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ABSTRACT

In the past decade, there has been increasedsiniareenergy efficient lighting, as
energy resources become higher in demand. Stigggting and outdoor lighting are
areas that are rapidly changing from the incumb@git pressure sodium (HPS) to newer
technologies such as light-emitting diode (LED) induction type lamps. There is
evidence that certain populations believe LED ¢ligleés and area lights to be more
glary than HPS luminaires. There are a number ¢&ferdinces between new and
traditional light sources besides efficiency: spggbower distribution (SPD), luminance
levels, illuminance levels, beam distribution andnier of sources needed to achieve
intended light levels. Many field studies and laory studies have shown a
relationship between glare and spectral poweridigion; with most studies suggesting
that sources more weighted in short wavelengthe hareased likelihood of discomfort
glare.

The purpose of this thesis is to investigate tHatiomship between the spectral
power distribution (SPD) of the luminous field saunding white light LED arrays (as in
typical LED outdoor area lights), and discomfortargl. A relationship between
background luminous field SPD and discomfort glauight offer some possibilities for
mediation of glare in outdoor area lighting insfibns, street lighting and perhaps
transportation. In the laboratory, white LED arrayigh different background luminous
field SPDs were presented to subjects and respamses collected using a subjective
glare rating scale. The study identified a sigaifiteffect of both background luminous
field SPD and of overall illuminance level (in th@enge 4 Ix to 12 Ix) on subjective
perceptions of glare, but there was no significaméeraction between background
luminous field SPD and overall illuminance leved®me possible applications related to

the findings are discussed.



1. Introduction

The objective of this thesis is to investigate gussible connection between the
spectral power distribution (SPD) of the luminousaaaround an LED array, and glare
perception. The study takes into account backgrapettrum, brightness perception
and the effect of a luminous background to an LE@yaglare-stimulus. A custom light-
box apparatus is used in order to combine the LEByaand luminous color-changing
background variables, and is subsequently usedrergte subjective glare ratings from
subjects.

As citizens of the modern age, we take for grarbed our indoor and outdoor
environments are accessible both day and nighkghtmelectric lighting. Our nighttime

experiences and our feelings of comfort and sadedytied to the quality and quantity of

electric lighting that is available. According thd Outdoor Lighting Pattern Bopknost
outdoor lighting designs mean to, “enhance thetgadé people and the security of
property, establish and maintain suitable aesthietiad deliver a lighting installation
within appropriate budgets for equipment, instalat operation, and maintenance”
(Leslie and Rodgers, 1996). Energy efficiency ismaportant factor in choosing lighting
technologies, as the demand for energy increas#sl §ate lighting, especially light
emitting diodes (LED), is rapidly becoming the ligiy technology of choice in the
indoor and outdoor lighting arenas. LED fixtures @&eing adopted for street-lighting,
airport runway lighting, vehicle headlamps, outd@wea lighting, intersection stop-
lights and parking-lot lighting to name a few. Tbemmonly stated benefits of LED
lighting over incumbent technologies, primarily higressure sodium (HPS) and metal
halide (MH) are longer life, and lower energy decharMany companies that
manufacture LED luminaires promote the life-cyclestcsavings of these solid-state
products (CREE, 2011; Lumec, 2011; NLPIP, 2010esEhclaims are debated, but are
the most commonly stated reasons for switchinggb loutdoor systems.

Although the money saving potential of LED outdéghting is still being debated,
LEDs are being installed with the kind of enthusia$hat municipalities can only have
for technologies that are heralded as the newitighpanacea. The US Department of
Energy (DOE) is working with CREE, Inc., an LED naéacturer in the United States,



on a project called “LED City” (CREE, 2011). Herattibenefits of LED street lighting
installations are listed on the LED City website faBows: “According to the U.S.
Department of Energy, rapid adoption of LED ligigtin the U.S. over the next 20 years
can: reduce electricity demands for lighting byiad, eliminate 258 million metric tons
of carbon emissions, avoid building 40 new powemtd, anticipate financial savings
exceeding $200 billion” (CREE, 2011).

A white paper released by Philips Lumec claims thdtes can benefit by
“greening” not only through claimed benefits of \pe savings from LED outdoor
lighting systems, but also by attracting new resisl§Lumec, 2011). The white paper
cites cases from Chicago where the “greening” ef ¢hy, including planting of trees
and saving energy by using renewable resourceposedly caused an increase in city
population, spurred an increase in tourism, anceamed dining and entertainment sales
by $190 million a year (Lumec, 2011).

Edward Smalley is in charge of Seattle City LighB&eetlight Engineering Unit
which is responsible for the city’s current fourayeplan to replace 40,000 existing
streetlights with new LED streetlights (Tarricori2)10). Daniel Salinas, a Seattle
lighting designer, said in the September 2009 isdueD+A magazine “. . . Seattle is
currently running tests of LED street lighting irighborhood areas and soliciting
comments from the citizenry. The results are naessarily in LEDs’ favor when you
read some of the comments, mostly having to do gldhe and color. But the voices in
favor of LED street lighting—using energy efficignas their main sticking point—tend
to be louder than those of the majority” (LD+A, B)0Another lighting designer was
guoted as saying, “Anecdotal evidence points tanareased perception of glare from
LED fixtures with an exposed matrix of bright doasid the blue-white color may make
the glare response worse” (LD+A, 2011).

Years of research in the field of vehicle headlatapign and outdoor lighting, point
to the fact that sources with increased short veangth content can appear glarier than
sources with less short wavelength content. Laboyaesearch has been conducted on
both monochromatic sources and common headlampces®uthalogen and HID)
(Bullough, 2009; Bullough et al., 2003; Flannagaf99). Around the turn of the last

century, typical halogen vehicle headlamps in thetédl States started to be replaced



with HID headlamp sources, which produce more ligimd have higher short
wavelength content than halogen sources do (Bufloey al., 2002). With the
introduction of these new HID sources, complainttha U.S. National Highway Traffic
Safety Administration have risen dramatically (Buljh et al., 2008). The question is
whether the complaints are due to higher luminascealler source size, increased
short-wavelength content, or just due to the faat the public are not used to the new
color. The same question arises in the arena ofloout area lighting. Although
complaints about discomfort glare from LED lumimgirdo exist, in a recent case study
by the Lighting Research Center's Demonstration dewehluation of Lighting
Technologies and Applications (DELTA) program, dies about an LED area lighting
installation brought generally positive response the pie chart in Figure 1 below
(DELTA, 2010). Most subjects rated the LED instidlas as acceptable, with an
average rating of 4.3 on the deBoer scale (seerd-igu One visitor commented “Low
light levels, adequate” (DELTA, 2010).

“Overall, how does the lighting at this site
compare to other roadway areas at night?”

Figure 1 Pie chart showing acceptability of LED otdoor area lighting (DELTA, 2010)



2. Background

2.1 What is Glare?

Who cares about glare? In his book Human Factoksginting, Boyce mentions several

causes of visual discomfort which are related gbtling (Boyce, 2003). These include
visual task difficulty, over- or under-stimulatiodistraction, perceptual confusion and
glare. Boyce calls glare an “extreme form of noifarmity”. Glare refers to visual

discomfort in the presence of a bright light soyared can take many forms. Boyce has
explicitly named 8 different kinds: flash blindnegmralyzing glare, glare that causes
retinal damage, distracting glare, dazzle or saturaglare, adaptation glare, disability
glare and discomfort glare. The two most commaelfierenced types of glare are

disability glare and discomfort glare (Boyce, 2003)
2.1.1 Disability Glare

Disability glare was first defined and explainethast 100 years ago by Holladay in
1927 (Gibbons and Edwards, 2007; Holladay, 192&allity glare is a physical effect
of light scattering inside the eye. This type oargl can be measured directly by
comparing the visibility of an object as seen vétglare source, with the visibility of the
same object as seen through a luminous veil. Wighility is the same, the luminous
veil acts as a measure of the amount of disahilitye (Boyce, 2003). Disability glare
can be well described and predicted using the fisalglare veiling luminance
equation;

Ly = k-Ey/ " 2-1

where L, is the equivalent veiling luminance in cdirk is a multiplier which is age
dependent, g is the illuminance of the glare source, aridis the angle of the glare
source from the line of sight, in degrees (Gibband Edwards, 2007). This formula is
commonly used to characterize or predict car heagllglare. It is also the formula used
in American National Standards Institute (ANSI)Omhinating Engineering Society of
North America (IESNA) RP-8-00 (R2005) design ciaerto predict glare from
streetlights. RP-8-00 provides a basis of designdadways, bike paths, and pedestrian



walkways. The standard practice includes a driva@bnity metric called the small target
visibility (STV) metric. STV includes measuremerdt the luminance of the target,
luminance of the immediate background, the adaptdével of the surroundings, and a
measure of disability glare.

2.1.2 Discomfort Glare

Unlike disability glare, discomfort glare cannotimeasured objectively. According
to Boyce, there is no known cause for discomfaateyBoyce, 2003). Discomfort glare
is usually identified by complaints or annoyanceb$ervers when a bright light source
is introduced into their field of view (Boyce, 200®iscomfort glare and disability glare
cannot be completely separated, as when theresability glare, there is usually
discomfort glare accompanying it. However, discaornfdare does not necessarily affect
visual performance, and can be measured only ibppctive evaluation scales. In the
1960s, deBoer and Schreuder studied roadway lighéind developed the deBoer scale
which is a scale of 1 to 9 that can be used totheelariness of a light source (deBoer,
1967; Gibbons and Edwards, 2007).

DEBOER
. unbearable

. disturbing

1

2

3

4.

5. just acceptable
6.

7. satisfactory

8

9

. unnoticible

Figure 2 DeBoer rating scale showing descriptors feevery odd number

Many argue that the deBoer scale is counterinwitbaying that the higher numbers
should equal increased amounts of glare (Gibbod<=awards, 2007). DeBoer claimed
that the scale represents a figure of merit, whieeelower the number, the worse the
glare (deBoer, 1967). Using the 9 point scale, @eBnd Schreuder came up with a

metric which they called the Glare Control Mark (&); seen below:
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+0.97-logl, +4.41-logh'—1.45-log p -

where G is glare evaluated on the 9 point scadgs llight intensity of the luminaire at
80° to vertical, dg is light intensity of the luminaire at 88° to viedl, F is luminous area
of the luminaire seen at 80° to vertical, is background luminance, h’ is adjusted
luminaire height, angb is number of luminaires per kilometer (Gibbons &uvards,
2007). This formula is intended to account for ¢hanging view of glary luminaires as

seen from a moving vehicle (Gibbons and Edward87 20



3. Literature Review

The objective of this thesis study is to researtdregfrom LED arrays and
possibilities for glare reduction. Therefore myetdture search focused on two main
areas of application: automotive headlamps and cowtdighting. In both these

applications, discomfort glare is a common issue.
3.1 Automotive headlamp discomfort glare

3.1.1 Predicting discomfort glare from automotive headlanps

Many researchers have written formulas which atenished to describe or predict
discomfort glare. These formulas incorporate maffergnt aspects of discomfort glare;
illuminance at the eye, luminance of the sourckiminance or luminance of the
immediate surround, illuminance or luminance ofpddaon, among others. Many are
applicable only in specific ideal scenarios. CorvBennett, who was working in
transportation, found a correlation between drg@eed and discomfort glare. He wrote
a formula for predicting discomfort glare, that eaots for driver speed, called the
Cumulative Brightness Evaluation (CBE). CBE tak#s iaccount each of the luminaires

in the visual scene (Gibbons and Edwards, 2007).
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where ; is the solid angle of the,iglare source, i is the glare angle of the glare

source, kis the luminance of the,iglare source, L.is the luminance of the background
andn is the number of glare sources. Bennett did higirmresearch on glare using the
“borderline between comfort and discomfort” concept BCD (Bennett et al., 1984).

Subjects looked at a glare source composed of @ (Qfrojector lamp, and a luminous
background with luminance between 0.034 and 34 TtdBemnett et al. gave subjects a
dimmer control, and allowed them to adjust theakource light level until the source
appeared to be between comfort or discomfort, abler or intolerable, and pleasant or
comfortable. Schmidt-Clausen and Bindels (1974) tevran equation to describe



discomfort glare that was related to automotiveicletheadlamps. The equation can be

seen below:

Ei

0.003*| 1+ | La gm0
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where W is the mean value of deBoer scalas Ehe average level of illumination

W =5.0-2.0LOGo
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directed towards observer’'s eye from headlamps,(luhax is the glare angle between
observer’'s line of sight and the headlamps at iocatvhere maximum illumination
occurs (minutes) andalis adaptation luminance (cd(Gibbons and Edwards, 2007).
Schmidt-Clausen and Bindels’ (1974) formula useth dominance and illuminance
based measurements to predict discomfort glarelewthe CBE relies entirely on
measures of luminance.

In 2008, Bullough et al. came out with a reportaldsng methods used to predict
discomfort glare from outdoor lighting installat&nusing only illuminance-based
measurements (Bullough et al., 2008). Bulloughl.etvas able to show that discomfort
glare can be more accurately predicted over a watlege of source sizes and intensities
using illuminance measurements than with luminafddes metric will be discussed

later in this paper.

3.1.2 SPD and discomfort glare

In 1989, Flannagan et al. investigated the effetigavelength on discomfort glare
using monochromatic sources. Although studies snesvn that light source SPD does
not have a marked effect on disability glare (Buglb et al, 2002; Flannagan et al.,
1989), Flannagan et al. showed a strong effect afelength on discomfort glare
ratings. Out of the six conditions tested, the bgjhdeBoer ratings (meaning least
amount of discomfort) were seen with the 577 nmmuli, while the lowest ratings
(showing greatest amount of discomfort) were reedrdith the 480 nm stimuli. The

results from the study can be seen in Figure 3.
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Figure 3 The interaction of wavelength and nominailluminance level (Flannagan et al, 1989)

In recent years, the automobile industry increate®l use of HID headlamp
technologies, replacing traditional halogen souréesthese new HID headlamps were
introduced into the US, complaints of glare front@ming cars increased. Is this due to
the increased luminance, the spectral power digtab, or to the fact that people are not
used to the new bluer looking lights (Bullough &t 2002). Flannagan et al. (1989)
showed that for monochromatic sources, the spectiuthe glare source can have a
significant impact on the perception of glare. 899, Flannagan looked at the effects of
two types of projector automotive headlamps (HIRI dralogen) on discomfort glare
ratings. Flannagan found that HID sources weregieed as more glaring than halogen.
Flannagan thought this effect of SPD on glare g#ioe might be due to the scotopic to
photopic (S/P) ratio, which is used to describe dbdity of different light sources to
stimulate the rods and cones in the eye (Flannd88). Photopic vision occurs over a
very wide range of light levels; typically 3 cdfrmnd higher. At these light levels the
cone photoreceptors are responsible for visionyigitog color vision and fine detalil
vision. Scotopic vision occurs at very low lightvéds, approximately less than 0.001
cd/n?f, this could occur at night in a star-lit environthe Rods do not process color

information so at scotopic levels only shades efygre perceived. A light source with a



lower S/P ratio will stimulate the rods less thasoarce with a higher S/P ratio (Boyce,
2003).
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Figure 4 Spectral luminous efficiency curves (IESNAlighting handbook 9th edition) (Murdoch,
2003)

Flannagan (1999) calculated the S/P ratios of tlegen and HID sources, but
found that the scotopic content was only 4% diffiérbetween sources, not a large
enough percentage to account for the differencegaire perception (Flannagan, 1999).
In an analogous study in 2002, Bullough et al. Emblat discomfort and disability glare
from HID, halogen and blue-filtered halogen heagissystems (Bullough et al., 2002).
The paper by Bullough et al. refers to a study coted by the Road Research
Laboratory in the UK, which showed that drivers fpreed to drive with white
headlamps, but they also wanted oncoming drivelate yellow headlamps (Bullough
et al., 2002).

In the paper by Bullough et al. (2002), an expenineas created which measured
subjective glare responses under three types afldmea sources; halogen headlamps
(S/P ratio 1.62), HID headlamps (S/P ratio 1.6y a blue-filtered halogen headlamp
(S/P ratio 2). If discomfort glare perception warghly related to the scotopic content of
the source, the blue-filtered halogen lamp would éxpected to have the highest
perception of discomfort glare, as it has the hsgt&/P ratio. Bullough et al. (2002)
found that the HID glare-stimulus was associatetth wie highest glare perception in all



test cases, while the un-filtered halogen source eamsistently the least glaring of the
sources. The results can be seen plotted in FiguTfde data showed that there was no

relationship between the scotopic content of the@®and the perception of discomfort

glare.
5 degree
10 _
—o—HD ( degree)
R ©
N *m —F-Hal 6 degee)
- \\E —A— Bl § degre)
] 4
m M
n 2 &
0 t } !
0 1 2 3
IIum nance ()

Figure 5 DeBoer discomfort ratings for the three gire sources at a viewing angle of 5°, as a function

of illuminance at the eye. Typical standard deviatin is one deBoer unit (Bullough et al., 2002)

3.1.3 Short wavelength cone sensitivity and brightness lated to discomfort glare

Fotios and Levermore (1998) describe the neur&vpays that influence brightness
perception via input from the long, medium and sh@velength cones. The SWS cones
have an input into the parvocellular pathways tlirain; these are the vision pathways
that transfer wavelength discrimination informatiéitios and Levermore describe how
this input makes up an “ancient subsystem of colasion (Fotios and Levermore,
1998)” which explains the effect of chromaticity bnghtness perception.

Fotios and Levermore (1998) quote Boynton’s comntirigimere is no doubt that the
SWS-cones contribute to brightness, which is onéhefreasons why stimuli of equal
luminance usually do not appear equally bright’t{#® and Levermore, 1998). It has
been shown, that short-wavelength-sensitive (SVé8g€ could have a strong influence
on brightness response (Bullough et al., 2002;,08a@nd Levermore, 1998).



Bullough et al. plotted the results of the 2002dgtas a function of the relative
short-wavelength sensitive cone illuminance (Bujlou2002). In this study, Bullough et
al. compared the discomfort glare ratings from tiimee sources: halogen headlamps,
HID headlamps, and blue-filtered halogen headlang§ee Figure 6 below for the
resulting graph. Bullough et al. saw a high cotiefe(RP= 0.974) between the ratings

and the relative SWS cones illuminances.
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Figure 6 DeBoer discomfort ratings averaged for bdt viewing angles, plotted as a function of the

relative SWS-cone illuminance (Bullough et al., 2@®)

In 2009, Bullough continued this research by fragréndiscomfort glare sensitivity
function for nearly monochromatic light, and chaeaizing the functions for 5° and 10°
off axis (Bullough, 2009). In the paper, Bullougkes a discomfort glare luminous
efficiency function developed by Dee (2003) whish i

Vo =Vio( ) +kS() 3-3

In this formulak is a scaling factor adjusted to find best fit, &(d) is a luminous
efficiency function for the S-cone (having a maximwalue of 1 at 440 nm). Plotted
below in Figure 7 are two discomfort glare luminaefficiency functions for nearly

monochromatic light sources located at 5° and I0&xas (Bullough, 2009).
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Figure 7 Optimum luminous efficiency functions \bg( ) for 5° extrafoveal stimuli (left) and for 10°
extrafoveal stimuli (right)

These functions can be used to predict discomfaregerception of sources with
various SPDs.

3.2 Outdoor and area lighting

In 2008, Bullough et al. proposed a metric thatlsamsed predict discomfort glare from
outdoor lighting installations, using illuminancaded measurements (Bullough et al.,
2008). The proposed discomfort glare metric is pErtthe Outdoor Site-Lighting
Performance (OSP) Method, which is intended to Iseavgple quantitative formula for
predicting sky glow, light trespass and glare (Bugjh et al., 2008). The study by
Bullough et al. sought to define the relationshgiween discomfort glare, luminance
and illuminance. The study was able to show thé#tiwia wide range of illuminance and
luminance levels, discomfort glare had a very lmsrelation to luminance values, but a
high correlation to illuminance values. The promgbseodel for predicting discomfort

glare by Bullough et al. is as follows:

DG = a log(E, + E)
+ b log(E¢/Es) — ¢ log(E,) 3.4

where E is the vertical illuminance from the light sourae subject’s eye (measured
using a baffle to block light surrounding the s@)rd&, is ambient illuminance measured
with light source turned off, Eis the surround illuminance which is total vertica

illuminance at subject’s eye minusadhd E, and where, b andc are coefficients which



were determined empirically (Bullough et al., 2008)ogarithmic equation is provided

that converts the DG ratings into deBoer ratingB)(Bullough et al., 2008):
DB =6.6-6.4log DG 3.5

This model does not address the effect of the gpacof the light source; neither
does it take into account the size of the lightreeuA 2011 publication addresses an
extension to this discomfort glare model, for caiotis when the light source subtends
more than 0.3° at the eye (ASSIST, 2011). In cadesre the glare source subtends
more than 0.3° at the eye, this luminance-basedectton can be used to more
accurately predict such conditions (ASSIST, 2011):

DB = 6.6 - 6.4 log DG + 1.4 log (50,000/Ls) .

The OSP model is useful to designers because insndaat they can more
accurately calculate discomfort glare from outdawstallations. In cases where the
lights subtend less than 0.3° at the eye, as isc#se with automotive headlamps,
designers can use illuminance based values. Mgist ihodeling software is based on
illuminance measurements, so this means that tinwage can be easily used to predict

discomfort glare.
3.3 LRC study regarding glare perception and backgroundSPD

In 2009, an unpublished study was conducted at ipleting Research Center which
looked at the effects of different colors, in theckground of a white LED array, on
perception of glare. Although there was no explicstated hypothesis, the concept of
this study was that an LED array glare-stimulushvat yellow luminous background
would have lower glare than stimuli with a blue lapous background. The independent
study references work by Ware and Cowan (1983)itgpkt luminance to brightness
ratios of different colors. Ware and Cowan are ejirétuminance is a poor predictor of
when differently colored stimuli will look equallyright (Ware and Cowan, 1983). They
are referring to the Helmholtz-Kolrausch effect yBe, 2003). The Helmholtz-
Kolrausch effect says that two fields of differentors placed side by side will appear to

be different brightnesses based on the saturafieaah color. The more saturated color



will appear to be brighter. Ware and Cowan devealopeluminance to brightness

conversion factor:

C=0.256 — 0.184— 2.52ky + 4.65(3y + 4.657)'(y4 3-7
where C is the conversion factor, andy are CIE 1931 chromaticity coordinates (Ware
and Cowan, 1983).

1.01

Figure 8 Iso-conversion factor contours plotted orCIE 1931 (X, y) chromaticity diagram based on
Ware and Cowan (Boyce, 2003)

The values shown on the contours are the relatnghtness/ luminance ratios,
calculated using the conversion factor from themida. These iso-conversion lines
plotted on the CIE 1931 diagram (see Figure 8) sti@at/for two sources with identical
luminances, the one with a higher conversion factdue will appear to be brighter. It
can be deduced from this diagram, that at the damaance levels, a yellow source
would appear to be less bright than a blue source.

The LED array stimulus apparatus from the 2009 LFR@ly can be seen in Figure
9. The apparatus is composed of a half-cylindrlegit-box with a diffused acrylic
square area in the front that lets the colored ligrough (Figure 9B). An array of white
LEDs is mounted into the diffusing acrylic sheeig(ffe 9A). The LED array and the
background colored light can be controlled sepbrate create different color

combinations and light levels.



Figure 9 lllustration of LED stimulus apparatus; showing LED array (A) and background mode (B)

The acrylic square background in this study waamilhated by either blue
(chromaticity: 0.251, 0.221) or yellow (chromatyit0.323, 0.335) LEDs. The blue
luminous background condition was created with Wl&®s and the yellow luminous
background conditions was created with white phosglonverted LEDs covered with a
yellow theatrical gel. The chromaticity points tietcolored backgrounds can be seen
plotted in Figure 10 on the CIE 1931 diagram. TheebLEDs have the highest
brightness/ luminance ratios of the three sourbased on Ware and Cowan’s (1983)

formula, and are assumed to appear brighter.



UNPUBLISHED STUDY LRC 2009
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Figure 10 Yellow and Blue chromaticity points of upublished 2009 LRC study background colors
plotted on CIE 1931 diagram

The 2009 LRC study looked at the results from rsnbjects, who each viewed
various white LED array conditions with a lumindulse background, luminous yellow
background or a dark background (no illuminatioif)e LED array light levels used in
this experiment were very high, relative to the anmtoof light typically seen from a
streetlight or outdoor area light. llluminance lsvérom oncoming headlights which
would cause drivers to flash their lights are ie th— 3 Ix range (VanDerlofske et al.,
2004). The IESNA lighting handbook recommends ammim horizontal illuminance of
2 Ix in parking lots, with a minimum of 5 Ix for éreased security parking lots (Rea,
2000). Measurements from area parking lot insialatfound typical illuminance at the
eye would be between 5 and 25 Ix. The independedy used 76 Ix at the eye (two
glare box apparatus each producing 38 Ix at the. éyeD array stimuli and luminous

background levels for each glare box apparatuseaseen in Table 3.1 below:

Background |LED ARRAY| ILLUMINATED BACKGROUND
Blue/ Yellow |38 Lux 700 cd/m*2  (3.75 Lux)
Blue/ Yellow |38 Lux 430 cd/m*2  (2.75 Lux)
Blue/ Yellow |38 Lux 70 cd/m*2 (1.5 Lux)
No Background |38 Lux 0 cd/m2 (0 Lux)

Table 3.1 llluminance levels for four conditions; fom each LED array box



The high light levels, and small range of illumigarconditions, meant that almost
any background could have very little chance to enak effect on glare perception. The
results showed that there was no statistical diffee between the yellow and the blue
conditions, but there was a trend that showed ¢flew background as being less glary.

3.4 Pilot studies

A series of five pilot studies were undertaken ptm the first experiment. The pilot
studies served to confirm that the apparatus usesiswfficient to verify the proposed
hypotheses, and also showed that the methodology sudficient to verify the
hypotheses.

The apparatus which was used in the 2009 LRC stedged to be re-designed and
re-built. The new apparatus used a similar houamgias used in the unpublished 2009
LRC study, but featured a more flexible RGB LEDteys to create the color-changing
luminous background, rather than using theatrietd.gAfter the completion of the new
apparatus, a pilot study was conducted in ordeeplicate the original results and to
show that the new apparatus was viable. The nearapgs was found to be sufficient to
replicate the original study. The 2009 LRC studgdig custom comparative rating
scale, which was based around the deBoer scalephid not be correlated directly to a
deBoer rating, or to other studies that also ukeddeBoer rating scale. The two scales

can be seen in Figure 11 below:

Figure 11 Comparative rating scale vs. deBoer ratig scale



For this pilot study, and for all following experemts, the experimenter first asks
the subjects to read and sign a Rensselaer Pohytetistitute, Institutional Review
Board (IRB) form which was obtained before any expents were conducted. In all
cases, subjects were also then “dark-adapted’etal#ink lab environment for 5 minutes
before the experiment began.

The experimenter would ask the subjects to loaknat ‘glare box’ apparatus, with
the LED array putting 38 Ix at the eye of the sabjand no luminous background. The
subject would give a glare rating to this first boging the deBoer scale. Then the
second ‘glare box’ apparatus would be turned as,dhe displaying both the LED array
(38 Ix at the eye) and the colored luminous baakgdoshowing either blue, yellow or
no-background conditions. The subject would theve ga rating to each condition,
comparing the second ‘glare box’ to the first ‘gldoox’ apparatus. It is not possible to
directly translate the comparative rating for eachdition to an actual deBoer rating. A
second pilot study was designed in order to regieafirst experiment, this time using
the deBoer scale to directly rate each condition.

In the second pilot study, an experiment was desigimhich used only one ‘glare
box’ apparatus. The subjects were shown each d¢onditED array illuminance levels
and colored luminous backgrounds) on one ‘glare bpparatus and were asked to give
each condition an independent rating using the deBoale. Subjects were shown each
condition three times. See Figure 12 and Figuréot §raphs showing the results from

pilot study 1 and pilot study 2. The results frdre two pilot studies were similar.



Figure 12 Results from pilot study 1 - replicate idependent study. O on this graph is assumed to be a

deBoer glare rating of 3.17 based on the initial fiéng given to the first ‘glare box’ apparatus

Figure 13 Results from pilot study 2 - using deBoescale

In the third pilot study, a third background colaras added: white. The
chromaticity points of the new luminous backgrowatbrs are plotted below in Figure
14.



Figure 14 White, Yellow and Blue chromaticity poins of experimental luminous background colors
plotted on CIE 1931 diagram

The results plotted below in Figure 15 show a slighnd indicating that the
yellow background is the least glaring, howeverréhis still no statistical difference
between any of the colored luminous background itiomd.

Figure 15 results from pilot study 3 — showing neduminous background condition (white)

Although there was a visible trend of sources wigflow luminous background
appearing less glary than the blue luminous backgtp there was no statistical



difference between any of the variables in the 20R€ study, or in pilot studies 1, 2 or
3. In the 2009 LRC study, as well as the first ¢hpdot studies, the background light
levels were measured in luminance (c9/mather than in illuminance (lux). llluminance
measurements from the field showed that typicadlwe@gy and area lighting installations
were putting between 5 Ix and 25 Ix at the eyekilog at the fixture). The IESNA
recommends a minimum horizontal illuminance of 2ol the pavement for a typical
parking lot, and up to 5 Ix when “enhanced secuigyneeded (Rea, 2000). The LED
array in the independent study and first three expts was putting 76 Ix at the eye
with two boxes and 38 Ix at the eye with one boRisTis much more light than one
would typically see in an installation, however thage of total illuminance levels at the
eye (including both the LED array and the colorkggiound lighting) was very small;
with a variation of only 3.75 Ix (between 38 Ix add.75 Ix from one ‘glare box’
apparatus).

The next pilot study focused on finding an extendledhinance range which was
appropriate for possible outdoor lighting applioas, and which would show greater
variation in deBoer ratings. In pilot study 4, orthe blue background condition was
used in order to reduce the number of conditiorch eaubject needed to view. The
results from this study show a strong trend thgittlilevel (illuminance) is affecting

deBoer glare ratings in the range between 8 Ix2éhkt at the eye.

Figure 16 Results from Pilot study 4



At this new illuminance range which is more relatied outdoor area lighting
applications, the effect of overall illuminance éévus apparent. In pilot study 5, two
LED array light levels were used (4 Ix and 12 kx)see if there was an increased effect
of colored background illuminance at these lowghtlilevels. The conditions used in

pilot study 5 can be seen in Table 3.2. The grdgheoresults can be seen in Figure 17.

Table 3.2 llluminance (lux) at the eye of all condions (LED array and luminous background) for
pilot study 5

Figure 17 Results from pilot study 5

Pilot study 5 shows that the first hypothesiskelly to be verified in this range; the
addition of background lighting increased the deBating (made the sources appear
less glary) by 1 to 2 points. After running a gethdinear model analysis of variance
(ANOVA), it was found that there was a statistigadlignificant (p<0.05) difference
between the no-background conditions and the luasnmackground conditions. The
statistical analysis for this pilot study can bersén Appendix A. This pilot study also
illustrated that within the range of luminous baakgd levels used (0.5 Ix — 4.5 Ix); any

luminous background would shift the perceived glare lower level. After analyzing



the results from pilot study 5, the first main espent was designed using only one
illuminance level for the background conditionsbackground illuminance level of 3 Ix

was chosen as it was near the center of the prevenge of background illuminances,
and was easy to produce using the apparatus.



4. Methodology

The main objective of this thesis is to investigtite possible connection between
the SPD of the luminous area around an LED arrang glare perception. The
investigation looks at background spectrum, brighthperception and the effect of a

luminous background to an LED array glare source.

4.1 Hypotheses based on literature review

Based on the literature review and pilot studibsed hypotheses were formed. The
conditions of these hypotheses are: adaptationlab avith all walls painted black and
lights turn off (illuminance of 0.2 Ix), luminainerojected angle (including background)
subtending 4° from the line of sight, the LED aritself subtends 2°, and maximum
glare illuminance of 15 Ix at the eye. Discomfoldrg was measured using the deBoer
Scale (deBoer, 1967). Colored luminous backgrouitido& one of three colors and will

appear white, yellow, blue, or without luminous kground.
4.1.1 Hypothesis 1

If a luminous colored background is added to aayaof LEDs (such as in
an outdoor lighting fixture) then perception of aisfort glare will be less
for the luminous colored background conditions, asnpared to the
without-background lighting condition.

Hypothesis 1 is based on much prior research iratha of discomfort glare. It is
commonly understood that headlights seen at nigiyt appear extremely glary, while
the same headlights with the same intensity seemglihe day may appear barely
visible. The immediate surround of a light soures han effect on the perceived level of
discomfort glare. This effect can be seen in mafyth® metrics for predicting
discomfort glare. The glare mark evaluation metfteCM) by deBoer includes
background luminance {).in the equation in order to quantify the immeeiatirround

of the luminaire in question. Bennett's cumulatipeedicted glare rating evaluation



(CBE) equation includes a value for luminance &f blackground () as a modifier for
the predicted glare rating (Gibbons and Edward87p0Schmidt-Clausen and Bindels’
equation for discomfort glare includes a measurénoénadaptation luminance {L
which is also a measurement of the immediate sodaf the luminaire. Schmidt-
Clausen and Bindels showed that an increase ,irshifts the perception of glare;
increasing L makes the source appear less glary (Schmidt-Glearse Bindels, 1974).

In 1951, the CIE agreed that the factors which gowdiscomfort glare include:
luminance of the light source, apparent size ofdberce, general level of adaptation,
position of the sources relative to the directidnviewing, and the luminance of the
immediate surrounds to the source (Hopkinson, 1937)more recent metric by
Bullough et al. (2008) which relies on illuminangaeeasurements, includes a
measurement of the surround illuminance (Es) whiagstimated by measuring the total
vertical illuminance at the subject’s eye, thentgdiing the direct vertical illuminance
(measured with light on and baffle to block straght), and the ambient illuminance

(measured with light off) (Bullough et al., 2008).
4.1.2 Hypothesis 2

If a luminous colored background is added to aamyaaf LEDs (such as in
an outdoor lighting fixture) then perception of @isfort glare will be less

for a yellow background, as compared to white bamkgd lighting.

This hypothesis is influenced by Ware and Cowantkwwith luminance to
brightness conversion factors, and the iso-coneerfsctor contours as seen in Figure 8.
The Ware and Cowan (1983) iso-contour diagram shbasscolors that plot along the
blackbody locus “white” line would have a higheightness to luminance ratio than
yellow colors, and would therefore appear brightean yellow colors (Boyce, 2003;
Ware and Cowan, 1983). The white LEDs used in ghisly are cool white LEDs with
higher short wavelength content than the yellowrsesi It is hypothesized that the

white source will appear brighter and more glatiman the yellow background source.



4.1.3 Hypothesis 3

If a luminous colored background is added to aamyaaf LEDs (such as in
an outdoor lighting fixture) then perception of aisfort glare will be less

for a yellow background, as compared to blue bamkagu lighting.

Flannagan et al. (1989) published a paper lookintpe effects of wavelength on
discomfort glare, focusing on monochromatic soureesl found that both illuminance
levels and wavelength had strong effects on glategs. Flannagan et al. found the
greatest discomfort glare (lowest deBoer scalenga)i at 480 nm which would be
perceived as blue light (Flannagan et al., 1989ueBLEDs have increased short
wavelength content over the yellow. It is hypothkedi that the blue source will appear

brighter and more glaring than the yellow backgbeaurce.

4.2 Experimental apparatus and geometry

The apparatus in this study is based on the apmat@ed in the 2009 LRC study
mentioned in the previous section. The experimenfgaratus consists of a half-
cylindrical light-box (painted white on the interito reflect and mix the colored light)
with a square diffusing acrylic window in the frotitat becomes the illuminated colored
background surface, see Figure 9 for illustratibme LED array mounted in the square
diffusing window, consists of nine cool white (77phosphor-converted LEDs mounted
directly into the diffusing acrylic sheet. The ltgkources for the luminous color
changing background are all LED and color mixingéhieved using red, green and blue
(RGB) LEDs.

Pilot studies were conducted at the Lighting RedeaCenter at Rensselaer
Polytechnic Institute, in the Robert E. Levin Phoatry Laboratory which is an all
black laboratory environment. The subjects sat 8madrom the light source box, with
their chin in a chinrest, looking directly at theusce. Prior to the start of the experiment,
subjects were asked to read and sign a Renssebhgedhnic Institute, Institutional



Review Board (IRB) form which was obtained befony axperiments were conducted.

See Appendix C for IRB approval form.
4.3 Experimental Variables

In the first experiment, each subject was askest® the discomfort caused by a series
of glare sources which differ in spectral powertribsition, color, and illuminance. At
least seven subjects were required in order to $tatistical significance, according to
the number-of-subjects formula which was assesséatd the experiment (McGuigan,
1983). No modifications were made to the experimesét-up, after the pilot studies,

and before the start of the first experiment.
4.3.1 Independent Variables
1. Phosphor-converted white glare array stimuli

Five LED array illuminance levels were used in texperiment. Figure 18 shows a

diagram of the experimental apparatus, and illtetrehe LED array illuminance.

Figure 18 Experimental apparatus with grey areas lustrating the LED array stimuli

The chromaticities, illuminance and calculated loiamice levels can be seen in
Table 4.1 below.
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Table 4.1 Independent Variables: LED array chromatcities, illuminance, and luminance

The range of illuminance levels chosen for thiseekpent were based on the
pilot studies using the same apparatus, reseatehaquired light levels for parking lots

and roadways, and measurements in the field.

2. Background luminous surround

Three luminous background colors were used ingRgeriment. Figure 19 shows a

diagram of the experimental apparatus, and illtesrthe background illuminance.

Figure 19 Experimental apparatus with grey area ilistrating the background illumination



The apparatus is made of a half-cylindrical ligb&lwhich acts like an integrating
sphere, mixing the LED light on the inside. ThekKgaound light is created by turning
on red, green and blue (RGB) LEDs on the interfdhe half-cylinder. The blue and the
yellow conditions are created by color mixing RGBDs, while the white background
condition is created using one type of phosphoreded white LED. The light can be
seen through the diffusing acrylic sheet in thenfrof the apparatus. The white
phosphor-converted LED array is mounted directly ithe diffusing sheet so that the
background glows around and in-between the LEDyarf&e colors, chromaticities,

illuminance and calculated luminance levels oflinekground conditions can be seen in
Table 4.2 below.
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Table 4.2 Independent Variable: Background chromatiities, illuminance, and luminance

4.3.2 Dependent Variable

1. Discomfort Glare Rating

Subjects rated discomfort glare using the deBoales@eBoer 1967). The deBoer

scale has nine levels, where five of the leveldafened using vocabulary:

Figure 20 DeBoer Scale (deBoer 1967)



This nine point scale was developed by deBoer (LB6a@rder to help determine the
subject’s assessments of glare. DeBoer says tisas¢hle works best when the subject
has the ability to adjust the light levels for tremlves, and in that way they can
experience the entire range before deciding whigmerical value best matches a
certain light level (deBoer, 1967). One limitatiohusing the deBoer scale is that it is
subjective, and sometimes difficult to interpretr knstance, does the “unnoticeable”
descriptor for number 9 mean unnoticeable glareroroticeable light? Regardless of
any difficulties that arise from varied interprédats of the meanings of the deBoer
rating scale texts, this scale is used extensiwelyhuman factors glare research
(Bullough et al., 2008) and was found to be regaiol the following experiments; see

Appendix E for repeatability studies.
4.3.3 Controlled Extraneous Variables
1. Ambient Luminance

The ambient or adaptation illuminance was measar@® Ix using an illuminance
meter throughout the experiment. Each subject addpt five minutes to this low
ambient level before beginning the experiment. town test was conducted to confirm
low light level visual tasks, but it was assumedt thiter five minutes of adaptation,

most subjects would be experiencing similar phygimal changes.

2. Learning Effects
All LED array source and background combinationgsemgresented to subjects in
random order to counteract any possible learnifectef. Combinations were presented

to each subject a total of three times, in randoteio



4.4 Final experiment setup and procedure

4.4.1 Apparatus

Glare apparatus sources were mounted on a talblasthe center LED in the array
measured 117cm (46”) off of the floor. Each glasarse is made up of an array of nine
individual CREE XRE LEDs each with a 10° optic. Frdhe subject’s location of 3
meters away, the LED array group is perceived @$ aisual field while the overall
source including the background takes up 4° olvikeal field. Figure 21 below shows a
schematic of the apparatus. More detailed desoriptf the apparatus can be found in

Appendix B.

Figure 21 Schematic of apparatus for Experiment one

Subjects sat during the experiment on a chair agret \@sked to rest their chins on a
chinrest. The chinrest, which was located 3m awaynfthe center of the apparatus,
ensured that the subject’'s eyes were located ataime height as the center of the LED
array. Each subject was tested individually, and allowed to hold an 8.5"x11” printed

sheet showing the deBoer scale, to use as a reteren



4.4.2 Procedure

Before any subjects were run in either the expemmer the pilot studies, an
Institutional Review Board (IRB) approved conseatnf was obtained. All subjects
were asked to read, sign and date the informedecorierm approved by the Institute
Review Board of Rensselaer Polytechnic Institutpp@ndix C) before participating in
the experiment. If the subject experienced migsaimgularly they were not allowed to
participate, likewise if the subject was deemebawe a color vision deficiency based on
the results from the Ishihara color test they weot allowed to participate in the
experiment. After the subject signed the informedsent form, the ambient lights were
turned off in the room and the subject was alloweeddapt to the adaptation level of 0.2
Ix for five minutes. While the subject adapted ke tlight levels, instructions were
explained; including necessary information on thecpdure and an explanation of the
deBoer scale and how it is used.

After the adaptation period, the first glare coiditwas presented. The conditions
were presented in a random order to each subjelceach subject saw a different order
than any other subject. The combinations of inddpatvariables included illuminance
levels of 4, 6, 8, 10, and 12 Ix at the eye, comthinvith the three different color
background settings (yellow, white, and blue) ambdackground setting, for a total of

20 original combinations.

Table 4.3 llluminance (lux) at the eye, conditionsised in Experiment 1

Once the subject rated the combination using #&Bodr scale, the source was
covered with an opaque shield for a period of 61@bseconds while the program
switched to the next lighting combination. This ggss was repeated until all conditions

were presented.



5. Experimental Results

The experiment tested the effects of illuminaneele and color backgrounds. The

results from the first experiment are presentedweh Figure 22.

Figure 22 Mean deBoer ratings for 10 subjects, 5 LB array levels and 4 color backgrounds for the
first experiment

The X axis represents the increasing illuminaneelteof the LED array while the
Y axis represents the nine levels of the DeBoemmgascale (only 7 shown for
consistency as there was no mean DeBoer ratings @veseveral statistical analysis
(ANOVA) were used to assess the data from this ex@at. A statistical analysis
(ANOVA) looking at the no-background and the blueninous background conditions
found that there was a significant difference betvéhe two background conditions
(p<0.05). This result shows that there is a sigaift decrease in glare perception, for the
experimental geometry used in this experiment, whaenilluminated background is
added to an LED array. An ANOVA looking at only tivite and yellow conditions
found no significant difference between these Wées Another statistical analysis
(ANOVA)showed a significant difference between thellow and blue luminous

backgrounds (p<0.05). More detailed statisticalysig available in Appendix D.



5.1 Interactions

A statistical analysis (ANOVA) was conducted toatatine the interaction between all
of the conditions. Another ANOVA looked at interiact within the three luminous color
background conditions. The ANOVAs showed no sigatfit interaction between color

and light levels in respect to subjective ratinfglare perception (p<0.05).



6. Discussion

The results of the experiment were analyzed inctirgext of the three hypotheses
stated in Section 4.1 of this thesis document.heéfthree hypotheses, two of the three

were supported by the experimental results.
6.1 Hypothesis 1

If a luminous colored background is added to anagrof LEDs (such as in an

outdoor lighting fixture) then perception of disdom glare will be less for the

luminous colored background conditions, as comparedhe without-background

lighting condition

The conditions with luminous background, regardtefssolor, were all perceived as
being less-glary than the conditions with the LEEag and no background (see graph in
Figure 22), and the trend showed that the blue noos background conditions were
more glary than the white or yellow luminous backgrd conditions. By comparing the
blue luminous background condition to no-backgrognddition, it was revealed that
any condition with a luminous color background vpasceived as being less glary than

the condition with no background light.
6.2 Hypothesis 2

If a luminous colored background is added to anagrof LEDs (such as in an

outdoor lighting fixture) then perception of disdom glare will be less for a yellow

background, as compared to white background lightin

The results from the experiment do not supportsgmond hypothesis (see graph in
Figure 22). A significant trend was found showihgttconditions with yellow luminous
backgrounds were rated as similar or identical emddions with white luminous
backgrounds. The ANOVA revealed no statisticalgngicant difference between white
and yellow conditions (p<0.05). This result waspsising based on the literature review
conducted before the experiment. It was thoughtabee of the chromaticity
coordinates, the white background would elicit anikir response to the blue

background.



6.3 Hypothesis 3

If a luminous colored background is added to anagrof LEDs (such as in an

outdoor lighting fixture) then perception of disdom glare will be less for a yellow

background, as compared to blue background lighting

The results from the experiment support the thiyddthesis (see graph in Figure
22). An ANOVA revealed a significant differencedeBoer scale glare ratings between
the yellow background and the blue background dowdi. As discussed earlier,
Flannagan et al. (1989) noticed the greatest digmbrglare ratings at 480 nm (the
lowest of six conditions used). The blue LEDs uetthis experiment had a peak at 457
nm. It was expected therefore that the blue camaivould appear more glaring than the
white or yellow conditions. T-test information anaividual results can be found in
Appendix D.

6.3.1 Chromaticity related to discomfort glare

It appears from the results of this first experitéimat the Helmholtz-Kolrausch
effect based on chromaticity points may not beitaBle predictor of discomfort glare.
While the relationship between the blue and yellmekground sources was consistent
with predictions based on the luminance to brigbsnatio by Ware and Cowan (1983),

the white and yellow conditions were not prediotaihsed on the same theory.
6.3.2 Effects of SWS cones on color source backgrounds

As discussed in the literature review sectionsibelieved that short-wavelength-
sensitive (SWS) cones could have a strong influemcerightness response (Bullough et
al., 2002; Fotios and Levermore, 1998). In 195%aW published a paper looking at
extrafoveal perception of color and brightness. iitial study looking at retinal
eccentricities of 0°, 10° and 15° off axis showed iacreased sensitivity to short
wavelengths with increased eccentricities. In doWihg study looking at sources

presented 25°, 40° and 70° off-axis, Weale fourtbrtinued increase in sensitivity at



greater eccentricities (Weale, 1953). A graph shgwiVeale’s results for the 25° off-

axis condition can be seen below in Figure 23.

Figure 23 Comparison between relative sensitivity ta0° and 25° (low luminance level) plotted
against wavelength (Weale, 1953)

In 2009, Bullough published a paper describingess recent studies which
looked at spectral sensitivity for extrafoveal disdort glare. The studies looked at
sources located 5° off axis, and at 10° off axigsukts from the studies showed that at
both extrafoveal source locations, there was areased perception of glare in the short
wavelengths. Bullough postulated that the S cosparse might be playing a role in the
perception of discomfort glare. The paper presemen discomfort glare sensitivity
functions for nearly monochromatic light at 5° &f@f off axis (Bullough, 2009), using
a discomfort glare luminous efficiency function é®ped by Dee (2004) (see equation
3-3). See Figure 7 for discomfort glare luminoudicefncy functions for nearly
monochromatic light sources located at 5° and 10&xs (Bullough, 2009).

The work of Weale (1953) and Bullough (2009) pdamthe SWS cone response as
a good explanation for the discomfort glare resperfsom this first experiment. The
spectral power distributions of each of the coodgi from the experiment were
measured, including both the background sourceshentED array source. Each of the
SPDs was then multiplied by the discomfort glammilous efficiency function (M
(V1o( ) + kS())) to find the SWS brightness response for thaiddemn. These values

are plotted below in Figure 24. Bullough found tfaata light source located 5° off axis,



the best fitkk value was between 0.19 and 0.15. It was foundftindahese sources, at an
overall 4° of the visual field, kvalue of 0.13 provided the best fit. See appekdiar a

graph showing Rplotted againsk values to show best fit curve.

Figure 24 DeBoer discomfort glare ratings shifted $ Vpg

Figure 24 illustrates the relationship of the bhaekground condition to the other
color background conditions. The blue luminous lgacknd condition, as well as the
white and the yellow background conditions, seovedcrease perception of discomfort
glare by providing a background light or immediaerround to the LED array.
However, the SPD of the blue condition seems taratite opposite way by increasing
the perception of glare as compared to the whiteyetiow conditions. This appears to
be a result of the increased brightness percepfidhe blue condition. Figure 25 shows
the relative SPDs of the three luminous backgrosmuarces (yellow, white and blue)

plotted over the ¥ luminous efficiency function for 5° extrafoveainstlus.



Figure 25 Relative SPDs for three luminous backgtumnd conditions (white, yellow, blue) plotted
over three Vpg luminous efficiency functions for 5° extrafoveal sSmulus

From the graph in Figure 25, we can see that theweondition falls mainly under
the Vip part of the efficiency function and is not affete all by the S-cones response.
The white SPD has a spike in the region betweem#®@nd 500 nm where the S-cones
have an effect on the brightness perception, baitbiik of the SPD is also weighted
heavily by the \y part of the efficiency function. It is seen in &ig 24 that the M
shifted glare response, for the white conditionftslonly very slightly to the right. The
SPD for the blue background condition falls mainlyder thekS( ) portion of the
efficiency function and is therefore more strongfifected by the brightness response.
Figure 24 shows that although the conditions witeduminous background had the
same photopic illuminance as the yellow and whitaditions, they appeared glarier
because of increased SWS content. The blue conditioich had a total photopic
measured illuminance of 7 Ix at the eye, appeatidsubject as nearly 13 Ix at the eye

according to the ¥g( ) function.

6.4 Implication to practice

Many current LED luminaires use an LED array desi§ome examples of common

LED luminaires with this design type can be seeRigure 26.



Figure 26 Images of Beta Lighting LED “The Edge” (A, American Electric Lighting “LEDR” (B),
and Leotek Electronics “Green Cobra” (C)

These luminaire types were chosen from a survehenNLPIP specifier report
titled Streetlights for Collector Roads (2010). NPPpublished the results from two
online surveys which asked lighting specifiers, gedieral public who had previously
downloaded NLPIP specifier reports, which LED diiigbts they most often purchased
or specified (NLPIP, 2010). The top three manufeati mentioned in the report, all
make outdoor area lighting luminaires that featameLED array design. One possible
application of the results from the first experimemould in the outdoor area lighting
arena. A viable solution to overcoming issues @ralin area lighting is to add a
luminous background or fill-light to a luminaireathutilizes an LED array. This type of
design would create a wash of cool white light ba ground, and surrounding area
beneath the luminaire, from the LED. However if ed@strian were to look up at the
fixture, the source itself would appear to havesboyv, blue or white surround, making
the array appear less glary.

The IESNA Lighting Handbook recommends minimum rteimed horizontal
illuminance values for parking lots. They recommeanginimum of 2 horizontal lux for
a standard parking lot and a maintained minimun® dirizontal lux for an enhanced
security parking lot (Rea, 2000).



Figure 27 Recommended minimum horizontal illuminarce recommendations for parking lots; basic

and enhanced security (Rea, 2000)

A model of a grocery store parking lot was builtA®i32 (Lighting Analysts;
Littleton, CO) to understand the relationship betwehorizontal illuminance and
illuminance at the eye in a typical LED parking latinaire installation. In a simulated
parking lot with an average horizontal illuminancé 5 Ix, there is an average
illuminance of 6 Ix at the eye at 5 ft (eye leveldht for an average person). If the LED
apparatus used in this experiment were to be apmlieectly to this application, the
overall apparatus might be contributing 7 Ix at lineest setting. That means the LED
array would be contributing 4 Ix and the luminowskground would be contributing
nearly the same amount of yellow or blue light{B This brings up an issue of viewing
distance and the ratio of background to LED armayce.

In this experiment, the luminous background wastrdauting much of the light
measured at the subject’s eye. At the lowest gpttind Ix from the LED array, the
background was contributing 3 Ix or 42% of the lighaching the eye. At the highest
setting of 12 Ix from the LED array, the backgrowmas contributing 3 Ix or 20% of the
light reaching the eye. If these ratios were wilizn the field, the background lighting
might be contributing to the color of the lighttmyg the ground. If the background
surround lighting is decreased, will the color loé tbackground still have a significant

effect on the perception of discomfort glare?



6.5 Experiment 2

A second experiment was designed to test whetltkrceeased ratio of background to
LED array, would still produce the same resultshasfirst experiment. The protocol of

the second experiment was almost identical toitkedxperiment. In order to achieve a
lower background to LED array ratio, and also tétdsesimulate a realistic viewing

distance from an outdoor area luminaire, the stily@s placed 6m from the apparatus
rather than 3m as before. The intensity of the L&fay was increased so that the
conditions replicated that of the first experiméht6, 8, 10 and 12 Ix at the eye of the
subject). The intensity of the background was nwnged, and with the increased
distance, the light levels dropped from 3 Ix atélye down to 0.7 Ix at the eye. The table

below shows the conditions used in the second &rpet.

Table 6.1 llluminance (lux) levels at the eye forgeriment 2

At the new 6m distance, the ratio of backgroundntlitp LED array light was
decreased. At the lowest setting of 4 Ix from thHeDLarray, the background was
contributing 0.7 Ix or 15% of the light reachingethye. At the highest setting of 12 Ix
from the LED array, the background was contributt8g of the light reaching the eye.
Subjects were exposed to an identical protocolasdescribed in the first experiment.

6.5.1 Results from Experiment 2

The experiment tested the effects of illuminanoeele and color background on
perception of discomfort glare. The results frore gecond experiment are presented
below in Figure 28.



Figure 28 Mean deBoer ratings for 9 subjects, 5 Il levels and 4 color backgrounds for the second
experiment

The X axis represents the increasing illuminaneelteof the LED array while the
Y axis represents the nine levels of the deBoeingascale (only 7 shown for
consistency as there was no mean deBoer ratings @veseveral statistical analysis
(ANOVA) were used to assess the data from this ex@at. A statistical analysis
(ANOVA) looked at the no-background and the colorkoninous background
conditions and found that there was a significaiffeitnce between the luminous
background and the no-background conditions (p90T&s result shows that there is a
significant decrease in glare perception, for tkpeeimental geometry used in this
experiment, when a luminous background is addeghtaED array. Another statistical
analysis (ANOVA) found that there was no significaifference between any of the
background color conditions when only the threeihous color background conditions
are considered; blue, yellow and white (p<0.05)ngshe new experimental geometry
in the second experiment, it was revealed thatetlvesms no perceived difference in
discomfort glare ratings when different colored kzaounds are used. More detailed

statistical analysis available in Appendix D.
6.5.2 Interactions

A statistical analysis (ANOVA) was conducted toatatine the interaction between all
of the conditions. Another ANOVA looked at interiact within the three luminous color



background conditions. The ANOVAs showed no sigatfit interaction between color

and light levels in respect to subjective ratinfyglare perception (p<0.05).

6.5.3 Hypothesis 1 (Experiment 2)

If a luminous colored background is added to anagrof LEDs (such as in an

outdoor lighting fixture) then perception of disdom glare will be less for the

luminous colored background conditions, as comparedhe without-background

lighting condition

The results from the experiment support the finghdthesis (see graph in Figure
28). By comparing the no-background condition wiitle color luminous background
conditions, it was revealed that any condition wath luminous color background was
perceived as being less glary than the conditiath yust an array and no background
light. The conditions with luminous background, astjess of color, were all perceived
as being less-glary than the conditions with th®l&ray and no background.

6.5.4 Hypothesis 2 (Experiment 2)

If a luminous colored background is added to anagrof LEDs (such as in an

outdoor lighting fixture) then perception of disdom glare will be less for a yellow

background, as compared to white background lightin

The results from the experiment do not supporstend hypothesis. The ANOVA
revealed that there was no difference in deBoengsitbetween the yellow and white
conditions, and indeed no difference between anthefcolor background conditions

(see graph in Figure 28).
6.5.5 Hypothesis 3 (Experiment 2)

If a luminous colored background is added to anagrof LEDs (such as in an
outdoor lighting fixture) then perception of disdom glare will be less for a yellow
background, as compared to blue background lighting

The results from the experiment do not supportthinel hypothesis (see graph in

Figure 28). The ANOVA revealed that there was mgnificant difference in deBoer



ratings, and therefore in perception of glare, leenwv the yellow and the blue
background conditions. T-test information and imdiisal results can be found in

Appendix D.
6.5.6 Viewing angle

The results from the second experiment varied ftioeninitial experimental results
in regard to the effect of spectrum on discomfdare ratings. In the first experiment it
was seen that the SPD of the source could modifiateverall glare perception. In the
case of the LED array with the blue background, 8D served to increase the
perception of glare because of the increased peddirightness of the source. In the
second experiment this spectral effect was gone.r&bults from the blue background
condition were not different than the yellow or tivbite conditions. The difference in
experimental geometry between the two experime s tive increased distance of the
source. In the first experiment the light sourag;luding LED array and luminous
background, filled 4° of the subject’s field of wieln the second experiment, the light
source, including both LED array and luminous backgd, filled only 2° of the
subject’s field of view. Figure 29 below showschamatic of the subject, apparatus and
resulting viewing angles.

Figure 29 Schematic showing viewing angles at 3mam®m (first and second experiments)

One explanation for the change in sensitivity te thue background is the very
different spectral response in the central 5° ef tbvea (Boyce, 2003). According to
literature, the central 5° of the retina contaihe tmacula, which is found to limit

reaction to short wavelengths (Boyce, 2003). Macpigments are made of three types



of carotenoids which are found in high concentraion the central 5° of the retina
(Howells et al., 2011). This area is called the uecThe pigments that make up the
macula are known to mitigate short wavelength ligBoyce, 2003). Howells et al.
(2011) wrote a paper reviewing many different teghas for measuring the macula in
vivo and found that the macula varies in densityosg its area, with its most dense
concentration within the central 2° of the visu@ld. Researchers have been able to
create detailed spatial profiles of the maculamyagt optical density (MPOD) using
heterochromatic flicker photometry, see Figure @Caf graph.

Figure 30 Graph showing optical density of maculapigment (horizontal meridian = filled squares,
vertical meridian = open circles) (Howells et al.2011)

In 2003, Dee looked at SPD and extrafoveal glatecsgs. The glare source size
used in this experiment was very small (2.1cmt 4.25m distance) and presented at 5°
off-axis (Dee, 2003). This glare source providesuhes that were consistent with the
Vpe luminous efficiency function. The results from exinent one, where the subjects
viewed a source that filled 4° of the visual fietldso fit well with the Vs luminous
efficiency function. In experiment two however, lwithe reduced source size of 2° at
6m, the dense central macula absorbs the short levegth stimulus that would
otherwise cause increased glare perception fabltieecondition. It can be noted that the
first and second experiments discussed here weeeg@ze experiments. As the field of

view of the source is important to this discussmme might wonder if there is a need to



control the gaze of the subjects in this experimBoilough et al. conducted a set of
experiments in 2003 comparing glare results fronth bivee-gaze and fixed-gaze
conditions. Although Bullough et al. found a sigraint difference between individual
results using paired Student’s t-tests (fixed-gdeBoer ratings were about 0.4 units
lower than free-gaze), he found that the resultheftwo studies were highly correlated
(R°=0.99). The results from Bullough et al. (2003) whd a spectral effect from a
source with a very small size (aperture of 2.1trat a distance of 8.5m). This might
contradict the results from this thesis experimeavitjch found a decreased spectral
effect for a 2° source size. However, the sourcesd by Bullough et al. (2003) had
much higher luminances. As the subjects were gikesn gaze, it might be possible that
the sources were very uncomfortable and might Hasen viewed at an increased
extrafoveal angle, thus making a spectral effectsiibe. It is assumed from this
research, that within the experimental parametetki® experiment, it is unnecessary to

control the direction of gaze.
6.6 Experiment 3

In order to verify that the smaller subtended argdléhe source was the reason for the
decreased spectral effect of the color backgroumtisiyd experiment was designed. The
protocol of the third experiment was almost ideadtio the first experiment. In this free-

gaze glare study, the subject again sat 3m fronapiparatus. The intensity of the LED
array was decreased to the original levels so tthatconditions replicated the first

experiment (4, 6, 8, 10 and 12 Ix at the eye ofdiigject). In order to achieve a lower
background/LED array ratio, an opaque black baffées placed around the edge of the
LED array, making the overall size of the sourael(iding luminous background) fit

within 2° of the visual field of the subject. Thetensity of the background was not
altered, and with the decreased overall size,itf levels dropped from 3 Ix at the eye

down to 0.8 Ix at the eye.



Table 6.2 llluminances of all conditions in Lux, fom experiment 3

Figure 31 Schematic showing viewing angles at 3ma®m (first, second and third experiments)

At the lowest setting of 4 Ix from the LED arrafgetbackground was contributing
0.8 Ix or 15% of the light reaching the eye. At thighest setting of 12 Ix from the LED

array, the background was contributing 5% of thhtlreaching the eye.
6.6.1 Results from Experiment 3

The experiment tested the effects of illuminanceele and color background on
perception of discomfort glare. The results frone third experiment are presented

below in Figure 32.



Figure 32 Mean deBoer ratings for 6 subjects, 3 Il levels and 4 color backgrounds for the third
experiment

The X axis represents the increasing illuminaneelteof the LED array while the
Y axis represents the nine levels of the deBoeingascale (only 7 shown for
consistency as there was no mean deBoer ratings @veseveral statistical analysis
(ANOVA) were used to assess the data from this ex@mt. A statistical analysis
(ANOVA) looked at the no-background and the colorkoninous background
conditions and found that there was a significaffiteience between the luminous
background and the no-background conditions (p90T&s result shows that there is a
significant decrease in glare perception for th@eexnental geometry used in this
experiment, when a luminous background is addeahttED array. Another ANOVA
found that there is no significant difference bedweany of the background color
conditions when only the three luminous color baokgd conditions are considered;
blue, yellow and white (p<0.05). As in the secoxgeziment, it was revealed in this
experiment, that there is no perceived differentediscomfort glare ratings when
different colored backgrounds are used. This etéie that when the source fell within a
2° visual area of the central fovea, there was ffiecieof color on the perception of
discomfort glare; however the addition of any baokgd to the array still decreases
perception of glare. More detailed statistical gsigl available in Appendix D.



6.6.2 Interactions

A statistical analysis (ANOVA) was conducted toatetine the interaction between all
of the conditions. Another ANOVA looked at interiact within the three luminous color
background conditions. The ANOVAs showed no sigatfit interaction between color

and light levels in respect to subjective ratinfyglare perception (p<0.05).
6.6.3 Viewing angle

The results from the third experiment were ablshow that the change in spectral
effect of the light sources was related to the ungwsize of the source. In this third
experimental set-up, the source filled only 2°ted subject’s field of view and would be

expected to show no effect of color background @Bakr glare ratings.

6.6.4 Hypothesis 1 (Experiment 3)

If a luminous colored background is added to anagrof LEDs (such as in an

outdoor lighting fixture) then perception of disdom glare will be less for the

luminous colored background conditions, as comparedhe without-background

lighting condition

The results from the experiment support the fingtdthesis (see graph in Figure
32). By comparing the no-background condition wiitle color luminous background
conditions, it was revealed that any condition wathuminous color background was
perceived as being less glary than the conditiaih yust an array and no background
light. The conditions with luminous background, astjess of color, were all perceived
as being less-glary than the conditions with th®l&ray and no background.

6.6.5 Hypothesis 2 (Experiment 3)

If a luminous colored background is added to anagrof LEDs (such as in an
outdoor lighting fixture) then perception of disdom glare will be less for a yellow

background, as compared to white background lightin



The results from the experiment do not supporstwnd hypothesis. The ANOVA
revealed that there was no difference in deBoengsitbetween the yellow and white
conditions, and indeed no difference between anthefcolor background conditions

(see graph in Figure 32).
6.6.6 Hypothesis 3 (Experiment 3)

If a luminous colored background is added to anagrof LEDs (such as in an

outdoor lighting fixture) then perception of disdom glare will be less for a yellow

background, as compared to blue background lighting

The results from the experiment do not supportthinel hypothesis (see graph in
Figure 32). The ANOVA revealed that there was rgnisicant difference in deBoer
ratings, and therefore in perception of glare, leenv the yellow and the blue
background conditions. T-test information and imdliial results can be found in

Appendix D.



7. Conclusion

The results from this experiment have reproducetexttended findings from prior
research that more information is needed than singhlotopic illuminance and
immediate surround to correctly characterize aretlipt discomfort glare. It was seen
that independent light conditions in these expeni®miehad identical photopic
illuminance at the eye, but significantly differerdtings of discomfort glare and
brightness experience. This reinforces conclusfmra previous studies, which showed
that the SPD of a source can have a significamicethn levels of discomfort glare. It
also underlines the need for a chromatic elemediscomfort glare formulas (Bullough,
2009; Bullough et al., 2008; Flannagan et al., 1988ios and Levermore, 1998). It is
shown here that SWS cone luminous efficacy funstibvbs ), in addition to current
discomfort glare formulas, can more accurately ptguercieved discomfort glare from

a source.

7.1 Implications to practice

The results of this study can see direct applicatitothe area of outdoor or roadway
lighting, or in almost any installation that recgsra prediction of discomfort glare from
LED array light sources. Luminaire designers migée these results to design fixtures

that decrease glare and increase acceptance.
7.1.1 Luminaire mounting height and apparent source size

Think back to the supermarket parking lot that wasntioned earlier. This
parking lot uses LED outdoor area lighting thatdais IESNA guidelines for enhanced
safety, by providing a minimum horizontal illumir@nof 5 Ix on the ground. In this
parking lot, the luminaires feature an array of ggter white converted LEDs which put
white light on the horizontal surface of the padkint. The LED array would be backlit
with a colored fill-light, intended to change thepaarance of the luminaire when it is
viewed directly, but not to add much light or cotorthe horizontal parking lot surface

below, see Figure 33 for illustration.



Figure 33 lllustration of possible application of esearch into luminaire design — features LED array

luminaires that put white light on the ground, but appear blue to the viewer

A survey of commonly specified LED outdoor lumiregrgave some insight into the
apparent sizes of luminaires based on standard tinguheights and distances of the

viewer.



Table 7.1 Four common LED outdoor area lighting corpanies and fixtures showing the degree of
the visual field that the luminaire fills for a 5’ tall viewer located 20' from the base of the fixtue

From this short survey, we see that 33% of theufeq fill a 2° field of view or
smaller. For LED array luminaires of these sized armounting heights, a designer or
fixture engineer could decrease discomfort glaranyylementing background lighting
in white, yellow or blue. The background lightingpwd work to decrease discomfort
glare by creating a small luminous surround, bet 8D of the source would have a
very small effect on discomfort glare. In this seyy50% of the fixtures fill a 4° field of
view or larger at a viewing distance of 20 feetr EED array luminaires of these sizes
and mounting heights, a designer or fixture engiweeald decrease discomfort glare by
implementing background lighting in white or yelloBlue background lighting could
also be used, but would decrease discomfort gém®than the yellow or white options,
because of the short wavelength sensitive cones.

In one possible design scenario, a designer warasdentuate a corporate identity
by installing LED array parking lot luminaires thatit white light on the ground, but
appear blue to a viewer passing by. The designar ggt a maximum decreased
discomfort glare by ensuring that the subtendedivig angle of the luminaires is 2° or
less for typical viewing distances. The designer geke sure that the LED luminaires



provide the recommended horizontal lux by incregsthe number of mounting

locations.

7.2 Limitations

One limitation in this experiment is that it wasndacted entirely in a laboratory
environment. In the lab, the ambient light is coléd and very dark. In an actual
installation, the background lighting conditions wka influence the perception of the
light source. Additionally, this experiment doest moldress discomfort glare from an
array of LED luminaires. The results may differ vbeeén the findings from this

experiment, and a parking lot installation or roaghinstallation, where there are many
luminaires in the field of view.

Another limitation in this study lies in the coltean of subjective information via
the deBoer scale. This scale has known problenadayy its counterintuitive nature. It
is commonly stated that the scale is counterimgitor backwards. When perception of
discomfort glare increases, this causes a decirageBoer ratings. This often causes
confusion among the subjects. It is necessaryhi@mperson administrating the study to
confirm the ratings given by the subject by clanfythe vocabulary words associated
with the number. Regardless, the results from usirgyrating scale were shown in this
study to be repeatable and consistent.

DeBoer (1967) made an observation that trainedrebse may eventually become
“glare-minded” and therefore might not be repreaeve of the average observer. The
subjects used in these studies were largely asedondth the Lighting Research Center,
although a few were from outside the general lighttommunity. It might be that the

responses would have been different if naive gafugubjects were used.

7.3 Future Work

More work could be done to extend the researchepted in this paper. Further studies
could be conducted to understand the effects &reit colored background lighting on

discomfort glare perception of an LED luminaire talstion in the field. In an



installation presumably, the subject would be logkdirectly at one fixture at X°
subtended view, but there would be a field of ofheures in sight which would be seen
at a variety of eccentricities. This could vastiftuence the overall effect of SPD on the
discomfort glare of that installation.

Additionally, a researcher might use discomfortrgleatings from different sized
sources and relate the results to the spatial motlehacular pigment. It would be
interesting to see the effects of SPD at 0°, 1°32°4° and so on. If the discomfort glare
ratings of these eccentricities is found to be lyiglorrelated to the spatial model of
macular pigment, a model could be made that shdwesrelationship of subtended

viewing angle to discomfort glare.
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Appendix A

Results from Pilot Studies

Pilot Study 1

A new set of experimental apparatus was built prgir to the beginning of this
experiment, which was similar in design to the appes used in the 2009 LRC study,
but used RGB LEDs to create the luminous color-givapn background condition,
instead of white phosphor-converted LEDs with theak gels. The new apparatus was
designed and built at the LRC. After the completidrthe new apparatus, a pilot study
was conducted in order to replicate the originauhs from the 2009 LRC study. The
methodology of this pilot study was identical t@tldescribed in the 2009 LRC study
paper. The protocol is as follows:

Set up two glare units side by side on a tablenéasubject.

Glare units on table, 101 cm off floor.

Units arranged at 172° angle to aim directly ajecits eyes

Unit (A) has a fixed black background and Unit {B)s changing background

Black background on Unit (A) obtained by using owlyite LEDs and no

background luminance

Unit (B) is attached to computer running LabViewognam

Unit (A) is attached to separate power supply (28.8 0.006A)

White LED sources kept at constant 38 Ix at eysubijects

All other lights in black lab should be off

Ask subiject to fill out consent form before begmmexperiment

Subject dark finishes dark adaption for 5 minutes

Subject sits in a chair with chin in chinrest, fagtwo Glare Units, 10 ft away

o Unit (A) switched on: subjects rate the glare gsieBoer Scale
o Unit (B) switched on: subjects compare Unit (Bjhwunit (A) under
following randomized conditions, each presented 3X

Unit (A) black background; Unit (B) black backgraln
Unit (A) black background; Unit (B) blue backgroya®0 cd/m
Unit (A) black background; Unit (B) yellow backgnod, 700
cd/n?
Unit (A) black background:; Unit (B) blue backgroy®0 cd/m
Unit (A) black background; Unit (B) yellow backgnod, 430
cd/nf



Unit (A) black background; Unit (B) blue backgroy@b0 cd/m
Unit (A) black background; Unit (B) yellow backgnod, 850
cd/nt?

0 Subjects give their answers in this format: “I think the box [Unit B] is
more/less glary, so | give it a [number]”.This helps to ensure they are
using deBoer-type scale correctly

o Conditions randomized by choosing one of the pneloanized txt files
available — (ex. File one for first subject; filed for second subject, etc.)

o Hold up black foam core board in front of lightddaask subjects to look
down between each condition, to avoid adaptability

0 Subjects take about 15 minutes to complete study

o0 Switch locations of Units A and B between subjects

It was found that the results of this experimenteveery similar to the results

from the independent study, see graphs below:

Figure 34 Results from LRC independent study (2009 0 on this graph is assumed to be a deBoer

glare rating of 2.3 based on the initial rating gien to the first ‘glare box’ apparatus



Figure 35 Results from pilot study 1: 0 on this gaph is assumed to be a deBoer glare rating of
3.16667 based on the initial rating given to therft ‘glare box’ apparatus

A two-factor analysis of variance (ANOVA) (2 coloonditions [yellow, blue] x 3
source luminances [430, 700, and 850 &rSPSS version 13, Lead Tools, Apache
Software Foundation) was performed on the recod#®ber ratings from the 2009 LRC
unpublished study using recorded deBoer glare gstiior thirty three subjects. For
recorded deBoer glare ratings the ANOVA revealedsigaificant main effect of color
(F1, 33 = 0.329, P = 0.570) and no significant nedfect of source illuminance (F2, 33
= 0.686, P = 0.507). There was also no signifiaatgraction (F2, 33 = 1.072, P =
0.349).

A two-factor analysis of variance (ANOVA) (2 coloonditions [yellow, blue] x 3
source luminances [430, 700, and 850 &rSPSS version 13, Lead Tools, Apache
Software Foundation) was performed on the recodidber ratings from the first pilot
study using recorded deBoer glare ratings for tevslwbjects. For recorded deBoer glare
ratings the ANOVA revealed no significant main effef color (F1, 12 = 1.259, P =
0.286) and no significant main effect of sourceniinance (F2, 12 = 0.134, P = 0.876).
There was also no significant interaction (F2, 12795, P = 0.464).

A two-factor analysis of variance (ANOVA) (2 studif2009 LRC and first pilot
study; blue conditions] x 3 background source lumires [430, 700, and 850 cd]m



(SPSS version 13, Lead Tools, Apache Software Fationg was performed on the
recorded deBoer ratings from the blue conditiorboth the 2009 LRC study and the
first pilot study using recorded deBoer glare mgdirfor twelve subjects. For recorded
deBoer glare ratings the ANOVA revealed a significanain effect of color (F1, 12 =

5.984, P = 0.032) but still no significant maineeff of source illuminance (F2, 12 =
1.764, P = 0.195). There was no significant inteoac(F2, 12 = 1.421, P = 0.263).
These ANOVAs show that for both the 2009 LRC stadg the first pilot study, none of

the subjective results were statistically significan their own. But the studies were
significantly similar to each other. The new appasawas found to be sufficient to

replicate the original study.

The original independent study used a custom caatiparrating scale, which was
based around the deBoer scale, but could not lvelatad directly to a deBoer rating, or
to other studies that also used the deBoer ratates The two scales can be seen in

Figure 36 below:

Figure 36 Comparative rating scale vs. deBoer ratig scale

In the second pilot study, an experiment was desigmhich used only one ‘glare
box’ apparatus. The subjects were shown each ¢onditED array illuminance levels
and color backgrounds) on one ‘glare box’ apparans were asked to give each an
independent rating using the deBoer scale. Subjgete shown each condition three
times. The protocol for pilot study two is listeeldw:

Experiment conducted in Black Lab at LRC, RPI
Set up one glare unit on a table, facing subject.



Glare unit on table, 101 cm off floor.
Unit arranged to aim directly at subject’s eyes
Unit (A) has changing background
Unit (A) is attached to computer running LabVievogram
White LED sources kept at constant 38 Ix at eysubijects
Blue and Yellow luminances at three levels; 43@ #Ad 850 cd/fM
All other lights in black lab should be off
Ask subject to fill out consent form before begmmexperiment, offer a copy
Subject sits in a chair with chin in chinrest, fagiwo Glare Units, 10 ft away
o Unit (A) switched on to ‘white’ setting: subjectste the glare using
deBoer Scale
0 Begin series of 21 glare combinations under follayviandomized
conditions, each presented 3X: subjects rate eatibination using
deBoer scale
Unit (A) black background
Unit (A) blue background, 700 cdfm
Unit (A) yellow background, 700 cdfm
Unit (A) blue background, 430 cdfm
Unit (A) yellow background, 430 cd/m
Unit (A) blue background, 850 cdfm
Unit (A) yellow background, 850 cdfm
0 Subjects give their answers in this format: “I think the box [Unit B] is
more/less glary, so | give it a [number]”.This helps to ensure they are
using deBoer scale correctly
o Conditions randomized by choosing one of the pneloanized txt files
available — (ex. File one for first subject, filed for second subject, etc.)
o0 Hold up black foam core board in front of lightdaask subjects to look
down between each condition, to give visual rest

The second pilot study was conducted to verify that comparative results and
the deBoer scale results were correlated. See d-igurfor graphs showing the results
from pilot study 2. It was shown that the results1f the second pilot study were similar
to the first pilot study. In the first study, it w@assumed that O (or the rating for the no-
background condition) was equal to a deBoer sadleg of 3.167. In the second study,

the mean rating for the no-background condition &&s



Figure 37 Results from Pilot study 2

A two-factor analysis of variance (ANOVA) (2 coloonditions [yellow, blue] x 3
source luminances [430, 700, and 850 &lrSPSS version 13, Lead Tools, Apache
Software Foundation) was performed using recordsgodr glare ratings for nineteen
subjects. For recorded deBoer glare ratings the Y¥A@evealed no significant main
effect of color (F1, 19 = 0.862, P = 0.368) and significant main effect of source
illuminance (F2, 19 = 0.124, P = 0.884). There wassignificant interaction (F2, 19 =
0.596, P = 0.557).

In the third pilot study, a white color backgroumas added as an independent
variable. One possible application of the resultsnf this study would be in the field of
outdoor area lighting or in automotive headlampsds thought that for energy savings
purposes, it might be useful to consider using denatteackground. As was mentioned in
the literature review, it was thought that the cawhite LEDs color luminous
background would appear glarier than the yellovocchiminous background condition.

The protocol was similar to the protocol from pisdtidy 2, with two changes; first
the addition of the white luminous background aacbsid the luminous background was
measured in illuminance (lux) rather than luminaué#nt):

Unit (A) switched on (black background): subjemtte the glare using deBoer
Scale



Series of backgrounds switched on: subjects hetglare using deBoer Scale,
each presented 3X

o Glare array + black background
Glare array + white background, 4.5 lux at eye
Glare array + white background, 3.5 lux at eye
Glare array + white background, 2 lux at eye
Glare array + white background, 0.5 lux at eye
Glare array + yellow background, 4.5 lux at eye
Glare array + yellow background, 3.5 lux at eye
Glare array + yellow background, 2 lux at eye
Glare array + yellow background, 0.5 lux at eye
Glare array + blue background, 4.5 lux at eye
Glare array + blue background, 3.5 lux at eye
Glare array + blue background, 2 lux at eye
Glare array + blue background, 0.5 lux at eye

O O 0O 0O 0O O0OO0OO0OO0OOoOOoOOo

The results plotted below in Figure 38 show a sligénd indicating that the yellow
background is the least glaring. A two-factor asmyof variance (ANOVA) (3 color
conditions [white, yellow, blue] x 4 source illunainces [0.5, 2, 3.5, and 4.5 Ix at the
eye]) (SPSS version 13, Lead Tools, Apache Softwatendation) was performed using
recorded deBoer glare ratings for six subjects. feeorded deBoer glare ratings the
ANOVA revealed no significant main effect of col@2, 6 = 1.337, P = 0.306) and no
significant main effect of source illuminance (3= 2.66, P = 0.086). There was no
significant interaction (F6, 6 = 0.839, P = 0.550).



Figure 38 Results from pilot study 3

As discussed in the paper, the fourth pilot stualyused on finding an extended
illuminance range which was appropriate for pogstatdoor lighting applications, and
which would show greater variation in deBoer rasintn pilot study 4, only the blue
background condition was used in order to redueentimber of conditions each subject
needed to view. The protocol for this pilot studgsssimilar to pilot study three and used
the variables listed below:

Series of glare values: subjects rate the glargueBoer Scale, each presented
1X

Glare array @ 20 lux + black background

Glare array @ 18 lux + black background

Glare array @ 16 lux + black background

Glare array @ 14 lux + black background

Glare array @ 12 lux + black background

Glare array @ 10 lux + black background

Glare array @ 8 lux + black background

Glare array @ 20 lux + blue background, 0.5 lusyat
Glare array @ 18 lux + blue background, 0.5 lusyat
Glare array @ 16 lux + blue background, 0.5 lusyat
Glare array @ 14 lux + blue background, 0.5 lusyat
Glare array @ 12 lux + blue background, 0.5 lusyat
Glare array @ 10 lux + blue background, 0.5 lugyat

O O 0O 0O 0O 0O OO0 O0OO0OOoOOoOOo



Glare array @ 8 lux + blue background, 0.5 luxyat e
Glare array @ 20 lux + blue background, 3.5 lugyat
Glare array @ 18 lux + blue background, 3.5 lugyat
Glare array @ 16 lux + blue background, 3.5 luzyat
Glare array @ 14 lux + blue background, 3.5 lusyat
Glare array @ 12 lux + blue background, 3.5 luzyat
Glare array @ 10 lux + blue background, 3.5 luzyat
Glare array @ 8 lux + blue background, 3.5 luxyat e

O O 0O 0O O O o0 o

The results from this study show a strong trendcatthg the effect of light level
(iluminance) in the range between 8 Ix and 20 ixtree eye (see Figure 39). The
ANOVA below shows no significance of overall liglevel in relation to glare ratings,
but only three subjects were run in this quick pgtudy, thus the results are not very
reliable.

Figure 39 Results from Pilot study 4

A two-factor analysis of variance (ANOVA) (3 colepnditions [no-background,
low-blue, high-blue] x 7 source illuminances [8, 1@, 14, 16, 18, and 20 Ix at the eye])
(SPSS version 13, Lead Tools, Apache Software Fatiog was performed using
recorded deBoer glare ratings for three subjeats.récorded deBoer glare ratings the
ANOVA revealed no significant main effect of col@2, 3 = 0.574, P = 0.604) and no
significant main effect of source illuminance (6= 2.554, P = 0.079). There was no
significant interaction (F12, 3 = 0.844, P = 0.608)



In pilot study 5, two LED array light levels wersad (4 Ix and 12 Ix) to see if there
was an increased effect of background illuminaniteimwthe new range of illuminance
levels. The conditions used in Pilot study 5 carséen in Table 8.1. The graph of the
results can be seen in Figure 40.

Table 8.1 llluminances in Lux of all conditions (LED array and background) for pilot study 5

Figure 40 Results from Pilot study 5

A two-factor analysis of variance (ANOVA) (3 colaonditions [white, yellow,
blue] x 4 different illuminance levels [0, 0.5, 2akd 4.5 Ix at the eye]) (SPSS version
13, Lead Tools, Apache Software Foundation) wasop®ed using recorded deBoer
glare ratings for seven subjects. For recorded deBlare ratings the ANOVA revealed
no significant main effect of color (F2, 7 = 0.1 3= 0.843) but did reveal a significant
main effect of source illuminance (F5, 7 = 12.7R% 0.0001). There was no significant
interaction (F10, 7 = 1.181, P = 0.322).

A two-factor analysis of variance (ANOVA) looking the lowest luminous blue

background conditions and the no-background camdi(R2 color conditions [no-color,



and blue] x 2 source illuminances [4 Ix and 12theye]) (SPSS version 13, Lead Tools,
Apache Software Foundation) was performed usingrdsd deBoer glare ratings for
seven subjects. For recorded deBoer glare ratingsANOVA revealed a significant

main effect of color (F1, 7 = 7.669, P = 0.032) aisb a significant main effect of

source illuminance (F1, 7 = 30.449, P = 0.001).rélveas no significant interaction (F1,
7 =0.086, P =0.779).

A two-factor analysis of variance (ANOVA) looking the lowest luminous yellow
background conditions and the no-background candi(?2 color conditions [nho-color,
and yellow] x 2 source illuminances [4 Ix and 12dixeye]) (SPSS version 13, Lead
Tools, Apache Software Foundation) was performeaguecorded deBoer glare ratings
for seven subjects. For recorded deBoer glaregsitine ANOVA revealed a significant
main effect of color (F1, 7 = 48.6, P = 0.00043) aatso a significant main effect of
source illuminance (F1, 7 = 31.442, P = 0.0014)er&éhwas no significant interaction
(F1, 7 =0.337, P = 0.583).

Table 8.2 shows the results of 6 post hoc pairetpkat-tests, used to analyze the
relationship between the glare sources with antiouit luminous backgrounds. These
were used to determine where there is a signifiagdifference between the no-
background conditions and the with-background (gatonditions. Probabilities that fall
below the 0.05 criterion are shown with asterigkerE is one instance in the 4 Ix (at the

eye)/ yellow condition which is significantly diffent from the no-background

condition.
| *0 - *0 -
0 0.134776 | O 0.051773
( . 0.04007* | (. 0.061835
/ 0.080706 | / 0.320808

Table 8.2 Results of 6 post hoc paired sample t-tesused to determine significant difference between

no-background luminous conditions and color luminos background conditions



Appendix B

Description of Experimental Apparatus
The apparatus from this set of experiments wagydediand made at the LRC.

8.1.1 Housing

The apparatus is composed of a half-cylindricahtligox with a diffused acrylic
square area in the front that lets the coloredt lighough (Figure 41B). An array of
white LEDs is mounted into the diffusing acrylicegh (Figure 41A).

Figure 41 lllustration of LED stimulus apparatus; showing LED array (A) and background mode
(B)

The half-cylindrical housing was painted matte whitside and acted to integrate
the colored light from the LEDs.

8.1.2 Colored background

Each glare source features a luminous backgroued af fill-light between and
around the nine LED array stimulus lights. The lnous colored background conditions
are created using ten Lamina Titan RGB LEDs foryékow and blue conditions, and
one Bridgelux phosphor-converted white LED for thkite condition. The LEDs are
mounted in a half-cylinder light-box to reflect thight out through the background

diffuser.



The LED luminous background uses an Agilent powgspsy controlled with a
DMX controller. A HCT-99 Gigahertz Optic meter wased to measure the illuminance
at the eye, and the chromaticities for each camditihe photocell was mounted on a
tripod at a position which would be between thejettts eyes when their chin is in the
chinrest.

The SPDs were measured photopically using a PRU®Ehance meter in the
Robert E. Levin photometry laboratory at the LR@®eTSPD of the background LEDs

are seen in Figure 42 through Figure 44 below:

Figure 42 SPD of yellow luminous background condibn

Figure 43 SPD of white luminous background conditin



Figure 44 SPD of blue luminous background conditio

8.1.3 LED array

The LED array is composed of nine phosphor-condert®l white Osram LEDs
mounted on metal core MCPCBs. The LEDs were moutdedluminum heat sinks
using thermal tape. The heat sinks were mountextitirinto the clear frosted diffusing
sheet, so that the colored light from the backgdocould be seen between and around
the LED array. The LEDs in the array are all apprately 77K (as measured using
PR705). The LED array is run using an Agilent povseipply controlled with a
GPIB/USB voltage controller and LabView 6.0. The[C5éf the LED array used in the
experiment can be seen in Figure 45 below.
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Figure 45 SPD of bare LED array stimulus




Appendix C

Institutional Review Board Informed Consent Form



Appendix D

Results from Experiments 1, 2, 3

Experiment 1

Ten subjects (5 males and 5 females) participatatiis experiment. Ages ranged
from 23 to 52 years. The mean subject age was 8&yand standard deviation was 10
years.

The experiment tested the effects of illuminanaele and color. The results from

the first experiment are presented below in Figifre

Figure 46 Mean deBoer ratings for 10 subjects, 5 LB array levels and 4 color backgrounds for the
first experiment

The X axis represents the increasing illuminaneelteof the LED array while the
Y axis represents the nine levels of the deBoeingascale (only 7 shown for
consistency as there was no mean deBoer ratings &veA two-factor analysis of
variance (ANOVA) looking at the no-background ahd blue background conditions (2
color conditions [no-color, and blue] x 5 sourdeminances [4, 6, 8, 10, and 12 Ix at
eye]) (SPSS version 13, Lead Tools, Apache Softwarendation) was performed using
recorded deBoer glare ratings for ten subjects.recorded deBoer glare ratings the
ANOVA revealed a significant main effect of coldfl({ 10 = 7.730, P = 0.021) and a
significant main effect of source illuminance (B4 = 22.490, P = 0.0001), however

there was no significant interaction (F4, 10 = 0,6 = 0.659). This result shows that



there is a significant decrease in glare percegdborhe experimental geometry used in
this experiment, when a luminous background is dddein LED array.

Based on the results of the ANOVA, a paired-samptest was used to determine
where there is significance between the no-backgtaondition and the blue luminous
background condition. Table 8.3 shows the results post hoc paired sample t-tests,
which relate to Hypothesis number 1. Probabilitiest fall below the 0.05 criterion are

shown with asterisk.

Table 8.3 Shows relationship between no-backgroundondition and blue luminous background
condition. (*) indicates statistically significantinstances.

Another two-factor analysis of variance (ANOVA) lang at only the white and
yellow conditions (2 color conditions [yellow ancite] x 5 source illuminances [4, 6,
8, 10, and 12 Ix at eye]) (SPSS version 13, LeaolsTAApache Software Foundation)
was performed using recorded deBoer glare ratiogteh subjects. For recorded deBoer
glare ratings the ANOVA revealed no significant maffect of color (F1, 10 = 0.019, P
= 0.892) but did find a significant main effectswurce illuminance (F4, 10 = 22.169, P
=0.0001), however there was no significant inteoac(F4, 10 = 0.535, P = 0.711).

This experiment used three luminous background itond of yellow, white or
blue set at 3 Ix at the eye, and one condition wdHuminous background (O Ix at the
eye). Table 8.4 shows the results of 5 post horegasample t-tests, which relate to
Hypothesis number 2. These were used to deterrhitherie is a significant difference
between the yellow-background conditions and theteatbackground conditions.
Probabilities that fall below the 0.05 criterioreashown with asterisk. This analysis
shows that there is no significant difference bemnvéhe yellow and white background

conditions.



Table 8.4 Shows relationship between yellow lumin@ubackground condition and white luminous
background conditions. (*) indicates statisticallysignificant instances.

A two-factor analysis of variance (ANOVA) looking anly the blue and yellow
conditions (2 color conditions [blue and yellowb»source illuminances [4, 6, 8, 10, and
12 Ix at eye]) (SPSS version 13, Lead Tools, Apa8Slodtware Foundation) was
performed using recorded deBoer glare ratings dor subjects. For recorded deBoer
glare ratings the ANOVA revealed a significant meffect of color (F1, 10 = 27.238, P
= 0.00055) and a significant main effect of souitteninance (F4, 10 = 15.157, P =
0.0001), however there was no significant intecac(F4, 10 = 1.078, P = 0.382).

Table 8.5 shows the results of 5 post hoc pairedpta t-tests, which relate to
Hypothesis number 3. These were used to deterrhitherie is a significant difference
between the yellow-background conditions and theedblackground conditions.

Probabilities that fall below the 0.05 criterion earshown with asterisk.

Table 8.5 Shows relationship between yellow-backguad condition and blue-background

conditions. (*) indicates statistically significantinstances.
Experiment 2

Nine subjects (5 males and 4 females) participatetis experiment. Ages ranged
from 19 to 52 years. The mean subject age was @& yand standard deviation was 9.5
years.

The experiment tested the effects of illuminanoeele and color background on
perception of discomfort glare. The results frore gecond experiment are presented
below in Figure 47.



Figure 47 Mean deBoer ratings for 9 subjects, 5 Iig levels and 4 color backgrounds for the second
experiment

The X axis represents the increasing illuminaneelteof the LED array while the
Y axis represents the nine levels of the deBoeingascale (only 7 shown for
consistency as there was no mean deBoer ratings &veA two-factor analysis of
variance (ANOVA) looking at the no-background ahd blue background conditions (2
color conditions [no-color, and blue] x 5 sourdeminances [4, 6, 8, 10, and 12 Ix at
eye]) (SPSS version 13, Lead Tools, Apache Softwaredation) was performed using
recorded deBoer glare ratings for nine subjects.récorded deBoer glare ratings the
ANOVA revealed a significant main effect of coldtl( 9 = 61.940, P = 0.0001) and a
significant main effect of source illuminance (PB= 9.882, P = 0.00004), however
there was no significant interaction (F4, 9 = 1,5B3= 0.220). This result shows that
there is a significant decrease in glare percegdborthe experimental geometry used in
this experiment, when a luminous background is dddexn LED array.

Table 8.6 shows the results of 5 post hoc pairedpta t-tests, which relate to
Hypothesis number 1. These were used to determimerenthere is a significant
difference between the no-background conditions #edblue luminous background

condition. Probabilities that fall below the 0.0%e&rion are shown with asterisk.



Table 8.6 Shows relationship between no-backgroundondition and blue luminous background
condition. (*) indicates statistically significantinstances.

Another two-factor analysis of variance (ANOVA) lang at all of the three
luminous color background conditions; blue, yellamd white (3 color conditions [blue,
yellow and whiteQ] x 5 source illuminances [4, 618, and 12 Ix at eye]) (SPSS version
13, Lead Tools, Apache Software Foundation) wasop®ed using recorded deBoer
glare ratings for nine subjects. For recorded deBtere ratings the ANOVA revealed
there is no significant main effect of color (F2=2.776, P = 0.0965), however there is
a significant main effect of source illuminance (B4= 14.460, P = 0.00001) and there
was no significant interaction (F8, 9 = 1.165, P.336). In the second experiment, it
was revealed that there was no perceived differeamaiscomfort glare ratings when

different colored backgrounds are used.

Experiment 3

Six subjects (2 males and 4 females) participatethis experiment. Ages ranged
from 25 to 52 years. The mean subject age was\&fs, and standard deviation was
10.5 years.

The experiment tested the effects of illuminanoeele and color background on
perception of discomfort glare. The results frone third experiment are presented

below in Figure 48.



Figure 48 Mean deBoer ratings for 5 subjects, 3 Il levels and 4 color backgrounds for the third
experiment

The X axis represents the increasing illuminaneelteof the LED array while the
Y axis represents the nine levels of the deBoeingascale (only 7 shown for
consistency as there was no mean deBoer ratings &veA two-factor analysis of
variance (ANOVA) looking at the no-background ahd blue background conditions (2
color conditions [no-color, and blue] x 3 sourdentinances [4, 8, and 12 Ix at eye])
(SPSS version 13, Lead Tools, Apache Software Fatiog was performed using
recorded deBoer glare ratings for six subjects. feeorded deBoer glare ratings the
ANOVA revealed a significant main effect of coldfl( 6 = 8.810, P = 0.031) and a
significant main effect of source illuminance (2= 23.372, P = 0.00017), however
there was no significant interaction (F2, 6 = 2,2R6= 0.159). This result shows that
there is a significant decrease in glare percegdborhe experimental geometry used in
this experiment, when a luminous background is ddden LED array.

Table 8.7 shows the results of 3 post hoc pairedpta t-tests, which relate to
Hypothesis number 1. These were used to determimerenthere is a significant
difference between the no-background conditions #edblue luminous background

condition. Probabilities that fall below the 0.0%e&rion are shown with asterisk.



Table 8.7 Shows relationship between no-backgroundondition and blue luminous background
condition. (*) indicates statistically significantinstances.

Another two-factor analysis of variance (ANOVA) lang at all of the three
luminous color background conditions; blue, yellamd white (3 color conditions [blue,
yellow and white] x 3 source illuminances [4, 8d&al? Ix at eye]) (SPSS version 13,
Lead Tools, Apache Software Foundation) was perormsing recorded deBoer glare
ratings for six subjects. For recorded deBoer gtatimgs the ANOVA revealed there is
no significant main effect of color (F2, 6 = 0.198,= 0.826), however there is a
significant main effect of source illuminance (2= 60.746, P = 0.00001) and there
was no significant interaction (F4, 6 = 1.301, B.303). As in the second experiment, it
was revealed in this experiment that there is mogreed difference in discomfort glare
ratings when different colored backgrounds are wusdthis indicates that when the
source fell within a 2° visual area of the cenfoalea, there was no effect of color on the
perception of discomfort glare; however the additod any background to the array still

decreases perception of glare.



Appendix E

Repeatability and Variation over time

As a measure of repeatability, an ANOVA was rurhimiteach color background
condition: yellow, white, blue and no-backgroundl.all cases, no significant difference
was found between studies. It can be seen frongtéyghs plotted below that the most

variation occurs within the blue background corautiti

Figure 49 Comparison of results of No-Background aadition in experiments 1, 2, and 3. Typical

standard deviation is 1.0 deBoer units.



Figure 50 Comparison of results of Blue conditionri experiments 1, 2, and 3. Typical standard

deviation is 1.25 deBoer units.

Figure 51 Comparison of results of White conditionin experiments 1, 2, and 3. Typical standard

deviation is 1.25 deBoer units.



Figure 52 Comparison of results of Yellow conditionin experiments 1, 2, and 3. Typical standard

deviation is 1.25 deBoer units.



Appendix F

Best fit curve for Vpg shifted deBoer glare response

As mentioned above: the spectral power distribtioheach of the conditions from
the experiment were measured, including both thekdgraund sources and the LED
array source. Each of the SPDs was then multiflie®pc (V1o( ) + kS()) to find the
SWS brightness response for that condition. Thaheeg are plotted below in Figure 53.
Bullough found that for a light source located 3f axis, the best fitk value was
between 0.19 and 0.15. It was found that for tlseseces, at an overall 4° of the visual

field, ak value of 0.13 provided the best fit.

Figure 53 DeBoer discomfort glare ratings shifted  Vpg . Typical standard deviation is 1.25
deBoer units.



Figure 54 k scaling factor usedin Vpg formula, plotted against the R values, to find best fit.

Typical standard deviation is0.6 units.



