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Abstract: This paper summarizes selected approaches, to 
generate spectral ray data for different types of spectrally 
varying light sources including only angular variable as 
well as spatial and angular variable sources. This includes 
a description of their general ideas and applications, the 
required measurements, and their mathematical concepts. 
Finally, achieved results for an Red/Green/Blue/White-
light emitting diode (RGBW-LED) system are shown. Ray 
tracing simulations of a spatially and angularly spectral 
varying LED system combined with a spectrally sensitive 
optical system are qualitatively and quantitatively com-
pared to a colorimetric far-field measurement of the same 
system. The results demonstrate the potential and ben-
efits of spectral ray files in general.
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1   Introduction
Because of constant advances in the development of 
modern light sources and optical systems, the requirements 
in modern lighting industry are constantly growing. Modern 
high-quality lighting systems need to be, on the one hand, 
compact, highly efficient, smart, and color tunable and, 
on the other hand, appealing regarding their design and 
lighting distribution. This also includes aesthetic aspects 
such as uniformity and color uniformity. The complexity of 
designing high-quality lighting systems in an economically 

reasonable amount of time established the Monte Carlo ray 
tracing method as an important optical design tool [1].

In the Monte Carlo approach, a light source is repre-
sented as a large amount of rays, which can be defined as a 
measured ray file. A ray file can be interpreted as a stochas-
tically discretized representation of the plenoptic function, 
ignoring the state of polarization. The plenoptic function 
is the most general light source description within the ray 
optic assumption [2]. Each ray file consists of a set of rays, 
where each ray is presented by a vector with a three-dimen-
sional starting point and a two-dimensional direction [3].

Ray files can be measured using a near-field gonio-
photometer, as shown in Figure 1. It consists at least of a 
luminance camera (also called ILMD, imaging luminance 
measurement device) and two moving axes [5]. Because 
of a movement in angular space, the luminance camera 
provides angularly and spatially resolved luminance infor-
mation of the light source. However, as the spectra are opti-
cally integrated on the electro optical sensor, a classic ray 
file does not contain spectrally resolved information. Often, 
a near-field goniophotometer includes a photometer for the 
absolute weighting of the radiant flux and a spectrometer. 
The spectrometer provides spectral information, which can 
also be angular resolved due to the goniometric movement 
but no spatially resolved spectral information.

In the Monte Carlo method, the rays are traced from the 
source through the optical system to the receiver according 
to the rules of geometrical optics. In addition to the geomet-
rical information of the rays and the mechanics, the rules 
of geometrical optics require material parameters such 
as refractive indices or absorption coefficients, which are 
dependent on the wavelength. For this reason, the ray file 
needs to provide spectral information as well.

If analyzing the colorimetric or spectral distribution is 
not important, a monochromatic ray tracing is possible, and 
the light source description is given by the ray file. However, 
in the context of high-quality systems mentioned above, the 
inclusion of realistic spectral information is a critical aspect. 
Indeed, each error in the light source description will lead to 
deviations between the simulation and reality.

The color non-uniformities of modern lighting systems 
have two main origins. First, the spectral composition of 
light sources will, in general, vary angularly and spatially 
[3]. While this effect is negligible for classical tungsten 
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lamps, modern light sources such as LED systems can 
show much stronger variations. An example is provided 
in Figure 2, which shows a white LED with a typical color 
over angle variation.

Second, the applied optical elements such as lenses 
may be spectrally sensitive due to absorption or refraction 
and, thus, introduce chromatic effects as, for instance, the 
head lamp at the cut-off line shown in Figure 3. The con-
sideration of both effects in the optical design process of 

high-quality lighting systems requires ray data, which 
includes angularly and spatially resolved spectral informa-
tion [6, 7].

This paper will start with a brief summary of selected 
state-of-the-art methods to allocate spectral information 
to ray files. Here, only comparably fast methods, which 
only require a standard near-field goniophotometer, are 
considered. Afterward, it focuses on a recently developed 
method, which relies only on simple physical assumptions 
and is, thus, named ‘Physically motivated basis spectra’ or 
PMBS in short. To show the potential of spectral ray files, 
a spectral ray tracing simulation of a complex system, 

Figure 2: Typical color over angle deviation of a phosphor-
converted white LED (used under CC BY-SA 4.0 from Ref. [4]).

Figure 3: Color non-uniformities of a head lamp (used under CC 
BY-SA 4.0 from Ref. [4]).

Figure 1: Example of a near-field goniophotometer (used under CC BY-SA 4.0 from Ref. [4]).
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namely, a Red/Green/Blue/White-light emitting diode 
(RGBW-LED) system, using spectral ray files created via 
the PMBS approach is compared to a colorimetric far-field 
measurement.

2   Generation of spectral ray data
To create spectral ray data, the five-dimensional meas-
ured ray data M(x, y, z, ϕ, ϑ) has to be extended to the six-
dimensional R(x, y, z, ϑ, ϕ, λ) spectral ray file. This means 
at least a wavelength or a complete spectrum has to be 
assigned to each ray file. Depending on the complexity of 
the spectral distribution, the following different methods 
to create the spectral ray data can be applied.

2.1   Constant spectrum

For homogenous sources, like a tungsten lamp, the 
spectrum does not depend on the angular or spatial 
dimension. In this case, the task is straightforward. One 
measured global spectrum Sglobal(λ) can serve as prob-
ability density functions for all rays equally such that 
 Equation (1) applies

 global( , , , , , ) ( , , , , )    ( )R x y z M x y z Sϑ ϕ λ ϕ ϑ λ= ×  (1)

However, for modern sources, the spectral variation 
is often a function of the angular and spatial dimension. 
Then, Equation (1) is not sufficient.

2.2   Angle-dependent spectra

If only angular spectral variations are relevant and 
spatial variations can be neglected, as in the case of 
organic light emitting diode, the PCA (principal com-
ponent analysis) approach from  Refs.  [8] and [9] can 
be used. Besides a conventional ray file measurement, 
this approach requires angular resolved spectral meas-
urements to obtain the angularly varying spectral infor-
mation S(ϑ, ϕ, λ). Then, a PCA is performed to obtain a 
set of (mathematical) basis spectra SPCA,n(λ) and angular 
resolved weighting factors wn(ϑ, ϕ) for each measured 
position. It applies that
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2.3   Spatial and angle-dependent spectra

There are also methods [4, 10–12], which are capable of 
including spatial and angular resolved spectral varia-
tions. The main idea is to combine several ray files such 
that each different ray file Mn(x, y, z, ϕ, ϑ) is assigned to a 
different spectrum

 

max

Base,
1

( , , , , , ) ( ), , , , (    ),
n

n n
n

R x y z M x y z Sϑ ϕ λ ϕ ϑ λ
=

= ×∑  (4)

 

max

global Base,
1

With  .( ) ( )
n

n
n

S Sλ λ
=

= ∑  (5)

An advantage of these methods is that the recently 
standardized ray file format TM25-13 can be applied to 
these types of models [13]. A well-known and common 
procedure is the Blue/Yellow approach [10]. It addresses 
the spectral ray file creation problem specifically for phos-
phor-converted white LEDs. In this model, one ray file 
describes the blue LED and the other the yellow phosphor 
such that nmax = 2. Both ray files are measured using differ-
ent optical filters to separate the spectral parts during the 
two ILMD-based goniometric measurements.

Currently, the needed basis spectra in this approach 
are deduced from one global spectrum by a sharp spectral 
separation at a cut wavelength:

Figure 4: Exemplarily, sharp separated basis spectra in the blue/
yellow approach (used under CC BY-SA 4.0 from Ref. [4]).
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Figure 4 shows this basis spectra concept. However, 
this artificial sharp separation introduces a systematic 
error because the real physical spectra differ from the 
defined basis spectra in Figure 4. As this method is used 
for phosphor-converted white LEDs in the industry, it 
can be assumed that this systematic error is tolerable 
for these LED spectra. However, it becomes too large 
in the case of complex LED systems. Therefore, this 
approach is limited to phosphor-converted white LED 
only. A comparison for a specific example is provided 
in Ref. [14]

A more general procedure for LEDs is the recently 
described PMBS approach, which combines ideas from 
the PCA and the Blue/Yellow approach [4]. It will be dis-
cussed briefly in the next sub section.

2.4   Physically motivated basis spectra

The main assumption of the PMBS approach is that each 
spatial and angle-dependent spectral variation can be 
described as the weighted sum of its physically occurring 
basis spectra. The basis spectra SBase,n(λ) are the spectra of the 
different spectral sources, like semiconductors and phos-
phors. The weighting factors An(x, y, z, ϕ, ϑ) determine their 
relations as a function of angular and spatial dimension.
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Equation (7) looks very similar to Equation (4). The 
main difference is that the distributions An(x, y, z, ϕ, ϑ) ≠ 
Mn(x, y, z, ϕ, ϑ), which means that the distribution An(x, 
y, z, ϕ, ϑ) can, in general, not be measured directly and 
that the basis spectra SBase,n(λ) directly represent a physi-
cal source. This is indicated by a comparison of Figure 5 
to Figure 4. While in Figure 4 the basis spectra are more 
artificial, Figure 5 provides more realistic basis spectra of 
the individual physical components.

Figure 5: Exemplarily, physical basis spectra of a phosphor-
converted white LED according to the PMBS approach (used under 
CC BY-SA 4.0 from Ref. [4]).

By applying the light source model from Equation 
(7) to an ILMD measurement, the relation between the 
 angularly and spatially resolved measurement result  
M(x, y, z, ϕ, ϑ) and the actual physical amplitude distribu-
tions An(x, y, z, ϕ, ϑ) is given by
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where τ(λ) is a changeable transmission function of the 
ILMD optical system including neutral density filters. 
The variable ssys(λ) is the constant spectral sensitivity of 
the system including the electro optical sensor and the 
lens transmission. If the transmission τ(λ) in Equation (8) 
changes, for instance because different transmission filters 
are applied, the generated measurement result will change 
as well. The idea of the PMBS approach is to combine at 
least nmax ILMD-based goniometric measurements with dif-
ferent selected filter transmissions τn(λ) to reconstruct the 
unknown amplitude distributions by solving the resulting 
system of linear equations as defined by Equation (9).
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Equation (9) is called the reconstruction equation. 
The reconstruction uses both the derived physical basis 
spectra SBase,n(λ) and a description of the spectral sensitivity 
of the ILMD τn(λ) · ssys(λ) in the measurement setup. If the 
basis spectra are known, the distributions An(x, y, z, ϕ, ϑ) 
can be reconstructed. Then they can be combined with 
each other and the basis spectra according to Equation (7) 
to get the spectral ray file.

In order to practically apply the approach, the work-
flow shown in Figure 6 can be used. First, the basis 
spectra of the measurement object need to be estimated. 
This can be performed using the spectrometer from a near-
field goniophotometer. It is best practice to measure each 
basis spectrum individually if possible. If this is not possi-
ble, they can be estimated out of an integrated spectrum, 
which is the more complex case. Based on received basis 
spectra, an optimized filter set τi(λ) can be selected. In the 
third step, the nmax near-field goniophotometer measure-
ments have to be carried out while applying the selected 
filters on the ILMD. Finally, the spectral information of the 
ILMD τ(λ) · ssys(λ), the basis spectra SBase,n(λ), and the nmax 
measured ray files M(x, y, z, ϕ, ϑ) can be used to create the 
distribution of the spectral ray files, which can each be 
assigned to one of the estimated basis spectra.

Further, an optional additional basis spectra optimi-
zation can be performed. This optimization utilizes the 

knowledge that individual LED chips including difference 
LED colors are spatially separated and highly localized 
in the three-dimensional space. A more detailed descrip-
tion of the overall process including several step-by-step 
examples are provided in Ref. [4]. The filter selection 
process and the application of the reconstruction equa-
tion on ray files are explained in Refs. [15] and [16]. This 
includes discussions of the influence of uncertainties 
within the measurement setup as well as the influence of 
the initial resolution of the measured ray files.

The PMBS approach cannot include nonlinear effects, 
such as phosphor self absorption or quenching. The same is 
true for chromatic aberrations, which are caused by primary 
optics. If these effects are relevant or dominant, PMBS 
should not be used. In the case of phosphor-converted white 
LEDs, the influence of such effects can be estimated via 
angularly resolved colorimetric measurements. If the meas-
ured chromaticities are on a straight line in the CIE xy or CIE 
u′v′ diagram, then the linear assumption of PMBS is valid 
because the additive color mixing changes the chromaticity 
only between the chromaticity coordinate of the blue LED 
and the chromaticity coordinate of the yellow phosphor [4].

3   Spectral ray data in optical 
simulations

In order to show the capability of spectral ray files, an 
example generated with the PMBS approach is used in 
the commercial ray tracer OptisWorks (OPTIS, France) to 
simulate a colorimetric distribution of a RGBW-LED system 
in combination with a dispersion prism. The dispersion 
prism was chosen because it is, on the one hand, a spec-
trally sensitive system and, on the other hand, a simple 
geometric object. Thus, the deviations between the real 
object and its virtual representation are expected to be low.

Figure 7 visualizes the RGBW-LED system used for the 
experiment. It was first introduced in Ref. [17] and consists 
of five RGBW-LEDs with one RGBW-LEDs in the middle 
and one in each corner. The visualized apertures ensure 
that the different colors are clearly separated in the near 
field but start to mix in the far field. This enables a more 
precise assessing of the reconstruction but still leads to 
complex color non-uniformities.

This complex configuration is chosen because, in this 
case, the optional basis spectra optimization does improve 
the result significantly. The number of fundamental differ-
ent basis spectra is four because we assume that the blue 
basis spectrum of the blue LED chip and the blue spectrum 
of the white LED do not deviate significantly from each 

Figure 6: Practical workflow to apply PMBS (slightly changed under 
CC BY-SA 4.0 from Ref. [4]).
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other. This assumption bases on a comparison of the LED 
spectra according to their datasheet specifications. Note 
that, the overall quality of the spectral description, which 
includes the transmissions and spectral sensitivities of the 
measurement system and the basis spectra modeling can 
be estimated by exemplary reconstructions (see also the 
appendix) or additional spectral reference measurements 
on the goniometer and punctual spectral reconstruction 
on this reference measurement positions [4].

Thus, altogether, four goniometric measurements 
with a RIGO801 near-field goniophotometer (Tech-
noTeam, Germany), which was equipped with an ILMD 
(LMK5-5 color, TechnoTeam, Germany), were performed. 
The basis spectra estimation of this validation bases on 
only one spectral measurement. It was performed with 
the spectrometer (specobs1211, JETI, Germany) from the 

near-field goniophotometer. We use only one measured 
spectrum for this experiment to test a worst-case scenario, 
in which individual spectral measurements of the basis 
spectra are not possible. A step by step reconstruction of 
this example is provided in the appendix.

To perform a ray tracing simulation using the spectral 
ray file, the four derived distributions A1–4(x, y, z, ϕ, ϑ) were 
represented as ray files (10 million rays for each ray file) 
and assigned to their respective basis spectra SBase,1−4(λ), 
which had a resolution of 0.25  nm. Then, each ray file 
is directly loaded into the ray tracer. The basis spectra 
serve as probability density functions, which statistically 
assigns a wavelength to each ray of the spectral ray file. 
The overall flux of each spectral ray file is calculated with 
PMBS and the camera luminous fluxes as described in 
Ref. [4]. Within the ray tracer, the spectral resolution of 
the sensor was 1 nm between 380 nm and 780 nm.

The ray tracing simulation is compared to a conven-
tional high resolved far-field measurement of the optical 
system using an automotive goniometer GO-H 1660 (LMT, 
Germany) equipped with a colorimeter C3300 (LMT, 

Figure 7: Measurement object used: (A) LED board and its 
configuration; (B) housing with apertures, and (C) principle of color 
mixture (used under CC BY-SA 4.0 from Ref. [4]).

Figure 8: (A) Experimental setup of far-field measurement and 
(B) setup in spectral ray tracing simulation (used under CC BY-SA 4.0 
from Ref. [4]).
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Germany). Figure 8 shows the experimental setup as well 
as the simulation setup in OptisWorks. An optical bench 
with rotating plate and special holder was used for the 

geometrical alignment in the real and the virtual setup to 
align the experiment and simulation.

Figure 9 shows a qualitative comparison of the distribu-
tion. Figure 9A is a photographic image, which was taken 
with a commercial consumer camera as reference for the 
overall distribution (A). The overall distribution consists of 
four sub distributions (red, green, blue, and white), which 
can each be assigned to an individual corner of the measure-
ment object (see Figure 7A). They partly overlap and, thus, 
create additional mixture regions, as for instance the yellow 
region. Further, there is a clear dispersion effect on each dis-
tribution, which is strongest for the white distribution.

Figure 9B shows the result of the far-field measure-
ment. The RGB values were converted from directly meas-
ured tristimulus values obtained via the C3300. Figure 9C 
visualized the result of the spectral ray tracing simulation. 
The spectral ray files were calculated using PMBS on the 
four measured ray files. They were traced toward a spec-
trally resolved intensity sensor with a resolution of 1 nm. 
Thus, the spectrum at each interval of the intensity sensor 
was simulated. For comparison, the spectral resolved inten-
sity information was converted to tristimulus values and 
RGB values. In Figure 9B and C, the photometric center was 
the dispersion prism. The general reference picture (A) was 
taken from a different perspective. The relative shape and 
color of the simulated (C) and measured distribution (B) 
show a very good agreement. This includes reflections, as 
the red spot and yellow spots in the upper regions.

However, a more detailed comparison reveals some 
deviations in the shape. The first deviation is the curva-
ture of the colored distributions especially on the right-
hand side. The second deviation is the relative position of 
each sub distribution, which can be seen by the relative 
location of the green distribution.

It is important to ensure that these deviations are not 
an artifact caused by the generation of the spectral ray 
files. A way to ensure this is to compare the shape of a ray 
tracing simulation using the original measured ray files to 
the shape of a ray tracing simulation using the deduced 
spectral ray files. The shape of the simulation using 
the original ray files serves as ground truth reference. 
However, it has to be taken into account that the effect 
of the dispersion prism on the shape is not considered 
correctly in the reference simulation because there is no 
spectral information available. To only compare the rela-
tive distributions, the spectral ray files and the original 
ray files are traced with the same monochromatic wave-
length. This comparison is shown in Figure 10.

As the shapes in Figure 10A and B are identical, it 
can be concluded that the deviations do not occur due to 
the generation of the spectral ray files and are likely to be 

Figure 9: (A) Photographic image of distribution during 
measurement. (B) Distribution according to colorimetric measurement 
transformed to RGB. (C) Resulting distribution of spectral ray tracing 
transformed to RGB (used under CC BY-SA 4.0 from Ref. [4]).
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caused by a difference of the positioning of light source 
and prism between the far-field measurement and the 
simulation. To support this assumption, we performed 
additional ray tracing simulations with slightly adjusted 
alignments. As expected, the simulation revealed a high 
sensitivity of the alignment on the final shape of the dis-
tribution for the setup of this experiment.

The imperfect alignment has to be considered during 
a quantitative comparison as well. Figure 11 shows the 
chromaticity coordinate distance Δu′v′ between the meas-
ured and simulated chromaticity coordinates as a func-
tion of the spatial dimension as well as histogram.

The high deviations at the edges occur mainly due 
to the misalignment between the simulation and the 

measurement. Therefore, the mean deviation of the six 
evaluation regions R, G, B, W, Y, and C are more meaningful 
than the maximal values. The mean deviation are between 
Δu′v′ = 4 × 10−3 and 1.2 × 10−2 for the spectral pure regions R, 
G, and B and between Δu′v′ = 1.2 × 10−2 and 1.5 × 10−2 for the 
mixed regions W, Y, and C. Further, an analysis of the indi-
vidual chromaticity differences shows that large parts of 
these deviations are caused by an offset. In this case, the 
results of a uniformity analysis, which analyzes relative 
deviations within the distribution, would be less affected.

Further, there is a significant difference in the shape 
between the monochromatic ray file simulations in Figure 10 
and the spectral ray file simulation in Figure 9B. As the spec-
tral ray file simulation shows a better agreement to the meas-
ured (and photographed) distribution, it can be concluded 
that applying a spectral ray file does not only allow to evalu-
ate colorimetric and spectral properties but also to improve 
classical geometric and photometric evaluations.

4   Conclusions
This paper provides a brief overview of selected, practi-
cal possibilities to generate spectral ray data for optical 

Figure 10: Comparison of shape obtained from ray tracing using 
originally measured ray files (A) and ray files from PMBS (B) (used 
under CC BY-SA 4.0 from Ref. [4]).

Figure 11: Quantitative comparison of spectral ray tracing 
simulation and colorimetric far-field measurement: (A) pixel-wise 
and (B) histogram (used under CC BY-SA 4.0 from Ref. [4]).
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simulations in order to develop high-quality lighting 
systems. Depending on the angular and spatial varia-
tions of the light source spectra, different procedures as a 
global spectrum, angular weighted principal components 
of spectra (PCA) or angularly and spatially weighted phys-
ical-derived basis spectra (PMBS) can be assigned to the 
ray file(s).

Further, the capabilities of spectral ray files were 
shown on a complex spectral system by comparing the 
colorimetric far-field distribution with a ray tracing sim-
ulation based on spectral ray file created via the shown 
PMBS approach. The so generated spectral ray files 
allowed a more precise simulation of the spectrally sen-
sitive systems by considering the spatial and angular 
spectral information of the source. The simulation with 
the spectral ray file did not only add colorimetric/spectral 
information but also improved the agreement between the 
geometrical shape of the measured distribution compared 
to a monochromatic simulation.

The deviations, which occur between experiment 
and simulation, are within the color discrimination 
thresholds in practical applications according to Ref. [18] 
and are mainly caused by misalignment and measure-
ment uncertainties between the different measurement 
instruments for the far field and the near field, including 
ILMD, spectrometer, and colorimeter. As the largest part 
of these deviations are caused by an offset, the relative 
deviations required for a uniformity analysis are even 
lower.

Further, it shall be mentioned that this paper presents 
the most critical reconstruction performed with PMBS so 
far. The colorimetric deviations for a simpler system, as 
for instance phosphor-converted white LED, are less sen-
sitive and in the order of Δu′v′ = 2 × 10−3 [4], which is near 
the region of the uncertainty of the used measurement 
instruments. Therefore, it can be concluded that there are 
methods to create spectral ray files, which can be used 
to improve the optical design of high-quality LED-based 
lighting systems with respect to photometric, colorimet-
ric, and spectral evaluations.

Appendix
This appendix explains the application of PMBS to obtain 
the spectral ray files of the example discussed in this 
paper in more detail. An even more detailed description 
and more examples are provided in Ref. [4].

The first step is the initial basis spectra estima-
tion, which bases on one spectral measurement at main 

radiance direction. All basis spectra overlapped at the 
chosen measurement distance.

Figure 12 shows the estimated parametrized basis 
spectra blue S1(λ, x), red S2(λ, x), green S3(λ, x), and phos-
phor SP(λ) and compare them to parametrized fits of the 
basis spectra derived from individual measurements for 
reference. The resolution of each spectral measurement 
was 1 nm with a bandwidth of 5 nm. Note that the phos-
phor reference was derived from a measurement of only 
the white LED in the lower left corner. While the red and 
blue basis spectra estimation is very precise, there are 
slight deviations in the case of the phosphor spectrum and 
the green LED spectrum due to their large spectral overlap.

However, these spectra are sufficient to choose an 
appropriate set of filter transmission functions from the 
standard filters as well as the glass absorption filters 

Figure 12: Basis spectra after initial estimation (used under CC 
BY-SA 4.0 from Ref. [4]).
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shown in Figure 13A and B. Figure 14 shows the four meas-
ured ray files using the selected filter set as irradiances in 
the aperture plane. The angular resolution of each near-
field measurement was set to 0.5 deg for both angular 
dimensions. Each ray file consists of 10  million equally 
weighted rays. The near-field information is provided by 
the spatial and angular density of the rays. The numbers 
above the irradiances in Figure 14 identify the selected 
glass absorption filters and equal the edge wavelength, 
where the internal transmission equals 50%.

By utilizing the spectral information from Figures 12 
and 13 as well as the projected irradiances in Figure 14, 
the irradiances of the reconstruction can be estimated and 
assessed with respect to their spatial separation and their 
degree of localization [4]. The reconstruction is shown in 
Figure 15.

While the delocalization of the blue reconstruc-
tion occurs because there are two blue LED chips in the 
system, the delocalization of the red and especially the 
green LED is a reconstruction artifact. These artifacts can 
occur due to uncertainties of the spectral transmissions 
and the basis spectra description.

Finally, the basis spectra can be optimized with respect 
to the spatial separation and the degree of localization as 
described above. Figure 16 visualizes the resulting basis 
spectra and their projected irradiances. They show a clear 
improvement if they are compared to the reference spectra. 

Figure 14: Measured ray files using the xshort filter wheel position 
and the glass filter wheel position in combination with the 
absorption filters GG475, RG610, and RG695 from Ref. [19] (used 
under CC BY-SA 4.0 from Ref. [4]).
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Figure 15: Estimated reconstruction as irradiance in the aperture 
plane using initially estimated basis spectra (used under CC BY-SA 
4.0 from Ref. [4]).

Figure 13: Spectral sensitivity of system with standard filters 
(A) and transmission of additional glass absorption filters for a 
combination with the glass standard filter sensitivity (B) (used under 
CC BY-SA 4.0 from Ref. [4]).
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Especially, the phosphor spectrum changed significantly, 
which also reduced the reconstruction artifacts in the pro-
jected irradiances. Finally, the spectral ray file can be created 
utilizing the procedure described in Refs. [4] and [16].
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