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The CYPRESS project develops methods and tools for assessing and managing cyber-physical risks in transmis-
sion systems. Work Package 2 focuses on Cyber-physical risk assessment of transmission systems, and within it,
Task 2.3 develops a methodology that consistently addresses cyber-security, reliability, and resilience for both
operation planning and real-time operation.

Deliverable D2.3 builds on the modeling foundations described in D2.1 and the co-simulation platform intro-
duced in D2.2. It extends them with risk assessment methods that explicitly connect cyber threats, human
decisions, and physical system dynamics.

The report is structured in two main parts. The first part reviews the state of the art in reliability, resilience,
vulnerability, and impact assessment of cyber-physical power systems. This review highlights that while many
approaches exist, they are often developed in isolation and do not capture cross-domain effects. Several re-
curring issues emerge: corrective actions and operator behavior are simplified or absent, uncertainty is propa-
gated inconsistently, and high-fidelity models face scalability challenges. Data scarcity and the lack of common
benchmarks further limit validation and comparability. These gaps underscore the need for integrated frame-
works that bring cyber-security into the same methodological space as power system reliability and resilience.

The second part of the report presents the methodological contributions of Task 2.3. Five complementary
framewaorks are introduced: (i) a dynamic probabilistic security assessment (DPSA) for cascading risk, (i) a cyber
consequence engine that quantifies vulnerability and detectability of attacks, (iii) a systematic threat modeling
framework based on CVE-CWE mappings, (iv) a human reliability layer that adapts the SPAR-H method to con-
ditions of time pressure and cyber ambiguity, and (v) an anomaly detection framework for early-stage IT-0T
traffic analysis. These elements are brought together in an illustrative Cyber-informed HRA—-OPF framework,
which demonstrates how cyber, human, and physical risks can be assessed within a single prababilistic process.

The last part, (“Insights & Perspectives”) distills what we learned from the review and the five approaches and
maps it to a practical path to adoption. It translates the work into clear priorities for operations and planning,
showing that risk concentrates in a critical few contingencies and attack paths, that outcomes are coupled
across the cyber—human—physical layers, and that time and detectability shape the extreme events that matter
most.

Overall, D2.3 delivers a coherent blueprint for assessing cyber-physical risks in transmission systems. It moves
beyond siloed approaches by combining cybersecurity, human reliability, and system dynamics into a unified
methodology, thereby preparing the ground for the recommendations that will be produced in Task 2.4.
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\ 6HFXUTLKMH DELOLW\WR ZLWKVWDQG GLVWXUEDQFHV VXFKDV IDXOWV R
FDVFDGLQJIDLOXUHV RUORVVRIV\VWHP LQWHJULW\

$GHTXDF\LVW\SLFDOO\DGGUHVVHGLQSODQQLQIJVWXGLHVWKURXJKSUR
LW\ /2/3 /RVVRI/RDG ([SHFWDWLRQ /2/( RU([SHFWHG (QHUJ\1RWG6HUYH
ZHOOFRYHUHGLQ> @ +HUH ZHIRFXVLQVWHDGRQVHFXULW\DVVHVVPHQ
QDPLFVDQG FDVFDGLQJIDLOXUHPHFKDQLVPYV

7TUDGLWLRQDO VHFXULW\DVVHVVPHQW IUDPHZRUNVY DUH W\SLFDOO\RUJD(

\ &RQWLQJIHQF\ (@MNPHWLWRQJFUHGLEOHIDLOXUHHYHQWY RIWHQ JXLGH
IRUFRPPRQ FDXVHIDLOXUHVRUHQYLURQPHQWDO ULVNV

\ 6HFXULW\/LPLW A CGCHOWLQFOYWHBRDO YROWDJH DQGVWDELOLW\PDUJI
HLWKHU SUHYHQWLYHO\RUWKURXJKDYDLODEOHFRUUHFWLYHDFWLR

\ 3UH &RQWLQJIHQF\ 6W D WHHSKIHYDIFMWH QL] DW MRHP FRQGLWLRQV EHIRUH ¢
EHGHWHUPLQLVWLFLQUHDO WLPHRSHUDWLRQV RUVFHQDULR EDVHG

7KHOLPLWDWLRQVRIGHWHUPLQLVWLFPRGHOV SDUWLFXODUO\WKHLU EL
PHQWRISUREDELOLVWLFIUDPHZRUNY 7KHVHGHILQHULVNDVWKHH[SHFW
GLVWXUEDQFHV HQDEOLQJWUDGH RIIDQDO\WLVEHWZHHQUREXVWQHVV I
ZLWKVLJQLILFDQWPRGHOLQJDQGFRPSXWDWLRQDOEXUGHQV SDUWLFXC
HYHQWV

2QHRIWKHPRVWVWUDLIJKWIRUZDUG SUREDELOLVWLFVWUDWHJILHVLVFRC
TRROVEOINMKEHYHORSHG EN57(DQG 1DWLRQDO *ULG DXJPHQW WKLV DSSUR
OHDUQLQJPHWKRGVWRUHILQH SUREDELOLW\HVWLPDWLRQDQGFRQVHT X

$VQRWHGLQ> @ > @ HPHUJLQJUHVHDUFKLQFUHDVLQJO\IRFXVHV RQ G
GUHVYV

\ +LGGHQ )DLDWHAW RU GRUPDQW IDXOWYV WKDW RQO\ PDQLIHVW XQGHL
VSRQVHYV

\ &DVFDGLQJIRGBWYHDU IDLOXUH SURSDIJDWLRQ GULYHQ E\RYHUORDG
RUSURWHFWLRQPLVRSHUDWLRQ

7TRDGGUHVV WKHVH WZR GRPLQDQW PRGHOLQJVWUDWHILHVKDYHHYROY

\ \QDPLF 6LPX®DWLRG@GHOLW\ WLPH GRPDLQ DQDO\VLY WKDW FDSWXUH
G\QDPLFVY XQGHU HYROYLQJ GLVWXUEDQFHY 7KHVH PRGHOV RIIHU UH
DQG GDWD KHDY\



\ 4XDVL 6WHDG\ 6 WDWH 6468 SALPXHODSHEIURPLPDWLRQV WKDWHYROYH VIV
ORDG IORZ FDOFXODWLRQV 466 WHFKQLTXHV LWHUDWH IURP DQ LQLW
WULSSLQJVHTXHQFHV XQWLO FRQYHUJHQFHRUEODFNRXW

7TKH,(((:RUNLQJ*URXSRQ&DVFDGLQJ)DLOXUHV KDV SURSRVHGDFODVVLI
ILYHD[HVY L SUH FRQWLQJHQF\PRGHOLQJ LL VWRFKDVWLFHOHPHQWYV
IORZIRUPXODWLRQ DQG Y FDVFDGLQJPHFKDQLVPV> @

$ QRWDEOH H[DPSOH LV WKH $& &DVFDGLQJ)DLOXUH ORGHO $& &)0 ZKLF}
LQWHUYHQWLRQV VXFKDV> @

\ 2SWLPDO SRZHUIORZ 23) EDVHG ORDG VKHGGLQJZLWK G GLVSDWFKDEC
\ *HQHUDWRU WULSSLQJRUIUHTXHQF\UHGLVWULEXWLRQWRUHVWRUH
\ 9ROWDJHUHJIJXODWLRQ YLD OLPLWHU ORJLFDQG XQGHU YROWDJH ORD
\ 2YHUORDG UHVROXWLRQE\VOLQHWULSSLQJ

J)LIXUH JORZFKDUW RI SURWHFWLRQ PHFKDQLVPVLQ $& &)

466 PRGHOV ZKLOHVFDODEOH UHPDLQ VHQVLWLYHWR WKHRUGHUDQG W
FRQWURO G\QDPLFV RUSURWHFWLRQ GHODIPZR RYHHQUW R B-DMAK HEVARH Q L P L W
LQWURGXFHG 8QOLNHFRQYHQWLRQDO (YHQW 7UHHV (7V WKDW SUHGHIL
EUDQFKLQJGXULQJVLPXODWLRQ 7KLVHQDEOHV QXDQFHGPRGHOLQJRIF
WHP IHHGEDFN '(7VLPSURYH UHDOLVP EXW UHTXLUH VLJQLILFDQW FRPSX\

'"HVSLWH WKHVH DGYDQFHYV D FULWLFDO ZHDNQHVY SHUVLVWYVY LQ WKH WL
PRGHOV ORVWIUDPHZRUNV DVVXPHLGHDO RUGHWHUPLQLVWLF UHVSRQV
PDWLRQ RUXQMXVWLILHG RSWLPLVP DERXW VA\VWHP UHVLOLHQFH ,Q SUD
LPSHUIHFW VLWXDWLRQDODZDUHQHVY GHOD\HG FRPPXQLFDWLRQV DQG

5HFHQW ZRUN> @ > @KDVDGYRFDWHGHPEHGGLQJFRUUHFWLYHDFWLR
7TKHVH DOORZ IRU MRLQW RSWLPL]DWLRQ RIUHGLVSDWFK ORDG VKHGGLQ
+RZHYHU WKHLUGHSOR\PHQWGHSHQGV RQ FKDUDFWHUL]JLQJWKHOLNHOI
FKDOOHQJH WKDW LQWHUVHFWYV ZLWK +XPDQ5HOLDELOLW\$QDO\VLV FRC

,Q VKRUW UHOLDELOLW\DVVHVVPHQW]DQG VHFXULW\DQDO\VLVLQ SDUW
GHUVWDQGLQJ KRZ SRZHU VA\VWHPV ZLWKVWDQG FRQWLQJHQFLHV DQG FD
VLPSOLI\LQJDVVXPSWLRQV 3UREDELOLVWLFDQG G\QDPLF PRGHOV EULQ
IURP FRPSXWDWLRQDO GHPDQGV WR WKH ODFN RI YDOLGDWLRQ DJDLQVW
RSHUDWRUVY UHVSRQG XQGHU VWUHVYVY 6RPH RI WKHVH LVVXHYV ZLOO EH U
DGGUHVVHG ZLWKLQ GHGLFDWHG PHWKRGRORJLFDOIUDPHZRUNYV IRU &33¢



,QDGGLWLRQ UHOLDELOLW\WHOOV XVZKHWKHUWKHJULGFDQFDUU\GHP!
GRHVQRWWHOO WKHIXOO VWRU\ $VHOHFWULF SRZHU V\VWHPV IDFHJURZ
GLVUXSWLRQV DQGLQWHUGHSHQGHQW IDLOXUHYV LW KDV EHFRPH FOHD
FXVHGRQWKHOLNHOLKRRGDQGIUHTXHQF\RIIDLOXUHV]DUHQRORQJHUD
HYVHQWLDO IRUHQVXULQJ VHUYLFH FRQWLQXLW\XQGHU H[SHFWHG RSHU
EHKDYLRUGXULQJDQGDIWHUKLJK LPSDFW ORZ SUREDELOLW\ +,/3 HYHC
RIUHVLOLHQFHDVDFRPSOHPHQWDU\SDUDGLJP IRFXVHGRQKRZV\VWHP\
WLRQV DQGUHFRYHUIURP GLVUXSWLRQ > @

$ZLGHO\DFFHSWHG GHILQLWLRQ RIUHVLOLHQFHLQ WKHHQHUJ\GRPDLQ |
DWHGLQ UHSRUWYV E\WKH ,QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH &KD
WKHFDSDFLW\WRDQWLFLSDWH DEVRUE DGDSWWR DQG UHFRYHU IURP K
QHU> @\> @ 7KLVPXOWLGLPHQVLRQDOIUDPLQJPRYHV EH\RQG UREXVW
VSHHG RIUHFRYHU\ DWWULEXWHV HVSHFLDOO\ SHUWLQHQW WR F\EHU SK'

7KLY EURDGHU XQGHUVWDQGLQJ RIUHVLOLHQFH KDV DOVR EHHQ HPSKDV|
86 I1DWLRQDO $FDGHP\RIGB6FLHQFHY 'HSDUWPHQW RI (QHUJ\ '2( DQG WK
7THFKQRORJ\ 1,67 KDYHHDFKLVVXHG VWUDWHILF UHFRPPHQGDWLRQV Wi
VSDQ QDWLRQDO SODQQLQJ VHYHUH ZHDWKHU SUHSDUHGQHVYVY DQG ULV
&ROOHFWLYHO\ WKH\ SRVLWLRQ UHVLOLHQFH QRW PHUHO\ DV D WHFKQLF
FRRUGLQDWLRQ FKDOOHQJHUHTXLULQJFURVYVY VHFWRUDODOLJQPHQW

,QUHVSRQVHWR WKHVHLQVWLWXWLRQDO SULRULWLHYVY VHYHUDO PHWKR
RSHUDWLRQDOL]JHUHVLOLHQFH (DUO\FRQWULEXWLRQV E\:KLWVRQDQG
UHVLOLHQFH DV D FRPELQDWLRQ RIIDLOXUH WROHUDQFH DQG UHFRYHU\ S
DFFRXQW IRUERWK UHVWRUDWLRQ WLPHDQG VSDWLDO XQFHUWDLQW\LQ
WKHVR FDOOHGUHVLOLHQFHWUDSH]RLG RUUHVLOLHQFHFXUYH ZKLFK
PDQFHIROORZLQJGLVUXSWLRQ> @ 3DQWHOLDQGODQFDUHOOD> @ >
EHWZHHQ RSHUDWLRQDO UHVLOLHQFH VHUYLFH FRQWLQXLW\ DQG LQIUL
SDLUWLPH DQGE\LQWURGXFLQJV\VWHP OHYHOLQGLFDWRUV WR TXDQW
FKDUDFWHUL]JHV WKH H[WHQW RI SHUIRUPDQFH GHJUDGDWLRQDQG WKH VS

JLIXUH $ FRQFHSWXDO UHVLOLHQFH FXUYHDVVRFLDWHG ZL

%XLOGLQJRQ WKHVH IRXQGDWLRQV VXEVHTXHQW UHVHDUFK KDV H[SORL
DWHEHWZHHQ VWUXFWXUDODQGRSHUDWLRQDO UHVLOLHQFH 3DQWHOL |
SURDFK WKDW GLVWLQJXLVKHY EHWZHHQ SK\VLFDO UHVLOLHQFH]JOLQNHC
WUXFWXUH]DQG RSHUDWLRQDO UHVLOLHQFH]JUHODWHG WR WKH FRQWURC(
7TKHLUPHWKRGRORJ\LQFRUSRUDWHV IUDJLOLWA\FXUYHV VA\VWHP SHUIRUF
GHJUDGDWLRQ UDWH UHVWRUDWLRQ ODWHQF\ DQG UHFRYHU\ FRPSOHWI
WKHEURDGHU UHVLOLHQFH F\FOH ZKLFK KDV EHHQ FRQFHSWXDOO\RUJD(
SUH HYHQW H J V\VWHPKDUGHQLQJ PLG HYHQW HJ GLVWXUEDQFHDE
DGDSWDWLRQ 6LPLODUVWDIJLQJLVDGRSWHG E\ (VSLQR]JDHW DO > @ L(
DQWLFLSDWRU\SODQQLQJDQGDGDSWLYHLQIUDVWUXFWXUH



ORUHUHFHQWO\ DGYDQFHVKDYHH[WHQGHGWKHVFRSHRIUHVLOLHQFHPR
HWDO > @ LQWHJUDWHKXPDQ RSHUDWRU EHKDYLRULQWR VLPXODWLRQ
GHFLVLRQ PDNLQJRQ UHVWRUDWLRQ WUDMHEWRULHY ,Q SDUDOOHO 8P
DQG TXDQWLWDWLYH VIQWKHVLV RI SRZHU VIVWHP UHVLOLHQFH PHWULFYV
WLRQDQG FRKHUHQW FDWHJRUL]DWLRQIUDPHZRUNYV 7KHLUZRUNFULWLT
LQGLFHV VXFK DV 6$,", 6\WVWHP $YHUDJH ,QWHUUXSWLRQ 'XUDWLRQ ,QGH
JUHTXHQF\,QGH[ LQFDSWXULQJWKHG\QDPLFDQG WHPSRUDO QDWXUH RI
IDEWRUV VXFKDV UHFRYHU\WUDMHFWRULHY WLPH YDU\LQJLPSDFWV SD!I
WKH\ SURSRVH D VWUXFWXUHG WD[RQRP\RI UHVLOLHQFH PHWULFV FDWH.
PHWULFV ZKLFKDVVHVV VI\VWHP UHVSRQVH WR VSHFLILF GLVUXSWLRQV \
VLF DWWULEXWHV VXFK DV UHGXQGDQF\RU FRQQHFWLYLW\ DQG SHUIRUP
EHKDYLRUDQG IXQFWLRQDO GHJUDGDWLRQ RYHU WLPH

‘KLOHUHVLOLHQFHDVVHVVPHQWLQLWLDOO\IRFXVHGRQSK\VLFDODVVHW
WXUH WKHJURZLQJLQWHJUDWLRQRILQIRUPDWLRQDQGFRPPXQLFDWLRQ
HQHUJ\UHVRXUFHV '(5V KDVVKLIWHGDWWHQWLRQWR&336 ,QWKHVHPRC
VLOLHQFH DQGGLVWULEXWHG FRQWURO SOD\FULWLFDO UROHV %DNNHQ
UHDO WLPHPRQLWRULQJDQGDGDSWLYHGHFLVLRQ PDNLQJLQHQKDQFLQ
GHKHWDO > @ IXUWKHU KLJKOLJKWHG WKH QHHG WR PRGHO FURVYV GRPI
RSHUDWRUV XQGHU VWUHVV HVSHFLDOO\LQ OLJKW RILQFUHDVLQJ,&7 GH

+HHWDO > @ DGYDQFHG WKLV GLVFRXUVHE\IUDPLQJUHVLOLHQFHLQ &
F\EHU WKUHDWV EXW DOVR WR WROHUDWH DGDSW WR DQG UHFRYHU IURP
UXSWLRQV 7KHLUVXUYH\LGHQWLILHGDEURDGUDQJHRIF\EHU SK\VLFDO
RXWOLQHG VWDWH Rl WKH DUW UHVLOLHQFHPHFKDQLVPV 7KHVHLQFOXC
IRU 6&%$'$ DQG SKDVRU PHDVXUHPHQW XQLW 308 QHWZRUNV G\QDPLF FRQ
PXQLFDWLRQ SDWKV DQG GHFHQWUDOL]JHG DXWRQRPRXV FRQWURO VWUD
RSHUDELOLW\ XQGHU F\EHU LQGXFHG VWUHVV DQG VXSSRUW JUDFHIXO G|
UHVLOLHQFH URRWHG LQ DGDSWDELOLW\DQG UHFRYHU\

$V WKH SUHFHGLQJ GLVFXVVLRQ KLIKOLJKWY UHVLOLHQFHDVVHVVPHQW
RSHQ FKDOOHQJHY 'HVSLWHQRWDEOH SURJUHVV WKHUHLV VWLOO QR XC
RGV RUFRUHPHWULFVY ODQ\H[LVWLQJIUDPHZRUNVLQDGHTXDWHO\DGGU
SDUWLFXODUO\VLQ VFHQDULRVLQYROYLQJFRQFXUUHQW RUFDVFDGLQJKE
XUbO GLVDVWHU )XUWKHUPRUH RSHUDWRU EHKDYLRU DGDSWLYH UHVS
RIWHQ RYHUORRNHG $ FULWLFDO JDS DOVR OLHV LQ WKH ODFN RIVWDQG
FRPSDUDELOLW\RIUHVLOLHQFHPHWULFVDFURVVGLIITHUHQW VWXGLHV DC
JDLQLQJWUDFWLRQ \HWHIIRUWV WRIRUPDOLI]HDQG FDWHJRUL]J]HUHVLOL
DUHYDOLGDWHGRQO\RQVLPSOLILHGWHVWV\VWHPY UDLVLQJFRQFHUQYV
DSSOLFDELOLW\ ORYLQJIRUZDUG WKHILHOG PXVW SULRULWL]HKDUPRQL
DOQGLQWHIJUDWHG PRGHOLQJRIF\EHU SK\VLFDO KXPDQ G\QDPLFV %ULG]
DQGGHSOR\DEOHVROXWLRQVLVHVVHQWLDOIRUHPEHGGLQJUHVLOLHQFF
HUQWUDQVPLVVLRQ VI\VWHPYV

ILWHUDWXUH $GGUHVVLQJ9XOQHUDELOLW\$QDO\VLV LQ .

5HOLDELOLW\DQG UHVLOLHQFH VWXGLHYVY VWDUW IURP WKHDVVXPSWLRQ!
PXFKDERXWZK\WKH\RFFXURUKRZWKH\PLIKWEHWULJIJHUHG 9XOQHUDE
ORRNVIRUWKHZHDNVSRWVLQWKHV\VWHPIWKHFRPSRQHQWY GHSHQGHQ
PRUHOLNHO\RUHDVLHUWRH[SORLW ,Q&336V WKLV SHUVSHFWLYHLVHVSE
RQ,&7 DXWRPDWLRQ DQG GLVWULEXWHG UHVRXUFHV RSHQVQHZ GRRUV I
IRUVPDOO IDXOWVY WR FDVFDGH S5HYLHZLQJ WKH OLWHUDWXUHLQ WKLV D
RYHUDOOULVN DQG ZK\D VI\VWHPDWLFDSSURDFKWRDVVHVVLQJWKHPLYV

&\EHU SK\VLEDO V\VWHPV ZHUH KLVWRULFDOO\GHVLJQHGIRUUHOLDELOL)
OHJDF\WHFKQRORJLHVDQG SURSULHWDU\ SURWRFROV WKDW ODEN EDVLF
RIWHQ LVRODWHG IURP WKH RXWVLGH ZRUOG 6WLOO WRGD\WKH\DUH LC
DQG HYHQ WKH LQWHUQHW WKHDGYHQW RI aVPDUW JULGVb DQG ,QGXVW!I
2SHUDWLRQDO 7THFKQRORJ\ KDV H[SDQGHG WKHDWWDFN VXUIDFH GUDPD
LQ,&6 HQYLURQPHQWY KDV EHFRPH FUXFLDO 8QSDWFKHG ZHDNQHVVHYV L



GDWD EUHDFKHV DQG SK\VLFDO FRQVHTXHQFHY OLNH HTXLSPHQW GDPDJF
WKH'HFHPEHU F\EHUDWWDFN RQ 8NUDLQH_V SRZHU JULG ZKHUH DWWLCL
WHPSRUDULO\FXW SRZHU WR FXVWRPHUV 7KLVLQFLGHQW ODWHUL
F\EHU K\JLHQH XQGHUVFRUHG WKDW GHWHUPLQHG DGYHUVDULHV FDQ LQ
E\H[SORLWLQJ ,&6 YXOQHUDELOLWLHV

$ &RPPRQ9XOQHUDELOLWLHVLQ ,QGXVWULDO &RQWURO 6\VWHPYV

/JHIDF\ 6\VWHPV DQG ,QVEFXQUBBPRYWBRAVVXH LV WKDW PDQ\ ,&6 FRPSRQ
RSHUDWLQJ VI\VWHPV DQG VRIWZDUH WKDW FDQQRW HDVLO\EH SDWFKHG |
SRZHUJULGV HJ 3/&V 578V SURWHFWLYHUHOD\V RIWHQ XVH GHFDGHYV
WKHFRPPXQLFDWLRQ SURWRFROV ZLGHO\XVHGLQ ,&6 VXFKDVORGEXV '1
VHEXULW\LQ PLQG 7KHVH SURWRFROV W\SLFDOO\KDYH QR DXWKHQWLFD
LQWHUFHSWHG VSRRIHG RUDOWHUHG E\DQ DWWDFNHU RQ WKH QHWZRU |
WUDIILFFDQEHPDOLFLRXVO\FUDIWHG WRLVVXHXQDXWKRUL]JHG FRQWUR
VHQGHU LGHQWLW\> @ )XUWKHUPRUH UHVHDUFKHUV KDYH GHPRQVWUTL
SOHPHQWDWLRQV RI'13 FRXOG HYHQ DOORZ D FRPSURPLVHG ILHOG GHYLF
GLVUXSWWKHPDVWHU 6&%$'$ VIVWHP_VYLHZRIWKHJULG ORUHRYHU WKH \
VWDWLRQV HJ DGRSWLRQRI,(& IRUDXWRPDWLRQ KDVLPSURYHGLQW
,7 QHWZRUN ZHDNQHVVHV WR HQYLURQPHQWYV WKDW ZHUH RQFH RQ LVROD
RI ,&6 DQG WKH LQVHFXUH E\ GHVLJQ SURWRFROV DUH PDMRU VRXUFHV RI
WKH\JDLQ QHWZRUN DFFHVYV

1IHWZRUNDQG &RQILJIXUDWHRHWDRIOMBUAKLWHFWXUH RI PDQ\ ,&6 LQVWD
EDWHV WKHLU YXOQHUDELOLW\ +LVWRULFDOO\ LQGXVWULDO QHWZRUNYV
SHULPHWHU ZDV DVVXPHG ZKLFKLVQRORQJHUYDOLG> @ 3RRUQHWZRLU
WDOO\OHDYLQJFULWLFDO GHYLFHVRQ WKH VDPH /$1 DV FRUSRUDWH 3&V |
DFRPPRQ YXOQHUDELOLW\LQ ,&6 HQYLURQPHQWY ,Q D VXUYH\RIHOHFW!
PLVFRQILJXUHG QHWZRUNYV ZHUH WKH VLQJOH PRVW VLJQLILFDQW FRQWU |
WKHUPRUH DWWDFNHUV IUHTXHQWO\H[SORLW aKROHVbLQ ,&6 QHWZRUN
SRUWV RUYXOQHUDEOH QHWZRUNLQJJHDU LQ RUGHU WR SHQHWUDWH FF
RIWHQ HDVLHU LQ ,&6 GXH WR WUXVW UHODWLRQVKLSV DQG D ODFN RILQW
DOVRDERXQG GHIDXOW SDVVZRUGV OHIWLQ 3/&V RU +0,V XQQHFHVVDU\\
WURO VHWWLQJV FDQ DOO SURYLGH DQ HDV\ IRRWKROG $ QRWRULRXV FD'
DFFRXQW LQ 6LHPHQV 5XJJHG&RP QHWZRUNLQJ HTXLSPHQW XVHG LQ SRZ*t
UHPRWHDFFHVVDQG WUDIILFLQWHUFHSWLRQRQFULWLFDOURXWHUV ZK!
FDQ XQGHUPLQHDQ HQWLUH VHIJPHQW RI WKHJULG_V FRQWURO QHWZRUN
ULJRURXV FRQILIXUDWLRQ PDQDJHPHQWLQ PDQ\RSHUDWLRQDO QHWZRU!
ELOLWLHYV

5HPRWH $FFHVV DQG 6 X S0RBDHRKQP RGHUDNLRQDO QHHGYV RIWHQ GHPDQG UH
H[DPSOH HQJLQHHUV PD\ UHPRWHO\ FRQQHFW WR VXEVWDWLRQV RU YHC
QRW PDQDJHG SURSHUO\ WKHVH SDWKZD\VLQWURGXFH VHULRXV YXOQHL
FRQWUROV VXFK DV VKDUHG SDVVZRUGV RUD ODFN RIPXOWL IDEFWRU DXV
PLVHV ,Q IDFW VXUYH\VVKRZ WKDW XQVHFXUH UHPRWH FRQQHFWLRQV D
JURZLQJVRXUFHV RI,&6 VHFXULW\LQFLGHQWY $WWDFNHUV VHDUFK IRU H
OLNH 6KRGDQ ZKLFK FDQ UHYHDO +0,V 578V RUEXLOGLQJPDQDJHPHQW
H[WHUQDOO\ UHDFKDEOH LQWHUIDFH\D 931 DQ5'3VHUYHU D FORXG EDV
DXWKHQWLFDWLRQ DQG PRQLWRULQJ RULW EHFRPHV D VRIW WDUJHW IR
RWKHU GLPHQVLRQ RIYXOQHUDELOLW)\ ,&6 DVVHW RZQHUV UHO\RQ PDQ\ W
'"HILFLHQFLHV RUPDOZDUHLQ YHQGRU VRIWZDUH XSGDWHV KDYHOHG WR F
ZDUHLQILOWUDWHG ,&6 YLDWURMDQL]JHG YHQGRUGRZQORDGY 6RPHYHQ
aPDLQWHQDQFHbEDFNGRRUVRUGHIDXOWFUHGHQWLDOVIRUFRQYHQLHQ]
FRQWDLQ FKLSVDQG OLEUDULHV VRXUFHG IURP YDULRXV VXSSOLHUV ZRU
FORVHGIODZ ,IDVVHWRZQHUVDUHXQDZDUHRIWKHVHLQKHULWHG ZHDNC
SDWFKHV RUFRPSHQVDWLQJFRQWUROV 7KHUHIRUH DOO WKHVHIDFWRU\
\WLV PXVW ORRN EH\RQG WKH LPPHGLDWH VI\VWHP FRQVLGHULQJUHPRWH
HFRV\VWHP

+XPDQ DQG 3URFHVV 9XQQBOD EQRPWWOMNVZHDNQHVVHY DUH WHFKQLFDO QI
DQG SUDFWLFHV FRQWULEXWH VLIJQLILFDQWO\WR ,&6 ULVN O0DQ\FRQWUF



LQ F\AEHUVHFXULW\ DQG D ODFN RIVHFXULW\DZDUHQHVV RUWUDLQLQJLV
LQVWDQFH HQJLQHHUV PLJKW XQNQRZLQJO\OHDYH V\VWHPV PLVFRQILJX
DGYHUVDULHVDQLQLWLDO HQWU\ )XUWKHUPRUH LQVLGHUWKUHDWV ZK
FULWLFDOHQYLURQPHQWY 6RPHWKLQJDVVLPSOHDVDQDXWKRUL]JHG XVF
SOXJIJLQJDQLQIHFWHG ODSWRSLQWRDVHQVLWLYHQHWZRUN FDQFLUFX
WDWLRQDQGDVVHWYLVLELOLW\DUHRIWHQ ODFNLQJ ,WLVKDUGWRVHFX
PDLQWDLQ DQ XS WR GDWHLQYHQWRU\RI,&6 DVVHWY QHWZRUN PDSV D¢
XQLGHQWLILHGDQG XQSDWFKHG

,QVXPPDU\ DFRPELQDWLRQ RIOHIJDF\WHFKQRORJ\LVVXHVY QHWZRUN FF
DQG KXPDQ IDFWRUV DOO FRQWULEXWH WR WKH YXOQHUDELOLW\RIFULW
FHQW ,&6 LQFLGHQWYV KDYH KLIJKOLJKWHG UHFXUULQJ WKHPHV VXFK DV XC
DXWKHQWLFDWLRQ PHFKDQLVPV DQG RXWGDWHG VRIWZDUH DV NH\ SRLQ\
TXLUHVWHFKQLFDO ILIHVDQGLPSURYHG SROLFLHVDQGWUDLQLQJWRHO

% )RFXVRQ3RZHU*ULG 9XOQHUDELOLWLHYV

B3RZHU JULGV H[HPSOLI\WKH FKDOOHQJHV RIVHFXULQJ F\EHU SK\VLFDO V\
VSDQVIHQHUDWLRQ SODQWYV WUDQVPLVVLRQ VXEVWDWLRQV DQG GLVWL
VIVWHPZLWKPDQ\SRWHQWLDODWWDFNSRLQWY 3K\WLFDOH[SRVXUHLVD
WKHIJULGLQYROYHVUHPRWHVLWHVRIWHQLQSXEOLFRUXQJXDUGHGORFCLC
GHYLFHVY VHQVRUV VPDUWPHWHUYV DXWRPDWHG VZLWFKHYV RXWVLGH XV
SRWHQWLDOO\JDLQ SK\WVLFDODFFHVV> @ )XUWKHUPRUH DFRPSURPLVH
SLYRWLQWRWKHEURDGHUFRQWUROQHWZRUN )RUH[DPSOH DQDQDO\VL
DWWDFNHUZKRJDLQVDFFHVVWRDaQRQ FULWLFDObILHOGGHYLFH OLNH
HIHFXWHDWWDFNV DJDLQVW KLJKHU OHYHO VA\IVWHPV E\VHQGLQJPDOLFLF
WKHWUDGLWLRQDODVVXPSWLRQ WKDW ORZHU OHYHO GHYLFHVDUHLVRO
YXOQHUDELOLWLHVLQILHOGHTXLSPHQWILUPZDUH RU SURWRFROV FDQ K|

*ULG &RPPXQLFDWALKRHOSRYWBFHMFWRUUHOLHVRQDPL[RIROGDQGQHZFRPF
VRPHFDVHY OHJDF\6&$'$LQWUDQVPLVVLRQVXEVWDWLRQVVWLOO XVHV\
GHSOR\PHQWYV XVH ,3 EDVHG QHWZRUNV 7KH FRH[LVWHQFH RI WKHVH WHF
1RWDEO\ HDUO\UHJXODWLRQV OLNHWKH 1(5& &,3VWDQGDUGV IRFXVHG R
EXWOHIW VHULDO OLQNV DQG RWKHU QRQ URXWDEOH FKDQQHOV OHVV JR
ILUHZDOOV IRUWKHLU ,3QHWZRUNV \HW XQNQRZLQJO\H[SRVHG GLDO XS
FRXOG H[SORLW )XUWKHUPRUH WKH SXVKIRU VPDUW JULGY KDV DOVR OF
DQG SODWIRUPVLQJULGRSHUDWLRQV EULQJLQJDOO WKH W\SLFDO ,7 YX
VXUYH\ KLIJKOLJKWYVY WKDW XVLQJ  QWHUQHW 3URWRFRO ,3 IRU XQLIRUP |
WKH VA\VWHP VXVFHSWLEOH WR ,3 EDVHG DWWDFNV VXFK DV VSRRILQJ DQGC
GHQLDO RI VHUYLFHDQG LQWUXVLRQ DWWHPSWV RQJULG FRPPXQLFDWL]
WKHPRQLWRULQJDQG FRQWURORIHOHFWULFLW\A\IORZ ORUHRYHU DQRW!|
PHWHUV RIWHQRQH SHUKRXVHKROGLQDGYDQFHGJULGY ©6PDUWPHWHU
$0, WKDW FRPPXQLFDWHY XVDJH GDWD WR XWLOLWLHY 9XOQHUDELOLW
HQDEOHHQHUJ\WKHIW SULYDF\LQYDVLRQ LQIHUULQJKRPHRFFXSDQF\ €
RIPDQ\ FXVWRPHUV 5HVHDUFKHUV KDYH SRLQWHG RXW WKDW WKH JUDQ>
RU OHDNHG FDQ FRPSURPLVHFRQVXPHU SULYDF\DQG EHDEXVHG LQ VRFL
LOQWURGXFHVDGGLWLRQDO OD\HUVRIYXOQHUDELOLW\DW WKHLQWHUVHI
DXWRPDWLRQ VIVWHPV WR FXVWRPHU OHYHO GHYLFHYV

IRWDEOH7KUHDWVIPH&SRRAKRUGHQ&KDY EHHQ D SULPHWDUJHW IRUDGYDQFF
LOQOFLGHQWV LOOXVWUDWHKRZYXOQHUDELOLWLHVWXUQLQWRDWWDFNYV
LQ XVLQJ WKH ,QGXVWUR\HU &UDVK2YHUULGH PDOZDUH VKRZHG WKDYV
NQRZOHGJH 7KH\OHYHUDJHG VWROHQ 931 FUHGHQWLDOV DQG PDOZDUH
DOVR WRRN VWHSV OLNH ZLSLQJ VHUYHUV DQG ILUPZDUH WR KLQGHU UHFF
QHWZRUNVHIJUHIJDWLRQDQG ZHDN FUHGHQWLDO PDQDJHPHQW DOORZLQJ
EXWLRQPDQDIJHPHQW QHWZRUN ,Q UHSRUWV HPHUJHG RIF\EHU LQWU
DWWDFNHUVH[SORLWHGD931DSSOLDQFHYXOQHUDELOLW\DQG WKHQ PRY
HYHQ DQ ,7 VLGH YXOQHUDELOLW\FDQ OHDG WR ,&6 FRPSURPLVH LI SURSFH
6WDWH 8QLYHUVLW\_V 3RZHU&\EHU WHVWEHG KDV VKRZQ WKDW DWWDFNH
UHOD\ RSHQLQJD OLQH EUHDNHU E\FDSWXULQJ6&$'$ WUDIILFDQG UHSO
FRPPHUFLDOHTXLSPHQW> @ 7KHVHVFHQDULRVXQGHUVFRUHWKHLPSRL



%\PDSSLQJ RXW SRWHQWLDO DWWDFN SDWKV GHIHQGHUV FDQ LGHQWLI\
F\EHUVHFXULW\ XVHG DWWDFNJUDSKVWRHQXPHUDWHKRZDQDWWDFNHU
WHFWLRQ UHOD\VWDQG FLUFXLW EUHDNHUV > @ 7KHVWXG\LQWURGXFHG
DWWDFNVWHSY ,WTXDQWLILHG KRZTXLFNO\D VNLOOHG DWWDFNHU FRXC
YXOQHUDELOLWLHV RUDWWDFN SDWKV PXVWEHDGGUHVVHG ILUVW 6XFK
WLRQ WKDW\RX PXVWDVVXPH WKHJULG ZLOO EH SUREHG DQG DWWDFNHG
OLQNVEHIRUHWKHDGYHUVDU\GRHV 7RVXP XS SRZHUJULGV FRQFHQWUD
OHJDF\GHYLFHV ORQJ GLVWDQFH QHWZRUNV PDQ\ VWDNHKROGHUV SK
DQDO\VLVDQG SURDFWLYHUHPHGLDWLRQHVSHFLDOO\YLWDO LQ WKLV VH

& 9XOQHUDELOLW\ GHQWLILFDWLRQOHWKRGVIRU ,b&6

SBHUIRUPLQJYXOQHUDELOLW\DQDO\WVLVLQ,&86HQYLURQPHQWV UHTXLUHV
FDQEHWRRULVN\RULQHIIHFWLYHIRUIUDJLOH 27 VA\VWHPV %HORZ ZHRX

3DVVLYH $VVHW 'LVFRYHU\ DQ®% ILHWW WRUNHRIOMWR SDQYYLYHO\PDS WKH ,&6 (
DVVHWYV ZLWKRXW DFWLYHO\ SURELQJWKHP 7RROV FDQ FDSWXUH QHWZR
OLVW 3/&V +0,V HQIJLQHHULQJZRUNVWDWLRQV DQG WKHLU VRIWZDUH YH
UHYHDO REYLRXV LVVXHY HJ DGHYLFHEURDGFDVWLQJDQRXWGDWHG I
VLYHPRQLWRULQIJFDQGHWHFWDQRPDORXVFRPPXQLFDWLRQVWKDW KLQ!
7TKHUHIRUH PDQ\RUJDQL]DWLRQV XVHVSHFLDOL]HG ,&6 QHWZRUNPRQLWF
ORGEXVRU'13 ZKLFKFDQIODJXQXVXDO FRPPDQGVRULGHQWLIV\GHYLFHV
PHWKRGVDORQHZRQ_WILQGDOO YXOQHUDELOLWLHY WKH\HVWDEOLVKTE

&DUHIXO $FWLYH 6FDQQLQJ D §EWIHNGHYWXIDQWHILROELOVWLYFDQQLQJI LQ ,&6 P
WUHPHFDXWLRQ 8QFRQWUROOHGVFDQQLQJRUH[SORLWDWWHPSWV FRX
+RZHYHU SHQHWUDWLRQWHVWLQJFDQEHFRQGXFWHGRQ ,&6 27 QHWZRU
WKRXJK WKHUH LV DOZD\V ULVN ZKHQ SURSHUO\SODQQHG WLJKWO\FRQ\
RIIOLQHWHVWLQJRUD UHSOLFDWHG WHVWEHG PLPLFNLQJWKHUHDO FRQ
DVWUXFWXUHG DSSURDFK UHFRQQDLVVDQFHRIWKH ,&6 QHWZRUN  WE
WHQ GXULQJPDLQWHQDQFH ZLQGRZV DQG H[SORLWDWLRQRQO\LQ ODE
LQVWDQFH RQHPLJKW VFDQDVXEVWDWLRQ /$1IRUNQRZQ YXOQHUDELOL
IX]]WHVW RI D SURWRFRO LPSOHPHQWDWLRQ WR VHHLILW FUDVKHV )XUW
DEOHLQ XQFRYHULQJPLVFRQILIXUDWLRQVDQG ODWHQW YXOQHUDELOLW
KHOSVWHVW WKHHIILFDF\RIVHFXULW\FRQWUROV ,PSRUWDQWO\ DQ\VX]
HUVDQGLQFOXGHIDLO VDIHV ORUHRYHU PDQ\EHVW SUDFWLFHJXLGHV |
VWDUWLQJZLWK UHDG RQO\RU VLPXODWLRQ EDVHG WHVWV DQG SURJUHV
7KRXJK UHVRXUFH LQWHQVLYH UHG WHDP H[HUFLVHV DJDLQVW ,&6 DUH L
DQG UHVSRQVH

9XOQHUDELOLW)\ 'DWDEDVH YV DERONKKHIH B MO, QIVWHRIQ B BHYQXFH HUDELOLW)\ DQ
YXOQHUDELOLWLHY DQG WKUHDW UHSRUWYV 7KH 8 6 &,6$ ,&6 &(57 SXEO
YDULRXV SURGXFWV $QDO\WWV FDQ FRUUHODWH WKHLUDVVHW LQYHQWR!
H[LVWLQWKHLUHQYLURQPHQW 1RWDEO\ WKHYROXPHRI,&6&9(VKDV EHH
&,6$LVVXHG ,&6 UHODWHGDGYLVRULHVHQFRPSDVVLQJRYHU &9(V >
REVHUYHG WKDW DERXW  RIWKH ,&6 YXOQHUDELOLWLHV ZHUH UHPRW|
FRPSOH[LW\> @ <HW RQO\D VPDOO IUDFWLRQ KDG SXEOLFO\DYDLODEC
KDYH HDVLO\ H{[SORLWDEOH IODZV WKDW IRUWXQDWHO\ KDYH QRW DOO E
IL[ WKHP EHIRUH DWWDFNHUV WDNH QRWLFH ORUHRYHU XWLOL]LQJ WKU
$77 &. IRU ,&6 NQRZOHGJH EDVH RU YHQGRU VSHFLILF DOHUWY FDQ KHOS
OLNHO\WR EH WDUJHWHG 2UJDQL]DWLRQV VKRXOG PDLQWDLQ D VWUXFW
ZKLFK LQFOXGHV VXEVFULELQJ WR ,&6 &(57 DGYLVRULHV PRQLWRULQJ W
DQG VWD\LQJLQIRUPHG RQWKUHDW DFWRU 773V 7DFWLFV 7HFKQLTXHV 3

$QDO\WLFDO DQ @FADGMIPQADTRE® VQGXVWU\KDYHGHYHORSHG WRROV WDLO
RYHU WKH ODVW GHFDGH 5HVHDUFKHUV KDYH FUHDWHG ,&6 VSHFLILF IX]
LQ SURWRFROV )RUH[DPSOH DQ ,((( VWXG\LQ XVHG DXWRPDWHG VWLE
IODZVLQ VPDUW JULG GHYLFHV )XUWKHUPRUH WHVWEHGV OLNH 3RZHU&\F
VLPXODWLRQ RI F\EHU DWWDFNV RQ JULG HTXLSPHQW ZLWKRXW HQGDQJF
IUDPHZRUNV VXFK DV WKH 'HSDUWPHQW RI (QHUJ\_V & EHU 6HFXULW\ (YDO
ZLWKDJXLGHGDVVHVVPHQWRIWKHLUFRQWURO V\VWHP VHFXULW\SRVW X



DQ , &6 DIJDLQVW VWDQGDUGY OLNH1,6763 RU ,62 ,(& ORUHRYHU
YXOQHUDELOLWA\VFDQQHUVFRQILIXUHGIRU27 ZKLFKFDQVDIHO\NTXHU\ 3/¢
I1HVVXV KDV ,&6 SOXJLQV +RQH\SRWVDUHDQRWKHUWHFKQLTXH GHSOR\I
DWWDFNHUVDQGUHYHDO WKHH[SORLWV WKH\DWWHPSW WKHUHE\KLJKO|

,QVXPPDU\ HIIHFWLYH ,&6 YXOQHUDELOLWALGHQWLILFDWLRQLVDPXOWL
FDXWLRXVDFWLYHWHVWLQJ LQWHOOLJHQFHRQNQRZQLVVXHY DQGHYH:(
XQLTXHFRQVWUDLQWYV RIRSHUDWLRQDO WHFKQRORJ\

" OLWLIJDWLRQDQG %HVW 3UDFWLFHV IRU ,&86 9XOQHUDELOLWLHYV

,GHQWLI\LQJ YXOQHUDELOLWLHV LV RQO\RQH SDUW DFWLQJRQ WKHP SU
LQIUDVWUXFWXUH 8QOLNH,7 VIVWHPV ZKHUHRQHFDQ IUHTXHQWO\DSSO
RIWHQ KDYH VWULFW XSWLPHUHTXLUHPHQWY DQG VDIHW\FRQVWUDLQWYV
IRUPDLQWHQDQFH GXULQJLQIUHTXHQW VFKHGXOHG RXWDJHV DQG VRPH
7KXV DULVN EDVHG DSSURDFKLVHVVHQWLDO SULRULWL]HWKHPRVW GD
RIIL[HVDQG FRPSHQVDWLQJFRQWUROVWR UHGXFHWKHULVNWRDQDFFH

,QGXVWU\ EHVW SUDFWLFHVY DQG VWDQGDUGY FRQYHUJH RQ D GHIHQVH L¢
RPPHQGHG PHDVXUHV LQFOXGH SDWFKLQJDQG XSGDWLQJ,&6 VRIWZDUH
NQRZQ YXOQHUDELOLWLHY QHWZRUNVHJPHQWDWLRQDQGLVRODWLRQ V
IURP EXVLQHVYV QHWZRUNV RUWKHLQWHUQHW DQG VHFXUHUHPRWH DFFF
VWURQJDXWKHQWLFDWLRQ IRUDQ\UHTXLUHG FRQQHFWLRQV )XUWKHUPTF
UHGXFLQJRUHOLPLQDWLQJH[SRVXUHRIFRQWURO GHYLFHV )RUH[DPSOH
ZDOOV DQG QRW UHDFKDEOH YLD RSHQ LQWHUQHW FRQQHFWLRQV :KHQ U
XVHPRGHUQHQFU\SWLRQ 931VRURWKHUVHFXUHFKDQQHOV DQGNHHS W|
HYHQ 931 DSSOLDQFHV FDQ KDYH YXOQHUDELOLWLHV LI QRW SDWFKHG

$GGLWLRQDOO\ DVVHWRZQHUV DUH XUJHG WR KDUGHQ WKH VXSSRUWLQJ
QRWWKHFRQWUROOHU LWVHOI EXW WKH :LQGRZV ZRUNVWDWLRQ RU QHW.
VHFXULQJWKHVH aXSVWUHDPb GHYLFHVY WKURXJK SDWFKLQJ UHPRYLQJG
GHSOR\LQJSURWHFWLYHVRIWZDUH DSSOLFDWLRQ ZKLWHOLVWLQJ DQWI
LQJODSWRSV %\GRLQJVR HYHQLIDILHOG GHYLFH KDV DQ XQSDWFKDEC
DWWDFNHUIURP HDVLO\UHDFKLQJRUH[SORLWLQJLW

:KHUH SDWFKHVFDQQRWEHDSSOLHG FRPSHQVDWLQJFRQWUROVFRPHLQ
WLRQ VIVWHPV WXQHG IRU ,&46 SURWRFROV UHDG RQO\HQFODYHV IRU FUL
TXHQWO\ F\FOH FUHGHQWLDOV $QLOOXVWUDWLYHPLWLIJDWLRQLVLPSO
WKDWDOORZGDWD RXWRIWKHFRQWURO QHWZRUNIRUPRQLWRULQJ EXW
7KLV FDQ FRQWDLQ WKH LPSDFW RI DQ ,7 EUHDFK 5HJXODU EDFNXSV DQG
3/& RU+0,LVFRPSURPLVHG KDYLQJDNQRZQ JRRGFRQILIXUDWLRQ WR TXl
GRZQWLPH WKRXJKRQHPXVWHQVXUHWKHEDFNXSLWVHOILVQ_WLQIHFW

%RWKDFDGHPLFUHVHDUFKDQGLQGXVWUNIUDPHZRUNV HPSKDVL]JHFRQWI
QRWDRQH RII SURMHFW LWUHTXLUHVRQJRLQJYXOQHUDELOLW\PDQDJHI
DXGLWV RI WKH ,&6 ZLWK H{IWHUQDO H[SHUWV RULQWHUQDO WHDPV LQY
KRZWRKDQGOHD GHWHFWHG EUHDFK DQG XSGDWLQJULVNDVVHVVPHQW
DUHDGRSWLQJWKH1,67 &\EHUVHFXULW\)UDPHZRUNRU WKH ,6% ,(& VW
JRUH[DPSOH ,(& RXWOLQHVHVWDEOLVKLQJDQ ,&6 F\AEHUVHFXULW\
LGHQWLILFDWLRQ YXOQHUDELOLW\DVVHVVPHQW DQG SDWFK PDQDJHPH
Q\VEHUVHFXULW\ 3HUIRUPDQFH *RDOV IRU FULWLFDO LQIUDVWUXFWXUH SL
LOFLGHQWUHVSRQVHSODQ PRQLWRULQJUHPRWHDFFHVV HWF

ILWHUDWXUH $GGUHVVLQJ $SSOLFDWLRQ ,PSDFW $VVHVYV

2QFHYXOQHUDELOLW\DQDO\WLVUHYHDOV ZKHUHD VA\VWHP LV ZHDN DSSOI
ZKHQ WKRVHZHDNVSRWVDUHDFWXDOO\KLW ,Q&336V WKLVPHDQV ORRN
RU SK\VLFDO GLVWXUEDQFH ULSSOHV WKURXJKDVVHWY FRQWUROV DQG
FHQWUDO UROH LWHVWLPDWHV KRZOLNHO\GLIIHUHQW F\EHUDWWDEFNYV D
%\FDSWXULQJWKHVHFKDLQVRIFRQVHTXHQFH LPSDFWDVVHVVPHQW OLC
HITHFWV RQ SRZHU V\VWHP DVVHWV DQG DSSOLFDWLRQV]SURYLGLQJDEUL
SUHKHQVLYHULVNDVVHVVPHQWLQ &336V



$SSOLFDWLRQLPSDFWDVVHVVPHQWH[DPLQHV KRZF\EHU RU SK\VLFDO GL\
QHVVHV PRGLI\WKHEHKDYLRURIWUDQVPLVVLRQ OHYHO DSSOLFDWLRQV
 WIRUPVWKHOLQNEHWZHHQ YXOQHUDELOLW\DQDO\VLVDQG SK\VLFDO LI
DQG H[SRVXUHLQWR DSSOLFDWLRQ VLGHLQGLFDWRUV IRUPRQLWRULQJ
WKHSUREDELOLW\WKDWDSSOLFDWLRQVUHFHLYHGHJUDGHGLQSXWV FR
TXDQWLILHVY KRZWKHVHGHJIJUDGDWLRQV FKDQJH WKHRXWSXWY WKDW RSF
HVWLPDWHYV DODUPV VHWSRLQWY DQG SURWHFWLRQ GHFLVLRQV

$ FRQVLVWHQW ILQGLQJ LQ WKHOLWHUDWXUH LV WR H[SUHVVY DSSOLFDW.L
DWWKHLQWHUIDFHEHWZHHQ WKHFRPPXQLFDWLRQ OD\HUDQG WKHDSSO
VWDWH HVWLPDWLRQUHVLGXDOVDQG WRSRORJ\ FRQVLVWHQF\LQGLFDW
VIQFKURSKDVRUDQG 6&%'$ VWUHDPV FRPPDQG DFFHSWDQFH RXWFRPHV
FRQWURO DQG FRQWURO ORRS ODWHQF\DQG SDFNHW ORVV PHDVXUHYV IF
$*& 7KHVHYDULDEOHV DUH SURGXFHGDQGFRQVXPHGE\DSSOLFDWLRQV
RQ OLYH V\VWHPVDQG UHSURGXFLEOH LQ VLPXODWLRQDQG WHVWEHGYV

WLRQV HDFKYDULDEOHFDQEHWLHGEDFNWRDVSHFLILFF\EHUFRQGLWL]I
SK\WLFDOLQGLFDWRUYV

6WDWHHVWLPDWLRQ GULYHVPDQ\UHDO WLPHWUDQVPLVVLRQDSSOLFDW
WKDW FDUHIXOO\ VWUXFWXUHG PHDVXUHPHQW FKDQJHVY FDQ HYDGH EDG
WKDW IHHGY FRQWLQJHQF\DQDO\WLYVY UHPHGLDODFWLRQ VFKHPHY DQGC
VHQVRU FRPSURPLVH WR DSSOLFDWLRQ RXWSXWV WKDW VWLOO ORRN SOL
DZURQJWRSRORJ\YLHZFDQ VWHHU WKH FRQWURO URRP RSWLPL]JHU LQ V
VHWWLQJVDVIHDVLEOHDQG FKDQJH GLVSDWFKDQG ORFDWLRQDO SULFHV
> @ ,Q SUDFWLFH WKHDSSOLFDWLRQ LPSDFW DSSHDUV ILUVW DV FRVW
HTXLSPHQWLVVWUHVVHG &RPSOHPHQWDU\UHVXOWYV VKRZWKDWHYHQW
WRZDUG ELQGLQJOLPLWY FDQGLVUXSWWKHRSWLPL]DWLRQ SURFHVV DQ
RUGHOD\HG> @ 5HODWHGDQDO\WHVTXDQWLI\KRZZURQJEUHDNHU VWDV
DVVHVVPHQWV DQG SULFHV ZKLFKPDNHV WRSRORJ\SURFHVVLQJDPHDVX
WRIJHWKHU WKHVHILQGLQJVY VXSSRUW XVLQJUHVLGXDO VWDWLVWLFV W
IODJVDVDSSOLFDWLRQLPSDFWDVVHVVPHQWLQGLFDWRUYV

7TLPHLQWHJULW\A\LVFULWLFDOIRUZLGH DUHD PRQLWRULQJDQG SURWHFW
VDPSOLQJDQG FRQVLVWHQW SKDVHDQJOHV $VWXG\RQWLPH VIQFKURQ
URUV DW PHDVXUHPHQW XQLWYV LQWURGXFH D SHUVLVWHQW SKDVH RIIVHYV
PDUJLQV DQGHYHQW ORFDWLRQLQ FRQWURO URRPDSSOLFDWLRQV > @
SDVV VLPSOH SODXVLELOLW\ FKHFNV VR WKH ILUVW VIPSWRPV DUH ZHDNI
([SHULPHQWDO ZRUN VKRZV WKDW DSSO\LQJ FRQWUROOHG WLPH RIIVHWYV |
GULYHDZLGH DUHD FRQWUROOHURXWVLGHLWY VDIHRSHUDWLQJUHJLRQ
RQJUDSKVLIJQDO SURFHVVLQJFRQYHUWYV WKLVLQFRQVLVWHQF\LQWRD U
OD\HU> @ 7KHVHILQGLQJVVXSSRUWXVLQIJWLPH RIIVHWGLVWULEXWLR(
GLDWH YDULDEOHVIRUDSSOLFDWLRQ LPSDFWDQDO\VLV> @

7THOH FRQWURODQGGLJLWDO VXEVWDWLRQPHVVDILQJFUHDWHDQRWKHL
$ WHVWEHG VWXG\RQ ,(& VKRZVWKDW PDQLSXODWLQJRUUHRUGH!
PDNHWKHFRQWURO URRPYLHZQRORQJHUPDWFKWKHILHOGVWDWH OHD
GHOD\HG RSHUDWRU DFWLRQV> @ 7KHVDPHVWXG\GHVFULEHVY PHVVDJF
ZKLFK KHOSV HVWLPDWH KRZ RIWHQ VXFKDSSOLFDWLRQ IDFLQJ GLVWXUE
GDWDVHWIRUWKHVDPHSURWRFRO VKRZV ZKLFKDWWDFN IDPLOLHYV FRPPF
IRUZHLIJKWLQJVFHQDULRVLQLPSDFWFKDLQV> @ 6WXGLHVRQ,(& *2
FDQFDXVHIDOVHWULSVY RUEORFNUHTXLUHG WULSVY XQGHUUHDO WLPH FF
WREUHDNHUORJLF> @ $FRPSDQLRQUHVXOWVKRZVWKDWGHQLDO RI VI
DQG ORVV IRUWLPH FULWLFDO PHVVDJHV DQG UDLVHV PLVRSHUDWLRQ Sl
7TKHVHILQGLQJV PRWLYDWH XVLQJ SDFNHW GHOD\GLVWULEXWLRQV ORV)
DSSOLFDWLRQ IDFLQJLPSDFW YDULDEOHYV

(VWLPDWLQJ WKH OLNHOLKRRG RIDQ DWWDFNHU UHDFKLQJDQG FKDQJLQ
SDWK PRGHOV WKDW FRPELQH H[SRVXUH UHDFKDELOLW\ DQG GHIHQGHU
SUREDELOLW\WKDW WKHSULYLOHJHVY QHHGHG WRDOWHUDQDSSOLFDWLRF
VHOHFWLRQ LQLPSDFW VWXGLHV > @ 7KHVDPHPRGHOV FDQ EH XSGDW'F
WLPH YDU\LQJ SRVWHULRUV $Q HDUO\ FULWLFDO LQIUDVWUXFWXUH IUDF



RQHZRUNIORZ VROLNHOLKRRGDQG HIITHFWRQDSSOLFDWLRQ IXQFWLRQV
DWWDFN JUDSKDQDO\VLV ZLWK SRZHU VA\VWHP PRGHOVDQG FRQILIJXUDWL
QRGHY DQGSDVVHVWKRVHSUREDELOLWLHVWRFRQVHTXHQFHPRGHOV W
WKHVHPHWKRGY SURYLGH WKH SUREDELOLW\LQSXWV QHHGHG WR UDQN D

&RQYHUWLQJWKHSUREDELOLW\WKDWLQSXWVDUHPDQLSXODWHGLQWRT
PHQWV WKDW SUHVHUYHUHDOLVWLFWLPLQIJDQGPHVVDIJHFRQWHQW ZKLC
SUDFWLFH FR VLPXODWLRQOLQNV D SRZHU VA\VWHP VLPXODWRU ZLWK D Q
VLILHG YDOXHV UHDFK WKHDSSOLFDWLRQ RQUHDOLVWLFWLPHOLQHV $\
DQGKRZWRPDLQWDLQ QXPHULFDO VWDELOLW\DQG WLPHDOLJQPHQW ZKI
WLRQ OD\HU> @ $FRPSDQLRQDUWLFOHJLYHV ZRUNHG H[DPSOHV ZKHUF
DQGDXWRPDWLRQ VRIWZDUH DUH HI[HUFLVHG XQGHU FRQWUROOHG FRPPX
RYHUYLHZRIDQRSHQ VRXUFHFR VLPXODWLRQ SODWIRUPVKRZV KRZWR FI
WRROV ZKLFKPDNHV VWXGLHVRIDSSOLFDWLRQLPSDFWIHDVLEOHDW WU

&RQWURO ORRSVWXGLHVWUDQVODWHWKHJIHQHUDO ZRUNIORZLQWRPHD
WURO IRUPDO UHVXOWYV VSHFLI\ZKHQ ELDVRUGHOD\LQIUHTXHQF\DQG W
EH\RQG DFFHSWDEOH OLPLWY > @ 7KHVHUHVXOWY GHILQHUHVSRQVH FX
WRH[SHFWHG UDQJHV RIDUHD FRQWURO HUURU FRQWUROHIIRUW DQG VH

7TKHUHYLHZHG OLWHUDWXUH SRLQWYV WR D SUDFWLFDO VHTXHQFH IRU DSSES
VHVVPHQWPHWKRGVLQWUDQVPLVVLRQ VI\VWHPRSHUDWLRQV 7KHILUVW
LQWHUPHGLDWH YDULDEOHV FRQVXPHGE\DSSOLFDWLRQV LQFOXGLQJ ZK
IOLS ZKLFK SURWRFRO ILHOGY DUH VSRRIHG DQG ZKDW WLPH RIITVHWYV D £
SUREDELOLW\WKDW WKHVH YDULDEOHV RFFXU E\ XVLQJPRGHOV WKDW LQ
\LHOGLQJ VLWH VSHFLILF SULRUV > @ 7KH WKLUG VWDJH SURSDJDWHV W
FR VLPXODWLRQRUWHVWEHGVDQGUHFRUGVHVWLPDWLRQHUURU FRPPD
KDYLRU DQGFRQWURO SHUIRUPDQFH 7KHIRXUWKVWDJHH[SUHVVHV WKH
FDQODWHUEHFRPELQHG ZLWK SK\VLFDO LPSDFWDVVHVVPHQWDQG ZLWK
> @ 7KLVVHTXHQFH SUHVHUYHV RXWSXWV LQ WKH XQLWV DQG LQGLFDW
PLVRSHUDWLRQ SUREDELOLW\ GLVSDWFKIHDVLELOLW\ DQGDODUP ODWF

7ZR PHWKRGRORJLFDO SRLQWV IURP WKH OLWHUDWXUH DUH UHOHYDQW IR
VKRZWKDWDSSOLFDWLRQHIIHFWVRIWHQDSSHDUEHIRUH SK\WVLFDO OLPL
ZDUQLQJDQG WKH YDOLGDWLRQRIF\EHU FRQWUROV GXULQJFRPPLVVLRQ
VXFFHVV GHSHQG RQ PRGHOLQJ FKRLFHVY WKHUHIRUH FDOLEUDWLRQ ZLW
LELOLW\RISULRUVDQG SRVWHULRUV DW WUDQVPLVVLRQ VFDOH> @ 8QCc
PHQW OLQNVH[SRVXUHDQG OLNHOLKRRG WRPHDVXUDEOHFKDQJHVDQG L
SK\WLFDO LPSDFW PRGHOVDQGULVNDVVHVVPHQW SURFHVVHV > @

&URVYV 3LOODU &KDOOHQJHV LQ &336 5LVN$VVHVVPHQW

7KH SUHYLRXV VHFWLRQV WUHDWHG UHOLDELOLW\ UHVLOLHQFH YXOQHL
PHQW %XW WKHOLWHUDWXUHPDNHV LW FOHDU WKDW VRPHFKDOOHQJHV
IURP WKHLU LQWHUDFWLRQ ZKLFKPDNHV WKHP PRUH G L IGIDRXID WAD R BHVR
DQG WKH LQFRQVLVWHQW W UHPLSW B HEDAD Rl YX.@BAHHQUAM DULHOPAD\L QV OLPLWH G D W
WUXVLRQV DUH RIWHQ XQGHUUHSRUWHG RUSRRUO\VWDQGDUGL]HG > @
TXDQWLI\> @ DQG UHDO ZRUOG FDVFDGLQJIDLOXUH VWDWLVWLFV DUH L
PXVWUHO\RQH[SHUW MXGJPHQW V\QWKHWLFVFHQDULRY RUODERUDWR!
RIHSLVWHPLF XQFHUWDLQW\ ORUHRYHU WKLV XQFHUWDLQW\LV VHOGRP
GHULYHG IURP F\EHU DWWDFN JUDSKV RU %D\HVLDQ PRGHOV> @ > @ DU
TXHQFHPRGHOV OHDYLQJD SHUVLVWHQW GLVFRQQHFW EHWZHHQ XSVWU

$ VHFRQG V\VWHPDEYWSJOEMM.RQ DQG VHPEFQR ¥ WKHGMW FKBHVQW OD\HUV |
DVVHVVPHQW (DFKGRPDLQUHOLHVRQLWVRZQWHFKQLTXHVDQGLQGLFD
&:( &9( EDVHG FODVVLILFDWLRQV> @ DSSOLFDWLRQLPSDFWVWXGLHV U]
RUWLPH VIQFKURQL]DWLRQ IODJV> @ > @ ZKLOH SK\VLFDO LPSDFW DQ
UHVLOLHQFHLQGLFHVVXFKDV/2/3 /2/( RU&&')VRIORDGORVV> @ > @ :
FRQWH[WV WKHVHPHDVXUHV DUHUDUHO\KDUPRQL]HG LQWR D FRPPRQ IU
SUHW UHVXOWV FRQVLVWHQWO\ DFURVY GRPDLQV (YHQ ZKHQ LQWHJUDW
FRPSRVLWH F\EHU\SK\VLFDO ULVN VFRUHV GHULYHG IURP 6&%$'$ EDVHG LQ'



WRUHFRQFLOH ZLWK WKHHVWDEOLVKHG VHPDQWLFV RISRZHU VA\VWHP RS
LQWHUQDOO\VRXQG ZLWKLQ WKHLURZQ SLOODU EXWIUDJLOH ZKHQ FRXSC
VXSSRUW

$ WKLUG VA\VWHPRTFOVE KBIBEWFRQVLVWHQWO\DFWVY DV D ERWWOHQHFEN IRU
HU\DWWHPSW WRLQFUHDVH ILGHOLW\]ZKHWKHU E\HPEHGGLQJPRGHOV R
SK\VLFDOIHHGEDFN ORRSV> @ RUSHUIRUPLQJ XQFHUWDLQW\ DZDUH VD
JURZGUDPDWLFDOO\ OHDGLQJWRWKHZHOO GRFXPHQWHG SUREOHP RI VF
WKLV EXUGHQWKURXJKFR VLPXODWLRQ SODWIRUPV> @RUK\EULGDSSUF
ZLWK PDFKLQH OHDUQLQJFODVVLILHUV > @ KDYHVKRZQ SURPLVH EXW W
JUDQXODULWANLQFUHDVHVUXQWLPH KLIJIKHUUHDOLVPUHGXFHVWUDFWDE
SXWDWLRQDOFRVW $VDUHVXOW VFDODELOLW\LVQRWDQLVRODWHG FKI
WKHIHDVLELOLW\RITXDQWLILFDWLRQ UHDOLVP DQGWHPSRUDO FRXSOL

$ IRXUWK VAVWHP L FYIDDEL GQHHRUNQ G AHFKKPHRINL@QUWUDIPHQWHG DFURVYV
OD\HUV RI &336 ULVN DVVHVVPHQW ORVW H[LVWLQJ VWXGLHV DUH VWLOO
LVRODWHG FDVH VWXGLHYV PDNLQJLW GLIILFXOW WR HYDOXDWH SHUIRUF
7TKHUH LY FXUUHQWO\QR ZLGHO\DFFHSWHG EHQFKPDUN WKDW LQWHJUDW
WLFV DQG SK\VLFDO FDVFDGLQJ RXWFRPHV LQ D XQLILHGIUDPHZRUN :LV
RIWHQ QRQ FRPSDUDEOH DQG ULVN HVWLPDWHY UHPDLQ GLIILFXOW WR R
LQVWLWXWLRQDO IUDIJPHQWDWLRQ VWDNHKROGHUV YHQGRUV DQG UHJ
HPSOR\KHWHURJHQHRXV WRROV DQGDGRSWLQFRQVLVWHQW ULVNWROH
YDQFHG SUREDELOLVWLFRUVLPXODWLRQ EDVHGIUDPHZRUNV ULVNUHPD
DQGGHFLVLRQ VXSSRUW SURFHVVHVLQUHDOWUDQVPLVVLRQ VI\VWHP RS]

,QVXPPDU\ VAIVWHPLFJDSV LQ &336 ULVNDVVHVVPHQW DULVHIURP WKH FI
PDQWLF PLVPDWFKHY VFDODELOLW\ FRQVWUDLQWY DQG IUDJPHQWHG Y
WKHEURDGHU OLWHUDWXUH RQ F\EHU\SK\VLFDOULVNDQG FULWLFDO LQIL
FLHOQWO\DGGUHVVHGLQSUDFWLFDOPHWKRGRORJLHYVY 2YHUFRPLQJWKHP
WR HILVWLQJPRGHOV KPHWQIDW Q R MGUHIG-F BMIKEDOAHCBEQASRD KQHHMUWDLQW\ WR E
FRQVLVWHQWO\ DFURYXWY 0P RHUYHGNSBDAMWUBBYGJH F\EHU DSSOLFDWLRQ D
WRUV > @ ¥WE@QBO@E® G L ]H GVEKDW KIRMENMWH UHSURGXFLELOLW\A\DQG FRPSDUL
> @ (PEHGGLQJWKHVH HOHPHQWV LOQWR LQWHJUDWHG IUDPHZRUNV LV F
HYROYHLQWR GHFLVLRQ VXSSRUW WRROV WKDW DUHERWKWHFKQLFDOO\
VI\IVWHP RSHUDWRUYV

&RQFOXVLRQV

7KLV FKDSWHU VXUYH\HG PHWKRGV DFURVV WKH WKUHH SLOODUV RI &336
FRPLQJY ORVWDSSURDFKHV UHPDLQLQFRPSOHWH WKH\UDUHO\WUDFH |
ZKDWDQRSHUDWRUZLOODFWXDOO\GRXQGHUSUHVVXUH WRWKHSK\VLFL
RIWHQLGHDOL]HG DWWDFNGHWHFWDELOLW\ HJ XQGHU)',$ LVQRW FDL
LVWUHDWHG XQHYHQO\DFURVYVY OD\HUV :KHUH G\QDPLFVDQG SURWHFWLI
VFDOH ZLWK JXDUDQWHHYV RQ DFFXUDF\ )LQDOO\ ZHDN GDWD DYDLODELC
PDUNV PDNHUHVXOWY KDUGWRFRPSDUHRUYDOLGDWH

$GGUHVVLQJ WKHVH VKRUWFRPLQJVY UHTXLUHVY DQ LQWHJUDWHG YLHZ (O
GULYHQWKUHDWHQXPHUDWLRQDQGUHDOLVWLFDWWDFNSDWKY VKRXOC
ZKLFKLQ WXUQ PXVW FRQQHFW WR G\QDPLFV DZDUH FRQVHTXHQFH DVVHYV
JDSVLGHQWLILHGLQWKLVFKDSWHUSURYLGHWKHEDVLVIRU&KDSWHU Z
GHYHORSHGLQ &<35(66 7TDVN



$VRXWOLQHGLQ &KDSWHU F\EHU SK\VLFDO SRZHU V\VWHP &336 ULVND
SLOGBUWLFDO ,PSDFVW $OQHVUDEH QIMIES@RLE DM VR Q ,P S BEW BQVHY Y MKMW H
SLOODUV UHTXLUHVY GHGLFDWHG PHWKRGV WKDW FDQEHFRPELQHGLQWR L
SURMHFW KDV GHYHORSHG ILYH WDUJHWHG PHWKRGRORJLHYV HDFK DGGU!
WKH\IRUPDVHWRIEXLOGLQJEORFNVWKDW H[WHQG WKHVWDWHRIWKH DL
DVVHVVLQJF\EHU SK\VLFDO ULVNYV

7KHILYHIUDPHZRUNV SUHVHQWHG LQ WKLV RRKB B WWHAXOQ XW\E U\DNVSVW K 1V |
OXOWLOD\HUHG 3ReZHFWL\R Y HPWBURYLGHV D FURVV FXWWLQJPHWKRGRORJ
LQWHJUDWLQJYXOQHUDELOLW\GDWD DUFKLWHFWXUDOPRGHOV DQGDW
RSHUDWLRQDO DQG SK\VLFDO LPSOLFDKWIHOQWO RGR S 0@ & HEDRIKTRW K LR/ W |
FXVHV RQ VIVWHPDWLF HQXPHUDWLRQRI,&6 VSHFLILF W KOXHDUWHUD\EL@L &0
$QDOSYDWDU3KEYGHDO ,PSDFWWAHBPYPBQWEDELOLVWLF ORGHOLQJ RI &D"
6HFWLRQ LQFRUSRUDWHY YDULDELOLW\ DQ @BGRI\WHGW2KRIPUD VR H 5 K'Q
IUDPHZRUN B6HFWLRQ LQWHJUDWHYV KXPDQ UHOLDEL®QWPDQW'R23) ED
WHFWLRQ )UBHHERBR Q WDUJHWYV HDUO\VWDJHV RIWKH F\EHUNLOO FKDL
WLPHO\GHIHQVLYHDFWLRQ 7RJHWKHU WKHVHFRQWULEXWLRQVVWUHQJ
SURYLGHD FRKHUHQW UHVSRQVH WR WKH JDSVLGHQWLILHGLQ &KDSWHU



S\EHUVHFXULW\5LVN $VVHVVPHQWLQ OXOWLOD)
WKURXJK9OXOQHUDELOLW\ GHQWLILFDWLRQ DQ

Q\EHUVHFXULWANULVNDVVHVVPHQWLQ SRZHU VA\VWHPV UHTXLUHV D FRPSU
YXOQHUDELOLWLHY H[SORLWDWLRQ WHFKQLTXHV DQG OD\HUHG QHWZR
ODFN VXFKD KROLVWLF SHUVSHFWLYH 7KLVIUDPHZRUNLGHQWLILHVY WKH
LQWHJUDWHYV &9(V WKH3XUGXHPRGHO DQGDWWDFNWHFKQLTXHY HQDE
ELOLWLHVFDQEHH[SORLWHGDFURVV QHWZRUN OD\HUV

7KLVIUDPHZRUN SUHVHQWV D FRPSUHKHQVLYHWRROIRUHYDOXDWLQJF\E
DWWDFNSDWKV E\H[WUDFWLQJ&9(VIURPWKHI1DWLRQDO 9XOQHUDELOLW)
WLRQ WHFKQLTXHV IURP WKHO0,75(%$77 & UHSRVLWRU\> @ 5HDOLVWLF D\
DUFKLWHFWXUHIRU ,7DQG ,&46 QHWZRUN VHIPHQWDWLRQ LQFRUSRUDWLC
SRVHG IUDPHZRUN LWLV DSSOLHG WRIRXUFRPPXQLFDWLRQ QHWZRUN PR
HQKDQFHVOLNHOLKRRGFDOFXODWLRQV 7KHIUDPHZRUNLVWHVWHGRQQ
LRXV SURWHFWLRQUHOD\V 7KHNH\FRQWULEXWLRQV RIWKH  SUHVHQWHG

= §KDOOHQURIYHO ULVNDVVHVVPHQW IUDPHZRUNFDSDEOHRIDXWRPDWLF
&9(VLQVHIJPHQWHG FRPPXQLFDWLRQ QHWZRUNV HQDEOLQJDGDSWDEQ

" §KDOOHRKRPSUHKHQVLYH F\AEHUVHFXULW\ULVNDVVHVVPHQW E\OLQNL
SORLWDWLRQ WHFKQLTXHVIURP WKHO,75(%$77 & UHSRVLWRU\ RIIHULQ.

= EKDOOH$SIHIOLFDELOLW\WR UHDOLVWLF PXOWLOD\HUHG DQG VHIJPHQW
WKH3XUGXHUHIHUHQFHDUFKLWHFWXUH HQVXULQJIUDPHZRUN UREXVYV

= KDOOHQFRUSRUDWLQJWHPSRUDOIDFWRUV OLNHWKHSHUVLVWHQFHF

OHWKRGRORJLFDODSSURDFKDQGPRGHOLQJDVVXPSWLR

7TKHSURSRVHGULVNDVVHVVPHQWIUDPHZRUNFRQVLVWVRI VWHSV 6\VWE
DOQGDWWDFNSDWKH[WUDFWLRQ LPSDFWDQGOLNHOLKRRGFDOFXODWLR
7TKHVHVWHSVDUHGHWDLOHGLQWKHIROORZLQJVHFWLRQV

6\VWHP $VVHW ,GHQWLILFDWLRQ

,QWKHLQLWLDO VWDJH RI WKH SURSRVHG IUDPHZRUN WKH WDUJHW QHW.
ULIHGLQWR VHFXULW\PHDVXUHY GHYLFHV VRIWZDUH DQG VHUYHUV 7KI
VXEVWDWLRQ FRPPXQLFDWLRQ QHWZRUNV 7KH ,(& DUFKLWHFWXUH FI
7KH SURFHVV OHYHO FRQVLVWV RI ILHOG GHYLFHV WKHED\OHYHO LQFOX
GHYLFHV ,('V DQGUHPRWHWHUPLQDO XQLWYV 578V DQGWKHVWDWLRQO
VXSHUYLVRU\FRQWURODQG GDWD DFTXLVLWLRQ 6&%'$ GHIHQVHPHDVXL

, 7 , &6 IHWZRUNV 6HIPHQWDWLRQDQG $WWDFN 3DWK ([ WUDFWLRQ

7TKLVIUDPHZRUN XWLOL]JHV WKH 3XUGXHPRGHOIRU ,7DQG ,&6 QHWZRUN VF
QHWZRUNV LQWR VL[ OHYHOV /HYHOV IRUWKH ,&6 QHWZRUN DQG IRL
VWDUWYV ZLWK LQLWLDO DFFHVV WR WKH ,7 QHWZRUN W\SLFDOO\WKURXJI
HVFDODWHSULYLOHJHYV E\SDVVGHIHQVLYHPHDVXUHYVY DFFHVVFUHGHQW
WKHQHWZRUN DQG SLYRWWRWKH ,&86 QHWZRUN 7KHVHVWHSV FDQ EH FRC
RQ WKH DUFKLWHFWXUH DQG FRPSRQHQWYV RI WKH QHWZRUN $IWHU PRYL
H[SORLWLQJ&9(VLQ6&%$'$ +0, VRIWZDUH )LQDOO\ WKH\PDQLSXODWH ,('V

,QDWWDFNSDWKH[WUDFWLRQ WKHREMHFWLYHLVWRLGHQWLI\&9(VWKD)
EHH[SORLWHG XVLQJDWWDFNWHFKQLTXHV GHVFULEHGLQO,75( 7KHVHDV
FRPSRQHQWV ZLWKLQ FRPPXQLFDWLRQ QHWZRUNV DQG H[SORLWDWLRQ W
WKHPHWKRGRORJ\RIH[ WUDFWLQJDWWDFNSDWKVDFURVVVHIJPHQWHG ,7
RI&9(VDQG H[SORLWDWLRQ WHFKQLTXHVDWHDFKVWDJHRIDF\EHULQWU

7TKHIORZFKDUW LOOXVWUDWHYVY D VWHS E\ VWHS SURFHVV IRU V\VWHPDWL
WKHQHWZRUN ,QLWLDOO\ SRWHQWLDO YXOQHUDELOLWLHV &9(V IRUWL
IURP WKH 19" UHSRVLWRU\ 7KHVH &9(VDUHUHILQHGEDVHGRQH[SORLWDW



JLIXUH $XWRPDWLFDWWDFN SDWKH[WUDFWLRQDOJRL

7KHSULYLOHJHUHTXLUHPHQW WRH[SORLW WKHYXOQHUDELOLW\
7TKH SDWFKLQJVWDWXV RIWKHYXOQHUDELOLW\ DVSHUQHWZRUN VSH
7TKHW\SHRIDFFHVVQHFHVVDU\WR H[SORLW WKH &9( HJ SK\WLFDO Q

JRUHDFK &9( FRUUHVSRQGLQJ H[SORLWDWLRQ WHFKQLTXHV DUHH[WUDF
VSHFLILFUHTXLUHPHQWY &9(VDQG WKHLUDVVRFLDWHG WHFKQLTXHV DU
WRSWHPV ZLWK WKHKLJKHVW VFRUHYVY 7KLV SURFHVVLVUHSHDWHG LWHU

$VWKHDWWDFN SURJUHVVHV WKHRXWSXWV IURPHDFKVWHSDUHLQWHJL
LQVWDQFH DW WKH SULYLOHJH HVFD &9W LIRGVIWD/RF LVID KMHH GHWIHFH @ IOTLX/KW
ZLWK WDKKHWDFN SDWKV IURP WKH S U HBIRRAXWQW/LHEO D MAKEIDAMLS)DIVWL QY 7KHVH |
WKHQILOWHUHGWRHQVXUHFRPSDWLELOLW\DQGIXOILOOPHQWRISUHURH"
HVWDEOLVKHG LQ HDU O L HS.DWKNSAL WL K WK fWKIHI WIRGW OLNHOLKRRGV DUH Ul

7TKHLWHUDWLYH SURFHVVFRQWLQXHV WKURXJKVXEVHTXHQW VWDJHV VX
PLQDWHVDWOHYHO RIWKH,&86 QHWZRUN ZKHUHWKHDWWDFNHUDFKLHY
QHQW $W WKLV VWDIJH RQO\WKHPRVW SUREDEOHDQGLPSDFWIXO DWWD
PHWKRGRORJ\LVHQVXULQJ WKDW HDFK VWHS DOLJQV ZLWK WKH UHTXLUF
WR H[SORLW WKH &9( YXOQHUDELOLWN\ZLWKDQHYHQW WULJIJHUHC
KDYHJDLQHG WKH QHFHVVDU\ XVHU SULYLOHJHVDQG QHWZRUNDFFHVYV G.



SULRULWL]LQJSDWKY WKHPHWKRGRORJ\HQVXUHV WKDW RQO\WKHPRVW
DUHFRQVLGHUHG HQDEOLQJD WDUJHWHGDQGHIIHFWLYH F\EHUVHFXULW

/ILNHOLKRRG DQG 3K\VLFDO ,PSDFW &DOFXODWLRQ

$VVHVVLQJ F\EHU ULVNV LQ SRZHU VA\VWHPV UHOLHVY RQ WZR FULWLFDO GL
SK\VLFDOLPSDFW /LNHOLKRRGUHIOHFWV KRZSUREDEOHLWLVIRUDF\EH
WKH V\WVWHP ZKLOH SK\VLFDOLPSDFWPHDVXUHVY WKHSRWHQWLDO GLVUX

ILNHOLKRRG

7TKHOLNHOLKRRG RIDWWDFN SDWKV LV GHILQHG E\SHUVLVWHQFH UDWH D(

A,

& sP€ # zga

&>l
ZKHUHg a DQQJHSUHVHQWWKH VXFFHVV SUREDELOLW\ SHUVLVWHQFHUD
LQ WKH DWWDFRREXWQKADWLRQ QHWZRUN UHV S H E g HYDHRO H XKW KSHD & DEFSHWID 1T
RIWRHY XOQHUDELOPPWOHWEZRUQ W6 YDOXHY UDQJLQJIURP WR DUHGFE
SDUDPHWHUV WKDWHYDOXDWHWKHFRPSOH[LWA\DQGHDVHRIH[SORLWLQ.
IURPWKHIDOOQGFDQEHWUDQVODWHGLQWRLQGLYLGXDOVXFFHVV SUREDEL
WR DFKLHYHG EA\GLYLGLQJ E\ $WWDFN VWUDWHILHY FDQ WDUJHW P X
LQYROYLWYDYEVWDW L RQ¥FHMVKXQURBFHVVIXO H[SORLWDWLRQV WKH OLNH
A5{T 5866
b é e o € . 5

0> 6s , 0SS« »
ZKHUHKH LV WKH OLNHO)EY(\RFH—GQIR)IUWRHZKLFK LYV FDOFXODWHG E\DFFXPXODW
SRVVLEOH FRPELOQPWLRQVZKLEKWZRUNVY DUHVXFFHVVIXOO\H[SOPRLWHGR
QHWZRUNV 3BDOGWHIHWWKH VHW RIVXFFHVVIXODQGIDLOHG H[SORLWDMW

7TKLVVWXG\LQWURGXFHVD QRYHO SDUDPHWHU UHIHUUHG WR DV WKH SHU
WLRQ HQKDQFLQJWKHDFFXUDF\DQG UHDOLVPRIULVNDVVHVVPHQWYV 7K
DQDWWDFNHUPDLQWDLQLQJDFFHVVWRDV\VWHPRYHUWLPH DFFRXQWLC
XSGDWHYVY DQGWKHGXUDWLRQRIDWWDFNDWWHPSWY 7KLV SDUDPHWHU |

a

& T,
T

ZKHUH ;DQG! 3;DUHWKHSUH SHUVLVWHQFHDWWDFN GXUD/MNQR@DQG PHL
ZRUN PRGHO 7KH9SDUD®RHWHMHQWY WKHDYHUDJH QHWZRUN UHERRW WLP

WHFKQLTXH LPSOHPHOIWDWVRMXKXH WRWDO DWWDFN GXUDWLRQ OHDGLQJ\
OLNHOLKRREQHRMZWKN PRGHO WKH SUH SHUVLVWHQFHDWWDFN GXUDWLR

2 Bsol! 5 ZLWKSHUVLVWHQFH
c@so!! 5 ZLWKRXWSHUVLVWHQFH

&

ZKHUHsUHSUHVHQWY WKH WLP H¥RSFRPISURW L RID MR H F K@LOIG 1D UFDW RR HW H L
VHW RIDOO DWWDFNWHFKQLTXHV DQG FUGHSWHARULN ARIQHF G W H M IS® ETKLENHIG

BK\WLFDO LPSDFW

7KHSK\WLFDOFRQVHTXHQFHRIDQDWWDFNFDQEHPHDVXUHGWKURXJK YD
YROWDJHGHYLDWLRQV DQG VWDELOLWAPHDVXUHY 7KHVHLQGLFHV DUH \
DWWDFNV 7KHFRPELQHG SK\WVLFDOFRQVHTXHQFHFDQEHUHSUHVHQWHG

36(*p <4 b8y b8y o< psd

ZKHUBgEHQRWHY SWKAMLFDO LP SDF VWBARMHQLIFURIRVMKMG WK H\S\W KB ZHWIKW L QJ
IDFWRU IRU WEKBFW PHWULF 7KHWRWDO QXPEHU RISK\VLFDO LPSDFW PHW



7TDEOH &\EHU SK\VLFDODVVHWV RIWKHVWXGLHVY FRPPXQLFDWLRQ QH

&RPSRQHQW ORGHO ORGHO ORGHO ORGHO
$SQWLYLUXV %LWGHIHQGHU *UDYLW\=RQH OFS$IHH $YDVW
6HFXULSWKWKHQWLFDWLRQ $FWLYH 'LUHFWRU\ /'$3 SURWRFRO .HUEHURV SDP
PHDVXUHVHZDOO 6RSKRV Y 05 &LVFR 6% 3DOR $OWR 1IHWZRUNV )R
'6 6QRUW 6XULFDWD 6QRUW 6XULFDWD
(WKHUQHW VZLWFK &LVFR &DWDO\VW +LUVFKPDQQ 563( &LVFR &DWDO\V
*DWHZD\ &LVFR &DWDO\VW ,5 OR[D ('5 5XJJHGFRP 5: &RPWUH
"HYLFHWO, 6(+DUPRQ\67 $GYDQWHFK 6(+DUPRQ\67 $%% &3
(! 6LHPHQV 6LSURWHF 6LHPHQV 6LSURWHF 6LHPHQV 6LSURWHF
578 OLWVXELVKL578 6,&$0 &3 0L&20 & *(OXOWLOLQ "
&RPPDQG OLQHWRRO 3RZHUGKHOO 3RZHUBKHOO 3RZHUGKHOO
'REXPHQW UHDGHU $GREH5HDGHU $GREH5HDGHU $GREH5HDGHU
+0, 6&%'S$ (FREWUX[XUH 6&%$'$ $GYDQWHFK 6&$'$ ,*66 6 ( $%% &RF
2SHUDWLQJV\WWHP :LQGRZV ILQX[ BEXQWX :LQGRZV LQGI
6RIWZDEHPRWH DFFHVV 5HPRWH 'HVNWRS 6HFXUH BKHOO 5HPRWH 'HVNWRS
66+ FOLHQW 3X77< 2SHQ66+ 3X77< 3X77<
7H[W HGLWRU OLFURVRIW 21ILFH JLEUH2IILFH OLFURVRIW 21ILFH
931 3XOVH &RQQHFW 6HFXUH 3XOVH &RQQHFW 6HFXUH 3XOVH&RQQHFW
‘HE EURZVHU *RRJOH &KURPH *RRJOH &KURPH *RRJOH &KURPH L
‘DWDEDVH VHUYHU 2UDFOH 'DWDEDVH F OLFURVRIW 64/ 6HUYHU 2UDFOH 'DWI
6HUYHUM.VWRULDQ VHUYHU $9(9%$ 3, 6\WWHP *('LJILWDO +LVWRULDQ :RQGHUZDUH -
/RIVHUYHU *UD\ORJ 6SOXQN/RJ2EVHUYHU *UD\ORJ 6SC

5LVN &DOFXODWLRQDQG 4XDOLWDWLYH $VVHVVPHQW

7KHILQDO ULVN)VDOWMDORN WKHHQDULR LV TXDQWLILHG E\FRPELQLQJWKHO
ZLWKLWVDVVRFLDWHG SK\VLFDOLPSDFWPHWULFV DVIROORZYV

191 pP 36(%p

I1XPHULFDO ULVN UHVXOWY RIWHQ ODFNLQGLYLGXDO LQWHUSUHWDELOLYV
1,67 ULVNPDWUL[> @LVHVVHQWLDO 7KLV PDWUL[FODVVLILHV F\EHU DW
EHWZHHQ VFHQDULRVZLWKLQLGHQWLFDOULVNOHYHOV WKH1,67ULVNPL
DVVLIQVIX]]I\QXPEHUVY WR IRUOLNHOLKRRGDQGLPSDFWYDOXHV UHV

&DVHG6WXG\ ,PSOHPHQWDWLRQ DQG5HVXOWYV

7TKLVVWXG\PRGHOV GLITHUHQW VHW SRLQWDGMXVWPHQWDWWDFNV RQ YI
JRULHVRISURWHFWLRQ UHOD\WLVDVVRFLDWHG ZLWKIUHTXHQF\YDULDW
WLRQUHOD\V 7KLVFDWHJRU\LQFOXGHV8)/6 52&2) DQGRYHU DQG XQGHU
LQPDLQWDLQLQIJWKHVWDELOLW\DQGLQWHIJULW\RIWKHJULG )RUHDFKF
VWUDWHI\LVGHVLIQHG ZKLFKUHVXOWVLQ SRZHULPEDODQFH FDVFDGL(

7KHSURSRVHG IUDPHZRUNLV DGDSWDEOH WR SRZHU VA\VWHP FRPPXQLFDW
DQGF\EHUFRPSRQHQWY 7KLVVWXG\SUHVHQWVIRXUFRPPXQLFDWLRQQH
E\FRPSRQHQWV IURPGLYHUVHDQG UHSXWDEOHYHQGRUYV 7KHLPSOHPHQ'
FDVHVWXGLHVLVGHWDLOHGLQWKHIROORZLQJVHFWLRQV

7TKHVSHFLILFDWLRQV RIWKHSURSRVHG FRPPXQLFDWLRQ QHWZRUN PRGH
GLYHUVH SURWHFWLRQ PHDVXUHV FRPPRQO\WDUJHWHG VRIWZDUH DSSC
DORQJZLWKVHUYHUV OLNHGDWDEDVHVDQG KLVWRULDQV ZKLFKDUHIUH

%DVHG RQWKHJIJHQHUDO DWWDFN SDWK GHVFULSWLRQDQGOHYHUDJLQJW
FLILF DWWDFN SDWK LV GHYHORSHG IRUHDFK VXEVWDWLRQ QHWZRUN 7K
FRPSRQHQWVDVVRFLDWHG ZLWKHDFKQHWZRUN VLWXDWHGDFURVV GLII
SDWKVDUHLOOXVWUDWHGLQDQDWWDFNWUHH DVVKRZQLQ)LJ JRU H
VFRUHLVLGHQWLILHG (DFKQRGHLQ WKHDWWDFNWUHHUHSUHVHQWYV D
QHWZRUN ODEHOHGE\QXPEHUV ZLWKWKHURRWQRGHUHIOHFWLQJ WKH



>W@
J)LIXUH ((WUDFWHG DWWDFN WUHHEDVHG RQ WKH 3XUGXI|

(DFKEUDQFKLQWKHDWWDFN SDWKVLVOLQNHGWRDVSHFLILFH[SORLWDYV
> @ $WWDFNSDWKVDUHFDWHIJRULJHGLQWR YDULRXV]RQHVEDVHGRQ HJ
WR GLITHUHQW OD\HUV RI WKH 3XUGXHPRGHO LQGLFDWLQJWKH3XUGXHO
HDFKH[SORLWHG FRPSRQHQW UHVLGHV 'LVWLQFWLRQVEHWZHHQ ,7DQG,

7TKHVSHFLILFDWLRQV RIDWWDFN SDWKV DUHRXWOLQHG LQ 7DEOH 7KL
SRQHQWYV WKHLULQGLFHV ZLWKLQDWWDFN SDWKV H[SORLWHG &9(V &96
IRULGHQWLILHG &9(V %DVHG RQ WKH SURYLGHG LQIRUPDWLRQ LGHQWLIL

$WWDFN SDWK IRU QHWWHZIRWW P REHO®IDLQV , 7 QHWZRUNDFFHVV YLDDOLFUR\
&9(DQGHYDGHY GHWHFWLRQ WKURXJKD %LWGHIHQGHU *UDYLW\=RQH YXC
DUHDFKLHYHG E\H[SORLWLQJIODZVLQWKH:LQGRZVVHFXULW\DFFRXQW I
OLFURVRIW60% UHPRWHFRGH H[HFXWLRQ &9( $FFHVV WR WKH ,&6 QHWZRL
YXOQHUDELOLWLHY IROORZHGE\V\ILUHZDOODQG ,'6 HYDVLRQWKURXJK6RS
(FR6WUX[XUH +0, 6&$'$ HQDEOHVDFFHVV WROHYHO FXOPLQDWLQJLQPD

$WWDFN SDWK IRU QHWHE RWNWPFGHO H[SORLWYV D *RRJOH &KURPH &9(IRU ,7
HYDWHY SULYLOHJHV WKURXJK D /LQX[ NHUQHDI &9( b&SB/MEH WL DQNV DUH H]
ILOHVY DQG SHUVLVWHQFHLVJIJDLQHGE\DFFRXQWFUHDWLRQ 2SHQ66+10D
WRULDQ &9(DOORZV SLYRWLQJWR WKH ,&86 QHWZRUN )LUHZDOODQG ,'6 SU
&9(V $Q$GYDQWHFK +0, 6&$'$ H[SORLWJUDQWV OHYHO DFFHVV OHDGLQ.

$SWWDFN SDWK IRU Q BWEZIRWWPHRIGAIQYY ZLWK D SKLVKLQJ H[SORLW LQ $GREH
DOQWLYLUXV HYDVLRQ .HUEHURDVWLQJDQG WDVN VFKHGXOHU FRPSURPL
ORYHPHQW WR OHYHO DQG SLYRWLQJWR , &6 DUHDFKLHYHG YLD UHPRWH (
ZDOODQG ,'6 DUH E\SDVVHG XVLQJ YXOQHUDELOLWLHV LQ 3DOR $OWR 1HW
+0, 6&$'$ HQDEOHV OHYHO DFFHVV HQGLQJZLWKPDQLSXODWLRQRIOHYFH

$SWWDFN SDWK IRU QBMMARKUQPRGHPLUHIR[LQLWLDWHY ,7DFFHVV IROORZH
D1IHWORJRQ &9(DQGGLVDEOLQJ(6(7DQWLYLUXYV &UHGHQWLDODFFHVV D
DQG 3RZHUG6KHOO &9(V ORYHPHQWV WR OHYHOV DQG DUHHQDEOHG E\ 9¢
DQG6XULFDWDDUHE\SDVVHG DQGDQ$%% +0, 6&$'$ H{[SORLWJUDQWVDFF



7TDEOH $WWDFN SDWKV VSHFLILFDWLRQV

,QGH[ &9( 7DUJHW FRPSRQHQW (ISORLWDWLRQ WDFWLF ([SORLWDWLRQ
&9( OLFURVRIW :RUG  QLWLDO DFFHVV 6SHDUSKLVKLQJDWWDFKI
&9( *RRJOH &KURPH ,QLWLDO DFFHVV 6SHDUSKLVKLQJDWWDFKF
&9( $GREHS5HDGHU ,QLWLDO DFFHVYV 6SHDUSKLVKLQJDWWDFKF
&9( OR]LOOD )LUHIR] ,QLWLDO DFFHVV 6SHDUSKLVKLQJDWWDFK
&9 ( /ILQX[PHPRU\PDQDJHPHQW 3ULYLOHJHHVFDODWLRQ ([SORLWDWLRQ IR
&9( $YDVW $QWLYLUXV 3ULYLOHJHHVFDODWLRQ ([SORLWDWLRQ IR
&9 ( 1HWORJRQ UHPRWH SURWRFRO 3ULYLOHJHHVFDODWLRQ ([SORLWDWL
&9( %LWGHIHQGHU *UDYLW\=RQH ‘"HIHQVH HYDVLRQ (ISORLWDWLRQ IRU
&9( 6RSKRVY 05 '"HIHQVH HYDVLRQ ([SORLWDWLRQ IRUGHIHQVH H
&9( &LVFR 6% "HIHQVH HYDVLRQ (ISORLWDWLRQ IRUGHIHQVH H
&9( 6XULFDWD '"HIHQVH HYDVLRQ ([SORLWDWLRQIRUGHIHQVF
&9 ( YRUWLQHW )RUWL?26 '"HIHQVH HYDVLRQ (ISORLWDWLRQ IRUGHI
&9( 6QRUW '"HIHQVH HYDVLRQ ‘\QDPLF OLQN OLEUDU\LQMHF
&9 ( 3DOR $OWR IHWZRUNV "HIHQVH HYDVLRQ %\SDVV XVHU DFFRXQW

OF$IHHDQWLYLUXV ‘"HIHQVH HYDVLRQ ,PSDLUGHIHQVHV GLVDE
(6(712' $QWLYLUXV "HIHQVH HYDVLRQ ,PSDLUGHIHQVHV GLVDEO
HWF SDVVZG HWF VKDGRZ &UHGHQWLDODFFHVV 26 FUHGHQWLDO G
&9( 6HFXULW\DFFRXQW PDQDJHU &UHGHQWLDO DFFHVV (ISORLWDWLRQ I
&9( SDPBNUE DXWKHQWLFDWLRQ &UHGHQWLDO DFFHVV BWHDO RU )RUJF
'LQGRZVRSHUDWLQJV\WVWHP 3HUVLVWHQFH &UHDWHDFFRXQW /RI
/LQX[ BEXQWX 3HUVLVWHQFH &UHDWHDFFRXQW /RFDODF
'LQGRZVWDVNVFKHGXOHU 3HUVLVWHQFH 6FKHGXOHG 7DVN 7
&9 ( OLFURVRIW 3RZHUG6KHOO 3HUVLVWHQFH (YHQW WULJIJHUHG H[H
&9( 6HUYHU PHVVDJH EORFN /IDWHUDO PRYHPHQW 60% ZLQGRZVDGPLQ
&9( 'LQGRZV UHPRWH GHVNWRS /DWHUDO PRYHPHQW 5HPRWHVHUYLFH VF
&9( ILQX[2SHQ66+ /IDWHUDO PRYHPHQW 5HPRWHGBHUYLFHV 66+ 7
&9( *('LILWDO KLVWRULDQ VHUYHU /IDWHUDO PRYHPHQW  ([SORLWDWLRQ F
&9( 3XOVHFRQQHFW VHFXUH /IDWHUDO PRYHPHQW  ([SORLWDWLRQ RI U/
&9( &RPWUHQG 95 /IDWHUDO PRYHPHQW ([SORLWDWLRQRIUHPRWH
&9 ( (FREWUX[XUH*HR 6&$'$ (IHEXWLRQ (ISORLWDWLRQ IRUFOLHQW
&9( $GYDQWHFK (IHEXWLRQ (ISORLWDWLRQ IRUFOLHQW H[
&9( $%% &RPSDFW +0, (I[HEXWLRQ ([SORLWDWLRQ IRUFOLHQW H|
&9( 6FKQHLGHU (OHFWULF ,*66 (IHEXWLRQ ‘/IVHDUFK RUGHU KLMDF
6LHPHQV 6LSURWHF ,PSDFW 6WRUHG GDWD PDQLSXODWLR

6LPXODWLRQS5HVXOWYVY DQG 'LVFXVVLRQ

7KH SURSRVHG I[UDPHZRUN LV DSSOLHG WR VHW SRLQW DGMXVWPHQW DW
EXV VIVWHP ,Q WKH FUDIWHG DWWDFNV WKH DWWDFNHU DGMXVWV WKF
IUHTXHQF\ DQG XQGHU IUHTXHQF\UHOD\V WR +] +] Vv +] DQG ;

(DFKSURSRVHG QHWZRUNLVDVVLIQHGWR VXEVWDWLRQV ZLWKLQ WKH V\
IRUFRPSRQHQWV LVDVVXPHGWREH KRXUYVY 7KRWDYHWRERH WY AP WHRUWVHB/RIR
WREH ZHHNV 7KHUHVXOWV IRUWKH SHUVLVWHQFH UDWHDQG WKH VXFF
QHWZRUNVDUHVKRZQLQ 7DEOH

,Q7DEOH QHWZRUNV DQG VKRZWKHKLIJKHVWDQG ORZHVW VXFFHVV S
WHFKQLTXHERRVWV VXFFHVV SUREDELOLWLHV IRUQHWZRUNYV DQG L
GXHWR WKH ORZHU &966 YDOXH RI WKH H[SORLWHG &9(IRUSHUVLVWHQFH
WHFKQLTXHGRHVQRWQHFHVVDULO\ERRVW WKHOLNHOLKRRG 5DWKHU L
UDWHDQG WKH &966 YDOXHRIWKHH[SORLWHG &9(IRUHVWDEOLVKLQJSHU

7TDEOH DQG RIDWWDFNVRQ SURSRVHG FRPPXQLFDWLRQ QHWZR

FRPPXQLFDWLRQ QHWZRUNPRGHO
ZLWK SHUVLVWHQFH
ZLWKRXW SHUVLVWHQFH
ZLWK SHUVLVWHQFH
ZLWKRXW SHUVLVWHQFH




7TDEOH 5HVXOWV RIDWWDFNV RDBOM UHGBWKOWYV RIDWWDFNV RQ 52¢

4 MM GE *NQRQU)xh 3Jkbo 3Jke 4 MM  GE *NQBRU)xb 3Jkko 3J Kb

$JIJUHIDWHG F\EHUVHFXULW\ULVN $JIJUHIDWHG F\EHUVHFXULW\ULVN

7TDEOH 5HVXOWV RIDWWDFNV RRPROHU UFHV XGIWDRI WDUJHWLQJ XQG|

4 MM GE *NQRRU)xh 3Ikbo 3JKke 4 MM  GE *NQBRU)xb 3J kko 3J Kb

$JIJUHIDWHG F\EHUVHFXULW\ULVN $JIJUHIDWHG F\AEHUVHFXULW\ULVN

6 XFFHVVIXO H[SORLWY DUH FDWHJRUL]JHGLQWR VFHQDULRYV EDVHG RQ W
7TKHULVNDVVHVVPHQW UHVXOWV IRUGLITHUHQW IUHTXHQF\ SURWHFWLRQ
7TKHZHLIJKWLQJIDFWRUVIRUWKHORDG ORVVDQG WKHIUHTXHQF\GHYL

$FFRUGLQJWR 7DEOHYV WR DQLQFUHDVH LQ WK HOSHUCAHW W DU H IRWWAXIFL
SDFWV +RZHYHU WKLVWUHQG GRHVQRWDSSO\WRWKHDWWDFNOLNHOLK
DOO SURWHFWLRQ UHOD\VFHQDULRYVY WKHDYHUDJH OLNHOLKRRG RI DWW
VFHQDULRV ZLWK VXFFHVVIXOH[SORLWDWLRQVH[KLELWWKHKLIJKHVW
FHVVIXODWWDFNVLQFUHDVHVRUGHFUHDVHY 2YHUDOO WKHVFHQDULR Z
HVWDEOLVKPHQW SRVHV WKHKLJKHVWULVNLQDOOVFHQDULRYV ([DPLQLQ
LVDVVRFLDWHG ZLWK WKH VHW SRLQWDGMXVWPHQWDWWDFNV RQ52&2)
SORLWDWLRQV HTXDO WR JRXUNH\FRQFOXVLRQVDUHDVIROORZV

= 7KHHVWDEOLVKPHQWRISHUVLVWHQFHLQ FAEHULQWUXVLRQV RIWHQ 1
= QVWXGLHGDWWDFNV PRVWLPSDFWIXOVFHQDULRV GRQRWQHFHVVD

= QWKHFUDIWHG DWWDFN PRGHOV WKHOLNHOLKRRG RIWKHDWWDFN
LPSDFWLQGHWHUPLQLQIJWKHULVN

" 6FHQDULRVZLWKPRGHUDWH SK\VLFDOLPSDFWV VKRZKLJKHU OLNHOL

7TKHWRWDOULVNYDOXHVDVVRFLDWHG ZLWKVHW SRLQWDGMXVWPHQW D\
)LJ 7TKHDJJUHIJDWHG ULVNUHVXOWYV LQGLFDWH WKDW DWWDFNV RQ 52
ULVN FRPSDUHG WR RWKHUV 7KHULVNV RIDWWDFNV RQRYHU XQGHU IUH"
WKDQ WKHULVN RIDWWDFN RQ 52&2) UHOD\V &RQYHUVHO\ DWWDFNV RQ
RWKHUV $FURVVDOOIUHTXHQF\UHOD\V WKHWRWDOULVNLV KLJKHU ZKH

TRLQWHUSUHW ULVN DVVHVVPHQW UHVXOWY XVLQJ WKH SURSRVHG ULVN
LPSDFWV IRUDOO IUHTXHQF\ SURWHFWLRQ UHOD\V DUH FRPSXWHG XVLQ.
DYHUDJHLPSDFWYVY WKHDJJUHIJDWHG OLNHOLKRRGY DQG WKHULVNUDQN
YDULRXVIUHTXHQF\SURWHFWLRQUHOD\VDUHGLVSOD\HGLQ 7DEOH 7Kl
DGMXVWPHQWDWWDFNVRQ52&2) RYHU IUHTXHQF\ DQG XQGHU IUHTXHQF

DYHUDJH SK\VLFDO LPSDFWV UHVSHFWLYHO\ DQG DJJUHJDWHG C
ULVNPDWUL[ ZKLFKLVWKHPRVWVHYHUHULVNOHYHO ZLWKLQ WKHPRGHL



JLIXUH 7TKHDJJUHIJDWHG ULVNUHVXOWVDVVRFLDWHG ZLWK DWWDFN

7TDEOH $VVLIQHGULVN OHYHOVIRUDWWDFNV RQ IUHTXHC

IUHTXHQF\UB®B\ 52&2) 2YHU IUHT 8QGHU IUHT
$YHUDJHLPSDFW

OLNHOLKRRG

5LVNOHYHO

DKLIKHUDJJUHIJDWHGULVNYDOXHLVULVNLHUWKDQDWWDFNVRQRWKHU
SRVHG E\VHW SRLQWDGMXVWPHQW DWWDFNV WDUJHWLQJ8)/6 UHOD\V LV
WKHORZ ULVN FDWHJRU\ 2EWDLQHG ULVN OHYHOVLQWURGXFHIUHTXHQF
DWWDFNV ZLWKUHPDUNDEOHF\EHU ULVNV

&RQFOXVLRQV

7KLY SDSHU SURSRVHV D F\AEHUVHFXULW\ULVNDVVHVVPHQW IUDPHZRUN Il
WLRQ QHWZRUNV DGGUHVVLQJOLPLWDWLRQVLQ H[ILVWLQJPHWKRGV ,W
HISORLWDWLRQWHFKQLTXHYV 3XUGXHPRGHO EDVHG QHWZRUN VWUXFW X
YHUVDULDO PRGHOLQJDQG OLNHOLKRRGHVWLPDWLRQ

7TKHDVVHVVPHQWUHVXOWV KLIJIKOLIKWWKHVWUHQIJWKRIWKHSURSRVHGI
GULYHQ F\AEHU ULVNVLQ PXOWLOD\HUHG QHWZRUNV 2QH NH\LQVLJKW LV
WKDQ LPSDFW ,Q VHYHUDO VFHQDULRYVY PRGHUDWH SK\VLFDO LPSDFWYV Z
KLIKHUOLNHOLKRRGY 7KLVFRQILUPVWKHLPSRUWDQFHRIDFFXUDWH OLI
RIWKHSHUVLVWHQFHUDWH ZKLFKGLUHFWO\DIIHFWV WKHVXFFHVVDQGF
DQGUHERRWLQWHUYDOV VLIJQLILFDQWO\LPSDFW SHUVLVWHQFHDQG ULV
WHPSRUDO FRQVWUDLQWYV LQ F\EHUULVNDQDO\VLV

,QDGGLWLRQ WKHIUDPHZRUN LV VFDODEOHLQ ODUJH VFDOH V\VWHPV ZL
VXEVWDWLRQ QHWZRUNV &RRUGLQDWHG DWWDFN VLPXODWLRQV GHPROQ"
YDWH WKH RYHUDOO ULVN 7KLV XQGHUVFRUHV WKHLPSRUWDQFH RIDVVFE
V\VWHPV 7KH DWWDFN SDWKV JHQHUDWHG E\ WKH IUDPHZRUN UHIOHFW U
QLTXHVY 7KHLUUHDOLVPLVVXSSRUWHG WKURXJKQHWZRUNWUDIILFDQDC
ORUHRYHU ULVN OHYHO LGHQWLILFDWLRQ RITHUV PHDQLQJIXO SULRULWL
JXLVKEHWZHHQ OLNHO\ LPSDFWIXO DQG OHVV FULWLFDO DWWDFN SDWKY



'‘\QDPLF 3UREDELOLVWLFORGHOLQJRI&DVFDGLC

7TKLVVWXG\LQWURGXFHVY D SUREDELOLVWLF G\QDPLFV DZDUH PHWKRG IR
FXULW\ _WFDSWXUHV YDULDELOLW\LQ ORDGDQGJHQHUDWLRQ FRQVLGH
DIDWLRQ DV D VWRFKDVWLF SURFHVV GULYHQ E\ XQFHUWDLQ SURWHFWLR
SULPDULO\ DRKDQEHD/ONRBDFW ISOUBHVY\DRHWO VR VXSSRUWY FA\AEHUVHFXUL
VHUYLQJDVD FRQVHTXHQFHHQJLQH F\EHU LQGXFHG GLVWXUEDQFHV H .
WRSRORJ\DWWDFNV DUHLQMHFWHG DV FRQWLQJHQFLHY DQG WKHLU G\
DWHG FRQVLVWHQWO\ 7KHPHWKRGEXLOGVD  GDWDEDVHRIOLNHO\RSHUL
SUHYHQWLYH DFWLRQV VDPSOHV VWDWHV WR DSSO\FRQWLQJHQFLHV D
RI XQELDVHG DQG ELDVHG VDPSOLQJ ZLWKRSWLRQDO VFUHHQLQJWR FRC
GLDIJQRVWLFV VXUIDFH WKH PDLQ GULYHUV RIULVN 7KHDSSURDFK LV GH
VFDODELOLW\WR ODUJHU JULGV LV GLVFXVVHG

6FRSHDQGREMHFWLYH

7TKLVZRUNIRFXVHVRQG\QDPLFVHFXULWA\DVVHVVPHQWDQGHQKDQFHPHQ
RSHUDWLQJFRQGLWLRQV 1\ FRQWLQJHQFLHY DQGFDVFDGLQJSURSDJD'
DQGLWGHOLYHUVULVNHVWLPDWHV ZLWKWDUJHW VWDWLVWLFDODFFXU]

$V UHYLHZHG LQ &KDSWHU FXUUHQW SUDFWLFH RIWHQ UHOLHV RQ GHWF
EUHOODbRSHUDWLQJVWDWHV> @ OXFKRIWKHOLWHUDWXUHDOVR DGR
SURWHFWLRQ DVVXPSWLRQV ZKLFKFDQ PLVV VKRUW WHUP G\QDPLFV DQ
> @ 3UREDELOLVWLFDSSURDFKHV H[LVW EXWDUHIUHTXHQWO\LPSOHP|
SOLFLW SUHFLVLRQ FRQWURO PDNLQJWKHP FRVWO\DQG KDUGWRLQWHU

7TRDGGUHVV WKHVHJDSV WKLV ZRUN

(VWLPDWHVFRQWLQJHQF\ OHYHODQG VA\VWHP OHYHOULVNZLWKH[SOL
LOQOWHUYDO KDOI ZLGWKYV

ORGHOV YDULDELOLW\LQ RSHUDWLQJFRQGLWLRQVDQG XQFHUWDLQ S
FLHVDQG VWRFKDVWLF FDVFDGH SURSDJDWLRQ

5HGXFHV FRPSXWDWLRQ YLD FRQWLQJHQF\VFUHHQLQJDQG D PL[HG X
PHHWLQJWKHSUHFLVLRQ WDUJHWYV

8VHVVLPSOH LQWHUSUHWDEOHO/WRLGHQWLIVURRW FDXVHV DQG VXES
'"HPRQVWUDWHVY WKHPHWKRG RQWKH , ((( EXV576DQG GLVFXVVHV VF

OHWKRGRORJLFDODSSURDFKDQGPRGHOLQJDVVXPSWLR

2YHUYLHH ZRUNIORZ KDV WKUHH VWHSV )LJ L EXLOGDGDWDEDVH R
G\QDPLF VHFXULWADVVHVVPHQW XQGHU 1\ 1\ FRQWLQJIJHQFLHV ZLWK XQF
WUDFWVLPSOH LOWHUSUHWDEOHGLDIJQRVWLFVWRVXSSRUWULVNUHGXI
> @ > @ > @ > @ > @

2SHUDWLQJ VWDWHFRRPEDEBVHDWKHU GULYHQ WLPH VHULHV RI ORDG DQ
\HDUVb D PDUNHW PRGHO IRUFRPPLWPHQW GLVSDWFK DQG 6HFXULW\ &F
HOQOVXUHSUHYHQWLYHPHDVXUHY )RUKRXUO\VQDSVKRWY D6&23)HQIRUFI
IRUODWHU VDPSOLQJ 7KLV LV WKH *$5385 VW\OH DSSURDFK XVHG LQ DGF
DOWHUQDWLYHLQIHUV WKH MRLQW 3')DQG WRSRORJ\IURP KLVWRULFDO C
IOH[LEOH IRU FKDQJHG UXOHVRUFOLPDWHWUHQGY :HXVHWKH*$5385DS

6DPSOQFH WKH GDWDEDVH RIFUHGLEOH RSHUDWLQJ VWDWHV LV DYDLO
FROQWLQIJHQFLHV WR UXQ WKH G\QDPLF VHFXULW\DVVHVVPHQW 7KHJRDO
VWRS PHHWLQJD SUHVFULEHG VWDWLVWLFDO DFFXUDF\ ZLWKRXW H[FHV
FROQWLQJHQFLHYVY WKH\DUHQRW VDPSOHG DQG VDPSOHRSHUDWLQJVWDYV

5DWKHU WKDQ WD UWRWIDQN 6 GF\ROQKHI R OFRRKFW UQ AYGIM WRH.GHQWLI\DQG P
GRPLQDQW FRQW UGE }EMRVWK/H AHWW HRWK M N DQMR | FR GHAFLRIQW QEXH VDP SO L G



J)LIXUH JORZFKDUW RI WKH SURSRVHG 3'6$ PHWKRGRORJ

VWDWHV IRKQ WD BK
s B ¥

ZLWK XVHU¥FERKRQW ZDUP XS DIHZ H J VDPSOHY SHU FRSRQUQW RQ 1 WQ H\V S
WKHQJRWRFRQWLQJIJHQFLHV IDVMWRAEDBWHGRPV VDPBOLOQH SURJUHVVHYV

8QGHU FUXGHORQWH &DUOR VWDWHV GUDZQDFFRUGLQJWROLNHOLKRRG

ZKHYHV WKH IUHTXHQF\ RARIQWARIWIQFXHQF HYWDKH QRFEHD®EVDPSOHG VW
5HSODEEQWKH VDPSOH¥DQUDQFHO\VXJIJHVW KLJK SUHFLVLRQLQUDUH KL
JHUR ORVVVDPSOHV 1 WKH SU RE RENGIUVYNHRIR RRN-VWRDPRB\OHIWLP SOLHV F

<
65 . o ¢ !'Pe

%RXQGLQJPHDQDQG YDULDQFHE\PL[LQJWKHHPSLULFIDYXHEFLVWULEXWLRC
B *G -7 63 a 4B G2 65 ac-7’
L WK DQGODBUJH \LBOHGVy OHDGLQIJWR WKHSUDFWLFDO ERXQG

L] .—J
égﬁk__% AJ;
a &

7TKHILUVWWHUPLVWKHXVXDO YDULDQFHWHUP WKHVHFRQG SHQDOL]HVL
‘HDGG VDPSOHV ZKHUH WKHJDS WR LVODUJHVW



9DULDQFH UHGXFWLRQ PHWKRGY HJ LPSRUWDQFH VDPSOLQJRU FURVYV
EXW WKH\ PBRYDHUPWHKHH LQLWLDO EDWFKPLVVHVY SDUWV RIWKHLQVHFXUH |

og A._g‘]

I

a a
,QZKLFKFDVH YDULDQFH GRPLQDWHVDQGLPSRUWDQFH VDPSOLQJLV ZR
VDPHFDXWLRQDSSOLHVWRO/ DVVLVWHGDFFHOHUDWLRQ PRGHOV WUDLC
LQVHFXUHUHJLRQVUHOLDEO\XQOHVYV KROGYV

6WDWH FOXVWHULQJ HJ *$5385 VW\OH SLSHOLQHV FDQ UHGXFH UXQWLI
WHULQJ HUURU LV GLIILFXOW WR TXDQWLI\DQG WXQH> @ > @ 2XUDSSL
DQG

6FUHHQL®BDXVH PRVW VFHQDULRV LQ ZHOO RSHUDWHG V\VWHPV DUH VHF;
OLWWOHYDOXH :HWKHUHIRUHVFUHHQaREYLRXVO\VHFEXUHbVFHQDULRVE
LQJVXEVWDQWLDOp SHMBXUSWHXSYWRVWHP (DFKVFHQDULR RSHUDWLQJ
FKHENHG DJDLQVW VLPSOH VWD E L O Y\ HBXLHHY WARXUO/D W FIGQ B K IVGRIN WOKDRIV H |
FXDMHVNLSSHG 7KHVFUHHQLQJLVWXQHGWRSUHIHUIDOVHSRVLWLYHV |
ULVN VRDVQRWWRXQGHUHVWLPDWHULVN

‘HHVWLPDWHWKHFULWLFDOFOHDULQJWLPH &&7 YLDWKH ([WHQGHG (TXEL
LQVHFXUHLIWKHDFWXDO FOHDULQJWLPHH[FHHGV &&7E\PRUHWKDQ PV
HIWUDUXQV UDWKHU WKDQ IDOVH QHJDWLYHV PLVVHG XQVHFXUHFDVHV

(($ WDUJHWYV VIQFKURQRXV PDFKLQHV ORGHOLQJLQYHUWHUVIDLQ\QFKUR
FDQ\LHOG XQUHDOLVWLFDOO\ ORDR&7TVIRWWH'S LEROWDULIQGH WKURXJIK > |
ZHWKHUHIRUH WUHDW LQYHUWHU EDVHG JHQHUDWRUV DV QHJDWLYH ORD
G\QDPLFVLPXODWLRQ VWDJH

'"HDSSO\WKHVKRUW FLUFXLWVWUHQJWKKHXULVWLF DVFHQDULRLVYRO'
LV DW OHDVW IRXU WLPHMWKdkBRS S UHQW ORDG

%DVHG RQ SUHOLPLQDU\VWXGLHV RIRXUWHVW VI\VWHP D VFHAHQO@GLR LV VF
WKHORVVRIJHQHBD®ULIRRDUM UHVHUYH *HQHUDWRUV QHDUDIDXOW DUH D
ODVWV ORQJHU WKDQ PV

BFUHHQLQJRQO\VNLSV VLP X0 DWLIRRXAFRQ D EH @ DOURNESENWEIGE VBN HG  V F
VFUHHQLQJGRHVQRWELDVULVNHVWLPDWHY GRZQZDUG DWZRUVW LW W
DUHFRQVHUYDWLYH

S8QFHUWDLQ SURWHFWLRQ EBRPHMLMMRAHODVWRADNFRGHUN LOQWR IDVW FDVFDC
KDUGWRVLPXODWHDFFXUDWHO\> @ ,QWKHVHFDVHY PDQ\SURWHFWLR
RUWKUHVKROG GHYLDWLRQV HJ PHDVXUHPHQWWROHUDQFHYVY EUHDNH
FOH FDQ FKDQJH WKHRUGHU RIWULSYVDQG WKHFDVFDGH SDWK $ EUXWH
VLPXODWLRQV SHUVFHQDULR ZLWK UDQGRPL]JHG SURWHFWLRQ SDUDPHW!H
IRU3'6%$

JROORZLQJ> @ ZHILUVWUXQDGLDJQRVWLFVLPXODWLRQ WKDW SURGXF
QDULR RQH ZLWK SDUDPHWHU YDOXHV WKDW\LHOG WKH VORZHVW SODXYV
WKHIDVWHVW 7KH alDVWb SURWHFWLRQV DUH QRW FRQQHFWHG WR EUHD
WKH\RQO\SURGXFHD UHIHUHQFH VHTXHQFH I WKHWZRVHTXHQFHYV GLIIF
WULSRFFXUVHDUOLHU ODWHULQWKHIDVWVHTXHQFH RU LL WKHDSSHD
XQFHUWDLQW\ALVY OLNHO\WRDIIHFW RXWFRPHV )LJ VXEILJIV F G
SDUDPHWHUORQWH&DUORWRHVWLPDWHOLNHO\FDVFDGH SDWKVDQG FR(
ZHNHHS WKHVLQJOH VLPXODWLRQHVWLPDWH 7KLV JDWH NHHSLQJUHG X
SHQVLYH SURWHFWLRQ XQFHUWDLQW\VDPSOLQJZKLOH SUHVHUYLQJVHQ
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JLIXUH BUHGLFWLQJ ZKHQ SURWHFWLRQ XQFHUWDLQW\ PDWWHUV > @

TXHQFH ZLWK QRLQGLFDWLYH FKIRFRKUFN EMHRUMHUH R YBGIW,DGE HD U V

6HFXULW\HQKDRHANPHQRAWLW\DVVHVVPHQWKLIJKOLJKWV WKDWRQO\DIHZFI
ULVN ,QRXUWHVWFDVH HYHQWYVY RXW RI H[SODLQ PRUH WKDQ R1 WK
VHWLVHIILFLHQW \HWHYHQ KHUHKXQGUHGV RIVLPXODWLRQVDUHQHHGH
GULYHUV UHPDLQ GLIILFXOWWRVHHGLUHFWO\

TR XQFRYHU WKHVH GULYHUV WKHPHWKRGDSSOLHV VLPSOHDQGLQWHUS
SRUW9HFWRU ODFKLQHYV 690V ZHUH XVHG WR DSSUR[LPDWH WKH VHFXULYV
NHHS WKHPRGHOV UHDGDEOH VHTXHQWLDO IHDWXUH VHOHFWLRQ UHGXF
LPSURYHG VHSDUDWLRQ EHWZHHQ VHFXUHDQG LQVHFXUH FDVHV 7KLV FK
ZKLFKLVDSSURSULDWHLQ SODQQLQJVWXGLHVY ZKHUH GHWDLOHG WLPH G

7TKH'368VWRSSLQJUXOHYV JXDUDQWHHWKDWLQVHFXUHUHJLRQV |
ZLWKDW OHDVW RSHUDWLQJ VWDWHY SHUFRQWLQJHQF\ WKH\ SURYLG
PRGHOVDUHDEOHWRKLIJKOLIKWWKHURRWFDXVHVRIULVNDQG VXJJHVW
DVSURWHFWLRQ VFKHPHV RUDGGLWLRQDO UHDFWLYHVXSSRUW

THVW FDVH

7KHSURSRVHG PHWKRGRORJ\LVDSSOLHG WR WKH5HOLDELOLW\7HVW 6\V
&RQVRUWLXP 576 *0/& > @ 7KLV EHQFKPDUN GHULYHV IURP WKH ,(((576
DQGQXFOHDUIOHHW ZLWK UHQHZDEOHDQGJDVJHQHUDWLRQ PDNLQJLW
QHWZRUNLVPDSSHGWRDUHIJLRQLQWKHVRXWKZHVWHUQ8QLWHG 6WDWH
UHQHZDEOH WLPH VHULHYV

TRUHGXFHFXUWDLOPHQWRIODUJHZLQG SODQWVLQ]JRQH WZRDGGLWLR
ODUNHWGLVSDWFKHVIRUUHSUHVHQWDWLYH-DQXDU\DQG-XO\GD\VZHUH.
/103 PRGHORI> @ VKRZLQJWKDWZLQG SHQHWUDWLRQFDQH[FHHG LQ

‘'\QDPLF PRGHOV ZHUH DGGHG WR WKH 576 *0/& WR HQDEOH FDVFDGLQJ RX
WRUV IROORZ $QQH["RI > @ ZKLOHLQYHUWHU EDVHG XQLWYV DGRSW WK
FOXGHOLQHGLVWDQFHUHOD\WZLWKORDGEOLQGHU XQGHU IUHTXHQF\ O]
VIQFKURQLVP SURWHFWLRQ> @ 8QFHUWDLQW\LVLQWURGXFHGE\DVVLJ
VXFKDVFLUFXLWEUHDNHURSHQLQJWLPHYV \' PV DQGLPSHGDQFHPHDV

7KHFRQWLQJHQF\VHWFRQVLVWVRIWKUHH SKDVHIDXOWVDWKLJK YROWI

1\ LV VHFXUHDQG H[FOXGHG ,QVWHDG ZHPRGHO L GHOD\HG FOHDUL

EUHDNHU IDLOXUH ZLWK SUREDELOLW\ LQ ZKLFK FDVHDGMDFHQW OLQ
GHOD\HG 1\ DQG 1\ FRQWLQJHQFLHV $OLQH IDXOWUDWHRI SHU

‘\QDPLF VLPXODWLRQV DUWHVS HUD RIRFSHRXWRRUFH SODWIRUP IRUWLPH GRP
ODUJH VFDOHSRZHU V\VWHPV> @ 5XQVZHUHH[HFXWHGRQDKLJK SHUIR

2iiTh,ff/vM rQX;Bi?m#@BQf



JLIXUH IHWZRUN OD\RXW RIWKH576 *0/&> @ 1HZLQWHUFRQQHF

7DEOH &RQWULEXWLRQ WR WRWDO ULVNDQG FRPSXWDWLRQ WLPH RI G}
VFUHHQLQJ

1\ 1\

5LVN 0} \

1XPEHURIVLPXODWLRQYV
&RPSXWDWLRQWLPH FRUH K

$YHUDJH FRPSXWDWLRQ SHUVLPXODWLRQ V

&38V FRUHV DW *+] (DFKVLPXODWLRQ SURGXFHV ORDG VKHGGLQ
HWL]HG XVLQJ WKHUHVWRUDWLRQ PRGHODQG YDOXHRIORVWORDG 92//
EODFNRXWFRUUHVSRQGV WR URXJKO\ 0} XVH{G RV WKHZRUVW FDVH FRC

8QZDQWHGOWYVHSRVYUWDFHNWRZOHGIHG DV D PDMRU VRXUFH RI KLIKHU RUC
LOFOXGHGKHUH 7KHLUPRGHOLQJUHPDLQVDQLPSRUWDQWGLUHFWLRQ IF
FROQWLQIJHQF\SUREDELOLW\HVWLPDWLRQ> @

&DVHO6WXGLHV 5LVN , QGLFDWRUYVY DQGOHWULFV

7KLVVHFWLRQDSSOLHVY WKHSURSRVHG '36$ PHWKRGRORJ\WR WKH576 *0/
7TKHSUHVHQWDWLRQIROORZVWKHVWUXFWXUHRIWKHPHWKRGRORJ\ )LU)
EXUGHQ S6HAPWOIIRPWHY WKH SHUIRUPDQFHRIVFUHHQLQJDQG LWV LPSDFW
DQDO\WHV WKH HIITHFW RI SURWHFWLRQ UHODWHG XQFH U W.EDLOW MHI/DRAMH ND
KRZLQWHUSUHWDEOHO/WHFKQLTXHVFDQVXSSRUWWKHXQGHUVWDQGLQ

6DPSOLRNILUVW '36$ UXQ ZLWKRXW VFUHHQLQJ ZDV SHUIRUPHG DV D UHIHUF
FOHDULQJ1\ DQG 1\ FROWLQJHQFLHVFRQWULEXWHFRPSDUDEO\WR WRWIL
RXV YV WKHVUHTXLUHIHZHU VLPXODWLRQVDQG WKXV OHVV FRPSX'
EXWW\SLFDOO\PRUH VHYHUH

JLIXUHV DQG UHSRUW IRU HDFK FRQWLQJHQF\ WKH QXPEHU RI VLP X!
SRVLWLRQ RI WKH VWDWLVWLFDO HUURU 6( LQWR YDULDQFHDQG FRYHU
GRPLQDWHV VRWKHG6(ERXQGUHGXFHV WR

5i—'e_@

4
DQGWKHVDPSOHVUHTXLUHGWRPHHWWKHVWRSSLQJUXOH DUHHVVH
$IHZFRQWLQIJHQFLHVKDYHQRQ QHJOLJLEOH ;.DULDQFH ZKLFKH[SODLQV
$WWKH V\VWHP OHYHO WKHWRWDOULVNXQGHUFUXGHORQWH&DUORLYV



JLIXUH 1XPEHU RI VDPSOHG RSHIUDWHQJ FROQPEHU RI VDPSOHG RSHUD
GLWLRQV DQG VWDWLVWLFDO DFFAWDRROVROWBWYWBOWODWLGEDO DFFXUDF\ |
FOHDULQJ1\ FRQWLQJHQFLHV VRUMIQG IEN D LWRIWDWKBREGOLNHOLKRRG

JLIXUH 5LVN RIWKH PRVW FULWLFI

FLHYVDQGDVVRFLDWHG 6(
JLIXUH (YROXWLRQ RIWKHG6(RIWKHWRWDO ULVN ZLWK
WKHQXPEHURIVDPSOHYV
DQG LWV 6(LVERXQGHG E\

i @

B 69— —
&

ZLWKEDQGHILQHGIRUWKHDJJUHIJDWHHVWLPDWRU FI IRUWKHLQGL
VKRZV WKH HYROXWLRQ RI ZLWK DERXW VDPSOHV WKH VFDOH F

IDOOV EHORZ ZKLOHLQGLYLGXDO FRQWLQJHQF\6(VUHPDLQ DERYH H
7KXV GRPLQDQWFRQWULEXWRUVDUHUHOLDEO\LGHQWLILHG ZKHUHDV VF
WROHUDEOH WUDGH RII JLY HQ$WHILLWD PMQRW R 8 S DE:WURMDHVAR XO/GRVM WH U L
WKHWHQWK PRVW FULWLF DO ERQVERQMHURNH@FHWHD & RRZ LI ULVN LV KLJIKC

6FUHHQIHQDVVHVV WKH LPSDFW RI VFUHHQLQJ RQ '36$ DFFXUDF\DQG UXQW
FRQVLGHUHG DUH UHODWLYHO\ VHYHUH FRPSDUHG WR QRUPDOO\ FOHDU!
VFHQDULRYV - RXWRURGXFH FRQVHTXHQFHV URXJKO\ IRU GHOD\HG F
1\ +HQFH ZLWKRXAW VEILFHRPEXQWDWLRQ LV VSHQW RQ VHFXUH VFHQDULR)
FDVHV WDNH ORQJHU WR VLPXODWHRQDYHUDJH :LWK SHUIHFW VFUHHQL
7KHLPSOHPHQWHG VFUHHQLQJIDOOV VKRUW RI WKLV ERXQG GXHWR D KLJ
IODJJHG DV LQVHFXUH EXW LW NHHSV IRIOWRVQHMO DMWY NHY PRY VHRE RGRM Q
LV p 7DEOH 7KHPDLQ OLPLWDWLRQ LV WKDW WKH ([(WHQGHG (TXDO $
FOHDULQJWLPHVLQWKHSUHVHQFHRIKLIKLQYHUWHU SHQHWUDWLRQ 1D\
DQJOHVWDELOLW\ 5HOD[LQJWKH &&7 PDW JPQ LEXAN Bl & WHKVHFSRAH/G R X B W R H
ULVN VHH 7DEOH ,PSURYHG VWDELOLW\LQGLFDWRUV ZRXOG EH :
DQG UHGXFHPLVVHG ULVN



7DEOH BFUHHQLQJ SHUIRUPDQFH DQIMEP$DFW RQHFMS RI WKH &&7 PDU

DFFXUDF\DQG UXQWLPH VFUHHQLQJWUDGH RIIV
grROWLQJIBQMHIFYUH FDVHY BHFXURARYHVy N 6SHHG &7 PDUJLQ PV  OLVVHGULVN 6SFH
)L 73 )3 71
1\
1\
$00
7TDEOH ORVWFULWLFDO FRQWLQJHQFLHYV

%UDQFK %UDQFK 5PN Q F K %UDQFK 5LVN 0} \
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$ $ $ %

&$ $
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&% 2WKHUV
&

+DQGOLQJRIXQFHUWDLQ SURWHFWLRQ EHKDRITRODQGX) U\LVQK HOL\PVE B BWRD S U
SDUDPHWHU XQFHUWDLQW\ ZHUDQILYHORQWH &DUOR 0& VLPXODWLRQV
LOQOGLFDWRUGHVFULEHGLQG6HFWLRQ $ERXWRQH ILIWKRIWKHLQVHF)>
LQURXJKO\KDOIRIWKHVH WKHILQDO FRQVHTXHQFHV FKDQJHG ZLV
UHPDLQGHU WKH FDVFDGH SDWK GLITHUHG EXW WKH RYHUDOO LPSDFW GLC
GRHVY QRW QHFHVVDULO\DOWHU WKH PDFURVFRSLF HYROXWLRQ RI WKH F|
LQVLGHLVODQGVY WKDW ZRXOG FROODSVHUHJDUGOHVV> @ 5XQQLQJDYV
QDULR DFWV DV D WDUJHWHG IRUP RILPSRUWDQFH VDPSOLQJ LW FDSWXL
LQWHUSUHWDEOH EA\VHSDUDWLQJRSHUDWLQJ FRQGLWLRQHIIHFWV IURP
VLQFHPRVWWLPHLVVWLOOVSHQWRQVHFXUHVFHQDULRY ORUHRYHU XYV
FRYHUDJH]RQH VFHQDULR WKHQ DFFRXQWV IRUD UDQJHRISURWHFWLRQ \
FULWLFDO UHJLRQV ZLWKRXW PDWHULDOO\LQFUHDVLQJFRPSXWDWLRQ

6HFXULW\HQKDQE®OMHHQWHSRUWY WKHULVNRIWKHWHQPRVWFULWLFDO
RXW RI FRQWLQIJHQFLHV FRQWULEXWH RYHU RI WRWDO ULVN ZDUUD(
WLRQ ZHXVHGLQWHUSUHWDEOHO/]OLQHDU 690V ZLWK VHTXHQWLDO I|
ERXQGDULHVIRUHDFKFULWLFDO FRQWLQJHQF\DQG WR VXUIDFHWKHPDL

)RUWKH PRVW FULWLFDO FDVH IDXOWRQ OLQH$ ZKLFKHYDEXDWHV D O
WZR VHOHFWHG IHDWXUHV ZHUH WKH ZLQG SODQW RXWSXW DQG WRWDO V)
FDWHV ORZHU VHFXULW\ZKHQ ZLQG RXWSXW LVKLJKDQG ORDG LV ORZ )HD
7DEOH VKRZV WKDW ORFDO ZLQG SURGXFWLRQ GRPLQDWHYV ZLWK IOR
IRUPDWLYH 7LPH GRPDLQ FKHFENV FRQILUP D WUDQVLHQW VWDELOLW\ PH
DUHD 7KHVH GLDJQRVWLFV GLUHFWO\VXJJHVW DFWLRQDEOHPLWLJDWLR
PHQW RUFRQGLWLRQDO ZLQG FXUWDLOPHQW YLD VIVWHP LQWHJULW\ SU
$GGLQJWRWDO ORDG DV D VHFRQG IHDWXUH LPSURYHV DFFXUDF\ PRGHVW
VHFRQGDU\LQIOXHQFH

$SSOLFDELOLW\ WRDOD/HMVHEAWYXH FRPSXWDWLRQDO IRRWSULQW WR JDXJ
WKH576 *0/& 2QWKHPHGLXP VLIHWHVWJULG GHOD\HG 1Y IDMNXR XWL\ FR
VFUHHQLQJ UHARUHHW XUV]IDERXWRQHGD\RQD FRUHZRUNVWDWLRQ RLU
LQGLFDWLYHFRVWXRILQJ } FRUH KRXU 5XQWLPHVFDOHY SULPDULO\ZLW
FLHYVDQG LL WKHDYHUDJH VLPXODWLRQ WLPH EHFDXVH WKH VWRSSLQJ
V\VWHP RIIL[HG VL]H WRWDO VDPSOHV DOVR GHSHQG RQ WKHLQWULQVLF
WKHWDUJHW DG &EXWIFHUWDLQW\EUHDGWK

8VLQJ7DEOH DVDJXLGH DFRPSOHW H/3RB%O\D B/ILARIO/BHWMHGE KIOEHM G 1\ D Q(
1\ (( WUDSRODWLQJWRDODUJHV\VWHP HJ WKH)UHQFKJULG ZLWK MXV
VXSSRVLQJ 1\ FDVHV VSHU1\ VLPXODWLRQ D®RUHWRXKWV\IRUHO GV



7DEOH %HVW IHDWXUHV DW W
HUDWLRQRIVHTXHQWLDO IHDWXU
WKH$ FRQWLQJHQF\ GHOD\HG F(

JHDWXUH $FFXUDF\

'LQG SURGXFWLRQDW EXV
BRZHU IORZLQ OLQH $
BRZHU IORZLQ OLQH $
7TRWDO ZLQG SURGXFWLRQ

JLIXUH 6DIH JUHHQ DQG XQVDIH UHG RSHUDWLQJSRLQWV IRU
IDXOWYV RQ OLQH $ GHOD\HG FOHDULQJ ZLWK WKH 690 ERXQGDU\
GDVKHG $[HVY ZLQG SURGXFWLRQ DW $ >0:@ YV WRWDO ORDG
>0: @

DQG FRUH KRXUV IRU 1\ ]DERXW FRUN}ORX WK HQY VIRRW-D3®& UDWH 7
FRVWV PDLQONARRQBHWR BIQG UXQ 6XEVHTXHQW VWXGLHV FDQEHPXFK FKF
Dp UHGXFWLRQ KHUH DQG FRXOG DSSURDFK DQ RUGHU RI PDJQLWXGH ZLW
FRQWLQJHQFLHVLGHQWLILHGDV FULWLFDOFDQWULPRQHWRWZRDGGLW
UDVVLQJO\SDUDOOHO VRZDOO FORFNWLPHVFDOHY QHDUO\LQYHUVHON\

&RQFOXVLRQ

‘"HLQWURGXFHG D SUREDELOLVWLF G\QDPLFV DZDUH ZRUNIOIFERWKDW TXD
WLQJHQFLHV RSHUDWLQJ FRQGLWLRQ YDULDELOLW\ DQG SURWHFWLRQ ¢
RSWLRQDO VFUHHQLQJ 2Q 576 *0/& LW UHOWB B IV X FIDEW G GRFLRLHYVD B

RI WRWDQGIGHOLYHUHG VIVWHP OHYHO HVWLPDWHV ZLWK WLJKW XQFF
FRUH KRXUV ,QWHUSUHWDEOHO/ OLQHDU 690V ZLWK VHTXHQWLDO IHDW
FXULW\ERXQGDULHV DQG DFWLRQDEOHOHYHUV HJ VHULHVFRPSHQVDW
PHQW

6FDOLQJLV SUDFWLFDO DILUVW HQG W R AHRQBMLQQ HRF D FDWPRM H KURIXGJX/L W K
WKHQPXFKOHVV YL KMRBHHBRWHIQWLDOO\KLIKHUZLWKEHWWHULQGLFDW|
FROQWLQIJHQFLHYVY 7ZRJDSV UHPDLQ XQZDQWHG IDOVH SRVLWLYH WULS
SUR[LHVFDQEHSHVVLPLVWLFLQKLJK ,%5V\VWHPV )XWXUHZRUNZLOOLQ
UHOD\VDQG GHYHORS VFUHHQLQJLQGLFDWRUV EHWWHUDOLJQHG ZLWK ,?9



7TKUHDW ORGHOLQJ)UDPHZRUN

, &6 HQYLURQPHQWV DUHYLWDO WR WKHRSHUDWLRQRIFULWLFDOLQIUDV
FLOLWLHYVY DQGPDQXIDFWXULQJSODQWYV +RZHYHU WKHVHV\VWHPV DUH"
ROQOLOWHUFRQQHFWHG GHYLFHV DQG QHWZRUNV ZKLFKFRXOG OHDG WR F|
V\VWHPV IURP F\EHU WKUHDWV EHFRPHYVY SDUDPRXQW ,Q WKLV FRQWH[W V
VSLWHDGYDQFHVLQ WKUHDWPRGHOLQJ WKHIXQGDPHQWDOJDSLQ WKH \
WKUHDWHQXPHUDWLRQ L H LGHQWLILFDWLRQ LQ WKH ,&6 GRPDLQ ORV
NQRZOHGJH LL RQO\LQFOXGHJHQHULFWKUHDWV VXFKDV VSRRILQJ WD
FRPSUHKHQVLYHHQRXJK QDPHO\ WKH\PD\RYHUORRN VRPHWKUHDWYV IR
WKHQHHG IRUV\VWHPDWLF WKUHDW HQXPHUDWLRQLQ WKUHDW PRGHOLC
SURSRVHD QRYHO WKUHDW HQXPHUDWLRQ PHWKRGRORJ\WR VA\VWHPDWLF
HOXPHUDWLRQ PHWKRGRORJ\LVEDVHG RQKLVWRULFDO &9(HQWULHV RIF
WDO ZHDNQHVVHV LQ WKH IRUP RI &9( &:(SDLUV $OWKRXJK RXU PHWKRGR
FDOO\WDUJHW ,&6 LQ RXU ZRUN )XUWKHUPRUH ZHKDYHLPSOHPHQWHGR
GHPRQVWUDWHG LWV DSSOLFDELOLW\LQPXOWLSOH ,&6 VFHQDULRV DQGTL

6FRSHDQG REMHFWLYH

675, (CQYROYHVFUHDWLQJDGDWDIORZGLDJUDPWRUHSUHVHQW VA\VWHP FI
DQG GDWD IORZV (DFKFRPSRQHQWLV WKHQDQDO\|HG DJDLQVW WKH 675,
3$678DV GHVLJQHG WR DOLJQ EXVLQHVV REMHFWLYHV ZLWK WHFKQLFDO \
VHTXHQWLDO VWHSYV '"HILQH EXVLQHVV REMHFWLYHYV '"HILQH WKH WH
DQG GDWD IORZ DQDO\VLYV 7TKUHDW DQDO\VLV 9XOQHUDELOLW\ DQD
LPSDFWDQO®»THIYVWQRWKHUULVN EDVHG PHWKRGRORJ\ ,WLVVWUXFWXUH
%DVHG 7TKUHDW 3URILOHV ,GHQWLI\ ,QIUDVWUXFWXUH 9XOQHUDELOLW
TKH\EULG 7KUHDW ORGHOLQDQV DIQRWKG KFBEWKRGRORJ\WKDW FRPELQHV PX
VWHSV WA\SLFDOO\LQFOXGH '"HILQHG6FRSHDQG 2EMHFWLYHV ORGHO !
$QDO\IH7KUHDWYV DQG OLWLIJDWH 7KUHDWYV

6KRUWFRPLQJV Rl WKH¥HMADHWOREPRKORILIHOH OLPLWDWLRQV IRUWKUHDW F
FULWLFLVPLVWKDWLWRSHUDWHVDWWRRKLIJIKDOHYHORIDEVWUDFWLRC
WKUHDWY )RUH[DPSOH ZKLOHG675,'"(LGHQWLILHVDb(OHYDWLRQRI3ULYLO
EURDGDQGGRHVQRWHODERUDWHRQVSHFLILFWKUHDWY WKDW WKLV WKL
FDQEHDFKLHYHG WKURXJKYDULRXV ZD\V LQFOXGLQJ/'$3LQMHFWLRQ 64
WLRQ 7KHUHIRUH WKLV ODFNRIJUDQXODULW\UHGXFHV LWV XWLOLW\IRL
H[HUFLVHVY HVSHFLDOO\IRUFRPSOH[HQYLURQPHQWY OLNH ,&6

$OQRWKHU VLIQLILFDQWOLPLWDWLRQRI675,"(UHIJDUGLQJWKUHDWHQXPH!
PHQW ZKLFKFDQ OHDG WR LQFRQVLVWHQFLHV LQ WKUHDW PRGHOLQJ RXV
FDWHJRULHY EXWWKHWKUHDWV LGHQWLILHGGHSHQG KHDYLO\RQ WKH H|
LQIJWKHDQDO\VLY )RUH[DPSOH RQHWKUHDWPRGHOHUPLIJKWLGHQWLI\\
RISULYLOHJH EXWRYHUORRN; HLWKHULQWHQWLRQDOO\RU XQLQWHQW
, » DQG,; EXWIDLOWRFRQVLGHU,; 7KHUHIRUH WKLV UHOLDQFHRQ VXE
WKUHDW HQXPHUDWLRQ

JXUWKHUPRUH PHWKRGRORJLHV VXFK DV 3%$67$DQG 2&7$9( LQVWUXFW LQ
VWHS IRU2&7%$9( DQG VWHS IRUK700 DVSDUWRIWKHLU VWUXFWXUHG
WKHWKUHDW LGHQWLILFDWLRQ SKDVHRSHQ HQGHG UHO\LQJKHDYLO\RC
JXLGHOLQHV $OWKRXJK675,"(FDQEHHPSOR\HG ZLWKLQ 3$67$RU 2&7%$9(V
DVGLVFXVVHGDERYH 7KLVIUDPHZRUN VHHNV WR SURYLGHDQDQVZHU WR

, QDGGLWLRQWRWKUHDWPRGHOLQJPHWKRGRORJLHY OLFURVRIWGHVLJC
WKH675,"(PHWKRGRORJ\ 7TKHWRROLQWHJUDWHVY ZHOO ZLWKOLFURVRIW_'
DQG KHDYLO\VXSSRUWV OLFURVRIW SURGXFWY +RZHYHU )ODHWDO GHY
707 WDLORUHG WR VSHFLILFFRPSRQHQWV DQG SURFHVVHV LQ VPDUW JUL
RSHQ VRXUFH WRRO WKDW SURYLGHV DVLPSOHLQWHUIDFHIRUFUHDWLQ.
WKUHDW OLVW EA\GHIDXOWDQG UHOLHVY VROHO\RQ WKH XVHU_V H[SHUW N
WKUHDWPRGHOLQJWRRO +RZHYHU WKHGHPRYHUVLRQGRHVQRWSURYL
LWLVHVVHQWLDO WRKDYHD WRRO WKDW VA\VWHPDWLFDOO\LGHQWLILHV,



$IXQGDPHQWDO OLPLWDWLRQRIH[LVWLQJWKUHDWPRGHOLQJPHWKRGRC
WLI\WKUHDWY WKH\ SURYLGH OLPLWHG JXLGDQFHRQ KRZWR GR VR V\VW|
PRGHOVLQ WKHOLWHUDWXUH L UHO\RQ H[SHUW NQRZOHGJH LL PDLQO
WDPSHULQJ HWF DQG LLL WKHWKUHDWY UHVXOWLQJIURP WKHVH PHWEK
WHPVLQTXHVWLRQ 7KLVODFNRIVSHFLILFLW\FDQ OHDGWRYDULDELOLW
PLIKWJIJHQHUDWH GLIITHUHQW WKUHDW OLVWY EDVHG RQ WKHLU H[SHULHQ
LVWLQIWKUHDWPRGHOLQJPHWKRGRORJLHVLVVXLWDEOHIRULGHQWLI\L
DLPVWRDGGUHVV WKLVJIJDSDQG SURSRVHD QRYHODQG SUDFWLFDO WKUH

2XUFRQWULEXWLRQLVWZRIROG )LUVW ZHKDYHGHYHORSHGDPHWKRGR!
DSSURDFK WR WKUHDW HQXPHUDWLRQ 7KLV PHWKRGRORJ\LVY EDVHG RQ"
KLVWRULFDO YXOQHUDELOLW\LQIRUPDWLRQIRUHDFKFRPSRQHQW LL V
YXOQHUDELOLW\ &9( &:(SDLUV LLL WKLUG GH GXSOLFDWLQJ &:( HQW
7KLV PHWKRGRORJ\DGGUHVVHV WKH OLPLWDWLRQV DYDLODEOH LQ H[LVV
RXUPHWKRGFDQEHDSSOLHGWRJHQHUDWHWKUHDWY DV DVXE PHWKRGR
PRGHOLQJPHWKRGRORJLHV VXFKDV 675, (DQG3%67% 6HFRQG ZHKDYH Gl
SOHPHQWV WKHSURSRVHG PHWKRGRORJ\ DOORZLQJSUDFWLWLRQHUV WR
VWUDWHLWY XVHLQ YDULRXV ,&6 VFHQDULRYV

OHWKRGRORJLFDODSSURDFKDQGPRGHOLQJDVVXPSWLR
2XUODLQ &RQFHSW

,QWKLVVXEVHFWLRQ ZHGLVFXVVWKHFHQWUDOFRQFHSWEHKLQGRXUSU
WKHRULJLQ RIWKH &9( &:(SDLUVDQG KRZWKHVHFRQFHSWV DUHLQWHUFI
JLYHQ , &6 HQYLURQPHQW

7KH &RPPRQ 9XOQHUDELOLWLHV DQG ([SRVXUHV &9( VIVWHP LV D SXEOLF
NQRZQ VHFXULW\YXOQHUDELOLWLHVDQG SURYLGHV D XQLTXHLGHQWLILF
HQDEOHV RUJDQL]DWLRQV UHVHDUFKHUV DQG VHFXULW\SURIHVVLRQDO
VWDQGDUGL]HG zD\ &:( RQWKHRWKHUKDQG LVDFDWDORJRIVWDQGDU
WKDW FDQ OHDG WR VHFXULW\ YXOQHUDELOLWLHY (DFKHQWU\LQ WKH &:

DQGLQFOXGHVDGHVFULSWLRQ SRWHQWLDOFRQVHTXHQFHYVY H[DPSOF
FRQWDLQV HQWULHVDWWKHWLPHRIZULWLQJ ,WPHDQVWKDWLW SUR
ZHDNQHVVHYV

JURP WKHWKUHDW PRGHOLQJSRLQWRIYLHZ WKUHDWYVY SULQFLSDOO\HJ[SC
VI\IVWHPV ORUH SUHFLVHO\ YXOQHUDELOLWLHY DUH IODZV RUZHDNQHVV
FDQOHDGWRYXOQHUDELOLWLHY QDPHO\ WKUHDWV FDQ EHUHDOL]HG E\
DGYHUVDULHV )RULQVWDQFH DWWDFNHUV H[SORLW EXIIHURYHUIORZ Y X
RQ WKHWDUJHW VA\VWHP ,Q WKLY FDVH WKH WKUHDW LV UHPRWH FRGH H
YXOQHUDELOLW\N\LVY WKHEXIITHURYHUIORZ 7KH XQGHUO\LQJZHDNQHVV Wi
WKHWKUHDW LVLPSURSHUUHVWULFWLRQVZLWKLQ WKHERXQGV RIDPHP
EHSUHYHQWHG LI ZH NQRZ WKH XQGHUO\LQJZHDNQHVV WKDW DOORZV WK
ZHDNQHVVHVLQWKLVFRQWH[W 3XWVLPSO\ EA\LGHQWLI\LQJZHDNQHVVH)

.QRZLQJWKHUHODWLRQVKLS EHWZHHQ YXOQHUDELOLW\ ZHDNQHVV DQG
FHSW RIRXUPHWKRGRORJ\ $V YXOQHUDELOLWLHY H[SORLW XQGHUO\LQJ
QHQWV H[DPLQLQJSULRU &9(HQWULHV IURP VLPLODU GHYLFHV RI WKH VD
WLFLSDWH XSFRPLQJYXOQHUDELOLWLHV DQG XQFRYHUUHFXUULQJLVVXE
H[SORLW 2Q WKHRQHKDQG WKLV XQGHUVWDQGLQJIDFLOLWDWHY SUHGL
WKHRWKHUKDQG LQRXURSLQLRQ IRFXVLQJRQ&:(YDOXHVLVPRUHFULW
O\LQJ ZHDNQHVVHV ZLWKLQ VIVWHPV )RULQVWDQFH PXOWLSOHEXIIHUR
FDQDOOEHWUDFHGEDFNWRDVLQJOH ZHDNQHVV VXFKDV &:( %\ LGHQ
RUJDQL]DWLRQHIIHFWLYHO\PLWLJDWHV DQ HQWLUH FODVV RIUHODWHG "
7KHUHIRUH E\ VI\VWHPDWLFDOO\VWXG\LQJ WKLV DSSURDFK LQ WKH IRUP
OHDUQDOO WKH ZHDNQHVVHV WR GDWH IURP WKH SULRU YXOQHUDELOLWL|
WKHHYLGHQFH EDVHG FRQFHSW\WKHPDLQLGHD EHKLQG RXU SURSRVHG F
L1 &9( &:(SDLUVDUHDQDO\]JHGDQG GRFXPHQWHG WKUHDWV WR D FRPSRQ
WKH QHHG IRUH[SHUW NQRZOHGJH



&RQVHTXHQWO\ WKH PDLQ HOHPHQWYV RI RXU SURSRVHG HYLGHQFH EDVH
ZHDNQHVVHV OHDUQHG IURPEXONKLVWRULFDO YXOQHUDELOLW\GDWD $¢
REWDLQLQJZHDNQHVVHVFDQ\LHOGYDOXDEOHLQIRUPDWLRQLQGHGXFLC
WKUHDWOLVWIRUHDFKFRPSRQHQW ,WUHDFWLYHO\VROYHV WKHJDSLQ"
YHU\JHQHULF WKUHDWV VXFKDVWDPSHULQJ VSRRILQJ HWF DQGHOLPL

2XU1RYHO (YLGHQFH EDVHG OHWKRGRORJ\

"HQRZLQWURGXFHRXU QHZ WKUHDW JHQHUDWLRQ PHWKRGRORJ\DQG GL
YLHZ LWFRQVLVWV RIWZR SKDVHV

'HILQHB6FRSHDQG $VVHWYV 7KLV SKDVHHVWDEOLVKHVWKHVFRSHDQG GHYV
7TKHVH FRPSRQHQWV LQFOXGH KDUGZDUH VRIWZDUH RUDQ\FRPSRQHQW
KLVWRULFDO &9( YDOXHFDQEHDQDVVHW GHSHQGLQJRQKRZGHWDLOHG
&RQWUDU\WR675,"( RXUPHWKRGRORJ\GRHVQRWUHTXLUHD GDWDIORZG
HQWULHVIRUGDWDLQWUDQVLW WRWKHEHVWRIRXUNQRZOHGJH 7KUHD!
RXUVLIQLILFDQWFRQWULEXWLRQWRWKHWKUHDWPRGHOLQJSURFHVVIR
HYLGHQFH EDVHG PHWKRGRORJ\LVYVOHYHUDJHG WRLGHQWLI\WKUHDWV W
HQWULHVIRUDQ\FRPSRQHQW ZLWKLQWKHVFRSH VHHSKDVH DUHDQDO\
OHGWRWKLVYXOQHUDELOLW\ QDPHO\ LWV &:(HQWU\ DUHOLVWHGIRUHEL
HOLPLQDWHG 7KHUHIRUH WKHWKUHDWPRGHOHUKDVDOLVWRIXQLTXH Z
7TKHQ WKLV V\VWHPDWLFDSSURDFKLVDSSOLHGWRHDFKFRPSRQHQWLQV
DOLVWRIZHDNQHVVHV WKDWDQDGYHUVDU\FDQH[SORLW WR UHDOL]H WK

2XU PHWKRGRORJ\IRFXVHV H[FOXVLYHO\RQ VIVWHPDWLF WKUHDW HQXPF
SULRULWL]LQJ PLWLIJDWLQJ RUPDQDJLQJLGHQWLILHGWKUHDWYVY WR WK
SUDFWLWLRQHUVFDQ SURFHHGDFFRUGLQIJWRWKHLUVSHFLILFWKUHDWP
DVWKHV\WWHP DUFKLWHFWXUH QHWZRUN DQGRUJDQL]DWLRQDO REMHF

&DVHO6WXGLHV 5LVN , QGLFDWRUYVY DQGOHWULFV

,QWKLVVXEVHFWLRQ ZHDSSO\RXUHYLGHQFH EDVHG WKUHDW HQXPHUD\
WHPVDQG FRPSRQHQWV WR GHWHUPLQHLWYVY DSSOLFDELOLW\LQUHDO ZR

&DVHB6WXG\ D7\SLFDO6&$'$1HWZRUN

‘H VWDUW ZLWK D VLPSOH FDVH VWXG\ ZKHUH ZH VWDUW IURP D KLJK OHYF
QHWZRUNV W\SLFDOO\FRQVLVW RIVHYHUDO NH\ FRPSRQHQWYV WKDW ZRU N
SOD\D FUXFLDO UROHLQ FRQQHFWLQJPDFKLQHU\DQG VHQVRUV IRU FRQ\
PLFURSURFHVVRUVWKDWFDUU\RXWFRQWUROWDVNVEDVHGRQLQSXW VL,
LWWRWKH6&$'$ $GGLWLRQDOO\ VHQVRUVDQGDFWXDWRUV SOD\D YLWDC
IRUWKUHDW HQXPHUDWLRQ ZRUNV RQ WKLV KLJK OHYHO VIVWHP GHVFULS
IROORZLQJFRPSRQHQWY D3/& DQ578 D6&$'$ VRIWZDUH DVHQVRU DQG

JLIXUH 6FRSHDQG 6\VWHP &RPSRQHQWYV

JLUVW RXUVRIWZDUHLV LQLWLDWHG 6HFRQG WKHKLJK OHYHO FRPSRQ
WKHDQDO\|H EXWWRQ ZH H[HFXWHG RXU PHWKRGRORJ\IRU WKLV KLJK Ot



7TDEOH I1XPEHURI7KUHDWY SHU &RPSRQHQW

&RPSRQHQW 3/& 578 6&%'$ 6HQVRU $FWXDWRU
RI7TKUHDWYV

WKUHDWV LQ WRWDO IRU 3/& 7KH QXPEHU RI WKUHDWV JHQHUDWHG SHU
SURSRVHG WKUHDW HQXPHUDWLRQ PHWKRGRORJ\FDQ DGGUHVV WKH OLP|
E\V\VWHPDWLFDOO\OHYHUDJLQJHPSLULFDO KLVWRULFDO YXOQHUDELOL
RQH[SHUWNQRZOHGJHLQHQXPHUDWLQJWKUHDWY KLJK OHYHODEVWUDF
HQDEOHV WKHLGHQWLILFDWLRQRIDVXEVWDQWLDO QXPEHURIWKUHDWYV
WHQF\DFURVV GLIITHUHQW VFHQDULRV DQG HQYLURQPHQWYV

&DVHB6WXG\ $=RRPLQRQD3/&

,QWKLVFDVHVWXG\ ZHSURYLGHD]RRPHG LQDQDO\VLVRID3/&V\VWHP 2
DQGDSSOLFDELOLW\RIRXUPHWKRGRORJ\ZKHQDSSOLHG WR D VXEVHW R
RYHUDOO KLJK OHYHO 6&%$'$ V\VWHP

,JZH]JRRPLQRQ3/& ZHFDQ QRWLFH WKDW D 3/& VIVWHP LV D FRPSOH[FRPE
ZRUN WRIJHWKHU WR HITHFXWH LQGXVWULDO DXWRPDWLRQ WDVNV 7KHVH I
SURJUDPPLQIJHQYLURQPHQWWKDWDOORZV XVHUVWRFUHDWHDQG XSORLE
DVODGGHU ORJLF VWUXFWXUHG WH[W RUIXQFWLRQ EORFNGLDJUDPV 7
LOSXWVDQG SURFHVV RXWSXWV 7KHILUPZDUH VHUYHV DV WKHRSHUDWL
QLFDWLRQ EHWZHHQ WKH KDUGZDUHDQG VRIWZDUHDQG HQVXUHV WKH HJ[
RIWHQ VKLS ZLWK D ZHE EDVHG XVHULQWHUIDFH WKDW DOORZV RSHUDWR
$GGLWLRQDOO\ WKHSK\VLFDO KDUGZDUH FRQVLVWV RINH\FRPSRQHQWYV
SXW RXWSXW , 2 PRGXOHVIRUFRQQHFWLQJVHQVRUVDQGDFWXDWRUYV [
VWXG\ WKH3/&ZHE 8, VRIWZDUH KDUGZDUH DQGILUPZDUHFRPSRQHQW)\
DWLRQ WRRO

"HH[HFXWHG RXUSURSRVHG PHWKRGRORJ\RQWKHLQGLYLGXDO 3/&PRGX(
VWUDWHG LWV DSSOLFDELOLW\DQG YHUVDWLOLW\DQG LGHQWLILHG VSH
WKUHDWYVY LQ WKH ZHELQWHUIDFH &RUUHVSRQGLQJO\ WKHPHWKRGROR]
KDUGZDUH WKUHDWYVY UHVSHFWLYHO\ 7KLV GHWDLOHG GHFRPSRVLWLRQ I
WKHPRGXOHOHYHO HQDEOLQJWKHLGHQWLILFDWLRQ RIWKUHDWY VSHFL

&DVHBWXG\ +LIJK /HYHO YV *UDQXODU &RPSRQHQWYV

,QWKLV VXEVHFWLRQ ZHZDQW WR IRFXV RQ WKHGLVWLQFWLRQ EHWZHHQ
VI\IVWHPDQG KRZWKHGLITHUHQW OHYHOV RIGHWDLO LQIOXHQFH WKUHDW I
W\SLFDOO\D FRPSRQHQW LQ DQ ,&6 VIVWHP 2QHFRXOG HLWKHU MXVW XVF
HQXPHUDWLRQ DVZDVGRQHLQFDVHVWXG\ RURQHFDQVSHFLI\WKHVSH
JRUH[DPSOH *36 DQG WKHUPRVWDWV DUHWZRGLVWLQFWH[DPSOHV RIVH
VHQVRU FRPSRQHQWV IURP D WHFKQLFDO SRLQW RI YLHZ WKH\DUH FOHD!
DQGFDQEHXVHGLQRWKHULQGXVWULHV

$JDLQ ZHH[HFXWHGRXUSURSRVHGPHWKRGRORJ\RQWKHVHV\VWHP FRPS
HITHFWLYHQHVV LQ VIVWHPDWLFDOO\JHQHUDWLQJWKUHDWY 2XUPHWKR
WKHJIJHQHUDO FRPSRQHQW VHQVRUV ZHUH XVHG ZKLOH IRU VSHFLILF FRP
PRVWDWVDQG WKUHDWVIRU *36

2YHUDOO WKH UHVXOWY RI WKH VKRZFDVHVY UHYHDO WKDW RXU HYLGHQF
KHQVLYH VHW RIJUDQXODU WKUHDWYV IRUHDFK FRPSRQHQW DQG HOLPLQL
SURSRVHG PHWKRG LV YDOXDEOH IRUJHQHUDWLQJVHFXULW\ULVNV LQ FF
FRPSRQHQWY SDUWLFXODUO\3/&V VXFKDV EXIITHURYHUIORZDQGPLVVLC
PRGHOLQJUHVXOWVLQWKHOLWHUDWXUH 7KHHYDOXDWLRQRIRXUWKUL
VKRZV WKDW LW FRXOG LGHQWLI\WKUHDWVY DQG SURYLGH D VIVWHPDWLF
VWXGLHVY PDNH WKLY PHWKRGRORJ\ SUDFWLFDO DQG DSSOLFDEOH LQ UHD
FDQOHYHUDJHRXUPHWKRGRORJ\DQG WKHWRROWRJHQHUDWH WKUHDW\

/ILPLWDWLRQV



:KLOHRXU SURSRVHG PHWKRGRORJ\RIIHUV VLIQLILFDQWDGYDQWDJHYV LC
VHQWLDO WR DFNQRZOHGJH OLPLWDWLRQV ,Q WKLV VXEVHFWLRQ ZH GL)
RXUWKUHDWHQXPHUDWLRQPDVUHTXLUHIXUWKHULPSURYHPHQW RUDGG

7TKHPDMRU  GUDZEDFN LV WKDWRXUPHWKRGRORJ\LVUHDFWLYH $QDO\]LC
WKUHDWV EDVHG RQ WKHLUDVVRFLDWHG ZHDNQHVVHY SURYLGHVY DUHDFV
WRULFDO YXOQHUDELOLW\LQIRUPDWLRQ WKDW KDV DOUHDG\EHHQ LGHQ
UHO\LQJVROHO\RQ KLVWRULFDO &9(DQG &:(DQDO\WLVDQGJIJHQHUDWLQJ
OLPLWLGHQWLIN\LQJWKUHDWYVY WKDW DUH QRW NQRZQ\HW RU SXEOLFO\GR
QHQW LV VXVFHSWLEOHWR; DQG; WKUHDWV EDVHG RQRXUPHWKRGRORJ
KDVQRWEHHQLGHQWLILHG EHIRUH VD\; DQG H[SORLWYV WKLV RXUDSSL
WKUHDW 7KLV OLPLWDWLRQ KLIKOLIKWY WKHUHDFWLYHQDWXUHRIRXUFF

JXUWKHUPRUH RXUPHWKRGRORJ\LY OLPLWHG ZKHQ GHDOLQJ ZLWK FXVW
GRQRWKDYHKLVWRULFDO &9( &:(YDOXHV RUV\WWHPV WKDW KDYH QRW E
LVVWLOO UHTXLUHG KHUH

IDVW &:(IRFXVHVVROHO\RQWHFKQLFDO ZHDNQHVVHY SULPDULO\DGGUL
ZDUH ,WGRHV QRWFRYHU QRQ WHFKQLFDO YXOQHUDELOLWLHY VXFKDV
HQJLQHHULQJWKUHDWYV ZKLFKFDQUHVXOWLQVHFXULW\LVVXHV ,QDGG
WR F\AEHUVHFXULW\ RXUPHWKRGRORJ\LVVROHO\IRFXVHG RQ WKH F\EHU
SULYDF\DQG VDIHWALVVXHVLQ ,&6

&RQFOXVLRQV

7KUHDW LGHQWLILFDWLRQLVDQ HVVHQWLDO VWHSLQ WKUHDW PRGHOLQJ
JLYH QR RU OLPLWHG JXLGDQFHRQLGHQWLI\LQJWKUHDWY LQ VSHFLILF H(
DUH PRVWO\EDVHG RQ JHQHULF WKUHDWYV VXFK DV VSRRILQJ WDPSHULQ.
7KLV SDSHU DLPV WR SURSRVH D QRYHO VA\VWHPDWLF PHWKRGRORJ\ IRU W
HOLPLQDWLQJWKH QHHG IRU H[SHUW NQRZOHGJH :HGHVLJQHGDQHYLGE
LGHQWLI\WKUHDWVY EDVHGRQDQDO\]LQJKLVWRULFDO YXOQHUDELOLW\ L¢
&:(SDLUV 2XUPHWKRGRORJ\LVDFFRPSDQLHGE\DVRIWZDUHWRRO WR D:
DQG FDQEH XVHG DV SDUWRIWKUHDW PRGHOLQJH[HUFLVHV :HWKHQ GHP
RXUPHWKRGRORJ\LQWKUHH GLIITHUHQW ,&6 FDVH VWXGLHYV



ORGHOLQJ2SHUDWRU $FWLRQVLQS5LVN$VVHVVPF

&DVFDGLQJ RXWDJHV DUH D PDMRU FDXVH RI ODUJH VEDOH GLVWXUEDQF}
SKDVHRIDFDVFDGH V\WVWHP RSHUDWRUYV SOD\D FULWLFDO UROHLQKDOW
EOHWRHUURUV HVSHFLDOO\XQGHU WLPH FRQVWUDLQHG QRQ VHFEXUH S
DQRYHO IUDPHZRUN WKDW LQWHJUDWHY +XPDQ 5HOLDELOLW\$QDO\VLV +
PXODWLRQWRDVVHVVEODFNRXWULVNXQGHURSHUDWRULPSHUIHFWLRQ
DWLQJRSHUDWRU SHUIRUPDQFHDW HDFKVWDJH 8QOLNHFRQYHQWLRQDC
DFWLRQV YLD 23) WKHQ HVYWLPDWHY WKHLU DVVRFLDWHG +XPDQ (UURU 3U
7KHVH DUH DGMXVWHG EDVHG RQ WKH 7LPH ODUJLQ 5DWLR 705 GHILQHG
UHTXLUHG IRUGLDJQRVLVDQGLPSOHPHQWDWLRQ 7KHIUDPHZRUN G\QDP
PXODWLRQVEDVHGRQWKHVHYHULW\RISRVW FRQWLQJHQF\FRQGLWLRQV
1 DQG1 FRQWLQJHQFLHVY GHPRQVWUDWH WKDW LPSHUIHFW RSHUDWRU
ULVN FRPSDUHG WR QR DFWLRQ \HW UHVXOW LQ KLJKHU ULVN OHYHOV WK
+5$\23) IUDPHZRUN SURYLGHV D SUDFWLFDO WRRO IRULQFRUSRUDWLQJ R
PHQW

6FRSHDQG REMHFWLYH

/IDUJH VFDOHEODFNRXWV UHPDLQ D VHULRXV WKUHDW WR WKHUHVLOLHQF
PDMRUHYHQWV RYHUWKHSDVWWZRGHFDGHY LQFOXGLQJWKH EODFNF
EODFNRXWLQ ,QGLD > @\> @ 7KHVHHYHQWYV KDYH KLIJIKOLJKWHG WKH 'Y
IDLOXUHVWULJIJHUHG EA\VHHPLQJO\ORFDOL]HGHYHQWY &DVFDGLQJRXW
IDLOXUHV ZKLFK SURSDJDWH WKURXJK WKH QHWZRUN GXH WR WKHUPDO |
LQSURWHFWLRQ VI\VWHPYVY DQG LQDGHTXDWHRULQFRUUHFW RSHUDWRU I
FODVVLILHGLOQWR WZR WHPSRUDO VWDJHV

" $VORZ GHYHOR XM IMWBIK@NIHRP WHQV RIVHFRQGVY WRVHYHUDO PLQXWH
LVSRVVLEOHYLD PDQXDO FRUUHFWLYHDFWLRQV 0&%V > @

= $IDVW WUDQV IZKGWISEDRSDIJDWLRQ LV GRPLQDWHG E\IDVW G\QDPLFV
KXPDQ GHFLVLRQ PDNLQJ

'XULQJWKHHDUO\SKDVHRIDFDVFDGH KXPDQ RSHUDWRUV SOD\D FULWLF
EODFNRXWV KDYHVKRZQWKDW XQGHUKLIJKVWUHVYV WLPHFRQVWUDLQWYV
DFWLQFRUUHFWO\ RUDFWWRRODWH> @ > @ 7KHVHKXPDQLPSHUIHFW
ULVNPRGHOV ZKLFKHLWKHU

= JQRUHRSHUDWRUDFWLRQHQWLUHO\ DVVXPLQJSURWHFWLRQ V\VWH
" ORGHORSHUDWRUV DYV SHUIHFW DOZD\VLPSOHPHQWLQJRSWLPDODFW

%YRWKDVVXPSWLRQVGLVWRUWULVNDVVHVVPHQWY ;JOQRULQJRSHUDWRU
FOXVLRQV ZKLOHDVVXPLQJSHUIHFWLRQ XQGHUHVWLPDWHV RSHUDWLRQ
LQWURGXFH SUREDELOLVWLF PRGHOV RI KXPDQ EHKDYLRU> @ > @ EXW
ODFNLQWHJUDWLRQ LQWR VA\VWHP ZLGH ULVN WRROV 7KLV VWXG\DGGUF
ZRUNIJXPDQ 5HOLDELOLW\ $QDO\VLV\2SW LW KD RDNWH)JURDAN HYSREHUDWRU L
LQWR WKH SUREDELOLVWLFPRGHOLQJRIFDVFDGLQJRXWDJHYVY 7KHIUDPH

= (PEHGVD VWUXFWXUHG +XPDQ5HOLDELOLW\$QDO\VLVY +5% PRGHO EL
EDVHG FDVFDGLQJVLPXODWLRQ

= AXDQWLILHV+XPDQ (UURU3UREDELOLWLHV +(3V G\QDPLFDOO\ GHSHC
LW\

= 3URSDJDWHV WKH ULVN WKURXJK SUREDELOLVWLF HYHQW WUHHV FDS
FRUUHFWLYHDFWLRQV

7TKLVDSSURDFKEULGJHV HQJLQHHULQJPRGHOVRISRZHU V\VWHP VHFXUL\
VSRQVH DOORZLQJIRUPRUHDFFXUDWHDVVHVVPHQW RIEODFNRXW ULVN



OHWKRGRORJLFDODSSURDFKDQGPRGHOLQJDVVXPSWLR

7KHSURSRVHG +5%$\23) IUDPHZRUN LV LPSOHPHQWHG LQ 0$7/$% XVLQJ WKH
ELQHVY SRZHU VA\VWHP RSWLPL]DWLRQ ZLWK KXPDQ UHOLDELOLW\PRGHOLC
ULVN 7KHIUDPHZRUNFRQVLVWV RIWZRLOQWHUFRQQHFWHG PRGXOHV

= SUREDELOLVWLF6HTXHEGROHWHRORBHMD BGDQFKLQIJWUHHRIFDVFDGLQ
RQRSHUDWRUVXFFHVV RUIDLOXUHLQH[HFXWLQJPDQXDO FRUUHFWL)Y

B &DVFDGLQJ2XWDJH 3 WRPXIDDWRHYV WXH VWDIH E\ VWDJHHYROXWLRQR
PLQHVWKHILQDO RXWFRPH VHFXUH LQVHFXUH RUFROODSVHG

JLIXUH 2YHUYLHZ RIWKHFDVFDGLQJ RXWDJH SUREDELOL)

7TULJIJHU/RJLFIRU&RUUHFWLYHS$SFWLRQV

2SHUDWRULQWHUYHQWLRQLY SHUPLWWHG RQO\XQGHU VSHFLILFWLPLQJ
IRUFRUUHFWLYHDFWLRQLVOHVV WKDQ PLQXWHV QRO&$LVDWWHPSWI
IRUPXODWLRQ

"= 7KHUPDO RYHUBRDGQGRIT2YROWDJH YLRRRWLIRQB) LV XVHG WR LGHQWLI'
DFWLRQV

" 6HYHUH YROWDAaH YLEGR DM RQFRGHOHG GXHWR XUJHQF\DQG OLNHO\R
= | WKH23)LVLQIHDVLEOH QRFRUUHFWLYHDFWLRQLVDSSOLHG DQGW



7KLY ORJLF HQVXUHVY WKDW WKH IUDPHZRUN PRGHOV RQO\ SODXVLEOH RS
VWUDLQWVDQG FRIJQLWLYHOLPLWDWLRQV XQGHU  VWUHVV> @ > @

7TULJIJHU/RJLFIRU&RUUHFWLYHS$SFWLRQV

2SHUDWRU LQWHUYHQWLRQLVY SHUPLWWHG RQO\XQGHU VSHFLILFWLPLQJ
IRUFRUUHFWLYHDFWLRQLY OHVV WKDQ PLOQXWHY QR O&$SLVDWWHPSWI
IRUPXODWLRQ

= 7KHUPDO RYHURRDGQRT2YROWDJH YLRQRWLERMB) LV XVHG WR LGHQWLI!
DFWLRQV

" 6HYHUH YROWDAaH YLGR DA RQFRGHOHG GXHWR XUJHQF\DQG OLNHO\R
= |WKH23)LVLQIHDVLEOH QRFRUUHFWLYHDFWLRQLVDSSOLHG DQGW

7KLY ORJLF HQVXUHV WKDW WKH IUDPHZRUN PRGHOV RQO\ SODXVLEOH RS
VWUDLQWVDQG FRIJQLWLYHOLPLWDWLRQV XQGHU VWUHVV> @ > @

$& 2SWLPDO 3RZHU )ORZ)RUPXODWLRQ

7KH $& 23) SUREOHP DLPVWR LGHQWLI\FRVW HIIHFWLYH O0&$V LQFOXGLQJ
DQG ORDG VKHGGLQJ WKDW UHVWRUH VA\VWHP IHDVLELOLW\ 7KH SUREOH
SRODUFRRUGLQDWHVDQGVROYHG XVLQJD SULPDO GXDOLQWHULRU SRL(
IROORZV
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1IRWDWLRQDQG 'HILQLWLRQV
= 6HWV EXVHY JHQHUDWRUVORDGVWUDQVPLVVLRQ OLQHV

= 2SWLPL]DWLR®& ,DEXDERBWDJIH PDJQLIWXGS H XSCARZIPBIFWLYH UHGLV S
RIJHQHUDWRUL, XS GRZQ UHDFWLYH UHGLS $RSVFKFRIWW DR HUIDGVREBW LY H
UHDFWLYH GHPDQG DW EXV

* 3DUDPHWHUFRVW FRHIILFLHQWYV IRU UHG L\V'S W F K B 19 G>XO0R-DG /AWM IGYGH. Q
WLYHJIHQHBPWERBKHGXOHGDFWLYH WRBFWIIHEHPARAGDWRUERXQG)



#IONBY EXV YROWDJH QLUPHIMY LPDJLQDUNSDUWYV REDGPQRBFWBQRFH PDWU
LW)Y SURSRUWLRQDOLW\IDFWRUIRUDFWLYH UHDFWLYHGHPDQG VKHG

7KH REMHFWLYH IXQFWLRQ PLQLPLJHV WKH FRVW RIDFWLYH SRZHU U
DQFHFRQVWUDLQWV IRUDFWLYHDQG UHDFWLYHSRZHUDUHHQIRUFHG E\
VKHGGLQJLQUHDFWLYHSRZHULV GHILQHG E\ *HQHUDWRURXWSXW E|
UHGLVSDWFKERXQGV DUHKDQGOHG LQ DQG &RQVWUDLQW f
FHHG WKHRULJLQDOGHPDQG /LQHWKHUPDOOLPLWVDUHUHVSHFWHG YLEL
UHIHUHQFHDQJOHLVIL[HG E\ 7KLV $& 23) IRUPXODWLRQ SURYLGHV W
UHFWLYHDFWLRQV XQGHU SK\VLFDOJULG FRQVWUDLQWV DQG LV LQWHJUI
DERYH

,QORZ VWUHVVVLWXDWLRQVZKHUHYROWDJHDQGUHDFWLYHOLPLWVDUF
SXWDWLRQWLPH 7TRFDSWXUHRSHUDWRULPSHUIHFWLRQ WKHIUDPHZRUN
QRPLQDO KXPDQHUURU SUREDELOLWLHV +(3V EDVHGRQ SHUIRUPDQFH V
WKLV FRQWHPWHIOMDWKIHQ 5DWLR 705

705 !DYDLO

bunT

" 5y BVWLPDWHG XVLQJ ,(((6WG  WKHKWRDOWWEUORDG PRGHO
" 1,y LQFOXGHV GLDJQRVLV WLPH H[HFXWLRQWLPH DQG WLPHIRU WKH I

JLIXUH 7LPHOLQHLOOXVWUDWLQJFRPSRQHQWV RIWKHT7LPH

705 YDOXHVY DUH PDSSHG WR GLVFUHWH +(3 YDOXHV ®V RSHEDIWIR® LQLEB%E
LVDVVXPHG FHUWDLQ 2WKHUZLVH WKH 0&$ LV LRFSQOH MHXBMWHIGHZV. HKQ\DXUALF
EUDQFKHVDFFRUGLQJO\> @ > @

6FHQDULR (YROXWLRQDQG 7THUPLQDWLRQ

(DFKVFHQDULREUDQFKHVEDVHGRQRQHRIVHYHUDO SRVVLEOHRSHUDWR
LOFRUUHFW GLDJQRVLY RUQRDFWLRQ 7KHVHDUHHYDOXDWHG LQ WKH
DGYDQFHV WR WKH QH[W VWDJH LI WKH VI\VWHP FROODSVHYVY RUVWDELOL]
FRQYHUJLQJVFHQDULRVPD\WULJIJHUJULGLVODQGLQJRUEHFODVVLILHG

&DVHG6WXGLHVDQG5HVXOWYV

TRGHPRQVWUDWH WKHSURSRVHG PHWKRGRORJ\ ZHDSSO\WKH +5%$\23) IUI
ODQG 7THVW 6\VWHP 1(76 DQG WKH ,((( DUHDJ576 VI\VWHP ,QERWKFDVH!'
« FRQWLQJHQFLHYV )RUHDFKSULPDU\FRQWLQJHQF\ ZHVLPXODWHPXOW
WKHVXFFHVV RUIDLOXUHRIPDQXDO FRUUHFWLYHDFWLRQV 0&%YV EDVHG
+(3VDUHFRPSXWHG XVLQJ7LPHODUJLQ5DWLRY 705V DQGWKHG63%5 +I1UDF
SDQVLRQRISRVVLEOHRXWFRPHY UHIOHFWLQJWKHSUREDELOLVWLFQDW

5LVN 4XDQWLILFDWLRRTRDLQW RK'WKH WDLO ULVN RIODUJH ORDG ORVYV HYFH
PHQWDU\FXPXODWLYHGLVWULEXWLRQIXQFWLRQ &&') RIWRWDOORDG Vi
&&')IRUWKH 1(76 FDVH LOOXVWUDWLQJKRZRPLWWLQJKXPDQUHOLDELOL
RIUDUH EXWH[WUHPHEODFNRXWHYHQWYV



JLIXUH &&') RIWRWDO ORDG VKHG IRUWKH 1(76 FDVH XQGHU WKU'

,PSDFWRI 1+(3 RQ /RDGRRRMGBYQWKH UROHRIRSHUDWRU UHOLDELOLW\ )]
WRWDO ORDG VKHGGLQJIRUWKH 1(76 VIVWHP XQGHU YDU\LQJ QRPLQDO KX
LQGLFDWHWKDW KLJKHU 1+(3 YDOXHV VXEVWDQWLDOO\LQFUHDVHWKHOL
WKH alR 2SHUDWRUb FDVH ,Q FRQWUDVW WKH SHUIHFW RSHUDWRU DVVXF
RXWFRPHV KLJIKOLJKWWKDWHYHQPRGHVWGHYLDWLRQVLQRSHUDWRU UH
XQGHUOLQLQJWKHQHFHVVLW\RILQFRUSRUDWLQJH[SOLFLW KXPDQ SHUII

JLIXUH &&') RIWRWDOORDG VKHGIRUWKH1(76 FDVHXQGHUGLIIHUHQW

,PSDFW RI ,VODQGLQJ Z®I$& Q REBHIXFH)RI FRQWUROOHG LVODQGLQJ LV LOC
FRPSDUHV &&')V RIORDG VKHGGLQJ XQGHU $& PRGHOOLQJ ZLWK DQG ZLWK
LVHQDEOHG ERWK SHUIHFW DQG LPSHUIHFW RSHUDWRU DVVXPSWLRQV \L
SUREDELOLW\RIODUJH VFDOH VKHGGLQJ HYHQWYV :LWKRXW LVODQGLQJ
SHUIHFW RSHUDWRU SHUIRUPDQFH 7KH alR 2SHUDWRUb EDVHOLQH UHPD!|
7KHVHUHVXOWV GHPRQVWUDWH WKDW FRQWUROOHGLVODQGLQJFDQDFW
RSHUDWRUDFWLRQV DUHWLPHO\DQG UHDOLVWLFDOO\PRGHOOHG



JLIXUH &&')RIWRWDOORDGVKHGIRUWKH1(76 FDVHZLWKDQGZLWKRXYV

'LVFXVVLRQDQG ,QVLJIKWYV

7TKLVFDVHVWXG\GHPRQVWUDWHV WKHLPSRUWDQFHRILQFRUSRUDWLQJK
PHQWIUDPHZRUNYV %\PRGHOLQJRSHUDWRUDFWLRQV XVLQJWKH63%5 +P
ZHUHYHDOD EURDGHUDQG PRUHUHDOLVWLFGLVWULEXWLRQRIFDVFDGL!

5HVXOWYV VKRZ WKDW LPSHUIHFW RSHUDWRU LOQWHUYHQWLRQV SDUWLFX
FDQWO\LQIOXHQFH WKH VHYHULW\DQG SUREDELOLW\RIEODFNRXW VFHQ
IDFWRUVLQRSHUDWLRQDO UHVLOLHQFH

$GGLWLRQDOLQVLIKWVHPHUJHZKHQ ORRNLQJPRUHFORVHO\DW WKH $& IF
UHPDLQEOLQGWRYROWDJHPDIQLWXGHVDQGUHDFWLYHIORZV WKH $& P/
YROWDJH YLRODWLRQVDQG LQVWDELOLW\RIWHQ VKDSH WKHFRXUVHRIF
SHFLDOO\SURQRXQFHG ZKHQ RSHUDWRUVDFWLPSHUIHFWO\RU XQGHU SU
ULVN SLFWXUH ZRXOG VWD\KLGGHQ DQGWKHPRVWGDPDJLQJVFHQDULRYV

7KH VWXG\ DOVR VKRZV KRZ UHVLOLHQFH FDQ EH SUHVHUYHG ZKHQ WKH L
LVODQGLQJ RIIHUV D ZD\ WR FRQWDLQ GLVWXUEDQFHY SUHYHQWLQJ ORF
EODFNRXWV $WWKHVDPHWLPH RSHUDWRUV ZLWK KLJK UHOLDELOLW\ O
WRZDUG VDIHU RXWFRPHYVY 7RJHWKHU WKHVH WZR IDFWRUV]VRXQG LVOD
SHUIRUPDQFH]SURYHHVVHQWLDO HVSHFLDOO\LQLPSHUIHFW DFWLRQFD
HIWUHPH FRQVHTXHQFHY 7KH\KLJKOLJKW WKDW UHVLOLHQFHLVY QRW WK
GHIHQVH FRPELQLQJDGYDQFHG FRUUHFWLYHFRQWUROV ZLWK WKHKXPD!

7TKHILQGLQJVUHLQIRUFHWKHFRQWULEXWLRQRIWKH+5%$\23) PHWKRGROR
F\EHU SK\VLFDO DQGKXPDQGLPHQVLRQVPXVWEHLQWHIJUDWHGWRFRPS
HUQ SRZHU VA\VWHPV > @ > @ > @



$QRPDO\ " HWHFWLRQ )UDPHZRUN

7KH FRQYHUJHQFH RILQIRUPDWLRQ WHFKQRORJ\ ,7 DQG RSHUDWLRQDO"
VI\VWHPV &336 LVLQFUHDVLQJO\UHFRJQL]HGDVLQGLVSHQVDEOH WR LP
LW\ DQG PDQDJHPHQW > @ +RZHYHU WKLV LQWHJUDWLRQ LQWURGXFH\
> @ 'HVSLWH WKHLPSOHPHQWDWLRQ RI VWUDWHJLF LVRODWLRQ PHDV:
&336V DIJDLQVW HIWHUQDO WKUHDWYV VXFK DV XQDXWKRUL]JHG QHWZRUN S
XQDXWKRUL]JHG DFFHVV VLJQLILFDQW YXOQHUDELOLWLHVY VWLOO SHUVL\
VORZHU UDWH RI XSGDWHV DQG HQKDQFHPHQWV LQ VHFXULW\ PHDVXUHV F
WLFDWLRQ RI F\EHU WKUHDWV 7KH F\EHUDWWDFNV RQ 8NUDLQLDQ SRZH!
VHFXULW\ UHVSRQVLYHQHVV LQ DQG ZKHUHLQ DWWDFNHUV H[HFXV
WKHVHYHQ VHTXHQWLDO VWDJHV RIWKHF\EHUNLOO FKDLQ &.& UHFRQQ
LQVWDOODWLRQ FRPPDQG DQG FRQW UR 08 NU D DXE \D ¥ WIVRHOPROQVR E I8 H R WULR
WKURXJK WKH &.& LV QRW H[FOXVLYH WR WKH 8NUDLQLDQ LQFLGHQWYV EXW
2EVHUYDWLRQV IURP WKHLQLWLDO VL[VWDJHV RIWKH &.& ZKLFKRIWHQ H|
PHQWRIDGYDQFHGLQILOWUDWLRQ WHFKQLTXHV SRWHQWLDOO\HQFRPSI
PDOZDUH GULYH E\GRZQORDGV XVHRIH[SORLW NLWV WDUJHWLQJNQRZ
URRWNLWYV DQG WURMDQV DQG FRYHUW & WDFWLFVVXFKDV'16 WXQQHOL
QLTXHV DUH VI\VWHPDWLFDOO\HPSOR\HG WR FLUFXPYHQW VHFXULW\ SURYV
DFWLYLWLHVRYHUDQH[WHQGHG SHULRG 5HPDUNDEO\ LWRIWHQWDNHV F
WKH ODVW VWDJH $R2 WKXVDFKLHYLQJWKHDWXO&& LPDWH GHVWUXFWLYF

'"HVSLWH FRPSUHKHQVLYH GRFXPHQWDWLRQDQGDQLQ GHSWK XQGHUVW|
OXVWUDWHG &.& &336V UHPDLQ YXOQHUDEOHWRERWKQRYHODQG UHFXU
DULVHV SULPDULO\GXHWRWKHIDFWWKDWPRVWRIWKHH[LVWLQIJDQRPD
GRPLOQDQWO\WDLORUHGWRGHWHFWDQRPDOLHVLQWKHSK\VLFDOFRPSRH
GDWD LQMHFWLRQ )', > @ UH®SDW VW RSRIARN DIBWIWBRWNY HQVWY IDOVH FRI
WLRQ> @ HWF ZKLFKIJHQHUDOO\PDQLIHVWRQO\DW WKHODWHU VWDJ
> @ 7KLVGHOD\HG GHWHFWLRQ UHVWULFWV WKH WLPHOLQHVV DQG HIIF
WHUPHDVXUHYVY WKHUHE\LPSHGLQJ WKHDELOLW\WRPLQLPL]HRU SUHYHC
LQIUDVWUXFWXUHV> @ > @ ,QUHVSRQVHWRWKHVHFKDOOHQJHV Wk
$' PHWKRG IRULQWHJUDWHG ,7 27 QHWZRUNV ZLWKLQ WKH SRZHU JULG LQI
WHFWLQJ FRPPXQLFDWLRQ WUDIILF DQRPDOLHV WKDW PDQLIHVW LQ WKH
LGHQWLILFDWLRQ RIF\EHUWKUHDWYV EHIRUHWKH\LPSDFW WKH SK\VLFDO

6FRSHDQG REMHFWLYH

7TRRYHUFRPH WKHOLPLWDWLRQV RIH[LVWLQJ$' PRGHOV ZKHQHPSOR\HG L
SRVHD VRIWZDUH GHILQHG QHWZRUNLQJ 6'1l EDVHGIUDPHZRUNWKDWDE
DWUDIILFGLVSHUVLRQJUDSK 7'* > @ 7KLVJUDSK EDVHGUHSUHVHQWD
HYROYLQJLQWHUDFWLRQV DPRQJQHWZRUN FRPSRQHQWV DFURVY ERWK \
VWUXFWXUHG EDVLVIRUIXUWKHUDQDO\VLV )XUWKHU ZLWKLQ WKH SURS
UREXVWOHDUQLQJDUHDFKLHYHGWKURXJKWKHLQWHJUDWLRQRIDGLVFL
HIWUDFWRU ZLWK D K\EULG DUFKLWHFWXUH FRPSULVLQJD JUDSKDWWHQV
PHPRU\ *$7 %L/670 7KHGHVLIJQ RIWKLVDUFKLWHFWXUDO FRPELQDWLRQ
LOWULFDWHUHTXLUHPHQWYV RIDUREXVW $'IUDPHZRUN DVLGHQWLILHG W
HUDWXUH 7KLV VHFWLRQ SURYLGHV WKHJHQHUDO PRWLYDWLRQ IRU WKH
WKH SURSRVHG $'IUDPHZRUN

7TKHILUVW PRGXOH RI WKH SURSRVHG $' PRGHO LV ":7 ":7LVZLGHO\UHQRZ(
FDSDELOLWLHVLQGLYHUVHDSSOLFDWLRQVVXFKDVIDOVHGDWDLQMHFW
GHWHFWLRQ> @ HWF ,WVVXSHULRULW\RYHURWKHUVLIJQDO SURFHVVL
HPSLULFDO PRGH GHFRPSRVLWLRQ DQG +LOEHUW +XDQJ WUDQVIRUP LQ
FODVVLILFDWLRQ HQKDQFHPHQW KDV EHHQ GLVFXVVHGLQ> @ 7KHDELC
DWWULEXWHVIURPERWKKRPRIJHQHRXVDQG KHWHURJHQHRXV WUDIILF SD
SOHG ZLWK LWV HITHFWLYHQHVV LQ FDSWXULQJERWK VKRUW WHUP DQG O
RXUDSSURDFK )ROORZLQJ':7 EDVHG IHDWXUH HIWUDFWLRQ RXU PHWKR
PHFKDQLVP LQLWLDOO\LQWURGXFHGLQ> @ WRG\QDPLFDOO\SULRUL\
WLRQOLQNV 7KLVWHFKQLTXHHQKDQFHVWKHPRGHO_VVHQVLWLYLW\WR



LWWRGLVWLQIXLVKEHWZHHQ DQRPDOLHVY WULJJHUHG E\OHJLWLPDWH Q!
PDOLFLRXVDFWLYLWLHYV 7KHSURYHQYHUVDWLOLW\DQGHIILFDF\RIJUDS
LQJIHDWXUHV E\DVVLIQLQJ ZHLIJKWY DVHYLGHQFHGLQ GRPDLQV VXFK D
> @ DQG UHDFWLYH SRZHU RSWLPL]DWLRQ > @ IXUWKHU VXEVWDQWLI
IXUWKHU HQKDQFH RXUIUDPHZRUN ZH HPSOR\D ELGLUHFWLRQDO ORQJ YV
WHPSRUDOHYROXWLRQRIWKHDWWHQWLRQ HQKDQFHG IHDWXUHV H[WUL
VXSHULRULW\RI %L/670RYHUWUDGLWLRQDO XQLGLUHFWLRQDO/670DUEFK
SURSRVHG IUDPHZRUNDQG LWV VSHFLILF DSSOLFDWLRQ WKHDGRSWLRQ
FRQFXUUHQW SURFHVVLQJ RILQSXW GDWD LQ ERWK IRUZDUG DQG UHYHU\
WKHPRGHO_V FDSDELOLW\WRFDSWXUHDV\QFKURQRXV WHPSRUDO GHSHC(
7TKLVEL GLUHFWLRQDO EL IORZSURFHVVLQJVLIQLILFDQWO\DGYDQFHV W
GHSHQGHQWVHFXULW\WKUHDWY GLVFHUQLQJSDWWHUQVZLWKLQWKHGI
IORZ GLUHFWLRQ SDUWLFXODUOV\LQ QHWZRUNHQYLURQPHQWYV ZKHUH GD
EHKDYLRUGXHWRQHWZRUN ODWHQF\

OHWKRGRORJLFDODSSURDFKDQGPRGHOLQJDVVXPSWLR

6LPSOLILHGRI,7 270RGHO

7KH ,7 27 PRGHO GHYHORSHG LQ WKLV VWXG\ LV GHVLIJQHG WR IXQFWLRQ L
JHQHUDWLRQ WR SURYLGH WLPH GRPDLQ WUDIILF GDWD DFURVV YDULRXYV
ZRUNLQFOXGHV PXOWLSOHKLHUDUFKLFDO OHYHOV UDQJLQJIURP WKH Sl
VI\VWHPV DQG,7 QHWZRUNV FRQQHFWHG WR VXEVWDWLRQVDQG 6&$'$ V\V\
GHSLFWLRQ RIWKH ,7 27 QHWZRUN PRGHO LOOXVWUDWLQJHDFK FRPSRQ|
HQKDQFLQJGDWD WUDQVPLVVLRQDQG VHFXULW\

J)LIXUH ,QWHIJUDWHG ,7 27 &RPPXQLFDWLRQ 1HWZRUNORGHO

*LYHQ WKDW WKH SULPDU\IRFXV RI WKLY UHVHDUFK LV RQ WKH LPSDFW RI
WKHPRGHO LQWHQWLRQDOO\VLPSOLILHVY E\H[FOXGLQJ GHWDLOHG VLP X
LQ)LJ DQG WKH VSHFLILF FRQWHQWYV RI WKHLU UHFHLYHG RU WUDQV
WKHUHVHDUFK HPSKDVL]HVY PRGHOLQJ WKH WUDIILF EHKDYLRU RI F\EHU C
GHYLFHV ZRUNVWDWLRQV VHUYHUV HWF XQGHUYDULRXV GDWD WUDQV
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