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Executive summary

This deliverable establishes scaling requirements for variational quantum algorithms (VQAs) for computational
fluid dynamics (CFD) by using tensor networks as a classical proxy to derive empirical lower bounds on the quan-
tum resources needed at a given accuracy. We assess the representability of CFD solutions in matrix product state
(MPS) format by compressing fields produced by our in-house finite-difference code and the industry-standard
OpenFOAM solver, Helyx. To enable fair, quantitative comparison, we introduce an advantage factor A that com-
bines the grid-resolution requirement with a model for how the required MPS bond dimension —the parameter
that sets the computational and storage requirements—scales with Reynolds number Re. Using three case stud-
ies—laminar cylinder flow, Rayleigh—Bénard convection (transition to turbulence), and an engineering S-bend,
we map how  grows with Re to achieve a fixed accuracy and translate this into projected time and memory
costs. The results indicate that, wherever the physics admits compact tensor representations (moderate ), MPS
offers clear reductions in memory footprint and runtime at fixed error compared with classical baselines. From a
quantum-algorithm perspective, the tensor-network study is a scaling analysis that yields classical lower bounds
on the achievable speedup by the quantum algorithm. We do not expect those asymptotics to change in quantum
implementations. What matters for near-term viability are the constant prefactors, since quantum computing re-
sources are scarce. We therefore focus on optimizing the quantum algorithms’ efficiency: prototyping VQAs on
1D benchmarks (nonlinear Schrodinger equations and Burgers’ equation), using MPO-to-circuit compilation and
the QNPU concept for nonlinear terms, and exploring depth reduction (e.g., trading depth for qubits with mid-
circuit measurement and classical control), ansatz and optimizer choices, and barren-plateau mitigation. These
studies target smaller prefactors through shallower circuits, fewer optimization parameters, and more stable train-
ing. All data supporting this report are publicly available; newly generated datasets (including figure data) are
archived under DOI: 10.25592/uhhfdm.18026 in the UHH research data repository.

NP This project receives funding from the European Union’s Horizon 2020 / Horizon Europe
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 QWURGXFWLRQ

5HVROYLQJWKHODUJHUDQJHVRIVSDWLDODQGWHPSRUDOVFDOHV LQ FRI
FKDOOHQJH IRU FODVVLFDO KDUGZDUH GXH WR LQWHQVLYH FRPSXWDWLF
FRPSXWLQJ SUHVHQWYV D QHZ SDUDGLJP IRUWDFNOLQJ WKHVH SUREOHPV
LV HVYVHQWLDO WR DVVHVV LWV SRWHQWLDO 7KLV UHSRUW DQDO\]HV DQ
RI WHQVRU QHWZRUN 71 PHWKRGV VSHFLILFDOO\PDWUL[ SURGXFW VWL
94$V RQ UHSUHVHQWDWLYH &)' SUREOHPV 7KH IRFXV LV RQ TXDQWLI\LQ
ORZHUERXQG RQ TXDQWXP VSHHGXS

%XLOGLQJRQ WKHO036 DOJRULWKPV GHYHORSHG ZLWKLQ :3 ZHEHQFKP
FODVVLFDO VROYHUV RXULQ KRXVH ILQLWH GLIIHUHQFH )' FRGHDQG W
5 @ 7R SURYLGHD TXDQWLWDWLYH EDVLV IRU FRR SIDQ 6 MRWL RID L Q W U,RVGLX
GHWHUPLQHG E\PRGHOLQJ WKH UM R ISIRHZG E RODZ GX @AWY RRR | WKH 5H\QR
ZKLFK TXDQWLILHVY WKH IORZJV FRPSOH[LW\ %\LQWHJUDWLQJWKLV VFDO
FOHDU SHUIRUPDQFH PHWULFV IRUERWK WLPHDQG PHPRU\ HIILFLHQF\
UHSUHVHQWDWLYH XVH FDVHV

/IDPLQDUIORZ SDVW DIFTDLQGHU 6HFWLRQ
5D\OHLIK+*%pQDUG FRQYHFWLRQ WUDPVLWLRQ WRWXUEXOHQFH 6H
JORZ WKURXJKDQ6 EHQG DUHDOLVWLFHQJLQHHULQJJHRPHWU\ 6H

7KHVH EHQFKPDUNV DUH VHOHFWHG LQ RUGHU WR FRYHU D SURJUHVVLRQ
DSUDFWLFDOLQGXVWULDO FRQILIXUDWLRQ

7KHILUVW WZR FDVHV DUH ZHOO[GRFXPHQWHG LQ WKH OLWHUDWXUH >
DQG WKH ODVW RQH ZDV VSHFLILHG LQ WKHLQLWLDO SURMHFW SURSRVDO
YDOLGDWLRQ EHIRUH H[WHQGLQJ RXU PHWKRGY WR PRUH FRPSOH[HQJLQ
VWHDG\ VWDWH VROXWLRQVDFURVV D UDQMN RV B HI/RIDEPLQ@MPVE K E RZHG B

UHTXLUHG WR UHSUHVHQW WKH VRO XW LR QVIFW MHIV. [HCGVKFFX UYD FWU X FMDO
FRPSXWDWLRQDO FRVW RI WKH 0360D/0OGRWIDW R PG IL\D MRKH XQARGPA\QJ VHF W
DQDO\VLY ZHGHPRQVWUDWH WKDW DQ 036 EDVHG DSSURDFK RIIHUV D SUJ
UHGXFWLRQVDWD IL[HG DFFXUDF\FRPSDUHG WR FODVVLFD[O DOJRULWKP

,Q WKH 4&)' IUDPHZRUN 71V VHUYH DV WKH FODVVLFDO IRXQGDWLRQ IF
TXDQWXP FLUFXLWV 036 DQG PDWUL[SURGXFW RSHUDWRUV 032 SURYLG
ILHOGV DQG RSHUDWRUV WKDW FDQ EH GLUHFWO\ PDSSHG WR VKDOORZ T.
VWUXFWXUH 7KLV FRUUHVSRQGHQFHDOORZV 71VLPXODWLRQV WR DFW D
LQJ WKH VDPH RSWLPL]DWLRQ SULQFLSOHV ZKLOH RIITHULQJ D WUDFWDEC
'LWKLQ WKLV IUDPHZRUN WKH 4XDQWXP 1RQOLQHDU 3URFHVVLQJ 8QLW
VWDQGDUG 94$ DUFKLWHFWXUH E\HQDEOLQJWKHHYDOXDWLRQ RI QRQOL
LWFRPELQHV PXOWLSOH FRSLHV RI YDULDWLRQDO VWDWHY DQG DSSOLHYV
WHUPV WKDW DSSHDU IRU H[DPSOH LQ WKH 1IDYLHU+6WRNHV HTXDWLRQ
DUH ILUVW H[SUHVVHG DV 032V DQG WKHQ WUDQVODWHG LQWR JDWH OHY
IURP FODVVLFDO 71 IRUPXODWLRQV WR YDULDWLRQDO TXDQWXP LPSOHPH
EHQFKPDUNDQG YDOLGDWH WKH TXDQWXP DSSURDFK EXW DOVR SURYLGH
WDJH> @ ZLWK WKH TXDQWXP QHWZRUNV H[SHFWHG WR UHSURGXFH WKH
FRPSXWDWLRQDO FRVW

"HEHJLQLQB6HFWLRQ E\LQWURGXFLQJWKHIXQGDPHQWDO FRQFHS\
WKH I\TXLVW 6KDQQRQ WKHRUHP > @ ZKLFK SURYLGHV D WKHRUHWLFDO |
IXQFWLRQ VWDWH ,QB6HFWLRQ ZHGHPRQVWUDWHWKH SRWHQWLDOR
VKRZ WKDW 94$V UHTXLUH IHZHU SDUDPHWHUY WKDQ WKH 036 UHSUHVHQW
VSHFLILF WR WKLV FDVH ZH H[SHFW 94$V WR RXWSHUIRUP WKH 036 EDVH¢
N \LHOGLQJD VLJQLILFDQW PHPRU\DV ZHOO DV FRPSXWDWLRQDO JDLQ
IURPWKHO036 IRUPDW WR TXDQWXP DOJRULWKPV E\FRPSLOLQJGLIIHUHQW
FLUFXLWV ,Q 6HFWLRQV DQG ZHEHQFKPDUN 94$V RQ W\SLFDO RQ

1RQOLQHDUB6FKU|GLQJHU HTXDWLRQ G6HFWLRQ

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



%XUJHUVIHTXDWLRQ O6HFWLRQ

'KLOH ZH GR QRW DQWLFLSDWH D FKDQJH LQ WKH IXQGDPHQWDO VFDOL
IRUFRQVWDQW SUHIDFWRUV 7KHVH SUHIDFWRUV DUH FULWLFDO IRU SUD
WKURXJK DOJRULWKPLFRSWLPL]JDWLRQ HQFRPSDVVLQJHYHU\WKLQJIUR
SXUSRVH RI WKHVH LQLWLDO VPDOO VFDOH VWXGLHV LV WZR IROG ILUV\
VRXUFHV DQG VHFRQG WRLGHQWLI\DQG PLWLJDWHFRQILIJXUDWLRQV Wi
FDVH VWXGLHV DUH GHVLJQHG WR UHILQH WKH 94%$ GHVLJQ DQG JDWKHU F
SRWHQWLDOO\FRVWO\ VLPXODWLRQV 4XDQWXP FLUFXLWV WHQG WR EH
PDNLQJWKHP GLIILFXOW WR H[HFXWHRQ FXUUHQW QRLV\KDUGZDUH 5HG)
,QB6HFWLRQ ZHGLVFXVV D VWUDWHJ\WKDW WUDGHV FLUEXLW GHSWK
WRJIJHWKHU ZLWK PLG FLUFXLW PHDVXUHPHQWVY DQG FODVVLFDO FRQWURC
HITHFWLYHO\QRQ XQLWDU\FLUFXLW )LQDOO\ LQ 6HFWLRQ ZH SURSF
E\EDUUHQ SODWHDXV 7KLV VHYHUHO\ OLPLWV WKH WUDLQDELOLW\ RI H
JUDGLHQWY WKDW GUDVWLFDOO\LQIODWH WKH SUHIDFWRUV JRYHUQLQJ

7RHQVXUHIXOO UHSURGXFLELOLW\ DOO GDWD SUHVHQWHG LQ WKLV UF
ZRUNLVFLWHGDW LWV RULJLQDO VRXUFH 7KHQHZ GDWDVHWV JHQHUDWH
FUHDWHWKH ILIXUHVY DUHDUFKLYHGDQGFDQEHDFFHVVHG YLD WKHIROO
KIGP DFFRUGLQJWR WKHVXEPLWWHG 'DWD ODQDJHPHQW VWUDWHJ\ L
KRVWHG DW WKH 8QLYHUVKWWRSI+DPEXUGBKKL KDPEXUD GG DVAVRFLDWH.G
ZLWKLQ WKH SURMHFW FRPPXQLW\ 4&)"

)YXQGDPHQWDOV RI'DWD '"HVFULSWLRQ

7KLVVHFWLRQYVVFRSHLVWRVHFXUHGDWD TXDOLW\ 7KHRYHUDOOJRDO
RITXDQWXP KDUGZDUH ZLWK &)'LQGXVWULDO DSSOLFDWLRQV 7R WKLV F
VKRZ D JRRGDJUHHPHQW ZLWK WKH XQGHUO\LQJ SK\VLFDO SKHQRPHQD D
IRUWKHDOJRULWKPLF WUDQVLWLRQ IURP FODVVLFDO WR WKH TXDQWXP I
WKH GRFXPHQW GLVWLQJXLVKHY EHWZHHQ VFLHQWLILFDQG LQGXVWULD
FDWHJRUL]DWLRQ ZKLFKWUDQVLWY EHWZHHQ LQGXVWULDODQG VFLHQW

JLIXUH$SSOLFDWLRQLQGLFDWRU VOLGHU

$FFXUDF\
‘DWD DFFXUDF\ LV IXQGDPHQWDO IRUH[SUHVVLYHDQG WUXVWIXO EHQFKF
GHOLYHUDEOH ,Q WKLV UHIDUG WKHHPSOR\HG JXLGHOLQHV DUH JLYH

$f/LVWRIILOHIRUPDWY ZLWK WKH FRUUHVSRQGLQJDFFXUDF\ DFFHVVL

I+

FVY
QS\
'RXEOH SUHFLVLRQIORDWLQJ SRLQW QXPEHUIRUPDW

(DFK FRPSRQHQW RI D FRPSOH[ QXPEHU UHWDLQV IXOO GRXEOH SU
GHFLPDO GLJLWYV

+ I+

I+

$VVHVVPHQW &ULWHULD

7TKHDVVHVVPHQW FULWHULD DUH GHILQHG DV IROORZYV

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



tL, QRUP DQG WHPODWRNWH R EH WKH VSDWLDD GRRBYV@DWGDO FRRUGLQTEL
DILHOG C RRU GHILQH

VA 12
kuk,() = ju(Dj*d
*LYHQuo,: ' C RRU WKH UBMWDMWBWARWK UHVSHFW W,RLWKH UHIHUHQFH
_ kUj_ U2k|_2() )
L2 kUszz() |

$1)LGHOLWIWHQ XQGHUVWRRG DV DVLPLODULW\PHDVXUHEHWZHHQ WZF
ZHDGRSWWKHFRQYHQWLRQDGPNUWEUWYR LWILPXOHWILREGODWYE TXD QV
WKHRU\ ,WLVFDOFXODWHG E\ WDNLQJWKHVTXDUHG DEVIROXWH YDOC
DQE QRUPDOL]HG E\WKH SURGXFW RIWKHLU VTXDUHG QRUPV ,W UHD

jujuoj?
jjugjiz jjugjjz
ZKHUHGHQRWHY WKHFRQMXJDWH WUDQVSRVH
"HIXUWKHU GHILQHWKHLQILGHOLW\ WKHIGHYLDWLRQIURPDILGHOL\
I 7TKH5RRWOHDQ 6TXDUHG'Q‘LQJ:R\MH5@Q§\(NKLV PHWULF  TXDQWLILHV WKH T X

WKH GLITHUHQFHV Etd W QH QWIUARSIWHOKEYWY D VWDQGDUG PHDVXUH RILC
GLIIHUHQFHVDUHVTXDUHG EHIRUHWKH\DUHDYHUDJHG 7KHJ506(LVC

\
u

1 X
506(= =  (Ugi  Ugz;)?
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/HQVRU 1HWZRUNYV

,Q WKH IROORZLQJ ZH ILUVW GLVEXVV WKH 71 IRUPDOLVP VSHELILFDOO\
TXDQWXP DOJRULWKPV $Q 036 L\VQOS HAVWHRQMRDW QRURDI PKDLQ RI WKUHH LG
E\YLUWXDO LQGLFHV ZKRVH GLPHQVLRQ LV WKH ERQG GLPHQVLRQ VHH S
LVP WR IRUPXODWH DQG VLPXODWH TXDQWXP LQVSLUHG DOJRULWKPV IRL
UHJLPHV VXFK PHWKRGV PD\RIIHUDQ DGYDQWDJH FRPSDUHG WR FODVVLI
UHSUHVHQWDWLRQRIDVWDWH VXFKDVDIOXLGILHOG LWV H[SUHVVLYLV
7KLV LV LOOXVWUDWHG LQ WKH WKLUG SIDQH® RH MKD UH & K8 ELIRRHG/ & HRWHAT
VRUV SUHFLVHO\ FRQWUROV WKLV QXPEHU RI SDUDPHWHUVY L H WHQVRU
DOJRULWKP VFDOHVY ERWKLQ FRPSXWDWLRQDO WLPHDQGLQUHTXLUHGP
JRYHUQV WKH H[SUHVVLYLW\RI WKH 036 PRUH FRPSOH[IORZ VFHQDULRYV
ODUJHU ERQG GLPHQVLRQ

7RDVVHVV ZKHWKHUDQ 036 DOJRULWKP FDQ K DQH DVQMREFDBI HDUDH G W& W H
FODVVLFDODOJRULWKPV ZHPXVWHVWLPDWHKRZWKHERQGGLPHQVLRQ
$Q DGYDQWDJH DULVHV LI WKLV JURZWK DQG WKH DVVRFLDWHG DOJRULW
DOJRULWKP 7R TXDQWLI\ WKLV LQ 6HFWLRQ ZH VKRZ KRZ DQ 036 DOJ
UHODWH VI\VWHP VL]JH WR IORZ FRPSOH[LW\ HJ YLD WKH.ROPRJRURY OH
GULYHU ORUHRYHU ZHHVWDEOLVKD UHODWLRQVKLS EHWZHHQ ERQG GLF
ZLWKHPSLULFDO GDWD IURP FODVVLFDO VLPXODWLRQV 7KLV\LHOGV D UL
FRUUHVSRQGLQJ 036 YDOXHYV

‘HWKHQ DQDO\]H WKLV UDWLR DFURVV WKUHH XVH FDVHV , IORZ DURX
WLRQ ,, 5D\OHLJK %pQDUG FRQYHFWLRQ 6HFWLRQ DQG ,,, DC
ZHUH FKRVHQ WR VSDQ GLIIHUHQW SUREOHP FODVVHV D VWXG\LQ FXUYL
HYDQFH DQ DFDGHPLF FDVH SURELQJ WXUEXOHQFH VWUXFWXUH DQGD F
FRQFOXVLRQLVWKDWVFDOLQJVWDWHPHQWY IRUWKHO36DUHXVH FDVH C
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JLIXUH B5HSUHVHQWY WKH FODVVLFDO YHFWRU FRQWDLQLQJWKH GLVFUHWL]HC

7KURXJK 4XDQWXP HQFRGLQJ WKLV FODVVLFDO YHFWRU FDQ EH H[SUHVVHG LQV
FRPSXWHU ,Q WKLV IRUPDW LW FDQ EH WKRXJKW RI DV GHFRPSRVLQJ D KLJK ¢
VPDOOHU WHQVRUV FRQQHFRNG W KJHRKXUIKWDIWI\GWKH DFKLHYDEOH FRPSUHVVLR

WKHERQG GLPHQVLRQ VDWXUDWHYVY DW KLJKHU FRPSOH[LW\ DV UHSRUWH
ILGHOLW\PHDVXUHY GRHVY QRW IXOO\UHIOHFW WKH UHVRXUFHV UHTXLUH

2SHUDWLRQ OHWKRG /JHDGLQJ FRVW DIW
WR WDUJHW UDQN

'LUHFW o 3

$GG LA &R
9DULDWLRQDO o 3
'LUHFW o ¢

+D G D PZWG b 9DULDWLRQDO o ¢
7HQVRU 7UDLQ OXOWLSOLFDWERQ > @ 770
' 3 3

0D W M Ba LUHFW o 3
9DULDWLRQDO o, 3

DULDWLRQDO ZLWK ORFD BFW
/LQHD U VaR@YH 0 DY QDO ORFDO B /8
9DULDWLRQDO ZLWK ORFDO OWHUPWLYH IDVW PDWYHF

7DEOH6FDOLQJ WDEOH IRUFRUH 036 DOJRGHWRMHVREBKIN EWQR @ PHIQMERQ RI WK H
WKHERQG G LaPHH QQIRPWRAIPHG FRPSDUDEOH IRU VLPSOLFLW\ > @

7KHRUHWLFDO 6FDOLQJ $QDO\VLV

'HFRQVLGHU D GLVFUHWL]DW) PQ\NR @ BL QV\W WHI B XPBHU RI JULG SRLQWYV D
DQG\ D[LV UHVSHFWLYHO\ ZLWK WRWMNQ QKPEHWHR/IVSRKQWVIEHRQGHU WF
ILHOG LQWR DQ 036 ZH DOZD\V FKRR V:HDYGA R EMEWMAERAFSRQ O VYV DORQJ
ZKHMH Lny, 1 :KHQ HQFRGLQJWKHILHOGV LQWR DQ 036 VHH > @ IRU GH
VHULHV RIVLQJXODU YDOXH G HFRPSHRRUGHRQ W o'YV RZU\LBBMEK PRGH LQG L |
ERQG LQGIEHV VXPPDULVHV WKH VWHSV UHT X.ROW RVERQVOBB QYORVUPULD D MF
7HQVRU &URVVLQWHUSRODWLRQV 7&, PHWKRGV FDQ EH X WIRQWRS V@ |,
KRZPXFK VSDWLDO DQG WHPSRUDO VWUXFWXUH FRPSOH[LW\ FDQ EH UHS
WKH VWUXFWXUH DQG FRPSOH[LW\ RI WKH ILHOG LV H[SHFWHG WR LQFUHI
IUDPHZRUN XVHG WR DVVHVV WKH VXLWDELOLW\RI036 EDVHG VROYHUV L
VFDOLQJH[SRQHQWDQG LJQRULQJFRQVWDQW SUHIDFWRUYV

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
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7KH FRPSXWDWLRQDO UHVRXUFHV IRUWKH VLPXODWLRQ DUH GLFWDW F
H[SHFWHG WR JURZ ZLWK WKH IORZ FRPSOH[LW\ L H DV5HLQFUHDVHV :|
ERQG GLPHIQ/G RVEH QHFHWVDWAXQE®W VR RI5H )ROORZLQJ$SSHQGL[ (RI
VFDOLQJO6BZDQG I XN WKH U

+HUHLV HVYWLPDWHG IURP UHTXL UHIBW 85| BB @F BX.B BBMRRIQA/L I THUHQW V\
UHIOHFWV WKH QHFHVVDU\JULG VL]JH WR UHVROYHDOO LQYROYHG OHQJ\
UHODWLRQVKLS EHWDHHBUREG B BE 6 HQGHGWF D @MUIHTUXLUHG WR FDSW:
PXOWL VFDOH IOXLG FRUUHODWLRQV DV 5H LQFUHDVHV 7KLV OLQN LV FH
IRUWKH 036 VFDD®E ZVYWR PQQIP WHBOL\QJV VHH 7DEOH IRUGHWDLOV ¢
LV FKDUDFWHULVWLF RI VHYHUDO NH\DOJRULWKPLF VWHSV LQFOXGLQJF
SURGXFW ZHVHOHFWODWYHFEDVDUHSUHVHQWDWLYHEHQFKPDUN IRU PR

$SSO\LQJ WKHVH VFDOLQJDVVXPSWLRQV WR RXUEHQFKPDUN DOORZV »
FODVVLFDO )' PHWKRG $VSDUVH)' PDWUL[ YHFWRU PXOWLSOLFDWLRQ V
WHKHDW5H WKH FRPSOH[LW\FDQ EHH[SUHVVHG LQ W HAKFHURIDNVKIHQ503 ) R 65 V
FRQWUDFWLRG@MRDRIBWHDXYKBHARWHY WKH 032 ERQG GLPHQVLRQ IRU VWE
XQLIRUP JBLGENV 10) OHPRM\ VKRZV DQ DQDORJRXYV FRR S BUMYYQ
5H ORJ5HIRUD VLQJOH VFDODUILHOG $VXPPDU\LVSUHVHQWHG LQ 7DEO

FXDQWLW\ )" 036
EXQWLRPDWY®WN) 5H O, 3 , 5H
OHPRM\ O(N) 5H o( 2 5H

7TDEOH7KLVY WDEOH VXPPDULDHIMGWKVRWOQ® ERNMMW )' DQG 036 DSSURDFK 1RWH WKD
RSHUDWLRQLQ WKH 036 IRUPDW ZH FKRRVH WKH YDULDWLRQDO PHWKRG ZLWK OH
SUHIDFWRUYV

KHWKHU WKH DOJRULWKP DFKLHYHV D WUXH VSHHGXS GHSHQGV RQ ZK
PRYHPHQW PHPRU\ LVWKHERWWOHQHFNRQWKHWDUJHW SODWIRUP ,Q
PHPRU\ ER%QWLPHVSHQWRQPHPRU\WUDIILF ,Q WKLVVFHQDULR UHGXF
VHTXHQWO\ GDWD PRYHPHQW FDQ SURGXFH VLIQLILFDQW VSHHGXSV HY
&RQYHUVHO\ RQ FRPSXWH OLPLWHG KDUGZDUH UHGXFLQJWKH DULWKPH
EDODQFHEHWZHHQ WKHVH IDFWRUV LV SODWIRUP VSHFLILF ZHDYRLGD V
WDJH IBFVWRG PHPRU\DGYDQWDHIS DUVPWHRWKZUBEWHUL]HY WKH UDWLR R
FRVW 7RVXPPDUL]H ZH GHIAQHVD/GKRID QBMUIR RD FWRRU0M36 FRVW WLPHRUPE
SRO\ORJDULWKPLFWHUPVDQG FRQVWDQW SUHIDFWRUV ZH JHW

At 5H ) $0 5H

7TKXV WZRSUDFWLFDO GHFLVLRQ FBLWKNHOBDIRHPEBOQWLRMAGY DLVIRSWRW
LQUXQWLRH /2LLLWILVY DVI\IPSWRWLFDOO\IDYRUDEOHLQPHPRU\ 7KHVHFUL
FDVHVWXGLHVLQ6HFWLRQUREWKWHNAPWIH/DQL UHSRUWLQIJWLPHDQG PHP

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



&DVH6WXG\, )ORZF\OLQGHU XVLQJFXUYLOLQHDU FRRUG

JLIXUH D $ XQLW GLDPBWHUZA\WKERXDGBPHOQWHUHG LQ D ZKRAXHORXVEHRWPERRIQGD U
@ KDV GLBAEHWHED *ULG OLQHVDUHVKRZQ LQ OLJK@W 1WDAQW KHDHYW & W DREOBHR- XX
LQWHULRU F\OLQ@HWDWERRY®DWE 7UDQVIRUPDWLRQ EHWZHHQ FRPSKWDWLRQDO D

)ORZ SDVW D FLUFXODU F\OLQGHU LV D FDQRQLFDO &)' EHQFKPDUN ZLWk
UHJLPHVY DYDLODEOH DQDO\WLFDO UHVXOWY 'HVSLWH LWV JHRPHWULF
DV WKH YRQ .iUPiQ YRUWH[ VWUHHW DW PRGHUDWH 5H\QROGV QXPEHUV
FXUYLOLQHDU JULG FKDUDFWH L )HGOEIPWK Hxyh RRRVW RDWSLKRH FXUYHG SK
ERXQGDULHV DUHPDSSHG WR VWUDLJKW ERXQGDULHV LQ WKH UHFWDQJX¢
)XUWKHU GHWDLOV RQ WKH VHWXS FDQ EH IRXQGLQ > @ +HUH ZH DLP W|
ILHOGV RQ WKLV FXUYLOLQHDU JULG RUOLNHZLVHRQ WKH FRPSXWDWLRGC
VWHDG\VWDWH HQFRGH WKH ILQDO ILHOGV LQWR 036 DQG VWXG\WKH UH

6FDOLQJ $QDO\WVLVIRU/DPLQDU )ORZYV

‘H XVH WKH FXUYLOLQHDU ERG\ ILWWHG PHVK GHVFULEHG LQI>LV@ 7KH 5
VHOHFWHG EDVHG RQ WKHUHTXLUHPHQW IRUD ILIHG ERXQGDU\ OD\HU UH

N |
5H

7TDEOH7KLVY WDEOH VKRZV WKHJURZWK RI WKH QXPEHU RISRLQWYV LQ RXUJULG ZLW

JURPWKLVWDEOH ZHHVWLPD\RHEWEESUR W B WHSEND B )R SIHDFIKRSIPL U
DVWHDG\ VWDWH VLPXODWLRQ XVLQJDQLQ KRXVH)' VROYHU5PQG GHWH!
ZLWK WROHAKRGRHV WKKH HHORW LYQH) L J ZH ORRN DW WKH VFDOLQJ REW
u;v DQQGQWR DQ 036 DW WK UZHHREAV HUXHQWK DW WKH VFDOLQJ GHSHQGV VWU

7DNL@D8DQG FRQVLGHULQJ WKH WZR FULWHULD <GHBEYVYHGE6LRWBHFWLRC
UXQWLPH DG YD QREDIHIRQAHPRU\DGYDQWDJH 7KHUHVXOWYV DUHVXPPDU
LQ 7DEOH

QWKLY SDUWLFXODUH[DPSOH ZHVKRZWKDWDQ 036 DOJRULWKP DOUH
IORZ UHJLPH &RQFH URQLRU WHKH UDMWHPRSHUDWLRQ WKH 036 DOJRULWK

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



JLIXUHS5HTXLUHG 036 ERQ GDFZLP HHQMAAVRIORQ RI 5H WR DFKUHYHUD BURHNVIAEDE EHIGHOHO D V
p;u;v. 6ROLG FXUYHV VKREZEWOH. RH@LIRIR® WKH GDWD ORJ+*ORJD[HV GDVKHG FXU)
ILWVC5HIRUHDFKXQG ILHOG 9HUWLFDO UHG GDVKHG OLQHV LQGLFDWHUHIHUHQFH

JLHO'G, =10 ¢ ", =10 4 " ,=10 2
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7DEOH6FDOLQJ ISAVIVW ILL[HG

JLIXUH &RPSDULVRQ RI WKH FRPINMWHG FRORQHQ@QWLFDWHY WKDW WKH 036 UHSUHYV
ZKLOHUHG FRORULQGLFDWHY WKDW WKH 036 UHSUHVHQWDWLRQ GRHVY QRW VKRZ

1,=10 2 KRZHYHU DFKLHYLQJDQDGYDQWDJHEHFRPHV PRUH AKDOOHQJLC
HUYWRW* ,WLVLPSRUWDQW WR VWUHVV WKDW DV VKRZQ LQ )LJ WKH E
IURP> @ ZKHUH ZRUN KDV EHHQ GRQH RQ WXUEXOHQW '- '7IORZV WKH\RE
ERQG GLPHQVLRQ VB WX UXW W& BUWNXELHY DUH QHFHVVDU\ WR GHWHUPL
DSSOLHVWR RXUFDVH 1HYHUWKHOHVYV LWLV UHPDUNDEOH WKDW 036 D(
DQGLQG6HFWLRQ ZHZLOO FRQWLQXH WKHGLVFXVVLRQ RQ WKHDGYDC

&RPSUHVVLELOLW\$QDO\VLVRIWKHO032VUHSUHVHQWLQJ &XUYLOL

 WLVLPSRUWDQW WR HPSKDVL]H WKDW WKH RYHUDOO FRPSOH[LW\DOVR
UHVHQWLQJ WKH GLITHUHQWLDO RSHUDWRUV $FFRUGLQJO\ )LJ D LOC
HUDWRUV DV 032V GDVKHG OLQH FRPSDUHG WR WKH FRUUHVSRQGLQJRS
$V LW LVHYLGHQW LQ WKLV ILJIXUH WKH JHQHUDOL]J]HG RSHUDWRUV UHTX
VOLJKWO\IRUODUJHU JULG VL]HV )XUWKHUPRUH WKH Q%PHHNKURILWY36 RI
DUHPDUNDEOHUHGXFWLRQ + XS WRWKUHHRUGHUV RIPDIJQLWXGH + FRPS
WDWLRQ FI )LJ E JRU WKLYV FRPSDULVRQ ZK EBRRQW.IGHW D H/SUDRJNWHHQR/
WKHFHQWUDO SRLQW DQG LWV IRXU QHLJKERULQJ SRLQWYV LQ WKH VHFRC
RSHUDWRU 'LDJRQDO QHLJKERUV DUH QRW FRQVLGHUHG GXH WR WKH RU

7LPLQJIRU7UDQVLHQWYV )ORZV

)LJ SURYLGHV D GLUHFW FRPSDULVRQ EHWZHHQ WKH ZDOO FORFN WLP
) VROYHU )RU WKH VA\VWHP VLIHV DQDO\]JHG ERWK PHWKRGV H[KLELW VL
LQFUHDVHV WKH FRPSXWDWLRQDO WLPH IRU WKH 036 VLPXODWLRQV VKR

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



JLIXUH&RPSUHVVLELOLW\DQDO\VLVRIWKHO032VUHSUHVHQWLQJFXUYLOLQDURSFH
VLRQ RI WKH FXUYLOLQHDU DQG &&DUWHVLDQ RSHUDWRUV 3DQHO E VKRZV WKH U
1936 QHHGHG WR UHSUHVHQW WKH FXUYLOLQHDU RSHUDWRUV LQ 032 RUPDW DQ
WKH GDWD SRLQWV DUHDGGHG VROHO\IRUEHWWHU YLVXDOL]DWLRQ RI WKHHPHU

JLIXUHG6FDOLQJRIWKHDYHUDJH ZDOO FORFNWYPW KWW MR- BRMLFFEK VB BR GG H Y
DWGLIITHUHQW JULG VL]HV GLVFXVVHGLQ > @

LQ D VLPSOH RIIWBDWUERYKWRAUHDVLQJ, BRFR® & UMDV/OW LRIQH WKHRUHW LFI
FRPSOH[LW\ RI WKH FODVVLFDO )' PHWKRG VFDOHV H[SRQHQWLDOO\ ZLW
WKHHTXDWLRQ VROYLQJVWUDWHILHY DSSOLHG WR WKH WZR PHWKRGV |
FRQFOXVLRQV UHPDLQ UREXVW 6LQFHLQGXVWULDO &)' SUREOHPV URXWL
DSSUR[LPDWHO\ PLOOLRQ GHJUHHVRIIUHHGRP ZHSURMHFW WKDW WK
VXEVWDQWLDO FRPSXWDWLRQDO JDLQV ZLWK WKH EUHDN HYHQ SRLQW V
FODVVLFDO VROYHU RSWLPL]DWLRQV DUHLQWURGXFHG LQRW WKH 036 PH

&DVH 6WXG\,, 5D\OHLJK %pQDUG &RQYHFWLRQ

,Q WKLV VHFWLRQ ZHFORVHO\IROORZ WKH VWXG\ SUHVHQWHG LQ > @
DQG HYDOXDWLRQ SURWRFRO 7KH FRUUHVSRQGLQJUHVXOWY KDYH EHH
SUHSULQW > @ 5D\OHLJK+%pQDUG FRQYHFWLRQ LV D FODVVLFFDQRQLFC
RUJDQL]DWLRQ DQG WKH RQVHW RI WXUEXOHQFH LQ IOXLGV > @ ,WF
DQG FRROHG IURPDERYH ZKHUH WKHUHVXOWLQJYHUWLFDO WHPSHUDW X
7HPSHUDWXUH FRQWUDVWYV VXVWDLQ PDQ\ WXUEXOHQW IORZV LQ QDWXU
LQWHULRUV> @ DWPRVSKHULFFLUFXODWLRQ> @ DQGRFHDQG\QDPLF!
LV FHQWUDO WR KHDW H[FKDQJHUV DQG WR SDVVLYH FRROLQJRIHOHFWUF

$VLOOXVWUDWHG LQ)LJ WKH FDQRQLFDO 5D\OHLJK+%pQDUG VHWX S
DLQDJUDYLWP VWEIRX@QIEHIGE BPEBYH DQG EHORZ E\ULJLG WKHUPDOO\FRQG X
DVVXPH DQ LQILQLWH RU YWUUV ©OODWH YEIDWRHWE D WHWMWQWDO GLPHQVLRQ

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



JLIXUH6FKHPDWLF UHSUHVHQWDWLRQ RIDWZR GLPHQVLRQDO 5D\OHLJK %pQDUG
VWUXFWXUHV ZLWK DUURZV LQGLFDWLQJ WKH IOXLG YHORFLW\ 7KLV ILIXUH ZDV W

WHPSHUDWXUHBHURNMWWEH SODWHY HIFHHGV D FULWLFDO YDOXH WKH K\
VWDWLF VWDWH EHFRPHY XQVWDEOH DQG RUJDQL]J]HG FRQYHFWLRQ DSSH
5D\OHLJK QXPEHU 5D TXDQWLILHV WKHFRPSHWLWLRQ EHWZHHQ EXR\DQW
WKH SULQFLSDO FRQWURO SDUDPHWHU JRYHUQLQJ ERWK WKHRQVHW DQC

3
sz 9P .

ZKHUH DQGDUH WKH WHPSHUDWXUH GLIITHUHQFH EHWZHHQ WKH WZR SO
FRQVWDQW SUHVVXUH WKHUPDO GLIIXVLYLWA\DQG PRPHQWXP GLIIXVLYLYV

*ULG GHVFULSWLRQDQG 7XUEXOHQW 7HPSHUDWXUH )LHOG

7KHSODFHPHQWRIYDULDEOHVRQWKHJULG VWURQJO\DIIHFWV VWDELOL)
DQG YHORFLW\ DW WKH VDPH QRGHYVY FDQ FDXVH SUHVVXUH*YHORFLW\ G|
RVFLOODWLRQV> @ 7TRDYRLG WKLV ZHXVHDVWDJJHUHG JULGIROORZLC

)LJ FRPSDUHVY WHPSHUDWXUH ILHOGY DFURVV SDUDPHWHU UHJLPHYV
VKDSHV WKH FRQYHFW LY H& WWKXF VORZHW BOWNMHG O\ PRUH WXUEXOHQW \}

JLIXUH7HPSHUDWXUHILHOGV IRULQFUHDVLQJ5D\OHLIJIK QXPEHUV 7KHVH

FRKHUHQW ODUJH VFDOH FHOOXODU SDWWHUQ 7KHODUJHFHOOV DUH IL
PLILQJ %RXQGDU\ OD\HUV DUH H{[ WUHPHO\ WKLQ DQG WKH G\QDPLFV DU
VFDOHV FRH[LVW IURP GRPDLQ VFDOH FLUFXODWLRQV WRILQH WXUEXOH
WKHWHPSHUDWVXAUWHUY MG PRVW FKDOOHQJLQJILHOG WR FRPSUHVYV ZLWK

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



H

7TDEOH6XPPDU\RIJIJNIZG&WKIBH\QROGY QXPEHU 5H

N =N, Ny
5

6FDOLQJDQDO\WLVIRU/DPLQDU 7XUEXOHQW )ORZYV

‘HLQYHVWLJIDWH 5D\OHLJK+%pQDUG FRQYHFWLRQ LQ WKH ODPLQDU+WXU
IUDPHZRUNLQWURGXFHGLQ6HFWLRQ 7KHPDSSLQJIURPJULG VL]H WH
%pQDUG WHVWV LV OLVWHG LQ 7DEOH DGRSWHG IURP WKH VXSSOHPHQ
UHVROYH WKHUPDO DQG NLQHWLF ERXQGDU\OD\HUV 7KHUH JULG+5D\OH
381 ZKLFKLVDOVR XVHG LQ WK H SSHDWHRWWMXSK\6LEBFE GDPRWLYDWHG .
LQ WHUPV RI5H LY GLUHFWO\LQKHULWHG IURP WKH ERXQGDU\ OD\HU UHV
UHDG RXW WKH JULG*JUR2W KRH[ (RSK)QVY DD E O H ZH UXQ D FODVVLFDO
D VWDWLVWLFDOO\ VWHDG\ VWDWH D\NQBR®I3 6N B GLG B RUPALSHUW W U H
GLPHQVURDXLUHG WR PHHW DLSHHUYRUTEH G WVWOMWNMKN 5H FXUYHV DUH VK
)LJ DQG WKH FRUUHV SR QGQ QXKIH W WREVBLBROHFPWY L]HG LQ 7DEOH
%DVHG RQ WKH FULWHULD RI 6HFWLRQ DQ RV\BSWRWAKLEXQWLPH D
QRW VDWLVILHG E\WKH ILWWHG YDOXHV LQ 7DEOH < #®C06\FEWRMLF PHP
VDWLVILHGORDQG =10 2 EXWIXVW PHHWV WKH PLQLPMOPPWKUHVKROG DW

JLIXUH &RPSDULVRQ RIWKHUHTXLUHG ERQG GLQ AWMKHLIRGIOW&R DFKLHYH D JLYHQ

", 1200 10° 1:00 10“4 1:00 10 2
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7TDEOH)LWWHG YDOXHV RI VIFKD OReQ FRISRH/HRW G LQJ WR BGH VIKHRIHEWWM. Q WKH WHP SHUI

JLIXUH (YDOXDWLRQ RI WKH FRRISHMIQGR RO BHQGLFDWHY WKDW WKH 036 UHSUHYV
UHG FRORU LQGLFDWHYVY WKDW WKH 036 UHSUHVHQWDWLRQ GRHV QRW VKRZ D EHQ
FRPSDUDEOH WR)'

,Q WKLV IORZ UHJLPH ZHH[SHFW WR REVHUYH D WUDQVLWLRQ IURP ODJ
DQDO\VLVY ZH QRWH WKDW LW EHFRPHV GLIILFXOW WR REWDLQ D UXQWLF
ODWYHF RSHUDWLRQ )XUWKHUPRUBHZ LMK LZHVREN HQ Y H\Q/RLV D W K G DUNDLG
ERQG GLPHQQVRWHDG WKH GDWD FORVHO\IROORZ D SRZHU ODZ :H KDYH
WKHLQVWDQWDQHRXV FRPSUHVVLRQ RI'16 ILHOGV ZKHUH ZH OLPLW WKH
WKLY DQDO\VLV VKRZHG WKDW WRRQWIQXHWVRRQR G LIRI@RZAQJI D SRZH
VDWXUDWLQJ LW RQO\UHSUHVHQWY WKH FRVW RI FRPSUHVVLQJD VLQJO
LQYROYHV D WLPHHYROXWLRQ DQG LWLV SRVVLEOH \WE Q W W/LKGHO0 BI5LWAHKS

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



FDSWXUHWKHHVVHQWLDOIORZIHDWXUHVDQG SK\VLFVZKHQLQWHJUDWH
DQGDUHFXUUHQWO\EHLQJFRQGXFWHGWRHVWLPDWHWKHUHTXLUHG ERC
UHVSRQVHV VXFKDV WKH 1XVVHOW QXPEHU ZKLFKWHQGV WR EHDFFXPX
VLPXODWLRQV ZLWK GLITHUHQW LQLWLDO FRQGLWLRQV )XUWKHULQYHVYV

5HODWHG ZR UNHEWN D @QVFEWXUEXOHQW '- '71I0ORZ ZLWK SHULRGLF ERXQG
ODZEHKDYLRUO RUPTHQG D VXEVHTXHQW GHYLDWLRQIURP SRZHU ODZ ZLWK
DWKLJKHUS5H $FFRUGLQJO\ PHFRQWRMDW HOXGEBIWXWDDWH KHUH DV ZHOC
GRRUWRDQDGYDQWDJH EH\RQG WKHDULWKPHWLF LQWHQVLW\JDLQV GL

&DVH B6WXG\,,, )ORZLQDQ6 %HQG

7TKLVVHFWLRQH[DPLQHVWKHIORZLQDQ6 EHQGIRUPHGE\WZRFRQVHEF.
SURSRVDOYV FDVHVWXGLHYVY 7KHVHWXSLVLOOXVWUDWHGLQ)LJ 7K
JHQHUDWHG YLD WKHILQLWH YROXPHPHWKRG LPSOHPHQWHG LQ WKH LQ(

J)LIXUH 6 EHQG FRPSXWDWLRQDO GRPDLQ [ 7KHIOXLG GRPDLQLV DQ 6 VKDSHG
$W WKH LQOHW D ODPLQDU 3RLVHXLOOHmSBUDEROLF SURILOHLV SUHVFULEHG ZL

N =N, Ny|
5H

7TDEOH6XPPDU\RIJIJNIZE WK BBH\QROGY QXPEHU 5H

,Q WKLV VWXG\ ZH FRQVLGHU WKH VLQJOH EHQG FRQILIXUDWLRQ GHV|
FRQYHUJHG VWHDG\ VWDWLRQDU\ 2QRZAMRY AKHH B UREDGWP Q X FCALWEFW BMW L]H
VXFFHVVLYHO\UHILQHG JULGV32KREQ PG BERSS DORDIZYH?2 2ZL WK
WKH WRWDO QX P BN RZ KHNPHD NG GHQRW H W KHGIRM-PAWM.RQUMHE®' LRQ UHVSFH
WLYHO\ 7KHJULG 5HFRPELQDWLRQVDUHFKRVHQVXFKWKDW IRUHYHU\F
GRXEOHVLQHDFKVSDWLDO GLUHFW LR Q@ RigH OGE0Q 6 IDQUFHED WHRZRXIS B FS®R Q H
WKURXJK WKH JULG D GLIITHUHQW JULG DW HDFK 5H FKDQJHV WKH UHVROY
GLPHQVLRQ WKHH[SRQHQWV UHSRUWHG KHUHDUH VHOI FRQVLVWHQW IR
JULGV FRXOG EH VHOHFWHG EDVHG RQ SK\VLFDO UHVR O WMY2R QDUHT XLUHP
ERWEKQGHFRPSXWHG VHOI FRQVLVWHQVD@®RT KHHH/ORHFD @A\ \F\R B B/RIQCHIHWAVK
LQWRDQ 036 )LJ WKHUHIRUH TXDQW RIHH & MKW R RIMDUFK\DVILLEH G 1L MG 1 OW)
LILHG JULG :H H[SHFW PRVW RI WKH UHSUHVHQWDWLRQDO FRPSOH[LW\ W
RXWHU LQQHU ZDOOV DQG LQ WKH MXQFWLRQ EHWZHHQ EHQGYV ZKHUH FX!
VKHDU DQG SRVVLEO\VHSDUDWLRQ WKHVHUHJLRQV DUH 8 ESHEWHIEPW R G
DQGIDUGRZQVWUHDP WKHILHOGV DUH VPRRWKHU DQG VKRXOG EH HDVLH

6FDOLQJ$QDO\WLVRIB6 %HQG )ORZ

6HFWLRQ DQDV\PSWRWLF UXQWLPM2DLGKIDFEWY MDWH VALHBENDOO ILW
7TDEOH H[FHISIWHRGABY $QDV\PSWRWLFPHPRU\ XG YD QUBDAKLURKTXLUHYV
LV VDWLVILHG E\DOO ILWW HGI DBaXNHY /PN S\E RRUWKKHN VFDOLQJDQDO\VL
ZHFRQFOXGH WKDW WKH6 EHQG JHRPHWU\UHSUHVHQWYV DVXLWDEOH FD(

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



JLIXUH 6 WDWHILGHOLW\DQDO\VLVIRUJLYHQILGHOLW\WKUHVKROGIRUGLIIHUHC
VKREWKH KRUL]JRQWDO FRPSRQHQW R/l WKKHH IOHKUWLEBOGRRPESR Q HQWRRVWKH IOXLG

JLHO'§=10 ¥ "r =10 8 "z =10 ©
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7DEOH6FDOLQJ IZAVIVW IL{HG

JLIXUH (YDOXDWLRQRIWKH FRBEIKWE® G RIDRRIQUHXEBW FDWHY WKDW WKH 036 UHSUHVH

'LVFXVVLRQ

2XUDQDO\VLV VKRZV WKDW WKH HIILFLHQF\RIWKH 71 IUDPHZRUN LV KLJKC
WDJHV YDU\LQJ VXEVWDQWLDOO\ DFURVV WKH ODPLQDU WUDQVLWLRQ V
NH\ILQGLQJLV WKDW WKH \ZEDVXLEH ®H B/H® G R ® KIS DRIRAYHVQVIUALFXU &Y R\O H
FRQVLVWHQWO\UHVXOWV LQ D PRUH IDYRUDEOH SRZHU ODZ ZLWK D VPDC
UHTXLUR@ORZY D SRZHU ODZ :H KDYH QRW \HAK REVMHUWWHIUR ¥WW X B R O/G RO
GHVSLWHLQFUHDVLQJSUREOHP FRPSOH[LW\ +RZHYHU ZHDQWLFLSDWH
RFFXU DV WKH IORZ WUDQVLWLRQV IXUWKHU LQWR WKH TXDVL WXUEXOH
DQLPSRUWDQW DUHD RI RQJRLQJ UHVW R H FK LDWLWE E& MFEVOPE LROW WKRI S U D
WKH PHWKRG

7KH SULPDU\REVWDFOH WR VFDOLQJPRGHUQVLPXODWLRQV LV RIWHQ C
FRVW RI GDWD PRYHPHQW 2XU ZRUN GHPRQVWUDWHY WKDW D 71 DSSURD
EDQGZLGWK ERWWOHQHFN 7KH FRUHRIWKHPHWKRG LV WR SHUIRUP WKH
UHSODFLQJH[SHQVLYHJOREDZRSHKUIIWEREQR@BBENO WHQJRU FRQWUDF\
DOWHUV WKH VFDOLQJ RI GDWD DFFHVV PDN LDQ & W CAHEHHQRSIHIRZ RID W K AV
ORJ ZKHWDHFWVDVDGLUHFWFRQWUROIRUWKHVLPXODWLRQJVDFFXUDF\ |,
RYHUKHDG EHWZHHQ EHWZHHQ WKH PHPRU\ DQG &38 RU *38 DOO DW D FF
FKRVHERZHYHU RXUPDLQFRQFOXVLRQLVWKDWWKHWKHRUHWLFDODGYL
E\WKH SK\VLFVRIWKHIORZ :HKDYHVKRZQ WKDW IRUSUREOHPV ZKRVH VW
036 FKDUDFWHUL]HG E\ PREH¥WQHRAIWKILUH SURIRXQG VXEVWDQWLDOO\
LQ WKH VFDOLQJ &RQYHUVHO\ IRU IORZV QH IVRLRD LV MDEDQOBRRX-UW KD \U €
DGYDQWDJH FDQ RQO\EH DFKLHYHG E\ UHOD[LQJ WKH HUURU WROHUDQFH
VDWXUDWLRQVHWWLQJLQDWRKLIJKHUSH +RZHYHU WKHH[WHQW WR ZKLF}
RIWKH IORZ G\QDPLFV UHTXLUHV IXUWKHU GHWDLOHG LQYHVWLJDWLRQ
SURYLGHD FRQFUHWHEDVLVIRUHVWLPDWLQJWKHSRWHQWLDORITXDQW
H[KLELW D UXQWLPH WK D WWHEBDIOHVXIXEW KB T8 XZQUWHKUSDUWY DUH H[SHFWH
IDYRUDEOH TXDGUDWLF VFDOLQJ 7KLV DOORZV XV WR HVWDEOLVK D ORZ]

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



JURZVDWOHDVW OLQHDUO\ZLWK WKHERQG GLPHQVLRQ

ODULDWLRQDO 4XDQWXP $OJRULWKPV

$ SURPLVLQJ SODWIRUP WR UXQ DQ DOJRULWKP DQDORJRXV WR WKH 71 D¢
VFKHPH WKHO036LVUHSODFHG E\ D SD U DIP® VWEHW]E PH.GVT X\KDWXFPRRLYUHF X WW B [
LQSXW VWDWHLQWR WKHGHVLUHG RXWSXW TXDQWXP VWDWH 6LPLODUO\
HVWDEOLVK D K\EULG TXDQWXP+FODVVLFDO IUDPHZRUN LGHDOO\VXLWHG
WKH SDUDPHWHUV RIWKHDQVDW] FLUFXLWV L H TXELWURWDWLRQV DU
LPL]JHVD FRVW IXQFWLRQ GHSHQGHQW RQ WKH SUREOHP HJ QRQOLQHDL
WKDW WKLY WUDQVODWLRQ RITHUV L WKH UHGXFWLRQLQ WKH VFDOLQJ
LL WKHDOJRULWKP UHDOL]JHV WKHHTXLYDOHQW WR PDWUL[ YHFWRU 03
FLUFXLWDQG VLQJOH TXELWPHDVXUHPHQW RQ D TXDQWXP FRPSXWHU
7KLV VHFWLRQ SURYLGHVY WKH WKHRUHWLFDO IRXQGDWLRQ DQG LQLWL
TXDQWXPVSHHGXSVLQ&)' :HEHJLQLQG6HFWLRQ E\LQWURGXFLQJWKH
D TXDQWXP YHUVLRQ RI WKH 1\TXLVW 6KDQQRQ WKHRUHP > @ ZKLFK SUR"
UHTXLUHG WR UHSUHVHQW D IXQFWLRQ VWDWH ORYLQJWR WKH FRUH ILQ¢
RI94$VLQUHSUHVHQWLQJ '"WXUEXOHQW ILHOGY VKRZLQJWKDW WKH\UH
UHSUHVHQWDWLRQ )XUWKHUPRUH XVLQJVFDOLQJDUJXPHQWYVY VSHFLIL
WR RXWSHUIRUP 036 PHWKRGYV LQ WKH ODUJH VA\VWHP VL]H OLPLW \LHOGL
6HFWLRQ LQWURGXFHVWKH7HQVRU 3URJUDPPDEOH94% 73 94% DPH\
DOJRULWKPV LQWR 94$V WKDW RQO\UHTXLUHV WKH PHDVXUHPHQW RI D VL
‘HDFNQRZOHGJHWKDW ZKLOH IXQGDPHQWDO VFDOLQJODZVDUHUREXVW
DQVDW] FLUFXLWV DUHFXUUHQWO\LJQRUHG 7KHUHIRUH WKH SXUSRVH R
DQG VROYLQJ '3'(V LVWREHQFKPDUNWKHUHTXLUHG TXDQWXP UHVR
LQ GLUHFW DQDORJ\ WR WKHEZR YGFRELPHBEYYRYWXGLHY DUH GHVLJQHG WR
JDWKHU FUXFLDO HQJLQHHULQJ GDWD EHIRUH DWWHPSWLQJ ODUJH SRW
WR EHFRPH WRR GHHS IRU FXUUHQW QRLV\ TXDQWXP KDUGZDUH IRU VROY
WKHUHIRUH D NH\ GHVLJQ JRDO ,Q 6HFWLRQ ZH GLVFXVV D VWUDWHJ\
WKHQXPEHURIFLUFXLW TXELWV E\XVLQJDX[LOLDU\TXELWV WRJHWKHU Z
WR HPXODWH WKH VDPHWUDQVIRUPDWLRQ ZLWK D VKDOORZHU QRQ XQLW
6HFWLRQ SURSRVLQJDQDSSURDFKWRPLWLIJDWHWKHEDUUHQ SODW
ODQGVFDSHIODWWHQV GXHWR WKH ORFDO FLUFXLW VWUXFWXUH EHFRPL
FRQFOXGHV ZLWK D VXPPDU\RI WKHVH ILQGLQJVDQG DQ RXWORRNRQ 94%

$PSOLWXGH (QFRGLQJDQG 4XDQWXP I\TXLVW 6KDQQRQ 71

‘HILUVW GHVFULEH KRZ D IOXLG ILHOG RUD FODVVLFDO VFDODU ILHOG Z
YDOXH LVPDSSHGLQWR D TXDDXEXRWMDWHK D©®RRDU +G RBASIDW Y S GAH GLP
RUWKRQRUPDO FRP S X0 DV@IGR PRI DMV WWOHMARP SXWDWLRQDO EDVLV VW
WKH SRVVLEOH .URQHFNHU SURGXFWV RI ORFDO EDVLV WDWHYV VSDQQLC

‘KHQ RQH ORRNV DW LQGL }J0DIEXD® EDVILY VW DRGHKWRWLFHY WKDW LW IR
VWULQJ WKDW LV XQLTXH IRUHDFK FRPSXWDWLRQDO EDVLV VWDWH DQG
D@5 1 7KHDPSOLWXGH HQFRGLQJJLYHV D RQH WR RQH UHODWLRQ EHW
GLVFUHWL]HG JULG )RUDRQH GLPHQVLRQD®GWHK 8 ® B WM QM EFHNWIRTHX D
DQHTXDO LQWHU ¥%D0a3U6 RIBRLQIWNVIG VXFK WKDWTfIxH OGN BQRRGHG
DV DQ DPSOLWXGH R, WZKHIH®I M QR W\M B WHKH ELW VWULQJ FRUUHVSRQGLQJ
Ri 7KH UHVXOWiQJ VAN bAVKHjii\ZLWK WKH FRQVWDQW RI SURSRUWLRQDOL)
SURGXFWHWR=EH 1DWXUDOO\ WKHLQGLYLGXDO TXELW FRQWUROV WKH It
WKLY GHOLYHUDEOH ZH VHW D FRQYHQWLRQ WKDW WIKH KELWWWWEKH VR FQC
)LQDOO\ WKH HQFRGLQJ QDWXUDOO\H[WHQGY WR HQFRGLQJILHOGV RQ K
LQGHSHQGHQWO\DV GHVFULEHG )RU D VT XD ZH BI0N W KFHS K\ X H DROWGDL.® B &
RI ZKLFK WKH ILHOG UHVLGHYV

'H QRZ VWDWH WKH TXDQWXP I\TXLVW 6KDQQRQ WKHRUHP DQG VKRZ W}
WKDW LQ RUGHU WRDPSOLWXGH HQFRGHD | RKQBIGW i (WK ¥ IELLL GVOVID RV B N SZUL M/
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YLIXUH /LQHDU TXDQWXP FLUF XL WD @G W R\ S/DGJLLDRIHD A R [PV RIRIODQA QU R G X F
YLD ORFDO LQWHUDFWLRQV GHSLFWHG E\ WKH UHG YHUWLFDO OLQHV WKDW FRQ
j inywE JRUSHUIRUPLQJ94$% ZHGHILQHD EORFNRIORFDO LQW HUWDFMIUR®& LV SDUDF
SDUDPHWHU DQG IL[HG WZR TXELW JDWH WKHEOXHYHUWLFDO OLQH

WKH OHQJWH VFDDH RHW WKH FRPSXW D W laR@DIDJER] VIR B MVE KHGAWDW OHD
q= ORJ TXELWVLQRUGHU WR IXOO\UHVROYH WKH IXQFWLRQ

7KLV VWDWHPHQW FDQEH SURYHQ E\ FRQ V& G HRILVQK RVHK[HS O KFHLUNP R/ G \GMVDRPLL
UHSUHVHQWDW LRQ =R MRR/H) | XQBWERQYHO\ WKH GH®YT WEBPIMVEWL RRIVQ L [
WR KDYH WKH IROORZLQJIRUP

2k VHF' 'k vL@2 | Lk + wpd 'k 2k FRV' 'k Ve
- @ K 2 V2R @k 2VeR A -
i 2k FRV' 'k RO 2k VHF' 'k vi@ 2 ' YHhk wpd 'k
@Ak 2ViR 4k 2 VI

ZKHWE2 / )URP WKH H[SBHVRLRMYRU\ HOHPHQW RI WKH UHGXFHG GHQVLYV
H[SRQHQWL DQ@\LWRZOLFEW.V HTXLY D OH QW+WRj D BIRG-Y i bilj H (i RO{+W R
jlihl) VWDWH %\ UHDUUDQJLQJ WKH LQHTXDOLW\ ZH REWD Lo WKH WKUHVK
ORJ JLYHQLQ WKH PDLQ WH[d¥e MKKN TKHANRQGWDWH EHFRPHV LQGHSHQG
RVFLOODWLRQY PHW®H@IDVAEIWELW WKDW FRQWULEXWHV WRZDUGV WKH
DQG SURRI FI > @

7KH TXDQWXP 1\TXLVW 6KDQQRQ WKHRUHP LPPHGLDWHO\ IL[HV WKH ZL
VLPXODWLRQV WKHVPDOOHVW OHQJWK VFDOH R UH\KRIO X WILRRQWADILN W Q
OLOH“) ZLWK WKH Y L\QRRIVADWW L Q J W K DWVJIW R B \F R QEDOIGRA 8 KK H W X U EX O H Q
UHJLPH ZKIMMPDOO LQ FRPSDULVRQ WR WKH ER[VL]H )XUWKHUPRUH ZH H'
IRUFDSWXULQJWKHNH\SURSHU\WRH® W IPRKN HODWER U ¥ DISMXWHWVHQWHG E\
UHTXLUHVOMD¥WZ RDWWDWLRQDO SDUDPHWHUV > @ IRUQHDUHVW QHLJKEF
yLJ IRU ZKLFK WKH GWHS QY WKW QN MQVHFWLRQ ZH SURYLGH QXPHULFD
DSSOLFDWLRQV WKLV ERXQG LV KDUGO\HYHU UHDFKHG EXW D PRUH SUD
PHFKDQLFDO SURSHUWLHY RI WKH 1DYLHU 6WRNHV HTXDWLRQV

7KH DIRUHPO(QWARGFH®LQJ KRZHYHU LV QRW SUDFWLFDO DV WKH FRHI
YHU\ ODUJH DQG ZH UDUHO\ HQFRXQWHU VWUXFWXUHOHVV SXUH QRLVH
WLPH HYROXWLRQ 7KHUHIRUH LQ RUGHU WR ILQG D SUDFWLFDO ERXQG |
FRQWH[W RI TXDQWXP PHFKDQLFV :HILQG WKDW WLPHHYROXWLRQ RID Q
6WRNHV HTXDWLRQ LQ)RXULHUVSDFH KDVDVWUXFWXUHVXFKWKDW FR
7KHUH I RQW) WARHD V H TO{HIRMD)E) LQ WKH WXUEXOHQW UHJLPH ERXQG KROG)
FRHIILFLHQW LQ WKH &)' FRQWH[W ZKHUH D GHWDLOHG GLVFXVVLRQ LV SU

,Q ZKDW IROORZV WKHRSWLPL]DWLRQDQG 94$DUH SHUIRUPHG LQ WKH_
EHFDXVHFRPSOLFDWLRQVLQWURGXFHGE\ERXQGDU\FRQGLWLRQVDQG L
LQ WKH UHDO VSDFH UHSUHVHQWDWLRQ WKXV PDNLQJ WKH SUDFWLFDO L
SRVVLEOH 1HYHUWKHOHVV WKH DERYH VFDOLQJDUJXPHQWY VWLOO KR
RSHUDWLRQ GRHVY QRW JHQHUDWH PXFK HQWDQJOHPHQW DVG@GLVFXVVHG |
GHSWK WR WKH DQVDW] RLUFXLW IRUODUJH HQRXJK
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JLIXUH D 6QDSWKRMORIFLW\ FRPSRQHQW RI WKH 7XUEXOHQW IORZ GDWD >
N=32 32 32 E 6FDOLQJRIQXPEHURISDUDPHWHUWUHJILXG SRGQWRVA R VFRAE B LV
IDLWKIXO UHSUHVHQWDWLRQ RI D VY%DWH EKI® R E O GLR WGVHHIBUIRRD\MNARAPDVKER DEHW H G \
WKdds GDWD SRLQWYV DQG WKH EODFN GDVKHG O L@ DWD GIRQ QBWY | LAK H Y BIRO LAYRI JZ\HF
IRU94$ LV SUHOLPLQDU\DQG IXUWKHU UHVHDUFK LV UHTXLUHG F 7KH VFDOLQJ
JUHHQ OLQH LV IRUWK | O RBHUKEREKQGH OLQH LV R4 WIK® KESS HU1E RKQI® H DU H
SORWWHG DIDLQVW WKH FRPSXWDWLRQDO FRVW IRU 036 7KHWV®UBLGHKHYHG IURP
GRWWHG OLQHV DUH OLQHDU ILWV LQ ORJ ORJ VFDOH IRU G RBRIGR VWK H RUUM KLYV V|
FRPSXWDWLRQDO FRVW OLHV ZLWKLQ WKH JUD\DUHD 'DWD WDNHQ IURP > @

94$ YV 71 6FDOLQJ$QDO\VLV

‘HFRQILUP WKH WKHRUHWLFDO VFDOLQJGHULYHG LQ 6 HFWHTRXLUH GENRARP
IDLWKIXOO\H[SUHVVLQJWKH WXUEXOHQW IORZ 7KHWXUEXOHQW IORZ LV
HPHUJHDVDUHVXOWRI&)' VLPXODWLRQV LQ WHUP VR ILRRP\SHGH WRVE X)D.Q W L
WKHHQFRGLQJHUURU EHWZBE8Q WKH IVSSXHRVIYEWMRHE W IVIDQMIE YDULDWLRQD
DQ 036 RUTXDQWXP FLUFXLW 7KH GHILQLWLRQ RI WKHLQILGHOLW\PHWU!|
WKH TXDQWXP UHSUHVHQWDWLRQ ZH XVH WKH VDPHDQVDW] FLUFXLW DV L
. JRSWLPL]JHU ZLWK ILQHO\WXQHG SDUDPHWHUV XQWLQWKH HUURU EHFF
,Q)LJ E ZHFRPSDUH WKH QXREHXRUISGURPHMHDYG 94$ )RU WKL
ZHILQG WKDW 94$ UHTXLUHV D VPDOOHU QXPEHU RI SDUDPHWRNUV IRU DO«
LQYHVWLIJDWHG )XUWK b PRAdFARWRMWERILADE QW HY RUHDWVZLWKDW 94$ P
KDYH D VFDOLQJDGYDQWDJH LQ WKH QXPEHU RI SDUDPHWHUV RYHU LWV |
+HUH ZH DOVR ILQ@GW KMYVBQ @JsQ N2 ZKHUH 94$ KDV D EHWWHU VFDOLQJ W
KDYHDOVR IRXQG WK DW3DLL §RIR I RPL DHOCRD RUHIHERWWHG KRZHYHU GXH W
DFKLHYDEOH QXPEHU RI TXELWV WKH WUXHVFDOLQJLVLQFRQFOXVLYH D
1H[W ZHFRPSDUH WKH FIRRRS \WKBIWWBR®@BEWKRBWR 94$ $V H[SODLQHG LQ
WKH FRPSXWDWLR QDO TR WSROI RNB 62 KA WRM ERQG GLPHQVLRQ )RUDIL]
wkKRZHYPD\ GHSHQG/RQFH LQFUHDVLQJ WKH VIVWHP VLIH FDQ LQWURG XF|
EHUHVROYHG 7KHUHIRUH LQ)LJ <oouF WEH WDQIHPWRHFXDONHXLRIHG IRU L
WKH ILHOG ZLW K #HUUREBMDARHG LQTH=D G, RRW +HUH ZH ILQG D VFDOL!
Toss/ N F EODFN GDVKHG
JRU 94% ZH GHILQ by WDRHWIRWWXPEHU RI PHDVXUHPHQWY UHTXLUHG WR F
FRVW IXQFWLRQ IRU DOO SDU D RyHNHUSVERZ QKR WIXGICSRLHFGE WIHRQN > @ WK
LVess = C ,°%Y WkRUHYDOXB4I1QD®KHQWY 7KLV RFFXUV ZKHQ WKH DQFLOO
DOLJQV FRPSOHWHO\ ZLWK WKH PHDVXUHPHQW E DMLy ZRQ ¥ G}HO\ WKH
ZKHUH/V%VIQBFl\_/FRU DULVHV IURP WKH ORQWH &DUOR VDPSOLQ@J4@}LPLW ,QR
DQG,g2 VFDOH NV RU SRWBQWRBO @KLFK LV PRUH 1D Y Ri4dd BEND R BWKDLY WE H
IRU 036 1RWH WKDW VDPSOLQJFDQEH SDUDOOHOL]HG WULYLDOO\ ,Q SU
SUHIDFWRUV RIWKH VFDOLQJ UDWKHU WKDQ DOWHULQJWKHIXQGDPHQW
,Q FRQFOXVLRQ RXU VFDOLQJDQDO\VLV VXJJHVWY D SRWHQWLDO IRU
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GHPRQVWUDWHY PRUH H||LFLHQWvm%@qmqawum&g;m@wmwsmoaeFRV\
WR &(KHVFDOLQJ RI WKH FODVVLFDO 036 PHWKRG +RZHYHU WKH REVHUYH
DQG KHQFH WKH FRPSXWDWLRQDO FRVWY GLVDJUHHV ZLWK WKH WKHRUH
EH EODPHG RQ WKH EDUUHQ SODWHDX SKHQRPHQRQ > @ WKDW SURKLEL
VXERSWLPDO FKRLFHRIWKHDQVDW] FLUFXLW VWUXFWXUH 7KHVH SUREO

IHYHUWKHOHVV WKLV VXJIJHVWY WKDW DV SUREOHP VL]HV LQFUHDVH
VLFDO DSSURDFKHYV FRXOG ZLGHQ +RZHYHU WKH 94$ DQDO\VLV LV EDVHC
UHQWO\DYDLODEOH FODVVLFDO FRPSXWDWLRQDO UHVRXUFHV )RFXVLQ.
WR DFFRXQW IRU QRLVH DQG RWKHU DUFKLWHFWXUDO OLPLWDWLRQV LV I
WKHRUHWLFDO DGYDQWDJH SURYLGHV VWURQJPRWLYDWLRQ IRUFRQWLQ

7THQVRU 3URJUDPPDEOH 94%

JLIXUH 6NHWFK Rl WKH K\EULG FODVVLFDO TXDQWXP VWUDWHJ\ XVLQJ 032 SURJU
VHWWLQJ 7KHILIJXUHLVWDNHQIURP> @

JLIXUH 6XFFHVV SUREDELOLWLHYV YV VA\VWHP VL]H DxrER 8 LOLLGFHDEDUPHW R Q/PAFF R 8 M
WKH /DSODFQRR DQG ILUVW GHULYDWLYH VFKHPHYV JUHHQ UHG SX4SOH UHPDL
0:359050 ZKLOH WKH LPSOLFLW Gx%IIXRUQM—WHSEB-IFUHB_H/HNRZJLHNIIODWWHQLQJ E 1RQC
SRLOQWZLVH PXOWLSOLFDW LRWDKY @ ¥HPBRHVRF@OPEDQ W X@HV L O WKUHHIHDAOWXHG I DKWY
ZKLFK LW GU/REWRDIWKRZHU HODDW >GHAD\ HDUOLHU 1DV WHMOMK D7K AU G HUURIQLH/VW D N H C
IURP > @

,Q WKH SUHYLRXV VHFWLRQV ZHHVWDEOLVKHG WKHFRUUHVSRQGHQFF
036 WKHHQWULHV RI 036 WHQVRUY SOD\WKHUROHRIYDULDWLRQDO SDU
RITUHHGRP DUH WKH JDWH SDUDPHWHUYV HJ URWDWLRQDQJOHYV SKDVH
FDQ EHGUDZQ IRURSHUDWRUYV PDWULFHV HJ GLIITHUHQWLDO RU OLQH!
EHUHSUHVHQWHG EA\ TXDQWXP FLUFXLWY 7KHPDLQ FRPSOLFDWLRQ LV Wt
TXDQWXPFLUFXLWY QDWLYHO\UHTXLUH XQLWDU\WUDQVIRUPDWLRQV 7Z
HPEHGV D QRQ XQLWDU\RSHUDWRULQWR D ODUJHU XQLWDU\DFWLQJRQ \
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032V> @ LQZKLFKZHRSWLPL]HD YDULDWLRQDO XQLWDU\032WKDW DS¢
UHTXLUHDQFLOODU\TXELWVDQG W\SLFDOO\UHO\RQ PHDVXUHPHQWYV RI W
DSUREDELOLVWLFUHDOL]DWLRQRIWKHGHVLUHSG ROWWDW R R Q DIOXWW Y WHHL
DQG 0B2SUREDELOLVWLF XQLWDU\ 7KLV VWUDWHJ\+XVLQJWHQVRU QHWZ|
DOJRULWKPV+ZDV DOUHDG\PRWLYDWHG E\/XEDVFKHW DO > @

7KH UHTXLUHG FLUFXLW UHVRXUFHV IROORZ GLUHFWO\ IURP WKH 032 \
XQLWDU\ 032 UHDOL]DWLRQ LV VHW EN VKK HQIVPRQJGIGQPEQRERQQ WKH XQl
W\SLFDOON BFWURBDTXELWY 7KXVLPHWUMYW ODUJHU PXOWL TXELW JDWH YV
GHHSHU GHFRPSRVLWLRQV PRUH OD\HUV ZLWK VPDOOHU PXOWL TXELW J
SUREDELOLVWLF ZLWKS\RWWIHFEWLSOREPHEOARZWWQLW\ WKLV SUREDELOLW\ ¢
RIPHDVXUHPHQW VKRWY UHTXLUHG WR UHDFK D GHVLUHG VWDWLVWLFDO I
WR WKH FRVW IXQFWLRQDO HVWLPDWH

‘H DVVHVVHG WKH LPSDFW RI WKHVH IDFWRUV ZLWKLQ D 94$ VHWWLQJ
RSHUDWRUV VWXGLHG WKH DYHUDJH VXFFHVV SUREDELOLW\ UHPDLQHG
yLJ D )RUQRQOLQHDU SRLQWZLVH PXOWLSOLFDWLRQ WKH VXFFHVV
IHDWXUHV ZHUH UHVROYHG DIWHU ZKLFK LW H[KLELWHG D GHFUHDVH V}
RYHUDOO 94$ DOJRULWKP H[KLELW DQ H[SRQHQWLDO GHFD\RIVXFFHVV SL

&DVHGB6WXG\,9 1RQOLQHDUG6FKU|GLQJHU HTXDWLRQ

,Q WKLV VHFWLRQ ZH GLVFXVV WKH VFDOLQJ RI WKH QXPEHU RI TXELW
GHSWK UHTXLUHG WR YDULDWLRQDOO\ VROYH WKH QRQOLQHDU 6FKU|GLC
TXDGUDWLF QRQOLQHDULW\ DVLW UHSUHVHQWYV RQHRIWKHPRVW IXQGD
HQFRXQWHUHG LQ GLYHUVH TXDQWXP VIVWHPV 7KH LQVLJKWYV JDLQHG IL
UHVRXUFH HVWLPDWLRQ RI YDULDWLRQDO FLUFXLWV IRURWKHU PRGHOV
DOORZV XV WR HVYWDEOLVK D FRQFUHWH EHQFKPDUN IRU VFDOLQJ EHKDY|
QRQOLQHDU TXDQWXP SUREOHPV

7KH QRQOLQHDUB6FKU|GLQJHUHTXDWLRQ 1/6( LVDRQH GLPHQVLRQDO
YDULRXV SKHQRPHQD VXFKDVWKHG\QDPLFVRIOLJKWLQQRQOLQHDURSW
LQVWDELOLWLHV LQ SODVPD SK\VLFVDQG VXUIDFHJUDYLW\ZDYHV> @ D
IRUPDWLRQ LQ %RVH (LQVWHLQ FRQGHQVDWHV % (& > @ WR C
1/6(LVJILYHQ DV

1 d?
T+
2dx2
+HUKK) ZLWEHLQJ VSDWLDO FRRUGLQDWHY UHSUHVHQWY D QRUPDOL]HG
WKH LQaHY BBQRWHYV WKH VW UH Q J W Ky RIMWKKIHQRHISOL K R D WIKWNTXPRGU D W L F
FHQWHUH(@:D%JRX)Q(GJWKHUPRUH ZH FRQVLGHU SHULRG (OFr=ERa @®mU\ FRQ G|
Vb=V@ ,WLVZRUWKKLIJKOLIJIKWLQJWKDW ZH HPSOR\WKH FODVVLFDO PF
@ WREHQFKPDUN WKHYDULDWLRQDO UHVXOWYV
JRUWKH YDULDWLRQDO JURXQG VWDWH SUREOHP RI WKH 1/6( ZH GLVFL
GLITHUHQFHPHWKRG 7KHFRVWIXQFWLRQLVGHILQHG DV WHiHI VEXP RI WKH N
hiEpii + hHE,ii + hlEKii > @ ZKHUH

Vo X Xo “+gif (X)j2 f(x)= Ef (x):

X 1 Xt g
j ki?Vk; hiEii = S
k=0 k=0
) 1 X!
hl‘EKII_ T k k+1 Zkk+ K k1 5
k=0

htEp ii

DQG WKHPLQLPXP YDOXH RIWKHFRVWIXQFWLRQ LQHéJG‘I-ﬂM)-l‘Q)V\F\K\M/K(I-DV\URX
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WK H QRUPDOL]DJ&A#LRPQj:glﬁ&Q(@)EWLPF{jglj «j2 LV VDWLVILHG (DFK WHUP LQ WKH
UHTXLUHV D VHSDUDWH TXDQWXP FLUEXLW UHIHU WR > @DQG> @ IRU
WKDW WKH PD[LPXP QXPEHU RI TXELWV DQG JDWH UHVRXUFHVY UHTXLUHG W
QRQOLQHDU LQWH WLhERIW L R QGHQW K B\ PADHBIBR. QJ RI WKH WULDO V,RNQXWLRQ UH
TXELWV WKHHQFRGLQJRI WKH QRO 7@ HMUHHG VR UNPKAHHRHDTX@OWQ W X P UH J L
WKH QRQOLQHDULW\UHIOHFWY WKHLPSOLFDWLRQV RIWKHQR FORQLQJV
SUHSDUDWLRQRIPXOWLSOH FRSLHV RI WKH WULDO VROXWLRQ

A4XELW VFDOLQJYV SUREOHP VL]H

7TKH QXPEHURYFRDEHWREY+1 ZKHWUJHY WKH QXPEHU RI'JULG SRLQWYV RI WKH S
QXPEHU RIJU\L@2§ﬁLQWR/ZVIDVWHU WKDQ WKHTXELWUHTXLUHPHQWY WK}
VFDODELOLW\ OLPLWDWLRQV +RZHYHU RUGLQDU\ FODVVLFDO FRPSXWH
1620 TXENW2® 27 JULG SRLQWV ZKLOHPRGHUQ VXSHUFRPSXWHUV GHSHQ
FDQH[WHQG WKLV OLRBL¥ WREDSWSA'R [CPDWH®SRLQWY 2Q WKH FRQWUDU\
GHYLFHVDOUHDG\RIIHUPRUH WKDQ TXELWYV ZKLFKLQ SULQFLSOH ZRX
RQJULGYV DXOSRIIGWY +RZHYHU WKH SUDFWLFDO VROXWLRQ RIVXFK SUF
GXHWRQRLVH OLPLWHG FLUFXLW GHSWK DQGILGHOLW\FRQVWUDLQWYV

&LUFXLW GHSWK

'LWKLQ JDWH OHYHO VLPXODWLRQV ZH DQDO\]H WKH FLUFXLW GHSWK UH
RI'WKH 1/6( ZL99 K XGHORW\ :HVI\VWHPDWLFDOO\DQDO\]JHWKHQXPEHU RI W
UHTXLUHG WR DEEHOYIIWYIRE4 n=10 N=8 D@613 N=16 >VHH> @ IRUPRUH
GHWDLOV@ DQG H{[ WUDSRODWHG LWWR UHODWLYHO\ELJJHU VA\VWHP VL]H

JLIXUH 6FDOLQJRI QXPEHURI D &127JDWHV DQG E FLUFXLW GHSWK ZLWK UHVS
TXELWHUH EODFN EOXH DQG SXUSOHFRORUVLQGLFDWHWKHZHDN PRGHUDWH

&DVHB6WXG\9 %XUJHUVYHTXDWLRQ

,Q WKLV VHFWLRQ ZH KLJKOLJKW WKHVFDOLQJRIWKHQXPEHU RI TXEL
HIILFLHQWO\VROYH WKH QRQOLQHDU G\QDPLFV RIWKHRQH GLPHQVLRQD
WKUHH IROG UHGXFWLRQ LQ WKH QXPEHU RIWZR TXELW JDWHVY FRPSDUHC
FLUFXLWYV LQGLFDWLQJD UHPDUNDEOH LPSURYHPHQW LQ FLUFXLW HIILF
WKH XQGHUO\LQJ G\QDPLFV 6WXG\LQJ WKLV PRGHO LV SDUWLFXODUO\LP
WRW\SLFDO QRQOLQHDU SDUWLDO GLIITHUHQWLDO HTXDWLRQ FDSWXULQ

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
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JLIXUH 6FDOLQJRIWZR TXELZWWBWH¥8MNRWWREISWREPWRNVQKHPEHU RITXELWYV +HUI
SXUSOH FRORUVLQGLFDWH WKHFRQYHQWLRQDODQG ORZ GHSWKLPSOHPHQWDW

7KHLQVLJKWYV JDLQHG IURP WKLV DQDO\VLY SURYLGH D YDOXDEOH IRXQG
G\QDPLFDO V\VWHPV JRYHUQHG E\QRQOLQHDULWLHV RIVLPLODU QDWXU'

3URELQJWKHQRQOLQHDU G\QDPLFV RIITOXLG FRQILIXUDWLRQV LV HVVF
DVLWHQDEOHV GHHSHULQVLJKWLQWRWXUEXOHQFH VKRENIRUPDWLRQ
WUDQVSRUW DQG IORZ SURFHVVHYV +HUH ZHFRQVLGHU WKH WLPH GHSH(
> @

@u(xt)= @ u(xt)@ u(xt):

+HUH WKHILUVW WHUP RQWKHULJKW VLGH RIGHHRWEKD WKRG BHSBUHRNVHQV
PDWLF YLVFRVLW\ 7KH VHFRQG WHUP FRUUHVSRQGV WR FR OWQEBFWLRQ Zk
GHQRWH WKH VSDWLDODQG WHPSRURO GWY WKYDWHD/® W DUODBGUFENELYCHIQ H @ ¢
UHVHQWY VSDFH WLPH (T PRGHOV YDULRXY IIDQRZ W K WEREDWH QW F O X C
EHKDYLRU DQGVPDOOLQVWDQFHVRIWKHSUREOHPFDQEHVROYHGRQDF
WHFKQLTXHV VXFKDV'16 )" PHWKRGV ILQLWH YROXPHPHWKRGYV VSHFWL
DOJRULWKPVIRUVLPXODWLQJQRQOLQHDU %XUJHUV G\QDPLFV KDYH EHH(
WR IXUWKHU WKHRUHWLFDO DQDO\WLV DQG UHILQHPHQW LQ > @

7TKHFRVW IXQFWLRQ IRUWKH %XUJHUV G\QDPLFV LV GHILQHG DV WKH V1
WLPH HYROYHG VWDWHDQGLVJILYHQDYV

C=jjus i 1+ @ jui@ juij?:

JRUHDFK WLWHMWRSW IXQFWLRQ GHILQHG LQ (T LVPLQLPL]HG DQGC
JDWHG E\LWHUDWLYHO\UHSHDWLQJWKLV SURFHGXUH ,Q > @ ZHDQD
TXDQWXP DQVIW]H WKHFRQYHUJHQFH SURSHUWLHV RIGLITHUHQW RSWLP
LQ TXDQWXP FLUFXLWV 7KHVH VWXGLHV SURYLGH TXDQWLWDWLYH EHQF
RI YDULDWLRQDO DSSURDFKHV WR QRQOLQHDU G\QDPLFDO SUREOHPV OR
FXLW GHSWK RSWLPL]DWLRQ DFFXUDF\ DQG KDUGZDUH IHDVLELOLW\ WK
UHVRXUFH HIILFLHQW TXDQWXP DOJRULWKPYV

4XELW VFDOLQJYV SUREOHP VL]H

JRU WKH % XUJHUV HTXDWLRQ QRQOLQHDULW\LV D FRQYHFWLRQ OLNH W
QXPEHU RhVEDOLOHYRMY+1 ZKHUHV WKH QXPEHU RI'JULG SRLQWV RI WKH S
VLPXODWLRQV RI %XUJHUV G\QDPLFV FDQ EH FDUULHG RXW2RQUIODVVLFD!
SRLQWYV ZKLOH VWDWH RI WKH DUW VXSHUFRP SWX3W24U W RIZ @ YHH W H\QLG WHK L
G\QDPLFDO VLPXODWLRQV UHTXLUH WKH VROXWLRQ WR EH FRPSXWHG DW
UDSLGO\DQG EHFRPHV LQIHDVLEOH IRU ODUJH VAVWHPV &RQVHTXHQWO
ZLWK 210 22 JULG SRLQWV FDQ EH VLPXODWHG RQ VXSHUFRPSXWHUV ZLWK
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7ZR TXELWJIDWHFRXQW

JREXVLQIJRQ WKHWXUEXOHQW UHJLPH RIIOXLGIORZ ZHDQDO\JH WKH WZ
VKRFNZDYH EHKDYLRU ZLVWK | LGHW KW HYQ &8 [ ZHHHSSULRSIRVHG DQG LQYHV WL,
SOHPHQWDWLRQV RITXDQWXP FLUFXLWV IRUVLPXODWLQJ %XUJHUVY G\Q
QXPEHURIWZR TXELWJDWHY FRPSDUHG WR FRQYHQWLRQDO DSSURDFKH )\
QHDU WHUP TXDQWXP KDUGZDUH EXWDOVRPLWLIDWHY WKHLPSDFW RI QF
VRXUFH RIHUURU )XUWKHUPRUH RXUUHVXOWY HVWDEOLVK WKDW YDUL
FDQEHDFKLHYHG ZLWK VLIJQLILFDQWO\VKDOORZHU FLUFXLWV WKDQ SUH"
RI SUDFWLFDO TXDQWXP VLPXODWLRQV RIWXUEXOHQFH LQ FXUUHQW 1,6
WZR TXELW JDWH FRXQW VFDOHV ZLWK LQFUHDVLQJ VA\VWHP VLIH ,Q WKH
SHUIRUPDQFH DVVHVVPHQWY DUH W\SLFDOO\FKDUDFWHUL]J]HGLQ WHUPV I
DOJRULWKPLF FRVW &RQVHTXHQWO\ DQH[WHQVLYHUHVRXUFHDQDO\VL
UHTXLUHPHQWV IRULPSOHPHQWLQJ4&)' ZLWKLQ HUURU FRUUHFWHG TXD(
IRUODUJH VFDOH IDXOW WROHUDQW GHSOR\PHQWYV

&DVHG6WXG\9, &LUFXLW 2SWLPL]DWLRQ

4XDQWXP DOJRULWKPV RIWHQ\LHOG FLUFXLWV ZLWK FRQVLGHUDEOH G
WDWLRQDO WDVN LQFUHDVHV 7KHVH GHHS FLUFXLWV W\SLFDOO\ LQYRO"
IRUH[WHQGHG GXUDWLRQV ZKLFK SUHVHQWY D PDMRU FKDOOHQUJH IRU F>
FLUFXLW GHSWK KDV EHFRPHD FHQWUDO JRDOLQ TXDQWXP DOJRULWKP Gt
WR WKLV SUREOHP 2QH ZD\D VKDOORZHU GHSWK FDQ EHDFKLHYHG LV E\ L
RIWHQ UHTXLUHV WKH XVH RI PLG FLUFXLW PHDVXUHPHQWYV DQG FODVVLF
FLUFXLW LV UHSODFHGE\D QRQ XQLWDU\FLUFXLW RID ORZHU GHSWK WKD
UHOHYDQW UHJLVWHU TXELWYV

,Q WKH FDVH RI1 94$V WKLV VXEVWLWXWLRQ LV UHOHYDQW LQ WKH HPS
FRQVLVW RIDOWHUQDWLQJOD\HUV RIVLQJOH TXELWURWDWLRQV DQG HQ
LWHUDWLYHO\ E\D FODVVLFDO RSWLPL]JHU WR PLQLPL]H D FRVW IXQFWLR
G\QDPLFV $JHQHUDO DQVDW]FLUFXLW LV SUHVHQWHG LQ )LJ D ,Q)l
WKDW LV XVHG LQ DQVDW] F LARFAKH WX WK DV GH Q BILBU WRFDY WYV FRUUHVSH
YHUVLRQ ZLWK D FRQVWDQW FLUFXLW GHSWK )LYH TXELWV DUH XVHG IRL
PRGXODUDQG FDQ EH VWUDLJKWIRUZDUGO\H[WHQGHG WR DQ\QXPEHU RI
DQDO\WLV EHWZHHQ WKH XQLWDU\DQG QRQ XQLWDU\DQVDW] FLUFXLWV
DSSHDUVWREH SUHIHUDEOH IRUTXDQWXP SODWIRUPV WKDW SUHVHQW U}
LGOLQJHUURU UDWHV 7KLV QRQ XQLWDU\ FRQVWUXFWLRQ LV QRW OLPL)
DSSOLHG WR D ODUJHU IDPLO\RIFRUH FLUFXLWV DV ORQJDV WKH\DUH FR¢
VWDUWY DW WKH SRLQW WKH SUHYLRXV HQGV IRUPLQJ D VWUXFWXUH

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.



JLIXUH ,Q SDQHO D D JHQHULF DQVDW] FLUFXLW LY SUHVHQWHG ZKHUH WKH FR(
UHIHUUHG WR DV FRUH ,Q SDQHO E DW\SLFDO FRUH FLUFXLW LV VKRZQ ZKLFKLV
SUHVHQWHG WKDW LQGXFHVY WKH VDPHWUDQVIRUPDWLRQDV WKHFLUFXLWLQ SDC

JLIXUH ,Q SDQHO D WZR SORWV DUH SUHVHQWHG IRUWKH XQLWDU\DQG WKH QRQ
)LJ E %RWKKDYHWKHVDPHUDQJHLQ WHUPV RILGOLQJHUURU SUREDELOLW!'
H UHVSHFWLYHO\ 7KHFRORUEDUFRUUHVSRQGVWRERWKSORWVDQGLQGLFDW
ZKLFK DSSHDUV WR EH DW LWV KLIKHVW IRU WKH XQLWDU\ FLUFXLW ZKHQ LGOLQJ
ZKHQ &; HUURU SUREDELOLW\LVORZ ,Q SDQHO E WKH)&IGIHOUWMQ FHKRHIUNHKSRS/UL RVALHN
LQGLFDWHVDQDGYDQWDJH IRUWKH XQLWDU\FLUFXLWDQG QHIJDWLYH EOXH IRU
JLGHOLW\DJDLQVW WKH QXPEHU RIUHJLVWHU TXELWV IRUQLQHGLIITHUHQW HUU
RQ WKH SORW RISDQHO E

4XDQWXP 6SDUVH 2SWLPL]DWLRQ 1HDU WKH (GJH RI &KDRYV

,Q SHUIRUPLQJ 94% IRUWKH YDULDWLRQDO FLUFXLW WR FRQWDLQ WKH VF
DZLGHUDQJH RI SRVVLEOH VROXWLRQV H[SUHVVLELOLW\ ZKLOHDOVRI
ZRXOGOHDGWRRYHUSDUDPHWHUL]DWLRQ ,Q94%V WKHUHIRUH RQHPXV
RIDQDQVDW]DQG WKH WUDLQDELOLW\RILWY SDUDPHWHUYVY $ SDUDPHW
KDYHWKHFDSDFLW\WR UHSUHVHQW WKH VROXWLRQ ZLWKLQ LWV DFFHVYV
ORFDOO\UDQGRP VWUXFWXUHWKDWFDXVHVDEDUUHQ SODWHDX D SDUDTF
HISRQHQWLDOO\ ZLWK WKH QXPEHU RI TXELWY PDNLQJWKH RSWLPL]DWL
FLUFXLW GHSWK FRUUHODWLRQ VSUHDGLQJ RYHUSDUDPHWHUL]DWLRQ
ZDQWV DQDQVDW]WKDW LV GHHS HQRXJKWR UHSUHVHQW WKH VROXWLRQ

7KLY SURMHFW UHFHLYHV IXQGLQJ IURP WKH (XURSHDQ 8QLRQTV +
UHVHDUFKDQGLQQRYDWLRQ DFWLRQV SURJUDPPH XQGHU *UDQW $.
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