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Abstract: Recent research indicates that not only blue and green monochromatic light stimulates our
circadian system, but polychromatic light as well. Recent work also suggests that the human circadian
system also changes its spectral sensitivity with different light levels and spectrum. Usually, indoor
architectural spaces are dynamic in light color and quantity, and to a certain extent, the architect is able
to modulate these light characteristics to benefit not only of the visual system but the circadian system
as well. The purpose of this work was to redirect the three main spectral components (RGB) of indirect
light towards different directions and in different quantities as an approach to an understanding of
how the spectral composition of an indoor light environment can be modulated by passive methods.
In the present work, reflections of blue-enriched polychromatic light off different surface materials
with different optical properties and textures were simulated. Spectral radiance values were measured
at a specific point in space in order to evaluate how the three main spectral components of the reflected
light changed in quantity.

Keywords: healthy lighting; circadian lighting; indirect polychromatic light; material optical
properties; RADIANCE software; light spectrum; light quantity

1. Introduction

Much work has been done on indoor luminous environments and on the application of
electromagnetic radiation for different benefits. Light, defined as electromagnetic radiation to which
the human retina is sensitive [1], has been studied as part of architectural environments to provide
visual comfort and to improve human mood and alertness [2–7]. Today, there is an effort to differentiate
“visual lighting levels” from “biological lighting levels” [8], and a need to understand human
physiological and behavioral responses to electromagnetic radiation [9–12], because light entering
the eye does not only serve vision, but also our circadian system [13–15]. Light affects our circadian
timing [16–20], alertness [21,22], core body temperature [22], heart rate [22–24], cortisol production [25],
and objective alertness [26–28]. The melatonin level in blood (or saliva, or urine) has been the primary
measure of the status of our “master biological clock” regulated by the circadian system [29,30].
Brainard and Thapan have found that short wavelength light is the most effective in suppressing
melatonin due to melanopsin in intrinsically photosensitive ganglion cells (ipRGCs). Melanopsin
appears to be the primary circadian photopigment and is mostly sensitive to blue light [31,32].

Recent work suggests that the human circadian system changes its spectral sensitivity with
different light levels [1] because it appears that besides the ipRGCs, cones participate in circadian
phototransduction [33,34]. Cones and ipRGCs are mostly sensitive to different light wavelengths and,
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therefore, participation of both cells implies that light with different spectral composition is able to
induce a circadian response to different extents. Because of these findings, research on light spectral
power distribution and eye spectral sensitivity have become increasingly important. It has been
determined that quantity, spectrum, and distribution of light entering the eye [35] are important for
the stimulation of the circadian system.

In relation to light spectrum, melatonin suppression by light is maximally sensitive to short
wavelengths of visible monochromatic light between 440 nm and 500 nm [31,32], but insensitive to
light peaking at 630 nm [27,36]. Therefore, monochromatic blue and green light are the most effective
in suppressing melatonin [26,37]. On the other hand, research suggests that measures of alertness
increase with long-wavelength light during night-time [36] and during daytime hours [27].

Studies also on polychromatic light have been done in order to understand its non-visual
effects [38–40]. Some studies suggest that polychromatic light may be as effective as blue monochromatic
light at eliciting a circadian response [41–43]. Other studies showed that blue-enriched polychromatic
light can be more effective at suppressing nocturnal melatonin than monochromatic blue light photon
matched for melanopsin stimulation [41]. In addition, it has been proven that bright polychromatic
light during daytime increases alertness and cognitive performance [44,45] and enhances mood and
vitality in healthy office workers during winter time in the northern hemisphere [46]. Moreover,
some experts have concluded that polychromatic light of any spectral content can produce a circadian
response with enough irradiance [37], but only light sources dominated by short-wavelength energy
will be able to add to the intrinsic response by the ipRGCs [47].

In relation to light quantity, some studies suggest that light spectrum is not as significant in
determining circadian phase shifting as quantity of light pulses at the eye [43]. In general, higher
levels of light are needed to induce circadian phase shifts and suppress melatonin than to stimulate
the visual system [47,48]. Moreover, melatonin is not suppressed at very low (scotopic) light levels in
humans [13,14,49–53], because the ipRGCs have lower sensitivity to light than cones and appear to be
specialized to simply encode ambient light intensity [29]. Therefore, a higher light intensity is needed to
produce a circadian response. Apparently, the richer the light in blue spectral content—monochromatic
or polychromatic—the less quantity needed for melatonin suppression [40,47].

Today, indoor spaces lighting should be designed not only to serve vision, but our circadian
system as well. This broadens the purpose of lighting design from visual comfort provision to healthy
lighting conditions. On the other hand, this fact adds complexity to lighting design, as it suggests that
an indoor lighting environment should not provide the same light spectral and quantity characteristics
throughout time (i.e., a day) or even throughout space as our biological behavioral needs change
through time and space (i.e., from needing to be alert to needing to be relaxed).

Light (natural or artificial) within indoor spaces is mostly polychromatic. During the last century,
lighting has been enhanced to provide comfortable visual conditions. Recently, lighting is being
enhanced to provide healthy conditions, and most of the commercial alternatives for this purpose are
lamps that deliver blue-enriched polychromatic light.

Today, one challenge is to study indirect lighting from a healthy point of view. Most of the studies
related to circadian light focus on direct light or spectrally uniform light environments. However,
within architectural indoor spaces, light reaching the eye is mostly indirect and usually, does not come
directly from the light source. Main points of view of indoor spaces occupants are located towards
surfaces that reflect light but do not generate light. Example of these surfaces are the finishes of walls,
floors, desks, and tables. Usually, a person evades looking directly towards a light source in order to
avoid glare. In addition, indoor spaces indirect light is a complex mixture of radiation and spectral
distributions constantly changing and is the product of the interaction of daylight and/or artificial
light with indoor surface materials.

Up to a certain point, the architect of a space determines the main view points of the occupant,
and therefore, the main human eye direction towards a light environment or a specific space.
In addition, the architect selects the material types to be implemented as indoor surface finishes
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and therefore, the material optical properties which will determine the type of interaction between
light and matter. Choosing a light source with specific light spectral and quantity characteristics (to
enhance vision, elucidate alertness, or enhance human performance) is no guarantee that those light
characteristics will remain the same when reaching the eye, as these may have changed after the light
coming from the light source has been reflected off the finishes of the walls, floors, and/or furniture
within the space.

Surface optical properties have an important role on studies on color constancy [54], light
collection [55], and light transportation [56], but not as much on indirect indoor light studies related to
health due to the complexity of the light information. Surface material optical properties have been
reported in several studies related to circadian light [27,38]. In these studies, polychromatic light is
delivered indirectly to the eye by transmitting it diffusively through a white acrylic or reflecting it
diffusively off-white surfaces in order to reach the eye with spectral and quantity characteristics very
close to that from the original source [38]. However, the spectral reflectance of the material was not
reported, and therefore the spectral power distribution (SPD) of the light reaching the eye was also
not reported.

The main purpose of the present work is to study, as a first approach, how different parts of the
spectrum of blue-enriched polychromatic light (coming from a fixed light source) can be increased
or decreased in quantity at certain points in space by passive methods. The present work proposes
to achieve this by redirecting and concentrating different spectral components of the blue-enriched
polychromatic light towards different space regions by reflecting it off surfaces of different optical
properties—such as spectral reflectance, specularity and roughness—and textures.

2. Materials and Methods

Interaction between light and different surfaces with different optical properties were simulated
using the RADIANCE software version 5.1. Light quantity of different spectral components was
measured at the geometrical center of a virtual room. These simulations were performed to assess how
different light–matter interactions reflect polychromatic light with different spectral quantities at a
certain point in space representing the eye.

2.1. Virtual Rooms

Two symmetrical 27 cubic meter rooms were 3D modeled (see Figure 1) with a blue-enriched
polychromatic light source located in the middle of the ceiling. The light source was modeled to radiate
light with an RGB (red, green, and blue) spectral contribution of R = 1000 W/sr/m2, G = 1000 W/sr/m2,
and B = 1500 W/sr/m2. Each room was modeled with black, non-textured, flat ceiling, floor, and walls
in order to avoid any alteration of the reflected from these surfaces. However, material type, color,
specular and diffuse reflection, and texture were varied for only one wall, the active wall, for each
studied case scenario. The first room presented a flat non-textured active wall that reflected and
distributed the light towards a large region; the second room presented an active wall with a texture
that reflected and concentrated the reflected light rays towards the geometrical center of the room.
Spectral radiance values, in W/sr/m2 units, were obtained at the geometrical center (the focal point)
which represented the position of the observer’s eye. The radiance values at the focal point of the room
with a textured active wall were compared with those corresponding to the room with the non-textured
active wall.
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Figure 1. Virtual rooms configuration. Figure 1. Virtual rooms configuration.

2.2. Material Types and Optical Properties

2.2.1. Spectral Reflectance

In this study, the variation of the intensity of the spectral components of light reflected off a
metallic surface was compared with that of light reflected off a non-metallic opaque surface. For this
purpose, RADIANCE software generic “metals” and “plastics” materials were modeled. RADIANCE
materials are defined as having a diffuse and specular component, a color and a roughness factor.
Most opaque non-metallic materials fall into a generic RADIANCE material named “plastic”, such as
plastics themselves, painted surfaces, woods, textiles, non-metallic rock, and ceramics. In terms of its
optical description, a generic RADIANCE “plastic” material presents a color associated with diffusely
reflected radiation, but its specular component is not greatly affected by the spectral reflectance of
the material. On the other hand, metallic materials fall into the generic RADIANCE material named
“metal”, which has the same optical description as a generic RADIANCE “plastic” material, except that
the specular component is greatly modified by the material color [57]. Therefore, highlights resulting
from specular reflection acquire different color depending on whether the material is an opaque
non-metallic material or a metallic material [58]. Highlights in opaque non-metallic materials present
a much more similar spectral composition to the original light source spectral composition, while
highlights in metallic materials present a spectral composition enriched by the spectral properties of the
material [57,59]. Figure 2 shows a comparison between the colors of highlights present in non-metallic
materials and metallic materials with exactly the same spectral reflectance.
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of highlights present in non-metallic and metallic materials with the same spectral reflectance.



Technologies 2018, 6, 11 5 of 21

For both material types, three spectral reflectances were applied in order to compare how different
colors applied to both type materials changed the intensity of the spectral components of the reflected
light. Material colors within the RADIANCE software are described as RGB balances. The three studied
spectral reflectances, are the following: (1) a balanced reflectance giving the appearance of a white
wall: R = 0.5, G = 0.5, B = 0.5 (see Figure 3a); (2) a high red reflectance value, and low blue reflectance
value: R = 0.6, G = 0.3, B = 0.1, giving the appearance of a “reddish-yellowish” wall (see Figure 3b);
and (3) a low red reflectance and high blue reflectance giving the appearance of a “cyan” wall: R = 0.1,
G = 0.3, B = 0.6 (see Figure 3c).

Technologies 2018, 6, 11 5 of 21 

 

wall (see Figure 3b); and (3) a low red reflectance and high blue reflectance giving the appearance of 

a “cyan” wall: R = 0.1, G = 0.3, B = 0.6 (see Figure 3c). 

 

Figure 3. Images of the active wall with different material types, spectral reflectances, and texture, 

rendered with the RADIANCE software. 

2.2.2. Specularity and Roughness 

In addition to color, the influence of the combination of diffuse and specular reflection on the 

intensity of the spectral components of the reflected light was also analyzed. Specular and diffuse 

reflection is modulated with the RADIANCE “specularity” parameter. The root-mean-square (rms) 

surface slope is modulated with the “roughness” parameter. Within the RADIANCE software, the 

specular reflection degree can be set from 0 (with a completely diffuse reflection) to 1 (with a 

completely specular reflection). Roughness degree can be set from 0 (perfectly smooth) to 1 (very 

rough). Within the RADIANCE software, “specularity” values lower than 0.01 and greater than 0.09 

are not realistic, and neither roughness values lower than 0.01 and greater than 0.2. Three 

“specularity” values were analyzed: a minimum value of 0.01, an intermediate value of 0.05, and a 

maximum value of 0.09. In addition, four roughness values were analyzed: a minimum value of 0.01, 

an intermediate value of 0.05, another intermediate value of 0.10, and a maximum value of 0.20. 

Figure 3. Images of the active wall with different material types, spectral reflectances, and texture,
rendered with the RADIANCE software.

2.2.2. Specularity and Roughness

In addition to color, the influence of the combination of diffuse and specular reflection on the
intensity of the spectral components of the reflected light was also analyzed. Specular and diffuse
reflection is modulated with the RADIANCE “specularity” parameter. The root-mean-square (rms)
surface slope is modulated with the “roughness” parameter. Within the RADIANCE software,
the specular reflection degree can be set from 0 (with a completely diffuse reflection) to 1 (with
a completely specular reflection). Roughness degree can be set from 0 (perfectly smooth) to 1 (very
rough). Within the RADIANCE software, “specularity” values lower than 0.01 and greater than 0.09
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are not realistic, and neither roughness values lower than 0.01 and greater than 0.2. Three “specularity”
values were analyzed: a minimum value of 0.01, an intermediate value of 0.05, and a maximum value
of 0.09. In addition, four roughness values were analyzed: a minimum value of 0.01, an intermediate
value of 0.05, another intermediate value of 0.10, and a maximum value of 0.20.

2.2.3. Simulated Case Scenarios

A total of 72 case scenarios for the room with the non-textured active wall were simulated, and 72,
for the room with the textured active wall room. For each material type, 3 spectral reflectances were
simulated; for each spectral reflectance, 3 specularities were simulated; and for each specularity,
4 roughnesses were simulated as described in Table 1.

Table 1. Studied wall optical properties.

Non-Metallic Metal

Reflectance Specularity Roughness Reflectance Specularity Roughness

- - 0.01 - - 0.01
R: 0.50 - 0.05 R: 0.50 - 0.05
R: 0.60 0.01 0.1 R: 0.60 0.01 0.1
R: 0.10 - 0.2 R: 0.10 - 0.2
G: 0.50 - 0.01 G: 0.50 - 0.01
G: 0.30 0.05 0.05 G: 0.30 0.05 0.05
G: 0.30 - 0.1 G: 0.30 - 0.1

- - 0.2 - - 0.2
B: 0.50 - - B: 0.50 - -
B: 0.10 0.09 0.01 B: 0.10 0.09 0.01
B: 0.60 - 0.05 B: 0.60 - 0.05

- - 0.1 - - 0.1
- - 0.2 - - 0.2

2.3. Active Wall Texture

The active wall texture (see Figure 4) was modeled using a mathematical algorithm that perturbed
the wall surface normal to reflect and concentrate the rays of the light source towards the focal point
(geometrical center of the room).
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The next section describes the wall surface normal perturbation in terms of its parameter values.
The following variables were given:

A1, A2, A3 Light source position in world coordinates
A4, A5, A6 Focal point position in world coordinates
Px, Py , Pz Intersection point of ray with active wall in world coordinates

First, the three components of the unnormalized vector to the source was computed as follows:

src_vx = A1 − Px (1)

src_vy = A2 − Py (2)

src_vz = A3 − Pz (3)

Then, the three components of the unnormalized vector to the focal point were computed
as follows:

f p_vx = A4 − Px (4)

f p_vy = A5 − Py (5)

f p_vz = A6 − Pz (6)

The three components of the normalized vector to the source were computed with the
following equations:

src_len =

√
(src_vx)

2 +
(
src_vy

)2
+ (src_vz)

2 (7)

src_nx =
src_vx

src_len
(8)

src_ny =
src_vy

src_len
(9)

src_nz =
src_vz

src_len
(10)

Next, the three components of the normalized vector to the focal point were computed as follows:

f p_len =

√
( f p_vx)

2 +
(

f p_vy
)2

+ ( f p_vz)
2 (11)

f p_nx =
f p_vx

f p_len
(12)

src_ny =
f p_vy

f p_len
(13)

f p_nz =
f p_vz

f p_len
(14)

The three components unnormalized bisecting vector between the focal point and the light source
were computed as follows:

h_vx = src_nx + f p_nx (15)

h_vy = src_ny + f p_ny (16)

h_vz = src_nz + f p_nz (17)

The three components unnormalized bisecting vector between the focal point and the light source
were computed as follows:

h_len =

√
(h_vx)

2 +
(
h_vy

)2
+ (h_vz)

2 (18)
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h_nx =
h_vx

h_len
(19)

h_ny =
h_vy

h_len
(20)

h_nz =
h_vz

h_len
(21)

The three components of the active wall normal perturbations were computed as follows:

dx = h_nx − Nx (22)

dy = h_ny − Ny (23)

dz = h_nz − Nz (24)

Finally, the visible areas of the texture of the active wall from the focal point were computed
as follows:

src_ cos = Nx(src_nx) + Ny
(
src_ny

)
+ Nz(src_nz) (25)

f p_ cos = Nx( f p_nx) + Ny
(

f p_ny
)
+ Nz( f p_nz) (26)

vis_ratio = i f (src_cos − f p_cos,
f p_cos
src_cos

,
src_cos
f p_cos

) (27)

The texture was composed of different sections that reflected the light specularly and diffusively.
The sections that reflect the light specularly were the ones that redirected them towards the focal point;
the sections that reflected the light diffusively redirected the reflected light rays away from the focal
point (see Figure 5).
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Figure 5. Detail of the active wall showing sections reflecting diffusively and sections
reflecting specularly.

2.4. Spatial Distribution

The purpose of reflecting the light off a non-textured wall versus a textured wall was to evaluate
how the three main primary spectral colors (red, green, and blue) of the reflected light can be redirected
and distributed towards different directions and in different quantities in order to modulate the
spectral composition within the room.

3. Results

3.1. Spectral Radiance Values at the Focal Point

Figures 6–8 show the obtained spectral radiance values and ratios for different specularities and
roughnesses combinations. The spectral radiance values of blue-enriched light reflected off an active
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opaque non-metallic wall were compared with those corresponding to blue-enriched light reflected off
an active metallic wall.Technologies 2018, 6, 11 9 of 21 
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In relation to the reflected light red spectrum, highest radiance values at the focal point were
reported in the following cases:

1. Figure 8a shows that the highest radiance value reached 50.00 W/sr/m2 when light was
reflected off the white opaque non-metallic active textured wall with 0.09 specularity and 0.01
roughness conditions;

2. Figure 8d shows that the second highest radiance value reached 40.00 W/sr/m2 when
light is reflected off the red metallic active textured wall with 0.09 specularity and 0.01
roughness conditions;

3. Figure 8c shows that the third highest radiance value reached 35.00 W/sr/m2 when light is
reflected off the red opaque non-metallic active textured wall with 0.09 specularity and 0.01
roughness conditions.

In relation to the reflected light green spectrum, highest radiance values at the focal point were
reported in the following cases:

1. Figure 8a shows that the highest radiance value reached 50.00 W/sr/m2 when light is
reflected off the white opaque non-metallic active textured wall with 0.09 specularity and 0.01
roughness conditions;

2. Figure 8c shows that the second highest radiance value reached 30.00 W/sr/m2 when light is
reflected off the red opaque non-metallic active textured wall with 0.09 specularity and 0.01
roughness conditions;

3. Figure 8d shows that the third highest radiance value reached 26.00 W/sr/m2 when
light is reflected off the red metallic active textured wall with 0.09 specularity and 0.01
roughness conditions.

In relation to the reflected light blue spectrum, highest radiance values at the focal point were
reported in the following cases:

1. Figure 8a shows that the highest radiance value reached 60.00 W/sr/m2 when light is
reflected off the white opaque non-metallic active textured wall with 0.09 specularity and 0.01
roughness conditions;

2. Figure 8f shows that the second highest radiance value reached 55.00 W/sr/m2 when
light is reflected off the blue metallic active textured wall with 0.09 specularity and 0.01
roughness conditions;

3. Figure 8b shows that the third highest radiance value reached 35.00 W/sr/m2 when
light is reflected off the white metallic active textured wall with 0.09 specularity and 0.01
roughness conditions.

Figures 6a–f, 7a–f, and 8a–f, show that the lowest spectral radiance values at the focal point were
reported in all case scenarios where the non-textured active wall was implemented, disregarding
specularity and roughness values. These spectral radiance values were the following: 0.30 W/sr/m2

for the red spectrum, 0.40 W/sr/m2 for the green spectrum, and 0.30 W/sr/m2 for the blue spectrum.
The highest spectral radiance values at the focal point were obtained on those case scenarios when

the blue-enriched polychromatic light was reflected off the active walls with maximum specularity
(0.90) and minimum roughness (0.01). In order to further analyze how the texture and material type
of the active wall affected the spectral radiance of light at the focal point, the ratio of the spectral
radiances of light reflected off the textured active wall to the blue radiance of the light reflected off a
non-textured wall were calculated for those case scenarios with active walls with maximum specularity
(0.90) and minimum roughness (0.01), and described in the next sections, and different material types.
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3.2. Reflection off the Opaque Non-Metallic Active Wall

In this section, spectral radiance values at the focal point from blue-enriched polychromatic light
reflected off an active opaque non-metallic wall with maximum specularity (0.09) and minimum
roughness (0.01) are described.

Figure 8a shows that in the case of a white non-textured wall, light spectral composition is
high in blue with a 1.60 W/sr/m2 radiance contribution, followed by green with a 0.90 W/sr/m2

radiance contribution, and red with also a 0.90 W/sr/m2 radiance contribution; the ratio of the blue
radiance to green and red radiance is 1.77. When the texture is applied to the active wall, the spectral
composition is still high in blue with a 60.00 W/sr/m2 radiance contribution, followed by green with a
50.00 W/sr/m2 radiance contribution, and red with a 50.00 W/sr/m2 radiance contribution; the ratio
of the blue radiance to the green and the red radiance decreased to 1.20. Further, the ratio of the
blue radiance of light reflected off the textured wall to the blue radiance of the light reflected off a
non-textured wall is 37.50; for green and blue, is even higher, 55.60. Therefore, the green and red part
of the spectrum were enhanced when texture was applied.

Figure 8c shows that in the case of a red-yellowish non-textured wall, the spectral radiance is high
in red with a 1.10 W/sr/m2 radiance contribution, followed by green with a 0.50 W/sr/m2 radiance
contribution, and blue with a 0.30 W/sr/m2 radiance contribution; the ratio of the red radiance to the
green radiance is 2.20, and to the blue radiance is 3.66. When the texture is applied to the active wall,
the spectral composition is still high in red with a 35.00 W/sr/m2 radiance contribution, followed by
green with a 30.00 W/s/m2 radiance contribution, and then by blue with a 25.00 W/sr/m2 radiance
contribution; the ratio of the red radiance to the green radiance decreased 1.16, and to the blue radiance
to 1.40. Further, the ratio of the red radiance of light reflected off the textured wall to the red radiance
of the light reflected off a non-textured wall is 31.80; for green is 60.00; and for blue is 83.30. Therefore,
the blue part of the spectrum was more enhanced when texture was applied.

Figure 8e shows that in the case of a cyan non-textured wall, the spectral composition is high in
blue with a 1.60 and W/sr/m2 radiance contribution, followed by green with a 0.50 W/s/m2 radiance
contribution, and red with a 0.30 W/sr/m2 radiance contribution; the ratio of the blue radiance to the
green radiance is 3.20, and to the red radiance is 5.33. When the texture is applied to the active wall,
the spectral composition is still high in blue with a 34.00 W/sr/m2 radiance contribution, followed by
red with a 30.00 W/sr/m2 radiance contribution, and then by green with a 25.00 W/sr/m2 radiance
contribution; the ratio of the blue radiance to the red radiance decreased to 1.13 and to the green
radiance to 1.36. Further, the ratio of the blue radiance of light reflected off the textured wall to the blue
radiance of the light reflected off a non-textured wall is 21.30; for green is 50.00; and for red is even
higher: 100.00. Therefore, the red part of the spectrum was more enhanced when texture was applied.

3.3. Reflection from a Metallic Wall

In this section, spectral radiance values at the focal point from blue-enriched polychromatic light
reflected off an active metallic wall with maximum specularity (0.09) and minimum roughness (0.01)
are described.

Figure 8b shows that in the case of a white non-textured wall, the spectral composition is high
in blue with a 1.60 W/sr/m2 radiance contribution, followed by red with a 1.10 W/sr/m2 radiance
contribution, and green with a 0.90 W/sr/m2 radiance contribution; the ratio of the blue radiance to
the red radiance is 1.45 and to the green radiance is 1.77. When the texture is applied to the active wall,
the spectral composition is still high in blue with a 35.00 W/sr/m2 radiance contribution, followed
by red with a 30.00 W/sr/m2 radiance contribution, and green with a 26.00 W/sr/m2 radiance
contribution; the ratio of the blue radiance to the red radiance decreased to 1.16, and to the green
radiance to 1.35. Further, the ratio of the blue radiance of light reflected off the textured wall to the blue
radiance of the light reflected off a non-textured wall is 21.90; for red is 27.30; and for green is even
higher: 28.90. Therefore, the green part of the spectrum was more enhanced when texture was applied.
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Figure 8d shows that in the case of a red-yellowish flat wall, spectral composition is high in
red with 1.10 W/sr/m2 radiance contribution, followed by green with a 0.50 W/sr/m2 radiance
contribution, and blue with a 0.30 W/s/m2 radiance contribution; the ratio of the red radiance to the
green radiance is 2.20, and to the blue radiance is 3.66. When the texture is applied to the active wall,
the spectral composition is still high in red with a 40.00 W/sr/m2 radiance contribution, followed
by green with a 26.00 W/sr/m2 radiance contribution, and blue with a 13.00 W/sr/m2 radiance
contribution; the ratio of the red radiance to the green radiance decreased to 1.54, and to the blue
radiance to 3.08. Further, the ratio of the red radiance of light reflected off the textured wall to the red
radiance of the light reflected off the non-textured wall is 36.40; for blue is 43.30; and for green is even
higher: 52.00. The green part of the spectrum was more enhanced when texture was applied.

Figure 8f shows that in the case of a cyan non-textured wall, the spectral composition is high in
blue with a 1.60 W/sr/m2 radiance contribution, followed by green with a 0.50 W/sr/m2 radiance
contribution, and red with a 0.40 W/sr/m2 radiance contribution; the ratio of the blue radiance to the
green radiance is 3.20, and to the red radiance is 4.00. When the texture is applied to the active wall,
the spectral composition is still high in blue with a 55.00 W/sr/m2 radiance contribution, followed by
green with a 20.00 W/sr/m2 radiance contribution, and then by red with an 8.80 W/sr/m2 radiance
contribution; the ratio of the blue radiance to the green radiance decreased to 2.75, and to the red
radiance increased to 6.25. Further, the ratio of the red radiance of light reflected off the textured wall
to the red radiance of the light reflected off the non-textured wall is 22.00; for blue is 34.40; and for
green is even higher: 40.00. The green part of the spectrum was more enhanced when texture was
applied, even more then blue.

From these results it is deduced that the highest spectral radiance values at the focal point
are reported in those case scenarios where texture was implemented to the active wall with
maximum specularity (0.09) and minimum roughness (0.01), white reflectance, and with an opaque
non-metallic material.

3.4. The Effect of the Material Type in Combination with Specularity–Roughness Properties on Spectral Radiances

The effect of the material type in combination with specularity–roughness properties on the
spectral radiance of the reflected light at the focal point can be better comprehended by comparing
the active textured wall with the active non-textured wall corresponding to those case scenarios with
extreme specularity and roughness conditions as described in Figure 9a–f. The extreme conditions
are the following: maximum specularity and minimum roughness, maximum specularity and
maximum roughness, minimum specularity and maximum roughness, and minimum specularity and
minimum roughness.

1. Figure 9e shows that the highest ratio of the red spectrum radiance of light reflected off the
textured wall to the red spectrum radiance of the light reflected off the non-textured walls 100.00,
and is reached when light is reflected off a cyan opaque non-metallic wall with 0.09 specularity
and 0.01 roughness conditions;

2. Figure 9c shows that the highest ratio of the green spectrum radiance of light reflected off the
textured wall to the green spectrum radiance of the light reflected off the non-textured wall is
60.00, and is reached when light is reflected off a red-yellowish opaque non-metallic wall with
0.09 specularity and 0.01 roughness conditions;

3. Figure 9c shows that the highest ratio of the blue spectrum radiance of light reflected off the
textured wall to the blue spectrum radiance of the light reflected off the non-textured wall is
83.33, and is reached when light is reflected off a red-yellowish opaque non-metallic wall with
0.09 specularity and 0.01 roughness conditions;

4. Figure 9e shows that the lowest ratio of the red spectrum radiance of light reflected off the
textured active wall to the red spectrum radiance of the light reflected off the non-textured wall is
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1.33, and is reached when light is reflected off a cyan metallic wall with 0.09 specularity and 0.01
roughness conditions;

5. Figure 9e shows that the lowest ratio of the green spectrum radiance of light reflected off the
textured wall to the green spectrum radiance of the light reflected off the non-textured wall is
1.20, and is reached when light is reflected off a cyan metallic wall with 0.09 specularity and 0.01
roughness conditions;

6. Figure 9e shows that the lowest ratio of the blue spectrum radiance of light reflected off the
textured wall to the blue spectrum radiance of the light reflected off the non-textured wall is
1.25, and is reached when light is reflected off a cyan metallic wall with 0.09 specularity and 0.01
roughness conditions.
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From this analysis, it is deduced that the highest ratios of the spectral radiances at the focal point
of light reflected off the textured active wall to the spectral radiances of the light reflected off the
non-textured active wall are reported in those case scenarios where an opaque non-metallic material
was implemented with maximum specularity (0.09) and minimum roughness (0.01); the lowest ratios,
are reported in those case scenarios where a metallic material was implemented with minimum
specularity (0.01) and maximum roughness (0.01).

3.5. The Effect of the Wall Spectral Reflectance in Combination with Specularity–Roughness Properties on
Spectral Radiances

Those case scenarios with a textured active wall and with extreme specularity and roughness
conditions were also analyzed to better understand the effect of the wall spectral reflectance in
combination with the specularity–roughness properties on the spectral radiances by comparing active
opaque non-metallic walls with the active metallic walls described in Figure 10a–c.

1. Figure 10c shows that the highest ratio of the red spectrum radiance of light reflected off the
textured opaque non-metallic wall to the red spectrum radiance of the light reflected off the
textured metallic wall is 4.04 with a cyan active wall reflectance and with 0.01 specularity and a
0.01 roughness conditions;

2. Figure 10c shows that the highest ratio of the green spectrum radiance of light reflected off the
textured opaque non-metallic wall to the green spectrum radiance of the light reflected off the
textured metallic wall is 2.56 with a cyan active wall reflectance and a 0.01 specularity and a
0.01 roughness;

3. Figure 10b shows that the highest ratio of the blue spectrum radiance of light reflected off
the textured opaque non-metallic wall to the blue spectrum radiance of the light reflected off
the textured metallic wall is 6.00 with a red-yellowish active wall reflectance and with a 0.01
specularity and a 0.01 roughness.

From this analysis, it is deduced that the highest ratios of the spectral radiances at the focal point
of light reflected off the textured active wall to the spectral radiances of the light reflected off the
non-textured wall are reported in those case scenarios where an opaque non-metallic material was
implemented with a spectral reflectance opposite to the spectral color of the reflected light and with
minimum specularity (0.01) and minimum roughness (0.01). However, when roughness is increased
to its maximum (0.02) and specularity stays on its minimum (0.01), the lowest ratios of the spectral
radiances at the focal point of light reflected off the textured active wall to the spectral radiances of the
light reflected off the non-textured wall are reported.
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specularity–roughness values.

4. Discussion

The simulations performed in this work demonstrate that it is possible to increase or decrease
radiance values corresponding to certain parts of the light spectrum at certain points in space by a
passive method. This was achieved by concentrating and redirecting them towards specific points in
space, in this case towards and away from the focal point through strategic interactions of spectral
light characteristics with different material types and optical properties—such as spectral reflectance,
specularity and roughness—as well as surface texture.

Minimum radiance values at the focal point were reported in all those cases when the active wall
was non-textured, disregarding material type, surface spectral reflectance, specularity or roughness.
Spectral radiances of light reflected off a metallic non-textured wall at the focal point do not differ much
from those corresponding to light reflected off an opaque non-metallic non-textured flat wall. However,
specularity, roughness, material type, and surface spectral reflectance do become important when
the texture that concentrates the light rays towards a specific point is applied, resulting in maximum
radiance values at the focal point when a white opaque non-metallic textured wall is applied with
maximum specularity and minimum roughness.

The type of material of a surface reflecting light determines the nature of the specular reflection;
the spectral reflectance of the surface reflecting the light enhances the nature of that specular reflection.
A texture redirecting the reflected rays towards a specific point increases the spectral radiance values
at that point. If that texture reflects those rays specularly, and not diffusively, towards that point,
the spectral radiances can be much better modulated. Specularity of the surface reflecting light
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modulates the amount of light reaching a specific point; roughness modulates the concentration of the
light rays.

Modulation of the spectral composition of light is more achievable when light is reflected off
materials with opaque non-metallic properties due to the fact that light rays coming from this highlight
are not greatly affected by the color of the surface material. On the other hand, modulation of the
amount of light at a specific point can be much better achieved by changing a material specularity as
long as roughness is maintained in its minimum or very low. When a balanced reflectance (white) is
applied to an opaque non-metallic material, the highest spectral radiance values are obtained because
the reflected light spectral composition is less affected by the spectral characteristics of the material, as
opposed to the case of a metallic material. Although metals are highly reflective, the ratio of spectral
radiance values of light reflected off a textured metallic wall to light reflected off a non-textured
metallic wall is not as great as the ratio of spectral radiance values of light reflected off a textured
opaque non-metallic wall to light reflected off a non-textured opaque non-metallic wall.

If a texture that concentrates the reflected rays towards a specific point is applied to a white
opaque non-metallic material, the spectral radiance values are greatly increased. However, radiance
of a certain color (i.e., red) of the reflected light spectrum may be much more increased, even if the
spectral reflectance of the surface reflecting the rays is opposite to it (i.e., blue), as long as the material
of the reflecting surface is an opaque non-metallic type material that reflects specularly.

5. Conclusions

The present work results show that it is possible to create indoor lighting conditions with
different light spectral and quantity characteristics by using materials with certain optical properties
in combination with textures using a fixed light source. The studied case scenarios show that indoor
surface conditions allow one to increase or reduce the intensity of the different spectral components of
light, and therefore, modulate the spectral composition of indoor polychromatic light. Light spectrum
and quantity are two light characteristics important for both the visual and the circadian system,
and consequently for the provision of healthy light.

Architects and light designers should consider that an interior light environment doesn’t have to
provide uniform conditions to satisfy the circadian system in addition to the visual system. By knowing
and choosing the right optical properties and texture of indoor surface materials, they can design
comfortable spaces from the visual and circadian point of view.
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