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Specularity, brightness, achromatic
color—and orthogonality
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For objects under the same illumination, the more specular object appeared brighter. This oc-
curred irrespective of an object’s apparent achromatic color, the distance at which it was viewed,
the level of illumination, the method used for collecting observations, and other conditions. Also,
when identical specular objects were differently illuminated, the one under the higher illumina-
tion, with the higher maximal luminances, appeared brighter. In the five experiments, which
involved 340 subjects subdivided into 17 groups, large fields of view and real spaces were used.
The results supported the conclusion that apparent brightness and achromatic color are orthogonal
phenomena, and that in four of these experiments increased apparent brightness was correlated
to, if not determined by, maximal specular luminances without regard to achromatic colors and
diffuse luminances. This conclusion was necessarily modified by a fifth experiment, which showed
that if placed under sufficiently high levels of illumination, less specular surfaces appeared brighter
than more specular surfaces. This was taken to mean that a total account of the apparent bright-
ness of surfaces would depend on an undiscovered algorithm involving maximal specular and
diffuse luminances and their areal extents. With regard to the validity of the studies, the sub-
jects were shown to have phenomenally discriminated brightness from glossiness and glare. Fi-
nally, phenomenal gloss and glare were found to be correlated to a surface’s level of specularity.

Objects with specular highlights appear brighter than
objects without such highlights, or so it has seemed to
us in informal observations. In our office, for example,
the gray metallic file cabinet, the black telephone casing,
the bottled india ink, the shiny gray leather on a chair,
and other specular objects appear brighter than other sur-
faces, brighter even than various white surfaces that are
not specular. We placed two pieces of black coal in the
room, one polished (specular), one unpolished (matte).
Both appeared black. But the polished piece appeared
brighter than its unpolished counterpart, and, in fact,
brighter than most other surfaces in the room. We selected
two grays that appeared to be the same color. The more
specular of the two grays appeared brighter. In other
words, with everything under the same overall illumina-
tion, the more specular surfaces appeared to be brighter
than the less specular and matte surfaces.

Is this informal phenomenology with regard to specu-
lar surfaces generally true? Does an achromatically
colored surface continue to appear to have approximately
the same color, but to be apparently brighter when its
specularity is increased? Helmholtz (1925) might possi-
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bly have said no. The brightness of surfaces, from not
very bright to dazzling bright, and the achromatic colors,
from the blackest black imaginable through the grays to
the whitest white imaginable, are, Helmholtz claimed,
unidimensional phenomena, perfectly and positively cor-
related. A surface that appears brighter than a second sur-
face should also appear lighter in color. And a surface
that appears lighter in color should also appear brighter.
(See Heggelund, 1974, for a review of Helmholtz’s
unidimensionality.) In comparison, our informal obser-
vations imply that apparent brightness and achromatic
color are not only separate phenomenal dimensions (bi-
dimensional), but are also independent and orthogonal.
For the experiments described in this paper, therefore,
we had two major goals: (1) to demonstrate that more
specular surfaces appear brighter than less specular sur-
faces, when both are under the same illumination, and
(2) to demonstrate that apparent brightness and achromatic
color are independent orthogonal phenomena (at least for
the levels of photopic illumination used in our ex-
periments).

The Stimulus for Apparent Achromatic Colors

If apparent achromatic color and brightness are indepen-
dent, then the two phenomena will be specified by differ-
ent stimuli. The appearance of achromatic color is deter-
mined, according to numerous theorists, by luminance
ratios (also called light gradients and ratios of light in-
tensities) among areal regions of light. Some early the-
orists who held this view were Helson (1938, pp. 450,
461-463; 1943, pp. 561-564), Kardos (1934, pp. 84-86),
Koffka (1932, especially pp. 184-185; 1935, pp. 244-
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249), and Wallach (1948, 1963). Luminance ratios were
sometimes referred to as ratios of albedos (e.g., by Henne-
man [1935, pp. 52-53, 74], who also on pp. 77-80 ac-
cepted Koffka’s views with regard to luminance ratios and
their achromatic effects). In general, for flat, matte sur-
faces under the same illumination, albedo ratios will cor-
rectly specify luminance ratios. Luminance ratios were
sometimes also referred to as contrast ratios (e.g., by
Beck, 1964; Flock, 1974; Flock & Noguchi, 1970).

Helson’s (1938, 1943, 1964) formulation of luminance
ratios was unique in an important respect. He formed the
ratio from a region’s luminance and from a weighted aver-
age of luminances for the entire visual field. In making
that step, Helson moved the discussion away from the ar-
tificiality of displays and scenes with only a few differ-
ent luminance regions to the naturalness of real scenes,
with their complexly configurated luminances.

The effect of luminance ratios on apparent achromatic
colors was demonstrated in a recent set of experiments
(Flock & Nusinowitz, 1984). Observers were allowed a
wide-angle binocular view of a small furnished space. By
varying the position of a light source, black matte walls
in the small room were made to appear any color from
white to deep black. The changes in illumination differen-
tially altered the luminances of the walls. That changed
the luminance ratios among the various walls. With those
changes in luminance ratios, the apparent achromatic
colors of the black walls correspondingly altered.

In explaining achromatic appearances, Koffka (1932)
adopted a concept of appurtenance—that, for example,
spatial coplanarity of surfaces was particularly pertinent
to the achromatic appearances of those surfaces. Flock
and Nusinowitz (1984, pp. 127-129) also adopted a con-
cept of appurtenance, but they rejected spatial arrange-
ments, such as the coplanarity of surfaces, as a main cri-
terion for that appurtenance. In their experiments, Flock
and Nusinowitz (1984) found that spatial arrangements
had little to do with achromatic appearances, unless the
spatial arrangement altered the surface’s luminance. As
a result, they adopted the view, apparently unique to them,
that luminance ratios were formed among surfaces that
‘“‘are seen to be illuminated by the same sources or to de-
rive or generate their light in the same way. Provided the
surfaces have some spatial coherence, it doesn’t matter
how they are arranged spatially’’ (Flock & Nusinowitz,
1984, p. 127). (The concept ‘‘seen to be illuminated by
the same sources’’ enables one to explain phenomena like
those of Gelb [1929] and Gilchrist [1980, Figure 5]. In
Gilchrist’s experiment, for example, achromatic appear-
ances changed, we believe, because of the change in the
seen illumination of the target, not because of the
coplanarity produced by its change in spatial location, as
Gilchrist argued. The change in spatial location functioned
to move the target into a differently illuminated space.
The luminance ratios in that illuminated space then de-
termined the achromatic colors of the surfaces, irrespec-
tive of the spatial relations.)

Nothing cognitive was implied by this concept of the
“‘seen’” illumination. In fact, local adaptation mechanisms

in the eye, like those described by, for example, Werblin
(1973), might perhaps function to specify which surfaces
were being illuminated commonly and were therefore
‘‘appurtenant.’’

In the experiments in this paper, we used small three-
dimensional rooms with objects in them. Subjects, view-
ing monocularly or binocularly, were given a wide-angle
view of the rooms. Each scene was illuminated naturally
by one or two light bulbs or by an extended source. For
these conditions, all of the surfaces in a scene were, we
assumed, ‘‘appurtenant’’ (seen to be illuminated by the
same sources of light). Hence, ratios of their nonspecu-
lar luminances would account for the prevailing achro-
matic colors.

The Stimulus for Apparent Brightness

An appearance of brightness unarguably refers to the
intensive phenomena associated with the energy levels of
primary sources of light. The International Commission
on [llumination (CIE), for example, has adopted as stan-
dard vocabulary the definition that brightness is an *‘at-
tribute of visual sensation according to which an area ap-
pears to emit more or less light”” (1970, p. 118). The
specular reflections or highlights that are to be found on
most surfaces constitute such a stimulus for the apparent
brightness of the surface. Specular reflections are, after
all, mirror images of the light sources in the scene,
although admittedly such images are highly degraded in
natural scenes (Flock, 1984). In registering specular
reflections, whether they be degraded mirror images or
not, one is, in effect, looking at the light sources and ex-
periencing their intensive effects. The apparent brightness
of the overall surface would then be correlated, accord-
ing to our experimental hypotheses, with the intensity level
of its highlights. Since there are no demonstrations in the
empirical literature of such correlations (although they
were expected by Beck [1972, p. 13] and were implied
by Kozaki [1973]), we shall attempt, in this paper, to
demonstrate them.

To be quite explicit on this matter of apparent bright-
ness, look at the highlights on some black specular ob-
ject, such as a telephone. As we observed earlier in our
informal phenomenology, the highlights and the surround-
ing surface that is the setting for the highlights appear
bright. Then, as the luminances of the highlights are
reduced toward zero, the brightness of both the highlights
and the surrounding surface appears to decrease.

Specular and diffuse luminances. To clarify what oc-
curs when specular highlights are increased (or decreased)
in intensity, consider the interaction of light with matte
and with nonmetallic specular surfaces. These different
interactions define a distinction between diffuse and specu-
lar reflectances as properties of a surface and diffuse and
specular reflections as light stimuli.

A nonspecular (matte) surface scatters the rays of light
that impinge, thereby producing what is called a diffuse
reflection. A specular surface reflects light rays direction-
ally, rather than scattering them, which accounts for the
much greater intensity of the specular reflection. When
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a surface is made smoother (by being polished or treated
in some way) or is replaced by one that is naturally
smoother, specularity is correspondingly increased. For
a given level of specularity, the intensity of the specular
reflection will depend not only on the surface’s specular-
ity, but also on such factors as the intensity of the il-
luminating source, the surface’s refractive index, and the
angle of incidence of the illuminating light rays.

Specular reflections (viz., mirror images of primary and
secondary illuminating sources) are detectable at and near
the specular angle, which is the angle oppositely signed
to the angle of incidence of light rays on the surface. At
other angles of view, one detects the diffuse, nonspecu-
lar reflection from the surface, which is like the diffuse
reflection (luminance) of a ‘‘matte’’ surface. Also like
matte surfaces, the diffuse reflection of the specular sur-
face carries information about the surface’s achromatic
color (and its chromatic color and texture).

Specular highlights (reflections) on a surface can be
made less detectable by varying one or more conditions—
for example, by moving the viewing point away from the
specular angle; changing the angle of incidence of the
light; changing the plane of the surface by making it flat-
ter or reorienting it; reducing surface specularity (the
method used mostly in this paper); substituting a surface
with a smaller refractive index; and increasing surface
albedo from a low value (low reflectance, high absorp-
tion, as with blacks) to a high value (high reflectance, low
absorption, as with whites). Increasing albedo
homogenizes surface luminances. This homogenizing oc-
curs because of the increased secondary reflections on and
between surfaces, the decreased particle sizes below the
first surface, and possibly the decreased difference be-
tween a surface’s specular and diffuse reflections. Finally,
reducing illumination also minimizes the detectability of
specular highlights.

Despite their presence on most surfaces, specular high-
lights are rarely allowed to intrude into visual displays
and theory. As just one example of this avoidance, in set-
ting forth retinex theory, Land and McCann (1971)
described, in their opening paragraphs, the precautions
they took to decrease the probability of detecting specu-
lar highlights. Flat, matte, untextured surfaces were used.
Very low albedos were avoided. The light source was at
45° and the surface was viewed at an angle normal to the
surface.

As a result of such avoidances of specular highlights,
the empirical literature concerned with the apparent
brightness of surfaces has been predominantly about matte
surfaces.

The apparent brightness of matte surfaces. When
specular images have been excessively degraded and are
virtually undetectable on a surface, the surface is said to
be ‘‘matte.”” According to our view, when specular lu-
minances reach such ‘‘zero levels,”” apparent brightness,
as derived from them, must also reach zero. For these
conditions, light sources are no longer imaged wherever
the gaze falls. Despite the virtual disappearance of specu-
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lar reflections, the matte surface does not lack in an ap-
pearance of brightness, although its surface may have be-
come phenomenally dull. In a uniformly illuminated
scene, ‘‘matte’’ surfaces, we claim, appear less bright than
more specular surfaces, but they do appear bright. They
do not appear *‘zero-bright’’ (unless ‘‘dull’’ is construed
to be one form of ‘‘zero-bright’’). Also, if two surfaces
are equally matte (or equally specular), but are differently
illuminated, the one under higher illumination, with its
higher luminances (or with its more intense highlights)
might be expected to appear brighter.

This description of the brightness of matte surfaces
means that specular reflections do not give a complete ac-
count of the apparent brightness of surfaces. We propose,
however, that matte surfaces follow virtually the same rule
as for specular surfaces. Consider first the ‘‘rule’’ for
specular surfaces.

The specular highlight is an intensive deviation from
the luminance level of its adjacent surround. The amount
of deviation specifies, we have argued, the apparent
brightness of both the highlights and the adjacent surface
in which the highlights are embedded. As the specular
luminance is reduced, its phenomenal brightness and that
of its surrounding surface decrease.

The same rule may be applied to matte surfaces in a
uniformly illuminated scene. Although spatially discon-
tinuous, the matte surfaces, we shall assume, appear simi-
lar in brightness, irrespective of their achromatic colors.
That is, the matte surface with the highest luminance
(which in a real scene is usually a white surface) would
appear at some level of brightness, depending on its in-
tensity and on adaptive mechanisms in the eye. Adjacent
matte surfaces, irrespective of their achromatic color,
would then, from one to the other, appear similar in
brightness, although not necessarily as bright as the region
of maximal luminance. This hypothesis has support from,
for example, Koffka (1932 and 1935, p. 247). In explain-
ing Gelb’s phenomenon, Koffka asserted that the black
disk and the white slip of paper held against it, both seen
in the same strong illumination, appeared equally bright.
Kozaki (1973, Figure 4B), also, showed that achromatic
colors from black to light gray appeared equally bright
when presented against a white background. Approxi-
mately the same view may have been espoused by Evans
(1964, p. 1469). By refusing to attribute brightness to
achromatically colored surfaces, Evans may have been
saying that those surfaces, from black to light gray, ap-
peared equally bright.

When matte surfaces are uniformly illuminated, the
brightness function for surfaces from black to white might
have some rise. Nevertheless, if Evans (1964), Koffka
(1935), and Kozaki (1973) were even approximately cor-
rect in their theoretical expectations, the rise would be
expected to be slight.

In this explanation of the brightness of matte surfaces,
there is no separate image of the light source, as given
by specular highlights. Because of that, the explanation
of the brightness of matte surfaces is not as parsimonious
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as the explanation for the brightness of specular surfaces.
Nevertheless, in the absence of specular highlights,
perhaps the visual system treats the matte region of highest
luminance (or even some average luminance for part of
a scene) as a ‘‘surrogate’” image of the source, or at least
as an indicator of the overall illumination.

THE EXPERIMENTS

We have argued the independence of the visual
phenomena of achromatic color and brightness. To
demonstrate that independence and other expectations de-
veloped above, we ran five experiments. In the first, both
the orthogonality of achromatic color and its brightness
and the claim that a more specular surface will appear
brighter than a less specular surface were examined. Pairs
of matte and specular surfaces, from black to white, were
the stimuli. Each pair had first been matched for achro-
matic color. The surfaces were individually presented in
a three-dimensional space and were viewed monocularly
with a large field of view. The two achromatically
matched surfaces in a pair, each under the same high il-
lumination, were judged as to their brightness (one group
of subjects) and their achromatic color (a second group
of subjects). The experiment was then replicated for low
illumination, using two more groups of subjects. In Ex-
periment 2, conditions differed, but the objectives of the
experiment were the same as in Experiment 1.

For Experiment 3, from the two levels used in Experi-
ment 1, specularity was increased to four different levels.
The four specular surfaces, matched in blackness, were
presented simultaneously in pairs and judged as to which
one of the pair appeared brighter. The experiment was
replicated for light gray surfaces, with the intention of
determining the generality of the correlation between ap-
parent brightness and specularity.

For Experiments 1 to 3, the surfaces that were com-
pared were always under the same overall illumination.
For those conditions, a more specular surface might ap-
pear brighter because it was more specular or because it
had higher maximal luminances. The purpose of Experi-
ment 4 was to decide between those two possibilities. Sur-
faces were matched for achromatic color and specularity
and were placed under different levels of illumination.
If level of specularity alone determines apparent bright-
ness, then both surfaces should appear equally bright. On
the other hand, if higher maximal luminances determine
apparent brightness, then the more highly illuminated sur-
face should appear brighter.

If, in Experiment 4, the matched surface under higher
illumination turned out to appear brighter, that could oc-
cur because it had not only more intense highlights but
also higher diffuse luminances. The latter possibility
would imply a general role for diffuse luminances in the
determination of the apparent brightness of surfaces.

One aspect of this possibility was investigated in Ex-
periment 5. Less specular surfaces were placed under
higher illumination; more specular surfaces were placed

under lower illumination. The two scenes were otherwise
identical. For those conditions, the more specular surfaces
possessed the highest maximal luminances, but the less
specular surfaces possessed the highest diffuse luminances
and probably had the highest overall average luminances.
If the surfaces with the highest diffuse luminances but
lower maximal luminances appeared brighter, then max-
imal luminances would not necessarily be the deciding
factor with regard to which surface appeared brightest.

Resolution of the issues explored by Experiment 5
would start to clarify the relationship between apparent
brightness, on the one hand, and illumination, specular-
ity, maximal luminances, diffuse luminances, and over-
all average luminances, on the other. (In this paper, the
concept ‘‘overall average luminance’” has been generally
avoided. In our displays, luminances often varied by large
amounts over small areas. We do not know how visual
systems weight such different luminance intensities in
generating their output. Under most of our conditions,
therefore, we were hesitant to make claims about overall
average luminances.)

Finally, throughout Experiments 3 to 5, data were col-
lected with respect to the use of the term apparent bright-
ness. For the conditions being used, we wished to estab-
lish whether observers could reliably distinguish among
a number of phenomenal characteristics of surface. Spe-
cifically, we wished to discover if they would be dis-
criminative in using the terms brightness, glossiness, and
glare.

Experiment 1

The purpose of Experiment 1 was to show that specu-
lar objects appear brighter than achromatically matched
matte objects, even when the matte and specular objects
appear to be the same achromatic color. This was tested
for five different levels of achromatic color, from black
to white, for objects at two different distances, and for
two levels of illumination. Viewing was monocular, with
a wide-angle view of a real space.

Method

Subjects. The 84 subjects were volunteers from introductory
courses in psychology at York University. All subjects had 20/20
vision in the right eye, either uncorrected or corrected with con-
tact lenses, and all were naive with regard to the experiments. Me-
dian age was 19 years.

Apparatus. A round 51° monocular aperture was mounted on
the front wall of an enclosed space that was 91 cm high, 67 cm
wide, and 125 cm deep. An aperture for the right eye was posi-
tioned 2 cm in from the left wall and 36 cm above the floor of the
little room. The aperture was oriented to the right and downward,
and excluded any view of the left wall and the ceiling. Visible were
the lower 60% of the back and right walls and 75% of the floor
(or approximately 18 cu ft of space). Separate opaque and translu-
cent shutters were built into the eyepiece.

The right wall and floor of the little room were covered with a
matte wall paper, composed of intricate black, gray, and white
figures. The equivalent Munsell neutral (N) values of these figures
were 3.25, 7.75, and 9.25, respectively. (For this experiment and
all others in this paper, the achromatic colors were approximately
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neutral and were matched to neutral Munsell samples.) The left and
rear walls of the room were covered with white fabrics (Munsell
N9.3).

The room was illuminated from above by a bank of seven GE
F-20 T-12-D daylight fluorescent tubes, each 57 cm long, spaced
7.5 cm apart from center to center. The total extended light source
was 57 cm wide and 48 cm deep, located with its back edge 22 cm
from the far wall and its forward edge 55 cm from the front viewing-
wall. Also, it virtually spanned the width of the room. Below the
light source, 91 cm from the floor of the room, was a thin sheet
of translucent diffusing material that was supported by a thin sheet
of glass. The illumination produced by these arrangements was called
the high-illumination condition. When a large neutral-density filter,
67 cm wide and 80 cm long, was placed just below the light source,
illumination was reduced by a factor of 1/40.2. That produced the
low-illumination condition. Luminance measures given in the
description of this experiment, unless otherwise indicated, are for
the high-illumination condition. Dividing any of those measures by
40.2 will give luminance values for low illumination. All measures
were made in foot-lamberts, using a Spectra Pritchard photometer
with a 6-min probe.

Under high illumination, some luminance measures for various
visible surfaces in the room were as follows. The white figure in
the pattern on the floor had a luminance value of approximately
120 fL, virtually everywhere on the floor. (A Munsell N9.5 sam-
ple, on the floor, had a luminance of 126.5 fL.) Dividing 120 fL.
by 1.70 or 10 gives the luminances of the gray and black figures
on the floor, or 70.5 and 12, respectively. The rear wall, a curtain
with folds, gave a range of values from 20 fL. within folds to a max-
imum of 70 fL. The white figures on the right wall had luminances
from 68 fL low on the wall to 100 fL high on the wall. The lu-
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minance of the adaptation field in the shutter of the viewing aper-
ture was 50 fL.

Test fields. Each of 10 cylinders, 9 cm high and 5.3 cm in di-
ameter, and cut from solid maple, was wrapped in a different Mun-
sell neutral paper, five with matte paper and five with specular
(glossy) paper. The tops of the cylinders were left uncovered and
were visible to the subjects. Except for the two blacks, the Mun-
sell values were the same for the paired matte and specular test fields
(TFs). The paired neutral Munsell values were: 9.5 (white), 7.0
(light gray), 5.5 (middle gray), 4.0 (dark gray), 1.5 (matte black),
and 0.5 (specular black).

Each of the 10 TFs was separately presented to the observer at
two locations in the room, a total of 20 randomly ordered trials.
A cylinder in the far position, 125 cm from the observer, was
slightly forward of the far right corner, 8 cm from the right wall,
20 cm in front of the rear wall, and angularly measured 2.3° X
4.2°, for the base and height, respectively. A cylinder in the near
position, 70 cm from the observer, was at the front of the visible
part of the room, slightly to the left side of an observer’s field of
view. It was 41 cm from the right wall, 69 cm in front of the rear
wall, and angularly measured 4.4° X 7° for the base and height.
In the near position, the surface of a cylinder was just below the
forward edge of the extended light source. In that position, its visi-
ble front surface received less light than the same TF in the far
position. The surround luminances, however, were about the same,
regardless of the position of the TF. Because of these different lu-
minance relations between a TF and its surrounds, achromatic color
might be expected to (and did) appear darker in near TFs than in
far TFs. (See Results section.)

Light measures for the five matte and five specular TFs, under
high illumination at the near and far positions, are summarized in
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Figure 1. Maximum and minimum luminance values for 10 achromatically neutral surfaces, five specular (A——A) and five matte
(O— — —0), under high illumination. Left half, far from the eye; right half, near to the eye. In each half of the graph, the upper of
two solid and two dashed lines are maxima; the lower of a pair are minima.
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the Jog-log plot in Figure 1. The corresponding functions for low
illumination were virtually identical, except that the y-axis was
recalibrated for the lower illumination. The reflectances of the five
TFs, varying form 0.015 to 0.89, are given on the abscissa; lu-
minances, varying from 0.80 to 100 fL, a range of 125 to 1, are
given on the ordinate. The ordinate for low illumination varied from
about 0.022 to 2.2, a range of 100 to 1.

The luminances in Figure 1 were recorded from the upper two-
thirds of a TF’s surface area. In each half of Figure 1, there is a
pair of dashed straight lines for matte surfaces and a pair of solid
lines for specular surfaces. The top and bottom lines in each pair
describe maximal and minimal light values, respectively, for each
of the TFs.

In inspecting the functions in Figure 1, one should keep in mind
some limitations assoctated with the probe of the photometer. First,
the probe was relatively large in angular size (6" of arc), given the
tiny angular size of the specular ‘‘hot spot” that was being mea-
sured. In a particular measure of a specular image, the probe picked
up light from more than, for example, just an imaged white figure.
It was also averaging the light from imaged black and gray figures
and from the achromatic color of the TF itself. When the TF ob-
jects were near, this problem was only slightly diminished. Sec-
ond, the specular TFs were only ‘‘moderately’’ specular. Hence,
because of the size of the probe, the luminance of a specular high-
light would be some kind of weighted sum of both the diffuse and
specular reflections. The ratio of luminances on a TF surface, as
between its maximum and minimum, is given in Figure 1 by the
vertical separations between a pair of dashed or solid lines.

Apart from the research in this paper, Figure 1 might be of in-
terest in and of itself. It is frequently difficult to gain access to sys-
tematic measures of specular surfaces like those in Figure 1.
However, Hunter (1975) gathered together from various sources
and published data on a limited number of luminance functions for
matte and specular surfaces. Although his functions had more pre-
cision than those in Figure 1, they were also more limited in scope.

Procedure. The effects of five variables were investigated. There
were five levels of achromatic color, black, dark gray, middle gray,
light gray, and white; two levels of specularity, matte and specu-
lar; and two distances, near and far. These three variables were
“‘within’’ variables. They produced 20 experimental trials (5 colors
X 2 surfaces X 2 distances), which were randomly reordered and
presented to each subject. In addition, there were two *‘‘between’’
variables: two different instructions, to judge achromatic color (one
group) and brighiness (a second group), and two levels of illumi-
nation, high and low. This gave a total of four ‘ ‘between’’ groups
of subjects—two levels of instructions times two levels of illumi-
nation.

In the training session, the subject viewed the 10 TFs presented
on a tray in the small room. These TFs were ordered in two rows,
from white on the left to black on the right. The five specular TFs
in the front row only slightly obscured parts of the five matte TFs
in the back row. While the subject was inspecting the TFs, he/she
was asked: (1) Do you see surfaces that appear white? Appear gray?
Appear black? (2) Do you see surfaces that appear brighter than
other surfaces? Less bright than other surfaces?

Brightness groups. Each subject in the two brightness groups was
next asked to select from among the 10 TFs on the tray the TF that
*“appeared to be the brightest of all, the least bright of all, and middle
bright.”” (Some of the results of these comparisons are given be-
low in the Results section.) The numbers 19, 11, and 15, respec-
tively, were assigned to those TFs. The subject was told to memo-
rize the exact brightness appearance of those surfaces and the
numbers that had been assigned to them, ignoring the achromatic
color of the TF. They were told that they were to be individually
shown 20 different TFs that would vary in brightness from less bright
to brighter than any they had seen so far. (In fact, the 10 matte
and specular TFs were presented individually to them, near and

far, under the illumination used during training.) The subjects were
told to use the numbers 10 to 20, including one-place decimals,
a scale of 101 gradations, to indicate the precise brightness of each
surface that they were to see. This training session lasted about
4 min.

During the experiment, the subject was given 10 sec for each of
the 20 judgmental trials. Between each of the 20 trials there was
a 15-sec period of light adaptation, at the light level of the scene.

Achromatic-color groups. The continuing instructions for the two
achromatic color groups were as much as possible like those for
the brightness groups. Each subject was asked to select from among
the 10 TFs on the tray the TFs that appeared the whitest, the light-
est gray, the darkest gray, and the blackest. The numbers 21, 19,
11, and 9, respectively, were assigned to those TFs. Other proce-
dures and additional training were exactly like those for the bright-
ness group, except for the following differences. The subjects were
told to ignore the brightness of the TF and to attend only to its achro-
matic color. They were told to use the numbers 8 to 10 for blacks,
10 to 20 for grays, and 20 to 22 for whites, including one-place
decimals, a scale of 141 gradations, to indicate the precise achro-
matic color of each of the 20 surfaces.

For high illumination, there were 28 subjects in each of the two
instruction groups. For low illumination, which was run later, there
were 18 subjects in the brightness group and only 10 in the
achromatic-color group. These reductions in group size were deliber-
ate and based on the reliability of the data under high illumination.
Finally, each of the four groups of subjects was divided equally
between men and women.

Results

Brightness. The brightness results are shown in
Figure 2. To assess those results, consider first Figure 2A
for high illumination. It shows mean brightness judgments
of the five TFs, for specular, matte, near, and far condi-
tions. One feature in the figure is particularly prominent
and relevant. All data points for specular surfaces (upper
two lines in Figure 2A) fall above every data point for
the matte surfaces (lower two lines). Moreover, the least
bright specular surface appeared significantly brighter than
the brightest matte surface. That fact is extremely per-
suasive in indicating that specular surfaces appeared
brighter than matte surfaces. The main effect of the sepa-
ration between the functions for matte and specular sur-
faces was significant [F(1,27) = 87, N =28,p < .001].
Also, the specular surface that appeared least bright, the
light-gray TF in the far position with a mean brightness
judgment of 14.9, was judged brighter than the brightest
appearing matte surface, the white TF in the far position
with a mean brightness judgment of 13.5. The frequency
of 20 to 7 with one tie had a binomial chance probability
(p < .02).

Approximately the same results, although with some-
what more noise, occurred in Figure 2B for brightness
judgments under low illumination. The main effect for
matte and specular surfaces was significant [F(1,27) =
32, N = 18, p < .001]. In addition, the specular sur-
face that appeared least bright was chosen more frequently
as appearing brighter than was the brightest appearing
matte surface.

The finding that specular objects appeared brighter than
matte objects far exceeded our initial expectations. The
initial hypothesis was that the more specular of an achro-
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Figure 2. Apparent brightness of specular and matte surfaces at near and far positions, under (A) high illumination, and (B) low illu-

mination.

matically matched pair of surfaces would appear brighter
when both were under the same illumination. What actu-
ally happened was that specular surfaces appeared brighter
than matte surfaces regardless of the achromatic colors
of the surfaces. The dark-gray specular cylinder, for ex-
ample, appeared brighter than the white matte cylinder.
This result was general in that it occurred for high and
low illumination and for objects at different distances from
the observers.

Independence. To demonstrate independence between
apparent brightness and achromatic color, one would want
to show that a specular TF appears brighter than a matte
TF but does not at the same time appear lighter in color.
Were lightness and brightness to be correlated, that would
diminish the argument for independence. What happened
in much of the data, as indicated just above, is that the
specular TFs appeared brighter even though they appeared
darker, not lighter, than the matte TFs. To make this mat-
ter quite explicit, consider the frequency counts in
Table 1.

To start, note the lop-sided frequencies in Rows 1 and
2 of the table. In Row 1, for example, the frequency of
212-10-6 means that in 212 of the 228 comparisons for
38 subjects the dark-gray specular TF appeared darker
in color than all matte TFs of higher diffuse reflectances
(viz., than the middle-gray, light-gray, and white matte
TFs). There were 10 reversals and 6 ties. Correspond-
ingly, also in Row 1, in 304 of 304 comparisons and in
76 of 76 comparisons, the black and light-gray specular
TFs, respectively, appeared darker in color than matte
TFs with higher diffuse reflectances, with no reversals
or ties. These frequencies are, of course, precisely what
one would expect of achromatically different TFs.

What one might not expect, however, are the frequen-
cies in Row 2 of the table. Those frequencies refer to
brightness comparisons, for a different group of 38 sub-
jects. (The frequencies for the remaining 8 of the 46
brightness subjects are given in Row 3 of the table.) The
frequency of 215-12-1 in Row 2, for example, means that
in 215 of the 228 comparisons, the dark-gray specular
TF appeared brighter than all matte TFs with higher
diffuse reflectances (viz., than the middle-gray, light-gray,
and white matte TFs), and that there were 12 reversals
and 1 tie. The frequencies in Row 2 for the brightness
judgments were composed, therefore, exactly as were the
frequencies in Row 1 for the achromatic color judgments.
(The only comparisons that could logically be allowed in
Rows 1 and 2 involved specular surfaces that had lower
diffuse reflectances than the matte surfaces with which
they were compared. Otherwise, if the specular TF had
a higher diffuse reflectance than the matte TF, its lighter
achromatic color and its greater brightness would be cor-
related. For each of the 38 subjects in the first and sec-

Table 1
Frequencies from Experiment 1 Showing Specular Surfaces (TFs)
Appeared Brighter But Darker Than Matte Surfaces (TFs)
That Had Higher Diffuse Reflectances

Specular TFs

No. of
Sugjegts Black Dark Gray Middle Gray Light Gray
Achromatic Comparisons
38 304-0-0 212-10-6 134-13-5 76-0-0
Brightness Comparisons
38 302-1-1  215-12-1 134-14-4 61-12-3
8 15454 2-122 10-35-3 7-23-2
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ond rows of the table, there were 8, 6, 4, and 2 allowa-
ble comparisons, respectively, for the four specular TFs
from black to light gray.)

For the 76 subjects in Rows 1 and 2, the evidence is
overwhelming. The specular TFs appeared brighter but
darker than the matte TFs. In these comparisons, the
specular TFs had lower diffuse reflectances and, presuma-
bly, lower overall average luminances than the matte TFs
with which they were compared; and they also appeared
darker. (See section below on overall average lu-
minances.)

The eight subjects in Row 3 of the table are different.
These 8 subjects, 4 each from the low and high illumina-
tion conditions, were those with the greatest numbers of
reversals. Their results are interesting. They are in almost
perfect disagreement with the other 38 subjects. For the
8 subjects, the matte TFs appeared brighter than the specu-
lar TFs in most comparisons—a near-perfect reversal. We
have no explanation for the results of those 8 subjects,

who comprised 17% of the total group of 46 brightness-
comparison subjects. (The 8 subjects serve as a reminder
of the danger of small Ns, particularly Ns of 1 or 2 “‘ex-
pert”’ observers. With an N of 10, for example, one might,
by chance, draw a group like the 8 subjects, with their
nontypical pattern of reversed responses.)

Overall average luminances. In assessing the specific
luminance determinants for the brightness comparisons
of the 38 subjects in Table 1, we integrated luminance
measures taken from Figure 1 over small areal regions
of the test objects. In each case, the achromatically lighter
matte objects had higher overall (arithmetic and, alterna-
tively, logarithmic) average luminances than the achro-
matically darker specular objects with which they were
compared in Table 1. We concluded from this that it was
the intensity of specular luminances (or their apparent in-
tensities), not overall average luminances, which deter-
mined apparent brightness, under our conditions in Ex-
periment 1. Even this conclusion, however, is subject to
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Figure 3. Apparent achromatic color of specular and matte surfaces at near and far posi-
tions, under (A) high illumination, and (B) low illumination.
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the caveat, articulated earlier, with respect to the danger
of imposing on visual processors our arithmetic concep-
tions of how to average luminance intensities.

Shapes of achromatic functions. The achromatic color
results are represented in Figure 3, where the means for
the achromatic color judgments are plotted. On the left
and right of the figure, the two bundles of four lines are
for high- and low-illumination, respectively. The five TFs
from black to white are shown on the two abscissas. The
abscissa for high illumination is above the graph; the one
for low illumination is arbitrarily displaced to the right
and is below the graph. This displacement allowed for
the separation of the two bundles. (Otherwise, with each
group’s achromatic judgments spreading over the entire
number-scale, from 8 to 22, the bundles would have been
superimposed.)

The shapes of the four achromatic color functions in
Figure 3 are approximately linear, and they rise steeply
in a positive direction from lower left to upper right. It
is, then, approximately true that as TFs were varied from
black to white, apparent achromatic color shifted in com-
parable steps, from black to white. This occurred irrespec-
tive of whether the TFs were matte, specular, near, or
far, or were under high or low illumination. The steeply
rising, positively monotonic functions in Figure 3
produced large significant effects in two ANOVAs. The
evaluations for the main effects of achromatic color from
black to white yielded F(4,108) = 648, N=28, for high
illumination and F(4,36) = 97, N=10, for low illumina-
tion, (Because of the very large F of 648, N was reduced
from 28 for high illumination to 10 for low illumination.)

One other significant statistical effect occurred in the
data represented by Figure 3. Closer TFs were slightly,
but reliably, darker than farther TFs. This main effect
for distance can be seen in the figure, where solid lines
for near objects were below the dashed lines for far ob-
jects [F(1,27) = 11, p < .005, for high illumination;
F(1,9) = 23, p < .001, for low illumination]. This ef-
fect was expected, as indicated in the Apparatus section,
because of the different luminance relations found between
the TF and its background, when the TF is far and when
it is near. It is cited here simply to emphasize how deter-
minant luminance ratios are in specifying apparent achro-
matic color.

One nonsignificant effect in Figure 3 is relevant. Paired
matte and specular TFs appeared approximately the same
color. This occurred when the TFs were viewed near
(pairs of dashed lines) and far (pairs of solid lines), un-
der high and low illumination. In the two ANOVAs, the
evaluations for the main effects of matte and specular sur-
faces yielded F(1,27) = 2.82 for high illumination, and
F(1,9) = 2.38 for low illumination (ps > .10). Also,
the six Fs for interactions between matte and specular sur-
faces, on the one hand, and other variables were of even
less statistical consequence, varying from 0.50 to 1.03.

Shapes of brightness functions. The shapes of the
brightness functions in Figure 2 differed dramatically
from the achromatic functions in Figure 3. The functions
in Figure 3 are steeply rising positive functions, whereas
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those in Figure 2 appear to have very different shapes.
The four functions in the lower halves of Figure 2 for the
matte surfaces appear to have some flat segments and
some slightly rising segments. In comparison, the four
functions in the upper halves of Figure 2, for specular
surfaces, appear, overall, to be negative, decreasing func-
tions. If these visual impressions are more or less (statisti-
cally) reliable, then the shapes of the brightness functions
in Figure 2 and those of the achromatic functions in
Figure 3 are not correlated functions. That would be fur-
ther evidence for the independence of achromatic color
and its brightness. ‘

Consider first the four ““brightness lines’” for matte sur-
faces in the lower half of Figure 2. None of the rising
segments in those lines was statistically significant. A
separate rank-order Friedman chi-square was calculated
for each of the four lines. The four chi-squares, each with
4 df, varied from 0.90 to 4.25, with no p smaller than
.40. The conclusion, given such small chi-squares, was
that the four brightness functions (far, near, high, and low
illumination) for the matte surfaces were not rising func-
tions. Other data from the preliminary training (see Proce-
dure section) supported the same conclusion. During train-
ing, the 46 ‘‘brightness’’ subjects observed the 10 TFs
together and judged which was least bright. Their
responses were distributed almost perfectly uniformly
over the five matte TFs. No specular TF was chosen.

The finding that matte surfaces did not produce a ris-
ing brightness function is not unique, as indicated in the
introduction to this paper.

Consider next the shapes of the four *‘brightness lines’’
for the specular surfaces in the upper halves of Figure 2.
They appear to be negative decreasing functions. In each
half of the figure, the pair of specular brightness lines con-
verge on the pair of matte brightness lines, reading from
left to right. This implies that there was a significant
statistical interaction for each half of the figure. The in-
teractions of surface (matte to specular) X color (the five
surfaces from black to white) were, in fact, significant
(F(4,108) = 15 and F(4,68) = 6.52, for high and low
illumination, respectively; ps < .001]. This established
what can be seen in Figures 2A and 2B: the matte and
specular brightness functions converge on each other and
thus have different shapes.

These analyses demonstrate what was claimed earlier.
The shapes of the brightness and achromatic functions in
Figures 2 and 3, respectively, are not correlated. That
fact supports the contention that achromatic color and its
brightness are independent phenomena.

Shapes of specular brightness functions. The specu-
lar brightness functions in the upper halves of Figure 2
appear to be either L-shaped or U-shaped. Although the
topic of the shapes of these functions is peripheral to this
paper, the shapes are of interest in themselves. In the vi-
sion literature there is little to indicate the shape of specu-~
lar brightness functions for achromatically different TFs.

As a first step in analyzing the shapes of these func-
tions, four Friedman chi-squares were calculated for the
specular surfaces, each with 4 df. The four chi-squares



448 FLOCK AND NUSINOWITZ

varied from 19.71 to 25.51, and all ps were much less
than .001. Most of the magnitude of these chi-squares had
to be attributed to the black specular surfaces. For exam-
ple, the black specular TF under high illumination and
in the near position appeared brighter than its closest
neighbor, the dark-gray specular TF with a frequency of
20-6 and 2 ties (p < .01). For the same comparison un-
der low illumination, the frequency was 13-4, with one
tie (p < .03). For other comparisons involving the black
specular TF the frequencies were even more extreme.

The magnitude of the effect of the black specular TF
is the basis for concluding that the brightness function for
the specular surface was at least L-shaped. However,
when the black specular TF was eliminated from the four
Friedman chi-squares, the chi-squares, although greatly
reduced in magnitude, were still not at the level of ran-
dom variation [for the far position, x*s(3) = 12.03,
p < .01,and 8.02, p < .05, for high and low illumina-
tion, respectively; for the near position, x*s(3) = 4.15,
p < .25,and 5.22, p < .15, for high and low illumina-
tion, respectively].

What remained as nonrandom variation in the chi-
squares, after the exclusion of the black specular TF, was
a systematic contribution from the white specular TF. A
further example of this contribution is to be found in the
preliminary training data. When the 46 subjects were
asked which surface appeared brightest, they most fre-
quently chose the specular black TF (n=28); but they also
chose the white specular TF (n=14), with four scattered
responses. The black and white specular surfaces appeared
brighter than other surfaces. i

These results thus imply that the specular brightness
functions were at least L-shaped but more likely U-shaped.

Experiment 2

The results of Experiment 1 supported the two main
hypotheses set forth in this paper. First, specular surfaces
appeared brighter when under the same illumination as
matte surfaces. Second, the greater brightness found for
the specular surfaces than for the matte surfaces was in-
dependent of any differences in achromatic color between
the matte and specular surfaces. That suggests that ap-
parent achromatic color and brightness are independent
orthogonal phenomena. The purpose of Experiment 2 was
to replicate those findings under somewhat different con-
ditions and with different procedures from those used in
Experiment 1. Briefly, the conditions were arranged so
that specular objects would mirror primary, instead of
secondary, light sources. In another variation, sets of tex-
tured wood objects were painted to be either specular or
matte. Sets of objects were presented in small rooms made
of plywood and painted matte black. The room walls were
undifferentiated, low-reflecting, low-luminance surfaces.
Only to a negligible extent might those black walls il-
luminate the specular objects. Also, whatever image of
them was formed on the specular surfaces would markedly
differ from the specular images formed in Experiment 1.

Viewing was wide-angle and binocular, rather than

. monocular, and it included the floor and three walls.

The procedures for judging achromatic colors and
brightness also differed. In this experiment, the same sub-
ject made both judgments. In addition, instead of scaling
achromatic color and brightness, as in Experiment 1, the
subject named the achromatic color of the matched pair
of matte and specular test objects and directly compared
their brightnesses.

Method

Subjects. The 40 subjects were recruited as were those in Ex-
periment 1. They had the same characteristics but, just prior to this
experiment, had participated in a different experiment.

Apparatus. Two identical small rooms, each 86.3 cm wide,
122 cm high, and 168.5 cm deep, were constructed out of plywood
and painted matte black (Munsell N2.3). Each was viewed binocu-
larly through a viewing hood in the front wall that allowed a view
of roughly 35 cu ft of the space. Six 15-W bulbs, spread over the
ceiling, and one 15-W bulb on the back side of the viewing hood
illuminated each room. (A detailed description of the rooms and
locations of bulbs is given on pp. 116-118 and in Figure 1 of Flock
& Nusinowitz, 1984.)

Test objects. There were eight sets of wooden objects. Each set
was composed of two salad bowls (27 cm in diameter, 9 cm high),
a salad spoon (20 c¢m long), and an egg cup (4 cm in diameter and
6 cm high). Each of four of the sets was painted a different neutral
matte color: black (Munsell 2.3), dark gray (Munsell 3.9), light
gray (Munsell 6.3), and white (Munsell 9.2). The four other sets
were painted with neutral specular paint, so as to match within +0.1
Munsell steps the achromatic colors of the matte sets. This produced
four pairs of matched sets of objects.

A set of matte objects was spread out on the floor in the farther
part of one of the matte black rooms. The matching set of specular
objects was placed in the same positions in the second room. The
many images on the surfaces of the specular test objects were non-
representational highlights that directly mirrored the primary light
sources in the ceiling or their reflections from other surfaces.

Maximal luminances. Maximal luminances in foot-lamberts of
the specular and matte pairs of matched test objects, respectively,
were: black, 28 and 0.29; dark gray, 12 and 0.52; light gray, 40
and 1.8; and white, 60 and 6.2. The maximal luminances in foot-
lamberts for each wall were: floor, 0.24; far wall, 0.31; left wall,
0.19; and right wall, 0.22. (The luminances differed from those
reported in Table 1 of Flock & Nusinowitz, 1984, because the equip-
ment had been rebuilt and repainted and the socket locations had
been slightly altered.)

Procedure. Four groups of 10 subjects each were assigned to
conditions in which pairs of matched sets of objects were placed
in the two black matte rooms—the matte objects in one room and
the specular objects in the second room. For Group I, the objects
were black; for Group II, they were dark gray; for Group III, light
gray; and for Group IV, white.

The procedure was as follows. Subjects from Group I, for ex-
ample, looked into one of the black matte rooms and named the
achromatic color of the light-gray matte objects. (The subjects had
to use the following color labels: very white, white, poor white,
very light gray, light gray, middle gray, dark gray, very dark gray,
poor black, black, very black.) They next looked at the light-gray
specular objects (i.e., the matching set of the pair) in the second
black matte room and named the colors of those objects. They were
rerouted through the sequence and told to notice how bright the
objects appeared. They were then asked, ‘“Which set of objects ap-
pears brighter?”’ (The words matte and specular were never
used.)Whether matte objects came first or second was counter-
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balanced. Otherwise, that judgmental order was the same for all
subjects. There was an interstimulus interval during which the
brightness comparisons were made. To view the second set of ob-
jects and make a brightness comparison, the subject had to move
about 4 ft in the darkness of the experimental space, mount a plat-
form, and then look into the second chamber.

Results and Discussion

Despite the various changes in conditions, specular ob-
jects appeared brighter than the achromatically matched
matte objects, just as they had in Experiment 1. Also, the
paired matte and specular objects appeared the same color.
These results implied orthogonality, as in Experiment 1.

Achromatic colors of the objects. The 10 subjects in
each group judged the achromatic colors of the achromat-
ically matched matte and specular objects. There were
four sets of these repeated measures, a total of 40 pairs
of achromatic measures. Over these 40 pairs of judgments,
there were 21 ties, 10 judgments that the matte objects
were lighter in color than the specular objects, and 9 judg-
ments that the matte objects were darker in color than the
specular objects. These frequencies supported the relia-
bility of the prior matching of the achromatic pairs at non-
specular angles. The frequencies occurred randomly over
the four groups and therefore over the four different
achromatic colors of the objects.

Brightness of the objects. The specular objects ap-
peared brighter than the phenomenally matched matte ob-
jects to 32 of the 40 subjects. The 8 exceptions occurred
when the matte objects were presented first, the specular
objects second. This suggested a primacy effect. On the
20 occasions when specular objects came first in the se-
quence, they appeared brighter with a frequency of 20-
0. When they appeared second in the sequence, they ap-
peared brighter than matte objects with a frequency of
12 to 8, thus overcoming the primacy effect. The eight
exceptions occurred randomly over the four sets of achro-
matic colors.

Under the conditions of these experiments specular ob-
jects appeared brighter than phenomenally matched matte
objects, again implying the independence of apparent
brightness and achromatic color.

Experiment 3

In Experiments 1 and 2, specularity was varied over
only two levels. In Experiment 3, it was varied over four
levels, from matte to moderately high specular. The in-
tent was to demonstrate that apparent brightness increases
not only as a TF is varied from matte to specular, but
also as it is varied over several levels of specularity.

Method

Subjects. Four groups, each with 24 subjects, were randomly
assigned to the conditions described below. The 96 subjects were
recruited as in Experiment 1, had the same characteristics, and had
20/20 corrected or uncorrected vision in both eyes.

Test fields. Four black TFs were prepared. One was matte; three
were specular, arbitrarily labeled as low, medium, and high. The
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four TFs were matched in color to a Munsell N2.3, +0.1 (poor
black in color). The four TFs were presented in all possible pair-
ings. The observer chose which of each pair appeared brighter. This
experiment was then replicated exactly, using light-gray TFs,
matched to a Munsell N6.3. All TFs were upside-down wooden
bowls, 27 cm in diameter.

The black achromatic TFs were produced using appropriate mix-
tures of Glidden interior-exterior enamel paints. To get a match
of the paints required a lengthy trial-and-error process, using the
following paints: No. 908 flat black (for the matte), No. 4620 semi-
gloss black (for the low specular), No. 909 gloss black (for the
medium specular), and No. 909 gloss black plus two coats of
Elethane polyurethane plastic finish (No. 300) gloss (for the high
specular). In addition, the colors of the specular black paints had
to be adjusted by adding various amounts of No. 900 gloss white,
to produce the medium and high specular colors, and No. 4700 semi-
gloss white, to produce the low specular color. Also, small amounts
of Dramatone colorants, No. 1768 oxide red and No. 1752 oxide
yellow, were added to neutralize blue tints in the paint. The four
light-gray TFs were similarly produced, using Glidden’s No. 7949
paints. Specifically, these were interior alkyd flat, No. 5787 (matte);
interior alkyd semi-gloss, No. 4687 (low specular); interior-exterior
enamel, No. 987 (medium specular); and No. 987 plus Liquitex
acrylic gloss medium, No. 5008 (high specular). Also, small
amounts of colorants were used: Dramatone No. 1768 oxide red,
in the matte; No. 1782 black and No. 1750 neutral toner, in the
low specular; and No. 1757 violet, in the medium and high specular.

Displays. Three small black matte rooms were used. These were
modified versions of those used in Experiment 2. A vertical parti-
tion, 122 cm high X 30 cm deep, was placed in the back of each
room, subdividing the rear of the room into two adjacent spaces.
Each of a pair of bowls, placed on the floor in the subdivided spaces,
was illuminated by a separate GE 75-W Shadow Ban incandescent
bulb, placed directly over it. The light from these bulbs also illu-
minated the remainder of the space.

All possible pairings of the four levels of black bowls (one matte,
three specular) would have required six small rooms. Only three
were available. Therefore, two separate groups of subjects were
used for the six comparisons. Group I observed all possible pair-
ings of the three specular black bowls. Group II observed the black
matte bowl paired with each of the three specular bowls. Groups
IIT and IV observed light-gray bowls, in an exact replication of the
conditions for Groups I and II.

Procedure. In the paired comparisons, a subject judged which
TF appeared brighter. For Group I, for example, the three com-
parisons involved the specular black TFs, paired as follows: high
and low, high and medium, medium and low. Each subject viewed
the three rooms in a different counterbalanced order. The sequence
was repeated two more times, in different orders. In these two ad-
ditional replications, the subject judged which TF appeared *‘glar-
ier’” and ““glossier,”” in that order. The purpose of these two addi-
tional replications for each subject was to examine the validity of
the experiments—whether, for example, the use of the term bright-
ness was independent of the use of the terms glary and glossy. The
results of these validity studies are presented separately in a later
section.

Results

Each subject made three comparison judgments for
brightness, making for a total of 288 comparisons over
the four groups of subjects. In 261 of these 288 compari-
sons, or in 91% of them, the subjects reported that the
more specular of a pair of surfaces appeared brighter. This
result gave overwhelming support to the earlier findings
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in Experiments 1 and 2 that as specularity is increased,
apparent brightness correspondingly increases. (The fre-
quencies for this experiment are given in Table 3.)

Experiment 4

In Experiments 1 to 3, illumination was always the same
for all TFs. In Experiment 4, identical specular TFs were
placed under two different illuminations, one under a 100-
W bulb and the other under a 40-W bulb, producing an
illumination ratio of 2.2:1. The TFs were the three pairs
of black specular bowls used in Experiment 3. All other
conditions were the same as in Experiment 3, including
judgments of which TF appeared glarier and which ap-
peared glossier. A new group of 24 subjects was recruited
for this experiment, with characteristics the same as
before.

The specular surface under the higher illumination, with
its higher maximal luminance, was reported to appear
brighter than its identical match under lower illumination.
The frequency was 70-2. Had degree of specularity alone
determined the result, the expected frequencies would
have been 36-36. Hence, higher maximal luminances,
rather than a particular level of specularity, seemed to de-
termine apparent brightness.

In this experiment, the brighter of the two matched sur-
faces was more highly illuminated. The higher diffuse
reflections that resuited might have contributed, at least
in part, to the greater brightness of the surface. That pos-
sibility was investigated in Experiment 5.

Experiment 5

The focus of Experiments 1 to 4 was on specular reflec-
tions as stimuli for the apparent brightness of surfaces.
As explained in the introduction, specular highlights are
a major class of visual stimuli, but by no means the only
class that can account for a surface’s apparent brightness.
In the absence of specular highlights, for example, matte
surfaces do appear bright. The results of Experiment 4
could be interpreted to mean that the more highly illumi-
nated surface appeared brighter not only because it had
more intense highlights, but also because it and its sur-
rounds had higher diffuse luminances. Were that the case,
then the diffuse luminances of specular surfaces and their
surrounds might also contribute to their apparent
brightness.

One way to demonstrate this would be to show that a
less specular surface under high illumination, with high
diffuse luminances, can appear brighter than a more
specular surface that is under low illumination. In Experi-
ment 5, then, the illumination was arranged so that the
more specular surface (under lower illumination) pos-
sessed the highest specular intensities, but the less specular
surface and its surrounds (under higher illumination) pos-
sessed higher diffuse luminances. Otherwise, everything
in the two scenes was equal.

Method

Subjects. Ninety-six new subjects were recruited as in Experi-
ment 3, and had the same characteristics.

Luminances, displays, and procedures. The one matte and the
three specular black bowls (matched to a Munsell N2.3) that had
been used in Experiment 3 were the TF objects. Pairs of these four
bowls were simultaneously presented and compared, with each of
the pair under different illumination. In each comparison, the more
specular bowl was under lower illumination than the less specular
bowl. Nllumination was controlled by placing a 100-W bulb over
the less specular bowl and a 40-W bulb plus appropriate neutral
density filters over the more specular bowl. (The bulbs were GE
Shadow Bans.)

Except for these changes in illumination, all displays, conditions,
and procedures in Experiment 5 were the same as those in Experi-
ment 3, as were the responses required of the subjects.

The illumination conditions for this experiment are described in
Table 2. Each section in the table gives relevant information about
luminance conditions and the results for Groups I-IV, each of which
had 24 different subjects. In explanation, consider the three pairs
of rows of luminances used for Group I. Each pair of rows cor-
responds to a comparison between a more and a less specular bowl
(TF). For each of the three comparisons, luminance measures are
given in foot-lamberts, that describe maximal (Max) and minimal
(Min) luminances for the specular reflections and the diffuse reflec-
tions for each of the two compared bowls. Thus, each subject in
Group I made three comparison judgments, reporting for each com-
parison which of the two bowls appeared brighter. For the com-
parison involving Rows 1 and 2, notice in Row 1 that the Max and
Min specular luminances of the more specular bowl, under lower
illumination, were 52 and 40. Those specular luminances were
higher than the specular luminances of 18 and 14, respectively, in
Row 2, for the more highly illuminated but less specular bowl. In
comparison, the Max and Min diffuse luminances of the more specu-
lar bowl were lower, .045 and .030 than the diffuse luminances
for the less specular bowl, .27 and .19, respectively. The ratio of
the maximal specular luminances, 52 to 18, or 2.9 to 1, is given
between the two rows.

The comparison frequency for the 24 subjects is given in the far
right column. Although results are discussed below, notice that in
this comparison, the more specular surface appeared brighter to
only 6 of the 24 subjects, whereas the less specular surface appeared
brighter to 18 of the 24 subjects (binomial probability, p < .01).

For Groups III and IV, specular luminances could not be identi-
fied on the matte bowls. There were, however, regions of higher
and lower luminances on the matte bowls, each with a maximum
and minimum. Those maxima and minima are given in the table.

Results

The results for each comparison are given, as already
indicated, in the form of frequencies in the far column
of Table 2. The first and second numbers in each fre-
quency entry are the number of times in a comparison
that the more specular surface appeared brighter or less
bright, respectively, to the group of 24 subjects. The fre-
quencies within each section are within effects, whereas
comparisons between sections are between effects.

The frequencies indicate that a more specular surface
no longer necessarily appeared brighter as it had in Ex-
periments 1 to 3. For Group I, for example, the summed
frequencies show that the more specular bowls appeared
brighter in only 13, or 18%, of the 72 comparisons. For
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Table 2
Frequencies Showing the Number of Times in Three Comparisons (Each Pair of Rows Specifying a Comparison)
Four Groups (ns = 24) Chose the More Specular Surface as Brighter (First Number in a Frequency)
Versus Less Bright (Second Number in a Frequency) in Experiment 5

Specular Diffuse pagoof
Luminance Luminance Specular
Group Condition Max Min Max Min Luminances Frequency
I High Specular TF 52 40 .045 .030 29 6-18
Low Specular TF 18 14 27 .19 ) ”
High Specular TF 52 40 .045 .03 1.8 4-20
Medium Specular TF 29 20 .09 071 ) B
Medium Specular TF 34 17 075 .062 1.9 3221
Low Specular TF 18 14 .27 .19 ) h
Summed Frequencies 13-59
I High Specular TF 95 70 .062 .048 5.3 10-14
Low Specular TF 18 14 27 .19 : :
High Specular TF 95 70 .062 .048 33 11-13
Medium Specular TF 29 20 .09 .07 ’
Medium Specular TF 49 28 .10 .09 2.7 9-15
Low Specular TF 18 14 .27 .19 ’
Summed Frequencies 30-42
Column Totals for Specular Comparisons (Groups I and II) 43-101
Regions of
Specular Diffuse Maximum Minimum Ratio of
Luminance = Luminance = Luminance  Luminance Maximal
Max Min Max Min Max Min Max Min Luminances
High Specular TF 26 22 .03 .021
Matte TF 6 6 52 30 * 10-14
Medium Specular TF 1.8 1.1 .038 .023 2.9 11-13
Matte TF 63 60 52 .30 )
Low Specular TF 14 1.0 .047 .036 2.2 11-13
Matte TF 63 60 52 .30 ’
Summed Frequencies 32-40
v High Specular TF 18 16 .036 .026 20 12-12
Matte TF .63 52 .30
Medium Specular TF 13 10 .050 .038 21 15-9
Matte TF .63 52 .30
Low Specular TF 6 47 .10 078 .
Matte TF 63 2 3 1 177
Summed Frequencies 44-28
Column Totals for Matte and Specular Comparisons (Groups III and IV) 76-68

Note—The more specular surface is always under lower overall illumination. Maximal and minimal luminances in foot-
lamberts are given for the specular and diffuse luminances of each surface (TF) in a comparison. All TFs matched to a

Munsell N2.3 black.

those luminance arrangements, the greater intensity and
larger areal extents of the diffuse reflections of the less
specular surface and its surrounds seemed to determine
the relative brightness of the two bowls. Higher maximal
luminances and a higher level of specularity of the more
specular surface played little role under low illumination.

From Group I to Group I, the luminances of the more
highly illuminated but less specular bowls were kept con-
stant, whereas the luminances of the more specular bowls

(and their surrounds) were increased. (For example, com-
pare the luminances given in Rows 1 and 2 for Groups I
and I1.) The response frequencies correspondingly in-
creased. For Group 1I, the more specular bowls appeared
brighter in 30, or 42%, of the 72 comparisons, which was
a marked shift from the 18% for Group I. Under these
changed luminance conditions, the more specular TF ap-
peared to be, on average, nearly as bright as the less
specular TF. It was as if an approximate balance existed
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between the more intense specular highlights in the one
scene under lower illumination and the higher diffuse lu-
minances in the other scene under higher illumination.

The frequencies for Group III were similar to those for
Group II. The more specular surface appeared brighter
in 32, or 44%, of the 72 comparisons.

From Group III to Group IV there is again a marked
change in the frequencies. For Group IV, the frequen-
cies were 44-28, or 61%. [The chi-square for the four
sets of frequencies, each set divided by 3 to produce in-
dependence, was 9.34(3), p < .03.] Only for Group IV
did the more specular surfaces appear brighter, on aver-
age, than the less specular surface. (The binomial proba-
bility of the 15-9 split, dividing 44-28 by 3, was < .20.)
This change in response is presumed to have occurred be-
cause of the changes in specular luminances from
Group 1M to Group IV. The luminances of the less specu-
lar surfaces were held constant, whereas those for the
more specular surfaces were increased. (Note these
changes in luminance, by comparing, for example, the
luminances in the first rows for Groups II and IV.)

For Groups I and II and separately for Groups III and
IV, luminances of the less specular surface were always
held constant. That was not the case between Group I and
Group IV (or between Group II and Group II). When we
attempted to rationalize the large change in response be-
tween Group I and Group IV, by an analysis of the lu-
minances, we were unable to discover the appropriate al-
gorithms for the luminances to account for the response
changes. We were unable to determine how to weight and
configurate the diffuse and specular luminances so as to
account for the response change from 18% for Group I
to 61% for Group IV. [That statistically significant change
gave x’(1) = 7.6, p < .01, including Yates’s correction. ]
Correspondingly, we were unable to rationalize the ab-
sence of response changes between Groups II and III.

The relationships in Table 2 are manifestly complicated.
Consider the two scenes in each of the three comparisons
for Group IV. The less specular surfaces were under
levels of illumination that were 6 to 15 times greater than
those for the more specular surfaces. Despite that large
difference in illumination, the more specular surfaces un-
der lower illumination appeared brighter, on average. The
determinant factor was surely their specular intensities
(maximal luminances), which were from 10 to 30 times
greater than those in the more highly illuminated scenes.

In comparison, consider Group I. The specular inten-
sities of the more specular surfaces were approximately
2 to 3 times greater than the specular intensities for the
less specular surfaces (versus magnitudes of 10 to 30 for
Group IV). At that level of magnitude, the advantage in
specular intensity was insufficient to overcome large
differences in overall illumination. (The level of overall
illumination of the less specular surfaces was 2 to 6 times
greater.) This conclusion is indicated by the response fre-
quency of 59-13 that the less specular surface appeared
brighter. (The binomial probability, dividing 59-13 by 3,
for a 19-5 split, is < .003.)

Table 3
Frequencies for Experiments 3 and 5 and Experiment 4
Brighter  Glossier  Glarier

A. Comparisons Among Matte and Specular TFs
Under Same Illumination (Experiment 3)*

Black TFs
Specular TFs Only 71-1 67-5 55-17
Matte and Specular TFs 65-7 72-0 70-2
Light-Gray TFs
Specular TFs Only 62-10 63-9 67-5
Matte and Specular TFs 63-9 72-0 71-1
Summed Frequencies  261-27 274-14 263-25
Proporticns 0.91 0.95 091

B. Comparisons Among Matte and Specular TFs With
the More Specular TF Under Lower Hlumination
But With a2 Higher Maximal Luminance (Experiment 5)*

Black Specular TFs Only

Group 1 13-59 60-12 53-19
Group I 30-42 65-7 47-25
Black Matte and Specular TFs
Group III 32-40 70-2 70-2
Group IV 44-28 72-0 67-5
Summed Frequencies 119-169  267-21  237-51
Proportions 0.41 0.93 0.82
C. Frequencies Showing That of Two Identical TFs
The One Under Higher Illumination Appeared
Brighter, Glossier, and Glarier (Experiment 4)
Black Specular TFs Only 71-1 48-24 63-9
Proportions 0.99 0.67 0.88

Note—Each row of frequencies refers to a different group of 24 sub-
jects.  *The first number in each frequency entry indicates how fre-
quently the more specular of two surfaces (TFs) appeared brighter, gloss-

ier, or glarier.

These comparisons are exemplary. Presumably, there
is an algorithm to be discovered. We need to learn how
the visual system, in determining the apparent brightness
of surfaces and scenes, weights differences in intensity
of the diffuse and specular reflections; we need to dis-
cover the role played by the areal extent of these differ-
ing luminances, and we need to know how the visual sys-
tem averages complexly different luminance intensities.

The Phenomenology of Apparent
Brightness, Gloss, and Glare

Early in the design of these experiments, we anticipated
questions about the validity of the expected results. Un-
der the conditions and demands of these experiments, ob-
servers might have been using the term brighter, when
in fact objects appeared to them to be glossier or glarier.
To explore this question, subjects in Experiments 3 to 5
were required to choose not only which of the paired TFs
appeared brighter, but also which appeared glossier and
glarier, as described in the Procedure section of Ex-
periment 3.

The results of these comparison judgments are given
in Table 3. There, for Experiment 3 (Table 3A), when
matte and specular surfaces were under the same illumi-
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nation, the more specular surface did in fact appear
brighter as well as glossier and glarier. The frequencies
on which this conclusion depends are given in Table 3A
as: 261-27, 274-14, and 263-25, respectively. For the con-
ditions specific to Experiment 3, therefore, one might play
the devil’s advocate and conclude that the subjects were
unable to discriminate ‘‘brightness’’ from glossiness and
glare.

Consider the results, however, for Experiment 5, in Ta-
ble 3B. The more specular surface appeared brighter in
only 119 of the 288 comparisons (a proportion of .41),
whereas it continued to appear overwhelmingly glossier
and glarier (frequencies of 267-21, a proportion of .93,
and 237-51, a proportion of .82, respectively). From these
results, we can infer that an observer did in fact mean
that a surface appeared bright, not glossy or glary, when
it was reported to appear bright. Observers did, it seems,
selectively discriminate brightness from glossiness and
glare in these experiments.

This independence was f:"rther confirmed in Table 4B,
which gives within comparisons for observers in Experi-
ment 5. There, the particular surface that appeared
brighter to a subject appeared glossier in only 118 of 288
comparisons, a proportion of .41, and appeared glarier
in 138 of 288 comparisons, a proportion of .48
(Columns 1 and 2, respectively). Those proportions were
approximately at chance levels, indicating that
phenomenal brightness was discriminatively independent
of gloss and glare.

The Phenomenology of Gloss

In the psychological literature, except possibly for Beck
and Prazdny (1981) and Bixby (1926), there have been
few empirical attempts to relate apparent gloss (glossi-
ness) to antecedent conditions, although there has been
theoretical speculation about the relationship (viz., Beck,
1972; Evans, 1948, 1974; Helmbholtz, 1925; Hering,
1905-1911/1964; Katz, 1935, etc.).

In applied research, a somewhat different situation has
prevailed. Specialized instruments have been in use to in-
dex specularity and levels of specular intensities for differ-
ent materials, such as plastics, varnishes, papers, textiles,
and so forth. In instances in which visual ratings of ap-
parent gloss were obtained, they were found to be posi-
tively correlated to these physical indices (viz., Fourt,
Howorth, & Rutherford, 1954; Hunter, 1958; Hunter &
Lofland, 1956; Matsuta & Kubota, 1981; Nimeroff, 1952;
O’Donnell & Billmeyer, 1986). What is reported next,
therefore, merely confirms the findings of this applied
research.

In Experiments 3 and 5, apparent gloss was positively
correlated with a surface’s level of specularity. In those
experiments, the more specular surface tended always to
appear glossier, as indicated by the frequencies of 274-
14 and 267-21 in Column 2 of Table 3. In considering
the implications of this correlation, it should be kept in
mind that the most specular surfaces used in these experi-
ments were only moderately specular. As mirrors, they
only crudely imaged their surrounds. Had they been much
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better mirrors, the reflection plane would have become
increasingly invisible. As that occurs, the correlation be-
tween specularity and gloss would presumably break
down.

The relationship between apparent gloss and a surface’s
level of specularity was put to a different test in Experi-
ment 4. The compared surfaces were made specularly
identical but were illuminated differently. Because of its
greater number of visible highlights and the greater in-
tensity of those highlights, the surface under higher itlu-
mination would mimic a higher level of specularity. There
might then be a tendency for that surface to appear gloss-
ier. In Table 3C, for the 24 subjects in Experiment 4, the
observed frequency was 48-24 (a proportion of .67). Of
those 24 subjects, 17 reported that the surface under higher
illumination appeared glossier on at least two of their three
comparisons. (The binomial probability of that split of
17-7is < .03. For the 17 subjects, the overall frequency
was 45-6.)

Glare

Apparent glare was found to be discriminatively differ-
ent from apparent brightness (as indicated by the fre-
quency of 138-150 in Table 4B). We were unable to show,
however, whether it was discriminatively different from
apparent gloss. (The frequencies in the last column of Ta-

Table 4
Frequencies for Experiments 3 and 5 and Experiment 4
Brighter  Brighter  Glossier
Glossier Glarier Glarier
A. Comparisons of Matte and Specular TFs
Under Same Hlumination (Experiment 3)*
Black TFs
Specular TFs Only 68-4 54-18 54-18
Matte and Specular TFs 65-7 65-7 70-2
Light-Gray TFs
Specular TFs Only 59-13 61-11 60-12
Matte and Specular TFs 63-9 62-10 71-1
Summed Frequencies  255-33 242-46  255-33
Proportions 0.89 0.84 0.89

B. Comparisons of Matte and Specular TFs
With Specular TF Under Lower Illumination
But a Higher Maximal Luminance (Experiment 5)*

Black Specular TFs
Group 1 17-55 30-42 53-19
Group I 27-45 35-37 42-30
Black Matte and Specular TFs
Group Il 30-42 30-42 72-0
Group IV 44-28 43-29 67-5
Summed Frequencies 118-170  138-150 234-54
Proportions 0.41 0.48 0.81
C. Comparisons of Identical Specular TFs
Under Different Illumination (Experiment 4)
Matched Black Specular TFs 47-25 64-8 51-21
Proportions 0.65 0.89 0.71

Note—Each row of frequencies refers to a different group of 24 sub-
jects.  *The first number in each frequency entry indicates how fre-
quently the more specular of two surfaces (TFs) appeared both brighter
and glossier, both brighter and glarier, and both glossier and glarier.
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bles 4A and 4B give proportions of .89 and .81 for glare
and gloss. This implies that apparent glare, in this
research, was correlated to a surface’s level of specular-
ity as well as to its apparent glossiness.)

GENERAL DISCUSSION

In Experiments 1 and 2, surfaces that were more and
less specular were judged as to their apparent brightness
and achromatic color. In these experiments, as specular-
ity was increased, a surface appeared approximately the
same achromatic color, but the more specular surface ap-
peared brighter. Moreover, the more specular surface ap-
peared brighter even when it was achromatically darker
than the less specular surface and was also presumed to
have a much lower average overall luminance. Finally,
achromatic colors were varied phenomenally from black
to white without a corresponding change in their appar-
ent brightness (Figure 2).

The inescapable conclusion suggested by these experi-
ments is that the apparent brightness of surfaces and their
achromatic color are bidimensional and orthogonal. That
was true for the various photopic levels of illumination
that were used. Whether the dimensions would have been
orthogonal for other levels of illumination is an empiri-
cal question to be determined only by future research.

Even in the absence of orthogonality for all levels of
illumination, the current experiments have surely demon-
strated the separateness of the two dimensions (viz., their
bidimensionality). This issue of bidimensionality has been
historically controversial. The claims for it date at least
to Hering (1905-1911/1964), who reacted negatively
toward Helmholtz’s (1925) unidimensionality. Following
Hering, numerous visual scientists (for example, those
cited in the introduction as supporting luminance ratios,
as well as other writers, such as Hsia, 1943; Katz, 1935;
Lie, 1969; Noguchi & Kozaki, 1985) have supported bi-
dimensionality but not, necessarily, orthogonality. With
the possible exception of Koffka (1932) and perhaps
several other writers who implied orthogonality over
limited ranges of illumination, most bidimensional the-
orists have claimed that the two dimensions were differ-
ent but partially or wholly correlated. This expectation
of a positive correlation between achromatic color and
brightness may be the main reason why bidimensional the-
ory has never had widespread support. Instead, accord-
ing to Heggelund (1974), Helmholtz’s unidimensional
view dominated both theoretical thinking and empirical
investigations in the visual sciences.

The unidimensional view is wrong, as the experiments
in this paper demonstrate. The historical difficulty in
demonstrating its wrongness may have occurred because
of a number of conventions that have prevailed in the
visual sciences. Chief among these has been the avoidance
of specular surfaces. Invariably, experimental displays
have been matte, flat, and untextured, and have been
viewed monocularly with a small, often foveal, field of
view by, in many instances, ‘‘trained’’ observers. Those

have been the conventions. Such restrictive conditions
reduced the degrees of freedom available to the observer.
Because experimental conditions artifactually collapsed
one of the more obvious brightness dimensions, that of
specularity, the appropriate response variability disap-
peared. Orthogonality and bidimensionality could not then
be easily demonstrated.

In response to the restrictive conventions that have
prevailed, we increased the degrees of freedom associated
with the displays and the viewing of them in our experi-
ments. We used matte and specular objects, variously
shaped and textured, presented in three-dimensional
spaces. Observers were given a wide view of the scene,
under both monocular and binocular conditions. Naive
observers were used. The naive layman is an experienced
observer of achromatic phenomena and a sophisticated
user of visual language. He/she is naive only in terms of
awareness of particular theoretical ideologies. As a result
of our freer conditions and particularly the use of specu-
lar surfaces, it was easy to demonstrate that surfaces ap-
peared more and less bright and that those appearances
were orthogonal to the achromatic appearances of the
surface.

The demonstration that surfaces could be made to ap-
pear brighter by increasing their specularity was shown,
more generally, in Experiment 3. There, specularity was
varied over four levels, from matte to moderately high
specular. The apparent brightness of the specular surfaces
correspondingly increased. Nevertheless, the determin-
ing variable in Experiments 1-3 was probably not
specularity. With illumination constant in those experi-
ments, the variations in levels of specularity were simply
a device used to vary specular intensities, and, therefore,
maximal (and perhaps even overall average) luminances.
‘When pairs of the same specular objects were viewed un-
der different levels of illumination in Experiment 4, the
object under higher illumination, with higher specular in-
tensities and maximal luminances, virtually without ex-
ception appeared brighter. It would seem, therefore, that
judgments of brightness and relative brightness in Experi-
ments 1-4 depended on which surfaces had the highest
maximal luminances.

It is phenomenally self-evident that surfaces with no de-
tectable specular highlights, such as matte surfaces, also
appear bright. It should logically follow, therefore, that
under appropriate conditions of illumination, less specu-
lar surfaces can be made to appear brighter than more
specular surfaces. One laspect of that proposition was
demonstrated in Experiment 5.

In Experiment 5, a more specular bowl in one scene
was compared with a less specular bowl in a second scene.
Except for their illumination, the two scenes were
matched. The illumination of the scene with the less specu-
lar bowl was 2 to 6 times greater than the illumination
of the second scene, but the specular intensities in the first
scene were % to % those in the second scene. For those
conditions, the less specular bowl under higher illumina-
tion (with higher diffuse luminances) appeared over-
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whelmingly brighter than the more specular bowl (with
the highest maximal luminances) under lower illumina-
tion. Higher diffuse luminances and their areal extents,
not higher maximal luminances, were presumed to be the
determining factors.

This situation was reversed by making specular inten-
sities for the more specular bowl 10 to 30 times greater
than those for the less specular bowl while their intensity
of illumination was Y to ¥, as great. Then, on average,
the more specular bowl under much lower illumination
appeared brighter.

In Experiment 5, therefore, it seemed that apparent
brightness depended on some algorithm that involved
maximum diffuse and specular luminances and their areal
extents. In a particular scene that is filled with matte and
specular surfaces that vary in achromatic colors and illu-
mination, the surface that appears brightest will depend,
presumably, on the output of that algorithm. Neverthe-
less, for simpler conditions, as in Experiments 1-4, the
findings were, with few exceptions, straightforward. For
pairs of surfaces with the same apparent achromatic color
and the same (or, in Experiment 4, different) il-
luminances, the more specular surface (or the more in-
tensely illuminated surface) invariably appeared brighter.

In this discussion we have not explicitly referred to the
apparent intensity of illumination of a surface. Because
the intensive highlights on surfaces are actual images of
sources, the visual system is given an indirect, mirror
“‘look™ at the intensity of the illuminating sources, just
about wherever it happens to gaze (Flock, 1984). As a
result, these images or reflections of the sources might
be a factor in determining not only the brightness of a
surface, but also in how intensely it is being illuminated.
This need not mean, however, that the two phenomena,
intensity of illumination and brightness of surfaces, are
the same, as, for example, Katz (1935) and Kozaki (1973)
suggested.

In describing the appearance of the displays, the sub-
jects in these experiments might have been saying
““bright”’” when in fact they meant ‘‘glossy’’ or ““‘glary.”
That was not the case, however. When that possibility
was investigated in Experiments 3-5, it was found that
subjects were distinguishing brightness from glossiness
and glare.

Throughout this paper, we have assumed that the
presence and apparent brightness of specular highlights
increase the apparent brightness of the surrounding sur-
face that embeds the highlights. (On page 441 above, this
assumption was also extended to spatially discontinuous
matte surfaces.) One might appropriately ask, over what
areal extents do such effects prevail? The answer must
await further research.

Also, we may have left the impression that all reasona-
bly specular surfaces produce ‘‘focused’” mirror images
of the surrounding spaces. That is not always strictly true.
Some substances (viz., lustrous textiles such as silks)
reflect proportionately much specular light from their top
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(or first) surface and are, therefore, reasonably specular.
Nevertheless, because of the roughness of their specular
first surface, such first-surface light, analyzed over
“‘large”” areas, is found to be scattered light. This scat-
tered light forms an averaged image of the ambient illu-
mination, but it will not otherwise ‘‘mirror’’ the scene.
This scattered light, therefore, is diffused light, but it car-
ries information about the illuminating sources, not about
the pigments and textures of the surface. Whether that
first-surface diffuse light can be visually discriminated and
separated from the diffuse light emanating from below
the surface is a matter to be considered at a conceptual
and theoretical level and would be a challenge as an em-
pirical demonstration. What emerges here is a third vari-
able, known to physicists but unacknowledged in the
visual literature. We have yet to assess the separate per-
ceptual effects of these three luminance variables: direc-
tional light from the first surface; scattered light from the
first surface; and scattered light from below the first
surface. ‘
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