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Indoor lighting conditions and the efficient use of solar energy are becoming increasingly important, both
in terms of overall living comfort and energy-efficient buildings. Thus, the methods of achieving adequate
indoor lighting conditions, by making use of daylight to save energy, while still maintaining other indoor
conditions at an acceptable level, and the corresponding control algorithms, have lately become the
subject of considerable attention. For this reason, a fuzzy black-box model of indoor illuminance levels
is proposed. The model is able to estimate the indoor illuminance levels as its outputs, by using real
external conditions as its inputs. In general, the indoor illuminance is a combination of daylighting and
electric lighting. Our study has shown that by using a fuzzy illuminance model, with the solar radiation,
the external illuminance, the position of the blinds and the status of the lights as its inputs, an indoor
illuminance estimation comparable to the measured data can be obtained. Furthermore, the sufficiently
small error measures indicate that the presented modelling approach can be incorporated into larger
test environments and used for studies on indoor living comfort, energy conservation, control design or
even model-based control. Whenever needed, several fuzzy-illuminance models can be used in parallel
in order to obtain the illuminance levels for more than one indoor position.
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1. Introduction

Indoor lighting conditions and the efficient use of solar energy
have become very important in recent decades, both in terms of
overall living comfort [1,2] and energy-efficient buildings [3-6]. A
summary of the research carried out to date in the area of buildings’
energy efficiency, buildings’ energy performance and buildings’
processes modelling can be found in the excellent review paper
by Foucquier et al. [7]. Furthermore, sufficient daylight conditions
have been proven to have a beneficial effect on human health
[8]. Numerous approaches to controlling indoor-illuminance condi-
tions have been proposed, most of which attempt to either achieve
constantindoor-illuminance levels, so as to provide sufficient living
comfort, or to maximize the use of solar energy, while still providing
acceptable lighting conditions [9-13]. Together with the modelling
oflight flux, indoor light intensities and surface illuminances, which
usually represent the basis for control design techniques, have also
been the subject of much attention. Furthermore, many methods
exist that are able to provide approximate illuminance-level pre-
diction in a certain position in a room, given its geometry, global
orientation, the position of the sun, the surface characteristics
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and/or the weather conditions/measurements [14-16]. Moreover,
a study performed by Lindel6f [17] proposes a fast daylight model,
able to obtain indoor illuminances as a linear combination of the
external global and diffuse radiations, validated using the Radiance
model, which can be used as a replacement for the real system of
embedded controllers. Similarly, available software tools, i.e., Radi-
ance, Daysim, Skyvision [18-20] and many others, are also able
to calculate more-or-less accurate illuminance levels for a given
position in a room; however, significant knowledge of the mod-
elled system (complete geometric and photometric characteristics
of the room, inventory, windows, blinds, lights, etc.) and the soft-
ware itself are needed, in order to ensure accurate results. A lot of
the existing approaches rely on known mathematical daylighting
concepts and thus try to describe the physical relations between
the input and output variables. If the measurements of the real
environmental conditions are available, a black-box approach to
the calculation of the indoor illuminance can be introduced as one
of the modelling possibilities. Black-box models have proved to
be a useful tool for the modelling of processes whose character-
istics, relations and dynamics are not exactly known or are harder
to model with conventional approaches [21-24].

The objective of this study is to propose a black-box approach
to indoor-illuminance estimation by using a fuzzy inference model.
The proposed methodology results in the development of a
model that describes the relations between its inputs: horizontal
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unobstructed illuminance (external illuminance), global and dif-
fuse solar radiations, the positions of the blinds and the status of
the lights; and its output: the estimated indoor illuminance. The
method is, from the input/output point of view, similar to some
existing methods, i.e., Lindeldf [17]; however, the methodologi-
cal approach between the proposed and the existing methods is
entirely different. One of the main advantages of the proposed
method is the simple design and parameterization of the model,
which does not require any knowledge about the modelled sys-
tem, since the model’s parameters, which define the input/output
relations, inherit the room’s characteristics, implicitly defined in
the obtained measurements. Meaning that the room’s charac-
teristics, such as: geometry, indoor surfaces’ reflectances, blinds’
reflectances, quantity, sizes and positions of the windows, lights
and furniture; and also the position of the indoor illuminance
sensor, reflect in the measured indoor illuminance. Moreover, a
change in either the room characteristics or the position of the sen-
sor, if sufficiently large, also affects the measured value. After the
model is parameterized (trained) and validated using the particu-
lar input/output measurements of interest, simulated or otherwise
acquired input data can be used, replacing the actual measure-
ments. The inputs defining the blinds’ positions and the lights’
status either need to be predetermined, adjusted manually or by
means of the controller. Since the method uses measurements
instead of physical characteristics in order to define the rela-
tions of the model, programming skills and the effort to manually
design the room interior are not needed. The proposed structure
of the fuzzy models is very simple (5 inputs, 1 output, 3 Gaus-
sian membership functions per input and 3 fuzzy rules) and the
fuzzification/defuzzification procedures are simple vector multi-
plications. The simplicity of the model is reflected in the fact that
it is a fast model, with short evaluation times, which facilitates
its inclusion in other applications or control algorithms. Finally,
even though the model’s structure is simple, the validation results
have very accurate estimations in comparison with the measure-
ments.

Although the proposed methodology has advantages, the fuzzy
approach also has some drawbacks, which need to be consid-
ered when adopting the concept. In contrast to methods based
on the physical modelling of the daylighting processes and pre-
programmed algorithms, which normally require only the input
part of the data in order to obtain the output, the fuzzy approach
requires both the input and the output part of the data in order
to parameterize the model using an automated training proce-
dure. After the model is parameterized, only the input data is
required. Moreover, since the model is based on measured data,
which defines the room’s characteristics, the calculation of the
indoor illuminance under different conditions (e.g., different geom-
etry, reflectances, sensor positions, etc.) needs a re-training of the
model with new measurements. From this point of view, other
tools like Radiance outperform the proposed method, since they
are able to calculate a more-or-less accurate indoor illuminance
for an arbitrarily positioned surface [25,26].

The purpose of the study is not to propose a specific model that
would represent a general solution for all possible situations (like
Radiance, for instance), but to propose a simple methodology for
how to obtain a model for a particular environment, where the
model is characterized as fast, accurate and easy to obtain, without
excessive knowledge of the particular problem. Furthermore, since
the in-depth studies on, e.g., building automation, control design,
energy conservation, living comfort, etc., are practically impossible
to perform on real systems, due to varying weather conditions and
poor repeatability, the use of a relatively simple illuminance model
of sufficient accuracy in combination with the simulation proce-
dures allows fast and repeatable testing of the designed algorithms
or the model-based control of real processes.

2. Indoor environment

The following section gives a description of the indoor envi-
ronment, whose measurements are used as a basis for the
fuzzy black-box model’s development and the parameterization.
The indoor environment consists of a room with dimensions of
7.49m x4.93mx 3.88m (I x w x h), a floor area of 38.80m? and
a volume of 163.40 m3, with one outside wall that has a window,
facing south-west (rotated approximately 30° counter clockwise
from the east-west direction), where the outside wall is the longest
wall. The room is located on the 4th of 5 floors in a building with
no external obstacles that would obscure the light flow through
the window (lat: 46.045737, lon: 14.494851). The area of the win-
dow is 11.4m?, with installed venetian blinds. The transmission
of visible light through the window is 80%. The room characteris-
tics in terms of the photometry are the following: grey floor (35%
reflectance), white ceiling (80% reflectance), white walls and beige
furniture (average 65% reflectance). Fig. 1 shows the floor plan of the
particular room, with the marked positions of the sensors (indoor
and external illuminance, global and diffuse solar radiation - placed
on the roof of the building, blinds’ position), the window and the
blinds.

The studied indoor environment is equipped with an automa-
tion, supervisory control and data-acquisition system (SCADA),
which is composed of three distinct parts: the sensor array, the
process and supervision level, and the data-acquisition level. The
system measures the necessary values, such as the global and dif-
fuse solar radiation, the external illuminance, the position of the
blinds (and other values not relevant to this study) and controls
the indoor-illuminance levels (and other values not relevant to this
study) using the motorized venetian blinds and the electric light-
ing. The sensor for external illuminance (Thermokon LI65 outdoor
light sensor) is mounted vertically on the facade beside the window
and is capable of measuring the illuminance in the range from 0 to
20,000 1ux. The sensors for the global and diffuse solar radiation
(Kipp & Zonen CM7B pyranometer and albedometer) are mounted
2 floors higher, horizontally on the roof of the building and are
measuring the solar radiation in the range 305-1800 nm from 0
to 1400 W/mZ. The indoor illuminance sensor (Thermokon LI04) is
placed horizontally on the workbench/desk (at a height of approx-
imately 0.9 m) and is capable of measuring the illuminance in the
range from O to 2000 lux. A complete description of the automation
system and the applied control algorithms can be obtained from
the paper by KoSir et al. [13]. The global and diffuse solar radiation
are measured in W/m?2, the external illuminance in lux, while the
blinds’ position can take values between 1 and 5 (1-0° slat angle
(vertical), 2-30° slat angle, 3-60° slat angle, 4-90° slat angle (hor-
izontal) or 5 - blinds completely retracted) and the lights’ status
can be either 0 (OFF) or 1 (ON).

3. Black-box illuminance model
3.1. Concept of the black-box approach

The concept of the black-box theory relies on understand-
ing something entirely in terms of its function, without knowing
the background or the mechanisms that enable this functional-
ity. From this point of view, machine-learning techniques, among
which are also fuzzy-inference systems, as one of the black-
box approaches, can be considered as a mechanism of this black
box for the input-to-output mapping of the data space. Meaning,
if an appropriate structure of the system is designed, an arbi-
trary nonlinear function between the system’s inputs and outputs
can be described by the fuzzy mechanism. Since the black-box
approach has no physical background to the particular process,
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Fig. 1. Floor plan of the modelled room, with the marked positions of the sensors (indoor and external illuminance, global and diffuse solar radiation (placed on the roof of

the building), blinds’ position), the window area and the blinds.
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Fig. 2. Schematic representation of the fuzzy black-box illuminance model.

the function describing the input-to-output space can be as close
to the real physical relation as the learning data can describe
it. Such a system can, therefore, be definitely valid only in the
vicinity of the mapped data space. This could be considered
as one of the drawbacks of the black-box approach, as if the
learning-data input-output relation is missing, the later incidence
of such an input could lead, but not necessarily, to incorrect
output estimations and should be experimentally validated. How-
ever, if sufficient data is available, the black-box approach has
certain advantages over conventional modelling approaches. As
mentioned before, when the structure of the black box is speci-
fied, its relations are determined only according to the input and

output data, which eases the modelling for those who are, or are
not, familiar with the process. Physical relations, process char-
acteristics and other properties that could be hard to describe
mathematically are replaced by the proper selection of the fuzzy
structure (which can be obtained experimentally) and only lim-
ited knowledge (usually the order of the process) of the physical
process is needed to build the process model. In this manner,
the proper structure and parameterization (pre-programmed auto-
mated learning procedures) of the fuzzy mechanism ensures that
the model’s parameters, which define the input/output relations,
inherit the room’s characteristics, implicitly defined in the obtained
measurements.
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Fig. 3. Comparison between the measured and the reconstructed external illumi-
nance for 5 days in early August.

3.2. Model structure

The proposed black-box illuminance model is based on a
Takagi-Sugeno (TS) fuzzy-inference system (FIS) [27] that was
trained using real environment measurements as the inputs and
outputs. The model, in TS form, approximates a nonlinear sys-
tem by smoothly interpolating affine local models [27]. Each local
model contributes to the global model in a fuzzy subset of the space
characterized by a membership function. The affine TS model can
be used to approximate any arbitrary function with any desired
degree of accuracy [28-30]. The generality can be proven with
the Stone-Weierstrass theorem [31], which suggests that any con-
tinuous function can be approximated by a fuzzy-basis function
expansion [32]. Since the light-flow dynamics can be, from the
room-illuminance point of view, considered as infinitely fast or
instantaneous, the black-box model is regarded as a static model
from the modelling perspective. This means that a change in either
the global or the diffuse light, the blinds’ position or the lights’
status has an immediate effect on the change in the observed illu-
minance, with no transitional dynamics, meaning that the value of
the current illuminance is completely independent of the previous
illuminance sample. The fuzzy model uses the external illuminance
multiplied by the position of the blinds, the global and diffuse solar
radiation, the lights’ status and the blinds’ position as the inputs
and the indoor illuminance as the output. The reason for using the
multiplied external illuminance and blinds position as the input is
that better estimation results can be achieved, in comparison to
the results with only external illuminance as the input, which is a
consequence of a prior virtual increase in the external illumination
(multiplied by a factor from 1 to 5), dependent on the position of
the blinds. The multiplication, therefore, implies that more light is
entering the office when the position of the blinds is higher (higher
slat angle) or if the blinds are completely retracted. This impli-
cation allows better estimations of the indoor illuminance by the
fuzzy model, since the particular input already partially describes
the relation between the external illuminance and the blinds’ posi-
tion. However, the relation between the external illuminance, the
blinds position and the indoor illuminance is not linear, as implied
by the multiplication, but nonlinear, which is later defined by the
corresponding fuzzy membership functions and the antecedent
rules. The use of the global and diffuse radiation as two of the
inputs (besides the external illuminance, the blinds’ position and
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Fig. 4. A part (5 days in early August) of the input data for the model training,
including the reconstructed external illuminance (upper panel), the global and dif-
fuse solar radiation (middle panel), the lights’ status and the blinds’ position (lower
panel).

the lights’ status) is optional and leads to better estimation results,
in comparison with the results that have the global and diffuse
radiation measurements omitted. The reason for using the blinds’
position as one of the inputs, despite the fact that it has already been
used in the multiplication with external illuminance, is that even
better estimation results can be achieved in comparison with the
results that have this input omitted, which could be a consequence
of the nonlinearity of the process caused by the blinds’ reflectance,
whichis thus represented more accurately. Fig. 2 shows a schematic
representation of the model.

3.3. External illuminance reconstruction

This section explains an optional method for simple external
illuminance reconstruction, which is necessary when the illu-
minance sensor has a limit (in this case 20,000 lux). If sensors
with higher limits (100,000 lux or higher) are used to obtain the
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measurements, the external illuminance reconstruction is not
needed and the measured external illuminance can be used as an
input to the fuzzy model directly.

Knowing that during sunny summer days the external illumi-
nance can go above 100,000 lux, the missing (saturated) data needs
to bereconstructed in order to achieve better estimations of the cal-
culated value. As the fuzzy model also uses the global and diffuse
solar radiations (among others) as its inputs, it is able to suffi-
ciently well predict the indoor illuminance levels, even when the
external illuminance goes above the sensor’s limit (20,000 lux) and
its value is not reconstructed; however, estimations during peak
daylight are less accurate. The reconstructed signal is far from
being equal to the actual illuminance levels; however, according
to the validation results presented, an approximate estimation of
the external illuminance suffices. Since the daily illuminance trend
follows approximately the same shape, it can be approximately
reconstructed according to the total saturation time of the external
illuminance sensor, as given in Eq. (1):

tsat = Cend — Cstart

and elevations, quick illuminance changes due to partial cloudi-
ness or incoming thunderstorms, operation of lights, shading, etc.
Shorter or longer periods of measurement data can be used to train
the model; however, using less training data results in a less versa-
tile and robust model, which is sufficiently accurate only for similar
conditions. On the other hand, using more training data results in
a more versatile and robust model; however, extended data only
increases the model’s performance by a smaller amount. The fuzzy
model uses three data clusters for each input and the Gaussian
membership functions. An adaptive, neuro-fuzzy, hybrid learning
algorithm (ANFIS), as implemented in the Matlab environment, was
used for the model training.

Fig. 4 shows a part (5 days in early August) of the input data
(otherwise 30 days) that was used for the model training, including
the external illuminance, the global and diffuse solar radiation, the
blinds’ position and the lights’ status.

As is clear from Fig. 4, for the selected days, the global and dif-
fuse radiation take values between 0 and 900 W/m?, the external
illuminance between 0 and more than 20,000 lux (reconstructed

Greconstruct (Estart * teng) = 1.5 x 10%

qin = qin + Greconstruct

where tsqre and te,g represent the beginning and the end of the
sensor saturation in hours, tsq represents the overall length of the
saturation in hours, Greconstruct represents the reconstructed illumi-
nance signal to be added to the measured illuminance signal in lux,
qi; represents the external illuminance signal in lux and the com-
mand linspace(a, b) represents a vector of linearly spaced values
between a and b.

Fig. 3 shows the comparison between the measured and the
reconstructed external illuminance, as obtained by Eq. (1) for a
part of the training data (5 days in early August), where the sensor
reaches its upper limit.

As can be seen in Fig. 3 the measured external illuminance is
saturated at 20,000 lux for several hours around midday, while the
reconstructed illuminance reaches up to almost 90,000 lux, which
seems reasonable for sunny summer days. Eq. (1) and the corre-
sponding results are obtained experimentally, without any physical
background and are not validated nor taken from any other source,

y \/((linspace(tsata tsat))2 + tszat) * (linspace(—tsat, tsat) + tsat)
2tsar

(1)

above 20,000 lux as shown in Fig. 3), the blinds’ position can be in
the range from 1 to 5 and the lights’ status can be either 0 or 1, as
already described.

4. Results

Using real measurements, the model was trained using an ANFIS
training algorithm. Fig. 5 shows the shape and distribution of the
trained-model membership functions for each input. The member-
ship functions, which characterize the input-output space, define
the effect of a given input value on the computed output value.
Since the presented model has five different inputs and three data
clusters, each input has three membership functions with different
centres and kurtosis.

Fig. 5 shows the shape and the distribution of the member-
ship functions, which contribute to the value of the output, i.e.,
the indoor illuminance level, which is obtained using the following
equations:

T
outy = [qiy - Spiinds - Cliti—1» Ggtob - Clgiob—15 Qdif - Cldif—1» Stights - Cliights—15 Sblinds - Clplinds—1]-[0.0002238, —0.2234, 2.091, 453.3, 182.4]" —373.1,

(2)

outy = [ - Seiinds - liti_2» Agiob - Clgtob—2 daif - Clatif 2+ Stights - Cliights—2» Sblinds - Clplinds_2] - [0.002637, 0.3512, 1.361, —99.01, ~16.13]" - 168.1,

(3)

outs = [ - Seiinds - liti_3+ Agiob - Clglob—3+ daif - Claif 3+ Stights - Cliights—3» Sblinds - Clplinds_3] - [0.01307, —0.8077, 1.146, 128.5, —1.442]" +19.17,

but merely a rough estimation of what the external illuminance
should be like. If the illuminance sensor has a limit that is high
enough, such an estimation is not needed.

3.4. Model parameterization

The parameterization of the fuzzy model, also known as the
training, was carried out for 1 month of different measurements
with a sample time of 15s. The data was chosen in a manner
that covered all four seasons and as many real-world situations as
possible, i.e., sunny, cloudy, foggy weather, different sun azimuths

(4)

where g;; represents the external illuminance, Spq; represents
the blinds’ position, qg,, and qg represents the global and dif-
fuse solar radiation, sjgns represents the lights’ status and cly—pn (x
- correspondent input, n — cluster number) represents the degree
of membership (from O to 1) of the given input to the correspond-
ing cluster. Finally, the indoor illuminance gj, is obtained using the
following equation:

Qin = OUty + outy + outs. (5)

The membership functions shown in Fig. 5 and the fuzzy rules
described by Eqgs. (2)-(5) define the so-called mapping of the
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Fig. 5. Shape and distribution of the fuzzy membership functions on all five inputs for all three data clusters as obtained by the ANFIS training algorithm.

input-output data space. Generally, each input contributes to
the combined output according to the corresponding member-
ship functions, its centre position and kurtosis and Egs. (2)-(5).
For instance, if the input data is the following: g; =20, 000 lux,
qglob = 560 W/mz, ddiff = 200 W/mz, Slights = 0 (llghtS Off) and Shlinds = 4
(90° slat angle (horizontal)) the estimated illuminance would be
5691ux, while the measured illuminance is 574 1lux. The proce-
dure to obtain the estimated illuminance value is the following:
observing the upper-left graph of Fig. 5, the membership degree
of the external illuminance (20,000 lux) multiplied by the blinds’

the global solar radiation (560 W/m?) to Clgiop—1 15 0.68, to Clgiop_»
is 0.96 and to clgop_3 is 0.26, observing the middle-left graph, the
membership degree of the diffuse solar radiation (200 W/m?2) to
clgif—1 is 0.30, to clyif_ is 0.70 and to clgyy_3 is 0.10, observing the
middle-right graph, the membership degree of the lights’ status
(lights off - 0) to clijgnss_1 15 1, t0 Clijgnss_» is 1 and to clijgpes_3 is 0.78
and observing the lower-left graph, the membership degree of the
blinds’ position (position 4) to clyjings—1 1S 0.99, to clyjings—> is 0.83
and to clyjipgs_3 is 0.98. Each value of the input and the correspond-
ing degrees of membership are used by Egs. (2)-(5) accordingly in
Eq. (6):

out; = [80, 0001ux-0.42, 560 W/m? - 0.68, 200 W/m?2 - 0.30, 0- 1.00, 4 0.98] - [0.0002238, —0.2234, 2.091, 453.3, 182.4]" — 373.1 = 389.8,

out; = [80, 000 lux-0.19, 560 W/m? - 0.96, 200W/m?2 - 0.70, 0-1.00, 4 - 0.83] - [0.002637, 0.3512, 1.361, —99.01, —16.13]" — 168.1 = 197.8,

(6)

outs = [80,0001ux-0.06, 560 W/m? - 0.26, 200W/m?.0.10,0-0.78, 4-0.99] -[0.01307, —0.8077, 1.146, 128.5, —1.442]" +19.17 = —18.49,

Qin = OUtq + out, + outsz = 569.1 lux,

position (position 4) to cly;_q is 0.42, to cly_, is 0.19 and to cly;_3 is

0.06, observing the upper-right graph, the membership degree of

the final result of the estimation is thus g, =569.1 lux. Similarly,
the indoor illuminance estimation for different model inputs can
be obtained.
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Fig. 6. llluminance model validation; first graph shows the comparison of the
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respectively; fourth graph shows the illuminance estimation error (dashed vertical
lines show the mean absolute error interval).

Fig. 6 shows the validation of the model by comparing the mea-
sured and model-estimated indoor illuminances for 12 different
days (days 1-3: June, days 4-6: September, days 7-9: December,
days 10-12: March), covering different solar positions and climatic
conditions. The model was validated using the data from different
days than were used for the model training.

As can be seen in the first graph of Fig. 6 the indoor illumi-
nance levels obtained with the fuzzy model in general correspond
to the measured illuminance levels. The indoor illuminance mea-
surements during the periods of daylight are approximately limited
to a range from 400 to 1600 lux and are a consequence of the exter-
nal illuminance conditions, the position of the blinds and the status
of the lights. Lower indoor-illuminance values occur during the
morning and early afternoon, while these values are higher later
in the day, which is a direct consequence of the room’s orientation
(direct sunlight to the window area appears in the late afternoon,
around 6 pm). The illuminances at night, both measured and esti-
mated, are around 10 lux, and not close to 0lux as expected, which
could be a consequence of the skyglow (light pollution) and the
neighbouring street lighting.

The second graph of Fig. 6 shows that external illumination
measurements reach over 20,000 lux (near 80,000 lux estimated)
in the first 6 validation days’ data (June and September), which
is reasonable for this period of the year. However, shorter inter-
vals of sensor saturation appear in days 4-6 (September), due to
the shorter intervals of daylight, which is also reflected in lower
estimated peak illuminances (up to 40,000 lux). Furthermore, indi-
vidual occurrences of illuminance below 20,000 lux suggest partial
cloudiness or incoming thunderstorms (i.e.,day 1). The last 6 valida-
tion days’ data (December and March) mainly exhibit illuminances
below 20,000 lux, typical for the winter and spring seasons. Days
6, 11 and 12 suggest sunny weather with partial cloudiness (day
12), while days 8-10 suggest a full overcast or all-day fog, which is
typical for this time of the year.

The fourth graph of Fig. 6 shows the error between the measured
and the model-predicted illuminances. Individual error spikes
between the measured and the simulated data, visible at days 1-6,
11 and 12, reaching up to approximately 150 lux can be observed.
The spikes mostly occur at peak daylight, when the external illu-
minance is the highest, which implies that significant deviations
between the actual and the reconstructed illuminances occur.
Namely, the reconstructed illuminance is a smooth curve, neglect-
ing the occurrence of individual clouds, which rapidly decrease the
measured illuminances and cause fast illuminance fluctuations. The
problem is not a flaw of the presented method, but occurs solely
due to the external illuminance sensor limit and its reconstruc-
tion and can easily be avoided using an illuminance sensor with a
limit above 100,000 lux, which allows proper measurements of the
illuminances above 20,000 lux. On average, the error between the
measured and the estimated illuminances (mean absolute error -
MAE) is approximately 25 lux (dashed vertical lines), which can be
considered as a good model approximation of the real data. Fur-
thermore, the root-mean-square error (RMSE) and the mean-bias
error (MBE), as two of the measures of estimation reliability, are
12.60% and 7.76%, respectively, and suggest the satisfactory relia-
bility of the fuzzy estimator (RMSE lower than 35% and MBE lower
than 15%) [19].

Based on the presented comparison between the measured and
the estimated indoor illuminances and the error measures (MAE,
RMSE and MBE), the validation of the model can be considered as
successful. The study has shown that the presented fuzzy black-box
approach can be used as a satisfactory approximator for the indoor
illuminance conditions in buildings.

5. Conclusion

The paper presents a fuzzy black-box modelling approach to
estimating the illuminance of an indoor environment. The model is
used to estimate the illuminance level at a certain point on a surface,
given the required input values, and is easy to design and imple-
ment. The method uses real environment measurements, such as
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external illuminance, global and diffuse solar radiations, blinds’
position, lights’ status and indoor illuminance, in order to define the
relations and obtain the parameters of the model. After the model
is parameterized using the particular input/output measurements
of interest, simulated or otherwise acquired input data can be used,
replacing the actual measurements if desired. The study has shown
that a relatively simple fuzzy structure can be used in order to esti-
mate the indoor illuminance at a particular spot. Since the fuzzy
approach is based on simple mathematics and the model’s struc-
ture only incorporates three membership functions per input and
three fuzzy rules, the estimation of the indoor illuminance is very
fast, allowing the use of the model in broader online or offline envi-
ronments. The evaluation of the model for 12 days of data as shown
in this paper (approximately 70,000 samples at 15 s sample time)
takes approximately 0.1 s on a desktop PC running Matlab R2009a
software, with the following specs: Intel Core 2 Quad, 2.4 GHz;
2 Gb RAM; 32 bit Windows 7. Furthermore, low estimation errors
(MAE=25lux, RMSE =12.60%, MBE =7.76%) suggest a satisfactory
reliability for the proposed estimator.

The fuzzy black-box approach has its advantages and flaws,
when compared to other similar methods, which need to be con-
sidered when deciding for the appropriate illuminance-estimation
method. Briefly, the advantages of such an approach are the ease
of model design and parameterization, an accurate estimation, the
mathematical simplicity, a quick calculation and the fact that only
limited knowledge of the process is needed. Since the fuzzy model
is parameterized from the measured data, the model’s structure can
also be used at different latitudes, different building orientations,
window sizes, indoor photometric and geometric characteristics,
etc., but only if the data is available to properly parameterize the
model. This claim has not been experimentally validated; however,
following the essence of the black-box approach, i.e., to define a
relation between the model’s inputs and outputs without exten-
sive knowledge about the background to the problem, but only
possessing the required input/output data, the claim is reasonable.

While the proposed approach has certain advantages over other
methods, it also has some general flaws, which mainly originate
from the need for measurements. A fair number of measurements,
in as many real situations as possible, are needed in order to
obtain a robust and versatile model that covers a broad range
of climatic conditions (external illuminance, solar radiation) and
other influential variables (blinds, lights). Moreover, the proposed
approach is able to estimate the illuminances for only one position;
thus, if the illuminance levels of different positions in a room are
required, measurements from multiple illuminance sensors should
be obtained and used to train a multiple-output fuzzy model.

During the study it was discovered that, depending on the
desired model versatility for different conditions, measurements
for at least a few days (3-5) are needed in order to parameter-
ize the model to satisfactorily estimate the illuminance for similar
inputs. If estimations for a broader range of inputs are needed, at
least 15 days of data are required. In order to obtain the results as
shown in this paper, 30 days of data for different climatic conditions
should be used. The study revealed, that the model performs sur-
prisingly well even if the training data is obtained only during the
summer (due to higher external illuminances and solar radiations)
and the model is used for estimations in the other three seasons,
i.e., training data: 15 consecutive days in July, validation data: 10
consecutive days in January, yields: MAE =35lux, RMSE=18.1%,
MBE =12.2%. Using a method in this manner, a relatively small
amount of model-training data is needed, which can be obtained
quickly in exchange for a slightly lower accuracy of the model.

The black-box fuzzy model for indoor illuminance estimation,
as presented here, is not primarily intended to be used as a stand-
alone application, although it can be, but to be included in broader
test environments, useful for a variety of studies, for instance:

building automation, living comfort, energy conservation, control
design, etc. Since such studies are practically impossible to perform
on real systems, due to varying weather conditions and almost no
repeatability, a combination of different dynamic models (thermal,
visual and air quality) and simulation procedures is the most fre-
quently used approach. Therefore, the use of a simple illuminance
model of sufficient accuracy allows quick and repeatable testing of
the particular methods. Since the model is reliable and allows for a
quick estimation of the illuminance, it can also be used in a similar
way to the model presented by Lindel6f [17], i.e., as a model-based
control approach using embedded controllers.
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