$ FW 3 K\VIFD 3 RRQLFD $ SSs

))5%$&7,21 678" ,(62) 1$12&5<67%$/6 7+ (25< $1"' (;3(5,0 (17
% 3%/ 26= ( *5=%$1.8% 6 * ,(51/27. $ 6 67 (/ 0 $ . + 5 3,(/ % 6=(

8 %,60 $ < (5 -1 (8 () (.1 + 3 : (%(5 . 3%/ 26=
+ LJK 3 UHVVXUH 5 HVHDUFK & HQWU 8 1 ,35 ( 66 XO6RNRCRZ VND : DUVDZ

3 RIDQG SDRV]# XQLSUHVV Z DZ SO

,QVWWKW RI ( [ SHULP HQWO3 K\ VLFV : DUVDZ 8 QLYHUVLW XO+ R]D . buvbDz
3 RDQG
0 LQHUDO 3 HWRJ UDSKLVFKHV ,QVWWW 8 QL+ DP EXUJ * ULQGHODCOH ! + DP EXUJ

* HUP DQ\

+ $6</$% DW' ( 6< 1 RWHVW ' + DP EXUJ * HUP DQ\
61 %/ DW( 65) %3 $Y GHV 0O DUW UV ) * UHQREOH ) UDQFH
8 65% 1$6$ 0 DUVKDOOG6SDFH ) OJ KW& HQWU + XQWYLOH $ GDEDP D 8 6%

$ EVWDFW

% DVHG RQ WWHRUHWFDOFDOFXMWRQV RI SRZ GHUGLIIUDFWRQ GDW LWLV VKRZ Q WDWWH

DVVXP SWRQ RI WKH LQILQLWH FUI VWO CDWEFH IRUVP DOOSDUWFCHV LV QRWMW VW.ILHG CGHDGV W

VLI QLILFDQWFKDQJHV Rl WKH GLIIUDFWRQ SDWHUQV DQG P D\ CGHDG WR HUURQHRXV LQWHUS UHWWRQ RI
WH H[ SHULP HQWOUHVXOW $ Q DOMUQDW HYDOXDWRQ RI GLIIUDFWRQ GDW RI QDQRSDUWFOHV EDVHG

RQ WKH VR FDOCHG DSSDUHQWOOWWYFH SDUDP HWU DOS LV SURSRVHG

H\ Z RUGV 1 DQRFU\VWO/ VXUIDFH VWXFWUH GLIITUDFWRQ

3%$&6

, QWURG X FWRQ

7 KH FU\ VWO VWX FWUH RI P DWHULDOV LV GHWHUP LQHG E\ VWKH FRP ELQHG HIIHFWRI WKH CRQJ
UDQJH IRUFHV LUUHVSHFWYH RI VKH VL] H RI WH REMIFW 7 KH DFWDO VWXFWUH RI D SDUWFQH LV
KRZ HYHU GHSHQGHQW RQ LW VL] H 7 KLV GHSHQGHQFH FDQ EH LJQRUHG IRU CDUJH SDUWFQHV
FU\ VWDOOLWHY EXW LW P XVW EH WNHQ LQW DFFRXQW Z KHQ WKH FKDUDFWHULVWF GLP HQVLRQ RI DQ
DVVHP EQH RI DWRP V LV FRP SDUDEOH WR VWKH HIITHFWYH UDGLXV RI WH ORQJ UDQJH LQWHUDFWRQV
7 KLV DSSQHV LQ SDUMFXODU W QDQRFU\ VWOV Z KLFK FDQ EH DV VP DOODV D IHZ QDQRP HWUV RQQO
1 DQRFU\ VWO/ EHORQJ WR D JHQHUDOFOVV RI SRO FU\ VWOILQH P DWULDO/ DQG DUH GLVWQJ X LVKHG DV
D VHSDUDW FODVV GXH W WHLU VP DO VL] H DQG UHOWG XQLTXH SURSHUWHV > @ ' LIIHUHQW
SURSHUWHV DQG EHKDYLRU RI VWKH VXUDFH DQG LQWULRU DWP V FDQ EH GHGXFHG DQG
FKDUDFWUL] HG EDVHG RQ WH FRQFHSWRI DWP LF FOXVWUY $ FFRUGLQJ WR WLV WHRU Z KLFK
UHIHUY W D P DQ\ ERG\ SRWQWDO WH K\ EULG RUELWO/ SUHVHQWLQ DWRP LF FOXVWUV DUH DECH WR
IRUP SHULRGLF K\ EULG RUELWO/ DQG W DUUDQJH WH LQGLYLGXDODWP V LQW D WUHH GLP HQVLRQDO
OWEFH 7 R IRUP VXFK RUELWO/ LQ WH LQWULRU RI WKH FOXVWUV D FULWFDOVL] H RI WH FOXVWU D
P LQLP XP QXP EHURI DWP V LV QHFHVVDU\ ,Q D ILQLW REMIFWWHUH LV DQZ D\ V D GLVFRQWQX LW

Rl WKH DWRP LF VWXFWUH DWWH VXU DFH DQG IRUP DWRQ RI WH VXU DFH D\ HU VKHOO OHDGLQJ WR

$ R DW,QVWW W RI & WVWARJUDSK\ 8 QLYHUIW RI/ DXVDQQH & + / DXVDQQH 6 Z IW HU® QG



WH SUHVHQFH RI D VXU DFH HQHUJ\ 7 KH HITHFWRI WH P DQ\ ERG\ SRWQWDOLQ WKH REMFWRQ

RUGHULQJ RI WKH RXWU DWP LF O\ HUW P D\ EH H[ SHFWG WR GHFUHDVH P RQRWQLFDOO IURP WH

LOQWHULRU WVRZ DUGYV WKH VXU DFH RI WKH SDUWFCH > @ ,WLV REYLRXV WKDWWH DWP LF VWXFWUH RI

WH LQQHU ERXQGDUW RI WH VXUDFH O\ HU P XVWEH WH VDP H DV WKDWRI WH JUDLQ FRUH 7 KH

GHYLDWRQ RI WH OO\ HU VWXFWUH |IRUP LQJ D EXIIHU G\ HU IURP WH P DWL[ VKRXOG LQFUHDVH

WZ DUGV WH P RVW H[ WVHUQDO DWRP LF @D\ HU $ VLP SOH GHILQLWRQ RI WH VXU DFH G\ HU

WLFNQHVV RI D SDUWMFOH LV WKDWLWLVY HTXDOW WDWRI WH EXIIHU] RQH > @ + RZ HYHU Z H

DUH QRWDZ DUH RI DQ\ H[ SHULP HQWOP HWRGV Z KLFK FRXOG EH XVHG W P HDVXUH WKH DV GHILQHG

WLFNQHVV RI WH VXUDFH O\ HU RI QDQRSDUWFCHV 7 R GLVFHUQ EHW HHQ WH VXUIDFH DQG

LQWHULRU SKDVHV RI D JUDLQ WHLU SK\ VLFDODQG RU VWXFWUDO SURSHUWHYV P XVWEH VXIILFLHQW

GLIlHUHQW W EH H[ SHULP HQWOO P HDVXUDE CH ,Q WLV Z RUN Z H GLVFXVV WLV SURECHP Z LW

UHJDUG WR WKH FDSDELAOWHY RI WKH SRZ GHU GLIIUDFWRQ WHFKQLT XHV

(@) (b) ()

) LI X UH 7 HQOWWYH P RGHO/ RI WH DWP LF VWXFWUH RI D QDQRFU\ VWO D VLQJ OH FU\ VWO

E K\ SRWVHWFDO QDQRFU\ VWO Z LWK DWP V (RFDWG DWWH SHU HFWODOWLFH VLWV F QDQRFU\ VWO

Z LWK D FRP SUHVVHG ODWAFH LQ WKH VXU DFH VKHQO

7 KH SURSHUWHV RI QDQRFW VWOAQH P DWULDOY DUH FULMMWFDOO GHSHQGHQWRQ WH DWP LF

VWX FWUH RI WKH FRQVWWHQWJ UDLQV $ VL] H GHSHQGHQWDWP LF VWXFWUH RI QDQRSDUWFCHV P D\

OHDG WR XQLTXH SURSHUWHV ANH XQXVXDO KDUGQHVV RU VXSHUSDVWFLW GLITHUHQW P HOANQJ

WP SHUDWUH RU OXP LQHVFHQFH VSHFWD HW Rl QDQRP DWULDOY UHOOWYH W FRQYHQWRQDO

SRO FU\ VWOV RI WKH VDP H VXEVWQFH > @ 7 KH VXUDFH RI LQGLYLGXDOFU VWOOWYV DSSDUHQW)

S\ V DQ LP SRUWQW URCH LQ WKLV DQG RWHU SKHQRP HQD ,Q FRQYHQWRQDO SRO FU\ VWOOLQH

P DWHULDOV Z LW P LFURP HWHU VL] H JUDLQV WH VXU DFH DWP V FRQVWWW RQO D VP DOOIUDFWRQ RI

WH WVRWO QXP EHU RI DWP V DQG WHLU HIITHFWRQ WH RYHUDO SURSHUWHV RI WH P DWULDO FDQ EH

LI QRUHG 7 KH VIWKDWRQ LV GLIITHUHQWLQ VP DO QDQR VL] H SDUWFOHV Z KHUH GXH W WHLU VL] H D

FRQVLGHUDEOH IUDFWRQ RI WH DWP V IRUP V WKH VXU DFH RI WH JUDLQ $ V VKRZ HG LQ ) LJ XUH

DQ DEUXSWWUP LQDWRQ RI D SHU HFWFU\ VWO COWEFH ) LI D OHDYHV WKH RXW RVWDWP V Z LWKRXW

VRP H Rl WHLU QHLJKERUWY ) LJ E Z KDWOHDGV HLWKHU WR D UHFRQVWXFWRQ RI WH VXU DFH RU W



JHQHUDWRQ RI VWDLQV WURXJK FKDQJHV RI WH HQJW RI WH LQWUDWP LF ERQGV ) LJ F

$ VVXP LQJ WDWWH VXU DFH VKHO KDV WKH WKLFNQHVV RI QP D QP GLDP HWUJ UDLQ FRQWLQV

Rl LW DWRP V LQ WKH VXU DFH O\ HU Z KLCH D QP JUDLQ KDV DQUHDG\ RlI VXFK DWP V

7 KDWVKRZ V WKDW LQ YHU\ VP DO REMIFW D IHZ QP LQ GLDP HWU WH QXP EHU RI VXU DFH

UHODWHG DWP V FDQ H[ FHHG WH QXP EHU RI WK H EXON DWP V : KLFKHYHU SURFHVV

UHFRQVWXFWRQ RU JHQHUDWRQ RI VWDLQV GRP LQDWYV WP D\ EH H[ SHFWHG W DG W VRP H

XQLTXH SURSHUWHV RI WH P DWULDO/ ,WP D\ DOVR EH H[ SHFWHG WDWWH VWXFWUDO FKDQJHV DW

WH VXU DFH SURSDJDW W WH GHSW RI VHYHUDO LQWUDWP LF GLVWQFHV WRZ DUGV WKH SDUWF

FHQWU 7 KHUHIRUH LQ D P HDQLQJIXOUHVHDUFK RQ QDQRFU\ VWOV WKH VXU DFH D\ HU VKHQOO VKRXGOG

EH WHDWG DV D VHSDUDW VWXFWUDOSKDVH UHODWYH WR WKH EXON RI WKH JUDLQ WH FRUH

$ OKRXJK WHUH LV D JHQHUDOXQGHUVWQGLQJ LQ WKH VFLHQW.ILF FRP P XQLW WDWWH VXU DFH

KDV D VL) QLILFDQWHIITHFWRQ WH SK\ VLFDOSURSHUWHV RI QDQRFU VWO/ WH XQLTXH SURSHUWHV RI

WHVH P DWULDOY DUH EHLQJ UHOWG W VWH VLJH RI WH JUDLQV DQG QRWW WHLU VXU DFH $

QXP EHURI OWUDWUH UHSRUW RQ WH GHSHQGHQFH RI GLIITHUHQWSK\ VLFDO SURSHUWHV RQ WH VL] H

Rl QDQRSDUWFCOHV H[ LVW > @ 7 KHUH LV QR GRXEWWDWFKDQJHV RI SK\ VLFDO SURSHUWHV RI

P DWHULDOYV DUH UHOODWG W FRUUHVSRQGLQJ FKDQJHV LQ WHLU DWP LF VWXFWUH Z KDWLV FOHDUO

GHP RQVWDWG LQ SKDVH WDQVLWRQ SURFHVVHV & KDQJHV RI WH DWP LF VWXFWUH RI D FU\ VWO

DUH D& D\ V UHICHFWHG E\ WH FRUUHVSRQGLQJ FKDQJHV RI LW OOWLFH SDUDP HW UV 7 KHUHI RUH

Z KLOH WKH VSHFLILF DWRP LF VWXFWUHV RI QDQRFU\ VWOV KDYH QRWEHHQ GHWUP LQHG \ HW FKDQJ HV

RI WKH CDWEFH SDUDP HWUY RI QDQRFU\ VWO/ GHWUP LQHG IURP SRZ GHUGLIIUDFWRQ GDW UHCODWY H

W WRVH RI WKH EXON FU\ VWOV KDYH EHHQ UHSRUWG IRUD YDULHW RI QDQRP DWULDOV ,WZ DV DOVR

UHS RUMHG WKDWWH CODWEFH SDUDP HWHUV RI D JLYHQ P DWHULDOGHSHQG RQ WH JUDLQ VLI H LQ P HWO/

$ X > @$ 0> @ & X > @ VHP LFRQGXFWUVY OANH & G6 H > @ LRQLF FUl VWO/ ONH 1 D& O . & O

1 D% UDQG / L) > @ 7 KRVH UHVXOWN Z HUH LQWHUS UHWHG DV WH HIITHFWRI WH JUDLQ VL] H RQ WKH

OWELFH SDUDP HWUY DQG RIWQ DWMLEXWG WR WH SUHVHQFH RI D VWRQJ KRP RJHQHRXYV LQWUQDO

SUHVVXUH FDXVHG E\ WH VXUDFH VWHVVHV DQDRJRXV W WH VXUDFH WHQVLRQ LQ ATXLGV >

@ 7 KLV VWDLIKWRUZ DUG LQWUSUHWWRQ RI WH H[ SHULP HQWOILQGLQJYV LI QRUHV WKH IDFWWDW

WH VWXFWUH RI D QDQRFU\ VWO LV QRWXQLIRUP DQG VKRXOG EH FRQVLGHUHG HLWHU DV FRP SRVHG

RI' W R GLVWQFWYH JUDLQ FRUH DQG VKHOO SKDVHV RU DV D VWXFWUH Z KHUH D CDUJH IUDFWRQ RI

WH DWP V DWWH J UDLQ VXU DFH LV GLVSMFHG UHDWYH W WHLU UHJ X(DU CDWAEFH SRVLWRQV Z KDWLV

HTXLYDOHQWW D SUHVHQFH RI VWDLQ LQ WH YLFLQLW RI WH VXU DFH ,Q ODUJH P LFUR VL] HG

FUl VWOOWY WKH QXP EHURI DWP V RFDWG DWRULQ WH YLFLQLW RI WH JUDLQ VXU DFH LV RUGHUV RI

P DJQLWGH VP DOHU WKDQ WKH QXP EHURI DWP V LQ WKH JUDLQ FRUH DQG WHLUHITHFWRQ WH EXON

SURSHUWHV RI WH P DWULDOY FDQ EH LI QRUHG $ OVR WH FRQWLEXWRQ RI WH VXU DFH DWP V W

WH GLIIUDFWRQ HIITHFW P HDVXUHG IRUVXFK SRO FU VWO/ LQ D FRQYHQWRQDOSRZ GHU GLIIUDFWRQ



H[ SHULP HQWLV QHJ QLJ LEH : LWK D GHFUHDVH LQ WKH GLP HQVLRQV RI WH FU VWOOWYV GRZ Q W D

IHZ QDQRP HWUV WKH QXP EHU RI DWP V (RFDWG DWWH VXU DFH EHFRP HV FRP SDUDEOH W WRVH

LQ WH JUDLQ FRUH 6 LQFH WH VXU DFH DWP V KDYH D GLIIHUHQW VXUURXQGLQJ DQG WHLU

LOQOWHUDWRP LF GLVWQFHV P D\ GLITHU ITURP WRVH LQ WH EXON P DWULDO RQH VHW RI OCDWVFH

SDUDP HWUV IRU D QDQRFU VWO P D\ EH LQDGHTXDW IRU D XQLTXH GHVFULSWRQ RI LW VWXFW UH

& RQYHQWRQDO GLI I UDFWRQ WHFKQLT XHV DQG VWQGDUG P HWRGV RI GLIIUDFWRQ GDW DQDO VLV DUH

XVHG WR FKDUDFWUL] H W H DY HUDJ H FU\ VWOORJ UDS K LF VWX F WK UH R P DWHULDOY W URXJK

GHWUP LQDWRQ RI WH OOWFH SDUDP HWUV RI WH XQLW FHOQO > @ 7 KHVH P HWRGV DUH

LQVXIILFLHQWW GHWFWDQG TXDQWI\ VP DOGL IHUHQFHV EHW HHQ WH DFWDODWP LF SRVLWRQV LQ

QDQRJ UDLQV DQG WRVH LQ D UHJ XU XQDP ELIXRXVO GHILQHG FU\l VWORJUDSKLF SKDVH ,Q WKLV

SDSHU Z H VKRZ WDW DOKRXJK D FRQYHQWRQDO GLIIUDFWRQ H[ SHULP HQW LV DSSURSULDW IRU

FKDUDFWUL] DWRQ RI WH FUW VWORJUDSKLF VWXFWUH RI QDQR VL] H FU VWOALQH SRZ GHUV WH

URXWQH P HWRGV RI WH SRZ GHU GLIIUDFWRQ GDW HOMERUDWRQ P D\ HDG WR HUURQHRXYV

LQWHUS UHWWRQ RI WH H[ SHULP HQWO UHVX OW . H VKRZ WDW WH GHVFULSWRQ RI WK H

FUl VWORJ UDSKLF VWXFWUH RI VX FK P DWHULDOY EDVHG RQ WH XQLW FHOO LV HUURQHRXV

$ FFRUGLQJ O DSSOFDWRQ RI WKH CDWMFH SDUDP HWUVY FRQFHSW Z KHQ XVHG IRU FKDUDFWUL] DWRQ

RI' WKH VWXFWUH RI QDQRFUW VWO/ KDV W EH P RGLILHG : H VXJJHVWD UHSOMFHP HQWRI WH

DOWELFH SDUDP HWHUV GHVFULELQJ WKH GLP HQVLRQV RI WKH XQLWFHO E\ D VHWRI GLIIHUHQWYDOXHV RI

W H COWILFH SDUDP HW UV HDFK DVVRFLDWG Z LW GHWUP LQHG IURP RQH LQGLYLGXDO % UDJJ

UHIGHFWRQ HDFK RQH DWLW VSHFLILF GLIIUDFWRQ YHFWU 4 : H SUHVHQWWKH SUHQP LQDU\ UHVX OW

RI' WKH DSSAFDWRQ RI RXU FRQFHSW RI WH DSSDUHQW CODWLFH SDUDP HWUV DCs IRU WKH

HODERUDWRQ RI SRZ GHU GLIIUDFWRQ GDW RI QDQRFU VWOV 7 KH FRQFHSWLV GHP RQVWDWG IRU

QDQRFUl VWOV Z LW D SHU HFWFUl VWORJUDSKLF VWXFWUH DV Z HOODV IRUWRVH Z LWK WH DWP LF

VWXFWUH RI  WH VXUDFH GLIHUHQW WDQ WDW LQ WH JUDLQ FRUH 6 RP H SUHQP LQDUW

H[ SHULP HQWO HYLGHQFH RI WH SUHVHQFH RI WQVLOH DQG FRP SUHVVLYH VXU DFH VWDLQV LQ

QDQRFU\ VWOILQH SDUWFCHV Z LAOEH VKRZ Q

,Q WLV ZRUN Z H GLVFXVV RQOQO WH SRVLWRQV RI WH LQWQVLW P D[ LP D LH WK H

JHRP HWLFDO DVSHFW RI WH DWP LF VWXFWUH RI QDQRFU\ VWO/ WURXJK D FRP SDULVRQ RI WH

SRVLWRQV RI WH P D[ LP D RI WH WHRUHWFDOO FDOFXMWG DQG H[ SHULP HQWOD P HDVXUHG

SRZ GHU GLIIUDFWRQ SDWWHUQV : H GR QRWGLVFXVV WKH LQWQVLWHV RI WH %UDJJ % UDJJ QNH

UHICHFWRQV Z H DVVXP H WKDWDOO VLWV DUH | XOO RFFXSLHG DV LQ D SHU HFWFU\ VWO COW\LF H

3 RZ GHU GLIITUDFWRQ

6 WXFWUDO DQDO VLV RI FU VWOOQH P DWULDOY LV SHURUP HG LQ W R EDVLF VWSV L

GHWUP LQDWRQ RI WH JHRP P HWA RI WH FU VWO OOWIFH DQG LL GHWUP LQDWRQ RI WH



SRVLWRQV RI VSHFLILF DWP V LQ D UHSUHVHQWWYH VWXFWUDO XQLW WH XQLW FHQO ) XUWKKHU

DQDO VLV FDQ GHWUP LQH WH GHYLDWRQV RI WH FU VWO CDWEFH ITURP WH LGHDO FU\ VWO VWX F W UH

> @ ,Q WLV SDSHUZ HIRFXV RXUDWHQWRQ RQ WKH DQDO VLV RI WKH JHRP HWA RI WH CODWAFH

Rl QDQRSDUWFOHV Z KLFK DV GLVFXVVHG WU UHTXLUHV D P RUH FRP SCH[ GHVFULSWRQ WDQ WDW

VXIITLFLHQW IRU FRQYHQWRQDO EXON FU\ VWO VWXFWUHV ) RU D GLUHFW FRP SDULVRQ RI WH

GLIIUDFWRQ SDWHUQV REWLQHG XVLQJ GLI IHUHQWUDGLDWRQV VRXUFHV DQG JHRP P HWLHV Z H SUHVHQW

RXUUHVXOW RQ GLIIUDFWRQ LQWQVLW SURILOHV DV D IXQFWRQ RI WKH GLIIUDFWRQ YHFWU 4

& RQYHQWRQDOHMERUDWRQ RI SRZ GHU GLIIUDFWRQ GDW

7 KH VLP SHVW LQIRUP DWRQ VWKDWFDQ EH GHULYHG IURP D GLIIUDFWRQ SDWWHUQ DUH COWMFH

SDUDP HWHUV 7 KH\ DUH GHWUP LQHG URXWQHO EDVHG RQ WH %UDJJ HTXDWRQ Z KLFK UHODWV WH

OWMLFH SDUDP HWHUV W WH FKDUDFWHULVWF LQWQVLW P D[ LP D RI WH GLI IUDFWRQ SDWHUQV $

FRP P RQ DSSURDFK W WH HGMERUDWRQ RI GLIIUDFWRQ GDW LV EDVHG RQ WH %UDJJ

DSSUR[ LP DWRQ ) L $ FFRUGLQJ WR % UDJJ LI D XQLW FHOO UHSUHVHQW D VWXFWUH WH
VWX FWUH FDQ EH GHVFULEHG DV D VHWRI LQILQLW HTXDOO VSDFHG SDUDOOHO SCDQHV ) LJ 7 KH
GLUHFWRQ RI WH VFDWHUHG EHDP 4 LV XQLTXHO GHILQHG E\ WH UHODWYH RULHQWWRQ 4 R

WH LQFLGHQWEHDP DQG WH FUl VWO CODWEFH DQG WH GLVYWQFH G EHW HHQ WH LGHQWFDODWP LF

SQHV ) I 7 KH LQFLGHQWEHDP LV UHIOHFWG E\ WH DWP LF SCDQHV 7 KHUH LV DQ XQQOP LWG

QXP EHU RI IDP LOHV RI SMQHV Z KLFK FDQ EH GUDZ Q IRUD JLYHQ OOWMFH E\ MLQLQJ GLIIHUHQW

QRGHV RI WH FU VWO COWAFH IRUP HG E\ WH SHULRGLFDOO VWFNHG XQLWFHOOV 7 KH SOOQHV DUH

GHQRWG E\ WH 0 LOHULQGLFHVY KNO ( DFK IDP LO RI SOQHV JLYHV D FKDUDFWULVWF LQWHUI HUHQFH

P D[ LP XP D KNO% UDJJ UHICHFWRQ ORFDWG DWXQDP ELIXRXVO GHILQHG SRVLWRQ LQ WKH 4 VSDFH

) 7 KH ORFDWRQV RI WKH LQWQVLW P D[ LP D DUH GHWUP LQHG E\ WH VSHFLILF LQWU SQDU

VSDFLQJV G DQG WKH Z DYHOHQJW RI VWKH LQFLGHQW EHDP " HWHUP LQDWRQ RI VHYHUDO % UDJJ

UHIGHFWRQV RQH LQ WH FDVH RI D FXELF OCOWMLFH LV VXIILFLHQW W GHWUP LQH WH V\ P P HWA\

VKDSH DQG GLP HQVLRQV RI WKH XQLWFHOQO



quadratic equation

| Bragg scattering (cubic structure):
i cam et 1/d,,’ = (h+k+1)/a,’
a, = d,,o( 1+0+0)"
a, = Og,o(0+1+0)™
a, = d,,(1+1+0)""
a, = d,,,(1+2°+0)""
8, = yp(3+140)

a,= b, =c, = const.

) LI X UH ' LITUDFWRQ RQ D SHU HFWFU\ VWO COWEFH WH DWP V DUH ORFDWG RQ LGHDGCO | ODOW

DWP LF SCDQHV

5 RXWQH P H/KRGV RI VWXFWUDODQDO VLV RI FUl VWOOQH P DWULDOY DUH EDVHG RQ WKH
VLP SOH DVVXP SWRQ WDWD XQLWFHOODSSURSULDWHO UHS UHVHQW WKH P DWHULDO VWX FWK UH > @
7 R FKDUDFWHUL] H DFFXUDWO VXFK DQ DWP LF VWXFWUH LWLV VXIILFLHQWW GHWUP LQH L WH VHW
RI WKH CDWAFH SDUDP HWHUV D E F D E DQG J GHVFULELQJ WH GLP HQVLRQV DQG VKDSH RI WKH XQLW
FHOO DQG LL WH CRFDWRQ RI HDFK RI WKH L DWRP V LQ WKH FHOO [ \ DQG ] 7 KH FRP SCOHWH
VWX FWUDODQDO VLV VWXFWUH UHILQHP HQW RI SRO FUW VWOAQH VDP SCHV LV URXWQHO GRQH Z LW
WH SRZ GHUGLI IUDFWRQ WFKQLTXH DQG HODERUDWRQ RI WH H[ SHULP HQWOGDW Z LW D
FUl VWORJ UDSKLF VRIW DUH ONH WKRVH EDVHG RQ WKH 5 LHWHOG P HWKRGRCORJ\ > @ .,Q WH
5 LHWHOG P HWKRG LWLV DVVXP HG WKDWWH FU VWO DODWVLFH RI WKH P DWHULDOXQGHU H[ DP LQDWRQ LV
XQLTXHO GHILQHG E\ WKH XQLWFHOO $ Q DSSURSULDW VWXFWUDOP RGHOLV DVVXP HG DQG WH
FRUUHVSRQGLQJ GLIIUDFWRQ SDWWHUQ LV FDOFXMMWG 7 KH WKHRUHWFDOSDWWHUQ LV FRP SDUHG Z LW
WH H[ SHULP HOQWOUHVXOWN ,Q DQ LWHUDWYH SURFHVV WVKH VWXFWUDOP RGHOLV P RGLILHG DQG
VXEVHT XHQW) UHILQHG IRUWH EHVWILWRI WKH FDOFXDWG DQG P HDVXUHG GLIIUDFWRQ SDWHUQV
EDVHG RQ WKH VHOHFWG | LWFULWHULRQ ) LJ XUH VKRZ V DQ H[ DP SCH RI WKH EHVWILW RI WH
WHRUHWFDODQG P HDVXUHG SDWWHUQV RI D 6 L& SRO FUl VWO WH SHUHFW ILWZ RXOG FRUUHVSRQG

W D VWDLI KWAQH RI WKH FXUYHV GLIIlHUHQWDO
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) LI X UH 7 KHRUHWFDODQG H[ SHULP HQWOGLII UDFWRQ SDWWHUQV RI D 6 L& SRO FUH  VWOFDOFX WG

Z LWK WKH 5 LHW HOG UHILQHP HQWSURJ UDP

7 KH DFFXUDF\ Rl GHWUP LQDWRQ RI WKH VSHFLILF YDOXHV RI CDWAFH SDUDP HWUY DQG DWRP LF

FRRUGLQDWY EDVHG RQ D UHILQHP HQWP HWRG ONH WH 5 LHWHOG SURJUDP LV GHSHQGHQW

SULP DULO RQ WH TXDAW RI WH H[ SHULP HQWOGDW 7 KH UHVXOW RI VXFK HODERUDWRQ DUH

DFFXUDW LI WKH IXQGDP HQWOXQGHUO LQJ DVVXP SWRQV RI D SHUHFWOOWWLFH DUH P HW L H

L WH XQLWFHOORI WKH CDWMEFH LV LGHQWFDOWURXJ KRXWWH HQWUH YROXP H RI WKH VDP SCH DQG

LL WH CODWMFH LV DQ DUUD\ RI SRLQW LQ VSDFH LQ Z KLFK WH HQYLURQP HQWRI HDFK SRLQWLV

LGHQWFDOW HDFK RWHU

7 KHVH FRQGLWRQV DUH QHYHU VWLFWA P HWEXW IRU ODUJ HU FU\ VWOOWYV WH GHYLDWRQV IURP WH

LGHDOP RGHODUH QHJ QJ LEX : KHQ WKH GLP HQVLRQV RI WKH REMHFWDUH FRP SDUDECH W WKRVH RI

WH VLQJH XQLWFHOO WKH GHYLDWRQV FDQQRWEH LI QRUHG ,Q D QDQRSDUWFOH D CODUJH IUDFWRQ RI

WH DWP V LV (RFDWG DWWH VXU DFH DQG VXUURXQGHG GLIIHUHQW) WDQ WRVH LQ WH FRUH ) LJ

7 KXV D VLQJOH XQLWFHOD FDQQRWUHS UHVHQWWH HQWUH DWRP LF VWXFWUH Rl D QDQRSDUWFCH

7 KHUHI R UH WH P HWKRGV RI WH VWXFWUDO DQDO VLV GHYHORSHG IRU VWQGDUG FU\ VWOALQH

P DWULDOYV P D\ EH LQDGHTXDW IRUQDQR VL] H FU\ VWOOLWHV

7KH LP SOALFDWRQV RI VP DOFU\ VWOVL]H IRU VWXFWUDODQDO VLV E\ SRZ GHU GLIIUDFWRQ

& RQYHQWRQDO P HWKRGV RI WH DQDO VLV RI GL IUDFWRQ GDW Z HUH GHYHORSHG Z LW WH

DVVXP SWRQ WDW WH FU VWO CODWEFHV RI UHDO REMHFW DUH LQILQLW LQ FRP SDULVRQ Z LW WH

GLP HQVLRQV RI WKH UHSUHVHQWWYH VWXFWUDOXQLWFKRVHQ IRUWH P DWULDO 7 KLV DVVXP SWRQ LV



QRWYDAG Z KHQ WKH GLP HQVLRQV RI WKH FUl VWODODUH FRP SDUDEOH WR WH VL] H RI WKH XQLWFHQO ) RU
VXFK FDVHV WKH DSSQAQFDELOW RI FRQYHQWRQDOP HWRGV RI WH DQDO VLV Rl SRZ GHU GLIIUDFWRQ
GDW WH RQO GLIIUDFWRQ WHFKQLTXH WDWFDQ EH XVHG Z LW QDQRFU\ VWOQH P DWULDOV QHHGV
W EH UH HYDOXDWG ,Q RXU DQDO VLV Z H DSSOHG WH P HWRG RI FDOFXODWRQ RI GLIIUDFWRQ

SDWWUQV LQWRGXFHG LQ E\ ' HE\H> @

7 KHRUHWFDOFDOFXMWRQV RI SRZ GHU GLIIUDFWRQ SDWWHUQV

I(k)
Debye formula

I(k) = ﬁv) ﬁv) ff sinkr)/ kr,

i=1 j=1

(neutrons, electrons)

I
i |

) LI X UH 6 FDWHUULQJ RI UDGLDWRQ E\ DQ DUUD\ RI DWRP V | DQG | DUH WKH DWRP LF VFDWWULQJ

IDFWVRUV RI WKH LW DQG MK DWP UHVSHFWYHO N SVLQ4 O LV WKH VFDWHULQJ YHFWU DQG U LV

WH GLVWQFH EHW HHQ WH DWP V

5 HOODWYHO VP DOOQXP EHURI DWP VIRUP LQJ D QDQRFU\ VWOSURYLGHV D XQLT XH

RSSRUWX QLW WR EXLOG FRP SCHW DWP E\ DWP P RGHO/ RI VP DOOFU\ VWO/ 8 VLQJ VXFK

P RGHOV DQG WKH ' HE\ H HTXDWRQV ) LJ XUH WH FRUUHVSRQGLQJ GLIIUDFWRQ SDWWHUQV FDQ EH

FDOFX ODWHG 7 KHLUFRP SDULVRQ Z LW WH H[ SHULP HQWOGDW DORZ VIRUWH HYDXDWRQ RI WH

DWP LF VWXFWUH RI QDQRP DWULDOY $ FFRUGLQJ W ' HE\ H WH LQWQVLW RI WH UDGLDWRQ

VFDWWHUHG E\ DQ DUUD\ RI DWRP V LV WKH VXP RI WKH EHDP V VFDWWHUHG E\ HYHU\ SDLURI DWRP V

) LI 7 KH LQWHQVLWHY , N RI| UDGLDWRQ VFDWWHUHG E\ HDFK SDLUFDQ EH LQWJ UDWG RYHU DQO

VSDWDORULHQWWRQV RI D JLYHQ FU\ VWOOW \ LHOGGLQJ WKH HTXLYDOHQFH RI WKH SRZ GHU GLIIUDFWRQ

SDWWHUQ RI D ODUJH QXP EHURI UDQGRP O RULHQWG JUDLQV $ SSO LQJ WH ' HE\HHTXDWRQ Z H

DUH DECH WR FDOFXODW GLIIUDFWRQ SDWWHUQV IRU GLIIHUHQWP RGHOV Rl QDQRFU\ VWOAQH J UDLQV Z LW

GLDP HWUV XS WR QP Z LWKRXWWH DVVXP SWRQ RI D SHULRGLF DUUDQJ HP HQWRI WH DWP V $ Q



LP SRUWQWDGYDQWJH RI D GLUHFWFDOFXMWRQ RI WKH GLIIUDFWRQ SDWHUQV LV WKDWLWDORZ V W

LP SOHP HQWGLUHFW LQW WH P RGHOGLI IHUHQWODWVYFH LP SHU HFWRQV GNH VWDLQV SRLQWDQG

SMQDU GHIHFW GLVRUGHULQJV HW ) RUWFKQLFDOUHDVRQV GLUHFWFDCOFXOWRQV RI WH

GLI Il UDFWRQ HIITHFW FDQ EH DFKLHYHG IRUUHODWYHO VP DOODUUD\ V RI DWRP V RQO $ UHDVRQDEH

& 38 WP H XS W DIHZ KRXUV LV VXIILFLHQWW FRP SOHW RQH FDOFXMWRQ RI WH GLIIUDFWRQ

SDWHUQ IRUQDQRSDUWFCOHV VP DOCHU WKDW QP LQ GLDP HWHU > @ ) RUSDUWFCOHV Z LW

GLDP HWURI QP DQG ODUJHUWH & 38 WP HLVRQ WKH RUGHURI GD\ VDQG Z HHNYV

7 KHRUHWFDOGLIIUDFWRQ SDWHUQV RI QDQRFU\ VW OV

7 R YHULIN\ WH DSSOFDELOW Rl % UDJJ DSSURDFK W QDQRSDUWFCHV Z H FDOFXODWG

WK HR UHW.F DO XVLQJ WKH ' HE\H IXQFWRQV WH GLIIUDFWRQ SDWWUQV RI FU\ VWOORJ UDSKLFDGOO

SHU HFW QDQRFU\ VWOV DQG FDOFXODWG EDFN WH OWMFH FRQVWQW RI WH P RGHO XVLQJ WH

5 LHW HOG UHILQHP HQWSURJ UDP

7 KH EHVWYHULILFDWRQ RI DQ\ P HWRG SURSRVHG IRU HODERUDWRQ RI H[ SHULP HQWO UHVX ON

LVv. . DQ DSSAFDWRQ RI WH P HWRG W D SHU HFW H[ SHULP HQWO GDW ,Q RXU FDVH WH

H[ SHULP HQW LV VLP XODWG E\ FDOGFXODWQJ D SHUHFW GLIIUDFWRQ SDWWUQ XVLQJ WH ' HE\H

IXQFWRQV F I 6 HFWRQ

7 KH HODERUDWRQ RI DQ\ GLIIUDFWRQ GDW KDV WR DFFRXQWIRUW R JURXSV RI SDUDP HW UV

LQVWXP HQWODQG VDP SCH GHSHQGHQW 2 XU YLUWDO SHU HFWH[ SHULP HQW GRHV QRWUHT XLUH DQ\

LQVWXP HQWUHOMDMWG FRUUHFWRQV + RZ HYHU LQ D UHDO CODERUDWU\ SUDFWFH WH H[ SHULP HQW DUH

QRW SHUHFW DQG DQ\ LQVWXP HQWJHRP HWN\ LP SHU HFWRQ LV D VRXUFH RI HUURUV 7 KHVH

LQVWXP HQWLP SHU HFWRQV GHDG W WH VR FDOHG ] HUR VKLIW HIITHFW WH UHDOEHJLQQLQJ RI WH

GLIIUDFWRQ SDWWUQ LV XVXDOO VKLIWVHG UHODWYH W WH DSSDUHQW ] HUR SRVLWRQ RI WH

H[ SHULP HQWO VHWXS ) L D Z LWK WH REYLRXV FRQVHTXHQFHV IRU WH DFFXUDF\ RI WH

H[ SHULP HQW O UHVX OW 6 WQGDUG GDW HOMERUDWRQ URXWQHV HYDOXDW DQG FRUUHFWWH SDWHUQ

IRUWH ] HUR VKLIW IDFWU

7 KH VHFRQG W SH RI H[ SHULP HQWO HUURWY LV GXH W WH SURSHUWHV RI WH VDP SOH LWHA

7 KH %UDJJ GLIIUDFWRQ UHOODWRQV DSSO W LQILQLW VL] H FUl VWOY DQG LQ D P RGHOH[ SHULP HQWDGO

GLIIUDFWRQ SHDNV KDYH WH * DXVVLDQ W SH VKDSHV ) RU VP DO FU\ VWOALWHY WH VKDSH RI WH

SHDN LV QR CRQJHU * DXVVLDQ EXWD FRP ELQDWRQ RI * DXVVLDQ DQG / RUHQW LDQ IXQFWRQV ) LJ

E 2 XUFDOFXMWG GLIIUDFWRQ SDWWHUQV Z HUH DQDO VHG DSSO LQJ WH 5 LHWHGOG P HKRGRORJ\

DVVXP LQJ WDW WH UHIGHFWRQV KDYH VKDSHV WDW DUH D FRP ELQDWRQ RI WHVH W R EDVLF

IXQFWRQV : H XVHG W R SURFHGXUHV RI WKH HODERUDWRQ RI RXUGLIIUDFWRQ GDW
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Diffraction Vector, Q [A]
) LI X UH 7 KH UHVXOW RI WWHRUHWFDOFDOFXMWRQV RI WKH GLIITUDFWRQ HIITHFW LQ QDQRFU\ VWOV RI
6 L& /! DWMAFH SDUDP HWURI WKH P RGHO D c D D WSLFDOWHRUHWFDOGLII UDFWRQ

S DWWHUQ E D UHSUHVHQWWYH VKDSH RI WKH GLIIUDFWRQ SHDNYV F COWMFH SDUDP HWUV EDFN
FDOFXMWG IURP WH WHRUHWFDOGLIIUDFWRQ SDWHUQV IRU GLITHUHQWVL] H SDUWFCHY ) XCOV\ P EROV
DQG VROG AQH WH UHILQHP HQWP DGH Z R FRUUHFWRQ IRUWH ] HUR VKLIW RSHQ V\ P EROV DQG

GRWWHG QAQH WH UHILQHP HQWP DGH Z FRUUHFWRQ IRUWH ] HUR VKL W

3 HU HFWH[ SHULP HQW

,Q WKLV P HWKRG FRQVLVWHQW Z LW WH SHU HFWH[ SHULP HQW DSSURDFK Z H GLGQ WDSSO
WH SURFHGXUH WDWFRUUHFW IRU WKH H[ SHULP HQWO LQVWXP HQWLP SHU HFWRQV : H UHILQHG WKH
DV FDOFXMWG GLIIUDFWRQ GDW UHOHDVLQJ RQO WH OOWLFH SDUDP HWUV DQG WH OQH VKDSH 7 KH
OQH VKDSHV Z HUH ILWHG XVLQJ WH SVHXGR 9 RLIWIXQFWRQ 7 KH FDOFXMWG YDOXHV RI WH
OOWMLFH SDUDP HWHU IRU GLIITHUHQW VL] HV Rl WKH SDUWFQOHV DUH VKRZ Q LQ ) LI XUH F IX0OV\P EROV/
VROAG AQH 2 EYLRXVO WH SURFHGXUH \ LHOGGV WKH CODWALFH SDUDP HWUY GLITHUHQWWDQ W DWRI WH
VWUWQJ P RGHO ,Q DGGLWRQ LWJHQHUDWG DQ DUWILFLDO GHSHQGHQFH RI WKH CODWAFH SDUDP HWU
RQ WKH VL] H RI WKH SDUWFOH

,P SHU HFWH[ SHULP HQW

,Q WLV FDVH Z H WHDWG RXU FDOFXOWG GLIIUDFWRQ GDW DV LI WH\ Z HUH REWLQHG
H[ SHULP HQWOO DQG VR UHTXLUHG D FRUUHFWRQ IRUWH LQVWXP HQWLP SHU HFWRQV 7 KHUHI RUH
Z H UHILQHG WH OOWVIFH SDUDP HWUV UHCHDVLQJ WH ] HUR VKLIW FRUUHFWRQ LQ WH 5 LHW HOG
SURJ UDP 7 KH UHVXON RI WKLV FDOFXMWRQ DUH VKRZ Q E\ WH RSHQ V\P EROV GDVKHG QQH LQ
) LI XUH F $ VZHFDQ VHH WH ] HUR VKLIW FRUUHFWRQ SURFHGXUH JHQHUDWG DQRWHU DUWHIDFW

GHVSLW QR UHDOLQVWXP HQWOHUURUY LQWRGXFHG W RXUP RGHOGLIIUDFWRQ SDWHUQ WH SURJ UDP



OHDG WR D FKDQJH LQ WKH YDOXH RI WKH FDOFXDMWG COWEFH SDUDP HWUV UHODWYH W WH P RGHOLQS XW

YDOXH 7 KLV HITHFWLV DSSDUHQW) HYHQ VWRQJHU DQG RSSRVLW LQ VLJQ WDQ WDWLQ WH ILUVW

SURFHGXUH VR WH FRP ELQHG UHVXONJHQHUDWY WH GHSHQGHQFH RI WKH COWLFH SDUDP HWU RQ

WH VL]H RI WKH SDUWFCH LQ WKH RSSRVLW GLUHFWRQ

$ V VHHQ IURP WH DERYH D P DWHP DWFDOO FRUUHFW FRP P RQO DFFHSWG DQG Z LGHO

XVHG 5 LHWHGOG UHILQHP HQW SURJUDP \ LHOGV HUURQHRXV UHVXON WH COWLFH SDUDP HWU EDFN

FDOFXMWG XVLQJ WLV SURFHGXUH JHQHUDWG DQ DUWIDFW * D GHSHQGHQFH RI WH OCOWWYFH

SDUDP HWU RQ WKH JUDLQ VL] H 7 KH P DJQLWGH RI WLV VXSHU LFLDO HITHFWGHFUHDVHV Z LW DQ

LQFUHDVH LQ VKH JUDLQ VL] H DQG FDQ EH LIQRUHG IRU FU VWGOILVWHV QP LQ VL] H RU GDUJHU ) LJ

F 7 KH UHDVRQ IRU WKH DERYH HIITHFW LV WKH QRQ FRP SDWELAOW RI WH DVVXP SWRQ XVHG LQ

GHULY DWRQ RI WH 5 LHWHOG P HWKRGRORJ\ LQILQLWH DWRP LF SDQHV DQG WH UHDO QDWUH RI WH

FUl VWOV [LQLWH VL] H Rl UHDO SDUWFCHV 7 KLV HITHFWLV QHJQJLEO IRUDERXW QP LQ VL] H DQG

DUJ HU FU\ VWOV 7 KH DERYH OGP LWWRQ RI DSSOFDELOW RI WH 5 LHWHOG P HWRG KDV DSSDUHQW

EHHQ RYHUCRRNHG E\ P DQ\ UHVHDUFKHUV DQG VHP V WVR KDYH OHG WR LQFRUUHFW LQWUS UHWWRQ RI

WH GLIITUDFWRQ GDW RI QDQRP DWULDOV 2 XU DQDO VLV VKRZ V WDW DSSOFDWRQ RI URXWQH

P HKRGV RI HODERUDWRQ RI GLIIUDFWRQ GDW UHT XLUHV D YHU\ FUMWFDODVVHVVP HQWRI WH UHVX OW

,Q SDUWFX MU LQWUQDO VW QGDUG VKRXOG EH XVHG W SUHYHQWWH DSSDUHQWHUURU LQWRGXFHG E\

WH ] HUR VKLIW FRUUHFWRQ URXWQH GXULQ)J HCOMERUDWRQ RI DQ\ GLIIUDFWRQ UHVXOWN 7 KLV LV

SDUWFX UO LP SRUWQWIRUFU VWOILWYV DV VP DOODV VHY HUDOQDQRP HW UV

$ SSDUHQWODWALFH SDUDP HWHUV D QRYHOP HWRG RI SRZ GHU GLIIUDFWRQ DQDO VLV

$ GHSHQGHQFH RI WKH UHVXOW REWLQHG Z LWK WH 5 LHWHOG SURJUDP RQ WH FU VWOOW VL] H

LV DSSDUHQWD WH HITHFWRI WH VKLIW RI WKkH SRVLWRQV RI LQGLYLGXDO % UDJJ UHICHFWRQV UHCDWY H

W WRVH FRUUHVSRQGLQJ W WH SHUHFW COWVLFH 7 KLV SKHQRP HQRQ LV FDXVHG E\ WK H

DSSUR[ LP DWRQ RI WH FU VWO ®OWELFH E\ D VHWRI LQILQLW DWRP LF SCQHV Z KLFK LV QRWM VWILHG

IRU QDQR VL] H FUL VWO/ $ V D FRQVHTXHQFH WH % UDJJ UHICHFWRQV FDQQRWEH DVVLI QHG WR D

XQLTXH YDOXH V Rl WH OWFH SDUDP HWU V VR WH WHUP COWYFH SDUDP HWHU CRVHV LW

IXQGDP HQWOP HDQLQJ 2 XUDQDO VLV RI WKHVH SKHQRP HQD GLVFXVVHG LQ 6 HFWRQ HDG XV

VR D FRQFOXVLRQ WKDWWH HIITHFWRI WKH OP LWG QXP EHURI DWP V LQ LQGLYLGXDO QDQRJ UDLQV RQ

WH GLIITUDFWRQ SDWWHUQ LV GLIIHUHQWIRU GLIIHUHQWUHIOHFWRQV $ V D UHVXON WH LQGLYLGXDOSHDNV

DUH LQFRKHUHQW W HDFK RWHU FRKHUHQFH P HDQV WDW DGO % UDJJ UHICHFWRQV REH\ WH

TXDGUDWF HTXDWRQ IRU D VLQJOH XQLTXH VHWRI WH OOWMFH SDUDP HWULV F I ) L) DQG WH

GLIIUDFWRQ SDWWHUQ HYDOXDWRQ SURJUDP V WKDWDVVXP H FRKHUHQF\ OHDG W HUURQHRXYV UHVX OW

6 LQFH WKH CDWAFH SDUDP HWUV RI VXFK SDWWHUQV FDOFXMWG IURP GLIITHUHQW% UDJJ UHICHFWRQV DUH

QRWLQYDULDQW Z H GHYHCRSHG D QHZ DSSURDFK W WH DQDO VLV RI WKH GLIIUDFWRQ GDW EDVHG RQ



LQGLYLGXDOGLIIUDFWRQ SHDNV ) RUD JLYHQ % UDJJ UHICHFWRQ KNO DWWH GLIIUDFWRQ YHFWU 4

Z H FDOFXOMOW WH FRUUHVSRQGLQJ YDOXH RI WKH OCODWMFH SDUDP HWU WDWZ H FDOO WH DSSDUHQW

OOWMFH SDUDP HWHU DGs

1 RW Z H VKRZ HG LQ 6 HFWRQ VW DW WH TXDGUDWF HTXDWRQ XVHG URXWQHO LQ HYHW

FRQYHQWRQDO FU\ VWORJ UDSKLF SURJUDP DQG Z KLFK VHUYHV IRU UHILQHP HQW RI WH OOWLFH

SDUDP HWUV LV QRWYDOG IRUYHU VP DOOFU VWOAWYV & RQVHTXHQWA VXFK DQ HTXDWRQ FDQQRW

EH XVHG WR FDOFXODW WH CODWMFH SDUDP HWHUV HYHQ LI WKH DWRP LF VWXFWUH RI WH FU\ VWWOOLWH KDV

D SHU HFW FU\ VWO COWIFH Z LW WUHH GLP HQVLRQDO SHULRGLFLW DQG D XQLTXH VHW RI COWLFH

SDUDP HWHUV 7 KDWP HDQV WDWWH P HWRGV RI GLIIUDFWRQ GDW HMERUDWRQ EDVHG RQ WH

% UDJJ DSSUR[ LP DWRQ IDLO XVLQJ WH % UDJJ DSSURDFK DQG WH TXDGUDWF HTXDWRQ Z H DUH

XQDEOH W REWLQ WKH FRUUHFWLQIRUP DWRQ RQ WH DWP LF VWXFWUH RI D QDQRFU\ VWO 8 QGHU

VXFK FLUFXP VWQFHV WH WUP % UDJJ UHIOHFWRQ VKRXOG WHQ EH UHSODOFHG E\ WH WHUP

% UDJJ QNH UHIOHFWRQ

H SURSRVH DQ DSSOFDWRQ RI WH % UDJJ HTXDWRQ DQG RI WKH TXDGUDWF HTXDWRQ IRU

GHULY DWRQ RI G YDOXHV FDOFXDWG VHSDUDWO IRU HDFK LQGLYLGXDO UHICHFWRQ 7 KLV Z D\ Z H

DVVRFLDW WKH FDOFXMWG G YDOXHV Z LWK WH VSHFLILF YDOXHV RI WKH GLIIUDFWRQ YHFWU 4 RI D

JLYHQ UHICHFWRQ ) URP WKH DV FDOFXMWG G YDOXHV Z H GHULYH WKH FRUUHVSRQGLQJ YDOXHV RI

WH OOWLFH SDUDP HWUV Z KLFK Z H FDOO WH DSSDUHQW COWLFH SDUDP HW UV oW WLV

SURFHGXUH Z H REWLQ QRWD XQLTXH VHWRI YDOXHV RI WKH CDWYFH SDUDP HWUV EXWD VHWRI WH

DS YDOXHV DQG WHLU FRUUHVSRQGLQJ GLIITUDFWRQ YHFWUV 4 ) RUWH VDNH RI VLP SAFLW Z H

LOOX VWDW RXUP HWRGRORJ\ EDVHG RQ FXELF COWEFHV LH WH VWXFWUHV GHILQHG E\ RQO RQH

OWEFH SDUDP HWHU ,Q D JHQHUDO FDVH GHULYDWRQ RI D VHWRI WUHH LQGHSHQGHQWDGCS YDOXHV

FRUUHVSRQGLQJ W WUHH ODWYFH SDUDP HWUV D E DQG F LV QHFHVVDU ,Q DGGLWRQ WR

FDOFXMWRQV EDVHG RQ LQGLYLGXDO % UDJJ UHIOHFWRQV Z H FDQ DO/VR FDOFXMOW WH DO YDOXHV

IRUD JURXS RI VHYHUDODGM)FHQW% UDJJ UHIOHFWRQV LQ WKH VHOHFWG UDQJH V RI WH 4 YDOXHV

6 XFK SURFHGXUH LV YHU XVHIXO LQ WH FDVH RI D VWRQJ RYHUDSSLQJ RI WH UHIHFWRQV

SDUMFX DUO LQ WKH KLIK 4 UDQJH
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) LI X UH $ 5 YDXHV FDOFXODOWG IURP WH WHRUHWFDOGLIIUDFWRQ SDWWHUQ RI 6 L&
QDQRFU VWORI QP LQ GLDP HWU D VROAG OQH DV FDOFX (WG GLI IUDFWRQ SDWHUQ GRWWHG
QQH WH SDWHUQ UHILQHG Z LW WH 5 LHWHGOG SURJ UDP E GLIITHUHQFH LQ LQWHQVLW EHW HHQ

WH DV FDOFXMWG DQG UHILQHG GLIITUDFWRQ SDWWHUQV F DO YDOXHV FDOFXOOWG IRUGLITHUHQW

UDQJHV RI WKH GLIITUDFWRQ YHFWU 4



) LI X UH $ 8 YDOXHV FDOFXOOWG IURP LQGLYLGXDO % UDJJ UHIGHFWRQV RI WH WHRUHWFDO

GLIIUDFWRQ SDWHUQV RI VSKHULFDOGLDP RQG QDQRFU\ VWO RI DQG QP LQ GLDP HWHU

7 KH UHVXOWN RI WH HYDOKXDWRQ XVLQJ WH 5 LHWHOG SURJUDP RI' WKH WHRUHWFDO
GLIIUDFWRQ SDWWUQ FRP SXWG IRUD P RGHO RI FXELF 6 L& FU VWO RI QP LQ GLDP HWHU IRU
GLIIHUHQW4 UDQJHV DUH VKRZ Q LQ ) LJXUH 7 KH GLIITUDFWRQ SDWHUQ RI WH 6 L& QDQRFU VWO

FDOFX WG IURP WH ' HE\H IXQFWRQV DQG WDWFDOFXODWG E\ WKH 5 LHWHOG SURJ UDP VROG DQG

GDVKHG OQQHV UHVSHFWYHO DUH VKRZ Q LQ ) L D 7 KH GLIIHUHQFH EHW HHQ WHVH W R

SDWHUQV ) LJ E LV XS W RI WKH P D[ LP XP LQWQVLW RI WH UHICHFWRQ ) LJ E

7 KLV LV D YHU ODUJH GLVFUHSDQF\ SDUWFXODUO JLYHQ WKH IDFWWDWERW FXUYHV Z HUH FDOFX CDWHG

WHRUHWFDOO |RUWH VDP H SHUHFWODWLFH FU VWORJUDSKLF P RGHO 7 KH GLIITHUHQFH EHW HHQ

WHVH W R FDOFXODWRQV LV WDWWH 5 LHWHOG SURJUDP DVVXP HV WKDWWH FU VWOLV LQILQLW DQG

LV XQLTXHO UHSUHVHQWG E\ WH XQLWFHO Z KLOH WKH ' HE\H P HWRG DFFRXQW RQO |IRU WH

H[ LVWQJ DWP V LQ WKH P RGHORI WKH FUl VWOAOW 7 KH SRVLWRQV RI WKH UHICHFWRQV FDOFXMWG E\

WH 5 LHWHOG SURJUDP FRUUHVSRQG W D SHUHFW FUH VWORJ UDSKLF COWLFH Z LW RQH OOWAFH

SDUDP HWU D FRP P RQ IRU DO SRVLWRQV RI WH %UDJJ UHIOHFWRQV LQ DFFRUGDQFH Z LW WH

TXDGUDWF HT XDWRQ 7 KH %UDJJ OANH OQQHV FDOFXOWG IURP WH ' HE\H IXQFWRQV DUH VKLIWG

UHODWYH W WKRVH FRUUHVSRQGLQJ WR WKH % UDJJ UHICHFWRQV RI WKH SHUHFWDQG LQILQLW COWNALFH

7 KLV LV WKH P DLQ UHDVRQ RI WH GLVFUHSDQF\ EHW HHQ WH SDWWHUQV VKRZ Q LQ ) LJ XUH E WH

5 LHWHOG SURJ UDP ILQGYV D VLQJOH OOWFH SDUDP HWU Z KLFK JLYHV WH EHVWILWW DO % UDJJ

UHICHFWRQV RI WH SDWWHUQ 7 KH SURJUDP KDV QR RSWRQ W ILWLQGLYLGXDO % UDJJ UHICHFWRQV



7 KH COWAFH SDUDP HWHU UHILQHG E\ WH 5 LHWHOG SURJUDP LV D FRP SURP LVH WH CGHDVWVT XDUHV

EHVWILW Z KLFK LV WVR P LQLP L] H WKH GLVFUHSDQF\ EHW HHQ WH H[ SHULP HQWOO P HDVXUHG KHUH

FDOFXMWG E\ WH ' HE\H IXFWRQV DQG WH WHRUHWFDO SDWHUQ RI WH XQLWFHGOO XVHG E\ WH

5 LHWHOG SURJ UDP 7 KH DGGLWRQDO UHDVRQ IRU WH GLVFUHSDQF\ EHW HHQ WH SDWWHUQV LV D

FRP SCOH[ VKDSH RI WH %UDJJ QONH UHICHFWRQV RI QDQRFU VWO 7 KH %UDJJ UHICHFWRQV RI D

XQLIRUP VL] H JUDLQ FU\ VWOAQH SRZ GHU VKRXOG KDYH D * DXVVLDQ VKDSH 7 KH VKLIWRI WH

% UDJJ OGNH UHICHFWRQV RI QDQRFU VWO/ LV DFFRP SDQLHG E\ D GLVWUWRQ RI WH SHDN

VI P P HW\ 1 R VLP SCH DQDO WFDOIXQFWRQ GHVFULELQJ WH VKDSH RI WKH FDOFXMWG UHICHFWRQV

H[ LVW/ ,Q WKH 5 LHWHGOG SURJUDP Z H XVHG V\ P P HWLF OQQH VKDSH IXQFWRQV / RUHQW LDQ

* DXVVLDQ DQG WKHLUFRP ELQDWRQ SVHXGR 9 RLIWDQG 3 HDUVRQ IXQFWRQV

) LI X UH LOOX VWDWYV WKH LQDGHTXDF\ Rl WH VWQGDUG P HWRGV IRU HYDOXXDWRQ RI

GLITUDFWRQ SDWWUQV RI QDQRP DWULDOV 7 KH YDOXHV RI WH DOC SDUDP HWHU FDOFXMWG IRU

GLIIHUHQW4 UDQJHV DUH VKRZ Q LQ ) LJXUH F 7 KH CDWALFH SDUDP HWHU DV UHILQHG IRUWH Z KR

FDOFX WG S DWHUQ Z KDW LV HTXLYDGHQW W WH DG SDUDP HWU FRP SXWG IRU WH HQWUH

GLITUDFWRQ VSHFWD LV [ 7 KLV YDOXH LV ODUJ HU WKDQ WH OOWIFH SDUDP HWU RI RXU
P RGHO [ ' DD 7KH DG YDOXH REWLQHG IRU VP DOO 4 YDOXHV UDQJH , Lv
DUJ HU E\ IURP WDWRI WKH P RGHO DV DUH WKH DG V FDOFXOMWG IRU JUHDWU 4 YDOXHV

7 KH GLITHUHQFH EHW HHQ WKH DV UHILQHG DOS V DQG WKH UHDOD YDOXH GHFUHDVHV Z LW WH LQFUHDVH

Rl WKH VFDWWHULQJ YHFWU 4 7 KH DG YDXHV SCRWHG YHUVXV WH GLIITUDFWRQ YHFWU4 IROCRZ D

P RQRWQLF FXUYH Z KLFK WVHQGV WR HT XDOWH UHDOD YDOXH DWODUJH GLIIUDFWRQ YHFWUV ) LJ

7 KHUHIRUH WR GHULYH WKH D YDOXH RI WH FU VWO CODWELFH RI YHU\ VP DO FU\ VWOOWYV GLIIUDFWRQ

SDWHUQV REWLQHG DWYHU\ ODUJH 4 V DUH QHFHVVDU\

) URP WH DERYH ) LV DQG LWIROCRZ V WDWIRU D QDQRFU\ VWO Z LW D SHUHFW

XQLIRUP VWXFWUH LW OOWMLFH SDUDP HWU FDQ EH GHULYHG IURP SRZ GHU GLIIUDFWRQ SDWWUQV

XVLQJ W R P HKKRGV

D UHILQHP HQWRI WH UHDO CDWMFH SDUDP HWHUV XVLQJ RQO WH SDUWRI WH SDWHUQ Z LW ODUJ H

4 YDOXHV DERYH DERXW c IRUJUDLQV RI VHYHUDOQP LQ VL] H RU

D GHWUP LQDWRQ RI WKH DOS YDOXHV IRUGLI IHUHQWUHI GHFWRQV DQG P DWKLQJ WHP Z LW WH

UHVXOow RI WH WHRUHWFDO SUHGLFWRQV REWLQHG IRU DSSURSUDW P RGHO/ 7 KLV P HWRG

UHT X LUHV WKH NQRZ HGJH DERXWWH JUDLQ VL] H GLVWLEXWRQ IXQFWRQ Z KLFK LV XVXDOO NQRZ Q

RQO DSSUR[ LP DWO

$ VHULHV RI RXU SRZ GHU GLIIUDFWRQ H[ SHULP HQW SHU RUP HG LQ D OODUJH 4 UDQJH IRU

QDQRFU\ VWOAQH 6 L& GLDP RQG DQG * D1 SDUWFOHV VKRZ HG WDW WKH WSH RI WH DO 4

UHODWRQV GHULYHG IRUP RGHO/V RI QDQRFU VWOV Z LW D SHU HFWFU VWO CODWEFH LV VLP LODU WVR WK H

H[ SHULP HQWO RQHV + RZ HYHU WH P HDVXUHG VKLIW RI WH %UDJJ UHICHFWRQV IURP WK HLU



SURSHU LH H[ SHFWHG IRUD XQLTXH DQG FU\ VWORJ UDSKLFDOO XQLIRUP VWXFWUH SRVLWRQV DUH

P XFK OOUJHU SDUWFXOOUO IRU VP DCO 4 V WDQ WRVH FDOFXMMWG IRU QDQRFU\ VWO/ Z LW D

SHU HFW XQVWDLQHG CDWAF H IRU WKH UHICHFWRQ DQG QP GLDP HWU 6 L& JUDLQ WH

GLVFUHSDQF\ LV DV FRP SDUHG W IRUD SHU HFW6 L& QDQRFU\ VWO F | 6 HFWRQ

7 KLV LP SAHV WDW WH FU VWORJUDSKLF VWXFWUH RI QDQRFU\ VWO/ LV QRWD XQLIRUP SHUHFW

DOWELFH VXFK DV WKH RQH LQ WKH EXON P DWULDO D QDQRFU VWO LV P RUH WKDQ MKVWD VP DCO VLQJ CH

FUL VWO $ FFRUGLQJO P RUH FRP SCH[ P RGHO/ RI WKH SDUWFOHYV QHHG WR EH XVHG W HYDOXDW WH

VWX FWUH RI UHDOQDQR JUDLQV 7 KHUHIRUH LQ RXUIXUWHUVWG\ Z H DSSOHG WH FRQFHSWRI WH

DO SDUDP HWUW IRUP RGHO/ Z LW D VWDLQ LQ WKH VXU DFH VKHOORI WH JUDLQV

6 XUIDFH VWDLQ LQ QDQRFU\ VWODOY WKH FRQFHSWRI WKH VXUIDFH IUHH HQHUJ\

1 RQ XQLIRUP LW RI WKH DWP LF VWXFWUH RI QDQRFU\ VWO/ LV REYLRXVO FDXVHG E\ WH

VXU DFH RI WKH JUDLQV EHLQJ HLWHU UHFRQVWXFWG RU XQGHU VWHVV 72Z R GLIITHUHQWDS SURDFKHV

W WKH VW G\ RI QRQ XQLIRUP LW RI WH QDQRJUDLQ VWXFWUH FDQ EH WNHQ LQYHVWJDWRQ RI WH

VXU DFH SURSHUWHV RU P RGHAQJ RI WH VXUDFH VWXFW UH ,Q WKLV Z RUN Z H DQDO VH WH

DWP LF VWXFWUH RI QDQRFU\ VWO/ EDVHG RQ Z LW UHIHUHQFH W WH JHQHUDO FRQFHSWRI WH

SUHVHQFH RI D VXU DFH WQVLRQ LQ VP DOOQATXLG GURSCHW DQG VXU DFH VWHVVHV LQ VROG SDUWFV

$ VWDLQ SUHVHQWDWWH VXU DFH RI VP DOO SDUWFCHV LV H[ SHFWHG WR FUHDW DQ LQWAUQDO S UHVVX UH

LQVLGH WH JUDLQ ,Q WLV Z RUN Z H DVWXP H WDWWH VWDLQV DUH QRWFRQILQHG W WH RXW RVW

D\ HUEXWSURSDJDW W VRP H GLVWQFH WZ DUGVY WKH FHQWURI WH SDUWF

7 KH WHRU RI VXU DFH WQVLRQ KDV EHHQ GHYHORSHG IRU QTXLGV EXW Z LW VRP H

P RGLILFDWRQV FDQ DOVR EH DSSOHG W VROAGV DV Z HQO > @ 7 KH DFWDO

DWP LF VWXFWUH RI D FUl VWDOOWH RI LW LOQWULRUDQG VXU DFH LV D FRP SURP LVH EHW HHQ

L D VHQGHQF\ WR UHGXFH WH WRWO VXU DFH DUHD RI WH SDUWFCOH D WHQGHQF\ WR DGRSWWH

VSKHULFDOVKDSH > @ DQG

LL D WVHQGHQF\ WR UHGXFH WH WVRWOQXP EHURI WH EURNHQ ERQGV DWWH VXU DFH D WHQGHQF\

W | CODWHQ WH VXU DFH GHP RQVWDWG E\ WH HQODUJHP HQWRI WH FU VWO IDFHW Z LW WH ORZ HVW

IUHH HQHUJ\ DWWH H[ SHQVH RI WKRVH Z LW KLIKHURQHV

$ TXDQWWWYH GHVFULSWRQ RI WH VXUDFH ITUHH HQHUJ\ LQ VRAGV LV YHUW FRP SOH[

( YDOXDWRQ RI WKH LQIOXHQFH RI WKH VXU DFH HIITHFW RQ WH DWP LF VWXFWUH RI D SDUWFCH FDQ

EH GRQH XVLQJ D / D3 OODFH W SH @Dz NHHSLQJ LQ P LQG KRZ HYHU WDWD GHULYDWRQ RI WH

VXU DFH WVQVLRQ FRHIILFLHQWJ IURP WH CDWMFH FRQWDFWRQ LV QRWIXO0D DSSOFDEOH W VRAGV

$ SUHVHQFH RI DQ LQWUQDO SUHVVXUH LQ WH LQWULRU Rl D SDUWFOH VKRXOG EH GHWFWE CH

WURXJK WH FRUUHVSRQGLQJ FKDQJH ' D RI WH OOWFH SDUDP HWU D ,Q D VP DOO FU VWO RI

UDGLXV U WKLV FKDQJH FDQ EH H[ SUHVVHG DV D IXQFWRQ RI WH VXU DFH VWHVV | ' DD (V|



% Z LW | WH AP HDQ " VXU DFH VWHVV LQ WH UDGLDO GLUHFWRQ U WH SDUWFCH UDGLXV DQG %
WH EXON P RGXOXV $ Q DSSURSULDW H[ SHULP HQW GHVLI QHG WR HYDOXDW WH VXU DFH VWHVV
Z RXOG WHQ P HDVXUH WH FRQWDFWRQ RI WKH FU\ VWO CDWEFH DV D IXQFWRQ RI VWKH SDUWFCH VL] H
1 R V\ VWP DWF VWK GLHV RI WVKDWW SH KDYH KRZ HYHU EHHQ UHSRUWG \ HW

7 KH WHRU RI VXUDFH WQVLRQ KDV EHHQ GHYHORSHG IRU FRQWQXRXYV P HGLD 7 KH
WKHRU GRHV QRWFRQFHUQ DQ\ VSHFLILF DWRP LF VWXFWUH Rl WKH VXUIDFH DQG DO/R LWLJ QRUHV WK H
QRQ WQJHQWDO FRP SRQHQW RI VWKH VXUDFH VWHVVHY SUHVHQW LQ UHDO P DWHULDOV/ . Q
QDQRP DWHULDOV Z KHUH WKH VL] H RI WKH JUDLQV LV QRWP XFK ODUJHU WKDQ WKH VLQJCH LQWHU DWRP LF
GLVWQFHY WH VXU DFH FDQQRW EH FRQVLGHUHG DV EHLQJ D VP RRW OO\ HU VXU DFH Z KLFK
VXUURXQGV D FHUWLQ OTXLG RU VRAG YROXP H DQG KDV D ] HUR WLFNQHVV ,Q D QDQRJUDLQ WKH
VXU DFH VWHVVHV DUH CRFDWG DWWH SDUWFQH IDFH DQG LW YLFLQLW VR RQH VKRXOG WON DERXWD
VXU DFH VKHOD UDWKHU WVKDQ D W R GLP HQVLRQDO VXU DFH DVVXP HG LQ WH WHRU RI WKH VXU DFH

VHQVLR Q

( I'N"HFWRI D SUHVHQFH RI VXUIDFH VWDLQ RQ DGCs
$ FFRUGLQJ W WH / D3 OODFH W SH ©Z WH OWFH RI D QDQRJUDLQ FRUH FDQ HLWHU EH
H[ SDQGHG RU FRP SUHVVHG K\ GURVWWFDQGOQ UHODW.YH W WDW LQ COUJH FU VWOV GXH W WH
SUHVHQFH RI WH VXUDFH IUHH HQHUJ\ > @ %DVHG RQ WH DERYH Z H DVVXP HG WDWWH
VWX FWUH RI WH JUDLQ FRUH LV XQLIRUP DQG FDQ EH GHVFULEHG XQDP ELIXRXVO E\ WH VSDFH
JURXS DQG WH COWMFH SDUDP HWHUV 7 KH VXU DFH VWXFWUH LV QRWFOHDUO GHILQHG DQG Z H FDQ
DSSO RQO FRQFHSWDOP RGHO/ RI WKH QDQRSDUWFOH VXU DFH G\ HU IRUH[ DP SCOH
D 7 KH VWXFWUH RI WH VXU DFH VKHOO RI D QDQRJUDLQ UHVHP ECHV WDWRI WH JUDLQ FRUH LW
KDV Z HOOGHILQHG WLFNQHVV VI P P HW\ DQG LQWUDWP LF GLVWQFHV
E $ UDGLDO VWIDLQ ILHOG H[ LVW LQ WH YLFLQLW RI WH VXU DFH WH LQWUDWP LF GLVWQFHV
GHFUHDVH RULQFUHDVH IURP WH VXU DFH WZ DUGV WKH SDUWFCH FHQWU
F 7 KH DWP LF VWXFWUH RI WH VXUDFH LV UDQGRP O GLVRUGHUHG IRUP LQJ D JOOVV OQNH

SKDVH



) LI X UH 7 HQWWYH P RGHORI D QDQRFU VWOZ LW VWDLQHG FRP SUHVVHG VXUDFH D\ HU 5
UDGLXV RI WKH FRUH 5 UDGLXV RI WH JUDLQ \% WLFNQHVV RI WKH VXU DFH GO\ HU U GLVWQFH

IURP WHFHQWU D LOQWHUDWP LF GLVWQFH LQ WKH UHCD[ HG CDWMFH D LQWUDWP LF GLVWQFH DW

WH VXU DFH

) LI X UH 6 FKHP DWF UHSUHVHQWWRQ RI FXELF QDQR VWXFW UHV D JUDLQ Z LW VWIDLQHG

H[ SDQGHG VXU DFH VKHQO E JUDLQ Z LW XQLIRUP SHU HF WODWNF H



) LI X UH ' LITUDFWRQ SDWWHUQV RI D QP 6 L& JUDLQ Z LW WH VXUDFH VKHOORI QP LQ

WLFNQHVV FDOFXOMWG IRUGLI THUHQWP DJ QLWKGHV RI VWIDLQ LQ WKH VXU DFH O\ HU D ' DD

,Q P RGHOY D DQG E D SUHVHQFH RI ORQJ UDQJH RUGHULQJ RI WH VXU DFH DWP V LV DVVXP HG

Z KLOH LQ P RGHO F RQO D VKRUWUDQJH RUGHU LQ WH VXU DFH G\ HU LV SUHVHQW ,Q DQ\ FDVH WH

VXU DFH LV D RZ GLP HQVLRQDO VWXFWUH DQG KDV D GHILQHG WLFNQHVV EXWLWDO/R FRQWLQV

VWDLQV DQG W XV FDQQRW EH XQDP ELIXRXVO GHILQHG DQG UHSUHVHQWG E\ D XQLW FHQO

SDUDP HWHUV 1 R H[ SHULP HQWO P HWRGV Z KLFK Z RXOG DORZ |IRU D GLUHFWDQDO VLV RI VXFK

FRP SCOH[ VWXFWUHV RI QDQRFU\ VWO/ DUH DYDLOODECOH DWWLVY P RP HQW> @ 7 KH DQDO VLV RI

WH FRQGLWRQV UHTXLUHG IRU RUGHULQJ RI DWP V LQ WUHH GLP HQVLRQDO FU\ VWO ODWLFHV DQG

DSSAOFDWRQ RI WH JHQHUDO WHRU RI WH RUJLQ RI WH VXUDFH VWDLQ IURP WH LQWUQDO

SUHVVXUH LQ WH JUDLQ LOQWULRU FRXOG EH KHOSIXOIRU SUHGLFWRQV RI WH VXU DFH VWXFWUH RI

QDQRFU\ VWOOLQH J UDLQV 1 R JHQHUDO WKHRUW RU P RGHO RI WH VXUDFH RI QDQRFU VWO/ LV

DYDLODECOH \ HW ,Q WLV Z RUN Z H DSSAHG WKH P RGHORI D QDQRFU\ VWO Z KHUH WH JUDLQ FRUH KDV

D XQLIRUP FUl VWORJ UDSKLF VWXFWUH DQG LV XQDP ELIXRXVO FKDUDFWUL] HG E\ WH COWLFH

SDUDP HWHU D : H DVVXP HG WDWWH DWP LF VWXFWUH RI WH VXU DFH LV VWRQJO FRUUHCDWG

Z LWK WKH SDUHQW VWXFWUH RI WH JUDLQ LWLV EDVLFDOO WH VWXFWUH RI WKH FRUH EXWFHQWR

VI P P HWLFDOO GHIRUP HG FRP SUHVVHG ) LJ RU H[ SDQGHG GXH W D SUHVHQFH RI WH VXU DFH

VWD LQ $ FFRUGLQJ W WKH P RGHO WKH WHUP COWMLFH SDUDP HWUVY P D\ QRWEH DSSQOHG W WH

Z KROH QDQRFU VWWOQRUW WH VXU DFH OD\ HU 1 R FRP P RQ VSHFLILF LQWHUDWP LF GLVWQFHV FDQ



EH DVVLI QHG W VWH VXU DFH VKHOQO + RZ HYHU WR VLP SAI\ WH GHVFULSWRQ RI WH P RGHO Z H

LQWRGXFH WH SDUDP HWU D Z KLFK FRUUHVSRQGV W WH LQWUDWP LF GLVWQFHY DWWH RXW RVW

DWP LF D\ HU RI WH SDUWFOH ) LJ $ VVXP LQJ WDWWH DUUDQJHP HQWRI WH DWP V LQ WH

VXU DFH VKHOO LV VLP LODU WVR WK DWLQ WH JUDLQ FRUH WH YDOXH RI D FDQ EH H[ SUHVVHG DV D

IUDFWRQ LQ Rl WKH CDWAFH SDUDP HWU D 7 KH DFWKDOYDOXXHV RI WKH LOWHUDWP LF GLVWQFHYV

Z LIWKLQ WH VXU DFH VKHOO FDQ EH H[ SUHVVHG DV D IXQFWRQ RI WH GLVYWQFH IURP WH SDUWFCH

FHQWU DQG YDUW EHW HHQ D LQ WH JUDLQ FRUH DWGLVWQFHV U 5 DQG D D *“ "D IRUU

5 7 KH VLJQ LQ TURQWRI ' D GHSHQGV RQ Z KHWHU WH VXUDFH LV FRP SUHVVHG RU H[ SDQGHG

UHODW.YH WR WH JUDLQ FRUH 7 KH UDWR ' D D LV TXDQWI\LQJ WH VXU DFH VWDLQ 2 XUP RGHO

RI D FXELF OOWLFH QDQRSDUWFOH Z LW DQG Z LWKRXWWH WHQVLOH VWDLQ LQ WH VXU DFH VKHQO LV

VKRZ Q LQ ) LJXUHV D DQG E UHVSHFWYHO $ SUHVHQFH RI VWDLQ LQ WH JUDLQ VXU DFH 0D\ HU

WH VXU DFH VKHOO OHDGV W D GHIRUP DWRQ RI WH DWP LF SCDQHV ) LJ D $ V VKRZ Q LQ WKH

ILJXUH WH DWP LF SCDQHV (RVH WHLU SCODQDULW DQG P XWDO S DUDOHOW $ VD FRQVHTXHQFH WH

LQWUS (DQDU VSDFLQJV LQ VXFK QDQRFU VWO/ CRVH VWKHLU XQDP ELIXRXV P HDQLQJ $ OVR WKH

FRQYHQWRQDOGHVFULSWRQ RI D FUl VWO ODWFH EDVHG RQ WH GHILQLWRQ RI D XQLWFHOO FDQQRWEH

DSSAHG WR WKH Z KROH FU\ VWDOOLWH DOK RXJ K LWVWOO FDQ EH XVHG IRUWH GHVFULSWRQ RI WH JUDLQ

FRUH VWX FW UH $ GLIIUDFWRQ RQ VXFK FU VWO OQNH REMIFW P D\ QRWEH EDVHG KRZ HYHU RQ

VWKH % UDJJ DSSUR[ LP DWRQ VKH FRQFHSWRI LQWUSODQDU VSDFLQJV LV P HDQLQJCHVV IRU QRQ

SMQDU EHQW VXU DFHV + RZ HYHU IRU WKH VDNH RI FRQYHQLHQFH DQG FRQVLVWHQF\ Z LW WH

GHVFULSWRQ RI WH GLIIUDFWRQ HIITHFW RQ QDQRFU\ VWOV KDYLQJ D SHU HFWFU VWO COWNLFH F |

6 HFWRQV DQG Z HXVH WKH FODVVLFDOGHVFULSWRQ RI WKH GLIITUDFWRQ SDWHUQV DOVR IRURXU

DO FRQFHSW 7 KH GLIIUDFWRQ SDWHUQV FDOFXMWG IRUWH P RGHO/ RI DQ QP GLDP HWU 6 L&

QDQRFU\ VWO/ Z LW D WQVLGH QRQH DQG FRP SUHVVLYH XQLIRUP VWDLQ LQ WKH VXU DFH VKHOO

D D FRQVW DUH VKRZ Q LQ ) LJXUHV D E DQG F  UHVSHFWYHO 7 KH VWDLQ LQ WH

VXU DFH VKHOO VKLIW WH SRVLWRQV DQG FKDQJHV WKH VI P P HWA RI WH %UDJJ UHIGHFWRQV 6 LQFH

DV\ P P HWLF SHDNV GR QRWKDYH XQLTXHO GHILQHG SRVLWRQV WRVH Z HUH GHWUP LQHG EDVHG RQ

WH CRFDWRQ RI ERW WH P D[ LP XP DQG WH Z HLIKWG FHQWU RI WH LQGLYLGXDO UHICHFWRQV

7 KH FKDUDFWHU RI WH GHSHQGHQFH RI WH FDOFXOMDWG DO YDOXHV RQ 4 LV VLP LODU IRU ERW

P HKRGV DOKRXJK VSHFLILF YDOXHV Rl 4 DUH VRP HZ KDWGLIITHUHQW

$ OS5 DQDO VLV RI SRZ GHU GLIIUDFWRQ GDW

7R GHWUP LQH WH DOCs 4 UHODWRQ IRU RXU WHRUHWFDO DQG H[ SHULP HQWO SDWHUQV WH

GLITUDFWRQ SHDNV Z HUH |ILWHG XVLQJ D VWQGDUG VKDSH IXQFWRQ SVHXGR 9 RLJW DYDLODEOH LQ

HYHU\ 5 LHW HOG SURJ UDP 7 KH H[ DP SCHV RI % UDJJ QNH UHICHFWRQV DQG FDOFXDWG

IRU DQG QP GLDP HWU 6 L& QDQRFU\ VWOV DUH VKRZ Q LQ ) LJ XUHV D DQG E UHVSHFWYHO



7 KH SDWWHUQV Z HUH FDOFXOMWG ERW IRU P RGHO/ Z LW D UHOD[ HG SHU HFW CDWEFH DQG IRU

QDQRFU VWOV Z LW D VWDLQHG VXU DFH VKHOO % RW WH VKDSHV DQG SRVLWRQV RI WH UHIOCHFWRQV

FKDQJH Z LW WH JUDLQ VL]H D SUHVHQFH RI VWDLQ DQG WH GLI IUDFWRQ YHFWU 4 ) L
7 KDWDSSAHV WVR UHIOHFWRQV ERW DWORZ DQG KLIK 4 YDOXHV ) L
) LI XUH % UDJJ ANH LQWHQVLW FXUYHV FDOFXMWG IRUP RGHOV RI 6 L& QDQRFU VWOV Z LW D

UHOD[ HG CDWAFH VROG AQHV DQG FRP SUHVVHG VXU DFH VKHOO GRWWHG GAQHV IRUW R GLIIHUHQW

UHICHFWRQV DQG D JUDLQ GLDP HWHU QP E J UDLQ GLDP HWHU QP 7 KH

WLFNQHVV RI WKH VXU DFH VKHQO V QP WH VWDLQ ' D D

KHQ GHVLIQLQJ D GLIIUDFWRQ H[ SHULP HQWRQH KDV WVR HYDOXDW WH UHVROXWRQ UHT XLUHG

IRUWH GHWFWRQ RI WKH H[ SHFWG GLIIUDFWRQ HIIHFW ,Q RXUFDVH WH DQDO VLV RI WKH DCs 4

UHOOWRQV Z H KDYH W IRFXV HLWHU RQ UHFRUGLQJ LQ D Z LGH 4 UDQJH RU RQ D SUHFLVH

P HDVXUHP HQW RI WH SRVLWRQV RI UHODWYHO ORZ 4 YDOXH UHIOHFWRQV : H SHURUP HG D

QXP EHU RI GLITHUHQW H[ SHULP HQW XVLQJ VI QFKURWRQ VRXUFHV DQG P DNLQJ GLIITHUHQW

FRP SURP LVHV WR P HDVXUH DWD YHU\ OUJH 4 UDQJH XS W c Z LK D P RGHUDW
UHVROXWRQ Z H XVHG WH 6 WWRQ ,' DW ( 65) DQG 6 WWRQ %: DW + $ 6< / $ % VWKH
Z DYHCHQJ WK RI c WR JHWD YHU\ JRRG UHVROXWRQ Z H XVHG WKH Z DYHOHQJ W RI

c DW61 %/ 6MWWRQ DW( 65 ) 4 c ,Q DGGLWRQ W WKH DGYDQWJH RI WKH VKRUW
Z DYHOHQJ W UDGLDWRQ QRW DYDLODECH Z LW VHDOHG ; UD\ WEHV WH SRZ GHU GLIIUDFWRQ

LQVWXP HQW LQVWOHG DWV\ QFKURWRQ VRXUFHV KDYH XVXDOO P XFK EHWWHU DQJXODU UHVROXWRQ

WDWWRVH DYDLODEOH LQ FRQYHQWRQDO ME RUDW ULHV



) LI X UH $ 05 YDOXHV FDOFXODWG WHRUHWFDOO |IRUQDQRFU\ VWOAQH FXELF 6 L& RI GLIIHUHQW

JUDLQ VL] H D c ‘DD \ QP

( ITHFWRI WKH P RGHOSDUDP HWUV RQ DG 4 UHOMDMWRQ

H SHURUP HG D V\ VWP DWF WHRUHWFDO VWG\ Rl GLIIUDFWRQ E\ QDQRFU VWOAQH

P DWHULDOV XVLQJ P RGHOV Z LW GLIIHUHQWWLFNQHVV RI WKH VXU DFH O\ HU YDULRXV P DJQLWGHV RI

WH VXU DFH VWDLQ DQG GLYHUVH JUDGLHQW RI WH VWDLQ LQ WKH VKHOO 7 KH GHSHQGHQFH RI WH

DB RQ 4 IRUG6 L& QDQRFU VWOV Z LWK WH VDP H VWDLQ RI DQG WH VXU DFH VKHOO WKLFNQHVV

RI QP EXWGLIIHUHQWJ UDLQ VL] H LV VKRZ Q LQ ) LJ ) RUD UHIHUHQFH WH JUDSKV FRQWLQ

DOVR WKH DCS 4 UHVXOW IRUWH FRUUHVSRQGLQJ P RGHOV Z LW D IX0OO UHOD[ HG XQVWDLQHG COOWVLFH

7 KH FDOFXODWG GHYLDWRQV RI DG IURP WH FRUH YDOXH RI D IRU VWDLQHG JUDLQV DUH P XFK

DU HUWDQ IRUWRVH Z LW WKH UHOD[ HG CDWALFH 7 KH GLITHUHQFH EHW HHQ WH DG DQG D YDOXHV

LQFUHDVHYV Z LW D GHFUHDVH LQ WH JUDLQ VL] H UHDFKLQJ DV P XFK DV RI WH OOWLFH

SDUDP HWURI WH UHCD[ HG 6 L& FU\ VWOIRU WH QP SDUWFOH 7 KHVH UHVX OW DUH QRWVXUSULVLQJ

IRU D QP WLFN VKHOOWH VWDLQHG IUDFWRQ RI WH JUDLQ FRQWLQV IURP SHUFHQW IRU WH

VP DOCHVW QP LQ GLDP HWU W SHUFHQW IRU WH ODUJ HVYW QP RlI DOO WKH DWP V LQ WH

S DUWF CH 7 KH UHVXOW VKRZ Q LQ ) LJXUH LOOX VWDW WK H FRQVHTXHQFHV RI XVLQJ D VWQGDUG



SRZ GHU GLIIUDFWRQ WFKQLTXH FRP ELQHG Z LW FRP P RQO DSSOHG UDGLDWRQ VRXUFHV 7 KH

Z LGHO XVHG & X . D ; UD\ UDGLDWRQ VRXUFH DORZ V IRUD FROHFWRQ RI GLI IUDFWRQ GDW LQ WH

4 UDQJH XS W RQO c ) RU VWIDLQHG SDUWFCHV VKRZ Q LQ ) LJXUH D URXWQH

HODERUDWRQ RI VXFK GDW XVLQJ WH 5 LHWHOG SURJUDP Z RXOG \ LHOGG WH COWMLFH SDUDP HW UV

GLIIHULQJ IURP D RI WH UHOD[ HG CODWAFH | URP XS W DERXW ) L

) LI XUH $ B 4 SORW FDOFXODOWG WHRUHWFDOO |RUVSKHULFDO QP GLDP HWUG6 L&

QDQRFU VWO’ IRU GLITHUHQWYDOXHV RI WKH FRP SUHVVLYH VWHVV LQ WKH VXU DFH VKHOO V QP
) LI XUH $ B 4 SORW FDOFXODOWG WHRUHWFDOD |IRUVSKHULFDO QP GLDP HWUG6 L&

QDQRFU VWO IRU GLITHUHQWW LFNQHVV RI WKH VXU DFH VKHOO ' D D



) LI X UH $ B 4 SORW FDOFXODOWG WHRUHWFDOO |RUVSKHULFDO QP GLDP HWUG6 L&

QDQRFUl VWO IRU GLITHUHQWVWDLQ YDOXHV LQ WKH VXU DFH VKHQO

) LI X UH ([ SHULP HQWO GLIIUDFWRQ SDWWHUQV RI QDQRFU VWOOQH 6 L& SRZ GHUV Z LW

DYHUDJH JUDLQV RI DQG QP LQ GLDP HWU XSSHUJUDSK DQG WHLU FRUUHVSRQGLQJ DO

SORW ORZ HU JUDSK 7 KH P HDVXUHP HQW Z HUH SHU RUP HG Z LW WH SRZ GHU GLIIUDFWRP HWU

DW6 1 %/ 6 WWRQ (65) * UHQREOH Z LW O ¢ UDGLDWRQ VRXUFH

$ VLQIJOH DO YDXH GHWUP LQHG IURP D GLIIUDFWRQ SDWWHUQ KDV QR VSHFLILF P HDQLQJ

RQO D VHWRI DOS YDOXHV LQ D Z LGHU4 UDQJH FDQ SURYLGH D P HDQLQJIXOLQIRUP DWRQ DERXWWH

VWX FWUH RI WKH QDQRFU\ VWO 7 KH DG YDOXHV DWVXIILFLHQW KLIK 4 YDOXHV FRUUHVSRQG W WH

OWMLFH SDUDP HWUWY RI WH FRUH RI WH SDUWFCOH LH WH UHOD[ HG COWMFH 7 KH H[ SHULP HQW OO

GHWUP LQHG GHSHQGHQFH RI DG RQ 4 FRP ELQHG Z LW QXP HULFDO VLP XOOWRQV FDQ SURYLGH D



P HDQLQJIXO LQIRUP DWRQ DERXW WH VWXFWUH RI WH VXUDFH VKHOO RI WH QDQRFU VWO

([ DP SCHV RI DGCs 4 GDW GHWUP LQHG I1URP WHRUHWFDO GLIIUDFWRQ SDWWUQV FDOFXODWG IRU

GLIIHUHQWP RGHOV Rl 6 L& QDQRFU\ VWO/ DUH VKRZ Q LQ ) LJV 7 KH VHQVLWY LW RI WH DGCS
YDOXHV RQ WH SDUDP HWUV RI WH P RGHO LV TXLW KLIK GLITHUHQFHV DV VP DOO DV LQ WKH
OWLFH VWDLQ DQG QP LQ WKH WLFNQHVV V RI WH VXU DFH VKHOO DUH FCGHDUO Y LVLEOH ) LIV

$ WRXJK LQ DOOP RGHOV WKH CDWEFH SDUDP HWURI WH JUDLQ FRUH LV WKH VDP H D

c * WH UHOD[ HG CDWEFH WH DOS YDOXHV SUDFWFDOO QHYHU UHDFK D H[ FHSWIRU JUHDWU 4 V DQG

DUJ HU VXU DFH VWDLQV 7 KLV VKRZ V WKDWFRQYHQWRQDOGLIITUDFWRQ H[ SHULP HQW ORZ LQWQVLW

MDERUDWU VRXUFHV & X. D RUO R. D P D[ LP XP 4 UDQJH RI DQG $ UHVS HFWY HO

HOXFLGDWRQ RI WH FRP P RQ CODWMLFH SDUDP HWUV IURP WH HQWUH GLIIUDFWRQ GLDJ UDP GR QRW

DOR Z IRU D XQLTXH LQWUSUHWWRQ RI WH OWFH SDUDP HWUV FDOFXCOWG |IURP WH %UDJJ

UHI CHFWRQV

,Q RXU WHRUHWFDO FDOFXMWRQV ERW WH VWDLQ LQ WH VXUDFH VKHOO DQG WH OOWLFH

SDUDP HWUV RI WH JUDLQ FRUH DUH WKH YDULDEOH SDUDP HWUW RI WKH FRUH VKHOO P RGHO ) RU WDW

UHDVRQ WKH LQWUS UHWWRQ RI WH DO 4 UHVXON QHHGV W EH GRQH Z LW FDXWRQ 7 KH SOQRW

SUHVHQWG LQ WLV SDSHU KDYH Z HOO GHILQHG VKDSHV Z KLFK VKRZ D GHSHQGHQFH EHW HHQ WH

OOWEFH SDUDP HWUV RI WH JUDLQ FRUH DQG WH VWDLQ LQ WH VXUDFH VKHGOO + RZ HYHU RXU

DQDO VLV LV SHU RUP HG DV LI WH DWP LF CDWEFH RI WH P DWULDOY FRQVLVWHG RI VRP H DWP LF

SQHV VSDFHG E\ D Z HOO GHILQHG GLVWQFH ,Q UHDOW WH COWEFH RI WH QDQRJUDLQV GRHV QRW

IRUP SOMQHV EXWEHQWVXUDFHV ) LJ VR XVLQJ WH % UDJJ UHODWRQV LQ WKH FDOFXMWRQV RI

WH DG YDOXHV \ LHOGV VRP H DYHUDJH VSDFLQJYV EHW HHQ WH GHIRUP HG SMQHV DQG QRWWH UHDO

LQWHUS ®OQDU GLVWQFHV 1 HYHUIKHOHVVY SRZ GHU GLIIUDFWRQ GDW FRP ELQHG Z LW RXU DGCs

P HKRGRORJ\ EDVHG RQ JHRP HWLFDO IDFWUV DORQH FDQ SURYLGH TXLW UHDOQVWF EXW VWO

DSSUR[ LP DWH P RGHORI WKH FRUH VKHOVWXFWUH Rl WKWH QDQRFU\ VWO % DVHG RQ RXUDQDO VLV Z H

FRQFOXGH WDW WH FRUUHFW YDOXHV RI WH OOWFH SDUDP HWUV RI WH JUDLQ FRUHV FDQ EH

GHWUP LQHG IURP WH GLIIUDFWRQ H[ SHULP HQW SHURUP HG LQ D Z LGH UDQJH RI WH 4 YHFWU

7 R GHWUP LQH WH VSHFLILF SRVLWRQV RI DWP V LQ WKH VXU DFH VKHOODQ DQDO VLV RI WKH UHCDOWY H

LOQWHQVLWHY RI WH %UDJJ OGNH UHICHFWRQV LV QHFHVVDU & XUUHQWD Z H DUH LQYHVWJDWQJ DQ

DOMHUQDW DSSURDFK W GHWUP LQDWRQ RI LQWUDWP LF GLVWQFHV LQ WHVH P DWULDO/ XVLQJ WH

QHXWRQ GLIITUDFWRQ DQG WWH VR FDOHG UHDOVSDFH 5 LHWHGOG UHILQHP HQW WFKQLTXH > @

$ SSAFDWRQ RI WKH FRQFHSWRI D8 WR WKH HYDOXDWRQ RI H[ SHULP HQWOGLIIUDFWRQ GDW RI

QDQRSRZ GHUV

H DSSOHG RXU P HWKRGRORJ\ IRU HYDXDWRQ RI WH H[ SHULP HQWO GLI | UDFWRQ GDW RI

GLIlHUHQWQDQRFW VWO/ 7 KH SRZ GHU GLIITUDFWRQ SDWWHUQV LQ WKH UDQJH XS W 4 [ Z HUH



REWLQHG XVLQJ D VKRUW Z DYHOHQJW V\ QFKURWRQ UDGLDWRQ VRXUFHV DW % : 6 WWRQ DW

+ $6</ % % DQG ,' DQG 61 %/ SRZ GHU GLIIUDFWP HWUV DW( 65 ) $ WWH SUHVHQWVWJ H

RI RXU VWGLHV Z H FODLP D TXDAOWWYH DJUHHP HQWEHW HHQ WH DG 4 SOQRW GHWUP LQHG IURP

WH H[ SHULP HQWO SRZ GHU GLIIUDFWRQ GDW RI QDQRFU VWOILQH 6 L& * D1 DQG GLDP RQG DQG

RXU WKHRUHWFDO FDOFX OODWRQV ) RUH[DP SOH Z H GHGXFHG WDWD WQVLCH VWDLQ H[ LVW LQ WH

VXU DFH VKHOORI QDQRFU\ VWOAQH 6 L& FRP SDUH ) LJV DQG 6 LP LODU VWIDLQ LV SUHVHQWLQ

GLDP RQG QDQRSDUWFOHV 2 SSRVLW LQ VLJQ FRP SUHVVLYH VWDLQ DWWH VXU DFH LV SUHVHQWLQ D

P XFK VRIWUP DWULDO QDQRFU\ VWOOQH * D1 ) L
) LI X UH $ 05 4 SORW REWLQHG H[ SHULP HQWOD IRU* D1 QDQRFU VWO/ 7 KH P HDVXUHP HQW
Z HUH SHU RUP HG Z LW WH SRZ GHUGLIIUDFWRP HWU % : + $6</ % % DW' ( 6< Z LW O

¢ UDGLDWRQ VRXUFH

) LI XUH $ B 4 SORW REWLQHG H[ SHULP HQWOJ |IRUGLDP RQG QDQRFU\ VWO/ DJHG LQ WH DLU
GRWHG OQH DQG DQQHDOHG LQ YDFXXP DW & IRU KUV VRAG AQH 7 KH P HDVXUHP HQW
Z HUH SHU RUP HG DWSRZ GHUGLIITUDFWRP HWU % : + $6</$ % DW' ( 6< Z LW O c

UDGLDWRQ VRXUFH



7 KH VXU DFH RI D QDQRSDUWFOH LV LQ D P HWVWEOH VWW DQG WXV LV VWRQJO GHSHQGHQW

RQ LW VXUURXQGLQJ 7 KH VXUDFH H[ SRVHG W D JDV AQTXLG RU VRAG P HGLXP FDQ DGVRUE

IRUHLJ Q DWRP V RUHYHQ XQGHUJR D FKHP LFDO UHDFWRQ : KHQ WKDWKDSSHQV WH SURSHUWHV RI

WH VXUDFH FKDQJH DFFRUGLQJ O Z KDWLV Z LGHO XVHG LQ FDWO WF UHDFWRQV DQG VRUSWRQ

SURFHVVHV ,QWUDFWRQ RI WKH VXU DFH Z LW IRUHLIQ DWP V P XVWDIIHFWWH DWP LF VWXFWUH RI

WH VXUDFH : H KDYH H[ DP LQHG WLV SURECHP LQ D VHULHV Rl H[ SHULP HQW SHURUP HG IRU

QDQRFU\ VWOOLQH SRZ GHUV RI GLDP RQG DQG 6 L& 7 KH SRZ GHUY Z HUH DQQHDOHG DW HCHY DWG

WP SHUDWUH XQGHU YDFXXP RUXVHG DV FRP SRQHQW RI FHUDP LF FRP SRVLWV $ Q H[ DP SO RI

WH DG YDOXHV YV WH4 YHFWUIRUUDZ DQG DQQHDOHG GLDP RQG SRZ GHUV LV JLYHQ LQ ) LJ

HVRUSWRQ RI IRUHLIQ DWRP V IURP WH SRZ GHUV DSSDUHQW) DGV W D FRQVLGHUDE CH

FRQWDFWRQ RI WKH VXU DFH VKHOO UHOODWYH W WH UDZ P DWULDO DJHG LQ WKH DLU DV LQGLFDWG E\

WH UHGXFWRQ RI WH DO YDOXHV LQ WKH GRZ 4 UDQJH ) L 6 LP LAODU HIIHFWLV REVHUYHG

Z KHQ WKH HQYLURQP HQW RI 61L& DQG GLDP RQG JUDLQV FKDQJHV W D GHQVH P DWL[ RI WH

FRP SRVLW

,Q WLV Z RUN Z H GLG QRW DWWHP SW W DFFRP SAQVK D TXDQWWWYH HYDOXDWRQ RI WH

REVHUYHG FKDQJHV RI DO YDOXHV Z LW 4 DGGLWRQDO P HDVXUHP HQW RI VSHFLILF SK\ VLFDO

SURSHUWHV RI RXU P DWULDOY DUH QHFHVVDUW W GHWUP LQH Z KDWNLQG RI FKDQJHV RFFXU DWWH

VXU DFH DQG KRZ P XFK WH\ DITHFWWH VWXFWUH RI WKH JUDLQ FRUH 7 KH DO FRQFHSWSURYLGHV

D VHQVLWYH WRRO IRU LQYHVWJDWRQ RI WH VWXFWUDO IHDWUHV RI YHU VP DO QDQR VL] HG

F U\ VW COLVHV ) URP RXU SUHQP LQDU\ FDOFXMWRQV EDVHG RQ WH P RGHO/ RI QDQRFU\ VWOV Z LW

GLIITHUHQW VXUIDFH VWDLQ DQG WLFNQHVV Z H FRQFOXGH WDW DQQHDAQJ RI GLDP RQG SRZ GHUV

OHDGV W D VLI QLILFDQW UHGXFWRQ LQ WH VWDLQ SUHVHQW LQ WH VXU DFH VKHOO Z LWKRXW P XFK

FKDQJH RI WKH VWXFWUH RI WKH JUDLQ FRUH 7 KLV LV LQGLFDWG E\ WH VWRQJHVWFKDQJHV RI WH

DOS RFFXULQJ LQ WH RZ 4 UDQJH Z KLFK LV YHU' VHQVLWYH W WH VWXFWUH RI WH VXUDFH

VKHOO DQG D FRQYHUJHQFH RI WKH DBV RI UDZ DQG SURFHVVHG SRZ GHUV DWODUJHU 4 YDOXHV ) LJ

7KH D8 4 GHSHQGHQFH IRU QDQRFU\ VWO/ RI 6 L& LQ WH IRUP RI D SRZ GHU DQG LQ WH

FRP SRVLW Z LW GLDP RQG VKRZ YHU\ VLP LODU VKDSHV EXWWH DO YDOXHV P HDVXUHG IRU WH

FRP SRVLW HQYLURQP HQWDUH CRZ HUWDQ WRVH IRUWH SRZ GHUHYHQ DWWH Z LGH 4 UDQJH

7 KH UHVXOW RI RXU H[ SHULP HQWOZ RUN SUHVHQWG LQ WLV SDSHUDUH RQO. SUHQP LQDU\ $

P RUH GHILQLW GHVFULSWRQ RI WH VWXFWUH RI QDQRVL]H SDUWFQOHV UHT XLUHV ERW DGGLWRQDO

H[ DP LQDWRQ RI WH SK\VLFDO SURSHUWHV DQG VWXFWUH RI WH P DWULDOV XVLQJ WFKQLTXHV

VHQVLWYH W WH ORFDO DWP LF FRQILIXUDWRQ OGQNH 5 DP DQ RU ,5 VSHFWRVFRS\ DQG P RUH

H[ WVHQVLYH P RGHOQJ HIIRUW WDW Z RXOG LQFOXGH GLIIHUHQW VWIDLQ ILHGGY ERW LQ WUP V RI

VWHQJ W DQG GLVWLE XWRQ LQ WH VXUIDFH DQG FRUH RI WKH J UDLQ



6 XP P DU\ DQG FRQFX VLRQV

7 KH P HKRGRORJ\ RI WH VWXFWUDO DQDO VLV RI P LFURP HWU VL] H SRO FU\ VWOV LV Z HQO

HVWE QLVKHG DQG DSSUR[ LP DWRQV P DGH LQ WH GHVFULSWRQ RI WH VWXFWUH RI VXFK P DWULDOV

DQG IRU WKH DQDO VLV Rl WHLU GLIITUDFWRQ GDW SURYLGH VDWVIDFWU\ UHVXOW + RZ HYHU WH

FRQYHQWRQDO WVRRO GHYHORSHG IRU HODERUDWRQ RI SRZ GHU GLI IUDFWRQ GDW DUH QRW GLUHFWD

DSSOAFDEOH WVR QDQRFU\ VWOV

L 1 DQRSDUWFMHV KDYH D FRP SOH[ VWXFWUH WDWUHVHP EOHV UDWHU D W R SKDVH WDQ D

X QLIRUP RQH SKDVH P DWULDO 7 KHUHIRUH WH GHILQLWRQV DQG SDUDP HWUV XVHG IRU

FKDUDFWUL] DWRQ RI WH DWP LF VWXFWUH RI VLP SCH FU\ VWORJUDSKLFDOO XQLIRUP SKDVHV DUH

LOQVXIILFLHQWIRU WH GHVFULSWRQ RI WKH FRP SCH[ VWXFWUH RI QDQRFU\ VWOV

LL & RQYHQWRQDO SRZ GHU GLIIUDFWRQ WFKQLTXHVY DQG DSSURSULDWH P HWRGV RI WHLU

HODERUDWRQ KDYH EHHQ GHYHORSHG |IRU P DWULDOY VKRZ LQJ D SHUHFW WUHH GLP HQVLRQDO

SHULRGLF RUGHU LQ DQ LQILQLW FU\ VWO CDWEFH $ QDQRFU\ VWO LV D ILQLW LQ VL] H FU\ VWO Z KHUH

WH HITHFW RI ERXQGDULHV FDQQRW EH LJQRUHG ) RU YHU VP DOO VHYHUDO QP LQ GLDP HWHU

FUl VWOOWY WKH QXP EHURI DWP V DWWH VXU DFH FDQ H[ FHHG WH QXP EHURI DWP V LQ WH J UDLQ

FRUH 7 KH VWXFWUDO DQG RWHU SURSHUWHYV RI WH VXUDFH DWP V FDQ GRP LQDW RYHU WH

HITHFW LP SRVHG E\ WH EXON DWP V 7 KLV HIITHFW LV FGHDUO REVHUYHG LQ RXU GLIIUDFWRQ

H[ SHULP HQW

7 KLV Z RUN LV GHGLFDWG W WH P HWKRGRORJ\ RI HODERUDWRQ RI SRZ GHU GLIIUDFWRQ GDW

RI QDQRFU VWOV QRWWR WH GHWUP LQDWRQ RI WH DWP LF VWXFWUH RI VRP H VSHFLILF P DWULDOV

H KDYH VKRZ Q WWH AP LWDWRQV RI D FRQYHQWRQDOVWXFWUDODQDO VLV DSSURDFK DQG SURSRVHG

D QHZ P HWRG RI HYDXDWRQ RI GLI IUDFWRQ GDW RI QDQR VL] H SRO FU\ VWOOLQH P DWULDOV : H

KDYH GHP RQVWWDWG D TXDOWWYH DJUHHP HQW EHW HHQ WH H[ SHULP HQWO UHVXON DQG WRVH

REWLQHG E\ QXP HULFDO P RGHOQJ XVLQJ RXU DG FRQFHSWP HWRGRORIJ\ $ P RUH FRP SCHW

HYDOXDWRQ RI SRZ GHU GLIIUDFWRQ GDW RI| VSHFLILF QDQRFU VWOALQH P DWULDOV UHT XLUHV D Z LGHU

VSHFWXP RI VWXFWUDOP RGHOV/ DV Z HOODV DFFRXQWQJ IRU WH VKDSH DQG VL] H GLVWLEXWRQ RI

QDQRFU\ VWOV LQ UHDOP DWHULDOY 7 KH Z RUN RQ WHVH LVVXHV LV LQ SURJ UHVV

,Q WKLV SDSHUZ HKDYH VKRZ Q WKH QP LW RI DSSAQFDELAOW RI Z HOO HVYWEQVKHG P HWRGV RI

VWX FWUDO DQDO VLV RI P DWULDOV E\ WH GLIUDFWRQ WFKQLTXHV : KHQ LW FRP HV W

QDQRP DWULDOY WKHUH DUH REYLRXVO QP LWWRQV RI RWHU FRP P RQO DSSOHG WFKQLT XHV DQG

SURFHGXUHV XVHG LQ GHWUP LOQODWRQ RI GL IHUHQW SK\ VLFDO SURSHUWHV RI P DWULDOV $

GHYHORSP HQW RI QHZ H[ SHULP HQWO DQG WHRUHWFDO WRO/ IRU LQYHVWJDWRQ RI XQLTXH

SURSHUWHV RI QDQRFU\ VWOV LV D FKDOHQJH DQG D P XVW



1 DQRFU\ VWOV DUH RIWVHQ UHIHUUHG W LQ WH OWUDWUH DV W R SKDVH P DWULDOV 7 KLV LV D

XVHIXO FRQFHSWDOKRXJK LWGHILHVY WH EDVLF GHILQLWRQV RI D FU\ VWORJUDSKLF SKDVH 7 KH

SURECHP Z LW VXFK DSSURDFK LV WDWWH W R SKDVHV IRUP HVVHQWDOD) D FRP SRVLW FU\ VWO

Z LW LQWU HULQJ XQVHSDUDEOH GLIIUDFWRQ SURSHUWHV 7 KH FRUH VKHOO P RGHORI D QDQRFU\ VWO

DSSAHG LQ WLV Z RUN LV LQ IDFW D NLQG RI D W R SKDVH V\ VWP WDW H[ KLELW XQLTXH

GLIIUDFWRQ | HDW UHV $ SSDUHQWDA WLV VIWKDWRQ UHTXLUHV D QHZ DSSURDFK W WH VWXFWUDO

DQDO VLV RI VXFK V\ VWP V 2 QH VKRXOG UHDO] H WKDWFRP SCH[ DWP LF VWXFWUHV FDQQRWEH

Z HO GHVFULEHG XVLQJ RQO EDVLF IXQGDP HQWO GHILQLWRQV 7 KH P LWDWRQV RI WKH FXUUHQWD

XVHG GHILQLWRQV EHFRP H REYLRXV LQ WKH UDSLGO GHYHORSLQJ ILHGG RI QDQRP DWULDOV

$ FNQRZ CHGJHP HQW

7 KLV Z RUN Z DV VXSSRUWG E\ WH 3 ROVK & RP P LWHH IRU 6 FLHQWILF 5 HVHDUFK JuUubDQw

3%= . %1 7 WH 3 RAVK * HUP DQ 3 URMIFW 32 / DQG LQ SDUWE\ WH ( &

* UDQW 6 XSSRUWIRU & HQWUV RI ( [ FHOHQFH 1 R ,& $ & 7 " (6< +$6</ 3% %

3 URMIFW,, (65) 3URMFW+ 6 ([ SHULP HQWO DVVLVWQFH ITURP WH VWII RI WH

6 Z LVV 1 RUZ HILDQ % HDP / LQHV DW ( 6 5) LV JUDWIXOO DFNQRZ OHGJHG 6 XSSRUW IURP WK H

2 IILFH Rl 3 K\ VLFDODQG % LRCRJLFDO5 HVHDUFK RI 1 $ 6% LV JUDWIXOD DFNQRZ CHGJHG

5 HIHUHQFHV

+ ) XMW 0 DWULDOV 7 UDQVDFWRQV -,0

+ ) XMW - ( HFWRQ 0 LFURVFRS\ 6 XSSO

+ ) XMW 0 DWULDOV 7 UDQVDFWRQV -,0

$ 6 ( GHO/WHLQ DQG 5 & & DP P DUDW ( GV 1 DQRP DWULDOV 6\ QW HVLV 3 URSHUWHV DQG

$ SSAFDWRQV ,QVWWW RI 3 K\ VLFV 3 XEQVKLQJ % ULVWODQG 3 KLODGHGCSKLD

)y () XMW (G 3K\ VLFVRI 1 HZ 0 DWULDO/ 6 SULQJ HU 6 HULHV LQ 0 DWIULDOV 6 FLHQFH
0 - +RZH (G ,QWHUIDFHV LQ 0 DWHULDOV -RKQ : LCH\ DQG 6 RQV ,QF

& 6 XU\ DQDUD\ DQD ( G 1 RQ HTXLOLEULXP 3 URFHVVLQJ RI 0 DWULDOV 3 HUJDP RQ

=/ : DQJ & KDUDFWHUL] DWRQ RI 1 DQRSKDVH 0 DWULDOV : LOH\ 9 & +

5 6 $ YHUEDFN = HLWFKULIWI+ U3 K\ VLN

3K %XIIDWDQG - 3 % RUHO 3 K\ VLFDO5 HYLHZ $
$ ,QRXH $ DQG . + LVKLP RWR ( GV $ P RUSKRXV DQG 1 DQRFU\ VWOILQH 0 DWULDOV
3 UHSDUDWRQ 3 URSHUWHV DQG $ SSCOFDWRQV 6 SULQJ HU

6 % 4 DGUL - < DQJ % 5 5 DWD ( ) 6 NHORRQ DQG - = + X $ SSQAHG 3 K\ VLFV / HWHUV

0 5 6 LOf HVYWL DQG - 6 FKURHGHU -RXUQDORI 3 K\ VLFV & RQGHQVHG 0 DWWHU

6 + 7 RCEHUWDQG $ 3 $ OLYLVDWRYV -RXUQDORI 3 K\ VLFV °
RO DQG . / 0 HUNCH LQ O DVWHULDO/ ,QWHUIDFHV $ WRP LF / HYHO6 WXFWUH DQG

3URSHUMHY ( GV ' : RO DQG 6 < LS & KDSP DQ DQG + DO / RQGRQ ss

- + DUDGD DQG . 2 KVKLP D 6 XUIDFH 6 FLHQFH

& 6 ROOADUG DQG 0 ) OXHQL 6 XU DFH 6 FLHQFH



%

7

ROMUVGRU $ 6 1 HSLMIR DQG ( 3LSSHO 6 XUIDFH 6 FLHQFH
$ 0 RQWQR * . 6KHQR\ ( ( $ 0 : 6FKXOH DQG - 8 UEDQ 3 K\ VLFDO5 HYLHZ
HVWWH UV
+ 7ROEHUW 6 + DQG $ 3 $ CLYLVDWV -RXUQDORI & KHP LFDO3 K\ VLFV

& %RVZ HOO 3 URFHHGLQJV RI WKH 3 K\ VLFDO6 RFLHW / RQGRQ $
3 %RUHODQG $ & KDWHCDLQ 6 XUIDFH 6 FLHQFH
& & DP P DUDW 6 XUIDFH 6 FLHQFH / HWWHUV /

& & DP P DUDW 0 DWULDOV 6 FLHQFH DQG ( QJ LQHHULQJ $
- * LCP DQ -RXUQDORI $ SSQAHG 3 K\ VLFV

0O D\V - 6 9 HUP DDN DQG ' . XKC DQQ : LOVGRU 6 XU DFH 6 FLHQFH

6 KXWWHZ RUWK 3 URFHHGLQJV RI WH 3 K\ VLFDO6 RFLHW / RQGRQ $
0 6 RQHKDP -RXUQDORI 3 K\ VLFV & 6 RQOG 6 WWH 3 K\ VLFV

6 9 HUP DDN & 0 D\'V DQG ' . XKCP DQQ : LOVGRU 6 XU DFH 6 FLHQFH

/' % LVK DQG - ( 3RVW O RGHUQ 3RZ GHU' LIIUDFWRQ 5 HYLHZ VLQ 0 LQHUDCRJ\ 9 RO
LQHUDCRJ LFDO6 RFLHW RI $ P HULFD : DVKLQIJWQ ' &

$ < RXQJ (G 7 KH 5 LHWHOG 0 HWKRG ,QWUQDWRQDO8 QLRQ RI & U\ VWOORJ UDS K\
[ TRUG 8 QLYHUVLW 3 UHVV

3 . XJ DQG/ ( $ CH[ DQGHU ; 5 D\ ' LIIUDFWRQ 3 URFHGXUHV -RKQ : LOH\ 6 RQV

% RQGDUY 6 * LHUGRWD DQG % 3 DORV] 0 DWULDOV 6 FLHQFH ) RUXP

3 LHOV] HN 6 * LHUCRWD 6 6 WHOP DNK ( * U DQND DQG % 3 DXRV] 3 URFHHGLQJV RI WH
+ LJK 3 UHVVXUH 6 FKRRORQ & KHP LVWAN % LRORJ\ O DWULDOV 6 FLHQFH DQG 7 HFKQLT XHV
DUVDZ -XQH ' HIHFWDQG ' LIIXVLRQ ) RUXP LQ SUHVV

& RP EH 3 -HQVHQ DQG $ 3 LP SLQHOL 3 K\ VLFDOS5 HYLHZ / HWHUV

5 )LWVLP P RQV - $ ( DVW DQ 0 0 XHOHU 6 WFK DQG * : DOOQHU 3 K\ VLFDO5 HY LHZ

/ RHITCHUDQG - : HLVVP XHOHU 3 K\ VLFDO5 HYLHZ %
=KX 5 %LUULQJHU 8 + HUU DQG + * CHLWHU 3 K\ VLFDO5 HYLHZ %

-/ %LOOQJHDQG O ) 7 KRUSH / RFDO6 WXFWUH IURP ' LIIUDFWRQ 3 CHQXP 3 UHVV
HZ < RUN DQG / RQGRQ

K 3 URIIHQ DQG 6 - / % LOAQJH - $ SSAHG & U\ VWOORJ UDS K\



