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This document offers additional information and details on the
following topics:

e (S1) Additional details on the experimental design (Sec. 3 in
the main paper).

o (S2) Additional results from the statistical analysis (Sec. 4 in
the main paper).

o (S3) Perceptual embeddings for different sets of geometries
and illuminations, featuring different combinations of our
attributes (Sec. 5 in the main paper).

o (S4) Additional figures and data related to the statistical anal-
ysis (Sec. 4 in the main paper).

e (S5) Additional BRDF editing results (Sec. 6 in the main paper).

S 1. ADDITIONAL DETAILS ON EXPERIMENTAL DE-
SIGN

Our goal is to characterize the perceived appearance of a wide
variety of materials under different geometries and illuminations for
which we have rendered 42,120 different images covering different
materials, illuminations, and geometries. We describe in this section
our stimuli and procedure for crowdsourcing perceptual data.

1.1 Stimuli

Materials We include 520 measured BRDFs, mostly focusing on
isotropic appearances (389 BRDFs). We also include (131) anisotropic
materials for further analysis. We initially include 100 materials
from the MERL dataset [Matusik et al. 2003], 62 from the RGL
dataset [Dupuy and Jakob 2018] (from which 11 are anisotropic),
and 150 from the UTIA [Filip and Vavra 2014] dataset. From the
UTIA dataset, we select the 50 materials with higher anisotropy ef-
fects and compute their isotropic equivalents [Filip 2015], in order to
allow comparisons between perceived attributes with and without
anisotropy. Then, in order to complete our dataset, we use the work
of Sun et al. [2018] to perform edits over MERL BRDFs in a compact
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model, including mixing diffuse and specular components of differ-
ent BRDFs, and random edits of diffuse hue, diffuse saturation, and
specular hue. Finally, in order to balance the presence of different
appearances, we use the work of Lagunas et al. [2019] to perform
clustering of all these materials by similarity. We detected a very
large amount of diffuse brown-black materials present in the UTIA
dataset, therefore, we decided to keep only 120 materials from UTIA,
and complement the dataset with more specular materials coming
from our MERL edits. This results in 520 materials (100 MERL, 62
RGL, 120 UTIA, 50 isotropic UTIA, and 188 MERL edits).

Rendering We use Mitsubal for rendering our stimuli. Details are
shown in Tab. S1.

Table S1. Rendering details of the dataset

Item Information
Software Mitsubal v0.6.0
Resolution 1024 x 1024
Integrator path

Sensor film hdrfilm
Sensor sample count 1024

Integrator maximum depth 32
Saved channels 10 = color (3) + depth (1) + albedo (3) + normal (3)
815 G for all channels in .exr format

Storage 32 G for color channels in .jpg format

1.2 Methods

Procedure We implemented a web interface for performing our
perceptual survey. Fig. S1 shows screenshots of this interface, dis-
playing several stages of the survey (introduction, attribute explana-
tion, training, and an example trial). Before launching our large-scale
study, we ran several iterations of a pilot with a subset of our dataset
in order to refine the interface and explanations given to the par-
ticipants, as well as to check that the chosen attributes were well
understood and meaningful to them. After this procedure, the agree-
ment between users for our selected attributes (computed as the
percentage of agreement to the majority) was very high (between
0.85 and 0.92), and manual inspection of their answers showed that
they did understand the attributes they were being asked to rate,
therefore, we moved to the large-scale study. Before starting the
survey, the task and different attributes were explained to the par-
ticipants, and to allow them to familiarize with the interface and
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minimize worker unreliability [Welinder et al. 2010] a short train-
ing session with obvious examples (not part of our tested stimuli)
was presented. We also collected demographic information: gender
(male - female - other - prefer not to answer), age, display used for
the survey (computer - tablet - smartphone), knowledge of computer
graphics, experience with design or modeling software, and artistic
knowledge or experience (none - basic - intermediate - professional).
Similar to previous works [Serrano et al. 2016; Zell et al. 2015; Zhang
et al. 2020] we chose a Likert rating task, which offers a good trade-
off between the amount of needed trials and difficulty of the task.
We chose to use a seven-point Likert scale since they offer a good
balance between granularity and complexity [Nunnally 1994]. The
extremes of the scales were labeled as "not at all" and "a lot". Each
perceptual survey consisted of 20 images selected randomly from
our pool and 3 control images containing one very diffuse material
and two very specular materials displayed at a random order within
the survey. We use these images to detect inattentive or malicious
participants: data from a participant is discarded if the response for
the diffuse material is very glossy (glossiness > 3) or the responses
for the specular ones are not glossy at all (glossiness < 5). We re-
jected 11% of the participants. We obtained 215,680 valid responses,
from which we ensure that each image has at least 5 views.

S 2. ADDITIONAL RESULTS FROM THE STATISTICAL
ANALYSIS

2.1 Image statistics

In addition to geometry and shape statistics reported in the main
paper,we also compute low-level statistics and mid-level features of
the final image and try to use these features as predictors for changes
in the attribute ratings. Based on previous literature we compute
the following low-level statistics: high-frequency content, wavelet
coefficient sparsity, mean, standard deviation, skewness, kurtosis,
and maximum and minimum [Toscani et al. 2017] (computed as the
90 and 10 percentile, respectively), and mid-level features: sharpness,
contrast and coverage of highlights [Marlow and Anderson 2013].
Note that we compute these statistics only in the surfaces of interest,
and we do not take into account the background. We then use these
statistics as predictors for changes in the attribute ratings via elastic
net regression [Kuhn et al. 2008]. The coefficients of this regression
(proportional odds ratios) correspond to the expected change in the
ratings for changes in each of the corresponding predictor variables
while holding the other predictors constant, therefore we use them
as indicators of the importance of each predictor.

Glossiness These predictors explain 46% of the variance in glossi-
ness, with the strongest predictors being the minimum and the
standard deviation. Although we have found skewness to also be
strongly related to changes in glossiness, recent work has suggested
that the standard deviation (as a measure of contrast) may cor-
relate better with perceived gloss than skewness for realistic im-
ages [Wiebel et al. 2015]. Our images depict real-world illuminations
with complex shapes: we found that in our case, standard devia-
tion also has a stronger contribution in the prediction of gloss. The
specular lowlights have been shown to strongly contribute to the
appearance of gloss [Kim et al. 2012]. The gradients (indicative of
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sharpness) also play a strong role in predicting glossiness. This
is in agreement with previous research suggesting that mid-level
perceptual features such as the coverage, contrast, and sharpness
of specular highlights (which are related to intensity gradients) as
good predictors for perceived gloss [2013].

Lightness The tested predictors explain 25% of the variance in per-
ceived lightness, with the strongest predictors being the minimum,
maximum, mean, and skewness. Although less research has been
devoted to lightness perception, several works have shown that it
may be also correlated with image skewness [Motoyoshi et al. 2007;
Sharan et al. 2008]; our data also shows this correlation. Maximum,
minimum, and mean luminance also play a important role in the
perception of lightness, as expected.

Metallicness In this case, predictors explain 38% of the variance
of metallicness, with the strongest ones being the same as for glossi-
ness: minimum, and standard deviation. We hypothesize that in
our study, observers associated metallicness to color, and therefore
in this case, the percentage of variance explained with the tested
predictors is lower than for glossiness.

Although the experiments of Motoyoshi et al. [2007] showed that
skewness alone already explained a high variance in glossiness per-
ception, Anderson et al. [2009] showed that when a larger range
of different materials and geometry are presented, the correlation
between skewness and perceived gloss heavily drops. Marlow et
al. [2013] show a high correlation between glossiness judgments
and perceived sharpness, contrast, and coverage of highlights, al-
though as Nishida [Nishida 2019] points out, these are also outputs
of visual processing estimated from human judgments; instead, we
estimate these features directly from images. Simple models for
prediction based on simple statistics yield valuable insights but our
analysis supports that they do not explain all the variability in the
data, specially when attempting to deal with large variability in
illumination, geometry, and reflectance. This is in accordance with
previous works [Nishida 2019; Olkkonen and Brainard 2010], and it
has been recently suggested that more complex encodings of the
visual input may better explain the underlying processes of material
perception [Delanoy et al. 2020; Fleming and Storrs 2019; Lagunas
et al. 2021]. In the main paper, we rely on deep features in order to
predict perceived attributes.

2.2 Attribute correlation

We analyze Spearman rank correlations between the users’ answers
to our five reflectance attributes, shown in Figure 2. We also include
the distribution of all the raw collected data (Figures 37 and 38), as
well as correlations between our attributes (Figures 39 and 39) by
geometry and illumination.

Our perceptual data shows very high correlations among gloss-
related attributes, as well as metallicness, which is to be expected,
since they all contribute to the overall perception of gloss. These
correlations are in line with those observed by Serrano et al. [2016].
We can also observe that lightness is not completely orthogonal to
glossiness, which is in agreement with previous work [Chadwick
and Kentridge 2015; Pellacini et al. 2000; Séve 1993] since lightness
also plays a role in the perception of gloss.
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Fig. S1. Interface of our web-based online experiment for collecting perceptual ratings. In order: introduction to the experiment, explanation of the attributes,

training examples, and an example trial.
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Fig. S2. Spearman rank correlations between our six attributes for all ge-
ometries pooled (left), and for the sphere only (right). In both cases pooled
for all environment maps.

When looking at the different geometries, we can observe that
the sphere shows higher correlations for gloss-related attributes
than the rest of the geometries. This could indicate that, as already
suggested by Vangorp et al. [2007], very simple smooth surfaces do
not provide sufficient cues for discriminating more sophisticated
gloss behaviors such as sharpness of reflections, contrast gloss, or
metallicness.

2.3 Anisotropy

Due to the limited amount of measured anisotropic materials in
existing datasets, our dataset is biased towards isotropic materials.

Therefore, in order to analyze anisotropy, we select 50 anisotropic
materials from the UTIA dataset, and their isotropic counterparts.
First, we want to analyze the effect of illumination and geometry
in the perception of anisotropy. Second, we want to analyze if the
presence of anisotropy affects the perception of gloss, lightness,
and metallicness. Similarly to the previous section, we make use
of cumulative link mixed models and in this case, we additionally
include as a fixed factor a binary variable that encodes whether each
image contains an anisotropic material, and the interactions of this
variable with illumination and geometry.

For the materials tested, we found that anisotropy ratings are
only significantly different for isotropic-anisotropic pairs for the
sphere (p < 0.001), and for the illuminations (H) (p = 0.0012) and
(I) (p = 0.0039). In Fig. S3 we show an example of one of the tested
anisotropic materials for all our illuminations and geometries. Filip
et al. [2015] analyzed the perception of anisotropy for three dif-
ferent geometries (sphere, blob, and tablecloth) under point-light
illumination, and for one geometry (sphere) under a natural en-
vironment map (Grace). They found that for the sphere and blob
sensitivity to anisotropy was similar under point-light illumination,
while for the more complex shape, it dropped significantly. When
comparing the sphere under point-light illumination and the com-
plex environment map, perception of anisotropy heavily decreased
for the latter. Although our experimental design is different (they
used pairwise comparisons and we use single rating), we found
the same trends in our data, however in our case, only the sphere
shows significant differences: this may be due to the differences
in experimental design, or simply due to the higher complexity of
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Fig. S3. Examples of our nine illuminations (top) and geometries (bottom) with the material fabric002 from the UTIA dataset. In our experiment, we included
50 materials from the UTIA dataset, and their isotropic counterparts: we found that users could only consistently identify anisotropy (significant differences
between anisotropic-isotropic pairs) for the sphere, and two of our illuminations (marked in orange).

our environment maps. Interestingly, we found that some environ-
ment maps (H and I), even though complex, allow for consistently
identifying anisotropy. These two environment maps, even though
very different at first sight, correspond to the lowest I;req, and the
highest Irgnge, i.e., they contain point-like light sources. We show
that these two statistics are highly correlated to the perception of
anisotropy.

We did not find significant differences in glossiness, metallic-
ness, and lightness under the presence of anisotropy. However, note
that of these 50 BRDFs only some feature strong anisotropy (as
shown in Fig. S3), while others have more subtle anisotropy: In this
analysis, we focus on deriving general trends, but further analysis
could be performed in our data, e.g., the analysis could be restricted
to individual anisotropic materials, and the relationship between
strength of anisotropy and whether it is visible or not for different
combinations of envmap and geometry could be further studied.

After these results, we limit the anisotropy attribute only to this
analysis, and we do not include it for prediction. Unfortunately, cur-
rent datasets of measured materials do not contain enough variety
of anisotropic materials, and therefore, our data is biased towards
isotropic materials. Additionally, most of these anisotropic materials
show very subtle effects, and are hard to see for most geometries
even for human observers, as we have shown in this section. This
produces unreliable results for anisotropy estimation as shown in
the main paper.

S 3. PREDICTOR

In this section we include additional results for the predictor and
perceptual embeddings for different sets of geometries and illumi-
nations, featuring different combinations of our attributes.

3.1 Predictor Results

We provide more predictor results with all attributes to demonstrate
the effectiveness of our predictor.
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Predictions for Different Points of View
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3.1.2  Predictions for increasing surface relief
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3.1.3  Predictions for Increasing Blurry Environment Map
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3.2 Embedding Results

In this section we show additional embeddings for various datasets
including: Lagunas et al., our validation dataset, and a few addi-
tional datasets with geometries and illuminations never seen during
training. The embeddings show the relationship between attributes:
lightness-glossiness, glossiness-sharpness of reflections, glossiness-
metallicness, and metallicness-contrast of reflections.

3.2.1 Embeddings for the Lagunas et al. dataset
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Fig. S7. Lightness-glossiness embedding generated from our predictor with geometry Einstein.
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Fig. S9. Glossiness-metallicness embedding generated from our predictor with geometry Einstein.
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Fig. S11. Lightness-glossiness embedding generated from our predictor with geometry Lucy).
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3.2.2  Embeddings for our validation dataset
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Fig. S15. Glossiness-metallicness embedding generated from our predictor.
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contrast of reflections

Fig. S16. Metallicness-contrast of reflections embedding generated from our predictor.
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3.2.3 Embeddings for additional datasets We test our predictor with
additional images rendered from more environment maps and ge-
ometries. We name them after their illumination and geometries:
ennis-centaur, ennis-ganesha, pisa-centaur, pisa-ganesha, and pisa-
sphere.
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Fig. S17. Lightness-glossiness embedding generated from our predictor (ennis-centaur).
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glossiness

Fig. S18. Glossiness-sharpness of reflections embedding generated from our predictor (ennis-centaur).
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Fig. S19. Glossiness-metallicness embedding generated from our predictor (ennis-centaur).
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glossiness

Fig. S21. Lightness-glossiness embedding generated from our predictor (ennis-ganesha).
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glossiness

Fig. S23. Glossiness-metallicness embedding generated from our predictor (ennis-ganesha).
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contrast of reflections

Fig. S24. Metallicness-contrast of reflections embedding generated from our predictor (ennis-ganesha).
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glossiness

Fig. S25. Lightness-glossiness embedding generated from our predictor (pisa-centaur).
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glossiness

Fig. S26. Glossiness-sharpness of reflections embedding generated from our predictor (pisa-centaur).
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glossiness

Fig. S27. Glossiness-metallicness embedding generated from our predictor (pisa-centaur).
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0.8

contrast of reflections

Fig. S28. Metallicness-contrast of reflections embedding generated from our predictor (pisa-centaur).
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glossiness

Fig. S29. Lightness-glossiness embedding generated from our predictor (pisa-ganesha).
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glossiness

Fig. S30. Glossiness-sharpness of reflections embedding generated from our predictor (pisa-ganesha).
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glossiness

Fig. S31. Glossiness-metallicness embedding generated from our predictor (pisa-ganesha).
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contrast of reflections

Fig. $32. Metallicness-contrast of reflections embedding generated from our predictor (pisa-ganesha).
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Fig. S33. Lightness-glossiness embedding generated from our predictor (pisa-sphere).
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Fig. S35. Glossiness-metallicness embedding generated from our predictor (pisa-sphere).
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S4. STATISTICAL ANALYSIS

In this section we include additional information about the data
and fitted models for the statistical analysis described in Section 4

in the main paper. In particular, we include the collected raw data,
correlations, fitted cumulative mixed models, predicted probabilities

for each rating, and the estimated mixed effects of user and material.

Collected data
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Likert responses (1-7) for attributes by illumination
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4.2 Models for each attribute
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4.3 Analysis

4.3.1 Glossiness
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Fig. S46. Predicted probabilities for glossiness as a function of geometry and illumination.
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Fig. S47. Estimated mixed effects of material for the glossiness attribute.
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Fig. S48. Estimated mixed effects of user for the glossiness attribute.
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4.3.2  Sharpness of reflections
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Fig. S51. Estimated mixed effects of user for the sharpness of reflections attribute.
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4.3.3 Contrast of reflections
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Fig. S53. Estimated mixed effects of material for the contrast of reflections attribute.
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Fig. S54. Estimated mixed effects of user for the contrast of reflections attribute.
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Fig. S56. Estimated mixed effects of material for the lightness attribute.
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Fig. S57. Estimated mixed effects of user for the lightness attribute.
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Fig. S59. Estimated mixed effects of material for the metal
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Fig. S60. Estimated mixed effects of user for the metallicness attribute.
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S 5. BRDF EDITING

In this section we include additional data on the BRDF editing
application described in Section 6.

Fig. S61 shows material appearance editing results given target
glossiness 0.1, 0.3, 0.5 and 0.9 from left to right for the gold-metallic-paint
in MERL on blob geometry under St. Peter’s Basilica environment
map.

Fig. S62 shows the material appearance editing results given target
glossiness 0.1, 0.3, 0.5 and 0.9 from left to right for the gold-metallic-paint
in MERL on blob geometry under St. Peter’s Basilica environment
map.
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Table S2. BRDF editing results

ljrlj\lr)irlj)nment map target glossiness  distribution alpha eta k specular_reflectance
geometry
0.7195 (fitted) ggx 0.2569 (0.1889, 0.2069, 0.1581)  (0.0959, 0.0831, 0.0632)  (0.0836, 0.0760, 0.1694)
blue-metallic-paint 0.1 ggx 0.6248 (0.1889, 0.2069, 0.1581)  (0.0959, 0.0831, 0.0632)  (0.0836, 0.0760, 0.1694)
St. Peter’s Basilica 0.3 ggx 0.4866 (0.1889, 0.2069, 0.1581)  (0.0959, 0.0831, 0.0632)  (0.0836, 0.0760, 0.1694)
blob 0.5 ggx 0.3902 (0.1890, 0.2069, 0.1581)  (0.0959, 0.0831, 0.0632)  (0.0836, 0.0760, 0.1694)
0.9 ggx 0.0752 (0.1890, 0.2069, 0.1581)  (0.0959, 0.0831, 0.0632)  (0.0836, 0.0760, 0.1694)
0.7533 (fitted) ggx 0.2651 (0.0000, 0.2738, 0.0543)  (0.0118, 0.1124, 0.0000)  (0.2668, 0.2054, 0.0626)
gold-metallic-paint 0.1 gegx 0.6983 (0.0000, 0.2738, 0.0543)  (0.0118, 0.1124, 0.0000)  (0.2668, 0.2054, 0.0626)
St. Peter’s Basilica 0.3 ggx 0.5258 (0.0000, 0.2738, 0.0543)  (0.0118, 0.1124, 0.0000)  (0.2668, 0.2054, 0.0626)
blob 0.5 gex 0.4206 (0.0000, 0.2738, 0.0543)  (0.0118, 0.1124, 0.0000)  (0.2668, 0.2054, 0.0626)
0.9 ggx 0.0875 (0.0000, 0.2738, 0.0543)  (0.0118, 0.1124, 0.0000)  (0.2668, 0.2054, 0.0626)
0.6549 (fitted) ggx 0.2817 (0.3277, 0.3072, 0.3423)  (0.1755, 0.3494, 0.0942)  (0.0647, 0.2180, 0.1486)
green-metallic-paint 0.1 gex 0.6410 (0.3277, 0.3072, 0.3423)  (0.1755, 0.3494, 0.0942)  (0.0647, 0.2180, 0.1486)
St. Peter’s Basilica 0.3 ggx 0.4871 (0.3277, 0.3072, 0.3423)  (0.1755, 0.3494, 0.0942)  (0.0647, 0.2180, 0.1486)
blob 0.5 gex 0.3750 (0.3277,0.3072, 0.3423)  (0.1755, 0.3494, 0.0942)  (0.0647, 0.2180, 0.1486)
0.9 ggx 0.0707 (0.3277, 0.3072, 0.3423) ~ (0.1755, 0.3494, 0.0942)  (0.0647, 0.2180, 0.1486)
blue-metallic-paint
Grace Cathedral 0.9 gex 0.0542  (0.1889, 0.2069, 0.1581)  (0.0959, 0.0831, 0.0632)  (0.0836, 0.0760, 0.1694)
blob
blue-metallic-paint
St. Peter’s Basilica 0.9 ggx 0.0080 (0.1889, 0.2069, 0.1581)  (0.0959, 0.0831, 0.0632)  (0.0836, 0.0760, 0.1694)

sphere
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Table S3. Validation on images rendered by analytical models

Surface scattering models  distribution reflectance material diffuseReflectance

N/A gray (102,102, 102) N/A N/A

N/A red (254,39, 18) N/A N/A

N/A yellow (255,239, 0) N/A N/A
diffuse N/A green (0,128, 0) N/A N/A

N/A blue (102, 153, 204) N/A N/A

N/A black (24, 24, 24) N/A N/A

N/A white (245, 245, 242) N/A N/A

gex gray (102,102, 102) N/A N/A

gex red (254, 39, 18) N/A N/A

ggx yellow (255, 239, 0) N/A N/A
roughdiffuse ggx green (0,128, 0) N/A N/A

ggx blue (102, 153, 204) N/A N/A

ggx black (24, 24, 24) N/A N/A

gex white (245, 245, 242) N/A N/A

N/A N/A N/A gray (102,102, 102)

N/A N/A N/A red (254, 39, 18)

N/A N/A N/A yellow (255, 239, 0)
plastic N/A N/A N/A green (0,128, 0)

N/A N/A N/A blue (102, 153,204)

N/A N/A N/A black (24, 24, 24)

N/A N/A N/A white (245, 245, 242)

gex N/A N/A gray (102,102, 102)

ggx N/A N/A red (254, 39, 18)

ggx N/A N/A yellow (255,239, 0)
roughplastic ggx N/A N/A green (0,128,0)

ggx N/A N/A blue (102, 153, 204)

ggx N/A N/A black (24, 24, 24)

ggx N/A N/A white (245, 245, 242)

N/A N/A N/A gray (102,102, 102)

N/A N/A N/A red (254, 39, 18)

N/A N/A N/A yellow (255,239, 0)
ward N/A N/A N/A green (0,128, 0)

N/A N/A N/A blue (102, 153, 204)

N/A N/A N/A black (24, 24, 24)

N/A N/A N/A white (245, 245, 242)

N/A N/A Gold (Au) N/A

N/A N/A Silver (Ag) N/A
conductor N/A N/A Aluminium (A1) N/A

N/A N/A Copper (Cu) N/A

ggx N/A Gold (Au) N/A

ggx N/A Silver (Ag) N/A
roughconductor ggx N/A Aluminium (A1) N/A

ggx N/A Copper (Cu) N/A
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Fig. S61. Material appearance editing results given target glossiness 0.1, 0.3, 0.5, 0.75, and 0.9 from left to right.

Fig. S62. Material appearance editing results given target glossiness 0.1, 0.3, 0.5, 0.65, and 0.9 from left to right.
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