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)DXOW 'L RERYVQNQJ RHILDGE I XNIEL\QHG RQ
WIOBULDWLRQDO ORGHD'GIGRIRS B \BLRMLYRROD XWLRQDO 1H

=LIHP &XXQPLDQJ <DHJ

D 6FKRRO RI (QHUJ\ DQG 3RZHU EXID@IKDULIRU $GELMBBMLMQA R FHE B QR OSRILQBOK D Q JK
E "HSDUWPHQW RI ODULWLPH DQG OHFKDQLFDO (QJLQWISRR®I %LY R P BRRILH HRK Q' 0 R

$EVWWDFWLQH OHDUQLQJ WHFKQLTXH VLKQIDWWHBDMH Q HVQW A B X D)
UROOLQJ EHDULQJV LQ UHFHQW \HDUV +RZHWKH GQWRKIF LD
GDWD GEXBQUA&MWHRUNLQJ FRQGLWT R QWLHQEQCROQPH QW RIWHQ F
SHUIRUPDQFH RI WKH H[LVWLQJ IDXOW GLDJQRVLV PHWKRGYV
SDSHU GHYHORSHG D QRYHO PHWKRG E\ LQWHJUDWLQJ WKH ¢
9DULDWLRHFRRKRFBHLWLRQ 90' DOJRULWKPV 1DPHG DV 39DU
ZLWK 'HHS &RQYROXWLRQDO '&HXW D O WKW PRIUWNKRGR QIG) ZDQ H ¢
GLUHFWO\ SURFHVVHV UDZ YLEUDWLRQ VLJQDOV ZLWKWRW I
UHDOL]JH WKH IDXOW GLDJQRVLV RI UROO LQWVEHD WIRQH W UD PW
IURP HDFK ,QWULQVLF ORGH )XQFWLRQ ,0)HLQUPFEGHQ WIR DG}
D VLQJOH VRXUFH DQGLYWR IDF® LHI YIHF IDH)Q WI IIFDFVWO W GLDJQRVL)
GLIIHW@QMIRQPHQW V DIAEX MSADIMR FRA WIHKH '8.0'1V PRGR®OWLP L]HG
E\ FRQVLGHULQJ WLPH FRPSOH[LW\ DQG JHQHUDOL]DWLRQ DE
DUH FRQGXFWHG WR YHULI\ WH1VXSE UGRUIQR YV R GIVKHIGIE W
FRQGLWLRQV 7KH YLVXDOL]DWLRQV RI M[iSWHBHIDARQLE LW K'
VHOHBWHQYDOXH R DSDG BVKHHW HDWO VIR IMKGIL ARAD I WOKDANRRID O L

,O)FRPSRQEQM EHBDEQ MXH '®11V PRGHO

.H\ZRVGHHS OHBRQYRIDXMWWMXRIPO QHWZRUNV 9DULDWLRQ®DW P
GLDJQRVLVY UROOLQJ EHDULQJ
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L QWURGXFWLRQ

$V WKH IRVVLO IXHOV FRQWLQXH WR G HISOFHMD VUG OON\ZD &
DWW HQ WK UHQHZDE O H IHIBR 2 B\DV REXHIBFRAM®D EOH DOWHUQDWLY
DQG LW LQUDRWMAMFEMQ REDDQBWWNEDNURK GHI@HORSBHQWRQ .
SRZHU RIIHUV D IDVWHU PHDQV RI DGGLQJ7HGOHFRUOLG LW ¥ MGRG
FDSDEDW)\ *: LQ  ZLWWKOH FXP X PDS\DHAGEIH F WHD KR : L Q
DFFRXQWLQJ IRBYHUHDFRHOGMWKH. FLW@®JHQHUDWLRQ

7KH JURBPWHKQ® SRZHU LQGXVWU\ KDV EHHQ YHU\ UDSLG RY
WXUELQHV IDFLQJ DFXWH WH FRAQRHIIRFIU IF DADD € B IBNIDARHED /HHY HAUX
RSHUDF\RDRBQWARIH Rl WKHVH MKKOHD O HQ LEPDUILQMWH QD@EH FRVW
WXUEZRHRK KDV EHHDEDI|BPRWMRVEHWDNH RI UHQHZDEOH HQHU
LOQYHVWRUV DQGKIRPDEPWHNEDYFH DQG RSRIUDWHRQRMROVAOV QD
GXULQJ WKH ZLQG WXAVKIHQ HPSBBWLRH WKH FRVWY RQ WKH O]
/&R( IRU ZLQG WXUELQHV LV VLIQLILFEE@WHLRUB HWW UIP\L Q8L
LPSRUWDQW WR UHGXFH W KW QDRUDKHIBH W R W QX HRAQKS! MUK P!
OMHIVUH IUHH IURP P OOVRRUWNSEIU WRMDMUER [HY DQG EHDUP®IW DU
FULWLFDO ZARFE RQHEWRRZYV WKDW EHD U VIQRUIDRD® O H MIEFRXH
D W\SLFDO ZL@IKWXIULELAYF\ DQBLYO | MAXURR QN EFQIDE LDVLR Q
VLJQLILFIDHFWOHG E\ WKH KHD@VRKQ RH TWMQEWOBEUXGIDO WR ILQG
GLDJPRMYKR G/REAEXN UG MW DR WY H E HIDRIUW GBER) U MGRSHUDWLRQ L

PDLQWHQDRGB FRWRIIA) VHY Y®FH OLYHV



® HSS Bearing

@ IMS Bearing

M LSS Bearing

M Planet Bearing

M Planet Carrier Bearing
W Helical Gear

M Planet Gear

@ Ring Gear

u Internal Shafts

@ HSS Coupling

W Housing

W Lubrication & Filtration

u Cooling Fan

)L 'DPDJH 'LVWULEXWLRQ

7KRHWKRGRORID B W LR/UD Q GE B DD D@D VER FRIRDDY HBLEQDWLR (
VLIQZKQ RKIHU PRUH XVHIXO LQIRUPDWLRQ WKDQ RWKHU W\SH
RI VLJQDO SURFHVVLQJ DUH XVHG WR DQDO\]H DQG H[@UDFW
0DQ\ RI WKHVH WHFKQLTXHV U DQ\GRQBIEMNGHOCH.O R § MG DV R RIUQE
GLDJQRVH EHDHQ®UDDOXWW GLDJQRMERPISFOPHZ RINWKUHH S
FROOHFWLRQ IHDWXUH H[WUDFW®.R ® FDQ\G LFFRSREMAKGEWY WDRFEHE
LWKNHIXO IHDWXUH H[WUDFWLRQ Z KA K BXHWDHY MR Q B X OWK IF OX
> @IDULRXV DG Y DUHTHKG Q\F\ AR PIOOR I'W HIYG R SMOMVEX UH  HI@/@ D F V
FRQGLIPODR/YLIERBWLRIQWKH QRW ZE ®HR REH BKROUERBBREHOHW
7UDQVIRUP :7 (PSLULFDO ORGH 'HFRPSRVLWLRQ (0' (QVHP
((0' /RFDO OHDQ 'HFRPSRVLWLRIQR QDO DRGHIHFR BSRDLIW WR Q
WKHVH WHFEKIQ LTXHY D Z RGHMRBMKHRX XKDV VRPH LQKHUHQW VK
DV WKH SUREOHPV RI WKH PRGH PL[LQJ DQG HQGSRLQ2HIIHF
WKH RWRRBWKH 90' DOJRULWKP RIIHUV D EHWWHU FDSDELOLW\
VRIOQWKH SUREOHPV RI WKH PRGH PL[LQJ DQG HQTXIFOL QW HI
PHWKBR®XFFHVVIXOOLE MWHK® XIVHHGG R IFDAXIORN) HHEMXSE EXU\HHE W U D

90' DOJRULWKP WR GHFRPSRVH WKH7KB ZH D H D UNHR/D W LERKBDA/RLICR-
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ZHUHQWURGXFHG DV WKH W R B UIDFK § BRR/RARDRUDKCDQHY 1RID
DGGUHVVLQJ WKH |'DRHD W HARXBIXAYEE MHF D FVADRWOD (Q VRUEEN LQ IDX O W
GLDJQRVLV ZD VWHIDIW HRD) WUGBS) DQG (@ W URID\ =KHGQW D@
FRPELWKIE DOJRULWKHEHZYMHKRSH GHPRGBIQ O VELRDQ PRMWHCR & K H
RI EHDULQJ WKURXJK HQYHORSH VSHFWUXPKBQDOWR W HU L\Mk
UHOLDELOLW)\ ROVWRI@NW PEWEBBG UROOLQJ EHDKHE@Y ¥ REKDMH Q
WH UROOLQJ EH IXWHLDH FIDXMDWHW\ SHYWHUPLQHG DQG WKH GHF
PHWER@EHWWHU WKDQ WKRVH REWDLQHG*XWMWPD@ KRRPSRQIBG
DQG UHFRQVWUXFWH G VDEZKWHL €0 DDADLIFKIEGIVK@® @B HUDWRU  7(2
7KH UHVXOW VWLKHG2B(R VPH WREDAU G LPSURYH WKH 6LJQRIOWKR 1F
YLEUDWLRQ MEDGDREBHYVQQMX VHIXRIDOLQJ EHDULQIKHKDERFW
VWXERBYVMWKWMH 90' DO JR UK MK IKIFW DYQPH@NMWA H HE [RAPLS IR IGR Q
RWKHU PWX\FKRIBY (00' DQG /0"

2WKHU WRR®Y0VXKKDWHU 3HUFHSWURQ 0/3 DQG YDULRXV C
K D YEHH BKQ MMAR G G U HV'W DWKHHV F O/ M WLUDL@FIRW ERV@ 1916 D O J R WZLLWMKKP
WR4DEFN 3URSD JPHMXIRID BBGGERHWYLQJI WKH LQWRIGRXIW H R WNILDX
FRQGLWLRQV RI D7KR COISQ.E EG DW LIQW RW QH Q W X H HeH BHRVMD VDL H |
> @QWHJIWIBHWHS ZD Y HIHWR ®OKWRLWKLQ WKH H[WUHRWKEBHDMQ
GLDJGQRRIVLWROOLQIHBHEUDL@IUR S RWKKNBH 8 RIQYROXWLRQDO 1HXUI
&11MRU IDXOW THBERQRVHILMNVHG W KG®WRD P DIEN) G H RV HWGBK H
L Q SR WAGKIH VRH[WUDFWLQJ HIIHRAZIHYH UH DWKXUBNVDIJQRVWLF DF

PHWKR® RWKIILFIKHQWRBO\LQJ WKGMWOWKMHF NV IJHBRRJLDIL I W IKR X



FKDQJLQJ HQ YRIRDLAHIERDBIOU WWRKHQXHDIHWHD O RIDWHK R ® PG H O LK
RQ &1ZNHWKH HQYDBORQBGHY\WRD © ED@W D@ URSRVHG D QHZ W
LQWHUIHUHQFH &16 [PHNFKARIBY BAW UBK]NGEUDWLRQ VLIJQDO WR L
RWHKHROOLQJVEHIMHRMRM G HVIRQYLURQPHQW DQ&HGUHM X8 QYW ER
WKH WUDLQLQJ LQWHUIHUHQFH &11 KDV EHWWMU GLDJQRVLYV

,Q/XPPDU\ WKHUN WUBRRMEXR/KH ILHOG R |7 KOHX QMINRGRIEDQNLRAN.
RD VKDOORZ OHDUQLQJ DOJRULWKP DQG D IHDWXUH H[WUDFW
DGGUHVV |DXMWWKLD ¥6 R RUDKGH JE& R EIBH WK 10 HD U Q L QRWHHF& Q L T
WRQG IHDWXUH H[WUDFWLR QKBBHG S/ \0BI\Y H QR@D VGYHHE FPRN® R 1)
VKRUWFRPLQJV Rl VKDOORZ OHDUQLQJ PRGHOV WKDW UHO\ F
+RZHWHKH PRGHOV EDVHG R/ MKKH BEHE SR ROQO QMU DOL]DWLR
WKH ZRUNLQJ HQYLURQBHQAVRIER CERW BV IILFXOW WR PDLOQDLQ
VXEVHTXHQW IDXOW GKBJBRNOYHRESHMWQRRXOW GLDJIQRVLYV
UHYHBWHKG UHYLHZ Rl WKH DERYH VWXGLHY DUH VXPPDUL]HG

JLIOAWKH ZRUNLQJ FRQGLW LIRQQ &R WW K H LEHID D U@ IRIRRIN W D ¢
PHDVXUHG®DWLRQ VLIJQDOV DUH FRPSOH[ GXH WR HQYLURQFP
YDEDM EHDULQJ OWIKGIVG bBFRRBYVEE® RIGKHOG H WASH 6 K Q URNH® IV K D
LPDJHV DV WKH OHD U QKIDIH WIKRSIOMD/JI Z RRIO BED S D E I0GIDA\Q RQ JI
&RQVHTXHQWO\ WKH H[WUDSRODWLRQRSHUZLRWP DK AHEIN RR ML
7K LO\GNG HD JQRWWRRPDQFH RI WKH PRWRIHOVER X O &OBM KD UBIEN
WKH VLQJOHQHVV RI WKH LQSXW VLJQDOV

,Q RUGHU WR/'ID GGBR VWK WXG\ KDV GHYHORSHOWLRQ DB R



'HFRPSRVLWIHHSB RBIRMKYROXWLRQDO 1HXUO® 1HWHRIDNX®OW G LL
DFFXUDFLHY DQG JHQHUDOLJRWI\R @ ROGFH O LDAWIHH M [R P MQKHHG 9R V L ¢
GDWD XQE8BW ®RL¥B HQYLURQPHQWY YDULDEOH ORDGLQJ FF
D SURJUHVVLYHO\FRIQGHKRIRIGCHWBRRGML.PH VHULHV LQ VKIONW FRC
EHHQ Y LWXD Q DJGVEHNVDOH J R IFH-KDSE LAY IKJH SRIVI H D W KD I
PRGHOVO,IQDD®@GLWLRQ WKH YLVXDOL]DWLRQ UHVXOWV WKDW
ZRXOG VXSSRUW WKH VHOHGWLKRHODL P PRIG KX FROWULEXWLR(
SDSHU D UHL MXERPM R Z V

$ QRYHO IDXOW GLBHYRNOIR/SMG/WHRPQWHJIJUDWLQJ WKH 9¢
DGYDQWDJH VLRI HERISIOE UDWLRQ D QLGRW KK W XSRHIDWVR WIHW H [W U
DUH XWLOL]JHG LQ WKIH\SPRSR\OHG 90"

6RPH H[SHULPHOR®WINQYMIDWPRLYW YDULDEOH ORDG G
UHVHW HUURUV LQ GDWD DFTXLVLWLRQ DEG® WIQH FRWRIFRAN GR A
HIWUDSRODWLRQ SHUIRUPD @FH \R P R H @G5! ORIBWKBRIED K G
W X UELQH

7KH SDUDRHWHKH '81'1V PRGROWIMEN]ABQV LLGBWVY.RBLDWHG \
FRPSOH[LW\GD R &GQ RMKWILRU P D QUAHHD VIREHK RARW L Q J  S. D INNMFROMNADHAUL Y H |
H[SODLQHG E\ YLVXDOL]LQJ WKH WLPH7KH UHHDW X QHHVWKEIH B R
FRQY RO XW L RRQUDIDF KO P\RIGH F R P S\WR R H QWD PK-D YFHK DDUDEF KMV W L F
FRPSOHPHQWDDBSIURWKH SHUIRUPDQF&LRV WRE HO'

7KH UHPDLQL\WBSSSHIWMY JDIQL]HG DV IROORZV $ EULIHYHIHVF

LQ 6HFWLRQ 7TKH LQWHOOLJHQW IDX&®&W \G LV JIQRW UR GXAMHGR (



,Q DGGLWLRQ 6HFWLRQ DQDO\]JHV WKH VXSHULRULW\ DQ
'&11V PRBEDBIRIG H[SHUGP MKMW ¥ OV XDOL]DWLRG@W RV MXWK RAER & RO
IHDWXUHV WKDW KDWMK HE IGHIY HIDHRESIHEH ®BR 6GHEB DOVR SUHVHQW
VHFW)LRXDVHER Q FO X VE B B VHIQMHEWLR Q

7TKHODULDWLRQDO ORGHCHRRIRS\WRRWVAWLRQ

90' LV D QHZFRKXK®RQHQW VLJQDO GHFRPSRYLWQRQ CLONRKI
+LOEHUW WUDQVIR Y RODKHE DKHVRHEWEPR P DN H  GRHIF RAPISRIH Y LVRC
f LQOWRRGHVZLWK VSDUVLWF KUHRYPEDMGMWLRQ WKH, RIQWH L
HDFK PRGH LV DVVXPHG WR KDYH OLPLWHG EDQG¥YEREBUKY ,Q
LV VHDUFREGVWEWRHIDURQDWLRQDO P RGHNONW RDRALDE FANB G ZL G WK
LV VDWLVILHG WKDW WKH VXP Rl HDFK PRGHXW NTEQIOFWRLW |
Nu LV DVVXPHG DV WK H KD Q X \E HER RGIRG) HWD O XD WHE SUHV
SDUDPHWHU

7KH/LJH RDQXB\WLF VLIQDO RI HPAKN,d) FRP DRDHOQWLF VL.
REWDLQXWGMERH OEHUW WREBRQVHRMP\ RRENLQYQEH VSHKEMUXP

HVWLPDWHG F%WHUQWHR)GI&(CEF%KWRDQEWMWK\A—L[P@ORZV
®) %Tf@uk(t)«e@

ZKHUMLY WKH &Y LWPHSUHVHQWY WKH D@&XID V)i dFWORQ
UHSUHVHQWY WKH VHW)RP RGHIME NFHRWP &R WHKG FHQWHU IUHTXE
JLYHOQZOY { &) &, &

7KH FRQVWUDLQW PRGHO QW &RV VHIX BRGFXHO DIMYLHIY GHAR (

VLIQQQTDV IROORZV
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ZKHUH WKH UHFRQVWUXFWLRQ@ IKBQMH WL I1YDIXPERQWHAG E'
7KH /DJUDQJH@ SIWUDOWRWRGXFHG WR M@ERYFMHUWHKWM FRQVWUDL

7KH $OWHUQDWHNY KRG RWDEQ@WLEO XWWHG WR VROYH WKH YD
7KH SDUDWRMBHWHY W Q&t) DUBOWH WXSHEWWE\GLQG WKH VDGGOH !
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Uit argmin HwD(t) %%@(t)em Hf(t),

2
i 1,2, K} k z
7KH 3DUVHYDO 30DQRRMOWEBE PRKRHRM U QWURGXFHG WR VRO

LQ WKH VS H MDMUBRK D&R PIDW & H- DA LDE HKW ILUVW WHUP



u(t) argmin 4j(Z Qi@ sgn( BO( Hfo( )z' uw( )z@’

(T LV WUDMBVRRD RQQHJDWL Y HL QUHH XWHImG \DIQIBNIHWY OOA D G L
VROXWLRBQLY 7KH FHQWHU IUHTXHQF\ RI H D FIKQ, O KLH/ \XSRED B/
7TKH RSHWOODWRUXSGDWHG E\ (T

N kK1 Ko
©3 iy iy O

Lpl(a ill 2qlzkl'Zz

g1 AP d
S ) @

&y W)z ) FdH()
k1 ©
ZKHUB GHQRWHV WKH )RXWULMUWWK D@XREH B DRIGLMWH WIKWML R Q V
WROHUDQFH
$V UHYHDQ@GQR\WDEOH L Q GCOHQRFHLE) ROPWRHAH FRXOG EH S
YDULDWERG&HQ LW LV QRVQWRIG H/HIQE@EGDWNE ISHYLDWLRQ RI Wi
QRLVH 7K UMM RGN DV D FRQVW-DQW @LWR R EWD®E® Y HBHFW H U
IRU D VLIJQDO ZLWK DQ DUELWUDU\ 615

7KH FRQYHUJHQ®HR &/ RDPIUD/QFIHY HQ DV IROORZV

K .. e e
EACREE e
ZKHL'JLIHWK:PRQYHUJHQFIEDQ\G?DI—WJ\BQFEGYOIXW(DEDS(\HI—FG LQ WKLV VW

)LJ SUMHHIDWRY. FKDUW RI WKSUBGE'HNIYOFXODWLRQ



Initialize:{ﬁ'},{cﬁ'},/{‘,n «0 ‘

k=1

Y
‘ Update #, for all @ = 0 based on Eq. (6) ‘
]

‘ Updata e, based on Eq. (7) |

k=k+1 No 0

Yes
‘ Updata 4 for all @ = 0 based on Eq. (8) ‘

No
Meet the stop condition? n=n+1

Yes

[Output K IMF componentg

)LJ 7KH IORZ FKDUW RI WKH 90

6WHS, QLW o[LBH {® DOB LQ WKH ILUVWMWOVHS ZKHUH

6WHS8SGOWWOGER E\ XV(RQJ DQG (T

6WH8SGDWH WKH /DJUDQJH PXOWLSOLEDONLRQ RSHUDWRU

BWHSHSHDW VXQV8NMNO WKH LQWHJUDWLRQ VWRSSLQJ FULWH

'HYHORSPHQW R&MWKHDXOW 'LDIJQRVLYVY 6\VWHP

90' '& 11\ BUFKLWHFWXUH

7KLV UHWHLQF KRR ROQRPHWHOOLIJHQW IDXOW GLPRQRYHV R
WKHODULDEOH FRQGQGWWRDR @KRPFHRP SO/MHPLYG LQVWDELOLW)\ L(
YLEUDWLR/XSRRYDHMWUDSRODWLRQ SHDVRIGBPDIGIHVR RYBE &RI
IDL@GLDI@MEVMDUDIORWXFK YDULDEWHOFROGHW MRRQ LPSURYH WK
WKHIEDVHG IDXOMRGHONRRYQM|[ DQG FKDQJHDEKOH HQ DIOURQ P

LV LQW U RGDOPH GHWRKRHY LPXOWNRIMEOOW B Q GQEQWDQFHPHQW
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7KH 90' DOJRULWKP LV XVH®W RUID 5 HEERORMHRIY VRHNQUD OV Z L'

L QKV,R)VD QEEN UK VL QJ X O DIURFEDWDUIRHIGI L Q | R REDWDERBKD QJLQJ W

YDOXHZRILFWK JQLILFDMWON SHUIRUP®WFKE 1R VPRIGH & HN uK
VLQJIXODU PDWUL[ LV WKH LQSXWLRI WIKHE O IWUHUNL ORISR toon i 8

GHOQRWHVOWRB@®RMWEHDFRQYROXWIRK DG VDYMDJIH RI WKH FRQ

WKDW WKH FKDUDFWHULVWLFV RIBRODWERQJGE YDQLW IQOFF® FLL

yl(i,J') Kli ~X! R') vil Kli (j')xlﬁ i) -

o
ZKHYY LV WKH G RWWVSNHRGEXHFOV [RQ GNQRIFSIUIG WHIGT Y WKH ZLGW
K!(jy UHSUHVJ{@WIVI KWKHIRH UQHKCH SDUDPHWRGY Q @ WK I RURID O L]
%DWFK 1RUPDOL]DW IMERD S B/ X R SIHHOIHW DROQ ]DW LR E BB B EFLHOW WR
LQ IDXOW GLDJQRVLYV

7KH %Y XVEDOPNG | RUKBIRZR QY R O RWIKRIQIX® ® FRIUQHFWLRQ ¢
WKH DFWLY DKVMRRIQP BQVH B @D @'y DY ) FRUUHV SIRRR) GILKGTD
OD\HU LV HEYPHWHW?, v") pog” yO y'®  7KHQ WKH %1 OD
SODFHG IROORZLQJ FRQYROXWLRQDO OD\H UKBQXGD RUCKH H R(LQ

RSHUDWLRQ LV GHVFULEHG DV IROORZV

o YU F g 10 F0
2
v

11



ZKHWE4) UHSUHVHQWY WKH RXW ®XQE FOURGN SOIFWEREPNDQ D C

YDULZRQ¥'Y , LV D VPDOO FRQWWSGW H@W WKEHXFBEGFXODWLR Q
ZKH@KH YDOLXGE W Q% DUH UHVSWHWYFBOM DQG VKLIW SDUDP

W LV HVVHQWLDO WR DGG DQ DFWLYDWLR @ WEEBVBNK® D |V
QRQLQHDU H[SUHVVLRQ DELOLRVPEKMW IO DQOKE MLDW X0 HDVQBR
,Q UHFHQW \HDUV 5HFWLIZHKEFKWKE WP BYUWNZL5GH®\ XVHG DFW
DSSOLHG WRFEFHMHBRQYY FWIKBH/8 LV FRPELDEIFKELSMKRSDJIDV
OHDUQLQJ PHWKHH WDR ANGHINW WQ IKWRBRZ EHERPRYH WUDLQD
7KH IRUPXOD RISWHKN H@WSH GV

a""” f(iu)) max{O,k“’}

ZKHEH? LV WKH RXWSXW DE'UD\LRIWKKHDFEWDOQBWLRQ RI

$ SRR OLQUFGRD\GIWF W MGFEGKR QBWLRQDO OD\HU W\R KIHHDGWXXFUHH V
PDS DMRHHS WKH LQYDULDQFH RI7 MKRIROKEE R &\ EHRB GNDAY E QUFRD
PD[LPXP SRROLQJ DYNVURBKDORRIFLOR M I 7KH PRVW ZLGHO

SRRAKQEBMUHVHQWHG DV IROORZV

1G.)) {a'l o)
p MaX; 1w 1dq gw

ZKHWHY LWKH YDOXH QRH XVUKMKH QUDPHZRUNIRWODAHMKH ZLG Wk
SRROLQPWLIM WKH FRUUHVSRQGLQJ YDOXHIRDW®& B GQUHX @ R\ KL
WKH UDQJHj Elpyw Z HDHRGBV

7KH FODVVLILRDDNUBROWDSNDJQRVLV LV D PXOWUIZRE&DVV
UHSUHV HOHDDNDRIFGBMH HS OHDU QL QJ O KHHUE DD RH)GE HO@ WVRGH O L
RXWSXWWIBA\PD] IXQFWLRQ L WEHGRRSI MG RV 8 XSWSEWELOLW\ |F

12



DUHFODYVWMEH DULQJ FRK & HW IQRSQA W ERPADFHX W S OR BROLE EQODW V

| LV FDOFXODWHG DV IROORZV

(01 / F
g .
O /, Kgon | 123 F
li1

ZKHUHJHS UHWISQ W P H WHERGRD OHD UQH®OBQIK IALOO EHGXSGD
DXWRPDWLF DO\ D RQUQILWIKP SO H V
 DGGLWKRWRFKDVWLF *UDGLHQW 'HYPHRSWZ RWNIHIG R_HDQ WY K

PRGHIOHUWY VWD EL® O] DWVEL FRUQKERPE Q& XP YDOXH RI WKH 6*'0 LV

RI WKHEBMW¥FK LV
)L LOOXVWUDWHYV WKH FRQFYHWHRDBUIOKGWMHA®R S H&GRIL @ OW
LQSXWKOWKHJUDZ YLEUDWLR® W KHYEHRY FREIE@RWND WLHH RI

REWDLQHG XVLQJ WKH1ITH PRIWKR GVKZIKBURIWK RI WKH QURW H\L

WKH PRGH QXPEHU

Conv_4

Kernel 2x1 FC
Wedth>Height Conv_2

204841 Kernel 5x1
16@255%
-

/_ ’ 32@30% 64@29% 128@6%
1k . ! I :
W < Pool_3 @ Pool_5 :
\ 32@63%
®J Pool_1 O PO|OL4

S Wedth>Heigh 16@5193 Pool_2

2048% o / 32@61%k 64@14% 128@13%

®

1-D signal @)
H HE @ \/ v H_JSoftmax
Kernel 3xL Kernel 2xL

Kernel 11x1 / Conv 3 Conv_5

)L 7KH DUFKLWHE&EWDMIH 90

~
w
=

(X D)

K=k
VMD

i IMF1 IMF2

((AXIIXIXIX]

Conv_1

)DXOW 'LDIJQRVLV %DOIMNG RQ 90
7KH 9011V PRGHO LV GHRYMBIRAIHG BPAKH DGYDQWDJH RI WK
SURFHWNHQRTXHQF\ VLIQDOV DQG WKH VXSHULRULW\,RIV&KLYV

VHFWLIRKRSHULR U VWWHERXQW \CGRZILIQREVWEHEBEUQRBY LWH@ WHJUDW
13



90' ZLWBK1V FODV VADSPEWERAS URSR\EHG\O @'HFRREGRMWER SDUWYV
,Q WK DWWV XVHG WR DE4DRRPZS R VEIU D WLLQRIQRV X¥Q DQQOW K H

VHFBOGWMKHI1 YLEUDWLRQ MIFRPDIDOMELDIY PRGHO WRKBEGWH V
GLDJQRWHKYRROLQJ EMDSHLRSRWMARIGEXOW GLDJQRVLV LV SHU
EDVHG RQ WKH UDZ YLEUWRQBQZULIZQWXRXW DQ\HRDE XDO IHI
DUWLILFLDO VHOHFWLRQ 7KH DGYDQWDJH RI WKLV PHWKRG L
VLIQD OV ERPRWH LQIRUPDWLRQ WKDQ LPDJHV 7KH IORZEKDUYV
90' '&11V PRGBOHVHQWHG LQ )LHG IDRFGH WKRIGBWDWOBQDDQ R

IROORZV

I”l Il ﬂ ﬂﬁ

\ﬂ
_

ﬂ [ M i
1
H
[l

Wm
_

)LJ 7KH IDXOW GLDJQRVQY VEXIWMHP EDVHG RQ V

6WHSQLEUDWLRQ GDWD RI UROOLQJ EHDULQJV XQGHU GLIII
$FTXLVLWLRQ '$4 V\VWHPYV

6WH3KH FROIIHNFNWHED OV GDWD LK/ PRGQUNUWH QI QYWR 90' D(

6WH3KH GHFRPSRAMHRGES REPAKHWS OLW LIAQAWDKURSR SWUR/Y 2QH
XVHG WR WUDLQ WKHIFRGDO®IHUDLQLQIJ VDPSOHV WKH RWKF

14



PRGHO DV FDOOHG WKH WHVWLQJ VDPSOHYV

6WHSKH WUDLQLQJ VDPSOHV DUH XVHG WR WUDLQ '&11V PF

6WHSKH WHVWLQJ VDPSOHV DUH LPSRUWHG UGN W KJ#K HD R R €
GLDJQRVLV RI EHDULQJV

ORUHRYHU WKL SUHOGAMHAVBOJIJRULWKP LY \WKR WHSM SUSID
IJUHTXWERBWVXUH W KHWHKFFE XIUW KHBRW X UH H[WKHD FAMRIORDQ ®] EHDUL

([SHULPHQWDO 9DOLGDWLRQ

'DWD 'HVFULSWLRQ

,Q WKLV W KRWOR Q JGTHRDMN HIRHY KH U L WHIDWNDYDLODEOH LQ
GRPDMR YDOLGDWH WK&1$VRSR GHWKKHSHULPHQWY BERQB XFV
'HVWHUQ 5HVHUYHO8:GBY DI ® -LDR 7RQJ> @DL78H DWIHNXVHG
GHPRQVWUDWHR RVKHKWXBHIVLREGWO LQ GHWHFWLQJ IDXOWV E
X Q GHRILIVQYED U LARXIVG V' F ROKAIMWV LRQIVG G L W L R QV WARI HKE WK & HIKHVIVQ
90' '&11V PRGH®DKHQH[WUDBOWWRRDORP XOWQS OBV VIRIFQ. DWAKE | HD

H[SHULPHQWDO SODWIRUPVY DUH VKRZQ LQ )LJ

I Digital force display | | Motor speed controller l Vertical accelerometer Tested bearing

|
AC motor Support bearings Hydraulic loading Horizontal accelerometer

D 7KH EHDULQJ GDWDV E 7KH EHDULQJ GDWDVHV
)L 7TKH H[SHULPHQW SODWIRUP

7KH GDWD IURP &:58 ZDV SURGXFHG E\ WKH H[SHULPHQWD
15



IDXOWV RI WKH URIHQHUEDBMHPAGHIGHY BKUIRdIJH PDFKLQLQJ ('0 ,C
VHWYV RI GDWD FRYHULIQIOWKHUQRHPDEOMWDBDHDO IDXOW DQC
DILPXWKYV DQG RTFORFN GLUHFWLRQV DUH XVHG LQ WK

+3 DQG WKH WHVWHG EHDIKMIB/PROMRLWEH 6.) QEHIOAEDJ [

7DEH %HDULQJ SDUDPHWHUYV RI 6.) 6L]H LQ
,QVLGH 'LE 2XWVLGH 'L %DOO 'LDF SLWFK 'LD TKLFEFNQH'

)LJ E SUHVHQWYV WKH H[SHULPHQWDO SODWIRUP XVHG L
LQQHU UDFH IDXOW FDJH IDXOW RXWHU\BDESG LOXFOWREHE Q G QHE
UDFH EDOO FDJH DQG RXWH®BHLDWBOIGCOXDHY VHKBHF\WHG W
90' '&11V PRGHO LQ GLDJQRVLQJ ZHDN IDXOWV RI URKXWVHQ@J E

LQ WKLVVVWKIKEYV'. 8(5 WIGBIQ®LOV RI WKH H[SHUQRRHQWY DUH J

7TDEOBDUDPHWHWKH ;-78 WHVWHG EHDULQJV

SDUDPHWH 9DOXH SDUDPHWH 9DOXH
2XWHU UDFH PP ,QQHU UDFH ¢ PP
%QHDULQJ PHD( PP %DOO GLDP PP

I1XPEHU RI E &RQWDFW D f
/RDG UDWLQJ N1 /IRDGDWLQJ G N1

)LJ VKRZV WKH SKEMWRJUIDDRBKYHRI WKH

D 1RUPELC E ,QQHU F &DJH G %DOC H 2XWHU
)LJ SKRWRJUDSKV RI WKH ;-78 EHDULQJV

7DE@HD Q GOMHDUEH V S H FSWIWWHBR MWW K BY RI WKH GDWDVHWYV RI &:

WKH WUDLQLQJ DQG WHVWLQJ

7DEH '"HWDLOV RI &:58 UROOLQJ EHDULQJ GDW
)DXO /RD 1RUP ,QQHU %DOC 2XWHU 5 2XWHU 5[ 2XWHU 5D
'LDPH

16



IDEH"
7UDL
THV\
7UDL
THV\
7UDL
THV\
7UDL
THV\

7DEH 'HWDLOV RI ;-78 UROOLQJ EHDULQJ GDW

7\SH ,QQHU &DJH 2XWHU ¢ +\EULGV ,QQHU UDFH DQ

IDEHO
7UDLC
7THVW

TLFARIPSOH[LW\ RI&TKW 90

TKWLPFRQVXPLQJ PRENMOJQUIRDEQQAWO\ DIITHFWHG E\ WKH WL
GLDIQRVLAKRRAHGRUWDQW LQ D SUDFWLFDOFRPSOIHHFDVKIL R @ \E
D ORQJHU WLPH IRU WUDLQLQJ WKH PRGHO 7K&UIM RPRG HOKE

GHSHQ@GW®SH SDUDRHBWRHWK HD \HGEGVPEBHWHK FERZQHLQ 7DE

7D@H 7KH WLPH FRPSOH[LW\
RI WKH'&Q'lV PRBEOG RWKHEDWVHGEGWHWKRGV

7LPH &RPSOH[LW\ LQ 7UDLQLQJ 7KH OHQJ

2 1
T

- -

-

N NN DNDNDNDDN
- -

. N 2
(7 &11V 2
06&11V 2

N

—_) =) =)

$V VKRZQ LQHWWKKH/WEPH FRWREBH[&W1IV LQFUHDVHAKHZAQW K
'&11V PRGHO ZLWKDINVIODWIHARKXUDF\ LQ VRPH FDVHV EXW LW

FRPSOH[LW\ RI WKH PRGHO ).RW WKIEGN BFIRBBR G HD LYD WA IRKD 36

17



WKH PRGHO DQG LWV WLPH FRPSOH[LWW K@ 'D'GG LW PRG H\® KA. W
D UHH V VWKIRDX@KRIET1V¥ @ QG 06&% 1@
7KH ,0)VREWDLQHG XVLQJ WKH 90' PHWKRG DUH VKREQ LQ

WKH VLIQDOV LPSRUWHG LQWR WKH LQSXW FRQYROXWLRQDO

-IMF1
02 ——IMF2
IMF3

‘ —— IMF4
y i IMF5
M J i IMF6
~IMF7
, IMFS8

— ) 7

]

Amplitude/mm-s?

SN ——< R 5 6
< 5 4 5
5 3

1 & Labels
)LJ 7KH LQSXW RI VLIJQDOV ZKHQ

$V VKRZQ LQ JLMLJQDO LV GHFRPSRVHG WR . L&) W TPRPG R\R
7KHUHIRUH GDWD HQKDQFHPHQW LV MXFFEBY W X® OLQISHKA HRY H
'&11V PRGHO ,Q DGGLWLRQ LW LV GLIILFXOW WR FRQILUP V
H[SHULHQFHV +HQFH LW VKRXOG EH HIEXLHL/ XIROY HAH FWK\N K
WKH ZDYHIRUPVLRI VIOH K RQYROXWLRQDO OD\HU

([SHULPHQWDO 6HWXS

%DVHG RQFNKWHFWKYHMRSWMEHLY PREKOMYPWWRGXFHG LQ C

6HFWLRMXH SDUDWR®WH'&\ IRPR GHION.K 3D SHJ H V H Q WaBHE

7DEH7KH GHVODL O&1 RVZL WK H3

1R /ID\HUYV .HUQHO 6L] JLOWHU Q: 2XWSXWV
,QSXW /D! > @
&RQYB > @ @ > @
3RROB > @ > > @
&RQYB > @ > € > @
3RROB > @ > > @
&RQYB > @ @ > @
3RROB > @ > > @
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&RQYB > @ >@ > @

3RROB > @ > > @

&RQYB > @ > > @
3RROB > @ > | > @

)& > @
6RIWPD]

3HUIRUPDQFH XQGHU GLIIHUHQW 1RLVH
,Q WKLV WHKRVBUPEBORUDF\ Rl WKH G&IVIWORSHEDPL'QHG DQG G
$VGHVFWWWEHFW LR Q WKH WHVW GDWD SUR G XIRRH.GRIGD. 1& HIBHIQ\

OHYHOV DUH DGGHG LQWR WEH XRALIQDIZQAXE FVIHRDL P & QEHIRS %G T

WHVW WKH SHUIRURIQWVH R G W& SRUOF DW LR Q GL DRW IGH WIHD® ZF

o 6 —-4 dB 0dB ——0Oiriginal
: il i 'Miw*'ﬁ'h Al ”lw* ‘lt i 1‘ bk ’ hai ”'M
SRR U I 2 B

Time/s

)L 7KH RULJLQDO VLIJQDO RI LQQHU UDFH IDXOW ZLWK Z

$V VKRZQ LQ )DIMLJQKIHBEEQW BR WHHHQIFGIVOUMBIQBO D GY
VLIQDODXMWKDQ QRLQH DU@® MLJQDO ZLW K EOIDXAN DRIQVHD RLLW H
FRPPRQ SUREOHP R{HWHRW LERENWGX DVOT WK EMO HE H F DRXVOH WHE-D W D
GLVWULEXW L RRVYQGW ROAMPONYV  Z KEEXQRE REDGUDIF H RWKW KRG F
VLJ@H\H H [ DZALVOKH GOGIRBRIRG % WR G% XVLQJ W K&l SV RRB\HHG

7KH SHUIRUPDQFH& RIWKRIGHO . RIMWWWKGLITHUHQW YDOXHW LQ V

VKRZQ LQ )LJ
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100.0%
95.0%
90.0%
85.0%

3 80.0%

g 75.0%

< 70.0%
65.0%
60.0% -
55.0% 1

=

100.0%

50.0% +
-4

7KH 90"&11V PRGHOUDIQMKI®RFP WR
ZLWK D KLDRFEUDWIHOYKXV WKH VHOHFWLRQ RI

SHUIRUPDQFH R&IWKXKHPRGHO

4
SNR/dB

D&:58

K=l K=1
K2 95.0% ——K=2
——K=3
K=3
% 90.0% o/
—e—K=4 5] / —e—K=4
3
7
Q —
K=5 < 85.0% / K=5
——K=6 ] y K=6
K=7 80.0% 1/ K=7
K=8 | K=8
r 75.0% + r r
10 12 -4 0 4 8 10 12
SNR/dB
E;-78

)L 7TKH DFFXUDFWRIWVWXQGHU GLITHUHQW QRLV\ HQY

LV FDSDEOH RI LGHQWLI)

WKH RSWLPD

IRU ORZ 6QH MQG@MHODESUHDBDHEHQW W

DFFXBDMKH'&Q'1V PRGHO ZLWK BXEGHWUGEKOWLI\LQJ WKH IDXOW:'

IURP &:58 DQG

;-78 UHVSHFWLYHO\

IRU G

LITHUHQW OHYHOV F

7DEH 7TKH DFFXUDF& RIVOALWK GLIITHUHQW EDWFK VL]H D

615 G%
3DUDPKH

60.36r 1.8¢
64.73r 2.0¢
65.68r1.39
63.86r 1.2¢
57.59r 2.07
62.27r1.09
58.45r 1.3¢
58.09r 1.77

86.32r 1.6:
91.79r1.01
90.42r 1.3¢
85.97r1 0.9:
85.75r 1.1¢
87.35r0.91
82.98r1 1.1(
81.05r 1.2«

92.41r 0.6¢
96.59r1 0.9¢
97.09r0.52
93.45r 0.7-
94.05r 0.6:
93.73r 0.7-
93.181 0.9(
91.77r1 0.6

97.91r 0.07
99.73r0.03
99.86r0.03
99.45r 0.7+
98.82r 0.4:
99.32r 0.37
99.14r 0.4«
98.68r 0.6

7DEBH 7KH DFFXUDF&RIVALWK GLIIHUHQW EDWFK VL]H D

615 G%
3DUDPKH
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$VSUHVH@MWBIEED QG OMDEWKH 911V PRGHO KDV GLIIHUHQW
FODVVLI\LQJ WKH IDXOW EDVHG RQ WKH VLJQDOV IURPO&HS8 C
7KLV LV EHFDXVH WKH ;-78RYAO VW DRRQBY RRQWPQQYY ZKLOH
FRYHUNLQGV RI IDXOWV &RQVHTXHQWO\ WK H&EDOW \P\R.GHED W\
UHODWLYHO\ KLJKHU ZKHQ H[DPLQLQJ WKH GDWD ZLWK IHZH
RSWLPDO .WVOGHI IRGHQW IRU WKHVH W& R- GEK DMIKINY $ H U RRPU & [
RI WKH'&1'1V PRGHO LQ H[DPLQLQJ D KLJK 615 VL JNCDOOXWWHJHL
FRUUHVSRQGLQJ SHUIRUPDQFH LQ H[DPLQLQJ D ORZ 615 VLJC
JRU WKH &:58 GDWD WKH SHWRIUP DR E B GRIDWK M I REWIR O\D U J H
YDOXKH UHDVRQ LV W KPMME M K H U RSRRAEKIDI/QRO WD ORUIEGLWLF
WKH WLPH FRPSOHZLWK I K HUQHRK BV HDE YD ¥ KD 8 UEPH G
HYDOXDWLQJ WKH SHUIRUPDQFH RI WKH PRGHO XQGHU GLIIF
DFFXUDF\L QBL GWOHD &:58 KIDMDRB15 R3% LV DFKLHYWGHZKBQ WR
6LPLODUO\ '&MKIW PRGHO DFKLHYHV WKH KLJKH V &LIMHKEN LCRA HRV
615 VLIQDO IURP. 1:V8 ZKHRGGLWLRQ WKH FRUUHVSRQGLQJ V\
LV WKH ORZHVW.L RNV KHRHHY DORHM RGRSWHG DV DQG ZKH
;-7871V GDWD DQG &:581V GDWD UHVSHFWLYHO\ ,Q \DX®WGLKMLR
SURYHG OPWWRE/DXOOHYK®WY SUHVHQWHG LQ 6HFWLRQ

)XUWKHU®RRIKHD RIKWKH VXSHULRULW\'R1MWKHLSURSRPB B WH\
IDXOW GLDJQRYLWRWUDGLWLRQP @ & 1ML EDQG 06 &1 @V

IRVLIQDOV ZLWKVGLITHUHQW 615
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100.0% = ==

90.0% //// S
80.0%
/ ——SVM
g 70.0% 1 /
3
VMD-DCNNs
2 60.0% 1 -
|
50.0% MSCNNs
40.0% | WT-CNNs
30.0% + , . . . . .
4 2 0 2 4 6 8 10 12
SNR/dB
D &:58 E ;-78

)L OHWKRGV FRPSDUHG UHVXOWY XQGHU GLIIHUH

$V VKRZQ LQ )LJ WK'E ISWRBRWKRB® KDV WKH EHVW SHUI
EDEFNJURXQG QRLVH OHYHO FRPSDUHG WR RWKHU IRXU PHWK
UHIOBKEMBMG D VWURQJ QRLVH HQYLURQ PLHDKN DD O R4 RROHQW K H
LGHQWLI\LQJ GW|BHOEQMD IDXO®M GHY RI E&DIVL @G EW AW K ERDIO'
IRU WKH VLJQDO ZL®/%7B LD KLIHKPRLWHKDQ WKH UHVXOWYV
&11V 06&11 ;7 BQGV ‘KHQ LGHQWLI\LQJ IDXOV
K\EULGV IDLOXWHV VKW APX RDF\ IRU WKH VLJQDO ZLGWK D O
$JDL@KLW KLIKHRBWKD Q &11V 06&11 &DIVG :7
W LV QRWHG BMDR/DVE WHWKRIAY KDYH D KLIJKHU DFEXUL
PHWKRQGLW LV EHFDXVH WKH JHQHUDOL]DWLRQ DELOLW\ Rl WK
OHDUWQIRXISV LQVXIILFLHQW 7Ki& IDVARVIORE RIVWKKH: DRZHVW Z
EDVHG PHWKRGWEWKRD X% H PLDA HW DAL VORI MQUEXVWLQJ &RQVH
FDSD BELEHIDM X OH VHQLQJ LV UHODWLYHO\ SRRU

3HUIRUPDQFH DFERYGMNULRHUHQW

7KH H[WUDSRODWLRQ SHUIRUPDXQWHNYRH W-KI8 BR®HODIQG YD, 6
7KH VXSHUWIRKRIGHMORLY IXUWKHU SURYHG E\ GLITHUHQW H[SHUI
'LITHBBPGWG RPDLQ

22



,Q WKLV VHFWLRQ WHKAGR Q3 B B WRWHORREEA ¥ LW\ WHWAK R G WK H

&:58 GDWD 7KH GMW\KHUMHGM VRAWORRED (RGRBDISOMYWIKRRZ @ HQ 7DE

7TDEH7KH GHWDLOV RI WKH ORDG FRQILJXUD)

&DVH 1DPH 7UDLQLQJ VDPE THVWLQJ VDPS
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3
+3 +3 /IRDG ZLWK +3 /IRDG ZLWK +3

7TKH UHVXOWIRIVODY FRRAVIDKRMIA RI WKH 690 &11V &l6a&11V LC

DVKRZQ LQ )LJ

)L OHWKRGV FRPSDUHG UHVXOWY XQGHU GLIIHUHQ"

7/KH 90"&11V PRGHO SHUIRUPV EHWWHU WKDQ WKH 1680 &
PRGH)QV ZKRVH RYHUDOO DYHUDJH DFFXUDFLHV LQ DOO VFH
UHV S HFOWHD/GHAOWIKOH 9&@'11V PRGHO KDV DQ RYHUDOO DYHUDJH

EHWWHU SHUIRUPDQFH RI WKH GRPDLQ DGDSWDWLRQINHDQV
23



PRGHO IURP WKH UDZ VLJQDOV DUH PRUH GRPDLYHQWH® LUDR}
)LJ DQG )LZRUWRMURDW WKH 690 PRGHO KDV D &HMW\WHWKWHR E
QRLVH HQYLURQRWE@WUI REPHUQWYDULDEOH ORDG HQYIWRQPH
XQFRPPRY D PRRCHNOHIJRRG DELOLW\ LQ WKH GRPDLQ DGDSWDW
+RZHYHU WKH SURISIRVPRBGIHO KDV JRRGERWRRVRHIPHWRQPH
YDULDEOH ORDG GRPDLQV
'LITHHBQRW Y RI WKHROQHYWRLR QHVHW

$VXSSOHPMHOMWLPHQW LV VHW WR IXUWKHU SURYH WKH H[V
90' '&11V PRGHO $ VHHQWRIH U HMHBMLRWIOPKEH &:58 H[SHULPHQW
7KH H{WUDSRODWLRQ SH & LRV PFORGEFHHO RU WYHKHH W\ PHGOB\W H G U/RHWD V
H[SHULPHQWYVY ,Q WKIHP N QRXO DMKHG DH[BXLVLWLRQ GDWD KDV \

YDOXH LV GLIIHUHQW G XH VW@WRDW K®JV\M RN R Q QU B DEHHDWUIRU DD

HIDPSWHKH VLJQDO RI sAMONDNQDOB,1 ° WKH G HYMOKNWIIR Q

SBRVLWLRQ LV DQWKH YHFWRU LV D QRUPD
GLVWREX XW ZKHUH 7KH HUURU LQ WKH VDPH H[SHULF
LV HTXDO WR 7KH WMH®WAURLWD VHQYVRU WKH VHQVRU U

VFHQDULR "&KW PRGHO LV WUDLQHG XVLQJ WKH GDWD ZLWK

GDWD ZLWK VHQVRU UHVHMWHYWHOL/ FTKRIPWLPWRVHULHYV RI WK

D VHQVRU UH YWWRQHVRILQ ARIGG
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)L 7KH WLPH VHULHV RI WKH

1 ZLWK GLIITHUHC

,Q RUGHU WR YDOLGDWH WKH HIWURSROPWGRQ SWKHRDPBY

UHVHW HUURU VLPXODWLRQYURP H& W18 WWKBEN EBRNAHGU R (H O/HKHH®I

SUHVWDSGIWWLOHG GHVFULSWLRQ RI WKH VFHQH VHWXS IRU V

7DE&@H ' HWDLOV RI WKH VHQVRU SRVLWLRQ HUUR

&DVH 1DPH

(UURU
(UURU
(UURU
(UURU
(UURU

7UDLQLQJ VDPS

2ULJLQDO
2ULJLQDO
2ULJLQDO
2ULJLQDO
2ULJLQDO

'‘DW
'‘DW
'‘DW
'‘DW
'‘DW

THVWLQJ VDPS

SHVHW
SHVHW
SHVHW
SHVHW
SHVHW

HUUF
HUUF
HUUF
HUUF
HUUF

7KH UHVXOWY RI WKH H[SHULPHQWY DUH VKRZQ

yLJ

LQ )LJ

&RPSDULVRQ RI DFFXUDF\ IRU WKH GDWD ZLW
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$V VKRZQ LQ )LJ WKH 690 &1&V1IVWFPKRIGNWOD/QBHUJIRUP ZRL
90' '&11V ZLWK RYHUDOO DYHUDJH DFFXUDFLHV RI
ZKHONKH SURSRMHG PRGHO KDV DQ DFFXUDF\ RI RYHU IRU F
UHVHW HUUREB17TKHRGHO DFKLHYHVY DQ DYHWDVYHLQGEEXDWHVR)
90' '&11V PRGHO FDQ HIITHFWLYHO\ GLDJ WA WRAH UBXB8W HRJWL
WKH GDWD XVHG LQ WKH WUDLQLQJ SURFHVV LV QRW FROOH

GHYHORSH&LPUY'PRGHO KDV D JRRG H[WUDSRODWLRQ SHUIRUP
'LITHIWDH@WUH RFRRGYMWQ RID

, QNIWHFWLRQ WKH H{WUDSRODWLRQ SHUIRUPDQFH RI WKH
W LV ZRUW KWQERMAI/IWW R B XHWKLHR NGO DHIUG QWK H R XAK IS ML QDD
I[URGLITHUHQW IDUSQ\W VSKPWHB3KDVHB GHQRWHYV WKH ZHDNHV

UHSUHVHQWY D WRWDO IDLOXUH

yLJ 7KH WLPH VHULHV RI GLITHUHQW IDXO)!

7KH GDWD RI RQH SKDVH LV XVHG LRHP WUPL@IL K 4 K HOFK W/ K
WHVWVY ,Q WRWDO QLQH FDVHV ZHUH H[DPLQHG DV SUHVHQV

)LJ

7DEH WKH GHWDLOV RI WKH EHDULQJ IDXOW GHYH

&DVH 1DPH 7UDLQLQJ VDPE THVWLQJ VDPS:
SKDVBKDVH 3KDVH 3KDVH
26



SKDVBKDVH
SKDVBKDVH
SKDVBKDVH
SKDVBKDVH
SKDVBKDVH
SKDVBKDVH
SKDVBKDVH
SKDVBKDVH

3KDVH
3KDVH
3KDVH
3KDVH
3KDVH
3KDVH
3KDVH
3KDVH

3KDVH
3KDVH
3KDVH
3KDVH
3KDVH
3KDVH
3KDVH
3KDVH

)L OHWKRGV FRPSDUHG UHVXOWY WHVWHG E\ WKH

)L VKRZVWKKIDDFFXUDFV&I1IIWKRRGMHO LV KLIKHU WKDQ
FDVH DQG WXUD DQMRAAXIA F\ DFKLHYHV
PRGHOV 7KH UHVXOWYV L&IGVFPRVGH® KHDW W K H PMDXCHD L G LIDJ R
GHYHORSLQJ SKDVH E\ WUDLQLQJ WKH PRGHO EDVHG RQ WKH
WKH 9&11V PRGHO KEWIWDRRGDWLRQ SHUIRUPDQFH

OLVXDOL]DWLRQIRIP@BWZRUNYV

,Q JHQHUDO WKH &11V DUH FRQVLGHUHG DV D VEIOHFMNHER [
ZRUNLQJ PHFKDQLMR L¥RYHYMWXFK KHOSIXO WR XQGHUVWDC

GLDJQRVLV PRGHOV E\ FRQGXFW L QDRHPK-DIQULRK FROHSZIRLY LLQON\W

VHFWLRRH) LOQOWHUQDO R&EHIMOW HREERIUMESDOL]LQJ WKH DFWLYDV

QHWZRUNYV
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JLUWWH YLVXDOL]DWLRQ RI HDFK ,0) LQ WKH ODVW FRQYRO
WK H R@DE® VHOHFWLQIDW B R HAQ BKIHRAID1Y PRGHO 7KH VLJQDOV
DQG ;-78 ZLWK GLIIHUHQW ,0)V LQ WKH &RQY DUH VKRZQ LQ )

,0) ,0) ,0) ,0)

ADA 7KH 7LPH GRPDLQ UHSUHVHQWDWLRQV Rl WKH &F

AEA 7KH 7LPH GRPDLQ UHSUHVHQWDWLR.QV RI WKH &F

AFA 7KH 7LPH GRPDLQ UHSUHVHQWDWLRQV Rl WKH &F

)LJ 7KH &:58 GDWD YL WX L'KDIW VHRRG HQ@
$V VKRZQ LUHQPHYWOWHYV RI EHDULQJVY VKRZ WKH VDPH ZDY

DQG +RZHYHU WKH ,0) VKRZV D GLVWLWHAW 2DORNMNH S U\R
GAVWULEXWHG IHDWXUH UHSUHVHQWDWREWR g GH® \\WNKKHR X @ @& \Q F\R K
&RQY 7KH SUREDELOLW\ RI WKH ODEHOV FRUUHVSRQXHJ W
IHDWXUHYVY OHDUQHG LQ WKH &RQY DUH VLIJQLILFDQWOQO\ GLIIF

LV WKH RSWLPDO SDUDPHWHU

,0) ,0) ,0) ,0)
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ADA 7KH 7LPH GRPDLQ UHSUHVHQWDWLRQV Rl WKH &F

AEA 7KH 7LPH GRPDLQ UHSUHVHQWDWLR.QV RI WKH &F

)L 7KH ;-78 GDWD Y LWXHO L &0 WWPHR® H Q

$V VKRZQ LQRMWDWHEHBIULQJY VKRZ WKH VDPH ZDYHIRUP |
+RZHWHKW ,0) VKRZV D GLVWLQFW 7KLWH PRI Z KHIQD W W
UHGXQGDQW DIQGWKKHRSWLPDO SDUDPHWHU
FHFRQ® KH OHDUQHG IHDWXUHV RI HYHU\ ,0) LQ WKHQ&RQY
RUG HIH BI{®KJH. Q GV R | WHKEDWEKW\HF/R QY RO XW QR® OD\HU KDV OHDU

,0) ,0) ,0)

&RQY

&RQY

&RQY

&RQY
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&RQY

)L 7LPH GRPDLQ UHSUHVHQWDWLRQV RI WKH HDF

7KH UHSUHVHQWDWLRQV RI WLPH \FHWDIUHDW W 8 G L ¥ VWV WKL
EHFRPH FOHBIRHUJWXD® YWE UDWLRQ VLI DMXE Y. ROW WH RERIY O
IXUWKKK YLEUDWLRQ FKDUDFW B QWKW LD X B/ DDA ®\Q GILU/IDG)SI
RXW +RZWNXRUZQDM WRB YH\OWMXWOKH VDPH ZRU HIIRIWPNW L)
LQGLFDWHY WEDW WRE HO' MU KHOWDDQVODWLRQ LQYDULDQFH
GLPHQVLRQDO VLJQ®\D ADRPEHDFHKHQ AKRPNRIL & RQYKH YLEUDW
ZDYHIRUPV LQ WREH UMIH®D @ L E UTKBICRRBNMH ISUHVH QWDWLRQ R &
OD\HU &RQY LQ WKHVKRIZRHIQF)IGRPDLQ

,0) ,0) ,0)

)L J)UHTXHQF\ GRPDLQ UHSUHVHQWDWLRQV RI WKH

)L SUHVWRM VY Q| RALRKOKY KRIQ H TV KKDPLHEHHQ ILOWHUHG RX\
6RPH Rl WKH FKDUDFWHULVWLF IUHTXH Q BHYWDRQW & MVREEH L Q.
&RQY OD\HU DFWHTRNQ@FKLUBWHU WR PDNH WKH QHWZRUN PR

IDOWWWKH YLVXDOL]DWLRQ RI WKH IHDWXUH GLVWULEXWLR
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WRB1( DOJRULWKIEPQLM LYKRRE WRHYWRKWKHH FKDUDFWHULVWLFV Ol
,0)V/DUH FRPSOHPHQWDU\ WR HDFK RWKHU LQWXLWLYHO\

,0) ,0) ,0)

&RQY

&RQY

&RQY

&RQY

&RQY

) &

J)LI 9LVXDOL]DWLRQ RI HDFK FRQYROXWLRQD

$V VKRZQ LOQWKH H{[ WUDFWHG IHDWXUHYVY DUH EHFRPLQJ PR
JR GHHSMHWHWWW FRQYROXWLRQDO OD\HU B@@H, AW QUMKWHXVHR
FRQYROXW MWRKH) OHODMKUHY KDYH EHVKQDUR B N GYRDGAK@GVXE\ | HD

RWKH ,0) DUH PRUH GLVWLQFW WKDQ WKRREKWWKBKYRH IOQDW )
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EHFRPH PDUNHGO\ GL¥YL¥RBYROXQ MRIQWHEVHAHABIW XUHY LQ HD
GLIIHUHQW )RU H[DPSOH25LQ AR K R\R CEH LREFEDOIERXMNG\ EXW LW
VHSDUDWHG ZHOO LQ,50)LV)CUWKHLEFRUHQ ,0)INYEYE FH LER®D
LQ ,0fRZHYHHJDUGOHVV Rl WKH GHJUHH Rl WKH VHSDWBWLRC
IDXOW FODEWERFHDIURQVGLYLVLEOH ZKHQ WKH | HDRQXQHIRWHG
OD\H®DQ EH FERWKDWKGHF KD UD FWHRGLWMHENH QWD,OVHBGUH FRPS
HDFK RWKERSURYHY WKH GLDJQRVWLF SHUIRUPDQFH RI WKH

&RQFOXVLRQV

,Q WKHWVHDDUPRYH® DDV PRGEBYIMORSHG WR DGGUHVV IDXO!
EHDVEZRH 90&11V PRGHO ZRUNV GLUHFWO\ RQ UDZ YLEUDWLRQ
HIWUDFWLRQ SURFHVV %\ LQWHH WIFRBE V@I \f (ZH.[W K LIDL W\ D Q
RIWIOB' DOJRULWKG HLFQR X\BKOHE Q TWWRKH GHHS OHDUQLQJ FDSDEL
GLDJQREMOLIFNV\ DQG H[WUDSRODWLRQ I1S/HRPRRBUHRD Q BH R D @/IKGD W
H[SHULPHQWDO GDWD IURP ;-78 DQG &:58 &RPGWD WG OXR VDK
&11V 690 &I1V DQG OBRKHW®E11V PRGHO GHYHORSHG LQ WKL
SHUIRUEBDQPHDULHW\ RI H[SHULPHQWDO WHVWV LQFOXGLQJ Q
VHQVRU UHVHW HUURUV DQG, & HDGIGMEND N (X OO \GHHOYEHENRISIIGH Q/\K k
RI SDUDPHWHKNVH LQ "&KHV IOV H[SODLQHG E\ YLVXWEHDMW W
FRQYROXWLRRQIBDWXUHY OHDUQHG IURP WKH UH G XCRWIXGWH 0)
LQ WKH RSWLPDO ,0)V 7KH |HBEWXW H\ WK DKHHKEDSEM L RM PL O L
ZDYHIRUPV LQ G RBEWL@\OW WDWQDL'Q Y DEW D @ E M QGWIDIEDMADS H
90' '&11WVPRGHO
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$FNQRZOHGJHPHQWYV

7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH WKH ILQDQF!
JRXQGDWLRQ RI &KLQD JUDQW QXPEHUV 6FLHQFH DQGDTHFK
&RPPLVVLRQ Rl 6KDQJKDL 0XQLFLSDO LD/M\G BROD® GRFALEHNWA JU|
(&16)&
S5HIHUHQFHYV
>@ OREDO :LQG (QHUJ\ &RXQFLO *:(D8Q QXDROE P DUNHNG XSHEIRW W
*OREDO :LQG (QHUJ\ &RXQFLO
>@ QWHUQDWLRQDO (QHUJ\ $JHQKW Q®ERN2IIVKBDHLYQ@QWHUC
$IJHQF\
>@UHLEHUJ $OLFH HW DO +HDOWK HIIHFWV R4DZNVGASWRU |
UHYLHZ 6FDQGLQDYLDQ -RXUQDO RI :RUN (QYLURQPHQW  +]
>@LQ =KRQJZOIL &8RRUGLQDWHG SLWFK VFADRHTXIHQBRW WWRLAY |
3DUHWR HIILFLHQF\ DQDO\VLV (QHUJ\
>@L -LPHQJ OLQJ /L DQG -LQIHQJ =KDQJ 5ROOLQIHEHDHGQ
IHHGEDFN PRQRWWILIFEOHWRWRKMH DQG DGDSWLYH PLQLPXP HC
BRXQG DQG 9LEUDWLRQ
>@KHQJ 6 :LQG 7XUELQH *HDUER[ 5SHOLDELOLW)\ 'DWDEDVH &
8SGDWH &RQIHUHQFH 3BISHU 1BWLRQ®HZDEOH (QHUJ\ /DERUTL
*ROGHQ &2 86
>@ORZDF] $GDP HW DO (DUO\ IDXOW GLDJQRVLVSKIDEHDU
LQGXFWLRQ PRWRU XVLQJ DFRXVWLF VLIQDOV OHDVXUHPHQ
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>@+X <RQJWDR HWHMMKRG RHZLQG 7XUELQH %HDULQJ )DXOW
ODVNLQJ (PSLULFDO ORGH 'HF R POSHFOQW I8FOX DU )R]\ &KLQF
OHFKDQLFDO (QJLQHHULQJ

> @DGLKL +DPHG <RXPLQ =KDQJ DQG +KQW\'EROYR VI ® Q¢
7ROHUDQW 7RUTXH /RDG &RQWURO $JDLQVW $FWXDWRU )DXO
7THEKQRORJ\

> @L< /L1 /LQ - HW DO )DXOW 'LDJQRVLV RI 5RWDWLQJ 0L
(PSLULFDO ORGH 'HFRPSRVLWLRQ>-@ 6HQVRUV

> @L <DJXR HW DO )DXOW 'LDJQRVLV RI 5RWDWLQJ ODFK
(PSLULFDO ORGH 'HFRPSRVLWLRQ 6HQVRUV

> @QJ %R\XDQ XBRQOQXHIHQJ &KHQ UHTISCHQM BHBH HVHQV
,QFLSLHQW )DXOW 'LDJQRVLV RI :LQG 7XUELQH 'ULYH 7UDLQ
OHDVXUHPHQW

> @ X ;XHKHQJ HW DO (PSLULFDGG OHR@G\WHH PHERRP SRNHSN ORIQ LE
GHPDQG WLPH VHULHV IRUHFDVWLQJ $SSOLHG 6RIW &RPSXW
> @ =XTLDQJ HW DO )DXOW GLDJQRVLV PHWKRG EDVHG |
OLQHDU HPEHGGLQJ DQG DODYWLMH QHDHBVWURRHXERU F

> @KHQ ; - <DQJ <0 &XL =: HW DO 9LEUDWLRQ IDXOW GLDJ«
PRGH GHFRPSRVLWLRQ DQG HQHUJ\ HQWURS\>-@ (QHUJ\

> @HQJ ;LDR[LD HWDO®RGHULPMRARSRVLWLRQ DSSOLHG WR
EHDULQJ IDXOW GLDJQRVLYVY FKLQHVH FRQWURO FRQIHUHQF#}
> @& 5DQ HW DO ,QFLSLHQW IDXOW GLDJQRVLV RI UROOLQ
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GHFRPSRVIZWDRAUDKW@HUJ\ RSHUDWRU OHDVXUHPHQW

> @ -LPLQJ HW DO 30XOWLVFDOH ORFDO IHDWXUH OHDUQL
LQWHOOLJHQW IDXOW GLDJQRVLY' OHDVXUHPHQW oDU

> @LGRQJ 6KDR HWXIDON GQHIRVILM @WUROOLQJ EHDULQ.
HQFRGHU ZLWK H[WUHPH OHDUQLQJ PDFKLQH .QRZOHGJH %L
> @Q /RQJ HW DO $ 1HZ &RQYROXWLROWLOrH 8 X)DXO W H WIZF
OHWKRG ,(\ODFWR@QV RQ ,QGXVWULDO (OHFWURQLFV 33

> @KDQJ :HL HW DO $ GHHS FRQYROXWLRQDO QHXUDO QH\
IDXOW GLDJQRVLV XQGHU QRLV\ HQYLURQPHQW DQG GLIIHUH:
SUR/MNH QJ ) (%

> @DJRPLUHWVNL\ .RQVWDQWLQ DQG ' =RVVR 9DULD
7UDQVDFWLRQV RQ 6LJQDO 3URFHVVLQJ

> @OERD *X\ 1LU 6RFKHQ DQG <HKRVKXD < WEHWIH[VORUHDBW
E\ VSDWLDOO\ YDU\LQJ FRQVWUDLQWYV ,((( 7TUDQVDFWLRQV F
> @QJ /L HW DO 6WXG\ RQ SODQHWDU\ JHDU IDXOW GLDJC
DQG GHHS QHXUDO @HWHRUNY OHDVXUH

> @ -LPHQJ HW DO 3HULRGLF LPSXOVHV H[WUDFWLRQ ED
FRGH VKULQNDJH GHQRLVLQJ DQG LWV DSSOLFDWLRQ LQ Ul
VIVWHPYV DQG VLJQD®/ SURFHVVLQJ

> KWWS FVHJURXSV FDVH HGX EHDULQJGDWDFHQWHU KRPH
> @LDR :DQJ <DJXR /HL 1DLSHQJ /L 1LQJER /L 3$ +\EULG 3U
5HPDLQLQJ 8VHIXO /LIH RI 5RO0LQJ (OHPHQWE KMHDV\L BV, (((
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‘2, 75

> @DQJ 3HQJIHL HW DO &RPSRXQG )DXOW DIEH® R\RIQN RO X
1HXUDO 1HWZRUN DQG :DYHOHW 7UDQVIRUP &RPSXWHUV LQ
> @DQJ *XRTLDQ RADMID GRQ@KRPWNWLRQDO 1HXUDO 1HWZRUN\
7XUELQH *HDUER|[ ,((( TUDQVDFWLRQV RQ ,QGXVWULDO (OHF
> @ QJK ,QGHUSUHHW 6 %DKHO DQG 6 % 1DUDQJ $:*1 &

 OQWHUQD@IHRIPIMF K RQ (PHUJLQJLQJ 7THFKQRORJLHV LQ (OHFW

> @ -LQWDR DQG -LDQFKHQJ )DQJ 1RW )XOO\ 2YHUODSSL(

,QHUWLDO 6HQVRU 6WRFKDVWLF (UURW SRPOOWINWLRQ DQBQO
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