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$EVWUDFW�� :HOGLQJ� LV� DQ� LPSRUWDQW� PDQXIDFWXULQJ� SURFHVV� WKDW� FDQ� EH� DXWRPDWHG� DQG
RSWLPLVHG��7KH�G\QDPLF�FKDUDFWHULVWLF�RI�D�VHOI�UHJXODWHG��FRQVXPDEOH�HOHFWURGH�ZHOGLQJ
DUF� KDV� EHHQ� VWXGLHG�ZKHQ� WKH� WRUFK�WR�ZRUN�SLHFH� GLVWDQFH� YDULHV�ZLWK� WLPH�� 7KH� VHOI�
UHJXODWLRQ� SURFHVV� KDYH� EHHQ� PRGHOOHG� DQDO\WLFDOO\� DQG� YDULRXV� G\QDPLF� PRGHOV� KDYH
EHHQ�GHYHORSHG��&RPSXWHU�VLPXODWLRQV�KDYH�EHHQ�XVHG�WR�REWDLQ�D�EHWWHU�XQGHUVWDQGLQJ�RI
WKH� PHFKDQLVPV� ZKLFK� FKDQJH� DUF� YROWDJH� DQG� FXUUHQW� LQ� UHVSRQVH� WR� FKDQJHV� LQ� DUF
OHQJWK��$�ZHOGLQJ�FXUUHQW�IX]]\�FRQWUROOHU�KDV�EHHQ�SURSRVHG��&RS\ULJKW��������,)$&

.H\ZRUGV�� SURFHVV� DXWRPDWLRQ�� PDWKHPDWLFDO� PRGHOV�� NQRZOHGJH�EDVHG� V\VWHPV�� IX]]\
FRQWURO��3,�FRQWUROOHUV�
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&RQYHQWLRQDO� DSSURDFKHV� WR� DXWRPDWLRQ� RI� ZHOGLQJ
KDYH� EHHQ� UHDVRQDEO\� VXFFHVVIXO�� EXW� WKHUH� DUH� VWLOO
VLJQLILFDQW�RSSRUWXQLWLHV� IRU�DGGLWLRQDO�GHYHORSPHQW�
6XFFHVVIXO� LPSOHPHQWDWLRQ� RI� PXOWLYDULDEOH� ZHOG
SURFHVV� FRQWURO� LQYROYHV� VHQVLQJ�� PRGHOOLQJ�� DQG
FRQWURO�� 3URFHVV� PRGHOOLQJ� SURYLGHV� D� PHDQV� RI
LQFRUSRUDWLQJ� SULQFLSDO� DQG� HPSLULFDO� LQIRUPDWLRQ
LQWR�D�FRQWURO�VWUDWHJ\��0RGHOV�PD\�EH�XVHG�RII�OLQH
WR� HYDOXDWH� DQG� WXQH� D� FRQWUROOHU� LQ� D� VLPXODWLRQ�
7KH\�PD\�DOVR�EH�XVHG�WR�GHYHORS�WUDQVIHU�IXQFWLRQV
RI�D�SURFHVV�IRU�XVH�LQ�IRUPDO�FRQWUROOHU�GHVLJQ��RU�WR
SURYLGH�PDSV�EHWZHHQ� LQSXW� DQG� RXWSXW� SDUDPHWHUV�
3URFHVV�PRGHOV�DUH�LPSRUWDQW�EULGJH�EHWZHHQ�ZKDW�LV
NQRZQ�DQG�ZKDW�LV�GHVLUHG�

6HQVLQJ� DQG� FRQWURO� RI� WKH� HOHFWURGH� FRQWDFW�WLS�WR�
ZRUN�GLVWDQFH� �&7:'�� LV� LPSRUWDQW� IRU� DXWRPDWLRQ
RI�WKH�JDV�PHWDO�DUF�ZHOGLQJ��*0$:��SURFHVV��7KH
SXUSRVH�RI�WKH�UHVHDUFK�UHSRUWHG�LQ�WKLV�SDSHU�ZDV�WR
REWDLQ� D� PRUH� IXQGDPHQWDO� XQGHUVWDQGLQJ� RI� WKH
PHFKDQLVPV�ZKLFK�FKDQJH�DUF�YROWDJH�DQG�FXUUHQW�LQ
UHVSRQVH� WR� FKDQJHV� LQ� &7:'�RU� DUF� OHQJWK�� )RU� D
VXGGHQ�FKDQJH�LQ�WKH�&7:'��WKHUH�ZLOO�EH�YLUWXDOO\
DQ� LQVWDQWDQHRXV� FKDQJH� LQ� WKH� DUF� OHQJWK� DQG
YROWDJH�� DQG� D� FRUUHVSRQGLQJ� FKDQJH� RI� RSSRVLWH
GLUHFWLRQ� LQ� WKH� FXUUHQW��7KH� QHZ� RSHUDWLQJ� SRLQW� LV
PRPHQWDULO\� DQG� WKH� FRQVWDQW� ZLUH� IHHG� UDWH� QR

ORQJHU�HTXDOV�WKH�PHOWLQJ�UDWH��DQG�WKH�V\VWHP�DFWV�WR
UH�HVWDEOLVK� DQ� HTXLOLEULXP�� $VVXPLQJ� D� FRQVWDQW
SRWHQWLDO�� VHOI�UHJXODWLQJ� V\VWHP�� WKH�RSHUDWLQJ� SRLQW
ZLOO�UHWXUQ�WR�ZLWKLQ�D�IHZ�SHUFHQW�RI�WKH�YROWDJH�DQG
FXUUHQW�YDOXHV�WKDW�H[LVWHG�SULRU�WR�WKH�VXGGHQ�FKDQJH
LQ� WKH� &7:'� �6KHSDUG� DQG� &RRN�� ������� 7KH
GLIIHUHQFH� EHWZHHQ� WKH� QHZ� VWHDG\� VWDWH� RSHUDWLQJ
SRLQW� DQG� WKH� ROG� RSHUDWLQJ� SRLQW� ZLOO� EH� UHIOHFWHG
SULPDULO\�LQ�D�VPDOO�FKDQJH�LQ�WKH�HOHFWURGH�H[WHQVLRQ
ZLWK�WKH�VWHDG\�VWDWH�DUF�OHQJWK�UHPDLQLQJ�HVVHQWLDOO\
FRQVWDQW�� )RU�PRVW�*0$:�DSSOLFDWLRQV� WKH� GHVLUHG
ZHOGLQJ�FRQGLWLRQV�DUH�VXFK�WKDW�WLPH�FRQVWDQW�RI�WKH
VHOI�UHJXODWLQJ�SURFHVV� LV� VKRUWHU� WKDQ� WKH�RVFLOODWLRQ
UDWH��%LQJXO�HW�DO����������+HQFH� WKH�RSHUDWLQJ�SRLQW
IROORZV� WKH� FKDQJH� LQ� &7:'� DV� WKH� HOHFWURGH
WUDYHUVHV�DFURVV�WKH�MRLQW��%HFDXVH�RI�WKH�FRPSOH[LW\
RI� WKH� RYHUDOO� SK\VLFDO� SURFHVV� DQG� WKH� ODFN� RI
FRPSUHKHQVLYH� VSHFLILFDWLRQV�� RQO\� D� IHZ� FRQWURO
V\VWHPV� KDYH� EHHQ� GHYHORSHG� VR� IDU� WR� GHDO� ZLWK
PRUH� WKDQ�RQH�YDULDEOH�ZLWKLQ� WKH�JURXS�RI�SRVVLEOH
SDUDPHWHUV� �6RQJ� DQG� +DUGW�� ������ 7]DIHVWDV� DQG
.\ULDQQDNLV�� ������� DV� DUH�� ZHOG� EHDG� ZLGWK�� ZHOG
EHDG�SHQHWUDWLRQ��HWF���

7KLV� ZRUN� VWXGLHV� WKH� *0$:� DUF� VHOI�UHJXODWLQJ
SURFHVV� XWLOLVLQJ� D� PDWKHPDWLFDO� PRGHO� RI� WKH
SURFHVV��,Q�DGGLWLRQ��D�IX]]\�FRQWUROOHU�LV�GHVLJQHG�WR
FRQWURO� WKH�DUF�ZHOGLQJ�FXUUHQW�DQG�ZLGWK�RI�PROWHQ
SRRO�
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*0$:�FLUFXLW�LV�SUHVHQWHG�LQ�)LJXUH����7KH�VXP�RI
WKH�YROWDJHV�DURXQG�D�*0$:�FLUFXLW��DV�SUHVHQWHG�LQ
)LJXUH����LV
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ZKHUH�X�LV�RSHQ�FLUFXLW�YROWDJH�RI�WKH�SRZHU�VRXUFH�
5� LV�VORSH�RI� WKH�SRZHU�VRXUFH�RXWSXW�FKDUDFWHULVWLF�
/� LV� LQGXFWDQFH� RI� WKH� SRZHU� VRXUFH�� L� LV� ZHOGLQJ
FXUUHQW��5

O
�LV�HOHFWURGH�VWLFN�RXW�UHVLVWDQFH��DQG�X

DUF
�LV

DUF� YROWDJH�� (OHFWURGH� VWLFN�RXW� UHVLVWDQFH� LV
GHSHQGHQW� RQ� UHVLVWLYLW\� RI� WKH� HOHFWURGH� VWLFN� r�
FURVV�VHFWLRQDO� DUHD� RI� WKH� HOHFWURGH� ZLUH� $�� DQG
HOHFWURGH�VWLFN�RXW�OHQJWK�O��,W�LV�DVVXPHG�WKDW�X��5��/�
r�� DQG� $� DUH� FRQVWDQW� SDUDPHWHUV� DQG� L�� O�� X

DUF
� DUH

GHSHQGHQW�YDULDEOHV�

1H[W�� WKH� DUF� FKDUDFWHULVWLF� PXVW� EH� GHVFULEHG�� 7KH
WRWDO� DUF� YROWDJH� X

DUF
�� LV� PDGH� XS� RI� WKUHH� VHSDUDWH

SDUWV��WKH�DQRGH�GURS�YROWDJH�X
D
�� WKH�GURS�YROWDJH�LQ

WKH� DUF� FROXPQ�X
F
�� DQG� WKH� FDWKRGH�GURS�YROWDJH�X

G
�

/HW�XV�VXSSRVH�WKDW�X
D
�DQG�X

G
�DUH�FRQVWDQWV��+RZHYHU�

WKH�GURS�YROWDJH� LQ� WKH�DUF�FROXPQ�X
F
� LV� IXQFWLRQ�RI

WKH�HOHFWULF�ILHOG�VWUHQJWK�(�DQG�WKH�DUF�OHQJWK�K��7KH
HOHFWULF� ILHOG� GHSHQGV� RQ� ZHOGLQJ� FRQGLWLRQV�
&RQVLGHULQJ�WKLV��WKH�DUF�YROWDJH�FDQ�EH�H[SUHVVHG�DV
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,Q� FRQVXPDEOH� DUF� SURFHVV� WKH� HOHFWURGH� LV
FRQWLQXRXVO\� PHOWHG� DQG� LW� PXVW� EH� VXSSOLHG� E\
GUDZLQJ� IURP� WKH�ZLUH� VSRRO�ZLWK�ZLUH� IHHG� UDWH�Y

H
�

7KH�HOHFWURGH�ZLUH�EXUQ�RII�UDWH� LV�NQRZQ� IRU�VWDEOH
DUFV�DV�D�QRQ�OLQHDU�IXQFWLRQ�RI�ZHOGLQJ�SDUDPHWHUV�
$� EDODQFH� EHWZHHQ� WKH� HOHFWURGH� ZLUH� EXUQ�RII� UDWH
DQG�WKH� IHHG� UDWH�Y

H
�GHWHUPLQHV� WKH�DUF� OHQJWK�K� DQG

WKH�DPRXQW�RI� WKH� VWLFN�RXW� O��7KH� UDWH�RI� FKDQJH�RI
WKH� HOHFWURGH� VWLFN�RXW� �WKH� EXUQ�RII� UDWH�� FDQ� EH
SUHVHQWHG�DV

GL
GW

Y . L . L O
H

= - £ - £ £� �
� ���

ZKHUH�WKH�ILUVW�WHUP�GHVFULEHV�PHOWLQJ�GXH�WR�DUF�KHDW
WR� WKH� ZLUH� WLS�� ZKHUHDV� WKH� VHFRQG� WHUP� GHVFULEHV
-RXOH� KHDWLQJ� RI� WKH� HOHFWURGH� VWLFN�RXW� E\� WKH

ZHOGLQJ� FXUUHQW� IORZLQJ� EHWZHHQ� WKH� SRLQW� RI
HOHFWULFDO� FRQWDFW� DQG� WKH� ZLUH� WLS�� .

�
� DQG� .

�
� DUH

HPSLULFDO� FRQVWDQWV� IRU� JLYHQ� ZLUH� PDWHULDOV� DQG
VL]HV�� $V� VKRZQ� LQ� )LJXUH� ��� WKH� FRQWDFW� WLS�WR�
ZRUNVSDFH�GLVWDQFH�+�LV�VXP�RI�WZR�SDUWV�� WKH�VWLFN�
RXW� O� DQG� WKH� DUF� OHQJWK�K�� QDPHO\�+� � O� ��K�� � 7KH
FRQVXPDEOH� HOHFWURGH� ZHOGLQJ� V\VWHP� LV
FKDUDFWHULVHG�E\�WKH�HTXDWLRQV����������DQG�����

��� :HOGLQJ�GURSOHWV�WUDQVIHU�PRGHOOLQJ�

,Q� D� ORZ�FXUUHQW� UHJLRQ�� ZKLFK� IDOOV� ZLWKLQ� WKH
RSWLPXP� FRQGLWLRQV� IRU� *0$:�� WKH� VKRUW�FLUFXLW
WUDQVIHU� PRGH� RFFXUV�� LQ� ZKLFK� WKH� DUF� SHULRG� DQG
VKRUW�FLUFXLW� SHULRG� DUH� UHSHDWHG� DQG� GURSOHWV� DUH
WUDQVIHUUHG� GXULQJ� WKH� VKRUW�FLUFXLWV� SHULRGV�� 2QH�
SXOVH�RQH�GURSOHW�WUDQVIHU�PRGH�FKDUDFWHULVH�DOVR�WKH
SXOVHG� *0$:�� ZKLFK� LV� NQRZQ� DV� D� SRZHUIXO
ZHOGLQJ� PHWKRG�� ,Q� WKLV� FDVH� WKH� YROWDJH� X

DUF
� LQ

HTXDWLRQ���LV�FKDQJHG�ZLWK�IUHTXHQF\��DERXW����WR���
+]�LQ�WKH�FDVH�RI�VKRUW�FLUFXLW�WUDQVIHU�PRGH��RU�DERXW
���±����+]�LQ� WKH�FDVH�RI�SXOVHG�*0$9���ZKLFK� LV
FKDUDFWHULVWLF� IRU� D� WUDQVIHU� UDWH� RI� PHWDO� GURSOHWV�
'URSOHWV� WUDQVIHU� KDYH� LQIOXHQFH� RQ� � DUF� OHQJWK� K�
PHWDO� GURSOHW� JHRPHWU\� DQG� UHVLVWDQFH�5

N
�� $OO� WKHVH

SDUDPHWHUV� DUH� FKDQJLQJ� ZLWK� SXOVH� IUHTXHQF\�� 7KH
GURSOHW� WUDQVIHU� FDQ� EH� SUHVHQWHG� ZLWK� SHULRGLFDOO\
FKDQJHDEOH�GURSOHW�GLVWDQFH�G�IURP��G

PLQ
�Ì���DQG�G

PD[

Ë� +�O�� 7KHUHIRUH�� WKH� DUF� YROWDJH� HTXDWLRQ� LV
H[SDQGHG�DV
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ZKHUH� U
N
� LV� DYHUDJH� FURVV�VHFWLRQ� PHWDO� GURS

UHVLVWDQFH�

��� 5HODWLRQVKLS� EHWZHHQ� ZHOG� SRRO� ZLGWK�� ZHOG
FXUUHQW�DQG�ZHOGLQJ�VSHHG�

7KH�ZLGWK�Z�LV�JHQHUDOO\�DSSUR[LPDWHO\�SURSRUWLRQDO
WR� WKH� FXUUHQW� L� DQG� LQYHUVHO\� SURSRUWLRQHG� WR� WKH
ZHOGLQJ� VSHHG� Y�� %RWK� GHSHQGHQFLHV� FDQ� EH
DSSUR[LPDWHG� WR� WKH� UHVSRQVH� RI� WKH� ILUVW�RUGHU� OD\
V\VWHPV�� 1RZ�� DV� ZLGWK�Z

�
� DQG� ZHOGLQJ� VSHHG� Y� LV

GHILQHG� DV� D� VWDWH� YDULDEOH� DQG� DQ� RXWSXW� YDULDEOH�
UHVSHFWLYHO\�� WKH� IROORZLQJ� VWDWH� HTXDWLRQ� FDQ� EH
REWDLQHG
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�
� LV� WKH� WLPH� FRQVWDQW�� k

�
� LV� JDLQ� DQG� Y

�
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LQLWLDO�ZHOGLQJ� VSHHG��5HODWLRQVKLS�EHWZHHQ�ZHOGLQJ
SRRO� ZLGWK� Z

�
� DQG� FXUUHQW� L� LV� UHSUHVHQWHG� E\� WKH

VDPH��ILUVW�RUGHU�PRGHO�EDVHG���SULQFLSOH�
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ZKHUH�F� LV� LQLWLDO�ZHOGLQJ�SRRO�ZLGWK��$V�Z
�
� DQG�Z

�

DUH� FDOFXODWHG� ZLWK� ���� DQG� ����� WKH� ZHOGLQJ� SRRO
ZLGWK�LV�SUHVHQWHG�DV�VXP�RI�FRPSRQHQWV�Z� �Z

�
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&RQVLGHULQJ�*0$:�FXUUHQW�PRGHO��EXUQ�RII�PRGHO�
GURSOHW� WUDQVIHU� PRGHO� DQG� ZHOG� SRRO� ZLGWK� PRGHO
WKH� UHVXOWLQJ� PRGHO� DSSHDUV� DV� VKRZQ� LQ� EORFN
GLDJUDP�LQ�ILJXUH���
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7R�HVWDEOLVK�WKH�YDOLGLW\�RI�WKH�*0$:�PRGHO��LW�ZDV
SURJUDPPHG� LQ� 0$7/$%� 6,08/,1.� RQ� D� 3&� �
FRPSDWLEOH� FRPSXWHU�� $Q� DXWRPDWLF� ZHOGLQJ� WDVN�
SUHVHQWHG� RQ� ILJXUH� ��� ZDV� VLPXODWHG�� 3DUDPHWHUV�
ZKLFK�ZDUH�GHULYHG�IURP�H[SHULPHQWDO�FRQGLWLRQV�DUH
VKRZQ�LQ�7DEOH���
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)LJ�����6LPXODWLRQ�UHVSRQVH�RI�WKH�*0$:�PRGHO�ZKHQ�WKH�&7:'�ZDV�FKDQJHG�IURP����PP�WR����PP�WKH
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7DEOH���*0$:�SURFHVV�VLPXODWLRQ�SDUDPHWHUV
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7KH� FRQVWDQW� ZHOGLQJ� VSHHG� Y� ZDV� VXSSRVHG�� 7KH
ZHOGLQJ�WRUFK�ZDV�SRVLWLRQHG����PP��+��IURP�ZRUN
GLVWDQFH��6HOHFWHG�ZHOGLQJ�ZLUH� IHHG� UDWH�Y

H
� ZDV� ��

PP�V�DQG�WKH�RSHQ�FLUFXLW�YROWDJH�X� ����9�ZDV�VHW�

)LUVW� VLPXODWLRQ� ZDV� SHUIRUPHG� WR� ILQG� WKH� PHOWLQJ
SRRO�ZLGWK� UHVSRQVH�ZKHQ� WKH�&7:'�ZDV� FKDQJHG
IURP����PP��DW�WLPH���V��WR����PP��DW�WLPH���V���,Q
DGGLWLRQ�� WKH�ZHOGLQJ�VSHHG�Y�ZDV� FKDQJHG� IURP���
FP�PLQ�WR����FP�PLQ�DW�WLPH�W ����V��)LJXUH���VKRZV
WKH�FKDQJHV� LQ� WKH�ZHOGLQJ�YROWDJH�DQG�FXUUHQW� WLPH
UHVSRQVHV�DQG�WKH�FKDQJHV�RI�WKH�ZHOG�SRRO�ZLGWK�

7R�VLPSOLI\�WKH�SUHVHQWDWLRQ�RI�WKH�UHVXOWLQJ�PRGHO�LQ
ILJXUH����WKH�EORFN�GLDJUDP�ZLWK�WZR�PDLQ�EORFNV� LV
SURSRVHG�LQ�ILJXUH���
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:HOG

SRRO

ZLGWK

PRGHO

:HOGLQJ

SURFHVV

ZLWK�WKH

EXUQ�RII

PRGHO
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)LJ�����7KH�EORFN�GLDJUDP�RI�WKH�*0$:�PRGHO��

)LUVW� EORFN� SUHVHQWV� WKH� HOHFWULFDO� SDUW� RI� ZHOGLQJ
SURFHVV� ZLWK� WKH� EXUQ�RII� PRGHO�� 6HFRQG� EORFN
SUHVHQWV�WKH�ZHOG�SRRO�ZLGWK�PRGHO�

7KH� YDULDEOHV� RI� WKH� ZHOGLQJ� PRGHO�� SUHVHQWHG� LQ
ILJXUH� ��� FRXOG� EH� VHSDUDWHG� LQWR� GLUHFW� ZHOG
SDUDPHWHUV� �':3�� DQG� LQGLUHFW� ZHOG� SDUDPHWHUV
�,:3��� 7KH� ':3� DUH� WKRVH� SHUWDLQLQJ� WR� WKH� ZHOG
UHLQIRUFHPHQW�DQG�IXVLRQ�]RQH�JHRPHWU\��PHFKDQLFDO
SURSHUWLHV� RI� WKH� FRPSOHWHG� ZHOG�� ZHOG
PLFURVWUXFWXUH�� DQG� GLVFRQWLQXLWLHV�� 7KH� ZHOG� SRRO
ZLGWK�Z� LV�PHPEHU� RI� WKH�':3��7KH� LQGLUHFW� ZHOG
SDUDPHWHUV�DUH�WKRVH�LQSXW�YDULDEOHV�WKDW�FROOHFWLYHO\
FRQWURO� WKH� GLUHFW� ZHOG� SDUDPHWHUV�� H�J��� YROWDJH�
FXUUHQW�� ZHOGLQJ� VSHHG�� HOHFWURGH� IHHG� UDWH�� DQG
HOHFWURGH�H[WHQVLRQ��HWF�

���*0$:�352&(66�&21752/

:LWK�PRVW�SURGXFWLRQ�ZHOGLQJ�WRGD\��WKH�GHVLJQHU�RI
WKH� ZHOGHG� SDUW� VSHFLILHV� WKH� GHVLUHG� ZHOG
FKDUDFWHULVWLFV� �VHWWLQJ� WKH� ':3��� 7KH� MRE� RI� WKH
ZHOGLQJ� HQJLQHHU� WKHQ� LV� WR� GHWHUPLQH� D� VHW� RI
LQGLUHFW� ZHOG� SDUDPHWHUV�� 7KHUH� DUH� WZR� DVSHFWV� RI
WKLV� W\SLFDO� VFHQDULR� WKDW� KDYH�EHHQ� IRFXV�RI� D� JUDWH
GHDO� RI� UHVHDUFK�� SDUWLFXODUO\� LQ� UHFHQW� \HDUV�� DELOLW\
WR� VSHFLI\� GLUHFWO\� WR� WKH� ZHOGLQJ� V\VWHP� FRPSXWHU
WKH�GHVLUHG�GLUHFW�ZHOG�SDUDPHWHUV�DW�WKH�RXWSXW��DQG
LPSOHPHQWDWLRQ�RI�IHHGEDFN�FRQWURO�RI� WKH� LPSRUWDQW
GLUHFW�ZHOG�SDUDPHWHUV� �0DGLJHQ�DQG�4XLQQ�� ������
6XFFHVVIXO� LPSOHPHQWDWLRQ� RI� PXOWLYDULDEOH� ZHOG
FRQWURO�LQYROYHV�VHQVLQJ��PRGHOOLQJ��DQG�FRQWURO��7KH
HDVLHVW�DSSURDFK�WR�FRQWUROOLQJ�PXOWLSOH�ZHOG�SURFHVV
SDUDPHWHUV� FDQ� EH� UHDOLVHG� LI� LQSXW� YDULDEOHV� FDQ� EH
IRXQG� WKDW� DIIHFWHG� RQO\� D� VLQJOH� RXWSXW� TXDQWLW\�� ,I
WKH� RXWSXW� YDULDEOH� LV� DIIHFWHG� E\� DQRWKHU� LQSXW
YDULDEOH� DV� ZHOO�� WKDQ� RQH� PD\� EH� WKH� SULPDU\
YDULDEOH�ZKLOH� WKH� RWKHU�PD\� FRQVWLWXWH� D� VHFRQGDU\
IHHGEDFN� ORRS� WKDW� LV� FDSDEOH� RI� FRQWUROOLQJ� WKH
RXWSXW� TXDQWLW\� E\� D� UHODWLYHO\� VPDOO� DPRXQW� ZLWK
UHVSHFW�WR�WKH�EDVLF�OHYHO�VHW�E\�WKH�SULPDU\�YDULDEOH�
,W�VKRXOG�EH�QRWHG�WKDW�HYHQ�IRU�VLQJOH�YDULDEOH�ZHOG
SURFHVV� FRQWURO�� QRQ�OLQHDULWLHV� LQ� WKH� SURFHVV� PD\
FDOO� IRU� DQ� DGDSWLYH� V\VWHP� WR� DXWRPDWLFDOO\� DGMXVW
WKH� SDUDPHWHUV� RI� WKH� FRQWUROOHU� ZKHQ� WKH� SURFHVV
SDUDPHWHUV� DQG� WKH� GLVWXUEDQFHV� DUH� XQNQRZQ� RU
FKDQJH� ZLWK� WLPH�� 3UDFWLFDO� ZHOG� SURFHVV� FRQWURO
LPSOHPHQWDWLRQ� LQYROYHV� D� VXEVWDQWLDO� DPRXQW� RI
FRQGLWLRQ� RU� KHXULVWLF� ORJLF�� SDUWLFXODUO\� ZLWK
PXOWLYDULDEOH�DQG�DGDSWLYH�FRQWURO�

7KH� VHQVH� RI� WKH� VRIW� FRPSXWLQJ� FRQWURO� �IX]]\
V\VWHPV�� QHXUDO� QHWZRUNV�� JHQHWLF� DOJRULWKPV�� HWF��
FRQFHSWV�LV�WR�SURYLGH�D�V\VWHPLF�DSSURDFK�WR�GHDOLQJ
ZLWK�WKH�PDQ\�FRQGLWLRQV�WKDW�PXVW�EH�EXLOW�LQWR�PRVW
SUDFWLFDO�ZHOGLQJ�FRQWURO�V\VWHPV�

��� :HOGLQJ�FXUUHQW�FRQWURO�ZLWK�IX]]\�3,�FRQWUROOHU

7KH�HTXDWLRQ�JLYLQJ�D�FRQYHQWLRQDO�3,�FRQWUROOHU�LV
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ZKHUH� .
3
� DQG� .

,
� DUH� WKH� SURSRUWLRQDO� DQG� LQWHJUDO

JDLQ� FRHIILFLHQWV�� UHVSHFWLYHO\�� :KHQ� WKH� GHULYDWLYH
ZLWK�UHVSHFW�WR�WLPH�RI�WKH�DERYH�H[SUHVVLRQ�LV�WDNHQ�
LW�LV�WUDQVIRUPHG�LQWR�DQ�HTXLYDOHQW�H[SUHVVLRQ

& &X . H . H
3, 3 ,

= £ + £ � ���

,Q�GLVFUHWH�IRUP�HTXDWLRQ������LV�JLYHQ�E\
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7KH� ZHOGLQJ� FXUUHQW� FRQWURO� EORFN� GLDJUDP� ZLWK
IX]]\�3,�FRQWUROOHU�LV�VKRZQ�LQ�)LJXUH���



����$�UHDOLVDWLRQ�RI�WKH�IX]]\�LQIHUHQFH�V\VWHP

)X]]\� WKHRU\� LV� D� FRQFHSW� EDVHG� RQ� WKH� VHW� WKHRU\
SURSRVHG� E\� 3URIHVVRU� =DGHK� �������� 7KH� IX]]\
LQIHUHQFH�V\VWHP�ZDV�SHUIRUPHG�XVLQJ�WKH�PLQLPXP
RSHUDWRU� DQG� WKH� FRPSRVLWLRQ� ZDV� GRQH� XVLQJ� WKH
PD[LPXP� RSHUDWRU� �0DPGDQL� W\SH� RI� WKH� LQIHUHQFH
HQJLQH� �/HH�� ������� 7KH� &HQWHU� RI� *UDYLW\
GHIX]]LILFDWLRQ�PHWKRG�ZDV� LPSOHPHQWHG�� $OO� IX]]\
LQSXWV� DQG� RXWSXW� ZHUH� GLYLGHG� LQWR� WKUHH� EDVH
PHPEHUVKLS� IXQFWLRQV�� QHJDWLYH� �1��� ]HUR� �=�� DQG
SRVLWLYH� �3��� 7UDSH]RLG� DQG� WULDQJXODU� PHPEHUVKLS
IXQFWLRQV��)LJXUH���VKRZV�WKH�PHPEHUVKLS�IXQFWLRQV
RI�WKH�IX]]\�LQSXW�YDULDEOH�(��ZLWK�����RYHUODS�ZHUH
DSSOLHG� WR� WKH� HUURU� IX]]\� LQSXW�(�� WKH� GHULYDWLYH� RI
HUURU�IX]]\�LQSXW�'(��DQG�WKH�IX]]\�RXWSXW�'8�RI�WKH
IX]]\�FRQWUROOHU�

)LJ�����0HPEHUVKLS�IXQFWLRQV�RI�WKH�IX]]\�LQSXW
YDULDEOH�(

7KH�NQRZOHGJH�EDVH�RI�WKH�3,�IX]]\�FRQWUROOHU�VKRZQ
RQ� )LJ�� �� ZDV� FRPSRVHG� E\� WZR�GLPHQVLRQDO
SURSRUWLRQDO�GLIIHUHQWLDO� UXOH� EDVH�� 7KH� FRQWUROOHU
NQRZOHGJH�EDVH�ZDV�GHILQHG�E\�QLQH�UXOHV�GHVFULEHG
LQ�7DEOH���

7DEOH����)X]]\�3,�FRQWUROOHU�UXOH�EDVH

5XOH�QR� )X]]\�UXOHV
� LI�(�LV�1�DQG�'(�LV�1�WKDQ�'8�LV�1
� LI�(�LV�1�DQG�'(�LV�=�WKDQ�'8�LV�1
� LI�(�LV�1�DQG�'(�LV�3�WKDQ�'8�LV�=
� LI�(�LV�=�DQG�'(�LV�1�WKDQ�'8�LV�1
� LI�(�LV�=�DQG�'(�LV�=�WKDQ�'8�LV�=
� LI�(�LV�=�DQG�'(�LV�3�WKDQ�'8�LV�3
� LI�(�LV�3�DQG�'(�LV�1�WKDQ�'8�LV�=
� LI�(�LV�3�DQG�'(�LV�=�WKDQ�'8�LV�3
� LI�(�LV�3�DQG�'(�LV�3�WKDQ�'8�LV�3

����$�VLPXODWLRQ�RI�WKH�ZHOGLQJ�FXUUHQW�FRQWURO�ZLWK
WKH�IX]]\�3,�FRQWUROOHU

7KH� FRQVWDQW� ZHOGLQJ� VSHHG� Y� ZDV� VXSSRVHG�� 7KH
ZHOGLQJ�WRUFK�ZDV�SRVLWLRQHG����PP��+��IURP�ZRUN
GLVWDQFH�� 6HOHFWHG�ZHOGLQJ�ZLUH� IHHG� UDWH� Y

H
� ZDV� ��

PP�V�DQG�WKH�RSHQ�FLUFXLW�YROWDJH�X� ����9�ZDV�VHW�
6LPXODWLRQ� ZDV� SHUIRUPHG� WR� ILQG� WKH� PHOWLQJ� SRRO
ZLGWK� UHVSRQVH�ZKHQ� WKH�&7:'�ZDV� FKDQJHG� IURP
���PP��DW� WLPH��V�� WR����PP��DW� WLPH��V���)LJXUH��
VKRZV�WKH�FKDQJHV�LQ�WKH�ZHOGLQJ�YROWDJH�DQG�FXUUHQW
WLPH� UHVSRQVHV� DQG� WKH� FKDQJHV� RI� WKH� ZHOG� SRRO
ZLGWK�� 7KH� ZLGWK� LV� NHSW� FRQVWDQW� UHJDUGOHVV� RI� WKH
YDULDWLRQ�RI�WKH�&7:'�

7KRXJK� IX]]\� FRQWUROOHUV� H[KLELW� DQ� DSSOLFDELOLW\
VXSHULRU� WR� WUDGLWLRQDO� 3,� RU� 3'� FRQWUROOHU� DQG� DUH
KLJKO\� UREXVW�� 3,�OLNH� DQG� 3'�OLNH� )/&V� SRVVHVV
PDLQO\� WKH�VDPH�FKDUDFWHULVWLFV�DV� WUDGLWLRQDO�3,�DQG
3'�FRQWUROOHUV��UHVSHFWLYHO\��7KDW�LV��WKH�3,�OLNH�)/&
DGGV� GDPSLQJ� WR� D� V\VWHP� DQG� UHGXFHV� VWHDG\�VWDWH
HUURU�� EXW� \LHOGV� ORQJHU� ULVH� DQG� VHWWOLQJ� WLPHV�� 7KH
3'�OLNH� )/&� DGGV� GDPSLQJ� DQG� UHOLDEO\� SUHGLFWV
ODUJH� RYHUVKRRWV�� EXW� GRHV� QRW� LPSURYH� WKH� VWHDG\�
VWDWH�UHVSRQVH��7KH�JHQHUDO�3,'�)/&�GHVLJQ�UHTXLUHV
WKUHH� LQSXW� YDULDEOHV�� WKHUHIRUH�� WKH� UXOH�EDVH� LV
H[SDQGHG� DQG� WKH� FRQWUROOHU� GHVLJQ� LV� PDGH� PRUH
GLIILFXOW�

)XUWKHU� DQDO\VLV� FDQ� EH� PDGH� RI� WKH� IX]]\� 3,'
FRQWUROOHU�FRPSDUHG�WR�D�GLVFUHWH�3,'�FRQWUROOHU��7KH
OLQHDU� GLVFUHWH� 3,'� FRQWUROOHU� LV� UHSUHVHQWHG� E\
HTXDWLRQ� ���� ZKHUH� .3

� DQG� .
,
� DUH� FRQVWDQW� JDLQV�

$QDORJRXV� WR� WKH� DERYH�� QRQOLQHDU� JDLQV� �UHVXOWV� RI
IX]]\� V\VWHPV�� FDQ�EH� REWDLQHG� IRU� WKH� GHFRPSRVHG
IX]]\�3,� FRQWUROOHU��7KH� QRQ�OLQHDULWLHV� RI� WKH� IX]]\
V\VWHP�DUH�SURGXFHG�E\�QRQOLQHDU� WXQLQJ�SDUDPHWHUV
DV� DUH� WKH� FHQWHU� DQG� VKDSH� RI� WKH� EDVH� IX]]\� VHWV
PHPEHUVKLS�IXQFWLRQV�

���&21&/86,21

3UHOLPLQDU\� ZRUN� LQ� ZHOGLQJ� SURFHVV� G\QDPLF
PRGHOOLQJ�ZDV�XQGHUWDNHQ��DQG�FRPSXWHU� VLPXODWLRQ
ZDV� XVHG� WR� REWDLQ� UHVXOWV� EDVHG� RQ� WKH� PRGHOV
GHYHORSHG��7KH�*0$:�G\QDPLF�PRGHO��FRQVLGHULQJ
FXUUHQW� PRGHO�� EXUQ�RII� PRGHO�� GURSOHW� WUDQVIHU
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PRGHO�� DQG� ZHOG� SRRO� ZLGWK� PRGHO�� ZDV� SURSRVHG
DQG�ZDV�SUHSDUHG�IRU�FRPSXWHU�VLPXODWLRQ��7KH�VDPH
PRGHO� FDQ� EH� DSSOLHG� WR� RWKHU� FRQGLWLRQV� RU
FRQVXPDEOH�HOHFWURGH�ZHOGLQJ�V\VWHPV�WR�SURYLGH�WKH
VDPH�W\SH�RI�LQIRUPDWLRQ�FRQFHUQLQJ�WKH�G\QDPLFV�RI
WKH� VHOI�UHJXODWLRQ� SURFHVV�� 7KLV� PD\� EH� XVHIXO� IRU
DQDO\VLQJ� WKURXJK�DUF�VHQVLQJ� V\VWHPV� RU� IRU
TXDQWLI\LQJ� WKH� G\QDPLFV� RI� DQ� DUF� SURFHVV� XQGHU
VSHFLILF�FRQGLWLRQ�

7KH� GHYHORSPHQW� RI� D� ZHOGLQJ� FXUUHQW� FRQWURO� ZLWK
WKH�IX]]\�3,�FRQWUROOHU�ZDV�EDVHG�RQ�WKH�REVHUYDWLRQ
DQG�DQDO\VLV�RI��SURFHVV�VLPXODWLRQV�UHVXOWV�

5()(5(1&(6

%LQJXO�� =��� &RRN� *�(��� 6WUDXVV� $�0�� �������
'\QDPLF�PRGHO�IRU�HOHFWURGH�PHOWLQJ�UDWH�LQ�JDV
PHWDO� DUF� ZHOGLQJ� SURFHVV�� 6FLHQFH� DQG
7HFKQRORJ\� RI� :HOGLQJ� DQG� -RLQLQJ�� �� ����� SS�
������

/HH�� &�&�� �������� )X]]\� ORJLF� LQ� FRQWURO� V\VWHPV�
IX]]\� ORJLF� FRQWUROOHU� ±� 3DUW� ,� DQG� ,,�� ,(((
7UDQV��6\VWHP�0DQ�&\EHUQHW������SS����������

0DGLJHQ��5�%��DQG�4XLQQ�7�3����������&RQWURO�RI�DUF
OHQJWK� GXULQJ� WKH� *0$:�� 3URFHHGLQJ� RI� WKH
$6:� ,QW�� &RQI�� RQ� 0RGHOOLQJ� DQG� &RQWURO� RI
:HOGLQJ�3URFHVVHV��2UODQGR��)ROULGD��86$�

6KHSDUG�� 0�� (��� &RRN�� *�(�� �������� $� QRQOLQHDU
WLPH�GRPDLQ� VLPXODWLRQ� RI� VHOI�UHJXODWLRQ� LQ
JDV�PHWDO� DUF�ZHOGLQJ��3URFHHGLQJ�RI� WKH�7KLUG
,QW��&RQI��RQ�7UHQGV�LQ�:HOGLQJ�5HVHDUFK��$60
,QWHUQDWLRQDO

6RQJ�� -�� %�� DQG� +DUGW� '�� (�� �������� '\QDPLF
PRGHOOLQJ�DQG�DGDSWLYH�FRQWURO�RI� WKH�JDV�PHWDO
DUF�ZHOGLQJ�SURFHVV��$60(�-��'\Q��6\VW���0HDV�
&RQWU��������SS����������

7]DIHVWDV�� 6�� *�� DQG� .\ULDQQDNLV� (�� -�� �������
5HJXODWLRQ� RI� *0$� ZHOGLQJ� WKHUPDO
FKDUDFWHULVWLFV� YLD� D� KLHUDUFKLFDO� 0,02
SUHGLFWLYH� FRQWURO� VFKHPH� DVVXULQJ� VWDELOLW\�
,(((�7UDQV��,QG��(OHFWURQLFV������SS����������

=DGHK�� /�$�� �������� )X]]\� VHWV�� ,QIRUP��&RQWURO����
SS����������
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