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Abstract

The area of machine learning for recommender systems has faced unprecedented growth in
recent years. Research is fuelled by practical business demand for these models. The pace
of progress is measured by dynamically growing benchmarking effort, often in terms of com-
petitions held at esteemed scientific conferences, such as the annual KDD Cup at SIGKDD
Conference on Knowledge Discovery and Data Mining, RecSys Challenge held at ACM Con-
ference Series on Recommender Systems (RecSys), or Stanfordis OGB Large-Scale Challenge.
Recommender systems research relies heavily on topics such as big data processing, scalable
machine learning, large graph processing, information retrieval, and multimodal aspects of data.
The practical application of recommender systems in production also calls for development of
interpretability and robustness algorithms.

The purpose of this PhD thesis is to research the abilities and limitations of current rec-
ommender algorithms, and introduce new methods in the broad area of recommenders. These
new methods should improve upon the performance results achieved by previous research and
contribute to the growth of this science branch.

The thesis introduces a number of research objectives, which have all been achieved. The
final result is a full recommender system, which reaches new state-of-the-art results on multiple
datasets and performance metrics. The recommender system is applied in a business setting
in two commercial platforms, which are currently available on the market and have reached a

business success.



Streszczenie

Metody uczenia maszynowego dla system -w rekomendacyjnych rozwijajN sifi obecnie niezwy-
kle szybko. Rozw -j metod naukowych podsycany jest przez rosnNcN praktycznN potrzebi wy-
korzystywania system-w rekomendacyjnych w biznesie. Postip w dziedzinie mierzony przez
dynamicznie rozwijane benchmarki, cziisto tworzone w ramach konkurs-w na prestilowych
mindzynarodowych konferencjach, takich jak na przykjad konkurs KDD Cup na konferenciji
SIGKDD Conference on Knowledge Discovery and Data Mining, RecSys Challenge organizo-
wany przez ACM Conference Series on Recommender Systems (RecSys), czy OGB Large-Scale
Challenge uniwersytetu Stanford. Badania nad systemami rekomendacyjnymi wiNON sif SciSle z
dziedzinami takimi przetwarzanie dullych danych (big data), skalowalne uczenie maszynowe,
przetwarzanie danych grafowych, wyszukiwanie informacji (information retrieval), oraz prze-
twarzanie danych multimodalnych. Zastosowanie system -w rekomendacji w praktycznych sce-
nariuszach biznesowych powoduje, Ue walnym wyzwaniem jest tu r-wniel interpretowalnoST
modeli oraz badanie ich stabilnoSci wobec przykjad -w wrogich (adversarial examples).

Celem niniejszej pracy doktorskiej jest zbadanie zdolnoSci i ogranicze€ istniejNcych sys-
tem -w rekomendacji, oraz stworzenie nowych metod rekomendacyjnych. Zaproponowane roz-
wiNlzania powinny poprawil jakoSI znanych metod, co mole przyczynil sifi do rozwoju tej dzie-
dziny naukowej.

Wszystkie postawione cele pracy zostajy zrealizowane, czego efektem koEcowym byjo
stworzenie multimodalnego i odpornego systemu rekomendacyjnego, kt-ry osiNga sumarycznie
lepsze wyniki na wielu benchmarkach. Badania opisane w pracy zostajy wdrolone w ramach

dw - ch platform komercyjnych, kt-re sN obecnie dostfipne na rynku i osiNgajN sukces biznesowy.
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DFWLRQV VXFKDV SXUFKDVHV RUIULHQGVKLSV LQ VRFLDO Qt
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DSSURDFKHG E\ERWK DFDGHPLD DQG FRPPHUFLDOO\ IXQGHG
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TXDOLW\UHFRPVRQWXHWULRHD LV H[SHFWHG WR GHYHORS G\QD

,QVSLWHRIVLIQLILFDQW HITRUWY DQG KXJH SURJUHVYV DF!
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ft/DUJHVLIHRIFRPSOH[PRGHOV OHDGV WR VOBQ WU WMKH. QJ
SURSRVHG UHFRPPHQGHU DOJRULWKPV DUH QRW IDVW HQ
WHFWXUHV DQG WKH\ XVXDOO\FDQQRW VFDOH WR PDVVLY
%DLHWDO D 7ULSDWK\HW DO @ 'DWDVHWV FXUU
PLOOLRQV RI XVHUV DQG ELOOLRQVRIUHFRUGHG WUDQVI
PRVW SRSXODU ZRUOGZLGH VRFLDO PHGLD SODWIRUPV KI
DSSUR[LPDWHO\ PLOOLRQ WZHHWVY HYHU\ GD\ >$VODP
QHHGWREHPDGHLQ QHDU UHDO WLPH

t3UREOHPDWLFHYDOXDWLRQRIPRGHO¥VXQVWIDDWUDW H R
ZRUN VXJIJHVWV WKDW FXUUHQW GLUHFWLRQRIHYHU PRU]I
EHEULQJLQJDGHTXDWH TXDOLW\LPSURYHPHQWY DQG PI
D SURJUHVYV ZKLFK IDLOV WR PDWHULDOL]H XQGHU FDUHI>
HW DO IXGHZLIJHWDO @

$+DUGVKLSY LQ LQFRUSRUDWLR®H P R X @/VBLIRPIRXGDA ®IMVBDH V
PRGHOV UDUHO\DOORZ WR LQFRUSRUDWH PXOWLPRGDO G
IRUP RIWH[W LPDJHV RUFDWHJRULFDODVVLIJQPHQWYV OF
RQH PRGDOLW\ ORGHOV ZKLFK FRPELQH VSHHG DQG PXOW
VEFDUFH +RZHYHU PXOWLPRGDO GDWD LV FUXFLDO WR UH
DOO\FKDUDFWHUL]HG E\ YDULRXV PRGDOLWLHV VXFK DV W

2iiTh,ffrrirX K XQMXb+B2M+2fi?2@?BbiQ ' v@Q7@ K xQMb@ 2+QKK2M/ iBQ
2iiTh,ff7Q imM2X+QKfkyRkfydfjyf K xQMb@ 2+QKK2M/ iBQM@b2+ 2if



LPDJHV SURGXFW SKRWRV FDWHJRULFDO GDWD SULFH
EDVHG GDWD ZKR ERXJKW FOLFNHG YLHZHG WKLV SURGXH

+ ORUHUHVHDUFKRQLQWHUSUHWDELOLW\D®B KREXVRVQH
SDFWRIUHFRPPHQGHU TXDOLW\RQILQDQFLDO UHVXOWYV
WKHUHOLDELOLW\RIWKHV\VWHPV 1HZPHWKRGVRQUHFR
WURGXFHGLQ RUGHUWREHWWHU H[SODLQ WKHLU LQWHU(
WKHP WKDW WKHPRGHOV FDQEHWUXVWHGDQGDUH URE X\
JRDOVFDQEHDFKLHYHG ZLWK WKHKHOSRI ([SODLQDEOH {
ZKLFKLVD YHU\G\QDPLFDOO\JURZLQJVFLHQFHEUDQFKD)
DUHWKHSUREOHPVFRQQHFWHG ZLWK WKHH[LVWHQFHRIIL
@ $GYHUVDULDO HIDPSOHV DUHLQSXWV WR PRGHOV W
DFFLGHQWDOO\ LQVXFKDZD\WKDW WKHSHUWXUEDWLRQ
GLFWLRQ IURP KXPDQ SHUVSHFWLYH GXHWREHLQJWRRL
+RZHYHU DGYHUVDULDO H[DPSOHV DUH SURYHQ WR VLJQ
PRGHOV 7KHSUREOHPLVVWLOODZDLWLQJD ZRUNLQJ VR
ZRUNLQJLQ SURGXFWLRQ VIVWHPV >>HOGMRR HW DO

7KHVH FKDOOHQJHV FRXSOHG ZLWK WKHULVLQJLPSRUWDC
FDOO IRULQFUHDVLQJUHVHDUFK HIIRUWY GLUHFWHG DW FUH
PRUHUREXVW DOJRULWKPV 7KHVHDUH WKH H[DFW SXUSRVH\
DOJRULWKPV IRUWKHPRVW SUHVVLQJSUREOHPVVSDQQLQJY
1IRYHODOJRULWKPV SUHVHQWHG KHUHFRQWULEXWHWRVROY
LW\ DQG ODFN RI PXOWLPRGDO PRGHOV $FFRPSDQ\LQJLQW
PHWKRGV KDYHEHHQ SURSRVHG ZKLFK VWUHQJWKHQ WKH DS
WLRQ DOJRULWKPYV

$V D SUDFWLFDO EXVLQHVV DSSOLFDWLRQ P\ ZRUN KDV OH
UHFRPPHQGHU V\VWHP ZKLFK LV EHLQJFRPPHUFLDOL]JHG XQf
GHYHORSHG DW WKH FRPSDQ\6\QHULVH ORQDG LV FXUUHQW/¢
VXFKDVLQWHUQDWLRQDO EDQNVDQGH FRPPHUFH VWRUHYV

SHVHDUFK 2EMHFWLYHYV

7KLV WKHVLV LVEXLOWDURXQG WKHIROORZLQJUHVHDUFK RE



,PSURYLQJ WKH VFDODELOLW\ SHUIRUPDQFH DQG SURSH
H[SORLW JUDSK VWUXFWXUH RI WKH GDWD 7R WKLV HQG
QHWZRUNV ZKLFK DUH WKH VWDWH RI WKH DUW JUDSK HI
WKHVRXUFH RI WKHLU LQHIILFLHQF\ DQG SURYH WKDW LW
QHWZRUNLQWRDQDOJRULWKPZKLFKDYRLGVWKHVFDODE
RI SURGXFHG HPEHGGLQJV

JRUPXODWLRQDQG HYDOXDWLRQRIDUHFRPPHQGDWLRQ |
PXOWLPRGDO GDWD $W WKH VDPH WLPH LW QHHGV WR NH
FRPSOH[LW\ ZLWKRXW FRPSXWDWLRQDOO\H[SHQVLYHQH

JRUPXODWLRQDQG HYDOXDWLRQRIQHZDOJRULWKPV RIF
WLFXODUHQKDQFLQJWKHDELOLW\WRVHDUFKIRUVLPLOTL
LQJWKHNQRZQ SLWIDOOV RIH[LVWLQJ XQL PRGDO DQG FU

JRUPXODWLRQ DQG HYDOXDWLRQ RI QHZ DSSURDFKHV WR
KDQFHPHQW 'LVFRYHULQJ\HW XQNQRZQ YXOQHUDELOLMW
IL[ILQJWKH YXOQHUDELOLWLHYV

TRIHWKHU WKHSURSRVHGDSSURDFKHV FUHDWH D IXOO FF

5HVHDUFK +\SRWKHVHV

%DVHG RQWKHDQDO\VLVY RI WKHUHVHDUFK REMHFWLYHV | IR
RPPHQGHUDOJRULWKPV FDQEHIXUWKHULPSURYHGLQ RUGH!
PXOWLPRGDO LQWHJUDWLRQ 7KLV FDQ EHDFKLHYHG ZLWK Q
VXSHUYLVHG DOJRULWKPVLQVSLUHG E\FRPSUHVVLRQ PHWKF
QHXUDO QHWZRUNYV %DVHG RQ WKLV ,LQWURGXFHILYHPDLQ

&HUWDLQ IRUPVRIJUDSKQHXUDO QHWZRUNV *11V XVXD!
FDQEHVLPSOLILHG EN\UHPRYLQJZHLJKW RSWLPL]DWLRQZLC
XQVXSHUYLVHG DOJRULWKP EDVHG RQ ZHLJKWHG DYHUDJ|
ILHG DOJRULWKP FDQ KROG KLJK TXDOLW\RI SHUIRUPDQF
IDVWHU WR WUDLQ WKDQ DIXOO *11 7R YDOLGDWH WKLV K
ULWKP >5\FKDOVND HW DO D@ DQGFRQGXFWH[WHQVLY



JUDSK HPEHGGLQJDOJRULWKPV 4XDOLW\RI&OHRUD HPEHL
ULFV VXFK DV WKH OHDQ 5HFLSURFDO 5DQN 055 DQG +LW
VSHHG LV PHDVXUHG LQ WHUPV RI ZDOO FORFNWLPH RI WK
DUH SUHVHQWHG LQ 6HFWLRQ

'"HQVLW\ HVWLPDWLRQ EDVHG PRGHOLQJ RI XVHU LWHP V¢
LQ WRS NUHFRPPHQGDWLRQ 7R YHULI\ WKLV K\SRWKHVL
DSSURDFK EDVHG RQ (0'( (IILFLHQW ODQLIROG "HQVLW\ (

@ 4XDOLW\NLVPHDVXUHG E\5HFDOO#.DQG 1RUPDOL]H(¢
1'&«* 7KHUHVXOWVDUH SUHVHQWHG LQ6HFWLRQ

&HQWURLG EDVHG LPDJHUHWULHYDO FRPELQHG ZLWK D Q
DQGVSHHGRI XQLPRGDO LPDJH EDVHG FRQWHQW UHFRPPI
, SURSRVHWKHFHQWURLG EDVHGLPDJHUHWULHYDO DSSL
PHDVXUHG E\OHDQ $YHUDJH 3UHFLVLRQDQG $FFXUDF\#. PF
ODWHQF\DUHFRQGXFWHGE\FRPSDULQJWKHVSHHGRILQI
DOGFHQWURLG EDVHG HYDOXDWLRQ 7KHUHVXOWY DUH S

7UDQVIRUPDWLRQ RI HPEHGGLQJV IURP QRQ PDWFKLQJ It
VSDFH DOORZV WR ERWK LQFUHDVH WKH TXDOLW\ DQG VS|
GDWLRQV 7R YHULI\ WKLV K\SRWKHVLV , SURSRVH WKH 1
> E@ DIDVWDOJRULWKP ZKLFK H[SUHVVHVY PXOWLPRG
VHQWDWLRQ VSDFH 4XDOLW\LV PHDVXUHG E\ 055 DQG 5H
PHDVXUHG E\ ZDOO FORFN WLPHV RI PRGHO WUDLQLQJ DQ
SUHVHQWHG LQ 6HFWLRQ

 QFUHDVLQJWKHUHVLOLHQFHRIPRGHOVDJDLQVW VRPH D
WKH PRGHO DJDLQVW UHODWHG DGYHUVDULDO H[DPSOHYV
:LOG1/3 IUDPHZRUN >5\FKDOVND HW DO @ ZKLFK ZRUN)
'LOG1/3LVWHVWHGRQDZLGHDUUD\RIH[LVWLQJWH[WXD¢
SUHVHQWHG LQ 6HFWLRQ

2ULIJLQDO (OHPHQWYV RI WKH 7KHVLV

, QWHUPV RI WKLV WKHVLVY ,KDYHFRQGXFWHGD QXPEHU RIRL



, SURSRVHG WKH PHWKRG RI UREXVWQHVVY HQKDQFHPHQW
HQKDQFLQJPRGHO UREXVWQHVV DIJDLQVWRQHDGYHUVDL
SXWV  PRGLILHG ZLWK RQD FRQFHSWXDOO\VLPLODUDGYH

, SURSRVHG WZRPHWKRGVRIDQDO\VLQJWKHUHOLDELOLMW
RI DQWRQ\P VZDSSLQJ DQRDO\WVLV RI WKH VWDWLVWLFDC
LQWHUPHGLDWH QHXUDO QHWZRUN OD\HUV

, SURYHG WKDW D GHQVLW\HVWLPDWLRQ PHWKRG IRU PXC
HITHFWLYH UHFRPPHQGHU ZKHQ DGHTXDWHO\FRPELQHG Z

, SURYHG WKDW JUDSK FRQYROXWLRQDO QHXUDO QHWZRI
EHGGLQJYVY FDQEH VLPSOLILHG WR ZHLJKWHG PDWUL[PXO
TXDOLW\ DQGRIIHUV VLIQLILFDQWJIDLQLQVSHHGDQG VF

,SURSRVHG WKH 7 (0'(DOJRULWKP ZKLFKLVDGLIIHUHQWI
LQVSLUHG E\ (0'( (0'( EHLQJ QRQ GLIIHUHQWLDEOH FDQ
DQG UHOLHV RQ VWDWLF UHJLRQ FUHDWLRQ ZLWKLQ WKH
KDQG XVHVWKHFRQFHSWRIPRYDEOHFHQWURLGV LQ WKH
GXULQJWUDLQLQJ

, SURYHG WKDW WKHFHQWURLG EDVHG UHWULHYDO LV DQ
UHFRPPHQGDWLRQ

, FUHDWHG D VHW RIEHQFKPDUNV IRUWHVWLQJVFDODELO

, SHUIRUPHG D ODUJH SRUWLRQ RI ZRUN FRQQHFWHG ZLW|
OLWHUDWXUH VHDUFK FRPSULVLQJDOO UHVHDUFK K\SRWI

SXEOLFDWLRQV

,KDYHZULWWHQ UHVHDUFKDUWLFOHYV SUHSULQWVDQG WH!
LQFOXGLQJ FLWDWLRQV RIDUWLFOHVYHRPG K LVQ®@H [VRKLV 3K

EDVHG RQ *RRJOIH B HKRPMW "X QQ;H2XTHf



7TDEOH

ILVW RI SXEOLFDWLRQV ZKLFK VXSSRUW WKLV WKHVL
*RRIJIOHG6FKRODU

BHFWLRQ 3XEOLFDWLRQ &LWDWLRQMU
3RLQWYV
%DUEDUD 5\FKDOVND 3LRWU % EHO .RQUDG *RA&.
FKRZVNL $QGU]HMOLFKDA4RZVNL -DFHN' EURZVNL D¢
3UJHP\V4DZ %LHFHN “&OHRUD D/ 6LPSOH 6WURQ.
DQG 6FDODEOH *UDSK (PEHGG|LQJ BFKHPH" DFFHSWI

IRU SXEOLFDWLRQ LQ WKH SU
WLRQDO &RQIHUHQFH RQ 1HXU
,&21,3

RFHHGLQJV RI WKH ,Q
DO ,QIRUPDWLRQ 3URI

-DFHN ' EURZVNL %DUEDUD
'DQLOXN 'RPLQLND %DVDM

SLRWU %DEHO $QGU]JHM OLF
-DNXERZVNL “$Q HIILFLHQW
PDWRU IRU DOO UHFRPPHQGD
IRU SXEOLFDWLRQ LQ WKH SU
WLRQDO &RQIHUHQFH RQ 1HXU
,&21,3

5\F K
IRQU
KD &R
PDQL
WLR
REFHHGLQJV RI WKH
DO ,QIRUPDWLRQ 3URI
HTXDO FRQWULEXWLR

DOVND OLFKD&
DG *RaXFKRZVNL
ZVNL DQG $GDF
IROG GHQVLW\ H
Q V\VWHPV™ DFFF

ye

Q

OLNRA4DM :LHF]JRUHN
' EURZVNL
&HQWURLGV LQ ,PDJH 5HWULH
WLRQLQWKHSURFHHGLQJV RI
RQ 1HXUDO ,QIRUPDWLRQ 3URF
HTXDO FRQWULEXWLRQ

%DUEDUD

W

5\F

"2Q WKH 8QUHDVRQDEQ
YDO’

KH,

HVVLQJ

KDOVND DQG -DF
H (IITHFWLYHQHV\
DFFHSWHG IRU S
QWHUQDWLRQDO
,&21,3

%DUEDUD 5\FKDOVND
"EURZVNL "7 (0'( 6NHWFKLQJ
LODULW\ IRU &URVYV ORGDXi5H

OLNRADM :L

ff tBpXQ ;fT/7fkRy8Xy9IKkHKIXXIDD FRQ

WULEXWLRQ

HF]JRUHN DQG -DF

EDVHG *OREDOGLP
WUL

HYDO” SUHSULQW




%DUEDUD 5\FKDOVND 'RPLQOLND| %DVDM $OLFM
*RVLHZVND DQG 3U]JHP\V4aDZ %LHFHN ‘ORGHOV LQ
WKH :LOG 2Q &RUUXSWLRQ 5REXVWQHVV RI 1HXUDO
6\WWHPV" ,Q 7RP *HGHRQ .RN :DL|:RQJ DQG

OLQKR /HH HGLWRUV 1HXUDO|,QIRUPDWLRQ 3URFH)\

SDJHV  + &KDP 6SULQJHU ,QWHUQD
WLRQDO 3XEOLVKLQJ ,6%1 HTXDO
FRQWULEXWLRQ

%DUEDUD 5\FKDOVND 'RPLQLND| %DVDM  $QQD
'UYyEOHZVND DQG 3U]JHP\VODZ %LHFHN “'RHV ,W

&DUH :KDW <RX $VNHG" 8QGHUVWD|QGLQJ ,PSRUWDDQ
RI 9HUEV LQ 'HHS /HDUQLQJ 4% 6\VWHP~ SXEOLVKHG
LQ 3URFHHGLQJV RI WKH (01/3 :RUNVKRS
%ODFNER[1/3 $QDO\]LQJ DQG| ,QWHUSUHWLQJ 1HXL
1HWZRUNV IRU1/3 HTXDO FRQWULEXWLRQ

-DFHN ' EURZVNL DQG %DUEDUD 5\FKDOVND “6\QHUI
ORQDG 5HDO 7LPH OXOWLPRGDO %HKDYLRUDO ORGH
LQJ  SXEOLVKHG LQ 3URFHHGLQJV RI WKH VW $&0 ,¢
WHUQDWLRQDO &RQIHUHQFH RQ ,QIRUPDWLRQ .QRZ
ODQDJHPHQW &,.0 1

7TDEOH GLVSOD\VDOODUWLFOHYVY ZKLFK FRPSULVH WKLV 3t
UHDG\ EHHQ DFFHSWHG WR LQWHUQDWLRQDO FRQIHUHQFHV F
DOJRULWKPV UHIJDUGLQJ YDULRXV SDUWV RIDUHFRPPHQGHU
LVHORQDG 5HDO 7LPH OXOWLPRGDO %YHKDYLRUDO ORGHOLQ
GHVFULEHV D FRPPHUFLDO SODWIRUP FRPSRVHG RI WKH DO.
SDSHUV

7TDEOH GLVSOD\VVRPHH[DPSOHV RIP\ZRUNQRWLQFOXGH



7TDEOH ILVW RI SXEOLFDWLRQV QRW WDNHQLQWRDFFRXQW Z
PRVWLPSRUWDQW DUWLFOHV 1XPEHURIFLWDWLRQV ZDV FRF

3XEOLFDWLRQ & LWOD ML RQV
3RLQWV

%DUEDUD 5\FKDOVND .DWDU]J\QD 3DNXOVND .U\WW\QD &KRC
'RMFLHFK :DOF]DN DQG 3LRWU $QGUXVINLHZLF] "6DPVXQJ 3
1/3WHDP DW 6HP(YDO WDVN I1HFHVVLW\IRU GLYHUVLW
ELQLQJ UHFXUVLYH DXWRHQFRGHUV | :RUG1IHW DQG HQVHPI
VWR PHDVXUH VHPDQWLF VLPLODULW\"  3URFHHGLQJV RI WKI
WLRQDO :RUNVKRS RQG6HPDQWLF (YDOXDWLRQ 6HP(YDO

+ 6DQ'LHIJR &DOLIRUQLD -XQH $VVRFLDWLRQIRU &
SXWDWLRQDO /LQJXLVWLFV GTRILTDb, f|f Y 6
+H Mi?QHQ;vXQ ;faRe@RYNR
%DUEDUD 5\FKDOVND DQG -DFHN 'DEURZVINL “"6\QHULVH D\
5DNXWHQ 'DWD &KDOOHQJH (IILFLHQW PDQLIROG GHQV
PDWRU IRUFURVYVY PRGDO UHWULHYDO" 7KH WK , QWHUQDW
* 5 &RQIHUHQFH RQ 5SHVHDUFK DQG '"HYHORSPHQW LQ ,QIRU
SHWULHYDO 6,*,5 H&RP :RUNVKRS &KIDOOHQJH
'RPLQLND %DVDM :LWROG 20HV]NLHZLF]|,JRU 6LHUDG]NL
*YUV]FIDN %DUEDUD 5\FKDOVND 7RPDV]|[7TU]JFL VNL DQG %|
=LHOL VNL “([SODLQLQJ 6HOI 6XSHUYLVHG ,PDJH 5HSUHV|
ZLWK 9LVXDO 3URELQJ" B3URFHHGLQJVY RI WKH 7TKLUWLHWK ,
-RLQW &RQIHUHQFH RQ $UWLILFLDO ,QWHOOLJHQFH ,-&$,

, QGXVWULDO G6LIJQLILFDQFH

O\3K'ZDV FRQGXFWHGLQ WHUPV RIWKH QGXVWULDO 'RFWRU
JUDPPH 7KH ZRUNV SUHVHQWHG LQ WKLY WKHVLVY DUH DOUH
6\QHULVH 6 $ ZKLFK ZDV P\3K'KRVW 7KHPRGHOV DQG PHWK
QHVV RI WKH FRPSDQ\ ZKLFK LV D PXOWLSXUSRVH DQG PXOW
VSHHG DQG VFDODELOLW\ DVSHFWV RI WKH LQWURGXFHG PR
DOORZHG WR SURFHVY GDWD IURP HYHQ WKH ELJJHVW FXVWHF
WHOHFRPV 7KHVXFFHVVHV RI WKHVHDOJRULWKPV LQ SUHVW



VXFK DV 6,*,5 5DNXWHQ &KDOOHQJH >5\FKDOVND DQG 'DEU
5HFV\V & KDOOHQJH QG SODFH .''&XS >'DQLOXN HW D¢
LQJ FRP :6'0 &KDOOHQJH >'DQLOXNHW DO E@ QGSODF
LQJD FRPSHWLWLYH HGJH RQ WKH PDUNHW DQG REWDLQLQJ L
SHUIRUPHG DJDLQVW FRPSHWLWRUV VXFK DV *RRJOH '"HHSOLQ
VHDUFK DQG PDQ\RWKHU OHDGLQJLQGXVWU\DQG DFDGHPLF
7KHDOJRULWKPV GHVFULEHG LQ WKLV WKHVLV DUH FXUUHQ
RIWKHP LV WKH 6\Q HDULWBIG @/DWHRUPNVHUDFWLRQ PDQDJHPHQ\
IRUODUJH HQWHUSULVHV ZKLFK JHQHUDWH EHKDYLRUDO HYt
FRPSDQLHV VXFK DV )DEND P%DQN &DUUHIRXU &&& 5RVVPD;
EXVLQHVVHV LQ (XURSHDQ 8QLRQ *UHDW %ULWDLQ OLGGOH |
GDWD YROXPHV UHDFK WHQV RI PLOOLRQV XVHUV DQG WHQV R
FRPSDQ\VHUYHG E\ WKH SODIURUP 7KH JUDSKV SURFHVVHG E
QRGHV LQ VL]H
7KHVHFRQG SURGXFWLQ ZKLFKWKH SUHVHQWHG DOJRULWK
LV QRW \HW UHOHDVHG WR WKH PDUNHW EXW LV EHLQJ WHVW
SDQLHV ORQDG DVVLVWYV 'DWD 6FLHQFH WHDPV ZLWK FUHDW
RPPHQGHU VI\IVWHPV FKXUQ SUHGLFWLRQ PRGHOV RU SURSH
UHQWO\ SURFHVVHV KXQGUHG PLOOLRQ QRGH LQWHUDFWLRC
QLHV DPRQJRWKHU H[DPSOHV >' EURZVNL DQG 5\FKDOVND
'XH WR D VXFFHVVIXO FRPELQDWLRQ RI UHVHDUFK DQG EXV
QXPEHU RILQWHUQDWLRQDO EXVLQHVV DZDUGY SDUWLEXOD
RILWY SURGXFWV 5HFHQWO\WKH FRPSDQ\ZDV UHFRJQL]JHG ¢
JURZLQJFRPSDQ\LQ (XURSHDQ WHFKQRORJ\ VHFWRU LQ WKH
&RPSDQLHV ~ BD@HNULIQMH ZDV DOVR UHFRJQL]JHG DPRQJ WKH \
LQ (XURSHLQ WKHILHOG RIDUWLILFLDOLQWHOOLJHQFHDQG
2SHQ VRXUFHG YHUVLRQV RIGHVFULEHG DOJRULWKPV DUH
ILUPDWLRQ RI XVH KDV EHHQ PDGH E\ =RPDWR D ODUJH UHVW
FLWLHVDFURVV FRXQWULHV +DYLQJVHDUFKHGWKHOLWHU
ODWHQF\DQG TXDOLW\FRQVWUDLQWY WKH\KDYH SLENHG RX

?21iTb,ffbvM2 Bb2 X+ QKf
?2iiTh,ffrrrX7iX+QKf7iRyyy@kykk



GHVFULEHGLQ WKHLU UKHMHDRWFHKH WEBR WSRRMVMIWD OJRULWKPV KDY
WKDQ SRSXODU VWDWH RI WKH DUWLQGXVWU\DOJRULWKPV \

$FNQRZOHGJHPHQWYV

7TKH ZRUNV GHVFULEHG LQ WKLV WKHVLVY KDYH EHHQ SDUWLD

167 HQWLWOHG “0$' 1/3 OXOWLDVSHFWXDO 'LDJQ
DZDUGHG E\ WKH 1DWLRQDO 6FLHQFH &HQWUH 1&1 LQ (
1&%L5 JUDQW QR 32,5 LQ 6\QHULVH )XUWKHUF

UHVHDUFK LQWHUHVWY RQ D PRQWK UHVHDUFK VWD\ DW 1D/
3URIHVVRU 6KDILT -RW\TV UHVHDUFK ODE 7KH VWD\ ZDV ILQEC
WKH (XURSHDQ 8QLRQTV +RUL]JRQ 5HVHDUFK DQG ,QQRYD
6NARGRZVND &XULH JUDQW DJUHHPHQW 1R , ZDV DOVF
3URJUDPPH E\ 1$:$ ZLWK D UHVHDUFK VWD\ DW 2[IRUG 8QLYF
UHVHDUFK ODE “2[IRUG $SSOLHG DQG 7TKHRUHWLFDO ODFKLQH
ZDV XQIRUWXQDWHO\ FDQFHOOHG GXH WR WKH &29," SDQGI
D ODXUHDWH RI WKH 5HFWRUYTV 6FKRODUVKLS IRU WKH EHVW
7HEKQRORJ\ 'XULQJP\ZRUNRQ WKH 3K', ZDV D PDREHDR| WK
OHG E\ SURI GU KDE LQ* 3UJHP\V4ADZ %LHFHN DW WKH :DUVDZ

6WUXFWXUH RI WKH 7KHVLYV

,Q 6HFWLRQ , GHILQH WKH QHFHVVDU\ EDFNJURXQG NQRZO'}
SUHVHQWYVY DQ LQWURGXFWLRQ WR UHFRPPHQGHU V\VWHPV D
IRUPDQFH 7KHQLQ6HFWLRQ ,SUHVHQW P\UHVHDUFK UHVXC

+f5HVHDUFK +\SRWKHVLYVY LV GLVFXVVHGLQ6HFWLRQ
+f5SHVHDUFK +\SRWKHVLYVY LV GLVFXVVHGLQ6HFWLRQ
f5SHVHDUFK +\SRWKHVLYV LV GLVFXVVHGLQ6HFWLRQ
ft5HVHDUFK +\SRWKHVLYVY LV GLVFXVVHGLQG6HFWLRQ

+f5HVHDUFK +\SRWKHVLYVY LV GLVFXVVHGLQ6HFWLRQ

2iiTh,ffrrrXxQK iQX+QKf#HQ;f+QMM2+iBM;@i?2@/Qib@bi'2M;i?2MBM; @ "2
Qm @+mbiQK2'b@T "i@irQ



)LQDOO\ LQBHFWLRQ ,VXPPDUL]JHP\UHVXOWYV DQG WKH FF



, QWURGXFWLRQWR 1IHXUDO 1IHWZRUNYV

%HIRUHWUDQVLWLRQLQIJWRWKHWRSLFRIUHFRPPHQGDWLRC
HOV IRUPLQJ WKH EDFNERQH RI PDQ\VXFFHVVIXO UHFRPPHQC
7TKHVHH[SODQDWLRQV ZLOOEHYLWDOIRUWKHXQGHUVWDQG
GHVFULEHGLQIROORZLQJVHFWLRQVY DVZHOODV PRGHOV FU

/KH3HUFHSWURQ

5HVHDUFK RQ QHXUDO QHWZRUNV VWDUWHG ZLWK PRGHOV OR
WKH KXPDQ EUDLQ 2QHRIWKHILUVW PRGHOV LV WKH ZHOO N
3LWWYV 5RVHQEODWW @ +HUH ZH IRFXV RQ WKH PRUH
> @ GLVSOD\HG LQ )LJXUH B5RVHQEODWWYIV DUWLILFLDO D
VXPHVDVHULHVRILQSXWVDQGUHWXUQVDVLQJOHYDOXH 7k
EUDLQ ZKLFKDUHLQWHUFRQQHFWHG ZLWKLQ ODUJH QHWZRI
QHXUDO FHO OV L YDPRKOWDISXOL HG ZLW K DQ D WY RIRRIADGRZG1 GVE DL
VXPPDWLRQWSN®GXFWV 7KLV ZD\ DIRUP RID ZHLJKWHG VXF
7KHQ DGGLW L RQD/DBLOH/GYW R XM H V X P BHK® U IBD\WSHWK L DIOH XEQ B!
DVLWLVY QRW GLUHFWO\OLQNHG WR DQ\RI WKH LQSXWV * VL
7KH LQWXLWLRQ EHKLQG WKH ELDV LV WKDW LW FUHDWHV D W
DJJUHJDWHG YDOXHRIWKHUHDOLQSXWV PXOWLSOLHG E\ZHL
DQLVP + WKH\ SURSDJDWH D VLIQDO RQO\ZKHQ FHUWDLQ FRQ
PHDVXUDEOH WKUHVKROG

7KH RXWSXW RI WKH 3HUFHSWURQLV D ELQDU\ YDOXH HLWK

8

21 LW x+b>0
f(x) =

70 RWKHUZLVH

7KHOHDUQLQJUXOHUHOLHYV RQWDNQGVW K WIE K W K 5 @/DIWVK-HRA(
VLILFDWLRQ UHVXOW VKRXOG UHDFKWKH FRUUHFW RXWSXW )
DVIJLYHQLQ WKHWUDLQLQJVHW ,Il WKHFODVVLILFDWLRQ UH
+RZHYHU LIWKHFODVVLILFDWLRQVIDHMXWVOSHWMRQPRGWZH MK VDI
ORZLQJ UXaeClaskificdtion D (PEedictedClassification DVVXPLQJ YDOXHYV HL
RU



JLIXUH 7TKHFODVVLF SBHUFHSWURQ PRGHO IURP 5RV

w = w+ ( TrueClassification  PredictedClassification) x;

b= b+ (TrueClassification P redictedClassification ) :

7TKLVLVGRQHLQRUGHUWRPRYHWKHFODVVLILFDWLRQ ERX
FODVVLILHG FRUUHFWO\ RYHU LIWKHGHVLUHGUHVXOWLYV
OHDUQLQJUXOHUHTXLUHVY WKDW WKHOHDUQHG SUREOHP EH
WHUPLQDWH

&RPSRVHG RI MXVW RQH QHXURQ DQG ZLWK WKH VLPSOLVW|
PRGHO LV QRZ ORQJ REVROHWH +RZHYHU WKH PRGHUQ QHX
ZHLIKWV DQG ELDVHV DQG XVHD OHDUQLQJUXOHWRLWHUDMW
LQJ 7KHLU OHDUQLQJPHWKRG WKHEDFNSURSDJDWLRQ LV
YDULDWLRQVDQG XSJUDGHYV

ORGHUQQHXUDO QHWZRUNV KDYHGHYHORSHGLQWRD ZLGH
WXUH RILQSXWYV WKH\ FRQVXPHDQG WKH WDVNV WKH\DUH HJ
SRUWDQG FODVVHV RI QHXUDO QHWZRUNY DUH WKH IHHGIRU.
DXWRHQFRGHUV JUDSKQHXUDO QHWZRUNV DQGDWWHQWLR

JHHGIRUZDUG 1HXUDO 1HWZRUNYV

SBURFHHGLQJ WR WKH PRGHOV ZKLFK DUH VWLOO LQ XVH WRGI
IHHGIRUZDUG QHXUDO QHWZRUN ))1 >6FKPLGKXEHU @ )H



IRUP D VHULHV RIOD\HUV ZLWK HDFK OD\HU FRQWDLQLQJ PDC
TKHQHXURQVDUHOLQNHGLQWRD QHWZRUNZLWKFRQQHFWLF
LQJ ORGHUQ QHXUDO QHWZRUNV XVXDOO\KDYH PDQ\OD\HUV
DVWKHLQSXWOD\HU WKHPLGGOHOD\HUV NQRZQDV KLGGHQ
OD\HU 6HH )LIJXUH IRUDQH[DPSOH ,QDIHHGIRUZDUG QHWZ
RQHGLUHFWLRQ 2IRUZDUG 2IURP WKHLQSXW QRGHV WKURXJ
RXWSXWQRGHYV 7KHUHDUH QR F\FOHV RUORRSVLQ WKH QHW

J)LIXUH $PXOWLOD\HU IHHG IRUZDUG QHWZRU

7KH SURFHVV RIWUDLQLQJIHHG IRUZDUG QHWZRUNYV DQG F
WKHVLYVY LVFRPSRVHGRIWZR VWDJHV WKHIRUZDUG SDVV DQ

JRUZDUG 3DVYV

7KH SURFHVV RIQHXURQ XSGDWH ZLWK D VHULHV RILQSXW YD
UHFHLYHV D VHW RILQSXWV YLD FRQQHFWHG HGJHV ZLWK DWYV
VWUHQJIJWK RI FRQQHFWLR®@ HXYWHHWVRK H @$KW R Q@ OKKBIFK JHW V
FRQQHFWLRQ VSHRM. DGG N XPELW G D DEMIGI UPEMDIGGHG 7KH UH
RXWSXW LV IHG WR D QRQ OLQHDU DFWLYDWLRQ IXQFWLRQ
QRQ OLQHDU DFWLYDWLRQ IXQFWLRQ LVLPSRUWDQW DV LW C
IXQFWLRQV DW WKH RXWSXW 2WKHUZLVH WKH XSGDWH IRUP >
RILQSXW IHDWXUHYV

/Ha&) GHQRWH WKH RXWSXW YGB®R\WHDQYKXWDEDE®FEWLYDV



JLIXUH 7KH XSGDWHUXOHLQD QHXUDO QHWZF

HIDPSOH WKH VLIJPRLG IXQFWLRQ 7KHQ WKHXSGDWH UXOHR

Z= b+ hiw, ;

ot = (2):

%DFNZDUG 3DVV

$IWHU WKH IXOO IRUZDUG SDVV FRPSXWHG IRU DOO QHXURQ
FRQWDLQV YDOXHV ZKLFKFRUUHVSRQG WR GHVLUHG WDUJHW
RQ WKH ODVW OD\HUYVY YDOXHV DQG D GHVLUHG WDUJHW YDO
GHJUHHRIHUURULQ WKHQHWZRUN 7KHUH H[LVW PDQ\ ORVYV
QHWZRUNV VXFK DV PHDQ VTXDUHG HUURU RUFURVV HQWUR:
WDVN VXFKDV FODVVLILFDWLRQ RUUHJUHVVLRQ VHHG6HFW
$IWHU FDOFXODWLRQ RI WKHORVY LWLV WKHQIHG WR WKH
PLQLPL]H WKH ORVV IXQFWLRQ E\DGMXVWLQJ QHWZRUNYV ZH
JUDGLHQW LV FRPSXWHG ZKLFKLVDPHDVXUHRIWKHFKDQJH
LQRUGHUWRORZHU WKH ORVV IXQFWLRQ YDOXH
LWKDJLYHQWUBLYEHEDENSIKRSDIDWLRQ DOJRULWKP LV

oL_ @Le®@:

@w @a@@w
7TKLVIRUPXOD DOORZV WR FRPSXWH WKH MWRERVW KHEXREMRIL R



QHWZRUNHUURU $IWHUFRPSXWDWLRQRIJUDGLHQWYV WKH Z
PRGLILHG E\D XVHU GHILQHG OHDUQLQJUDWH $IWHU D QXP
EDFNZDUG SDVVHV WKHQHWZRUN ORVV LV H[SHFWHG WR UHD

7TKH GHVFLEHG IRUZDUG EDFNZDUG XSGDWH IRUPXOD LV XQ
FRPSOH[W\SHV RIQHXUDO QHWZRUNV ZKLFKDUH GHVFULEHC

IRVV)XQFWLRQV

IHXUDO 1HWZRUNV XVHPDQ\ORVV IXQFWLRQV GHSHQGLQJ R
WKLV VHFWLRQ ,GHILQH SRSXODUORVV IXQFWLRQVIRUWKH

'"HILQLWDRRQ 6TXDUHG (UMW VA®PSOH ORVV IXQFWLRQ FRPSX
WDVNVy GIHDRWLQJ WU XH BHYBWWQWIDIMKHGLFWHG RXWSXW YD
QHWZRUWUBNEBIQBI WKH QXPEHU RIHI[DPSOHV 06(LVFRPSXWHGD

X

L = i 2

i=1
'HILQLW&BRVV (QW UR/D ¥YAPBOH ORVV IXQFWLRQIRUELQDU\FC
FDQEHH[WHQGHG WRPXOWLSOHFODVVVFHQDULR ,WSXQLVK
LWLHV IRUWKH LQ K RBUHOHRAW. DA DWWVX HIRKKV S XW FODVYV  RU  LQ
FDYHSHQRWLQJ SUHGLFWHG SUNREBEQO MNKHRQRPPNY RIHJBP S
HQWURS\ORVV LV FRPSXWHG DV IROORZV

L
N

ity log($h) + (1 iyi) log(1iy})) :

SHFEXUUHQW 1HXUDO 1HWZRUNYV

SHFXUUHQW 1IHXUDO 1HWZRUNV 511V DUHPRGHOVGHYRWHG
WKH RUGHULQJRILWHPV LV RISULPDU\LPSRUWDQFH 511V KD
JXDJH3URFHVVLQJ GXHWRWKHLUDELOLW\WRDFEXUDWHO\F
DQGLQUHFRPPHQGDWLRQLQPRGHOLQJWKHRUGHURISXUEKI
HW DO @ DPRQJRWKHUILHOGYV

,Q 511V WKH FRQQHFWLRQV EHWZHHQ QRGHV IRUP D VHTXH
ZKLFK FDQ DOVR EH YLHZHG DV D WHPSRUDO ORRS 511V H[S
SURFHVV YDULDEOH OHQJWK VHTXHQFHV RILQSXWV 7KHLQW
HDFK SDVVLQJWLPH VWHS



J)LIXUH SHFXUUHQW 1HXUDO 1HWZRUN ZLWK XQIROG

$VLPSOHUHFXUUHQW PRGHO FDQ EHH[SUHVVHG DVIROORZ

he = (WhXt + Uphy 1+ )

o= (Whh¢+ D),

ZKHWHY WKH LQ XM WHERVIRIUG G HQ VWD WIHVDVMKW IKRIG GWE & W L
SUHYLRXVIWLBHVWHKS RXWSXWDW W IDRHVWWWUITELQDEOH ZHLJIKW
by b, DUH QHWZRUN ELDYR\QGHOP@HDP®D FWLYDWLRQ IXQFWLRQ R

2QH RI WKH PRVW SURPLQHQW H[DPSOHV RI 511V LV WKH /R(
PRGHO DQG *DWHG 5HFXUUHQW 8QLW *58 7KH\HPSOR\HODE
FXUUHQW PHPRU\PRGXOH WR IL[JUDGLHQW IORZ SUREOHPV L

$XWRHQFRGHUV

$Q DXWRHQFRGHU LV DQDUWLILFLDO QHXUDO QHWZRUN ZKLF]
DUELWUDU\ HQFRGLQJ 7KLV HQFRGLQJLV PRVW RIWHQ VPDO
WKRXJKW RI DV D IRUP RI FRPSUHVVLRQ $XWRHQFRGHU DUFK
XQVXSHUYLVHG VHWWLQJ LH RQGDWD ZKLFK GR QRW KDYH
WR WKHLU DELOLW\ WR SHUIRUP GDWD FRPSUHVVLRQ WKH\ PI
HPEHGGLQJOHDUQLQJ

J)LIXUH VKRZVDEDVLFIRUPRIDQDXWRHQFRGHU ,W XVXDC
IRUZDUG FRQQHFWLRQVDQG LV FRPSRVHG RIWZR PDLQ SDUW)



J)LIXUH $XWRHQFRGHU 1HXUDO 1HWZRUN $PLGGOH KLGGH
UHSUHVHQWDWLRQ DQGWKHQH[SDQG LW EDFNDW RXWSXW

WKHP DVPDOO ERWWOHQHFNLVLQWURGXFHGLQDIRUP RID
FRPSUHVVHG LQ®OWHWHIPMWHRQFERBM O\ WKH IRUZDUG UXQ RI D
DXWRHQFRGHUFDQEHH[SUHVVHG ZLWK IROORZLQJHTXDWLR

h= (Wx+ b);

xX°= Wh+ B

+HUWHGHQRWHV WK HKL QABKKMVYYHHFRMRRIUZ KLFK LV UHFRIQ VWU XFW
WKHKLGGHQ FRPWHWY HZGHIYBIKWRDWULFHV RSW b FPLFH®&\ WK H
WHUPV RI WKH QHW DRUIINODQBDU DFWLYDWLRQ IXQFWLRQV RI
REMHFWLYH LY WR PLQLPLVH D & HFEEQXWALDX FONG IR \DLRIHIGRQREHN
IRUH[DPSOHRQHRIWKHORVV IXQFWLRQV GHILQHG LQ 6HFWL

OSDULDWLRQDO $XWRHQFRGHUYV

9DULDWLRQDO $XWRHQFRGHUV 9%(V VKDUH WKH EDVLFLGHD
$XWRHQFRGHUVY KRZHYHU WKH\RSHUDWHLQ WKHSUREDELOL
SXWGDWD LV VDPSOHGIURP D SDUDPHWUL]J]HG GLVWULEXWLR:



J)LIXUH ODULDWLRQDO $XWRHQFRGHU 1HXUDO 1HV

LQIHUHQFH 7KH UHFIRQNVRAPSRFAMIGRIR) AMZIRRID UWYV WKH UHJXO
VXFKDVLQUHJIJXODUS$SXWRHQFRGHUV DQG.XOOEDFN+/HLEOH
WHULRU DQG WKH WUXH SRVWHULRU 7KLV WHUP LV XVHG WR
IURP WKH GHVLUHG GLVWULEXWLRQ

7KHDGYDQWDJH RI 9DULDWLRQDO $XWRHQFRGHUV RYHU FC
OHDUQHG UHSUHVHQWDWLRQV DUH PRUH HYHQO\ GLVWULE X\
HW DO @ :LWKFODVVLF$XWRHQFRGHUV WKHRQO\UHVW
ODWHQW UHSUHVHQWDWLRQV VKRXOG DOORZ WR UHSURGXFF
WHQG WR FOXVWHU WRJHWKHU XQHYHQO\LQ WKH UHSUHVHQV
RWKHU KDQG DUHWUDLQHG WR SURGXFH VPRRWK UHSUHVHQ
EHWZHHQ FOXVWHUV RI GDWD

IHWGHQRWH WKH L QhSEXFWWHKHHF @ B W 1D @\G : H @RVR/GX IP@HFVRHO W
IRUP DQ XQNQRZ® GAWIWQHBXEW DRUHW RTKEBQ ZPHWIRURUP XODW
IROORZLQJGHSHQGHQFLHYV

4 z
p = h|o(><;h)dh= h|0(><J'h)|0(h)dh:

+HUH ZH DUULYH DW WKH PRGS Z WILRQZDLAM G LEWMIH. EXMAMHR@W H G E
7KHHQFRGHU ZLOO UHS P thvH QWLW K H 3 D\8\W U R FDADIVWRH)G E\ D *D
EXWILRQ8QGHU VXFKIRUPXODWLRQ WKHQHXUDO QHWZRUN FLC
WKH XQNQRZQ SDUDPHWHUV RI GLVWULEXWLRQVLQYROYHG



*UDSK1HXUDO 1HWZRUNYV

*UDSK 1HXUDO 1HWZRUNV *11V LV D FODVV RI QHXUDO QHWZ
WXUHYVY *UDSK VWUXFWXUHV UHSUHVHQW WKHUHODWLRQV H
JRUPDOO\ @ORMN® &K GHGLYWEDVZKHWIHY WKH VHW RE QRIGHV DC
WKHHGJHVY EHWZHHQ WKHP || WKHUH DUH GLUHFWLRQDO GH
GLUHFWHG ,IQRW HGJHV DUH XQGLUHFWHG

*UDSKVFDQEHIRXQGLQPDQ\DUHDV RIOLIH VXFKDV ELROF
VWUXFWXUH VRFLDOQHWZRUNV URDGQHWZRUNV RUEHKD)
OLQNHG WR WKH LWHPV WKH\ EX\

J)LIXUH ,OOXVWUDWLRQRID*UDSK1HXUDO 1HWZRUN ,Q HD
DOOQRGHVDUHFRQVLGHUHG

*11V KDYH EHHQ FUHDWHG WR DGGUHVV WKH LVVXH RI SURFI
QHFWHG GDWD 3UHYLRXVO\LQWURGXFHG QHXUDO DUFKLWH
DV IL[HG VL]HLPDJHV RUVHTXHQFHV RI ZRUGV ,W LV ZRUWK C
DOVR EH XQGHUVWRRG DV JUDSKV )RUH[DPSOH LQ WKH FDVF
QRGH DQG WZR QHLJKERULQJZRUGYV FDQ EH OLQNHG ZLWK DC
DUH PXFK PRUH FRPSOH[DQG LUUHJXODU 7KH\RIWHQ KDYH D
QRGHV FDQ EH KXEV KLJKO\FRQQHFWHG ZLWK PDQ\ QHLJKER
IHZ HGJHYV

*11V RIWHQ WDNH WKH IRUP RI PHVVDJH SDVVLQJ QHXUDO Q



VDJH SDVVLQJYfUHIHUV WR WKH IDFW WKDW LQ *11V D QRGH U
UHSUHVHQWDWLRQ RILWY QHLJKERULQJ QRGHV 7KLV zZD\ QF
WKH JUDSK E\ FRPPXQLFDWLQJ WKHP WR WKHLU QHLJKERUV \
SHUIRUPHG LQ D YDULHW\ RI ZD\V GHSHQGLQJ RQ WKH PRGHO
IHWZRUNV *&1V >.LSIDQG:HOOLQJ @ XVHWKHIROORZLQ

H O+ = (W[i]H[i]A ):

+HUH! DHE*Y GHQRWH PDWULFHY FRQWDLQLQJKLGGHQ QRG
DQ6L UHVSHMLWHWOKH WUDLQDEOH ZHiLD g\ LIPDW/HIH. RI R & P 00D\ }
DGMDFHQF\PDWUL[RIWKH JbRRIG HV YIVQVDDIGND B RHZQ PAKR DW U L |
DOLWIN\DQG LQGLFDWHYV ZKHWKHU SDLUV RI YHUWLFHV DUH DG
UHSUHVHQWLQJDQHGJHDQG UHSUHVHQW LLQY\® B NRRJ DU IE
SDVVHTXDWLRQHQDEOHV WKHPRGHO WR OHDUQ WKH IHDW XU
7KXV HDFKQRGHFRQVLGHUVRQO\WKHKLGGHQ YHFWRUV RI L'

SWWHQWLRQ %DVHG 1HXUDO 1HWZRUNYV

SWWHQWLRQLVDPHFKDQLVP ZKLFKDOORZVWKHQHWZRUN WEF
EHWZHHQ LQSXWDQG WDUJHW VHTXHQFH VHW HOHPHQWYV 2C(
SRSXODU PHFKDQLVP ZDV >%DKGDQDX HW DO @ 7KHPRV\
WKDW RI WKH7UDQVIRUPHU VHOI DWWHQWLRQ >9DVZDQL HW L

.
Attention (Q;K;V) = softmax(%%)v ;
k

ZKHYHY WKH T X HKUL Y MKW RWA YWHWWR Y D O Xdi ¥ Y PMKR G LDPQH®) V L F
RI WKKMHFW®RKY DGYHFWRUV DUH REWDLQHG E\xUXRQRRIKW K +
VSHFLDOL]HG QHXUDO QHWZRUN OD\HUV 7KLV ZD\ GLIIHUHQV
WKHQ PXOWLSOLHG DJDLQVW HDFK RWKHU WR UHSUHVHQW YD
$WWHQWLRQ DOORZV WR GHWHFW VRSKLVWLFDWHG SDWWHU
FRQVLGHU DOO RWKHU HOHPHQWYV DQG VLJQDO WKDW WKH QH
VPDOO EXW LPSRUWDQW SDUWV RI WKH GDWD

8QIRUWXQDWHO\ WKHPHKOVOWVEWILE TWDRRQYDWLF FRPSOH[LW\
SURYHY SUREOHPDWLF IRUSURGXFWLRQ VIVWHPV DQG KDV V!



FRPSXWDWLRQDO FRPSOH[LW\ >%HOWDJ\HW DO 'DQJ HW
IRUPV RIDWWHQWLRQDUH ZLGHO\DSSOLHGLQ WKHILHOG RIL
VA\VWHPV >GH6RX]D 3HUHLUD ORUHLUD HW DO '‘LDRHWDO



5HFRPPHQGHU 6\VWHPYV

%DFNJURXQG

7KH G\QDPLF JURZWK Rl ,QWHUQHW EDVHG VHUYLFHV KDV JH
PDWLRQ *OREDOO\ WKH QXPEHURI,QWHUQHW XVHUV LQFUH
ELOOLRQLIQWK WKHJURZWKRIVRFLDOPHGLDDQG YDULRXV IR
DQG DGYHUWLVLQJ WKHJURZWKRIGLJLWDO GDWD LV ERXQG

,QWHUQHW KRVWYV YDULRXV IRUPV RILQIRUPDWLRQ VXFK D
LV RIWHQ VWRUHG RQ PDVVLYH VRFLDO QHWZRUNV VXFK DV )L
VLWHV VXFK DV $PD]RQ RU H% D\ $PD]RQ KDV PRUH WKDQ |
LQ VKLSSHG RYHU ELOOLRQ SUR GXFRMWV/XF®@® DV R XQHS LVOK R L
VRXUFHV LW EHFRPHV FKDOOHQJLQJIRU XVHUV WR ORRN IRU
VXH WZRLPSRUWDQW LQIRUPDWLRQ SURFHVVLQJWHFKQROR

@ LQIRUPDWLRQ UHWULHYDO DQG UHFRPPHQGDWLRQ ,QL
WHP XVHUV H[SOLFLWO\SUHVHQW WKHLU JRDOV E\ VHQGLQJ
RWKHU KDQG LQ DQH FRPPHUFH SODWIRUP VXFK DV $PD]RQ
JRDOV RIXVHUV IURP WKHLU EHKDYLRU KLVWRU\DQG SURDFW
EHLQWHUHVWLQJ 7KLV JRDOLVNQRZQDV UHFRPPHQGDWLRC

OXOWLSOH$VSHFWV RIS HFRPPHQGHU 6\VWHPV

5HFRPPHQGHU VI\VWHPV VSDQ D EURDG UDQJH RI DUHDV RIWH
ODWHG WR SURGXFW UHWULHYDO LQ D VLQJOH SURGXFWLRQ "
"UHFRPPHQGDWLRQ FDQEHXQGHUVWRRGLQPDQ\ZD\V ZKLEF]
WZR FKLHI UHFRPPHQ 6R Q\WRQ \& UDBQFKG VU H-RPEHXG DWW DROQ
DQEBROODERUDWLYH UHRRIPFRYPBDWIZRQPSRUWDQW XVH FDVt
EDVHG RQ SDVW XVHU LQWHUDFWLRQV DQG UHFRPPHQGDWLR
,QFRQWHQW EDVHG UHFRPPHQGDWLRQ XVHUVDUHDEOHW
XFWV EDVHG RQ LQWULQVLF SURGXFW FKDUDFWHULVWLEV V.
IHDWXUHV 7KLV LV WKHFDVHIRUH[DPSOH ZKHQ D UHFRPPHQ

?2iiTb,ffrrrXbi iBbi X+QKfbi iBbiB+bfkdjyR3fMmMK#2 @Q7@BMi2 M2i@mb2 b
2iiTbh,ffrrrXM+? MM2HX+QKf#HQ;f K xQM@bi iBbiB+bf
2iiTh,ffrrrXi?2p2 ;2X+QKfkyR3fRfkfRe39Rd3ef K xQM@T BK2@kyRd@mb2"

#BHHBQM



RIFORWKLQJEDVHG MXVW RQ D SKRWR RID FORWKLQJVHHQE
RPPHQGDWLRQ FDQ DOVR PDWHULDOL]JHLQ WKH IRUP RI FURV\
PHQGHG EDVHG RQ PXOWLSOHPRGDOLWLHYV )RUH[DPSOH WK
LWHP SUHYLRXVO\ERXJKW E\D XVHUDQG WKHWDVN FRXOG EH
LOQYHQWRU\ &RQWHQW EDVHG UHFRPPHQGDWLRQ FDQ DOVR |
\HW KDYHDQ\XVHU LQWHUDFWLRQV HJ GXHWREHLQJVIUHV
UHFRPPHQG WKHP RQ WKH EDVLV RI WKH SURGXFW VLPLODULW

,Q FROODERUDWLYH UHFRPPHQGDWLRQ WKH XVHUV WKHP V|
DGGLQJLWHPV WR EDVNHW DQG EX\LQJWKHP 7KHUHFRPPHC
EDVHG RQ FRPPRQ EX\LQJ SDWWHUQV 7ZR SURGXFWV DUH GI
LOQWHUDFWLRQ SDWWHUQV IURP XVHUV 7KH W\SHV RI LQWHU
FRPSDQ\PLJKWEHLQWHUHVWHGLQVHSDUDWHPRGHOLQJRIE
FDQ EH XVXDOO\RIWZR W\SHY D SUREDELOLW\WKDW WKH X
DQ RUGHUHG OLVW RIUHFRPPHQGHG LWHPV >-DQQDFK HW DO

&ROODERUDWLYH UHFRPPHQGDWLRQ LV RIWHQ GLYLGHG L¢
XVHU LQWHUDFWLRQ KLVWRU\

$6HVVLRQ EDVHG 5HFBRPVIQRE® WDRAG UHFRPPHQGDWLRQ |
W\SHV RI UHFRPPHQGDWLRQ EDVHG RQ WKH IRUPDW RI XV
PHQGDWLRQ XVHULQWHUDFWLRQV ZLWK WKH LWHP LQYHQ
7KH VHVVLRQ XVXDOO\ UHSUHVHQWY D VKRSSLQJ RU EUR:
PXOWLSOH VHVVLRQV

$7RS . 5SHFRPPHQGEDMR®WUDVW WR VHVVLRQ EDVHG UHFRP

RPPHQGDWLRQ HDFK XVHU LV FKDUDFWHUL]JHG ZLWK DQ X
7KH VHW FKDUDFWHUL]HV DOO LQWHUDFWLRQV JDWKHUHG
7RS NUHFRPPHQGDWLRQ FDQ DULVH IRUH[DPSOHLQ VWU
ZDWFK PRYLHV RYHU D ORQJWLPHVSDQ DQG HDFK XVHU L
WKH\ OLNHG WKURXJKRXW WKHLU FRPSOHWH KLVWRU\ ,W
SLQJ EDVNHW LV VFDQQHG DQG VDYHG DW WKH HQG RI VKI
UDQGRP

7TKH TXDOLW\RIDOONLQGV RIPXOWLPRGDO UHFRPPHQGHU'
WXDO GHVFULSWLRQVDQGLQWHUDFWLRQ KLVWRU\ LV RIWHC
WDWLRQV RI LPDJH WH[W DQG LQWHUDFWLRQV 7KHVH QXPH



JLIXUH $ PXOWL SXUSRVH UHFRPPHQGDWLRQ V\VWHP 7KH
YDULRXV PRGDOLW\ HPEHGGLQJV IRUWH[W JUDSK QRGHV Y
EDVHG UHFRPPHQGDWLRQDQGLQWHUSUHWDELOLW\ UREXVW



VSHFLDOO\GHVLJQHG XQVXSHUYLVHG PHWKRGV ZKLFK H[WU
WHUDFWLRQ GDWD DQG WUDQVIRUP LW LQWR QXPHULF IRUP )
WKH LGHPERGGLQKDMFVWRHQ ILUP URRWV LQ PDQ\DUHDV RI PI
LQJUHFRPPHQGHU V\VWHPV (PEHGGLQJYHFWRUV DUH YHFWI
ZLWK VHPDQWLF VLPLODULW\RILWHPV WKH\GHVLJQDWH 7KH
H[WUHPHO\SRSXODULQUHSUHVHQWDWLRQRIWH[W >3HQQLQ
DQGLQWHUDFWLRQV >$N\LOGL]HW DO @ DPRQJPDQ\RWK
DQG HQKDQFHPHQW UHPDLQV FUXFLDO IRUUHFRPPHQGHU SHL

$SDUW IURP UHFRPPHQGDWLRQ DOJRULWKPV WKHPVHOYHV
SOD\D YLWDO UROHLQDVFHUWDLQLQJDVXFFHVVIXO RSHUDW
$QLPSRUWDQW FODVV RIDOJRULWKPVY DUHLQWHUSUHWDELO!
RPPHQGDWLRQV DUHUHOLDEOH L H WKH\DUHKLJK TXDOLW\
LQ WUDLQLQJ GDWDVHWYV ZKLFK DUH FDUULHG RYHU WR SUR
PRGHOVWREHLQWHUSUHWDEOH L H ZHVKRXOGEHDEOH WF
HJ ZKLFKLQSXWV KDG WKH GHFLVLYHLPSDFW RQ WKH GHFL\
WKH SURPGNP RVDULDORRGPSOGRZ HW DO $WKDO\VH HW
WR D PRGHO GHVLJQHG LQ VXFK D ZD\ DV WR GHFHLYH WKH PR
DQDO\VLV RIUREXVWQHVV RIPRGHOV WR WKLV NLQG RI DWWD

$IXOOYLHZRIDUHFRPPHQGHU V\VWHP ZLWK DOO WKH DERY }
W IHDWXUHV D UHFRPPHQGHU ZKLFK RSHUDWHV RQ WKUHH L
GDWD RI LWHPV DQG WH[WXDO GHVFULSWLRQV (DFKPRGDOL
PRGHO 5HVXOWLQJHPEHGGLQJVDUHIHGWRDUHFRPPHQGHLU
FRQWHQW EDVHG PHWKRGV (DFKPRGHO UHWXUQV DUDQNLQ
RIWKHUHFRPPHQGHUDQG PRGHOV ZKLFK FRPSULVH WKH UHFF
LW\ DQG UREXVWQHVV GHWHFWLRQ PHWKRGYV

SHFRPPHQGHU (YDOXDWLRQ OHWULFV

5HFRPPHQGHU DOJRULWKPV RSHUDWH RQ YDULRXV NLGV RI L¢
IRUP D UDQNHG OLVWV RI UHFRPPHQGHG LWHPV ZLWK PRVW
WKHPRGHOV DUH XVXDOO\HYDOXDWHG ZLWK D VHW RI UDQN L
FRPSXWHRKE ROYMRSUHWULHYHG KQEW KO JNRPNHAKIHEZHVEK W ZHHQ
GHSHQGLQJRQ WKH QHHG HJ QXPEHURIUHFRPPHQGHG LWH



'"HILQLWtRWS5DWH#. £t¥#O VLPSOH ELQDU\ PHWULF WKDW ORRN
WRS . UHFRPPHQGHG LWHPV DUH UHOHYDQW IRUWKHJLYHQ X\

'"HILQLWERERRBRDOFEDXHFOFXODWHY WKH SURSRUWLRQ RIUHFRPPHQG
RI WKHWRWDO QXPEHU RIUHOHYDQW LKW® PWW :G WRg RDMABE DIVQ V
DOO UHOHYDQW LWHP VHW GHQRWHG DV $ ZH KDYH

JRk]
Recall #K = —=
JA]

'HILQLWBBRFLVIFO@MFEXODWHY WKH SURSRUWLRQ RIUHFRPPHC
RXW RIDOO RI UHFRP P H GUHHGW XNUHPH/GL IOMWHKRPH W.R®/ K UKHOHYD QW
OLVW GHRQR2AWMHK® ¥ M

JRk] .

Precision #K =
K

"HILQLWERIQUDJIH BUHFLMIMRWKH3IE#XP RI SBUHFLVLRQ#.KRU GLIIH
GLYLGHG E\WKH WRWDO QXPEHU BHVKOWYDQW LWHPV LQ WKH

'"HILQLWQRDRQ $YHUDJH 3UHFLMW. W HPRRBBQ RI $YHUDJH 3UHFLVI
ZKROH GDWDVHW

'"HILQLW&RBRXODWLUIWHFDQRXODWHG DV WKHVXPRIDOO WKH UH
PHQGDWLRQ VHW ,Q FRQWUDVW WR SUHYLRXVO\LQWURGXFH
DOORZWRQRWRQO\FRPSXWHZKHWKHU UHOHYDQW LWHPV DU
DVVHVV WKHLU H[SOLFLW VFRUHYV i & WEKRWEHGIMWBYBQFH VFR

'HILQLWLRFRXQWHG &XPXODWLYWEDDG X'@EPMWHG DV WKH &XP:
ZLWK DGGHG FRUUHFWLRQ ZKLFK YDOXHV PRUH WKH SRVLWLR
VFRUH D\G WORWH GZBIVK D Y H

X rel;

DCG = B m



'"HILQLWLBEO®DO 'LVFRXQWHG &XPXODWLLrKHOBA U, BHW.ULF ZKLF
ODWHV ZKDW WKHVFRUH "&*#. ZRXOGEHLIWKHLWHPV LQ WKH |
LGHDO XQNQRZQIRUWKHUHFRPPRELG BY ARGHOD VW EB OH Y WRAH
LWHPV XS WoRDSFRVUMQRQYD QF HVH R B MEE GZBIVKQN H
J'F%ij

rel;
IDCG = _
logy(i +1)
'"HILQLWURQ@WPDOL]JHG 'LVFRXQWHG &XPXQDWRFHXWHD D\&WKH
SRUWLRQEHWZHHQUHDO 'LVFRXQWHG &XPXODWLYH*DLQ '&*;

*DLQ ,'&*#.
DCG #K

NDCG #K = {5ce #K

'"HILQLWLRRHDQ SHFLSURFDOPRDOQMAN OBSWHYVY WKH UHFLSURFDO R
WKH ILUVW UHOHYDQW GRF)QPEBM. @B 8 DN WUWKIEHW R & D:Q \@ K P E H
UHFRPPHQGHG UB®NLIVHNBGWLQJ WKH SRVLWLRQ RI WKH W
IRUWWHK TXHU\
1 X
MRR = iQ rank; -

+DYLQJ GHILQHG UHFRPPHQGHU SHUIRUPDQFH PHWULFV O
VXFFHVVIXO UHFRPPHQGHU PRGHOV

&ROODERUDWLYHS5HFRPPHQGDWLRQ

&ROODERUDWLYHUHFRPPHQGDWLRQDSSURDFKHVY WKH SURE
WKH SURGXFWYV %DVHG RQ WKLV WKHDLP LV WR IRUHVHH ZK
VRPHLQWHUDFWLRQ IURP WKH XVHU LQ WKH IXWXUH 7KH SUI
PDQ\XVHUV 7KHFRUHLGHDLVWKDWDXVHUZLOO XVXDOO\OL
XVHUVLQWKHSDVW 7KHIROORZLQJVHFWLRQV LQWURGXFH S
SUREOHP

ODWUL[)DFWRUL]DWLRQ $OJRULWKPV

ODWUL[ )DFWRUL]DWLRQ 0) PHWKRGV EHORQJ WR WKH HDUOI
RUDWLYH UHFRPPHQGDWLRQ 7KHVH DOJRULWKPV RSHUDWH



H[ISUHVV WKH KLVWRULFEHKDYLRUV RIXVHUV )LJXUH 7TKH F
ZKLOH WKH URZV H[SUHVV WKH XVHUV 7KH YDOXHV ZLWKLQ W
EHWZHHQ D XVHU DQG DQ LWHP 7KLV FDQ EH D SXUFKDVH D E
VRPHVFDOH

ODWUL[ )DFWRUL]DWLRQ ZRUNV E\GHFRPSRVLQJ WKH XVHU
XFWRIWZR ORZHU GLPHQVLRQDOLW\PDWULFHVY 7KHREWDLC
IHDWXUH YHFW RPE HDEOOMRBR B WHRIWMD QG LWHPV ZKLFK FDQ E
FRPSXWHVLPLODULW\EHWZHHQ SDLUV RIHQWLWLHYV

JLIXUH ODWUL[ ) DFWRUL]DWLRQ XVHG WR VSOLW D XVHU LW
PDWUL[DQG LWHP UHSUHVHQWDWLRQ PDWUL]

JROORZLQJWKH GHILQLWLRQ IRE RHGRVWRVVDIOH ¥ H F @ RO H\K
WDLQV WKH ODWHQW | HD W XDJGI® GZHRIMGHPQ RW HSWRKS X AWW R U F |
WKH ODWHQW [jHTWH OBDWRIQW HHUDWXUHV RI LWHPYV FDQ EH X Q(
OHVV DEVWUDFW SURSHUWLHV RI LWHPV ZKLFK DUH H[SUHV\
FRUUHVSRQGVY WR D VHW SODFH LQ WKH IHDWXUH YHFWRU DO
XQGHUVWDQGDEOH SURSHUW\ LV VWRUHG LQ ZKLFK SODFH 71
ORJLF WKH\FKDUDFWHUL]JH XVHUVLQDPRUHFRQFLVH QXPH
VHQW XVHUJV OHYHO RILQWHUHVW LQ WKH FRUUHVSRQGLQJF
VXFKIRUPXODWLRQ WKH GRW SUR G YRIWUHBA HNHIQ I/ X \DHA FOVQE
W K HjXK/BIWIRU W KHKLWKRU VEFRUH FDQ PHDQ WKDW WKH XVHU LV
LQ WKH LWHP

+RZHYHU KRZ H[DFWO\WR REWDLQ WKHVH IHDWXUH YHFEWF
DSSURDFK LQWURGXFHG LQ D EORJSRVW GHVFULELQJ WKH ZI



3UL]H FRDMWPHWWR IDFWRUL]J]H WKH XVHU LWHP LQWHUDFWLRQ
6LQJXODU9DOXH'HFRPSRVLWLRQ 69" >6WHZDUW @ $PRU
PRGHO DOVRSURSRVHGDWI1IHWIOL[3UL]H FRQWHVW ZKLF
VXFKDV SURGXFW UDWLQJV E\ XVHUV RULWHP ERRNPDUNLQJ
YDULDWLRQV RIPDWUL[IDFWRUL]DWLRQ IROORZHG >-LDR HW

+RZHYHU PDWUL[IDFWRUL]DWLRQ PHWKRGYV KDYHEHHQ IR X
RIWKHPRVWVHULRXV RIWKHVHLV WKDW WKH\PXVWEHFRPSX
WKHLQSXW GDWD FKDQJHVY HJ DQHZ XVHUDUULYHV $QRWE
PDWUL[IDFWRUL]DWLRQ RQ ODUJH PDWULFHV ZKLFK LQ SUDF
PRGHUQ DPRXQWYV RI GDWD

ORGHO %DVHG &ROODERUDWLYHSHFRPPHQGDWLRAQ

7KH GUDZEDFNV RI ODWUL[)DFWRUL]DWLRQ DOJRULWKPV KDY
RIPRGHO EDVHG UHFRPPHQGDWLRQ DSSURDFKHV 6XFK DOJR
REMHFWLYH UHSUHVHQWHG E\ D ORVV IXQFWLRQ 7KH\DUH X
WUDLQ DQG GRQRWKDYHWREHUHERPSXWHG IXOO\ZLWK HDF
DSSURDFKHV LQYROYH QHXUDO QHWZRUNV DQG , ZLOO IRFXV |

7KH PRGHOV ZKLFK GRPLQDWH WKH ODQGVFDSH RI WRGD\TV
QHXUDO QHWZRUNV 511V JUDSKQHXUDOQHWZRUNV *11V D
DUH VXLWDEOH IRUGDWD ZLWK WHPSRUDO QDWXUH

$ FODVVLF DSSURDFK WKH*UX 5HF PRGHO >+LGDVL DQG .DL
FXUUHQW XQLW *58 LQDVHTXHQWLDO VHWWLQJ )LIJXUH .
LQXVHUKLVWRULHVWRDUHEXUUHQW PRGHO LQD ZD\VLPLOL
511V IURP WKH QDWXUDO ODQJXDJH SURFHVVLQJDUHD 7KH P
VHWV WUDLQLQJZLWK FURVV HQWURS\ORVV +RZHYHU WKE
GXHWRVORZFRPSXWDWLRQRIVFRUHV IRU LWHF
VROYH WKLV SUREOHP QHJDWLYH VDPSOHV DUH OLPLWHG LQ
GDWD WKH SDUW RI GDWD ZKLFK LV FXUUHQWO\ORDGHG RQW!|

1$50 1HXUDO $WWHQWLYH 5HFRPPHQGDWLRQ ODFKLQH >/L
DGGLQJDQLWHP OHYHO DWWHQWLRQ PHFKDQLVP $WWHQWL
DWWHQWLYH511V DVDWWHQWLRQ RIIHUV D PRUH ILQH JUDLC

2iiTh,ffbB7i2 XQ ;f bBKQMfDQm M HfkyyeRkRRX?iKH



J)LIXUH *UX 5HF PRGHO 6RXUFH +LGDVL HW DO

IHDWXUHV *58 QHWZRUNV IRUUHSUHVHQWLQJERWK ORFDO
VLRQV 7KHVH QHWZRUNV DUH GHQRWHG DV ORFDO DQG JOREI
E\WKH ORFDO HQFRGHU DUH DQDO\]HG E\ DQ DWWHQWLRQ PR
LQSXWV GHHPHG LPSRUWDQW IRUSUHGLFWLRQ WR SURYLGH
7KH FRPELQHG RXWSXWV RI ORFDO DWWHQWLRQ DQG JOREDO
WR FRPSXWH D XQLILHG UHSUHVGHQWW S XWQ RDQNHQPN YERHBVIF
UHWXUQHG DIWHU VLP L @A VO BRRSKRVIDREIHREGR QR JV 0D Q\ YD
WKLV DSSURDFK H[LVW VXFKDV 67$03 6KRUW 7HUP $SWWHQWL

@ ZKLFKLVDQ DWWHQWLRQ EDVHG QRQ 511 PRGHO XVLQJ ¢
LWHP ORQJ WHUP DQG VKRUW WHUP VHTXHQFEHYV

$ YHU\LPSRUWDQW FODVV RIPRGHOV DUH PRGHOV EDVHG R
*11>:X HW DO E@ VKRZQLQ)LJXUH VKDSHLQWHUDFWL
ZKLFKDJUDSK QHXUDO QHWZRUN LV DSSOLHG 8VHU VKRSSLC
EHWZHHQ QRGHV ZKLFK UHSUHVHQW LWHPV 7KH SXUFKDVH
VHVVLRQV PHDQV WKDW WKH VHVVLRQV ZLOO EHFRPH LQWHU
H[SORLW DGGLWLRQDO SDWKV EHWZHHQ VHVVLRQV ZKLFK Zt



J)LIXUH 65 *11 PRGHO 6RXUFH :XHWDO > E@

EDVHG 511V 7KLV LV EHFDXVH LW OLQNV WRJHWKHU LWHP Vt
VKRSSLQJVHVVLRQV ,WHPUHSUHVHQWDWLRQVFRPSXWHG E\
DQG XVHG WR FRPSXWH DQ DJJU K, DMKH @ HDVA/X R\Y LLE-OS UFHDWH RVQ |
LWHP HPEHGGLQJ PDWUL[UHWXUQV UDQNLQJVFRUHV IRUDOC

ODQ\DSSURDFKHV LQVSLUHG E\*11VIROORZ VXFK DV WKH 7
DWDUJHW DZDUH DWWHQWLRQ PRGXOH WR WKH *11 EDVHG PR
LQWR D VL Q) X WHFMRARPSXWHG LQ YDULDQWY EDVHG RQ D F
WDUJHW LWHP

*11 EDVHG DSSURDFKHY DUH DEOH WR RXWSHUIRUP SUHYLI
+RZHYHU D GLVDGYDQWDJH RI WKH *11 EDVHG PRGHOV LV WK
YROXPHV HDVLO\DQG WKXV XVXDOO\PXVW EH HYDOXDWHG R (

@LVHYDOXDWHG RQ MXVW RIWKHODUJH VFDOH56& $8&
2Q WKH RWKHU KDQG QRQ *11 QHXUDO PRGHOV DUH XVXDOO\F
ORZHU SHUIRUPDQFH

)LQDOO\ VRPHPRUH H[RWLF PRGHOV LQWHJUDWH LGHDV IU
DUHDV VXFKDVFRQYROXWLRQDO QHWZRUNV XVHG LQ LPDJH ¢
HW DO @ LVEDVHG RQ VWDFNHG 'GLODWHG FRQYROXWLR

&RQWHQW %DVHG5HFRPPHQGDWLRQ

&RQWHQW EDVHG UHFRPPHQGDWLRQ VA\VWHPV PDNH SUHGLF\
LQWR DFFRXQW WKXV XVLQJLWHP VLPLODULW\DV FKLHI GHF
SOHLQFDVHV ZKHUHFROODERUDWLYHUHFRPPHQGDWLRQ FD(
GDWD KHQDQ LWHP KDV MXVWEHHQ LQWURGXFHG LQWR WK
\HW WKHRQO\DYDLODEOHGDWD DUH WKH LWHP FKDUDFWHUI



GDWLRQFDQDOVREHXVHGLQVSHFLILFXVH FDVHVFHQDULRY\
VLPLODU SURGXFWUHFRPPHQGDWLRQ 6XFKFDVHV KDSSHQ IF
FDQ XSORDG D SKRWRRID SHUVRQ ZHDULQJ WKH GHVLUHG SLt#
VXJIJHVW D VLPLODU FORWKLQJIURP LWV LWHP VWRUDJH 8QG
PHQGDWLRQLVDNLQWRLWHPUHWULHYDO VHDUFK EDVHGR

8QL PRGMOQJOH PRGDOLW\RQ ERWKLQSXWDQG RXWSXW
XSORDGHG DQLPDJH ZKLFK LV PDWFKHG DJDLQVW D GDWD|

&URVV PBBWIRXY PRGDOLWLHV RQLQSXWDQG RXWSXW H
WH[WXDO GHVFULSWLRQ ZKLFK LV PDWFKHG DJDLQVW D GLC

ORVW H[LVWLQJ XQL PRGDO LQVWDQFH UHWULHYDO VROXW
YHFWRUUHSUHVHQWDWLRQVRILPDJHVLQVXFKDZD\WKDW H[
WR HDFK RWKHU >-XQ HW DO :LHF]JRUHN HW DO /XR H
HW DO @ $WWKHUHWULHYDOVWDJH WKHTXHU\HPEHGGL
DQG WKH PRVW VLPLODU RQHV DUH UHWXUQHG &XUUHQWO\ P
DQG WKH 7ULSOHW /RVV LV RQH RI WKH PRVW ZLGHO\ XVHG DS ¢
ORVVHV VXFK DV FODVVLILFDWLRQ RUFHQWHU ORVV >:LHF]RU

E@ 7ULSOHW /RVVLVDORVVIRUPXODZKLFKDLPV WR VLPX
DIJLYHQH[DPSOH UHS DHFHKRYG W SRY LMOLOYGIH® SXW DQG PD[L
IURPWKHDQFKRUWRWKHQHJDWLYHLQSXWLVPD[LPL]HG $S
RIWKHVDPHGUHVVLQDGLIIHUHQW SRVH DQGD QHJDWLYHLQ
GUHVV )RUPDOO\ LWLV H[SUHVVHG E\WKHIROORZLQJIRUPX

Lupler = kF(A)  f(P)KS Kk f(A) F(N)K;+

+HWHLY WKH DQFKRU W DRISSRVLWLYWY WKHPSBHDWLYH H[DP S
LV D PDUJLQ SDUDPHWHU WR FRQWURO WKH PDJQLWXGH RI U
QHJDWLYH H[DPSOHYV

8QIRUWXQDWHO\ WKHVH PRGHOV PXVW UXQ HDFK TXHU\ HJ
JDOOHU\ ZKLFK LV RIWHQ RI FRQVLGHUDEOH VL]H ZKLFK DGG
SURGXFWLRQHQYLURQPHQW

2Q WKH RWKHU KDQG FURVV PRGDO LQVWDQFHUHWULHYDO
RUGHU WR VHDUFK IRU PDWFKLQJ SLFWXUH WH[W IUDJPHQWV



UHJXODU DWWHQWLRQ GHVFULEHG LQ WKH FDVH RI SUHYLRXV
PLQJIURPYDULRXVGRPDLQV HJ WH[WDQGLPDJHYHFWRUUF
SRVHG WR XVH , WHUDWLYHODWFKLQJZLWK5HFXUUHQW $WWH
WKHPXWXDO LPDIHDQGWH[WDOLJQPHQWV ZLWK  FURVYV PRGI
6FHQH*UDSKODWFKLQJ 6*0 DQDSSURDFKXVLQJVHSDUDWH
REMHFW IHDWXUHVDQG WKHLUPXWXDO UHODWLRQVKLSV LQF
DQRG UHODWLRQVKLS OHYHO IHDWXUHVY DUH HIWUDFWHG IURP
OHYHOV WDNHV SODFH 6WDFNHG &URVV $WWHQWLRQ 1HWZRL
DVWZR FRPSOLPHQWDU\IRUPXODWLRQV ZKHUHHDFK PRGDO|
WZR VHSDUDWH VLPLODULW\ VFRUHV DUHLQIHUUHG ZLWK WK

@ EXLOGV XSRQ 6&%1 H[WHQGV LW ZLWK VHOI DWWHQWLR
UDWHO\ $00 WKHVH PRGHOV DOWKRXJK HIIHFWLYH EHFRPH
GXHWR WKHXVHRILQKHUHQWO\VORZDWWHQWLRQPHFKDQL

, QWHUSUHWDELOLW\DQG5REXVWQHVYV RI5HFR]

ORGHO LQWHUSUHWDELOLW\ LV D UHVHDUFK DUHD ZKLFK DLP
GHFLVLRQVDQGLVFXUUHQWO\GHYHORSHG ZLWKLQ WKH ([SOI
EUDQFK ,QWHUSUHWDELOLW\FDQ EHURXJKO\FDWHJRUL]HG
NLQGRIPRGHO HJ /,0(>5LEHLUR HW DO @ ZKLFK XVHV OR
RIPRGHOLQSXWYDOXHYVY RU6+$3>/XQGEHUJDQG /HH @ IU
JUDGLHQWDWWULEXWLRQPHWKRGV GHVLIQHG VSHFLILFDOO
UXQQLQIJDQH[WUD EDFNZDUG SDVV WKURXJKWKHQHWZRUND
LQIOXHQFHLQ WHUPV RIWKHSURGXFHG JUDGLHQWYV >4L HW D
LOQOWHUSUHWDELOLW\A\LVLPSRUWDQWLQDVFHUWDLQLQJZKHW
DVDEDVLVIRULWY GHFLVLRQVY VR ZKHWKHU LW LV UHOLDERQG

ORGHO UREXVWQHVV LV DQRWKHU DVSHFW RI PRGHO UHOLL
LQYXOQHUDELOLW\WR DGYHUVDULDO H[IDPSOHV $GYHUVDUL
PRGHOV WKDW FDXVHIDLOXUHV LQ PRGHOV DOWKRXJK WKH\ G
HIDPSOH RIDGYHUVDULDO H[DPSOHV FDQ EH SRSXEGONXNHLQJX
URXQG IORZHU YDV Q& PHHULRKY®G IORZHU YD/KH PLNWF 8 H OIKLV
LEOHRQ PDNH D PRGHO UHWXUQ D ZURQJDQVZHU DOWKRXJK
$GYHUVDULDO HI[DPSOHVFDQHLWKHURULJLQDWHQDWXUDOO



GHVLIQWKHP WRFDXVHWKHPRGHOWRPDNHDPLVWDNH $GY
OLWHUDWXUH >*RRGIHOORZ HW DO $WKDO\HHWDO

OXOWLPRGDO (PEHGGHUV IRUS5HFRPPHQGHUYV

7TKH TXDOLW\RI D PXOWLPRGDO UHFRPPHQGHU LV GHSHQGHQ
RPPHQGDWLRQV EHLWFROODERUDWLYHRUFRQWHQW EDVH!
EHIRUHWKHPDQG SURGXFHLQSXWUHSUHVHQWDWLRQV LQJF
LWK WKH LQWURGXFWLRQ RI HPEHGGLQJ PRGHOV VXFK DV
%(57>HYOLQHWDO @ IRUWH[W RUPDQ\QRGHHPEHGGLC
:DQJ HW DO @ HPEHGGLQJ YHFWRUV KDYH JDLQHG S
UHSUHVHQW REMHFW SURSHUWLHV LQ D FRPSUHVVHG zZzD\ (P
YHU\ FRQYHQLHQW LQSXW IRUGRZQVWUHDP PRGHOV ,Q SUDI
WLRQ UHWULHYDO VA\VWHPV H[SORLW HPEHGGLQJV IURP XSVW
VHH )LJXUH >-HRQJ HW DO +DVVDQ HW DO 'LDR H!
RPPHQGHU PRGHOV GR QRWKDYHDFFHVV WR WKH GDWD LWVH
WKHHPEHGGHUYVY LWLV FUXFLDO WR HQVXUH WKH KLJKHVW S
OLIKWRIWKLY WKHHPEHGGHUV VKRXOG EH VXEMHFW WR WK
RPPHQGHUV WKHPVHOYHY UHJDUGLQJWKHLU SHUIRUPDQFH
REWDLQHG ZLWK ;$, PHWKRGYV

'‘DWDVHWYV

OXOWLSOH SXEOLF GDWDVHWYVY DUHDFWLYHO\XVHG LQ WKH IL!
DUHGHGLFDWHG WR D SDUWLFXODU UHFRPPHQGDWLRQ VXEW
PHQGDWLRQ 6RPHDUHTXLWHYHUVDWLOHDQGFDQEHXVHG |
XVHGLQ H[SHULPHQWV IURP WKLV WKHVLVY DUHOLVWHGDQG G

61$3JUDSK GDWDVHWYV

ODQ\RIWKHPRVW SRSXODUUHFRPPHQGHU JUDSKOHDUQLQJCG
1HWZRUN 'DWDVHW &ROOHFWLRQ >TKNNRPESNDQWDUHY® UH @
SRSXODULW\LQ OLWHUDWXUHDQG WKH IDFW WKDW WKH\UHS

?2i1iTb,ffbM TXbi M7Q /X2/mf/ i f



VRFLDO QHWZRUNV FLWDWLRQ QHWZRUNV FR SXUFKDVLQJQ

$)DFHERRN 'BM®RJMABHUF]NL HW DO @ LV D VXEJUDSK R
VRFLDO QHWZRUN FRQWDLQLQJFRQQHFWLRQVEHWZHHQ
RIILFLDO )DFHERRN SDJHV ZKLOH WKH OLQNV DUH PXWXDO
WDLQYV QRGHV DQG HGJHV 1RGHV EHORQJ WR R
)DFHERRN

F<RX7XEH 'DXDQHWQG /HVNRYHF @ ZDV VRXUFHG IURP W
LQJVLWH ,WFRQWDLQVWKHJIJUDSKRIIULHQGVKLSUHODW
JURXSY <RXWXEHGDWDVHW KDV QRGHV DQG

$5RDG1IHW 'BDODIKRQM\HW DO @@LVURDGQHWZRUNRI &L
HQGSRLQWYV DUH UHSUHVHQWHG E\ QRGHV DQG WKH URDG
HQGSRLQWVY DUHUHSUHVHQWHG E\ XQGLUHFWHG HGJHV 7

HGJHV

$/LYH-RXUQDO %DDWFINWFWW RP HW DO @ LV D JUDSK GDWD
RQOLQHFRPPXQLW\VLWH/LYH-RXUQDO ZLWK DOPRVW P
PHPEHUV WR PDLQWDLQ MRXUQDOV LQGLYLGXDODQG JUR
ZKLFK RWKHU PHPEHUV DUHWKHLUIULHQGY WKH\EHORQJ

DQG HGJHV
F7ZLWWHU >DWDN HW DO @ LV D ODUJH JUDSK RI IROOR
D VRDSVKRW RI 7ZLWWHU QHWZRUN LQ 7TKH GDWDVH!

HGJHV 7KLV LVDQH[FHSWLRQDOO\PDVVLYHJUL
DYHU\OLPLWHG VHW RIDOJRULWKPV +RZHYHU WKLV JUL
ZLWKPDQ\UHDO OLIHJUDSKVEHLQJRIVLPLODURUHYHQE
FDQ EHFRQVLGHUHG WR\GDWDVHWY GHGLFDWHG WR YDL
QRWUHDFKDGHTXDWHVSHHGDQG VFDODELOLW\UHTXLUF

6PDOOHUJUDSK GDWDVHWYV

7TKHIROORZLQJVPDOO GDWDVHWV DUHPDLQO\XVHGLQ *UDSK
JURXQGHG LQ WKLV DUHD KDYLQJEHHQ XVHG IRU\HDUV +RZ
PRVWUHDO OLIHSUREOHPV 7KH\PDLQO\VHUYHDV EHQFKPD



DQG FDQ EH SURFHVVHG E\HYHQ WKH OHDVW VFDODEOH *11V
FRQVLGHUHG DPDQGDWRU\EHQFKPDUN VHW IRU *11 EDVHG P

I&SRUVCMF&DOOXPHWDO @LVDJUDSKFRQVLVWLQJRI
FODVVLILHGLQWR RQHRIVHYHQ FODVVHV 7KHFLWDWLRC

F&LWHBHBKWY HW DO > @LVDJIJUDSKFRQVLVWLQJRI Q
WLRQV FODVVLILHGLQWRRQHRIVL[FODVVHYVY 7KHFLWDYV

$+3XEOHEHQ HWDO > @ LVDJUDSKFRQVLVWLQJRI QR
IURP 3XEOHG GDWDEDVH UHIHUULQJ WR GLDEHWHV FODV
FLWDWLRQ QHWZRUN FRQVLVWYV RI HGJHV

/RS NSHFRPPHQGDWLRQ 'DWDVHWYV

'‘DWDVHWY GHVFULEHG LQ WKLY VHFWLRQ DUH RI VXEVWDQWL
RPPHQGDWLRQ 7KH\UHFRUGLQWHUDFWLRQ GDWD RIXVHUYV Z
GHWDLOVDERXW WKHPRYLHVDQG XVHUV WRIJHWKHU ZLWK Ul

$1HWIOLPIWHOQHWW DQG /DQQLQJ @ 7KHGDWDVHW FRQ
HUV ,WFRQVLVWV RIDERXW UDWLQJV IRU PR
(DFK UDWLQJ LQ WKH WUDLQLQJ GDWDVHW FRQVLVWYV RI |
JUDGH 8VHUV DQGPRYLHV DUHUHSUHVHQWHG ZLWK LQW|

fORYLH/HQWLPLODUO\WR 1HWIOL[3UL]HGDWDVHW WKLVL
PLOOLRQUDWLQJV DQG WDJDSSOLFDWLRQV DSSOLH
$GGLWLRQDOO\ LWLQFOXGHV WDJGDWD ZLWK PLOOLRQ

6HVVLRQ EDVHG SHFRPPHQGDWLRQ GDWDVHWYV

'‘DWDVHWY GHVFULEHG LQ WKLV VHFWLRQ DUH ELJ DQG WDNH
SURYLGHUV 7KH\DUH HVSHFLDOO\ VXLWHG WR VHVVLRQ ED\
XVHU VHVVLRQV DQG RUGHU RI LWHPV SXUFKDVHG 6RPH RI W
PRGDO GDWD VXFKDV LWHP SURSHUWLHYV

$+5(7$,/GDWDVHW KDVEHHQ FROOHFWHG IURPDUHDO ZRUOC
,WFRQWDLQYV DFWLRQV LQ VHVVLRQVDQG ZLWK



RI EHKDYLRXU GDWD DQG LWHP SURSHUWLHV VXFK DV SUL
RWKHUV $00 YDOXHVDUHKDVKHG DQGHDFK SURSHUW\ L\

t',*, LVH FRPPHUFH GDWDVHW VKDUHG E\ WKH FRPSDQ\ 'LJ
VDQGDFWLRQV LQ WKRXVDQG VHVVLRQV DQG WKRXVLI
WLRQDO PXOWLPRGDO GDWD VXFKDV SURGXFW QDPH WHI

TXHULHV

156& LVDQH FRPPHUFHGDWDVHW XVHGLQ WKH $&05HF6
E\WKH FRPSDQ\ <RRFKRRVHDQG FRQWDLQV D FROOHFWLF
VHVVLRQ FRQWDLQV WKHFOLFNHYHQWY WKDW WKH XVHU
VHVVLRQV WKHUHDUHDOVREX\HYHQWYV 7KHGDWDVHW L

VHVVLRQV DQG LWHPV
¥ OXVEBFHXUULQ HW DO @ GDWDVHW FRQVLVWYV RI PXVI
IDVW |IP W LQFOXGHYV HYHQWYV VHVVLRQV Z

30D\OLVWY FUHDWHG E\WKH XVHUVIRUPDGGLWLRQDO PX

1$270>0F)HH DQG /IDQFNULHW @LVDGDWDVHWIURP WK
FOXGHV SOD\OLVWV RIVRQJV ZLWK HYHQWYV SO
7KLV GDWDVHW GRHV QRW LQFOXGH PXOWLPRGDO GDWD Z|

$12:3 >=DQJHUOH HW DO @ GDWDVHW IHDWXUHV FRQWH
WHQLQJHYHQWY ,WFRQWDLQYV PXVLF OLVWHQLQJ H
WKRXVDQG VRQJV FROOHFWHG IURP 7ZLWWHU 7KLV GDW|
ZLWK PDWFKLQJLWHP LGHQWLILHUV

8QL ORGDO &RQWHQW 5 HFRPPHQGDWLRQ 'DWDVHWYV

TKHVH GDWDVHWV DUHFRPSRVHGRILPDIJHVDQG WKHDLPLV W
LQJWKHVDPH SURGXFWIURP YDULRXV DQJOHYV

F'HHS)DVKLRQHW DO E@QLVDGDWDVHW ZKLFKFRQWDLQ
DFURVV VHYHUDO IDVKLRQ UHODW KRG QADVANHW MDRS U K RV BXO
SHWUVNENBW WKDW FRQWDLQV XQLTXHFORWKLQJ SU



F6WUHHW .6aIDBR XU HW DO @LVRQHRIWKHILUVW PRGHL
TKHGDWDVHWFRQWDLQV RYHU VKRS SKRWRV DQG
GLVWLQFW FORWKLQJLWHPV LQ WKHGDWDVHW

&URVV PRGDO &4RQWHQW 5HFRPPHQGDWLRQ 'DWDVHWYV

7TKHVH GDWDVHWY VHUYH IRU PDWFKLQJ FRQWHQW UHSUHVH
PRGDOLWLHV LV WH[W DQG WKH RWKHU LV LPDJH 7KH DLP L\
WH[WXDO GHVFULSWLRQ DQG WKHRWKHU ZD\DURXQG

$06&28&2>/LQ HW DO @ GDWDVHW LV D ODUJH VFDOH REN
FDSWLRQLQJGDWDVHW ,WFRQWDLQYV SKRWRV PDLC
LVDQQRWDWHG ZLWK FDSWLRQV SURGXFHG E\FURZGZRU

) OLFNBL3OXPPHU HW DO @ GDWDVHW FRQWDLQV L
FDSWLRQV HDFK *HQHUDOO\ WKH )OLFNU NFDSWLRQV D
PRUHGHWDLOHG WKDQ LQO06&2&2 >*XDQHWDO @



$5REXVW OXOWLPRGDOS5HFRPPHQGHU 6

, QWKLVVHFWLRQ, GHVFULEHLQ GHWDLO WKHUREXVW PXOW
RI' WKLV WKHVLV

7KH V\VWHPLVGHVLIQHGWRDFKLHYHWZRPDLQREMHFWLY
DOJRULWKPYV VSHHG DQG VFDODELOLW\ WR EHDSSOLFDEO
PXOWL SXUSRVHUHFRPPHQGHU HOHPHQWY FUHDWHG LQ WHU
WKHPRGHOV LQJUHHQ ER[HYV

)DVW (PEHGGLQJ/HDUQLQJIRUDS5HFRPPHQGDW

7KLV VHFWLRQ FRYHUV +\SRWKHVLV IURP6HFWLRQ
7KHSXEOLFDWLRQ RQ ZK L FKADKIEDWUHFSVE RQAVNED \BHB W U % EH
FKRZVNL $QGU]HM OLFKDARZVNL -DFHN' EURZVNLDQG 3U]HP
BWURQJDQG 6FDODEOH *UD SK REHHGE QQ ¥ &RAKHAH ‘WK ,QWHUC
HQFHRQ 1HXUDO ,QIRUPDWLRQ 3URFIHWYEQLQW¥1,3

 QWURGXFWLRQ

$V QRWHG LQ 6HFWLRQV DQG P R G H U@PUEHHRRPIRHRYPH U V X
RIDQXPHULF UHSUHVHQWDWLRQ RI XVHUV DQG LWHPV ZKLFK
EHWZHHQ HQFRGHG XVHUVDQG LWHPV 6XFKUHSUHVHQWDWL
QHXUDO QHWZRUNVLQVWHDGRIODUJHUDQGPRUHLQHIILFLHC

VHH 6HFWLRQ IRUDQ HIDPSOH RI VXFK D PDWUL[ (PEHG!
W\SHV RI GDWD VXFKDV WH[WDQGLPDJH XVLQJGHGLFDWHG
>0LNRORY HWDO '"HYOLQ HW DO @ ,QWHUPV RIUHFRI

WR FRPSXWH HPEHGGLQJYVY RI HQWLWLHV XVHUV RULWHPV E
DFWLRQV SDJHYLHZV SXUFKDVHV DQGVLPLODU ,WKDV EH|
HVSHFLDOO\ZHOO UHSUHVHQWHG LQ WKH IRUP RI JUDSKV VR
IRUWKLYV SXUSRVH
*UDSKVDUHXELTXLWRXVVWUXFWXUHVLQUHFRPPHQGDWLF
PRGHOHGDVJUDSKQRGHV ZKLOH WKHLULQWHUDFWLRQV DU
HILVWHQFHRIDQHGJH XVXDOO\GHQRWHV LQWHUDFWLRQ ZK
JUDSKSURFHVVLQJLVDFRUHVWHSIRUFXUUHQWFROODERUD



JLIXUH  $PXOWL SXUSRVH UHFRPPHQGDWLRQ V\VWHP 7KH
DWHG LQ WHUPV RI WKLV WKHVLVY 7KH PRGXOHV KDYH EHHQ ¢S
LQJV RI WKH IROORIML.KK YRIQKUVEHGGHIZ&RBHRUD 01L6:
SRLQWV >5\FKDOVRRG®DERUDWD®H ORGXABH (0'( 01,6:
SRLQWV >' EURZVNLHW DO @ &RQWHQW EDVHG 9LVXDO (
,&21,3 01,6: SRLQWV >:LHF]RUIONG HAERA,3 @
01L6: SRLQWYV >5\FKDORNMKHW D@WHU S@ HWBERBDH WG P & WKRIGA
(01/3:RUNVKRS %ODFNER[1/3 $QDO\|LQJDQG ,QWHUSUHWI
>5\FKDOVND H&RIQOVHQW@EDVHG &URVV ORGXQ SRBADMHKHE@® ' (



FRPSXWHG IRULQGLYLGXDO JUDSK QRGHV H[SORLWLQJ YDUL
WLRQJUDSKV 7KHGLVWDQFHEHWZHHQ WZR HPEHGGLQJV HI[S
HPEHGGLQJDOJRULWKP +LJKQRGHVLPLODULW\LY XVXDOO\]
ZKLFK DUH VKDUHG IRUERWK QRGHYV 7KLV FRXOG EH VLPLOD!
KDYHHGJHVZLWKWKHVDPHRUVLPLODUQRGHY RUVLPLODU
ZLWK ODUJH QXPEHU RIHGJHV RU IDLUO\ XQFRQQHFWHG QRG
EUDQG RUDQ\RWKHU SURSHUW\ >7DQJHWDO @

%DFNJURXQG

8QIRUWXQDWHO\ PRVW FXUUHQW HPEHGGLQJ V\VWHPV DUH (
QRGHV ELOOLRQV RIHGJHV ZKLOHVXFKJUDSK VL]HV DUH FF
WLQJV ORVWUHFHQW KLJK TXDOLW\DSSURDFKHV DUH EDVHC
LQ SDUWLFXODU *UDSK &RQYROXWLRQDO 1HXUDO 1HWZRUNYV
SOH[QHXUDO QHWZRUNV ZLWK NQRZQ VFDODELOLW\LVVXHYV '
@ 7KLV SKHQRPHQRQ LV FDXVHG E\WKH IDFW WKDW HDFK
VLYHO\ ORDGHG LQWR PHPRU\LQ HDFK VWHS RI WKH FRPSXWD
VFDOH WR DUELWUDULO\ODUJH PHPRU\IRRWSULQWYV 7KH PH
QRW EDVHG RQ *&1V DQG XWLOL]JH KHDY\ SDUDOHOOLVP ZKLF
KDUGWR XQGHUVWDQGDQG GHEXJ RUUHTXLUHVSHFLDOL]HCG
FOXVWHUV >/HUHU HW DO $N\LOGL]HWDO @
+RZHYHU WKH VWUXFWXUHRI*&1V ZDUUDQWV DQ DOWHUQTLE
LQWR DIDVWHU DOJRULWKP $V SUHYLRXVO\ QRWHG WKH FO
@ ORRNV OLNH WKHIROORZLQJ

H I+ = (W[i]H[i]A ):

+HUH! D" GHQRWH PDWULFV FRQWDLQLQJ KLGGHQ QRGH
DQ6&1 UHVSHRWLYHW®KH WUDLQDEOH ZH LA WVPWD WH QRIWREGCLD
DGMDFHQF\PDWUL[ RLWWHKHWQMHIXKZRQPEQRQOLQHDULW\ IXQFW
QHWZRUNW BHHGVWR EH RSWLPL]HG ZLWK EDFNSURSDJDWLR
WKDW WKH FRPSOHW HMW B © B YIDOROQRILEHHMBEWAR D VWLOO YLDEC
QRQ QHXUDO DOJRULWKP ZKLFK LV GHYRLG RIPRVW VFDODEC
DSSURDFKFDQEHXQGHUVWRRGDVDIRUPRIZHLJKWHG DYHDL



VXFK HDFKQRGHLVUHSUHVHQWHG ZLWK D ZHLJKWHG DYHUD.
K\SRWKHVLVY WKDW VXFKWUDQVIRUPDWLRQRIWKH*&1 DOJRU
ZKLFK DWWKHVDPHWLPH SURGXFHV KLIJIKTXDOLW\QRGHHPE

SUHOLPLQDULHYV

YRUPDOO\ ZHFDQ GHILQH WKH JUDSKDQG QRGH HPEHGGLQJV
*UDSKMWJUDBKY D 8DE)LKHWIBHQRWHY D VHW RI QRGHV DOVR
DEG (V V)DVWKHVHWRIHGJHY FRQQHFWLQJWKHQRGHYV
1RGH (PEH®GLRGH HPEHGGLG3 R/ E) LWIMS Kd P D WIU IZ[KH U H
dLV WKHGLPHQVLRQ RI WKH HPEHGG GO R W H & BMKUHR/S R QREDAW
DQRGBW DQG HDFjK2Y DOXHL Q WK HTY, HFDMBRWK UHV D GLITHUHQW IHD
i 1IRGHHPEHGGLQJV DUHXVHG WR H[SUHVV QRGH SURSHUWLH

J)LIXUH $GMDFHQF\PDWUL[DQGUDQGRP ZDON WUD

‘H DOVR QHHG D GHILQLWLRQ RI WKH 5DQGRP :DON 7UDQVLW
QHLJERUKRRG UHSUHVHQWLQJPDWUL]J

5DQGRP :DON 7UDQVLWKHRGD@PGRA[DON 7UDQVLWLRQ 0DWU
DGMDFHQF\PDWUL[ LQ WKDW LW KROGV LQIRUPDWLRQ DERXMW
RJVji j Vi DQG HDFK QR@JHUR KD@WHKH PDWUL[ PHDQV WKDW W
EHWZHHQIREB¥K QRQJHUR YDOXH ZLWKLQ WKH PDWUL[ FRUU



FKRRVLQJDQ H[DFW SDWK GXULQJD UDQGRP ZDON DOVR WD
ZHLJKWY DWWDFKHG ARKIDH[ D P SHIGH BL MRRERAGH. JKW  ©® QG WR G
ZLWK ZHU W KWOO KDYHD YD@®XHRDO KDPB D YDOXH RI 7KLV L
LQ )LIXUH

BURSRVHG $OJRULWKP

'UDZLQJIURPDQQRWDWLRQVLQWURGXFHGLQ WKH SUHYLRXYV
IRUPDOO\LQWURGXFHG &OHRUD UHOLHV RQ LWHU MWIGY H P XC
WKH UDQGRP ZDON WMUDQQFKWXRPWRBWIUADWLRQ RXWSXWV D Q
T ,QWXLWLYHO\ WKLV UHVXOWV LQ HDFK QRGHYV HPEHGGL
LODU WR LWV QRGHVTHPEHGGLQJV ZHLJKWHG E\ WKHLU VWU
QRUPDOL]JHG EHWZHHQ LWHUDWLRQV LQRUGHU WR SUHYHQW

'XHWR WKH DEVHQFH RIDQ\WUDLQDEOH ZHLJKWV &OHRUD
TXHQFH WKH QHFHVVLW\RIFRPSXWLQJIRUZDUG DQG EDFNZD
GRHV QRW H[LVW DQG WKH GLUHFW FDXVH RI *&1 LQHIILELHQF)\

JRUPDOO\ DV VWDWHG LQ 5\FKDOVN®=HW HOZH G H)@Q H MYKIH
UDQGRP ZDON WU QRLW LZKHBBIW foef. IRd2 E ZKHl KBV WKH
QXPEHURIHGJHV UXQWROGR)PLY R G H J @ H HRERIHQSRIGLH V
ZKLFK GR QRW H[LVW Le@ 30K H R S LU ZHWFK H[LVW LQ WKH J|
ex=1 2SWLRQDOO\ZHFDQ VFDOH WKH VFRUHV E\ H{WHUQDO H
LV ILUVW LQLWLDOL]HG,2IRYGRPO\ DY) IRRAIBAVWKH HPEHG G LG
GLPHQVLRQD®2M\::hE HOHRWDWLRQV Z iPXMGY LBQERIRW B D[O L | H
URZV WR NHHS GRURWWRWU ILQDO HPEHGGLQJ PDWUL[ 7KH D¢
)LIXUH

6LPXOWDQHRXVO\ZLWK ILUVW ZRUNV RQ &OHRUD WKHUH D
LQLWLDO LGHD WKDW *&1V FRXOG LQGHHG EHRYHU SDUDPHW!
FDQ EH VWULSSHG GRZ PWRWLSKWIFDWHRBQ ZLWK WKH VDPH R
PDQFH DV WKH EDVH QHWZRUN $V VXFK &OHRUD FDQ EH LQW
VWULSSHG GRZQ WR LWV PRVWHIIHFWLYH FRUA R HHBWDRIBG
ZLWK WKH UDQGRP ZDON WUDQVLWLRQ PDWUL[WR WDNH LQW!/
DPSOH WKH QXPEHU RI WLPHV FHUWDLQ LWHPV ZHUH ERXJKW
FX U U MEVHD THUUH UHSODFHG ZLWK WKH HPEHGGLQJ PDWUL[ IURT



)LIXUH 7KH & OHR U DVD PD R/WIL\W KW WKKHHUDQGRP ZDON WUDQV
VHQWLQJWKH SUR[LPLW\RI QRGHYV D Q Go\VPOMLUWLY WH $OH WHKCRW
HPEHGGLQJVDQGLVILUVWLQLWLDOL]HGDW UDQRBFRMD 7KHQ D
WUL[IROOREZWHUWWURQJYKRRBPMMHIGHVLUHG QRGH HPEHGG



&OHRUD DOJRULWKP KDV DORWER Pd) FRPjB OTHK[H WRRW FRPSXWI
WLRQDOO\KHDY\RSHUDWLRQ LV WK HVIPXQ & G $QVADERIVFE®RLR | W K
VHWV WKH FRP S XW D W(\R QRebagel s Beg e W)\ D W

([SHULPHQWDO 3URFHGXUHDQG 5HVXOWYV

&RPSHWLWRUV DQGHBWDVNVWYDOXDWHG RQ ERWK VPDOO DQ
FOXGLQJSRSXODU GDWDVHWYV IURP WKH 61$3 6WDQIRUG JURX
WUDGLWLRQDOO\XVHG WR HYDOXDWH *11V 6HFWLRQ 7
DQG

&OHRUDLVHYDOXDWHG WRJHWKHU ZLWK YDULRXV SRSXOD L
ZKLFKDUHGLYLGHG LQWR WZR JURXSV

$SSURDFKHV RSWLPL]HGIRUVSHHG VXFKDV 3\7TRUFK %LJ*
>$N\LOGL]HWDO @ 7TKHVHOLEUDULHVDUHQRWEDVHC
PHQWDWLRQV RIROGHUDOJRULWKPV VXFKDV VLPSOH IH}
WR VFDODEOHPXOWLWKUHDGHG RUGLVWULEXWHG SURFH

F'LVWOXOW ><DQJHWDO @ LQWKLVDSSURDFKHPE
QHWZRUN 1RGHV DUH UHSUHVHQWHG DV YHFWRUV D
IXQFWLRQV 7KHILUVWQHWZRUNOD\HUSURMHFWYV D S
YHFWRUV DQG WKHVHFRQG OD\HUFRPELQHV WKHVH W
YLDD VFRULQJIXQFWLRQ ZLWK UHODWLRQ VSHFLILF SI

$9(56( >7VLWVXOLQ HW DO @ DVLQJOH OD\HU QHXL
WKH GLVWULEXWLRQRIDVHOHFWHG QRGH WR QRGH VL
VLPLODULW\PHDVXUHV WR FKRRVHIURP HJ SHUVRQD

‘XHWR WKHLU UHPDUNDEOH VFDODELOLW\ WKHVH OLEUD
7TDEOH

*&1 EDVHGDSSURDFKHY 7KHVHDOJRULWKPVDUHQRWLPS
OLEUDULHVDQGDUHVLIQLILFDQWO\OHVVVFDODEOH WKD
LQRUGHU WR FKHFN ZKHWKHU WKH *&1 VLPSOLILFDWLRQ L
ILQDO HPEHGGLQJ TXDOLW\ *&1V DUHHYDOXDWHG RQ GDV



1DPH J)DFHERRN <RX7XEH| 5RDG1IHW J/LYH-RXUQDO
IXPEHURI|1IRGHYV
IXPEHU RI|(GJHYV
$YHUDJH '"HIJUHH
'LUHFWHG 1R 1R 1R <HV <HV
7TDEOH /IDUJH GDWDVHWYV FKDUDFWHULVWLF
1DPH &RUD &LWHG6HHU 3XEOHG
I1XPEHURI1IRGHYV
1XPEHU RI|(GJH|V
'LUHFWHG 1R 1R 1R
7TDEOH 6PDOO GDWDVHWYV FKDUDFWHULVWLF

(YDOXDWLRQ OHWKRGY MAOWHVRQLIFW FRQGXFWHG RQ SRS X(
SUHGLFWLRQDQG QRGH FODVVLILFDWLRQ

F/LOQN 3UHGULAMWIL\RRQH RIWKHPRVWFRPPRQ SUR[\WDVNV IR

DWLRQ >/LEHQ 1RZHOODQG .OHLQEHUJ @ ,WFRQVLVW
VKRXOGEHFRQQHFWHG ZLWKDQHGJHRUQRW /LQN SUHGI
HGJHV IRXQGLQ WKHJUDSK DQG QHJDWLYH SDLUV QRQ
QRGHIURP WKH SRVLWLYHSDLUDQGDVVLIQLQJLWWRD QF
QLFDOO\ WKH QHJDWLYH SDLUV DUH FUHDWHG LQ WKH VDF
>/HUHU HW DO @ PRVW SRSXODUJUDSK QRGHV DL
ZLWK WKH VWDUW QRGH RI HDFK SRVLWLYH SDLU WR FUHD
PDQFHPHWULFVDUHWKHOHDQSHFLSURFDO 5DQN 055 DQ
ZKLFKFRQVLGHU WKH SRVLWLRQ RI WKHUHDO SDLUDPRQJ

JRU HDFK SDLU WKH +DGDPDUG SURGXFW LV FRPSXWHG E
DVWDQGDUG SURFHGXUH REVHUYHG WR ZRUN ZHOO IRU S
/IHVNRYHF 'DOPLDHWDO @ 7KHREWDLQHG +DGDP
ORJLVWLFUHJUHVVLRQ FODVVLILHU ZKLFK SUHGLFWYV WK

$f1RGH &ODVVBERMFBHDIWLIRSK GDWDVHWY KDYHFODVVHV DVVLJ
SOH GHQRWLQJVRPHLQWHUHVWJURXSV D XVHUEHORQJV



SUHGLFWWKHVHFODVVHYVY DORJLVWLFUHJUHVVLRQFODV
DVLQSXWVDQG SUHGLFWLQJWKHQRGHFODVV $XVXDO PI
IRUQRGH FODVVLILFDWLRQLV VLPSOHS$SFFEXUDF\ VR ,IROC

$OJRULWKPMERRN <RX7XEH 5RDG1IHW /LYH-RXUQDO
TRWDO HPEHGGLQJWLPH KK PP VV

&OHRUD

3%*

'"HHSZDON WLPHRXW WLPHRXW

7TUDLQLQJ WLPH KK PP VV
&OHRUD
3%*

7DEOH &DOFXODWLRQ WhOHMW RXVH OB ®HGEHRPKSDGAN HV WKH Z|
WUDLQLQJ SURFHGXUH LQFOXGLQJICDBWB® R BERERP B Q & \SHM
MXVW WKH WUDLQLQJ SURFHGXUH LWVHOI WUDLQLQJ FUD\
6RXUFH 5\FKDOVND HW DO > D@

J)DFHERRN <RX7XEH 5RDG1HW /ILYH-RXUQDO 7271
$OJRULWEE +5# 055 +5# 055 +5#‘ 055 +5# 055 +5#
6FDODEOHPHWKRGV

&OHRU|D
3%*
*26+

1RQ VFDODEOH PHWKRGYV
'HHSZ#ON ‘ ‘ ‘WLPHRXW ‘WLPHRXW WLPHRXW W

7TDEOH /LQNSUHGLFWLRQ SHUIRUPDQFHUHVXOWYV UHVXO
WR&OHRUDDFFRUGLQJWRWKH:LOFR[RQWZR VLGHG SDLUHG"
FUDVKHGGXHWRH[FHVVLYHUHVRXUFHFRQVXPSWLRQ XQVFD

> D@

(PEHGGLQJ WUDLQLQJ WLPHV RQ PXOWLSOH VPDOO WR OD!
J)DFHERRN GDWDVHW WR DURXQG HGJHV 7ZLWWHU
3\ 7TRUFK %LJ*UDSK 3%* ZDVLGHQWLILHGDVWKHIDVWHVW KL.



'"HHSZDON >3HUR]]JLHW DO @ VHUYHVDVDEDVHOLQHHI[DP
RUD LV VLIJQLILFDQWO\PRUHVFDODEOH WKDQ 3%*LQ HDFK FLC
3%* DQG RYHU WLPHV IDVWHU WKDQ '"HHSZDON ORUHRYHU
PRUHUHVRXUFHV ZKLFKUHVXOWHGLQ WUDLQLQJFUDVKHYV
GLQJTXDOLW\VKRZQLQ7DEOH VXJJHVW WKDW &OHRUD GRHYV
WR FRPSHWLWRUV DQGLQPDQ\FDVHVY GHOLYHUV VWDWH R\

7TDEOH &ODVVLILFDWLRQ DFFXUDF\ FRPSDULVRQ ZLWK *UD
5\FKDOVND HW DO > D@

$OJRULWKP &RUD &LWHG6HHU 3XEOHG
$6 *&1
&OHRU|D
$GD*&1
1 *&1
*&1

ORUHRYHU ,DOVRFRPSDUH&OHRUD WR*UDSK&RQYROXWLR
, HYDOXDWH WKHIROORZLQJDOJRULWKPV

FWKHRULJLQDO *&1 PRGHO >.LSIDQG :HOOLQJ @

t1 *&1>$EX (O +DLMD HW DO @ DPDUULDJHRI*&1ZLWK
LWWUDLQV PXOWLSOHLQVWDQFHV RI*&1VRYHU QRGH SC
UDQGRP ZDONV

1$GD*&1 >6XQHWDO @ D*&1ZLWKLQWHJIJUDWHG $GD%
RUGHU QHLJKERUYV

1$6 *&1>+XDQJHWDO @ D*&1ZLWKDGDSWLYHVDPSOLH!
WUDLQLQJDQG YDULDQFH UHGXFWLRQ

TKHUHVXOWY LQ 7/DEOH VKRZ WKDW &OHRUD JLYHV VLJQLI
DQGHYHQPRUHDGYDQFHG DSSURDFKHV VXFK DV 1l *&1 DQG $(
LWV VLPSOLFLW\ &0OHRUD GRHV QRW VXIIHU IURP VLJQLILFDQ'



6 XPPDU\

7KH REWDLQHG UHVXOWYV VKRZ WKDW ERWK REMHFWLYHV RI
LWLV ERWKIDVWHUDQG DW OHDVW DV JRRG DV FRPSHWLWRL
+\SRWKHVLV IURPG6HFWLRQ LV SURYHQ



SUREDELOLW\ " HQVLW\ (VWLPDWLRQ IRUD 5HFRF

7KLV VHFWLRQ FRYHUV +\SRWKHVLV IURP 6HFWLRQ
7KH SXEOLFDWLRQ RQ ZKLFK WKENNHEWRRWONLY EONWED UD 5\
OLFKD4& 'DQLOXN 'RPLQLND %DVDM .RQUDG *Ra4XFKRZVNL 3L
$GDP -DNXERZVNL “$Q (IILFLHQW ODQLIROG 'HQVLW\ (VWLPD!
WHPBURFHHGLQJV RI WKH WK ,QWHUQDWLRQDO &RQIHUHQF
,&21,3 01L6: SRLQWYV =+ HTXDO FRQWULEXWLRQ

 QWURGXFWLRQ

$QLQFUHDVLQJO\FRPPRQ SUREOHP VHWWLQJLQWKHUHFRPPI
EHPDGHIURPPXOWL PRGDOLQWHUDFWLRQGDWD ZLWKPDQ\
IURP PXOWLSOH GRPDLQV DQG KDYLQJGLIITHUHQW W\SHV RI D
PRUHZHLIKWYDOXHVDWWDFKHG UHSUHVHQWLQJH J FDUGL
SRSXODUPRGDOLWLHVIRXQGLQH FRPPHUFHGDWDDUHLPDJ}
RI SURGXFWV DQGJUDSK EDVHG GDWD YDULRXV W\SHV RI E
OLIH GDWD YROXPHV DUH XVXDOO\ ODUJH FRPSULVLQJPLOO
DVHYLGHQFHG LQ 6HFWLRQ LQ WKH GLVFXVVLRQ RI WKH &
PXOWLSOHFROODERUDWLYHUHFRPPHQGDWLRQ EDVHG VXE V
ZKHUH WKHLQSXWLVDQRUGHUHG FROOHFWLRQ RILWHPYV ELC
UHFRPPHQGDWLRQ ZKHUH WKHLWHP FROOHFWLRQLVDQ XQR
IRXQG LQWHUHVWLQJ XVXDOO\RYHUD ORQJHU WLPHVSDQ 7
YDVWDQG FRPSOH[ILHOG ZLWK PDQ\REMHFWLYHVDQG H[WU

+DYLQJLQWURGXFHG WKH &0OHRUD QRGH HPEHGGLQJ DOJRI
WKHGLVFXVVLRQRIDUHFRPPHQGHUDOJRULWKP ZKLFK FRXO!
ZLWKHPEHGGLQJVIRURWKHUHVVHQWLDO PRGDOLWLHV WH]
RPPHQGDWLRQ DOJRULWKP ZKLFKFRPELQHV PDQ\PRGDOLWL
VSHHG

%DFNJURXQG

$FHQWUDO SUREOHP RIWRS NUHFRPPHQGDWLRQLV KRZWRP
XVHU LQWR RQH UHSUHVHQWDWLRQ ZKLFK FRXOG VXP XS WK
WKHDSSURDFKHV WRZDUGV WRS NUHFRPPHQGDWLRQ ZHUH R



HW DO @ 7KHVHPHWKRGV KDYHQRZJURZQ REVROHWH G X
DWLRQV ZKLFKVFDOH YHU\SRRUO\WRJURZLQJQXPEHUV RI X
KDYHWDNHQRYHUDV D EDVLF UHSUHVHQWDWLRQ PHWKRG R
RI QHXUDO VI\VWHPV +RZHYHU WKH XVHRIHPEHGGLQJV JLYH
HPEHGGLQJ DJIUHEIDWLRON RI HPEHGGLQJV RI LWHPV D XVHU
LV XQFOHDU KRZ WR FUHDWH D VLQJOH XVHU HPEHGGLQJ RXW
HPEHGGLQJV RIDOO LWHPV D XVHU HYHU ERXJKW SURYHV WR
DQG LV JHQHUDOO\ QRW FRQVLGHUHG LQ WKH OLWHUDWXUH
EHGGLQJDJJUHJDWLRQLQYROYHJUDSK QHXUDO QHWZRUNV L
KRZHYHU WKHVH PHWKRGV DUH YHU\ VORZ DQG UDUHO\ DOOR?:
RIHPEHGGLQJV 7KXV WKH  TXHVWLRQ RI KRZWR UHSUHVHQW
RSHQ UHVHDUFK SUREOHP

,QWHUHVWLQJO\ GHQVLW\HVWLPDWLRQRIXVHU LWHP UHS
JDWHLWHPVLQWR XVHUEHKDYLRUDO SURILOHV LQD ZD\WKD
7R XQGHUVWDQG WKLV LGHD ZHQHHG WR UHPHPEHU WKDW WK
E\ WKH HPEHGGLQJ YHFWRUV LV KLJKO\ PXOWL GLPHQVLRQD(
PHQVLRQDOLW\RIHPEHGGLQJV WKHPVHOYHV HJ LQ &OHRUI
GHQVLW\HVWLPDWLRQ PHWKRG LW LV SRVVLEOH WR SDUWLW
WXUQ ZRXOG DOORZWR UHSUHVHQW HDFK HPEHGGLQJ ZLWK R
RI GHFLPDO QXPEHUV RI WKH HPEHGGLQJ YHFWRU 6XFK G
LV PRGDOLW\ LQGHSHQGHQW PHDQLQJ WKDW DQ\NLQG RIHP
XVHU FRXOG WKHQ EHUHSUHVHQWHG ZLWK D PXOWLPRGDO YH
DSSHDUDQFHV LQ XVHU KLVWRU\ ZLWKRXW DQ\DYHUDJLQJRL
FRXOG EH SHUIRUPHG DW LQSXW SUHSURFHVVLQJ 7KXV LW G
LQJHPEHGGLQJDJJUHJDWLRQ ZLWKLQ WKHDFWXDO QHXUDO
HPEHGGLQJDJJUHJDWLRQFRXOGODUJHO\VLPSOLI\WKH QHXL

%DVHG RQ WKHVH FRQVLGHUDWLRQV , IRUPXODWH D K\SR\
HVWLPDWRUFDQEH XVHGDVDIRXQGDWLRQRIDPRGHO WR SU
PHQGDWLRQ V\VWHP

7R YHULI\ WKH K\SRWKHVLY D GHQVLW\ HVWLPDWLRQ PHWHF
GHQVLW\HVWLPDWLRQ DSSURDFKHV KDYH EHHQ FUHDWHG WR
DVPDOOIUDFWLRQLVIDVWHQRXJKWR SURFHVV KLJKO\PXOW



J)LIXUH &RXQW OLQ 6NHWFK DOJRULWKP 7KHLPDJH VKRZV
IXQFWLRQV HDFK ZLWK SRVVLEOH RXWSXW YDOXHV DQG W
LQEXFNHWY ZLWK WKH YDOXH 6RXUFH ' EURZVNLHWDO >

'LWKHPEHGGLQJ VL]HV RI XVXDOO\ WR GLPHQVLRQV GH¢
UHTXLUHPHQW 7KXV , VHOHFWHG WKH (IILFLHQW ODQLIROG
HW DO @ DIDVW PXOWLGLPHQVLRQDO GHQVLW\ HVWLPD
IXUWKHU UHVHDUFK

SUHOLPLQDULHYV

%HORZ, SUHVHQW WKH /DWHQW 6HQVLWLYH +DVKLQJDQG &R
VRPHLQWXLWLRQVLQWR (0'( WKHSUREDELOLW\GHQVLW\HYV

/IRFDOLW\G6HQVLWLYH, @QBVYK ID@QG 06R*W ZD QL @LVDQDOJRL
WKDWDSSOLHVY KDVKLQJWR REWDLQ UHSUHVHQWDWLRQV RIL
EHKDVKHG LQWR WKH VDPH "EXFNHWV" RU "UHJLRQV  LQ WKH
PD[LPL]JLQJ WKH SUREDELOLW\RIKDVKFROOLVLRQV RIVLPLO
PXFKVPDOOHU WKDQ WKHVHWRISRVVLEOHLQSXWLWHPV /6
DQGVDYHRQFRPSXWHUHVRXUFHV

&RXQW OLQO6NHW B SWIBEDELOLVWLF GDWD VWUXFWXUH WK
HYHQWVIRUVWUHDPLQJGDWD KHQHYHUDQHZLWHPDUULYF
RN KDVKIXQFWLRQV 6XEVHTXHQWO\ D &06 KDVKWDEOHLV LC
EXFNHWYV FRUUHVSRQGLQIJWR WKHREWDLQHG KDVKYDOXHYV
UHWULHYHGDWDQ\WLPHE\FKHFNLQJWKHYDOXHV ZKLFK FRU
WKHPLQLPXP YDOXHRIDOO UHWULHYHG YDOXHV +DVK FROO
REWDLQHG UHVXOWV RIRFFXUUHQFHFRXQWV DUHDSSUR[LPD
VXE OLQHDU VSDFH DW WKH H[SHQVHRIRYHUFRXQWLQJVRPE
WKH &06 SURFHGXUHLV VKRZQLQ )LJXUH



J)LIXUH (IDPSOHRID GHQVLW\ DIQRVWLF /6+ $ 'VSDFH ZLV
RI GDWDSRLQWV LV FXW LQWR HTXDOO\ VLIHG "EXFNHWV™ 0D
DQRGORZ GHQVLW\DUHDYV 7KHVFDOHRIFRORUVGHQRWLQJS!
GHQVLW\ WKURXJK\HOORZ JUHHQ DQG EORXRHTWRINIBRAHW C
bvM2 Bb2X+QKf2K/2@BHHmMbi i2/f

JLIXUH ([DPSOH RI D GHQVLW\ DZDUH /6+ $ VHW RI K\SHUS
GHQVLWLHVDQGD '"VSDFHLVFXWLQVXFKDZD\WKDW PRVW
DUHDV 7KHVFDOHRIFRORUVGHQRWLQJSUREDELOLW\GHQVI
\HOORZ JUHHQ DQG EOXH WR YLROHW, fORBHYOIN N2H @ W 2 WA Q K6
2K/2@BHHmMbi" i2/f

7KH (0'($0OJRULWKP

(0'(LVDRQH SDVV DOJRULWKP IRU HIILFLHQW UHSUHVHQWDYV
5LHPDQQLDQ PDQLIROGYV

*LYHQ VDPSOHV IURPAD GO WD 'P DLQUUMREFRQVWUXFWYV D GHQV |
UHSUHVHQW MVWHW®RDKAYH®D LW XWLOL]JHVDPRGLILHG YHUV



DGHQVLW\ DZDUH /6+RU"' /6+ ,Q' /6+ DIWHUVWDQGDUGL]LQ
VLUHG WDUJHW GULP A Q QIGRUTDOE P LYMR KN @3AVYEKSDAWT + b)
GUDZLQJ WK H EWRRUY DOQRIL]) ZKHUHY WKH TXDQWNOH QXQFWLI
FRQWUDVW WR YDQLOOD /6+ WKLV VEKHPH LV GHQVLW\ GHSH
WKURXJK UHJLRQV ZKHUH WKH GDWD LV SUHVHQW LQ KLJK GH
DIQRVWLF DQG GHQVLW\ DZDUH /6+ LV H[HPSOLILHG LQ )LJIXU}I
WKDW WKH PDQLIROG LV DOZD\V EFXWLQWRWZR QRQ HPSW\ SD
LQGHSHQGHQWELQDU\KDVK YDOXHVDUHFRPELQHGLQWR ELV
JHUV JLYLQJD SDUWLWLRQLQJBRHMROLVQ 3R \D PHORMN.QRO G U WK F
LQ WKH SURFHVV DQG WKH IDFW WKDW VWRFKDVWLFDOO\ GUD
WKH ZKROH SURFHGWURHY NHBRHBPMEHGGHQW PDQLIROG GLYLV]
L Q\DN H RIEIKGV R QGH SIW K
7KHVNHWFKLVYWKXVDFRPSUHVVHGPDSFRYHULQJWKH GDW
LV DVVLAQWISIWARQY RQH IRU HDFX(S D MWL\ R QdyR Z K HHUW
6 2fL::2Xg EH WKH PDSSLQJ | XQBERMthRQY LSOVAVBQWLDWHG DV G
DUMDY /RFDOVLPLODULW\RIWKHxEDR D ?DQLQYRGIEG DQWREDNO
LQSXWV WR WKH VDPH VNHWFK UHJLRQV IUHTXHQWO\ 7KLV HI
UHSUHVHQWDWLRQ OHDUQLQJ PHWKRG ZKLFK SURGXFHG WKH

(0'( EDVHG 7RS . 5HFRPPHQGHU

(O'(H[IKLELWVDQXPEHURIXQLTXHSURSHUWLHV ZKLFKDUHEH

F7TKHDIJQRVWLFLW\RI(0O'(WRZDUGV WKHPHDQLQJRIWKH XC
PHDQV WKDW DQ\ PRGDOLW\ ZKLFK FDQ EH UHSUHVHQWH (
WUHDWHG E\ (0'( 7KXV LW LV YLDEOH WR YHULI\ WKDW D
(O'(VNHWFKHV FDQ SURGXFH D PHDQLQJIXOPXOWLPRGDO

¥f,W SURGXFHVY GHQVLW\ HVWLPDWHY RYHU PXOWLGLPHQVL
VXFFHVVIXO SUREDELOLVWLF DSSURDFKHV LQ WRS N UHF
SUHYLRXVHYLGHQFH VWUHVVLQJ WKHLPSRUWDQFH RIHV
RQ WKHLWHP VSDFHJLYHV DQLQVSLUDWLRQ WKDW GLUH
VSDFHVY PLIJKW EH D FRPSXWDWLRQDOO\VLPSOHU \HW VXF
ZKHUHZHFRPSXWH (0O'(VNHWFKHVY XQGHUVWRRGDVDSSUI
KLVWRU\RYHUDOO LWHPV VHHPV YLDEOH



YLIXUH 7KH (0'($OJRULWKP 7KH H[DPSOH VKRZV D VKRH UH
YLRXVO\ SXUFKDVHG VKRHVY (DFKPRGDOLW\HPEHGGLQJHQW
FRGLQJ" VWDJH ZKNFAW BRR®B)EKHHW DUH DJJUHJDWHG LQWR R(
"$JJUHIJDWLRQ SKDVH $VLPSOH QHXUDO QHWZRUN WKHQ LQ
WDUJHW VNHWFK ZLWK SUHGLFWHG EXFNHWV 6RXUFH ' EURZ



$7KNNHWEKHYFRQVWDQW VL]H LQGHSHQGHQW RI WKH QXP]
HPEHGGLQJGLPHQVLRQV 7KLVEHDUVDVLJQLILFDQWFRQ
UHFRPPHQGDWLRQ V\VWHP 7KH YHFWRU UHFRUGLQJ XVHU
RIDGRZQVWUHDP QHXUDO PRGHO GRHV QRW GHSHQG RQ W
GLPHQVLRQDOLW\ 9HU\ODUJH XVHU LQWHUDFWLRQ KLVW

F7TKHUHDGRXW PHNHWRBKLWPESRPBI DQG IDVW WLV WKHVDPH D\
IURP &06 7KXV KDYLQJD GHQVLW\HVWLPDWHRIXVHULQ\
(O'(VNHWFK LQGLYLGXDO VFRUHVIRULWHPV FDQ EH UHW!

,Q RUGHU WR DSSO\ (0'( WR UHFRPPHQGDWLRQ WDVNV , SUF

,WLQYROYHV D QHXUDO QHWZRUN ZKLFK PDSV IURPDQ LQS.

+RZHYHU WR FUHDWH D VXPPDU\VNHWFK RIDOO LWHPV D X
IRUPXODWH D VNHWFK DJJUHJDWLRQ DOJRULWKP ZKLFK ZRUI
FRPSXWDWLRQ )RUPDOO\ LW SURRHHIPSMDHNRDORG Y Z I MWYKHQ KD
W DQ HQ HPSW\VNHWEK VWU X F WsKdiicH ILL\OIOGNGAD. QMK L] BIWR G K Y
UHVSRQGVY WR JHUR GHQVLW\ DQG SHUIRUBKE@WQIFERGLQJI SU
sketchV(x)] + w IRUDD®® DQG FRUUHWSRWQ GLXQU ILQDO UHSUHVHQW
sketch:= sketch/ | w2 W $QDGGLWLRQDODGYDQWDJH LV WKDW VXFK
LQFUHPHQWDOO\LQ D VWUHDPLQJVHWWLQJ

6XFKDJJUHJDWHG (0'(VNHWFKHV DUHIHG DW WKHLQSXW RI |
IURP (0'( VNHWFKHV IRUPV D VHSDUDWH LQSXW XQLW 7KH LQ
RI XVHU VKRSSLQJ KLVWRU\ ZLWK LQGLYLGXDO VNHWFKHV R
E\VLPSOH VXPPDWLRQ DQG QRUPDOL]DWLRQ 6LPLODUO\ WK
VNHWFK EXW WKLV WLPHLWLYWKHVNHWFKRIWKHPLVVLQJ
QHHGV WR EH SUHGLFWHG ,QVXFKVFHQDULR WKHQHXURQVF
GHSHQGHQFLHVY EHWZHHQ YDULRXV LQSXW DQG RXWSXW EXFN
H[DPSOHRISURGXFW UHFRPPHQGDW L\R\H VIIKXEP R 8\N B QIFEKHHW Z
LV GRQH ZLWK D VLPSOH IHHG IRUZDUG QHXUDO QHWZRUN 7Kt
IURP LQSXW VNHWEK EXFNHWV WR RXWSXW EXFNHWV

([SHULPHQWDO 3URFHGXUHDQG 5HVXOWYV

&RPSHWLWRUVDQG 'DWDVHWYV



7TDEOH 7TRS NUHFRPPHQGDWLRQ UHVXOWYV 6RXUFH '

ORGHO SHFDOO# 1'&*# S5HFDOO# 1'&*# 5HFDOO# 1'&*# 5HFDO
ORYLH/HQV 0

($6( 6BWHFN > @
OXOW9$(/LDQJHWDO > @
6/,01LQJDQG .DU\SLV> @
53 EHWD 3DXGHO HW DO > @

($6( BWHFN > @
0XOW9$(/LDQJHWDO > @
6/,01LQJDQG .DU\SLV> @
53 EHWD 3DXGHO HW DO > @

7TDEOH 5HVXOWV RIDGGLQJ PXOWLPRGDO GDWDP WR RXU WR
GHQRWHYV (0'(ZLWK XVDJH R PXX O V& IHFRRRGADHOVGMDRNHDQ RQ G XOW L P |
6RXUFH ' EURZVNLHWDO > @

ORGHO‘ S5HFDOO# 1'&*# SHFDOO# 1'&*# S5HFDOO# 1'&*# SHFDOO#
ORYLH/HQV O

(0'( 00
(0'(

1HWIOL[3UL]H

(0'( 00
(0'(

(ISHULPHQWV DUH FRQGXFWHG RQ WZR SRSXODU UHDO ZRL
I1HWIOL[3UL]H GHVFULEHGLQ 6HFWLRQ

$V WR WKH FRPSHWLWRUYV , UHO\RQ WKH EHVW PRGHOV GH
7KLV ZRUN FRQWDLQV D VIVWHPDWLF FRPSDULVRQ RI QHXUDO
LQIWRVXUSULVLQJO\VXSHULRUUHVXOWV RIROGHU QRQ QHX
LGHQWLILHG LQ WKLV SDSHU DUH 6/,0>1LQJDQG .DU\SLV C
6/,0 6SDUVH/LQHDU ODSSLQJ DOJRULWKP SURGXFHW D VSDU\
ZKLFK LY OHDUQHG E\ VROYLQJDQ/ QRUPDQG/ QRUP UHJXC
PXOWLSOWHADIWLRYWIWKH XVHU LWHPLQWHUDFWLRQPDWUL[S
PHQGDWLRQ VFRUHVIRUDOO LWHPV SHU XVHU 53 EHWD LV D!
REMHFWLYH ,WUHSUHVHQWY XVHU LQWHUDFWLRQV ZLWK LW



SHUIRUPV WZR VWHSV UDQGRP ZDONV IURP XVHUV WR LWHPYV
GDWLRQ VFRUHV EDVHG RQ SUREDELOLWLHV RI WKH UDQGRP :
> @PDQ\DGYDQFHG QHXUDO DOJRULWKPV SXEOLVKHG DW '
VXFKVLPSOHDSSURDFKHV ZKLFKVXJJHVWV LQFRPSOHWH HY
$GGLWLRQDOO\ ,LQFOXGH D PRUH UHFHQW VWDWH RI WKH
>/LDQJ HW DO @ DQG D QRQ QHXUDO DOJRULWKP ($6( >6V
6KDOORZ $XWRHQFRGHU IRU 6SDUVH 'DWD ZRUNV GLUHFWO\
UHOLHV RQ D OLQHDU PRGHO WKDW LV JHDUHG WRZDUG VSDU
GHULYHG LQ WKH SDSHU
(YDOXDWLRQ OHWKR GV HXQGIOMMHIERBH IRU GDWDVHW SUHS
HYDOXDWLRQ IURP /XGHZQJSHDWWOF%XOD@® , IROORZ WKHLU GD)
H[DFW LPSOHPHQWDWLRQ RI SHUIRUPDQFH PHWULFV WR HQV
2Q WRSRI(0'( ,XVHDVLPSOHVSDUVHRQH KLGGHQ OD\HU I
QHXURQV RIUDQGRPO\VKXIIOHG XVHU LWHPV ZHUH S
UHPDLQLQJ LQWRWKHRXWSXWVNHWFKWRUHIOHFW WKH W
,Q WKH EHVW SHUIRUPLQJWRS NPXOWLPRGDO FRQILIJXUDWL
GLVOLNHG LWHPV LWHPV ZKLFK UHFHLYHG D UDWLQJ ORZHU V
SEHVXOWWKRZQ LQ 7DEOH (0'(LVIRXQGWRRXWSHUIRUP WK
PDUJLQ 7KDQNV WR WKH PXOWLPRGDO QDWXUH RI (0'( LW FD
,Q WKLY FDVH WKHVH DUH &0HRUD HPEHGGLQJV RI OLNHG LW
UDWLQJORZHU WKDQ FRPSXWHG ZLWK RU &OHRUDLWHUD
DQG WUHDWHG DV VHSDUDWH PRGDOLWLHYV 7KLV SURYHV WKF
WKH FRPSHWLWRUV DQG PDNHDGHTXDWH XVHRIPXOWLPRGD
DEKLHYHVPRVWO\VWDWH Rl WKH DUW UHVXOWY 7KHDELOLW
FUXFLDO IRU SHUIRUPDQFH DVUHVXOWV RIWKHPXOWLPRGDC
QRQ PXOWLPRGDO FRXQWHUSDUWY DV GLVSOD\HGLQ 7DEOH
HQRXJK WRLQFOXGHWKHGLVOLNHG LWHPV LQ WKHIRUP RIDQ
LPSURYHG UHVXOWYV
$GGLWLRQDOO\ ZHDOVR WU\WKH (0'(PRGHOLQDVHVVLRQ
RXWFRPHV FRPSDUHG WR ERWK QHXUDO DQG QRQ QHXUDO FRI

2iiTh,ff:Bi?m#X+QKfJ m BxBQ6.f_2+avbkyRNn.22TG2 "MBM;nlp Hm iBQM



7TDEOH 6HVVLRQ EDVHG UHFRPPHQGDWLRQ UHVXOWYV 7RS
GDWDRDVHWGHQRWHYV PXOWLPRGDOIBRG HQRWB W DRQ@VP XIOWILH R
ILIXUDWLRQV 6RXUFH ' EURZVNLHWDO > @

ORGHO 055# 3# 5# +5# 0$3# ORGHO 055# 3# 5# +5# 0$3#
5(7$,/ 56 &
(0'(00 (0'(00
(0°( (0°(
96 .22 | &7
6 .11 1$50
7$*11 67$03
*(7 5~ 65
1$50 $5
x, 12:3
(0'(00 (0'(00 QR PXOWLPRGDO GDWD IRXQG
(0°( (0'(
96 .22 | &7
6 .11 *(7 5~|
7$*11 65
*<Z 5~ 65 *11
65 *11 6 .11
08 $270
(0'(00 (0'(00 QR PXOWLPRGDO GDWD IRXQG
(0°( (0'(
Y2 &7
65 1$50
*¢7 5~| 67$03
1$50 65
96 .11 6 .11




6 XPPDU\

, QWKLVVHFWLRQ,KDYHSURYHQWKDWGHQVLW\HVWLPDWLRC
UHFRPPHQGDWLRQ PHWKRG ZKLFKLQFUHDVHV UHFRPPHQGD
$W WKH VDPHWLPH LWDOORZVIRUHDV\LQFRUSRUDWLRQ RI |
ERRVWVLQUHFRPPHQGDWLRQ TXDOLW\ $VVXFK +\SRWKHVL"



8QL PRGDO FRQWHQW EDVHG UHFRPPHQGHU

7KLV VHFWLRQ FRYHUV +\SRWKHVLV IURP 6HFWLRQ
7KH SXEOLFDWLRQ RQ ZKLFKOWNKRY VM FIMHLFR R WM NE DVBIGE D UD 5\F
" EURZVNL "2Q WKH8QUHDVRQDEOH (I1HFWLY HQURAHRIGLHQIW L
RIWKH WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 1HXUDO ,QIRU
01L6: SRLQWYV + HTXDO FRQWULEXWLRQ

 QWURGXFWLRQ

, QVWDQFHUHWULHYDOLQ WHUPVRIFRQWHQW EDVHG UHFRPF
IURPD TXHU\WR REMHFWY SUHVHQWLQDQLWHP VHW JDOOHU
QRLQWHUDFWLRQV H[LVWIRUDJLYHQ LWHP \HW DQG WKH RC
LWV YLVXDO WH[WXDO RUFDWHJRULFDO IHDWXUHV $ EDVLF
ZKHUH WKH TXHU\ PRGDOLW\LVY WKHVDPHDV WKHJDOOHU\YV
UHFRPPHQGHU SURSRVHG LQ WKLV VHFWLRQLVIRFXVHG RQ Yl
LPDJHGDWDEDVHEDVHGRQDQLPDIJHTXHU\ +RZHYHU LWFDQ
FRQWHQW EDVHG UHFRPPHQGHU IRUDQ\PRGDOLW\ EHLW WH

%DFNJURXQG

ORVW H[LVWLQJLQVWDQFH UHWULHYDO VROXWLRQV XVH '"HHS
GHHS OHDUQLQJPRGHO LV WUDLQHG WR WUDQVIRUP LPDJHV L
IURP WKH VDPH FODVV DUH FORVHWR HDFK RWKHU >/LX HW DO
VWDJH WKHTXHU\HPEHGGLQJLVVFRUHGDJDLQVWDOOJDOO
RQHV DUH UHWXUQHG 8QWLO UHFHQWO\ D ORW RI DUWLFOH)\
UHWULHYDO PRGHOV &XUUHQWO\ PRVW ZRUNV XVH FRPSDUD
RQHRIWKHPRVW ZLGHO\ XVHG DSSURDFKHV AU DSSRIWW WRWW Z
VDPH FODVW BIQIPEQHJDWLYH H[DPSOH E HO R & B LREIMWE VQ R W/
WR PLQLPL]HWKH GALVRVIZBED EISWYZKHDVDPBOMKRAKH ORVV IXQ
LV IRUPXODWHG DV IROORZYV

Luipee = Kf(A) T(P)KZ k f(A) TN+

Z K Ht).H= max(z;0) f GHQRWHV HPEHGGLQJ IXQFWLRQ OHRDVQHG GX
PDUJLQ SDUDPHWHU ZKLFK GHILQHV WKH UHTXLUHG GLIITHUHQ



7TKH FRPSXWDWLRQ RI VLPLODULWLHY ZLWK LQGLYLGXDO L
LIQRUHV DQ LPSRUWDQW ELW RILQIRUPDWLRQ ZHDOZD\V N
JDOOHU\ 7KLV LQVSLUHVDQLGHD IRUWKHUHGXFWLRQ RI WK
EHWZHHQ TXHU\DQG D UHSUHVHQWDWLRQRID ZKROHJDOOHL
DYLDEOH ZD\IRUVSHHGXS DQG SRWHQWLDOO\DIRUP RIUHJX

BURSRVHG $OJRULWKP

‘HSURSRVHD V\WWHP RIPDWFKLQJ TXHU\LPDJHV WR UHSUHVH
FHQW WBRAX®\WW O\ HDFK SURGXFW IURP WKH LWHP VWRFN LV FKD
WKH VDPH SURGXFW SKRWRJUDSKHG IURP PXOWLSOH DQJOHV
RI WU\LQJ WR PDWFK WKH TXHU\ WR HDFK SURGXFW SKRWR L
DFHQWURLG DYHUDJH RIDOOHPEHGGLQJV RIDVLQJOH SUR
JLIXUH VKRZVWKHFRQFHSWRIFHQWURLG EDVHG YV LQVW

,Q RUGHU WR XVH FHQWURLGY WKH FODVVLF 7ULSOHW /RVV
/IRVV &7/ ,QVWHDG RIFRPSDULQJ WKH B/IRVS\RD/Q FMH. K HIDW® BQFH
LQVWDQFHV &7/ FRPSXWH\AWIQK GIODWV NFREHEBHURBENGY H QWL Q
HLWKHU WKH VDPH FODVV DV WKHDQFKRURUDGLIIHUHQW FOL
DV

I—triplet = kf (A) CPkg k f(A) CN)k§+ c 4 -

6XFK IRUPXODWLRQ RI ORVV FDQ KHOS UHJXODUL]H WKH PF
LUUHOHYDQW YDULDWLRQVLQ WKHLWHPJDOOHULHYV

7KH 8HQWURLG 7ULSOHW /RVV LV LQWURGXFHG RQ WRS RIR
WKH DUW PRGHO LQ YLVXDO UHWULHYDO >:LHFJRUHN HW DO
> @ HPEHGV LPDJHV ZLWK D YDULDWLRQ RI WKH 5HV1IHW DU
WR LPDJH SURFHVVLQJ DQG SDVVHV WKHP WKURXJK D VLPSO
VXFK DVDYHUDJH SRROLQJDQG EDWFK QRUPDOL]DWLRQ 7KU
DWYDULRXV VWDJHV RIITRUZDUG SURSDJDWLRQ WKH  7ULSOH
FDOOHG &HQWHU /RVV > HQ HW DO D@ ZKLFK LV D KHOSHU
WKH GLVWDQFHVY EHWZHHQ UHSUHVHQWDWLRQV RI SKRWRYV |1
IRVV LW SXQLVKHVDEVROXWH GLVWDQFHVY EHWZHHQ UHSUHYV

7KH &7/LVDGGHG QH[WWRRWKHUHOHPHQWY WR VSHFLILFD
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