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Fabricated Gloss Stimuli
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Experimental Setup Perceived Gloss

Figure 1: We study differences in gloss perception between physical and displayed stimuli. We start by fabricating an extensive
set of geometries with different glossy finishes (left). We then use these models in a psychophysical experiment that compares
them to their digital counterparts (center). The results demonstrate significant differences in perceived gloss between the two
presentation methods (right). We address this gap with a new gloss management system that compensates for the observed

differences.

ABSTRACT

A good match of material appearance between real-world objects
and their digital on-screen representations is critical for many ap-
plications such as fabrication, design, and e-commerce. However,
faithful appearance reproduction is challenging, especially for com-
plex phenomena, such as gloss. In most cases, the view-dependent
nature of gloss and the range of luminance values required for
reproducing glossy materials exceeds the current capabilities of dis-
play devices. As a result, appearance reproduction poses significant
problems even with accurately rendered images. This paper studies
the gap between the gloss perceived from real-world objects and
their digital counterparts. Based on our psychophysical experiments
on a wide range of 3D printed samples and their corresponding
photographs, we derive insights on the influence of geometry, il-
lumination, and the display’s brightness and measure the change
in gloss appearance due to the display limitations. Our evaluation
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experiments demonstrate that using the prediction to correct mate-
rial parameters in a rendering system improves the match of gloss
appearance between real objects and their visualization on a display
device.

CCS CONCEPTS

« Computing methodologies — Appearance and texture represen-
tations; Perception.

KEYWORDS

glossiness perception, glossiness reproduction

1 INTRODUCTION

Appearance capture, modeling, and reproduction are essential steps
enabling computer graphics to simulate the appearance of the
physical world and render visual representations of real objects.
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Unfortunately, due to the complexity of the physical world and  in two applications. First, we show that the correction is needed to
processes governing human perception, it is often challenging to design objects with desired gloss. Second, we demonstrate that our
create images that faithfully reproduce real-world appearance. The correction improves the visualization of digitized artifacts. All data
limitations come primarily from display devices. Limited spatial is available at: https://glossmanager.mpi-inf.mpg.de.
resolution, brightness, contrast, and color are key factors that lead
to the maccura_te pre_sentat!on of rendered images. Addltlon_ally, 2 RELATED WORK
standard two-dimensional displays cannot reproduce many visual
cues, such as binocular disparity, motion parallax, and accommoda- In this section, we provide an overview of previous work on the per-
tion, which contribute to the perceived appearance. Several existing Ception of glossy materials and related perceptual experiments that
works suggest that in the presence of such limitations, an accurate directly compare physical material samples to their displayed de-
rendering of real-world objects is insu cient to reproduce their ~ Pictions. We also discuss glossy appearance fabrication techniques.
appearance on standard screens faithfully [Tanaka and Horiuchi
2015; Zhong et ak021]. The gap between the real-world and dis- Gloss perceptiolossiness is arguably one of the most impor-
played images leads to challenges in applications where an accurate tant material appearance attributes [Anderson 2011; Fleming 2017;
preview of material properties is essential. An example of such an Marlow et al 2012]. The gloss perception depends not only on the
application, and the focus of our work, is appearance fabrication; material re ectance but also on the surface geometry, and scene
a problem that is important for many disciplines such as product illumination [Serrano et al2021; Zhang et a020a]. Interactions
design, cultural heritage preservation, or prosthetic fabrication.  of these factors can change highlight coverage, brightness, and con-
One of the predominant appearance attributes is color, for which  trast, as well as modify the distinctiveness of the re ected images
appearance models, management strategies, and fabrication tech-on objects' surface. Each of these phenomena has a direct e ect
niques are well studied in the literature [Brunton et.&015; Fairchild ~ on the perceived gloss [Marlow and Anderson 2013; Marlow et al
2013; Sumin et a2019]. Surface gloss is also a vital aspect of ma- 2012]. High-contrast environment patterns, and strong directional
terial appearance and recognition [Chadwick and Kentridge 2015; lights increase the perceived gloss [Adams et2418; Dror et al
Fleming 2017; Ged et.&l010]. Despite its importance, gloss fab- 2004; Pont and te Pas 2006; Zhang e2@P0b]. Likewise, by in-
rication and a faithful preview of designs and real objects on a creasing surface curvature, the highlight intensity increases as well
standard 2D displays is a challenging task. One of the reasons for [Kim et al. 2012]. Increasing surface bumpiness typically increases

this is that gloss is highly view and illumination-dependent. The
specular re ection is slightly di erent in each eye, creating binoc-
ular cues [Obein et al004], and the dynamic range of specular
re ection is signi cantly larger than achievable on common display
devices [Phillips et al2009]. Additionally, surface gloss is modu-
lated by the structure of the object's geometry. The discrepancies
between the complexity of the gloss e ect and the limitations of

display devices become especially important when preparing de-

signs for fabrication. While the importance of gloss in material

the highlight coverage leading to stronger gloss perception. How-
ever, too ne bump structure has the opposite e ect due to reduced
distinctness of re ections and reduced contrast [Ho et 2D08;
Marlow et al 2012]. Our work considers perceived gloss di erences
between the real world and displayed images. The inclusion of a
display adds additional complexity to gloss perception. To handle
this additional challenge, we follow the guidelines for geometry
[Havran et al 2016; Serrano et 82021; Vangorp et a007] and
illumination [Adams et al 2018; Fleming et a2003; Leloup et al

perception is evident, obtaining an accurate match between the dis- 2010; Pont and te Pas 2006] selection in our psychophysical studies.

played and fabricated gloss is a little-studied but complex problem.
Furthermore, studying the di erences between physical samples
and digital reproduction remains challenging as the need to ob-
tain ground truth physical stimuli often leads to unfeasible sample
complexity.

In this work, we investigate how accurately a display can repro-

Reality vs. displayed imagdsigh delity reproduction of real-
world appearance in displayed images is an important goal in com-
puter graphics. Perceptual experiments have been performed to
formally evaluate perceived di erences between directly seen real-
world scenes and their displayed depictions. This way interesting

duce the appearance of gloss. To keep the study design feasible,insights have been gained on rendering algorithms [Drago and

we rely on the properties of the human visual system. More specif-

Myszkowski 2001; McNamara 2006; Meyer etl@B6], tone map-

ically, we assume that observers can still make consistent gloss ping [Ashikhmin and Goyal 2006; Yoshida et 2005], reproduction

judgments despite the manifold nature of gloss cues [Chadwick and
Kentridge 2015; Doerschner et 2010]. We have designed a psy-
chophysical experiment to investigate how the perception of gloss

of contrast [Yoshida et aR006], brightness [McNamara 2006], spa-
tial scene details [Masaoka et 2013], binocular disparity [Vangorp
et al 2014], and light elds [Zhong et a2021]. The most relevant

changes between physical objects and their displayed counterparts. for our work are e orts in material appearance evaluation on 2D

We measure the e ect of the glossy nish, scene illumination, sam-
ple geometry, and display brightness. Then, we perform an in-depth
statistical analysis of our collected data and show that displaying
an object does indeed have a signi cant e ect on the perceived

displays. Predominantly independent glossiness rating sessions
are performed for the real-world materials and either their pho-
tographs [Tanaka and Horiuchi 2015; van Assen et24116], or
rendered images [Filip et a2018]. In Sec. 4 we discuss these papers

gloss. Based on the data collected in the experiment, we propose in more detail in the context of our results. The key di erence here

an analytical correction that compensates for the gloss di erences

is that we present the real and displayed material sample pairs in a

between real and displayed materials. We demonstrate that the cor- side-by-side manner. This is arguably the most direct method for

rection can be directly integrated into gloss management work ows

measuring perceived gloss di erences that not only removes scale
2022-09-13 12:05. Page 2 of 1.9.
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Figure 2: Selected geometries, from left to right: (A) ghost,
(B) blob, (C) bunny, and (D) dragon. Photos are captured in
our three spotlights illumination, followed by a chromatic
adaptation to 4000 K.

biases [Pérez-Ortiz et £2020], but also assures a more consistent lu-
minance adaptation. Moreover, we investigate diverse illumination
and display conditions strongly connected to predictive rendering
and 3D manufacturing, where we fabricate multiple shapes with
a signi cant variation of curvatures and physical gloss levels. For
the rst time, we can systematically and quantitatively measure
the perceived gloss di erences across a wide range of dimensions.

Gloss fabricationAccurate gloss reproduction is an active area
of research. Achieving spatially varying gloss is possible through
microstructure modi cation [Elkhuizen et al2019; Piovar£i et al
2017], careful material distribution [Baar et al. 2014; Matusik et al.
2009], or a combination of the two approaches [Lan et2413;
Malzbender et al2012]. Recently Piovar£i et.§2020] proposed
novel printing hardware for gloss fabrication. Their hardware can
reproduce spatially-varying gloss by dithering a discrete set of
varnishes. Our fabrication technique takes inspiration from this
work. To achieve a di erent glossy nish, we too rely on a set of
varnishes. However, since we aim for a uniform gloss on the entire
object, we pre-mix the varnishes before manually applying them.

3 EXPERIMENTAL DESIGN

The goal of this work is to study di erences in perceived gloss
between real objects and their corresponding virtual counterparts
visualized on a display. To this end, we create a large set of phys-
ical stimuli where we vary relevant aspects of gloss perception:
objects’ geometry, objects' gloss, objects' lightness, environment
illumination, and display brightness.

3.1 Stimuli

We brie y describe here our stimuli design. We encourage the
reader to consult Sec. S1 in the supplemental for comprehensive
implementation details and discussions on the selected stimuli.

3.1.1 Geometry and illuminatiove select thedragonand the
ghostmodels because they lead to strong di erences in gloss judge-
ments [Havran et al2016; Serrano et a2021], theblob model
that shows a good performance in gloss discrimination experi-
ments [Vangorp et al2007], and théounny model that features
more high-frequency details. As shown in Fig. 2 with this selection
we achieve variation of surface curvatures, which is instrumental in
glossiness studies [Faul 2019; Ho e4l08; Kim et al2012; Marlow
etal. 2012].

We aim to investigate gloss perception during natural viewing
conditions where the observer is adapted to the ambient illumina-
tion. However, this is di cultto achieve with traditional experiment
2022-09-13 12:05. Page 30f 1 9.

setups where participants are limited to a con ned photo box. We
create room-scale controlled illumination and focus on three classes
of viewing conditions:di use illumination, one spotlightand more
complex illuminatior{three or ve spotlights). In Fig. 3 we show
panoramas corresponding to each of our illuminations.

Figure 3: Selected illuminations captured in panoramas for
visualization. 1 diuse illumination. 2 one spotlight. 3
three spotlights. 4 ve spotlights .

3.1.2 Gloss Fabricatiofio physically realize the selected geome-
tries we fabricate them on a stereolithography printer. The geome-
tries are hand-polished and evenly coated with matte black (Pantone
Hexachrome Black U) lacquer. We opt for uniform achromatic color
based on recent studies that show no signi cant e ect of sample
color on gloss perception [Tanaka and Horiuchi 2015; van Assen
et al 2016]. We investigate black surfaces that appear more glossy
than their brighter analogues [Hunter and Harold 1987; Motoyoshi
and Matoba 2012; Pellacini et 2D00; Wills et al2009]. In a more
limited scope, we investigate the lightness and gloss interactions
with gray and white samples (Sec. 4.1). In order to produce gloss
variations, we rely on o -the-shelf varnishes. We mix Schmincke
610 glossy varnish and Schmincke 611 matte varnish in di erent
proportions. For clarity, we refer to the mixtures by the percent-
age of glossy varnish. We include in our experimeat samples
with the percentage of glossy varnish ranging from 10% to 100%
in 10% increments. An example of manufactured objects can be
seen in Fig. 4, and the complete set can be found in Sec. S2 in the
supplemental.

3.1.3 Display se ingslo display the virtual samples we use an
EIZO CS2420 24.1 inch monitor with a matte ISP LCD panel, 100%
sRGB coverage, 1000:1 contrast ratio, and 19200 resolution
which is accurately calibrated. These speci cations match well
with most common displays used for professional appearance re-
production work ows. As an additional factor in our experiments
we vary the display brightness. We test for three representative
luminance levels: 220 cdfras an example of typical o ce monitor

in daylight conditions, 110 cd/fnthe suggested luminance level in
nighttime conditions, and 55 cd/Athat approximates the cinema
luminance level [SMPTE-196M 2003]. We term these three levels
bright, mediumanddark respectively. To create a virtual depiction

of our fabricated samples we capture HDR photographs [Hanji et al
2020], color adapted to match our 4000 K light sources. To match
the luminance range of the HDR images to our scene we use the
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