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ABSTRACT

Results of measurements and a numerical simulation
of daylight distribution are presented and compared.
Investigations were conducted for a specific period of
time (spring) and European weather conditions. Sky
luminousity altered on the day of the analysis as a
result of changeable weather conditions and cloud
cover. Measurements were taken using an original
laboratory stand Heliobox, which is a scale model of
a simple rectangular room. It is characterized by
constant geometry and changeable materials
properties of transparent and opaque surfaces. The
post is equipped with nine sensors of illuminance to
measure the distribution of luminous intensity in the
interiors and outside the Heliobox. Measurement
results were obtained for real, changeable weather
conditions. The simulation was performed using the
Backward Ray Tracing Method and Desktop
Radiance computer software. Two basic sky types
proposed by the CIE were selected for the
simulation: clear and partly cloudy. The greatest
difference in the results between the measurements
and the simulation was caused by the atmospheric
turbidity factor.

INTRODUCTION

Luminous intensity in a building space is usually
analyzed in virtual models using advanced numerical
techniques (Radiosity and Forward or Backward
Ray-Tracing) (Tsangrassoulis & Bourdakis, 2003). A
variety of daylight simulation software programmes
have been developed in the last decade based on the
calculation methods listed above. For daylight
calculations, lighting sources are described by
hemispherical luminance distribution — sky models.
Sky models are always characterized by an ideal,
continuous luminance pattern which differs from the
distribution of light over the sky dome. The most
popular standardized sky models are recommended
by the International Commission on Illumination CIE
(CIE, 1995). Three basic and most popular types are
models of the overcast, intermediate and clear sky.
Luminance distribution was obtained using data from
long-term measurements for specific destinations and
environmental conditions. The existing sky models
were verified and refined for the purposes of the

lighting simulation (Darula & Kittler, 2009) based on
recent research work worldwide (Roy et al., 1995),
(Kittler et al., 1997). The purpose of the present
paper is to compare illuminance distribution in a
scale model of a building under real conditions with
simulation results. This can be used to establish the
effect of different weather conditions and selected
sky models on daylight distribution in a building
space characterized by simple geometry.

The experiment was conducted using an original
laboratory stand Heliobox exposed to external
weather conditions. Heliobox is a model of a
rectangular room (3x3x9 m) built in a scale of 1:6.
External daylight conditions were monitored by
photometric techniques. High Dynamic Range
images of the sky were collected every hour. Sky
luminance distributions were calculated based on the
images (Jacobs, 2007). General weather parameters
including the cloud type were reported.

The Backward Ray-Tracing method was selected for
the simulation as it can be used to solve the
rendering equation under any kind of reflection or
transmission, also in geometrically complicated
environments. The computer simulation software

Radiance was used for calculations (Larson &
Shakespeare, 1998).

BOUNDARY CONDITIONS AND
GENERAL ASSUMPTIONS

The simulation analysis and the experiment were
conducted for the same day in March 2011. Weather
parameters were monitored and will be described
below.

The experiment was conducted for a scale model of a
building space (3x3xX9m) Heliobox, located in
Central Europe, latitude 52 degrees north. All
surfaces were painted white, with RGB R=227,
G=228 and B=226 accordingly. The source of
daylight for the building space was a ClearFloat glass
pane with a thickness of 4 mm and optical parameters
T,is—0.86 and p,;s=0.053. The transparent part of the
external wall was directed to the south. All optical
parameters for opaque and transparent surfaces were
obtained using spectroscopy measurements. A set of
nine luxmeters for simultaneous illuminance
measurement was installed inside Heliobox at the
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height corresponding to the height of the working
plane. The tenth luxmeter was installed outside on a
horizontal plane to measure total horizontal
illuminance.

The simulation model was defined in Desktop
Radiance. Materials properties were assumed to be
the same as for the experiment. Transparent elements
were described as a glass with visual transmissivity
0.86. Opaque material was described using RGB
values, with specularity equal 0. Boundary conditions
for the simulation were defined separatelly for each
hour taking into account real sky conditions. The
turbidity factor was used for calibration.

MONITORING RESULTS OF SKY
LUMINANCE DISTRIBUTION

Real weather conditions were characterized by
certain instability varying from very clear sky during
morning hours to fully cloudy sky in the afternoon.
Meteorological parameters reported by the
meteorological weather station are presented in table
1. The first part of the day was characterized by an
almost clear and blue sky with a high cloud layer.
Cloudiness increased to 50% in the afternoon and the
sky became irregularly covered by clouds with an
invisible sun disc (fig. 1.). Sky conditions during
measurements were described as a “clear” sky in the
morning and an “intermediate” sky in the afternoon.
Sky area with higher and lower lumination were
defined based on HDR images. Luminance
distribution for every hour is presented in figure 2.
Values were verified by comparing HDR results and
mesurements of zenith luminance. Measurements
were performed by a high precision luminance meter
with a small view angle (1 sr). Results obtained in the
afternoon (intermediate sky) differ qualitatively and
quantitatively. Although the sky condition was
defined as intermediate from 13:00 to 15:00, it was
easy to determine brightness areas. Only when
cumulunimbus clouds covered the sky, its luminance
became uncontrasting (fig. 2). This observation
cannot be made based on an HDR picture only (fig.
1) where the sky is grey and looks very similar in the
afternoon.

Accuracy of results obtained by simulation methods
is highly dependant not only on correct and proper
space discretization and materials definition, but also
and foremost on properly defined boundary
conditions. For calculations of daylight illumination,
these conditions are described mainly by determining
sky luminance distribution. Sky brightness can be
additionally changed by the turbidity factor.
Therefore, illuminance on the exterior horizontal
plane was measured while monitoring external
conditions. The sky model was calibrated based on
the results by changing the value of the atmospheric
turbidity factor to obtain the same results of
horizontal illuminance as reported during the
simulation. The registered measurement illuminance
values were taken as a reference point. Measurement

and simulation results are presented and compared in
table 2 and the turbidity factor is given.

ANALYSIS AND RESULTS

Two sky model types with appropriate turbidity
factors were used for the numerical simulation
(Backward Ray-Tracing method). The results of
measurements and the simulation, obtained during
the same day and the same period of time, are
presented in figures 3+11. Before 13:00 (fig. 3+8)
external conditions for the simulation were defined as
a ,,clear sky”, with the lowest turbidity factor at 8:00
and the highest at 12:00. After 13:00, they
represented an “intermediate sky”. None of the
experimentally registered sky models met the CIE
standards defined as a “cloudy sky”. It was proved by
comparing illuminance measured and determined on
the external horizontal plane (table 2).

Analyses of the results show that measurement
illuminance values are higher than the ones obtained
from the simulation almost in all the cases. Opposite
values were obtained only for the control points
situated close to the glass and only for some specific
cases. It is impossible to elaborate on this observation
in detail at this stage of investigations and further
analysis is required. Another aspect also mentioned
by different authors (Thanachareonkit et al., 2005) is
the scale effect. Some disturbances in the shape
function were recorded additionally in a zone close to
the window, at a distance of up to 2m. The
distribution function became regular from a depth of
2 meters.

Simulation results very similar to measurement
results were registered at 13:00. The highest possible
turbidity factor TL=10 was assumed for this time and
the sky was described as “intermediate”. Based on
the curves, an almost ideal resemblance was
registered at 10:00 and 11:00. The differences were
also significant in the deeper part of the building
space for these two periods of time. It suggests that
spatial light distribution in a building space may vary
highly depending on reflected light
(spectrophotometric proprieties) partly omitted in the
analysis. The results come from the initial phase of a
research project investigating the validation of the
Total Daylight Index method.
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Figure 3 Illuminance distribution in a zone
(simulation) and Heliobox (measurement) at 8:00
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Figure 4 Illuminance distribution in a zone
(simulation) and Heliobox (measurement) at 9:00
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Figure 5 Illuminance distribution in a zone
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Figure 6 Illuminance distribution in a zone
(simulation) and Heliobox (measurement) at 11:00
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Figure 7 Illuminance distribution in a zone
(simulation) and Heliobox (measurement) at 12:00
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Figure 8 Illuminance distribution in a zone
(simulation) and Heliobox (measurement) at 13:00
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Figure 9 Illuminance distribution in a zone
(simulation) and Heliobox (measurement) at 14:00
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Figure 10 llluminance distribution in a zone
(simulation) and Heliobox (measurement) at 15:00
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Figure 11 Daylighting distribution in a zone
(simulation) and Heliobox (measurement) at 16:00
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Further results collected during an entire calendar
year will help to identify sources of differences and
to formulate stronger conclusions. One of the main
goals of this paper was problem definition illustrated
by early results. The results obtained beyond 2 m in
the simulation are lower than those obtained in the
experiments for each case. On the other hand, the
distribution at a distance of 2 m from the window is
the most dependent on the boundary conditions
assumed.

CONCLUSIONS

The above results obtained for a specific day of the
year and unstable weather conditions allow us to
formulate only preliminary and initial conclusions.
Further investigations will be conducted as part of a
wide-ranging research project realised by the authors.
One of the main conclusions proposed by the authors
is the necessity to verify and adapt the standard CIE
sky models to local weather conditions. The models
of the sky should be assumed parallel based on sky
cloudiness and luminance distribution (including the
evenness of brightness). Calibration of sky luminance
using a “turbidity factor” seems to be justified;
however, it was impossible to obtain the same results
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using the standard CIE sky models in most cases.
More advanced sky models should be considered in
the future to ensure greater accuracy.

Differences are both quantitative and qualitative.
Quantitative differences can be explained by the
scale effect while qualitative difference can be
attributed to the calculation method of reflected light.
Due to a limited number of experiments conducted to
date, it is not possible to identify and confirm reasons
for the above differences. However, it is agreed that
they are especially difficult to determine for the
conditions of the intermediate sky which dominates
in most of the locations. Quantitative differences
caused by the model assumption and the scale effect
expected by the authors are much easier to determine.
It will be possible to formulate further observations
when more results have been collected in a long-term
analysis.
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Table 1
Selected meteorological parameters reported for particular daytimes
Time Gen.e.ral Visibility | Cloudiness Clouq type . Clﬁlel?gﬁtase altsiz;lde
conditions [m] [%] (low, medium, high) [m] ]
8:00 Almost clear > 10 000 10 -, Altocumulus, Cirrus >2 500 18.6
9:00 Almost clear > 10 000 10 -, Altocumulus, Cirrus >2 500 27.5
10:00 | Almost clear > 10 000 15 -, Altocumulus, Cirrus >2 500 35.5
11:00 | Almost clear > 10 000 15 -, Altocumulus, Cirrus 600-1000 42.0
12:00 | Small cloud cover > 10 000 25 -, Altocumulus, Cirrus 600-1000 46.0
13:00 | Cloudy > 10 000 33 Cumulus, Altocumulus, - 600-1000 46.8
14:00 | Cloudy > 10 000 42 Cumulus, Altostratus, - 600-1000 44.1
15:00 | Cloudy > 10 000 50 Cumulus, Altostratus, - 300-600 38.6
16:00 | Cloudy > 10 000 50 Cumulonimbusy, -, - 300-600 31.2
Table 2
Selected simulation data and a comparison between measurements and simulations results
Time/Series 8:00 9:00 10:00 | 11:00 | 12:00 | 13:00 14:00 15:00 16:00
1 | Clear | Clear | Clear | Clear | Clear | Medium | Medium | Medium | Medium
Sky type 2 | Clear | Clear | Clear | Clear | Clear | Medium | Medium | Medium | Medium
3 | Clear | Clear | Clear | Clear | Clear | Medium | Medium | Medium | Medium
1 1.00 1.35 | 2.85 | 590 | 7.00 10.00 6.75 3.90 1.00
Turbidity factor 2 1.00 495 | 1.10 | 6.35 | 7.00 9.35 6.10 4.70 1.00
3 1.00 480 | 2.70 | 640 | 7.10 8.10 5.05 4.55 1.00
_ 1 | 29700 | 43800 | 58900 | 81300 | 89000 | 37100 | 26400 | 45400 8350
5 % Measurement |2 | 29000 | 62500 | 49300 | 84300 | 88400 | 34700 | 25100 | 48400 8300
g g 3 | 27900 | 61200 | 58400 | 84500 | 89100 | 32100 | 23200 | 47500 8130
§ -é 1 | 30080 | 44160 | 59240 | 81430 | 88430 | 35980 | 26040 | 44650 9140
& Z | Simulation 2 | 30300 | 63050 | 49330 | 84140 | 88400 | 34580 | 24810 | 47850 9070
” 3 | 30490 | 62390 | 58540 | 84510 | 88890 | 31980 | 22880 | 49070 8950
8:00 9:00 10:00 11:00 12:00
13:00 14:00 15:00 16:00

Figure 1 Measurement setup and HDR images of the sky for selected hours
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Figure 2 Distribution of the sky illumination for a particular daytime
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