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7DUUDJRQD� 6SDLQ� DHDURXGL#HWVH�XUY�HV
] 'HSW� RI (OHFWULFDO (QJ� � )DFXOW\ RI (QJLQHHULQJ� 6RXWK 9DOOH\�

8QLYHUVLW\� $VZDQ� (J\SW� RUDEL#LHHH�RUJ�
g'HSW RI ((6(� *UDGXDOWH 6FKRRO RI ,6((� .\XVKX

8QLYHUVLW\� )XNXRND ��������� -DSDQ� QLQRPL\D#HHV�N\XKVX�X�DF�MS� -DSDQ
$EVWUDFW_'LoHUHQW ELIXUFDWLRQ SKHQRPHQD DUH

VWXGLHG IRU D %RRVW 3RZHU )DFWRU FRUUHFWLRQ �3)&� FLU�
FXLW XQGHU WKUHH GLoHUHQW FRQWURO VWUDWHJLHV� )L[HG )UH�
TXHQF\ $YHUDJHG &XUUHQW &RQWURO �))$&&�� 9DULDEOH
)UHTXHQF\ $YHUDJHG &XUUHQW &RQWURO �9)$&&� DQG
)L[HG )UHTXHQF\ $YHUDJHG &XUUHQW &RQWURO �))$&&�
DUH XVHG� $ QHZ ELIXUFDWLRQ SKHQRPHQRQ FDOOHG VORZ
VFDOH LQVWDELOLW\ DW WKH OLQH IUHTXHQF\ LV GLVFRYHUHG DQG
DQDO\]HG E\ XVLQJ QRQOLQHDU DYHUDJHG PRGHOLQJ DS�
SURDFK� 2WKHU NLQGV RI ELIXUFDWLRQ OLNH WKH IDVW VFDOH
LQVWDELOLW\ DW ERWK WKH VZLWFKLQJ DQG WKH OLQH IUHTXHQF\
DUH DOVR SRVVLEOH� 6RPH JXLGHOLQHV IRU DQ RSWLPL]HG VWD�
EOH GHVLJQ DQG D SRZHU IDFWRU FORVH WR RQH DUH RXWOLQHG�

�� ,QWURGXFWLRQ
7KH TXDOLW\ RI WKH FXUUHQW DEVRUEHG IURP WKH XWLO�

LW\ OLQH E\ HOHFWURQLF HTXLSPHQWV LV DWWUDFWLQJ PDQ\
UHVHDUFKHUV RYHU WKH ZRUOG >�� �@� 0DQ\ HoRUWV ZHUH
GHYRWHG WR LPSURYH WKH SRZHU IDFWRU RI VWDQGDUG HOHF�
WURQLF ORDGV E\ XVLQJ 3RZHU )DFWRU &RUUHFWLRQ �3)&�
FLUFXLWV� 7KHVH V\VWHPV PXVW GUDZ D VLQXVRLGDO LQSXW
FXUUHQW IURP WKH OLQH VRXUFH� ,Q RUGHU WR GR LW D FRQ�
WURO FLUFXLW VKRXOG VKDSH WKH LQSXW FXUUHQW WR IROORZ
DV FORVH DV SRVVLEOH D VXLWDEOH VLQXVRLGDO FXUUHQW UHIHU�
HQFH� 7KH PRVW SRSXODU FLUFXLW XVHG IRU WKLV SXUSRVH LV
WKH ZHOO NQRZQ ERRVW 3RZHU (OHFWURQLF �3(� FRQYHUWHU
ZLWK FXUUHQW PRGH FRQWURO� 3( FLUFXLWV DUH QRQOLQHDU
V\VWHPV GXH WR WKH VZLWFKLQJ DFWLRQ DQG IHHGEDFN ORRS�
5HFHQWO\ D JUHDW YDULHW\ RI FRPSOH[ QRQOLQHDU EHKDY�
LRUV DUH VKRZQ WR EH SRVVLEOH LQ HYHQ VLPSOH 3( FLUFXLWV
OLNH EXFN� ERRVW DQG EXFN�ERRVW '&�'& FRQYHUWHUV >�@�
1RQOLQHDU DQDO\VLV FDQ EH H[WHQGHG WR RWKHU PRUH FRP�
SOH[ FLUFXLWV OLNH 3)& FLUFXLWV� 7KHVH FLUFXLW DUH PRUH
FRPSOH[ LQ WKH VHQVH WKDW WKHLU G\QDPLFV DUH FKDU�
DFWHUL]HG QDWXUDOO\ E\ WZR GLoHUHQW IUHTXHQFLHV DQG
WKHUHIRUH E\ WZR GLoHUHQW VFDOHV RI WLPH� 0DQ\ ZRUNV
DUH GHYRWHG WR WKH FKDUDFWHUL]DWLRQ RI WKH QRQOLQHDU
EHKDYLRU RI ERRVW 3)& FLUFXLW DQG GLoHUHQW NLQGV RI
LQVWDELOLW\ SKHQRPHQD ZHUH GHWHFWHG� ,Q >�@� SHULRG
GRXEOLQJ SKHQRPHQD LV REVHUYHG DW WKH OLQH IUHTXHQF\

ZKLFK ZDV FDOOHG VORZ VFDOH LQVWDELOLW\ ZKLOH LQ >�@ WKH
VDPH EHKDYLRU LV REVHUYHG DW WKH VZLWFKLQJ IUHTXHQF\
ZKLFK ZDV FDOOHG IDVW VFDOH LQVWDELOLW\� 7KHRUHWLFDOO\�
RWKHU NLQGV RI LQVWDELOLW\ DUH SRVVLEOH OLNH +RSI ELIXU�
FDWLRQ DW WKH OLQH IUHTXHQF\ DQG +RSI ELIXUFDWLRQ DW
WKH VZLWFKLQJ IUHTXHQF\� ,Q SUDFWLFH� WKH VZLWFKLQJ
IUHTXHQF\ LV PXFK JUHDWHU WKDQ WKH OLQH IUHTXHQF\ LQ
VXFK D ZD\ WKDW +RSI ELIXUFDWLRQ DW WKH OLQH IUHTXHQF\
LV VORZ VFDOH LQVWDELOLW\ IRU ERWK WKH VZLWFKLQJ DQG OLQH
IUHTXHQF\ ZKLOH +RSI ELIXUFDWLRQ DW WKH VZLWFKLQJ IUH�
TXHQF\ LV D VORZ VFDOH LQVWDELOLW\ DW WKH VZLWFKLQJ IUH�
TXHQF\ EXW LW FDQ EH IDVW VFDOH LQVWDELOLW\ DW WKH OLQH
IUHTXHQF\� $OO WKHVH LQVWDELOLWLHV GHSHQG WKH YDOXH RI
SDUDPHWHUV XVHG� 7UDGLWLRQDOO\� WKHUH DUH PDQ\ FRQ�
WURO VWUDWHJLHV WR FRQWURO WKHVH V\VWHPV� )RU WKH VDNH
RI EUHYLW\ ZH ZLOO DSSO\ WKUHH GLoHUHQW FRQWUROOHUV WR
WKH V\VWHP DQG WKHLU G\QDPLFV ZLOO EH FKDUDFWHUL]HG
E\ XVLQJ QRQOLQHDU DYHUDJHG DQG GLVFUHWH WLPH PRGHO�
7KH FRQWUROOHUV VWXGLHG LQ WKLV ZRUN DUH�
�� )L[HG )UHTXHQF\ 3HDN &XUUHQW &RQWURO �))3&&�
�� 9DULDEOH )UHTXHQF\ $YHUDJH &XUUHQW &RQWURO
�9)$&&� RU +\VWHUHWLF &RQWURO �+&�

�� )L[HG )UHTXHQF\ $YHUDJH &XUUHQW &RQWURO
�))$&&�

)LJXUH � VKRZV WKH EORFN GLDJUDPV IRU HDFK RI WKH
FRQWUROOHUV XVHG LQ WKLV SDSHU� 7KH FRQWURO REMHFWLYHV
LQ WKH 3)& FLUFXLW DUH WR JXDUDQWHH WKDW WKH LQGXFWRU
FXUUHQW EH LQ SKDVH ZLWK WKH LQSXW YROWDJH LQ RUGHU WR
HQVXUH D SRZHU IDFWRU FORVH WR RQH DQG WR GULYH WKH RXW�
SXW YROWDJH WRZDUGV D GHVLUHG FRQVWDQW OHYHO� $V WKH
SRZHU VWDJH FLUFXLW LV D QRQ PLQLPXP SKDVH V\VWHP
ZKHQ WKH FDSDFLWRU YROWDJH LV WKH RXWSXW YDULDEOH� GLI�
IHUHQW LQVWDELOLW\ SKHQRPHQD FDQ RFFXUV LQ WKLV V\VWHP�
7KHRUHWLFDOO\� DV WKH V\VWHP KDV WZR IRUFLQJ SHULRGV�
ELIXUFDWLRQ SKHQRPHQD FDQ RFFXU DW GLoHUHQW VFDOH RI
WLPH� 7KH SUHVHQW SDSHU GHDOV ZLWK VWXG\LQJ WKHVH EL�
IXUFDWLRQ SKHQRPHQD LQ D ERRVW 3)& FLUFXLW XQGHU WKH
WKUHH GLoHUHQW FRQWUROOHUV PHQWLRQHG SUHYLRXVO\� 7KHVH
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)LJXUH �� %OR F N GLD J UD P R I D ER R VW 3) & F LUF XLW

SKHQRPHQD DUH GLVFRYHUHG pUVW E\ VLPXODWLQJ WKH V\V�
WHP IURP LWV H[DFW FLUFXLW GLDJUDP DQG WKHQ E\ XVLQJ
LWV ODUJH VLJQDO QRQOLQHDU DYHUDJHG PRGHO� 6RPH JXLGH�
OLQHV IRU DQ RSWLPL]HG GHVLJQ DQG D KLJK SRZHU IDFWRU
DUH RXWOLQHG� 7UDGLWLRQDOO\ � LW ZDV DVVXPHG WKDW WKH
RXWSXW FDSDFLWRU LV VXrFLHQWO\ ODUJH LQ VXFK D ZD\ WKDW
WKH RXWSXW YROWDJH LV FRQVWDQW� 7KH V\VWHP LV WKHQ OLQ�
HDUL]HG QHDU DQ RSHUDWLQJ SRLQW DQG WKH VWDELOLW\ RI WKH
V\VWHP LV VWXGLHG E\ XVLQJ OLQHDU WHFKQLTXHV� ,QVWHDG�
LQ WKLV SDSHU� ZH ZLOO XVH D QRQOLQHDU PRGHO RI WKH V\V�
WHP� :H ZLOO VKRZ WKDW D YHU\ ODUJH FDSDFLWRU FDQ JLYH
ULVH WR XQGHVLUHG ELIXUFDWLRQ SKHQRPHQD�

�� 6ORZ 6FDOH ,QVWDELOLW\ DW WKH /LQH )UHTXHQF\
IURP WKH &LUFXLW 'LDJUDP
$ VFKHPDWLF GLDJUDP RI D 3)& ERRVW $&�'& FRQ�

YHUWHU LV VKRZQ LQ )LJ� �� 7KH FLUFXLW LV GHVLJQHG LQ
RUGHU WR JLYH SHULRGLF ZDYHIRUPV RI ERWK RXWSXW FD�
SDFLWRU YROWDJH DQG LQGXFWRU FXUUHQW� 7KHUH DUH WZR
SHULRGV WKDW FKDUDFWHUL]H WKH G\QDPLFV RI WKH V\VWHP�

WKH VZLWFKLQJ SHULRG 7V DQG WKH OLQH SHULRG 7R� 7\SLFDO
ZDYHIRUPV RI WKH VWDWH YDULDEOHV DQG WKH UHFWLpHG LQSXW
YROWDJH DUH VKRZQ LQ )LJ� �� 7KH YDOXH RI WKH FLUFXLW
SDUDPHWHUV XVHG LQ WKLV pJXUH DUH� DPSOLWXGH RI WKH LQ�
SXW YROWDJH 9LQ  ���S� 9� OLQH IUHTXHQF\ I  �� +]�
GHVLUHG DYHUDJHG RXWSXW YROWDJH YR  9UHI  ��� 9�
RXWSXW FDSDFLWRU &  �� P)� ORDG UHVLVWDQFH 5  ���
n� LQGXFWDQFH RI WKH LQGXFWRU /  � P+� 7KH FRQ�
WUROOHU XVHG LV 9)$&& ZLWK WKH YDOXH RI WKH 3, FRQ�
WUROOHU SDUDPHWHUV RI WKH YROWDJH ORRS DUH� JDLQ FRHI�
pFLHQW RI WKH 3, FRQWUROOHU N�  ����� DQG LWV WLPH
FRQVWDQW ��  ����� V� 7KH K\VWHUHVLV ZLGWK LV K  ��
,Q WKLV SDSHU VORZ VFDOH LQVWDELOLW\ PHDQV +RSI ELIXU�

)LJXUH �� 7 \ SLF D O Z D Y H IR UPV LQ QR UPD O R SH UD WLR Q R I D 3) &
ER R VW F R QY H UWH U

FDWLRQ DQG WKH WHUP CDW WKH OLQH IUHTXHQF\
 PHDQV WKDW
DIWHU +RSI ELIXUFDWLRQ WDNHV SODFH D IUHTXHQF\ OHVV WKDQ
WKH OLQH IUHTXHQF\ DSSHDUV LQ WKH G\QDPLFV RI WKH V\V�
WHP DQG WKH DWWUDFWRU LV D WRUXV 7�� 7KH WRUXV LV
WUL�GLPHQVLRQDO EHFDXVH WKH G\QDPLFDO EHKDYLRU RI WKH
V\VWHP FRQWDLQV WKUHH GLoHUHQW IUHTXHQF\� WKH VZLWFK�
LQJ IUHTXHQF\� WKH OLQH IUHTXHQF\ DQG D ORZHU IUHTXHQF\
ZKLFK DSSHDUV DIWHU +RSI ELIXUFDWLRQ WDNHV SODFH� )LJ�
XUH ��D VKRZV WKH VWDWH YDULDEOHV RI WKH 3)& ERRVW
FRQYHUWHU FRQWUROOHG E\ D 9)$&& VWUDWHJ\ VKRZLQJ D
VORZ VFDOH LQVWDELOLW\ DW WKH OLQH IUHTXHQF\� 7KH VDPH
EHKDYLRU LV VKRZQ LQ )LJ� ��E IRU D ))$&& V\VWHP�
1RWH WKH YDOXH RI WKH FDSDFLWRU YROWDJH LV YHU\ ODUJH�
,Q IDFW� WKLV LV WKH LV PDLQ FDXVH RI WKH VORZ VFDOH LQ�
VWDELOLW\ DW WKH OLQH IUHTXHQF\ LQ WKLV V\VWHP�

�� )DVW 6FDOH ,QVWDELOLW\ DW WKH /LQH )UHTXHQF\
IURP WKH &LUFXLW 'LDJUDP
)DVW VFDOH LQVWDELOLW\ PHDQV SHULRG GRXEOLQJ ELIXU�

FDWLRQ DQG WKH WHUP CDW WKH OLQH IUHTXHQF\
 PHDQV WKDW
DIWHU WKLV ELIXUFDWLRQ WDNHV SODFH WKH SHULRG RI WKH V\V�
WHP LV WZLFH WKH SHULRG RI WKH UHFWLpHG OLQH YROWDJH�
)LJXUH ��D VKRZV WKH VWDWH YDULDEOHV RI WKH 3)& ERRVW
FRQYHUWHU FRQWUROOHG E\ D ))3&& VWUDWHJ\ VKRZLQJ D
IDVW VFDOH LQVWDELOLW\ DW WKH OLQH IUHTXHQF\� 7KH VDPH
EHKDYLRU LV VKRZQ LQ )LJ� ��E IRU D 9)$&& V\VWHP�
))$&& V\VWHP FDQ SUHVHQW WKH VDPH EHKDYLRU DQW LW
LV QRW VKRZQ KHUH IRU VSDFH OLPLWDWLRQ�
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)LJXUH �� 7 \ SLF D O Z D Y H IR UPV VKR Z LQJ VOR Z VF D OH LQVWD ELOLW\
D W WKH OLQH IUH T XH QF \ �D � 9 ) $ & & Z LWK F R QWUR O SD UD PH WH UV
N�  � � � � � � � D QG ��  � �� � � � V� �E� ) ) $ 3& & Z LWK F R QWUR O
SD UD PH WH UV N�  � �� � � � � D QG ��  � � � � � � V� N�  � � ��  
� �� � � V

�� )DVW 6FDOH ,QVWDELOLW\ DW WKH 6ZLWFKLQJ )UH�
TXHQF\ IURP WKH &LUFXLW 'LDJUDP

$ YHU\ FRPPRQ DQG ZHOO NQRZQ ELIXUFDWLRQ SKH�
QRPHQRQ LQ SRZHU HOHFWURQLF '&�'& FRQYHUWHUV LV WKH
VXEKDUPRQLF LQVWDELOLW\ RU SHULRG GRXEOLQJ ELIXUFDWLRQ
DW WKH VZLWFKLQJ IUHTXHQF\� ,Q DQ $&�'& SRZHU IDF�
WRU FLUFXLW� WKH OLQH YROWDJH LV DVVXPHG WR YDU\ YHU\
VORZO\ ZLWK UHVSHFW WR WKH FORFN VLJQDO LQ VXFK D ZD\
WKDW ERWK UHIHUHQFH VLJQDO DQG LQSXW YROWDJH FDQ EH
FRQVLGHUHG FRQVWDQW GXULQJ D VZLWFKLQJ F\FOH� 6XEKDU�
PRQLF LQVWDELOLW\ RU WKH VR FDOOHG IDVW VFDOH LQVWDELOLW\
DW WKH VZLWFKLQJ IUHTXHQF\ LV DOVR SRVVLEOH LQ WKLV FDVH�
7KLV SKHQRPHQRQ ZDV pUVW GLVFRYHUHG LQ >�@� )LJXUH
��D VKRZV WKH VWDWH YDULDEOHV RI WKH 3)& ERRVW FRQ�
YHUWHU FRQWUROOHG E\ D ))3&& VWUDWHJ\ VKRZLQJ D IDVW
VFDOH LQVWDELOLW\ DW WKH VZLWFKLQJ IUHTXHQF\� 7KH VDPH
EHKDYLRU LV VKRZQ LQ )LJ� ��E IRU D ))$&& V\VWHP� ,W
VKRXOG EH QRWHG WKDW WKLV EHKDYLRU LV QRW GHWHFWHG LQ
WKH ))$&& V\VWHP�

)LJXUH �� 7 \ SLF D O Z D Y H IR UPV VKR Z LQJ ID VW VF D OH LQVWD ELOLW\
D W WKH OLQH IUH T XH QF \ �D � ) ) 3& & Z LWK F R QWUR O SD UD PH WH UV
N�  � �� � � � � D QG ��  � � � � � V� 6Z LWF KLQJ IUH T XH QF \ � �
N + ] D QG D PSOLWXGH R I WKH UD PS VLJ QD O � �� $ � �E� 9 ) $ & &
Z LWK F R QWUR O SD UD PH WH UV N�  � �� � � � � D QG ��  � �� � � V D QG
K\ VWH UH VLV Z LGWK K  � $ � 7 KH F D SD F LWD QF H R I WKH F D SD F LWR U
LV � P) �

�� %LIXUFDWLRQ 3KHQRPHQD 2EWDLQHG IURP WKH
$YHUDJHG 0RGHO

���� 6ORZ VFDOH LQVWDELOLW\ DW WKH OLQH IUHTXHQF\
IRU WKH 9)$&& DQG ))$&& V\VWHP

)LJXUH � VKRZV WKH ZDYHIRUPV RI WKH DYHUDJHG VWDWH
YDULDEOHV VKRZLQJ D IDVW VFDOH LQVWDELOLW\ DW WKH OLQH
IUHTXHQF\ IRU WKH 9)$&& DQG ))$&& FDVHV� &RP�
SDULQJ ZLWK )LJ� �� LW FDQ EH REVHUYHG WKDW� WKHUH LV D
JRRG FRQFRUGDQFH EHWZHHQ WKH UHVXOWV REWDLQHG IURP
WKH DYHUDJHG PRGHO DQG WKRVH REWDLQHG IURP WKH H[DFW
VZLWFKHG FLUFXLW GLDJUDP�
���� )DVW VFDOH LQVWDELOLW\ DW WKH OLQH IUHTXHQF\

IRU WKH 9)$&& DQG ))$&& V\VWHP
7KH IDVW VFDOH LQVWDELOLW\ DW WKH OLQH IUHTXHQF\ OLNH

WKDW VWXGLHG LQ >�@ FDQ EH GHWHFWHG E\ XVLQJ WKH VDPH
PRGHO� )LJXUH � VKRZV WKH ZDYHIRUPV RI WKH DYHU�
DJHG VWDWH YDULDEOHV VKRZLQJ D IDVW VFDOH LQVWDELOLW\ DW
WKH OLQH IUHTXHQF\ IRU WKH 9)$&& DQG ))3&& FDVHV�
&RPSDULQJ ZLWK )LJ� �� LW FDQ EH REVHUYHG DJDLQ� WKDW
WKH UHVXOWV PDWFK ZHOO ZLWK WKRVH REWDLQHG IURP WKH
VZLWFKHG PRGHO� +RZHYHU ZH FDQ VHH WKDW WKH IDVW
VFDOH LQVWDELOLW\ DW WKH VZLWFKLQJ IUHTXHQF\ FDQ QRW EH
GHWHFWHG E\ XVLQJ WKH DYHUDJHG PRGHO� 7KLV UHTXLUHV
D GLVFUHWH WLPH PRGHOLQJ DSSURDFK�
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)LJXUH �� 7 \ SLF D O Z D Y H IR UPV VKR Z LQJ ID VW VF D OH LQVWD ELOLW\
D W WKH VZ LWF KLQJ IUH T XH QF \ �D � ) ) 3& & Z LWK F R QWUR O SD UD P�
H WH UV N�  � �� � � D QG ��  � �� � � V� D PSOLWXGH R I WKH UD PS
VLJ QD O � $ � F D SD F LWR U Y R OWD J H &  � � P) D QG WKH UH PD LQLQJ
SD UD PH WH UV D V EH IR UH � �E� ) ) $ & & Z LWK F R QWUR O SD UD PH WH UV
N�  � �� � � D QG ��  � �� � � V� N�  � � ��  � �� � � V� D PSOL�
WXGH R I WKH UD PS VLJ QD O � $ � F D SD F LWR U Y R OWD J H &  � � P)
D QG WKH UH PD LQLQJ SD UD PH WH UV D V EH IR UH �

�� $QDO\VLV RI )DVW 6FDOH ,QVWDELOLW\ DW WKH
6ZLWFKLQJ )UHTXHQF\

$ GLVFUHWH�WLPH PRGHOLQJ DSSURDFK PRVW FRPPRQO\
FRPHV IURP UHJXODU VDPSOLQJ RI WKH VWDWH YDULDEOHV RI
WKH FRQWLQXRXV�WLPH GHVFULSWLRQ� %HFDXVH WKH PDMRULW\
RI SRZHU FLUFXLWV RSHUDWH F\FOLFDOO\� WKLV PRGHO LV WKH
PRUH DFFXUDWH RQH LQ SUHGLFWLQJ WKH GLoHUHQW NLQGV RI
LQVWDELOLWLHV RI WKHVHV V\VWHPV� $V GLVFUHWH�WLPH PRGHO�
LQJ DSSURDFK LV D QDWXUDO ZD\ WR UHSUHVHQW WKH SHULRGLF
EHKDYLRU RI 3( FRQYHUWHUV� WKLV DSSURDFK GRHV QRW DV�
VXPH WKH DSSUR[LPDWLRQV WDNHQ LQ DYHUDJHG PRGHOLQJ
DSSURDFK� 7R EXLOG�XS WKH GLVFUHWH�WLPH PRGHO RI D
3( FLUFXLW� ZH FRQVLGHU WKH RSHUDWLRQ RI WKH V\VWHP
ZLWKLQ WKH QWK F\FOH� )RU 3( FLUFXLWV� WKH V\VWHP FRQ�
pJXUDWLRQ GXULQJ HDFK VZLWFKLQJ VXE�LQWHUYDO LV OLQHDU
DQG FORVHG IRUP H[SUHVVLRQV IRU WKH VROXWLRQV DUH DYDLO�
DEOH� 7KHVH FDQ EH FDVFDGHG DW WKH VZLWFKLQJ LQVWDQWV
DQG WKH PDS 3 ZKLFK UHODWHV WZR VXFFHVVLYH VDPSOHV
RI WKH VWDWH YDULDEOH LV REWDLQHG� )RU D 3)& FLUFXLW�
WKHUH DUH WZR NLQGV RI GLVFUHWH WLPH PRGHOV� RQH GH�
VFULELQJ WKH G\QDPLFDO EHKDYLRU RI WKH V\VWHP DORQJ
WKH VZLWFKLQJ F\FOH DQG WKH RWKHU RQH GHVFULELQJ WKH

�D�

�E�
)LJXUH �� 7 \ SLF D O Z D Y H IR UPV VKR Z LQJ VOR Z VF D OH LQVWD ELOLW\
D W WKH OLQH IUH T XH QF \ R EWD LQH G IR UP WKH D Y H UD J H G PR GH O� �D �
9 ) $ & & � �E� ) ) $ & & � 7 KH SD UD PH WH U XVH G D UH WKH VD PH D V
LQ ) LJ � �

G\QDPLFV DORQJ WKH OLQH F\FOH� ,Q WKLV VHFWLRQ ZH VWXG\
WKH ORFDO G\QDPLFV GXULQJ WKH VZLWFKLQJ F\FOH DQG LQ D
IXUIXU ZRUN ZH ZLOO SUHVHQW UHVXOWV E\ XVLQJ WKH JOREDO
VHFRQG RUGHU 3RLQFDUwH PDS� ,Q FRQWLQXRXV FRQGXFWLRQ
PRGH WKHUH DUH WZR DQG RQO\ WZR FRQpJXUDWLRQV GXULQJ
D VZLWFKLQJ F\FOH� 7KH GXUDWLRQ RI WKLV F\FOH PD\ EH
p[HG �))$&&� DQG �))3&&� RU YDULDEOH �9)$&&��
7KH V\VWHP VZLWFKHV F\FOLFDOO\ DPRQJ � OLQHDU FRQpJ�
XUDWLRQV GXULQJ WKLV F\FOH� ,Q RUGHU WR VLPSOLI\ WKH
DQDO\VLV� ZH XVH WKH IDFW WKDW WKH VZLWFKLQJ IUHTXHQF\
LV PXFK KLJKHU WKDQ WKH OLQH IUHTXHQF\ LQ VXFK DZD\
WKDW GXULQJ D VZLWFKLQJ F\FOH� WKH LQSXW YROWDJH DQG
KHQFH WKH UHIHUHQFH FXUUHQW DUH SUDFWLFDOO\ FRQVWDQW� ,W
VKRXOG EH QRWHG WKDW IRU ))$&& DQG ))3&& V\VWHPV
WKH VDPSOLQJ GXUDWLRQ 7Q LV FRQVWDQW DQG LW LV HTXDO
WR WKH SHULRG RI WKH FORFN VLJQDO ZKLOH IRU 9)$&& WKLV
GXUDWLRQ LV YDULDEOH IURP F\FOH WR F\FOH� 7KH PDSSLQJ
WKDW UHODWHV WKH VWDWH YDULDEOH [Q DW WKH EHJLQQLQJ RI
DQ HQWLUH F\FOH WR [Q � �� WKRVH DW WKH HQG RI WKH VDPH
F\FOH� FDQ EH H[SUHVVHG LQ WKH IROORZLQJ ZD\�

3 � h �� h
[Q �� [Q � � � 3 �[Q� 7Q� WQ� ���

)RU ))$&& DQG ))3&& V\VWHP DQG XQGHU VWURER�
VFRSLF VDPSOLQJ� 7Q  7 LV NQRZQ� ZKHUH 7 LV WKH SH�
ULRG RI WKH FORFN VLJQDO� ,Q WKLV FDVH� RQO\ RQH VZLWFK�
LQJ HTXDWLRQ LV WKHUHIRUH WR EH VROYHG WR REWDLQ WQ� %XW
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�D�

�E�
)LJXUH �� :D Y H IR UPV R I WKH VWD WH Y D ULD EOH V VKR Z LQJ ID VW
VF D OH LQVWD ELOLW\ D W WKH OLQH IUH T XH QF \ IUH T XH QF \ R EWD LQH G
IUR P WKH D Y H UD J H G PR GH D QG XVLQJ WKH VD PH Y D OXH R I SD �
UD PH WH UV LQ ) LJ � � � �D � 9 ) $ & & V\ VWH P� �E� ) ) 3& & V\ VWH P

LQ WKH FDVH RI 9)$&& V\VWHP� 7Q LV YDULDEOH DQG XQ�
NQRZQ DQG WZR VZLWFKLQJ HTXDWLRQV DUH WR EH VROYHG
WR REWDLQ WQ DQG 7Q� 7KH JHQHUDO VZLWFKLQJ HTXDWLRQ
PD\ EH ZULWWHQ LQ WKH IROORZLQJ IRUP�

��[Q� WQ� 7Q� � 
x ���[Q� WQ�

���[Q� WQ� 7Q�
y

���

7KH PDS �(T� ���� DQG WKH FRQVWUDLQW �(T� ���� GH�
pQH D JHQHUDOL]HG GLVFUHWH�WLPH PRGHO IRU ERRVW 3)&
FLUFXLW ZLWK WZR FRQpJXUDWLRQV DQG XQGHU WKH GLoHUHQW
FRQWURO VWUDWHJLHV� 7KH p[HG SRLQW RI 3 FDQ EH RE�
WDLQHG E\ HQIRUFLQJ WKH SHULRGLFLW\� [Q  [Q � �  [e�
8VLQJ WKH H[SUHVVLRQ RI 3 � [e FDQ EH H[SUHVVHG LQ WHUPV
RI VZLWFKLQJ WLPH WQ DQG V\VWHP WUDQVLWLRQ PDWULFHV� ,Q
JHQHUDO� WKH VROXWLRQ RI WKH HTXDWLRQ ���e� 7e�  � LV
QRW DYDLODEOH LQ FORVHG IRUP� 7KHUHIRUH D URRW pQGLQJ
DOJRULWKP VKRXOG EH DSSOLHG� 2QFH WKH p[HG SRLQWV DUH
ORFDWHG� WKHLU VWDELOLW\ DQDO\VLV PD\ EH FDUULHG RXW E\
VWXG\LQJ WKH ORFDO EHKDYLRU RI WKH PDS 3 QHDU WKHVH
p[HG SRLQWV� 7KH VPDOO VLJQDO PRGHO IRU WKH GLVFUHWH
WLPH PRGHO FDQ EH ZULWWHQ DV�

a[Q � � } '3 �[e�a[Q ���
ZKHUH '3 LV WKH -DFRELDQ PDWUL[ ZKRVH HLJHQYDOXHV
yL RI '3 ZKLFK DUH DOVR FDOOHG WKH FKDUDFWHULVWLF JLYH
WKH DPRXQW RI H[SDQVLRQ RU FRQWUDFWLRQ QHDU WKH p[HG

SRLQW [e ZKHQ WKH PDS LV RQFH LWHUDWHG� 7KHUHIRUH WKH\
GHWHUPLQH WKH VWDELOLW\ RI WKH p[HG SRLQW DQG KHQFH RI
LWV XQGHUO\LQJ SHULRGLF RUELW� $ VXrFLHQW FRQGLWLRQ IRU
VWDELOLW\ LV WKDW DOO FKDUDFWHULVWLF PXOWLSOLHUV OLH LQVLGH
WKH XQLWH FLUFOH� (YDOXDWLQJ WKH -DFRELDQ PDWUL[ '3
LQ D p[HG SRLQW DQG FRPSXWLQJ LWV FRUUHVSRQGLQJ FKDU�
DFWHULVWLF PXOWLSOLHUV yL ZRXOG JLYH XV WKH VWDELOLW\ RI
LWV XQGHUO\LQJ SHULRGLF RUELW� ,I '3 KDV DOO HLJHQYDO�
XHV ZLWKLQ WKH XQLW FLUFOH� WKH SHULRGLF RUELW LV VWDEOH�
,I DQ HLJHQYDOXH FURVVHV WKH XQLW FLUFOH IURP LQVLGH WR
RXWVLGH� WKH SHULRGLF RUELW ORVHV LWV VWDELOLW\ DQG WKLV LV
D VLJQ RI D ELIXUFDWLRQ� ,Q WKH UHPDLQGHU RI WKLV SDSHU
ZKHQ ZH WDON DERXW D ELIXUFDWLRQ RI DQ RUELW� ZH UHIHU
WR QRPLQDO RUELW ZKLFK LV FKDUDFWHUL]HG E\ � VZLWFKLQJ
LQVWDQWV SHU VZLWFKLQJ F\FOH� ,Q D %RRVW 3)& FLUFXLW
WKH PDLQ YDU\LQJ SDUDPHWHU LV WKH LQSXW YROWDJH YLQ
DQG LW FDQ EH FRQVLGHUHG DV D ELIXUFDWLRQ SDUDPHWHU�
+RZHYHU� WKLV SDUDPHWHU FKDQJHV IURP D QXOO YDOXH WR
D PD[LPXP YDOXH JLYHQ E\ WKH DPSOLWXGH RI WKH VL�
QXVRLGDO YROWDJH ����S� LQ RXU FDVH�� 7KH SDUDPHWHU
LUHI LV DOVR ]HUR ZKHQ YLQ LV� ,W FDQ EH VKRZQ WKDW IRU
LUHI � YLQ 5 V\VWHP SUHVHQW QR SHULRGLF EHKDYLRU� ,Q
WKLV FDVH WKH V\VWHP HYROYHV WR DQ HTXLOLEULXP SRLQW
ZKLFK GHSHQGV RQ WKH LQSXW YROWDJH DQG ZKLFK YDULHV
IURP F\FOH WR F\FOH� 7KLV LV WKH PDLQ FDXVH RI GLVWRU�
WLRQ RI WKH LQSXW FXUUHQW WKDW PDNH WKH SRZHU IDFWRU
WR EH IDU IURP �� :KHQ LUHI ! YLQ  5� WKH FRQGLWLRQ
IRU SHULRGLFLW\ LV IXOpOOHG� ,I WKH QRPLQDO SHULRGLF RU�
ELW GXULQJ RQH VZLWFKLQJ F\FOH LV VWDEOH� WKH G\QDPLFV
GXULQJ WKLV F\FOH LV SHULRGLF RUELW� %XW LW FDQ EH VXE�
KDUPRQLF RU HYHQ FKDRWLF LI WKH VWDELOLW\ RI WKH QRPLQDO
SHULRGLF RUELW LV QRW DVVXUHG� 7UDGLWLRQDOO\ WKH VORSH RI
WKH UDPS YROWDJH LV DGMXVWHG LQ RUGHU WR HQVXUH VWDELO�
LW\ IRU '&�'& FRQYHUWHUV LQ WKH RSHUDWLQJ SRLQW� 7KH
SUREOHP ZLWK WKH 3)& ERRVW $&�'& FRQYHUWHU LV WKDW
WKLV RSHUDWLQJ SRLQW LV WLPH YDU\LQJ� +RZHYHU ZH FDQ
VHOHFW WKH YDOXH RI WKH VORSH RI WKH UDPS IRU WKH ZRUVW
RSHUDWLQJ FDVH ZKLFK FRUUHVSRQGV WR D QXOO YDOXH RI
WKH LQSXW YROWDJH� ,W FDQ EH GHPRQVWUDWHG WKDW XVLQJ
D VORSH PF  9 UHI �/� WKH VWDELOLW\ FDQ EH DVVXUHG
GXULQJ WKH ZKROH UDQJH RI WKH LQSXW YROWDJH�
)RU WKH VDNH RI EUHYLW\ ZH SUHVHQW WKH UHVXOWV FRU�

UHVSRQGLQJ WR WKH 9)$&& DQG ))3&& V\VWHP RQO\�
7KH VDPH SURFHGXUH FDQ EH XVHG IRU WKH RWKHU FDVH�
$V LW ZDV DOUHDG\ PHQWLRQHG WKH 9)$&& V\VWHP VXE�
KDUPRQLF RVFLOODWLRQ DW WKH VZLWFKLQJ IUHTXHQF\ ZHUH
QRW GHWHFW IRU WKH VHW RI SDUDPHWHU YDOXHV XVHG LQ WKLV
SDSHU� )LJXUH ��D VKRZV D VHW RI VWDWLRQDU\ ZDYHIRUPV
RI WKH 9)$&& V\VWHP GXULQJ RQH VZLWFKLQJ SHULRG RE�
WDLQHG IURP WKH GLVFUHWH WLPH DSSURDFK E\ YDU\LQJ WKH
LQSXW YROWDJH LQ WKH UDQJH ���S�����S��� 7KH ORFD�
WLRQ RI WKH HLJHQYDOXHV RI WKH -DFRELDQ PDWUL[ RI WKH
GLVFUHWH WLPH PRGHO LV DOVR VKRZQ LQGLFDWLQJ VWDELOLW\
IRU ZKROH UDQJH RI WKH LQSXW YROWDJH� 2EVHUYH WKDW
LQ WKLV FDVH WKH GXUDWLRQ RI WKH VZLWFKLQJ F\FOH YDULHV�
)LJXUH ��E VKRZV VWDWLRQDU\ ZDYHIRUPV RI WKH ))3&&
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V\VWHP GXULQJ RQH VZLWFKLQJ SHULRG E\ YDU\LQJ WKH LQ�
SXW YROWDJH LQ WKH VDPH UDQJH� ,Q WKH FDVH RI ))3&&�
ZH REVHUYH WKDW DW FULWLFDO YDOXH RI WKH LQSXW YROWDJH
RQH RI WKH HLJHQYDOXHV LV HTXDO WR �� LQGLFDWLQJ D qLS
ELIXUFDWLRQ ZKLFK JLYH ULVH WR VXEKDUPRQLF ELIXUFDWLRQ
DQG FKDRV� ,W VKRXOG EH QRWHG WKDW DOO WKH UHVXOWV DUH
REWDLQHG DVVXPLQJ D FRQVWDQW YDOXH RI WKH LQSXW YROW�
DJH GXULQJ D VZLWFKLQJ F\FOH� +RZHYHU� LQ D UHDO 3)&
FLUFXLW WKH LQSXW YROWDJH FDQ EH VXSSRVHG WR YDU\ OLQ�
HDUO\ IURP F\FOH WR F\FOH� 'XULQJ WKH pUVW KDOI SHULRG
RI WKH OLQH F\FOH� WKH LQSXW YROWDJH LV LQFUHDVLQJ DQG LWV
VORSH LV SRVLWLYH ZKLOH LW LV GHFUHDVLQJ GXULQJ WKH VHF�
RQG KDOI SHULRG DQG LWV VORSH LV QHJDWLYH� $ PRUH DF�
FXUDWH DQDO\VLV VKRXOG WDNH LQWR DFFRXQW WKH YDULDWLRQ
RI WKH VORSH RI WKH LQSXW YROWDJH GXULQJ RQH OLQH F\FOH
DQG WKH FKDQJH RI LWV VLJQ� 7KLV H[SODLQV WKH DV\P�
PHWU\ REVHUYHG LQ WKH FULWLFDO SRLQWV DW ZKLFK WKH pUVW
ELIXUFDWLRQ RFFXUV �VHH )LJ� ��� 7KLV ZDV VWXGLHG DQG
H[SODLQHG LQ GHWDLOV LQ >�@

�D�

�E�
)LJXUH �� 6WD WLR QD U\ Z D Y H IR UPV R I WKH V\ VWH P GXULQJ R QH
VZ LWF KLQJ SH ULR G R EWD LQH G IUR P WKH GLVF UH WH WLPH D SSUR D F K�
�D � 9 ) $ & & V\ VWH P� 3D UD PH WH U Y D OXH V K\ VWH UH VLV Z LGWK � $ �
N�  � � � � � D QG ��  � �� � � �E� ) ) 3& & V\ VWH P� 3D UD PH WH U
Y D OXH V 7 KH VZ LWF KLQJ SH ULR G 7  � � � zV� D PSOLWXGH R I WKH
UD PS Y R OWD J H � $ D QG LWV OR Z H U Y D OXH ] H UR � N�  � �� � � D QG
��  � �� � �

&RQFOXVLRQV
'LoHUHQW ELIXUFDWLRQ SKHQRPHQD DUH GHWHFWHG DQG

VWXGLHG IRU DQ $&�'& ERRVW 3)& FLUFXLW XQGHU GLoHU�
HQW FRQWURO VWUDWHJLHV� 7KUHH GLoHUHQW FRQWUROOHUV DUH
DSSOLHG WR WKH V\VWHP DQG LW ZDV VKRZQ WKDW WKH\ FDQ
JLYH ULVH WR VLPLODU DYHUDJHG EHKDYLRU� 7KHVH DUH ))�
3&&� ))$&& DQG 9)$&&� $ QHZ ELIXUFDWLRQ SKH�
QRPHQRQ� VR FDOOHG VORZ VFDOH LQVWDELOLW\ DW WKH OLQH
IUHTXHQF\� LV GLVFRYHUHG IURP WKH FLUFXLW GLDJUDP DQG
WKH DQDO\WLFDO ODUJH VLJQDO DYHUDJHG PRGHO� 6ORZ VFDOH
LQVWDELOLW\ DQG IDVW VFDOH DW WKH OLQH IUHTXHQF\ LV SRVVL�
EOH DQ DOO FDVHV� )DVW VFDOH LQVWDELOLW\ DW WKH VZLWFKLQJ
IUHTXHQF\ LV QRW GHWHFWHG IRU WKH 9)$&& ZKLOH LW LV RE�
VHUYHG LQ WKH RWKHU WZR FDVHV� $ GLVFUHWH WLPH DSSURDFK
LV UHTXLUHG WR GHWHFW WKLV LQVWDELOLW\ SKHQRPHQRQ� 6XFK
D GLVFUHWH WLPH UHSUHVHQWDWLRQ RI WKH V\VWHP G\QDPLFV
LV SUHVHQWHG KHUH LQ D JHQHUDOL]HG IUDPHZRUN�
,W FDQ EH FODLPHG WKDW LQ RUGHU WR REWDLQ D JRRG

SRZHU IDFWRU FRUUHFWLRQ WKH IHHGEDFN JDLQV VKRXOG QRW
EH ODUJH� %XW DQ H[FHVVLYHO\ VPDOO YDOXH RI WKH IHHG�
EDFN FRHrFLHQW RI WKH 3, FRQWUROOHU DQG LWV WLPH FRQ�
VWDQW FDQ JLYH ULVH WR WKH QHZ GHWHFWHG SKHQRPHQRQ�
,Q WKH RWKHU KDQG� VWDEOH RSHUDWLRQ GRHV QRW PHDQV DO�
ZD\V D JRRG SRZHU IDFWRU FRUUHFWLRQ� 6RPH WLPHV WKH
G\QDPLFV RI WKH V\VWHP LV SHULRGLF EXW WKH WKLV IDFWRU
LV YHU\ ORZ� )XUWKHU VWXG\ ZLOO GHDO ZLWK DQDO\]LQJ WKH
ELIXUFDWLRQ SKHQRPHQD E\ XVLQJ )ORTXHW WKHRU\ DQG
KDUPRQLF EDODQFH� 6RPH SKHQRPHQD ZKLFK DUH QRW UH�
SRUWHG KHU OLNH FRH[LVWHQFH RI DWWUDFWRUV DUH REVHUYHG
DQG LW UHTXLUH D PRUH GHWDLOHG DQDO\VLV� ([SHULPHQ�
WDO FRQpUPDWLRQ RI VRPH QHZ SKHQRPHQD LV DOVR WKH
VXEMHFW RI IXWXUH ZRUN�

5HIHUHQFHV
>�@ %\XQJFKR &KRL� 6XQJ�6RR +RQJ� +\RNLO 3DUN�
?0RGHOLQJ DQG VPDOO�VLJQDO DQDO\VLV RI FRQWUROOHG
RQ�WLPH ERRVW SRZHU�IDFWRU�FRUUHFWLRQ FLUFXLW��
,((( 7UDQV� RQ ,QGXVWULDO (OHFWURQLFV� 9RO� ���
����� SS� ��� � ����

>�@ &�.� 7VH� ?&RPSOH[ %HKDYLRU RI 6ZLWFKLQJ 3RZHU
&RQYHUWHUV�� %RFD 5DWRQ� 86$� &5& 3UHVV� ����

>�@ 2UDEL� 0�� 1LQRPL\D� 7��� ?1RQOLQHDU G\QDPLFV RI
SRZHU�IDFWRU�FRUUHFWLRQ FRQYHUWHU�� ,((( 7UDQVDF�
WLRQV RQ ,QGXVWULDO (OHFWURQLFV� 9RO� ��� ,VVXH� ��
����� SS� ���� � ����

>�@ 7VH� &�.�� 'UDQJD� 2�� ,X� +�&�&�?%LIXUFDWLRQ
DQDO\VLV RI D SRZHU�IDFWRU�FRUUHFWLRQ ERRVW FRQ�
YHUWHU� XQFRYHULQJ IDVW�VFDOH LQVWDELOLW\ 3URFHHG�
LQJV RI WKH ���� ,QWHUQDWLRQDO 6\PSRVLXP RQ &LU�
FXLWV DQG 6\VWHPV� 9RO� �� ������ ���� 3DJHV�,,,�
��� � ,,,����

322


