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$ 1HZ ,008 %DVHG 'DWD *ORYH IRU +DQG ORWLRQ &
2SWLPL]J]HG 6HQVRU /D\RXW

4XDQ /LXXRPLQJ 4LBPQOHQULQJIVRQJIEGKDR\XH <KB®QJI\X )DQJ

6FKRRO RI ,QIRUPDWLRQ (QJLQHHULQJ :XKDQ 8QLYHUMLW\ Rl 7THFKQRORJ\ :XKDQ &KLQ
6FKRRO RI (OHFWURQLF DQG (OHFWULFDIGVYQIHBEMUBQJ-78@LYHUVLW\ R
'"HSDUWPHQW RI 5HKDELOLWDWLRQ OHGLFLQH WRRUBELHRQWSL WQG 7+HFKERQR J& Q LYK L &KLQD

&RUUHVSRQGHQFH TLQJVRQJDL#ZKXW HGX FQ 4 $

$EVWUTKHWQXPEHU RI SHRSOH ZLWK KDQG GLVDELOLWLHV\FDXVHGYBEORSLWOINE ORZ. ERVWDNQGJ
HDV\ WR XVH GDWD JORYH WR FDSWXUH WKH RXFE@VKDY&E BRWLRQW-VQKBK X \DHEG OLR/\ LQ KRPH |
:KLOH D PDMRULW\ RI H[LVWLQJ KDQG PRW ISFOQH [F lVRWEXHJ Bl VPHHGNV KRRUG 8 DDAULHH @YW R EQPUHVLGHQWLDO Vit
SURSRVHV D QHZ VHQVRU OD\RXW VWUDWHJI\ XXUGP MIW XQHWW L PID 8VQ ® @G JRHHWALLIR \P HDD ¥ X O W L
.DOPDQ GDWD IXVLRQ DOJRULWKP 7KH VHQVRU O D\R XWK W Q BMWHIN INL @IS DLW L FV/G DIDREF RUKGIL Q B Y H
PRGHO DQG WKH QXPEHU RI VHQVRUV FDQ EH V HX@QW LIRF@IAV O\ VIWHPXF WR |UR® RXUQVFRWMP ZLWK
PRWLRQ EHLQJ FRPSOHWHO\ DQG DFFXUDWHOWUHBRQ Y WHIQWEW G U-HD BDREQ BRE WRIG FRIS IV KXW D OWK\ V.
WKH GHYHORSHG GDWD JORYH 7KH KDQG PRWGRWKFDKQDEH WHWWRKUHGF BRPBSI WWHARIQL]IHG ZLWK D
7KH UHVXOWV RI D FRQWLQXRXV KDQG PR YXPGIQW LQERFHMUH B @ IDW K UDKH FRIRRRIQ JORYH ZLW
VHQVRUV 7KLV QHZ VHW ZLWK RSWLPL]HG VHQVRQ & DX\ H Y WLLORP PWIGQ.F DROU DEBDH.F IFR IV RQ V

.H\ZRU&VQG PRWLRQ FDSWXUH 'DWD JORYH ,QYHUVH NLQHPDWLFV ,008

,QWURGXFWLRQ

BWURNH LV D PDMRU FDXVH Rl VHULRXNK GEWDRQOD@YE @KNURRPNERDRUEBDO FKDU
RI WKH H[WHUQDO KDQG PXVFOHV UHVSRIBALEDWMLRRY AMGEKDQ XB 00D GHW RF BRI F U H D
LQGHSHQGHQFH DQG FKDQJHV LQ PXVFOH LQW HUFROMLRWY U % BW X IUYHH DRRX ROIXQ.D B HYRZHN
,Q &KLQD PRUH WKDQ PLOOLRQ SHRSO H RAXHI MK DOR R DOV RR MWK HP HUWHBDKUHO S WR F
WKHLU GDLO\ DFWLYLWLHY GXH WRLRDQG LOL GHELAIHGEL HRU KDQKQE LY BEWODW\ WUHDW
SDWLHQWY ZLOO EDFN KRPH DIWHU WKH\UGIKDEHOW W WRRS LWL QRQ 1 R QW KV HPRL O\ P
SURIHVVLRQDO PHGLFDO VWDII &RPSDUIL@KHK KB PRW DRQGHK CHLHFQWWH DUV W IDFQYGRG L [ I1H U
KHOS XV XQGHUVWDQG WKH LPSDFW RI KXP DQQKD DR GLXF W OV H | M-LAMXLIDAVHL B § V HE/IV R &
SDWLHQWY FDQ XVH SRUWDEOH HTXLSPHQW VD VZ LIOFOP B UIHRIWLDH FURKY GIXIR HD VWKHHYV WR.IF & WD Q C
SDWLHQWY DQG WKHUDSLVWV DQG UHGXFH WKH FRVW Rl UHKDELOLWDWLRQ> @

&RPPRQ WHFKQLTXHV XVHG LQ KDQG PRWLRQ FDGMXIURQDQFRUFH>GD\@D VR BNH
HOHFWURP\RJUDSK\ 6(0* DQG LPDJH EDRBGHYEIVVYR® VIVWHPV>XVX@ 00\ XVH RSWLFD
FDSWXUH V\VWHPV RU FRPSXWHU LPDJH URARIQLWLEDU HRZBYWED K B GHIT XXLE SR UW D
JORYHV EDVHG RQ YDULRXV VHQVR U PRAHB RUBIOP S WRGEXF W) VX¥&LMDY F\EHU*ORYH DQ
JORYH %XW WKHVH GHYLFHV DUH X@XDOG\LBNMSMHEWLD B D:QGABSRNRBRBVHG D ZHDUDEOH L
EDVHG RQ ILEHU %UDJJ JUDWLQJ )%* VHQMR UKW \WRIQUMW RV LI 5 KRDGHPRMWUHDO WL
ILEHU VHQVRU GDWD DQG ILEHUV DUH HBIVRRWRHERQW\RU GDPDJRWAXIUHLQ HODWA > @ S
QHZ ' PHDVXUHPHQW V\WWHP ZLWK PXOWLSRHHRIQ RYW X WHR X@HEUHWIVIND § 18 QUIRQS 18Q F W
TXDQWLI\ WKH VIPSWRPV Rl KDQG PRYHPHQW LQ FOLQLFDO SUDFWLFH

$Q HTXLSPHQW IRU SDWLHQWY DW KRPH IRU WRVARYWH EHIVV. GHIWY RMVQMO VY B RW Q & VQUR MK
LPSRUWDQW IDFWRU 7RR FRPSOLFDWHG DHIK IQSFPW VW LMW/DERW HOW GIROFDXWH WRR KHI
ZLOO DIIHFW WKH DFFXUDWH DFTXLVADVLRIXRH RIHFR PRYWPBQWNIB QER WKH OLPE LQ
SURFHVV 7KH DYDLODELOLW\ RI PLFUR B® HAWBRQRIRKID HFDOOMW WERUW(LDO VHQ\
LQWHJUDWHG LQWR D VLQJOH FKLS HW WIHGEX FHI\D WRUH DYQRE® X B H RV AU KHHIGX FHY WKH ST
WKXV EH XVHG IRU G\QDPLF PRWLRQ DQDCPNDVXU®BPHQMUWQD\W® 0QES8 PRDYHVIRFYHQ WR
DFFXUDWH DSSURDFK LQ HVWLPDWLQJ ERG\ VHJPHQWK DRUR BID WRILW ER @ M UDIMY K @X W, W
QRQ REWUXVLYH FRPSDUDEO\ FRVW HIIHFWILOE RQE WRM\OWR VHIKXBSK GHISD RAM 6\VW I



3DFNDJH WHFKQRORJ\ DQG FRPELQHV DVHRW VY QHU I/ LYTHU \D QD PDI QB WNBIWH QKLY UHV)>
GHVLJQ DQG
GHYHORSPHQW RI ORZ FRVW ORZ SRZHU DIIG) HQEBOHYL SIREH 0D J 7RILF XBDMWLSOH ,008
PLFUR FRQWURO XQLW 0&8 ZKLFK UHGWRHVPWERUMRWBO AHPIDIE® ,RDWKBQ EH IDVWHC
JORYH HDVLO\ PDNLQJ LW PXFK HDVLHU WR XVH

7KH ,008 EDVHG GDWD JORYHV DUH FRP SR VG @ [RA URLA U R \DFFRFSHOVH LPRORJIW MR IDVG H U V
PLFURSURFHVVRUV WR LPSURYH WKH QPHR®DXUWP HRIVQ\DE BXUDD BOREMWL KDYH EHHQ Gt
+RZHYHU GXH WR WKH FRPSOH[LW\ Rl KDQGKPRRHPMQIL WKKBI\PREURQIHGUWLDO VHQV
WKH KDQG PRWLRQ > @ DV VKRZQ LQ )LJXAHSORILQE VHBVRIKY VZ POV QR FRQO\ O
KXJH DPRXQW RI FRPSXWDWLRQ EXW DGR B RHYHW R\PSH 9[R DIPWDLOD P RWKIPW QW RI WK H
RUGHU WR PDNH D OLJKW DQG SRUWDE®WHK&B W DWIOHR QK RE H L5 BWWHGWAH IVRQY MHHG W
DQG WKH VHQVRU OD\RXW VWUDWHJ\LPROW EW LFRSWE P BMAXGU HQ LWPKRIURBSMW WR UHVWRUH
KDQG PRWLRQ VLPXOWDQHRXVO\ VRPH VWXGLEY WRYHI SXREBRVKIE @KMECRGRI PDUNH L
ZKLFK LQVSLUHG XV WR SURSRVH DQ RSWLPL]JHG VHQVRU OD\RXW VWUDWHJ\

G

JLIXUHD > @ E > @ DQG F > @ DUH R{MWWHYEREBVSOKHH FHOKRGE MR UHGXFH WKH PDUNHUV LQ RSWLF

PRWLRQ FDSWXUH V\VWHP

,Q WKLV SDSHU WKH IRUZDUG DQG LQYH KD G IDQHP BRQ ¥ W PREMIDY FEDKXPD®RQ WK
NLQHPDWLFYVY DQ RSWLPL]JHG VHQVRU OD\®DXWDVINIFOWHHUY BUWERV,9G8 EDRHGHU WR RE
KDQG WUDQVSRUWDWLRQ DQG VLPSOLI\ WKRE IGWB YRIF M HIDW RWKHL V DPHIGWE IR €  DVQIGH WOKKH
PXOWLSOH VHQVRUV DUH IXVHG EDVHG R{E .DO@DRUI IODWRHUW QIW B RMHRSWKPW UHG XFH
RI VHQVRUV QRW RQO\ UHGXFHV WKH FRAMWXRIOG FW 5 W ORKH K DENGWPRI MR HMXWF ZKLOH L
EXUGHQ RI WKH GDWD JORYH ,Q DGGLSQRBHPMKM UWHAWXIDWH/JI IRH VGD U H UEIQRK JKW L Q)
NLQHPDWLFV PRGHO WR FRPSDUH WKH D7AKMHX WBIFAX R W K D\R P RYKHPW QMKWH GDWD JORY
RSWLPL]JHG VHQVRU OD\RXW VWUDWHJ\ LM& ZWWKQWMKAF §SOWDEDIR Y B EIH ABPBQ WUDGL
OD\RXW VWUDWHJI\ 7KH GHYHORSHG QOEWDKD@RSY ADLS\D EIf OH MW DG WHR/ \SFFROYW IRU VW UR
UHVLGHQWLDO HQYLURQPHQW

OHWKRGV

+DQG ORGHOOLQJ



+DQG PRYHPHQW LV GHWHUPLQHG E\ LWY RRQ® RFLFPOSRWE RV XERD HAX PR G VRIW
VXFK DV OLJDPHQWY DQG PXVFOHV S$FWXURE QILKX P KD Q GNIKH PRPSOH[ 7KH ZULVW L
Rl ERQHV DUUDQJHG LQ DOPRVW UREW KK IVKXP D YIOLF RY WKW ZWLVW LQFOXGLQ
DQG SKDODQ[ LQGH[ ILQJHU PLGGOH ILQJHD F K LLQUF OXGH U PI\G DG DW WD DI H US K
UHIHUUHG WR DV URRW ERQH LQWHUSKD ORI MDA EWRIQH G LIYQGHG H@®W B RSDD P> M@L GV
MRLQW 7KH MRLQWYV RI WKH WKXPE DWHFIOQUSRSERDODQHPDOMRRO@PW 083 MHQG WUDSH
MRLQW 70& WKH UHPDLQLQJ IRXU ILQJHUQNRDQWARLQWOX&H PHIRDEPLSG RLSKNDHODS K D
MRLQW 3,3 DQG GLVWDO LQWHUSKDOD QH® & IMRY QWK H ,BR GHRE iR VWK B LLH\Q I QIGQ FIDWV D
ILQJHU VKRXOG DGG DQRWKHU MRLQW> F@USREWWBFIMLRMOGMR EQWE VAV KH ILQIJHU PF
FRUUHVSRQGLQJ IRUZDUG NLQHPDWLFV'BQGYLLQW HD VW HQBHBDW L+ VFR@ WG DWH V\VW

Qs BLGLNS

JLIXURRRPSOHWH KXPDQ KD QG 7MRLRRGPRGMIODW ZLOO EE XKHGPR@ MK ZK ICARKWWREBHJLQJ ILQJHU DQG WKH OLWW
ILQJHU DGG FDUSRPHWDFDUSDO MRLQW &0&

JRUZDUG NLQHPDWLFV

7KH IRUZDUG NLQHPDWLF VROXWLRQ RI HDKRPR®OHGHRX\VW 6 DBMHUDVNY IQGIG [XW LXQY/H (
GHWHUPLQH WKH SRVLWLRQ DQG RULHQWDWH RF® RRU G L Q DRWHNV Y/ SWW bi i O RVALD/W H\E RL &/ KAHK

ZULVW > @ 7KH PRGHO HTXDWLRQ LV FDOFXWLWRHARENRUZOWEGDRIHQWHPD WIKFHY AWULY |R!
ITHW

Egan RMLQW DQJOH RI WKH ILQJHU

tfqan MRLQW GLVWDQFH RI WKH ILQJHU
°9an OLQN OHQJWK Rl WKH HDFK MRLQW
=5an OLQN WZLVW DQJOH

ZKHUH L DQG M LQGLFHVY UHSUHVHQWYV UHVSHE@QWYHO\ WKH FRUUHVSRQGLQJ ILQ

7TKXPE ILQJHU

Zo1m

Zmm




JLIXUHLQJHU PRGWMIOXPE IIQLQGH[ ILQJHU PLGGOH ILQJHU ULQJ ILQJHU DQG OLWWOH ILQJHU

7KH PRGHO RI WKH WKXPE ILQJHU FDQ EH VHHQ LQHWJIXUISDWDPHMMHIG RQ ZKLFK Z

7DEOH + SDUDPHWHUV IRU WKH WKXPE
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7KH IRUZDUG NLQHPDWLF IRU WKH WKXPE ILQJHU LV GHILQHG
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,QYHUVH NLQHPDWLFV

,QYHUVH NLQHPDWLFV ,. LV D PHWKRGW.RFWUDEXHDWK SREMXGHWE GHIJUHH RI
VDWLVI\ D JLYHQ WDVN LW SOD\V DQOLPSRULWQ QD) G RAQIR XA ARREX WIHSHD VRQDJIH VLF
7KH GHPDQG IRU DFFXUDWH ELRPHFKDQ L HIZ0RER B @ W KQR B RBGHBRAF VEPWBEDAD NHV WK H
D SRSXODU PHWKRG IRU IDVW DQG UHOWDEW I DAR GXWIHRIPY. Q H) WHRW QK NIRGHE DX UDWLR Q
JLYHQ SRVH RU HQG SRVLWLRQ 7KHUHDDDWWER EDVE G BWRRGMIHOHQWLDO EDVHG >
.. LV REWDLQHG E\ ILQGLQJ WKH FORVHG IRIRR ZRWX WL REPRW LW KIK QBOW HRIY H DRI GWIK\H D
RQO\ WR WKH VSHFLILF VWUXFWXUH VW XEREICD & IGH \8 HIU R UG Q@MW DWR, P BSHW KWK'H VB D UV
DORQJ WKH SRLQW RI WKH PRWLR X FIK® DD R WKKH FIHDH® RD WK HW KDV XQLYHUVDO

@ 7KH GLIIHUHQWLDO ,. Rl WKH VLPSOLHLHBW QQ H{[DLRSIGIN MKRBZY FOQ/ YIHIK W Q WKLV SL
LV DOVR DSSOLFDEOH WR RWKHU ILQLFYVVRD BRRIHBHDMWLERONKH FKDUDFWHULVW

JLIXUWLPSOLILHG LQGH[ ILQJHU PRGHO

7KH -DFRELDQ PDWUL[ LV D SDUW LO®DWEHIWPLLYQDHEL M B;LRIDWVODR/RYWHAMMER WKH MRLQW DC
RI WKH VWay XFWXUH

1

L—

7KH OLQN SRVLWLRE FOIQWEKH UHGLHVHQWHG E\ D PDWUL[ FRGWORQHYJIDQGJHUV S
RULHQWDWLRQV

$FFRUGLQJ WR (TXDWIZRGWDFRRIGDQ PDWUL[ LV JLYHQ DV
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‘DWD *ORYH ZLWK 2SWLPL]JHG 6HQVRU /D\RXW

6HQVRU OD\RXW VWUDWHJ\

$V VKRZQ LQ )LIXUH G LQ DQLPDWLR®S®UHR GW F \R L RMXK HG B B DWR RMLKEHD & VW U X F W)
KDQG DQG WKH VXEVHTXHQW GLIILFXORRLYHHWP HQ WD S/EWLRQW DQ DRYNVPDMHWQHDUH XV X
RU FUHDWHG PDQXDOO\KENQVKWLRQLPPRWIRRLY FDSWXUH VI\VWHP WR FIRIVWODXQQUH WKH ZKR
DFWRU GXH WR WKH FRPSOH[LW\ RI WKHDHN®IE& X B GN KR UV A PIORCS ¥ H] HWRKIHWWLHHP R T W K H
VXUIDFH RI WKH PP PDUNHU LV OHVV WKBOQ |WKHWHPHM RIBWHKE OPBJIJMDQXPEHU RI RFF
PDUNLQJ HUURUV LQ WKH PDQXDO SRVW SFWDRAMYV L Q F LBHIRFHHW W KAK ZIRKJ NQ R@IG LRI WK+
5HVHDUFKHUV IRXQG WKDW ILQJHU PRYHPHRMRQXWIXFWQRRIQUMIRRIIIDMEPSWQIFILHG VHW
SHU KDQG ZHUH WKRXJKW WR EH YQGL YL PIROMHEP MRVW KAV IFRU DHNKERB GHDW R | PDUNH
REWDLQHG IURP UHGXFHG PDUNHUV FDRFRRBR VRMDOXRPW DIWKHG FIRP SOWWHG KDQG PRYHP
LQVSLUHV XV WR XVH WKH VDPH VWUDWHJ\ RI UHERV¥HGJIGDKMD QQOREHHY RI VHQVRUV RQ



$ KDQG VHQVRU SODFHPHQW VWUDWHJ\ BIRSGRYV/ R® DQYRU VA JINIRYHWEW LEFNFRWQ $W U
KDQG PRWLRQ IURP D OLPLWHG QXPEHU RIOBHRMWRUAD Q7 EH GHGMRHG QVHH® \ER UXVLQJ D
NQRZOHGJH 7KH UHVHDUFKHUV SHUIRUPHG&S$SU WKRLEBDIK AR KQQGW RQIBDPNQW GDWDE
ILQG WKDW KDQG MRLQW VXEVSDFHV ZHUH VWK MHFRHQWVWR @HVWRUH RI WKH KD(

$ VHW Rl HLJHQYHFWRUV DQG HLJHQYDOXHY¥&BDRQ EW KRE WIDQ Q HER EN ISHHUWR B R IV ®/X |
GDWDEDVH ZKLFK FDQ EH tXWH®SBEWRDAVRODIMWRI XFIW. @FLSDO FRPSRQHQWY 0 *LYHQ WKH =
WKH IXO0O SDUDE ®DWHEDQHEWRBPSXWHG IURP WKH UHGX¥B®&"XEVSDFH SDUDPHWHUYV

EL/UEG
ZKHUHD ¢ LV WKH PHDQ RI WKH GDWDEDVH SRVWXUHYV
,Q WKLV zZzD\ ZH FDQ UHSUHVHQW WKH |RUEFE)U@AMF(RHJFG].\QUFWR?lWWKHVHEl\HSFW\FH
SDUDPHWHUYV
(LG L Ge;
%DVHG RQ WKLV UHSUHVHQWDWLRQ WKH E\ YXEEFCGBPFHBQ UDPVRVERHIWUHSUHVHQWHC
0 o

0
o« L— L—
H ol

0. 0 /

7KH ,. RI VXEVSDFH FRQVWUDLQWY HQDEDBE® RRGHO UHRWDUBLWKWH®R OXCPHEWH R

EXW WKH VHOHFWLRQ RI WKH VHQAMRG LORADHIVR @ DVRRIWW BWERWG VD YL J XU H ZHUH FRI

ve

JLIXURRPSDULVRQ RI WKH OD\RXWV RI DVWH NVEQWRRYDRQ I WKG KIBQWBRU VHW ZLWKH KNRQVRUV FRYHULQJ DOO
E 7KH RSWLPL]J]HG VHQVRU OD\RXW VWUDWHI\ ZLWK IHZHU VHQVRUV VHQVRUV

1R VHQVRUV ZHUH SODFHG LQ 3,3 MRRQWMNEEGHRFRDRWRYW WKHGPRMWLIQPEY ZLWKRXV

‘.3 MRLQW DQG YLFH YHUVD > @ 7KH MRLQMWZ IDIYQ CBH3GHIGE Q GHIQ RIL Q WO DRVDLCR @ W KHL S &
DV> @

Gun LT ceae

S$WWLWXGH VROXWLRQ

7KHUH DUH PDQ\ PHWKRGV IRU FDOFXODWLH) L @G POMIRKY RQ WLKH FADKHU IHAUWIL QY
PRWLRQ VXFK DV WKH (XOHU DQJOH PHWKP®GWHKKHGTYBWWURQRER PHWMK PG WKRG @
TXDWHUQLRQ PHWKRG KDV RQO\ IRXU X QNQRZIDEOXO BWUILR QVIRVWHRID OORXQNQG WKHUH |
RQ WKH DQJOH FRQVWUDLQW ZLWKRXWHWURRXWDRD H@N XISCW W LYK OMWWXWEGH LQIR!

FDUULHU FDQ EH UHDFWHG LQ UHDQJWILKHI DIMLEW X.GHYHDO VXQ WWER® RR WKH ORZ G\Q
FDUULHU



7KH TXDWHUQLRQ FDQ WDNH DGYDQWDJH R I RAEKHH) Q\DRV KRJPIS R IHW KD \K USRHAUD MRHP B/GKHI[ U
YHFWRU DQG FDQ EH H[SUHVVHG DV

PLI,EN EDelEDsC

ZKHUH L M N DUH PXWXDOO\ RUWKRLRQDDUKQUWD DHEWREEHBY W KHWDWW LW XGH
WUDQVIRUPDWLRQ PDWUL[ RI WKH VHQ®RWKWH RZQY ERRWIGRQ W HHVUHWQWAHP FIRRU GLQDWH
WKH FDOFXODWLRQ SURSHUW\ RI WKH TXDWHUQORRDWHLEDQ JHW WKH DWWLWXGH WU

PEEDNEF NS FD,E tidebde F O 0 tideds E DD
AL L tilghgE Mgty MO F IS E NS F 0 tilgls Fhuls; N
tileds F 0,0 tilel; E DD, (A = PR S PR Y

7KH TXDWHUQLRQ XSGDWH HTXDWLRQ RYHU WLPH LV

PL—;I‘ ils
r Ffi. Ff Ffi
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6HYHUDO H[SHULPHQWY ZHUH FDUULH G B MWW DR E & CRX VWHUED R/ Bl GYDK IOARYBHO IV XRI W S
WKH QRUPDO DQG VWDEOH RSHUDWLRQ RI W KAHD XV\AVBHP\ MEKG! BHIGGHKHE WYLKRHQ L WRHFUHI VU 1
XVH HQYLURQPHQW WKH VHQVRUV LQFOXGLQFRNORWRPSHWH IP\D ZGIWW RFD-ONL B U D \WIQG E H
XVHG ,Q RUGHU WR DGMXVW WKH SRYQLSWLREBURI BWKW DFAKQMR UNR 1D W[ILEON KDQG JORYH
DFFRUGLQJ WR WKH SRVLWLRQ RI WKH UH® GRW YLH) ED VXIGHR Q 7, K 618 ALH/Y VIORS® & G DLW X L
JLIJXUH D LV D FRQYHQWLRQDO IXO0 WHEDRHG/RY RXUXRISW LE L LWGWHKHQ VRRYSODFHPH
ZLWK IHZHU VHQVRUV ,W LV REY LRQWP BHD R IWKHD GRIE U HDWID \R O WKIG X FHV WKH EXUC
JORYH RQ WKH KDQG DQG FDQ UHGXKBQGWV MHOBBWWR®R @ KWKHR WHEBRFRMLRQ LQ WKH QX
ZLOO GLUHFWO\ UHGXFH WKH FRVW R G GYDRVR EMRLY® \G DMDIDOKLBRPDR/XOWLSOH ,008V DQG
REWDLQHG GDWD WR WKH FRPSXWHU IRU SURFHVVLQJ E\ 0$7/$%

JLIXURKH GHYHORSHG ®GDWWDEARMHRWQ DO EXQROUVRI®W RRLYHHGVVHQVRU OD\RXW VWUDWHI\ ZLWK UHGXFHG VHQVRL

JURP WKH (XOHU DQJOH DQG DFFHOH U DWIKRQ DROEW B VQRIIG WEK HWM RLQMQYVRDQ EH F
DFFRUGLQJ WR WKH LQYHUVH NLQ H PFIDMLERO DWW H D R K 8 6 VWRIHWKKH) B RILKAMDY. QV VWL OO DL

7DEOHKH FDOFXODWHG MRLQW DQJOHV DW WKH JLYHQ PRPHQW
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7R YHULI\ WKH DELOLW\ RI WKH GDWD JORYH WRHIHFR &H WHK B HD R GPHB/ WXUHQ P F
WKH H[SHULPHQW WKH VXEMHFWYV ZHUHFBRPRRG W® GRKEDVOHEWRIFEM ¥ HWDWK QHY U WKH H
RI WKH WDEOH DQG SXW WKHLU ULJKW RWR\VRIORW KAKWMD E8 HH. Q Qv WRIKIRWAMD BVRHPO NH
JHVWXUHV WKH JHVWXUH RI WKH QXPEHU RQM \WRIE EHIH QOIVOVX BH HO FIK VWS HOH PR R
VXEMHFWY H[WHQGHG WKHLU ULJKW KB &0 UL@WRVE H) DM X FREPNQG H[WEBRNVQRYH WKFH
EHJDQ WR FRPSOHWH JHVWXUHV DW D IL[HGHYSIWNG 7AKB QGOBAK IRE WBHBIQWH &/ G DWH $I1WI
H[SHULPHQW WKH GDWD FROOHFWHG E\ 0&R FZHAVH & HEQ VO $VW RS 98/ K B QFER VIOHWIHIUO FSX O D W H
DQJOH ZDV VHQW WR WKH YLVXDO KDQG VPRI HUH VAR VEWZRQLQ@ AHEYXMDA\ FDQ EH HYC
FRPSDULQJ WKH UHDO PRWLRQ ZLWK WKRISRREHTH S RMNDVRU DRV P WVKRIG WKH K
FDQ EH DFFXUDWHO\ UHFRQVWUXFWHG ZLWK WKH UHGXFHG QXPEHU RI VHQVRUV




JLIXURRPSDULVRQ RI UHDO KDQG PRWLRQV D QQd LRRIGIWAMGBRY O\ RN ZL W K HI HEQHEHW K QX 80V DQG
VHQVRU VHW DQG PDEB WD L\DWRYZH VKWK |HZHUWKQXQOWEQEBRU VHW

7KH VDPH H[SHULPHQW ZDV UHSHDWHG MG ZH W K&W R SIDWH BR QW KHJ XIHW B GK DH V W X U
PRGHO WKH UHFRJQLWLRQ UDWH RI WKH REWUPRL]HGFRIPGDR B ® ZLRXW P HWRKRCCHLYV VHQ
PHWKRGV

$W WKH VDPH WLPH DQRWKHU H[SHUSPHB® ERM FRQWLHXRXWMRR ERPDQJOHY FDO
WZR PHWKRGV )LUVWO\ WKH VXEM HRWY JAHUH D \ZN. AWK WRODHDHOQWRH @HW H[WHQGHG
LQWR D QDWXUDO IXO0 H[WHQVLRQ D QGHWKIHBOERAKQ QURI AR SDOM \I HI LWHKE B MW U W |
GDWD ZDV SURFHVVHG ZLWK 0$7/$% DV VIKRZQ LOHFRB GO\G WKHVWHXE@BEWY ZHUH DVN
WKH GDWD JORYHV ZLWK IHZHU VHQVRUV HY Q& WK R Q FEOHI@ K WERJ FORE GO MM HG) VS H |
VDPH FRQGLWLRQV 7KH DFTXLUHG GDWD XRZ G URFWYXWHEO XHWKX 0¥ H 899 DVIXUH  $V V
JLIXUH WKH WUHQG RI WKH MRLQW DQFOBV XGODM B G \EK W KK ROAR FFRIMHPRIQWD UH DOPF
/DUJH HUURUV LQ VRPH MRLQWYV VXFKYBVEHBIR®RWBEFHGBOK SKHFXODWH WKDW WKHV
FDXVHG E\ WKH IROORZLQJ UHDVRQV 7 K K REEDMWZDH B B OFFEX\® D MQHHGG ENUW R FW R R PSHHW L P H
FDQQRW JXDUDQWHH WKDW WKH DFWLRQV DLRH,\@ KW KHI[ S R O DRZQX'SY VINUXG H [ 2 A WEK\R WE &
PRUH FRQYLQFLQJ PHWKRGY WR REWIR@® MRERQW\W @YQEY WRKH YGDM DL REWDLQHG E\ PF
VI\VWHP DV D VWDQGDUG FRPSDUH WKW DWRD\REWPRPEIGQPWWRRVGZLMMKHVKH VWDQG
FRPSDUH WKHLU GLIIHUHQFHV DIWHU FDOFXODW L QJU URUN\Q DWHY HQ DFAR WS R BL 1 WK ¥ B IRY/W
RI ,008V PD\ EH RIIVHW EHFDXVH WKH\ 1D UBRYRW [1)BBOWHKH] & RREWEHFDXVH WKH WK X
PRUH FRPSOH[ DQG ZH DGRSW WKH VLPSOLIIDH&X B RIG HD®D W B HORXODMWH WKH GDWD P
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JLIXUKRPSDULVRQ RI DQJOHV UDGLDQ FDOFXODMH®DEB\PRKHWZR PHWKRGV LQ WZR V

&RPSDUHG ZLWK WKH IXOO VHQVRU VHWLRMKH'PHD CH D QU VRMDW 61D D& BOHYW. IRW W K|
MRLQWY FDOFXODWHG E\ RXU PHWKRG DUH VKRZQ LQ 7DEOH WKH HUURU LV ZLW

7DEOHKH PHDQ DQG VWDQGDUG GHYLDWLRQ 6' RI HUURU

YLQJHU .3 0&3 70& o+ b=
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/LWWOH ; ;

&RQFOXVLRQ

7R UHGXFH WKH HIIHFW RI WKH GDWD JOR Y\ GRIDMB K}O R B B G/ DIO/ED ED MHI BUORWZL DR D \
VHQVRU OD\RXW PHWKRG LV SURSRVHG LQ NYLIQHPBWSHAY ED WHIGD R/Q W KHK D@YGH BRM L R
FDSWXUHG ZLWK IHZHU VHQVRUV 7KH KDWLE®PR\SDRE ER QW BDQVPMX FYRHIGWEHKGDWD F
WKH KDQG VHQVRU QHWZRUN WKH H[WHQGHGR D/RRD/G IWE W FEDLMPD PHMILRRG % D HHS KUH |
HYDOXDWLRQ ZDV FDUULHG RXW DQG UH RKRQ\XWQGXRW MEK HY MYZ-RU D/ QMRQUG FRRWLLIK U L
(ISHULPHQWDO UHVXOWYV VKRZHG WKDW R X W HFRIOG/ W H R FW H GO B TRXGV PRV IRRG DFF@ U D
FRPSOHWHO\ &RPSDUHG ZLWK WKH WUDGVWWRQDIOHIJBBYRY ZHYKUDXW®OGVEQ WKW QH



DFFHSWDEOH ,Q WKH IXWXUH UHDO WLRMHYVWURFWHGLY R HOQIFAOMWRR TILQKW FERWLRYQ FD S
REMHFWLYH DQG XQLYHUVDO PHWKRGHZIGHO UEHH \RW X®LQHGES ARRV HRY @ OXAR I WU XFW LR Q
FDOLEUDWLRQ PHWKRGY ZHUH DOVR VWHYBERQGVWR XPYURQYHEWGHVOHERUPIEQ RWKH MRL(
RI WKH LQGLYLGXDO WKURXJK VHKH FDSC WXWHGRK IPRY HGFCHQQDW Y LFGO EH XVHG LQ D UHKE
ZKLFK FDQ KHOS WKH LPSDLUHG KDQG SHUIRKKBPUMHILQWRKRY KIVQQRJ WKH GDWD RI DQRW

$FNQRZOHGJIJPHIQMWARUN ZDV VXSSRUWHG E\ WKH 1DW L RQPIO&KDW R WOWEG BFL HOFGIWR X Q G L
DQG SDUWLDOO\ E\ 1DWXUH 6FLHQFFHH)R X Q&)W L RQRQRS 2 XIEH Y HIDAR B LR
&RRSHUDWLRQ DQG )XQGDPHQWDO 5HVHIHEKNLWQBV |80 WKH®HQWUD®BQ

&RQIOLFWV RI7KOWHUHRRWY GHFODUH QR FRQIOLFW RI LQWHUHVW

5HIHUHQFHV
$OH[DQGHUVRQ 6LPRQ -RQDV %HVNRZ DQGQHRQBWLRQY BREWSREXDWHOLQJ Rl J)LQJHU 0
,QQWHUQDWLRQDO &RQIHUHQFH RQ ORWLRQ LQ *DPHYV
$OH[DQGHUVRQ 6LPRQ &DURO 2:-6X00LWPG DIMEHCRMIVRY HRGRZ JIBHDRWLRQ &DSWXUH
6HWA&RPSXWHUV *UDSKLFV
$ULVWLGRX $QGUHDV +DQG 7UDFNLQJ ZOWKXDKO \ELARRRSRYM ADO & RQVWUDLQWYV
$ULVWLGRX $QGUHDV DQG -RDQ /DVHQELHZQRMHUNVWWLQHABIWKEOYTSHYHBQG ,QWURGXFW
1HZ )DVW ,WHUDWLYH 6ROYHU
%XFKKRO] %U\DQ DQG 7KRPDV - $UPVWURQKH $XAM® PHDWIGF WRGIMOORIDWH ,WV 3UHKI
&DSDELORXUIQWO Rl %LRRMHRFKDQLFV
&KHQ 3R 7VXQ &KLHQ -X /LQ +VLDR )HQOL&KLHKX OQ&K)RI®I.XRLQ 6X 7KH 5HSHDWDEL
'"LJLWDO )RUFH :DYHIRUP 'XULQJ IDWXUD®HDBXSHOHQ@WWK )LYH 'LILWV
&ROH .HOO\ - .HOO\ 0 &RRN 6WHSKDQLH 0 +RQHYJDRIGHDVUHHRXKY 0DQOEXDDWORQ LQ !
$JH )RUFH DQG .LQHPDWLF )LQGLQJV |U R[S NI M QXWD @ @ B RXR-5HI/HND U F K
GD 6LOYD $ ) $ ) *RQFDOYHV 3 OHLIHQGHV6BQE L-QH *@RYKM IRU ORQLWRULQJ +DQG
((( BHQVRUV -RERQDO
'"HQDYLW - DQG 5 6 +DUWHQEHUJ $RZQUY BDWU FO R WDWMPY 1R DAMHGR R @ I0DNWKH LFHV
$VPH MRXUQDO RI $SSOLHG OHFKDQLFV
'RQJ <RXZHL +LHX 1 3KDQ DQG $KPHG 5DKPD®@WLFVORW NG L §Q VBRGSO HPEDO -RXUQDO R
&RPSXWHU 6FLHQFH $SSOLFDWLRQV
(URO $0OL *HRUJH %HELV OLUFHD I1LFROHNVG®EHGLFAKDREO' WRVOQRQDWRBVHG +DQG 3R
(VWLPDWLRQ &PBPIYXWEU 9LVLRQ DQG ,PDJERQGHUVWDQGLQJ
YDQJ %LQ )XFKXQ 6XQ +XDSLQJ /LX DQ® RLY MXIRU $ LIRMHO/ 'DRWDLRQ &DSWXUH 8VLQJ ,QF
O0DJQHWLF OHDVXUHPHQW@QHWYDWRORQDO &RQIHUHQFH RQ 5RERWLFV DQG %LRPLPHWLF
YDQJ %LQ )XFKXQ 6XQ +XDSLQJ /LX DQ@BDRKXQVIMXUKLEDSWXHLQJ DQG 5HFRIQLWLRG

,PPX %DVHG 'DWDHXQURFHRPSXWLQJ



*XDQJORQJ ' 8 DQG 3LQJ =KDQJ +XPDQ2UDQLSXBDMER BHQWIHI IZAWK .DOPDQ )LOWH!
$GDSWLYH 0XOWL 6SDFHOHDYYVHRRH@W LR Q

+R\HW /XGRYLF .HQQHWK 5\DOO 5DFKHO OFGRARIKW FIQ® @ B LBRIQ RHEVDLRQY RQ )LQJIHU
IURP 5HGXFHG ODUNFR GHWYDSIK 6\PSRVLXP RQ ,QWHUDFWLYH G *UDSKLFV *DPHV
-DUUDVVH 1DWKDQDHO ODUNXV .XKQH YDANKBRID KD SVYXKEBXYRDQQDGL (WLHQQH % XU
$JQHV 5RE\ %UDPL $QDO\VLV RI *UDVSIQQ LG WH PMSDIUHW LIFEQTD WAGRMIR 8VLQJ DQ ,QVW
2EMHFW

-F 9DQ 'HQ 1RRUW + * _RUWLHU 1 9 %HHNLQN+ OHBVMULDQGG3 +BQGHD@G )LQJHU
.LQHPDWLFV D &RPSDULVRQ EHWZHHQR@BHWVDA GHQ YD Q6 AW 6QUR-ES W

H

.RUWLHU +HQN * 9LFWRU , 60XLWHU 'DQLHXN5R$MVHYERHOW RS 3HQWE ULQWPDWLFV 8
,QHUWLDO DQG 0D J@RXWIQD OHRIVRHXUR (QILQHHULQJ DQG 5HRRELOLWDWLRQ

IDPEUHFKW -RULV 0 DQG 5REHUW ) .LUVAKUWDDQLBWQURUYRZ3URPHY L@ 7HFKQROR
,PSODQWDEOH ORWLRQ &@EWXDGAVOFWHRPYY RQ 1HXUDO 6\VHHUANDJ $HIOCEOLICADMOLRIQR R ( Q
WKH ,((( (QILQHHULQJ LQ OHGLFL@A %LRORJ\ 6RFLHW\

/IDWDVK ODUN / -DH .XQ 6KLP OLQRUX 6K1L\WRKREKINDDHE/ AGD A IPIHUO0&RRUGLQDWLRQ DQ
)XQFWLRQ ZLWK $6DIQIRHHG BBH

IDWKXLOLHUH ) DQG - < +HUYH 9UVIX® O #D 0SS BRVAXX G H QU §%$Q RADWQIRGL R @D O
&RQIHUHQFH RQ 5RERWLFV DQG $XWRMRWLRQ BURFHHGLQJV

/L .DQJ , 0LQJ &KHQ 6RQJ +XDW <HR DH{QGBR&RHBWLRRQ)LIGPIHUHORWLRQ &DSWXULQJ 'HYL
RQ 2SWLFDO /LQHIXWH (RKR@WDW Rl 5HKDELOLWDWLRQQRHVHDUFK DQG 'HYHORSPHQW
OD\FRFN -RQDWKDQ DQG ODULR %RWVFK US5HMNSWIEMIEO 0DRW HRIQ/BARXWIEOHR RI +DQGV  ,Q
6,**5$3+ &RQIHUHQFH RQ ORWLRQ LQ *DPHV

3KLOOLSV : & +DLOH\ DQG * *HEHUWQHP BWYENZIRU $WWALWDN &H)IRGKWL QUPXODWLRQ
DQG 6LPXODWLRQ 7HFKQRORJLHV &RQIHUHQFH

3LVKDUDG\ 3UDPRG .XPDU DQG ODUWLQ 6DGGEDFMNDEBWHWQMY) OHWKREW%DVHG +DQG *F
5HFRIJQLWLRQ &SRABXMWHU 9LVLRQ DQG ,PDJH 8QGHUVWDQGLQJ

5LMSNHPD +DQV DQG OLFKDHO *LUDUG QRR®© HBWHI 9 3D H B DWKIPRE® AR 16 DI/ISLISIK
&RPSXWHU *UDEBKLFV

6DPDGDQL $ ' .XOLF DQG 5 *RUEHW  0X QWP DVRIGFPWWIRDIL YHE +XOHIY HBLQGQJ, QQ
OHGLFLQH %LRORJ\ 6RFLHW\

6FKU/GHU ODWWKLDV -RQDWKDQ OD\FRFHNGDOIDPG WNBUL/M\RRWVFIRU 2B FDO ORWLRQ &D



+DQGV

6FKURHGHU ODWWKLDV -RQDWKDQ 0D \%RMNY FHKHOS3H DA WWHU HD@GE (MJWIANLQJ 8VLQJ 6\Q
,QYHUVH .LQHPDWLFV

6WRSSD ODUFHOR + DQG -RmR &DUORV.PHRGHWD L&PIURD O KRXOW.IQ HRDMUHG +DQG 3URVYV
ODQLSXODWLR@RQVYNMNVVR IDFLRQDO GH ODWHPIWLFD $SOLFDGD j ,QG~VWULD

8Q]XHWD /XLV ODQXHO 3HLQDGR DQG 5RQDIDQKHRXMIPDWXAQ %BREK FHINRMWEWLDO ,Q
.LQHPDWUBSKLFDO 0ORE®RHOV

:DQJ OHL :HQ <XDQ &KHQ DQG ;LDQJ 'DQ /LW L+HD® G VIHYVIWXBIOHN RRRUIUWAOH )HDWXUH DQ
ORPHQWY 7HFKQLTXH IRU 5RERWHRWHPHRHAD WRQWURO

:DQJ ;LDR &KHQ +XL =KDR .H ODR 0D ;LQ DMRLBQ GEXOABRV RL@HPRYHO $00 $WWLWX(
6LPXODBWRHQFH &KLQD ,QIRUPBMRLRQ 6FLHQFHYV

:KHDWODQG 1NHQJH DQG 9LFWRU =RUG RQP D¥KWVRRP BWLFJ +TUQ® RLYSHOH &8 RPSRQHQW $QD
ORWLRQ RQ *DPHV

;X 5XL]H 6KHQJOL =KRX DQG :HQ - /L 0 HPR/Q ¥ SHHFQ HUFR®WHWH W DRQ BV HGY W XUH 5HFRJQL
((( BHQVRUV -RERQDO

i XH <D[X =KDRMLH -X .XL ;LDQJ -LQJ &KHQROGRG +RMDKD+tDAX ORWORWQP6HQVLQJ DQ
$QDO\VLV D FH(YLHRQVDFWLRQV RQ &RJIJQLWLYH DQG 'HYHORSPHQWDO 6\VWHPV
<RVKLPRWR 6 - .DZDJXFKL 0 ,PXUD DQG 2 XWKLUWRRP)LWOUHWY ORMFVRDR&GHSBRQWDFW 5HVI
&RQI 3URF ,((( (QJ OHG %LRO 6RF

=KHQJ <DQJ <X 3HQJ *DQJ :DQJ ;LQURQJ /LXDQIUDRWROREBPHMM®QEH(YDOXDWLRQ R
6HQVRU *ORYH IRU +DQG )XQFWLRQ $VVHVVPHQIW DSY® HIWHQUP tQRG\ SRRVUISRD W L R

OHDVXUHPHQW



