGH FRS�

SHU EXVEDU E\ HQVXULQJ D UHOLDEOH MRLQW DQG DQ HOHFWULF

FRQWDFW �ERWKPDWHULDOV EHLQJ RI D FRPPHUFLDO SXULW\��

(: LV WKH PRVW HIILFLHQW DQG TXDOLW\ SURFHVV RI DOO

RWKHU DYDLODEOH PHWKRGV XVHG WR MRLQ DOXPLQLXP WR

FRSSHU� $W WKH VDPH WLPH� WKLV SUREOHP LQYROYHV PRUH

GLIILFXOWLHV WKDQ (: RI PRQROLWKLF DOXPLQLXP DQG

FRSSHU EXVEDUV� ,W ZDV VROYHG E\ XVLQJ D FRPELQHG

PHWKRG RI MRLQLQJ WKH DERYH FXUUHQW�FRQGXFWLQJ HOH�

PHQWV� DV VKRZQ LQ )LJXUH ��
7ZRQDUURZ DOXPLQLXP VWULSV ��× � PP �)LJXUH ��

D� ZHUH H[SORVLRQ ZHOGHG WR WKH FRSSHU EXVEDU ��� ×
× ��� × �� PP RQ ERWK VLGHV DORQJ LWV ZLGWK ���� PP�
DW D GLVWDQFH RI �� PP IURP WKH ORZHU HQG� 7ZR

)LJXUH ��0DFURVHFWLRQ RI WKH &X � 7L WXEXODU DGDSWHU RI D YDULDEOH
VHFWLRQ �D� DQG PLFURVWUXFWXUH RI WKH MRLQLQJ ]RQH �E� �×����

)LJXUH �� /RQJ &X � $J ELPHWDO WDUJHW FDWKRGH SURGXFHG E\ WKH
SUHFLVLRQ H[SORVLRQ ZHOGLQJ WHFKQRORJ\
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DOXPLQLXP WUDQVLWLRQ EDUV �� × �� PP ZHUH MRLQHG WR
WKH VWULSV� 7KHQ WKH EDUV ZHUH MRLQHG WR WKH DOXPLQLXP
VWULSV E\ ILOOHW DUF ZHOGLQJ LQ VHYHUDO SDVVHV� $IWHU
WKH FRSSHU EXVEDU FRROHG GRZQ WR URRP WHPSHUDWXUH�
IOH[LEOH PXOWLOD\HU VWDFNV RI DOXPLQLXP EXV GXFWV�
FRQVLVWLQJ RI �� OD\HUV HDFK ��� PP WKLFN� ZHUH EXWW
DUF ZHOGHG WR WKH WUDQVLWLRQ EDUV �)LJXUH �� E��

)RU RSWLPLVDWLRQ RI WKH 3(: WHFKQRORJ\ LW ZDV

QHFHVVDU\ WR SURYLGH D ORFDO QDUURZ�VWULS H[SORVLRQ

FODGGLQJ RI WKH FRSSHU EXVEDU E\ DYRLGLQJ ODFN RI

ODWHUDO IXVLRQ� )RU WKLV ZH GHYHORSHG D QHZ WHFKQLTXH

EDVHG RQ WKH XVH RI D VSHFLDO LQHUWLD GHYLFH DURXQG

WKH H[SORVLRQ FKDUJH� $OPRVW DEVROXWH DEVHQFH RI WKH

ODFN RI ODWHUDO IXVLRQ FDVHV DQG WKH SRVVLELOLW\ RI UHXV�

LQJ WKH LQHUWLD GHYLFH ZHUH H[SHULPHQWDOO\ SURYHG�
/RQJ &X � $O ELPHWDO EXVEDUV� 7KH QH[W FKDUDF�

WHULVWLF H[DPSOH RI WKH HIILFLHQW DQG DOPRVW QR�DOWHU�
QDWLYH DSSOLFDWLRQ RI WKH 3(: SURFHVV LV SURGXFWLRQ
RI FRQWDFW MRLQWV EHWZHHQ DOXPLQLXP DQG FRSSHU EXV�
EDUV� %ROWHG MRLQWV EHWZHHQ VXFK EXVEDUV KDYH GH�
FUHDVHG HOHFWULFDO FRQGXFWLYLW\� ZKLFK GHWHULRUDWHV
ZLWK WLPH EHFDXVH RI R[LGDWLRQ RI WKH FRQWDFW VXUIDFH
RI WKH DOXPLQLXP EXVEDU� HVSHFLDOO\ GXULQJ RSHUDWLRQ
RI WKH MRLQWV XQGHU WKH LQFUHDVHG WHPSHUDWXUH FRQGL�
WLRQV� 7R VROYH WKLV SUREOHP� ZH GHYHORSHG WKH 3(:
WHFKQRORJ\ SHUIRUPHG XQGHU FRQGLWLRQV RI VKXWGRZQ
RI WKH SURFHVV RI GHWRQDWLRQ RI D IODW H[SORVLYH FKDUJH
WR H[SORVLRQ ZHOG WKH HQGV RI WKH ORQJ �/ ≈ � P�
SODWH DOXPLQLXP EXVEXUV WR WKH FRSSHU SODWH EXVEDUV�
KDYLQJ WKH VDPH VHFWLRQV HTXDO WR ��� × �� PP� 7R
DYRLG WKH LQLWLDO ODFN RI IXVLRQ� WKH HQG UHJLRQ RI WKH
DOXPLQLXP EXVEDU LV SODFHG ZLWK RYHUKDQJLQJ DERXW
WKH FRSSHU SODWH WR D OHQJWK RI DERXW �� PP� ZKHUH�
IURP WKH SURFHVV RI GHWRQDWLRQ RI WKH H[SORVLYH FKDUJH
LV LQLWLDWHG� $IWHU LQLWLDWLRQ� WKH GHWRQDWLRQ SURFHVV
LV VWRSSHG �VKXW GRZQ� VWULFWO\ DW WKH HGJH RI WKH
FRSSHU EXVEDU� $V D UHVXOW� WKLV SURYLGHV WKH KLJK�
TXDOLW\ ZHOGLQJ RI WKH EXVEDUV ZLWK QR GDPDJH RI WKH
ORQJ DOXPLQLXP EXVEDU DW WKH ORFDWLRQ RI VKXWGRZQ
RI WKH H[SORVLYH FKDUJH GHWRQDWLRQ �)LJXUH ��� 7KH
SKRWR VKRZV DQ DSSUR[LPDWH FROOLVLRQ DQJOH DW WKH

PRPHQW RI VKXWGRZQ RI WKH GHWRQDWLRQ DQG D VPRRWK
EHQGLQJ VKDSH RI WKH ZHOGHG HQG UHJLRQ�

7KH ZRUN GHVFULEHG ZDV SHUIRUPHG E\ DQ RUGHU RI
WKH 5HVHDUFK DQG 3URGXFWLRQ &RPSDQ\ �)HUROLW�
�.UHPHQFKXJ� ZLWK D SXUSRVH WR LQVWDOO DQG WHVW WKH
SURGXFHG WUDQVLWLRQ MRLQWV LQ FXUUHQW�FRQGXFWLQJ XQLWV
RI LQGXFWLRQ IXUQDFHV LQWHQGHG IRU SURGXFWLRQ RI V\Q�
WKHWLF FDVW LURQ IURP VWHHO VFUDS� 7KH IXOO�VFDOH WHVWV
RI WKH UHVXOWLQJ WUDQVLWLRQ MRLQWV IRU PRUH WKDQ D \HDU
RI RSHUDWLRQ XQGHU D FXUUHQW ORDG RI ���� $ VKRZHG
WKDW WKH\ ZHUH QHYHU KHDWHG WR DERYH �� �&� 7KLV
HYLGHQFHV WKH DEVHQFH RI FRQVLGHUDEOH HOHFWULFDO UHVLV�
WDQFH DQG YROWDJH GURS DW WKH H[SORVLRQ ZHOGHG LQ�
WHUIDFH EHWZHHQ WKH ORQJ DOXPLQLXP DQG WKH FRSSHU
SODWH EXVEDUV�

6WHHO � &X FRQWDFW VXVSHQVLRQV IRU HOHFWURO\WLF
FHOOV� 7KH �3DQNRP�<XQ� &RPSDQ\ �2GHVVD� ZLWK
SDUWLFLSDWLRQ RI 3:, KDV UHFHQWO\ DUUDQJHG WKH ILUVW
8NUDLQLDQ SURGXFWLRQ IRU HOHFWURO\VLV RI VXSHU�SXUH
FDWKRGH FRSSHU� )RU WKDW LW ZDV QHFHVVDU\ WR GHYHORS
WKH WHFKQRORJ\ IRU 3(: RI ELPHWDO FRQWDFW VXVSHQ�
VLRQV� FRQVLVWLQJ RI VWDLQOHVV VWHHO SODWH ��� × ��� ×
× � PP FODG LQ WKH FHQWUH ZLWK WKH FRSSHU SODWH ��� ×
× ��� × ��� PP� 7KH FODG SODWH LV EHQW E\ WKH FODG�
GLQJ OD\HU LQZDUG WR SURGXFH WKH Π�VKDSHG SURILOH

)LJXUH �� $SSHDUDQFH RI WKH FRSSHU EXVEDU H[SORVLRQ FODG RQ WZR VLGHV ZLWK QDUURZ DOXPLQLXP VWULSV �D�� DQG DSSHDUDQFH RI D ZHOGHG
MRLQW EHWZHHQ WKH IOH[LEOH DOXPLQLXP EXVEDU DQG WKH FRSSHU EXVEDU �E�

)LJXUH �� 7UDQVLWLRQ ZHOGHG MRLQW EHWZHHQ WKH ORQJ �/  � P�
DOXPLQLXP EXVEDU DQG WKH FRSSHU SODWH EXVEDU
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�)LJXUH �� E�� 7KH VXVSHQVLRQV DUH IXVLRQ ZHOGHG WR
WKH VWDLQOHVV VWHHO GLH PHDVXULQJ ���� × ��� × � PP�
7KHQ� E\ SDVVLQJ WKURXJK WKH VXVSHQVLRQV WKH FRSSHU
URG EXVEDU ZLWK D VHFWLRQ RI �� × �� PP �)LJXUH ��
D�� WKH GLH VXVSHQGHG WR WKH FRSSHU URG EXVEDU LV
ORZHUHG LQWR WKH HOHFWURO\WLF EDWK �)LJXUH �� E�� 7KH
SUHVHQFH RI WKH FODGGLQJ FRSSHU OD\HU RQ WKH VXVSHQ�
VLRQV SURYLGHV D UHOLDEOH HOHFWULF FRQWDFW EHWZHHQ WKH
FRSSHU URG EXVEDU DQG WKH GLH RQ ZKLFK SXUH FRSSHU
LV GHSRVLWHG�

3URGXFWLRQ RI D VWURQJ DQG HOHFWULFDOO\ FRQGXFWLQJ
MRLQW EHWZHHQ FRSSHU DQG VWDLQOHVV VWHHO E\ WKH (:
SURFHVV KDUGO\ LQYROYHV DQ\ GLIILFXOWLHV� +RZHYHU� LQ
WKLV FDVH LW ZDV QHFHVVDU\ WR GHYHORS WKH WHFKQRORJ\
IRU PDVV SURGXFWLRQ RI WKH VXVSHQVLRQV E\ DYRLGLQJ
GLVWRUWLRQ RI WKH ODWWHU DQG ODFN RI IXVLRQ DW WKH HGJHV�
)RU WKLV ZH GHYHORSHG WKH VR�FDOOHG FDVVHWWH WHFKQR�
ORJ\ RI H[SORVLRQ FODGGLQJ� 7KLV WHFKQRORJ\ DOORZV
IURP � WR �� ELPHWDO ELOOHWV RI WKH VXVSHQVLRQV WR EH
SURGXFHG SHU GHWRQDWLRQ� 7KH WRWDO QXPEHU RI WKH
VXVSHQVLRQV ZKLFK FDQ EH SURGXFHG GXULQJ D ZRUNLQJ
GD\ LV XS WR ��� SLHFHV� 7KH H[SHULHQFH RI PRUH WKDQ
� \HDUV RI RSHUDWLRQ RI WKH VXVSHQVLRQV� WKH RSHUDWLRQ
FRQGLWLRQV EHLQJ XQIDYRXUDEOH IRU WKH HOHFWULF FRQWDFW

MRLQWV EHFDXVH RI WKH HIIHFW RI HOHFWURO\WH YDSRXUV�
VKRZHG WKDW WKH ]RQH RI WKHLU FRQWDFW ZLWK WKH FRSSHU
URG EXVEDU ZDV QHYHU KHDWHG WR DERYH ��w�� �&� ZKLFK
LV DFFHSWDEOH� 7KH IXWXUH SODQV DUH WR XVH WLWDQLXP
GLHV DQG� KHQFH� SURGXFH VXVSHQVLRQV EDVHG RQ 7L �
&X ELPHWDO�

7KHUHIRUH� WKH GHVFULEHG WHFKQRORJLHV DQG WKH UH�
VXOWLQJ SURGXFWV VKRZ QHZ FDSDELOLWLHV RI 3(: LQ
WHUPV RI VROYLQJ YDULRXV SUREOHPV RI ZHOGLQJ SURGXF�
WLRQ�

�� .XGLQRY� 9�0�� .RURWHHY� $�<D� ������ ([SORVLRQ ZHOGLQJ

LQ PHWDOOXUJ\� 0RVFRZ� 0HWDOOXUJL\D�
�� .RQRQ� <X�$�� 3HUYXNKLQ� /�%�� &KXGQRYVN\� $�'� ������

([SORVLRQ ZHOGLQJ� (G� E\ 9�0� .XGLQRY� 0RVFRZ� 0DVKL�
QRVWURHQLH�

�� .REHOHY� $�*�� /\VDN� 9�,�� &KHUQ\VKHY� 9�1� HW DO� ������
3URGXFWLRQ RI PHWDOOLF ODPLQDWHG FRPSRVLWH PDWHULDOV� 0RV�
FRZ� ,QWHUPHW (QJLQHHULQJ�

�� .X]PLQ� 9�,�� /R]RYVND\D� 9�)�� *XULNRY� 9�0� ������ 3H�
FXOLDULWLHV RI H[SORVLRQ ZHOGLQJ SURFHVV ZLWK VLPXOWDQHRXV
IRUPLQJ� ,Q� ([SORVLRQ ZHOGLQJ DQG SURSHUWLHV RI ZHOGHG

MRLQWV� 9ROJRJUDG� 93,�
�� 'REUXVKLQ� /�'�� %XJDHWV� 9�3� ������ 3URGXFWLRQ RI �FRS�

SHU�WLWDQLXP� WXEXODU DGDSWHUV RI D YDULDEOH VHFWLRQ XVLQJ
WKH PHWKRG RI SUHFLVLRQ H[SORVLRQ ZHOGLQJ ZLWK VLPXOWDQH�
RXV IRUPLQJ� ,Q� 3URF� RI ,QW� &RQI� RQ /DPLQDWHG &RPSR�

VLWH 0DWHULDOV� 9ROJRJUDG� 6HSW� ����� 9ROJRJUDG�
9ROJ*78�

)LJXUH �� 7\SHV RI GLHV ZLWK FRQWDFW VXVSHQVLRQV H[SORVLRQ FODG ZLWK WKH FRSSHU OD\HU LQ WKH ]RQH RI FRQWDFW ZLWK WKH FRSSHU URG EXVEDU
�D�� DQG FDWKRGH FRSSHU HOHFWURO\VLV ZRUNVKRS �E�
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9�'� *25%$&+
�
DQG 9�9� &+(51<.+

�

�
)*83 �7V1,,76�� 6W��3HWHUVEXUJ� 5XVVLD

�
5XVVLDQ 5HVHDUFK DQG 'HYHORSPHQW :HOGLQJ 6RFLHW\� 0RVFRZ� 5XVVLD

&RQVLGHUHG DUH WKH V\VWHPV HQVXULQJ HQYLURQPHQWDO DQG RSHUDWLRQDO VDIHW\ RI ZHOGLQJ SURGXFWLRQ LQ VKLSEXLOGLQJ DQG

WKHLU KDUPRQLVDWLRQ ZLWK LQWHUQDWLRQDO VWDQGDUGV�

.H\ ZRU G V � ZHOGLQJ SURGXFWLRQ� VKLSEXLOGLQJ� HFRORJ\�

VDIHW\� H[DPLQDWLRQ� VWDQGDUGV

7KH VFRSH RI DSSOLFDWLRQ RI ZHOGLQJ LQ PDQ\ FRXQWULHV
WKURXJKRXW WKH ZRUOG LV GHWHUPLQHG E\ D WHFKQRORJLFDO

OHYHO RI SURGXFWLRQ DV D ZKROH� :LGH VSHFWUXP RI
ZHOGLQJ WHFKQRORJLHV� WKHLU QRQ�ZDVWH FKDUDFWHU DQG�

ILUVW RI DOO� DYDLODELOLW\ SURYLGHG D KLJK GHPDQG IRU
DQG KLJK YROXPH RI XWLOLVDWLRQ RI ZHOGLQJ LQ VKLS�

EXLOGLQJ� ZKHUH WKH ODERXU LQSXW RI ZHOGLQJ RSHUD�
WLRQV DPRXQWV WR ��w�� � RI WKH WRWDO ODERXU LQSXW

LQ IDEULFDWLRQ RI VKLS KXOOV�

6XEVWDQWLDO LPSURYHPHQW LQ TXDOLW\ RI ZHOGLQJ RS�

HUDWLRQV DQG LQFUHDVH LQ RSHUDWLRQDO DQG HQYLURQ�

PHQWDO VDIHW\ RI ZHOGLQJ DQG ZHOGLQJ�DVVHPEO\ SUR�

GXFWLRQV DUH QRZ WKH PRVW LPSRUWDQW JRDOV RI WKH
LQGXVWU\� 7KHVH JRDOV DUH SODQQHG WR EH DFKLHYHG

WKURXJK LPSOHPHQWDWLRQ RI D SDFNDJH RI RUJDQLVD�

WLRQDO�WHFKQLFDO DUUDQJHPHQWV WR HQVXUH WUDQVLWLRQ WR

D QHZ� LQWHUQDWLRQDOO\ KDUPRQLVHG OHYHO RI WUDLQLQJ

RI WKH VWDII LQYROYHG LQ ZHOGLQJ SURGXFWLRQ� HQVXULQJ

LQGHSHQGHQFH DQG REMHFWLYHQHVV RI LWV FHUWLILFDWLRQ�

DQG PDQGDWRU\ IXOILOPHQW RI UHTXLUHPHQWV WR RSHUD�

WLRQDO DQG HQYLURQPHQWDO TXDOLILFDWLRQ RI WKH ZHOGLQJ

WHFKQRORJ\�

6KLSEXLOGLQJ LV RQH RI WKH LQGXVWULHV ZKHUH HQYL�

URQPHQWDO DQG RSHUDWLRQDO VDIHW\ LV D YHU\ WRSLFDO

LVVXH� :HOGLQJ SURGXFWLRQ KHUH LV FKDUDFWHULVHG E\

WKH PRVW XQIDYRXUDEOH ODERXU FRQGLWLRQV� 7KH MRE RI

D ZHOGHU LV VWLOO RQH RI WKH PRVW KD]DUGRXV� DQG WKH

SURFHVVHV RI ZHOGLQJ� VXUIDFLQJ DQG FXWWLQJ RI PHWDOV

DUH WUDGLWLRQDOO\ WKH IRFXV RI DWWHQWLRQ RI WKH HQYL�

URQPHQW DQG ODERXU SURWHFWLRQ VSHFLDOLVWV� $ FRP�

ELQHG DIIHFW RQ ZHOGHUV E\ KDUPIXO LQGXVWULDO IDFWRUV
�7DEOH�� VXFK DV FKHPLFDO �ZHOGLQJ IXPHV� JDVHV��
SK\VLFDO �DUF UDGLDWLRQ� HOHFWURPDJQHWLF ILHOGV� SK\VL�

FDO DQG KHDW ORDGV HWF�� DQG QDWXUDO RQHV� OHDGV WR

GHYHORSPHQW RI RFFXSDWLRQDO GLVHDVHV DQG UHGXFWLRQ
LQ GXUDWLRQ RI WKHLU HPSOR\PHQW� ,PSURYHPHQW RI

ZHOGLQJ SURFHVVHV OHDGV WR GHFUHDVH LQ XWLOLVDWLRQ RI

ZHOGLQJ FRQVXPDEOHV DQG UHGXFWLRQ RI SROOXWDQW HPLV�

VLRQV LQWR WKH DWPRVSKHUH�

7KH 5XVVLDQ VKLSEXLOGLQJ XVHV D V\VWHP IRU GHYH�
ORSPHQW RI WHFKQLFDO DQG RUJDQLVDWLRQDO VROXWLRQV WR
HQVXUH ODERXU VDIHW\ DQG HQYLURQPHQW SURWHFWLRQ LQ

WKH PDQXIDFWXUH RI VKLSEXLOGLQJ SURGXFWV� LQFOXGLQJ LQ

SHUIRUPLQJ ZHOGLQJ DQG FXWWLQJ SURFHVVHV �)LJXUH ���

$Q DFWLYH UROH LQ WKLV ILHOG LV SOD\HG E\ )HGHUDO 6WDWH
8QLILHG(QWHUSULVH �&HQWUDO5HVHDUFK ,QVWLWXWH IRU6KLS�

EXLOGLQJ7HFKQRORJLHV� �)*83�7V1,,76���ZKLFK IRU

PRUH WKDQ �� \HDUV KDV EHHQ WKH KHDG RUJDQLVDWLRQ LQ
WKH LQGXVWU\ LQ FKDUJH RI RSHUDWLRQDO VDIHW\� DQG VLQFH

���� DOVR LQ FKDUJH RI HQYLURQPHQW SURWHFWLRQ� 'XULQJ

WKH SUHYLRXV \HDUV �7V1,,76� IRUPHG WKH VFLHQWLILF�

DQG�WHFKQLFDO SRWHQWLDO IRU WKH DERYH DUHDV DQG WUDLQHG

TXDOLILHG VSHFLDOLVWV�

7KLV DFWLYLW\ UHVXOWHG LQ IRUPDWLRQ RI WKH V\VWHP
IRU H[DPLQDWLRQ DQG VDQLWDU\�K\JLHQLF HYDOXDWLRQ RI
SURFHVVHV� PDWHULDOV DQG HTXLSPHQW EHLQJ GHYHORSHG�

7KH H[SHULPHQWDO VDQLWDU\�K\JLHQLF LQYHVWLJDWLRQV RI
SURFHVVHV DQG PDWHULDOV DUH FRQGXFWHG� LI QHFHVVDU\�

7KH FHUWLILHG VDQLWDU\�FKHPLFDO ODERUDWRU\ ZDV
IRXQGHG IRU WKLV SXUSRVH ZLWKLQ WKH �*RVVWDQGDUW�
�6WDWH 6WDQGDUG� V\VWHP�

7KH GDWDEDQN RQ KDUPIXO HPLVVLRQV GXULQJ WKH

EDVLF WHFKQRORJLFDO SURFHVVHV HPSOR\HG LQ WKH LQGXVWU\
ZDV JHQHUDWHG RQ WKH EDVLV RI H[DPLQDWLRQ RI WKH SUR�

FHVVHV� PDWHULDOV DQG HTXLSPHQW GHYHORSHG� 5HJXOD�

WRU\ GRFXPHQWV RQ HQVXULQJ WKH RSHUDWLRQDO VDIHW\ LQ

ZHOGLQJ DQG FXWWLQJ RI DOXPLQLXP�PDJQHVLXP DQG WL�

WDQLXP DOOR\V SHUIRUPHG LQ FORVHG SUHPLVHV XVLQJ

PHFKDQLVHG SURGXFWLRQ OLQHV ZHUH GHYHORSHG DQG LQ�

WURGXFHG LQWR WKH LQGXVWU\ ZLWK SDUWLFLSDWLRQ RI

�7V1,,76�� 9HQWLODWLRQ V\VWHPV EXLOW LQWR WKH ZHOG�

LQJ HTXLSPHQW� DV ZHOO DV LQGXVWULDO YHQWLODWLRQ V\V�

WHPV DSSOLHG DW WKH LQGXVWU\ HQWHUSULVHV DUH EHLQJ

GHVLJQHG DQG GHYHORSHG RQ WKH EDVLV RI WKH �7V1,,76�
GRFXPHQWV�

$GYDQFHV LQ HQVXULQJ RSHUDWLRQDO VDIHW\ DW WKH LQ�

GXVWU\ HQWHUSULVHV XQGHU WKH QHZ HFRQRPLF FRQGLWLRQV
OHG WR IRXQGDWLRQ RI WKH 7UDLQLQJ &HQWUH �5K\WKP�
/DERXU 3URWHFWLRQ� LQ ����� LQFRUSRUDWHG LQWR WKH

,QVWLWXWH� ,Q )HEUXDU\ ���� WKH 0LQLVWU\ RI /DERXU� 9�'� *25%$&+ DQG 9�9� &+(51<.+� ����




,QIRUPDWLRQ JLYHQ LQ WKLV DUWLFOH ZDV SUHVHQWHG DW WKH ,QWHUQDWLRQDO
&RQIHUHQFH RQ 3URWHFWLRQ RI (QYLURQPHQW� +HDOWK DQG 6DIHW\ LQ
:HOGLQJ 3URGXFWLRQ� 2GHVVD� 8NUDLQH� 6HSW� ��w��� �����
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/DERXU FRQGLWLRQV LQ SHUIRUPLQJ ZHOGLQJ RSHUDWLRQV LQ VKLSEXLOGLQJ

7\SH RI SURGXFWLRQ :RUNLQJ ]RQH DLU 0LFURFOLPDWH ,OOXPLQDWLRQ OHYHO 1RLVH DQG YLEUDWLRQV
1RQ�LRQLVLQJ

UDGLDWLRQ

+XOO SURFHVVLQJ 'XVW RI PHWDO R[LGHV

DQG VFDOH DUH DW D 0$&

OHYHO

*DVHV �QLWURJHQ R[LGHV�

&2� DUH IURP ��� WR �

RI 0$&

)XPHV� SDLQWZRUN

PDWHULDOV� YDSRXUV RI

VROYHQWV DUH DW WKH 0$&

OHYHO

/RZHU WKDQ 0$/ LQ

FROG VHDVRQV� QRUPDO

LQ ZDUP VHDVRQV

/RZHU WKDQ 0$/ LQ

EXLOGLQJ XS�

PDUNLQJ DQG

ZHOGLQJ VHFWLRQV

1RLVH LV KLJKHU WKDQ

0$/ E\ �w�� G%

�$�

89 UDGLDWLRQ LV

KLJKHU WKDQ 0$/

KXQGUHGV RI

WLPHV� ,5

UDGLDWLRQ LV

KLJKHU WKDQ 0$/

E\ D IDFWRU RI �w�

:HOGLQJ IXPHV DUH

KLJKHU WKDQ 0$& E\ D

IDFWRU RI � WR ���

PDQJDQHVH R[LGHV DUH

KLJKHU WKDQ 0$& E\ D

IDFWRU RI � WR ���

DEUDVLYH GXVW LV KLJKHU

WKDQ 0$& E\ D IDFWRU

RI XS WR ��

6DPH /RZHU WKDQ 0$/ LQ

PDUNLQJ DQG

ZHOGLQJ VHFWLRQV

1RLVH LV KLJKHU WKDQ

0$/ E\ �w�� G%

�$�

9LEUDWLRQV DUH

KLJKHU WKDQ 0$/ DW

FKLSSHUV DQG

VWULSSLQJ PDFKLQHV

89 UDGLDWLRQ

GXULQJ ZHOGLQJ LV

KLJKHU WKDQ 0$/

KXQGUHGV RI

WLPHV� ,5

UDGLDWLRQ LV

KLJKHU WKDQ 0$/

DW FXUUHQWV DERYH

��� $

-LJ�EDVHG KXOO

FRQVWUXFWLRQ

:HOGLQJ IXPHV GXULQJ

ZHOGLQJ LQ FORVHG URRPV

DUH KLJKHU WKDQ 0$& E\

D IDFWRU RI XS WR ���

PDQJDQHVH R[LGHV DUH

KLJKHU WKDQ 0$& E\ D

IDFWRU RI XS WR ��

/RZHU WKDQ 0$/ LQ

FROG VHDVRQV LQ VKLS

KRXVHV� KLJKHU WKDQ

0$/ LQ ZDUP

VHDVRQV DW RSHQ

VOLSZD\V

/RZHU WKDQ 0$/ LQ

FORVHG DQG KDUG�WR�

UHDFK ORFDWLRQV

1RLVH LV KLJKHU WKDQ

0$/ E\ �w�� G%

�$�

9LEUDWLRQV DUH

KLJKHU WKDQ 0$/

E\ �w� G% �$�

6DPH

1R W H V � +HUH 0$& x PD[LPXP DGPLVVLEOH FRQFHQWUDWLRQ� 0$/ x PD[LPXP DGPLVVLEOH OHYHO� 89 x XOWUDYLROHW DQG ,5 x LQIUDUHG UD�

GLDWLRQ�

)LJXUH �� %ORFN GLDJUDP RI SXUVXLQJ WKH VWDWH SROLF\ LQ WKH ILHOG RI RSHUDWLRQDO DQG HQYLURQPHQWDO VDIHW\ LQ VKLSEXLOGLQJ ������
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JDYH WKH SHUPLVVLRQ IRU WKH &HQWUH WR SURYLGH WUDLQLQJ

LQ RSHUDWLRQDO VDIHW\� ZKLFK DOORZHG WKH VWXGLHV WR EH

SHUIRUPHG QRW RQO\ LQ WKH QRUWK�ZHVWHUQ SDUW� EXW

DOVR LQ RWKHU UHJLRQV RI WKH FRXQWU\� 7KH WHDFKLQJ

VWDII RI WKH 7UDLQLQJ &HQWUH FRQVLVWV RI WKH VNLOOHG

VSHFLDOLVWV IURP WKH RSHUDWLRQDO DQG HQYLURQPHQWDO

VDIHW\ ODERUDWRU\ FHUWLILHG IRU WKH WHDFKLQJ DFWLYLW\�

0RUH WKDQ ���� SHRSOH KDYH EHHQ WUDLQHG VLQFH WKH

IRXQGDWLRQ RI WKH &HQWUH�

&HUWLILFDWLRQ RI ZHOGLQJ WHFKQRORJLHV ZDV DU�

UDQJHG� LQ DGGLWLRQ WR WUDLQLQJ DQG FHUWLILFDWLRQ RI

WKH VWDII LQYROYHG LQ ZHOGLQJ SURGXFWLRQ� 7KH UHTXLUHG

SURGXFWLRQ DQG UHVHDUFK IDFLOLWLHV ILWWHG ZLWK PHDQV

DQG PHWKRGV IRU LQVSHFWLRQ RI WKH TXDOLW\ RI ZHOGHG

MRLQWV� DV ZHOO DV WKH SURSHUO\ WUDLQHG VSHFLDOLVWV FHU�

WLILHG LQ FRPSOLDQFH ZLWK WKH HVWDEOLVKHG SURFHGXUH�

DOORZHG WKH �,QGHSHQGHQW %RG\ IRU 1RQ�'HVWUXFWLYH

7HVWLQJ� WR EH DFFUHGLWHG DW �7V1,,76��

7KH RSHUDWLRQDO DQG HQYLURQPHQWDO VDIHW\ RIZHOGLQJ

SURGXFWLRQ LQ WKH LQGXVWU\ LV IDYRXUHG E\ WKH FRQFHQ�

WUDWLRQ RI GLYHUVH�PHWKRGLFDOO\ LQWHUUHODWHG HGXFDWLRQDO

VHUYLFHV� H[DPLQDWLRQ RI VDIHW\ RI SRWHQWLDOO\ KD]DUGRXV

HQWHUSULVHV DQG REMHFWV� GHVLJQ DQG PDQXIDFWXUH RI QHZ

ZHOGLQJ HTXLSPHQW DQG LQWURGXFWLRQ RI WKH LQVSHFWLRQ

PHDQV DQG PHWKRGV DW �7V1,,76��

&KDQJHV WDNLQJ SODFH QRZDGD\V LQ 5XVVLD DSSO\�

LQ SDUWLFXODU� WR WKH FKDUDFWHU RI LQWHUDFWLRQ EHWZHHQ

PDQXIDFWXUHUV� VXSSOLHUV DQG FXVWRPHUV� 7U\LQJ WR DW�

WUDFW DWWHQWLRQ RI D FXVWRPHU WR KLV SURGXFWV� HVWDEOLVK

ORQJ�WHUP FRQWDFWV� DQG SDUWLFLSDWH LQ ELGV WR UHFHLYH

VWDWH DQG RWKHU RUGHUV� WKH 5XVVLDQ PDQXIDFWXUHU H[�

SUHVVHV DQ LQFUHDVLQJO\ KLJK LQWHUHVW LQ GHYHORSPHQW

DQG DSSOLFDWLRQ RI WKH TXDOLW\ DQG HQYLURQPHQWDO

VDIHW\ PDQDJHPHQW V\VWHPV� DV ZHOO DV LQ PDLQWDLQLQJ

WKHP DW D SURSHU OHYHO� �7V1,,76� KDV D FHUWLILFDWH

IRU WKH TXDOLW\ V\VWHP� VWDWLQJ WKDW LW PHHWV UHTXLUH�

PHQWV RI WKH UHOHYDQW LQWHUQDWLRQDO VWDQGDUGV�

0DQ\ HQWHUSULVHV� FRPSDQLHV DQG HYHQ ZKROH

FRXQWULHV WHQG WR UHIXVH IURP LQWHUDFWLRQZLWK SDUWQHUV

ZKR KDYH QR FHUWLILFDWH IRU ILWQHVV WR ,62 ������ (Q�

YLURQPHQW SURWHFWLRQ LV EHFRPLQJ WKH LPSRUWDQW SDUW

RI FRPSHWLWLRQ LQ GRPHVWLF DQG HVSHFLDOO\ LQWHUQD�

WLRQDO PDUNHWV� ,QWURGXFWLRQ DQG FHUWLILFDWLRQ RI WKH

HQYLURQPHQW PDQDJHPHQW V\VWHP KHOS WR PDLQWDLQ WKH

UHSXWDWLRQ RI D FRPSDQ\ DQG DFKLHYH WKH PDLQ WDUJHW�

L�H� GHFUHDVH WKH QHJDWLYH HIIHFW RQ WKH QDWXUDO HQYL�

URQPHQW� LQ DGGLWLRQ WR SURYLGLQJ RWKHU EHQHILWV WR

WKH FRPSDQ\�

7R EH VXFFHVVIXOO\ LQWHJUDWHG LQWR WKH ZRUOG H[�

FKDQJH RI FRPPRGLWLHV� LW LV QHFHVVDU\ WR LQFUHDVH FRP�

SHWLWLYHQHVV RI LQGXVWULDO SURGXFWV DQG� WKHUHIRUH� WXUQ

WR LQWHUQDWLRQDO DQG (XURSHDQ VWDQGDUGV LQ WKH ILHOG

RI ZHOGLQJ LQ VXFK DUHDV DV ZHOGLQJ FRQVXPDEOHV DQG

HTXLSPHQW� ZHOGLQJ WHFKQRORJLHV� SHUVRQQHO� WHVWLQJ

PHWKRGV� HFRORJ\ HWF�

7RSLFDOLW\ RI WKH SUREOHP RI HQYLURQPHQW SURWHF�

WLRQ DQG UHFRYHU\ LV VR DSSDUHQW WKDW JRYHUQPHQWV RI

WKH (8 FRXQWULHV� WRJHWKHU ZLWK PDQDJHUV RI LQGXV�

WULDO FRPSDQLHV� KDYH FRPH WR D FRQFOXVLRQ RI WKH

QHFHVVLW\ RI IRXQGDWLRQ RI WKH V\VWHP WR PRQLWRU FRQ�

GLWLRQ RI WKH HQYLURQPHQW� EDVHG RQ XQLILHG FRQFHSWXDO

DSSURDFKHV DQG SUDFWLFDO (8 VWDQGDUGV� 7KLV V\VWHP

VKRXOG WDNH D IXOO DFFRXQW RI SHFXOLDULWLHV DQG VSHFLILF

IHDWXUHV RI D QDWLRQDO OHJLVODWLRQ RI HDFK FRXQWU\ LQ

WKH ILHOG RI WKH QDWXUDO HQYLURQPHQW SURWHFWLRQ DQG

UHFRYHU\�

2Q WKLV EDVLV� WKH SROLF\ LQ ZHOGLQJ SURGXFWLRQ

VKRXOG EH JRYHUQHG E\ WKH SULQFLSOHV RI LQWURGXFWLRQ

RI WKH QDWLRQDO YHUVLRQV RI LQWHUQDWLRQDO VWDQGDUGV

,62 DQG (XURSHDQ FRGHV (1�

7KH HQYLURQPHQWPRQLWRULQJ V\VWHP �(06�� EDVHG

RQ WKH ,62 ����� VHULHV VWDQGDUG� LV VKRZQ LQ )L�

JXUH ��

5HDOLVDWLRQ RI D SDFNDJH RI RUJDQLVDWLRQDO�WHFKQL�

FDO DUUDQJHPHQWV DVVRFLDWHG ZLWK HGXFDWLRQ� WUDLQLQJ

DQG FHUWLILFDWLRQ RI ZHOGHUV DQG ZHOGLQJ SURGXFWLRQ

VSHFLDOLVWV DW VSHFLDOLVHG FHQWUHV� LQGXVWULDO DQG UH�

VHDUFK FHUWLILFDWLRQ RI ZHOGLQJ WHFKQRORJLHV� DV ZHOO

)LJXUH �� (QYLURQPHQW PRQLWRULQJ V\VWHP DFFRUGLQJ WR ,62 �����
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DV H[FKDQJH RI H[SHULHQFH DQG KROGLQJ RI FRQIHUHQFHV�

ZLOO SURYLGH DQ HIILFLHQW KDQGOLQJ RI WKH SUREOHPV RI

HQVXULQJ RSHUDWLRQDO DQG HQYLURQPHQWDO VDIHW\ RI

ZHOGLQJ SURGXFWLRQ� 7KLV ZLOO UHTXLUH WKH IROORZLQJ

PHDVXUHV WR EH WDNHQ�

• GHYHORSPHQW� XWLOLVDWLRQ DQG LPSURYHPHQW RI

UHJXODWRU\ UHTXLUHPHQWV VSHFLI\LQJ DFWLYLW\ LQ WKH

VSKHUH RI HFRORJ\�

• LGHQWLILFDWLRQ RI WKH SULRULW\ LVVXHV IRU KDQGOLQJ

WKH FRQVHTXHQFHV RI EXVLQHVV DFWLYLW\ RI DQ HQWHUSULVH

KDYLQJ D QHJDWLYH HIIHFW RQ WKH HQYLURQPHQW� LGHQWL�

ILFDWLRQ RI WKH FKLHI SRLQWV RI WKH QHJDWLYH HIIHFW RI

HDFK REMHFW RI DQ LQIUDVWUXFWXUH�

• GHYHORSPHQW RI D SDFNDJH RI PHDVXUHV WR HOLPL�

QDWH WKH QHJDWLYH HIIHFW RQ WKH HQYLURQPHQW� SURFHHG�

LQJ IURP WKH LQLWLDO HVWLPDWLRQ RI LWV FRQGLWLRQ DQG

UHTXLUHPHQWV RI D QDWLRQDO OHJLVODWLRQ� )RU WKLV� LW LV

QHFHVVDU\ WKDW WKH SODQQHG PHDVXUHV EH E\ DOO PHDQV

DJUHHG XSRQ ZLWK FRQWUROOLQJ ERGLHV DQG RUJDQLVD�

WLRQV�

• LGHQWLILFDWLRQ RI VSHFLILF WDUJHWV DQG WDVNV IRU

WKH HQYLURQPHQW SURWHFWLRQ DQG UHFRYHU\ RQ WKH EDVLV

RI WKH DSSURYHG SROLF\�

• PDQDJHPHQW RI WKH V\VWHP RI HGXFDWLRQ DQG WUDLQ�

LQJ RI WKH VWDII LQWHQGHG IRU UHDOLVDWLRQ RI WKH VSHFLILF

WDVNV DVVRFLDWHG ZLWK HQVXULQJ HQYLURQPHQWDO PRQL�

WRULQJ �(0��

• GHYHORSPHQW RI D VHW RI JRYHUQLQJ GRFXPHQWV�

LQVWUXFWLRQV DQG UHJXODWLRQV IRU HDFK W\SH RI EXVLQHVV

DFWLYLW\�

• LGHQWLILFDWLRQ RI WKH RUGHU RI FRQWUROOLQJ IXOILO�

PHQW RI WKH UHTXLUHPHQWV VSHFLILHG LQ WKH DERYH GRFX�

PHQWV DQG PRQLWRULQJ RI SUDFWLFDO DFWLYLW\ LQ WKH

VSKHUH RI HFRORJ\�

• FRQWLQXRXV UHFRUG NHHSLQJ RQ WKH (0 UHVXOWV�

• V\VWHPDWLF HYDOXDWLRQ RI WKH HIIHFWLYHQHVV RI

(06� LWV DGHTXDF\ WR UHTXLUHPHQWV RI VSHFLILF FRQGL�

WLRQV IRU LPSURYHPHQW RI WKH HQYLURQPHQW� DQG VHQ�

VLWLYLW\ WR FRQVLVWHQW XSJUDGLQJ RI SUDFWLFDO DFWLRQV

LQ WKLV DUHD�

• SUHSDUDWLRQ RI UHJXODU DQG ZHOO�JURXQGHG LQIRU�

PDWLRQ RQ WKH HQYLURQPHQW FRQGLWLRQ DQG FRQVWDQW

XSGDWLQJ RI GDWDEDVHV RQ WKLV SUREOHP�

7KH TXDOLW\ PDQDJHPHQW V\VWHPV �,62 ����� KDYH

EHHQ DSSOLHG DQG DUH VXFFHVVIXOO\ IXQFWLRQLQJ DW PDQ\

5XVVLDQ HQWHUSULVHV� %HLQJ RUJDQLFDOO\ LQWHJUDWHG LQWR

WKH TXDOLW\ PDQDJHPHQW V\VWHPV IRU SURGXFWV DQG

VHUYLFHV H[LVWLQJ DW DQ HQWHUSULVH� WKH HQYLURQPHQW

PDQDJHPHQW V\VWHP IDYRXUV LPSURYHPHQW RI HFRORJL�

FDO FRPSDWLELOLW\ RI SURGXFWV DQG SURGXFWLRQ� DQG

HQDEOHV WKH DFWLYLW\ RI DQ HQWHUSULVH LQ WKH HQYLURQ�

PHQW PDQDJHPHQW ILHOG WR EH PDGH FRVW HIIHFWLYH�

$W WKH VDPH WLPH� GRXEOH FHUWLILFDWLRQ XQGHU SDU�

DOOHO VHWV RI VWDQGDUGV �VHULHV ���� DQG ������ GRHV

QRW RQO\ OHDG WR RUJDQLVDWLRQDO GLIILFXOWLHV� EXW DOVR

UHTXLUHV H[WUD IXQGV� 6WURQJ SUHPLVHV H[LVW WRGD\ IRU

GHYHORSPHQW RI LQWHUQDWLRQDO VWDQGDUGV WR FRYHU DOVR

WKH RWKHU DVSHFWV RI EXVLQHVV DFWLYLW\ RI DQ HQWHUSULVH�

LQFOXGLQJ ODERXU SURWHFWLRQ DQG RFFXSDWLRQDO KHDOWK

RI WKH SHUVRQQHO� 7KLV KDV EHHQ DOUHDG\ SDUWLDOO\ FR�

YHUHG E\ VWDQGDUGV ,62 ����w����� 6XFK DVSHFWV

PLJKW LQFUHDVH LQ QXPEHU LQ WKH IXWXUH�

,Q RXU RSLQLRQ� GHYHORSPHQW DQG LQGXVWULDO DSSOL�

FDWLRQ RI WKH LQWHJUDWHG TXDOLW\ PDQDJHPHQW V\VWHP�

PHHWLQJ UHTXLUHPHQWV RI VWDQGDUGV RI ERWK VHULHV ����

DQG VHULHV ������ KDYLQJ D XQLILHG DGPLQLVWUDWLRQ

VWUXFWXUH FRQVLVWLQJ RI D SDFNDJH RI PHDQV LQWHQGHG

IRU SODQQLQJ� GRFXPHQW PDQDJHPHQW� LQVSHFWLRQ�

DQDO\VLV� SURFHVV FRQWURO DQG LPSDFW RQ WKH HQYLURQ�

PHQW E\ SURGXFWLRQ� DQG WDUJHWHG DW LPSURYHPHQW RI

WKH TXDOLW\ RI SURGXFWV� FRPSHWLWLYHQHVV DQG GHFUHDVH

LQ WKH QHJDWLYH HIIHFW RQ WKH HQYLURQPHQW E\ WKH DF�

WLYLW\ RI HQWHUSULVHV� DUH WKH PRVW WRSLFDO DQG SUHVVLQJ

SUREOHPV�

%DVHG RQ WKH SRWHQWLDO DYDLODEOH� )*83 �7V1,,76�

FRXOG LPSOHPHQW WKH DERYH DUUDQJHPHQWV LQ FROODER�

UDWLRQ ZLWK WKH 5XVVLDQ 5HVHDUFK DQG 'HYHORSPHQW

:HOGLQJ 6RFLHW\ DQG XVLQJ H[SHULHQFH DQG UHFRPPHQ�

GDWLRQV WKH ,QWHUQDWLRQDO ,QVWLWXWH RI :HOGLQJ DQG

WKH (XURSHDQ :HOGLQJ )HGHUDWLRQ�
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-, &+(1* &+81 DQG ,�)� .25,1(76

1788 �.\LY 3RO\WHFKQLF ,QVWLWXWH�� .\LY� 8NUDLQH

'HWHUPLQLVWLF�VWDWLVWLFDO PDWKHPDWLFDO PRGHO RI ZHOG VKDSH ZDV WKH EDVLV WR GHYHORS D QRPRJUDP� ZKLFK DOORZV GHWHU�

PLQDWLRQ RI EDVLF SDUDPHWHUV RI DUF ZHOGLQJ LQ D PL[WXUH RI $U � �� � &2
�
RI D VTXDUH�EXWW MRLQW E\ WKH VSHFLILHG

GLPHQVLRQV RI WKH ZHOG �SHQHWUDWLRQ GHSWK� UHLQIRUFHPHQW KHLJKW DQG ZHOG ZLGWK�� WDNLQJ LQWR DFFRXQW WKH VL]H RI WKH

JDS LQ WKH EXWW� RSWLPL]DWLRQ RI WKH PRGH E\ ZHOG GLPHQVLRQV RU� YLVH YHUVD� GHWHUPLQDWLRQ RI ZHOG GLPHQVLRQV ZLWK

WKH NQRZQ ZHOGLQJ PRGH�

.H\ ZRU G V � DUF ZHOGLQJ� $U � �� � &2� PL[WXUH� FRQ�

VXPDEOH HOHFWURGH� EXWW MRLQW� JDS� ZHOGLQJ PRGH� QRPRJUDP�

RSWLPL]DWLRQ RI ZHOG GLPHQVLRQV

$UF ZHOGLQJ LQ &2� DQG LQ D PL[WXUH RI $U � �� �

&2� LV ZLGHO\ DFFHSWHG LQ IDEULFDWLRQ RI VWUXFWXUHV RI

ORZ�FDUERQ DQG ORZ�DOOR\HG VWHHOV� 7KLV PHWKRG LV
XVHG LQ WKH IRUP RI D PHFKDQL]HG SURFHVV �ZHOGLQJ

ZLWK VHPL�DXWRPDWLF DQG DXWRPDWLF PDFKLQHV� DQG DQ

DXWRPDWLF SURFHVV �URERWLF ZHOGLQJ�� &DOFXODWLRQ

PHWKRG IRU ZHOGLQJ PRGH GHWHUPLQDWLRQ �EDVHG RQ D

PDWKHPDWLFDO PRGHO RI ZHOG VKDSH�� XQOLNH WKH WDEX�

ODU PHWKRG� DOORZV QRW RQO\ D VXIILFLHQWO\ DFFXUDWH
GHWHUPLQDWLRQ RI WKH PRGH SDUDPHWHUV EXW DOVR WKHLU
RSWLPL]DWLRQ� +DYLQJ D PRGHO� WKH FDOFXODWLRQ DQG

RSWLPL]DWLRQ RI WKH ZHOGLQJ PRGH FDQ EH SHUIRUPHG

LQ D FRPSXWHU RU JUDSKLFDOO\ E\ D QRPRJUDP� 7KH

ODWWHU DOORZV D YLVXDO� JUDSKLF DQG IDVW GHWHUPLQDWLRQ
DQG RSWLPL]DWLRQ RI WKH ZHOGLQJ PRGH� ,W FDQ EH UHD�

GLO\ DSSOLHG LQ VOLGH�UXOHV >�@� GLUHFWO\ LQ ZHOGLQJ
PDFKLQHV DQG LQ VSHFLDOLVW WUDLQLQJ�

)RU VHYHUDO \HDUV WKH &KDLU RI:HOGLQJ )DEULFDWLRQ
RI 1788 �.\LY 3RO\WHFKQLF ,QVWLWXWH� KDV FRQGXFWHG

UHVHDUFK RQ PDWKHPDWLFDO VLPXODWLRQ RI ZHOG VKDSH

LQ DUF ZHOGLQJ >�w�@� ZKLFK ZDV WKH EDVLV WR GHYHORS

QRPRJUDPV DQG HQJLQHHULQJ PHWKRGV RI FDOFXODWLRQ

DQG RSWLPL]DWLRQ RI DUF ZHOGLQJ PRGHV� $ QRPRJUDP

ZDV SURSRVHG HDUOLHU >�@� ZKLFK DOORZV WKHVH RSHUD�

WLRQV WR EH SHUIRUPHG LQ FRQVXPDEOH HOHFWURGH &2�

DUF ZHOGLQJ� ,W GLIIHUV IURP WKH SUHYLRXV RQHV >�@ E\

WKDW QRW RQO\ SHQHWUDWLRQ GHSWK EXW DOVR ZHOG ZLGWK

�DQG� WKHUHIRUH� WKH FRHIILFLHQW RI SHQHWUDWLRQ VKDSH�
DUH XVHG LQ LW DV WKH LQSXW SDUDPHWHU� +RZHYHU� ZHOG

FRQYH[LW\ LV DEVHQW� DQG WKH LQIOXHQFH RI WKH JDS LV

WDNHQ LQWR DFFRXQW DSSUR[LPDWHO\ WKURXJK WKH FDOFX�

ODWHG SHQHWUDWLRQ GHSWK�
0RUH SHUIHFW QRPRJUDPV DUH SURSRVHG QRZ� ZKHUH

WKH QXPEHU RI LQSXW JHRPHWULFDO SDUDPHWHUV RI WKH

ZHOG LV LQFUHDVHG� %\ WKHVH QRPRJUDPV WKH ZHOGLQJ

PRGH FDQ EH GHWHUPLQHG WDNLQJ LQWR DFFRXQW SHQHWUD�

WLRQ GHSWK K� ZLGWK RI WKH ZHOG H� RI LWV FRQYH[LW\ J�

DV ZHOO DV WKH JDS VL]H LQ WKH EXWW E �)LJXUH ��� $V
DQ LOOXVWUDWLRQ� D QRPRJUDP LV SURSRVHG IRU GHWHUPL�

QDWLRQ RI WKH PRGHV RI DUF ZHOGLQJ RI D VTXDUH�EXWW

MRLQW RQ ORZ�FDUERQ DQG ORZ�DOOR\HG VWHHOV LQ D PL[�
WXUH RI $U � �� � &2� ZLWK 6Y���*�6 ZLUH RI ��� PP

GLDPHWHU �)LJXUH ���
7KH QRPRJUDP FRQVLVWV RI IRXU SDUWV� ,WV PDLQ SDUW

�)LJXUH �� D� DOORZV GHWHUPLQDWLRQ RI WKH PDLQ SD�
UDPHWHUV �ZHOGLQJ FXUUHQW DQG VSHHG� LQ GHSRVLWLRQ

RI D EHDG �E  ��� ,I WKH JDS E ! �� WKHQ ZH ZLOO ILUVW

ILQG WKH SHQHWUDWLRQ GHSWK LQ GHSRVLWLRQ E\ WKH VL]H
RI WKH JDS DQG DVVLJQHG DFWXDO SHQHWUDWLRQ GHSWK �)L�

JXUH �� E�� 7KHQ� E\ WKH VDPH PHWKRG WKH UHLQIRUFH�
PHQW KHLJKW LQ GHSRVLWLRQ LV IRXQG IURP WKH JDS VL]H

DQG DFWXDO VL]H RI ZHOG FRQYH[LW\ �)LJXUH �� F�� DQG
WKHVH GDWD DUH IXUWKHU XVHG WR ILQG WKH VRXJKW SDUDPH�

WHUV RI WKH ZHOGLQJ PRGH LQ WKH PDLQ SDUW RI WKH

QRPRJUDP �)LJXUH �� D�� 7KH ZHOG ZLGWK XQGHU WKHVH

FRQGLWLRQV� ZKLFK LV QRW GHSHQGHQW RQ WKH JDS VL]H�

LV GHWHUPLQHG LQ WKH JUDSK �)LJXUH �� G�� $V DQ LOOXV�

WUDWLRQ� ZLWK WKH DVVLJQHG LQLWLDO GLPHQVLRQV RI WKH

EXWW ZHOG �K  � PP� J  ��� PP� E  � PP�� WKH

IROORZLQJ PDLQ SDUDPHWHUV RI WKH ZHOGLQJ PRGH ZHUH
IRXQG IURP WKH QRPRJUDP� ,

Z
 ��� $� Y

Z
 

 ��� PP�V� :HOG ZLGWK ZDV H  ��� PP�

7KLV QRPRJUDP FDQ EH XVHG WR VROYH WKH LQYHUVH
SUREOHP� L�H� GHWHUPLQH ZHOG GLPHQVLRQV E\ WKH DV�

� -, &+(1* &+81 DQG ,�)� .25,1(76� ����

)LJXUH ��'LPHQVLRQV RI D ZHOG LQ D VTXDUH�EXWW ZHOGHG MRLQW� D x
RQH�VLGHG ZHOG� E x WZR�VLGHG ZHOG
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VLJQHG ZHOGLQJ PRGH� )RU LQVWDQFH� WKH IROORZLQJ

PRGH LV DVVLJQHG� ,
Z
 ��� $� Y

Z
 � PP�V� E  

 � PP� )LUVW LQ WKH PDLQ SDUW RI WKH QRPRJUDP �)L�

JXUH �� D� ZH ZLOO ILQG WKH SRLQW RI LQWHUVHFWLRQ RI

WKHVH SDUDPHWHUV� DQG RQ WKH D[HV x WKH GLPHQVLRQV

RI WKH GHSRVLWHG EHDG �K
G
 ��� PP DQG J

G
 ��� PP��

7KHQ� ZH ZLOO DOORZ IRU WKH LQIOXHQFH RI WKH JDS RQ

WKH SHQHWUDWLRQ GHSWK �)LJXUH �� E�� DW E  � PP ZH

ZLOO ILQG WKH DFWXDO SHQHWUDWLRQ GHSWK K  ��� PP

DQG UHLQIRUFHPHQW KHLJKW J  ��� PP �)LJXUH �� F��
,Q )LJXUH �� G IRU ,

Z
 ��� $ DQG Y

Z
 � PP�V� ZH

ILQG ZHOG ZLGWK WR EH H  ���� PP�

7KH QRPRJUDP DOORZV RSWLPL]DWLRQ RI WKH ZHOGLQJ

PRGH E\ LWV HIILFLHQF\� ZKLFK LQ VLQJOH�SDVV ZHOGV LV

GHWHUPLQHG E\ WKH ZHOGLQJ VSHHG� ,Q DUF ZHOGLQJ RI

ORZ�FDUERQ DQG ORZ�DOOR\HG VWHHOV� WKH WKHUPDO LPSDFW

RI WKH DUF RQ WKH SURSHUWLHV RI WKH +$= PHWDO FDQ EH

LJQRUHG� ,Q WKLV FDVH WKH JHRPHWULFDO GLPHQVLRQV DQG

ZHOG VKDSH FDQ EH WDNHQ DV WKH FULWHULRQ RI WKH TXDOLW\

RI D ZHOGHG MRLQW� 'XULQJ RSWLPL]DWLRQ RI WKH ZHOGLQJ

PRGH WKH DVVLJQHG SHQHWUDWLRQ GHSWK VKRXOG UHPDLQ

FRQVWDQW� DV LW GHWHUPLQHV WKH SHQHWUDWLRQ DFURVV WKH

PHWDO WKLFNQHVV� 7KH KHLJKW RI ZHOG UHLQIRUFHPHQW

DQG LWV ZLGWK FDQ YDU\ ZLWKLQ WKH WROHUDQFH OLPLW�

)LJXUH � VKRZV DQ H[DPSOH RI RSWLPL]DWLRQ RI WKH

ZHOGLQJ PRGH DW FKDQJH RI ZHOG UHLQIRUFHPHQW� ,I LW

LV LQFUHDVHG IURP ��� XS WR � PP� WKHQ DW D FRQVWDQW

JDS RI � PP WKH ZHOGLQJ FXUUHQW VKRXOG EH UHGXFHG

IURP ��� WR ��� $ DQG WKH ZHOGLQJ VSHHG IURP ��� WR

��� PP�V� ,Q WKLV FDVH WKH ZHOG ZLGWK ZLOO EHFRPH

PXFK VPDOOHU� &RQWUDULO\� LI WKH ZHOG FRQYH[LW\ LV

UHGXFHG IURP ��� WR � PP� LW ZLOO EH QHFHVVDU\ WR

LQFUHDVH WKHZHOGLQJ FXUUHQW XS WR ���$DQG WKHZHOGLQJ

VSHHG XS WR �� PP�V� 7KH ZHOG ZLGWK ZLOO EH JUHDWO\

LQFUHDVHG� ,W LV REYLRXV WKDW WKH VHFRQG YDULDQW RI WKH

ZHOGLQJ PRGH ZLOO EH PRUH HIILFLHQW DQG FRVW�HIIHFWLYH�

DV LW SURYLGHV D KLJKHU ZHOGLQJ VSHHG� 7KH VDPH RS�

WLPL]DWLRQ FDQ EH SHUIRUPHG LQ WKLV QRPRJUDP DW WKH

FKDQJH RI WKH ZHOG ZLGWK RU JDS VL]H�

&21&/86,216

�� $ QRPRJUDP KDV EHHQ GHYHORSHG WR GHWHUPLQH WKH

PDLQ SDUDPHWHUV RI WKH PRGH RI FRQVXPDEOH HOHFWURGH

DUF ZHOGLQJ RI ORZ�FDUERQ DQG ORZ�DOOR\HG VWHHOV LQ

D PL[WXUH RI $U � �� � &2� E\ ZHOG GLPHQVLRQV DQG

JDS VL]H� ZKLFK GLIIHUV IURP WKH H[LVWLQJ RQHV E\ DO�

ORZLQJ IRU DOO WKH PDLQ JHRPHWULFDO SDUDPHWHUV RI D

EXWW ZHOG�

�� 7KH QRPRJUDP FDQ EH XVHG DOVR WR VROYH DQ

LQYHUVH SUREOHP� QDPHO\ GHWHUPLQDWLRQ RI WKH GLPHQ�

VLRQV RI D ZHOG E\ WKH VSHFLILHG PRGH RI ZHOGLQJ DQG

VL]H RI WKH JDS LQ WKH EXWW�

�� 7KH QRPRJUDP DOORZV RSWLPL]DWLRQ RI WKH ZHOG�

LQJ PRGH� IRU LQVWDQFH� E\ HIILFLHQF\�

�� 1RPRJUDPV RI WKLV W\SH FDQ EH GHYHORSHG IRU

RSWLPL]DWLRQ RI ZHOGLQJ KHDW LQSXW� GHSRVLWHG PHWDO

DUHD� ZHOGLQJ FRQVXPDEOHV FRQVXPSWLRQ� SRZHU FRQ�

VXPSWLRQ DQG RWKHU FULWHULD�

�� 6HUJDWVN\� *�,�� 'XERYHWVN\� 6�9� ������ 6OLGH�UXOH IRU GH�
WHUPLQDWLRQ RI &2� ZHOGLQJ FRQGLWLRQV� $YWRPDWLFK�
6YDUND� �� ��w���

�� .RULQHWV� ,�)� ������ 'HYHORSPHQW RI WKH HQJLQHHULQJ DS�
SURDFKHV RI FDOFXODWLRQ RI DUF ZHOGLQJ FRQGLWLRQV� ,Q�
0DWKHPDWLFDO PHWKRGV LQ ZHOGLQJ� .\LY� 3:,�

�� .RULQHWV� ,�)�� -L &KHQJ &KXQ ������ 'HWHUPLQLVWLF�VWDWLVWL�
FDO PRGHO RI ZHOG VKDSH LQ DUF ZHOGLQJ� 7KH 3DWRQ :HOGLQJ
-�� ��� ��w���

�� .RULQHWV� ,�)�� -L &KHQJ &KXQ ������ (IIHFW RI JDS RQ VL]HV
RI EXWW ZHOG LQ FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ LQ $U �
�� � &2� PL[WXUH� ,ELG�� �� ��w���

�� .RULQHWV� ,�)�� 2NKDM� <X�,� ������ 1RPRJUDPV IRU GHWHUPL�
QDWLRQ RI &2� DUF ZHOGLQJ FRQGLWLRQV� $YWRPDWLFK� 6YDUND�
��� ��w���

�� 6KUDHUPDQ� 0�5� ������ 1RPRJUDPV IRU GHWHUPLQDWLRQ RI
SDUDPHWHUV RI VXEPHUJHG�DUF ZHOGLQJ RI EXWW MRLQWV�
6YDURFKQ� 3URL]YRGVWYR� �� ��w���

)LJXUH �� 1RPRJUDP IRU GHWHUPLQDWLRQ RI WKH ZHOGLQJ PRGH �KDWFKHG FXUYH� DQG RI ZHOG GLPHQVLRQV �GDVK�GRW FXUYH� LQ 0$* ZHOGLQJ�
WDNLQJ LQWR DFFRXQW WKH LQIOXHQFH RI WKH JDS �IRU DwG VHH WKH WH[W�
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7KH SRVVLELOLW\ RI VPRRWK DQG LQGHSHQGHQW UHJXODWLRQ
RI SDUDPHWHUV RI SXOVHV RI WKH FXUUHQW LQ PHWDO�HOHF�

WURGH SXOVHG�DUF ZHOGLQJ �0(3$:� DOORZV PHOWLQJ

DQG WUDQVIHU RI HOHFWURGH PHWDO WR EH FRQWUROOHG LQ D

GHVLUDEOH ZD\� DQG SK\VLFDO�FKHPLFDO DQG PHWDOOXUJL�
FDO SURFHVVHV RFFXUULQJ DW WKH HOHFWURGH DQG LQ WKH

ZHOG SRRO WR EH DFWLYHO\ DIIHFWHG� WKXV SURYLGLQJ WKH

LPSURYHG TXDOLW\ DQG LQFUHDVHG SURGXFWLYLW\ RI WKH

ZHOGLQJ SURFHVV� ([LVWLQJ SRZHU VXSSOLHV ,83�� DQG

9'*,���� KDYH OLPLWHG FDSDELOLWLHV LQ WHUPV RI UHJX�

ODWLRQ RI SDUDPHWHUV RI WKH SXOVHV� HVSHFLDOO\ LQ WHUPV
RI WKHLU IUHTXHQF\� $V D UHVXOW� DGYDQWDJHV RI WKH

0(3$: SURFHVV DUH QRW XWLOLVHG WR D IXOO GHJUHH�

:LGHQLQJ RI DSSOLFDWLRQ RI 0(3$: LQ HQJLQHHU�

LQJ UHTXLUHG GHYHORSPHQW RI D SRZHU VXSSO\ ZLWK

LPSURYHG FDSDELOLWLHV LQ WHUPV RI UHJXODWLRQ FKDUDF�

WHULVWLFV�

6XFK D VXSSO\ ZDV GHYHORSHG E\ WKH (�2� 3DWRQ
(OHFWULF :HOGLQJ ,QVWLWXWH� ,W DOORZV WKH 0(3$:

SURFHVV SDUDPHWHUV� VXFK DV GXUDWLRQ� DPSOLWXGH DQG

IUHTXHQF\ RI SXOVHV RI WKH ZHOGLQJ FXUUHQW� DV ZHOO
DV PHDQ YDOXHV RI WKH FXUUHQW DQG DUF YROWDJH� WR EH

VPRRWKO\ DQG LQGHSHQGHQWO\ UHJXODWHG� 7KLV SURYLGHV

HDV\ DQG SUHFLVH VHWWLQJ DQG UHJXODWLRQ RI WKH RSWLPDO

ZHOGLQJ FRQGLWLRQV DV UHTXLUHG E\ D WHFKQRORJ\� ZKLFK

PDNHV LW SRVVLEOH WR SXUSRVHIXOO\ SURJUDP WKH SUR�

FHVVHV RI PHOWLQJ DQG WUDQVIHU RI WKH HOHFWURGH PHWDO

GURSOHWV DW RSWLPDO YDOXHV RI WKHLU ZHLJKW� GLDPHWHU
DQG WHPSHUDWXUH� $OVR� WKLV OHDGV WR EHWWHU FRPSRVL�

WLRQ� VWUXFWXUH DQG SURSHUWLHV RI WKH ZHOG PHWDO DQG

ZHOGHG MRLQWV DV D ZKROH�

7KH SRVVLELOLW\ LV SURYLGHG IRU D SURJUDPPHG FRQ�

WURO RI RSHUDWLRQ DQG SDUDPHWHUV RI WKH SRZHU VXSSO\

E\ H[WHUQDO SURJUDPPLQJ XQLWV ZLWK D VWDQGDUG RXWSXW
IURP � WR �� 9� 7KLV HQDEOHV WKH SRZHU VXSSO\ WR EH
XVHG LQ WKH V\QHUJLF SURJUDP FRQWURO V\VWHPV� VXFK

DV WKRVH DSSOLHG IRU SRVLWLRQ EXWW ZHOGLQJ RI SLSHOLQHV

DQG URERWLF FRPSOH[HV�:HOGLQJ SDUDPHWHUV DUH PRQL�

WRUHG E\ SRLQWHU�W\SH LQVWUXPHQWV DQG GLJLWDO OLJKW

LQGLFDWRUV� SURYLGLQJ VHWWLQJ XS RI WKH SDUDPHWHUV

SULRU WR ZHOGLQJ DQG WKHLU FRQWURO DQG UHJXODWLRQ GXU�

LQJ ZHOGLQJ�

6SHFLILFDWLRQV RI WKH SRZHU VXSSO\

0DLQV YROWDJH� $&� ��SKDVH� �� +]� 9 ����������������������� ���

0HDQ ZHOGLQJ FXUUHQW� $�
PLQLPXP ������������������������������������������������������������� ��
PD[LPXP DW GXW\ F\FOH RI �� �
DQG F\FOH WLPH RI �� PLQ �������������������������������������� ���
PD[LPXP DW GXW\ F\FOH RI ��� � ��������������������������� ���

0HDQ DUF YROWDJH� 9�
PLQLPXP ������������������������������������������������������������� ��

PD[LPXP ������������������������������������������������������������ ��

3XOVH IUHTXHQF\ VPRRWKO\ UHJXODWHG� +] ���������������� ��w���

3XOVH GXUDWLRQ VPRRWKO\ UHJXODWHG� V ������������� ����w��⋅��w�
&XUUHQW SXOVH DPSOLWXGH VPRRWKO\ UHJXODWHG� $ ����� ���w���

:HOGLQJ ZLUH GLDPHWHUV� PP�
IRU ZHOGLQJ DOXPLQLXP� WLWDQLXP
DQG FRSSHU DOOR\V ������������������������������������������� ���w���
IRU ZHOGLQJ VWHHOV ������������������������������������������� ���w���

2YHUDOO GLPHQVLRQV� PP ���������������������������� ���×���×����
:HLJKW� NJ ���������������������������������������� QRW PRUH WKDQ ���

0DLQ DSSOLFDWLRQV LQFOXGH VHPL�DXWRPDWLF� DXWR�

PDWLF DQG URERWLF 0(3$: RI SDUWV RI DOXPLQLXP��

WLWDQLXP� DQG FRSSHU�EDVH DOOR\V LQ DUJRQ� KHOLXP DQG

WKHLU PL[WXUHV� DV ZHOO DV ORZ�FDUERQ� ORZ�� PHGLXP�

DQG KLJK�DOOR\ VWHHOV LQ DUJRQ DQG $U � &2� DQG $U �

&2� � 2� PL[WXUHV� $ ZLGHQHG UDQJH RI VPRRWK UHJX�

ODWLRQ RI WKH SURFHVV SDUDPHWHUV DOORZV XWLOLVDWLRQ RI
DGYDQWDJHV RI 0(3$: LQ WKH PDQXIDFWXUH RI SDUWV

IURP GLIIHUHQWPDWHULDOV DQG LQ D ODUJH WKLFNQHVV UDQJH�
:HOGLQJ FDQ EH SHUIRUPHG LQ DQ\ VSDWLDO SRVLWLRQ�
4XDOLW\ RI ZHOGHG MRLQWV PHHWV UHTXLUHPHQWV WR WKH
ILUVW FDWHJRU\ RI WKH FULWLFDO�DSSOLFDWLRQ ZHOGV�

)RU PRUH LQIRUPDWLRQ SOHDVH FRQWDFW�

7HO�� ���� ��� ��� �� ��� ��� �� ��
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