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&DOFXODWLRQ RI WLPH�GHSHQGHQW EORFNLQJ SUREDELOLWLHV

-RUPD 7� 9LUWDPR DQG 6DPXOL $DOWR

+HOVLQNL 8QLYHUVLW\ RI 7HFKQRORJ\� 3�2�%R[ ����� ),1������ +87� )LQODQG�

IMRUPD�YLUWDPR�VDPXOL�DDOWRJ#KXW�n

$EVWUDFW

:H FRQVLGHU WKH FDOFXODWLRQ RI WLPH�GHSHQGHQW EORFNLQJ SUREDELOLWLHV LQ WKH 0�0�Q�Q

ORVV V\VWHP� :H SUHVHQW D QHZ PHWKRG ZKLFK DOORZV RQH WR nQG WKH WHPSRUDO HYROXWLRQ RI

WKH SUREDELOLW\ RI DQ\ JLYHQ VWDWH� DQG� LQ SDUWLFXODU� WKDW RI WKH EORFNLQJ VWDWH ZLWKRXW

WKH QHHG WR VROYH WKH SUREDELOLWLHV RI DOO WKH RWKHU VWDWHV RU WR nQG WKH HLJHQYDOXHV DQG

HLJHQYHFWRUV RI D YHU\ ODUJH PDWUL[ FRUUHVSRQGLQJ WR WKH IXOO V\VWHP� 7KH SUREOHP LV

PRWLYDWHG E\ D G\QDPLF 93 EDQGZLGWK PDQDJHPHQW VFKHPH RI DQ $70 QHWZRUN ZLWK

IXOO WUDpF VHJUHJDWLRQ�

�� ,1752'8&7,21

,Q WKH G\QDPLF 93 EDQGZLGWK PDQDJHPHQW VFKHPH GHYHORSHG E\ 0RFFL HW DO� >�@�

>�@ WKH EDQGZLGWK DOORFDWLRQ IRU D 93 LQ DQ $70 QHWZRUN LV DGMXVWHG DW UHJXODU WLPH

LQWHUYDOV� $W WKH EHJLQQLQJ RI DQ LQWHUYDO WKH V\VWHP RFFXSDQF\ LV REVHUYHG DQG QHZ 93

FDSDFLW\ DOORFDWLRQ LV GRQH LQ VXFK D ZD\ WKDW WKH H[SHFWHG WLPH DYHUDJH RI WKH EORFNLQJ

SUREDELOLW\ LQ WKH LQWHUYDO ZLOO EH OHVV WKDQ D SUHGHnQHG OLPLW� ,Q WKH VLPSOHVW FDVH RI IXOO

WUDpF VHJUHJDWLRQ� HDFK 93 FDUULHV RQO\ RQH W\SH RI WUDpF DQG WKH SUREOHP ZLWKLQ D 93

LV RQH�GLPHQVLRQDO�

7KXV RQH LV OHG WR FRQVLGHU WKH IROORZLQJ SUREOHP� 1HZ FDOOV DUULYH DFFRUGLQJ WR D

3RLVVRQ SURFHVV ZLWK UDWH w WR D ORVV V\VWHP ZLWK Q WUXQNV� ([SRQHQWLDO KROGLQJ WLPH

ZLWK PHDQ � x LV DVVXPHG� *LYHQ WKH QXPEHU RI FDOOV� L� LQ SURJUHVV DW WLPH � WKH WDVN LV

WR FDOFXODWH WKH SUREDELOLW\ 3
QML�W� RI nQGLQJ WKH V\VWHP LQ VWDWH Q DW WLPH W� 7KH DYHUDJH

EORFNLQJ SUREDELOLW\ LQ DQ LQWHUYDO RI OHQJWK 7 LV WKHQ �� 7 �
5
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7KH WLPH�GHSHQGHQW VWDWH SUREDELOLWLHV DUH GHWHUPLQHG E\ WKH V\VWHP RI GLmHUHQWLDO

HTXDWLRQV
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ZLWK WKH LQLWLDO FRQGLWLRQV 3L���  � DQG 3N���  � IRU N � L� 7KHVH HTXDWLRQV FDQ�

RI FRXUVH� EH VROYHG QXPHULFDOO\� +RZHYHU� LQ RUGHU WR nQG 3
Q
�W�� WKH HTXDWLRQV KDYH WR
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EH VROYHG IRU DOO YDOXHV� N  �� � � � � Q� (TXLYDOHQWO\� RQH FDQ FRQVLGHU WKH DERYH V\VWHP

DV D YHFWRU HTXDWLRQ B3�W�  3�W�4� ZLWK 3�W�  �3��W�� 3��W�� � � �� DQG WKH FRHpFLHQW

PDWUL[ 4 EHLQJ WKH JHQHUDWRU PDWUL[ RI WKH 0DUNRY SURFHVV� DQG VROYH LW ZLWK WKH DLG RI

WKH HLJHQYHFWRUV RI 4� %RWK RI WKHVH PHWKRGV EHFRPH LPSUDFWLFDEOH DV Q EHFRPHV YHU\

ODUJH� 3HUKDSV WKH EHVW NQRZQ PHWKRG IRU WKH VROXWLRQ LV WR VWDUW IURP WKH IRUPDO VROXWLRQ

3�W�  3��� H[S�4W� DQG DSSO\ WKH VR FDOOHG XQLIRUPL]DWLRQ PHWKRG IRU WKH FDOFXODWLRQ

RI WKH PDWUL[ H[SRQHQW IXQFWLRQ� VHH >�@�

2XU DLP LV WR GHYHORS D PHWKRG ZKLFK DOORZV WKH FDOFXODWLRQ 3
QML�W� VHSDUDWHO\ ZLWKRXW

WKH QHHG WR FRQVLGHU WKH HYROXWLRQ RI DOO WKH RWKHU VWDWHV� 7KH FRPSXWDWLRQDO HmRUW RI RXU

PHWKRG LV RQO\ ZHDNO\ GHSHQGHQW RQ WKH VL]H RI WKH V\VWHP� WKXV HQDEOLQJ XV WR FDOFXODWH

WKH WLPH�GHSHQGHQW EORFNLQJ SUREDELOLWLHV HYHQ IRU YHU\ ODUJH V\VWHPV�

�� ,1),1,7( 6<67(0

:H FRQVLGHU nUVW DQ LQnQLWH V\VWHP� ZKHUH WKH VWDWH SUREDELOLWLHV FDQ EH GHGXFHG HDVLO\�

7KH QXPEHU RI FDOOV 1�WML� LQ SURJUHVV DW WLPH W� JLYHQ WKDW WKHUH DUH L FDOOV LQ SURJUHVV
DW W  �� LV WKH VXP RI WZR LQGHSHQGHQW UDQGRP YDULDEOHV� WKH QXPEHU RI FDOOV 1��WML�
VXUYLYLQJ IURP WKH LQLWLDO VHW RI L FDOOV DQG WKH QXPEHU 1��W� RI FDOOV DUULYHG LQ ��� W� DQG

VWLOO LQ SURJUHVV DW WLPH W� )RU HDFK FDOO IURP WKH LQLWLDO VHW WKH VXUYLYDO SUREDELOLW\ DW W LV

SW  H
bxW

�

7KXV 1��WML� LV ELQRPLDOO\ GLVWULEXWHG� 1��WML� z %LQ�L� SW�� 6LPLODUO\� WDNLQJ LQWR DFFRXQW

WKH VXUYLYDO SUREDELOLWLHV� ZH UHDVRQ WKDW 1��W� LV WKH QXPEHU RI DUULYDOV LQ ��� W� IURP

DQ LQKRPRJHQHRXV 3RLVVRQ SURFHVV ZLWK LQWHQVLW\ w�W��  wH
bx�WbW

�� ZLWK W
�
� ��� W�� 7KXV

1��W� LV 3RLVVRQ GLVWULEXWHG ZLWK PHDQ D�� b SW�� 1��W� z 3RLVVRQ�D�� b SW��� ZKHUH

D  w x LV WKH RmHUHG WUDpF LQWHQVLW\�

7KH WLPH�GHSHQGHQW SUREDELOLW\ RI DQ\ VWDWH N LQ WKH LQnQLWH V\VWHP� 3�

NML
�W�� FDQ EH

REWDLQHG LQ WZR GLmHUHQW ZD\V� E\ WKH QXPHULFDO FRQYROXWLRQ RI WKH ELQRPLDO DQG 3RLVVRQ
GLVWULEXWLRQV RU E\ DQ DSSUR[LPDWH LQYHUVLRQ �H�J� E\ WKH SUREDELOLW\ VKLIW PHWKRG� RI WKH

SUREDELOLW\ JHQHUDWLQJ IXQFWLRQ RI WKH GLVWULEXWLRQ RI 1�WML��
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/HW XV EULHo\ FRQVLGHU WKH DSSUR[LPDWH LQYHUVLRQ ZLWK WKH SUREDELOLW\ VKLIW PHWKRG�

7KH VKLIWHG PHDQ DQG YDULDQFH RI WKH GLVWULEXWLRQ DUH
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7KH SUREDELOLW\ VKLIW DUJXPHQW nQDOO\ JLYHV �FI� >�@� ��������
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7KH DQDO\VLV RI WKH nQLWH V\VWHP FDQ EH EDVHG RQ WZR REVHUYDWLRQV� )LUVW� WKH HTXDWLRQV

��� IRU D nQLWH V\VWHP DUH WKH VDPH DV WKRVH RI DQ LQnQLWH V\VWHP IRU WKH UDQJH N  �� � � � � Q

H[FHSW WKDW LQ WKH HTXDWLRQ IRU N  Q WKH WHUPV UHSUHVHQWLQJ WUDQVLWLRQV EHWZHHQ VWDWHV Q

DQG Q� � DUH PLVVLQJ� 6HFRQG� WKH V\VWHP RI HTXDWLRQV ���� DV ZHOO DV LWV FRXQWHUSDUW IRU

DQ LQnQLWH V\VWHP� DUH OLQHDU� 2XU VWUDWHJ\ WKHQ LV WR FRQVLGHU D PRGLnHG LQnQLWH V\VWHP�

ZKHUH DQ H[WUD VRXUFH WHUP V�W� LV DGGHG WR RQH RI WKH HTXDWLRQV� P� VD\� LQ VXFK D ZD\

WKDW WKH UHVXOWLQJ HTXDWLRQV IRU N  �� � � � � Q LQ WKH PRGLnHG V\VWHP DUH H[DFWO\ WKH VDPH

DV WKRVH IRU WKH nQLWH V\VWHP�

7KH HmHFW RI WKH VRXUFH WHUP RQ WKH VROXWLRQ RI WKH LQnQLWH V\VWHP FDQ EH HDVLO\ GHGXFHG

E\ WKH OLQHDULW\ RI WKH HTXDWLRQV� $GGLWLRQ RI D VRXUFH WHUP V�W� WR HTXDWLRQ P JLYHV ULVH

WR DQ DGGLWLRQDO WHUP
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V�X�3�
NMP

�Wb X�GX

LQ WKH WLPH�GHSHQGHQW VWDWH SUREDELOLWLHV� ZKHUH 3
�

NMP
�W� LV WKH NQRZQ VROXWLRQ IRU WKH

LQLWLDO YDOXH SUREOHP LQ WKH LQnQLWH V\VWHP� 7KLV WHUP UHSUHVHQWV D VXSHUSRVLWLRQ� ZLWK

ZHLJKW V�X�� RI WKH SUREDELOLWLHV LPSOLHG E\ XQLW SUREDELOLW\ PDVV DGGLWLRQ WR VWDWH P DW

GLmHUHQW WLPHV X�

,Q SULQFLSOH� ZH FDQ FDUU\ RXW WKH VWUDWHJ\ IRU DQ\ FKRLFH RI WKH VWDWH P ZLWK P w Q�

+HUH ZH FRQVLGHU WKH WZR PRVW UHDVRQDEOH FKRLFHV� P  Q RU P  Q � �� ,Q WKH nUVW

FDVH� WKH H[WHUQDO VRXUFH LQMHFWV SUREDELOLW\ PDVV WR WKH VWDWH Q DW D UDWH V�W� FKRVHQ

H[DFWO\ WR FRPSHQVDWH IRU WKH QHW SUREDELOLW\ oRZ IURP VWDWH Q WR VWDWH Q� �� 7KH WRWDO

SUREDELOLW\ PDVV LQ WKH ZKROH LQnQLWH V\VWHP LV QRW FRQVHUYHG EXW WKH PDVV LQ WKH VWDWHV

�N  �� � � � � Q� UHPDLQV FRQVWDQW �HTXDO WR ��� 7KH VHFRQG DSSURDFK KDV D VLPLODU LGHD� ,Q

WKLV FDVH ZH DGG DQ H[WHUQDO VRXUFH LQMHFWLQJ SUREDELOLW\ PDVV WR WKH VWDWH Q � � LQ VXFK

D ZD\ WKDW WKH SUREDELOLW\ RI VWDWH Q� � NHHSV D n[HG UHODWLRQ WR WKDW RI VWDWH Q LQ RUGHU

WR JXDUDQWHH ]HUR QHW oRZ RI SUREDELOLW\ EHWZHHQ WKHVH VWDWHV�

���� )LUVW DSSURDFK

,Q WKH nUVW DSSURDFK� ZH PRGLI\ HTXDWLRQ Q RI WKH LQnQLWH V\VWHP E\ DGGLQJ D VRXUFH

WHUP V�W� DV IROORZV�
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)LJXUH �� ,Q WKH nUVW PHWKRG D VRXUFH LV DGGHG WR VWDWH Q VXFK WKDW WKH SUREDELOLW\ oRZ

DFURVV WKH FRQWURO VXUIDFH LV ]HUR�

WKLV HTXDWLRQ UHGXFHV WR WKDW RI WKH nQLWH V\VWHP� 5HIHUULQJ WR )LJ� � WKLV FRQGLWLRQ PHDQV

WKDW WKH SUREDELOLW\ oRZ DFURVV WKH FRQWURO VXUIDFH EHWZHHQ VWDWHV Q DQG Q�� LV ]HUR� $V

QRWHG EHIRUH� WKH HmHFW RI WKH VRXUFH WHUP RQ WKH VWDWH SUREDELOLWLHV FDQ EH DFFRXQWHG IRU

E\ DQ H[WUD WHUP�
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LV WKH QHW OHDN UDWH IURP VWDWH Q WR VWDWH Q�� DW WLPH W LQ DQ LQnQLWH V\VWHP VWDUWLQJ IURP

WKH LQLWLDO VWDWH L DW WLPH �� 6ROXWLRQ RI WKH LQWHJUDO HTXDWLRQ ��� IRU V�W� DQG VXEVWLWXWLRQ

LQWR ��� JLYHV WKH GHVLUHG WLPH�GHSHQGHQW VWDWH SUREDELOLWLHV�

���� 6HFRQG DSSURDFK

,Q WKH VHFRQG DSSURDFK� ZH DGG WKH VRXUFH WHUP V�W� WR WKH HTXDWLRQ RI VWDWH Q� � RI

DQ LQnQLWH V\VWHP� VHH )LJ� �� 7KHQ WKH VWDWH SUREDELOLWLHV FDQ EH ZULWWHQ LQ DQ DQDORJRXV

IDVKLRQ�
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WKH RQO\ GLmHUHQFH EHLQJ WKDW QRZ WKH LPSXOVH UHVSRQVH IXQFWLRQ LV 3
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FRQGLWLRQ IRU GHWHUPLQLQJ V�W� LQ WKLV FDVH UHDGV
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L�H�� WKH SUREDELOLW\ oRZV EHWZHHQ VWDWHV Q DQG Q � � DUH UHTXLUHG WR FDQFHO� ZKHQFH WKH

HTXDWLRQ IRU VWDWH Q DJDLQ UHGXFHV WR WKDW RI WKH nQLWH V\VWHP� %\ VXEVWLWXWLQJ ��� LQWR

��� WKH ODWWHU FDQ EH UHZULWWHQ DV
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$JDLQ� VROXWLRQ RI WKLV LQWHJUDO HTXDWLRQ IRU V�W� DQG VXEVWLWXWLRQ LQWR ��� JLYHV WKH GHVLUHG

WLPH�GHSHQGHQW VWDWH SUREDELOLWLHV�
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)LJXUH �� ,Q WKH VHFRQG PHWKRG D VRXUFH LV DGGHG WR VWDWH Q � �� 7KH SUREDELOLW\ oRZ

DFURVV WKH FRQWURO VXUIDFH LV DJDLQ UHTXLUHG WR EH ]HUR�

�� 180(5,&$/ &216,'(5$7,216

���� 6ROXWLRQ RI WKH HTXDWLRQV

,Q RUGHU WR FDOFXODWH WKH WLPH�GHSHQGHQW SUREDELOLW\ RI DQ\ JLYHQ VWDWH� RQH KDV WR VROYH

WKH VRXUFH WHUP IURP DQ LQWHJUDO HTXDWLRQ� ��� RU ���� DQG WKHQ FDOFXODWH DQRWKHU LQWHJUDO�
��� RU ���� ZLWK WKLV VRXUFH WHUP� ,Q WKHVH LQWHJUDOV WKHUH DSSHDU NHUQHO IXQFWLRQV� ZKLFK
DUH NQRZQ IURP WKH VROXWLRQ IRU DQ LQnQLWH V\VWHP� DQG ZKLFK FDQ EH FDOFXODWHG DQG
UHSUHVHQWHG LQ DQ DSSURSULDWH QXPHULFDO IRUP� RQFH DQG IRU DOO�
$V WKH LQWHJUDO HTXDWLRQV ��� RU ��� IRU WLPH W RQO\ GHSHQG RQ YDOXHV RI V�X� IRU X � W�

L�H�� WKH\ DUH 9ROWHUUD HTXDWLRQV RI WKH VHFRQG DQG WKH nUVW NLQG� UHVSHFWLYHO\� ZH FDQ

VROYH WKH YDOXHV RI V�W� VHTXHQWLDOO\� :H RXWOLQH D VLPSOH QXPHULFDO VFKHPH� 7R EH PRUH
VSHFLnF� ZH FRQVLGHU HTXDWLRQ ��� DV DQ H[DPSOH� /HW XV GLVFUHWLVH WKH WLPH
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HTXDWLRQ ��� DW WLPH NcW EHFRPHV
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IURP ZKLFK ZH FDQ VROYH
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,Q )LJ� � DQ H[DPSOH RI WKH DSSOLFDWLRQ RI WKH PHWKRG LV JLYHQ� 7KH HYROXWLRQ RI WKH

WLPH�GHSHQGHQW EORFNLQJ SUREDELOLW\ 3���M����W� LV GHSLFWHG IRU D V\VWHP RI VL]H Q  ���
VWDUWLQJ IURP WKH VWDWH L  ��� ZLWK DQ RmHUHG WUDpF LQWHQVLW\ RI D  ���� )RU WKLV V\VWHP
WKH VWDWLRQDU\ (UODQJ EORFNLQJ SUREDELOLW\ LV MXVW EHORZ � �� 1RWH WKH ?RYHUVKRRWLQJ� RI
WKH SUREDELOLW\ ZKLFK LV GXH WR DQ LQLWLDO VWDWH EHLQJ ZHOO DERYH WKH PHDQ D� 7KH DYHUDJH
EORFNLQJ SUREDELOLW\ FDQ EH REWDLQHG E\ DYHUDJLQJ WKLV LQVWDQWDQHRXV EORFNLQJ SUREDELOLW\
RYHU D JLYHQ LQWHUYDO ��� 7 ��
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)LJXUH �� %ORFNLQJ SUREDELOLW\ LQ D V\VWHP RI VL]H Q  ��� VWDUWLQJ IURP WKH VWDWH L  ����
2mHUHG WUDpF LQWHQVLW\ D  ���� 7LPH �KRUL]RQWDO D[LV� LV JLYHQ LQ XQLWV RI � x�

���� $V\PSWRWLF SURSHUWLHV

,W LV RI LQWHUHVW WR QRWH WKDW WKRXJK WKH FDOFXODWLRQ RI WKH WLPH�GHSHQGHQW EORFNLQJ

SUREDELOLW\ 3QML�W� UHTXLUHV WKH VROXWLRQ RI WKH 9ROWHUUD LQWHJUDO HTXDWLRQV� LWV LQWHJUDO RYHU
W FDQ EH REWDLQHG IURP D VLPSOH FRQVLGHUDWLRQ DQG RQO\ UHTXLUHV WKH VROXWLRQ RI D V\VWHP

RI RUGLQDU\ OLQHDU HTXDWLRQV� 7R VHH WKLV� QRWH nUVW WKDW� LUUHVSHFWLYH RI WKH LQLWLDO VWDWH

L� DV\PSWRWLFDOO\ ZH KDYH 3
QML�W� � %�Q� D� DV W � �� ZKHUH %�Q� D� LV WKH (UODQJ ORVV

IXQFWLRQ� 7KHQ WKH LQWHJUDO
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UHSUHVHQWV WKH H[SHFWHG QXPEHU RI DGGLWLRQDO ORVW FDOOV GXH WR VWDUWLQJ WKH V\VWHP IURP WKH

VSHFLnF VWDWH L UDWKHU WKDQ IURP WKH HTXLOLEULXP� L�H� WKH CFRVW
 RI VWDWH L� 7KLV LV SUHFLVHO\

WKH TXDQWLW\ WKDW LV GHWHUPLQHG E\ WKH +RZDUG HTXDWLRQV LQ WKH WKHRU\ RI 0DUNRY GHFLVLRQ

SURFHVVHV� VHH H�J� >�@� )RU WKH FRQWLQXRXV WLPH SURFHVV� WKH HTXDWLRQV FDQ EH ZULWWHQ LQ

WKH YHFWRU IRUP

Ub U � Y47
 �� ���

ZKHUH Y LV WKH �URZ� YHFWRU RI WKH VWDWH GHSHQGHQW FRVWV� 4 LV WKH VDPH JHQHUDWRU PDWUL[

DV EHIRUH� U UHSUHVHQWV WKH VWDWH GHSHQGHQW ORVV UDWHV� DQG U LV WKH DYHUDJH ORVV UDWH� ,Q

RXU FDVH� WKH QWK FRPSRQHQW RI U LV w DQG RWKHU FRPSRQHQWV DUH ]HUR� )URP ��� RQH FDQ

VROYH U DQG Y XS WR DQ DGGLWLYH FRQVWDQW LQ WKH YL� 7KH FRQVWDQW LV DUELWUDU\ EXW FDQ EH

n[HG E\ H�J� WKH FRQGLWLRQ {Y7  �� ZKHUH { LV WKH VWDWLRQDU\ GLVWULEXWLRQ RI WKH V\VWHP�

GHWHUPLQHG E\ {4  �� ZKLFK 3�W� DV\PSWRWLFDOO\ WHQGV WR� 7KH YL GHnQHG LQ ��� VDWLVI\

WKLV FRQGLWLRQ VLQFH
3

L {L3QML�W� UHSUHVHQWV WKH SUREDELOLW\ RI WKH V\VWHP EHLQJ LQ VWDWH Q
DW WLPH W JLYHQ LW VWDUWHG IURP HTXLOLEULXP DW W  �� DQG LV LGHQWLFDOO\ HTXDO WR %�Q�D��

7KH VROXWLRQ RI WKH +RZDUG HTXDWLRQ ��� IRU RXU ORVV V\VWHP LV ZHOO NQRZQ� )LUVW� ZH PXVW

KDYH U  w%�Q� D�� 6HFRQG� DV VKRZQ E\ .ULVKQDQ >�@� WKH GLmHUHQFHV EHWZHHQ WKH VWDWH

FRVWV REH\ WKH VLPSOH IRUPXOD YL�� b YL  %�Q� D� %�L� D�� ,W LV WKHQ DQ HDV\ WDVN WR nQG

WKH YDOXHV RI WKH YL VXFK WKDW {Y
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:H KDYH SUHVHQWHG D PHWKRG ZKLFK WUDQVIRUPV WKH WDVN RI nQGLQJ WKH WLPH�GHSHQGHQW

EORFNLQJ SUREDELOLW\ IURP WKDW RI VROYLQJ D VHW RI Q VLPXOWDQHRXV GLmHUHQWLDO HTXDWLRQV

WR WKDW RI VROYLQJ D VLQJOH LQWHJUDO HTXDWLRQ DQG HYDOXDWLQJ D VLQJOH LQWHJUDO ZLWK WKLV

VROXWLRQ� $SSDUHQWO\ WKH PHWKRG LV LQGHSHQGHQW RI WKH VL]H Q RI WKH V\VWHP� ,Q IDFW�

KRZHYHU� WKHUH LV D VOLJKW GHSHQGHQF\ RQ Q VLQFH WKH NHUQHO IXQFWLRQV DUH PRUH ?SHDN\�

IRU ODUJH Q WKXV QHFHVVLWDWLQJ WKH XVH RI GHQVHU JULG IRU WKH QXPHULFDO VROXWLRQ IRU D JLYHQ

DFFXUDF\� 'HVSLWH RI WKLV GHSHQGHQF\ ZH nQG WKH QHZ PHWKRG FRPSXWDWLRQDOO\ PRUH

HpFLHQW WKDQ WKH GLUHFW VROXWLRQ RI WKH GLmHUHQWLDO HTXDWLRQV�

:H KDYH DOVR FRPSDUHG WKH FRPSXWDWLRQDO HpFLHQF\ RI WKH SURSRVHG PHWKRG ZLWK WKH

XQLIRUPL]DWLRQ PHWKRG UHIHUUHG WR LQ WKH ,QWURGXFWLRQ� 2XU VWXGLHV LQGLFDWH WKDW IRU WKH

FDOFXODWLRQ RI WKH DYHUDJH EORFNLQJ SUREDELOLW\ ZLWK D JLYHQ DFFXUDF\� WKH XQLIRUPL]DWLRQ

PHWKRG LV PRUH HpFLHQW IRU VPDOO V\VWHPV EXW IRU ODUJHU V\VWHPV WKH SURSRVHG PHWKRG

EHFRPHV PRUH HpFLHQW� ,Q RXU LPSOHPHQWDWLRQ WKH FURVV RYHU RFFXUUHG DW D VL]H RI DURXQG

Q  ��� ZKHQ WKH DFFXUDF\ ZDV ��b��
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