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Fig. 1. An example application of our method, where we account for any color shift stemming from the usage of different varnishes and varying gloss, to
enable uniform and predictable color even in spatially-varying gloss conditions. Left is a sphere 3D printed with a single color, half of it varnished glossy, while
right uses our method, changing slightly the base color of the varnished side. Pictures taken under complex illumination and identical conditions.

Color and gloss are fundamental aspects of surface appearance. State-of-
the-art fabrication techniques can manipulate both properties of the printed
3D objects. However, in the context of appearance reproduction, perceptual
aspects of color and gloss are usually handled separately, even though previ-
ous perceptual studies suggest their interaction. Our work is motivated by
previous studies demonstrating a perceived color shift due to a change in
the object’s gloss, i.e., two samples with the same color but different surface
gloss appear as they have different colors. In this paper, we conduct new
experiments which support this observation and provide insights into the
magnitude and direction of the perceived color change. We use the observa-
tions as guidance to design a new method that estimates and corrects the
color shift enabling the fabrication of objects with the same perceived color
but different surface gloss. We formulate the problem as an optimization
procedure solved using differentiable rendering. We evaluate the effective-
ness of our method in perceptual experiments with 3D objects fabricated
using a multi-material 3D printer and demonstrate potential applications.
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1 INTRODUCTION

Accurate color reproduction is fundamental for many applications
ranging from display technology to fabrication, and art. A key
problem in color reproduction is ensuring the final visible color
remains consistent across different media. To this end, extensive
color management systems were developed [X-Rite 2005]. Typically,
the systems contain a small set of well-behaved colors that achieve
consistent reproduction on both digital and physical devices.

Unfortunately, accurate color reproduction still remains a chal-
lenging endeavour due to the complex nature of color perception.
To predict a visible color one has to account for both the surface
properties of the observed object as well as the ambient illumina-
tion. The effects of illumination are well known and understood
with ready-made models available [Changjun et al. 2017; Moroney
et al. 2002]. The interaction between visible color and material is
significantly more complicated. Traditionally the color was assumed
to be governed by sub-surface scattering. Yet practitioners observed
that by applying translucent varnishes of different glossiness the
same color can appear more or less saturated [Jakob 2010]. While
this effect is sufficiently strong to motivate manufacturers to pro-
vide two sets of color references!, there is no systematic study on
how exactly different glossy finishes affect the perceived color of a
surface.

In this work, we investigate the coupling between color and gloss
perception. We start by investigating how the surface finish affects
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the perception of color. To this end, we propose a novel experimental
design that improves on prior studies. Based on the experimental
results, we propose a model that predicts the visible color di erence.
We further provide an end-to-end di erentiable rendering pipeline
that can automatically compensate for the perceived color shifts.
To validate the pipeline, we run several studies investigating its
performance on varying colors, geometries, and environmental
conditions. Finally, we showcase an application of our novel color
management tool towards 3D printing.

2 RELATED WORK

Condor, et al.

change directly correlates with perceived gloss, with darker materi-
als appearing glossier.

The interplay between gloss and perceived surface color has re-
ceived little scienti c interest in the past and its conclusions are
con icting. While some studies claim that there is in fact a small per-
ceptual color shift due to the presence of varying levels of gloss in
objects [Giesel and Gegenfurtner 2010; Xiao and Brainard 2008], oth-
ers attribute it to just a measurable change in contrast and lightness,
and a rm it can be controlled via measuring the variation between
the specular and di use components [Dalal and Natale Ho man
1999; Ma et ak009]. The studies are based on the assumption that

The human visual system (HVS) is one of the most studied senses [Hutg!0ss is a physical property of objects which can be de ned by a

macher 2019]. In this section, we provide a brief overview of color
and gloss perception work and delegate the reader to more exhaus-
tive surveys. We then focus more extensively on coupled color-gloss
perception studies and the state-of-the-art in color-gloss compensa-
tion for fabrication.

Color PerceptiorColor is one of the key visual attributes of a
surface. As such many works have attempted to characterize the
perceived color di erences. The seminal work of Hunter and col-
leagues [1958] proposes a perceptually uniform color space, i.e,
a color space where the Euclidean distance corresponds with the
perceived di erence. This gave rise to the very rst color di er-
ence formula the so-called 76 Since then many improvements
have been proposed [Changjun et 2017; Moroney et aR002;
Sharma et al2005]. In this work we rely on the most widely used
version of color di erence, the 00[CIE 2001]. For a more detailed
overview of color perception we refer the reader to the classical
book of [Wyszecki and Stiles 1982].

Gloss Perceptiohlext to color, gloss is perhaps the second most
important visual attribute of a surface [Anderson 2011; Fleming
2014]. Proper modeling of perceived gloss is a long-standing prob-
lem [Marlow et al 2012]. Over time it was shown that gloss depends
on the ambient illumination [Zhang et al020], overall object ge-
ometry [Serrano et al2021], bumpiness of the surface [Ho et al
2008], and surface curvature [Kim et &012]. By contrast, angle
of illumination does not impact gloss perception in at surfaces
when illuminated by point light sources [Obein et .&2004]. We
take inspiration from prior work in the design of our stimuli. Our
correction model relies on natural illuminations that were shown to
perform best for visual gloss estimation [Fleming et 2003]. With
regards to geometries, we base our correction on a smooth object
with overall low curvature commonly used to preview car lacquers
in the automotive industry. In validation studies, we explore how
our model generalizes to di erent illumination conditions [Pereira
and Rusinkiewicz 2012], and more complex geometries [Havran
et al. 2016]. For a more detailed overview of gloss perception, we
refer the reader to the excellent survey of [Chadwick and Kentridge
2015].

Color-Gloss Couplingo investigate the e ect of surface color
on perceived gloss researchers conducted trials in both virtual [Pel-
lacini et al 2000] and real environments [Samadzadegan €2@14].
The results suggest that the perceived gloss is relatively constant
under hue and saturation changes. On the other hand, lightness

single objective measure, in this case, the specularity of a surface.
However, it has been shown that such description is insu cient
and gloss is primarily a perceived quality [Chadwick and Kentridge
2015]. In contrast, our psychophysical experiments investigate the
color-gloss interplay as a perceptual problem that depends on cues
such as geometry and illumination.

Color-Gloss Fabricatiom computer graphics, accurately repro-
ducing the target appearance of digital assets is one of the longest
standing challenges. Recent works investigate individual aspects
such as color [Babaei et.a2017; Elek et al2017; Sumin et al
2019], translucency [Brunton et aP018; Urban et a019], or
gloss [Elkhuizen et al2019; Piovar£i et a2020]. In the more tra-
ditional 2D printing context the visible di erence in color repro-
duction based on glossiness of the substrate is a well known prob-
lem [X Rite 2016]. State-of-the-art research and commercial solu-
tions propose a correction of the perceived color based on colori-
metric measurements [Baar et.&1014; Datacolor 2022]. The key
idea is that the specular re ections will re ect more light towards
the measurement sensor and the nal color will appear brighter
and less saturated. However, colorimetric data alone is not well
suited to estimate the shift in perceived color. Measurements only
account for light scattering in the varnish surface which reduces the
problem to adding/removing light. However, the added/removed
light would be entirely dependent on the object's illumination, and
would not consider any potential perceptual interaction. In contrast,
our model takes into account the full picture: objects' color, gloss,
illumination, and geometry. We demonstrate that our model can
correctly estimate a signi cant perceived di erence in color due
to varying levels of gloss even for cases where colorimeter devices
would not measure any.

3 GLOSS-COLOR INTERACTION EXPERIMENT

To assess how humans perceive the colors of objects with di erent
gloss levels and derive a perception-informed method for correcting
potential color shifts, we rst conducted a perceptual experiment.

3.1 Methods

Our methodology is inspired by previous literature on color per-
ception, and more speci cally, color constancy [Arend and Reeves
1986]. We perform a color-matching experiment where subjects
match color patches with a color of an animated geometry rendered
under complex illumination. We vary both color and surface nish
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which enables us to assess perceived color shifts as a function of to take as much time as needed. They were also allowed to take

gloss level.

Stimuli. A single stimulus consisted of a video of a rotatiegr
geometry rendered under complex illumination. Each video was
rendered using a physically-based path tracer [Nimier-David et al
2019]in 1080 1080 resolution and was shown in the center of the
screen using its original size (FiguR®, top).

We considered 16 di erent base colors and 5 di erent gloss levels
(Figure?? bottom). For the gloss levels, the BRDF used for rendering
was obtained by measuring samples of di erent varnishes [Piovar£i
et al 2020] and tting them to the Cook-Torrance model [Cook
and Torrance 1982] and a GGX normal distribution [Trowbridge
and Reitz 1975]. Another two were chosen manually as very matte
and glossy materials. We used all color-gloss combinations leading
to 80 di erent stimuli. For further information on the stimuli and
hardware, we refer to the supplemental material.

Fig. 2. Overview of the stimuli used in our experiment.  Top: screenshot
of the rotating carvideo in the middle and the 3 3 sliding window. Bo om:
all colors and materials used for rendering tlear geometry.

Task.In each trial, the participants were shown a continuous
video of one rendered geometry. On the right-hand side of the video,
a3 3grid of similar colors was shown, which was part of a bigger
21 21 grid through which the subjects could navigate lightness and
chroma axis from the CIECAM16 color appearance model [Changjun
etal 2017] at a xed distance of 1.35E00 between row-adjacent
pairs. The task was to navigate this table using the arrow keys to

nd the color they perceived as closest to the color of thar. All
participants performed the task for 80 stimuli without repetitions,
at a randomized order and initial grid positions. The experiment
took between 20 and 40 minutes, and participants were instructed

breaks in case of fatigue. We got 11 participants, which we tested
for color acuity [Ishihara 1917] [Farnsworth 1943]. For more details
on participants, we refer to the supplemental material.

DiscussionOur experiment addresses some of the limitations of
previous works [Dalal and Natale Ho man 1999; Ma et.&2009;
Xiao and Brainard 2008]. We use rotating references, which prevent
participants from performing pixel-to-pixel comparisons and pro-
vide additional visual cues for disambiguation of view-dependent
e ects, such as re ections and highlights, from the pure surface
color. Forced motion on the screen also better simulates natural
viewing conditions, where the subjects are expected to move, and
improves gloss perception [Scheller Lichtenauer et al. 2013].

lllumination is a signi cant factor in material perception [Zhang
et al 2019]. Our stimuli were rendered using environment maps
representing natural, real-world illumination to improve the mate-
rial depiction [Fleming et al2003] and simulate natural viewing
conditions.

Crucially, we use color patches to match the color of the rendered
geometry. An alternative approach is to use rendering for both test
and reference. Since on-the- y rendering is prohibitively expensive
(if high physical accuracy is desired), such an approach would need
to rely on image blending, which does not account for the non-
linearity between the base color of a sample and on-surface color
[Xiao and Brainard 2008]. Our approach avoids this problem by
analyzing color shifts between matched patches.

A signi cant di erence from other studies is the color dimensions
we used in our experiments. While many previous works[Giesel and
Gegenfurtner 2010; Granzier et 2D14; Xiao and Brainard 2008] rely
on standard color spaces, such as CIELAB, HSV, and HSL, we rely on
color attributes of a recent color appearance model, CIECAM16. The
advantage of such an approach is that the model already accounts for
many perceptual e ects related to color perception (i.e. the Abney
e ect). The use of CIECAM16 for the construction of our reference
grids also allowed us to maintain a constant perceived hue across
the whole grid.

Previous studies [Giesel and Gegenfurtner 2010; Granzier.et al
2014] and our own early experiments indicated that people do not
perceive a change in hue among varying degrees of gloss, other
than the expected shift from altering other color parameters such as
saturation or lightness (i.e. Abney e ect [Abney 1909]). By limiting
the search space this way, we make our experiment easier to navigate
and analyze.

3.2 Data Filtering

Even though our experiment considers only two color attributes
(lightness and chroma), the experiment proved to be challenging for
participants (see Figure 3 for data spread). Apart from normal exper-
imental variability, some subjects occasionally skipped color pairs
accidentally, which partially explains some clear outliers. Therefore,
we apply outlier removal. However, the problem with visualizing
data in lightness/chroma axis is that the color space of our grid
is not linear, as a constant perceived di erence between co-linear
colors row-wise is ensured but it can drastically vary between colors
diagonally and column-wise. A better way of visualizing this data is
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