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Dynamic Visual Acuity—Effect on Night Driving
And Highway Accidents

J.L. FELDHAUS, JR., Erlton, New Jersey

@IN RECENT MONTHS there have been several instances where an article titled
"Study of Visual Acuity during the Ocular Pursuit of Moving Test Objects" has been
very briefly noted in the optometric literature. This fine piece of research conducted
by Elek Ludvigh of the Kresge Eye Institute and James Miller of the U.S. Naval School
of Aviation Medicine, is probably the most important work relating to motorist vision
that has been completed in recent years. There is a relationship with the visual prob-
lems facing anyone in a moving vehicle.

The following quotation from the summary of the original report serves as an intro-
duction to the calculations and conclusions made herein:

"'Visual acuity may be measured during the voluntary ocular pursuit of moving test
objects. This visual function has been referred to as dynamic visual acuity. The ap-
parent movement of the test object is produced by rotating a mirror in the desired
plane of pursuit by means of a wheel and disk type variable speed drive. The range of
angular velocities utilized is 10°/ to 170°/sec at the nodal point of the tested eye. It is
shown that visual acuity deteriorates markedly and significantly as the angular velocity
of the test object is increased. It is shown further that the relationship between visual
acuity and the angular velocity of the test object may be described satisfactorily by the
semiempirical equation Y =a + bx’. It also is pointed out that individuals possessing
similar static acuity may differ significantly in their dynamic acuity. The possible
causes for the observed deterioration of acuity are discussed and it is concluded that
imperfect pursuit movements of the eye result in a continued motion of the image on
the retina. This motion results in reduced intensity contrast, which is a factor in pro-
ducing loss in acuity.

"It was demonstrated that the manner in which visual acuity deteriorates as the an-
gular velocity of the test object increases is similar regardless of whether the motion
is produced by moving the target vertically, horizontally, or by rotating the observer
in a horizontal plane, It was shown also that the semiempirical equation Y =a +
describes satisfactorily these three types of movement. It was pointed out that indi-
viduals having a low acuity threshold in the vertical plane of movement will be likely
also to have a low threshold in the horizontal plane. It was shown that although 5 to 10
foot-candles may be sufficient illumination when the test object is stationary, visual
acuity is substantially benefitted by increases up to 125 foot-candles when the observer
is rotated."

In the foregoing equation Y = visual acuity in minutes of arc, x = angular velocity in
degrees per second and a and b are parameters which have been determined by curve
fitting using the method of moments (a is a measure of the static visual acuity, bis a
measure of the dynamic acuity).

To a person driving a car, all objects outside of his car are moving with a certain
angular velocity, the nearer the object the greater the angular velocity. If 60 mph is
changed into angular velocity at various distances, there is a vast and rapid drop in
visual acuity for approaching objects. This could be a cause for the correlation be-
tween increase in driving speed and increase in accident occurence.

The article also points out that there is little if any correlation between static and
dynamic acuity—this means that checking the static acuity in relation to driving ability
is comparable to checking only the distance acuity in school children when their near
vision is very important.

1




For convenience, the subjects tested were divided into three groups, because the
dynamic acuity is not the same for all individuals. To some subjects visual acuity de-
teriorates very rapidly with increasing angular velocity, whereas in others the deter-
ioration is much less rapid. Table 1 gives the results of calculations changing the ve-
locity of an automobile in miles per hour into various angular velocities. In all cases
if the angular velocity is zero, the visual acuity is 20/20 Snellen.

TABLE 1
60 MPH 30 MPH
Distance  Angular Angular

to Object Velocity Visual Acuity Velocity Visual Acuity
(ft) (deg/sec) GR 1 GR 2 GR 3 (deg/sec) GR1 GR2 GR 3
1,000 5.0 20/51 20/48 20/38 2.5 20/51 20/48 20/38
500 10.0 20/51 20/48 20/39 5.0 20/51 20/48 20/38
100 41.5 20/64 20/54 20/42 24.75 20/53 20/48 20/29
80 . 57.5 20/73 20/59 20/45 30.75 20/54 20/49 20/39
60 72.5 20/96 20/70 20/52 40.25 20/59 20/51 20/41
40 95.5 20/154 20/99 20/70 57.5 20/73 20/59 20/45

20 131.0 20/317 20/317 20/121 95.5 20/154 20/99 20/70

\

These calculations indicate that when driving at 60 mph and looking at an object lo-
cated 20 ft from the car, the driver's visual acuity will be between 20/121 and 20/317
depending on how rapidly his dynamic acuity changes., When driving at 30 mph, look-
ing at the same object, his visual acuity would be between 20/70 and 20/150. There is
a definite advantage to reducing driving speed.

Further investigation by Ludvigh and Miller indicates that dynamic visual acuity is
greatly increased by increasing the illumination falling on the object of regard. Under
conditions of static vision, increasing illumination more than 10 foot-candles has little
value but increases up to 125 foot-candles are usable for increasing dynamic acuity.
This information should be very helpful in planning the lighting of streets and highways.
Here is dynamic evidence that the proper lighting of streets and highways, by improv-
ing dynamic visual acuity, may help to reduce the hazards of night driving. It seems
to indicate that roads cannot be illuminated too much to suit the human visual system.

In this age of increasing tempo, dynamic visual acuity—its measurement and impli-
cations—may one day replace static acuity in position of importance. Screening out
poor driving risks by checking their static acuity only, or increasing static acuity by
modification of highway illumination (with no regard to acuity in a moving vehicle or to
the increase of dynamic acuity produced by very high foot-candle levels), can no longer
be considered adequate.



Dark Adaptation Threshold, Rate, and
Individual Prediction

RICHARD G. DOMEY and ROSS A. MCFARLAND, Department of Industrial Hygiene,
Harvard School of Public Health, Boston

@ THE PURPOSE of this paper is to make a detailed study and interpretation of the re-
lationship between dark adaptation and age. Other studies (1, 3, 4, 9, 11, 12, 17, 19,
20, 21, 27, 30) have demonstrated an association between age and the process of dark
adaptation, but an attempt to estimate the extent of the change in the general population
from the existing data has proved almost impossible. This is true partly because the
experimental conditions, degree and time of presentation, intensity, and color of light
under which this phenomenon has been studied have varied widely from one age sample
to another and partly because those studies that have shown a relationship have depend-
ed on highly select samples that did not represent the general population (19). Such ex-
perimental groups have also varied in both composition and size. Furthermore, in
some studies an artificial pupil (21) or a mydriatic (23) was used, and in others they
were not (27).

The indications are that the range of individual differences in the dark adaptation
process as a function of age is considerably greater than has been supposed, and great-
er than any one study has demonstrated. Therefore, to obtain a better estimate of the
influence of age on the dark adaptation process the present study was conducted using a
much larger and more representative age sample of the population.

Among those variables which influence rate and the ultimate degree to which the
viewer will be able to adapt at low levels of luminance are duration and intensity of pre-
exposure illumination (26) and wave length (33).

The variables taken into consideration in the present study were (a) age, (b) dark
adaptation thresholds for 21 time intervals, and (c) the intersection of the cone and
rod curves.

In an alternative statistical study of the relationship of dark adaptation and age, Mc-
Farland and Fisher (ﬂ) stated that the dark adaptation curve itself could be described
as inversely logarithmic and therefore represented by the general equation

y=102*P% ¢ 1)

in which
y = ppl luminance;
a = initial level of dark adaptation;
b = drop time (drop time is generally taken to mean the amount of time requir-
ed to reach some predetermined level of dark adaptation);
X = time; and
C = the asymptote of the curve.

However, it is also possible to compute C (8, 21) by the formula

- P], X Pa - Psn
C-= P1+ P2 - ZZPsS (2)

in which
P, = a given value of the curve early in time, for example, the 6th minute;
P2 .= a value on the curve late in time, for example, the 30th minute;
Ps = a value on the curve midway between P; and P,; and
C = the asymptote of the curve.

3
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This method of calculating C, the asymptote of the rod curve, is generally applicable
to calculating the asymptote of the cone curve as well.
Hammond and Lee (12) stated that the dark adaptation curve can be represented by

LogI=2a+b/¢ (3)

in which
a = a constant, the general level of the curve at the asymptote,
b = a constant, the rate of adaptation; and
t = the time in minutes from the cessation of the pre-adaptation light stimulus.

In previous investigations the general procedure was to fit curves individually by us-
ing various formulas, and then identifying such parameters as the curve intercept,
cone-rod curve intersection, drop rate, asymptote of the cone curve, and the asymptote
of the rod curve. But dark adaptation is a phenomenon known to vary, relative to a
number of conditions of which age is one. It is now certain that as age increases the
curve is displaced upward on the y axis. At the same time the cone and rod segments
of the curve seem to pivot around their individual focal points near the intercept. The
pattern of displacement is extremely orderly.

It is evident that, if the age variable is related to the dark adaptation curve in some
lawful manner, then this function could be described mathematically. X this is so,
then it should be possible to describe the age curve family. However, this has not been
done.

Instead, at this time in the investigation of dark adaptation as a function of age, con-
ventional statistical methods in the study of the age factor were substituted for a more
mathematical resolution of the dark adaptation time and age interaction. This approach
established beyond a reasonable doubt that dark adaptation becomes a function of age.
For example, in 1955 McFarland and Fisher (21) used Eq. 2 for obtaining C and found
a correlation of 0.895 between age and C. Inasmuch as the sample of subjects used
was composed largely of aircraft pilots who were, by the nature of their occupation,
highly selected with respect to visual efficiency, a correlation of this magnitude would
not ordinarily have beenexpected. This is because restricted range of samples tends
to lower the magnitude of the conventional product moment, r. The results, r = 0.895,
failed to support their inference, because this correlation was one of the highest ever
discovered among physiological and psychological relationships.

However, the statistical approach did not fulfill the need for a mathematical model
of the dark adaptation, time, and age relationships. Consequently, a search for a gen-
eral equation was initiated. A model was constructed which made possible the accurate
prediction of the mean level of adaptation for any point on the time continuum as a func-
tion of age.

METHOD

Subjects

There were 240 male subjects. Thirty subjects were drawn from each decade rang-
ing from the teen-age level through 89 years. The total sample was composed of per-
sons taken from YMCA groups, college-age students, university faculty, taxi drivers,
unemployed persons obtained from the USES Agency, and retired men living at home
or in private institutions for the aged. All subjects were paid for their services, and
after obtaining the data, over one-half the subjects in each decade were then offered
and given a complete eye examination free of charge.

Apparatus

The instrument (_1_§) used throughout this study was the Hecht-Schlaer adaptometer
which had been rebuilt and recalibrated by the manufacturer. The research was con-
ducted in three different cities to accommodate aged persons for whom traveling was
difficult.



Procedure

After each subject was seated in the experimental room, his left eye was covered by
a patch, and his head was held steady in a head-chin rest. Vision was uncorrected.
The lights in the dark-room were turned off, and after a lapse of approximately 1 min,
the retina of the right eye was bleached by exposure to a standard 1, 600-millilamberts

TABLE 1
MEAN DARK ADAPTATION AS A FUNCTION OF AGE AND TIME LOG; ppl LUMINANCE!

Age 16-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89
(Years) M SD ™M __SD M __SD M __SD M _SD M _SD M _ 8D M __SD

0-59 Sec 6,93 0.30 6.78 0.41 6.95 0.32 7.03 0.26 7.06 0.26 7.21 0.24 7.49 0.58 7.67 0.13
Min

2 6.42 0.32 6,16 0.46 6.37 0.34 6,62 0.27 6.78 0.27 6.94 0.25 7.16 0.57 7.43 0.14
3 5.93 0.39 5.85 0.48 6.05 0.35 6.29 0.32 6.49 0.31 6.73 0.31 7.06 0,17 7.25 0.15
4 5.66 0.39 5.43 0.51 5.85 0.40 5.98 0.35 6.25 0.40 6.59 0.34 6.95 0,22 7.12 0.16
5 5.58 0.40 5.26 0.60 5,67 0.47 5.86 0,37 6.17 0.42 6.50 0.43 6.94 0.23 7.08 0.17
6 5.36 0.41 5.05 0.67 5.45 0.48 5.61 0.33 5.94 0.46 6.27 0.38 6.70 0.29 6.90 0.21
7 5.08 0.45 4.83 0.71 5.17 0.46 5.36 0,34 5,63 0.44 6.02 0.38 6.48 0.29 6.71 0.26
8 4,82 0.46 4.61 0.66 4.86 0.47 5.10 0.38 5.41 0.45 5.76 0.44 6.25 0.32 6.52 0.29
9 4,55 0.52 4.38 0.66 4.84 0,38 4.80 0.38 5.14 0.50 5.51 0.51 5.98 0.43 6.33 0,43
10 4.17 0.48 3.95 0.63 4.17 0.36 4,51 0.39 4.77 0.60 5.24 0.65 5.71 0.44 6.10 0,45
12 3.80 0.40 3.50 0.46 3.87 0.38 4.22 0.34 4,48 0.64 4.99 0.61 5.48 0.46 5.91 0.50
14  3.48 0.43 3.28 0.47 3.62 0.37 3,96 0.35 4.25 0.61 4.78 0.61 5.26 0.45 5.74 0.55
16 3.24 0.41 3.14 0.47 3.44 0.37 3.76 0.31 4,02 0.57 4.50 0,59 5.00 0.48 5.55 0.59
19 3.02 0.35 2.98 0.45 3.23 0.37 3.54 0.31 3.85 0.57 4.27 0.59 4.74 0.48 5.54 0.59
22 2,86 0.35 2.85 0.45 3.04 0.29 3.34 0.29 3.70 0.58 4.05 0.55 4.54 0.47 5.16 0,62
25 2.74 0.32 2.78 0.45 2.93 0.30 3.22 0.29 3,55 0.53 3,88 0.53 4.36 0.46 5.01 0.66
28 2.64 0.30 2.72 0.46 2.87 0.27 3.13 0,30 3.43 0.51 3.74 0.52 4.22 0.46 4.90 0,68
31 2,52 0.30 2.65 0.47 2.81 0.28 3.07 0.31 3,36 0.48 3.67 0.50 4.14 0.47 4.83 0.71
34 2,45 0.23 2.64 0.47 2.77 0.26 3.02 0.29 3.32 0.47 3.63 0.49 4,11 0.47 4.81 0.72
37  2.43 0.17 2.60 0.46 2,76 0.25 3,02 0.29 3.32 0.47 3.62 0.48 4.11 0.48 4,81 0.73
40 2.43 0.17 2.60 0.44 2.76 0.26 3.02 0.29 3.32 0.47 3.62 0.48 4,11 0.48 4.81 0.72

“The data for 0-59 seconds were not used in the statistical analysis since they were considered the least
reliable.

incandescent light source for 3 min. At
the end of the pre-test period, the subject 8
was exposed to a red fixation point 7 deg
right of center. The violet light test stim-
ulus of 1 deg (53.0 percent transmission
at 405 p) was then presented. The dura-
tion of each flash of light was ¥ sec. All
of the experimental measurements were
made by the same person.

The first observation was made within
the first 59 sec after the termination of
the pre-exposure light. Then, beginning
with the second observation, one reading
was taken every minute for the next 9 min,
every 2 min for the next 6 min, and every
3 min for the following 24 min.

~
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tween their terminal points increases geometrically from one age level to the next.
Table 1 also shows the standard deviation for each threshold to be exceedingly small.
The intercorrelations among age and thresholds are unusually high (Table 2).
Inasmuch as the curves for the 16- to 19-year old group and the 20- to 29-year old
group seemed to be nearly alike, they have been combined for the purpose of simplify-

TABLE 2

INTERCORRELATION OF DARK ADAPTATION THRESHOLD FOR EAC‘H TIME INTERVAL

AND DARK ADAPTATION THRESHOLDS WITH AGE

N 240—Age Range 16-89 Years

Min 3 4 5 6 7 8 9 10 12 14 16 19 22 25 28 31 34 37 40 [Age
2 087 08 83 081 079 077 076 0176 0175 075 074 073 073 071 070 069 069 070 0 70;0.71
3 09 96 094 092 090 088 087 086 085 084 082 082081079 079079 079 078|082
4 98 097 094 0982 090 089 088 0,87 085 084 083 082 080 079 0.79 080 0.80/0 80
5 098 095 093 091 089 088 086 085 083 083 081078 079 078 0179 0 79(0.80
6 097 085 093 091 080 0.80 087 085 085 083 082 081 0.81 080 081]0,79
7 098 096 093 092 091 089 087 086 086 083 082 082 082 082079
8 098 095 093 002 091 089 0.88 087 085 084 083 083 083[079
9 096 095 094 093 090 089 089 087 086 085 0.84 085(0 79
10 097 006 095 093 0.91 0,91 0.89 088 087 087 087079
12 0.98 097 096 094 093 0.92 0.91 0 90 0 90 0 90 [0 82
14 0,99 0 98 0.96 0 95 0.94 092 0 92 0 91 O 920 84
16 099 098 0986 0.96 094 093 0 93 0 93 (083
19 099 0.88 0.97 096 0 95 0 95 0,950 83
22 099 0.98 0 97 0 97 0 97 0 97(0 83
25 099 098 098 0.98 0 980 83
28 099 000 000 00890982
31 099 0989 0 99(0.82
34 089 0990083
37 0.891{0 84
40 0 84

'To be significant at the 0.01 level of confidence r should be 0 155 All the obtained correlations exceeded this value

ing the mathematical process which follows, although plotted independently in Figure 1.

Model for Dark Adaptation as a Function of Age

For the sake of convenience in examining the level of dark adaptation as a function
of age as well as time, the mean data given in Table 3 have been replotted as time

TABLE 3
DARK ADAPTATION AS A FUNCTION OF AGE

AND TIME LOGio ppl LUMINANCE

Age
Time 16-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89
30 sec 6.9294 6.7803 6.9492 7.0310 7.0590 17.2065 7.4874 7.6174
1 min 6.4198 6.1635 6.3834 6.6640 6.7873 6.9382 7.2554 7.4248
2 min 5.9346 5.6547 6.0472 6.2884 6.4988 6.7261 7.0634 7.2458
3 min 5.6602 5. 4286 5.8517 5.9818 6.2562 6.5894 6.9865 7.1198
4 min 5.5830 5.2672 5.8470 5.8701 6.1794  6.4937 6.9687 7.0748
5 min 5.3598 5.0480 5. 4505 5.6762 6.9549 6.2732 6.7029 6.9006
6 min 5.0760 4.8323 5.1558 5.4246 5. 6407 5.9269 6.2839 6.7056
10 min 3.8543 3.9493 4,1648 4,5095 4,8026 5.2064 5.7469 6.1104
16 min 3.2399 3.1413 3.4364 3.7780 4.2024 4,.5028 4.9947 5.55611
22 min 2.8718 2.8450 3.0387 3.3346 3.7404 4.0360 4,6035 5.2667
28 min 2.6422 2.7193 2.8611 3.1334  3.4973 3.7451 4,2207 4.9015
40 min 2.4272 2.6029 2.6945 3.0159 3.3459  3.6419 4.1043 4.8055

curves (Fig. 2). Here age has been entered on the x axis, and logi pp1 luminance en-
Each curve in Figure 2 represents the level of dark adaptation as

tered on the y axis.




a function of age at a given time in log
units. The slope of the curves becomes
greater as a function of age and time.
When plotted in this way, the data appear

as a family of positive exponential curves.

A suitable mathematical model (Model
A) of dark adaptation as a function of age
and time, as plotted in Figure 2, is as
follows:

f1(A)
Logy = G(Ct) (4)

A detailed exposition of the method of
derivation of this model can be found in
(9).
~ To evaluate the derivation two proce-
dures were devised.

Test Procedure 1. —1In procedure 1
Model A (Eq. 4) was used to reconstruct
theoretical dark adaptation curves. Then
the original data were compared with the
theoretical constructs. Bothsets of curves
are shown in Figure 3. Although thedark
adaptation level for the 80- to 89-year old
group was slightly overestimated, prob-
ably because of the concentration of sev-
eral cataract defects found in persons who
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Figure 3. Comparison of the original data

as shown i1n Figure 1 wath the reconstruct-

ed data obtained from Model A. Model A is

shown to fit the original data very close-
ly.
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Figure 2. Dark adaptation curves as a
function of time plotted against age.

were at the far end of the age range, no
serious challenge to the efficiency of the
derivation was found. The correspondence
of the predicted mean curves with the ob-
tained mean curves is unusually close—so
close that one could be substituted for the
other without effect on the interaction of
the age-time co-variables in the dark adap-
tation phenomenon. For instance, test re-
test dark adaptation data often vary by a
displacement of one~half of a log value.
Model A fits the present data with far great-
er exactness.

Because the theoretical curves so close-
ly resemble the original distributions, the
model was considered valid for the obtained
data. What remained was the need to test
whether the model could be generalized;
that is, extended to alternative independent
samples. Test procedure 2 was designed
to assist in evaluating this question.

Test Procedure 2. —A more rigid test
of the generality of the equations would de-
pend on demonstrating that the model de-~
rived from one sample predicted the per-
formance of other independent samples.
The present data were treated in the fol-
lowing way to enable approximating the ex-
ecution of such a test.




The second test procedure was divided into two parts: (a) one part for cone data,
and (b) one part for rod data. The reason for treating cones and rods independently
was to demonstrate that the stability of the model was not dependent on the method of
sampling.

TABLE 4
AGE GROUPS FOR MODEL B

Test Category (Cones)

Criterion Category (Cones) Decades
Decades (1) (2) (3)
16-292 ... ......... tesessscntssaasasaesnaans ceeccescesssscsscasssenseras cecan
cescssscsesecaans cesesesenans ceensene 30-39 . cestesisaans cesenas
40-49 ......... cessesacses certessassensassnseens crseseacens cesssassesnsesscnons
Ceteecaccetscstsscenassatansensestnsscrovecnsans eesees H0-59 LL.....ieen.nn
60-69 ....ciiciienciecnicnenencnnn Cecececescsssessasnasseacsassanesasnesasane
cesesescassesnae ceecessessassesessesaons cectecstsssssssarocssencane eee. 10-T79
80-89 ...... cerasans ceessssessacseenanaas ceecesseststsseasacsansasans

&The 16-19, 20-29 age groups were combined, hence the enlarged range, 16-29.

Test Procedure 2a for Cone Data. —The principle of testing the mathematical model
by deriving the data from one group and then predicting the performance of a second in-
dependent group was modified in the following way. There were 8 age groups. They
w)ere assigned to two general classes: a criterion category, and a test category (Table
4),

TABLE 5
AGE GROUPS FOR MODEL C

Test Category (Rods)

Criterion Category (Rods) Decades
Decades D 2 (3)
e reeeeeaeeiaaes 162207 i
30-39 ....eciiecnennee Ceeeeveescsasraseansasanes eeerveanonanas cevecessseanne

40-49 ......... tesecesessessenacteasattsanenes
60-69 ....c.ceireerocccncnratacianannne caseccssnons
R R T ceee T0-T9  L.iiiieiiiiians

e R R ) ceesesaee. 80-89

8The 16-19, 20-29 age groups were combined, hence the enlarged range, 16-29.

Then using only the data contained within the criterion group, a second model, Mod-
el B for cones, was derived independently from Model A. Therefore, there remained
three independent test groups, the data from which did not enter into the construction
of Model B, and thus could have in no way influenced the new Model. Special attention
is called to the fact that the age ranges of the criterion groups are different from the
age ranges of the test groups.

Test Procedure 2b for Rod Data. ~In the procedure applied to rod data, the age
groups were assigned to two categories, a criterion category and a test category, in
the following way, as given in Table 5.
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Then, using only the data contained within the criterion groups, that is, the middle
50 percent of the age range data, Model C for rods was constructed. There remained
three independent test groups, all at the extremes of the age range distribution. The
age category 16 to 29 contained 25 percent of the scores, and each of the age range
categories, 70 to 79, and 80 to 89 contained 12. 50 percent of the scores, respectively.
Thus, one-half the data were used for deriving Model Cfor rods and half for test scores.
Once again there was no modification
of the form of the model and practically
no change in the coefficients and expo- o5 MIN
nents larger than would be expected with- 800 CONES

in rounding error (9). ,,M 2MIN
It follows that Models B and C are vir- :"’/‘:// CONES
tually identical to Model A, not only in soor- 10 MIN

. s ROOS
form but in coefficients and exponents as

well, Since Model A fits the data with /.///t/‘%%:'s"
great fidelity so will Models B and C. 400 — P
/ MODELS

Hence, Models B and C will predict the
scores of their representative test groups,

L0G,o spu! LUMINANCE

which are for the cone model the mean 200} Axa
scores of age groups 30 to 39, 50 to 59, 8:0
and 70 to 79, and which are for the rod Cxe
model the means of the age groups 16 to ot - & L o 5
29, 70 to 79, and 80 to 89,
To demonstrate the similarity among Figure L. Comparlsgns of Models A, B, and

Models A, B, and C, the curves for all

ages at time intervals 30 sec, 2, 10, and

28 min have been calculated, using Mod-

els A, B, and C independently. Reproducing the entire range of curves for each model
would be redundant, since any possible differences found among the models would re-
main constant, or approximately so, and thus would be as easily shown at one time in-
terval as another. The graphic results are shown in Figure 4.

Rate of Dark Adaptation as a Function of Age

To simplify the mathematical technique in the following analysis, Model A has been
used to derive rate of dark adaptation that would appear at the mean ages of 10, 20,
30, 40, 50, 60, 70, 80, 90, and 100 years. The original data, through the use of the
model, have simply been extrapolated to ages 10, 90, and 100 years. Since all the
mean ages exist within the boundaries of the model, no mathematical rule has been
broken when these are substituted for the actual mean ages, which are 19.7, 34.2,
44.3, 54.2, 64.2, 75.5, and 83.9.

The equation of the cone curve was differentiated 1n order to obtain an equation for
rate of dark adaptation. Thus,

£1(A) £1(A)
R-= (G(Ct) ! ) ((Ct) ' )fl(A) In G (5)
—

The data for rate of dark adaptation at the 30th second and the 6th minute for mean
ages 10, 20..., 100 years are given in Table 6 and shown in Figures 5 and 6. When
the dark adaptation rate data were plotted as a function of age the resulting distributions
were curvilinear.

Individual Prediction

However, measuring dark adaptation sensitivity near the asymptote of the function
requires between 30 to 40 min. In situations where it would be highly desirable to ex-
amine and screen large numbers of persons a test of this length would be impractical.
Therefore, a short test of dark adaptation predictive of thresholds near the asymptote
was developed as recognition of the importance of this phenomenon has grown.

Intercorrelation Between Age and Dark Adaptation Threshold at the 40th Minute. —
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TABLE 6
RATE OF DARK ADAPTATION

Logio i1 Luminance/Min

Mean Age Time, 30 Sec Time, 6 Min
10 -2.13237 -0.1241
20 . -1. 95500 -0.1208
30 -1.76747 -0.1166
40 -1.56913 -0.1114
50 -1.35980 -0.1051
60 -1.13860 -0.0973
70 -0. 90500 -0.0881
80 -0.65833 -0.0769
90 -0.39790 -0.0636

100 -0.12346 - -0.0480

Age was correlated with the dark adaptation threshold at each of 20 time intervals. To
illustrate: age was correlated 0.71 with threshold sensitivity at the second minute of
adaptation, 0.82 with the third, 0.80 with the fourth, etc. The greatest degree of cor-
relation of threshold with age was 0.84 at the 37th and 40th min (Table 2). However,

a correlation of 0.84, though indicating an extremely close relationship between age
and dark adaptation threshold, was not considered to be adequate for predicting sensi-

tivity thresholds for individuals.

Intercorrelations Among Dark Adaptation Thresholds. —Each dark adaptation thresh-

old at each of 20 time intervals was correlated with all other thresholds. Since age
was included as an independent variable the result was a 20 x 21 correlation matrix

CURVE A SHOWS THAT RATE OF
DARK ADAPTATION DECREASES
AS A FUNCTION OF AGE.
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shown in Table 2. All correlations were
highly significant. Table 2 shows that the
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was 0.69 to 0.99. The extremely high intercorrelation among thresholds, for exam-
ple, at the 0.99 level, often was dependent upon the time relationships among thresh-
olds. For instance, it would be expected that the thresholds obtained during the 14th
minute would be highly eorrelated with thresholds taken at the 16th minute, and they
were, merely because during that 2-min interval the dark adaptation thresholds changed
very little. Nonetheless, the correlation between the 12th and the 40th minute thresh-
old, far more remote in time, was also 0.90. This was large enough to permit indi-
vidual predictions of the 40th minute threshold from knowledge of the 12th minute
threshold alone, regardless of age. On the other hand, when the age variable was cor-
related with dark adaptation thresholds, the maximum amount of correlation was not
high enough to permit predicting final thresholds for individuals.

The intercorrelation matrix shows the relationships among threshold or between
age and thresholds at a given time. It does not show what the relationship would be
were the intercorrelation of thresholds and the intercorrelation of thresholds and age
statistically combined and handled simultaneously as conjugate variables, Theoreti-
cally, combining both variables should have resulted in increasing the predictive pow-
er of the data by a substantial margin. This was shown to be correct.

Multiple Correlations Among Age and Dark Adaptation Thresholds. —The develop-
ment of a short test of dark adaptation depended on the degree to which age combined
with several thresholds obtained during the first few minutes predicted thresholds re-
mote in time. Since the dark adaptation process is nearly complete after 40 min, the
thresholds at the 40th minute were arbitrarily selected as those remote in time to be
predicted. Thus, threshold sensitivity at the 40th minute became the criterion.

Since the S.D. est.) a8 well as k, the coefficient of alienation (k equal to the square
root of 1-r® or R”, inCreases rapidlyasror R decreases, the error of prediction for
individual scores increases rapidly when r or R drops below 0.90. Therefore, the i-
dentification of the time interval conjoined with the age variable at which R reached at
least 0.90 became the statistical objective. ;

In cumulative succession the thresholds obtained at time intervals 2, 3, 4, 5, 6, 17,
8, 9, 10, 12, 14, 16, 19, 22, 25, 28, and 31 min were combined with the age variable.
Then the multiple correlations were calculated from the regression equations for each
of the age-time combinations. The results are given in Table 7 which also contains
the coefficient of determination, r and R?, the beta coefficient for the age variable,
and the standard errors of estimate, S.D. (gg¢.)-

Combining the threshold variables with age in cumulative succession resulted in a
steady increase in the correlation with the criterion until at the 10th minute of dark
adaptation r equal to 0.9074, the minimum value making individual predictions tenable,
was reached. Thus, at the 10th minute age plus all the intervening thresholds corre-
lated 0.91 with the criterion, that is, the threshold values at the 40th minute. There-
fore, it is evident that a short test of dark adaptation could be administered in 13 min
including 3 min of pre-exposure to the bleaching light plus 10 min of testing thresholds
every minute from 2 through 10 min. The 3-min pre-exposure could be reduced somewhat
if the intensity of the pre-exposure light was increased. However, the effect of chang-
ing the intensity of the bleaching light on the statistical relationships characteristic of
the present data would have to be experimentally determined.

Application

The following illustrations will show in detail how the statistical procedure can be
used advantageously.

The Prediction of Mean Threshold at the 40th Minute. —The general regression e-
quation is as follows:

T 40 = Bo + b1(A) + b2(t1) + b3(t2). . . bn (tn) (6)

in which
T40 = the criterion; the thresholds at the 40th minute-—the predicted threshold
value;
Bo = the unstandardized regression coefficient for the multiple R;
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bl = the unstandardized regression coefficient for age;
b2 = the unstandardized regression coefficient for threshold at time equal to

2 min;
b3 = the unstandardized regression coefficient for threshold at time equalto 3 min;
A =age; and

t = mean threshold at time x (Table 1).

TABLE 7

MULTIPLE CORRELATION OF AGE PLUS DARK ADAPTATION THRESHOLD
FOR 17 SUCCESSIVE TIME INCREMENTS WITH 40th MINUTE
: THRESHOLDS, THE CRITERION

Variable Variables Contained

Order in the Multiple R r R R Beta  S.D.(pgt )
1. Age 0.8378 0.7020 0.84 0.48
2. Age plus threshold

. at 2nd min 0.8498  0.7222 0.46

3. and plus 3rd min 0.8577 0.7356 , 0.45
4. ‘and plus 4th min 0.8604 0.7403 0.45
5. and plus 5th min 0.8612 0.7418 ‘ : 0.45
6. and plus 6th min 0.8741 0.7641 . 0.43
7. and plus 7th min 0.8797 0.7742 0.42
8. and plus 8th min 0.8862 0.7854 0.41
9. and plus 9th min . 0.8960  0.8028 0.39
10. and plus 10th min 0.9074 0.8234 0.37
11. and plus 12th min 0.9173 0.8416 0.35
12. and plus 14th min 0.9267 0.8589 0.33
13. and plus 16th min 0.9412 0.8858 0.30
14. and plus 19th min 0.9559 0.9138 0.26
15. and plus 22nd min 0.9715 0.9439 0.21
© 16. and plus 25th min 0.9811  0.9628 0.17
17. and plus 28th min 0.9892 0.9787 0.12
18. and plus 31st min 0.9946  0.9893 0.09

Note: Thresholds at each successive time level are added to the multiple correlation, R.
Thus, by the 31lst time interval, age has been combined with all intervening thresholds.
A11 correlation values are significant beyond the 0.001 level.

It is well known that the regression equation predicts the mean exactly. Therefore,
no specific calculations of mean thresholds will be made. The regression equation
would predict that the mean threshold was 2.43 log pp1 which was exactly the value ob-
tained for the mean age of the group between 16 and 29 years, that is for mean age
19.7 years. For the subjects in the 50-59 age group, mean age 54.2, the predicted
and obtained mean was 3.32 log pp1 (Table 1).

However, the thresholds of individual subjects were distributed around the means of
their respective age groups, as well as being distributed around the mean of the entire
sample. Since the S.D. (est,) and k are not zero, then prediction of individual scores
would be less accurate than the prediction of mean thresholds. However, holding to
the criterion that R must be at least 0, 90 before individual scores were predicted guar-
anteed that prediction of thresholds would be highly accurate. Of course, higher cri-
teria increase accuracy still further. The second illustration will demonstrate the ef-
fectiveness of selecting a stringent criterion before attempting to predict individual
scores.,

The Prediction of Individual Thresholds at the 40th Minute. —In the second illustra-
tion the performance of an individual subject will be predicted. Each of the first 10 e-
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quations was solved independently to show the improvement in the predictions as the
first 10 thresholds are successively added to the predictive equations. A naive sub-
ject, No. 241, who was not included in the sample, and therefore who was statistical-
ly independent from it, reported the thresholds shown in Table 8. The threshold ob-
tained for each minute where the threshold to be predicted was 3.76 log ppl at the 40th
minute is given, together with the predicted thresholds for the first 10 equations. Ta-
ble 8 1s read as follows: When age and the first threshold at the second minute were
used in the regression equation, the threshold predicted for the 40th minute was 4. 54
log 1. When age plus the first 9 thresholds were utilized the equation predicted that
the threshold at the 40th minute would be 4.08 log pprl. Since the obtained threshold
was 3.76 log ppl the error was reduced to a negligible quantity. Thus, in this illus-
trative random case the regression equation was highly predictive, The error was
less than % log RK1, or about the usual error expected between two tests on the same
subject. The values for the final equation were T40 = 0.263568 + 0. 0164337(82) +

TABLE 8

PREDICTION OF DARK ADAPTATION THRESHOLDS AT THE 40th MINUTE
FOR AN INDIVIDUAL SUBJECT NO. 241, AGE 82

2 3 4 5 6 7 8 9 10 12 40
Threshold (min) (mn) (min) (min) (mn) (min) (min) (min) (min) (min) (min)

Obtained 7.395 7.263 7.203 7.167 7.143 6.999 6.903 6.303 5,281 4.075 3.76
Predicted
for time 40 4.54 4.52 4.54 4.55 4.71 4.72 4.82 4.64 4,08 3.42 -

0.0498(7.395) + 0.0127(7.263) + 0.0093(7.203) - 0.2727(7.167) + 0.1781(7.143) -
0.1245(6.999) - 0.1166(6.903) + 0.1808(6. 303) + 0.5957(5.281) = 4.0798 Pl

DISCUSSION

Those who have studied the relationship between age and dark adaptation or efficiency
of night vision are not all in agreement with respect to the degree of the correlation
(30), nor are all in accord concerning the significance of the association of aging and
the process of dark adaptation. Negative correlations which ranged -0,25 and -0,31
have been reported (2). Other results have been reported by Birren, Bick, and Fox
(3), McFarland and Fisher (21), Liljencrantz (19), Birren and Shock (4), Ives, Shil-
ling, and Curley (11), Robertson (30), and Pinson (27). Pinson, however, stated that
the relationship, although positive, was less than the range of individual differences
and of minor significance. On the other hand, McFarland and Fisher (21), having ob-
tained one of the highest correlations among physiological phenomena, sfate that the
linear correlation is so high that it may be used to predict level of dark adaptation with-
in the narrow limits of error.

Systematic data describing the decline of dark adaptation with age should provide
one kind of index representing the aging process. For instance, it has been shown that
the efficiency of dark adaptation varies as a function of anoxia (23), CO concentration
(25), hypoglycemia (24), and vitamin A deficiency (14, 15). This evidence suggests
that metabolism in the retina may resemble metabolism in the central nervous system.
Thus, because the central nervous system depends on the oxidation of blood sugar, any
reduction of this substance would decrease the rate of oxidation. In a parallel manner
the aging process is thought to be associated with a progressive decrease in rate, a-
mount, or other aspects of cerebral circulation and, therefore, interference with the
transport or utilization of oxygen (16). It would follow, all else being equal, that as
age increases there would be a progressive increase in the demand for light. There-
fore, since aging is universal, considerable variation of dark adaptation efficiency is
to be expected in the general population.
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For instance, Boothby, Berkson, and Dunn (5), and Lewis, Duval, and Niff (18)
have all shown that oxygen comsumption per unit of surface area declines with age.

It has been indicated by Shock (32) that age and metaboli¢ rate are inversely related.
Also, the dark adaptation threshold is directly influenced by oxygen deprivation,

Since it has been shown that dark adaptation threshold and age are directly related
and that physiological processes of which dark adaptation is a function in turn are re-
lated to age, then it would be expected that rate of dark adaptation would also vary,
that is, decrease as chronological age increases. However, experimental evidence
for a change in rate of dark adaptation relative to age is insufficient. Thus, Frieden-
wald (11) stated that there was a positive correlation between age and rate of dark a-
daptation, but the evidence in the source he cited (10) was inadequate. In this presen-
tation the data were given in table and graphic form but no statistical evidence show-
ing that age and rate were correlated was included. Hammond and Lee (12) calculated
that the correlation between age and an indirect measure of dark adaptation, that is,
drop time, was correlated -0.06 with age. McFarland and Fisher (21) obtained a cor-
relation of -0. 13 with drop time and age. There values are no greater than chance
would allow. Pinson's (27) findings are in the opposite direction, since he discovered
that the area subtended by the dark adaptation curve for younger subjects was greater
than the area subtended by the dark adaptation curve for older subjects.

Since the original individual scores obtained by Pinson were not included in the
study, no independent statistical analysis could be devised to test his conclusion. Bir-
ren and Shock (4) have asserted that there is no correlation between age and rate of
either cone or rod adaptation.

The review of the literature strongly suggested that evidence regarding the relation-
ship of rate of dark adaptation and age is unclear. Therefore, the present study has
tended to clarify the uncertainty in the literature and has added quantitative data to-
ward the solution of the relationship between the thresholds and the rate of dark adapta-
tion as a function of age.

Turning from theoretical consideration to the matter of interpreting these data the
question of significance presents itself. The group was heterogeneous, and the results
obtained suggest that the aging process introduced a very large decrement into these
data. The mean value at the 40th minute of adaptation for the 80- to 89-yr group was
logio pp114.805 (antilog = approx. 63,830), and the level of dark adaptation at the
same time for teenagers between 16 to 19 years of age was 2.427 (antilog approxi-
mately equal to 267). This means that on the average the just noticeable light stimulus
for the elderly group was 68, 830/427, or approximately 239 times greater than the
least stimulus noticed by teenagers after each group had nearly reached the 40th min-
ute of adaptation. It would be expected that the difference between the first values ob-
tained at 0 to 59 seconds would not be as great. This proved to be correct. For the
youngest group the logie ppl value for the first score was 6.929 (antilog = approx.
8,490, 000) and the value for the elderly group was 7.617 (antilog = approx. 41,000).
Thus, 41, 400,000/8, 490, 000 is equal toafactor of about 4.88. Evenatthat momentim-
mediately following the pre-exposure period teenagers, on the average, were able to
perceive a just noticeable stimulus about 5 times less bright than were the average
persons in the elderly group. Since these values were obtained from the means of the
dark adaptation curves there were subjects in the younger group who fell below their
mean, and subjects in the oldest group who fell above their mean. Therefore, the ab-
solute differences between the most and the least efficient persons in the entire sam-
ple would be larger than the values indicated above.

It can be seen in Figure 1 that although the intersections of the cone and rod curves
are independent of age because they all appear at approximately the same time they
are not identical with respect to level of luminance present at the time the curves sep-
arate. It should be pointed out that the concept of a certain level of luminance above
which cones function and below which rods function is valid only with respect to an in-
dividual dark adaptation curve. For instance, it is generally accepted that 0. 01 milli-
lamberts is the approximate degree of luminance at which cone and rod vision separate.
But this does not represent the population at all. As a matter of fact in this study the
approximate mean time at which the two curves separated was the 5th-6th minute of
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adaptation. But the mean level of luminance varied from 5.26 logio pp 1 I for the 20-
29 age group, to 7.075 logi pp1Ifor the 80-89 age group at the intersection of the
cone and rod curves for those two groups as shown in Table 1.

Another way of interpreting these data would be to compare the relative dark adap-
tation thresholds of the various age groups at different times. For instance, it re-
quires 40 minutes for the most elderly group to develop the equivalent sensitivity char-
acteristic of the youngest group at the 6-7th minute of adaptation. And dark adaptation
at the 6-7th minute of adaptation is very limited regardless of the age of the viewer.

In other words, youths achieve in 6 to 7 minutes of dark adaptation a level of sensitiv-
ity that is not reached by elderly persons in more than 6 times that amount of time.
Even at the average age of 55 at the 40th minute of adaptation the viewer has no greater
dark adaptation threshold than youths 16 to 29 years of age at the 15th minute of adapta-
tion, some timebefore the final level of adaptation is approximated.

It is unlikely that either youths or elderly persons enter on tasks demanding the de-
gree of sensitivity characteristic of their ultimate level of dark adaptation. There is
little to be seen under the levels of luminance as low as between 2 and 5 logso ppll,
except, of course, the perception of some light source itself. In some military oper-
ations (2, 12, 17, 19, 27) such as night watch, dark adaptation is important for exact-
ly this reason. Otherwise the viewer could function as well in total darkness for which
no adaptation is necessary.

There are, however, other kinds of situations which may, by and large, be just as
important and perhaps more so because of their ubiquity. Thus, old and young alike
undertake tasks that require partial adaptation, for instance, the operation of trans-
port equipment at night (1, 22, 20) under the conditions of intermittent, unpredictable
changes of luminance. The range of luminance is quite great, and high enough to in-
volve both the rod and cone cells of the retina (29). Therefore, the continuous process
of bleaching and adaptation of the retina means that crossing over from rod to cone
vision and vice versa is a common event. Rate of adaptation now becomes exceedingly
important. But it is precisely in this region that certain types of inefficiency arise.
The terminal level of adaptation of the cone cells almost defines the moment when 3-
dimensional vision, acuity, and color vision become greatly limited, and the moment
before the rod cells have generated any useful degree of sensitivity.

If these data are interpreted as baseline values for the age group and the experimen-
tal conditions under which they were obtained, then estimates of probable dark adapta-
tion thresholds may be calculated directly from Tables 1 and 2.

For example, the probable 40th minute threshold of dark adaptation for an individual
85 years of age is shown in Table 1 to be 4.81 logio p.p1 plus or minus 0.72. For a
youth age 19.7 years a comparable level of dark adaptation sensitivity at the 40th min-
ute is shown to be 2. 43 logw i t1 plus or minus 0,17, The difference between the two
individuals is statistically significant beyond the 0.001 level of confidence.

It is suggested that these data have practical applications. To illustrate: since age
is so highly correlated with all dark adaptation thresholds, and since all dark adapta-
tion thresholds are highly intercorrelated, the development of a short clinical test of
dark adaptation is entirely feasible. Thus, the first few thresholds of dark adaptation
as a function of age were shown to predict remote dark adaptation thresholds for indi-
viduals with great accuracy.

SUMMARY

In order to describe one family of dark adaptation curves obtained from an age sam-
ple of 240 men, ranging from 16 through 89 years, a mathematical model, Model A
(Eq. 4), was derived.

Variation in rate of adaptation was determined by differentiating Eq. 5 at 30 seconds
and 6 minutes.

It was determuned that age is highly correlated with all dark adaptation thresholds
which in turn are highly intercorrelated; the correlation between age and dark adapta-
tion thresholds tends to increase as time in the dark increases; cone and rod thres-
holds are highly correlated; and the reduction in threshold and rate of dark adaptation
in relation to age is very marked.
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It was also demonstrated that a short clinical test of dark adaptation was entirely
possible because thresholds obtained during the first few minutes of adaptation pre-
dicted dark adaptation sensitivity remote in time.
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Glare Sensitivity in Relation to Age
ERNST WOLF, Retina Foundation, and Massachusetts Eye and Ear Infirmary, Boston

@ THE visual sensation called glare 1s produced by light entering the eyeinsuchafash-
jon that distinct vision is inhibited. K the glare-producing light is superimposed on a
visual image so that contrasts are reduced, it is called veiling glare. When the lumin-
ances involved become exceedingly high, producing a dazzling effect, it is called daz-
zling glare; and when intense directed light interferes with normal retinal function,
blinding or scotomatic glare is experienced. All types of glare reduce vision and make
the performance of visual tasks harder, if not impossible (1).

In night driving, for instance, blinding or scotomatic glare produced by oncoming
headlights seriously interferes with the visibility of objects on the road and thus jeopar-
dizes the safety of drivers and pedestrians. Headlight glare has therefore been regard-
ed as one of the most serious obstacles in the safety of mght driving, and many efforts
have been made to cope with it.

Means such as night driving goggles and tinted windshields are only illusionary rem-
edies because they reduce road visibility to the same extent that they reduce glare, and
have, therefore, no advantages but rather serious disadvantages (2, 3). Many attempts
have also been made to reduce glare by avoiding specular reflections from the trim of
vehicles, road surfaces, and objects on the side of the highway. Furthermore, illum-
inating engineering has shown that glare depends to a major extent on the brightness of
an object in relation to its surround. The headlights which appear obnoxiously bright
as seen against a dark background have no ill effects when seen against a bright back-
ground or the sun-lit sky. Scotomatic glare from headlights, therefore, does not seem
too objectionable when experienced on a well-lighted city street, even when the four
lights of a negligent driver are directed against the oncoming driver. The ill effects
could therefore very well be eliminated by raising the over-all illumination prevailing
on highways to such levels that the contrast between oncoming headlights and the bright-
ness of the surround would be sufficiently reduced. However, this would require ex-
orbitant expenses, and therefore the problem of glare cannot be easily solved in this
fashion.

In the past, glare has often been regarded as a problem hard to deal with because one
did not know how much of it had to be attributed to the physical nature of the light source,
or sources, producing it, or the eyes of the individuals experiencing it. Only recently
the properties of absorption and transmission of the various media of the eye have been
studied sufficiently to understand the importance of absorption and scatter of light in the
media as a factor eliciting the sensation of glare 4, 5, 6).

In studies on retinal sensitivity, and particularly through contact with photophobic
patients it seemed desirable to obtain a quantitative measureof glare sensitivity. This
appears useful in advising patients in the use of tinted lenses or sunglasses. In studies
on tinted windshields (3), first quantitative measurements were made on glare sensi-
tivity (2). Continuation of this work yielded a clear-cut relationship between glare sen-
sitivity and the physiological state (age) of the individuals tested (7, 8). Thus, glare
seemed to be an entoptic phenomenon, and in attempting to deal with it, the physiolog-
ical conditions of the human eye at various age levels must be taken into consideration

9).
@ To study the effect of scotomatic glare an instrument was developed (3, 8) providing
a glare source of 2-deg angular subtense at the center of a circular test field. On this
test field are exhibited for identification visual targets at various distances and in dif -
ferent radial directions from the glare source (Fig. 1(a)). Theglare source consists of
a concentrated filament lamp, Si, the light of which is collumated by a lens system, L,
and sent through a plastic rod of 1-in. diameter. The rod is curved in a quarter circle
and its end fits into a 1-in. center hole of a translucent plastic plate serving as target
18
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screen. The full luminance of the glare source is in excess of 15,000 millilamberts;
by inserting filters in front of the source, F,, the luminance can be reduced to Yo,
1/100, l/lym and /m, 000«

The target screen is evenly illuminated by a second light source, Sa, variable in
luminance in 10 percent steps between 0.00025 and 27.5 millilamberts. The luminance
is varied by inserting neutral filters, Fa and Fs, in the light path. Onthe target screen
are exhibited Landolt rings (split rings) with an outer diameter of 0.3 in., and a gap
width of 0.06 in. They are arranged in three concentric circles so that when the eyes
of the observer are positioned 28 in. from the center of the target screen, the symbols
of the outer circle are approximately 10 deg removed from the center of the glare
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Figure 1. Diagram of (a) apparatus for testing visibility of visual targets at various
distances from a glare source; and (b) target screen with circles indicating positions
of targets in relation to glare source.

source, those of the middle circle 7 deg, and those of the inner circle 4 deg (Fig. 1(b)).

The observer is seated in front of the test instrument and his head held in position
with the aid of a chin rest so that the eyes are at the same level as the glare source.
During the test, however, he is permitted to move his eyes at will and to fixate and
examine each symbol on the screen.

The tests are performed in a darkroom. When the glare source is turned on and
the target screen is only weakly illuminated, all targets are invisible., The luminance
of the target screen then is gradually increased until the details (the gaps in the Lan-
dolt rings) in the targets of the outer circle become visible. Then the illumination is
further increased until the details of the targets of the middle circle become percepti-
ble; finally, the luminance is increased until the details of the targets of the inner cir-
cle can be recognized. The measurements thus obtained represent luminance values
for perceiving targets of fixed size at various distances from the glare source while,
in addition, the luminance of the glare source may be varied between 1 and 15,000
millilamberts.

The first tests were carried out on a group of 19 college girls age 18 to 22 yr and
not selected for high visual acuity. Several of the group wore glasses for correction
of myopia and/or astigmatism. A second group consisted of 10 college men ranging
in age between 19 and 26 yr and selected for 20/20 vision uncorrected. The results
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obtained with the two groups were surprisingly uniform, except that for the non-se-

lected group the deviation from the mean was greater. When, however, individuals of

advanced age were studied, it was found that the luminances required to see the gaps

in the split rings were about ten times those needed by the indivicliuals of college age.
For further studies, glare tests were carried out on more than 200 individuals rang-

ing in age between 5 and 85 yr. The subjects were picked from the out patient depart-
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Figure 2. Relations of log. threshold luminances of target screen and log. glare lumi-
nances for nine groups of individuals in the age range between 5 and 85 yr. Top: thresh-
olds for target recognition in the inner circle; middle: for target recognmition in the
middle circles; bottom: for target recognition in the outer circle of the target screen.
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ment of the Mass. Eye and Ear Infirmary. With their clinical records available it was
possible to use the information concerning their eye conditions and their corrective re-
quirements. Cases in which pathological conditions prevailed were not included in this
study.

In Figure 2 the results obtained in these tests are plotted on a coordinate grid, the
abscissae representing the logarithms of glare luminance and the ordinates represent-
ing the logarithms of target screen luminances required for seeing the splits in the
rings at angular distances of 10 deg (bottom), 7 deg (middle) and 4 deg (top) from the
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Figure 3. Log. threshold luminances for target recognition in relation to log. glare
luminance plotted against mean age levels. The raise in log. target screen luminance
shows a discontinuity at age LO.

glare source. At low glare luminances the critical details are seen equally well at the
three distances from the glare source, but when glare luminance is increased to 100
millilamberts and above, the luminance of the target screen must be made much
brighter to see the targets 7 deg and 4 deg from the glare source than 10 deg from the
glare source.
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Each curve represents the mean luminances for an age range of 10 yr; that is, 5 to
15 yr, 16 to 25 yr, 26 to 36 yr, etc., up to 76 to 85 yr. As age increases, the curves
shift progressively to higher target screen luminance levels. The shift, however, is
not the same for each 10-yr period, indicating that the increase in luminance required
for seeing under glare conditions is not directly proportional to age.

This is shown more clearly in Figure 3, when plotting the logarithms of target screen
luminance at various glare levels against age. The resulting curves rise slowly up to
40 yr, then suddenly change their slope and rise much more steeply in the range be-
tween 40 and 85 yr. The eye must therefore undergo some changes which make it pro-
gressively more difficult to cope with glare.

For a better understanding of the increase in glare sensitivity, especially above the
age of 40 yr, the study of patients who have developed cataracts is extremely helpful.
When in advanced age vision has been severely affected due to the fact that the lens has
become opaque, this condition can be corrected by surgical removal of the lens. Tests
on such patients before surgery yield glare curves which lie at excessively high levels
of target screen luminance. After lens extraction, however, their glare curves fall
back to, or below, the level characteristic for their age. This suggests that the opac-
ities of the lens are responsible for producing the sensation of glare. To support this
notion it should be mentioned that in eye examinations with an ophthalmoscope and slit
lamp microscopy a noticeable increase in opacity of the ocular media is found as age
advances.

Changes in visual function in relation to age have also been found in studies on dark
adaptation (10, 11), and in determinations of critical flicker frequencies (12, 13). In
both types of visual responses, a marked change in sensitivity above the age of 40 yr
is indicated. These findings support the assumption that in the normal process of ag-
ing, the pace of change is accelerated above age 40. Measurements on the opacity of
the lens and other ocular media which produce scatter of light resulting in the sensation
of glare are now in progress and promise to yield a direct relationship between glare
sensitivity and light scatter in the media of the eye. All evidence available at present
justifies the assumption that glare is an entoptic phenomenon which must be regarded
as a physiological problem for whose solution all the complex phenomena of the living
human organism must be taken into consideration.
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Surface-Mounted Lights
On Roadways—Fog Studies

D.M. FINCH, Professor and Research Engineer, Institute of Transportation and Traf-
fic Engineering, University of California, Berkeley

@ THIS DISCUSSION of surface-mounted lights on roadways is a continuation of the sub-
ject previously presented (1). In the previous paper the development of the concept of
lines of lights for contour perception was presented. The idea started at the Universi-
ty of California with work on airports which was later continued under the sponsorship
of the Federal Aviation Agency to improve the visual aids for pilots in landing and take-
off operations. The roll-out and taxiing maneuvers on the airport surfaces were also
found to be in need of improved visual aids. Even under the best of weather conditions,
there was still a gap between the visual information required by pilots and that provided
by conventional lighting systems.

The visual problems of motorists on the roadway are very similar to those of pilots
on the runway after touchdown, or on a taxiway. There is great need for directional
guidance information which will enable them to maneuver their vehicles in the desired
direction and to avoid conflict with other fixed or moving obstacles on the runway or
the roadway. The development of a visual-aid lighting system for both good and bad
weather was reviewed in the previous report (1) and is not repeated here.

Since the last report there have been additional developments. First, two addition-
al reports have been presented to the Federal Aviation Agency on the subject of the
surface-mounted lights for runway guidance (2, 3). Second, a general discussion of
the visibility of a pattern of lights on the runway was presented in an article in "Bus-
iness and Commercial Aviation,™ Dec. 1960. The article discusses the general re-
quirements and performance under adverse weather conditions. Also, a report has
been prepared on the installation of a centerline taxiway lighting system at the San Fran-
cisco International Airport (4). Another report on Airport Lighting Studies has been
prepared for the Chief Engineer of the Port of Oakland, who has under development a
completely new runway for the Metropolitan Oakland International Airport (5). Thisre-
port includes a discussion of multiple-line lighting patterns using surface-mounted
lights in models studied in the University of California's fog chamber.

THE CONCEPT OF LINEAL PERCEPTION

The visual principle employed in the use of small lights for guidance on the surface
of the roadway involves the concept of lineal perception. The application of this prin-
ciple to the present problem consists of developing contours and borders of the scene
to give the driver most of the orientation that he needs regarding his vehicle's position,
heading and rate of closure with objects and other areas of the roadway. The logic for
such a system is as follows: the visual world of the driver, external to the vehicle, is
made up of edges, slopes, surfaces, shapes and interspaces, plus textures and colors.
The driver's principal visual problem is one of orientation in such a world, rather than
identification of specific objects, places, people, signs or signals. The primary visual
elements that furnish most of the information are the edges of the roadway, the lane
markers on the roadway, the horizon ahead, and the brightness gradients in the central
field. These basic visual elements can be noted in any roadway scene and are included
in the various figures of this report. One can note that, even without texture, color,
or detail of specific objects, most of the required guidance information is available
from the contours. The driver's scene is, of course, dynamic, and the perspective
is constantly changing. The flow of information in the peripheral visual field and the
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rate of change of apparent position of parts of the field with respect to things ahead are
extremely important. The peripheral region will be streaming by at a rather fast rate
and can never be concentrated on. The driver is therefore forced to look toward an
area from 150 to 500 feet ahead, where the rate of change is not too drastic. The axis
of his line of sight will depend on his speed and the type of roadway and terrain that he
is in at the time.

During the daytime and in clear weather at night, with headlights and/or street light-
ing on, a steady stream of uninterrupted visual information is available to the driver
and is usually interpreted clearly. In areas without proper lighting at night, and in
periods of adverse weather, the conditions are vastly different. Only the most meager
visual aids are then present. It is therefore desirable to provide a visual environment
for these adverse conditions that will resemble the more familiar daytime scene.

Satisfactory lighting patterns for clear weather night conditions may be created quite
easily by providing an array of lighting in the general area which will establish refer-
ence surfaces in the immediately surrounding terrain, plus a continuously developed
pattern for several hundred feet ahead. Many miles of such roadway are used at pre-
sent, and for the most part, these are negotiated without incident, even though they
may not be too pleasant. But there are many points of conflict in such systems that
should be more critically analyzed and treated more carefully. The points of conflict
are generally known to traffic engineers. Such areas include "on- and off-ramps' at
expressways, regions of transition from two to four lanes, or from four lanes to a di-
vided roadway, or at intersections. Even in good weather, such situations need more
critical attention from the visual point of view. In periods of very poor visibility, the
operating conditions become quite hazardous in these particular zones.

Experience to date with the surface-mounted lineal lighting system at airports indi-
cates that very precise directional information can be achieved. It has been found that
a single centerline is a great help to a pilot in taxiing. A centerline plus rows of edge
lights along the border has been found to be considerably superior to edge lights alone
in the landing operation. It has been observed in other tests (6) that a two-line pattern
on the runway, called a "narrow-gage system, " provides more information than a sin-
gle centerline. Tentative data show that a multiple-line pattern of lights on the runway
in the threshold region is considerably superior to a two-line pattern plus edge lights.
Therefore the principle of multiple lines of lights on a runway for guidance has been
reasonably well demonstrated and accepted. A photograph of the five-line multiple-
lane system proposed for use on airports is shown in Figure 1. The photograph shows
the visibility achieved on a model in a very dense fog in the fog chamber at the Univer-
sity of California's Richmond Field Station. This could be a roadway just as readily
as an airport runway.
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Figure 1. Multi-lane system of lights mounted in the surface of a runway—5-watt lights
in a heavy fog. Centerline on 10-ft centers, parallel lines on 25-ft centers, edge
lights on 100-ft centers.
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NEW HARDWARE DEVELOPED SINCE THE 1959 REPORT

There has been considerable activity in the field of hardware development since the
last report was presented. The Federal Aviation Agency (7) and the U.S. Air Force
(8) have both issued specifications for lighting devices to be used in connection with
patterns on the runways and taxiways. These specifications have been drawn up around
a small, high-brightness, relatively high-wattage light source known as a 45-watt
quartz, iodine cycle, tungsten bulb. This lighting unit can be operated in the open with-
out damage by moisture, rain, snow or other weather conditions. The quartz bulb in-
sures freedom from thermal shock, and the general construction of the unit is report-
ed to be rugged. This light bulb is incorporated in several designs manufactured by
different commercial organizations. The FAA and USAF specifications call for a flat,
circular casting of suitable material, such as steel or ductile iron, approximately 6 to
8 in. in diameter and %- to 1-in. thick. The disc-type units are known as '"button
lights" or "pancake' lights. These units are installed by cutting recesses in the sur-
face of the runway or roadway and embedding the housing in an epoxy resin adhesive
in a semi-flush position so that only 1% to % in. of the housing projects above the run-
way's surface. The bulb is protected by a cover strap which is removable to permit
both replacement and servicing. The electrical conductors are placed in slots cut in
the surface of the pavement and resealed with a suitable epoxy resin or pavement joint
compound. The electrical service is provided by wires in direct burial trenches along
the side of the pavement. Transformers supply the low voltage required by the lamps
from a high voltage primary. Details of the lighting units and specifications for their
installation are available elsewhere (9). The Government services have not investiga-
ted units with less than 45-watt sources so far, but they do have under consideration
two other designs calling for 100- and 200-watt quartz lamps (10).

Further work on hardware has been proceeding at the University of California ona
limited scale. A 1,000-ft long roadway has been provided with a centerline using units
removed from the San Francisco Airport installation and modified for insetting in the
roadway surface so that only 3% in. of the fixture extends above the roadway. The light
bulbs used in these units are 5-watt, tubular shape, of the same general construction
as described for the San Francisco Airport installation (2).

NEW INSTALLATION SINCE THE 1959 REPORT

A new taxiway centerline has been installed at San Francisco International Airport,
in which 1,880 ft of taxiway are lighted with a centerline using button lights on 25-ft
centers (g). The lights are a new design developed at the University of California and
manufactured locally in California for the San Francisco Airport installation. Details
of the lighting units and the electrical installation are shown in Figures 2a, 2b and 2c.

Figure 2a and 2b. Five-watt surface-mounted lighting unit as used at San Francisco In-
ternational Airport.
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Figure 2c. Details of installation, San Francisco International Airport.

This installation uses 5-watt bulbs operated at lower than rated voltage to yield long
life. The approximate power to each bulb is about 3 watts.

There has been an installation of FAA "pancake lights" at the Idlewild Airport in
New York on Runway 4R-22L in which 45-watt units have been 1nstalled on 20-ft cen-
ters on the centerline of the high-speed exits. After being used in service experimen-
tally, the lights were reconnected electrically so that the power input to the bulb was
reduced to approximately 6 to 8 watts. This was done after observations and pilot
comments indicated that the 45-watt light output was too high.

The Federal Aviation Agency has installed a number of its ""pancake’ lights using
45-watt sources at the National Aviation Facilities Experimental Center in Atlantic
City, New Jersey. These have been placed on the centerline of the runway and an exit
taxiway and in various other configurations on the runway for study of the pattern of
lights. There has been no official report on the studies at NAFEC at the present time,
but a number of unofficial comments have been made by people participating in the
tests. These indicate that the centerline system is performing very well. The New
York installation at Idlewild is being used continuously and shows that the centerline
lights on the exit taxiway are providing adequate guidance for pilots during all of the
weather that has been experienced so far, including some landings 1n poor visibility
weather.

The U.S. Air Force has completed one full installation at the Lockbourne Air Force
Base in Ohio and has another installation under construction at Andrews Air Force
Base near Washington, D.C.

The taxiway centerline to Runway 1R at the San Francisco Airport has been installed
for several months. The contract for the installation of the lights was completed on
August 23, 1960. Runway 1R was closed for resurfacing and repair until November 15,
1960. Since that date, the runway has been in constant service, and the centerline
lights on the taxiway leading to the runway have been in continuous operation. These
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lights are shown in Figures 3, 4, and 5. Figure 3 shows the centerline lights without
the conventional side lightsasviewed in a southerly direction. Figure 4 shows the cen-
terline lights, together with the conventional side lights, and Figure 5 shows the con-
ventional side lights, without the centerline lights. It is evident from Figure 5 that a
pattern of lights that 1s not close enough together and not in the central field of vision
is not particularly informative, even though all the individual sources may be seen.
K, however, the lights are close together and tie the foreground in with the more dis-
tant spaces, the guidance 1s much improved. In poor visibility the situation is basi-
cally the same, except that almost all of the background visual clues are eliminated
by the attenuation of the atmosphere. The only remaining source of information 1s
that derived from the immediate foreground, using whatever pattern there is left.

Since the reopening of Runway 1R at the San Francisco Airport, comments of a num-
ber of pilots on the taxiway centerline lights have been received, and they are general-
ly favorable. From these comments it appears that the centerline lights provide bet-
ter guidance than do conventional side lights. These fixtures have required no mainte-
nance to date. The cost of installing the fixtures, exclusive of providing the source of
power, was $3, 600, or approximately $2.00 per lineal foot of taxiway. The cost of
the 80 fixtures, which were furnished free of charge, is estimated to be about $800,
or approximately $0.44 per lineal foot of taxiway.

The Richmond Field Station installation 1s on a straight, asphalt roadway (Fig. 6).
The work was done by a crew of the University of California's Institute of Transporta-
tion and Traffic Engineering. The fixtures are 5 in. 1n diameter and are inset % in.
into the surface of the pavement, using an epoxy resin. The cost of installation 1s es-
timated at approximately $1, 500 for 1,000 ft or $1. 50 per lineal foot.

FOG STUDIES ON TYPICAL ROADWAY SITUATIONS

The visual needs of the vehicle operator in fog are greater than in the clear weather,
but the amount of visual information available is many hundreds of times less. What
is necessary 1s to have the visual information in the immediate foreground tie directly
to the limit of the visual range and provide guidance and lead lines in the direction that
the vehicle operator wishes to go. This situation is one in which the lighted lineal lines
are particularly significant.

To provide further information on the concept of lineal perception as applied to road-
way problems, several typical situations have been set up on a model basis for study.
The patterns have been examined in the fog chamber at the University's Richmond Field
Station. The typical installations are four basic patterns taken directly from the Plan-
ning Manual of Instructions, Department of Public Works, Division of Highways, State
of California, May 1952: (a) a two-lane to four-lane transition section, (b) a four-lane
multiple roadway changing from undivided to a two-lane divided roadway (derived from
a three- to four-lane design in the Manual), (c) the typical turn-off from an express-
way, and (d) an inlet or on-ramp to an expressway. The layouts for the models are
shown in Figures 7, 8, 9, and 10, which were copied directly from the Planning Manual.

The models were set up on a 100 to 1 scale. The light sources are approximately
to the same scale, although the exactly correct-size light sources were unobtainable.
The light bulbs are actually made for toy headlights. They have a filament length of
about 716 in. and operate on 16 volts at 0.1 amperes. All of the lights shown in the
models are on 10-ft centers. The patterns for the roadways were laid out on strips of
masonite, and the bulbs were placed in holes drilled in the masonite. The roadways
were made by using various colors of cloth tape placed on the surface of the masonite
to simulate typical road surfaces.

Previous data taken on brightnesses of the lights in a fog chamber indicate that for
a very low transmission of fog, in the order of 2 percent, the lights would have a con-
trast of 1.0 in the daytime and 64 at night at the same distance used to measure the
transmission. When one considers that the threshold of contrast 1s much less than
either of these values, it 1s obvious that the visual range extends beyond the baseline
used to measure the transmission. Thus the calculations show (2) that the lights should
be visible up to about 450 ft in the daytime and approximately 1,000 ft at night in a fog



Figure 3. Centerline lights on taxiway, San Francisco Interna- Figure L. Centerline lights on taxiway, San Francisco Interna-
tional Airport, without edge lights. tional Airport, with conventional edge lights.

Figure 5. Same taxiway as Figures 3 and L, conventional edge Figure 6. Surface-mounted lights on centerline of roadway at
lights only. Richmond Field Station, University of California.
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Figure 11. Daytime fog, 2- Figure 14. Daytime fog, L lanes to 2 lanes divided.

Figure 12. Nighttime fog, 2- to l-lane transition. Figure 15. Nighttime fog, L lanes to 2 lanes divided.

Figure 13. Nighttime, clear weather, 2- to l-lane transition.




Daytime fog, typical turn-off from an expressway. Figure 20. Daytime fog, on-ramp to expressway.

Figure 18. Nighttime fog, typical turn-off from an expressway. Figure 21. Nighttime fog, on-ramp to expressway.

Figure 19. Nighttime, clear weather, typical turn-off from an expressway. Figure 22. Nighttime, clear weather, on-ramp to expressway.
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having a transmission as low as % of 1 percent in an 800-ft baseline. Such a fog would
be very dense and would be approximately the same as the conditions shown in Figures
11 to 22. There are a few situations 1n which fog densities greater than those shown
would be encountered. Such situations do occur occasionally, but even under the most
severe fog conditions the lights on close centers would be seen from 4 to 10 lights a-
way. This would provide some guidance which would be most welcome under these
critical conditions. The photographs of the four typical installations (Figs. 11 to 22)
show a daytime fog situation, a nighttime fog condition, and a clear-weather nighttime
situation in which the roadway 1s illuminated by fixed lights. In the case shown, a
small projector was used to simulate street lights. The pictures are self explanatory
and show the remarkable guidance provided around points of conflict at typical roadway
situations. The models were set up to demonstrate the principle and are not to be used
as a design guide. It is possible that other spacings would be more suitable and that
somewhat different lighting configurations might be better than those used. The lights
were layed out using the premise that the lines of light should be the same as the paint-
ed lines that are used for marking the points of conflict on the roadway.

CONCLUSIONS

The work done to date on airport runways, taxiways and high-speed turn-offs, plus
the preliminary work on roadways and on model studies in the fog chamber, demon-
strates the versatility and utility of the principle of lineal guidance obtained by light
sources inset into pavement surfaces.

The principle of guidance as now proposed is generally accepted for airport use. It
is hoped that the next step will be to apply the principle to some of the more critical
areas on roadways. This is being considered, and some tests have been made by the
Connecticut Department of Highways 1n conjunction with one of the leading lighting e-
quipment manufacturing companies. Another trial installation has been proposed for
the Golden Gate Bridge at San Francisco. This installation would be a combination
lane-marking system and center-lane reversal system. The operation would be ac-
complished by shifting the double line from the center to one lane each side of center,
using lighted lights on suitable switching circuits.

The extra-visual information provided by lighted lane-lines under good visibility
conditions is a desirable feature. This means of providing added visual information
under poor visibility conditions 1s highly desirable.

Under poor visibility conditions the range of visibility of lighted lane-lines 1s far
greater than with any of the present paint markings or border materials. In general,
the visual range can be approximately doubled, using lighted lights, over that which
is available using reflective-type marking materials.

The low-wattage units placed on close spacings have been found to be preferable to
higher-wattage units placed on wider spacings. One reason for this is that the contin-
uity of the lineal pattern 1s improved and the glare per individual unit is greatly re-
duced.

It 1s hoped that several trial installations of lighted lane markers can be made on
actual roadway locations in the near future, so that the usefulness and versatility of
the system can be proved in actual field trials.
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Comparison of Effectiveness
Ratings ~Roadway Lighting

CHARLES H. REX, Roadway Lighting Advance Development Engineer, Outdoor Light-
ing Department, General Electric Company, Hendersonville, N.C.

@ THE seeing factor effectiveness of roadway lighting systems is now being measured
using new instrumentation which facilitates proper evaluation of outdoor full-scale in-
stallations.

For comparison, computed ratings for the seeing effectiveness of roadway lighting
systems are also presented. There is a substantially good correlation between meas-
ured and computed seeing factor ratings for roadway lighting.

During 1961 high-speed digital computers will be used for the prediction of seeing
effectiveness ratings for representative roadway lighting systems. The method and
data for computation have been developed and are described in previous papers includ-
ing several presented to the Highway Research Board.

The measured data include comparison of systems of luminaires producing a cutoff-
type candlepower distribution similar to that recommended by Christie (1), Rex (7),
and de Boer (4).

The intense international, and cooperative, activity to produce visual seeing effec~
tiveness ratings for roadway lighting is motivated by a general recognition of necessity.
It is essential to provide all who represent the public, and those who desire to improve
night-as-well-as-day-business activities with a basis for the proper evaluation of the
humanitarian, traffic, and economic gains which good roadway lighting produces.

Knowledgeable estimates, appraisals, figures-of-merit, measurements, and ratings
for the broad benefits of roadway lighting are essential. The extent by which these
benefits are provided 1s contingent on how much seeing effectiveness is produced by
the roadway lighting. Evaluation of the broad benefits will determine the extent of
roadway lighting installed and the quantity and quality of seeing provided.

Hence, the evaluation of roadway lighting benefit may be expressed:

BENEFIT RATINGS
Humanitarian, Traffic, Economic

SEEING RATING
Visibility, Visual Comfort

Requires

Variations in the seeing factor effectiveness of different roadway lighting systems
should be considered and factored into each evaluation of the broad benefits.

Ratings for the seeing effectiveness of roadway lighting are now being provided 1n
terms of (a) relative visibility, and (b) relative visual comfort.

Availability of relative visibility and relative visual comfort ratings for the seeing
effectiveness of roadway lighting presents a substantial simplification for all concern-
ed.

In many countries, including the United States, evaluation of traffic and other broad
benefits, as well as substantial installations of good roadway lighting, has been the di-
rect result of engineering studies and technology applied to ratings for the visual see-
ing benefits of roadway lighting.

Rex (7) pointed up only a few of many economic evaluations for the aid which road-
way lighting may provide for the benefit of the public and the night automotive industry:

1. Nighttime prosperity for the country and the community,

2. Aid to motor vehicle transportation industry,

3. Enhancement of social, recreational, and business activities,
4. Development of useful land areas,

35
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5. Discouragement of criminal activities, and
6. Facilitating pleasant driving with less fear of accidents.

These humanitarian, traffic, and economic gains should be evaluated or rated.
If it is assumed that a benefit of $10,000 per mile per year is derived by the instal-
lation of lighting having seeing factor ratings of: relative visibility 9.5 (Appendix A),

SEEING RATING

] |
VISUAL COMFORT VISIBILITY

LUMINAIRE BRIGHTNESS FIELD PAVEMENT OBSTACLE DISABILITY
BRIGHTNES S| |FLUCTUATION| |BRIGHTNESS | |BRIGHTNESS | [BRIGHTNESS VEILING

RATIO BRIGHTNESS

Figure 1.

and relative visual comfort 0.3, the relation may be expressed as follows:

$10, 000 VISIBILITY =9.5
PER MILE PER YEAR Requires VISUAL COMFORT = 0.3
(Benefit Rating) (Seeing Rating)

Further simplification to a single rating in terms of relative seeing will develop
from evaluation of the comparative general benefit produced by each of the major fac-
tors: (a) relative visual comfort, and (b) relative visibility.

SEEING TECHNOLOGY SPARKS NEW SURGE OF ENGINEERING
INTEREST IN ROADWAY LIGHTING

A $1 million research evaluation of benefits of roadway lighting termed, "Warrants
for Lighting Freeways, ' was recommended during 1959 (3). Progress on this project
will be retarded if seeing factor effectiveness ratings for the lighting are not made a-
vailable, rapidly.

The Highway Safety Study (3), prepared under the direction of Charles W. Prisk,
presents an outline of numerous night driving problems, including vision, which will
be substantially aided by roadway lighting providing high seeing factor effectiveness.

Everything possible must be done to facilitate evaluation of the benefits of roadway
lighting. This endeavor should have the attention of all who represent the public and
night-as-well-as-day-business and welfare activities. Included are economists, engi-
neers, and scientists for whom the improvement of the public welfare 1s an underlying
thought and impelling force.

Progress depends on cooperative efforts, which are being extended to an internation-




37

al activity, directed toward understanding and appreciation of the efficiency of roadway
lighting in producing good seeing conditions. Accomplishment of the six objectives
previously listed is contingent on the seeing provided. Hence knowledgeable estimates,
appraisals, measurements, figures-of-merit, or ratings are essential for both: the
degree by which one or more of the broad objectives are accomplished; and, how much
seeing effectiveness is produced by the roadway lighting being evaluated. This is a
simple, straightforward approach to the problem which can only be answered by engi-
neering evaluation based on known technologies.

The rapidly increasing worldwide engineering interest in, and attention to, roadway
lighting may in large part be attributed to the technology which has provided seeing
factor ratings as a base for rating the other benefits.

The two seeing factor ratings, relative visual comfort and relative visibility, com-
bine to replace the six sub-factors in seeing, shown in Figure 1.

1. Luminaire brightness ratios are being computed. The computations are backed
up by measurements. Luminaire brightness is mitigated by luminaire cutoff which is
explained later in this paper.

2. The important dynamic effect of brightness fluctuation, was discussed by Forbes
(2). Evaluation of the effect of fluctuation on visual comfort will develop along with
methods of improving this sub-factor.

3. The brightness of the driver's visual field is subject to evaluation using the Fry-
Pritchard instrumentation.

4. The predominate pavement brightness factor 1s readily being measured. Com-
putations are available based on previous measurements.

5. Obstacle brightness and size vary over a wide range. An abstract target of 1-
ft diameter and 8 percent reflectance is generally accepted as suitable criteria for rel-
ative visibility measurements.

6. The highly significant disability veiling brightness sub-factor is now being meas-
ured as well as computed. The loss of visibility now includes compensation for the ef-
fect of dynamic fluctuation.

Relative rating scales or numbers for these seeing factors are obviously much bet-
ter than word descriptions. Opinion appraisals may range from excellent to poor for
the same roadway lighting system when installed in different communities or viewed
by different observers. Interchangeability and communication from one portion of the
world to another are also highly advantageous.

Now that ratings for roadway lighting systems can be readily provided in terms of
relative visibility and relative visual comfort, the engineer can transmit to others the
seeing effectiveness which he has in mind; thus avoiding the confusion and complex
mental interpolations with respect to seeing factor benefit when only sub-factors—or
worse yet—when only foot-candle data are used as criteria. Sufficient foot-candles of
light are necessary to obtain the seeing on which benefit depends; the requirement var-
ies over a wide range. This is well known among highway as well as illuminating engineers.

Fowle and Kaercher (6) include data showing that the ratio of average foot-candles
required per foot-lambert average pavement brightness varies over a range of 2:1 for
17 different roadway lighting systems. Therefore, to obtain the predominant visibility
factor, such as an average pavement brightness of 0.6 foot-lambert, may require aver-
age foot-candles ranging from less than 1.8 to more than 3.0. The system brightness
computations providing the ratios shown in Figure 2 were all based on the same pave-
ment reflection data.

Comparison or rating roadway lighting systems on the basis of foot-candles should
be limited to the rare instances in which circumstances and conditions are identical,
as follows:

1. Control and proportioning of the luminaire candlepower distribution extending
along, across, and above the roadway;

2. System geometry including luminaire spacing, mounting height, and overhang;
and

3. Pavement surface characteristics in reflecting all angles of incident light from
the luminaire toward an approaching driver.
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Figure 2. Average foot-candles per average foot-lambert. Pavement brightness computed
for medium reflective pavement by A.W. Fowle and R.L. Kaercher.
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Figure L.

Figure 5.

STAGGERED LUMINAIRE SYSTEM RATINGS

Blackwell (9) described the staggered roadway lighting system on which his outdoor
full-scale measurements were made along the 0.5 MH LRL (longitudinal roadway line)
at 15-ft transverse distance from the luminaires (Fig. 3). Instead of designating the
pavement surface as concrete and asphalt, the author prefers to designate the pave-
ment surface as having high or medium reflectiveness. It is well known that the re-
flection characteristics of asphalt pavement can be made favorable by top surface treat-
ment such as rolling-on a white or light gray aggregate. Also aging and traffic use
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may favorably affect the specular pavement reflection characteristics for roadway
lighting.

The 5-yr-old asphalt pavement surface shown in Figures 3 and 4 is of medium re-
flectiveness.

In Figure 4 the 1-ft diameter, 8 percent diffuse reflectance disc is at 180-ft dis-
tance. This abstract target has been widely used as visibility criteria. It is similar
to the black dog used in the studies by Blackwell et al. (9). The Blackwell data will
soon be published in an I.E.S. paper in terms of his supra-threshold-visibility as well
as pavement brightness factors. This photo was made through the windshield of the
test car from the driver's eye position.

Figure 6.

The eye-level position of an average, typical observer is used for the instrument as
shown in Figure 5. In present-day autos the eye-level is 4 ft above the pavement. The
average seat position is also used.

The Luckiesh-Moss Visibility Meter, shielded as shown in Figure 5 to eliminate
the light from the luminaires, is being used to measure relative visibility. The Luck-
iesh-Moss relative Visibility Meter ratings, measured and computed, for medium re-
flectiveness pavement are lower than when the pavement has high reflectiveness. The
new numerical scale for this meter is shown in Appendix A.

The observer's eye position was duplicated in mounting the lens of the new Pritchard
Telephotometer (Fig. 6) for measurement of pavement brightness. This instrument
has the additional advantage of physical scale meter readings rather than photometric
balance which requires skill and experience.

The measured pavement brightness data (Fig. 7) are based on 6-min angle aperture.
Thus, the pavement background at 200 ft may be contrasted with the mid-portion of the
1-ft diameter target as measured in the visibility meter tests. The Pritchard meter
lens aperture is particularly desirable when there are large variations in thebrightness
of the pavement. The system pavement brightness is appreciably higher on the high
reflectiveness pavement surface.

Figure 8 shows the instrument supplemented by a new lens developed by Fry and
Pritchard (7). This now makes possible measurement of DVB (disability veiling bright-
ness) of roadway lighting system luminaires. The brightness of the pavement is shield-
ed from lens view. Incidentally, this is another example of new instrumentation devel-
oped by research sponsored by the Illuminating Engineering Research Institute.
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Figure 8.

Obviously, this Pritchard meter may be supplemented by an electrical recorder
mounted in an automobile which may be driven along the road to obtain a graphical re-
cord of the DVB, pavement brightness, and variations or fluctuations thereof under
roadway lighting.

As shown in Figure 7, the measured and computed DVB is fairly consistent for the
staggered roadway lighting system. Under the dynamics of actual driving conditions,
the maximum DVB may be highly important because it is indicative of the range of fluc-
tuation to which the driver's eyes are subjected. As explained in previous papers, (12,
13, 14, 15) there are correlations showing the percent loss of visibility resulting from
disability veiling brightness. This percent loss has been applied to the Luckiesh-Moss
Visibility Meter ratings.

Figure 9.
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ONE-SIDE LUMINAIRE SYSTEM RATINGS

Comparison of measured data for systems having 100-ft, one-side luminaire spacing
is also of interest. For both high and medium reflectiveness pavement, the measure-
ments are along the 0.5 MH longitudinal roadway line and driver path (Figs. 9 and 10).

In this system arrangement and driver path an additional comparison is provided in
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the measurements of systems comprising cutoff luminaire candlepower distributions
versus semi-cutoff candlepower distribution.

Cutoff of Luminaire Candlepower Distribution

The seeing effectiveness of most roadway lighting systems may be significantly im-
proved by cutoff of the luminaire candlepower distribution (Fig. 11). The benefits of
cutoff of candlepower distributions are most significant when the angle of cutoff is co-
ordinated with the average top-of-auto windshield cutoff as shown on the right-hand
side of Figure 11.

Under average automobile and driver conditions, the luminaire is cut off from view
by the top of auto windshield at a longitudinal eye-level distance of 3 MH, three times
the mounting height of the luminaire. This windshield cutoff intercepts the pavement
at a longitudinal distance of 3.5 MH. It is expedient to use the 3.5 MH or pavement
level expression of longitudinal distance. The pavement distance of 3.5 MH corres-
ponds to the average demarcation or cutoff distance at which a luminaire is no longer
visible to an approaching driver because of the protection provided by the automobile.

Coordinate cutoff control of the luminaire candlepower proportioning is shown at
the left-hand side of Figure 11. The candlepower extending to the 3.5 MH distance is
restricted to less than one-half the maximum candlepower. This means that the ad-
verse effect of candlepower impinging on the driver's eyes is considerably less than
that which would result if the maximum candlepower were elevated to coincide with, or
extend above the 3.5 MH cutoff line. Obviously the sharp control of candlepower above
the cutoff which extends to distances beyond 3.5 MH is also highly desirable.

The 3.5 MH one-half maximum candlepower cutoff is quite similar to that shown
by Christie (1). It is also similar to that shown by de Boer (4).

Figure 13.

However, current U.S. semi-cutoff candlepower luminaire distribution has maxi-
mum candlepower of the order of 3.0 MH or 72%; degrees instead of the 75 degrees or
3.5 MH distribution shown by Christie.

Figure 12 shows the improvement in relative visibility and variations in relative
visibility and variations in sub-factors due to cutoff of luminaire candlepower distribu-
tions.
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Note that the average pavement brightness in Figure 12 approximates the 0.6 foot-
lambert recommended by Blackwell, de Boer, and Guth.

The Finch Visibility Meter (22) ratings for the relative visibility effectiveness of the
roadway lighting system, also shown in Figure 12 are based on measurements made
with a preproduction model of the meter developed by D. M. Finch of the University of
California, Institute of Traffic and Transportation. Figure 13 shows this meter being
used by Mr. Karl Freund who will have six meters in production during 1961. Since
luminaires are visible in the 30-deg field of this visibility meter the percent visibility
loss is not applied to visibility index ratings.

Typical of his interest in night motor vehicle transportation, de Boer has donated a
set of the Landolt C rings for use in comparing the effectiveness of roadway lighting
systems. These rings definitely aid comparative appraisals of the visual effectiveness
of roadway lighting systems. They are especially useful, a step forward in appraisals
by large groups of observers.

A portable version of Blackwell's Visual Task Evaluator (9, 7, 10) is also expected
to be available during 1961 for use in evaluating the relative v151b111ty effectiveness of
roadway lighting systems.

SUMMARY

High priority by highway engineers is now being assigned to the evaluation of the
broad benefits of roadway lighting. This stimulus of interest is directly attributable
to the international engineering emphasis on seeing factor ratings. An even more im-
portant fact is that seeing ratings also provide a base which encourages evaluation of
the humanitarian, traffic, and economic benefits by the many interested agencies. The
night transportation benefits of roadway lighting are also susceptible to numerical eval-
uation. This progress will be aided by numerical ratings for the lighting provided in
such simple terms as visual comfort and visibility.

In many countries throughout the world, action with respect to figures-of-merit for
both the seeing and traffic benefits of roadway lighting is interrelated and gaining new
impetus. Seeing ratings are internationally interchangeable and may be communicated
from one portion of the world to another. Interchange of information and ratings aids
human progress throughout the world.

Improvement of the public welfare is an underlying thought and impelling force for
economists, engineers and scientists. Everyone gains by attention to, and more exten-
sive use of, roadway lighting.
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Pritchard lens-meter based on computed versus measured data.

Computed combined system DVB (13) is based on IES Handbook formula

1.4 E

31.4E
: I
Future computations will use the formula 0+ 1.5
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Appendix A

TABLE FOR CONVERTING L-M METER RELATIVE VBIBILITY
READINGS TO RELATIVE CONTRAST2

Relative Relative Relative Relative Relative Relative

Visibility Contrast Visibility Contrast Visibility Contrast
1.0 2.0 3.6 29 7.2 61
1.05 2.4 3.7 30 7.4 62
1.1 2.8 3.8 31 7.6 64
1.15 3.2 3.9 32 7.8 65
1.2 3.6 4,0 33 8.0 66
1.25 4.0 4.1 34 8.2 67
1.3 4.5 4,2 35 8.4 68
1.35 5.0 4.3 36 8.6 69
1.4 5.5 4.4 37 8.8 71
1.45 6.0 4.5 38 9.0 72
1.5 6.5 4.6 39 9.2 73
1.55 7.0 4.7 40 9.4 74
1.6 7.5 4.8 41 9.6 5
1.65 8.0 4.9 42 9.8 76
1.7 8.5 5.0 43 10.0 M
1.75 9.0 5.1 44 10.5 79
1.8 9.5 5.2 45 11 82
1.85 10.0 5.3 46 11.5 84
1.9 10.5 5.4 47 12 87
1.95 11.0 5.5 48 12.5 89
2.0 12.0 5.6 48 13 90
2.1 13.0 5.7 49 13.5 92
2.2 14.0 5.8 50 14 94
2.3 15.0 5.9 51 14.5 96
2.4 16.3 6.0 52 15 98
2.5 17.5 6.1 52 15.5 99
2.6 18.5 6.2 53 16 101
2.7 20 6.3 54 16.5 103
2.8 21 6.4 54 17 104
2.9 22 6.5 55 17.5 106
3.0 23 6.6 56 18 107
3.1 24 6.7 57 18.5 108
3.2 25 6.8 58 19 109
3.3 26 6.9 59 19.5 111
3.4 27 7.0 60 20 112
3.5 28 - - - -

8The relative contrast scale 1s based on the absolute threshold contrast of a standard
L-min disc target under specific laboratory conditions. The actual threshold contrast
is assigned a value of unity. The Relative Contrast Scale reading for a task at a given
1llumination level relates the visibility of that task to the supra-threshold contrast
of the standard disc at the same illumination level.

For example, a reading of L on the Relative Contrast Scale for a given task means
that, under the conditions of measurement, the task is equivalent in vigibility to the
standard disc target which is four times its threshold contrast. A reading of 10 means
that the task 1s just as visible as the standard disc when it is ten times its threshold
contrast.

This table 1s derived from the basic data of Figure 1, "Comparison of Visibility
Measurement Systems," A.A. Eastman and S.K. Guth, Illuminating Engineering, Vol. LV, No.
3, March 1960, p. 176, and the threshold curves for a L-min disc, from "Specification of
Interior Illumination Levels," by H. Richard Blackwell, Illuminating Engineering, Vol.
LIV, No. 6, June 1959, p. 317.

A.A. Eastman, April 3, 1961
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Appendix B

COMPARISON OF PAVEMENT BRIGHTNESS PRODUGED PER 1000 CANDLEPOWER
FROM SINGLE LUMINAIRE WHICH 1S AT THE DRIVER'S LEFT

Premredby J B deBoer F Burghout, andJ F T Heemskerck Veeckens of tha N V Philips

Lighting Laboratory = May 3 1960 - for Charles Rex I E May 1959 p 295
“Computaticn of Relative Comfort and Relatve Vimbility Factor Ratngs for Roadway Lightug "
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Appendix C

Excerpts from Report to I. E. S. Roadway Lighting Commattee
by H,F. Wall and P. L. Young, City of Detroat, Public Lighting Commission
May 23, 1961

PAVEMENT BRIGHTNESS
Stations Candlepower from COMPUTED MEASURED
Along Luminaire Pritchard
Reid-Chanon| J.B. deBoer | Telephoto-
Bock-Rex Pavement 9A meter
.5 MH f At iy 15 Minute
LRL A B Coefficients Coefficients Apertu_re
6 5520 4060 0.271L. 0.26fL.
i 7080 5334 0.33 0.33
8 8330 6203 0.40 0. 40
9 7830 7289 0. 44 0 47
Avg 0 36 0.37fL. .391L.
1.0 MH
LRL
6 5610 5501 0.15fL. 0.18 fL.
' 7 8330 6526 0.19 0.22
8 10374 7486 0.22 0.25
9 9194 9522 0.24 0.28
Avg 0,29fL. 0,23 fL, 0.27 fL.

Elliptical Area, 2° Aperture (400'x 7.3")
Pritchard Reading -=-----=c----. 413fL

Calculated Average Footcandles--.955 Ftc. Elliptical Areas Viewed

| Through Pritchard
| Brightness Meter(45'x1)
Using 15 Minute

ret- [\ 7MH " Aperture
1.0 MH 30!
Line LRL +
0.5 MH ‘ 15
i R = Ex+++ +—++++

Observer Station 1 2 3 4 5 6 7 8 91011121314

Luminaires Spaced
at 165 Ft , 30 Ft. —I
Mounting Height




Headlight Glare vs Median Width

JOHN R. FRIES and L.J. ROSS, Idaho Department of Highways, Boise

@ THE GLARE of approaching headlights reduces a driver's ability to see. When the
lights of an approaching automobile remain on high beam during the passing maneuver,
most drivers are blinded by the dazzling light and are unable to observe clearly an ob-
stacle on the highway within the limits of the driver's headlight 1llumination.

The object of this study is to determine the median width that will best avoid this
blinding glare from high-beam headlights of oncoming automobiles, and therefore, al-
low a driver to see an obstacle on the highway at a safe stopping sight distance.

EQUIPMENT

The equipment used in this study included two state vehicles—No. 2687 (1957 Chev-
rolet Station wagon), No. 2719 (1957 Chevrolet pickup), and a G.E. illumination meter
(range—0.2 to 500 foot-candles).

° Stake (meter reading taken over each)
[ZTesf cars
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Figure 1. Plan of track used for tests.
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PROCEDURE
Test A

This test was carried out on a graveled airplane runway with small vegetation grow-
ing thereon. This vegetation was, in general, small shrubs, weeds, and grass which
is more or less representative of anticipated median texture. The runway was chosen
because it provided a reasonable length of straight track without curves. Ten lengths
of track were used to run the tests, the dimensions and layout of which are shown in
Figure 1,

A baseline was stationed in 50-ft intervals for 600 ft. From the baseline, six 10-
ft lanes were laid out. A test driver would then drive down each lane at an average
speed of 45 mph toward a stationary vehicle parked on the baseline at Station 0/00.
Both automobiles had their headlights on high beam. An obstacle was placed in the
lane down which the moving auto would travel. This obstacle was opposite the station-
ary automobile, but far enough back so that the vehicles' lights would not reflect on
the obstacle.

There were two men in the test auto. The driver stated when he could see the ob-
stacle, while the other man dropped a marker at that point. The driver made several
test runs, starting with the 10-ft median, then the 20-ft median, and so on, until there
was no glare, or until he could clearly observe the obstacle with his headlights alone.
A total of seven drivers performed the test.

Test B

To check the results obtained in Test A, a source intensity curve with candlepower
as a function of median width and distance from source was prepared.

To determine these curves, meter readings of illumination at 50-ft intervals were
taken on each 10-ft median increment, and were then converted to a measure of source
intensity expressed in candlepower by the relation I = ER?, in which I = source inten-
sity in candlepower, E = illumination in foot-candles, and R = distance from source
in feet.

During the test the stationary vehicle remained at station 0 + 00 on the baseline with head-
lights onhigh beam, while another auto was driven over each 50-ft station on eachlane. An
illumination reading was taken through the windshield at the same height as thedriver's eyes.

RESULTS AND CONCLUSIONS

The results obtained during Test Aare summarized in Table 1. This table was prepared
from the observations of the seven drivers tested, and shows the minimum safe median widths
with high-beam headlights for design speeds from 30-70 mph. The individual distance curves :
plottedfor each driver and a sight distance curve, whichis a calculated statisticalaverage
for the sevendrivers tested, are shown in Figure 2,

The results obtained during Test Bare shown in Figure 3. Thisfigure was preparedfrom
the data given in Tables 3and 4 (Appendix). The light intensity curves showa definite relation
with the observations of the seven drivers run through the test. Theaverage curve has been
plotted with these curves to show this relation. The light intensity curves indicate that the
25, 000 contour of illumination is the safe maximum candlepower allowable for desirable
minimum glare. °

TABLE 1

Design Safe Stopping Median

Speed Sight Distance Width?

(mph) (ft) . (£t)
30 200 10-20
40 275 20-30
50 350 30-40
60 475 50-60
70 600 60-80

8Minimum safe median widths with high-beam headlights. Two cars passing on lL-lane divid-
ed highway.
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Figure 2. Seeing distance as function of median width.

Both tests have the following conditions in common:

1. Tests were run on clear, moonless nights.

2. The median widths were made of small shrubs, weeds, and grass; reflection
was very low.
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Figure 3. Source intensity as a function of median width and distance from source.
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3. The obstacle was made of wood in an "A' shape about 2 ft high.
4. The target was placed in a different position on each lane so that the driver
would not know where to look for the obstacle.

A review of the test as a whole suggests that more complete and varied investiga-
tions should be made to definitely establish the relation of median widths to sight dis-
tance against opposing high-beam headlights. These tests were run under one condi-
tion, considered to be average. Variable conditions, such as glare on wet surfaces,
light-and dark-textured surfaces, driver characteristics, vehicle speed, and type of
headlights, would create considerable differences in the degree of discomfort and/or
safety introduced in the operation of vehicles on four-lane divided highways.

RECOMMENDATIONS FOR FURTHER STUDY

The conclusions expressed in this report are based on a minimum number of obser-
vations using equipment and personnel assumed to be average. It is hoped that further
studies will be imitiated to substantiate and expand the results obtained.

Additional studies of the following subjects would be considered especially valuable
in median design.

1. The relation of safe stopping sight distance to median width against opposing low-
beam headlights.

2. A comparison of light intensity curves obtained from standard headlights as op-
posed to those obtained from the latest quadra-beam headlight designs.

3. The effect of horizontal roadway curvature with various median widths on sight
distance against opposing low- and high-beam headlights.

4. The effect of differences in roadway elevation with various median widths on
sight distance against opposing low- and high-beam headlights.

Appendix

TABLE 2
NIGHT VISION DATA

Distance from Object (ft)*

Driver 10-1t 20-1t 30-ft 40-1t 50-ft 60-1t
No. Median Median Median Median Median Median
1 180 325 365 470 500 560
2 165 225 305 375 375 450
3 150 180 240 285 260 250
4 140 240 290 360 390 400
5 230 300 350 390 390 400
6 200 210 300 310 350 460
7 190 290 350 400 440 455
Average 184 262 335 389 416 457

8o glare with medians wider than 60 ft.
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INTENSITY OF ILLUMINATION
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Distance Nlumination Intensity (ft-cd)
From Light O0-Ft 10-Ft 20-Ft 30-Ft 40-Ft 50-Ft 0-Ft 70-Ft 80-Ft 90-Ft 100-Ft
(ft) Median Median Median Median Median  Median _ Median Median  Median _ Median Median
50 1.85 0.81 0.20 0 05 00 0.0 0.0 0.0 00 0.0 0.0
100 1,20 1.40 0.30 010 0.05 001 0.01 0.01 0.0 0.0 00
150 0.80 0.95 = 0.38 018 0.07 0.05 0.02 0.01 0.01 0.0 0.0
200 0 51 0 50 0.42 0.20 0.10 0.07 0.04 0.03 0 02 0.0 0.0
250 0.42 0 40 0.39 0.21 0.11 0.08 0.06 0.04 0.03 0.01 0.01
300 0.30 0.28 0.23 0.22 0.15 010 0.08 0.05 0 04 0 02 0.01
350 0.22 0.21 0.20 0.22 0.19 0.186 0.09 0.08 0.05 0.04 0.02
400 0.21 0.20 0.18 0.20 0.18 0.14 013 0.07 0.06 0.05 0 03
450 0.20 019 0.19 0.17 0.17 0.14 0.12 0 08 0.07 0.05 0.03
500 018 018 018 0.17 0.15 0.15 0.10 0.09 0.08 0 07 0.04
600 015 - - - - - - - - - -
TABLE 4
LIGHT INTENSITY' |
Distance Intensity, I = ER® (cd)
From Light O0-Ft 10-Ft 20-Ft 30-Ft 40-Ft 50-Ft 60-Ft 70-Ft -Ft 90-Ft 100-Ft
(ft) Distance Distance Distance Distance Distance Distance Distance Distance Distance Distance Distance
50 4,625 2,106 579 170 0 0 0 0 0 0 0
100 12,000 14,140 3,120 1,090 581 125 136 149 0 0 0
150 18,000 21,470 8,700 4,212 1,687 1,250 522 274 ' 289 0 0
200 20,400 20,050 16,968 8,180 4,160 2,975 1,774 1,347 928 0 0
250 26,250 25,040 24,570 13,314 7,040 5,160 3,960 2,696 2,067 706 726
300 27,000 25,228 20,792 19,998 13,740 9,250 7,488 4,745 3,856 1,062 1,000
350 26,050 25,746 24,580 27,148 23,579 20,000 11,349 7,644 8,445 5,224 2,650
400 33,600 32,020 28,872 32,180 29,088 22, 750 21,268 11,543 9,984 8, 405 5,100
450 40,500 38,404 38,551 34,578 34,607 28,700 24,732 16,592 14,623 10,530 6,375
500 45,000 45,018 45,072 42,653 37, 740 37,875 25,360 22,941 20,512 18,067 10,400
600 64,000 - - - - - - - - - -

1At given distance from baseline.



Road Surface Luminance and Glare Limitation
In Highway Lighting

J.B. de BOER, Chief, Lighting Laboratory, N.V. Philips’' Gloeilampenfabrieken,
Eindhoven, Netherlands

A survey is given of the results of (a) stationary (indoor
and outdoor) and dynamic (outdoor) visibility tests, (b)
subjective appraisals of road surface luminance in light-
ed streets, and (c) recordings on the use of headlights
under several lighting conditions. From these results it
can be concluded that the road surface luminance should
be at least 0.6 foot-Lambert, fL, (2 cd/m?) in order to
make dense road traffic safe and comfortable.

Investigations on glare in lighting for road traffic show
that visual comfort of drivers, is a graver criterion for
glare limitation than the impedance of seeing ability. This
means that in installations where glare stays within the
borders of visual comfort, disability glare will be negli-
gible. The paper gives a survey of results on this mat-
ter providing basic data for the necessary limitation of
glare in lighting installations for road traffic.

The luminance of the road surface and its distribution
determines to a large extent the quality of the installa-
tion from a viewpoint of safety and comfort of traffic.
The possibility of practical application of the luminance
concept in public lighting is, therefore, a matter of high
importance. This possibility depends on the availability
of convenient methods for computing and measuring road
surface luminances. A brief description 1s given of a
simple method of calculation as well as of a photoelec-
tric luminance meter for street lighting purposes both
intended for use in everyday practice.

@ THE LIGHTING of public highways is insufficient and incorrect for present traffic
comfort. This statement applies to roads in all countries, apart from a few progres-
sively lighted highways. It is apparent that practically all lighting installations in
existence are inadequate, if one is put in a position to learn the conditions of traffic
under artificial lighting at the peak hour on several differently-lighted highways.

In the first place, there is a category of non-permanently lit highways, the usual
situation at present even on those sections where the traffic flow amounts to thousands
of vehicles an hour in the peak traffic hour. Driving 1n traffic on such highways in bad
weather (rain, sleet, snow) requires an effort which, if prolonged for one hour, far
exceeds what may be demanded of the average driver in safe traffic. For example,
such conditions are found on the German autobahn between Frankfurt and Cologne.
This category shows that lighting by the vehicle, even for dual highways where oppos-
ing traffic is visible, is wholly unsatisfactory at high traffic densities, particularly if
the road is wet and visibility is hampered by a wet windshield and damp atmosphere.

Another category comprises highway sections which have been lighted in accordance
with present standards but actually offer no solution to the problem of promoting the
safety and comfort of traffic by means of lighting. A typical instance is the lighting
of the Connecticut Turnpike between New York and New Haven. The level (below.0.3
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fL, as estimated from the illumination data available) is too low; lighting is not uni-
form in rainy weather; and there is too much glare for visual comfort. Therefore, on
this road the quality of lighting fully "justifies™ the American practice of using the
passing beam of headlights on lighted highways. This does not, however, achieve the
presumed object of this lighting—safety and visual comfort 1n traffic.

Finally, there are, sporadic examples of lighted highway sections that come into a
third category in which the desired aim has been approached more or less satisfactor-
ily. They include some sections of highway near Glasgow and Leicester in Great
Britain, near Eindhoven in Holland, and the Autoroute du Sud near Paris. The lighting
level in these installations is considerably higher than has been customary for public
lighting, and uniformity is not unsatisfactory even if the road is wet. It is common
practice in France to use "side" (parking) lights on publicly lit roads. Consequent-
ly, driving on the Autoroute du Sud gives an idea of how efficient road lighting contrib-
utes to visual comfort. Owing to the absence of the continual glare from opposing traf-
fic and, in dry weather at least, a satisfactory luminance pattern on the road, the glare
by the road luminaires being acceptable, the driver can visually relax completely while
observing traffic.

Similar conditions prevail on two-way traffic roads, though here the problems in-
volved differ because of the different nature of the traffic. A careful stock-taking of
all these traffic situations leads to the conclusion that, except for a few sporadic cases,
there are no traffic lighting installations in existence that are suitable for today's traf-
fic.

If artificial road lighting is considered to be a continuation during the night of visual
daylight conditions, then lighting techniques in this important field have progressed far
less than lighting techniques for offices and factories, where many lighting installations
approach what daylight can offer under ideal conditions.

QUALITY CRITERIA

The luminance pattern 1n the driver's visual field determines the details that he can
perceive. It also determines the degree of comfort experienced in the observations.
Ultimately this luminance pattern determines whether the object of road lighting is
achieved—the promotion of safety and comfort in traffic. The following basic factors
are criteria for the quality of any road lighting installation:

1. Lighting level as determined by the average road luminance; and
2. Glare as defined by luminance, apparent size, and orientation of the luminaires.

In this connection several other factors are important: the luminance pattern on
the road surface, the luminance contrast of any object on the road with the road, and
the color of the light.

General Level of Lighting

It has been shown that the level of lighting has a large effect on visual performance
(1, 2, 3). A typical example has been derived from previous results (Fig. 1). On the
right, the visibility distance S, calculated from results of stationary observations of
Landolt rings, 1s represented as a function of the luminance of the background, L. Be-
cause only the relative effect of the lighting level on vision was to be shown, a single
case was taken; namely, that of a Landolt ring with a diameter of 50 cm (20 in.) pre-
sented to the observers at 100 m (330 ft) for 0.1 sec at a mean background luminance
of 1 cd/m? (0.3 fL). The luminance of the ring was two-thirds of the background lum-
inance. The observers' age A was 40 years. This case, which is applicable as a rel-
ative criterion for visual performance on a lighted road, shows that a 10 percent in-
crease in visibility distance is attained when L is increased by a factor of about 1.5.

The right-hand curve of Figurelisforanageof 40years; that is, for an approximate-
ly average age of drivers, as in relevant tests an important effect of age on visual
performance could be stated. Figure 1 (left) shows the visibility distance S of the slit
in the ring as a function of A. This distance decreases by about 10 percent for a 10-yr
increase in age. This effect of age may also be expressed as follows: the decrease of
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visual performance with increasing age of the driver can be compensated by increasing
the background luminance; in particular, the decrease of visual performance due to a
10-yr increase in age may be canceled out by an increase in the illumination level by a
factor of 1.5,

Although such tests give valuable information about the effects of certain lighting
characteristics, visual tasks that resemble more closely those of importance to road
safety must be considered to find indications about the absolute values of the desirable
lighting level.
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Figure 1. Effect of lighting level (luminance L of background) and of age A on visibil-
ity distance S for recognizability of Landolt ring.

A number of tests have been carried out whose results give information about the
lighting level required to guarantee a minimum perceptibility from the standpoint of
road safety (4, 5, 6). The following gives a survey of the most important results.

Several people observed objects in a lighted street where the correlation of object
luminance to background luminance (in this case a part of the road surface) could be
modified and was known. Dunbar (4) referred to observers who had perceived the ob-
jects while seated in a moving car, whereas other tests (5) referred to stationary ob-
servers who did not know where the objects would appear. The objects used in the lat-
ter tests were 28 x 28 cm (11 x 11 in.) placed at distances ranging from 50 to 200 m
(150 to 600 ft). The apparent size of Dunbar's objects was about 1.5 times bigger.

The most interesting result is the correlation between road surface luminance and
the contrast necessary to observation. The contrast is defined here as the ratio Ry, of
the road surface luminance and the object luminance. Figure 2 offers a basis for set-
ting a minimum road luminance limit for proper road lighting. If the criterion is that
a 20- x 20-cm (8- x 8-in.) object must be clearly visible to a road user from 100-m
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Figure 2. Minimum ratio R;, of road and object luminances needed to make 28- x 28-cm
(11- x 11-in.) objects visible at from 50- to 200-m (150- to 600-ft) distances to ob-
server under normal traffic conditions, as a function of road luminance L.
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(330-ft) distance, even if the luminance of that object is two-thirds of the background
luminance, Figure 2 proves that the mean road luminance must be at least 2 cd/m?
(0.6 fL).

This criterion implies the adoption of two magnitudes (the size of the object and its
luminance relative to its background) both magnitudes affecting the conclusion about
road luminance. Obviously a higher road luminance is needed if smaller objects are
to be clearly visible, or if objects are considred whose contrast with the road surface
is less than the 2:3 ratio cited. From the viewpoint of road safety, objects of such a
size cannot be neglected, and street lighting practice has shown that it is often difficult
to keep the contrast between object luminance and road luminance above the 2:3 ratio.
Therefore, these conclusions will certainly not entail overstrict requirements.

Under the dynamic conditions (6) observers seated in a car going 50 km an hour
(30 mph) determined the distance at which a 20 x 20 cm (8 x 8 in.) dull screen (9% re-
flection factor) could be seen under existing lighting conditions. Two objects had been
installed in each street. The ratio R}, of road luminance and object luminance varied
from 3 to 7.5. Each point in Figure 3 represents the mean visibility distance, 1, as
measured in a single street by four observers (aged 24, 29, 30 and 40).

Figure 3 also includes a curve calculated from unpubligshed data by Balder and For-
tuin regarding the measurement of threshold values for incandescent light at a ratio of
5 with 0. 1-sec observation time and the observers ranging from 15 to 64 years of age.
The results of the dynamic tests are shown by a full line through the center of gravity
and parallel to the slope of the curve calculated at 1 cd/m® (0.3 fL).

The conclusions thus obtained may again be based on the requirement that a 20- x
20- cm (8~ x 8-in.) test object whose luminance is two-thirds of the background lumin-
ance (RL, = 1.5) must be visible from at least 100 m (330 ft). According to unpublished
results with incandescent lamps found by Balder and Fortuin, it appears that the obser-
vation of an object whose contrast is equivalent to Rr, = 1.5, requires a luminance
more than four times higher than the luminance required for a contrast equivalent to
Ry, =5. This is true for an approximate luminance of 1 cd/ m® (0.3 fL) and an 0. 1-sec
observatmn time and it constitutes an average for a group ranging regularly from 15
to 64 years of age.

It should also be considered that in the dynamic tests the observers expect to see
some object. Roper (7) has found for automobile lighting that observers expecting to
see an object in their field of vision will perceive the object from twice as far away as
those who do not expect them. Assuming that this factor may also be applied to street
lighting, a value must be recommended for the mean road luminance which is four
times the luminance found in Figure 3 for 1 = 200 m (660 ft), in other words, a mean
value of 2.2 cd/m? (0.64 fL).

A different way of forming an idea about the level required for a proper street light-
ing consists in trying to find the level at which the average driver feels comfortable
without using headlights. It may be wondered if such a test will yield results that are
genuinely relevant to safe traffic. Experience on the Autoroute du Sud led to the belief
that such is the case, because no road traffic is possible in which safety is a condition
sine qua non, if the drivers are continually placed in situations in which they are men-
tally overloaded. K the visual tasks demanded of the drivers can be accomplished in
a comfortable and easy way,- one can be sure that they will not have to resort to emer-
gency maneuvers that, in the most favorable cases, allow only narrow escapes from
accidents.

Two methods of finding quantitative information about the lighting level at which this
state of comfort can be obtained have been used: (a) simply questioning a number of
qualified observers concerning present levels in various lighting systems, and (b) re-
cording the behavior of the drivers as to their use of various driving lights under dif-
ferent lighting conditions.

In the first series of tests (6) the observers were asked if the lighting level of the
installations of a route should be rated bad, inadequate, fair, good, or excellent, or
in between any two ratings (scaled 1 to 9). A total of 70 streets and roads, 46 in dry
weather, were so appraised by a group of 6 observers from the laboratory and, in
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part, by a group of 10 engineers responsible for public lighting in some Dutch towns.
The appraisals of both groups agreed to a satisfactory degree,

Figure 4, showing the more important results of these appraisals, gives the aver-
age of the 16 observers' opinions as a function of lighting level expressed in mean road
luminance. The correlation (Fig. 4) shows that the lighting level 1s ""good" if the road
luminance is 1.5 cd/m® (0.44 fL) (between 1.3 and 1.8 cd/m? (0. 38 and 0.52 fL) to a
confidence level of 95 percent). However, the observers' opinions are inevitably link-
ed with the characteristics of the roads 1n question. A road of average importance as
a traffic artery will be judged differently from a road with high-intensity traffic, of the
70 installations, 28 installations were of little importance from a traffic point of view.
These 28 were probably called *'good" at a relatively low level of luminance.
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Figure 4. Appraisals of road luminance levels.

In the second test series the behavior of drivers at different lighting levels was re-
corded. The recordings were made largely at dusk, and during the night on 2 number
of artificially lit roads. It was noted at which lighting levels, either by daylight or by
artificial lighting, the drivers used driving lights, passing lights, or "side" lights. In
measuring daylight, the decrease of daylight as a function of time was recorded to plot
the number of motorists scored in each category as a function of lighting level. These
recordings were always made on roads with low traffic intensities to avoid mutual in-
fluencing as much as possible. It has been observed that if one driver on high traffic
intensity roads lights his headlights, a good many others immediately follow the exam-
ple. In that case, the results would not be valid for the average driver. A total of
900 cars were recorded during dusk.

Figure 5 shows the number of motorists driving with lights off or with certain lights
on, expressed in percent of the total of cars recorded for each luminance, as a function
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of road luminance level. The road luminance is shown on a decreasing scale in con-
formity with the decrease of luminance during dusk. Curve O gives the number of
motorists who drive without lights on; at a lighting level of 50 cd/m? (15 fL) and high-
er; practically everyone drives without lights. When the lighting level falls to approx-
imately 5 cd/m® (1.5 fL), 80 percent of the drivers consider the daylight insufficient
for their needs; therefore, they switch on parking lights but not headlights, consider-
ing the visibility still sufficient. Curve P shows that at a lighting level between 5 and

1 cd/m® (1.5 and 0.3 fL), more than 80 percent of drivers are driving with "side"
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Figure 5. Numbers of cars (p) in percent driving waith various lighting possibilities as
a function: of road luminance L.

lights. Curve C gives the number of drivers who use their headlights on the passing
beam. When the road luminance falls to 1 cd/m?® (0.3 fL), 20 percent of the drivers
find the lighting level so low as to prevent them from seeing properly and switch on
their headlights. This number increases gradually as the luminance falls below 1 cd/m?
(0.3 fL).

Street lighting creates different situations from those caused by dusk because (a)
there is glare, (b) road luminance is not perfectly uniform, and (c) only the road and
a few meters' width on each side is visible.

The results of recordings made on T lighted roads (solid dots, Fig. 5) give what the
average driver affected by the three factors impairing lighting quality considers to be
inadequate lighting. These results are represented approximately by line A. In each
case the lighted roads were at least several miles long and there were no signs re-
quiring that parking lights be used. In Holland and Germany, where the recordings
were made, it is not customary to drive with parking lights only through lighted streets
as it is in Belgium and France.

The results prove that 80 percent of drivers feel that they can drive safely with only
parking lights at an artificial lighting level exceeding 2 cd/ m? (0.6 fL). A prohibition

of headlights in high-intensity traffic, as demanded by safety, is justified if the lighting
level exceeds 2 cd/m? (0.6 fL).
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Glare

Glare from street lighting systems manifests itself in two ways: by a reduction of
visual performance (disability glare) and by a feeling of discomfort which eventually
develops into fatigue and leads to decreasing capacity of perception (discomfort glare).
Disability glare can be clearly distinguished from discomfort glare by means of exper-
iment. In cases where glare is so weak as to make it difficult to establish a reduction
of visual performances, which may be found by measuring the contrast sensitivity, vis-
ual acuity or the reaction speed, this feeling of discomfort can still be clearly estab-
lished. I the glare does not affect seeing comfort, a reduction of the capacity of per-
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Figure 6. Ratio Ry of contrast sensitivities (with and without glare) as a function of
road luminance L.

ception is certainly not to be feared.

The importance of this conclusion warrants more detailed discussion of some re-
sults found in measurements of visual performance and glare on a test road (5). Con-
trast sensitivity, visual acuity, and reaction speed were determined for different road
luminances and sources of glare. Observations were also made by many persons re-
garding admissible glare, taking visual comfort into account.

Since contrast plays an important part in perception in road traffic, the measure-
ments concerning contrast sensitivity can be regarded as a specific example. They
were effected for different road luminances both with fairly strong glare and without
glare. The illumination of the observer's eye was about three times the *'satisfactory”
value. (This "satisfactory" value is the mean glare found admissible by the observers;
a more detailed discussion appears hereinafter.)

Figure 6 shows the correlation for the two contrast sensitivities as a function of
mean road luminance. In case of glare the contrast sensitivity for a road luminance
of 2 cd/m? (0.6 fL) is only 6 percent below the value without glare. This even applies
to the case where the illumination of the observer's eye is three times the permissible
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limit for visual comfort. Under these conditions and even for a road luminance as
low as 0.4 cd/m? (0.12 fL), the contrast sensitivity reduction still does not exceed 10
percent.

It was previously stated that the decrease of visual performance was not to be fear-
ed provided glare is kept within the limits of the "satisfactory' value. Tests required
to determine such limits may be made chiefly in the laboratory, although the results
must be verified under conditions which closely resemble those prevailing on a nor-
mally lighted road (5, 8, 9, 10). The test procedure alternatives are: (a) the observ-
ers are shown a type of lighting and are asked for their opinion as to the glare experi-
enced; or (b) the observers are given a means to modify one of the factors affecting
the glare (for example, the illumination on the observer's eyes produced by the glare
sources).

Where the observers' opinions are asked, a maximum permissible limit of glare
must be clearly defined. Thus, the limit at which the glare experienced can be con-
sidered "satisfactory" is defined as the amount of glare beyond which, after some
length of time, annoyance results, leading to fatigue.

It is evident that, in spite of all precautions, individual opinions will vary widely
and the opinion of one observer about the same situation will be subject to marked var-
iations. Therefore to obtain a worthwhile result, it is necessary to have many obser-
vations made by many observers.

Figure 7, test results of permissible glare from a single source of light, shows the
maximum illumination Ej, that can be produced on an observer's eye at which he still
considers the glare experienced "satisfactory." Ilumination Ey, is shown as a function
of mean road luminance L and angle 8 between the line from eye to source and the hor-
izontal plane. Solid angle @ at which the observer perceives the light source is the
parameter. Ilumination Ep permissible for three values of o is shown. It is evident
that discomfort will increase as illumination of the eye 1s increased. Each of the three
curved surfaces shows a combination of situations where glare experienced corres-
ponds to the permissible limit in view of discomfort glare. H glare should be increas-
ed by an amount of illumination Ep, this increased glare could again be neutralized by
modifying the three other factors, as follows: (a) an increase of mean road luminance
L; (b) an increase of angle § (by shifting the light source away from the central part
of the field of vision); or (c) an increase of the surface producing solid angle o .

This also means that glare provoked by a light source, for a specific value of illum-
ination, will be weaker as road luminance is increased, as the light source is moved
farther from the central part of the field of vision, and as the light source size is in-
creased.

In the case of street lighting, glare is nearly always produced by many light sour-
ces. K one of these sources should produce an illumination which (Fig. T) corresponds
to the "satisfactory” limit, the degree of glare corresponding to this limit would con-
sequently be exceeded if other light sources should also contribute to the illumination
of the eye. th

¥ Ep, p is the highest eye illumination that can be produced by the n~" light source,
of which the limit corresponds to the "'satisfactory' impression according to Figure
7, and if Ew, n is the real eye illumination from the nth source, the "satisfactory™ lim-
it of glare is not exceeded if the sum of correlates Ew, n to Ep, n remains below 1.
Thus,

n=N
Ew,n £, )
-t Eb,n
n=1

After establishing the mean road luminance, the maximum illumination not exceed-
ing the permissible discomfort limit can be calculated. Although feasible, these cal-
culations are time consuming and are inconvenient for daily practices. A simpler
method consists in computing curves that show the mean road luminance required to
reduce discomfort glare to the "satisfactory" degree as a function of mounting height
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Figure 7. Eye illumination Ep, as produced by single light source corresponding to cri-

terion of "satiafactory" glare as a function of mean road luminance L and angle § be-

tween line from eye to light source and horizontal plane for various values of solid
angle ®w at which light source is seen.
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and light standard spacing. Such a group of curves can be computed for any combina-
tion of standards and road surfaces.

Another group of curves computed for the same combinations shows the real mean
luminance as a function of the same parameters. If, for a given installation, the real
luminance derived from the second group of curves exceeds the luminance required to
allow for glare according to the first group of curves, the installation may be consid-
ered satisfactory (10).

The results given here are confirmed to a certain extent by experience that, with
an adequate level of illumination, the glare remains within acceptable limits when
lamps are used whose light emission is limited to within 80° from the vertical and
whose maximum luminous intensity is at less than 60° from the vertical. This simple
rule, which can be applied without any complicated measurements or calculations,
constitutes the basis of design for most public lighting installations in the Netherlands.
It is thought that this rule should be applied in all cases of public lighting for traffic to
insure that glare remains within acceptable limits, unless a check on the degree of
glare to be experienced is carried out by other means.

Conclusions on Lighting Level and Glare

For a street lighting installation to qualify as "good,’ it must have (a) a sufficient-
ly high lighting level; and (b) a sufficient reduction of glare.

The test results on visibility and comfort of seeing indicate that an average lumin-
ance of 2 cd/m? (0.6 L) on the road is a desirable level for roads with high-intensity
traffic. This level corresponds to an average illumination of approximately 30 Iux
(3 ftcd) for lamps that do not emit light at more than 80° from the vertical and for road
surfaces normally used in the Netherlands.

CALCULATION AND MEASUREMENT OF ROAD SURFACE LUMINANCE

The importance of the general level of lighting has been stressed as a criterion for
quality of lighting for traffic. This lighting level is characterized by the luminance of
the road surface and not by its illumination which does not give any information on lum-
inance as observed by the driver. There is no simple relationship between illumination
and luminance because road surface reflection characteristics depend largely on the
directions of light incidence and observation. These characteristics are different for
different road surfaces and vary considerably for one ‘surface from dry to wet. Road
surface luminance is a complicated function of light distribution of the luminaires and
of their placement as well as of the reflection properties of the road surface.

Without going into the details of calculation and measurement (11, 12, 13, 14)a
method of presentation of luminaire characteristics is described which allows compu-
tation of road surface luminance. A recently developed luminance meter, especially
designed for use in every-day practice is also described.

Practical Computation of Road Surface Luminance

In public lighting practice, a satisfactory result can often be obtained if the investi-
gation is limited to viewing directions important to traffic. A number of simplifica-
tions are permissible, particularly in determining the average road surface luminance.
Only the luminance of the road surface rather far in front of the observer is important
to traffic, because it 1s only against such a background that important details can be
observed. It is assumed that only that portion of the road lying between 50 and 150 m
(150 and 500 ft) in front of the observer need be considered. The average luminance,
L, of this part of the road surface is only slightly dependent onthe location of the driver
so that the influence of the placement of luminaires may easily be considered.

In fact the relationship between L and the road-width, measured from the luminaires
(w - ov, Fig. 8) needs only be calculated for one case, so that the average value of L
can be taken for a number of typical observer positions. This relationship for a given
situation (for example with luminaires on only one side of the road), applies equally
for other arrangements (luminaires opposite each other, staggered, centrally mounted)
provided that the number of luminaires for a given length of the road is the same. I
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this relationship is determined for a mounting height h, a change in the mounting height
to h' and changes in all other dimensions in the ratio h'/ h, L will change in the ratio
(h/h')’. A simple calculation of the relationship between L and w - ov for one mount-
ing height and arrangement, makes it possible to derive all data determining the values
of L for all usual arrangements on a straight road in which the lights are mounted at
regular distances. As an example, Figure 9 shows the product Lsw as a function of

Figure 8. Significance of s, w, ov and h.

(w - ov) and ov for a dry asphalt surface, whose reflection characteristics have been
described previously (14), and for a luminaire whose light distribution 1s shown in
Figure 10. The significance of s, w and ov is shown 1n Figure 8; Figure 11 shows
various luminairearrangements, together with an indication of dimensions s, w and ov.
For a given arrangement, L is determined by reading the product Lsw once for the
value of (w - ov) and once for the value of ov and dividing the sum of these two pro-
ducts by sw. It is apparent that if different values of (w - ov) and ov apply for the lum-
inaires on both sides of the road, this determination must be carried out for each row
independently. L represents the average luminance of the road surface at a distance
of 50 to 150 m (150 to 500 ft) in front of the observer as seen by his eye located 1.5 m
(5 ft) above the surface. This implies that the luminance 1n the perspective road image
is averaged (the luminance of each element 1n the road surface 1s weighted according
to the area of this element in the perspective road image).
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In addition, the local luminance is of importance in judging the unevenness to be
expected. It has been shown (lg) that for each combination of luminaires, road sur-
face and arrangement, graphs can be determined giving certain characteristic ratios
of local luminance values as a function of spacing, mounting height, and road width.

The importance of these curves and of Figure 9 is that manufacturers of luminaires
can prepare graphs for typical road surfaces. The street lighting engineer is then
able in everyday practice to base his design on the concept of road luminance.

Measurement of Road Surface Luminance

A luminance meter which, as far as simplicity of operation and construction is con-
cerned, can be recommended for use in normal public lighting practice has been devel-
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Figure 9. Product of average luminance of road surface L, lantern spacing s, and width
of road w as a function of road width less overhang ov and as a function of overhang
ov for various values of mounting height h,

oped in the Philips Lighting Laboratory.

Construction of the luminance meter is shown diagramatically in Figure 12. Its use
is shown in Figure 13. The objective, O, produces an image of the portion of the road
to be photometered on the plane of slide S, which contains diaphragm D. This diaphragm
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Figure 10. Light distribution of high-angle beam distribution source reduced to 1,000~

lumen basis; (top) the polar light distrabution curves, measured in a meridian plane

for the maximum luminous intensity (full lines), and in the meridian plane perpendicu-
lar to the road axis (dotted); (bottom) isocandela curves.

has the shape and dimensions of the image on slide S. The light passes through the
diaphragm via mirror M, to the cathode of photomultiplier P, Hood H prevents to
much stray light from penetrating to the photocell.

The luminance meter is aimed by means of a second objective, Oa, which also pro-
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Figure 11. Indication of s, w, and ov in a number of arrangements.

duces an image of the part of the road surface to be photometered at "aiming sight" A,
also located on slide S. This aiming sight is fully transparent and shows only the edges
of the road surface being photometered.

A set of slides S is provided with the instrument, making it suitable for a series of
roads, the width of which increases in steps of about 2 {t.

The observer points the instrument toward the portion of the road to be measured,
by looking through eye piece E. As soon as the contours of the road coincide with aim-
ing sight A, the image of that portion of the road between 50 and 150 m (150 and 500 ft)
in front of the user also coincides with diaphragm D. At this moment the observer
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Diagram of the luminance meter;

detail of slide inset in insert. For com-

ponent descriptions see text.

Operation of luminance meter.

presses cable-operated locking switch L,
whereby the charging circuit of a capaci-
tor is broken. Before the contact is brok-
en, the voltage across the capacitor fol-
lows the average luminance of the image
produced in D, with an extremely small
delay. The reading of a microammeter
connected to the capacitor via a d.c. am-
plifier is proportional to the voltage a-
cross the capacitor. When the connection
is broken, the capacitor begins to discharge
slowly and the observer has ample time to
note the microammeter reading at the mo-
ment that the circuit was broken. Accu-
rate aiming of the instrument is simplified
by use of a supporting leg, which can be at-
tached to the underside of the instrument.
The way in which the instrument can be
calibrated is important because a number
of different diaphragms D are used in the
instrument. Unless precautions are taken,
reading the instrument for a given average
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luminance of the field to be measured would be dependent on the size of the diaphragms.
This inconvenience has been avoided by the addition of the built-in calibration unit,
containing a suitably aged calibration lamp C and an opal-glass window G. The cali-
bration unit can be rotated on the horizontal axis (Fig. 12) so that G can be positioned
in front of O,. In this position, C is connected to the stabilized supply voltage of the
instrument, so that G has a fixed luminance. By adjusting the d.c. amplifier (Fig. 14),

Calibration

—

unit

—0

Woltage

0

High-

12V 1 | stabilizer |9V|| Tension |1000CI| __
s unit |,V

+ -© o~ © -

Microammeter ::-

o o _ﬁm -

d.c. —

Amplifier

==

Photo
Multiplier
50 AVP

Figure 1li.

T I

Block diagram of luminance meter.

the same microammeter reading can be obtained on a convenient range of the instru-
ment for each diaphragm D. Any drift in the sensitivity of the instrument can be cor-
rected whenever desired.
Figure 14 shows the principle on which the instrument circuit is based. One of the
resistances chosen by range switch R for the selection of the measuring range is con-
nected in series with the photomultiplier. The voltage across the capacitor is then the
product of the photoelectric current and the value of the selected resistance. When
switch L is opened, the microammeter gives a slowly decreasing reading proportional
to the capacitor voltage. The battery of accumulators, the stabilizer, the high tension
unit, and the d.c. amplifier are mounted in a small box. The measuring ranges of the
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instrument, for full-scale deflection of the microammeter, are 0.3, 1, 3, 10, 30 and
100 cd/m? (1 cd/m® = about 0.29 fL).

This luminance meter is now suitable only for measuring the average luminance of
a large part of the road. To measure local values of luminance as seen by a normal
driver, far higher sensitivities are required, because portions of the road subtending
very small solid angles at the observer's eye have to be considered. This difficulty
can be avoided by putting the instrument at a short constant distance from every point
on the road to be measured, instead of carrying out all measurements from a fixed
position. A special tripod has been added to the instrument to facilitate measurement
of local luminance values.

Another accessory is a grey reflection plate with a reflection factor of w/10. The
instrument can also be employed as footcandle-meter, by placing the reflection plate
on the road surface at the point where illumination measurements are to be made and
measuring the luminance of this plate, at an angle of about 45°. The reading of the in-
strument in cd/m?® gives the illumination in lux x Y. The lowest measuring range then
corresponds, for full scale deflection, to 3 lux (about 0.3 footcandle).

The experience with prototypes of the instrument has shown that an instrument of
such simplicity, but with a satisfactory reliability for street lighting purposes, is a
real need for introducing the concept of luminance in the practice of public lighting.
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An Instrument for Precision Photometry
Of Reflex Reflective Materials

R.I. NAGEL and A.M. TROCCOLI, respectively, Product Development Engineer and
Design Engineer, Elastic Stop Nut Corporation of America

@ IN RECOGNITION of the growing need for scientific reflector evaluation, a few state
highway agencies have installed extensive laboratory test facilities for this purpose.
While these laboratories constitute the only accurate means presently available for
testing reflector performance, the procedures employed require unusual space, deli-
cate equipment, and skilled personnel.

Previous attempts have been made to reduce the size and complexity of this appar-
atus. The ESNA Photometer, however, represents the first portable testing instru-
ment whose measurements correlate completely with full-scale laboratory data and
actual highway conditions. Unlike its predecessors, it provides accurate measure-
ment of performance at discrete viewing angles throughout the range of modern reflec-
tor usage. The simplicity of its operation makes it suitable for production quality con-
trol as well as for laboratory evaluation. It fills the long-felt need for a practical, re-
liable device capable of testing a wide variety of reflex reflector materials for conform-
ance to specifications.

Reflex reflectors are optical devices having the ability to accept light from a near
or distant source and reflect this light back to the source in a confined beam, regard-
less of the angle at which the light becomes incident on the reflector. For most com-
mercial reflectors the return beam is concentrated within a cone of 2-deg half angle,
the axis of the cone being the line between the light source and the reflector. The man-
ner in which the light is distributed within the returned light cone directly affects the
visibility characteristics of the reflector under actual highway viewing conditions. As
a vehicle approaches a reflector mounted on a sign, delineator, or disabled vehicle,

a constantly changing angle is formed between the line from the headlights and the re-
flector and the line between the reflector and the driver's eyes. This angle, termed
"observation angle,' is inversely proportional to the distance between the vehicle and
reflector. For the average passenger automobile the observation angle is equal to the
angle whose tangent is 1.746 divided by the distance, in feet, between the automobile
and the reflector. The value 1.746 is the average vertical distance, in feet, between
the headlights and the driver's eyes. For example, at 1,000-ft distance the observa-
tion angle is Yo deg; at 600 ft the observation angle is s deg; and at 300 ft the obser-
vation angle is % deg. The visibility of the reflector when viewed at any distance de-
pends on the candlepower intensity of the reflector at the observation angle formed at
that distance.

Because the candlepower intensity of the reflector at any observation angle is de-
pendent on the quantity of light incident on the reflector, performance is measured in
terms of candlepower output per foot-candle illumination. The term for this efficiency
value is “"specific intensity.” To illustrate the importance of measuring specific inten-
sity at discrete observation angles, certain fundamental laws of light must be intro-
duced.

A source of light emits luminous intensity in terms of candlepower. Any surface in
the path of this light is illuminated by the source in terms of foot-candles of illumina-
tion, the foot-candle level being inversely proportional to the square of the distance
between the source and the illuminated surface. A source emitting one candlepower
will produce one foot-candle of illumination on a surface at 1-ft distance; Y foot-can-
dle at 2 ft; % foot-candle at 3 ft, etc.

A reflector at distance D feet from headlights of candlepower, CPy, is therefore

Th
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illuminated by EDP;E foot-candles. The drivexé ; eyes at distance D feet from a reflec-
tor of candlepower, CPR, are illuminated by foot-candles.
Nlumination at reflector = %:—I!
CPR

Nlumination (signal) at eye = 5

cpsn s . _ _ Candlepower of reflector (CPR)
Specific intensity of reflector =S.1. = TMlumination at reflector (CPH)

CPRr =8.1I. x CPﬁ
then

. _S.L.xCPyg _S.1. xCP
Slgnal at eye —TW_H ——ﬁr——n

Assuming the candlepower of the headlights to be a constant, it is obvious that the
specific intensity of a reflector must increase proportionally to the fourth power of the
distance for a constant signal at the eye. In other words, the specific intensity of a
reflector at Yio-deg observation angle (1,000 ft) must be 123 times greater than the
specific intensity at % deg (300 ft) so that the driver receives the same signal at both
distances.

Although no commercially manufactured reflector approaches this ideal, the dis-
cussion makes clear that in testing reflex reflectors the photometer must be capable
of measuring extremely small portions of the reflected cone of light at discrete obser-
vation angles and converting measurements into values of specific intensity. The ESNA
Reflex Photometer was designed and constructed to accomplish these goals accurately
and efficiently. '

INSTRUMENT COMPONENTS

The basic components of the photometer are: (a) a light source which illuminates
the reflector, (b) a photoelectric receiver which measures the intensity of the reflect-
ed beam at discrete observation angles and converts these measurements to specific
intensity values which are indicated on a galvanometer, and (c) a goniometer on which
the test reflector is mounted.

Light Source

The light source consists of an optical system coaxial with the photometer tube. The
heart of the system is a 10-watt Zirconium arc lamp with an intrinsic brightness of ap-
proximately 29, 000 candles per square inch. The light output of the arc is amplified
by a system of lenses, and finally passes through an 0.200-in. diameter aperture which
simulates the headlights of a vehicle.

Receiver -

Surrounding the aperture at a nominal radius of 0.208 in. is a ring of photosensitive
material 0.050 in. in width. The receiver ring simulates the eyes of the driver. Light
falling on this ring produces a photocurrent proportional to the quantity of light, which
is indicated on the galvanometer. An Aryton shunt in the receiver-galvanometer cir-
cuit extends the range of the photometer by decade factors of 1 to 1,000, making possi-
ble the testing of all reflective materials from lowest to highest brightness.

Goniometer

The test reflector is mounted on an adjustable holder designed to accommodate a
variety of reflective materials. The sample holder pivots to permit varying the en-
trance angle, and rotates at 300 rpm about the reflector axis to obtain an average val-
ue. The entire unit may be removed from the photometer tube and placed at various
stations in the tube to change the observation angle.
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INSTRUMENT CAPABILITY

The photometer is capable of measurmg the specific intensity of reflex reflectors
from Yio-deg observation angle to Ys-deg observation angle. Simulating actual highway
viewing, the observation.angle is changed by changing the distance between the source-
receiver plane and the reflector. At Yio-deg observation angle the reflector is posi-
tioned 10 ft from the source-receiver plane and the 0.05-in, -wide receiver ring in
the photometer corresponds to a 5-in. -wide observation zone on the windshield of a
car at 1,000-ft distance from the reflector. The 5-in. width takes into account vari-
ations in drivers' height from average. As the reflector is moved closer to the source-
receiver plane for measurements at larger observation angles, the source and receiver
dimensions remain constant—as do the observation zone and headlights under actual
conditions.

The relation of source and receiver dimensions in the photometer duplicate those
recommended by the Society of Automotive Engineers for testing of reflex reflectors,
where a light source of 2.00-in. diameter, receiver of 0.50-in. diameter and test dis-
tance of 100 ft is described.

CALIBRATION OF PHOTOMETER

Included with the photometer is a calibrating mirror which is used to calibrate the
device for absolute specific intensity. Also included are color filters to be used in
conjunction with the calibrating mirror for the testing of colored reflex reflectors. Be-
fore starting a test, mount the mirror on the goniometer and switch the Aryton shunt
to the least sensitive range. Turn on the light source and allow the unit a warm-up
period of 10 min. After warm-up switch the shunt to higher sensitivity ranges until a
galvanometer deflection of over 10.0 divisions is obtained. Mask the mirror with the
black zeroing mask and adjust the galvanometer to zero. Unmask the mirror and re-
cord the galvanometer deflection. Multiply by the shunt factor for a final reading of
Ra. Repeat at all observation angles to be tested, and record Ra for each observation
angle.

For conversion of galvanometer readings to specific intensity multiply by

D'KT
4Ry

in which
D = test distance;
Ra = mirror value previously recorded for each observation angle;
K = reflection factor marked on back of calibrating mirror; and
T = 1.00 when testing crystal reflectors, or transmission factor marked on
color filter used in calibrating for colored reflector testing.
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HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-

CIL is a private, nonprofit organization of scientists, dedicated to the

furtherance of science and to its use for the general welfare. The
ACADEMY itself was established in 1863 under a congressional charter
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to
act as an adviser to the federal government in scientific matters. This
provision accounts for the close ties that have always existed between the
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency.

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY
in 1916, at the request of President Wilson, to enable scientists generally
to associate their efforts with those of the limited membership of the
ACADEMY in service to the nation, to society, and to science at home and
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government, and a number of members at large.
In addition, several thousand scientists and engineers take part in the
activities of the research council through membership on its various boards
and committees.

Receiving funds from both public and private sources, by contribution,
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work
to stimulate research and its applications, to survey the broad possibilities
of science, to promote effective utilization of the scientific and technical
resources of the country, to serve the government, and to further the
general interests of science.

The HIGHWAY RESEARCH BOARD was organized November 11, 1920,
as an agency of the Division of Engineering and Industrial Research, one
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL.
The BOARD is a cooperative organization of the highway technologists of
America operating under the auspices of the ACADEMY-COUNCIL and with
the support of the several highway departments, the Bureau of Public
Roads, and many other organizations interested in the development of
highway transportation. The purposes of the BOARD are to encourage
research and to provide a national clearinghouse and correlation service
for research activities and information on highway administration and
technology.
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