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summary

Walking impairments are common in elderly people and its prevalence increases with age. Walking
impairments have devastating consequences and are associated with a loss of mobility, increased
institutionalization, increased fall risk and decreased quality of life. Numerous disorders of both the
central and peripheral nervous system can cause an impaired walking pattern. The objective quan-
tification of walking is therefore of high clinical interest for clinicians, researchers and neurological
patients.

Walking is made up from repetitive gait cycles, that can be divided in a stance phase, during which
the foot is in contact with the ground, and a swing phase, during which the same foot is swinging
forward. These phases are demarcated by gait events that are referred to as initial and final contact.
The robust and accurate detection of these gait events is critical for any clinical gait analysis. Recent
advances in wearable inertial sensor technology potentially allow the clinical gait analysis to shift to
long-term continuous monitoring in the habitual environment. However, to date, the algorithms to
extract gait events from inertial measurement unit (IMU) data have limited ecological validity as they
have been validated mainly in clinical research settings with straight-line walking trials.

In this thesis a deep learning (DL)-based network is developed to determine gait events from IMU
data from a shank- or foot-worn device. The DL network takes as input the raw IMU data predicts
for each time step the probability that it corresponds to an initial or final contact. The algorithm is
validated for walking at different self-selected speeds across multiple neurological diseases and both
in clinical research settings and the habitual environment. The algorithms shows a high detection
rate for initial and contacts, and a small time error when compared to reference events obtained with
an optical motion capture system or pressure insoles.

Based on the excellent performance, it is concluded that the DL algorithm is well suited for con-
tinuous long-term monitoring of gait in the habitual environment.

X






Zusammenfassung

Gangst°® rungen sind bei @lteren Menschen weit verbreitet, und ihre Pr2 valenz nimmt mit dem Alter
zu. Gangst®rungen haben weitgehende Folgen und gehen mit einem Verlust an Mobilit?t, einer
zunehmenden Institutionalisierung, einem erh® hten Sturzrisiko und einer verminderten Lebensqual-
itat einher. Zahlreiche St° rungen sowohl des zentralen als auch des peripheren Nervensystems k° n-
nen zu einer Beeintr? chtigung des Gehverhaltens f¢hren. Die objektive Quantifizierung des Gehens
ist daher von groCem klinischen Interesse f¢r Kliniker, Forscher und neurologische Patienten.

Das Gehen besteht aus sich wiederholenden Gangzyklen, die in eine Standphase, in der der
FuC den Boden ber¢hrt, und eine Schwungphase, in der derselbe FuC vorw? rts schwingt, unterteilt
werden k° nnen. Diese Phasen werden durch Gangereignisse abgegrenzt, die als erster und letzter
FuCkontakt bezeichnet werden. Die robuste und genaue Erkennung dieser Gangereignisse ist f¢r
jede klinische Ganganalyse von entscheidender Bedeutung. J¢ngste Fortschritte in der Technologie
der tragbaren Inertialsensoren erm® glichen es, die klinische Ganganalyse auf eine langfristige, kon-
tinuierliche § berwachung in der hauslichen Umgebung umzustellen. Bislang haben die Algorithmen
zur Extraktion von Gangereignissen aus Inertialmessdaten (Inertial Measurement Unit: IMU) jedoch
nur eine begrenzte °kologische G¢ltigkeit, da sie haupts?@ chlich in klinischen Forschungsumgebun-
gen mit geradlinigen Gehversuchen validiert wurden.

In dieser Arbeit wird ein Deep Learning (DL)-basiertes Netzwerk entwickelt, um Gangereignisse
aus IMU-Daten von einem Ger?t zu bestimmen, das am Schaft oder am FuC getragen wird. Das
DL-Netzwerk nimmt die IMU-Rohdaten als Eingabe und sagt f¢r jeden Zeitschritt die Wahrschein-
lichkeit voraus, dass es sich um einen ersten oder letzten Kontakt handelt. Der Algorithmus wurde
f¢r das Gehen bei verschiedenen selbstgew? hiten Geschwindigkeiten bei mehreren neurologischen
Erkrankungen und sowohl in klinischen Forschungsumgebungen als auch in der gewohnten Umge-
bung validiert. Der Algorithmus zeigt eine hohe Erkennungsrate f¢r erster und letzter FuCkontakt
und einen geringen Zeitfehler im Vergleich zu Referenzereignissen, die mit einem optischen marker-
basierte System oder Druckeinlagen ermittelt wurden.

Aufgrund der ausgezeichneten Leistung wird der Schluss gezogen, dass sich der DL-Algorithmus
gut f¢r die kontinuierliche Langzeit¢ berwachung des Gangs in der gewohnten Umgebung eignet.
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Figure 1: Schematic depiction of the thesis outline.

This thesis is divided into three main parts, and each part consists of one or more chapters
(Figure 1).

Part | is comprised of the Introduction and Background chapters. In chapter 1 the topic of gait
analysis and gait event detection is introduced. The importance of measuring gait is explained, which
gait parameters are derived, and the aim of the current thesis is stated. In chapter 2, the signals that
were used throughout this thesis are explained, and the signal processing methods are described.

Part 1l contains the contents from the works of the last years that have been published in, or
submitted to, peer-reviewed journals. In chapter 3 a conventional gait event detection algorithm
is validated for curved walking under single- and dual-task conditions. Then, in chapter 4 a deep
learning-based algorithm is developed, and validated for its performance across different walking
speeds and for different neurological and healthy cohorts. This deep learning algorithm is subse-
quently tested for its ecological validity across multiple mobility-limiting disease cohorts in real-life
walking bouts (Chapter 5).

In the last part (Part IIl) the overall findings are summarized, the results are discussed, and
suggestions are provided for further research.

Xix
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FRIQLWLYHLPSDLUPHQW LQ D SURVSHFWLYHI MR @LWXGLQDO

fWKHSUHVHQFH RIZDONLQJDEQRUPDOLWLHVLQHOGHUO\SHUVI
QLILFDQW SUHGLFWRURIWKHULVNRIGHYHORSPHQW RIGHPHQ
HHU @

tDQG TXDQWLWDWLYH JDLW SDUDPHWHUYV SOD\DQ LPSRUWDQW
GLVHDVH 3' DQG SURJUHVVLRQ@L&KLQ WKLV SKDVH >

7TDNHQ WRIJHWKHU ZDONLQJLV D VHQVLWLYHLQGLFDWRU RI RYH!
RIJDLWDVVHVVPHQW IRUGLDIJQRVWLF DO RER®HUDSHXWLF SXUSRYV



+EMX %OWWIWWQIRX

JLIXUH 7KH JDLW F\FOHDQG DVVRFLDWHG$®D 3VSHKE YHR/DQ G HYHQW YV

+EMX %OWWIWWQIRX

+EMX ']GP|

,QRUGHU WR XQGHUVWDQG ZDONLQJ LPSDLUPHQWY LWLV LPSRUWDQ\
ZLOO SURYLGH WKHVWDQGDUG DJDLQVW ZKLFK W/KH LP&SDLAWHG ZDONL

:DONLQJ LV D F\FRDEHNOMMGERQYLVWY RI UHSHWLW L YHFRFORS\OH\WE H V
JDLW F\FOH LV GHILQHG DV W KIHR R/ D PDHRRR WHRFMNWEKRIW ZLWK WKH JUR X
WKH QH[W ,& RI WK&6VDPH RRW >66 @ ORVWO\ WKHJDLW F\FOH LV GLY
SKDVHV VWDQFHDQGVZLQJ 7KHVWDQFH SKDVHLV WKHWLPH GXULQ.
JURXQG 7KHVZLQJ SKDVH IROORZV WKH VWDQFH SKDVHDQG LV WKH \
LQ WKHDLU 7KH VHSDUDWLRQ RI WKH WIZRDSKPR QW B %W DJ&ANHG E\ WKH
66 @ WWHS WKHWLPHEHWZHHQDQ , & RIWKHLSVLODWHUDO IRRWDQG"
IRR3¥6> /5: .OX @ DQG FRUUHVSRQGV WR D IRUZDUG GLVSODFHPHQW
IRUZDUG GLVSODFHPHGW B WWH MMM WLPH EHWZHHQ WZR VXFFHVV
VDPHIRRW $V VXFK DVWULGHLVHTXLYDOHQW WR WKH JDLW F\FOH DC(
LSVLODWHUDO IRRWDQG WKHFRQVHFXWL3% VVWHS LORP@&@ KH FRQWUDC

7TKHUH DUH PDQ\ SDUDPHWHUVY WKDW FDQ EH HIWUDFWHG IURP D JDL\
HWHUVY DUH WKH VSDWLR WHPSRUDO SDUDPHWHUV VXFK DV VWHS DQG
RUVWHS IUHBXHQ¥\F>6RO@ *DLW VSHHG LV DOVR FRQVLGHUHG D NH
)] @ 6XEVHTXHQWO\GHULYHG SDUDPHWHUV DUH XVXDOO\FRQVLGH
VHUYHDV PHDVXUHV IR %D L6W @\ PFGINV @ = DLW Y DHDLDD@& L OD MWWV ¥ PRR W K
QHVNMe® +XL @ JDLW VROEL®WUW@>DQG JDLW 8B JX®DMU LMKL> @



'"LETXIV -RXVSHYGX

S8VEHMXMSREP +tEMX %WWIWWQIRX

7UDGLWLRQDOO\JDLW DVVHVVPHQW LV SHUIRUPHG XVLQJWHVWV R
FOLQLFDO HQYLURQPHQW E\ DSSO\LQJ IRU H[DPSOH WKH PRWRU !
VSRQVRUHG 8QLILHG 3DUNLQVRQYV 'LVHDVH 5DWR®J @ DRH SID6VE B
ZLWK 8DH @ 2EVHUYHU UDWHG JDLW DVVHVVPHQW LV UHODWLY}
EHHQ VXJJHVWHG WKDW WKLV VXEMHFWLYLW\ PD\ OHDG WR SRRU Y
¥1) @ DQG GHSHQGV RQ F ColLGIL FOOH@S HURRIWVHREMHFWLYH DSSUR
WLPHG ZDONB®DVEHVWWX¥ K DV WKH VL[ PLQ XXM @D &KRYIVMASHKNY WL F D O
PDQFH EDWWH@ > IRRW ZDONLQR\® L& WMDIFWEH WLPHG X% D@G JR
+RZHYHU ERWK WKH UDWLQJVFDOHVDQG WLPHG ZDONLQJWHVWV P
FDQQRW HYDOXDWH GLVHDVH UXK FL¥.00F KeFKD FW.WU@V WXAFW $HUP R |
WKHVH DVVHVVPHQWY DUH WKRXJKW WR PDLQO\DVVHV WKH JDLW F
IXQFWLORQ" ® 7KLV DVVHVVPHQW DSSURDFK GRHV QRW WHOO DQ\V
TXDQWLW\SHRSOH DUH ZDONLQJLQ GDLO\OLIH

-RWXVYQIRXIH+EMX %WWIWWQIRX

,QVWUXPHQWHG JDLW DVVHVVPHQW XVLQJ GLIIHUHQW GLJLWDO EL
LV FRPSOHPHQWDU\ WR F OO FOIRRE®V HUMDUMHIQRQ GLILWDO EDVHG \
DYDLODEOH IRUWKH REMHFWLYH LQVWUXPHQWHG DVVHVVPHQW R
FLGLQJ WKH EHVW DSSURDFK LV WKH QHHG WR EDODQFH WKH UHTX
VSHFLILFLW\ PHDVXUHPHQW DFFXUDF\ DQG PLQLPDO UDWHU ELDV
LQJ VXFK PHWKRGV LQ FOLQLFV FRPP%®XEW®BRY @Q @KUDH K IGALIPG QWL
' PRWLRQ FDSWXUH PRFDS V\WWHPV LQVWUXPHQWHG ZDONZD\ \
SLRQHHULQJ QRQ ZHDUDEOH V\VWHPV WKDW DUH FRQVLGHUHG WK
LQJNLQHWLF RUNLQHPDWLF JDLW SDUDPHWHEBWA@LWE UHDVRQDEO
0*0 @ ORFDS VI\VWHPV XVH SDVVLYH UHWUR UHIOHFWLYH PDUN
HOHFWURQLF VWHUHRSKRWRJUDPPHWULF VIVWHP DQG YDULRXYV D
PHQW RIDWWDFKHG PDUNHUV ZLWK KLJK WsHPSBUPD OO G &1SOWLD O |
&KL @ +RZHYHU WKH KLJK FRVWYV ORQJ SUHSDUDWLRQ WLPH DQ
WKH PREDS VIVWHPV IRUP EDUULHUV WR WK H*RGR SWX R @@L Q YURW MH.\q
PRUH WKHUH LV LQFUHDVLQJO\ PRUH HYLGHQFH WKDW JDLW PHDV
VXSHUYLVLRQ ODFNV HFRORJLFDO YDOLGLW\ WKDW LV JDLW DV PH
>DU )0 +LO $WU@



%MQ SJ XLI8LIWMW

' IEVEFPI 7IRWSV &EWIH +EMX %YWWIWWQIRX
5HFHQW \HDUV KDYH WKHUHIRUH VKRZQ D FOHDU WUHQG WRZDUGV Z|
>DU &HO @ DQG HVSHFLDOO\LQHUWLDO PHDVXUHPHQW XQLWV ,08V
,08V DOORZ IRUXQREWUXVLYH ORQJ WHUP PRQLWRULQJRIJDLW LQ W!I
DW ZRUN RULQ WKHRRP®XGLWIU> )0 0D] @

,08V W\SLFDOO\ FRQVLVW Rl 'DFFHOHURPHWHUV 'J\URVFRSHV DQ¢
WKDW PHDVXUH OLQHDU DFFHOHUDWLRQV DQJXODU YHORFLW\DQG P|
WKHVH VLIQDOV WKH WLPLQJV RIJDLW HYHQWV VXFK DV ,&V DQG )&V
DOJRULMWKPVI @ 7KHVH DOJRULWKPV KRZHYHU DUH RIWHQ RQO\ Y
ZDONLQJLQ FOLQLFDOHQYLURQPHQWY DQG ZHUHWHVWHG PRVWO\LQ
LV WKHQ EDVHG RQ UXOH EDVHG KHXULVWLFV XVLQJ HPSLULFDOO\ GH!
WUDQVODWH WR GDLO\OLIH JDLW VLQFH ,08 EDVHG JDLW VLJQDOV DU
WLFLSDQW DFWLYLW\ OHYHOV DQG WKH H[DFW:BRQWB [W3IIQZKLFK ZDO
3RO @ +RZHYHU UHFHQWDGYDQFHVLQ GHHS OHDUQLQJDOJRULWKPYV
DELOLW\RIODEHOHG JDLW GDWD DUH SDYLQJWKH ZD\IRUD GDWD GUL
JDLWHYHQW GIHPWHE® LR'®S )LO @

%MQ SJ XLI8LIWMW
,Q VXPPDU\ WKHREMHFWLYH TXDQWLILFDWLRQ RI WKH JDLW F\FOH LV |
LQFOXGLQJ SDWLHQWY FOLQLFLDQV DQG UHVHDUFKHUV WHVWLQJ QF
JDWH PDUNHU RI RYHUDOO KHDOWK VWDWXV 7KH JDLW SDWWHUQ PD
QHXURGHJHQHUDWLYH GLVHDVH DQG FDQ LQIRUP RQ WKH IXWXUH GH
DQG 3

8VLQJ,08V LWLV SRVVLEOH WR UHFRUG WKH JDLW SDWWHUQ XQREW
ULHVEXWDOVRLQWKHKDELWXDOHQYLURQPHQW 7KLV SURYLGHV D PF
DQG SRVVLEOH GLVHDVH EXUGHQ +RZHYHU WKHHFRORJLFDO YDOLGL
FKDOOHQJH WKHUHIRUH WKH DLWRGWKHGRS DIOGW WWEIHWDRWHW Q DOJR
EXVWDQG DFFXUDWH JDLW HYHQW GHWHFWLRQ EDVHG RQ ,08VLJQDOV
DQG XQVXSHUYLVHG VHWWLQJV DFURVV ERWK KHDOWK\ DQG GLIITHUHQ
KRUWYV






&SEGOKVSYR

AVEGXMGEP 'SRWMHIVEXMSRW
,08V DUH GHYLFHV WKDW W\SLFDOO\ FRQWDLQ D WKU#5H @[L¥YQDFFHOHU
FHOHURPHWHU PHDVXUHV WKH H{WHUQDO VSHFLILFIRUFHDFWLQJRQ \
ERWK WKH GHYLFHYV DFFHOHUDWLRQ DQG WKH HDUWKYV JUDYLW\ $ J
YHORFLW\ L H WKH UDWH RI FKDQJH R W H7TR B DL FRH Q \RU UR @Y WRDSHMRI
DFFHOHURPHWHUV DUHEDVHG RQ PLFURHOHFWURPHBK [@EQ ) RDJOMKM W H |
SXUSRVH RIPHDVXULQJKXPDQ PRWLRQ ,08V DUH VWUDSSHG RUDWWD
7KH UHFRUGHG DFFHOHUDWLRQV DQG DQJXODU YHORFLWLHV DV PHDV
PRYHPHQW RI WKH ERG\ VHIJPHQW LW LV DWWDFKHG WR ,GHDOO\ WKH
UHFWO\WRLQIRUP RQ WKHERG\VHJPHQWYV SRVH L H SRVLWLRQ DQC
DUH QRLV\ DQG+BLDVRG RV @ 7KXV WKHUH D VHYHUDO SUDFWLFDO F
QHHG WR EH WDNHQ LQWR DFFRXQW

JLUVW DQ ,08 QHHGV WREH SURSHUO\FDOLEUDW)HB D QPG U@ | W VKR X
)XUWKHUPRUH GHSHQGLQJ RQ WKH W\SH RI PRYHPHQW WKDW LV WR E
IUHTXHQMQG UDQJH LV WREB@KFRMHDDONLQJ LW ZDV VKRZQ WKDW R
WKH VLJQDO LV FRQWDLQHG EHORZ +$® Q@ DQGVQRHORDLILtFPQW DFFF
IUHTXHQF\FRPSRQHQW ZDV IRXQG DERYH +]IRUHLWKHUD ORZ EDFN
WUHDGPLO®PD BN L&RIQPVLGHULQJ QRW MXVW ZDONLQJ EXW D UDQJH RI
LW ZDV IRXQG WKDW WKH PDMRU HQHB3 EDQKBADWIRWH JEYHMQ WKDW
LV RXU PDLQ DFWLYLW\RI LQWHUHVW DQG WR FRPSO\ ZLVWBK WaKH 1\TXL
WKH VDPSOLQJ IUHTXHQF\ LV W\SLFDOO\ +] RU KLJKHUJ IRUGWKKIH UD ¢



'LETXIV &EGOKVSYH

DFFHOHURPHWHUWIR® WKH J\URVFRSH WR$DYREBO@WXUDWLRQ >

2SXEXMSR
7KH PHDVXUHPHQWYVY IURP D VLQJOH ,08 WKDW UHFRUGY DFFHOHUL
VDPSOLQJ IUHTHHBBHQRWHG

h i
[(tn) = [In]= ayn] a\n] ajn] ! (n] !'\[n] !n] '

IRU WA PHn  1)/fvZLWIic 1; N DQn] DQIGN] GHQRWLQJ WKH DFFHOHU
DQJXODU YHORFLWLHV UHWSHFMWQYIHOLYBOIRQW DRHVKHHS  7KH GD
FRPSOHWH PHDVXUHPHQW DUH GHQRWHG

2 . 3 2 3
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ZLWd=1: :D GHOQRWLQJ WKH P H DV XIWHKPHHQWAR IR EKDIQHD H O
6LPLODUO\ LITRUDJLYHQ PHDVXUHPHQW WKH JDLW HYHQWY KDY
V\VWHP WKHQ WKH UHIHUHQFH DQQRWDWLRQV RU ODEHOV IRU W
GHQRWHG A o
\(tn) = \[n] = yi[n] Yeln] ye[n]
ZKHUHL; :C DQG ZIA2KLQ FDVH RQO\JDLW HYHQWV IURP D VLQJOH V
C=4LQFDVHIJDLWHYHQWVIURPERWKOHIWDQGULJKWVLGHDUHFR
LW KROGMWEKLDWWKH GDWD DIWFWRURH WSWRHEGC WR D QAMKY HIQLW RHIYWMIQNW F
DOQYEN] =0 RWKHUZLVH )XUWKHUPRUH DQ DGGLWLRQDO FODVV ODE
WKDW GR QRW FRUUHVSRQG WR DQ\RIWKHJDLW HYQXW®DVY G WKL
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<1 Ly[n]=0 IRQfL ;Cg
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&RPELQLQJ (TXDMQA®RQWKH UHIHUHQFH D Q@WW BW\V RQNVWDNWLRHI VW H
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'SRZIRXMSREP %TTVSEGLIW

JLIXUH +LJK OHYHO RYHUYLHZ RIWKH VLJQDO SURFHVVLQJ VWHSV WR HIWUDFW WHPS

DQGIRUWKHFRPSOHWH PHDVXUHPHQW
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'SRZIRXMSREP %TTVSEGLIW

*HWWLQJ IURP WKH UDWKHU DEVWUDFW PHDVXUHPHQWY RIDFFHOHUD
UHOHYDQW SDUDPHWHUV UHTXLUHYV DFFX3)CHN i® G & RV FMQWR QRRQ DVKAH\ , &
VLFDODSSURDFKLVDGRSWHG WRLGHQILW\ , &V DQG )&V IURP WKH DFFI
7KLV FRQYHQWLRQDO DSSURDFK FRQVLVWV RI WKUHH PDLQ VWHSV )L

SUHSURFHVVLQJ WKHUDZ ,08 VLJQDOV
HIWUDFWLQJ UHOHYDQW IHDWXUHV IURP WKH SUHSURFHVVHG VLJQ

DQG XVLQJ WKH H[ WUDFWHG IHDWXUHV WR FODVVLI\,& RU )&

,Q WKLV FRQYHQWLRQDO DSSURDFK WKHIHDWXUH HIWUDFWLRQ DQG F
GHILQHG UXOHV DQG HPSLULFDOO\ GHWHUPLQHG WKUHVKROGV

4VITVSGIWWMRK

3UHSURFHVVLQJ VHUYHY WR UHGXFH WKH HITHFWV RI XQZDQWHG GLVW
VLIQDO GULIWDQG RU KL% 6UHT X HO@O QROVHHO ® ,QDGGLWLRQ ,08
EDVHG DOJRULWKPV RIWHQ UHTXLUH WKH VHQVRUVYJ RULHQWDWLRQ U
GHILQHG DFFRUGLQJ WR WKH FRQYHQWLROR®REPURPHFKDQLFV )LJXUF



'LETXIV &EGOKVSYH

JLIXUH 7KH VLIJQDO SURFHVVLQJ VWHSV WKDW PDNH XS WKH SUHSURFI

D+LJK SDVVILOWHU E/RZ SDVVILOWHU

JLIXUH )LOWHU FKDUDFWHULVWLFV RI WKHDSSOLHG KLJK SDVVDQG ORZ SDVV IL
WKHG% FXW RIIT'MNUHTXHQF\

*MPXIVMRK

,QRUGHU WR UHGXFH WKH HITHFWV RI ORZ IUHTXHQF\VLJQDO GULIV
RI WKH VIHQD®@>VXEWUDFW D OLQHDU ILW RI WKH VAiKQ D@ RWUH S &GV
D KLJK SDVV ILOWHU IRUH[DPSOH XVLQJDQ LQBXQLB®H @P S ROQWHKH-
SUHVHQWHG VWXGLHV DQ,,5ILOWHULYV XVHG WKDW LV&HYRBULEHG

H[z] = 11§11; =0:995
IRUD VDPSOLQJIWRTXHE|F\
7KH KLJK SDVVILOWHUHG VLJQDOVDUH WKHQ ORZ SDVVILOWHUH
EDVHG JDLW DQDO\WLVLVD WK RUGHU % XWWHUZRUWK ILOWHU ZL\
3KD 'HO E&BLF *RG @ %WRWKWKHVHILOWHHWS)$S0OXHB WZLFH WR

RQFHIRUZDUGV DQG RQFH EDFNZDUGY WR DFMOLOH®H |HUR SKDVH GH

%PMKRQIRX

*DLW DVVHVVPHQW LY EDVHG RQ WKH SULQFLSOHV RI ELRPHFKDQL
VFULEHG UHODWHG WR DQ DQDWRPLFIXO FER URIUPDW D \I WIKRIHH D Q
SODQHV DUH GHILQHG IURP WKH FRRU&LQ BREG@Q/\VWHP )LIJXUH



'SRZIRXMSREP %TTVSEGLIW

$+D VDIJLWWDO SODQH FRQWDLQLQJ WKH XSZDUG DQG IRUZDUG D[HV
IWKHIURQWDO RUFRURQDO SODQH FRQWDLQLQJWKH XSZDUG DQG ¢
$DQG WKH WUDQVYHUVH SODQH FRQWDLQLQJWKHIRUZDUG DQG WKF

JLIXUH 7KH DQDWRPLFDO SODQHV DQG/B{HW®@ $GRSWHG IURP >

$V WKH ,08 LV DWWDFKHG WR WKH SDUWLFLSDQWY{V ERG\ VHIJPHQW |
VLYH WDSH WKH GHYLFHRULHQWDWLRQ RUDOLJQPHQW LV QRUPDOO\
HLO 'HO BRO &DU@ 7KH SURFHGXUHWR GHWHUPLQHWKHRULHQWDV
VHQVRUDQG WKHERG\VHJPHQW LV UHIHUUHG WRDV VHQVRU WR ERG\
LV FUXFLDO WR GHULYH DQ\FOLQLFDOO\ PHBDGLQJI$X Q@D @ KXCPIDWNRLUQ KA |
RI VWXGLHV SHUIRUP D IXQFWLRQDO DOLJQPHQW ZKHUH D FHUWDLQ S
VXFK WKDW DW OHDVW RQH DQDWRRIDFD O) D L V ARD®D E BGHIV V@L P2DAKHH® >
VWXGLHV DVVXPH WKDW WKH VHQVRU LV SUH DOLJQHG ZLWK DQ D[LV |
NLQHPDWLF PRGHO RU XVH D VRX®8FH RWKH@ WKDQ WKH ,08 >

JRU WKH SUHVHQW VWXGLHV LW LV DVVXPHG WKDW DW OHDVW RQH |
PHGLR ODWHUDO D[LV DQG QR VHQVRU WR VHJPHQW FDOLEUDWLRQ S
LV XVHG

*IEXYVI)\XVEGXMSR
+EMX)ZIRX (IXIGXMSR
YRU WKH FXUUHQW VWXGLHY D FRQYHQWLRQDO DOJRULWKP LV LPSOH
PHGLR ODWHUDO DQJXGDW a1 ORF LW EVVIHDRG ILUVW LGHQWLI\LQJ O
PHGLR ODWHUDO DQJXODU YHORFLW\VLJQDO WKDW FRUUHODWH WR P
$PL @ ERWKIRBRED@WRGSDWKRGRIL FURI@LWRFDO PLQLPD EHIRUH



'LETXIV &EGOKVSYH

DIWHU WKH PLGVZLQJ DVVRFLDWHG PD[LPXP DUH WKHQ FRQVLGHUI
$PL 6DO 7UR @

JLIXUH 6LIJQDO IORZFKDUW IRUGHWHFWLQJJDLWHYHQWY L H LQLWLDO FRQW
PHGLR ODWHUDO DIGHXEDNVHGHIRCGRWDO PLQLPD VXUURXQGLQJ WKH SHDNV WKDW

YRUWKH FXUUHQW VWXGLHV WKH PHG#R IODIWHVW&DIKI $OD Y YLHX
WKH ILOWHU IURP DIXDWKRQ ORZ SDVV ILOWHUHG XVLQJ D WK RUG

G% FXW RIINUHTXHQF\DW +] 1H[W ORFDO PD[LPDDQGPUW@LPD D
7LPLQJV RIPLGVZLQJDUHLGHQWLILHG DV ORFDO RDL QPDKH WIXQPGP &
ILOWHUH6DQ.JQDO & ,| PXOWLSOH DGMDFHQW ORFDO PD[LPD ZLWHK
GHWHFWHG WKHSHDNZLWK WKHKLJKHVW DPSOLWSOEH®@V MHNGIE E WH
ORFDO PLQLPD Zd WK DVYIDWHKBHWHFWHG LQ WKH KLJBK S g/ V) LLEDADHU
WKH ODVW ORFDO PLQLPXP EHIRUH HDFK PLGVZLQJ DQG WKH ILUVW
LGHQWLILHG DV WKH )& DQG ,& UWPSH FaDLOY HO'R ) L&IXW KD

JLIXUH '"HWHFWLRQ RILQLWLDODQGILQDO FRQWDFWV IURP WKH PHGLR ODWHUD
PHWHU ZDONLQJ WULDO RI D KHDOWK\\RXQJHU DGXOW DW VHOI VHOHFYV



(I TOIEVRMRK %TTVSEGLIW

(I TOIEVRMRK %TTVSEGLIW
$ PDMRU GUDZEDFN RI WKLY FRQYHQWLRQDO DSSURDFK LV WKDW LW U]
PD[LPD ORFDO PLQLPD DQG WKH FODVVLILFDWLRQ GHSHQGV RQ HPS
PLQLPXP SHDN KHLJKW WLPHLQWHUYDO EHWZHHQ FRQVHFXWLYH SHD
DQ ,08 GHSHQGV RQ WKH ERG\ VHIJPHQW WR ZKLFK LW LV DWWDFKHG E
DV DJH PRRG SHUVRQDOLW)\ DQG VRFLRFXOWXUDO IDFWRUV GRHV R
8. @ 7KLV LPSOLHV WKDW JDLW HYHQW GHWHFWLRQ SHUIRUPDQFH
FRQWHDWV@ )XUWKHUPRUH WKH IHDWXUH HIWUDFWLRQ DVVXPHV WK
SUH GHILQHG DQDWRPLFDO D[LV DQG WKLV FDQQRW DOZD\V EH JXDU
VHWWLQJV ZKHUH VWXG\ SDUWLFLSDQWYV PD\KDYH WR DWWDFK ,08V W
RUVKRZHULQJ

$OWHUQDWLYHO\ D GHHS OHDUQLQJ '/ EDVHG DSSURDFK FDQ EH I
WKDW WKH PRGHO RU QHWZRUN OHDUQV YDOXDEOH UHSUHVHQWDWLR
DUH GHILQHG IRU IHDWXUH H[W 9D E&WLHRLQ &KKRF@ D VKILVLEOSWLRIFK LV SR
WLDOO\LQYDULDQW WR RULHQWDWLRQ PLVDOLJQPHQW DQG LV WUDQ
YXUWKHUPRUH LWLV DVXLWDEOHDSSURDFKIRUD YDULHW\RIWLPH V|
VLILFDWLR@QW@VNV >

'SRZSPYXMSREP 2IYVEP 2IX[SVOW

JLIXUH $ W\SLFDO FRQYROXWLRQDO QHXUDO QHWZRUN DUFKLWHFWXUH ,W FRQVLVW
SRROLQJ RUVXEVDPSOLQJ IODWWHQLQJDQ®Q®Q OLQHDU DFWLYDWLR

7R H[SORLW WKH VHTXHQWLDO QDWXUH RI WKH JDLW SDWWHUQ D Ol
DUHFXUUHQW QHXUDO QHWZRUN 511 RUD FRQYROXWLRQDO QHXUDC
IRXQG WKDW &11VEDVHGRQGLODWHG FRQYROXWLRQV RXWSHUIRUP 51
*%.. /L @ 7KHVHVSHFLILF &11VDUHVRPHWLPHVUHIHUUHG WR DV WH
7&1V%>. YDQ B. <.) @

&11VZHUHILUVWUHSRUWHG DBRNXWLLBOQWKHRDYEGI\G RWHU WKH FRXUV
ZKDW LV QRZ UHIHUUHG W RD YDIW&IL FRQYROXWLRQDO DQG SRROLQJO



'LETXIV &EGOKVSYH

DIHWZRUN DUFKLWHFWZXIUWHK BD WIODEWRA D K LWIZHR YN FKLWHFWXIWUWHK BD WIODIEWPAERWK OH
FRQVLGHUHG DQG WKHJIJDLWHYHQWY PRGHOOHG DV IWERKR WHSHULRQY REMEBEX&/VLP XOWDQHR>

JLIXUH THPSRUDO FRQYROXWLRQDO QHWZRUN 7&1 PRGHOVIRUJDLW HYHQWYV G
RXWSXWIRUHDFKJDLWHYHQW FODVV OHIW DQG ZLWK D VLQJOH P XC

YH& @ WKDW WRJIJHWKHU ZLWK IXOO\ FRQQHFWHG RU GHQVH OD)
IRUP WKH EXLOGLQJ EORFNV RI QHD&AKR @O AU HWUFKLWHFWXUHYV >

BIQTSVEP 'SRZSPYXMSREP 2IX[SVOW

JRUWKHFXUUHQW WKHVLYVY D7&1LVGHYHORSHGDQGYDOLGDWHG IR
WHWOG 7KH7&1 FRQVLVWY RIVWDFNHG UHVLGXDO EORFNV WKDW
D FRQYROXWLRQDO OD\HU EDWFK QRUPDOL]DWLRQ OD\HU
DQRSWLRQDO GURSRXW OD\HU DIWHU ZKLFK WKH RXWSXW LV DGGH
PDSSLQIRUPRQYROXWLRQDO OD\HU DQGDILQDO 5H/8 DFWLYDWLR

7KH PDWKHPDWLFDO SURFHVVLYXRRXKEKK WESEAWRGDMAXWLYH OD\F
EORFNV LV GHVFULEHG LQ$GHRVZDWRH @ $WSHYETLRI WKH ODVW UHVLC
GHSHQGV RQ ZKHWKHU WKH GDWD IURP ERWK VLGHV DUH FRQVLGHU
VHQVRU VHWXS OLNRMUWBRRKOLOMHMBM G VLPXOWDQHRXVO\ OLNH LQ &k

F&KDSWH,W®W WKLV FDVH WHKHRDYEXWWI WKH UDZ DFFHOHUDWLRQ
GDWD RIDVLQJOH ,08 |l URP HLWKHU WKH OHIW RU ULJKW VLGH

FRUUHVSRQGLQJVLGH DQGWKHVHDUHFRQVLGHUHGMWRRWSSW
RI WKH ODVW UHVLGXDO EORFNDUH WKHUHIRUH SDVVHG WKUR?>
OD\HUV DQG VXEVHTXHQWO\ WKURXJK D VRIWPD[ OD\HU WR JLY
LVFDVWDVDUHJUHVVLRQ SUREOHP DQG WKHGLIITHUHQFH EHW.
TXDQWLILHG E\D ZHLJKWHG PHDQ'GTXDIUAH @ HUKUHRRRY BI&DO O HUUF



(I TOIEVRMRK %TTVSEGLIW

WKHDYHUDJH RI WKHVXP RYHU WKHWLPHVWHSY FODVVHV DQG W

1&KDSWHQ WKLV FDVH WRRQQISKXWRI WKHUDZDFFHOHUDWLRQDQGTE

RI'WKH ,08VRQ ERWKWKHOHIWDQG ULJKW VLGH 7KHODEHOV DUH \
ULJKW )&V 7KHRXWSXWV RI WKHODVW UHVLGXDO EORFN DUH SDV\
VXEVHTXHQWO\ WKURXJK D VRIWPD[ OD\HUWR JLYH WKH SUHGLFW!
PXOWL FODVYVY FODVVLILFDWLRQ SUREOHP DQG WKH GLIIHUHQFH E
DUHTXDQWLILHG E\D ZHLJKWHG FDWHJRULFDO FURVV HQWURS\






3DUW ,,

$OJRULWKP "HVLJIQ 9DOLGI






+EMX)ZIRX (IXIGXMSR (YVM
"EPOMRK ERH (YEP 8EWO 'S

7KH FRQWHQWYV RI WKLV FKDSWHU DUH EDVHG RQ

5RPLMQGHUV 5 :DUPHUGDP ( +DQVHQ & :HO]JHO - 6FKPLGW *

LGDWLRQ RI ,08 EDVHG JDLW HYHQW GHWHFWLRQ GXULQJ FXUYHG ZD

3DUNLQVRQfV 'LVHDRK SQWQR RQWNXUR(QJLQHHULQJ DQG 5HEKRIELOLW
Vv



'"LETXIV +EMX)ZIRX (IXIGXMSR (YVMRK'YVZIH ;EPOMRK ERH

%WFWXVEGX

&EGOKVSYRH

,GHQWLILFDWLRQRILQGLYLGXDOJDLWHYHQWV LV HVVHQWLDO IRU
GLDIJQRVWLF SXUSRVHV RUWUDFNLQJ GLVHDVH SURJUHVVLRQ LQ C
GLVHDVH 3UHYLRXV UHVHDUFK KDV VKRZQ WKDW JDLW HYHQWYV F
LOQOHUWLDO PHDVXUHPHQW XQLW ,08 KRZHYHU GHWHFWLRQ SHUI
VWUDLJKW OLQH ZDONLQJ )RUXVHLQGDLO\OLIH WKHGHWHFWLRC
ZDONLQJDQG WXUQLQJDV ZHOO DV LQ VLQJOH WDVNDQG GXDO WD

1IXLSHW
SBDUWLFLSDQWY ROGHUDGXOWY SHRSOHZLWK3DUNLQVRQYV GLVH
SHUIRUPHG WKUHH GLITHUHQW ZDONLQJWULDOYV VWUDLJKW OLC

ZDON WULDO $QRSWLFDO PRWLRQ FDSWXUH V\VWHP ZDV XVHG D U]\
WR WKH KHHO DQG WRH UHJLRQV RI WKH VKRH DQG SDUWLFLSDQW
VKDQNV 7KHDQJXODU YHORFLW\RIWKH VKDQN ,08V ZDV XVHG WR (
, & DQGILQDO IRRW FRQWDFW )& ZKLFKZHUHFRPSDUHG WR UHIHL
WUDMHFWRULHV

6IWYPXW
7KH GHWHFWLRQ PHWKRG VKRZHG KLJK UHFDOO SUHFLVLRQDQG)
LOQLWLDO FRQWDFWYVY DQG ILQDO FRQWDFWY GXULQJ VWUDLJKW OL(

) VFRUH )& UHFDOO SUHFLVLRQ ) VERUH VODO

SUHFLVLRQ - ) VERUH )& UHFDOO SUHFLVLRQ -
DQG WXUQLQJ ,& UHFDOO - SUHFLVLRQ - ) VEFRUH - )& UH
) VFRUH

'SRGPYWMSRW

6KDQN PRXQWHG ,08V FDQ EH XVHG WR GHWHFW JDLW HYHQWYV GXUL
DOEGWXUQLQJ +RZHYHU PRUHIDOVHHYHQWY ZHUHREVHUYHG GXUI
GXULQIJWXUQLQJ )RUXVHLQGDLO\OLIHZHUHFRPPHQG LGHQWLI\L
SDUDPHWHUV IURPLGHQWLILHG JDLW HYHQWYV



-RXVSHYGXMSR

-RXVSHYGXMSR

*DLWLV UHFRJQLIHG DV D VXUURJDWH PDUNHU RITKHDOWK DQG SURYL
ORJLFDOGLVHRVH VWKPWXV7UDGLWLRQDOO\ JDLWKDVEHHQDVVHVVHC(
ZKLFKVXIITHUVIURPVXEMHFWAYL\@®\ DOQRYPEFRPHWRRVH OLPLWDWLRQ
RSWLFDO PRWLRQ FDSWXUH 20& V\VWHPV FDQ EH XVHG EXW WKHVH V!
UHVWULFWHG WR HISHRW L& H)XDEBRKUHDWRUHHWXHUH LY LQFUHDVLQJ H)
SDWWHUQ REVHUYHGLQFOLQLFDOJDLWDVVHY¥YNVOHOWY @RHN@AHN UHI
WR JHW D PRUH FRPSOHWH SLFWXUH RI KHDOWK VWDWXV WKHUH LV DC
ORZIRUORQJ WHUPJDLWPRQLWRULQJLQDPEXODWRU\VHWWLQJV ,Ql
SURPLVLQJDOWHUQDWLYHWRDVVHVVIJDLWLQDQ REMHERALYH XQREV
+DM @

7KH WHUP 3JDLW" UHIHUV WR 5WKH Z®:\ R®@ZD@M® KFPDX) JDLW LV FRPP
VHIPHQWHG LQWR UHSHWLWLYH JDLW F\FOHV $ QRUPDO JDLW F\FOH E
WKH LQVWDQFH ZKHQ WKH IRRBW% \@V U/LKN-H W MPKAHL JUMREKIQYGDXO EHWZHHQ W:
, &V RI WKH VDPH IRRW LV UHIHUUHG WR DV WKH JDLW F\FOH WLPH RU V
WZR VXFFHVVLYH ,&V RI WKHRSSRVLWH IHHW LY FDOOHG WKH VWHS WL
FRQWDFW )& LVFRQVLGHUHG WKHQ DOO SKDVHV LQ WKH JDLW F\FOF
SKDVH RUVLQJOHDQG GRXEROH V36 SRUGHSEWVYHFDWLRQ RIJDLW HYH
SKDVHV LV FRQVLGHUHG HVVHQWLDOSYRHY K® L QY VFBIOQJPH \8 W M A WHRCHIQ
VLQJOH ORZ EDFN PFRXNO WHK® ,08FP& =+ =LM7&" @ KRZHYHU ILQGLQJ
VXJIJHVW WKDW GHWHFWLQJ *(VLVHDVLHU IURPO/ KRN .RQ IRBW PRXQ
ZKHUHIRRW PRXQWHG ,08VLQFUHDVHHUURUV HVSRG@LDEO\ I@Q SDWKR

7KH SHUIRUPDQFH RI,08 EDVHG *( GHWHFWLRQLV KRZHYHU RIWHQ V
BKD =+ @ RUIURP ZDONLQJ WULDOV ZKHUH RQO\ WKH VWUDLJKW OLC
ZHUH LQFOXGHG LQ=WMKED®DO3VLE >)RU PRUH FRPSOH[ ZDONLQJ WDV
VODORP ZDONLQJ RU GXDO WDVN ZDONLQJ RQH RIWHQ UHOLHV RQ YL
ZKLFK GRHVY QRW DOORZ WR DVVHVV WKH WLPH HUURU RI WKH *( GHW
'KHWKHU ,08 EDVHG *( GHWHFWLRQ LV VWLOO YDOLG LQ PRUH FRPSOH
'DLO\ OLIHJDLW LV OLNHO\LQIOXHQFHG E\ R3®V RIDFDLHOQ KDIR MW LDMN RQ V
DORQJFXUYHG WODMRRW KU IDHV/G>GXDO PXQ®W@WDVNLQJ >

7KH DLP RI WKLV VWXG\LV WKHUHIRUH WR TXDQWLI\ WKH SHUIRUPDQ
OLQH ZDONLQJ XQGHU VLQJOH WDVN DQG GXDO WDVN FRQGLWLRQV T
FXUYHG ZDONLQJDQG WXUQLQJLQ KHDOWK\ ROGHUDGXOWV 2$ SHR
3' DQG SHRSOH ZKR KDYH VXIIHUHG IURP D VWURNH 67
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1IXLSHW
$ VWHS zDV FRQVLGHUHG DV WKH LQWHUYDO EHWZHHQ FRQVHFXW.L
3% @ DQG FRUUHVSRQGLQJWRIRUZDUG GLVSODFHPHQW RI WKH IR
RI WKH WBXQN % VWULGH ZzDV WKH LQWHUYDO EHWZHHQ WZR FRQVF
DVVXFKLWZDVHTXLYDOHQW WR WKHJDLW F\FOH D%XGHH Y3t \@/ W U L (

7TXYH]4STYPEXMSR

7DEOH '"HPRJUDSKLFV GDWD RI WKH VWXG\ SDUW LK LLS/D\Q M/ & XPRIDW R]IH®D BWIUFRRDSD C

EUDFNHWV WKH QXPEHU RI IHPDOH SDUWLFLSDQWYV $JH KHLJKW PDVV 83'56 ,,, I

VWDQGDUG GHYLDWLRQ 'LVHDVH GXUDWLRQ LV WKH WLPH VLQFHILUVW GLDJQF

DGXOWV 3' 3DUNLQVRQYV GLVHDVH 67 VWURNH 83'56 ,,, 8QLILHG 3DUNLQVRC
(IDPLQDWLRQ

*URXS $JIH +HLJKW O0DVYV 83'56 ,,, 'LVHDVH
GXUDWLRQ
\HDUV P NJ \HDUYV
2%
3'
67
7KUHH GLIITHUHQW JURXSV ZHUH GLVWLQJXLVKHG 2$V ZLWK Q

3" SDUWLFLSDQWV LQ WKHPHGLFDWLRQ 21 VWDWHRLNQWBGKH BFVSW K
PLQLPXP DJH ZDV \HDUV $00 SDUWLFLSDQWV QHHGHG WR EHDEO|
ZDONLQJ DLGV ([FOXVLRQ FULWHULD ZBDO® Y KQ MK B OO WWVAR Q WK
E\ WKH SDUWLFLSDQW DQ\LPSDLUPHQW WKDW UHIUDLQHG WKH SEL
LQ WKH VWXG\ DQG D VFRUH EHORZ IRUWKH ORQWUHBDNO @R $QIOW I
SDUWLFLSDQWV IJIJDYH ZULWWHQ LQIRUPHG FRQVHQW DQG WKH VW X(
WKHPHGLFDO IDFXOW\DW 8QLYHUVLW\+RVSLWDO 6FKOHVZLJ +RO\

7TXYH] 4VSXSGSP
SBDUWLFLSDQWY ZDONHGD PHWHUGLVWDQFH WKDW ZDV PDUNHG D
LPDWHO\ PHWHUDSDGOBWUWUKILUSDQWY ZHUH DVNHG WR VWDUW ZDON
EHIRUH WKH VWDUW DQG WR VWRS ZDONLQJDSSUR[LPDWHO\WZR V
GHWHFWLRQ ZHRQO\FRQVLGHUHG WKHHYHQWY WKDW ZHUH UHJL\
7KHIROORZLQJZDONLQJWULDOV ZHUH SHUIRUPHG



1IXLSHW

JLIXUH 6FKHPDWLF LOOXVWUDMWRWYIRKALVEBRIYWNVEKEHHTXLSSHG ZLWK LQHUWLDO PHE
DWWDFKHG WR WKH ODWHUDO VLGHY RI WKHVKDQNVDQG UHIOHFWLYH PDUNHUV WKL
VKRHEWVKUHH GLITHUHQW ZDONLQJWULDOV ZHUH SHUIRUPHG WRS VWUDLJKW OLQH Z
ERWWRP 6WURRS GXDO WDVN ZDONLQJ WULDO 6WUDLJKW OLQH ZDONLQJDQG VODC
FRQGLWLRQV LQGLFDWHG E\WKHVKRHLFRQ ZKHUHDV WKHG6WURRS WDVN ZDV DV D
VKRHDQG PRELOH SKRQHLFRQV )RU WKHGB6WURRS DQG ZDONWULDO ZH GLVWLQJXL\

ZLWKLQ WKH GDVKHG YHUWLFDO OLQHV DQG VWHSV GXULQJWXUQV RXWVLC



'"LETXIV +EMX)ZIRX (IXIGXMSR (YVMRK'YVZIH ;EPOMRK ERH

FVWUDLJKW OLQH WULDO PHWHU DW SUHIHUUHG VSHHG
tVODORP WULDO PHWHU ZLWK D FRQHDWHYHU\ PHWHU DW SU

I6WURRS DQG ZDONWULDO ZDONLQJXSDQGGRZQWKH PHWHU
6WURRSWHWV WD KDQG KHOGPRELOH SKRQH XQWLO FRPSOHWLF
VSHHG )RU WKH QXPHULFDO 6WURRS WHVW WZR QXPEHUV ZHU}
ZHUH GLIITHUHQW LQ YDOXHDQG GLIITHUHQW LQ VHPDQWLF VL]H 7
ZLWK WKH KLIKHVW YDOXH 1R IXUWKHULQVWUXFWLRQV DV WR

J)RU WKH 6WURRS DQG ZDON WULDO SDUWLFLSDQWY VWDUWHG ZLV
GRZQ ZKLOVW WXUQLQJ RQ HLWKHU HQG RI WK CPQH M/[IDP SQ M \WI@RM
7XUQV ZHUH DQQRWDWHG PDQXDOO\XVLQJWKH 4XDOLV\V 7UDFN 0D
$% *|WHERUJ 6ZHGHQ DQG *(VGXULQJWXUQV ZHUH DQDO\]JHG VH?

STXMGEP 1SXMSR 'ETXYVI 7]WXIQ
JUYMTQIRX
SHIOHFWLYH PDUNHUYVY GLDPHWHU PP ZHUH DWWDFKHG WR WKH |
)LJ ODUNHUWUDMHFWRULHY ZHUH UHFRUGHG E\ D FDPHUD RS\
VLV $% *|WHERUJ 6ZHGHQAMDPSOLQJDW

TMKREP 4VSGIWWMRK
*VZHUH GHWHFWHG IURP WKH KHHO PDUNHU WUDMHFWRULHV DQG
LQJV RI , &V DQG )&V (YHQW WLPLQJVY ZHUH EDVHG RQ VSHFLILF VL.
YHUWLFDO YHORFLW\DQG DFFHOHUDWLRQ UHVSHFWLYHO\ 5DZ PL
1$% E 7KHODWKZRUNV 1DWZLFN 86% 7KHUDZ PDUNHU GDWD Zl
JDSV)> @ DQG VXEVHTXHQWO\ORZ SDVVILOWHUHG ZLWK D WK RUG
TXHQR\xwRI  +] 7KH ILOWHU ZDV DSSOLHG WR WKH PDUNHU GDWD E
IXQFWLRQ VXFK WKDW WKHILOWHUHG VLJQDO ZzDV QRW GHOD\HG
7KH WLPLQJV RI , &V FRUUHODWHG ZLWK WLPLQJV RI ORFOD@PDIJ[LF
ZKHUHDV WKH WLPLQJVRI)&V FORVHO\FRUUHODWHG ZLWK WLPLQJV
YHORB®WW@ /LN&DQ & *(VZHUH FKHFNHG PDQXDOO\ 470

-RIVXMEP LIEWYVIQIRX 9RMXW
JUYMTQIRX
2QH ,08 1RUD[RQ8 6 $ ,QF 6FRWWVGDOH $UL]JRQD 86$% ZDV DWW
VWUDSV 7KHVDPSOLQJIUHTXHQF\ZDV DOVRVHWWR +]DQG WKH
XVLQJD WULJIJHU DW WKH EHJLQQUQXDR® HDFK PHDVXUHPHQW >



1IXLSHW

7MKREP 4VSGIWWMRK
6HQVRU GDWD ZHUH ORDGHG LQWR 0$7/$% ,08V ZHUH DOLJQHG VXFK
URXJKO\LQ DQWHUR SRVWHULRU GLUHFWLRQ IRUZDUG EHLQJ SRVLWL
WLYH DQG WKH YHUWLFDO GLUHFWLRQ XS EHLQJSRVLWLYH $QJXOI
,,5 ILOWHWWAMK] WR UHGXFH WKH HDBF& BIQGUWKME® ORZ SDVV ILOWH L
WK RUGHU % XWW H U Z&LOWK | %@RWHU IZQAWKUYV ZHUH TBIS 0BMIQ KWLRQ WK H

'"HWHFWLRQ RI *(V XVLQJ VKDQN PRXQWHG ,08V ZDV EDVHG RQ LGHQ
PHGLR ODWHUDO DQJXODU YHORFLW\ WKDW ZDV KLJK DQG ORZ SDVV
FRUUHODWHG WR WLPIBQIV RURLGRIZLJ 2QO0\ QHIDWLYH SHDNV ZLWk
10 RIWKHJOREDO PLQLPXP DQJXODU YHORFLW\ZHUHFRQVLGHUHG )>
XWLYH SHDNV ZHUH GHWHF W H G3@0LPVKR IGHD AK. RMW KBIW HUKIBQ RQO\ WKH S
ORZHVW YDOXH ZDV¥55 U H\DHW @H G >

'DWD I[URP WKH WZR OHJV ZHUH DQDO\]HG LQGHSHQGHQWO\ RI RQH D
,08 RQDVLQJOH VLGH

(EXE %REP]JWMW
7ZR*(V ,&DQG)& ZHUHH[WUDFWHG XVLQJWKH UHIHUHQFH VI\VWHP DV .
JRUERWKHYHQWV WKHGHWHFWLRQ SHUIRUPDQFH ZDVHYDOXDWHG LQ
SRVLWLYHYVY 73 IDOVHO\LGHQWLILHGHYHQWY IDOVHSRVLWLYHYV )3
73V ZHUH GHI4L8BBWGELIIHUHQFH LQ WHUPV RIPDJQLWXGH EHWZHHQ D
,08 EDVHG DOJRULWKP DQG WJXKKDU i@ H YUHRHF W KINHIQ WHWULFV WKH UHFELC
DQG) VFRUH ZHUH GHULYHG

73

73
SUHFILEVALR

3+ )3

SUHFLVUIHE@ OO
SUHFEVURBDOO

) VFRUHL=2

5HFDOO H[SUHVVHG KRZPDQ\RIWKH JDLWHYHQWY ZHUH GHWHFWHG
RI WKH GHWHFWHG JDLW HYHQWYV ZHUH WUXH JDLW HYHQWYV 7KH ) VF
DYHUDJH RI WKH UHFDOO DQG SUHFLVLRQ )XUWKHUPRUH DOJRULWKP
LQJWKHWLPHHUURU EHWZHHQ WKH UHIHUHQFHHYHQW IURP WKH PDU
HYHQW >-L @ GHILQHG DV
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ZKHU KD QtGg GHQRWHG WKH WLPH RI WKH SUHGLFWHG ,& DQG )& IURP
t°%D Qi GHQRWHG WKH UHIHUHQFH WLPH RI WKH ,& DQG )& REWDLQHC

7KHHIIHFW RI GXDO WDVN FRQGLWLRQV ZDVLQYHVWLJDWHG E\ F|
OLQHWULDO WR WKH *( GHWHFWLRQ IURP WKH VWUDLJKW OLQH VHJ
HIITHFW RI FXUYHG ZDONLQJ ZDV LQYHVWLJDWHG E\ FRPSDULQJ *( Gt
WR VODORP ZDONLQJDQG WXUQV IURP WKH 6WURRS DQG ZDON WUL

TXEXMWXMGEP %REP]WMW
(IXIGXMSR SJ+EMX )ZIRXW
7TKHDOJRULWKP SHUIRUPDQFHLQ GHWHFWLRQRI*(VZDV HYDOXDW'
FRPSDULQJ WKHUHFDOO SUHFLVLRQDQG) VFRUHYV

8MQI %KVIIQIRX
7LPH DJUHHPHQW ZDV DVVHVVHG E\GHWHUPLQLQJ \85K Hf RBDLGGW QFH |
LQWHUYDOVDQG WKHPHDQDEVROXWHHUURU 0$( &RQALEGIQFH LQ
ZLWWKH PHDQ WLPH MKHRWWDQGDUG GHYLDWLRQ RI WKH WLPH HUU
&RPSDULVRQ RI WLPH HUURUV EHW Z I$H QOFRYR Y VR U GHHDE IKOD@RX\S +
ZDV XVHG WR FRPSDUHHDFK VXEMHFW{V PHDQ YDOXHV RI WKH DEVR
GXDO WDVN FRQGLWLRQV DQG VLPLODUO\IRU WKH VWUDWRK@& OLC
'"LIlHUHQFHV ZHUH FRQVLGHUHG VWDWLVWLFDOO\VLJQLILFDQW LI \
&RPSDULVRQ RI WLPH HUURUV EHW ZI$H QOFARRIRVURQNHDKR WBVW
WR FRPSDUH WKH VXEMHFW PHDQ YDOXHV RI WKH DEVROXWH HUUR!
IRUWKH 3'DQG 67URJBXSLHIHUHQFHY ZHUH FRQVLGHUHG VWDWLVWL
ZDV OHVV WKDQ

6IWYPXW

(IXIGXMSR SJ+EMX )ZIRXW
)JIJIGX SJ (YEP S8EWOMRK



6IWYPXW

7TDEOH 9DOLGDWLRQ UHVXOWV RIJDLW HYHQW GHWHFWLRQ IRUWKH VWUDLJKW OL(
6WURRS DQG ZDONWULDO ) ) VFRUH )1 IDOVHQHJDWLYH )3 IDOVH SRVLWLYH
3DUNLQVRQYVY GLVHDVH 5 UHFDOO 67 VWURNH 73 WUXH SRVLWL

,QLWLDO FRQWDFWYV )LQDO FRQWDFWYV
N 73 )1 )3 5 3 ) 73 )1 )3 5 3 )

6WUDLJKW OLQH WULDO
2%
3I
67

6WURRS DQG ZDONWULDO VWUDLJKW OLQHVHJIPHQWYV
2%
3"
67

,08 EDVHG *(GHWHFWLRQ VKRZ®G KEIWGUHAROAK® S&HFLVIORQ ,&
)& 100 DQG KLJK) VFR®H )& 98 I|IRUWKH WKUHH GLITHUHQW JURXSYV
WDVN DQG GXDO WDVN FRQGLWLRQV IRU *(V GX8DQJ, ¥WDDRIGI K& ZMHWN
GHWHFWHG IRUWKHVLQJOH WDVNWULDOV ,QWKHVWUDLIJKW ZDONLC
QXPEHURIIDOVHHYHQWY & )& DQGDQXPEHURIPLVVHG HYHQWYV

)JJIGX SJ'YVZIH ;EPOMRK ERH 8YVRW

7TDEOH 9DOLGDWLRQ UHVXOWV RIJDLW HYHQW GHWHFWLRQ GXULQJVWUDLJKW OLQH -
)1 IDOVH QHJDWLYH )3 IDOVH SRVLWLYH 2$ ROGHUDGXOWY 3 SUHFLVLRQ 3' 3DU!
WUXH SRVLWLYH

,QLWLDO FRQWDFWYV )LQDO FRQWDFWYV
N 73 )1 )3 5 3 ) 73 )1 )3 5 3 )

6WUDLJKW OLQH WULDO
2%
3|
67
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7TDEOH 9DOLGDWLRQ UHVXOWV RIJDLW HYHQW GHWHFWLRQ GXULQJVWUDLJKW OL
)1 IDOVH QHJDWLYH )3 IDOVH SRVLWLYH 2% ROGHUDGXOWY 3 SUHFLVLRQ 3°
WUXH SRVLWLYH

,QLWLDO FRQWDFWYV )LQDO FRQWDFWYV
N 73 )1 )3 5 3 ) 73 )1 )3 5 3 )

60DORP WULDO
2%
3"
67

6WURRS DQG ZDON WULDO WXUQV
2%
3"
67

,08 EDVHG *( GHWHFWLRQ VKRZ60G KEJKWOUHKLOK SB@HFLVIRQ &
)& 99 DQGKLJK) VFBUH)&® IRUWKHWKUHH GLITHUHQW JURXSYV
ZDONLQJDQG VODORP ZD@ROQ&V/IDEGH&YV ZHUH GHWHFWHG IRU WK|
WKH VWUDLJKW ZDONLQJ VHJPHQWYV IURP WKH 6WURRS DQG ZDON W
DQG D QXPEHU RI PLVVHG HYHQWYV ,& )& ZHUH REVHUYHG 2Qt
GHWHFWHG IRUD VLQJOH 3' SDWLHQW LQ WKH VODORP ZDONLQJ WU
DQG EDFNZDUG ZLWKRXW WDNLQJ D VWHS WKDW LV WKHUH ZDV D \
IRUZDUG EXW UDWKHU SXW LWV IRRW GRZQ RQ WKH VDPH VSRW )R
JURXSV UHFDOO ZDV ORZHU WKDQ IRU WKH VWBD L J& W80 L QBQIQ G V
OLNHZLVH IRUWKH®SUHRLWER®Q& ) VFRUWL,&& 89 ORUHHYHQWYV
ZHUH PLVVHG E\ WKH ,08 EDVHG JDLW HYHQW GHWHFWLRQ L&V
GHWHFWHG ,&V )&V

BMQI %KVIIQIRX
)JJJIGX SJ;EPOMRK 8EWO SR+EMX )ZIRX (IXIGXMSR
(ITHFW RI1'XDO 7DVN :DONLQJ



6IWYPXW

JLIXUH %R[SORWV VKRZLQJWKH PHDQ DCH\QRWX\UD AR ROF ORMADEMED FWV GHWHFWLRQ |
HYHQWY GXULQJ VWUDLJKW OLQH ZDONLQJ XQGHU VLQJPHOEDVN UHG RU GXD(

7TDEOH 9DOXHV IRUWKH WLPH HUURUV RI WKHIJIJDLWHYHQWYV &, FRQILGHQFH LQWH
DGXOWV 3' 3DUNLQVRQTVY GLVHDVH VG VWDQGDUG GHYLDWLRQ ¢

,QLWLDO FRQWDFWV )LQDO FRQWDFWYV

PHDYG 0$( 95 &, PHDQG 0$( 95 &,

PV PV >PV PV@ PV PV >PV PV@
2$ VWUDLJKW OLQH > @ > @
VWURRS DQG ZDON > @ > @
3' VWUDLJKW OLQH > @ > @
VWURRS DQG ZDON > @ > @
67 VWUDLJKW OLQH > @ > @
VWURRS DQG ZDON > @ > @

7DEOHVKRZV WKH PHDQ WLPH HUURUV PHDQ DEYROXNWH WKHR UV 0$(
GXULQJVWUDLJKW OLQH ZDONLQJ HLWKHUIURP WKH VWUDLJKW OLQH
GXDO WDVN $:LOFR[RQ VLIJQHG UDQN WHVW VKRZHG WKDW WKHUH L
WKH VLQJOH WDVN DQG GXDO WDVN FRQGLWLRQV, ® KIS &7 RURXISHZ 617
IRXQG WKDW WKHO$(LV VLIQLILFDQWO\KLJKHULQ GXDO WDVN FRQGL)
S=0:039 W =5:0

(IITHFW R1 &XUYHG :DONLQJDQG 7XUQV
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JLIXUH %R[SORWV VKRZLQJ WKH PHDQ DCCH\QR@X.\U B R RE) R/Q¥ ORRUDEMHD FWV GHWHF WL
HYHQWY GXULQJ VWUDLJKW OLQH ZDONLQJ UHG VODORREBONLQJ JUHHQ

7TDEOH 9DOXHV IRUWKH WLPH HUURUV RI WKHIJIJDLWHYHQWY &, FRQILGHQFHLQ'
DGXOWYV 3' 3DUNLQVRQYY GLVHDVH VG VWDQGDUG GHYLDWLR(

,QLWLDO FRQWDFWV )LQDO FRQWDFWYV

PHDQ@G 0$( 95 &, PHDQ@G 0$( 95 &,
PV PV >PV PV@ PV PV >PV PV@
2% VWUDLJKW OLQH > @ > @
VODORP > @ > @
VWURRS DQG ZDON > @ > @
WXUQV
3' VWUDLJKW OLQH > @ > @
VODORP > @ > @
VWURRS DQG ZDON > @ > @
WXUQV
67 VWUDLJKW OLQH > @ > @
VODORP > @ > @
VWURRS DQG ZDON > @ > @
WXUQV

7DEOHVKRZV WKH PHDQ WLPH HMBURURUMKBOE/ GXULQJ VWUDLJIKYV
VODORP ZDONLQJ DQG GXULQJ WXUQV $:LOFR[RQ VLIQHG UDQN W
QR VLJQLILFDQW GLIIHUHQFHV EHWZHHQ WKH VWUDLJKW OLQH ZDO
)&V W LV DOVR VKRZQ WKDW LQ ,& GHWHFWLRQ VLJQLILFDQW GLIIH



(MWGYWWMSR

ZDONLQJDQG WXUQV DQG WKH VODORP ZDONLQJDQG WXUQ)RRU ERWK
WKH )& GHWHFWLRQ VLJQLILFDQW GLIITHUHQFHYVY ZHUH REVHUYHG IRU \
DQG WXUQV DQG VODORP ZDONLQJDQG WXUQV IRUDOO JURXSV

)JJIJIGX SJI+VSYT SR +EMX )ZIRX (IXIGXMSR

$:LOFRIRQUDQN VXPWHVW VKRZHG WKDW QR VLIJQLILFDQW GLIITHUHQF
DOO ZDONLQJWDVNV H[FHSW IRUVODORP ZDONLQJ ZKHUHLQ )& GHW
WKH 3" JURXS FRPSDUHG WR INOGHH 2 & JIRBDE S S

(MWGYWWMSR

,Q WKLV VWXG\ VKDQN PRXQWHG ,08 EDVHG GHWHFWLRQ RI JDLW HYH
WDVNV DQG LQ GLIIHUHQW PRELOLW\ OLPLWLQJ FKURQLF GLVHDVHV 7
IRU*(VIURP VWHSV GXULQJVWUDLJKW OLQH ZDONLQJ XQGHU ERWK VL
WKHUPRUH WKH GHWHFWLRQ SHUIRUPDQFH ZDV HYDOXDWHG IRU *(V I
FXUYHG ZDONLQJ DQG WXUQV 7KUHH GLIIHUHQW JURXSV RI SDUWLFL
7DEOH WR HYDOXDWH ZKHWKHU WKH GHWHFWLRQ SHUIRUPDQFH LV DI
URORJLFDO GLVHDVH

7KH KLJK L H DOPRVW SHUIHFW UHFDOO SUHMRBIOALRRIDM X EBRHY
GHWHFWLRQRI ,&V DQG )&V LV IHDVLEOHLQ ERWK VLQJOH WDVN DQG G
LSDQWV ZLWK SK\VLRORJLFDO DQG GLIIHUHQW SDWKRORJLFDO ZDONL
DOPRVW SHUIHFW UHFDOO SUHFL\IPRE@DW & D)W FORBUED VBIEQI® LW HY HQW
IHDVLEOH LQ FXUYHG ZDONLQJE\DVVHVVLQJWKH GHWHFWLRQ SHUIRU
KROG IRU SDUWLFLSDQWY DFURVV GLIIHUHQW ZDONLQJ FRQGLWLRQV
GXULQJWXUQLQJVKRZV ORZHU UHFDOO SUHFLVLRQDQG) VFRUH ZKL]I
DUHOHVVIHDVLEOHWR GHWHFW *(VGXULQJWXUQLQJ ,WVKRXOGEHQ
WKH VLJQDOV ZHUH SURFHVVHG ,l WKH YHUWLFDO DFFHOHUDWLRQ VI
HDT @ IRUORZHUOLPEDPSXWHHY WKHQ *( GHWHFWLRQ ZRXOG OLNHC
IRUZDUG VZLQJLQJPRWLRQRIWKH OHJ

&RQFHUQLQJ WKH GLIIHUHQFHV EHWZHHQ ,08 EDVHG HYHQW WLPLQ.
VXOWYV ZHUH LQ D UDQJH VLPLOSIDUW RLS @H YAKRXUHVINX-GR BI@\>SRVVLEOH
XWRUV WR WKH WLPH GLIIHUHQFH DQG SRVVLEO\D FRPELQDWLRQ RI
LPSRUWDQWO\ WZR GLIITHUHQW V\VWHPV ZHUH XVHG DQG GLVWLQFW V|
WKH VDPH HYHQW )RU WKH UHIHUHQFH V\VWHP ORFDO H[WUHPD LQ W
PDUNHG WKH LQVWDQFHV RIWVK®@ HRMWQWKH ,08V ORFDO H[WUHPD LQ W
ORFLW\ DERXW WKH PHGLR ODWHUDO D[LV P DSDNH G WK H$IPQV @D QFHV F
ORUH UHFHQW UHVHDUFK IRXQG WKDW WKHUH ZDV QR FOHDU IHDWXUH



'"LETXIV +EMX)ZIRX (IXIGXMSR (YVMRK'YVZIH ;EPOMRK ERH

WR )& DW OHDVW ZKHQ ZDOM |\ JGR A B[WUWBKGERLOWEHULQJ RI WKH DQ.
PD\FRQWULEXWH WR WKH WLPH HUURU DV ZLWK D ORZHU FXW RII U
ZKLFK DIITHFWV WKH SUHVHQ&H R @0 BRIV MWLDHP®D >WKHUH LV DOVR
WR WKHWLPHHUURU IURP WKH KD UG ZDIXHD @ UD YIHLMVEL\R @ BBERIQR LD
6WD &KL @ ORVW LPSRUWDQWO\ IRU DOO JUISX &Y FOIQ\EKHDHD\WAL QR DA
HYHQW WLPLQJ HQ\F RRSDVKMIEH I IRUH WKH FXUUHQW PHWKRGV DUH F
RI JDLW HEDIQWAUR $PL @ 796H &, LV ODUJHVW IRU WKH WLPH HUU
GXULQJWXUQV

LW ZDV IRXQG WKDW WKH DEVROXWH WLPH HUURU LV QRW VLJQLIL
RI *(VIRU VLQJOH WDVN FRQGLWLRQV WR GXDO WDVN FRQGLWLRQ\
JURXS 7KLV PD\EHH[SODLQHG E\ WKH DOWHUHG JDLW SDWWHUQ W
SDWLHQWY HVSHFLDOO\ZKLOH H[HFXW %@HD FIRF Q@ WLKH PAHRD/QRIES
OXWH WLPH HUURU ZDV IRXQG VLJQLILFDQWO\KLJKHU IRU ,& DQG )&
VWUDLJKW OLQH DQG VODORP ZDONLQJ IRU WKH 3'DQG 67 JURXS 7
) VERUH DQG WOB H&Q DUWKIIHWWULP SOLHY WKDW D VKDQN PRXQWHG ,08 LV
*(V GXULQJWXUQLQJ :KDW DUH WKH PRVW SUREDEOH UHDVRQV IRU
LQJ WKHOHJLVVZXQJIRUZDUG UHDFKLQJD SHDN DQJXOSMWYHORF
7UR $PL @ 7KH ORFDO PD[LPD ULJKW EHIRUH DQG DIWHU WKH SH
VWDQFHV RI )&DQG 78R $PL @ +RZHYHU IRUVWHSY GXULQJ WXU
PRWLRQ PD\QRWDOZD\VEHREVHUYHG GHSHQGLQ3J®R QZEKKERKMWIQ
H[SODLQ WKH KLJKHU QXPEHU RI )1 DQG )3 HYHQWYV GXULQJ WXUQV
FLDOO\ VODORP ZDONLQJ 7KH VWXG\ KDV LQ RXURSLQLRQ D SDUW
LQFUHDVLQJO\ KRPH GHULYHG GDWD ZLOO EBWXVE ® RGJ B\DWHIVHP\M @
FOLQLFDERWURHBHO® >,08V DUHLGHDOO\VXLWHG IRUWKLV SHUIRUPD
VWXG\ VXJIHVWY WKDW WKH WHPSRUDO FRPSRQHQWY QHFHVVDU\ I
DQG )& FDQEHGHWHFWHG YHU\UHOLDEO\GXULQJVWUDLJKW DQG \
SLQJ FRPPXWLQJWR ZRUN EXW JDLW BB IDVHS/ ZR WKL E RWIDQW IR QW XS
PRYHPHQW FDQ EH GHWHFWHG OHVV UHOLDEO\ 7KLV LPSOLHV WKDYV
SHUYLVHG ,08 EDVHG JDLW GHWHFWLRQ 2IFRXUVH WKLV VWDWHPF
DV XVHG LQ WKLV VWXG\ DQG QRW IRUH[DPSOH WR GDWD IURP ,08
PHWKRGY GHULYHG IURP ORZ EDFN 3KWD | RRA& P RXQ W SIBP, 0 &V PD\

EH OHVV VXVFHSWLEOH WR WXUQV OLWHUDWXUH VXJJHVWHG WKD\
VKDQN PRXQWEDE,0BVR .RQ B

)XUWKHUPRUH WRFRQWLQXHLPSURYLQJWKHFXUUHQW PHWKRG"
VZLQJLQJPRWLRQRIWKH OHJ IXWXUH UHVHDUFK PD\DO¥R LQFOXC
ODT @ RULQFOXGHLQIRUPDWLRQ IURP ERWK WKH DPHIDQG IUHTX



'SRGPYWMSR

2QH RI WKH OLPLWDWLRQV RI WKLV VWXG\LV WKHUHODWLYHO\VKRU
RXUUHVHDUFK ZDV RQ GHWHFWLQJ *(VUHJDUGOHVV RI WKH ZDONLQJG
UHVXOWY DUH IURP D VXSHUYLVHG DVVHVVPHQW LQ D FRQWUROOHG H
RI GDLO\ OLIHFR@QGDWLRQV >

'SRGPYWMSR

6KDQN PRXQWHG ,08V FDQ EH XVHG WR GHWHFW JDLW HYHQWYV IURP VW
ZDONLQJ XQGHU ERWK VLQJOH WDVN DQG GXDO WDVN FRQGLWLRQV L
HYHQWYV IURP VWHSV GXULQJ WXUQV FDQ EH GHWHFWHG EXW UHVXOW
HYHQWY ,Q FDVHVSDWLR WHPSRUDO SDUDPHWHUV DUHVXEVHTXHQW
DQG IDOVH HYHQWYV ZLOO KDYH D QHJDWLYH HIIHFW RQ WKHVH SDUDP
LGHQWLILHG WKH VSDWLR WHPSRUDO SDUDPHWHUV IURP DPEXODWR!
FDUH

%GORS[PIHKIQIRXW
7KH DXWKRUV ZRXOG OLNHWR WKDQN $UDVK $WUVDHL IRU SURYLGLQJ

*YRHMRK

2SHQ $FFHVV IXQGLQJ HQDEOHG DQG RUJDQL]JHG E\3URMHNW '($/ 7KL\
&RQWUROIURP WKH (8V+RUL]JRQ UHVHDUFKDQGLQQRYDWLRQ SURJ.
&XULH JUDQW DJUHHPHQW QXPEHU

'SRXVMFYXMSRW

5REELQ 5RPLMQGHUV 55 SHUIRUPHG WKH VWXG\ GHYHORSHG WKH D
(ONH :DUPHUGDP (: &OLQW +DQVHQ &+ DQG :DOWHU ODHW]OHU :0 G
(: FRQGXFWHG GDWD FROOHFWLRQV 55DQG *HUKDUG 6FKPLGW *86 (
IRXQG WKH ILQDQFLDO VXSSRUW 55 (: &+ -XOLXV :HO]JHO -: *86 DQC
DQG UHYLVHG WKH PDQXVFULSW $00 DXWKRUV UHDG DQG DSSURYHG \

)XLMGW ETTVSZEP
7TKH VWXG\ ZDV DSSURYHG E\ WKH HWKLFDO FRPPLWWHH RI WKH PHGLF
6FKOHVZL) +ROVWHLQ 8.6+ 1R '






(IITOIEVRMRK JSV -19 &EW
)ZIRXW (IXIGXM

7KH FRQWHQWYV RI WKLV FKDSWHU DUH EDVHG RQ

5RPLMQGHUV 5 :DUPHUGDP ( +DQVHQ & G6FKPLGW * ODHW]OHU
LQJ $SSURDFK IRU *DLW (YHQW 'HWHFWLRQ IURP D 6LQJOH 6KDQN :RU
1HXURORJLFDOHERKRIM %DVHO 6ZLW]JHUOBRG Vv
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%WFWXVEGX

&EGOKVSYRH

ODQ\DOJRULWKPV XVH 'DFFHOHURPHWHUDQG RUJ\URVFRSH GDWLE
VHQVRUV WR GHWHFW JDLW HYHQWYV L H LQLWLDO DQG ILQDO IRF
UHTXLUH NQRZOHGJH DERXW VHQVRU RULHQWDWLRQ DQG XVH HPS
FDQQRW DOZD\V EH FRQWUROOHG IRU LQ DPEXODWRU\ DVVHVVPHQ
WOH NQRZOHGJH RQ VHQVRU ORFDWLRQ DQG RULHQWDWLRQ H J |
OHDUQLQJPRGHO

1IXLSHW

7TKHUHIRUH SDUWLFLSDQWV IURP KHDOWK\DQG QHXURORJLFDOC(
DWVORZ SUHIHUUHG DQG IDVW ZDONLQJVSHHG ZKLOH GDWD ZHU}
DOQONOH DQG VKDQN *DLW HYHQWYV ZHUH GHWHFWHG DQG VWULGH S
OHDUQLQJPRGHODQGDQRSWRHOHFWURQLFPRWLRQFDSWXUH 204
PRGHO FRQVLVWHG RIFRQYROXWLRQDO OD\HUV XVLQJGLODWHG FR
FRQQHFWHG OD\HUV WR SUHGLFW ZKHWKHU D WLPH VWHS FRUUHVS
ILQDO FRQWDFW )& UHVSHFWLYHO\

6IWYPXW

SHVXOWV VKRZHG D KLIJIKGHWHFWLRQ UDWHIRUERWKLQLWLDO DQG

. SUHFLVLRQ - 7LPH DJUHHPHQW ZDV HIFHOOHQW DV ZLWQH)\
V DQG FRUUHVSRQGLQJLQWHU TXDUWLOHUDQJH V 7KH I

ZHUHLQJRRGDJUHHPHQW ZLWK SDUDPHWHUYVY GHULYHG IURP WKH 2
VDQG FRUUHVSRQGLQJPD[LPXP OLPLWYVY RIDJUHHPHQW i V

OHYHO

'SRGPYWMSRW

7TKXV WKH GHHS OHDUQLQJ DSSURDFK ZDV FRQVLGHUHG D YDOLG L
HIWUDFWLQJ VWULGH VSHFLILF SDUDPHWHUY ZLWK OLWWOH NQRZ¢
FROQGLWLRQV ZLWK DQG ZLWKRXW ZDONLQJ SDWKRORJLHVY GXH WR (



-RXVSHYGXMSR

-RXVSHYGXMSR

*DLW GHILFLWV DUH FRPPRQ LQ ROGHU DGXOWV DQG SRVVLEO\ UHIOH
URGHJHQHUDWBQH GEtRE®VHRU H[DPSOH FRQYHUVLRQ WRIBD@NLQVRQ
RUFRQYHUVLRQ IURP PLOG FRIJQLWLYH LP SD|IQU P HQNWWBRDSOH KOHLGPNHHGT \
ZLWK FKDQJHV LQ VSDWLRWHPSRUDO JDLW SDUDPHWHUV 6LPLODUO\
VWURNH SPRIQHQRKY ® DQG SDWLHQWYV ZLWK*PXOWQB G@H AKHOH BRR LV >
SDUHG WR KHDOWK\ FRQWUROV 7R REMHFWLYHO\ TXDQWLI\ JDLW GHI
VWULGH WLPH RUVWULGH @GBQJ@WK DHH RHWMHDRXQYH®OG HQG RI D VWUL
PLQHG IURP WZR VXFFHVVLYH LQLWLDO FR®WDFW\@ , &K HR,IRW.KH. KB PH |
WKH IRRW FRQWDFWYV WKH JURXQG DQG WRJHWKHU ZLWK WKH LQVWDQ
FRQWDFW )& HDFK VWULGHFDQ EHGLYLGHXHQ B ¥ VED FKH DIY 6 @ WIVQ J
RI,&DQG )& DOVR UHDHWWUHYBHIRVBRPPRQO\ GHWHUPLQHG XVLQJ IRUFH ¥
VXULQJ GHoLEHWY PDUNHU EDVHG RSWRHOHFWURQLF PRWLRQ FDSW)
UHIHUUHG WR DNHUKEDVWEBP RU PEWIKRTS >@ 7KHVH VIVWHPV DUH UHO
H[SHQVLYH DQG UHVWULFWHG WR XVDRW L®H[EH W M/KHQMHELRULDQNF R B ID
HYLGHQFH WKDW JDLW PHDVXUHG LQ WKH GRB GRKV SRV @H MD KHF WHG D L
LVLQFUHDVLQJO\PRUHLQWHUHVW LQ PHDVXUHPHQW V\VWHPV WKDW |
EXODWRU\ VHWWLQJV 7KHUHIRUH WKH XVH RI LQHUWLDO PHDVXUHP]|
DVWKHVHFDQEH XVHG WR PHDVXUH JDLW LQ HFRORJLFDOO\YDOLG HQ
PHQW WKHUHE\ SDLQWLQJ D PRUH FRP SOM® H B KPW ®UMHORE & H R VMG §
FOLQLFDO LQIRUPDWLRQ WKDW LV FRPSOHPHQWDU\:W® VWD QGDUGL]H
$WU &RU @

SUHYLRXV UHVHDUFK VXJIJHVWYV WKDW JDLW HYHQW GHWHFWLRQ LV
ORZHU OLPE HJ VKDQNRUIRRW FRPSDUHG WHR*D @ %08 Z3:RJD @Q WKH O
1RZ LQ RUGHU WR JHW IURP DEVWUDFW ,08 VHQVRU UHDGLQJV WR FOL
I[IURPDFFHOHUDWLRQV DQG DQJXODUYDH @R FALLWIHFHMWMHW RV \DVOU RG H WK IP HRV C
KDYHEHHQ GHYHORSHG LQ WKHODVWWZHQW\\HDUV RIFOLQLFDO JDL\
DFURVV VHFWLRQ RI WKHVH DOJRULWKPV IRU GLITHUHQWLVH@VRU ORF
7TKHDOJRULWKPV ZHUH FDWHJRUL]J]HG DFFRUGLQJWR ZKLFKVLJQDOV Z
YHORFLW\ DERXW WKH PHGLR ODWHUDO D[LV RU WKHDFFHOHUDWLRQ
7KLY PHDQV WKH VHQVRU UHDGLQJY QHHG WR EH OLQNHG ZLWK WKH I
WR NQRZ ZKLFK VHQVRU D[LV DOLJQV ZLWK IRU H[DPSOH WKH PHGLR Ol
VLPSO\DVVXPHG WKDWGXHWRVHQVRUDWWDFKPHQW WKHVHQVRUDIL
RILQWEBDEBVHDE -DV &*( 7UR ODT O5RP @RUDQDGGLWLRQDOFDC
SURFHGXUW3H & bV UHTHHUHG >@ ,Q DPEXODWRU\DVVHVVPHQWYV KR



'LETXIV (II” TOIEVRMRKJSV -19 &EWIH +EMX )ZI

SDUWLFLSDQWY RIWHQ DWWDFK WKH VHQVRU WKHPVHOYHV IRU H
VHQVRU ORFDWLRQ DQG DOLJQPHQW FDQQRW EH FRQWUROOHG IRU
VHQVRU LV UH DWWDFKHG VWXG\ SDUWLFLSDQWY HVSHFLDOO\ W
SURFHGXUHWKDW XVXDOO\FRQVLVWV RIKROGLQJD SUH GHILQHG S
VHTXHQFHY 3DF @

7DNHQ WRJHWKHU WKLV GULYHV WKH QHHG IRUDQ DSSURDFK WK
LV DSSOLFDEOH DFURVV D YDULHW\ RI SDWKRORJLFDO JDLW SDWW
UHTXLUHPHQWY KDYH EHHQ VXFFHVVIXOO\ DGGUHVVHG E\ DOJRUL
PHWKRGRORJ\ UHIHUUHG WRBV GBI® S OH IR QiPHQW DSSOLFDWLR
OHDUQLQJDOJRULWKPV KDYHDOUHDG\VKRZQLPSURYHG SHUIRUPD
EDVHG PRWLRQ FDSWXUH ZKHQ FRPSDUHG WR FRQYHQWLR&QDO RIW
JHP )J)LO @ $QRWKHU VWXG\ XVHG D GHHS OHDUQLQJ DSSURDFK W
WKUHH ,08V ZRUQ RQ WKH ORZ EDFN DQG ERWK DQNOHV RUD VLQ
VKRZHG WKDW WKH WLPH HUURU ZDV FRQVLGHUDEO\ VPDOOHU IRU V
PRQO\DSSOLHG ZDYHOHWDEDV@® G DSSURDFK >

7KHDLP RIWKLV VWXG\LVWRH[WHQG WKHVHZRUNV E\YDOLGDWL!
LQJJIJDLWHYHQWV LQ D KHWHURJHQHRXV FRKRUW RI KHDOWK\DQG C
DVLQJOH ,08 VHWXS ZRUQRQ WKH ORZHU OHJ

1IXLSHW

(EXE'SPPIGXMSR
*DLW DQDO\VHV ZHUH SHUIRUPHG LQ WKH 8QLYHUVLWIWVNOLQLNXP
*HUPDQ\ 7KH \DAWXGA ZDV DSSURYHG E\ WKH HWKLFDO FRPPLWWHH
WKH 8.6+ QR ,Q WRWDO GDWD IURP SDUWLFLSDQWYV ZHLU
VLV LQFOXGLQJ GDWD IURP \RXQJDGXOWV <$ DJH > \HDDUWN R
SHRSOH ZLWK 3DUNLQVRQYV 'LVHDVH 3' DFFRUGLQJ@FRSWR S GBH % L\
DUHFHQW  ZHHNV V\PSWRPDWLF VWURNH VWURNH SHRSOH ZL\
WKH OF'RQDOGVKRIL@HBHRSOH ZLWK FKURQLF ORZ EDFN SDLQ F/%
QRVHV QRW ILWWLQJLQ DQ\DIRUHPHQWLRQHG JURXSV RU GLVRUGHE

,QFOXVLRQ FULWHULD ZHUHDQ DJHRI \HDUVRUROGHUDQG W
D ZDONLQJ DLG 3DUWLFLSDQWY ZHUH H[FOXGHG IURP WKH VWXG\
4DV @ VFRUPQG RWKHU PRYHPHQW GLVRUGHUYV WKDW DIIHFWHG P|
DVVHVVRU



1IXLSHW

7DEOH 'HPRJUDSKLFV GDWD RI WKH VWXG\ SDUWLFLSDQWY VXPPDUL]JHG EMJURXS DQG
SUHVHQWHG DV PHDQ VWDQGDUG GHYLDWLRQ

*URXS *HQGHU 1XP RI $HFHHLIKW obDVV
SDUWLFLSDQWYV
\HDUV FP NJ

<$ )

0
2% )

0
3 )

0
06 )

0

VWURNH )
0

FI%3 )

RWKHU )

SDUWLFLSDQWY SHUIRUPHG WKUHH ZDONLQJWULDOV FRQVLVWLQJR
BOHDVH ZDON DW \RXU QRUPDO ATDARNL\QIMBBHNVHGZDON DW KDOI RI\RXU
ZDONLQJ VSRHG IDVW YGHDBIWVH ZDON DV IDVW DV SRVVLEOH ZLWKRXW
7TKH P GLVWDQFH ZDV PDUNHG ZLWK WZR FRQHV RQ ERWK HQGV DQG
ZDONLQJDSSUR[LPDWHO\WZR VWHSVY EHIRUH WKH FRQHV RQ RQH HQG
VWHSV DIWHU SDVVLQJ WKH FRQHV RQ WKHRWKHU HQG

JRUWKH  FXUUHQW DQDO\VLVY GDWD IURP IRXU ,08V 1RUD[RQ 86% ,QF
86$ ZHUH FRQVLGHUHG QDPHO\WKRVH WKDW ZHUH DWWDFKHG ODWHL
DQG WKRVH DWWDFKHG SUR[LPDOO\ DW WKH OHIWDQG ULJKW VKDQN
HODVWLF EDQGV ZLWK D VSHFLDO KROG IRU WKH ,08 )XUWKHUPRUH Ut}
RI'WKH XVXDO IRRW ZHDU DW WKH KHHO D QQ®WRHWRG BRM) KZ HHHIWWJ B IFRAUUGH
DWZHOYH FDPHUD 20& V\VWHP 4XDOLV\V $% *|WHERUJ 6ZHGHQ DW
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JLIXUH 6FKHPDWLF GHSIPRWbRIQrriMBP+i22xvX+QKf7'22@ p2+iQDIKFM@UYHGB® ;
1RY RI'WKH FXUUHQW VWXG\ 6WXG\ SDUWLFLSDQWY ZRUH ,08V RQ WKH DQNC
DGKHUHG RQ WKH KHHO DQG WRH RI XV XDOHIMPWRHDUG DO XHWHDWHG RRRWREWDLQ
IRUWKHWLPLQJV RI LQLW MDROSPIQIGUIH @F 6 HFRIQWROFFHHWWHU DQG J\URVFRSH GDWD IURI
LQSXWWHG WR D QHXUDO QHWZRUN WKDW SUHGLFWHG BMRWIMRFP RI WKH VDF

+] ,086DWD ZHUH UHFRUGHG DW WKH VDPH VDPSOLQJIUHTXHQF\ D
XV0LQJD 77/ vVDUQ OaD >

(EXE 4AVITVSGIWWMRK

1EVOIV (EXE

)LUVW GDWD IURP ERWK PDUNHU DQG ,08 VIVWHPV ZHUH FURSSHG \
GLVWDQFH ZHUH FRQVLGHUHG $Q\JDSV LQ WKH PDUNHU GDWD ZHL
LQWHU FRUUHODWLRQHEHWZH®Q PHHIEBUWDZHUH WKHQ ORZ SDVV
VLIWK RUGHU %XWWHUZRUWK ILOWHU Z.LWa& ¥ RKWLR W HIHZDXW QR § SRl
WKHLQSXW G VSDWHU ILOWHULQJLQ WKH IRUZDUG GLUHFWLRQ WK!
UXQ EDFN WKURXGEKOV&H 1KE8 WHUAHUHG GDWD ZHUH GLIITHUHQWLDW
WLPLQJV RI ,&V DQG )&V ZHUH GHWHUPLQHG IURP ORFDO PD[LPD DQ ¢
YHORFLW\ 3% YQD&ER/ >@ $00 LGHQWLILHG ,&V DQG )&V ZHUH PDQXD
LV\V 7UDFN ODQDJHU VRIWZDUH 4XDOLV\V $% *|WHERUJ 6ZHG
SRP &DU @ 7KH UHVXOWLQJDQQRWDWHG ,&V DQG )&V ZHUH FRC



1IXLSHW

ODEHOV RUWDUJHWYVY DQG ZHUH XVHG DV UHIHUHQFH WLPLQJV WR GH

-19 (EXE

7KH LGHD EHKLQG WKH GHHS OHDUQPREG E®YUW D B K @& WK 3W HG L FW

OLKRRG RI DQ ,& DQG )& JLYHQ DFFHOHURPHWHU DQG J\URVFRSH GD

{URP D VLQJOH,VHQVRU FKDQQHO H J WKH DFFHOHUDWLR® LQ IRUZI
7

Xd[1] xq[2] xg[N] ZLWHHIHUULQUWKR/WBWRU EKHDOQRO ;D DQG
UHIHUULQ@WWR WIKMSOH RULWH®H X WHS 6LPLODUO\, WKH G RWRP DO
7
FKDQQHOV DW D JL¥ BRUMLE H /RIMIBGXEN] X2[n] xp[n] 'DWDIURP DOO
D FKDQQHOV DNQWIRH W®BESY ZHUH WKHQ GHQRWHG E\
2 3
2 3 xalll xe[l] xp [1]
x1[2]  X2[2] xp [2]
:=§h [2 bz= 2RV P
X1[N] x2[N] xp[N]

ILNHZLVI®ODEBE®WYH GHQRWHG E\

2 3 2 3
y, 41] y)e&ll]
2 2
\ &= y.d2] ; \ye= Y)el2] ; Vgye2RY Ly gyen]210;1g
y dN] yye[N]

7KHPRGHO ZDV LWHUDWLYHO\ Wb DI PDOQHG W R IOHDHZQ VD POB R IUGI HU UH (
WR DVKVEKRIW KIDALYPHWHUL]JHG E\ WKH ZHLJKWYV FRQGHFWDQHANUTIHQR\
ZLWK WKH UDZ VHQVRU GDWD IURP WKH D[LV DFFHOHURPHWHU DQG
ORFDWLRQ

$00 SDUWLFLSDQW GDWD ZHUH VSOLW LQWR WKUHH LQGHSHQGHQMW
WLRQ VHW DQG D WHVW VHW (DFK VHW FRQWDLQHG GDWD IURP DSSU
3DUWLFLSDQWY ZHUH UDQGRPO\ DVVLIJQHG WR RQH RI WKH VHWV VW
DQG JHQGHU 7DEOHWUDLQLQJDQG YDOLGDWLRQ VHW ZHUH XVHG WR W
PRGHO 7HVW VHW GDWD ZHUH QRW XVHG IRU WUDLQLQJ WKH PRGHO R
RQ WKH PRGHOYTV SHUIRUPDQFH ZHUH RQO\ EDVHG RQ WKH WHVW VHW
PRGHO JHQHUD OXHWHBBRVQDH Z
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7TDEOH 2YHUYLHZ RIWKH WRWDO QXPEHU RI SDUWLFLSDQWY ZDONLQJWULDOV DC
DQG WHVW VHW $ GHWDLOHG RYHUYLHZ ZLWK H[DFWO\IRU ZKLFK WULDO DQG VHQ
DWWWSV JLWKXE FRP UPQGUVDFFHYYIHE RQH@BVLW FQ

'DWDVHW 1XP RI 1XP RI 1XP RI
SDUWLFLSDQWYV WIQVWHVQFHYV

WUDLQ
YDOLGDWLRQ
WHVW

$FFHOHURPHWHU DQG J\URVFRSH GDWD ZHUH QRUPDOL]JHG E\ VXE
GLYLGLQJ E\WKH FKDQQHO ZLVH VWDQGDUG GHYLDWLRQ )RU WKH
ZHUH WKHQ SDUWLWLRQHG LQWR HIGIEDRIHQ MDKR SWALRW ZIWKRZY R
50 EHWZHHQ VXFFHVVLYH ZLQGRZYV FZRQGRY SIRDRGQUOMDB UHVSHF
JRUWKH WHVW VHW WKH FRPSOHWH WULDO ZDV IHG DV LQSXW WR W
WKH QXPEHU RILQVWDQFHV LV WKH VDPH DV WKH QXPEHU RI WULDO

1SHIP

1SHIP %VGLMXIGXYVI
7KH JHQHULF DUFKLWHFWXUH IRUWKH GHHS OHDUQLQJ PRGHO ZDV
ZRUN 78L0> 5pP %.. @ 7KH 7&1 FRQVLVWHG RI D VHTXHQFH RI U
HI[SRQHQWLDOO\LQFUHD¥%LQJ<GL@DWDRR UMRWBNXDO EORFN ZDV EX
TXHQFHV RID GLODWHG FRQ Y® OXBRWOK Q PORDE6:]@ WL B 8 FOMLHHS (
XQLW 5H/8 DFWLYDWLRQ OD\HW LD@ G) DIXURBRK WRIBEHEUZDV EXLOW L
9¥' @ XVLQJWKHKLJK OHYHO 7HXWRR U PR Z@s3, .HUDV >

YRUWKHFXUUHQW DQDO\VLY RQO\FRQYROXWLR® VR @Y KNI P H
PRGHO ZDV QRQ FDXVDO DQG JHUR SDGGHG WR DFFRXQW IRU HGJH
)& ZDV EDVHG RQ LQSXW GDWD ERWK EHIRUFDQG DIWHU WKH FXUUH

$iln]=f(C [n 1L [In]; [[n+1]; ), i2f,&)&

7KH QXPEHU RIVDPSOHV WKDW WRHMHSEZPDG UFHVHRQMGWR/DRRVKH Ut
¥%RO @ DQG ZDV D IXQFWLRQRIWKH NHUQHGC5Y P] D QLGN WH. & Q ORIV R
DOZD\VJLYHQ DV D VHTXHQFHRILRFUHDVLYDSGR@HU RI >

7KH RXWSXWV Rl WKH 7&1 EORFN ZHUH IHG WR WZR VHSDUDWH [XC
WKDW ZHUH ERWK IROORZHG E\ D VLIJPRLG DFWLYDWLRQ OD\HU 2X



1IXLSHW

JLIXUH 7KHJHQHULF PRGHO DUFKLWHFWXUH RI WKHGHHS OHDUQLQJPRGHO WR SUHG

)&vY T7TKHLQSXWV DUH WKHDFFHOHURPHWHU DQG J\URVFRSH GDWD IURP D VLQJOH LC

WHPSRUDO FRQYROXWLRIHI WO WZRBHIRNQVE&EYWHG RI UHSHDWLQJ UHVLGXDO EORFN)

HISRQHQWLDOO\LQFUHDAML&QGWHORWHR P ORFWRDY EXLOW IURP WZR VHTXHQFHV RI D

&RQY EDWFK QRUPDOL]DWLRQ OD\HU %DWFK1RUP DUHFWLILHG OLQHDU XQLW D
'"URS2XUNLJIKW

, &V DQG )&4®>*DG @ 7KHPHDQ VTXDUHG HUURU 06( ZDV XVHG DV D OF
JUDGLHQW GHVFHQW EDVHG RSWLPL]IDWLRQDOJRULWKP ZLWK DGDSW|
LWHUDWLYHO\ OHDWNQB&MKH@HLIKWYV >

JTIVTEVEQIXIV3ITXMQMAEXMSR

, QRUGHUWRILQGWKHEHVWPRGHODUFKLWHFWXUH K\SHUSDUDPHWH
200D @ +HUH WKHQXPEHURIILOWHUVY WKHNHUQHO VL]H DQG WKH |
ZHUH RSWLPL]HG IRU XVLQJD UDQ®RP VHDUFK VWUDWHI\ >

7TDEOH ORGHO K\SHUSDUDPHWHUV WKDW ZHUH RSWLPLJHG IRU DQG WKH FRUUHVS

'"HVFULSWLRQ S3RVVLEOH YDOXHYV

QXPEHURIILOWHUYV
NHUQHO VL]H
GLODWLRQ > @ @ @

7KHPRGHO DUFKLWHFWXUH WKDW UHVXOWHG IURP WKH K\SHUSDUD/



'LETXIV (II” TOIEVRMRKJSV -19 &EWIH +EMX )ZI

WKH FRPELQHG VHW RI WUDLQLQJ DQG YDOLGDWLRQ GDWD 7KH WL
KRRGV RI , &V DQG )&V RQ WKH WHVW VHW GDWD

%YREP]WMW
7KH SUHGLFWLRQV RI WKH PRGHO RQ WKH WHVW VHW GDWD ZHUH FI
7KH PRGHO SHUIRUPDQFH ZDV HYDOXDWHG IRU RYHUDOO GHWHF
EHWZHHQ WKH SUHGLFWHGHYHQWVDQGWKH PDUNHU EDVHG DQQF
VXEVHTXHQWO\ GHULYHG VWULGH VSHFLILFJDLW SDUDPHWHUYV

3ZIVEPP (IXIGXMSR 4I1VIJSVQERGI

7TKHRYHUDOO GHWHFWLRQ SHUIRUPDQFHTXDQWLILHGKRZPDQ\RIW
PRGHO WUXH SRVLWLYHV 73 KRZPDQ\RIWKHDQQRWDWHG HYHQ
)1 DQG KRZPDQ\HYHQWYVY WKDW ZHUH GHWHFWHG ZHUH DFWXDO(C(
JURP WKHVH PHWULFVY WKHUHFDOO RUVHQVLWLYLW\ SUHFLVLRC

3
UHFD £1

F
SUHFL:V47—§L&
+7) 3

UHFBOOG FLVLR
) VFRUH UHFFDSUDHFLVLR%

+HUH UHFDOO UHSUHVHQWHG WKH UDWLR RI JDLW HYHQWYV WKDW Z

RIGHWHFWHG JDLWHYHQWY WKDW ZHUH WUXO\JDLW HYHQWYVY DQG

DQG SUHFLVLRQ

8MQI %KVIIQIRX
JRUDOO FRUUHFWO\ GHWHFWHG JD LWLIPYHQW M HPH @ WFZDLVRIDV V H V V +
HUURU EHWZHHQ WKH DQQRWDWHG DQG GHWHFW JDLW HYHQW ZKL|

WLPH BUWURW e

ZLWKWKH IJDLW HYHQW WLPH IURP WKH P D U U\ KE-DVOH GVDHYQHROMDW/LL AR
PRGHO SUHGLFWLRQV $V D UREXVW PHDVXUH IRUWKHDYHUDJH WL
HUURUDQG WKH LQWHU TXDUWLOH®D @JH ,45 ZHUH UHSRUWHG >

7XVMHI 7TIGMhG +EMX 4EVEQIXIVW

JRU WKRVH WULDOV IRU ZKLFK DOO JDLW HYHQWYV ZHUH GHWHFWHOC
VWULGH WLPH VWDQFH WLPH DQG VZLQJ ZHUH FDOFXODWHG 6WU
, &V RIWKHVDPHIRRW 6WDQFHWLPHZDV WKHWLPHEHWZHHQD)&D
6ZLQJWLPH ZDV WKH WLPHEHWZHHQ WKH ,& IROORZLQJ WKH ODVW )



61IWYPXW

6IWYPXW

3ZIVEPP (IXIGXMSR 41VIJSVQERGI
7KH SHUIRUPDQFH RI GHWHFWLQJ ,&Vv DQG )&V ZDV REMHFWLYHO\ TXD
QXPEHURI )1V DQG WKH QXPEHU RI)3V )URP WKHVH QXPEHUV UHFDO!
FDOFXODWHG 7DEOH

7TDEOH 2YHUDOO GHWHFWLRQ SHUIRUPDQFH IRULQLWLDO FRQWDFWV DQGILQDO FRC
DQG) VFRUH 73 WUXH SRVLWLYHV )1 IDOVHQHJIJDWLYHV )3 IDOVH S

,QLWLDO FRQWDFWYV )LQDO FRQWDFWYV
7UDFNHG 73 )1 )3 5 3 ) 73 )1 )3 5 3 )
SRLQW
OHIW DQNOH 97 99 98 95 98 97
ULJKW DQNOH 93 99 96 97 98 98
OHIW VKDQN 94 98 96 92 97 94
ULJKW VKDQN 94 98 96 95 99 97

JRU ERWK ,&V DQG )&V UHFDOO LV KLJK IRU HDFR2R | DMKG WRHIQWRU O
SUHFLVLRG L HITHUHQFHVEHWZHHQWKHVHQVRUORFDWLRQV DUH VPE
92 DQG WKHPD[LPXPUHFQG WKW PLQLPXPSUBBRIGVWRA PD[LPXP SUHFLVL
L% 7KH UHFDOO DQG SUHFLVLRQ 96i VRO W&\QDEZ G FRRW HANR |

8MQI %KVIIQIRX
7LPHDJUHHPHQW EHWZHHQ WKHDQQRWDWHG DQG GHWHFWHG HYHQW
RIWKH VHQVRU ORFDW 7RG BGIDDUHWLPH HUURU IRU HDFK RI WKH VHQ)
ERWK ,&V DQG )&V ZDV FORVH WBQBURKHCHOMHHVW PHGLD@SWLPH HUU
FRUUHVSRQGLQJ WR RQH VDPSOH SHULRGOOBW D7XBIP,85 ZQY ID\W PRV
0020V FRUUHVSRQGLQJWRIRXUVDPSOH SHULRGYV
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JLIXUH 7LPH HUURUV IRO MBW G QUIMIBNVR QWDFWY GHWHFWLRQ IRUHDFK RIWKH G

7TDEOH 7LPH HUURUV IRU WKH FRUUHFWO\ GH\PHLBWH G B R UW HWSRQQNGW WRW M DPKSBOM €
VDPSOLQJ IUHZDEHIQF\ RI

,QLWLDO FRQWDFWYV )LQDO FRQWDFWYV
7UDFENHG PHGLDQ ,45 PHGLDQ ,45
SRLQW

PV PV PV PV

OHIWDQNOH
OHIW VKDQN
ULJKW DQNOH
OHIWDQNOH

7TXVMHI 7TIGMhG +EMX 4EVEQIXIVW

JRU WKRVH WULDOV IRU ZKLFK DOO JDLW HYHQWYVY ZHUH FRUUHFWO
WHFWHG VWULGH WLPH VWDQFH WLPH DQG VZLQJ WLPH ZHUH FI
OLPLWV RI DJUHHPHQW EHWZHHQ WKH PDUNHU EDVHG DQQRWDWLR
FDOFXODWHG )RUDOO VWULGH VSHFLILFJDLW SDUDPHWHUV DQG
ZDV FORVH WR JHUR L H WKH PD[LPXGOPHIPBHIOMNIRHQWKHE BB OFXO
WLPH RI WKH ULJKW DQXOWKHMWERRUH IRUDOO JDLW SDUDPHWHUV C
WKH OLPLWYV RI DJUHHBPH W QEIDG/HEGFRIAQWHUYDO ZHUH GLVWULEX!



(MWGYWWMSR

JLIXUH 7LPH HUURUV IRO WEWH G QUIMIGPNR QWDFWY GHWHFWLRQ IRUHDFKRIWKHGLIIH

GLITHUHQFH ZLWK WKH RYHU D O@4 VPD @/C51IR/1 DUUXWHHP HQW DW

7TDEOH 7LPHDJUHHPHQW EHWZHHQ WKH VWULGH VSHFLILF SDUDPHWH

7UDFNHG 3DUDPHWHU OHDQ GLIIHUHQFH /LPLWV RIDJUHHP
SRLQW
Vv vV Vv

OHIWDQNOAVULGH WLPH
VWDQFH WLPH
VZLQJ WLPH

ULJKW DQNOH VWULGH WLPH
VWDQFH WLPH
VZLQJ WLPH

OHIW VKDQMNWULGH WLPH
VWDQFH WLPH
VZLQJ WLPH

ULJKW VKDQN VWULGH WLPH
VWDQFH WLPH
VZLQJWLPH

(MWGYWWMSR
7KH FXUUHQW VWXG\DLPHG WR YDOLGDWH D GHHS OHDUQLQJDSSURDF
,08 ZRUQ RQ WKH ORZHU OHJ 'DWD IURP OHIW DQG ULJKW DQNOH DQ
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WUDLQLQJD QHXUDO QHWZRUN WR GHWHFW JDLW HYHQWV IURP ZD(
2$ SDUWLFLSDQWV GLDJQRVHG ZLWK 3' 06 RUF/%3 SDUWLFLSDQW
DQG SDUWLFLSDQWY GLDJQRVHG ZLWK RWKHU QHXURORJLFDO GLV|
WKUHHGLITHUHQW VHOI VHOHFWHG ZDONLQJVSHHGY 7KHJDLW HYI
QHWZRUN ZHUH FRPSDUHG WR D FRPPRQ UHIHUHQFH PHWKRG L H
VWULGH VSHFLILFJDLW SDUDPHWHUYVY ZHUH HIWUDFWHG

$ILUVW PHDVXUH IRUWKHPRGHO SHUIRUPDQFH ZDV JLYHQ E\ WK}
ZHUH GHWHFWHG DQG SUHFLVLRQ KRZ PDQ\GHWHFWHG HYHQWV Z
D KLJK UHISDORLJIK SUHF85/LRIQG KLJK ) VERUBHUH REVHUYHG PHD
WKDW PRVW HYHQWY ZHUH GHWHFWHG DQG PRVW GHWHFWHG HYHQV
GLIIHUHQFH LQ UHFDOO SUHFLVLRQ DQG ) VFRUH ERRDZHUBLDH QW
WKH GHHS OHDUQLQJ DSSURDFK LV UHODWLYHO\LQYDULDQW WR HJ
SUHFLVLRQ DQG) VFRUHDUH F®SPSBUBEDWISRR UNFROGL IURP
VWXGLHVY WKDW GHWHFWHG JDLWHYHQWYV LQ 2$58 R R $O0RHUZD BKCBW \D [
KHPLSOHJLF SDVALHQWV >

1H[W WKH WLPHHUURU WKDW LY WKHGLIIHUHQFH EHWZHHQ WK
ZDV RI LQWHUHVW )RU ERWK ,&V DQG )&V DQG IRUDOO VHQVRU O]
VPDOO DQG WRHFRPILGKGKMWLPH HUURUV ZHUH B:DM6QIQ B WDE OHH R |
J)LIXUH 7KHVH GDWD VKRZHG WKDW WKH GHHS OHDUQLQJ EDVHG DS
DQG ILQDO FRQWDFWYV 7LPHHUURUV ZHUH VOLJKWO\ VBR®O KU WK I
WKDW XVHG D KHXULVWLBD @ @ HBGKBISKSHMRDLAKAVL FV EDVHG DSSURDT
DQG )&V DV ORFDO PLQLPD LQ WKH PHG 6P @ @W B Q B A WEFROODA) EYHH O/
PLQLPD GR QRW H[DFWO\FRLQFLGH ZLWK WKHUHIHUHQFHHYHQW WL
B3UHYLRXV VWXGLHV WKDW LQYHVWLJDWHG WKH WLPH HUU®U R1,08
FRQILGHQFH I[GDUFIA:018]D/OI RU , & [iD:Q060:004] V IRU )& IRU\RXQJ DQG ROGH
LQ WUHDGPLOO DQG RY $iRLU UR X[RID1ED:MN VQLRY , §:6800:063] V IRU )&
IRU W\SLFDOO\GHYHORSLQJ FKLO@UHQ@ Q2RWKHIIW B ¥ O B A\D B G MKIH>
WLPH HUURU LQ KHDOWK\ HOGHUO\ VXEMHFWY VXEMHFWYV ZLWK 3'
DQG KHPLSDUHWLF VXEMHFWY DQG IRXQ:GLDVPDWLE X B FPIH® @ CHINLRQU
DQ@®22V DW IDVWHUURSBHGLPLODUO\ IRUKHDOWK\ VXBENMWERWY , HVP H
DQ@®:016V IRU )&V ZHUH UHSRUWHG ZKHUHDV IRUD VLQJOH WUDQVIH!
0:012V IRU ,&V @@LV IRU )&V IRU WKH LW DF W/ RHPEEHGLDQ DQG ,45 RI W
HUURUV RIWKH FXUUHQW VWXG\ ZHUH LQ WKH YD® H@ DINJE WV B HY
ZHUH VPDOOHUWKDQ SUHYLRXVO\UHSRUWHG WLPHHUURUL I@RP D |
+HQFH RXU SURSRVHG GHHS OHDUQLQJ DSSURDFK UHVXOWHG LQ W
EHWWHU WKDQ WKRVH IURP SUHYLRXV DSSURDFKHV ZKLOH QRW EF



'SRGPYWMSR

OHIWRUULJKWDQNOH RUVKDQN DQG VHQVRUDOLJQPHQW

JURP WKH FRUUHFWO\ GHWHFWHG JDLW HYHQWYV VWULGH VSHFLILF
DUH SUREDEO\RIJUHDWHVW FOLQLFDO UHOHYDQFH DV FKDQJHV LQ V\
OLQNHG GLUHFWO\ ZLWK GLVHDVH®QVHW D®GE (5 URIQHIURKRQ >
*UL )OD @ 7KHUHIRUH VWULGH WLPH VWDQFH WLPH DQG VZLQJ WL
IHUHQFHV EHWZHHQ WKH GHHS OHDUQLQJ EDVHG DSSURDFK DQG WKH F
TXDQWLILHG YIDIX®@H 7KH OLPLWV RI DJ8HARBONME HRQFBl LQWHUYDO ZHU
ODWHG DQGIRUDOOPHWULFVWKH]HUR PHDQGLIIHUHQFH ZDV HQFOR"
SURYLGHG HYLGHQFH WKDW WKH GHHS OHDUQLQJ EDVHG PRGHO ZDV D
HWHUV 7KH GLIIHUHQFHYVY EHWZHHQ WKH GHHS OHDUQLQJPRGHO EDV
EDVHG VWULGH SDUDPHWHUV ZHUHLQ D VLPLODU UDQJHDV D UHFHQW
SDUDPHWHUV DJDLQVW VWULGH SDUDPHWHUV REWRLQH®GELW®WK D SUH
DQG ZHUH DOVR LQ WKH VDPH UDQJH DV UHVXOWV IURP D VWXG\ WKDW F
WHUV ZLWK VWULGH SDUDPHWHUV R EMDRL @H G KH WK ID® 0 & R UWWADNPORZ H
WKHPHDQ HUURUV UHSRUWHG | ‘MW D @BH D QUEHWABIHFMWN YD\ DFURVYV
VXEMHFWV VXEMHEWV ZLWK 3' VXEMHFWYV ZLWK FKRUHDWLE PRYHPH
JUR @

7KHPDLQ OLPLWDWLRQV RI WKHFXUUHQW VWXG\ZHUH WKDW RQO\ Z|
LQJ ZHUH FRQVLGHUHG DQG WKH ZDONLQJ GLVWDQFH ZDV UHODWLYH
REVHUYHGJDLW SDWWHUQV IURP WKHVH ZDONLQJWULDOVDUHQRW IX
LQGbLoLOLtBY $WU@ +RZHYHU DV WKH GHHS OHDUQLQJ EDVHG DS
RQIL[IHG WKUHVKROGV RUDVVXPSWLRQV RI ZKLFK VHQVRU D[LV LV XV&t
VFDODEOH WR RWKHU FRQGLWLRQV LILQSXW GDWD DQG FRUUHVSRQGI

)XUWKHUPRUH DOWKRXJK WKH SURSRVHG DSSURDFK DOORZV IRU U
RQ WKH ORZHU OHJ LW ZDV QRW LQYHVWLJDWHG WR ZKDW H[WHQW SD!
VHQVRU IRUD SURORQJHG SHULRG RI WLPH LQ WKH KRPHHQYLURQPHQ
DFFHSWDQFH DQG DGKHUHQFH WR ZHDULQJ ,08V ZDV JHQHUDOO\ KLJK
GLVHDYBI§ > FLV $GD *RG @ DOWKRXJK UHGXFHG DGKHUHQFH ZDV C
GD\ ZHPW>@ DQG ZHDULQJ PXOWBS@H VHQVRUYV >

'SRGPYWMSR

,Q WKLV VWXG\ZHKDYHYDOLGDWHG D'/ EDVHG DSSURDFK WR GHWHFW
FOLQLFDOO\ UHOHYDQW VWULGH VSHFLILF JDLW SDUDPHWHUV IURP D
DQNOH MRLQW RU SUR[LPDO EHORZ WKH NQHH MRLQW 3HUIRUPDQFH I
UDWHDQG ORZWLPHHUURUVLQ ERWKHYHQWGHWHFWLRQDQG VWULG
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VSHHGV DQG DFURVV ERWK KHDOWK\ DQG QHXURORJLFDO FRKRUW\
GHWHFWHG JDLW HYHQWV IURP DQ DQNOH RU VKDQN ZRUQ ,08 WK
WKDW ZDV RQ SDURU EHWWHU DQG LW GLG QRW UHO\ RQ H[SHUW G
GHULYHG WKUHVKROGY 7KH SHUIRUPDQFH RI WKH '/ DSSURDFK ZC
SODFHPHQW DQG RULHQWDWLRQ DQG KHQFH LV OHVV REWUXVLYH
WLQXRXV PRQLWRULQJ ,Q FRQWUDVW WR SUHYLRXV DSSURDFKHV
WR LQGLYLGXDO VWXG\ SDUWLFLSDQWYV DQG LV HDVLO\ WUDQVIHUL
HJ DIRRW ZRUQ RUORZ EDFN ZRUQ ,08 ZLWKRXW WKH QHHG IRL
DQG WKUHVKROGVY 2XU QH[W VWHS LV WR IXUWKHU GHYHORS DQG Y|
VHTXHQFHV LQ SDWLHQWYV ZLWK QHXURGHJHQHUDWLYH GLVHDVHYV

%GORS[PIHKIQIRXW

7KH DXWKRUV VLQFHUHO\ WKDQN DOO SHRSOH WKDW ZHUH LQYROY
LSDOQWV WR VWXGHQWY ZKR DLGHG DQG DVVLVWHG GXULQJ PHDVXL
7TKH DXWKRUV WKDQN -XOLXV :HOJHO IRU KLV LQSXW UHJDUGLQJ WK
IRUPDW 7KHDXWKRUV WKDQN -RKDQQHYV +RII$?(D\QY§I-R\U-|N\LWWQLJSV Ut

*YRHMRK
‘HDFNQRZOHGJHILQDQFLDO VXSSRUW E\/DQG 6FKOHVZLJ +ROVWHI
$FFHVV SXEOLNDWLRQVIRQGV

'SRXVMFYXMSRW

&RQFHSWXDOL]DWLRQ 5REELQ 5RPLMQGHUV 55 *HUKDUG 6FKPL
PHWKRGRORJ\ 55 DQG * 6 VRIWZDUH 55 YDOLGDWLRQ 55 IR
55 *6 DQG:0 UHVRXUFHV &OLQW +DQVHQ & + DQG:0 GDW
(: DQG55 ZULWLQJ2RULJLQDO GUDIW SUHSDUDWLRQ 55 ZUL
*6 DQG: 0 YLVXDOL]DWLRQ 55 VXSHUYLVLRQ *6 DQG: 0 SUF
& + *6 DQG:0 IXQGLQJDFTXLVLWLRQ : 0 $0O0 DXWKRUV KDYH U
YHUVLRQ RI WKH PDQXVFULSW

YXLMGW ETTVSZEP

7KH VWXG\ ZDV FRQGXFWHG LQ DFFRUGDQFH ZLWK WKH 'HFODUDWLF
&RPPLWWHH RI WKH PHGLFDO IDFXOW\ Rl WKH &KULVWLDQ $OEUHFK
RQ 0D\



)GSPSKMGEP :EPMHMX]SJ (IIT
+EMX)ZIRXW (I1XIG

7KH FRQWHQWYV RI WKLV FKDSWHU DUH EDVHG RQ

5RPLMQGHUV 5 6DOLV ) +DQVHQ & 6FKPLGW * ODHW]OHU :
(FRORJLFDO YDOLGLW\RID GHHS OHDUQLQJ DOJRULWKP WR GHWHFW .
PRELOLW\ OLPLVSXE@P GWWHDEVWR 'LILWDO +HDOWK



'LETXIV JGSPSKMGEP :EPMHMX] SJ (IITOIEVRMRK JSV

%WFWXVEGX

&EGOKVSYRH

&OLQLFDO DVVHVVPHQW RI PRELOLW\ DQG ZDONLQJ VSHFLILFDOO
WKDW ODFN HFRORJLFDO YDOLGLW\ 7KDQNV WR LQHUWLDO PHDV XL
XQVXSHUYLVHG PRQLWRULQJLQ QDWXUDOLVWLFDQG XQFRQVWUDL
UHOHYDQW JDLW SDUDPHWHUV IURP ,08 GDWD RIWHQ GHSHQGV RQ
HPSLULFDOO\GHWHUPLQHG WKUHVKROGV WKDW ZHUH PDLQO\YDOL
+HUH D GHHS OHDUQLQJ '/ DOJRULWKP ZDV GHYHORSHG DQG YDO
KHWHURJHQHRXV SRSXODWLRQRIGLIIHUHQW PRELOLW\ OLPLWLQJ

1IXLSHW

SDUWLFLSDQWY ZRUH SUHVVXUHLQVROHVDQG ,08VRQERWKIHHW I
7TKHUDZ DFFHOHURPHWHU DQG J\URVFRSH GDWD IURP ERWK IHHW Z
WLRQDO QHXUDO QHWZRUN ZKLOHUHIHUHQFH WLPLQJV IRUJDLWH
SUHVVXUHLQVROHV GDWD

61WYPXW
7KHUHVXOWYV VKRZD KLJK GHWHFWLRQ SHUIRUPDQFHIRULQLWLDO
DQGILQDO FRQWDFWYV )&V UHFDOO SUHFLVLRQ DQ®D PD]

IRU ,&V DQG VIRU)&Y 6XEVHTXHQWO\GHULYHG WHPSRUDO JDLW
ZLWK D SUHVVXUH LQVROHYVY EDVHG UHIHUHQFH ZLWK D PDYLIPX® PH
VIRUVWDQFH VZLQJDQG VWULGH WLPH UHVSHFWLYHO\

'SRGPYWMSRW
7KXV WKH '/ DOJRULWKP LV FRQVLGHUHG VXFFHVVIXO LQ GHWHFWI
URQPHQWV DFURVYV GLITHUHQW PRELOLW\ OLPLWLQJ GLVHDVH
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-RXVSHYGXMSR

ORELOLW\LV WKHDELOLW\WR PRYH DER XRFL @W B R EKLFCPLWWD 6 B @ B P DX QH.
E\FKURQLF KHDOWK FRQGLWLRQV LQFOXGLQJEXW QRW OLPLWHG WR
FXORVNHOHWDO @ RHWGIHALWY LQ PRELOLW\ KDYH EHHQ OLQNHG ZLWk
DQ LQFUHDVHG IDOO UL®X DQRG PR UWR®UMWNRUH PRELOLW\ LV UHJDUGH
WLDO DVSHFWBRI@& HDIOWKRVW FRPPRQ DQG IXQFWLRQDOO\UHOHYDQW
DIIHFWHG E\DJHLQJDQG FKURQLF KHBRMWKFRIQ@LWLRQV LV ZDONLQJ >

7R GDWH FOLQLFDO DVVHVVPHQW RI PRELOLW\ LV EDVHG RQ IXQFW
WDV®%XW *XU ORW 35 @ $ FRPPRQ VKRUWFRPLQJRI WKHVH IXQFW|
ODFN RI HFRORJLFDO YDOLGLW\ ZDONLQJ DV PHDVXUHG LQ FOLQLFD(
LOQSWU )0 +LO DU @ 7KH WUDQVLWLRQ WR XQVXSHUYLVHG PRQLYV
LQ QDWXUDOLVWLF DQG XQFRQVWUDLQHG GDLO\ OLIHDFWLYLWLHYV L\
PHDVXUHPHQW XQL® V3508 »WLVQRWHZRUWK\WKDW PHDQZKLOHERW
LFDQ QRWLILHG ERGLHV IRUWKHFHUWLILFDWLRQRIPHGLFDO GHYLFH\
'UXJ $GPLQLVWUDWLRQ UHVSHFWLYHO\ KDYH SXW IRFXV RQ ZHDUDEO
IRUWKH GHVLJQ SUH FOLQLFDO YDOLGDWLRQ DQG FOLQLFDO YDOLGI
BLF 5DY @ 6LPLODUO\ ERWK WKH (XURSHDQ OHGLFLQHV $JHQF\DQG
'UXJ $GPLQLVWUDWLRQ HQFRXUDJH WKH LQFOXVLRQRISDUDPHWHUYV |
H[SORUDWRU\ HQGSRLQ&RWLQFO®QLFDO WULDOV >

$ FULWLFDO VWHS IRU WKH REMHFWLYH DQDO\VLV RI JDLW LV WKH V
F\FOBEMG %RE @ L H WKHEDVLFUHSHWLWLYH X304 WWKDAV JXIHW LV FI
EHILQQLQIJDQGHQG RIHDFKJDLW F\FOH DOVR UHIHUUHG WR DV VWUL
FHVVLYHLQLWLDO FRQWDFW3W6 ,&Y: R@NVNRRMDWKHRBRWWK WKHLQVWDQ\
IRRWOHDYHVWKHJURXQG LH ILQDOFRQWDFW )& HDFKVWULGHFD
3% /5: 5XH %5 @ 7KH GHWHFWLRQ RI , &V DQG )&V IURP ,08V LV W)
KHXULVWLFV EDVHBIDOGROLYKXWPVZUR 3DU 36% 5RP @ ODQ\RI
WKHVHDOJRULWKPV XVHORFDOPD[LPDRUPLQLPDRIWKHDFFHOHUDWI
RQH DALV ® ZKLFK UHTXLUHVY NQRZOHGJH RI WKH VBDNRU*$WR@VHJIJPHQ\
+RZHYHU LQ XQVXSHUYLVHG KXPDQJDLW PRQLWRULQJ WKH VHQVRU '
WUROOHG IRU DV VWXG\ SDUWLFLSDQWY RIWHQ DWWDFK WKH VHQVRU
SRP @ 7KHUHIRUH WKH WHFKQLFDO YDOLGLW\RIWKHVHDOJRULWKP
JDLW PRQLWRULQJLVVWLOODQ RQIJRLQJFKDOOHQJH DOVR GXH WR W
XDP ++3 5D\ @ $GGLWLRQDOO\ ,08 EDVHG JDLW VLJQDOV DUH DI
WHULVWLFVY SDUWLFLSDQWDFWLYLW\OHYHOVDQG WKHH[DFW FRQWF
DQ\KHXULVWLFVY EDVHGDOJRULWKP WKDW ZDV GHYHORSHG EDVHG RQ



'LETXIV JGSPSKMGEP :EPMHMX] SJ (IITOIEVRMRK JSV

GLUHFWO\WR IUHHQOIBRIWQ J)IDLWRP DU @

,Q FRQWUDVW WR WKH DIRUH PHQWLRQHG KHXULVWLFV EDVHG L
ULWKPV GR QRW GHSHQG RQ XVHU GHILQHG VHWV RI UXOHV EXW UD\
IURP DQQRWDMWHG GDUNBER @ +LGGHQ ODUNRY PRGHOV +00V IRU
VXFFHVVIXOO\DSSOLHG IRU JDLW0OBHJPBIQ WVDIWQR G DY KRMBIKDO J
ODU @ EXW RQO\LQ ODE UHFRUGHG JDLW GDWD ZDV XVHG WR FKF
+00VWR VHIJPHQW JDLW F\FOHV IURP IUHH OLYLQJJDLW GDWDDQG U
IUHH OLYLQJ GDWD KRZHYHU GDWD ZDV RQO\ I[URP SDUSRIVELED QW
$OWKRXJK +00V WKXV VHHP DJRRG ILW IRUPRGHOOLQJ WKH VHTXH
QHHGV WR GHILQH WKH QXPEHU RI GLVFUHWH VWDWHY EHIRUHKDQC
UDWH PRGHO SHU DFWLYLW\ LI PRUH WKDOQ W X ¥%RW D@W'EB\® W R EHQ
'/ EDVHG DOJRULWKPV SURYLGHDQ DOWHUQDWLYH DSSURDFK WKI
UDWKHU OHDUQV UHOHYDQW GDWD UHSUHVHQWDWLRQV DXWRPDW|
DOQQRWDWERQWN> *pU &KR @ '/DOJRULWKPV KDYHEHHQVXFEHVVI)
HYHQWY GHWHFWLRQ IURP VW H U&IRLS KRWOR.JE D P PIHAV U HP G BWDQ6S
IURP LQHUWLDO PHDVXUBBHQRRQI@NYKRBDIWIHY RQO\IRULQ ODE JD

7KHUHIRUH WKH VSHFLILEDLP RI WKH FXUUHQW VWXG\ ZDV WR G
'/ EDVHG JDLW HYHQW GHWRFW@RFDDEMRIVWEPRU WKH GHWHFWLRQ
UHDO OLIH ZDONLQJERXWV LQ D KHWHURJHQHRXVY FRKRUWV RI GLII

1IXLSHW

(EXE'SPPIGXMSR

7TXYH]4EVXMGMTERXW
$V SDUW RI WKH ORELOLVH '"WHFBEQLF@ODYBROQGBEWYLRQPHWIOEASOH R
SDQWV ZHUH UHFUXLWHG DWILYHLQGHSHQGHQW VWXG\VLWHYV
GDWLRQ 7UXVW 8. 6KHIILHOG 7THDFKLQJ +RVSLWDOV 1+6 )RXQGD
OHGLFDO &HQWHU ,VUDHO 5REHUW %RVFK)RXQGDWLRQIRUOHG
RI .LHO *HUPDOQ\ 7KH VDPSOH UHSUHVHQWHG ILYH PRELOLW\ OLF
KHDUW IDLOXUH &+) FKURQLF REVWUXFWLYH SXOPRQDU\ GLVH

SDUNLQVRQYVGLVHDVH 3 SUR[LPDOIHPRUDOIUDFWXUH 3))
+$ D] @

7TXYH]4VSXSGSP

6WXG\ SDUWLFLSDQWYV ZHUH HTXLSSHG ZLWK WKH ,THUWLDO PRG X(
VROHV ,1',3 VIVWHP WKDWLQFOXGHG ERWK SUHVVXUHLQVROHV 3,
I[URP ERWK IHHW DQG \WKH ORZH UBIMFNUR @ 3DUWLFLSDQWYV ZRUH



1IXLSHW

VI\VWHP IRU DERXW KRXUV LQ WKHLU KDELWXDO HQYLURQPHQW H J
GRRU HQYLURQPHQW ZKLFK ZDV FKRVHQ E\ WKH SDUWDRFL& QW ZLWK
FDSWXUHWKHODUJHVW SRVVLEOHUDQJHRIDFWLYLWLHY SDUWLFLSD
EHLQFOXGHG LI UHOHYDQW IRUWKHLU FKRVHQ HQYLURQPHQW H J
ZDON RXWGRRUYV IR VXSHUYLVLRQ RUVWUXFWXUH WR KRZ WKHVH W
SDUWLFLSDQWYV

(EXE 4VSGIWWMRK

(EXE 4VITEVEXMSR
'DWD ZDV VSOLW LQWR WKUHH GLIITHUHQW GDWD VHWV D WRWLQLQJ VH
&KR@ )RUWKLV SXUSRVH IRUHDFKRIWKHVL[FRKRUWY GDWD IURP D¢
ZHUH DVVLJQHG WR WKH WHVWLQJ VHW GDWD IURP DQRWKHU RI Wk
YDOLGDWLRQ VHW DQG GDWD IURP WKH UHPDLQLQJ SDUWLFLSDQWYV Z

7KH YDOLGDWLRQ VHW ZDV XVHG WR ILQG DQ RSWLPDGBBEWZRUN DU
DQG WKH WUDLQLQJVHW ZDV XVHG WR RSWLPL]H WKH RARUM VERQGLQJ
WHVWLQJ VHW ZDV RQO\ XVHG IRU WKH ILQDO HYDO XD W L5RHQY XEDA\G/ Q R W
VHFWLRQ RQO\FRUUHVSRQGHG WR WKH SHUIRUPDQFH RQ WKH WHV WL

6IJIVIRGI 7]WXIQ

)RUDOO GDWD WKH JDLW HYHQWYV WKDW LV ERWK ,&V DQG )&V ZHUH
,08V IURP WKH ,1',3 VIVWHP 7KHQ UHVXOWV ZHUH FRPELQHG DQG SLU
FDVH ERWK PRGDOLWLHV 6BI® HEW HRGDOKHYHQWMRRW JURXQG FRQWDF
ZKHQ DW OHDVW WKUHH VHQVLQJHOHPHQWV IURP WKH 3, EHORQJLQJ W
FRQVHFEXWLYHO\ DFWLYDVWWHBG D@G)&H DAFK\H. YOBW HBQ>H[LVWLQJ DOJRUL
GHVLJQHGIRUVKDQN ZRUQ ,08V ZDVDGDSWHG IRUXVHZLWKIRRW ZRU
IRUGHWHFWLRQ RI VXSHUYLVHG JDLW HYHQWV LQ ROGHUWRHPLSDUHW
5RV @ DQG DFURVV PXOWLSOH UHVHDUFK FHQWHUV IRU SDUNLQVRQL
SHHU @

JURP WKHVH JDLW HYHQWY ZDONLQJERXWV :%V ZHUHIRUPHG E\ P}
ULJKW VWULGHV (DFK :% UHSUHVHQWHG D JDLW VHTXHQFH ZLWK D PLQ
>O0X 6DO @ +HUH VWULGHV ZHUH RQO\ FRQVLGHUHG YDOLG LI L W)
02V D@® DQG LL WKH VWULGH OBIBPW K ZHW WILQLIPOMUIHRWGHRIPLQH G
FRQVHFXWLYH :%V WKXV HDFK :% FRXOG BRQWDLQ D UHVWLQJ SHULRG

JRUWKH FXUUHQW VWXG\ ZH DQDO\]HG R@Q\O% WX ROLH : 9%ADWKDW ODV V
YDQ @ DQG IRU ZKLFK ERWK WKH ,1',31V 3,V DQG ,08V ZHUH XVHG IRU C
7KHVH JDLW HYHQWYV ZHUH FRQVLGHUHG DV WKH UHIHUHQFH DQQRWDV






	Preface
	Summary
	Zusammenfassung
	List of Figures
	List of Tables
	Outline
	I Introduction & Background
	Introduction
	The Importance of Measuring Gait
	Gait Assessment
	Gait Cycle
	Traditional Gait Assessment
	Instrumented Gait Assessment
	Wearable Sensor-Based Gait Assessment

	Aim of the Thesis

	Background
	Practical Considerations
	Notation
	Conventional Approaches
	Preprocessing
	Feature Extraction

	Deep Learning Approaches
	Convolutional Neural Networks
	Temporal Convolutional Networks



	II Algorithm Design & Validation
	Gait Event Detection During Curved Walking and Dual-Task Conditions
	Introduction
	Methods
	Study Population
	Study Protocol
	Optical Motion Capture System
	Inertial Measurement Units
	Data Analysis
	Statistical Analysis

	Results
	Detection of Gait Events
	Time Agreement

	Discussion
	Conclusion

	Deep Learning for IMU-Based Gait Events Detection
	Introduction
	Methods
	Data Collection
	Data Preprocessing
	Model
	Analysis

	Results
	Overall Detection Performance
	Time Agreement
	Stride-Specific Gait Parameters

	Discussion
	Conclusion

	Ecological Validity of Deep Learning for Gait Events Detection
	Introduction
	Methods
	Data Collection
	Data Processing
	Evaluation

	Results
	Demographics
	Overall Detection Performance
	Time Agreement
	Stride-Specific Gait Parameters

	Discussion
	Conclusion


	III Discussion & Conclusion
	General Discussion
	Main Contributions
	Discussion
	Sensor Configuration
	Sensor Alignment
	Generalizability
	Explainability
	Context Awareness

	Future Outlook
	Conclusion

	References
	Mathematical Background


