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SCIENTIFIC AND TECHNICAL

0DNKQHQNR 9�,�� 9HOLNRLYDQHQNR (�$�� 0DNKQHQNR

2�9�� 5R]\QND *�)�� 3LYWRUDN 1�,�� 6H\IIDUWK 3� DQG

%DXW]PDQQ .� &RPSXWHU SURJUDP �:HOGLQJ RI WXEHV WR

WXEH VKHHWV RI KHDW H[FKDQJHUV� ��������������������������������������������������� �

.DUNKLQ 9�$�� 3ORVKLNKLQ 9�9� DQG %HUJPDQ .K�9�

6LPXODWLRQ RI WKHUPDO DQG VROLGLILFDWLRQ SURFHVVHV LQ ODVHU

ZHOGLQJ RI DOXPLQLXP SODWHV ��������������������������������������������������������� ��

.RULQHWV ,�)� DQG -L &KHQJ &KXQJ� (IIHFW RI JDS RQ VL]HV

RI EXWW ZHOG LQ FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ LQ $U �

�� � &2� PL[WXUH ������������������������������������������������������������������������ ��

9DUXNKD (�1� DQG 0RUR]RY $�$� &DOFXODWLRQ RI

SHQHWUDWLRQ GHSWK RI ZRUNSLHFHV LQ &2� ZHOGLQJ ��������������������������� ��

.XVNRY <X�0�� 5\DEWVHY ,�,�� 'RURVKHQNR /�.� DQG

9DVLOLHY 9�*� 3HFXOLDULWLHV RI PHOWLQJ DQG VROLGLILFDWLRQ RI

��.K*6 W\SH GHSRVLWHG PHWDO DOOR\HG ZLWK SKRVSKRUXV ����������������� ��

7XQLN $�<X� 7KHUPDO FRDWLQJV FRQWDLQLQJ GU\ OXEULFDQWV IRU

RSHUDWLRQ XQGHU FRQGLWLRQV RI GU\ IULFWLRQ DQG HOHYDWHG

WHPSHUDWXUHV ������������������������������������������������������������������������������� ��
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7V\JDQ %�*�� 3LURJRY /�,�� 'RQFKHQNR $�9� DQG

7UXEDFKHY <X�$� ,QWHJUDWHG PHFKDQLVDWLRQ DQG

DXWRPDWLRQ RI PDQXIDFWXUH RI ZHOGHG KRSSHU FDUV ������������������������ ��
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&KHUY\DNRY 1�2� DQG <XVKFKHQNR .�$� 0HWKRG IRU

LQYHVWLJDWLRQ RI ORQJLWXGLQDO UHVLGXDO VWUHVVHV LQ EHDG RQ

QLFNHO DOOR\ SODWH ZHOGLQJ �������������������������������������������������������������� ��

&KHUQ\DN <D�3�� %XUVN\ *�9� DQG .DOHQVN\ 9�.� 6RPH

SHFXOLDULWLHV RI GHOD\HG IUDFWXUH RI +$= PHWDO LQ VWHHO 0��
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)RXQGHUV� 7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH� 7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH

RI WKH 1$6 RI 8NUDLQH� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

3XEOLVKHU� ,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�

(GLWRU�LQ�&KLHI %�(� 3DWRQ

(GLWRULDO ERDUG�

<X�6�%RULVRY 9�)�*UDELQ

<X�<D�*UHWVNLL $�<D�,VKFKHQNR

9�)�.KRUXQRY

6�,�.XFKXN�<DWVHQNR
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9�1�/LSRGDHY /�0�/REDQRY

9�,�0DNKQHQNR $�$�0D]XU

/�3�0RMVRY 9�)�0RVKNLQ

2�.�1D]DUHQNR 9�9�3HVKNRY

,�.�3RNKRGQ\D ,�$�5\DEWVHY

9�.�6KHOHJ <X�$�6WHUHQERJHQ

1�0�9RURSDL .�$�<XVKFKHQNR

9�1�=DPNRY $�7�=HOQLFKHQNR

3URPRWLRQ JURXS�
9�1�/LSRGDHY� 9�,�/RNWHYD

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

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

(GLWRU
1�$�'PLWULHYD
(OHFWURQ JDOOH\�

,�9�3HWXVKNRY� 7�<X�6QHJLUHYD

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

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

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

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

6XEVFULSWLRQV�

����� �� LVVXHV SHU \HDU�

SRVWDJH DQG SDFNDJLQJ LQFOXGHG�

%DFN LVVXHV DYDLODEOH

$OO ULJKWV UHVHUYHG�

7KLV SXEOLFDWLRQ DQG HDFK RI WKH DUWLFOHV

FRQWDLQHG KHUHLQ DUH SURWHFWHG E\ FRS\ULJKW�

3HUPLVVLRQ WR UHSURGXFH PDWHULDO FRQWDLQHG LQ

WKLV MRXUQDO PXVW EH REWDLQHG LQ ZULWLQJ IURP

WKH 3XEOLVKHU�

&RSLHV RI LQGLYLGXDO DUWLFOHV PD\ EH REWDLQHG

IURP WKH 3XEOLVKHU�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH
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�
,1)5$&25� *HUPDQ\

7KH FRPSXWHU SURJUDP LV GHVFULEHG� DQG LWV FDSDELOLWLHV DUH VKRZQ LQ WHUPV RI HVWLPDWLRQ RI ERWK ORFDO SKHQRPHQD UHODWHG

WR ZHOGLQJ RI LQGLYLGXDO WXEHV �FRROLQJ UDWH� PLFURVWUXFWXUDO FKDQJHV� UHVLGXDO VWUHVVHV� DQG WRWDO GLVWRUWLRQV RI WKH WXEH

VKHHW GHSHQGLQJ XSRQ SURSHUWLHV RI PDWHULDOV� JHRPHWULF VL]HV� W\SH RI D MRLQW DQG VHTXHQFH RI ZHOGLQJ WXEHV WR WKH WXEH

VKHHW�

.H\ ZRU G V � FRPSXWHU SURJUDP� PDWKHPDWLFDO PRGHOOLQJ�

FDOFXODWLRQ DOJRULWKPV� HOHFWULF DUF ZHOGLQJ� WXEHV� WXEH VKHHW�

KHDW H[FKDQJHU� GDWD EDQN� WHPSHUDWXUH ILHOGV� FKHPLFDO FRPSR�
VLWLRQ� PLFURVWUXFWXUH� 777 GLDJUDP� 6FKDHIIOHU GLDJUDP� +$=�

SURFHVV TXDOLW\� NLQHWLFV RI GLVWRUWLRQV� UHVLGXDO VWUHVVHV� FROG

FUDFNV

:HOGHG DVVHPEOLHV RI WKH W\SH RI �WXEHV WR WXEH VKHHW�
DUH FKDUDFWHULVWLF RI WKH XS�WR�GDWH GHVLJQV RI KHDW

H[FKDQJHUV� 7XEHV DQG WXEH VKHHWV DUH YHU\ RIWHQPDGH

IURP GLIIHUHQW VWHHO JUDGHV� ZKLFK OHDGV WR FHUWDLQ
GLIILFXOWLHV LQ SURGXFWLRQ RI D TXDOLW\ MRLQW� 7KHUH DUH
FDVHV ZKHUH ZHOGLQJ RI WXEHV PD\ LQYROYH SUREOHPV

UHODWHG WR GLVWRUWLRQ RI WXEH VKHHWV� 1RUPDOO\ WKHVH

SUREOHPV DUH VROYHG E\ H[SHULPHQWDO PHWKRGV ZKLFK

DUH FRVWO\ DQG WLPH�FRQVXPLQJ� 7KLV OHDGV WR WKH QH�

FHVVLW\ WR XVH PDWKHPDWLFDO PRGHOOLQJ ZLWK PRGHUQ

FRPSXWHU IDFLOLWLHV WR SDUWLDOO\ VROYH WKH DERYH SURE�

OHPV� ZKLFK DOORZV WKH VFRSH RI H[SHQVLYH H[SHULPHQ�

WDO VWXGLHV QHHGHG WR RSWLPLVH WKH WHFKQRORJ\ WR EH

UHGXFHG� &RRSHUDWLRQ EHWZHHQ WKH (�2� 3DWRQ (OHF�

WULF :HOGLQJ ,QVWLWXWH RI WKH +$6 RI 8NUDLQH� 6/9

�0HFNOHQEXUJ� DQG ,1)5$&25 �*HUPDQ\� UHVXOWHG
LQ WKH GHYHORSPHQW RI D FRPSXWHU SURJUDP EDVHG RQ

WKH FDOFXODWLRQ DOJRULWKPV RI PDWKHPDWLFDO PRGHOOLQJ

RI EDVLF SK\VLFDO SKHQRPHQD ZKLFK DFFRPSDQ\ WKH

SURFHVV RI HOHFWULF DUF ZHOGLQJ RI WXEHV WR D WXEH VKHHW�

FRPELQHG ZLWK WKH GDWD EDQN RI PDLQ FDOFXODWHG FKD�

UDFWHULVWLFV �WKHUPDO�SK\VLFDO SURSHUWLHV� FKDUDF�

WHULVWLFV RI PLFURVWUXFWXUDO WUDQVIRUPDWLRQV� PHFKDQL�

FDO SURSHUWLHV� IRU W\SLFDO PDWHULDOV RI WXEHV DQG WXEH

VKHHWV XVHG LQ KHDW H[FKDQJHUV� 7KLV DUWLFOH LV GHGL�

FDWHG WR EULHI GHVFULSWLRQ RI WKLV SURJUDP DQG GHP�

RQVWUDWLRQ RI LWV FDSDELOLWLHV�

%ULHI GHVFULSWLRQ RI WKH FRPSXWHU SURJUDP� 7KH
IULHQGO\ LQWHUIDFH DOORZV RQ�OLQH XWLOLVDWLRQ RI WKH SUR�
JUDP E\ WHFKQRORJ\ GHYHORSHUV� DYRLGLQJ WKH VHDUFK

IRU DGGLWLRQDO GDWD RXWVLGH WKH VFRSH RI WKH WHFKQR�
ORJLFDO LQIRUPDWLRQ�

)LJXUH � VKRZV SLFWXUH RI WKH VFUHHQ WR HQWHU WKH

VRXUFH GDWD� LQFOXGLQJ WKH PDWHULDO VHOHFWHG� JHRPHW�

ULF VL]HV� FRQGLWLRQV DQG SDUDPHWHUV RI ZHOGLQJ� %\

DVVLJQLQJ PDWHULDOV� WKH XVHU PD\ UHDG WKH OLVW RI PD�

WHULDOV GHVLJQDWLRQV IURP WKH GDWD EDQN� DV ZHOO DV VHH

WKH VSHFLILF FRQWHQWV RI WKH LQIRUPDWLRQ RQ D JLYHQ

PDWHULDO �7DEOHV � DQG ��� 7R VHOHFW JHRPHWULF SD�

UDPHWHUV RI D ZHOGHG MRLQW� LW LV QHFHVVDU\ WR SUHOLPL�

QDULO\ FKRRVH WKH W\SH RI D MRLQW �RQH RXW RI ILYH VKRZQ

LQ )LJXUH �� DQG VHW JHRPHWULF VL]HV D DQG [� 7KH XVHU

VHWV WKH EDVLF GHVLJQ JHRPHWULF VL]HV �)LJXUH ��� LQ�

FOXGLQJ FRRUGLQDWHV RI SRVLWLRQ RI WXEH FHQWUHV RQ WKH

WXEH VKHHW�

$ VSHFLDO VXESURJUDP LV DYDLODEOH WR SHUIRUP WKH

ODVW RSHUDWLRQ� 8VLQJ WKLV VXESURJUDP� WKH FRPSXWHU
ILUVW DXWRPDWLFDOO\ ORFDWHV WXEHV DFFRUGLQJ WR WKH SUH�
VHW SLWFK� W  FRQVW� EHWZHHQ WKH WXEH FHQWUHV� DQG

WKHQ WKH XVHU PDNHV FHUWDLQ FRUUHFWLRQV EDVHG RQ D

� 9�,� 0$.+1(1.2� (�$� 9(/,.2,9$1(1.2� 2�9� 0$.+1(1.2� *�)� 52=<1.$� 1�,� 3,9725$.� 3� 6(<))$57+ DQG .� %$87=0$11� ����

7DEOH �� 'HVLJQDWLRQV RI VWHHOV WKH FDOFXODWLRQ FKDUDFWHULVWLFV RI
ZKLFK DUH FRQWDLQHG LQ WKH GDWD EDQN

7XEH VKHHW DQG WXEH PDWHULDOV

DFFRUGLQJ WR (1

�QDWLRQDO DQDORJXHV�

)LOOHU PDWHULDO DFFRUGLQJ

WR ',1 ����

�QDWLRQDO DQDORJXHV�

��&U0R���� ���.K�0� 6*� ���*��

��&U0R���� ���.K�0� 6&0R ���*0�

��&U0R��� ���.K0� 6*&U0R� ���.K*0�

��0R� �6W��� ZLWK ��� � 0R� 6*&U0R� ���.K*0��

3���*+ ���*)7� 6*�;�&U1L0R1E �� ��

���.K��1��0�

3���*�°+ ���*�)7� 6*�;�&U1L1E �� �

���.K��1��7�

3���*+ ���*)7� 6*�;��&U1L0Q �� �

���.K��1�*��

3���*+ ���*�)7� )/8;2),/ 0 � ���*6�

3���*+ ���*�)7� )/8;2),/ 0 �� ���*6�

;�&U1L0R1������ ���.K��1�0��

³�&U1L����� ���.K��1��7�

;�&U1L0R7L�������

���.K��1��0�7�

;�&U1L7L����� ���.K��1��7�
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GUDZLQJ� ,I QHFHVVDU\� WKH XVHU FDQ VROYH VRPH VSHFLILF
SUREOHPV XVLQJ WKH �KHOS� IXQFWLRQ� $W WKH XVHUsV
RSWLRQ� WKH SURJUDP FDQ ZRUN LQ RQH RI WKH WKUHH
ODQJXDJHV� 5XVVLDQ� (QJOLVK RU *HUPDQ�

7ZR FKDUDFWHULVWLF W\SHV RI D KHDW H[FKDQJHU DUH
SURYLGHG IRU� ZLWK RQH WXEH VKHHW� ZKHQ WKH WXEH LQOHW
DQG RXWOHW DUH ORFDWHG LQ RQH VKHHW� DQG ZLWK WZR WXEH
VKHHWV DQG VWUDLJKW WXEHV� DOORZLQJ IRU WKH IDFW WKDW
ZHOGLQJ RI WKH HQGV RI DOO WKH WXEHV LV SHUIRUPHG
VLPXOWDQHRXVO\� 7KH HQGV DUH ZHOGHG WR WKH WXEH VKHHW
E\ WKH 7,* PHWKRG �ZLWK RU ZLWKRXW ILOOHU PHWDO� DW
D SXOVHG ZHOGLQJ FXUUHQW� 3DUDPHWHUV RI WKH FXUUHQW
SXOVDWLRQ� DV ZHOO DV WKH ZHOGLQJ KHDG URWDWLRQ VSHHG�
DUH VHW IURP WKH VRXUFH GDWD�

7HPSHUDWXUH ILHOGV DUH FDOFXODWHG IRU VXFK D ZHOG�
LQJ >�� �@� 6L]H DQG VKDSH RI WKH ]RQH RI SHQHWUDWLRQ
RI WKH WXEH� WXEH VKHHW DQG SUHYLRXV OD\HU �LQ WZR�
OD\HU ZHOGLQJ� DUH GHILQHG� $YHUDJH FKHPLFDO FRPSR�
VLWLRQ RI WKH PROWHQ ]RQH LV HVWLPDWHG IURP WKHVH GDWD�
WKLV VHUYLQJ DV WKH EDVLV IRU IXUWKHU FDOFXODWLRQV RI LWV
PLFURVWUXFWXUDO VWDWH� 7KH ODWWHU LV FDOFXODWHG XVLQJ
WKH 6FKDHIIOHU GLDJUDP IRU KLJK�DOOR\ VWHHO� RU WKH
777 GLDJUDPV IRU ORZ�DOOR\ IHUULWLF VWHHOV >�� �@� 7KH
777 GLDJUDPV DUH XVHG DOVR IRU WKH +$= RI WKH WXEH
VKHHW� &RUUHVSRQGLQJ FKDUDFWHULVWLFV IRU SDUDPHWULF

HTXDWLRQV� UHODWLQJ WKH DPRXQW RI DQ H[SHFWHG SKDVH
LQ PLFURVWUXFWXUH WR FRROLQJ WLPH W��� ZLWKLQ D UDQJH
RI ���w��� �& FDQ EH WDNHQ IURP WKH GDWD EDQN �7D�

EOH ��� 7HPSHUDWXUH 7E
M DQG 7H

M� GHWHUPLQLQJ WKH EH�

JLQQLQJ DQG HQG RI IRUPDWLRQ RI D FRUUHVSRQGLQJ SKDVH
LQ WKH M�PLFURVWUXFWXUH DW W��� FKDUDFWHULVWLF RI WKLV
ZHOGLQJ SURFHVV �ORZ KHDW LQSXW� FDQ DOVR EH WDNHQ
IURP WKH GDWD EDQN� .QRZOHGJH RI WKH WHPSHUDWXUH
ILHOGV DQG YROXPHWULF FKDQJHV UHODWHG WR WHPSHUDWXUH
H[SDQVLRQ DQGPLFURVWUXFWXUDO WUDQVIRUPDWLRQV DOORZV
HYROXWLRQ RI SODVWLF VWUDLQV WR EH WUDFHG XS WR UHDFKLQJ
D UHVLGXDO VWDWH >�@�

7KH YDOXH DQG GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV�
FRPELQHG ZLWK WKH GDWD RQ PLFURVWUXFWXUDO VWDWH RI
WKH ZHOG DQG +$=� DUH FKDUDFWHULVWLFV RI WKH TXDOLW\
RI D WHFKQRORJLFDO SURFHVV LQ WHUPV� H�J�� RI FROG �K\�
GURJHQ� FUDFNLQJ�

,Q DGGLWLRQ� WKH ORFDO GDWD RQ FXUYDWXUH RI WKH WXEH
VKHHW DUH WKHQ XVHG LQ DQ DSSUR[LPDWH PHWKRG RI WKH
�VKULQNDJH IXQFWLRQ� �LQKHUHQW VWUDLQ PHWKRG� >�� �@
WR JHQHUDWH GDWD RQ WKH NLQHWLFV RI EHQGLQJ VWUDLQV RI
WKH WXEH VKHHW LQGXFHG E\ VXFFHVVLYH ZHOGLQJ RI DOO
WKH WXEHV�

$SSOLFDWLRQ H[DPSOHV� &RQVLGHU VRPH H[DPSOHV
RI DSSOLFDWLRQ RI WKH SURJUDP GHVFULEHG IRU JHQHUDWLRQ

)LJXUH �� 3LFWXUH RI WKH VFUHHQ WR HQWHU VRXUFH GDWD

)LJXUH �� 7\SHV RI JHRPHWU\ RI WXEH WR WXEH VKHHW FRPELQDWLRQV SURYLGHG IRU LQ WKH SURJUDP
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7DEOH �� 3ULQW RXW RI WKH GDWD EDQN LQIRUPDWLRQ RQ FDOFXODWLRQ FKDUDFWHULVWLFV RI VWHHO 3���*+

7\SH RI VWHHO �� x DXVWHQLWLF� � x IHUULWLF�SHDUOLWLF�

�

3���*+

<LHOG VWUHVV σ\ ��� �&�� 03D� DW �� �&� GHSHQGLQJ XSRQ WKLFNQHVV '�

'PLQ� PP 'PD[� PP σ\ ��� �&�� 03D

� �� ���

�� �� ���

�� �� ���

�� ��� ���

��� ��� ���

7�

�&

(�

03D

σ\ (7)
σ\ (�� �&)

α�
���&

λ�
-�FP⋅V⋅�&

Fγ�
-�FP

�⋅�&

�� ������ ����� �������� ���� ����

��� ������ ���� �������� ���� ����

��� ������ ���� �������� ���� ����

��� ������ ���� �������� ���� ����

��� ������ ���� �������� ���� ����

��� ������ ���� �������� ���� ����

��� ������ ���� �������� ���� ����

��� ������ ���� �������� ���� ����

��� ����� ���� �������� ���� ����

��� ����� w w w ����

���� ����� w w w ����

���� ����� w w w ����

���� ���� w w w ����

&KHPLFDO FRPSRVLWLRQ�

& 6L 0Q 3 6 $O &U &X 0R 1E 1L 7L 9

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

7OLTXLGXV ��&�� ����

7VROLGXV ��&�� ����

/DWHQW PHOWLQJ KHDW �-�PP���

����

0DUWHQVLWH %DLQLWH )HUULWH�SHDUOLWH

7E 7H 7E 7H 7E 7H ��&�

��� ��� ��� ��� ��� ���

GW x WLPH RI FRROLQJ IURP ��� WR ��� �&� FRUUHVSRQGLQJ WR �� � DQG �� � WUDQVIRUPDWLRQ WR PDUWHQVLWH �P� DQG IHUULWH�SHDUOLWH �IS�

GW �P��� GW �P��� GW �IS��� GW �IS��� �V�

� � ��� ���

)LJXUH �� &RROLQJ WLPH ∆W��� �D� DQG UHVXOWV RI FDOFXODWLRQ RI WKH PDUWHQVLWH �E� DQG EDLQLWH �F� FRQWHQWV RI WKH ZHOG ]RQH IRU WKH MRLQW
RI W\SH � �ILUVW VHULHV�
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RI WKH LQIRUPDWLRQ UHTXLUHG IRU DVVHVVPHQW RI DOWHUQD�
WLYH WHFKQRORJLHV� &RQVLGHUHG ZDV WKH DVVHPEO\ RI D
KHDW H[FKDQJHU RI D WXEH VKHHW �VHH )LJXUH �� ZLWK D
GLDPHWHU RI ��� PP� PDGH IURP IHUULWLF VWHHO 3���*+
DFFRUGLQJ WR (1 �������w���� DQG KDYLQJ �� KROHV
IRU WKH HQGV RI WKH WXEHV ZLWK D GLDPHWHU RI �� PP
�ZDOO WKLFNQHVV ��� PP�� ,Q WKH ILUVW VHULHV RI FDOFX�

ODWLRQV WKH WXEH PDWHULDO ZDV DVVXPHG WR EH VWHHO
3���*�7+ DFFRUGLQJ WR (1 ��������� ,Q WKH VHFRQG
VHULHV WKH WXEHPDWHULDO ZDV DXVWHQLWLF VWHHO;�&U1L���
�� DFFRUGLQJ WR ',1 ����� ,Q WKH ILUVW VHULHV PDWHULDO
6*� DQG LQ WKH VHFRQG x PDWHULDO 6*;�&U1L �� �
ZHUH XVHG DV WKH ILOOHU PHWDOV�

&KHPLFDO FRPSRVLWLRQV RI WKH EDVH DQG ILOOHUPHWDOV
DUH JLYHQ LQ 7DEOH �� :HOGLQJ ZDV SHUIRUPHG LQ WZR
SDVVHV E\ WKH 7,* PHWKRG XVLQJ SXOVHG FXUUHQW� 7KH
PHDQ KHDW LQSXW DORQJ WKH OHQJWK RI WKH FLUFXPIHUHQ�
WLDO ZHOG LQ HDFK SDVV ZDV TK ≅ ��� -�PP� &RQVLGHUHG
ZDV WKH YDULDQW RI WKH KHDW H[FKDQJHU ZLWK RQH WXEH
VKHHW DQG GLIIHUHQW W\SHV RI WKH MRLQWV �VHH )LJXUH ���
DV ZHOO DV WKH YDULDQW ZLWK WZR WXEH VKHHWV DQG GLI�
IHUHQW OHQJWK RI WKH WXEHV� /� ZHOGHG VLPXOWDQHRXVO\
IURP ERWK HQGV�

)LJXUHV �w� VKRZ UHVXOWV RI FDOFXODWLRQV IRU WKH
ILUVW VHULHV RI H[SHULPHQWV� ZKHUH WKH WXEHV ZHUH PDGH

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI PDWHULDOV XVHG LQ FDOFXODWLRQV

0DWHULDO

&RQWHQW RI HOHPHQWV� ZW��

& 6L 0Q 3 6 $O &U &X 0R 1E 1L 7L 9

3���*+ �WXEH VKHHW� ���� ���� ���� ����� ����� ���� ���� ���� ���� ���� ���� ���� ����

3���*�7+ �WXEHV� ���� ���� ���� ����� ����� w w w w w w w w

6*� �ILOOHU PHWDO� ����� ���� ���� ����� ����� w w w w w w w w

;�&U1L����� �WXEHV� ����� ���� ���� ����� ����� w ����� w w w ��� w w

6*�;�&U1L �� �

�ILOOHU PHWDO�

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

)LJXUH �� 5HVXOWV RI FDOFXODWLRQV RI UHVLGXDO VWUHVVHV LQ WKH ZHOG
]RQH σ

]]
�D�� σββ �E� DQG σ

UU
�F� IRU WKH MRLQW RI W\SH � �ILUVW VHULHV�

)LJXUH �� 6HTXHQFH RI ZHOGLQJ RI WXEHV �D� DQG NLQHWLFV RI YDULDWLRQ
LQ GHIOHFWLRQ RI WKH FHQWUDO SDUW RI WKH WXEH VKHHW DIWHU ZHOGLQJ WKH
QH[W WXEH �E� IRU WKH MRLQW RI W\SH � �ILUVW VHULHV� �1 x QXPEHU
RI WKH WXEH ZHOGHG�
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IURP IHUULWLF�SHDUOLWLF VWHHO 3���*�7+DQG WKHZHOGHG
MRLQW FRUUHVSRQGHG WR W\SH � LQ )LJXUH �� :HOGLQJ
ZDV SHUIRUPHG ZLWKRXW SUHKHDWLQJ�

2I QRWH LV D ODUJH DPRXQW RI TXHQFKLQJ PLFURVWUXF�
WXUHV �PDUWHQVLWH� LQ WKH ZHOG ]RQH� ZKLFK ZDV FDXVHG
E\ UDSLG FRROLQJ RI WKLV ]RQH� ∆W��� ≈ ���w��� V �)L�
JXUH �� D� DQG UHODWLYHO\ KLJK FDUERQ DQG PDQJDQHVH
FRQWHQWV�

7KH SUHVHQFH RI KDUG PLFURVWUXFWXUHV LQ WKH ZHOGHG
MRLQW ]RQH OHDGV WR IRUPDWLRQ RI YHU\ KLJK SHDNV RI
UHVLGXDO VWUHVVHV �)LJXUH ��� +RZHYHU� WKH ]RQHV ZLWK
KLJK UHVLGXDO VWUHVVHV DUH UDWKHU VPDOO LQ VL]H� WKH\
DUH MXVW VPDOO HPEHGPHQWV� 6XFK VWUHVVHV PD\ EH ID�
YRXUDEOH IRU FROG FUDFNV� DOWKRXJK WKHLU OHQJWK ZLOO
QRW EH ODUJH� 1HYHUWKHOHVV� ZH KDYH WR DOORZ IRU VXFK
D ULVN�

'DWD LQ )LJXUH �� E VKRZ NLQHWLFV RI YDULDWLRQV LQ
GHIOHFWLRQ RI WKH FHQWUDO SDUW RI WKH WXEH VKHHW DV WKH
WXEHV DUH ZHOGHG WR LW �VHTXHQFH RI ZHOGLQJ LV VKRZQ
LQ )LJXUH �� D�� 7KHVH GDWD DSSO\ WR WKH ILUVW VHULHV
IRU WKH ZHOGHG MRLQW RI W\SH � ZLWK RQH WXEH VKHHW� ,W
FDQ EH VHHQ WKDW WKH PD[LPXP GHIOHFWLRQ DW WKH HQG
RI ZHOGLQJ DOO WKH WXEHV LV HTXDO WR DERXW ���� PP�
,W VKRXOG EH QRWHG WKDW WKLV UHVXOW LV LQ JRRG DJUHHPHQW
ZLWK WKH H[SHULPHQWDO GDWD IRU VXFK D YDULDQW RI FRP�
ELQDWLRQ RI JHRPHWULF VL]HV� PDWHULDOV DQG ZHOGLQJ
FRQGLWLRQV�

6LPLODU GDWD ZHUH REWDLQHG DOVR IRU RWKHU W\SHV RI
WKH ZHOGHG MRLQWV VKRZQ LQ )LJXUH �� +DYLQJ QR SRV�
VLELOLW\ WR GZHOO LQ GHWDLO RQ SHFXOLDULWLHV RI HDFK W\SH
RI WKH ZHOGHG MRLQWV� QRWH MXVW WKHLU HIIHFW RQ GLVWRU�
WLRQV RI WKH WXEH VKHHW� 'DWD LQ )LJXUH � GHPRQVWUDWH
WKLV HIIHFW� &RPSDULQJ WKHPZLWK WKH GDWD LQ )LJXUH ��
E� ZH FDQ VHH WKDW WKH EHVW IURP WKH DERYH VWDQGSRLQW
LV WKH MRLQW RI W\SH � VKRZQ LQ )LJXUH ��

7KH VHFRQG VHULHV RI YDULDQWV RI WKH FDOFXODWLRQV
IRU WXEHV RI DXVWHQLWLF VWHHO ;�&U1L����� ZLWK ILOOHU
PHWDO 6*�;�&U1L �� � LV UHSUHVHQWHG E\ LQGLYLGXDO
UHVXOWV VKRZQ LQ )LJXUHV �w���

'DWD LQ )LJXUHV �w� FRUUHVSRQG WR W\SH � RI WKH
ZHOGHG MRLQW DFFRUGLQJ WR )LJXUH �� &RPSDULQJ WKHP
ZLWK WKH GDWD LQ )LJXUHV �w�� ZH FDQ VHH WKDW WKH
SUHVHQFH RI TXHQFKLQJ VWUXFWXUHV IRU WKLV YDULDQW LV
REVHUYHG RQO\ LQ WKH+$= RI WKH WXEH VKHHW� FRQWDLQLQJ
VPDOO HPEHGPHQWV RI KLJK WHQVLOH VWUHVVHV σUU� ZKLFK
VKRXOG DOVR EH DOORZHG IRU LQ WHUPV RI WKH ULVN RI FROG
FUDFNLQJ�

+RZHYHU� ZKLOH IRU WKH ILUVW VHULHV WKH +$= LQ D
WXEH ZLWK KLJK SHDNV �a ���� 03D� RI VWUHVVHV σββ LV
PRVW GDQJHURXV �)LJXUH �� E�� LQ WKLV FDVH WKH ULVN
]RQH LV WKH +$= RI WKH WXEH VKHHW ZLWK KLJK SHDNV
�a ��� 03D� RI VWUHVVHV σUU�

&RPSDULQJ GLVWRUWLRQV LQ WKH WXEH VKHHW VKRZQ LQ
)LJXUH �� E DQG )LJXUH �� D� LW FDQ EH VHHQ WKDW LQ WKH
VHFRQG VHULHV WKH GLVWRUWLRQV DUH DSSUR[LPDWHO\ �� �
ORZHU IRU WKH MRLQWV RI W\SH �� )RU RWKHU W\SHV RI WKH

)LJXUH �� .LQHWLFV RI YDULDWLRQV LQ GHIOHFWLRQ RI FHQWUDO SDUW RI WKH WXEH VKHHW DIWHU ZHOGLQJ WKH QH[W 1
WK
WXEH IRU MRLQWV RI W\SHV �w�

�DwG�� UHVSHFWLYHO\

)LJXUH �� 5HVXOWV RI FDOFXODWLRQV RI WKH PDUWHQVLWH FRQWHQW 9P �D�
DQG FRROLQJ WLPH ∆W��� �E� IRU WKH MRLQW RI W\SH � �VHFRQG VHULHV�
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MRLQWV �VHH )LJXUHV � DQG ��� WKLV GLIIHUHQFH LV HYHQ
ODUJHU� IRU W\SHV � DQG � LW LV �� �� IRU W\SH � x �� �
DQG IRU W\SH � x �� �� 7KH DERYH GHFUHDVH LQ WRWDO
GLVWRUWLRQV RI WKH WXEH VKHHW LV FDXVHG E\ WKH IDFW WKDW
LQ WKH VHFRQG VHULHV WKH VKULQNDJH SKHQRPHQD GXULQJ
ZHOGLQJ RI WKH WXEHV WDNH SODFH WR D FRQVLGHUDEOH GH�
JUHH LQ WKH DXVWHQLWLF ]RQH �WXEH DQG SHQHWUDWLRQ
]RQH�� ZKHUH WKH PDWHULDO LV FKDUDFWHULVHG E\ DQ LQ�
FUHDVHG FRPSOLDQFH� UHVXOWLQJ LQ D ORZHU OHYHO RI UH�
VLGXDO VWUHVVHV DQG VWUDLQV RI WKH WXEH VKHHW� 7KLV SKH�
QRPHQRQ LV PRVW SURQRXQFHG IRU WKH MRLQWV RI W\SHV
� DQG � �VHH )LJXUH ��� ZKHUH WKH VXEVWDQWLDO SRUWLRQ
RI WKH DFWLYH VKULQNDJH ]RQH FRPSULVHV DXVWHQLWLF PH�
WDO� ZKLFK LV DWWULEXWDEOH WR JURRYLQJ�

7KH HIIHFW RI WKH WXEH OHQJWK / RQ GHIOHFWLRQV DQG
D OHYHO RI VWUHVVHV LQ WKH WXEHV LQ WKH FDVH ZKHUH WKH
KHDW H[FKDQJHU GHVLJQ SURYLGHV IRU WKH XVH RI WZR
WXEH VKHHWV LV VKRZQ E\ DQ H[DPSOH RI WKH MRLQW RI
W\SH � RI WKH VHFRQG VHULHV� 6HTXHQFH RI ZHOGLQJ RI
WKH WXEHV LV WKH VDPH� )LJXUH �� VKRZV GDWD RQ WKH
HIIHFW RI OHQJWK / RQ GHIOHFWLRQ RI WKH FHQWUDO SDUW RI
WKH WXEH VKHHW DQG D[LDO VWUHVVHV LQ WKH WXEHV� ,W FDQ
EH VHHQ WKDW DW / ! ���� PP WKH PXWXDO HIIHFW RI WKH
WXEH VKHHWV LV LQVLJQLILFDQW� ZKHUHDV DW / � ���� PP
WKH GLVWRUWLRQV PDUNHGO\ GHFUHDVH� EXW D[LDO VWUHVVHV

)LJXUH �� 5HVXOWV RI FDOFXODWLRQV RI UHVLGXDO VWUHVVHV LQ WKH ZHOG ]RQH σ
]]
�D�� σββ �E� DQG σ

UU
�F� IRU WKH MRLQWV RI W\SH � �VHFRQG VHULHV�

)LJXUH �� 5HVXOWV RI FDOFXODWLRQV RI NLQHWLFV RI YDULDWLRQV LQ GH�
IOHFWLRQ RI WKH FHQWUDO SDUW RI WKH WXEH VKHHW GXULQJ ZHOGLQJ RI
WXEHV �D� DQG GLVWULEXWLRQ RI UHVLGXDO GHIOHFWLRQV DW GLIIHUHQW SRLQWV
RI WKH WXEH VKHHW �E� IRU WKH ZHOGHG MRLQW RI W\SH � �VHFRQG VHULHV�
�VHTXHQFH RI ZHOGLQJ RI WXEHV DFFRUGLQJ WR )LJXUH �� D�

)LJXUH ��� .LQHWLFV RI YDULDWLRQV LQ GHIOHFWLRQ RI WKH FHQWUDO SDUW RI WKH WXEH VKHHW IRU WKH MRLQWV RI W\SHV �w� �DwG� �VHFRQG VHULHV��
UHVSHFWLYHO\
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LQ WKH WXEHV LQFUHDVH� 7KH GLVWULEXWLRQ RI VWUHVVHV EH�
WZHHQ WKH WXEHV LQ WKLV FDVH JUHDWO\ GHSHQGV XSRQ WKH
VHTXHQFH RI WKHLU ZHOGLQJ WR WKH WXEH VKHHW �)L�
JXUH ����

:LWK WKLV VHTXHQFH RI ZHOGLQJ WKH PD[LPXP D[LDO
FRPSUHVVLYH VWUHVVHV DUH LQGXFHG �VHH )LJXUH �� D� LQ
WKH FHQWUDO WXEHV ZKLFK ZHUH WKH ILUVW WR ZHOG� 7KLV
LV HIIHFWLYH LQ WHUPV RI GHFUHDVLQJ GLVWRUWLRQV LQ WKH
WXEH VKHHW� DOWKRXJK WKLV OHDGV WR D VXEVWDQWLDO D[LDO
ORDG RQ WKH FHQWUDO WXEHV� ZKLFK PD\ FDXVH ORVV LQ
VWDELOLW\� ,Q IDFW� D FULWLFDO ORDG IRU DQ LGHDOO\ VWUDLJKW
WXEH ZLWK WKH ULJLGO\ UHVWUDLQHG HQGV FDQ EH GHWHU�
PLQHG IURP WKH IROORZLQJ UHODWLRQVKLS�

σ
FU

= w

�π�

(

λ�
�

ZKHUH λ LV WKH ORQJLWXGLQDO ULJLGLW\ HTXDO WR λ  /�L�
DQG L LV WKH UDGLXV RI WKH LQHUWLD PRPHQW RI WKH WXEH
VHFWLRQ� LQ WKH JLYHQ FDVH L  ���� PP�

$FFRUGLQJ WR WKH FDOFXODWLRQV� WKH σFU YDOXH IRU
WXEHV ����� ���� DQG ���� PP ORQJ LV HTXDO WR w������
w���� DQG w���� UHVSHFWLYHO\� &RPSDULQJ GDWD RI )L�
JXUH ��� ZH FDQ VHH WKDW ZLWK WKH VHTXHQFH RI ZHOGLQJ
WKH WXEHV VKRZQ LQ )LJXUH �� D� DW /  ���� PP DQG
PRUH WKH ULVN RI ORVV LQ VWDELOLW\ RI WKH FHQWUDO WXEHV
LV YHU\ KLJK�

&21&/86,216

7KH GHYHORSHG FRPSXWHU SURJUDP DOORZV VL]HV RI WKH
SHQHWUDWLRQ ]RQH� LWV DYHUDJH FKHPLFDO FRPSRVLWLRQ
DQG PLFURVWUXFWXUH� FKDQJHV LQ PLFURVWUXFWXUH RI WKH
+$= RI WKH EDVH PHWDO� UHVLGXDO ORFDO VWUHVVHV LQ WKH
ZHOGHG MRLQW ]RQH� WRWDO GLVWRUWLRQV LQ WKH WXEH VKHHW
DQG UHVLGXDO D[LDO IRUFHV LQ WKH WXEHV WR EH SUHGLFWHG
LQ ZHOGLQJ RI D FKDUDFWHULVWLF DVVHPEO\ RI KHDW H[�
FKDQJHUV �WXEH VKHHW WR WXEHV��

7KH SURJUDP LV ILWWHG ZLWK D GDWD EDVH RQ WKHU�
PDO�SK\VLFDO� PHFKDQLFDO DQG PHWDOORSK\VLFDO �FKDU�
DFWHULVWLFV RI 777 DQG 6FKDHIIOHU GLDJUDPV� SURSHUWLHV

)LJXUH ��� )LQDO YDULDWLRQ LQ OHQJWK RI WXEHV
�,�� UHVLGXDO D[LDO VWUHVVHV LQ WXEHV �,,� DQG
NLQHWLFV RI YDULDWLRQV LQ GHIOHFWLRQ RI WKH FHQ�
WUDO SDUW RI WKH WXEH VKHHW �,,,� IRU WKH MRLQW
RI W\SH � �VHFRQG VHULHV� DW /  ���� �D��
���� �E� DQG ���� �F� PP
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RI W\SLFDO PDWHULDOV IRU WKH DVVHPEOLHV XQGHU FRQVLG�
HUDWLRQ� DQG KDV D XVHU�IULHQGO\ LQWHUIDFH�

5HVXOWV RI WHVWLQJ WKH SURJUDP RQ D VSHFLILF FRP�
ELQDWLRQ RI JHRPHWULF VL]HV� PHFKDQLFDO SURSHUWLHV DQG
ZHOGLQJ FRQGLWLRQV WDNHQ IURP H[SHULPHQWV VKRZ WKH
IROORZLQJ�

• FDOFXODWHG DQG H[SHULPHQWDO GDWD DUH LQ VDWLVIDF�
WRU\ DJUHHPHQW DV WR WKH PRVW FRPSOLFDWHG SUHGLFWLRQ
LQGLFDWRU� L�H� GLVWRUWLRQV RI WKH WXEH VKHHW�

• RWKHU FRQGLWLRQV EHLQJ HTXDO� W\SH � RI WKHZHOGHG
MRLQW H[KLELWV WKH ORZHVW GLVWRUWLRQV DPRQJ ILYH W\SHV
RI WKH WXEH VKHHW WR WXEH MRLQWV FRQVLGHUHG �VHH )L�
JXUH ���

• XVH RI DXVWHQLWLF VWHHO IRU WXEHV DQG ILOOHU PHWDO
DOORZV ORZHU UHVLGXDO ORFDO VWUHVVHV WR EH SURGXFHG LQ
WKH ZHOGHG MRLQW ]RQH� FRPSDUHG ZLWK WKH YDULDQW RI
IHUULWLF VWHHO� WKH ULVN RI FROG FUDFNLQJ WR EH UHGXFHG�
DQG UHVLGXDO WRWDO GLVWRUWLRQV LQ WKH WXEH VKHHW WR EH
GHFUHDVHG�

• LQ WKH FDVH RI GHVLJQV SURYLGLQJ IRU WZR WXEH
VKHHWV DQG VKRUW WXEHV� VLPXOWDQHRXV ZHOGLQJ RI D
FHUWDLQ VHTXHQFH RI WKH WXEH HQGV FDQ OHDG WR D VXE�
VWDQWLDO GHFUHDVH LQ GLVWRUWLRQV RI WKH WXEH VKHHWV�

HVSHFLDOO\ LI WKH ODWWHU KDYH D OLPLWHG WKLFNQHVV� KRZ�
HYHU� LQ WKLV FDVH LW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW
WKH ULVN RI ORVV LQ VWDELOLW\ GXULQJ D[LDO FRPSUHVVLRQ
RI WKH WXEHV ZKLFK DUH WKH ILUVW WR ZHOG�

�� 0DNKQHQNR� 9�,�� 9HOLNRLYDQHQNR� (�$�� 0DNKQHQNR� 2�9�
HW DO� ������ &RPSXWHU�DLGHG PRGHOLQJ RI ZHOGHG SURFHVVHV
DV WKH PHDQ RI SUHGLFWLRQ RI GHIHFWV LQ ZHOGHG MRLQWV� $YWR�
PDWLFK� 6YDUND� ��� ��w���

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

�� 6H\IIDUWK� 3�� .DVDWNLQ� 2�*� ������ &DOFXODWLRQ RI VWUXF�
WXUDO WUDQVIRUPDWLRQV RI WKH ZHOGLQJ SURFHVV� 'RF� ,,:�
����w���

�� ������ $WODV RI WLPH�WHPSHUDWXUH GLDJUDPV IRU LURQV DQG
VWHHOV� (G� E\ &�9� 9DQGHU 9RRUW� $60�

�� 0DNKQHQNR� 9�,� ������ &RPSXWDWLRQDO PHWKRGV RI LQYHVWL�
JDWLRQ RI ZHOGHG VWUHVV DQG VWUDLQ NLQHWLFV� .\LY� 1DXNRYD
'XPND�

�� 8HGD� <�� 0XUDNDZD� +�� 1DNDFKR� .� DW DO� ������ (VWDE�
OLVKPHQW RI FRPSXWDWLRQDO ZHOGLQJ PHFKDQLFV� 7UDQVDFW� RI
-:5,� �� ��w���

�� 0DNKQHQNR� 9�,�� /REDQRY� /�0�� 0DNKQHQNR� 2�9�
������ 3UHGLFWLRQ RI WRWDO GHIRUPDWLRQV RI ZHOGHG DVVHP�
EOLHV RQ WKH EDVH RI GDWD EDQN RQ WUDQVYHUVH DQG ORQJLWXGL�
QDO VKULQNDJH DQG DQJXODU GHIRUPDWLRQV RI DSSURSULDWH VSHFL�
PHQV� $YWRPDWLFK� 6YDUND� ��� �w��

)LJXUH ��� 'LVWRUWLRQV LQ WKH WXEH VKHHW DQG WXEHV LQ WKH FDVH RI W\SH � RI WKH ZHOGHG MRLQW IRU WZR WXEH VKHHWV �WXEHV � P ORQJ� DQG
IRU WZR YDULDQWV RI WKH ZHOGLQJ VHTXHQFH� D x ILUVW YDULDQW �IURP WKH FHQWUH WR WKH HQGV�� E x VHFRQG YDULDQW �IURP WKH HQGV WR WKH
FHQWUH�� F� Gx NLQHWLFV RI GHIOHFWLRQ RI WKH FHQWUDO SDUW RI WKH WXEH VKHHW DV WKH WXEHV DUH ZHOGHG WR LW IRU WKH ILUVW DQG VHFRQG YDULDQWV�
UHVSHFWLYHO\� HwKx YDULDWLRQV LQ OHQJWK RI WKH WXEHV DQG VWUHVVHV LQ WKHP DIWHU ZHOGLQJ RI DOO WKH WXEHV IRU WKH ILUVW DQG VHFRQG YDULDQWV
�ILUVW VHULHV�� UHVSHFWLYHO\
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�
6W��3HWHUVEXUJ 6WDWH 7HFKQLFDO 8QLYHUVLW\� 6W��3HWHUVEXUJ� 5XVVLD

�
%DLURXW *PE+� *HUPDQ\

�
%DLURXW 8QLYHUVLW\� *HUPDQ\

7KH SDSHU GHDOV ZLWK WKH PHWKRG RI VROYLQJ DQ LQYHUVH TXDVL�VWDWLRQDU\ SUREOHP RI KHDW FRQGXFWLYLW\ WR GHWHUPLQH WKH

SDUDPHWHUV RI ODVHU ZHOGLQJ PRGH E\ PHDVXUHG �VSHFLILHG� FKDUDFWHULVWLFV RI WKH ZHOG� 7KH REMHFWLYH IXQFWLRQ LV WDNHQ

WR EH WKH VXP RI ZHLJKWHG VTXDUHV RI WKH GLIIHUHQFHV RI FDOFXODWHG DQG DVVLJQHG FKDUDFWHULVWLFV RI WKH ZHOG DQG PDJQLWXGHV

RI WKH VRXJKW SDUDPHWHUV� DV ZHOO DV UHJXODULVDWLRQ WHUPV� (IIHFWLYH �LQSXW� HQHUJ\ LV GHWHUPLQHG E\ WKH PHDVXUHG ZHOG

ZLGWK DQG DQJOH RI FU\VWDOORJUDSKLF RULHQWDWLRQ RI ZHOG PHWDO JUDLQV LQ ODVHU ZHOGLQJ RI DQ DOXPLQLXP DOOR\� ,QIOXHQFH

RI ZHOGLQJ PRGH RQ ZHOG SRRO VKDSH DQG ZHOG PHWDO PLFURVWUXFWXUH LV GHPRQVWUDWHG�

.H\ ZRU G V � VLPXODWLRQ� LQYHUVH SUREOHP RI KHDW FRQGXF�

WLYLW\� WKHUPDO SURFHVVHV� VROLGLILFDWLRQ� ODVHU ZHOGLQJ� DOX�

PLQLXP DOOR\

3UDFWLFDO ZHOGLQJ RIWHQ UDLVHV SUREOHPV� UHODWHG WR

ILQGLQJ VXFK SDUDPHWHUV RI WKH ZHOGLQJ PRGH� ZKLFK
\LHOG WKH GHVLUHG UHVXOWV �QHFHVVDU\ SDUDPHWHUV RI WKH

ZHOG� UHTXLUHG SURSHUWLHV RI ZHOG DQG +$= PHWDO�

HWF��� RU LQYHUVH SUREOHPV� ZKHQ PRUH SDUDPHWHUV DUH

WR EH UHFRQVWUXFWHG� LQ SDUWLFXODU� WKH SRZHU RI WKH

KHDW VRXUFH LV WR EH GHWHUPLQHG IURP WKH DYDLODEOH

H[SHULPHQWDO GDWD �ZHOG VKDSH SDUDPHWHUV� NLQG RI

PLFURVWUXFWXUH RI WKH ZHOG PHWDO DQG +$=�� 7KH ODW�

WHU SHUWDLQV WR WKH FODVV RI LQYHUVH SUREOHPV� L�H� ILQG�

LQJ IURP FRQVHTXHQWLDO UHVXOWV WKH FDXVHV IRU WKHLU

DFKLHYHPHQW >�w�@�

,W LV PXFK PRUH GLIILFXOW WR GHULYH WKH VROXWLRQ RI

WKH LQYHUVH SUREOHP RI KHDW FRQGXFWLYLW\ �,3+&��

WKDQ WKDW RI D GLUHFW SUREOHP� DV WKH ILUVW LV KLJKO\

VHQVLWLYH WR PHDVXUHPHQW HUURUV� /RZHULQJ RI VHQVL�

WLYLW\ LV RQO\ SRVVLEOH WKURXJK UHJXODULVDWLRQ >�� �@�

0HWKRGV� EDVHG RQ VROYLQJ ,3+&� DUH H[WHQVLYHO\ XVHG
LQ LQYHVWLJDWLRQ DQG UHWURILWWLQJ RI WKHUPDO PRGHV RI

YDULRXV V\VWHPV LQ DLUFUDIW� DHURVSDFH DQG SRZHU HQ�

JLQHHULQJ� 0HWKRGV WR VROYH ,3+& LQ UHODWLRQ WR ZHOG�

LQJ SURFHVVHV KDYH EHHQ GHYHORSHG RYHU WKH ODVW \HDUV

>�w�@�

7KH DLP RI WKLV VWXG\ LV GHYHORSPHQW RI WKH PHWKRG
WR VROYH WKH LQYHUVH TXDVL�VWDWLRQDU\ SUREOHP RI KHDW

FRQGXFWLYLW\ IRU WKH FDVH RI EXWW ODVHU ZHOGLQJ RI

SODWHV �)LJXUH �� E�� 7KLV H[DPSOH FRUUHVSRQGV WR EXWW
ZHOGLQJ ZLWK HGJHV IODQJLQJ� HGJH VXUIDFLQJ� HWF�

� 9�$� .$5.+,1� 9�9� 3/26+,.+,1 DQG .K�9� %(5*0$1� ����

)LJXUH �� 3UHVHQWDWLRQ RI DQ HTXLYDOHQW YROXPH VRXUFH LQ D ZHOG SRRO LQ WKH IRUP RI DQ HTXLYDOHQW SODQH VRXUFH RQ SODWH HGJH� D x
SLHFHZLVH�OLQHDU GLVWULEXWLRQ RI GHQVLW\ RI DQ HTXLYDOHQW SODQH VRXUFH RQ SODWH HGJH� E x VFKHPDWLF RI ODVHU ZHOGLQJ
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6ROXWLRQ RI WKH GLUHFW SUREOHP RI KHDW FRQGXF�
WLYLW\� $OJRULWKP RI VROXWLRQ RI ,3+& LV EDVHG RQ
VROXWLRQ RI WKH DSSURSULDWH GLUHFW SUREOHP� /HW D KHDW
VRXUFH �ODVHU EHDP� PRYH LQ D VWUDLJKW OLQH DORQJ D[LV
[ DW D FRQVWDQW VSHHG Y �VHH )LJXUH �� E�� 7KHQ� WKH
TXDVLVWDWLRQDU\ OLQHDU HTXDWLRQ RI KHDW FRQGXFWLYLW\
LQ D PRELOH V\VWHP RI FR�RUGLQDWHV [� \� ] EHFRPHV

λ∇ �
7 + FρY

∂7
∂[ + T� DSS = �� ���

ZKHUH

T� DSS = T� QHW w Fρ
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∂[ + Z\
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+ T�/�

+HUH λ LV WKH KHDW FRQGXFWLYLW\� Fρ LV WKH YROXPHWULF
KHDW FDSDFLW\� T� DSS LV WKH SRZHU GHQVLW\ RI DQ HTXLYD�
OHQW YROXPH VRXUFH�Z[� Z\ DQGZ] DUH WKH FRPSRQHQWV
RI FRQYHFWLYH VSHHG RI WKH OLTXLG� (TXLYDOHQW VRXUFH
DOORZV IRU WKH DFWXDO VRXUFH� L�H� ODVHU EHDP� T� QHW�
FRQYHFWLRQ RI OLTXLG LQ WKH ZHOG SRRO �VXPPDQG LQ
EUDFNHWV�� KHDW RI PHOWLQJ DQG VROLGLILFDWLRQ� T�/�

/HW XV DVVXPH WKDW WKH SODWH LV UHODWLYHO\ WKLQ
�WKHUH LV QR WHPSHUDWXUH JUDGLHQW DFURVV WKH WKLFNQHVV�
G7�G]  ��� ,I WKH ZHOG SRRO LV UHODWLYHO\ ORQJ �KDV
DQ HORQJDWHG VKDSH�� WKH YROXPH VRXUFH PD\ EH DS�
SUR[LPDWHG E\ D SODQH RQH� DFWLYH RQ WKH SODWH HGJH
�VHH )LJXUH ��� 'LVWULEXWLRQ RI SRZHU GHQVLW\ RI DQ
HTXLYDOHQW SODQH VRXUFH T� DSS�[� LV UHSUHVHQWHG ZLWK
VXIILFLHQW DFFXUDF\ LQ WKH IRUP RI D SLHFHZLVH�OLQHDU
IXQFWLRQ �VHH )LJXUH �� D�� 7KHQ WKH VROXWLRQ RI HTXD�
WLRQ ��� IRU D XQLIRUP SODWH LV JLYHQ E\ WKH IROORZLQJ
H[SUHVVLRQ�
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ZKHUH D LV WKH WHPSHUDWXUH FRQGXFWLYLW\� .� LV WKH
PRGLILHG ]HURWK RUGHU %HVVHO IXQFWLRQ RI WKH VHFRQG

NLQG� α LV WKH FRHIILFLHQW RI VXUIDFH KHDW UHPRYDO� 7�

LV WKH LQLWLDO WHPSHUDWXUH� K LV WKH SODWH WKLFNQHVV� 1
LV WKH QXPEHU RI SRLQWV WR DVVLJQ FXUYH T� DSS�[� �VHH
)LJXUH �� D�� ,Q UHDOLW\ WKH YDOXHV RI SRZHU GHQVLW\
T� DSS Q LQ LQGLYLGXDO SRLQWV [Q�Q  �� ���� 1� DUH QRW
NQRZQ� EHLQJ WKH VROXWLRQ RI DQ LQYHUVH SUREOHP�

(TXDWLRQ ��� DOORZV FDOFXODWLRQ RI DOO WKH FKDUDF�
WHULVWLFV RI WKH WHPSHUDWXUH ILHOG �PD[LPDO WHPSHUD�
WXUH� WHPSHUDWXUH JUDGLHQW DQG LWV GLUHFWLRQ� HWF���

6ROXWLRQ RI D GLUHFW SUREOHP RI VROLGLILFDWLRQ� ,I
WKH DQJOHV RI FU\VWDOORJUDSKLF RULHQWDWLRQ RI ZHOG PHW�
DO JUDLQV DUH WDNHQ DV WKH H[SHULPHQWDO GDWD GXULQJ
VROXWLRQ RI ,3+&� LW LV QHFHVVDU\ WR VROYH D VROLGLIL�
FDWLRQ SUREOHP� UHODWLQJ WKHVH DQJOHV WR WKH WHPSHUD�
WXUH ILHOG� 7KLV SUREOHP ZDV VROYHG E\ WKH PHWKRG RI
FDOFXODWLRQ RI JUDLQ ERXQGDULHV HYROXWLRQ� EDVHG RQ
WKH IROORZLQJ SK\VLFDO DVVXPSWLRQV >�@�

• VROLGLILFDWLRQ IURQW LV DVVLJQHG E\ PHOWLQJ LVR�
WKHUP 7P�

• GLVWULEXWLRQ RI WKH VL]H DQG FU\VWDOORJUDSKLF RUL�
HQWDWLRQ RI LQGLYLGXDO JUDLQV LQ WKH EDVH PHWDO DUH

NQRZQ�

• FU\VWDOORJUDSKLF D[HV >���@ DQG >���@ RI DOO WKH
JUDLQV DUH LQ WKH SODWH SODQH� DQG WKH D[LV� ZKLFK

GHYLDWHV IURP \ D[LV E\ QRW OHVV WKDQ ���� LV WDNHQ WR

EH >���@� 7KH >���@ D[LV LV QRUPDO WR WKH SODWH SODQH�

7KXV� WKH VROLGLILFDWLRQ SUREOHP LV D WZR�GLPHQVLRQDO

RQH� ZKLFK LV YDOLG IRU WKH FDVH RI ZHOGLQJ WKLQ SODWHV�

• DW VROLGLILFDWLRQ WKH QHZ ERXQGDU\ �$ EHWZHHQ

WKH DGMDFHQW JUDLQV � DQG � LV IRUPHG� GHSHQGLQJ RQ

WKH FU\VWDOORJUDSKLF RULHQWDWLRQV RI JUDLQV *� DQG *�

DQG GLUHFWLRQV RI ORFDO WHPSHUDWXUH JUDGLHQW JUDG 7

DW WKH VROLGLILFDWLRQ IURQW 7  7P �)LJXUH ���
/HW DW FXUUHQW PRPHQW W� WKH JUDLQ ERXQGDU\ RQ

WKH VROLGLILFDWLRQ IURQW EH LQ SRLQW �� 7KHQ WKH JURZWK
RI WKH ERXQGDU\ LQ D VKRUW WLPH LQWHUYDO ∆W �SRLQW $
DW WKH VROLGLILFDWLRQ IURQW DW PRPHQW W � ∆W� FDQ EH
GHWHUPLQHG� SURFHHGLQJ IURP WKH IROORZLQJ FULWHULRQ
RI JUDLQ VHOHFWLRQ� WKH JUDLQ ZLWK WKH FU\VWDOORJUDSKLF
RULHQWDWLRQ� FORVHU WR WKDW RI WKH WHPSHUDWXUH JUDGLHQW�
KDV D JURZWK DGYDQWDJH RYHU WKH DGMDFHQW JUDLQ �)L�
JXUH �� DwF�� ,I WKH GLUHFWLRQV RI JUDLQ JURZWK GLYHUJH�
WKH QHZ ERXQGDU\ FRLQFLGHV ZLWK WKH ORFDO WHPSHUD�
WXUH JUDGLHQW �VHH )LJXUH �� G�� 7KH ODWWHU DVVXPSWLRQ
LV EDVHG RQ H[SHULPHQWDO REVHUYDWLRQV� ZKLFK LQGLFDWH
WKDW LQ JUDLQ �� LQ ZKLFK WKH GHYLDWLRQ LQ GLUHFWLRQ RI

)LJXUH �� 6FKHPDWLF RI IRUPDWLRQ RI �$ ERXQGDU\ EHWZHHQ WKH JURZLQJ DGMDFHQW JUDLQV � DQG � RQ WKH VROLGLILFDWLRQ IURQW LQ D VKRUW
WLPH LQWHUYDO ∆W �*� DQG *� x GLUHFWLRQV RI FU\VWDOORJUDSKLF RULHQWDWLRQ RI JUDLQV � DQG ��
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JURZWK RI *� SULPDU\ EUDQFKHV IURP WKH GLUHFWLRQ RI
WHPSHUDWXUH JUDGLHQW JUDG 7 LV JUHDWHU WKDQ IRU DGMD�
FHQW JUDLQ �� VHFRQGDU\ EUDQFKHV DUH GHYHORSLQJ PRUH
LQWHQVLYHO\� FRPSDUHG WR VHFRQGDU\ EUDQFKHV RI DGMD�
FHQW JUDLQ >�@�

6ROXWLRQ RI FU\VWDOORJUSDKLF SUREOHP LV WKH VHW RI
ERXQGDULHV EHWZHHQ DOO WKH JUDLQV� L�H� FDOFXODWHG
PDFURVHFWLRQ RI WKH ZHOG LQ WKH SODWH SODQH� VWDWLVWLFDO
SURFHVVLQJ RI ZKLFK \LHOGV WKH GLVWULEXWLRQ RI JUDLQ
VL]H DQG DQJOH RI >���@ GLUHFWLRQV RI FU\VWDOORJUDSKLF
RULHQWDWLRQ RI JUDLQV γ�PDWKHPDWLFDO H[SHFWDWLRQ� GLV�
SHUVLRQ� HWF�� DW DQ\ GLVWDQFH IURP WKH ZHOG ERXQGDU\�

$FFHSWHG PRGHO LV H[SHULPHQWDOO\ FRQILUPHG IRU
WKH FDVH RI ODVHU ZHOGLQJ� ZKHQ GXH WR KLJK WHPSHUD�
WXUH JUDGLHQWV DQG KLJK VROLGLILFDWLRQ UDWHV� WKH ZHOG
PLFURVWUXFWXUH KDV D FHOOXODU�GHQGULWLF PRUSKRORJ\�
L�H� SUHGRPLQDQWO\ FRQVLVWV RI SULPDU\ DQG WHUQDU\
GHQGULWH D[HV ZLWK D SURQRXQFHG GLUHFWLYLW\� FRUUH�
VSRQGLQJ WR FU\VWDOORJUDSKLF RULHQWDWLRQ >�@�

6ROXWLRQ RI LQYHUVH SUREOHP� 7KH IROORZLQJ RE�
MHFWLYH IXQFWLRQ LV WKH FULWHULRQ RI DFFXUDF\ RI VROYLQJ
WKH LQYHUVH SUREOHP�
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ZKHUH - LV WKH QXPEHU RI PHDVXUHPHQWV� . LV WKH

QXPEHU RI VRXJKW SDUDPHWHUV �. ≥ 1�� TQHW
P � TQHW LV

WKH DVVLJQHG DQG FDOFXODWHG YDOXH RI HIIHFWLYH SRZHU
RI WKH ODVHU EHDP

TQHW = TDSS =
�

�
K∑
Q = �

1

SQ ([Q + � w [Q w �)�
���

ZKHUH TDSS LV WKH HTXLYDOHQW VRXUFH SRZHU� SQ  
 T� DSS�[Q�� [�  [� DQG [1 � �  [1� (TXDOLW\ TQHW  

 TDSS LQ HTXDWLRQ ��� IROORZV IURP WKH FRQGLWLRQ RI
KHDW EDODQFH�

/HW XV FODULI\ WKH SK\VLFDO PHDQLQJ RI WKH JLYHQ
IXQFWLRQ ) RI WKH YHFWRU RI VRXJKW SDUDPHWHUV S� S  
 ^S�� S�� ���� SN`� ,Q WKH JHQHUDO FDVH� WKH VRXJKW
SDUDPHWHU SN FDQ EH WKH SRZHU GHQVLW\ LQ D VSHFLILHG
SRLQW� ZHOGLQJ VSHHG� HWF� 5HVSRQVH IXQFWLRQ I �H[�

SHULPHQWDO DQG FDOFXODWHG YDOXHV LQ M�WK SRLQW� IM
P DQG

IM� LV D WKHUPRSK\VLFDO� PHWDOOXUJLFDO� FKHPLFDO RU
PHFKDQLFDO FKDUDFWHULVWLF �)LJXUH ��� &RQVWUDLQWV PD\

FRQWDLQ VSHFLILHG D SULRUL YDOXH RI N�WK SDUDPHWHU SN
��

FRQVWUDLQWV E\ LWV VLJQ DQG YDOXH� HIIHFWLYH SRZHU TQHW�

HWF� �)LJXUH ��� :HLJKWLQJ FRHIILFLHQWV ZM
I DQG Z

T

GHSHQG RQ PHDVXUHPHQW HUURU IM
P DQG TQHW

P � DQG ZHLJKW�

LQJ FRHIILFLHQW ZN
S RQ DGPLVVLEOH FKDQJH RI SDUDPHWHU

SN UHODWLYH WR VSHFLILHG SN
� YDOXH� ,I HIIHFWLYH �LQSXW�

SRZHU TQHW
P LV XQNQRZQ� ZT  � LV DVVXPHG� 5HJXODU�

LVDWLRQ RI ]HURWK� ILUVW DQG VHFRQG RUGHU �FRHIILFLHQWV
Z�� Z�� Z�� DOORZV VPRRWKLQJ WKH IXQFWLRQ RI SRZHU
GLVWULEXWLRQ DQG DVVLJQLQJ LWV IRUP� 7KXV� REMHFWLYH
IXQFWLRQ) DOORZV WDNLQJ SULRU NQRZOHGJH RI WKH REMHFW
LQWR DFFRXQW LQ D IOH[LEOH PDQQHU�

6ROXWLRQ RI WKH LQYHUVH SUREOHP E\ GHILQLWLRQ LV
DEVROXWH PLQLPXP RI REMHFWLYH IXQFWLRQ )� )XQFWLRQ
) ZDV PLQLPLVHG� XVLQJ *DXVVw1HZWRQ LWHUDWLRQ
PHWKRG >�@� 'LUHFW SUREOHPV RI KHDW FRQGXFWLYLW\ DQG
VROLGLILFDWLRQ ZHUH VHTXHQWLDOO\ VROYHG LQ HDFK LWHUD�
WLRQ� ,W VKRXOG EH QRWHG WKDW ZLWKRXW UHJXODULVDWLRQ
WKH VROXWLRQ RI LQYHUVH SUREOHP PLJKW EH XQVWDEOH�

([SHULPHQW� (GJHV RI D SODWH ���� PP WKLFN ZHUH
UHPHOWHG E\ WKH ODVHU EHDP RI ��� PP GLDPHWHU� 0D�
WHULDO ZDV DOXPLQLXP DOOR\ $6 ��� �����w���� � 6L
DQG ����w���� � 0J�� 0HDVXUHG ZHUH ZHOG ZLGWK
�SHQHWUDWLRQ GHSWK� + RQ WUDQVYHUVH PDFURVHFWLRQV
DQG DQJOH RI >���@ GLUHFWLRQV RI FU\VWDOORJUDSKLF RUL�
HQWDWLRQV RI ZHOG PHWDO JUDLQV XVLQJ WKH PHWKRG RI
;�UD\ GLIIUDFWRPHWU\ >�@�

7KXV� WDNHQ DV H[SHULPHQWDO YDOXHV RI UHVSRQVH
IXQFWLRQ IP ZHUH PD[LPDO WHPSHUDWXUH 7PD[� HTXDO WR
PHOWLQJ WHPSHUDWXUH 7P� DW \  + DQG DYHUDJH YDOXHV
RI WKH DQJOH RI RULHQWDWLRQ RI JUDLQV γ DW DVVLJQHG
FRRUGLQDWHV \� 0D[LPDO WHPSHUDWXUH 7PD[ DW \  +

)LJXUH �� &RPSRQHQWV RI REMHFWLYH IXQFWLRQ
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DQG YDOXHV RI WKH PRVW SUREDEOH DQJOH γ ZHUH WDNHQ
DV WKH FDOFXODWHG YDOXHV RI UHVSRQVH IXQFWLRQ I�

5HVXOW DQDO\VLV� 3UREOHPV ZHUH VROYHG ZLWK WKH
IROORZLQJ LQLWLDO GDWD� ODVHU EHDP SRZHU TJURVV  
 ���� :� D  ���� PP�⋅Vw�� λ  ����� :⋅PPw�⋅.w��
7P  ����� .� 7�  ��� .� α  ������� :⋅PPw�⋅.w��

ZM
I  �� .w�� LI IM  7PD[� ZM

I  � .w�� LI IM  γM� ZN
S  

 �� ZT  �� Z�  ������w���� Z�  �w����� Z�  
 �w���� :w�⋅PP�� :HOGLQJ VSHHG ZDV YDULHG LQ WKH
UDQJH RI ����w�� PP⋅Vw�� :KHQ VROLGLILFDWLRQ ZDV
VLPXODWHG� LW ZDV DVVXPHG WKDW WKH GLVWULEXWLRQ RI WKH
VL]H DQG FU\VWDOORJUDSKLF RULHQWDWLRQ RI EDVH PHWDO
JUDLQV DUH UDQGRP DQG XQLIRUP� ZLWK WKH LQLWLDO JUDLQ
GLDPHWHU EHLQJ LQ WKH UDQJH RI ��w�� µP� 6ROXWLRQ RI
WKH LQYHUVH SUREOHP DUH WKH YDOXHV RI SRZHU GHQVLW\
T� DSS Q LQ IL[HG SRLQWV [Q �Q  �� ��� � 1� 1  .��

)LJXUH �� D VKRZV SRZHU GLVWULEXWLRQ T� DSS DW WKH
ZHOGLQJ VSHHG Y  �� PP⋅Vw�� 0D[LPXP LQ WKH SRRO
IURQW SDUW FRUUHVSRQGV WR WKH SRVLWLRQ RI WKH ODVHU
EHDP� DQG D FHUWDLQ ULVH LQ WKH WDLO SDUW x WR WKH
HIIHFW RI VROLGLILFDWLRQ KHDW� (IIHFWLYH HIILFLHQF\ RI
SODWH KHDWLQJ ZLWK WKH ODVHU EHDP LV HTXDO WR ���� ��
ZKLFK LV FORVH WR YDOXH �η  �� ��� PHDVXUHG DW D
VWDWLRQDU\ EHDP ZLWK ZDYH OHQJWK RI ���� µP >��@�
3RRO IURQW SDUW LV GHWHUPLQHG LQ DQ DSSUR[LPDWH PDQ�
QHU� DV QR FRQVWUDLQWV DUH DSSOLHG WR LWV VKDSH RU GL�
PHQVLRQV �)LJXUH �� E��

&DOFXODWLRQ VFKHPDWLFV RI VLPSOH LGHDOLVHG KHDW
VRXUFHV DUH SRSXODU LQ SUDFWLFDO ZHOGLQJ ZRUN� ,I DQ
HTXLYDOHQW VRXUFH LV IXUWKHU VLPSOLILHG DQG WDNHQ WR
EH FRQFHQWUDWHG RQ [  [� OLQH� ZH REWDLQ D NQRZQ
VFKHPDWLF RI D OLQHDU VRXUFH RQ SODWH HGJH >��@�
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,W VKRXOG EH QRWHG WKDW DSSOLFDWLRQ RI D OLQHDU
VRXUFH VFKHPDWLF OHDGV WR D FDOFXODWLRQ IRUPXOD RI WKH

ZHOG� FORVH WR D KDOI�VSKHUH �)LJXUH �� E�� ,Q WKLV
FDVH� WKH RQO\ XQNQRZQ LV WKH YDOXH RI SRZHU TDSS�
DQG� WKHUHIRUH� LW LV LQ SULQFLSOH LPSRVVLEOH WR VLPXO�
WDQHRXVO\ VLPSOLI\ H[SHULPHQWDO FRQGLWLRQV� HLWKHU E\
SHQHWUDWLRQ GHSWK� RU E\ WKH DQJOH RI JUDLQ RULHQWD�
WLRQ�

7KH PRVW SUREDEOH YDOXH RI DQJOH γ RI >���@ FU\V�
WDOORJUDSKLF RULHQWDWLRQ RI WKH JUDLQV� GHSHQGLQJ RQ
\ FRRUGLQDWH �)LJXUH �� ZDV FDOFXODWHG� ,W LV VHHQ WKDW
DQJOH γ LV UHODWLYHO\ FORVH WR WKH DQJOH RI WHPSHUDWXUH
JUDGLHQWβ WKURXJK WKH HQWLUH GHSWK RI WKHZHOG� H[FHSW
IRU D VPDOO ]RQH QHDU WKH SODWH HGJH� 7KH ODWWHU LV
DWWULEXWDEOH WR WKH IDFW WKDW FKDQJH RI WHPSHUDWXUH
JUDGLHQW GLUHFWLRQ UHVXOWHG LQ JUDLQ VHOHFWLRQ SURFHHG�
LQJ PDLQO\ EHWZHHQ >���@ GLUHFWLRQV DQG QRW >���@
GLUHFWLRQV RI WKH FU\VWDOORJUDSKLF RULHQWDWLRQ� ,Q RWKHU
ZRUGV� LI DW �YHUWLFDO� SRVLWLRQ RI WHPSHUDWXUH JUDGL�
HQW LQ WKH ORZHU SDUW RI WKH ZHOG SRRO �β ≈ ���� JUDLQ

)LJXUH �� 'LVWULEXWLRQ RI SRZHU GHQVLW\ RI DQ HTXLYDOHQW SODQH
VRXUFH RQ SODWH HGJH �D� DQG ZHOG SRRO VKDSH �E� DW ODVHU EHDP
SRZHU RI ���� : DQG ZHOGLQJ VSHHG RI �� PP⋅Vw�� � x SODQH
VRXUFH� HTXDWLRQ ���� � x OLQHDU VRXUFH� HTXDWLRQ ���

)LJXUH �� 'LVWULEXWLRQ RI DQJOHV RI WHPSHUDWXUH JUDGLHQW β DQG WKH
PRVW SUREDEOH >���@ GLUHFWLRQ RI FU\VWDOORJUDSKLF RULHQWDWLRQ RI
JUDLQV γ DFURVV ZHOG ZLGWK �VROLG OLQH x FDOFXODWLRQ� GRWV x
H[SHULPHQW�

)LJXUH �� ([SHULPHQWDO DQG FDOFXODWHG ORQJLWXGLQDO PDFURVHFWLRQV
DW GLIIHUHQW ZHOGLQJ VSHHG �MXVW WKH WDLO SDUW RI ZHOG SRRO VKRZQ�
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JURZWK SURFHHGV GXH WR WKH LQLWLDO GHQGULWHV RI >���@
RULHQWDWLRQ� LQ WKH ZHOG SRRO XSSHU SDUW DW D KRUL]RQWDO
SRVLWLRQ RI WHPSHUDWXUH JUDGLHQW �β ≈ ��� JURZWK RI
WKH VDPH JUDLQ LV GXH WR VHFRQGDU\ GHQGULWH EUDQFKHV�
KDYLQJ >���@ RULHQWDWLRQ� UHVSHFWLYHO\�

$W ZHOGLQJ VSHHG Y  �� PP⋅Vw� SXOVHV RI �� +]
IUHTXHQF\ ZHUH DSSOLHG� WKLV OHDGLQJ WR YLVLEOH LQKR�
PRJHQHLW\ EDQGV RQ ORQJLWXGLQDO PDFURVHFWLRQV �)L�
JXUH �� D�� ,W LV VHHQ� WKDW WKH FDOFXODWHG ERXQGDU\
RI ZHOG SRRO WDLO SDUW LV FORVH LQ VKDSH WR GDUN EDQGV
RQ WKH PDFURVHFWLRQ� ,I WKH LQIOXHQFH RI FRQYHFWLRQ RI
ZHOG SRRO OLTXLG PHWDO DQG KHDW RI PHOWLQJ DQG VR�
OLGLILFDWLRQ LV LJQRUHG �VFKHPDWLF RI D OLQHDU VRXUFH LQ
)LJXUH �� E�� WKH FDOFXODWHG VKDSH RI WKH ZHOG LV PDUN�
HGO\ GLIIHUHQW IURP WKH H[SHULPHQWDO VKDSH�

,I WKH GLUHFWLRQ RI WHPSHUDWXUH JUDGLHQW JUDG 7 RQ
WKH VROLGLILFDWLRQ IURQW LV WDNHQ WR EH WKH JUDLQ RULHQ�
WDWLRQ * �β  γ� )LJXUH ��� VROXWLRQ RI WKH LQYHUVH
SUREOHP LV VLPSOLILHG �VROLGLILFDWLRQ SUREOHP QHHG QRW
EH VROYHG�� ,Q WKLV FDVH� KRZHYHU� WKH FDOFXODWHG ZHOG
SRRO LV WRR ORQJ �)LJXUH �� D� E��

:HOGLQJ PRGH VLJQLILFDQWO\ LQIOXHQFHV WKH VKDSH
RI ZHOG SRRO DQG ZHOG PHWDO WH[WXUH �)LJXUH �� Ew
G��:HOG SRRO VKDSH GHWHUPLQHV WKH SUHGRPLQDQW FU\V�
WDOORJUDSKLF RULHQWDWLRQ RI JUDLQV �PRVW SUREDEOH
YDOXH RI DQJOH γ�� 7KH PRUH HORQJDWHG LV WKH VKDSH�
WKH JUHDWHU DQJOH γ� 7KH ZLGHU WKH ZHOG SRRO UHODWLYH
WR WKH VL]H RI EDVH PHWDO JUDLQV� WKH PRUH LQWHQVLYH LV
JUDLQ VHOHFWLRQ� WKLV OHDGLQJ WR D GLIIHUHQFH LQ WKH
WH[WXUH� DQG� WKHUHIRUH� LQ WKH SURSHUWLHV EHWZHHQ WKH
ZHOG DQG EDVH PHWDO� 7KH GLIIHUHQFH EHFRPHV JUHDWHU
ZLWK JUHDWHU GLVWDQFH IURP WKH ZHOG�

2Q WKH ZKROH� WKH FDOFXODWHG PLFURVWUXFWXUH RI
ZHOG PHWDO FRUUHODWHV LQ D VDWLVIDFWRU\ PDQQHU ZLWK
WKH H[SHULPHQWDO RQH �)LJXUH ���

,W VKRXOG EH QRWHG WKDW WKH DERYH SURFHGXUH PLJKW
EH XVHG DOVR LQ RWKHU PHWKRGV RI IXVLRQ ZHOGLQJ�

&21&/86,216

�� 'HYHORSHG PHWKRG WR VROYH WKH LQYHUVH SUREOHP RI
KHDW FRQGXFWLYLW\ DOORZV GHWHUPLQDWLRQ RI ODVHU ZHOG�
LQJ PRGH E\ WKH PHDVXUHG FKDUDFWHULVWLFV RI WKH ZHOG�

�� 3URSRVHG REMHFWLYH IXQFWLRQ DOORZV WDNLQJ LQWR
DFFRXQW SUHOLPLQDU\ NQRZOHGJH RI WKH ZHOGLQJ SURFHVV�

�� /DVHU ZHOGLQJ PRGH KDV D VWURQJ LQIOXHQFH RQ
WKH FDOFXODWHG WH[WXUH RI ZHOG PHWDO� ZKLFK GHSHQGV
RQ WKH ZHOG SRRO VKDSH DQG UDWLR RI EDVH PHWDO JUDLQ
VL]H WR ZHOG ZLGWK�

�� 7LNKRQRY� $�1�� $UVHQLQ� 9�<D� ������ 0HWKRGV RI VROYLQJ

LOO�GHILQHG SUREOHPV� 0RVFRZ� 1DXND�
�� %HFN� -�9�� %ODFNZHOO� %�� 6DLQW�&ODLU� &K� ������ ,OO�GH�

ILQHG LQYHUVH SUREOHPV RI WKHUPDO FRQGXFWLYLW\� 0RVFRZ�
0LU�

�� .XUSLV]� .�� 1RZDN� $�-� ������ ,QYHUVH WKHUPDO SUREOHPV�
6RXWKDPSWRQ� %RVWRQ� &RPSXW� 0HFK� 3XEO�

�� %HFN� -�9� ������ ,QYHUVH SUREOHPV LQ KHDW WUDQVIHU ZLWK
DSSOLFDWLRQ WR VROLGLILFDWLRQ DQG ZHOGLQJ� ,Q� 0RGHOOLQJ RI

FDVWLQJ� ZHOGLQJ DQG DGYDQFHG VROLGLILFDWLRQ SURFHVVHV� (G�
E\ 0� 5DSSD]� 0�5� 2]JX� .�:� 0DKLQ�

�� =DEDUDV� 1� ������ ,QYHUVH PRGHOOLQJ RI VROLGLILFDWLRQ DQG
ZHOGLQJ SURFHVVHV� ,ELG�

�� $O�.KDOLG\� 1� ������ 7ZR�GLPHQVLRQDO LQYHUVH SKDVH
FKDQJH SUREOHP� ,Q� $GYDQFHG FRPSXWDWLRQDO PHWKRGV LQ

KHDW WUDQVIHU� (G� E\ /�&� :UREHO� *� &RPLQL� &�$� %UHE�
ELD� $�-� 1RZDN� 6RXWKDPSWRQ� %RVWRQ� &RPSXW� 0HFK�
3XEO�

�� .DUNKLQ� 9�$�� ,O\LQ� $�6�� 3ORFKLNKLQH� 9�9� HW DO� ������
,QYHUVH PRGHOOLQJ RI WKH KHDW LQSXW GLVWULEXWLRQ GXULQJ GHHS
SHQHWUDWLRQ ODVHU DQG HOHFWURQ EHDP ZHOGLQJ� ,Q� 3URF� RI �WK

&RQI� RQ /DVHU 0DWHU� 3URFHVVLQJ LQ WKH 1RUGLF &RXQWULHV�
&RSHQKDJHQ� $XJ� ��w��� �����

�� 3ORVKLNKLQ� 9�9�� %HUJPDQQ� +�:� ������ 6LPXODWLRQ RI
JUDLQ VWUXFWXUHV LQ ODVHU EHDP ZHOGV XQGHUJRLQJ WKH SODQDU
VROLGLILFDWLRQ PRGH� ,Q� 0DWKHPDWLFDO PRGHOOLQJ RI ZHOG

SKHQRPHQD� (G� E\ +� &HUMDN� 9RO� �� /RQGRQ� 7KH ,QVW� RI
0DWHU�

�� %HUJPDQQ� +�:�� 0D\HU� 6�� 0XHOOHU� .� HW DO� ������
7H[WXUH HYROXWLRQ LQ ODVHU EHDP ZHOGV XQGHUJRLQJ WKH SOD�
QDU VROLGLILFDWLRQ PRGH� ,ELG�

��� 'DXVLQJHU� )� ������ 6WUDKOZHUN]HXJ /DVHU� (QHUJHHLQNRS�

SOXQJ XQG 3URFHVVHIIHNWLYLWDHW� 6WXWWJDUW� 7HXEQHU�
��� %RXOWRQ� 1�6�� /DQFH 0DUWLQ� +�(� ������ 5HVLGXDO VWUHVVHV

LQ DUF�ZHOGHG SODWHV� ,Q� 3URF� ,QVW� 0HFK� (QJ� 9RO� ����
/RQGRQ�
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,�)� .25,1(76 DQG -, &+(1* &+81*

1DWLRQDO 7HFKQLFDO 8QLYHUVLW\ RI 8NUDLQH �.3,�� .\LY� 8NUDLQH

'HSHQGHQFH RI ZHOG VKDSH RQ JDS YDOXH LQ FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ LQ $U � �� � &2
�
PL[WXUH RI D VTXDUH

EXWW MRLQW ZDV HVWDEOLVKHG DQG D GHWHUPLQLVWLF�VWDWLVWLFDO PRGHO RI ZHOG VKDSH ZLWK DOORZDQFH IRU D JDS HIIHFW ZDV

GHYHORSHG� 7KH GHYHORSHG PRGHO LV UHFRPPHQGHG IRU XVH LQ WKH GHVLJQ RI VRIWZDUH RI WKH V\VWHP RI DGDSWLYH FRQWURO RI
DUF ZHOGLQJ RI EXWW MRLQWV ZLWK D QRQ�VWDEOH JDS�

.H\ ZRU G V � DUF ZHOGLQJ� FRQVXPDEOH HOHFWURGH� VKLHOGLQJ

PL[WXUH� VTXDUH EXWW MRLQW� JDS� ZHOG VL]HV� PDWKHPDWLFDO PRGHO

7KH DUF ZHOGLQJ LQ &2� DQG $U � &2� PL[WXUH ILQGV

D ZLGH DSSOLFDWLRQ LQ ZHOGLQJ VWUXFWXUHV IURP ORZ�

FDUERQ DQG ORZ�DOOR\ VWHHOV� ,Q ZHOGLQJ PHWDO RI VPDOO

DQG PHGLXP WKLFNQHVVHV WKH VLQJOH�SDVV ILOOHW DQG EXWW

ZHOGV DUH PRVW ZLGHO\ VSUHDG� $V D UXOH� WKH VHPL�ILQ�

LVKHG SURGXFWV DUH XVHG LQ WKLV FDVH ZLWKRXW HGJH

EHYHO� EXW WKH\ DUH DVVHPEOHG LQ EXWW MRLQWV ZLWK DQ
REOLJDWRU\ JDS� ,W LV NQRZQ WKDW LQ EXWW MRLQWV RI VKHHW

DQG WXEHV WKH JDS LQIOXHQFHV JUHDWO\ WKH VL]HV DQG

TXDOLW\ RI ZHOG IRUPDWLRQ ERWK LQ ZHOGLQJ ZLWKRXW

DQG ZLWK D EDFNLQJ� ,W LV DOPRVW LPSRVVLEOH WR SURYLGH

D VWDEOH JDS LQ EXWW HYHQ DW KLJK�SUHFLVLRQ HGJH SUHSD�

UDWLRQ DQG DVVHPEO\� DV WKH HGJH GLVWRUWLRQV DUH LQ�

HYLWDEOH LQ WKH SURFHVV RI IXVLRQ ZHOGLQJ� ,Q WKHVH

FRQGLWLRQV WKH JDS LV RQH RI PDLQ WHFKQRORJLFDO IDFWRUV

LQIOXHQFLQJ WKH EXWW ZHOG IRUPDWLRQ�

7KH ILUVW UHJXODULWLHV DERXW JDS LQIOXHQFH RQ WKH

ZHOG IRUPDWLRQ ZHUH REWDLQHG XQGHU WKH VXEPHUJHG�

DUF ZHOGLQJ FRQGLWLRQV >�w�@� 7KHVH UHVXOWV DUH VWLOO

YDOXDEOH IURP WKH VFLHQWLILF DQG SUDFWLFDO SRLQW RI

YLHZ� +RZHYHU� WR XVH WKHP GLUHFWO\ IRU WKH FRQVXP�

DEOH HOHFWURGH VKLHOGHG�JDV DUFZHOGLQJ LV QRW SRVVLEOH�

6RPH UHVHDUFKHUV WRRN LQWR DFFRXQW WKH HIIHFW RI JDS

RQ ZHOG VKDSH WRJHWKHU ZLWK RWKHU IDFWRUV LQ WKH GH�

YHORSPHQW RI PDWKHPDWLFDO PRGHOV RI WKH ZHOG IRU�

PDWLRQ� FUHDWLRQ RI FDOFXODWLRQ PHWKRGV RI GHWHUPL�

QDWLRQ DQG RSWLPL]LQJ FRQGLWLRQV RI WKH &2� DUF ZHOG�

LQJ >�w�@� 2WKHU GDWD DERXW WKH JDS LQIOXHQFH RQ ZHOG

VKDSH XQGHU FRQVXPDEOH HOHFWURGH VKLHOGHG�JDV DUF

ZHOGLQJ FRQGLWLRQV ZHUH QRW IRXQG� +RZHYHU� DW SUH�

VHQW WKH UHVHDUFK ZRUNV FRQFHUQLQJ WKH HIIHFW RI D JDS

RQ ZHOG IRUPDWLRQ DUH VWLOO DFWXDO GXH WR FUHDWLRQ RI

DGDSWLYH V\VWHPV RI DUF ZHOGLQJ FRQWURO� ZKLFK VKRXOG

UHDFW LQ UHDO WLPH RQ UDQGRP GHYLDWLRQV LQ HGJH SUHSD�

UDWLRQ� LQFOXGLQJ DOVR WKRVH LQ WKH EXWW JDS�

7KHUHIRUH� WKH DLP RI WKH ZRUN LV WR VWXG\ D JDS
HIIHFW RQ WKH ZHOG IRUPDWLRQ LQ FRQVXPDEOH HOHFWURGH

DUF ZHOGLQJ LQ $U � �� � &2� PL[WXUH DQG WR GHVLJQ

D PDWKHPDWLFDO PRGHO RI ZHOG VKDSH ZLWK D EXWW JDS�

'HVLJQ RI GHWHUPLQLVWLF�VWDWLVWLFDO PRGHO RIZHOG
VKDSH� 0DWKHPDWLFDO PRGHO RI WKH ZHOG VKDSH VKRXOG

HVWDEOLVK WKH GHSHQGHQFH RI VL]HV RI EXWW ZHOG �GHSWK

RI SHQHWUDWLRQ K� ZHOG ZLGWK H� KHLJKW RI ZHOG FRQ�

YH[LW\ J� �)LJXUH �� D� DQG LWV VKDSH �SHQHWUDWLRQ
VKDSH FRHIILFLHQW ψS� EHDG VKDSH FRHIILFLHQW ψE� RQ

SDUDPHWHUV RI ZHOGLQJ FRQGLWLRQV �HOHFWURGH ZLUH GL�

DPHWHU G� ZHOGLQJ FXUUHQW ,� ZHOGLQJ VSHHG Y� HOHF�

WURGH ZLUH IHHG VSHHG YI� ZHOGLQJ YROWDJH8� HOHFWURGH

ZLUH VWLFNRXW /� FRQVXPSWLRQ DQG FRPSRVLWLRQ RI

VKLHOGLQJ JDV T� DQG JDS YDOXH E�

,W LV NQRZQ WKDWZHOGLQJ SDUDPHWHUV LQIOXHQFH VL]HV

DQG ZHOG VKDSH WR D GLIIHUHQW GHJUHH� &RQVXPSWLRQ

RI VKLHOGLQJ JDV DQG HOHFWURGH ZLUH VWLFNRXW� ZKLFK LV

NHSW FRQVWDQW DQG HTXDO WR /  ��G� KDYH WKH OHDVW

LQIOXHQFH RQ WKH ZHOG VL]HV� :HOGLQJ FXUUHQW DQG HOHF�

WURGH ZLUH IHHG VSHHG DUH LQWHUGHSHQGHQW SDUDPHWHUV

DQG� WKHUHIRUH� RQH RI WKHP FDQ EH H[FOXGHG� IRU H[�

DPSOH� HOHFWURGH ZLUH IHHG VSHHG� ,I WR WDNH LQWR DF�

FRXQW VXFK FLUFXPVWDQFH WKDW HOHFWURGH ZLUHV RI ���

DQG ��� PP GLDPHWHU DUH XVHG PDLQO\ LQ ZRUOG SUDF�

WLFH� WKHQ LW LV SRVVLEOH WR H[FOXGH WKH FRQVLGHUDWLRQ

RI HIIHFW RI HOHFWURGH ZLUH GLDPHWHU RQ ZHOG VKDSH DW

WKH ILUVW VWDJH RI LQYHVWLJDWLRQ� :HOGLQJ YROWDJH LQ�

IOXHQFHV JUHDWO\ WKH ZHOG ZLGWK� +RZHYHU� WKH RSWL�
PXP YDOXH RI YROWDJH LV DVVRFLDWHG ZLWK ZHOGLQJ FXU�

UHQW DQG QRW FKDQJHG ZLWKLQ WKH ZLGH OLPLWV� ,I WR

DVVXPH WKDW WKH RSWLPXP YROWDJH GHSHQGV RQ ZHOGLQJ

FXUUHQW� WKHQ LWV LQIOXHQFH RQ WKH ZHOG VKDSH ZLOO EH

� ,�)� .25,1(76 DQG -, &+(1* &+81*� ���� )LJXUH �� 6L]HV RI EXWW ZHOG �D� DQG GHSRVLWHG EHDG �E�
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WDNHQ LQWR DFFRXQW DXWRPDWLFDOO\ LQ D PRGHO E\ ZHOG�

LQJ FXUUHQW� 7KLV DQDO\VLV PDNHV LW SRVVLEOH WR GHFUHDVH

WKH QXPEHU RI ZHOGLQJ FRQGLWLRQ SDUDPHWHUV LQ WKH

PRGHO ZKLFK HIIHFW RQ WKH ZHOG IRUPDWLRQ� L�H� ZHOG�

LQJ FXUUHQW DQG ZHOGLQJ VSHHG DUH WDNHQ LQWR DFFRXQW

ILUVW RI DOO�

7R VROYH WKH SUREOHP� ZH XVHG D PHWKRG RI GHWHU�

PLQLVWLF�VWDWLVWLFDO PRGHOOLQJ� VXJJHVWHG LQ >�@� LQ

ZKLFK WKH GHSHQGHQFH RI ZHOG VL]HV RQ ZHOGLQJ SD�

UDPHWHUV DQG JDS YDOXH LV SUHVHQWHG LQ WKH IRUP RI D

SURGXFW RI SRZHU IXQFWLRQV� DQG WKH FRHIILFLHQWV DUH

GHWHUPLQHG DV D UHVXOW RI VWDWLVWLFDO SURFHVVLQJ RI WKH

H[SHULPHQWDO GDWD�

7KH LQYHVWLJDWLRQV HQDEOH XV WR RIIHU VHYHUDO YDUL�

DQWV RI PRGHOV ZKLFK DUH GLIIHUHG E\ UHSUHVHQWDWLRQ

RI UHODWLRQVKLS EHWZHHQ WKH ZHOG VL]H DQG JDS� ,Q WKH

ILUVW YDULDQW RI WKH PRGHO WKH GHSHQGHQFH RI ZHOG VL]HV

RQ JDS KDV D IRUP RI D SRZHU IXQFWLRQ�

K = �����
,�����

Y�����
E������ ���

H = �����
,�����

Y�����
� ���

J = �����
,�����

Y�����
�

E�����
� ���

+RZHYHU� LQ FDVH RI D ]HUR JDS LQ WKH EXWW DQG GXULQJ
KDUGIDFLQJ WKH GHSWK RI SHQHWUDWLRQ DQG FRQYH[LW\
KHLJKW DUH HTXDO WR ]HUR� WKDW FRQWUDGLFWV WKH UHDO SURFHVV�
([SUHVVLRQ ��� DWWUDFWV DWWHQWLRQ DV LW VKRZV WKDW WKH
ZHOG ZLGWK GRHV QRW GHSHQG RQ WKH JDS�

,Q WKH VHFRQG PRGHO WKHUH LV QR GUDZEDFN RI WKH
ILUVW YDULDQW RI WKH PRGHO�

K = �����
,�����

Y�����
(� + E)������ ���

J = �����
,�����

Y�����
�

(� + E)�����
� ���

7KH WKLUG YDULDQW RI WKH PRGHO LV DOVR SRVVLEOH� LQ
ZKLFK WKH GHSHQGHQFH RI ZHOG VL]HV RQ JDS LV SUHVHQWHG
LQ WKH IRUP RI DQ H[SRQHQWLDO IXQFWLRQ�

K = �����
,�����

Y�����
�����

E
� ���

J = �����
,�����

Y�����
�����

E
� ���

9HULILFDWLRQ RI DGHTXDF\ RI PRGHOV� 'HWHUPLQD�
WLRQ RI FRHIILFLHQWV LQ HTXDWLRQV ���w��� DQG YHULIL�
FDWLRQ RI DGHTXDF\ RI PRGHOV ZHUH PDGH LQ ZHOGLQJ
RI VHULHV RI VDPSOHV�VLPXODWRUV RI EXWW MRLQW ZLWK D
JDS �)LJXUH ��� 7KH VDPSOHV�VLPXODWRUV RI VWHHO 96W��
�NLOOHG� UHSUHVHQWHG � PP WKLFN SODWHV� LQ ZKLFK WKH

VORWV ZHUH PDGH E\ D FXWWHU DW D VWHSSHG FKDQJH LQ D
JDS� 6PDOO OHQJWK RI WKH VORWV DQG WKH SUHVHQFH RI
EULGJHV EHWZHHQ WKHP JXDUDQWHH WKH JDS VWDELOLW\�
7KH DUF ZHOGLQJ LQ PL[WXUH $U � �� � &2� ZDV SHU�
IRUPHG ZLWK ��� PP GLDPHWHU &X�SODWHG ZLUH 6Y�
��*�6� 7KH ZHOGLQJ FRQGLWLRQ ZDV FKDQJHG ZLWKLQ
WKH IROORZLQJ UDQJHV� ,  ���� ��� DQG ��� $� 8  
 ��� �� DQG �� 9� Y  ���� ���� ����� ����� ���� DQG
���� PP�V� T  ��w�� O�PLQ� :HOGLQJ ZDV PDGH RQ
D FRSSHU EDFNLQJ� $W ��� PP JDS XQGHU DOO WKH FRQ�
GLWLRQV WKH DUF ZDV VXEPHUJHG LQWR D JDS DQG WKH
TXDOLW\ IRUPDWLRQ RI WKH ZHOG ZDV QRW REWDLQHG� $IWHU
ZHOGLQJ WKH WUDQVYHUVH WHPSOHWV ZHUH FXW� HWFKHG DQG
WKH ZHOGV ZHUH PHDVXUHG� 7KH UHVXOWV RI FDOFXODWLRQ
DQG H[SHULPHQWDO GDWD RI WKH WKLUGPRGHO DUH SUHVHQWHG
LQ )LJXUH ��

7KH FRPSDULVRQ RI H[SHULPHQWDO DQG FDOFXODWLRQ
GDWD VKRZHG WKDW WKH PHDQ UHODWLYH HUURU LQ GHWHUPL�
QDWLRQ RI WKH SHQHWUDWLRQ GHSWK ZDV ��� ��� DQG ��� ��
UHVSHFWLYHO\� LQ WKH �VW� �QG DQG �UG PRGHO� ZHOG FRQ�
YH[LW\ x ���� ��� DQG ��� �� UHVSHFWLYHO\� DQG ZHOG
ZLGWK x � � IRU DOO WKH PRGHOV� 7KH �UG PRGHO SUR�
YLGHG WKH KLJKHVW DFFXUDF\�

'LVFXVVLRQ RI UHVXOWV� 8QGHU WKH ZHOGLQJ FRQGL�
WLRQV FRQVLGHUHG WKUHH YDULDQWV RI IRUPDWLRQ RI MRLQWV
FDQ EH GLVWLQJXLVKHG� ZLWK D FRQYH[ ZHOG� ZLWK D
FRQFDYH ZHOG DQG ZLWK ZHOGV KDYLQJ ODFN RI SHQHWUD�
WLRQ RI HGJHV� ,Q WKH ILUVW FDVH D VWDEOH SURFHVV LV
REVHUYHG ZLWK DQ DUF ZKLFK LV VXEPHUJHG SDUWLDOO\
LQWR WKH SDUHQW PHWDO� ,Q WKH VHFRQG FDVH D VWDEOH
SURFHVV LV DOVR REVHUYHG EXW ZLWK DQ DUF ZKLFK LV
VXEPHUJHG FRPSOHWHO\ LQWR WKH SDUHQW PHWDO� *DS LV
QRW ILOOHG ZLWK D GHSRVLWHG PHWDO� ,Q WKH WKLUG FDVH
WKH DUF LV VXEPHUJHG FRPSOHWHO\ LQWR WKH SDUHQW PH�
WDO� WKH ZHOGLQJ SURFHVV LV LQVWDEOH� WKH DUF LV FKDRWL�
FDOO\ PRYHG DFURVV WKH PHWDO WKLFNQHVV XSZDUGV�
GRZQZDUGV DQG GLVSODFHG IURP RQH HGJH WR DQRWKHU�
7KHUH LV QR ZHOG IRUPDWLRQ�

7KH UHVXOWV RI LQYHVWLJDWLRQV FRQILUP WKH VLJQLIL�
FDQW HIIHFW RI JDS RQ WKH SHQHWUDWLRQ GHSWK� 7KXV� WKH
SHQHWUDWLRQ GHSWK DW � PP JDS FDQ � WLPHV H[FHHG
WKH SHQHWUDWLRQ GHSWK LQ KDUGIDFLQJ �FORVH EXWW� �)L�
JXUH ��� :LWK LQFUHDVH RI JDS WKH ZHOG FRQYH[LW\ LV
GHFUHDVHG DQG DW ODUJH JDSV WKH FRQYH[LW\ WUDQVIHUV
LQWR FRQFDYLW\� 7KH ZHOG ZLGWK GRHV QRW DOPRVW GH�
SHQG RQ WKH JDS XQWLO WKH FRPSOHWH DUF VXEPHUVLRQ
LQWR WKH SDUHQW PHWDO LV RFFXUUHG� ,Q FDVH RI DUF VXE�
PHUVLRQ LQWR WKH SDUHQW PHWDO� WKH DUF ZDQGHULQJV DUH
OLPLWHG� WKH FROG PHWDO FRQVWULFWV LW DQG WKH ZHOG
ZLGWK LV GHFUHDVHG� 7KH UDWLR EHWZHHQ WKH DUF OHQJWK
DQG JDS YDOXHV LQIOXHQFHV� HYLGHQWO\� WKH DUF VXEPHU�
VLRQ LQWR WKH JDS� WKDW VKRXOG EH D VXEMHFW RI IXUWKHU
LQYHVWLJDWLRQV�

,Q WKH GHYHORSPHQW RI WKH FDOFXODWLRQ PHWKRGV RI
GHWHUPLQDWLRQ RI ZHOGLQJ FRQGLWLRQV� WKH UHODWLRQVKLS
EHWZHHQ WKH ZHOG VL]HV LQ ZHOGLQJ WKH EXWW ZLWK D
JDS DQG EHDG VL]HV LQ KDUGIDFLQJ LV RI DQ LQWHUHVW �VHH
)LJXUH �� E�� 7KXV� WKH UHODWLRQVKLSV EHWZHHQ WKH DF�
WXDO VL]HV RI ZHOG K DQG J ZLWK DOORZDQFH IRU JDS E
DQG EHDG VL]HV LQ KDUGIDFLQJ KK DQG JK KDYH D IRUP

K = KK + ���E������ ���

J = JK w ���E���� ���

)LJXUH �� 6DPSOH�VLPXODWRU RI EXWW ZHOG ZLWK D YDULDEOH JDS

16 8/2002



RU ZLWK DOORZDQFH IRU DUHD RI ILOOLQJ WKH JDS )J ZLWK

GHSRVLWHG PHWDO �VHH )LJXUH ���

K = KK + ���(EK)������ ����

J = JK w �����(EK)������ ����

&21&/86,216

�� ,Q VKLHOGHG�JDV FRQVXPDEOH HOHFWURGH DUF ZHOGLQJ

D JDS LV RQH RI WKH PRVW VLJQLILFDQW WHFKQRORJLFDO

IDFWRUV LQIOXHQFLQJ WKH GHSWK RI SHQHWUDWLRQ DQG

KHLJKW RI FRQYH[LW\ �FRQFDYLW\� RI WKH EXWW ZHOG� 7KH

ZHOG ZLGWK GRHV QRW GHSHQG RQ WKH JDS YDOXH DW D

SDUWLDO DUF VXEPHUVLRQ LQWR WKH SDUHQW PHWDO�

�� 0DWKHPDWLFDO PRGHO RI D VKDSH RI WKH VTXDUH

EXWW ZHOG ZLWK DOORZDQFH IRU WKH JDS YDOXH KDV EHHQ

GHYHORSHG� 7KH H[SHGLHQF\ RI DFFRXQWLQJ IRU WZRPDLQ

ZHOGLQJ SDUDPHWHUV LQ WKH PRGHO� VXFK DV ZHOGLQJ

FXUUHQW DQG ZHOGLQJ VSHHG� LV VKRZQ�

�� 7KH PRGHO GHYHORSHG FDQ EH XVHG LQ GHVLJQ RI

D VRIWZDUH RI WKH V\VWHP RI DGDSWLYH FRQWURO RI DUF

ZHOGLQJ EXWW MRLQWV ZLWK D QRQ�VWDEOH JDS�

�� ,W LV UDWLRQDO WR FRQWLQXH LQYHVWLJDWLRQV RI DUF

EHKDYLRXU LQDJDSDQGWR ILQG WKHRSWLPXPUDWLREHWZHHQ

WKH DUF OHQJWK DQG YROWDJH DQG WKH EXWW JDS YDOXH�

�� 2VWURYVND\D� 6�$� ������ 6TXDUH EXWW ZHOGLQJ ZLWK REOLJD�
WRU\ JDS� $YWRPDWLFK� 6YDUND� �� �w��

�� 'RQFKHQNR� 9�)� ������ ,QIOXHQFH RI MRLQW JDS RQ VL]HV RI
EXWW ZHOG FURVV�VHFWLRQ VL]HV LQ DXWRPDWLF VXEPHUJHG�DUF
ZHOGLQJ� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

�� 'RQFKHQNR� 9�)� ������ 9DOLGDWLRQ RI SDUDPHWHUV RI DXWR�
PDWLF VXEPHUJHG�DUF JURRYH ZHOGLQJ RI EXWW MRLQWV� ,ELG�� ��
��w���

�� 'XERYHWVN\� 6�9�� 6HUJDWVN\� *�,�� .DVDWNLQ� 2�*� ������
2SWLPLVDWLRQ RI &2� ZHOGLQJ FRQGLWLRQ� $YWRPDWLFK�
6YDUND� ��� ��w���

�� %DENLQ� $�6�� .ULYRVKH\D� 9�(� ������ 'HYHORSPHQW RI DO�
JRULWKP RI PLFURFRPSXWHU�DLGHG FDOFXODWLRQ RI &2� ZHOGLQJ
SDUDPHWHUV� 6YDURFKQ� 3URL]YRGVWYR� �� �w��

�� 3RSNRY� $�0� ������ &DOFXODWLRQ RI ZHOG SDUDPHWHUV LQ
&2� ZHOGLQJ RI EXWW VTXDUH MRLQWV� ,ELG�� �� ��w���

�� .RULQHWV� ,�)�� -L &KHQJ &KXQJ ������ 'HWHUPLQLVWLF�VWDWLV�
WLFDO PRGHO RI ZHOG VKDSH LQ DUF ZHOGLQJ� 7KH 3DWRQ :HOG�
LQJ -�� ��� ��w���

)LJXUH �� (IIHFW RI JDS DQG FRQGLWLRQ RI DUF ZHOGLQJ LQ $U � �� � &2� RQ ZHOG VL]H� D� E x H[SHULPHQWDO GDWD DW ,  ��� DQG ��� $�
F� G x FDOFXODWHG GDWD DW ,  ��� DQG ��� $� Q x Y  ���� O x Y  ����� V x Y  ���� PP�V
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(�1� 9$58.+$ DQG $�$� 0252=29

/HDGLQJ $WWHVWDWLRQ &HQWHU RI 6RXWK 5HJLRQ RI 5XVVLDQ )HGHUDWLRQ

1RQ�OLQHDU PRGHO RI SHQHWUDWLRQ RI D ZRUNSLHFH� GHVFULELQJ WKH GHSHQGHQFH RI GHSWK RI SHQHWUDWLRQ RQ SDUDPHWHUV RI

SURFHVV RI PHFKDQL]HG ZHOGLQJ DQG VXUIDFLQJ LQ &2
�
DW UHYHUVH SRODULW\ FXUUHQW LV SUHVHQWHG�

.H\ ZRU G V � DUF ZHOGLQJ RU VXUIDFLQJ� PDWKHPDWLFDO PRG�

HOOLQJ� SHQHWUDWLRQ GHSWK� ZHOGLQJ FRQGLWLRQ SDUDPHWHUV� VKLHOG�

LQJ JDV� UHYHUVH SRODULW\

8QWLO WKH SUHVHQW WLPH WKHUH DUH QR VXIILFLHQWO\ H[DFW
DQG VLPSOH PHWKRGV RI FDOFXODWLRQ DQG UHJLVWUDWLRQ RI

SHQHWUDWLRQ GHSWK RI WKH ZRUNSLHFH GXULQJ ZHOGLQJ�

7KLV LV VWLSXODWHG E\ QXPHURXV IDFWRUV LQIOXHQFLQJ RQ
LW DQG GLIILFXOW\ LQ WKHLU DFFRXQWLQJ� 'HYHORSPHQW RI

WKHVH PHWKRGV FRXOG VLPSOLI\ WKH SURFHGXUHV RI FDO�

FXODWLRQ RI ZHOGLQJ FRQGLWLRQV DQG FUHDWLRQ RI V\VWHP

RI DQ DGDSWLYH FRQWURO RI SHQHWUDWLRQ GHSWK IRU ZHOG�

LQJ HTXLSPHQW�

7R SHUIRUP FDOFXODWLRQV RI ZHOGLQJ FRQGLWLRQ SD�

UDPHWHUV LW LV QHFHVVDU\ WR SUHVHW WKH ZHOG JHRPHWULF

VL]HV� +HUH� WKH UHODWLRQVKLS EHWZHHQ WKH GHSWK RI

SHQHWUDWLRQ DQG ZHOG ZLGWK DQG PDLQ FKDUDFWHULVWLFV

RI WKH SURFHVV �FXUUHQW DQGZHOGLQJ VSHHG� DUF YROWDJH�

GLDPHWHU DQG VWLFNRXW RI HOHFWURGH� VKRXOG EH NQRZQ�

8QWLO QRZ WKHUH ZHUH PDQ\ ZRUNV GHYRWHG WR HV�
WDEOLVKLQJ UHODWLRQ EHWZHHQ WKH ZHOGLQJ SURFHVV SD�

UDPHWHUV DQG JHRPHWULF VL]HV RI WKH ZHOG� ,Q WKH VR�

OXWLRQ RI WKLV SUREOHP WKUHH PDLQ DSSURDFKHV FDQ EH
GLVWLQJXLVKHG�

• GHWHUPLQDWLRQ RI UHODWLRQ EHWZHHQ ZHOGLQJ FRQ�

GLWLRQV DQG ZHOG VL]HV XVLQJ H[SHULPHQWDO GDWD >�@�
• PDNLQJ RI HPSLULF HTXDWLRQV FRQQHFWLQJ ZHOGLQJ

FRQGLWLRQ DQG ZHOG VL]HV XVLQJ D PHWKRG RI D IRUPDO

>�@ DQG FULWHULDO LQWHUSRODWLRQ >�@�

• GHYHORSPHQW RI V\VWHPV RI DQDO\WLFDO HTXDWLRQV
REWDLQHG IURP WKH WKHRU\ RI KHDW WUDQVIHU >�@�

(DFK RI WKHP KDV GUDZEDFNV� D KLJK ODERXU LQWHQ�

VLW\ LQ REWDLQLQJ H[SHULPHQWDO GDWD� QRW KLJK DFFXUDF\

RI HPSLULF PRGHOV DQG GLIILFXOW\ LQ DFFRXQWLQJ IRU DOO

WKH IDFWRUV LQIOXHQFLQJ WKH GLVWULEXWLRQ RI WHPSHUDWXUH

LQ WKH SURGXFW� 7KH UDSLG GHYHORSPHQW RI D FRPSXWHU

HQJLQHHULQJ� WKH SUHVHQFH RI SRZHUIXO DSSOLHG FRP�

SXWHU SURJUDPV DQG GHYHORSPHQW RI D UDWKHU SHUIHFW

PDWKHPDWLFDO PRGHO RI HOHFWURGH PHOWLQJ >�@ PDNH LW

SRVVLEOH WR VWDUW WKH VROXWLRQ RI SUREOHP RI FRQVWUXF�

WLRQ RI D PDWKHPDWLFDO PRGHO RI SURGXFW SHQHWUDWLRQ

DW WKH KLJKHU OHYHO�

7KH DLP RI WKH SUHVHQW ZRUN LV WR GHYHORS D PRGHO

IRU FDOFXODWLRQ RI GHSWK RI SHQHWUDWLRQ LQ &2� VXUIDF�

LQJ DQG ZHOGLQJ RI EXWW MRLQWV ZLWKRXW D ]HUR JDS

HGJH SUHSDUDWLRQ XVLQJ D UHYHUVH SRODULW\ FXUUHQW�

7R REWDLQ H[SHULPHQWDO GDWD� D VHULHV RI H[SHUL�

PHQWV RQ VXUIDFLQJ RI EHDGV RQ �� PP SODWHV RI VWHHO

6W�� �NLOOHG� LQ &2� ���w�� O�PLQ FRQVXPSWLRQ� ZDV
SHUIRUPHG� 6XUIDFLQJ �ZHOGLQJ� ZDV UHDOL]HG IURP

FRQYHUWHU 36*���� ZLWK D ULJLG YROW�DPSHUH FKDUDF�

WHULVWLF LQ WKH ��w�� 9 UDQJH RI YROWDJHV DQG ���w

��� $ UDQJH RI FXUUHQWV� 6XUIDFLQJ UDWH ZDV FKDQJHG

E\ VWHSV IURP ���� WR ���� P�K� :HOGLQJ ZLUHV 6Y�
��*�6 RI D UDWHG GLDPHWHU G

H
 ���� ���� ���� ��� DQG

��� PP ZHUH XVHG DV DQ HOHFWURGH� )RU IXUWKHU FDOFX�

ODWLRQV WKH VL]HV G
H
� VXFK DV ����� ����� ���� ���� DQG

����PPZHUH WDNHQ� 7KHZLUH IHHG VSHHG LQ WKH SURFHVV

RI ZHOGLQJ ZDV FKDQJHG LQ WKH UDQJH IURP ��� WR

��� P�K� 'LVWDQFH IURP WKH FXUUHQW�FDUU\LQJ QR]]OH

HQG WR WKH SODWH VXUIDFH ZDV ��� �� DQG �� PP� WKH

FXUUHQW�FDUU\LQJ QR]]OHV ZHUH PDGH IURP FRSSHU RI

02 JUDGH� 7KH GHSRVLWHG SODWHV ZHUH FXW DFURVV WKH

EHDGV LQ WZR SODFHV� 0DFURVHFWLRQV ZHUH PDGH� LQ
ZKLFK WKH JHRPHWULFDO VL]HV RI ZHOGV ZHUH PHDVXUHG

DW DQ DFFXUDF\ RI QRW PRUH WKDQ ± ��� PP�

)RU VWDWLF SURFHVVLQJ IRXU YDOXHV RI HDFK PHDVXUHG

SDUDPHWHUV ZLWKRXW WKHLU DYHUDJLQJ ZHUH XVHG� 6XFK

DSSURDFK PDNHV LW SRVVLEOH WR REWDLQ WKH KLJK DFFXUDF\

LQ IXUWKHU PDWKHPDWLFDO SURFHVVLQJ RI H[SHULPHQWDO

GDWD� DV WKH URRW�PHDQ�VTXDUH FKDUDFWHULVWLFV UHIOHFW
PRUH DFFXUDWHO\ WKH UHJXODULWLHV EHLQJ VWXGLHG WKDQ

WKHLU DULWKPHWLF PHDQ YDOXHV�

)RU WKH PRGHO GHVLJQ D PHWKRG RI D PXOWLIDFWRU

UHJUHVVLRQ DQDO\VLV� UHDOL]HG LQ DSSOLHG SURJUDP �6WD�

WLVWLND� ZDV XVHG� $UF YROWDJH 8
D
� UDWH RI HOHFWURGH� (�1� 9$58.+$ DQG $�$� 0252=29� ����

)LJXUH �� 'HSHQGHQFH RI SHQHWUDWLRQ GHSWK D RQ DUF YROWDJH 8
D

DQG ZHOGLQJ VSHHG Y
Z
DW G

H
 ��� PP DQG Y

I
 ��� P�K
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ZLUH IHHG �E\ PDVV� YP DQG ZHOGLQJ VSHHG YZ ZHUH

XVHG DV LQGHSHQGHQW YDULDEOHV IRU FDOFXODWLRQ RI D

GHSWK RI SHQHWUDWLRQ�

&RPLQJ IURP WKH FODVVLFDO FRQFHSWLRQV DERXW WKH

ODZV RI SURGXFW SHQHWUDWLRQ DQG H[SHULPHQWDO GDWD

REWDLQHG� WKH IROORZLQJ IRUP RI XQNQRZQ IRUPXOD IRU

FDOFXODWLRQ RI WKH SHQHWUDWLRQ GHSWK ZDV SUHVHW

D  E� � E�YP � E�8D � E�YZ� ���

ZKHUH D LV WKH GHSWK RI SHQHWUDWLRQ� PP� E�� E�� E�

DQG E� DUH WKH HPSLULF FRHIILFLHQWV�

7R GHWHUPLQH WKH YDOXHV RI FRHIILFLHQWV RI HTXDWLRQ

��� XVLQJ PHWKRG RI D OHDVW�VTXDUH PHWKRG WKH OLQHDU

UHODWLRQVKLSV D  I�8D� YZ� ZHUH FRQVWUXFWHG DW IL[HG

YDOXHV GH DQG YI� RQH RI ZKLFK LV SUHVHQWHG LQ )LJXUH ��

$W ]HUR YDOXHV8D DQG YZ WKH REWDLQHG SODQH LQWHUVHFWV

WKH D[LV RI SUHGLFWHG YDOXHV LQ SRLQW D�� ZKRVH YDOXH

LV GLIIHUHQW LQ HDFK FDVH� EXW GHSHQGHQW OLQHDUO\ RQ

WKH HOHFWURGH ZLUH GLDPHWHU DQG UDWH RI LWV IHHGLQJ

�)LJXUH ���

7R GHWHUPLQH YDOXH D�� LW ZDV VXJJHVWHG WR FRQVLGHU

LWV GHSHQGHQFH QRW RQ WKH OLQHDU UDWH RI ZLUH IHHG YI�

EXW RQ LWV PDVV UDWH RI IHHGLQJ YP �)LJXUH ��� ,W ZDV

HVWDEOLVKHG WKDW D� GRHV QRW DOPRVW GHSHQG RQ GLDPHWHU

DQG LQFUHDVHV ZLWK LQFUHDVH LQ YP� 8VLQJ WKH OLQHDU

DSSUR[LPDWLRQ WKH IROORZLQJ UHODWLRQVKLS ZDV RE�

WDLQHG�

D�  w���� � ����YP� ���

7KXV� ZH GHWHUPLQHG WKH YDOXHV RI FRHIILFLHQWV E�

DQG E� IURP ���� E�  ���� PP� E�  ���� PP⋅V�J�
6XEVWLWXWLQJ E� DQG E� LQWR HTXDWLRQ ���� WKH YDOXHV

RI FRHIILFLHQWV E� DQG E� IRU GLIIHUHQW YZ ZHUH GHWHU�

PLQHG E\ H[SHULPHQWDO GDWD XVLQJ D OHDVW�VTXDUHV

PHWKRG� &RHIILFLHQWV E� DQG E� FDQ EH GHVFULEHG E\

WKH IROORZLQJ UHODWLRQVKLSV�

E� = w���⋅��w�YZ
� + ���⋅��w�YZ w ����⋅��w�� ���

E� =
���⋅��w�YZ

�

w ����YZ + ����

YZ

+

+
���⋅��w�YZ

� + ����YZ w ����� w
�����

Y
Z

Y
Z

YP�

���

'HWHUPLQDWLRQ RI DOO WKH FRHIILFLHQWV RI HTXDWLRQ

��� DOORZHG WKH XQNQRZQ UHODWLRQVKLS WR EH GHVFULEHG

ZLWK D VXIILFLHQW DFFXUDF\ IRU WKH SUDFWLFDO SXUSRVHV

�FRHIILFLHQW RI FRUUHODWLRQ ZLWK H[SHULPHQWDO GDWD LV

������ 7KH REWDLQHG PRGHO LV QRQ�OLQHDU DV UHJDUGV WR

ZHOGLQJ FRQGLWLRQ SDUDPHWHUV �)LJXUH ���

7KH DSSHDUDQFH RI D UHJLRQ RI JURZWK RI WKH SHQH�

WUDWLRQ GHSWK ZLWK ZHOGLQJ VSHHG LQFUHDVH FRQWUDGLFWV

VRPH H[LVWLQJ PRGHOV RI FDOFXODWLRQ RI WKH SHQHWUDWLRQ

GHSWK� +RZHYHU� WKLV UHVXOW LV FRQILUPHG E\ LQYHVWL�

JDWLRQV LQ WKH ILHOG RI HIIHFW RI OLTXLG OD\HU WKLFNQHVV

XQGHU WKH DUF RQ WKH SHQHWUDWLRQ GHSWK >�� �@�

*URZWK LQ SHQHWUDWLRQ GHSWK ZLWK LQFUHDVH LQ

ZHOGLQJ VSHHG LQ D GHILQLWH UDQJH LV H[SODLQHG E\ WKH

)LJXUH �� 'HSHQGHQFH RI FRQVWDQW FRQVWLWXHQW RI SHQHWUDWLRQ GHSWK
D
�
RQ HOHFWURGH ZLUH IHHG UDWH DW LWV GLIIHUHQW GLDPHWHUV

)LJXUH �� 5HODWLRQVKLS RI YDOXH D
�
DQG PDVV UDWH RI HOHFWURGH ZLUH

IHHG IRU G
H
 ��� ���� ��� ���� ��� ��� DQG ��� ��� PP

)LJXUH �� 'HSHQGHQFH RI SHQHWUDWLRQ GHSWK RQ DUF YROWDJH DQG ZHOGLQJ VSHHG� D x G
H
 ��� PP� Y

I
 ��� J�V� E x G

H
 ���� PP�

Y
P
 ��� J�V �P x H[SHULPHQWDO GDWD�
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IDFW WKDW WKH SRRO PROWHQ PHWDO LV IRUFHG RXW E\ WKH

DUF SUHVVXUH LQ D WDLO SDUW DQG KDV QR WLPH WR IORZ

XQGHU WKH DUF GXH WR D QDWXUDO PDVV� 7KXV� WKH DUF

HQHUJ\ LV FRQVXPHG PDLQO\ IRU PHOWLQJ WKH SDUHQW

PHWDO� EXW QRW IRU RYHUKHDWLQJ WKH PROWHQ PHWDO �)L�

JXUH ���

7KH PRGHO REWDLQHG ZDV FRPSDUHG ZLWK WKH NQRZQ

$NXORYsV PRGHO� &RPSDULVRQ ZDV PDGH IRU GH  ����

��� DQG ��� PP DW GLIIHUHQW SDUDPHWHUV RI WKH ZHOGLQJ

FRQGLWLRQV� 7KH FRQIRUPLW\ RI UHVXOWV RI FDOFXODWLRQV

WR H[SHULPHQWDO GDWD ZDV XVHG DV D FULWHULRQ RI HYDOX�

DWLRQ RI DFFXUDF\ RI WKH FDOFXODWLRQ PRGHOV�

)RU FODULW\ RI UHSUHVHQWDWLRQ WKH UHVXOWV RI FRP�

SDULVRQ ZHUH JLYHQ LQ WKH IRUP RI JUDSKV RI GHSHQG�

HQFHV RI SHQHWUDWLRQ GHSWK RQ ZHOGLQJ VSHHG DW IL[HG

YDOXHV GH� YI�8D� 7KH EHKDYLRXU RI FDOFXODWLRQ PRGHOV

DW GLIIHUHQW UDWHV RI HOHFWURGH ZLUH IHHG VSHHG DQG

YDOXHV RI DUF YROWDJH IRU GH  ��� PP LV VKRZQ LQ

)LJXUH ��

$V LV VHHQ LQ )LJXUH � WKH GHSHQGHQFH RI SHQHWUD�

WLRQ GHSWK RQ ZHOGLQJ VSHHG� FRUUHVSRQGLQJ WR WKH

$NXORYsV PRGHO� KDV D IRUP RI D K\SHUEROD� 1RQ�DGH�

TXDWH JURZWK RI SHQHWUDWLRQ GHSWK DW VPDOO YDOXHV YZ

DQG WHQGHQF\ WR VRPH QRQ�]HUR YDOXH DW KLJK ZHOGLQJ

VSHHGV FDQ EH FRQVLGHUHG DV D GUDZEDFN RI WKLV GH�

VFULSWLRQ�

&DOFXODWLRQV� SHUIRUPHG XVLQJ WKH $NXORYsV

PRGHO� KDYH D JRRG FRUUHODWLRQZLWK H[SHULPHQWDO GDWD

ZLWKLQ WKH UDQJH RI ZHOGLQJ VSHHGV IURP �� WR

�� P�K� ,QFUHDVH LQ YROWDJH DQG GHFUHDVH LQ UDWH RI

WKH HOHFWURGH ZLUH IHHG OHDGV WR WKH HUURU LQFUHDVH�

,W FDQ EH FRQFOXGHG WKDW WKH $NXORYsV PRGHO UH�

IOHFWV DGHTXDWHO\ WKH UHDO YDOXHV RI SHQHWUDWLRQ GHSWK

RQO\ LQ ULJLG UDQJHV RI OLPLWV E\ ZHOGLQJ VSHHG� HOHF�

WURGH ZLUH IHHG VSHHG DQG DUF YROWDJH�

$QDO\VLV RI GDWD RI FDOFXODWLRQ XVLQJ WKH PRGHO

GHYHORSHG VKRZV WKDW DW ORZ ZHOGLQJ VSHHGV WKH DUF

YROWDJH GRHV QRW DOPRVW LQIOXHQFH WKH GHSWK RI SHQH�

WUDWLRQ� :LWK LQFUHDVH LQ YZ WKH GHJUHH RI 8D HIIHFW

LV LQFUHDVHG� DQG KHUH� ZLWK LQFUHDVH LQ DUF YROWDJH

WKH GHSWK RI SHQHWUDWLRQ LV GHFUHDVHG� ,QFUHDVH LQ YZ

OHDGV ILUVWO\ WR DQ DEUXSW GHFUHDVH LQ WKH GHSWK RI

SHQHWUDWLRQ DQG WKHQ WR LWV OLWWOH LQFUHDVH� $W KLJK

ZHOGLQJ VSHHGV WKH GHSWK RI SHQHWUDWLRQ EHJLQV WR

GHFUHDVH DJDLQ�

7KH PRGHO REWDLQHG PDNHV LW SRVVLEOH WR FRQFOXGH

WKDW DW D GHILQLWH DUF YROWDJH DQG�RU ZHOGLQJ VSHHG

WKH GHSWK RI SHQHWUDWLRQ EHFRPHV HTXDO WR ]HUR WKDW

LV HVSHFLDOO\ LPSRUWDQW LQ FDOFXODWLRQ RI WKH ZHOGLQJ

FRQGLWLRQ SDUDPHWHUV�

)LJXUH �� (IIHFW RI WKLFNQHVV RI D OLTXLG OD\HU ∆ XQGHU WKH DUF RQ GHSWK RI SHQHWUDWLRQ LQ FKDQJLQJ ZHOGLQJ VSHHG �Y
Z�
! Y

Z�
�

)LJXUH �� 'HSHQGHQFH RI SHQHWUDWLRQ GHSWK RQ ZHOGLQJ VSHHG IRU
G
H
 ��� PP DQG 8

D
 �� �D� DQG �� �E� 9 �VROLG FXUYHV x UHVXOW

RI FDOFXODWLRQ E\ WKH PRGHO REWDLQHG� GDVKHG FXUYHV x E\ WKH
$NXORYsV PRGHO�
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,I WR LQWURGXFH WKH NQRZQ GHSHQGHQFH YP RQ ZHOG�

LQJ FXUUHQW ,Z� VWLFNRXW KH� GLDPHWHU DQG FKHPLFDO

FRPSRVLWLRQ RI ZHOGLQJ ZLUH >�@ WR WKH IRUPXOD ����

WKHQ WKH REWDLQHG IRUPXOD FDQ EH XVHG IRU WKH VROXWLRQ

RI D UHYHUVH SUREOHP� L�H� WKH ZHOGLQJ FXUUHQW FDQ EH

FDOFXODWHG E\ D SUHVHW YDOXH RI GHSWK RI SHQHWUDWLRQ�

GLDPHWHU DQG VWLFNRXW RI ZHOGLQJ ZLUH� 6R� WKH HQJL�

QHHULQJ FDOFXODWLRQV RI WKH ZHOGLQJ FRQGLWLRQV FDQ EH

VLPSOLILHG VLJQLILFDQWO\�

7KH UHJXODULWLHV� HVWDEOLVKHG GXULQJ LQYHVWLJD�

WLRQV� FDQ EH XVHG LQ WKH GHYHORSPHQW RI DXWRPDWHG

V\VWHPV RI FRQWURO RI WKH GHSWK RI SHQHWUDWLRQ RI SURG�

XFWV GXULQJ VXUIDFLQJ �ZHOGLQJ� WR DFFRXQW WKH HIIHFW

RI RWKHU PDWHULDOV RI HOHFWURGH ZLUHV DQG SURGXFWV�

VKLHOGLQJ PHGLD DQG FRQGLWLRQV RI VXUIDFLQJ �ZHOGLQJ�

RQ WKH SHQHWUDWLRQ GHSWK� )RU H[DPSOH� WKH\ FDQ EH

XVHG IRU GHVFULSWLRQ RI ZHOGLQJ SURFHVV ZLWK HGJH

SUHSDUDWLRQ DQG ZLWK D JDS EHWZHHQ WKH HOHPHQWV

ZHOGHG�

&21&/86,216

�� 7KH PRGHO KDV EHHQ GHYHORSHG IRU FDOFXODWLRQ RI

WKH SHQHWUDWLRQ GHSWK LQ &2� VXUIDFLQJ �ZHOGLQJ� RI

EXWW MRLQW ZLWK D VTXDUH HGJH SUHSDUDWLRQ�

�� )XQFWLRQDO UHODWLRQVKLS EHWZHHQ WKH GHSWK RI

SHQHWUDWLRQ DQG VXUIDFLQJ �ZHOGLQJ� FRQGLWLRQ SD�

UDPHWHUV LV GHILQHG DQG GHVFULEHG PDWKHPDWLFDOO\�

�� 7KH HPSLULF IRUPXOD REWDLQHG SURYLGHV WKH KLJK�

HVW VLPSOLFLW\ DQG DFFXUDF\ RI HQJLQHHULQJ DQG VFLHQ�

WLILF FDOFXODWLRQV RI SHQHWUDWLRQ GHSWK LQ DPHFKDQL]HG

VXUIDFLQJ �ZHOGLQJ� DQG DOORZV LWV H[SUHVV HYDOXDWLRQ�

�� $NXORY� $�,�� %HOFKXN� 7�$�� 'HP\DQWVHYLFK� 9�3� ������
7HFKQRORJ\ DQG HTXLSPHQW RI IXVLRQ ZHOGLQJ� 0RVFRZ�
0DVKLQRVWURHQLH�

�� 'XERYLWVN\� 6�9�� 6HUJDWVN\� *�,�� .DVDWNLQ� 2�*� ������
2SWLPL]DWLRQ RI &2

�
ZHOGLQJ FRQGLWLRQV� $YWRPDWLFK� 6YDU�

ND� ��� ��w���
�� 5\NDOLQ� 1�1�� %HNHWRY� $�,� ������ &DOFXODWLRQ RI WKHUPDO

F\FOH RI QHDU�ZHOG ]RQH E\ FRQWRXU RI ZHOG SRRO� 6YDURFKQ�
3URL]YRGVWYR� �� ��w���

�� .ULYRVKH\D� 9�(� ������ 0RGHOOLQJ RI ZHOGLQJ SURFHVVHV�
,Q� $XWRPDWLRQ RI ZHOGLQJ PDQXIDFWXULQJ LQ WKH OLJKW RI

GHFLVLRQV RI ;;9, &RQJUHVV RI &366� /HQLQJUDG�
)�(� ']HU]KLQVN\ /'173�

�� 9DUXNKD� (�1�� 'RNWRUVN\� 5�<D� ������ &DOFXODWLRQ RI
HOHFWURGH IXVLRQ UDWH LQ PHFKDQLVHG ZHOGLQJ� 6YDURFKQ� 3UR�
L]YRGVWYR� �� ��w���

�� /HVKFKLQVN\� /�.�� 3DYORY� ,�9� ������ 7KLFNQHVV RI OLTXLG
LQWHUOD\HU XQGHU DUF GXULQJ KDUGIDFLQJ ZLWK VWULS HOHFWURGH
DQG ZLUH� $YWRPDWLFK� 6YDUND� �� ��w���

�� &KHUQ\FKHY� *�*�� 5\EDFKXN� $�1� ������ $ERXW WKLFNQHVV
RI OLTXLG LQWHUOD\HU XQGHU DUF� ,Q� 7HFKQRORJ\ DQG DXWRPDW�

LRQ RI ZHOGLQJ DQG EUD]LQJ SURFHVVHV� 0RVFRZ� 0DVKLQRV�
WURHQLH�

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

�
	������	����	���������	�����

�������	����	���������

<X�0� .86.29� ,�,� 5<$%76(9� /�.� '2526+(1.2 DQG 9�*� 9$6,/,(9

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

3URFHVVHV RI PHOWLQJ DQG VROLGLILFDWLRQ RI GHSRVLWHG PHWDO RI ��.K*6 W\SH DOOR\HG ZLWK ���w��� � RI SKRVSKRUXV ZHUH

LQYHVWLJDWHG XVLQJ DPHWKRG RI D GLIIHUHQWLDO WKHUPDO DQDO\VLV� ,W ZDV HVWDEOLVKHG WKDW SKRVSKLGH HXWHFWLFV� EHLQJ KD]DUGRXV

IURP WKH SRLQW RI YLHZ RI VXVFHSWLELOLW\ WR KRW FUDFNV� DUH DSSHDUHG LQ WKH GHSRVLWHG PHWDO RI WKLV W\SH DW SKRVSKRUXV

FRQWHQW RI PRUH WKDQ � ��

.H\ ZRU G V � GHSRVLWHG PHWDO� DOOR\LQJ ZLWK SKRVSKRUXV�

SKRVSKLGH HXWHFWLFV� VROLGLILFDWLRQ RI GHSRVLWHG PHWDO� GLIIHUHQ�

WLDO WKHUPDO DQDO\VLV

,Q PRVW FDVHV WKH SKRVSKRUXV LV FRQVLGHUHG WR EH DQ

XQGHVLUDEOH LPSXULW\ LQ VWHHO� ,Q VROLGLILFDWLRQ RI VWHHO

LQJRWV DQ LQWUDFU\VWDOOLQH OLTXDWLRQ RI SKRVSKRUXV ZDV

REVHUYHG OHDGLQJ WR UHGXFWLRQ LQ GXFWLOLW\ DQG LPSDFW

VWUHQJWK� DW ORZHU WHPSHUDWXUHV LQ SDUWLFXODU� 3KRV�

SKRUXV LV RQH RI WKH HOHPHQWV ZKLFK LV UHVSRQVLEOH IRU

WKH VWHHO WHPSHU EULWWOHQHVV >�@� 6LPLODUO\ LW LQIOXHQFHV

WKH SURSHUWLHV RI ZHOG PHWDO >�@� )RU WKLV UHDVRQ� LWV

FRQWHQW LQ VWHHOV DQG ZHOG PHWDO LV OLPLWHG XVXDOO\ E\

���� ��

+RZHYHU� WKHUH DUH VWHHOV DQG FDVW LURQV LQ ZKLFK

SKRVSKRUXV LV XVHG DV DQ DOOR\LQJ HOHPHQW� $FFRUGLQJ

WR GDWD RI >�@� SKRVSKRUXV KDUGHQV VWHHO DW LWV FRQWHQW

XS WR ��� �� ,Q SDUDOOHO ZLWK FDUERQ DQG PRO\EGHQXP

LW LV RQH RI WKH KLJKHVW KDUGHQHUV RI DV�QRUPDOL]HG

VWHHO�

3KRVSKRUXV PDVV IUDFWLRQ RI � � DQG PRUH KDV D

IDYRXUDEOH LQIOXHQFH RQ ZHDU�UHVLVWDQFH DQG DQWLIULF�

WLRQ SURSHUWLHV RI )H�EDVH DOOR\V >�� �@� +HUH� WKH

SKRVSKLGHV RI LURQ DQG VRPH DOOR\LQJ HOHPHQWV LQ PHW�

DO�WR�PHWDO IULFWLRQ IXOILO WKH UROH RI D GU\ OXEULFDWLRQ

>�@� 3KRVSKRUXV KDV DOVR D SRVLWLYH HIIHFW RQ WKH VWHHO

IOXLGLW\� $V LV IROORZV IURP DUWLFOH >�@� WKH SKRVSKR�

UXV� DV D VXUIDFH�DFWLYH VXEVWDQFH� SURPRWHV WKH GH�

FUHDVH LQ VXUIDFH WHQVLRQ RI D OLTXLG LURQ� WKXV OHDGLQJ

WR LWV FRPSOHWH VSUHDGLQJ RYHU D KDUG VXEVWUDWH�

$V WKH SKRVSKRUXV KDV D SRVLWLYH HIIHFW RQ DQWL�

IULFWLRQ SURSHUWLHV DQG VWHHO IOXLGLW\� LWV XVH DV DQ

DOOR\LQJ HOHPHQW LQ VRPH VXUIDFLQJ PDWHULDOV FDQ EH

� <X�0� .86.29� ,�,� 5<$%76(9� /�.� '2526+(1.2 DQG 9�*� 9$6,/,(9� ����
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SURPLVLQJ� IRU H[DPSOH� LQ IOX[�FRUHG RU VROLG ZLUHV�

SURYLGLQJ GHSRVLWHG PHWDO RI W\SH RI VWHHOV ��.K*6

DQG ��.K*6$� 7KHVH ZLUHV DUH XVHG ZLGHO\ LQ GLIIHU�

HQW EUDQFKHV RI LQGXVWU\ IRU UHVWRUDWLRQ DQG KDUGHQLQJ

RI SDUWV RSHUDWLQJ XQGHU WKH FRQGLWLRQV RI PHWDO�WR�

PHWDO IULFWLRQ >�@�

7KH DSSOLFDWLRQ RI SKRVSKRUXV DV DQ DOOR\LQJ HOH�
PHQW LQ WKH VXUIDFLQJ PDWHULDOV FDQ SUHYHQW WKH IRU�

PDWLRQ RI IXVLEOH SKRVSKLGH HXWHFWLFV ZKLFK LQFUHDVH

WKH VXVFHSWLELOLW\ RI VWHHOV WR KRW FUDFNV LQ ZHOGLQJ

DQG VXUIDFLQJ�

7DNLQJ LQWR DFFRXQW WKH SRVVLEOH QHJDWLYH HIIHFW

RI SKRVSKLGH HXWHFWLFV RQ WKH VXVFHSWLELOLW\ RI WKH

GHSRVLWHG PHWDO WR KRW FUDFNV� WKH SURFHVVHV RI PHOWLQJ
DQG VROLGLILFDWLRQ RI VDPSOHV RI WKH GHSRVLWHG PHWDO
RI ��.K*6 VWHHO W\SH ZLWK D GLIIHUHQW FRQWHQW RI SKRV�

SKRUXV ZHUH LQYHVWLJDWHG �7DEOH ���

3URFHVVHV RI PHOWLQJ DQG VROLGLILFDWLRQ RI WHVW VDP�

SOHV RI GHSRVLWHG PHWDO ZHUH VWXGLHG XVLQJ D PHWKRG

RI GLIIHUHQWLDO WKHUPDO DQDO\VLV �'7$� LQ XQLW 9'7$�

�0� 7HVW VDPSOHV ZHUH FXW IURP �w�WK OD\HU RI PHWDO
GHSRVLWHG E\ IOX[�FRUHGZLUHV� ZKRVH FKDUJH FRQWDLQHG
GLIIHUHQW DPRXQWV RI SKRVSKRUXV LQ WKH IRUP RI D IHU�

URSKRVSKRUXV� 7KH ZRUN >�@ VKRZV WKDW ZLWK XVH RI

'7$ PHWKRG LW LV SRVVLEOH WR UHFRUG HYHQ VPDOO

7DEOH �� &KHPLFDO FRPSRVLWLRQ DQG KDUGQHVV RI GHSRVLWHG PHWDO
VDPSOHV EHLQJ LQYHVWLJDWHG

1XPEHU

RI DOOR\

VDPSOH

0DVV IUDFWLRQ RI HOHPHQWV LQ GHSRVLWHG

PHWDO� �

+DUGQHVV

RI GHSRVLWHG

PHWDO�

+9& 0Q 6L &U 3

, ���� ���� ���� ���� w ���

,, ���� ���� ���� ���� ���� ���

,,, ���� ���� ���� ���� ���� ���

,9 ���� ���� ���� ���� ���� ���

9 ���� ���� ���� ���� ���� ���

9, ���� ���� ���� ���� ���� ���

9,, ���� ���� ���� ���� ���� ���

9,,, ���� ���� ���� ���� ���� ���

7DEOH �� 7HPSHUDWXUH RI PHOWLQJ DQG VROLGLILFDWLRQ RI WHVW DOOR\V

1XPEHU

RI DOOR\

VDPSOH

7HPSHUDWXUH RI PHOWLQJ DQG VROLGLILFDWLRQ RI WHVW DOOR\V� �&

0DWUL[ (XWHFWLF

0HOWLQJ 6ROLGLILFDWLRQ 0HOWLQJ 6ROLGLILFDWLRQ

, ���� ���� (XWHFWLF ZDV QRW REVHUYHG

,, ���� ���� 6DPH

,,, ���� ���� � �

,9 ���� ���� � �

9 ���� ���� � �

9, ���� ���� ��� ���

9,, ���� ���� ���� ���

9,,, ���� ���� ��� ���

)LJXUH �� 'LIIHUHQWLDO WKHUPDO FXUYHV RI KHDWLQJ ��� DQG FRROLQJ ��� RI VDPSOHV RI VWHHO ��.K*6 ZLWK GLIIHUHQW FRQWHQW RI SKRVSKRUXV�
�� , x ZLWKRXW SKRVSKRUXV� ,, x ����� ,,, x ����� ,9 x ����� 9 x ���� 9, x ����� 9,, x ����� 9,,, x ����
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FKDQJHV LQ D SKDVH FRPSRVLWLRQ RI PDWHULDO� IRU H[�

DPSOH� SUHVHQFH RU DEVHQFH RI HXWHFWLFV�
+HDWLQJ DQG FRROLQJ RI VDPSOHV RI WKH GHSRVLWHG

PHWDO ZHUH SHUIRUPHG LQ KHOLXP DW ���� 03D SUHVVXUH
DW �� �&�PLQ UDWH XVLQJ DQ DOXPLQLXP R[LGH FUXFLEOH�

,Q FDVH RI XVH RI WKH '7$ PHWKRG WKH YDOXHV RI
WHPSHUDWXUH RI EHJLQQLQJ DQG HQG RI PHOWLQJ DQG VR�
OLGLILFDWLRQ RIPDWHULDOV H[DPLQHG DUH GHWHUPLQHG IURP
FXUYHV RI WKHLU KHDWLQJ DQG FRROLQJ XVLQJ D JUDGXDWLRQ
JUDSK RI PHOWLQJ DQG VROLGLILFDWLRQ RI WKH UHIHUHQFH
VDPSOH XQGHU WKH VDPH FRQGLWLRQV� $ VDPSOH RI SXUH
WXQJVWHQ ZDV XVHG LQ H[SHULPHQWV DV D UHIHUHQFH VDP�
SOH� 0DVV RI WHVW DQG UHIHUHQFH VDPSOHV ZDV DERXW
�� ± ���� J�

6WDJHV RI SKDVH WUDQVIRUPDWLRQV� PHOWLQJ DQG VR�
OLGLILFDWLRQ RI WKH DOOR\ DUH LQGLFDWHG E\ GHYLDWLRQ
IURP D VWUDLJKW UXQQLQJ RI FXUYHV RI KHDWLQJ RU FRROLQJ�
WKXV SURYLQJ WKH SURFHHGLQJ RI HQGR� DQG H[RWKHUPDO
SURFHVVHV� 'HJUHH RI WKHVH GHYLDWLRQV GHSHQGV RQ
FKHPLFDO FRPSRVLWLRQ RI WKH PDWHULDO EHLQJ H[DPLQHG�

)LJXUH � VKRZV FXUYHV RI KHDWLQJ DQG FRROLQJ RI
VDPSOHV RI WHVW FRPSRVLWLRQV RI WKH GHSRVLWHG PHWDO�
DQG 7DEOH � LQGLFDWHV WKH WHPSHUDWXUHV RI WKHLUPHOWLQJ
DQG VROLGLILFDWLRQ� $FFRUGLQJ WR WKH '7$ PHWKRG WKH
EHJLQQLQJ RI PHOWLQJ LV GHWHUPLQHG IURP WKH FXUYH RI
KHDWLQJ� DQG WKH WHPSHUDWXUH RI WKH EHJLQQLQJ RI VR�
OLGLILFDWLRQ x IURP WKH FRROLQJ FXUYH�

$V WKH H[SHULPHQWV VKRZHG �)LJXUH �� VDPSOHV
,w9� FXUYHV �� WZR EHQGV DUH REVHUYHG RQ WKH FXUYHV
RI KHDWLQJ LQ D KLJK�WHPSHUDWXUH UHJLRQ DW SKRVSKRUXV
FRQWHQW XS WR DERXW ��� � LQ WKH GHSRVLWHG PHWDO RI
��.K*6 VWHHO W\SH� $QDO\VLV RI VWDWH GLDJUDPV RI VWHHOV
RI WKLV FODVV >��w��@ FRXOG H[SODLQ WKH QDWXUH RI SUR�
FHHGLQJ WUDQVIRUPDWLRQV� )LUVW EHQGV RQ FXUYHV RI
KHDWLQJ VDPSOHV �VDPSOH ,� FXUYH �� ����w���� �&�
VDPSOH ,,� FXUYH �� ����w���� �&� VDPSOH ,,,� FXUYH ��
����w���� �&� VDPSOH ,9� FXUYH �� ����w���� �&�
VDPSOH9� FXUYH �� ����w���� �&� DUH DVVRFLDWHG ZLWK
WKH EHJLQQLQJ RI PHOWLQJ RI D VROLG VROXWLRQ DQG D
SUREDEOH SURFHHGLQJ RI D SHULWHFWLF UHDFWLRQ� 7KH VHF�
RQG EHQG �DW KLJKHU WHPSHUDWXUHV� LQGLFDWHV PHOWLQJ
RI WKH VROLG VROXWLRQ UHPQDQWV�

$W D KLJK FRQWHQW RI SKRVSKRUXV �)LJXUH �� VDPSOHV
9,w9,,,� FXUYHV �� WKH EHQGV DUH REVHUYHG ILUVWO\ RQ
FXUYHV RI KHDWLQJ� ZKLFK FRUUHVSRQG WR PHOWLQJ RI D
SKRVSKLGH HXWHFWLF DW ���w���� �& DQG WKHQ WKH DOOR\
PDWUL[ LV PHOWHG XQGHU WKH KLJKHU WHPSHUDWXUH FRQ�
GLWLRQV� $W VXFK FRQWHQW RI SKRVSKRUXV WKH QDWXUH RI

PHOWLQJ RI WKH DOOR\ PDWUL[ LV FKDQJHG �FXUYHV RI
PHOWLQJ KDYH RQO\ RQH EHQG�� ,W VKRXOG EH QRWHG WKDW
ZLWK LQFUHDVH LQ SKRVSKRUXV FRQWHQW DQ DPRXQW RI WKH
SKRVSKLGH HXWHFWLF LV LQFUHDVHG WKDW LV SURYHG E\ DQ
LQFUHDVH LQ SHDNV RQ WKH FXUYHV RI KHDWLQJ FRUUHVSRQG�
LQJ WR PHOWLQJ RI WKH SKRVSKLGH HXWHFWLF�

7KH ILUVW �KLJK�WHPSHUDWXUH� SHDN RQ WKH FXUYHV
RI FRROLQJ VWHHOV ZLWK D UHODWLYHO\ VPDOO FRQWHQW RI
SKRVSKRUXV FRUUHVSRQGV WR WKH EHJLQQLQJ RI VROLGLIL�
FDWLRQ RI WKH VROLG VROXWLRQ� ZKLOH WKH VHFRQG x WR D
SHULWHFWLF UHDFWLRQ� ZKLFK DFFRUGLQJ WR >��@ LV SUR�
FHHGLQJ DOPRVW DW FRQVWDQW� EXW GLIIHUHQW IRU HDFK RI
WKH WHVW PDWHULDOV� YDOXHV RI WHPSHUDWXUH �)LJXUH ��
VDPSOHV ,w9� FXUYHV ��� )RU WKHVH VWHHOV WKH VROLGLIL�
FDWLRQ LV VWDUWHG IURP WKH IRUPDWLRQ RI α�VROLG VROX�
WLRQ� 7KH SHULWHFWLF UHDFWLRQ UHVXOWV LQ D IRUPDWLRQ RI
WKH α�SKDVH�

$W SKRVSKRUXV FRQWHQW ���� DQG ���� � RQH SHDN

ZDV REVHUYHG RQ WKH FXUYHV RI FRROLQJ LQ WKH KLJK�

WHPSHUDWXUH UHJLRQ �)LJXUH �� VDPSOHV 9,,� 9,,,�

FXUYHV ��� WKDW SURYHV WKH DEVHQFH RI SKRVSKRUXV RI

D SHULWHFWLF WUDQVIRUPDWLRQ LQ VWHHO� 6ROLGLILFDWLRQ RI

PDWUL[ RI WKHVH VWHHOV RFFXUV GLUHFWO\ DIWHU IRUPDWLRQ

RI γ�SKDVH�
,W FDQ EH FRQFOXGHG IURP WKH GDWD RI 7DEOH � WKDW

ZLWK LQFUHDVH LQ SKRVSKRUXV FRQWHQW WKH YDOXHV RI

WHPSHUDWXUH RI EHJLQQLQJ RI PHOWLQJ DQG VROLGLILFDWLRQ

RI VWHHO ��.K*6 DUH SURQH WR GHFUHDVH�

0HWDOORJUDSKLF H[DPLQDWLRQ RI ��.K*6 VWHHO VDP�

SOHV ZLWK D GLIIHUHQW FRQWHQW RI SKRVSKRUXV ZDV SHU�

IRUPHG� 7KH GHSRVLWHG PHWDO RI ��.K*6 VWHHO W\SH

ZLWKRXW SKRVSKRUXV KDV D EDLQLWLF VWUXFWXUH ZLWK D

VPDOO DPRXQW RI IHUULWH �)LJXUH �� D�� $GGLQJ RI SKRV�

SKRUXV DV DQ HOHPHQW�IHUULWLVHU LQFUHDVHV WKH DPRXQW

RI WKH IHUULWLF SKDVH �)LJXUH �� E�� 7KH IXUWKHU LQFUHDVH

LQ SKRVSKRUXV FRQWHQW OHDGV WR WKH FKDQJH LQ UDWLR

EHWZHHQ WKHVH SKDVHV� KRZHYHU WKH DUHDV RI WKH

SKRVSKLGH HXWHFWLF LQ WKH VWUXFWXUH RI WKHVH VWHHOV ZHUH

QRW REVHUYHG�
7KH DSSHDUDQFH RI WKH SKRVSKLGH HXWHFWLF ZDV RE�

VHUYHG DW ���� ZW�� RI SKRVSKRUXV �)LJXUH �� F��
7KHVH GDWD FRQILUP WKH '7$ UHVXOWV� WKH ILUVW SHDN
FRUUHVSRQGLQJ WR PHOWLQJ RI D SKRVSKLGH HXWHFWLF ZDV
REVHUYHG RQ D FXUYH RI KHDWLQJ VDPSOH RI WKLV VWHHO
�)LJXUH �� VDPSOH 9,� FXUYHV �� ��� $W SKRVSKRUXV
FRQWHQW RI DERXW ��� � DQG PRUH D FRPSOHWH QHWZRUN
RI WKH SKRVSKLGH HXWHFWLF� ZKLFK IULQJHV WKH JUDLQV RI

)LJXUH �� 0LFURVWUXFWXUH RI VWHHO ��.K*6 ZLWK GLIIHUHQW FRQWHQW RI SKRVSKRUXV� �� D x ZLWKRXW SKRVSKRUXV� E x ����� F x �����
G x ����� � x IHUULWH� � x SKRVSKLGH HXWHFWLF �HOHFWURO\WLF HWFKLQJ LQ �� � VROXWLRQ RI FKURPRXV DFLG� �×����
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WKH DOOR\ PDWUL[� LV IRUPHG LQ WKH VWHHO ��.K*6 VWUXF�
WXUH �)LJXUH �� G��

7KXV� LW ZDV VWDWHG GXULQJ LQYHVWLJDWLRQV XVLQJ
'7$ PHWKRG WKDW WKH SKRVSKLGH HXWHFWLFV DUH DS�
SHDUHG LQ WKH GHSRVLWHG PHWDO RI ��.K*6 W\SH DW
SKRVSKRUXV FRQWHQW RI PRUH WKDQ � � DQG WKH\ DUH
KD]DUGRXV IURP WKH SRLQW RI YLHZ RI VXVFHSWLELOLW\ WR
KRW FUDFNV� 7KLV IDFW VKRXOG EH WDNHQ LQWR FRQVLGHUD�
WLRQ LQ WKH GHYHORSPHQW RI VXUIDFLQJ PDWHULDOV GH�
VLJQHG IRU UHVWRUDWLRQ DQG VWUHQJWKHQLQJ RI SDUWV RS�
HUDWLQJ XQGHU WKH FRQGLWLRQV RI PHWDO�WR�PHWDO IULF�
WLRQ�

�� 0XFKQLN� 6�9� ������ &KHPLVWU\ DQG WHFKQRORJ\ RI SKRV�
SKRUXV�FRQWDLQLQJ DOOR\V� 3KRVSKRUXV�FRQWDLQLQJ DOOR\V� ,Q�
&KHPLVWU\ DQG WHFKQRORJ\ RI SKRVSKLGHV DQG SKRVSKRUXV�
FRQWDLQLQJ DOOR\V� .\LY� ,306�

�� $OHNVHHY� $�$�� <DYGRVKFKLQ� ,�5�� 9RMWNHYLFK� 9�*� HW DO�
������ ,QIOXHQFH RI SKRVSKRUXV RQ VWUXFWXUH DQG SURSHUWLHV
RI ZHOG PHWDO LQ ZHOGLQJ RI ORZ�DOOR\ VWHHOV� $YWRPDWLFK�
6YDUND� �� �w���

�� 6SUHWQDN� -�:� ������ 3KRVSKRUXV LQ PHWDOOXUJ\� 3KRVSKR�
UXV DQG LWV FRPSRXQGV� ,Q� 7HFKQRORJ\� ELRORJLFDO IXQFWLRQV
DQG DSSOLFDWLRQ� 9RO� ��

�� .DFKNR� 0�2�� 0DUNRYVN\� (�$�� ,OFKHQNR� 9�'� ������
$QWLIULFWLRQ DOOR\V RI LURQ ZLWK GU\ OXEULFDQW SKDVHV� 0HWD�
OR]QDYVWYR WD 2EUREND 0HWDOLY� �� ��w���

�� 0DUNRYVN\� (�$�� ,OFKHQNR� 9�'�� %XWHQNR� /�,� HW DO� ������
,QIOXHQFH RI FRPSRVLWLRQ DQG VWUXFWXUH RI LURQ DQWLIULFWLRQ DO�
OR\ RQ LWV ZHDU UHVLVWDQFH� 3URWVHVV\ /LWLD� �� ��w���

�� %DNIDUW� )�*�� 'DQLHO� 6�*� ������ 1HZ LQIRUPDWLRQ DERXW
OXEULFDQWV� ,Q� 3URF� RI ,QW� &RQI� RQ /XEULFDQWV� :DVKLQJ�
WRQ� ����� 0RVFRZ� .KLPL\D�

�� 6DPVRQRY� *�9�� 3DQDV\XN� $�'�� %RURYLNRYD� 0�6� ������
,QIOXHQFH RI SKRVSKRUXV RQ DGKHVLRQ RI OLTXLG PHWDOV WR UH�
IUDFWRU\ MRLQWV� ,Q� 3URGXFWLRQ� SURSHUWLHV DQG DSSOLFDWLRQ
RI SKRVSKLGHV� .\LY� 1DXNRYD 'XPND�

�� 5\DEWVHY� ,�$�� .RQGUDWLHY� ,�$� ������ 0HFKDQLVHG DUF
VXUIDFLQJ RI PHWDOOXUJLFDO HTXLSPHQW SDUWV� .\LY� (NR�
WHNKQRORJL\D�

�� :HQGODQGW� 8� ������ 7KHUPDO PHWKRGV RI DQDO\VLV� 0RV�
FRZ� 0LU�

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

��� *XGUHPRQ� (� ������ 6SHFLDO VWHHOV� 0RVFRZ� 0HWDOOXUJL\D�
��� .KDQVHQ� 0�� $QGHUNR� .� ������ 6WUXFWXUHV RI ELQDU\ DO�

OR\V� 0RVFRZ� 0HWDOOXUJL\D�

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

�
��
������
��������	
�����
���
�����

���	��
���������������������������

$�<X� 781,.

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

5HVXOWV RI LQYHVWLJDWLRQ RI FRPSRVLWH SRZGHUV ZLWK GU\ OXEULFDQWV RI )H&Uw7L&w0Rw& DQG &U
�
2

�
w7L2

�
w&D)

�
V\VWHPV�

DV ZHOO DV WKHUPDO FRDWLQJV RI D WULERWHFKQLFDO SXUSRVH� DUH SUHVHQWHG� &RQGLWLRQV RI WKHUPDO VSUD\LQJ DUH GHILQHG�

SURYLGLQJ GHQVH FRDWLQJV ZLWK D KLJK DGKHVLRQ DQG FRKHVLRQ VWUHQJWK DW D VXIILFLHQWO\ XQLIRUP GLVWULEXWLRQ RI D GU\

OXEULFDQW DFURVV WKH VHFWLRQ�

.H\ ZRU G V � WKHUPDO FRDWLQJV� VWUXFWXUH� SKDVH WUDQVIRUPD�
WLRQV� GU\ OXEULFDQWV� IULFWLRQ FRHIILFLHQW� ZHDU UHVLVWDQFH� IULF�
WLRQ ZLWKRXW OXEULFDWLRQ

0RUH WKDQ �� � RI IXQGV� VSHQW IRU WKH HTXLSPHQW
UHSDLU� LV XVHG IRU WKH UHVWRUDWLRQ RI IULFWLRQ FRPSR�
QHQWV� 7KHLU UHSDLU�IUHH VHUYLFH OLIH GHSHQGV GLUHFWO\
RQ WKH PDWHULDO VHOHFWHG DQG GHVLJQ RI WKH FRPSRQHQWV�

7KH LPSRUWDQW WUHQG LQ WKH DGYDQFHG HQJLQHHULQJ
EHFDPH WKH FUHDWLRQ RI DQWLIULFWLRQ PDWHULDOV ZKLFK
DUH FDSDEOH WR RSHUDWH ZLWKRXW OXEULFDWLRQ� DV LWV UH�
IXVDO VLPSOLILHV VLJQLILFDQWO\ WKH GHVLJQ RI PDFKLQHV�
PDNHV WKHLU PDLQWHQDQFH HDVLHU� LQ SDUWLFXODU� LQ WKH
UDQJH RI ORZ DQG KLJK WHPSHUDWXUHV� DQG LQFUHDVHV WKH
UHOLDELOLW\�

2QH RI WKH HIIHFWLYH PHWKRGV RI VROXWLRQ RI WKH
DERYH�PHQWLRQHG SUREOHP LV WKH XVH RI SURWHFWLYH FRDW�
LQJV ZLWK DQWLIULFWLRQ SURSHUWLHV� ,Q WKLV FDVH D FRP�
ELQHG PDWHULDO LV GHYHORSHG� ZKLFK VKRXOG FRPELQH
WKH UHTXLUHG VWUHQJWK SURSHUWLHV RI WKH EDVH PDWHULDO
DQG D KLJK VHUYLFH OLIH RI H[WHUQDO OD\HU �FRDWLQJ�

XQGHU FRQGLWLRQV RI HIIHFW RI HQYLURQPHQW DQG FRQWDFW
ORDGV�

7KH WKHUPDO VSUD\LQJ �76� LV D SURPLVLQJ PHWKRG

RI GHSRVLWLRQ RI FRDWLQJV ZLWK DQWLIULFWLRQ SURSHUWLHV�

ZKRVH SHFXOLDU IHDWXUH LV D IHDVLELOLW\ RI FRQWURO RI

FRPSRVLWLRQ� VWUXFWXUH DQG SURSHUWLHV RI WKH FRDWLQJ

XVLQJ GLIIHUHQW SRZGHU FRPSRVLWLRQV LQ WKH IRUP RI

PHFKDQLFDO PL[WXUHV RU FRPSRVLWH SRZGHUV �&3� LQ�

FOXGLQJ PHWDOV� DOOR\V� R[LGHV� R[\JHQ�IUHH UHIUDFWRU\

FRPSRXQGV DQG GU\ OXEULFDQWV �JUDSKLWH� ERURQ QL�

WULGH� PRO\EGHQXP GLVXOSKLGH� FDOFLXP IOXRULGH� HWF��

>�w�@�
7KH DUWLFOH GHVFULEHV WKH LQYHVWLJDWLRQV RI &3�

ZKLFK LQFOXGH GU\ OXEULFDQWV� DQG DOVR UHVXOWV RI GH�
YHORSPHQW DQG VWXG\ RI PXOWLFRPSRQHQW FRDWLQJV
IURP WKHVH SRZGHUV RI D WULERWHFKQLFDO SXUSRVH�

'XULQJ LQYHVWLJDWLRQV ZHUH XVHG� PHWDOORJUDSK\�
PLFURGXURPHWU\� ;�UD\ GLIIUDFWLRQ SKDVH DQDO\VLV
�;'3$�� ;�UD\ PLFURDQDO\VLV �;0$�� $XJHU�VSHF�
WURVFRS\� 9DOXHV RI PLFURKDUGQHVV DUH DQ LQWHJUDO
FKDUDFWHULVWLF RI WKH FRDWLQJ PDWHULDO� DV LW LV LPSRV�
VLEOH LQ VRPH FDVHV WR PHDVXUH PLFURKDUGQHVV RI VHSD�
UDWH VWUXFWXUDO FRQVWLWXHQWV GXH WR WKHLU VPDOO VL]HV�� $�<X� 781,.� ����
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,QIRUPDWLRQ DERXW SKDVH FRPSRVLWLRQ DQG XQLIRUPLW\
RI GLVWULEXWLRQ RI WKH GU\ OXEULFDQW RYHU WKH FRDWLQJ

YROXPH LV REWDLQHG E\ FRPSDULVRQ RI WKH UHVXOWV RI

;'3$ DQG ;0$�

7KH H[DPLQDWLRQ RI DQWLIULFWLRQ SURSHUWLHV RI WKH

FRDWLQJV ZHUH PDGH LQ D WULERWHFKQLFDO FRPSOH[�

ZKLFK LV DQ DQDORJXH WR D IRUHLJQ �SLQ�RQ�GLVN� DF�

FRUGLQJ WR $670 ��w��� *UDSKLWH DQG FDOFLXP IOXR�

ULGH ZHUH VHOHFWHG DV GU\ OXEULFDWLQJ PDWHULDOV� *UDSK�

LWH LV WKH WUDGLWLRQDO PDWHULDO ZLWK D ODPHOODU VWUXF�

WXUH� ,W LV QRW PHOWHG LQ WKH 76 FRQGLWLRQV� LW VXEOL�

PDWHV HDVLO\ DQG EXUQV RXW� WKHUHIRUH� LW FDQ EH DGGHG

WR WKH FRDWLQJ YROXPH RQO\ LQ WKH &3 FRPSRVLWLRQ

>�@� &DOFLXP IOXRULGH LV WKH FRUURVLRQ�UHVLVWDQW PDWH�

ULDO GHVLJQHG IRU RSHUDWLRQ DW HOHYDWHG WHPSHUDWXUHV

>�� �@� ,W LV WKH PRVW WHFKQRORJLFDO GU\ OXEULFDWLRQ IRU
GHSRVLWLRQ XVLQJ 76 PHWKRG DV LW LV PHOWHG DW ���� �&
ZLWKRXW GHFRPSRVLWLRQ DQG QRW VXEMHFWHG WR DFWLYH

R[LGL]LQJ ZLWK WKH IRUPDWLRQ RI XQGHVLUDEOH SURGXFWV

DQG FDQ EH XVHG ERWK LQ WKH FRPSRVLWLRQ RI PHFKDQLFDO

PL[WXUHV DQG LQ WKH IRUP RI &3�

&3� ZKRVH FRPSRVLWLRQ KDV GU\ OXEULFDQWV� ZHUH
PDQXIDFWXUHG XVLQJ D PHWKRG RI D VHOI�VSUHDGLQJ KLJK�

WHPSHUDWXUH V\QWKHVLV� 7DEOH � SUHVHQWV FRPSRVLWLRQV

RI WKHVH PDWHULDOV DQG WKHLU SKDVH FRPSRVLWLRQ�

,Q &3 RI )H&Uw7L&w0Rw& V\VWHP� FRQWDLQLQJ
JUDSKLWH DV D GU\ OXEULFDQW� )H&U SOD\V D UROH RI D

SODVWLF FRPSRQHQW� 7L& LV D UHIUDFWRU\ KDUG DGGLWLRQ�

PRO\EGHQXP ZDV DGGHG IRU LQFUHDVLQJ DGKHVLRQ

VWUHQJWK� ,Q &3 RI &U�2�w7L2�w&D)� V\VWHP� FRQ�

WDLQLQJ &D)� DV D GU\ OXEULFDQW� R[LGHV RI FKURPLXP

DQG WLWDQLXP SOD\HG D UROH RI D ZHDU�UHVLVWDQW PDWUL[�

,Q DGGLWLRQ� WLWDQLXP R[LGH ZDV DGGHG IRU PDNLQJ WKH

FRPSRVLWLRQ SODVWLF� 7KH DSSHDUDQFH DQG PLFURVWUXF�

WXUH RI &3 SDUWLFOHV DUH SUHVHQWHG LQ )LJXUH ��

&RDWLQJV ZHUH GHSRVLWHG E\ PHWKRGV RI GHWRQDWLRQ
�'6� DQG VXSHUVRQLF DLU�JDV SODVPD VSUD\LQJ
�6$*36�� DQG DOVR SODVPD VSUD\LQJ XVLQJ DUJRQ�K\�
GURJHQ SODVPD MHW �36�$U�+��� 76 FRQGLWLRQV RI FRDW�

LQJ GHSRVLWLRQ DUH JLYHQ LQ 7DEOH ��

([DPLQDWLRQ RI FRDWLQJ IURP &3 RI )H&Uw7L&w
0Rw& DQG &U�2�w7L2�w&D)� V\VWHPV SURGXFHG E\

WKH DERYH�PHQWLRQHG PHWKRGV VKRZHG WKH IROORZLQJ�

'HWRQDWLRQ FRDWLQJV RI )H&Uw7L&w0Rw& V\VWHP DUH
GHQVH� ZLWKRXW VSDOOLQJV� KDYH D JRRG DGKHVLRQ DQG
SRVVHVV D ODPLQDU VWUXFWXUH �)LJXUH �� D�� ZKLFK FRQ�
VLVWV RI SDUWLFOHV RI ZKLWH ��� DQG JUH\ ��� FRORXU�
DQG DOVR LQFOXVLRQV RI D GU\ OXEULFDQW ��� �EODFN FR�
ORXU�� 6WUXFWXUDO FRQVWLWXHQW LV ZKLWH� KDYLQJ D IRUP
RI ODPHOODV DQG SDUWLFOHV RI DQ RYDO VKDSH� DQG FRQVLVWV

RI IHUURFKURPH ZLWK LQFOXVLRQV RI ILQH�GLVSHUVHG SDU�

WLFOHV 7L& �7DEOH ��� 7KH VHFRQG VWUXFWXUDO FRQVWLWXHQW

LV GDUN� 7KHVH DUH WLWDQLXP R[LGHV DOOR\HG ZLWK LURQ�
PRO\EGHQXP DQG FKURPLXP� 7KH SUHVHQFH RI WKH

DERYH�PHQWLRQHG SKDVHV LV FRQILUPHG E\ WKH UHVXOWV

RI ;'3$ DQG ;0$�

&RDWLQJV GHSRVLWHG XVLQJ 6$*36 DUH GLIIHUHG IURP
WKRVH RI '6 E\ WKH PRUH QRQ�KRPRJHQHRXV DQG FRDUVH�
JUDLQHG VWUXFWXUH� EXW ZLWK D VXIILFLHQWO\ XQLIRUP GLV�

WULEXWLRQ RI JUDSKLWH LQFOXVLRQV �)LJXUH �� E�� $V WR
WKH DGKHVLRQ VWUHQJWK WKH ILUVW FRDWLQJV DUH QRW LQIHULRU
WR WKH VHFRQG RQHV� KRZHYHU� LQ WKLV FDVH D VFDWWHULQJ
RI PLFURKDUGQHVV YDOXHV LV REVHUYHG GXH WR KLJKHU

GHJUHH RI VWUXFWXUH QRQ�KRPRJHQHLW\�
%RWK LQ'6 DQG 6$*36 RI &3 RI )H&Uw7L&w0Rw&

V\VWHP LQ DLU D JUHDW R[LGL]LQJ RI WLWDQLXP FDUELGH LV

RFFXUUHG ZLWK WKH IRUPDWLRQ RI R[LGH SKDVHV� 7KH SDUW

RI WKH WLWDQLXP FDUELGH LV UHPDLQHG ERWK LQ WKH IRUP

RI JUDLQV ��w�� µP VL]H� LQ D PHWDOOLF �IHUURFKURPH�

PDWUL[ DQG DOVR LQ WKH IRUP RI ILQH�GLVSHUVHG SUHFLSL�

WDWLRQV LQ R[LGH SKDVH�
,Q GHSRVLWLRQ RI WKH DERYH�PHQWLRQHG FRPSRVLWLRQ

XVLQJ DUJRQ�K\GURJHQ SODVPD MHW WKH QHZ SKDVHV DUH

QRW IRUPHG� LI WKH DSSHDUDQFH RI WUDFHV RI WLWDQLXP

R[LGH LV QRW WDNHQ LQWR DFFRXQW� 7KH FRDWLQJ LV FKD�

UDFWHUL]HG E\ D KLJK GHJUHH RI SRURVLW\ DQG QRQ�KR�

PRJHQHLW\ �)LJXUH �� F�� $V WR KDUGQHVV DQG DGKHVLRQ
VWUHQJWK ZLWK D EDVH PDWHULDO LW LV QRW LQIHULRU WR

FRDWLQJV GHSRVLWHG E\ 6$*36 DQG '6� $FFRUGLQJ WR

WKH UHVXOWV RIPHWDOORJUDSKLF H[DPLQDWLRQV WKH DPRXQW

)LJXUH �� $SSHDUDQFH �D� E� �×���� DQG PLFURVWUXFWXUH �F� G� �×���� RI &3 SDUWLFOHV RI )H&Uw7L&w0Rw& �D� E� DQG &U�2�w7L2�w&D)�

V\VWHPV �F� G�

7DEOH �� 7KHUPDO VSUD\LQJ FRQGLWLRQV

0HWKRG

RI VSUD\LQJ

2SHUDWLQJ

JDV

*DV

FRQVXPS�

�

P
�
�K

&XUUHQW�

$

9ROWDJH�

9

'LV�

WDQFH�

PP

'6 ¯�«� ��� ���

¬� ���

6$*36 $LU

®  ��� 03D

�� ���w��� ���w��� ���

36�$U�+� $U ��� ���w��� ��w�� ���

+� ���

7DEOH �� 3KDVH FRPSRVLWLRQ RI FRPSRVLWH SRZGHUV

&RPSRVLWLRQ RI PDWHULDO VSUD\HG 5HVXOWV RI ;'3$


��)H&Uw��7L&w�0Rw��& 7L&� )H&U� &� 0R

��&U�2�w��7L2�w��&D)� 7L2� �UXWLOH�� &U�2�� &D)�� &U

�WUDFHV�� 7L �WUDFHV�


+HUH DQG LQ 7DEOHV � DQG � WKH SKDVHV DQG VHSDUDWH HOHPHQWV DUH

DUUDQJHG LQ D VHTXHQFH RI UHGXFLQJ LQWHQVLW\ RI UHIOHFWLRQ RI ;�UD\V�
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RI D GU\ OXEULFDQW LQ FRDWLQJV LV DERXW �� YRO�� DV
FRPSDUHG WR �� YRO�� ��� ZW��� LQ WKH LQLWLDO SRZGHU�
,W ZDV HVWDEOLVKHG GXULQJ H[DPLQDWLRQ RI IUDFWXUH VXU�
IDFH RI GHWRQDWLRQ FRDWLQJV XVLQJ $XJHU�VSHFWURVFRS\
WKDW DERXW �� DW�� RI FDUERQ LV ERXQG LQWR WLWDQLXP
FDUELGH� ZKLOH WKH UHVW LV WKH IUDFWLRQ RI D IUHH JUDSKLWH�
0HWDOORJUDSKLF DQDO\VLV DQG $XJHU�VSHFWURVFRS\ WHV�
WLI\ DERXW WKH IDFW WKDW GXULQJ VSUD\LQJ RI &3 RI
)H&Uw7L&w0Rw& V\VWHP WKH ORVVHV LQ FDUERQ DUH RE�
VHUYHG� )RU '6 WKH\ DUH ��w�� � RQ DYHUDJH�

,Q '6 RI FRDWLQJV IURP &3� EDVHG RQ WLWDQLXP DQG
FKURPLXP R[LGHV ZLWK FDOFLXP IOXRULGH� WKH GHQVH
FRDWLQJV DUH IRUPHG ZLWK WKH KLJKHVW DGKHVLRQ
VWUHQJWK DV FRPSDUHG ZLWK RWKHU PHWKRGV LQ ZKLFK D
FRPSOH[ WLWDQLXP�FKURPLXP R[LGH 7L�&U�2� ���� LQ�
WHJUDWHG R[LGHV 7Lw&Uw&Dw2 ��� DQG 7L1 DUH RE�
VHUYHG� WKXV SURYLQJ WKH SURFHHGLQJ SURFHVVHV RI LQ�

WHUSKDVH LQWHUDFWLRQ ERWK LQ SDUWLFOHV WKHPVHOYHV DQG
DOVR EHWZHHQ WKH FRPSRQHQWV RI WKH PDWHULDO VSUD\HG
DQG R[\JHQ RI WKH DPELHQW DLU �)LJXUH �� G DQG 7D�
EOH ���

,Q 6$*36 RI SRZGHUV &U�2�w7L2�w&D)� WKH FRDW�
LQJV DUH DOVR IRUPHG UHSUHVHQWLQJ DQ R[LGH PDWUL[ LQ
ZKLFK LQFOXVLRQV RI D GU\ OXEULFDQW RI EODFN FRORXU LV
ORFDWHG �)LJXUH �� H�� 7KH VDPH DV LQ '6� WKH FRDWLQJV�
H[FHSW LQLWLDO SKDVHV &U�2�� 7L2� DQG &D)�� KDYH DOVR
7L�&U�2�� FRPSOH[ R[LGHV 7Lw&Uw&Dw2 DQG DOVR WKH
QHZ R[LGH 7L&U2� �VHH 7DEOH ��� 7KH FRDWLQJ LV LQIH�
ULRU DV WR WKH TXDOLW\ WR WKH '6 FRDWLQJ EHFDXVH WKH
SRUHV DQG VSDOOLQJV DUH REVHUYHG LQ LW� WKXV SURYLQJ
WKH GHFUHDVH LQ LWV FRKHVLRQ VWUHQJWK�

,Q SODVPD VSUD\LQJ RI WKH VDPH &3 XVLQJ $U�+�

DV D SODVPD JDV WKH FRDWLQJV RI KLJKHU KDUGQHVV DUH
IRUPHG �7DEOH ��� 6WUXFWXUH RI WKH FRDWLQJ LV GHQVH�

)LJXUH �� (IIHFW RI PHWKRGV RI VSUD\LQJ RQ VWUXFWXUH RI FRDWLQJV IURP &3 RI )H&Uw7L&w0Rw& �DwF� DQG &U�2�w7L2�w&D)� �GwI�
V\VWHPV� D� G x '6� E� H x 6$*36� F� I x 36�$U�+� �×����

7DEOH �� &KDUDFWHULVWLF RI FRDWLQJV GHSRVLWHG E\ WKHUPDO VSUD\LQJ

&RPSRVLWLRQ RI PDWHULDO

VSUD\HG

0HWKRG

RI FRDWLQJ

GHSRVLWLRQ

σDGK� 03D +9� *3D
3KDVH FRPSRVLWLRQ RI FRDWLQJV

�IURP UHVXOWV RI ;'3$ DQG ;0$�

��)H&Uw��7L&w�0Rw��& '6 ����w���� ����w���� 7L&� )H&U� 7L2�� 7L�2�� FRPSOH[ R[LGHV RI V\VWHP

7Lw&Uw)Hw2� &� 0R �WUDFHV�

6$*36 ����w���� ����w���� 7L&� 7L�2�� )H&U� FRPSOH[ R[LGHV RI V\VWHP

7Lw&Uw)Hw2� &� &U

36�$U�+� ����� ����w���� 7L&� )H&U� &� 7L�2� �WUDFHV�

'6 ����w���� ����w���� &U�2�� 7L�&U�2�� FRPSOH[ R[LGHV RI V\VWHP

7Lw&Uw¯¾w2� 7L2�� &D)�� &U� 7L1

��&U�2�w��7L2�w��&D)� 6$*36 ����w���� ����w���� &U�2�� 7L2�� 7L&U2�� 7L�&U�2�� 7L2� FRPSOH[ R[LGHV RI

V\VWHP 7Lw&Uw¯¾w2� ¯D)�

36�$U�«� ����w���� ����w���� &U�2�� 7L&U2�� 7L�&U�2�� 7L2� FRPSOH[ R[LGHV�

7Lw&Uw¯¾w2� ¯D)�� &U

7DEOH �� 3KDVH FRPSRVLWLRQ RI FRDWLQJ VXUIDFH DIWHU WULERWHFKQLFDO WHVWV DW ��� �&

&RPSRVLWLRQ RI PDWHULDO VSUD\HG 5HVXOW RI ;'3$

��)H&Uw��7L&w�0Rw��& 7L2�� 7L&� )H&U� &� 0R �WUDFHV�� 7L�2� �WUDFHV�

��&U�2�w��7L2�w��&D)� &U�2�� 7L2�� 7L�&U�2�� &D)�� &D�&U�2��� 7L1 �WUDFHV�
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ODPHOODU� WKH LQWHUQDO VWUXFWXUH RI ODPHOODV LV DOVR
FKDUDFWHUL]HG E\ KHWHURJHQHLW\ �)LJXUH �� I�� ([FHSW
RWKHU R[LGHV� WKH WLWDQLXP R[LGH 7L2 ZDV REVHUYHG LQ
WKH FRDWLQJ� )ODNHV�OLNH LQFOXVLRQV RI D GU\ OXEULFDQW
�EODFN FRORXU� ZHUH GLVWULEXWHG DFURVV WKH VHFWLRQ RI
FRDWLQJ TXLWH XQLIRUPO\�

,QWHJUDWHG LQYHVWLJDWLRQV RI FRDWLQJV UHVXOWHG LQ
GHWHUPLQDWLRQ RI 76 FRQGLWLRQV SURYLGLQJ GHQVH FRDW�
LQJV ZLWK D KLJK DGKHVLRQ DQG FRKHVLRQ VWUHQJWK DW D
VXIILFLHQWO\ XQLIRUP GLVWULEXWLRQ RI D GU\ OXEULFDQW
DFURVV WKH VHFWLRQ� )URP WKH SRLQW RI YLHZ RI FRDWLQJ
TXDOLW\ �GHQVLW\� KRPRJHQHLW\ RI VWUXFWXUH DQG PD[L�
PXP VWUHQJWK RI DGKHVLRQ ZLWK WKH EDVH PDWHULDO� WKH
FRDWLQJV SURGXFHG E\ '6 PHWKRG IURP SRZGHUV RI
)H&Uw7L&w0Rw& DQG &U�2�w7L2�w&D)� V\VWHPV
ZHUH VHOHFWHG IRU IXUWKHU WULERWHFKQLFDO WHVWV XQGHU
WKH FRQGLWLRQV RI D GU\ IULFWLRQ�

7KH LQYHVWLJDWLRQV RI DQWLIULFWLRQ SURSHUWLHV RI
FRDWLQJV ZHUH SHUIRUPHG XVLQJ WKH IROORZLQJ SDUDPH�
WHUV� 7  ��w��� �&� 3  �� 03D� Y  ��� P�V�
���� P SDWK RI IULFWLRQ� +HUW]sV FRQWDFW�

7KH WHVW SURFHGXUH ZDV FKHFNHG RQ VDPSOHV DW URRP
WHPSHUDWXUH� ,W ZDV HVWDEOLVKHG WKDW WKH WLPH RI ILWWLQJ
VXUIDFHV RI IULFWLRQ GLG QRW H[FHHG � PLQ DIWHU WKH WHVW
EHJLQQLQJ� 5HVXOWV RI WULERWHFKQLFDO WHVWV RI FRDWLQJV
GHSRVLWHG E\ 76 IURP SRZGHUV &U�2�w7L2�w&D)� DQG
)H&Uw7L&w0Rw& DW HOHYDWHG WHPSHUDWXUHV DUH SUH�
VHQWHG LQ )LJXUH �� D� $IWHU WKH WHVWV WKH SKDVH FRP�
SRVLWLRQ �7DEOH �� DQG IULFWLRQ VXUIDFH RI FRDWLQJV
ZHUH VWXGLHG �)LJXUH �� E� F��

:LWK WHPSHUDWXUH LQFUHDVH IURP �� WR ��� �& WKH
LQFUHDVH LQ IULFWLRQ FRHIILFLHQW DW ZHDU VWDELOL]LQJ ZDV
REVHUYHG LQ FRDWLQJ )H&Uw7L&w0Rw&� $W IXUWKHU LQ�
FUHDVH LQ WHPSHUDWXUH XS WR ��� �& WKH IULFWLRQ FRHI�
ILFLHQW WDNHV D FRQVWDQW YDOXH� QRW H[FHHGLQJ ���� ZKLOH
WKH ZHDU LV VWDELOL]HG DQG VRPHZKDW GHFUHDVHG�

3KRWRV RI IULFWLRQ VXUIDFHV PDGH ZLWK WKH KHOS RI
WKH RSWLFDO PLFURVFRSH DQG JLYHQ LQ )LJXUH � DUH W\SL�
FDO RI WKH IROORZLQJ SURFHVVHV� VPRRWKLQJ RI VXUIDFH
�PRVW YLVLEOH LQ HGJHV RI SRUHV� DFFRPSDQLHG E\ GH�
VWUR\LQJ RI URXJKQHVV ULSSOHV� ILOOLQJ RI PLFURSRUHV
ZLWK SDUWLFOHV RI ZHDU� VHSDUDWHG IURP WKH FRDWLQJ
DQG PDWLQJ ERG\� )UDFWXUH RI PLFURSURMHFWLRQV RFFXUV
XQWLO VHWWLQJ RI DQ HTXLOLEULXP URXJKQHVV DW ZKLFK
WKH IULFWLRQ SURFHVV LV FKDUDFWHUL]HG E\ RSWLPXP SD�
UDPHWHUV IRU WKH JLYHQ FRQGLWLRQV RI ZRUN� $IWHU H[�
DPLQDWLRQ RI WKH IULFWLRQ SDWK VXUIDFH XVLQJ ;'3$
PHWKRG WKH IRUPDWLRQ RI WLWDQLXP R[LGHV 7L2�� 7L�2�

DQG JUDSKLWH ILOP� SURWHFWLQJ WKH EDVH PHWDO IURP
HQYLURQPHQW HIIHFWV DQG DOVR WKH VLJQLILFDQW LQFUHDVH
LQ YDOXHV RI DQWLIULFWLRQ FKDUDFWHULVWLFV RI D WULERSDLU
ZDV REVHUYHG�

)RU FRDWLQJ &U�2�w7L2�w&D)� WKH QRWLFHDEOH LQ�
FUHDVH LQ IULFWLRQ FRHIILFLHQW �XS WR ����� DQG ZHDU �XS
WR �� µP� ZLWKLQ WKH HQWLUH WHPSHUDWXUH UDQJH LV RF�
FXUUHG� EHLQJ GXH WR WKH IDFW WKDW ZLWK WHPSHUDWXUH
LQFUHDVH WKH FRPSOH[ R[LGHV 7L�&U�2� DQG &D�&U�2��

DUH IRUPHG� FRKHVLRQ VWUHQJWK LV UHGXFHG� DQG WKLV OHDGV
WR VSDOOLQJ RI WKH FRDWLQJ PDWHULDO DQG IRUPDWLRQ RI D
QHWZRUN RI FUDFNV �)LJXUH �� F�� $W WKH VDPH WLPH� WKLV
SKHQRPHQRQ ZDV QRW REVHUYHG LQ V\VWHP )H&Uw7L&w
0Rw& FRQWDLQLQJ D SODVWLF FRPSRQHQW )H&U�

&21&/86,216

�� ,W ZDV HVWDEOLVKHG WKDW WKH TXDOLW\ RI DQWLIULFWLRQ
FRDWLQJV� WKHLU VWUXFWXUH� SKDVH FRPSRVLWLRQ� KDUGQHVV
DQG WULERWHFKQLFDO SURSHUWLHV GHSHQG RQ WKH PHWKRG
DQG FRQGLWLRQV RI 76� DQG DOVR FRPSRVLWLRQ DQG VWUXF�
WXUH RI LQLWLDO SRZGHU� VL]H RI SDUWLFOHV�

�� ,Q WKHUPDO VSUD\LQJ RI &3 WKH SURFHVVHV RI LQ�
WHUSKDVH LQWHUDFWLRQ RI SDUWLFOHV RI WKH SRZGHU VSUD\HG
ZLWK HQYLURQPHQW DQG LQVLGH WKH SDUWLFOHV WKHPVHOYHV
EHWZHHQ LWV FRQVWLWXHQWV DUH GHYHORSHG� ,Q &3 RI
)H&Uw7L&w0Rw& V\VWHP WKH R[LGL]LQJ RI 7L& DQG
)H&U DQG SDUWLDO EXUQLQJ RXW RI D GU\ OXEULFDQW ZDV
REVHUYHG� ,Q SRZGHU &U�2�w7L2�w&D)� WKH IRUPDWLRQ
RI FRPSOH[ R[LGHV DOVR LQVLGH WKH SDUWLFOHV WKHPVHOYHV
LV RFFXUUHG�

�� 7ULERWHFKQLFDO SURSHUWLHV RI 76 ZLWK GU\ OXEUL�
FDQWV DUH GHILQHG E\ WKHLU SKDVH FRPSRVLWLRQ DQG VWUXF�
WXUH� &RDWLQJV IURP SRZGHU )H&Uw7L&w0Rw& DUH
FKDUDFWHUL]HG E\ WKH KLJKHVW FKDUDFWHULVWLFV RI DQWL�
IULFWLRQ SURSHUWLHV ERWK DW URRP DQG KLJK WHPSHUDWXUHV
DV WKH\ UHSUHVHQW D TXLWH SODVWLF PDWUL[ FRQVLVWLQJ RI
R[LGH RI WLWDQLXP DQG IHUURFKURPH VWUHQJWKHQHG ZLWK
KDUG LQFOXVLRQV RI WKH WLWDQLXP FDUELGH ZLWK XQLIRUPO\
GLVWULEXWHG JUDSKLWH DFURVV VHFWLRQ ZKLFK LV XVHG DV D
GU\ OXEULFDQW� 7KH PHQWLRQHG FRDWLQJV DUH VXSHULRU WR
WKH FRDWLQJV IURP SRZGHU &U�2�w7L2�w&D)� FRQVLVW�
LQJ RQO\ IURP ZHDU�UHVLVWDQW R[LGH SKDVHV ZLWK LQFOX�
VLRQV &D)� ZKLFK DUH FKDUDFWHUL]HG E\ WKH ORZHU FR�
KHVLRQ VWUHQJWK�

�� )HGRUFKHQNR� ,�0�� 3XJLQD� /�,� ������ &RPSRVLWH VLQWHUHG
DQWLIULFWLRQ PDWHULDOV� .\LY� 1DXNRYD 'XPND�

�� ������ (QF\FORSHGLD RI LQRUJDQLF PDWHULDOV� .\LY� 8NU�
6RY� (QWVLNO�

�� %UDLWKZLWH� (�5� ������ 6ROLG OXEULFDQWV DQG DQWLIULFWLRQ
FRDWLQJV� 0RVFRZ� .KLPL\D�

�� 9DMQVWHMQ� 9�(�� 7UR\DQRYVND\D� *�,� ������ 'U\�ILOP OX�
EULFDQWV DQG VHOI�OXEULFDWLQJ PDWHULDOV� 0RVFRZ� 0DVKLQRV�
WURHQLH�

�� )HGRUFKHQNR� ,�0�� %RQGDU� 9�7�� 6KHYFKXN� <X�'�� HW DO�
������ ,QIOXHQFH RI FDOFLXP IOXRULGH RQ DQWLWHDU OD\HU LQ
SRZGHU DQWLIULFWLRQ PDWHULDOV� 7UHQLH L ,]QRV� �� ��w����

�� ']QHODG]H� '�,�� 6KFKHJDO\RYD� 5�3�� *ROXEHYD� /�6� HW DO�
������ 3RZGHU PHWDOOXUJ\ RI VWHHOV DQG DOOR\V� 0RVFRZ�
0HWDOOXUJL\D�

)LJXUH �� 'HSHQGHQFH RI IULFWLRQ FRHIILFLHQW I �VROLG FXUYH� DQG ZHDU , �GDVKHG FXUYH� RQ WHPSHUDWXUH �D� DQG DSSHDUDQFH RI IULFWLRQ
SDWKV RI FRDWLQJV IURP &3 RI &U�2�w7L2�w&D)��Q� E� DQG )H&Uw7L&w0Rw& �X� F� V\VWHPV �×����
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

/LWHUDWXUH RQ IXVLRQ ZHOGLQJ RI WLWDQLXP WR VWHHO E\ WKH HOHFWURQ EHDP DQG DUJRQ�DUF WXQJVWHQ�HOHFWURGH PHWKRGV LV

UHYLHZHG� ,W LV VKRZQ WKDW WLWDQLXP FDQQRW EH GLUHFWO\ MRLQHG WR VWHHO GXH WR IRUPDWLRQ RI EULWWOH LQWHUPHWDOOLF SKDVHV�

7KHUHIRUH� WKH WHFKQRORJ\ ZDV VXJJHVWHG IRU MRLQLQJ WKHVH PDWHULDOV WKURXJK LQWHUPHGLDWH EDUULHU LQVHUWV� 7KH XVH RI

LQWHUPHGLDWH LQVHUWV FDQ EH DYRLGHG E\ MRLQLQJ WLWDQLXP WR VWHHO LQ D VROLG�OLTXLG VWDWH� 7KLV MRLQLQJ LV SHUIRUPHG E\
SURMHFWLRQ UHVLVWDQFH ZHOGLQJ ZLWK SURJUDPPHG LQWHUQDO VSODVKLQJ DQG VXEVHTXHQW IRUJLQJ RI WKH MRLQLQJ ]RQH�

.H\ ZRU G V � IXVLRQ ZHOGLQJ� HOHFWURQ EHDP ZHOGLQJ� DU�
JRQ�DUF WXQJVWHQ�HOHFWURGH ZHOGLQJ� SURMHFWLRQ UHVLVWDQFH ZHOG�

LQJ� VROLG�OLTXLG VWDWH MRLQLQJ� WLWDQLXP� VWHHO� LQWHUPHWDOOLF
SKDVHV� LQWHUPHGLDWH EDUULHU LQVHUWV� YDQDGLXP FDUELGHV� WLWD�

QLXPwVWHHO LQWHUIDFH

7KH SUREOHP RI PDNLQJ WLWDQLXP�VWHHO ZHOGHG VWUXF�

WXUHV KDV DWWUDFWHG DWWHQWLRQ RI LQYHVWLJDWRUV VLQFH WKH

HQG RI WKH ����V� ZLWK WKH EHJLQQLQJ RI FRPPHUFLDO

XWLOLVDWLRQ RI WLWDQLXP LQ LQGXVWU\� 7KH LQWHUHVW ZDV

FDXVHG� RQ WKH RQH KDQG� E\ XQLTXH SURSHUWLHV RI WL�

WDQLXP DQG DOOR\V RQ LWV EDVH DQG� RQ WKH RWKHU KDQG�

E\ KLJK FRVW RI WLWDQLXP VHPL�ILQLVKHG SURGXFWV� ,W
ZDV H[SHFWHG WKDW WKH XVH RI HOHPHQWV RI WLWDQLXP

�ZKHUH LW ZDV UHTXLUHG E\ VHUYLFH FRQGLWLRQV RI D SDUW�
DQG VWHHO LQ RQH VWUXFWXUH ZRXOG DOORZ LPSURYHPHQW

RI SHUIRUPDQFH DQG FRVW HIIHFWLYHQHVV RI WKLV VWUXFWXUH�

+RZHYHU� DOO DWWHPSWV WR SHUIRUP GLUHFW ZHOGLQJ RI

WLWDQLXP WR VWHHO IDLOHG WR JLYH SRVLWLYH UHVXOWV >�� �@

EHFDXVH RI FUDFNV IRUPHG LQ WKH ZHOGV� ,QYHVWLJDWLRQV
VKRZHG WKDW WKH\ ZHUH FDXVHG E\ EULWWOH LQWHUPHWDOOLF

SKDVHV IRUPHG LQ IXVLRQ RI WLWDQLXP ZLWK LURQ DQG WKH

PDMRULW\ RI VWHHO DOOR\LQJ HOHPHQWV >�@� DQG WKDW WL�

WDQLXP FRXOG EH MRLQHG WR VWHHO RQO\ WKURXJK LQWHU�

PHGLDWH LQVHUWV ZHOO ZHOGDEOH WR ERWK PHWDOV� 7KH

ILUVW VXEVWDQWLDWLRQ RI VHOHFWLRQ RI PDWHULDOV IRU WKH

LQWHUPHGLDWH LQVHUWV ZDV JLYHQ LQ VWXG\ >�@�
7LWDQLXP IRUPV FRQWLQXRXV VROLG VROXWLRQV ZLWK

]LUFRQLXP� KDIQLXP� YDQDGLXP� QLRELXP� PRO\EGH�

QXP DQG WDQWDOXP� 7KHUHIRUH� LW FDQ EH VDWLVIDFWRULO\

ZHOGHG WR WKHVH PHWDOV >�w�@� ,Q WXUQ� RXW RI WKLV

JURXS RI PHWDOV� RQO\ YDQDGLXP FDQ EH GLUHFWO\ MRLQHG

WR VWHHO� +RZHYHU� GXFWLOLW\ DQG WRXJKQHVV RI PHWDO
RI VXFK ZHOGV GHSHQG XSRQ WKH SHUFHQWDJH RI YDQD�

GLXP� LURQ DQG RWKHU VWHHO DOOR\LQJ HOHPHQWV WKH\ FRQ�

WDLQ� )LUVW RI DOO� WKLV LV DWWULEXWDEOH WR WKH IDFW WKDW

LQ WKH )Hw9 V\VWHP� DW D ZHLJKW FRQWHQW RI YDQDGLXP
UDQJLQJ IURP �� WR �� �� WKH EULWWOH σ�SKDVH LV IRUPHG

LQ PHWDO >�@� 7KH QHJDWLYH HIIHFW RQ GXFWLOLW\ RI WKH
YDQDGLXP�VWHHO ZHOGV LV H[HUWHG E\ FDUERQ �EHFDXVH

RI IRUPDWLRQ RI YDQDGLXP FDUELGH� >�@ DQG VWHHO DO�

OR\LQJ HOHPHQWV� VXFK DV QLFNHO� PDQJDQHVH� VLOLFRQ�
HWF�� LI WKHLU ZHLJKW FRQWHQW RI WKH ZHOG LV LQ H[FHVV

RI ����� ��� DQG ��� �� UHVSHFWLYHO\ >�@� 7R HQVXUH

VDWLVIDFWRU\ SURSHUWLHV RI WKH WLWDQLXP�YDQDGLXP

ZHOGV� WKH\ VKRXOG KDYH D FHUWDLQ WLWDQLXP WR YDQD�

GLXP UDWLR WR IRUP D WKHUPDOO\ VWDEOH VLQJOH�SKDVH
β�VWUXFWXUH�

,W VKRXOG EH RQFH PRUH HPSKDVLVHG WKDW YDQDGLXP
LV WKH RQO\ PHWDO ZKLFK FDQ EH GLUHFWO\ MRLQHG WR VWHHO
E\ WKH IXVLRQ ZHOGLQJ PHWKRG� ,Q DOO RWKHU FDVHV WKHUH
VKRXOG EH DQ LQWHUPHGLDWH LQVHUW EHWZHHQ WLWDQLXP
DQG VWHHO� FRQVLVWLQJ RI WZR PHWDOV� H�J� WDQWDOXP RU

QLRELXP DQG FRSSHU RU FRSSHU�EDVHG DOOR\V >�@�

7ZR WHFKQRORJLHV DUH XVHG DW SUHVHQW WR PDNH WLWD�

QLXP�VWHHO VWUXFWXUHV E\ WKH IXVLRQ ZHOGLQJ PHWKRG�

$FFRUGLQJ WR WKH ILUVW WHFKQRORJ\� ZHOGLQJ LV SHUIRUPHG
XVLQJPXOWLOD\HU LQVHUWV SUHIDEULFDWHG E\ D SUHVVXUH MRLQ�

LQJ PHWKRG �H[SORVLRQ� FRPELQHG UROOLQJ� HWF��� 0HWDOV

WKDW DUH DW WKH HQGV RI VXFK LQVHUWV DUH WLWDQLXP DW RQH

HQG DQG VWHHO DW WKH RWKHU� ,Q WKLV FDVH ZH MRLQ VLPLODU

PHWDOV �WLWDQLXP WR WLWDQLXP DQG VWHHO WR VWHHO� E\ WKH

IXVLRQ ZHOGLQJ PHWKRG� $FFRUGLQJ WR WKH RWKHU WHFKQR�
ORJ\� MRLQLQJ LV SHUIRUPHG XVLQJ RQH �YDQDGLXP� RU
VHYHUDO LQWHUPHGLDWHPHWDO LQVHUWVZKLFK DUH VXFFHVVLYHO\

IXVLRQ ZHOGHG WR HDFK RWKHU >�@�

(OHFWURQ EHDP ZHOGLQJ� 7KH WHFKQRORJ\ IRU (%:
RI WLWDQLXP DOOR\ 27��� WR VWHHOV RI WKH 916��

��.K��1��7 DQG (3�� JUDGHV� IHUULWLF FKURPLXP

VWHHOV DQG LURQ LV FRQVLGHUHG LQ VWXGLHV >�w��@� :HOG�

LQJ ZDV SHUIRUPHG XVLQJ DQ LQVHUW RI YDQDGLXP DOOR\

99�� 6WURQJ DQG VXIILFLHQWO\ GXFWLOH ZHOGV EHWZHHQ
YDQDGLXP DQG VWHHO ZHUH PDGH E\ ZHOGLQJ ZLWK D

EHDP VKLIWHG WRZDUGV VWHHO WR D GLVWDQFH RI ���w���PP

IURP WKH MRLQW� ,Q ZHOGLQJ DOOR\ 27��� WR YDQDGLXP
WKH EHDP ZDV VKLIWHG WRZDUGV WLWDQLXP WR D GLVWDQFH

RI ��� PP IURP WKH MRLQW� :HOGLQJ ZDV FDUULHG RXW

DW VSHHG Y  �� P�K DQG DFFHOHUDWLQJ YROWDJH 8  

 �� N9� 7KH IRFXVLQJ FXUUHQW ZDV ,I  ��� µ$� DQG
WKH EHDP FXUUHQW ZDV �� DQG �� µ$ IRU WKH 99� �

916� DQG 916� � 27��� ZHOGV� UHVSHFWLYHO\� ,Q
ZHOGLQJ XQGHU WKH DERYH FRQGLWLRQV WKH ZHLJKW FRQ�

WHQW RI YDQDGLXP LQ WKH 99� � 916� ZHOG ZDV QRW

LQ H[FHVV RI ����ZKLOH WKHPDLQ VWUXFWXUDO FRPSRQHQW

RI WKH ZHOG PHWDO ZDV D ODPHOODU IHUULWH DOOR\HG ZLWK

YDQDGLXP >��@� 7KH ZHOG PHWDO ZLWK VXFK D VWUXFWXUH

ZDV FKDUDFWHULVHG E\ D UHODWLYHO\ KLJK GXFWLOLW\� ZKLOH

VWUHQJWK RI WKH ZHOGHG MRLQW ZDV QRW LQIHULRU WR WKDW

RI WKH 99� DOOR\� 6LPLODU UHVXOWV ZHUH REWDLQHG LQ

ZHOGLQJ WLWDQLXP WR VWHHOV RI WKH ��.K��1��7 DQG

(3�� JUDGHV�
� /�6� .,5((9 DQG 9�1� =$0.29� ����
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,Q ZHOGLQJ WLWDQLXP WR LURQ� ORZ�FDUERQ RU IHUULWLF
FKURPLXP VWHHO WKH ZHOG PHWDO VKRXOG EH DGGLWLRQDOO\
DOOR\HG ZLWK �w�� ZW�� QLFNHO� GHSHQGLQJ XSRQ WKH
FRQFHQWUDWLRQ RI FDUERQ LQ WKH ZHOG PHWDO� 7KLV DO�
OR\LQJ SURYLGHV WRXJK IUDFWXUH RI WKH ZHOGV FRQWDLQLQJ
XS WR ���� ZW�� FDUERQ� $W LWV KLJKHU FRQFHQWUDWLRQ
�LQGHSHQGHQWO\ RI WKH QLFNHO FRQWHQW� D EULWWOH IUDF�
WXUH ZDV IL[HG LQ WKH YDQDGLXPwZHOG IXVLRQ ]RQH >�@�

$UJRQ�DUF WXQJVWHQ�HOHFWURGH ZHOGLQJ� 7KH PDLQ
SUREOHP LQ DUF ZHOGLQJ RI WLWDQLXP WR VWHHO XVLQJ D
YDQDGLXP DOOR\ LQWHUPHGLDWH LQVHUW LV VLPLODU WR WKDW
IDFHG LQ (%:� ,W LV QHFHVVDU\ WR SURGXFH ZHOGV RI D
FHUWDLQ FKHPLFDO FRPSRVLWLRQ >��@� ,Q WKH VWHHO�YDQD�
GLXP ZHOG WKH PDVV IUDFWLRQ RI YDQDGLXP VKRXOG QRW
EH KLJKHU WKDQ �� �� ZKHUHDV LQ WKH WLWDQLXP�YDQD�
GLXP ZHOG LW VKRXOG EH QRW LQ H[FHVV RI ��w�� ��
ZKLFK SURYLGHV D WKHUPDOO\ VWDEOH VLQJOH�SKDVH β�
VWUXFWXUH� 7R GR WKDW� ZHOGLQJ RI ERWK ZHOGV ZDV
FDUULHG RXW E\ VKLIWLQJ WKH HOHFWURGH WR ���w��� PP
UHODWLYH WR WKH MRLQW� 7KH ZHOGLQJ VSHHG VKRXOG EH QRW
OHVV WKDQ �� P�K� ,W VKRXOG EH QRWHG WKDW ZHOGHG
MRLQWV EHWZHHQ WLWDQLXP DQG VWHHO SURGXFHG WKURXJK
WKH YDQDGLXP LQVHUW FDQ KDYH D UHOLDEOH SHUIRUPDQFH
DW LQFUHDVHG WHPSHUDWXUHV ZLWKLQ D UDQJH RI ���w
��� �& >��@ DQG LQ DJJUHVVLYH HQYLURQPHQWV >��@� $W
KLJKHU WHPSHUDWXUHV ����w��� �&� WKH MRLQWV UDSLGO\
ORVH GXFWLOLW\ GXH WR SUHFLSLWDWLRQ RI WKH σ�SKDVH DQG
IRUPDWLRQ RI YDQDGLXP FDUELGHV >�� ��@�

6ROLG�OLTXLG VWDWH MRLQLQJ RI WLWDQLXP WR VWHHO�

7KH IHDVLELOLW\ RI SURGXFLQJ MRLQWV EHWZHHQ WLWDQLXP

DQG VWHHO ZLWKRXW LQWHUPHGLDWH LQVHUWV ZDV IRUPXODWHG

DQG H[SHULPHQWDOO\ SURYHG LQ VWXGLHV >��w��@� 7KH

MRLQW LQ WKLV FDVH LV IRUPHG XVLQJ SURMHFWLRQ UHVLVWDQFH

ZHOGLQJ ZLWK D SURJUDPPHG ILQDO LQWHUQDO VSODVKLQJ

DQG VXEVHTXHQW IRUJLQJ RI WKH MRLQLQJ ]RQH�

$V IROORZV IURP >��@� LQ SURMHFWLRQ UHVLVWDQFH

ZHOGLQJ WKH MRLQW LV IRUPHG ILUVW LQ D OLTXLG SKDVH DV

D UHVXOW RI PHOWLQJ RI ELOOHWV XQGHU WKH HIIHFW RI KHDW

UHOHDVHG LQ WKH ZHOG ]RQH DV WKH FXUUHQW IORZV WKURXJK

LW� DQG WKHQ� DIWHU VSODVKLQJ DQG IRUJLQJ� LQ WKH VROLG�

OLTXLG SKDVH� 7KH OLTXLG WR VROLG SKDVH UDWLR PD\ YDU\

GHSHQGLQJ XSRQ SK\VLFDO�PHFKDQLFDO SURSHUWLHV RI WKH

PDWHULDOV MRLQHG DQG ZHOGLQJ SDUDPHWHUV �FXUUHQW�

VKDSH RI SURMHFWLRQV� FRPSUHVVLRQ IRUFH�� ,Q WKH FDVH

RI ZHOGLQJ WLWDQLXP WR VWHHO� LW LV GHVLUDEOH WKDW WKH

PD[LPXP SRVVLEOH DPRXQW RI OLTXLG PHWDO RI WKH QXJ�

JHW EH UHPRYHG IURP WKH ZHOGLQJ ]RQH DV D UHVXOW RI

VSODVKLQJ DQG IRUJLQJ� DQG WKDW WKH MRLQW EH IRUPHG

SULPDULO\ LQ WKH VROLG SKDVH� 6WXGLHV GHVFULEHG LQ >��@

UHVXOWHG LQ WKH IRUPXODWLRQ RI QHFHVVDU\ SUHPLVHV IRU

IRUPDWLRQ RI VXFK MRLQWV EHWZHHQ WLWDQLXP DQG VWHHO�

LGHQWLILFDWLRQ RI UHTXLUHPHQWV WR WKH SURMHFWLRQ VKDSH

LQ WLWDQLXP DQG VWHHO SDUWV� VKDSH RI HOHFWURGHV DQG

ZHOGLQJ FRQGLWLRQV� GHYHORSPHQW RI D PDWKHPDWLFDO

PRGHO WR FDOFXODWH WHPSHUDWXUH�WLPH SURFHVVHV >��@�

DQG HODERUDWLRQ RI D FRUUHVSRQGLQJ HTXLSPHQW IRU

SUDFWLFDO DSSOLFDWLRQ RI WKLV WHFKQRORJ\�
,W ZDV H[SHULPHQWDOO\ HVWDEOLVKHG LQ ZHOGLQJ VWHHOV

�� PP WKLFN RI WKH 6W��� ��.K�� DQG ��.K��1��7
JUDGHV WR WLWDQLXP DOOR\V � PP WKLFN RI WKH 97����

27���� 97��� DQG 97�� JUDGHV WKDW �RWKHU FRQGLWLRQV
EHLQJ HTXDO� UXSWXUH VWUHQJWK RI WKH ZHOG QXJJHW DQG
IUDFWXUH HQHUJ\ LQ LPSDFW EHQGLQJ GHFUHDVHG ZLWK DQ
LQFUHDVH LQ DOOR\LQJ RI VWHHO >��@� $OO WKH MRLQWV KDG
D GLIIXVLRQ LQWHUOD\HU �w� µP WKLFN LQ WKH WUDQVLWLRQ
]RQH� 7KLFNQHVV RI WKH LQWHUOD\HU EHLQJ WKH VDPH�
VWUHQJWK RI WKH QXJJHW GHSHQGV XSRQ LWV FKHPLFDO FRP�
SRVLWLRQ DQG FRQWDFW VXUIDFH DUHD� $OXPLQLXP ZKLFK
JHWV LQWR WKH ZHOG IURP D WLWDQLXP DOOR\ GHFUHDVHV LWV
VWUHQJWK LQ DOO WKH FDVHV� &KURPLXP� DQG WR D JUHDWHU
GHJUHH FKURPLXP SOXV QLFNHO� OHDGV WR VRPH LQFUHDVH
LQ VWUHQJWK SURSHUWLHV �VHH WKH 7DEOH�� :HOGHG MRLQWV
XVXDOO\ IUDFWXUH EHFDXVH RI D EULWWOH FOHDYDJH� 7KH
FHQWUH RI LQLWLDWLRQ RI PLFURFUDFNV LV DV D UXOH D FKDQQHO
ZKHUH WKH LQWHUQDO VSODVK RFFXUV� DQG IUDFWXUH LV DF�
FRPSDQLHG E\ D SDUWLDO WHDU RXW RI WKH VXEVXUIDFH
WLWDQLXP OD\HUV�

7KHUHIRUH� SHUIRUPDQFH RI WKH WLWDQLXP WR VWHHO
ZHOGHG MRLQWV PDGH E\ SURMHFWLRQ UHVLVWDQFH ZHOGLQJ
GHSHQGV XSRQ WKH FKHPLFDO FRPSRVLWLRQ RI WKH MRLQLQJ
]RQH� DV ZHOO DV XSRQ WKH VKDSH DQG DPRXQW RI UHPDLQV
RI WKH FDVW QXJJHW� L�H� XSRQ WKH IDFWRUV ZKLFK DUH
GHWHUPLQHG E\ FRPSOHWHQHVV RI VSODVKLQJ DQG FKDUDF�
WHU RI SK\VLFDO�FKHPLFDO SURFHVVHV RFFXUULQJ DW WKH
WLWDQLXPwVWHHO LQWHUIDFH� 7KLV WHFKQRORJLFDO SURFHVV
DQG HTXLSPHQW IRU LWV UHDOLVDWLRQ >��@ DUH GHVLJQHG
SULPDULO\ IRU OLQLQJ VWHHO WDQNV ZLWK WLWDQLXP SODWHV�

$V VKRZQ E\ WKH OLWHUDWXUH DQDO\VLV� IXVLRQZHOGLQJ
RI WLWDQLXP WR VWHHO LV IHDVLEOH RQO\ LQ WKH FDVH RI XVLQJ
LQWHUPHGLDWH EDUULHU OD\HUV� 6XFK MRLQWV DUH FKDUDF�
WHULVHG E\ VDWLVIDFWRU\ PHFKDQLFDO SURSHUWLHV� +RZ�
HYHU� WKH\ KDYH ORZ FRUURVLRQ UHVLVWDQFH DQG DUH LQ�
VXIILFLHQWO\ UHOLDEOH LQ RSHUDWLRQ� HVSHFLDOO\ DW LQ�
FUHDVHG WHPSHUDWXUHV�

$V IDU DV MRLQLQJ WLWDQLXP WR VWHHO LQ D VROLG�OLTXLG
VWDWH LV FRQFHUQHG� WKLV PHWKRG KDV D YHU\ OLPLWHG
DSSOLFDWLRQ VR IDU�

�� ������ 0HWDOOXUJ\ DQG WHFKQRORJ\ RI ZHOGLQJ WLWDQLXP DQG
LWV DOOR\V� (G� E\ 6�0� *XUHYLFK� .\LY� 1DXNRYD 'XPND�

6WHHO

JUDGH

7LWDQLXP

JUDGH

5XSWXUH

IRUFH�

N1

)UDFWXUH

HQHUJ\

LQ EHQGLQJ�

-

%HQG

DQJOH�

GHJ

6W�� 97��� ��� ���� ��

¬°��� ��� ��� ��

97��� ��� ��� ��

97�� ��� ��� �

��.K�� 97��� ��� ���� ��

¬°��� ��� ��� ��

97��� ��� w w

97�� ��� w w

��.K��1��7 97��� ��� ���� ��

¬°��� ��� ���� ��

97��� ��� ���� ��

97�� ��� ��� ��



6SHFLPHQV GLG QRW IUDFWXUH�
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�� 0HW]HJ� *�� /LVRQ� 5� ������ (OHFWURQ EHDP ZHOGLQJ RI GLV�
VLPLODU PHWDOV� :HOGLQJ -�� �� ���w����

�� 5\NDOLQ� 1�1�� 6KRUVKRURY� 0�.K�� .UDVXOLQ� <X�/� ������
3K\VLFDO DQG FKHPLFDO SUREOHPV RI GLVVLPLODU PHWDO MRLQLQJ�
,]Y� $1 6665� 6HULHV ,QRUJDQLF 0DWHULDOV� �� ��w���

�� *XUHYLFK� 6�0�� =DPNRY� 9�1� ������ :HOGLQJ WLWDQLXP WR
VWHHO� $YWRPDWLFK� 6YDUND� �� ��w���

�� 5DENLQ� '�0�� 5\DERY� 9�5�� *XUHYLFK� 6�0� ������
:HOGLQJ RI GLVVLPLODU PHWDOV� .\LY� 7HNKQLND�

�� 5\DERY� 9�5�� 5DENLQ� '�0�� .XURFKNR� 5�6� HW DO� ������
:HOGLQJ RI GLVVLPLODU PHWDOV DQG DOOR\V� 0RVFRZ� 0DVKL�
QRVWURHQLH�

�� /DULNRY� /�1�� 5\DERY� 9�5�� )DOFKHQNR� 9�0� ������ 'LI�
IXVLRQ SURFHVVHV LQ VROLG SKDVH GXULQJ ZHOGLQJ� 0RVFRZ�
0DVKLQRVWURHQLH�

�� *RQVHURYVN\� )�*� ������ ,QIOXHQFH RI FDUERQ RQ LPSDFW
WRXJKQHVV RI ZHOGHG MRLQWV EHWZHHQ YDQDGLXP DQG LURQ DQG
IHUULWLF VWHHOV� 6YDURFKQ� 3URL]YRGVWYR� ��� �w��

�� *RQVHURYVN\� )�*� ������ ,QIOXHQFH RI DOOR\LQJ HOHPHQWV RQ
LPSDFW WRXJKQHVV RI ZHOGHG MRLQWV EHWZHHQ YDQDGLXP DQG
VWDLQOHVV VWHHO� $YWRPDWLFK� 6YDUND� ��� ��w���

��� 3HWUHQNR� 9�5�� 5\]KNRY� )�1�� %DVKNDWRY� $�9� HW DO�
������ (OHFWURQ�EHDP ZHOGLQJ RI �7��� WLWDQLXP DOOR\ WR
916�� VWHHO� 6YDURFKQ� 3URL]YRGVWYR� ��� ��w���

��� *RQVHURYVN\� )�*� ������ 3HFXOLDULWLHV RI SURGXFWLRQ RI YD�
QDGLXP�VWHHO ZHOGHG MRLQWV� ,ELG�� ��� ��w���

��� 6WUL]KHYVND\D� /�*�� 6WDURYD� /�/�� .XOLNRY� )�5� ������
:HOGDELOLW\ DQG SURSHUWLHV RI ZHOGHG MRLQWV EHWZHHQ WLWD�
QLXP DQG VWHHO PDGH XVLQJ YDQDGLXP DOOR\� /HFWXUHV RQ
ZHOGLQJ RI GLVVLPLODU PHWDOV� 0RVFRZ� =QDQLH�

��� 6WUL]KHYVND\D� /�*�� .XOLNRY� )�5�� .XURFKNR� 5�6� ������
+LJK VHUYLFH OLIH ZHOGHG MRLQWV EHWZHHQ WLWDQLXP DQG VWHHO�

,Q� 3URF� RI �WK $OO�8QLRQ 0HHWLQJ RQ :HOGLQJ RI 'LVVLPL�
ODU� &RPSRVLWH DQG 0XOWLOD\HU 0DWHULDOV� .\LY� 3:,�

��� *XUHYLFK� 6�0�� .XOLNRY� )�5�� 'UX]KLQLQD� ,�3� ������ &RU�
URVLRQ UHVLVWDQFH RI ZHOGHG MRLQWV RI WLWDQLXP WR VWHHO� ,ELG�

��� %\NRYVN\� 2�*� ������ &ODGGLQJ RI FKHPLFDO SURGXFWLRQ
VWHHO DSSDUDWXVHV ZLWK WLWDQLXP� 6YDURFKQ� 3URL]YRGVWYR�
��� ��w���

��� %\NRYVN\� 2�*�� 3LQNRYVN\� ,�9�� 0LQ\DMOR� 6�1� HW DO�
������ 2Q WKH UROH RI PHWDO VSODVKLQJ LQ SURMHFWLRQ ZHOGLQJ
RI WLWDQLXP WR VWHHO� ,ELG�� �� �w��

��� %\NRYVN\� 2�*�� 3LQNRYVN\� ,�9�� 0LQ\DMOR� 6�1� HW DO�
������ 6HOHFWLRQ RI SDUDPHWHUV IRU SURMHFWLRQ ZHOGLQJ RI WL�
WDQLXP WR VWHHO� $YWRPDWLFK� 6YDUND� ��� ��w���

��� %\NRYVN\� 2�*�� 3LQNRYVN\� ,�9�� 0LQ\DMOR� 6�1� HW DO�
������ ,QIOXHQFH RI VRXUFH PDWHULDOV RQ IRUPDWLRQ DQG SURS�
HUWLHV RI VSRW ZHOGHG MRLQWV LQ WLWDQLXP WR VWHHOV DQG QLFNHO�
6YDURFKQ� 3URL]YRGVWYR� ��� ��w���

��� %\NRYVN\� 2�*�� *RUEXQRY� $�'� ������ 0DWKHPDWLFDO
PRGHOOLQJ RI PHWDO WKHUPDO VWDWH LQ UHVLVWDQFH VSRW ZHOGLQJ�
,ELG�� �� ��w���

��� %\NRYVN\� 2�*�� 3LQNRYVN\� ,�9�� 5\DERY� 9�5� ������
)UDFWRJUDSKLF H[DPLQDWLRQ RI IDLOXUH RI WLWDQLXP�VWHHO
ZHOGHG MRLQWV� $YWRPDWLFK� 6YDUND� �� �w��

��� 3LQNRYVN\� ,�9�� %\NRYVN\� 2�*�� 7NDFKHQNR� ,�9� HW DO�
������ 3HFXOLDULWLHV RI UHVLVWDQFH ZHOGLQJ RI 97��� WLWDQLXP
WR ORZ�DOOR\ VWHHO� 6YDURFKQ� 3URL]YRGVWYR� �� ��w���

��� %\NRYVN\� 2�*�� 3LQNRYVN\� ,�9�� 0LQ\DMOR� 6�1� HW DO�
������ ,Q VLWH SURMHFWLRQ VSRW ZHOGLQJ RI WLWDQLXP WR VWHHO�
,ELG�� ��� �w��

��� 5\DERY� 9�5�� %\NRYVN\� 2�*�� 6DPRMORY� 9�(� HW DO�
������ :HWWDELOLW\ RI WLWDQLXP DQG VWHHO ZLWK 7Lw)H V\VWHP
DOOR\V LQ IXVLRQ ZHOGLQJ� $YWRPDWLFK� 6YDUND� ��� ��w���
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.UHPHQFKXJ 6WDWH 3RO\WHFKQLF 8QLYHUVLW\� .UHPHQFKXJ� 8NUDLQH

�
8NUDLQLDQ 6WDWH 5HVHDUFK ,QVWLWXWH RI &DU�%XLOGLQJ� .UHPHQFKXJ� 8NUDLQH

7KH SDSHU GHDOV ZLWK DGYDQFHG WHFKQRORJLFDO SURFHVVHV WR PDQXIDFWXUH ZHOGHG PHWDO VWUXFWXUHV RI KRSSHU FDUV� DV ZHOO

DV SURFHVV HTXLSPHQW� XVHG IRU WKHLU LPSOHPHQWDWLRQ� 0HFKDQLVDWLRQ DQG DXWRPDWLRQ RI WKH PRVW ODERXU�FRQVXPLQJ

RSHUDWLRQV DOORZV D VLJQLILFDQW LPSURYHPHQW RI ODERXU HIILFLHQF\ DQG UHGXFWLRQ RI WKH FRVWV� ZKLFK DUH UHODWHG WR

PDQXIDFWXUH RI WKH FDUV� 7KH GHVFULEHG GHVLJQV RI SURFHVV HTXLSPHQW PD\ EH ZLGHO\ XVHG LQ PDQ\ PHFKDQLFDO HQJLQHHULQJ

SODQWV GXULQJ SHUIRUPDQFH RI DVVHPEO\�ZHOGLQJ RSHUDWLRQV�

.H\ ZRU G V � PHFKDQLVDWLRQ� DXWRPDWLRQ� ZHOGLQJ� FDU�FRQ�
VWUXFWLRQ� WHFKQRORJLFDO SURFHVV� SURFHVVLQJ HTXLSPHQW

&DUV ZLWK D KRSSHU�VKDSHG ERG\ �KRSSHUV FDUV� DUH
VXFFHVVIXOO\ RSHUDWHG LQ WKH UDLOZD\V RI PDQ\ FRXQ�
WULHV RI WKH ZRUOG� 7KH\ DUH XVHG IRU EXON VKLSPHQW
RI FDUJR� RI ZKLFK WKHUH DUH DERXW ��� NLQGV� 7KH FDUV
FDQ EH RI WZR W\SHV� URRIHG �IRU VKLSPHQW RI EXON\
FDUJR� UHTXLULQJ SURWHFWLRQ IURP DWPRVSKHULF LPSDFW�
DQG RSHQ �IRU WKH RWKHU NLQGV RI FDUJR� QDPHO\ FRDO�
LURQ SHOOHWV� HWF���

+RSSHU FDUV� SURGXFHG LQ 8NUDLQH IRU WUDQVSRUWD�

WLRQ RI FHPHQW� PLQHUDO IHUWLOLVHUV� SHDW� LURQ SHOOHWV�

HWF�� DUH VXSHULRU WR WKHLU DQDORJV IURP 5XVVLD� *HU�

PDQ\� )UDQFH DQG RWKHU FRXQWULHV E\ WKHLU PRVW LP�

SRUWDQW SDUDPHWHUV �HPSW\ ZHLJKW�WR�FDUU\LQJ FDSDF�

LW\ UDWLR� YROXPH DQG ZHLJKW RI WKH WUDQVSRUWHG

FDUJR�� 3UDFWLFDOO\ DOO WKH KRSSHU FDUV KDYH D VWDQGDUG

DOO�ZHOGHG PHWDO VWUXFWXUH RI WKH ERG\� 2Q WKH RWKHU

KDQG� WKH\ GLIIHU IURP HDFK RWKHU E\ WKH GHVLJQ DQG

QXPEHU RI KRSSHUV� ORDGLQJ DQG XQORDGLQJ KDWFKHV�

SRVLWLRQ RI WKH ODWWHU UHODWLYH WR WKH WUDFN DQG XQORDG�

LQJ PHFKDQLVPV� 7KH KLJKHVW OHYHO RI PHFKDQLVDWLRQ

DQG DXWRPDWLRQ RI DVVHPEO\�ZHOGLQJ RSHUDWLRQV LQ

PDQXIDFWXUH RI KRSSHU FDUV LQ 8NUDLQH ZDV DFKLHYHG

LQ &RPSDQ\ �6WDNKDQRY &DU�%XLOGLQJ :RUNV�� $Q

HLJKW�ZKHHO URRIHG VHOI�GXPSLQJ FDU �)LJXUH �� FXU�

UHQWO\ PDGH LQ WKH :RUNV LV GHVLJQHG IRU VKLSPHQW

RYHU WKH HQWLUH UDLOZD\ QHWZRUN RI &,6 FRXQWULHV

����� PP WUDFNV� RI EXON\ JUDQXODWHG� FRDUVH�

JUDLQHG� FU\VWDOOLQH� QRQ�FDNLQJ QRQ�FRUURVLYH PL�

QHUDO IHUWLOLVHUV� DV ZHOO DV EXON\ SRZGHUOLNH UDZ PD�

WHULDOV �DSDWLWH FRQFHQWUDWH� SKRVSKRULF SRZGHU��

� %�*� 76<*$1� /�,� 3,52*29� $�9� '21&+(1.2 DQG <X�$� 758%$&+(9� ����
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7KH FDUULDJH LV DQ DOO�ZHOGHG VWUXFWXUH� &DUJR LV
ORDGHG WKURXJK KDWFKHV� ORFDWHG LQ WKH URRI� 7KH\ DUH
ILWWHG ZLWK FRYHUV� SURYLGLQJ D UHOLDEOH ORFNLQJ DQG
VHDOLQJ WR SUHYHQW PRLVWXUH SHQHWUDWLRQ LQVLGH WKH FDU�

/RFDWHG LQ WKH ORZHU SDUW RI WKH ERG\ RQ ERWK VLGHV
RI WKH KRSSHU DUH WZR VORW XQORDGLQJ KDWFKHV� ZKLFK

DUH RSHQHG DQG FORVHG E\ D SQHXPDWLFDOO\ GULYHQ

PHFKDQLVP�

,Q RUGHU WR VHW XS WKH SURGXFWLRQ RI WKLV FDU� WKH
GHVLJQ�WHFKQRORJ\ LQVWLWXWHV GHYHORSHG WHFKQRORJLHV�
ZKLFK HQYLVDJHG WKH XVH RI WKH PRVW DGYDQFHG SURF�

HVVLQJ HTXLSPHQW DQG ULJJLQJ� LQWHJUDWHG IORZ OLQHV

ZLWK D ULJLG DQG VRIW FRQVWUDLQW� REMHFW�FORVHG VKRSV

DQG VHFWLRQV� 3URGXFWLRQ UXQV LQ D FORVHG F\FOH� XQLW

ZHOGLQJ DQG JHQHUDO DVVHPEO\ RI WKH FDU DUH ORFDWHG

LQ WZR ED\V RI WKH DVVHPEO\�ZHOGLQJ VKRS� 7KH PDLQ
SULQFLSOH RI WKH VKRS OD\�RXW LV SURYLVLRQ RI D GLUHFW�

IORZ SURGXFWLRQ SURFHVV RIPDNLQJ WKH IUDPH� KRSSHUV�
URRI� VLGH DQG HQG ZDOOV DQG ERG\�

7KH EDVLF HOHPHQW RI WKH FDU LV WKH IUDPH �)L�

JXUH ��� ,W FRQVLVWV RI PDLQ EHDP �� WZR EROVWHU EHDPV

�� ORQJLWXGLQDO � DQG WUDQVYHUVH � ULGJHV� ORZHU � DQG

IURQW � VKHHWV� OHYHU EUDFNHW � DQG VWHS EUDFNHW ��

7HFKQRORJLFDO SURFHVV RI IUDPH DVVHPEO\ VWDUWV ZLWK
PDQXIDFWXUH RI PDLQ EHDP� ZKLFK LV PDGH RI WZR

EHDPV RI =�VHFWLRQ 1R���� ZHOGHG WR HDFK RWKHU E\ D
ORQJLWXGLQDO EXWW ZHOG� )URQW UHVWV RI DXWRPDWLF FRX�

SOLQJ DUH PRXQWHG RQ HQG SDUWV RI WKH EHDP� $ ULGJH

)LJXUH �� +RSSHU FDU IRU PLQHUDO IHUWLOL]HUV ������� PRGHO�� � x ERG\ ZLWK KRSSHUV� � x IUDPH� � x GXPSLQJ PHFKDQLVP� � x
XQORDGLQJ KDWFK FRYHUV� � x XQGHUFDUULDJH� � x DXWRPDWLF FRXSOLQJ� � x DXWRPDWLF EUDNH� � x VLGH ZDOO� � x URRI ZLWK ORDGLQJ
KDWFKHV

)LJXUH �� )UDPH RI D FDU IRU PLQHUDO WUDQVSRUWDWLRQ �IRU GHVLJQDWLRQV VHH WKH WH[W�
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LV ZHOGHG RQ WRS� JLYLQJ LW DGGLWLRQDO VWUHQJWK DQG
SURPRWLQJ EHWWHU SRXULQJ RII RI WKH FDUJR� $VVHPEO\
DQGZHOGLQJ RIPDLQ EHDP DUH DUUDQJHG LQ D VSHFLDOLVHG
ED\ �)LJXUH ���

=�VHFWLRQV DUH WUDQVSRUWHG WR WKH VKRS LQ FRQWDLQHUV
�)LJXUH �� D�� IURP ZKHUH WKH\ DUH WUDQVIHUUHG SLHFH E\
SLHFH WR WKH IDFLOLW\ IRU WKHLU FXWWLQJ WR WKH UHTXLUHG
OHQJWK� DQG WKHQ DUH SODFHG LQWR DVVHPEO\ EHQFK � XVLQJ
SQHXPDWLF PDQLSXODWRUV � �)LJXUH �� E�� $XWRPDWLF
ZHOGLQJ RI D EXWW ZHOG RI WKH PDLQ EHDP LV SHUIRUPHG
ZLWK WZR DXWRPDWLF ZHOGLQJ PDFKLQHV $����� RQ D IOX[�
FRSSHU SDG �)LJXUH �� F�� ,Q RUGHU WR DFKLHYH VRXQG
IRUPDWLRQ RI WKH EHDG� WKH JDSV IRUPHG LQ DVVHPEO\� DUH
ILOOHG ZLWK JUDQXODWHG PHWDO ILOOHUV RI 6Y���*�6 �ZW���
���&� ���0Q� ���6L� )H x EDODQFH� ZLUH RI � PP GL�
DPHWHU� ,Q RUGHU WR UHGXFH WKH GLVWRUWLRQ� WKH EHDP LV
ZHOGHG ZLWK DSSOLFDWLRQ RI LWV HODVWLF RXW�RI�SODQH EHQG�
LQJ ZLWK VXEVHTXHQW IDVWHQLQJ DQG XVH RI EDFN�VWHS WHFK�
QLTXH� L�H� RQH DXWRPDWLF PDFKLQH DSSOLHV D ZHOG IURP
WKH EHDP EHJLQQLQJ XS WR LWV PLGGOH DQG WKH VHFRQG
IURP EHDP PLGGOH WR LWV HQG�

)LQDO DVVHPEO\ RI WKH XQLW� LQWHUPHGLDWH FRQWURO�
UHSDLU RI GHIHFWLYH VHFWLRQV RI WKH ZHOG DQG LWHP DF�
FHSWDQFH E\ TXDOLW\ LQVSHFWLRQ SHUVRQQHO DUH SHU�
IRUPHG LQ D ZHOGLQJ SRVLWLRQHU �)LJXUH �� J�� $VVHP�
EOHG �ZLWK IURQW DQG UHDU UHVWV� PDLQ EHDP LV PRYHG
WR D PXOWLKHDG WZR�VLGHG GULOOLQJ PDFKLQH $0 ������
�)LJXUH �� G�� ,W LV WKHQ ODLG RQ WLOWLQJ FDUULDJH �

�)LJXUH �� H�� ZKHUH ULYHWLQJ RSHUDWLRQ LV SHUIRUPHG
E\ K\GUDXOLF URWDWLQJ FODPSV �� 5LYHWV DUH KHDWHG LQ
DQ HOHFWULF IXUQDFH� ZKLFK SURYLGHV D IDVW �GXULQJ

��w�� PLQ� KHDWLQJ RI �� ULYHWV RI ��w�� PP GLDPHWHU
XS WR WKH WHPSHUDWXUH RI ���w��� �&� SUHYHQWLRQ RI
WKHLU RYHUKHDWLQJ RU IRUPDWLRQ RI VFDOH� 6LOLFRQ FDUELGH
HOHFWURGHV DUH XVHG DV KHDWLQJ HOHPHQWV� WR ZKLFK YROW�
DJH LV DSSOLHG IURP ZHOGLQJ FXUUHQW VRXUFH 7')������

7KHQ WKH PDLQ EHDP LV PRYHG RQ DQG SODFHG LQWR
D EHQFK IRU DVVHPEO\ �)LJXUH �� I� ZLWK WKH HOHPHQWV
RI EROVWHU EHDP� ULGJHV �ORQJLWXGLQDO DQG WUDQVYHUVH�
DQG RWKHU SDUWV RI WKH IUDPH� $OO WKH DVVHPEOHG HOH�
PHQWV DUH WDFNZHOGHG WR HDFK RWKHU DQG WKH DVVHPEOHG
XQLW LV IDVWHQHG LQ WKH ZHOGLQJ SRVLWLRQHU �)LJXUH ��
J�� :HOGHG IUDPH LV PRXQWHG E\ EULGJH FUDQHV LQ WKH
GULOOLQJ EHQFK �)LJXUH �� K� WR PDNH KROHV E\ UDGLDO
GULOOLQJ PDFKLQHV � DQG VXEVHTXHQW ULYHWLQJ RI SLYRWV
WR LW E\ VXVSHQGHG K\GUDXOLF FODPSV �� 7KH IUDPH LV
WKHQ DVVHPEOHG ZLWK SUH�IDEULFDWHG KRSSHUV DQG LV
ZHOGHG LQ WKH WLOWHU ZLWK OLIWLQJ FHQWUHV� 7KH ILQLVKHG
LWHP DFFHSWHG E\ TXDOLW\ LQVSHFWLRQ GHSDUWPHQW LV
WUDQVSRUWHG E\ WKH WUDQVIHU FDU WR WKH EHQFK IRU JHQHUDO
DVVHPEO\ RI WKH FDU ERG\�

6LGH ZDOO RI WKH FDU IRU PLQHUDO WUDQVSRUWDWLRQ
�)LJXUH �� LV D IUDPH VWUXFWXUH� FRQVLVWLQJ RI ORZHU �
DQG XSSHU � WLHV� FRQQHFWHG E\ YHUWLFDO SRVWV �� %UDFHV
� DUH PRXQWHG DW WKH H[WUHPH SRVWV WR PDNH WKH IUDPH
PRUH ULJLG� 8SSHU WLH LV PDGH RI IRUPHG FKDQQHO VHF�
WLRQ RI RSHQ W\SH� ORZHU WLH DQG EUDFHV RI D VTXDUH
SLSH � PP WKLFN� 3RVWV DUH PDGH RI GRXEOH 7�VKDSH
1R���� 6KHDWKLQJ � LV PDGH RI FKDQQHOOHG VKHHWV � PP
WKLFN ZLWK LQWHUPLWWHQW FRUUXJDWLRQV� 6KHDWKLQJ LV
ZHOGHG WR SRVWV E\ SOXJ ODS MRLQWV RI �� PP GLDPHWHU
ZLWK ��� PP VSDFLQJ� DQG WR XSSHU DQG ORZHU WLHV E\

)LJXUH �� 6FKHPDWLF RI D VHFWLRQ IRU DVVHPEO\ DQG ZHOGLQJ RI IUDPHV RI D FDU IRU PLQHUDO WUDQVSRUWDWLRQ� D x FRQWDLQHU IRU =�VHFWLRQ�
E x EHQFK IRU PDLQ EHDP DVVHPEO\� F x DXWRPDWLF ZHOGLQJ PDFKLQH� G x WZR�VLGHG GULOOLQJ PDFKLQH� H x WLOWLQJ FDUULDJH IRU UHVW
ULYHWLQJ� I x EHQFK IRU IUDPH DVVHPEO\� J x WUXQQLRQ ZHOGLQJ SRVLWLRQHU� K x EHQFK IRU GULOOLQJ DQG ULYHWLQJ WKH VWHS EUDFNHWV �IRU
RWKHU GHVLJQDWLRQV VHH WKH WH[W�

)LJXUH �� *HQHUDO YLHZ RI WKH FDU IRU PLQHUDO WUDQVSRUWDWLRQ� � x ORZHU WLH� � x XSSHU WLH� � x SRVW� � x VKHDWKLQJ VKHHW� � x HQG
VKHHW� � x EUDFH
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DQ RYHUODS ZHOG� 8SSHU DQG ORZHU WLHV� SRVWV DQG NQHH
EUDFHV DUH PDGH RI ��*�' VWHHO� VLGH ZDOO ERDUGV RI
��.K1'3 �ZW��� ���&� ���&U� ���1L� ���6L� ���&X�
)H x EDODQFH� RU ��*�' �ZW��� ���&� ���0Q� ���6L�
���&X� )H x EDODQFH��

6LGH ZDOOV DUH PDQXIDFWXUHG LQ DQ LQWHJUDWHG IORZ
OLQH� FRQVLVWLQJ RI IRXU ZRUN SODFHV DQG PDQXIDFWXUH
VWDUWV ZLWK DVVHPEO\ DQG ZHOGLQJ RI WKH VKHDWKLQJ
SDQHO LQ D VSHFLDOLVHG LQVWDOODWLRQ �)LJXUH �� D��
6KHDWKLQJ SDQHO FRQVLVWV RI WZR FRUUXJDWHG VKHHWV�
ZKLFK IRUP DQ RYHUODS MRLQW� ZHOGHG IURP ERWK VLGHV
E\ D ILOOHW ZHOG ZLWK � PP ILOOHW� 7KH VKHHWV DUH ODLG
ZLWK EULGJH FUDQH LQWR WKH EHQFK E\ WKH UHVWV DQG DUH
IDVWHQHG E\ VLGH FROOHWV� $ ZHOGLQJ JDQWU\ LV EURXJKW
WR WKH SRLQW RI WKH VWDUW RI ZHOGLQJ DW WUDYHO VSHHG�
DQG DXWRPDWLF &2� ZHOGLQJ RI WKH SDQHO LV SHUIRUPHG
ZLWK � PP ZLUH DW WKH VSHHG RI �� P�K� *DSV LQ WKH
RYHUODS MRLQW DUH SUHYHQWHG E\ SUHVVLQJ WRJHWKHU WKH
HGJHV WR EH ZHOGHG E\ D SUHVV�GRZQ UROOHU� PRXQWHG
RQ WKH JDQWU\�

$IWHU WKH ILUVW ZHOG KDV EHHQ PDGH� WKH LWHP LV
UHOHDVHG� LV WLOWHG WKURXJK ���� LQ WKH VDPH ZRUN SODFH
E\ D EULGJH FUDQH� DQG WKH VHFRQG ZHOG LV PDGH� 7KH
ILQLVKHG LWHP LV UDLVHG E\ D OLIWLQJ UROOHU FRQYH\RU�
EXLOW LQWR WKH EHQFK IUDPH� DQG LV WUDQVIHUUHG WR WKH
EHQFK IRU DVVHPEO\ZLWK WKH VLGH ZDOO IUDPH �)LJXUH ��
E�� 6WD\ SRVWV� XSSHU DQG ORZHU WLHV DQG VKHDWKLQJ
VKHHWV DUH ODLG E\ WKH UHVWV RQ WKH SDQHO� ZKLFK KDV
FRPH WR WKH EHQFK IRU DVVHPEO\� $OO WKH SDUWV DUH
FRQQHFWHG WR HDFK RWKHU E\ HOHFWULF DUF WDFN ZHOGV�
DQG WKH DVVHPEOHG XQLW LV WUDQVIHUUHG E\ WKH UROOHU

FRQYH\RU WR WKH PDFKLQH IRU DXWRPDWLF DUF VSRW ZHOG�
LQJ �$6:� RI WKH VKHDWKLQJ SDQHO ZLWK WKH SRVWV RI
WKH VLGH ZDOO IUDPH �)LJXUH �� F��

7KH LQVWDOODWLRQ� VKRZQ LQ )LJXUH �� FRQVLVWV RI
EHG �� JDQWU\ �� FDUU\LQJ $����� 8� PDFKLQH � IRU
WZLQ�DUF VSRW ZHOGLQJ� UDLO WUDFN �� WUHVWOH � DQG VWDLU
SODWIRUP �� 7KH EHG IRU WKH LWHP LV PDGH LQ WKH IRUP
RI D IUDPH ZLWK VXSSRUWV� UHVWV DQG SQHXPDWLF FODPSV�
3ODWIRUP �� XVHG IRU LQVSHFWLRQ DQG PDLQWHQDQFH RI
WKH JDQWU\� LV PRXQWHG DW WKH HQG IDFH RI WKH EHG�
*DQWU\ PRYHV DORQJ WKH UDLO WUDFN� ZLWK OLPLW VZLWFKHV
SODFHG DORQJ LW WR DGMXVW WKH VSRW ZHOG VSDFLQJ� $W
WKH VWDUW RI RSHUDWLRQ WKH JDQWU\ LV EURXJKW LQWR D
SRVLWLRQ� SURYLGLQJ IUHH DFFHVV WR WKH EHG� %HG JULSV
DQG FROOHWV DUH RSHQHG� 7KH SRVLWLRQ RI WKH DVVHPEOHG
VLGH ZDOO� FRPLQJ LQ E\ WKH UROOHU FRQYH\RU� LV IL[HG
E\ FDWFKHV DQG IDVWHQHG ZLWK SQHXPDWLF FODPSV
DJDLQVW WKH UHVWV� 7KHQ WKH JDQWU\ LV EURXJKW DW WKH
WUDYHO VSHHG RI ��� P�K WR WKH SODFH RI ZHOGLQJ WKH
ILUVW URZ RI WKH DUF VSRW ZHOG� DQG WKH DXWRPDWLF
ZHOGLQJ PDFKLQH LV VZLWFKHG RQ� ZKLFK GXULQJ � V
SHUIRUPV VLPXOWDQHRXV &2� ZHOGLQJ RI WZR SOXJ ODS
MRLQWV RI �� PP GLDPHWHU ZLWK DXWRPDWLF ZHOGLQJ XS
RI WKH FUDWHU� $IWHU WKDW WKH ZHOGLQJ KHDG LV OLIWHG E\
D SQHXPDWLF F\OLQGHU DQG WKH DXWRPDWLF PDFKLQH
PRYHV DORQJ WKH JXLGH UDLO� ZKLFK FDUULHV PL�
FURVZLWFKHV� FRQWUROOLQJ WKH VL]H RI WKH VWHS RI WKH
DXWRPDWLF PDFKLQH GLVSODFHPHQW� 7KHQ WKH KHDG LV
ORZHUHG DQG WKH QH[W WZR SOXJ ODS MRLQWV DUH ZHOGHG�
HWF� 7KH VSRW ZHOG LV PDGH DW WKH ZRUNLQJ VSHHG RI
���� P�PLQ� $IWHU FRPSOHWLRQ RI ZHOGLQJ RI WKH ILUVW

)LJXUH �� 6FKHPDWLF RI D IORZ OLQH IRU DVVHPEO\ DQG ZHOGLQJ RI WKH VLGH ZDOO RI D FDU IRU PLQHUDO WUDQVSRUWDWLRQ� Dx VHW XS IRU VKHDWKLQJ
SDQHO DVVHPEO\ DQG ZHOGLQJ� E x EHQFK IRU DVVHPEO\ RI WKH VLGH ZDOO ZLWK WKH SDQHO� F x PDFKLQH IRU $6: RI WKH SDQHO WR WKH IUDPH�
G x PDFKLQH IRU DXWRPDWLF ZHOGLQJ RI WKH SDQHO WR WKH WLHV

)LJXUH �� ,QVWDOODWLRQ IRU DXWRPDWLF $6: RI WKH VKHDWKLQJ SDQHO WR WKH VLGH ZDOO IUDPH �IRU GHVLJQDWLRQV VHH WKH WH[W�
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VSRW ZHOG� WKH JDQWU\ LQ WKH DXWRPDWLF PRGH LV PRYHG
WR WKH QH[W URZ� HWF�� XS WR FRPSOHWLRQ RI WKH WHFK�
QRORJLFDO RSHUDWLRQ� 7KHQ WKH LWHP LV UHOHDVHG� WLOWHG
E\ WKH JDQWU\ FUDQH WKURXJK ���� DQG LV WUDQVIHUUHG
WR WKH PDFKLQH IRU ZHOGLQJ WKH VKHDWKLQJ SDQHO WR WKH
XSSHU DQG ORZHU WLHV �)LJXUH �� G�� 7KH PDFKLQH DO�
ORZV DXWRPDWLF ZHOGLQJ WR EH SHUIRUPHG VLPXOWDQH�
RXVO\ ZLWK WZR ZHOGLQJ KHDGV� SURYLGLQJ D FORVH ILW�
WLQJ RI WKH HGJH RI WKH SDQHO EHLQJ ZHOGHG WR WKH WLHV�
DQG DXWRPDWLF JXLGLQJ RI WKH HOHFWURGH DORQJ WKH EXWW
D[LV� :HOGHG VLGH ZDOO LV WUDQVIHUUHG WR WKH EHQFK IRU
JHQHUDO DVVHPEO\ RI WKH FDU ERG\�

7KH HQG ZDOO RI WKH FDU IRU PLQHUDO WUDQVSRUWDWLRQ
�)LJXUH �� FRQVLVWV RI WKUHH SDUWV� QDPHO\ VKHDWKLQJ
VKHHW � DQG WZR H[WUXGHG � PP VKHHWV � DQG �� EXWW
ZHOGHG WR LW� ([WUXGHG SDUWV DUH XVHG WR LPSURYH WKH
VOLGLQJ RI WKH FDUJR DQG SURYLGH D ERQG LQ WKH IRUP RI
EXWW MRLQWV EHWZHHQ WKH VLGH DQG HQG ZDOOV� 8SSHU WLH�
PDGH LQ WKH IRUP RI VWULS �� LV ZHOGHG WR WKH XSSHU SDUW
RI WKH VKHDWKLQJ� 6KHDWKLQJ VKHHW LV UHLQIRUFHG ZLWK WZR
ORQJLWXGLQDO SRVWV � DQG JLUWK � RI RPHJD�VKDSHG SURILOH�
3URGXFWLRQ RI HQG ZDOOV LV RUJDQL]HG LQ D VSHFLDOL]HG
VKRS VHFWLRQ� FRQVLVWLQJ RI WKUHH ZRUN SODFHV�

0DQXIDFWXUH RI WKH XQLW VWDUWV IURP DVVHPEO\ DQG
DXWRPDWLF ZHOGLQJ RI WZR H[WUXGHG DQG RQH PLGGOH

VKHHW WR HDFK RWKHU ZLWK EDFN ZHOG IRUPDWLRQ LQ WKH
LQVWDOODWLRQ �)LJXUH ��� FRQVLVWLQJ RI EHQFK �� JDQWU\
��� PRYLQJ DORQJ JXLGH UDLOV � DQG ZHOGLQJ WUDFWRU
��� $WWDFKHG WR EDVH RI EHQFK �� DUH WZR FRSSHU EDFN�
LQJV � DQG � ZLWK KLQJH UHVWV � DQG �� SQHXPDWLF
FODPSV �� DQG VSHFLDOL]HG PHFKDQL]HG UDPPHUV �� IRU
EULQJLQJ WKH HGJHV RI DEXWWHG VKHHWV LQ FRQWDFW ZLWK
FXUYLOLQHDU HGJHV� 7KH JDQWU\ LV XVHG IRU GLVSODFHPHQW
RI WKH ZHOGLQJ WUDFWRU LQWR WKH ZHOGLQJ ]RQH DQG UH�
OLDEOH SUHVVLQJ XS RI WKH EXWWV EHLQJ ZHOGHG WR WKH
FRSSHU EDFNLQJ�

7KH VKHHWV ZHUH SODFHG LQWR WKH EHQFK E\ KLQJH
UHVWV � DQG �� VR WKDW WKH HGJHV EHLQJ ZHOGHG ZHUH
ORFDWHG DERYH WKH FRSSHU JDVNHWV ZLWK � PP JDS� DQG
ZHUH IDVWHQHG E\ SQHXPDWLF FODPSV ��� $IWHU WKDW WKH
JDQWU\ LV PRYHG LQWR WKH ZHOGLQJ ]RQH DQG SQHXPDWLF
FHQWUDOLVHUV DUH XVHG WR PRXQW LW ZLWK UHVSHFW WR UHVW
�� 7KH JDS EHWZHHQ WKH HGJHV RI WKH VKHHWV EHLQJ
ZHOGHG LV ILOOHG ZLWK IOX[ IRU VRXQG IRUPDWLRQ RI WKH
EDFN VLGH RI WKH ZHOG� 7KHQ UDPPHU �� LV XVHG WR
SUHVV WRJHWKHU WKH HGJHV RI WKH DEXWWHG VKHHWV� DQG
RQH�VLGH DXWRPDWLF EXWW ZHOGLQJ LV SHUIRUPHG DIWHU
WKHLU IDVWHQLQJ E\ SHGDO SQHXPDWLF FODPSV ���

:HOGHG VKHDWKLQJ LV UHOHDVHG� DQG WKH EULGJH FUDQH
PRYHV LW WR WKH SRVLWLRQ RI VKHDWKLQJ DVVHPEO\ ZLWK

)LJXUH �� (QG ZDOO RI WKH FDU IRU PLQHUDO WUDQVSRUWDWLRQ �IRU GHVLJQDWLRQV VHH WKH WH[W�

)LJXUH �� ,QVWDOODWLRQ IRU DVVHPEO\ DQG DXWRPDWLF ZHOGLQJ RI HQG ZDOO VKHDWKLQJ� �� �� x UHVW� � x VWRS SQHXPDWLF F\OLQGHU� �� � x
KLQJH UHVWV� �� � x FRSSHU EDFNLQJ� � x EHQFK� � x VWDWLRQDU\ UHVW� � x JXLGH� �� x JDQWU\� �� x SUHVVXUH EHDP� �� x SRZHU
VXSSO\� �� x ZHOGLQJ PDFKLQH� �� x ZHOGHU SODWIRUP� �� x HOHFWULF GULYH� �� x SQHXPDWLF FHQWUDOLVHU� �� x SHGDO SQHXPDWLF
FODPSV� �� x EDVH� �� x SQHXPDWLF FODPS� �� x UDPPHU
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RWKHU HOHPHQWV� 7KH DVVHPEOHG XQLW LV SODFHG RQ WKH
PDQLSXODWRU WDEOH� ZKHUH LW LV ZHOGHG� )LQLVKHG LWHP
LV VXEPLWWHG WR WKH VWDII RI TXDOLW\ LQVSHFWLRQ GHSDUW�
PHQW DQG LV WUDQVIHUUHG WR WKH JHQHUDO DVVHPEO\ RI WKH
FDU ERG\�

)LJXUH � VKRZV WKH GHVLJQ RI WKH URRI RI WKH FDU
IRU PLQHUDO WUDQVSRUWDWLRQ� ,W LV PDGH LQ D FORVHG LQ�
WHJUDOO\ PHFKDQL]HG VHFWLRQ� LQFOXGLQJ WKUHH SURFHVV�
LQJ RSHUDWLRQV DQG RQH VWRUDJH SRVLWLRQ� 5RRI VKHHWV
DUH LQLWLDOO\ ODLG RXW E\ WKH IRUP RI WKH SDQHO� DUH
WDFN ZHOGHG WR HDFK RWKHU� DQG DUH SODFHG LQ WKH DV�
DVVHPEOHG IRUP LQWR WKH EHQFK� ZKHUH DXWRPDWLF &2�

ZHOGLQJ RI WZR RYHUODS ZHOGV LV SHUIRUPHG VLPXOWD�
QHRXVO\�:HOGHG SDQHO LV ODLG RQWR DUFV � ILUVW PRXQWHG
DQG IDVWHQHG LQ WXUQHU�EHQFK�

7KH KLJKHVW OHYHO RI ODERXU PHFKDQLVDWLRQ DQG ILW�
WLQJ RI WKH WHFKQRORJLFDO SURFHVV ZLWK HTXLSPHQW LQ
PDQXIDFWXUH RI URRIV RI KRSSHU�FDUV� DQG� LQ SDUWLFX�
ODU� RI FHPHQW�FDUU\LQJ FDUV� ZDV DFKLHYHG LQ .U\XNRY
&DU�%XLOGLQJ :RUNV�

7KH URRI RI WKH FHPHQW�FDUU\LQJ FDU �)LJXUH ���
FRQVLVWV RI WUDQVYHUVH DUFV �� PDGH RI DQJOH EDUV DQG
FRYHUHG ZLWK VKHHWV � DQG � RQ WRS� 6KHDWKLQJ SDQHO
VKHHWV KDYH ORQJLWXGLQDO FRUUXJDWLRQV� ZKLFK LPSDUW
ULJLGLW\ WR WKH URRI DQG SUHYHQW VHUYLFH SHUVRQQHO IURP
VOLSSLQJ RQ LW� :HOGHG WR H[WUHPH DUFV IURP ERWK HQG
IDFHV RI WKH URRI DUH WUDQVRPV �� XVHG WR MRLQ WKH URRI
WR WKH HQG ZDOOV RI WKH FDU� )RXU ORDGLQJ KDWFKHV �

DUH ORFDWHG DORQJ WKH URRI D[LV� ZKLFK KDYH FRYHUV
ZLWK D VSKHULFDO VXUIDFH DQG DUH SUHVVHG GRZQ E\

)LJXUH �� 5RRI RI WKH FDU IRU PLQHUDO WUDQVSRUWDWLRQ� � x HQG VKHHW� � x URRILQJ� � x ORDGLQJ KDWFK FRYHU� � x WUDQVRP� � x DUF�
� x PLGGOH VKHHW� � x KDQG UDLO

)LJXUH ��� 5RRI RI D FHPHQW�FDUU\LQJ FDU� � x FRPSHQVDWRU� � x VWUXW� � x ORDGLQJ KDWFKHV� � x HQG VKHHW� � x DUF� �� � x SOXJ�
� x PLGGOH VKHHW� � x WUDQVRP
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)LJXUH ��� /D\RXW RI HTXLSPHQW LQ WKH OLQH IRU URRI PDQXIDFWXULQJ� � x VWRUDJH SRVLWLRQ IRU VKHHW UROOHG VWRFN� � x EHQFK IRU DVVHPEO\
DQG ZHOGLQJ RI WUDQVRPV� � x LQVWDOODWLRQ IRU DVVHPEO\ DQG ZHOGLQJ� � x EHQFK IRU WHVWLQJ ZHOGHG MRLQWV WLJKWQHVV� � x VWRUDJH
SRVLWLRQ IRU ILQLVKHG LWHPV� � x WZR�DUF FRQVROHV ZLWK IHHG PHFKDQLVPV RI VHPL�DXWRPDWLF ZHOGLQJ PDFKLQHV

)LJXUH ��� ,QVWDOODWLRQ IRU DVVHPEO\ DQG DXWRPDWLF ZHOGLQJ RI URRI RI WKH FHPHQW�FDUU\LQJ FDU� � x FDEOH VXVSHQVLRQ� � x ZHOGLQJ
JDQWU\� � x EUDFNHW� � x DVVHPEO\ EHQFK� � x JXLGHV� � x DVVHPEO\ JDQWU\

)LJXUH ��� :HOGLQJ JDQWU\� �� �� x FDUULDJH� �� � x WUDFHU� �� �� �� x FRUUHFWRU� � x ZHOGLQJ WRUFK� � x SQHXPDWLF FODPS� � x
$�����6 VHPL�DXWRPDWLF PDFKLQH� � x IODQJH� �� x EHDP� �� x FDVLQJ� �� x SUHVV�GRZQ UROOHU� �� x URG� �� x EUDFNHW� �� x
FKDLU� �� x OHYHU� ��� �� x SQHXPDWLF F\OLQGHU� �� x FRQWURO SDQHO� �� x WUDFHU UROOHUV
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VSULQJ�ORDGHG OHYHUV� 0RXQWHG RQ WKH PLGGOH DUF RI
WKH URRI LV D VWDLUFDVH� ZKLFK LV FRQQHFWHG WR WKH YHU�
WLFDO VKHHW RI WKH IUDPH LQ LWV ORZHU SDUW� 7KH VWDLUFDVH
LV GHVLJQHG IRU VHUYLFLQJ WKH FDU LQQHU SDUW� 5RRIPDQX�
IDFWXULQJ LV RUJDQL]HG LQ D IORZ OLQH� ZKLFK FRQVLVWV RI
WZR RSHUDWLQJ SRVLWLRQV DQG WZR VWRUDJH SRVLWLRQV� (TXLS�
PHQW OD\RXW LQ WKH IORZ OLQH LV VKRZQ LQ )LJXUH ���

5RRI DVVHPEO\ VWDUWV ZLWK PDQXIDFWXUH LQ MLJ � RI
DUFV DQG WUDQVRPV�ZKLFK DUH WUDQVIHUUHG WR WKH DVVHPEO\
EHQFK RI LQVWDOODWLRQ �� )XUWKHU DVVHPEO\ DQG DXWRPDWLF
ZHOGLQJ RI WKH URRI RI FHPHQW�FDUU\LQJ FDU LV SHUIRUPHG
LQ WKH LQVWDOODWLRQ �)LJXUH ���� ZKLFK FRQVLVWV RI DVVHP�
EO\ EHQFK �� ZHOGLQJ � DQG DVVHPEO\ � JDQWULHV� DQG
FDEOH VXVSHQVLRQ��/DLGDORQJ WKHEHQFKDUH ORQJLWXGLQDO
UDFN JXLGHV �� SURYLGLQJ IRU GLVSODFHPHQW RI WKHZHOGLQJ
DQG DVVHPEO\ JDQWULHV� 5RRI DVVHPEO\ VWDUWV ZLWK VH�
TXHQWLDO SRVLWLRQLQJ E\ EHQFK UHVWV RI WKH WUDQVRPV DQG
DUFV� ZLWK WKHLU SRVLWLRQ EHLQJ IL[HG E\ SQHXPDWLF F\O�
LQGHUV� $IWHU WKDW WZR HQG VKHHWV DUH SODFHG E\ EULGJH
FUDQH DERYH WKH DUFV� DQG DUH WDFN�ZHOGHG WR WKHP E\
&2� DUF SURFHVV� 7KHQ WKH PLGGOH VKHHW LV SRVLWLRQHG WR
IRUP DQ RYHUODS MRLQW WRJHWKHU ZLWK WKH HQG VKHHWV� 5RRI
VKHHWV DUH ILUVW VSRW ZHOGHG WR WKH DUFV�

7XUQLQJ LQ RI WKH SDQHO VKHHW DQG LWV FORVH FRQWDFW
ZLWK WKH DUFV LQ WKH SRLQWV RI WKHLU ZHOGLQJ WR LW DUH
SURYLGHG E\ DVVHPEO\ JDQWU\ �� ILWWHG ZLWK SQHXPDWLF
FODPSV� $XWRPDWLF &2� ZHOGLQJ RI WZR ORQJLWXGLQDO
RYHUODS ZHOGV LV PDGH ZLWK 6Y���*�6 ZLUH RI ��� PP
GLDPHWHU� XVLQJ D JDQWU\� ZKLFK FDUULHV IHHG PHFKD�
QLVPV RI VHPL�DXWRPDWLF ZHOGLQJ PDFKLQHV $�����6�
:HOGLQJ JDQWU\ �)LJXUH ��� SURYLGHV D UHOLDEOH SUHVV�
LQJ RI HGJHV RI WKH VKHHWV� MRLQHG E\ RYHUODS ZHOGV�
,W FRQVLVWV RI WZR FDUULDJHV � DQG ��� EHDP ��� FODPSV
�� WUDFHUV � DQG �� WRUFK SRVLWLRQ FRUUHFWRUV � DQG ��
ZHOGHUsV FKDLU �� DQG FRQWURO SDQHO ��� &DUULDJHV �
DQG �� PRYH WKH JDQWU\ DORQJ WKH JXLGHV DW ZHOGLQJ
DQG WUDYHO VSHHG� 6\QFKURQRXV RSHUDWLRQ RI FDUULDJH
GULYHV LV SURYLGHG E\ WKH FRQWURO FLUFXLW� &RQQHFWLQJ
EHDP �� LV D ER[�VKDSHG ZHOGPHQW� ZKLFK FDUULHV WKH
PDLQ DVVHPEOLHV RI WKH JDQWU\�

0LQLPDO JDSV LQ ZHOGLQJ RI DQ RYHUODS MRLQW RI
VKHDWKLQJ VKHHWV DUH SURYLGHG E\ XVLQJ SQHXPDWLF
FODPSV �� ZKLFK KDYH DQJXODU� WUDQVYHUVH DQG KHLJKW
FRUUHFWLRQ� (OHFWURGH JXLGDQFH DORQJ WKH EXWW GXULQJ
ZHOGLQJ LV SURYLGHG E\ PHFKDQLFDO WUDFHU �� FRQVLVWLQJ
RI VSULQJ�ORDGHG UROOHUV �� DQG ZHOGLQJ WRUFKHV ��
ULJLGO\ FRXSOHG WR WKHP� )ROORZHU UROOHUV ZLWK WKH
WRUFK DUH EURXJKW WR WKH EXWW DQG ZLWKGUDZQ IURP LW
E\ D SQHXPDWLF F\OLQGHU� 3UHOLPLQDU\ SRVLWLRQLQJ RI
ZHOGLQJ WRUFKHV DORQJ WKH EXWW D[LV LV SHUIRUPHG E\
FRUUHFWRUV � DQG �� )RU RSHUDWRU FRPIRUW� FKDLU �� LV
PRXQWHG RQ WKH EHDP� DQG SDQHO �� IRU FRQWURO RI DOO
WKHPHFKDQLVPV RI WKH XQLW LV IDVWHQHG QHDU LW� )LQLVKHG

LWHP LV WUDQVIHUUHG E\ WKH FUDQH WR WKH EHQFK IRU WHVWLQJ
WKH WLJKWQHVV RI ZHOGHG MRLQWV � �VHH )LJXUH ���� XVLQJ
WKH NHURVHQH VDPSOH DQG WKHQ WR VWRUDJH SRVLWLRQ ��

7KH FDU LV DQ DOO�ZHOGHG VWUXFWXUH� FRQVLVWLQJ RI D
IUDPH ZLWK KRSSHUV� WZR VLGH DQG WZR HQG ZDOOV�
ZHOGHG WR WKH IUDPH DQG WR HDFK RWKHU� DQG WKH URRI�
ZHOGHG WR WKH ZDOOV� *HQHUDO DVVHPEO\ DQG ZHOGLQJ
RI WKH FDU PHWDO VWUXFWXUH LV SHUIRUPHG LQ D VHFWLRQ�
DFFRPPRGDWLQJ WKUHH ZRUNLQJ RSHUDWLRQV �)L�
JXUH ���� XVLQJ DQ HOHFWULF EULGJH FUDQH� $ IUDPH ZLWK
KRSSHUV LV ILUVW SODFHG RQ WKH PRXQWLQJ SLQV RI HOH�
YDWLQJ VXSSRUWV � RI DVVHPEO\ EHQFK �)LJXUH ��� ,��
$IWHU VWUDLJKWHQLQJ LQ WKH KRUL]RQWDO SODQH� ZKLFK LV
SHUIRUPHG E\ WKH PHWKRG RI UHJXODWLRQ ZLWK PHDVXU�
LQJ SODWHV� WKH IUDPH LV IDVWHQHG�

3RVLWLRQ RI VLGH ZDOOV UHODWLYH WR WKH IDVWHQHG IUDPH
LV GHWHUPLQHG E\ ORZHU FDWFKHV� 9HUWLFDO IDVWHQLQJ RI
WKH VLGH HOHPHQW LV SHUIRUPHG ZLWK D ULJJLQJ VFUHZ�
6LGH DQG HQG ZDOOV DUH DEXWWHG WR HDFK RWKHU ZLWK
VFUHZ EUDFHV� DQG HGJHV DUH DOLJQHG� XVLQJ VFUHZ
FODPSV� :RUN RQ DVVHPEO\ RI WKH XSSHU SDUW RI WKH
FDU ERG\ LV SHUIRUPHG IURP FDUULDJHV �� PRYLQJ DORQJ
WKH UDLOV� ZKLFK DUH ODLG DORQJ WKH HQWLUH OHQJWK RI
WKH EHQFK� (QFORVHG HOHYDWLQJ SODWIRUPV IRU DVVHPEO\
ZRUNHUV DUH PRXQWHG RQ FDUULDJHV� &DU PHWDO VWUXFWXUH
DVVHPEOHG ZLWK HOHFWULF DUF WDFN ZHOGV LV PRXQWHG LQ
WUXQQLRQ SRVLWLRQHU �)LJXUH ��� ,,�� DOORZLQJ WKH LWHP
WR EH URWDWHG WKURXJK ��� WR ERWK VLGHV DQG WKH PRVW
FRQYHQLHQW SRVLWLRQ IRU ZHOGLQJ RSHUDWLRQV SHUIRUP�
DQFH WR EH VHOHFWHG� 3RVLWLRQHU LV PDGH LQ WKH IRUP RI
WZR VHSDUDWH SRVWV� 3RVW � LV VWDWLRQDU\� DQG SRVW �
LV PRELOH� 5RWDU\ FRQVROHV � ZLWK VHPL�DXWRPDWLF
ZHOGLQJ PDFKLQHV DUH PRXQWHG RQ WKH SRVW SODWIRUPV�
/DLG IURP ERWK VLGHV RI WKH SRVLWLRQHU DUH UDLOV� DORQJ
ZKLFK HOHFWULFDOO\ GULYHQ ZHOGLQJ FRQVROHV � PRYH�
$IWHU ZHOGLQJ WKH ERG\ LV WUDQVIHUUHG WR WKH QH[W
EHQFK �)LJXUH ��� ,,,�� ZKHUH LWV PRXQWLQJ DQG ZHOG�
LQJ RI WKH URRI WR LW DUH SHUIRUPHG� DQG IXUWKHU RQ WR
WKH VSHFLDOL]HG OLQH RI PHWDOZRUN DVVHPEO\ RI WKH FDU�

$SSOLFDWLRQ RI WKH PHDQV RI LQWHJUDWHG PHFKDQL�
VDWLRQ DQG DXWRPDWLRQ LQ IDEULFDWLRQ RI ZHOGHG PHWDO
VWUXFWXUH RI KRSSHU FDUV DOORZHG &RPSDQ\ �6WD�
NKDQRY &DU�%XLOGLQJ :RUNV� HQVXULQJ D KLJK TXDOLW\
RI PDQXIDFWXUHG LWHPV� WKHLU RSHUDWLRQDO UHOLDELOLW\
DQG LPSURYLQJ ODERXU HIILFLHQF\� ,Q WKLV FDVH� WKH QXP�
EHU RI ZRUNHUV ZDV UHGXFHG E\ �� SHUVRQV�

,Q YLHZ RI WKH DERYH� ZH EHOLHYH LW LV SRVVLEOH WR
UHFRPPHQG WR HQJLQHHULQJ�WHFKQLFDO VWDII GHDOLQJ
ZLWK WKH LVVXHV RI IDEULFDWLRQ RI YDULRXV ZHOGHG PHWDO
VWUXFWXUHV RI IUDPH W\SH� EHDPV� VKHHW SDQHOV� HWF� WR
FRQVLGHU WKH UDWLRQDOLW\ RI DSSO\LQJ LQ WKHLU HQWHUSULVHV
WKH WHFKQRORJ\ DQG HTXLSPHQW� LQWURGXFHG LQ WKH
�6WDNKDQRY &DU�%XLOGLQJ :RUNV��

)LJXUH ��� 6FKHPDWLF RI HTXLSPHQW OD\RXW LQ WKH VHFWLRQ RI DVVHPEO\ RI WKH FDU PHWDO VWUXFWXUH �IRU GHVLJQDWLRQV VHH WKH WH[W�
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1�2� &+(59<$.29 DQG .�$� <86+&+(1.2

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

,W LV VKRZQ WKDW PD[LPXP ORQJLWXGLQDO WHQVLOH VWUHVVHV LQGXFHG LQ EHDG RQ QLFNHO DOOR\ SODWH ZHOGLQJ DPRXQW WR \LHOG

VWUHVV RI WKH EDVH PHWDO� ,Q WKH FDVH RI ZHOGLQJ ZLWK SUHKHDWLQJ WR ��� �& UHVLGXDO VWUHVVHV GHFUHDVH E\ �� ��

.H\ ZRU G V � KLJK�VWUHQJWK QLFNHO DOOR\V� UHVLGXDO VWUHVVHV�
QHW PHWKRG� \LHOG VWUHVV� SUHKHDWLQJ

6WUDLQ�KDUGHQLQJ QLFNHO DOOR\V UHLQIRUFHG E\ WKH γ�
SKDVH DUH ZLGHO\ DSSOLHG IRU PDQXIDFWXUH RI KHDY\�

ORDGHG FRPSRQHQWV DQG SDUWV RSHUDWLQJ DW KLJK WHP�

SHUDWXUHV� +RZHYHU� WKHVH DOOR\V KDYH XQVDWLVIDFWRU\

ZHOGDELOLW\� ZKLFK LV DWWULEXWDEOH WR WKHLU VXVFHSWL�

ELOLW\ WR FUDFNLQJ LQ IXVLRQ ZHOGLQJ DQG SRVWZHOG KHDW
WUHDWPHQW�

+LJK�WHPSHUDWXUH SUHKHDWLQJ KDV DQ LQFUHDVLQJO\
ZLGH XVH DV DQ DFFRPSDQ\LQJ RSHUDWLRQ LQ WKH PDQX�

IDFWXUH RI JDV WXUELQH SDUWV WR GHFUHDVH VHQVLWLYLW\ WR
IRUPDWLRQ RI GHIHFWV LQ ZHOGLQJ DQG HQVXUH UHTXLUHG
SURSHUWLHV RI ZHOGHG MRLQWV� 7KH UROH RI SUHKHDWLQJ LQ

FUDFNLQJ RI IXVLRQ ZHOGHG MRLQWV KDV EHHQ LQVXIIL�

FLHQWO\ VWXGLHG� 7KH SRVLWLYH HIIHFW RI SUHKHDWLQJ LV

UHODWHG WR UHOD[DWLRQ SURFHVVHV RFFXUULQJ GXULQJ ZHOG�

LQJ DQG FRROLQJ�

,W LV RI SUDFWLFDO LQWHUHVW WR VWXG\ WKH FKDUDFWHU RI
GLVWULEXWLRQ RI UHVLGXDO ZHOGLQJ VWUHVVHV LQ ZHOGLQJ
ZLWK SUHKHDWLQJ DQG DW URRP WHPSHUDWXUH�

([SHULPHQWDO PHFKDQLFDO PHWKRGV EDVHG RQ PHDV�

XUHPHQW RI GLVSODFHPHQWV FDXVHG E\ UHPRYDO RI FODPSV

IURP VWUXFWXUDO PHPEHUV FRQWDLQLQJ UHVLGXDO VWUHVVHV
DUH PRVW RIWHQ XVHG WR HYDOXDWH ZHOGLQJ VWUHVVHV� 7KHVH

PHWKRGV SURYLGH D EHWWHU PHDVXUHPHQW DFFXUDF\� FRP�

SDUHG ZLWK SK\VLFDO RQHV EDVHG RQ UHODWLRQVKLSV EH�

WZHHQ UHVLGXDO VWUHVVHV DQG VRPH SK\VLFDO SURSHUWLHV

RI PDWHULDOV >�� �@�

0HFKDQLFDO GHYLFHV� VXFK DV VWUDLQ JDXJHV DQG UH�

VLVWLYH�VWUDLQ VHQVRUV� DV ZHOO DV GLIIHUHQW W\SHV RI

GLYLGLQJ JULGV DQG EULWWOH FRDWLQJV DUH HPSOR\HG WR
PHDVXUH GLVSODFHPHQWV� %DVHOLQH KROHV DUH GULOOHG LQ

D SODWH ZKHQ XVLQJ WKH VWUDLQ JDXJHV �DFFRUGLQJ WR

WKHLU GHVLJQ�� ,Q YLHZ RI GLIILFXOWLHV DVVRFLDWHG ZLWK

PDFKLQLQJ RI QLFNHO DOOR\V DQG SHFXOLDULWLHV RI WKHLU

VWUXFWXUDO VWDWH WKH XVH ZDV PDGH RI WKH QHW PHWKRG

>�@ WR GHWHUPLQH UHVLGXDO VWUHVVHV�

7KH SRLQW RI WKLV PHWKRG LV WKDW D QHW ZLWK DVVLJQHG

SDUDPHWHUV LV GHSRVLWHG RQ WKH PDWHULDO VXUIDFH� 'XU�

LQJ GHIRUPDWLRQ RI D VDPSOH WKH QHW LV GLVWRUWHG� FRS\�

LQJ GLVWRUWLRQ RI WKH VXUIDFH� 7KH YDOXH RI GHIRUPDWLRQ

RI DQ REMHFW VWXGLHG FDQ EH HVWLPDWHG E\ PHDVXULQJ

GLVWRUWLRQ RI WKH QHW FHOOV DQG SURFHVVLQJ WKH UHVXOWV
REWDLQHG� 7KH DGYDQWDJHV RI WKLV PHWKRG DUH FOHDUQHVV�

FUHGLELOLW\ DQG VLPSOLFLW\�

7KH QHW RI D V\VWHP RI PXWXDOO\ SHUSHQGLFXODU

OLQHV� WKH GLUHFWLRQV RI ZKLFK FRLQFLGH ZLWK GLUHFWLRQV

RI WKH VHOHFWHG FRRUGLQDWH D[HV� ZDV XVHG IRU WKH VWXG�

LHV� 7KH QHW ZDV DSSOLHG WR WZR VLGHV RI WKH SODWH

XVLQJ D GLDPRQG WRRO WR HQVXUH WKLFNQHVV RI WKH OLQHV

HTXDO WR ���� PP� 3ULRU WR EHDG GHSRVLWLRQ� WKH SODWH

VXUIDFH ZDV SROLVKHG� DQG WKHQ WKH QHW ZDV DSSOLHG

WR LW� WKH GLVWDQFH EHWZHHQ WKH OLQHV EHLQJ � PP RQ

WKH JDXJH DUHD RI �� PP� 7KH GLVWDQFH EHWZHHQ WKH

QHW OLQHV DORQJ D[HV �; ZDV FDUHIXOO\ PHDVXUHG EHIRUH

DQG DIWHU FXWWLQJ XVLQJ WKH WRROPDNHUsV PLFURVFRSH

%0,�� ZLWK D VDPSOH VWDJH PRYLQJ LQ ORQJLWXGLQDO

DQG WUDQVYHUVH GLUHFWLRQV DQG ZLWK PLFURPHWHU VFUHZV

KDYLQJ D VFDOH GLYLVLRQ RI ����� PP� 7KH PHDVXUHPHQW
HUURU RYHU WKH VHOHFWHG JDXJH DUHD ZDV QRW PRUH WKDQ

�� �� 7KH ×�� PDJQLILFDWLRQ ZDV XVHG� 7KH SODWH ZDV

FXW XVLQJ WKH &1& HOHFWULFDO GLVFKDUJH FXWWLQJ PD�

FKLQH �PRGHO ����)��� 7DS ZDWHU ZLWK DQWLFRUURVLYH

DGGLWLYHV ZDV XVHG DV D ZRUNLQJ IOXLG�

7KH SURFHGXUH IRU LQYHVWLJDWLRQ RI ORQJLWXGLQDO

UHVLGXDO VWUHVVHV ZDV RSWLPLVHG RQ D SODWH

����×��×� PP LQ VL]H� RI KLJK�DOOR\ VWHHO ZLWK \LHOG
VWUHVV RI ��� 03D� $XWRPDWLF 7,* ZHOGLQJ RI D EHDG

RQ D FHQWUDO SDUW RI WKH SODWH LQ WKH XQFODPSHG SRVLWLRQ

ZDV SHUIRUPHG XQGHU WKH IROORZLQJ FRQGLWLRQV� ,Z  

 �� $� 8
D
 ��w�� 9 DQG Y

Z
 � P�K� $IWHU ZHOGLQJ

ZLWK SHQHWUDWLRQ DQG FRPSOHWH FRROLQJ� WKH SODWH ZDV

FXW XVLQJ WKH HOHFWULF GLVFKDUJH FXWWLQJ PDFKLQH�

ZKLFK SURYLGHGPLQLPXP LQGXFHG VWUDLQV DQG KHDWLQJ�

7KH FXW ZLGWK ZDV �w��� PP�� 1�2� &+(59<$.29 DQG .�$� <86+&+(1.2� ����

)LJXUH �� 5HVLGXDO VWUHVVHV LQ WKH VWHHO SODWH DIWHU EHDG GHSRVLWLRQ

38 8/2002



'LIIHUHQFH EHWZHHQ VL]HV RI WKH QHW FHOOV EHIRUH
DQG DIWHU FXWWLQJ WKH SODWH \LHOGV DQ HODVWLF FRPSRQHQW
RI WKH VWUDLQ ε  εHO� *LYHQ WKDW VWXGLHG ZHUH WKH SODWHV
RI VPDOO ZLGWK DQG WKLFNQHVV� WKH HIIHFW RI VWUHVV σ\

ZDV DVVXPHG WR EH LQVLJQLILFDQW� DQG ORQJLWXGLQDO UH�
VLGXDO VWUHVVHV IRU D FDVH RI WKH XQLD[LDO VWUHVVHG VWDWH
ZHUH FDOFXODWHG IURP IRUPXOD

σ
[ UHV = ε

[
( =

Q� w Q�

*
(�

ZKHUH Q�wQ� LV WKH GLIIHUHQFH EHWZHHQ WKH QHW VL]HV LQ
D ORQJLWXGLQDO GLUHFWLRQ EHIRUH DQG DIWHU FXWWLQJ WKH
SODWH� ( LV WKH HODVWLFLW\ PRGXOXV RI WKH PDWHULDO� DQG
* LV WKH JDXJH DUHD�

0D[LPXP WHQVLOH VWUHVVHV ZKLFK DUH DSSUR[LPDWHO\
HTXDO WR \LHOG VWUHVV RI WKH EDVH PHWDO DUH IRUPHG LQ
WKH ZHOG DQG LQ DGMDFHQW UHJLRQV �)LJXUH ��� 7KHVH
VWUHVVHV JUDGXDOO\ GHFUHDVH� FKDQJH WKH VLJQ DQG EH�
FRPH FRPSUHVVLYH ZLWK WUDQVLWLRQ IURP WKH ZHOG WR
WKH +$=�

5HVLGXDO VWUHVVHV LQ WKH SODWH RI QLFNHO RI WKH &Uw
&Rw:w$Ow7L DOOR\LQJ V\VWHP ZLWK D \LHOG VWUHVV RI
��� 03D ZHUH GHWHUPLQHG E\ WKH DERYH SURFHGXUH�
7,* ZHOGLQJ ZLWKRXW D ILOOHU RQ WKH QLFNHO DOOR\ SODWH
���×�� PP LQ VL]H DQG � PP WKLFN ZDV SHUIRUPHG
XQGHU WKH IROORZLQJ FRQGLWLRQV� ,Z ��$�8D  ���� 9
DQG YZ  � P�K� 7KH PD[LPXP WHQVLOH VWUHVVHV UHDFK�

LQJ WKH \LHOG VWUHVV YDOXH DUH IRUPHG LQ WKH ZHOG DQG
DGMDFHQW UHJLRQV �)LJXUH ���

,Q ZHOGLQJ ZLWK SUHKHDWLQJ� WKH QLFNHO DOOR\ SODWH
RI WKH DERYH VL]HV ZDV KHDWHG LQ D IXUQDFH WR D WHP�
SHUDWXUH RI ��� �& �WKLV WHPSHUDWXUH IDYRXUV LPSURYH�
PHQW RI GXFWLOLW\ FKDUDFWHULVWLFV RI WKH DOOR\ LQYHVWL�
JDWHG�� KHOG LQ WKH IXUQDFH IRU KDOI DQ KRXU� UHPRYHG
DQG ZHOGHG� 7KHQ WKH SODWH ZDV SROLVKHG DQG WKH QHW
ZDV DSSOLHG WR LW� $IWHU WKDW WKH SODWH ZDV FXW DQG
VWUHVVHV ZHUH FDOFXODWHG IURP WKH IRUPXOD� )LJXUH �
VKRZV WKDW WKH XVH RI SUHKHDWLQJ UHVXOWV LQ GHFUHDVH
RI �� � LQ WKH OHYHO RI PD[LPXP WHQVLOH VWUHVVHV DQG
H[WHQVLRQ RI WKH ]RQH DIIHFWHG E\ WKHP�

&21&/86,216

�� 3URFHGXUH IRU HYDOXDWLRQ RI UHVLGXDO VWUHVVHV LQ D
QLFNHO DOOR\ ZDV RSWLPLVHG XVLQJ WKH QHW PHWKRG�

�� 0D[LPXP WHQVLOH VWUHVVHV LQGXFHG LQ 7,* ZHOG�
LQJ RI D EHDG RQ WKH QLFNHO DOOR\ SODWH ZHUH IRXQG WR
UHDFK \LHOG VWUHVV RI WKH EDVH PHWDO� 7KH XVH RI SUH�
KHDWLQJ UHVXOWV LQ GHFUHDVH RI �� � LQ ORQJLWXGLQDO
UHVLGXDO VWUHVVHV�

�� 1HGRVHND� $�<D� ������ 3ULQFLSOHV RI FDOFXODWLRQ DQG GLDJ�
QRVWLFV RI ZHOGHG VWUXFWXUHV� .\LY� ,1'3520�

�� 0DVXEXFKL� .� ������ $QDO\VLV RI ZHOGHG VWUXFWXUHV� UHVLG�
XDO VWUHVVHV� GLVWRUWLRQ DQG WKHLU FRQVHTXHQFHV� 3HUJDPRQ
3UHVV�

�� .DVDWNLQ� %�6�� .XGULQ� $�%�� /REDQRY� /�0� HW DO� ������
([SHULPHQWDO PHWKRGV RI VWXG\ RI VWUDLQV DQG VWUHVVHV� 5H�
IHU� %RRN� .\LY� 1DXNRYD 'XPND�

)LJXUH �� 5HVLGXDO VWUHVVHV LQ WKH QLFNHO DOOR\ SODWH DIWHU EHDG
GHSRVLWLRQ

)LJXUH �� 5HVLGXDO VWUHVVHV LQ WKH QLFNHO DOOR\ SODWH LQ ZHOGLQJ
ZLWK SUHKHDWLQJ
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<D�3� &+(51<$.� *�9� %856.< DQG 9�.� .$/(16.<

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

,QFUHDVH LQ KHDW LQSXW LQ FODGGLQJ VDPSOHV RI VWHHO 0�� XVLQJ ZLUH RI WKH 33�1S���*��.K��1�0) W\SH KDV EHHQ IRXQG

WR FDXVH LQFUHDVH LQ WKH +$= PHWDO IUDFWXUH HQHUJ\� $FFRUGLQJO\� WKLV OHDGV WR LQFUHDVH LQ UHVLVWDQFH RI WKH +$= PHWDO

WR FROG FUDFNLQJ�

.H\ ZRU G V � FODGGLQJ� KHDW�DIIHFWHG ]RQH� KHDW LQSXW�

WKHUPDO F\FOHV� FROG FUDFNV

5HSDLU FODGGLQJ RI ZRUQ RXW ODWHUDO VXUIDFHV RI VWHHO
0�� JLUGHU UDLOV XVLQJ DXVWHQLWLF ZLUH ZLWKRXW SUH�

KHDWLQJ FDXVHG FUDFNV RI WKH FOHDYDJH W\SH IRUPHG
EHQHDWK WKH ILUVW GHSRVLWHG EHDG DW WKH IXVLRQ ERXQG�

DU\ RU LQ WKH +$= PHWDO �QHDU WKLV ERXQGDU\�� )RU�

PDWLRQ RI WKHVH FUDFNV ZDV HOLPLQDWHG E\ GHSRVLWLQJ

WKH ILUVW EHDG DW DQ LQFUHDVHG KHDW LQSXW >�@� 7R VXE�

VWDQWLDWH WKH UHTXLUHPHQW IRU WKLV SHFXOLDULW\ RI WKH

UDLO FODGGLQJ WHFKQRORJ\� LW ZDV QHFHVVDU\ WR TXDQWL�

WDWLYHO\ HVWLPDWH UHVLVWDQFH RI WKH +$= PHWDO RI VWHHO

0�� WR FROG FUDFNLQJ DIWHU FODGGLQJ XVLQJ DXVWHQLWLF

ZLUH DW GLIIHUHQW OHYHOV RI KHDW LQSXW�

'LIIHUHQW WHVW PHWKRGV DUH HPSOR\HG WR HVWLPDWH
UHVLVWDQFH RI WKH +$= PHWDO WR FROG FUDFNV �LQFOXGLQJ

RI WKH FOHDYDJH W\SH�� 7KH SUHPLVH RI WKHVH PHWKRGV

LV WKDW FROG FUDFNV LQLWLDWH DQG GHYHORS ZLWK WLPH� L�H�

WKH\ KDYH WKH FKDUDFWHU RI GHOD\HG IUDFWXUH RQ VWHHOV

VXEMHFWHG WR WKH HIIHFW RI WKH ZHOGLQJ WKHUPDO F\FOH�

7KH PHWKRGV LQFOXGH /73��� 55& >�@� LPSODQWV >�@�

HWF�

7KH LPSURYHG LPSODQWV PHWKRG >�w�@ GHYHORSHG

E\ WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DQG
VXFFHVVIXOO\ XVHG LQ SUDFWLFH ZDV HPSOR\HG WR SHUIRUP

WKH WDVN SRVHG� ,QYHVWLJDWLRQV ZHUH FRQGXFWHG XVLQJ

WKH V\VWHP >�� �@ FRQVLVWLQJ RI D ORDGLQJ XQLW� GHYLFH

IRU PHDVXULQJ WKH ORDG RQ DQ LPSODQW� XQLW IRU UHFRUG�

LQJ DQG PHDVXUHPHQW RI GLVSODFHPHQWV LQ WKH +$=

PHWDO DIWHU DSSOLFDWLRQ RI WKH H[WHUQDO ORDG� XQLW IRU

UHJLVWUDWLRQ RI DFRXVWLF HPLVVLRQ �$(� VLJQDOV� HOHFWULF

VLJQDO PDWFKLQJ XQLW DQG UHFRUGHU�

)ODW SROLVKHG LPSODQWV RI VWHHO 0�� �\LHOG VWUHVV
σ\  ���03D� ZHUH XVHG� 7DEV ZLWK UHFWDQJXODU KROHV

WR LQVWDOO DQ LPSODQW ZHUH PDGH IURP WKH VDPH VWHHO�

7KH DVVHPEOHG WDEV DQG LPSODQWV ZHUH SODFHG LQ WKH

MLJ WR HQVXUH WKHLU ULJLG IL[DWLRQ� WKHQ IROORZHG FODG�

GLQJ RQ WKH DVVHPEOHG VDPSOH� &ODGGLQJ ZDV SHU�
IRUPHG E\ WKH VXEPHUJHG DUF PHWKRG XVLQJ IOX[ $1�
��3 DQG DQ H[SHULPHQWDO IOX[�FRUHG ZLUH 33�1S�

��*��.K��1�0) DW D '&53� 7ZR EHDGV ZHUH VXF�

FHVVLYHO\ GHSRVLWHG RQH XSRQ WKH RWKHU RQ WKH VDPSOH

XQGHU GLIIHUHQW FODGGLQJ FRQGLWLRQV �)LJXUH ���

&KHPLFDO FRPSRVLWLRQV RI WKH VWHHO 0�� VDPSOHV DQG

GHSRVLWHG PHWDO DUH JLYHQ LQ 7DEOH �� 7KHUPDO F\FOHV
ZHUH IL[HG E\ WKH .63�� UHFRUGHU XVLQJ FKURPHO�

DOXPHO WKHUPRFRXSOHV FDONHG LQWR WKH EDVH PHWDO DW

D OHYHO RI WKH H[SHFWHG IXVLRQ ERXQGDU\�

� <D�3� &+(51<$.� *�9� %856.< DQG 9�.� .$/(16.<� ����

)LJXUH �� 6DPSOH ZLWK WZR GHSRVLWHG EHDGV

)LJXUH �� 7KHUPDO FODGGLQJ F\FOHV ZLWK GLIIHUHQW YDOXHV RI KHDW
LQSXW
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$V HVWDEOLVKHG LQ >�@� WKH WHPSHUDWXUH RI EHJLQQLQJ

RI PDUWHQVLWLF WUDQVIRUPDWLRQ IRU VWHHO 0�� LV 0E  

 ��� �&� ,W LV VKRZQ WKDW WKH UDWH RI FRROLQJ WKH VWHHO

DIWHU FODGGLQJ VKRXOG EH GHFUHDVHG WR HQVXUH D UHOD�

WLYHO\ IDYRXUDEOH VWUXFWXUH RI WKH +$= PHWDO ZLWK D

PLFURKDUGQHVV RI DERXW +9 ��� �3  � NJI� W  ��w

�� V�� 7KLV FDQ EH DFKLHYHG E\ H[WHQGLQJ WKH WLPH WR

UHDFK WKH 0E WHPSHUDWXUH RI WKH +$= PHWDO WR ���w

��� V� %DVHG RQ WKHVH GDWD� WKH ORZHU EHDGV ZHUH

GHSRVLWHG LQ WZR PRGHV� -XGJLQJ IURP WKH UHFRUGHG

WKHUPDO F\FOHV �)LJXUH ��� WKH ILUVW PRGH ZLWK KHDW

LQSXW4  ���� N-�FP DIWHU FODGGLQJ SURYLGHG FRROLQJ

RI WKH +$= PHWDO WR WKH0E WHPSHUDWXUH ZLWKLQ �� V�

DQG WKH VHFRQG �4  ���� N-�FP� x ZLWKLQ ��� V�

7KH XSSHU EHDGV UHTXLUHG IRU WKH +$= WR EH SDUWLDOO\

WHPSHUHG ZHUH GHSRVLWHG DW D ORZ KHDW LQSXW 4  

 ���� N-�FP �)LJXUH ��� ,W ZDV FDOFXODWHG IURP WKH

IROORZLQJ IRUPXOD�

4  
,8��

����YFO
N-�FP�

ZKHUH YFO LV WKH FODGGLQJ VSHHG� FP�PLQ�
$IWHU GHSRVLWLRQ DQG FRROLQJ LQ DLU WR ��w�� �&�

HDFK VDPSOH ZLWK D SLH]RWUDQVGXFHU IL[HG RQ WKH LP�
SODQW ZDV ORDGHG LQWR WKH WHVWLQJ PDFKLQH DQG VXE�
MHFWHG WR WKH SHUPDQHQW HIIHFWLYH WHQVLOH VSHFLILF ORDG�
LQJ 3VS� 7KH VDPSOHV ZHUH KHOG XQGHU WKH ORDG WR
IUDFWXUH� ,I WKH\ GLG QRW IUDFWXUH� WKH ORDG ZDV UH�
PRYHG DIWHU �� K� 7KH UHFRUGHU \LHOGHG H[SHULPHQWDO
GDWD LQ WKH IRUP RI GHOD\HG IUDFWXUH FXUYHV LQ WKH
GLVSODFHPHQWwWLPH FRRUGLQDWHV �)LJXUH ��� 7KH FXUYHV
IL[ HORQJDWLRQ RI WKH VDPSOHV FDXVHG E\ PLFURSODVWLF

GHIRUPDWLRQV DQG LQGLYLGXDO $( SXOVHV RI DQ LQFUHDVHG
DPSOLWXGH ZKLFK LQGLFDWH WR DQ LQVWDQWDQHRXV UHOHDVH
RI WKH HODVWLF HQHUJ\ DV D UHVXOW RI IRUPDWLRQ DQG
JURZWK RI PLFURFUDFNV >�@� 7DEOH � JLYHV V\VWHPDWLVHG
H[SHULPHQWDO SDUDPHWHUV DQG UHVXOWV�

,W FDQ EH VHHQ IURP )LJXUH � WKDW PLFURFUDFNV LQ
WKH VDPSOHV DUH IRUPHG XQGHU WKH HIIHFW RI ORDGLQJ
DIWHU GLIIHUHQW SODVWLF GHIRUPDWLRQ� 6SHFLILF HQHUJ\
VSHQW IRU GHIRUPDWLRQ RI PHWDO WR WKH PRPHQW RI FUDFN
LQLWLDWLRQ� $F�L� IRU WKH VDPSOHV GHSRVLWHG DW D KHDW
LQSXW RI ���� DQG ���� N-�FP LV ��� DQG ���� -�P��
UHVSHFWLYHO\� /RZ YDOXHV RI $F�L DQG VSHFLILF IUDFWXUH
HQHUJ\ $VS �HQHUJ\ VSHQW IRU PLFURSODVWLF GHIRUPD�
WLRQ� LQLWLDWLRQ DQG JURZWK RI PLFURFUDFNV WR WKH PR�
PHQW RI WKH IUDFWXUH FHQWUH IRUPDWLRQ� DUH LQGLFDWLYH
RI D ORZ SODVWLF GHIRUPDELOLW\ RI WKH +$= PHWDO� 7KH

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI VWHHO 0�� DQG PHWDO GHSRVLWHG ZLWK ZLUH 33�1S���*��.K��1�0)

0DWHULDO
4�

N-�FP

&RQWHQW RI HOHPHQWV� ZW��

& 6L 0Q &U 1L 0R 9 6 3

6WHHO 0�� ���� ���� ���� w w w w ����� �����

/RZHU EHDG ���� ����� ���� ���� ����� ���� ���� ���� ����� �����

/RZHU EHDG ���� ����� ���� ���� ����� ���� ���� ���� ����� �����

8SSHU EHDG ���� ����� ���� ����� ����� ���� ���� ���� ����� �����

7DEOH �� (IIHFW RI FODGGLQJ SDUDPHWHUV RQ GHOD\HG IUDFWXUH UHVLVWDQFH RI VWHHO 0�� VDPSOHV

6DPSOH %HDG Y
FO

∗
� P�K 4� N-�FP Z���� �&�V 3VS� 03D $F�L� -�P

�
$VS� -�P

�

� /RZHU ���� ���� ��� ��� ��� ����

8SSHU ���� ���� ��� �����σ
\�

� /RZHU ���� ���� ��� ��� ���� 1R IUDFWXUH

8SSHU ���� ���� ��� �����σ
\�

� /RZHU ���� ���� ��� ��� ���� �����

8SSHU ���� ���� ��� �����σ
\�



7KH UHVW RI WKH FODGGLQJ SDUDPHWHUV ZHUH DV IROORZV� ,  ���w��� $� 8  �� 9�

)LJXUH �� &XUYHV RI GHOD\HG IUDFWXUH RI VDPSOHV� � x GHSRVLWLRQ
RI D ORZHU EHDG DW KHDW LQSXW 4  ���� N-�FP DW 3VS  ��� 03D�
� x VDPH DW 4  ���� N-�FP DQG 3VS  ��� 03D� � x VDPH DW
4  ���� N-�FP DQG 3VS  ��� 03D
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UDWH RI FRROLQJ WKH +$= PHWDO LQ VDPSOH � ZLWKLQ D
UDQJH RI ���w��� �& �ω���� LQ GHSRVLWLRQ RI WKH ORZHU
EHDG LV ��� �&�V� ,Q WKLV FDVH WKH +$=PHWDO VWUXFWXUH
FRQVLVWV RI WHPSHUHG PDUWHQVLWH �)LJXUH �� D�� ,WV PL�
FURKDUGQHVV DPRXQWV WR +9 ��� �3  � NJI� W  ��w
�� V�� 6SHFLILF HQHUJ\ RI IUDFWXUH RI WKH +$= PHWDO
�XQGHU D ORDG RI ����σ\� LV ���� -�P�� ,QFUHDVH LQ
KHDW LQSXW WR ���� N-�FP LQ GHSRVLWLRQ RI WKH ORZHU
EHDG OHDGV WR GHFUHDVH �VDPSOHV � DQG �� LQ WKH FRROLQJ
UDWH ZLWKLQ D UDQJH RI ���w��� �& WR ��� �&�V� DQG
GHFUHDVH LQ WKH PD[LPXP PLFURKDUGQHVV WR +9 ����
$ VWUXFWXUH FRQVLVWLQJ RI EDLQLWH DQG SHDUOLWH LV IRUPHG
LQ WKH +$= PHWDO �)LJXUH �� E�� 7KH ORDG HTXDO WR
����σ\ WXUQHG RXW WR EH LQVXIILFLHQW WR FDXVH IUDFWXUH
RI WKH VDPSOH� DV PLFURSODVWLF GHIRUPDWLRQV DQG IRU�
PDWLRQ RI PLFURFUDFNV UHVXOWHG LQ UHOD[DWLRQ RI
VWUHVVHV� 7KH VDPSOH IUDFWXUHG XQGHU WKH ORDG LQ�
FUHDVHG WR ����σ\� DQG WKH IUDFWXUH HQHUJ\ ZDV
����� -�P��

7KHUHIRUH� GHSRVLWLRQ RI WKH ORZHU EHDG DW D KHDW
LQSXW RI ���� N-�FP OHDGV WR LQFUHDVH RI DOPRVW �
WLPHV LQ WKH IUDFWXUH HQHUJ\ RI WKH +$= PHWDO LQ
VDPSOHV WUHDWHG XVLQJ ZLUH 33�1S���*��.K��1�0)�

7KLV FRQILUPV FRQFOXVLRQV PDGH LQ VWXG\ >�@ DQG VXJ�
JHVWV WKDW LQFUHDVH LQ WKH KHDW LQSXW LQ GHSRVLWLRQ RI
WKH ORZHU EHDG OHDGV WR D VXEVWDQWLDO LQFUHDVH LQ WKH
OHYHO RI UHVLVWDQFH RI WKH VWHHO 0�� +$= PHWDO WR FROG
FUDFNV RI WKH FOHDYDJH W\SH�

)LJXUH ��0LFURVWUXFWXUH RI WKH +$=PHWDO LQ FODGGLQJ XVLQJ ZLUH 33�1S���*��.K��1�0)� Dx 4  ���� N-�FP� Ex 4  ���� N-�FP
�×����

�� .DOHQVN\� 9�.�� &KHUQ\DN� <D�3�� 9DVLOLHY� 9�*� HW DO�
������ +HDW LQSXW LQIOXHQFH RQ IRUPDWLRQ RI WHDUV LQ KLJK�
FDUERQ VWHHO EXLOGLQJ�XS ZLWK DXVWHQLWLF ZLUHV� 7KH 3DWRQ
:HOGLQJ -�� ��� �w���

�� &RPSLODWLRQ RI FROG FUDFNLQJ WHVW� 'RF� ,,: ,; ���w���
�� *UDQMRQ� +� ������ 7KH LPSODQW PHWKRG IRU VWXG\LQJ ZHO�

GDELOLW\ RI KLJK VWUHQJWK VWHHO� 0HWDO &RQVWU� DQG %ULW�
:HOG� -�� ��� ���w����

�� 6WHUHQERJHQ� <X�$� ������ 6RPH IDFWRUV GHWHUPLQLQJ WKH
+$= PHWDO UHVLVWDQFH RI PDUWHQVLWLF VWHHOV WR FROG FUDFN IRU�
PDWLRQ� $YWRPDWLFK� 6YDUND� �� �w��

�� %XUVN\� *�9�� 6DYLWVN\� 0�0�� 2OHMQLN� 2�,� ������ ,PSUR�
YHG PHWKRG RI HVWLPDWLRQ RI +$= PHWDO UHVLVWDQFH WR GHOD\�
HG IUDFWXUH� ,ELG�� �� ��w���

�� 6WHUHQERJHQ� <X�$�� %XUVN\� *�9� ������ 0HWKRG IRU HVWL�
PDWLRQ RI UHVLVWDQFH RI +$= PHWDO RI KLJK�VWUHQJWK VWHHO
ZHOGHG MRLQWV WR FROG FUDFN IRUPDWLRQ� ,ELG�� �� �w��

�� 6WHUHQERJHQ� <X�$�� %XUVN\� *�9� ������ (VWLPDWLRQ RI UH�
VLVWDQFH RI +$= PHWDO RI PHGLXP�DOOR\ KLJK�VWUHQJWK VWHHOV
WR GHOD\HG IUDFWXUH� ,ELG�� �� ��w���

�� %DUWHQHY� 2�$�� .XWDQRY� <X�,�� .KDPLWRY� 9�$� HW DO�
������ $FRXVWLF HPLVVLRQ LQVSHFWLRQ RI ODVHU ZHOGHG MRLQWV�
,ELG�� �� ��w���
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