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Abstract

Daylighting simulation software is an important tool to improve the quality of building design and to improve the quality of the built
environment. For its application to correspond to reality, its algorithm needs to reflect real behaviour in the best possible way. This
paper aims to propose an algorithm to simulate the behaviour of fenestration complex systems, such as the laser-cut panel, based on ray
tracing techniques. The algorithm was developed in MatLab as an add-on for the TropLux software, using the physical formulas
associated with the concepts of daylight coefficients, ray tracing and Monte Carlo method. After validation it is possible to realize that
the developed algorithm can simulate the light behaviour through complex fenestration systems using plane-based modelling with
precision and accuracy. The tests using laser cut panel, ordinary glass and prismatic glass obtained behaviour close to that observed in

similar measurements and algorithms.

© 2023 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Window is the basic interface between the internal and external
environment in a building, and its definition must assume, in
addition to the light input function, user and building parameters.
Lam [1] points out that the perception of location, of the passage
of time, of orientation and even of its psychological comfort
influences the form and determination of the type of opening and
the user's relationship with it.

The capture of daylight through the window shall be treated so as
to cover the various effects its entry causes to the internal
environment. Different opening positions result in different forms
of light input and distribution, restricting its use and the strategies
for protection and capture. There are several types of solar
protection systems that are simple to apply and that brings great
benefits to the internal environment, they are: the marquee, the
light shelf, and the louvre. These elements seek above all to ensure
that there is no direct sunlight entering the work plan and, where
possible, redirecting the light into the environment to make the
best use of it.

Faced with the limitations that traditional devices for capturing
and controlling daylight impose, new elements arise that seek to
overcome them using technology. Kazanasmaz and Ors [2] define
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advanced systems as those that apply technological advances in
the field of materials and existing optical knowledge to develop
elements capable of obstructing direct sunlight, avoiding glare and
transporting daylight, in a reflected manner, to regions further
away from the window.

1.1. The laser cutting panel (LCP)

LCP was developed by engineer Ian R. Edmonds in 1989 and
patented in 1991 [3]. The element consists of an acrylic plate
where parallel cuts are made with a laser cutter, fusing it into a
highly reflective surface that generates the total internal reflection
effect. The cuts can be angled or perpendicular to the surface [4].
Some applications also include cuts in semi-circular format and
with uneven distributions [5].

Its application does not obstruct the external view, it can also be
used at the user level, however it is usually positioned at the top of
the window, at a proportion of 1/3 of the window height [6]. It can
also be applied to mobile structures, allowing the adjustment of
the angle of reflection [7]. Preliminary studies by Edmonds [4]
point out that 90% of the light incident on the panel, for solar
heights greater than 45°, is deflected towards the ceiling of the
environment, 2% crosses the panel directly and 8% is deflected
towards the ground, externally.
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Fig. 1. Behaviour of light beam when focusing on PCL [9].

When incident on the panel, the light beam can be deflected by
the cutting surface towards the interior of the environment with
minimal losses, by the effect of total internal reflection, or it can
cross the material in the same direction. When the cut is angled,
the deflected rays inside will come out on the other side of the
material at a different angle from the input, allowing the cut to be
adjusted in order to obtain the greatest luminous gain [8]. The way
the LCP interacts with light is related to parameters such as the
inclination of the cut on the plates, the thickness of the material,
the distance between the cuts and the refraction index of the
material. The main characteristic that defines the panel is the
relationship between the distance of the cuts and the thickness of
the material (D/W) (Fig. 1).

Initial studies by Edmonds [4] show that the panel works best
under clear sky conditions, positioned with the cuts horizontally,
and at an angle of inclination corresponding to half the maximum
solar height. Still, it indicates that there is a considerable reduction
in the external view from the panel, of up to 50% when positioned
at 60°. A formula for the application of the panel was proposed by
Edmonds [4], regardless of the orientation, as presented in Eq. (1).

1
epanel =3 X (E - 80) (1)

where E is the maximum solar elevation and Opanel is the angle of
application of the element in the window in relation to the vertical,
with the axis at the top.

For regions of urban canyons, the author suggests that the panel
must be applied at 30° vertically. Laar [9], when comparing LCP
with plexiglass, explains that the gain in illuminance with LCP
exceeds that of the other material. Ciampini [8] analysed the
material using scale models and real sky for several advanced
systems in daylighting. The author concludes that the channel
panel obtained the best results, promoting a homogeneous
luminance distribution, generating low levels of contrast on the
surfaces illuminated by the deflected rays. The results of Ciampini
[8] were confirmed by Santos [10] and Kadir et al. [11] for
subtropical skies. Studies in real environments, such as the one

conducted by Labib [12] pointed out that the LCP system proved
to have a simple application, that resulted in significant gains,
regarding the case of the study, in classrooms, mainly in clear and
partially covered sky conditions.

Besides its isolated application, it is possible to use the LCP
combined with other elements to increase the efficiency of the
system. Obradovic and Matusiak [13] observed that the
application of LCP as a collector on light pipe can significantly
increase the entry of natural light, both in clear and overcast
conditions. The results can be observed in Singh, Bisht and Garg
[14] research, with some advances like development of panels
with oriented cuts and with different depths. Davila e Fiorito [15]
also observed that the use of LCP combined with a horizontal blind
reduces the risk of discomfort glare of the occupants. Secondly
when combined with Fresnel collectors, as showed by Nair,
Ganesan and Ramamurthy [16]. The authors affirmed that the use
of grades LCP perform better with Fresnel collectors than the other
LCP types, and that better performance was observed with LCP in
comparison with acrylic dome.

2. Computational simulation of complex fenestration systems

For the performance of an advanced device in daylighting to be
evaluated, the computational tool must be able to simulate the
optical characteristics of the material in question. Some basic
features such as reflectance and transmittance of materials are
easily inserted into all simulation software, however only a few
allow to go beyond that. The refraction of light beam is usually not
properly computed in simplified tools, regarding its little influence
on the luminous performance of common glass environments.

Software that wishes to simulate the characteristics of a given
translucent material must incorporate into its algorithm tools that
allow it to deal with the optical phenomena of light. Daylighting
simulation programs that work with the radiosity method usually
characterize the complex fenestration systems using The
Bidirectional Transmission (or Reflection) Distribution Function,
abbreviated BT(R)DF [17], which is synthesized in the BSDF
(bidirectional scattering distribution function) [18]. In simplified
form, this function relates the incident light in a plane with the
distributions, in spherical coordinates, of the reflected and
transmitted quantities, simplifying the internal complexity of
certain elements, such as the LCP. In software where the ray
tracing method is used, the treatment of light rays within complex
systems can be studied in a broader way, evaluating their
behaviour within the materials. Some materials already have
formulations to be treated in such software, like the common glass
[19] and the prismatic glasses [20], however the LCP still lacks
studies.

The present aims to propose an algorithm for the simulation of
daylight redirection elements of the laser cut panel type based on
ray tracing techniques. The developed algorithm is not limited to
LCP, but allows dealing with any translucent material, provided
that its geometry can be computationally modelled.

3. Mathematical model

Two aspects define the optical characteristics of materials,
reflectance, and transmittance, in specular and diffuse forms. In
addition, the component absorbed by the material is added. When
the radiation falls on a surface, one portion is absorbed by the
material, one is reflected, and the rest is transmitted through the
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body in a way that each added energy portion results in the initial
amount [21].

Refraction is another phenomenon observed in the
environments where light falls. The change in the angle of the ray
of light, when passing from one medium to another, happens due
to different speed of light propagation in the materials. This
particular aspect, depending on the angle of incidence of the light
beam and the shape of the element, can cause the effect of
chromatic dispersion, which is the division of the original light
beam into different wavelengths in the visible colour spectrum
[22].

The effect of changing the direction of a light beam when
crossing an interface between two media is defined by Snell's law.
Refraction is defined when a light beam reaches the interface
between two non-dielectric materials: it tends to change speed, and
thus move away from or towards normal, depending on the
refractive index of the materials. After impacting the medium, the
electromagnetic wave may reflect on the surface, be transmitted
by the medium or be absorbed, or the combination of effects [23].
The relationship between the angle of incidence 0;) and the angle
of transmission of the ray after the interface (0;) is given by the
Snell’s law, presented in Eq. (2) [24].

smetzﬁxﬂn& )

where n; indicates the index of refraction of the material 1 and n,
the index of refraction of the material 2.

For refractive index that are the same in both media, the ray of
light does not change its trajectory, but as one of the indexes
changes the ray tends to approach or depart from the normal vector
of the incidence plane. In the situation where the refractive index
of the medium originating in the ray is higher than the medium in
which it must cross, a trend away from the normal of the interface
plane is observed. There is an incidence angle where the
transmission angle passes 90°, resulting in the effect called total
internal reflection [25].

It is important to point out that as the area where the effect of
total internal reflection takes place is the interface between two
planes, and that its thickness is insignificant, the effect of
absorption is negligible, but only in regard to the integral
reflection of the incident light beam [22]. This effect is very
important because it will be the basis for the operation of the LCP
among other elements such as fibre optics.

Fig. 2. Polarisation of the incident light wave in a plane.

In a normal incidence to the plane the transmission of the light
beam is total, but while this angle increases there is a decrease in
the transmitted component and an increase in the reflected
component. Some formulations of the wave allow to calculate the
reflectance for the two polarities of the light wave, these laws
determine the reflected fraction as well as the transmitted fraction
and are called Fresnel coefficients [22]. Egs. (3) and (4) define the
behaviour for perpendicular and parallel polarities.

nicos ©; —n¢cos O

Tperpendicular = nicos ©; +necos B¢ (3)
(4)

where Tyerpendicutar a0 Tparauier are the reflections of the planes
in which lightning strikes the electromagnetic wave perpendicular
and parallel, respectively, to the plane containing the lightning , 0;
e 0 are the angles of incidence and transmission of the light beam
respectively in relation to the normal of the incident plane, and n;
e n; are the indexes of refraction of the medium containing the
incident ray and transmitted, respectively.

The two polarizations of the light wave can be better understood
in Fig. 2, in which the previously presented formulations are
based.

According to Stamnes [23], daylight can be treated as a non-
polarized light, in view of the constant variability of its
polarisation. In view of this it is possible to define the plots
reflected and transmitted by equations 5 and 6.

n;cos O —ngcos 6;

T, =
parallel n;cos O +ntcos 6;

+72

2
T .
erpendicular arallel
R = perp 14 (5)

2
T=1-R (©6)

In which R is the reflectance of the interface between the media
for the given angle of incidence, and by the fact that in the
reflection in interfaces there is no absorption of light, the
transmittance is what is left to complete 100% of the light energy
of the ray. In order for such a formula to be used in the calculation
of reflectance it is necessary to know the angles of incidence and
transmission of the light beam. The calculation is performed when
the light beam reaches a plane of the model, and its transmission
angle is not yet known. For this it is necessary to calculate it using
Snell's law, presented in Eq. (1), combined with the law of
trigonometry presented in Eq. (7).

cos B, =41—(sin6,)? 7
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It turns out Eq. (8):

, 2
cos 0, = Jl—(%XSinei) ®)
t

By replacing Eq. (8) in Egs. (3) and (4), a formula is obtained
that has as its parameters only the refractive index of the media
and the angle of incidence of the light beam, as presented in Egs.
(9) and (10), and is possible to be implemented in the algorithm.

n; 2
njcos 0; —ng 1—(n—£><sin 0; )

Tperpendicular = Q)

2
n; .
njcos 0; +n¢ 1—(n—ixsm 0; )

2
n_ .
n; 1—<n—;xs1n9i> —necos 0;

(10)

Tparallel =

2
n; .
n; 1—(n—;xsm ei) +n¢cos 6;

Based on the formulas for the directional characteristics, it is
also necessary to calculate the angle of refraction of the light beam
for each angle of incidence. By Glassner [24], the relationship
between the angle of the incident radius and the refractory ray is
given in Eq. 11.

v, =1 X l+n(rcos©; — /1 —sin(6,) ?) (11)

where v, is the refracted vector, r is the ni/ny, 1 is the incident vector,
and n is the normal vector to the plane.

Using Snell's law presented in Eq. (2), in order to eliminate the
variable angle of the transmitted radius from the equation, the
formula presented in Eq. (12) is obtained. By its use is possible to
obtain the refractory vector, in terms of its direction cosines.

L,="x +n(ﬂcos 0, — Jl - (ﬂx sin ©; )2) (12)
n2 n2

nz

For the reflected vector, where the angle of reflection is equal
to the angle of incidence, the formula given by Greve [26] is used,
where the relationship between the angle of the incident radius and
the reflected one is presented in Eq. (12).

r=i—2(*n)n

(13)
where, by the notation used, r = L. is the reflected ray, i=L’ is

the incident ray, and n=n’is the normal vector to the plane.
where,
L,=L—-2(L*n")*n' (14)

The use of a simulation software in daylighting is an option for
evaluating the performance of an advanced lighting device,
however the program should have in its base formula the
requirements to work with optical events such as total internal
reflection. That software commonly uses simplified equations to
deal with reflection and transmission effects, and the refractive
effects of the light beam are usually not properly computed in view
of their small influence on the luminous performance of common
glass environments. For advanced elements it is common that
equations are limited to the specific case of each type of element,
as is the case of Edmonds et al. [27] for LCP and Mashaly et al.
[28] for prismatic glasses.

Tregenza and Sharples [19] present a formula for directional
transmittance in transparent glasses with parallel faces, the
common glass, which is commonly used by the simulation

software in daylighting, like a TropLux [29,30]. The formula is as
shown below,

t; = —0,028378 + 3,156075 *cos (i) — 3,058376 *
cos?(i) —1,428919 = cos 3(i) + 4,014235 = cos*(i) —
1,775827 * cos> (i) (15)

where t; is the directional transmission and i is the angle of
incidence of the light beam relative to the normal of the plane.

Edmonds et al. [19] developed an algorithm that allows the
simulation of LCP in Radiance software, using the prismatic
elements module that the software provides. For this it was
necessary that the author described physically the behaviour of the
light beam inside the material. The first step was to calculate
directional reflectance; therefore, they propose the following
formula presented in Egs. (16)-(20)

cos _i = abs(R) (16)
__cos _i—+A22—1+cos _i?

rte = cos _i ++/A22—1+cos _i2 (17)
__ A2%xcos _i —+/A22-1+cos _i%

rtm = A22xcos _i ++/A22—1+cos _i? (18)
te2+rtm?

R = % (19)

T=1-R (20)

where R is the cosine between ray and surface normall, rte is the
reflectance in parallel polarity, rtm is the rteflectance in
perpendicular polarity, A2 is the index of refraction of the
medium, R is the directional reflectance of incident beam, and T
is the directional transmission of the incident beam.

If we compare the results obtained using the formula presented
by Tregenza and Sharples [19] with that of the Fresnel coefficients
and with that of Edmonds et al [27] the results obtained by the
formula of Tregenza and Sharples [19] have a different behaviour
from the other models, mainly those taken as reference, which uses
the Fresnel coefficients presented by Hetch [22]. The behaviour of
the model of Edmonds et al. [27] showed minor differences,
remaining far from the basic theoretical model.

This difference shows that the adoption of the Edmonds [4]
models, or of Tregenza, and Sharples [19], in the LCP simulation
may result in considerable differences. The first, from Edmonds,
still brings with it the rest of the algorithm where the reflected
fractions are defined, transmitted directly and in a refracted way
by the panel using the formula presented, however its application
to ray tracing becomes complicated in consideration of the logic
used by the "prism2" module of Radiance, on which the algorithm
is based, by combining the methods of calculation of Ray Tracing
and radiosity. The model presented by Tregenza and Sharples [19]
is limited to the application of glass elements with parallel faces,
and without the total internal reflection effect found in the LCP
panel and other advanced devices, making its use impossible in
such situations, as Lowry and Thomas [31] also states. The
disputes substantiate the choice of using the Fresnel’s coefficients
presented by Hecht [22] in the algorithm developed in TropLux.

The choice is also based on the studies developed by Andersen
et al. [32], who studied whether the simulation of prismatic
elements using Monte Carlo methods combined with Ray Tracing
results in behaviour similar to that measured in real models using
BTDF [33]. The studies revealed that the combination of Monte
Carlo method with Ray Tracing, associated with Snell-Descartes
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concepts and Fresnel's law, achieved results very similar to those
acquired by the real model, but in models with complex plan
geometry the operational cost can be high.

4. Methodology

The developed algorithm was implemented with an add-on in the
daylighting simulation software TropLux [30], developed by
Cabus [29]. This is based on the ray tracing method combined with
daylight coefficients [27] and the Monte Carlo method applied to
daylighting [35]. TropLux software is validated [36] and has been
widely used in scientific papers such as national [37] and
international [38] thesis, dissertations [39], articles in national [40]
and international [41] congresses, and in national [42] and
international [43] journals. Its code was developed in Matlab® and
the computational model inserted in the program is based on a
geometry formed by rectangular planes defined by the coordinates
of their vertices, where characteristics such as reflectance and
transmittance are defined. The combination of several planes
allows the creation of complex geometries.

To validate the new functions, it is necessary to check the
directional transmittance and reflectance characteristics obtained
in the algorithm for different advanced elements and compare
them with other results already found in the literature. The

Table 1. Theoretical references used in comparisons for algorithm validation.

photometric behaviour of the materials was checked for
transmittance and directional reflectance. For this purpose, the
behaviour of three elements were compared: ordinary glass,
prismatic glass type 45/45 and laser cut panel with D/W ratio of
0.3. The procedure consists of emitting a light beam on the element
in the computational model and checking the number of rays
transmitted and reflected to the outside and deflected. The
benchmarks used in the comparisons for each type of material are
described in Table 1.

The results were presented in a radial diagram where
transmittance and reflectance for each angle of light incidence are
presented. The data was also compared in a linear regression to
check the correspondence between the values in the literature and
those obtained by the model.

Finally, the portion of light deflected by the laser cutting panel
was analysed. Edmonds [4], using measurements under the
condition of a real covered sky, was able to calculate the
percentage of light transmitted by the element that was deflected,
making the results available to be compared with those of the
developed algorithm.

Material Reference in Literature Methodology used

Common Glass Edmonds et al. [27]

Calculated values from the formulation developed by the author for the simulation of glass elements

with parallel faces for the Radiance ® software

Tregenza and Sharples [19]

Calculated values from the formulation developed by the author from data obtained by Mitalas and

Arseneault [44] for directional transmittance of flat glasses

Martins [45]

Transmittance data obtained in a digital spectrophotometer mounted on a pneumatic table in the

laboratory. Reflectance data obtained in an experimental setup (light source, lens, iris, goniometer and

luxmeter)

Prismatic Glass Laouadi et al. [46]

Computational simulation by ray tracing method, however its approach in the interaction between the

ray and the surfaces of the element does not use the Fresnel coefficients, but a probability distribution of
events from measurements made in the laboratory with a goniophotometer

Andersen et al. [32] (a)
Andersen et al. [32] (b)
Mohanty, Yang, Wittkopf [47]

Data obtained from a goniophotometer in the laboratory
Data obtained from an integrating sphere using CCD cameras' in the laboratory by the BTDF method'

BTDF data obtained from a goniophotometer in the laboratory, using a Xenon lamp. The material was

measured from 10° to 70° of incidence angle.

Laser Cut Panel  IEA [48] (a)

Data obtained from an integrating sphere using a photoelectric receiver at the TUB laboratory at the

Swiss Federal Institute of Technology

IEA [49] (b)

Data obtained from an integrating sphere using a photoelectric receiver in the LESO Laboratory, Solar

Energy and Building Physics Laboratory

Andersen [50] (a)

Data obtained from a goniophotometer in the laboratory

N2

Type 2

Type 3

Fig. 3. Schematization of the behaviour of the ray of light when interacting with a prismatic element.

' CCD - charge-coupled device: is a semiconductor imaging sensor formed by an integrated circuit containing an array of coupled capacitors.
2 BTDF - bidirectional scattering distribution function: Set of mathematical functions that describe the behaviour of a light beam focusing on a surface from a

probability distribution of events.
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Fig. 4. Flowchart for processing the direct coefficients of daylight. The blue

elements represent the original sequence and the oranges the additions. Adapted
from Cabus [29].

5. Results

Based on the algorithm used by TropLux, auxiliary routines were
developed to allow the software to work with light transmission
between media with different densities. The methodology of the
TropLux algorithm - including ray tracing, Monte Carlo and
daylight coefficients are used - is described in the thesis of Cabus
[29] and was fundamental for the development of the algorithm.

When working with different media, they are usually associated
with the idea of volume, however, when dealing with light only
the interface surface between them maters, as the media will be
treated by the plans that compose their domain. Computationally,
in TropLux, the plan is defined by four points, in which the face
to which it is facing is defined by the order in which the points are
described. This feature requires two sides, one facing each side, to
correctly define an actual plan.

In this way, each two-sided plane will correspond to the
interface between two media. In Fig. 3, it is possible to observe
how the light beam behaves using this new setting configuration.
The light beam from N2 reaches the prismatic element in one of
its planes composed of two faces, one facing inwards in blue and
the other outward in red. At the point of impact, the ray identifies
the plane reached as well as the corresponding face and computes
a refractive index change from N2 to N1, changing its direction.
Within the prism, the ray reaches the opposite plane, on a face that
indicates a new change, now from an index of refraction N1 to N2.

Start Daylight
Coefficients by
Monte Carlo Method

Read input
and set up
data

Run N rays for a
point

A

Emit ray, weight =1

(D)—

Get coordinates of
new intersection

4

Minimum

error, or . Yes Ray
number of record weight in [— reaches
sky patch
aplane?
No
Y
daylight and d \
assess N p
" YIB! | calculate radius d N\
auxiliary coefficients weight as a function No Ray .
splitting in direct and g . le—< crosses a >
R of material . /
internal reflected L ~._ plane? _~
characteristics . P
components N
YesI
Save .
Files Calculate new weight

and direction by
Fresnel coefficients

Y
End Direct Daylight
Coefficient

Fig. 5. Flowchart for processing the diffuse coefficients of daylight. The blue
elements represent the original sequence and the oranges the additions. Adapted
from Cabus [29].

From this route, you can define two types of faces, in which the
order of the refractive index is different, and which will be used in
the new algorithm.

In this sense, the means are defined by the faces facing in and
out of them, as well as the refractive indexes for each material.
This system allows numerous different types of materials to be
added in the same model.

5.1. Data processing

The processing of illuminance in TropLux is performed in three
distinct steps: the calculation of direct and diffuse daylight
coefficients and the calculation of illuminance. The algorithm was
inserted in the first two processing steps, when the program
calculates the direct and diffuse daylight coefficients for the
simulation point requested by the user.

In the processing of the direct coefficients, TropLux launches
rays from the point of analysis directly to the centre of the sky
sectors used. Cabus [29] uses as basis the sky division of 145
sectors proposed by CIE [51], however, considering that the area
that the sun occupies in the sky is much smaller than the area of
an original sector, a more refined division of 5221 parts is used in
TropLux. The process of calculating the direct daylight
coefficients is presented in Fig. 4.

The main change of the light direction occurs by refraction. In
the common glass a phase change occurs, in view of the
parallelism of the faces, which is negligible depending on the
number of parallel rays. In the prismatic elements, the refractive
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effect should be computed, as well as the change of direction and
weight of the ray as a function of the angle of incidence and the
refractive index of the media.

Three new functions have been created to deal with the
refraction between media whose algorithms are listed in the
appendices. In the calculation of direct coefficients two are used,
fPrismTr.m' and 'fPrismTrRef.m'. The first calculates the
direction of the ray transmitted after impacting the surface, using
as reference the direction cosines of the original radius and the
point of intersection of it with the plane. The second calculates the
reflectance and transmittance of the surface on which the light
beam strikes, the value being directly related to the angle that this
beam has with the plane. Depending on the angle of refraction of
the ray, it may, in an interaction with another plane, suffer the
phenomenon of total internal reflection. However, when suffering
this effect, it is no longer computed as a direct ray, and does not
enter into the direct daylight coefficients, only the diffuse ones.

The light beam that suffers the effect of the change of direction
after crossing a prismatic element will no longer reach the same
sector of sky to which it was initially directed. This requires the
use of a function already present in TropLux, which identifies the
new sector to which the lightning strikes.
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For diffuse coefficients calculation, 'fPrismRef.m', which
calculates the direction of the reflected radius, is used in addition
to the cited functions. For this situation, the fPrismTrRef.m'
function incorporates the Monte Carlo method to define whether
the radius will be transmitted or reflected after reaching the
interface plane between media of different densities. The process
of calculating the direct daylight coefficients is presented in Fig.
5.

For diffuse coefficients, one more function is necessary: the one
that calculates the direction of the reflected rays, "fPrismRef".
This function is already used in the program and derives from
basic theories of analytical geometry. However, as well as in
TropLux, it is embedded in other codes, and there was the need to
separate it from the others.

5.2. Validation - common glass

To verify the results found with the developed algorithm, the
transmittance and reflectance values for the common glass were
initially compared, as presented in the methodology. The article
by Edmonds et al. [27], which presents a mathematical
formulation for the use in prismatic elements; the formulation
proposed by Tregenza and Sharples [19], used by TropLux and the
measurements obtained by Martins [45] were used as references.
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Fig. 6. Transmittance and directional reflectance for common float glass analysed from the algorithm developed by the author, the formulation of 'Edmonds et al. [27],

*Tregenza and Sharples [19] and *Martins [45].
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Fig. 7. Correlation between predicted and calculated reflectance/transmittance data cloud for common glass using references of 'Edmonds et al. [27], *Tregenza and

Sharples [19] and *Martins [45].
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In Fig. 6 the transmittance and directional reflectance diagrams on
an ordinary 8mm thick glass are shown.

It is observed that the developed model presents similar
behaviour to other benchmarks compared. The diagram shows a
high transmittance when the lightning strikes orthogonally at the
surface, which gradually decreases while the reflectance increases
when the angle of incidence of the lightning increases.

The quantitative analysis of the results is presented in Fig. 7.
When comparing the values obtained by Edmonds et al. [27] and
those obtained by the algorithm developed, the results are equal,
presenting a correlation coefficient of 0,99. In the formulation of
Tregenza and Sharples [19], a correlation index of 0.93 is still
high. When comparing the data with the measurements made by
Martins [45], a high correlation is observed. The greatest
differences are observed for the rays normal to the plane, even so
the overall behaviour is similar. All results evidence that the
developed algorithm was able to simulate the characteristics of flat
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glass. The differences, especially when compared to the model of
Tregenza and Sharples [21], are because the author performs a
simplification of the mathematical model used, so that some
important effects, such as interreflection, are not properly
computed.

5.3. Validation - prismatic glass

For the verification of the behaviour in the prismatic element, two
analyses were made for each face of the element, considering that
only on one of its faces there is the recording pattern with prisms.
The element initially analysed was standard prismatic glass 45/45
[51], which has the prisms with the same angle of inclination on
their faces. The diagram with the results found is shown in Fig. 8.

At first, the divergence between the results of the models found
in the literature is observed. The global behaviour is similar;
however, the analysis of the values shows divergences mainly in
the range between 20° and 70°. Laouadi et al. [46] attribute this
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Fig. 8. Transmittance and directional reflectance for prismatic glass, with incidence on the prismatic face, analysed from the developed algorithm, from the formulation
of 'Laouadi et al. [46] and data from >*Andersen et al. [32] and “Mohanty, Yang & Wittkopf [47].
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Fig. 10. Transmittance and directional reflectance for prismatic glass, with incidence on the flat face, analysed from the developed algorithm of 'Laouadi et al. [46] and

data from >3Andersen et al. [32].
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Fig. 11. Correlation between predicted and calculated reflectance/transmittance for prismatic glass with rays on the flat face using references of 'Laouadi et al. [46] and

data from >3Andersen et al. [32].

difference to variations in the material resulting from the
manufacture of the elements, in which small surface imperfections
are the cause of such discrepancies. By comparing the graphs
qualitatively, it can be seen that the proposed algorithm is able to
reproduce the behaviour of the element. It is important to note that
there is a range, between 30 and 50 degrees of incidence, in which
there is a drastic reduction in transmittance and a sudden increase
in reflectance.

The quantitative analysis of the results is presented in Fig. 9. It
is possible to see that the results closest to the proposed model
were those of Laouadi et al. [46], which also uses computational
simulation to obtain the data. The difference between these two
models can be justified by the fact that, even if they both use the
same ray methodology, the approaches used are different. The
developed algorithm uses Fresnel coefficients combined with the
Monte Carlo method to define the path of the light beam.
However, Laouadi et al. [46] use formulations similar to those of
Edmonds [4], in which the ray is defined by the probabilities of
different events happening, regardless of the model's geometry.
The data measured by Mohanty, Yang & Wittkopf [47] was the
one that presented the best correlation value with those obtained
by the developed algorithm.

The results also point to lower R? values than those found for
ordinary glass, which shows that with the increase in the element's
degree of complexity, the trend is that the models will present
differences between them. In general, the values indicate that the
developed algorithm can simulate the characteristics of prismatic
glass.

For the analysis with the rays focusing on the flat face of the
element the results are presented in Fig. 10. It is possible to notice
that all the models presented have similar behaviour, with low
transmittance for rays falling normal to the plane of the element,
which increases quickly until it returns to zero in the parallel
position of the element's face.

It is also observed that the models already presented in the
literature have differences among themselves, a result of the effect
previously presented. The comparison between measured and
calculated data is shown in Fig. 11. In this distribution, a
maximum R? of 0.75 was obtained for the data presented by
Andersen et al. [32]. For the same element, only with the side's
change in which the light beam falls, there was a difference in the
referential of the literature that reached the highest value of R?,
which attests that even the adopted referential have differences
among themselves, but doesn't invalidate the analyses.
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Fig. 12. Transmittance and directional reflectance for the LCP analysed from the developed algorithm and data of 2IEA [48,49] and 3Andersen et al. [50].
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5.4. Validation — laser-cut panel

Finally, the comparison procedure was performed in a laser-cut
panel using the theoretical references presented in the
methodology. A type of laser-cut panel with a D/W ratio of 0.3
was used. The diagrams with the results are shown in Fig. 12.

It is observed from the diagrams that the behaviour of the
algorithm developed is close to that measured by IEA [48,49] and
Andersen [50]. It is also important to note that there is high
transmittance perpendicular to the material, which indicates that it
should not obstruct the external view when applied to the window.
When the deflected and transmitted portions of the element are
analysed, it will be possible to perceive the direction in which
these transmitted rays will leave the panel soon after crossing it.

In Fig. 13, it is possible to observe the relationship between the
measured data and the expected data for the entire set of D/W
relationships. For the reference used the values of R were greater
than 0.96. The results show that the developed algorithm is able to
reproduce luminous behaviour similar to the real element. The
differences between the results of the algorithm and those
measured in the laboratory by IEA [48,49] or Andersen [50] are
explained by Edmonds et al. [19], pointing out that such
differences are the result of changes in the cutting surface
generated by the laser cutting machine. Such surface is not

perfectly flat, as in the computer model, but has small ripples. This
effect could have been inserted in the model with the adoption of
a small portion of diffuse reflection in the plans, however, it was
decided to not be taken it to account since new tests would be
necessary in order to determine the percentage of diffuse reflection
required for this.

The last analysis concerns the deflection of light beam in the
LCP. In Fig. 14, this effect can be observed in two ways: in the
real model (left) and by the ray tracing method, using the
developed algorithm (right). For both figures, the incident light
comes from the top right, at 50° to the normal. It is observed that
part of the rays that cross the material changes direction, another
part continues in the same direction, and the rest is reflected
inward. In a visual analysis of the two behaviours, a similarity
between the real element and the computational model is already
observed.

In Fig. 15, it is possible to observe the data set obtained by
Edmonds [4] and those obtained using the ray tracing associated
with the algorithm developed in this dissertation. The results show
a behaviour of the computational model similar to the real,
showing a maximum percentage difference of 8%. Only in the
model with D/W of 0.7, for angles of 70° and 80° significant
differences were found, however Edmonds himself points out that
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Fig. 14. Example of deflection of the light incident from the right side of the panel to the real element [4] and to the proposed algorithm, with the same incidence angle.
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Fig. 15. Deflection of light beam for the three types of LCP, with the results obtained by the ray tracing, using the algorithm developed, and that obtained from

Edmonds [4].

the results obtained in the real models he used have divergences,
especially in angles close to 90°, because they were obtained with
simplified tools.

6. Conclusion

The analyses developed to validate the algorithm proposed in this
work showed that the formulation and methodology used achieved
the expected behaviour. The theoretical references used for
validation already differed from each other, which reinforces the
need to use more than one set of data as reference and to compare
them.

The qualitative evaluation through the transmittance and
reflectance diagrams showed similar behaviour to the references
used, with the best results being found for the laser cut panel. The
analysis through the relations between what was measured in the
developed algorithm and the literature data showed that the best
R? values found were for the laser cut panel, and that in the other
types of elements this value was not less than 0.73.

Finally, it can be concluded that the developed algorithm is
capable of accurately simulating any complex fenestration
systems in software that uses the Ray Tracing. This tool can be

applied, with some adjustments, for use in radiosity. The method
is not intended to replace the BSDF, but to present a more accurate
way to study the behaviour of light rays inside translucent
materials.
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