BHOHEWWHURPWERRV\VWLQ FREEWQHDWKRL WED WS G
WUDQVSRUWHU

SHWUD 0OOWUWEMD QLBMKROD ODURNRFD i RQP Q W L K DOMHNYNLR
6PLWDO

/IDERUDWRU\ IRU 0RO H F XODEDRMU DAVRRUWR[LRB GRIDO\VWLFDO &KHPL\
%LRIJHRFKHPLVWU\ Rl 2UYRYLR@ERRISPOWEQYH DQG (QYLURQPH
%RANRYLU ,QVWLWXWH %LMHQLpPND =DJUHE &URDWLD
,QVWLWXWH IRU OHGLFDO 5HVHDUFK DRGWIFF XS DW+£RDWDHE + H
&URDWLD
$QGUpP *BHYWDUFK ,QVWLWXWH IRU (FRV\VWHP $QDO\VLV DQC
$DFKHQ *HUPDQ\ 3UHVHQW $REBWWWD %4D\HU $* $OIU
ORQKHLP DP 5KHLQ *HUPDQ\

FRUUHVSRWERUQJ DX
7YUWNR 6PLWDO 3K
IDERUDWRU\ IRU OROHFXODU (FRWR[LFRORJ\
'LYLVLRQ IRU ODULQH DQG (QYLURQPHQWDO 5HVHDUFK
5XyHU %RANRYLU ,QVWLWXWH
%LMHQLFND

=DJUHE &52%7,%
7HO
(PDLO VPLWDO#LUE KU

$EVWUDFW

OLFURF\WWLQW KH\WPRIYWHVWXGLHG F\DQRWR[LQV 7KH XSWDL
PDPPDOV DQG ILVK VSHFLHV LV PRWUOD\QNISEUMLBG ER @\ SHSN
KXPDQV DQG URGHQWY 2DWSV LQ RWKHU VSHFLHN\8R DWGUMR
0&V LQ ILVK ,Q WKLV VWXG\ VL[ 0& FRQJHQHUV R5 YIBU\LQJ S
<5 /: /) /$ ZHUH WHVWHG E\ PHDVXULQJ WKHLU HIIHFW F
IOXRUHVFHQW VXEVWUDWH /XFLIHW UD@MVR A QWO \LQ U+ (VW I EPR
JHEUDILVK 2DW ® @C) Y& RZHG WKH VWURQJHVW LQWHUDFWLRQ
LQKLELWLRQ RI /< WUD@MMS\RBW ZLWR G& —0/5ZKBE@MHYBRQJIHQ



VKRZHG ORZHHILKWELWR WBLVFHUQ EHWZHHQ 2DWS G VXEVV
FRPSOHPHQW H GOE\QM. AKDMIOIWWLFY DQG FKHPLFDO DQDO\WLF
DORQJ ZLWK PROHFXODU GRFNLQJ VWXGLHV SHUIRRPRGRYVL
PRGH®HUHIRUH RXU VW)OM SPERSZIDG MKMW DQVSRUW RI 0&V
GHSHQGHQW RQ WKHLU EDVLF SK\VLEREKHPLUF WX HS PRSYMU R
GHWHUPLQDm®D UW IURP GHWHUPLQPWRR QWRIRWKRA FKOIREDD O |
D UHOLDEOH ULVN DVVHVVPHQW VKRXOG WDNH LQWR DFFRX
2DWS G DV WKHLU S U L FKOHIHE IUGHOR/ESR WY UARINE R QDBMKRDRVS U H K H
DSSURDFK FRXO®H K VED RH &K IRIGE QY NPRHFROMVF DFFRPSDQLHG E
DVVHVVPH®WHRXOEHRFXODU GRFNLQJ VWXGLHV

.HZZRUGPRLFURF\VWLQV JHEUDILVK 2DWS G NLQHWLFV GHW
FKHPLFDO\ DQDO\WLFD G X3O-DVHGRERDQULRQV PROH



 QWURGXFWLRQ

&\D QR EDFWH P DD HE K RVWH i) USKHRWRM\D®V K H WS R VE/BIFW HUK B VK
SURGXAMG D YD WHRARQBIDU\ PHW BIEBMRGHPY WR PRGLI\ WKHLU
WKULYH XQGHU GLYHUVH HQYISURRPHQWDDG VAR WMAAD @ R QHEW WA

&\DQREDFWHULDO VHFRQGDU\ PHWDEROLWHY DUH LQ PRV
RI WKHP FDOOHIGDNHW @RWRQLY\WR SUHVHQW D VLJQLILFDQW U
DTXDWLF RUJDQLVPV DQG KXPD@ RFDMOLW KH RS R Q RV RIHIQONDMHHEOK
KDUPDO@EIDRRPV +$30VV OSHEH QR PW RRVE L RFEAQVDTXDWLF HFRV
LQ FRQGLWLRQV RI KLJK QXWULHQW LQSXW7KHRD Q RESK LR D RWH.
E\ YDULRXV JHQR[UUIRURIGRMLQRWF\DQREDFWHULDF\B/®RMFR MWL
SURGXFLQJ F\DQRVIRJER MWIB IQRGD DWRKEL DQG $EEDVSRXU
&RQVLGHULQJ WKH LQFUHDVHG RFFXUUHQFH RI F\DQREDFW
SRLVRQDQJWW D®XFK HIIRUW KDV EH HW KEHR W EHORMRRUDHINEX DDLU
PHFKDQLVPV RI F\DQREB FUHHAH@HOU WRRKRLWQ G . RXPRNLV N\
%XUDWWL HWPRQWKHDQ\ W\SHY GRRWRLEQRF\W W LQWVWM IO VPRV W
GRPLQDQW LQ F\DQREBRWMHLBIORRQRWRRVEH K LIKIOB WARRL W HDQ
DVVRFLDWHG ZLWK KHSDWRWR[LFLW\ QHSKURSDWK\ WMXUR\
XSR@®UPDOODO EORRPV &KHOQDHMA BQIJKO\ GLYHUVH LQ WHUP\
VWUXFWXUH DQG SK\VLFR BIOHPRIVERD SHERISH Y W GHMORRIDWHK & DV R
DO $ W\SIORDON UX FRQAVIHVMMAYHI DPLQR DFLGV L@E\BOWEQJ
KHSWDSHSEWEGHROLIJDWRU\ SUMH\GRO B LRSI WLGH FKDDQGHRWS JU
QRPHQFD®WIPUHDIMMHG RQ WZR YD UWKDW DPH DFO DIF\DPR BRX S L
DFLGNVB LQ 6 XSSOHPHQWDU\ ODWHULDO
7KHHEKDQLVPV Rl WR[LFLW\ UHODWHG WR 0&YV DUH GLYWUVH
ZLWK SURWHLQ SKRVSKDWDVHV 33 WHMNS HBBSK R X8 KR UL\@® DWKX URX
SURWHLQV '1$ IGHOWBRBWLRQ DSRSWRVLV KH&MDW LIFQKMHRPRU
HW DO ,QGXFWLRQ RI R[LGDWLYH VWUHVV DQG LQWHU
DVVRFLDWHG ZLWK H[SRVXUH WR 0&V FDXVLQJQ MR NHOH \
GDPDJH UHYLHZHG HJ LQ OF/HOODQ DQG 0D Q@BWHVUKRDQH Q
VHYHUDOWXMWWRGLAHBRWHQWLDO RI 0&V GHSHQGV RQ WKHLU
SURSHUWLHY DQG DORQJ ZLWK WHKHILLD H QASHUBRHNRHRLL® 5 R RAHSK]
33V WKHLU XSWDNH NLQHW L DM IRMMKERHR EDE D\ QB R HEE-HMH L
WR[LFLW\ Rl LQGLYQ@XL®FRNORE GHUN&Y ZLWK VHULQH WKUHF
DGGUHVVHG LQ QXPHURXV VWXGLHV DQG GDWD VKRZ WKDW
KDYH VLPLODU BRNHEQMLE® REBG 3W\SLFDOO\ VKRZLQJ ,& Y
UDQJH#R RO %RXDWFKD HRWH DRQKLELWLRQ RI WKH 33V DFWLYLW



IURP GRQYDOHQW LQWHUDFWLRQV DOWKRXJK FRYDOHQW LQ
FDWIOFOWKELWYV RI 33V +RZHYHU IRUPDWLRQ RI WKH FRYDOHQ'
IRU WKH LQDFWLYDWL&@DRI \WWHDIBY E\ 0&BVWLH HW DO
&RQVLGHNESQYDMNHKHIRI 0&V LQ YDWXRX\RF RO P K DIDQYGDMWAG RRVKV 0§
PHGLDWHG E\ RWUDQVSPQOWRQJ SRO\SHSWLGHV 2$73V LQ KX|
DQG RWKHU VSHFLHV )LVFKHU HW DO ILHGHUPISWU HW
DUH WHIDEWD QH WKBVBHEQ®O\ FRQVLVW RI  WUDQVPHPEUDQ!
SK\WLRORJLFDO U RMHHBIIMHIDUW WORQESRUW RI VWHURLG DQG
SURVWDJODQGLQV DQG RO KIRSH ¥W R ®ENW_RDFERHOWKNIGE DMIX IS R U W
HQGRQG [HQREKAWIH W\SLFDOO\ SRO\WSHFLILF DQG H[SUHVV¢t
PHPEHUV GRPLQDQWO\ H[SUHVVHG LQ W RHLFRORIULNDG QH L PSD
DQG OHLHU 3RSRYLU HW DO 7UDQVSRUW RI 0&V
2$73 % DQG 2$DDEOW DQG PLFH 2$73 % )LVFKHU HW DO
OHPEHUV RI WKHZ2DVHR 2Q GVRANUDIAWKL Q LV K/ XSK POHWWIDOH VN I
UDLQERZ WURXW RQWGLBHEULIIL WKLR Y 2B VES VW U DEBXAN QR W DUR |
H[SUHWQEB Y SHFLILFLW\ WR Z DUKGW B & F R S SHEQPY MDEDEH S R U W
RIO&V OHLHEW HW DO % XU\ HW DO %LHF]J\QVNL HW
)DOWHUPDQQ HW DO
JURP WKH HFRWR[LFRORJLFDO SHUVSHFWWYXHNVXGLHY GRKRU\
LQGLFDWH W K DWX SAMKIBKBVCHAKP IRQGDBH EUD 1LV K DLWPHR & MWLLGIVG | R U
GLIITHUHQW ZARGXH ®BUDWHPS ODLQ WKH REVH U KMLRG L FI FSURMQHFQHV
)X UW KHD®RBWISW3J D Q \CERSUHD i K L WHSGEMH R BI O W D 8l &VRIIQE U DILMV K
LV LPSRUWDQW WR EHWWHU XQGHUVWDQG WKH SRWHQF\ DQ
GLIIHUHQW 0& FRQJHQHUYV WKWMKLQWKUIDFRMWLBEQ RI YDULRXYV
VLIQLILFDQWO\ GLIIHUH@®RWERFK DQGMM\EH R LMPKHLWD FW LR
WR[LF FRQJHQHUV LQ +$%V PLIJKW QRW UHSUHVHQW KLJK HF
2Q WKW FBRQWKH SUHVHQFH RI OHVV WR[LF FRQJHQHUV ZLW!
RXEBELIKO\ GHGHKWHHRIERMAK LV VW XIGGVKH \D & RS HEW Y LIQJK PRG |
VL[0& FRQJHQHUV RI YDU\LQJ SK\VLFRFIHREF/D O /$ U/MRS RMKDMH V
DUH IUHTXHQW O\ ZIRUWEGHS/ WO G- $ BV WXIHDY DLQIWHNW DHEVRIQRIGH U W F
7 FH@QND Q V L\MVQBVEID \ RFHJSUH VARG $ 161 EN®R QMG | U RFH VKUV LR |
LQWHUDFW LR QXWWXGIUHEY HEHHIBELG D O\WLFDO GHWHUBMHDRWLR
WUDQWHBWWGDQG E\ PROHFXODU GRFNLQJ VWXGLHV SHUIRU

ODWHULDOV DQG PHWKRGV



&KHPLFDOV
ORGHO IOXRUHV/KFQWHVXBOWRDWRS$ VTROSMWLORQ DQG +HSHV ZF
IURP 6L9JIP®ULFK 6W /RXLV 02 86$ 'XOEHFFR V ORGLILHG (D.
+LJK *OXFRVH 3\UXYDWH )HWDO %RYLQH 6HUXP )%6 DQC
SXUFKDARPG*LEFR ,QYLWURJHQ /LIH MKHWRKGRRORIILM V XDEWGE 8/a5(
ZHWH WKH KLJKHVW D BXQ\FKIDADHEG JIWIRGH. DRIAND =DJUHE &UR
OLFURF\WVWLQV VWDQGDUGYV
6L[ PLFURF\WWLQ 0& FRQJHQHUV ZHEPHHP@BKBYHG IURP (Q]I
/Y DQ® 6WRFN VWDQGDUG VROXWLRQV ZHUH SUHB®UHG
&RQFHQWUDWLRQV RI VWRFN VWD QG®& B QLRI X W V. RZGRKHR D G-HJ |
WRKMVRFN FRQFHQRW FWHRWY KKWHE PG BS <5 /: /) DQG
/$ )YRUOB DQDOAWR¥N VWDQGDUGV ZHUH GLQR®W H® QFH Q\ UMD
QJ —$Q WHUYLNZKWRVNUXFWBE@MNL P GEHPLFDO DQG SK\VLFDO SUR
FRQHWEY WHVWHXDY EBKHRY VGHESR § O OMRBIMWHDTWNE O H) 6 6

2DWS EBDQWSRUW DFWLYLW\ PHDVXUHPHQWYV

, QWHUDVWQRBWHG 0&V ZDWIS &I EWDOLYKSRUWHU ZWD KHBW BWNHU P
WUDQVSRUWKDYYDLHQWO\ WUDQVIHFWHG KX P IVR YHHRIJEH] SRUGHLVAV b
WRIDWS G XSWDNH WUDQVSRUWH D \F GRIYIFG LIEHRER $IBREWE RIANKD

ODULF HW DEQJLHIQ\ 7 FHOOV RYHUHESDHDMWKEBQE RZARHUH
H[SRVRIG WRQVHULDO GLOXWLRQD RR G&\OIDWEMWNIDWIS G
/< WUDQVSRUW ZD ¥ VGHMUHI WLIHRGH 6 Q\g WDKH. FEQ WD Q-3 BWIKIR P
ILQDO FRQFHQW UDSHRGEMVRDIWBHG/< XVHG LQ \UEEPB YLD D Z D
DPRXQWRBYHEBIYWRU 0&V GLPHWK\®6Y XRUR[@EMHU H[FHHGHG
$IWHU LQFXEDWLRQ \WWHZREWMFFHRZOIG L PXVEKMEBLRQ PHGLXP
LQFXEDLWHKG —/ ZHOO R VRGLXP GRGHF\O VXOIDWH 6'6
JOXRUHVFHQFH RI WUDQVSRUW VSHFEZH® OV EDWDWN DAL AN RZSIDD
PLFURSODWH UHDGHU ,QILQLWH 0 A ZDY HOHIYJ EW K Y RSIX V
7KH HXNDU\RWLF YHFWRUZBWKBXW FOR QH® QW MBRZN/ D (
WUDQVIHFWHG LQWR WKH +(. 7 FAQUMD\WQ Y6 RRIWNGHU WSR FLH MFH X
WUDQVIHFWHG FHO®DPX BDPSRNRHEG PRHEQ OWDRE & U W XR/GIEODYH JD W LY

7\SH RI LQWHUDFWLRQ RI 0&V ZLWK 2DWS G WUDQVSRUW|
OLFKOH@WWQ WUDQVSRUW NLQHWLFV

WDEOH H[SUHVVLRQ RI JHEUDILVK 2DWS G |L@ BHQEWLFRL

JLVKHU 6FLHQWLILF :DOWKDARDIBEQRDYD ® VEMHVEVGL\RBG LQW H



RI WRKOHW S/ BTXHQFH VXEFORQHG LQWR )J5QJW RKH D WR R QVXH FWERFU
‘DOWKDP 86%$ ZLWK FRPELQDWLRQ RI UHVWULFWLRQ HQJ\P
FRQVWUXFWVY ZHUH VSHFLILFDOO\ WDQJEW H® QQW RRW &R ZLK
PDQXIDFWXUHUYTV LQVWIAXWWHRWOQD/PHXSURWRBROFDY GHVFULE
=HEUDILVK 2DWS G VWDEOH WUDQVIHFWDQWYV ZHUH IX
XSWDNH UDWH RI PRGHO IOXRUHVFHQW VX8V WHF DWW H NMEQDRERD
FHOO OLRUWIHDHQWDLQHG LQ WKH VDPH FRQGLWLRQV DV UHJX
JRU WKH W\SH RI LQWHDFWLRQGHIBMISLEH WO OV QZHEH B O/ HH
SODMHEW QVLW\UR | [FHOONQPLQDO YROXPH RIRUWAJKM R XUV D
VHHGW®MRZWK PHGLWBDIDWHB[IURP WHKH OO M DQEXEDW-LR (
PO 1D&O PO .&0 PO ®D&J&OPO JOXFRVH DQG PO +(3(6
DGGHG 3UHLQFXEDWLRQ ODVWHG IRU PLQHPIRWHGZ RERMKLY L
RI WKH 2DWS G W UDQMWSRU\EH bl [ 3BV LOH IRMRIQH HFGI\® GFERNBHRGWL |

VXEVWUDWHE DWEZR WHERKUHHVUDWLRQV RI 0&V W-H0Q JAKH U
H[SRVXUH YROXPH RI /< DQG 0&V DGGHG WR WKH FHOOV ZDV

DQG OH2+ XVHG DV VROYHQWY LQ DOO RI| W& H KLHWWBRGWKOP S
%oYDOXHV Rl 2DWS G WUDQVSRUW ZDV GRHWH ZPWXE B&W KWH L
XSWDNH RI /< LV OLQHDU GXULQJ WKH ILUVW $IRHU RIQLFXFEDR
WKH FHOOV MZUAMNBY KHG/ ZH OXEIWLRRIG PINGRFE X Pl DXBENED\W H G
ZLWK —/ ZHOO RI 6'6 IRU PLQ DW f& IRU FHOO O\V
2DWS G WUDQVSRUWHQ PQWS.G 7FHIOLGY ZDV PHDVXUHG LQ
VXEVWURDQOHN IREQFHQWUDWLRQV 7KH XSWOPNRFNGWR GY. ZD7V) 0]
WR REWDLQWSHBRQIVSRUIWMHNFHU HKWH DQG %R LEIILEDHWWH GQO &V
VXEVWUDWHY FRPSHW LNMLYHKED@YHEDWER G X% &SR L Q WHRQ W R
FRPSHWLWLYHD QG KIGEPMIDR®r5; LQGLFDWRBS KWLWLYH LQKLEL
PHDVXUHPHQWY ZHUH GRQH LQ VEXRB/OKRE B & H S HIDGEGE G W QPSHW H
UHVXOWYV RI UHSUHVBIQMW DWR X EH HDOWKMHRHEOWLRQ 7R REWDLC
FXUWHEBXRUHVFHQW G\H /< ZDV GLVVP®YPBWWL[ G L6/9R DY HAGK
DQG LQ WKH LQFXEDWLRQ PHGLXP WR REWDLQ WKH OLQHDU
PHDVXUBURRWMARQ FRQFHQWUDWLRQ %UDGIRUG %DVHG
REWDLQHG OLQHDU FDOLEWRMHLR QIPX FEDIOV X O/BW HXG WRGHH[S |
VXEVWUDWH SHU —J Rl SURWHLQ SHU PLQXWH

&KHPLFDO DHNQVWRPFWORQ RI WKH W\SH RI LQWHUDFWLRQ



7KH&YV WKDW VKRZHG VLJQLILFDQW LQW HSDH QLAE@ BVWEBN]H & L
VXEVWUDWHY FRPSHWLWARMSHQKMELYWR UGKIRELWRQVXEDVHG
OHQWHQ NLQHW LOFQEH PSKIKQRWHRMM LH G RQ WKH WA FRVRXLLOHV H L
+(. 7 )OL® 2DWS G WW\W DREDBHFE I Q @& PREWI HAWRH G &F/H BRADVDR Z H G
FKHPLFDO DQDO\WLF WVGLHE\W WBIHHPQ Q R VD BACRARE X \W XIBD 8EAWR Q R |
DQDO\YHOOV ZHU® XHOIG H\WIWHVHOOBHQVIDVIQB® YROXPH RI
—/ ZHOO DQG K DIWHU VHHGLQJ ZHUH H[SRVHG HPR YELQHH U H
JURZWK PHGLXP DERYH \RRHZ BN OLOQL WSDHL DG ZEROMARIL QQ F X E-B
PHGLXP 7HQ PLQXWHVY ODQ2DWS+G. FHOQOWNS ZHWHK UBHIS RV H G
FRQFHQWUDWER®W EDVHG RQ WKH LQLWLDO WUDQVSRUW DF
0&/: DQ®) DQG — 0% POGE DQG —O05/RKHDELPDO
DPRXQMRXVHG DV VROYHQW LQ DOO Rl WKH WHVWHG VDPSO
0&V ODVWHG IRU PLQ DIWHU ZKLFK FHOOV ZHUH ZDVKHG
PHGLXPKH FHOOVLRWXHDQWKHSY ZHOO RI OH2+ IRU L QP RQMBMU
SHUPHDELOL]H M\ WHWBKENDFOX\P O@QIEBW HG. 7 )@LBFN FHOOV ZHUH
H[SRVHG W RFR®FHQDWUDWILR RW KRH W VR G IMFHUSTRSEWB Q@ EHFHQ \
S DV \XLSMBR WHAHH VW H G | WBFAHQ D O DVQERI@ H2FHOOV ZHUH PDQXDO
IURP WKH ERWW R P WRH F/KIQH SZBIOFAOW B @ R Q RIPQWMDFIXW LR Q ZHUH |
VLQJOH WXEH 60P$EBWUZHXHHEKHRUJWRLQHPWYH FHOOXODU
SURWHLQV gPYHW QD Y\DRRUQUW® B RD Q G P/ Rl OH2%DZDWVHNG G
ZHUH FHQWULIXJHG IRWUPQEIBWUHG [WR2}ODHYD\S R ED WG G
QLWURJHQ VWUHDP XVLQJ D 7XUER9DS V\VWHP &DWLfRHU /LI
XQWLO GHVQBXWPD&WHU ZDV GLVVROYHG LQ —/ RI OH2+
7KH SUHSDUHG ILQDO VROXW LR@NO GHGD L WKIHG PKWIRP D WHRU M
VSHFWURPHWU\ /& 06 $00 DQDO\WHV ZHUH SIHIRIRRHPG® QR4
OLTXLG FKURPDWRJUDSK\ 83/& :DWHUV &RUS OLOVRYG OD
3UHPLHU TXDIGRWCER®&W PDVV VSHFWERPBWHUV 47RYS  OL
ODVVDFKXVHWWY 86% HTXLSSHG ZLWK DQ HOHFWAWHRR DDA
HTXLSSHG ZLWK D — %(+ & FROXPQ [ PP IRU FKURPE
HOXHQWY $ DQG % ZHUH DFHWRQLWULOH ZLWK IRUPLF I
YY UHVSHFWLYHO\ DQG WKH HORZPSDWHDEDXLVLVWORPLQ@D
SRVLWLYH LRQL]DWLRQ PRGH LQ WKH P ] UDQJH IURP  WR
VHWWLQJV ZHUH GHVFULEHG HOVHZKHUH 7HU]JLF DQG $KHC
LQGLYLGXDO 08 GVIKID O RTPOQ FKURPDWRJUDPV ZHUH UHFRQ
WKH FRUUHVSRICRIIWQRE>0&\M@DV IROMRZV 0& <G& P H

0&/: P H D& P H DQG ORH 7KH UHSUHVE



FKURWRJUDPV DWHKENYFOHRROWBUYLDOG6 7TKH FRQILUPDWLRQ
LGHQWLWLHY DV ZHOO DV WKH TXDQWLWDWLYH DVVHWEPHQW
DERYH

+RPRORJ\ PRGHOOLQJ DQG PROHFXODU GRFNLQJ VWXGLH"
%LRYLD 'LVFRYHU\ BWXGLR &OLHQW Y 9LOODV¥RXEOW\ 6)V
LPSOHPHQWHG %XLOG +RPRORJ\ ORGHOV SURWRFRO ZDV XV
EDVHG RQ DOLJQPHQW RI WKH PRGHO VHAWX\N QFANWMGU \K K W
JO\FHBRKBVSKDWH WUDMMPKSRULWKLPIBERPISZ  GHEMAWHW DO
+XDQJ HW DO %XLOG +RPRWRE' QR HOW IS DRVE R% Q © QOMHH
DXWRPRGHO WR EXLOG KR MRIIRAGE ARRPHRMR JYPEXHOG WKH LG
DOLJQPHQW EHWZHHQ WKH PRGHO VHTXHQFH RISRRWSKG W H
WUDQVSRUWHU ZBDANSREWD BERBHQFIHMI SURWRFRO 6HTXHQFH
6LPLODULW\ HQWHZDWOLDQPO\]HG DQG OR QJH @RIBH\MD HREC
FREWHD\ ZHUH H[FLVHG IURP W K H O ® IOILOAEHOHWP RE R 6 IGGHRIOWFD B
UHJDR@KH ODUJH H[WUDFHOOXOD U VDKWL @ WWH RIKGE ® G DEROER
QRW LPSRUWDQW IZRIW K H[FQBGHEBLQGLQJ
7KH UHPDLQLQJ SDUDPHWHUV LQ WKH 3DUDPHWHUV ([SORUH!I
VHW DV EXOWRYWUKDQJV ZDV VHW WR 7UXH WR FXW WKH WHUTF
WKDW ZHUH QRW DOLJQMNBEHWRIVWRIKEMHP ZOPWHW WR  WR
PRGHOV WR FUHDWH IURP DQ LQLWLDO®WRWUXKWRUEHILWHK DKV
RI PROHFXODU G\QDPLFV ZLWK VLPXODWHG DQQHDOLQJ WR
GHWHFWHG ORRS UHJLRQV L H WKH PRGHO VHTXHQFH UHJ
DOLJQHG ZLWK5WKH MW HPB®D ®BY VHW WR 7UXH %XLOG +RPR
'23( 'LVFUHWH 2SWLPL]HG 3URWHLQ (QHUJ\ 6KHQ DQG 6DO
IRRSV 1XPEHU RI ORGHOV ZDV VHW WR WR GHILQH WKH Q
RSWL]DWLRQ DQG 5HILQH /RRSV 2SWLPL]DWLRQ /HYHO ZDV V
WR EH FUHDWHG E\ ORRS RSWLPL]DWLRQ 5HILQH /RRSV ZL
'23( OHWKRG ZDV VHW WR +LJK 5HVROXW LRRG HOW HSW RW @ 6 R
%HVW ORGHO 6WUXFWXUH 6XSHULPSRVHG WR 7HPSODWHV ZD
WKH ILQBOPWRVHRQDO PRGHO VWUXFWXUH RI 2DWS G )LQD
DGMXVWHG DQG PWRHPDLUMIACPLHQIJDOJRULWKP 7KH GLHOHF!
PLQLPL]H WKH 2DWS G PRGHO ZDV VHW WR FRUUHVSRQGL
K\GURFDUERQV DV LQVWUXFWHG ZKHQ PRGHOOLQJ D PHPEUD
OLFURFRPRQUG QYRUEH GRFNHG UD PRIGHXRPRDRWS G ZHUH F
&KHP%LR ' 8OWUD 3HUNLQ(OPHU ,QF :DOWKDP 0$ 86%



/ILIJIDQGV SURWRFRO LPSOHPHQWHG LQ %LRYLD 'LVFRYHU\ 6W
.RVND HW DO IRUZWKHKXPRGHFXODU GRFNLQJ VWXXDZOQWK
ZKLFK FRPEKHVYGIORZLQJ VWHSV &KL)OH[ UHFHSWRU FRQII
FRQIRUPDWLRQV FUHDWLRQ /LE'RFN GRFNLQJ RI WKH OLJDQ
FOXVWHULQJ WR UHPRYH VLPLODU OLJDQG SRVHV &KL5RWR
VHOHFWHG FUKRPWAHVYQ Y LWKH SUHVHQFH RI WKH ULJLG OLJD(
UHILQHPHQW 7KH VHOHFWHG KRPRORJHPRIGHG RHEB®\ERQW

ELQGLQJ VLWH ZLWKLQ WKH KRPRORJ\ PRGHOV ZDV GHILQHG
SRUH 7KH UHVW RI WKH SDUDPHWHUV LQFOXGHG LQ WKH )

OD[LPXP QXPEHU RI SURFQNRUHF®SURGHEZOV VHW WR OLQL
DQJOH FXWRII GHJUHHVWWRZ R HHAKEHO LK. ZRBWXHW DUH WKH
VHW WR OD[LPXP QXPEHU RI UHVLGXHV IRU JHQHUDWLQJ \
WHVH ZHUH WKH IROORZLQJ OHW  /\V  *OX ,OHODO$UJ

9D O 3KH , @DHH JHX UDQG &RQIRUPDWLRQ OHWKRG L
JHQHUDWLQJ OLJDQG FRQIRUPDWLRQV ZDRURDWWRQY (WR HH
ZDV VHW WR (QHUJ\ 7TKUHVKROG L H FRQIRUPDWLRQV R

UHODWLYH HQHUJ\ WKUHVKROG NFDO PRO ZDV VHW WR
JOH[LEOH'RFNLQJ SURWRAROLXPEHUVRW+BWVYBE®Y L H QXPE
UHFHSWRU KRWVSRWV IRU FRQIRUPHU PDWFKLQJ DQG O0D]
UHVSHFWLYHO\ ZLWK 7ROHUDQFH IRU D KRWVSRWV PDWFKL
OD[LPXP 1XPEHWWEKLFK GHILQHV WKH PD[LPXP QXPEHU RI KL
KRWVSRWV PDWFKLQJ SULRU WR ILQDO SRVH PLQLPL]DWLRC
IUDJPHQW RI WKH UHSRUWHG WRS VFRULQJ SRVHMHSHW SMR
FRQIRUPDWLRQ ZDV VHW WR  ZLWK OD[LPXP QXPEHU RI FRC(
BWHULF )UDFWWR@KPEHELRLGODV KH \KEW VBRN WIOH. SRPHQ W L\
ZDV VHW WR LQVLGH WKH PD[d PXPDYODOIAKYWRU BIKGILESR O
DQG 3RODU 6$6% &XWRII ZHUH VHW WR Do/ IDRGO D W B G UDIY S |
UHILQHPHQW ZDV SHUIRUPHG

6WDWLVWLFDO DQDO\VLV

$0Q ¥EIHM SHUIWUERHEBRGKHSHD GHQW H[SHULPHQWY 'DWD Il
DQDO\]H/GIORWHG FD OFXLODIMLR\OR/I\@ ROIM FH {[JFOHSK 3D GD3QUA. V P
'LQGRZWWRIUW LV W L ADHY DI\DIMBWY\2DWS G W U DRHVIB\RUIN IDHFQW



DUHSUHVSHGFIHQWDJHV Rl /< XSWBSHQ &R QWH GWUDMOLNRKY ZD V
XVLQJ WKH HTXDWLRQ

ZKHWHY WKH SHUFHQW D MZWHA\RH VLV K IREIFHIGRAWIBRW LFRHD Q 1OXRUH V
IRU WHVW FRFIWVQWKB WHD® IOXRUHVFHOMW YDKIHX RHBQ PRER
YDOXH IRU FRQWUROWRHHVYIWOFRPSRWQBQVZIRUH ORJ WUDQVI
DQDO\]HG GELQORQLREIPHWKRG XVHG |RIHVSROVHQ EQU YG-RN HZ
FRQILGHQFH LOKHHU SROVLROH ZLQWK NI X \WASHIWHEY R LIWH\VS IR @Y X H
,& YDOXHV WKDW GHVLJQDWH WKH FRQFHQWUDWLR @WUMKDW
FDOFXODWHG IGRZHALIRRWEDY XVLQJ WKH HTXDWLRQ

\ E D+E /IRJ, & [ K

ZKHUHV WKH UFWS RWEWHPLQLPXP ERWWRBURY HG@WSRWQKH PDII
UHVSRQVH KKLWOKWBBEHR | WKH&FLXW KD OIZD\ UHVSRQVH IURP E
DQGV WKH ORJDULWKP RI LQKLELWRU FRQFHQWUDWLRDQ
JROLFKDGIOQWHQ H[SHURBWQWYHG NLQHW LOFQ % B|lY D P\ M UAZH U |
FDOFXODWHG XVHHQWEMDW ERQHOLV

9 Opp([ 6@ B@ .r

ZKHOHV WKH YHORFLW\ QDQRPROHV RI VXEVW U DL 8 HWK FILF
PD[LPDO YH@RILWAKH VXEVWUDWH FRQFHIQWW B W LOR®! IQMEHDQL R F
FRQVWMNWDNVNREWDLQHG ZHUH ILWWHG XVLQJ QRQOLQHDU UHJU
JRU FRQVWUXFWLRBX RN /SQRWND RWMUGRXEOH UHFLSURFDO HT

9 .P 9PD] >6@ 9PD|

7K SORWV DUH JUDSKLFDRI 2B SBH&GH QW B L\'R QDRI S/BEIMY N L Q
LQWHUFHSW DVD[OW DQWMHE.PH SWHDW\SH RI LQKLELWLRQ ZDV
DQDO\VLV RI OLQHV FRQYHUJHQFH ,QWHUYHRMEILEG D \®H QW K HWF
LQKLERQ PRGDOLW\ ZKHUHDV LQWHUVHFW LOJ1\ODQ I&VRWR KD MH F
LQGLFDWH QRQFRPSHWLWLYH LQKLELWLRQ PRGDOLW\ &RSHC



5HVXOWYV
6 W UHQ QWK BRD RVWHNVREM AL W K JHE UD I LV KWADDAS/ SR X\§ WD N H

,Q WKH ILUVW VWHS RI RXU VWXG\ ZH WHVWHG WKH YWUGQJW
WKHEUDILVK 2DWS G WUDQVSRUWHU DV GHWHUPLQHG E\ W
VXEVWUDWH /XF LG WUHIDDOWRH QW O\ WO B QY RHORWSE G FIDHOBW V H
RQ J)LWKHHVWHG 0& FRQJHQHURQ PR KMIHG SRWHIQFU WR LQKLE L)
IURP & DOO RW KHWLFRIQUF@LEDWHG /< XSW D QN | HF WHID @ ¥
XSRQVKRBIWQ HIBRVXUH ZIKWK FRVW SRWHQW LQ\UBGP RWKRUW 2
UHVX CDMHOPRGW FRPSOHWH LQKLELWLRQ RI /< XSWDNH LQ WU
ZLWK Y®OXHV RI DQG WLYH®D\UBVBHALFDQW LQKLELWR
GHWHUPLQHG IRU/$& FRQIBEQUHVXOWLQJD@G LQKLELWLRQ
WUDQVSRUW JUHVSHFWLYHO\

'"HWHUPLQLQJ WKH R\ SWHH RW HG WO DZFMWL KX EHVE D D HL WK 2 Q WSF
OLFKDBIKDQWHQ WUDQVSRUW NLQHWLFV

$00 ILYH 0&V LQLWLDOO\ VKRZQ WR LQWHUDFW ZLWK ]JHEUD|
WHVWHG IRU WKHLU W\SH RI LQWHUDFWLRQ 2XU SULRDW\ JR]|
RI JHEUDILVK 2DWS G DQG LQ RUGHU WR REWDLQ PRUH U]
H[SHULPHQWY WKDW LV RIWHQ SUHVHQW ZKHQ XVLQJ WUDQV|
SHUIRUPHG XVLQJQ+FHOQ®WSVWDEO|HEUHDUHYKUNYWESQE  + (.
,Q 2DWS G LQVWHDG Rl WKH WUDQVLHQW WUDQVIHFWLRQ ¢
LOQWHUDFWLRQ VWUHQJWK

'HWHUPLQDWLRQV RI WKH W\SH Rl LQWHUDFWLRQ ZLWK ]H!
OLFKDBIKQWHQ WUDQVSRUW NLQHWLFV H[SHULP HIQWW HDXMH X
QR VLJQLILFD QW IRKD Q& H\R QOHMGI®)Y UHYHDOLQJ WKDW WKH\ |
LQKLELWRUV RI /< WUDQVSRUW P iD®/L0D WHHERR @0 R ¥ R @ KH DDHW
/$ $OWKRXJK WKH VDPHQEDWDNHH QDR YKPLQD OO\ REWDLQHG
LQKLELBRWKQ OLFK@WBQVNLQHWLFV )LJ%XUDNQSORWQW Z HDJY HU
UDWKHU D PLUBGLWLBHRQY 2Q WEKH GEBRWIDHWDUGEG QRW WR E
2DWS G VXEVWUDWHYV DVFRKSIN W DWIKYHU LODAW B GWEIRW X QV KR Z L €
DQGo DOXHV 7DEOH  )LJ <HW ZH KDY HUWRE XQRWIH W\K DG\
0&/5 ZHUH UHODWLYHO\ ZHDN DV ZD\QRRM) VOV B5\M EVWW DK BIOI0Q
UHVSHFW WR GDWD5 FOBWDLQHGPIRRQIREH QW UDW L RER PIRKHW LIMOLGY
LOQKLELWLRQ FKDUDFWHLED|}IG GENFRRHP FRAMGOD.AVR KDYH EH
H[SODQDWLRQ
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)L &RQFHQOHEHMIGRHRW LQKLELWLRQ RI JHEUDILVK 2DWS G
55 /5 <5 /: /) DQ 5HVXOWYV IURP D W\SLFD OSH[$FHHUQWIDQ WV
/< XSWDNH LQ +(. )OS,Q 2DWS G FHOOV (DFK GDWD SRLQW
H[SHULPHQW RXW Rl WKUHH LQGHSHQGHQW GHWHUPLQDWLRQ
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)L OLFKDHM@WHQ NLJHHEWDFVVRI2DWS G PHGLDWHG XSWDN
VXEVWUDWH /< LQ WKH SUMHS HKGFH$R:I D@ RIQJ HBOIMUWHUPLQHG L
)OS ,Q 2DWS G RYHUH[SUHVVLQJ FHOOV 'RVH UHVSRQVH
2DWS G WHGLD< XSWDNH H[SUHVVHG DV WUDQVSRUW UDW
FROQFHQWIWHHVMLRPLQ LQFXEDWLRQ DW  f& LQ WKH SUHVHQF
FRQJHRWWSODLQHG LQ ODWHULDINBWY R G FIHYWRURIENV PRHYF WIDFGR)
—0 7KH XSWDNH LQWR YHFWRU WWDR@MRAWWNBG-FEHOORHQ
WR REWDLQ D WUDQVSRUWHU VSHFLILF XSWDNH (DFK GDWCE
H[SHULPHQW RXW Rl WKUMHRQEHSHQGHQW GHWHUPLQD



7DEOHHWHUPLQDWLRQ RI WKH W\SH RI LQWHUDFWLRQ RI WKH
XVLQJ OLPKDMMHY WUDQVSRUW NLQHWLFV H[SHULPHQWYV .LQF
)OS ,Q 2DWS G RYHU H[SUHVVLQJ FHPOVFRIDWGRWHRBPLWHKBE
YDULRXV FRQFHQWUDWLRQV 0& FRQJHQHUV DV QQGWFHIWWMG |
NLQHWLFV DQG EDVHG RQ WKH GDWD REWDLQHG 0&V RHUH F
LOQKLELWRUWRSRIQVLWLYH DFFRUGLQJ WR FULWHULD GHVFUL
8SWDNH ZDV PHDVXUHG DIWHU PLQ LQFXEDWLRQ DW  7& |
WZR: DQG /) WRGHH <5 /$QGHSHQGHQW H[BHBHBH QWOW BR}
GXSOLFDWHV UHVSHFWLYHO\

b jvp v|E! /X'jB'}(E < F A sy qF A |dC% }(IvS|E 3]}v
SEo | 6IXGOAXI0 dXIP IXI] ..
>7 i STX610XbT IXTh 1x16 HVM Ju% SIpIA
i 56XF6iiXar ixomixig V&l 181y
SEo | 6IXGOAXI0 dXIP IXI] ..
27 i 0oXBoORXP Txomixij] MV tu% SIBIA
0 56XF oxin ixomixig V2l 1SIhy
SEo | 6IXGOAXI0 dXIP IXI] .
> i OGXBOOXIS TXOF 1Xid }“;%’\‘;ZS]]S]];]\}\'/““E
i BAXFATIX00 TXOm 1X1]
SEo | 0IXG0IXOI 606X IXAf
o I (AXE (IXP3 6XaF IXT1d  Tu% S]3]A
/s (TIXOP AXBAOXME IXid  [vZ] 131}V
/e (B1X M (6X6060XAIX|
SEo | 0IXG0IXOI 606X IXAf
e I (HOXGITIXD8 OXIB IXi]  Ju% $]3]A
/. (61X [0X1 6XBIXio  1vZ] 131}
! i (TAXP ITXM6 OXAFATXITI

&KHPLFDO DQDO\WIKPOVYSH/RILEQWHRQ@FWLRQ RI WKH WHVW ¢
2DWS G ZDV IXUWKHU YHULILHG E\ FKHPLFDO DQDO\WLFDO «
FRQJHQHUV XSRQ PRFRWDQMHFWHG DQG 2DWS G WUDQVIH
FRQFHQWUDWLRQV RI WKH WHVWHG FRQJHQHUV 7KH RIQVXOW
RI 0&V DUH VKRZQ LQ )LJ ZKLOH WKH GHWDLOHG] ®RFXPH
FRQFHQWUDWLRQ OHYHOV RI 0&YV WHYVVDMG] URLD® EFK HREIDGX DG
VKRZHG VLJQLIRPHBQMWQ FRIMHIDWHY LQ DFHXPRQBWQRQUBIQWE&H FW |
FRPSDULVRQWWBQRRHFRWHG FHOODN FREWWPQOHVWWHRQK SR U
2DWS G QB 2Q WKH FRQWUDU\ QR VLJQLILFDQW52DDWS G

REVHUYHG FRQILUPLQJOHBWHIWNLRHWMLIFKRDHBIHULPRRWYV DQ



QRW D JHEUDILVKWAIDWSHG +RXEYHU LQ FRQWUDVVOHRR FE®W
GHWHUPLQDWLRQV RXU DFFXPXODW ORQD B[S0\ IL RHRIMRE B Q G
WKDW WKLV FRQJHQHU LV DFWXDOO\ RRISPWIRNIWH®\EORD W
DQG 7KLV VXJJHVAMBVPWIKDW EG& DQ 2DWS G VXEVWUDWH DV
FRPSDUDWLYHO\ VORZ

LA

Response (A.U.)

LF

Lw

360 380 400 420 440 460 480 500 520 540 560 580  6.00
Retention time (min)

)LJ 2YHUOD\HG /& 06 FKURPDWRJUDPV RI 2DWS G XSWDNF
PLFURF\WWLQV 7KH WUDFHEHRIVLDGH YILONHERQ QIR QGHOURZYW 0 &
/5 +EURZQ UHWHQWLRQ WLPHH G757 /PREQUHHQ 5PLQ)

+EOXH 57 PLQ XQNQRZQ LPSKKH WSSHU DQBLQRZHU WL
UHVSRQVHYREWWEQME& DQVIWBWEGIBOWHERFNOOV UHVSHEWL

+RPRORJ\ PRGHOOLQJ DQG PROHFXODU GRFNLQJ VWXGLH"
$ VWUXIDNVWXEHVHTXHQFH DOLJQPHQW SKRASW B VEH DMU® QOSRH
IURP FROIOXVWUDWLQJ WIXHHROQRKR®MOMHEGH[YWUDFHOOXODU S
LQVKBKKSSOHPBIQWIBWLD O *RIRIG @XDOLW\ DOLJQPHQW RI WKH P|
WHPSODWH VWUXFWSKRVESKDWH N\ BEMERUPHRHEILLBRQW K\HX J J H \
WKDW WKH FRQVWUXFWHG 2DWS G KRPRORJ\ PRGHO VKRXOC
FHQWUDO SRUH GHVFULSWLRQ 7KH UHVXOWLQJ KROFRREHRJ\ F
FRPSOH[HV Rl VWUXFWXUDO RR&HQ QRN HAHNVSV GZ HGIGIB®H U D
PROHFXODU GRFNLQJ ZKHUH VHOHFWHG UHVLG X MMERIDGH IO C
VSKHUH U ¢ ZDV GHILQHG O DWSHI MRURWBM RWMRU B Q FRPISID V V
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Microcystin congener

)LJ &RPSDUM/HRHEWD NMHMHVWHG 0& FRQJHQHUV LQ 2DWS GV
WUDQVIHFWHG +(. 7 FHOOV 7KH FHOOV ZHUH H[SRVHG WF
FRQJHQHUV DQG —0:IRQ®& DQG — 0% PWGE DQG
—0 IRU/D&RU PLQ DQG WKH DPRXQW RI DFFXPXO®WHG |
DQDO\WLV DWXHMFEFHUEBGVLR QG OMWIX RWGR/PVIH RMVE RFD O H[SHUL
DV PHDQV “ 6'V IURP W UL SIDQ G DUHHS GHHWWHHDUAP [DQ CR/DICR Q@ FUH D V'
0& FRQJHQHUV RYHU WKH DFFXPWODQVRF B HG HFBPIOQHIR UH B
FRQFHQWOQHEWLBOY9$ DQG 7XNH\JV PXOWLSOH FRPSDULVRQ W
RI MWDMWFDOO\ VLJQLILFDQW GLIIHUHQFHVY EHWZHHQ WKH X
WUDQVIHFW HBURQNUHFERWVNG FHOOV DV ZHOO DV DPRQJ WKH X
WR GLIIHUHQW FRQFHQWUDWLR QMW RJQW KHEIMDWEH @8V FBRQJH Q|
DFFXPXODWLWRQD.@VPRAMWIGIOHRGD QW O\ GLITHUHQW S U
WKH VDPH 0& RRQJBQHBEDRAWO\ GLIIHUHQW S IURP FRQFH

+RZHYHU SWKGRFNYRJ VWXG\YRODDEGBWWRNKH UHFHSWRU PR
KRPRORJ\DGRFHQQJ RI WKH NQRZQ PRGHO VXEVWUDWH /< ZDV
SUHG MWRMDMG /< LV EXULHG GHHS LQ WKH FHQWUB® BRHLMHD S S L
0&V WKIXWGVKRJIQLILFDQW LQWHUDFWLRQ)ZDW® QEEHDH VK

VXFFHVVIXOO\ GRFNHG ZLWKRXW DQ\ WUDQVODWLRQ RI WKH
VKRZQLU®R) WRIHW KW KIHRER/EGLQJ LQWHUDFWLRQVJRE RBRIEQH C



DPLQR DFLG UH\ZIDEHNG LMVHG WR EH SODFHG DERYH WKH FH
FRYDOHQWO\ ZLWK QHLJKERULQJ UHVLGXHV LGHQWLILHG DV |
DQG 6HU 2Q WKH RWZCHEDRBAEWGKROR XWHU SDUW RI WKH VSK
H[SRVHG WR WKH VXUURXQGLQ@DH®DDGEHGERRGEQN RQ W& UDFW
WKROORZLQJ UHVLGXHV ,0H ,OH AV WKV K HUQBR HDH Q
IDLOHG WR IXOO\ DFFRPPRGDWH LQVLGH WKH GHILQHG ELQG
ELQGLQJ VLWH VSKHUHYV FHQWHU FORVHU WR WKH RSHQLQ
PRGW®H LQLWLDOO\ IDMSOBIG/® & FRH VIKERHVVIX0OO\ GREFNHG 7
EHWZHHQ 2DWS G VW UXPBWXHDLF \F R GMION BEIERE & D@J SSRIUH X QL
/5 )LI*+ 7KH ELQGLQJ SR\VADWIHFX RH ® &V ERRGCLQ OQRQWHUDFW
UH V VGHN /H X DQG ,OH

)L 6ROLG ULEERGRMRMUHDLODHERZHVHQWDWLRQ RI WKH KRPRC
IURP WKH ODWHUDO VLGH $ WKH H[WUDFHOOXODU WLGH &



SRWHQWLD® RIVSSARBOREWODU VXUIDFH UHVSHFWLYHO\ %
QHXWUDO SRWHQWLDO DUH VKRZQ LQ UMKG EREHOD\G &ZHS R\
DYDLODEOH DW ORGHO$UFKLYH EDVH KWWSWNDDZ PRGHODU

'LVFXVVLRQ
%DVHG RQ WKH VW XGWH¥S 3/DENL WK BEWIRF VDRI YDULRXV 0& FF
ODUJHO\ GHWHUPLQHV WKHLU ELRDYDLODELOLW\ DQG WRIJLF
WUDQVSRUWHUY DSSHDUHG WR EH PDMRU FRQWULEXWRUV U]
$EW HW DO % XU\ HW DO %LHF]\QVNL HW DO

<HW PRUH GHWDLOHG VWXGLHV SHUIRUPHG UHFHQWO\
VKRZHG WKDW WKH UDWH RI O& IRSWDLN HH V H QI KB QANREHUBRD U
EHHQ VKRZQ WKDW ]JHEUDILVK 2DWS G DFWSHBWI LIF X\EWD RV R
YDULRXV 0& FRQJHQHUV ZKLOH RONKIHUPG& B\HLD/QR B RUKWM LW
DUH H[SUF®@XWGYHO\ LQ WKH NLGQH\ DQG WUDQVSRUW RQO\

$V WKH SULPDU\ FDXVH IRU WKLV YDULDELOLW\ FRXOG EH
VXEVWUDWHY YHUVXV LQKLELWRUV RQ\0&RARRDH Y QHW \L \Z LWRK
WKDW WKHVH IHDWXUHV P D WRRER B LSERWHHQW/R DAL IRH U8 Q EMNVGD
ILVK VSHFLHWISBM RIW RMDUJHWYV RI F\ADQRWR[LQV DQG VXEVHT
7KHUHMUW KLJKO\ UHOHYDQW MR ERIQUM B H UPK DWBDFXWHHIAL T |
ZLWKVSHFW WR WKHLU LQWHUDFWLRQ ZLWK 2DWS G 7R GR
WHUPV RI YDULRXV VWUXFW XUDBIU @ BIBUWLEAGE R WY GOVEKHEION (O
WUDQVLHQWO\ RU VWDEO\ H[SUHV\DL@G VHEWIYMY ¥ H/BMAS GR WD \
WKHLU LQWHUDFWLRQ ZLWK WKLV WUDQVSRUWHU
,Q WKH ILUVWWSZHW RWRXBLQHG WKH VWK IMKH & | 018YWIHQ®
WKDW PRVW RI WKHP GR LQWH UQ RWE WM& BVWELNDHLRK PR GHSC
VXEVWUDWH /< LQ WUDQVIHFW H® \WHZOON LPLPMIG LYW HEKMRERW R
VWURQJHVW L QD\DMBROHF WRRISIKIDAUF FIR QIGIE®HYNMI IROORZHG E
FRQJHMHUY DQG5 DJDLQ LQ DSSDUHQW FRU UMKQUDWKIRIP RUW K L
RQO\ WUXO\ K\G U RSN K LFRERQIMH RW&GS5 GLG QRW VLIQLILFDQ!
ZLWK /< WUDQVSRUW E\ 2DWS G 7KHVH UHVXOWV ZHUH VLP

ZLWK WKH H[FHSWKRY RDUS&/KRZQ WR EH WUDQVSRUWH ¢
DWORZ UDWHUBIQ® @DV Rl D SURORQJHG K H[SRVXUH
+RZHYRIXIUQLWLDO GDWD RQ W K B OWVDRARHKU B FEVAERERIH VR) FAQKIAV B V
2DWS G RYHUH [ SAR-NO/G BRHANIKOV W HVWH G /& ER\QW DG BV $ FOUM.
EWHKHEUDILVK 2DWS G WUDQVSRUWHU P& QRUH FRESIHEN WV ALY
PRGH RI LQKLELWLRQ 7R JHW D EHWWHY WRM LQ K YW L\DW/HRS WRK



ZH SHUIRUPH GO I8 DRKHDM OGMMMULFENVQDWLRQV RI WKH W\SH RI
FRQJHQHUV VKRZQ WR EHO\VDKNFRSXGK IQHPRIHFMWRQNWLFY PHDV
QRW D GLUHFW GHWHUP LQ DM WRHE R DI-EWWWIUEDON. N KASLBIRVNSSIRBUCH
W GLVHMZAHEQ VXEVWUDIOIGE DKMEB@KDEDQWRAOHEHBG&DYHG DV
VXEVWUDWHY L H FRE&HWH V¥ RO DLE@EE UFS SHRDRW GV R EHVW G D Q
E\ 2DWS7®EOH V DPP& &RQVLGHULQJ WKH UREXVWQHWKHRI W
FDOFXGDWIGGHN DOKHY /< WUDQBGSRHUWLU VKLIWV LQ FRPSDUL)
GHWHUPLQHG ZLW KRAW VIVGGEL W& REIRKGDMIH BEWDLQHG XVLQJ
DSSHDUHIERRRG EMGLFDWLRQ RI FRQJHQHUV WKDW DUH VXEV
LQKLELWRUV VXHHWDH] FH SMZDRQHVY FRQFOXVLYH DQG VKRZHG
SDWWHUQ/5IX&E W L\Q RV MUAPD W LV W WRKEGHD WDR E KW QUHVO/DW L Y H
QRPLQDO GHFZLHD QR W QVW DW L VAL MED ODN PV V@ R | GIODAQDS/ FDEAW D L ¢
—P FRQFHQWUDWLRY 7DEGHBQGLFDWHVRPRBWLQR@H LQKk
FKDUDFWHUL]JHG E\p @ORFEBDROUHDVHQLQ 9P DKD YERIH®MG DD OV RH
H[SODQDWLRQ
, D GGLWLF®DSRMQWHQ NLQHWLFY GDWD WKH WUDQVSRUW RI
VWXGLHGELUHFW FKHPLFDO DQDO\WLFDO GHWHUPLQDWLRQ R
PRFWUDQVIHFWH® 6F IDQO W\ VR.E WHD\L XQBI\G VIDAVRGHIQN LVWHQW Z L
UHVXOWYVY Rl NLQHWLFV GHWHUPLQDWIRDRR| MRIQLDIFEQW LQ
ZHUH GHWHUPLQHG LQ WUDQVIHFWHG RWOO\WPBRMNDOO Rl WKH
FRQILUPLQJ WKHP DV VXEVWURWH\DIREY HEHZILLWHK 24) 3/FSVE U H
<5 GLG QRVDVIHW®RQWLIRFUGHDVH LQ DFFXPWODW Y R{F R YIGUF PR
WKDWH&DV QRW WUDQVSRHW HWIRY PONHER FRYV 7KH ILUVW L)
WR WKHFRIAN VRV HORQERVIRSU BEHUH WKH H[SR VR WK R | KW XHH |
FRQFHQWUDWLRQ DFWXDOO\ UHVXOSWIHE ARP SRUE HVYR QF WRP W
FRQFHQWUDWLRQWOWLH[SODQDWLRQ IRU WKLV GLVFUHSDQF\
RI WKH FRQMXNOIBRID WILIRREOH DOWKRXJK 0&V LQWHUDFW ZLW
FRYDOHQOWHS PRHFKDQLVP LQYROYLQJ UDSLG ELQGLQJ DQG
IROORZHG E\ D VORZHU ZLWKLQ KRXUV FRYDOHQW LQWHUL
3HUUHLUD H¥R DIOYHOW K ROKRUBD/PIWLQ PHWKDQRO H[WUDFWLRQ S
RXU VIMXGW SR\DPRAOHW KQWLFDQW FRYDOHQW LQWHBDFWLR
FRQFHQWU B URIDHXY VIOV LYY R[VWDEBRWX S EWREVOEBPROWKHOH
HYHQ DW WKDW KR Q@FHFQXW X O DSWRRY ROHBUO\ PXFK KLIKHU LQ
PRFWUDQVIHFWHG FHOOV VEREZRQJHBMULANOD® WRKDW XEVW U
JHEUDILV® 2DWS



BHFRQG LQKFROWHODMWGRHS \ERWRFRQWUDVW WR SDUWLDOO\ LC
OHQWHQ DQDOSVNYQRIWISFY FKHPLFDO D VB & WAWHIGF DVIE MW B U P
WUDQVSRUWHG LQWR 2DWS G RYHUH[SYUHWVVLQD G GDKH\DHD W
GDW D WHRDOMIMW HHPHQW ZLWK SUHYLRXV5UHSRQW\D W K BN WXKE
LQ JHEUDILVK 6WHLQHU HW DO ,Q VDIOWEVWRD[ QR MWQBI@V L F
GHWDLOHG VWXG\ E\ 6WHLQHU D QG HRIODMMIK NXR ZH G LW KDDN
WUDQVSRUWERI2D&8/S G LV PXFK OHVV IDYRUDEOH ZKHQ FR
K\GURSKREHB HFRV RWNHZKLFKH WUDQVSR UWRIGY MY XIE QIMVORKU K
WKH DXWKRUV FRUUHFWO\ SRLQWHG RXW WKDW NLQHWLF Y
H[SRVXUH UHJLPHV PRGHO VXEVWUDWHYV DLQG RWOGHWRRBEWUF
EHOLHYH WKH RYHUDOO SDWWHUQ GHWHUPLQHG LEKRDAK VW
LQGLFDWHAN WKIDW O&RZ ORZ DIILQLW\ VXEVWUDWH IRU 2DWS
)LQDOO\ WR FRQILUP H[SHULPRGW D QRO \DERWMHRWY B B8 R®ELII \W K H M
D VWUXFWXUDO VWXG\ ZDV XQGHUWDNHQ XWLOL]JLQJ PRIOHFX
2DWS G LV QRW DYDLODEOH D KRPRORJ\ PRGHO ZDV FRQV\
VWUXFWXHHIRABKEROKDWH WUDQNRBMOWHG LURP FRQIRUPDW
FHQWUDO SRUH RSHQLQJ WRZDUG$EVKH WQNW D FH O OSXMIU WA IW
$OWKRXJK WKH XVHG WHPSODWH VWU XRVEXUWHL B DO DQURW \LQ HD
ORQJ LQVHUWLRQV WKDW FRXOG QRW EH PRGHOOHG FRUUH
REWDLQ D UHOLDEOH PRGHO DOO Rl WKHWHEPLID® @ Q\HHU RQ
HIWUDFHOOX @D ORRSWUDHRHCRQMMRW LPSRUWDQW IRU OLJDC
DOLJQPHQW RI WKH PRGHO VHTXHQFH DQG WKH WHPSODWH V
WKH 2DWS G KRPRORJ\ PRGHO FRQVWUXFWHG PUJ GR FRIXDX
VWXGLHV ,W ZDV IXUWKHU FRQILUPHG E\ VXFFHVVIXO GRFN|
2DWS G ZKLFK ZDV GRFNHG GHHS LQ WKH FHQWUDO SRUH RI
ZDV SUHGLFWHG WR LQW H WBXRE D WHOFIRIRIDO M QY [EKQGU D QG

FRUUHVSRQGY WR WKH SRVLWLRQSRRYSKDWEG W KD PRSRLONH
RI WKH NH\ UHVLGXHV IRU VXEVWUDWH ELQGLQWNU D@ VO RFIBA
SDWKZQ WKH PLGGOH RI WKH PHPEUDQH +XDQJ HW DO

$V WR WKH GRFNLQJ VWXGLHV RI 0& FRQJHQHUV DOWKRXJK

LOQWHUDFWRD@GO&& ZHUH VXFFHVVIXOO\ GRFNHG RWKHUV

DFFRPPRAMWHVNKMHVGHILQHG ELQGLQJ VSKHUH B6XFK DQ RXWF!
<5 ZKLFK ZDV VKRZQ ERW K OHYBA H & FN\QOAW QE N K D)GLE LU HF W O
GHWHUPLQDWLRQV QRW WR EH WUDQVSRUWGB&/EDIHEBEUDILV
LQVLGH WKH 2DWS G FHQWUDO SRUH KRZHYHU ZDV H[SHFV
PRGHO E\ WUDQVODWLRQ RI WKH ELQGLQJ VLWH VSKBI&HTV FI



/$ DQG ZHUH VXFFHVVIXOBV\S®RENG\G LW W B Q5 BN/ \SHOHDF HGK B W.
DERYH WKH FHQWUDO SRUH ZKHQ FRPSDUHG)ZDWK \HX& NS UK
/5 LV FOHDUO\ SUHYHQWHG IURP HDVLO\ HOQWHULQJ WKH FHQ

)LJ (OHFWURVWDWLF SWRWHR@OWIEXO® DAD S/SSWWGDRKY RI PRGHO F
VWUXFWXUDO PRGHO RI 2DWS&G ORRQG /<RU$ 0%R0& B5HJILRQV R
QHJDWLYH SRVLWLYH DQG QHXWUDO SRWHQWLDO DUH VKR
PROHFEXODU IMPWOGFH RIVERZQ LQOX\$H ®RORZ %MK HO & O H)

RU 0/&8 + GRFNWE&EHQWRD® BRUKMRYXUDO PRGHO RI JHEUDILVE



DUH VKRZQ LQ \HOORZ VWLFNV DQG ERLIRLDF RE W HWBE XN/G HC
DUH VKRZQ LQ PDJHQWD VWLFNYV

)XUWKHDPRWKRR XJK QR FU\WWDO VWUXFWXUHV RI WKH 2$73V
PHFKDQLVP RI 2$73V 2DWSV KDV QRW E HHXQ VIR®RIGHRE O X.PLSED W\
WUDQVERUW WIBVWUDWHY PRVW SUREDEO\ RFFXU WKURXJK

$EW HW DORQVHTXHQWO\ DV 2DWSV DUH SULPDULO\ DQLRQ \
FKDJHG DUJLQLQB&UH V45 XBIGGLSUREDE O\HBR W ULMEXWOR ZH U

WRZDUGV JHEUD&ERQK LIZDHWS @) WKH VWUHQJWK DQG W\SH RI L
WKHLU SK\WLFRFKHPLFDO GHVFULSWRUV XD JADHMYDHWX PSR
'ROPDQ HW ZRLERGLFRDKDMG DSDUW IURP OLSRSKLOLFLW\ SUTJ
VXUIDFBEQEUGIDR JHQ ER @B UH B YIXNENRHRQ F\D W/LXREXAMV DLQFHD\K G L Q.
0&V7DEOHRUQWHUDF2$ZRQDINSWK LQFOXGLQJ JHEUDILVK 2DWS

&RQFOXVLRQ
7DMQVRIHW KGHDUV D R EW D L Q HVGX $ SURMNKE WAL B G UL ¥ B/O0\GE IOMAKMK D W
JHEUDILVK 2DRHPEBEURYH WUDQVSRUWHU WKDW WREVEDEH R Il
PLFURF\WWLQV LQ F\SULRMRBY WHXEH BWRW V L BARZLHGH U/ X B OW
SUHIHWH@AHD WEBHIH ELQGLQJHEHDURYK RADW S @& KWBWRD B QDEDW
VWUXFWXUDOO\ DQG FKHPLFDOO\ GLIIHUSQDX We<HBm ITHIM-SLIRWU
RI 0&VXP® EH ODUJHO\ GHSHQG RKHWP IRFD O ISHIRS H B VALHFL\RK X WAKKR
PRVW RBHMRKWYPLQDQW
BHFRQGO\ DV SUHYLRXVOHW X3 HVWWHIHG ) HOWWIIFH B QRPLQD
0& FRQJHBHUVO®R LFEF\DQREDFWHULDO EORRPV GRHV QRW Q}
HFRORJLFDO ULVN LI WKHLU FDSDFLW\ IRU 2DWS G WUDQYV
QRPLQDOO\ OHWVJIW &RV &W K D WQDRRIQWDBY®\ WDNHQFR® E\ 2
UHVXKCLWKLIOD UG OGN DY G W LLROX M [B RIHE $EFK. D O O\ Q H X UWR R/[R LLAAL W
LQ RUJDQV DQG WLVVXHV FKDUD FW2DUN BRG G HA J\U DEEWSSERW W
RYHUODSSLQJ VXEVWUDWH VSHFLILFLWLHYV
&RQVHTXHQW OW KB#S\W H WPILQROPWV LRQ RI FKHPLFDO FRPSRVLWLR
UHOLDEOH ULVN DVVHVVPH QWK WRHUEDE GVMIRNG-E | IFGRER HODAAFRK Q \
2DWS G DV WKHLU SUQPDVK \$5BEMFSR/WWWHG WKH XVH RI KI
YLWBRHOV LQ FRPELQDWLRQ ZLWK XSWDNH DQG NLQHWLFV G
DO VIPRIHRFXODU GRFRN.QGC EW XFHEG/DY D UHOLDEOH H[SHUL
$FNQRZOHQWAP



7KLV UHVHDUFK ZDV ILQDQFHG E\ WKH &URBWLDQ 6FDI@GFH )
SDUWLDOO\ VXSSRUWHG URMERYWWKBF&7 ,DXPEHU

IXQGHG E\ WKH (XURSHDQ 8QLRQLWRD R X HKY MRS fHUCRES HUR IVIEL F
3URJUDPPH &RPSHWLWLYH®HVV.DQG &RKHHERB®SXWDWLRQDO
DQG %LRYLD 'LVFRYHU\ 6WXGLR &OLHQW Y 9V RDNMDFRXH OC
JUDQFH XVHG IRGHCRRRIORJIE PRROHFXODU GRFNLQJ VWXGLHV
6FLHQFH )RXQGDWLRQ SURMBFWYV JUDDQMG @BREHUV +U==
$XWKRU FRQWWEEHWLRQWG DQG SHUIRUPHG PDMRULW\ RI
H[SHUWRHQHODWHG WR FKHPLFDO DQDO\WLFDO G$tVWHWBPLQDW
GHWHUPLQDAMWRRPAORIO PRGHOOLQJ DQG PROMNFE G@BHUGRERHQJ
SDUW RI OQF®VHH@LW L Q HW LPAX &/MIRYQMRKMVH B 6VRWKHEAWF R QFH S W LF
GHVIZIQN LQUKRI SDSHU ZLWK LQ SHOmI IWRAWEK A O VD ¥ WKIRHAH G W K
DSSURYHG WKH ILQDO YHUVLRQ RI WKH PDQXVFULSW

$EEUHYLDWERQFURF\VWLQ +RU3DADLVABDQQR/GRUWLQ BBR O\SH ¢
KDUPIXO DOJD®/ XPIRRB \FKOORZ KXPDQ7” HPEU\RQLF NQEHH\ FH
OLTXLG FKURPDWRJVBERWURPBOG W TXICYUWIREABDLIKW PDV\
VSHFWURPHWRW DQ & RQ FXXNIUSKIWR BPMERQFH OUURISK\FKURPDW

SHIHUHQFHYV
6LYRQHQ . -RQHV * &\DQREDFWHULDO WR[LQV ,Q &
&\DQREDFWHULD LQ :DWHU $ *XLGH WR 3XEOLF +HDOWK 6
/IRQGRQ ()1 6SRQ = SS
'LWWPDQQ ( 3)HZHIULODQ % $ &\DQREDFWHULDO WRJL
HYROXWLRQDU\ URRWV )(06 OLFURE 5HY
'1$QJODGD /9 +LOERUQ (' %DFNHU / & (GV +DUPIX(
+HDOWK 3URJUHVV DQGR&XQW NSBEWRRQOMHQBRRN¥
'DQJ +X & J/LX < -HSSHVHQ ( 6YHQQLQJ -& :X - =K
1DQJRPEH 6 O0D+- )DXDIQ - ;LH)URP XQXVXDO VXVSHFW V
&\DQRWR[LQV ERPWWHBKEQFROLPD\ MHRSDUGL]H PHJDIDXQ

=RKGL ( $EEDVSRXU 0 +DUPIXO DOJDO EORRPV U}
DQG DSSURDFKHV WR PRQLWRULQJ DQG SUHGLFWLRQ ,QW
JHIRJMOKR $GD 6 6R]RDREZV Bb\ &\DQRWR[LQV ELRDFFX

RQ DTXDWLF DQLPDOV O0DU 'UXJV



%XUDWWL )0 ODQJDQHOOL 0 O9LFKL 6 6WHIDQHOOL 0
&\DQRWR[LQVRBURGXFRQYJIJRFFXUUHQFH WR[LFLW\ PHFKDQ
WR[LFRORJLFDO ULVN HYDOXDWLRQ $UFK 7R[LFRO

&KHQ@ ;LH 3 /L / ;XUVW LGHQWLILFDWLRQ RI WKH KHS
VHUXP Rl D FKWRR/QIGFKEAOD G [SRSXODWLRQ WRJIJHWKHU ZLW
GDPDJH 7R[LFRO 6FL

%RXDWFKD 1 OLOHV &2 %HDFK '* HW DO 6WUXFWXUDO 'l
RI OLFURF\VWLQV 7R[LQV

&UDLJ 0 /XXF&UHD®G\ 7/ +ROPHV &) % :LOOLDPV
OROHFXODU PHFKDQLVPV XQGHUO\LQJ WKH LQWHUDFQ\LRQ
W\S$ SURWHLQ SKRVSKDWDVHV %LRFKHP &HOO %LRO
+DVWLH & %PBWKEZVYRNY ( &RGG * &RKHQ 3 JQKLE
SKRVSKDWDVHARYD\OD @RQ\ LQWHUDFWLQJ PLFURF\WWLQ DC
QRVWRF\FOLQ % %% *HQ

3HUHLUD 6 5 9DVFRQFHORV 9SKR$OMRXSUHRMWIBLQ SKRRISKI
6HU 7KU SKRVSKDWDVHYV DV SULQFLSDO WDUJHWYV Rl QDW.

+

ODF.LQWRVK & %HDWWLH .$ .OXPSS 6 &RKHQ 3 &I
PLFURFS/ WY @ SROVH®NFIDIQF LQKLELWRU RI SURWHLQ SKR)\
PDPPDOV DQG KLJKHU SODQWV )(%6 /HWW

OF/HOODQ 1/ ODQGHUYLOOH 5 $ 7R[LF PHFKDQLV
7R[LFRO 5HV &DPE

JLVEKHU $ +RHJHU 6 - 6WHPPHU . )HXUVWHLQ ' -
'5 7KH UROH RI RUJDQLF DQLRQ WUDQVSRUWLQJ SRO
RI GLIIHUHQW PLFURB\WW¥@ FRSDHIQIHRQKRP BQ LIRDSD W R F\W
2$73WUDQVIHFWHG +(. FHOOV 7R[LFRO $SSO 3KDUPDFR
ILHGHUPH\HU 7 + - 'DHOVHQE®XFXWBFNIRVFRZ - $ 6

SRWHQF\ Rl PLFURF\WWLQ FRQJHQHUV DJDUQ\DQRBUIFHODY
21 ( H

BWHLQHU . =LPPHUPDQQ / +DJHQEXFK % PHEWDWHG
WUDQVSRUW RI PLFURF\WWLQ FRQJHQHUV $UFK 7R[LFRO
+DJHQEXFK % OHLHU 3 - 7KH ®X8H D QD/FSLROU VR QRIUS B
%LRFKLP %LRSKARPHPWD

3RSRYLF 0 =DMD 5 6PLWDO 7 2UJDQLF DQLRQ W
JHEUDIRDQKR UHBKARRJIJHQHWLF DQDOVWLY DQG WLVVXRGLVW
$ ORO ,QWHJU 3K\VLRO



JLVFKHU : - $OWKHLPHU 6 &DWWRUL 9 OHLHU 3 -
2UJDQLF DQLRQ WUDQVSRUWLQJ SRO\SHSWLGHV H[SUHV\
PLFURF\WWLQ 7R[LBRRO$SSO 3KDUP

.RPDWVX 0 )XUXNDZD 7 ,NHGD 5 7DNXPL 6 1RQJ 4

' 7DNHXFKL 7 ,QY R ODYFHW HYODW R G PSWRRAHRQ NLQDVH
PLFURFWMQE®XFHG DSRSWRVWVYYBIWISWDNH PHEAWDM HG E\
2$73 % 7R[LFRO G6FL

OHLSEW ) +DPRDQQ $ 6WLHIHU % %DOODWRUL 1 %F
DQLRQ WUDQVSRUW SRO\SHSWLGH G 2DWS G PHGLDWF
PLFURF\WWLQ LQWR VNDWH OLYHU 7R[LFRO $SSO 3KDUPEL
%XU\ 15 1HZODQGV $' (GG\ )% YORKEQ YLWWRVWLQI
WUDQV S PUWURIFS WLBD\DQREDFWHULDO VR[ARUK\® BOX ) PRY
$TXDW 7R[LFRO

%LHF]\QVNL ) 'H $QQD -6 3LUH] 0 %UHQD % 0 9LOO
&HOOXODU WUDQVS/RUMQ RU DR QFEURRFARWR XIW K X VD PURMWN W K
LQWHVWLQDO ZDOO 3R VMEEXH UHPNAVEFHPRHPG B U RMNOW Q V

)DOWHUPDQQ 6 3UpW{W 5 3HUQWKDOHU - )HQW
PLFURFW WQQJHEUDILVK 8SWDNH E\ RUJDQLF DQLRQ W
BOR G $TXDW 7R[LFRO

3RSRYLF 0 =DMD 5 )HQW . B6PLWDO 7 OROHF X

2DWS G 60FR G D QRYHO 2UJDQLF DQLRQ WUDQVSRUWL

obuLud 3 $KHO O/HBHQW® ,0LNDF , 4AXOMHYLUGSUHPUW®G
DQDO\VLYVY UHYHDOV LQKLELWLRQ RI JHEUDILVK XSWDNH W
VHFRQGDU\ PHWDEROLWH IURDPX\CHU ESQ YW K HF RFERHIUFHH D O.

/IRQpDU - 6PLWDO 7 ,QWHUDFWLRQ RI HQDLYLRRQPH ¢
UHUPRKOWLGUXJ DQG WR[LQ H[WUXVLRQ SURWHLQ ODWH
%UDGIRUG 0 $ UDSLG DQG VWQMIPDMYLHR § HW KPR.G U R LU\
RI SURWHLQ XWLOL]LQJGNKH SQUGQELS ®BIDRD SWRFKHE
7HUJLF 6 DQG $KHO 0 1IRQWDUJHW DQDO\VLV RI SRO
LQIOXHQFHG E\ SKDUPDXNHRW KAORUHO\GXIWVW WDLTXLG FKUR
TXDGUXSROBLWKWHPDVYV VSHFWURPHWU\ (QYLURQ 3ROOX\



OHL®BW ) ORNUDE < OL]XJXFKL . 2UJDQLF DQLRQ
2$73 6/&2 VXSHUIDPLO\ RUGHEWLPHMEMIUR/Q LQ QRQPDPPD
FRPSDUDWLYH PRGHOLQJ DQG D SRWHQWLD:O WUDQVSRUW

<DIHL +XDQJ 0 /HPLHX[ - 6RQJ-: $XHUBWUXFWXUH DQC
RI WKH JOSRRVBKDWH WR@®GKSRURPKEDLIFROH

6DOL $ %OXQGHOO 7 / &RPSDUDWLYH SURWHLQ PRC
- ORO %LRO

6KHQ 0 < 6DOL $ BWDWLVWLFDO SRWHGWRINHLUR L
VWUXFWXUHV 3URWHLQ 6FL

.RVND - 6SDVVRY 9 = 0D\QDUG $ - <DQ / $XVWLQ 1

)XOO\ DXWRPDWHG PROHFXODU PHOKDImMQEVGREWHG ILPIG
&KHP ,Ql ORGHO

&RSHODQG 5 $ (YDOXDWLRQ RI (Q]\PH ,QKLELWRUV L¢
,QIRUPDWLRQ DQG ORGHOLQJ $ -RKQ :LOH\ BRQV
KWWSV GRL RUJ &% 2

OHL®BW ) ORNUDEJXFKOQ . 2UJDQLF DQLRQ WUDQVSHF

2$73 6/&2 VXSHUIDPLO\ LGHQWLILFDWLRQ RI QHZ PHPE
FRPSDUDWLYH PRGHOLQJ DQG D SRWHQWLD® WUDQVSRUW
.DUOJUHQ 0 9LOGKHGH $ 1RULQGHU 8 :LVQLHZVNL -
$UWXUVVRQ@GBDVVLILFDWLRQ RI LQKLELWRUV RI KHSDWLF F
SRO\SHSWLGHV 2$73V  LQIOXHQF HGRIN@WRWRBY H-[SUHH® VL
&KHP +

‘ROPDQ $ 7 *LRQIULGGR 05 +HLQGHO *$ OXNKLMD 3
9DQ:HUW $ RUJDQLF DQLRQ WUDQVSRUWHU LQ@BE\EDBW YV
IWLELRWLFV 'UJ OHWDERO 'LVS



