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Abstract

How molecular chirality manifests at the nano- to macroscale has been a scientific puzzle since
Louis Pasteur discovered biochirality. In general, amphiphilic molecules can organize into a vairety
of assembly shapes including micelles, spherical vesicles, cylindrical micelles, and planar bi-
layers. However, when such amphiphilic molecules are chiral, helical ribbons, helicoidal scrolls
(cochleates), twisted ribbons and even mdbius strips (closed twisted ribbons) appear. These fas-
cinating supramolecular chiral materials have particular properties that make them useful for appli-
cations in drug delivery, biosensors, nanoelectronics, and chiral recognition devices. Controlling
the shape and internal architecture of the assemblies is critical for these technologies, but the
structure, and thus the function, of these hierarchical assemblies reconfigure in response to stim-
uli, via mechanisms that are often elusive. In this study, we observe and explain how molecular
reordering driven by variations in electrostatic interactions can induce micrometer-scale structural
changes in membranes of charged, chiral molecules. The size, shape, and charge of soft as-
sembled nano-structures, like those in biology, respond in an interconnected manner to solution
ionic conditions, providing a pathway to shape control of chiral materials. This study combines
experimental, theoretical, and computational approaches to elucidate key principles in analyzing
the coupling of electrostatics and nano-scale details of soft nano-structures. These preliminary
efforts have led to development of an electrostatics-based approach for assembly shape selection

and nano-scale structure control in chiral assemblies.
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RDPSKLSKLOLF PERROCHF DX DGIMO\GELR/S OB 5 UR SKRPOREOHQW WKHVHPRO
DVVRFLDWH WKHPVHOYHV ZLWK D ZDWHU EDVHG VROYHQW DFFRUGL
DZD\ IURP WKH VROYHQW DQG WKH K\GURSKLOOLF FRPSRQHQWYV LQ FF
LQ VRO XW LRRMMWKIHYWVHPEOHG VWUXFWXUHV DQG WKH VIVWHPV WKH\
DVVHPEOLHVLQRQHLPSRUWDQW UHVSHFW XQOLNHVROLG SDUWLFO|
JOREXODU SURWHLQV DQG '1$@NHKH \VDLWHEIDRDLXGV B WNKIHA RUFHV WKDW k
PROHFXOHVY WRJHWKHU LQ PLFHOOHV DQG ELOD\HUV DUHD DUH QRW
EXW DULVH IURP ZHDNHU YDQ GHU :DDOV K\GURSKRELF DQG K\GURJH
VHPEOLHVY UHVXOWY LQ WKH DELOLW\ WR EHQG DQG VWUHWFK LQWR
VWLOO KDYLQJ SRVLWLRQDO RUGHULQJ $ W\SLFDO DPSKLSKLOLF PR
GURFDUERQ WDLO DQG SRODU FKDUJHG KHDGJURXS L H D OLSLG
PROHFXODU JURXSV WKH PROHFXOHV DVVHPEOH LQWR D ELOD\HU ZL
WRZDUGV WKH ZDWHU DQG WDLOV IDFLQJWRZDUGYV HDFK RWKHU ZLWH
UHJLRQV OHDGLQJWR VWDEOH VWUXFWXUHV

7KHVH DVVHPEOLHY DUH WKHQ DOVR DIIHFWHG E\ VFUHHQHG HOHF\
VROXWLRQ ,I| WKHVROXWLRQ FRQGLWLRQV VXFKDV WKHHOHFWURO



VXVSHQVLRQ RIDJJUHIJDWHV LV FKDQJHG QRWRQO\ZLOO WKLV DIIHF
JDWHV EXWLWZLOODOVRDIIHFW WKHLQWHUPROHFXODU IRUFHV ZL\
VLIHDQG VKDSH RIWKHVWUXFWXUHY WKHPVHOYHYV WLV WKHUHIRUI
HOHFWURVWDWLFLQWHUDFWLRQV WKDW GHWHUPLQH KRZDQG ZK\ FF
YDULRXVY ZHOO GHILQHG VWUXFWXUHYV

(OHFWURVWDWLF  QWHUDFWLRQV LQ 6ROXWLRQ

7KH 3RLVVRQ %ROW]PDQQ HTXDWLRQ LV WKH VWDUWLQJ SRLQW IRU
VROXWLRQ ,WDLPVWRGHVFULEHWKHGLVWULEXWLRQRIWKHHOHFW
WR D FKDUJHG VXUIDFH 7KLV GLVWULEXWLRQ LV LPSRUWDQW WR GHYV
ZLOO DIIHFW WKH RWKHU VXUURXQGLQJ PROHFXOHV DQG LRQV :H E
GHVFULELQJ WKH HOH F VWWQREVEHWEIUA § R WHKOIVBILIVV ULEXWLRQ RI WKH LI
DQG YD@HREWK %ROW]PDQQ VWDWLVWLFV
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SHUIRUPLQJD 7D\ORU H[BRQWVIRRPERQHQJ LXIMHZDMTKKHT H
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ZKHUH 'HE\HVFUHHQL9J &1QIWK LRQLF VWU HEIWHKT LV WKH ZHOO

NQRZQ 3RLVVRQ %ROW]PDQQ IRUPXODWLRQ 7KHVFUHHQLQJ OHQJWHK
RI HOHFWURO\WHV LRQV LQ WKH VI\VWHP ,QFUHDVLQJ WKH QXPEHU
OHQJWK DQG DQ H[SRQHQWLDO UHGXFWLRQ LQ WKH UDQJH RI HOHFW L

$GMXVWLQJ WRRBH"] RIDVROXWLRQLVDQRWKHU ZD\WR PRGLI\W



YLURQPHQW RID VROXWLRQ VIVWHP 7KH S+ RUFRQYHUVHO\ S2+ OH
RI LRQL]JDEOH PROHFXOHV )RU H[DPSOH ILYH RI WKH WZHQW\ DPLQFR
ZKRVH FKDUJH YDOXH GHSHQGV RQ WKH S+ Rl WKH VXUURXQGLQJ VRO
SURFHVVHV ZLWK VLPSOH FKHPLFDO UHDFWLR@ESEDWRG 8 R QRUH FB Q
EDVHYURWRQ DFFHSWRUV

A +H* AH

B+H* BH*
2QH H[DPSOH RI D DFLG DQG EDVH LV +&0 K\GURFKORULF DFLG DQG
VSHFWLYHO\ 6XFK PROHFXOHV DUH FRPPRQO\ XVHG WR GHFUHDVH C
UHVSHFWLYHO\ 7KHVH PROHFXOHYV UHDGLO\GLVVRFLDWH LQ ZDWHU

HCI H* + ClI

NaOH OH + Na*

KHQ DQ DVVHPEO\ FRQVLVWYV RI DQ LRQL]DEOH PROHFXOH WKH PDJ
WKHUHIRUH GHWHUPLQHG E\ WKH S+ DQG LV DIITHFWHG E\ WKH SUHVH
YLFLQLW\ 7KLV SURFHYDUWUYHNQHRZEBDWA RHOWKRXIK WKLY SKHQRPHC
EHHQ WKHRUHWLFDOO\ VWXGLHG VLQFH WKH VHP @ MXARMVEKPIWNR
WKDW DOO REMHFWV FDUU\ D FRQVWDQW FKDUJH LV VWLOO ZLGHO\ HF
D NHV\UROH LQ PDFURPROHFXODU VWUXFWXUH IRUPDWLRQ LQ ELRPR(
SDUWLFXODUO\ UHOHYDQW IRU DJJUHJDWLRQ RZLQJWR WKH UHODWL
VWUXFWXUH RI WKH DJJUHJDWH

&RQWLQXXP ORGHOV IRU &KLUDO $VVHPEOLHYV

$V VWDWHG ZLWKLQ WKH LQWURGXFWLRQ D FORVH SDFNHG DVVHPEC
WKHQHLJKERULQJPROHFXOHVDUHWLOWHG ZLWKUHVSHFWWRHDFK |
RI KDUG VFUHZV :KLOH WKLV FODVVLFDODQDORJ\KDV OLPLWDWLRQ\
DQGLQWXLWLYH XQGHUVWDQGLQJRIWKHRULIJLQRIWKHFK@UDO WZL



SUHYLRXVWKHRUHWLFDO VWXGLHV KDYHIRFXVHGRQ XVLQJSKHQR
WKH VKDSHVY VHHQ LQ FKLUDO DVVHPEOLHY :HVWDUW ZLWK WKH &DQ
WKHEHQGLQJ RIVRPHJIJHQHUDO VXUIDFH
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ZKHBHDQR DUH WKH SULQFLSDO UDGLL RI FXUDPQWEXOJUHARN MHK A RIGXIOMD F
IRUPHDQ FXUYDWXUH DQG *DXVVLDQ FX@Y DBWXOUHH[BY S B HW LR W @AKH
RI D F\OLQGHURRfICyU@GL%Xz\/ ZLRK= R DO !'1 KLOH FKLUDO LQWHUDF
FDQOHDGWRDQXPEHURIVKDSHVVXFKDV FORVHG FI\AOLQGULFDO WXE
PHDQ FXUYDWXUHDQGWZLVWHGULEERQV ZLWK VDGGE H: B LINHV WD XV
IRFXVRQKHOLFDOULEERQV WXEXOHVWRLOOXVWUDWH WKH JRDO RI
LQFRUSRUDWH FKLUDOLW\ E\ RULHQWDWLRQDO RUGHU LQ WKH WLOW
7KH VLPSOHVW PRGHO SXWIRUZDUG E\ +HOIULFK@URVW +3 ZULWHYV

z

F= dA —

1
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7TKHILUVW WHUP LQLVTX®MQAWORFDO WR WKH IUHH HQHUJ\ IRU D F\OLQG
ULEERQ KDV WKH VDPH PHDQ FXUYDWXUH DV D FIAOLQGHU EXW QRZ W
WKH FXUYDWXZHRVH VWUHQJIJWK LV FRQWUROOHG E\ W,KH FKLWYDO FR:
WHUP GHSHQGV RQ WKH SURMHFWHIGIREB HARXAHD H WHQ W LINVKIFOHWV D G
PROHFXODU PRGHO RI D PHPEUDQH ZH FDQ PIpNSXWHR VR/® WHK A HDW Y
RI V\PPHWU\ )LUVW LI ZH UHSODFH DOO PROHFXOHV LQ D VA\VWHP E\
PHPEUDQH WUDQVIRUPV LQWR 4pWRAXFIW BRNQPDVHIQQEKHQFH WKH KHO
UDGLXWHPDLQV WKH VDPH EXW WKW WHOYMURHGH QMWYDL\QURMKH PLUURU
VWUXFWXUH 6HFRR G HFHFDPXWHRQ WKH FKLUDO RUGHU RIWKHPHPEUD
WR UHGXFH LW E\ GLOXWLQJ FKLUDO HIITHFWV || FKLUDO RROHFXOHYV
VKRXOG VFDOH OLQHDUO\ ZLWK WKHHQDQWLRPHULFAH[FHVV IRU VPD(



,QJIJHQHUDO IRUVXUIDFHV ZLWKRXW *DXVVLDQ FXUYDWXUH ZH PD\

Z
F= dAC? wpCVLERYV

ZKHOHV WKH PHDQ FXUYDWXUH RI WKH VXUIDFH

JLIXUH7DNHQ IURP *HRPHWU\ IRUWXEXOH IRUPHG IURP W IL&WHKG FKLU |
W XEXOH IUD/GL KM W XE XQN QH®GJIRRIO HF Xi® DV \§ KU FSFVRRIHFWLRQ RI Q LQW
WDQJHQW SODQH QRUPDOL]HGWWRKM-OL Q/IPHHIQQL WXEHWDQJBQ® SODQH
WKH FXUYDWXUH GLUHFWLRQ WKH HTXDW RULYX\WIQH QRB D R XQRGE WEKEO ¥

7KLV PRGHO IRFXVHV RQ ZKDW HIIHFWV RULHQWDWLRQDO RUGHU L
D VXUIDFH QRUPDO ZLOO KDYH RQ ELOD\HU HODVWLF SURSHUWLHV ]
DQRWKHU PRGHO ZKLFK IRFXVHG RQ WLOW PRGXODWLRQ DORQJ WKH
DO ZKR SURSRVHG DNLQHWLFHYROXWLRQ IRUELOD\HU ULEBERQV LQ)
&KXQJHW DO FRQVLGHUHG WKDW EHQGLQJDORQJWKH WLOW YHFWR
HQHUJHWLF S HaD DIVBLHYOV RQ DQG 3RZHUV FRQVLGHUHG PRUH WHUP\
FKLUDOLW\ WKDQ WKH +3 PRGHO DQG DQDO\]JHG WKHUPD@IO)QFWXDW
IDFW WKHUH DUH PDQ\ FRPSHWLQJPRGHOV GHVFULELQJFKLUDO OLS
RULHQWDWLRQDO RUGHU LQ W&H SMOODD R\ WHIOHH F RIQR/XACCHVLF LQW H U
DQG WKXV D PDLQ IRFXV RI RI WKLV ZRUN LV WR HOXFLGDWH WKH HOH|
FKLUDO VKDSHV DQG SHUIRUPLQJ D VIVWHPDWLF DQDO\VLV RI WKH GL
SUHVHQWHG KHUHLQ ZLOO DGG WR WKH IUDPHZRUN IRU WKHRULHV R



SHVHDUFK 4XHVWLRQ DQG &KDSWHU 2XWOLQHYV

7R VXPPDUL]H DQ XQGHUVWDQGLQJ RI WKH UHODWLRQVKLS EHWZHHC
JLHV DQG WKHLU LQWHUFRQYHUVLRQ PHFKDQLVP LV ODFNLQJ GXH W
WKDW HQDEOHV D VIVWHPDWLF H[SORUDWLRQ RI WKH SKDVH VSDFH R
SRUWDQW HOHFWURVWDWLFLQWHUDFWLRQV DUH QHJOHFWHG LQ WK
RI H{TSHULPHQWDO FRPSXWDWLRQDO DQG WKHRUHWLFDO WHFKQLTX
TXHVWWROGR HOHFWURVWDWLF IRUFHVY GHWHUPLQH VKDSH VHOHFWL
FKDUJHG FKLUDO DPSKLSKLOHDVVHPEOLHV"
‘HIRFXVRQDVLQJOHFKDUJHG FKLUW® EXIUYG LI EXORP R O& FXODU \
FRQVLVWV RIDVLQJOHLRQL]DEOH O\WLQH DPLQRDFLG KHDG JURXS
& 7KHIROORZLQJFKDSWHUV DUH RUJDQL]JHG DVIROORZV
&KDSWHWUHUH D FKDUJHG FKLUDO DPSKLSKLOH $DOE MWRRNO® XORNVGE
WKH SDWKZD\ IRU SODQDU QDQR ULEERQ WR VFUROO OLNH FRFKOHD
1D&0 FRQFHQWUDWLRQ ,Q VLWX VPDOO DQG ZLGH DQJOH ; UD\ VFD
DQG FU\RJHQLF WUDQVPLVVLRQ HOHFWURQPLFURVFRSLHV $)0DQGF
WLRQV RYHU DQJVWURP WR PLFURPHWHU OHQJWK VFDOHV 6%$:6 VKRZ
FRFKOHDWHY VFDOHY OLQHDUO\ ZLWK WKH 'HE\H OHQJWK DQG UDQJ}
WUDWLRQV IURP WR PO 7KHRUHWLFDO DUJXPHQWY WKDW LQFOX(
H[SODLQ WKH PHPEUDQH UROOLQJ DQG WKH ELOD\HU VHSDUDWLRQ#'
VKRZ KRZHOHFWURVWDWLFLQWHUDFWLRQV FDQ EHWXQHG WR DWWEL
KDYH SRWHQWLDO IRUHQFDSVXODWLQJ DQG UHOHDVLQJPDFURPRO}
&KDSWHUYHUH ZH H[WHQG RXU DQDO\VLV RI WKH VHOI DVVHPEO\ SD
SKLSKLOHWRQVLVWLQJ RI DQ LRQL]DEOH DPLQR DFLG >O\WLQH . @ F
RU FDUERQV 7KLV VLPSOH V\VWHP DOORZV XV WR SUREH WK
YDQ GHU :DDOV LQWHUDFWLRQV LQ FKLUDO DVVHPEOLHV 6PDOO ZLG]
UHYHDOV WKDW DW ORZ S+ ZKHUH WKH K¢ DIGRIWRXISIVIBWDH BRIG W WG W L F
QDU FU\WWDOOLQH ELOD\HUV OROHFXODU G\QDPLFV 0' VLPXODWLR



OHDIOHWY DUH LQWHUGLJLWDWHG 6%;6 VKRZV WKW PROWMEXQFHWHD \
DVVHPEOH LQWR FRFKOHDWKDSDAHBKNBHDEHBMBWOHYDWHG S+ UHGX
RILRQL]DWLRQ KHOLFHV p.YBRENPEYHEVI RAKBBOVEKRSH VHOHFWLRQ E}
DQG VFUROOV LV H[SODLQHG E\ D PHPEUDQH HQHUJHWLFV PRGHO 7K
WKH FKLUDO DVVHPEOLHV FDQ EH FRQWLQXRXVO\ FRQWUROOHG E\ VR

&KDSWHWH IXUWKHU HIWHQG RXULQVHMWHRBDWLR RR\&W FRPPRQ FlI
DVVHPEO\ VKDSHV DUH KHOLFDO PHPEUDQHY KHOLFDO VFUROOV FF
7KHVH VKDSHVY KDYH EHHQ REVHUYHG LQ QDWXUDO DQG VIQWKHWLF V
XQGHUVWDQGLQJRIWKHLQWHUFRQYHUVLRQ PHFKDQLVPVEHWZHHQ ¢
,Q WKLV VWXG\ ZH ZHUH DEOH WR JHQHUDWH DOO WKH FRPPRQ FKLUL
FKLUDO PROHFXQDDKHIUH RQK DPLQR DFLG >O\WLQH . @ LV FRXSOHG

FDUERQV 7KLV ZDVDFFRPSOLVKHG E\WXQLQJWKHVROXWLRQ LRQ|
ZHUH REVHUYHG ZKHQ WKH PROHFXODU GHJUHH RILRQL]DWLRQ ZDV KL
ZHUH VKRUW UDQJHG %\ FRQWUDVW KHOLFDO DQG WZLVWHG PHPEL

DQG VKRUW Q PROHFXODU WDLOV UHVSHFWLYHO\ ZKHQ WKH F
ORZ DQG WKH HOHFWURVWDWLF LQWHUDFWLRQV ZHUH ORQJ UDQJHG
IRUPDWLRQRIFKLUDO RUDFKLUDO VWUXFWXUHV E\WXQLQJWKHFKLU
LQ WKH DVVHPEOLHV 7KHVH UHVXOWYV ZHUH GHULYHG E\ FRPELQLQJ ;
IRUFH PLFURVFRS\ 2YHUDOO RXU VWXG\UHYHDOV WKDW HOHFWURV
FKLUDO VKDSH VHOHFWLRQ DQG QDQR VFDOH VWUXFWXUH LQ PROHFX

&KDSWHMH IRFXV RQ D VLPLOR®Y WWRWHRRWLGHU WKH FDVH ZKHUH Wk
VHPEO\ IRUFHV DUH ZHDN FRPSDUHG WR WKH HOHFWURVWDWLFV WR E
HOHFWURVWDWLFV DQG WKH QDQR VFDOH JHRPHWU\RIWKHDVVHPEO
DVVHPEOHG QDQR VWUXFWXUHV OLNHWKRVHLQELRORJ\ UHVSRQG |
LRQLF FRQGLWLRQV &XVWRPDULO\ WKHFKDUJHUHJXODWKRQ RILRQ
LRQ GLVVRFLDWLRQ FRQVWDQW ZKLFK LV UHODW H GKYWRD/MKHH G H J U H
DUH FRPPRQO\GHGXFHG IURP +HQGHUVRQ +DVVHOEDOFK RU +LOO PR
VXFK PRGHOV GR QRW DFFRXQW IRU WKH VLIHDQG VKDSH RI DVVHPEO



IRUDQ DS SQUWHKQWSWR VRPHH HHAWUYWKS! VDPH LRQL]DEOH PROHFXOH
VHPEO\ PRUSKRORJLHV DQG LRQLF HQYLURQPHQWYV 7KLY OHDYHV D J
WKH FKDUJH UHJXODWLRQ SURFHVV 7R WDFNOH WKLV SUREOHP ZH FR
VXUHPHQWY DQG QRQOLQHDU 3RLVVRQ %ROW]PDQQ WKHRU\ WR SUH
FKDUJHG LRQL]DEOH DVVHPEOLHVY :HDQDO\JHG WKH VHOI DVVHPEO\
WLGH DPSK¢.SKDOWZ.& LRQL]DEOH DPLQR DFLG >/\VLQH . @ KHDG JURX®
OHQJWK WDLO ([SHULPHQWY UHYHDOHG DVVHPEO\VKDSHDQG VL]HW
FRQFHQWUDWLRQ DQG GHWDLOHG QDQRVFDOH VWUXFWXUH $Q HOH
RI WKH VKDSH DQG VL]H GHSHQGHQW GHJUHH RI LRQL]DWLRQ ,Q WK
H[SHULPHQWDO WLWUDWLRQ GDWD ZLWKRXW DQ\ DGMXVWDEOH SDUL
SULQFLSOHV LQDQDO\]LQJWKHFRXSOLQJRIHOHFWURVWDWLFV DQG
ZKLFK SOD\D FUXFLDO UROH LQ ELRORJLFDO V\VWHPYV

*HQHUDO OHWKRGYV

(ISHULPHQWDO
; UD\GFDWWHULQJ 6%;6 :%$;6

,Q VLWX VROXWLRQ VPDOO ZLGH DQJOH ; UD\VFDWWHULQJ 6%$;6 :$;6
QLTXH IRU WKLV SURMHFW ,QF R®LQI0) QP \ IS IKRRPRIGWXBPWWHU RIl R
DQ HOHFWURQ GHQVH REMHFW 2 RW K 0. M\DVD LASRPREDINYNTKEPG LZHI G H I L Q H

D VEDWWHU [gR3 KHEKWRUVYLR ZKHUHV WKH VFDWWHULRV W& BO HUDQ G
ZDYHOHQJWK )XLUPUMFDWWHULQJRIIRIHOHFWURQV LV ZHDNDQG ZH F
DSSUR[LPDWLRQ IRULQGHSHQGHQW VFDWWHULQJ OHDGLQJ WR WKH L
PRGHOOH®DV >

1 (6) = hfF (9)j% RULHOWDWLROV



ZKHUHWKR IDFWRWKH )RXULHU WUDQVIRUP RI WKH HOHFWURQ GHQV
UHODWLYH WR WKHrfEDFNJURXQG

Z
F(q) = (r)y H[Sqg r dV

‘LWK WKLY WKHLQWHQVLW\SURILOHIURP WKHGLVWULEXWLRQRIHO
H[SOLFLWO\ ZLWK WKH JHRPHWU\ Rl WKH VWUXFWXUH DQG WKH HOHF
HQYLURQPHQW ([DPSOH FDOF %0 D'WH R\QR/\DKH VEKRZIQMQVR ORRN DW D
RIVDPSOHLQ D VPDOO DPRXQW RI WLPH 6%$:6 LV D YHU\ XVHIXO WHFKC
RI FKLUDO HTXLOLEULXP VWXFWXUHV DQG DFTXLULQJ JHQHUDO FKDU

J)LIXUH6%$;6 0$;6 :$;6 H{SHULPHQWDO VHW XS DWG6HFWRU ," "DW $36 O
GLITHUHQW VFDWWHULQJDQJOHVY DOORZV IRUFROOHFWLRQ RILQIRU
VLPXOWDQHRXVO\ $ VFDWWHURIQIBUBRIUDHERP®PUBWKHPEO\LVY VKRZQ R

DQH[DPSOH ZKHUHFRORUHGUHJLRQVFRUUHVSRQG WRLQIRUPDWLR
WKH OHIW



&LUFXODU 'LFKURLVP &'

&' PHDVXUHVY WKH SUHIHUHQWLDO DEVRUSWLRQ RI OHIWDQG ULJKW |
LQ VROXWLRQ $ &' VLIQDO RQO\ RFFXUV IRU KHOLFDO RUGHULQJ RI
WHFKQLTXH HPSOR\HG WR ORRN DW KHO@F 'K HF RYBH DD U & & X ¥ WHQDHDV L>
DV OF,"%] ZKHUFHRUUHVSRQGVWR WKHIUDFWLRQDO WUDQVPLWWHG LC
SRODUL]HG OLJKW $QHJIJDWLYHVLIJIQDO FRUUHVSRQGV WR SUHIHUHQ
OLJKWDQG VLPLODUO\ WKHUHLV SRVLWLYHVLJQDO IRUSUHIHUHQWL
FRUUHVSRQGLQJWRRSSRVLWH KHOLFDO RUGHULQJ

7TLWUDWLRQ

7LWUDWLRQ PHDVXUHPHQWY LQYROYHVY WKH VORZ DGGLWLRQ RI D W
VROXWLRQ FRQWDLQLQJD ZHDN DFLG EDVH FKDQJHV DV\RX DGG PRU
WKHWLWUDQW 1DEZEWYRWHEBD $RBWHRI WKH S+ RIDVROXWLRQDVDIXQ
RIDGGHG WLWUDQW DQG LVHFXDUD® WEIBH |HE, DPWKRUH WKH WLWUDQW
VROXWLRQ DUHLQ FRQFHQWUDWLRQ HTXLOLEULXP $QRWKHU SDUDP
WKI—LS%S-@quiV JRURXUH[SHULPHQWYV WLWUDWLRGQGHYGSHR RRURRBG]WW PF

RI'WKHDVVHPEO\PROHFXOHV DVDIXQFWLRQ RIWKH S+ RI WKH VRO

$WRPLF)RUFHOLFURVFRS\ $)0 DQG &U\R 7UDQVPLVVLRQ (OHFV
7(0

OLFURVFRS\WHFKQLTXHV $)0DQG FU\R 7(0 DUHDQRWKHU ZD\ WR YL
WKHLQIRUPDWLRQLVJIJDWKHUHG E\ WRXFKLQJ WKH VXUIDFH ZLWK D P
LV EURXJKW LQWR SUR[LPLW\ RI D VDPSOH VXUIDFH IRUFHV EHWZHH
GHIOHFWLRQ RI WKHFDQWLOHYHUDFFRUGLQJ WR +RRNHfV ODZ 3LH]
DFFXUDWH PRYHPHQWY HQDEOH SUHFLVH VFDQQLQJ $)0 FDQ EH SHU
HQYLURQPHQW &U\R 7(0LQYROYHV SHUIRUPLQJ7(0DQDO\VLV ZKLOH
WHPSHUDWXUHYVY 7(0LVD WHFKQLTXH WKDW LPDJHV DVDPSOH XVLQJ



HUJ\HOHFWURQYV NH9 DUHWUDQVPLWWHG WKURXJKHOHFWURQ
DSODQH 7KH VWXG\RIWKLQ ITUR]JHQ VOLFHV RIVXVSHQVLRQV DOOR?Z
LQWKHLUGLVSHUVHG VWDWH

SBHSWLGH $PSKLSKLOH 6\QWKHVLYV
2XU VDPSRRROEHFXOHYVY ZHUHDOO VIQWKHVL]HG ZLWK FROODERUDWL
BHSWLGH 6\QWKHVLY &RUHDW 1RUWKZHVWHUQ 8QLYHUVLW\
&RPSXWDWLRQDO
OROHFXODU '"\QDPLFV 0' 6LPXODWLRQV

&ODVVLFDOO'VLPXODWLRQVLQYROYHELOOLDUGEDOO OLNHFROOLYV
VWDUW ZLWK DQ LQLWLDO FRQILIXUDWLRQ RIDWRPV RU "EHDGV’ LI D
VI\VWHP DFFRUGLQJWR 1HZWRQYfV ODZ

dv dp

F = = —__ = =
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*LYHQ WKH LQLWLDO SRVLWLRQV DQG YHORFLWLHV RIHYHU\DWRP LI
WHP WKHQ ZH KDYH DOO IRUFHV RQ DOO DWRPV DQG FDQ VROYH IRU W
0' VLPXODWLRQV FRQVLGHUHG LQ WKLV WH[W DWRPV EHDGV ZLOO &
WLRQV %RQGHGLQWHUDFWLRQVLQFOXGLQJFRYDOHQW ERQG VWUH
DQG SURSHU GLKHGUDOV DUH FRPSXWHG RQ WKH EDVLV RIIL[HG OLVYV
LQWHUDFWLRQV EHW ZiHH@QGWARH TOAHQIQFIOHY -RQHV /- IRU VKRUW UDC
DQG UHSXOVLYH IRUFHV

i i
Vi =45 -
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DQG D &RXORPE SRWHQWLDO IRUORQJHU UDQJHHOHFWURVWDWLF LQ

1 Gg
4 o T

Veoul =

ZKHYHLY WKH VHSDUDWLRQ EHW 4NHQKW ZHOFFFOWUIRROLHFVF KDPUERUSD U
IR}y o LV WKH SHUPLWWLYLW\ RI ITUHH VSDFH, YD BXXIGDOHIFMHUG E H-GRK
FRQVWDQW ;DIQWBH WDNHQ IURP D PDWUL[ RI /- SDUDPHWHUV IRU D JLY
FUHDWHG DQG RSWLPL]JHG EMILWWLQJ SDUDPHWHUYV WR H[SHULPHQW |

&RQWLQXXP ORGHOOLQJ

(QHUJHWLF PRGHOV FDQ EH XVHG WR HVWLPDWH HTXLOLEULXP VWUXF
FDOFXODWLRQ EHJLQV ZLWK D FRQWLQXXPHODVWREOLUQBHMWKBUH 1LV
GLVFUHWH VKDSH RULHQWDWLRQ DQG FKHPLFDO VWUXFWXUH RI WKH
Rl WKH PHPEUDQH HODVWLF FRQVWDQWY DQG HQGV ZLWK D SUHGLFYV
FRQWLQXXP PRGHOOLQJLV XVHG WR PRGHO HOHFWURVWDWLF LQWHU



&KDSWHU

SWLVD SOHDVXUHWRILQG RXWKRZGLITHUHQW REVHUYDEOH SKHQRP
LVWKHGLVFRYHULQJRIWKHFRQQHFWLRQ EHWZHHQ SK\VLFDO SKHQF
PDWLFDODQDO\VLV UDWKHU WKDQ WKHDQDO\VLVY LWVHOI ZKLFK LYV

*, 7TD\ORU

,Q WKLV FKDSWHU ZH DQDO\]H¥v.KB ¢ & LLWD\O PFRROCHHEOOIDHUD VVHPEOLH
PDWLRQ RIVFUROO OLNH FRFKOHDWH FKLUDO PROHFXODU DVVHPEC
1D&O LV GLVFXVVHG 7KH UHVXOWLQJVFUHHQLQJRIWKHHOHFWURYV
WR D PDQLIHVWDWLRQ RI WKH PROHFXODU FKLUDOLW\DW WKH VXSUD
ZD\ I[URP IODW ELOD\HU ULEERQ WR VKHHW WR FRFKOHDWH 7KH SUH
VXIIHVWV D UREXVW PHWKRG IRUFRQWUROOLQJWKHVWUXFWXUDO G

, QWURGXFWLRQ

$PSKLSKLOLF PROHFXOHYV FDQ VHOI DVVHPEOH LQWR D YDULHW\ RI '
VWUXFWXUHV 7KHVH VWUXFWXUHV VHUYH DV VLPSOLILHG PRGHOV |1
DQGWKHLUIXQFWLRQVDQGKDYHDSSOLFDWLRQV HQHQHXU WO A M G
> @ ELRVHQ¥LQWGURJIHQ SURGEFDQBEOHDQ ZDWH U@ HFXIQRWRULH
HVWLQJDVVHPEO\ VWUXFWXUH LV WKH QDQRULEERQ ZKLFK LV D KLJK
1DQRULEERQV DUH D JDWHZD\WR D QXPEHU RIRWKHU PRUSKRORJLHV
DPSOH QDQRULEERQVRIDFKDUJHG FKURPRSKRUHDPSKLSKLOHFDQ V



PRUSKRORJ\ZKHQ WKH VROXWLRQ LR@LFKWVH GBRWKANDL\GAY NBVUNG D
FKDUJH WUDQVIHU DJHQWY IRU SKRWRFDWDO\VWV LQ K\GURJHQ SUR(
VRPHV RI QHJDWLYHO\ FKDUJHG SKRVSKROLSLGYV LQ WKH SUHVHQFH R
QDQRULEERQ LQWHUP G UDVRHERPSDWLEOH SKRVSKROLSLG FRFKOHD\
DV GUXJ GHOLYHU\DJHQWY EHFDXVH WKH\ FDQ WUDS PDFURPROHFXO
SURYLGH SURWHFWLRQ DJDLQVW GHJUDGDWLRQ GXH WR WKHLU PXO\
EHHQ REVHUYHG LQ SHSWLGH DPSKLSKLOHV 3$V ZKLFK FRQVLVW RI
OHQWO\ OLQNHG WR D@ DAN\B®[/PEIOH D SHSWLGH DPSKLSKLOH WKDYV
SURGXFWLRQ KDV EHHQ IRXQG WR VHOI DVVHPEOH LQWR QD@RWDSHYV
,QD3$ZLWKDOWHUQDWLQJFKDUJHGDQG QHXWUDODPLQRDFLGV QD
KHOLFDO ULEERQV DV WKH 3% FR Q F @QDMGDIVOLVRR) KDY LLFHD®XFOIG W Z L VW
ZKHQ WKHDPLQR DFLG VHTXHQ®H ZB U ISHUP B WHHEPEOLHY KDYH EHHQ S
WR WHPSODWH VHPLFRQG X®W RHVGD W RKMIOH SR FUHVY WKH FRUUHO
SHULPHQWDO FRQGLWLRQV VXFKDV PROHFXODU GHVLJQ LRQLF VWUF
WKH DWWDLQHG QDQRULEERQ UHODWHG PRUSKRORJ\DUH QRW IX0O)
RIQDQRULEERQ UHODWHG DUFKLWHFWXUH UHTXLUHV IXUWKHU XQGH
LQWHUPROHFXODU LQWHUDFWLRQV DQG HODVWLF DQG LQWHUIDFLDGC

$ UHFHQW WKHRUHWLFDO VWXG\ VKRZHG WKDW IRU FKDUJHG PRO'
VWDWLFLQWHUDFWLRQV FRXOGLQGXFHWUDQVLWLRQVEHWEZHHQ GLI
6SHFLILFDOO\ D SKDVH GLDJUDP ZDV GHGXFHG IRUD ' ODWWLFH RI
YLD ORQJ UDQJH UHSXOVLYH HOHFWURVWDWLF LQWHUDFWLRQV DQG
QDQRULEERQ WR ZDY\ ULEERQ ZLWK SHULRGLF XQGXODWLRQV WR KH
DV WKH UDQJH Rl WKH HOHFWURVWDWLF LQWHUDFWLRQV LV LQFUHD!
IRUDFFHVVLQJGLVWLQFW QDQRULEERQ DUFK LW HRA WHKBHHWRED XV IUR IQQE)
FDXVHWKH UDQJH RIHOHFWURVWDWLF LQWHUDFW DROWOWBYDNYUDPHW
5HFHQW H[SHULPHQWYV DOVR DWWHVW WKDW WXQLQJ WKH LRQLF VWU
QDQRULEERQ UHODWHG DVVHPEO\ PRUSKRORJ\ )RU H[DPSOH WKH S
DJJUHJDWHY PRQRWRQLFDOO\GHFUHDVHV ZBWK GHFUHDVLQJ LRQLF



,Q WKLV VWXG\ ZH DQDO\]H PRUSKRORJLFDO FKDQJHV LQ FKDUJHG
RI LQFUHDVLQJLRQLF VWUHQJWK ,Q WKLV UHJLPH QDQRULEERQ WR
REVHUYHG LQ SKR\@ PRGLFIGRPRSKRUH DPSKLS@LORYHYHU WKH JHQ
HUDOLW\DQG WKH PHFKDQLVWLF GHWDLOV RI WKLY WUDQVLWLRQ DU
EHWZHHQ WKH LRQLF VWUHQJWK LQGXFHG FKDQJHV LQ WKH PROHFXC
SKRORJ\WUDQVIRUPDWLRQV DUH HOXVLYH 7KH SULQFLSDO DLP RI W
VWUXFWXUHDQG H[SHULPHQWDOO\WUDFH WKH PLFURPHWHU WR DQJ'
PHPEUDQH VWUXFWXUHDVDIXQFWLRQRILRQLFVWUHQJIJWKE\XVLQJD
WURQ PLFURVFRS\ FU\R 7(0 OLTXLG DWRPLF IRUFH PLFURVFRS\ OL
ZLGH DQJOH ; UD\VFDWWHULQJ 6$;6 :$;6 7KHH[SHULPHQWYV DUH FR
WKDW TXDOLWDWLYHO\H[SODLQ WKH REVHUYHG PRUSKRORJLFDO WU

‘HFKRVHDVLPSOHSHSWLGHDP IHLMSKDYHQIOHE RQL]DEOH DPLQR D
FRYDOHQWO\OLQNHE WR D\SD/OPLG RVEX&HBS$ ZDV FKRVHQ EHFDXVH RXL
VWXG@RQ.&IRXQG VSKHULFDO PLFHOOH WR F\OLQGULFDO PLEFHOOH W
DQG QDQRULEERQ WUDQVIRUPDWLRQV DV WKH PROHFXODU FKDUJH ZI
S+ 7KHUHIRUH ZH K\SRWKHVL]JHG WKDW UHPRYLQJ RQH RI WKH FKDL
FRXOG \LHOG D PDFURVFRSLF VWDWH FRQVLVWLQJ SXUHO\RI QDQRUI|
HQVXUHV WKDW WKH LQWHUKHDGJURXS LQWHUDFWLRQV DUH &RXORF
DPLQRDFLGY ZKHUH WKHDVVHPEO\LV VWURQJO\PRGXODWHG E\LQW



JLIXUH $ OROHFXODU VWUXFW X ksH; ZILWRKDMNHRED&VHV IRU K\GURSKRE
K\GURSKLOOLF KHDGJURXS OHQJWKV 7KH PROHFXODU FRQIRUPDWLF
IRUD VLQJOH&DWHU XVLQJ WKH XQLY@Ww¥)DA PPUFH UIRPOIG\WL.OLFD ZD
LOQWHUIDFH VKRZLQJ Kl KDIVGR B WEREBKNH/RHL JKW S UR | L OHUILFEERQV D &
JUHHQ OAQH LQ

OHWKRG 6SHFLILFDWLRQV

SHSWLGH 6\QWKHVLYV

BHSWLGHYVY ZHUH VI\QWKHVL]HG XVLQJ D &(0 /LEHUW\ PLFURZDYH DVVL
GDUGIOXRUHQ \OPHWKR[\FDUERQ\O )PRF VROLG SKDVH SHSWLGH
0%+$% UHVLQ PHVK )J)RUHDFKFRXSOLQJ HTXLYDOHQWYV RI )PRF
SDOPLWLFDFLG LQ'0)ZDVDGGHG ZLWK HTXLYDOHQWVRI1 1 1« 1« W
\O XURQLXP KH[DIOXRRSKRVSK DWH +%78 LQ'0)DQG HTXLYDOHQW
',3($ LQ 103 )PRFUHPRYDO ZDVDFFRPSOLVKHG XVLQJD VROXWLRQ R

0 K\GUR[\EHQ]JRWULD]ROH +2%W 3HSWLGHY ZHUH FOHDYHG IUR



WULIOXRURDFHWLFDFLG 7)% ZDWHU DQG WULLVRSURS\OV
SUHFLSLWDWHGIURP WKLV VROXWLRQ XVLQJFROGGLHWK\OHWKHU 3

+3/& XVLQJ D ZDWHU DFHWRQLWULOH ZLWK 7)$ VROYHQW V\VWE

[ PP & FROXPQ (OXWLQJIUDFWLRQV ZHUH DQDO\]HG E\ (OHFWUR
WURPHWU\ (6, 06 XVLQJDQ $JLOHQW 4 72)/&06 EHIRUH O\RSKLOL]
WKH VDPH $JLOHQW /&06 ZDWHU DFHWRQLWULOH ZLWK IRUPLF DFL
URWHR PP FROXPQ

; UD\6FDWWHULQJ

6$:6 :$;6 LQOWHQVLWLHV g @P! ZHUH FROOHFWHG VLPXOWDQHRXV
5D\RQL[ &&' GHWHFWRUV DW WKH ,' ' XQGXODWRU EHDPOLQH RI WKH
JRQQH IDWLRQDO /DERUDWRU\ 7KH EPBPD/QGHWHON LQFLGHQW EHDP L
ZDV 11 SKRWRQV V 7KH VDPSOH VROXWLRQV ZHUH LQMHFWHG WK
PP TXDUW] DW PP VHF WR UHGXFH UDGLDWLRQ GDPDJH 7KHF
YDEXXP FHOOWRDYRLG DLU VEDWWHULQJ $IDVW VKXWWHU ZDV XVHC
GXULQJWKH GDWD FROOHFWLRQ WLPH VIRUHDFKPHDVXUHPHQW
VXUHPHQWY ZHUH PDGH SHU VDPSOH )RU EDFNJURXQG VXEWUDFWLR
WR DQ DEVROXWH VFDOH 6%$;6 :$;6 SDWWHUQV ZHUH DOVR FROOHFWH
WKH FDSLOODU\ FRQWDLQLQJ SXUH ZDWHU EHIRUH PHDVXUHPHQWYV R
SDWWHUQV ZHUH FRQYHUWHG LQWR 'LQWHQVLW\SURILOHV E\D]JLPXV
WKH SRODUL]DWLRQ VROLG DQJOHDQG WUDQVPLVVLRQ FRUUHFWLR
VFDQ WLPH )RUDEVROXWHLQWHQVLW\FDOLEUDWLRQ WKHQRUPDOI
ILOHV IURP SXUH ZDWHU GLIIHUHQFH RI WKH VFDWWHULQJ IURP FDS
FDSLOODU\ ZHUH ILWWHG WR VWUDLJKW OLQHV 7KH LQWRVKHHSW RI
H[SHFWHG VEDWWHUHG LQdNH®QLMQ DER/MR DX H BBV K HD @D WD IURP
WKH FRUUHVSRQGLQJ VDPSOHV ZHUH WKHUHDIWHU VFDOHG DFFRUGL



&U\R 7(0

JUR]JHQ K\GUDWHG VDPSOHV ZHUH PDGH E\9LWURERW )(, DQGLPDJHG
SUHSDULQJ WKH NDPGOWVRQV ZHUH GHSRVLWHG RQ 7(0 FRSSHU JULG\
7THG 3HOOD ,QF 7KH VDPSOH ZDV ¥ORRQGHGN RW.PEEHRRBUH SOXQJLC
HWKDQH $ +7 +LWDFKL 7(0 ZLWK D ERWWRP PRXQWHG &&' FDPHU
N9 WR FDSWXUH KLIJIK FRQWUDVW PLFURJUDSKYV 'XULQJ WKH LPDJL
DFU\R KROGHU *DWD& 5DDODMWDJHV ZHUH SURFHVVHG XVLQJ ,PDJH -

$)0

$ %UXNHU %LRVFRSH5HVROYH ZDRQeV 1 XPMHHREEW R QR D DHWWKKIH&SV ROLG OLTXI
(DFK VDPSOH ZDV SUHSDUHG/ERIGURSBLQIROXWLRQ RQWH BL
VXEVWUDWH ZKLFK ZDV FOHD@RG BER2SLUPQXWLRQ+ %UXNHU 6FDQDV\!
SUREHV ZHUH XVHG IRU KLJK UHVROXWLRQ LPDJLQJ GLUHFWO\ DW WK
VFDQQHG XVLQJ WKH 3HDN)RUFH 7DSSLQJ PRGH ZLWK D SHDNIRUFH IL
ZHUH SURFHVVHG WKURXJK 1DQRVFRSH $QDO\VLV

SHVXOWV DQG 'LVFXVVLRQ

&.1 SVVHPEOLHV LQ :DWHU

‘HILUVW GHVRLEN WHKREDO\LQ WKHDEVHQFH RI DGGH® V BQWS HRIWY WE L\
LQ SXUH ZDWHU DW PO FRQFHQWUDWLRQ 8QOHVV RWKHUZLVHVWDW
DFLG >OHIW KDQGHG / @ DQG WKH 38 FRQFHQWUDWLRQ PO DUH WKF
RI WKtV &LVSHUVLRQ ZIKLFK LV PXFK ORZHU WKDQ WKHKGLV6/RFLDWLF
IRUg& LQ WKHLU DJJ@EHJDRHHMAHPRUH XQGHU WKH H[SHULPHQWDO FRQG
&¢.1 DUH H[SHFWHG WR EH LQ WKHLU LRQL]JHG VWDWH

7KH $)0LPDJ# RID&/ VHPEOLHV DW D VLOLFD 6L2[ ZBAWBIQGAWHKHLUDF]
$)0 LPDJHV FROOHFWHG DW GLIIHUHQW VSRWV RQ WKH VXEVWUDWH U]



&es.1 DVVHPEOHV LQWR IODW WEEQAWKRZ UWR ZH BWIKYHZ KXQIGUHG QP (
UDQJLQJ IURP WR P DQG/WVHONFNIKOMALR $00 RI WKH ULEERQV |
VDPH WKLFNQHWWRDY VKRZQ E\D UHSUHVHQWDWLYH $) KHLUXW VFD
WKLFNQHVV LV OHVV WKDQ WZLFH WKH OHQJWROHFIPHR/I NEORBUH[WH (
VXJIHVWLQJ WKDWNW BFERD& DUH ELOD\HUV ZLWK WKH DON\O WDLOV RI"
7TKHLQWHUGLJLWDWHG ELOD\HU FRQILJXUDW kLRLQ> 2 DRXGKROW KDHOW RS K H
> @ LVH[SHFWHG IRUPROHFXOHV ZLWK KHDGJURXS FURVV VHFWLRQ
DON\O WDLOV

&.1 SVVHPEOLHYV ZLWK $GGHG 1D&O

6FUHHQLQJHIIHFWYV D GODSH WG RQEWKDW FRQWDLQ UDSQI DRIFRQF
IURP WR PO )LIJXHWKRZ $)0LPDJIkV:IVHPEOLHVID&BGLROXWLRQ
LQWHUIREHV IRUDQG PO 3HDN IRUFH HUURU LPDJHV DUH VKRZQ DV W
UHSUHVHQWDWLRQ Rl WKH@ R U S/KKR@FEUHNVLQJ 1D&0 FRQFHQWUDWLR
UDWLR GHFUHDMHVPD Q@G DWO\ LVRWURSLF VRISBHWRHWHWRUH REVHU®
JLIXUK $W RUDERYH WKLV WK U Hey K RIOIGHRRKGHHHQ WWRBQ RQWR FRFKO

' 7KH PXOWLOD\HUHG QDWXUH RI WKH VFUROOV LV DOVR REVHUYH
2YHUDOO $)0DQG FU\R 7(0 VKRZ WKDW LQFUHDVLQJWKHLRQLFVWUH
LQGXFHV WKH ULEERQ WR VKHHW WR FRFKOHDWH WUDQVLWLRQV

‘H REWDLQ HQVHPEOH DYHUDJHG TXDQWLWDWLYH GHWDLOV RI Wk
DQG WKH PROHFXODU SDFNLQJE\ :$;6 LQ WKH ULEERRN®® & WKRZF R FK
WKH EDFNJURXQG VXEWUDFWHG 6$i6DOICEBROQGDRY B XRWYW ZDWHU ZLW
1D&0O DV D IXQFWLRQ RI VFDW WdH=4 §J(YHFW R U H D-BZYLLW XVGKH ; UD\
ZDYHOHQJWKVDMICH VFDWW H Wl<®@2 DY QHIXRE WKH LW HB® YW\
LQGLFDWLYHRIVWUXFWXUHV ZLWK H{WHQGHG VL]JHV LQ ' ZKLFKLVF
IODW ULEERQV ZLWK OHQJWK D QG ik G \BOR @ R WZKK BUMHHID WM K WRKIDQRL P X P
DFFHVYLEOWMKH PHDVXUHPH@WVHEL JKKRZY VWURQJ %UDJJ UHIOHFWLF



q QP! FRUUHVSR@M6* Q@ Jo¥R4 QP GLVWDQFHV ZKLFKDUHFORVHWR
RIWKHDON\OWDLOV 7KHUHIRUH ZLWKLQ WKHULEERQV WKHDON\O
WKHQHDUHVW QHLJKERU GLVWDQFHYV DUH FRPPHQVXUDWH ZLWK WKFE

J)LIXUH D )0 SHDNIRUFHHUURU LP D geHiVFRH BEARCBQ AIMVOWNY& Q2 ROXWLRQ
LQWHUIDFH $V1D&O FRQFHQWUDWLRQLQFUHDVHYV VWUXFWXUDO WL
ERQWRLVRWURSLF VKHHWDQG WR UROOHG XS FRFKOEHWWHY0ZKLFK
LPDIJHV RIELOD\HUULEERQ ZLWK QR DG E G RRBIOOHR W HD2BEPSHOOD DW >
PO

‘HWUDFHG WKHULEERQWR FRFKOHDWH WUDQVIRUPDWLRQDQG WKF
1D&O FRQFHQWUDWLRQ YLD 6%;pQ%;68 JKRZUHJD\ VFDWWHE.LQIMURP P
ORZ + PO DQGKLJK PO 1D&OFRQFHQWUDWLRQV USVEREWWKDMW )L
IRJ 2 PODQG4RO1I QP WKHPRQRWRQLFIDOOLQLQWHQVLW\LV UHSOI
PRGXODWLRQV GXH WR FRFKOHDWHY 7KH 6%$;6 GHGXFHG 1D&0O FRQF
FRFKOHDWH WUDQVLWLRQ LV RQO\ VOduJKW®0 QRZH 0 W[SHIQ MPKIH W K U
7KHUHIRUH UROOLQJRIWKHPHPEUDQHLQWR FRFKOHDWHV LV GULYH
UDQJHRILQWHUPROHFXODU HOHFWURVWDWLFLQWHUDFWLRQV FRQW

$ VKRZV LQWHQVLW\ PRGXODWLRQV DOPR-R5Y BV KEKH 6 W DWH T UDIQG H C
LQWR JURXSV HDFK\LHOGLQJLQIRUPDWLRQ DW IjGLIIHW QW OHQJ



PRGXODWLRQ DULVHV IURP WKH FURVV VHFWLRQ RI WKH FRFKOHDWH
FRFKOHDWH LV D F\@RL Q\GHHQRN KD & E R W WU &) @ 1 DHfRB(Q RWDKGHH H
LVWKHILUVW RUGHU %HVVHO IXQFWLRQRRW KR RAPXWR DG 7KH ILU"
7KHUHIRUH WK HqP 10Q22FQ¢P DWOGV DQ DYHUDJH FREK&MHDAVHIBDGLXV
QP ZKLFKLVFRQVLVWHQW ZLWK WKH 7(0 LPDJd¢ RQWK FWKRIFIKEDW I @N\HMV |
PD[LPD SRVLWLRQV IRO @QRZ :VHdH VITX HDEMHUHIRUH WKHVH PRGXODW
%UDJJ UHIOHFWLRQV GXH WR SHULRIG: B ODPBI[OZLIV KZLLQV W OHVSIOFK QH L
%DVHG@RQ)LIXUK IRU c 0D(QP=6:40+2:05 c2 HYLIXUH
7KDW LV IRUWKHUDQJHRI1ID&O FRQFHQWUDWLRQ XVHG WKH LQWHL
WXQHGIURP WR QP DQGWKHLQWHUODPHOODUVSDFLQJYDULHVO
OHQJWK ¢c 2 7KXV WKH UDQJH RI HOHFWURVWDWLF LQWHUDFWLRQ
VSDFLQJ $V QRWHG LQ WKH 6%$;6 DQDO\VLV RI ULEERQV WKH EURDC
QP! LV GXH WR DQ LIOQGEXYQOXDW & LIXKRZV WKDW WKH PLQLPXP SRV
g 09QP! VKLIWV WRjZIOHRgMWKH ULEERQV DUH WUDQVIRUPHG LQWR FR
REVHUYHGAPWRLIXUB & DQGLVFRQVLVWHQW ZLWKDQLQFUHDVH L
IURP QP ULEERQ WR QP FRFKOHDWH GXH WR DQ LQFUHDVH LQ
7KXV D FXUYDWXUH LQGXFHG VWUDLQ LQ WKH FRFKOHDWHY UHGXFH
WKH ELOD\HU OHDIOHWYV 7KHFXUYDWXUH DOVR UH G X HW BMIKOHVG H J U
DQG KHDGJURXSV )RU WK4.FDWHKRIVKIOU&S GLIIUDFWLRQ SHDNV FRUU|
FU\WWWDOOLQH RUGHULQPUYUPHDHURXOW IRWD\ VFDWWHULQJDQDO\VLV L
D WKUHVKROG 1D&0 FRQFHQWUY DWNVRI@ ROHY PQW&R FRFKOHDWHYV 7Kt
VSDFLQJ ZLWKLQ WKHVH FRFKOHDWHY GHSHQGYV OLQHDUO\ RQ WKH F
FXUYHG PRUSKRORJ\RI WKH FRFKOHDWHV LQGXFHV DUHGXFWLRQ LQ
OHDIOHWV DQG WKH FU\WWDOOLQLW\LQ WKHPROHFXODU SDFNLQJ



JLIXUH $ %DFNJURXQG VXEWUDFWHG LQ VLWX 6$;6DV; WE&BWD&RU |
FRQFHQWUDWLRQ LV LQFUHDVHG IURP WR PO 7KH GDWDVHWV DUH
FUHDVLQJ 1D&O FRQFHQWUDWLRQ WKH DSSHDUDQREHK BR1 PROWLSOH L
DQG WKH VPHDULQJRIWKHVKDUS :$;6 WDLO SDFNLQJGLIIUDFWLRQ SH
FRFKOHDWH WAREKOWDRWH VXUIDFH FRRUGLQDWHY XVHG LQ PRGHOO|
LQW EHWZHHQ HDFK RYHUODSSLQJ OD\HU RI WKH VFUROO OLNH VWUX|
FRFKORDMOIFNIJURXQG VXEWUDFWHG LQ VkWRGWK B D WHA KR QFEMHE W U L
LV LQFUHDVHG IURP WR PO 7KH GDWDVHWYV DUH DJDLQ RIIVHW YHL
ILUVW RUGHU VPDOO DQIDAK @< Il QBFF WIMRQVHEDIWWR GHWHUPLQH WKH L
VSDFDQRVLGH WKH FRFSO6I BWHVYHG LQWHUELOD\HU VSDFLQJ LQ WK
OLQHDUO\DV MR QEWHEIK/RID&O PRODU FRQFHQWUDWLRQ 7KHVROLG
ILW ZLWK HDOQOPW 6RO 2:05 c¢2 ( 7ZKHRUHWLFDO ILW WR WKH LQWHUELO
WKH +HOIULFK 3URVW PRGHO G HV A B UBHRG HQGW MHD WBIYW V HH

&RFKOHDWH &KLUDO $VVHPEO\ (QHUJHWLF ORGHO

‘HGHYHORSHG D WKHRUHWLFDO PRGHO WR UDWLRQDOL]H WKH REVHL
RUHWLFDO VWXGLHYVY KDYH VKRZQ WKDW PHPEUDQHV RI FKLUDO PROH



EHQGLQJ IRUFH®@® LI WKH PROHFXOHV DUHWLOWHG ZLWK UHVSHFW WR
FDXVHRI FKLUDOLW\ WKHPROHFXOHY GR QRW SDFN SDUDOOHO WR HI
WR WKHLU QHLJKERUYV 7KLV UHODWLYH RULHQWDWLRQ FRQVWUDLQ\
ZLWKUHVSHFWWRWKHELOD\HUQRUPDOFDQEHVLPXOWDQHRXVO\VE
FXUYDWXUH VXFKDV FORVHG WXEHV ,Q TXDOLWDWLYHDJUHHPHQW .
VXUHPHQWY VKRZ WKDW DW KLJK VDOW FRQFHQWUDWLRQV FRFKOHL
ULIJKW KDQ&EHQLI_RUKM 8QGHULGHQWLFDO FRQGLWLRQV SODQDU EL
DUDFHPLF PL[WXUH PLIWKXUH)ROXWDRG ) XUWKHUPRUH PROHFXODU
LQGXFHV FKLUDOLW\LQ WKHDVVHPEOLHVDWDOOOHQJWKVFDOHV $\
LQJLV REO@XBPQG DW WKH PHVRVFDOH WKH FRFKOHDWHY KDYH D VF!

JRUWKHVH UHDVRQV ZH XVH WKH ®GHO RIVRRZWRNMW WREHRBELQF
RIPROHFXODU FKLUDOLW\DQG WLOW QRW RQO\ OH @GR B KKIFOQR DLAHW L
EXWFDQDOVRVWDELOL]HWKHVSLUDO KHOLFRLGDO VKDSH RIFRFKO
WKHUHODWLRQVKLS EHWZHHQ LQWHUELOD\HU VHSDUDWLRQ LQ FRFK



JLIXUH $ 6%$;6 :$;6 IURP PO VROXWLRQOMRI' & PO 1D&0O 7KH GDWD KDY
EHHQ VKLIWHG YHUWLFDOO\IRU FODULW)\ 686 L®, & XWRPZDWWHHWP B OKLLHE
VKDUS GLIIUDFWLRQ §ISRN Y \I WRIQGHEWRFD/O] P! g QP! EODFN

GRWWHG 7KHVHGLIIUDFWLRQ SHDNV RULJLQDWH IURP KHDGJURXSF
REOLTXH ODWWLFH UHVSHFWLYHO\ ,QDGGLWLRQ LQWHQVLW\PRGX
DQG GLIIUDFWLRQ SHDNV GXH WR WKH SHULRGLF LQWHU ELOD\HU VH
VHUYHG IRUERWK WHH ' ZRIUFPKWVVKIIBIW GHSHQGLQJRQ WKHLRQLFVWUH
WKH VDPH PDQQHU BEWDRN DUDWNRYFRQWUDVW WKHDVVHPEOLHV RIUD
GR QRW H[KLELW WKH GLIIUDFWLRQ SHDNV FRUUHVSRQGLQJ WR WKH
GLIIUDFWLBQ SABN DWNHO\GXH WR VKRUW UDQJHG SRVLWLRQDO FRU
WDLOV LVREVHUYHG 1RLQWHQVLW\PRGXODWLRQVIURP FRFKOHDW
FRQWDLQLQJWKHUDFHPLFPL[WXUH )RU WKH WD PHRLF PR.QWR YWR-Q LVF B
DY? LPSO\LQJ WKDW WKH DVVHPEOLHY DUH SODQDU ELOD\HUV 7DN
VKRZ WKDW PROHFXODU FKLUDOLW\LV HVVHQWLDO IRUFRFKOHDWH |

7KH VFUROO PRUSKR @R U\HVHXE®GHY D VSLUDO KHOLFRLGDO VXUIDF
WHUL]KG:RV=(D VL®@cos;p +2z) +HWHLY WKH VKHHW VHSDUDWLRQ LQ W
DQGLY WKH SLWFK RI WKH KHOLFDO ZLQGLQJV DORQJ WKH FRFKOHDW|
IRU VXFK D PHPEUDQH DUH WKH HODVWLF HQHUJ\ WKH ORQJ UDQJH |
UDQJH DWWUDFWLYH YDQ GHU :DDOV LQWHUDFWLRQ B@Q & DN\KHIG/R@ U W
6$:6 :$:6 PHDVXUHPHQWY WKH DTXHMPXV &DHHW E HFNIPIEQ/ Q P
ZKHQ WKH VDOW FRQFHQWUDWLRQ LV YDULHG EHWZHHQ DQG PO 7
WKH K\GUDWLRQ G HFF DAKHHQHIR Kt WKH K\GUDWLRQ HQHUJ\ WHUP FDQ
LQDPHDQ ILHOG GHVFULSWLRQ VKRUW UDQJH DWaV WEKFHR UYHVIIRADFH
JXPHQWV DQG H[SHULPHQWDO REVHUYDWLRQV DERYH VXJIJHVW WKDW
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