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Abstract

Radio-loud active galactic nuclei (RLAGN) produce jets on large scales heating their local environ-
ments and preventing the hot phase of baryonic matter from cooling hence slowing or halting galaxy
formation and evolution; a model popularly known as AGN feedback. To understand this model, new
views of low-luminosity compact RLAGN inhabiting massive galaxies have been obtained using the new
LOw Frequency ARray (LOFAR) northern-sky radio survey LoTSS (LOFAR Two Metre Sky Survey)
to study RLAGN in the local Universe at low frequencies (150 MHz). In this thesis, I investigate low-
luminosity compact RLAGN selected from LoTSS first Data Release (DR1) in an attempt to reveal their
radio morphologies and the physical scales at which they affect the inter-galactic medium (IGM) of the
host galaxy on sub-kpc scales. We have conservatively selected 55 low-luminosity compact RLAGN
based on LoTSS DRI within redshift range 0:03 < z < 0:1. I show using high-frequency Jansky
Very Large Array (VLA) observations that only 9 out of 55 objects show extended radio emission (1 3
kpc), 43 are compact at the limiting angular resolution of 0.35 arcsec (corresponding to projected max-
imum physical sizes of < 1 kpc), while 3 are undetected. The extended objects display a wide range
of radio morphologies on smaller angular scales: doubles (3), two-sided jets (3), one-sided jets (2), and
complex (1). I discuss their radio spectra which range from steep to flat and/or inverted radio spectra
( 1:31 < < 0:36) and span the range seen in various compact RLAGN such as compact symmetric
objects (CSOs), compact steep spectrum (CSS) sources, and gigahertz peaked-spectrum (GPS) sources.
Assuming synchrotron self-absorption (SSA) models for flat and/or inverted radio spectrum sources, I
predict the physical sizes of 35 RLAGN to be between 2 53 pc. On their position on the power-linear
size (P D) diagram, we see that these objects populate the bottom left lower-end of the diagram; this
position corresponds to the low-radio power CSOs. Finally, I compare their radio properties with those
of the Fanaroff-Riley class 0 (‘FRO”) sources. Interestingly, some of the compact RLAGN presented in
this thesis show extended radio emission in the second Data Release (DR2) images; these appear to be
in fact the radio cores of low-luminosity yet extended Fanaroff-Riley (FRI/FRII) sources that could pop-
ulate the right-lower end of the P D diagram, limited by LOFAR’s surface brightness. Could we be
underestimating the sizes of some of these compact objects? Continued VLBI observations of LOFAR

sources could help us answer this question, which in turn will help us further understand AGN feedback.
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/[LVW RI)LIXUHYV

$Q $*1 VFKHPBWUFEQG 3IDGRYOQKOLIJKWLQJ PDMRU FRPSRQH
GLIITHUHQW FODVVHV RI $*1VIROORZLQJ XQLILFDWLRQ 7KHGL
,PDJHVH[DPSOHV RIUDGLRJDOD[LHV 7KHWREBWOIHOV UHSUF
VRXUFH & ZKUQBIKRQE&N KHVKH )5,, VRXUFH OHU®&/G&®OH SDQHOV
WKH ZLGH DQJOH WD LOWRWIUEH D QMGKRIGKWREB WDLO QDUUR
DQJOH VRXUFH 7KH ERWWIRWP & D Q MVAXK\WH RRXVEIOH GRXEOH VRXUF
R Q WHHIKW & WKHFRUH UHVWDUWLQJ VRXUFH :HOO FROOL
& & DQG & ZKLOH & & DQG & VKRZ VWURQJ E
KRWVSRWYV 7KLV)LIXYBHUGADWIORWDRAG BURPYWRQ
7TKHWZR HOHPHQW LOQOWHUIHURPHWHU VFKHPDWLF GLDJUDP
7D\ORU HW DO
/12)$5 VWDWLRQV DFURSV¥MX2IRSH &UHGLW
7KH< VKDSHG 9/$ DQWHQQDV DUH SODFHG RQUDLOV WR DFFRF
UDWLRQV L H $ % & RU'FR$RIXUDWLRQV &UHGLW

$IORZ FKDUW VXPPDULVLQJ GDWD UHGXFWLRQ DQG FDOLEUD
&KDSWHUL1B$2HGLW

7KHILQDO 5/$*1 VAHDOUHIFVDN GABDHOHRE IDQDI D :,6( $*1 6) VHSD
UDWLRQ WHFKQLTXHEDVHGRQ :,6( FRORXUV *UHHQ SRLQWV V
RYHUODLG ZLWK WKH SRVLWLRQ RI 5/$*1 VXB WDPWBICEH RQGHU V
WKHFRQVWUXFWLRQRIWKH/2)$5VXE VDPSOH :,6($% PDJQLYV
WR O9HJD PDJQLWXGHY 7KHOLQH EODFN ERXQGDU\LQGLFDWHE
GRPLQDWHLQ :,6( FRORXUV 1RWH WKDW VRPH RI WKH VRXUFH
SDUWLFXODUO\LQ WKH :,6(: EDQG 7KLV GRHV QRW DIIHFW W
VRXUFHV DV WKH VHW OLPLWYV FDQ QRW EH DUELWUDULO\ ORZ
VRXUFHV DUH H[SHFWHG WR EH IXUWKHU DZD\WR WKH OHIW VL
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7DEOH RI &RQWHQWV

JLIXUH LV H[WaIDEFDWH-GIIKHIRPDRO ORZYV WKH $*1 6) VHSDUDWLRQ
PHW E\ WKH 5/$*1 VWXGLH® & WEHD WKHPVOIY & HF R/ UY B IOW
$*1 6) PHWKRG SUWWN@WWEEN KXV WKHL & Y¥9® DQG
WREFDOGZLQ HWHIPQVVLRQ OLQH UD W, &R Y\H K R % RMKW R P 2
SDQHO IURP OWHWSMHREWLYK\W \ LERPBDJLHORXPRORVLWLHY DQG
WKH :,6( FRORXU FRIORXWPR&HO
$ KLVWRJUDP GLVWULEXWLRQ®kYSHWEWURVFRSLF UHGVKLIWYV
7RSWKUHH SDQHOVDUH9/$LPDJHVIRUQRQ GHWHFWHG REMH
WKH FHQWUDO SRVLWLRQ ZKHUH UDGLR HPLVVLRQ LV GHWHF!
SDQHOV 7KH SK\WVLFDO VL]HV LQ NSF VKRZQ LQ /R766'5 LP
HVWLPDWHG IURP WZLFH WKH GHFRQYROYHG VL]H SOXV WKUH}
'5 LPDJHVDQG FRQWRXUPDSV DUH DW O} ¥ K8 kv
;, ;DQG -\ IURPOHIWWRULJKW UHVSHFWLYHO\
9/$ LPDJHV IRU FRPSDFW 5/$*1 RYHUODLG ZLWK 9/$ *+] FRQWF
DW OHYHOV > upZ KHWH@Y SUHVHQWHGRIQ HDEIOH
REMHFW 7KH5$DQG'(& FRYHUHG E\HDFKREMHFWDUH VKRZQ |
LVVKRZQLQWKHERWWRPOHIWFRUQHU JUHHQHOOLSVHV 6k
HVWLPDWHG IURP WZLFH WKH GHFRQYROYHG VL]H 7KHVFDOH
9/$LPDJHVRYHUODLG ZLWK 9/$ *+]FRQWRXUPDSV PDJHQWD
@pZKHWHLY SUHVHQW HRIWQHMFKOREE MHFW 7KH5$DQG '(
FRYHUHG E\HDFK REMHFW DUH VKRZQ RQ WKH D[HV 6ROLG OL
ZKHUHDV GDVKHG OLQHV FRUUHV SRIQREZ\W R Q WICHMERW W R B\
OHIW FRUQHU JUHHQ HOOLSVHV IRUHDFKREMHFW LV WKH 9/%
NSF DUHVKRZQLQ WKHERWWRPULJKWFRUQHU WKHVFDOHE
LV OHIW
$ KLVWRJUDP GLVWULEXWLRQ RI VSHFWUDO LQGLFHV FRPSXV
DW 0+]DQG *+]UHVSHFWLYHO\ 6KRZLQJLQUHGLV WKHGL
H[WHQGHGHPLVVLRQ ZKLOHWKHJUHHQ GLVWULEXWLRQ LV IRL
6000 ', : ;DQG: DUHXSSHUOLPLWVIRUVRXUFHV QRW GHW
6HF
7KH GLVWULEXWLRQ Rl WRWDO SURMHFWHG VL]HV DJDLQVW
RSHQ FLUFOHV DUHH[WHQGHG REMHFWY ZKLOHLQ EOXH DUH
REMHFWY DUHPD[LPXP OHQJWKV ZKLOHWKH VL]HV RIFRPSDFW
OLPLWV WKH HUURU EDUV LQ FRPSDFW VRXUFHV DUH DOVR V
ZHUH REWDLQ,HGHXWHB WKDW IODW LQYHUWHG VSHFWUDO LQG
FRPSDFW VRXUFHV
'LVWULEXWLRQRIVRXUFH SUHGLFWHG SK\VLFDO VL]HV OHIW
WLWLRQPDJQHWLFILHOGY ULJKW SDQHO LQ 7HVOD DVVXPLC



ILVW R1)LIXUHV LI

$ SRZHU OLQHDU VL]H GLDJUDP RI WKH 5/$*1 VDPSOH FRQ\
RKFDUGFDVWOHMNWAELY FXVVHGRYHMHODLG ZLWK D /2)$5 VXE VDP!
UHVROYHG E\ WKH 9/$ DW VXE DUFVHF UHVROXWLRQ 7KHUH D
DUH XQUHVROYHG EOXH DQG VRXUFHV WKDW DUH UHVRO)
SRLQWV VKRZ WKRVH REMHFWYV WKDW DSSHDU H[WHQGHG L
SRLQWYV VKRZFRPSDFW REMHFWV DW 9/$V *+] 7KH OLQHD
)$5 VRXUFHV DUH GHWHUPLQHG IURP WKH XSSHU OLPLWV RI W
WKH DVVRFLDWHG HUURU )RU WKH 9/$ FRPSDFW REMHFWV Wi
WKH VL]HRIWKHGHFRQYROYHG PDMRUD[LV &RORXUV DUHDG
YLVLEOH )ROORZLQJ TXDOLWDWGFHVDN)DHD MK B @ HLJ1R GIBCE \
OLQHLQEOXHVKRZVWKHDUHD ZKHUHUDGLR VRXUFHV DUH XQ
IDFHEULJKWQHVV OLPQVWIMWURHBWUHMWGREB EVGDVKHG OLQHYV
WUDFNY=YW®RXY: IURP ERWWRP WR WRS 7KH\HVARMXUUHEMULYHG |
LQ DJDOD[\JURXMsgHLDHG®M\ DQ@G=1 NH®*DUGFDVWOH

E
&RPSDULVRQ LQ WKH VSHFWUDO DO LG WWIDBLEXWDRRGQ EHW Z
WKH5/$*1 SUHVHQWHG LQ WKLV ZRUN *UHHQELQVVKRZWKHUL
ZKROH VDPSOH SUHVHQWHG LQ WKLV WKHVLVY RYHUODLG ZLWK
VSHFWIDDRIDEW BABDVXUHG DW  DQG  *+]9/$IUHTXHQFLHV
UHSUHVHQW WKH U DEL®ROALSHE\WVIRGDS IGRH PAHKOH/ XUHG EHWZHHQ

*+] 9/$ IUHTXHQFLHV 7KH VROLG PDJHQWD OLQH WKH EODF
GRWWHG OLQH VKRZ VSHFWUD QGY°GG 19:pP LD Q:¥DOXHV WKDW
DQ@&= 038UHVSHFWLYHO\IRURXU5/$*1DQG )5 V
$ VSHFWUDO LQGH[ GLVWULEXWLRQ FRPSDULVRQ EHWZHHQ R
SLHUFH+{5% BRPSDFW VDPSOH 7KHPDJHQWD VROLG OLQH VKR2
LQGH[ IRU RXU REXPHU YO8/ ZRKQWH WKH EODFN GDVKHG OLQH D
GRWWHG OLQH UHSUHVHQW W K3 AH & HBMRP\EEDH W bl Y S HLIRQWE HY RO
2= 099DQERY= 075

/IR766 '5 LPDJHV RYHUODLG ZLWK 0+] UDGLR FRQWRXU PDS
OHYHOV DUH DW > upv TRS WZKOSDQHOV IURP OHIW WR
upry . DQG -\UHVSHFWLYHO\ OLGGOH SH»pQHOVDWQREP O HIW W
UHVSHFWLYHO\ %RWWRP SQRIHOV IDRB:OHIWWHR SIHB KW
WLYHO\ 7KH5%$DQG '(& FRYHUHG E\HDFK REMHFW DUH VKRZC
UHSUHVHQW SRVLWIKLH HREDVRKXGVOLQHY UHSUHVHQW QHJDW
7TKH/2)$5 EHDP EOXHHOOLSVHV LV GLVSOD\HGLQ WKHERWW
1RUWKLVY XSDQGHDVWLVOHIW 1RWHWKDW WKHVRXUFH ,/7-
WKLV SDSHUYVDQDO\WLVDVGLVFXVVHGLQWKHWH[W 7KHDUL
WKDWDUHRILQWHUHVW DVVRFLDWHG ZLWK D MHW 7KHPHDV\
IRUFHQWUDO VWUXFWXUHV RQO\



ILVW RI 7DEOHYV

B8QLILFDWLRQ PRGHO IRU 54pUGSOVBWH® QURKURVWRQ

%DVLFLQIRUPDWLRQDERXWWKH 5/$*1FDQGLGDWHY VHOHF)
XODWLRQDW 0+] 7KHILUVW FROXPQVKRZVWKHIX00/2)$5V
ZLWK DEEUHYLDWLRQV VKRZQLQEUDFNHWV IRULQ WH[W GLVF
UDQJHG LQ RUGHU RILQFUHDVLQJULJKWDVFHQVLRQ 5%
'HWDLOV RIWKH 9/$ GDWD DFURVVWKHWZRREVHUYLQJHSRFK
QXPEHURIDQWHQQDVDQG WKHQXPEHURIFKDQQHOV XVHG G X
9/$ FDOLEUDWRU VRXUFHV

,PDJLQJVXPPDU\ ,DGMXVWHG WKHLPDJHVL]HWRDFFRXQW I
JDWH DUWHIDFWV LQ WKHILQDO LPDJHV GXULQJVHOI FDOLEU
)LQDO LPDJH EDWHJRU\

JRUW\ WKUHH 9/$ FRPSDFW REMHFW® G O0HPY. RRMWWDBW QG L Ft
DUH FRPSXWHG XVLQJ WKH LQIRUPIDWHRQ S WRVHQWEQG G ABER
YROYHG VRXUFH SDUDPHWHUVY GHWHUPLQHG DW ):+0 DUH DOV
WKH REMHFWY DUHHVWLPDWHG IURP WZLFH WKH VL]H RI WKH G
1LQH 9/$ HIWHQGHG REMHFWYV 7KH VL]HV DUFVHF RIWKH H[W
PDWHG3DWRMQKMHR XU ERXQGDU\ 7KHOLQHDUVL]HV NSF DUH FRI
LQIRUPDWLRQ SUHV KQ8HBAXHADEDHH HVWLPDWHG IURP D UHJ
HPLVVLRQ DQG FORVHU WR WKH VRXUFH LQ WKH *+]9/$LPDJH)



ILVW RI 7TDEOHV [L

SBURSHUW\ HVWLPDWHYV RI FRPSDFW 5/$*1 DVVXPLQJ 66% 7KH I
/12)$5 VRXUFH QDPH FROXPQ VKRZV WKH PHDY$BHIROLQHDU
FRPSDULVRQ ZLWK WKH SUHGLFWHG 66%$ PD[LPXP OLQHDU VL]H
WLPDWHV RI WKH VL]H RI WKH REMHFW DVVXPLQJDQ HOOLSVRL
RIWKHVRXUFHV PDIQHWLFILHOGY LQ 7HVO®ORGKRBQYHG DW *
LQGLFDWHYVY WKHHOHFWURQ QXPEHU GHQVLW\ DQG FROXPQ
HVWLPDWHY LQ SF FRPSXWHG XVLQJYDOXHV LQFROXPQ DQ
LQ7DEOKROXPQ SUHVHQWV HVWLPDWHV RI WKHDEVRUSWLR(
DW 0+] DQGWKHILQDO FROXPQ VKRZV WKHREMHFW{V GHSV



&KDSWHU

QWURGXFWLROQ

ORWLYDWLRQ

6LQFH WKH HPHUJHQFH RI UDWGER@MVODRIPRPWUIDGWKREVHUYDWLRQ
UHYHDOHG D ODUJH QXPEHU RI SUHYLRXVO\ XQNQRZQ SKHQRPHQD
FHOHVWLDO REMHFWV VXFK DV $FWLYH *DODFWLF 1XFOHL $*1V UH
YLVLEOH DW DQ\ RWKBHVEBYMREELINFK WKIH GLVFRYHU\ Rl WKH PRV\
RI$*1V EM\IHUW $*1V KDYH EHHQ IRXQG WR EH DPRQJWKH PRVW SR.
VHUYDEOH XQLYHUVBOD[WHKY HPLWWLQJ H[WUHPHO\ LBNWWHHQUAHRIL J K
+RHW DO.UROLN RYHU SRUWLRQV RI WKH HOHFWURPDJQHWLF V
LV GULYHQ E\LQ IDOOLQJ PDWHULDO RQWR DWRGHN 'PDDYWWHRE ODF
HWDO FHQWUH ,Q WHUPV RIWKHLUUDGLR SURSHUWLHV $*1V FDQ
5/$*1 RUUDGLR TXLHW $*1% HM$0PDE HWHIDIOHUPDQQ H W KHD
REVHUYHG GLVWLQFWLRQ EHWZHHQ WKH WZR VXEVHWYV RI $*1 SRSX
QRVLWLHV MHWYV DQG WKH OREHV WKH\LQIODWH 5/$*1 SURGXFH W
SURGXFWLRQ RI MHWV DQG OREHV LQ 54$*1 LV QRUPDOOR @ RR)GIKW
&ROEHUWLQ HW DO3DQHVVD HW D®H UDGLR HPLVVLRQ IURP WKHVH |
FROOHFWLYHO\UDGLR JDOD[LHV EOD]DUV DQG UDGLRY%ORIXG TXDV
ELGJH 7KHUDGLRPRUSKRORJ\RIWKHHPLVVLRQLVPRVWO\GHWH
WKHHQYLURQPHQWV LQ ZKLFK WKH\ SURSDJDWH H[WHQGLQJRYHU V
VRPHWLPHV SURSDJDWLQJWRPXFKODUJHUGLVWDQFHV EH\RQG WK
VFDOHM QGHOLV HW DKOOVHOOLQL BIDFEOOVNL HWOKRDL]H HW DO

7TKHILUVW REVHUYDWLRQ RI HP&XVWR Y YHYWXKG WKERIZID\RR D MW Q V L



7KLV WKHVLV

LHV RI5/$*17V MHWV DQG WKH HITHFWV WKH\ KDYH RQ WKHLU HQYLU
L. > +] DUHFRQVLGHUHG NH\WR XQGHUVWDQGLQJPDQ\DVW
WKHLU UROH LQ WKH HSRMPKQRH W IDIORDV. VDWW LHRQ BRVFK 5DPRQ
XQGHUVWDQGLQJWKH SK\VLFV BoW DMKGIVF B QW § 8 IRFIDEE® BoUwW H VAW
LQJPRGHOV RI JHQH YOODQH0RWGE D IOVWE\9 B AMBPQHQ HXQ@G®HUVWDQGLQ
WKHLQWHU JDODFWLFPHGLXP ,%0DIUQIWRE BRQGOSMREY 8 U WH HHQD W .
RI GDUN P DWRMWHFWK WHLQ HWHDODQL HWDQG PRVW LPSRUWDQW WR R X
WKH XQGHUVWDQGLQJRIWKHVR FDOOHG $*1 IHHGEDFN )HHGEDFN
JDOD[\IRUPDWLRQ D@G RW R Q XWJLIREY. DHQ +* DUGFDVWOH D Q @D&URVWR (
WKH\DUHWKRXJKW WR SURYLGHWKHHQHUJ\UHTXLUHG WR VWRS RL
WKHLU ORFDO HQYLURQPHQWY WKXV SUHYHQWLQJWKH FRROLQJRI

7R WHVW $*1 IHHGEDFN PRGHOV D FOHDU XQGHUVWDQGLQJ RI 5/$*
SRSXODWLRQV GRZQWR ORZIOX[GHQVLW\SRSXODWLRQV DV ZHOO L
7KHLQYHQWLRQRIKLJK UHVROXWLRQ KLJKO\VHQVLWLYH WHOHVF
9/$ DQG WKH /2Z )UHTXHQF\SBQUDB\DD2)S5P HALOO SOD\ D FUXFLDO U
VWXG\LQJIDLQW 5/$*1 1HZ YLHZV RI5/$*1 SRSXODWLRQV DUH H[SHF
VXFK DV WKH OHHU.$7 ,QWHUQDWLRQDO *+] 7LHUHG ([WUDUYRO®DFW L
HW DO WKH 9HU\/DUJH $UUD\6NYBRODPHURDEBEHUQIQGH] DQG $QG
DQGWKH/2)$5VXUYH\RIWKH 1RUWKHUQ VN\ WKH /@f$ P ZHR ® HW DD 6

/JR766 FXUUHQWO\WKH UDGLR VXUYH\ ZLWK WKH ODUJHVW QX
VHQVLWLYLW\DQG KLJK UHVROXWLRQ LPDJLQJ RI H{WUDJDODFWLF
DQG 5/$*1 /2)$57V QHZ JHQHUDWLRQ FDSDELOLWLHV KDYH DOORZH(
DWPXFK ORZHU IUHTXHQFLHV SURYLGLQJDKLJK SRSXODWLRQRIO

7KLV WKHVLV

,Q WKLY WKHVLV P\PDLQ IRFXV LV WKH VWXG\ RI ORZ OXPLQRVLW\
/2)$5 $*1 SRSXODWLRQ

,Q &KDSWHHYLHZ WKH JHQHUDO OLWHUDWXUH RQ $*1V DQG GLVFX\
DVSHFWV UHOHYDQW WR WKH VXEIMHFROFBIW QYHGE ZZ KMKUWRNM B K D/&KW
UHGXFWLRQDQG FDOLEUDWLRQ RIWKH 9/$ GDWD XVHG LQ WKH WKH?

, LQYHVWLIDWHBRZKODSPLKQ)RVLW\ FRPSDFW 5/$*1 VHOHFWHG IURP WK
EDVHG RQ/R766'5 XVLQJ9/$ REVHUYDWLRQV DQG GLVFXVV WKHLU
5/$*1 VXFK DV &62 *36 &66 DQG )5 VRXUFHV

,Q &KDSWEUVFXVV 9/$ REMHFWV VKRZLQJ H[WHQGHG UDGLR HPLVVL
QHFHVVDU\FRQFOXVLRQVLQ WKHILQDO &KDSWHU DQG SODQ IROOR



7KLV WKHVLV

TKURXJIKRXW WKLV WKHVEV FRDFR®ORMEDHOGPIRGHO ZLWK FRVPROR
Ho =70 NPVOSF 1710=03 (¢ =07 7KH GHILQLWLRQ RI WKHUDGLR VSH|
S/



&KDSWHU

/[KHOLWHUDWXUH

$FWLYHJDOD[LHV

7KH REVHUYDEOH XQLYHUVH LY SRSXODWHG E\SRZHUIXO OXPLQRX
$*1V 7KHVHREMHFWVY GRPLQDWHWKHHOHFWURPDJQHWLF (0 VSHF
E\WKHLU HPLVVLRQ IURP WKHLU FHQWUDO FRPSDFW UHJLRQV D TX
WKHP H{IWHQVLYHO\ LQ PXOWL ZDYHOHQJWK REVHUYDWLRQV H J
3HWHUVR®HXFKHUW7KH\ DUH PDLQO\ GULYHQ E\ DFFUHWLRQ RQWR
PRUH WKDQ D PLOOLRQ WLPHV KRIO®W MHHW WIXQ.L DRXG /6.X8 WHH U VR Q

6XUURXQGLQJ WKH 60%+ LV DQ DFFUHWLRQ GLVN DQG SHUSHQ
SODVPD FDQ IRUP RQ HLWKHU VLGH LQ WKH S %iD\DHEA R IRG HWWUIRGD J P
7KHVH UHODWLYLVWLF SODVPD RXW | QIRIDA)\G FID @ KSOMVR S D HDFVRHP PIRWD OK
JDOD[LHV WKH\%QEQELRW & HWRZHYHU GXH WR VXUIDFH EULJKWQH
DVPDOO QXPERIWDOD[LHY DUH FODVVLILHG DV $*1V ZKHUHDV WKH L
DUH FODVVLILHG BR HQ\RDEGBOWHUYRQVKH WRWDO HPLWWHG HQHUJ
JDOD[LHV HPDQDWHV IURPLQGLYLGXDO VWDUV DQG FDQ EHREVHUY
UDQJH2HPDOHU %HVLGHV KLJKOXPLQRVLWLHVRYHUDZLGHUDQUJH T
FDQ EH KLJKO\ YDOX\LIDEWHN\BQULFK HW BQ ODUJH WLPH VFDOHV GRZ
WLPH VFDOHV L H IURP\HDUV WR KRXUV ZKLFK SURYHV WKH IDFW !
UHJLRQWROLN 3HWHUVRQ

,Q WKHUDGLRUDQJHDQG DVPHYWDR EHGLY REPSWHWR 5/$*1 DQG 5
%HJHOPDQ HWHD®HUPDQQ HPMDOHDRWS$*1V DUH 5/$*1 DQG DUH DVVRF
ZLWK WKH SURGXFWLRQ RI MHWV RQ ODUJHU VEFDOHV >IURP SDUVHF
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RI$*1VDUH54$*1 WKHSURGXFWLRQRIMHWY LQ WKHVHREMHF
H JHOOHUPDQQ HW DO+HUH LW LV LPSRUWDQW WR FODVVLI\5/$*1 L
GHILQH LW LQ WHUPV RI WKHDOBIGE PR Q@ XGIHYNUA DGR MW 6 BU WK H
UDWLR LQ OXPLQRVLWLVL VLR GILE WHORISFWILFDG /$*1 RYHU 54$*1 )RU
5/$*1 DUH WKRXJKWWARHEWEULJKWHU LQ WHUPWRRJ WKHLU UDGLR HF
WKDQ 548*1 ZKLOH WKH ERXQGDU\ EHWZHHQ WKH WZR VRXUF
. HOOHUPDQQ HUDMSOHV RI5/$*1 LQFOXGH UDGLR JDOD[LHV EOD]D
ZKLOH54$*1 DUHPRVWO\6H\IHUWY VRPHTXDVDUV UDGLR TXLHW
UHJLRQV /,1(5V )RU UHFHQW UHYLHEWNRRDWKHNGRIEWVWM EFWV VHH H .

,Q WKLY WKHVLVY KRZHYHU WKH GHILQLW LR QWU B MWL LEEWRIXGUNRE S
DQ H[FHVV RIUDGLR HPLVVLRQ RYHU ZKDW ZRXOG EH H[SHFWHG RQ \
DORQH MKRZVDQ $*1 VFKHPDWLFDQG VRPHRIWKHIHDWXUHV VKR Z
LQZKLFK$*1VFDQEHSODFHG PDLQO\EDVHG RQ W&HN D GG I'lHICHOWH

,Q SULQFLSOH WKH WW\SHBIRB$*QGFWRPWZAHH DQIJOH RI YLHZ H J
GRZQRQ WKHMHW ZLWK EOD]DUV WKH SURGXFWLRQRIVLJQLILFDQ
H %$ODQGIRUG DQGRHMY 5RELQWEBGHXHU DQG 5H DEIXWHW GH O
$QWRQXFFLDQGOLOOHU

,QWKHQH[WVXEVHFWLRQ ,GLVFXVVVRPH$*1FODVVHVUHOHYDQW
, EULHIO\GHVFULEH WKH $*1 XQLILFDWLRQ VFKHPHLQ UHIHUHQFH W

&ODVVHYV

OXOWL ZDYHOHQIJWKREVHUYDWLRQVKDYHFRQWULEXWHG VLJQLILF
RI$*1VDVDZKROH 7KLVLVSDUWO\GXHWRWKHWKHUPDODQG QRQ
LODWH WKH HOHFWURPBHQHORB ¥ SG PMWMKUX K HFWLRQ , VXPPDULVH
FODVVHVL H 6H\IHUWV EOD]DUV TXDVDUV /,1(5V DQG UDGLR JD(
GLVWLQFWLRQLQ$*1FODVVHVLVXQFOHDUDQGWKHLUFDWHJRULH
SDUWLFXODUO\LQ WKHRSWLFDODQG UDGLR UHJLPHV VXFK DV WK
$ZLGHU UHYLHZRI $*1 FODVVHV LVWRIOMHNQDEAGI'RW BHPIMBEBEFDVWOH
DQG &URVWRIQXYHDQ HIFHOOHQW VXPPDU\RI5/$*1

6H\IHUW JDODJ[LHV

6H\IHUWV DUH WKH PRVW FRPPRQ W\SH RI $*BWH\ MKWHW ZHQUGHMVKBYW GL
VWURQJRSWLFDOHPLVVLRQOLQHYVY 7KH\QRUPDOO\OLYHLQVSLUD
VWURQJHPLVVLRQOLQHV ZKLFKHPDQDWHIURP WKHQXFOHXV +RZ}
FODVVLI\WKHP XVLQJ; UBbLREN HWYDOWHRWOYDHH WZR W\SHV RI 6H\IH!
W\SH DQG W\SH 6H\IHUW V KDYH EURDG RSWLFDO HPLVVLRQ OLC
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JLIXUH$Q $*1 VFKHPBWUFEQG 3DGRXRQKOLIJKWLQJPDMRU FRPSRQHQWV RIGLIITHUHQW FODV\
WLRQ 7KHGLDJUDP LV QRWWRVFDOH

HPLVVLRQ OKQHKLNLDQ DQG :HHPBPPUIMKHU GLVWLQFWLRQV EHWZHH
JDOD[LHV FDQ DOVR EHDVVRFLDWHG ZLWK WKHLU FRQWLQXXP HPL\
VLVVWURQJHU WKDQDQ BHOIFHUVEMFYWQAWINWXGLHY KDYH KRZHYHU
FRQWLQXXP HPLWWLQJ UHJLRQ IRUW\SH 6H\IHUWV LV VPDOOHU L
H AHOVRQ HWXD®DNDQ HW DO

'LWK WKH H[FHSWLRQRIDIHZJDOD[LHV 6H\IHUWV DUH PRVWO\ FOL
SRSXODWLRQV RI 6H\IHUW JDOD[LHV HILVW DQG EHORZ , EULHIO\ O
WKHLU VXEFODVV UDGLR ORXG QDUURZ OLQH 6H\IHUW V 5/ 1/6 V

¥1/6 V WKLVLVDVXEFODVV RIG6H\IHUW VZKLFKVKRZ3:QDUURZHU
6H\IHUZW WHUEURFNDQGBKHUB EODFN KROHPDVVHV DUHORZDQ
WLRQ UDWHV FORVH WR WK H QGG. RPRVROQ DLWAMNQ HWIK HW D O
2VWHUEURFN DQGUERRQBHWKDW WKH EDVLF IHDWXUHV RI11/6 VDU
WKHLU %DOPHU OIUGHHEWH BGIRZWDWR:+0/ KHLU LQWHQVLW\OLQH UD\

)XOO :LGWK DW +DOI OD[LPXP
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>2.@ DQGEVVPDOOHUWKDQWKHORZHUOLPLWRI DQG WKH\ VI
OLQHW>WHKDQ W\SLFDO 6H\IHUW W\SH JDOD[LHV ,Q DGGLWLRQ
VWHHSHU VRIWDQG KDUG ; WIS WS KB ® JQRURDEL FAHEHUW V

H %ROOHU HWDDQGW HWTKH\DUH DOVR FRQVLGHUHG WR EH D V"
$*1V DW WKHLU HDUO\ HYROXWLRQDU\ VWD JBDLMKRRP SIRULVRQ W
DQH[WHQVLYHUHYLHZREE8HREB ARYROAHHN DQ WKHLU UHFHQW V\
KDYHIRXQGRVKDONVY DUH 5/$*1 DEULHIGLVFXVVLRQLVJILYHQ EHC

¥5/ 1/6 V WKHVH SRVVHVV WKH VDPH IHDW XdXHD\QDAWSLDBYHH J EO
DOVR6HFWLRQOD VXPPDU\RQ EOD]DUV EXW VKRAQRWHI %+ PDVV
7KHPDLQGLIIHUHQFHIURP 5/$*1 LV WKDW5/ 1/6 VDUH W\SLFDOC(
SURMHFWHG VLIHV HI WHQR®RLMHMKBW R/ KHNSHFS BIREBHUWLHYV DUH FF
WKRVHVHHQLQ &62 &66 NMAAE 6HFVRIWFKIWGHVFULSWLRQ RI WKt

%OD]DUV

7KHVH REMHFWV DUH FKDUDFWHULVHG E\VWURQJFRQWLQXXP HPL\
JDPPD UDWKBIQU HW DEDQL HW DO$V VKRZQ LQWKIH UDGLR HPLVVLRQ
EOD]DUV LV VWURQJO\RULHQWHG DW VPDOO DQJOHV WRZDUGV WKH
HPLVVLRQ GLVSOD\YDULRXVDDGOR PIRUS®ROR W \W V HWD®J WKHL U
RSWLFDO HPLVVLRQ OLQHV HTXLYDOHQW ZLGWKV %OD]DUV OLNH
,Q WKHFDVH ZKHUH EOD]DUV GLVSOD\ ZHDN RU @R/BRE MWIER\Q/OD QMK
WKH $*1 %/ /DFHBW®RYBQL DQG *LRRZIHYHU LQ WKH FDVH ZKHUH EU
OLQHV DUH SUHVHQWO EWDJBHNWUXPABBDEFGTIKD@VYRKDYH EOD]DUV
FODV\RSGVD¥DOO\ YLRDIHYW YRHY B BUMVEOD]DUV ZLWK KIRIKDROS WL F D
,ULVKQD HW*DEU HW DO:H FDQ XQLI\VRPH VXEFODVVHV RIEOD]DUV Z
'LRQJHW DO$ FRQFLVH KLVWRULFDO FREW R PADIQGIE Y 8 QFEXPH. G W
9LVYDQDWKD@EH DQG *XQQ

4XDVDUV

4XDVL VWHOODU UD GARKWYR &WHYH RXQHVBIUWKH WZR ODUJHVW FODV!
6H\IHUWY 7KH\DUHWKHPRVW GLVWORXW DRWIDXFPERRXWEOBRXS RGH
UDGLR ORXG TXDVDUV 5/4V DQGUDGLR TXLHW TXDVDUV 544V /LN
RSWLFDO SURSHUWLHVDQG FDQEH VHSDUDWHG IURP RWKHU $*1 FO
6FKPLGWDQG *UHHQ
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/,1(5V

/,1(5V+HFNPDQ DUH ORZ UDGLR SRZHU $*1V 7KH\ VKRZ ZHDN QXFO
*RQ]iOH] ODUWtQBIQVGDRRYHU WKH ORZHU HQG RI WKH $*1 OXPLQRVLW
LQWKHUDGDRDIQXAPH SDUWO\GXHWR WKHLU ORZDEPLORVHMW Q ®
*LYHQ WKDW /,1(5V VKRZ QR RWKHU $*1 HPLVVLRQ SURSHUWLH'
RQ ZKHWKHU WKH\DUH LQ4BFWPIFQ RQ G BaM/B\DJUW GXH WR WKH IDFW
LV DQ RYH WDRZSH[IFWWDW LR Q/UD'¢¥LREDYDYLENFDXVH ERWK /,1(5V DQ
DUH FKDUDFWHULVHG E\ WKH SUHVHQFH RI ORZ LRQL]DWLRQ OLQH |
HPLVVLRQ OLQHV DW KLJK HIFLWDWLRQ OHYHOV /(5*V KRZHYHU D
VWURQJUDGLR HPLVVLRQ ZKHUHDV /,1(5V GLVSOD\ ZHDNRU RU QR
IRUUHYLHZV

5DGLRJDOD[LHV

5DGLR JDOD[LHV FDQ EH GLVWLQJXLVKHG RQ WKH EDVLV RI WKHLU F
HPLVVLRQ K H[FLWDWLR Q-UD'VLRKDOWRWMKHUY SUHVHQW ZHDN RU
OLQHV H J /(BRPPHQW RQ WKH /(5* +(5* GLFKRWRP\LQ 6HF

7KRVH WKDW GLVSOD\ VWURQJ OLQH HPLVVLRQ FDQ EH VXEGLYLGH
%/5*V DQG 1/5*V UHVSHFWLYHO\ 7KHLUUDGLR HPLVVLRQ FDQ H[W
7KH\VKDUH VLPLODU SURSHUWLHYV ZLWK UDGLR ORXG 6H\IHUWV W}
UDGLR JDOD[LHVW\SLFDOO\OLYHLQHOOLSWLFDOJDOD[LHVDVRSS
6H\IHUWV 7KH)DQDURII 5LOH\W\SH DQGW\SH )5,DQG)5,, UHVSHF
H[DPSOH RI UD G)IDRQ.DJARD [ IDHMNG 5V EBH\)LJRU H[DPSOHV RI)5, ,, REMHFV
FODVVLILFDWLRQRIUDGLRJDOD[LHVLQWR)5, )5,, WUDGLWLRQDOO
EULJKWQHVV 5HJDUGLQJ UDGLR PRUSKRORJ\ WKH UDWLR Rl WKH
LOQWHQVLW\WR WKH ZKROH HRLVV MRCH KO/RVDRW WEKIDIW GH.E \EL QJ XLV K
LR < 05 IRU )5,VRD>Q0® IRU )5,,V 7KH UDGLR VWUXFWXUH LQ )5,V LV GF
VLGHG MHWV GLVDSSHDULQJLQWRWKHLUVXUURXQGLQJV ZKLOH V'
DQG VXUURXQGHG E\WZR UDGLR OREHV FKDUDFWHULVH)5,,V ,Q Wi
EULJKWHQHG ZKLOH )5,,V DUH HGJH EULJKWHQHG 7KH REVHUYHG
)DQDURII 5LOH\LMDURX:QG +RZHYHU WKLV GLYLGLQJOLQHLV FR
DQRYHUODSRI)5, ,, REMHFWV KDV EHHQ REVHUYHG RQ*RBW® SDUW \
.ULVKQD DQG :DLWDR HW DO7KH )5, ,, GLFKRWRP\ LV IXUWKHU GLVFX\

6HH6HF DQG IRUDGLVFXVVLRQRQ/(5*V
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2ZWKHU UDGLR JDOD[\FODVVLILFDWLRQV

W LV DOVR ZRUWK FRPPHQWLQJ RQ RWKHU FODVVHV RI UID@LR JDOI
DQG /RQJIDIADVVH HW D®(5*V VKRZ VWURQJHPLVVLRQ OLQHV DQG DL
LQFOXGH TXDVDUV VHOHFWHG LQ WKHRSWLFDO DQGVKRZVLPLODL
VLRQ DVZHOODVLQFOXGHERWK %/5*VDQG 1/5*V ZLWK VLPLODU RS
6H\IHUW V DQG 6HDHQ@WHW HOJRZHYHU ZKDW LV VHHQ LQ /(5*V LV W
VWURQJFRQWLQXXP HPLVVLRQ /(5*V DUHPRVWO\)5,V DVLJQLILFI
SRUWHGDHGFDVWOH DQ®DRBBBRIOHW DOKH GLIITHUHQFHV LQ KLJK H
OLQHV H@ L@+(5*VDQG /(5*V KDYH EHHQ REVHUYHG LQ RSWLFDO ;
UHVSHFWEKHDEHUUH HWDIUGG FDVWOH HWBE6DVWOH H3HDDUGLQJ

DFFUHWLRQ RQWR WKHLU UHVSHFWLYH FHQWUDO 60%+V +(5*V VKR
VFDOHG DFFUHWLRQ UDWHYV KHQFH H\DW DIV L+YHFO\BHI BLAER. SIDWWL VER Q |
/(5*V DFFUHWH ZHOO EHORZ RIWKHLU (GGLQJWRQ VFDOHG DFFUH
5, ,QDGGLWLRQ WR WKHVH GLIIHUHQFHV /(6PV GERDBIMPURFKHU H
HW DO FRPSDUHG WR +(5*V )RU D ZL-SHWUGKFDYMHZHIHWD B GFDVW O H

+DUGFDVWOH DW@QBGOGFDVWOH DQG &URVWRQ

2WKHU LQWHUHVWLQJ FRPSDFW REMHFWYVY UHOHYDQW WR WKLV VW)
QRX® : +] DW *+] \HW FRPSDFW REMHFWYV DUH GHILQHG RQ WKF
VHH &KDBWFHUIRU D IXUWKHU GLVFXVVLRQ 7KH\VKRZD VSHFWUD
IUHTXHQFLHY L H *36V RUD SHDNDW PHIJDKHUW] 0+] IUHTXHQFL
SK\VLFDO VFDOHV HIWEHR RL6GBYXSQNMRURMHFWHG SK\VLFDO VFDOHV Z
XSWRDPD[LPNBRLQ SURMHFWHG SK\VLFDO VL]H &62V DUHPXFK VP]|
ZLWK SURMHFWHG PD[LPXP OLQHDU VLIHV RIRQO\D IHZ SF 7KHL
LGHD WKDW WKH\DUH WKHVPDOOHU YHUVLRQV RIH[WHQGHG REMHF
VWDIJHXKWRERUW %DMUDV]HZYRWD BINWFBIQW UHY[LHRZ\D QBH B LIN L D

$GGLWLRQDOO\ WKHUH KDV EHHQ DQ HPHUJHQFH RI XQUHVROYHG
8QLYHUVHDWORZIUHTXHQFLHY 7KHVHREMHFWV DUH VRPHWLPHV
IDFW WKDW WKH\ VKDUH VLPLODU IHDWXUHV ZLWK )5,V EXW ZLWKR
VRXUFHV $ GHWDLOHG UHYLHZ LYC5QGILY B Q @ & G 88 BGIRMIIHHDWPIS O H

DQDOGLHWDO $IXUWKHUGLVFXVVLRQRIWKHVHWRXUEBISWIHMID OV F

, QWKHDERYHVHFWLRQV ,KDYHGHVFULEHG YDULRXV FODVVHVRIS$
KRZWKHVH $*1 FODVVHV KDYHEHHQ XQLILHG XQGHU WKHVWDQGDU
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JLIXUH,PDJHVH[DPSOHV RIUDGLRJDOD[LHV 7KHOMBRWSRIB HQWVREKSBH V EQWIWNEH & B O\DRH/
WKH)5,, VRXUFH 00BMWD& SD@YHKOGVZLGH DQJOH WDILIXWNWRHU FH WRB RIPDMGKWDLO QDUURZ WDLO
7KH ERWWRP SDA@QHH@®/N& RQ WKH GRXEOH GRXEOHVIRWWFH ZWKOIHFRQMWKHVWDUWLQJ VRXUFH

MHWY FDQ EH VHHQ LQ & & DQG & ZKLOH & & DQG & VKRZ VWURQJEULJKW V
IURPDUGFDVWOHDQG &URVWRQ
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$*1 XQLILFDWLRQ SKHQRPHQRQ

,Q WKH SUHYLRXV VHFWLRQV , KDYH KLJKOLJKWHG KRZ $*1 FODVVL
REVHUYHG SURSHUWLHY $WWHPSWV WR X Qh ODNKGH R G DIQHEUFHMHW F
5RZDQ 5RELQWBRAHXHUDQG 5HMIKHDIGHRQGHU WKH FXUUHQW PRGH
KDV EHHQ DQ RQJRLQJ LVVXH 7KH SUHIHUUHG $*1 SKHQRPHQRORJ\
EODFNKROH DFFUHWLBQ\GRQONXBEBIUDGGIRZWBBIEHSQWRQXFFL
B8UU\DQG 3DGRYDKILLY IDYRXUHG LQWHUSUHWDWLRQLV ZKDWLVEHOL
DQG WKH KLJK OXPLQRVLW\IHDWXUHY REVHUYHG LQ VRPH $*1V

$ EULHI GLVFXVVLRQ RQ W K8IUXQ LD Q EDIDIGRRYEERGHOREY) WZR DVVXP SV
WKXV  WKH $*1VHPLWWLQJFRPSRQHQWV DQG WKH $*1V DQJO
IROORZV KHUH +RZHYHU LWLV YHU\LPSRUWDQW WR QRWH WKDW
$*1V ,FRPPHQW RQ WKLV DQG WKH LPSOLFDW LERIVIHBGXRQ W K@ ZR § NIV
H *DUGFDVWOHDQG &URVWRQ

$VLQ)LIJLWLVDVVXPHG WKDW DOO $*1V K& YHD FH JRMOWDVOHED % + R 1 P I
/LDQJDQG /LXHWHUVRQKLFK LV WKH VRXUFH RI WKH KLJK OXPLQRYV/|
WKLV KLJK OXPLQRVLW\ LY GXH WR WKH UHOHDVH RI WKH JUDYLWDW
BXUURXQGLQJWKH60%+ LV BOXIVER UHZLLFR © BIRMONW W RWDWHYV DURXQ
PDWHULDO LQ WKH DFFUHWLRQ GLVN DFFXPXODWHY DQG ORVHV LW
WKH 60%+ KHQFH SRZHULQJLW 7KHHQHUJ\DVVRFLDWHG ZLWK WK
WLRQ GLVN UHVXOWV LQ WKH HMHFWLRQ RI KLJKO\ FRO (RUP\DKMH G R X
60%+ SHUSHQGLFXODU WR WK DBPRUMHWL RIQYG DWNS RUWLQJ PDWHULD
WLFVSHHGV IURP WKH FHQWUDO UHJLRQV RI WKH 60%+ WR GLVWDQF
,QWKHUDGLRUHJLPH WKHLGHQWLILFDWLRQ FULWH MIHXR U WK H \
ELGJH RQ VXFK VFDOHV LV GXH WR W KWK ¥\ D\FKOWRLVRIQRRY S b RDHWLVY L
SDUWLFOHV HJ HOHFWURQV SRVLWURQV RU SURNWRQW DIQVHWKBI®OL

(QHUJLVHG SKRWRQV DUH HPLWWHG E\ WKH DFFUHWLRQ GLVN D VR
RI K HODONDQDQG 6DWRQAWLQJ WKH KRW JBDWRIER OH QW WHRJ LR
%/5V HUWLHU HW DDLWKL\WRVWKMROLN DQG % HJHERDEDWHKHRZ OLQH

UHJLROSY H 4R IRUPV IDUWKHU DZD\ IURP %/5V ,Q WKH %/5 KLJK
RI PDWWHU ZLWK GLVWDQPHV KW \EPNVR REEUVRDERYH RU EHORZ W
EURDG HPLVVLRQ OLQHV LQ WKH RSWLFDO ZKLOH LQ WKH 1/5 WKH\
XS WR D IHZ KXQGUHG SF WKDQ WKRVH LQ %/5 PRYHDW ORZHU YHOT
H BHWHUVRZVWHUEURFN DQG )FHRFDMHIG LQ WKH SODQH RI WKH DFF
RXWVLGH WKH %/5 DZD\IURP WKH FHQWUH RI WKH 60%+ LV WKH REV

2U ERWK VUI%GO®INVQBIRUG DQG 3D\QH
6HH6HF RQ WKHWKHRU\RIV\QFKURWURQ HPLVVLRQ
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WRUXV ; UD\REVBADYPRAIRQVWHWD®H UHYHDOHG WKDW WKH WRUXV
ZLWK GLIITHUHQW GHQVLWLHV REVFXULQJ WKH %/5DQG WKH DFFUH
HUH UDGLDWHVJ HPLVVLRQ IURP WKH FHQWIHIANRYDLHOM R Q LQIUDU F

'LWK UHJDUG WRWKHREVHUYHUYJVDQJOHRIYLHZRIWKHS$*1 YDULR
HQWLW\ E\ FRQVLGHULQJ PDLQO\ WKH VIVWHP V RDLVHRGOK L FO® G -
OLOOHU 3URSHUWLHV VXFKDVWKHUDGLR ORXGQHVAM UDHGQRRHSRZH

$QWRQXFFAUU\DQG 3DGR ¥D@LEH WDNHQ LQWR FRQVLGHUDWLR
QXFOHDU OXPLQRVLWGXX\W)WGH®R G FIFRXQW IRU/,1(5V 7KHVHDXWKF
WKDW WKH YDULDWLRQ LQ WKH FODVVLILFDWLRQ RI $*1V FRPHV GR:
VPDOOHU DQJOHI WAWEHRDROWAY GRHY QRW REMASHH WKW %5/ DR ZH
DQG )654V GRPLQDWLQJWKHOLQHRIVLIKW $W WKLV DQJOH WKH
REVHUYHU +RZHYHU DWODUJHREVHUYLQJDQJOHYV ZHVHHWKHWF
WR UDGLDWLRQ DEVRUSWLRQ E\HLWKHU WKH JDV RUGXVW LQ WKH V
OLQH )5, )5,,V DQG W\SH G6H\IHUWV ,W LV DOVR WKRXJKW WKDW
WKH UDGLR ORXG SDUHQW SRSXODWLRQ RI)5,VDQG %/ /DFV LV WKF
HPLVVLRQ SURSHGWHHWHQOWRQXFFLDQG 8@KHOMEG,V DUH JHQHU
FRQVLGHUHG WR EH WKH SURJHQLWRUV RI)654V +RKZBIYE HWAKQ V L

IROORZLQJREVHUYDWLRQVWKDWKDYHUHYHDOHG WKDW VRPH
WKRVH RI )5 RQBLHW DO

&RPPHQWV RQ $*1 XQLILFDWLRQ

$OWKRXJK WKH $*1 XQLILH G8WAK HRHESIDREFRSMHEYE\G HY DQ DFFHSWHG
IRUPRVW FODVVHV Rl $*1 WKH RULHQWDWLRQ EDVHG VFKHPH SRR
WZHHQUDGLR ORXGDQGUDGLR TXLHW$*1VDQG WKHOLQNWR WKH I
7R LQFRUSRUDWH WKHVH VRXUFHV VRPH SDUDPHWHUV H J 60%+ \
UDWHV FDQ EH FRHQWHG HDKWE G NLY HW RO H[DPSOH &66 *36 REMHF
EHXQLILHG ZLWK 5/$*1 E\FRQVLGHULQJWKHLUHYROXWLRQ WKLV F
REMHFWYV DUH \RXQJ $1ANRXHIFBI VPWHBID DQG FRXOG HYROYHLQWR
SRZHUIXO DQG H[WHQGHG )5, )5,, VRXUFHV GHSHQGLQ.XR® Y\KHLU M
%DMUDV]HZVND DQG FHEIDNGRQJ WKH XQLILFDWLRQ RI UDGLR TXLH'
ORFDO 8QLYHUVH SURSHUWLHV VXFK DV WKH JHRPHWU\ RI WKH FHC
GLITHUHQFHV LQ $*1 SRSXODWLR®N F\DRD BH) ROGVEICHEBEG®BED @ DQ G

% HVW

)XUWKHU FRPSOLFDWLRQVDULVHIURPWKHIDFWWKDW QRWDOO $*1
%HVLGHVY WKHIDFW WKDW WKH RULH®WWD\WVDIQREQ3 B B R M KA. LL QDA IORG
WKHGLITHUHQFHV EHWZHHQ W\SH DQG 6H\$QUWRYD X¥FKEHIN ZIHHHIG Q F
WKHWZRW\SHVLVPDLQO\GRZQ WRWKHOLQHRIVLIJKWWKDW FDQ Et



5DGLR ORXG $*1 WKHRU\DQG REVHUYDWLRQ

WKH $*1 RULHQWDWLRQ EDVHG XQLILFDWLRQ VFKHPH RI5/$*1 ZKLF
+(5*V DQG /(5*V SURSRVHG BAD LRUKHHOEBBWY QRW DFFRXQW IRU /(5*\
UHFHQWO\ LW ZDV XQFOHDU RQ ZKHWKHU /(5*V LQWULQVLFDOO\ Gl
WKDW ZH VDKM G VR FDQ QRW EH XQLILHG ZLWK TXDVZEUQHKLFK |
VKRZLQJVWDQGDUG IHDWXUHV RI$*1 DFWLYLW\ KRZHYHU PLG ,5D
WKHUH LV QR VXFK HYLG HIQMNHR QIHNG G B WRHDOE BD VW O HW KXIVO
WKHLU QXFOHDU HPLVVLRQ LQ WKHRSWLFDO DQG+DUDB\F D\OWFHRP B
"RUUDOO 7KHUHIRUH /(5*V VKRZ QR VLJQV RI DQ DFFUHWLRQ GLVN
HITHFWLYHO\ UDG L BWWHGFDLWMNVQ R ODW GJIPD VW O H D Q GDSURNIMRQRW E H
XQLILHG XQGHU WKH VW DRBSAMUG @RGBGR)LDQL

L QWHUHYMML@BDVWO HDBAX DIBHVWHG WKDW PRVW 5/$*1 LQ WKH ORFDOC
KHQFH ZHKDYHWR WUHDW WKHP VHSDUDWHO\DV QRQ XQLILHG VRX
SUREG@HRIWKHQQ WKH XQLILFDWLRQ RI 5/$*1 LI ZH DOVR FRQVLGHU
TXDVDUV ,Q DGGLWLRQ WR WKH GLVFXVVLRQ JDEO® ROPO(BLW K5 *V
WKH XQLILFDWLRQRI/(5*6 5, DQG +(5*V 5 UBFDNG/RG WRB ZRBNWF
DQG UHIHUHQFHV WKHUHLQ

7TDEOH8QLILFDWLRQ PRGHO IRU 5#D'U GF®LY SWOHHEDIQR BRURVW R Q

-HWDWODUJHDQJOHVWR WEWIOURH®RUDWH DQJMNWFORVHO\DOLJQHGWROLQH
VLIKW

5DGLDWLYH®{5*V )5, RU)5,, /(5*V )5, RU)5,, %/ IDFV
LQHIILFLHQW 5,

5DGLDWLYHOV VRPH)5, PRVWW5)Y,RUOREH GRPLQDWHG&RKRUHWWERBLWOQIHFMG XODW VSHF\
HITLFLHQW 5¢( TXDVDU VRPH )5, PRVWO\)5RU299TXDVDU

5DGLR ORXG $*1 WKHRU\DQG REVHUYDWLRQ

,Q WKH SUHYLRXV VHFWLRQV , KLJKOLJKWHG H[DPSOHV RI 5/$*1 H
)5,.,V , GLVFXVV WKH )5, DQG )5,, REMHAKMOHI WKW KHKUHIRYUEBR G RE V|
SURSHUWLHV RI5/$*1 DVD ZKROHIROORZEHORZ

7KHRU\

5/$*1 SK\VLFV LV LPSRUWDQW IRUPRGHOOLQJWKHHPLVVLRQDQGD
JLRQVRI$*1 7TKHPHFKDQLVP WKDW SURGXFHV UDGLDWLRQ ZKHQ VL
LV NQREZQHMHVIUHH HIP(MVRREPVVWUYDQKMOQY PDQ\LPSRUWDQW UROH
WKHJHQHUDWLRQ RI $*1 ; /R\IDR LV VIKRHQWHHHUVH SURFHVV RI))(LV I
IUHH DEVRUSWLRQ p))$7 ))$SOD\WDQLPSRUWDQW UROHLQ W\SH

%DUWKHO GHYHORSHG WKHILUVWPRGHO WKDW VXJJHVWHG WKDW ORRNLQJDW
ZWHKH/5VDQGDQDFFUHWLRQ GLVN ZKLOH ORRNNV®IHBW LYWKH & PR & B @ HKWRZAHW ¥ U QELU
GRZQLQ SDUW GXHWR WKHDEVHQFH RDURBFE DHWUKLIW )5,, TXDVDUV H J



5DGLR ORXG $*1 WKHRU\DQG REVHUYDWLRQ

DEVRUEVWKHHPLVVLRQ IURP WKH FHY WINDW KIHHVJIL\R Q RDW K 1& Bl 0 Pl U -
DQG WKHLU HITHFWV RQ RXU ORZ OXPLQRVLW\ FRPSDFW 5/$*1 WR W
LQ &KDSWKHUHIRUH , RQO\DGGUHVV VIQFKURWURQ VHOI DEVRUSYV
EHORZDUHEDVHG/RQWHKHZRUN RI

6\QFKURWURQ SK\VLFV

7KH PDMRU FRQWULEXWLRQ RN\EPKVRMWUR IGOUER §LIDMAE SQ UWLFOH SU
VIQFKURWURQ UDGLDWLRQ XSRQ LQWHUDFWLQJ ZLWK PDJQHWLF IL
IRUFH JLYHQ E\ WKH g \WRDM TXHQF\

eB

2m ¢

ZKHWHLY WKH PDVV RI WKH HOHFWURQ WKH PDJRBRHMMLE (LHOG VWUH
‘é—;) 2 WKH /RUHQW] IDFWRU RI WKH HOHFWURQ 7KH HQHgJ\ ORVYV L
DFFHOHUDWHVas HDQ 8 QG4/PDYXR MK H ODE FRRUGLQDWH VA\VWHP LV

g:

d£ _q24
dt ) 0C3

jar i+ Fay]
rad
ZKHYHVY WKHSHUPLWWLYLW\RIITUHHVSDFH +RZHYHU WKHFKDUJHG
WR WKH YHORFja)ywa0or BRG RUWHGARFHYV WR

dE q24

o= — . .2.
dt 6 o7

7TDNBQJevBVLOM: IRUWKHFHQWULSHWDODFFHOHUDWLR@®ICD UHOD)

EHH[SUHVVHG DV
dE _ B2 v
dt 6 ocm2c?
ZKLFKLVWKHWRWDO UDGLDWLRQ Q®RRWUWIRVH XM HIDX@® WHHE DM WVIOTR Q
WKH TX®QW LIW\W K XV

2VLQ

dE e’ v2 B?

— =2 —— ¢ — ?2vVL

dt 6 %C4mé c? 29 Q
ZKHUHWKHILUVWWHUP LQ EUDFNHWWROKWKHKREYRW KDRGWY 8 HWRIL
VHFRQG WHUP LQ EUDFNHWV LVWKHHQHUJ\GHQVLW\RIWKHPDJQH

T~ 6 2c4m2
6 §c*m3



5DGLR ORXG $*1 WKHRU\DQG REVHUYDWLRQ

DQG B2
U = —:
mag 20

'HFDQUHFDVW WKHWRWDOXQBU IDQRY VAKL\WH WDNLQJWKH XOWUD

OLPLWWRJILYH

dE
o =2 7CUnag 2VLQ

ZKLFKDSSOLHVWRHOHFWAKRKYMEZUWR $ VR WHRGEHIBQMBEEEXWLRQ R
IVLG@ WKHHOHFWURQ SUREDELOLW\GLVWULEXWLRQ ZHFDQLQWH

Z
dE v 21
— =2 tCUnag 2 - = VL
dt T “Ymag c 2 0 @G
ZKLFKUHVXOWYVY LQ
e _ 4 4V Zo
dt ~ 3 T-mae ¢

7KLV LV H[SHFWHG IRUD VLQJOH HOHFWURQ ZLWK KLJK HQHUJ\ DV V X
LQ DOO GLUHFWLRQ V: HRAD KL WHFH PMHDHOW IKIRP WIKH WRWDO UDGLDW
GLUHFWO\UHODWHVY WR WKHHQHUJ\ Rl WK H=SE t\W2L F@HH ¥ WXURWGH/GZ L7\
WKH KLJKHVW HQHUJ\ ORVH HQHUJ\ IDVWHU IURP VIQFKURWURQ UD
HOHFWURQ FDQ EH VKRZQ XRDRQMRIEHGHULYDWLRQV RI

p,

. . 3B VL
= | = @ _
j()=2j() 4ocm99 -

ZKHUH WK H (X QFM/LIRBR Q VVRMQ WLV HRU GHWPILWOWKH VSHFWUXP HPLV
RIDVLQJOHHOHFWURQ GHILQHG DV

. 3B VL !
()= g F =
8 OCme I C

DQGLV WKH FULWLBDOHQHETXHQF\

7KH SRZHU ODZ GLVWULEXWLRQ RIDQ HQVHPEOH RIHOHFWURQV LV
N(E)= E P

ZKHUHY WKH QRUPDOL]DWLRQ RI WKH pl DV PMH SR B Qb 0D\ 2VISHIE MU X
VIQFKURWURJ) HPY WWKHNQWHWHUPLQHG LI ZHLQWHJUBWHRYHU HOH|

Emax = 2Me® ZKLOH XWLOLWRQILKDG
P 3e’B V Lé Emax

J()= 4 gome F(X)N (E)dE:

Emin

JRUD VLQJOH FKDUJHG SDUWLFOH LWV HPLVVLRQ SHDNV VWURQJO\DURXQG WK



5DGLR ORXG $*1 WKHRU\DQG REVHUYDWLRQ

+HUHxXx) LV WKH VSHFWUXP RI D VLQXOH!FIKEUJHGDBD X@ WRMDH WDHIOED W L
VSHHGV ,QWHJWOWIUHIRUJI\DQG SLWFK DQJOH

~ P 368 eB (P D2
IO)= 5

oCMe 2 m 3c*

a(p);

ZKHUH

_ 4t 1
ap) =
LV D FRQVWD/QDMDERDFWLRQ

"HFDQ UHFDVIW(T

i)y =%

ZKLFK VKRZV WKDW IRUD SRZHU ODZ VIQFKURWURQ VSHFWUXP HOH
ODZUHODWLRQ ,QDVWURQRPH WEBKIF WHO@QLYWERP RI D VRXUFH LV FF
LQWHUPV RI WKH SR ZHKXEP ZWD GKLFK LV H[SUHVVHG LQ WKH IRUP R
IOX[ GHRVIWDQ REVHUYLQBEVUHTXHQF\

S/

1RWH WKDW ZH KDYH QRW S QHV X PB 6 RPRHR QLIRRMHQWLRQ LQ UDGLR

,QDV\QFKURWURQHPLWWLQJVRXUFH HOHFWURQV FDQ VRPHWLPH

ZD\RXW RIWKH SODVPD 7KLV YKORPRPR\QRRQ V KQR AVGNERASWPLIRTQ
IRUGHWDLOV 8VLQJRXKHHEKHKBESHWERRYVRW L RBDFRR HHI VKIREZQW

WR EH

p_ /2
_ 3e’c KB (P+2)/2 e P op) P72
8 2 ome 2m 3¢
ZKHUH
p— 3p+22 3p+2 pt+6
_ 12 12 4
b(p) = 8 )

yii

LVD FRQVWDQW 7K HMUHO/OX\DXWLV@KDW IRU D VIQFKURWURQ HPLWWLQ
WKHVSHFWUXPRIWKH VRXUZLBEW RABPXTX B QM QSW EGEFQ GHSWK G
'XULQJ REVHUYDWLRQV ZKHQ WHKHN BHE& VW BOKMKDRYKXQM RRDAUHV SR
RSWLFDOO\WKLEJN PH ALXE WKH RSSRY LWV XOWV LQDQ RSWLFDOO\
L Hsa<1l 7KLVDQDO\VLVZLOO SOD\DQ LPMRUWDQW UROHLQ &KDS\

$OVR=2



5DGLR ORXG $*1 WKHRU\DQG REVHUYDWLRQ

2EVHUYDWLRQ FRPSRQHQWVY DQG PRUSKRORJ\

&RPSRQHQWYV

W ZLOO EH XVHIXO LQ IXWXUH VHFWLRQV WR EULHIO\ GLVFXVV WKH
LQ UHODWLRQ WR WKH REVHUYHG U DG HRRASKHAMUSIROWREEH)S BDRIMS R Q
GLVFXVVHG EDVHG RQ D KLVWRULF DQOJERQW ID[WCILE BBGHAO HR H N [D® S
2WKHU FRPSRQHQWV RSICEX $FH MY XNTKKIW RIHEX L GZIHVO QR W EH
GLVFXVVHG FRQVLGHULQJRXW\WER FRWSD&WDBR/WKRZ WKHVH IHDW>

$+-HWWKHVHDUHDVLJQLILFDQW SDUWRIHPLVVLRQ QDE/$RZ +LVV
IHDWXUH RI D UDGLR VRXUFH WKDW LV DW OHDVW D IHZ WLPHV O
LQGH[ YDOXHV IRU MHMIV UD Q05 EKIWVDAHWRHLU HPLVVLRQ VSDQV
DQG VRPHWLPHV WKH OSF VFDOH

& RUHWKHVH DUH REVHUYHG FRLQFLGHQW WR WKH FHQWUH RI W
DQG RULQYHUWHG  DGRRVSBSHWPWHXQUHVROYHG RQDUFVHFRQC
WRDIHZNSFVFDOHV DQGRBMO Qe3P HRIKREWKDW WKH\ DUH
VIQFKURWURQ VHOI DEVRUEHG FRPSRQHQWYV RIODUJHU H[WHQ((

F+RWVSRWMKWVHDUH FRPSDFW EULJKW UHJLRQV WKDW DUH W\SLF]
XVXDOO\DVVRFLDWHG ZLWK FODVVLFDO GRXEOHV KLJK OXPLQF
H JHDK\DQG :LOOLDORW\ VKRZ IODW VSHFWOHO LQWGCLRLE®3B\DBEHW ZH I
FRPSDFW PD[LPXP SURMHFWHG SK\VLFDO VLIHRI XS WRDIHZ NS

¥/ REHWKHVH VKRZVWHHSHUOGDBOQR WKHAWUDNUXFWXUHYVY DUH FR
ODUJHH[WHQGLQJXSWRNSFVFDOHV 8VXDOO\ OREHVFDQEHYV
RIDUDGLR MHW WA\SLFDOO\V\PPHWULFDOO\FRQILIJIXUHG RQ ERYV

ORUSKRORJ\

,Q DGGLWLRQ WR WKH GLVEXV5/BRDDUMH@®RZGMAR VKRZ D UDQJH RI
SKRORJLHV VBB GLUQ WKLY VHFWLRQ , ORRN DW WKH UDGLR PRUSK
SURYHQ WR EH UREXVW LQ WKH FODVVLILFDWLRQ RI5/$*1 EDVHG RC
OXPLQRVLW\

t)5,V WKHVH DUH W\SLFDQA@} OR® OXPLQRRXWAHY DQG VKRZ H[WEF
UDGLRHPLVVLRQLQWKHIRUPRIMHWY WKDWDUHXVXDOO\WZR \
DZD\IURP WKHLUJDODFWLFFHQWUHRXWRQNLORSDUVHF VFDO
RIDQ)5, REMHFWLV WKH & VRXUFHVKRZQLQ)LJ



5DGLR ORXG $*1 WKHRU\DQG REVHUYDWLRQ

$)5,,V WKHVH REMHFWV XVXDOO\VKRZ KLIJKO\FROOLPDWHG RQH
UHODWLYLVWLF EHDPLQJ ZKLFK KDYH VLJQLILFDQW HIIHFWV RC
GLUHFWHG WRZDUGV WKH REVHUYHU WKHUDGLDWLRQ ZLOODS
PRUH FRPSDFW WKDQ LI WKH MHW ZDV SRLQWHG DZD\ IURP WKH
OREHV ZKLFKDUH XVXDOO\ODUJH XS WR NSFVFDOHV ZLWK EUL
EULJKWHQHG 7KH OXPLQRVLWLHV R10§5; 4] D DWW \ SALF]D @M JUH D
MHWV R1)5,,VLQWHUDFW ZLWK WKH H{(WHUQDO HQYLURQPHQW R
)LJ IRUDQ)5,, VRXUFHH J &

7TKHVHWZR FDWHJRULHV RI )5 VRXUFHV KDYHEHHQ ZLGHO\ VWXGLHC(
SKRORJ\DQG EODFNKROHDFFUHWLRQ PRGN WKIMEHH@PP@IRSLF R C
HWDO +DUGFDVWOHK WKHQH[WVHFWLRQ ,ORRNDWVRPHSURSHUYV
J)DQDURII 5LOH\ )5 GLFKRWRP\

7KH )5 GLFKRWRP\

)DQDURII DOGREIRWHG D VFKHPHRIFODVVLI\LQJ5/$*1 RQ WKHEDVLV |
SRZHU 6LQFHWKHQ DQXPEHURIDWWHPSWV WR H[SODLQ WKH GLII}
IRUZDUG 6RPHRIWKHVHDUH WKHGLVSDULWLHVLQ WKHSURSHU
)5, ,, VRXUFW®DWLHRKL HWID@®G WKH GLIITHUHQFHV LQ WKH SURSHUW
LQ WKH JDOD[LHV WKRY DQRD DLW W DO

7KH ILUVW SRLQW VXSSRUWYV WKH LGHD ZKLFK SURSRVHV WKDW WK
WR LQWHUDFWLRQ EHWZHHRBRBW VYV IDK® WY B GTHHWIBFRQG SRLQW DI
IURP WKH IDFW WKDW )5,V VKRZ KLJKHU E ®RIFWHOROALH P D\D\GH & HVOKRINQ
ZKLFK VXSSRUWV WKH LGHD WKDW PRVW )5,,V SDUWLFXODUO\WKR
WKHLU FHQWUDO 60%+ DW KLJKHU (GGLQJWR®HYAD O BIBUFKAHH VLR Q
HW DO *DURIDOR HW$®@®RWKHU LQWHUHVWLQJDUJXPHQW DULVHV LQ
FROQWHQWV&HBRWWLHD QG )WEHDOQFW WKDW )5,V SRVVHVV ORZHU UD
FRPSDUHG WR)5,,VPHDQV WKDW WKH\DUHLQ GLUHFW FRQWDFW ZLW
UHODWLYLVWLF VSHHGY GXH WR HQWUDLQPHQW RI YDULRXV SDUW|
WKHP WR VORZBIRZQ RQPNSFVFDOHV ZKLOH WKH MHWV RI1)5,,VUHPD
H %$LFNQHOGUREDEO\EHFDXVHPRVW )5,,V OLNRIPLRHORRRMH O KLY BR
LQ WKH QH[W SDUDJUDSK +RZHYHU GHVSLWH WKH GLITHUMQFHYV L
KDV DOVR EHHQ REVHUYHG WKDW OXPLQRVLWLHV IRU VRPH )5, DQC
H JRSDO .ULVKQD DQOOIGL&/MZ IUHT XHQBRHHWH EALWK VRPH VRXUFH
GLVSOD\LQJK\EULG FKDUDFW H UL VADIZEAREWMNZHW /@ R H HSAFDO V V H V

JROORZLQJ XS RQ SRLQWV DQG WKH YDULDWLRQ LQ WKH SURS
UDGLRPRUSKRORJLHVEHWZHHQ WKHWZR )5 FODVVHV LVLQSDUW D



$*1 IHHGEDFN PRGHOV

WKHLU HQYLURQWPHIXWW LD ®G %HVWUH DVVRFLDWHG ZLWK RSWLFD
JDOD[LHVDQG OLYHLQULFK JDOD[\FOXVWHUV ZKLOH )5,,VDUHDVYV
W\SLFDOO\LVRODWHG DQGOLYHLQSRRUJURXSHQYLURQPHQWYV +
HYLGHQFH IRU KL D6 UBG\RKIUMHVY O DQG /LORIIHVW WKDW ERWK )5 F
OLYHLQULFKFOXVWHUHQYLURQPHQWY $WWHPSWV WR UHFRQFLO
KDYHEHHQ GUDZQ IURP REVHUYDWLRQ RI WKH GLIITHUHQFHV LQ DFF!I
)5,,VDUHH[SHFWHG WRHYHQWXDOO\ HY R MDH DY WIRL) B (VK DR/YEHW\P LV
:DQJHW DO

,QDGGLWLRQWRWKHGLVFXVVLRQ WKHHPHUJHQFHRIDSRSXODWL
GRPLOQDWLQJWKHORFDO8QLYHUVH ZLOO SURYLGHD EHWWHU SLFW
WKDWVRPHRIWKHVHFRPSDFWS5/$*1 HJ )5V KDYHEHHQOLQNHG V
VLRQ VHHQLQ )5, VRXUFHVLVLQWHUHVWLQJLQLWVHOIDQG IXUWKI
NQRZOHGIJHRQWKH )5 GLFKRWRP\DVZHOO DV LPSURY KMRXWULYGH U\
$*1 IHHGEDFN PRGHOV LQ WKH QH[W VHFWLRQ

$*1L IHHGEDFN PRGHOV

$VPHQWLRQHGHDUOLHU RQHRIWKHFKDOOHQJHVY WKDWDULVHLQ
HYROXWLRQ RIJDOD[LHV WKU®X.JKIW & HGHMNR K \RWNRQRZ\Q DG
+DUGFDVWOHDQGI RURNMHWRRZYV

7KH WLPH UHTXLUHG IRU $PIR/O RIHY\WR IIDEH (HQJ% HVW HW KDV D
GLUHFWFRQVHTXHQFHRQ WKH JUREZWNXRQ &0IHEND Q/GVRIQ &) WMHMH
7TKHHIIHFWV RI$*1DFWLYLW\RQWKHLQWHUFOXVWHUPHGLXP ,&0 LC
H3LIJE\HWD@®@KDUDGZDM HFDQ®&H H[SODLQHG E\ $*1 IHHGEDFN PRG
VKRZQ DQDO\WLFDOO\DQG WR VRRA HE HDRHEQWHKREWVW WKHOIWHVRWY B ICS R Z H
)5, ,,V KDYHDQHIITHFWRQ WKHLU VXUURXQGLQJV ZKHQ WKH\WUDQ
RQIJDODFWLRRUDORWIHHDE ZRLFK UHVXOWY LQ HLWKHU VORZLQJ RL
KRWJDVUHVSRQVLEOH IRRPHURPFRRDQYIDEPDVWOHDQG &URVWHF
+HUH , VXPPDULVH WKHWZRIDYRXUHG $*1IHHGEDFNPRGHOV WKHL
PRGH

$14XDVDU PRKHY $*1 IHHGEDFN PRGHO LV ODUJHQFEDVIEEF RQ N WPLXG
ZKLFK SURYLGH D ZRUNLQJ PHFKDQLVP WKDW DJUHHV ZLWK
WLRQ PRGHOV 7KLVPRGHLQWURGXFHV WKHLGHD ZHUH JDOD]\
DFWLYLW\ 7KLV WKHRULVHV WKDW JDOD[LHV LQWHUDFW ZLWK |
PHUJLQJUHVXOWY LQWKHGLVUXSWLRQ RIWKHJDODFWLF EXOJ
WR KLIKDFFUHWLRQUDWHV RUWKHGLUHFWGHSRVLWLQJRIPDYV
UDGLDWLQJ ZLQGV GULYHQ E\PHUJHUV VZHHS WKURXJK JDODFYV



5DGLRLQWHUIHURPHWU\

UHVSRQVLEOHIRU 6)DQG VR VORZLQJ DQG VRPHWLPHY KDOWLC
RFFXUV WDNHV SODFH SUL PD DIQEB ¥ 8 K\WLO K RIHBRAK\L IB $*1V TXD
+DUULVRQ

$15DGLR PRIEMUH LV HYLGHQFH ED V¥ IB\RQ HR\E \DEDE Y D@/ LR Q WKL V
KHDWLQJPHFKDQLVP ZKLFK RFFXUV LQ WKH FROG FHQWUDO UHJ
JDOD[\ FOXVWHUV LV H[SHFWHG WR EH FROGHU GXH WR FRRO P
WKHLU RXWHU UHJLRQV KRZHYHU WKHLQSXW HQHUJ\ IURP MH)
WKH ,&0 JHQHUDWLQJ KRW EXEEOHV DQG KHDWLQJ XS WKH IXH¢
RI WKHVH FORXGVY KHQFH UHJXODWLQJ WKH UDWH RI DFFUHWLR
6) 2EVHUYDWLRQDO HYLGHQFH WKHUHIRUH PDNHV WKLV WKH
8QLYHUVH

7KH WHVW RI $*1 IHHGEDFN PRGHOV KDV SULPDULO\EHHQ DVVRFLDYV
HQHUJ\LQSXW WKDW ORZ OXPLQRVLW\ FRPSDFW 5/$*1 GHSRVLW LQ
7TKHUHVHHPVWREHD YDVWPDMRULW\RIORZ OXPLQRVLW\FRPSDFW
DQGWKH\VKRXOGEHIJLYHQWKHDWWHQWLRQWKH\GHVHUYHLIZHD

SDGLRLQWHUIHURPHWU\

I1RWPXFKLQIRUPDWLRQ ZDV NQRZQDERXWUDGLR JDOD[LHVDQG WK
IHURPBVWOW\ ZKLFKHQDEOHGXVWRGHWHFWDQGVWXG\WKHP +RZF
VXFK DV WRRWKRIY HRIQ WKH UDGLR JDOD[\ & WKDWDPRUHGHWDLC
UHYHDOHG 7KLV ODLG WKHIRXQGDWLRQ IRUXQGHUVWDQGLQJUDG

5DGLRLQWHUIHURPHWU\LVY WKH XVHRIPDQ\LQGLYLGXDO GLVKHV W
DvDODUJH VLQJOH WHOHVFRSH %\ GHILQLWLRQ WKH DQJXODU L
PDWKHPDWLFDOO\DV

%o
ZKHUH WKH ZDYHOHQJIJWKDGYHEGSHWNGQQYWE B\KH PD[LPXP VHSDUDW
WHOHVFRSHVY GLVKHY EDVHOLQH 8VLQJUDGLRLQWHUIHURPHWU\
PLOOL DUFVHFRQG UDQJH FDQ EHDFKLHYHG HQDEOLQJ KLJK UHVF
EDQGZLGWKY 7KHKLJK UHVROXWLRQ WKDW LQWHUIHURPHWHUV S
FHOHVWLDO REMHFWV VXFKDV 5/%$*1

7TKHRU\RIDWZR HOHPHQW LQWHUIHURPHWHU

TRXQGHUVWDQG KRZLQWHUIHURPHWHUYV ZRUN |, VXPPDULVHLQ WK
LQWHUIHURPHWHU ZKLFK LV WKH VLPSOHVW HIDPSOH WKDW VKRZV



5DGLRLQWHUIHURPHWU\

GHULYDWLRQV SUHVHQWHG RKBAJFRPE HWRFPOVKH ZRUN R

JLIXUH7KHWZR HOHPHQW LQWHUIHURPHWHU VFKHPDWIIRGRDJHM PO7KH )LIXUH LV DQ

$ VRXUFHLQ WKH VN\LVREVHUYHG E\ERWK WHOHVFRSHV KRZHYHL
WKHILUVW WHOHVFRSHZLWK UHVSHFW WR WKHWYHFRQG ZLWK I

7 ¢

ZKHBHY WKH VHSDUDWLRQ EHWMVHHQKHKHRW @ R WG IOHHVARR ISSHEVIX®! X Q L W
VSHHG RIOLJKW :H FDQICHUIHDDWKR@KMMR/WKH JHRPNWULFDO GHOD'

= | g=Z—“E’V

ZKHIEHY DQG LQ WKLV RIKHHREVHUYLQJ ZD Y H\G IDQBNIKQ G X A YR 8 WDK H \
VRXUFHYIV UDGLDW+ RGRV JWY J)QDEMS= YFRV WZKLFK ZKHQ FRUUHOD
UHVXOWV LQ

WViVoi = WV F RIVWE R\(W )i

ZKHWUH YY IRUWKH VDPH \*\RXUFIK WK&EY FDVH WKHWLPHDYHUDJH LV
DQJOHG EUDFNHWYV $SSO\LQJD/RECMWDAIREUD WR ERRWH GHHIHWM R Q

7KHWHUP JHRPHWULFDO GHOD\FRPHV IURP WKH IDFW WKDW WKH GHOD\UHOLHYV
LQ WKH VN\
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JHURLQIDVWHU RVFLOODWLRQV ZH JHW
. v?
lezlz ? FRIVJ)

WKHILQDO FRUUHODWRU RXWSXW $VWKHSRVLWLRQRIWKHDQWH (¢
URWDWLRQ WKHVRXUFH GLUHFWLREZOQ WK FKD/SHPWZ W RPW KUHH & X O M\
VRLGDO YDMICDRN WRKH FRUUHODWRU UHVSRQVH 7KHUHIRUH WKH FR
SHURPR®Y RQWR WKH VNE KB MHMMEBUENAKH HOHPHQWY RIWKHLQWHUI
JHQHUDOO\PHDVXUH ERWKHYHQDQGRGG IULQJHV ZKLFK OHDGV W|

2 2 .
vO= ViV, i = V?[FR!Vg) i VUQ) = V7e 2i BV

WKHFRPSOH[IULQJH ,QWHJUDWLQJ WKLV HTXDWLRQ RYHU WKH VR

Zz
V(B = | (Ye 21 BV

WKH 9DQ & LWWHUW =H U Q L NIHVWWKKHRIVUWAHHPD R WEKNERRIRISHE H D DIGQ J W K H
EDVHOLQH FRY HW®Y FRRUGH QENGRMANK H GLVWULEXWLRQ RIWKH VRXUF
FRVIQHV(T FDQEHUHSUHVHQWHGLQD XVHIXOWZR GLPHQVLRQD

zZ7Z
V(u;v) = I (I;m)e 2" *+vmM)gl dm

ZKLFKLVRQHRIWKHIXQGDPHQWDO HTXDWLRQWIWQV) QWHUIHURPHW
WHOOV XV WKW WRHRXYVLEUMWANQVIRUP RI WKH VN\EULJKWQHVV G

6DPSOLQUARPORLQWY WKHUHIRUH HQKDQFHV WKH VN\ EULJKWQH\
WR DFKLHYH WKLV PDQ\ WHOHVFRSHV ZLWK GLITHUHQW VHSDUDWL
([DPSOHV RI VXFK IDFLOLWLHY LQFOXGH KLIJK UHVROXWLRQ LQWHL
LQWURGXFH WKHVH WZR WHOHVFRSHV LQ WKH QH[W VXEVHFWLRQV
HIWUDRUGLQDU\UHVXOWV LQWKHLQYHVWLIJDWLRQ RIFHOHVWLDO

[2)$5

7KH/2Z YJUHTXHQF\$5UD\ /2)$5 LVDIDFLOLW\EXLOWE\WKH I1HWKHU
$67521 ,WVVWDWLRQVKDYHUHDFKHGDEDVHOLQHRIDERXW  NF

DQWHQQD GLSROHV FRQFHQWUDWHG L Q(X WRVTHDIQRIOR/X @ WWWU H ¢
UDGLRREVHUYDWLRQV /2)$5LVRQHRIWKHODUJHVWLQWHUIHURPF
ZLGHEDQGZLGWKREVHUYDWLRQV DOY H P QOIRZ WHKIH XHIQBFWHY W FD S

,QUDGLRDWWNURRRPGLOQDWHYVY UHIHUWR VSDWLDO IUHTXHQFLHYVY RUZDYHOHQJW
+HUHWKKHY UHSUHVHQWY WKHHDVW ZHVW GLUHFWLRQ ZKHKUMDV WHH QR D® W H/WR X
RFKRPSVRQHWDHOFDQ XVHWKHVHFRRUGLQDWHV WRFDOFXODWHWKHLQWHUIHUR
WR LPSURYRWHKHHDJIH WKHVHQVLWLYLW\RIDUDGLRWHOHVFRSHWRODUJH DQG YV
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/12)$5 LV FDUU\LQJ RXWGHHS H{WUDJDODFWLFODUJH QRUWKHUQ VN
7ZR PHWHU G6N\6XUYH\ /R766 VHHNGGWRMHIF WEXK POV &KIDVEKHHIWLW VW D C
GDWDUHOHDVH KDVSURYLGHGODUJHH[WUDJDODFWLFVDPSOHYV IF
DQG 6)6MLPZHOO HW DO

JLIXUH/2)$5 VWDWLRQV DFURWW{ERRSH &UHGLW

7TKH9/$%

7KH .DUO * -DQVN\ 9HU\ /DUJH $UUD\ KHUHLQ UHIHUUHG WR VLPSO)\
FDWHG LQ 1HZ OH[LFR 86$% ,WLVPDQDJHG E\WKH 1DWLRQDO 5DGLR
FRPSULVHV RSHUDWLRQDO DQG VSDUH SDUDEROLF VLQJOH G
REVHUYDWLRQV EHWZHHQ DQG *+] 7KHVHDQWHQQDV DUH PRXQ
IRUD YDULHW\RI DUUD\ FRQILIJIXUDWLRQV LH $ % & RU' FRQILJ>
HIWHQGHG IRUP ZLWK DQ DUUD\ PD[LPXP DQWHQQD VHSDUDWLRQ R
PRVW FRPSDFW DUUD\FRQILJXUDWLRQ WKH' FRQILIXUDWLRQ ZLW
WR NP 7KLV IOH[LELQORRRMDQE RKWXWRMREVHUYH UDGLR JDOD[LHV
DOORZV XV WR GHWHFW GLIIXVHHPLVVLRQ ZKHUHDV WKH $ FRQILJ.
SDFW VWUXFWXUHVLQ UDGLRJDOD[LHV :LWKPXOWLSOHUHFHLYHL
REVHUYLQJIUHTXHQF\
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