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Abstract

Contrary to its daytime counterpart, nighttime visible and near-infrared satellite im-
agery are currently limited in both spectral resolution and spatial resolution. That
does not mean, however, that the relevance of such a sensor is non-existent, with
possible applications including the estimation of light pollution, energy consump-
tion and socio-economic information, among others. In order to determine the
optimal spectral bands, the required radiometric sampling and the spatial resol-
ution, synthetic top-of-atmosphere spectral radiance values are simulated. These
are computed through the combination of lamp spectra libraries, surface reflectance
libraries, radiative transfer for the estimation of atmospheric effects, and typical lu-
minance values based on well-established lighting standards.

Various spectral band combinations are then evaluated for their ability to cor-
rectly estimate a number of important lighting quality parameters, as well as to
discriminate between different lighting types. The tested lighting indicators include
(1) luminous efficacy of radiance, or the effiency to produce visible light; (2) spectral
G index, which serves as an indicator for emissions in the blue part of the spec-
trum; and (3) correlated colour temperature, which assesses the perceived colour
of a light source. An optimal nanometre-level band selection is found for one pan-
chromatic band and five additional multispectral bands. The selected multispectral
bands are located in the blue, green, yellow, orange-red and near-infrared part of
the spectrum, respectively, thereby offering a good spread over the full visible and
near-infrared part of the spectrum. Since their choice is specifically adjusted to suit
the spectra of artificial lights, however, spectral bands differ significantly from the
typical daytime situation with the Sun as main illuminator, essentially emitting light
equally across the spectrum. Whereas the main interest of daytime optical remote
sensing is in surface reflectance, nighttime optical remote sensing focuses on the
light sources.

With respect to other nighttime sensor proposals and existing sensors, the re-
commended spectral bands reduce the estimation error of luminous efficacy of ra-
diance with 73% relatively, the G index error with 86% and the correlated colour
temperature error with 68%. Similarly, the classification performance of lighting
types improves with about 10%. Based on the generated top-of-atmosphere radi-
ances, detection limits of 10 to 10 W m sr nm and saturation values of
10 tol0 Wm sr nm are recommended for the selected spectral bands.
Additionally, results indicate that 12 or more bits are required for information stor-
age.

Finally, some road lighting patterns are simulated using a physically-based ren-
dering software, in order to generate representative imagery. These are then used
to determine the required spatial resolution for individual lighting detection. It is
found that a ground sample distance of 10 m is required in most cases. Overall,

Xvii



Xviii Abstract

this thesis shows that significant improvements can be made in terms of the sensor
design for nighttime visible and near-infrared remote sensing, opening the door to
a new world of applications.



Introduction

1.1. Context

Nocturnal optical remote sensing in the visible and near-infrared (VNIR) part of the
electromagnetic (EM) spectrum is largely inferior both to its daytime counterpart, as
well as to the traditional nighttime remote sensing in the thermal infrared part of the
spectrum. Not only is there a large gap in terms of the amount and the diversity
of available products, but also in terms of understanding its mechanisms and its
potential applications. This does not mean, however, that the demand for such
nighttime products is non-existent. Currently, there is a growing interest in optical
nighttime products, as is evident from an increasing number of applications [143].
These include the monitoring of human settlements and settlement dynamics [4],
the estimation of demographic and socio-economic information [5], light pollution
and its influence on ecosystems and human health [6, 7], energy consumption and
demands [8], detection of gas flares [9], forest fires [10] and fishing vessels [11],
natural disaster assessment [12] and the evaluation of political crises and wars [13].
Most of these applications are derived from data linked to artificial nighttime lights,
which emit mainly in the VNIR part of the electromagnetic spectrum. A stronger
focus on optical nighttime remote sensing is, therefore, well-founded.

Early experiments with taking aerial images at night were already performed
during the first World War [14]. However, it wasnit until the emergence of space-
borne missions that their potential was realised. Satellite-based observations of
artificial light at night were first made possible using low-light imaging data from
the Defense Meteorological Satellite Program (DMSP) Operational Linescan Sys-
tem (OLS) in the seventies of the previous century [15]. Although the principal
purpose of DMSP-OLS is the determination of a global cloud cover and cloud top
temperatures, detecting nocturnal VNIR emission sources has been a widely used
by-product ever since [2]. The OLS system, part of the DMSP Block 5D series and
first flown in 1976, was the first remote sensing system to be sensitive enough
to detect both moonlit clouds and nocturnal light sources at radiances as low as

1
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1IRWZLWKVWDQGLQJ WKH DYDLODELOLW\ RI D QXPEHU RI QL
IRUILQHU VSDWLDO DQG VSHFWUDO UHVROXWLRQ®& KDV EHH
)RU H[DPSOH D FRQYHUVLRQ IURP D KLJK SUHWOAXIKKAVVRGLX
HPLWWLQJ(GLIRGHQFRUUHFWO\ REVHUYHG DV D GHFUHDVH LQ
PDWLF VHQVRU 'HVSLWH WKH SURSRVDO IRU D 1L@KWVDW P
LQ KRZHYHU WKHUH LV VWLO O Q,BPENGLRDWH® Q PHON WP
VSDWLDO UHVROXWLRQ L H DURXQG P PXOWLSOH VSHFW
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QLJKWWLPH ORZ OLJKW PLVVLRQ ,Q RUGHU WR GHWHUPLQF
VXFKD GHGLFDWHG VHQVRU L H VSHFWUDO EDQG UDQJHV V
ULF UHVROXWLRQ LWLVLPSRUWDQW WRKDYHDEHWWHU XQ
DW SOD\ +RZHYHU FXUUHQWO\DYDLODEOH GDWD SURYLGH
HLWKHU ODFNLQJ LQ VSDWLDO RUUDGLRPHWULF UHVROXWL]
RU KDYH D OLPLWHG VSDWLDO RU W H PSRUTHO WRKHINVHDWRIX BB B
FDQQRW VDWLVIDFWRULO\ GHWHUPLQH WKH RSWLPDO SDUD
LFDWHG QLJKWWLPH PLVVLRQ ,QVWHDG DQ HQG WR HQG Vt
SUHGLFW RSWLPDO VHQVRU SHUIRUPDQFH

2EMHFWLYHYV

7KH REMHFWLYH RI WKLV WKHVLV LV WR GHWHUPLQH UHFRPF
PHWHUV WKDW DUH QHHGHG WR VXSSRUW WKH VFLHQFH FRPP:
WKRVH RIWKH OLJKWLQJHQJLQHHULQJFRPPXQLW\DQG WKH
FXVRQ XUEDQ HQYLURQPHQWVY DQG WKHGHWHFWLRQDQG GL|
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UDGLDQFH VRXUFHV 1DWXUDO QLJKWWLPH UDGLDWLRQ V
FHQFHDQG OLJKWLQJ HLWKHU RFFXU UDUHO\RUKDYH LQ
E\ FXUUHQW VHQVRUV )RU WKDW UHDVRQ WKH\ DUH QR\
UHQWO\ WKHUH LV QR QLJKWWLPHVDWHOOLWH GDWD DYC
WR PDNH SODXVLEOH UHFRPPHQGDWLRQV IRUD QHZ QLJK
7KHUHIRUH DILUVW REMHFWLYH RI WKLV WKHVLV ZLOO EI
,Q RWKHU ZRUGV LW LV LPSRUWDQW WR NQRZ ZKLFK VLJQ
DW QLJKW WDNLQJLQWRDFFRXQW VSHFWUDO VSDWLDO
FDQ WKHQ EH XWLOLVHG WR DQVZHU WKH SULQFLSDO TX!
WR GLVFULPLQDWH EHWZHHQ GLIIHUHQW UDGLDWLRQ VR
LI\HV DW ZKDW VSHFWUDO DQG VSDWLDO UHVROXWLRQ"
VWUDLJKWIRUZDUG DV RQH ZRXOG WKLQN ,WV FRPSOHIL
FODVVLILFDWLRQ WDVN ZKHUH WKH LOOXPLQDWLRQ VRX
DQG WKH VXUIDFH REMHFW W\SHV DUH XQNQRZQ $GGLW
WKH LOOXPLQDWLRQ VRXUFH LV DOVR XQNQRZQ $QDORJ
RWKHU FRPSRQHQWYV IXUWKHU FKDQJH WKH FRPSRVLWLF
WKH OLJKW VRXUFH WR WKH VHQVRU 7KHVH LQFOXGH IF
DWPRVSKHUH DQG VXUIDFH )XUWKHUPRUH UDGLDQFHV
VRPHWLPHV PL[HG ZLWK PRRQOLJKW ,WLV WKHUHIRUH
PRRQ SKDVHWREBHAWWPRY$KWGHDQFHY DQG WKH GLVFU
OLJKWLQJ W\SHV .QRZLQJ WKH W\SH RI UDGLDWLRQ VRX
RI LPSRUWDQW OLJKW FKDUDFWHULVWLFV 6RPH HVVHQV
HYHU FDQQRW EH OLQNHG WR ODPS W\SH RQ D RQH WR R(
QHFHVVDU\WR ORRN DW WKH FXUUHQW GRPLQDQW FULWH
LQJ DQG ZKHWKHU WKHVH LQGLFDWRUV FOLQ5SRMIMQW L D
7DEOHIJLYHV D FRPSOHWH VXPPDU\ Rl WKH PDLQ UHVHDUF
WKLV WKHVLV

OHWKRGRORJ\

6LPLODU TXHVWLRQV WR WKH RQHK D YH EMWH.® Q 8 & H.\DW/ IDIDON
RXVO\ )RUH[DPSOH (O@ [E®MHEWVIX®ILY ILQGLQJV RQ VSHI
XUHPHQWY RI RXWGRRU OLJKWLQJ VSHFWUD +RZHYHU D
EHHQ WDNHQ LQWR DFFRXQW D ODUJH SDUW RI WKH FRF
IRU H[DPSOH WKH YDULDELOLW)\ LQ VXUIDFH UHIOHFWDQ
VHQVRU QRLVH )RU LQVWERQEPPWYRILGE @&RMND®LIIHUHQ
PLQDWLQJD SDWFK RIJUDVV FRPSDUHG WR D VWUHWFK RI
ORRN GLIIHUHQW XQGHU KD]\ FRQGLWLRQV FRPSDUHG WR
QXPEHU RI VSHFWUDO EDQG FRPELQDWLRQV WKDW WKH D
HLJKW DQG GRHV QRW FRYHU WKH IXO0O UDQJH RI SRVVLEL
QRQHWKHOHVV EH XVHG DV D VWDUWLQJ SRLQW DQG UHIH

,Q RUGHU WR SHUIRUP D UHDOLVWLF DQG SUHFLVH H[DF
SOLHG 2Q WKH RQH KDQG D VSHFWUDO OLEUDU\ LV FRQ'
IURP GLIIHUHQW ODPS W\SHV GLIIHUHQW VXUIDFH W\SHV
SRVLWLRQV 7KH UHVXOWLQJVSHFWUD DUH WKHQ VXEMH
ELQDWLRQV DQG DQDO\VHG XVLQU @HDUHWVMF QB Y YKRE@K LY
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EDVHG UHQGHULQJ VRIWZDUH ,Q WKL\ZWHKWLMVW HIDFR®L 191
5D\WUDBRHUWDY @ D UD\ WUDFLQJ VRIWZDUH ZKLFK JHQH!I
WH[W EDVHG VFHQH GHVFULSWLRQ LV XVHG 7KLV DSSUR
VRPH VLPSOH WR\ H[DPSOHV K\SRWKHWLFDO HQYLURQPH
RQPHQW DQG IRFXV RQ WKH XQGHUVWDQGLQJRIWKH LQIC
HJ WKHVSDFLQJRIGLIIHUHQW ODPSV ZLWK UHVSHFW W

6WUXFWXUH

&KDSWHRUFXVHV RQ WKH SK\VLFV DQG FKDUDFWHULVWLF\
RIITHUV D WKHRUHWLFDO EDFNJURXQG LQ SK\WLFDOO\ ED"
DQDO\VLV PHWKRGYV WKDW DUH DSSOLHGWRHWKHWY RLIQHR\OL
RIUDGLRPHWU\DQG SKRWRPHWU\ LV GLVFXVVHG JLYLQJ
DQW SK\WLFDO TXDQWLWLHV DQ GLW K W DU XRLHAUW L 61 FRA YR
QLJKWWLPH OLJKW VRXUFHV LQFOXGLQJGLIIHUHQW W\S|
RWKHU QLIKWWLPH OLJKW &RXRMXPHWH VB WKW LRUL QFLSDO O
SDUDPHWHUV XVHG LQ WKH SODQQLQJ RI QLIKWWOQPH OLJ
ZDYHV IURP LWV VRXUFH WR WKH VHQ V RIUOR/QG V. FUKL & K & LI
GDPHQWDO LQWHUDFWHRGVLEHVFWLKRQF RIQ$BDE LRQHAH R RV
GLJLWDO LPDJH LQFOXGLQJ WKH GLVFXVVLRQ RI VSHFW!
WLRQ 7KLV FKDSWHU FRQFOXGHV E\H[SODLQLQJ WKH ED
LQ 6HFWLR®G D GHVFULSWLRQ RI WKH GLIIHUHQW DQDO\V
WKLV WKHVLV LQ 6HFWLRQ

&KDSWSHUHVHQWY WKH UHDGHU ZLWK WKH GLITHUHQW GEC
ORJLFDO VHTXHQFH IURP OLJKW VRXUFH WR VHQVRU 7KH
VSHFWUD LQWHQVLWLHY DQG LQWHQVLW\ GLVWULEXWLTF
VXUIDFH UHIOHFWDQFH GDWD DQG LY UDGLDWLYH WUD

&KDSWIREXVHY RQ WKH GHULYDWLRQ RI WKH SULQFLSD¢
91,5QLJKWWLPH VHQVRU L H VSHFWUDO UHVROXWLRQ
UHVROXWLRQ ,Q RUGHU WR GHWHUPLQH WKH UHTXLUHG
LV VHW XS ZKLFK FRPELQHV WKH VSHFWUD RI DUWLILFLEC
DQG DWPRVSKHULF WUDQVPLWWDQFH VSHFWUD ,Q RWK
72$UDGLDQFHV IRU GLIIHUHQW OLJKWV VXUIDFHV DQG D\
RQ WKHVH VSHFWUD RSWLPDO VSHFWUDO EDQGY DUH Gl
LQJ TXDOLW\ SDUDPHWHUYV DQG UDGLDWLRQ VRXUFH W\S
RSWLPDO EDQG FRP E I7Q BUDLARICD QNF\IS IYFDIDOXHY DUH DQD O\ V't
EDQGYV LQ RUGHU WR GHWHUPLQH WKH RSWLPDO UDGLRF
WUDO OLEUDU\ IRFXVHV RQ KRPRJHQHRXV VLQJOH SL[HO
ORRN DW VRPH K\SRWKHWLFDO WZR DQG WKUHH GLPHQ\
WKH RSSRUWXQLW\WR IRFXVRQ WKHLQIOXHQFHRILQGL"
EHWZHHQ ODPSV RQ WKH UHVXOWLQJLPDJH HQDEOLQJ V
VSDWLDO UHVROXWLRQ 7KLV ZD\ DQ LQFUHDVHG XQGH !
KLJK VSDWLDO DQG VSHFWUDO UHVROXWLRQV LV JUDGXD

J)LQDOO\ &KRIIMWDLQV WKH FRQFOXVLRQ D UHFRPPHQC
PHWHUV DV ZHOO DV DQ RYHUYLHZ RI SRVVLEOH IXWXUH



WDFNJURXQG WK

7THUPLQRORJ\

7KH SK\WLFV EHKLQG QLJKWWLPH UDGLDWLRQ GRHVQ..W GLI
WHUSDUW 7KHUH DUH PDMRU GLIITHUHQFHYV KRZHYHU LQ Zk
LPDJHU\ &RPSDUHG WR WKH W\SLFDO GD\OLJKW VLWXDWLRQ
LH WKHG6XQ ZKLFKLOOXPLQDWHY DOO REMHFWV LQ D KRF
QXOOLI\DOPRVW DO QORAMDKHIY VRIBSBYWRIRI WKH VSHFWUXP 7
OHDYHV URRP IRU RWKHU OLJKW VRXUFHVY WR EHFRPH PRUH
LQWHQVLWLHV 1LJKWWLPSEDUDVME RD QYR VG WKWMUXP LV GRPLQTE
WLILFLDO OLJKW VRXUFHV :LWKWKHLUIRFXVRQKXPDQ YLVL
GLIIHUHQFHYV EHWZHHQ UDGLRPHWU\ DQG SKRWRPHWU\ 5DC
FRQFHUQHG ZLWK WKH(PEDWXWYHRHRQWKRHLU SK\VI@DMTXDQWL
FRQWUDVW SKRWRPHWU\DGGLWLRQDOO\WDNHV LQWR DFFF
WKH KXPDQ SHUFHSWLRQ LV RI JUHDW LPSRUWDQFH LQ WKH G
ODPS FKDUDFWHULVWLFV DUH SUHGRPLQDQWO\ GHVFULEHG
7DEOHJLYHV DQ RYHUYLHZ RI DOO UHOHYDQW UDGLRPHWULF
DQG XQLWYV

S5DGLRPHWU\

5DGLRPHWULF TXDQWLWLHYV GHY BWDICEH WLRICR XV ID \HSHFW YV B
DQG SRZHU GHQVLW\ ZLWK UHVSHFW WR GLUHFWILMRQ DQG DU
LV GHILQHG E\ WKH DPRXQW Rl HQHUJ\ WEZWYWMUDYKDWH.Q W
UDGLDQW SRZHU RUGBGEDIQEMMOWKH IORZ RI UDGLDQW HQHU.
LV PHDVXUHG LQ ZDWWYV

,Q RUGHU WR XQGHUVWDQG WKH VXEVHTXHQW TXDQWLWL
DQJOHVY QHHGYV WR EH LQWURGXFHGU GWHYH@MW RR DO DUIRIONLJ
REMHFW VHHPV IURP D SDUWLFXODU YLHZSRLQW ,Q RWKHU
FDQ KDYH WKH VDPH VROLG DQJOH DV D ODUJH REMHFW IXU
PHDVXUHG LQ VWHUDGLDQ VU ZLWK VUFRUUHVSRQGLQJ\
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5DGLRPHWULF WHUPLQRORJ\ SKRWRPHWULF WHUPLQRORJ\

AXDQWLW\'HILQLWLROQLW AXDQWLW\'HILQLWLROQLW

5DGLDQW
HQHUWy\

MRXOH >-@XPLQRXV
HQH W\

OXPHQ
VHFRQG >0OP V@

ZDWW >: @/XPLQRXV—E
SRZHY

SDGLDQW %% OXPHQ >OP@

SRZHY

5DGLDQW i#

LQWHQVLW\

ZDWW SHU/XPLQRXV Y—g

VWHUDGLDL(I}NVHQVLW\

FDQGHOD >FG@

V@
5DGLDQW ZDWW SHU /XPLQRXV L8 OXPHQ SHU
HILWDQFH VTXDUH PHN{UW D.QF H VTXDUH PHWUH
>: P2 @ >0 P*P@
.
5DGLDKFH Y ZDWW SHU /XPLQDQF HrYo=t FDQGHOD SHU
VBYERV VTXDUH P HKY UH BYERV VTXDUH PHWUH
SHU VWHUDGLDQ >F G"*P@
>: PAVE@
,UUDG P QP ZDWW SHU ,00XPLQD&FH OXPHQ SHU

6SHFWUDOYY
UDGLIXQF H

6 SHFWUDOYY
LUUDGLDQFH
o.

VTXDUH PHRYUH
>: P2’ @

ZDWW SHUGSHFWUDOﬁ:
FXELF PHWOXPLQDQF
SHU VWHUIKGLDQ

> PAWE@

ZDWWSHUGSHFWUDO—iq
FXELF PHWIUGIOXPLQDQEH
>: P”¥@ Dy.

VTXDUH PHWUH
>0 P"P@

FDQGHOD SHU
FXELF PHWUH
>F G"P@

OXPHQ SHU
FXELF PHWUH
>0 P"P@

7DEOH

HTXDOV OXPHQ SHU VWHUDGLDQ

PHWUH RQ D VSKHUH ZLWK D UDGLXV RI

5DGLRPHWULF DQG SKRWRPHWULF TXDQWLWLHYV DQG XQLWYV

PHWUH 6LQFH W

HTXDOVTXDUH PHWUHV LW IROORZV WKDW WKH WRWDO V|
5DGLDQW LNQRHDQAKIUM\G LQ ZDWW S Hv) VADIQUDIGH Q @ H: &1 L
DVWKHUDGLDQW SRZHUIURP D SRLQW VRXUFH SHU XQLW
WLRQ 5DGLD@ RWLHIZWWQFSHU VTXD U#GLAVHMWKIHUDBE LD QW ¢
SHU XQLW DUHD WKDW OHDYHV D VXUIDFH $ ZLGHO\ XVHG
RIUDGL@QFHILQHG DV WKH UDGLDQW SRZHU OHDYLQJ D V.
DQG SHU XQLW SURMHFWHG DUHD ,W LV PHDVXUHG LQ ZD
- PA%VA» DQG LV WKH SUHIHUUHG TXDQWLW\ IRU VHQVRU
RWKHU KDQG LV WKH UDGLDQW SRZHU UHFHLYHG E\ D VX!



5DGLDWLRQ VRXUFHV

ZDWW SHU VIXDUH'PHOWLOFH PRVW Rl WKH DERYH PHQWLRQH
DUH GHSHQGHQW XSRQ ZDYHOHQJWK DGGLWLR@BIIGWHUPV

VSHFWUDO IQJUDWBGH DQ¥R RI LPSRUWDQFH IRU WKH UHPDLQLQJ
UHSUHVHQW UDGLDQFH DQG LUUDGLDQFH UHVSHFWLYHO\ S

SKRWRPHWU\
3KRWRPHWULF TXDQWLWLHV PRVWDXRIHFRIQ EWHGHEALWK B S
IURP WKHLU UDGLRPHWULF FR X QAWHRYSIDHBWW XN QRN (DXPLQR
SRZHU L H WKH SKRWRPHWWYLFKXDQMOWNVW OXPLQRXV HIIL
FDQ WKHRUHWLFDOO\EHDFKLHYHG BW[ y Q7 VRIRRBDWLQJ C
VLRQ ,QWHUQDWLRQDOH GH O...(FODLUDJH ,QWHKUQDWLRQD
SKRWRSLF VSHFWUDO OXPLQRXV HIILFLHQF\ RU WKH KXPDQ }
ZHOO OLW FRQRLWHSRUHW DMV UDGLDQW SRZHU L H WKH U
LW\ 1RWR) WE®WDQ EH UHSODFHG E\DQ\RWKHU SKRWRPHW L
TXDQWLW\ UHVSHFWLYHO\

<

. CR Yy
Ro |::'quo [y

cy

,W LV LPSRUWDQW WR HODERUDWH KHUH RQ WKH GLIITHUHQ
DQG PHVRSLF YLVLRQ 3KRWRSLF YLVLRQ LV WKH VWDQGDU
ZKHUH WKH OXPLQDQFH"HBRHHGEWVWREBWH FLUFXPVWDQFHV KX
LV GRPLQDWHG E\ WKH H\H...V FRQHV ZKLFK DUH JRRG DW GLV
6FRWRSLF YLVLRQ RQ WKH RWKHU KDQG LV GRPLQDWHG E\
VHQVLWLYH WR OLJKW EXW DUH OHVV HIILFLHQW DW GLVFUL]
YHU\HIIHFWLYHLQ ORZOLJKW FRQGAWLRIQWHD W WEKHXRIKHV ¥
VHQVLWLYLW\RI SKRWRSLF YLVLRQ LV FHQWUHG DURXQG ¢
DURXQG QP )LJRULQWHUPHGLDWH OXPLQDQFHV ERWK FI
XVHG D VWDWHFDOOHG PHVRSLF YLVLRQ 6LQFH OXPLQDQFF
XVXDOO\DSSUR[LPDWH WKH YDOXHV IRUSKRWRSLF YLVLRQ
FXUYH IRU SKRWRSLF YLVLRQ LV IUHTXHQWO\ XVHG LQ OLJKW

cy

SDGLDWLRQ VRXUFHYV

6R IDU WKH LGHQWLILFDWLRQ RI OLJKW VRXUFH W\SHV DQG |
ERUQHLPDIJHU\KDVEHHQ FKDOOHQJLQJGXHWRDOLPLWHG V
KLOH LW LY SRVVLEOH WR JLYHDQ HIWHQVLYH RYHUYLHZ RI
DWLRQ BQ,9%HOMWW RI WKH VSHFWUXP UHODWLYH ZRUOGZLGH |
WR GHWHUPLQH ,QVWHDG PRVW UHVHDUFK KDV IRFXVHG R
UHIOHFWHG OLJKW ZLWK ODQG XVH FODVVHV 2QH VXFK H[DP
HFXWHG E\ . XHFK@\IRRW W/EH>FLW\ Rl % HUOLQ $IWHU D WKRUR}
HPLVVLRQ VWUHHWY ZHUH IRXQG WR EHUHVSRQVLEOH IRU

DOWKRXJK RQO\ FRYHULQJ DQ DUHD RI 2ZWKHU ODUJH FR
IURPLQGXVWULDO DUHDV SXEOLF VHUYLFH DUHDV
DQG WKH FLW\ FHQWUH 7KH FRQFHQWUDWLRQ RI QLJKY\

PDMRU WUDQVSRUWDWKR@WN HDW WKH IDFW WKDW QRFWXUQTL
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JLIXUH &,(SKRWRSLF SXUSOH DQG VFRWRSLF RUDQJH VSHFWUDO OXP
LQJ WKH VHQVLWLYLW\ RI WKH KXPDQ H\H WR GLIITHUHQW ZDYHOHQJWK"
UHVSHFWLYHO\ 1RWH WKH EHOO VKDSHG IRUPV FHQWUHG DURXQG Ql

UHVWULFWHG WR XUEDQ DUHDV LQ FRQWUDVW WR UXUDO
GR QRW WHOO DQ\WKLQJ RQ OLJKWLQJ W\SHV GLUHFWO\
GRPLQDQW HPLVVLRQ VRXUFHV

SUWLILFLDO OLJKWYV

7TKHVRXUFHV XVHG E\ KXPDQV WR SURGXFH OLJKWLQJKDY
RXW KLVWRU\ JRLQJ IURP RSHQ ILUHV WR FDQGOHYV DQG
HOHFWULFDO OLJKW $Q HVWLPDWH PDGH E\ WKH -RLQW
&RPPLVVLBRBQKXKRZV WKDW DPRQJDUWLILFLDO OLJKW VRX
OLIJKWV ZHUH UHVSRQVLEOH IRUDERXW KDOI RI WKH DUW

DOWKRXJK D WUHQG WREZDBDOULGK WKHWWR EH HISHFWHG
IXWXUH %HORZIROORZVDQRYHUYLHZRIWKHPRVW FRPP
WRGD\DQG D GHVFULSWLRQ RI WKHLU SULQFLSDO HPLVV
IRUZKLFK D SDUWLFXODU OLJKW HPLWYVY PRVW RI LWV OLJ|

,QFDQGHVFHQW

7KH LQFDQGHVFHQW ODPS HPLWV OLJKW E\ KHDWLQJ D WX
HQFORVHG E\D JODVV EXOE :KHQ HOHFWULFLW\ SDVVHV
WKHUHE\ SURGXFLQJ D VSHFWUXP VLPLODU WR WKDW RI D
XUH +RZHYHU WKHVH EXOEV FRPH ZLWK D PDMRU VKRUW
OLJKW IDOOV LQ WKH LQIUDUHG SB U\WR VW KRIQ/ ISRHF MQPOR §
OLJKW EXOEV XVXDOO\ SHDNV DURXQG QP

+LJK DQG ORZ SUHVVXUH VRGLXP

+LJK DQG ORZ SUHVVXUH VRGLXP ODPSV DUH D W\SH RI J|
VRGLXP LQ DQ H[FLWHG VWDWH *DV GLVFKDUJH ODPSV .
HOHFWULFLW\ WKURXJK DQ LRQLVHG JDV WKHUHE\ UHOHI
'LIlTHUHQW JDVVHV W\SLFDOO\ UHVXOW LQ WKHLU RZQ FK
FDVH RI KLJK SUHVVXUH VRGLXP ODPSV WKH W WBRIGJHVV
RQGDU\ OLQHV OLH EHWZHHQ QP DQG QP /RZ SUHV"



5DGLDWLRQ VRXUFHV

YLIXUH 1ILJKWWLPH LPDJH RI %HUOLQ *HUPDQ\ 6HSWHPEHU 5HSL
DQG VSDWLDO DQDO\VLV RI VRXUFHV Rl OLJKW SROOXWLRQ LQ %HUOLQ *HL
5XKW] & /LQGHPDQQ & :ROWHU - )LVPHHPR VGG HGYDNHRI (OYLURQPHOW
s

DQDGGLWLRQDO RXWHU YDFEXXP VXUURXQGHG E\JODVV FRY'L
OD\HU 7KLV OLPLWYV WKHHPLVVLRQ RILQIUDUHG OLJKW OHL
DwW QP )LH 6RGLXP YDSRXU ODPSV W\SLFDOO\HPLW D EU
OLJKW

OHUFEXU\ YDSRXU

OHUFXU\ YDSRXU ODPSV DUH DQRWKHU W\SH RI JDV GLVFKD

DQG SURYLGLQJ D PRUH EOXH JUHHQ FRORU EHFDXVH RI LW
QP DQG QP )UJ ,Q FRQWUDVW WR RWKHU GLVFKDUJH O

DOO\ UHVHPEOHV WKH FXUYH RI DQ LQFDQGHVFHQW ODPS Z
QP > @

OHWDO KDOLGH

OHWDO KDOLGH ODPSV DUH VLPLODU WR PHUFXU\ YDSRXU O
PLIWXUH RI PHWDO KDOLGHVY DGGHG WR WKH PHUFXU\ OHWD(
DVWURQJ SHDN DW QP ZLWK RWKHU SHDNV VWURQJO\ GH S
RI WKH KDO@GH\V 3

JOXRUHVFHQW

JOXRUHVFHQW ODPSV DUH ORZ SUHVVXUH JDV GLVFKDUJH OD
GXFH UDGLDWLRQ /LNH ZLWK PHUFXU\ YDSRXU ODPSV WKH!
+RZHYHU WKH LOQQHU VXUIDFH RI WKH JODVYV WXEH LQ ZKLFK
IOXRUHVFHQW FRDWLQJRISKRVSKRUV 7KLVUHVXOWVLQWZ
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JLIXUH 7\SLFDO HPLVVLRQ VSHFWUD IRU GLITHUHQW QLJKWWLPH UD

. F LQFDQGHVFHQWEXOE G KLJK SUHVVXUHVRGLXP ODPS H ORZ
YDSRXU ODPS J PHWDOKDOLGHODPS K('OPRSHMEBQW GBR®® L ZDUP
1RWH WKDW WKH\ D[LV UHSUHVHQWY UHODWLYH UDGLDQFHYV



5DGLDWLRQ VRXUFHV

DQG QP )LK 1HDU LQIUDUHG HPLVVLRQ DUH VPDOOHU WKI
ODPSV

/JLIKW HPLWWLQJ GLRGHYV
/(' ODPSV FRQVLVW RIRQHZKUPKRDHH VHPL FRQGXFWRU-
PRYLQJ WR D ORZHU HQHUJ\ VWDWH ZKHQ HOHFWULFD

UHOHDVLQJ SKRWRQV 'LITHUHQW W\SHV RI VHPL FRQGXFWRL
UDQJHRIFRORXUV 7KHUHIRUH LWLV GLIILFXOWWR SLQSRL
ODPSV 7KH\FDQ KRZHYHU EHLGHQWLILHG E\UHODWLYHO\
HPLVVLRQ EDQGV DQG D ODFN Rl QH@U IKQWB UHG HPRYDLR Q"
KDYH WZR SULPDU\ SHDNV L H RQHLQ WKHEOXHDQG DQRW
UHJLRQ )LIJM %HFDXVH RI WKHLU ORQJ OLIHY S0.QKVQ\G KLJK
DUH EHFRPLQJ PRUH DQG PRUH WKH VWDQGDUG IRUERWK LQ

ORRQ
$SDUW IURP WKH DUWLILFLDO OLJKW VRXUFHV PHQWLRQHG
EHU RI QDWXUDO OLJKW VRXUFHV HPLWWLQJ OLJKW LQ WKH Y
QLIJKWWLPH 7KH PRVW SURPLQHQW RI WKRVH LV WKH ORRQ
DW LWV VXUIDFH RQWR (DUWK +HQFH WKH ORRQ LV DFWXDC
EXW LQVWHDG DFWV DV D UHIOHFWLQJ REMHFW 7KH LQWHQV
FRPSDULVRQ WR GLUHFW VXQOLJKW RUIBUWRRSD D DVARLQY K \WQ ¢
FRQWUDVW WR DUWLILFLDO OLJKWLQJ KRZHYHU WKH HPLWV
KRPRJHQHRXV DFURVV WKH VXUIDFH 7KHUHIRUH PRRQOLJI
HYHQ WKRXJK LWV LQWHQVLW\ LV UHODWLYHO\ OLPLWHG $¢
WKH GHWHFWLRQ RO &3RRXGSAIRRAHU\ ,W DOVR H[SODLQV WK
LYHO\ ORZ GHWHFWLRQ OLPLWYV Rl ERWK RI WKHVH VHQVRU\
FORXG GHWHFWLRQ $GGLWLRQDOO\ PRRQOLJKW IDFLOLWD
DQG LFH IHDWXUHV @ RERABIFHHG WR WKH VSHFWUXP RI DUW
OXQDU VSHFWUDO LUUDGLDQFHYV DUH UH®D,BVSHFW UWRP R J H (
)L D

2WKHU
$QRWKHU UHODWLYHO\FRPPRQ VRXUFHRIQLJKWWLPHUDGLTE
HPLVVLRQ VSHFWUWHDQLWEH GHVFULEHG XVLQJ 30ODQFN..V ODZ

OB
Qe @ as,
ZKHWH UHSUHVHQWY WKH V SSHIH\QLRDWDHLW DAGOLIDARDH. WWEIRKD V W D Q
VSHHG RIIQLYKHMROW]PDQQ ... WE R QWK/WDIEW RQXBWH WHPSHUD W
PDWHULDO )RU W\SLFDO ILUHV ZLWK WHPSHUDWXUHV UDQJ|
HPLVVLRQ SHDNV DUH ORFDWHG LQ WKH WKHUPDO LQIUDUH
VRXUFHV XVXDOO\ OHVV IUHTXHQW RU DW ORZHU LQWHQVL
JDV IODUHV OXPLQRXV EDFWHULD DQG GLQRIODJHOODWHYV
JORZ@ )LJ $V WKHIRFXV LV RQ XUEDQ DUHDV KRZHYHU WK
QRW FRQVLGHUHG GXULQJ WKH UHPDLQGHU RI WKLY WKHVLV
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YLIXUH &RQFHSWXDO GLDJUDP RI REVHUYDEOH IHDWXUHV DW QLJKW
PRRQ FRQGLWLRQV DQG E QHZ PRRQ FRQGLWLRQV &RXUWHV\ RI 6WH
$WPRVSKHULF 5HVHDUFK &@0(7 SURJUDP >



/ILIKWLQJ TXDOLW\ SDUDPHWHUYV

6LWXDWLRQ ,OOXPLQDQ¥X@®>0P P

)XOO VXQOLJIKW

3DUWO\ VXQQ\

&ORXG\ GD\

O0DLQ URDG VWUHHW OLJKWLQJ
/JLJKWHG SDUNLQJ ORW
5HVLGHQWLDO VLGH VWUHHW
8UEDQ VN\JORZ

)XOO PRRQ FORXG IUHH
4XDUWHU PRRQ

&OHDU VWDUU\ QLJKW

2YHUFDVW QLJKW VN\

7TDEOH 7\SLFDO LOOXPLQDQFH YDOXHV IRU GLIITHUHQW VLWXDWLRQV 5HS
QLIKWWLPHOLJKW SROOXWLRQ DPHFKDQLVWLFDSSUDLVDO % E\. - *DVWR
%LRORJLFDO 5HYS HZV

[LIKWLQJ TXDOLW\N SDUDPHWHUYV

$V LW LV QRW HIIHFWLYH WR VKDUH IXOO ODPS VSHFWUD ZLV
VFULSWLRQ RIDUWLILFLDO OLIJIKWLQJJHQHUDOO\FRQVLVWYV
DQFH SDUDPHWHUV RU LQGLFHVY 7KHVH GHILQH HJ KRZP
FDQ EH VHHQ E\ WKH KXPDQ H\H RU KRZ PXFK OLJKW LV HPLYV
WKH VSHFWUXP %HORZ WKH PRVW FRPPRQ VSHFWUDO LQG
DUH GLVFXVVHG EDVHG RQ D UHFHQW UHSRUW RQ URDG OLJ|
-RLQW 5HVHDUFK &HQWUH RI WKH (XURSHDQ &RPPLVVLRQ S
DQG VRPH RIWKHLQGXVWU®R..V VWDNHKROGHUV >

SDGLDQW SRZHU
7TKHILUVW OLJKW SDUDPHWHU WKDW SOD\WVDQLPSRUWDQW UF
WKDW FRUUHVSRQGV WRDFHUWDLQ OXPLQDLUH VA\VWHP WYV
KRZHYHU LV QRW VWUDLJKWIRUZDUG DV LWGHSHQGV RQDQ
HJ VXUIDFH UHIOHFWLRQ DWPRVSKHULF WUDQVPLWWDQFF
ZLWKLQ WKH  PHDVXUHG VSHFWUXP :KHUHDV LW LV SRVVLEO|
ObDPSV XQFHUWDLQWLHY UHPDLQ UHODWLYHO\ KLJK H J EI
DW KLJK VSDWLDO @HWRXPWDRQYDWKHU WKDQ WKH UDGLDQ
UHTXLUHG HOHFWULFDO SRZHU WKDW LV RILQWHUHVW +RZH
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FRPSOLFDWHG E\ WKH QHHG IRU GDWD RQ HOHFWULFDO S
DELOLW\ WR WUDQVIRUP HOHFWULFDO SRZHU LQWR RSW
VKLHOGLQJ $GYDQFHV LQ WKLV DUHD UHTXLUHVY DGGLWL
WKH VFRSH RI WKLY WKHVLY ORUHRYHU VXFK HVWLPDWL
RI'VSHFWUDO EDQGV DQG ZLOO WKHUHIRUH QRW EH GLV|

IXPLQRXV HIILFDF\

,QGHVLJQLQJDUWLILFLDO O DMPAIQ®RX \DH K ILF/BFEDXIF. B DJ K X
PLQRXV HIILFDF\UDWHV WKH DPRXQW RI YLVLEOH OLJKW \
E\WKH WRWDO DPRXQW HOHFWULFDO SRZHU WKDW LV UHT
WKH HIILFLHQF\ RI D SDUWLFXODU O X P/l{ \CCLNUHH LVQ VR HOFF FIR
HPLVVLRQV RXWVLGH RI WKH YLVXDO VSHFWUXP EXW DO
D GHFUHDVHG OXPHQ RXWSXW DV D UHVXOW RI GLUW FRO
XVXDOO\GLIILFXOW WR HVWLPDWH ZLWKRXW DQ\ JURXQG
FKDQJHGOXPRLIQRXV HIILFDFV @ UIKGIEFKQ@HH) EH FRPSXWHG
UDWLREHWZHHQ ORPRQB RBWREBO URG [DQW 3FSZHD O
YDOXHV IRUURDG OLJKWL®JIBD@HUFXRRA ODPSV WAURXJIK
IRUIOXRUHVFHQW ODPSVADI®R®(' ODPSY :WR A> ORPU:

ORZ SUHVVXUH VR G@ X 9D0DOSWRI RYMHDUHMRSHFWHG IRU | X
/(' URDG OLJKWLQJ
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QIW=° 1
RA ®<] V~C'
——cy

6SHFWUDO * LQGH]
JLJKW SROOXWLRQ HVSHFLDOO\LQ WKH EOXH SDUW RI W
DWWHQWLRQ LQ UHFHQW \HDUV :HOO NQRZQ H[DPSOHV
ILFLDO OLJKWV RQ WKH QRFWXUQDO EHKDYLRXU RI GLIIH
KHDOWK>)RU D ORQ&WDWHHHQ WKH SULQFLSDO LQGLFDYV
RI HPLWWHG EOXH OLJKW GHVSLWH LWV LQDELOLW\ WR V
VHH 6HFWLR®HFHQWO\ KRZHYHU WKH (XURSHDQ &RPPLYV
&HQWUH KDV SXEOLVKHG D UHSRUW LQ ZKLFK LW UHFRP|
&/ 9 RUVSHFWUDO * LQ@H[TKQVWHABE[>FDQ EH FRPSXW
WRWDO DPRXQW RI OXPLQRXV SRZHU GLYLGHG E\ WKH DP
EHWZHHQ QPDQG QPZKWK KLJK YDOXHV FRUUHVSRQG
OLJKW HPLV&@LRRWH WKH VLPLODULWLHY EHWZHHQ WKH H
DQG WKH RQH RIKLIV PHDQV WKDW ODWHURQ WKHHQXPHI
E\WKH VDPH VSHFWUDO EDQG :LWK PRVW RI PRGHUQ VW1
UDGLDWRUV IRU WKH UHPDLQGHU RI WKLV WKHVLV PRU
HVWLPDWLRQ RI WKH VSHFWUDO * LQG&7DV RSSRVHG WR




/ILIKWLQJ TXDOLW\ SDUDPHWHUYV

J)LIXUH &, ( FRORXU VSDFH ZLWK WKH 3ODQFNLDQ ORFXV OLQH UHSUH)
7TKHLVRWKHUP SHUSHQGLFXODU WR WKH 30O0DQFNLDQ ORFXV UHSUHVHQWYV D
ZLWKRUUHODWHG FRORAU WHPSHUDWXUH

&RUUHODWHG FRORXU WHPSHUDWXUH

,Q RUGHU WR DVVHVV WKH SHUFHLYHG FRORXU RI WKH OLJK\
LWV VSHFWUXP LV FRPSDUHG WR D UDQJH RI EODFNERG\ UDG
oDz (T 7KH DEVROXWH WHPSHUDWXUH RI WKH EODFNERG
VHPEOHV WKH VSHFWUXP RI WKH O DFFRUJ GHHO DOWHVGWFIRID R X UF IV @I
DWXR&&7 ,W QHHGY WR EH QRWHG WKDW Z&& 1B O\XHH AR/P S XV
UHOHYDQW IRU ODPSV WKDW FORVHO\UHVHPEOH WKH VSHFW
WKH FDVH RILQFDQGHVFHQW ODPSV LWLV QR ORQJHU UHOH
JLHV VXFK DV GLVFKOUOWPHOWPSWHRELWH LWV OLPLWHG DELOL
ODPSV.. VSEHFWHIXPLQV D ZLGHO\ DSSOLHG LQGLFDWRU DV LV
IRUZDUG WR JUDVS LWV PHDQLQJ

7KH FRPSXWDW&KMOIRO XKRI D ODPS LV EDVHG RQ LWV VSHF\
WULEXWLRQ ZKLFKFDQLQ WKLV FDVH EH H[FEDQJ&G E\ LWV |
,Q DILUVW VWHS WKH VR FDQOMO Q\GULWHAVERRGO X W N G OXVHL D J
(T +HUWAYQG@IHSUHVRQWWHKRHORU PDWFKLQJIXQFWLRQ!
E\ WKRH( 1IRWH WKOYWKRVHQ LQ"RURGHUXBRO ,Q WKH QH[W V\
WKH FKURPDWLFLWDEDBRQ GRIDWHRRUGLQDWH V\VWHP DUH F
SXWHG (T JURP WKHVH WKH FKURPRWBGLGIWKKYDOXHYV
8&6 GLDJUDP QHHG WR EH FRPSXWIHGK KD WKLV GLDJUDP )LJ
WKH 30DQFNLDQ UDGLDWRU ZKRVH FRRUGLQDWHVY DUH QHDU
YDOXIBWYWG GHWHUPLQHY WKH WHPSHURSR UWKBIQOADRIBQFH WK
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$QRWKHU IUHTXHQWO\ FLWHG SDUDPHWHU WR GHVFULE
RI WRRORXU UHQGH&4,QZ KIFKHH[SUHVVHV D ODPS...V DELC
UHSURGXFH GLITHUHQW FRORXUV DORQJ WKH VSHEWUXP
ZLWK WKHK.¥DRBLFDOO\ LQFDQGHVFHRWODRSY KDRNV K W F
PD[LPXP YDOXH RI /IRZ SUHVVXUH VRGLXP OLJKWV RQ
RQH QDUURZ SHDN LQ LWV VSHFWUXR D QB0 MWHKWHUFHRUH
KDV EHHQ H[SUHVVHG EHIRUH @\ (HOML GBBIWHIM®IOU YV D Y H L
KLJK VSHEWUDO UHVROXWLRQ ZKLFK LV QRW FRVW HIIHF
VHQVRUV $V D FRQVHTXHQFH5WKB G \DRW EMW ERQ \RUG H U
WKHVLV

SURSDIJDWLRQ RIHOHFWURPDJQHWL

,QRSWLFDO UDGLDWLRQ OLJKWLVPRGHOOHG DV WUDQV"
HOHFWULF DQG PDJQHWLF ILHOGYV SHUSHQGLFXODU WR W
WKH\ DUHHFOOPMERPMIZBWHY 7KH LQWHQVLW\ RI UDGLD\
PHDVXUHG LV HQFRGHG LQ WKHDPSOLWXGH RI WKHVH ZD)
VXHKW ZDYHV WUDYHO WR WKH (DUWK ...V VXUIDFH LQWHUD
REMHFW DQG WUDYHO WKURXJK D ZKROH VHULHV RI DWP
"KHQ@O0 ZDYHV LQWHUDFW ZLWK PDWWHU WKH HOHFWURQYV
LQWR PRWLRQ WKHUHE\WUDQVIHUULQJ HQH @J\ %UHFOR & K |
WKHLQWHUDFWLRQ RI ZDYHV ZLWK PDWHULDOV LV VXEGL
HQHUJ\ LQWHUDFWLRQ ZLWK WKH (D DWQKG. HQWXU | DWW 16 Ui B
LQ WKH DWPRVSKHUH B6HFWLRQ



URSDIJDWLRQ RIHOHFWURPDJQHWLF UDGLDWLRQ

YLIXUH 6LPSOLILHG LOOXVWUDWLRQ RI SURSDJDWLRQ RI QLIKWWLPH UD
/ VXUIDFHLQWHUDRWEZRQHN WK OCBZPUG DWPRVSKHUH (QWHYHDFWLRQ ZLW
0 GRZQZDUG DWPRVSKHUH LQ\WHAUDFWLRQ ZYWKI DKIPDQWHUMFWLRQ ZLWK
ZDYHV DQG 0 XSZDUG DWPRVSKH U HLDIWHWD AW WRHQWHK BWK REQDRIORXG [UH |
WLRQV DUH FRQVLGHUHG

3DWKZD\

JLIXUHUHSUHVHQWY D VLPSOLILHG L QGZXD/YXNNHYDXNLRHURA RKXHG S
I[UHH QLIKWWLPH FRQGLWLRQVY 7KHPRGHO FRQVLVWYVYV RIWZF
DUWLILFLDO OLJKWV RUVWUHHW OLJKWYV SUHIL[/ DQG WKHO
LWLV VWULFWO\QRW D OLJKW VRXUFH WKHORRQLV FRQVLG
WLRQ /XQDUUDGLDWLRQ DUHVXOWRIUHIOHFWHG VXQOLJK
VSKHUH WZLFH DV LVWKHFDVHIRUVXQOLJKWLQ GD\WLPHR
OLIJKW VRXUFHV RQ WKH RWKHU KDQG DUH XVXDOO\UHODW|
7TKHUHIRUH LW FDQ EHDVVXPHG WKDW RQO\ XSZDUG SDWKV I
WKHDWPRVSKHULF WUDQVPLVVLRQ SEREWRP W R W RRWFHKHA
%2$UDGLDQWRY WRDWPRYSKBPGHDQFHY &RQWUDU\WR WKH
GLDJUDP )LJLW QHHGVY WR EH QRWHG WKDW UHDO ZRUOG HC(
PRUHFRPSOH[ VLQFH ZDYHV FDQ EH VFDWWHUHG DEVRUEHC
WKH (DUWK..VDWPRVSKHUHLY QRW D KRPRJHQHRXV RU VWD\
DVVXPSWLRQ XVXDOO\GRHVQ..WKROGDQG SDWK UDGLDQFH
VLGHUHG )RUWKHGHWHUPLQDWLRQ RIRSWLPDO VSHFWUDDO
DVLPSOLILH@®PRBHORIRSDIDWLRQ LV VXIILFLHQW
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6 XUIDFHLQWHUDFWLRQ

'KHQ LQFKGERWHY FRPH LQWR FRQWDFW ZLWK WKH (DUW
PD\EHDEVRUEHG WUDQVPLWWHG RUUHIOHFWHG 7KH SL
LQWHUDFWLRQV VWURQJO\GHSHQGY RQ ERWK ZDYHOHQJ
H[DPSOH WZR GLIIHUHQW PDWHULDOV H J JUDVV DQG D
OLWH LPDJH DV D UHVXOW RI GLIIHUHQW PDWHULDO SUR!
UHIOHFWV D GLIIHUHQW DPRXQW RIUHG OLJKW FRPSDUHG
DFWHULVWLF RIVXUIDFHIHDWXUHV LV VSHFWUDO UHIOHF
UHIOHFWHG HQHUJ\ ZLWK UHVSHFW WR WKH DPRXQW RI LG
ZDYHOHQJWK

$QRWKHU LPSRUWDQW FRQVLGHUDWLRQ LV WKH GLUHE
UHIOHFWHG 7KLV GHSHQGV PRVWO\ RQ WKH URXJKQHVV
UHIOHFWRUV DQG GLIIXVH UHIOHFWRUV FDQ EH GLVWLQJ
VXUIDFHV WKDW UHVXOW LQ PLUURU OLNH UHIOHFWLRQV
VLQJOH GLUHFWLRQ ZLWK WKH UHIOHFWLRQ DQJOH HTXEC
IDPEHUWLDQ UHIOHFWRUV RQ WKH RWKHU KDQG DUH UR.
LQ DOO GLUHFWLRQV ORVW UHDO ZRUOG VXUIDFHV RU RE
QRU SHUIHFWO\/DPEHUWLDQ DQG DUHD FRPELQDWLRQ RI
VSHFWUDO UHIOHFWDQFH FXUYHV GR QRW IXO0O\ JUDVS W
DV WKH\ XVXDOO\ GRQ..W WDNH WKH LQFLGHQFH DQJOH
DQJOH LQWR FRQVLGHUDWLRE) GRIHWW LR QB O WRIQO AWM D
IXQFW%B'Q ZDV LQWURGXFHEZ LK HSUHVHQWE'QQ WKH
UHIOHFWHG J) WEIHDIQFAFRPLQJ LUDQGMWIQHFB]LPXWK DQG ]H
DQJOH RI WKH UHIOHFWHG UDG |, DQGHW KIH D SIHFFWLK B QG DI
DQJOH RI LQFRPLQJ OLJKW $V UD G @D Q\G LHIDADGUHD®
LQ : P” WIKEE')KDV WKHAQLW VU

CQR « W
ch b ¥

'"HULY%@J)YDOXHV IURP VSDFHERUQH RU DLUERUQH VH
VWUDLIJKWIRUZDUG ,QVWHDG WKH DVVXPSWLRQ WKDW L
EHUWLDQ UHIOHFWRUV LV DSSOLHG LQ PRVW FDVHV ,Q |
DVVXPHG WR UHIOHFW HTXDOO\LQ DOO GLUHFWLRQV DQG
FRPLQJLV RIQR LPSRUWDQFH 7KLWBO®RZEHIRY S\OKH HS
WKHUDWKHU XQFRPSOLFDWHG GHWHUPLQDWLRQ RIVSHF
KRZHYHU WKDW WKLV VLPSOLILFDWLRQ GRHV QRW DOZD\
LVWKHH[DPSOHRIDZHW URDG VXUIDFH ZKLFK FORVHO\ |
IOHFWRU $V WKH SUHVHQFH RI ZHW URDG VXUIDFHV LV KL
RI FORXGY DQG RQO\ FORXG IUHH RSWLFDO LPDJHU\ DUF
KDV RQO\ OLPLWHG LPSOLFDWLRQV DQG FDQ WKXV EH Ql

$WPRVSKHUH LQWHUDFWLRQ
$IWHU LOWHUDFWLQJ ZLWK WKH VXUIDFH DQG DVVXPLQJ"
IOHFWHOYHV FROQWLQXHRQ WKHLU SDWKWR WKHVHQVRU
DWPRVSKHUH L H WURSRVSKHUH VWUDWRVSKHUH PHYV



URSDIJDWLRQ RIHOHFWURPDJQHWLF UDGLDWLRQ

JLIXUH 9DULDWLRQ LQ DWPRVSKHULF WUDQVPLVVLRQ FXUYHV IRU D PLGC
XUEDQ DHURVRO PRGHO DW VHD OHYHO

VSKHUH +HUH WKUHH IXQGDPHQWDO LQWHUDFWLRQV FDQ F
DQG VEDWWHULQJ :KHUHDV VFDWWHULQJFKDQJHV WKH GLU
DQG WUDQVPLVVLRQ GHWHUPLQH WKH DPRXQW RI HQHUJ\ WK
VSKHUH O9DULRXV PROHFXOHV VXFK DV ZDWHU YDSRXU FDU
DEVROBEHQHUJ\ DQG FRQYHUW LW LQWR RWKHU IRUPV RI HQH'
WKH HQHUJ\ GRHVY QR ORQJHU UHDFK WKH VHQVRU DQG LQIRU
VWLWXHQWY DEVRUE HQHUJ\ Rl GLIIHUHQW ZDYHOHQJWKV
WKH DWPRVSKHUH WR EHFRPH DOPRVW FRPSOHWHO\ LPSHQF
UDQJHV )LJIEVRUSWLRQFDQ YDU\VWURQJO\IRUGLIIHUHQW
)RU HIDPSOH WKH DPRXQW RI ZDWHU YDSRXU DERYH WKH WL
WKDQ WKH DPRXQW DERYH WKH SROHV +HQFH IRU ZDYHOHQ
ZDWHU YDSRXU WUDQVPLVVLRQ ZLOO EH ORZHU DERYH WURS

$WPRVSKHULF VFDWWHULQJ RU GLIIXVLRQ RI UDGLDWLRQ
VHYHUHO\ UHGXFH WKH LQIRUPDWLRQ FRQWHBADRDWHFINWHHP RWH
UHGLUHFWHG I[URP WKHLU RULJLQDO SDWK 7KLV OHDGV WR |
UDGLDWLRQ 7KUHH GLITHUHQW W\SHV RI VFDWWHULQJ WDN|
OLH VFDWWHULQJDQG QRQ VHOHFWLYH VFDWWHULQJ 5D\OF
DWPRVSKHULF SDUWLFOHV LQWHUDFW ZLWK ZDYHV WKDW KD
WKH VL]H Rl WKH SDUWLFOH 6XFK SDUWLFOHV LQFOXGH WLC
JHQ 6KRUWHU ZDYHOHQJWKYVY DUH PRUH DIIHFWHG E\ 5D\OH
ZDYHOHQJWKY DV WKH HIITHFW LVLQYHUVHO\ SURSRUWLRQD
5* %VDWHOOLWH LPDJHVY WR ORRN EOXH ZKHQ WDNHQ IURP D &
UHGXFHVY WKH FRQWUDVW RIVSDFHERUQHLPDJHYVY :KHQ WKH
WR WKHZDYHOHQJWK HJ SROOHQ GXVWRUVPRJ OLH VFD\
5D\OHLJK VFDWWHU OLH VFDWWHU DIIHFWV PRUH WKH ZDYHC
PLG LQIUDUHG DQG LV HVSHFLDOO\ VLIJQLILFDQW GXULQJ RY
GLWLRQV LW SURGXFHV DJHQHUDO KD]JH LQ WKH LPDJH /D)
FRPHVY DERXW ZKHQ WKH SDUWLFOHY DUH PXFK ODUJHU WKZEC
FDVH HJ IRUZDWHU GURSOHWY LQ FORXGYVY $V QRQ VHOHF
RI'WKH ZDYHOHQIWEKDLUWWKIHVKH VSHFWUXP ZLWK HTXDO TXL
JUHHQ UHG DQG QHDU LQIUDUHG OLJKW VEDWWBUHW FORXC
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2SWLFDO LPDJLQJ VA\VWHP

6SHFWUDO VDPSOLQJ
2SWLFDO VI\VWHPV KDYH WKH SXUSRVH RI SURGXFLQJD UD
DUUD\RIDQ LPDJLQJ V\VWKHPZDRR\LQERRWKEBFDVH RI PXOW
LPDJLQJ LW GRHV VR LQ GLIIHUHQW VSHFWUDO EDQGV Z
WLFXODU UDQJH RI ZDYHOHQJWKY 7KLV FDQ EH VHHQ D
ZLWK WKH VPDOOHVW GLIIHUHQFH LQ ZDYHOHQJWKV WKD
SUHWHG DV LWV VSHEFWUDO UHVROXWLRQ 7R FRPSXWH \
WKURXJK FRPELQLQJ UDGLDQFHV IURP GLIIHUHQW ZDYHC
LH WKHEDQG LQWHJUDWHG UDGLDQFH DQG WKH EDQG
EDQG LQWHJUD\QH,¢ BBGLOHGEBY WKH SHDN QRUPDOLVHG
YDOXH RYHU WKH GHWHFWRU EDQGSDVV FDQ EH FRPSXW

<

Qzg) | Q-rWpzgirey

ZKH@QHUHSUHVHQWY WKH VS HRWAI DO WIKGILDIMWMDXPEH QW D
UHVSRQVHIXQFWLRQRU VOLW I X@ FWLR\WQAR D DXwWe Q @ P «

7KH EDQG DYHUDJHG V SH W UFD® WK RIWKAHU KDQG LV WK
DYHUDJH Rl WKH QRUPDOLVHG HIIHFWLYH UDGLDQFH YD
(T DQG LV PHDVXUM/Ar@ PP $V WKH EDQG DYHUDJHC
WUDO UDGLDQFH LV EHWWHU DW FRPSDULQJ UDGLDQFH
JHQHUDOO\ WKH SUHIHUUHG YDULDEOH

< -
@D Q~rW[zg]r cy

< 7

@ W[Zg]r cy

60LWIXQFWLRQVDUH GLIILFXOW WR EHV\QWKHVLVHG L
UXOH KRZHYHU VXFK ILOWHUY DUH GHVFULEHG E\ DQ DC

DVDFRPELQDWLRQ RI D UHFWDQJXODU IXQFWLRQ DQG D |
VR FDOOHG VA\PPHWULF ...VXSHU *DXVVLDQ.. IXQFWLRQ R

Q [zg]

\
YT
W Al%u—_l

LV XVHG & KIHHSBH H V HRIMQMNIOHD Z D& H B H W K\WM KATIQWGW K 8 O
ZLGWK DW KDOPDJLRXYPEDQGZLEWK @RWHY D SDUDPHWH
GHILQHV WKH VKDSH RI@V KR UXKMDMODR/>WKH IXQFWLRQ Ut
UHFWDQJXODU IXQFWDR®HXKLORVIRWR WKH *DXVVLDQ IX
LPDWHG )RU RSWLFDO UHPRWH XNRDOQJ BMUIRWHVLQ Ut
IXQFWLRQV YL@

1RLVH PRGHO
7KH VLIQDO WKDW FRQVWLWXWHY DQ RSWLFDO VDWHOO
DQFHVY RULJLQDWLQJ IURP WKH OLJKW VRXUBBIGL W HRQOD®R
LW PLIKW LQFOXGH EDFNJURXQG UDGLDQFHV IURP VXQOL



2SWLFDO LPDJLQJ VA\VWHP

YLIXUH ‘LITHUHQW DQDO\WLF VOLW IXQFWLRQV IRUD EDQEZQLWK D FHQW U
RI QP

ORZ VRODU JHQLWK DQJOHV VWUD\ OLJKW LQ FDVH WKH VDYV
DQG KLIK HQHUJ\ SDUWLFOHV ORUHRYHU QRLVH FDQ EH LQ
WUDQVIHU SURFHVYV FDXVHG E\ GHWHFWRUV DQG HOHFWURQ
RQUDGLRPHWULF RU VAIVWHP QRLVH EHFDXVH RWKHU QRLVH \
UHODWLYHO\VWUDLJKWIRUZDUG WR PRGHO 7R FRPSDUH WK
WR WKH OHYHO RI EDV¥NJQ B ®Q QGRQBRISAR UDHVL@HG DV

X SW SIb‘gZe

Sghbia
ZKHS 42D Q&npDUH WKH VLIQDO HOHFWURQ QXPEHU DQG QRL
UHVSHFWLYHO\ 7KH ODUJHVW UDGLRPHWULF QRLVH FRQWU
LQFLGHQFHRISKRWRQV WKHUHE\UDQGRPO\JHQHUDWLQJ Sk
W\SH RI QRLVH LV FDOOHG $ KR YWPRH®D VK B WGQIRQ WD HFWURQ Q>
$VVXPLQJ SKRWRQ VKRW QRLVHWR EH GRPLQDQW DQG RWKH!
QRLVH HOHFWURQ QXPEHU FDQ EH UHZULWWHQ DV WKH VTXL
QXPEHU (T WKHUHE\REH\LQJ D 3RLV\@R Q7 & HWL UQ B XOWHLORHF W
QXPESMJQZA_WVHO|FDQ EHIRXQG E\FRQYHUWLQJ WKH LQFRPL
HOHFWURQ FRQWHIQOMEHTIQJ WKH GHWHFWRU ...V HIITHFWLYH DL
SL[HO DUHD WLPHVY WKH &V[WE&H WIVYWE PDAWRSIW WAD/O WUDQV
WKH TXDQWXP HILM PMKHIEQ W H J € D WV RVKW L FOKIPEBIOD QF N ... V
FRQVWDRW IMK® VSHHG ®I GLIKAMD® VHQVRU YDOSH,B IRU D QL.
VHQVRU DUHJLYHQ LQ 7TDEOH

Sghbi® iahmhg Sib gze

Qzgir Fr r rurrrAyry
e rorb

7KH VR FQROWHE HTXLYDOHQSN UDBIGMIKIFEPRXQW RI QRLVH P
XUHG LA* M QP> FDQ WKHQ EH GHILQHG DV

SIb‘gZe
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E e ¥ irorb

SIwW §1t"KFr r rurrrfyry

. QzgirFr r rurrrAyEye * Trorb
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e % rorb Fr r rarrrAyry

Qzgq;r € * rorb
Ayny Fr r rurr

PHDQLQJ WKW MKXHQGY RQ WKH VTXDUH URRW RI WKH ED
UDGLmQFH DQG RQ WKH LQYHUVH VTXDUH BRIRAGRHERWK W

SDGLRPHWULF VDPSOLQJ
$VVXPLQIJGHWHFWRUVY KDYHD OLQHDU UHVSRQVH WKH FI
DYHUDJHG VSHFWURQLWBRGLID QHH QIXRAEHARPSXWHG XVLQ.

IS EQzg1¢ al Ay
ZKHUH

Qzq ¢ @by
2 ng b ISqu

ZLWKDQBGHQRWLQJ WKH RIIVHW DQG JDLQ RI QKB QGVWHF
Qzq UHSUHVHQW WKH GHWHFWLRQ OLPLW D Q GI'®KHLWD W X U
WKH PD[LPXP GLJLWDO QXPEHU WKDW FDQ EH DWWDLQHG
UDGLRPHWULF UHVROXWLRQRID VHQVRU VI\VWHP FDQ EH
WKDW LV XVHG IRUVWRUDJH DV ZHOO DV WKH UDGLDQFH

6SDWLDO VDPSOLQJ

6LPLODU WR WKH VSHFWUDO DQG UDGLRPHWULF FDVHV
IRUP RI VDPSOLQJ L H DIRUP RIVDPSOLQJ RI WKH JUR>
GHILQLWURG@®G VDPSOHGLYWEQHRB ZKLFK GHILQHV WKH
WKH VXUIDFH EHWZHHQ WZR DGMDFHQW SL[HO FHQWUHYV
FHVVDULO\DFW DV DQ DFFXUDWH VXUURJDWH IRU VSDWLE
FDQ EH VSDWLDOO\RYHUVDPSOHG DQG FRQWDLQ FORVHC
IRUHURXQG UHVROY M55 GAKRMKIDGFEH FRQVLGHUHG DGGLWL
WKH JHRPHWULF VL]H Rl WKH VPDOOHVW REMHFW BKLFK F
7KLV PHDVXUH GHSHQGV KHD YER)RWY WX DR FIORFOMIGR Q
VHQVRU ZKLFK FKDUDFWHULVHV LWV UHVSRQVH WR D SR
RI36) WKH)VWDQWDQHRXV,)PBGO REWLIHZWHUSUHWS G DV V
EHWZHHQ VSHFLILHG F3®)R7IK86H YW RN @R I WHSHJHVHQWYV WKH
SURMHFWLRQMRIQWKKM JURXQG VXUIDFH :LWK PRVW UHPR
GHVLIQLQJWKH SL[H® VEOEVYBO\IUHYV HBE ERWKAMOH XV XD (
EHLQWHUFKDQJHG ZLWKRXW PXFK LVVXHYV



3K\ WLFDOO\ EDVHG UHQGHULQJ

9DULDEOH 9DOXH

%DQG DYHUDJHG VSHFWUDO UDGLDBRFPHVE

3L[HO SLWFK r %.p

3L[HO ILOO IDFWRU

(ITHFWLYH DUHD roAT P
2SWLFDO WUDQVPLWWDQFH

4XDQWXP HIILFLHQF\

,QWHJUDWLRQ WLPH roo%Ry

7LPH GHOD\HG LQWHJUDWLRQ

(INHFWLYH LQWHJUDWLRQ WLPH ro %y

%DQGZLGWK r %p

&HQWUDO ZDYHOHQJWK r %p

) QXPEHU

3URMHFWHG VROLG DQJOH r %°vu

30DQFN..VFRQVWDQW ro Yeuty

6SHHG RI OLJKW r ° P Ve

6LJQDO H

3KRWRQ VKRW QRLVH He

7DEOH (IDPSOH FRPSXWDWLRQRIVLIQDO HOHFWURQ FRQWHQW DQG SKR)

VLWXDWLRQ EDVHG RQX(OWQICG,DHEHWRXE 'S Q &026 PXOW@®VSHFWUDO VHQVRU

3K\ VLFDOO\ EDVHG UHQGHULQJ

5HQGHULQJ LV D SDUW RI FRPSXWHU JUDSKLFV WKDW GHDO
LQJ DWZR GLPHQVLRQDO LPDJH IURP D WH[WXDO GHVFULSW
WKUHH GLPHQVLRQDO REMHF@& VIXKGIAOSBEHOMN DV RRKHRHWXKH RE N
WKH ILQDO LPDJH LV GHWHUPLQHG E\ GLITHUHQW FKDUDFWH!
HUWLHY WH[WXUHV DQG VKDGLQJ SURSHUWLHV 7KHILHOG F
LQ SURGXFW GHVLJQ DUFKLWHFWXUH DGYHUWLVLQJ FRPS
VXEILHOG RI UHQGHULQJ SK\WLFDOO\ EDVHG UHQGHULQJ IR
WKH SURSDJDWLRQ RI OLJKW DV LW WDNHV SODFH LQ UHDOL\
DQ LPDJH WKDW LV LQGLVWLQJXLVKDEOH IURP D SKRWRJUD S
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IRUH SK\VLFDOO\ EDVHG UHQGHULQJ LV WKH ILWWLQJ WF
VDWHOOLWH LPDJHU\ DW KLJK VSDWLDO DQ@MEMEWWBQR
RI 9LVLRQ 5D3WIBBHY WKH UHQGHULQJ VRIWZDUH RI FKR
VFULSWLRQ Rl WKH VRIWZDUH DQG LWV SRVVISROCEDNLHV
PDQXD@>

S5HQGHULQJ HTXDWLRQ
7KH UHQGHULQJ HTXDMURY WKH IRXQGDWLRQ RI SK\VLFDC
LQJ DQG JOREDO LOOXPL Q@ W,IQRIQVIVAIIRUH. VL KWPIVOO X VW U D V
RI OLJKW XVLQJ D UHFXUVLYH LQWHJUDO HTXDWLRQ ,W (
DPRXQW RI RXWJRIQQUBE ®LORIFGIRQJ D YLHZL QW GLLYHHF W L
D IXQFWLRQ IRU WKH LQFERPFLQJ DRGMBQE Y +HU®M
UHSUHVHQWY WKH HPLWWHG UDGLDRQ6IHVIWKP D YKRADEH
HFWILRMKH KHPLVSKHUH R GBUGGWLIRI) & P\EFSYHR G XFW EH YV
DQ@LWK QHIJDWLYH YDOXHV Up'SOD G WWUBRLR) DIX@ FWLF
UHWXUQV WKH ORFDWLRQ RI WKH ILUVW VXUIDFH SRLQW
LQ GLUKFWLMHRWLDOO\ (PHDWMRWKDW WKH UDGLDQFH F
SRLYMORQJ GLOHNFMWIDRIDO WR WKH UDGLDQFH JRLQJ RXW I
LQ WKH RSSRVLVOH+E RQEFHFWWRLQY D UHFXUVLYH WHUP FRPS
$0OJRULWKPV WKHUHIRUH QHHG VRPH NLQG RI VWRSSLQ.
HUW\ RI WKH UHQGHULQJ HTXDWLRQ LV LWV OLQHDULW\ Z
W LV OLQHDU LQ WKH VHQVH WKDW LI D FHUWDLQ OLJKW
OLW REMHFW ...V UDGLDQFH ZLOO KDYH GRXEOHG DV ZHOO

QSY QSY e OY @ SO Qro*cO
0]

QSO @ pSO L

6ROYLQJ WKH IXOO0 UHQGHULQJ HTXDWLRQ KRZHYHU L
WKDW VROYH LW FDQ FUHDWH HI WUHPHO\ SKRWRUHDOLV
DUHDOVR FRPSXWDWLRQDOO\YHU\H[SHQVLYH 7ZR RI WK
WKHUHQGHULQJ HTXDWLRQ DUHILQLWH HOHPHQW PHWKF
ORQWH &DUOR PHWKRGV HJ WKRB2ZDIMOVAMRH BRWWKIREL
WR XVH D FRPELQDWLRQ RI ERWK DSSURDFKHV %HORZ \
GHVFULEHG

5D\ WUDFLQJ
5D\WUDFLQJLV WKHPRVWZLGHO\XVHG ORQWH &DUOR WH
GHULQJHTXDWLRQ ,QJHQHUDO ORQWH&DUORLQWHJUD
LQRUGHUWRHYDOXDWHLQWHJUDOV ZLWK WKHH[SHFWH
WKHLQWHJUDO $V LV WKHFDVHZLWKORQWH &DUOR WHF
FDQ WKXVEHJHQHUDWHG DVORQJDV WKHDOJRULWKP UX
QDPH LPSOLHV UD\WUDFLQJ XVHV WKH WUDFLQJ RI UD\V
RIOLJKW EHWZHHQ GLITHUHQW VFHQH HOHPHQWYV +RZHY
OLJKW ZDYHV LQ WKH UHDO ZRUOG UD\WUDFLQJ LV GRQH



3K\ WLFDOO\ EDVHG UHQGHULQJ

VWDUW DW WKH FDPHUD DQG DUH VKRW RXW LQWR WKH VFHQ
YDVW PDMRULW\ RI OLJKW ZDYHV FRPLQJ IURP D VRXUFH QH)
FDVH SUHFLRXV FRPSXWDWLRQ WLPH ZRXOG EH ZDVWHG RQ |
XWH WR WKH ILQDO LPDJH +RZHYHU DV RQO\DQ HVWLPDWH
PDQ\UD\V DUH QHHGHG WR FRPSXWH UHOLDEOH UHVXO-
LQ QRLV\LPDJHV

$IWHU D FHUWDLQ UD\ OHDYHV WKH FDPHUD LQIRUPDWLRQ
WKH ILUVW LQWHUVHFWLRQ SRLQW WKH DPRXQW RI LQFLGH{
LV VFDWWHUHG E\@ Q REABXAW. ©J WKH LOQWHUVHFWLRQ EHW:
WKH FORVHVW REMHFW LV UHODWLYHO\ VWUDLJKWIRUZDUG
ZLWK GLITHUHQW REMHFWV DQG UHWDLQLQJRQO\ WKH QHDU|
RILQFLGHQW OLJKW DW WKH LQWHUVHFWLRQ SRLQW LV FRPS
EH GHWHUPLQHG E\ ZKLFK OLJKW VRXUFHV WKH SRLQW LV OL
LH UD\WIURPWKHLQWHUVHFWLRQ SRLQW WR WKH GLIITHUHC
LOQWHUVHFWLRQV FDQ EHIRXQG L H WKH SRLQW LV LQ WKH
WKH GLIITHUHQWED O WU BSRBLQWRH WK D W lc®F B RUVEKFH W F K
FRPSXWHG XVLQX¥KH UDGLDQW SRZHU RI WKH OLJKW VRXUFH
R\ pLV WKH GLVWDQFH IURP WKH LQWHUVHFWLIRY WRHQW WR
DQJOH EHWZHHQ WKH VXUIDFH QRUPDO DQG WKH YHFWRU EF
WKH OLJKW VRXUFH LYWTWEKWYRQFRPELQDWLRQ RI WKH IDOOR
GLVWDQFH DQG WKH IDOORII RI OLJKW IRUWLOWHG VXUIDFH\

Rbmqgu
p1/4

$IWHU GHWHUPLQLQJ WKH DPRXQW RI OLJKW UHDFKLQJ WK
SRUWDQW WR ILQG RXWKRZWKH OLJKW LY VFDWWHUHG E\ WK
7KLY FDQ EH GRQ MW BVLDM GHKVFULEHG SUHYLRXVOWULQY 6HFWL
QRZ SRVVLEOH WR GHWHUPLQH WKH DPRXQW RI OLIJKW HQH!I
WKH FDPHUD $GGLWLRQDOO\ WKH UHFXUVLYH QDWXUH RI 0Ol
SRVVLEOH WR LQFOXGH LQGLUHFW OLJKW WUDQVSRUWDWLR
DVVRFLDWHG ZLWK D ZKROH WUHH RI UD\V )RU PRUH GHWDLC
UHDGHUV VKRXOG UHIHUGAWR 3KDUU HW DO >

SDGLRVLW\

5D\WUDFLQJ GRHVY KDYHD FRXSOHRIOLPLWDWLRQV WKRXJK
ZLWK VLPXODWLQJ GLIIXVH LQWHU UHI@HBWLQDRW H § G HFARH @
PHWKRG FDOOHG UDGLRVLW\ ZDV GHYHORSHG WR VLPXODWH
VXUIDFHV WKXV VROYLQJ WKH LVVXH UD\ WUDFLQJ KDV 7K
DIWHU WKH UDGLRPHWULF TXDQWLW\ UDGLRVLW\ ZKLFK LV |
RVLW\LV VLPLODU WR UDGLDQW H[LWDQFH EXW ZKHUHDYV UD
HPLWWHG E\D VXUIDFH SHU XQLW DUHD UDGLRVLW\LV WKH U
UHIOHFWHG DQG WUDQVPLWWHG D VXUIDFH SHU XQLW DUHI
VFHQH LV VXEGLYLGHG LOQOWR GLIITHUHQW VXUIDFH HOHPHQW
LV FDOFXODWHG XVLRJIXT



%DFNJURXQG WKHR
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C
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+HUGDQG UHSUHVHQW WKH UDGLRVLYD\QS VMY SHFWH T H |
G LV WKH UDGLDQW H[LWDQFH HP g W & G E \WEKHKI NOXFEH X O H-
DOEHGRGHQRWHYV WKH IRYPAQB RWBUHRVHQWLQJ WKH IUDF!
IRUP GLIIXVH UDGLDQW H®HWBILWKQ W GHDR@AHYERIQDUHD R
VXUIDFH H@BRBOQWGEHQRWH®E\ UHVSHFWL[Y HO U HDSQGH V
HQWYV WKH YLVLELOLWIDI®@® FWXRQ EHWZRMHLI QRWKLQJ L
OLJKW EHWZHHQ WKH WZR VXUIDFHVY DQG J|HURDRMEKHU Z L\
FRUUHVSRQG WR WKHDQJOHV EHWZHHQ WKH UHVSHFWLY
LQgD QK $IWHU WKH FRPSXWDWLRQ RIUDGLRVLW\YDOXHV |
WKH\ DUH XVXDOO\ VPRRWKHG RXW IRUEHWWHU UHVXOW
WLPHV IRUFRPSOH[VFHQHYVY UDGLRVLW\LV XVXDOO\OLP

$QDO\WLV WHFKQLTXHV

6SHFWUDO DQDO\VLV

2QH YHUVXV DOO N QHDUHVW QHLJKERXUYV
,Q RUGHU WR FODVVLI\ GLIIHUHQW UDGLDWLRQ VRXUFHV
LV FRPSDUHG WR D UHIHUHQFH VSHFWUDO OLEUDU\ L H
i QHDUHVW QHLDKERDMVLILFDWLRQ 3XW VLPSO\ D SDUW|
LV ODEHOOHG ZLWK WKH VDPH FOQND DNWWWK® HPLDOM E B XW VR
VSDFH ,Q RUGHU WR GHWHUPLQH WKH GLVWDQFH (XFOLC
PHDVXUH 7KH UHDVRILMRDXULRDG )RU H[DPSOH WKH PH
OLPLWHG WUDLQLQJ WLPH DQG DGGLWLRQDOO\ SURGXFt
WKH VDPH FODVVLILFDWLRQ WDVN ZLOO UHVXOW LQ LGHC
DQ LPSRUWDQW DGYDQWDJH RYHU RWKHU FODVVLILHUYV
WR ILQG WKH EHVW SRVVLEOH FODVVLILHU 5DWKHU WKE
DV D FRPSDULVRQ PHDVXUH WR MXGJH WKH XVHIXOQHVV
FRPELQDWLRQ

2QH RI WKH PDLQ GLVDGYDQWIFODRNVDBLSHU LYIWKDW D
GLWLRQDO IHDWXUHV PLIJIKW GHWHULRUDWH WKH RYHUDG
LPSURYHV WKH FODVVLILFDWLRQ RIRQHRIWKH FODVVHYV
VSHFWUDO EDQG LPSURYHV WKH FODVVLILFDWLRQ RI ODF
(XFOLGHDQ GLVWDQFHV IRU RWKHU ODPS W\SHV EHEDXVt
7KLV GLVDGYDQWDJH FDQ KRZHYHU EHRYHUFRPHE\PDN
WUDGLWLRQWR WKH EDQG DYHUDJHG VSHFWUDO UDGLDQF
D.11FODVVLILFDWLRQ LY DSSOLHG WR HDFK SRVVLEOH FR
7KHQ IRUHDFK UDGLDWLRQ VRXUFH W\SH WKH EHVW IHDYV
ZLWKKROGLQJ WKH FRPELQDWLRQ ZLWK WKH KLJKHVW FO
ELQH WKH UHVXOWLQJ ELQDU\ RQH YHUVXV DOO FODVVLI



$QDO\WLV WHFKQLTXHYV

SHUIRUPHG ZLWK WKH FODVVLILFDWLRQ SHUIRUPDQFH XVHC
DSDUWLFXODU ODPS LV FODVVLILHG DV ERWK W\SHRQHDQG
SHUIRUPLQJ FODVVLILHU ZLOO EH GHFLGLQJ )RU WKH FDVH Z
DQ\RI OLJKW VRXUFH W\SHVY LWLV ODEHOHG DV ...QR FODVYV.

&ODVVLILFDWLRQ SHUIRUPDQFH PHWULFV
7KH VR FDOOHG FRQIXVLRQP?PDXWHG[DYDLEOWDUWLQJ SRLQW IR
IRUPDQFH PHWULFV LQ SDUWL AMIODXH S R UIWHKUBYXAR Q I 813 W IVYRHI
71 IDOVH SRMLDWNQU®OVH QHYID WHIRMAH WKDW LQ WKLV FRQWHI[W
PHDQV WKDW D SDUWLFXODU LQVWDQFH EHORQJV WR D FOD\
73..VLVGHILQHG E\ WKH QXPEHU RI FRUUHFWO\ SUHGLFWHG ¢
71..VLVWKHQXPEHU RIFRUUHFWO\ SUHGLFWHG QHJDWLYHV

SRVLWLYH JURXQG WIHMMKLYH JURXQG WUXWK

3RVLWLYH SUHGLFWHGXH SRVLWLYH 73 )DOVH SRVLWLYH )3

1HIJDWLYH SUHGLFWHBOVH QHIJIDWLYH )1 7UXH QHJDWLYH 71

7TDEOH BULQFLSOHRIWKHFRQIXVLRQPDWUL[ WUXH SRVLWLYH WUXH QH.

JUHTXHQWO\ XVHG LVWKHDFFXUDF\PHWULF ZKLFK PHDVX
SUHGLFWHG LQVWDQFHYVY ZLWK UHVSHFW WR WKHRZRWDO QXF
HYHU FRQVLGHULQJ WKLY PHWULF RQ LWV RZQ GRHV QRW
HYVSHFLDOO\LQ WKHFDVHRILPEDODQFHG GDWDVHWYV )RU H|
ILHU ZKLFK SUHGLFWV WKH SUHVHQFH RI D GLVHDVH ZKLFK K
DFODVVLILHU ZKLFK SUHGLFWVY HYHU\RQH WR EH KHDOWK\ U

Cben b YU YS
PO%U Ys Ku Ks

)RU WKLV UHDVRQ WKH FRQFHSWV RI UHFDOO SUHFLVLRG
5HFDOO GHVFULEHY WKH DELOLW\ RI D FODVVLILHU WR FRUU
(T ZKLOH SUHFLVLRQ GHVFULEHYV WKH DPRXQW RI FRUUH
LOVWDQFHY WKDW KDYH EHHQ SUHGLBW HER DK P.SRWWHW B U
QRW UHOLDEOH LQ LWVHOI D FRPELQDWLRQ RI ERWK LV UHTX
IUHTXHQWO\ XVHG PHWULF (T

PAdb ITT K s
YU
Tpabgasgy

pdb jjrnpdbgqggml
pdb’jj npdbgggml




%DFNJURXQG WKHR

7KH PHWULFVY PHQWLRQHG DERYH DUH RQO\ XVHIXO IRU
,QRUGHU WR WUDQVODWH WKHVH P H WUYLHF Y DADFO VIZ2RHHR P X DR
DQG WKHPDFUR) VFRUHDUH LQWURGXFH@ $ QY 5 P XIOQWLE-
DV WKH WRWDQO RXPEHYLBHG E\ WKH WRWDO QXPEHU RI L!
) VFRUH RQ WKH RWKHU KDQG WDNHV WKH DYHUDJH RYH
FODVVHV

6SDWLDO DQDO\VLYV

, QRUGHUWR GHWHUPLQH WKH UHTXLUHG VSDWLDO UHVRC
VHQVRU WKH IRFXV LV RQ ILQGLQJ WKH PLQLPXP VSDWLI
GHWHFW LQGLYLGXDO ODPSV 6LQFH FXUUHQWO\DYDLOD
VXIILFLHQW VSDWLDO UHVROXWLRQV IRU VLQJOH ODPSV
DOJRULWKPVDUHQRW\HWDYDLODEOHDW WKHPRPHQW )
GHWHFWRU LV XVAGOH HQWXKWLD QW | D)W O OH RWULIEKA RU P
VOLJKWO\ PRGLILHG WR PDNH LW EHWWHU VXLBWIOEWH IR
RIWHQDSSOLHG ERWK DV D NH\SRLQW GHWHFWRU DV ZHO(
WKH GHWHFWLRQ LV RI LPSRUWDQFH %HORZ IROORZV D
6,) DOJRULWKP WRJIJHWKHU ZLWK DQ H[SODQDWLRQ RI WK

7TK®,) GHWHFWRU FRQVLVWVY RI WZR PDMRU VWHSV L H
WLRQ DQG NH\SRLQW ORFDOLVDWLRQ RSWLPLVDWLRQ ,(
FRQVWUXFWHG IURP H[SRVLQJ WKH LPDJH WR D VHULHV R
YDOXHV

Qv w Lv w AN v w

L v w d&ciAr' vy

Ya

ZKHMOHY BHQRWHY WKHLPDJH LQWwW QVi W\ DWVSRI £ BWWO\RVQL D
ILOWHU ZLWIXQ@FDAHLY WKH VR FDOOHG VSDFH VFDOH IXQ
E\ /RZH HW D@D LW LV WKHQ DGYLVHG R FRESIXRM H DY L
'R* | v w EHWZHHQ VXEVHTXHQW VSDFH VFDOH LPDJHV L
NH\SRLQWYV

I v w Qv wi ¢QvVv w

ZKHWUHY WKH VWHS VL]H EHWZHHQ W ZRWXOEO/AH\TVHHW) /' W\W B &
URRW RI WZR W KDV WR EH QRWHG WKDW VXFK D VFDO|
GLIITHUHQW VR FDOOHG RFWDYHV ZLWK WKH LPDJH EHLQ
RFWDYH ,Q RUGHU WR GHWHFW VXLWDEOH NH\SRLQWYV

FRPSDUHG WR LWV E\ E\ QHLIJKERXUKRRG ,Q RWKHU

HLIKW QHLJKERXUV ZIR¥IOIH)Y WEBHDAMPHOO DV WR LWV QLQ
ERWK WKH SUHYLRXVRD QG YWHKH GM[W KLY SRLQW WKH ILL
PDGH L H LQVWHDG RIVHDUFKLQJIRU H[WUHPD ZLWKLQ \
QHHG WR EH IRXQG 7KH UHDVRQ IRU WKLV LV WKDW ODP:
GDUN EOREV FRUURVERQBDQWKWHRUHIRUH GR QRW QHHG \



$QDO\WLV WHFKQLTXHYV

$GGLWLRQDOO\ WKRVH PLQLPD ZLWK OLPLWHG LQWHQVLW\ I
DUH GLVFDUGHG )RU PRUH GHWDLOV UH®»GHUV DUH UHIHUU|

7TKHVHFRQG VWHS RIWKH SURFHVYV D VXE SL[HO RSWLPLVE
SRLQWYV LV EDVHG RQ D 7D\ORU H[SDQVLRQ@ RM WKH VFDOH VS

o o o
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ZKHUBPQG LWV GHULYDWLYHV DUH HY[I(D)(W\WHHGQD|W|‘V\WHJFRLFQWR

SRLQW L MVAWA S 7KH RSWLPLVH& DRRMDRHERBH IRXQG E\ WDN

WKH GHULYOWZYWKRUHV[SHDRMMGWRWWLQJ WKH UHVXOW WR JHU
WKH RIIVHW HTXDOV

Cooa
[A T, —¢
M

$ FUXFLDO IBPWRRIAZRUN IRU ODPS GHWHFWLRQ ZLOO EH DC
DQG XSSHU ERXQGV IRUWKH MFROUKID UBRIBXIHD QRW EH WRR
ORZ LQRUGHUWRDYRLG GHWHFWLQJVPDOO EOREV WKDW DU
RI ODPS UDGLDWLRQ 7KH XSSHU ERXQG RQ WKH RWKHU KDQ
obPSVDUH PHUJHG WRIJHWKHU DQG DUH WKHUHIRUH GHWHEF






'DWD VRXUFF

SDGLDWLRQ VRXUFHYV

S$UWLILFLDO OLJKWYV

6SHFWUXP

$VKDVEHHQ GLVFXVVHG SUH Y LIRKW DI\LLFQ. BIOFOLURQY YV HPLW OLJ
LQWHQVLWLHV IRU GLITHUHQW ZDYHOHQJWKY )RU WKH UHS!
GLIIHUHQW GDWDVHWV KDYH EHHQ XVHG ZLWK D IRFXV RQ RX
VRXUFH LV WKH VSHFWUDO OLE UD U\@ R DIOH B XYW IGRE) \( & LDG/XHJ!
DYDULHW\RIOLJKW VRXUFHVLQ D ODERUDWRU\HQYLURQPHC
PHDVXUHG VSHFWUD UDQJLQJIURP QP WR QP DW D VSHF
7KH VHFRQG GDWDVHW FRQVLVWYVY RI HPSLULFDO LQ VLWX GI
HW DO@3RU YDULRXV ODPSV LQ WKH FLW\ RI 0ODGULG 6SDLQ
UDQJH IURP QP WR QP DW VWHS VJIRIY HY¥PD Q LLIX®HFDWLRQ
WKH YDULDQFH Rl WKH XWLOLVHG ODPS VSHFWUD IRU GLIIHL
WKHVH W\SHVY HJ ORZ SUHVVXUH VRGLXP ODPSV H[KLELW
WKHLUVSHFWUD RMWKOIDAS\EHAD B\ YLIQLILFDQWO\PRUH ,W L
QRWH KHUH WKDW VPDOO HUURUV PLJKW KDYH RFFXUUHG GXL
HVSHFLDOO\IRUWKHLQ VLWX GDWDVHW +RZHYHU GXHWR W
VXFK HUURUV VKRXOG KDYH RQO\ OLWWOH HIITHFW RQ WKH RX

,QWHQVLW\

,Q RUGHU WR GHWHUPLQH WKH LQWHQVLW\ RI FHUWDLQ ODP
"1 (1 VWDQGDUG IRU URBGLE DIKMA QY D UHIHUHQFH %H
LV PRUH UHOHYDQW WR NQRZ KRZ PXFK UHIOHFWHG OLJKW FI
WKDQ WR NQRZ WKH UDGLDQW SRZHU RI D SDUWLFXODU ODP
URDG OXPLQDQFH DQG LOOXPLQDQFH DURMIH YHCD MQW W HDIG Y T
XHV DUH PLQLPXP YDOXHV RQO\ DQG UHDO ZRUOG YDOXHV V
PLQLPXP 7KHUHIRUH VOLJKWO\ KLJKHU YDOXHV FDQ EH H[S



'DWD VRXUFHV

JLIXUH I9DULDWLRQLQ HPLVVLRQ VSHFWUD IRU GLITHUHQW ODPS W\S
SUHVVXUH VRGLXP ODPSV F ORZ SUHVVXUH VRGLXP ODPSV G PHUF]
ODPSV | IOXRUHVFHQW/QODPBVXMIZZDUP DQG K FRR&O&T

1RWH WKDW WKH\ D[LVUHSUHVHQWY UHODWLYH LUUDGLDQFH YDOXHV



5DGLDWLRQ VRXUFHV

WKH ORZHU OLPLW FDQ EH H[SHFWHG WR EH VOLJKWO\ ORZH
HVWULDQ RU F\FOH DUHDV )URP WKHVH OXPLQDQFH UHFRPF
LQYHUVH RIUDGLDQFHY FDQ EH GHGXFHG 7KHVH UDGLDQFH
HTXDO WKHLQWHJUDO RYHUDOO VSHFWUDO UDGLDQFHV 6L
EHFRPSXWHG IURP FRPELQLQJ ODPS VSHFWUD ZLWK VXUIDF
ODPS..VVSHFWUDO UDGLDQFH LV UHODWLYHO\ VWUDLJKWIR

5RDG FODVV OLQLPXP OXPLQDQ@H >FIGQRPXP LOOXPIE@ QFH >-

0(
0(
0(
0(
0(

0(

7TDEOH 1(1 VWDQGDUG OXPLQDQFH DQG LOOXPL@DQFHRM® XHV IRU
FODVVHV UHSUHVHQW URDGV ZLWK PHGLXP WR KLJK WUDIILF VSHHGV ZLWK
YROXPHDQG WKHDPRXQW RILQWHUVWHFWLRQV DPRQJRWKHUV >

,QWHQVLW\ GLVWULEXWLRQ

7KH OLJKW HPLWWHG E\ DUWLILFLDO OLJKWLQJ VRXUFHV GRI
EXW DOVR GHSHQGV RQ WKH GLUHFWLRQ LQ ZKLFK WKH OLJKW
LOQWHQVLW\GLVWULEXWLRQ SDWWHUQV DUHUHTXLUHG ZKLF
IRUGLIITHUHQW GLUHFWLRQV 8VXDOO\ OXPLQRXV LQWHQVL\
WKURXJK WKHLQWHQVLW\ GLVWULEXWLRQ 7R GHILQH WKHVHI
DQG & SODQH VIVWHPV DUH XVHG ZLWK WKH & VIVWHP EHLQJ
PHQWHG )RU & SODQHV WKH FRPPRQ URWDWLRQ D[LV LV SHL
OXPLQDLUH (YHU\SODQH FDQ WKHQ EH GHILQHG E\ LWV DQJ
DLUH D[LV SHWEHQGLFXODU WR WKH OSPUQ D DB N RVL BVQ GL&\
VXFK D SODQH JDPPD DQJOHV UHSUHVHQW WKH DQJOH EHWZ
DQG WKH GLUHFWLRQ RI OLJKW ,QWHQVLW\ GLVWULEXWLR(
UHODWLYHO\ HDV\ RQ WKH ZHEVLWH Rl WKHLU UHVSHFWLYH |
LQ WZR GLIIHUHQW ILOH H[FKP@MIXPRYPWWYJ (QH L QYHKHULQJ 61
1RUWK $PHBLEODP LHV D@GR&HD Q /XP HQ/ONsT

OGW IRUPDWVY $ W\SLFDO H[DPSOHRID OXPLQRXVLQWHQV
FDQ EH VHHQ LQ )XIXIUQW WKLY WKHVLV GLITHUHQW LQWHQVL
/JHRWHN ...V * UHHORREHE >R QH RI WKH LQGXVWU\...V VWDQGDU
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