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As I spoke to you, please find enclosed a two page driving
impressions for the Neodymium Oxide doped headlight lamps,
as well as the June 6, 2001 letter to Richard Vanlderstine
with its attachments.

Yours truly,
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DRIVING IMPRESSIONS - NEODYMIUM OXIDE HEADLIGHTS

Daniel Karpen
Professional Engineer

3 Harbor Hill Drive
Huntington, N. Y. 11743
Tel: 631 427-0723

In "The Road Less Traveled" which appeared in the July,
1998 issue of LD+A, I described a novel solution to the problem
of headlight glare. My solution was to add Neodymium Oxide,
a rare earth compound, to the glass of the bulb, to filter
out a portion of the yellow with wavelengths between 565 and
595 nanometers.

In June, 2000, I signed a licensing agreement with Federal-
Mogul Corporation, which will market the lamps under the Wagner
Lighting trade name.

In mid-March, Wagner Lighting announced that they had
made up sealed beam lamp types H4651BK, H4656BK, H6024BK, H6054BK,
and H6545BK. The Neodymium Oxide is added to the tungsten
halogen burner, and the burner capsule appears bluish. Unlike
the blue coated lamps, the Neodymium Oxide is incorporated
into the glass during the melt.

I have a 1987 Dodge Aries, which uses a sealed headlight
lamp. Wagner Lighting supplied me with a set of H6054BK lamps
for my vehicle. T had them installed on the vehicle, and 1
gave the lamps a test drive.

The performance of the lamps was better than I expected
they would perform. Due to the reduced yellow content of the
light, the lamps appear whitish, rather than yellow, or bluish
which is characteristic of the xenon high intensity discharge
lamps.

There was excellent contrast of road markings, even those
that were worn down. Black and white road signs were of excellent
contrast, and could be seen hundreds of feet away, even during
use of the low beam.

Red and green reflectors on mail box posts and other places
could be seen as far as 800 to 1,200 feet away, allowing time
to think about driving, instead of reacting to objects that
just became visible. Green street signs "jumped out' at you,
especially hard to see street signs for side streets. Stop
signs appeared "redder" than one would see in normal daylight.



Light could be easily reflected off the green Interstate
signs in high beam from 1,200 feet away. Where there was a
long straight section of road, a high beam could be bounced
off such signs from as far a$2,640 feet away, or a half a mile.

I found it almost impossible to "overdrive your headlights"
whether in high beam or low beam. I was much less tired, in
fact, never tired at all, which driving at night with the Neodymium
Oxide doped headlighit lamps.

I believe that the use of Necdymium Oxide doped headlight
lamps will significantly reduce night time accidents.

I also found it easier to see with Neodymium Oxide doped
headlight lamps on rovads without any street lighting than on
roads that had street lights. For the first time in my life,

I was able to see pedestrians on the sides of the streets and
on sidewalks hundreds of feet away. The colors on the clothing
could be recognized easily. The grass appeared as bright green
instead of a non-distinguishable color. The outlines of a
road, particularly on curves, was excellent.

Where were the lamps ineffective? 1 found that in downtown
areas, the high pressure sodium lighting overwhelmed the color

rendering properties of the Neodymium Oxide doped headlight
lamps.

I was reading through some correspondence to Bill Jones
that I sent him between 1990 and 1992. I had some notes abut
about the visual effectiveness of Neodymium Oxide lighting.

I took a 150 watt standard A type incandescent lamp outdoors
on a cloudy moonless night, and I found that I could discern
the color red 175 feet away from this lamp, and the light level,
as measured by a photopic light meter, was .001 Foot-Candle.

You can't see colors very well under high pressure sodium
lighting, and you can't see colors at all under low pressure
sodium lighting. Perhaps we should consider the use of Neodymium
Oxide street lights.

There would be significant energy savings. My calculations,
based on Sam Berman's work on spectral sensitivity, show that
one can replace a 250 watt HPS lamp with a 150 watt Neodymium
Oxide doped incandescent lamp, and one would be able to see
better.

Isn't it about time that we take a really hard look at
how we do street and highway lighting?

Wagner lighting is working on development of other headlight
lamp types, and is showing 9004 and 9007 lamps to the automobile
manufacturers. In the near future, Neodymium Oxide doped lamps
will appear as original equipment.



DANIEL KARPEN

PROFESSIONAL ENCGINEER & CONSULTANT, P.C.
3 HARBOR HILL DRIVE
HUNTINGTON, NEW YORK 11743

(631) 4270723

June 6, 2001

Richard VanlIderstine

NPS-21, Room 5307 '
NHSTA

Department of Transportation

400 7th Street, SW

Washington, D. C. 20590

Dear Richard:

RE: LIGHTING TLLUMINATION UNITS

As I spoke to you today, you can't use photopic (daytime)
lighting units to predict the visual performance for scotopic
(night time) illumination.

Tt just doesn't work. The net result is the underprediction of
the performance of blue rich light sources, and overprediction of
the performance of yellow rich light sources.

Sam Berman spent ten years of time researching this problem.
His research was prompted by a paper of Blackwell, which is
cited and analysed in a paper of Bill Jones that I am including
in this package.

What Sam Berman found was that a good blue rich light
source, such as a 7500 K full-spectrum fluorescent lamp, was
ten times more visually effective than yellow rich light sources
such as low pressure and high pressure sodium lamps.

I am sending you copies of two of Sam's many papers. The
first paper is the "Energy Efficiency Consequences of Scotopic
Sensitivity" paper. It summarizes the work, and provides data
on various lamp types.

The second paper is the "Wall Color Effects” paper which
refines his formulas and provides an extremely sharp data set.

Sam's work was followed up by a paper of Navvab. Navvabh's
paper looked at the surround lighting. This paper explains
why light sources that illuminate a wider field of view are
more visually efficient.’

EFFECT ON NHSTA REGULATIONS

What does this research mean in terms of NHSTA's headlight
standards?



At one time, all headlight lamps on vehicles were basically
the same in terms of their spectral energy distribution. They
were sealed beam incandescent lamps, and basically all of them
had approximately the same color temperature (plus or minus
a little bit) and the same spectral energy distribution of
a filament lamp.

But today's headlight lamps are not the same. There are
different light sources. You still have the incandescent sealed
beam, but you also have tungsten halogen which has a higher
color temperature. You have blue coated tungsten halogen lamps,
which have been around for several ycars, and you have high
intensity discharge lamps with a much higher color temperature.
Federal Mogul has the Neodymium Oxide doped tungsten halogen
lamps, and eventually we are going to have Neodymium Oxide
doped high intensity discharge lamps, if anyone gets around
to developing them.

You also have different beam patterns as you discussed
on the phone with me. The HID lamps seem to have a wider light
distribution pattern, which makes them better for the driver,
but produces glare for everyone else.

For your information, I have taken a sample of a Neodymium
Oxide doped glass filter to filter out the yellow portion of
the HID lamp, while I was standing on the side of the road,
and I found that I could get rid of the glare from an HID source
in this manner.

WHAT DQES ALL THIS MEAN?

What this means is that you can't take a photopic unit
of measurement, and apply it to scotopic illumination.

For the first time, we have S/P ratios aof a numbher of
headlight lamp sources, as shown by Table 6 on page 21 of UMTRI
report 2001-9, dated April, 2001, and prepared by John Sullivan
and Michael Flannagan. Their research showed that the Neodymium
Oxide doped tungsten halogen lamp, with an S/P ratio of 1.72
compared with an S/P ratio of 1.55 for a standard tungsten
halogen lamp. That means that the Neodymium Oxide doped lamp
is 11 percent more visually effective, foot-candle for foot-
candle, than a standard tungsten halogen lamp. I am attaching
this paper directly to this letter.

The present standards, which gives allowable minimum and
maximum c¢andlepowers, do not take into account the changes
in the lamps now being used for motor vehicles.

I would suspect that the S/P ratio for an HID lamp is
somewhere between 2.0 and 2.3. We have computer programs that
can calculate these numbers based on a spectral energy distribution
of the lamp. These lamps were not evaluated in the UMTRI report.’



In order to correctly predict visual performance, based
on what we currently know of the physiology of the eye, we
must immediately change DOT regulations to base all minimum
and maximum performance standards of the lamps on the scotopic
candlepower, not the photopic candlepower.

I am petitioning NHSTA to start a rule-making proceeding
to accomplish this goal.

]

Yours truly,

hsstl oy

Daniel Karpen

ce: (of letter and attached table only)

Michael Perel NHSTA

Keith Bucher (Federal Mogul Corporation)

Bill Jones, Lighting Research Laboratory, Orange, Califormia
Secretary of Transportation Norman Y. Mineta



Table 6. Threshold difference factors between centrally viewed (C) and eccentrically
viewed (E) light sources, and the calculated scotopic/photopic ratios.

Source C vs. E Threshold Difference  Scotopic/Photopic Ratio

Blue 0.83 1.63
ND 0.84 1.72
TH 0.74 ' 1.55
Deep Red 0.37 0.19
Deep Blue 0.99 3.90
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Figure 10. The relationship between log of the threshold ratios (central threshold divided
by eccentric threshold) and log of the scotopic/photopic ratios.
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A Comparison of Visual Performance
Under High and Low Color Temperature Fluorescent Lamps.

Mojtaba Navvab, Ph.D.

A. Taubman College of Architecture & Urban Planning,
The University of Michigan,
Ann Arbor, M1, 48109-2069, USA
E-mail: mojigdumich.edu

Abstract: Over a two year period, two sets of 101 subjects each were tested for word reading
and letter acuity under two different fluorescent lighting systems. Subjects’ word reading acuities
were evaluated in a test room while they were seated at a desk in normal reading posture and
read unrelated words of progressively diminishing size with the words placed in a horizontal or
nearly vertical position. The lighting in the room was provided by either an equal number of fow
color temperatures or high color temperature {luorescent lamps in the conditions of fully lit
surround or dark surround. Because of the equal number of lamps, task huninance was always at
least 50% higher under the low color temperature lamps. In spite of this large bias favoring the
low color temperature lighting. word reading acuity was highly significantly better under the
high color temperature lamps for the fully lit surround condition. No significant differences in
acuity occurred in the dark surround condition. Spectrally driven pupil size changes are
conjectured as the mechanism responsible for the observed effects.

Introduction and Background: Recently a pilot study of the effects of lighting spectrum on
psychological and vision factors of elementary school children was undertaken in Bay City
Michigan. In that study, full spectrum (FS) lamps of high color temperature of 6300K and CR!I of
85 were compared with low color temperature lamps, 3500K and CRI of 70 (*735°) at
approximately equal levels of illumination. Very brief vision testing was performed on a selected
sample of the participating children yielding results that showed some factors were better under
EFS lighting than under the *7357 lighting. In that study only monocular acuity of the students was
measured and fhe lighting comparisons were separated by a period of at least 6 weeks in order to
allow for a sufficient period to elapse for the possible psychological effects to occur.

Because of prior claims for the vision benefits of scotopically enhanced lighting (1,2,3] which is
provided by the FS lamp, and the conditions of measurement used in the Bay City elementary
school study, a separate investigation of the effects of different lamp spectriin on normal
binocular visual acuity was undertaken at the lighting laboratory of the University of Michigan,
College of Architecture and Urban Planning.

At this site there is a 10x10x10 ft. room where the lighting conditions can be readily changed and
where subjects can sit at a desk and be easily tested for near visual acuity, Figure -1 shows the
view of the actual workstation in the room used for testing the subjects’ visual performance. In
the absence of a dimming ballast we decided to compare the I'S lamps and the ‘735’ lamps on the
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basis of an equal number of lamps. Because of the difference in photopic lumen output of these
two lamps there will be substantial differences in both the task luminance and the ifluminance at
the subjects’ eyes. Measurements showed that this difference was abways greater than 50% with
the ‘735" lamp always producing the higher levels. Nevertheless, because of the higher S/P value
of the FS famp (S/P=2.3) its scotopic illumination levels were always higher than the ‘735’
lighting (S/P=1.3). Thus; in spite of the very large bias in task photopic luminance {avoring the
‘735" lighting, we decided to test the acuity of a large number of subjects with good eyesight.
The populations gender ratio for both studies was approximatcly 50% female and 50% male
between 22-25 years of age.

Study Concept: Two different lamp spectra lighting a room are to be compared for their effects
on visual acuity. The lighting conditions are such that the iluminated acuity task can be viewed
with either a fully lit surround, i.c.; the walls are basked by the lighting or with a dark surround
where the walls are dark. If pupil size is primarily controlled by the surround lighting then for the
FS lighting (high S/P) pupil sizes will be smaller than for the ‘7357 lighting (low S/P). According
to previous research findings, a smaller pupil will elicit better acuity and therefore the acuity
should be better under the FS lighting {4,5,6]. On the other hand. il the test is carried out with the
dark surround, then just changing the spectrum of the task lighting should not change pupil size
and there should be no difference in the measured acuitics.

Protocals: The visual task was a series of unrelated words on a chart presented at high contrast
(black letters on white background) that continually diminished in size as the lines proceed from
top to bottom of the chart. Lines can have several words. (Bailey-Lovie charts from the
University of California School of Optometry)[7,8,9]. Subjects were scored on the number of
correct words read. The charts were placed on a desk in both a horizontal position and a tilted
position, 30 degrees away {rom the vertical (somewhat stimulating computer geometry) with the
subjects seated in a chair placed 5 inches from the desk. The distance from the subjects’ eyes to
the mid-point of the charts was in the range of 14 to 19 inches. Subjects were told not to bend
when reading the words and were told to read the words out loud. Figure-2 shows the schematic
cross section view of the workstation.

The study was carried out in two phases because of time and labor constraints. One phase tested
only the dark surround for the two lamps and the other fully lit surround condition. These phases
were separated by approximately one year and hence used a different set of subjects. Thus the
two lamps were compared under the dark surround condition by one subject group and again
compared in the fully lit surround condition with a differcnt subject group. In both phases 101
subjects were evaluated. The illumination or lighting conditions are described by using indices
such as average task luminance, tlluminance at the cye and illuminance on the vertical wall
surface. The summary of the data is shown in Table-1.
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In this viewing geometry the test lighting included about 40 degrees of viewing angle as
compared to the 180 degrees in the full field of view when the subjects were completely seated
inside the room as in the first study. Under the restricted lighting conditions of this second study
we would expect the pupil size differences between the FS and ‘7357 lighting to be diminished
and this should cause less of an effect on differences of acuity.

Table 3 below shows the lighting level conditions for this second study (subjects standing at 20
feet distance from the letter chart) and Table 4 shows the results for the two sets of 101 subjects
(phased as in the first study). In Table 4 the white wall and dark wall conditions refer to the

walls of the test room. Note that, as was the case in the first study, the luminance on the letter:

chart is about 50% greater for the 735 lighting as compared to the FS lighting.

Table 3. Lighting conditions for second study for acuity test at 20 feet distance from letter chart.

Lighting conditions. Average task luminance. | Vertical illuminance at the eye.
White walls and ¥S lighting 70 Nits (cd/m?) 6.0 Lux (lm/m?)

(fully lit surround of first study)

White walls and ‘735’ lighting | 99 7.6

Dark walls FS lighting 60 1.1

Dark walls *735’ lighting 87 1.3

Table 4. Results of the second study for acuity test at 20 feet distance from letter chart.

Lighting Conditions Mean number and standard Mean number and standard
error of correctly identificd crror of correctly identified
letters (high contrast letters) | letters (low contrast letters)

White walls and IS lighting 48.3+ 0.5 42.1+0.6
White walls and ‘735" lighting 47.0%t0.5 40.2 £ 0.0
P value for the difference 0.038 0.018
between FS and ‘735’

Dark walls and FS lighting 46.3+ 0.6 39.1+£0.6
Dark walls and ‘735’ lighting 4541+ 0.5 39.8+0.6
P value for the difference 0.26 0.39
between FS and 735’

The results shown in Table 4 demonstrate that the differences in acuity scores between the IS
and *7357 highting in the white wall condition are much smaller in the second study as compared
to the first study. This diminished difference is consistent with the smaller change in pupil size
that is expected when a smaller portion of the visual field is receiving light. Nevertheless, some
statistically significant results are present (white wall condition) with better acuity for the FS
lighting even in the presence of the strong luminance bias favoring the ‘735’ lighting. Again in
the dark wall condition there is further reduction in the field of view receiving light and there are
no significant differences between the two lighting systems. Pupil sizes were not measured in the
second study but variation in pupil size is the most parsimonious explanation of the results of
both studies. Figure 4 show the luminance distribution within the actual workstation (white wall
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Table 1- Average task luminance on the task and illuminance at the eye.

Lighting Conditions | Horizontal Tilted [Muminance | Numinance lluminance on the
Task Task at the cye al the eye Side walls surface
Luminance Luminance looking  at } looking at the
. the H. Task | Tilted Task
Fully lit surround | 74 Nits 42 Nits 69 Lux 75 Lux 40 Lux
with FS lamp. | (cd/m?) (cd/m?) (Im/m*) (Im/m?) . (Im/m?)
Fully lit surround | 109 58 105 122 64
with ‘735 lamp.
Dark surround FS | 50 31 16 23 1.1
Dark surround ‘735" | 63 39 24 27 2.0
lamp.

Results: The principle results of the study are a set of values for word reading acuity expressed as
the mean number of correct words read for the various lighting conditions. These are listed in
Table-2. For the fully lit surround condition the differences in mean score between the 2 lamp
types (same subject group) are some 5 to 9 standard error units. Thus the very high statistical
significance indicated by the p values, i.e., for the horizontal task, the probability that the FS
lighting provides betier acuity is 99.999%. Note that this result occurs even in the presence of the
very strong luminance bias favoring the ‘735" lighting. This bias is strongly evident because, for a
fixed tamp type, it 1s likely that increasing task luminance causes better performance. Support for
this argument is suggested by comparing mean acuities for the horizontal and tilted positions for
either the fully lit surround or the dark surround. The luminance is 50% to 70% higher in the
horizontal position (due to the fixture geometry) and the differences in acuity favor the higher
luminance condition by more than 10 standard error units. This argument would be stronger if we
had direct evidence on the effect of changes in task luminance with the task kept constant. In the
dark surround condition but with the other subject group. there were no significant differences
between the two lamp types for either of the task positions.

Table 2. - Mean number and standard error of words read correctly for the various lighting and
task conditions.

Lighting Conditiens Task horizontal Task tilted
Fully lit surround and FS lighting. 67.6+ 0.5 619404
Fully lit surround and 735° lighting. 649+04 583 £04
P value for the difference between FS and ‘735" lamps. | 7 E-06 5 E-09
Dark surround and FS lighting on task area. 66.6 £ 0.8 60.0 £ 0.7
Dark surround and ‘735’ lighting on task area. 66.2 +0.8 598 +0.7
P value for difference between FS and ‘735’ lamps. 0.7 0.8

Discussion: In the previous studies of the relationship between spectrally induced pupil size
changes and acuity, the visual task was always located at a distance of 39.37 inches (1 meter) or
greater from the subject |5,6,7]. This positioning protocol was utilized in order to diminish the
light independent effect of accommodation on pupil size. (Generally there is a reduction of pupil
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size accompanying the eyes accommodation response to near tasks). The luminance
measurements were made in the direction of gaze for both the horizontal and vertical word
charts. The angle of tilt from the vertical for the "vertical’ charts was zero and 30 degree for the
tilted word charts. The illuminance at the eye changes for the horizontal and vertical positions
due to the viewing direction and the background walls’ luminance. There is no veiling glare in
the vertical position. Both word charts surfaces were lambertian surfaces. Both lighting systems
were powered by 60 Hz and 120 volts ballast. There was no possibility that the lens used to
cover the low CCT lamp could have changed its spectral output. The lens showed no signs of
yellowing and If that were the case some of the bluc end of the low CCT spectrum would be
absorbed out and its S/P value would have be even lower than 1.3, There were no changes in the -
chromaticity of the measured values with and without a lens therefore there was not much of a
spectral effect. The luminance distributions compare for the two lamps in the word reading mode
did not show any an appreciable difference in light distribution on the task. This could have been
a concern as a possible cause for the performance difference.

The study reported here did not measure subjects’ pupil sizes. Nevertheless, we hypothesize that
spectral effects on pupil size is the likely mechanism responsible for our word reading accuracy
results in the comparison of the 'S and *735” lighting. Given the strong light level bias favoring
the ‘735" lighting. the results presented here overwhelmingly demonstrate the visual supcriority
of I'S lighting over conventional warmer color temperature lighting. The current methods and
design guideline practiced by lighting designers cannot reach such a conclusion, Furthermore, in
view of our findings and in addition, 1o some highly success{ul applications by other forward
thinking lighting practitioners. there 1s a compelling reason to study and question the
comprehensiveness of the current [ES recommendations for interior lighting [10].

Second study: Some support for pupil size changes as the mechanism responsible for the results
of the word reading study is provided by a second study conducted in the same laboratory
comparing FS lighting and “735" hghting but with viewing conditions somewhat different than in
the first study. Figure-3 shows the schematic view of the experimental set-up for the second
study reading the letter charts and the extent of binocular (vision by both eyes) and monocular
(vision by one eye.) visual fields. The binocular visual field extends vertically 130 and
horizontally 120 when both eyes are focused on the fixed object.

In this second study acuity is again evaluated with subjects viewing a standard acuity letter chart’
of both high and low contrast (10%) but in a lighting geometry where much less of the surround
is illuminated. This was accomplished by first removing the back wall of the test lighting room
and then having the subjects standing in the non-itluminated larger hall that housed the test
lighting room while looking into the that room through the open wall. Subjects stood a distance
of 20-ft. (10 ft. back from the removed wall) from the chart that was placed on the front wall of
the lighted test room. Lighting by the FS lamps and the 7357 lamps was provided only in the
10x10x10-test room. Under these viewing conditions, where only a small portion of the surround
visual field is exposed to light. prior research has shown that changing the spectrum of the
surround light is less effective in eliciting corresponding pupil size changes [1,2,3].
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room and the full spectrum lighting system) measured using the digital scanning system. (8mm,
lens, 180 degrees, equal-distance).

Brightness Judgments: Subjects responses were obtained to the question posed of differences
in perceived brightness between the two lamp types. The question of brightness comparison was
asked of the subjects at the beginning of the second study. In the condition of white walls the
illuminance at the eye or the mean luminance of the back wall was about 25% higher for the
“735" lighting as compared to the FS lighting. Nevertheless, 76% of subjects said that the two
lighting systems were equal in perceived brightness, 17% said the I'S was brighter and 8% said
that the FS was dimmer. In the condition of the black walls study more than 50% claimed that-
the lighting systems were percetved as equally bright.

Conclusion: A previous study of brightness judgments comparing different lamp spectra seen in
full viewing field conditions claimed that equality in brightness is achieved when the ratio of the
viewed luminance is the inverse of the square root of the ratio of S/P values [4,5]. For the lamps

used here this factor is J—(2.3/l .3) = 1.33. Given the smaller field of view in our study, that

value is quite consistent with the brightness judgments reported here. We conclude that all our

results are most easily understood as a consequence of scotopic sensitivity at these interior light

levels.
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Figure 1- The view of the actual workstation used
for testing the subjects” visual performance
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Back wall with letter chart (3)
3 (subjects were at 20 feet distance
away to read this acuity chart}
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/

Figurc 2- Schematic cross section view of the workstation showing the task and source
relationships used for testing the subjects” visual performance
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Figure 3. The schematic view of the experimental set-up for the second study
(reading the letter charts) and the extent of the binocular and monocular visual fields.

Figure 4- The luminance distribution within the actual workstation (FS. lighting system & white
walls) measured using the digital scanning system. (8mm, lens, 180 degrees, equal-distance).

Submitted for the IESNA 2000 Annual Confercnce, July 3157 to Aug. 204, Washington DC. Page 8



...........................................

Energy Effi(:iency (Q]onsequence:

Sensitivity
S.M. Berman

Introduction .

Recent experiments at Lawrence Berkeley Labora.
tory (LBL) have demonstrated thal rod reccptors,
which are widely thought to be important only for
night vision, also contribute actively to vision pro-
cesses al typical office light levels. At these light levels
the studies found that pupil size and brightness
perception are strongly affected by rod activity. These
results suggest that light sources with scotopically
richer spectral content need less photopic luminance
to enable a given level of visual performance, visual
clarity, and brightness perception. Such phenomena
can explain the confusing results of many earlier
visual performance studies where performance and
visual clarity differences obtained under different
lamps could not be explained on the basis of photopic
luminance A re-analysis of these past studies, together
with an examination of currently available lamps and
phosphors, suggests that there is a substantia} oppor-
tunity te increase lighting energy efficdency in a
highly cost-cffective manner solely by considering
lamp spectrum.

Background

There is a large variety of lamps available for
lighting building interiors. The most common
sources, incandescent, flucrescent, and high intensity
discharge lamps, produce distincdy different 2mounts
of energy per unit wavelength over the range of the
visible spectrum, When environmental needs are
essentially achromatic, lamps are primarily judged on
their photopic lumen output. The large differences in
their various spectral distributions is not generally
considered to be important, - because photopic
luminance (illuminance) is thought to be the primary
attribute of the spectral distribution of the source
with regards to visual performance The lumen output
is obtained by averaging rhe wavelength dependent
spectral power distribution (SPD) of a lamp over the
photopic visual efficiency of the eye {the V(A) func-
tion]. Thus, two lamps, such as an incandescent and a
daylight flucrescent, with markedly different spectral
distributions, can be considered as equal illuminants
if they provide equal photopic light levels as measured
by the common light meter.

The human eye is a light sensing system with an
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aperture (pupil) and a photoreceptive medium
(retina). The retina contains two basic _types of
photareceptors, cones and rods. The rod photorecep-
tors are generally associated with night vision and it
has been assumed that rods do not participate in the
visual process at the light levels typical of building in-
tertors. The cone photoreceptors, which are responsi-
ble for seeing fine detail and for color vision, provide
the photopic visual spectral efficiency of the eye
which is captured by the V(A} function. Under condi-
tions of very dim light, such as starlight, there is not
enough light energy to stimulate cone photoreceptors
and there is an absence of color vision, but there is
enough to stimulate the rod system as stars can be
readily observed. The rod system is known to contzin
a different photopigment than the cone system and as
a resuit has a different spectral response referred to as
the scotopic responsc

The scotopic response function V'(A), differs from
the cone spectral response mainly in that its peak
wavelength response is at about 508 nm rather than
the 555 nm of the VQ} function. Our new evidence
has demonstrated that the rod photoreceptors are not
merely involved in night vision, but also participate in
important visual functions at light levels typical of in-
terior office environmeats. Thus photopic il-
luminance alone does not adequately characterize the
visual system spectral response, implying that lighting
design for buildings based only on photopic spectral
conditions does not capture an important and poten-
tially valuable lighting attribute.

The new evidence

In a series of laboratory lighting studies,' we have
demonstrated that with almost a full field of view and
light levels typical of the interior environment
luminances {(up to 500 cd/m’), the mean steady state
size of the pupil is predominantly controlled by the
scotopic cnergy content of the ambient lighting.
These experiments were based on the responses of ap-
proximately 50 adults ranging from 20-40 yrs of age
and concluded that the eye functions at these light
levels with two spectral responses, the photopic spec
trum for the foveal sensitivity and primarily the
scotopic spectrum for the light aperture or pupil.
Similar results are expected for children and adults
older than 40 years and we are planning to explicitly
study these populations in the near future. For the
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poputation studied, we can conclude that two il-
luminants of different spectral content which provide
equal photopic illumination as measured by a light
meter, can elicit substantially different pupil sizes. A
study of brighiness perception in another adult sam.
ple found a large rod contribution to perceived
brightness! lending additional independent evi-
dence that rods are active and have an effect on vision
at typical interior light levels.

Pupil size is important in lighting applications
because it affects visual acuity and depth of field,
which are important processes underlying visual per-
formance. Visual acuity is the ability to resolve fine
detail, and depth of field is the ability to maintain ob-
jects in good focus over a range of object distances
(the range of distance is defined as the depth of field).
Current visual performance models, such as CIE 19/2,
the Rea model, and the Clear and Berman model, are
based solely either on photopic luminance, or on
pupils of fixed size and thus do not capture pupil ef-
fects due to spectral differences™?

Laboratory studies have documented the quan-
titative affects of pupil size on visuat performance®®
The results that are retevant for light levels typical of
the interior environment, where pupil diameters
typically range from about 3-5 mm, are summarized
as follows:

Reductions in visual acuity occur with increasing
pupil size for the normally sighted under conditions
of moderate to low contrast, but not necessarily at
high contrast. However, many tasks in the workplace
do not possess high contrast and changes in acuity are
similar to changes in threshold contrast as both are
major determinants of visua! performance. Moreover,
individuals who need optical corrections, ie, those
who should be using spectacles but are not, show
decrements in visual acuity even at high levels of con-
trast: Furthermore, it has been estimated that at least
one-third of the nation’s working population suffers
from uncotrected refractions, i, they need spectacles
but do not use them. On the basis of both of these
phenomena, increased scotopic luminance, with the
concomitant smaller pupil size, can lead to improved
visual acuity. The basic reason for the improvement is
that a smalier pupil reduces the impact of lens aberra-
tions on visual optical quality.

In addition, studies on the effects of pupil size on
depth of field have been carried out by Campbell,?
Ogle and Schwartz? and Tucker and Charman."
These studies found that depth of field always in-
creases when pupil size decreases, depending on the
size and viewing distance of the task. Thus, smaller
pupils improve depth of focus for all populations.

Because of the relationships between pupil size and
basic visual functions, our findings on pupil size sug-
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gest a strategy for the reduction of workplace lighting
cnergy without a decrement in the visual effectiveness
of the illumination. This strategy is based on three
premises: existing lighting levels provide a satisfactory
fevel of visual performance; a change of spectrum that
provides the same level of effective pupil luminance
(see footnote below for definition) will maintain the
same level of visual performance because pupil size is
maintained; illuminants with significantly higher
scotopic lumens per watt than those typically in use
are cither available or easily achievable,

The first premise is generally accepted and the last
premise is straightforward. It is discussed later in this
paper. Although some information supports the re-
maining premise, the concept has not been fully
established and is thus, in part, conjecture. 1f the
undetrlying visual function for performance is depth
of focus then the premise clearly applies. However, if
the underlying visual function is acuity, then existing
studies are inadequate tests For example, in their
study of the effects of luminance on acuity under con-
ditions of natural pupils and high contrast targets,
Sheedy, et al."" showed that differences in acuity be-
tween their results, and the studies of Konig and
Lythgoe could be explained by the differences in
measured pupil sizes as determined by visual com-
parison pupilometry with acuity improving for small-
er pupils. However each of these three studies used
completely different subjects and such comparisons
across subjects are questionable. Furthermore,
Shlacr,”” using an artificial pupil of fixed small
diameter of 2 mm showed, that slight improvements
in acuity occurred for two young subjects as
luminance increased, with its values typical of
building interiors. However, he did not study the cf-
fects of luminance when pupil size ranged in the 34
mm diameter size, which is more typical at levels of
building illumination. Thus, vision literature appears
1o lack the appropriate studies for establishing the

level of applicability of the second premise. A study of

the tradeolf between pupil size and luminance for
high contrast targets using the same subjects and con-
ditions relevant for building interiors would be useful
in clarifying this matter. For low to moderate levels of
contrast smaller pupil size has been shown Lo improve
acuity.” In addition, we have recendy shown for
natural pupils, fixed target luminance, and contrast
ranging from 20-40 percent, smaller pupils have bet.
ter Landolt-C acuity.” The remazining portion of this
paper assumes the validity of the second premise and
considers our strategy for energy efficiency based on
all three above premises.

Consider the group of roughly equal fluorescent
lamps listed in Table 1 that are typical of imterior
lighting. The first column lists the rated photopic



function differences of imporiance to lighting
engineers and designers. The explanations proffered
for these differences have been confusing or ques-
vionable, with the result that the findings have not
been widely cited and have not influenced lighting
design. A re-examination of those studies suggests that
the tesults are reasonable, and have a simple explana-
tion in terms of scotopically driven pupil size eflects.
Three of the findings from these early studies are
discussed below:

1. Visual Clarity: In 1969, Aston and Bellcham-
bers" reported the results of a series of simulation
experiments where subjects viewed and compared a
pair of identical cabinets containing a2 number of
typical interior furnishings. The cabinets wete lighted
by a conirol fluorescent lamp and test fluorescent
lamps of different spectral distributions. Four dif-
ferent fluorescent lamps were studied and 33 subjects
ranging in age from 22-60 yrs were asked to rate their
impression of the cabinets and their contents for
visual clarity. The report of this study presents graphs
of the various spectral power distributions of the light
sources used. These graphs can be digitized and
subsequently folded with the scotopic and photopic
sensitivity functions to determine lamp (5/P) ratios
The resulting ratios obtained are in good agreement
with the values given by Lynes" for lamps of the

- same name. His (presumed measured) values for SIP
ratios for the four tamps are Kolorite 167, Daylight
(3900 K) 154, White 136 and Warm White 1.13. The
ordering of visual clarity was in pofact cor-
respondence to the (SFP) ratio of the varitus light
sources. Higher visual clarity corresponded to the
larger scotopic luminance for the fixed photopic
luminance of the study. Thus, a likely explanation for
the results is that when pupil sizes on average were
smaller, greater depth of field was possible and helped
to provide the perception of increased clarity. This
situation is similar to the photography of a space with
some spatial depth detail using two different Fstops
for the camera lens With the larger Fstop (smaller
lens pupil), more depth detail will be in focus.

A second visual dlarity study” comparing nearly
full size rooms confirmed Aston and Bellchamber's
findings. 1n addition, they reporied the results of
seven skilled observers who determined the illumina.
tion levels of Kolorite lamps that produced equal
visual clarity and brighiness perception when com-
pared to fixed control levels for warm white lamps.
They reached a mean reduction for Kolorite level
[averaged over the seven observers and the 3 WW
levels (200, 400, 600 1x)] of 258 percent when equal
visual clarity was required and 187 percent when
equal perceived brightness was required. On the basis
of equal pupil lumens and on the S/P values of the two
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lamps given above, we predict a reduction of 263 per-
cent for equal visual clarity, while our very rough
estimate of the scotopic contribution 1o brighiness
perception? predicts a 17 percent reduction.

The authors of these studies on visual clarity and
others,” have provided perplexing and dubious ex-
planations of these results such as more efficient reti-
nal responses to lamps with narrow bandwave length
spectra. However, in retrospect, the results on visual
clarity are easily understood in terms of the scotopic
spectral clfect on pupil size and brightness percep-
tion. Fiynn (see discussion in DeLaney et al,”) has
claimed that several factors such as increased color
temperature increase visual clarity, but this correlates
with higher S/P values and thus decreased pupil size
in accordance with our explanation above. Flynn also
noted that increased vertical Juminances in the
periphery increased visual clarity, but this condition
also leads to smaller pupil size. Others' who have in-
vestigated visual clarity have found that it correlates
with brightness perception (higher SiP values), and
have also found that when lighting conditions have ap-
proximately equal S/F values, no apparent differences
in visual clarity occur.

Visual clarity probably combines the two different
features of scotopically richer light; the increased
brightness perception for the same photopic
luminance and the greater depth of field resulting
from smaller pupils. These studies all indicate that
both scotopic and photopic spectrums affect visual
function at typical interior light levels, and that
scotopically richer illumination is preferred.

2. The Piper Study: Piper™ presented a stuu, 1iiat
purportied w0 demonstrate that a group of 24 sub-
jects had a significant decrement in performance on
an achromatic visual task performed under stand-
ard HPS lighting as compared to fluorescent lighting.
This study was considered flawed because of pos-
sible unmeasured fluorescence of paper under
fluorescent lighting. However, based on our measure-
ments and analysis below, Tiper's work appears
reasonable and is consistent with the effect of light
spectrum on visual performance

In Piper's experiment, subjects read fiveletter
noensense words made out of the lower case letters a
and 5. They compared control words at normal
reading distance with test words that were placed at
the maximum horizontal distance at which all the let-
ters of the words could be distinguished without er
rors. A combination of speed and accuracy was used
as the measure of performance in terms of the
number of correct comparisons per second. The
results were compared under equat itlumination of 50
{c of fluorescent tighting and 1IPS tighting. The con.
teast was very high with the lewess typed in black ink
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Figure 1--Scotopic/photopic ratios for various light sources

on white matte paper. The decrement in performance
under HPS lighting was on average about 4 percent.

Our explanation of this result is that HPS lighting
has a substantially lower (S/P) ratio than CW fluores-
cent (see Figure 1), leading fo larger pupil size and
causing smaller depths of ficld and poorer perfor-
mance. Piper offers an explanation of his results in
which he states the HPS spectrum provides an inade-
quate stimulus for accommodation. His statement is
that “With white light, however, added refractive
power for the blue component and reduced refractive
power for the red component might allow objects to
be focused for closer and farther distances respective-
1y’ The essence of this explanation is based on the
phenomena that the wavelength best foaited on the
retina shifts from red to blue as accomme-Jation in-
creases (Ivanoff? Millodot and Sivak™). My inter-
pretation of Piper’s explanation, based on the results
of the latter authors, is that under the blue-deficient
HPS light, more of its spectral energy would be out of
facus as compared to the CW fluorescent lamp for the
accommaodation conditions of the Piper tasks. On the
other hand, Campbell and Gubisch®™ found that con-
trast sensitivity increascd by about 30 percem for
yellow or green monochromatic light as compared o
white light when pupil size was controlled by using ar-
tificial pupils. This latter effect could oppose the sup-
posed accommodative effect.

Although one cannot rule out Piper's proposition,
the alternative explanation in terms of pupil size
mediating depth of field changes is more direct and
has the added benefit of explaining other studies
showing spectral effects on visual performance’ As
mentioned above, a possible difficulty with Piper's ex-
periment is that the task contrast was not measured
separately under the two lightings and that contrast

differences resulting {rom fluorescent whiteners in
the 1yping paper could account for the betier perfor
mance under fluorescent lighting (HPS lighting hay
ing litde UV output would not excite the whiteners).
Qur measurements of black dots and circies on white
paper with high rag content indicate contrast dif.
ferences of less than 1 percent between fluorescent
and HPS lamps. Such small differences in contrast at
the high contrast tevels (about 93 percent)of the Piper
experiment are highly unlikely to be the cause of ef:
fects of the magnitude of 4 percent. A rough estimate
of how much contrast difference would be neceded to
achicvr a 4 percent performance decrement can be
made by using typical saturation fits to visual perfor-
mance tasks such as the simple ogive fits as given in
CIE 1923 Since Piper adjusted the conditions at the
task far point to be just at the limit of high accuracy
we will assume here that it has the value 99 percent
Using the ogival {it shows that this value would be
achieved at a level of VL=3. A decrement of perfor-
mance of 4 percent in accuracy would shift the ogive
from 99 to 35 percent. This corresponds to 2 level of
VL=2.7 or a 10 percent reduction in contrast. This
amount is an order of magnitude larger than the
results of our contrast measurements, In addition,
since Piper measured task performance and not just
visual performance, we would expect a significant
nonvisual component in the measured task times. To
find a 4 percent decrement in overall task petfor-
mance due to changes in visibility would correspond
t0 a much larger visual performance effect. This
would make the contrast difference needed to ac-
count for Piper’s results much greater than the 10 per-
cent estimated above, made without subtracting any
factors for the non-visual component. Thus, we believe
that Piper's result is far outside the range of possible
fluorescence effects.

Another possible confounding condition is flicker,
because the HFS lighting has about 95 percent tem-
poral modulation compared to the 30-40 percent in
CW fluorescent lamps. However, Piper alsao compared
two different HPS lightings where a bluc filter was
added to the HPS source to reduce the amounts of
blue and blue-green spectral components. At the same
illumination level, the filtered HY'S produced a 6 per-
cent decrement in performance compared to the un-
filtered HI'S. The degree of ficker is unaffected by the
filter, but the S/P ratio had been further reduced by
the presence of the filter, hence average pupil size
would be again larger and depth of field further
reduced. Thus, Piper's work provides very positive
support of our hypothesis that the pupil size dilation
under HPS lighting as compared 1o CW fluorescent
lighting will reduce depth of field and result in
poarer performance.
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3. The Blackwell Study: In 1985 H.R. Blackwell**
conducted a visual performance study where he com-
pared the performance of five subjects under four dif-
ferent lamps; metal halide, HPS, clear mercury and in-
candescent. The task involved finding a single
Landolt-C somewhere in a § degree field of view and
choosing which of eight randomly presented compass
point directions contained the opening in the C. The
report does not provide summaries of the data, but in-
stead invokes the CIE visual performance model and
incorporates the dawa directly into this model. Ex-
amination of the 1981 CIE model shows that the
relative ordering of the mean performance results
under the different lamps is not affected by applying
the model to the data. The reported ordering of per-
formance was, from best to worst: metal halide, in-
candescent, clear mercury, and HPS. Blackwell pro-
vides a graph for the spectral power distribution of
the metal halide used in his study. This graph was
digitized and the S/P ratio determined as above. The
S/ value obtained for this metal halide lamp is 2.1,
while values of the S/P ratio for the other lamps are
listed in Figure L. (Note that the S/P ratio for the 50W
HPS lamp in Figure 1 is larger than that for the 35W
lamp used in Table 2, because the higher wattage lamp
operates at a higher pressure and has a wider spectral
distribution than the lower wattage lamp.) The relative
ordering given by Blackwell is the same as the relative
ordering in the S/P values for the four lamps. Because
the three gas discharge lamps all have flicker modula-
tions ciose to 100 percent while the incandescent
lamp modulations are on the order of & percent, there
is the possibility that flicker was not properly con-
trolled. Nevertheless, the relative performance order-
ing for the three gas discharge lamps (flicker con-
ditions the same) follows the relative S/P values for
those lamps.

Blackwell offers an explanation of his results based
on competitive effects of three separate mechanisms
producing results in opposite directions. These
mechanisms are the ofien daimed deficiency in the CIE
VQ\T) weighting function in the far blue (400-450 nm),
chromatic abervation effects, and inappropriate focus-
ing for narrow band sources. The interpretation of
Blackwell's results based on the pupil size response to
lamp spectrum is much simpler, requiring fewer addi-
tional assumptions.

It should be emphasized that pupil size was not
directly measured in the Blackwell study or any of the
other studies described above. Nevertheless, an ex-
planation based on the pupil size response to the
spectral content of the various illuminants is highly
compelling. This explanation is also consistent with
our understanding of the elementary optics of the
visual system and provides a parsimonious descrip:
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tion of numerous reports of differential responses to
different lamp types. New experiments are being
designed to explicitly test our hypothesis with pupil
size measurement an integral component of the
variables being studied. In addition, specific field
studies with realistic environments and tasks should
be undertaken to test the generalizability of the pupil
size hypothesis proposed here.

Potential economic benefits of scotopically rich lighting

Because scotopically richer illumination appears to
be the preferred spectrum for smatler pupil size and
greater brightness perception in interior lighting con-
ditions, it is our propesition that lamps with high
scotopic output for a given input power will be more
cost-effective than lamps of low scotopic output for
the same level of input power. Based on the strategy
mentioned above and the three premises which use
the pupil lumen as the measure of visual effectiveness,
we see from Table 1 that replacement of the ubi-
quitous cool-white lamp by a high color temperature,
narmrow band (NB) lamp would elicit the same pupil
size with 24 percent less power. The interpretation of
this result is that the same visual effectiveness is ob-
tained with 24 percent less power, and is therefore an
excellent strategy 1o achieve cost-effective lighting
energy cfficiency. Thus, the common fourlamp fix-
ture containing four 40-W cool-white lamps could be
replaced by a new fixture with three narrow band
40-W lamps and achieve the same visual effectiveness.
The difference in cost between four CW lamps and
three NB lamps is about $10. At typical operating con-
ditions of 3000 hrs and $008kWh, the payback is
about one year. For a lamp with a 5yt lifetime, this
should be a good return on investment.

On a national basis, 2 24 percent improvement in
fluorescent lighting efficiency as a consequence of
switching to narrow band phesphor lamps has the
potential of an annual reduction in electricity usage
of some 53 billion kWh and a possible annual savings
of $4.23 billion. Furthermore the electrical power de-
mand saved by replacing the fourlamp CW fixture
with the visually equivatent light output three-lamp
NB fixture is approximately 40 W (including the addi-
tional ballast power savings). Looked at from the view
of avoided generating capacity at $1-2/W, the three-
lamp NB system avoids $40-80 in electrical generating
costs. The added consumer cost for NB lamps over the
25.yr life span of new electrical generating capacity
essentially cancels the cost of the added generating
capacity. Thus, if insiead of adding generating capaci-
ty the equivalent investment was made in the more el
ficacious NB lamp system, society would have instant
payback and existing clectrical gencrating  plants
could be devoted 10 genuine growth. The overall



societal benefits are wwo-fold because the consumer
saves costs for electricity, and 1s burdened with less en-
vironmental pollution because there is less electricity
generation.

A fluorescent lamp with an even higher ratio of
scotopic to photopic lumens and with good photopic
lumen output should be achievable by augmenting
the high color temperature narrow band lamp with
the addition of a phosphor having a reasonably sharp
maximumt in emission at the scotopic peak (508 nm).
Such a lamp could achieve a ratio of scotopic to
photopic lumens (S/P ratio) of 25, with a photopic
output of 3000 Im. This proposed scotopically rich
lamp is referred to as SR-NB in Table 1. It would re-
quire 31 percent less energy than cool-white lamps to
produce the same pupil luminance, This means that
the common fourlamp fixture using four 34W cool-
white lamps could be replaced with two 47-W Jamps of
the proposed scotopically rich narrow band type In
many cases the twolamp fixture will operate in a
more thermally efficient environment than the four
lamp fixture, in which case the wattage of the pro-
posed SR:-NB lamp for operational visually effective
lumen equality could be reduced by about 15 percent
(Siminovitch et al®), from 47 to 40 W. For this
replacement, there would be additional economic
benefits resulting from the cost reduction by the
substitution of a two-lamp fixture and a single ballast
compared to a four-lamp fixture with two ballasts. The
potential national benefits in terms of electricity sav-
ings would also be increased by between 40-50 per-
cent over the $4.23 billion value mentioned above

Conclusion )

The potentiai highly cost-effective lighting energy
benefits that could accrue from a national transition
to the use of scotopically richer lighting have been il-
lustrated here. Because this large potential is con-
ceivable, the lighting community should place a high
priority on gathering further information that would
allow these concepts to become part of lighting
practice,
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Discussions

This paper continues the intriguing work of
Dr. Berman and his group into the possible ad-
vantages of using a lumen other than the unit de-
fined by the CIE in 1924, In this contribution, a case
is made for reductions in encrgy usage if scotop-
ically V)] weighted spectral sensitivity functions
are used and “pupil lumens” are used to compute the
eficctiveness of lighting,

I have several questions and comments on the
paper:

The V (A} function is specified for 2 degree fields.
It is well known that it incorrectly predicts brightness
for larger fields; indeed, the CIE itself offers a large
field standard observer (the 1964 CIE 10 degree
observer) which provides greater sensitivity at short
wavelengths. Even the Judd correction of the 2 degree
field data increases short wavelength -~ nsitivity. It is
clearly inappropriate (albeit commonly done) to use
the 1924 observer for large field conditions and its use
has largely been abandoned in the vision community.
What is the effect of using the photopic large field
sensitivity function [V,4(3)] instead of the 2 de-
gree function?

Visual performance siudies have looked at the
luminance or illuminance necessary to provide
criterion levels of performance. Since these are em-
pirically, rather than theoreticaily, determined, it isn't
clear why changing the definition of the lumen alters
the relattanship; however the subjects perceived the
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stitnulus, or however their pupils were affected, as
along as there is a constant rclalionship between the
units, the functions remain valid. Even if brightness
perception is increased by inclusion of a rod con
tribution, it isn't ctear that the cone-driven resolution-
dependent tasks used in most visual performance
studies would be affected. :

Dr. Berman points out that the order (but not the
magnitude?) of the results of visual clarity ex
periments correlate well with the S/P ratios of various
light sources. While such a covariation may suggest
that the t~o are related, it is highly speculative to con-
clude that one¢ is caused by the other. In addition, the
notion that depth of ficld may be solcly responsible
for the effect discounts the powerful influence of
binocular factors in depth perception. He may well be
correct, but, in the zbsence of control studies, it seems
premature to state that “visual clarity probably com-
bines. . .increased brightness perception...and
scotopicaily richer lights”

Several studies are cited which support the idea that
visual pesformance of tasks varies with the spectral
composition of the illuminant. Several other studies
have shown no such effect The reasons for the dif-
ferent results are the subject of debate, but the fact
that the significance of spectral distribution on visual
performance {defined as speed and accuracy) remains
in dispute weakens secondary analyses of possible
origins. The energy savings predicted in the paper re-
quire that the model proposed by Dr. Berman is
physiologically correct. Because the obvious control
procedures such as experiments with a fixed or ar
tificial pupil have not been conducted it scems
premature to suggest major economic advantages
from an approach whose validity remains to be con-
firmed. The speculations presented in the paper are
indeed tantalizing, but do not, by themselves, provide
evidence for the model. Nonetheless, they raise
fascinating questions about the use of the 1924
standard observer as the basis for units that are used
to define the quantity of light in situations that clearly
violate the conditions appropriate to that standard.
Right, wrong, or in between, this paper must cause us
all to rethink what we have taken for granted for too
long. Dr. Berman may be absolutely correct, but even
if he isn't, we are in debt to him for making us re-
evaluate the very foundations of the bases for our
lighting decisions.

A.L. Lewis

This paper requires careful consideration because
it ranges from the established to the speculative. What
is well esaablished is that in full field conditions, pupil
size is influenced primarily by scotopic luminance.
Therefore, tamps rich i scotopie wavelengihs will



produce smaller pupil sizes when they are used to
light large, neutral refleclance ficlds. The optical con-
sequences of the smaller pupil are a greater depth of
ficld and, possibly, an improvement in retinal image
quality. Also associated with a smaller pupil size is a
perception of greater brightness.

These consequences are used to explain three
lighting studies, of which one explanation is
believable, one is open to question, and one cannot be
judged. Piper's task required the subject to change
focus from near to far distance at frequent intervals,
Given that a smalter pupil size has a greater depth of
field it is reasonable the lamps which produce smaller
pupil sizes should give better performance on this
task. As for the visual clarity experiments, the doubt
ful aspect of the pupil size explanation is that the
spectrum of light reaching the eyes of the subjects is
unknown because the subjects could view both
cabinets or rooms simultaneously. As for the Landolt
ring search task, given the absence of summary data
in the original paper, it is difficult to judge the value
of the explanation.

Where this paper becomes speculative is with the
suggestion that pupil size can be used as a basis for
comparing lamps for all types of applications. A ma-
jor problem is that there is no evidence that changes
in pupil size affect supratheshold performance. The
paper does refer to evidence that pupil size affects
visual acuity, for low contrast stimuli. Smaller pupil
sizes and the associated improvement in image quality
at the retina might be expected to improve visual per-
formance for a task requir.ng resolution close to
threshold but whether they would hav- any effect at
supratheshold is open to question. Until this point
is clarified it would be unwise to rush inte 2 major re-
evaluation of what constitutes desirable {arp spectra.

. Boyce
Lighting Research Center

The author did show a nice overview of the in-
fluence of rod receptors to the size of the pupil
Moreover the pupil size does influence the visual per-
formance In his plea for scotopic emiched light
saurces, the author sces an opportunity to lower the
energy consnmpticn for lighting. Although the pupil
size effects are not to be underestimated in sclecting
the optimal light source for a specific area, more fac-
tors such as ambiance, color detection and discrimina-
tion, and the appearance of skin tones are also impor-
tant. To put it more straightforwardly: the color
temperature and the color rendition required limit
the possibilities to scotopically enrich the spectrum,

In our survey over a number of light sources, the s/p
ratio is highly determined by the correlated color-
temperature of the light source, reaching atmost 25

for a DORO0 full band fluorescent lamp. Typically,
almost all artificial light sources have SIP ratios close
or slightly below that of a planckian or daylight
radtator of the same color temperature (see Figure a
and b).

The only exception to this general rule is the HPS
lamp as quoted in the paper. It must be stressed,
however, that this behavior is only observed for stan-
dard HPS lamps; white HPS lamps with color
temperatures of 2600 K have a s/p ratio of 1.15 which
is close to the incandescent data and, because of the
inherent efficacy of white “HPS” lamps, will yield
pupil himensiwatt up to three times of the incandes-
cent lainps.

Could the auther comment on the optimum choice
between scotopic enrichment and related lighting
criteria (Tc:CRI) and the opportunities of white HPS
lamps compared with standard HPS lamps?

JTC. van Kemenade
Philips Lighting

Author’s response

To AL. Lewis

The choice of any single V(\) is totally irrelevant as
our description requires both a photopic response
and in addition a scotopic or rod sensitivity, In our
study of brightness perception, the 10 degree
observer was used and subsequent further individual
subject color adjustments for the full-ficld condition
were made in order to achieve the best color match for
the full field of view. The results showed a large
scotopic sensitivity, and hence that rods were con-
tributing to brightness judgements. The principal
reason for introducing the S/P ratio with the photopic
component given by the 2 degree observer is that this
function (2 degree obsecrver) is used in most
photometric measuring devices. Since, to our
knowledge, the availability of good quality reliable
scotopic filters is questionable, it is functional to just
measure ' and get S by multiplication by tabulated
values of 5. This is useful for lamps and surfaces
with broad spectral responses as these surfaces will
preserve the S/P ratios of the illuminants. For susfaces
with narrow and selective spectral responses, the best
procedure is to fold their measured spectral response
per unit wave length with the published values of V()
and V'(A).

Most previous studies did not consider the spec-
trum of illumination in siudying visual performance
When spectrum was included as in the recent
Blackwell study discussed in the paper, the results
were most casily explained in terms of the spectral ef-
fect on pupil size,
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The paper clearly states magnitude effects of both
pupil size and brightness perception as applied to the
original Visual Clarity studies. To mention again our
results predict a 263 percent reduction in the test il-
lumination when compared for clarity based on equal
pupil size compared to the measured average value of
258 percent reduction and for brightness perception
a predicted value of 17 percent reduction compared
to the measured 187 percent reduction. While the
Vizual Clarity studies were not controlled for in
dividual color equality, and pupil size was not
measured, the significant results of those studies
follow reasonably and simply as a consequence of
visual scotopic sensitivity.

[ agree completely that binocular factors are impor-
tant in depth perception, but since we are considering
depth of field in relation to visual clarity and not
depth discrimination, 1 fail to understand the
relevance of his comment.

Dr. Lewis is cottect 10 point out that there are
studies that do not show effects of illumination spec-
trum on visual performance. Studies by Smith and
Rea" and Rea, Oullette, and Tiller® looked for effects
of lamp type and hence spectrum on their perfor-
mance measure. The principle reason these studies
failed to show the speciral effect relates to the method
of analysis. In the Smith and Rea paper they averaged
over all contrasts studied which induded both high
and low contrasts. If they had separated out the low
contrast data or examined 2 contrast interaction term
in their ANOVA, 1 belicve they would haw found the
cffect. Similar considerations apply to the later study
of Rea, et al. Perhaps a more interesting case is the
work of Boyce® in the late 1970s on visual carity
employing his elegant testing concept of minjature
atticlike office scenes viewed by the subjects with
their heads protruding through the attic floor. There
are aspects of the Boyce study which might be ex-
plained by pupil size effects, but because his tasks
employed both near and distant vision there is the
potential for a significant confounding condition,
namely, that of the effect of accommodation for near
vision tasks which is inevitably associated with pupil
contraction. Thus, the Boyce study has a known non-
photic input to pupil size which was not controlled
and hence, makes the interpretation of his study am-
biguous when based on the pupil spectral effect alone.
The aspects of his study dealing with achromatic en-
vitonments is reasonably explained in terms of
scotopic cffect on brightness perception which might
not be affected by the accommodation pupil
synkinesis.

! would agree whole heartedly with Lewis's closing
comment. There is clearly new and significam
evidence that denies the adequacy of a single metric
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of photometry based on the CIE 1932 2 degree
observer or any single replacement.
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To P. Boyce

I tzke Boyces comments to mean that he is in
reasonable agreement on the findings that there is a
significant scotopic sensitivity of the human visual
system at typical interior light levels, but with a con-
cern over whether there are consequences for lighting
applications, especially for conditions considered
normal for working indoor environments. These con-
itions are presumed to be the suprathreshold case as
referred to by Boyce In response to these concerns, 1
mention again our study of brightness perception car-
ried out at wall luminances of order 50 cd/m* which
is certainly not a threshold condition and is a
reasonable interior light level. If one of the end points
of a particular lighting design is to provide a level of
brightness appearance in a neutral color environ-
ment, then scotopically richer lighting will generally
be more visually efficacious per watt of electric power
when compared to scotopically deficient lighting.
Thus, from the point of view of brightness perception,
there is definitely 2 benefit at suprathreshold condi-
tions. From the more precise quantitative view, at the
present time, we can only provide a rough estimate of
the brightness lumen. A more exacting determination
is presently underway in our laboratory.

A second counsideration of suprathreshold condi-
tion is the effect of pupil size on depth of field as ex-
emplified by our interpretation of the Piper study
with which Boyce states his agreement. If depth of
field is improved with smaller pupils—is it not true
that the lit and viewed environment will appear
clearer or crisper with scotopically richer lighting? To
the extent that clearer three-dimensional scenes are a
desired endpoint of a lighting design, scotopically
richer lighting is again preferred. Furthermore, the
quantitative comparison between light spectrum and
depth of field is given by the pupil lumen with the
energry benefits associated with this application ex
pressiv provided by Tables | and 2 of our paper.



.................

However, as Boyce states, if the end point of the en-
vironmental lighting is to provide a level of visual per.
formance for reading tasks, then there appears to be
insufficient evidence among vision studies to confirm
or deny the concept of the pupil lumen as the unique
metric of visual performance. In that sense, our con-
tention of the universality of the pupil lumea could
be speculative depending on the outcome of swudies
still to be carried out. The most significant of these be-
ing a separation of pupil size and luminance effects
on acuity with luminances being typical of building
interior conditions and with arget distances employ-
ing both near and far vision.

In this regard, we have recently completed a study
of twelve subjects which demonstrated the effect
of pupil size on the recognition of orientation of
a Landolt-C {reported at the July 1991 Quadrennial
of the CIE). The C was presented on a CRT screen
placed at the end of a short black tunnel but
viewed at a distance of 25 m. By varying the spectrum
of the surround lighting at fixed luminance (63
cd/m’), pupil size is controlled while the tunnel con-
dition allows the target luminance to remain un-
changed during the manipulations on pupit size. One
might expect that for the condition of small pupil size,
performance might be poorer because retinal il-
lumination would be reduced. However, subjects had
smalier pupils with the scotopically richer surround
lighting and performed better on the task. Presently
we are studying performance on this task when the
surround fightings are adjusted so that subjects have
the same pupil size for the two different spectral il-
luminants. In our study, this means that there is a fac
tor of 18 between the photopic luminance of the two
surround lighting conditions to be compared. Since
pupil size will be equal under both corditions, our
hypothesis is that performance will also be the same

Concerning the studies on visual dlarity, Boyce has
mentioned that the interpretation proposed here, and
based on the spectral content of the room tlluminants
under view, is open to question because the subjects
could have viewed the rooms simultaneously. [t is true
that the manner in which those studies were carried
out precluded knowing where the subjects fixated.
However, subjects were instructed to compare the
scenes—and were not instructed to view the scenes
simultancously, especially dichoptically or with one
eye on cach of the scenes. Since the lighting of the two
scenes compared was not grossly differene, it is just as
likely that subjects viewed on scene and then the other
each binocularly. The results of the visual clarity
viewers when compared quantitatively with our deter-
mination of the pupil lumen and the approximate
brightness lumen are in excellent agreement with our
numerical predictions. Perhaps this result is for-
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titous, but taken together with our other findings it
certainly cannot be dismissed.

The statement made by Dr. Boyce on the Blackwell
study appears somewhat biased. it is true that the raw
data are not included tn Blackwell's report, however,
he states explicitly the algorithms that were applied to
the data. It is straightforward but possibly tedious to
conclude that the relative ordering of the perfor
mance is not affected by Blackwell's calculational pro-
cedures as is indicated in our paper. The value of our
post hoc explanation is that it follows in an elemen:
tary manner from the effects of the different lamp
spectra on pupil size

The question of meaning and significance of
suprathreshold effects is a complicated issue deserv-
ing a separate paper. However, the following illustrates
the vacuousness of the suprathreshold crowd. Con-
sider a person at the optometrist’s office for an eye ex-
amination to test the need for spectacles. The patient
is asked to read the letters on the eye chart. He or she
sees the large E at the top and states, “I can see the big
E clearly, spectacles are unnecessary.’ The optometrist
asks the patient if he or she can see the other rows on
the chart and the patient replies, “1 never have to look
at anything but big Es” The optometrist asks, “But
wouldn't you like to see all your Es very crisply with
nice sharp edges and corners?” The suprathreshold
crowd answers “nc” but most of the rest of the world
answers “yes”

Perthaps a goal of good lighting design is that
it should be beneficial to a large majority of users.
If there are many individuals in our interior
environments who are working with less than opd-
mal refractive states such as not wearing spectacles
even though they should, then even a small de-
crease in pupil size could be beneficial. If this could
be provided at less or comparable cost—is it not
worthwhile to further evaluate the lighting benefits of
scotopic sensitivity?

To J.TC. van Kemenade

if a task has a specific chromatic demand, it is possi-
ble that the scotapic quality of the lighting may not be
of relevance. However, there is a strong positive cor-
relation between SIP ratio for a lamp with whitish
light and both TC and CRI. The figures below show
this for some commonly used lamps.

The white HPS lamp is definitely an improvement
when compared to the carlier versions of HPS famps
on all accounts, ie, S/P ratio, TC, and CRI. However,
in terms of spectral quality, the white HPS is not as
high as the Thaleum-dysproseum MH,

When compared to incandescent, the white HPS is
much better in terms of equivalent pupil lumens than
the older HPS tamps. The exact amount can be deter
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mined from the photopic lumen per wartt ratio, in-

ctuding the ballast for the HPS and then factoring in
their relative pupil lumens.
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Despite Different Wall Colors, Vertical Scotopic
Iluminance Predicts Pupil Size

S. M. Berman (1), D.L. Jewett (2}, B.R, Benson (2), and T.M. Law {2)

Introduction

Iillumination recommendations for building interiors'
are often hased on criteria such as visual performance,
brightness perception, and visual comfort, but not upon
spectral power distribution (except as related 10 the
color rendition index}.? Hawever, hecause of the visual
consequences of scolopic sensitivity, illumination specifi-
cations that neglect spectral effects may be less than opti-
mum in terms of vision and/or brightness perception.
We have previously shown that the spectral response of
pupi! size is predominantly a scotopic sensitivity. We
have also demonstrated that brightness perception,
although not dominated by scotopic spectrum, has a
prominent contribution dependent on the scotopic con-
tent of the llumination.’ These effects are manifested
when the lit environment is viewed in full visual field, the
typical viewing conditions for occupants of building inte-
riors. Conversely these effects are not observed if the
visual field is confined to small angles, which is the pro-
cedure used in the determination of the photopic V{A)
function. Since the V(&) function is the basis of calibra-
tion of photometers and light meters, scotopic sensitivity
is not a part of a general lighting practice which relies on
illuminance measures.

In our previous study on pupil size,' we measured the
effect of light spectrum for young adult subjects (ages
2040 years) in conditions of almost full field of view and
luminances typical of interior lighting conditions. The
previous study differed from the study reported here in
several ways, so we describe the conditons of the previ-
ous study. The room had spectrally flat white walls and an
unpainted natural wooden floor. The infrared pupi-
lometer partially obstructed about 1 steradian of the total
full field of view {2 sr). Fither a small fixation spot locat-
ed on the front wall or a small low luminance TV was
viewed by the seated subjects, who leaned slightly for-
ward while placing their heads on a chin rest.

Employing a wide variety of fluorescent lamps of dif-
ferent spectra, we established that photopic and scotopic
spectrum combined in a particular manner o provide
the pupillary spectral response when the luminance
range was restricted to lie between 20 cd/m? and 300
cd/m?. The spectral response was determined hy express-
ing the data for the average pupil area {(A) in the form

Authors' affiliations: I. Energy and Enviranment Division, Lawrence
Berkeley National Laboratory, University of California, Berkeley CA. 2.
Abratech Corporation, Sausalito, CA,

TEHIS PAPER WAS PRESENTED AT
THE 1996 TESNA ANNUAL CONFERENCE

log A = c-allog S)-bllog P) = c-(a+b} log (P (5/P)a/a+b]

where § and P were the scotopic and photopic lumi-
nances of a control area on the front viewed wall and
ab,c are constants fitted to the data. The quantity P
(S/P)a/arb we veler to as pupil luminance. The expo-
nent (a/a+b) was empirically determined from our data
to have the value 0.78 when viewing the fixation spot and
approximately 1.0 for TV viewing.

We have previously demonstrated in several studies™
that visual acuity and contrast sensitivity of normally
sighted subjects at typical interior light levels are deter-
mined by pupil size and not by retinal photopic illumi-
nance. Thus, the efficacy of lighting to influence visual
performance is best evaluated by pupillary illuminance
rather than by strictly photopic quantities.

We now extend our findings to a more realistic, col-
ored environment, using standard commercially avail-
able lamps, measuring pupil size remotely, keeping equat
the photopic vertical illuminance at the subject’s eye. In
addition, we have also measured the power consumed by
the ballasts for the various conditions of lamp type and
wall color, thereby determining the effective pupillary
efficiency for a lamp combined with a wail color.

Methods

Subjects

All procedures were approved by the Human Use
Committee at the University of California, Berkcley.
Twelve female and five male subjects who responded to
local newspaper advertisements and college postings
were studied. They ranged in age from 23 to 47 years,
with a median age of 34. Fourteen of the subjects did not
use spectacles or contact lenses, while three wore contact
lenses or glasses and were tested while wearing them. All
subjects were determined to have Snellen acuity of better
than 20/30, as tested. Prior to testing, subjects were
screened by questionnaire regarding unusual sensitivity
1o light, and for pupils unresponsive to added peripher-
al tight. No subjects were excluded from the study.

Pupil size recording an ASL Model 4250R remote
Eyetracker/Pupilometer” was used to measure subjects’
pupil size under the conditions of the experiment. The
instrument measures pupil dicmeter (harizontallv across
the pupil) at a sampling rate of 60 Hz, The ASL E4000(V.
4.86208) software package wis used to control the pupi-
lometer and send pupil diameter and point of gaze infor-
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Figure 1-— Drawing of the simulated office showing subject position, fluorescent tamps, diffuser, serena screens, small screen calor televi-

sion, ASL pupilometer, and LMT photometer head {not to scale).

mation to a master computer. The master computer used
software written by Abratech Corporation to remove
blinks from the raw data. Both the raw data and
processed data were saved in data files.

Surround lighting

The study ook place in a rectangular room with a 2.4
by 3.6 m (8 by 12 ft) floor area, and a ceiling height of
2.8 m (9 i, 3 inches). A specially designed lamp fixwure
containing 24 fluorescent lamps (F40T12) controlled in
pairs by 12 high-frequency, solid-stat¢ dimmable ballasts
provided lighting for the room. The lamps were mount-
ed horizontaily ata 45 degree angle from the wall, above
and behind the subject (Figure 1). The subject was seat-
ed such that illumination on the viewing surface came
directly from the lamps, with no direct light rays from the
lamp fixture being seen. The intensity of the lamps was
controlted by computer.

The lamps were chosen because of cormmercial avail-
abiliry and significant scotopic differences in spectra: a
scotopically rich daylight lamp and a scotopically defi-
cient lamp. The correlated color temperatures (CCT)
were 7500 ° and 3000 °K respectively. The scotopic-to-
photopic ratio of the lamp spectra was §/P = 2.40 for the

Summer 1997 JOURNAL of the Numinating Engincering Society

scotopically-rich daylight lamp and 5/P = 0.97 faor the
scotopically-deficient lamp.

The vertical photopic illuminance and scotopic illu-
minance at the level of the subject’s eye directly under
the bank of fluorescent lamps was measured with an
LMT B510 photometer. The study was conducted at two
nominal veriical illuminances of 64 and 108 photopic Ix
(6.0 and 10.0 fc) for each of the two lamp types.
Because of lamp thermal effects, the actual vertical illu-
minances differed slightly; actual values were used in
the data analysis and in the figures. Each of the illumi-
nant conditons were studied with each of the four dii-
ferent colored walls.

Yisual field

The color of the vertical walls surrounding the subject
were controlled by motor driven Lutron “Serena”
screens,” allowing for changes from one wall presents-
tion to another in about 15 sec. Three meters of the
front wall as viewed by the subjects were covered by two
1.5 by 2.1 m high screens, while the side walls each had a
1.5 by 1.8 m unit (Figure 1). Three colors and an open
setting {exposing the white walls behind the screens)
were chosen to give markedly different spectral
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reflectances. The colors were sky blue, sand, and a red-
dish brown referred to as ghurka. The wall spectrum
(measured directly above the TV) under the different
illuminants, for the condition of equal photopic vertical
illuminance at the subject’s eye, are shown in Figures 2
and 3. Table 1 lists the values of the $/P ratio obtained
by measuring the illuminances at the eye with the LMT
illuminance meter for the two lamp types and the four
walls.

The subject faced the long wall of the chamber and
viewed a color television with a 11.4 by 7.6 cm screen.
The screen subtended a horizontal angle of four
degrees and a vertical angle of three degrees. With the
room lights off, the TV produced a vertical photopic
illuminance at the eye ranging from 0.22 Ix to 0.32 Ix,
The luminance of the TV as viewed from the eve posi-
tion with the movie showing and the room lights on
ranged from 35 cd/m? to 220 cd/m? while the lumi-
nance of the wall to the right of the TV ranged from 15
cd/m? o 56 cd/m? with the lower values associated with
ghurka and sky walls when the vertical illuminance at
the eye was set at 64 Ix and the higher values with the
white and sand walls when the vertical lluminance was
sct at 108 Ix.

Testing procedure

The subject had a vanety of bland {nonemotional)
movies to choose from. Subjects were seated in a com-
tortable chair in the experimental chamber and famil-
iarized with the equipment. The remote pupillometer
tocus and eyetrack positioning were then adjusted and
calibrated. A head-mounted earphone/microphone
intercom system was used between the subject inside the

61
12 ——— WW, Ghurks {512, .426)
e WW, Opan  (ATS, A1S)
..... WW, Band (812, 429)
, —— WW, Sky (410, 379
-~ 10
&
[
=
E‘u 7

Spectralﬂ Powero(arb
» [

o
X

350 400 440 480 520 80 800 B0 BOO 720 T8O
Wavelength {nm)
Figure 3— Wall spectral power distribution for the scotopically-
deficient lamp and Tour wall surfaces. The chromaticity coordi-
nates for a ten degree standard observer are also given.

chamber and the researcher outside.

During each condition, the lighting levels were adjust-
ed and then the subject was given a minimum of 2 min
1o adapt to changes in the surround lighting and Serena
screens. After the adaption time, pupil diameter data
were recorded for 30 sec.

Presentation sequence

Sixteen conditions were tested, with each condition
consisting of a lamp type {scotopically-deficient or sco-
topically-rich lamp), a light level (64 or 108 photopic Ix
of vertical illuminance at the eye), and a wall color
(white, sky, sand, or ghurka). A subject was presented
with three sets of conditions, each set being a random
order of the 16 conditions (a grand total of 48 conditions
for each subject). Because of fluctuation in light output
with lamp temperature, the light level was adjusted with-
in a tolerance of a few lux at the start of each condition.

Subjects were permitted rest periods on request to
minimize subject fatigue or boredom. A testing session
for a subject lasted about 3 hrs.

Data analysis

Prior to statistical analysis, an average value of log pupil
area for each subject was determined for a particular con-
dition by averaging over the 30 sec data gathering period.
A repeated measures Analysis of Covariance (ANCOVA)
was then applied where the repeated measures were trials
{3). lamp type (2}, walls (1), and lamp level (high, low).
The log photopic and log scotopic values of vertical itlu-
minance were treated as covariates. We used the BMDP-
5V satistical analysis program. No attempt was made to
include higher order powers of the log vertical illumi-
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Figure 4—Graph of mean pupil area for the 17 subject vs the mean
vertical scotopic illuminance as measured at subject eye level. The
16 data values are the results for the two lamp types, four wall col-
ors, and twe levels of vertical photopic illuminance at the subject’s

eye. The mean pupil area was calculated from the average of the
log pupil area.

nances since their range was limited, i.e., from about 64
to 108 photopic Ix or 50 to 287 scotopic Ix.

Results

Based on our previous study of the spectral response
of the pupil where subjects watched a small television, we
expected that log pupil area should be linearly related to
the log scotopic illuminance. This was confirmed by
these experiments, as shown in Figure 4 which plots the
mean pupil area for each of the 16 conditions. The pat-
tern displayed is quite linear and in reasonable agree-

ment with our previous study. The ANCOVA procedure
based on the hypothesis that

mA=a-bnS)- (InP)

where A is pupil area and a,b,c are fitted constants, yield-
ed the result a = 4.32 (z0.11 s.e), p<0.0000; b = 0.33
(0.0t s.e.), p <0.0000; and ¢ = 0.02 (0.02 s.e), (p =
0.38). The Wald test of significance of the covariates
yvielded for the scotopic covariate (x? [l DF}] = 814,
p<0.000) and for the photopic covariate (x2 {1 DF] =
0.78. p = 0.38). This analysis shows a irend in the pho-
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Figure 5— Graph of mean pupil area for the 17 subject samples vs the
mean vertical photopic illuminance as measured at subject eye level.
The 16 data vatues are the results for the twa lamp types, four wall col
or3, and two levels of vertical photopic illuminance at the subject’s eye.
The mean pupil area was derived from the average of the log puypil
area. The stightly different values of photopic illuminance at the nomj-
nal 64 or 108 Ix occurred due to lamp thermal effects (see text).

topic component that is not swatistically significant.
Establishing the statistical significance of such a small
photopic component would require 2 much larger sub-
Jject sample. In the model where both log scotopic illu-
minance and log photopic illuminance were the covari-
ates, the ANCOVA procedure was also used 10 investigate
possible additional interaction terms between scotopic
illuminance and lamp type as well as photopic ilurmi-
nance and lamp type. These possible interaction effects
were both evaluated as not significant (p = 0.4 and 0.6,
respectively) and hence these covariates were adequate.
While the scotopic iluminance explains the pupil areas
observed (Figure 4), the photopic illuminance alone is a
much poorer predictor of pupil size (Figure 5). The data
plotied in Figures 4 and 5 are listed in Table 2.

Pupil efficacy

Figure 6 is a plot of the mean pupil area for the 17
subjects as a function of tamp power for the eight condi-
tions. Lamp power tor the eight fanip svstems was deter-
mined by mewsuring the light output when either the
scotopically-deficient or scotopicalbv-rich lamps were
operated at full hallast power, To account for possibie
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Figure 6-— Graph of mean pupil area for the 17 subject sample vs
the power consumption. Ballast power and efficiency have been
accounted for in the values of lamp power (see text).

ballast losses due to operation at less than 100 percent
output from affecting the results, the power for a given
condition was determined by prorating the 100 percent
power by the ratio of illuminance at the test condition to
the illuminance at full power.

From Figure 6, where the line joining the daia points
are for a given wall color, it can be seen that in the
regions of overlapping power, the scotopically-rich lamps
produce much smaller pupils for all wall colors even
though in terms of photopic lumens per watt the sco-
topically-deficient lamp is 50 percent more efficacious.
From the last column of Table 1, it can also be
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The data plotted in Figure 4 show values under the
ghurka condition that appear to be systematically shift-
ed by an amount which could be due o an error of 20
percent in the measured scotopic illuminance, We re-
measured the ghurka §/P ratios, comparing the LMT
photometer with the Pritchard 1980B scanning spec-
trophotometer and found the difference between the
two meters was small and in the opposite direction from
that which could account for this effect.

Discussion

In this study the spectrum of light seen by the subjects
was mostly a combination of lamp spectral power distrib-
ution and wall spectral reflectivity as is typical in building
interiors. Although the television alone produced an
extremely small level of illuminance (< 0.32 1x), its lumi-
nance as viewed by the subject in the presence of the test
lighting was comparable to the tuminance of points on
the front wall just to the side of the television.

The fact that the spectral distribution of light from the
television was unspecified meant that there was a con-
found in the data that we did not control for. However,
the vertical iluminance at the subject’s eye from the tele-
vision in the presence of the test lighting was never more
than 1 percent of the specified values of 64 or 108 Ix.
Thus we expect this confound to add noise to the data
but not to affect the general trend. Since we did not con-
trol for the iMluminance of the television, which was the
principal contributor to the foveal light, we were unable
to determine any possible small contribution of foveal
photopic illuminance to pupil size.

Because the four different wall colors range between
bluish at one end and reddish brown at the other, a sin-
gle lamp type set for a particular value of photopic illu-
minance provided four different scotopic illuminances
at the subjects’ eyes. The values of vertical illuminances
chosen are in the range of photopic illuminances at the
plane of the eye in typical office conditions.” The size of

seen that the power requiremem to achieve a Table 1—The 5/P ratio for the four walls when illuminated by either scotapically defi-

given level of scotopic illuminance is much
greater for the scotopically-deficient lamp

cient lamp (WW) or scotopically-rich lamp (C75). The 5/P for the two tlamp types
were 0.97 and 2.40, respectively.

thatt for the scotopically-rich lamp, varying
hetween 39 percent more for the sand walls to
108 percent more for the ghurka walls,

Condition Tuminance per watt $/P Ratio

Photopic Vertical Watts per Scotopic

Vertical Lux

Lamp Wall {(Ix/W) {W/ix)
» The importance of wall color on achieving C75  White 1.13 295 0.394
a given pupil size is also very evident in the (75 Sand 0.750 1.90 0.702
data shown in Figure 6. White walls are clear- 73 Sky 0.449 2.68 0.831
ly more efficacious in producing smaller C75 Ghurka .579 2.08 0.830
pupils for both lamp types. For example, WW  White 1.71 0.91 0.642
roughly the same average pupil size is WW  Sand 1.18 0.87 0.977
achieved with the sand colored wall as the ww Sky 0.622 1.05 1.53
white wall, but the sand colored wall requires W\ Ghurka 0.688 (.84 1.73

at least 95 percent more lamp power.
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Table 2—The mean pupil area, scotopic illuminance, and photopic
iluminance data for Figures 4 and 5.

Lamp Serena Average Scatopic Photopic
type screen pupil area illuminance  illuminance
color {mm ™%} {lux) {lux)
white 13.01 144 64
sky 12.61 169 63
sand 14.32 123 65
Chroma-75  ghurka 14.50 133 64
white 10.69 239 106
sky 10.44 287 108
sand 11.70 203 107
ghurka 12.30 221 107
white 17.58 59 65
sky 17.11 67 64
sand 18.41 50 63
Warm-white ghurka 19.13 55 65
white 14.99 94 104
sky 14.29 112 107
sand 1552 B4 108
ghurka 16.32 90 107

the viewed televison, subtending visual angles of 3 x 4
degrees, is a lower limit when compared to various self
illuminating equipment such as VDT5, computer termi-
nals, portable televisons, etc., which might be providing
visual tasks. For these conditions our study clearly
demonstrates that pupil size is controlled by the scatopic
spectrum present at the viewers’ eyes.

In addition, we have determined that log pupil area is
linearly dependent on log scotopic illuminance where
the illuminance is evaluated in the plane of the viewer's
eye. In our previous study where the subject test room
had white walls, we found a similar functional behavior
of log pupil area but as a function of the log scotopic
luminance of the wall at a point just beyond the television.

If the room luminance distributions were similar for
each of the four wall colors, and if the vertical illumi-
nance at the eye is roughly proportional to the forward
luminance, then the relationship found in the present
study would be expected from our previous study.
However, measurements of iuminance at various points
on the walls as well as the viewed portion of the ceiling
showed large differences depending on the wall color
when the vertical illuminance was fixed. For the sky col
ored wall the forward luminance was about one half that
of the white wail while the ceiling luminance was more
than twice as much for the sky wall compared to the
white wall. Similar variations and differences also
occurred for the sand and ghurka walls. Because of these
very different luminance distributions and the excellent
fit of our present pupil size data, we can conclude that it
is the vertical scotopic illuminance at the eye which is the
controlling independent variable. The slope obtained
here of .33 = 0.01 with illuminance as the independent
variable agrees well with the slope of 0.33 £ 0.16 obtained
i the previous study with luminance as the independent
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variable. The similar slopes for wo different indepen-
dentvariables is probably due to the fact that in the prior
study with nearly uniformly illuminated white walls, the
vertical illuminance at the eye was proportional to the
forward wall luminance.

Our results measuring lamp power and pupil size indi-
cate that photopic luminous efficacy is an inadequate
metric by which to judge the efficacy of indoor illumina-
tion. The scotopically-rich lamp has a photopic luminous
efficacy only 62 percent that of the scotopically-deficient
tamp, so the scotopically-rich lamp requires 1.6 times as
much lamp power to achieve equal photopic luminance.
Yet, if the metric for indoor lighting is the visual function
given by pupil size, the scotopically-rich lamp has equal
efficacy 1o the scotopically-deficient lamp with about two-
thirds of the lamp power. With such a large difference {a
factor of 2.5), the choice of metric should be based upon
a thorough review of the lighting goals of any particular
lighting design.
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Discussion

This research appears to be the usual, carefully con-
ducted work that we have come to expect from these
authors regarding research into scotopic spectrum
effects on pupil size. Our collective understanding of
how to influence brightness perception through pupil
response has been further enhanced with this work.
There are some important implications for future
designs and specifications of lighting systems.

The selection of lamp types and wall colors showed
the general trend in the influences of lamp color and
wall color on pupil size, as well their combined effect on
photopic vs scotopic luminous efficacy, a new and impor-
tant concept. The obvious next step, from a standpoint
of making the information applicable in design, is to
provide some kind of working reference—perhaps a
table—that a specifier could refer to in choosing combi-
nations of lamps and interior surface colors. The sco-
topically-rich and scotopically-deficient lamps used are at
opposite ends of the fluorescent color temperature spec-
trum and P/§ ratios, which made them good for the
experiment. But they aren’t used much in specifications;
they are not often found to be aesthetically acceptable.
But what would be the luminous efficacy of the
80CRI/4100 K lamps, for example? The 70CRI/3500K
lamps? Are there differences in luminous efficacy
between different manufacturers’ versions of these com-
monly used lamps?

What we really need is a scotopically rich lamp that
isn't as blue in appearance as are many of those used in
the research so far. In my experience, most people find
even the C30 lamp to be too blue.

Good solid findings, but designers always want more.

Finally, I am curious as to how scotopic illuminance is
measured. Perhaps it was described in an earlier paper; |
don’t recall.

D. De Grazio
United Electric Co.

The authors are to be commended for their careful
research into the lighting parameters that affect pupil
size. The present study has assessed the effects of not
only lamp spectrum but also wall color—in other words,
the entire visible scene on pupil size. The paper clearly
demonstrates that warm white light combined with warm
wall colors requires the greatest amount of watage to
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produce relatively equivalent pupil sizes as a cool white
lamp combined with white wall surfaces. The authors
indicate that these findings reinforce the need to con-
sider both photopic and scotopic illuminance when spec-
ifying desired light output of particular lamps for specif
ic tasks. Have the authors considered ways of correcting
the current V(L) function to account for this effect—will
the term ‘scotopic’ lux gain credence? Have they consid-
ered use of retinal luminance, rather than illuminance as
a more effective metric to account for pupil size and
amount of illuminance delivered to the visual recep-
tors—ot do they believe that the aberration of the lens is
the critical factor responsible for visual performance at
these illuminance levels? Would they care to speculate on
the role of scotopic Hluminance in lighting design par-
ticularly at illuminances {albeit photopically specified)
above 108 photopic lux? Finally, do they plan more
research to assess whether specifying illuminance in sco-
topic terms results in better, rnore accurate predictions
of task performance as a function of illuminance?
B.L. Collins
NIST

The authors present data which, in addition to their
earlier work™ and that of others™ convincingly demon-
strate the effects of light spectrum on pupil size. But the
practical implications of this research are unclear. The
authors assert that “Visual acuity and contrast sensitivity
of normally sighted subjects at typical interior light levels
are determined by pupil size and not by retinal photopic
illuminance.” However, the authors have not controlled
pupil size in any of their studies, and many researchers
have demonstrated that pupil size has an insignificant
effect on visual acuity under the conditions the authors
describe.” Furthermore, several of the same authors have
acknowledged “no direct correlation between the
amount of change in individual subject’s pupil size and
the amount of contrast threshold change.” Such contra-
dictions in the literature, and by the authors themselves
lend doubt to their assertion. ! Even if this assertion were
true, its application is imited. The authors have shown
visual acuity improvements with scotopically rich light;
but visual acuity targets are by definition near the visual
threshold, while most visual tasks in workplaces such as
offices are well above the visual threshold.* The authors
present no convincing reason to expect visual perfor-
mance for such tasks to be significantly improved under
scotopically-rich light, even if visual acuity improves.
They themselves have previously stated “that differ-
ences in contrast sensitivity threshold make no differ-
ence on high contrast tasks, such as reading normal-
sized text ... " Are future studies to disprove this state-

_ment envisioned?

Sull, individual cases of near-threshold visual tasks can
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be imagined: persons with visual disability or medical
examinations and procedures. For such situations, sco-
wpically rich Hght should present visual performance
advantages, but so may other approaches, like magnify-
ing lenses or wask lighting. Which solutions are best?
Untl 1ested in the proper context, the lighting commu-
nity will never know.

The authors are encouraged to investigate the benefits
of scotopically rich light within the context of “realistic
conditions™ and other potential solutions, and to test visu-
al performance, not just pupil size. Furthermore, they
should review their work which demonstrates enhanced
spectral effects with incorrect refraction' and use subjects
with correct vision. Individuals with refractive errors
would be better served with eyeglasses than with scotopi-
cally rich light. The results of such research would be put
into proper, and much more useful, perspective.

J. Bullough
Rensselaer Polytechnic Institute
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Author’s response

To D. De Grazio

The principal reason for choosing two very different
lamps, in terms of $/P ratio (or its surrogate CCT), is to
demonstrate the effects with 2 mininmum number of sub-
jects. The direction of effects would be as prediced
when comparing the 4100 K CCT lamp with the 3500 K
CCT lamp, but because the S/P ratos of these lamps are
fairly close it would take more subjecss 1o specilically
demonstrate a staustically significant effect. However,
bused on our study the 4100 K CCT lamp would be more
efticacious in terms of its ability to affect pupil size.

We agree with the discussor on the issue of oplimizing
bath S/P ratic and preferred C('F. This is a straightfor-
ward computer modeling calculation which the major
lamp manufacturers could easily perform. We hope they
will do it

Regarding the scotopic llluminance, it is measured by
a meter developed by LMT which has an excellent sco-
topic filter.

Toe B.L. Collins

A number of specific questions have been posed
which we answer in the order presented.

We do not suggest that corrections o the V(A)func-
tion are necessitated by our work. Instead, photometry
for lighting practice requires both photopic V(&) and
scotopic V'(A) sensitivity functions to predict optimal
vision. Note that the use of the scotopic sensitivity func-
tHon V'(A) provides values in SCOLOPIC units, e.g., scotopic
lux.

As we have shown in previous studies, retinal illumi-
nance does not predict visual performance, hence i
determinpation for lighting practice would be of limited
value. Our studies on visual performance, which show
that smaller pupils are associated with better perfor-
mance, are highly consistent with the proposidon that
optical system aberrations are the limiting factor on visu-
al function at normal interior light levels.

The study presented here demonstrates thae for a
VDT environment it is the scotopic illuminance at the
eye that fixes pupil size. In terins of lighting practice the
most efficient way 10 achieve a given level of visual per-
tormance is to optimize the scotopic vertical illumi-
nunce. Although we did not study values above 108 pho-
topic lux, the conclusion should hold for higher light lev-
els, up to the point where pupil size reaches its minimum
value. Since we have previously demonsirated that pupil
size is the controlling factor in seuting the limits on visu-
al performance (acuity and conurast sensitivity), specity-
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ing the scotopic illuminance is the preferred perfor-
mance metric in the VDT environment.

With regard to future activities, our research on these
topics has ended due to termination of DOE support,
including plans for a rigorous field study of user prefer-
ences related to scotopically enhanced lighting.

To {. Bullough

The remarks presented do not address the validity of
our study, but are instead directed 1o theoretical objec-
tions to the practical use of scotopically enhanced light-
ing as related to its effect on pupil size. The discussor has
implied that threshold measurements are not applicable
to tasks that “are well above visual thresholdl,” We note
that the discussor’s viewpoint is at odds with experience
of most patients at optometric examinations, where
patent’s spectacle prescription are determined. Even if
the patient may not perform “near threshold™ tasks, the
optometrist does not bhave the patient judge the pre-
scription on the Snellen Chart’s large E alone. To the
contrary, the sinaller letter sizes are used, down to below-
threshold size. This provides a clearly defined, objective
endpoint, with the consequences that with the correct
refraction, the edges of the large E will be maximally
sharp. At his own optometric exam, does the discussor
prefer not to read the smallest letters because “it is not
relevant to vision of larger letters?” Does the discussor
ohject to taking a reading chart examination when
obtaining a driver’s license because “it is not relevant to
driving tasks?” Indeed, threshold is an objective measure
of vision, well established as a valid predictor of vision in
psychophysics. The emphasis of the discussor on “visual
performance” is misplaced. Few individuals would be
willing to have a diopter of added blur to their glasses
prescriptions, even if they could stilt read blurred news
paper headlines,

Our statement that “differences in contrast sensitivity
threshold makes no difference on . . . reading normal-
sized text” is analogous to “added 1.00 DS blur will not
prevent reading headlines.” But reading high<ontrast
normal-sized letters is not the only visual task that occurs
under interior lighting. A loss of contrast sensitivity will
tead to loss of the subtleties in any visual scene that con-
tains varving shades of contrast.

Given the widespread use of threshold acuity in
optometry and psychophysics, we see no reason why
lighting research should not also use this useful predic-
tor. We have determined that for typical interior lighting
levels, you will see better by substituting scotopically
enhanced spectra at the same photopic level.

There are a number of statements made by the dis
cussor that are in error. Contrarv to his statement that
“the authors have not controlled f;upil size inanv of their
studies.” in alt our studies on visual performance we have
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taken great care and designed our test protocols to con-
trol pupil size by separating the lighting of the wsk from
the room/surround lighting. We have measured the
changes in pupil size, and used cach subject as their own
control (at a different pupil size}. The papers referred to
by the discussor cover in dewit our methods for accom-
plishing this, and furthermore show graphs of mean
pupil size under the controlled conditions employed,
The literature on pupil size effects cited {references f-i)
all use monocular artificial pupils, often with paralyzed
accommeodation, hardly “realistic conduions,” that the
discussor recommends.

The quotation from our paper on the visual perfor-
mance of elderly subjects (“no direct correlation
between . . . changes in . . . pupil stze . . . and contrast
threshold change.”) is not presented in its proper con-
text, In that study, all subjects (both elderly and young
adults) showed significantly better visual performance
with smaller pupils, even though there was not a direct
correlation between the amount of pupil size change
and the amount of performance change. The quote
from our papers referred to an attempt to find a direct
correlation across subjects between the two amounts.
The data for the subject sample size employed showed a
trend but, because the correlation under consideration
was across subjects, we needed a larger number of sub-
jects to reach significance. The discussor has incorrectly
interpreted our discussion; there is no contradiction
here, as can be ascertained by reviewing the publication,
other than the discussor’s summary.

The discussor suggests “magnifying lenses” for those
with visual disability. This comment does not recognize
that some vision problems cannot be ameliorated by cor
rective lenses. For example, intra-ocular opacities are
common in the elderly. While smaller pupils can
improve acuity in such a situation, lenses cannot.
Similarly, most people become presbyopic with increas-
ing age, a vision deficiency that can only be partially ame-
liorated with spectacles. Such eyeglasses provide refrac-
tive correction for specific distances. However, it is well
known in vision science that as pupil size becomes small-
er there is a dumninishing need for accommodation; the
reader can verify that (pinhole viewing will obviate any
need for accommodation). If lighting design can func-
tion to reduce the effects of presbyopia, this is surely use-
ful, and also likely 1o be highly cost effective. The discus-
sor's preoccupation with suprathreshold visual perfor-
mance as the sole method of judging lighting may be the
basis for failing to recognize these benefits of altering
spectruim.

The discussor sugrests that we “review” our own work
(reference 1) and then "use subjects with corrected
vision.” This s easily accomplished, since in reference |
our subjects were in fact, refracted by a licensed
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optometrist. The subjects were tested when both fully
corrected and with an added 0.50 DS of blur. A visual
performance benefit associated with smaller pupils was
obtained for these fuily corrected young adult subjects.
(The effect was even greater in magnitude in the same
subjects with added blur.) Since the data on subjects with
correct vision are available in reference 1, the results of
the research somehow must already be in a “proper, and
much more useful, perspective.” The discussor states,
“Individuals with refractive errors would be better served
with eyeglasses than with scotopically rich light.” Many
individuals tolerate refractive errors of 0.5-1.0 DS befare
obtaining glasses, and they, as well as fully corrected
glasses wearers, as well as those with normal vision, as well
as those with intra-ocular opacities, can all benefit from
scotopically enhanced lighting. It is unclear from the dis-
cussor's comments why anyone must be limited to just
one solution or another.
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