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'"\QDPLFV RI QHWZRUN RVFLOODW
SRZHU JULG VWDELOLW\ DQDO\VLV

$QGUH\ &KXUNLQ
&HQWHU IRU (QHUJ\ 6FLHQFH DQG 7THFKQRC
BNRONRYR ,QVWLWXWH RI 6FANRTEWHFKG 7HFKQ
ORVFRZ 5XVVLD
DQGUH\ FKXUNLQ#VNRONRYRWHFK UX

$EVWUDFW

BWXGLHV RQ WKH V\QFKURQL]J]DWLRQ RI RVFLOODWRU
DSSOLFDWLRQV $QDO\VLV RI SRZHU V\VWHP VWDELOLW\ LV
URWDWH DW DQJXD®E LOQHIXHQFHHWDFK RWKHU YLD SRZHU C
D QHWZRUN RI RVFLOODWRUV 5HFHQWO\ D SURPLQHQW F
GHYHORSHG WR PHDVXUH WKH DELOLW\ RI JHQHUDWRUV W
ZLWKRXW ORVLQJ WKHQ/ VWKEKUROL]|ZWLR@DO\]H WKH QXPHUI
WKDW DULVH LQ SRZHU V\VWHP G\QDPLFV VLPXODWLRQ DQG
HVWLPDWLRQV 6SHFLILFDOO\.XA¥HWDVHABWHKRB QVFILRVU FPRPIRVL
VWDELOLW)\ EDQR®HRY\N \RBQPUPHG PHERRYHUJHQFH DQDO\VLV
WKDW WKH DFRXPHFWVWES RI WKH PHWKRGV PD\ VLJQLILFC
HVWLPDWLRQ RI WKH VIVWHP V VWDELOLW\ $QDO\VLV RI WK
WR XVH KLJKHU RWOGHD BHOYXKRE\D WRWWBU EDODQFH EHWZHF
DQG FRPSXWDWLRQDO FRVW

,QWURGXFWLRQ
6\QFKURQL]DWLRQ Rl RVFLOODWRUV LV D ZLGHO\ NQRZQ
LQ D YDULHW\ RI QDWXUDO DQG HQJLQHHULQJ V\VWHPV 8\
RWKHU LQ D FHUWDLQ RUGHU DQG ZLWK D VWUHQJWK WKD\
DQG WRSRRMKRHRGHO 7KHUHIRUH VXFK V\VWHPN QCHIMZ R UNHQ L
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RI RVFLQODWRN&O\ WKH EDVLF DLP RI RVFLOODWRUYV G\QDF
WKH FRQYHUJHQFH RI D V\VWHP WR D GHVLUHG VI\QFKURQRX
PRGHOVEKMHYHGHYHORSHG WR GHVFULEH VI\QFKURQL]DWLRQ
RI WKWDEOH RQHV WKH .XU®GIRRMW R ODRNGHNO WKH DQWHUDFYV
VLQXVRLGDO GHSHQGHQFH RQ WKH SKDVH GLIIHUHQFH EHW
2L E—;)i ?@Ew:e\Fé; L<&0

ZKHBUH W HDWXUDO IUHTXHQEFD RG LRV MKHOPRWSDOLQJ VWUHQ

IDWHU PRUH VRSKLVWRY¥BMWHIDWRGHOQNWRIRUNY ZHUH GtFt
DOORZHG DQDO\VLYV RI FRPSOH[ G\QDPLFV ZLWRWKRWLF VWL
HW P@DPLQHG H[RWLF VWDWHYV ZHDN FKLPHUDV GHFRXSC
LQKRPRJHQHRXV V\QFKURQL]HG VRNVDQBI® R HAH FIW URPWMER DI
RVFLOODWRUY 7KH DXRWIGRHWLWY PRGHO bWKDMW FRPSULVHG D U
TXDVLQXVRLGDO RVFLOODWRUYVY DQG GHPRQVWUDWHG WKH
VI\VWHARLPHUD VWDWHYV ZMNHE WHEERE BER R YKOMWGR 3 DAY K R
GHULYHG DQ HIDFW FKLPHUD VWDWH VROXWLHERRBRHIRWOD ULQ
ILFRODRX>HBOWORGXFHG WKH -DOQXV RVFLOODOWHRMZREBSHO
ZLWK SDLUV RI QRQLGHQWLFDO SKDVH RVFLOODWRUV W ZI
QXPHURXV G\QDPLF SKHQRPHQD VXFK DV H[SORVLYH V\(
LOQWHUPLWWHQW DQG ERXQFLQJ FKLPHUDYV

2QH Rl WKH SUDFWLFDO VRFEIURQNIRW VYRR MRKEFHHOV ZDV
SRZHU V\VWHP VWDELOLW\ DQDO\VLVY 7KH DQDORJ\ OLHV L
URWDWH DW DQJXODU IUHTXHQFLHY DQG LQIOXHQFH HDFK F
D QHWZRUN RI R\OOLWOBWGR@RFBWHPEBQWHG WKH . XUDPRWR PR
SRZHU JULG 7KH G\QDPLFV RI JHQHUDWRUYV ZDV VLPXODWE
WKH V\DWHIPQVW SHUWKH FRWEROQUWLYH DQDO\VLV RI H[LVW
SRZHULG V\QFKURQL]DW LR @ KAD\D GR QPE@RVKWHRG HOV DUH
ZLGHO\ XVHG IRU PRGHOLQJ WUDQVLHQW NA®\JLRH VW RQ BARLZAH U
VWDELOEWABFK®IHU HXWH® D SRZHU V\VWHP GYQPROBPWHRGHC
FDVFDGLQJ IDLOXUHY DQG SURSRVHG D IRUHFDVWLQJ PHWK
,Q WKLV SDSHU ZH IRFXV RQ WKH VWDELOHWF B GVEMLYV FR(
WKDW LV EDVHG RQ GHWHUPLQLQJ SRZHU JULG UHVSRQV
FRPSRVLQJ WKH EDVLQ RI DWWUDFWLRQ RI WKH VI\QFKURQ
KRZ VWDELOLW\ EDVLQV FRXOG EH HYDOXDWWHP IRQGHDFK
LOQWURGXFHG D VWDELOLW\ LQGH[ WKDW LV WKH UDWLR RI \
VSDFH RI SRVVLECON FRDFPHSW DOORZV DQDO\V]LQJ WKH JULG
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DIJDLQVW OD@RBH/S®OILOMXUEDWLRQV DQG VXJQHWEZRUAD\V R
WRSRORJ\

OHQFN V VWXG\ UHVRQDWHG ZLWK WKH UHVHDUFK FRPP
VXEVHTZXRONWLP HW>D@QYHVWLIDWHG WKH IXQFWLRQDO IR
VWDELOLW\'V GHSHQGHQFH RQ WY WERRIW B DP® W& NG YWK C
QHWZRUNV ZLWK GLITHUHQW WRSRORJLHV DQG FODVVLILHG
OLWUD HWEBDWHQGHG WKH FRQFHSW RI| EMRGUHURIDERON W\ IR
7KH PHWKRG FRQVLGHUV PXOWLSOH VLPXOWDQHRXV SHUW:
RI WKH PLQLPXP QXPEHU RI QRGHV Rl WKH QHWZRUN WR EH
HWHUQDO SHUWXUEDWLRQV WR HQVXUH/ISURSD@SHUDW
LQFRUSRUDWRHGGBEW IHQKHUDWRU PRGHO DQG XVHG WKH EDV
UDQN WKH WUDQVLHQW VWDELOLWY Rl JHQHUDWRUV LQ SRZ

,Q WKLV SDSHU ZH XVH WKH EDVLQ VWDELOLW\ FRQFHS
WKDW D URZAHHULD)\\BW H FE\G VQ B RO THWVERRMSRVH WKH VWDELOLW\ |
D RQRGH V\VWHP XVLQJ H[SOLFLW LWHUDWLYHDRHANKRGV :
SHUIRUP D FRQYHUJHQFH DQDO\VLV

ORGHO GHVFULSWLRQ
7R H[DPLQH WKH EHKDYLRU Rl QHWZRUN RVERPRODWHRQYV
ORFDO SRZHU LPEDODQFHV DD ORBNE T IQOQ W LH GV B R@ Y IEC
FODVVLFDO G\QDPLF SRZHU JULG PRGHO ZLG6H@\ NQRZQ DV

& LA

/| A, LF&A E.YF)€*FI ;€& ec:8 F&;
e

ZKHWHA; DQ&GUHSUHVHQW WKH SKDVHXBQJFOHD QIEQ JXREDAD JH

PDJQLWXGHIQ B UMD WMRM\QFKURQR ¥R WWDAMBRQGY WR D UHJLPH
DQJXODU IUHTXHQF\ HTXDOV WRH/DW B G GXHLEX\RKDHD TAKLHYQHF \
PRPHQWQRIUWLD RI WKH PDVVHVEUHSIX-OOHD AR B WX GRI

YaLV WKH SRZHU L QygHPWWR® DRRXQMRAVSRHEABWRU LQMHFWH
ORDGV DQG UHQHZDEOH BERI\YK UWDNULRQ FOHY EFHBJJUHJDWHG
LOMHFWHG & RAZHWKH GBRSELQELHQWKH DGPLWWRDWH PDWU
HTXBOYy ZKHYWWDQGV IRU WKH UHDFWDQFH RI D WUDQVPLYV
EDQB 7KXVKHNVPRGHO LQFRUSRUDWHY IUHTXHQF\ G\QDPLFV
EDODQFH RI DFWLGHVIRZAHEWHY WKH HOHFW UR P HFRODSQHEBG O V\C
RVFLOODWRUV JHQHUDW R UNF FOBGEG FIR U. X \DPRHVEY PR B HDOV
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‘H FRQVLGHOQWRGRMVWHP ZKHUH D VLQJOWVBHRQGAIUDWR
HIWHUQDO SRZHU VA\VWHP VX5BOAHD Q/PELNERIRIDP @ DGO H
JHQHUDWRU V\VWHP WKBIQPRBGOIEMGLYLGLQJ HTXDWLRQ

E\/ ¢ie
¢ LA
fiLFU EZF- ec:2F &gz,

ZKHUH & / igUHSUHVHQWY WKH2GDPKHQNV WKHWHW SRZHU LQ
JHQHUDWLRQ PLQXV FRQVWBBSIWLRWD@ENGIRU WKH FDSDFLW
SRZHU DHIQISKDVH DQUIOWHBERBQLVLBERQVLGHUHG HTXDO JHUF

$ VWDE@QFKVRQRXV UHIJLPH ILPSIQLBVUWKDMIQFH IUDPH R
JULG'V UDWHG ,|Q HFIXWKQ RI ORVV RI V\QFKURQL]JDWLRQ Wl
DFFHOBMQBWHVNY DQJXODU IUHTXHQRQ BFKDROX YV HDLAKL. W KFNFQRIQ
VKRZQ L@WKH F\FOH FDQ EB HY@RXIDRHR I DNVLPH

EEU' |2|
CEZz U
,Q WKH IROORZLQJ VHFWLRQV ZH DQDQWBHWRRGG\®DP |

VIQFKURQL]DWLRQ GHSHQGLQJ RQ WKH LQLWLDO FRQGLWLR

s N

%DVLQ VW DBLDIL\WL V

'H IROORZ WKH DQDO\¥L®EW FRIOYWEHRIER RREHO ZLWK
GDPSLQJ [DFWAGHW SRZHP LQBX® WUDQVPLVVLRQ@KFDSDFLW\
PRGHO LV WKH LQLWLDO YWIHYXWWHPMREFEHPHREHQW RUGLQD
GLIIHUHQWL B O 7THKXD WIKRQRXWFRPBH DHYEY RQPHKH LQLWLDC
3, DQ®, 7KH GHYLDWLRQ LQ WKH LQLWLDO UHJLPH IURP WK
FDXVHG E\ VXGGHQ FKDQJHV LROUOMRDIGH LV KR U WX P VWAXQ MHN W
WKH JHQHUDWRU WR DFFH®HYDWHD U]V OKH GRAMY LEOH R X
YLIXUHYV DQG ,Q ERWK FDVHV WKH JHQHUDWRU JRW
VIQFKURQL]DWLRQ SURFHVV DQG KDG QHJDWLYH DQJXODL
Luf,LFWw WKH JHQHUDWRU DFFHOHUDWHG RQRXYKVWR W H
ALr +RZHYMWKH VOLJKWO\ GLIIHWBHOQUALIQEW IO WHR LW KIH
ORVV Rl VIQFKURQL]DWLRQ WKH DQJXODU IUHTXHQF\ GLG (
DQJOH FRQWLQXHG JURZLQJ LQILQLWHO\
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‘H XVHG WKH IRXUWK RUG.KW \NPS®HBLKRIGRUQYROYLQJ
VIVWHP ZLWK D WBIKPH VWRI FKHFN WKH FRQ YBIQJIRQIEWKPI W K
ZH VROYHG WKH V\VWHP RQH PRUH WLPH ZLWK D PRUH DFF:
HUURU ZDV HVWLPDWHG DV WKH GLIIHUHQFH EHWZHHQ WKH
JLIXUH VKRZV WKDW WKH GLIITHUHQFHV LQ WKRULRMKPNLRQV
ZLWK D FRDUVH WLPH VWHS XQGHUHVWLPDWHG WKH RVFLOC
ZDV UHDFKHG IDVWHU ZLWK K $Q LOQWHUPHGLDWH FRQF
DOJRULWKP FRQYHUJHV IRU SUR E @HMD\G ZQUDN/RQR Q/ILIIDOW ER Q (
+RZHYHU DV VKRZQ LQ WKH IROORZLQJ GLVFXVVLRQV WKL)\
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JLIXUHUURU HVWLPDSNLRRWKRMGKESSOLHG WR WKMWK\Y WHP
VIQFKURQL]DWLRQ DIWHW LFH WVHGKUHJLWVH DQG

7R DQDO\]WWD¥LQLW\ Rl WKH JHQRIGDWRGBH®@ WKH RQWH
VIVWHP IRU UHJLPHV YDU\LQJ LQLWLD&LYD&RHV LQ WK
A, L Fswisw 7KH RXWFRPHV ZHUH UHFRJQL]HG DV V\QFKURQL
IUHTXHQF\ VHWWO HG @& RDWKHU UDRIQH HL UV W VHFRQGV RI V
FRUUHVSRQGLQJ LQLWLDO FRQGLWLRQV ZHUH KLJKOLJKWH
OHDGLQJ WR D ORVV Rl VIQFKURQLTEW LRHG ZGILUQHH KWK W K HK W
WKH ILJXUH UHSUM VRERMR WK IO ICPRQV F\FOH

7KH UHJLPHV VLPXODWHG LQ )LIJXUHV DQG DUH DOVR G
JRU FRQYHQLHQFH ZH SORW RQO\ WKH ILUWWNUHYIHARQEV RI
OHDGV WR D VIQFKURQRXV VWDWH ZKBIMRUWVKH MROXWILRQ
VWDUWYV VZLQJLQJ WRZODHUGWVLWIVQEWQRBIUYDOXHY PDNH Wi
DFFHOHUDWLQJ XS WR SRLQW QV VDQBKIXRQRXHU OLP WR P
$FFRUGLQ@WKRI EDVLQ VWDELOLW\ FDQ EH PHDVXUHG DV WKF
UHWXUQV WR WKH VIQFKURQRXV VWDWH DIWHU KDYLQJ EHH
ZH HVWLPDWH WKH VWDELO MKHL QGHHH @ 8 RLIQW ¥ DMWRL B RO S R
FRQGLWLRQV LQ WKH FRQVLGHUHG UDQJH )RU WKH FDVH ZL
VWDELOLW\ LQGH]I[ 6 EDVHG RSRLQMVDQDO\VLV RI
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JLIXUBDVLQ VWRELOHYWOXDWHG ZLWK D WLPH VWHS

‘H UHSHDW WKH VLPXODWLRQ IRU WKH LQFUHDVHG WUD
SORW WKH VWDELOLW\ EDVLQ LQ )LIJXUH W LV VHHQ W
VLIQLILFDQWO\ 7KH QHZ VWDELOLW\ LQGH[ UHDFKHG 6
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)LJXUl%DVLQ VWBRELOHYDOXDWHG ZLWK D WLPH VWHS K

&ERQYHUJHRQAMHKH H[SOLFLW PXOWLVWDJH PHWKRG
7R IXUWKHU DQDO\]H WKH FRQYHUJHQFH RI WKH H[SOLF
G\QDPLF SRZHU JULG PRGIN® L P D WHMWDKEH /IDPHEDVLQ DV LQ )
EXW ZLWK D FRDUVH WLPH VWHS K 7KH PRGLILHG EDVLQ
WKDW WKH UHJLRQV JRW VLJQLILFDQWO\ GHIRUPHG HVSHF
7KH PRGLILHG VWPKELQLMG MWFRGHQGMHGE PHWKRG ZLWK D FRI
WLPH VWHS XQGHUHVWLPDWHG VRPH RVFLOODWLRQV DQG
UHJLRQ
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)LIXUBDVLQ VWRELOHYDOXDWHG ZLWK D WLPH VWHS K

‘H SUHVHQW WKH FRPSDULVRQ RI WKH VWHENIOR®N EDVI
ZLWK WLPH VWHSV K DQG K V LQ )LIXUH , I WKH DI
VROXWLRQV DJUHH ZH NHHS WKH FRORUV IRU VXFK SRLQW'
UHG IRU ORVV RI VIQAKORGG GRWWHAIGWK JUHHQ ERUGHUV (
YDOXHV IRU ZKLFK WKH DFFXUDWH DOJRULWKP ZLWK K L«
DQG WKH DOJRULWKP ZLWKHKRSSBRHWHOQRDWHY WKH DFFXUL
ZLWK K SUHGLFWV WKH VIQFKURQL]DWLRQ DQG WKH DOJ
ORV RI VIQFKURQ\ DUH UHSIUHVRI®WW HZGWEK DBHKBHBRUGHUYV
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JLIXUKRRPSDULVRQ RI WRH VEO YWWHRRWWKRGY ZLWK WLPH
K DQG K Vv

W LV ZRUWK PHQWLRQLQJ WKDW ZH IRXQG ERWK FDV!
VWDEEOVMVW® 6RPH LQLWLDO YDOXHV OHG WKH DOJRULWKP
RYHUHVWLPDWH WKH RVFL@W®RDRMHROYR ZK LKDH IRW RHWYQFKUF
RXU SDUWDPSOMU WKH FDVHWRRMRWEKLQO BWHRQ OG GGG RIW G
ZLWK JUHHQ ERUGHUY 7KHUHIRUH WKH PRGLILHG VWDELOL

‘H VHOHFWHG WZR FDVHV IRU ZKLFK WKH RXWFRPHV RI
LOOXVWUDWHG WKHP LQ )LIXUHV DQG ,Q )LIXUH ZH V
VLPXODWHG E\ WKH DOJRULWKP ZLWK K VPRRWKHG WKH
DQRIJXODU NUHWRHQYPHG VHWWOLQJ GRZQ WR WKH VI\QFKURQR:
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WKH VLPXODWLRQV LQ )LIJXUH VKRZ WKDW IRU VRPH YDO.:
RYHUHVWLPDWHG WKH RVFLOODWLRQV DQG HUURQHRXVO\ L
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JLIXUHLYHUJHQFH LQ WKH VROXWLRQV E\ WKH DDQRBULWKPYV
K VRU WKH LQLWLIDDHSRQGESNMLRQV

7KH DERYRHHXODWLRQV VKRZ WKDW EDVLQ VWDELOLW\ DQD
DFFXUDF\ DQG WLPH VWHS RI DQ LWHUDWLYH DOJRULWKP 'F
LW LV ERWK SRVVLEOH WR XQGHUHVWLPDWH RU7RYHUHVWIL
LGHQWLI\ DBFURERH VWHSV IRU RXU PRGHO ZH ODXQFKHG I
WKH WZR VHOHFWHG FDVHVY GHSLFWHG LQ )LJXUHV DQG
RUGHU SX@IWWD PHWKRGV 5. DQG 5. 7KH VROXWLRQ REWI
WKH WLPH VWHS WRQHUHG DV WKH DFFXUDWH RQH WR HVYV
RWKHU VROOHWQRQRY RI WKH HUURUV DUH SUHVHQWHG LQ )L
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1XPHULFDO OHWKRGV LQ (QJLQHHU$QG DI\GEEXTOILIPG GFURK FH

F G
JLIXUH(UURU HVWLPDWLRQS5R| RHWMKRGD QEGWK WLPH VWHS
LG @ DQG LOQLWLIDtGY @ HL E @i
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W LV VHHQ WKDW 5. DFKLHYHV WKH IRXUWK RUGHU DFI
5. KLJKO\ GHSHQWVPRIQLYWHUYDO DQG VRPHWLPHY GRHV Q
UHDVRQDEOH DFFXUDF\ 2XU ILUVW REVHUYDWLRQ LV WKD
IDVWHU DQG UHDFK KLJKHU YDOXHV WKDQ HUURUV LQ DQ
EHFDXVBFERZDF\ DOJR ULG/IKPNUHDIND WWIDWHYV VIQFKURQR X\
RI VIQFKURQL]DWLRQ@WKBRPSDDWGE WROXWLRQV 7KXV WKH S
WKH JHQHUDWRU GHYLDWH:B ORRXDG \DXOPKR VERFOW MAHR YK DW F
WKH DOJRULWKPV UHDFK VLPWODDQISFF X UDKEN MQU DMK EWR U L
HUURUV GLIIHU VLIJQLILFDQWO\ ,Q FDVH ZKHQ WKH DFFXUDW
VWDWH )LIXUH WKH HUURUV Rl WKH DOJRULWKPV VWUDL
VWHS +RZHYHU LQ FDVHWRRMWKHLORWN Rl HWQWFRU WUDMHFW
VPRRWK ,W WDNHV VPDOOHU WLPH VWHSV WR UHDFK HTX
FRQGLWLRQV

7KH FRPSXWDWLRQDO FRVWV RI 5. DQG 5. IRU GLIIHUHC
JLIXUH7KK. PHWKRG UHTXLUHVY DERXW WZLFH DV PXFK WLP
VROXWLRQ ZLWK WKH VDPH WLPH VWHS +RZHYHU DV VKR:
FRXOG EH D GLIIHUHQFH R|I DAFKUDPKRVBIHRUH LQWNKKR X O (
UHFRPPHQGHG WR XWXSH.UDRUWKHNVKRG LQ WHUPV RI DFFXUL

JLIXUH7KH FRPSXWDWLRQDO FRVW RI WKH 5. DQG 5. F
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&RQFOXVLRQV

,Q WKLV ZRUN ZH VWXGLHG QXPHULFDO DVSHFWV RI PF
V\VWHPV 1DPHO\ ZH DSSOLHG WKH EDVQARGHWDEMWHRVD BRQ
DOQDO\|JHG LWV VWDELOLW\ DJDLQVW ODUZ3M VBB UPMHXNKERDGNL R
ZHUH XVHGHWRKMRMLWLDO YDOXH SUREOHP SRVHG E\ WKH
V\VWHP ‘H IRXQG WKDW WKH DFFXUDF\ DQG WKH WLPH \
VLIQLILFDQWO\ LQIOXHQFH WKH HVWLPDWLRQ RI WKH V\VWt
VKRZV WKDW LWRWX®H KIHK B EORXWHNUIDSKIMWHKHKRGY WR UHDFK L
EDODQFH EHWZHHQ DFFXUDF\ DQG FRPSXWDWLRQDO FRVW
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