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Abstract

Listening in noise is a challenging problem that affects the hearing capability of not only normal hearing
but especially hearing impaired people. Since the last four decades, enhancing the quality and intelli-
gibility of noise corrupted speech by reducing the effect of noise has been addressed using statistical
signal processing techniques as well as neural networks. However, the fundamental idea behind imple-
menting these methods is the same, i.e., to achieve the best possible estimate of a single target speech
waveform. This thesis explores a different route using generative modeling with deep neural networks
where speech is artificially generated by conditioning the model on previously predicted samples and
features extracted from noisy speech. The proposed system consists of the U-Net model for enhanc-
ing the noisy features and the WaveRNN synthesizer (originally proposed for text-to-speech synthesis)
re-designed for synthesizing clean sounding speech from noisy features. Subjective results indicate
that speech generated by the proposed system is preferred over listening to noisy speech however,
the improvement in intelligibility is not significant.
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7RS &0O0HDQ VSHHFK ZDYHIRUP DQG LWV VSHFWIURGO&MPIHRU D IHPDOF
QRLVHDGGBG®BW5 WR IRUP QRLV\VSHHFK ZDYHIRBWRW@RPWYV VSHEW L
6SHHFK ZDYHIRUP JHQHUDWHG IURP GHQRLVHG '"HOWD IHDWXUHV DV
7RS &0HDQ VSHHFK ZDYHIRUP DQG LWV VSHMWG G OBOPORK D PDOH \
VTXDUH QRLVH DG% I8G5DWR IRUP QRLV\ VSHHFK ZDYHIRUP DQG LWV V
%RWWRBBHHFK ZDYHIRUP JHQHUDWHG IURP GHQRLVHG '"HOWD IHDW X
VSHFWURJUDP

7RS /HIVAOWD )HDWXUHV RI FOHDQ V S HHRFXKS5! RIK BVONPID IHHD W B O N W U
IURP VSHHFK FRUUXSWHG ZLW% BD%R YRR/ /BVGRLVHG 'HOWD
IHDWXUHV REWDLQHG | UR%M RWKWM R PLBBVORARGS HHD W X UHV R1 WKH JHQHUD
VSHHFK IRU WKH H[DPSOH

7RS/HIVMOWD )HDWXUHV IURP FOHD Q VBRI$! 5 IKJIKRMODVIDI® D W R O MW U
IURP VSHHEK FRUUXSWHG ZLWK S >GRO 6 FHRW YRR OHRMR HVIHVG

'"HOWD IHDWXUHV REWDLQHG | bRRVW RIP & 'HIGWVP REBIWXUHV RI WKH
JHQHUDWHG VSHHFK IRU WKH H[DPSOH

7RS &0OHDQ VSHHFK ZDYHIRUP DQG LWV VSHFWIURGO&MPIHRU D IHPDOF
QRLVHDGGBG®BW5 WR IRUP QRLV\VSHHFK ZDYHIRBWRW@RPWYV VSHFW L
6SHHFK ZDYHIRUP JHQHUDWHG IURP GHQRLVHG '"HOWD IHDWXUHV DV
7RS &0HDQ VSHHFK ZDYHIRUP DQG LWV VSHMPWGAOBOPORK D PDOH \
VTXDUH QRLVH DG% I8G5DWMR IRUP QRLV\ VSHHFK ZDYHIRUP DQG LWV V
%RWWRBBHHFK ZDYHIRUP JHQHUDWHG IURP GHQRLVHG '"HOWD IHDW X
VSHFWURJUDP

7RS /HIVAOWD )HDWXUHV RI FOHDQ V S HHRFXKS5! RIK BVONPID IHHD W B O N W U
IURP VSHHFK FRUUXSWHG ZLW% BD%R YRR/ /BVGRLVHG 'HOWD
IHDWXUHV REWDLQHG | URPRWKHRR BHIRMBMHIHDWXUHV RI WKH JHQHUD
VSHHFK IRU WKH H[DPSOH

7RS /HIWVHOWD )HDWXUHV RI FOHDQ VSRARS 5 IL R KW MVCDOIHH DA ® B H W
IURP VSHHFK FRUUXSWHG ZLWK S >GRO 6 FHRW YRR OHRMR HVIHVG

'"HOWD IHDWXUHV REWDLQHG I%YRWWRR D&S3EWRGHDWXUHYV Rl WKH
JHQHUDWHG VSHHFK IRU WKH H[DPSOH

7RS &OHDQ VSHHFK ZDYHIRUP DQG LWV VSHFEFWIURGO&MPIHRU D IHPDO}
QRLVHDGGB®BW5 WR IRUP QRLV\VSHHFK ZDYHIRBWRW@RPWYV VSHFW L
6SHHFK ZDYHIRUP JHQHUDWHG IURP GHQRLVHG '"HOWD IHDWXUHV DV
7RS &0HDQ VSHHFK ZDYHIRUP DQG LWV VSHPWGAOBOPORK D PDOH \
VTXDUH QRLVH DG% I8G5DWMR IRUP QRLV\ VSHHFK ZDYHIRUP DQG LWV V
%RWWRBBHHFK ZDYHIRUP JHQHUDWHG IURP GHQRLVHG '"HOWD IHDW X
VSHFWURJUDP

7RS /HIVAOWD )HDWXUHV RI FOHDQ V S HHRFKS5! RIK BVORPID IHHD W B O N W U
IURP VSHHFK FRUUXSWHG ZLW% BD®R YRR/ /BVPRLVHG 'HOWD
IHDWXUHV REWDLQHG | UR% RWKWM R PLBBVORARIE HHD W X UHV R1 WKH JHQHUD
VSHHFK IRU WKH H[DPSOH

7RS/HIVMIOWD )HDWXUHV IURP FOHD Q VBRI$! FIKJIKRMODVIDI®! D W R O MW U
IURP VSHHFK FRUUXSWHG ZLWK S >GRO 6 FHRW YRR OHRMR HVIHVG

'"HOWD IHDWXUHV REWDLQHG | BbiRRVW RIP & 'lHIGWYP REBIWXUHV RI WKH
JHQHUDWHG VSHHFK IRU WKH H[DPSOH

/IRVV FXUYHV IRU WKH SURSRVHG 6SHHFK (QKDQFHPHQW DQG 6\QWK]I
5DQN FRXQW IRUWKHFRQVLGHUHG VSHHFK HQKDQFHPHQW PHWKR G\
OLVWHQLQJ WHVW

/HDUQLQJ WR JHQHUDWH VSHHFK IURP D /DWHQW 6SDFH

7DQK 6LJPRLG QRQ OLQHDULWLHYV
'"LITHUHQW W\SHV RI 5H/8 QRQ OLQHDULWLHYV

6RIWPD[ /RJ6RIWPD[QRQ OLQHDULWLHV

$ OD\HU IXOO\ FRQQHFWHG QHWZRUN FRQQROGMVQ W RDKL GGS$IXQW O D
OD\HUV DIRVGHY DEORGHY UHVSHFWLYHO\ DQG DIRRXHWSXW OD\HU ZLW |
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$Q LOOXVWUDWLRQ RIHTXDWLRQ $ VKRZLQJWKHFRQYROXWLRQ |
7KH XQIROGLQJRIDQ 511 OD\HUDQG LQWHUQDO RSHUDWLRQV ZLWH
7KH XQIROGLQJRIDQ /670 OD\HU DQG LQWHUQDO RSHUDWLRQV ZLW
7KH XQIROGLQJRID *58 OD\HU DQG LQWHUQDO RSHUDWLRQV ZLWKL

7TRS &OHDQ VSHHFK ZDYHIRUP DQG LWV VSHFWIURGO&PIHRU D IHPDOF
QRLVHDGGE®BW WRIRUP QRLV\VSHHFK ZDYHIRYWRW@Q®RPWYV VSHFW L
*HQHUDWHG VSHHFK ZDYHIRUP DQG LWV VSHFWURJUDP
7RS &OHDQ VSHHFK ZDYHIRUP DQG LWV VSHRWGROBOPORR D PDOH V
6TXDUH QRLVH D&% I8 G5DIMR IRUP QRLV\ VSHHFK ZDYHIRUP DQG LWV V
%YRWWRFPQHUDWHG VSHHFK ZDYHIRUP DQG LWV VSHFWURJUDP
7RS /HIWSHFWURJUDP RI FOHDQ VSHHRIS ORIG BHOSHFWDENBDP
IRUVSHHFK FRUUXSWHG ZLWK 3X3FO& FRIRTSXDLUIKONG REWHJ BWU D P
IRUJHQHUDWHG VSHH FKYFR WMKR PH/BBRMMFOMHJ RIJUDP RI FOHDQ VSHHFK |
IHPDOH WHRWMWWRP OLESOWHWURJUDP IRU VSHHFK FRUUXSWHG E\ &DI
GE61%RWWRP56FKWWURJUDP IRUJHQHUDWHG VSHHFK RI WKH HIJI
9DULDWLRQ LQ FHQWHU IUHTXHQFLHV RIOHO ILOWHU EDQNV ZLWK (
,QIRUPDWLRQ IORZLQ WKH 8 1HW DUFKLWHFWXUH
,QIRUPDWLRQ IORZLQ WKH 8 1HW DUFKLWHFWXUH
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R0 Ro Ro Ro Ro Ro Ro Ro Ro

ILVW RI 7TDEO

&RPSDUDWLYH $QDO\VLVY EHWZHHQ VHYHUDO *HQHUDWLYH ORGHOV
6HWXS RI WKH :DYH511 6\QWKHVL]HU

6HWXS IRUWKH 8 1HW EDVHG '"HQRLVLQJ $UFKLWHFWXUH

6HWXS IRUWKH 9&$( EDVHG '"HQRLVLQJ SUFKLWHFWXUH
&RPSXWDWLRQDO DQG PHPRU\ UHVRXUFH UHTXLUHPHQWYV IRU WKH (
5RRW PHDQ VTXDUH HUURU 506( PHWULF IRU WKH 1RLV\ DQG (QKD(
ZLWK UHVSHFW WR UHIHUHQFH OHO VSHFWURJUDPYV

$YHUDJH VFRUHV ZLWK FRQILGHQFH LQWHUYDOV DFURVV DOO 615 C
086+5$ OLVWHQLQJ WHVW

$YHUDJH VFRUHV ZLWK FRQILGHQFHLQWHUYDOV VSOLWE\615 REW
WHVW

$YHUDJH VFRUHV ZLWK FRQILGHQFH LQWHUYDOV VSOLW E\ QRLVH
OLVWHQLQJ WHVW

SHUFHQW $YHUDJH :RUG (UURU 5DWH DFURVV DOO 615V DQG QRLVH
WH[W UHVSRQVH RI WKH FOHDQ QRLVV\DQG JHQHUDWHG VSHHFK
SHUFHQW $YHUDJH :RUG (UURU 5DWH VSOLW E\615 REWDLQHG IURI
FOHDQ QRLVIDQG JHQHUDWHG VSHHFK

B3HUFHQW $YHUDJH :RUG (UURU 5DWH VSOLW E\ QRLVH W\SH REWDL
RI WKH FOHDQ QRLVI\DQG JHQHUDWHG VSHHFK

6SHHFK  QWHOOLJLELOLW\ EDVHG RQ :RUG (UURU 5DWH IRU VHOH
GDWDVHW?ZEWKRI QRLVHVALGIGHG QW 615V

&RQILIXUDWLRQ IRUWUDLQLQJ :DYH511 VIQWKHVL]HU ZLWK QRLV\
&RQILIJXUDWLRQ IRU WUDLQLQJ :DYH511 VIQWKHVL]HU IRU DQ LQFU
UHGXFHG OHO EDQGV

&RQILIJXUDWLRQ IRUWUDLQLQJ :DYH511 VIQWKHVL]HU ZLWK QRLV\
&RQILIJXUDWLRQ IRUWUDLQLQJ :DYH511 VIQWKHVL]HU ZLWK FOHDQ
&RQILIXUDWLRQ IRUWUDLQLQJ :DYH511 VIQWKHVL]JHU IRU N+] VSH
BHWXS DQG &RQILIJXUDWLRQ IRUWKH 8 1HW DUFKLWHFWXUH ZLWK
BHWXS DQG &RQILIXUDWLRQ IRUWKH 8 1HWDUFKLWHFWXUH ZLWK
BHWXS DQG &RQILIJXUDWLRQ IRUWKH 8 1HW DUFKLWHFWXUH ZLWK \
&RQILIJXUDWLRQ IRU WKH 9&$( DUFKLWHFWXUH ZLWK '"HQVH %RWWO
BHWXS DQG &RQILIJIXUDWLRQ IRU WKH IXOO\ FRQYROXWLRQDO 9&$( I
BHWXS DQG &RQILIJIXUDWLRQ IRU WKH ILQDO VSHHFK HQKDQFHPHQW

*38 6SHFLILFDWLRQV XVHG IRUWUDLQLQJDQG WHVWLQJ

LI
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$EVWUDFW LY
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ILVW RI )LIXUHYV Y
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5HVHDUFK *DS &RQWULEXWLRQV
5HVHDUFK *RDOV
2YHUYLHZ RI WKH 7KHVLV
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9DULDQFH &RQVWUDLQHG $XWR (QFRGHU
7UDLQLQJ
(VWLPDWLQJ 'HQRLVHG )HDWXUHYV
BHWXS

([SHULPHQWY B5HVXOWYV
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&RQFOXVLRQ
)XWXUH :RUN

%LEOLRJUDSK\

$SSHQGL]

$ %DFNJURXQG 6WXG\

% ([WUD ([SHULPHQWY $QDO\VLV
& ([SHULPHQW &RQILIJXUDWLRQV
' +DUGZDUH 6SHFLILFDWLRQV



QWURGXFW|

7KH SUREOHP RI HQKDQFLQJ VSHHFK WKDW LV GHJUDGHG E\ XQFRUUHODYV
DWWHQW@RQ@® WKH HDUOLHU \HDUWKLV SUREOHP ZDV PDLQO\ YLHZHG DV
VLIQDO SURFHVVIR@ SURECGBP¥VLFDO VSHHFK HQKDQFHPHQW DSSURDFI
VLIQDOVLQWKHIUHTXHQF\GRPDLQ DSSO\VXLWDEOHJDLQV E\GHVLJQLC
LV SUHGRPLQDQW DQG WKHQ VIQWKHVL]H WKH VSHFWUXP EDFN WR D ZDY
ILOWHUJDLQV ZDV GHSHQGHQWRQ WKH QRLVH DQG V%HHRK YRZIHW LVRSGHIFWW
QRLVH WKLVJDLQ FDOFXODWLRQ ZDV UHODWLYHO\VWUDLJKWIRUZDUG E
HYWLPDWLRQ WHFKQLTXHV ZHUH XVHG WR DFWL¥HD\ BWHDIFWN LW K I \Y ITHZ\HL |
DWWHPSWV KDYHEHHQ PDGH E\DSSURDFKHVY EDVHG RQ PDFKLQH OHDUQL
LVLQFUHDVLQJ GUDVWEF@OO\ VLQFH

5HFHQWO\ WKHUH KDV EHHQ D ERRVW LQ XVLQJ PDFKLQH DQG GHHS O}
SUREOHPV LQ VHYHUDO GRPDLQV RIVFLHQFHDQG HQJLQHHULQJ $PRQJ W
1HWZRUNV FDQ WDNH DGYDQWDJH Rl ODUJH WUDLQLQJ VHWV DQG LQIHU
KHXULVWLF DQG VWDWLVWLFDO DSSURDFKHV UHTXLUH PXFK PRUH XSIUR:
SHUIRUPDQFH 'HHS OHDUQLQJ DSSURDFKHV KDYH DFKLHYHG VWDWH RI
LQ WKH ILHOG RI FRPSXWHU YLVLRQ ODQJXDJH SER@®H VY IUHFBIQ® \XBHEHWK
FODVVLFDO VLJQDO SURFHVVLQJ VWUDWHJILHV IRU WKH WDVN RI VSHHF}
PDFKLQH OHDUQLQJDQG GHHS OHD U@ L QR \D\8 PUHR\DKFKGW LQWURGXFHG VR
UHJUHVVLRQ EDVHG WHFKQLTXHV WKDW DWWHPSW WR PDS WR WKH ZDYF
WKH FOHDQ GDWDVHW IUBP W®H ORZNYRQHLW LV EHOLHYHG WKDW WKHU
WKHLU SHUIRUPDQFH LQ WHUPV RI VSHHFK TXDOLW\ GXH WR GLVWRUWLR
LQ PRUH GHWDLO LQ VHFWLRQ

6LQFH WKH ODVW ILYH\HDUV UHVHDUFKLQ WKHILHOG RIGHHS OHDUQL
1IHWZRUN PRGHOV@> &HUWDLQ DSSOLFDWLRQV VXFK DV 7H[W WR 6SHHI
VDLG WR DFKLHYH WKHLU SLQQDFOH DIWHU WKH UHFHQW LQWW@RGXFWLR
DQG :DYH51®>7KH DGYHQW Rl *HQHUDWLYH $GYHUVDULDAGWHMRZRUNYV *{
> @ KDV SURYLGHG D QHZ SHUVSHFWLYH RI ORRNLQJDW SUREOHPV R
JHQHUDWLRQ IRU LPDJHV YLGHR DQG PXVLF JHQHUDWLRQ 7KH DLP RI V
I[URP HI[ILVWLQJ JHQHUDWLYH PRGHOLQJ WHFKQLTXHV DQG GHYHORS D QH
TXDOLW\DQG LQWHOOLJLELOLW\RI QRLVH FRUUXSWHG VSHHFK DQG DOV
DQG JRDOV EHKLQG HPSOR\LQJ D JHQHUDWLYH PRGHO IRU D VSHHFK HQK
FOHDUO\LQ

,Q KHDULQJ DLG GHYLFHV UHVRXUFHV VXFK DV FRPSXWDWLRQDO SRZ
RUGHUV RI PDJQLWXGH DV FRPSDUHG WR WKH SURFHVVLQJ XQLWV RQ KL
PRGHOV DUH DFWXDOO\LPSOHPHQWHG 7KHUHIRUH DSSO\LQJ QHXUDO Q
VWUDLIJKWIRUZDUG DQG UHTXLUHV D VWURQJ XQGHUVWDQGLQJ RI KRZ W
7KLY WKHVLY DWWHPSWYV DW GHVLIJQLQJ QHXUDO QHWZRUN ZLWK FRPSDF
SXWDWLRQDO DQG PHPRU\ UHVRXUFHV 7KH SURSRVHG DUFKLWHFWXUH



S5HVHDUFK *DS &ROQWULEXWLRQV

KHDULQJ DLG GHYLFH EXW KDV WKH FDSDELOLW\WR EHHDVLO\GHSOR\HG
PRELOH SKRQH LV DOVR D SDUW RI WKH KHDULQJDLG VA\VWHP DQG LW RS/
IDVWHU FRPSXWDWLRQV DQG KDV PRUH PHPRU\ WKDQ D KHDULQJ DLG GH?
FRPSXWDWLRQ DQG PHPRUVUHTXLUHPHQWYV IRUWKH SURSRVHG QHWZRU
DGLVFXVVLRQ RQLWYV DSSOLFDELOLW\LQ FXUUHQW KHDULQJDLG V\VWH

7KLV FKDSWHU FRQVLVWY RI WKUHH VHFWLRQV ILUVW WKHJDS LQ UH
PRWLYDWLRQ EHKLQG WKLV VWXG\ DUHKLG/HMWMF URE 8 B Z.HG VEKFWHLFRAY. IRKD
JRDOV RI WKLY UHVHDUFK DUH VWDWHG H[SOLFLWO\ 7KHUHDIWHU DQ R®
VHFWLRBKLFK EULHIO\H[SODLQV WKH FRQWHQWYV ZLWKLQ WKH VXEVHTXF

SHVHDUFK *DS &RQWULEXWLRQV

ORVW VROXWLRQV GHYHORSHG IRUWKH SUREOHP RI VSHHFK HQKDQFHPHQ
WKH VSHHFK VLJQDO LQ WKH |UH @X HHQUBD\GLRPLIR@DO VLIJQDO SURFHVVLQJ W
DO\WLFDOO\GHULYHG VXFK WKDW WKH VIVWHP VKRXOG SURGXFH VSHHFK
LQ WHUPV RI WKH PLQLPXP PH® Q7\KLXDAUHDIWURR GLVWRUWLRQV DQG DUW
RXWSXW VSHHFK ZKLFK VKRZV URRP IRU IXUWKHU LPSURYHPHQW LQ TXDO
OHDUQLQJ DSSURDFKHV KDYH OHDG WR FHUWDLQ LPSURYHPHQWYV LQ UH\
> @ 7KHDGYDQWDJHV RI WKHVH PRGHOV RYHU FODVVLFDO PHWKRG
IURP D VHW RI DVVXPSWLRQV WKH\ OHDUQ FKDUDFWHULVWLEFV IURP GD)\
FDQ JHQHUDOL]H WR XQVHHQ VFHQDULRY $GGLWLRQDOO\ WKH\DSSO\Q
DQ HIIHFWLYH PDSSLQJ +RZHYHU PRVW GHHS OHDUQLQJ PHWKRGV GHY
KDQFHPHQW DOVR PLQLPL]H HLWKHU WKH OHDVW VTXDUHV PHWULF RU W
HVWLPDWHG DQG UHIHUHQFH VSHFW&DO €H@BWXUHV RU ZDYHIRUPV >

7TKHDLPRIPDMRULW\RIWKHUHVHDUFKGRQHVRIDULQWKHILHOGRIVS
UHSURGXFH WKH WDUJHW ZDYHIRUP RUUHSURGXFH WDUJHW IHDWXUHYV D
7KLV LGHRORJ\ LV UHYHDOHG E\ WKH GHILQLWLRQ RI WKHLU REMHFWLYH
VIVWHP RXWSXW DQG WKH WDUJHW 7KLV WKHVLVY ORRNV DW WKH SUREO
YLVXDOL]JHV WKH VSHHFK ZDYHIRUPV RUVSHFWUD RIPXOWLSOH UHFRUGL
WKDW WKHVH ZDYHIRUPV RUVSHFWUD DUH QRW W KAKWHMHHI RXKUL & LFI DFDUEHH V
UHFRUGLQJV RI WKH ZRUG %+HOOR% VSRNHQ E\ WKH VDPH WDONHU KDY
SDUWLFXODU ZDYHIRUP LV QRW XQLTXH WR WKH LQIRUPDWLRQ FRQYH\H
RQH SDUWLFXODU UHIHUHQFH RUWDUJHW VHHPVY WR OLPLW WKH SHUIRUI
VSHHFK WR EH GLVWRUWHG

JLIXUH OXOWLSOH UHFRUGLQJV RI WKH ZRUG % +HOOR% VSRNHQ E\ WKH V



S5HVHDUFK *RDOV

7KH VIVWHP SURSRVHG LQ WKLY WKHVLY DWWHPSWYVY DW DUWLILFLDOO
FRQGLWLRQDO SUREDELOLW\ GLVWULEXWLRQ GHSHQGHQW RQ SUHYLRX"
E\IHDWXUHV HIWUDFWHG IURP QRLV\ VSHHFK 7KLV FDQ EH DFKLHYHG ZL\
VSHHFKVIQWKHVLV VXF& BY :DYHSEW¥KDW KDYHEHHQ RULJLQDOO\GHVLJ
RIVSHHFK VIQWKHVLVIURP WH[W /LWHUDWXUHVKRZVDQLQFUHDVLQJWL
VSHHFKHQKDQFHPHQW EXW WKHVH PHWKRGV DOVR SDUWLDOO\UHO\RQF
WKH VSHHFK ZDYHIRUP R W@ HOMWQERHH WKHUH GRHY QRW H[LVW D FRPSOHWH
IRUVSHHFKHQKDQFHPHQW 7KHFRQWULEXWLRQ RIWKLVY WKHVLVLVWRH
RIVSHHFK DQG SURSRVH D VIVWHP WKDW FDQ VIQWKHVL]H FOHDQ VRXQG|
FRQWH[W SURYLGHG E\ QRLV\ IHDWXUHV

SHVHDUFK *RDOV

$IWHU KLIKOLJKWLQJ WKH JDS LQ WKH UHVHDUFK RI VSHHFK HQKDQFHP|
VROYLQJ WKH SUREOHWKDRDWWHFMALRRQ VSHFLILHVY WKH JRDOV RI WKLV UHV
DLPVWRDGGUHVV WKH IROORZLQJ UHVHDUFK TXHVWLRQV

+RZ FDQ FOHDQ VRXQGLQJ DQG LOWHOOLJLEOH VSHHFK EH JHQHUDWH
YLGHG WR D JHOQHUDWLYH PRGHO LV QRLVI|"

KDW DUH WKH IXQFWLRQDOLWLHV RI WKH NH! FRPSRQHQWYV XVHG LQ V
PRGHO"

2YHUYLHZ RI WKH 7KHVLV

7KLV VHFWLRQ EULHIO\ VXPPDUL]HV WKH FRQWHQWYV ZLWKLQ WKH FKDSW
LVWRJIXLGHWKHUHDGHUV E\ SURYLGLQJDJLVWRIWKHQDUUDWLYHDQG
FKDSWHU XSIURQW 7KH EHJLQQLQJ RI HDFK FKDSWHU KDV DQ LQWURGXI
LW 7KH FKDSWHUV DUH RUJDQLVHG DV IROORZV

ILWHUDWXUH 5HYLHZ

7KLVFKDSWHU IRFXVHV PRUHRQH[LVWLQJVROXWLRQVIRUWKHSUREOHP
JHQHUDWLRQ RU VI\QWKHVLY /LWHUDWXUH ULJKW IURP FODVVLFDO VLJQ
H[SORUHG DQG FULWLFDOO\ HYDOXDWHG 7KH WUDQVLWLRQ IURP FODVYV
OHDUQLQJDSSURDFKHV LV H[SODLQHG *HQHUDWLYHPHWKRGVY RXWVLGH
EHHQ VWXGLHG LQ RUGHU WR JDLQ LQVSLUDWLRQ ZLWK WKH DLP WR DSS(
WKH DGYDQWDJHYV DQG GLVDGYDQWDJHV RI YDULRXV JHQHUDWLYH QHX!
:DYH511 VIQWKHVL]JHU LV FKRVHQ IRUWKH GHVLUHG WDVN

JHDWXUH (QJLQHHULQJ

7KHGHILQLWLRQDQG GHULYDWLRQRIIHDWXUHV REWDLQHG IURP VSHHFK
OHO IUHTXHQF\FHSVWUD DQG 6SHFWUDO '"HOWD DUH GLVFXVVHG LQ WKLV
QRUPDOL]LQJ WKH GDWD XVLQJWKH VLIJPRLG IXQFWLRQ LV SURSRVHG $GQ
FRQWDPLQDWHG IHDWXUHV ZLWK WKHLU FOHDQ RQHV LQGLFDWH WKH HII
WKH :DYH511 PRGHO QHHGV FRQWH[W WKDW GHOLYHUV DSSURSULDWH L
DOVR DLPV WR ILQG WKH EHVW SRVVLEOH IHDWXUH UHSUHVHQWDWLRQ

7KH :DYH511 6\QWKHVL]HU

7KLV FKDSWHU SURYLGHV D GHWDLOHG GHVFULSWLRQ RIWKHGHVLJQ WU
WKH :DYH511 DUFKLWHFWXUH ([SHULPHQWY FRQGXFWHG DQG UHVXOWYV I
WKHUHVXOWY QHWZRUN SHUIRUPDQFHDQG LWV FRPSRQHQWY UHYHDO L
RI WKH VA\VWHP WLV FRQFOXGHG WKDW VIQWKHVL]LQJ DXGLR IURP D :D
QRLVVIHDWXUHVY DVFRQWH[W GRHV QRW\LHOG XQGHUVWDQGDEOH VSHHF
FOHDQ IHDWXUHV +HQFH WKH QRLVNV\IHDWXUHV PXVW EH HQKDQFHG EHIF

'"HQRLVLQJ )HDWXUHV

%DVHG RQ WKH FRQFO XV L R®WM IHRPQAVK BSHVQRUVLQJ QHWZRUNYV DUH SURSF
QDPHO\ WKH 8 1HW DQG WKH 9DULDQFH FRQVWUDLQHG $XWR (QFRGHU
WKHRUHWLFDO LQWHUSUHWDWLRQ WUDLQLQJDQG LQIHUHQFH SURFHG)
D GLVFXVVLRQ RQ UHVXOWV REWDLQHG IURP WUDLQLQJ WKHVH QHWZRU
FRQGXFWLQJD FRPSDUDWLYHDQDO\VLVY RQ WKH GHQRLVHG IHDWXUHV RE
DQG WKH QHWZRUN SHUIRUPDQFH LW ZDV GLIILFXOW WR ILQDOL]JHRQD S



2YHUYLHZ RI WKH 7KHVLYV

JLQH WXQLQJ WKH 6\QWKHVL]HU

7KH SULQFLSOHV RI WUDQVIHU OHDUQLQJ DUH KLJKOLJKWHG DQG DSSOL}
VIQWKHVL]HU ZLWK GHQRLVHG IHDWXUHV WKDW ZDV LQLWLDOO\WUDLQH:
ERWKWKH8 1HWDQG 9&$( QHWZRUNV ZHUH XWLOL]JHG IRUILQH WXQLQJW
ILJXUDWLRQ DQG VHWWLQJV IRUERWK IHDWXUH GHQRLVLQJ DUFKLWHFW
RIWKH :DYH511 VIQWKHVL]HU ZLWK WKH 8 1HW DUFKLWHFWXUH \LHOGV EF
9&$( QHWZRUN )LQDOO\ WKH JHQHUDWHG VSHHFK VDPSOHV DUH DOVR FF
VSHHFK HQKDQFHPHQW PRGHOV

&RQFOXVLRQ 'LVFXVVLRQ

7TKHILQDO FKDSWHU HQFRPSDVVHV D GLVFXVVLRQ VHFWLRQ DERXW WKH
SRVHG PHWKRG IRUVSHHFK HQKDQFHPHQW W DOVR JLYHV DQ LQVLJKW
LQ H[LVWLQJ KHDULQJDLG VA\VWHPVY ,Q WKHHQG VRPHUHPDUNVY RQ WKH
PDGH

%LEOLRJUDSK\ $SSHQGL]

7KH ELEOLRJUDSK\ OLVWY DOO VRXUFHV UHIHUUHG WR ZKLOH SXUVXLQ.
DSSHQGLFHV ZKHWHSBSEHRBHY IXQGDPHQWDO VLIJQDO SURFHVVLQJ DQG
FRQFHSWVY UHOHYDQW WR WKH VXEMHFW RI WKH WKHVLV 7KH WRSLFV PH(
DWKHRUHWLFDO SHUVSHFWLYH ,W SURYLGHV LQIRUPDWLRQ DERXW ED\
PRGXOHV ZKLFK FDQ WKHQ EH H{WUDSRODWHG WR X Q G MUKV WKOIMLG KWKWH S U
VRPH H[WUD H[SHULPHQWY EHVLGHV WKH RQHV PHQWLRQHG LQ WKH PDL
$SSHQGRHQWLRQV WKH FRQILIJXUDWLRQV IRU DOO WKH H[SHULPHQWYV Pt
ZHOO DV WKH RQHW L7 B ®H/WGDBSHQGL] FRQWDLQV D WDEOH RI VSHFLIL
GHYLFHV XVHG IRUH[SHULPHQWDWLRQ D PRELOH SKRQH &38 DQG D KHDLU

1RWH

([SHULPHQWDWLRQ SHUIRUPHG DQG DQDO\VLVY FRQGXFWHG ZHUH LPSOH
ODQJXDJH 7KH ..3\7RUFK... GHHS OHDUQLQJ IUDPHZRUN GHYHORSHG E\
WDWLRQ RI WKH QHX@®D G IH VZRURIWLOHV IRU H[DPSOHV GLVFXVVHG LQ W
RI FKDSWHNYGDUH XSORD G HG R W RLYN FRQWDLQV GLUHFWRULHV DQG \
WKH FKDSWHUV DQG WKHLU H[SHULPHQWY UHVSHFWLYHO\ $SDUW IURP W
RWKHU H[DPSOHV DUH DOVR VKDUHG 7KH UHDGHUV DUH DGYLVHG WR OL
HYDOXDWH DQG XQGHUVWDQG WKH UHVXOWYV EHWWHU



[LWHUDWXUH 6

7KLV FKDSWHU GHOLQHDWHY WKH MRXUQH\ RI WKH GHYHORSPHQW WKDW
KDQFHPHQW ULJKW IURP WKH FODVVLFDO PHWKRGV WR WKH FXUUHQW W
HI[DPSOHVY DOVR SRUWUD\ WKH FR H[LVWHQFH RI ERWK DSSURDFKHV LQ |
5HVHDUFK WKDW KDV OHG WR VLIJQLILFDQW LPSURYHPHQW LQ VSHHFK TXELC
GLVFXVVHG &HUWDLQ GUDZEDFNV LQ WKHVH VIVWHPY DUH DOVR KLJKOL
EHWWHU VA\VWHPV &HUWDLQ GLVWLQFWLYH FKDUDFWHULVWLFV IURP DO
ZRXOGEHKHOSIXO ZKLOHLPSOHPHQWLQJWKH GHVLUHG DSSURDFK EDVH!

5HFHQW VWXG\ LQ GHHS OHDUQLQJ IRFXVHV PRUH RQ JHQHUDWLYH QH
UHJUHVVLRQ EDVHG DSSURDFKHV ,Q FRQWUDVW WR WKH FRQYHQWLRQD
RQ LQFUHDVLQJ VLJQDO WR QRLVH UDWLR WKH SKLORVRSK\ RI DUWLILF
VSHHFK RU LWV IHDWXUHV LV WKH GULYLQJ IRUFH EHKLQG SXUVXLQJ WKI
JHQHUDWLYH GHHS OHDUQLQJ PHWKRGRORJLHY QRW RQO\GHVLJQHG IRU
WKH UHDOPV RI FRPSXWHU YLVLRQ WH[W WR VSHHFK FRQYHUVLRQ DQG V
DLP LV WR VKHG OLJKW RQ VRPH VWULNLQJIHDWXUHV DQG XQLTXH LGHDYV
LV VRXJKW I[URP OLWHUDWXUH WKDW KDYH LQWURGXFHG QRYHO QHWZRI
WKHLU LQWHUSUHWDWLRQ ([SORULQJ GLIIHUHQW GRPDLQV KHOS GLVFR
WKH SUREOHP RI VSHHFK HQKDQFHPHQW

&ODVVLFDO 6SHHFK (QKDQFHPHQW OHWKRGYV

7KLV VHFWLRQ KLIJIKOLJKWYV RQH RI WKH FODVVLFDO VSHHFKORQWDQFHPF
PRGXOHVIURP WKLV EORFNGLDJUDP VWLOO SOD\DQDFWLYHUROHLQ WH(
6SHHFK LV DQDO\WHG E\GLYLGLQJ LW LQWR¢VKRYVWWRLH@\XHUHP B QGH/V M QX
VWDWLRQDULW\DQG WKHQ WUDQVIRUPHG LQWR WKH IUHTXHQF\ GRPDLQ
HVWLPDWHYV 7KH SURFHVVLQJ SLSHOLQH LV DSSOLHG LQ WKHIUHTXHQF\
LV VIQWKHVL]HG E\ XVLQJ D VKRUW WLPHLQYHUVH )RXULHU WUDQVIRUP I
7KH SURFHVVLQJ SLSHEORFNRQWVKHNWYRUYH GLITHUHQW SXUSRVHYV

7KH ...$SSO\*DLQ.. EORFNDSSOLHV VXLWDEOH JDLQV WR FHUWDLQ IUH
WKDW DUH FDOFXODWHG LQ WKH ... 7DUJHW (VWLPDWLRQ.. E@RAN E\ PHYV
'LHQHU ILO@HOHYFLEHG LQBBBEHHOA] 7KH IXQFWLRQ RI WKLV EORFN LV W
WKRVH IUHTXHQF\EDQGV LQ ZKLFK QRLVH LV SUHGRPLQDQW VR DV WR LQ
IRUWKHHQKDQFHG RXWSXW VSHHFK )XUWKHUPRUH WKLV PRGXOH IDFH\
W\SHV RI EDFNJURXQG QRIGVHARLELSEPEWHEW WKLV HIIHFW VRPH DGGLW
KDYH WR EH DGGHG WR WKH VIVWHP VXFK DV ...1RLVH 36' (VWLPDWLRQ... .
YRLFH DFWLYLW\ G& WHFRMHWR QVKH\ ZHUH VXEVWLWXWHG E\ VXSHULRU PR
WUDFN QRQ VWDWLR® @MWE REDEMW WR GLITHUHQW W\SHV RI EDFNJURXQG QF
WZHDNLQJ $ ..7DUJHW 36' (VWLPDWLRQ.. PRGXOHLV XVHG IRUUHFXUVL)Y
> @ 7KH SURFHVVLQJSLSHOLQH DOVR UHOLHV RQ SULRU LQIRUPDWLRQ |



&ODVVLFDO 6SHHFK (QKDQFHPHQW OHWKRGYV

JLIXUH %ORFN GLDJUDP RI D &ODVVLFDO 6SHHFK (QKDQFHPHQW 6\VWH

RUWKHPL[LQJ SURFHVY 7KLV KHOSV LQ IXUWKHU LPSURYLQJ WKH V\VWH
OHGWRDQRWDEOHLPSURYHPHQW EXWPLQRU GLVWRUWLRQV VWLOO H[L"
PRGXOHV 7KHVH VA\VWHPV FRXOG JUHDWO\ LPSURYH WKH LQWHOOLJLEL(
HQKDQFHPHQW LQ VSHHFK TXDOLW\ ,Q WKLV VHFWLRQ D VXUYH\ RI VRP
DSSURDFKHV DUH SUHVHQWHG

1RLVH 3RZHU (VWLPDWLRAQ
1RLVH 3RZHU 6SHFWUDO '"HQVLW\ (VWLPDWLRQ SOD\V DQ HVYVHQWLDO UR
EHFDXVH LW DOORZV WKH VIVWHP WR DGDSW LWV SDUDPHWHUV DEFRUGL
RYHU WLPH OHDGLQJ WR EHWWHU HQKDQFHPHQW LQ VSHHFK TXDOLW\ 7K
LV WR GHWHUPLQH VSHHFK DFWLYLW\ +HQFH D YRLFHDFWLYLW\ GHWHF\
EHWZHHQ VSHHFKDQG QRQ VSHHFKDFWLYLW\LQ QRLV\VSHHFK FRQGLWL
LQWR YRLFHG DQG XQYRLFHG VSHHFK 'HWHFWLQJ XQYRLFHG VSHHFK Z1
WR VROYH EHEDXVH WKHLU HQHUJ\ OHYHOV Q REPHIADH UOH WRIAGWKLGE W K H
WKUHVKROGLQJ VKRUW WLPH HQHUJ\ OHYHO® D@ & KHHUW LFPHRG R PQ I @ DWRH
WKLV SUREOHP 7KLV UXGLPHQWDU\ DSSURDFK \LHOGHG D ELQDU\ PDV]
VSHHFK 'HVSLWH EHLQJ VXIILFLHQWO\UHOLDEOH LQ FDSWXULQJVRPH G
XQSUHFHGHQWHG JOLWFKHV DQG GLVWRUWLRQV HVSHFLDOO\LQ ORZ 61°¢F

6WDWLVWLFDO PRGHO EDVHG DOJRULWKPV ZHUH LQWURGXFHG ZKLFK
LQVWHDG RI KDUG ELQDU\ UXOLQJV 7BR¥ @ BI\WKBHMMAKMKH PRGROHDEDPH W
ZHUH HVWLPDWHG ILUVW E\ PHDQV RI D GHFL@LRIQI BUH FHFHWHF W'L QIS BR R
VSHHFK 7KLV OHG WR KLJK GHWHFWLRQ DEFFXUDF\DV FRPSDUHG WR WKH
DSSURDFKHV VR IDUDVVXPHG WKDW VSHHFK VSHFWUD ZDV FKDUDFWHUL]J}
LQ UHYHDOHG WKDW WKH\FRXOGEHGHVFULEHG PRUH HITHFWLYHO\ ZLW
> @ $V D UHVXOW WKH GLVWULEXWLRQV GHILQLQJ WKH K\SRWKHVLV IX
ZKLFK ERRVWHG WKH HIILFL@Q FPAQH) GUHIWHEDWNR@0OS$' EDVHG PRGHOV ZDV
GLIILFXOW WR GHWHFW VXGGHQ ULVHLQ QRLVH SRZHU DQG ZDV XVXDOO\
QRQ VWDWLRQDU\ QR V$IG\GAHMIIRQIRYOA QRLVH ZDV QRW VXSSUHVVHG DS
ZKHUH LW FR H[LVWHG ZLWK VSHHFK 7KXV VRPH IUDJPHQWY LQ HVWLPD
VRPH QRLVH ZDV VWLOO DXGLEOHLQ WKH VSHHFK FRPSRQHQWY 7KLV OHC
LQ VLOHQFH SHULRGV ZKLFK FDQ WKHQ EH XVHG WR DFWLYHO\ WUDEN DC
DFWLYLW\

&HUWDLQ VSHHFK HQKDQFHPHQW VA\VWHPY FRQWDLQ ERWK 9% PRGHO
ZHOO DV PRGHOV WR WUDFN WKH QRLVH SRZHU VSHFWUDO GHQVLW\ GXUL
VXSSUHVV WKH HIITHFW RI QRLVH G@U IS@QMWKRKHKK WKWUMLIMWL¥WYV VRPH Pt
FRPSOHWHO\ UHSODFH WKH 9%' SURFHVYV DQG GL@HBWOD BW UQRYPRGRMHH
WR GR VR E\ WUDFNLQJ WKH VSHFWUDO PLQLPD LQ HDFK IUHTXHQF\ EDQ



&ODVVLFDO 6SHHFK (QKDQFHPHQW OHWKRGYV

SDXVHD> 7KH DOJRULWKP UHFXUVLYHO\ VPRRWKY RXW WKH SRZHU VSHF'
SDUDPHWHU REWDLQHG E\PLQLPL]LQJD FRQGLWLRQDO PHDQ VTXDUH HU!
SHULRGRJUDP D FROOHFWLRQ RI ODUJH QXPEHU RIIUDPHV LV UHTXLUHG
7KLV LQWURGXFHY ODUJH WUDFNL QY BFRD®GE Y Q WNOHORMLGHUW RIDQ XQGHUH
WKH QRLVH YD@LDKXF\H ® ELDV FRPSHQVDWLRQ LV DSSOLHG ZKLFK JLYHV I
SHUIRUPDQFH LV DFFXUDWH IRU VWDWLRQDU\ DQG VORZO\ YDU\LQJ QRLV
OHYHO LW IDLOV WR FDWFK XS GXH WR WKH ODUJH GHOD\ UHVXOWLQJ LQ |

$ GLIIHUHQW YLHZSRLQW IRU VROYLQJ WHKQ 8 (SIUNREDHF DD \D SR HVE B G E
PLQLPXP PHDQ VTXDUH @ \RWMPKOHWQRQV:H SRZHU JLYHQ WKH QRLV\ VSHHF]
PHWKRG VLJQLILFDQWO\UHGXFHG WKH WUDFNLQJ GHOD\ E\DSSO\LQJDQ
WKDW FDQ HIITHFWLYHO\ FRXQWHU QRLVH XQGHU HVWLPDWLRQ ,Q FDVHYV
WKH UHFXUVLYH SDUDPHWHU XSGDWHY PD\ VWRS DQG OHDG WR VWDJQDW
LW DOVR HPSOR\V D VDIHW\ QHW E\ VWRULQJ SDVW I9RR.Y G YHVUR RG R UERP #
WKLV VWDJQDWLRQ 7KLV PDNHV WKH VI\VWHP PHPRU\ LQHIILFLHQW ORU
FDVH RI DQ RYHU HVWLPDWLRQ /DWHU WKH\ SURSRVHG DQ XQELDVHG F
SUREDELOLW\WKDW QHJOHFWYV WKH ELDV F RP %/HQV DMAICR(GF DQIGWKKHRRPI$
>@ $ VLJQLILFDQW LPSURYHPHQW LQ WHUPV RI UHGXFHG FRPSOH[LW\ D
E\ UHSODFLQJ WKH VDIHW\ QHW ZLWK D OLPLW RQ WKH 633 SDUDPHWHU
LQ WUDFENLQJ GHOD\ EXW UHVLGXDO QRLVH FRPSRQHQWYV ZRXOG VWLOO
SURYLGHV YHU\ UHDVRQDEOH HVWLPDWHYV IRUWUDFNLQJ ERWK VWDWLR

6SHHFK 3RZHU (VWLPDWLRQ

7KH HYWLPDWLRQ RI VSHHFK SRZHU VSHFWUDO GHQVLW\ LV D FKDOOHQJ
VWDWLRQDU\ WKDQ PRVW QRLVHV DQG VR WKH VSHHFK SHULRGRJUDP H[K
RIWKHVSHHFK SRZHU VSHFWUDO GHQVLW\ FDQ EH REWDLQHG E\PD[LPL]L!
WR WKH FOHDQ VSHHFK YDULDQFH +RZHYHU WKLV JLYHV ULVH WR LVR
VSHHFK VSHFWUXP GXH WR ODUJH IOXFWXDWLRQ® LESWRH QRUKHVE M HWK S
SHDNV DUH SHUFHLYHG DV PXVLFDO QRLVH 7KH HIIHFW RI PXVLFDO QRL\
VXFFHVVLYH QRLV\ SHULRGRJUDPV E\DVVXPLQJLQGHSHQGHQW VXFFHVV
YLRODWHG LQ SUDFWLFH GXH WR WKH QRQ VWDWLRQDU\ QDWXUH RI VSHF
RQVHWY DQG WUDQVLHQWY DQG UH VXIKWDQ # L QUIERRARTGXFGIGN VR Q/FE H F |
EDVHG DSSURDFK FDOOHG WKH GHFLVLRQ GLUHFWHG HVWLPDWRU WKDW |
VSHFWUXP EDVHG RQ WKH HVWLPDWH& LQ WKH SUHYLRXV IUDPH >

7KHGHFLVLRQ GLUHFWHG PHWKRG LV D ZD\RIDSSO\LQJDGDSWLYH VPR
OHYHOVRIWKHVSHHFK SRZHU &RQVHTXHQWO\ IHZHUVSHHFK GLVWRUW I
WUDQVLWLRQV DV FRPSDUHG WR WKHDYHUDJLQJ 1RQHWKHOHVV EHLQ.
WKH LVVXH RI PXVLFDO QRLVH LV QRW FRPSOHWHO\ RYHUFRPH ,W QRW
DOVR WR DEUXSW VKLIWV LQ WKH QRLVH VLIJIQDO 7KHUHIRUH RXWOLHU
WKHUHVLGXDO QRLVHLQ WKH FOHDQ VSHHFK HVWLPDWH ZKLFK PD\ EH St
RUGHUWRFRQWURO WKHWUDGH RITEHWZHHQ WKHGLVWRUWLRQVDQG W
SDUDPHWHU DQG D OLPLWRQ WKHD SULRUL VLIQDO@R QRLVH UDWLR PX

6XPPDU\ 5HPDUNYV

$V VHHQ LQ WKLV VHFWLRQ D FODVVLFDO VSHHFK HQKDQFHPHQW V\VWHF
IRU KDQGOLQJ WDVNV VXFK DV VSHHFK HVWLPDWLRQ QRLVH WUDFNLQJ
DSSO\LQJ VXLWDEOHJDLQV WR WKHIUHTXHQF\EDQGV LQ WKH QRLV\VSHE
DQDO\WLFDOO\ E\ VWXG\LQJ WKH VSHHFK DQG QRLVH GLVWULEXWLRQV
VIVWHP LV WR VXSSUHVV WKRVH IUHTXHQF\ EDQGV LQ ZKLFK QRLVH SUH
RQHV LQ ZKLFK VSHHFK SUHYDLOV 7KLV LPSURYHV WKH LQWHOOLJLELO
WKH HQKDQFHPHQW LQ TXDOLW\ LY OLPLWHG GXH WR H[LVWHQFH RI GLV\
7KLV RFFXUV EHFDXVH RI VHYHUDO UHDVRQV VXFK DV WUDFNLQJ GHOD\ L
SDUDPHWHUV DQG VXSSUHVVLRQ RIEDQGV LQ ZKLFK VSHHFK DQG QRLVH

ORVWRIWKHWHFKQLTXHV VHHQ VRIDUDVVXPH WKDW 6SHHFK ')7 FRHIIL
VLPSOLFLWALQ DQDO\WLFDOO\GHULYLQJWKHIRUPXODWLRQV GHVSLWH I



6SHHFK (QKDQFHPHQW XVLQJ '"HHS 1IHXUDO 1HWZRUNYV

VXSHU *DXVVLDQ 1RQ OLQHDU V\VWHPV EDVHGRQJDPPDDQGODSODFLD
DQG DQDO\]H 'HVLJQLQJ QRQ OLQHDU VA\VWHPV IRU WKLV WDVN LV LPSR!
VSHHFK ORUHRYHU WKHKXPDQDXGLWRU\V\VWHP DOVRDSSOLHV QRQ Ol
FRPSOH[LWA\LQYROYHGLQ GHYHORSLQJQRQ OLQHDU VA\VWHPV DQDO\WLF
QHWZRUNV IRU WKLY WDVN EHFDXVH RI WKHLU KLIJKO\ QRQ OLQHDU QDW:
WR WKH GDWD

6SHHFK (QKDQFHPHQW XVLQJ 'HHS 1HXUDO 1HW

5HFHQWO\ '"HHS 1HXUDO 1HWZRUNV DUHDOVRDSSOLHG WR WKH SUREOHP
WR RXWSHUIRUP PRVW RI WKH WADGLWLRQD@ WERKIQUVI XHFWLRQ GHHS (
QHWZRUNY GHYHORSHG IRU SURFHVVLQJ VSHHFK WKDW DUH EDVHG RQ D
7TKHVH WHFKQLTXHV bUH FDOOHG UHJUHVVLRQ EDVHG EHFDXVH WKH\ PL(
QHWZRUN HVWLPDWHG VSHHFK IHDWXUHVY DQG WKH FRUUHVSRQGLQJ FOH
QHWZRUNDUFKLWHFWXUHVY HQDEOH KLIJIKQRQ OLQHDULW\LQ WKHVH V\VV
RIWKHVSHHFK PDQLIROG 'LITHUHQW PHWKRGV DUH FDWHJRUL]JHG DFFRU
LQWKHIROORZLQJ VHFWLRQV

)XOO\ FRQQHFWHG 1HXUDO 1HWZRUNYV

;X HWEOHVLIQHG D IODWWHQHG GHQVHDQG IXOO\FRQQHFWHG IHHG IRUZ
DQRQOLQHDU UHJUHVVLRQ IXQFWLRQ RQ VSHF\@URHILDPYLR QR UDWDHIG A
DV JOREDO YDULDQFH HTXDOL]DWLRQ QRLVH DZDUH WUDLQLQJDQG GUR
WKH JHQHUDOL]DWLRQ FDSDE L@ L W[ISH\J RP MQUHAD@HWHARUNNSY LQGLFDWHG
RYHUFODVVLFDO PHWKRGV LQ WHUPV RI REMHFWLYH PHDVXUHV +RZHYH!
GLVWRUWLRQV IRUH[DPSOHV ZLWK PLGDQG ORZ6LJQDO WR 1RLVH UDWLI
PLQLPL]H, @KWP REMHFWLYH IXQFWLRQ EHWZHHQ WKH QHWZRUN RXWSX
7KXV WKH PRGHO WULHV WR PDWFK KLJK HQHUJ\ ORZ IUHTXHQF\ VLJQD
HQHUJ\ VLIJQDOV KLJKIUHTXHQF\ ORUHRYHU IRUKLJK GLPHRVLRQDO V
QRUP WHQG WR SHUIRUREMHRNWW KU WKDQ WKH

,QVWHDG RI IHDWXUH HVYWLPDWLRQ PDVN DSSUR[LPDWLRQ RAHWKRGV Q
DQG ,GHDO 5DWLR O@VEHUID SYRSRVHG IRU HVWLPDWLQJ WKH WDUJHW
FRQQHFWHG QHWZRUNV 7KH SUHGLFWHG JDLQV ZHUH PXOWLSOLHG ZLW
WKHUHIHUHQFH VSHFWUXP $Q ,%0LV GHILQHG E\DSSO\LQJD XQLW\JDLQ
JUHDWHU WKDQ D SUH GHILQHG WKUHVKROG DQG RWKHUZLVH WKH JDLQ L
GHYHORSHG WR HVWLPDWH WKH ,%0 I@ WY SHMHRE K AHSQUKDYHFHPHWWDV FRP SD L
FODVVLFDO DSSURDFKHV $ VLJQLILFDQW LPSURYHPHQW LQ VSHHFK LQW
VI\VWHP ZDV EDVHG RQ XVLQJ SULRU LQIRUPDWLRQ QRW DYDLODEOH LQ U}
XVHG GXULQJWUDLQLQJDQG WWHVWXQJWKHWHYPL\OBP\VGLG QRW UHYHDO
DERXW SHUIRUPDQFH LQ UHDO OLIH VFHQDULRV $OWKRXJK HVWLPDWLC
FRQWLQXRXV PDVN PLJKW SHUIRUP EHWWHU WKDQ D ELQDU\VHIJPHQWDW!|
ZKHUH VSHHFK DQG QRLVH DUH OLNHO\ WR E3 SSIGHOVMQL\R @BVOWW K HD VELLR-D WL
ZRXOG FDXVH PRUH DUWLIDFWV WR EH SUHVHQW LQ WKH HVWLPDWHG VS
,50 UHSODFHG WKH ,%0 ZKHUH DQ ,50 JUHDWO\ UHVHPEOHYV WKH :LHQHU |
WXQLQJ SDUDPHWHU 1RWH WKDW WKH ,50LV QRW VWDWLVWLFDOO\RSW
'11 WUDLQHG IRU HVWLPDWLQJ WKH ,50 WDUJHW RXWSHUIRUPHG WKH ,%0
> @ 7TKRXJK LW FRXOG QRW JHQHUDOL]H ZHOO IRU YDULHG W\SHV RI QRL
EXW GLG FRQVLGHUDEO\ ZHOO IRU FHUWDLQ QR@VH W\SHV QRW VHHQ GXU

SHFXUUHQW 1HXUDO 1HWZRUNYV
7TKHEHQHILWRI XVLQJ511VIRU WKLV SXUSRVHLVY WKDW LW HVWLPDWHV W
LW..V UHODWLRQVKLS ZLWK WKH SUHYLRXVO\ SUHQGWVDWHRGHEDB/OOHY 7K
SDUWLWLRQHG LQW® WBRUHHWV/EKHBYH RQH HDFK ZDV GHVLIJQHG WR WUDF
DQG SHUIRUP ILOWHIR @GLFHUHQW QHWZRUNYV ZHUH WUDLQHG RQH IRU
DQG WKH RWKHU IRU WKH FRPSOH[ VSHFWUXP DQG FRQFOXGHG WKDW ER
> @ 7KH QHWZRUN WUDLQHG IRU FRPSOH[ VSHFWURJUDPV RXWSHUIRUP
VSHFWURJUDPV EHFDXVH QRLV\ SKDVH ZDV UHXVHG LQ WKH ODWWHU ZKH



6SHHFK (QKDQFHPHQW XVLQJ '"HHS 1IHXUDO 1HWZRUNYV

LV FUXFLDO WR HVWLPDWH WKH FRUUHFW SKDVH HVSHFLDOO\ IRU ORZ 61
ZDV QRW YHU\ VLIQLILFD QRUFPHFDXVRHLYWDKMHLRQ LQ WKH FRPSOH[ GRPDLQ L
QRW GLIITHUHQWLDEOH KHQFH LW KD&LVWRRE HAWHEEUHRHPDKOHG B\ DOWHUL
REMHFWLYH IXQFWLRQ WKH\ PLQLPL]JH WKH RXWSXW FRXOG EH LPSURYH(

-HDQ ODBHYHORSHG D K\EULG HQG WR HQG VSHHFK HQKDQFHPHQW V\V
WHFKQLTXHVWRH[WUDFW IHDWXUHVDQG511VWRHVWLPDWH WKHLGHDO
SLWFK KDUPRQLFVY DORQJ ZLWK SLWFK FRPE I@0 WW WBW WRXFW W N Q X@IW HF\
KLIKHU TXDOLW\DXGLR DV FRPSDUHG WR WKH WUDGLWLRQDO 006( VSHFW
ORZ HQRXJKIRU UHDO WLPH R@EHURMW DREG KRQWEFIWVWXUH XVHV *DWHG UHF XU
> @DV LWRXWSHUIRUPV /67 @-RDRONKDLYBNIIRVIUHSRUWY WKDW WKH ORVYV |
WUDLQLQJ GDWD FRQVWUXFWLRQ SOD\V D PRUH VLIQLILFDQW UROH RQ W
WR DOWHULQJ WKH QHWZ&RUN DUFKLWHFWXUH >

ERQYROXWLRQDO 1HXUDO 1HWZRUNYV
&RQYROXWLRQDO 1HXUDO 1HWZRUNV &11V DUHDOVRVXFFHVVIXO DW HQ
&11VDUHNQRZQ WR KDYHOHVVHU WUDLQDEOH SDUDPHWHUV DV FRPSDUH
DQG)HHG IRUZDUG 1HXUDO 1HWZRUNV )11V ZKLFK FDQ PDNH WKHP VXLW|I
OHVV KDUGZDUH@HYRZM¥HY %11V DUH QRW VXLWDEOH IRU UHDO WLPH V
WLRQV VLQFH WKH\ RSHUD \§ H3®QU E ORRNYVRIHE GXMAHG D QRYHO QHWZRUN D
FDOOHG 5HGXQGDQW &RQYROXWLRQDO (QFRGHU 'HFRGHU 5 &(' ZKLFK H|
D QRLV\ VSHFWURJUDP DW WKH HQFRGHU DQG PDSV LW EDF® WRKB FOHDQ
QHWZRUN PLQQPQRWW E®IWZHHQ WKH FOHDQ DQG HVWLPDWHG GHQRLVHG
VOLJKW LPSURYHPHQW LQ VSHHFK TXDOLW\ DV FRPSDUHG WR 511V DQG )1
HYDOXDWLRQ PHWULFV +RZHYHU DV \®KWPXWDGHERIWP WHEWER® GLVWRU\
RXWSXW $OVR LQVWHDG RI H{WUDFWLQJ WLPH IUHTXHQF\ VSHFWUDO IH
RQ VSHHFK ZDYHIRUPV DV WKH\ DUH NQRZQ IRU WHBSRUDO VLJQDO PRGH(

5HWKDJH$HURBRVHG D PHWKRG IRUVSHHFK GHQRLVLQJ XVLQJ WKH :DYH
LV DQ DXWRUHJUHVVLYH PRGHO XVHG IRU JHQHUDWLQJ VSHHFK VDPSOH
LQ GHWDLO LQ VHRWHRBU WKLV GHQRLVLQJ PHWKRG GLVFDUGVY WKH JHC
DQG UDWKHU DGRSWV D UHJUHVVLRQ EBV HG GLWERQDLAMWW KH PR 8 R G HC
QRQ FDXVDOLW\ EDVHG RQ D IDFHW WKDW UHDO WLPH DSSOLFDWLRQV F
+RZHYHU WKLV LV QRW YDOLG IRU UHDO WLPH RSHUDW L RIFMAKIDYFH | X W X
HW DQWURGXFHG DQ ...(QHUJ\ FRQVHUYLQJ ORVV... ZKLPRYV DRERWEHQD)
HVWLPDWHG GHQRLVHG VLJQDO DQG WKH HVWLPDWHG QRLVH ZLWK UHV:
SURSRVHG PRGHOHVWLPDWHY QRW MXVW RQHVDPSOHEXWDVHWRIVDPS
ZKLFK UHGXFHV WKH WLPH FRPSOH[L& \ BRHREREH Q Q WK®\CROFMRQIGUL W LR QH
HQFRGHG VFDODU FRUUHVSRQGLQJWR WKH VSHDNHU LGHQWLW\ ZKLFK KC
WHVWHG IRUWKH GDWDVHW EXW WKLV LQIRUPDWLRQ LV XQNQRZQ LQ PDC
LQ UHDO WLPH DSSOLFDWLRQ VFHQDULRYV

$QOHQG WR HQG VI\IVWHP EDVHG RQDIXOO\FRQYROXWLRQDO QHWZRUNLC
ZDV GHYHORSHG IRU 6 SHHFK7KIQREDSQUWDFKLHYHG VWDWH RHWKH DUW I
PDLQ HEZHDMLIJQHG D VA\VWHP FKPISWU IZKIHYJHRRQH SHUIRUPV WKH GHQRLVLQJ
ZDYHIRUPVY FDOOHG 'HQRLVLQJ1HW DQG WKH RWKHU SHUIRUPYVY DQ DXGI
1HW )LUVW WKH )HDWXUH /RVV 1HW LV WUDLQHG IRU DQ DFRXVWLF VFH
JHDWXUH /RVV QHWZRUN LV WKHQ XVHG WR WUDLQ WKH GHQRLVLQJ QHWZ
ORVV FDOOHG ...IHDWXUH... ORVV WKDW L\ Q@HRUR R@ BMKHR BE KWU &  WHK B IZ\
WKH IHDWXUH DFWLYDWLRQV LQ GLITHUHQW OD\HUV RI WKH )HDWXUH 1H
ZDYHIRUP DQG WKH QRLV\ VSHHFK ZDYHIRUP 7KLV ORVV IXQFWLRQ ZDV
UHVHDUFK IRU LPDJH VW\OL]D@&LRQ DQG VIQWKHVLYV >

6XPPDU\ 5HPDUNV

$00 WKH PHWKRGYVY GLVFXVVHG VR IDULQ WKH GRPDLQ RIGHHS OHDUQLQJ
EDVHG RQ UHJUHVVLRQ %\ LQFRUSRUDWLQJ YDULRXV WHFKQLTXHV K\E
WKHDSSURDFKHV LQ WKHHQG DWWHPSWHG WR HLWKHU PDWFK WKH HVW|
WXUHV ZLWKRXW FRUUHFWO\HVWLPDWLQJ WKH SKDVH ZLWK WKDW RI| W|



*HQHUDWLYH 1IHXUDO 1IHWZRUN ORGHOV

GLVWDQFH PHWQLGQORXPK BYU WKH QHZO\LQWURGXFHG ...)HDWXUH ... ORV\
FRPHV IURP DQ DVVXPSWLRQ WKDW WKHUH LV RQO\ RQH SRVVLEOH WDUJ
QRLVH LQWURGXFHV VRPH XQFHUWDLQW\ EHFDXVH RI ZKLFK GHWDLOV L
SOHWHO\ 'XH WR VXFK PL[LQJ WKH LQIRUPDWLRQ LV QRW FRQYH\HG FRU
RULJLQDO WDUJHW

,Q RUGHU IRU WKH QHWZRUNV WR VXFFHHG LQ FRUUHFWO\ HVWLPDWL
UHTXLUH LQIRUPDWLRQ DERXW WKDW SDUWLFXODU ZDYHIRUP LQ WHUPV
LOQSXW +RZHYHU VXFK LQIRUPDWLRQLVY QRWDYDLODEOHLQ UHDO DSSO

VHFWLRQW LV YHU\ XQOLNHO\ WKDW PXOWLSOH UHFRUGLQJV RI WKH V
ZDYHIRUP 7KXV WKHUHLV D SRVVLELOLW\IRUD GLIITHUHQW REMHFWLYH
IHDWXUHYV )ROORZLQJVXFKD URXWHKDVLQGHHG GLVSOD\HG FRQVLGHU
LWV OLPLWDWLRQV LQ WHUPV RI TXDOLW\ $V D UHVXOW WKHIROORZLQJ
QHXUDO QHWZRUN PRGHOV DV WKH\ FDQ JHQHUDWH FOHDQ VRXQGLQJ VS
VI\VWHP WR SUHVHUYH D SDUWLFXODU ZDYHIRUP

*HQHUDWLYH 1HXUDO 1HWZRUN ORGHOV

$V LQIHUUHG E\ WKH FRQFOXGLQJ SDUDJUDSIKV FRR SHKW RS HHSYQA.RXYN YHE@ WU
QHXUDO QHWZRUN PRGHOV ZDV LQGXFHG %HFDXVH JHQHUDWLYH PRGHO
LPLWDWH WKH WUDLQLQJ GDWD GLVWULEXWLRQ LW FDQ JHQHUDWH QRY
,Q WKH IROORZLQJ VHIJPHQWY GLIIHUHQW JHQHUDWLYH PRGHOV UHODW
@ DQG VSHHFK VIQWK@WMLVHGLVFXVVHG

*HQHUDWLYH $GYHUVDULDO 1HWZRUNYV
9HU\UHFHQWO\LQWURGXFHG *HQHUDWLYH $GYHUVDULDO 1HWZRUNV *$
PHQW®@ ORVW RI WKH WHFKQLTXHV GLVFXVVHG SUHYLRXVO\ ZHUH GHVL.
GRPDLQ ZKHUHDV WKLV PHWKRG XVHV WKH UDZ DXGLR ZDYHIRUP GLUHF\
JDUGLQJ SKDVH +DYLQJ EHLQJ WUDLQHG IRU GLIITHUHQW VSHDNHUV DQG
JHQHUDOL]DWLRQ WKURXJK VK@U HS1YDUDPHWIKRZRWRRG Y HVXOWV ZKHQ
LPDJHV EXW WKLV LV WKH ILUVW DWWHP@ W +HWV X VD Q H'PARGRQIDEBERGLC
YROXWLRQDO QHWZRUN ZLWK UHVLGXDO VNLS FRQQHFWLRQV LV XVHG D
QRLV\ VSHHFK VLJQDOV DV LQSXWV DQG DWWHPSWYV WR UHFUHDWH FOHD
FULPLQDWRU QHWZRUN 2QH KLJKOLJKW RI WKH JHQHUDWRU LV WKDW LW
VKRZV LPSURYHPHQWYV LQ UHVXOWY DV FRPSDUHG WR WKH :LHQHU )LOWF
PHDVXUHV 7KH REMHFWLYH IXQFWLRQ RSWLPL]JHG E\ WKLV QH& ZRUN ZD\
$IWHU SUHOLPLQDUSOHMEBOHRNQ® YW FRQYHQLE @WWWR B B/GR MWKH JHQHUD
REMHFWLYH IXQFWLRQ VR DV WR PLQLPL]H WKH GLVWDQFH EHWZHHQ WK
UHVSRQGLQJ FOHDQ VDPSOHV 0ORU@RUHYH BIOS\W K DWH®MH 6(Q*$1 PHWKRG
PRUH KHDYLG) QRUPKMLQLPL]DWLRQ DV FRPSDUHG WR WKH *$1 REMHFWLY
FDPHLQWR HIIHFW RQFH WKH PRGHO ZDV WUDLQHG ZHOO HQRXJK WR EH D
7KXV WKH WUXH SRWHQWLDO RI*$1V KDV QRW EHHQ KDUQHVVHG 7KH V\V
WR PRGH FROOQ SVUHWHWKRQ LV GLVFDUGHG

7UDLQLQJ *$1V LV D WHGLRXV WDVN DQG UHTXLUHY SDWLHQFH DV WKH\
VXUHVY QHHG WR EH XQGHUWDNHQ LQ RUGHUWR WUDLQ WKHP HIILFLHQWO\
LQ>@ 7KH SHUIRUPDQFH RI*$1V ZDV IXUWKHU LPSURYHG LQ WHUPV RI VW
ORVV FULWH ULKH)/H QHWZRUNV DUH FDOOHG :DVVHUVWHLQ *HQHUDWLYH
+RZHYHU LQ FHUWDLQ VLWXDWLRQV WKHVH PRGHOV DOVR IDFHG SUREOH
FHUWDLQ VWUDWHJILHV ZHUH VX@ JHMF K &K D@ FWKHRYHSHW R LPSURYH WKH
RI :*$1V 2QH RI WKH VWULNLQJ PRGLILEDWLRQV ZDV WR SHQDOL]H WKH C
REMHFWLYH | XXOWDRMD DBRWD®KLY WHEKQLTXH :DVVHUVWHLQV *$1 ZLW
*$1 *3 ([SHULPHQ@WK®2 WKDW LPSOHPHQWLQJ WKHVH FKDQJHV RYHL
SOR\HG @HQIRUFHV VWDELOLW\ KRZHYHU WKH JHQHUDWHG VSHHFK VL
OHDNV 7KLV RFFXUHG GXH WR LPSOHPHQ\@DMA® G D¢ \EXHYHFMQWLLHR® B GK
SDUDPHWHU WXQLQJ



*HQHUDWLYH 1IHXUDO 1IHWZRUN ORGHOV

JXUWKHU OLWHUDW X UH6KW Q GAWDEZE B OHCREKW VLPLODU VSHHFK HQKI
WHP XVLQJ ... *$®*3+RZHYHU WKH JHQHUDWRU REMHFWLYH IXQFWLRQ DC
VXP RI EQWRQG,PHWULFVY EHWZHHQ WKH JHQHUDWHG VSHHFK ZDYHIRUP DC
FHGXUH WR VHW ZHLJKWYV FRQWUROOLQJ WKH FRQWULEXWLRQ RI WKHVH
WKURXJK WULDO@ QrfKHUBRDQJH IDLOV WR DGG PXFK YDOXHDQG DOVR LP
DUH YHU\ PLQRU 7KXV WKHVH H[DPSOHV RI *$1V IRU VSHHFK HQKDQFHPH
QHWZRUN DUFKLWHFWXUHV DQG LPSURYHPHQWYV LQ ILQGLQJ EHWWHU UH
WKH WUDLQLQJ EXWDOVR\LHOG EHWWHU TXDOLW\ UHVXOWYV

,Q DJURXS RIUHVHDUFKHUV IURP 19,',$ FRUSRUDWLRQ GHYHORSHG
ZKLFK\LHOGV VWDWH RI WKH DUW UHVXOWV DQG JHQHUD WHKG® *BDJHV ZL
LV GHVLIJQHG IRU WKH DSSOLFDWLRQ RI VW\OH WUDQVIHU WR PRUSK WK|
ZKLFK UHVXOWY LQ JHQHUDWLQJ D QHZ LPDJH WKDW LV D EOHQG RI ERW
VWXG\ LQWURGXFHV D ZD\ RI UHGXFLQJ WKH HQWDQJOHPHQW LQ WKH I}
LPSURYHPHQWY LQ LPDJH TXDOLW\ 6LPLODUO\ WKH LGHD FDQ EH H[WHC
WR FOHDQ VOWHEK HIQWORGXFHG D QHZ VWXG\ WKDW DLPV WR LPSURYH
WUDLQLQJ E\ SURSRVLQJ D UHJXODUL]DWLRQ PHWULF EDVHG RQ WKH VS
GLVFULPLQDWRI@QHBESMZRWUNDO 1RUPDOL]DWLRQ LV D PHWKRG LQ ZKLFK W
WKH GLVFULPLQDWRU LV UHJXODUL]HG E\ HVWLPDWLQJ WKH ODUJHVW V|
WHFKQLTXHV $GGLWLRQDOO\ WKHPHWKRG LV IUHHIURP LQWHQVLYH K\
LQFXU DGGLWLRQDO FRPSXWDWLRQ FRVW FODLP WKDW WKLV UHJXODU
JHQHUDWHG VDPSOHV DV FRPSDUHG WR PDQ\ SUHYLRXV WHFKQLTXHV 7
LPSOHPHQWHG IRULPSURYLQJWKH SHUIRUPDQFH RI WKH 6( *$1 DUFKLWH
WKHQHWZRUN WKHIORZRILQIRUPDWLRQ FDQ EHFRQWUROOHG ZKLFK FR
OHDNV LQ WKHIJHQHUDWHG VSHHFK VDPSOHYV

$XWRUHJUHVVLYH THPSRUDO &RQYROXWLRQDO 1HWZRU
YDQ GHQ ZRUGHWHORSHG D VWDWH RI WKH DUW GHHS QHXUDO QHWZRUN
VRXQGLQJ VSHHFK IURP WH[WXDO IHDWXUHYV :DYH1IHW LV D IXOO\SUREDI
SUHGLFWV WKH GLVWULEXWLRQ IRUHDFK DXGLR \@ PRUCRHUCL R ERQWE U
WKH VKRUW WHUP DQG ORQJ WHUP WHPSRUDO GHSHQGHQFLHV LQ PRGHC
XVLQJGLODWHG FDXV EOEROWRIOX WU RQVEBFHSWLYHILHOGY 7KHQHWZRU
GLVWULEXWLRQ RYHU WKH QH[W VDPSOHaYDQ®&H ¥ IREKVDPAR HEPW R GI\[H B L
ORJ OLNHOLKRRG RI WKH GDWD ZLWK UHVSHFW WR WKH SDUDPHWHUV )
PRUH WUDF/DEBORPSDQGLQJ WUD@VIRWRDMAE RVR T XDQWL]H WKEHWXGLR VL
YDOXHV LQVWHDG RI D VLPSOH OLQHDU TXDQWL]DWLRQ VFKHPH 7KH PR
RI YRLFHVY E\ FRQGLWLRQLQJ WKH G @W B REMHFHDLNHHUO 2 6 ’CHVMWNVY BV X O W V
WKH TXDOLW\RI JHQHUDWHG VSHHFK LV VLIJQLILFDQWO\ EHWWHU WKDQ L
Rl XVLQJ :DYH1IHWV LV WKDW LW KDV D PDVVLYH DUFKLWHFWXUH DQG UH
WKXV KDYLQJ D ODUJHU WUDLQLQJ WLPH 'HVSLWH RI WDNLQJ PDQ\ VWH:
LQFRUSRUDWLQJ GLODWHG FRQYROXWLR@VLMWQBGWLHOVA G KD B LMNHN\S GFRQIHHE
IDVWHU LPSOHPHQWDWLRQ RI :DYH1HW WKDW SUHVHUYHWWKH TXDOLW\

$QRWKHU DWWHPSW DGGUHVVLQJ WKH SUREOHP RI VSHHFK HQKDQFHF
DUFKLWHFWXUH 7KLV WLPH LWV DXWRUHJUHVVLYH DQG JHR@ YMILY H PR
QDPH LW WKH %D\HVLDQ 6SHHFK (QKDQFHPHQW :DYH1HW IUDPHZRUN DV L\
NQRZQ DV WKH SULRU PRGHO ZKLFK OHDUQV WKH SULRU GLVWULEXWLRQ
RXWSXW WR EHLQ WKH VSHHFK VSDFH DQG WKH RWKHU WZR IRUP WKH OLI
QRLVH JLYHQ WKH QRLV\ UDZ DXGLR DQG WKH H@W & FFIRW B GQFIOM LDRYQ DR GELRR
WKHVH GLVWULEXWLRQV LV XVHG WR GHILQH WKH SRVWHULRU H[SHFWD\
7KH OLNHOLKRRG PRGHO LV YHU\ FRPSOH[ WR WUDLQ GXH WR LWV KXPRQJ
LW LV QRQ FDXVDO LQ QDWXUH ZKLFK LW QRW YHU\ VXLWDEOH IRU UHDO
DOVR VSHDNHU GHSHQGHQW DQG WKLV LQIRUPDWLRQ LV QRW NQRZQ LQ F
WR LQFUHDVHG FRPSOH[LW\ RI WKH OLNHOLKRRG PRGHO LW LV WUDLQHG
WKXV PDNLQJ LW OHVV DZDUH DERXW WKH QRLV\ FRQGLWLRQV DQG PRUH



'LIJLWDO 6LJQDO BURFHVVLQJ YV 'HHS /HDUQLQJ

$XWRUHJUHVVLYH 5SHFXUUHQW 1HXUDO 1HWZRUNYV

7KH 6DPSOH511 PRGHO FRQVLVWY RI D KLHUDUFKLFDO VWUXFWXUH FRPI
DXWRUHJUHVVLYH PXOWLOD\HU SHUFHSWURQV 0/3V @ QE V88@WHIXO PR
PRGXOHVY WR FDSWXUH WKH YDULDWLRQ LQ WHPSRUDO VHTXHQFHV LQ RL
WLPH@ 7KLV PRGHOLV XQFRQGLWLRQDO LH LWGRHVQRWUHTXLUHDQ
SURSHUWLHV RIWKHJHQHUDWHG DXGLR ZDYHIRUP 7KHPRGXOHV ZLWKLC
UDWHV LQ FRQWUDVW WR :DYH1HWV VXFK WKDW D PRGXOH GHGLFDWHG
DW WKH VDPSOLQJ IUHTXHQF\ DQG DQRWKHU PRGXOH WKDW PDSV VORZ
SKRQHPHVY RSHUDWHY DWaD ¥BQEHULW B/HRY LGHYV IOH[LELOLW\ LQ DOOI
UHVRXUFHV LQ PRGHOLQJ GLITHUHQW OHYHOV RI DEVWUDFWLRQ 6LQFH

FDQQRWEH XVHG IRUPRGHOLQJVSHHFK DV WKHRXWSXW ZRXOG VLPSO\F
YRLFH DQG QR VHQVLEOH LQIRUPDWLRQ ,Q RUGHU WR JHQHUDWH VSHF
SURYLGHG VXFK DV SLWFK OHO IUHTXHQF® FRR EZIH ¥ HH QW K LR/UOH. YW-HQU Y W DX
DQRYHO QHWZRUN DUFKLWHFWXUH WKDW FDQ EH XVHG IRUJHQHUDWLQJ
LQSXW GDWD ZLWK IHDWXUHV WKDW FRQWDLQ LQIRUPDWLRQ DERXW VSHI
JHQHUDWLQJ VSHHFK

TKHUHDDMVOHWKEUHQ QHURSBWRWHOG D VHTXHQWLDO JHQHUDWLYH PRGHO ZL
VSHHFK VIQWKHVLV XVLQJVLQJOH OD\HU511 ZLWK D GXDO VRIWPD[ OD\H
VSHHFK VDPSOHV 'HVSLWH KDYLQJ D FRPSDFW QHWZRUN DUFKLWHFWX
VDPSOHVY PDWFK WKH VWDWH RI WKH DUWDQGDWD UDWHPXFRIDVWHU W
7KHPDLQ JRDO RIWKLVY SDSHU ZDVWR UHGXFH WKH WLPHFRPSOH[LW\LQ J
I[IURP WH[WLQ RUGHU WR PDNH LW UHDO WLPH ORUHRYHU E\DSSO\LQJ D
RI'ZHLJKWV LQ :DYH511 DUH UHGXFHG FRQVLGHUDEO\ WKXV PDNLQJ LW D
511 DUFKLWHFWXUH DORQJ ZLWK D ZHLJKW SUXQLQJ PHWKRG UHGXFHG W
WKH FRPSXWDWLRQV WR@ JAKHIMW 8 WHDPWMEHY LW SRVVLEOH WR UXQ WKL\
&38 /DWHU DQ HYHQ IDVWHU YHUVLRQ ZDV SURSRVHG E\DGGLQJ D /LQHI
WR WKH :DYH511 QHWZRUN FD@OHGDWAKHY X HHWH[W LQSXW DV IHDWXUHV
PHQWLRQHG LQ WKH OLWHUDWXUH DERXW KRZ LW LV XVHG FRQGLWLRQ|
VDPSOHV WR JHQHUDWH QHZ VDPSOHV )RU WKH VSHHFK HQKDQFHPHQW |
VSHHFKFDQ EHHLWKHU KDQGFUDIWHG RUH[WUDFWHG ZLWK WKH KHOS RI
ZRXOG UHSUHVHQW LQIRUPDWLRQ UHODWHG WR VSHHFK DQG KHQFH FDQ
VSHHFK

'LIJLWDO 6LJQDO BURFHVVLQJ YV 'HHS /HDUQLQ

7KLV VHFWLRQ KLIJIKOLJKWYV VRPH VWULNLQJ GLITHUHQFHY EHWZHHQ 6LJ
SURDFKHV 7KLV KHOSV LQ XQGHUVWDQGLQJ FHUWDLQ DGYDQWDJHV DQ
MXVWLINLQJ WKH VKLIW WR QHXUDO QHWZRUNV IURP VLIJQDO SURFHVVLQJ

/LQHDULW\ YV 1RQ /) RBDUP®OLFLW\ PRVW VLIJQDO SURFHVVLQJ PHV
UHPRYDO DSSO\ OLQHDU WUDQVIRUPDWLRQV ZKLFK UHVWULFWV WKH
WDUJHW VSDFH 7KHUH H[LVW QRQ OLQHDU VLJQDO SURFHVVLQJPHWI
FDOO\DQG LPSOHPHQWLQJWKHP DUH GLIILFXOW WDVNV 2Q WKH RWKH
NQRZQ WR EH KLJKO\ QRQ OLQHDU SURFHVVHV DQG DUH WKXV VXLWD
VSHHFK DV ZHOO 7KH KXPDQ DXGLWRU\ VIVWHP DOVR LQYROYHV PDQ\
LQVSLUDWLRQ IURP LW WR DSSO\ QHXUDO QHWZRUNV IRU SURFHVVLQ.
JLYHQ WKH IDVW SDFHG GHYHORSPHQW LQ WKLV ILHOG LW LV DOVR Ut}

$VVXPSWLRQ EDVHG YV 'DWD 7TKSHMXGEHW®Q FVURP VWDWLVWLFDO VLJQDO
DSSURDFKHV WR PDFKLQH OHDUQLQJDQG GHHS OHDUQLQJ PHWKRGYV
PHWKRGYV DUH EDVHG RQ FHUWDLQ DVVXPSWLRQV ZKHUHDV GHHS OHD
WKHGDWD SURYLGHG ZKLFKPDNHV WKHP EHWWHULQFHUWDLQ FRQGL!
GDWDDYDLODEOHWRGD\ LWEHFRPHVY YHU\SUDFWLFDO WR VROYH FRF
GHULYHG VROXWLRQV FDQ VRPHWLPHYVY EH LPSUDFWLFDO +RZHYHU :
SHUIRUPDQFH RI GHHS OHDUQLQJ V\VWHPYVY GURSY DV ZHOO 7KLV LV
PDFKLQH OHDUQLQJ PHWKRGY FDQ KHOS



'LIJLWDO 6LJQDO BURFHVVLQJ YV 'HHS /HDUQLQJ

6FDODEL®GES\OHDUQLQJVROXWLRQVDUHDELWPRUHVFDODEOH WKDZC
UHDVRQ EHLQJ WKDW GHHS OHDUQLQJ PHWKRGV DUH FDSDEOH RI KDQ
DQG ODUJH GDWD VL]H %\ VLPSO\ WZHDNLQJ K\SHU SDUDPHWHUV D
DFFHSW LQSXW RI DQ\ W\SH DQG GLPHQVLRQ DQG OHDUQ LWV PDSSLC
SURFHVVLQJ PHWKRGYV ZLOO KDYH WR EH GHULYHG DJDLQ DQG UH GH
VHW RI IHDWXUHV RU GDWD +RZHYHU GHHS OHDUQLQJ VROXWLRQV
EHFDXVH WKH\ KDYH WR EH UH WUDLQHG HYHU\WLPH D K\SHU SDUDPH
WLPH FRQVXPLQJ GHSHQGLQJ RQ WKH FRPSOH[LW\ Rl WKH V\VWHP

&RPSOH[GAYQDO SURFHVVLQJ VROXWLRQV DUH OHVV FRPSOH[ WKDQ G
RI'WLPH FRPSXWDWLRQDO HIIRUWYV KDUGZDUH UHVRXUFHYVY DQG SRZ
UHVHDUFK LWLV VHHQ WKDW WKHFRPSOH[LWN\RIGHHS OHDUQLQJ V\V
DUHHQFRXUDJHG LQ RUGHU WR LPSURYH PRGHO SHUIRUPDQFH

6XPPDU\ S5HPDUNYV

%RWK &11V DQG 511V KDYH VKRZQ WKHLU SURZHVV LQ PRGHOLQJ VHTXH
IXUWKHU D GHFLVLRQ KDV WR EH PDGH IRU FKRRVLQJ D JHQHUDWLYH PRC
H[LVWLQJ JHQHUDWLYHPRGHOV D VXPPDU\RIWKHFRPSDUDWLYH DQDO\\
GHFLVLRQ T7OIEVOMV VRPH FKDUDFWHULVWLFV RI WKH JHQHUDWLYH V\VWt
WHFKQLTXHV

7TDEOH &RPSDUDWLYH $QDO\VLY EHWZHHQ VHYHUDO *HQHUDWLYH ORGHOV

$XWRUHJUHVVL|YH
&KDUDFWHULVWHFESRUDO &RQYROXLRQDO,
1HWZRUNV

$XWRUHJUHVVLYH *HQHUDWLYH
SHFXUUHQW IHWZRUNV $GYHUVDULDO 1HWZRUNV

([DPSOAV IR
gSHHFK $ L%HulLHl"vaD%?/stggH DYHEY1 spPsoHs11 7DFKRWURRL 6( :*$1
SSOLFDW(

DV D IOH[LEOH UHFASWLYH ILHOG GXH
WR GLODWHG FRQY R OXMRIQRQWHAKL BKSHQGHQFLHV|F 'T_LE%JHPUDHGFHHE:,V&LlYlHVILHOG
PDNHV WKHVH DUFK LW MFRVXDSW FDIS DE M) 511 F D QQ N = T A
LQSXW +DQIGRILIQIQGOLQJ D ODUJH|UDYXP EEUIR) WKH LQSXW VSO

LQSXW VDPSOHV 7KXV @HHIG DMRHEDEIGIE VHUL DO O\ %%E

WR FDSWXUH ORQJ WHUWXKBRQ® WKRURG HSHQGHQFLH

WHUP GHSHQGHQFLHV LQ DXGLR
&RQYROXWLRQDO SUFKLWHFWXUHV
QRUPDOO\ WUDLQ IDV

GXHWR WKHLU SDUDO|O %/%B%XH LSL(EI)HL%WQ%U KH HQHUDWRU DQG
VKDUHG SDUDPHWHUL V +RZHYHU WKHPRC FKLW-IFWXUHV
7UDLQLQJ TIHREZHYHU JLYHQ WKH KDYHORZHUFRP VOVLQ RQH F\FOH LQFUHDVHYV
VLIH QXPEHU RISDUD § H | FRPSXWDWLRQV WKXV
NLQJ

RILQSXW VDPSOHV WKXV
HWXUH QRQJ WHUP DQG VKRUW
GHQFLHV LQ|DXGLR

WKH PRGHOV OLVWHG H GWVIKIPRHUVITDTIIKI\'I:&UPD E\IKHPYHU\ORQJ RWUDLQ
H[DPSOHV WKHVH QH WORY

ORQJHU WR WUDLQ

SHEXUUHQW OD\HUV JHQHUpPOFOQ WXDWUYH $GYHUVDULDO 1HWZRUNV
7KH PRGHOV XVH 5HVLIGXR® FOREMKLQJ H[SORGLQDIUHDNQRIQWNRU LQVWDELDLW\LQ WUDLQLQJ
7UDLQLQJ | RIFRQYROXWLRQDO ODGHHWARKEBRNSURSDJIJDWLRQ WKHRWRIKMQIPVKLQJ H[SQRGLQJJUDGLHQWYV
6WDELOLW\ OHDGYV WR VWDEOH J U|DRAHQMWV HER WMLIQRY/ 670 RU {5BX@VWNHU IURP SUREOHPV VXFK DV
VWDELOLW\ LQ WUDLQLRKLFK WKH PRGHOV LQ WKH|H{RBSIGFHROR®WDIEVH PDNLQJ WKHP H[WUHPHO\
WKHVH SUREOHPV GR QRW RFRFAXUWLFXOW WR WUDLQ

'"HVSLWH UHTXLULQJ RQH VDPSOH DW 7RKQHO\\?NUKHHPJmGQHHUUDDV\\//\/HR%\LIS\;%IE(’;FEKXD-Y\H
D WLPHIRULQIHUHQFH DXGLR

JHQHUDWLRQ LV TXLWHMFDXGKHBMRXUUHQW 1HWz ODHV\IRLIF;]:SEE)[()L\?\}LQYJHDOX\%I;/R
,QIHUHQFH D FRPSOH[ QHWZRUN D WFKILQHIHRHWKILGHGHQ VWDWH D ;
a1l

*HQHUDWLRDUPBIOHOL]LQJ :DYH1 QWY KDY RIOSDBUDPHWHUV W KFI‘?FI\DNXKGHLUR IF;TJ\ASEE?-IYJE?\SIERQ
WR IDVWHU LQIHUHQFHREIXW QRQDWULQJ VDPSOHV PK V LW XQVXLWDEOH IRUUHDO WLPH
WUDLQLQJ 7KXV QRW VXLWDEOH IRU

UHDO WLPH DSSOLFDWLRQV DSSOLFDWLRQV EHFDXVH RI ODWHQF\

LVVXHV
5HODWLYHO\ORZHU LQ SUD[FWLFH GXH WR D
OHPRU\ ,W KDV DODUJHU PHPRYLQHO/H @ MELERQ VWDWH , FOY@BNRKDYVRYBBGUJHU PHPRU\ UHWHQWLRQ
5HWHQWLR GXHWR ODUJH UHFHSWEYWWIDHOGY DRRBUH UHFXUUHGQWHOWRHWUKWDUHG ILOWHUV LQ FRQYROXWLRQDO
%KDUHGILOWHUV KRZHYHU LW ZRXOG LQFUHDVOHUWKIDALREQY XD R G

LQIHUHQFH WLPH

+DUGZDUH| +DUGZDUH UHTXLUHPH %%éééﬁﬁﬁﬁﬁmeKUHHgﬂsyg u\é/—&[ L{Jmplﬁl}-({)'l\XLUHPHQ V DUH PRGHUDWH

SHTXLUHPH®WXW WR KHDY\ FRPSX HEWXUH O\ WKH JHQHUDWRU LV XVHG

4XDOLWARIJHQHUDWH '_WKF\I“I JHQHUDWHG VSHHXBEQVVWVEHROIRHQHUDWHG DXGLR LV QRW XSWR

3HUIRUPDQRHWUHPHO\ JRRG $FKLZ§€\§
VWDWH RI WKH DUW 0P 1%_'\0/ E\D YHU\ VPDOO RDMKH@®DUN DQG VXIIHUV IURP GLVWRUWLRQV

$PRQJVW DOO WKH *HQHUDWLYH PRGHOLQJ WHFKQLTXHYVY VHHQ VR IDL
EHWWHU SHUIRUPDQFH LQ WHUPV RI RXWSXW VSHHFK TXDOLW\ +RZHYHI
FRPSXWDWLRQDO SRZHU $XWRUHJUHVVLYH 511V EHLQJ OHVV FRPSOH]
DOVR SURYHQ WR SHUIRUP ZHOO HQRXJK :HLJKLQJ WKH VWUHQJWKYV DQC(
H511V VHHP WR EH D SUDFWLFDO DSSURDFK WR EHJLQ H[SHULPHQWLQJ ZL



JHDWXUH (QJLQHH

7KH ILHOG RI PDFKLQH OHDUQLQJ DQG SDWWHUQ UHFRJQLWLRQ UHO\ RQ
GDWD RUPHDVXUDEOH HQWLWLHY REWDLQHG IURP WKH GDWD XQGHU RE\
WKDW DUH LQIRUPDWLYH GLVFULPLQDWLYHDQGLQGHSHQGHQW LQ QDW
RI WKH LQSXW VSDFH DQG VR DQDO\]LQJ IHDWXUHV SOD\V DQ LPSRUWDQV
FKRLFH 'HHS OHDUQLQJPRGHOV DUHNQRZQ WR H[WUDFW WKHLU RZQ OHEL
,QSXW IHDWXUHV WR QHXUDO QHWZRUN PRGHOV PD\ RU PD\ QRW EH LQGH

7KLV FKDSWHU LV VWUXFWXUHG DV IROORZV ZKHUH ILUVW FKDUDFWHUL
WKH VSHHFK HQKDQFHPHQW LV PHQWLRQHG 7KLV LVIROORZHG E\ VHJPH(
FDQ EH H{WUDFWHG IURP VSHHFK DQG XVHG DV LQSXW IRU QHXUDO QHWZR
VSHHFK ZDYHIRUP LWV ID@IG \GHFMIWURI@W WLPH IUHTXHQF\ VSHFWUDO IHDW
VSHFWURJUDPV VHFQVWBBFWURJUDP\WD Q/GIBWQRRQHTXHQF\ &HSVWUXP &RH
0)&&V VHFWIDR®G 'HOWD IHDW X UH W KHY/AHMWLHRFVLRQV GLVEXVV WKHLU DG
GLVDGYDQWDJHV IRU EHLQJ XVHG DV FRQWH[W IRU WKH VSHHFK VIQWKH\
WR WKH 'HOWD IHDWXZKWUBD D ISPWDRG®WHU LV LQWURGXFHG WR FRQWURC
WLPHVHIJPHQWY )HDWXUH QRUPD O L]D WZRKUH PHIPWLFQA PG O H P WQ RQ
OHPV ZLWK WKH PLQ PD[ QRUPDOL]DWLRQ LV GLVFXVVHG DQG DQ DOWHU
LV SURSRVHG :LWK GHHS OHDUQLQJ QHXUDO QHWZRUNV FRXOG DOVR Et
LQWHUPHGLDWH ODWHQW UHSUHVHQWDMMRHUDY BRIFFDU B WGE LK) VB O/\MR
GXFWHG RQ WKH FOHDQ DQG QRLV\ YHUVLRQV RI W K HAKL FKDWORZNWWIXQHG U
HIITHFW RI WKH DGGLWLRQ RI QRLVH RQ GLIITHUHQW IHDWXUHYV

JRUWKH FKRVHQ JHQHUDWLYH GHHS OHDUQL QJHRWXOHNVDE MV B Y IFRHGV
RUFRQGLWLRQLQJLQIRUPDWLRQ WKDW UHSUHVHQWY WKH FRQWHQW ZL\
RQHFDQ GLVFHUQ ZKDW IHDWXUHVY DUH OHDVW DIIHFWHG E\ WKH DGGLWIL
VLIQDO WR QRLVH UDWLRV 7KLV LQ WXUQ KHOSV WR GHWHUPLQH ZKDW
VXLWDEOH FRQWH[W WR WKH JHQHUDWLYH QHXUDO QHWZRUN PRGHO IRU

KH 9&7. 'DWDVHW

7KHVSHHFK GDWDVHW XVHG IRUH[SHULPHQWDWLRQ D@G DKLIVGG B WDMH D
LVDYDLODEOH SXEOLFO\DQGLWHQFRXUDJHV FRPSDULVRQV ZLWK PDQ\ H
7KH GDWDVHW LQFOXGHY FOHDQ DQGN@RVDPBYGEDR UBWRIUGHEG GRZQVDP
N+] )RU PDQ\ SUHYLRXVO\ FRQGXFWHG VWXGLHV DQG KHQFH DOVR IR
GRZQVDPSONG]WRU WUDLQLQJDQG WHVWHFEOHDQ VSHHFK ILOHV DUH UH
VHQWHQFHV VRXUFHG IURP YDULRXV W@& )W LS\IXV VB BIDW HUVWERW & EDOH D Q
ZLWK YDULRXV IVSHDQWYY FRQVWLWXWH VDK WHBHQYGEVRW \BRIE WHVW
7UDLQLQJ VDPSOHVY DUH VIQWKHWLFDOO\ PL[HG DW RQH Rl WKH IROORZL(
DQGG% ZLWK RQH QRWKHHW\SHV ) URPLWH W \BBN JHQHUDWHG DUWLIL]
DQGDUH VRXUFHG IURP WKH '(0$® GDKLYBEDHMXS WWUIDQ QLQJ VDPSOHV IUF
VSHDNHUV X@GIHWUHQW QRLVH FRQGLWLRQ® LALMKHRDS\S VR LW B Q/FHIOX L Q
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