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Abstract. A recent work proposed a methodology to effectively
enhance or suppress perceived bumpiness in digital images.
We hypothesized that this manipulation may affect perceived
translucency due to similarity in affected image cues. In this work, we
test this hypothesis experimentally. We conducted psychophysical
experiments and found a correlation between perceived bumpiness
and perceived translucency in processed images. This not only
may have implications when digitally editing the bumpiness of a
given material but also can be taken advantage of as a translucency
editing tool unless the method produces artifacts. To check this,
we evaluated the naturalness and quality of the processed images
using subjective user study and objective image quality metrics,
respectively. c© 2025 Society for Imaging Science and Technology.
[DOI: 10.2352/J.ImagingSci.Technol.2025.69.5.050401]

1. INTRODUCTION
Material appearance plays a significant role in our lives—
from how we interact and handle objects in a daily routine
to customer satisfaction in industry. With the widespread
use of digital imaging, it becomes increasingly important to
account for complex factors that affect material appearance
reproduction, such as color fidelity [1, 2], JPEG compres-
sion [3], display subpixel arrays [4, 5], and pixel–aperture
ratio [6]. Digitally authoring, editing, and transferring
material appearance is an active topic of research [7, 8].

A recent work byManabe et al. [9] proposed an efficient
method to manipulate perceived bumpiness in digital
images. Bumpiness is an important attribute of appearance,
which is a characteristic of many materials such as wood,
leather, orange peel, and plastic. We want to highlight that
in this work, we focus on bumpiness as a visual property as
perceived by the human visual system (HVS), not as a tactile
property. Bumpiness is usually studied as a more general
concept of roughness—often used interchangeably.

The above-mentioned method of bumpiness enhance-
ment or suppression by Manabe et al. [9] led to sharpening
or blurring the image and increasing or decreasing the
contrast, respectively. Similar cues are used for translucency
perception, which made us hypothesize that the method
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Figure 1. The human visual system has limited ability to understand
whether the light incident from a given point is directly reflected from the
object due to low bumps or is emerging from the subsurface due to the
material’s translucency. Hence, when we decrease bumpiness and blur
shadows, it may be interpreted as an increase in translucency.

could affect perceived translucency as well. In photographs,
we rarely have access to the ground truthmaterial. Therefore,
in this context, translucency perception may be evoked
and the object may be considered visually translucent
even though it is not optically translucent. The HVS relies
on luminance distribution cues in the image to perceive
translucency, and the lack of dark shadows below the bumps
is often an indication of translucency [1]. For instance, refer
to Figure 1—the intensity of the light reaching the human
retina from a given point may result from two scenarios:
either the bump is low and the light is hitting that area di-
rectly; or if the bump is high, the light could have reached that
part via subsurface scattering, indicating that the material is
translucent. Gigilashvili and Trumpy [10, 11] demonstrated
that illusory translucency can be produced in augmented
reality if light is projected near convex and concave areas that
are usually shadowed in opaque objects.

We varied bumpiness with the proposedmethod [9] and
conducted psychophysical experiments to quantify perceived
bumpiness and translucency. We further studied how
perceived naturalness and image quality were affected to un-
derstand towhat extent themethod can be applied in real-life
applications without producing artifacts. If the experimental
outcome supported our hypothesis, this could have several
important implications: first, it may be hard to edit per-
ceived bumpiness without inadvertently affecting perceived
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translucency; second, the method developed for editing
bumpiness can be used to our advantage in the applications
where editing translucency is needed even though this was
not the original application of the method; and third, as
hypothesized by Nagai et al. [12], differences in translucency
perception can be attributed to differences in bumpiness
perception, whichwill provide additional evidence to the role
of perceived shape for translucency perception.

It is important to highlight that the objective of this study
is not to validate the method byManabe et al. itself but to use
it as a tool for manipulating perceived bumpiness, which has
been shown in previous work to be effective. This provides
a reliable and controlled basis for our psychophysical
experiment to explore the relationship between perceived
bumpiness and translucency. Although this work is limited to
one particular method for manipulating bumpiness, it serves
as a foundational step toward broader generalization.

The manuscript is organized as follows. In Section 2, we
overview related work. Afterward, we present the research
methodology, followed by the discussion of experimental
results. We conclude with limitations and future work.

2. RELATEDWORK
Ho et al. [13] demonstrated failure in perceived roughness
constancy of bumpy surfaces—roughness of a given surface
was significantly affected by lighting conditions. This was
partly attributed to different shadows cast by bumps at
different lighting angles—the shadows and, respectively,
the roughness being the strongest at lower lighting angles.
The idea about the role of shadows to visually identify the
multisensory tactile–visual property of surface roughness
was discussed as early as in the 18th century by a philosopher
Condillac (cited by Ho et al. [13]). Later, Pentland [14] intro-
duced the concept of shape-from-shading—for Lambertian
surfaces, high-frequency shape information can be reliably
extracted from shading. Norman et al. [15] pointed out the
important role of specular highlights in shape perception,
and Marlow et al. [16] showed that specular reflections
covary andmay indicate the bump relief height. Ho et al. [17]
conducted conjoint measurement of perceived gloss and
surface bumpiness and concluded that physically glossier
surfaces appeared bumpier and physically bumpier surfaces
appeared glossier.

It is yet to be investigated, exactly what sort of sur-
face variation is responsible for visual roughness and
bumpiness [18]. A notable attempt to model it is the
work by Padilla et al. [19], where authors tried to correlate
physical properties of surface irregularity (roll-off factor and
root-mean-square [RMS] height) with perceived roughness.
They bandpass-filtered the surface height spectrum and
analyzed the signal variance. Not only bumpiness but
also many other material properties can be changed by
manipulating the image in the frequency domain [20].
Boyadzhiev et al. [21] proposed band sifting—sub-band
decomposition of the image and selectivemodification of the
subband coefficients to affect various visual attributes, such
as gloss, weathering, and even dryness of the human face.

There is ample evidence in the literature that bumpiness
perception and cues affected in bumpiness editing are highly
correlated and intertwined with translucency perception.
Chowdhury et al. [22] demonstrated that due to lower
steepness of the luminance gradient and the lack of shadows,
translucent objects appear less bumpy than opaque ones
even if the actual 3D shape is identical. Furthermore, Xiao
et al. [23] proposed that the sharper the edges, the lower
the translucency. Marlow et al. [24] argued that translucency
and shape perception are closely related, and the HVS
can tell translucent and opaque objects apart based on
the covariation between luminance intensity and surface
orientation—or the lack thereof. The special role in this
process is played by self-occluding contours [25].

Specular highlights play an important role both in per-
ception of shape and perception of translucency [1, 25]. Mo-
toyoshi [26] demonstrated that blurring non-specular com-
ponents and decreasing luminance contrast between specu-
lar and non-specular areas increases translucency. It was fur-
ther substantiated by Kiyokawa et al. [27] that the relation-
ship between specular highlights and diffuse areas is a strong
cue to translucency. They created a model where perceived
translucency was explained by the anisoshading ratio—
‘‘geometric differences in local shading anisotropy between
specular highlights and surrounding non-specular shading.’’
They blurred the diffuse part while keeping the highlights to
produce illusory translucency on an opaque object.

Finally, Nagai et al. [12] recently studied the impact of
top-down effects on translucency. They showed diffuse and
specular stimuli to two groups of observers in different order.
Translucency judgments for those who saw diffuse stimuli
first were more affected by the motion and binocular dispar-
ity than for those who saw the specular stimuli first. The au-
thors argued that those who saw the specular stimuli identi-
fied the shapes more easily and hypothesized that shape per-
ception could be the reason for the discrepancy between the
two groups. They argued that future work should study the
perceivedmagnitude of bumpiness and its correlation to per-
ceived translucency. This highlights that our study is timely
and addresses an important knowledge gap in the literature.

3. METHODOLOGY
In this section, we discuss bumpiness editing, dataset
preparation, and the experimental design.

3.1 Bumpiness Editing Method
In this paper, we adopted the bumpiness modulation tech-
nique proposed by Manabe et al. [9], which allows editing
bumpiness in digital images by modulating their spatial
frequency components.

The authors first conducted a series of analyses and ex-
periments to investigate the factors that influence perceived
bumpiness in digital images. They conducted psychophysical
experiments in which observers rated the bumpiness of
different images. Then, a linear regression model was fitted
to analyze the correlation between the image statistics (mean,
standard deviation, skewness, kurtosis, contrast) and the
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perceived bumpiness. They found that basic image statistics
are not sufficient to explain bumpiness perception. There-
fore, the analysis of bumpiness perception was extended to
the frequency domain, as according to previous works [28],
the perception of bumpiness is related to the spatial fre-
quency of images. This was confirmed by the authors, as the
power spectrumof low,medium, and high bumpiness images
showed clear differences in the spatial domain. Next, they
filtered images with bandpass filters in different frequency
bands (5–25, 25–45, 45–65, 65–85,. . . , 105–125 cycles per
image [CPI]) and obtainedmultiscale images. For each range
of frequency bands, linear regression was used to assess the
relationship between image statistics (within each frequency
band) and perceived bumpiness. They found that 5–65 CPI
had the strongest correlation with perceived bumpiness, so
they proposed to modulate the power spectrum of an image
in this range to enhance or suppress perceived bumpiness.
They also noted that the contrast sensitivity function
overlapped with this frequency range, further supporting the
idea of using it in their modulation method.

First, the RGB image is converted into YCbCr color
space to isolate the Y component. Afterward, Fourier
transform is applied to theY channel, transforming the image
into the frequency domain. The power spectrum is then
filtered using a bandpass filter to focus on the range of 5–65
CPI in the modulation. The authors propose two different
methods to modulate the power spectrum in this range.

3.1.1 Method 1: Uniform Modulation
In this method, the intensity of the power spectrum is uni-
formly scaled by a factor, denoted by a, to either enhance (a>
1) or suppress (a< 1) bumpiness by amplifying or attenuat-
ing the intensity of the power spectrum as shown below:

L̂(a, f )=

{
a · L 5≤ f ≤ 65 [CPI]
L otherwise,

(1)

where L and L̂ are the intensity of the power spectrum
before and after modulation, respectively, and f is the spatial
frequency. Then, an inverse Fourier transform is applied to
go back to the spatial domain. This inverse transformation
gives us the luminance component, which is combined with
the chrominance components to get back to RGB.

3.1.2 Method 2: Modulation based on Contrast Sensitivity
Method 2 introduces the concept of contrast sensitivity of
the HVS to modulate bumpiness. As the peak of the contrast
sensitivity function overlaps with the spatial frequency
range that was found to be most important for bumpiness
perception (5–65 CPI), an adaptive approach is used, where
the power spectrum is modified based on the contrast
sensitivity function as shown below:

L̂(a, f )=


W (f )− 1
Wmax− 1

· (b− 1)+ 1 5≤ f ≤ 65 [CPI]

L otherwise,
(2)

where b is the modulation scale factor in which b > 1
would enhance the bumpiness and b< 1 would suppress it.
Moreover, W is the contrast sensitivity function formulated
as follows:

W (f )=
(K + a · f c) · e−bf

K
, (3)

where f is the spatial frequency, and a, b, c, and K are
constants defining the curve with values 75, 0.2, 0.9, and
46, respectively. Figure 2 illustrates an example of bumpiness
modulation with methods 1 and 2. Further details of the
implementation can be found in Ref. [9].

3.2 Dataset Preparation
To create the dataset for our study, several essential questions
had to be answered:

• Which modulation method should be used?
• Should a frequency band other than 5–65 CPI be

explored?
• Which scale factor values (a in Eq. (1)) are most

appropriate?
• Do we need to preserve specular highlights while

modulating bumpiness?

Method 1 versus method 2: We inspected the images
modulated with bothmethods and observed that bothmeth-
ods perform relatively the same in suppressing the bumpi-
ness. However, suppression by method 1 is not as effective
as method 2 for images with relatively low bumpiness
and smooth surfaces. This is consistent with the findings
by Manabe et al. [9]. However, this is negligible in this
study since we primarily focus on images with moderate to
high bumpiness. On the other hand, method 2 is prone to
more artifacts while method 1 retains a more natural look.
Therefore, we decided to focus on method 1 in this study.

Exploring other frequency bands: In this experiment,
the frequency bandwas extended from5–65 to 5–150, 5–300,
and 5–500 to understand how varying the high-frequency
range would affect themodulation process.We observed that
adding higher frequencies in bumpiness suppression resulted
in subtly smoother textures, which were hardly noticeable
even when inspecting the close-up images; on the other
hand, it produced more noise and artifacts when enhancing
bumpiness. Therefore, the final decisionwas to continuewith
the original 5–65 frequency range. This also enables us to
compare the results with that of Manabe et al. [9].

Choosing suitable scales: The next important pro-
cess was to determine the scale factors (parameter a) to
suppress/enhance bumpiness. It was important to have
levels that produced perceptually different results from one
another. We first experimented with the step of 0.25 in the
range (0.25–1.75); however, the step size was insufficient to
produce substantial perceptual differences for some images.
Eventually, after a pilot study, we chose the step of 0.375, and
the final scaling factors were 0.25, 0.625, 1 (original), 1.375,
and 1.75.

Preserving highlights while modulating bumpiness:
By inspection of the images, we concluded that filtering the
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Figure 2. Example of modulation methods 1 (top row) and 2 (bottom row).
The respective scales for each method are written below each image.
Reproduced from [9].

Figure 3. (a) Original image; (b) its corresponding detected mask;
(c) masked (highlight-preserved) bumpiness suppression; (d) non-masked
version of the same modulation. Reproduced from the dataset published
by Sawayama et al. [29].

entire image blurred specular reflections, which may affect
the naturalness of the image. Furthermore, as discussed in
Section 1, specular reflections may play a crucial role in
translucency perception. A smoother surface does not pro-
duce identical specular reflections as its bumpy counterpart.
Hence preserving highlights from the bumpier surface when
bumpiness is suppressed is not physically accurate, but this
allowed us to test whether the method could be extended
to translucency editing, where specular reflections remain
intact and only subsurface scattering changes. Therefore,
we decided to include both versions: either filtering the
entire image or preserving specular highlights and filtering
non-specular components only.

We used a highlight detection technique to isolate the
specular highlights. This is done only for those images that
have specular reflections. Preserving highlights is achieved
by detecting them and creating a binary mask of specular
and non-specular regions. This mask helps isolate the areas
that need to remain unaffected by the modulation. Then,
we integrated the mask into the modulation pipeline to
selectively manipulate the images and only modulate the
non-specular regions while keeping the specular parts intact.
After modulating the non-specular parts, the image is
transformed back to the spatial domain, and then the mask
is used again to overlay the original specular regions onto the
modulated image.

In the following sections, we refer to images modulated
with highlights preserved as masked modulated images
and those without highlight preservation as non-masked
modulated images. Figure 3 is an example of this workflow.

It is important to note that the unnatural blurriness only
happens in the suppression of bumpiness; the preservation of

Figure 4. Original images used in the experiment. Image 9,
Michelangelo’s St. Matthew, can be found in Fig. 7(d) of Motoyoshi’s
work [26].

highlights was also analyzed when bumpiness was amplified.
However, when bumpiness is enhanced, the highlights stay
the same as the scale factor increases. Therefore, there was no
need to preserve the highlights. Thus, masked versions were
used only when the scale factor was less than 1.

To detect highlights, we used a machine-learning-
based method from the literature [30]. The method utilizes
SHDNet, a convolutional neural network, which extracts the
features at multiple resolutions through a Feature Pyramid
Network and captures both fine details and larger contextual
information, enabling it to accurately identify highlights of
various sizes and shapes while distinguishing them from
other non-specular bright areas.

3.2.1 Dataset
The images used in this study are presented in Figure 4.
In total, 19 original 500× 500 pixel images were used. We
wanted to cover different types of images: real photographs,
images rendered with traditional computer graphics, and
generative AI models. Therefore, we used royalty-free, free-
to-use images from Unsplash [31–33], computer-generated
images from the literature [26, 29], and images generated by
us with DALL-E. They cover many material types (glossy,
matte, translucent, metallic) and bumpiness levels.

Seven imagesweremodulated in five levels of bumpiness
(scale factors of 0.25, 0.625, 1, 1.375, 1.75) with 1 being the
original image itself while the other twelve, in addition to
the five levels, have other two levels of 0.25 and 0.625 with
highlights preserved, making the images 119 in total.

3.3 Experimental Design
Three psychophysical experiments were conducted to
evaluate bumpiness, naturalness, and translucency of the
modulated images. Before each experiment, observers were
given instructions including definitions of the evaluated
attributes.

Naturalness was defined following the work of Drago
et al. [34] in which they referred to it as the ‘‘degree to which
the image resembled a realistic scene’’; this definition was
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also used by Kadyrova et al. [35] in the natural perception
of 2.5D prints, which would be close to the samples we are
using. The following definition was given to our observers:
‘‘Naturalness refers to how close the image is to a realistic rep-
resentation of the image, based on your subjective opinion.’’
Observers were asked to rate the naturalness of each image
on a Likert-like scale of 1–5, with 1 being unnatural and 5
being natural. Bumpiness was defined as the ‘‘texture and
surface irregularities you perceive.’’ Observers were asked
to rate the bumpiness of each image, again on a scale of
1–5, with 1 being very smooth and 5 being very bumpy.
Translucency was defined alongside some examples to make
the definition clear for observers. The following definition
was given: ‘‘Translucency occurs between two extremes
of complete transparency and complete opacity. The phe-
nomenon happens due to the subsurface scattering of light
within the material. Think of materials such as wax, human
skin, gummybear, and etc.’’We alsomade sure that observers
understood whatmore translucent and less translucent mean,
more translucent being ‘‘further away from opacity.’’ On a
scale of 1–5, 1 was low and 5 was high translucency.

To avoid observer exhaustion, naturalness and bumpi-
ness experiments were conducted in one sitting, taking
around 30–40 minutes per observer, and the translucency
experiment was carried out in another session, taking
around 20 minutes. This design choice also helps to mitigate
potential memory effects. On a gray background, 119
images were shown in random order with one-second delay
between each. Observers had time to freely observe and
rate each image. The distance between the observer and the
display was 50 cm. The experiments were hosted on the
QuickEval platform [36] and were conducted in a controlled
environment; in a dark room and on color-calibrated
BenQ SW321C display, with a resolution of 3840 × 2160,
calibrated to sRGB with a gamma value of 2.2, brightness
of 80 cd/m2, and white point D65. Sixteen observers, eight
female and eight male, with an average age of 24.93 years,
participated in the experiment. All of them had normal or
corrected-to-normal visual acuity and normal color vision.

3.4 Image Quality
Finally, to evaluate how bumpiness editing affects the quality
of the images, we analyzed the images with objective image
quality metrics. To this end, we chose 12 quality metrics
that include both full-reference and no-reference metrics,
with some metrics measuring quality in the spatial domain
and some in the frequency domain. The metrics are Mean
Squared Error (MSE) [37], Structural Similarity (SSIM) [38],
Multiscale Structural Similarity (MS-SSIM) [39], Feature
SIMiliarity Index (FSIM) [40], Local Entropy Difference
(EntropyDiff) [41], Haar wavelet-based Perceptual Simi-
larity Index (HaarPSI) [42], Multiscale Gradient Wavelet
(MSGW) [43], image blur metric [44], Cumulative Probabil-
ity of BlurDetection (CPBD) [45], Blind/Referenceless Image
Spatial Quality Evaluator (BRISQUE) [46], Natural Image
Quality Evaluator (NIQE) [47], and Perception-based Image
Quality Evaluator (PIQE) [48].

Figure 5. Editing results for images where masked version was not used.
From left to right, a equals 0.25, 0.625, 1 (original), 1.375, and 1.75,
respectively.

4. RESULTS ANDDISCUSSION
We first present the results of each of the three experiments,
followed by the image quality analysis.

4.1 Inter-observer Agreement
First, we evaluated agreement among 16 observers. For this,
we calculated two common metrics: Fleiss’s kappa [49] and
Kendall’s coefficient of concordance W [50]. The former
ranges from −1 to 1 while the latter ranges from 0 to 1,
where 1 corresponds to perfect agreement in both cases.
Fleiss’s kappa was 0.08, 0.14, and 0.19 (0.05 significance level;
p< 0.01) for naturalness, bumpiness, and translucency ex-
periments, respectively, indicating slight agreement. Kendall’s
W was 0.36 for naturalness, 0.55 for bumpiness, and 0.67 for
translucency (0.01 significance level; p < 0.01), indicating
fair, moderate, and good agreement among observers, respec-
tively. Bothmetrics showed that translucency was ratedmost
consistently while naturalness varied most among observers.

4.2 Impact of Bumpiness Scale Factor on Perceptual
Attributes
Figures 5 and 6 illustrate the results that show that the
method has been successful in editing bumpiness as well as
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Figure 6. Editing results with and without highlight preservation [29]. The
number corresponds to the value of a.

translucency while some artifacts impacting image quality
might be noticeable. Figure 7 presents the results of the three
psychophysical experiments. Themean opinion score (MOS)
given by observers is calculated across all images with a given
bumpiness scale factor a. The figure illustrates MOS as a
function of a. It is worth mentioning that when suppressing
bumpiness (a < 1), we had two separate scores for the
majority of the images—for the two versions with and with-
out preserving specular highlights, respectively. The results
for bumpiness and naturalness are largely consistent with
those reported by Manabe et al. [9]. Bumpiness increases
as the scale factor increases, which demonstrates that the
method can effectively suppress or enhance bumpiness, and
the results reported by Manabe et al. could be successfully
reproduced on the same images used in the original study as
well as replicated on a completely different set of images.

As for naturalness, it is the highest for the original, un-
processed images, which is similar to the results by Manabe
et al. However, unlike the previous work, we observed

asymmetry in the magnitude of naturalness changes—
naturalness drops more when bumpiness is suppressed
rather than when enhanced. This can be explained by two
factors: first, the difference in processed images, since the
effects can be context-dependent, as also acknowledged by
Manabe et al. [9]; second, we used a different range of scale
factors—covering more extreme values of 0.25 and 1.75 that
were not included by Manabe et al., which makes the result
hard to compare directly.

The magnitude of possible bumpiness manipulation
seems to be content-dependent. For instance, in Figure 8, we
see that for Image Awith opaquematerial and a higher initial
value of perceived bumpiness, bumpiness can be enhanced
as well as suppressed successfully while for Image B with
translucent material and low perceived bumpiness, little
room remains to further suppress its bumpiness. Generally,
translucent material makes it hard to suppress perceived
bumpiness.

The overlap between 95% confidence intervals for
masked and unmasked images indicates that highlight pre-
servation has no significant impact on naturalness and
bumpiness. Both values were slightly higher for highlight-
preserved images when extreme suppression (a= 0.25) was
applied.

Overall, the observers have rated images relatively low
in naturalness. This can be explained by the high number of
synthetic images in the dataset. As many observers had prior
experience with computer graphics, it may have been hard
for them to associate the images with real textures found in
nature. For instance, the images 18 and 19 in Fig. 4 had a
naturalness rating of around 2.5 even for the originals while
it was 4 for a photograph shown as image 3 in the same figure.

The plot shows a clear trend for translucency—the lower
the bumpiness scale factor, the higher the perceived translu-
cency. Furthermore, as hypothesized, the magnitude of
translucency is significantly higher when specular highlights
are preserved. Highlight preservation seems to be substantial
for translucency. This is consistent with the state-of-the-art
knowledge on image cues for translucency perception [1].
The method introduces darker shadows and higher contrast,
which leads to low perceived translucency scores when
enhancing bumpiness. Moreover, when the scale factor is
decreased (suppressing bumpiness), images get blurrier with
lower contrast, which is a strong cue to translucency, leading
to higher perceived translucency scores.

4.3 Correlation between Perceived Bumpiness and
Translucency
Figure 7 indicates that the bumpiness scale factor has a strong
positive and negative correlation with perceived bumpiness
and perceived translucency, respectively. We calculated
Pearson’s Linear Correlation Coefficient (PLCC) between
the pairs of perceived bumpiness and translucency values
for each image included in the dataset and found a strong
negative correlation of −0.88. Figure 9 further supports our
hypothesis that there is a negative linear correlation between
the two parameters (R2

= 0.77 for the linear model).

J. Imaging Sci. Technol. 6 Sept.-Oct. 2025



Arfaie Oghani et al.: The lower the bumps, the higher the translucency: how editing perceived bumpiness affects material appearance

Figure 7. Mean opinion score (MOS) as a function of bumpiness scale factor a. The scores are averaged across 16 observers and all images with the
same a. Red and blue markers signify versions with and without highlight preservation, respectively. Whiskers correspond to 95% confidence intervals.
Naturalness is highest for the original. Near-linear relationship is apparent for bumpiness and translucency.

Figure 8. The effectiveness of bumpiness editing is content-dependent.
Opaque and highly bumpy objects leave more room for bumpiness
manipulation, unlike highly translucent materials. Images from [29].

Figure 9. Perceived translucency as a function of perceived bumpiness.
Each data point corresponds to each of the 119 images. The dotted line
is the curve of the best linear fit.

4.4 Image Quality
To study the relation between the MOS and the mentioned
objective image quality metrics, we computed the Spearman

Rank Order Correlation Coefficient (SROCC), a popular
measure of studying correlation in image quality. Table I
shows the SROCC values of the metrics for each image at-
tribute. The results show that most of the full-reference met-
rics can capture the naturalness of the images (SROCChigher
than 50%) while they struggle to predict bumpiness and
translucency. The highest SROCC among all the metrics for
all of the attributes belongs to MSGW, a full-reference image
quality metric, because this metric measures the image gra-
dient differences, which are in relation to the blurring of the
produced images. For full-reference image quality metrics,
the reference is the image with a scale factor of 1—usually,
the larger the deviation of the applied scale factor from 1, the
lower the image quality (i.e., similarity to the reference). This
was anticipated, and the full-reference image quality metrics
could potentially be utilized to estimate the magnitude of
applied bumpiness editing wherever the ground truth value
of a scale factor or another editing parameter used in the pro-
cess is not disclosed. The analysis of the CPBDmetric scores
shows a very varied range of scores from 0.099 to 0.879 (with
a standard deviation of 0.195), which shows the sensitivity of
this no-reference metric to the content of images.

Moreover, we calculated the correlations in terms of
PLCC, the Kendall Rank Order Correlation Coefficient, and
RMS error values across all metrics for all the measured
attributes. The results of these measures are aligned with
what we notice in SROCC’s results. It is more interesting to
analyze the results of no-reference image quality metrics and
check whether the original is the one with the highest quality
(which was indeed the case for full-reference metrics).

Figure 10 shows the scores of the NIQE no-reference
metric for masked and non-masked images separated by
scale factors. The colors show the different scale factors,
and the images highlight preservation differentiation. We
chose NIQE to present the results since this metric measures
predictable statistical patterns of image patches and their
Mahalanobis distance from high-quality images. In NIQE,
a smaller score indicates a higher image quality. The scores
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Table I. The SROCC values of image quality metrics for the measured perceptual attributes. The full-reference metrics are marked in blue and the no-reference metrics in yellow.

Figure 10. The NIQE scores for all the images across different scale factors. Blue, red, yellow, purple, green, cyan, and maroon bars correspond to
masked 0.25, masked 0.625, 0.25, 0.625, 1, 1.375, and 1.75 scale factors, respectively. Lower score means higher quality. Scale factor 0.25 often
produces the lowest quality while the others do not substantially differ from the original. However, the trend varies from image to image and illustrates the
content-dependent nature of filtering’s impact on image quality.

of the different scale factors as they increase indicate a
non-linear relationship. The differences between the scores
of the same scale factor show the role that the content of
images plays in their quality. This quality score difference is
also repeated for the other quality metrics we studied.

The originals of AI-generated images (8, 10, and 11 in
Fig. 4) have lower quality than photographs (1–3). Image 1
with a smoother luminance gradient has overall high quality,
but the original is not always the one with the best quality as
for this image, whose quality further improves by suppressing
bumpiness. On the other hand, when the original contains
noise and high contrast black-and-white patterns (4 and 8),
its quality can degrade further when suppressing bumpiness
(i.e., decreasing sharpness and retaining substantial noise).
For some chromatic images (e.g., image 7), the original may
have high quality, but bumpiness suppression may produce
unnatural chromatic artifacts and degrade its quality. The
pattern varies among images, but the data is not sufficient
to identify generalizable content-dependence trends from 19
images. Content dependence needs a rigorous, independent
experiment in the future.

5. CONCLUSION
The image cues responsible for perceiving translucency and
surface bumpiness bear substantial similarities. Therefore,
we hypothesized that a recent image processing method
proposed for enhancing or suppressing perceived bumpiness
in digital images should have affected perceived translucency

of thematerials. For this purpose, we created a diverse dataset
of images with different types of materials, natural and syn-
thetic textures, and conducted psychophysical experiments
to scale perceived bumpiness and translucency. The results
provided strong evidence in support of our hypothesis, in-
dicating a strong negative linear correlation between the two
attributes. Furthermore, we found that the impact on translu-
cency is stronger when keeping specular highlights intact,
which is consistent with the existing literature. We need to
account for this factorwhen the objective is to edit bumpiness
without affecting material appearance. On the other hand,
the methodology can be used alone for editing perceived
translucency in digital images. However, subjective and
objective evaluations conducted by us have shown that the
method may affect perceived naturalness and image quality.

The study comes with several limitations: first, even
though we tried to cover a broad range of textures and ma-
terials, we observed that the effects are content-dependent,
so generalization of the findings should be made with care;
besides, the majority of the observers had background
in color imaging or computer graphics, which may have
affected their judgments in comparison to naïve observers.

Our current findings reveal a perceptual trend that is
likely not limited to one particular editingmethod. However,
future work should explore other methods for bumpiness
editing, including rendering with 3D normal maps. The
future work should also focus on creating a larger and
more diverse dataset, incorporating a broader range of
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material types. It is important to further investigate content
dependence on results—both in terms of objective optical
properties of the depicted material and geometric resolution
of edited bumps as well as the role of high-level semantic as-
sociations. Finally, the correlation of bumpiness and translu-
cency with other visual attributes, such as gloss and color, as
well as the relationship between subjective naturalness and
objective image quality metrics also merits further study.
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