
Due to these imperfections, some physicists deem the
eye an imperfect device when compared to somc lens
combinations that have been devised. But from a
physiological view point, these imp.~rfections of the
eye become advantageous and make'it the most per­
fect organ, we can conceive of for 'tbe purposes for
which it is used.

Color-Light Signals Should Be Designed to Convey 1 heir Indira/ions Withoul Contnsion

Scientific Study of Light Signals
Some Fundamentals of Physics and Physiology as Applied to Modern

Color-Light Signals Used in Railway Service
By D. J . .McCarthy

C"ief Engineer, O1icago Railway Signal & Supply Co., Chicago

PI-IYSICS and physiology are closely related in
the art of signaling, for the function of all sig­
nals is the conveying of intelligence through

physical means. Visual signals, convey intelligence
through their physical elements by the physiological
effect produced upon the human eye. In the design
of a railway light signal, the two requirements of
physics and physiology must be satisfied simultane-
ously. The designing engineer cannot neglect one at A Study of the Eye
the expense of the other, if he wishes to produce a The optical equipment of the eye consists essentially
signal that will convey proper .intelligence in a sat- of a compound lens, non-distorling and rectilinear,
isfactory manner. As it is through the eye that such working at F 4 in conjunction with an automatic ad­
intelligence must be conveyed to the brain, by the justing iris diaphragm. It can be considered as a
medium of light, it is essential that consideration be camera, producing physiologically full size motion pic­
given to the physiological effeot of light upon this organ. tur~s in natural crlor. It is also a range finder and,

From this consideration, it would seem that the to some extent, i photometer. The two most strik­
logical procedure would be to work nutward from ing'characteristics of the eye which have not yet been
the eye, constructing our apparatus in conformity produced in a man-made optical device, are the auto­
with its characteristics so as to produce to the best ad- matic focal adjustment of the lens and the automatic
vantage, the physiological effect desired. If this diaphragm-changing aperture regulating the amount
course is not followed and we ignore the physiological of light entering the eye. The latter affects, to a great
and consider only the physical, we may be lead to the extent, the visability of the light signal between day
construction of a device which, although perfect pho- and night. This will be discussed later.
tometrically and optically, may fail when required to In the ordinary camera and other optical devices of
produce the desired physiological effect. Observation like nature, the focal point of the lenses are fixed for
tests of stich apparatus will show two observers reporting objects a given distance hom them. To focus objects at
differently as to the effect produced. Even one ob- any other distance, it is necessar~ to change the position
server will arrive at different and sometimes contra- of the Icns. The position of ilhe lens in the eve is

, dictory results, when observations are made at various fixed, but when it is directed alt an object, the shape
times. of the lens is changed so as tb bring the light rays

It is well, first, to examine the eye from the point of from that object to a focus at ~he retina. This <:har­
view of a physicist and then that of a physiologist. acteristic is 'termed "accommodation" by the phvsi-
In so doing, we find the eye to be an optical instru- ologist. .
ment, possessing accuracy of construction and refine- From a physiological stand,point, the main factors
ment of adjustments, far exceeding that which has for consideration in designing a light signal are: (l)
been'obtained in any optical device so far devised. We The effect of the spectrum colors upon the retina, 'with
also find that it possesses some imperfections which respect to combinations of colors and with respect to
could not be tolerated in precise optical instrument". the sensitiveness of the eye to colors of various in-

224



June, 1926 RAILWAY SIGNALING 225

tensities; (2) the persistence of V'SlOn for various
colors at various intensities; (3) the minimum and
maximum visual angles; and (4) the minimum and
maximum intensities of illumination for good vision.

From a considerati.on of the effect of different colors
upon the retina the proper colored lenses or roundels
to be employed can be determined. A consideration
of the maximum and minimum visual angles will de­
termine the proper diameter of the lenses. From a
consideration of the maximum and minimum illumi­
nating intensities the amount of energy required to
produce the necessary light flux can be determined.

Color of Lenses

In railway signaling, four colors--red, green, yellow
and white-are in general use. Signal departments of
various railroads having adopted as standard, some
combination of these colors.

Red has always been employed to sig'nify dal)ger.
The natural physiological effect of red upon the mind
is to produce a sense of clanger. It is also a natural
physiological effect to associate white with clear or
safety.

For indicating a condition be.tween absolute danger
and absolute safety, green has long been used and
for a three indication signal, red, green and white were
adopted. For certain physical as well as physiological
reasons, white has proven to possess undesirable
characteristics as a safety indication. In later practice.
green has been substituted as signifying safety and
yellow, caution. This combination of red, yellow and
green is more commonly used at the present time than
red, green and white.

The various colors affect the eyes in varying de­
grees of sensitivity. Sensitivity to different colored
lights seems to depend upon the wave length and
frequency, beginning with red, gradually increasing
to a maximum between yellow and green, and decreasing
toward the blue and ",iolet. From this it is evident that
yellow and green are the colors most sensitive to the
eyes, the degree of sensitivity depending on the in­
tensity of the color. For low intensity, the eye is more
sensitive to the action of the green rays than to those
of yellow or red. For high intensi ties, the yellow pre··
dominates. Sensitivity, as referred to here, pertains
to visability ,and not to that sensation caused by lights
of high intrinsic brilliancy, which causes dazzling and
discomf0rt to the eye. The sensation causing discom­
fort is known as glare and is often popularly con­
fused with sensitivity. The causes producing the sen­
sation due to glare must be guarded against in the
light sour·ces used for railway light signals.

What Causes Glare?

A predomination of glare may magnify the faul ts
due to a tendency of color blindness in eyes that have
to be constantly trained upon such lights as is neces­
sary in high speed train operations. It is difficult to
give a clear definition of glare, therefore we will con­
sider only the most prominent cause, which is the en­
tering into the eye of radiations, other than those
which produce light to which the eye is sensitive.

For pure green and yellow light, for which the eye
has the highest sensitivity, all the radiations produce
visability. The radiation or waves which produce
sensation of light are of the same nature as heat.
Therefore the radiations entering the eye which do
not produce visibility produce heat. The absorption
of heat for a given light sensation, is much greater
for red and violet light than for yellow and gTeen
Jights. The effects of o,'erheating is manifested im-

mediately from lights of long wave lengths, but the
eye recovers quickly. The effect of the short wave
lengths is not felt for some time, but recovery is very
slow.
. Less harm is done by red radiation than violet, this
IS due to the long wave length of the red and the
short wave of the violet; theref.ore lights containing
violet and ultra-violet rays are objectionable, for signal
use. \Vhite light contains a larger percentage of vio­
let and ultra-violet rays than any other light, and
where such lights have been in use, it has been found
necessary to make pmvisions for subduing them. Two
methods have been employed, one by placing a wire
screen in the path of a light beam, the other and more
effective means is to filter out the violet ravs. Ordi­
nary window glass acts as a filter for parto(the violet
rays. A glass giving complete protection was invented
some time ago by Drs. Schang and Stockhausen. To
t,his glass, they gave the name of Euphor. This glass
filters out completely the ultra-violet rays and does
not absorb more than t·wo to t.hree per cent of t.he
visible light rays.

The colors, as derived prismatically from sun light,
have a high percentage of visibility whereas in those
derived from artificial lights, the percentage of visi ble
radiation is small compared to the power radiation
which enters the eye. In the prismatically derived
colors, the only radiation or wave lengths entering
the eye, are those that produce the color sensations.
excepting at each end of the spectrum, that is, in the
ultra-red and violet rays. In the light signal, the colors
are not derived prismatically but by a process of filter­
ll1g or absorbing light rays from a radiant source. The
colored roundels or lenses placed before a lamp do
not produce color, these glasses act simply as filters
preventing all colo'rs except the one desired from pass­
ing through. Thus a red roundel does not produce red
light, but by preventing the passage of all other col­
o:e:d rays, the red rays from the light source are made
vlslble to the eye. If the source contains no red rays,
the result will be black denoting the absence of color.

It is essential therefore, that the light source be
capable of producing the necessary colors. The most
efficient lens combinations or the highest quality of
colore? glass .cannot compensate for a deficiency of
c?lor lIJ the llght source. Here, the light signal de­
signer must appeal to the lamp manufacturers who
a;e, we find, concerned in producing a lamp that will
give a pure white light similar t.o sunlight. This re­
sult, the manufacturers have accomplished to a verv
high degree, but not by means of a lamp that has th-c
same spectrum as sunlight, but by one that produces
a white light sensation to the eye by the combination
of two or more complementary colors. Here too the
lam~ desii5ner must, like the signal designer, give
consl<;!e!'atlOn to the physiological. This, he does by
comb111l.ng red, yellow and green ligh t in the proper
proportIOns to fool the eye into believing it is seeing
white I1ght. Unfortunately when producing this ef­
fect, there is also produced a large number of heat
and invisible rays that produce glare and other dis­
comforts to the eye. This is especially true when
the light enters the eve di,'ectly from the lamps as
is the case when observing a light signal.

In electric lamps now used for signals, the percent­
age of red, yellow and green rays is not the same
for each color. The percentage of visible radiation
of the lamps is small compared to its total power
radiation, which is in the form of heat and invisible
rays. In the electric lamps, so far developed, the per-
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cen tage of \'isible rays of anyone color is not sufficient
to produce enough candle-power to allow of projec­
tilm for long range signaling. It is necessary that
(lther rays be allowed to pass through the roundels
in the proper proportions to give the necessary pene­
tration and at the same time cause in the eye the
physiological effect of the color desired. The red rays,
which arc low in visibility, can be made to appear
much brighter if a small percentage of yellow rays.
which are high in visibility. are allowed to enter the
eye at the same time. The yellow cau es a light sen­
sation in the eye and if their percentage is not too
high as compared to .red. the eye will convey to the
brain a sensation of red much brighter than if only
red rays were used.

Reflected Light is Composed Largely of Visible Rays

If the light from a lamp falls upon a colored object,
the eye will observe the objects by reHected rays;
these rays 'will have only the color value of the objects
illuminated. Very few rays other than the visible ones
enter the eye by reAected light from colored objects,
all other rays being absorbed by th(' object. It is this
effect which we endeavol' to produce in the light g,ig­
nal by taking into consideration the spectrum char­
acteristics of the lamp employed and the composition
of the colored lenses or roundels used. It is not only
necessary that the composition of the colored glas's
used in the lenses or roundels be such that it will
transmit the desired c,-,Ior only, but that it will also
prevent the transmissilln of undesirable heat radia­
tions and light waves which cause glare.

If a lamp could be produced giving only the colored
rays required. this pn>blem would be much simpliried.
Colored lenses could be dispensed with and a consid­
erable amount of the energy, \vhich ·in the present light
source is wasted in producing invisible heat rays. could
be used efficiently.

Another phvsinlogical problem for consideration is
the possibility of producing false color sensations in
the eyes. Signal men. as a rule. consider the term
"false indication" to mean the effect produced by a
head light beam or other foreign light reflected from
the signal. What we refer to here. is the effect pro­
duced when the eye is suddenly directed from one
color to another. It is due to the characteristic known
as "persistence of vision". A .light sensation in the
eye does not cease at the same instant that the .light
produoing it is extinguished. but persists for some
appreciable time afterward. For example; when the
eye is directed for some time on a red light, which is
suddenly replaced by a green one. the sensation is not
that of green, but a combination of green and red.
This sensation will prevail as long as the sensation
of red remains. Owing to this characteristic the colors
that succeed each other in giving signal indications
fr0111 danger to clear, should be selected so that the
combination of the danger and caution' colors will
not momentarily produce the physiological effect of
the color indicating safety. Referring to the com­
bination of the spectrum colors, it has been found
that 57 per cent of them can be produced by combina­
tion of two or more of the others. Red and green mixed
in propel' proportions will produce white. In a signal
using red for danger and white for clear, the caution
indication should be some other color than green. Yel­
low and red will not produce white, therefore yellolv
can follow red without the physiological danger of
producing the white sensation in the eye.

The safest color to use for giving a clear indication
is one that cannot be produced by a combination of

an)' other two colors. Three of the spectrum colors
have this property; they are red, violet and green.
As violet rays give poor visibility, green is the best
choice for giving the safety indication. Yellow rank­
ing next to green in "isibilit)' and absence of glare
makes it a desirable color for a caution indication.

The persistence of vision in a physical sense wnuld
seem at fir, t thought to be an imperfection in the eye,
but when we consider that without it the mm'inK
picture would not be possible, we see that it become,;
an advantage from a physiological viewpoint.

Proper Size of Lens

To determine the proper size of lens, we should
first note which characteristic of the eve enables us
to detect the relative size of objects. \'Ve finel that
this is'due to the angle at which light rays en ter the
eye from the extreme edges of the object viewed. This
angle is known as the visual angle.

Figure I shows a diagrammatical representation of
this angle. The rav" from the object A at C distance
from the eye will ha VI' an angle F. The same object at

f-----IJ
Fig. I-Relative Size of An. Object Depends on the Visual

Angle

D distance will have a smaller angle G and will have a
relatively smaller apparent diameler than when at ,I.
From this, it will follow that as the object recedes from
the eye, its apparent diameter will be decreased until
thc object disappears. This angle is kno\\"n as the mini­
mum visual angle which for a normal eye is an angle of
I min. (1/60 deg.) At this angle, the eye can see an
object only as a point, in ordel' to see it clearly and with
comfort the angle of the object must be at least five times
this or 5 min. Thc diameter of a elisc. which is com­
fortably visihle is given by the formula:

2D'1r
r/=---XS

21600

in which ...1=diameter in inches or feet and D=distance
in inches or feet. At a distance of 4,000 ft., which is
about the maximum range required of the light signal,
a disc to be clearly seen by reflected light, must have
approximately a diametel' of 66 in. From such a disc.
the light rays are entering the eye from ail pal'ts of its
sudace and ail at different angles to each other. It is
not practical to construct, for light signal use. a lens or
reflector combination having a diametet· of 66 in., but
fortunately the physiological conditions are somewhat
different \\'hen light enters the eye in a pl'ojected beam
from lenses or parabolic reflectors. In such cases, to a
certain extent, the rays are parallel to each other, and
not at different angles as in the case of the disc.

This is illustrated in Fig. 2 which sho\\'s that the light
rays emanating from the luminous lens B are parallel
to each other, entering the eye in parallel lines instead of
angles. The rays do not fonn a visual angle on enter­
ing the eye, therefore the physiological effect of the size
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is not present and the eye cannot determine the size of
,l1ch a light source. Because of this, it can be seen that
ior long distances, the eye cannot determine the relative
size of two parallel light sources. Even, if they are
placed side by side, a 3-in. diameter lens will appear as
large as a 1O-in. diameter lens. Of cour e the field of
vision will be in relative proportion to their size; that is.
the eye will detect the light from the larger lens easier
than from the smaller one. \!\That then, would be the
apparent size of a light source which will ;;end only pa­
rallel rays into the' eye' This can be explained by re­
ferring to the visual angle at which objects ""ill come into
focus at the least muscular strain in the eye. \"'hen the
eye is directed at an object and not moved, the maximum
angle at which the object is in sharp focus is about y,
deg., evelJ,thing outside of this is indistinct. This is
known as the maximum visual angle. \Ve are therefore,
able to estimate directly the size of objects by muscular
sensation of strain in converging our eye. to bring the
light ravs from the object to a focus at the retina of
the eye. The amount of this convergence depends upon
the angle at which the light rays enter the eye. It also
depends upon the d.istance we arc from the object, the
farther a way the less divergence; and it is a physiological
fact that for the normal eye, objects over 100 ft. away
come into focus without anr muscular sensation.

Due to this fact, the eye when unaided by interven­
ing objects, can judge iairly accll1'ately the size of objects
not exceeding a distance of 50 or 60 ft .. but for distances
above 100 ft. it fails entirely. An interesting example
of tills is shown in our ordinary estimate of ,the apparent
size of the sun and moon; each appears to be about a
foot in diameter. "'ihen we look at the moon in mid­
heaven, our eves directly in form us that it is at' least
a 100 ft. away:, on the other hand, due to the absence of
intervening objects, we instinctively estimate the distance
as the least possible, consistent with the non-convergence
of our eyes, and accordingly imagine the size of the
disc to be about that of a ball which at a distance of
100 ft. or so. would subtend the same angle of y, oeg.,
that is, about a foot.

\Yhen we look into a parallel beam of light. the
lens of the eye assumes its flattest form which exerts
the least mu cular sensa tion in order to bring such
rays to a focus on the retina. This sensation tells us
that the object is O\'e1' ]00 ft. away and its apparent
diameter will be the same as an object 100 ft. distant.
which ubtends the same angle as the maximum visual
angle. Tbis diameter will be approximately 12 in. or
y, deg.

Apparent Size of Any Parallel Light Source

Therefore a strong parellel beam. although its source
may be severa] thousand feet distant. will cause the
physiological effect of s.ize to be one foot in diameter.
This is true, even though the light in reality may be
very small 01' very large. This is e\·ident in Fig. 2, in
which it is shown that considerable of the light rays do
not enter the eye at all, but the amount which does
enter is the same for a small or large lens. being the
amount falling within the diameter of the pupil of the
eye. It follows from this. that a light signal soul'ce would
not necessarily have to be of large dimensions and
that po__ ibly a 3-in. lens would be sufficient to give
a long range indication. This would all be true. if the
light rays were absolutely parallel which can Dnly be
true with an infinitesmally small light source and a~

all light sources have physical dimensions. it is not
possible to send out all the light rays parallel within
a nalTow beam from a small lens.

It is physically impossible to keep the eye within
this beam when approaching a signal at close l·ange.
While at a range of 4.000 ft., the eye would see a light
source as one foot in diameter, only while it is situated
in the beam. but as it approaches the light, and on
account of the physical relationship of the signal to the
track, the eye is gradually drawn out of the parallel
beam and is affected by the diverging and com'erg­
ing rays due to the inaccuracy of the lense and the
physical dimension of the light source. Under these
conditions the eye commences to see the light source
somewhat under the same condition as the discs re­
ferred to above. \Vith the lamps available and the
lenses so far developed. it is not physically possible
to obtain a maximum angle of light from the lamp
with a lens less than ..j. in. in diameter. These lenses
must be used with a 'econd lens, in order to gi\'e a
parallel beam. From this. it would appear that the
minimum diameter of the lenses. due to physical con-

B
Fig.2-Parallel Rays Do Not Reveal the Size of the Light

Source

ditions, could not be less than :J 111. As to the mini­
mum size for physiological reasons. it follows that
when the eye approaches within 500 ft. or less that,
on account of dl\'erging and eOI1\'erging rays and also
the loss of the parallel beam. the lenses must be of
such a diameter as to subtend an arc for comfortable
vision.

Assuming that the conditions referred to take place
at 500 ft. ano using the formula referred to abo\'e, we
find that the diameter of a disc c1earh' \'isible at that
distance would be approximately y,' in. in diameter.
At this diameter the light source ",ould appear as a
point, if all the rays were convergent. By mounting
the signal at the proper height and distance from the
track, the eye can be kept within the direct ray of
the beam wi thin a distance much less than 500 it.. so
that the effect of the parallel light will aid in giving
the physiological effect of a 12-in. diameter lens within
possibly 200 ft. of the signal, from 'which distance, the
eye can readily compare the size of the illuminated
lens with surrounding objects. It ha;; been found in
practice that a 8Ys-in. lens gives satisfactory illumina­
tion for signals that have to be mounted in such a
position with reference to the track that the axis of
their light beam will vary approximately 4 to 20 deg.
from the line of vision between far and cJo:;e up ob­
servations. A signal having an optical equipment em­
bracing the same light flux as the 8Ys-in. combination,
but using a 5-in. objective lens. will give equal results
if it can be so mounted that its light beam axis will
be within 4 deg. of the line of vision through the
whole range of observation.

The ad\-antage for the longer ranges i in favor of
the smaller lens for the reason that the light flux per
unit area is greater than for the larger lens, therefore
the penetration would be greater. ""here the ranges
are the arne. advan tage can be taken of this fact by
reducing the light energ~' for the smaller lens.
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Primarily, the visability of the signal is due to the
amount of light entering the observer's eye at any
point within the signal's range. vVe must, therefore,
determine the amount of light necessary to affect the
eye for comfortable vision and then give considera­
tion to the problem of projecting this amount to the
extreme range of the signal. For the average eye
to read comfortably ordinary print on white paper, it
has been found necessary to illuminate the paper with
a candle power of one foot-candle. The visability of
light varies directly as the intensity and inver.3ely as
the sqelare of the distance from the source. Therefore.
to see clearly, by reflected light, the 66-in. disc re­
ferred to previously at a range of 4,000 ft., the illumi­
luting source would have to be of 16,000,000 candle­
power. Such an illumination would be as impractical

Fig. 3-Spherical Distribution of Light Flux

as a 66-in. lens, but the light signal does not give in­
dications by reflected light, bu t by sending a direct
ray into the observer's eye. In giving consideration
to glare, we found that this characteristic has some
physiological disadvantages, but when considering
visability and range, we found it had some physical
advantages in reducing the amount of light energy
required to give a signal indication. The amount of
light entering the eye is dependent on several factors,
the most important of which are the intensity of the
light source, the distance of the eye from the source
and the area of the lens of the eye exposed to the
light. In order to see more clearly the effects of these
conditions it is necessary to review some fundamental
considerations with respect to the distribution of light.

Inverse Square Law Not Applicable to Parallel Rays

From most primary light sources, the light flux is radi­
ated in all directions. Keeping this fact in mind and
referring to Fig. 3 let us a sume an infinitesimal light
source at the center of the circle A and B. The light
source is of one candle-power. The radius of circle
A is one foot and that of circle B, three feet. An ob­
serving eye placed at C, will be illuminated with one
foot-candle but the one at D, in accordance with the in­
verse square law will receive an illumination of only 1/9
foot-candles.

Assume that A is the diameter of a sphere. As the
light is radiated in all directions, it will uniformly illu­
minate the inner surface of such a sphere. If all the

light on the spherical surface A were dire.cted into the
eye C, the increase of intensity would be 111 proportIOn
to the ratio of the area of the sphere to that of the eye.
The iris diaphragm of the eye is capable of closing <l;nd
opening the pupil between 1.5 and 4 mm., from which
we can assume for our illustration that C and D have
a diameter of 1/16 in. the area of which is .00307 sq. in.
The area of the sphere A is 1809.6 sq. in. Therefore the
candle-power illumination of C will be;

1809.6
--- X I = 589,446.
.00307

The area of the sphere B is 16,286 sq. in., therefore the
canrlle-po\\'er illumination of D will be:

16,286
--X .11 = 583,540.
.00307

In comparing these results, we find that the inverse
square law does not hold true, for if it did, the results
for D would be 65,444 candle power. This illustration
serves to show that when light is proj ected in a parallel
beam from lenses or reflectors, it does not wholly comply
with the inverse square law. This fact ena!bles us, by
the proper use of lenses or reflectors, to project a power­
ful beam of light having many thousand candle-power
from a small light source.

To <:ause a light sensation, the light source can be of
lower candle-power where the light ray is sent directly
into the eye, than where the ray is reflected. The mini­
mum luminosity of lights just visible is 0.00032 foot­
candles for white, 0.0011, for green and yellow, and
0.032, for red. From these figures, we can assume that
0.032 candle-power must be projected to the maximum
range of the signal in order that the eye can observe it.

The intensity of a projected light beam depends upon
the angle of light embraced by the lens or reflector and
by its diameter. Of all projecting means so far devised,
the parabolic reflector can embrace the largest angle of
light. But as reflectors have the physical possibility of
causing phantom indications by foreign light entering
the reflector, we will give here, consideration to lenses
only as they do not possess this characteristic.

"\lith well designed lenses, it is possible to embrace
170 degr. of the total light flux. If this flu.x is projected
into a beam 6 in. in diameter, the intensity of such a
beam will be 2,000 times the candle power of the source.
From which it follows that with a 5-candle-power lamp,
it is possible to project a beam of 10,000 c.andle-power.

The difference in intensity of a light beam to the eye­
between night and day-is due to the physiological fact
that the iris diaphragm of the eye is subjected to a
marked expansion and contraction due to the action of
light upon it. In bright sunlight, the diaphragm is con­
tracted to a diameter of 1.5 mm., and in darkness, it ·is
expanded to 4 mrn. The amount of light that can enter
the eye is governed by the area of the diaphragm open­
ings, which opening, the physiologist terms the pupil of
the eye. It follows that in observation of the light signal
at night, the eye will receive over 7 times the illumina­
tion than at midday. Daylight observation of the signal
can be favored by shading as much as possible the engine­
man's eye from direct daylight. In practice, the ordi­
nary engine cab favors this condition. The main dis­
advantage due to the increased illumination at night is
that of glare. But in a well designed signal in which
consideration has been given to producing the proper
color filters, this objection can be practically elimina ted.


