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Figure 1: We analyze the effect of dynamic natural illumination on the perception of translucent materials. We design a
matching experiment where participants estimate the optical density (the extinction coefficient 𝜎𝑡 ) of a reference object with
static (top row) or dynamic (bottom row) illumination. We do this under three different light directions in the match stimulus
(side, back and front, depicted in the inset of each image), for different optical properties of the translucent medium. The images
depict our test object, rendered with the average density estimated by participants for each condition, for a fixed reference
density 𝜎𝑡 = 4.0 (M and SD represent the mean and standard deviation of the estimation error). Surprisingly, there are no
significant differences between static and dynamic illumination when estimating the reference (ground-truth) density.

ABSTRACT
Translucent materials are ubiquitous in our daily lives, from organic
materials such as food, liquids or human skin, to synthetic materi-
als like plastic or rubber. In these materials, light penetrates inside
the surface and scatters in the medium before leaving it. While
the physical phenomena responsible for translucent appearance
are well known, understanding how human observers perceive
this type of materials is still an open problem: The appearance of
translucent objects is affected by many dimensions beyond the opti-
cal properties of the material, including shape and illumination. In
this work, we focus on the effect of illumination on the appearance
of translucent materials. In particular, we analyze how static and
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dynamic illumination impact the perception of translucency. Previ-
ous studies have shown that changing the illumination conditions
results in a constancy failure, specially in media with anisotropic
phase functions. We extend this line of work, and analyze whether
motion can alleviate such constancy failure. To do that, we run a
psychophysical experiment where users need to match the opti-
cal density of a reference translucent object under both dynamic
and static illumination. Surprisingly, our results suggest that in
most cases light motion does not impact the perceived density of
the translucent material. Our findings can have implications for
material design in predictive rendering and authoring applications.
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(side, back and front, depicted in the inset of each image), for different optical properties of the translucent medium. The images
depict our test object, rendered with the average density estimated by participants for each condition, for a fixed reference
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significant differences between static and dynamic illumination when estimating the reference (ground-truth) density.

ABSTRACT
Translucent materials are ubiquitous in our daily lives, from organic
materials such as food, liquids or human skin, to synthetic materi-
als like plastic or rubber. In these materials, light penetrates inside
the surface and scatters in the medium before leaving it. While
the physical phenomena responsible for translucent appearance
are well known, understanding how human observers perceive
this type of materials is still an open problem: The appearance of
translucent objects is affected by many dimensions beyond the opti-
cal properties of the material, including shape and illumination. In
this work, we focus on the effect of illumination on the appearance
of translucent materials. In particular, we analyze how static and
dynamic illumination impact the perception of translucency. Previ-
ous studies have shown that changing the illumination conditions

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.
Conference’17, July 2017, Washington, DC, USA
© 2022 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-x-xxxx-xxxx-x/YY/MM
https://doi.org/10.1145/nnnnnnn.nnnnnnn

results in a constancy failure, specially in media with anisotropic
phase functions. We extend this line of work, and analyze whether
motion can alleviate such constancy failure. To do that, we run a
psychophysical experiment where users need to match the opti-
cal density of a reference translucent object under both dynamic
and static illumination. Surprisingly, our results suggest that in
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1 INTRODUCTION
Material recognition is a task that human observers perform on
a daily basis, under a variety of environmental conditions. Dis-
tinguishing what an object is made of, and even estimating its
high-level properties�whether it is fragile or soft, whether the
surface is rough, etc.�, is crucial for the interaction with our sur-
roundings. However, despite decades of research on how humans
perceive the real world, the complete psychophysical processes
taking place when perceiving materials are far from being fully
understood [Anderson 2011; Fleming 2014].

In this work, we focus on the perception of translucent materials.
These are ubiquitous in nature, from marble, glass or water, to
organic materials such as skin or milk. Translucent materials are
a complex class of materials, in which light penetrates below the
surface and scatters inside the material. This creates a non-local
illumination e�ect, where light paths incoming at a certain point
on the surface might emerge somewhere else in the object, creating
a di�use, blurred appearance.

The physical processes of light-matter interactions in translucent
objects are well understood and are generally approximated using
Radiative Transfer Theory (RTT) [Chandrasekhar 1960]. However,
the physical model does not explain the �nal perceived appearance
of translucent objects, which is strongly related to the perceptual
response to the proximal stimuli. Small variations in the optical
properties governing the RTT can lead to large variations on the
�nal perceived appearance, which might depend on externalcon-
foundingfactors, including geometry, illumination or context.

Numerous works have been devoted to understanding how such
factors a�ect our perception of translucent objects [Chowdhury
et al. 2017; Xiao et al. 2014, 2020]. However, existing literature
analyzing their in�uence on the perception of translucency has
focused on static viewing and illumination conditions. This is a
rather strong limitation, since it limits the viewing condition to
a single snapshot, and reduces the potential information encoded
in the temporal domain, which human observers are known to
leverage for gathering additional data. For example, it has been
shown that non-static conditions favour accurate glossiness percep-
tion [Doerschner et al. 2011; Sakano and Ando 2010; Wendt et al.
2010].

In this work, inspired by this line of papers, we analyze the
perception of translucent objects underdynamic illumination con-
ditions. In particular, we aim to understand whether dynamic illu-
mination can or not reduce the problem of constancy failure, which
has potential applications in authoring or previsualization, where
the common setup assumes static illumination. Such static setup
has been largely explored, including illumination con�gurations
targeting better shape [Rusinkiewicz et al. 2006; Vergne et al. 2009]
or material [Bousseau et al. 2011] understanding. However, even a
carefully �ne-tuned appearance might break when the illumination
changes, due to the aforementioned problem of constancy failure.
Our goal is to complement previous behavioral studies that noted
how users tend to use viewpoint motion [Gigilashvili et al. 2018],
exploring how the temporal evolution of shading can improve over
this problem.

To do that, we compare the performance of observers when de-
termining the density of translucent objects under both static and

Figure 2: Left: Selected frames of a dynamic reference stimu-
lus (video) used in our experiment, illustrating the changes
in appearance as the illumination moves. Right: Example of
a static reference stimulus used. From left to right, the light
rotation used to render the stimuli is 135 � , 180� , and 225� for
the frames of the dynamic Reference, and 210 � for the static
Reference.

dynamic lighting conditions (an example is shown in Fig. 2). We
perform a series of guided tasks, where participants estimate ma-
terial properties under a variety of lighting conditions and optical
parameters (see Fig. 1). The results of our experiments con�rm, as
discussed in previous works, that both the direction of the illumi-
nation and the scattering directionality are key factors determining
the perception of translucency. However, quite surprisingly, we
observe that humans perform equally well when assessing opti-
cal properties of translucent materials in both static and dynamic
scenarios, suggesting that we do not leverage the extra informa-
tion encoded in the temporal dimension in this particular scenario.
In addition to furthering our understanding on how we perceive
translucent objects, the fact that static stimuli can su�ce for cer-
tain applications can have implications for computational design
of materials, authoring tools, or predictive rendering applications.

2 BACKGROUND AND PREVIOUS WORK
Here we brie�y revise the literature in the context of perception
of translucent materials. For an exhaustive survey on the percep-
tion of materials we refer the reader to the broader work of Flem-
ing [2014], while for a survey focused on the perception of translu-
cency we suggest the exhaustive work done by Gigilashvili and
colleagues [2021b].

2.1 Physical Background
Translucent materials are a special kind of materials where light
penetrates inside the surface, and scatters around until it emerges
back, potentially from a position di�erent from the incident posi-
tion. In their simplest form, they are a dielectric with real index of
refraction[ , and a rough interface, generally modeled statistically
using a microfacet model [Walter et al. 2007], with roughness pa-
rameterd (see Figure 3). Under certain assumptions, light transport
in the medium is characterized by the Radiative Transfer Equation
(RTE) [Chandrasekhar 1960], which in its integro-di�erential form
models the di�erential change in radiance! at point x 2 R3 and
directionl 2 S2 as

l � r ! ¹x• l º = � f t! ¹x• l º ¸ f s

¹

S2
pf¹` º! ¹x• l 0º3l 0• (1)

where the medium is de�ned by its bulk scattering parameters:
the extinctionf t [m � 1] (related with the density of the material),
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Figure 3: An incoming beam of light (orange arrow) hits a
translucent object at point x0. Part of the light is re�ected at
the dielectric boundary (in green), modeled by the interface
roughness d and the index of refraction of the medium [ . The
remaining light is refracted inside the medium, character-
ized by its extinction coe�cient f t , single scattering albedo
U, and phase function pf . Light is scattered and absorbed in-
side the medium, until it eventually re-emerges at point x1,
potentially di�erent from x0.

the scattering coe�cientsf s = Uft [m � 1], the single scattering
albedoU 2 »0•1¼[unitless], and the phase function describing the
directional behaviour of scatteringpf¹` º [sr� 1], with ` = l � l 0

and”� ” the dot product. Note that the RTE(1)assumes independent,
uncorrelated scatterers. In our work, we focus in homogeneous
uncorrelated media.

2.2 Perception of Translucent Appearance
Several works on material perception has focused on opaque sur-
faces, studying the relationship between optical properties and
appearance [Pellacini et al. 2000; Wills et al. 2009], the e�ect of
geometry on visual equivalence [Ramanarayanan et al. 2007], un-
derstanding the interplay between geometry and illumination [La-
gunas et al. 2021; Vangorp et al. 2007], or motion [Mao et al. 2019;
Vangorp et al. 2009], or distance [Filip et al. 2008; Jarabo et al. 2014]
on appearance, or building intuitive spaces for describing appear-
ances [Lagunas et al. 2019; Serrano et al. 2016].

In the context of translucent materials, understanding how hu-
mans perceive them is still an open research �eld. While early
studies [Metelli 1974] accepted that the human visual system (HVS)
categorized materials based on inverse optics, the seminal work
by Fleming and colleagues [2005] suggested that the HVS extracts
some low-level statistics from the proximal stimulus, and then
learns the association between the low-level statics and the mate-
rial's property. Following the intuition of Fleming and colleagues,
other authors proposed the local contrast of the non-specular zone
as a possible low-level cue used by the HVS to infer properties of
translucent materials [Motoyoshi 2010]. More recently the work of
Marlow et al. [2017] suggested that the covariance between surface
orientation and light intensity is used as a clue in translucency
perception. The fact that the HVS extracts image statistics allows

to explain some constancy failure cases.Geometry, for example, can
alter the perception of translucent materials, making smooth edges
perceived as more translucent than sharp edges, as shown by Xiao
et al. [2020]. The reverse has been also found true: Bumpy surfaces
might look smoother depending on how much light is scattered
inside the object [Chowdhury et al. 2017]. These two �ndings relate
with the fact that we probably use the illumination gradient to
estimate surface curvature: If we have a smooth gradient between
a bright and a dark area, we usually assume that the geometry is
smooth. While this in general is true for smooth opaque objects,
for translucent materials such association between gradient and
geometry does not hold particularly well. The internal surface scat-
tering causes a non-linear redistribution of the energy inside the
object [?]. Another important clue for translucency are thin edges:
Chowdhury and colleagues [2017] observed that removing silhou-
ette edges from the stimulus altered the perception of the observer.
This can be explained on that users tend to pay more attention
to thin areas when assessing the level of translucency of objects,
as reported by Gigilashvili et al. [2019]. In our work we want to
measure whether the motion of the shading gradient impacts the
perception of translucent materials.

Lighting conditions have also been proven to be another con-
founding factor when observing translucency [Xiao et al. 2014]:
Objects that were lit from behind appear optically-thinner, while
the same object frontally lit is perceived to be more optically-thicker.
These results, however, were dependent on the phase functions of
the scattering material: As expected, light direction was more rele-
vant in forward scattering media where light penetrates deeper in
the material, while had little e�ect in isotropic media. However, all
these works analyzed static illumination: It has been argued that
motion might improve this translucency failure [Gigilashvili et al.
2021b; Xiao et al. 2014], given that users tend to observe translucent
objects dynamically [Gigilashvili et al. 2021c]. In this context, our
work tries to �ll this gap, by focusing on understanding the impact
of dynamic lighting when observing translucent objects.

3 EXPERIMENT DESIGN
The goal of our study is assessing the e�ect of having dynamic illu-
mination on the perception of translucent materials. More speci�-
cally, evaluating whether dynamic lighting leads to a more accurate
perception of translucent appearance as compared to a static coun-
terpart. We do this through a matching task, which has been used
successfully in similar contexts [Xiao et al. 2014]. In it, the par-
ticipants need to adjust the density of the scattering medium of
a Match image to resemble that of the Reference stimulus, in an
asymmetric matching task (see Figure 4). In our work, this is done
in two di�erent conditions: with a staticand with adynamicillu-
mination in the Reference stimulus (in the latter case the Reference
stimulus is thus a video). Each condition is evaluated for a variety
of illumination directions, and material properties, in particular the
phase function and the density (the medium extinction coe�cient
`C).

3.1 Stimuli
Sample stimuli used in the experiment can be seen in Figure 4. The
stimuli are rendered images featuring theLucy statue from the
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Figure 4: Experiment design. We show the user two images,
or a video and an image, side-by-side. The user is asked to
edit the Match image density (right) until it visually matches
the Reference (left).

Stanford 3D Repository [Levoy et al. 2005], which is often used to
evaluate the perception of translucency due to its combination of
thick and thin features [Gkioulekas et al. 2013; Xiao et al. 2014].
All stimuli were generated using the Mitsuba 0.6 physically-based
renderer [Jakob 2010].

As explained in Sec. 2.1, translucent objects are often modeled by
a scattering medium inside their volume, and a dielectric interface
at the surface of the object. We model the interface as a smooth
dielectric (d = 0), so that it presents highlights that are associated
with translucent materials [Fleming and Bültho� 2005; Gkioulekas
et al. 2013; Motoyoshi 2010]. For the scattering medium, we �x
the index of refraction to[ = 1”5, which is a common value in
translucent objects such as wax and glass [Gigilashvili et al. 2021a],
and the single scattering albedo toU = 0”99, following previous
work [Gkioulekas et al. 2013], so scattering dominates over appear-
ance. These parameters are �xed for all the stimuli shown in the
study, while we analyze the role of the remaining two parameters
that model the behavior of the scattering medium: the density (or
extinction coe�cient) f t and the phase function pf.

Density.The Reference stimuli are thus rendered using four
di�erent density levels, ranging from 3 to 6 in logarithmic scale,
such thatf t = exp¹3º m� 1, with 3 = »3””6¼. In the Match stimuli,
the density is the parameter that the participants in the study will
need to adjust so that the material looks like that of the Reference;
participants will be able to adjust it within the range3 = »0””10¼,
with a step size of0”25. For reference, the height of theLucy is set
to 5.23 m.

Phase function.We render the stimuli with three di�erent phase
functions that yield perceptually distant appearances according to
Gkioulekas et al. [2013] (see Figure 5). The �rst phase function,pf0,
is a purely isotropic one (i.e.,pf0¹` º = 1•4c). The other two phase
functions,pf1 andpf2, are two-lobed (backward and forward) phase
functions de�ned using two von Mises�Fisher distributions as

pf1•2¹` º = F 5vMF¹` ;: 1º ¸ ¹ 1 � F º 5vMF¹` ;: 2º • (2)

where the exact de�nition of5vMF¹` ;: º can be found in Appendix A.
Phase functionpf2 is aggressively forward scattering, whilepf1
presents a less prominent forward lobe than pf2 (see Table 1).

Figure 5: Polar plots illustrating the shape of our three phase
functions (bottom), together with their e�ect on the appear-
ance of a translucent object (top) (all other parameters are
kept �xed). Note the large magnitude di�erence in the pri-
mary lobes of pf 1and pf 2, and with the isotropic pf 0.

Illumination. Each trial in the matching task is composed by a
Reference and a Match stimulus; the illumination in both is never
the same, to create an asymmetry in the matching task and avoid
pixel-by-pixel comparisons. We illuminate the scene using a cap-
tured environment map, in contrast with most previous works,
which employ di�erent forms of synthetic lighting [Fleming and
Bültho� 2005; Xiao et al. 2014]. This has the advantage that natural
environment maps are more realistic, as well as usually preferred
over synthetic illuminations when comparing surface re�ectance
of materials [Fleming et al. 2001, 2003; Lagunas et al. 2021]. When
selecting the environment map, we seek a tradeo� between natural-
ness and controllability, to be able to assess the in�uence of lighting
direction. We use theEnnisenvironment map, shown in Figure 6.
In it, most of the irradiance comes from one main region and two
other smaller areas, making the illumination highly directional
while retaining a natural setup. Having such directional lighting
has the additional bene�t of creating more dramatic changes in
the appearance when rotating the environment map. We use the
large area light (marked in red in Figure 6) as a reference for the
direction of the illumination. We further slightly blur areas out-
side it to reduce high frequency re�ections, following initial pilot
studies that showed that the movement of the highlights across the
surface when rotating the environment map could be distracting
for participants, whereas our focus lies on the properties of the
medium. Blurring out the details alters the original, captured envi-
ronment map; a similar result could have been obtained by making
the surface rougher, but this would have increased the rendering
time to generate the stimuli. Slightly blurring the environment map
thus o�ered a good compromise between realism, e�ciency, and
placing the focus on the scattering medium.

In the staticcondition, the Reference stimulus is rendered with
a back-side illumination, in which the main light is at an azimuthal
angle of 210°(back and side illuminations have been shown to be
more informative than front ones [Xiao et al. 2014]). In thedynamic
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