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Phase alignment of low-frequency neural
activity to the amplitude envelope of speech
reflects evoked responses to acoustic edges,
not oscillatory entrainment
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5XQQLQJ KHDG (YRNHOGLHHVSREONK WIQBORSH WUDFNL

S3KDVH DOLJQPHQW RI ORZ IUHTXHQF\GHHHN QP B ORBMLR LW S MHRF W KIH [T

HYRNHG UHVSRQVHNW R PWRXWALIOO BHRU\ HQWUDLQPHQW

$EEUHYLDWHNG® NVWHIGNOHYVSRQVHWHQRADBE R O H HVUDHFNE R J

<XOLD 2JDQDIWYXDNL .RSMWPD % BRHKDNQD &QQH )LAGADUG &KDQJ
BULNDQWDQ ZDJDUDMDQ

'"HSDUWPHQW R UHUUVRORUY FADULMKER D QDO QIRIMFIRVLQIHDYRQ 5L
6DQ JUDQFLVFR &$ 86%

&HQWHU IRU ,QWHJUDWLYH 1HXURWFIZXOEHNQBHQLYLGE UXWO OHG LA

7XHELQJHQ *HUPDQ\

'"HSDUWPHQW RI 5DGLRORJ\ 8QLYHWURAR W\ R3ID&IDMRXD I$IY HEXG! ) B
JUDQFLVFR &$

1HXURGHYHORPHQWDO 'LVRUGH U W & WKY\HD VEILRE L&HIDMH U & BHD G Q
OHGLFDO &HQWHU QXH %&IU@QHW GFWL 2+

OD[ 30DQFN ,Q\ORUWKDIVH & RAHEQRIWLEY O0D[ 3ODQENELQJIHQ *HUPI

z DXWKRUV FRQWULEXWHG HTXDOO\

&RUUHVSRQGLQJ DXWKRUYV
<XOLD 2JDQLDQ \XOLD RJIJDQLDQ#XQL WXHELQJHQ GH
(GZDUG &KDQJ (GZDUG FKDQJ#XFVI HGX

6ULNDQWDQ 1DJDUDMDQ 6ULNDQWDQ 1DJDUDMDQ#XFVI HGX

IXPEHU RI ILIXUHV
I1XPEHU RI WDEOHYV

I1XPEHU RI HIWHQGHG PXOWLPHGLD ILOHV
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1XPEHU RI HIWHQGHG GDWD WDEOHYV

1XPEHU RI SDJHV
$EVWUDFW ZRUG FRXQW
,QWURGXFWLRQ ZRUG FRXQW

'LVEXVVLRQ ZRUG FRXQW
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$EVWUDFW

7KH DPSOLWXGH HQYHORSH RI VSHHFHQ VY RFQ X&ER Q 0 LIRKUBIGF R UNDHY H/
VSHHFK SURFHVVLQUDW®W KH WK B VW TRMID VERI) GMKHWD GH WUDFNV WKE
VSHHFK DPSOLWXG B IHQWH®IREH SKIHWHRPY X\KGFHRPBOFKQD WKLYV HQYHC
UHSUHVHQWDWLRQ KDYH EHHQ KHD WO \WKDED W8 &H & RoSRHP WQIDEW LR
HQWUDLQPHQW RI HXGIRIN RRHFL. @R KRIQY YW R RABKHH ¥GWHUQDWLY H!
WUDFNLQJ UHIOHFWVY D VHULHV RPHEYR N HG WKIG RQGMH WM QWRI ORB X V })
FKDOOHQJLQJ WR GLVWLQJXLVK WKWHVHHIWEZR RH EKGBQRYPYH WR HDERH.
ZKLOH SDUWLFLSDKWYLVOWHQH HARDQ® \WRBBDUWSHMWKKH QHXUDO SKI
WKH SUHGLFWLRQW RQWZ P KGR 6XW®HR LRWPHEO PWEHOHQM D PRGHC
UHVSRQVHV WR RH BINQW H Q RGKIHF I DAWHBD O & R LSWHFD@WHG VSHHFK DW
ZKHUH WKH VSHFWURL RGP SR UDIOH SWHEIRRIR B CHIDO BLWWHWHYHDOHG WL
SKDVH ORFNLQJ LQ UHJXODU VSHHMRZHX\HS UHGLFNWRB ¥ES HERMKK ZAHR G
WUDQVLHQW WKHWN LG [ISOW D G 6ORMEOR LZDOHI XODWK WKH HYRNH
PRGHO EXW FRXOG KRQRWKHHR MFSODID@REG H 6l QX UIMKHUHRRMH HQFRGL
DFRXVWLF HGJH PDUQDWWGWR E R @ VIHO MEDXMROQYV SWHRKLQDW SHHFK UD
QRUPDOL]DWLRQ RISDFRX\QWLDAVH & DR X UDMHIOX & W YHWIIH HVW WKDW ¢
ORFNLQJ WR WKH VSHHFK HQYHO RMBH{ U N SRIRH/HH Q WIDRVQ \RW RR U M/IOHE W

UDWKHU WKDQ RVFLOODWRU\ HQWUDLQPHQW
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6LIQLILFDQFH VWDWHPHQW

2JDQLDQ DQG FROOHDJXHV SUREH D KUFKGWGREDW WEHVR 8 XE DLQ
XQGHUO\LQJ WKH FRUWLFDO UHSUHRHYWBMAKR QW | LW KZH GV HS/RAUDE
VORZ LQWHQVLW\ SURILOH RI WKHWAS BHFREXVM EQDLWVWHYSRQORS!
HQYHORSH IOXFWXDOD\RRY\ HIQW R EWPKHIQW HRGHIR SR WL WINYFNLQJ
DOLJQPHQW RI HQ G/MRELIOM@PXWL R & X U BIERIRL G/HK Hi DIXGHKGRAHV IRU D GLVWL
7KH\ VKRZ WKDW QHXUDO VSHHFK HYYHQWSHYWNBENQB X UDUL \UHW $
LQFUHDVHV LQ WKH VSHHFK HQYHORGH SUBOYLEHW ERBERWDIWQR C
HYLGHQFH WKDW HYHRNHIGH UHVSFROQMHR HBKDQ ERP WIFBKWU @ SHHFK

UHSUHVHQWDWLRQV ZLWK QR HYLGHQFH IRU RVFLOODWRU\ HQWUI
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,QWURGXFWLRQ
6SHHFK FRPSUHKHQWRRXP U (H ¥ RIR O WQDEIRR PEE WD WDRRQDO VWHS LC
SURFHVVLQJ RI VSHHFK LV WKH H[MW UWRW IRRQI D Q& \. QWS QVWWE R IH
VSHFWUDO EDQGV 7KW SRRHGRWMQGHIOROKEWND YLR®| a + +] ZKLF
WHPSRUDOO\ FR U\WHIIRN R G/ WIUW K VBXH{ VR UMBRMBIO WIQZKLFK IURP V|
VHYHUHO\ LPSDLUV LQWHOOLJLELOLOMQ\' WXXXGRBY KWYBIOVKRZQ D F
UHODWLRQVKLS ERIVEZHHGE Q\LHRH VB K 6 WOMRIZO! IDHF WY@ MM\ PHIDV XUHG LQ |
DXGLWRU\ FRUWH FIK® DK HRD W B & & WO VWK B FKH Q YSHIO-RSRIPHQRQ ZLG|
DV HQYHORSH WUDRNLQJ $KRVVODRHISEKI® VWUHQJIJWK RI HQYHORSH
FRUUHODWHG ZLWIO VWK HFXJ I B W8 IORIGVMOLW X WHF RROHVVHQWLDO V\
FRPSUHKHQVLRQ $EUDBBMHGWHDIOW DU WKH QR2HNM O FRPSXWDWLR(
VSHHFK HQYHORSRQWURF¥N U@ L DA H* ELIOWHWD PV D\VH U2 E =RHIHO W
HW DO
$ GRPLQDQW WKHRU\ Rl VSHHFK HQYHPW % HVWH DHFQW Q D ISRPH.QW W KH
DOLJQPHQW RI HQR\RFIHIRXW LR UDE LIR@QWH SGRERUGXGEWWR WKLV ¢
LV GULYHQ E\ GLVFUHWH DFRXV W LFGORRFRI/U SIVLPQ WLIOH MEH RFKE L\
GHOWD WKHWD ULDFELJ W KH] V \FOIMIEH W FIKDWALH GRD OV KHQJ HW DO
*LUDXG 3RHSSXKWGEWLRQDOO\ FOFFHOW DLW RVUKRIQWWDWR EHQHIL\
SURFHVVLQJ YLDQNKIURISBAFWO\RD RLED GGVQDWHPY UHVXOWLQJ LQ [

GULYHQ WHPSRUDO SUHGLFWLRQ RI XBRRFR@XPIEQRUPDWIHOQUEBK J

+RZHYHU UHFHQW ZRUN KDV GHPRQRZXV UDHA K& Q\FK IV SKDO H PWLY Q'
RXWFRPH Rl WUDQVLHQW QHXUDO\QBWSRQ V VW HADNDK H UH ROKHD@OR V F L
HW DO 7KLWEGRQWHVQSWKH EWVKIDR | BASHHQ WK IJDNWVWHG WKDW
HQYHORSH LV HQBR®HBRBQ\H W WRRI MGQHG I DB N VD WRODWW Y. R SSSIRVH G O\ G L

HOQWUDLQPHQW SUBRB¥W LSRHFRIQ W HBERHFED @/J W KXVBHHNYHQWY DUH S
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RI DPSOLWXGH HQYND®RE W KK 5QIUH HEEBI'G R QVEHIWWRI IWR UHPDLQV XC
RI WKHVH SURFHVVMW BHQWN &R DWSHBRENLA Q YHIOR BHZRVFRPSHWLQJ F
GUDVWLFDOO\ GLFSDUDNK DXRQFWERREHMSOWFDWLRQV 'RHOOLQJ $V
5XKQDX HW DO =RHIHO HW DO

7R DGGUHVV WKLV ZH FRPELQHG D PRK: B DWHEKD  H & UFRRSFKS X WRDA\RLR @ D |
UHFRUGLQJV RI QHB QDHF RE R $REDHIA \N@O LEGDMRQM D[ WR QWL QXR XV
LPSOHPHQWHG D QLRWH.QOW PWEHO HREUDEVHRFREHG UBKDQWLILHG Wi
FROQWHQW DQG WHPSRUDO G\QDPLFYFRIPREHID DQDB WS RAV I$ WHG VB
LGHQWLILHG GLYHUJLQJ PRGHO SURGLEWWRQV DQG WHVWHG WKHF
2XU PRGHOLQJ DS SWLRWDLFAD RDIG DWZRUH'G SKDVW SDHVIVGI@V DV HYHQ
DFRXVWLF ODQGPDXMW W R7 KDY H) O QREEHLP RO H K HIKWY ZLWKLQ

SDUWLFLSDQW DI@GLWRP S QREHQSE DMEPHUUADEWYABOM UO\ LW HQD
TXDQWLI\ UHYHUG@B DSWIRVH | B B ORW E IDOIODOWRAD UNJ RFIRVVHY 6HFRQ
DGGLWLRQDOO\ SUNSHEOWK ® W R 8 VOUIX®XA/IQ MWW G ULUEQDO UDWH I
WKH VSHHFK UDWJS HF@/G! ® HQ A fl XM KHIGHR V PIQO®QWBDL @ YHUODSV ZLV
FRQWHQW RI HYRNHB YWHHV SRIQY BX UBRVULRRGS RQ DB HW PR JHU WKDQ
EHWZHHQ SKDVH UKWHW\WRVE L GBI RW\HIS M AWEHBUB R IREG XU :H K\S|
WKDW VORZLQJ VSHHFK ZRXOG VROYH ERWK

7KLV PDQLSXODWLRQ DOVR DOORZHG X\RWRSHIGE K H\DMW\WM KHRQRRODT
OLVWHQHUVY D ERDI WX DR SOUGRNF X WAV IHHWGRH 16 K B WBRIGHYH, RYX V O\ EHH Q

SURSRVHG WKDW VSHHFK UDWH QR U R DX QIPMIRRHWAIRIFCSLKHEY RDF I & DIM
WRZDUGY WKH VSHH¥ KD ODWH .JRMNPV3IHINRXDHOW DO +HUH ZH

WKLV K\SRWKHVLVY LQ QDWXUDOLVWLF VSHHFK

OHWKRGV

3DUWLFLSDQWYV
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7ZHOYH KHDOWK\ XJQWKM K\D Q\GLH G H\PRD@ H\H DVAM BB QIBQ  \HDUV
SDUWLFLSDWHG SIUWKHALBWR®E\V FBCRH QQUWLYK VISHD SBUWLFLSDQW
LQIRUPHG ZULWWHQ FRQVHQW DQG UWRHILYHSDRRQFWDW ER® S HIQH/

DSSURYHG E\ WKH GQIRVHU\DL VDRI &P B RY AR RIRE BIHWWD U F K

6SHHFK VWLPXOXV
3DUWLFLSDQWYV QILHWHEABE WROWZWRHYAM RHRP OMKWSHRVWRQ 8QLYHU\
6SHHFK &RUSXV %856& 7DEOH 6 |RW WHIMG RWILAWOX® W U D Q \HDUAKS'
UHJXODU VSHHFK UHIBAVW RD Q G VIS®IFH K\OREVAW2 PHOD FRQWDLQHG S
FRQWDLQLQJ \tH Q W HIQXFUHDAW [RRH ZILRVGKV VR IO H QW PV LQVHUWHC
SDUDJUDSKVY WR DOORZ PHDVXULQJ R\WQ & HWWVRHWELRRIY HVR PQS W K A HOY t
%RXQGDULHY EHWZHHQ SDUDJUDSKYV FRVUWW VERKG W& DWR VELLOHIONAH ¥
SHUFHLYHG DV QDWXUDO 6SHHFK XVBL@ K KU RZGRMH VORIZHD X VIL@QG WM
362/$ DOJRULWKP DV LPSOHPHQWHO LOHWRHNRIW ZIZKH FBK b DR Z W
GRZQ WKH WHPSRUDO VWUXFWXUH LRW W X 8 H\FS\HHF®& W\WLXF®V X ¥ HORR
&KDUSHQWLHU KH UMYMODOO/SMHFKPYQ LPROXBI®WKH VORZHG \

PLQ ORQJ $Q H[DPSOH H[FHUSWHRX GKH WIWLHRO X B VDRV LWORZ RYC

HIWHQGHG GDWD VHFWLRQ IRU GRZQORDG

BURFHGXUH DQG VWLPXOXV SUHVHQWDWLRQ
$00 VWLPXOL ZHUH SUHVHQWHG E IORDOGIIDHOON W D5 %R RY R U RODBEO Bi(*
FRPSDWLEOH KHDGSKRQHV XVLQJ FXVWRRPZWKXRWHDVOS7/$% 5 E

KWWSV Z77Z PDWIKSHHFK MMHPXOL ZHUH VDPSOHG HDGV W RNG-[ V S\LHQWV

WR WKH VWLPXOL DWWHQWLYHO\ DRMGVWR NHHS WKHLU H\HV FORVH
3DUWLFLSDQW VDGIL\RWHDRIEGL MAR RABIBHE tD \I W ¥ DXRYHE UPGH LQ VHSDU

EORFNV VXFK WKMWVWKHDPIG SREDHWV\RDFRHRID ISUHVAWF KD WDWH DQG WKH RW Kk
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VSHHFK UDWH &R MDSAVHHR/WGIGL R QWAD VH FR O BLIS OHMQRKRIF TXHVWLRQV
HDFK VWRU\ 7DEOH 6 IRU OLVW RIHDFKSSBKWQNLRDQWMK HIV \BLRIGY H
VHOHFWHG VXEVHW REG TR H VDLFRKQ K GFREFRIXB H W HADWDRIRPSDUHG EHW:

DQG VORZ EORFNV XVLQJ D WZR VLGHG SDLUHG W WHVW

1HXUDO GDWD DFTXLVLWLRQ DQG SUHSURFHVVLQJ

0(* UHFRUGLQJV ZHWK RPEWDD R HB® U B GUHRPGE WHUNWVZWKRE &7)
&RTXLWODP %ULWLVK &ROXPELD &D«JDGRU DNV IDGCXFRPOLRR LWD/WAH
WKH QDVLRQ DQG OHIW DQG ULJIKWMWHSWKHDSRYEWORQ BR MXWMVKW B GNU
0(* VHQVRU DUUD\ 7KH SRVLWLRQ RHFHVKHOIDMLLYHHQ W R VWKKHHD G( *L § HQK
GHWHUPLQHG XVLQJ LQGLFDWRU FRLQWEHYYDWHWR HUWHD MHDBK T
RI WKH HQWLUH O IROGNHAKN AHXHUIEDG WVHUNVRRDUWWILNWE MW XUDO PDJQH

LPDJLQJ VFDQ WR BHQHUIDWKPRBRGHWK D O

'‘DWD DQDO\WLY DQG PRGHOLQJ
$00 DQDO\WHV ZHU#Y /BROQ®B XFWVH G $7Q$06 50DWKZRUNYV

KWWSV Z7ZZZ PDWKZRUNV FRP XVLQJ)EXOWRB L SUWRWRERRYFRPREWHQ

$FRXVWLF IHDWXUH H[WUDFWLRQ

‘H HIWUDFWHG W K HHRLYRID®R D RO IWERIGIHE\ VYL RXEWENFDWLRQ ORZ
DW +] DQG GRZQ VDPSOLQJ WR  ZB]Y WWR WPK H R WIKILL\Q RO G/H\LL P XI©
FDOFXODWHG WKH GHULYDWLYH RUM RH UMV XUJDWLH R IHRKYIH@IRIS H Y T
HIWUDFWHG WK H WV RD UDRF V@ PSHH B MY HLQQY WE R SIHP SSGIIDMXGY DQG LWV
SHDN5DWH $00 IHDWXUHV DUH GS$IGHFWAHG X Q X)W IH)IDIOU SWKRIZV IVQ -

VHW FRQWDLQHG SSHIDN\G(W HH B B G WY WSHH B RUGBGILHWF KR Q
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(YRNHG UHVSRQVH MG RVYVE PG QWWHRRG HXDWD WRILR (3& VLP
‘H LPSOHPHQWHG W ZRR 6 RPYXWWODWY FEQUBABAL\F MQ QUHRRUIRIY DEKWUR/ VSHH |
RQH EDVHG RQ RVFH QW ID/ORSUD G RWKIBUWE N SRG@ \RHV H YHR MKKHQ VXEPLV
RXWSXW WR WKH VDR H K D Y*H GCDQDID KWEHWD ERMAKHSEUR FHVVHY ZHUH Gl
SHDN5DWH HYHQWD BNV MG R QHRSURAI/GI P\ B NFORRBGREIKH 2D QLD Q

&KDQJ $V LQSPOW HFDHAK PG ®HWR BMW N HQH 68 VS WEKDMDWH YDOXHV
VSHHFK UDWH EHWZHHQ DQG DM WR\W RW RH $HIDWNE D:\W H/ FY 6 B @/ \
DV RXU DQDO\VHVXUB®HIXDHG W OD MYSGIRWP IVRL ISG HEMN KLQ HDFK V<
WKDW LWV PDJQLARGHQWR UOWKLH BaX\W @W IWKH WRE FHVXOWYV )LIXUH
WKH YDULDEOH XD QF\WVERQYKH @R RUROHWHOQWV L\WQAK YN DFRXVWL
DGGHG UDQGRP WHPSRUDO MLWWHG JPXVIVQ DU BXVDU DEYGN.BRZ &/
UHVSHFWLYHO\ W R VKK SMLDPN-B\DWMDHP @ WEHSKVD VX B BDXWHY ZHUH FRQ
WKH RULJLQDO Q/RWD RIS W W IRUBIGF R@WRIRR WEKHH WBRO LPSDFW RI W
LV W\SLFDO WR QHXURSK\VLRORJLF VG MHDLWXWHPHVQWD O i FOEGVEHIGWQ
QHXUDO UHVSRQVH RXWSXW E\ HDRKLRRRAHO ZA1RVRUM IV WH) WE MV Q@ RQ |
JDXVVLDQ ZKLWH \GKOLS/H AL RV KV WHKHIDD®\D PE 1K B PMHRSRUDO DQG DP
SDUDPHWHUV ZHUHHI MKW HG. RLR B D [UWNMGE I W BISHDQW KRES HUYHG VSHF
SDWWHUQV RI SKBRWY\WDQWIOPAH@WR QRW KLYRUDR QGRPRGMHFURVYV ERW
VSHHFK UDWHYV HRXD@WXZRX\G KDWR WQEH B GIXVMWGE FEQ WKMLPXODWHG
ZH UHSHDWHG WKH UDQGRPL]DWLRQ W RRHGHDHAK VSWHPKW DRWHH D
Rl WHPSRUDO QRLVH ; LWHUDWLR® W RH 5KDO/IHVX G BIOQ RH V H E HRDRY
SUHGLFWHG QHXFROUDQIGRRL ID\WPRDE ® QEURKNQUDYQBRPLIDWLRQV

)RU WKH RVFLOODWRU PRGHO SHDRGDRH B YH[®WS M WLIQTXHYIF S IRIVFH C
IUHTXHQF\ LV FHQW HUDMGHRQ WDIQHG V)SOHRIBIQY @ W ORZ VSHHFK UHVSH

DVVXPHG E\ RVFLOOPRRHWO W QW G DARFRYWHRBUINQ BUHYND 'HRXHOO
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/DUJH 6Q\GHU YROORZLQJ /DUJH 6Q\WKUV /DPWRAHVEQIBGMN PR (
XVLQJ D FRXSOHG RVFLOODWRU G\QDPLFDO V\VWHP

@
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7KH VA\VWHP SURGXFHV SHULRGLF OLPLWORWO B BHKRD YSIRREQ W W DR G O
LQ WKH DEVHSFH RDQQ@SIRWORZV SKDVH FRUU & AWAKHQ WSRIZDAHERW Bl G
ZLWK s@SXW 7KH PDJQLWXGUHHFWIKRIYV B8 HRH @GR/ RV MV K & SWWWU VKRV F
DQJOH DQG WKH F® X®B/W0 IOQRIZ STDUDPHHWWVRIZD VQIRERWFWEREHRAWRUDLQ WR
ZKHUHDV DW KLJK YDOXHV HQWU DL QPAHTW Q/BSLHWD G DX BIRD/YOD ODVRS
LOWHUPHGLDWH YBIOXGNWRQ QLW KWK HZ BFR HOHWFWD LOHDX WR RXU V¢
)L % H WKXV IRFXVHG RQ DQ R\DAL B GHIDMRID P® IBHH@WZ VW K HL Q JWWHK

IUHTXHQF\ FR WRHWXRQWGI KHF K U D WRR LIR WH DX K WKMHWNDRROQOA VWY 6 SH |

YDOXHZRVY VHW VXFK WKDW WKH PD[LPDQ(tSKD\D}QGIéRRJB:%HFWLRQ SRV\

ZRXOG EH RI WKH PD[LPDO SKDVHUWIGL AW HiG ZHNFAFRRNANDH XIFW H G W
2K O ? I CREN

SHDN5DWH HYHQWYV WULJJHU D SURDWS/DISKRKGE BYRES R G WHVER® WH
WKH LQSXW )RU WKH HYRNHG UHVSB®BGEHHKPRGHD OLRIND 8 UFRRRHWR/O X
VHULHV Rl SHDNS5RW R DMWHEWR R L\ RVWWRR 6 DNBBRIQ HYHQWYV  7KF
HVWLPDWHG GLUHFWO\ IURP WKH 0CUGB@MR G\VQR P FOGW OP H HPHBMRDABI(
J)LHOG 75) +ROGJURIJMHOW.DQ@ &KDQK D WLPELIM.QGRZ RI WR i
UHODWLYH WR SHDROHDIHH IRXBGWOR WOIRIEMW) R RQSWKAKVKDSH RI WKF
UHVSRQVH WR SHDN5DWH HYHQWYV 2D @ XDQSUBKDRAV L QW BB FOMMXIP
QHXUDO UHVSRQVHY DIHF® &G HIEG BLLWE RRWDKHOA  VXBUBHBWF Ky KHDDW R F F X U L

WHPSRUDO SUR[LPHYW QWR/SHDIN5 P RFEMK RRMHWRWXU GBIWDVHW GLG QI
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H[SOLFLWO\ PRGHOH®BYWRU B'G GEOW R MIX®Z H YHRWHICP DWHWSR QVH VHSDUI
HDFK VSHHFK UDWH :H XVHG WKH 7HUDSS5Q R BRKKH LR WHKIHGKR D K/ LUFDS,
HYHQWYV DYHUDJH LQWHUYDO a APH IXKHERIZRICED KBDEG H WL WRW

RYHUODS EHWZHHQ HYRNHG UHVSRQVHV

0(* GDWD SUHSURFHVVLQJ
2110LQH GDWD SUHSURFHVVLQJ LUFAGWGERG ZLQNW KLVD RU\GLH (@ DIDUWKE
'663 DQG GRZQ VDPSOGER IWRD 0 (*]L QUHMHIFWHABHD OJRULWKP EDV
DQG WHPSRUDO VXEVSDFH GHILQLHWURQPBBNHKORAD BHHWH Q Q HF HQW,®
XVLQJ FOLQLFDO GDWDQ &ILOHWK B\HWTRHYWIPBQWHG GDWD VHJIPHC
VLQJOH VHQVRU GDWD DERYH SV DIQQF-OXKGXRO ®XVEBEWHIHHEOD Q1

ZHUH I0ODJJHG DV EDG HYHQWY DQG UHPRYNGJIPREWXUWKHU SURF}

6HQVRU VHOHFWLRQ

7R IRFXV DQDO\WHYV RQ UHVSRQVHV RUWHDNVQ ZW LMHIO HEF WHHE S/RIDD/ER UD\
PDJQLWXGH RI WKH JURXS DYHUDJH®&WHUDRWVSRQ VB GHRS MMKEGHRQW R
DFRXVWLF IHDWXUHV ZLWKLQ WKH XX\WEVHIRXG M BKDOKVHM H)WRWHNI
VHIPHQWHG WKH EURDGEDQG VLIQBO DBRX QG HWMNHGDWRKHWOMER
XWWHUDQFHY DQOLTDU WLV HODLQWRFRMEIFPNLRIGIODWLYH WR XWWHU
HIWUDFWHG WKH 0 H DFEODVWX ®GHF WVYWWRY EHWHMHQVWHUDQFH RQVE
VHOHFWHG WKH WHQ VHQVRUV ZLWKKPPLWIKHOH §6 9 S\REWMHHT XHRR

ZHUH FRQGXFWHG RQ WKHVH VHQVRUYV

(YHQW UHODWHG DQDO\VLY DQG VHQVRU VHOHFWLRQ
J)RU EURDGEDQG HYRNHG UHVSRQVHEURDIBENQEG \ZIH QLU &\ HE[IWQU® B\W

WKH GDWD EHWZHHEFRQP® RUGHU % XWWHUZRUWK ILOWHU
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7R LGHQWLI\ ZK L AKH ODSHGRFEIX UQLY(H OVRIS H VG B IQWHHW HX IR NDH)® O\]HG H YR
UHVSRQVHV WR SH@YX FHDWMB \WQ G: i HNINVR.Q B 6 H/QK\D W FZ IDIPKL QFRUUH F
HYRNHG UHVSRQVHFHAR RO GQK BWKHG H HEBGHG WORD WRHKDDFY WOKIDW LV VKLIW
WKH DFRXVWLF HYHQW )RU WKLV SGUIRQID OZBURKIPGH QWRGVWKR €

WR PV DYHSRBKG DVKHRAR HHFYKH © BVWWALAL 8 DQ W DV HSDUDWH O\
SHDN(QY HYHQWYV ML FRIQIHFGVERQPHHODRVLWHR WR HYHQW RQVHW
SUHYLRXV ZRUN 2JDQLDQ@H BKIRQWK H WI5BVE HWHNDHAQ WNDZRXOG EH WK
DFRXVWLF ODQGPDHNXR NHi G RP-B\DSLRHIY H 8 HDR! (SHD X8 DQUHWILPE SR L Q W

WLPHSRLQW W WHVWYV

7LPH JUHTXHQF\ GHFRPSRVLWLRQ
,GHQWLFDO WLPH IQWHYHDHUH7 3 HUORWR QX FRRQV VU K*HGRVD DQG RQ W
FRQWLQXRXV VLPKOMKMHQ R/N B G DSH VISRVRUH DQ\E PDAFQ QW PRGHOV
WKH LQVWDQWDQHRXNOSKW VIHY B L WIRHEWO OBRHDKNHWRPEFDOO\ VSDFH!
DQG +] REFWBYMSSWHISE QRQ FDWWHUERQ\GKSL\OWHKY DURXQG
RI LQWHUHVW SHUIRUPHG WKH + LIDFEESHLW WG QQI® SK DIV® GD R EWKCH.
DQG SKDVH DQJOHWKH WS HOREMIUW @ HIRDPMV AKRVHIEQ RUR DFKLHYH PD]
SDVVEDQG ULSS OGI%D RIGVIWR DEHDYGV DRQMGHKE MHVEL W& LVH7) DQDO\VLYV .
ILOWHU ZLGWK H | URFIBIQHF \RR IWLIQ W H Y HR/IW SIIREWOU@ID SDWWHUQV W
IUHTXHQF\ UHVROXWWLRQ ZD.GG WD JDRYEW DQDREWDNRI WHPSRUDO G

LQFUHDVH WHPSRUDO UHVROXWLRQ

&HUHEUR DFRXVWLF SKDVH FRKHUHQFH &$&
7R DVVHVV FHUHE FR IDHFRKXY AH FE S WZ@MIQOWREH DRBHFEK HHVSRQVHYV
HQYHORSH ZDV SURMHP\H B GRFHLGIXIUWGWKR W Z D \0 (0 SBHOMSRQVHYV 'RZ(

VDPSOLQJ DQG 7) DQDO\VLV XVLQOWRKMNLOUGHHMW DMHQ WKW WE ) BIV K3
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0(* UHVSRQVH ZDV FDOFXODWHG DF XRWW HA DI FHH WILW K LXK D RMKL RUOH

XVLQJ WKH &HUHEUR DFRXVWLF SKDVH FRKHUHQFH &$&
S i
%#%:T;—&-iATL:EU:LD:TéP;FLDO:TéP;;;
c@s

ZKHUHYV WKH FHOWHU IUHTXHREVRVKHIQHNPEHOQRIEWOQRH phDPSOHV L
LV WKH SKDVH RI WKhs QWY XKD SKIDQHD & | IMXGE! ViS B WFW IHRHY HORSH L (
HTXDWH WKH QXP ERHQWRH UW QB HVERIL [PRDBE0 WHNMVX OFDWJ WCBRHAHFK VORZ VS
XWWHUDQFHV ZHUH X® S\WW ULWW E HWRILRHDH: & 6 DLHAVOODW D QW &$& YDC
DYHUDJHG &$& ZDWVW YHOYWRHGS/ DRURHDFK KHPLVSKHUH
$ SULRUL ZH K\SRWKHVL]HG WKDW &$RVZIRX W& H: LUIHTUXBW\Z HH Q CAR
FRUUHVSRQGLQJ WR WKH DYHUDJH FKHUIXW € FR RRQ GSLHADLNGS@ WUHH BY 61 W
+] J)LIXUH % :H WHVWHG WKLYV HD %R KHVRWYXXIHM $ 12 9 $Z DL WK $I
IUHTXHQF\ EDQG KBSHHBR A DWH WRIR X HPUXOOWUHD OHIW ULJKW 7
IXUWKHU GLITHUHQFHY LQ HDFK IUHFWHRIFV EDIQFK BB VW N \DH/G/ KE RALK
&$& XVLQJ D WZR ZBDD\VOHSHND WO P Z LW K DRVHW KO RZ WHBKODU DQG

OHIW ULJKW 6LJQLILFDQFH LQ WMKMMHGCQBO\FKOWDYOKRERABSDBO\LF

,QWHU HYHQW SKDVH FRKHUHQFH ,(3&

%RWK ,(3& DQDO\VH\RQHUKHFRRW XB O H G HHOUNDID DG SRQVHYV SUHGLI
HYRNHG UHVSRQVH DQG RVFLOODW RIX\WUBQWWKDLMMHPERMNE R G HOR X DR
HYHQWV ZH VHJPQIQRXNGS WEKWHFERWIHPHQWQYG\SHDEHDWHA DQG RE\
WLPH UHVROYHG EF@WHUHOQFHQW(BKDVBFKPXIDBREGQHULH 9DUHOD

HDFK WLPHSRLQW ,(3& ZDV FDOFXODWHG XVLQJ WKH IROORZLQJ IF
s S
+'2%:TéP—C')LI'ATL (E Qiae-
P@5
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ZKHUHY WKH QXPEHDLRIWVHWKHHQWINVH RI WKHK, QRHX WKM YVUHQ X E QR WD
DQG WLPHSIRE QWUH ILUVWLKD 8Bk K RW MG A WAHRDKIHF QY 1B @ RMUHDQIHRSUD FU R

VHQVRUYV

Spectral patterns of IEPC

7R DVVHVV WKH VQHEWSKD B LO/RVFUSHEXMERRVHR BAY B DWY ZLWK LQFUHI
UHVROXWLRQ ZH IVWH PGIIWH @ XMKIHX & KOHVBHE\ M KHQ Q DWUR/ZDURXQG €
HYHQWYV WR PV DQG FDOFXOMRWHGL RVG R I, (@ & H 7HRV SWLIPDIHE G
VXEVHTXHQW SHDRBEIOW K HYG R\ ¥ V ZMR DAG ZEAUBIQRRWMK HR CS HD N5 D W H
WK H PV ZLQGRZ Q ZLWKLQ HDEKH/DKMUL EQSW®W W RPIHGHIQQG
I[UHTXHQF\ UDQJH WKID QN 20)F DHDLMIEHE G D VBB VKW KIHHVXOWLQJ WLP
,(3& ZDV FRPSDUHG ZLWK WKH SUH HEBQMGEDNHRN\@BWMLQ W W H DR
2RVWHQYHOG ZXMADKV LR Q9H LDP SHDN W WDIQUEH B KRRIDG/ WHU WKUH VK
%DVHOLQH ,(3& DYVWKIHOBXBDHG, (P& BWRVZHHPQY UHODWLYH WR
RQVHW LQ HDFK IUHTXHQF\ EDQG
7R FRPSDUH EHW Z HMIQR PR GIHIG S&BIE DF| L(GEW EHEW FDO BXUODWHG VI
HDFK VSHHFK UDWHUDRIQ Q1 W(3RQ7)EL RN SNDROIMREIHYHQW RQVHW D
ZLQGRZ WKDW FR QORI URIVDWRRR 6 HOF B PARRID IWFRVHY IWKAXWHSHHFK UDW

PV DW UHJXODU VSHHFK UDWH DQG + PV DW VORZHG VSHHFK U

Temporal extent of IEPC

7R DVVHVV WKH WHPSRUDO H[WHQWZRiI IR 8& \EHHW R B HQKSHDOIR D MG \HS
FRQGLWLRQ ZKHUHJIKQDWH. QR FNRE RAUH HYRG HEGRBPHSXSWDWLYH RVF
HQWUDLQPHQW RHFWSDGLEIMQ@WVF W: N/ BAHH FHDQWDH B XWISKK VW HG E\ WKH
DQDO\VLY DURXQ® SHDMSOWH PIYHQ@WWXK DQWHRY®O Rl PRUH WKDQ

F\FOHV IRU KDOI| DIQHRIEW D XH Q@YU RA @B NS5 BFWH WYXHDQV LV DW OHDVW
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QH[W SHDN5DWH QYHQW\HBNEDI\DHMWDBRIDSD YW ZHNWREXVHG RQ WK
G\QDPLFV Rl ,(3& ZH H[DPLQHG ,(3& 6HQ IDPLHFWDD MW ® DK QRWV R/Q RI Ok
EDQGV LQ WKLV UDGDM D) RW KW K HVQ @ G FOX DV I \ZW VD WHWH RUHWLFD O
GHILQHG DV WKH H[SHFWHG ,(3& YD QOHG | R ¥ PEHQGRIPDQ J®H\E OWRB D

9RQ OLHVH GLVWULEXWLRQ

(IIHFW Rl SHDN5DWH PDJQLWXGH RQ ,(3&

,Q HDFK UDWH FRQWGH @\WR QZ HSHD M SO BIGW RDIQ@H, (BX. ZDV VHSDUD\
ZLWKLQ HDFK TXD QWWIDOHW HE& MK HZ BNHWUKCHW D, (BRQ® WK +] DFURVYV
SRLQWYV IRU RQH @ \IFJHT RH Q\FK HE DIQWBH DI\ & UL VKB AFKY AQDQWLOH ZDV |

XVLQJ ZD\ $129% ZLWK IDFWRUV TXDRQWISIOHFBRQGBORZHWEKHFXWH Ut

(I"THFW VL]HVY DQG SRZHU

:LWK RYHU HYHQWY WULDOV ZBHOCSBRWHUEHSDEHNRAR W DWW D W I
GLVFXVVHG LQ SV\FKROLQJXLVWLFOVWXGRRVW DK HUH WWKHG QEX P\EWM UP|
H J %U\WWEDHUW JRU DOO RRPSFHOAHY PQWV ZH ¥ IR UMW S RIVH\WW V

DQG EHWD SRZHU KFDORKXWODDNUHG*ZSRBHW )DXO HW

5HVXOWYV

6SHHFK (QYHORSH 7UDFNLQJ IRU UHJXODOU DQG VORZ VSHHFK DV VI

>)LIXUH DERXW KHUH@

‘H UHFRUGHG 0(* ZKW®H D UW DRELV/SDIRIAM &/ $HRHFR FRIQQUWD LQLQ J L

HDFK HQYHORSH ODQGPDUN DW WK RWLRIQQDOPURWW HYHG X 0DW VR

VORZHG WR RI WKH RULJLQDO V@HHFKPURWWHEOFRZUDSHHRRK fIRIX(
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WKLV KLJK QXPEHWR @G HWHRW VZEHAEHEUWEBQB WREXWM FHIIHFWV EDV

SDUWLFLSDQWY 6WHIDQLFV HW B® W D L OVHRIQO S RVARG F DSTFMHO D WR
VSOLW LQWR X WWHRRIQEGAH @ XRUDWDRREORZ & SHRIGK ERW & LDAGLG LW LR
VLOHQFH SHULRG VWIQHMH UMH G B & OB BMIGDXQV DX IWRWLWPHYRNHG UHV!
RQVHW IURP WKH GDWD ZLWKRXWDPQRH RL QUKW KHVR B XDXQDDLWHKPG
,Q D ILUVW VWHS ZH FKDUDFWH ULYMG FV® B Q/GHPRSIRU B OH@\WY D RIGF R MR
VWLPXOXV IRFXVKBJUR I$HRD N\Q Y GIMARBWMHF KD QJH SHD FRQGLWLRQ
DQG RQ SHDNV LHDKHMQYHORSIS HEOPEMGLQV)IRIXUH $ ,Q WKH UF
FRQGLWLRQ WKH IRYHUDJEPINHNX HRBFAH DQ GRSHONDQY ZDV +] €
+] JLIXUH % DV LV W\SLFDO LQ QD WX WXH WSHF K S HHFIKHAR QOL W
DYHUDJH IUHTXHQFD\RI OPRGPDUNY BALSIHDING DWH DQG SHDN(QY \
SHDN RI WKH HQY HOX®PS W 5 RVKHJ GHSOIEIMGEQR\E LEGRZIUQSDUWLFLSDQV
FRPSUHKHQVLRQ DV SUREHG E\ PXOWROUH PKRUFHDFRPBWRKHQV LT
VWRU\ FKDQFH OHYHO SHU TXHVWHRK PHD@®FFXUBF\ LQ DRFXODB\

VORZ VSHHFK PHDQ t 6' p JLIXUH &

$FRXVWLF HGJHV GULYH 0(* HYRNHG UHVSRQVHYV
‘H ILUVW DVNHG ZKWHKKH O/S®IG!F B UHNQ YPHOR 8/ \GI R YWWVHIYRG SKDVH OF
HQYHORSH LQ UHJXODU VSHHFK 7R WR FB$ WX W HDIDXRRA WSRUREQ! W\HLQV
VHOHFWHG WHQ NVUIHARW D Z L WK\W\E RBWEHW RDWSHHPKLBHQFH SHULRG
KHPLVSKHUH IRU\DBY NXUMWKH U DQ@ROVH VKRXIS® WKH W\SLFDO GLS|
HDFK KHPLVSKHUH &KDLW HW DO DUDFWHWNWWZ HVHRD AHYQRNGH @ KJHH Y
SDVV ILOWHUHG 1+Q DVKG DWLHPWHD GRR GBIDN 50 RFNB GGNSHDN (QY OD Q¢
'KLOH SHDN(QY FORWDN5IRWORDVURKD XQWMHVBBEE FKHWZAHHQ WKHP Y
DOLJQLQJ WR WKH LQFRUUHFW OD@®RRQUNW VKR RO GVRH DX MRDIJH® i

VLIQDO GXH WR VPHDULQJ DQG DAMKLIWR/PLWYKHHYBRRWW LAEEQHNYHNQ W
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WUDQVLHQW HYRNHG UHVSRQVHV ZKWIKDBDRW KWMXGLBHFRNE® W HVS$RQR
ODUJHU PDJQLWXWR BKIDQ TDONKH QWHICD @ VR SWR S Q)Y SHDN

ORUHRYHU WKLV UWMBRSHONYDAD Y WH G@WN (EXWYEHIRY UHVSRQVH
UHODWLYH WR WR&M HYHQW | BH SHIGNMWHUPIPPHG DV WKH ILUVW VLJ
SRLQW LQ D FOXVWHU EDVHG SH U RKRWHAM LIRQD\® HWHY D LDALGADW H G AR
HYHQWV WKDW LDWKHRXWWDE ISGDMW QW HONGWRSWISHDNY WULJJIF
UHVSRQVH LQ 0(* LQ OLQH ZLWK SUHY L RRKNOWH\DXOMYW D® U R G E HFNR }

2JDQLDQ &KDQJ

&HUHEUR DFRXVWLF BHKWYHHRRKXBHHBKHQYHORSH DQG 0(
7R FRQILUP WKDW FRUWLFDO VSHH®KKQ YGDORS HSWHOENLQD YDV SL
FDOFXODWHG WK I$ KD\ E B R HDUFHRRXFWHES®D OE H WZSIRIQVB Y DQG WKH V
HQYHORSH LQ IUHORHQFX]EB®& \L \E \VDY/IH® OO\ WRAUKWHTXHQF\ FRUU
WKH VSHHFK UDWH 3HINRX HW DBRQGV WRLWHK H QURNX K@M R FSHD
UDWH FRQGLWLRQORHJIXOPU ,QGHHMHMH EBBFRSSRVLWH HIIHFWV R(
WZR IUHTXHQF\ ED@EXUHUNSHDWHA @WHUDFWLRQ )®
JLIXUH ) $W +] &$& ZDV KLJKHU IR UHJRAQDU VSHEKIFEH DW
+] LW ZDV KLJKHU tRU VORZ VSHHFK ORUHRYHU &$& ZDV RYHUD(
DW ORZHU IBHTXHQFLHV s DV LV W\SLFDO IRU WKLV PHDV;
1R RWKHU IUHTXHQPRILERQ G AMX®RW HEDI B FIWR R | &6KH HDRKOU% RQ IHUURQL
2YHUDOO WKLV UHVXOW UH®QEBDWHS\H B BK YALRXVOIR R MQUINVFRIIL
EDQGV FRUUHVSRQ®WVQH RIRWKHKHVWSHBYORYY L ¥ RZHDNHDUUH LV FDOFXOI
HQWLUH VWLPXOXV WLPH FRXUVH\QBPEBQ QRWNV KB SQHOUHD O RFKOIDV W t
SKDVH UHVHWY DW DFRXVWLF HGJWSHFW HYD GRIMWWH 0@ ¥ [R) QHIRSR

IROORZLQJ SHDND5DAMXKD BIWHGW.\Q WHHUBBOHFRW, S3& VOHF BR¥XM SHDNS5DW
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WKH VSHHFK VWLPXOXV ,Q FRQW UDX\WQWR. IS HICR B K\DW XIGRRIY VR MV ®$£0Q
,(3& LV FDOFXODWHG DFURVV VLQHOMWUHD B QW REF HOFRKHWERM SRHQW

HQDEOHVY WUDFNLQJ RI WKH WHPSRYUVMHW\QOPLFV RI SKDVH ORFNL

2VFLOODWRU DQG HYGHIHGSWHNGSRFQNV B8 BEVREKOVW SO WWRHBQW WR VOI

QDWXUDO VSHHFK

>)LIXUH DERXW KHUH@

7R REWDLQ D TXD\WLWHWUTB B NEMIBBWEN RYE K OSIHEGR U\ HQWUDL
UHVSRQVH PHFKDQLV® \FRPH X ROOHRQDWDIP RGN B0 RS QWX DFNLQJ D\
ERWK SURFHVVHY VHH PHWKRGV IRV D 1KB Q GSMAF UL B VERR\QK FP RESRHW
DFRXVWLF VWLP XOSXDAMWHHIGXF & & W D FHRIPWH\Q ERXY WDPSOHG WR PD\
VDPSOLQJ IUHTXHQF\ DQG FRQWDLQLQYR GRI@NED R Y PO 8 VWRGH\H D
SHDN5DWH HYHQWW DRIG R\RFLIOHDWDAHRRH PRGHHGODADY ERSSOHG RVFLC
G\QDPLFDO V\VWHP IZQW R FI5 Q R\@ XGHF\D WDWY DR &/ @RRIZSIRBL OMDVH UHV HW
WKH LQSXW ZDV GWISHONSD WHRIPY MEVEWY GBIW HDUPDQ®IG E\ DQ HQWUI
SDUDPHWHU %UHVND$ SHRXHPDQ DU\ B G DMKDMW LYHAHHG DQ RVFLOO
HQGRJHQRXV IUHTXH@KHFRYK LN SHR @B MVRLIPMROX W SRXOG EH EHVW
HQWUDLQ WR WK H7 KB HHFRNWGE LPXOSRQVH ABGIMO Z DY @HDU FRQYRO
SHDN5DWH HYHQWDW.WH UHRM L ZD OZKK Y RK Z 6 WHWBRRQFMMHG IURP W
0(* GDWD XVLQJ D WRBH QBRIH® DO PR B HOX QIDMKG W R/ KDYH DQ LGHEL
+ROGJUDI HW DO &KDQ@JDQLDQ/R ERWMKDBRGIEOVI VKDSHG QRLVH I
REVHUYHG LQ QHXURSK\VLRORJLFM®@ GHWR5D\WE BYWBMSRBBXUMHWY
PRGHO 6HH PHWHKR/GWVLURW LR QX B D ER REHROR/GRIOW S ¥\R VDKSUHGLFWH G

WLPH VHULHV )LJ ZH H[WRD EZWHRK POHGQ BWHEGPSBHBPWUSDWWHUQV F
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SKDVH FRKHUHQFHW [ 3&H Q@ W DV KIH WREHQG Y $BIQ Ni5D WRIO®Y HQWYV IRU H
)L %

7R LGHQWLI\ GLVVRILQWFK\H SVAFG PR\ IFRQYW ZR DRAGANEY R1 WKH RYHUD:
SDWWHUQ RI ,(3& )LUVW ZH TXD@WEMHG WHWSRRWHWUEBED H[PPS B LR
,(3& SDWWHUQ LQNW KH ALROMVDRWHAUYS BB NBXWE WKB® LQ UHJXODU
HYRNHG UHVSRQV N PIREHONVRQ & PRIGHI\BL B Q WGILE AUHHED B HVIU® WKHWD
SHDN5DWH HYHQWV )LIJXUH % & OHRW WHRZMODRUZ WBKHIEK §RQGILRW
VLIJQLILFDQWO\ )LIJXUH % & PLGGPWH G IDHVR QB DGIODHDRULBR G 818 Bl
RVFLOODWRU IUHTXHQF\ LQ ,(3& KHIMYRNPG WHKIR Q VR FPRREGW ODS/WW
,(3& SHDNV DURXQRSXQG+] DG WHJI OHKEMSELHY R IRW KK HYRNHG UHVSRQ\
IUHTXHQF\ SHDN DRIGRIAFXUUHODXHGHEQRA\ RV ISHH DWBDWH HYHQWYV WK
IUHTXHQF\ SHDN UHVSHFWLYHO\ KL\ XU HP D& XL ® WP R:HS KH Q I | WHK®
HYRNHG UHVSRQVH BOQ & YWRKH GUBIH X SIRGANHEY WKHIL PR VIKWLRQ R1 WKH
ORZHU ,(3& SHDNV UHVSHFWLYHO\

6HFRQG ZH H[DPLQHG WKH WHPSRUF® RRGHDW R N H\3 &H S WHKGIHF W IH B
RVFLOODWRU\ HQWR DW® PMWQMY FFHHRKVDR QB O XD WIKRQ FRDOQEULEHG WR |
PRGHOV LV WKDWWKMOHDWRRI HQBEEFRQWHOXMWWEB SKIYWH UHVHW E
GXUDWLRQ RI DUALRJFOH RVIFVE®O BK®Y HQD DQFQYPRBYWGIRU D SURORQ.
+DHJHQV =LRQ *ROXPELF +HOIDOFK HW D@ RXU GORVHE UWHRAL V
H[SUHVVHG DV DQ LQFUHDVH LQ ,(3@CH}WR QG EQFIOEHDR\Y B UD S\HLDQNJETH,
FRQWUDVW LI SKDVH ORFNLQJ LV SHIDH LMV K OHW HRQ WY RWK B UGN SIRE
VKRXOG EH OLPLRVH & IVWDRQ K/ IR NGHK® IPMM.SRWKHY 7RHT KF XVHG RXU DC
ILUVW WZR F\FOHY HDQWNU 7SR B N B Y W8 R#P L\DXEHIFHUHHIDWE S KDV H UHVHV
RQO\ LQFOXGHG SHDN5DWH HYHQW V SMDDIE DAMH i YOHRQW | R Q ONRKZLHVG LE)
,PSRUWDQWO\ VXIPKWHMN.HEQYW ¥ @ FUH B WIKPROOW WK 6 G/ SIRMFROLPLWHG

SKUDVH HQGV $V LQ UHJXODU VSHHF K HMSRY WHK Ha G XPDWILRRURH Wt
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DFURVV WZR SXWDWLYH F\FOHV DWVWHKW VSHHFEKUBW HRXB GXGRW\ L
GLVVRFLDWH WKH WZR PRGHOV ZHVBHAKY¥HKG REGE VWLQRIO \\H. W RIQQWH
WLPH FRXUVH RI ,(3& LQ D UDQJH R] |WHHXHGHLHR FDBULRDKGRS . BLIO C
WKDW EHVW HQWSBHGYX WRWWK H W QIRZE EWHGEI HAHWIBY HGLFWLRQV W
PRGHO SUHGLFW\WQWHKDWU KDY HE ABRWRPXOMESBY RVFX0O®D' ,Q FRQ\
HYRNHG UHVSRQV H PW GMIOH SLUGHFGILHFDSRHMD @ Q(3® LIPL WWHHE® WR WKH G XU
HYRNHG UHVSRQVH )LIJXUH ( 7DNH®R® RGH\QMWH UL HABK WZ R F5GN 6 IFR-
IRU ,(3& SDWWHUQV7/KE VOREWSHIG f@ERVIWQE EXWLREPSIRUDO H[WHQW
SHUIRUPHG WKHVH RQHXWLG B R UDDOGDEWMWY KO SDRRRWEDQV LQ WKH GI
PRGHOVY SUHGLFWLRQV

6SHFWUDO SDWWHB®&RMH HRFN L7KHW B \D ERXNW G H HREUOHEWH G E\ WKH |

UHVSRQVH PRGHO

>)LIXUH DERXW KHUH@

‘H QH[W WXUQHG W Rs MYHNUW HQ W \SKIMHBRZIP\R GRIQW MIGTYMEY W \WO UWLQJ
SUHGLFWLRQV IRU VSHFWUDO GLVOWFVEXRWONR Q L % D VIMEBGR)Q JW KH PRL
K\SRWKHVLV EDVHGZEKSSWRDFBRYWHYWL QB & HIQRHG WLPH IUHTXHQ
LQFUHDVHG ZLWKW@W ¥LRJ O I RVHLDIQMDN KB WHIHNEDG HO WD +  +]
UDQJHV )LJ % ,Q UHJXODU VSHHFRXK UAHD VRIX Q B R\EL B IRDRBIQWL ECB\.I
RQ 9RQ OLVHV GLVWHHEKWERQGL@ WK8 SEXWGERWDNVEBQG S !

FRQVLVWHQW ZLWK £RWH WRB 8 OWVRMHASHW RKWAKRQBQWLRQ ZKHUH \
SUHGLFWLRQV RI WKH WZR PRGHOVDALW HQ J,H3 & HVIR XSG ® N\ DRV W SHHF AV
VSHHFK ZLWK D VHJQURPFEDMWHOQEBRAMEY WKH WKHWD G DQG

GHOWD EDQG W G S 7KLV SOWQMNHPIIOWIKVWRH SUHGLFWLRQV RI
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UHVSRQVH PRGHO EXW QRW RI WKH RV FDD OKMRUDMQWHLUDERG®BQW R
LQFUHDVHG WKHWD ,(3& 7R YHULQH¥FKDW KMKWHYHIF LI QB ISUHG 6 LICQ & B
52,V ZH FRPSOHPHQ®WWWGEWZXKIHWK2 D DERW IV W EDH/®I G' FOUPXWDWLRQ
DQDO\WLV IRXQG RQH FOXVWHU L® AKKFRW EHWDREDRQGGL Q &R b JH HIX
HQFRPSDVVLQJ ERWEKDW&MW D WWMKG CERMDGROSHHEK FR ZKLWH
ERUGHUYV

)LQDOO\ ZH GLUHFWKHFRBB BB UG LKA \R | ZE RMKWAKRIGH®OHFWUD O |, (3¢
GDWD )LJ 'IRU VSHFWUDO SDWWHUQRQNVQ G$M H [ S(HIRWHR GAHKCH FARLA
EHWZHHQ PRGHOV ZDV QRW VLJQLILRRQ W VLRQ GWKIHWURHIN XFORDGH DS HPHHFDH
HYRNHG UHVSRQVH PRGHO PHDQ U XFLDOW\ LQ WKS VORZHGUVSHHI
WKH HYRNHG UHVSRQVH PRGHO FDSWXAAHEH W KHH U( 3\8K 6 QQ WV KIHF R WAL
PRGHO FRPSDULVEQ W ZLWK D\OOHJK HIIHF®RVW KRF EHWD
ZDV EHFDXVH ZKLOWERRWGEG WKE H®NORES RDH@G WKENHYBNHG UHVSRQ
FDSWXUHG WKH ,(28KHQDPHFXHQ@FKREHRV PH®@DWRU\ P HYRNHG UH
PRGHO PHDQ U  KH UMHWHKODAOW R MRWK MK B GDYARNHG DV SRQVH PRGH (

RVFLOODWRU\ PRGHO

7THPSRUDO H[WHQW RI '"HOWD SKDVH\P®RH NU®/H UVSEGI DNSEW MWE W K HQ W

>)LIJXUH DERXW KHUH@

‘H WKHQ H[DPLQHG WKH WHPSRUDO H[®HIING RW HQHFUHDW W G. Q( K HR ¥
FRQGLWLRQ 7KH RNGLBWH® RVUK D RGGIOXSRIDA. Q(BO ARKWHG IRU DW Ot
F\FOH ZKHUHDV W¥XH PRGNE G UHE BRWHG DVW UMQBE@QG UHWXUQ
ZLWKLQ PV DIWWHHWW KIHI S K8D V HH UBROIFRXD WWH ® ({ GDWD RQ WKH VL

SHDN5DWH HYHQWY \DLW KROWD W KRIQF/FD@ER/UW WR. FQFRHB W R H XEVHTXHQ
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HYHQWV ZKLFK HMVON R G YW R XRIK\R X\g WL QIMHIPAHQWQZAH E\ D VXE
‘H IRXQG WKDW ,(3& ZDV HOHYDWHGOBERODRRVA D SED NB D VWHVH QH Q
UHWXUQHG WR EDVMH®IHIH )PP HGL FWHRXWHIWEIRVHE HVW DIJDLQVW W
EDVHG RQ 9RQ OLVHV GLVWULEXW LRG WKRHWOEWHQFKIRM S BN HUG @

IROORZHG WKH SHHNGNFHELRQWSRIQW B ERRHFWMO W HMOM IRE WKH ILW RI W
SUHGLFWLRQV WR WKH 0(* GDWD UWYRQ CZH.& K WKRIQH WRN DG | UFVG W (
PHDQ U E XM FORPW (7@ W RWKP R G HOK LR'HDMVUD OVR UHIOHFWHG |
VLIJQLILFDQW HIIHFW LQ WKH GLUHFW FRPSDULVR QHEHW MW P BG H
SRVW KRF SRZHU EHWD

)LQDOO\ ZH H[SOLFLWO\ WHVWH & ILRQDP RIGHD UFKWDD®D 2BRORMR GO

ZKHWKHU WKH RVFLOODWRU\ PRGHD E R X0 HYK®GIDLDUY D QEBIQH[S @ Q
HYRNHG UHVSRQVH PRGHO 6HFRQ® OWYHIOSDQI®\VHKR ZRHEG EH WD C
IRU WKH (5 PRGHO W S GGLVEXRQ QRRVW K®ILH[EDQWQB G Y D
RVFLOODWRU\ HQWUDLQPHQW PRGWRLWLY LQ OLGH ZLW R WH HWXHDN
EHWZHHQ GDWD DQG WKH RVFLOODWRUWRPRIGH Q3 &KLF WKW GXHG\D R/
VHFRQG RVFLOODWRU\ F\FOH ZKHUMDIVYWR3IR BRBBIOQV KLJK LQ WKH
7KLV DQDO\VLV WKW DQU XN Q/\W DMIDWMK VKR R N QGIX WIROS$HI DN5DWH HYH
PRUH FRQVLVWHQW\VZAR\K B @ HFRNGIGAD RS K/ SWHUHFAN HQY UDWKHU Wt
RVFLOODWRU\ HQWUDLQPHQW PRGUHIOH &R WG HFQ RYH QD OFDWRILQIGQ @
DFFRXQW ZKLFK S ROOMXCRIUN KK DK RUWHAY HI\R (DO WEHHIGDE)\ RQWLQXR XV
UHYHUEHUDWLR @ Q$ PRW B FERXQW RWRWHKHJBRXAWNTIXH @K SKDVH C
VSHHFK HQYHORSH LQ 0(* LV GULYH@ BN KHY RN 8 QRBWHS B Q WHHV RW R KSD
SHDN5DWH )XUWKHUPRUH RXU DQWE\ MW @ WKRHZWHNEXHDIVBRA/IARN WRQS
WZR GLIIHUHQW VRXUFHYV ORFDWHUMYISRWV H/QW R L QUXKLIHY UG XVMHO R
UHVSRQVHV WR SHDN5DWH HYHQW VW 2WKH QIOW H\Q D (@RI GHTPR-Q/A

FKDQJHV LQ VSHHFIS WDGXF WDR |EH WHKAHRIPISJIRVTDVAIORFQ & | D VHULHV RI
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UHVSRQVHV U D VQKW K HVIKHZ YOH QKL FRY FDL@ GIRWRD L QKIS ILQGLQJ LV C
LOOXVWUDWLRQ RI WKH LPSRUWD @FHRR IDIO)\S XWHIDWAERFKDQEN VWY R Q L
,Q WKH SDVW LW KDV EHHQ VXJJHW/¥HG I WDWOR Y RN H/S KNS RIQWH
SHDN5DWH PDJQLW X G HRLILID Y AMXHYMRNHEG QWIHVISRQWKHPRGHO ,Q D
ZH WKXV WHVWHG ZKHWKHU ,(3& WRW HBRWY FIX\W B JHV QLRU P 8 91 FIKGHW R

G\QDPLFV LQGXFHG E\ FKDQJHV LQ VSHHFK UDWH

6SHHFK UDWH QRUPDOL]DWLRQ RI SHDN5DWH ,(3&

>)LIXUH DERXW KHUH@

7KH SHUFHSW XD OWREY. DU WD WWRR Q GIEIS W K N XY/SW HG K NURIR FKDQJHV LQ
LH WKH QXPEHWRRBIX¥HIGBHDOHRAHBRQDBY MS HHFKUWHEH QRUPDOL]DV
VSHHFK UDWH UHVXOWYV LQ DFRXQWOK GKQD VIOR ZIQUWKRS © 8 W IBKI \LIC
DFRXVWLF HGJHV S\DRADHW PLDVI QIR M G HOWH BINKXG HS USH WA R XV O\ IRXQG Wk
UHVSRQVHV WR SHDN5DWH PRQRWR QAW DB\ QF DOH JHW KR B HDN BH
WKH VSHHFK DPSOLW»QEH 2JD QIUDBL HRWUDEKHQRHFURVY VSHHFK U
WKXV UHTXLUH UHPDSYIS®D RH D MXR BIH WS DWHRXDIQ LRAXGVKLV RYHLU
+HUH ZH DVVHVVHG WKH HIITHFW RIWISHW BK, (3B WHR RSH I/NHHD AIH] @ YW |
VORZHG VSHHFK VWURX®WIXGHDNFIMUHY RODMKRSHHEX )LIXUH &
QRUPDOL]DWLRQ RPEXHW L J3RORZIQIMHFAK VERROBGWMHBEHDN5DWH YI
LQ DQ RYHUDOO UHGXFWLRQ LQ ,(B&VW JXUWKHVED UM & RRVS HDN FR
WR VSHHFK UDWHS HDNGORX-D & DIDHKIKDWFA RVBI W B WX BIOWRS WHFK UDWH Ut
,(3& PDJQLWXGHV LQ ERWK VSHHFKW BRWW¥RQGLWLRQV )LIXUH )

$Q HYDOXDWLRQ R3DQVBHK BYW B WS HDBID ILQL BAXSHID WIS B@MAE GHRWP S D U D E (

WKHWD ,(3& LQ ERWK VSHHFK UDW K FWN @QGIHUIDRIGVW KIHHW D H (3 & ZD/\K P
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IRU ODUJHU SHDNS5DWH PDJQLWXG HRDRRBUIRN M FENR W K SLHED/XIS CFR © G XD &

6' t i6 p &UXFLDOO\ WKH\ GLG QRW GLIIHU EHWZ
VSHHFK ,QWHUDFWLR® HIIHFW Q V )LDMH[SHFWHG LQ FDVH RI
UDWH QRUPDOL]DWLRQ )LIJXUH ) GOHMHGRMGE |RTUKW KD PID DLW G
HYRNHG UHVSRQVHWKH)PDJGLWXXN RYGKPNG BHYHWNS5DWH GHSHQG
PDJQLWXGH UHO DWBIHHF KV R DWKHH FFRRBWWBKW IDOIQIREAM HQFRGLQJ RIS

LQIRUPDWLRQ DW GLIITHUHQW VSHHFK UDWHYV

(YRNHG ORZ IUHTXHQF\ SRZHU IROORZLQJ SHDN5DWH HYHQWYV

>)LIJXUH DERXW KHUH@

(YRNHG LQFUHDVH LQ SRZHU LV D P DIUQNG W \R X VN & NWRS GLH/XAULDQD XULHW
HYRNHG UHVSRQVHV DQG RVFLOODWWRUQ D AKLHY (58 WR BIGTNILRI M
DOVR WHVWHG ZKH\REHU ERRGGS DY BDBDH H YDHOWY SHRYMHYHU ZH IR
VLIJQLILFDQW HIIHFWV RI SHDNS5DWMDRBP®GR/N HEO X R IMHHW LED WHKG W D
SHUPXWDWLRQ WHVW GDWD QRW V&RHE QV R 2KILI KNSR WXKVHVHSMMW E DOV !
PHDVXUHV WR QRLV® BDW FRQDWIPRE/BRWKH PRENBGUWHH EHORZ

‘H K\SRWKHVL]HG WKDW WKLV ODFN ROWQFEBQEW LROORZH Q JL © HD !
PLJKW UHIOHFW WKH KLJK VXVFHSAMLEFIROD WY HRV VS RIKHHU HLl GHFUM RV QR
DQG SKDVH PHDVXUHYR NHGWHYVWSHROQMWRORKEBE80 PW QRRLY UHODWLYH
PDJQLWXGH :H HYDOXDWHG WKH HIIHROWWKIHQRKWWREWRGRZHY DG
ZLQGRZ RI D VLQJOH F\FOH IRU D JLR®'QHW HTKXH Qif | HHFDM\G RO | YRILVH Y
,(3& ZHUH FRPSDUHG XV LtQN HVZR/ VIL\E HH@ B0 IQWRH BYHO O MYHHBOU HV SR Q V H

%RQIHUURQL FRUUBRW IRR G RS DMK INVHREXWZ Hs VRXIDHEGERWW L QX R XV O\ O
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VLIHV IRU ,(3& HYHQ DW KLJK OHYHQVYHRIRQREN HH Z IG-HIHIDWL WK BWHH G

DGGLWLRQ RI QRLVH

'LVEXVVLRQ

‘H HYDOXDWHG ORFDO WHPSRUDO G\RQ FRIFW K PROOHRNYBRRVUVSKHI
DJDLQVW WKH SUGGDRWRIUR G\Q R/IURHEYSIRQW HD BEGHNORN HSGH ULYHG TURI
FRPSXWDWLRQDO RRI\MHN R | E RWE HEBNW KHS IRKYQAR YWKPW DFRXVWLF
SHDN5DWH HYHQWWVGBRYH \HPRIGHSKIXGLWRBEN EQUWYFDO DUHDV
DO +HUWULFXIBI@QLDQ &KDQJFDOO\ &RZWYHU RQO\ WKH HYRN
PRGHO FDSWXUHG WKH VSHFWUDO DQWR WHRSRWDRE HEWHQWDRW SR Q
FRPSRQHQW LQ W KOHH PAMKHYAHD RU DIQKIH HIMGRGN H & SHFASBRO B\ GLVWLQFW
D VHSDUDWH JORED @ FRW X R 8 8 QWK HREMIRXFH GBI RV DL WKH VWLPXO
RI WHPSRUDOO\ VSDUW HXLMRKHW V R-BERAHW S BOQVKHPRGRI® SKDVH OR
WUDQVLHQW DQG OLPLWHG WR W KKIL & ¥FURIDWLLRDQG RF WK MV K N FSNDFAGWV iKY
HQWUDLQPHQW PRGHOV QDPHO\ VXDAW DVMKIH @ SRIHFLKO O DW R U ¥ HE® IDM_HF
3HHOOH 'DYLV JLQDOO\ ZH I\WKE8 G WRNDMG VBKID \PHD LQHMWHYG W R |
UHIOHFWHG WKH 08 HHG D RO @ 8 M ADDLRFSHGIW VRKHHDE®J QRYHO H°
VSHHFK UDWH QR URNGD\W W HR/QV D2EX@IVV W KOHF FEOWW Y A RG WHWH UHSUHYV
VSHHFK HQYHORSH DFURVV PHWKRG&RRWL B YD Q & W6 WRYH. G H DUHBAH/
HQYHORSH SHDN VHIHF KV K RIURKHP[D @ YWSU B R DJ HR/XW WIKDGL QHXUDO SKDV
LQGXFHG E\ HYRNHBXWANWMFRIDE HYVVWR/UFHK R 5VBERBIBK WVRQYHORSH WUIL
WKHWD GHOWD EDQG

1HXUDO SKDVH UHVHWWLQJ PD\ EHLKQ G\ H[CRONDH @ HIG ES RAGKWHH V XFSUH U

DOVR FRQWDLQ WHKA GRIWQRBRXYPRNPALA®ROIDWRU\ DFWLYLW\



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
=)

VLPXODWLRQV RI ERWK PHFKDQLVPXKHORGRDHSUWSH.H AK K Q@ @ GELLW HRJC
WKH HYRNHG UHYVSWE& GHWZRGWHH § WHIGIBFV $IMD N\Q LER WHKDWHKHWD DQG (
ZKHUHDV RVFLOODPMRIG B8R G WDVSKIDNEERRIMNL@J WRE\HYRNHG UHVS
SUHGLFWHG RQO\ FWULDQ VLM QWK I$ K/EBBIN K BIDAVGH-D WRBWUHQWUDLQPHQ
UHYHUEHUDWLRQ D SHUVLVWLQUWRNF B®0 DM LURKY HRW B MO OUHLLPKWH WF
WKDW WKH SUHFLVH WHPSRUDO H[WBE®HRIG V3R Q @ K\H B HRAOAL ©DUWDIN
+RZHYHU WKH KDOOPDUN SUHGLFWKRQHRORNRLQ O ZWRV\FRRGHQWX H
UHVHW EH\RQG D VA\G OGIH RWFALKO D\BIW/EKRIUPIOQH PWIOQW WKDW DOORZV
SURSRVHG IXQFWLRQDO EHQHILW WX G,AVLZ BW FDK XS/D @ R WH@HHRLH V @ DRUX U\
,Q RXU GDWD ERWK VSHFWUDO D @G VDHARSRHD W KSHD W WRINJHDY RH \BKR(
VSHFWUDO SHDNV @\QGI W FPXKDWHOOR RMIKDB R GRVW B EJHMQHUDWHG WKH
SKDVH ORFNLQJ FRPRR QW AIQ PRIQIG LW I RMOR RARKHU HMSTRI QF\ RI DF|
HYHQWYV :KLOH SUHSYULIRW WY@ RUN V. G\RRA SSRUFHL. QW DLVQRID\Y RQWUDLQPHQ
VKRZ WKDW RQO\ W @& LWMWRRR N DDKHRWPERIGWM DH/H Y VXK Bb WHH HW D O
RXU DQDO\VHV VKR 2 WROXW DRQL R IHBWRNGIG/ BUN & RQIVFHR/XVWLF HGJH
VSHHFK LV VXIILFLHQW WR DFFRX@W® FARUQW KR STTROWH. QY FRRX VQ WX ID K
KDV PDMRU LPSOLFDWLRQV IRU W KQH/RWOLGIMHR IL QS MHHTKG SR URE VA FSIDLARDE
SUHGLFWLYH SURFRIYEQUHRN RHHEHRKSR Y PIOOODMEARIFWLRQ PHFKDQL'
VWDWLVWLFDO OHDUQLQJ )ULVWRQ HW DO BRKRJOX 'DYLV
6SHHFK UDWH QR U RUDL) DEMIKRDY LR UD GBI®H L QLR/GW DQG QHXUDC
SKHQRPHQRQ LQ VSHHFK SHUFHSW LORID V8 R UNW U® T RH Q\FK HW IR QRADWDALKD
VSHHFK UDWH ZDVV3HEH B VRXWD \QSXRIDID PEHERR LW P B0 E .|VHP
+HUH KRZHYHU ZH ILQG WK DMNMEHWRKIORZRU QH KU R BQFKHBIWHZ
VORZLQJ LV DQ HSISHEMQRFRHOQORO RMYNRRH® VHUSRQWRHV ,QVWHDG
Rl SKDVH ORFNLQJHVRZDNRXR WREFOK HH G LWKQD\E X WH. RMGR RV SHDNS5DW

HDFK UDWH 1DPHQAD\S KRWVPIS DIRIFINQ Q IDWFHR VE WASHMWFK IODWWHU DFR
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VORZ VSHHFK 7KLV VXJJHVWV W K DWW RAKK/NV E R UHVB L Y OU Ul HGS ) FHW HAQKAHD
HGJH UHODWLYH WRHWRK BBQYW HERHK G OKDPWR QDB RMAMWLF HGJH
PDJQLWXGHV FRQVRMHRMKODWQH V FD W® B )W BN LML WVWW KR VSHHFK WHP S
'LHKO HW DO DPEDFIXWDD / DQK ®LBKWHGRWREVSHHFK VRXQGV
2XU DSSURDFK UHSUHVHQWY D PHW KRGROHRWE D DWAHRSDU RIXWSHH HUFAR
WUDFNLQJ 1DPHONMVSIRHFXIVRIGV RQVKIBEKHUR QAR X3&LFZKLFK UHIOHI
FRQVLVWHQF\ RI SKHW BHGLQ | WK H QF MYUHD D F RIXMMDICF VWA P XO XV DFUR
DO &$& LV SULPDULO\ VHQWIPWL WEK F\KR DWHWX®GIDWLWH HR/I 3RDR W
FRQWUDVW ZH XVHG LQWHU HYHQWX$ KB VRQ FIRKHNALFH W18 B S RAKDLGE
VLPLODULWLHV LY \QHXSHO VEKG \RFOERIKMRHDFRXYW WLFVKMHQW VHH *U
IRU ,(3& WR VSHHFK RQVHWYV 2XK OBBSN® SKKD W H YUHHD/GIMG/ VD QB
RFFXUUHQFH DUH UHIOHFWHG LQ MS&H¥FK DERWYWIRP SBQHQW,Q RYH
ZKHUHDV VORZLQJQDW KH YISBE ABGXWMKHYU GLVWLQFW VR
6SHHFK UDWH P DIQIHSDXHIMWMR QXN B G N R & RVSHEG WUPHIMEIQH $KLVVDU H
*KLW]D *UHHQEHUJHW DARXUVMNIHINRXORWADOUHYLRXV VWXGLHV X
FRPSUHVVHG VSHHFK WR VWXG\ W H PNSLRQUDDQER XQWE B O DHL Y LEQ CHQWH (
ZH XVHG VORZHG VG HWWK Q¥R \DFRKIOH\F RXQW H@RWHPIH DWRWDEO\ R
UHTXLUHG XV WR VORZ WKH VSHHYKUDUHIDCHEFRXIQWWHEHGRLQ Q@RMF
H[FHSW LQ FOLQLRBD @ XEFSRUDLVFE DRORQ& H Bit QUHSHHFIKRED Q JHW YHU\ VO
HW DO &UXFLDOO\ DV RXU S DASW HFFIKS DR)PANG DB BWH G. W R W®E HI
VWLPXOXV UHOLHV RQ WKH VDPH S®DVFHSWXOH URHIKKOIDQUL V B Y FAFKKD F\R
DOVR VXSSRUWHG E\ RXU LQWUDF UD\QLDO HRIHV Z& HMUHR B HX S RIQR/ N
Rl DQG UHJXODWXXINGHWBN ZHHWG\ L EHKQWIFDO 2M QVDHVVHQWLDO
UHFRQVLGHU SUH YU RXRK/HI HY®RINGIS/ KHANGHRQ VHI[ DB B PHZ ZKLOH HQYHO |
WUDFNLQJ DQG L QMRHUIDONH LIRLD V&M VEKIVWHD WHWVL R VHKUHWLRQ RI EULHI

LQ FRPSUHVVHG VSHHFK ZKLFK UHWEKMQRZWK#H HIPIBEWYWHN Y §MHRXC



*KLW]D *UHHQEHUJ 'KLOH WIS UW W H @ XIDWNRH/FLLEHCEDRRHR I0ROH DY W
WUDFNLQJ LQ WK H QVE & WL RNDHG HJ HNLIWRM ¥ HIKUD EHZBHMIOHFWLYH RI

UHIUDFWRU\ SHULRICR RV QHDM G G RBE B MWARHHEKFE HG
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PHFKDQLVP IOH[LEGR'KD@DB W D BOWHS WHRNKHGDWHY SIKXWHWH WR DFRXVWI
WKH VIOODELF UDWRWYLGE WDSHHHK EBOHWEBPBRIRONDIRDO\VLY DQG SUH

VSHHFK SHUFHSWLRQ

‘DWD DQG FRGH DYDLODELOLW\
$00 FXVWRP ZULWWHQODBH SXHOULFRERFOLPDWORQXBRR JLWKXE

KWWSV JLWKXE FRP &KDQJ/DESDWDOZE GO EAH PBGHKDYDLODEOH XS

WKH FRUUHVSRQGLQJ DXWKRUV

$XWKRU FROWURHEXQWELRQPW FRQFHLYHG WKH VWXGWKH2H[SHDQRBH® W
DQG DQDO\JHG WKHQGDOWD G 8§l ¥H GR3B IDG 6 PR E A SOHFPHK@WWLRQV
$) FROOHFWHG DQG SUHSURFHVVHGE WBR@XVBFWDSW . .DQ& € 2% ZWRW

DQG 6 1 UHYLVHG WKH PDQXVFULSW

S5HIHUHQFHV

$EUDPV ' $ 1LFRW & =HMEXV 1 +HPLWEBEKWH $XGLWRU\ &RUWH]
'RPLQDQW IRU &RGLQJ 6\OODN@d¢$c2BWWHUQ@V LQ 6SHHFK
KWWSV GRL RUJ -1(8526&,

$KLVVDU ( 1DJDUDMDQ 6 6 $KLOYNDH ® 30RWRKDLEBVO0$0 0DK
6SHHFK FRPSUHKHQVLRQ LV FRUUHODWHEGHZEIRW K MGH PBRR D& GJLHA

Proceedings of the National AcademySafences of the United States of Ame®&

I+

KWWSV GRL RUJ SQDV
$OH[DQGURX $ 0 6DDULQHQ 7 .XMD@RUWLFBORHOURLGPHQW
OHDUQ IURP VWXG\LQJ QD W Kdoguaye \CabhiforVaHNeEMssEHoe FHS W LR Q

+ KWWSV GRL RUJ
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$OH[DQGURX $ 0 6DDULQHQ 7 .XMDQRUWLFBOORBDENQRQS RI *OF
/IRFDO 9DULDWLRQV BXBEQHRIR G R HNFRVPAHKG 3 HIUW Jo SR H H
Cognitive Neuroscienc@6 + KWWSV GRMRRAQJIBDB

%RHUVPD 3 ‘HHQLN ' BUDDWXWRHID » SRREHMH. BT \S BER FRPP @

UHWULHYHG 'TWRHPPEWWS  Z ZAMmsEtianD Vhivreidity of
Amsterdam

%UHH 6 YDQ 6RKRJOX ( 'DYLV AVWDLGREI@BXUEYDO UK\VKPV UH
HQGRJHQRWY RYF VXGBRUWLQ PLOS BibldgklSHURHSWLRQ
KWWSV GRL RUJ MRXUQDO SELR

%UHVND $ '"HRXHOO /[ < 1 HPX B D © HRAH RKHIPGB IRMUPDVO RS UUHKG WKW L
SKDVH ORFNLQJ U HIKDGLFRYWD W IH®P 1SR \UHBQEOWS @R PBibW K6P L F
H KWWSV GRMRXJQDO SELR

%UHVND $ , YU\ 5 % 'RXEQRVEGH VYR BELD®/G RIK \RN KPLFIDH P S
LQ FHUHEHOODU GHJHQH U D \WrodeeimyoBthd NalidhalQsaRemy o GLV HD V H
Sciencesl15 + KWWSV GRL RUJ SQDV

%URGEHFN & +RQJ [/ ( 6LPRQ UPDWLRQ bR GXGEGDWRUR WR /L
5HSUHVHQWDWLRQV RIuBeRt@MIdgP28R XV 6 SHHF K
KWWSV GRL RUJ M FXE

%URGHULFN 0 3 $QGHUVRQ $ - WUPG@GRQWHI[EN (QKD GHHPWD & KH (L
(QFRGLQJ RI 1D Vih¢UdDrBal®SN¢ltdseience  +
KWWSV GRL RUJ -1(8526&,

%U\WEDHUW 0 +RZ PDQ\ SDUWGHLIS® GWN SGR) @H SFozyHHJ W®R H [BR
WXWRULDO RI SRZHU D Q D QawnaVofCoywiKoi2HIHUHQFH WDEOHYV
KWWSV GRL RUJ MRF

&DL & ;X - O9HOPKRZXOWRQ- 5 6BDURMDDR 6 6D .LUVFK +

(YDOXDWLRQLBRQDOGXERBVSDFH SURMRBHWIRRHD PWSRD O W KWPDISK IPAD L
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I[URP SDWLHQWYV BLW K I\QWLODEF W D EXORN@Mdimage 188V L P X O D

KWWSV GRL RUJ M QHXURLPDJH

&DSLOOD $ 3D]JR $OYDUH] 3 'DUULED $ 6\ WBPSR 63DWHIRMVXDO
3RWHQWLDOV &DQ M-S RISDO L6XSE ES RI\DIWY LRQQRVM FHORWIHG 5HV S
PLoS ONE6 H KWWSV GRL RUJ MRXUQDO SRQH

&KDLW 0 6LPRQ ©O = 3RHESGLWROU\ OUHYGRQVHY WR EURDGEDQ

JXQFWLRQDO N&UBRdpsOWLRQV =+ KWWSV GRL RUJ

&RKHQ 0 ; Analyzing Neural Time Series Data: Theory and Practid®, 7 SUHVV
'L /LEHUWR * 0 216XOOLYDQ - ¥ IUHOGRQF{ FRUWLFDRHQWUDL

UHIOHFWYV SKRQHP Ku@drtBiblogye?6d RFHV V EQJ

KWWSV GRL RUJ M FXE
'LHKO 5 / B6RXW&RIQYI$V )& / V RRQUDWH RRUPDOL]DWLRQ LQ
S H U F HE:eWdpRRAychophy’7 + KWWSY GRLER

'LQJ 1 OHOORQL /7LPRDQJ 43RHSSH&RUWLFDO WUDFNLQJ RI KLHU
OLQJIXLVWLF VWU XFW XNeaitlké NeQroSde@o@H FW H G VSHHFK
KWWSV GRL RUJ QQ

'RHOOLQJ . % S$KQWQD/ 2+ 3RHSSHFA®XVWLF ODQGPDUNV GULYH ¢
RVFLOODWLRQV WR HQDEOH VSHHFK § R KD MHBIHNHHEED E\ IDFLOI

+ KWWSV GRL RUJ M QHXURLPDJH

'RHOOLQJ . % $VVDQHRAXUDO RWIFIIDGWWURQWRZDUG XQGHUVWI
DFWLYLW\ UDW RILOS BMKGH® WKH HQG
KWWSV GRL RUJ MRXUQDO SELR

'RHOOLQJ . % $VVDQHR 0 ) %HBRGIBBHOD '' 3HVBQDRVRAOODW
EHWWHU SUHGLFWYV F R U \RrbdeadDgsiadthé INBtioa PAdagiaty \bf ciencasl F

116 KWWBMJ GRL SQDV
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'UXOOPDQ 5 )HVWHQ - 0 30RPSRBDO H@YHORSFWVRPIHWHPQJ RQ
U H F H SN Odi@al of the Acoustical Society of Amergsa +
KWWSV GRL RUJ

'UXOOPDQ 5 )HVWHQ - 0 BORP&F LRI VORZ WHHSR RD @ HP&®R G XOD
VSHHFK UTFEBdBMALAR Qe Acoustical Society of Amer@a +
KWWSV GRL RUJ

JDXO ) (UGIHOGH® ( /DEXFKRQHU WLVWMWDO SRZHU DQDO\VHV XVL

7THVWYV IRU FRUUHODW LR Qelia@uBResEaidh Methodi® Q DQDO\VHYV

KWWSV GRL RUJ %5 0

JULVWRQ . - ®RMDGODIUWAXIH] 'UBFHIDUU 7 +ROPHV ( $FW
O L V WHttarin@Research KWWSV GRM KBWDUHYV

*KLW]D 2 *UHHQEHUJ 6 2QL @/ 5K \NRAOPIL E Q H5 S R B FIKR3 HAUFDI S \

,QWHOOLJLELOLW\ REHHFK ZRW R UHMMHREAERF DQGHISMHMLRQV RI 6LC
Phonetica66 =+ + KWW&V GRL

*LUDXG $ / BRHSSERUWLFDO RVBHMEGBEWURFHDOWVIADI (PHUJLQJ
FRPSXWDWLRQDO SUL QIBturs Nedrdsde@c@5RSHUBRWLRQV
KWWSV GRL RUJ QQ

*URVV - +RRIHQERRBFK\QVKERW 3MH@IHQYL3I 6 =*2WUURG 6 6SHI
S5K\WKPV DQG 0XOW IUS GH[GI\GR 2V RLFOGOLIW/AU@ LbBXBidlog)XIR D Q
H KWWSV GRMRXUQDO SELR

*ZLOOLDPV / VIFHODDMKREFD Q KRHDRSHIRRK § FRPWPH QWD U\ RQ 0OH\
D QG 0D UWahanguage, Cognition and Neuroscience
KWWSV GRL RUJ

+DHJHQV 6 =LRQ *ROXPELF ( Rl VBHKQWRBLBS URFHYMNQ W LR QUL
Neuroscience & Biobehavioral Revie\@é +

KWWSV GRL RUJ M QHXELRUHY
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+DPLOWRQ / 6 (GKZDQUGV | & GDESBWRQOHW DQG 6XVWDLQHG
6SHHFK LQ WKH +XPDQ 6XSCGutdnRBiblIagfZBBSRUD O *\U Xt/
KWWSV GRL RUJ M FXE

+HOIULFK 5 ) 9%UIKWWD5 $7 .QL UBXOPBXHMWQG QHWZRUN UHVRC(C
Rl WRS GRZQ JXIOBri@ pwionN iH Bswhdo @29 +
KWWSV GRL RUJ M FRSV\F

+HUWULFK , 'RAWDILGK- 6 ORRYV $ + $FNHUPDJYHWLF EUDLQ DFWL
ORFNHG WR WKHOHD@QEHDHRBEY MKW WDQBHVKHQKQERDBHIHUBHLYHC
V L J @y@ophysiologyl9 + KWWSV GRL RUJ M

+LUDWDD < /IDPEDFKBHROB Rl ZR URBQN MWMWQD® GDWLYH VSHDNHU
Rl YRZHO OHQJWlonetgaébDSDQH¥H KWWSV GRL RUJ

+ROGJUDI & 5 G5LHJHU - : OLFKBOLZ & 7RBY@ILWQVHQ JQUJIJKW
(QFRGLQJ DQO@RIGHROELRQ &RJIQLWLY Hrop@ersFrivEYSRIBK\VLROR J\
Neurosciencell KWWSV GRL RUJ IQV\V

+RYVHS\DQ 6 2O DMDDIDE WL /, * J SRMFELIHAVWLYH FRGLQJ DQG QH:
RVFLOODWLRQV HQDEOHV RQOLQ H RKaue CahdndnicbHd&RI QLWLRQ LQ
KWWSV GRL RUJ \Y

.JVHP % %RVNHU + 5 7DNDVKLPD $DJRRHW 8 -HQVHEGXBDO
(QWUDLQPHQW 'HWHUP L QELehVBitlogy28 GV :H +HDWH
KWWSV GRL RUJ M FXE

/IDUJH ( : 6Q\GHU 3X®VH DQG 0HSHMR QAnGAEIK thNEw York
Academy of Sciencekl69 + KWWSV GRL RUJ [

/IXR + 3RHSSHO3KDVH 3IDWWHUQ VQR/IHVHXHRIQMEID 5 HWSFRULPLQDWH
+XPDQ $XGLWR&oRRUWH[ =+ KWWSV GRM RUHXURQ

ODULV ( 2RVWHQYHOGSDBUDPHW HMAWWLWY D W L \( (¥ L DRIEBuME| 5f G D W D

Neuroscience Method$64 + KWWSV GRL RUJ M MQHXPHWK
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OH\HU / 6XQ < ODUWLQ $ ( W HOQWBRURBBXY[REXWRXY DQG
FRUWLFDO UK\WKPV RI VSH H EahgDaQeG COybi@1d XDl NeurSsdiehEe+V V L Q J
KWWSV GRL RUJ

ORXOLQHV ( &KDUSHQWEHKUV\QFKBRRERMXREBYMLQJ WHFKQLTXHV
VSHHFK V\QWKH YV LSpe¥shlOQnmBricatoR QHV ~ +

KWWSV GRL RUJ =

IRXUVNL . 9 5HDOKM 5DEDWDNL +. .RXBIRK +& +RZDUG 0 $ % \
- ) 7THPSRUDO N(IPMHHRRBEHURHVVH G HGWHBKLEH®WKH +XPDQ $°
& R U Wétthal of Neuroscienc@9 +
KWWSV GRL RUJ -1(8526&,

2EOHVHU - .D\WWHWDRXO (QWUDH®PIHRQWD O @E GMAWHRW LQ WKH /LVV
Trends Cogn ScP3 + KWWSV GRL RUJ M WLFV

2JDQLDQ < &KDQJ$(VSHHFK HQYHRRISM\ODORBEGBWHRFRGLQJ LQ K.
VXSHULRU WHRBR&AIGNEEIKRWWSY GRL RUJ

2RVWHQYHOG 5 )ULHWFBRIOBDOHY JLBOG7ULS 2SHQ VRXUFH VRIW
DGYDQFHG DQDO\WLV RI 0(* ((* DQG Q @OaMmautYritelHNEurbBdiV UR S K\V L
2011 KWWSV GRL RUJ

2VWHQGRUI 0 3UWRHXPN +XIQEKIH® %YRVWRQ7KQLYHUVLW\ UDGLR C
Linguistic Data Consortium +

26 X0O0OLYDQ - $ B3RZHU $ - OHMID-UDQL6KIL QIQDERXKIHILRI6EODRH\
0 6KDPPD 6 $ /IDORU ( & LWV R FMNWR QD D@ FHHIDW F \WQLRL
&DQ %H 'HFRGHG IURP GdréphlD0drt@x33 DO ((*x
KWWSV GRL RUJ FHUFRU EKW

3HHOOH - ( 'DYLVIHXUDO RVFLUSBDWHR QK\MIKPUWKURXJK WR FR

Frontiers in Psychologyd 6 (3 + KWWSV GRE&EWUJ
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3HHOOH - ( *URVV - 'DYLV OHV¥SRQVHWBKDR N SOHRFAKH GQUK XP D Q
FRUWH[ DUH HQKDQFHG Gekbral QdrtdxB3P SUHKH QV LR Q
KWWSV GRL RUJ FHUFRU EKV

3HINRX 0 $UQDO / + )RQWRODQ %DQE.DRGG %DQRG 1HXUDO $F)

5HIOHFWV ,QGHSHQGHQW 6\OODEOH MJRRRBQH DWVABEeIRFSHAKK HQ

Journal of Neuroscienc87 + KWWSYV GRL RUJ -1(8526&,
SHLQLVFK ( 6SHDNHU VSHFLH[WSIURRHPOMWIIRDQ G KHRFDWVHFRIC
Applied Psycholinguistic87 + KWWSV GRL RUJ 6

5XKQDX 3 G5XIHQHU + 6 +HDKKOMXDVHG WUDQVFUDQLDO HOHFW
VWLPXODWLRQ HQKDQ F HBrainStititionFRPSUHKHQVLRQ
KWWSV GRL RUJ M EUV

6HNLKDUD . .DZDRDWD 6XPLBWK 6 .HPEDEKOWD 6 1DJDUDMDQ 6 6
'XDO VLJQDO VXEVSDFH SURMHFWLRIPRBBEQJ  DQRIHH IOQBVGHAR bl UW

ELRPDJQHWLF PIHNBWaXKEhHIBH QW V KWWSV GRL RUJ

6RKRJOX ( 'DYLV 0 + SHUPE B W X0 DO BEQ P QQ LRPILGIHIU SU
H U PRteedings of the National Academy of ScientE3 ( +(
KWWSV GRL RUJ SQDbV

THLFKPDQQ O .DV& $ )HAURMX WKW 6 DIFRRIUXHY PRIBPQ & 'RUPRQW
'XERLV % OLJOLDFALRLSKHULQJ ORURSHURILEFHS/AWULFH DSKDVLD

FOLQLFDO LPDJLQJ DQG BrhREBIBWBNWHU LQYHRVWLIDWLRQ

KWWSV GRL RUJ EUDLQ DzW
WHQ 2HYHU 6 6DFN $ 7 20 PLDECOIHW SR dSHHERVWHROK D SHYV  V
National Academy of Sciencd42 + KWWBWJ GRL SQDV
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YDQ %UHH 6 $ODROD %$ “REAVFRWOKWEZRQFBQ RQG QHHG WR NQI

FRPPHQWDU\ RQ 'RHO O L Qurgp@aB Jeu/nalbiNedRosciendh +
KWWSV GRL RUJ HMQ
9RONPDQQ - +HIWHU + )UBDGOH + ,RSDLUPHQW RI WHPSRUDO RUJ

VSHHFK LQ EDVDO %OUDIO) X@BE&NBRYHV

KWWSV GRL RUJ : 4

:DGH 7 +ROW [ / 3HUFH S V)R $H HHFAW WY DRN HS BBFWB PSR UD
VSHHFK F DPe/déptiRrUELRS Y Ehophysics7 +
KWWSV GRL RUJ %)

=RHIHO % 6SHHFK (QWUDLQPHQW G5K\ WK R U GUEHE L D\® DRVQ\R @
Biology 28 5 +5 KWWSV GRL RUJ M FXE

=RHIHO % $0ODU®YLV$QLE® 0 WLRQURHSK\WKPLF 6SHHFK ,V OR(
JRFDO %LODWHUDO QDW QY F &XQ UMNGQINDOSVELIXG NalrbsRience
32 + KWWSV GRL RUJ MRFQBDB

=RHIHO % $UFKHDYAR\Q® $ AKPHRQ WU BUDLQ 2VFLOODWLF
ORGXODWHV 1HXUDO 5HV SR QGuHent BidbgyR8VHOOLJLEOH 6 SHHFEK
KWWSV GRL RUJ M FXE

=RHIHO % WHQ 2HYHU 6 6DFN V8 Rl (QGRJAKHR XY YIRHOXNUHDRH QV F L ¢
WKH 3URFHVVLQJ RI 5K\WKPLF ,QSXW R R (¥R NKIEEQ 1B %WD ®OTHY S F

Frontiers in Neurosciencd2 KWWSV GRL RUJ IQLQV
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JLIXUH /HIJHQGYV

JLJXUH 7DVN GHVLJQ DQG HQYHOR 3KHMUTRMWWL FL DDY H XRIDR RS DDA
XWWHUDQFH p7DUDQWLQR VD\V« XBHVKQWIDORED HDERSX QLGN WL MAH F
GHULYDWLYH RI WRSIRWGIGHRO® $.M V XEH W F/H KIQVBIW DR UHJXODU UD\
VORZHG ULJKW VSHHFK UDWH $UURZWNPW KN V¥ PQGK® DVOKS X\AHP S RD
%ODFN ORFDO SRS VSIHD MW(IQH HRXAUEBIHY DFHRIXQWGFDY ORFDO SHDN
WHPSRUDO GHULYZDIWLRH WIKHN H QRYIHFOBRESH 7 [SEMHIN 5 D WRIU WUDQVFULSYV
VSHHFK VWLPXOXV G6B & GRWQR® LR QDWLPRD KYDR[FHH YWV DW WZR GL
UDWANHTXHQF\ RAHRFEX BHIDQ ¥ W ISEWN U VDIVKING O'IHQHY PDUN WKH
IUHTXHQF\ RI SHDNBRIVH &8XH QW V+[. QISMG! FKH JXWDHDHE®B L Q J @ H
VXEMHFW EODFN DQG JURXS DYHUDRH 6HH7BROHBUHKIRQVD ROQ \B\W L
FRPSUHKHQVLRQ6MQH\NRWLRYHFWDQR Q WZHDWS RRQVHGWROMX WARISUDQFH R(
*URXS DYHUDJHG HYRMV® OEBVSREQRRVAHLRBOREHE L(UURU EDUV I
DFURVV VWXEWWRWYV7RSRJUDSKLF PDS RI D JURXS{OMRAWBSHGH®D V RWH
PDUNHG (LOURX® DYHUDJHG H®RNMHHEG UM R SSRHDWS BWHIQIVQ/G 'RMDWKIG YO
PDUN FOXWWHUVZZIWWKK D FO X ¥ W\ D VEIDR/G! GV IS VI COUD DQAHW & (OUBREU R
VXEMHF&HWHEUR DFRXVWLF SKDVH FRKHUH QOFQIG &$&1 HEHKWHZGHHO R(S +
XSSHU SDQHO D@6 WZAHHQLVOHRIH PG Y& JOBRZHUW/ SBOHO 'DWD ZH
ILOWHUHG LQ VHPY SOEHGEWRBVFPOWE HHQW K LD/QEBQDO\VLY 'DVKHG
OLQHV PDUN WKH [RY HSUHDINS DWW XIYGEQWYV R@ PDYFEKREQ LQ SRVW

KRF W WHVWYV gLWK (WQWRHIUPFWLRPQH * 6(0 DFURVV VXEMHFWYV

JLIXUH 6SHFWUD O/ DIR®WXPISR RD Q RRIKY HYRIRXW SERVHQ RVFLOO
HQWUDLQPHQW DQG HYRN HEF KHFBW QN H CREVMOTDRN IR \Q RX WX U H

WKH XWWHUDQFH LQ )LIXUH $ XVISHHWK WHBQ®LO | HUWi6G\W HP RRAVHQ D O
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HQWUDLQPHQW PRGHO %RWWRRE 3&YRNME HUHOAS BQWIG LPARAGHH® E\ RV F
HQWUDLQPHQW P RGHWVOIRL WSHIKOD BUHBFK DDI@ BUHRQVYRQ 'DVKHG C
WKH IUHTXHQF\ Rl SHDN5DW H H$H @W R U ® YHFONFHKGF'B T BEPB@RIQ ®RGH O
G\QDPLFV Rl GHOWIE)\ (B&FS 0O®MFRVUH 643 WEDIYIHEP R Q V& PIRIGS DW H HY H G
OHDVW PV DSDUW IURP IROORZLB B EREAQ\SWHOK FIRRHYBMMRQ LQ '

IRU WKH HYRNHG UHVSRQVH PRGHO

JLJIXUH 6SHFWUDO SDWWHUQV3BHGIBRWLR Q {* REIDRWFLH ODWR U\ DQ
PRGHOV IRU VSHFWUDO GLVWULEXWH@® $R HSODMH, (G & FANCLIIIL W R GHV
REVHUYHG LQ UHJX®HHFRFR YO RYHBDXYHOLW KRQVWIP W KBWWD DQG Gt
RQH RVFLOORWR B\HD\R BHWE3 HEBQYWHUQV REVHUYHG LQ 0(* UHVSRC
UHJXODU OHIW DQG VO RSHIG WRILDEG (8 & BEMDHANORIVIYYW UPH FRUUHVS
SUHGLFWLRQV Rl WHH RIGREWGS$U ERIBUMRF BOPHEGRBWRXUV LQ & ' E
FOXVWHU EDVHG SHUPXWDWLRQ WHVWL&R WDUB0OQ WW RSU B HHANYHOND E [

FRXUVHV SUHGLFW@RG REWKH RBAHOWKH QHXUDO GDWD

JLJXUH 'HOWD SKDVH ORFNLQJ LY P\FROHVBIGVWER SHDINGIIDMHRN I Q ¥
,(3& DFURVV VHOHFWHG SHDNS5DW HDHZDN Q WR/PWSKIHE HZGILUGH] D VQ@GH D V
I[URP VXEVHT X% QMO MDH IR WLPH §B®HQHV KRRZW WWREHF U R3\&V DW K D J H
GHOWD UDQJH 5HRED KRV LER Y WDIOQ BN IQRHHE RLROVWW PROUMLJQLILFDQW Gt
EDVHRLQRIUUHODWLRQ ERRXUWIQV, S&HE L PWHIG ER BAVKIH PIRG HQVW K H

G D WD

J)LIXUH 1IRUPDOL]DWHRQ3&IIBH IF-NREDW H PMXD GBVWBRHHHAKP RI SHDN5DW
PDIJQLWXGHV LQ UMNKOXD YWHERKE RX Q &G DIPHHVDAV/DE NRIGBG $ORZ VSHHI

4XDQWLOH 4XDQWLORD $QRWXKIHY HDRAM@ RCHUH BKQ 8 WIOP XO XV SHDNE
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VORZHG VSHHFK VWSRBR®XYWH M D O MRHWV K. @ W HR pe@ONM RSV«
SHDN5DWH PDJQLWIX®Q W KD QUIQUHY HITBWIND P KUIHD @ K \DIPHHUD V ' IR U
VORZ V$BHMWHGLFWHG TXD Q WU OMKHX\DI W & & HV® ®RIM/®& OBH BRIG ZLWK
RU ZLWKRXW OLJKWA4 XDRUNIDGH. [TDDIRED QG S (BRW PRHDWQKUWIW D RU EDU\
6(0 DFURVV VXEMHFWV LQ UHJXODUQMG MORKD §WHBFKY O & XKW\ D (Bk
GLDJRQDO LQGLRERDWWQGEGNYPRIOWKHIWDQG3¥ ARZUBIXOMWHFK FRQGLWIL
AXDQWLOH TXDQW IQWHHY®RRW R IUEHY B XGHE SPIBDQP CHWUWRW EDUV PDUI
DFURVV VXEMHFWYV LQ UHJXODU DYQIE0X&R 7DV SHHFKY H XDR) W IKGIHGTXI
VLPLODU PDJQLWXEMHYGRH Y\RMNH E URDV SIRAGQWWR G UBNEDWHB DQG VOF

FRQGLWLRQV

JLIXUHIIHFW RI QRLVH OHYHO RQ ,(3& HEIDNDFINW 1D GIG FS@RWE M UL QUW & H IVl

+] IRU UHJXOPU VSHHFK

(IWHQGHG GDWD OHJHQGV

7DEOH 6SHHFK VWLPXOXV WUDQVFULSWLRQ

7TDEOH &RPSUHKHQVLRQ TXHVWLRQV

6RXQG 6RXQG ILOHV IRU DQ H[DPVORIZWW L\PSKFOFKFWKDUMD WHY¥XODU L
$QQRWDWLRQ $QQRWDWLRQ RI FRQWBIOQW RREBRR QG LQ D SUD
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