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Chromatic properties of the effective light in a space are hard to predict, measure
and visualise. This is due to complex interactions between materials and illumi-
nants. Here, we describe, measure and visualise the effects of inter-reflections on
the structure of the physical light field for diffusely scattering scenes. The spectral
properties of inter-reflections vary as a function of the number of bounces they went
through. Via a computational model, these spectral variations were found to be
systematic and correspond with brightness, saturation and hue shifts. We extended
our light-field methods to measure and understand these spectral effects on the
first-order properties of light fields, the light density and light vector. We tested the
model via a set of computer renderings and cubic spectral illuminance measure-
ments in mock-up rooms under different furnishing scenarios for two types of il-
luminants. The predicted spectral variations were confirmed and indeed varied
systematically within the resulting light field, spatially and directionally. Inter-
reflections predominantly affect the light density spectrum and have less impact
on the light vector spectrum. It is important to consider these differential effects for
their consequences on the colour rendering of 3-dimensional objects and people.

1. Introduction

How can we completely describe the light in a
space and understand its interactions with that
space? The interaction between light and objects
shapes the lighting distribution and determines
scene appearance. Objects in common conditions
are illuminated by both direct light sources and
indirect light originating from secondary and
higher-order sources, that is, light that is (inter-)
reflected, scattered and refracted. Hence, the ef-
fective light in a space is usually complex,
varying directionally, spatially and spectrally. In
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former work, our lab addressed how the spatial
and directional structure of the light field can be
described, measured and visualised in perceptu-
ally relevant ways.'* In the current study, we
extend these methods to the spectral domain, and
we model the effects of inter-reflections in col-
oured spaces to understand its basic mechanisms
impacting the spectral light-field structure.

The effective light can be described as a light
field; the spectral power distribution (SPD) (E)
for a given wavelength A, arriving from a di-
rection (0, ¢) at a point (x, y, z) in the scene.””
This real-valued spherical function describes the
entire distribution of spectral power within the
volume of the space. This function thus captures
all optic information available in the space, in-
cluding both the angular, spatial and spectral
power variations.

10.117714771535211058202
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The light field can be described in a tractable,
physically and perceptually meaningful manner
via a spherical harmonics approximation,”*'%~'2
a Fourier-like decomposition for spherical func-
tions. In this approach, the optical structure of the
light field can be represented as a combination of
components of different mathematical orders,
which were found to represent physically and
perceptually meaningful entities, that is, the light
density, the light vector, the squash tensor, and
statistical summary of the higher-order angular
frequencies, plus their spatial variations. The light
density, the zeroth-order light-field component, is
a scalar property that can be measured by inte-
grating the spectral power over all directions. The
first-order light-field component, the light vector,
indicates the direction of net transport of radiant
energy. The spatial variation of the light vectors is
referred to as light flow. The ratio between the
light vector and light density provides an estimate
of diffuseness.' The light density, light flow and
light diffuseness form an integrated complete
description of the lowest-order properties of the
light field distribution in a three-dimensional
space,'? which are directly related to our per-
ceptions of the average illuminance, light direc-
tion, diffuseness, flow and zones'” "> and
indirectly to our perceptions of space, shape,
materials and textures.'®?* The light squash and
higher-order light-field statistics are directly re-
lated to scene cohesion and gist”® and indirectly
to, for instance, material perception.’**°

In natural scenes, the diffuse scattering mode
forms a significant contribution to the bidirec-
tional reflectance distribution function (BRDF) of
most materials.”*’ (In a first-order approach, a
BRDF can be approached as a linear combination
of scattering modes). For matte or Lambertian
materials, scattering diffusely, the BRDF acts as a
low-pass filter on directional variations in the
light field. Consequentially, in scenes primarily
containing matte (Lambertian) materials, and
scenes containing materials with a significant
diffuse scattering mode (which applies to most
natural scenes), the appearance is determined
predominantly by the low-pass components (up
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to the second order: light density, light vector
and squash tensor) of the incident light.”® The
second-order light field structure can be measured
by a dodecahedron shaped plenopter.'> However,
the resulting light-squash data is currently still
hard to interpret and use in practical lighting design.
With a cubic illumination metre, we can measure
up to the first-order light-field structure,'** and
human observers can perceive and adjust the light
density and light vector, both separately and
simultaneously.”'*** Representation of the light
field up to its first order (light density and vector)
still explains 94% of the appearance variations for
Lambertian surfaces.>'~** Therefore, we employed
the first-order approach for its practicality and
ease of implementation with the current state of
the art.

Inter-reflection refers to reciprocally reflected
light from non-luminous surfaces, creating sec-
ondary sources. It is a common optical phe-
nomenon occurring in concavities in natural
scenes, for instance, corners between walls,
ceiling and floor, or between objects and the
ground they are on. The SPD of inter-reflected
light is dependent on the SPD of the light source
and the spectral reflectance function (SRF) of the
reciprocally reflecting surfaces. Undergoing
many light reflections between mutual surfaces,
the SPD undergoes a non-uniform and non-linear
transformation except for perfectly neutral re-
flecting surfaces. Figure 1 shows an example of
an ocre coloured room — which has high re-
flectivity in the long-wavelength part of the
spectrum and low in the short- and middle-
wavelength range. E2 was measured in the cor-
ner and showed the influence of the (inter-)re-
flections, compared to E1, which was measured in
the centre, under the white source. Spectral power
attenuation is exponential and relatively strong
for wavelengths, where the surface displays low
spectral reflectivity (Figure 1, E2, the left part).
High spectral reflectivity, in contradistinction,
results in insignificant attenuation (Figure 1, E2,
the right part). Due to this non-uniform and non-
linear spectral power attenuation in the presence
of inter-reflections, the light field in non-neutrally
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Figure 1 An example of chromatic inter-reflection effects. (a) Photograph of a box space with a uni-chromatic ocre finish
illuminated by white light. (b) Two of the illuminance spectra measured in the box space. E1 indicates the spectrum
measured in the centre facing the back wall. E2 indicates the spectrum measured at the same height and in the same

attitude, in the back left corner

coloured spaces will show spatial and directional
spectral variations.”* >’

Acting as the major secondary sources of il-
lumination in Lambertian scenes or any scene
with materials having major diffuse reflectance
modes (thus, almost any scene), inter-reflections
influence the light field in a manner that depends
on the geometry of space and sources, the spectral
reflectances and the light spectrum. It has been
intensely analysed how inter-reflections can af-
fect the luminous properties of low-order li%ht
field components in the achromatic domain.>*
“2 A few studies have also shown the signifi-
cance of inter-reflections in determining col-
our appearance.”” > However, the impact of
inter-reflections on the spectral properties of
the light field has not yet been described in an
integral manner with its spatial and directional
properties.

The current study aims to understand the basic
optical mechanisms behind chromatic effects of
inter-reflections and their influence on the first-
order physical structure of the light field, and to
extend our light-field framework and methods to
the spectral domain. To this aim, we present a
theory for how the spectra of indirect light vary as
a function of the number of inter-reflections or
bounces they went through. We demonstrate
these phenomena empirically in the second part
of the paper via physically based computer
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simulations and optical measurements in mock-
up spaces, including how the light density and
light vector are affected spectrally and spatially
by colours in the environment. We also show how
the spectral light density and vector can be si-
multaneously measured using a cubic spectral
illumination metre, quantifying spatial, angular
and spectral variations of chromatic light fields.

2. Theory: Basic mechanisms underlying
chromatic inter-reflections

For hyperspectral representations, it is impossible
to study all possible spectra and estimate their
inter-reflection effects. In order to study the basic
mechanisms of chromatic inter-reflection effects,
we instead took a coarse-grained spectral ap-
proach. This was shown to work well to describe
the human ecology’®*’ because most object
colours have rather smooth spectra.”® Such
smooth spectra can in a coarse-grained approach
be described by the energy in three bins, say, blue,
green, and red (BGR). Once the fundamental
mechanisms are understood, it is relatively easy
to extrapolate the methods to hyperspectral data.

Now consider Lambertian material or, more
generic and omnipresent, the diffuse scattering
mode of material, and neutral white (equal en-
ergy) direct lighting, that is, an (Eg, Eg, Er) = (1,
1, 1) spectrum. This lighting illuminates the
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Figure 2 (a) First, (b) second, (c) third, and (d) tenth (inter-)reflections of colours plotted in the BGR coordinates under

equal energy white lighting

material of a certain (Sg, Sg, Sg) spectral re-
flectance. The first bounce results in a spectrum of
(Eis, Eig, Eir) = (S, Sg, Sr). The second
bounce by the same material has a spectrum of
(EZBa Ez(}, EZR) = (SZB, SZG, SZR). The third
bounce results in (S3 B S’ Go s’ r) and so forth. In
summary, the spectrum of the n-th bounce is
(EnBaEnGa EnR) = (Sg’ Sg’ SIZ) (1)

Since the spectral power in each band is at-
tenuated exponentially, this can cause relative
differences between them depending on the
number of bounces. The respective ratios of

spectral power between each band change with
each reflection and thus lead to a change of the
spectrum’s shape. In effect, this results in shifts
towards colours corresponding with the peak(s)
of the material reflectance spectrum. If applied in
the coarse-grained BGR approach, we find that
homogeneously sampled reflectance spectra re-
sult in higher-order reflections with spectra that
are very non-homogeneously clustered in this
space (Figure 2). In other words, inter-reflections
can cause strong spectral changes.

The spectral changes and associated colour
shifts can be of various types, depending on the
ratios of the spectral reflectance (Sg, Sg, Sr).

Lighting Res. Technol. 2023; 55: 218-236
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Figure 3 A schematic representation of the spectral effects of the (inter-)reflections in our coarse-grained model. It shows
the categorised spectral effects in BGR space. The changes (in the directions of the arrows) can be associated with (a)

brightness changes, (b) saturation effects, and (c) hue shifts

Spectra on straight lines between the vertex (0, 0,
0) and all other vertices show a power attenuation
and associated brightness decrease with each inter-
reflection until reaching (0, 0, 0) or black in the limit
(see Figure 3(a)), while the peak position / band
remains constant. Note that for these spectra the
ratios of the spectral reflectance are either 0, 1 or
infinite. The ratios remain despite the exponential
attenuation of the individual bands. Thus, the as-
sociated hues stay the same, while the power will
decrease for individual orders of inter-reflections.

Spectra on straight lines between white (1, 1,
1) and the single-peaked or the double-peaked
reflectance spectra become more peaked for
higher orders. This can be associated with ma-
terials having pastel colours, which will show
saturation increases in regions with many inter-
reflections (see Figure 3(b)). For both types, for
higher-order reflections, the power attenuations
of the troughed band(s) are relatively stronger
than the remaining band(s). The single-peaked
type can be associated with a saturation increase
towards the monochromatic colour corresponding
with the peak, whereas the double-peaked type can
be associated with a saturation increase towards
mixing colour corresponding with the two peaks.

Spectra on straight lines between the single-
peaked spectra and their adjacent double-peaked
spectra show different levels of power attenua-
tions and associated hue shifts, that is in our
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coarse-grained model, the reddish magentas and
yellows shift to red, greenish cyans and yellows
shift to green, and blueish cyans and magentas
shift to blue. Those spectra have one band at peak
value 1, another at 0, and the remaining band has
a value between 0 and 1. The power attenuation of
that remaining band leads to the dominance of the
spectral peak and an associated hue shift towards
the monochromatic colour represented by that
peak (see Figure 3(c)).

Our simplified computational model using
coarse-grained BGR spectra has outlined differ-
ent categories of power attenuations and their
associated colour effects that can happen as a
consequence of inter-reflections. The associated
brightness changes, saturation effects and hue
shifts can happen simultaneously for other spectra
which are not on the vertices, edges and diago-
nals. The model can easily be extended to hy-
perspectral cases with arbitrary illuminant
spectra. If a material with spectral reflectance S is
illuminated by a light source with the SPD to be
E;, the n-th bounce of the (inter-)reflections
leads to

E,=E-S; ()
Thus, for white(-ish) light with a continuous

spectrum, the phenomena will be perceptually
similar to the coarse-grained simplifications: the



troughs of the reflectance spectrum are attenuated
much more than the peaks, so that brightness,
saturation and hue shifts can occur. As those
spectral effects are also subject to the SPD of the
direct lighting, these associated chromatic effects
can be boosted or counteracted by spectral tuning
of the source. However, since natural SPDs are
usually quite smooth, and since the power dis-
tributions of white light sources are tuned to the
sensitivity of the human visual system, it is ex-
pected that the phenomena can still be predicted
and explained on the basis of this fundamental
mechanism. Please also note that here we mod-
elled the spectrum of each individual order of
inter-reflection, while in natural scenes, the final
effect will be a sum of (infinitely) many of them
weighted by geometry-dependent factors.>®#34>
In the following sections, we will first test the
effect of that summation in computer simulations,
and next test effects in real scenes with realistic
hyperspectral conditions.

3. Empirical testing 1: Chromatic
inter-reflection effects in a virtual box
space

This experiment aims to empirically verify
whether the three types of spectral effects indeed
occur in simple scenes as predicted and test how
accumulated orders of inter-reflections combined
with direct lighting impact the final reflected
spectra. We simulated a wide range of material
spectral reflectance with homogeneous sampling
over BGR space for a simple geometrical case
and analysed the results in image space (Section
3.2). Next, we also analyse the effects on the first-
order structure of the resulting light fields for two
cases: a white room and an ocre room, for which
we first explain how we extend our light field
framework to the spectral domain (Section 3.3).

3.1 Method

A digital model of a simple box space was set
up with the length, width and height to be
6000 mm x 3300 mm x 3300 mm. The space was
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illuminated by an 1884 mm x 773 mm uniform
diffuse light panel recessed in the centre of the
ceiling. Its luminous flux is 3500 Im with an equal
energy flat spectrum. For the reflectance spectra,
we evenly sampled the BGR space with values of
0.1, 0.5 and 0.9, leading to 3 x 3 x 3 =27 BGR
spectra. We intentionally avoided sampling spectra
on the vertices and edges (having a reflectance of
100% or 0% in at least one band) for physical
realism. All surfaces within the box space were
Lambertian and one of the twenty-seven herefore
selected reflectance spectra. The space was ren-
dered for only direct illumination and total (di-
rect + indirect) illumination separately. Since the
direct lighting from the diffuse light panel has an
equal-energy-white spectrum, the spectrum of
each individual reflection is exactly in line with the
described inter-reflection theory. The simulations
then show how these add up to a final appearance,
depending on the walls’ reflectance spectrum (and
of course the scene geometry and the photo-
metrical properties of the light source).

Based on the theory, we predicted what
chromatic effects of inter-reflections would show
in the total illumination images — especially for
the corners, ceiling and deeper parts of the spaces,
where inter-reflections have the biggest impact.
Three types of chromatic effects of inter-
reflections were expected to occur simulta-
neously, and the predominant types of spectral
effects were predicted to be different depending
on the walls’ reflectance spectra. We divided the
spectra into four groups named according to those
predominant types. The first control group con-
tains reflectance spectra that are adjacent to the
vertices in the coarse-grained BGR space. The
brightness-change group consists of spectra that
have one or more bands with 0.5 spectral re-
flectance and the rest of the bands, if any, of 0.1.
The saturation-effect group consists of spectra
between neutral (white) and the single-peaked or
the double-peaked BGR spectra (associated with
pastel colours). Those spectra have one or two
bands with a reflectance of 0.9 and the rest of 0.5.
The power attenuation of the band(s) that have
0.9 reflectance is comparatively smaller than that

Lighting Res. Technol. 2023; 55: 218-236
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of the band(s) with 0.5 reflectance, resulting in
saturation effects towards the peak reflectances.
The spectra in the hue-shift group have one band
with 0.9, one with 0.1 and the other one with 0.5
reflectance. These spectra are predicted to show
hue shifts because higher-order reflections at-
tenuate the bands with lower reflectance more.
Consequently, shifts occur towards the peak
reflectance.

We used the Autodesk Raytracer render
engine (a physics-based renderer). The high
dynamic range (HDR) output of the engine
might include values beyond the display ca-
pability of a typical monitor. We used the tone-
mapped Low Dynamic Range images for dis-
play purposes. The tone mapping operator
(TMO) first linearises the pixel values without
any clamping and then applies a standard 2.2
gamma correction. This TMO aims to map
brightness differences in a perceptually uniform
manner but exaggerates the colour effects of
inter-reflections (which also follow a power
law) (see Reinhard et al.*’ for details). For
physical accuracy, raw HDR outputs were used
for the numerical analysis.

3.2 Results in image space

The collection of tone mapped images is
shown in Figure 4(a), in which the predicted
inter-reflection effects can be seen. To analyse
the spectral effects of the accumulated orders of
inter-reflections, we measured the dominant
reflected BGR spectra of the HDR direct illu-
mination images and the HDR total illumination
images, by applying a k-means clustering.’® The
dominant BGR spectra of the direct illumination
images correspond to the first-bounce reflected
spectra, whereas those of the total illumination
images indicate the reflected spectra of accu-
mulated bounces. The resulting spectra were
plotted in the BGR space according to our
grouping (Figure 4(b)). The perimeter of the
hexagon indicates the coarse-grained spectral
locus.*®>" The centre is the white point. The
arrows indicate the shifts from the dominant
spectra of the direct illumination images to those

Lighting Res. Technol. 2023; 55: 218-236

of the total illumination images, showing the
chromatic effects of inter-reflections. Shifts
between white point and spectral locus indicate
saturation increases, whereas those in the di-
rections along the spectral locus consider hue
shifts.

For the control group (spectra 1 to 8), higher-
order inter-reflections indeed lead to minor
spectral variations and associated colour shifts
(see upper left BGR plot Figure 4(b)). The spectra
in the brightness change group (spectra 9 to 15
and top right plot Figure 4(b)) mainly demon-
strated brightness effects (not visible in these
plots due to their nature) and small saturation
effects, that is, minor shifts in the direction from
white point to spectral locus. The spectra in the
saturation effect group (16 to 21) shifted signif-
icantly towards the spectral locus and thus
showed major saturation gains (bottom left plot
Figure 4(b)). The spectra in the hue shift group
(22 to 27) illustrated expected red, green and blue
shifts depending on their spectral peaks (lower
plots Figure 4(b)).

3.3 Results in 3D space: Measuring and
visualising the chromatic light field

The former analysis tested how the effects of
inter-reflections influence rendered appearance in
image space. But how do these effects impact the
light field in the box spaces? For this analysis, we
use the Delft light field framework.* To this aim,
the first-order structure of the light field at any
given point was measured via the spectral illu-
minance on the six faces of a small cube (see
Figure 5). The light density and light vector of the
local light field were measured via the cubic
spectral illuminance, with E.) and E_, the
spectral illuminance measurements in the positive
and negative directions along the X-axis, and
analogous for the Y and Z directions. The light
density was estimated via the mean SPD of the six
cubic faces (3). The differences in three orthog-
onal directions together gave an estimate of the
light vector, its direction (E(y), E, E(,), mag-
nitude Evecor (4)—(7), as a function of wavelength
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Brightness Change Group

9. (0.5,0.1,0.1) 10. (0.1, 0.5,0.1) 11. (0.1, 0.1, 0.5) 12. (0.5, 0.1, 0.5) 13. (0.5, 0.5, 0.1) 14. (0.1, 0.5, 0.5) 15. (0.5, 0.5, 0.5)

Saturation Effect Group
16.(0.9, 0.5,0.5) 17. (0.5, 0.9, 0.5) 18.(0.5, 0.5,0.9) 19.(0.9, 0.5, 0.9) 20{09 0.9,0.5) 21.(0.5,09, 0.9)

24.(0.5,0.9, 0.1) 25.(0.1,0.9, 0.5) 26.(0.5,0.1,0.9) 27.(0.1,0.5, 0.9)

Red

Blue Blue

Blue Blue

Saturation Effed Group Hue Sﬁiﬂ Group

Figure 4 Box space renders and their associated spectral effects. (a) The collection of tone mapped total illumination
images for the box spaces with different surface spectral reflectances. The selected spectra have been numbered for
further reference. The renderings are divided into four groups based on the surface spectral reflectance and the
corresponding predicted spectral effects of inter-reflections. (b) The power of the most dominant reflected BGR spectra
within the direct and the total illumination renders plotted in the BGR space according to their grouping
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Figure 5 Schematic presentation of the cubic method via
illuminance measurements on six faces of a small cube

A, which is not included in the equations for
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For the analysis of the spectral effects on the
light-field components, we first simplified the
hyperspectral approach as described above to a
coarse-grained approach. To this aim, we inte-
grated the spectral power for three bands repre-
senting the short-, middle- and long-wavelength
parts, after this shortly called BGR bands. The
zeroth- and the first-order coarse-grained BGR
light densities and vectors were measured and
visualised for a white (Figure 6(a)) and an ocre
(Figure 6(b)) box space. These figures present

Lighting Res. Technol. 2023; 55: 218-236

cross sections of the room, with the light density
in the upper rows and the vectors in the lower
rows. The columns present the separate data for
the three bands. The light density is mapped using
a false colour scale (right of the plots) after
scaling all data, and the light vectors are projected
onto the 2D cross section. The distributions of the
light densities and the light vectors for the three
bands are identical in the white space, being
strongest near the light source and diverging
outwards, and aligned for the BGR light flows
(i.e. the flow structure or pattern formed by the
vectors). The integrating effects of the white
Lambertian surfaces cause a quite diffuse light
throughout the room, which is clear from the
vectors being small except near the source, and
the density is quite high and uniform throughout
the room. For the ocre space, the distributions of
the light densities and the light vectors vary as a
function of the spectral band. The higher the
spectral reflectance in a particular band, the larger
the magnitudes of the light densities and the
smaller the magnitudes of the light vectors, due to
the integrating effects. Since the spectral reflec-
tance of the ocre finish increases from Bto Gto R,
this effect is smallest in the B band and largest in
the R band. Thus, the BGR light flows no longer
align. The light flow in the short wavelength B
band diverges out from the source and ends / is
absorbed on the B light absorbing surfaces. The
light flow of the long-wavelength R band is, by
contrast, heavily curved. The light flow in the B
band is thus much more directional than in the R
band, and the G band in between.

4. Empirical testing 2: Chromatic
inter-reflection effects in a physical box
space

4.1 Method

Here, we further explore and quantify chro-
matic light-field effects in real room settings
under natural lighting with fine spectral resolution
(1 nm interval). Inter-reflections on diffusely
scattering materials, because of their diffuse
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Figure 6 The zeroth- and first-order structure of the chromatic light fields in a white and an ocre room. Light density
(top rows) and light vector (bottom rows) plots for a cross-section of the box spaces furnished in (a) white and (b) ocre.
The pseudo colours of the light density plots indicate their normalised value. The vectors represent the local light
vectors projected onto the cross section. The columns represent the short, middle and long wavelength bands or B, G,

R bands

nature, boost the light densities and attenuate the
light vectors — and, as we have seen herefore, in a
manner that depends on the wavelength (band).
The objective is to (A) test whether the three
categorised chromatic effects in the theory and
computer simulations can be reproduced in a
real setting with more articulated spectra and (B)
test the differential effects on the light-field
components.

To these aims, a 1200 mm X 660 mm X
660 mm physical mock-up windowless box space
(Figure 8 first row) was constructed. The space
was illuminated by a planar diffuse luminaire
(377 mm x 155 mm). The SPD of the luminaire
was tuned by modifying the lamps used. The
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Figure 7 Normalised spectral power distributions of the
two selected illuminants. Xenon lamp (solid line), a

mixture of fluorescent and tungsten halogen (dashed line)
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Figure 8 Physical mock-up windowless box spaces and predictions of the spectral effects for separate bounces in both
lighting scenes. The first row shows the photographs of the box spaces. The second row shows the measured SRFs of the
four selected finishes. The third row shows the associated calculated spectra for the first, second, third and tenth bounces
under the xenon lamp, and the fourth row under a mixture of compact fluorescent and tungsten halogen

SPDs of the two chosen illuminants are shown in
Figure 7. Lighting scenario one was established
by using a xenon lamp (CRI R, 91.4, CCT
5461K) only to backlight the planar diffuser, and
scenario two by a fluorescent lamp (CRI R, 84.2,
CCT 4284K). We combined these two sources
with four furnishing materials to keep it tractable,
representing neutral, brightness, saturation and
hue shift cases (white, maroon, coral and ocre,
respectively). The furnishing materials were
created by white paint, or printing A3 sheets of
paper with uniformly coloured BGR colours (0.1,
0.1, 0.5), (0.5, 0.5, 0.9) and (0.1, 0.5, 0.9). The
SRFs of those materials were measured with a
spectrophotometer. With the measurements of the
SRFs of the four finishes (Figure 8 second row)
and the SPDs of the two lamps taken, we can
predict the spectral effects for separate bounces in
both lighting scenes based on (2). The spectral
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shape of the first, second, third and tenth bounces
under both illuminants have been plotted by using
the power functions presented in the theory
section (Figure 8 third and fourth rows for first
and second lamps, respectively). Please note that
the weight of each bounce in the final resulting
light field is dependent on space geometry and
lighting. To quantify and analyse these effects, we
measured the cubic spectral illuminance in the
left-back corner and the centre of the mock-up
space in all four different furnishing conditions
and for the two sources.

4.2 Results

We first estimated and compared the light
density and light vector for the centre measure-
ments (Figure 9(a) first row) and corner mea-
surements (Figure 9(a) second row) for all four
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Figure 9 Spectral measurement results. (a) Normalised plots of the light density (D) and light vector (V) spectra of both
the centre (first row) and corner (second row) measurements for four different finishes (in the rows) illuminated by a
xenon lamp. The hue and saturation of the light density and light vector spectra were plotted in the hue and saturation
wheel (third row). The arrows point from the reference white point W to the light density and light vector colours for the
centre and corner measurements. An accent denotes the corner condition. (b) as (A) for a fluorescent lamp
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selected finishes under the xenon lamp. The third
row shows their hue (angle) and saturation
(Iength vector with O representing white and 1
fully saturated). The chromatic coordinates of the
spectra were calculated based on CIE 1964 10°
colour-matching function.

In the white space, the SPDs of the light
density and light vector were similar, as expected
for the relatively flat SRF of the material, causing
the light density and light vector in the space to
have a similar spectral shape as the illuminant
(Figure 9(a) first column). The minor spectral
variations might be due to the first author’s skin
reflections since he had to hold the metre into the
box space during the measurements.

The light densities’ SPDs in both the centre (D)
and comer (D) of the maroon room showed minor
but similar attenuations of the short- and middle-
wavelength part of the spectrum relative to the long-
wavelength part, while the light vectors’ SPDs (V and
V') were close to the illuminant spectrum (Figure 9(a)
second column). However, the intensity for both light
density and light vector decreased (not visible in the
plots due to normalisations) in the corner showing the
brightness effect. The hue and saturation plot showed
that the light densities and vectors in both locations
had similar hue and saturation.

In the coral space (Figure 9(a) third column), the
light densities’ SPDs in both the centre (D) and
corner (D') showed stronger attenuations of both the
short- and middle-wavelength parts of the spectrum
than the long-wavelength part, while the magnitude
of attenuation was larger in the comer. The light
vectors’ SPDs (V and V') were closer to the illu-
minant spectrum in both locations, while that in the
corner only showed minor attenuations of the short-
and middle-wavelength part of the spectrum com-
pared to that in the centre. The hue and saturation
plot shows that the light densities were reddish and
the light vectors were bluish in both locations.
Meanwhile, the light density in the corner D’ was
more saturated than that (D) in the centre, but shared
a similar reddish hue. The light vector in the comer
V' was more reddish than that (V) in the centre.

The SPDs for the ocre room showed similar
effects as for the coral room, that is, the spectral
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attenuation mainly showed up for the light den-
sities (D and D") relative to the light vectors (V and
V') (Figure 9(a) fourth column). However, the
short-wavelength part of the light density’s SPD in
the corer (D) attenuated more than that in the
centre (D), resulting in a change of the relative
difference between the short-, middle- and long-
wavelength part of the spectrum. The hue and
saturation plot shows that the light densities were
reddish and the light vectors were bluish in both
locations. Meanwhile, the light density in the
corner D’ was more reddish and saturated than that
(D) in the centre. The light vector in the corner V’
was more reddish than that in the centre (V).

In general, we see the hue variations between
the light densities and the light vectors changing
more and more towards red from V to D to V' to
D'. The light density and light vector in the corner
(D" and V') were also consistently more reddish
than their corresponding light density (D) and
light vector (V) in the centre. A closer look shows
that the xenon source is quite blueish and so the
hue plot shows that the effective spectra cover a
wide range between blueish and reddish. The
complex interactions between blueish direct light
and reddish inter-reflections cause V' to be less
saturated than V.

The second source was deliberately chosen
with its highest peak at the middle-wavelength
part of the spectrum (about 545 nm) and relatively
poorer colour rendering to counteract the reddish
material reflectance spectra somewhat. Here, the
hue angle variations for the coloured rooms are
relatively smaller than for the xenon lighting
scenario (Figure 9(b)), showing the dependency
on the illuminant. The V-D and V-D’ order
however remained the same, as predicted before,
going towards red and more saturated colours,
corresponding with the expected order of impact
of inter-reflections.

5. Discussion

Light fields (the actual light in a space) are a
function of position, direction and wavelength. In



earlier work, the position and direction depen-
dency was already described, measured and
visualised.' ™ Here, we made the first steps to
extend this concept to the spectral domain, ex-
plaining how to compute and understand the light
density and light vector spectrally. We further
presented several examples, including real
measurements.

These chromatic effects of inter-reflections are
dependent on the spatial arrangement, location
and spectrum of the light source(s) and room
furnishing spectra. In a coarse-grained approach,
we derived and explained what optical mecha-
nisms underlay the colour shifts we observed ‘in
the wild’, namely, brightness, saturation and hue
shifts. Under neutral white illumination with
good colour rendering properties, a coarse-
grained approach will suffice to describe and
understand the inter-reflection phenomena of
human optical ecology. Moreover, common white
sources are tuned for optimised luminous effi-
ciency and colour rendering and have spectra
with their power distributed over the visible
range. Such relative short, middle and long
wavelength ratios remain rather robust, as the
main effects that we demonstrated. However, if
light spectra do not overlap with the material
spectral peaks, the chromatic effects could be
weakened or even violated. Such lighting con-
ditions apply to metameric white illumination
with poor colour rendering (e.g. high-pressure
sodium lamp) and non-neutral illumination
(e.g. blue skylight or a low-pressure sodium
lamp). It should also be noted that most materials
have rather smooth reflectance spectra and inter-
reflections will therefore show the predicted shifts
toward the peak of the reflectance spectra, as
demonstrated in the empirical studies. Inter-
reflections and chromatic light field effects are
also subject to the spatial distribution of the light
sources and their positions. A light source that is
more directional (e.g. a narrow-beam spotlight)
might cause weaker effects than a more diffuse
light source such as a luminous planar panel.

In empirical testing 1, we simulated the colour
effects of accumulated orders of inter-reflections
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in a uni-chromatic space under typical planar
white lighting. The theoretically predicted and
simulated spectral shifts could indeed be repro-
duced in computer-rendered spaces. Results for
surfaces of which the spectral reflectance is less
than 0.5 were also found to be consistent with a
previous study in which it was found that for such
surfaces the inter-reflections have almost no ef-
fect on the chromatic appearance.*’ Results for
surfaces with higher spectral reflectances showed
the predicted effects. Moreover, we extended our
light-field methods to show how these spectral
effects on the first-order properties of light fields,
the light density and light vector, can be mea-
sured, visualised and understood.

In empirical testing 2, fine spectral measure-
ments were taken in real room settings under
white lighting. The shape of the light density
spectrum was shown to be primarily affected by
accumulated orders of (inter-)reflected light. The
spectral shape of the light vector was found to be
close to that of the illuminant with a minor impact
of the (inter-)reflected light. These differential
effects on the different components of the re-
sulting light field were predicted and demon-
strated using the extended light field methods.
The differential effects were also shown to be
dependent on the lighting spectrum. These effects
can be spectrally tuned via the lighting. In gen-
eral, the relative spectral differences between
troughs and peaks of reflected light can be in-
creased (or decreased) by tuning the troughs and
peaks of the illuminant to be similar (or inverted)
to those of the material. In natural scenes, such
differential effects will have an impact on the
appearance of 3D objects: shadows will be filled
in with mainly the light density and the lightest
parts will be determined for a large part by the
light vector. This will cause chromatic effects in
addition to the well-known modelling effects due
to luminance gradients.”” This raises questions
such as whether these effects will be noticeable,
under which conditions, and when they can safely
be ignored. Colour adaptation and constancy
mechanisms might discount such effects, cer-
tainly if the chromatic effects are within the
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Figure 10 Coarse-grained predictions of spectral effects by our tool. The first column shows three box-space
visualisations under a warm (a) white light source. The second and third columns show the same finished box spaces
illuminated by neutral (b) and cool (c) white light sources. The computer-generated renders were made using standard
2.2 gamma correction after combining the BGR spectral bins and optical mixing
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ballpark of natural variations, such as happen
with a blue sky and direct sunlight or under a
canopy. However, in artificial conditions such as
an art gallery with sculptures or in chromatic
architectural spaces, the effects described, mea-
sured and visualised in this paper will have
significant effects on people and objects worth
considering.

A tool can be used for coarse-grained pre-
dictions under typical white sources. Figure 10
shows variations of colours and their inter-
reflection effects that one might judge to be
more or less ‘harmonious’™*° and thus of im-
portance for lighting professionals working on
3D designs. The interface above the boxes shows
the BGR spectral values of the finish, which in
practice can be estimated with a smartphone. In
this manner, it is possible to get a quick idea of the
appearance of a space for a specific finish and
lighting. It should be noted however that the
display medium and viewing conditions have a
major impact on colour perception. Computer
simulations currently are much used to commu-
nicate design concepts and evaluate colour
schemes. Our tool provides a coarse visual
guesstimation of the impact of chromatic inter-
reflections on spatial and chromatic articulation.

This study was limited to spaces furnished
with diffusely scattering materials and uniformly
coloured rooms. In most natural scenes, diffuse
scattering dominates the reflectance modes.
Therefore, our results apply to most scenes.
Moreover, in empirical testing 2 the boxes were
furnished with paper that actually was quite
glossy. Such materials still have a very significant
diffuse scattering mode — in combination with a
forward scattering mode. Many (or perhaps even
most) materials in our natural ecology have a
diffuse scattering mode. Our findings thus de-
scribe phenomena that occur widely ‘in the wild’,
not just in perfectly Lambertian scenes. They can
be observed in many daily life scenes. More
complex and exotic scenes composed of multiple
coloured and non-diffusely scattering surfaces,
such as mirror and transparent materials, might
however show more complicated effects.
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6. Conclusion

In conclusion, light in a space varies not just as a
function of position in the space and the direc-
tion of observation but also of spectral power.
Reflectance spectra have a prominent effect on
the chromatic properties of the light field due to
inter-reflections, via the indirect contribution,
and can influence the apparent brightness, sat-
uration and even hue. Here, we showed how
these effects could be measured and visualised
for the light density and light vector or flow in
the room. The spectral properties of the light
vector were indeed shown to be impacted only
slightly, while the light density clearly showed
the predicted effects, and both were impacted
stronger in deep parts of the scene. Our findings
show the importance to include 6D light field
effects of light-material interactions in spatial
designs.

Declaration of conflicting interests

The authors declared no potential conflicts of
interest with respect to the research, authorship,
and/or publication of this article.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: This work was
supported by the Marie Sklodowska-Curie
Action — Innovative Training Network (MSCA-
ITN-ETN) DyViTo: ‘Dynamics in Vision and
Touch — the look and feel of stuff” under the
European Union’s Horizon 2020 research and
innovation programme [grant number 765121,
2017].

ORCID iD

C Yu @ https://orcid.org/0000-0001-9209-9893

Lighting Res. Technol. 2023; 55: 218-236



234

CYuetal

References

10

11

12

13

Xia L, Pont S, Heynderickx I. Light diffuseness
metric, Part 2: Describing, measuring and
visualising the light flow and diffuseness in
three-dimensional spaces. Lighting Research and
Technology 2017; 49: 428-445.

Mury AA, Pont SC, Koenderink JJ. Represent-
ing the light field in finite three-dimensional
spaces from sparse discrete samples. Applied
Optics 2009; 48: 450-457.

Kartashova T, Sekulovski D, de Ridder H, Pas
SF, Pont SC. The global structure of the
visual light field and its relation to the physical
light field. Journal of Vision 2016; 16: 9-16.

Pont SC. Light: Toward a transdisciplinary
science of appearance and atmosphere. Annual
Review of Vision Science 2019; 5: 503-527.
Gershun A. The light field. Journal of Mathe-
matics and Physics 1939; 18: 51-151.

Moon P, Spencer DE. The Photic Field.
Cambridge, MA: MIT Press, 1981.

Mury AA, Pont SC, Koenderink JJ. Structure
of light fields in natural scenes. Applied Optics
2009; 48: 5386-5395.

Doerschner K, Boyaci H, Maloney LT.

Testing limits on matte surface color perception in
three-dimensional scenes with complex light
fields. Vision Research 2007; 47: 3409-3423.
Zhang F, de Ridder H, Barla P, Pont S. A
systematic approach to testing and predicting
light-material interactions. Journal of Vision
2019; 19: 11.

Ramamoorthi R. Modeling Illumination
Variation with Spherical Harmonics. In Face
Processing. Advanced Modeling Methods. Berk-
ley: Elsevier, 2006: 385424,

Xia L, Pont S, Heynderickx I. Light
diffuseness metric Part 1: Theory. Lighting Re-
search and Technology 2017; 49: 411-427.
Mury AA, Pont SC, Koenderink JJ. Light field
constancy within natural scenes. Applied Optics
2007; 46: 7308-7316.

Xia L, Pont SC, Heynderickx 1. The visual
light field in real scenes. i-Perception 2014; 5:
613-629.

Lighting Res. Technol. 2023; 55: 218-236

14

15

16

18

19

20

21

22

23

24

25

26

Kartashova T, de Ridder H, te Pas SF, Pont

SC. Visual light zones. i-Perception 2018; 9: 1-20.
Xia L, Pont SC, Heynderickx 1. Effects of

scene content and layout on the perceived light di-
rection in 3D spaces. Journal of Vision 2016; 16: 14.
Zhang F, de Ridder H, Pont SC. Asymmetric
perceptual confounds between canonical
lightings and materials. Journal of Vision 2018;
18: 11-9.

Pont SC. Ecological optics of natural materials
and light fields. In Rogowitz BE, Pappas TN,
editors. Human Vision and Electronic Imaging
XIV. San Jose: SPIE, 2009: 7240009.

Ho Y-X, Landy MS, Maloney LT. How
direction of illumination affects visually perceived
surface roughness. Journal of Vision 2006; 6:
634-648.

Pont SC, Koenderink JJ. Bidirectional texture
contrast function. International Journal of Com-
puter Vision 2005; 62: 17-34.

Kartashova T, Pas SFT, Ridder HD, Pont SC.
Light shapes. ACM Transactions on Applied
Perception 2019; 16: 1-17.

Zaikina V, Matusiak BS, Klockner CA. Luminance-
based measures of shape and detail distinctness
of 3D objects as important predictors of light
modeling concept. Results of a full-scale study
pairing proposed measures with subjective responses.
LEUKOS 2015; 11: 193-207.

Morgenstern Y, Geisler WS, Murray RF.

Human vision is attuned to the diffuseness of
natural light. Journal of Vision 2014; 14: 15.
Kabhrs J. Pixel Cinematography. A Lighting
Approach for Computer Graphics, Course 30. Sig-
graph 96.

Adams WJ, Kucukoglu G, Landy MS, Mantiuk
RK. Naturally glossy: Gloss perception, illumi-
nation statistics, and tone mapping. Journal

of Vision 2018; 18: 4.

Motoyoshi I, Matoba H. Variability in constancy
of the perceived surface reflectance across dif-
ferent illumination statistics. Vision Research
2012; 53: 30-39.

Filip J, Vavra R. Template-based sampling of
anisotropic BRDFs. Computer Graphics Fo-
rum 2014; 33: 91-99.



27

28

29

30

31

32

33

34

35

36

37

Dana KJ, van Ginneken B, Nayar SK, Koen-
derink JJ. Reflectance and texture of real-world
surfaces. ACM Transactions on Graphics 1999;
18: 1-34.

Basri R, Jacobs DW. Lambertian reflectance and
linear subspaces. I[EEE Transactions on Pattern
Analysis and Machine Intelligence 2003; 25:
218-233.

Cuttle C. Cubic illumination. Lighting Research
and Technology 1997; 29: 1-14.

Kartashova T, de Ridder H, te Pas SF, Schoemaker
M, Pont SC. The visual light field in paintings
of Museum Prinsenhof: Comparing settings in
empty space and on objects. In Rogowitz BE,
Pappas TN, de Ridder H, editors. Human Vision
and Electronic Imaging XX. San Francisco: SPIE,
2015: 93941M.

Basri R, Jacobs D. Lambertian reflectance
and linear subspaces: Proceedings Eighth IEEE
International Conference on Computer Vision.
ICCV 2001. TEEE Computer Society: 383—-390.
Yuille AL, Snow D, Epstein R, Belhumeur PN.
Determining generative models of objects under
varying illumination: Shape and albedo from
multiple images using SVD and integrability. In-
ternational Journal of Computer Vision 1999; 35:
203-222.

Yu C, Eisemann E, Pont S. Colour variations
within light fields: Interreflections and colour
effects. Perception 2019; 48: 59.

Yu C, Pont S. The influence of material colors on
the effective color rendering and temperature
through mutual illumination. In Color and Im-
aging Conference. Springfield: Society for Im-
aging Science and Technology, 2020: 293-298.
Yu C, Pont S. Spatial and angular variations
of colour rendition due to interreflections. In
London Imaging Meeting. Springfield: Society
for Imaging Science and Technology, 2020: xv.
Yu C, Wijntjes MWA, Eisemann E, Pont S.
Disentangling object color from illuminant
color: The role of color shifts. Optica Fall Vision
Meeting, 1 October—18 November 2021;
virtual.

Yu C, Zhu Y. Surface-reflectance discrimination
is optimised in the presence of inter-reflections.

Inter-reflections and chromatic light field

38

39

40

41

42

43

44

45

46

47

48

49

50

235

European Conference on Visual Perception
ECVP; 22-27 August 2021: virtual.

Koenderink JJ, van Doorn AJ. Geometrical
modes as a general method to treat diffuse inter-
reflections in radiometry. Journal of the Optical
Society of America 1983; 73: 843-850.

Forsyth D, Zisserman A. Shape from shading
in the light of mutual illumination. Image and
Vision Computing 1990; 8: 42—49.

Cuttle C. Lighting patterns and the flow of light.
Lighting Research and Technology 1971; 3:
171-189.

Gilchrist A, Jacobsen A. Perception of
lightness and illumination in a world of one re-
flectance. Perception 1984; 13: 5-19.

Cuttle C. Towards the third stage of the
lighting profession. Lighting Research and Tech-
nology 2010; 42: 73-93.

Langer MS. A model of how interreflections
can affect color appearance. Color Research and
Application 2001; 26: S218-S221.

Funt BV, Drew MS. Color space analysis of
mutual illumination. /EEE Transactions on
Pattern Analysis and Machine Intelligence 1993;
15: 1319-1326.

Deeb R, Muselet D, Hebert M, Tremeau A.
Interreflections in computer vision: A survey and
an introduction to spectral infinite-bounce

model. Journal of Mathematical Imaging and Vi-
sion 2018; 60: 661-680.

Koenderink J, van Doorn A, Gegenfurtner K.
Colors and Things. i-Perception 2020; 11: 1-43.
Koenderink J, van Doorn A, Gegenfurtner K.
RGB colors and ecological optics. Frontiers of
Computer Science 2021; 3: 630370.

Arnold SEJ, Faruq S, Savolainen V, McOwan
PW, Chittka L. FReD: The floral reflectance
database - A web portal for analyses of flower
colour. PLoS One 2010; 5: e14287.

Reinhard E, Heidrich W, Debevec P, Pattanaik
S, Ward G, Myszkowski K. High Dynamic
Range Imaging: Acquisition, Display and
Image-Based Lighting, 2nd Edition. Massa-
chusetts: Morgan Kaufmann Publishers, 2010.
Luo Ming, Ma Yu-Fei, Zhang Hong-Jiang. 4
spatial constrained K-means approach to image

Lighting Res. Technol. 2023; 55: 218-236



236

51

52

53

CYuetal

segmentation: Fourth International Conference
on Information, Communications and Signal
Processing, 2003 and the Fourth Pacific Rim
Conference on Multimedia. Proceedings of the
2003 Joint. IEEE: 738-742.

Griffin LD, Mylonas D. Categorical colour geom-
etry. PLoS One 2019; 14: ¢0216296.

Yu C, Pont S. Quantifying natural light for
lighting and display design. In International
Conference on Display Technology (ICDT 2021).
Wiley, 2021.

Ou L-C, Luo MR. A colour harmony model for
two-colour combinations. Color Research and
Application 2006; 31: 191-204.

Lighting Res. Technol. 2023; 55: 218-236

54 Ou L-C, Chong P, Luo MR, Minchew C. Addi-

55

56

tivity of colour harmony. Color Research and
Application 2011; 36: 355-372.

Yu C, Eisemann E, Wijntjes MWA, van Assen
JIR, Pont SC. Effects of inter-reflections in box
spaces on perceived object color harmony and
shape: Vision Sciences Society Annual Meeting
Abstract. The Association for Research in Vision
and Ophthalmology, 2021.

Yu C, Eisemann E, Wijntjes MWA, van Assen JIR,
Pont SC. Chromatic light field effects on perceived
modelling and colour harmony: CIE Midterm
Meeting 2021 — Abstract Booklet, 27-29 Sep-
tember 2021, virtual; 2021.



