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Abstract. In addition to colors and shapes, factors of material
appearance such as glossiness, translucency, and roughness are
important for reproducing the realistic feeling of images. In general,
these perceptual qualities are often degraded when reproduced
as digital color images. Therefore, it is useful to enhance and
reproduce them. In this article, the authors propose a material
appearance enhancement algorithm for digital color images. First,
they focus on the change of pupil behaviors, which is the first of the
early vision systems to recognize visual information. According to
their psychophysiological measurement of pupil size during material
observation, they find that careful observation of surface appearance
causes the pupil size to contract further. Next, they reflect this
property in the retinal response, which is the next system in early
vision. Then, they construct a material appearance enhancement
algorithm named “PuRet” based on these physiological models of
pupil and retina. By applying the PuRet algorithm to digital color test
images, they confirm that perceived material appearance, including
glossiness, transparency, and roughness, in the images is enhanced
by using their PuRet algorithm. Furthermore, they show possibilities
to apply their algorithm to a material appearance management
system that could produce equivalent appearance qualities among
different imaging devices by adjusting one parameter of PuRet.
c© 2017 Society for Imaging Science and Technology.
[DOI: 10.2352/J.ImagingSci.Technol.2017.61.4.040401]

INTRODUCTION
Imaging technology for reproducing appropriate material
appearance factors such as glossiness, translucency, and
roughness has recently become desirable in the color-
imaging industry. We are faced with a major problem in
that the material appearance obtained from actual objects
and their rendered images among several devices are not
equivalent. In our previous study, we clarified the difference
in the perceptual qualities of material appearance obtained
from 34 actual objects, including ten material categories
(stone, wood, metal, paper, fabric, plastic, leather, glass,
ceramic, and rubber), and their rendered images with
different reproductions displayed on a monitor by con-
ducting psychophysical experiments.1 The results showed
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that the reproduced images of some materials affected their
perceptual qualities.

Color management technologies have enabled us to
realize true-color reproduction using different color-imaging
devices. High-dynamic-range (HDR) imaging technologies
have realized realistic image reproduction under HDR
scenes. The development of high-resolution display devices
has enabled us to realize precise image reproduction.
However, using these current imaging technologies, it is still
difficult to accurately represent the material appearance of
real-world objects on a display device. In our everyday life,
there are many experiences that result in changes to the
impression of real-world objects by displaying them on a
monitor. In Ref. 2, one of the present authors advocated
that it was important to newly develop ‘‘shitsukan’’ (material
appearance and its subjective value)management technology
to control a human’s sensibility for material perception.

Research on the reproduction of the appearance of the
surface of a material has been performed in the fields of
engineering, vision and neuroscience, psychophysics, and
so on. In particular, in recent years, realistic approaches
to treating material appearance with high fidelity or high
favorability are remarkable for implementation in industrial
applications. One of the approaches is to contrive a new
measurement or to generate a system for representing
material appearance. For example, in Ref. 3, a printing
technology for gold-foil-like metallic color was developed.
An imaging technology for treating material appearance
by digitizing the actual material appearance information
such as glossiness and solidity for printing was developed.
However, it might take a long time to release this to
consumers due to several restrictions such as versatility
and cost. Another approach is to improve the image
quality in image processing. Many imaging technologies
such as image quality improvement, image compression,
and the tone mapping for HDR scenes have flourished
by using image-processing algorithms to consider human
vision properties. For example, in Ref. 4, an algorithm was
developed to improve the visibility and image quality by
local contrast enhancement based on the Retinex theory.5
However, although these techniques can improve global
image quality, nothing is mentioned about improving the
appearance of individual materials.
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In the research field of psychophysics, which is about
material appearance recognition, the relationship between
the image information and the perceptual material ap-
pearance has gradually become clearer. Some studies have
investigated the mechanism of how material sensations are
processed in the human brain. Motoyoshi et al. reported
that adjustment of the luminance histogram could control
the perceptual glossiness obtained from images.6 Boyadzhiev
et al. also indicated the possibility of image-based material
editing by manipulating the frequency information of
images.7 However, these studies on the control of material
appearance mentioned only specific materials and specific
material appearance, and did not assume the general
scene including multiple materials with several material
appearances.

In this article, to enhance the material appearance
in a general scene including many different objects with
different surface appearances, we focus on the change in
pupil behavior, which is the first early vision system to
recognize visual information. Changes in pupil diameter are
known to be caused by the brightness of the surrounding illu-
mination environment. In recent studies, it has been reported
that human internal conditions such as interest,8,9,17,18
memory,8–12 and stress13 can affect the pupil diameter. We
first check the effects of careful observation of the surface
appearance of materials on the change of pupil size. Then,
by reflecting the pupil property in the retinal response,
we construct a material appearance enhancement algorithm
called ‘‘PuRet’’ based on these physiological models of the
pupil and retina.

MEASUREMENT OF PUPIL BEHAVIORS
In this study, we hypothesize that the diameter of the
pupil changes when humans pay attention to the material
appearance of the object surface. To clarify the hypothesis,
we conducted a psychophysiological experiment measuring
pupil behavior.

Experimental Method
We carried out a psychophysiological experiment tomeasure
pupil diameter because it has not been realized how real
pupil diameter changes when humans pay attention to the
appearance of the material surface. An eye-tracking mea-
surement system (The Eye Tribe Tracker; The Eye Tribe)14
was used to detect changes in pupil size in participants’
eyes. Before starting measurement, the eye-tracking system
was calibrated for each participant. The measurement values
obtained from the eye-tracking system were converted from
pixels into millimeters in advance. In our experimental
environment, the measurement precision and the resolution
of the eye-tracking system formeasuring pupil diameter were
8.1× 10−2 mm and 1.4× 10−5 mm, respectively.

Figure 1 shows a snapshot of the viewing environment
for the psychophysiological experiment. The participants
were asked to observe the experimental stimulus for more
than 10 seconds in accordancewith two different observation

Figure 1. Snapshot of the viewing environment in the psychophysiological
experiment to measure pupil behavior.

Figure 2. Experimental stimulus (Texas pink granite stone).

items. During the first half (defined as condition A), partic-
ipants saw the entire experimental stimulus unintentionally
to measure physical characteristics. During the second half
(defined as condition B), they carefully gazed at the surface
appearance of physically the same stimulus to measure
psychological characteristics. The size of the stimulus was
5 cm square and the viewing distance was 50 cm (viewing
angle 5.7◦). The participant’s head was fixed using a chin
support. The psychophysiological experimentwas conducted
in a room under stable illuminant conditions at 195 lx where
there was no interruption from outside noise. Therefore,
influence from other factors such as illumination conditions
and sound was prevented in these experimental conditions.
The experimental stimulus is shown in Figure 2. We used
a Texas pink stone, which is a kind of granite, with several
material appearance factors such as glossiness, transparency,
and colorfulness. The surface was uneven due to its polished
finish, and it had glossiness caused by the flat surface and
its structural components such as biotite. In addition, it
contained translucent minerals such as quartz and feldspar.

Experimental Results
Eleven students including ten people with normal color
vision and one colorblind person participated in the psy-
chophysiological experiment. Every participant had normal
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(a)

(b)

Figure 3. An example of change in pupil diameter. (a) Measured
pupil size changes (first half, condition A; second half, condition B). (b)
Captured images (top, condition A; bottom, condition B).

eyesight with/without glasses and contact lenses. Figure 3
shows an example of data regarding pupil diameter changes.
In Fig. 3(a), the horizontal and vertical axes show the
temporal elapsed time in themeasurement and themeasured
pupil diameter, respectively. Each dot shows a measured
value, and the two black solid lines show the average pupil
diameter during condition A in the first half and condition
B in the second half, respectively. Fig. 3(b) shows a frame
of the captured image (top: condition A; bottom: condition
B). As shown in Fig. 3, we confirmed that the pupil size
contracted during the second half. The scatter in measured
values occurred because the pupil diameter slightly changed
when the participant blinked or moved the gaze point for
stimulus.However, thesemeasured sizes contracted generally
from condition A to B.

Experimental results for the percentage contraction in
pupil size between condition A and B for all participants are
shown in Table I. The average contraction percentage was
7.6% (maximum 19.3%,minimum 1.9%).We also confirmed
the contraction in pupil size during observation for other
materials such as wood, fabric, and leather in a preliminary
experiment. From these findings, we found that careful
observation of the surface appearance of materials caused
further pupil size contraction.

PuRet: Material Appearance Enhancement Algorithm
We propose the PuRet algorithm as a material appearance
enhancement algorithm based on the measured characteris-
tic of pupil diameter in the previous section. Figure 4 shows a
schematic diagram of the concept of our method. In general,

Table I. Percentage contraction in pupil size for all participants.

Participant No. Condition A [mm] Condition B [mm] Contraction percentage [%]

1 5.28 4.83 8.5
2 6.72 6.33 5.9
3 5.34 4.59 14.0
4 5.04 4.06 19.3
5 6.43 6.23 3.0
6 5.94 5.26 11.5
7 6.18 5.86 5.1
8 6.16 5.93 3.7
9 5.85 5.61 4.0
10 5.00 4.69 6.3
11 5.85 5.74 1.9

Figure 4. Concept of the PuRet algorithm.

Figure 5. Retinal response curves for each adaptation level σ of
luminance.

digital color images captured by a camera are generated
through various image-processing techniques based on
visual properties. The detailed algorithms in commercial
cameras are black boxes. In this study, we focus on the
response of the retina, which light reaches after passing
through the pupil. As shown in the top pipeline in Fig. 4,
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(a) (b)

Figure 6. An example of the conversion function from g(I,2) to g(I,4). (a) The retinal response curves for each adaptation level (σ = 2, σ ′ = 4). (b)
Conversion function.

a normal color image is generated regardless of changes in
the pupil diameter. However, according to the new findings
from the previous section,material appearance enhancement
images must be generated by assuming scene acquisition
under contracted pupil size, as shown in the bottom pipeline
in Fig. 4.

If raw data are captured, the desired enhanced image
can be generated by applying the bottom pipeline processing.
However, normally there are no raw data and only the image
processed using the top pipeline exists. In this study, we
convert the normally processed image into the enhanced
image through the conversion function ϕ.

Retinal Response Model
Numerous image-processing algorithms for improving the
perceptual image quality considering the human visual
system have been developed.19 The most widely used is
the retina response model that was defined by Naka and
Rushton.15 We also use this model in this study. In the
equation for the retinal responses model of Naka–Rushton,
the responses g (I , σ ) to the intensity of the incident light I
are

g (I , σ )=
R

Rmax
=

In

In+ σ n , (1)

where R(0 < R < Rmax) denotes the response of the
photoreceptors, Rmax denotes the maximum value of the
responses, and I denotes the luminance value, respectively.
The parameter σ is the R value when R= 0.5×Rmax, which
corresponds to the adaptation level for the illumination. The
parameter n is a sensitivity control exponent, which has a
value generally between 0.7 and 1.0 (see Ref. 16). Figure 5
shows the retinal response curves when the adaptation level
σ varies from 0.001 to 1000 (n= 0.7). The retinal response
describes the sigmoid curve, and shifts when the adaptation
level σ increases corresponding to the luminance level with
the retina accepting more light energy.

PuRet Algorithm
The proposed PuRet algorithm mimics the output image
from the retina when an observer carefully gazes at the

(a)

(b)

(c)

Figure 7. Results of simulated images (left, original image; right,
enhanced image): (a) N3, (b) N4, (c) N5.

surface appearance of an object. We assume that images are
captured by using a digital color camera reproduced on the
basis of the Naka–Rushton retinal response model under an
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(a) (b)

(c) (d)

(e) (f)

Figure 8. Close-ups of the simulated images (left, original image; right, enhanced image): (a) metal, fabric and wood in N3; (b) fruits in N3; (c) liquid
in a glass and a metallic object in N4; (d) metal in N4; (e) metals, fabric and paper in N5; (f) food in N5.

adaptation level σ . This image is equivalent to the normal
image in Fig. 4. As the pupil size contracts due to careful
observation, we suppose that the adaptation level σ increases
by a level σ ′(σ < σ ′). This hypothesis is reasonable, because
the contraction of the pupil size induces a false recognition
that light of stronger luminance and intensity is incident,
resulting in deterioration of the photoreceptor. Therefore, the
conversion function ϕ is written as

g (I , σ ′)= ϕ(g (I , σ )). (2)

The parameter σ is determined by the brightness
of the actual scene, and the parameter σ ′ is determined
depending on both the amount by which the pupil diameter
contracts and the luminance of the reproduction display. If
Exchangeable Image File Format (EXIF) data are attached
to the image, the brightness of the scene can be estimated.
If there are no brightness data, it is appropriate to set σ
within 1–2 for an indoor scene andwithin 3–4 for an outdoor
scene.Here, as an example, we setσ = 2, σ ′ = 4(n= 0.7) and
simulated the material appearance enhanced images. The
retinal response curves for each adaptation level are shown
in Figure 6(a). As shown in the figure, as σ increases from 2
to 4, the sigmoid curve shifts to the brighter adaptation level,
and the retina adopts more light energy. For example, when

I = 1 (log10(I)= 0), g (I , σ )= 0.38, but g (I , σ ′)= 0.27. To
improve the captured image under the parameter σ to the
enhanced image under the parameter σ ′, we have to convert
the luminance value 0.38 to 0.27. The derived conversion
function ϕ from σ = 2 to σ ′ = 4 is shown in Fig. 6(b). The
horizontal and vertical axes represent g (I , 2) and g (I , 4),
respectively. The approximation curve for the conversion
function ϕ in the fourth function is shown as

y = 0.1106x4
− 0.0105x3

+ 0.2664x2
+ 0.6124x, (3)

where x and y correspond to g (I , 2) and g (I , 4), respectively.
In this way, we can easily derive conversion functions for any
combination between g (I , σ ) and g (I , σ ′) (σ < σ ′). When
people are only looking passively at the image, σ = σ ′ in the
PuRet model, and the PuRet model merely agrees with the
Naka–Rushton model.

Image-Processing Experiments
The enhanced images for improving material appearance
were produced by applying the conversion function ϕ to the
luminance components of digital color images. In our PuRet
algorithm, first the luminance value component Y in YCbCr
space converted from the input color image was applied for
the conversion function ϕ. By using the converted value

J. Imaging Sci. Technol. 040401-5 July-Aug. 2017



Tanaka, Arai, and Horiuchi: PuRet: Material appearance enhancement considering pupil and retina behaviors

(a)

(b)(c)

Figure 9. Resulting images indicating the color and tone reproduction performance. (a) Gradation scale of black and red gradation (left, the original
image; right, the enhanced image). (b) Color checker in N5 (top, the original image; bottom, the enhanced image). (c) Color distribution in CIELAB space
for each patch in Fig. 9(b).

Y ′, the enhanced color image was produced by the inverse
conversion process from Y ′CbCr . We adopted PuRet on test
images to confirm the feasibility of enhancing the material
appearance on displayed images.

Enhancement Test using Natural Images
We tested PuRet using various standard test images. Figure 7
shows a partial set of test images, ISO/JIS-SCID N3, N4,
and N5, with resolutions of 2560 × 2048, 2560 × 2048,
and 2048 × 2560, respectively. The enhanced images are
also shown in Fig. 7. As shown in this figure, we can
confirm the improvement in the appearance of the entire
image. To compare the changes in the material appearance
in the images before and after processing, close-up images
that were trimmed with a resolution of 512× 512 focusing
on each object are shown in Figure 8. By applying the
PuRet algorithm to the standard images, the glossiness
on the metallic objects was emphasized and improved in
comparison with before and after processing images, as
shown in Fig. 8(a), (c), (d), and (e). In particular, rugged
shapes and textures such as the hairline finish on metallic
objects are improved by PuRet, as shown in Fig. 8(a) and (c),
respectively. The transparency obtained from the enhanced
image was also improved by confirming the glass, as shown
in Fig. 8(c). The enhanced image had a higher impression of
appealing transparency of the glass than the original image.

With regards to the fabric andwood, as shown in the close-up
images (Fig. 8(a) and (e)), we can recognize fine roughness
on these objects’ surfaces due to the enhancement of the
weave for the fabric and the grain for the wood. As shown in
Fig. 8(b) and (f), we also confirmed the improvement of the
material appearance of foods that had complicated material
appearance including glossiness, transparency, and uneven
texture with irregular surface and shape. An apple and a
lobster were felt to be more delicious.

Color and Tone Reproduction Performance
We evaluated the color and tone reproduction performance.
Figure 9 shows the original and enhanced images of a
gradation scale and color patches. As shown in Fig. 9(a), with
PuRet, there is a tone jump due to the nonlinearity of the
conversion function and color becomes deeper. The results
for the color checker image are shown in Fig. 9(b). Fig. 9(c)
represents the color distribution in CIELAB space for each
patch. Every color shifts in the vivid and clear direction, and
each color could be easily discriminated from other similar
colors (No. 2 andNo. 9; No. 7, No. 12, andNo. 16; No. 19, No.
20, and No. 21).

Consideration of Material Appearance Management
The material appearance obtained from the displayed
image on different monitors changes depending on the
characteristics of the display. We now demonstrate material
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(a) (b)

(c) (d)

(e)

Figure 10. Results for managing the material appearance of rendered images displayed on different monitors (left, the original image; right, the managed
image): (a) EIZO ColorEdge CG221 (σ ′ = 4.00, exposure time 1/40 s); (b) EIZO ColorEdge CS230 (σ ′ = 4.30, exposure time 1/80 s); (c) EIZO
ColorEdge CG 277 (σ ′ = 3.50, exposure time 1/80 s); (d) ASUS ProArt PA248Q (σ ′ = 4.70, exposure time 1/80 s); (e) Sharp PN-A601 (σ ′ = 4.40,
exposure time 1/500 s).

appearance management among several display devices by
applying the PuRet algorithm.We used five different displays
with different characteristics, as given in Table II.

We displayed an original image and the enhanced image
side by side for each display and manually adjusted only one
parameter, σ ′, of PuRet with each display so that all of the
displayed images appeared the same. When we adjusted the
parameter σ ′, the original image was set with the parameter
σ = 1 as the fundamental value, becausewe could not predict
the luminance of the real-world scene. Figure 10 shows
photographs of displayed images captured in a darkroom
using a Canon 5D Mark IV camera with a resolution of
6720 × 4480 pixels. Each figure was down-sampled to a

resolution of 640× 512 as a quarter of the original image
size for displaying horizontally side by side, and represented
without enlarging the photographed picture. All images were
captured with the same settings with only the exposure time
varying, to match the maximum luminance of the display.
The displayed images on the left-hand side in Fig. 10(a)–(e)
are exactly the same as the original images. We can confirm
that the material appearance and impression obtained from
the images differ greatly. The images on the right-hand
side show the managed images by adjusting the parameter
of PuRet. We can confirm that the material appearance
such as glossiness, transparency, and roughness is enhanced.
The results indicate that material appearance was equally
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Table II. Characteristics of the displays used in the demonstration.

Display Max. lum. [cd/m2] Color gamut Resolution [pixel] Pixel pitch [mm] Display size [inch]

EIZO ColorEdge CG221 137 sRGB 1920× 1200 0.249× 0.249 22.2
EIZO ColorEdge CS230 212 sRGB 1920× 1080 0.265× 0.265 23
EIZO ColorEdge CG277 250 Adobe RGB 2560× 1440 0.233× 0.233 27
ASUS ProArt PA248Q 280 sRGB 1920× 1200 0.270× 0.270 24.1
Sharp PN-A601 1660 sRGB 1920× 1080 0.692× 0.692 60

enhanced by applying our PuRet technique to normal
images, so we could also manage the material appearance
among different displays with different characteristics.

CONCLUSIONS
In this article, we proposed a new image-processing al-
gorithm, PuRet, for enhancing the material appearance
such as glossiness, transparency, and roughness obtained
from digital color images. In our proposed algorithm, we
focused on changes in pupil diameter and retinal response,
which were first handled in a human visual system to
recognize an image. First, we measured the changes in
the pupil diameter of observers before and after they paid
attention to the material appearance on the object surface by
conducting a psychophysiological experiment. Through this
experiment, it was found that the pupil diameter decreases
when observing the material appearance on the object
surface. Second,we drewup the new algorithm for enhancing
material appearance perception by contracting the pupil
diameter based on a retinal response model proposed by
Naka–Rushton and confirmed the effectiveness by applying
the algorithm to general digital color images. As a result, we
confirmed that perceived material appearance factors such
as glossiness, transparency, and roughness obtained from the
processed imageswere emphasized by applying our proposed
model. Finally, we proved the effectiveness of the material
appearance management system, which can be perceived
as equivalent appearance qualities among several different
imaging devices by adjusting the parameters of our proposed
model.

The parameter σ ′ needs to be optimized depending
on the dynamic range in a scene, display specifications
such as resolution and size, and observation conditions
such as viewing distance. Optimum parameter tuning is an
important future research topic. Furthermore, we need to
develop higher-level image-processing algorithms such as
tone mapping and gamut mapping to reduce artifacts.
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