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Abstract: We proposed a method to display an intermediate visual texture by spatial mixing. In
addition to color information, the visual texture is an important element that characterizes the nature
of an object’s surface. While the system to display various color information has well matured in
engineering, there is no method to reproduce visual textures in ambient light. In our method, the
matte and glossy surfaces are used as “primary visual textures”, and an intermediate visual texture
is displayed by spatially mixing the primary visual textures. In this paper, we first quantified the
visual texture of an object’s surface based on measured intensities of scattered and reflected lights.
Next, based on the quantification, we evaluated spatially mixed surfaces consisting of two primary
visual textures, an acrylic plate and a holed sheet of drawing paper, by changing the area proportion
of the two primary visual textures. Finally, a sensory evaluation showed significant differences
between each intermediate visual texture, and the results corresponded to a trend in the optical
evaluation. This study illustrates that visual textures could be quantified based on the intensity of
scattered and reflected light and reveals the applicability of our method to the display for intermediate
visual texture.

Keywords: visual texture; intermediate visual texture; visual texture display; spatial mixing

1. Introduction

The purpose of this paper is to quantify visual texture and to display intermediate
visual textures by spatially mixing primary visual texture surfaces. In general, a texture is a
visual/tactile sensation resulting from differences in a material surface, but in this paper,
“visual texture” refers to visual elements of texture such as gloss, matte, etc.

Visual texture is an important element that characterizes the nature of an object’s sur-
face in addition to color information. While the system to display various color information
has well matured in engineering, as typified in displays of electronic devices, the conven-
tional displays are not sufficient to reproduce the nature of the object’s surface, due to the
lack of tunable visual textures. Visual textures are influenced by many complex factors
such as light source to illuminate, shape, roughness, or motion, and many researchers
have investigated how humans distinguish visual textures [1–11]. Some researchers have
reported that the visual texture depends on the light source and angle from which an object
is observed, and, from an optical point of view, the visual texture is due to the differences in
the intensity of two types of light—scattered light and specular-reflected light—at the sur-
face of the object [12–14]. In the field of computer graphics, these studies have been applied
to present visual textures: Scattered light intensity on an object’s surface is calculated in an
illuminated condition, and visual texture is virtually reproduced based on the calculated
results [15–17]. This concept has been extended to the actual fabrication of objects, with
the use of 3D printing [18] or pigment mixing [19]. Additionally, it has been proposed that
the visual texture on a real three-dimensional object be presented by projecting scattering
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properties on the object, possibly leading to a tunable display of the visual texture [20,21].
However, these previous tunable systems are only based on a calculation of scattering
properties relative to a “virtual” light source. In other words, there has never been a method
for presenting visual textures tunable from gloss to matte on the actual object’s surface in
any “actual” lighting environment.

In this paper, we attempted to present visual textures in a tunable manner in an actual
lighting environment, which is inspired by the halftone technique in color presentation.
The halftone technique tunes color as follows: As an example of gray color reproduction,
two types of primary color such as black and white are firstly prepared, and intermediate
color (i.e., gray) is reproduced by arraying discrete dots of one in the continuous area
of the other; the intermediate color can be tuned by changing the spatial ratio of the
dots. Based on the previous reports that the visual texture changes according to the
scattered light intensity [12–14], we supposed that visual texture can be tuned by a similar
approach, that is, by mixing two surfaces that show different angular distributions of
reflected light intensity. In this paper, we prepared two “primary visual textures” of
glossy smooth surfaces and matte rough surfaces. First, we quantified the visual texture
of an object’s surface based on the measured intensity of scattered and reflected lights.
Then, we quantified surfaces mixing two primary visual textures through the same optical
measurement. Finally, we carried out a sensory evaluation to investigate whether it is
possible to present intermediate visual texture by our method and how the results of optical
measurement corresponded with human vision.

2. Quantifying Visual Texture

We can roughly classify light reflection into two major types—namely, specular re-
flection, as shown in Figure 1a, and scattering, as shown in Figure 1b. Ideally, glossy
surfaces have specularly reflected light, and matte (rough) surfaces have scattered light.
As the surfaces showing the visual texture between glossy and matte have both specularly
reflected and scattered lighting conditions, as shown in Figure 1c, the intermediate visual
textures may be characterized based on the differences between scattered and specularly
reflected light intensity. Our proposal of a “spatially mixed visual texture”, as shown in
Figure 1d, was considered to include both of the two types of reflection as well, and thus,
we quantified visual textures using the ratio between the intensity of specularly reflected
light and that of the scattered light.
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Figure 1. Specularly reflected or scattered light from the material surface: (a) glossy surface reflects
the incident light; (b) matte (rough) surface scatters the incident light; (c) intermediate surface reflects
and scatters the incident light; (d) the light distribution of the intermediate surface is produced by
spatially mixing glossy and matte surfaces.
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We measured the angular intensity distribution of the light that was reflected on the
two sample surfaces with different visual textures. The measurement setup is shown in
Figure 2. The distance between the tip of the optical fiber connected to the spectroscope
and the sample was set to 70 mm, to measure the intensity of the mixture of specularly
reflected light and scattered light. Measurements were taken every 5◦ while rotating the
receiving angle θr (◦) from 0◦ to 90◦. Between the θr of 40◦ to 50◦, measurements were taken
every 1◦. We used a 100 mm × 100 mm acrylic plate (Mitsubishi Rayon Co., Ltd., Tokyo,
Japan), as shown in Figure 3a, and a sheet of white drawing paper (Sunflower M drawing
paper, Muse), as shown in Figure 3b, which were a sample with a glossy surface and that
with a matte surface, respectively.
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Figure 2. Measurement setup for the angular intensity distribution of the reflected light. The sample
was fixed at 200 mm away from the tip of the optical fiber connected to the light source. The incident
angle of light was fixed at 45◦. The distance between the tip of the optical fiber connected to the
spectroscope, and the sample was 70 mm. The core diameter of the fiber is 400 µm.
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Figure 3. The surfaces used as primary visual textures: (a) the white acrylic plate with a glossy
surface; (b) the white drawing paper with a matte surface.

Figure 4 shows the resultant angular intensity distribution of the scattered light. For
the acrylic plate, there was a peak at θr of 45◦, and the distribution was almost constant at
the other angles, which showed the effect of specular reflection. For the drawing paper,
the distribution was almost constant at all angles, which showed the effect of scattering.
Considering the distribution was almost constant between the θr range of 0◦ to 40◦, for
both sample surfaces, and a peak appears around 45◦ for only the surface showing specular
reflection profile, we defined a scattering index S (−) that was the ratio of the scattering
intensity r15 (−) at θr = 15◦ to the scattering intensity r45 (−) at θr = 45◦. S can be written
as follows:

S =
r15

r45
(1)
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Figure 4. Angular intensity distributions of the reflected light from the acrylic plate and drawing paper.

Ideally, objects with rough surfaces have a large S value, and those with glossy surfaces
have a small S value. In Figure 4, the S value for the acrylic plate was 0.103 (nearly 0), and
that for the drawing paper was 0.906 (nearly 1). We thus confirmed that the S could be
used as an indicator for the optical quantification of visual texture.

3. Optical Evaluation of Prepared Samples by Spatially Mixing Different Surfaces

We examined whether it is possible to tune the angular intensity distribution of the
scattered light by spatially mixing two different surface materials. As shown in Figure 5a,
we prepared 100 mm × 100 mm surface samples including two layers—an acrylic plate
with a glossy surface at the lower layer and a piece of drawing paper with a matte surface
at the upper layer. In the paper layer, 2 mm × 2 mm square holes were made in even
intervals by using a cutting plotter (CE 6000-40, Graphtec, Yokohama, Japan). By changing
the intervals between the square holes, the proportion of acrylic plate α (−) was controlled.
We prepared two types of samples: the sample of α = 0.44, with 1 mm intervals between
the holes (Figure 5b), and the sample of α = 0.25, with 2 mm intervals between the holes
(Figure 5c).
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Figure 6 shows the results of measuring the angular intensity distribution of specularly
reflected and scattered lights on the surface samples. We calculated S from these results,
and the relationship between α and S is shown in Figure 7. Provided that α determines the
scattering intensity of a sample that juxtaposes an acrylic plate with drawing paper, the
scattering intensity r’15 (α) (−) at θr = 15◦, and scattering intensity r’45 (α) (−) at θr = 45◦ of
a sample for each α (−) can be determined by the following equations:

r′15(α) = α× ra,15 + (1− α)× rd,15, (2)

r′45(α) = α× ra,45 + (1− α)× rd,45, (3)

where the scattering intensities at θr on the acrylic plate and drawing paper are ra,θ and rd,θ ,
respectively. Therefore, based on Equations (1)–(3), the theoretical S for each α (−) is

S(α) =
α× ra,15 + (1− α)× rd,15

α× ra,45 + (1− α)× rd,45
(4)Micromachines 2022, 13, 255 5 of 9 
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The broken line in Figure 7 is the theoretical prediction curve of Equation (4). Although
the measured values from samples with α = 0.25 and 0.44 were slightly smaller than the
theoretical values, the theoretical curve from Equation (4) fitted in measured values.

4. Sensory Evaluation

We carried out a sensory evaluation to show that the intermediate visual texture
could be presented by spatially mixing different surfaces and to explore the relationship
between human perception and optical profiles. Humans can sense visual textures such
as glossy and matte under a certain light source when they observe reflected light from
a single surface, which originates from light sources with various angular conditions. In
other words, as humans see an object, they sense through the visual textures that the
reflected image of the light source is clearly observed on a glossy surface and not clearly
observed on a matte surface. For example, when light from a white fluorescent lamp (30 W)
is irradiated to a white acrylic plate having a glossy surface and white drawing paper
having a matte surface, one can observe the reflected image of the fluorescent lamp on the
glossy acrylic plate but observes almost no reflected image on the rough drawing paper.
Based on these considerations, we carried out a sensory evaluation on visual textures by
comparing the extent of the reflection of the fluorescent lamp. Figure 8 shows the setup for
the sensory evaluation.
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Figure 8. The sensory evaluation setup: (a) schematic view; (b) visual form. For the subject to be able
to observe the evaluation sample at various illuminating angles, we placed the evaluation sample
on top of a rotatory stage that made it possible to change the angle of the evaluation samples. The
fluorescent lamp was placed 0.8 m away from the evaluation samples. The samples were evaluated
in a dark room without any other light source.

The subjects evaluated the sample, standing approximately 8 m away from it. The
distance between the sample and the subjects was determined considering human eye
resolution. In this paper, we used a sample with a 2 mm square juxtaposed surface. The
resolution of human eyes to distinguish color is believed to be 1/60◦ for a human with a
visual acuity of 1.0 [22], and in order to fall below the resolution capable of distinguishing
a 2 mm square juxtaposed surface, it is necessary to be around 4.7 m away from the sample.
Since a subject’s visual acuity varies from person to person, we set the position of the
subject to be approximately 8 m away so that the experiment could allow for visual acuity
of 1.0 or more. The sensory evaluation was carried out with the help of 13 male and female
subjects in their 20s. The subjects were asked to simultaneously view two surface samples
with different surface area proportions, and they were asked to choose one between the
following three options: “The left has a greater reflection of the fluorescent lamp”, “The
right has a greater reflection of the fluorescent lamp”, or “The degree of reflection does not
change for either”. The evaluation sample was rotated so that the angle changed ±30◦ to
the left and right after observing the sample from the front. This evaluation was performed
for all six combinations (because two out of four surface samples were selected on each
test) in total.

We analyzed the results using Scheffe’s method of paired comparisons (Nakaya Varia-
tion) [23]. Scheffe’s method is an approach utilized to compare the data originating from
one’s subjectivity such as sensory evaluation. The details are as follows: Scheffe’s method
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of paired comparison makes up the distance scale from the score data based on paired
comparisons, and it creates comparison pairs by combining more than three evaluation
samples, as in this case; then, it incorporates the results of these paired comparisons into an
analysis of variance after evaluating them. In this paper, since a subject was able to carry out
spatial comparisons of two surface samples at the same time, there was no need to consider
the sequential effects. In addition, since each subject performed a paired comparison for all
combinations so that the sensory evaluation could be performed even when the number of
subjects was small, we used the Nakaya Variation, in which each subject performs a paired
comparison of all combinations, and the sequential effect is not taken into consideration.
The results are shown on the evaluation chart for all subjects in Table 1. The evaluation
value denotes the average of the following results: 1 point means that a subject chooses
the correct option, −1 point means that a subject chooses the wrong option, and 0 point
means that a subject could not sense the difference; these values verified whether there
were significant differences in the results for the sensory evaluation.

Table 1. Evaluation value table for all cases.

Area Proportion α (-) 0 0.25 0.44 1

0 - 0.615 1.00 1.00
0.25 - - 0.462 1.00
0.44 - - - 0.769

1 - - - -

We calculated the evaluation point άα (-), as shown in Table 2. Figure 9 is a scale
diagram, which plotted each άα of Table 2. We can judge there to be a significant difference
when the distance between each άα is far greater than the yardstick (Y) (−) [23]. In this
condition, Y0.01, denoting Y at a critical region of 0.01, was 0.282. The distance between
each άα exceeded Y0.01, according to Figure 9, indicating that significant differences were
visible with any surface sample. In other words, we confirmed that the spatial mixing of
two different surface samples could present intermediate visual textures. When comparing
the results of the optical evaluation with those of the sensory evaluation, we found that the
sensitivity of the human eye to the surface of the object changes according to the scattering
index of optical evaluation, as shown in Figure 10. These results indicated that visual
texture through human sensation can be roughly quantified by scattering index obtained
through optical measurements.

Table 2. Calculation of the evaluation point άα.

Area Proportion α (-) 0 0.25 0.44 1

0 0 0.615 1.00 1.00
0.25 −0.615 0 0.462 1.00
0.44 −1.00 −0.462 0 0.769

1 −1.00 −1.00 −0.769 0
Evaluation point άα

(average of the above values) −0.654 −0.211 0.173 0.692
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5. Conclusions

In this paper, we proposed a method to display an intermediate visual texture by
spatial mixing. We showed that, similarly to halftone, spatially arranging two visual texture
surfaces as “primary visual texture” enabled the presentation of an intermediate visual
texture. We measured the angular intensity distribution of the scattered light when parallel
light was irradiated on the surface of samples with different visual textures; as a result,
we confirmed that the ratio between the intensity of specularly reflected and scattered
lights varied on surface nature such as glossy or matte. We defined the scattering index
S, which denoted the intensity ratio between specularly reflected light and scattered light,
to quantify visual texture, and acquired S values of the acrylic plate and the drawing
paper. With two samples (α = 0.25 and α = 0.44), combining an acrylic plate and a sheet
of holed drawing paper, we confirmed that S could be changed by spatially mixing the
primary visual textures. Furthermore, we confirmed that S was tunable, by changing the
areal proportion of primary visual textures: The tunability was supported by the results
that the calculated theoretical S fitted the trend in measured values. Finally, we carried
out a sensory evaluation using Scheffe’s method of paired comparisons, with 13 subjects
and following 4 samples: α = 0, α = 0.25, α = 0.44, and α = 1. Analyzing the result of
sensory evaluation, significant differences were confirmed between each sample because
the distance between each evaluation point άα exceeded Y0.01 = 0.282. This result indicates
the spatial mixing of primary visual textures can present intermediate visual textures. In
addition, the trend of the sensory evaluation was similar to that of S. Therefore, visual
texture can be quantified through optical measurements to some extent and controlled by
spatially mixing the primary visual textures.

Author Contributions: Conceptualization, Y.Y. and E.I.; methodology, Y.Y. and E.I.; validation, Y.Y.;
formal analysis, Y.Y.; investigation, Y.Y.; resources, E.I.; data curation, Y.Y.; writing—original draft
preparation, Y.Y. and H.Y.; writing—review and editing, Y.Y., H.Y., and E.I.; visualization, Y.Y. and
H.Y.; supervision, E.I.; project administration, E.I.; funding acquisition, E.I. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially supported by JSPS KAKENHI, Grant Number 19H05506, Japan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors appreciate the great support by Y. Okada, Waseda University.



Micromachines 2022, 13, 255 9 of 9

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tiest, W.M.B.; Fleming, R.W.; Nishida, S.; Gegenfurtner, K.R. Perception of material properties. Vision Res. 2010, 50, 2775–2782.

[CrossRef] [PubMed]
2. Anderson, B.L. Visual perception of materials and surfaces. Curr. Biol. 2011, 21, R978–R983. [CrossRef] [PubMed]
3. Nagai, T.; Matsushima, T.; Koida, K.; Tani, Y.; Kitazaki, M.; Nakauchi, S. Temporal properties of material categorization and

material rating: Visual vs non-visual material features. Vision Res. 2015, 115, 259–270. [CrossRef] [PubMed]
4. Motoyoshi, I.; Nishida, S.; Sharan, L.; Adelson, E.H. Image statistics and the perception of surface qualities. Nature 2007,

447, 206–209. [CrossRef] [PubMed]
5. Anderson, B.L.; Kim, J. Image statistics do not explain the perception of gloss and lightness. J. Vis. 2009, 9, 10. [CrossRef]
6. Fleming, R.W. Visual perception of materials and their properties. Vision Res. 2014, 94, 62–75. [CrossRef]
7. Xiao, B.E.I.; Brainard, D.H. Surface gloss and color perception of 3D objects. Vis. Neurosci. 2008, 25, 371–385. [CrossRef]
8. Nayar, S.K.; Oren, M. Visual Appearance of Matte Surfaces. Science 1995, 267, 1153–1156. [CrossRef]
9. Pont, S.C.; Te Pas, S.F. Material—Illumination ambiguities and the perception of solid objects. Perception 2006, 35, 1331–1350.

[CrossRef]
10. Maloney, L.T.; Brainard, D.H. Color and material perception: Achievements and challenges. J. Vis. 2010, 10, 19. [CrossRef]
11. Kerrigan, I.S.; Adams, W.J. Highlights, disparity, and perceived gloss with convex and concave surfaces. J. Vis. 2013, 13, 9.

[CrossRef] [PubMed]
12. Nefs, H.T.; Koenderink, J.J.; Kappers, A.M.L. Shape-from-shading for matte and glossy objects. Acta Psychol. 2006, 121, 297–316.

[CrossRef] [PubMed]
13. Nicodemus, F.; Richmond, J.; Hsia, J.J. Geometrical considerations and nomenclature for reflectance. Sci. Technol. 1977, 60, 1–52.

[CrossRef]
14. Beland, M.-C.; Bennett, J.M.; Béland, M.-C.; Bennett, J.M. Effect of local microroughness on the gloss uniformity of printed paper

surfaces. Appl. Opt. 2000, 39, 2719. [CrossRef]
15. Toscani, M.; Valsecchi, M.; Gegenfurtner, K.R. Lightness perception for matte and glossy complex shapes. Vision Res. 2017,

131, 82–95. [CrossRef]
16. Tsumura, N. Appearance reproduction and multispectral imaging. Color Res. Appl. 2006, 31, 270–277. [CrossRef]
17. Zhang, F.; de Ridder, H.; Fleming, R.W.; Pont, S. MatMix 1.0: Using optical mixing to probe visual material perception. J. Vis.

2016, 16, 11. [CrossRef]
18. Hašan, M.; Fuchs, M.; Matusik, W.; Pfister, H.; Rusinkiewicz, S. Physical reproduction of materials with specified subsurface

scattering. ACM Trans. Graph. 2010, 29, 1–10. [CrossRef]
19. Papas, M.; Regg, C.; Jarosz, W.; Bickel, B.; Jackson, P.; Matusik, W.; Marschner, S.; Gross, M. Fabricating translucent materials

using continuous pigment mixtures. ACM Trans. Graph. 2013, 32, 1. [CrossRef]
20. Mukaigawa, Y.; Nishiyama, M.; Shakunaga, T. Virtual Photometric Environment using Projector. In Proceedings of the Interna-

tional Conference on Virtual Systems and Multimedia, Ogaki City, Gifu, Japan, 17–19 November 2004; pp. 544–553.
21. Okazaki, T.; Okatani, T.; Deguchi, K. A Projector-Camera System for High-Quality Synthesis of Virtual Reflectance on Real Object

Surfaces. IPSJ Trans. Comput. Vis. Appl. 2010, 2, 71–83. [CrossRef]
22. Land, M.F.; Nilsson, D.-E. Animal Eyes, 2nd ed.; Oxford University Press: Oxford, UK, 2012; ISBN 9780199581139.
23. Takagi, H. Practical Statistical Tests Machine Learning-III: Significance Tests for Human Subjective Tests. Syst. Control Inf. 2014,

58, 514–520.

http://doi.org/10.1016/j.visres.2010.10.005
http://www.ncbi.nlm.nih.gov/pubmed/20937297
http://doi.org/10.1016/j.cub.2011.11.022
http://www.ncbi.nlm.nih.gov/pubmed/22192826
http://doi.org/10.1016/j.visres.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25536464
http://doi.org/10.1038/nature05724
http://www.ncbi.nlm.nih.gov/pubmed/17443193
http://doi.org/10.1167/9.11.10
http://doi.org/10.1016/j.visres.2013.11.004
http://doi.org/10.1017/S0952523808080267
http://doi.org/10.1126/science.7855592
http://doi.org/10.1068/p5440
http://doi.org/10.1167/10.9.19
http://doi.org/10.1167/13.1.9
http://www.ncbi.nlm.nih.gov/pubmed/23291649
http://doi.org/10.1016/j.actpsy.2005.08.001
http://www.ncbi.nlm.nih.gov/pubmed/16181604
http://doi.org/10.1109/LPT.2009.2020494
http://doi.org/10.1364/AO.39.002719
http://doi.org/10.1016/j.visres.2016.12.004
http://doi.org/10.1002/col.20225
http://doi.org/10.1167/16.6.11
http://doi.org/10.1145/1778765.1778798
http://doi.org/10.1145/2461912.2461974
http://doi.org/10.2197/ipsjtcva.2.71

	Introduction 
	Quantifying Visual Texture 
	Optical Evaluation of Prepared Samples by Spatially Mixing Different Surfaces 
	Sensory Evaluation 
	Conclusions 
	References

