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To validate the spectral radiosity simulation program LUMOS, the software is tested against a
set of test scenarios, described in the Technical Report 171 of the International Commission
on lllumination. Although not all test scenarios are applicable to the LUMOS software, the
overall simulation results correspond well to the experimental and analytical reference data,
displaying an error of less than 6 % for all but one reference scenarios. This confirms that
LUMOS is a suitable tool with the capacity to deliver accurate photometric results.

Introduction

LUMOS is a spectral radiosity simulation tool
developed in Matlab® [1] for the determina-
tion of spectral light distributions in interiors.
The program provides a graphical user inter-
face, including an editor, and can simulate
artificial lighting, as well as daylight distribu-
tions. The artificial lighting simulation mode
uses the EULUMDAT [2] file format and an
additional spectral power distribution for the
luminaires. The daylight simulation mode
uses spectral radiance data of a Tregenza
hemisphere with 145 sky patches [3]. To val-
idate the photometric simulation results of
the software, it is tested against a set of ref-
erence scenarios, described in the Technical
Report 171 of the International Commission
on lllumination (CIE) [4]. The test case num-
bering in this document corresponds to the
reference report.

Test scenarios

The reference test cases (TC) in CIE 171
were developed to ensure the quality of light-
ing simulation software for different aspects.
The first test scenarios of the CIE 171 are
based on experimental measurements. Ac-
cordingly, the LUMOS simulation results are
expected to lie within the measurement and
simulation uncertainty range. The subse-
quent test scenarios of the CIE 171 are based
on analytical considerations on how light
distributes. The LUMOS simulation results
are compared directly to the analytical refer-
ences with the relative error expressed as in
equation 1 [4].

(1) Ae=100 (X—1> %  with:

X0

Ae: relative errorin %
X: quantity in question
Xp: reference value
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Photometric reference data

The luminous flux used during the LUMOS
simulations was adapted to the test scenar-
ios. The CIE standard illuminant FL2 [5] was
used for spectral power distribution of the
luminaires with a spectral range of 380 nm
to 780nm in 10 nm steps. The spectral re-
flectance values were set uniformly for all
wavelengths in 10 nm steps, ranging from
360 nm to 830 nm and the total reflectances
were adapted to the individual test case.

The luminaires photometric reference data
for test cases 4.1 to 4.6 is provided in CIBSE
TM 14 [6] file format. The photometric data
was converted to EULUMDAT file format [2],
using the LDT-Conv [7] converter. Since the
reference luminous intensities (v, C) are
given in ¢d/1000 Im, each luminaire was ad-
justed to its correct luminous intensities with
the reference total luminous flux ®, as in
equation 2:

Ir(’)/, C) . (I)r

@ I.0) = T

The photometric reference data of luminaires
two and four for test cases 4.3 and 4.6 had
to be corrected due to erroneous conversion.
Further photometric data for artificial lighting
test scenarios were generated using DIALs
LDT Editor [8].

Daylight radiance distributions were created
by first calculating a spectral daylight radi-
ance distribution, using the method of Judd
et al. [9] for a correlated colour temperature
(CCT) of 6500 K, which is then weighted with
the luminance distributions of the CIE stan-
dard general skies [10] for Tregenza’s 145
sky patches [3].

The transmittance of 6 mm clear glass was
calculated for a perpendicular incidence an-
gle, resulting in 79 = 0.88 [11].
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LUMOS characteristics

Some characteristics and limitations of LU-
MQOS are important to note and understand,
since they have a direct consequence on the
reviewed test scenarios.

1. LUMOS is a radiosity simulation tool that
divides all surfaces into triangles. It first cal-
culates the direct lighting for all triangle patch
centres and then determines the light reflec-
tions from and to all other triangle patch
centres. The simulation results therefore
strongly depend on patch density and num-
ber of internal reflections.

2. Since LUMOS calculates the internal
spectral power distribution, the calculation
time increases rapidly with patch density,
number of internal reflections and spectral
resolution. All test cases were simulated
with the standard setting of a patch density
of five patches per m? and three internal re-
flections, except in test cases with no internal
reflections and in TC 5.8.

3. LUMOS determines the irradiance of the
defined measurement points and areas af-
ter the calculation of the internal reflections.
This way—even if no reflections are set—all
measurement points always receive the full
luminous flux from the surroundings areas.
This also means that the measurement point
results are the product of one additional re-
flection compared to the room and object
surfaces.

4. LUMOS can only evaluate objects inside
a room geometry, hence test cases 5.6.2.1
and 5.6.2.2 were enclosed in a larger room
geometry. Test cases 5.6.2.3and 5.13-5.14
are not applicable.

5. Light beams as used in raytracing soft-
ware are not yet included in LUMOS, hence
test case 5.5 is not applicable.
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TC 4.1: Artificial lighting scenario
CFL, grey wall

This experimental test case comprises four
compact fluorescent reference lamps and
surface reflections. The luminaire geome-
tries were neglected as in the reference.

A measurement grid of 7x7 points in 0.80 m
height is compared to the experimental ref-
erence data.

Table 1 shows the simulation setting and re-
sults in three significant digits. Figure 1 illus-
trates the simulation results in comparison
to the reference data. All results lie within
the measurement error range.

Table 1: TC 4.1 — settings and results

simulation setting

patch density 5
reflections 3
calculation points
total number of points 49
within measurement limits 49
outside measurement limits 0
outside total error limits 0
simulated mean room illuminance
upper limit 112.01x
LUMOS result 89.6 Ix
lower limit 88.0Ix

simulation results, E in Ix

1 2 3 4 5 6 7

1 679 781 856 866 843 783 67.8

2 772 896 954 946 950 895 763

3 845 969 105 106 104 96.7 85.1

4 862 977 107 109 107 97.7 859

5 849 964 104 106 104 969 84.0

6 771 903 964 953 96.1 90.7 778

7 689 795 858 879 865 795 689
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Figure 1: LUMOS simulation results (point) for test
case 4.1 with measurement error range (dot-dashed)
and total error range (dashed)
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TC 4.2: Artificial lighting scenario
opal luminaire, grey wall

This experimental test case comprises four
opal reference luminaires with amalgam com-
pact fluorescent lamps and internal surface
reflections.

A measurement grid of 7x7 points in 0.80 m
height is compared to the experimental ref-
erence data.

Table 2 shows the simulation setting and re-
sults in three significant digits. Figure 2 illus-
trates the simulation results in comparison
to the reference data. All results lie within
the measurement error range.

Table 2: TC 4.2 — settings and results
simulation setting

patch density 5
reflections 3
calculation points
total number of points 49
within measurement limits 49
outside measurement limits 0
outside total error limits 0
simulated mean room illuminance
upper limit 67.5Ix
LUMOS result 60.2 Ix
lower limit 53.11x
simulation results, E in Ix
1 2 3 4 5 6 7

1 399 524 533 511 568 575 439

2 520 716 705 648 758 791 573

3 523 698 700 656 744 76.1 56.9

4 487 623 639 619 662 656 51.1

5 524 699 696 640 70.7 717 53.9

6 521 717 699 623 706 728 53.0

7 40.0 524 526 49.1 530 529 405
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Figure 2: LUMOS simulation results (point) for test
case 4.2 with measurement error range (dot-dashed)
and total error range (dashed)
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TC 4.3: Artificial lighting scenario
semi-specular reflector, grey
wall

This experimental test case comprises four
semi-specular reflector luminaires and inter-
nal surface reflections.

A measurement grid of 7 x7 points in 0.80 m
height is compared to the experimental ref-
erence data.

Table 3 shows the simulation setting and re-
sults in three significant digits. Figure 3 illus-
trates the simulation results in comparison
to the reference data. All results lie within
the measurement error range.

Table 3: TC 4.3 — settings and results
simulation setting

patch density 5

reflections 3
calculation points

total number of points 49

within measurement limits 49

outside measurement limits 0

outside total error limits 0

simulated mean room illuminance

upper limit 254.2 Ix
LUMGOS result 226.9Ix
lower limit 199.8 Ix

simulation results, E in Ix
1 2 3 4 5 6 7

1 153 234 221 194 229 235 151
2 172 249 240 211 242 241 165
3 195 287 276 239 279 282 189
4 194 284 268 231 272 280 184
5 174 274 291 252 284 285 188
6 179 249 239 211 249 253 172
7 153 235 223 191 230 233 1583
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Figure 3: LUMOS simulation results (point) for test
case 4.3 with measurement error range (dot-dashed)
and total error range (dashed)
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TC 4.4: Artificial lighting scenario
CFL, black wall

The test case is identical to TC 4.1 but with
black surfaces to minimize internal reflec-
tions.

A measurement grid of 7x7 points in 0.80 m
height is compared to the experimental ref-
erence data.

Table 4 shows the simulation setting and re-
sults in three significant digits. Figure 4 illus-
trates the simulation results in comparison
to the reference data. All results lie within
the measurement error range.

Table 4: TC 4.4 — settings and results

simulation setting

patch density 5
reflections 3
calculation points
total number of points 49
within measurement limits 49
outside measurement limits 0
outside total error limits 0
simulated mean room illuminance
upper limit 37.51x
LUMOS result 35.91x
lower limit 29.5Ix

simulation results, E in Ix

1 2 3 4 5 6 7

1 262 283 351 376 340 286 263

2 277 291 354 382 351 293 271

3 342 368 449 495 445 36.8 35.0

4 372 411 503 540 499 411 374

5 345 364 446 489 441 36.8 339

6 276 298 364 388 359 30.1 283

7 270 295 353 387 357 294 271
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Figure 4: LUMOS simulation results (point) for test
case 4.4 with measurement error range (dot-dashed)
and total error range (dashed)
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TC 4.5: Artificial lighting scenario
opal luminaire, black wall

The test case is identical to TC 4.2 but with
black surfaces to minimize internal reflec-
tions.

A measurement grid of 7x7 points in 0.80 m
height is compared to the experimental ref-
erence data.

Table 5 shows the simulation setting and re-
sults in three significant digits. Figure 5 illus-
trates the simulation results in comparison
to the reference data. All results lie within
the measurement error range.

Table 5: TC 4.5 — settings and results

simulation setting

patch density 5
reflections 3
calculation points
total number of points 49
within measurement limits 49
outside measurement limits 0
outside total error limits 0
simulated mean room illuminance
upper limit 51.11x
LUMOS result 43.1Ix
lower limit 40.1 Ix

simulation results, E in Ix

1 2 3 4 5 6 7

1 243 351 362 344 389 389 2741

2 347 532 528 479 571 592 387

3 354 523 531 494 56.8 574 389

4 327 459 480 464 499 486 348

5 355 524 528 480 537 538 36.6

6 348 533 523 459 529 541 355

7 244 351 357 329 360 355 247
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Figure 5: LUMOS simulation results (point) for test
case 4.5 with measurement error range (dot-dashed)
and total error range (dashed)
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TC 4.6: Artificial lighting scenario
semi-specular reflector, black
wall

The test case is identical to TC 4.3 but with
black surfaces to minimize internal reflec-
tions.

A measurement grid of 7 x7 points in 0.80 m
height is compared to the experimental ref-
erence data.

Table 6 shows the simulation setting and re-
sults in three significant digits. Figure 6 illus-
trates the simulation results in comparison
to the reference data. Three results lie out-
side the measurement error (bold/asterisk)
but within the total error range.

Table 6: TC 4.6 — settings and results

simulation setting

patch density 5
reflections 3
calculation points
total number of points 49
within measurement limits 46
outside measurement limits 3
outside total error limits 0
simulated mean room illuminance
upper limit 228.51x
LUMOS result 212.51x
lower limit 179.51x

simulation results, E in Ix

1 2 3 4 5 6 7

1 136 217 206 178 211 215 132
2 154 237 230 202 236 235 151
3 177 274 264 228 268 271 172
4 175 269 253 218 258 264 167
5 156 261 279 240 272 272 170
6 161 236 227 200 237 240 154
7 136 217 206 175 213 215 134
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Figure 6: LUMOS simulation results (point/asterisk)
for test case 4.6 with measurement error range (dot-
dashed) and total error range (dashed)
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TC 5.2: Simulation of point light

sources 140 — _ TC5.2-totalilluminance
CIE reference
This is a test case for point light sources, | e -« LUMOS simulation
using diffuse and asymmetric photometry. 120 (/ el < 1
The horizontal illuminances Ey, of ten mea- % 100 - '\\ " \\
surement points are compared to the ana- ¢ SN .
lytical reference. To avoid clipping errors £ 80 N/ ™\ \\
the measurement points were moved 1cm = . - ”\\ \
inwards. 60 S
Table 7 shows the setting, results and rel- ol 1] \
ative errors of the simulation. Figure 7 il- A B C D E F G H I
lustrates the total illuminance and relative measurement points
errors. 5 __TC 5.2 - diffuse photometry
5,
Table 7: TC 5.2 — settings and results 4t
simulation setting 2:
patch density 5 Al
reflections 0 =0 L L
diffuse photometry results, E in Ix Tt l L] l
point CIE LUMOS Aein% 2}
A 11111 1111 -0.01 M
B 105.21 105.3 0.09 :57
C 90.02 89.7 —-0.36 P 0 N N D N N S B
D 71.11 70.5 -0.87 A B C D E F G H 1 J
E 99.73 99.6 —0.13 measurement points
g gggg ggg _832 6 __TC5.2-CIE T9 photometry
H 74.36 739  -0.62 il
I 59.98 59.3 -1.15 3l
J 49.39 48.6 -1.63 2l
CIE T9 photometry results, E in Ix ® 1t
CIE LUMOS Aein% =0 1T I
111.11 111.1 —0.01 <";:
122.25 122.7 0.37 :37
124.08 124.2 0.10 al
5r
113.65 114.0 0.31 S e et b E F e 1

113.41 113.8 0.34
102.74 102.8 0.06

21 2; g} g _882 Figure 7: TC 5.2: Simulation results compared to ref-

erence in Ix (top), in % — diffuse photometry (middle)
and CIE T9 photometry (bottom)
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TC 5.3: Simulation of area light

sources

This test case is identical to TC 5.2 but with
an area light source. To avoid clipping errors

the points were moved 1 cm inwards.

15. Forum fiir den lichttechnischen Nachwuchs
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Table 8 shows the setting, results and the
relative errors of the simulation. Figure 8
illustrates the total illuminance and relative
errors.

TC 5.3 - total illuminance

Table 8: TC 5.3 — settings and results

simulation setting

patch density 5
reflections 0
diffuse photometry results, E in Ix
point CIE LUMOS Aein%
A 32.68 38.6 15.34
B 75.09 71.9 —4.44
C 81.38 78.2 -4.07
D 69.12 67.9 -1.80
E 53.41 53.0 -0.77
F 39.90 39.8 -0.25
G 61.27 61.2 —-0.11
H 79.18 79.7 0.65
I 95.52 96.9 1.42
J 105.89 107.7 1.68
K 105.89 107.7 1.68
L 95.52 96.9 1.42
M 79.18 79.7 0.65

N 61.27 61.2 -0.11

CIE T9 photometry results, E in Ix

point CIE LUMOS Aein%
A 56.73 54.7 -3.71
B 122.10 122.4 0.25
C 126.95 128.4 1.13
D 108.61 109.8 1.08
E 86.13 87.1 1.11
F 66.07 67.0 1.39
G 99.62 101.1 1.46
H 115.53 117.7 1.84
I 119.34 121.5 1.78
J 113.80 115.6 1.56
K 99.97 101.6 1.60
L 81.98 83.0 1.23
M 63.30 64.0 1.09
N 47.39 47.5 0.23
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Figure 8: TC 5.3: Simulation results compared to ref-
erence in Ix (top), in % — diffuse photometry (middle)
and CIE T9 photometry (bottom)
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TC 5.4: Luminous flux
conservation

Test scenarios with various wall openings
were used, neglecting the wall thickness. A

CIE 1 overcast sky served as daylight data.

The reference luminaire of test case 4.1 was

used in 2m height as artificial photometry.

To avoid clipping errors, the calculation grid
points were moved 1 cm inwards.

Table 9 shows the setting and relative error
of simulation. Figure 9 illustrates the relative
errors.

Table 9: TC 5.4 — settings and results

simulation setting

patch density 5
reflections 0
results
Reference opening Aein %
dayligth 2m x 1m -0.32
daylight 3m x2m —-0.30
daylight 4m x 3m —-0.99
artificial - 1.35
lighting
6 TC 5.4‘- Ium‘inous'flux qonservatiop
5!
al
3l
2 L
R 1t
QE) 0 I I 1 ]-
q-1r
_2 =
3t
4t
5t
-6 : . . .
1m x 2m 2m x 3m 3m x 4m luminaire

reference

Figure 9: TC 5.4: LUMOS simulation results com-
pared to reference in %
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TC 5.5: Directional transmittance
of clear glass

This test case in not applicable. LUMOS is
a radiosity simulation tool that has no abil-
ity to create light beams. Nevertheless, the
proposed directional reflectance equation in
CIE TR 171 [4] by Schlick [12] was imple-
mented in LUMOS, but with a variable spec-
tral transmittance to be provided by the user.
Compare also test cases 5.10 and 5.12.

TC 5.6: Light reflection over
diffuse surfaces

These test cases assess the calculation ac-
curacy of diffuse surface reflection of various
sizes. The uniform illumination of the re-
flecting surfaces was achieved by manually
editing the surface irradiance and radiance
in the debugging mode of Matlab [1].

Since LUMOS can only evaluate objects in-
side the room geometry, test cases 5.6.1 and
5.6.2 were encapsulated in a larger room ge-
ometry. With an area of 500 m x 500 m, test
case 5.6.3 is not applicable, due to the large
external area and the fact that LUMOS ap-
proximates the external ground as an infinite
surface.

The reference values are given in percent-
age of light reflection. The error is therefore
given as a difference of reference and LU-
MOS results:

(3) Ae=R- R with:
E.
(4) R=_—— with:
Enz-p
E; illuminance in point i
En; horizontal illuminance of area A

P reflectance value of area A
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TC 5.6.2.1: 50 cm x 50 cm TC5.6.22:4m x4 m

Table 10 shows the setting, percentage of re- Table 11 shows the setting, percentage of re-
flection and relative errors of the simulation.  flection and relative errors of the simulation.

Figure 10 illustrates the relative errors. Figure 11 illustrates the relative errors.
Table 10: TC 5.6.2.1 — settings and results Table 11: TC 5.6.2.2 — settings and results
simulation setting simulation setting
patch density 5 patch density 5
reflections 0 reflections 0
results, percentage of reflection in % results, percentage of reflection in %
point ~ CIE LUMOS Ae point CIE LUMOS Ae
A 0.246 0.244 —0.002 A - - -
B 0.580 0.584 0.004 B 35.901 36.619 0.718
C 0.644 0.651 0.006 C 27.992 28.327 0.325
D 0.556 0.561 0.005 D 21.639 21.820 0.181
E 0.433 0.437 0.004 E 16.716  16.829 0.113
F 0.325 0.327 0.002 F 12.967 13.036 0.069
G 0.491 0.494 0.003 G 26.80 26.986 0.186
H 0.639 0.644 0.005 H 30.94 31.204 0.264
I 0.778 0.786 0.008 I 33.98 34.282 0.302
J 0.864 0.874 0.010 J 35.57 35.896 0.326
K 0.864 0.874 0.010 K 35.57 35.896 0.326
L 0.778 0.787 0.009 L 33.98 34.282 0.302
M 0.639 0.646 0.007 M 30.94 31.196 0.256
N 0.491 0.496 0.005 N 26.80 26.978 0.178
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T T v = r T T T T T T =

Aein %
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Figure 10: TC 5.6.2.1: LUMOS simulation results  Figure 11: TC 5.6.2.2: LUMOS simulation results
difference in % difference in %
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TC 5.7: Diffuse reflection with
internal obstructions

This test case applies internal obstruction to
account for the presence of shading. The
uniform illumination of the reflecting surfaces
was achieved by manually editing the surface
irradiance and radiance in the debugging
mode of Matlab [1].

The reference values are given in percent-
age of light reflection. The error is therefore
given as a difference of reference and LU-
MOS results as in equation 3 and 4.

Table 12 shows the setting, percentage of re-
flection and relative errors of the simulation.
Figure 12 illustrates the relative errors.

The reference data in the original CIE TR
171 [4] document is erroneous [13, 14, 15,
16, 17]. In table 12 the correct values [14]
are given next to the original CIE values.

Table 12: TC 5.7 — settings and results
simulation setting

patch density 5
reflections 1
results, percentage of reflection in %
point CIE correct LUMOS Ae
A 20.941 16.071 16.101 0.030
B 21.187 16.330 16.456 0.126
C 19.946 15.399 15.559 0.160
D 17.284 13.322 13.507 0.185
E 14.053 10.317 10.533 0.216
F 9.751 7.079 7.091 0.012
G 4761 3.382 3.394 0.012
H 5261 3.629 3.734 0.105
I 4525 3.013 3.121 0.108
J 0.000 0.000 0.017 0.017
K 0.000 0.000 0.000 0.000
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Figure 12: TC 5.7: LUMOS simulation results differ-
ence in %

TC 5.8: Internal reflected
component calculation for diffuse
surfaces

Since this test is designed to asses the inter-
reflection accuracy for various reflectance
values, the number of reflections must be
set accordingly, depending on the internal
reflectance value. Instead of the standard
setting of three reflections, the number is in-
creased in accordance to equation 5. This
way, after n reflections, a maximum of 1%
radiant flux remains for two adjoining sur-
faces:

n number of reflections
&, radiant flux at nth reflection in %
p  uniform room reflectance value

Table 13 shows the setting, average indirect
illuminance and relative errors of the simu-
lation. Figure 13 illustrates the relative er-
rors.
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Table 13: TC 5.8 — settings and results

simulation setting
patch density 5
average indirect
illuminance E in Ix

P n CIE LUMOS Aein%
0.00 0 0.00 0.00 0.00
0.05 2 5.48 5.53 0.91
0.10 2 11.6 11.68 0.69
020 3 260 26.26 1.00
030 4 446  44.99 0.87
040 5 694  69.86 0.66
050 7 104 104.80 0.77
060 9 156 156.83 0.53
0.70 13 243 243.66 0.27
0.80 21 417 417.02 0.00
0.90 44 937 93399  -0.32
0.95 90 1979 1957.90  —1.07
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Figure 13: TC 5.8: LUMOS simulation results differ-
ence in %

TC 5.9: Sky component for a roof
unglazed opening and the CIE
general sky types

This test case regards two roof unglazed

openings and their resulting sky components
for CIE standard general skies [10].

Table 14 and 15 show the resulting sky com-

© 2021 by the authors. — Licensee Technische Universitat limenau, Deutschland.

15. Forum fiir den lichttechnischen Nachwuchs
limenau, 04. — 06. Juni 2021

ponents. Figure 14 and 15 illustrate the rela-
tive errors of the simulation.

TC 5.10: Sky component under a
roof glazed opening

This test case regards two roof glazed open-
ings and their resulting sky components for
CIE standard general skies [10].

Table 16 and 17 show the resulting sky com-
ponents. Figure 16 and 17 illustrate the rela-
tive errors of the simulation.

TC 5.11: Sky component and
external reflected component for a
facade unglazed opening

This test case regards two fagade unglazed
openings and their resulting sky and exter-
nal reflected components for CIE standard
general skies [10].

Table 18 and 19 show the resulting sky and
external reflected components. Figure 18
and 19 illustrate the relative errors of the
simulation.

TC 5.12: Sky component and
external reflected component for a
facade glazed opening

This test case regards two fagade glazed
openings and their resulting sky and exter-
nal reflected components for CIE standard
general skies [10].

Table 20 and 21 show the resulting sky and
external reflected components. Figure 20
and 21 illustrate the relative errors of the
simulation.

Although the results demonstrate a small
overall error, some data points in TC 5.11
lie approximately 5% below the reference.
This indicates that in the results of test case
5.12 these errors are compensated by an
opposing error of equivalent magnitude.
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TC 5.13: Sky component and
external reflected component for
an unglazed facade opening with
a continuous external horizontal
mask

This test case is not applicable since LU-
MOS cannot evaluate external objects at the
current state.

TC 5.14: Sky component and
external reflected component for
an unglazed facade opening with
a continuous external vertical
mask

This test case is not applicable since LU-
MOS cannot evaluate external objects at the
current state.

Conclusion

The simulation results of the experimental
test cases 4.1 to 4.6 all lie within the total
error range of the CIE reference [4]. Only
three of the total 294 results lie outside the
narrower measurement error range.

Regarding the analytical test cases, most
simulation results lie considerably below 6 %
with only a few reaching an error of about
6%. The sole outlier is test case 5.3 for
a diffuse area light source in point A. With
a deviation of 15.34 % it shows a notable
difference to the reference, which in turn rep-
resents an extreme case.

The overall good results demonstrate that
LUMOS is capable of accurate photometric
calculations.

The differences to the reference values are
mainly due to the radiosity approach of LU-
MQOS, which leads to three disadvantages:

1. All surfaces are divided into patches, the
surface is thus rendered discrete. This espe-

© 2021 by the authors. — Licensee Technische Universitét limenau, Deutschland.
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cially concerns window surfaces, since the
sky hemisphere is also discretised as a Tre-
genza hemisphere with 145 patches [3].

2. All surfaces but windows are assumed to
be perfectly diffuse and hence are treated as
a lambertian light source, neglecting direc-
tional influences. This should not affect the
analytical test scenarios for which the same
assumption applies.

3. The luminous flux exchange between
two patches is calculated with the photo-
metric law which is only valid if the distance
between the patches is considerably larger
than the extension of the patches. If this con-
dition is violated the luminous flux must be
corrected by an approximation factor.
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Table 14: TC 5.9.3.1 —1m x 1 m opening

LUMOS sky component in %
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

A 044 037 0.77 0.670 1.02 0.90 0.78 067 159 140 123 1.71 156 230 220 0.52
B 157 164 198 209 233 250 244 235 346 343 3.36 3.68 3.67 3.94 4.07 1.71
C 226 278 238 297 251 317 352 378 356 4.02 438 442 474 474 507 225
D 217 3.01 214 3.01 213 3.03 3.73 433 3.083 3.79 448 440 491 480 5.19 212
E 180 276 1.71 267 164 259 352 439 239 330 4.18 405 465 4.48 4.85 1.75
F 141 233 131 221 123 210 3.05 397 183 271 360 345 404 386 4.17 1.38
G 224 370 205 345 1.89 322 468 6.10 2.70 4.00 532 506 593 564 6.10 2.20
G 299 473 270 435 244 399 558 7.10 3.18 455 591 559 649 6.14 6.64 2.96
I 369 521 330 475 295 432 546 649 335 434 526 496 560 528 571 3.67
J 413 513 367 465 326 419 472 514 3.18 3.67 4.07 382 4.13 388 4.17 4.14
K 413 452 3.67 4.09 326 369 375 375 280 291 297 278 286 269 282 4.14
L 3.69 359 330 327 295 297 278 259 229 219 2.08 196 190 1.79 182 3.67
M 299 266 270 244 244 224 198 1.75 1.78 161 145 137 127 120 117 2.96
N 224 183 205 171 189 159 135 1.14 133 1.15 099 094 0.84 080 0.74 2.20
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Figure 14: TC 5.9.3.1: LUMOS simulation results difference in %, 1 m x 1 m opening
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Table 15: TC 5.9.3.2 — 4 m x 4 m opening
LUMOS sky component in %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
A 347 39.2 39.6 439 436 479 498 514 581 595 606 650 658 714 727 36.1
B 302 352 325 378 34.6 40.1 429 453 453 483 50.7 521 541 552 575 30.8
C 255 309 26.2 319 269 329 365 395 350 38.8 421 422 448 445 471 255
D 211 26.8 209 26.8 20.8 269 311 346 268 31.2 350 344 374 36.6 39.1 209
E 171 225 165 221 16.1 21.7 26.0 29.6 20.7 25.0 289 28.2 31.0 30.1 324 16.7
F 13.7 187 13.0 18.0 125 175 215 25.0 16.1 201 23.7 229 256 24.7 26.6 134
G 30.6 40.1 281 375 259 351 422 483 29.6 36.4 425 406 451 43.0 46.2 30.1
G 358 449 326 417 299 389 454 510 323 386 443 422 464 441 473 353
| 396 475 36.0 441 328 409 464 512 335 39.0 44.0 418 454 432 46.0 39.1
J 416 478 378 442 344 409 450 486 33.3 375 413 391 420 398 422 411
K 416 456 37.8 421 344 389 412 432 315 341 36.3 344 36.2 343 36.0 411
L 396 41.0 36.0 379 328 350 354 356 284 292 298 282 289 273 28.3 39.1
M 358 348 326 322 299 299 286 274 244 238 231 219 216 205 20.7 35.3
N 30.6 278 281 259 259 241 220 20.0 20.1 186 17.1 16.3 155 14.7 14.4 30.1
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Figure 15: TC 5.9.3.2: LUMOS simulation results difference in %, 4 m x 4 m opening
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Table 16: TC 5.10.3.1 — 1 m x 1 m opening, clear glass 6 mm
LUMOS sky component in %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
0.20 0.17 0.34 0.30 046 040 035 0.30 0.71 0.63 0.55 0.77 0.70 1.03 0.99 0.23
124 130 156 1.66 1.84 197 193 187 272 271 266 290 290 3.11 321 1.36
195 239 205 256 216 2.73 3.03 3.26 3.07 346 3.77 3.81 4.08 4.08 437 1.94
190 263 187 264 1.86 2.66 327 3.80 265 332 392 3.85 430 420 454 1.85
1.58 242 150 234 1.44 228 3.09 3.86 210 290 3.68 3.56 4.09 3.94 426 1.54
1.24 205 115 194 1.08 1.84 268 349 161 238 3.17 3.03 3.55 3.40 3.67 1.21
197 325 180 3.03 1.66 2.84 4.12 537 237 352 468 4.45 522 496 536 1.93
263 4.16 238 3.82 215 3.51 491 6.25 280 4.01 520 492 571 540 5.84 2.61
325 459 290 418 259 3.80 4.81 571 295 3.82 463 436 4.93 4.65 5.03 3.23
3.64 452 323 409 287 369 4.16 452 280 3.23 358 3.36 3.63 3.42 3.67 3.64
3.64 398 323 360 287 325 3.30 3.30 246 256 261 245 251 236 249 3.64
324 3.16 290 288 259 261 244 228 202 193 183 1.72 1.68 1.58 1.60 3.23
263 234 238 215 215 1.97 174 154 157 142 127 120 1.12 1.06 1.03 2.61
197 161 180 150 166 1.40 1.19 1.00 1.17 1.01 0.87 0.83 0.74 0.70 0.65 1.94
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Figure 16: TC 5.10.3.1: LUMOS simulation results difference in %, 1 m x 1 m opening
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Table 17: TC 5.10.3.2 — 4 m x 4 m opening, clear glass 6 mm
LUMOS sky component in %

1 2 3 4 5 6 7 8 9 10 11
27.8 321 306 349 329 37.3 396 415 433 454 471
254 29.8 27.0 316 284 333 36.0 382 37.1 39.8 422
21.9 26.7 224 274 23.0 282 314 341 29.8 33.2 36.1
18.4 23.4 182 233 181 234 27.0 30.1 232 271 304
149 19.7 144 193 141 19.0 227 259 181 219 253
12.0 164 114 158 109 154 18.9 22.0 141 17.6 20.8
26.9 353 247 33.0 228 309 371 425 26.1 32.0 37.4
315 395 287 36.7 263 342 399 449 284 339 39.0
348 41.8 317 38.8 289 36.0 40.8 451 295 343 387
36.6 421 33.2 389 30.3 36.0 396 428 29.3 33.0 36.3
36.6 40.1 33.2 37.0 30.3 34.2 36.3 38.0 27.7 30.0 32.0
348 36.1 317 333 289 30.8 31.1 313 25.0 257 26.2
315 30.6 28.7 284 263 26.3 252 241 215 20.9 20.3
26.9 244 247 228 228 212 193 176 176 16.3 15.1
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Figure 17: TC 5.10.3.2: LUMOS simulation results difference in %, 4 m x 4 m opening
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Table 18: TC 5.11.3.1 —2m x 1 m opening
LUMOS sky component + external reflected component in %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
095 095 095 095 095 095 095 095 095 095 095 095 0.95 0.95 0.95 0.95
1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07 1.07
120 115 150 141 172 162 151 141 224 207 192 235 221 288 278 1.28
145 128 232 206 297 267 234 206 447 398 354 479 440 6.35 6.08 1.68
169 155 267 247 343 321 287 256 529 481 437 561 524 7.02 6.85 1.99
177 173 248 245 3.06 3.07 286 265 465 441 416 481 466 538 543 2.04
0.83 0.88 1.04 111 121 131 129 125 180 1.79 1.77 192 192 206 213 0.90
125 137 148 164 168 189 190 189 245 251 254 270 275 288 3.01 1.32
1.89 212 215 245 239 276 283 286 343 359 3.69 3.86 3.98 4.10 432 1.95
3.10 3.77 3.28 4.04 346 432 475 507 487 544 589 596 6.35 6.36 6.79 3.09
480 6.10 489 6.31 501 655 748 823 6.94 806 9.01 897 9.73 9.61 10.3 4.72
737 104 7.10 10.2 6.90 10.0 126 150 9.47 121 146 142 16.0 155 16.7 7.18
9.01 131 835 123 7.78 11.7 152 185 10.0 133 164 157 178 170 184 8.82
494 6.09 446 560 4.03 514 575 6.23 4.09 467 515 486 523 495 530 4.89

LUMOS external reflected component in %

G’ H’ I J K L M N’
0.38 0.52 0.75 1.08 1.56 2.15 2.43 1.26
reference external reflected component in %

G’ H’ I J K L M N’
0.38 0.53 0.75 1.08 1.56 2.14 2.40 1.24
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Figure 18: TC 5.11.3.1: LUMOS simulation results difference in %, 2m x 1 m opening
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Table 19: TC 5.11.3.2 — 4 m x 3m opening
LUMOS sky component + external reflected component in %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
5.18 5.08 568 553 6.06 587 568 552 6.90 6.61 635 7.05 6.82 791 7.75 5.32
6.04 571 767 7.16 888 827 765 7.13 11.6 107 984 121 11.4 149 144 6.47
6.98 6.58 9.34 873 111 104 958 882 153 141 13.0 16.0 150 195 189 7.67
773 730 106 10.0 129 122 112 103 183 169 156 19.0 179 227 222 8.63
857 835 116 113 141 138 128 119 204 191 179 214 205 252 249 9.50
9.14 9.13 124 124 150 150 142 133 222 211 199 236 227 277 275 10.1
405 444 486 532 555 6.11 6.15 6.12 8.01 8.12 8.14 8.83 891 9.66 9.98 4.27
565 6.44 655 744 731 833 864 883 105 109 112 119 122 13.0 135 5.87
795 930 893 104 9.78 114 121 126 13.8 147 153 16.1 16.7 175 183 8.15
11.2 136 123 148 132 159 174 187 184 20.1 215 223 234 242 254 114
16.1 20.0 171 211 180 222 250 273 246 275 30.0 30.6 325 33.1 348 16.2
22.8 28.5 23.7 295 245 305 346 382 325 36.6 40.3 40.7 434 438 46.1 229
31.6 39.3 323 40.0 329 406 46.0 50.7 421 472 519 52.0 554 555 584 31.7
414 48.8 423 49.7 431 505 547 582 524 56.3 59.7 604 629 638 66.4 417

LUMOS external reflected component in %

G’ H’ I J K L M N’
1.73 2.28 3.05 412 5.62 7.64 10.27 13.48
reference external reflected component in %

G’ H’ I J K L M N’
1.74 2.29 3.06 4.14 5.63 7.65 10.27 13.59
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Figure 19: TC 5.11.3.2: LUMOS simulation results difference in %, 4 m x 3 m opening
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Table 20: TC 5.12.3.1 — 2m x 1 m opening, clear glass 6 mm

LUMOS sky component + external reflected component in %

1 2 3

4

6 7 8 9 10 11 12 13

14

15

16

ZIrXce—GOOomMmmoOm>»

0.84 0.84 0.84
0.94 0.94 0.94
1.06 1.01 1.32
1.27 113 2.04
149 136 235
1.56 152 2.18
0.73 0.77 0.91
1.10 1.21 1.30
1.66 187 1.89
272 3.31 2.88
421 536 4.30
6.43 9.07 6.19
7.50 10.9 6.95
2.67 3.31 241

0.84
0.94
1.24
1.82
217
2.16
0.97
1.44
2.16
3.56
5.54
8.87
10.3
3.04

0.84
0.94
1.52
2.61
3.01
2.69
1.07
1.48
2.1
3.04
4.40
6.02
6.49
2.18

0.84 0.84 0.84 0.84
0.94 094 094 0.94
142 133 1.24 1.97
235 2.06 1.82 3.94
2.82 252 225 4.66
270 2.52 2.33 4.09
1.15 113 1.10 1.58
1.66 1.68 1.67 2.16
243 249 252 3.02
3.80 4.18 4.46 4.28
575 6.57 7.23 6.10
8.73 11.0 13.1 8.26
9.72 12.7 154 836 11.1 13.7
279 3.13 340 222 254 280

0.84
0.94
1.82
3.50
4.24
3.88
1.58
2.21
3.16
4.78
7.09
10.6

0.84
0.94
1.69
3.12
3.85
3.66
1.55
2.23
3.24
5.18
7.91
12.8

0.84
0.94
2.06
4.22
4.93
4.24
1.69
2.38
3.40
5.24
7.88
12.4
13.1
2.65

0.84
0.94
1.95
3.87
4.61
4.10
1.69
2.42
3.50
5.59
8.55
13.9
14.9
2.86
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Figure 20: TC 5.12.3.1: LUMOS simulation results difference in %, 2m x 1 m opening
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Table 21: TC 5.12.3.2 — 4 m x 3m opening, clear glass 6 mm

LUMOS sky component + external reflected component in %

1 2 3 4 5 6 7 8 9 10 11 12 13
4560 4.47 500 4.86 533 516 500 4.85 6.07 581 559 6.21 6.00
5310 5.03 6.75 6.30 7.81 7.28 6.73 6.27 10.2 9.39 865 10.7 10.0
6.150 5.79 8.22 7.69 9.79 9.19 843 7.76 135 124 114 141 13.2
6.810 6.42 9.34 881 11.3 10.7 9.83 9.02 16.1 149 13.7 16.7 157
7540 7.35 102 996 124 1214 11.3 105 179 16.8 158 18.8 18.0
8.040 8.03 10.9 109 132 132 125 11.7 195 185 17,5 20.7 20.0
3570 390 428 468 488 538 541 538 7.05 7.15 7.16 7.77 7.84
4970 566 576 654 643 733 760 7.77 919 957 981 105 10.7
6.990 8.17 7.85 9.16 860 10.1 10.7 111 121 129 135 14.1 146
9860 119 108 13.0 116 14.0 153 164 16.2 177 189 19.6 20.6
14.04 174 149 184 157 194 218 238 215 240 26.2 26.7 28.4
19.60 245 204 254 212 26.2 298 329 281 31.6 348 351 375
26.17 325 269 332 275 33.8 382 421 353 39.6 434 436 464
30.82 36.6 32.0 376 329 38.6 419 44.7 409 439 46.6 47.4 494

LUMOS external reflected component in %

H I J K L
2.01 2.68 3.62 4.91 6.60

reference external reflected component in %

G’ H I J K L
1.52 2.00 2.66 3.57 4.80 6.36
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Figure 21: TC 5.12.3.2: LUMOS simulation results difference in %, 4 m x 3 m opening
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