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Perceptual Gloss Parameters Are Encoded by Population
Responses in the Monkey Inferior Temporal Cortex
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There are neurons localized in the lower bank of the superior temporal sulcus (STS) in the inferior temporal (IT) cortex of the monkey that
selectively respond to specific ranges of gloss characterized by combinations of three physical reflectance parameters: specular reflec-
tance (ps), diffuse reflectance (pd), and spread of specular reflection (o Nishio et al., 2012). In the present study, we examined how the
activities of these gloss-selective IT neurons are related to perceived gloss. In an earlier psychophysical study, Ferwerda et al. (2001)
identified a perceptually uniform gloss space defined by two axes where the c-axis corresponds to a nonlinear combination of ps and pd
and the d-axis corresponds to 1 — «. In the present study, we tested the responses of gloss-selective neurons to stimuli in the perceptual
gloss space defined by the ¢- and d-axes. We found that gloss-selective neurons systematically changed their responses in the perceptual
gloss space, and the distribution of the tuning directions of the population of gloss-selective neurons is biased toward directions in which
perceived gloss increases. We also found that a set of perceptual gloss parameters as well as surface albedo can be well explained by the
population activities of gloss-selective neurons, and that these parameters are likely encoded by the gloss-selective neurons in this area of

the STS to represent various glosses. These results thus provide evidence that the IT cortex represents perceptual gloss space.
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Introduction

The surface reflectance of an object provides information about
the condition of the object’s surface, such as whether it is wet or
dry; it can also reveal whether food is fresh or old, or whether skin
is healthy or not. This makes the ability to discriminate the sur-
face reflectance of objects biologically important. One reflection
property that has a distinct effect on surface appearance is gloss
(Beck and Prazdny, 1981; Hunter and Harold, 1987; Blake and
Biilthoff, 1990; Adelson, 2001; Maloney and Brainard, 2010). The
physical properties related to surface gloss have been extensively
studied, and a set of gloss-related physical parameters has been
identified and used to generate realistic object images through
computer graphics (Cook and Torrance, 1982; Ward, 1992;
Matusik et al., 2003; Ngan et al., 2005).

There have been a number of psychophysical studies con-
ducted with the aim of understanding the properties of gloss
perception and exploring image features related to gloss percep-
tion (Nishida and Shinya, 1998; Fleming et al., 2003; Motoyoshi
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etal., 2007; Xiao and Brainard, 2008; Doerschner etal., 2010; Kim
et al., 2012; Marlow et al., 2012). At present, however, little is
known about the neural mechanisms underlying gloss percep-
tion. We recently conducted an electrophysiological recording
experiment and found that neurons selectively responsive to par-
ticular range of gloss (gloss-selective neuron) are present in the
inferior temporal (IT) cortex of the monkey (Nishio et al., 2012).
In that study, we tested neural responses by presenting images of
objects whose surfaces were defined by a combination of physical
parameters. However, we did not determine which parameters
related to gloss are represented by these neurons. The aim of the
present study, therefore, was to find an answer to that question.

We assumed that these IT neurons were related to gloss per-
ception because it is known that information about various attri-
butes related to object recognition, such as shape, color,and
texture, are also represented in the IT cortex (Desimone et al.,
1984; Komatsu et al., 1992; Janssen et al., 2001; Kovécs et al.,
2003; Conway et al., 2007; Koteles et al., 2008; Yamane et
al., 2008); moreover, neuronal activity in the IT cortex is known
to be related to the perception of such attributes (Sheinberg and
Logothetis, 1997; Jagadeesh et al., 2001; Afraz et al., 2006; Matsu-
mora et al., 2008; Sripati and Olson, 2010). We therefore at-
tempted to examine the relationship between neural responses
and perceptual gloss parameters suggested by an earlier psycho-
physical experiment (Ferwerda et al., 2001).

When we examined the responses of gloss-selective neurons
to a stimulus set that sampled combinations of perceptual gloss
parameters, we found that the responses could be well repre-
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sented through linear combination of A
perceptual gloss parameters. Further-
more, we found that each perceptual gloss
parameter could be fairly precisely esti-
mated through linear combination of the
responses of the population of gloss-
selective neurons. These results strongly
suggest that parameters closely associated
with perceived gloss are encoded by neu-
rons in the IT cortex to represent a variety
of glosses.

Materials and Methods

Surgery and recordings of neuronal activity. We
recorded neuronal activities from three hemi-
spheres of two monkeys (1 male and 1 female;
Macaca fuscata weighing 5.8—6.2 kg). Before
starting the physiological experiment, a head
holder and a recording chamber (rectangular
in shape with an opening 10 or 15 mm X 10
mm at the edge) were surgically attached to the
skull under aseptic conditions and general an-
esthesia. Neuronal activities were then re-
corded from the posterior bank of the superior
temporal sulcus (STS) in the central part of the
IT cortex. The center of each recording cham-
ber was located 22 mm lateral and 8—10 mm anterior, based on the
stereotaxic coordinates. Neurons were recorded extracellularly using
tungsten microelectrodes (Frederick Hare) that were inserted vertically
from the vertex. During the physiological recordings, we first mapped a
wide region of the posterior bank of the STS and assessed the responses to
visual stimuli having a variety of glosses. After the mapping, guide tubes
made of MRI compatible metal (titanium or gold) were inserted into the
brain, targeting the regions where gloss-selective neurons were observed.
We then extensively sampled the neurons in those regions. The tips of
the guide tubes were positioned approximately 1 cm above the tar-
geted cortical regions, and while the guide tubes remained inserted in
the brain, we took MRI images to confirm the recording positions. All
procedures for animal care and experimentation were in accordance
with the U.S. National Institutes of Health Guide for the Care and Use
of Laboratory Animals (1996) and were approved by our institutional
animal experimentation committee.

Experimental apparatus and the task. During the experiments, the
monkeys were seated in a primate chair and faced the screen of a CRT
monitor (frame rate: 100 Hz, Totoku Electric) situated at a distance of 85
cm from the monkey. Eye position was monitored using an eye coil or an
infrared eye camera system (ISCAN). Visual stimuli were generated us-
ing a graphics board (VSG, Cambridge Research Systems), then pre-
sented on the CRT monitor. Image resolution was 800 X 600 pixels (30
pixels/degree). Monkeys were required to fixate on a small white spot
(visual angle: <0.1°) at the center of the display. A trial started with the
presentation of the fixation spot, after which stimuli were presented five
times within a trial. Each stimulus presentation lasted 300 ms. The first
stimulus was presented 800 ms after the monkey started fixating and was
followed by four stimuli with 300 ms interstimulus intervals. Monkeys
were rewarded with a drop of juice 300 ms after turning off the last
stimulus. Monkeys had to maintain eye position within a 2.6° X 2.6°
window centered at the fixation point. If the eye deviated from the eye
window, the trial was canceled, and an intertrial interval (ITI) started.
The duration of the ITI was 1000 ms. When the stimulus was presented
on the fovea, the fixation spot was turned off after the first 500 ms of
presentation to avoid interference between the fixation spot and the
visual stimulus.

Visual stimuli. We used LightWave software (NewTek) to generate 10
different 3D shapes (Nishio et al., 2012, their Fig. 1C). For the illumina-
tion environment, we used one of the high dynamic range images from
the Devebec dataset (http://ict.debevec.org/~debevec/; Eucalyptus
Grove), and we rendered the object images using Radiance software

object surface

Figure 1.
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Gloss parameters and stimuli with various combinations of ¢ and d. A, Schematic illustration of three reflection
parameters: diffuse reflectance (pd), specular reflectance (ps), and spread of specular reflection (). When pd increases, the
lightness of the object increases. When ps increases, the highlights become stronger. When c increases, the highlights become
blurred. B, Example of a stimulus set with a combination of four c values, four d values, and a fixed pd value (gray). Both cand d are
perceptual gloss parameters. ¢ corresponds to the contrast gloss parameter and is represented by a nonlinear combination of ps
and pd. d corresponds to the distinctness-of-image gloss parameter and is represented by T — c. Along both axes, perceived gloss
increases when the value becomes larger.

(http://radsite.lbl.gov/radiance/). The object images were presented on a
gray background (10 cd/m?), where they subtended approximately 5° of
visual angle and were usually presented on the fovea. When the response
at the fovea was weak and stronger responses were evoked by presenta-
tion of stimulus at a position outside of the fovea, stimulus selectivity was
tested at that position. When a single neuron was isolated, we determined
the preferred shape among 10 object shapes and conducted the main
experiment using object images with the preferred shape.

The reflection from an object’s surface consists of two components,
diffuse reflection and specular reflection, and the properties of the reflec-
tion can be characterized based on three physical parameters: diffuse
reflectance (pd), which indicates the strength of the diffuse reflection and
will be referred to simply as albedo; specular reflectance (ps), which
indicates the strength of specular reflection; and the spread of the spec-
ular reflection (&), which is caused by fine scale unevenness or roughness
of the surface (Fig. 1A). In our earlier study (Nishio et al., 2012), we
examined the neural responses to a set of visual stimuli that had different
combinations of the physical parameters of gloss. In the present study, by
contrast, our aim was to analyze neural selectivity for perceptual param-
eters of gloss.

Ferwerda et al. (2001) conducted psychophysical experiments to ex-
amine the relationship between the physical parameters of gloss and the
perceptual dimension of a glossy appearance. They reported that a glossy
appearance could be explained using a two-dimensional space defined of
two perceptual parameters, c and d. Of these, d is defined as 1 — «, which
represents the sharpness of the highlights and corresponds to the
distinctness-of-image gloss (Hunter and Harold, 1987). On the other
hand, ¢ corresponds to the contrast gloss, which is a nonlinear combina-
tion of pd and ps, and is defined as follows:

c=3p$+pd/2 - 3\Pd/2» (1)

¢ thus represents the difference in brightness between the dark region of
an object surface illuminated only by diffuse reflection and the light
region illuminated by both specular and diffuse reflection. Ferwerda et al.
(2001) proposed that the apparent strength of gloss varies in proportion
to the change of these parameters. In the present study, we used these
perceptual gloss parameters to generate visual stimuli whose parameters
were defined by selected combinations of ¢ and d. We then used those
stimuli to examine the relationship between neural responses and per-
ceptual parameters of gloss.

The set of visual stimuli prepared enabled us to sample neural re-
sponses across a wide range of c/d space (c/d stimulus set) at different
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Table 1. Values of the stimulus parameters (pd, ¢, d) used for analysis
Diffuse reflectance (pd) (c,d)

White pd = 0.795 (0.03, 1.00) (0.06, 1.00) (0.08, 1.00) (0.10, 1.00)
(0.04,0.93) (0.06, 0.93) (0.09,0.93) (0.11,0.93)
(0.04,0.87) (0.06, 0.87) (0.09, 0.87) (0.11,0.87)
(0.04, 0.80) (0.06, 0.80) (0.09, 0.80) (0.11,0.80)

Gray pd = 0.416 (0.06, 1.0) (0.10, 1.0) (0.13,1.0) (0.16, 1.0)
(0.05,0.93) (0.10, 0.93) (0.14,0.93) (0.17,0.93)
(0.05,0.87) (0.10, 0.87) (0.14, 0.87) (0.17,0.87)
(0.05, 0.80) (0.10, 0.80) (0.14, 0.80) (0.18,0.80)

Black pd = 0.004 (0.10, 1.0) (0.23,1.0) (0.32,1.0) (0.40, 1.0)
(0.11,0.93) (0.23,0.93) (0.34,0.93) (0.42,0.93)
(0.12,0.87) (0.24,0.87) (0.34,0.87) (0.43,0.87)
(0.12,0.80) (0.24, 0.80) (0.34,0.80) (0.43, 0.80)

The parameters of 48 stimuli are separated into three sets according to their diffuse reflectance (pd). In each
set, the parameters of 16 stimuli are arranged in a 4 X 4 matrix corresponding to the arrangement of stimuli
in Figures 1and 2.

levels of albedo (pd). To test the responses of each neuron, we used 48
stimuli that consisted of combinations of four c values, four d values, and
three pd values (Fig. 1B). One plausible way to examine the sensitivity to
these parameters is to use a stimulus set made of the same combination of
c and d values regardless of pd. However, such an arrangement contra-
dicts a natural constraint: values of ¢ tend to be larger for dark objects
with a low pd value, and the maximum value of ¢ decreases with increas-
ing values of pd (Ferwerda et al., 2001). We incorporated these natural
constraints by using a stimulus set in which the range of ¢ shifts to smaller
values with lighter objects. With regard to the specular reflection, the
luminance of the specular reflection deviated from that expected from
the nominal value of ps in the CG model (Ward—Duer model) due to the
limitation of the dynamic range of the display as well as an error in the
gamma correction. In the quantitative analysis, therefore, we used esti-
mated ps values that were computed from the luminance of actually-
presented stimuli in the following way. We first isolated the luminance
component of the specular reflection by subtracting the luminance of a
surface with the same pd value but with zero ps (matte surface). We then
determined the nominal ps value that should yield the same integral of
the luminance of the specular lobe as that computed from the actual
stimulus. We also determined the nominal pd value that should yield the
same integral of the luminance as that of the matte surface actually pre-
sented. Although these computed parameter values were affected by the
three-dimensional shapes of objects to some degree, the difference across
shapes was small, and we used the average values of the parameters ob-
tained across the different shapes. The spread of the specular reflection
(ar) of an object image was immune to the problems of dynamic range or
gamma correction. The actual values of the parameters used for analysis
are shown in Table 1. All objects had achromatic colors (either white,
gray, or black depending on pd).

Data analysis. Neural responses were analyzed only for correct trials,
and the minimum number of repetitions of each stimulus accepted for
analysis was five. Mean firing rates were computed for a 300 ms period
beginning 50 ms after stimulus onset. Baseline activities were computed
for the 300 ms immediately before the onset of the first stimulus within a
trial. Only neurons that showed responses of >10 spikes/s and a signifi-
cant increase in activity in response to at least one stimulus (p < 0.05, ¢
test) were defined as visually responsive. Of the visually responsive neu-
rons, only those that were tested for all 48 surface reflectances, including
three different pds, and that showed selectivity to the visual stimulus set
(ANOVA, p < 0.05) were analyzed.

To examine response tuning in ¢/d space, we conducted multiple re-
gression analysis by fitting the neural responses with Equation 2:

R=ac*c+ad=*d+e, (2)

where R is the neural response obtained with the preferred pd, ac and ad
are the weights for the perceptual gloss parameters ¢ and d, and e is a
constant. In a multiple regression analysis, the plane best fit by the least-
squares method was determined. Statistical significance of the regression
model was assessed using the F test. Tuning direction (6) in the ¢/d plane
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was determined as the direction of the maximum slope of the c/d-
regression plane and was computed as follows:

0 = tan"'((ad/1.78)/ac). (3)

Because it was previously reported that a weighting factor of 1.78 is
needed for the d-axis to make the space perceptually uniform, we com-
puted the tuning direction using this weighting factor (Ferwerda et al.,
2001).

We also performed a second multiple regression analysis by fitting the
perceptual parameters of gloss using the activities of the population of
gloss-selective neurons, and then examined to what extent perceptual
gloss parameters could be explained by the activities of the gloss-selective
neurons. To distinguish this second multiple regression analysis from the
first described above, from here on we will refer to the first analysis as
“single-neuron analysis” and the second as “population analysis.” To
avoid spurious correlation caused by overfitting in the population anal-
ysis, neural responses were compressed using principal component anal-
ysis. These principal components are composed by the linear sum of the
responses of all neurons involved as follows:

PCi= D (b;*1) +, (4)

j=1

where PC; s i'th principal component, b;; is the weight of j'th neuron for
i'th PC, r; is the response of the j'th neuron, # is the number of cells and
fis a constant. We used the first four dimensions of the principal com-
ponents in the population analysis, where the cumulative contribution
ratio exceeds 80% of the total variance. Thus, the multiple regression

model is written as follows:

4

P, = E(Cki*PCi)+gx (5)

i=1

where P, is the k'th stimulus parameter, ¢; is the weight for i"th PC (i =
1-4) of the k'th parameter and g is a constant.

Finally, we analyzed the relationship between the tuning direction of
each neuron in the ¢/d plane and the magnitude of its contribution to
each perceptual gloss parameter in the multiple regression analysis (pop-
ulation analysis). We computed a weight coefficient (W};) that represents
the contribution of the j'th neuron when the k'th perceptual gloss pa-
rameter was regressed by multiplying the coefficients in Equations 4 and
5 as follows:

4

Wy = Ebij * Crie (6)

i=1

Results

Selective responses to the c/d stimulus set

Of the visually responsive neurons that we recorded from the
lower bank of the STS, we analyzed 81 that showed selective re-
sponses to stimuli defined based on the perceptual parameters of
gloss (c/d stimulus set). These 81 neurons exhibited significant
selective responses to the gloss stimulus set used in our previous
study (Nishio et al., 2012). Of these, 39 neurons were classified as
gloss-selective because they satisfied the following two criteria.
First, selectivity for the gloss stimulus set was maintained when a
stimulus set with a different shape was used. Second, either the
neuron did not show a significant response to shuffled stimuli or
the stimulus selectivity significantly changed between the original
test stimuli and the shuffled stimuli (Nishio et al., 2012).

We next examined how these gloss-selective neurons respond
to a c¢/d stimulus set. Most of these cells showed selective re-
sponses in c¢/d space, and the magnitudes of the responses
changed along specific directions within ¢/d space. Figure 2 shows
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responses of one example of a gloss- A
selective neuron in the ¢/d plane at three
different pds. This neuron strongly re-
sponded to object images with sharp high-
lights, but did not respond to object
images with blurred highlights or with a
matte surface. Correspondingly, this neu-
ron responded strongly to stimuli with
large d values, and responses were weaker
for stimuli with small d values. By con-
trast, response change along the c-axis was
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changed with pd, however, the selectivity c c

in the ¢/d plane tended to be similar across
different pd values. The preferred direc-
tions in the ¢/d plane varied across neu-
rons. The responses of Cell 2 changed
along the d-axis in a manner similar to
Cell 1 depicted in Figure 2, and Cell 2 pre-
ferred stimuli with large d values. The re-
sponses of Cell 3 changed along the c axis,
and this cell preferred stimuli with large ¢ values, though clear
responses were observed only when the pd was small. Finally, Cell
4 showed strong responses to object images in which the values of
both c and d were large. In addition, the response gain depended
on the pd value, and the magnitude of the responses increased
with increasing values of pd.

Figure 2.

Tuning in the c/d plane

The linear dependence of the response magnitude in the ¢/d plane
suggests there is a close relationship between the perceptual pa-
rameters of gloss (¢ and d) and the activities of gloss-selective
neurons. To determine to what extent neural responses can be
explained by a linear combination of the ¢ and d values, we con-
ducted a multiple regression analysis using ¢ and d values as in-
dependent variables (single-neuron analysis). For this analysis,
we used responses to object images with the pd for which stron-
gest responses were observed. Figure 4A compares the actual re-
sponses and the responses estimated using the multiple linear
regression, both of which are shown in the three-dimensional
space defined by the cand d values of the stimuli on the horizontal
axes and the neural responses on the vertical axis for Cells 3 and 4
depicted in Figure 3. Black circles indicate the actual neural re-
sponse to each stimulus, and asterisks indicate the estimated re-
sponses. The responses of these two neurons were well fit by a
linear combination of the ¢ and d values, and the correlation
coefficients between the actual and estimated responses were
high (insets in Fig. 4A). We then computed the correlation coef-

Responses of an example neuron in perceptual gloss space (c/d space). A, Responses of an example neuron (Cell 1) to
the 16 stimuli also illustrated in Figure 1B. Responses are depicted as raster plots and spike density functions (o = 10 ms). A
horizontal bar under the spike density function indicates the stimulus presentation period. B, Bubble plot showing the response
magnitude of Cell 1 to each stimulus as the diameter of a circle. Responses to stimuli with high pd (white), middle pd (gray), and
low pd (black) are shown in the left, middle, and right panels, respectively. This neuron strongly responded to stimuli with large d
value regardless of the c or pd values.

ficients between the actual and estimated responses based on the
single-neuron analysis of all 39 gloss-selective neurons examined.
The distribution of the correlation coefficients is shown in Figure
4B. The average correlation coefficient was 0.76, and the re-
sponses of 32 neurons (32/39 = 82%, filled bar) were significantly
fit by the multiple linear regression model (F test, p < 0.05).
These results support the idea that there is a close relationship
between the responses of gloss-selective neurons and gloss
perception.

For the 32 neurons that exhibited a significant correlation, we
calculated the tuning direction of each neuron in the c¢/d plane,
which represents the direction to which that neuron was most
sensitive. The tuning direction was determined as the direction of
the maximum slope of the ¢/d-regression plane after the relative
weighting between the ¢- and d-axes was adjusted (see Materials
and Methods). We defined tuning directions as 0° (180°) if re-
sponses increased (decreased) along the c-axis, and 90° (270°) if
the responses increased (decreased) along the d-axis. The distri-
bution of the tuning directions is plotted in Figure 4C as the
directions of arrows. We found that there was a clear bias in
tuning direction toward the upper-right (—45 to 135°) in the c/d
plane. Within this range, the clustering of cells in particular di-
rections was not obvious.

Coding of gloss parameters by population responses
The results described so far indicate that the responses of gloss-
selective neurons are closely related to the perceptual parameters
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black bottom), which suggests these cells also
encode information about surface albedo.
The relative weights of four PCs in the fit-
ting of each of three parameters are 0.09,
0.54, 0.24, and 0.13 for ¢; 0.63, 0.19, 0.10,
and 0.08 for d; and 0.10, 0.41, 0.10, and
0.39 for pd. Thus, ¢ and d are represented
in a large part by distinct PCs, but the rep-
resentation of ¢ and pd are partly overlap-
ping and the second PC exhibited large
values for both ¢ and pd. This is not at
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The results summarized above strongly
suggest the activities of the population of
gloss-selective neurons encode informa-
tion related to the perceptual parameters
of surface gloss and albedo. However, this
does not necessarily imply that the param-
eters considered here are the optimal
ones. In fact, it is noteworthy that there

0.7

cell 4

o 000
o O o O o

0.9
© . le)

o O o o o O

08 o - . o o o . o

aq041401.05

is some deviation in the actual values
from the linear estimation for d (Fig. 5A,
middle) and pd (Fig. 5A, bottom). We
therefore attempted to identify better pa-
rameters, if they existed, using a simple
heuristic approach. We first considered
the properties of d, which is actually 1 —
a, where a corresponds to the surface
roughness or the spread of specular reflec-
tion. Increasing a blurs highlights, butitis
known that when « becomes larger than
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Figure 3.

between the ¢- and d-axes. Responses of all these neurons depended on the pd value.

of gloss. This suggests the possibility that these parameters may be
explained by the population activities of the gloss-selective neu-
rons. To test this possibility, we conducted a multiple regression
analysis (population analysis) by fitting the perceptual parame-
ters of gloss using the population activities of the 39 gloss-
selective neurons using Equation 5 after the activities were
compressed through principal component analysis (see Materials
and Methods; Fig. 5). We found that both of the perceptual pa-
rameters of gloss (c and d) were well explained by the first four
PCs of the population activities of gloss-selective neurons (¢: r =
0.97; Fig. 5B, top; d: r = 0.93; Fig. 5A, middle). By contrast, when
we attempted to apply the same procedure to fit the specular
reflectance (ps), which is a physical parameter of gloss, the pop-
ulation activities of gloss-selective neurons only poorly explained
this parameter (ps, r = 0.74; Fig. 5A, top). These results suggest
the population activities of gloss-selective neurons represent per-
ceptual parameters of gloss rather than the physical parameters of
gloss.

We also conducted a population analysis for diffuse reflec-
tance (pd) because many gloss-selective neurons exhibited sensi-
tivity not only to cand d, but also to pd. We found that pd was well
fit by the first four PCs of neuronal activities (pd, r = 0.94; Fig. 5A,

02 0.1

Responses of example neurons with different selectivities. Rows show responses of Cell 2 (top), Cell 3 (middle), and
Cell4 (bottom); columns indicate, from left to right, responses to stimuli with high pd (white), middle pd (gray) and low pd (black).
Responses of Cell 2 changed along the d-axis, and this neuron preferred stimuli with large d value. Responses of Cell 3 changed
along the c-axis, and this neuron preferred stimuli with large ¢ values. Responses of Cell 4 changed in a direction intermediate

02 03 04 0.2 its effect on gloss perception weakens

C (Ward, 1992). Perceptually, this means
that d should take a form in which the
slope decays with increasing a, so we used
d =exp (—a/0.1) inplaceofd =1 — a.
When we then conducted a population
analysis using this slightly modified ver-
sion of d, we obtained a higher correlation
coefficient (d': r = 0.96; Fig. 5B, middle).
We then tried replacing pd with 3\,% because it has been shown
that lightness perception is well represented by the cube root of
the surface albedo. We found that this resulted in a higher corre-
lation in the population analysis (3\/’;)71: r = 0.98; Fig. 5B, bottom).
We made no attempt to modify ¢ because the correlation was
already quite high (r = 0.97). The relationships between the ac-
tual values of the stimulus parameters and values estimated
through the multiple regression analysis (population analysis)
are illustrated in Figure 5C, D. When the physical parameters (ps,
pd, a) were regressed (Fig. 5C), the estimated values were more
compressed along ps than the actual values, especially for stimuli
with high pd values. By contrast, when the perceptual gloss pa-
rameters (¢, d', 3\@) were regressed (Fig. 5D), the differences
between the actual and estimated values were rather small over
the entire range of stimulus parameters tested. The high correla-
tion between neuronal activity and these parameters strongly
suggests the activities of the population of gloss-selective neurons
likely encode these three parameters (c, d’, 3\,/;)71). These results
also provide evidence that parameters closely related to gloss per-
ception are represented in the IT cortex. We conducted the same
analysis using different number of PCs (3 and 5), but the results
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Figure4.  Multiple regression analysis of responses of individual neurons. A, Three-dimensional plots showing the results of multiple regression analyses for two example neurons depicted in
Figure 3 (Cells 3 and 4). The actual neural responses to a stimulus set (black circles) and responses estimated based on the multiple regression analysis (asterisks on the gray plane) are shown in the
three-dimensional space defined by axes representing ¢, d, and neural response. Results obtained with the optimal pd are shown. The correlation coefficients between the actual and estimated
responses are shown in the insets. B, Distribution of correlation coefficients between the actual and estimated responses. The horizontal axis indicates the correlation coefficient; the vertical axis
indicates number of cells. Filled and open bars indicate significant and non-significant fits by the multiple regression analysis (F test, p << 0.05). €, Tuning direction in ¢/d space of each neuron
significantly fitin the multiple regression analysis. Tuning direction was defined as the direction of the maximum slope of the ¢/d regression plane in the multiple regression analysis after the relative
weighting between the ¢- and d-axes was adjusted (see Materials and Methods): if the responses increased (decreased) along the c axis, tuning direction becomes 0° (180)°, and if the responses
increased (decreased) along the d axis, tuning directions becomes 90° (270°). Arrows corresponding to Cells 1- 4 in Figures 2 and 3 are indicated.

were basically the same as shown above when the number of PCs
was four.

Tuning in the ¢/d plane and the contribution to the
representation of gloss parameters

As shown above, perceptual gloss parameters can be well re-
gressed by the population responses of gloss-selective neurons.
On the other hand, the results summarized in Figure 4 show that
each neuron is tuned to a particular direction in the ¢/d plane. We
would therefore expect the magnitude of the contribution of each
neuron in the population analysis to depend on its tuning direc-
tion. For example, we would expect neurons whose tuning direc-
tions are close to the c-axis to make large contributions to c,
whereas neurons whose tuning directions are close to the d-axis
will make large contributions to d’. With regard to the perceptual
parameter of albedo (% pd), both groups of neurons may make
contributions. To test this possibility, we analyzed the relation-
ship between the tuning direction of each neuron in the ¢/d plane
and the magnitude of its contribution to each perceptual param-
eter in the population analysis. For that analysis we computed a
weight coefficient, W, which represented the contribution of each
cell when a perceptual gloss parameter was regressed by the re-
sponses of the gloss-selective neurons (see Materials and Meth-
ods). To visualize the relationship between the tuning direction
and the weight coefficient, we modified Figure 4C such that the
lengths of the arrows representing the tuning direction of each
neuron were scaled in proportion to the magnitude of W and
plotted in Figure 6A—C. In Figure 6A, for example, neurons tuned
to rightward directions with long vector lengths made large con-
tributions to the representation of c. For regression of parameter

d' (Fig. 6B), neurons tuned to the upward directions with long
vector lengths made large contributions to the representation of
d'. For regression of parameter 3\,'%, neurons were tuned to var-
ious directions with modest vector lengths, suggesting that there
is no clear relationship between tuning direction in the ¢/d plane
and the magnitude of the contribution for representation of the
perceptual parameter of albedo. These results are thus largely
consistent with expectation. Close inspection of the vector
lengths for each neuron revealed that few have modest or long
vector lengths in more than one panel in Figure 6. Upon coloring
the five neurons exhibiting the largest weight for each parameter
(red for ¢, green for d’, and blue for i,r’pTi), it was apparent that
only one neuron exhibited large weights for more than one pa-
rameter (purple for ¢ and 3\@) It thus appears that different
perceptual gloss parameters are represented by different popula-
tions of neurons.

Discussion

Gloss is an important aspect of objects affecting their surface
appearance, and has attracted the attention of many people in-
cluding artists, engineers and researchers. Glossiness is perceived
with various causes that are distinguished with different names
such as specular gloss, sheen, contrast of gloss, absence-of-bloom
gloss, distinctness-of-image gloss, or surface-uniformity gloss,
and a single-dimensional scale is not enough to represent the
various types of gloss (Hunter and Harold, 1987). Ferwerda et al.
(2001) have conducted a psychophysical experiment to examine
the perceived gloss of CG images of spherical objects illuminated
on a checker-board black/white background whose reflectance
properties were defined by the Ward model. They quantitatively
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Figure5. Regression analysis of gloss parameters using the population activities of gloss-selective neurons. A, Relationship between the actual and estimated values of each physical parameter.

The horizontal axis indicates actual values; the vertical axis indicates values estimated through regression from population responses. The black line shows the linear regression. The correlation
coefficients between the actual and estimated values are shown in the insets. The top, middle, and bottom panels are for the parameters ps, d = 1 — a and pd, respectively. B, Relationship
between the actual and estimated values of perceptual parameters of gloss. Conventions are the same as in A. The top, middle, and bottom panels are for the parameters ¢, d’, and 3\/@,
respectively. C, Three-dimensional plot showing the results of a regression analysis of three physical parameters of gloss (pd, ps, and d = 1 — «). Actual parameter values (blue) and values
estimated through regression (red) are plotted in the three-dimensional space defined by axes representing the physical parameters. D, Three-dimensional plot showing the results of a regression
analysis of three perceptual parameters of gloss (i/w, ¢,and d'). Conventions are the same as in €. To aid visualization, color contours were traced by connecting the points corresponding to the

minimum and maximum values of cand d'in each stimulus set.

analyzed the differences in the perceived gloss of the objects and
introduced a two-dimensional scale to represent perceived gloss.
The two dimensions were thought to correspond to contrast gloss
(¢) and distinctness-of-image gloss (d), respectively. In the pres-
ent study, we tested the responses of IT neurons to visual stimuli
defined based on ¢ and d, and found that many neurons exhibit
selectivity in ¢/d space and that their responses can be represented
by the weighted sums of ¢ and d. This suggests the activities of
these neurons are related to perceptual gloss parameters.

Tuning in the c/d plane

Roughly speaking, upper-right directions in the ¢/d plane, be-
tween —45° through 0° to 135° are the directions to which per-
ceived gloss increases, and the remaining lower-left directions are
those to which perceived gloss decreases. Our present findings
show that the distribution of tuning directions among the popu-
lation of gloss-selective neurons is biased toward the upper-right.

This indicates that while this population of neurons can represent
a variety of glosses, glossier stimuli will evoke stronger overall
responses in this brain region. In an earlier monkey fMRI exper-
iment comparing the responses to specular and matte stimuli, we
observed stronger responses to specular stimuli in a region of the
lower bank of the STS in the central IT cortex (Okazawa et al.,
2012) that roughly corresponded to the location of the recording
sites in the present study. The bias of the tuning direction in the
c/d plane observed in the present study may explain why re-
sponses to the specular stimuli were stronger in the fMRI
experiment.

Perceptual parameters represented by IT neurons

We found that a set of parameters related to gloss perception
(3\@, ¢, d') are well fit by linear combinations of parameters
representing the population activities of gloss-selective neurons.
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Thedegree towhichneuronstuned todifferent directionsin the ¢/d plane contributed tothe parameterc. The
length of arrows representing the tuning direction in the ¢/d plane (Fig. 4C) were scaled in proportion to the
magnitude of aweight coefficient, 14/ in Equation 6 when the parameter cwas regressed with the responses
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tions are the same as in 4. Red, green, and blue arrows represent neurons exhibiting a large W/
(top five) for the regression of ¢, d’, and 3/pd, respectively. The asterisk indicates that blue
arrows representing two neurons are nearly completely overlapping. Purple represents a neu-
ron that showed a large W for the regression of both ¢ and i/pTi (n = 1). Black represents
neurons that did not exhibit large W (of the top five) for any parameters.
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Of these three parameters, c is one of the perceptual gloss param-
eters identified by Ferwerda et al. (2001).

Our parameter d’ is associated with parameter d, which is
another perceptual gloss parameter proposed by Ferwerda et al.
(2001). d represents 1 — «, where a, a Ward model parameter,
indicates fine scale unevenness causing spread of specular reflec-
tion; d is therefore thought to correspond to distinctness-of-
image gloss. « is nonlinearly related to perceived gloss, and the
function exp(—a/0.1) used for d’ in our present study takes into
account this characteristic such that the slope decreases with in-
creases in o (Ward, 1992).

Finally, the third parameter, 3\,'%, is related to surface albedo.
It is well known that surface albedo plays important roles in gloss
perception. For example, if two objects have the same specular
reflectance, a black object, which has low albedo, is perceived to
be glossier than a white object, which has high albedo. The non-
linear form of this parameter can be understood as follows. First,
the intensity of light reflected from an object surface changes in
proportion to pd, but lightness perception changes nonlinearly.
Many studies have examined the relationship between light in-
tensity and lightness perception. It has been shown, for example,
that with regard to the lightness of Munsell color charts, lightness
perception is well represented by the cube root of the surface
albedo (Glasser et al., 1958), and this function (cube root) was
employed as the lightness scale when the CIE (Commission In-
ternationale de I’Eclairage) uniform color space was formalized.
It is therefore heuristically reasonable to use 3\/@ as a parameter
to represent surface lightness. It should be noted, however, that
the cube root is a function empirically derived in past studies and
should not be taken as a unique solution. Instead, other functions
(e.g., logarithmic functions) can also be fit to the relationship
between surface albedo and lightness perception. Presumably,
the nonlinear relationship between surface albedo and lightness
perception, which is approximated by cube root or log functions,
but not by a specific function, is important. We would expect that
the neural representation of perceived gloss in the IT cortex in-
corporate that relationship as an essential component. To sum-
marize, the results of this analysis suggest that three important
parameters closely associated with perceived gloss of an object
surface can be recovered from the population responses of gloss-
selective neurons in the IT cortex.

Relationship to perceived glossiness

The results of the present study are consistent with the idea that
gloss-selective I'T neurons are closely related to gloss perception,
as we assumed in the Introduction. In our daily life, we often treat
variation of the degree of glossiness as if it was a scalar variable
changing along a one-dimensional scale, and make judgments
about whether one object is glossier than another, even when the
surface reflectance properties of the two objects differ in different
dimensions. Such casual experience is related to the fact that in
the ¢/d space proposed by Ferwerda et al. (2001), positional shifts
in two different directions along the c- and d-axes over the same
distance (taking into consideration a scaling factor) yield similar
amounts of change in perceived glossiness. However, we think it
is unlikely that the response magnitudes among the gloss-
selective neurons examined in the present study reflect the
perceived glossiness of an object in such a scalar fashion. If gloss-
selective neurons represent perceived glossiness in a scalar fash-
ion, we would expect that the response contour of these neurons
would incline toward the upper-right in the ¢/d plane, and the
tuning directions would cluster around 45°. However, the tuning
directions of these neurons distributed widely in the ¢/d plane,
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and only few neurons were tuned around 45°. This suggests these
neurons are not the neural correlates of perceived glossiness. In-
stead, we should consider them to represent perceptual gloss pa-
rameters that are transformed from physical parameters closely
related to the surface gloss of objects.

Surface gloss changes depending on an object’s surface reflec-
tion properties but is also affected by the illumination environ-
ment and the object’s shape. It is not mathematically possible to
precisely estimate surface reflection properties from a single im-
age, and it is not yet understood how our visual system solves this
inverse problem to achieve gloss perception, and broad argu-
ments on the possible mechanism have been made (Nishida and
Shinya, 1998; Dror et al., 2001; Fleming et al., 2003; Motoyoshi et
al., 2007; Anderson and Kim, 2009; Wijntjes and Pont, 2010;
Anderson, 2011; Olkkonen and Brainard, 2011; Kim et al., 2012;
Fleming, 2014). The present study provides new evidence about
how the parameters may be represented by gloss-selective neu-
rons and also provides a clue to the neural mechanisms of gloss
perception. Future detailed analysis of the response characteris-
tics of gloss-selective neurons and the source of inputs to these
neurons will be important to further our understanding of the
visual information processing related to gloss perception in the
visual cortex. In addition, one intriguing way to further validate
our conclusion that gloss-selective neurons are closely associated
with gloss perception is to use stimuli in which highlights are
manipulated as was done by Anderson and Kim (2009) in their
psychophysics, but this is also a subject remained for future
experiment.
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