
Chris Flanigan 
NPS-21, Room 5307 
NHSTA 
Department of Transportation 
4 0 0  7th Street, SW 
Washington, D. C. 20590 

Dear Chris: . -  
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 VanIderstine 
with its attachments. 

Yours truly, 



DRIVING IMPRESSIONS - NEODYMIUM OXIDE HEADLIGHTS 

Daniel Karpen 
Professional Engineer 

3 Harbor Hill Drive 
Huntington, N. Y. 11743 

Tel: 631 4 2 7 - 0 7 2 3  

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 Lhe 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 M6545BK. 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. I had them installed 011 the vehicle, and I 
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 5 2 , 6 4 0  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 headligkit lamps. 

I bel-ieve that the use of Neodymium Oxide doped headlight 
lamps will significantly reduce night time accidents. 

I also found it easier to see with Neodymium Oxide doped 
headlight lamps on roads without any street lighting than on 
roads that had street lights. For the f i r s t  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? I 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 Need-miun Oxide lighting. 
I took a 150 watt standard A type incandescent lamp outdoors 
on a cloudy moonless night, and 1 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 , 0 0 1  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 call-ulations, 
based on Sam Berman's work on spectral sensitivity, show that 
one can replace a 250 watt €IPS lamp with a 150 watt Neodymium 
Oxide doped incandescent lamp, and one would br? 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 NGINEER &c CONSLnTA3T, P.C 

3 HARBOR HILL DRIVE 
HUNTINGTON, NEW YORK 11743 

(631) 4270723 

June 6, 2001 

Richard VanIderstine 
NPS-21, Room 5307 
NHSTA 
Department of Transportation 
4 0 0  7th Street, SW 
Washington, D. C. 20590 

Dear Richard: 

RE: LIGHTING ILLUMINATION 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. 

It just doesn't work. The net result is the underprediction of 
the performance of blue rich light sources, and overprediction of 
.t,he 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 I( 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 S a m ' s  many papers. The 
Eirst 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 ind provides an extremely sharp data set 

Sam's work was followed up by a paper of Navvab. Nawab'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 c'oated tungsten halogen lamps, 
which have been around for several yr'ars, 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 H I D  lamp, while I was standing on the side of the road, 
and I found that I could get rid of the glare from an H I D  source 
in this manner. 

WHAT DOES ALL TIIIS MEAN? 

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

F o r  the first time, we have S/P ratios of a number of 
headlight lamp sources, as shown by Table 6 on page 21 of UMTRI 
report 2 0 0 1 - 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 OE 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 t o  this letter. 

The present standards, which gives allowable minimum and 
maximum candlepowers, do not take into account the changes 
i n  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 i n  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. 

cc: (of  letter and attached table only) t’ 

Michael Perel NHSTA 
Keith Bucher (Federal Mogul Corporation) 
Bill Jones, Lighting Research Laboratory, Orange, California 
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 ScotopicRhotopic 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, P1i.D. 

A. ‘l’aubnian College of Architecture Rc Urban Planning, 
The University of Michigan. 

Ann Arbor, MI, 48109-2069, USA 
E-mail: nioji@uniich.edu 

Abstract: Over a two year period, two sets of 101 subjects each were tested for word reading 
and Ietter acuity under two different fluorescent lighting systems. Subjects’ word reading acuities 
\\ere evaluated in a test room while they were seated at a desk in normal reading posture and 
read unrelated words of progressively diminishing size wi th  the words placed in  a horizontal or 
nearly vertical position. ’l‘hc lighting i n  the room was provided by either an equal number of low 
color temperatures or high color temperature fluorescent lamps i n  the conditions of fully l i t  
surround or dark surround. Uecausc of the equal number of lamps. task luminance was al\vays at 
least 50% higher under the low color temperature lamps. In spite of this large bias favoi-ing the 
low color temperature lighting. word reading acuity wvas highly significantly better under the 
high color temperature lamps for the fully lit surround condition. No significant differences i n  
acuity occurred in the dark surround condition. Spectrally driven pupil size changes are 
conjectured as the mechanism responsible for the observed cffccts. 

Introduction and Background: Recently a pilot study of the effects of lighting spectrum on 
psychological and vision factors of elementary school childrcn was undertaken in Bay City 
Michigan. I n  that study, full spectrum (FS) lamps of high color tcniperatiirc of 6300K and CRI of 
85 were compared with low color temperature lamps, 3500K and CRI of 70 (‘735’) at 
approximately equal levels of illumination. Very brief visinn testing was performed on a sclected 
sample of the participating children yielding rcsults that showcd some factors were better under 
FS lighting than under the ‘735’ lighting. In that study only iiioiiocular acuity of the students was 
measured and he lighting comparisons were separated by a period of at least 6 weeks i n  order to 
allow for a SLI ficient period to elapse for the possible psychological effects to occur. 

Because of 1 ior claims for the vision benefits of scotopically enhanced lighting (1,2,3] which is 
provided by the FS lamp, and the conditions of measurenicnt used i n  the Bay City eleinentary 
school study, a separate investigation of the effects of different lamp spcctruin on norinal 
binocular visual acuity was undertaken at the lighting laboratory of the University of Michigan, 
College of Architect& and Urban Planning. 

At this site there is a lOxlOxl0 ft. room where the lighting conditions can he readily changed and 
where subjects can sit at a desk and he easily tested for near visual acuity. Figure -1 shows the 
view of the actual workstation in the room used for testing thc subjects’ visual performance. In 
the absence of a dimming ballast we decided to compare thc I3 lamps and the ‘735’ lamps on the 
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basis of an equal number of lamps. Because of the diffcrence in photopic lumen output of these 
two lamps thcre will be substantial differences i n  both the task luminance and the illuminance at 
the subjects’ eyes. Measurements showed that this diffcrcncc \%is always greater than 50% with 
the ‘735’ lamp always producing the higher levels. Nevcrthcless. becausc of the higher S/P value 
of  the FS lamp (S/P=2.3) its scotopic illumination levcls w r c  alLvays higher than the ‘735’ 
lighting (S/P=1.3). Thus; in spite of the very largc bias in task photopic luminance favoring the 
‘735’ lighting, we decided to tcst tlie acuity of  a large nuinbcr of subjects with good eycsight. 
l’he populations gender ratio for both studies was approuimatcly 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 tliat tlie illuiiiinatcd acuity task can he vicwcd 
with either a fully lit surround, i.e.: the walls arc baskcd by tlic lighting or with a dark surround 
where the walls are dark. If pupil size is primarily controlled by the surround lighting then for the 
1 3  lighting (high S/P) pupil sizes will be smaller than for tlic ‘735’ lighting (low SIP). According 
to previous rcsearcli findings. a smaller pupil will elicit hctter acuity and therefore the acuity 
should be better under the FS lighting [4,5,6]. On thc other hand. i f  tlio test is carried out with tlie 
dark surround, then just changing the spectrum o f  the task lighting should not change pupil sizc 
and thcre should be no diffcrencc i n  the measured acuitics. 

Protocols: The visual task was a series of unrelatcd words on a chart presented at high contrast 
(black letters on white background) that continually diminishcd in size as tlie lines proceed from 
top to bottom of the chart. Lines can have several words. (Dniley-hvie charts from the 
University of California School of Optometry)[7,8,9]. Subjects w r c  scored on the number of  
correct words read. The charts were placed on a desk i n  both a horizontal position arid a tilted 
position, 30 degrees away from tlie vertical (somewhat siniulating computer geometry) with the 
subjects scated i n  a chair placed 5 inches from the desk. Tlic distance from thc subjects’ eyes to 
the mid-point of the charts was i n  thc range of 14 to 19 iiiclies. Sub-jects were told not to bend 
when reading tlie words and were told to read the words out loud. Figure-2 shows tlic schematic 
cross section view of the workstation. 

The study was carried out i n  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 ~ised a different set of subjects. Thus the 
two lamps were compared under the dark surround condition by one subject group and again 
coinpared in the fully lit surround condition with a difrerciit subject group. In both phases 101 
subjects were evaluated. l‘he illumination or lighting conditions are described by using indices 
such as average task luminance_ illurninance at the eye and illuminance o n  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 sihjects 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 diffcrences between the I3 and ‘735’ lighting to be diminished 
and this should cause less of an effect on differences of acuity. 

(fully lit surround of first study) 
White walls and ‘735’ lighting 
Dark walls FS lighting 
Dark walls ‘735’ lighting 

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 tho rcsults for the kvo sets of 101 suhjects 
(phased as in the first study). I n  Tnblc J tlic white wall mid tloi-k wall conditions refer to the 
walls of the test rooni. Note that, as was the case i n  tlie lirst study. the luminance on the letter. 
chart is about 50% greater for the ‘735’ lighting as coinparcd to the FS lighting. 

Table 3. Lighting conditions for second study for acuity test at 20 feet distance from letter chart. 
I Average task luminancc. 
I 70 Nits (cd/ni’) 

I Vertical illuminance at the eye. 
I 6.0 Lux ( Im/ni*) 

- Lighting conditions. 
White walls and FS lighting 

99 7.6 
60 1 . 1  
87 1.3 

White walls and ‘735’ lighting 

error of correctly identilicd 
lctters (high contrast Ictters) 

White walls and FS liditins! 48.3f 0.5 
47.0 f 0.5 40.2 If- 0.6 

P value for the difference 0.038 0.018 

I between FS and ‘735’ 

between FS and ‘735’ 
Dark walls and FS lighting 
Dark walls and ‘735’ lighting 
P value for the difference 

The results shown in Table 4 demonstrate that the differences in acuity scores be.tweeii the FS 
and ‘735’ lighting in the white wall condition are much stnaller in the second study as compared 
to tlie first study. This diminished difference is consistent with tlic smaller change i n  pupil size 
that is expected when a smaller portion of tlie visual field is rccei\;ing light. Nevertheless, some 
statistically significant results arc present (white wall condition) w i h  better acuity for the 1’s 
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 arc 
no significant differences between the two lighting systems. I’upil 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 bvorkstation (white wall 

46.3 k 0.6 
45.4 * 0.5 

39.1 f 0.6 
39.8 f 0.6 

0.26 0.39 
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Lighting Conditions 
Side walls surface 

Ilorizontal Tilted 
Task Task 
Luminance Luminance 

Fully lit surround 
with FS lamp. 

Fullv lit surround 

Results: The principle results of tlie 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 valucs. i.e., for tlic horizontal task, tlic probability that the FS 
lighting providcs better acuity is 99.999%. Note tliat this result occurs even i n  the presence of the 
very strong luminance bias favoring tlie ‘735’ lighting. Tliis hias is strongly evident because. for a 
fixcd lamp type, it is likely that increasing task luminance muses hctter performance. Support for 
this argument is suggested by comparing mean acuities for tlic horizontal and tilted positions for 
either the fully l i t  surround or the dark surround. The luminance is 50% to 70% higher i n  thc 
horizontal position (due to the fixture geometry) and tlic tliflkrcnccs i n  acuity favor tlic higher 
luminance condition by more than 10 standard error units. This argumcnt \vould be stronger if we 
had direct evidence on the effect of changes in task luminance \vith tlie task kept constant. In  the 
dark surround condition but with the other subject group. tlierc 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. 

the tl. Task l i l t e d  Task 
74 Nits 42 Nits 69 1,ux 75 Lux 40 Lux 
(cd/m*) (cd/m2) (ln1/m~) (Im/m’) . ( I  m/tn *) 
109 58 105 122 64 

with ‘735’ lamp. 
Dark surround FS 

Dark surround ‘735’ 
lanio. 

50 31 16 23 1 . 1  
63 39 24 27 2.0 

Discussion: In the previous studies of the relationship bctcvccn 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 15,6,7]. This positioning protocol was utilized in order to diminish the 
light independent effect of accommodation on pupil size. (Gencrally there is a reduction of pupil 

Lighting Conditions 
Fully lit surround and FS lighting. 
Fully lit surround and ‘735’ lighting. 
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?ask horizontal Task tilted 
67.6 k 0.5 61.9+0.4 
64.9 i 0.4 58.3 50 .4  

I -  

P value for the difference between FS and ‘735’ lamps. 
Dark surround and I’S lighting on task area. 
Dark surround and ‘735’ lighting on task area. 
P value for difference between FS and ‘735’ lamns. 

7 1:-06 5 E-09 
66 6 i 0.8 60.0 & 0.7 
66.2 k 0.8 59.8 2 0.7 
0.7 0.8 



size accompanying the eyes’ accornniodation response to near tasks). The luminance 
measurements were made in tlie direction of gaze for both tlie horizontal and vertical word 
charts. The angle of tilt from the vertical for the ‘vcrtical’ charts was zero and 30 degree for the 
tilted word charts. The illuminance at the eye changes for tlic horizontal and vertical positions 
clue to the viewing direction and the background walls’ Iuiiiinancc. ’l’liere is no veiling glare in 
the vertical position. Both word charts surfaces were Ianibcrtian surfaces. Both lighting systems 
were powered by 60 Hz and 120 volts ballast. Tlierc was no possibility that tlie lens used to 
cover the low CCT lamp could have changed its spectral output. The lens showed no signs of  
yellowing and I f  that Lverc the case some of the bluc end of  the low CCT spectrum would be 
absorbed out and its 9 1 ’  valuc would have be even lower than 1.3. ‘There were no changes in the 
chromaticity of the measured valucs with and without a lens therefore there was not mucli of a 
spectral effcct. ’The luminance distributions compare for tlie two lamps i n  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 differcnce. 

The study reported here did not nieasure subjects’ pupil sizes. Nevertheless, we hypothesize that 
spectral effects on pupil size is the likely mechanism rcsponsiblc for our word reading accuracy 
rcsults i n  tlie coniparison of the 1:s and ‘735’ lighting. Given tlic strong light level bias favoring 
tlic ‘735’ lighting. tlic results presented here overwhclniingly demonstrate the visual superiority 
of FS lighting over conventional warmer color temperatiirc lighting. The current methods and 
dcsign giiidcline practiced by lighting designers cannot rciicli sticli a conclusionl I’urthermorc. i n  
vicw of our findings and i n  addition, to some highly succcssCu1 applications by otlicr lorward 
thinking lighting practitioners. there is a compelling reason to study and qticstion tlic 
comprehensiveness of the current 11s recommendations for interior lighting [ 101. 

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 1:s lighting and ‘735‘ lighting but with viewing conditions somewhat different than in 
the first study. Figure-3 shows the schematic view of the evpcriniental set-up for the sccond 
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 tlie fixed ohjcct. 

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 gcomctry where much less of thc surround 
is illuminated. This was accomplished by first removing the back wall of tlie test lighting room 
and then having the subjects standing in the lion-illuininated larger hall that housed tlie test 
lighting rooiii while looking into the that room through the open wall. Subjects stood a distance 
of 20-ft. (IO ft. hack from the removed wall) from the chart that was placed on the front wall o f  
the lighted test room. Lighting by the FS lamps and the ‘735’ lanips was provided only i n  the 
10xIOx10-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 [1,2,3j. 
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room and the fi l l  spectrum lighting system) measured using the digital scanning system. (Smni, 
lens, 180 degrees, equal-distance). 

Brightness Judgments: Subjects responses were obtained to the question posed of differences 
in perceived brightness between tlic two lamp types. The qiicstion of brightness comparison was 
asked of the subjects at the beginning of tlie second study. I n  the condition of white walls the 
illtiminance at the eye or the nieaii luminance of the back wall \vas 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, 1795 said the FS 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 pcrceivcd 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 luniinance is the inverse of the square root of thc ratio of  S/P values [4,5J. For tlie lamps 

used here this factor is J(2.311.3) = 1.33. Given the mal lc r  field of  view in our study, that 
value is quite consistent with tlic 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 o f  the actual norkstntion used 
for testing the subjects' visual pcrlormance 
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relationships used for testing the subjects' visual pctfottnance 
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E 11 e rg y E ffi c i e 11 cy C o 11 s e qu e 11 c es o f S co to 11 i c 
Sensitivity 
S.M. Bennan 

TttlS PAPER WAS PRFSENTED AT 
.rite 1991 IESNA ANNUAL CONFERENCE. 

Introduction 
Recent experiments at  Lawrence krkelcy Labora. aperture (pupil) and a photoreceptive medium 

tory (LBL) have demonstrated that rod rcceptors, (retina). The retina contains two basic .types or 
which arc  widely thought to be imporrant only for photoreceptors. cones and rods. The rod photoreccp. 
night vision, also contribute actively to vision pro- tors are generally associated wi th  night vision and i t  
cesses ai typical officc light IeveIs. At these light lcvcls has been assumed that rods do not participate in  the 
the studies found that pupil size and brightness visual process at  the light lcvcls typical of building in. 
perccption are strongly affected by rod activity. Thcsc ter ion Thc cone photoreceptors, which are responsi- 
results suggest that light sources with scotopically ble for seeing finc dctail and for color vision, provide 
richer spectral content nccd Icss photopic luminance the photopic visual rpcctral efficiency of the eye 
to enable a givcn level of visual performance visual which is captured by the Vfi) function. Under condi. 
clarity. and brightness perception. Such phenomena tions of very dim light. such as starlight there is not 
can explain the confusing rcsults of many earlier enough light energy to stimulate cone photorccepton 
visual performance studies where performance and and there is an absence of color vision. but thcrc is 
vislral clarity differences obtained under different enough to stimulate the rod system as stan can be 
lamps could not be explained on the basis of photopic readily obscrvcd. The rod system is known to contain 
luminance A re-analysis of t h e  past studies, together a diffcrcnt photopigment than the cone s p c m  and as 
with an examination of currently avdilable b p s  and a result has a different speclral response refcrred to as 
phosphors, suggests that there is a substantial oppor- the scotopic response 
tunity to increase lighting eneqg efIiciency in a The scotopic rcsponse function V'fi). diffen frum 
highly cost-effective manner solely by considering the cone spccual response mainly in that its pcak 
lamp specaum. wavelength response is at about 508 nm rather than 

the 555 nm of the V@) function. Our ncw evidence 
Background ~ has dcmonstrated that the rod photorccepton are not 

There is a large variety of lamps available for merely involved in night vision, but also participate in 
lighting building interiors The most common important visual functions at light levels typical of in- 
sources, incandescent fluorescent. and high intensity terior office cnvironmcnu Thus photopic il- 
discharge lamps produce distinctly dfierent amounts luminance alone docs nor adquately characterize the 
of energy per unit wavelength over the nnge of the visual system spectral response. implying that lighting 
visible spearum When environmental needs arc design for buildings b a d  only on photopic spccual 
errentially achromatic lamps arc primadyjudgcd on conditions does not capture an imporfant and poten. 
their photopic lumen output The IT differences in tially valuable lighting attribute 
their various spectral distributions is not genenlly 
considcred to be importanL - because photopic The new evidence 
luminance (illuminance) is thought to be the primary In a xr ies  of laboratory lighting studies' we have 
attribute of the spectral distribution of the source deinonstratcd that with almost a full field of view and 
with regards to visual pcrformance The lumen output light levels typical of the interior environment 
is obtained by averaging ihe wavelength dependent luminances (up to 500 cdm'). the mean stcady state 
spectral power distribution (SPD) of a lamp over the size of the pupil is predominantly controlled by the 
photopic visual effciency of the eye [thc Vfi) func. scotopic cncrgy content of the ambient lighting. 
lion]. Thus, two lamps such as an incandescent and a These experiments were based on the responws of ap- 
daylight fluorescent. with markedly diffcrent spectral proximately 50 adults ranging from 20-40 yn of age 
distributions can be considcrcd as equal illuminants and concluded that the cy functions at t h e x  light 
i f they provide cqual photopic light lcvcls as measured levels with  two spectral responses the photopic spec. 
by the common light mctcr. I N m  for Ihc foveal scnsitivity and primarily the 

Thc human eye is a light sensing srtcm with an  scotopic spectrum for thc light aperturc or pupil. 
Similar rcsults are cxpccted for children and adults 

AuUw',.lfiliotia.LjdhHndsl"I(IMrrhGmup.~~~kl? older than  40 years a n d  we are planning to explicitly 
W L q  + a d  & n " n d  &ti&% &rk+ U. study these populations i n  the near  future. For  he 

J O ~ ~ K S A I .  t i l c  ~ I I , , ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~  br>R,, ,ccrir ,g s<,<icly \\.lnlrr iw 
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population studied. we can  conclude that two i l .  
luminants of different spectral content which provide 
equal photopic il lumination as  measured by a light 
meter, can elicit substantially different pupil sizes. A 
study of brightness pcrccption in  another adult Sam. 
plc found a large rod contribution to perceived 
brightness,' lending additional independent evi. 
dence that rods arc active and have a n  effect on vision 
at typical interior light IcveIs. 

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 i s  the ability to resolve fine 
detail. and depth of field is the ability to maintain ob- 
jecu in good focus over a range of objcct distances 
(the range of distance is defined as the depth of field). 
Current visual performance models such as CIE 19FL. 
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 cf- 
fccu due to spectral diffcrenccx~" 

Laboratory studies have documented the quan- 
titative affects of pupil size on visual ~ ~ ~ ~ O K U ~ ~ I I C C * ~ ~  

The mulu that am relevant for li&t 1cveLC typical of 
the interior environment, where pupil diameters 
typically range from about 3-5 mm, are summarized 
as follms: 
Reductions in visual acuity occur wilh i n w i n g  

pupil size for the normally righted under conditions 
of moderate to low concrart, bur not n d l y  at 
high contrasL Howevtr, many casks io the workplace 
do  not ~ L K U  high contrast and changa in acuity are 
similar to change in threshold contrast Y both arc 
major determinants of visual performance M o w e r ,  
individuals who nced optical cormtion% ir. those 
who should be using spcaadcs but am not. sbow 
dcc"ents  in visual acuity e n  at high leu& of con- 
tract' F u n h n m o ~  it has been estimated fJmt at l a s t  
one-third of the nation's working population suffers 
from uncorrected refractions ie .  thy nced spectacles 
but do not ux them. On the basis of both of these 
phenomena. increased scotopic luminancc. with the 
concomitant smaller pupil sizc. can lead to i m p m d  
visual acuity. The basic reason for the improvement is 
that a smaller pupil reduces the impact of lens abcrra- 
tions on visual optical quality. 

In  addition. studies on the cffecu of pupil size on 
depth of field have been canicd out  by Campbell,' 
Ogle and Schwa" and Tucker and Charman." 
These studies found that depth of field alwdys in. 
creases when pupil size dccrcascs depending on the 
size and viewing distance of the task. Thus smaller 
pupils imprwc depth of focus for all populations. 

Bccausc of the relationships between pupil size and 
basic visual functions.  our findings on pupil size sug 

Winlcr  1992 ] O V X S . ~ l .  of  i h c  I l l u n w ~ ~ m g  Lngmccring Sock<)  
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gest a strategy for the reduction of workplace lighting 
energy without a decrement io the visual effectiveness 
of the illumination. This strategy is based on three 
premises: existing lighting levels provide a satisfactory 
level of visual performance; a change of spectrum :flat 
provides the same level of effective pupil luminance 
(see footnote below for definition) will maintain tile 
same level of visual performance becaus!: pupil size i s  
maintained; illuminants wi th  significantly higher 
scotopic luniens per watt than those typically i n  use 
are either available or  easily achievable 

The first premise is generally accepted and the last 
premise is straightfomrd. It is discussed later in this 
paper. Although some information supports the rc- 
maining premisc. the concept has not been fu l ly  
established and is thus in part, conjecture If the 
underlying 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 oramplc. in fheir 
study of the effects of luminance on acuity under coo- 
ditions of natural pupils and high conuast targeu, 
Shecdy. et al.," showed that differences in acuity be  
tween their rcsul& and the studies of Konig and 
Lythgoc could be aplaincd by the differences in 
measured pupil sizes as determined by visual c o m  
paricon pupilometry with acuity improving for small. 
er pupils H o m e r  each of t h e  thm studies used 
completely different subjects and such comparisons 
across subjects are questionable Furthermom 
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 d u e s  typical of 
building inter ion However, he  did not sNdy the ef- 
fects of luminance when pupil size ran& in fhe 3-4 
mm diameter si% which i s  more typical at INCLS of 
building illumination. Thus vision literature appears 
to lack the appropriate studies for cstabliihing the 
level of applicability of the second premise A study of 
the tradcoff between pupil s i x  and luminance for 
high contrast targeu using the same subjects and con. 
ditions relevant for building interiors would be useful 
in clarifying this matter. For low to moderate levcls of 
contrast smaller pupil s i x  has been shown to improve 
acuity.' In  addition, we have recently shown for 
natural pupils fixed taqyt luminancc. and contrast 
ranging from 20-40 pcrccnL smaller pupils have bet. 
tcr LandoltC acuity.'' The remaining ponion of this 
paper assumes the validity of the second premise and 
considers our strategy for energy cfliciency based on 
all three above premises. 

Consider the group of roughly equal fluorcsccnt 
lamps listed in "able I that arc typical of interior 
lighting l h e  first column lists the rated photopic 
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function differences of importance to l ight ing lamps given above. we predict a reduction of 263 per. 
engineers and designers, The explanations proifered cent for equal visual clarity. while our very rough 
for these differences have been confusing or qucs estimate of the scotopic contribution to brightness 
tionabls with the result that the findings have not perception’ predicts a 17 percent reduction. 
bcen widely cited and have not influenced lighting The authors of these studies on visual clarity and 
design. A rc-examination of those studies suggests that others,” have provided pcrplcxing and dubious ex. 
the results are reasonabls and have a simple u p l a n a  planations of chcse results such as morc emcient rcti. 
tion in terms of xotopically driven pupil size effecu nal responses 10 lamps with narrow bandwave length 
Three of the findings from these early studies are spectra. I~lowevcr. i n  retrospect, the results on visual 
discussed below: clarity are easily understood in  terms or the scotopic 

1, Visual Clarity: In 1969, Aston and Bellcham- spcclral cffect on pupil size and brightness perccp 
bcrs” reported die rcsults of a series of simulation tion. Flyltn (see discussion in  DeLaney et al.‘? has 
experiments where subjects viewed and compared a claimed that several factors such as increased color 
pair of idcntical cabinets containing a number of temperature incrcax visual clarity, but this correlates 
typical interior furnishings The cabinets wcrc lighted with higher SP valucs and thus decreascd pupil size 
by a control fluorcxcnt lamp and test fluorcrccnt in accordance with our explanation above. Flynn also 
lamps of differcnt spectral distributions Four dif. noted that increased vcrtical luminances in the 
fcrcnt fluorexcnt lamps were studied and 33 subjects periphery increaxd visual clarity. but this condition 
ranging in age from 2 2 6 0  yrs wcrc asked to rate their also leads to smaller pupil size. Others” who have in- 
impression of thc cabinets and thcir contcnu for vatigatcd visual clarity have found that it corrclates 
visual clarity. The rcpon of this study prcxnts graphs with brightness perception (higher S P  valucs). and 
of the various spccual power distributions of the light have also found that whcn lighting conditions have ap- 
wurccs u u d  These graphs can be digitized and proximatcly q u a l  SP valua, no apparent diNcrences 
subxqucntly folded with the scotopic and photopic in visual darity occur. 
sensitivity functions to dcterminc lamp (SP) ratios V i a l  clarity probably combines thc two different 
The resulting ratios obtained arc in good agreement features of xotopically richer light; thc inncased 
with the d w s  given by Lyncst6 for lamps of the brightness perception for thc same photopic 

. . m e  name His (preaumcd measured) valua for Sm luminance and the greater depth of field resulting 
ratios for the four lamps arc Koloritc 167. Daylight from smaUcr pupils These sNdics all indicate that 
(3900 K) 154. White 1.36 and Warm White 1.13. The both scotopic and photopic spccuums f l e a  visual 
ordcring of visual clarity was in pcr‘-ct cor- function at typical interior light Icvcls, and that 
respondence to the (Sm) ratio of the vari ‘us light xotopically richer illumination is preferred. 
sources Higher visual clarity corresponded (0 the 2. The Piper Study: Pipe? prcscntcd a stuu, iiiat 
largcr scotopic luminance for thc fixed photopic purportcd to dcmonsmte that a group of 24 sub- 
luminance of the study. Thus a likcly aplanation for jccu had a significant dmcmcnt  in performance on 
thc results is h t  whcn pupil sizes on avcnge were an achmmatic visual task pcrformcd under stand- 
smaller, greater depth of field was possible and helped ard IiPS lighting as compared to fluorescent lighting. 
to provide the perception of increased clarity. This This study was considercd flawed bccausc of pop 
situation is similar to the photography o r a  space with siblc unmeasured fluorescencc of paper under 
somc spatial dcpth detail using two dilkrcnt Fmops fluorcsccnt lighting However, hascd on our measure. 
for the camera lcns With the largcr F.stnp (smaller mens and artalpis below, Piper’s work appears 
Icns pupil), morc depth delail will be i u  focus rcasonablc and is consistent with the effect of light 

A second visual clarity study” comparing nearly spectrum on visual performance 
full-size rooms confirmed Aston and Bcllchamber’s In  Piper’s experiment, subjects read five4ctter 
findings In  addition. diey reported the results of nonsense words madc out of the lower case letters R 

smen skillcd obscrvcrs who determined the illumina. and I. They compared control words at  normal 
lion levels of Kolorite lamps that produced equal reading distance with test words that were placed a t  
visual clarity and brightness perception whcn com. thr niaxiniuiri horizontal distance at  which all the Ict- 
pared to fixed control levels for warm white lamps. ten of the words could be distinguished without er- 
They reached a mean rcduction for Kolorite Ievcl rors. A combination of speed and accuracy was used 
[averaged over the seven observers and the 3 w \ V  as the measure of performance i n  terms of  the 
levels (ZOO. 400, 600 Ix)] of 25H percent r h c n  equal number of correct comparisons per second. T i l e  
visual clarity was required a n d  18.7 pcrcent when results were compnred undcr equal ilhtnination 0 1  50 
equal perceived brightness w a s  rq i i i i rd  0 1 1  ilie basis fc of fliiorcsrcut ligliiiiig a n d  I II’S I i g l i r i r l K .  ‘ltlc c o n  
of equal pupil  I i i m c i i s a i t d  O I I  tl ic 511’ ! . I ~ I I C S  oItl~c IMJ t i ; i s t  ~ 2 s  \ c r y  high I < i t l l  tl ic lcttcts i y p d  i n  \ I I . I I L  ink 
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ilir I S (  !I!,; lu1w-r c o u 1 ~ 1  w r o c t n t  fc,, t l i c  brticr pcr(or 
Iriaiirc i i i i i l t . r  f l i iorcwr i i i  I icl i i i ir l ; (III'S I i R l i t i t r g  I>A\ 
aiix l i i i lc ( I \ '  o t i i p i i i  w.01~1~1 ,nil rxtitr tlir ~ ~ l i i l c i i e i r )  
O u r  i i i ra~tIrci i i rnu of  black tluts atid ciidcs on trhiir 
p:cpcr k i t h  bigti r a g  ccintc i i t  inclicatr contrasi d i f  

fcrriiccs ol less thari I prrccnt brtwccn Iliiorr<rrni 
and Ilt'S Iainps Siirh smdl dilferrnrcs in rontract at  
the high roni iw Icvcls (about 93 peirciit)'of t h e  P i p  
expri irnri i t  are highly unlikly to be lhr caosr of c'f 
fccts of thr magnitude of I pcrccnt. A iough cstiin3fc 
of how murh coiitrast diffrrcnce would he ~ ieed rd  to 
achimr a 4 pcrrcnt performance derremcnt caii br 
made Ly using typical atutation fiu to visual pellor. 
mancc tasks such as the simple ogiw fitr a$ giwn in 
CIE 19R.' Siiicc Pipcr adjusted the conditions at the 
task far p>int  to k just at thc limit of high arcuracy 
we will assumr here that i t  has the value 99 pcrrcnt. 
Using thc ogival fit show that this value would h: 

on white matte papcr.The decrement in performance achicvcd at a Icvel of VL=l A dccrcmcnt of pcrfor- 
undcr IIPS lighting was on avcragc about 4 percenL mance of 4 p-rcmt in armrary would shift thr ogivc 

Our aplanation of this rcsulr is that HPS lighting from 99 lo 95 pcrcent. This corrcsponds to a Iml of 
has a substantially l omr  (SP) ratio than CW fluores. VL=2.7 or  a I O  p e n t  reduction in contrast. This 
cent (KC Fire I). leading to larger pupil size and amount i% an ordcr of magnitude lxgcr t h m  thr 
causing smaller depths of field and poorer perfor. results nf our contrast measurements. In  atlrlition. 
mance Piper offers an aplanation of his results in since Piper mcacurcd task performance and not jnst  
which he  states die HPS spectrum provides an inade- visual perfoimance. m would cxpcct a siguificanl 
quatc stimulus for accommodation. His statement is nonvisual romponcnt in the mcasurrd task times To 
that "With white light, however. addcd refnctiw find a 4 prrccnt dmcmciit in ovrrall task pcrfor. 
power for the blue component and icduccd refractive mance due to changes in visibility would concspond 
power for the red component migbt allow objccu to IO a much larger visual pcrfonnancc clrcct Tltis 
he focuwd for doscr and (arther di5canra mpecfive would makc thc contrast differcare needed to ac- 
I$' The essence of this aplanation is I s x e d  on the count for Piprr's msulu much greatcr tllatr the IO pcr- 
phenomena that the wavelength but footred act the cent ntimatrd a h  madc without subtracting any 
retina shifts from rcd to bluc as accomm, latioo in. facton for t l ie nowisual coinpancnr Thus  we bclicvc 
creascs OvanoN.'." Millodot and Sivattl). My inter. that Piper's result is far ouuidc the nngc of possible 
pretatioa of Pipefs explanation, baml on thr results fluorescence cffccls 
of Ihe latter authors, is chat under the b l u ~ l c l i a e n r  Another possible confounding condition i3 flicker. 
IIPS light. more of its apcctral energy would IC out of because the HPS lightiilg has about 95 prrccnt tem. 
focns as compared to the LX nuorcsccnr lamp for the poral modulation compared IO the 30-40 pcrrrnt in 
xconilnodation conditions of the Piper l a s h  On the CW flaorcscrn~ lamps llnwcver. Pipcr also comparcd 
other hand, Campbcll and Cubisch" found that con. two diffrrrnt l lPS lighrings wlicrc a blur filtrr w a s  
mast sensitivity incrcascd by about 30 percent for added to the I I I 'S  IOIIK~ to rcdurr t l ~ c  2mounu of 
Ycllow or green monochromatic light as compared to bluc and bluc.Rrrcn sprctral conrponrnrr AI the samc 
white light when pupil size was controllcd by usingar illurnination Irvcl. thc filtered III'S produced a 6 per. 
tificid pupils This latter cllcct coiild oppose the sup. cent dccrrinrnt in p i w i n a n r e  comparrd to the un. 
posed accommodative cllcrL filtered IIrS. The dcgrcr of flicker is unaffectcd by tlir 

Although one cannot rule out Piper's proposition, filter. but thr SIP ritio had k n  furttlrr redtnrcd by 
the allcrnativc explanation i n  tcnns of pupil s i x  thc prcsrncr of thc filtcr. hcnce avrrage pupil s i x  
lnrdiaring dcptti ol field changes is more direct and would hr again l a y '  and tlcpth of firld fulthrr 
has  thc addcd brncfir of cxplainiq othcr studies rcducrd l ' h i t \  P i p r r ' s  w r k  providrs wry positive 
SllOwiiiR spcclral cffeclr oii visual ~irrfornrancc As support of 0 1 1 1  lqpoihrsas !hat thc pupil s i w  dtlarion 
mrntionrd she. a pwsibk dilficulry with Pipcr'r ex. Imdcr I l l 5  I ~ g l t l i i i g  as  compared i n  CW fluorr<rrnt 
I)c!iIiicnt 15 that  thr lark rontsasi wa% not mrasurcd Iightlnc *.ill rrilwr drpil! uf firld a ~ ~ d  T C ~ I I I I  i l l  

rrpaiately uiidcr t h ?  t w o  I I g t l t t i l p  ar id  that tontrari poorrt p e r f o t w n r c  
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3. The Blackwcll Study: In  1985 H.R. Blackwell” 
conducted a visual pcrformancc study where he cam. 
pared the performance of five subjects under four dif. 
fercnt lamps; metal halidg HPS, clear mercury and in. 
candescent. The task involved finding a single 
Lando1t.C somewhere in a 5 degree ficld of v im 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 i n  
stead invokes the CIE visual performance model and 
incorporates the data directly into this model. Ex- 
amination of rhe 1981 CIE model shows that the 
relative ordering of the mean performance ruults 
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 m e d  halidq in- 
candescent. clear mercury. and HPS Blackwell p’o- 
vides a graph for the s p c N a l  power distribution of 
the metal halide used in his study. This graph was 
digitized and the Sm ratio determined as above The 
Sm d u e  obtained for tbii metal halide lamp is 2.1. 
while d u c r  of the Sm ratio for the other lamp arc 
listed in Figurr 1. (Note that the SIP ratio for the 50-W 
HPS lamp in F v  1 is larger h that for the SSW 
I ~ p  used in abk 2. bccauw the higher wattage lamp 
operates at a higher presure and has a wider s p c a n l  
distribution than the lower wattage lamp)?he relative 
ordering given by Blackwell is the same as the relative 
ordering in the SJP d u o  for the four lamps  beau^ 
the thm gas discharge lamps all have flicker modula, 
tions c lox  LO 100 percent while the inandesccni 
lamp modulations arc on the order of 5 percent. them 
is the possibility Uut flicker was not properly con 
trolled. Nevenheley the relative performance order. 
ing Cor the &ret gas diKharge lamps (flicker con. 
ditions the same) follows the relative Sm d u e s  for 

Blackwell offen an uplanation of his resulw based 
on competitive cRects of three separate mechanisms 
producing results in opposite directions. Thex 
me&anisms are the often daimcd deficiency in the CE 
V6T) weighting function in the far blue (400-150 nm), 
chromatic abcrration effects, and inappropriate focus. 
ing for narrow band murccs. The interpretation of 
Blackwell‘s rcsulb based on the pupil size response to 
lamp spectrum is much simpler, requiring fewer addi. 
tional assumptions. 

I t  should be emphasized that pupil size was not 
dircctly mcasurcd in the Blackwell study or any of the 
other studics described abovr Nmcrthclcsr. an ex. 
planation based on the pupil size response to the 
spectral content of the various illuniinanis is highly 
compelling. This explanation is also consistent with 
o u r  understanding of thc c l e r n e n t a r ~  optics of the 
v i s u a l  system and pro\ ides a parrituoniour descrip- 

\\ Nnlrr l!l’.U ) ( ILK> . \ I .  (11 i t l c  i l l r ~ r w n r i ~ r i g  t rngtnwrtng S o i w l $  

lhox lampr 

tion of numerous reports of differential responses to 
different lamp types. New experiments are being 
designed to explicitly tcst our hypothesis with pupil 
size measurement an integral component of the 
variables being studied. In addition. specific ficld 
studies with realistic environments and tasks should 
be undertaken to test the gcneralizability of the pupil 
sire hypothesis proposed hcrc 

Potentid economic bemfiu of scotopically rich lighting 
Becariw xotopically richer illumination appean to 

be the preferred spectrum for smaller pupil size and 
greater brightness perception in interior lighting con. 
ditions, it is our proposition that lamps with high 
scotopic output for a given input power will be more 
cortcffcctive than lamps of low scotopic output for 
the m e  level of input power. Based on the strategy 
mentioned above and the three premises which use 
the pupil lumen as the measure of visual c f f d v e n c y  
we ye from lfbk 1 that replacement of the uhi- 
quitous coolwhite lamp by a high color tempera”, 
narrow band (NB) lamp w u l d  elicit the same pupil 
size with 24 percent Ius power. The interpretation of 
tbiu result is that the m e  visual effectiveness is ob- 
tained with 24 percent leu power, and is therefore an 
acellent strategy to achieve cost-effective lighting 
energy efficiency. Thuq the common fouvlamp fix. 
lure containing four 40-W cool.white lamps could he 
replaced by a new filum with thm narrow band 
40-W lamps and achieve the same visual effectiveness 
The dinerencc in cost between four CW lamps and 
t h m  NB lamps is about $la At typical operating con- 
ditions of 3ooo h n  and $OOWkWb. the payback is 
about one year. For a lamp with a Syr lifetimq this 
should bc a good return on invcstmcnL 

On a national basis, a 24 perrent improvement in 
fluorescent lighting efficiency as a consequence of 
switching to narrow band phosphor 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 elcctrical power de- 
mand wed by replacing the four-lamp CW fixture 
with the visually equivalent light output threehmp 
NB fixture is approximately 40 W (including the addi- 
tional ballast power savings). Looked at from the v i m  
of avoided generating capacity at $1-2/W, the thrcc. 
lamp NB system avoids $40-80 in electrical generating 
costs The addcd consumer cost for N B  lamps over the 
25-yr life span of new clcctrical generating capacity 
csscntially canccls the cost of the addcd gcncrating 
capacity. Thus, if instead of adding generating capaci- 
t y  thc equivalent investment was made in the more e l  
ficacious N U  lamp systeni. society would have instant 
payback a n d  misting rlectrical gcncrating plants  
c o u l d  b e  dcwird in gcniiiire growth The  o\Tra l l  
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sncicnl Ixnclits ;ire iwi~Told bccaurr the coiisumcr 
saves costs for electricity. a n d  is burdened with less en. 
vironnieiital pollution because thcre is less electricity 
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D i r a r r s i O n S  
This paper continua the intriguing work of 

Dr. U c h a n  and his p u p  into Ihe  possible ad- 
vantages of using a lumcn other thk the unit d e  
fincd by the CIE in 1924. In chi contribution. a case 
is madc for duct ions  in cncrgy usage if scotop 
i d l y  W'fi)] weighted spectral sensitivity functions 
are used and "pupil lumens" arc used to compute the 
eficctiveneu of lighting 

I have several questions and comments on the 
Papcc 

The V (A) function is specified for 2 degree fieldr 
It is well known that it incorrectly prcdicts brightness 
for larger fields; indced, the CIE iuclf offers a la% 
ficld standard observer (the 1964 CIE 10 degree 
obscrver) which provides greater sensitivity at short 
wavelength% Evcn the Judd correction of the 2 degree 
ficld data increases short wavclcngch .,,nsitivity. It is 
clearly inappropriate (albeit commonly donc) to use 
the 1924 observer for large field conditions and its usc 
has largely been abandoned in  the vision community. 
What is the effect of using thc photopic largc ficld 
sensit ivity function p!,O(A)] instead of tlie 2 de. 
gree function? 

Visual performance studies havc looked at the 
luminance or illuminance necessary to provide 
criterion levels of performance. Since these are em. 
pirically, rather t h a n  Iheoretically, determined. i t  isn't 
clear w h y  changing rhe dcfinirion of h e  lumen alters 
the  r c l ~ ~ ~ i o ~ ~ s t ~ t ~ ~ ;  houorr  [ l i e  s u h j e c i ~  perceived tlie 

JOCK\ I .  1 3 1  t!,c I l lnnimrim~ t .nglnreri!y Su<irl\ Illlcl I!I'JY 

stimulus, or however their pupils werc affected, as 
along as there is a constant relationship betwern the 
units. (he functions remain valid. Even if hrightness 
perception is increased by inclusion of a rod con. 
tribution, it isn't clear that the conedriven rcsolution- 
dcpcndcnt tasks used in most visual pcrformancc 
studia would be affected. 

Dr. Berman poinu out that thc order (but not the 
magnitudd) of &e results of visual clarity ex. 
pcrimcnts correlau wcll with thc SIP ratios of various 
light source+ While such a cowriation may suggest 
that the Wo are related. it is highly spcculativc to con- 
clude that onc is caused by the other. In addition, the 
notion that depth of field may be solely responsible 
for the effect discounts thc powerful influcncc of 
binocular factors in depth perception. He may well be 
co- hut, in thc absence of control studia, it seems 
premature to state that 'kkual darity probably com- 
bines.. .increased brightness pcrccption.. .and 
scotopidl y tidier lights" 

Several studia are citcd which slipport thc idea that 
visual pcrformancc of tarts varies with chc spectral 
composition of the illuminanL Sweral othcr studies 
have shown no such effect Thc reasnns for the dif- 
feren: results are Ihe subject of debate. but die fact 
that the signifiancc of spectral distribution on visual 
performance (defined as spced and accuracy) remains 
in dispute weakens secondary anxlyscs of possible 
origins 'Ihe e n q  savings predicted in the paper rc- 
quire that the model proposed by Dr. Ucrman is 
physiologically correct. B c u u x  thc obvious control 
procedures mch as apcrimcnts with a fixcd or  ar- 
tificial pupil havc not been conductcd it secms 
premature to s r r g p t  major economic advantages 
from an appruadi whose validity rcmains to bc COII- 

finned The spcailations presented in the paper arc 
indeed tantalizing but do not, by thcmrclvcg provide 
cvidcncc for the model. Nonetheless, they raise 
fascinating questions about thc use of the 1924 
standard obscrvcr as the basis for units that are used 
to dcfinc tlic qumtity ollight in situations that cleaily 
violate the conditions appmpriatc to that standard. 
RighS wrone, or it1 between. this paper must cause us 
all to rethink what wc havc ukcn for granted for too 
long. Dr. Bermari may bc absolutely correct but Neil 

if hc isn't, we arc in debt IO hini for making us rc- 
waluatc the very foundations of the bases for our 
lighting decisions. 

A.1- Lnuu 

This paper requires careful considcratiori because 
i t  ranges from the established IO the speculative. What  
is well esmhlished is  that i n  full f ield cnndi t ions.  pupil 
s i x  is inlluenrrd PI iw;liily In sroropic Iu i i t i i i ; tncc 
lhcrefoti.. 1;1nips i i c ~ l i  i n  KOIOI)I( w , n r l e n ~ t h s  wi l l  
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p ~ n d u r c  sIii:aIIcr piiliil siics whrt i  the, arc used to for a 1)5!,on full h a i i i l  fliiorrscent lamp. Typically, 
liglit Iargc. neutral rcflertance ficldr. ne optical con. alniost  all aitifici;ll l ight sources have 3 1 '  ratios close 
sequences of the sinallcr pupil arc a grcatcr depth of or slightly bclow r ka t  of a platrckian or ,!a:ilight 
f icld and. possibly, a n  iniprovcniciit in retinal image radiator of the same color tcmpcrature (see Figure a 
quality. Also associated w i t h  a smaller pupil size is a and b). 
perception of grcatcr brightness. I h e  only csccpiion to this gciieral rule is the tIPS 

These consequences arc uscd to explain three lamp as quoted i n  the paper. I t  must be stressed, 
lighting studies. of which one cxplanation is however. that this behavior is only observed for stan. 
hclicvable. one is opcn to question. and one cannot bc dard IfPS lamps; u.hite HI'S lamps with color 
judged. Piper's task required the subjcct to changc tempcratures of 2600 K haw a dp  ratio of 1.15 which 
focus from near to far distancc at frequent intenals. is close to the incandcsccnt data and, bccause of the 
Given that a smallcr pupil sizc has a grcatcr depth of inherent cfficacy of whitc "IlPs" lamps, will yicld 
field it is rcasonable the lamps which produce smaller pupil Iwnenslwatt up to three times of the incandcs- 
pupil sizes should givc bcttcr performance on this cent lalnpr 
task. As for thc visual clarity cxpcrimcncs, thc doubt. Corjld the author conimcnlon the optimum choice 
ful aspect 01 the pupil size explanation is that the between scotopic enrichmcnt and rclatrd lighting 
spectrum of light reaching the eyes of the subjects i s  criteria (rc-CRI) and dic opportunities of whitc HPS 
unknown because the subjects could v im botb lamps compared with standard HI'S lamps? 
cabinets or rooms simultaneously. As for the landolt J.TC van Kmmadc 
ring scarch task. given the absence of summary data Philips Lighting 
in the original papcr, it is difficult to judge the value 
of thc explanation. 

Whcrc this papcr becomes spcculativc is with thc Author's response 
suggestion that pupil sizc can be uscd as a basis for 
comparing lamps for all types of applications A ma To AI- Lewis 
jor problem is that thcrc is no cvidcnce that changes Thc choice of any singlc V(X) is tolally irrelevant as 
in pupil s i x  affect suprathcshold performance Thc our dcscription rcquircs both a photopic rcsponx 
papcr docs refcr IO cvidcnce that pupil size affects and in addition a scotopic o r  rod sensitivity. In our  
visual acuity, for low contrast stimuli Smaller pupil study of brightncss perception, thc 10 dcgrec 
sizcs and thc associated improvcmcnt in  image quality obxrvcr was uscd and subxqucnt further iridividual 
at the retina might bc cxpcctcd to imp- visual pcr. su l~cc t  color adjustments for thc full-ficld condition 
formancc for a mk rqui t .ng rcdut ion dose to wcrc madc in ordcr to achicvc thc best color match for 
thrcshold but whethcr they would h a r  any effm at the full field of view. The results showed a large 
suprathcshold is opcn IO qucsdon. Until this point scotopic xnsitivitp and hcnce that rods wcrc con- 
is clarified it would be unwix to rush into a major re. tributing to brightncss judgcmcnu The piitrcipal 
evaluation of what constitutes dcsirablc lamp spccwa rcawn for introducing thc SIP ratio with the photopic 

componcnt givcn by thc 2 dcgrcc obscrvcr is that this 
LighfingJ?zxmrh On& function (2 dcgrcc observer) is uscd in most 

photonictric measuring dcvicer Sincq to our 
The author did show a nicc ovcrvicw of the in. knowledge. the availability of gmd quality reliable 

fluence of rod rcccpton .to thc s ix  of the pupil, scotopic filters is qucstionablr. it is functional to just 
Morcovcr Ihc pupil s i x  docs influcncc thc visual per- mcasurc I' and get S by multiplication by tabulatcd 
formance In his plea for scotopic cniichcd light ~ l u c s  of SIF. l h i s  is useful for lamps and surfaccs 
sources. the author sccs an opportunity to lower thc with broad spcctral responscs as these surfaccs will 
cnergy consvmpticn for lighting. Although the pupil preserve the SP ratios of the illuniinants. For surfaccs 
size effecu arc not to bc undcrcstimatcd in sclccting with narrow and sclccti>:c Zprctral rcsponscs, tltc bcst 
thc optimal light source for a apccific area. morc fac. procedure is to fold their m-xsurcd spcctral response 
tors such as ambiancc. color dctcction and discrimina pcr unit wa~c length with thc published values of V(X) 
tion. and the appearance of skin tones arc also impor. and V'fi). 
rant. To put i t  morc rtraiglitfonvardly: thc color Most previous studies did not considcr thc spcc. 
tcmpcrature and thc color rcndition required limit tium of illumination in studying visual performance 
t11c possibilities to scotopically cnrich thc spcctrum. When spectrum was includcd as in the rcccnt 

I n  our survey over a number of light sourccs. the dp Blackwcll study discusscd in the papcr. the  rcsults 
ratio is highly detcrinined by ihc  correlated color. w r r  iniost r;lsllg erplained i n  terms of the spect~al cf. 
temperature of the l ight  source. reaching alniosi 2 5  frrt on pupil sire. 
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The paper clearly statcs magnitude effccts of both 
pupil sizc and brightness pcrccption as applicd to thc 
original Visual Clarity studies. To mcntion again our 
results prcdict a 263 perccnt reduction in the test il- 
lumination whcn comparcd lor clarity b w d  on equal 
pupil size comparcd IO tlic mcasurcd avcragc value of 
258 perccnt reduction and for brightncss pcrccption 
a predicted value of 17 pcrccnt rcduction comparcd 
to thc mcasurcd 187 pcrccnt rcduction. While the 
Visual Clarity studics wcrc not controlled for in. 
dividual color equality, and pupil Jilr was not 
mcasurcd. the significant results of thox  studics 
follow reasonably and simply as a conxqucncc of 
visual scotopic scnsitivity. 

1 agree completely that binocular factors arc impor- 
tant in depth perception, but sincc we are considering 
depth of field in rclation to visual clarity and not 
dcpth discrimination. I fail to undcntand thc 
rcloancc of his comment 

Dr. h i s  is correct to point out that there arc 
studies that do  not show cffccts of illumination spec. 
trum on visual performance Studies by Smith and 
Rea' and Rea, Oullctte, and Tillc? looked for cNccu 
of lamp type and hcncc spcctrum on thcir @or- 
mance mcilSure The principlc reason t h e  studies 
failcd to show thc s p c N a l  cffcct rclatn to the method 
of analysis In  the Smith and Rea paper they averaged 
w c r  all contrasts studied which included both high 
and low confrasu. If thy had separated out the low 
contrast data or examined a contrast inunction term 
in their ANOVA, 1 bclicvc they would h a w  found the 
cffcct Similar considcrations apply IO the later study 
of Rea, et al. Perhaps a more intcmting case is thc 
work of B o y d  in the late 1970s on visual clarity 
cmploying his clcgant testing concept of miniature 
attic4ike of ice  scenes vicwcd by thc subjccu with 
thcir heads protruding through the attic floor. Thcrc 
arc aspccu of the Boyce study which might be ex. 
plaincd by pupil sizc cflccq but bccause his tasks 
cmploycd both near and distant vision thcrc is thc 
potential for a significant confounding condition. 
namely, that of the cffcct of accommodation for near 
vision tasks which is inevitably associated with pupil 
contraction. ThuS thc Boycc study has a known non. 
photic input to pupil sizc which wa not controlled 
and hence. makes tlic intcrprctation of his study am. 
biguous when based on thc pupil spectral cficct alone 
Thc aspccu of his study dcaling with achromatic e n  
vironmcnts is reasonably cxplaincd in tcrms of 
scotopic cffcct on brightness pcrccption which  might 
not tic affected by i h c  accommodation pupil 
synkinesis. 

I would agree whole hrartedly w i t h  Lewis's closing 
c o i i i i t i r n t .  Tlirrt. is c lcar lv  ~ P I V  a n d  rignific3nt 
ciidctic( 11,:11 clriiirs the x i c q u a n  o f  a sinslr inc l r ic  

1 0 1  K \  \ I .  III 1 k  / I l , , l , , , l , . I I I I I ~  tIIsIIIcm,,i: s<,<,cn \ \ , , , , l .r l'l'l! 

of photometry bascd on the CIE 1932 2 degree 
obscrvcr or any singlc replacement. 

Refmnccs 
&Smith. S.!V. and Rea, M.S. 1979. Relationships be. 

tween office task pcrformancc and ratings of fcclings 
and mk evaluations under differcot light sources and 
levcl+ P ~ M  CIE 191h sLuia:207-211. 
h Rea, MS.; Oucllette. M.J.; and Tiller. D.K. 1989. 

Thc cficcu of luminoiis surroundings on visual per- 
formancr. pupil sizc and human prcfcrencc J o/ Ihc 
IES 19(nu2). 
c Boyce. P.R. 1977. Investigation of the subjective 

balance bcwicen illuminancc and lamp color proper- 
tics Lighfing Ramrth und Tuhnolog) 9:11.24. 

To P. Boy- 
I take Boyc& comments to mcan that he is in 

reawnable agrccmcnt on the findings that there is a 
significant scotopic sensitivity of the human visrial 
systcm at typical interior light lcvcls, but with a con- 
ccm ovcr whcthcr thcrc arc consequences for lighting 
applications, especially for conditions considcrcd 
normal for working indoor cnvironmcnk These con- 
itions arc prcnimcd to be the suprathreshold case as 
rcfcrxd to by Royce In rciponx to thcsc conccms, I 
mcntion again our study of brightness pcrccption 81- 

rid out at wall luminances of ordcr 50 tdm' which 
is certainly not a threshold condition and is a 
reasonable interior light IevcL lfonc oftlie end points 
o f a  particular lighting design is (0 provide a lcvel of 
brighmas appcaclncc in a neutral color cnviron- 
mcnt, thcn scotopidly richcr lighting will generally 
bc mort visually cflicacious per watt of clcctric powcr 
whcn comparcd to scotopically dciicicnt lighting 
Thus from dic point of v i m  of brightness pcrccption. 
there is dcfinitcly a bcncfit at suprathrcsliold condi. 
tioni From thc morc prccix quantitative view, at thc 
prcxnt t in i s  wc can only providc a rough cstimatc of 
thc brightness lumen. A morc cxactinq determination 
is prcxntly undcnvay in our laboratory. 

A xcond considcration o i  suprathreshold condi- 
tion is thc cffcct of pupil s i x  on drplh of field as cx- 
cmplikd by our intcrprctation of thc Piper study 
with which Boycc statcs his agrcemcnt. If depth of 
ficld is improvcd w i t h  smallcr pupils-is it  not truc 
that the l i t  and viewed cnvironment will appear 
clcarer or crisper with scotapically richcr lighting? To 
thc cxtent that clcarer three-dimensional scencs arc a 
dcsircd cndpoint of a lighting dcsign. scotopically 
richcr lighiing is again  preferred. Furthcrmors the 
quantitalive comparison between light spectruin and 
depth of field is given by tlic pupil lumen w i t h  the 
c n c r p  Ixnrf i ts  associated w i t h  t h i s  application ex. 
p i r s 5 I v  pin\ i ( I<d In 'fables 1 ar id 2 of o u r  p p c r .  
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Iloivever, as Iloyce states. i f  tlic end point of the en 
vironmental lighting is to provide a level oivisual per. 
formance for reading fasks, then thcrc appears to tie 
insufficient evidence among vision studies to confirm 
or dcny the concept of tlie pupil lumen as the unique 
metric of visual performance. In  that sense our con. 
triition of thr rinivcrsality of the pupil lumen could 
be sperulative depending 00 the outcome of studies 
still to he carried out. The most significant of these be- 
ing a separation oi pupil size and luminancc effects 
on acuity with luminances being typical of building 
interior conditions and with larger distances employ 
ing both near and far vision. 

I n  this regard. wc havc recently completed a study 
of twelve subjects which demonstrated the effect 
of pupil size on the recognition of orientation of 
a Lando1t.C (reported at the July 1991 Quadrennial 
of the CIE). l h e  C was prcsentrd on a CKT screen 
placed at the cnd of a short black tunnel but 
viewed at a distancc of 25 m. By varying the spectrum 
of the surround lighting at fixed luminance (63 
cdlm'). pupil size is controlled whilc thc tunnel con- 
dition allow the targct luminance to remain un- 
changed during the manipulations on pupil size One 
might expect that for the condition of small pupil s k  
performance might bc poorer bccwse retinal il. 
lumination would be rcduccd Howcvcr. subjects had 
smaller pupils with thc scotopically richer surround 
lighting and performcd bcttcr on the task Presently 
wc arc studying pcrformancc on this task whc6 the 
surruund lightings arc adjusted so that subjects have 
the same pupil sizc for the two different s p e d  il- 
luminants In our study, this means that there is a fac. 
tor of IS between the photopic luminance of the two 
surround lighting conditions to be compared Since 
pupil size will be equal undcr bolh contlitioas our 
hypothcsis is that pcrformancc will also be the same 

Concerning the studies on visual clarity. Boyce has 
mentioned that thc interpretation proposed here, and 
based on the spccual content of the room illuminants 
under view, is open to question hccausc the subjccts 
could have viewed the r w "  simultaneously. It is w e  
that the manner in which those rtudics were carried 
out prccludcd knowing whcre the subjccts fixated. 
Ilowevcr, subjects werc instructr,l to compare the 
scenes-and were not instructed to view Ihe scenes 
simultaneously, cspccially dichoptically or with one 
eye on each of h e  sccncs. Sincc thc lighting of Ihe two 
scenes compared was not grossly diffcrcnL it i s  just as 
likely that subjects vicwcd on scene and then thc other 
each binocularly. The rcsiilts o i  thc visual clarity 
viewcrs when compared quaotilatively u.illi our deter. 
mination of thc pupil lumen and thc approximarc 
brightness lumeii are in excellcnt agreement w i t h  our 
nUtnerical predictions. l'erhapx t h i s  result is for. 
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t t i i tour ,  bill taken togcthcr with o u r  otlicr findings i t  
certaitily cannot be disniisscd. 

'The ~utcincnt made by Dr. Iloyce on  the Blackwell 
study appears somewhat biased. It is true that the raw 
data are not included in Blackwell's report. however, 
he states explicitly the algorithms that were applied to 
the dau .  I t  is stnightforward but possihly tedious 10 

conclude that tlie 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. 
lary manner from tlic eKects of the different lamp 
spectra on pupil size 

The question of meaning and significance of 
suprathrcshold effects is a complicatcd issue deserv- 
ing a separate papcr. However, the followiug illustrates 
the vacuousnes of the suprathreshold crowd. Con- 
sider a pcrson at the optomctrist's office for a n  eye cx- 
amination to test the need for spcctaclcr Thc paticnt 
is asked to read the letters on the eye chart  €le or  she 
sees the largc E at thc top and statcs "I can see the big 
E clearly, spcctacles arc unnccessa$' The opt~metr is t  
asks the paticnt if he or she can x c  tlie other rows on 
the chart and the patient rcplicq "1 never havc to look 
at anything but big FA" The optometrist arks "But 
wouldn't you like to see all p u r  Es very cricply with 
nice sharp cdgcs and corncrr'" Thc suprathreshold 
crowd answcrs "no*' but most of thc rest of the world 

Perhaps a goal of good lighting design is that 
it should bc bcncficial to a large majority of u s e n  
If thcrc are many individuals in  ou r  intciior 
environments who arc working with less than opti- 
mal refractive states such as not wcaiing spcctades 
men though thy should. h e n  cvcn a small de- 
crease in pupil six could be kncficial. If this could 
be provided at less or  compxrahle cost-is it not 
worthwhile to further evaluate the lighting bcncfiu of 
scotopic scnsitivity? 

To J.TL van Kcmemade 
If a task has a specific chromatic demand. i t  is possi- 

ble that the scotopic quality of tlic lighting may not bc 
of rclcvancc Howcvcr, thcrc is a strong positivc cor- 
relation between SIP ratio for a lamp with whitish 
light and both TC and CRI. Thc figures bclow show 
th is  for somc commonly uscd lamps. 

The whitc HPS lamp is definitely an improvcmcnt 
when compared to thc earlier versions of €IPS lamps 
on all accounts i r .  Si? ratio, Tc. and CRI. Howcvcr, 
in terms of spectral quality. the wliitc HPS is not as 
high as the Thalcum.dyproscum MI(. 

When compared to incandescent, tlic whitc IlPS is 
much better i n  terms of equivalent pupil lumens t han  
the oldrr 111's lamps. The PMCI amount can be deter. 

JOUKNAI. of thc I l lumln i i ing f:nq>nccr!nR S w i c n  \Ciutcr IW? 

answers ")d 
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mined i m  I IlODiC . men per wail ratio, in. 
cluding the ballas; for the HI'S and then factoring in 
their relative pupil lumens. 

. I " 
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Despite Different Wall Colors, Vertical Scotopic 
Illuminance Predicts Pupil Size 

- 
' I I I I S  rm:x WAS i"xNri:i) AT 

W E  I Y W i  lESNA,\NNU,\I.(:ONFEREN(:E S. M. Berman ( I ) ,  D.L.  Jewett (21, B.R. Benson (2), and T.M. Law (2) 

Introduction 
Illumination recommendations for building interiors' 

are often hased on criteria such as visual performance, 
hrightness perception. and visuiil comfort. hut not upon 
spectral power distributinn (except ac related to the 
color rendition index) .I However, because of the visual 
consequences o f  scotopic sensitivity, illumination specifi- 
cations that neglect spectral effects may be less than opti- 
mum in terms of vision and/or hrightnes perception.' 
We have previously shown that the spectral response of 
pupil 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 illumination.' These cffects are manifested 
when the lit environment is viewed in full visual field. the 
typical viewing conditions for occupants of building inte- 
riors. Conversely these effecw are not observed if the 
visual field is confined to small angles. which is the p r o  
cedure used in the determination of the photopic V ( h )  
function. Since the V(A) 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 subjecu (ages 
20110 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 conditions of the previ- 
oils study. The room had spectrallv flat white walls and an 
unpainted natural wooden floor. The infrared pupi- 
Inmeter partially ohstnicted ahout l steradian of the total 
f i i l l  field ofview (2n sr). Eitht-r a small fixation spot locat- 
ed 0 1 1  the front wall or a small low luminance TV was 
viewed hy the seated wbjecw. who leaned slightly for- 
wird while plxing their heads o n  a chin rest. 

Eiiiplo!ing a wide mriety of Iluorescrnr lamps of dif- 
krt-nt sprctI':i, we eswblished that photopic and scotopic 
spt-ctnm tombined in a particular manner to provide 
the pupillary spectral response when the luminance 
nnge was restricted io lir hetween 20 c d / m ' - '  and 300 
cd/ni'-'. The spectral respniise was deteniiined hv express- 
ing the diii:i fhr the a\ri-nge pupil ;\rea (:\) in the fonn 

59 -4 

1ogA - c-n(k,gS)-h(k~,gl ')  = c - ( / ~ t l ~ ) k ~ ~ ( I ' ( S / P ) / ~ / n + b l  

whrre S a n d  P were thc scotopic and photopic lumi- 
nances of a control area on the front viewed wall and 
a.b.c a re  constan& fitted t o  the data. The qiiantity I' 
(S/P)a/ath we refer ti) xs pupil lumirianrr. The expw 
nent (a/;itb) was empirically dctci-milled frnm our d a ~ i  
to h a v e  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 eflicacy of lighting to influence visual 
performance is hest evaluated by piipillaiy illunlinance 
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 equal 
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 
efliciency for a lamp combined with a wall color. 

Methods 

Subjects 
NI prncedures were approved by the Human Use 

Committce at the University of California. Berkeley. 
Twelve female arid five male srtbjecL5 who responded to 
local newspaper advertisements and college postiiigs 
were stridierl. They ranged i n  age frnm 23 to 47 yeai-s, 
with a mediati age 013.1. Fourteen of the subjecu did not 
use spectacles or  contact lenses. while thiee wore contact 
lenses or gl;uses and wei-e tested while wearing them. All 
suhjects uvre determined to have Snellr:ri acuity of hctter 
than 20/31). as trsted Prior to testing. subjecLc were 
screened by questionnaire regarding unusuiil sensitivity 
to light. and fnr pupils unresponsive to added peripher- 
al light. N o  subjects wele excluded from the study 

Pupil size recording an AX. Model 425OR remote 
Eyeti-arker:Pripilomerci' was used to nieasure suhjects' 
pupil sim ~ i n d e r  ihc conditioiis nf  the experiineni. The 
instrument nir:rsures pupil (li:tmuier (Iioriroiitallv xross  
tht. pupill at  :I miipliiit: rat? of60 Flc.  The . U L  E4OOO(V. 
.l.SW!OB) sofnv:u-t. packngr was risetl io coiiirol ihc piipi- 
lometer ;itid send pi ipi l  di;iiiieter ; i d  p,)int nf gare infor- 

l O L R X \ L  < > I  ilir Illttiniiiiiiiiip Eii~+eiiiig S ~ n . i \  SIIIIIIIICI I!W7 
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2.8 m 

2.4 m . ... 
figure 1- Dnwktg of the simulated office showing subject position, fluoresceill Inmya. diffuser, iereoa ~~creew, s m d  screen calor lelevi- 
sion, ASL pupilomelcr, and LMT phoiomerer head (mal lo sale). 

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 took 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 ft, 3 inches). A specially designed lamp fixture 
coiitaining 24 fluorescent lamps (F-tOT12) controlled in 
pain by 12 high-Frequency, solid-state dimmable ballasts 
provided lighting for the room. The lamps were mount- 
ed horizonwlly at a 45 degree angle from the wall, above 
and behind the subject (Figure I ) .  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 
controlled by computer. 

The lamps were chosen because of commercial avail- 
ability and significant scotopic differences in spectra: a 
scotopically rich daylight lamp and a scotopically defi- 
cient lamp. The correlated color teinperatures (CLT) 
were 7500 ' and 5000 "K respectively. The scotopic-te 
photopic ratio of the lamp specrra w x  S/P = 2.40 for the 
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scoropically-rich daylight lamp and S/P = 0.97 for the 
scotopically-deficient lamp. 

l h e  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 B5l0 photometer. The  study was conducted at two 
nominal vertical illuminances of 64 and 108 photopic Ix 
(6.0 and 10.0 fc) for each oE the two lamp types. 
Because of lamp thermal effects, the actual vertical illu- 
niinanccs differed slightly; actual values were used i n  
the data analysis and in the figures. Each of the illumi- 
nani conditiniis were studied with e : ~ h  of h e  fonr dit- 
ftreiit colored walls. 

Visual field 
The color of the vertical walls surrounding the subject 

were controlled by motor driven Lutron "Serena" 
screens," allowing for changes from one wall presenta 
tion to another in about I5 sec. Three meiers of the 
front wall as viewed bV the suhjects were covered by ow 
1.5 by2 . l  m high weens.  while the sick walls cach h x l  i~ 

1.5 b y  1.8 m l l l i i t  Ifiguure I ) .  Three colors and i in open 
setting (csposing the white  walls bchind the screens) 
were chosen to give markedly different specr~i l  
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Wavelength (nm) 
Figure 2-WPU ~ p e c t r d  power distribution lo r  the seotopicrlly-rich 
daylight lamp urd lour w d l  surfreen. The chromaticity coordirtea 
for a Itn degree standard observer are rbo given. 

reflectances. The colors were sky blue, sand, and a red. 
dish brown referred to as ghurka. The wall spectrum 
(measured directly above the N) under the different 
illuminanu. 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 S/P ratio obtained 
by meawing  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 chamher 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. Wrh rhe 
room lighu 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 eye posi- 
tion nith the movie showing and the room lighu on 
ranged from 35 cd/m2 to 220 cd/m2 while the lumi- 
nance of the wall to the right of the TV ranged from 15 
cd/m' to 56 cd/m2 with the lower values associated with 
ghurka and sky walls when the vertical illuminance at 
the eye was set a t  64 Ix and the higher mlues 1,ith the 
white and sand walls when the vertical illuminnnce was 
set at 108 Ix. 

Testing procedure 
The subject had a variety of bland (nonemotional) 

nio%ies to choose from. Subjecu were seated i n  J com- 
Ckahle chair in the experinlenral chamhcr ;ind famil- 
iarized wi th  the equipment. The renioie pupillometer 
Sucus and eyetmck positioning were ihen x I J u s t d  and 
calihrrited. :\ he;id-mountPd e;irphorie/niicrophone 
iiiiercoiii svsiein was used hehvrrll the suhject imide the 

Wavelength (nm) 
Flgure 3- Wall ~pectrd power distribution for Lhe scotopically- 
deficient lamp m d  lour wall sarfacea. The chromaticity coordi- 
nates for a ten degree ilandard observer are also given. 

chamber and the rescai.clier ouuide. 
During each condition. the lighting levels were adjnst- 

ed and then the subject was given a minimum of 2 niin 
to adapt to changes in the surround lighting and Serena 
screens. After the adaption time, pupil diameter data 
were recorded for 30 sec. 

Presentation seqiience 
Sixteen conditions were tested, with each condition 

consisting of a lanip type (scotopicallydeficient or  scw 
topically-rich lamp), a light level (64 or 108 photopic Lx 
of vertical illuminance at the eye), and a wall color 
(white, sky, sand, or ghurka). A subject was presented 
with three seui 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 w i t h  
in a tolerance of a few lux at the start of each condition. 

Subjecu were permitted rest periods on request to 
minimize suhject fatigue or boredom. A testing session 
for a suhject lasted aborit 3 hrs. 

Data analysis 
Piior to statistical malysis, 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 meawres were uials 
(3). lamp t p e  (?),wills (4). and lamp level (high, low). 
The log photopic arid log scotopic values of vertical illu- 
minance were u-entcd as cowriates. We used the BMDP- 
5V statistical ai\al>xis program. N o  attempt wa.s made to 
include higher order powers of the log vertical illumi- 
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figure &Graph of mean pupil area for Lbe 11 subject n h e  mean 
rertical realopic illuminance as measured at subject eye level. T h e  
16 data d u e s  ye the rerulu for Lhe hvo I m p  type*, four wnll COI- 
om, nnd two lrreb of vertical photopic illu"ce at the subject's 
eye. The mean pupil area wsl  calculated from the average of Lbe 
log pupil area. 

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

Results 
Based on our previous study of the specual 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 wa.s confinned by 
these expenmenu, 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 
men1 with our previous study. The AYCOVA procedure 
based on the hypothesis that 

In A - a - b ( h  S) - c(ln P) 
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UZLUMINANCE-PHOTOPIC LUX 
f i ~ m  E- Cnph of meon pupil m a  lor the 17 subject runpla *P he 
meal wdd photopic illuminnncr IP m e a m d  a i  pubject rye level. 
The 16 data d u a  aye dre d u  for &e hvo lamp typep. low d coL 
OR, and two levels of vertical photopic illuminance st Lhe subject's eye. 
The mem pupil -a wu derived f" h e  avenge of the log pupil 
-1- ?be difSemn1 d u e  of photopic i l l u "  a i  the n o d  
rad 64 or 108 Ix oc-d due to l a p  h c d  etTecu (see lext). 

topic component that is not statistically significant. 
Establishing the statistical significance of such a small 
photopic component would require a much larger sub- 
ject sample. In the model where both log scotopic illu- 
minance and log photopic illuminance were the covari- 
ates, the ANCOVA procedure was also used to investigate 
possible additional interaction tenns bctweeri scotopic 
illuminance and lamp type as well as photopic illumi- 
nance :itld lamp type. Thesc possible intemction eKccrj 
were hotti emlrraled as not significallt ( p  = I):l and 0.6, 
respectively) and hence these covariates were adeqitate. 
While die scotopic illuniinance explains the pupil arras 
observed (Figure 4),  the photopic illuminance alone is a 
much poorer predictor of pupil size (Figure 5). The dam 
plotted in figures 4 and 5 are listed i t 1  Table 2.  

where A is pupil area and a,b.c are fitted constants, yield- 
ed the result a = 4.32 (tO.11 s.e.), p<O.OOOO; b = 0.93 
(tO.01 sc), p ~0.0000; and c = 0.02 (tO.02 s.e.)* (p = 
0.38). The Wald test of significance of the covariates 
yielded for the scotopic covariate (x? [ 1 DF] = 814, 
p<O.OOO) and for the photopic co\ariate (x? [ I  DFI = 

0.78. p = 0.38). This analysis shows a uend in the ph* 
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Pupil efficacy 
Figure 6 is a plot of rhr mran pupil arc1 for the 17  

subjccB hncrion of la"q> power f o r  the eight con& 
Uons. L-lr111) P(n*'er lor  rhr eighr Isnip systenrs \vas drrcl- 
mined bv " w r i n g  r h r  light o r l tp~ t  when eirhcr rtre 
scotopicallv-[lcficirllt o r  scoropicallv-ricli lamps wrre 
o p c ~ l ~ r d  full h;illarc power. To . ~ C C O L I I I I  fm possible 
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Figure 6- Gmpb of m c m  pupil area for the 17 subject sunpie 
the power consumplion. Ballast power md efficiency have t e n  
accounted for in the values of lamp power (see 10x1). 

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

From F w  6 ,  where the line joining the data poinu 
arc for a given uall color, it can he seen that in the 
regions of overlapping power. the scotopically-rich lamps 
produce much smaller pupils for all wall colon even 
though in terms of photopic lumens per watt the SCD 

topically-dcficient lamp is 50 percent more eficacious. 
From the last column ofTahle I .  i t  can also he 

The data plotted in Figure 4 show values under the 
gliurka condition th:it appear to he systematically rhift- 
e d  by an amount which could he dur to :in error of 20 
percent in thc mrasured scotopic illuminance. We re- 
measured the ghurka S/P ratios. comparing the LMT 
photometer with the  Pritchard l980B scanning spec- 
trophotometer and fourid 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 siihjecls 

was mostly a c o m h m i o n  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 Ix), its lumi- 
nance as viewed by the subject in the presence of the tcst 
lighting was comparable to the luminance 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 w a  a con- 
found in the data that we did not control for. However, 
the vertical illuminance at the subject's eye from the telc 
vision in the pl-csence of the test lighting was never more 
than 1 pel-cent of the specified values of 64 or 108 Ix. 
Thus we expect this confound to add noise to the data 
but not to afFcct the general trend. Since we did riot cow 
uol for the illuminance of the television, which was the 
principal contributor to the foveal light, we were unable 
to determine any possible small contrihution of foveal 
photopic illuminance to pupil size. 

Because the four different wall colon range between 
bluish at one end and reddish brown at the other, a sin- 
gle lamp type set for a particular nlue of photopic illw 
minance providcd four ditrerent scotopic illuminances 
at the suhjects' eycs. 'Ihe values of vertical illuminances 
chosen are i n  the range of photopic illuminances ai. the 
plane of the eye in typical office conditions.12The size of 

seen that the power requirement to achieve a Table I-The S/P ratio for the lour xalls when illuminrced by either ccotnpir:ilyl dcR 
given level of scotopic illuminance is much de01 h p  0 or scolopically.lich lamp IC75). The S/P for file two I m p  5~ 
greater for the scotopically-deficient lamp r-0'97 
thaii for the sCoropicd\iy-rich lamp. vatying 
hctween 39 percent lllore for the sand w a l l s  to Condition Ilurninance per watt S/P Ratio 
108 percent more for the ghurka w d s .  

a given pupil size is also very esident in the c;j 
data shown in Figure 6. White walls are clear- c;j 
ly more eficacious in producing smaller C;3 Ghurka 0.579 
pupils for both lamp types. For exanrple. \\TV White 
rollghlv the same average pupil size is \\TV Sand 
achieved with the sand colored wall as the \\Tv sky 
white wall. bui the sand colored wall requires I\\\' ~ l ~ ~ ~ ~ k . ~  0.688 
at Iciw '15 percent more Iiunp power. 

2'40~-ctivr~. 

Photopic Vertical Watts per Scotopic 
Vertical Lux 

Lamp Wall (IX/W) (W/lx) . The impormce of wall color on achieving c i j  White 1.13 2.25 n . 3 ~  
0.750 I .90 0.702 
0.449 2.68 0.831 

" 0 8  0.830 
1.71 0.9 I 0.642 
1.18 0.87 ().!I77 
n .w 1.05 1.53 

0.8.1 I .7:1 

Sand 
Sky 
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Table Z-lbe m e w  pupil area. Scotopic illuminance. .nd photopic 
Ulumin.ncc d a h  lor R p r a  4 and 5. 
h n p  Scrcnn Average Scotopic Photopic 
w e  i c r ~ r i i  pupil drrx illuminance iltuminmre 

color ("'2) (1°K) (lux) 
whi le  13.01 144 64 

sky 12.61 I69 63 
sand 14.52 123 65 

whiic 10.69 239 106 

rand 11.70 203 107 
ghurka 12.30 221 107 

Chroma-75 ghurka 14.50 133 64 

sky 10.44 287 ion 

white 17.50 
sky 17.11 

Warm-while ghurka 
rand in .41 

whirc 

rand 
ghurka 

sky 

59 65 
67 64 
50 63 

19.13 55 65 
14.99 94 104 
14.29 112 107 
15.52 84 108 
16.32 90 107 

the viewed televison. subtending visual angles of 3 x 4 
degrees. is a lower limit when compared to Mlious self 
illuminating equipment such as VDTs, 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 scotopic 
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 lest room 
had white walls, we found a similar functional behavior 
of log pupil area but as a function of the log scotopic 
luminanceof the wall at a pointjust 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, measurenienu of luminance at various poinrs 
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 wall 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 he sand and ghurka walls. Because of these 
very diFferent luminance distributions and the exceknt  
fit of our present pupil sire daw, we can conclude that it 
is thevertical scotopic illuminance at the eye which is the 
controlhg independent vdriable. The slope obtained 
here of 0.39 2 0.01 with illuminance as the independent 
nriable agrees well with the slope of0.33 f. 0.16 obtained 
in the previaius study with luminance as the independent 

................................................ 
variable. The similar slopes for IWO dilTerent indepen- 
dent v;u-ialilcs is probably due IO [lie fact that in  h e  prior 
study with nearly unifortnly illuniinared white walls, the 
vet-tical illuminance at the eye wds 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 
elficacy nnly 62 percent that of the scotopicallydeficient 
lamp, so the scotopically-rich lamp requires 1.6 times as 
much lamp power to achieve equal photopic luminance. 
Yet. if the rnctric for indoor lighting is the visual function 
given by pupil size, the scotopically-rich lamp has equal 
efficacy to the scotopicallydeficient lamp with about IWD 

thirds of the lamp power. With such a large differ-ence (a 
factor of 2 . 5 ) ,  lhe choice of meuic should be based upon 
a thorough review of the lighting goals of any particular 
lighting design. 
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The authors are to be commended for their careful 
research into the lighting parameters that affect pupil 
size. The present study has assessed the effecu of not 
o n l y  lamp spectrum but also wall color-in other words. 

Discussion 
This research appears to be the usual, carefully con- 

ducted work that we have come 10 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 SCD 

topically-rich and scotopicallydeficient lamps used are at 
opposite ends of the fluorescent color temperature spec- 
trum and P/S 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 eficacy of the 
8OCR1/4100 K lamps, for example? The 7OCRI/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 ured in 
the research so far. In my experience, most people find 
even the C50 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; I 
don't recall. 

D. De Grarin 
Unifed Elecfric Cn. 

produce relatively equivalent pupil sizes 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- 
ifylng desired light output of particular lamps for specif- 
ic tasks. Have the authors considered ways of correcting 
the current V ( h )  function to account for this eKect-will 
the term 'scotopic' lux gain credence? Have they consid- 
ered use of retinal luminance, rather than illuminance a 
a more effective metric to account for pupil size and 
amount of illuminance delivered to the visual recep 
tors---or 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 illuminance in lighting design par- 
ticularly at illuminances (albeit photopically specified) 
above 108 photopic lux? Finally, d o  they plan more 
research to assess whether specifying illuminance in SCD 

topic terms results in  better, more accurate predictions 
of task performance as a function of illuminance? 

B.L.  Collins 

The authors present data which, in addition to their 
earlier work" and that of othersd.b 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 c o n m t  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 limited. 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 
olfces are well above the visual threshold.' The authors 
present no convincing reason to expect visual perfor- 
mance for such ~xks 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 n o  differ- 
ence on  high coiitrast tasks. such as rending normal- 
sized text.  . . '* 1 <\re Future studies 10 disprove this state- 
ment envisioned? 

Still, individual c a e s  of near-threshold visual tasks can 

Swnmer 1197 

: 

the enure visible xene  on pupil size. The paper clearly 
demonsuates that warm white light combined with warm 
wall colors requires the greatest amount of wrmge to 

~. 
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be imagined: persons with visual disability or medical 
examinations and procedures. For such situations. SCD 

topically rich light should present visual performance 
advantages, but so may other approdches. like magnify- 
ing lenses or task lighting. Which solutions are best? 
Until tested in the proper context, the lighting commu- 
nity will never know. 

The authon are encouraged to investigate the benefits 
of scornpically rich light within the context of "realistic 
conditions" and other potential solutions, and to test visu- 
al perf~irnrdnce. not just pupil size. Furthermore, they 
should review their work which demonstrates enhanced 
spectial effects with incorrect refraction' and use subjects 
with correct vision. Individuals with refractive errors 
would he 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. Bulbugh 
h s r e l o e r  Polytechnic Institute 
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effects on h i d o l t  C prrformance is enhanced by blur. 
a d  abolished by mydr~i;isis,,J,,/lhe l I5 '25(no. 1):42. 

Author's response 

To D. De Grruio 
The principal reason for choosing two v e r i  different 

lamps, in  terms of S/P ratio (or  its surrogate CCT), is tu 
demonstrate the effects wid1 a minimuin nu rnhr  of sub 
jects. 'The direction o f  effects would be as predicted 
when coniparing the 4100 ti CCL' lamp with the 3500 ti 
(;(:'I lanip, hut hecause the S/I' ratios of these lamps are 
f i d y  close i t  would take more subjects tu spccilically 
demonstrate a statistically significant etkct. Howrver, 
baed  on our study the 4100 K CCT lamp would be more 
rlticacious in tenns of its ability to affect pupil six. 

We agree with the discussor on the issue of optimizing 
both S/P ratio and preferred CCT. 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 illuminance, it  is measured by 
a meter developed by LMT which has an excellent SCD 

topic filter. 

To B.L. Colliru 
A number of specific questions have been posed 

which we answer in the order presented. 
We do not suggest that corrections to the V(L)Func- 

tion are necessitated by our work. Instead, photometry 
fur lighting piactice requires both photopic V ( L )  and 
scotopic V ( L )  sensitivity functions to predict optimal 
vision. Note that the use of the scotopic sensitivity func- 
tion V ( L )  provides values in scotopic units, e.g., scotopic 
lux. 

As we have shown in previous studies, retinal illumi- 
nance does not predict visual peifonnance, hcnce ic 
detcmrinadon for lighting practice would be of linlited 
value. Our studies on visual performance, which shou 
that smaller pupils are associated with better perfor. 
mance, are highly consistent with the proposition thal 
optical system aberrations are the limiting k t o r  on visu 
al function at normal interior light levels. 

The study presented here dcmunsuates that for a 
V D T  miironmetit it is [he scotopic illuminance at tht 

rye that lixes pupil size. In tenus of lighting pmcticc the 
must efficient way to achieve ;I given lrvel of visual per- 
t(mnancr is to optimize the scotopic vertical illumi- 
niince. .Although we did not sttidv  dues ahuve 1Q8 ph<> 
topic lux, the conclusion should holcl f i x  higher light lev- 
els. up to the point where pupil siLr reiichcs its ininiinuni 
vdur. Sincr we have previously ilt.monsu.nted t h x  pupil 
s i x  is h e  cunirulling Iictor in  srtung t l ~ e  liriiiis OII \isw 
.iI perfo1niiancr (;iciiiry .ind coutmt sensitivity), spccilv- 
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in6 the scotopic illuminance is the preferred perfor- 
mance metric in the Vl)T environment. 

With regard to future ilctivities. our research on these 
topics hics ended due 10 termination o f  DOE support. 
including plans for a rigorous field study of user prefer- 
ences related to scotopically enhanced lighting. 

To f. Bullotrgh 
The remarks presented do  n o t  address the validity of 

our study. hut are instead directed to theoretical ohjec- 
lions to the practical use of scotopically enhanced light- 
ing as related to iL5 effect on pupil size. The discusor has 
implied that threshold meaSurements are not applicable 
to klsks that "are well above visual threshold." Mk note 
thzt the discussor's viewpoint is at odds with experience 
of most patients at optometric examinations, where 
patient's spectacle prescription are determined. Even if 
the patient may not perform "near threshold" rarks, the 
optometrist does not have the patient judge the pre- 
scription on the Snellen Chart's large E alone. To the 
contrary, the smaller 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 rele\ant to 
drik4ng kUki!" Indeed, threshold is an objective measure 
of vision, well established as a valid predictor of \ision 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 SUI\ read blurred news 
paper headlines. 

Our statement that "differences in contrast sensitivity 
threshold makes no  difference on . . , reading normal- 
sired text" is analogous to "added 1.00 DS blur d l  not 
prcvent reading headlines." But reading highxontrast 
normal-sized letters is not the onlvvisual task that occurs 
undt-r interior lighting. A loss of contrast sensitiritv will 
le;id to loss of the suhtleties in any visual scene that con- 
tains tzq ing  shades of contrast. 

Given the widespread use of threshold acuity in 
optoinetw and psvchophysic5. we see no r e a m  why 
lighting resrarch should nor also me this iisefitl predic- 
tor. \$'e have determined that for tvpical interior lighting 
levels, vou will see better bv substituting rcotopically 
enliariced spectra at the same photopic level. 

There are 11 number of stiltenlents tn;~de h\ the dis- 
ciissor th;it ;ire in error. Contrarv to his statemellt that 
"the ;tiithorr hnve not contrnllrd pitpil sire in JII\ uf their 
sttidies." in .ill o u r  rtu(lies o n  \isu;il perfmn1;mce $\e have 

taken gre;it care a i t d  designed our test p ~ ~ t ~ c r h  to con- 
trol pupil size by separating the liglrtirig o f  the G L S ~  from 
the r o ~ ~ ~ i ~ / s ~ ~ r r ~ ~ i ~ ~ ~ ~ l  lighting. We h;we me;isiired the 
changes in pupil sire. and used each suhject as their own 
contrd (at a dilierent pupil sire). The p:ipers referred to 
by the discussor cover in detail our methods fo r  accom- 
plishing this, and ftirthermore show graphs of mean 
pupil size under the controlled conditions employed, 
The literature on pupil size etrects cited (references f-i) 
all use monocular artificial pupils. often wi th  paralyzed 
accommodation. hardly "realistic conditions.'' that the 
discussor recommends. 

The quotabion from our paper on the visual perfor- 
mance of elderly subiecu ("no direct correlation 
betwccn . . . changes in . . . pupil size . . . and contrast 
threshold change.") is not presented in iu proper con- 
text. In that study, all suhjects (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 pitpil 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 lor the suhjcct sample sire employed showed a 
trend but, because the correlation under considention 
was across subjects. we needed a larger number of sob 
jecu to reach significance. The discussor has inconecdy 
interpreted our discussion: there is no contradiction 
here, as can be arcertained by reviewing the publication. 
other than the discussor's summary. 

The discussor suggests "magnifgng lenses" for those 
with visual disability, This comment does not recognize 
that some vision problems cannot he  amelionred 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 tision deficiency that can only he partially a m e  
liorated with spectacles. Sucli eyeglsses pro\ide refrac- 
tive correction for specific distances. However, it is well 
known in vision science that is pupil size becomes small- 
er there is a diininishing need for accommodation; the 
reader can verifv that (pinhole viewing will obviate any 
need for accommodation). If lighting design can func- 
tion to reduce the effecu of presbyopia. this is surely use- 
ful. and also likely to he highly cost effective. The discus 
sor's preocciipnlioii with siiprathreshold visual perfor- 
mance as the solr niethod ofjiidgitig lighting rnav be the 
basis for failing t u  rccognire these benefits o f  altering 
spectrum. 

The disciissor sttggt'su t h a t  we "review" onr owi rvmk 
(reference I )  m d  t h m  "LIW suhjecu with corrected 
vision." This is rasih :icconiplisllcd. since i n  referrnce I 
our suhjects \wre i n  fact .  I-eh-;icrcd hv ;I licrnsed 
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optometrist. The subjecu 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 fully corrected young adult subjects. 
(The effect was even greater in magnitude in the same 
subjecu with added blur.) Since the data on  subjecu with 
correct vision are available in reference I, the results of 
the research somehow must already be in a "proper, and 
much more useful, perspective." The discussor states, 
"Individuals with refractive erron would be better served 
with eyeglasses than with scotopically rich light." Many 
individuals tolerate refractive erron of0.5-1.0 DS before 
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 d is  
cusor's comments why anyone must be limited to just 
one solution or another. 
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