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Abstract

Studies have shown that the exposure to daylight can have substantial visual/non-visual benefits for building occupants. To
optimise daylighting provision while maintaining a comfortable visual environment, daylighting control systems have been in-
vestigated by architectural design and academic research for a number of years. However, real-time regulation of daylighting in
buildings requires transient daylighting simulation with high accuracy and, daylighting simulation, as performed to date, is signifi-
cantly impacted by the employed sky luminance distribution models which only crudely reproduce the real sky characteristics due
to oversimplification and limited luminance sampling inputs.

In this paper, an embedded photometric device is proposed to combine high dynamic range (HDR) imaging based high-
resolution sky luminance monitoring with quasi real-time on-board daylighting computing, composed of a low-cost image sensor
and a field programmable gate array (FPGA) micro-processor. A deliberate calibration procedure of the whole imaging system,
regarding its spectral response (spectral correction error f’1 = 8.89%), vignetting effect and signal response, was formulated and
validated experimentally. The device was made to measure a wide luminance range (150 dB) including that of the direct solar
disk, sky vault, and landscape simultaneously. Finally, experiments during predominant clear and overcast sky conditions were
conducted respectively to assess its performance in daylighting simulation, both qualitatively and quantitatively. The experimental
results demonstrated its quality in solar tracking as well as its capability to reduce daylighting simulation error to 1

7 ∼
1
3 of that of a

common practice using the conventional Perez all-weather sky model for workplane illuminance calculation in office buildings.

Keywords: Real-time, Daylighting simulation, FPGA, Embedded photometric system, Solar tracking, Workplane illuminance

1. Introduction

While there is an ample consensus on the fact that the global
energy consumption is rapidly growing [1, 2], global warming
and environmental pollution have in many ways catalysed cam-
paign of energy savings all around the world [3]. Among the
many energy consuming domains, the building sector is respon-
sible for a considerable fraction of total consumption [4]. And
lighting is one of the leading consumers representing 15%-35%
of the energy demand in commercial buildings [5–7], despite of
its high electricity saving potential [8–12].

The technology of solid-state lighting (SSL) has improved
the energy efficiency and life span of luminaires with enhanced
luminous efficacy, and restrictions and norms on inefficient light
sources have further promoted the diffusion of these luminaires
with energy-efficient electronics [13]. In addition, the recent
progress in research and development of smart lighting systems
based on an human centric approach [14] as well as Internet
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of Things (IOT) has further confirmed their energy-saving po-
tential in lighting [15, 16]. Nonetheless, it has been revealed
in studies that the daylight, as an ubiquitous cost-economical
light source, cannot be fully substituted by the current technol-
ogy of artificial light, not only due to its unique spectral power
distribution [17] but also because of its non-visual effects on oc-
cupants’ physiology, behaviour and circadian rhythms [18–20],
which indirectly influence human’s health [21, 22] and perfor-
mance [23]. Within developed economies, such as in Europe
and North America, people spend 90% of their time on activ-
ities and environments relying on artificial lighting [24, 25].
Therefore, increasing the daylight provision in buildings has
gained growing concerns and interests for building designers
and researchers.

As a free available resource, daylight utilization can con-
tradict the energy saving objective, if it were not harnessed
smartly. During hot seasons, large solar heat gain induced by
excessive penetration of sun light can cause a substantial up-
surge in the cooling load of buildings [26]. Although shad-
ing systems offer a measure for regulating sunlight influx, the
utilization of daylight is largely dependent on occupants’ be-
haviour [27]. Once visual comfort is disturbed by glare due to
the penetration of sunlight, occupants tend to be reluctant in re-
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opening the shading [28], even if the disturbance has passed,
occluding the daylight.

Several studies have shown that an optimal utilization of
daylight can not only contribute to 25%-60% of savings in light-
ing [9, 29] but can also improve occupants’ visual comfort sub-
stantially [30, 31]. Since occupants’ visual comfort has a pos-
itive impact on their productivity [32], the productivity sav-
ing, when projected to salaries and benefits, is estimated to
be even more significant than energy bills in office buildings
[33, 34]. Daylighting simulation is a common way to pre-plan
and analyse the daylight utilization in buildings, by using ad-
vanced techniques of image rendering and daylighting metrics
calculation. Although annual simulation of day-lit intra-scene
applications in buildings has shown convincing results [35], if
the time scale shrinks to minutes or even seconds especially
when daylighting simulation is applied in real-time shading or
lighting control, the discrepancy between simulation and reality
is significant for transient computation [36], since the simula-
tion is contingent upon simplified sky luminance models. Sky
models were formulated for the initial purpose of comparing
different sky luminance distributions, including clear, overcast
and partly cloudy skies. They are commonly based on the aver-
ages of a range of sky types and cannot precisely describe a sky
for a specific location and moment in time [37].

The International Commission on Illumination (CIE) has
defined 15 different standard sky types [38] including the CIE
clear and CIE overcast sky. The luminance distribution of the
CIE clear and overcast sky can be regarded as two extremes
of naturally occurring skies, and most real skies are interme-
diate ones between them. To make the modelled sky change
dynamically according to the weather, Perez proposed the all-
weather sky model [39] based on the solar zenith angle, sky
clearness, and the sky brightness, which can be derived from
the direct normal and diffused horizontal irradiance. Despite
of its dynamic feature according to the sky radiation, the Perez
all-weather model is derived from the sky luminance monitored
in Berkeley, CA, USA, which does not necessarily cover all the
sky conditions for any part of the world [40]. Although the
CIE General Standard sky 2003 [41] adopted sky models based
on scanned sky luminance at extended locations of Berkeley,
Tokyo, and Sydney, the sky model based on empirical formulae
and fitted parameters share the same issue and cannot address
influence of local micro-climate. Furthermore, reconstructing
the real sky would require the sampling frequency at least twice
as high as the maximum spatial frequency of the sky luminance
map, according the Shannon sampling theorem [42]. In con-
tradiction to this, the Perez all-weather model based on merely
two inputs and massive interpolation can hardly reconstruct the
real sky with precision at the time scale of minutes or sec-
onds, since cloud edges and high contrast sky patches require
a much higher sampling frequency or resolution. In addition,
the common practice of modelling the ground with a constant
reflectance plane contributes to noticeable disparity with real-
ity since the material of the ground can be diverse: while the
snow reflectance can reach 75%, that of the asphalt is around

7%. Moreover, the solar luminance sensed from the ground al-
ters according to the position of the sun and weather conditions
including mist, smog and haze. To address these limitations,
preliminary investigations based on HDR imaging techniques
for sky luminance monitoring [43] have been conducted, point-
ing out its improved accuracy in sky reproduction.

Recent progress in microelectronics has enabled Comple-
mentary Metal Oxide Semiconductor (CMOS) image sensors
gradually substitute of Charge-Coupled Device (CCD) image
sensors [44], thanks to their better signal-noise ratio (SNR),
dynamic range (DR) and data output speed. Among others,
CMOS image sensors exhibit advantages in the compatibility
with computing circuits, versatility of imaging patterns and low
power consumption. Simultaneously, the development of micro-
processor technology has set a trend toward smaller size, lower
power consumption and massive processing speed [45]. The
performance of current micro-processing unit (MPU) has made
it possible to couple an MPU and high-resolution image sensors
into an embedded platform for data acquisition and real-time
processing.

Studies have highlighted the possibility of using such image
sensors as a reliable luminance monitoring apparatus. Stumpfl
et al. [46] suggested an approach for photo-realistic render-
ing using a digital single-lens reflex (DSLR) camera by 7 con-
secutive frames to build-up a 132 dB dynamic range picture
to capture the sky luminance distribution. Wüller et al. [47]
converted, for photometric purposes, the RGB grey-scale val-
ues of images by a DSLR camera into the xyY color space
by linear matrix transformation to acquire a luminance value
from each pixel. The limitation of this DSLR camera based ap-
proach are manifold: i) pixels monitoring the direct solar disk
are commonly overexposed, its luminance being not directly
measurable, ii) capture of multiple frames employs multiple
lens aperture, which adds to difficulty to the calibration pro-
cess, iii) the image acquisition process is time consuming due
to aperture change, and last but not least, iv) the RGB channel
response of an image sensor is device dependent and, without
an ’adhoc’ calibration, a simple linear color space conversion
for luminance monitoring is commonly associated with notice-
able errors [48]. Borisuit et al. [49] used a high dynamic range
(HDR, 132 dB) achromatic B&W camera for luminance map-
ping of indoor spaces. Two color filters were applied to rectify
the spectral response of the camera in order to get close to the
photometric sensitivity of humans. Nonetheless, the luminance
detection range of such a device is not large enough to cope with
the luminosity of the sun and sky, and the HDR image sensors
normally sacrifice the resolution for larger pixel sizes on a sili-
con wafer, whose cost and availability is not a neglectable issue.

In this paper, an embedded photometric device employing a
low-cost RGB channel image sensor and a Field-Programmable
Gate Array (FPGA) processor was suggested for real-time on-
board lighting simulation of an office room based on HDR imag-
ing techniques for sky luminance mapping (Section 2). A cal-
ibration procedure appropriate for a low-cost image sensor, in
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regards to spectral response, vignetting correction and signal
gain curves, was applied in order to be able to simultaneously
measure the luminance of the sun disk, the sky vault and land-
scape (Section 3). Finally, in-situ experiments in a 1:1 scale
daylighting test module were carried-out to assess the perfor-
mance and accuracy of the embedded photometric device for
sky luminance mapping and lighting simulation of an office
room, compared to a common practice employing the Perez all-
weather sky model (Section 4).

2. Device Architecture

A highly self-sufficient system is normally comprised of mi-
croprocessor units (MPUs), memory, sensors and actuators. In
the case of lighting simulation, the computation load for an
MPU is formidably heavy in the massive calculation of ray-
tracing algorithms [50]. A field programmable gate array (FPGA)
chip with system on-chip (SoC) architecture was selected as the
major MPU of the platform, due to its high-speed performance
in both calculation and input/output (IO) and due to its flexibil-
ity in communication with sensors or actuators. In the context
of sky luminance monitoring under extreme solar radiation, a
low-cost image sensor with high-speed shutter was selected for
sensing the whole sky, including the direct sun disk, the sky
vault, and clouds. The specification and detailed architecture of
the components constituting this device are given here after:

2.1. Image sensor

The image sensor is fundamentally an accurate device for
the measurement of light intensity as an array of photo-diodes.
An 1/2.5 inch low-cost CMOS image sensor was employed
as the main sensing unit. The sensor features 5 million pixels
(frame size: 2593 × 1944), a 12-bits ADC (analog to digital
converter) resolution and 38.1 dB SNR (signal to noise ratio).
Its short integration period enables it to detect extreme lumi-
nance values without any saturation for outdoor applications.
In addition, the maximum data transmission rate of the sensor
reached 9.6 × 107 pixels/second to output a full frame in 70
ms. Its 381 mW peak power at maximum resolution satisfies
the constrain of low-power consumption applying to the com-
ponent of an embedded device. Furthermore, the wide range
of operation temperature (−30◦C to + 70◦C) allows its appli-
cation in most geographical locations on the planet. Regard-
ing the shutter mode, the electronic rolling shutter (ERS) was
chosen, ensuring an identical exposure time for each pixel at
various positions on the image plane [51]. The pixel array was
arranged in the RGB Bayer pattern, as illustrated in Figure 1,
which is a common way of arranging RGB pixels. The ratio
of the RGB pixel number was 1:2:1 respectively. For the mea-
surement of photometric variables, since the color information
was neglected, 4 pixels were grouped as a sensing unit to de-
tect and synthesize the luminance by each unit. The sensor was
also equipped with multiple registers for the configuration of
its functionalities, including operation mode, driving frequency,
readout pattern and etc.

Fig. 1. RGB Bayer pattern of the pixel arrangement of the image sensor

2.2. FPGA processor

The FPGA chips have been widely applied by the telecom-
munication industry, which imposes strict requirements on the
data processing and transmission speed [52]. In the context of
this paper, its high speed performance matches the demand of
bulky data transfer from the image sensor, particularly in case
of high dynamic range imaging (HDR), leading to a massive
data volume. The recent development of FPGA-SoC architec-
ture, embedding a hard-core-processor (HPS) with FPGA on a
single silicon die, has provided further versatility to such pro-
cessors in operation with high-level algorithms [53]. To bal-
ance both performance and compactness, a commercial FGPA
chip (Altera Cyclone V) was employed as the main MPU to im-
port bulky pixel data, to control sensor-actuators, and to operate
on-board lighting simulation algorithms. This single proces-
sor is composed of two major parts: FPGA fabric and HPS.
The FPGA fabric part is essentially a massive field of logic
blocks (85K logic cells) and a hierarchy of reconfigurable in-
terconnects; each of them can be configured to realize complex
logic functions via place-and-route by a hardware description
language (HDL). On the field of logic elements, a number of
hardware units, including sensor interfaces, memory manag-
ing units and calculation accelerators, can be implemented as
long as the communication protocol and timing rules are strictly
complied with. As shown in Figure 2, a sensor interface was es-
tablished together with a direct memory access (DMA) unit in
the FPGA fabric. The interface was designed with two sub-
functionalities: i) control of image sensor, and ii) transfer and
pre-processing of pixel data. The image sensor, connected with
the processor through bidirectional pins, can be configured by
parameters written into an array of registers to set up the frame
size, operating mode and shutter type. In addition, the interface
also triggers the shutter of the image sensor and regulates the
exposure sequences used by the HDR imaging technique dur-
ing the sky luminance monitoring stage. Then after a frame has
been collected on the image sensor, the interface is prepared
to read in the pixel data sequentially, to pre-process the data
and to arrange it in the external memory through the internal
FPGA2SDRAM bridge for further calculation. The HPS part
of the processor is an ARM Cortex-A9 (925 MHz) unit with pe-
ripherals including SDRAM controllers to access external dou-
ble data rate three (DDR3) memory and communication bridges
with the FPGA fabric part (e.g. HPS2FPGA bridge) to access
interfaces and general purpose input/output (GPIO), as shown
in Figure 2. A simplified version of Linux has been installed
on the ARM unit as operation system configured for embed-
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ded devices, where executive programs (including C and C++)
can run with relatively high-level algorithms, including lumi-
nance mapping and ray-tracing. In this way, the two parts co-
operate seamlessly in executing both the low-level algorithms,
including data collection, preprocessing and parallel accelera-
tion, and the high-level algorithms, including ray-tracing and
Monte-Carlo integration.

Fig. 2. Modules configured in the FPGA chip and connections with external
elements

2.3. Lens and actuator

To cover both the sky vault and the ground, a wide angle
lens with 2.5 mm focal length was coupled with the image sen-
sor as the imaging part of the device. As a super-wide angle
lens contributes to noticeable optical distortions in imaging, the
field of view (FOV) of the lens was limited to an opening an-
gle of 160◦ (129.8◦ × 96.7◦ in the horizontal and vertical di-
rections respectively), maintaining the distortion at a tolerable
level, an image illustrating its FOV is shown in Figure 3. The
maximum angular resolution of a pixel is 0.041◦ (equivalently
5.24 × 10−7 sr in solid angle), which is one magnitude finer
than that of a class B luminance meter (0.33◦). The high reso-
lution feature of each pixel makes it possible for the device to
detect or even indirectly identify glare sources with particularly
minuscule size by simulation.

Fig. 3. Field of view (FOV) of the imaging system

Furthermore, since the device has to be exposed under the
sky vault for monitoring, the influence of the direct sun light

issued from the solar disk was taken into consideration in the
design phase. To mitigate the risk of irreversible physical dam-
age, an opaque shield mask was installed at the front end of the
lens to protect the image sensor from overheating under intense
solar radiation when the imaging system is idle, as illustrated in
Figure 4. A closed-loop stepper motor was also coupled with
the shield mask to open and close it when the imaging system
performed measurement, keeping the maximum opening time
below 0.55 s before the sensor gets overheated.

Fig. 4. Protection mask for the imaging system

3. Calibration procedure

As the accuracy of lighting computing is contingent on the
quality of measurement (sky luminance monitoring), a high qual-
ity calibration procedure of the imaging system was formulated,
implemented and validated with experiments, including correc-
tion of the spectral response, vignetting effect, spatial mapping
and response functions.

3.1. Spectral response
The spectral response of the RGB channels of an image

sensor can have pronounced disparity with the color match-
ing function of RGB primaries defined by the standard CIE-
1931 triplet stimuli [54]. Its spectral response is commonly de-
vice dependent and biased, depending on the manufactures who
cater in varying ways to consumers’ preference in compelling
color. Linear transformation of the response of RGB channels
(color space conversion) into the photometric quantity can con-
tribute to substantial errors without optical correction, ignoring
the spectral discrepancy, since the photopic luminosity func-
tion V(λ) normally does not lie in the vector space spanned by
R(λ),G(λ) and B(λ), λ being the wavelength of incoming ra-
diation. The error tends to be unacceptable particularly when
relatively narrow bandwidth light sources are involved [55] in
illumination, including light-emitting diode (LED). To address
this limitation, the spectral response of the image sensor has
been rectified by optical filters. Before selecting the filters, the
spectral response of the image sensor with the coupled lens
was measured using a spectroradiometer (left, Figure 5) and
monochromatic light beams with the experimental set-up shown
in Figure 5, of which the diagram is shown in Figure 6. A
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monochromator (OMNI-λ 300, Zolix), shown on the right side
of the figure, was employed to bandpass a narrow bandwidth
(20 nm) of light spectrum by the way of a diffraction grating
from a high intensity discharge lamp (HID, Xenon arc) used
as light source. Since the photometric device dealing with the
visual range of the spectrum, the monochromator swept wave-
lengths of the passing band at 10 nm intervals from 380 nm to
780 nm to cover the entire visual range of the spectrum. An in-
ternal near infra-red (NIR) cut-off filter eliminated unnecessary
NIR range of the spectrum. In addition, an integration sphere
was used to homogeneously diffuse the beam coming from the
exit port of the monochromator over the internal surface of the
integration sphere. Although the two devices targeted at the
same area, the critical role of the integration sphere was to re-
duce the effect of inevitable misalignment of the FOV of a cen-
tral pixel on the image plane and that of the spectroradiometer,
which showed a different resolution.

Fig. 5. Set-up of experiments

Light SourceMonochromator

Integration Sphere (Ulbricht sphere)

Spectroradiometer Device under Calibration

Fig. 6. Diagram of experimental set-up

The experiment was conducted in a darkroom in order to
isolate it from parasitic light. Figure 5 and Figure 6 show the
photometric device and the spectroradiometer during the cali-
bration; both were fixed at the exit port of an Ulbricht sphere,
the input port being aligned with the light beam issued from the
monochromator and a light source. After scanning the entire
visible spectrum, the pixel response of the image sensor was
normalized by the spectral power of the monochromatic light
measured by the spectroradiometer (1 nm resolution), leading
to the spectral response of each channel illustrated in Figure 7.
For each data point, 9 neighbouring pixels at the center of the
image plane were averaged for each channel to reduce the spa-

tial noise; the measurement was repeated 5 times to mitigate
the temporal noise. Furthermore, the reset noise of pixels was
measured and corrected in its response.
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Fig. 7. Spectral response of the RGB channels of the image sensor

As mentioned, to improve accuracy of measuring luminance,
the sensor had to be corrected by optical glass filters. The opti-
mization was performed on a pool of bandpass filters (256 mod-
els) with neutral-density (ND) filters over 2.8 million combina-
tions to fit the luminosity function V(λ), through the least error
in the `2 norm space. With consideration of the limited space
available for filters in imaging system, the optimal set of filters
were finally determined using only three filters, a cyan filter, a
yellow filter and an ND filter (1% transmittance). The spectral
transmittance distribution of the two color filters is presented in
Figure 8.
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Fig. 8. Spectral transmittance distribution of the color filters

The filters were installed in the imaging system, between
the rear side of the lens and the image sensor, instead of in
front of the lens, to lessen the mechanical vignetting of the op-
tics. Then the spectral response of the imaging system with em-
bedded filters was measured again with the identical set-up as
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Figure 6. To assess the spectral response with high resolution,
the center wavelength of the beam was swept at a finer wave-
length interval by the monochromator, e.g. every 5 nm from
380 nm to 780 nm. The spatial and temporal noise were again
mitigated by averaging 9 center pixels and by repetition of 5
frames per wavelength interval. Figure 9 illustrates the spectral
response of the RGB channels of image sensor equipped with
the embedded two color filters and a single ND filter for spec-
tral rectification, which shifted the peaks of each channel close
to the 550 nm wavelength as the peak location of the luminosity
function V(λ) compared with Figure 7.
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Fig. 9. Spectral response of the RGB channels after optical corrections

The luminosity function V(λ) can be fitted through a linear
transformation of the corrected spectral response of the imag-
ing system equipped with filters. The coefficients of the RGB
channels were determined by calculating the least-error in the `2
norm space. With optimized coefficient of RGB channels, the
spectral response of the imaging system is illustrated in Fig-
ure 10 and is close to the V(λ) curve. According to the CIE
publication No. 69 [56], the relative spectral correction error
f ′1 was determined using Equations (1) and (2), where S l(λ) is
the spectral distribution of illuminant (assumed CIE illuminant
D65), S (λ) is the relative spectral response of the detector, and
S n(λ) is the normalized spectral response of the detector. The
f ′1 error of the calibrated imaging system equipped with opti-
cal filters is equal to 8.89%, compared to 52.9% without optical
corrections. According to the DIN 5032 standard [57], the max-
imum f ′1 error of a commercial luminance measurement device
should be 9%, which achieved in this case.

f ′1 =

∫ 780
380 | S n(λ) − V(λ) | dλ∫ 780

380 | V(λ) | dλ
(1)

S n(λ) =

∫ 780
380 S l(λ)V(λ) dλ∫ 780
380 S l(λ)S (λ) dλ

S (λ) (2)
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Fig. 10. Synthesised spectral response of the imaging system

3.2. Vignetting

Vignetting effect is essentially a phenomenon of imaging
systems where the the intensity of light is attenuated towards
off-axis zones; this is particularly noticeable at the edges of a
frame with wide-angle lens. Multiple impact factors involved
can be categorized into natural vignetting, optical vignetting,
pixel vignetting and mechanical vignetting [58]. Natural vi-
gnetting is an intrinsic property of the lens that attenuates in-
cident rays at off-axis parts, which obeys the cos4 law of the
off-axis angle α [58], as in Equation (3), where E is the illumi-
nance at center and E(α) is that at off-axis pixels on the image
plane. Optical vignetting is caused by the limited size of a lens
and thus the clipping of light by the body of the lens, which can
be potentially alleviated by introducing an aperture. Digital im-
age sensors can also have pixel vignetting due to the occlusion
by the walls of each photo-diode. In addition, the filters or the
hood of a lens can contribute to mechanical vignetting.

E(α) = E · cos4(α) (3)

For a fish-eye lens, the vignetting is inevitably an pronounced
problem, which need to be corrected and compensated. The
glass filters, as shown in Section 3.1, were placed behind the
lens to reduce its mechanical vignetting. The existing vignetting
was then measured and corrected using the experimental set-up
illustrated in Figure 11. The integration sphere was employed
to diffuse the light beam homogeneously in all directions at its
exit port, which was used as the reference target to quantify the
fall-off of intensity.
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Fig. 11. Diagram of experimental set-up

To mitigate the temporal noise, 5 images were taken and av-
eraged together. The lens was assumed to be axial symmetric
and thus only a quarter of the image plane needed to be anal-
ysed, the remaining three quarters being deduced. The original
signal turned out to be noisy with high density of spikes. In
order to eliminate such noise, a 2-D Gaussian filter was ap-
plied through a convolution of the signal, as shown in Fig-
ure 12, where the signal surface was smoothed. Its normalized
isoheight plane was illustrated by the color gradient, in which
light intensity can be noticed being impaired from the origin
(the center of image plane) to the boundary.

Fig. 12. Surface of response attenuation due to vignetting

Using the normalized surface of attenuation, the vignetting
was approximated by a 4th-order polynomials of cos(α) to de-
scribe the combined effect of multiple factors, where α repre-
sents the off-axis angle, as given in Equation (4). The RGB
channels were merged using the coefficients in Section 3.1 for
calculating the value of normalized luminance V in Equation (4).
Optimized with the least-error in the `2 norm space, the func-
tion was fitted over the 2-D surface. The fitting results are par-
tially illustrated in Figure 13 with deviation from the center in
1-D along the cross section of the horizontal axis on the image
plane. The coefficients are listed in Table 1. The relative RMSE
is equal to be 2.2%, and the R2 coefficient of determination is

equal to 0.961.

V =

4∑
i=0

ai · cosi(α) (4)

Table 1: Optimized coefficients

a0 a1 a2 a3 a4

1.42 -12.1 33.4 -32.0 10.3
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Fig. 13. Fitted curve for vignetting effect

3.3. Response curve

Linear response, in many ways, is a compelling system prop-
erty, since it offers simplicity in both modelling and computing.
Although the linear region of a photo-diode is commonly used
to measure the number of captured photons, gamma correction
is usually employed by camera manufacturers to compress the
response of pixels in order to match the non-linear nature of
the sensation of human eyes. An experiment was performed to
evaluate the response curve and the linear region of the image
sensor. The set-up is illustrated in Figure 14 where a class-B
luminance meter (Minolta LS-110, with ±2% accuracy) substi-
tutes the spectroradiometer to quantify the luminance of light as
a reference. The shutter of the image sensor was set at 6 differ-
ent speeds from 125 ms to 4 s so that both the saturated region
and non-responsive region were covered respectively. The lu-
minance at the exit port of the integration sphere was adjusted
to range from 150 to 3900 cd/m2.
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Fig. 14. Diagram of experimental set-up

The response curve of the RGB channels is illustrated in
Figure 15. The response of each channel shows conspicuous
linearity from above the noise floor upto a 3300 gray-scale value.
Only the linear region of the response curve was used as a
valid sensing range for luminance detection. Together with
the weightings of RGB channels obtained in Section 3.1, the
luminance L measured by a group of 4 neighbouring pixels
(R,G1,G2,B) can be fitted by Equation (5) according to the in-
tegration time 4t, where Cg is the coefficient to be determined
and R G B are the gray-scale values of corresponding pixels and
G is the mean of G1 and G2. Using the least-square norm as the
objective function, the optimized coefficient Cg was computed
with data points pertaining only to the linear response region.
The corresponding fitted response curve with data points is pre-
sented in Figure 16 a). The relative error compared to the ref-
erence luminance given by the luminance meter is illustrated in
Figure 16 b); it is bounded by 2% and shows a mean relative
error of 0.81%.

L = Cg ·
w1R + w2G + w3B

4t
(5)
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Fig. 15. Response of RGB channel versus luminance at 6 shutter speed
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Fig. 16. Luminance monitoring by the calibrated imaging system and its error
distribution

Owning to the imperfection of the lens, an imaging system
with a wide-angle lens also suffers from linear and non-linear
distortions. A field-test experiment with a standard chessboard
was conducted first to determine the distortion coefficient and
correct it during computation. Above all, the imaging system
was corrected with optical glass filters for its spectral response
and rectified digitally for its vignetting, response curve and ge-
ometric distortion. The device is able to cover a luminance de-
tection range of 3.78 × 109 ∼ 1.2 × 102 cd/m2 (150 dB), the
maximal mapping resolution reaching 1.2 million pixel groups,
each pixel group being able to sense one single subdivided sky
patch.

4. Empirical validation

The usual daylight simulation approach is based on standard
sky models, their oversimplification contributing to a noticeable
mismatch compared to a real sky and therefore commonly to
pronounced simulation errors [59], when the time scale is at the

level of minutes or even seconds. By substantially expanding
the volume of input data and thus increasing the resolution of
the sky luminance scanning, the HDR imaging based sky lu-
minance monitoring technique can reduce the discrepancy with
real skies, which features complex patterns of clouds, high con-
trast sky regions as well as the direct sun orb. The ground is an-
other factor contributing to simulation errors. A common prac-
tice is to model it as a lower hemisphere fraction with a 20%
typical constant reflectance. In fact, the ground is complex in
reality. Its reflectance is manifold and variable; it can reach as
low as 7-9% for clean asphalt or slate and as high as 60-80%
for snow. In addition, it is problematic to model the surround-
ing buildings or vegetation as a flat surface or an homogeneous
hemisphere. The HDR luminance monitoring method can po-
tentially reduce the discrepancy by real-field measurement in
high resolution, which at the same time saves the efforts in mod-
elling the landscape. After deliberate calibrations and param-
eter optimization, the embedded photometric device is able to
map both the sky vault and ground in a subdivision with 1.2 mil-
lion luminance patches, and its wide luminance detection range
is able to cover the luminance at two extremes of both the di-
rect solar orb and surrounding shadowing objects. This section
evaluates its performance regarding the accuracy in physically
based rendering, horizontal illuminance computing, and solar
position tracking and intensity monitoring.

4.1. Rendering
Merging every 4 neighbouring pixels into a group, the im-

age sensor with 5 million pixels was divided into 1.23 million
groups, each detecting the luminance of a patch of the sky vault
or the ground in an unique direction from the lens. Multiple ex-
posures (0.5s in total) of the image sensor were controlled and
image acquisition was pre-processed by the FPGA fabric part
of the processor. Then the HPS part of the processor synthe-
sised multiple frames into luminance values and mapped each
pixel onto a single sky or ground patch, based on the parame-
ters acquired in Section 3. The resolution of luminance map-
ping is variable and can be downgraded by sub-sampling with
the application of low-pass digital filters for anti-aliasing ef-
fects. In the context of this paper, the maximal resolution was
retained for the evaluation of accuracy performance. Since the
focal length (2.5 mm) of the lens is infinitesimal compared to
the object distance (to the principal plane) in the camera coor-
dinates, including the sky, the sun disk, clouds, and landscape
on the ground, objects can approximately be regarded as a sin-
gle entity and the lens can focus on the infinity. It takes the
processor 1.3 seconds to accomplish the whole course of HDR
imaging acquisition, data processing, and luminance mapping.

For image rendering of a scene, the RADIANCE program,
a physically-based lighting simulation program package largely
developed by Greg Ward [60], was employed in this paper with
the backward ray-tracing algorithms computing the daylighting
of buildings. The two sub-programs, rtrace and rpict, were em-
ployed and run on the HPS part of the processor to render the
scene.
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A typical office with an unilateral façade was selected as the
study target. The calibrated embedded device was positioned in
front of the façades with its lens axis in the orthogonal plane of
the façades. The FOV of the lens was aimed at the sky vault
facing the façade. The absolute geographical coordinates of the
test room are not necessary for the lighting computing, since
the daylighting in the space was exclusively contributed by the
light through the unilateral façades, and a relative coordinate
was established for the imaging system with the sky vault and
ground.

A 3-D model of the selected office space was created for
the device. After the luminance map of the hemisphere seen
by the camera, comprising half of the sky vault and half of the
ground, was monitored, it was compiled with the scene model
into an octree file for the RADIANCE program in the device.
The embedded device was able to perform the rendering of the
scene in 79.2 seconds with 1.41 × 106 tracing rays for a coarse
image, with splotchy patterns in the shadowed zones. In fact,
the computing time is largely contingent on the resolution of
the luminance map. If the sky patches are sub-sampled into
145 patches according to the Tregenza or Klems subdivision
[61], the time in rendering the same scene can be reduced to
1/3 of that in full resolution (20-30 s). With high quality pa-
rameters, maximal luminance map resolution, and long time
rendering, the scene of the office was rendered with a smooth
shadow on the wall as illustrated in Figure 17 b) for a partly
cloudy sky. For comparison, the direct normal and diffuse hor-
izontal irradiance was simultaneously measured on the rooftop
of the office building, and a common practice employing the
Perez all-weather sky model [39] using the monitored irradi-
ance as inputs is illustrated in Figure 17 a) rendering the scene
of the same office room. The merits of the HDR imaging based
sky monitoring approach can be illustrated by the neat contour
of the sky patterns and landscape from a viewing perspective
towards the façades, including the surrounding buildings and
vegetation which is extremely difficult to model correctly. In
addition, the HDR imaging approach is closer to the reality than
that employing the Perez sky model as in common practice ac-
cording to the mismatch in the shadows on the desks and floor
in Figure 17.

Fig. 17. Rendering of a office by a) Perez model b) HDR imaging based sky
model

4.2. Horizontal Illuminance
While Section 4.1 qualitatively assessed the accuracy of the

embedded device in daylighting image rendering, this section
investigates the computation of intra-scene horizontal work-plane
illuminance distribution, compared with the monitoring from an
array of real lux-meters as a reference. In this section, the on-
board RADIANCE program was used again for computing the
illuminance distribution based on ray-tracing and Monte-Carlo
integration techniques. In order to outline its performance, the
embedded photometric device based on the HDR sky monitor-
ing approach was compared with a common practice employing
the Perez all-weather sky model based on weather data.

4.2.1. Experimental set-up
A retrofitted lighting test module (interior size: 6.4 × 2.9 ×

2.6 m3) was selected as the experiment site, mimicking a typ-
ical office room with 3 pairs of desk and chair. The module
was equipped with an unilateral façade (6 elements) facing to-
wards south, showing a 0.62 window to wall ratio in total, as
presented in Figure 18 a). To improve simulation accuracy,
both the dimensions and the reflectance of each surface com-
posing the module were modelled in accordance to reality. In
this experimental set-up, the geometric dimensions and rela-
tive position of each furniture in the module were measured by
using a precise range finder (Leica DISTO), establishing rela-
tive coordinates of all the objects. The chromatic coordinates
and reflectance factors of each surface material was measured
by using a chromameter (MINOLTA CR-220) in the xyY color
space with a CIE D65 light source, including the ceiling, the
wall, the floor, the window frame, and each furniture surface.
As RADIANCE adopted the RGB color space, the measured
xyY chromatic coordinates were converted into the RGB color
space based on pre-defined primaries in RADIANCE by ma-
trix multiplication. The specularity, characterizing the ratio of
the direct component in reflection, was measured by using a
gloss meter (MINOLTA GM-060). It characterized the propor-
tion of specular component at the incident angle of 60◦ and was
supposed to approximate the specularity, despite of its minor
dependence on the incident angle. Furthermore, the roughness
of each material was assigned a 0 − 0.2 value according to the
particle size of the surface. The virtual model of test module is
illustrated in Figure 18 b).

(a) Real scene (b) Modelled scene

Fig. 18. The daylighting test module with unilateral façades

For the work-plane horizontal illuminance monitoring, five
lux-meter sensors (MINOLTA T-10A, with±2% accuracy) were
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positioned in the test module at the workplane height of 0.8
m, with their sensible surface aligned upward in the horizon-
tal plane. The sensors were arranged in a line and fixed at the
distance of 1 m, 2 m, 3 m, 3.9 m and 4.7 m from the façade,
as shown in Figure 19. Each lux-meter was connected in par-
allel to a data logger ensuring that the measurement from each
sensor can be acquired simultaneously. Accordingly, for the
daylighting simulation, 5 virtual sensors were placed at identi-
cal positions in the modelled scene as in the real module. Since
the virtual sensors were point receptors in RADIANCE, 9 sam-
pling points covering a 2 × 2 cm2 square were defined and
averaged to reproduce the sensing area of each lux-meter and
to reduce the spatial noise for the computing.

(a) Lux-meter (b) Virtual illuminance sensors defined in RADIANCE

Fig. 19. Sensor position for monitoring horizontal illuminance

During the experiments, three major equipments were in-
stalled close to the daylighting test module: the HDR embedded
photometric device (under test), a pyranometer (Delta-T BF3)
monitoring the direct normal and diffuse horizontal irradiance
(for comparison with the Perez sky model) and a lux-meter ar-
ray (for the acquisition of reference illuminance values), as il-
lustrated in Figure 20.

Embedded Photometric Device Lux-meter Array Pyranometer

Sky Luminance Map Direct and Diffuse Irradiance

Simulated Horizontal Illuminance

(HDR imaging)  

Simulated Horizontal Illuminance

(Perez all-weather model)  

Monitored Horizontal Illuminance

(Reference)

Comparison

Fig. 20. Employed equipments and their feature in experiments

The embedded device was anchored in front of the test mod-
ule with its lens axis aligned in the plane orthogonal to the
façade, as illustrated in Figure 21. The device was adjusted with
2/3 of its FOV covering the sky vault and 1/3 of that covering
the ground fraction, as the sky is responsible for the main day-
lighting contribution through the façade. The process of HDR
sky and landscape monitoring, luminance mapping, and com-
putation of horizontal illuminance distribution were executed
on-board independently. The pyranometer was positioned on
the rooftop without shadowing. Its monitoring of the direct nor-
mal and diffuse horizontal irradiance was used as input for the

Perez all-weather sky model during the simulation of the work-
plane illuminance distribution. The three apparatus were syn-
chronized during the data monitoring, in order to achieve simul-
taneous illuminance simulations and measurements. To reach a
high accuracy, identical sets of simulation parameters in RADI-
ANCE were employed based on the backward ray-tracing and
Monte-Carlo integration techniques for both the HDR imag-
ing approach and Perez sky model respectively, with ’-ab 5 -ad
1024’ for ambient calculation. As a trade-off between compu-
tation accuracy and time consumption, the synchronization was
made using 15 min sampling time intervals for the three appa-
ratus.

Fig. 21. The embedded photometric device positioned in front of the unilat-
eral façade

To study the accuracy of the simulated workplane illumi-
nance using the embedded photometric device, partly cloudy
days with predominant overcast and clear sky, when most of
the time during the day was dominated by overcast or clear sky,
and the rest of time it was partly cloudy, were considered as the
two critical conditions to investigate daylighting without arti-
ficial lighting inside. The experiments were conducted from 9
a.m. to 6 p.m. in the test module from May 08th to 09th, 2017 in
Lausanne, Switzerland; the workplane horizontal illuminance
was both simulated by the device and measured by using the
lux-meter array.

4.2.2. Predominant overcast sky
The workplane horizontal illuminance computed by the light-

ing software with the use of the embedded photometric device
based on HDR sky luminance monitoring is illustrated in Fig-
ure 22 a) by the green solid lines for a predominant overcast
sky. The five curves stacked sequentially from top to bottom
respectively for the illuminance values simulated for points at
a 1 m distance to a 4.7 m distance from the façade. The cor-
responding monitored horizontal illuminance are denoted by
the grey dotted lines and used as reference values to assess the
simulation error. Analogously, the workplane horizontal illu-
minance simulated by the virtual sensors using the Perez all-
weather model is represented by green lines in Figure 22 b).
Although the monitored illuminance of each lux-meter fluctu-
ated throughout the day, the HDR sky monitoring approach out-
performed the Perez sky model by leading to simulated work-
plane illuminances which were closer to the monitored value,
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used as reference (grey dotted line) as shown in Figure 22 a)
and b). Using the illuminance monitored by the lux-meters
as reference, the relative error of the two methods was deter-
mined, and Figure 23 illustrates the results for the 5 sensors
denotes by gradient shaded bars and grouped along the time
line for Sensor 1 at distance of 1 m and Sensor 5 at distance of
4.7 m from the façade respectively. The relative error bars are
showing the advantage of employing the HDR sky monitoring
approach compared to the simple sky model. The average er-
ror of the five workplane illuminance computed using the HDR
sky luminance monitoring approach in case of a predominant
overcast sky are equal to 6.4%, 7.5%, 4.1%, 5.0%, and 7.0%
respectively; those obtained by the Perez sky model are reach-
ing respectively 32%, 22%, 29%, 23% and 23%. The overall
3-4 times higher error rate of the Perez sky model can be ex-
plained by the fact that it neglects high contrast patches of the
sky vault and the ground fraction, where the complex clouds
patterns and non-smooth nature of the landscape are commonly
major factors for errors.
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(b) Perez all-weather sky model

Fig. 22. Workplane horizontal illuminance assessed by two daylighting sim-
ulation methods compared with lux-meters values for an overcast sky [62]

9 10 11 12 13 14 15 16 17 18 19
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Overcast sky

Time (h)

R
el

a
ti

v
e 

E
rr

o
r

 

 

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Sensor 5
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(b) Perez all-weather sky model

Fig. 23. Relative error of the 5 computed workplane illuminances compared
with lux-meter values for an overcast sky [62]

4.2.3. Predominant clear sky
For a predominant clear sky, the horizontal illuminance on

the workplane based on the HDR sky luminance monitoring
approach issued from the embedded photometric device is il-
lustrated in Figure 24 a), the stacked lines representing the 5
computed values (green) as well as reference values by lux-
meters (grey) at identical positions respectively. Similar to Sec-
tion 4.2.2, the simulated workplane illuminance based on the
Perez sky model are shown in Figure 24 b) together with the
monitored illuminance values (grey). According to their mis-
match with the reference values, the HDR imaging based sky
luminance monitoring approach shows higher concordance with
the monitored illuminance values than the common practice
employing the Perez sky model, thanks to the high resolution
sampling inputs. The relative error regarding the reference was
also calculated and is illustrated in Figure 25 a) and b) for the
two approaches respectively. The Perez all-weather sky model
approach shows overall a larger error rate than the HDR sky lu-
minance monitoring approach in the transient daylighting simu-
lation, which is likely due to the oversimplification of sky mod-
els which are levelling the high contrast patches of the sky vault
and the ground fractions. It can also be noted from the figure,
on the time line 13:00 - 14:00, when the sun was occluded by
thin clouds, that the relative error of the Perez model exceeded
100%, i.e. the sky model shows a pronounced discrepancy in
regards to the real sky; on the opposite, the HDR sky monitor-
ing approach must be given merits for its accuracy; however,
for the sake of clarity and comparison of the error bars, Fig-
ure 25 was not scaled down to include the highest peaks. The
average over-all relative error of the 5 computed illuminances
throughout a day with a pre-dominant clear sky is respectively
equal to 25%, 22%, 9.7%, 8.9%, and 11% for the HDR imaging
based sky monitoring approach and 37%, 32%, 36%, 31%, and
28% for using the Perez all-weather sky model. Although the
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former approach shows lower relative errors than the latter, the
first two simulated illuminances, at 1 m and 2 m distance from
the façade, for the HDR imaging based approach, were prone to
noticeable errors compared with the other three locations deep
into the test module, which can also be noted from the time
line 9:00-11:00 in Figure 25 a), when the sky was entirely clear
without any thin clouds occluding the sun. This can possibly
be attributed to the insufficient sampling of the sun disk, since
for a clear sky, the solar disk is one of the major sources of day-
lighting. The sky background together with the sun was defined
as the ’glow’ material in RADIANCE program, which sampled
randomly the sky vault. With a low probability for sampling
rays to reach the solar disk due to its relatively small dimen-
sion, there is a high probability of underestimating the overall
sky luminance as well as the corresponding daylighting contri-
bution in the test module.
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Fig. 24. Workplane horizontal illuminance assessed by two daylighting sim-
ulation methods with lux-meters values for a clear sky [62]
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Fig. 25. Relative error of the 5 computed workplane illuminances compared
with lux-meter values a clear sky [62]

4.2.4. Improvement of sampling
The issue of insufficient sampling of the high contrast sun

disk for a clear sky can be addressed by the extraction of the
solar patch and by using concentrated sampling. As the max-
imal luminance of the sun orb observed at sea-level in a clean
atmosphere is around 1.6 × 109 cd/m2 [63], the extraction of
the solar disk was based on a threshold of solar luminance of
5 × 108 cd/m2, as well as a subtending angle on the monitored
luminance map from the embedded device equal to 0.53◦ in the
FOV. The extracted sun disk is defined as a separated compo-
nent in RADIANCE as a ’light’ instead of a ’glow’ material for
the concentrated sampling on the sun. With this improvement,
the experiment with the embedded device was repeated on an-
other day with a predominant clear sky from 10:00 - 18:00, the
sky condition being clearer (less thin cloud presence) than that
in Section 4.2.3. The workplane horizontal illuminance of the
5 virtual sensors are illustrated in Figure 26 and compared to
the reference values monitored by lux-meters. The two front
locations, at 1 m and 2 m distance from the façade, show better
concordance and a lower discrepancy with the reference illu-
minance values than those shown in Figure 24 a). The relative
error for the two virtual sensors, as presented Figure 27, are sig-
nificant reduced, compared to Figure 25 a). The average error
throughout a day with a clear sky is improved respectively to
7.5%, 6.1%, 8.7%, 5.3%, and 8.2% for the HDR imaging based
sky monitoring approach in comparison to the results presented
in Section 4.2.3.
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(a) HDR imaging approach with improved sampling
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Fig. 26. Workplane horizontal illuminance assessed by two daylighting sim-
ulation methods with lux-meters values for a clear sky
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(a) HDR imaging approach with improved sampling
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Fig. 27. Relative error of the 5 computed workplane illuminances compared
with lux-meter values for a clear sky

4.3. Solar tracking

The solar orb providing a substantial contribution to the
daylighting in buildings during clear sky conditions, an accurate
mapping of the solar disk from the image plane to the world co-
ordinates would have a noticeable influence on the overall accu-
racy of daylight simulation based on the embedded photometric
device. This section presents the evaluation of the monitoring
accuracy of the sun orb by the embedded device, with regard to
solar luminance and position.

The device was positioned with the lens axis aligned to-
wards the south, as shown in Figure 21. The solar position was
determined according to centroid of a group of pixels on the
luminance map with values larger than the threshold defined
in Section 4.2.4; their size corresponded to 0.53◦ angle FOV.
The luminance of the solar patch was assessed by averaging
35 pixel groups identified according to its luminance, and sub-
tending 0.53◦ in the FOV. According to its position on the image
plane, the sun location was determined by applying the intrinsic
and extrinsic matrix of the imaging system [64]. As reference,
the solar luminance was also measured indirectly by using a
pyranometer that recorded the global and diffuse horizontal il-
luminance, and it was converted to solar luminance according
to the solar position. The zenith angle (solar altitude) at and
azimuth angle as of the sun can be calculated by Equation (6).

at =arcsin(sin(l)sin(δ) − cos(l)cos(δ)cos(πt/12))

as =arctan[
−cos(δ)sin(πt/12)

−(cos(l)sin(δ) + sin(l)cos(δ)cos(πt/12))
]

(6)

where t is the solar time in decimal hours, l is the site lati-
tude in radians and δ is the solar declination in radians, defined
by δ = 0.4093sin(2π(J − 81)/368), where J is the Julian date
[65]. The calculation of the sun position is based on the results
obtained by National Oceanic and Atmosphere Administration
(NOAA).

During one day with predominant clear sky on Jun. 23th,
2017, the embedded photometric device tracked the sun lumi-
nance and position every 15 min from 10:00 to 18:00. The
monitored solar luminance is illustrated in Figure 28 a) by a
green solid line, and compared to the reference measurement
obtained by a pyranometer (grey dotted line). Accordingly, the
sun zenith and azimuth angle monitored by the embedded de-
vice are illustrated in Figure 28 b) and c) respectively (green
solid lines), together with the reference data (e.g. NOAA and
pyranometer, in grey dotted lines). The average relative error
(RMSE) throughout a day for the luminance of the solar disk
monitored by the embedded device is equal to 9.6% and those
of the elevation angle and azimuth angle are equal to 2.4% and
1.3% respectively, demonstrating its reliability and accuracy in
solar tracking.
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Fig. 28. Solar luminance and position monitored by embedded photometric
device

5. Conclusion

The accuracy of daylighting simulation can be strongly in-
fluenced by the mismatch between the luminance distribution of
standard sky models used in simulation and that of real skies.
By monitoring the luminance of the sky vault and the ground
fraction with a high resolution mapping, this mismatch can be
substantially reduced especially when the time scale for simu-
lation reaches minutes or even seconds, in this way overcoming
the limitation of standard sky models, most of which are based
on weather data and average conditions obtained over multi-

annual periods among various geographical locations. This pa-
per presents a compact embedded photometric device compris-
ing a FPGA processor and an image sensor used for real-time
on-board daylighting simulations following an HDR sky lumi-
nance monitoring process.

A calibration procedure of the imaging system was designed
and validated with experimental data issued from the luminance
monitoring of the sky vault. The calibration procedure includes
the spectral response, vignetting effect, response and geomet-
ric distortion of the imaging system. Its spectral response was
rectified by a short-pass and a long-pass filter, improving the
relative spectral correction error f ′1 to 8.89%. The vignetting
effect and geometric distortions were corrected and compen-
sated by the processor. The dynamic range of the imaging sys-
tem reaches 150 dB, covering a luminance monitoring range
between 3.78 × 109 ∼ 1.2 × 102 cd/m2: the upper bound is
high enough to monitor the extreme luminance of the sun orb
and the lower bound is low enough to perceive a relatively dim
landscape during daytime. This high resolution imaging system
is able to map the sky vault and the ground fraction in 1.2× 106

patches, which potentially alleviate the difficulty in modelling
landscape, including buildings and vegetation.

The performance of the device was demonstrated using ’in
situ’ experiments in daylighting test modules for image ren-
dering, horizontal illuminance simulation and solar tracking.
Firstly, the device was able to accomplish an HDR sky mon-
itoring, luminance mapping and on-board image rendering in
79.2 s tracing 1.41 × 106 rays, using the on-board RADIANCE
programs. The rendering of façades with outdoor views of
the landscape showed a better concordance with reality com-
pared to a common practice simulation employing the Perez all-
weather model. Secondly, the accuracy achieved with the em-
bedded photometric device used in daylighting simulation on
the workplane horizontal illuminance was assessed comparing
to a common practice employing the Perez all-weather model,
using measurements by a lux-meter array as reference. For both
predominant overcast and clear sky conditions, the embedded
photometric device based on HDR sky monitoring was able to
reduce the error of transient workplane illuminance calculation
to 1

7 ∼
1
3 of that of the common practice using standard sky

models. The simulation accuracy was demonstrated experimen-
tally to be improved thanks to the extraction of the solar direct
component and application of concentrated sampling method
for clear sky conditions. Finally, the device showed a quality in
solar tracking, with relative average error 9.6% for solar lumi-
nance monitoring and below 3% in the sun position tracking.

Above all, the embedded photometric device demonstrated
its merits in real-time daylighting simulations, in the response
time, simulation quality, and adaptability. In the context of
building automation, the device can potentially be used for the
control of shading, lighting or electro-chromic glazing to reg-
ulate daylight penetration and passive solar heat gain both for
centralized and decentralized systems. Moreover, its capabil-
ity in solar luminance monitoring and position tracking make
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it suitable for the solar photovoltaic (PV) power generation or
control of the profile angle of the modules. In addition, the
device accuracy in daylighting simulation can also be used for
the analysis of lighting solutions in retrofitting process. If the
resolution of the luminance map is downgraded to 145 Tre-
genza or Klems patchs, the 5-phase matrix algebraic approach
[66] would be employed to save computational resources, us-
ing pre-computed view matrix and inter-reflection matrices, the
FPGA fabrics can be exploited to parallelize the computation
massively. Investigation on its reliability and on its ability to
accelerate the computing by employing the FPGA fabric part
will be the subject of future work.
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� A novel embedded photometric device for real-time daylighting simulation. 
� High dynamic range (HDR) sky luminance monitoring approach. 
� Wide luminance detection range including that of the sun orb, sky, and landscape. 
� Calibration of the imaging system in spectral response with f’1 error 8.89%. 
� Experimental validation in its improved accuracy of daylighting simulation. 


