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ABSTRACT

The Priest-Lange reflectometer is described in detail and the theory of its use
given for determining relative apparent reflectance for various spectral distribu-
tions of illumination. A method for measuring spectra' selectivity of reflectance
is also described together with a method for measuring diffuse-plus-specular
reflectance as distinguished from diffuse reflectance alone for perfectly polished
specimens. The application of the instrument to porcelain enamel samples is
illustrated by a detailed account of measurements made on seven typical samples.
The method for measuring diffuse-plus-specular reflectance as distinguished from
diffuse reflectance is shown to be inapplicable to enamel samples because of their
optical imperfections, but measurements of spectral selectivity are shown to give
results in close correlation with the colors of the samples observed directly.
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I. INTRODUCTION

This paper deals with the measurement of the light-reflecting
characteristics of glossy, near-white, porcelain enamels by means of
the Priest-Lange reflectometer. The measurements reported refer to
seven specimens of porcelain enamel, on sheet steel, identified respec-
tively by the numbers 4, 29, 48, 63, 79, 92, and 114. They are con-
sidered typical in uniformity and in character of surface. Certain
characteristics of the specimens which were far from ideal for the
purpose of making highly precise measurements of reflectance will be
discussed in turn.

1. FORM OF THE SURFACES

Roughly speaking, the specimens may be called flat, their irregular
departures from flatness being of the order of 0.1 mm. However, all
were irregularly wavy and so far from plane that (although they give
notable specular reflection) the virtual images of objects, using the
specimens as mirrors, were either quite unrecognizable or vaguely
recognizable only as very indefinite blotches. The departure of the
surfaces from planeness caused some inconvenience in making the
measurements and necessitated more work than would be required
for plane specimens, in order to assure confidence in the results.
However, it is not believed that the final results need be essentially
less reliable than would those on optically plane specimens.

2. UNIFORMITY OF REFLECTANCE OVER THE SURFACE OF A
SINGLE SPECIMEN

The chief object of the measurements was that of finding the reflect-
ance of each of the specimens relative to one of them (48) taken as a
standard. Such data can be given without qualification only if the
reflectance is uniform over the whole area of each specimen. The
total variation of reflectance among the seven different specimens
was found to be less than 10 percent of the mean reflectance, while
some differed from others by only a few tenths of 1 percent. This
problem is typical of those arising in measurement of porcelain
enamels. If the variation of reflectance over the area of a given speci-
men is of the same order of magnitude as that between different
samples, it is evident that their grading on the basis of reflectance
will have little significance, and may even be misleading. It is also
to be remembered that small variations in brightness over a given
surface may not be directly perceptible when the change from one
part to another is continuous; but will only be detected by bringing
the two remote parts into immediate juxtaposition optically. For
specimens such as those used in this work, the reflectance at one end
might well differ from that at the other by more than 2 percent and
yet, if when viewed as a whole the transition from one end to the other
were gradual, the surface would still appear to be uniformly bright.
The magnitude of this source of error has been estimated by making a
detailed analysis of reflectances at different parts of the surface of
specimen 48.
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3. GLOSS

It should be noted that measuring and specifying the reflectance
of glossy surfaces such as these is much less simple than for perfectly
diffusing (matt) samples. If an optically smooth enamel is receiving
light from an extended source (for example, the sky or the wall of the
illumination chamber in the reflectometer described below), and is
held at such an angle with the observer’s line of sight that his eye
receives from it, as from a mirror, regularly reflected light, it will
appear brighter than if it is set so that such regularly reflected light
does not enter his eye. In the latter case, the brightness is due solely
to the light reflected diffusely by the body of the enamel; that is, from
light which has penetrated into the body, suffered multlple reflections
from the particles within it, and then emerged from it. In the former
case, the brightness is due to such diffusely reflected light plus the
hght specularly reflected from the glossy surface. In effect, the
observer is viewing two things simultaneously in the same line of
sight: (1) The body of the enamel made visible by the light which it
diffuses in all directions, and (2) the virtual image of the bky or illumi-
nating surface as seen in a mirror. The total brightness is the sum
of the brightnesses associated respectively with “these two things.
We shall speak of diffuse brightness and the diffuse reflectance when
we refer to the brightness or reflectance due solely to diffuse reflec-
tion; and of specular reflectance when we refer to the reflectance due
solely to the mirror-action of the surface. As will be seen, we have
attempted to measure the diffuse reflectance of the enamels separately,
and have measured (for some specimens) the diffuse and specular
components together. We could not, of course, measure the specular
reflectance alone, but we have attempted to compute it from the other
measurements.

II. THE REFLECTOMETER

The reflectometer consists essentially of (1) a Martens photometer
and (2) an “illumination sphere.”” The Martens photometer ? has
the following features essential to the present discussion. On look-
ing into the instrument (eye at point E in fig. 1) the observer sees a
circular photometric field divided on a diameter. One-half of this
field is illuminated by light coming solely from one surface while the
other half is illuminated by light coming solely from another surface.
By turning the analyzer of the photometer the observer makes the
two halves equal in brightness and then computes from such setting
(“circular scale in degrees”, fig. 1) the ratio of brightness of the two
surfaces under comparison.

The illumination sphere is a hollow sphere, the inside surface of
which is coated with magnesium oxide. There are open holes in the
sphere at top and bottom. Inside, it is illuminated by four?®
small lamps equally spaced around the equatorial belt. These
lamps are ordinary 27 candlepower concentrated-filament automobile
headlight lamps, commercially rated at 2.1 amperes. On each bulb
has been placed a small opaque disk (marked ‘“shadow disks”
in fig. 1) which shades the bottom hole of the sphere from the re-

2 F. F. Martens, Uber ein neues Polarisationsphotometer, Phys. Z. 1, 209-303 (1900).
3 Greater brightness is obtained in some late rmodels by using ten lamps instead of four.
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spective lamp filament, this area
thus being illuminated only by
light reflected from the sphere
wall.

The Martens photometer is
mounted above the sphere with
its axis coincident with the ver-
tical axis of the sphere; and the
observer with his eye at E looks
into the top of the photometer
down along this axis.

In the method of interchange*
the “sample” and ‘standard”
which are to be compared are
placed side by side so as to cover
respectively the two halves of the
hole in the bottom of the sphere
as shown in figure 1, and, with
plate P and wedge W removed,
are imaged respectively in the
two halves of the photometer
field. By rotation of the stage
on which they are mounted the
positions of the sample and
standard may be reversed. The
brightness of the sample relative
to the brightness of the standard
under the same illumination can
thus be measured.

Another method of using the
instrument, and indeed the one
used exclusively to obtain the
present data, is the substitution
method. The apparatus is ar-
ranged so that a part of the
sphere wall at one side of the
bottom hole (instead of a part of
the area of this hole as in the
foregoing paragraph) is imaged
in one-half of the photometer
field. This is accomplished by
means of the glass wedge W.
The plane parallel plate P of the
same glass compensates for the
loss of light caused by the wedge.
Both pieces are made of borosil-
icate crown glass; and the thick-
ness of the plate is equal to the
average thickness of the wedge.
The positions of the plate and
wedge may be reversed, the

+H. J. McNicholas, Equipment for Routine
Spectral Transmission and Reflection Measure-
ments, BS J. Research 1, 819-829 (1928) RP30.
See particularly eq 6 and 35.
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The wedge W and plate P shown in figure 1 had not yet been installed when this photograph was taken.
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thin edge of the wedge always being toward the plate. Light from
the sphere wall passes through wedge W and illuminates one-half of
the photometer field. Light from the specimen at the hole in the
bottom of the sphere passes through plate P and illuminates the other
half of the field.® A sample may now be compared with a standard
by the substitution method. Let the standard be placed so as to
cover the hole in the bottom of the sphere, and let the photometer
field be matched. Let the sample now be substituted for the stand-
ard and let the field be matched again. The ratio of the brightness
of the sample to the brightness of the standard under the same illumi-
nation may be computed from the photometer-scale readings in the
two cases, as is explained below.

The spectral distribution of the light used in the measurements is
fixed by the nature of the lamp filaments and the current in them, the
selective reflectance of the sphere wall, and the ray filter which is
inserted between the observer’s eye and the photometer ocular. The
four filters used are as follows: (1) the ‘“‘daylight” filter, which is
chosen so that the reflectance measurements with it are for artificial
sunlight; ® (2) a blue filter transmitting light of a narrow range of wave
length with spectral centroid at about 460 mgy; (3) a similar green
filter with spectral centroid at about 540 my; and (4) a similar red
filter with spectral centroid at about 650 mp.

The lens placed above the plate and wedge has a twofold purpose;
it directs the line of sight towards the desired areas and it controls the
condition of focus of the areas viewed. As shown in figure 1, with the
end of the photometer close to the lens, the areas viewed are semi-
circles of 25-mm diameter; and any details of the sample are visible
in the photometric field. But, if the photometer be withdrawn from
the lens by about 5 cm (see, in fig. 2, clamp for vertical motion of
photometer) the area viewed is only of 12-mm diameter and is out of
focus so that irregularities in the sample cause little hindrance in
making the settings for photometric match.

Figure 2 is a photograph of the reflectometer together with the
accessory electrical parts (rheostat, ammeter, and switch), all of which
are in series with the four lamps which are themselves in series. The
instrument is operated on a regular 110-volt lighting circuit, the
desired current (about 1.7 to 1.9 amperes) being set by means of the
rheostat. No precise regulation of current is required.

III. METHODS OF MEASUREMENT

1. MEASUREMENT OF REFLECTANCE OF ANY SPECIMEN RELA-
TIVE TO A STANDARD FOR LIGHT OF A GIVEN SPECTRAL DIS-
TRIBUTION

This measurement is accomplished by the substitution method just
described. Let ay be the photometer scale reading (in circular degrees)
required for matching the two halves of the photometer field when the
sample is in place, and let a; be a similar reading referring to the
standard (which may be, for example, magnesium oxide or another

8 It was found desirable in 1933 to remove plate P because light scattered by dust collecting on its sur-
faces caused appreciable errors in measuring apparent reflectance relative to magnesium oxide for dark
samples. This does not interfere with any use of the instrument described herein.

6 Sunlight is somewhat yellower than average daylight, but the difference is too small to have any signifi-
cant effect on measurements of such samples as these.
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of the specimens, say specimen 48). ¥ From the theory of the Martens

photometer:
B./B,= (tan’a)/(tan’a;) (1)

where B, and B, are, respectively, the brightness of the specimen and
standard when they are under the same illumination. This ratio is
the apparent reflectance of the specimen relative to the standard for
the prescribed type of illumination and angle of view. By making
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Fiaure 3.—Variation of reflectance over the surface of specimen 48.

the observation with different ray filters over the ocular of the photo-
meter, such brightness ratios may be determined for different spectral
distributions of light. It was in this manner that the data shown in
figures 3 and 5 and by crosses in figure 4 were obtained; these data are
discussed in section V.
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2. MEASUREMENT OF SPECTRAL SELECTIVITY OF REFLECTANCE

The theory of the determination of spectral selectivity of reflectance
is similar to the above but somewhat less simple. The definition of
reflectance is:

Luminous flux proceeding from the specimen
Luminous flux incident on the specimen
or, in other words, the ratio of the quantity of light reflected from the
specimen to the light incident on it. This ratio 1s, in general, depend-
ent upon the wave length of the light in question; and the data show
how the reflectance varies with the wave length.

The selectivity data presented in this report are given in terms of
apparent reflectance in a direction perpendicular to the surface of the
specimen for completely diffused illumination. We designate this
particular apparent reflectance as K. The meaning of £ may be
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Ficure 4.—Spectral reflectance of specimens 4, 48, and 79 relative to magnesium
owide.

made more definite by the following illustration of the ideal conditions
for its determination.

Assume a hollow sphere such that the brightness of any small
element of the inside surface viewed from any point is equal to the
brightness of any other element viewed from any point. Let a
specimen whose reflectance is to be measured be substituted for a small
element of this surface. Then the apparent reflectance of this speci--
men for a given angle between the line of sight and the normal to the
specimen surface i1s the reflectance which a completely diffusing
specimen would need have in order that its brightness should equal
the brightness of the given specimen when illuminated and viewed
under the same conditions.

22381—35—17
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Under the ideal condition of completely diffused illumination we

would have

R=B',B,

where B/, _is the brightness Qf the sppcimen viewed in a direction
normal to its surface, and B’, is the brightness of the sphere wall.
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Of course, the actual apparatus (fig. 1) used to obtain the results
reported here does not fully realize the ideal condition of completely
diffused illumination. Very little light comes to the sample from the
viewing hole; and the sphere wall, itself, viewed from the sample is
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not equally bright over its entire surface; furthermore, the lights with
their shadow disks introduce slight irregularities.

Therefore, instead of the simple equation, R=5’,/B’,, we have in
practice with this reflectometer the analogous equation:

Rsz(Bx/Bc); (2)
where K, is chiefly a constant of the apparatus measuring, for light of
a given spectral-energy distribution, how much the brightness of the
observed spot fails to be representative of the average brightness of
the whole sphere. K also depends somewhat on the diffusing prop-
erties of the sample. It would be possible to determine the constant,
K, as a function of wave length, but this has been deemed unnecessary
for our present purpose since from the construction of the sphere it
may be seen that K, is essentially independent of wave length. The
purpose of the selectivity measurements is merely to report ratios of
the type R,/R,, where R, and R, are respectively the values of R for
wave lengths \; and X, (or for spectral distributions of energy desig-
nated as 1 and 2). Itis obvious that K will be eliminated in taking
such a ratio.

Let us now consider the determination of ratios of this type for any
given specimen. Let a small area of the sphere wall near the bottom
be imaged in the half of the photometer field which is dark for a=0;
and let the specimen which closes the bottom hole be imaged in the
other half. For light of any given wave length A\; we have, from the
theory of the Martens photometer,

(Bx/Be)1= (tan? a;)/(tan® (a,),) (3)

where the subseripts 1 indicate values for the particular wave length
used, \;, @; being the photometer-scale reading required to make the
two halves of the photometer field match and (), the like scale reading
for match when two surfaces known to be equally bright are substi-
tuted for the sphere and specimen, while the observer and the photom-
eter and all of its attached parts except the sphere remain as in the
determination of a;.

If we consider measurements for two wave lengths, \; and \, we
will have, from equations 2 and 3

R, (tan’ a,)/(tan? (ao);) 1)
B~ (tan? ¢;)/(tan? (ao)s)’ (

or, if it is arranged that the sphere wall is imaged in the half of the
photometer field which is dark for a=90° and the specimen is in the
other half, we have cotangents instead of the tangents in eq 4.

In the present report we deal with values of B defined as follows:

R, is R for wave length 460 mu.
R, is R for wave length 540 mpu.
R, is R for wave length 650 mu.
R, is the mean of R,, R, and R,.
Ry is R for sunlight.

We report values of the following ratios for each of the seven speci-
mens: Ry/Rn, Ry/Rn, R:/Rn; By/Rs, Re/Rs, R./R, (illustrated in figs.
6, 7, and 8 and discussed in section V).
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The first three ratios may be computed according to relations of
the form:

Ry 3 (tan® a,)/(tan® (ao)s) »
T e _l_tan“’ s +tan2 ax (5)
tan® (ao) ' tan® (ao)g ' tan? (ao):

or from similar equations involving cotangents instead of tangents,
depending on which side of the photometer field refers to the sphere
wall and which to the specimen. The second three ratios may be
computed according to relations of the form:

By (tan® ay)/(tan’ (ao)s)
R, (tan® a,)/(tan® (ao)s)

(6)

or the analogous cotangent form dependent on the conditions just
mentioned.

The constants (o), (@0)g, (@0): were determined by a separate
experiment as follows:

The Martens photometer and the stage upon which it is mounted,
together with the lens and the wedge and plate (W and P, fig. 1), were
removed as a unit from the position shown in figure 1 and mounted
over another illumination sphere similar to that shown in figure 1,
but arranged so that both halves of the photometer field were illumi-
nated by light from the sphere wall, one half receiving light from a
spot to the left of the bottom pole of the sphere while the other half
received light from a spot to the right of this pole. With the appro-
priate filter (blue, green, or red) to determine (), (¢o)g, OF (@o): OVer
the ocular, and with the photometer field oriented with respect to the
observer’s right and left just as in the setting of angle a for the reflect-
 ance measurements, the two halves of the field were matched by
turning the photometer analyzer, and the photometer scale reading
noted. The whole illumination sphere was then rotated and displaced
under the photometer (all things else remaining undisturbed) so as
to image in the right half of the photometer field the part of the sphere
wall formerly imaged in the left half and vice versa. The two halves
of the photometer field were again matched by turning the photometer
analyzer, and the photometer scale reading was noted. The mean of
the two scale readings just mentioned was taken as equal to (ag)y,
(@o)g, or (ao):, depending upon the ocular filter used in making the
photometric matches. KEach value in table 1 is a mean resulting from
100 separate settings of the angle a.

TaBLE 1.—Cotangents squared of (ay)v, (o), and (ag): for two observers
For Wedge in Field Dark for a=0°

cot ? (ao)b | cot ? (@o)g | cot ? (ao)e
Priest: S s iiiiiis S T A L MR T s 1. 008 1.002 1. 008
241 gl B SR S e R R et 0, S SR G SR NAREL B 1.017 1.013 1.014
For Wedge in Field Dark for a=90°
cot ? (ao)b | cot 2 (ao)e | cot? (ao)e
Lore ) ol Lo RTINS T & JURPRL o 2 el PR S e o Bt e 1.019 1.013 1.026
Riley... AR el N ety =R I p ey | RS SRR e 1.026 1.027 1. 026
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It appears from table 1 that in reducing observations of spectral
selectivity (particularly for observer Riley) we could introduce the
simplifying equation:

(@o)p= (o) g= (o)

without introducing any error greater than that necessarily inherent
in the result from other causes (that is, a few tenths of 1 percent).
If this simplifying equation be introduced into eq 5, the much simpler
form for computation, eq 7, results:

e 3 tan % ay o)

R, tan a,-tan %ag+tan %a,
This may be used for all cases except those in which we hope to reduce
the uncertainty in the final result to less than 1 percent of the
reflectance.

In general, determination of (ag)y, (@0)g, and (ao); need not involve
a separate illumination sphere. All that is required is a surface of
nearly uniform brightness so arranged that the two observed spots
can be interchanged without disturbing the rest of the system.

3. MEASUREMENT OF DIFFUSE-PLUS-SPECULAR REFLECTANCE
AS DISTINGUISHED FROM DIFFUSE REFLECTANCE ALONE

If a plane mirror (for example, a plane polished sheet of silver or a
plane polished plate of black glass) be placed in the position of the
sample or standard (on the stage just below the hole in the bottom of
the sphere) with its surface perpendicular to the axis of the photom-
eter, the half of the photometer field in which the hole is imaged
will be dark because the virtual image of the dark hole in the top of
the sphere will then alone appear in this field. If a diffusing surface
(instead of a mirror) be placed in this position, the same half of the
field will be illuminated by the licht diffusely reflected from this
surface in the direction perpendicular to it. If the diffusing surface
be tilted so that the perpendicular to it makes an angle of about
3 to 4° with the axis of the photometer, its brightness will not be
sensibly changed, provided that its distance from the bottom of the
sphere is not increased to more than 1 mm. (By actual test, increas-
ing the distance of the surface from the sphere bottom from 0 to 1.0 mm
decreases the brightness by 0.35 percent; increasing the distance from
0 to 1.5 mm decreases the brightness 0.8 percent.”) If, on the other
hand, a mirror be placed in the sample position with the perpendicular
to its surface making an angle of 3 or 4° with the photometer axis,
one will see in the photometer field a virtual image of a part of the
sphere wall near the top of the sphere. The brightness of the virtual
image will be equal to the brightness of the sphere wall multiplied by
the reflectance of the mirror for normal incidence. (The reflectance
of a mirror for normal incidence is sensibly equal to its reflectance for
angle of incidence equal to 4°.) If now, instead of either a perfect
diffusor or a perfect mirror, we have to deal with a specimen which
reflects diffusely from the body of its material but 1s coated with

7The decrease in brightness to be expected has been computed from the geometry of the apparatus and
found to depend importantly on the size of the sample hole, thus:

Distance, sample to sphere bottom, mm.__. .. .o ecicnicaeeaa 0.5 1.0 15 2.0
Decrease for 3-cm sample hole as in apparatus used by Priest,..__.__ percent__ 0.10 0.43 1.00 1.73
Decrease for 2-cm sample hole as in some more recent models....__ percent.. 0.24 0.98 2.20 3.86

These computed results are in good agreement with Priest’s experimental findings, but at the same time
they indicate that the brightness of the sample will be noticeably decreased in some of the recently built
reflectometers by a withdrawal of as much as 1.0 mm (D.B.J., July 1935.)
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a vitreous glaze which reflects as a mirror we have the following
situation:

First, the specimen being placed with its surface perpendicular to
the axis of the photometer, the brightness of the photometer field will
be due solely to light reflected diffusely by the specimen, for no
specularly reflected light will enter the photometer.

Second, the specimen being placed so that the perpendicular to its
surface makes an angle of about 3 or 4° with the axis of the photom-
eter, the brightness of the photometer field will be due to licht re-
flected diffusely plus light reflected specularly; and, since the bright-
ness due to the diffuse component is not affected by this small angular
change in position of the surface, the brightness in this case will be
greater than with the surface strictly perpendicular to the photometer
axis.

For certain specimens, we have determined for both of the above-
mentioned positions, the brightness ratio, B,/Bug, Where By is the
brightness of the specimen, and By, is the brightness of magnesium
oxide (see eq 1). To interpret and consider the results with the
least possible confusion, let us adopt symbols as follows:

B, 1s the brightness of the unshaded magnesium-oxide coated sphere
wall near either the top or the bottom of the sphere. (For simplicity,
and without introducing any appreciable error, we assume that the
brightness near the bottom is equal to the brightness near the top.)

(By)q 1s the brightness of the specimen due to diffuse reflection in
the direction perpendicular to its surface. This is the brightness of
the specimen in the direction of the vertical axis of the sphere when
its surface is perpendicular to this axis.

(By)ays 1s the brightness of the specimen due to both diffuse and
specular reflection. This is the brightness of the specimen in the
direction of the vertical axis of the sphere when it is tilted so that its
surface regularly reflects light from the sphere wall (near the hole in
the top of the sphere) along this axis.

We then have the following apparent reflectances relative to mag-
nesium oxide, each of which may be measured by means of the
Martens photometer:

7a= (Bx) a/ Bugo, €)]

and Tars= (Bx)ars/Bugo; 9)
and we may also measure the brightness ratio, Bygo/B. which from
eq 2 is equal t0 Ryuo/Kug. Let p be the specular reflectance of the
specimen surface for normal (or nearly normal) incidence. We then
have obviously,

(Bx)d—i-s: (Bx)d+PBc- (10)
Substituting eq 10 in eq 9, we have:
By)a+pB.
7'd+s=(—“)£;:o—p‘ (11)

Reducing eq 11 and substituting eq 2 and 8, we have:
rd-l:sz Parts P (KMgO/RMEO>

f s (RMgO/KMgo) (rd+s—rd)- (12)

We desire to know 7’4, the value which 4., would assume if
(instead of the actual illumination sphere which we use) the sphere
were such as to make Biy,o/B, equal to R, the apparent reflectance

Solving for p, we have:
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of magnesium oxide for completely diffused illumination and line of
sight perpendicular to the surface, that is, such as to make K=1 for
magnesium oxide. In such a sphere, we would have:

7 ars=""a+ p/Bugo
where r’q for this ideal sphere is analogous to 7, in our actual sphere.
But we may assume for enamel surfaces 7’y equal to_rq within experi-
mental error and then we have:

 ¢1e=Ta+p/Rugo

" ape="a+ (Tars—7a) [Kigo (13)
It is to be recalled now that 74, and r4 are directly measured quan-
tities. For the present specimens, the difference, r4,s—74, has been
found experimentally to vary only between 0.014 and 0.034. In
the actual apparatus used to measure 74 and 4, the value of R0/ Ko
has been experimentally found to be about 0.94; the value of Ry,
is known to lie between 0.97 and 0.98; hence 1/K,,, is equal to about
0.96. Since we shall not attempt to report 7/, to more than three
decimal places, it is obvious from eq 13 that an uncertainty of 2
percent in 1/K is negligible and, for present purposes, we may take
1/K as 0.96 without further discussion not only for magnesium oxide
b.ut'lalso for these enamel specimens whose diffusing properties are
similar.
It is also worth noting that the accuracy with which /4., is deter-
mined depends almost entirely on the accuracy with which rqy, is
measured. This may be seen by rewriting eq 13 in the form:

" ars=Tars(1/K) +14(1—1/K).

The values of 74, 7415, p, and 7’4, for specimens 4, 48, and 79 are
given in table 2, and are discussed in section V.

The values plotted by crosses in figure 4 have been computed by
eq 13, taking 1/K=0.96. As a practical matter, however, it may be
noted that, with these specimens, we could take 7y, equal to rqys
instead of computing by eq 13, without introducing any error greater
than the uncertainty in the data.

or

IV. STANDARD FOR REFLECTANCE MEASUREMENTS

The magnesium oxide used as a standard, to which the reflectance
of the specimens is referred (in figs. 3 and 4, and table 2), is prepared
by burning metallic magnesium so that the magnesium oxide ‘‘smoke”’
is deposited on a surface held over the flame (about 10 cm from the
burning metal).® Successive layers are deposited to such a thickness
that increasing the thickness produces no further change in reflec-
tance. The ecritical thickness is about 0.5 mm. The apparent
reflectance ° of such a deposit for completely diffused illumination
with line of sight perpendicular to the surface may be taken as
between 0.97 and 0.98. (With the present apparatus in which the
angular distribution of the illumination departs from the condition
of complete diffusion chiefly by reason of the viewing hole at top of

# Detailed instructions are given in Letter Circular of the National Bureau of Standards L.C395, Prepa”
ration and Colorimetric Properties of a Magnesium Oxide Reflectance Standard.

% When the sample is so thick that its reflectance depends on the material rather than its dimensions,
the term “reflectivity” is often substituted for reflectance (J. Opt. Soc. Am. and Rev. Sci. Instr. 10, 178

(1925); J. Research NBS 13, 282 (1934)). The expression here might therefore be ‘‘apparent reflectivity.’’
(D.B.J., July 1935.)
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the sphere, the apparent reflectance of a thick layer of magnesium
oxide with line of sight perpendicular to the surface is lower than
this by a few tenths of 1 percent, and may be taken as about 0.97.)
‘We shall assume Ry,0=0.975 for A=>560 mu and for sunlight.

As to selectivity with respect to wave length, the reflectance for
blue and green is slightly greater than for red; but the departure from
the mean value over the wave-length range 460 to 650 my is nowhere
greater than 0.5 percent, as is indicated by the following data by
Priest and Riley: ° R,/Rn,=1.0044, R;/R,=1.0010, R./R,=0.9946.
Assuming R for wave length 560 mu as 0.975, we estimate: R,=0.979,
R,=0.976, R,=0.970.

V. RESULTS OF THE MEASUREMENT OF SEVEN
PORCELAIN ENAMELS

1. VARIATION OF REFLECTANCE OVER THE SURFACE OF
SPECIMEN 48

The specimen was mounted on a stage actuated by a micrometer
screw so that it could be moved by measured steps across the field
of view in a direction perpendicular to the line of sight, the plane of
the specimen surface being in focus in the photometer field. By this
device the images of the various points of the surface were brought
to coincidence with the division line in the photometer field.

Each point plotted in figure 3 is derived from the mean of ten
independent settings of brightness match for the corresponding
point on the specimen. These ten brightness matches are not made
in immediate succession. On the contrary, the order of observations
was as follows: First, one setting of brightness match was made for
the point nearest an edge, then one setting for the next nearest point,
and so on, taking points in order until the point nearest the opposite
edge was reached. This order of observation was then repeated
nine times, giving the ten independent settings from which each of
the plotted values was obtained. The ratio Big/Bygo was com-
puted by eq 1. The solid circles refer to observations taken along
the transverse axis; the open circles, to the longitudinal axis.

It may be concluded from figure 3 that the reflectance along the
transverse axis is sensibly constant for a distance of 6 or 7 mm on
both sides of the midpoint. Outside of these limits (that is, for
strips about 6 or 8 mm wide adjoining the lateral edges) the measured
reflectance tends to be notably higher. Near the edges, values
higher than the central values by as much as 10 percent have been
obtained.

Along the longitudinal axis there is also a tendency to relatively
high values near the edges; but the distribution is less symmetrical
than along the transverse axis, values to the side of the center toward
edge 1 (also near the center) being systematically higher than values
for symmetrical points on the other side of the center. However,
the region extending about 4 or 5 mm on both sides of the center
may be considered as sensibly constant (taking into account the
uncertainty of the measurements).

(1;)0 [j Q. Priest and J. O. Riley, The Selective Reflectance of Magnesium Oxide, J. Opt. Soc. Am, 29, 156
130).
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In general it is difficult to interpret strictly the significance of the
measurements near the edges where the enamel is usually piled up
to form what is known as the “bead.”” The high values may be
partly due to “high lichts” occasioned by specuTar reflection from
the curved surfaces of the “bead’”’, and partly to increased thickness
of enamel at the “bead.” However, near the edges a photometric
field unsatisfactory for precise measurements is obtained; the division
line in the photometer field does not disappear when one attempts to
match the two halves of the field. The chief conclusion we draw from
these measurements is that precise and significant measurements to
serve for intercomparing the several specimens cannot be made near
their edges.

2. SPECTRAL REFLECTANCE OF SPECIMENS 4, 48, AND 79
RELATIVE TO MAGNESIUM OXIDE

The circles in figure 4 represent apparent spectral reflectance relative
to magnesium oxide obtained on the Kénig-Martens spectrophotom-
eter with the illumination chamber used in routine measurements at
the Bureau." The approximation to completely diffused illumination
is so close that the measurements may be taken as for completely
diffused illumination.

The crosses refer to data taken on the reflectometer here described,
and, strictly speaking, are not precisely for the wave lengths at
which they are plotted, but rather represent the average reflectance
for a small range of wave lengths on both sides of the plotted value.
The values of apparent reflectance have been corrected so as to refer
to completely diffused illumination. They are the values of 744
given in table 2 to be discussed presently.

All values may be considered as for the center of the specimen,
although the measurements by the Konig-Martens spectrophotom-
eter were actually for points perhaps 7 mm from the center.'?
The agreement between the results by the two instruments is seen to
be within experimental uncertainty.

3. DIFFERENCE BETWEEN DIFFUSE-PLUS-SPECULAR REFLECT-
ANCE AND DIFFUSE REFLECTANCE ALONE

Data illustrating the difference between diffuse-plus-specular
reflectance and diffuse reflectance alone for specimens 4, 48, and 79
are shown in table 2.

From these data has been computed the average specular reflectance
for normal incidence (p as given by eq 12), which is 0.023. From
Fresnel’s reflection formula one would expect p for a plane polished
surface of glass of refractive index 1.53 to be 0.044. As a matter of

11 H, J. McNicholas, Equipment for Routine Spectral Transmission and Reflection Measurements, BS
J. Research, 1, 793 (1928) RP30. The spectral reflectance measurements on the enamels were made by
Mabel E. Brown.

12 Previous spectrophotometric measurements made near the edges of the samples were discarded. How-
gvg;, tthese previous data do not differ significantly from those illustrated. A consideration of all the data
indicates:

(1) That most of the minor and seemingly erratic variations are probably not real. This is to be expected
since the uncertainty in most of the values illustrated is probably as great as 0.01 and even more toward
the ends of the spectrum. This is particularly true at 460 mu for specimen 4, the true value of which is
probably about 0.65. However, the low values at 540 and 580 mu relative to the respective values at 560 mu
were consistently obtained throughout.

(2) That the relatively strong absorptions of specimen 4 in the violet and of specimen 79 in the red are
real. The coincidence between the colorimetric results computed from the illustrated data and the colors
of the samples as judged by direct examination is considered later. (K.S.G., Aug. 1935.)
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fact we have measured p for highly polished black glass of this index
with this same instrument and have obtained the experimental value
of 0.042;. It may also be noted that McNicholas had previously
reported p=0.043 for this same piece of black glass.”® Ior glossy
‘““velox” photographic paper we have also found p=0.045 with this
same apparatus. It is admitted that the values of (rqys—r4) given
in table 2, and consequently the values of p may be individually
uncertain by as much as 0.01, or even 0.02; but it is very improbable
that they are systematically lower than the true value by as much
as 0.02.

TasLe 2.—Comparison of diffuse-plus-specular reflection with diffuse reflection

alone
Specimen.__._... 48 4 79
Quantity 1

Ocular filter_.____ Blue | Green{ Red | Blue [Green| Red | Blue | Green| Red

Spectral centroid-| 460 540 650 460 540 650 460 540 650
ol e B TCN Yo N e TR Rn BT 0.688 | 0.689 | 0.669 | 0.658 | 0.659 | 0.653 | 0.659 | 0.643 | 0.613
RAL- SRR o S s en MRS to sy .661 | .658 | .647 | .633| .639 | .619| .636 | .626 .599
fdta=Tdor Ee eeee| 2027 ] .031 | .022| .025| .020| .034]| .023 | .022 .014
O rate =) s s a e e .026 | .030 ( .021 | .024| .019 | .033 | .022 | .021 .013
7’ a+s=ra+(rd+s—1d)/ KMEO-c v cnuen .687 | .688 | .668 | .658 | .658 | .652 | .658 | .647 .612

1 See eq 13.

When one considers the known waviness of the surfaces of these
specimens and the unknown degree of polish of such surfaces, the
apparently low value of p is seen to be not a matter to cause astonish-
ment. It should be emphasized that our method of finding p tacitly
assumes that the surface is optically plane, whereas these surfaces
come far from fulfilling this condition.

It may be concluded, therefore, that values of 74 do not represent
diffuse reflectance solely from the body of the enamel; a small part
of the diffusely reflected light comes {rom the surface itself.

4. APPARENT REFLECTANCE OF SPECIMEN 48

On the basis of all of our data we adopt the following values of
ra=(Bus)a/Bugo; See eq 8.

Tq
Borisnnliohts 26 o Jliad B0 e i 0. 6576
B OT N — 60 e & Nt SR A 2 s R . 6593
e T G LR T N CORARRE S . 6575
B OiNT=—0 5 )i Sl e s Card i SE. SOAIRR S et 48 . 6461

These relative values may be put on an absolute basis by taking into
account the apparent reflectance of magnesium oxide, Ry, thus:

Horsunlightis: S eiEandySo st et 0. 6576 X0. 975=0. 641
HonEN—A60 m = SRS EEs . 6593 X .979= . 645
OIS SRS S .6575X . 976= . 642
OIS AT =650 (e L S e .6461X . 970= . 627

13 H. J. McNicholas, Absolute Methods in Reflectometry, BS J. Research 1, 53 (1928).
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The corresponding values for apparent diffuse-plus-specular re-
flectance are less accurate. However, approximate values (sub-
ject to an error probably less than 0.01) may be obtained by adding
0.023 to the corresponding values for diffuse reflectance just given.

In the case of either diffuse-plus-specular reflectance or diffuse
reflectance alone, the values for any of the other specimens may be
obtained by multiplying the value for specimen 48 by the appropriate
relative reflectance taken from figure 5.

5. APPARENT REFLECTANCE OF OTHER SPECIMENS RELATIVE
TO SPECIMEN 48

The reflectance of each specimen relative to the reflectance of
specimen 48 for completely diffused illumination, with line of sight

104
Se For the enamel specimens,
%2 . values plotted are means ]
2l 0s of five independent sets _|
St PSR 2 of observations:-
o g. 1 e Priest--1set*-Sept.9,1029
o ®102 —| Priest--lset--Aug.22-24,1929 —
“_é & I~ 292 Brown--liset--Aug.22-24,1929
° 2 p o S\\\\gg‘ . Riley--2sets-0ct.24-25,929 |
C 'g|‘o| Sle=d I # 2 sets on 48 2]
o Values for MgO
?: il preliminary Yata ]
GRE S LA (oI S S by Priest and Riley.
O £ i
©Ji00
099 —
KE
48
098 — < o2
4 .‘_4
097 —
J %
086 — \
A 460 540 650 my
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Fiaure 6.—Spectral selectivity of reflectance by equation 5, mean of all data.
The three values shown for each specimen are reflectances relative to the mean for that specimen.

perpendicular to the specimen surface, is given by figure 5. The
results shown were obtained according to eq 1. The measurements
refer to diffuse reflection but these ratios would be sensibly the same
for measurements including both diffuse and specular reflection for
each specimen relative to specimen 48. KEach plotted value is the
result of at least 60 settings of brightness match, but no great
significance should be attached to relative order of specimens when
the difference between them is less than one percent.

It may be noted: (1) that the range of sunlight reflectance in this
collection of seven specimens is about 9 percent; (2) that specimen
48 is undoubtedly the lightest and specimen 114 the darkest; (3) that
specimen 48 reflects some 2 or 3 percent more than its closest rival,
specimen 29; and (4) that specimen 114 falls in a class by itself as
notably dark relative to the others.
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6. SPECTRAL SELECTIVITY OF THE SPECIMENS

The selective reflectance (selective with respect to wave length)
of the specimens relative to specimen 48 may be inferred from figure
5. However, as has been shown in section I1I above, we can measure
and express the selectivity of reflectance on an absolute basis, without
taking into account the reflectance of any other specimen or standard
material.

The data on spectral selectivity of reflectance for these seven speci-
mens are exhibited in figures 6, 7, and 8. The interpretation and
essential significance of these figures may be readily seen from the
figures themselves and from the description of the method of measure-
ment given in section ITI. The results shown in figures 6 and 7
were obtained by the method indicated by eq 5; those shown in
figure 8, by eq 6.

By comparing the results in figure 6 with those in figure 7, an idea
may be obtained as to how well in general one observer is likely to
check another. However, the results of figure 7 are slichtly more
reliable than those of figure 6 because the values of (ag)y, (@)g, and
(ap): were more carefully determined.

7. THE COLORS OF THE SPECIMENS

As has been previously mentioned, all of the specimens are such as
would commonly be called white or near white; that is, if anyone
were casually asked to name their color as observed under ordinary
circumstances he would reply “white’’ (or, perhaps, “light gray”)
unless he were inclined to be very critical in his judgment and very
precise in his statement. If so inclined, or if urged by cross-examina-
tion to make more critical discrimination (when viewing all of the
specimens together in good average daylight illumination), he may
say either that (1) all are bluish, (2) some are bluish and some yellow-
ish, or (3) he may insist that he cannot call them anything but
“white”. The predominant opinion of six members of the Bureau
staff was that they are all very slightly bluish; but the opinions were
given with hesitancy. These introductory statements will give some
practical idea of the magnitude of the color differences with which
we are dealing. "We shall now set forth the results of a more critical
examination of the specimens.

(a) THE COLORS OF SPECIMENS 4, 48, AND 79, COMPUTED FROM DATA ON
SPECTRAL REFLECTANCE

The basic ideas on which the computation of these color specifi-
cations from spectral reflectance depends will first be briefly set forth.
The color of any one of these specimens (in sunlight) may be matched
by a mixture of sunlight and homogeneous light of some wave length
selected from the spectrum. The particular wave length which it is
found requisite to select in order to match the color of the specimen
in this manner is called the ‘“dominant wave length’’ (A) of that
specimen. In order to match the color of the specimen it is necessary
to mix the homogeneous light and the sunlight in a certain particular
ratio. This ratio is specified by the purity p, purity being defined as
the ratio of the brightness of the homogeneous component of the mix-
ture to the brightness of the mixture itself.
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Values of dominant wave length and purity (for an arbitrarily
assumed normal observer) may be computed from the spectral re-
flectance of the specimen combined with certain other standard data."*
The results of such a computation are given in table 3.

TaBLE 3.—Dominant wave length and colorimetric purity of specimens 4, 48, and 79

{Computed from the following data:

(1) Spectral reflectance relative to magnesium oxide as given in figure 4; (2) absolute selectivity of mag-
nesium oxide as given in figure 6; and (3) OSA standard observer and coordinate system (J. Opt. Soc. Am.
and Rev. Sci. Instr. 16, 230 (1925))].

Dominant . .
i Colorimetric
Specimen wave }‘ength, purity, p D/Da
565.4 0. 0345 0.73
488.4 . 0060 .87
483.4 . 0105 1.78

The dominant wave lengths given in table 3 indicate the following
hues for these specimens:

Specimen Hue
4 el et Green or yellow-green.
25 el T me s Blue or blue-green.
b JE S A, s e Blue or blue-green.

The values of purity, being very small, indicate that the colors are
very pale, that is, very near white or gray; but these values are not
comparable for different dominant wave lengths because the purities
corresponding to a just detectable chromaticity step vary with domi-
nant wave length. Therefore,instead of paying attention to the values
of purity, themselves, we use the ratio Pplpo, which is colorimetric purity
of the sample divided by the purity corresponding to a just noticeable
chromaticity step. The values of this ratio are also given in table

3, po being taken from the results of Priest and Brickwedde.'* Since
this ratio for specimens 4 and 48 is less than unity, it may be con-
cluded that the difference between “white” (or gray) and the colors
of these specimens would be a vanishingly small doubtful difference
when viewed under experimental conditions like those used by Priest
and Brickwedde. Since this ratio for specimen 79 is nearly 2.0, the
color of this specimen differs from ‘‘white” (or gray) by nearly two
just detectable steps, that is, the difference, though small, is definite.

(b) THE COLORS DIRECTLY OBSERVED

The reflectometer (fig. 1), just as used in measuring reflectance,
affords a convenient and sensitive means of observing directly the
small difference between white and the color of any one of these
specimens. Let the instrument be used with the sunlight filter over
the ocular, and let the specimen be placed at the bottom of the sphere
so that it is imaged in one-half of the photometer field while a part
of the sphere wall is imaged in the other half. The important point

5 :;El‘h;;)e data, together with directions and forms for the computation, are given in J. Opt. Soc. Am. 23,
59 (1933).

151, G. Priest and F. G. Brickwedde, The Minimum Perceptible Colorimetric Purity as a Function of

3%gn(nina];t Wave Length with Sunlight as Neutral Standard, J. Opt. Soc. Am. and Rev. Sci. Instr. 13,
1926).
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to be emphasized in this arrangement is that one-half of the field is
illuminated by light which is identical in quality with the Jight which
falls on the specimen while the other half is illuminated by light
reflected from the specimen. The two halves of the field may be
matched in brilliance by turning the photometer analyzer. When
this has been done it is obvious that the quality difference remaining
is nothing other than the difference between the color of the specimen
and the color of a strictly nonselective (white or gray) surface of the
same lightness when both are illuminated by sunlight.

TaBLE 4.—Hues of the specimens by direct comparison of their colors under artificial
sunlaght illumination with the color of thai illumination

The comparison was made at equal brilliance in the Martens photometer field with the apparatus shown
in figure 1. Results for MgO and MgCO; under identical conditions are shown for comparison.

Specimen

Observer
4 29 48 63 79 92 114 MgCO; | MgO

Green..| Green..| Green..| Green- | Green- | Green..| Green- | Yellow..| Yellow?
blue. blue. blue.
.| Green..| Green..| Blue...| Blue.._| Blue...| Blue...| Blue...| Yellow?.| Neutral.
Blue...| Blue...| Green- | Blue...| Blue.._| Blue...| Blue...| Pink?_._| Blue?

blue.
Blue-| Blue-| Blue-| Blue-| Blue-| Blue-| Blue-| Red--... Neutral?
green. | green. | green. | green. | green. | green. | green.
Blue-greenratio®| 0.67-...| 0.67-...f 1.0..___ DVEEA R0 i e B B 5 2

Mean response | 14.5....| 22.0.-_.| 21.7.-..| 14.7-.._| 16.7-.__| 30.5
time (seconds).

s The observer had been specifically requested to report the slightest difference he suspected, however
small and doubtful, and say ‘‘neutral” or “matched’’ only when there was no suggestion of difference.
The observer adjusted the brilliance match at pleasure while making his decision.

b Ratio of number of times the ‘““blue” was used in naming the hue to the number of times the word
‘“green’’ was used.

With this viewing arrangement a number of observers have looked
at the specimens and have named, or attempted to name, their colors.
The results are shown in table 4. Results on magnesium carbonate
and magnesium oxide obtained at the same time and under the same
conditions are also given for comparison. The oxide is so nearly
neutral that observations such as these fail utterly to give any certain
indication of hue, but the selectivity of reflectance is such as to tend
to make the oxide appear blue. The carbonate is perceived as doubt-
fully yellowish or reddish, which is in accord with the slight selectivity
of its reflectance as measured on this same instrument. Inspection
of the table shows at once that the colors of all of the enamel specimens
are perceived by all of the observers as ‘“blue”, ‘“green’”, ‘“blue-
green’’, or ‘“‘green-blue’’, which, in general, is what would be expected
from the data on selectivity of reflectance as given in figures 6, 7, and
8. On the basis of the data given under the caption ‘“‘blue/green
ratio” in table 4, we may perhaps summarize the results given in this
table by the following compromise answers:

Specimen Hue

}Distinctly bluish blue-green.

Bluish blue-green.
Blue-green.

}Greenlsh blue-green.
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It is of interest to note that there is perfect correspondence between
these answers and the data on selectivity of reflectance shown in
figure 7. The ‘“mean response time’’ (average time elapsed from the
moment the observer began to look until he announced his decision)
is of some interest as indicating in a general way how much more
readily the observer arrived at a decision for the enamel specimens
than for the magnesium carbonate and magnesium oxide.

It will be noted in table 3 that the computed dominant wave length
of specimen 4 was found to be 565.4 mu. This leads us to expect its
hue to be yellow-green rather than green or blue-green, as indicated
above. Extensive further work was done with this sample and the
following conclusion reached: Even for experienced observers, making
the most critical judgments possible, the color difference (in a 6° circu-
lar field) between specimen 4 and an ideal perfectly nonselective speci-
men of the same lightness under the same sunlight illumination is a
doubtful, vanishingly small difference, the judgment of which results
in changing decisions, sometimes the decision that the difference is
nonexistent. It is established that the hue of specimen 4 for noon
sunlight illumination lies within the spectral segment of the hue circuit
between yellow and blue. From a statistical point of view, we may
say that the hue of specimen 4 is most probably green, but that it may
be either yellow-green or blue-green, dependent upon the brightness
of the specimen field relative to the brightness of the comparison field,
and also upon uncontrollable and unknown changes within the ob-
server. Therefore, insofar as they can be made and have any signifi-
cance, the direct comparisons of colors (as colors) are in accord with
the data on selective reflectance; but the indications of the latter are
more definite and subject to less uncertainty and ambiguity. As the
departure of the specimen from perfect nonselectivity becomes pro-
gressively smaller the indications of color computed from measure-
ments of spectral reflectance retain definiteness after the directly
observed departure from gray by color sense in a 6° circular field
divided along a diameter has become indeterminate.

WasHINGTON, September 27, 1935.
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