4XD QW LWKRSD F\WERIE®DPRBOVWKH UHJLRQ
OHYH®E WKH %ODFN 6HD

. XEU\DNRY B WDQLFKARO®MRY '/

JHGHUDO 6WDWH %XGJHW 6FLHQWLILF ,QVWLWXWLRQ OVWWLWOALQH +\GUR
,QVWLWXWH RI (DUWK 6FLHQFHYVY 6DLQW 3HWHUVEXUJ 6WDWH 8QLYHI
&RRSHUDWLYH ,QVWLWXWH IRU ODULQH DQG $WPRVSKHULF 6WXGLHYV

12$$ $SWODQWLF 2FHDQRJUDSKLF DQG OHWHRURORJLFDO /DERUDWRU
&RUUHVSRQGHQRENRR $OSVUNAKEU X

$EVWUDAMHOOLWH DOWLPHWU\ PHDVXUHPHQWY VKRZ WKDW WKH PD
XQHYHQ :KLOPHWRHVEDVQBYHO ULVH IURP W R ZDV DERXW |
ULVH YDULHG IRRPHDU LHQWWHBOFSDUWPWHDW WKH EDVID®D G HULSK HU
QRUWKZHVWHUQ VKHOI DQG WR PP \HDU LQ WKH VRXWKHDNW HG®
GLIIHUHQFHV LQ WK HD®RMIPQF WHD®D Z/R¥MBQUR WEXSAEBKXDQJHV DQGNKH
PHVRVFDOH G\QDPLFV RI WKW HUPDEQWHQV L) LLADW LR @ RQ WKH F\FORQ
REVHUYHG LQUWUHQJWKHQHG GLYHUJHQFH LQ WKH FUH MM @ HRRHOKIDE
DQG VKHO! [BYHDEQDQIGHDEDVLQIY LQWHULRU $QG VHFRQG DQ H[WHG
UHVXOWHG LQ a PP \HDU KLJKHU UDDMMMUR SBEDW RY K & HRHROLQN W
WK D\® WIKFDGAB DPLF VHD OHYHO YDULDELOLW\ LQ WKH %ODFN 6HD FD
FXUO REWDLQHG IURP DQ DWPRVSKHULF UHDQDO\VLV 7RUVGD@IDRZA
HITHFWV LQ RUGHU RIRWGINUR I W HEBHQE WMIDQOINWHO FKDQJH LQ WKH SDV\
HUD

,QWURGXFWLRQ

7KH PHDQ VHD OHYHO 06/ ULVH LQ WKH %ODFN 6HD DV EKHOO L
EDVLQYV IUHVKZDWHU EKGSIHOW DRI RV KWMKW KADUPIDIO FBRUDXPHY GV DR
*RU\DFKNLQ DQG ,YDQRY -HYUHMHYD HW DO &D]RQBY H HUMC
FRPSRQHQWVY RI WKH %ODFN 6HD OHYHO EXREJHBWUKDM UE N WX GIORH VAV
$OWPDQ 6WDQHY HIWW @YD HW7MOPSOLV HW DO *RU\DFKNLQC
*UDHN HW DO ,O\LQ HW DO 9RONRY DQG /DQG R HIW W L P D 9
RI WKH %ODFN 6HD OHYHO ULVH RYHU WKH WK FHQWXU\PEDNDBIG R
%RIJXVODYVN\ HW DO 5HYD 7VLPSOLV DQG 6SHQEHHUUHHYV
ZLWK a PP \HIDDRRRDQVR6/ ULVH'BXQWIUWKKXUFBBHWHBGCRQ VDWHOOL
PHDVXUHPHQWYV GXUWIBRPDG WKH %ODFN 6HD 06/ WKH® URWHHDW D
&KXUFK HWS$NUDU HW AWK WKH WLGH JDXFREBGRE IR DNPHMWIUOHY HO
%ODFNDBHDQRW RARQW WDRIPAMJ\DFKNLQ DQG ,XBEQRXYNRY DQG 6WDELFKQ\
ZDV ULVLQJ DW D &y HBP KH DK WRQW HXFEIFHW DO 6WDQHY HWaDHQDYH HW



oi

*RU\DFKNLQ HW DO 9LJR HW DO <LOGDREGH W D CHDW
*LQ]JEXUJ HW DO
7KH EEVGE VDWHOOLWH DOWLPEHWUD CPHH® WWKKUICHVP HQKWHY KDDYFHN 6 HD O
ZKLFK LV UHODWHG WR WKH G\QDPLF IDFWRB&WDOKDWHWHGBQVWULEXW |
HW DO 7KH PDLQ IHDWXUH RI WKH %ODFN &AX GHNQDW LER ZLL\Q W R B RFQB(
VORSH 7KH JHQHUDO F\FORQLF FLUFXODWLRQ UHVXGWYV KL KOH O R/ZHH

DORQJ WKH FRDVW %ODWRY HW DO 6LPRQRY DQG $OWPDQ

.RURWDHY HW DO W KDV EHHQ VKRZQ WKDW WK BHDH B V®REXCD Y

GULYHQ E\ FKDQJHV LQ WKH ZLQG FXUO DYHUDJHG RYHU WRUR WD WLY(
*UDMINV DO . XEU\DNRYQHWM. @WHU WKH F\FORQLF ZLQG FXUO

(NPDQ WUDQVSRUW LQFUHDVH DQG FDXVH GLYHUJHQFH L@ RWDR/N FHR!
FRPSHQVDWLQJ YHUWLFRO X3 OWKW FH@WEUVRFWLRH VHD EULQJV FR
VXUIDFH ZKLOH ZDUP DQG IUHVKHU VXUIDFEKEDWH&REZQ ZSDOKIHG W F
BWDQHY .RURWDHY .XEU\DN,RY VKW PMHOO RDKIF ELRQG FXUO ZHD N
GLYHUGH®BHI\GHWKH ZDWHU DFFXPXODWHG DORQJ WKH FRDVW IORZ)\
. XEU\DN@BD RWDHY
IRQWHUP FKDQJHV Rl WKH %ODFN VHD GABDRUIFQ HLPSDRW WRCH WHIHD
EDVLQ 3DUWLFXODUO\ 9LJR HW DO DQG ODWHU ODEB\BNRYFRD
VHD OHYHO LWUPWNQIDVWHU WKDQ WKH VHD OHYHOULQ@HVKE YFHYVQWLH I
VSDWLDO VWUXFWXUH RI WKH %ODFN 6HD OHYHO W UD\QBRYV $KWUUF OR
‘H DOVR H[SORUH ZKHWKHU KLVWRULF WLGH JDXJH PHDRXUHFW\G VI
G\QDPLF HIIHFWV LQ RUGHU WR RERMHDL@ \EHDV &/HYUH 9V MKLIPOIHHIVQ RW KUK K
7KH VHD OHYHO ULVH OKDIGCYJWRIOIQPRRGLRUHOVORERDVWDO HURVLR
LPSDFW RQ KXPDQ DFWDYERDRDWWRQ MIQH %3CDOCSFONJ 6 H $YVDU HW DO
LGHQWLILHG DV RQH RI WKH PDMRU SUREOHPV IRU WKH WODFN 6HD
(VWLPDWHVULRRY WM\DKDWYHO E\ PP WRAINKRDWVWD® HURVLRQ *RU\DFKNI
5LV VHD OHYHO E\  FP ZLOO UHGXFH WKH DUHD RI WKH %@\W FINO6 H
7KDW LV ZK\ WKH LQYHVWLJDWLRQ RI WKH WSID¥IND ®HDDQ B ELLVDV
DQ LPSRUWDQW WDVN IRU WKH FRDVWDO DSSOLFDWLRQYV

'DWRG OHWKRGV
,Q WKLV VWXG\ ZH XVHG WKH UHJYRQDIH Y B & HDMRIPD D LDHOW I6P$1 W U R
SURGXFVYDBDOBMRYQGLVWULBXWHEL\WEK VXS&R(BW IADPPYLVR RFHDQRE
7KH PDSV DUH EDVHG RQ PHDVXUHPHQWYVY E\ XS WR IRXU LBQWO O LW
VSDFLQJ R{H GDWD DUH URXWLQHO\ FRWUMHF® BB RIRK\\LIQADOU KPR H WD C
$ G\QDPLF DWPRVSKHULF FRUUHFWLRQ '$& LV DSSOLHG WR DWRER
DWPRVSKHULF SUHVVXUH DQG ZLQG IRUFLQJ &DUUHUH DQI&¥ /\PHUA RG
GD\RI D EDURWURSLF PRGHO RI /\QFK DQG *UD\ ZLWK WKH
LQYHUWHG EDURPHWHU FRUUHFWLRQ DQG LW UHTRHQFDWYHMDO D HHIGX
HVSHFLDOO\ LQ FRDVAWD @ W HIJLRQVKBB®B NRW KDV EHHQ VXJJHVWHG W
QHFHVVDU\ LQ WKH DOPRVW HQFORVHG %ODFN 6HD *LQJEXWXRIHBO



WKDW RQ WKH LQWHUDQQXDO DQG HXR Q VS RAQLGPWH W R DRKH\WQ WH\H LYQOMW |
LQYHUWHG EDURPHWHU PDQQHU L H PEDU FKDQJH RI ©UWH/D/ OW HE
2YHU WKH UHFHQW \HDUV D JUHDRRBVRJBHDV XYL B HKRK KDG FZHKH. |
EHQHILWHG WKH UHJLRQDO DOWLPHWU\ SURGXFWV VXFK RYWHWK®G W H
WKH FRDVWDO DUHDV RI WKH OHGLWHUUDQHDQ 6HD KDV UHPNG®DE
DIJUHHPHWMHHQ WLGH JDXJFARDVWWRE/S WL Q QMK B WOWD FN 6HD KROON B ® \ORQ E
IDQGHUHURURWDHY HW DO BWDQHY HW DO *RU\DFKNL
$YVDU HW DO
7KH DEVGRQOWHF WRSRJBD®K\H % @DV N BFADXWHKP RI WK H BDRIH B
3V\QW KPHHMDIQF G\QDPLF WRSRJUDSK\ Rl .XEUTENRR @G BO® @ HUKLG\L RQ D
RI WXWHI NVFH JHRWWBRRSWLAVARP SXWREBHHEVROXWH G\QDRVEQIRSRJIUDS

JvK JvK
X — Y,

JHRVWURSKLF HT)kEy\XNLRQV I v

ZKHKHVDEKROXWH G\QDPLFE\XN\NKRJ&JFR)L‘B[KRQELSDWIB(PIHWIEDH’HJ—VDJ—MD[DR/Q.ER(

GHYEY WKMFDOOWH. DULDELOLW\ ZH XVH WKH ISD‘J'Q(:LWXJGH RI IJHRVWURSE

7K DULD E L OhGDSAND \BUKBIHHFR P S8 WHZR BDBEMDQHY HW DO U DMKIHH W
EDVRYQH U D J H G AKHDIY.BHD DICNG AVERU WIKEO H DIPEIR@WY [RLL Q H G DL QGWKVI HJD VLI
DQIAWIGHNQDPLF VHE GKPEXH WR WKH UHGLVWULEXW%R® DRIKEHD 8/RIQV HL \
RB/$SWR WHKHHIRHQF\ YD U KOCELON W RU \ER B PRWW VS D W .LFOURW DXHOYL HRW A

W6/ DW D SDUWLFXCLDAH OLRADGVD R QV K H G L | OFRUSHDTDE N DEHGV WHKHHQE W K I
PHDWHD OB&ME [\ $'7 [ \+06/

,Q DGGLWLRQ WR VDWRORRPESX WD WLKPH WILQ G5 BPXWWO RYHH XWWHHG% OD F
KRXUO\, Q3¥HULP ZLRMHWKBIWIKW 'HH HWVDKDV EHHQ KHKRZR WHKWDW &L Q
RYHU WKH PFFROLDAHEBW K/ LWX PHWHRURORJILPQG BHV VX UHEK MWVY DU LI
GLUHEWWREKDWD RWKHWWH DHBDEFD @&Y(3 :5DUPDVKRY HW DO

7R VWXG\ WKH YDULDELOLW\ Rl HGEXVBEDOLEXWRPYWH G ODKNS 58 [
HW DO HGG\ LGHQWLILFDWLRQ PHWKRG GHVFULE}MU LD EK WMBGIC
WKH P IG\W KABAY DDA PV [LPXP RUESLW BIO FrkH OIRBE® VSR [BAKIHQIMYH T X HQ F\ R
REVHUYDW LR Q F % IIHVGWK M/ R W DVOIWVL® s RIKGIWY LV ORFDWHG ZLWKLQ DQ
DQWLF\FORQHY DUH ODUJHUOR®DG VP RUIKIS R VH D G0 DAKEIXEWFBEN. F K Q \
WKLV ZMWRQO\ FRQVLGHU WKH SURSHUWLHV RI DQWLF\FORQHV

5HVXOWV
,QWHUDQQXDO YDULDHIDOOCWYHODO WKH %ODFN

7KH YD UL DEKI® 9D\ DRFFIN. ¥ HIX RAQ LY 06/ZDV ULVLQJ DW'D PPWH R
EODFN GRBMUHGDUQHQ DJUHHPHQW ZLWK $YVDU HW DO 06/7KLV

ULVH LQ HJ &D]J]HQDYH HRHDVUHQG KDV QR EHWIQOFRQW WD QM) JVIH
i



WKHQ LMO 2mX J DQG LQ LWRUBDLQ DIBLPLODU VHD OHYMX FKDQV)
WZR SHULRGV KDYH DOUHDG\ EHHQ U+ISRMWHBOE\ 9LJREHDWHIBORQ Wk
VDWHOOLWH DOWLPHWSK DIQUG \J WRY WAKHHWIR RXEMWVD R1 ZDWHU LQ WKH ¢
PDLQ UHDWREDDRUWBWKIHG VHD OHYHO YDULDELOLW\ 6WDQHY HW DO
9RONRND QGBUHU 9RONRY HW DO $Q H[WHQVLYH UHYLF
ZDWHU EDODWRHFHQ WRML EMG LQ *RU\DFKNLQ DQG ,YDQRY
7KH VSDWLDO GLVWULEXWLRQ RI VHD OHYHOWWR GGV LLRGW KLH %0 D/
VHD OHYHO FKDQJKQLMRUSD WQ MDIOHERBQW ZLWK WUDIBINKUP Bl @ DORY BI W
HW DO .XEU\DNRY DQG 6WDQLFKQL\ 6HD OHYHO LQ FRDVWDO D
PP \HDU ZKLFK LV DSSWRRPHRDWHDWHU WKDQ LQ WKH FRHRQWBW R I7 KWH
ODUWIHM G H[FHHGALRIHDU LV REVHUYBG HQQWKMHUWRRWWHKH EDVLQ
GLIIHUHQFHV LQ WKH VHD CBDWH@ GL QB FIUFNG USMAIFWERKSY VIRV W KZH W K L Q
,QYHVWLIJDWLRQ RLW¥SDWHIDWR @YU URIDELOLW\ LV WKH PDLQ JRDO RI W
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'LQGULYHQ G\QDPLF VHD OHYHO YDULDELOLW\

7KH PDLQ IHDWXUH RI WKH %ODFN 6HD G\QDPLFV LV WK R RQMORGIQAVD
VORBAKH SUHGRPLQDQWO\ F\FORQLF ZLQG WXUODRM H3L YWWKUH] HEQ FHQL © D!
DQG GRZQZHOOLQJ PRWLRQV DQG DVVRFLDWHG GHHSHQH®Y BHGS HUWIR
KRULJRQWDO GHQ@W. WU UYDGRRIHN @ RJKREW DQ HFY 119 2D O _RUR\

7KH VHDVRQDO YDULDELOLW)\ RI WKH %ODFN 6HD '6/ LVD@WLYYH® BOW K

.RURWDHY HW ZDOQWHUFXKHM LZQRWGHDVHY DQG LQWHQVLILHV WKH |
'6/ IDMLMQ WKH FHQWHU RI WKH EDVLQ DQG ULVHV DW WKH EDMUQHBHUIL
ZHDNBQ® WKH ZDWHU DFFXPXODWHG R 8 FEDN WXHYHRIA/MU LRRZV EDFN
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7LPWHULHY DUH VPBRWKPRYEQJ DYHUDJH

%\ WKH PHDQV RI (NPDQ G\QDPLFV IOXFWXDWLRQV LQ WKHDXOQR R
WKH ORQJHU WLPH VRDOHKWY AMWQBHRXIWXHQEQHDVH WKH '6/ DW WKH E

n



=13

EDVLQ BNQNHHVXOW WRMLOAYQ QWMKHULRU DQG SHULSKHU\ KDYH DQ
FRHIILFLHQW IINJ F WKDW ZDV WKRGQHM) &W HQHRXNW DO

'LVSOD\HG LQ )LIJXUH LV FRUUHODWLRQ PDS EHWZH HQ KMK BKRIOHG
BHIDQG '6/ DW HDFK JULG SRLQW IRU WK & DW LFPRIY V@IU IDHAH VP RHR WRKGIT
YDULDELOLW\ LV UHWDLQHG 7KH FRUUHODWLRQ FRUWHILLFR®'D WAL WK H
JHQHUDOO\ P DIXG WRBIQWOM HIJDWLYH LQ WKH G7HKHHS FIRJW H O IDRVL
FRQVLVWHQW ZLWK WKH VIBFHRIQGHG) VR DWEHYBIOWEZRHPKU KDY EHHQ DW
FXUO *UD\HN HW DO
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JLIXURRUURQDARIHIILFLHQWY EBWZWHMHIH &/ KHED ¥XQO DQG '6/ IRU WKH
VPRRWKHG ZGWKPRYLQJ DYHUDJH RQO\ LQWHUDQQXDO VLJQDOV DUH
MEDWKYV PHWUHYV

7KH FRUUHODWLRQLFAR RN HEL MKW VFROWLHQHQWDO VORSR FROX\EK E JEV
ODUJH ZGIRWHKI Q VRWIOU DMKHD F R QW PQIQQMRIY BBREMFWR WKH GRZQZH
DQGRZHUMWXKHRS\FQRFODYHG GHFUHDVH RI GHQVLW\ VWHULF HIIHFW
FHQWHUQERAVFEK WKH VHD OHYHQ WKWHVRDIOW RZK MK\H®DR SHJHDV ZKHUH
LQ ZLQWHU PRQWKYV WK MR EV HUWYLHP® Ua/OY FDIXD/EHG® E\ EDURWURSLF PF
LQ WKHHDRMWWIXUHD RI WKH EDVLQ ZKLFK LV NQRZQHDW DVBRAHDQBIM D R W\

.RURWDHY HW DO X EU\D NrRIYWHE MV D Q WAHK@X H HGG\ G\QDPLFV
VFDOH '6/ FKDQJHV FDXVHG E\ (NPDQ WUDQVSRUW

7KH LQWHUDQQXDO YDDYPEDOH®\ZRD & KK EOVRQ WKH WLPH SHUL
FRPSOH[ ZLWK VHYHUDO VKDUS PLQLPD LQ DQGJ $NQ G
WKH VDPH WLFHHRQWHMEG® FXUO LV LQFUHDVLQJ RYHU WKH HQWLU!
KLIXKFFXUDF\ DOWLPHWU\ PHDVXUHPHQWYHDUYBOXHDRODERHL:6GQHDU
réd; &r’< V SHU \HDU ZKLFK FRQVWLWXW HWH DSERX WH D UWRIIK W KHR @ DHEU F

0
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ZLQG FXUO LQ@WXPEWVLRD VOR@VLILFDWLRQ RI WKH EDVLQYV F\FORQLF F|
DOWLPHWU\ . XEU\DNRY HWDMRVYHUMIHE G RIKWHXUIDFH JW8RYWHWRGSGKHF F
FXUYHLQBVYVHDWLDRQ DSSUR[LPDWHRPDWKHU \HDU SHMHDEY RI WKH DY/
YDOXH

JLIXUH 7TKH LQWHUDQQXDCDYHUDJHG ZLQG FXUO DQG
EDVDYHUDJIHG VSHHG RI VXUIDFH JHRVWURSKLF FXUJH @ RYL GEIO X M HRUXD

$ SRVLWLYH WUHQG RI ANRDI FXIUYH ¥ WHOHMI WKHEK ORZHUV VHD OH
DQG UDLVHV VHD OHYHO DORQJ WKH FRDVW )RU H[DPSDR ORBRXWHR
VKRZQ E\ FURVVHV LQ )LJ RQ WKH QRUWRZWYXWHUHD WKBOIEDVIQ
7KH WLPH VHULHV RI '6/ UHG HXDYHG ZQQGNVKXUBD \ELGXH FXUYH DUH
SRLQW RQ ERWK WKH VHDVRQD Q@ LDAKG W.IQPWH O D @ QRX DOCE. RVRBNHRWZ IRDYIDHEND
7KH FRUUHODWLRQ FRHIILFLHQW IRUGWKPRYDRQUHBYWUPKHH MBRRYV
IRU WIGIP\ PRYLQJ DYHUDJH VPRRWKLQJ )JRU WKH VHFRQG ORFDW
UHODWLREHWZHHQ WKH VHD OHYHO DQG ZLQG FXUO LV LR HAUKH WL
VHULHV VPRRWIGHG PRWKQD DYHUDRHW DMXGH WLPH VHULHVGDP PRWKEA G
DYHUDJH
7KH DYHUDJH UDQQXDRI RA\KFL OQW WU RDWWR 8 RAEBRMMWW KFHP LQ FORVH |
WKH DPSOLWXGHV RD @WK®J' &VKIHY EDDUEGHY SHULSKHU\)LGHEWRYXHOMKMD \X

UDQRHV'6/ UHDFKHG FP LQ DQG FP LQ %DVHG RQ
FKDUDFWBQVBMWEF RY BOO O DWHIR QO/HRIK®G! B\ DAFRD WWD O VWDWLRQV L\
*RU\DFKNLQ ,YDQRY 7KXW\ WK H6 ¥V HDPS/RMIDD XYODWIRDEL®L WKH VH

WKHUHIRUH PDNHV DQ LPSRUWDQW FRQWULEXWLRQ W R RXK/H | MQRAN.Q
6WDQHY HW DO *UDHN HW DO

7KH OLQHDU WUHQGYV RI WKH '6/ DQG ZLQG FXUO )LJ LSRHHY\ XQQLG
RSSRVLWH LQLWWHAREREDIWPXP LQFUHDVH RI WKH F\FORQLF ZLQG F)
ZLQWHU PRQWKYV )XW WKH \DVURQXHVW LQWHQVLILFDWLRQ RI WKH ¢
SHULSKHU\ GHSWKHOHRMVFWHYQQ ZLQWHU .XEU\DNRY HW DO 7
6HD FLUFXODWLRQ WR DGMXVWS\SBRIKPRQWHN \L @ ZRK BEHAHINNVG ¥ KN H O LIV |

)



JUDSK RI VHDVRQDO YDULDELOLW\ ZHOUHHKDKDWE MKKLK @ DYIKHX P D Bl P\
WUHBEUXEV\ARQH PRQWKHUWRPH OPRQWKWZHHQ '6Q006G ¢FEAWQ YDULEL
ZDV REWDR@BGOLHU VWXG\ RI 6WDQMMNJIHW PRONVOKY DUH FKDUDFWF
PD[LPXP FRDVWDO YXOQHUDELOLW\ WR WKH '6/ ULVH ZKLFK UHDFKH\

JLIXUH 7KH WLPH VHULHUHN @R @ RIK'H /O UGIKBDRXUYHNU DIHG WKR & BXUQ@
FXUYHV D E DW1I WKH EDVLQYV SHULSKHU\ fDQ6EHGWG UDRN WKH(EL
WLPH VHULHY DUH VPRRGKHRR Y. QB XY MVKD IDH) GWZAIPWM IMBAUR-RIWL QJ DYHU |

i JLIXUH ORQWKO\ GLVWULEXWLRQ RI WKH EOXH FXUYH Q@&WG FXUO
PP \HDU DW WKH EDVLQ SHULSKHU\

%DVHG RQ WKH DERYWKFHRQYDRWHDOWLROWULEXWLRQ RI WKH %ODFN
H[SODLQHG E\ WZR IDFWRUV D WKH ULVH RI WKH DYHUDBHRY% @D WN |
PDVV YROXPH LQ WKH EDVLQ DQG E VQKW KM FHIQDWH RR | (WRBIQV B D YGIXI

0



RI WKH F\FORQLF ZLQG7kMU®D RYIHWX\EKHRE DWKH) VHD OHYHO ULVH UHOTL
VFDOH FLUFXODWLRQ DQG WKH (NPDQ GLYHWJH QKL KQV WRKZHV B/ Q 6F [
06/ WUHQGVLNDSTXDW WR DSSUR[LPPWHIDW WKH EDVLQ SHULSKHU\ DC
« PP \HRQ WKH EDVLQMW YROWHURRUWKH '6/ WUHQG FRIQ W\ HWEDWH.
DYHUDJH G WHD/ @MY NHDQG WKHUHIRUH SOD\V DQ LPSRUWDQW UROH

7KH LPSDFW RI PHVRVWERE B/HDHIQ NEWLIDQ &V RQ

6HYHU®Q |BIBAP D DUH REWSBDWHIED OQGWWKW U L E X'WLWQ HILAWK BK P @IDRN H ¥
'6/ WUHQG FHQWHUHG DURX®MG LV RFOWHG LQ WKH VRXWKHDVW FRI
TXDWWDWLRQDU\ %DWXX] BO@WILF\FORQHRURWDHY HOM@WDQLFKQXEUN\D
7TKH FRLQFLGHQFH RI WKH ORFDO PD[LPXP RI VHD OHYH®MWUMI)G PX®@C
LV UHODWHG WR WKH LPSDFW RI HGG\ G\QDPLFV

JLIXUHSDWLDO GLVWULEXWPRQHI® 7HHQOMIQMGVYUHTXHQF\ Rl DQWLF
\HDUF 7UHQGV LQ WKH PD[LPXP RUELWDO YHORFLWHNRWGDQWLF\F
7UHQGV LQ WKH UDGLXV RI DNWWLFBORQHV LQ

'LVSODWGXWWHEGD BHKH OLQHDE IWHRRBOFRELWD ® Y6 QRFRAMKY RI WKH %
HGGLHWWLPDWHG XVLQJ WKH $2MXGRKIK BQWQRD WH\EGKRGHQGY DUH UD)
HGG\ G\QDWLEWSROVLEOH WRPMEHQWWRIHIMGY RI W KRUBDNADRRLMQ G
D QWL F\F ORRLHOF MEHDAL FROMMNIKRAHIH QHL YH® VSDWLDO SDWWHUQ RI WKH

0



WUHQG LV ORFDWHG LQ WKH VRXWKHDVW HUYERIYW D @RV LW LFRL QURILHE
HGG\ UDGGXRUELWDO YHORFLW\ DUH REVHUYHG RQ TWKLH ZH\WKMBEVEVD G
%DWXPL DQWLF\FORQH ZDV H[SDQQGQEHIP QVKHR ]RPDMXCS \GOBEBY WUSTU W
WKH EDQL@LQWHQWRWLEIFORQLF HGGLHV VHD OHYHO ULVHV DV W
DFFXPXODWLRQ RI WKH VXM | D/AHH 2D W HEL\H LIQOWNW MOER.QWHQVLILFDW
HGG\ OHDGY WR WKH FRQVHTXHQW KUH. DR RD W K® BKQ PK LHG B Bl [G B QHE0/

7KHQWHUD Q Q X DR WKUHL D BIWOLLFWE O R Q IMFK H GSR FRUAR $ FAUKVDIVWH VF DU HV SR Q G
ODUJHVW '6/ WUHQG LQ W K HLWRXR\RSAHIDIMNARR WKKUAA REORDFRNG ©HQIS I H L U
LQWHGQNAHYE ZHDVLQJ ZLWK WRIPHG GKHM (GHRICEHWHADIWRP V WR a LQ
J)LIJD 7KH PD[LPXP RUELWDO YDHRKR F/LIBRPARI VOVQWRE SFOVRIDMI V a WR

PV LQ)LJ E2EVHUYHG LQWHQPYE 0 OQ WA ARIEXRIKABEMW U JHVW VHD OHYHO
VRXWKHDVW FRUQ Kb YRH UNDIOH RMKIHAN ORAD O PD[LPD LQ WKH WUHQGV R
ZLWK WKH SRVLWYRRQRWRYHQPVUBIBYEE )RU H[DPSOH D QGRFPL® 'a/VP DL
FORVH WR D ORFDO PD[LPXP LQQMGKWHRIRE QW \ FRFRMKE) HMHE T OH @/FK\R|1 WK F
G\Q D P LFQ HWRUHH DWRR/QK H RES'BIW ¥ K BY RAMVBRED HYHO WUHQGV

JLXUHD )UHTXHQF\ E WKH PD[LPKP WUELLWDRI YBOMRMALWOLR GHHW LY HG
I DOWLPHWU\ GDWD

SHFRQVWUXFWLRQ RV LEJYERMDELOLW)\

%HIRUH WKH DGWNRWXRLRIQJI O OWMLLEH WD X 1LHOW RH H YAWX\PHDGE M HW IO HEED V|
OHYHOSWIOHP RQVWUBRDHNBMDBDR MM HBHBMDW X Q@ A OKBMOBVG\RMIRW UHIOH
FKDQJHV LQ WERKBWHRDXRWIHPHY HW/ROUHWWHHGH JDXJH WUHQGYV VKR!
IRU '6/ LQ RUG EHY WVRHRJERANDW QA DREIMNWBRQIHG VHD DR GHHOV MAURSLERIHY WHKF W L R
ZH FRPSXWHG WKH OLQHDU UHJUHVYVLRBYHRHIHCG IZH Q@ & X&) OB WWHIHAHKQ
SRL@®WN : 0 )L ZKHUH O LV WKH HUURU WHUP

7KHQ ZH UHFRQVWUXFWHG '6/ XVLQJ WKH UHJUHV\AHRQL FWHRQFLRQ W
WHUP RQ WKH LQWHUDQQXDO WLPH VFDOWHDWKRMRWIL®H VHWUW B YHD DK
DORQJ WKH FRDVW DQG RYHU ENK HHQRIUW R DK \OMN V QVKIOMO | PR JLQ WK F
SDUWLFXODU LQ WKH DUHD RI WKH %DWRPL 2R MAKF RO RS $ID WHKHWIDU U
RI PHVRVFDOH G\QDPLFV D'UN S/ONHEOMLWHHGVDQG UHFRQVWUXFWHG '6
VRXWK &UNVRHDQ FRD f1 7KH FRUUHODWLRQ FRHIILFLHQWY EHWZH
WLPH VHULHV VEBPRWHKHG BRGGD\ )LE PRYLQJ DYHUDJHV UHVSHFW

Y



Y

VXJIJHVWY WKDW D VLPSOMHE OHQRIDRD 8 WXWHVNMLERWK WREB VHDVRQDO |
IURP WKH ZLQG GDWD DORQH

JLXUHD/LQHDU UHBEHMYERQE@WWZHHQDVKN EDHVEQILQG FXUO DQ@G '6/ '
E6WDQGDUG GHYLDWLRQV GRUI MMKJHH @RR) BEB WWAHHEBE WY KH G O Q@ GPHIMARQ VW
'6/ WLRHULHV DUH VHERRVWKHBRZULWK DYHUDJH

JLXUH 7KH WLPH VHULHV 8H WK&HBHELPXUWMH DD G '6{ UHRRQVWUXF)
IURP WKH ZLQG FXWOKH XK H ¥HYHHY DUH V@PRIRRRYHQ@JDD YHWXI® DQG
D GD\ PRYLQJ DYHUDJH



6LQFH WKE@WE$LP ZLQGYV DUH DYDLODEOH IRU D ORQJHU SHULRG
UHJUHVVLRQ FRHIILFLHQWY FDQ EH XVHG WR UHFRQ VWXL WHW R6
%ODFN 6HD OHYHO ULVH EDVHG RQ WLGH JDXJHV SRULHRGPB®WHD WR HC
VRXWK &ULPHDQ FRDNW LV PP \HDU 7KHQ WKLV YDOXH VKRXOG E
UHFRUGVY WKDW DUH XVB&HWPR JFRP SMH OWKYHH @ CPKIDR JH LQ WKH %ODF
PHWKRG DFFRXQWYV RQO\ |RAD GKDFLIHAXQRWALREY ODXMUNHGRHVY QRW DF
G\QDPLFV 1HYHUWKHOHVV EDVHG RQ RXU DQDO\VLV LWPRWWEDDR®I
WKH EDVLQYV LQWHULRU ZKLOH WKH FRDEWDN® D/ B \QBFPHEVY DULDEL

&RQFOXVLRQV

7KH FOLPDWLF FKD@FBOHIDWE& HP BRIV EDW K HG YQUIDFANEVEHFD QW O\ LPSDF
WUHQGV LQ GLIIHDNQW®LSHUWBHREDIKLKG KWOAD EDHHYE®I PP \HDU VHD O
W U HQBUWU R P PP \HDUQMQHWRIRW) PP \HDU LQ FRDVWDO DUHDV DQG
VRXWWHI UQ S DU WHRHK DAVKIH V\KHREZI) R\EK/DHW WHHE) ® RQWHQVLILFDWLRQ RI W
VWUHQ@WWKNMBHIHQFH LQ WKH FHQW HU LRRVWHIHD HOHMIKG! 2625 R BRDX \DHXA
RYHU WKH QRUWKZGY/BRWZHURR QUK B COH WHRGV HUL RU R IQ WDKGHG E\BMKRRI K DRV
FKDQJHV LQ WKH GLVWWLEXWHRRVBQOHLOWEDRNY OHG WR WKH ORFD
SDUW IDFM{PDHIQVLRQ RI WKH %DWXPL DQWLF\FORQH UH\DX\WWWHG SRQUINQ
EDVLQ E\'a PP \HDU

7TKH6/ DVVRFLDWHG ZLWK WKH UHZLWKU QE WW HREQOERREDBBEIQ B DWW g 0 C
DOQG LOQWWUPR WRRDOMNDPSOH WKH PD[LPXP WUHQG RI W K6A WIL\OHSG RA XaJ (
PP \HDU LV REVHUYQ®IWRKKH DIRBWHWPERHYV RI WKH '6/ ¥FBUQL GE LIGIUNQ MD ¢
DOG WRAWULEXWH XS WR RI WKH WMRWYDWOHBRIQAWOZ VWER O HIDE MV HJ
GHPRQVWUDWHG WKDW WKH '6/ YRUQ D ENIKIHHND\UF DEHW A MKHHRRIQKNAW DX G\
'6/ TKHHFRQVWUKPB HEG XV HGIMYRR BERBIDRELF W K D B VWL P P DMEEDWIIRDHABEOH H
VHDHYHE&DMVERPAQW. BB JDXJH PHDVXUHPHQWYV

$FNQRZOHGJIJPHQWYV

. XEU\DNRY $ $ ZDV VXSSRUWHG E\ 5)%5 DFFRUGLQJIJPWEBWR B8 NJHWWHID]J
6 9 ZDV VXSSRUWHG E\ 56) WKH UHVBRORRYIUDQWXSSRUWHG E\ W
6XUIDFH 7RSRJUDSK\ 6FLHQRWH THDB2SWRDWIP EVUVDKH EDVH IXQGV R
2FHDQRJUDSKLF DQG OHWHRURORJLFDO /DERUDWRU\

5HIHUHQFHYV

$NVR\ $& 2 y,QYHVWLIDWLRQ RI VHD OHYHORWHHRGDMWDLRQ WIS H
%ODFN VHD DQG WKH HDVWHUQ OHGLWHUUDQHDQ VHD 7TKHRUHWLFDO

$O0SDU % 9XOQHUDELOLW\ RI 7XHVYIHX RO WWHRPRIDEKRO RU\D W H



$OOHQEDFK ., *DWR@®Q@B & ORQLRXGL , *LXOLDQL * /HKPDQQ ¢
6HD EHDFKHV YXOQHUDELOLW\ WR VHD OHYHO ULVH (QYLURQPHQWDO

$YVDU 1 % XWRJOX 6 + (URO % \WMIQY Bl WKH %B8DNFN BE DU KK
ULVH ,Q ),* :RUNLQJ :HHN SS

$YVDU 1 % -LQ 6 XWRJOX + *XUEX] * 6HDI ORI /D WK DC
DOWLPHWU\ WLGH JDXJH DQG *36 RENMPAIUPMDWLRQV *HRGHV\ DQG *HRH

%RIXVODYVN\ 6 * . XEU\DNRY $ | ,2 YDVKFKHQNR , . 3K\VLFBDU
2FHDQRJUDSK\

%ODWRY $ 6 %XOJDNRY 1 3 ,YDQRY 9 $ .RVDEHHOLW\ RI K\GAMLS
ILHOGV LQ WRHGYWEBPHWWBRD|GDW /HQLQJUDG

&DJHQDYH $ %WRQQHIRQG 3 OHUFLHU ) 'RPLQK . 7RXWIRHR X
OHGLWHUUDQHDQ 6HD DQG %ODFN 6HDXJBNPRE D @ HDMAsL B/G1D Q®& WY IDRJH V&K

&D]JHQDYH $ /IORYHO : &RQWHPSRUDU\ VHD OHYHO ULVH $Q

&DUUQqUH / /ADUG ) ORGHOLQJ WKH EDURWURSL RZ LLHY DRIV
SUHVVXUHRRSPIUQYRQV ZLWHKRBEKXWUNDWERQNDUFK /HWWHUYV

&KDLIJQHDX $ *L]ROPH $ *UDGRV & OHVRVFDOG@WALGIGHDHW L
DOJRULWKPV D @G MR DV BWHRY HIUQD ¥ FHDRYR JU D SK\

&KXUFK - $ 'KLWH 1 - &ROHPDQ 5 IDPEHEN . 0 LMIU RQLCAD
GLVWULEXWLRQ RI VHD OHYHUO ULRGE H-RXUHQDWKRI FOLPDWH

&KXUFK &OBUN &BIHQDYHIHFRU\ -HYUHMHMBPHWPD QQUBLILHOW OQ ¥

*$ 1HUHP1X®Q 3D\QH JIHIIHU 66WDPPH8QOQOLNULVKQDQ $ 6 &OLPDW
7KH 3K\WLFDO 6FLHQFH %DVRVNLSRQWUREXWLRQR RVKH )LIWK $VVH
,QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH &KDQJH7H@RE\ GWREOHQ
%RVFKXQJ - 1DXHOV $ ;LD < %H[ 9 OLGJOH\ 30 &DPEULGJH

'HH " 3 8SSDOD 6 O 6LPPRQV & - %HUULVIRUG 3 3ROLKHE
(5¢$ ,QWHULP UHDQDO\WLV &RQILIXUDWLRQ DQG SHUIRUPDQ®HRIRWWHK
5R\DO OHWHRUR®O\RILFDO 6RFLH

*DUPDVKRY $ 9 .XEU\DNRY $ $ 6KRNXURY 0 9 6WDQLFKR\, 6 |
&RPSDULQJ VDWHOOLWH DQG PHWHRURORJLFEDYXCHGWIMD REWPIRY
DQG 2FHDQLFV3

*LQJEXUJ $ .RVWLDQR\ $ * G6KHUHPHW 1 $ /H E®IIGRDYW I6R GBV L
%ODFN @RDVWDO S8BSWLPHWIBULQJIJHU %HUOLQ +HLGHOEHUJ



*RU\DFKNLQ < 1 ,YDQRR @ ® /HPSRAKHQNR 0 0 $SSOLFDWLF
WR WKH DQDO\VLV RI ZDW H8KED.FD®F BFRIDWRHUBSRFN 6HD

*RU\DFKNLQ < 1 ,YDQRY 9 $ 7KH %ODFN 6HD 8H MO DYDW\RS RE
5XVVLDQ
*UD\HN 6 G6WDQHY ( 9 .DQGLODURY 5 2Q W RN FILHQ/IS ROQOWHL |

GDWD DQG QXPHULFDO PRGHOOLQJ 2FHDQ G\QDPLFV

,O\LQ <X 3 B5HSHWLQ / 1 *RPAHDRKMRISQWRX 19 'DNRY 1 1 .XEU\DNR
6 9 OHWHRURORJLFDO FRQGLWLRQV RI WKH AR RI] BN D& QYD \2
LQ 5XVVLDQ

-HYUHMHYD 6 *ULQVWHG $ ORRUH -&Q&RODRWH? EOW L\HIRY 6 LRHDW LW
*HRSK\V 5HYV & GRL -&

.RURWDHY * . 6DHQNR 2 $ .REOLQVN\ & - '"HPLVKHY W% *
PHWKRGRORJ\ DQG VRPH UHRXWWW REAWKBHRUNMVGRIQODWWROHWU\ GD
%ODFN 6HD JHQ HWAV K LEH X OBV IERIQ

.RURWDHY * . 6DHQNR 2 % .REOLQVN\ & - 6DWHOOLO®HYBO
-RXUQDO RI *HRSWKAKLFD2XO 5HVHD

.RURWDHY * 2JX] 7 ILNLIRURY $ DQG & .REOLQVN\ ULDEH DY R/Q
WKH %ODFN 6HD XSSHU OD\HU FLUFXODWLRQ GHULYHG IURP D
GRL -&

.RVI\DQ 5 .XNOHY 6 .KDQXNDHY % .RFKHUJLQ % H 1R8BWKEC
(DVWHUQ %ODFMRXHQDBMH RIRRRDVWDO &RQVHUYDWLRQ

. XEU\DNRY $6WDQLFKQ\ 6 9 OHDQ '\QDPLF 7RSRJUDSK\ RI W
DOWLPHWU\ GULIWHU PHDVXUHPHQWY DQG K\GURORJ\ GDWD 2FHDQ ¢

.XEU\DNRY $ % 6WDQLFKQ\L 6 9 7KH %O D F N DoMiBO@H YWHHO DW
5XVVLDQ OHWHRURORJ\ DQG +\GURORJ\

. XEU\DNRY $ $ BWDQLFKQ\ 6 9 D OHVRVFDOH HG®IMHVGD I
2FHDQRORJ\

. XEU\DNRY $ § 6WDQLFKDP\VBQDBO DQBE LEWHUDQQXDO YDULDELOL
GHSHQGHQFH RQ FKDUDVWBOH VAN IUFRKSRDB WDKRFHOBIDWH K 3DUW |, 2FHD(
3DSHUV

. XEU\DNRY $ $ 6WDQLFKQ\ 6 9%DWXPL DQMWMLIFR¥FORIQH IURP VD
+\GURSK\VLFDO -RXUQDO S

io



. XEU\DNRY $ § 6WDQLFKQ\ 6 9 =DWVHSLQ $ *WHUR HPDHQBWYRC
%ODFN 6HD G\QDPLFV DQG WKHLW :-RIDRW R KA IVOOK [PPHJ I6QHVHHIPR/V \V W H

. XEU\DNRYD ( $ .RURWOHPKDQLVP Rl +RULPRICGNGTORDYYH EHWZHHQ
‘DWHUV Rl &RQWLQHQWDO 60RSH DQG &NBWWD\® 3HWWRR 5 KHH. B O REN2E
9RO 1R 1SS

/IH 7TUDRQ B 1DGDO 1 'XFHW $Q LPSURYHG PDSSLQJ PHWKRGY RI
2FHDQLF 7THFKQ)ROGRL

INQFK ' 5 *Uub\v ¥ HTXDWDLRY PRGHO IRU ILQLWH&ROGBRWHWVW
IOXLGV
ODUFRV O 3DVFXDO § 3XMRO ,PSURYHG VDWHQOWMXH

OHGLWHUUDQHDQ 6HD $ FRPSDULVWRQSDIAMKSWYBBUIBKXIHY $GYDQFHV

2JX] 7 9 6 /DWXQ 0 $ /DWLI 9 9 90ODGLPLURY + | YBMXKFKENRYOD®
(UHPHHY DQG 8 8QOXDWD &LUFXODWLRQ LQ WKH VXH®DBaH D Q
5HV 3DUW ¢

BHQHYD ( 6WDQHY ( %HORNRS\WRY 9 /IH TUDRQ 3 &WUDLWYV
HVYWLPDWHG PURMHRURBORJLFDO DQG DOWLPHWHU GERXDQVABDRRQ@DC
6\VWHPYV

3DODQLVDP\ + &D]JHQDYH $ 'HOFURL[ 7 OH\VVLJQIDFLW F 2FH D
VHD OHYHO GXULQJ WKH DOWLPHWU\ HUD WKH FRQWULEXWURQERO
2FHDQ '"\QDPLFV

3UDQGL 3 &D]JHQDYH $ DQG %HFNHU 0 ,V FRDVWDO P$ F®PSLDU DWHR
EHWZHHQ WLGH JDXJHV DQG VDWH ®OR SKA VDG WY O PFHWUHD R U/ HSVSN HU V

+

SHYD< $ ,QWHUDQQXDO RVFL O O DFIHD@R RR IW KRH % B B F3X \6WIDD
6FLHQFHYV
6LHJHO ' $ OF*LOOLFXGG\ ' - JLHOGV ( $ OHVRGFQBH H

SURGXFWLR@JIBQVWKHREBD QDO RI *HRSK\VLFDO 5HV&DUFK 2FHDQV
6WDQHY (9 2Q WKH PHFKDQLVPV RI WKIHS6KO®DHFN 6HD FLUFXODWLF

6WDQHY ( 9 [/H 7UDRQ( 3 < SERBIYHYHO YDULDWLRQV DQG WKHL
DQG K\GURORJLFDO IRUFLQJ $QDO\WLV RI DOWLFRHWIQD D QG *WRLIEIKD
SHVHRBERB QV&

6WDQHY ( 9 SBHQHYD5HIJLRQDO VHD OHYHO UHVSRQVH WR JORI
HIDPSOOHREDO DQG 30DQHWDU\ &KDQJH



=1}

6WDQHY ( 9 6WDQHYD - %XOOLVWHU - / OXUUDWFQRFOLQH
SDUDPHWHU EDPQWIHFRWIRRQ QXPHULFDO VLPXODWLRQV DQG YDOLGD)
GDWHMHS 6HD 5HVHDUFK 3DUW , 2FHDQRJUDSKLF SHVHDUFK 3DSHUV

6WDQHYD - 9 'LHWULFK ' ( 6WDQHY ( 9 % RDRDMD O HG G\ PHFK
DQ HGBVROYLQJ %ODFN 6HD JH®&KXUDO (r IRU OADL W HRE VARIERNO

7VLPSOLV 0 1 6SHQFHU 1 ( &ROOHFWLRQ DQG DWIDID\VL
OHGLWHUUDQHBN) ®&HDX WQKH ‘ROBRDVWDO SHVHDUFK

7VLPSOLV 0 1 -RVH\ 6 % 5L[HQ O 6WDQHY ( 9 %O RENW
6HPRXUQDO RI *HRSK\VLFDO B8HVHDUFK 2FHDQV

9LJR *DUFLD ' &KDR OHYHOKWQHDRILVHWKH OHGLWHUUDQHDQ D
S5HVHDHUFK+9 SS

9RONRY ' / /DUQLFRO * 'RUDQGHX - ,PSURD LIRYHW KHR Q@ WD C
VKHORXVYQDO RMMILADRSEBEHVHDUFRK 2FHDQV

9RONRY ' / IDQGHUHU ) ,QWHUQDO DQG H[KVHYQ@DE& N RAH
&OLPDWH '"\QDPLFV

9RONRY " / -RKQV : ( HORQHQNR 7 9 FN '6QDPHB HYHDW|
LQWUDVHDVRQDO IOXFWXDWLRQV RI WKH OHGLWHUUDQHDQ VHD OHY'

<LOGL] + $QGHUVHQ 2 % .LOLFRJOX $ G6LPDY 0 H PHQDFN 6HD
SHELRURP *5$&( DOWLPHWU\ DQG WLGH JDXJH GDWD *HRS
(*8 $

=DWVHSLQ $ * .UHPHQHWVNL\ 9 9 3R\DUNRY 6 * ORWQMHH R& Z%
ILHOG RQ ZDWHU FLUBWMODWRROIH) VORHH VA/OLDIBNWLRQ RI WKH 1RUWKH|
D



